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Mass balance of ice shelves
Mass lost from ice shelves

1/2 basal melting (controlled by ocean 
forcing)
1/2 calving (controlled by ?)

Iceberg calving is linked to ocean forcing
Don’t need crevasses to explain calving



1. Fracture mechanics predict 
crevasses do not penetrate entire 
ice thickness 

2. Crevasse penetration ratio 
greatest near grounding zones 
and smallest near the calving 
front

Where do ice shelves break?
Ross Filchner-Ronne

Amery
Larsen C



with a dual-frequency GPS and corrected to the Eigen
GL04C ellipsoid [Förste et al., 2008] and further corrected
for tidal amplitude using Circum-Antarctic Tidal Simulation
version 2008a (CATS2008a), updated from Padman et al.
[2002].

3. Results and Discussion

[7] Visible imagery details a series of isolated surface
depressions in the main outflow of Cabinet Inlet, extending
seaward to the calving front (Figure 1a). We focus our
observations on one of these features (Figure 1b). The sur-
face depression has a maximum depth of 13.0 m and extends
for 4.5 km, as measured from kinematic GPS and imagery,
respectively (Figure 1b). A large hyperbolic reflection
within the ice column is aligned with the surface depression,
which we interpret as the apex of a basal crevasse
(Figure 2a). It extends 233! 11 m in height from the base of
the ice shelf, penetrating through over 66% of the mean local
ice thickness and is 470 m in width (Figures 2a and 2b). The

size of the basal crevasse increases the local ice-ocean
interface by "30% relative to a flat-bottomed ice shelf.
Above the hyperbolic reflection, the firn and upper ice layers
down warp by 15–20 m (Figure 2a). Numerous snow-
bridged surface crevasses, with widths between 20–25 m,

Figure 2. (a) 25 MHz radar profile across basal and surface
crevasses. Surface elevations have been corrected to reflect
ice shelf topography. Note down warping of firn above basal
crevasse and hyperbolas on the flanks, highlighted in red,
interpreted as surface crevasses. (b) Three-dimensional view
of the basal crevasse penetrating into the ice shelf. Surface
and basal interface interpolated from GPS and GPR profiles,
respectively.

Figure 3. (a) Surface elevations along radar transect
(shown in Figure 3b). Note spatial offset between depression
in kinematic GPS data and visual imagery due to temporal
offset between image and GPS collection. (b) 25 MHz radar
profile across basal crevasses (apexes indicated by red
arrows). Surface elevations have been corrected to reflect
ice shelf topography. Note reduced surface deformation
and lack of surface crevassing.
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can be > 400 m wide

crevasse heights of !100–150m at the grounding line
upstream of, and shear margin directly adjacent to, these
observations. Ice is shearing along these margins, so this
may represent an overestimate, just as at SN, where the
grounding-line curvature and strain rates were similarly
high. In the Filchner–Ronne Ice Shelf, Rist and others (2002)
observed basal crevasses far from the grounding line of
Rutford Ice Stream (Fig. 5b) of order 300m in height. The
TEB method estimates grounding-line basal crevasses form-
ing upstream of these observations !400m in height, and it
may be that a combination of viscous deformation and basal
melting can account for the misfit.

The TEB method also predicts basal crevasses to be
present at the grounding lines of large pinning islands and
ice rises such as Berkner Island and Korff and Henry Ice
Rises (Filchner–Ronne Ice Shelf, Fig. 5b) as well as Roosevelt
Island and Crary and Steershead Ice Rises (RIS, Fig. 5d).
Catania and others (2010; Fig. 5a) imaged the eastern
margin of Roosevelt Island and observed basal crevasses
there between 100 and 130m in height. The TEB prediction
overestimates this value by !50m (Fig. 5d). We again
attribute this overestimation to high shear stresses, as in the
case of SN, where these observations were made along a
shear margin.

Most striking from the TEB crevasse maps is that regions
of topographically undulated flowbands often follow dir-
ectly downstream of areas in which the approximation
predicts relatively high basal crevasse heights, strengthening
the idea that basal crevasses can play a central role in
determining the location of rifts and large-scale ice-shelf
damage. One such location appears on the Amery Ice Shelf
(Fig. 5c) stemming from Charybdis Glacier: surface depres-
sions appear close to the grounding line and, after rounding
Single Promontory, develop into a long train of undulated
topography that approaches the calving front. Additionally,
the topographically undulated zones on the floating shelves

of Pine Island (PIG) and Thwaites Glaciers (TG) appear
directly downstream of locations where TEB-predicted basal
crevasses appear to be comparatively large (Fig. 5e).

While both PIG and TG are fast-flowing and have
experienced recent dynamic changes, including high basal
melt rates and grounding-line retreat (e.g. Bindschadler and
others, 2011; Vaughan and others, 2012), a close inspection
of the TG grounding line provides further motivation for the
inclusion of basal crevasses in ice-dynamic models. A
Landsat-7 image from January 2013 (Fig. 6) shows undulated
topography which we believe may indicate the onset of
basal crevasses. Measurements of the surface depression
spacing (yellow bars) were compared to measurements of
the freshly calved icebergs (red bars). The average spacing
of the surface depressions is 1034m, and the average width
of the freshly calved icebergs is 1035m (standard deviations
217 and 224m, respectively). This suggests that, at least in
areas where basal crevasses persist long enough to reach the
calving front, iceberg geometry can be controlled to a first
order by the spacing of basal crevasses.

CONCLUSIONS

Our results show that the TEB formulation applied at or
upstream of observed basal crevasses produces order-of-
magnitude crevasse heights. The model is more accurate at
grounding lines where strain rates are low and may best be
used to infer where stresses are dominantly viscous if the
misfit between observed and modeled basal crevasse height
is large. Additionally, areas where the TEB method predicts
comparatively high basal crevasses appear directly upstream
of areas of topographically undulated and damaged ice. In
light of their ability to determine iceberg geometry in some
locations, notably Thwaites Glacier, we suggest it is import-
ant to incorporate the effects of basal crevasses when
modeling calving processes.
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can get deeper as they advect 
downstream
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What happens to crevasses 
after they initiate?
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. . . But Gravity Resists
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thicker ice, more vertical 
compression, larger spreading 
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Marine ice/melting

. . . And Melting/Freezing?



(un)Stable Extension Of Ice Shelves

Ice tongue spreading under its own weight
perturbations decay faster than ice shelf thinning rate

Maximum ~ 1 ice thickness
Stability controlled by:

Solve for growth rate of  perturbations of  different wavenumber
Perturbations at some wavelengths grow faster than others

Growth rate spectrum
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Maximum ~ 1 ice thickness

slight extension (unstable)
perturbations decay, but slower than ice shelf thinning rate

Solve for growth rate of  perturbations of  different wavenumber
Perturbations at some wavelengths grow faster than others

Stability controlled by:

Growth rate spectrum
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(un)Stable Extension Of Ice Shelves



Maximum ~ 1 ice 
thickness

hard extension
perturbations grow

Perturbations at some wavelengths grow faster than others

Stability controlled by:

Solve for growth rate of  perturbations of  different wavenumber

Growth rate spectrum
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(un)Stable Extension Of Ice Shelves



Evolution Of Basal Crevasses

Dynamic response superimposed on background thickness



Plastic Necking: The Big 4
Growth of  
perturbations 
superimposed on ice 
thickness
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Plastic Necking: The Big 4
Growth of  
perturbations 
superimposed on ice 
thickness
Growth rate 
comparable to basal 
melting and 
refreezing rates



Plastic Necking: The Big 4

Marine ice fills depression

“Burn” through 

Growth of  
perturbations 
superimposed on ice 
thickness
Growth rate 
comparable to basal 
melting and 
refreezing rates



Implications
Ductile failure explains wide crevasses that deepen 
as they advect
Long time scale of instability forces crevasses to 
interact with the ocean
Any long wavelength perturbation (e.g., melt 
channels) can seed the instability

Ice shelves are bumpy

Drygalski Ice Tongue

Process that controls the width of  
crevasses also controls the depth




