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ABSTRACT. We identify a series of basal crevasses along a 31 km transect across the northern sector of
the Larsen C ice shelf, Antarctica, using in situ ground-penetrating radar. The basal crevasses propagate
from a region of multiple, shallow basal fractures to form widely spaced (0.5–2.0 km) but deeply incised
(70–134m) features. Surface troughs, observed in visible imagery, exist above the basal crevasses as the
ice vertically shears to reach hydrostatic equilibrium, while widespread surface crevassing occurs along
the crests and on the flanks of the undulations, primarily aligned with the topography. We suggest, based
on the location of the surface crevasses and the along-flow evolution of the basal crevasses, that the
former are induced by a bending stress created by gradients in hydrostatic forces. Using a linear elastic
fracture mechanics model, we investigate the sensitivity of basal crevasse propagation to observed
trends of ice-shelf thinning and acceleration. Basal crevasses are large-scale structural weaknesses that
can both control meltwater ponding and induce surface crevassing. Together, these features may
represent an important mechanism in both past and future ice-shelf disintegration events on the
Antarctic Peninsula.

INTRODUCTION
Over 28 000 km2 of floating ice shelves have disintegrated
along the Antarctic Peninsula (AP) over the past three
decades, punctuated by the catastrophic break-up of Larsen
A in 1995 and Larsen B in 2002 (Cook and Vaughan, 2010).
The final collapse of these ice shelves appears to be directly
tied to increased meltwater production and surface crevasse
hydrofracture, rendering the ice shelf into a series of
unstable narrow blocks, capable of rapid disintegration
(Scambos and others, 2000, 2003; MacAyeal and others,
2003). However, the rapid collapse masks the slow
preconditioning of the shelves in the preceding years,
processes that make them increasingly susceptible to this
style of break-up. The preconditioning has been primarily
driven by a 2.58C atmospheric warming along the AP since
1950, which has, at least partially, been driven by changes
in the Southern Annular Mode index. The result has been
increased advection of warm, maritime air from lower
latitudes towards the AP (Vaughan and others, 2003; Orr and
others, 2004). Strengthening of the westerly winds increases
the passage of this air mass over the peninsula, where it is
further warmed by the föhn effect and certainly contributed
to the increased surface melt on Larsen B prior to its break-
up (Orr and others, 2004, 2008; Van den Broeke, 2005).
Increased surface melt has driven firn densification and the
formation of ice layers, eventually allowing melt ponds to be
supported on the shelf surface (Scambos and others, 2000,
2003; Fahnestock and others, 2002; Van den Broeke, 2005;
Vaughan, 2006; Holland and others, 2011).

Increased basal melting has been shown to be a key
preconditioning process for ice-shelf disintegration as
well, primarily by thinning the ice shelf and thus re-
ducing resistive stresses at lateral shear margins and ice
rises (Glasser and Scambos, 2008). However, unlike the

Amundsen–Bellingshausen Sea sector, where the incursion of
warm, Circumpolar Deep Water onto the continental shelf
has been well documented and has been shown to drive the
high basal melt rates beneath the Pine Island Glacier ice
shelf, the ice shelves in the Weddell Sea sector are protected
from this water mass (Jacobs and others, 2011). Weddell
Deep Water has shown substantial decadal variability in
temperature and salinity properties, yet no sustained long-
term trends have been observed (Robertson and others, 2002;
Fahrbach and others, 2004). Basal melting (and refreezing) is
still believed to substantially modify the ice shelves in the
Weddell Sea sector, although limited oceanographic meas-
urements prevent a complete understanding of the extent and
magnitude of these processes (Shepherd and others, 2003;
Nicholls and others, 2004; Glasser and Scambos, 2008;
Holland and others, 2009; Khazendar and others, 2011).

Crevasse hydrofracture, the process by which water-filled
surface crevasses propagate downwards, possibly through
the entire ice thickness, has been shown to be a key
mechanism in polar glaciology (Weertman, 1973; Van der
Veen, 1998a; Zwally and others, 2002; Das and others,
2008). On ice shelves, surface crevasses often form near the
ice-shelf grounding line, along shear margins, or at the ice-
shelf front due to bending stresses (Scambos and others,
2003, 2009). Crevasses formed in upstream areas are
commonly advected into the floating portion of the ice
shelf as well. The filling of surface crevasses with meltwater
increases the stress intensity at the crevasse tip, which, if it
exceeds the fracture toughness of ice, allows the crevasse to
propagate further downwards (Van der Veen, 1998a).
Continued crevasse propagation is dependent on having
sufficient meltwater volume to maintain a high level in the
crevasse as it propagates downward. Thus, the ability of an
ice shelf to support surface melt ponds is one harbinger of
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2010). The ice-shelf thickness exceeds 700m at the ground-
ing line but thins to 150m at the ice front, with a typical range
of 250–400m. Along the 31 km radar transect, ice thickness
decreases from 300 to 280m towards the calving front of the
ice shelf (Griggs and Bamber, 2009). Larsen C displays the
characteristic velocity field of an embayed ice shelf, in which
velocities increase with distance from the grounding line,
reaching a maximum in the middle of the calving front,
furthest from resistive stresses (Khazendar and others, 2011).
Along this transect, ice velocity increases from 328 to
355ma–1 (Khazendar and others, 2011).

The extent and geometry of Larsen C has been largely
stable over the last five decades, although it has been
observed to be both thinning and accelerating over the past
two decades (Shepherd and others, 2003; Cook and
Vaughan, 2010; Khazendar and others, 2011). Radar altim-
etry between 1992 and 2001 found that the Larsen C surface
elevation has lowered, on average by 0.08ma–1, although
one northerly location decreased by 0.27ma–1, which has
been partially attributed to increased basal melting (Shep-
herd and others, 2003). Limited oceanographic measure-
ments suggest low basal melt rates beneath the ice shelf,
with little evidence that unaltered Weddell Deep Water
reaches the cavity (Nicholls and others, 2004; Holland and
others, 2009). More recently, it has been suggested that the
surface lowering observed by Shepherd and others (2003)
may be largely attributed to atmospheric-driven firn
densification (Holland and others, 2011). Khazendar and
others (2011) found that the northern sector of the ice shelf
accelerated by 80ma–1 or 15% between 2000 and 2006,
and a further 6–8% between 2006 and 2008 in Cabinet
Inlet, possibly due to a reduction in back-stress from the
Bawden Ice Rise and/or the erosion of marine ice formerly
suturing neighboring flowbands together.

METHODS

Data acquisition and processing
Radar surveys were conducted with a Malå Geoscience
ground-based pulse radar system (CU-II control unit) with a
25MHz (�6.8m wavelength in ice) antenna pulled behind a
snowmobile traveling at an average of 4.5m s–1. We
recorded at 1024 16-bit samples per trace and each trace
lasted �4000 ns. A 16-fold stack was applied during
recording. To improve the signal-to-noise ratio of the radar
data, the mean waveform was removed from all profiles and
a dewow filter was applied to remove direct-current bias and
low-frequency drift. The measured two-way travel time was
converted to depth assuming a mean radar velocity of
0.173mns–1, which incorporates a linear decrease from
0.190mns–1 at the surface (in the firn) to 0.168mns–1 at the
depth of the firn/ice transition. This depth was determined
from the RACMO2 regional atmospheric climate model
(personal communication from M. van den Broeke, 2011).
Radargrams are presented as unmigrated to emphasize the
reflection hyperbolas within the ice column.

Kinematic GPS data were collected simultaneously using
a Trimble GeoXT unit mounted to the radar sledge with a
�1.03m horizontal precision and �1.86m vertical pre-
cision. Position data were collected relative to the World
Geodetic System 1984 (WGS84) ellipsoid and were
corrected to heights above mean sea level (m.s.l.) using
the EIGEN-GL04C geoid, which combines Gravity Recovery

and Climate Experiment (GRACE) satellite data and surface
gravity data from altimetry and gravimetry (Förste and others,
2008). Surface elevations were then corrected for variations
in the tidal amplitude (�1m) using the Circum-Antarctic
Tidal Simulation version 2008a (CATS2008a), updated from
Padman and others (2002).

The ice-shelf/ocean interface reflection was manually
delineated along each profile by following the maximum
amplitude in the radar waveform near the approximate
interface. This was only done where the interface reflection
was strong and easily determined. The ice thickness, H, was
then calculated by taking the difference between the surface
height, z, and the identified ice/ocean interface.

Basal crevasse propagation model
Based on a LEFM approach, an individual basal crevasse
should penetrate to a given height where the stress concen-
tration near the crevasse tip equals the fracture toughness of
the ice, KIC (Rist, 1996; Rist and others, 1996; Van der Veen,
1998b). The stress intensity factor, KI, is estimated by
integrating the stress along the length of the fracture, while
the fracture toughness of nonporous ice, measured by Rist
and others (2002) on an ice core from the Ronne Ice Shelf, is
0.155MPam1/2. There is some historical evidence that in the
presence of salt water, the fracture toughness may be
reduced by a factor of up to 3 (Johnston and Parker, 1957).

According to Van der Veen (1998b), the stress intensity
factor at the crevasse tip may be described as

KI ¼
Z h

0

2�nðzÞffiffiffiffiffiffi
�h

p Gð�,�Þ dz, ð2Þ

where h is the crevasse height, �n is the net longitudinal
stress, H is the ice thickness, z is the height within the ice
column (z=0 at base) and G is a function of �=h=H and
� = z=h. The net longitudinal stress, �n, is the integral of the
lithostatic stress, acting to close the crevasse, whereas sea-
water pressure in the basal crevasse and the tensile
spreading stress, Rxx, act to further open the crevasse (Van
der Veen, 1998b). We extract longitudinal strain rates from
interferometric synthetic aperture radar (InSAR)-derived
surface velocities along the transect (Khazendar and others,
2011; personal communication from E. Rignot, 2011). The
tensile spreading stress is related to the stretching rate
through the flow rate factor, B, which has a strong
dependence on temperature (Van der Veen and Whillans,
1989). We calculate a parabolic temperature profile within
the ice column assuming basal melting, with the surface
constrained by in situ automatic weather station mean
annual temperature (–128C) and an assumed basal tempera-
ture at the approximate freezing point of sea water (–28C;
Sandhäger and others, 2005). Given the observed geometry
of the basal crevasses (i.e. spacing � height), we model the
basal crevasses as individual features. For a more complete
discussion of this model see Van der Veen (1998a,b).

RESULTS
Radar survey
Twenty-seven basal crevasses, with an average spacing of
1.2 km, are identified along a 31 km transect aligned with
the flow direction of the ice shelf downstream of Cabinet
Inlet. Basal crevasses are identified by strong hyperbolic
reflections within the ice column (Fig. 2, black arrows) and
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the idea that basal crevasses are an abundant feature of the
Larsen C ice shelf and not isolated to our study region. Thus,
understanding their evolution is key to understanding the
mechanical structure and stability of Larsen C.

Two distinct patterns emerge in the basal crevasse
geometries along the transect that provide insight into the
processes affecting their evolution (Fig. 3). Penetration
height of the basal crevasses decreases rapidly over the first
15 km, while crevasse-opening width increases substantially
over this length (Fig. 3). Both parameters show large
variability but no net change over the final �15 km of the
transect. We suggest that the observed evolution towards
wider and shallower features is likely the result of bending
stresses, possibly in conjunction with marine ice accretion
along the upper walls and apex of the basal crevasses.
Another possibility for this evolution includes a melt-driven
convective cycle within the basal crevasse, with basal
melting along the lower walls and marine ice accretion at
the top (Khazendar and Jenkins, 2003). We suggest, for
multiple reasons, that bending stresses, expressed as an
alternating pattern of compression and extension, are the
dominant mechanism for the observed evolution in basal
crevasse geometry.

In the simplest sense, if the ice shelf is thought of as an
unconfined slab, floating in equilibriumwithin the ocean, the
freeboard height is equivalent to the balance between the
downward-pointing lithostatic force of the ice column and
the upward-pointing buoyancy force. If the slab is perturbed
by the addition of basal crevasses, there will be reduced
buoyancy above these features, which can be thought of as a
downward negative force acting on the ice-shelf surface
alignedwith these features. Thus, following the formation of a
basal crevasse near Churchill Peninsula, the firn and ice
above the crevasse vertically shears in an attempt to reach
hydrostatic equilibrium, as seen by the downwarped firn
layers above the basal crevasses in the radargrams (Fig. 2).
However, this ice is not an isolated column and is therefore
partially supported by beam stresses from the neighboring ice
of greater thickness (and hence greater buoyancy). Thus, the
vertical shear above two neighboring basal crevasses induces
a bending stress across the surface crest that separates the
basal crevasses and results in the abundant surface crevassing
observed in Figure 4c. This process is repeated for every basal
crevasse and surface crest pair, creating alternating regions of
compression in the surface troughs and extension over the
surface crests, with the inverse of these forces on the
underside of the shelf. This in turn explains the expansion
of the basal crevasse opening width in the along-flow
direction (Fig. 3).

Bending stresses have been observed in other contexts on
floating ice shelves as well. Casassa and Whillans (1994)
model the decay of surface topography on the Ross Ice Shelf
and find that sinking regions of the ice shelf have
compression at the ice surface and extension at the ice-
shelf base, while the opposite stress pattern is present in
neighboring regions. Similarly, Jenkins and others (2006)
hypothesize, based on measured strain rates, that vertical
shear stresses exist within the ice shelf soon after flotation at
the grounding line, to balance the gravitational forces as the
ice shelf attempts to reach its equilibrium level. These
stresses induce compression at the ice-shelf surface and
extension at the shelf bottom, in agreement with Casassa
and Whillans (1994). Further, an outward bending stress
exists at the calving front of ice shelves, as the hydrostatic

pressure increases more rapidly with depth than the
lithostatic stress in the ice column (Scambos and others,
2009). This extensional stress drives surface crevasse
formation (at a distance of �0.7� ice thickness from the
ice front) and may have played an important role in the
break-up of the Wilkins Ice Shelf (Braun and others, 2009;
Scambos and others, 2009).

The evolution of surface crevassing in the along-flow
direction provides direct visual support for this mechanism.
Upstream of the basal crevasses, no surface crevasses are
observed (Fig. 4a), but following the initial formation of the
basal crevasses, numerous but narrow surface crevasses are
observed at the crests of the low-amplitude surface
undulations (Fig. 4b). These crevasses first form due to the
extensional bending stresses at the crest surface invoked by
vertical shear forces as the ice shelf attempts to reach
hydrostatic equilibrium. Further along flow, surface crevas-
sing is well defined, abundant and wide (8–24m in width;
Fig. 4c) and found along the crests and upper flanks of the
large-amplitude surface undulations. Thus, the increased
number and size of the surface crevasses correspond to a
similar increase in undulation amplitude, indicative of an
increase in vertical shear and extensional bending stresses.
Once the ice shelf reaches approximate hydrostatic equi-
librium, no further development of either surface crevasses
or undulation amplitude occurs, suggesting that both the
vertical shear and extensional bending stresses are substan-
tially reduced. This is supported by the relative stability of
basal crevasse height and opening width along the final
15 km of the radar transect, following rapid changes in both
parameters over the first 15 km (Fig. 3).

A. Luckman and others (unpublished information) find
near-surface hyperbolic radar returns, indicative of surface
crevasses along their radar transects, although they rarely
observe them at the ice surface. Similarly, along our transect
we also observe near-surface hyperbolic returns, although
no surface crevasses were visually observed while conduct-
ing our radar surveys. We surmise that the surface crevasses
are much narrower along our transect, as compared with the
large surface crevasses observed proximally to Churchill
Peninsula, and thus likely bridged by snow at the surface.
Regardless, these observations provide evidence of wide-
spread surface crevassing on the Larsen C ice shelf, although
they may often be bridged at the surface and thus
undetectable in both ground surveys and high-resolution
(50 cm) satellite imagery.

Marine ice is believed to be an important component of
the Larsen C ice shelf, particularly downstream of large
promontories, where it likely sutures together neighboring
flowbands while being advected to the calving front
(Holland and others, 2009; Jansen and others, 2010).
Holland and others (2009) suggest that the greatest rate of
marine ice accumulation occurs in the wake of Churchill
Peninsula, as the large-scale geostrophic-driven meltwater
plume is forced out of the main Larsen C sub-ice-shelf cavity.
Thus, this plume represents a large source of meltwater,
which, due to its buoyant nature, may enter a basal crevasse,
becoming supercooled as it rises in the water column before
accreting as marine ice along the upper walls and at the
apex of the crevasse (Khazendar and Jenkins, 2003).
However, the return in the radar from the apex of the
crevasse does not systematically differ along the length of
the profile, which might be expected if the apexes were
becoming filled with marine ice (Fig. 2). However, it is
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unclear whether accreting marine ice would completely
heal the crack, thus removing the sharp corner reflector and
preventing a radar return from this point. Further, some
studies suggest that even if the apex were filled with marine
ice, the radar return would still originate at the meteoric/
marine-ice interface due to the strong absorptive properties
of the marine ice (Lambrecht and others, 2007; Holland and
others, 2009). Therefore the radar data are inconclusive as to
whether marine ice is being deposited within the basal
crevasses, although considering the overall evolution in
crevasse geometry along the transect, this process is likely.

An alternative process that could lead to a similar
evolution in basal crevasse shape is a melt-driven convective
cycle within the crevasse, as modeled by Khazendar and
Jenkins (2003), that results in a widening of the base while
depositing tens of meters of marine ice at the apex and along
the upper walls. However, in this scenario, melting of
the basal crevasse edges would lead to a rounding-off of the
bottom corners and a gradual fading of the radar hyperbolas
that originate from these once sharp corners. Thus, as the
bottom hyperbolas remain strong along the length of the
profile, we do not believe that basal melting is occurring in
earnest. Further, this melt-driven convective cycle does not
explain the formation of surface crevasses on the crests, and
thus we suggest that the combination of bending stresses and
possibly marine ice deposition, from a primarily distant
meltwater source, is the more likely explanation for the
observed evolution in basal crevasse geometry and surface
crevasse formation.

Basal crevasses are inherently large-scale structural
weaknesses within the ice shelf, that are further com-
pounded by the fact that the ice-shelf surface lowers above
these features to maintain hydrostatic equilibrium (Figs 2
and 4c). Surface depressions are likely locations for melt-
water to accumulate, as observed in the Crane Glacier
domain of the Larsen B ice shelf prior to its break-up
(Glasser and Scambos, 2008). Larsen C does not currently
support widespread surface melt ponds, despite extensive
surface melt during the summer months. Shallow firn cores
(�7m) in the vicinity of the radar profile contain thick,
refrozen meltwater layers, suggesting that the shelf surface is
evolving towards the point where it will be able to support
melt ponds in the future. Holland and others (2011) suggest
2–8m of air content remains in the firn column along this
transect, in contrast to �20m in the more southerly sectors
of Larsen C. Thus, if the observed warming and subsequent
increase in meltwater production continues along the AP,
the northern sectors of Larsen C will likely support melt
ponds in the near future. The hydrostatically adjusted surface
troughs above the basal crevasses are likely locations for
meltwater to pond, essentially creating small-scale catch-
ment basins forming the requisite reservoirs for crevasse
hydrofracture. This mechanism overcomes the necessity of
very high ablation rates in order to produce enough
meltwater to maintain surface crevasses at the critical
threshold as they propagate further into the ice.

Surface crevasses, aligned along the crests and flanks of
the surface undulations, are the result of an extensional
bending stress induced by the presence of the basal
crevasses and have important implications for ice-shelf
stability. First, without surface crevasses, meltwater is
stranded on the ice-shelf surface, with no means to
propagate downwards. This is most clearly observed on
the George VI Ice Shelf, which undergoes extensive surface

melt and ponding each summer, but is in compression
between the peninsula and Alexander Island, and therefore
lacks surface crevasses. This ice shelf has remained stable
despite the abundant meltwater on the surface (Cook and
Vaughan, 2010). In contrast, if the northern sector of Larsen
C begins to support widespread melt ponds in the future, an
extensive and well-developed surface crevasse network
already exists to drain this meltwater. Second, if meltwater-
driven hydrofracture does occur in the future, Larsen C
would be much more likely to undergo a disintegration-style
collapse, similar to Larsen A and B, than if the basal
crevasses, with no surface crevassing, were to define future
rifts. In this latter case, the dimensions of the subsequent
icebergs would be stable (i.e. length (1200m) � height
(300m)). However, the presence of surface crevasses would
likely render the ice shelf into narrow elongate blocks,
which are gravitationally unstable and would quickly
overturn, further contributing to the disintegration event
(MacAyeal and others, 2003).

Despite the simplified geometry of the model, it accur-
ately predicts the height to which the basal crevasses will
propagate using current-day parameters for Larsen C.
Current observations of ice-shelf thinning and acceleration
suggest that changes currently occurring on Larsen C will
increase the overall stress intensity factor, allowing new
basal crevasses to propagate further into the ice shelf. Rising
atmospheric temperatures will oppose this increase,
although there will be a substantial temporal lag for this
forcing to equilibrate with the entire ice column. Thus, if the
observed thinning and accelerating trends continue in the
northern sector of Larsen C, it can be expected that new
basal crevasses will propagate higher within the ice shelf.

CONCLUSION
We identify 27 basal crevasses along a 31 km transect on the
northern sector of the Larsen C ice shelf. Widely spaced
crevasses emerge from a region of multiple, shallow basal
fractures and are found to initially penetrate to heights of
�130m into the ice, the equivalent of �40% of the ice
thickness. The crevasses evolve along the length of the
transect to become both shallower and broader features,
most likely as a result of bending stresses and marine ice
accretion in the crevasse apex. Application of the LEFM
model accurately predicts the height to which the basal
crevasses currently penetrate. Sensitivity studies of model
parameters suggest that if the Larsen C ice shelf continues to
accelerate and thin, basal crevasses that subsequently form
will penetrate higher within the ice shelf. Basal crevasses
will control the distribution of meltwater on the ice-shelf
surface, resulting in ponds aligned with surface troughs. This
creates the necessary reservoir for meltwater-driven crevasse
hydrofracture and provides the initial surface crevasses,
increasing the risk that full-thickness rifts will form where
surface and basal crevasses intersect. This points to the need
to better understand ice-shelf structure and the evolution of
these features in a warming climate in order to understand
and predict ice-shelf disintegration.
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