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The explosive disintegration of the Larsen B Ice Shelf poses two unresolved
questions: What process (1) set a horizontal fracture spacing sufficiently small to
pre-dispose the subsequent ice-shelf fragments to capsize, and (2) synchronized the
widespread drainage of >2750 supraglacial meltwater lakes observed in the days
prior to break-up? We answer both questions through analysis of the ice shelf’s
elastic-flexure response to the supraglacial lakes on the ice shelf prior to break-up.
By expanding the previously articulated role of lakes beyond mere water-reservoirs
supporting hydrofracture, we show that lake-induced flexural stresses produce a
fracture network with appropriate horizontal spacing to induce capsize-driven
break-up. The analysis of flexural stresses suggests that drainage of a single lake can
cause neighboring lakes to drain, which, in turn, cause farther removed lakes to
drain. Such self-stimulating behavior can account for the sudden, widespread

appearance of a fracture system capable of driving explosive break-up.
1. Introduction

A number of studies have documented the explosive disintegration of the Larsen B Ice
Shelf (LBIS) over a time period of just a few days in March 2002 [e.g., Scambos et al.,
2003; Shepherd et al., 2003; Rignot et al., 2004; Glasser and Scambos, 2008]. However,
two key questions remain unresolved. First, no previous study has suggested a
mechanism that drove the ice shelf to separate into thousands of fragments possessing
aspect ratios (horizontal length to ice thickness) that are less than the critical value (~0.6)

necessary for capsize (and thus ice-shelf disintegration through capsize-liberated energy)
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[MacAyeal et al., 2003; 2011; Burton et al., 2012]. Second, although multiple studies
have documented both the emergence of >2750 supraglacial lakes during the decade prior
to break-up [e.g., Glasser and Scambos, 2008] and their drainage, likely by hydrofracture
[e.g., Scambos et al., 2000; 2003; 2009], in the days leading up to the LBIS break-up, no
previous study has explained the extraordinary synchronicity of lake drainage over such a
short time period. These two unresolved questions, however, must be answered to fully
understand the mechanisms which drove the break-up of the LBIS and to make

predictions regarding the fate of other Antarctic ice shelves.
2. Ice-Shelf Flexural Response to Meltwater Loads

Flexure of an ice shelf subject to surface meltwater loads can be modeled using thin
elastic (Kirchhof¥) plate theory [e.g., Kerr, 1976; Sergienko, 2005; MacAyeal and
Sergienko, 2013, Sergienko 2013]. When a lake fills (Figure 1a), the gravitational load
depresses the ice shelf, and causes a flexure-induced uplift, or forebulge, to arise in a ring
surrounding the lake. If the lake’s horizontal span is smaller than a length-scale L ~1000
m, determined by flexural dynamics (see Methods 1 in the auxiliary material), as is the
case for the majority of lakes mapped on the LBIS [Glasser and Scambos, 2008], the
forebulge will be located at a distance of roughly 2L = 2 km from the center of the lake
(see Figure S1 in the auxiliary material). In the forebulge, tensile stress at the ice-shelf
surface can initiate and promote fracture in the form of a ring-like surface rift [Beltaos,
2002], which surrounds the lake at a distance of ~2 km. This style of fracture occurs in
many other geophysical settings, e.g., as is exemplified by the study of volcanic calderas
and seamounts [Lambeck and Nakiboglu, 1980; Williams and Zuber, 1995]. Water, both
present in lakes and flowing across the surrounding bare ice, will fill the fracture,
enabling it to penetrate deeper [e.g. van der Veen, 1998; Scambos et al., 2000]. In
addition to the ring-type surface fracture, a fracture produced by tensile stress at the ice
shelf base, immediately below the lake, would propagate upward in a radial, linear

pattern [Beltaos, 2002] (Figure 1a).

The hydrostatic rebound of a drained lake will induce complementary fractures in the ice

shelf that have similar geometry to those described above, but which originate on
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opposite surfaces of the ice shelf (Figure 1b). Under the assumption that the time-scale of
lake drainage is very short compared to the Maxwell time [Maxwell, 1867], an elastic
treatment of flexure stresses induced immediately following drainage is valid [MacAyeal
and Sergienko, 2013]. However, as it takes several years for a lake to develop its size
through filling/draining and/or refreezing of meltwater, there is a viscous component in
the ice-shelf response as well [Kerr, 1976; Beltaos, 2002; Sergienko, 2005]. Additionally,
as lake-bottom ablation will exceed the ablation of surrounding bare ice (as lake water
has a lower albedo than the surrounding bare ice) [Tedesco et al., 2012], a fraction of the
ice shelf thickness is released as water accompanying the drainage of the original
meltwater load (Figure 1b). The empty, often uplifted lake basins are called ‘dolines’ in
analogy to sinkholes in karst terrain [Bindschadler et al., 2002; MacAyeal and Sergienko,
2013]. They are often the deepest meltwater-derived features (>10 m) on an ice shelf,
suggesting that, prior to drainage, a multi-year englacial water body existed within the ice

shelf[Bindschadler et al., 2002].

Cycling between filled and drained states over a period of several years suggests that the
fracture patterns developed by meltwater loads and dolines (anti-loads) are likely to occur
in tandem, such as is shown in Figure lc. In this illustration, upward propagating
fractures from the ice-shelf base meet downward propagating fractures from the ice-shelf

surface leading to through-cutting rifts.
3. Fragmentation Length Scales of Ice Shelves

To show that that the lake/doline-induced fracture process described above could have
fragmented the LBIS into pieces small enough to be capable of capsize [MacAyeal et al.,
2003], we compute the idealized fracture pattern across the LBIS using the exact analytic
solution [Kerr, 1976, Sergienko, 2005; MacAyeal and Sergienko, 2013] for flexure of a
thin elastic plate (Figure S1). For a full description of the solution, the elastic plate

flexure equation it obeys, and the boundary conditions, refer to Sergienko [2005].

For each lake, we associate an azimuthally symmetric stress-field filling the surrounding
area (>0, where =0 is the lake center) as if the lake were imbedded in an ice shelf of

uniform thickness, /=200 m [Sandhager et al., 2005], and of infinite extent. Figure S1
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shows this stress-field, computed analytically for an example lake of 500 m radius and 1
m depth. In the following calculations, we assume that lakes are homogeneous in depth, d
(to be described below), and choose a lake radius so that the area is equal to that of the

real lake on the LBIS, and where the lake center is located as observed.

Replacement of the observed lakes (by Glasser and Scambos [2008], from February
2000) by disk-shaped lakes of constant depth with equal area as the observed lakes is
justified when the radii of lakes on the LBIS (averaging ~170 m) are much smaller than
the length-scale, L ~1000 m. When this is condition is satisfied, the numerical solution
for an arbitrary shape/depth differs negligibly from the analytic solution for a uniform

disk load (refer to Methods 2 in the auxiliary material for an illustration of this).

With this idealization, and with a distribution of lakes on the LBIS derived from
observation of position and area [Glasser and Scambos, 2008], we compute the loci of
ring-type fractures, by computing the radius of maximum tensile stress on the forebulge
around lake centers. (We do not consider the radial, spoke-like, linear fractures centered
on the lake’s antipode [Beltaos, 2002], because we do not have a methodology for
determining their orientation. If they were considered, the aspect ratio of ice-shelf
fragments would be further reduced because there would be more fractures.) The
presence or absence of the ring-type fracture surrounding any given lake will, of course,
depend on whether the lake is deep enough for the stress field it creates to exceed the
criterion necessary for fracture initiation. It would also depend on whether there is
sufficient water in the area [Sergienko and MacAyeal, 2005] to support continued
development of the fracture via the hydrofracture mechanism discussed by Scambos et al.
[2000; 2003]. Thus, we simply assume that the required lake depth for ring-type fractures

is met at the radius where maximum tensile stress is achieved.

Figure 2b depicts the fracture pattern using the observed lakes represented as disk loads.
The areas divided by the intersecting rings represent the ice-shelf fragments that became
separate icebergs at the outset of the LBIS break-up. To determine which fragments in
Figure 2b would likely capsize and disintegrate, we estimated the axis of capsize

(horizontal axis around which the ice fragment would rotate by 90°) and compared the
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maximum width perpendicular to this axis with the critical length scale, [ | H (m), where

H=200 m is ice thickness, and were [1,=0.6 is the critical aspect ratio necessary for
iceberg capsize (and subsequent break-up), as described in Burton et al. [2012]. If the
maximum width was less than this dimension, the ice fragment was deemed capsizable.
As Figure 2¢ shows, ~60% of the original ice-shelf area is broken into fragments with an
aspect ratio <0.6. We depict the capsized fragments in Figure 2c as blue ice mélange,
assuming that they are obliterated during capsize. Comparison of the immediate, post-
collapse imagery of the LBIS [MacAyeal et al., 2003] with the depiction of capsized
fragments in Figure 2c suggests that the process we propose is indeed potentially
responsible for fragmenting the ice shelf in a manner sufficient to cause widespread

capsize.
4. Self-Catalyzed Lake Drainage

We next show that lake drainage—the event that leads to lake-induced flexure
fractures—can be self-catalyzed and self-sustaining, and can cooperatively occur across
widely varying flow and stress regimes of the LBIS. To demonstrate this, we again use
the same analytic solution, idealizations, and lake distribution on the LBIS as described in

Section 3.

As the elastic flexure of an ice shelf with uniform thickness is a linear process
[Sergienko, 2013], the linear superposition principle is applicable, and the flexural effect
of multiple drained lakes is a sum of the flexural effects of individual lakes. However, for
the purpose of demonstrating chain-reaction lake drainage, we need only to consider
individual, not superimposed, lake-flexure solutions. This is because, with the assumption
that the ice has visco-elastically relaxed in response to the emplacement of a mass of
many lakes, if any one single lake (known as a ‘starter lake”) suddenly changes (either by
taking on, or giving off, mass), it will have an immediate local stress-inducing effect on
the stress regime of the surrounding ice shelf. As the starter lake causes surrounding lakes
to drain, a ‘propagating front’ of lake drainage develops, with each stage of lake drainage
events occurring further away from the position of the starter lake. This drainage front is

always moving outward from the place where interference between individual lake
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drainage events could exist (but would have no relevance to whether new lakes would
drain, as they are in a zone where all the lakes have already drained) into undisturbed,

visco-elastically relaxed, ice.

Therefore, considering each lake separately, we assume that its drainage removes the
equivalent load of 5 m of fresh water (density 1000 kg m™). This load represents the
combination of enhanced lake-bottom ablation relative to surrounding bare ice, as well as
the removal of water that filled the lake, assuming that the elastic response to the water
load had visco-elastically relaxed [Beltaos, 2002; Sergienko, 2005] over the preceding
portion of the melt season leading up to the event. With this reference load, we compute
the von-Mises stress (7ym) induced by the drainage of one lake at the center of every

other lake on the ice shelf. Here, Tyv is defined to be:

Tom = (T + Tog” — T Top"? (1),

where T, and Tggare the radial and azimuthal stresses, respectively, and where r is the

radial coordinate and 6 is the azimuthal coordinate for a cylindrical reference system with
origin at the center of the lake. Where the von-Mises stress exceeds the critical value 70
kPa (as recommended by Albrecht and Levermann [2012]), we assume that a fracture will

develop at the bottom of the surrounding lake that can potentially drain it.

Figure 3a shows the single lake (labeled ‘starter lake’) that was found to stimulate
drainage of the greatest number of surrounding lakes. With the chosen 7\ fracture
criterion of 70 kPa, the number of lakes drained by the starter lake was 63. For this starter
lake, we also considered the cascade of indirect influence that accounts for subsequent
relationships between directly drained lakes and other lakes not initially drained by the
starter lake. This yielded 10 stages of indirect influence and caused 227 lakes on the ice
shelf to drain (~8% of the total number of lakes, 2758, reported by Glasser and Scambos
[2008]). This number increased to 626 over 14 stages of indirect influence, or to ~23% of
the total number of lakes, when the 7,y fracture criterion is reduced to 35 kPa (Figure

3b).



171  The ultimate implication of the interrelated causality of lake drainage is that a self-

172  stimulating chain-reaction of lake drainage can develop across the LBIS. We regard this
173  as a plausible explanation for the abrupt, widespread drainage of lakes observed in the
174  days prior to the LBIS break-up [Scambos et al., 2003]. We also argue that this process
175  is sufficiently independent of other ice-shelf variables (e.g., the stress regime that drives
176  glaciological ice-flow, due to the significantly slower time scale of viscous deformation
177  compared to the disintegration) as to be plausible as the mechanism that kindled the

178  explosive break-up.

179  As previously mentioned, in the computations made to create Figure 3, we assumed a
180  constant depth of 5 m for all the lakes. This is a plausible depth for observed dolines

181  [Bindschadler et al., 2002; Tedesco et al., 2012], but is at the upper limit of lake depths
182  observed using February 2000 Landsat imagery [Banwell et al., in press], acquired 2

183  years prior to the collapse, where mean lake depths were ~1 m. To provide an indication
184  of the sensitivity of fracture initiation to lake depth, we compute the depth needed in a
185  circular lake of radius 500 m necessary to produce 7ym in excess of 70 kPa at any given
186  distance r from the lake center. The result is shown in Figure 4. To fracture a 200 m

187  thick ice shelf (comparable to the LBIS thickness when it broke-up) at a given distance r
188  from the center of the lake, the lake must have the depth corresponding to those values
189  depicted by the red curve in Figure 4. Thus, a lake has to be at least 1 m deep for the

190 flexure-induced stress at the ice-shelf surface to exceed the fracture criterion (70 kPa) for
191 aradial-type fracture to initiate at the lake center, and the lake has to be at least ~3.5 m
192 deep for the ring-type fracture to occur at ~1700 m from the lake center. Reducing the
193  critical stress criterion by half (to 35 kPa) necessitates only ~2 m depth to create the ring-

194  type fracture along the forebulge.

195  Figure 4 also shows the effect of thinning the ice-shelf by 25 m. Such thinning could have
196  occurred due to increased basal melting prior to the break-up of LBIS [Shepherd et al.,
197  2003; Vieli et al., 2007]). This suggests that there were two avenues by which warming
198 and enhanced ablation of the LBIS could have pushed it towards conditions primed for
199  break-up. Surface warming would induce continued lake deepening, whereas ocean

200  warming (and consequent ice-shelf thinning) would continue to reduce the critical lake



201
202
203
204

205

206
207
208
209
210
211
212
213
214

215
216
217
218
219

220

221
222
223
224
225
226
227

228

depth necessary to produce ring-type fractures. In addition, increased basal melting leads
to substantial cooling of the ice shelf interior [Sergienko et al., 2013], making it more
susceptible to fracturing due to the fact that fractures in cold ice are less likely to be

arrested than in warm ice [e.g., Liu and Miller, 1979].
5. Conclusions and Perspectives

We have shown that supraglacial lakes (and drained lakes) are mass loads (or deficits)
that create flexure stresses on ice shelves. The estimated flexural tensile stresses are
sufficiently large to initiate and propagate fractures, and the spacing of the fractures is
determined by the spatial distribution and depths of lakes. We show that the spacing of
these fractures caused a large proportion of the LBIS fragments to have aspect ratios that
were unstable to capsize. We also show that the filling or drainage of a single ‘starter
lake’ can produce multiple fractures that are able to drain hundreds of surrounding lakes
through a chain-reaction process. Thus, we argue that this chain-reaction would

contribute to the abruptness of the explosive disintegration of the LBIS.

The ultimate proof for the hypotheses we have proposed here depends on observations. If
current warming trends prevail, lake-induced break-up may threaten other Antarctic ice
shelves. We suggest that future research should consider whether the development of a
large number of supraglacial lakes constitutes the essential tipping point, which, once

reached, predetermines an ice shelf to break-up.
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Figure 1. Schematic view of stress regime, flexure and fracture patterns associated with
loaded (filled) and unloaded (drained) supraglacial lakes on ice shelves. a) As water fills
an idealized circular depression, the accumulated mass creates a depression that induces
an upward-deflected forebulge at a radial distance of ~2L. Downward propagating, ring-
type fractures form in the forebulge at the ice-shelf surface. At the ice-shelf base, tension
with upward radial propagating fractures form at the antipode of the lake. The neutral
plane, where flexure stresses are zero and across which flexure stresses vary linearly to

maximum amplitude at the surface and base of the ice shelf, is identified. b) When a lake



311  drains, hydrostatic rebound causes tensile stress to be induced in an inverted forebulge
312  (surface moat). It is here that upward-propagating ring-type fractures are likely to form.
313  The drained lake is also missing some original ice-shelf mass due to enhanced lake-
314  bottom ablation. At the ice-shelf surface, tension with downward radial propagating
315 fractures form at the antipode of the lake. c) Fractures introduced by repeated filling and
316 draining of lakes over a number of years can potentially yield a mixed-mode fracture
317  pattern, consisting of ring-type fractures surrounding the lake, and radial-type fractures

318  below the lake depression.

319

320

321 Figure 2. Break-up patterns associated with lake-induced flexure fractures (ring-type
322  only) on the LBIS. a) Region map of the LBIS with observed lakes [Glasser and

323  Scambos, 2008] represented as circles of equal area. The red box indicates the areas
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represented in (b, c). b) Circles representing the loci of maximum von-Mises stress
surrounding lakes located in the boxed region of the LBIS map shown in (a). These
circles depict the ring-type fracture pattern that would be induced by lake filling or
draining. c) Post-collapse ice-shelf fragment assemblage of the region shown in (b)
assuming that fragments, where one of their two horizontal spans is less than the critical
aspect ratio, [, ~0.6, will capsize and become obliterated. Fragments that do not capsize
are colored grey. Fragments that are capsized and assumed obliterated are replaced with

blue mélange (colored blue).
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Figure 3. Chain-reaction drainage of supraglacial lakes. a) Observed lakes [Glasser and
Scambos, 2008] are represented by circular disks of equal area and constant depth (5 m).
The lake found to trigger the drainage of the most neighboring lakes is labeled ‘starter
lake’. Colored surrounding lakes indicate those that are induced to drain either directly by
the starter lake’s effect on flexure stresses (stage = 1) or indirectly by lakes which are
drained at an earlier stage (stage = 2, ..., 10). The color of the lake indicates its stage

according to the color bar. When the fracture criterion of 70 kPa is evaluated at each
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lake’s center, a total of 227 lakes are triggered to drain by the starter lake (either directly
or indirectly). The radii of colored lakes is drawn at twice the scale to promote visibility.
The radii of gray shaded lakes, which are not drained as a result of the chain reaction, are
drawn at true scale. b) As in (a), but with the fracture criterion reduced to 35 kPa. In this
case, a total of 626 lakes are triggered to drain by the starter lake either directly (stage =
1), or indirectly (stage =2, ..., 14).

radial-type

.fracture- <— ring-type fracture —-

)

-7

| 2 3 4
lake distance (km)

footprint  ~ H=200m, 70 kPa = H =200 m, 35 kPa

= H=175m, 70 kPa

depth required (m)
(9, ]

o

I

Figure 4. Critical lake depth required to induce fracture at the ice-shelf surface (ring-type
fractures) or base (radial-type fractures) at a given distance (km), », from the center of a
circular lake with a 500 m radius assuming constant lake depth (m). For an ice-shelf
thickness (H) of 200 m, the blue lines represent critical lake depth for a fracture criterion
of 35 kPa, and the red lines represent critical lake depth for a fracture criterion of 70 kPa.
The black lines represent critical lake depth if ice-shelf thickness is reduced by 25 m to H
=175 m. The footprint of the lake (» <500 m) is shaded.
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