
Bound to fail

J.N. Bassis
Department of Atmospheric, Oceanic and Space Sciences

University of Michigan



Iceberg Calving
Definition: sudden detachment or breaking away of a block of ice 
from an ice mass



Iceberg Calving
Definition: sudden detachment or breaking away of a block of ice 
from an ice mass

Iceberg calving requires fracture of ice 

Ocean

Icesurface crevasse

basal crevasse

rift



Ocean

Ice

Forcing vs Fracture

surface crevasse

basal crevasse

rift

Iceberg calving is a fracture mechanics problem but . . . need to 
know forcing



Ocean

Ice

Forcing vs Fracture

surface crevasse

basal crevasse

rift

water !lled crevasses

Iceberg calving is a fracture mechanics problem but . . . need to 
know forcing



Ocean

Icesurface crevasse

basal crevasse

rift

Forcing vs Fracture

water !lled crevasses

Iceberg calving is a fracture mechanics problem but . . . need to 
know forcing

submarine melting



Ocean

Icesurface crevasse

basal crevasse

rift
submarine melting

Forcing vs Fracture

water !lled crevasses

Iceberg calving is a fracture mechanics problem but . . . need to 
know forcing

friction at the bed?



102 Calving glaciers

Kaczmarska, 1997). Such seasonal fluctuations in calving rate cannot be explained by
the water-depth model.

A second observation that casts doubt on the water-depth model is that, during its
rapid retreat, the speed of Columbia Glacier increased almost as much as did the
calving rate. In fact, an excellent correlation exists between these two quantities, not
only for Columbia Glacier during its retreat, but also for the other Alaskan glaciers
considered by Brown et al. (1982) (Van der Veen, 1995, 1996). This relation between ice
speed and calving rate not only applies to smoothed averages (Figure 4, right panel),
but to a lesser extent also to seasonal fluctuations (Figure 4, left panel). Similarly, on
Hans Glacier, the calving rate starts to increase in June as the ice speed increases, with
both reaching a maximum in late July (Jania and Kaczmarska, 1997). Moreover, the
correlation between calving rate and glacier speed also applies to glaciers calving into
proglacial fresh-water lakes, as illustrated in Figure 5.

The correlation between ice speed and calving rate is a surprising result if the water-
depth model indeed describes the calving process. Glacier speed is primarily controlled
by processes acting at the glacier bed, such as effective basal pressure or amount of
water present beneath the glacier, as well as by the drag at the glacier base. There is no
a priori reason why these processes would affect the rate of iceberg production in a
similar way as glacier speed is affected. It might well be that larger speeds are
associated with increased along-flow stretching, or that larger basal water pressure –
resulting in faster sliding – could facilitate upward propagation of bottom crevasses.
Both effects may enhance the possibility of full-thickness fracturing (Van der Veen,
1998a,b; 1999b) and thus lead to increased calving. However, the enigma that remains
is why this increase would be linearly proportional to the increase in glacier speed.

A third objection against the water-depth model is that it clearly does not explain all
of the variations in calving rate, even if annual-mean values are considered. From late
1984 to early 1989, the calving rate on Columbia Glacier remained more or less constant,
yet the terminus continued retreating into deeper water, with the water depth

Figure 4 Relation between calving rate and glacier speed on
Columbia Glacier, using values determined for each flight interval
(left) and Gaussian smoothed values (right)
Source: based on data from Krimmel (2001)
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Evidence for a dynamic control on terminus position
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Caricature (focus on big picture)

Representation of iceberg 
calving

Fracture mechanics approach: 
Simulate initiation and propagation 
of fractures within the ice

Examples: LEFM, Nye-zero stress 
model, damage mechanics

Examples: Height-above-buoyancy, 
water depth, strain rate, ice thickness

Calving law approach: Represent calving rate as 
a function of internal and external variables

Stamp Collecting (focus on details)
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What causes different calving regimes?
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Ice fails when yield stress exceeded



Maximum height of calving cli"

Ice shelves and ice tongues are most stable con!guration for given ice thickness
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Literal interpretation of Austin Post “Columbia Glacier is too shattered to 
support a #oating ice tongue”

What about the lower limit?



Conceptual Model of Ice: Molecular Dynamics

Atom: from Greek meaning uncuttable or indivisible

1.  There is an upper bound on ice thickness at the terminus of glaciers that is consistent 
with laboratory derived measurements of the strength of ice

- The upper bound predicts that thick glacier termini must terminate in deep water

2.  When the ice thickness exceeds the upper bound we can assume it is heavily fractured

3.  Once the ice is fractured the calving rate is limited by the export of icebergs away from 
the terminus and this can be imagined conceptually as a granular material 

continuous
(all bonds intact)

discrete
(all bonds broken)

spectrum of behavior

“Atoms” of ice are spherical boulders of ice 
“Molecules” are boulders of ice glued together by bonds with finite strength

Molecule:  Atoms held together by bonds

bonds have normal and shear strength

Ocean

Ice

Ocean

Ice blocks

Spheres of ice interact through: (1) elasticity, (2) friction, (3) bond forces

music of the spheres?



Icebergs capsize after detaching



Iceberg detaches and drifts away



More realistic geometry: Helheim Glacier ca 2001-2005



Export of icebergs can limit detachment
REFERENCES 1.6 Figures

Figure 6: The DEM model running in a low density state. There are no interactions between
particles. Blue radii are drawn to track rotational degree of freedom.

Figure 7: Jamming begins to occur at a critical density. Black lines indicate normal forces between
particles.
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Iceberg Calving Regimes

Grounded termini

Floating termini

1. Fracture propagation

2. Export of icebergs

3. Evolution and advection 
of fractures after 
inception

What causes different calving regimes?



Floating ice tongues

Erebus ~ 10 km long Drygalski ice tongue ~ 90 km long



Glacier geometry controls 
maximum calving cliff height

Upper bound on calving cli" height, based on laboratory fracture strength
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Need to explain why grounded glaciers 
don’t all form floating ice tongues

-Surface water fills crevasses?

-Pre-existing fracture initiate upstream 
and advect to calving front? 

- Submarine melting?



Revisit: Floating ice tongues

Basal melt rate and ice temperature controls ice 
tongue length

Instability grows faster in warm ice where thinning rate is highest

Drygalski Erebus


