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Abstract. Basal crevasses extend upwards from the base o1 Introduction
ice bodies and can penetrate more than halfway through the
ice column under conditions found commonly on ice shelves Basal (or bottom) crevasses are fractures that extend upwards
As a result, they may locally modify the exchange of massfrom the bottom of ice bodies (Jezek, 1984; van der Veen,
and energy between ice shelf and ocean, and by altering th&998a). They differ from surface crevasses in their direction
shelf’'s mechanical properties could play a fundamental roleof opening and in that they have the assistance of basal water
in ice shelf stability. Although early studies revealed that at pressure to promote their initiation and propagation. The
such features may be abundant on Antarctic ice shelves, thefiddar signatures of basal crevasses up to hundreds of meters
geometrical properties and spatial distribution has gained litin height have been identified in (among others) the Ross Ice
tle attention. We investigate basal crevasses in Larsen C Ic&helf (Jezek et al., 1979; Jezek and Bentley, 1983), a large
Shelf using field radar survey, remote sensing and numeritabular iceberg calved from the same (Peters etal., 2007), and
cal modelling. We demonstrate that a group of features visthe Fimbul Ice Shelf (Humbert and Steinhage, 2011). Basal
ible in MODIS imagery are the surface expressions of basakrevasses have also been observed in glacier ice where sub-
crevasses in the form of surface troughs, and find that basallacial water pressure is high enough (Christoffersen et al.,
crevasses can be generated as a result of stresses well dowgf05, Harper et al., 2010). In early radar surveys the signa-
stream of the grounding line. We show that linear elastictures of basal crevasses were detected often enough to lead
fracture mechanics modelling is a good predictor of basalShabtaie and Bentle (1982) to suggest that such crevasses are
crevasse penetration height where stresses are predominantiigely to be “abundant” in Antarctic ice shelves.
tensile, and that measured surface trough depth does not al- Basal crevasses have, however, received little attention in
ways reflect this height, probably because of snow accumuthe recent literature, although we are aware of a similar study
lation in the trough, marine ice accretion in the crevasse, otto this one (McGrath et al., 2012). Despite the current fo-
stress bridging from the surrounding ice. We conclude thatcus on ice shelves and their disintegration, few studies in the
all features visible in MODIS imagery of ice shelves and pre- last decade make direct reference to such features, which is
viously labelled simply as “crevasses”, where they are notat odds with their previously inferred abundance and their
full thickness rifts, must be basal crevasse troughs, highlightpotential impact on both the ice and the ocean cavity be-
ing a fundamental structural property of many ice shelvesneath. By increasing the area of interface between ice and
that may have been previously overlooked. water, basal crevasses may enable heat exchange with the
ocean deep inside the ice column where the ice would oth-
erwise be well insulated from external heat sources (Hellmer
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and Jacobs, 1992). This increased area of interface may alsCgm ~
moderate the exchange of mass with the ocean through melt- Eﬁ%;f,; 6'0_00
ing and refreezing. Basal crevasses will additionally modify " e £ P8 5¢f _‘k
local stresses in the ice, thereby potentially playing a key part | & i:: B ¥ g
in ice shelf stability (Jezek, 1984; Shepherd et al., 2003). Itis ""‘5 3
therefore important to understand where and how frequently E
they occur.

In this paper we use ground penetrating radar (GPR), alles
global positioning system (GPS) and remote sensing to in- FEss
vestigate features in the Larsen C Ice Shelf that are visi- 5
ble in the MODIS (Moderate resolution imaging spectro-
radiometer) mosaic of Antarctica (MOA) (Fig. 1, Haran
et al., 2005). We differentiate between surface and basal &
crevasses in terms of their GPR and satellite image signa-
tures. In the light of these observations we consider im-
plications for the abundance and potential impact of basal
crevasses elsewhere in the ice shelf and beyond. We also tesj
the ability of the linear elastic fracture mechanics (LEFM)
approach to predict the penetration height of basal crevassess
for which we have field data.

2 GPR observations from Larsen C Ice Shelf

We focus on two groups of features near the Joerg Peninsul -
(Fig. 2a and b) which are visible in commonly-used satel-
lite images (Fig. 1), and which have previously been dis-

Cusse_d simply as C revalsses (Glzsselr et al.r,] ZQOQIZI. TP:; ODIS MOA mosaic (2003; Haran et al., 2005). Boxes indicate
are aligned approximately perpendicular to the ice flow di- areas covered by later figureb) rotated part of MOA image with

rection and form part of two quasi-periodic series of featuresyashed lines highlighting the two crevasse series investigated — Se-
which start near the grounding line and end at the calvingries 1 in blue and Series 2 in green.

front. These features are defined by their planimetric dimen-
sions of width (the smaller dimension) and their length (the
longer dimension). The first series (Fig. 2a, referred to herdnvestigate the structure of the ice shelf in this region includ-
as Series 1) originates close to the grounding line, and isng ice heterogeneity, shelf thickness and the signature of
characterised by features that ard km in length, are per- marine ice. Several hundreds of line kilometres of common-
pendicular to the flow direction, occur on ice thati850m  offset 50 MHz radar data were acquired using a Pulse-Ekko
thick and have a regular spacing along flomedfkm. Taking ~ PE100 GPR system towed behind a snow-scooter. Precise
into account flow speeds at this location (Jansen et al., 2010)planimetric and height location of the antennas was recorded
this implies that they are generated approximately every 5 yrwith a differential Leica System 1200 GPS. The GPS po-
We highlight two features in this series for later attention andsition wass recorded every second and the maximum base-
refer to them as “S1C1” (series one, crevasse one, etc.) anishe was 15km. The GPR surveys were carried out with
“S1C2" (Fig. 2a). The second series of features (Fig. 2b, Sea sampling interval of 0.8 ns using 8 stacks. GPR traces
ries 2) are~ 10 km long and are-30 km from the grounding  were acquired every 3s at a towing speed of approximately
line at their closest and are found on4820 m thick. The 5kmh1, yielding a mean trace spacing-o#.3 m. Here we
feature in this series nearest the grounding line (and we aspresent~20 km of GPR data that cover features of interest in
sume therefore to be the most recent in origin) we refer tothe ice shelf.
as “S2C1” and the next one downstream (and therefore as- The raw GPR data were processed using standard tech-
sumed older) as “S2C2". Although their periodicity is less niques including automatic gain control, band pass filter-
regular compared to that of Series 1, the most recently deing, and correction for surface topography as recorded by
veloped three features in Series 2 have a spacingsm dGPS. Travel time was converted to depth assuming a radar-
equivalent to a creation every 14 yr at a flow speed of approxwave velocity in ice of 0.175mng, a value based on fit-
360ma?t. ting diffraction hyperbolae to data from a common mid-point
During November and December 2009 we carried out a(CMP) survey carried out on one of the crests between the
field campaign using GPR and dGPS (differential GPS) tocrevasses on the profile (Fig. 2a). We present the data as

Fig. 1. (a)Location of Larsen C Ice Shelf featuring an extract from
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(a) (b)

Fig. 2. Landsat 7 sub-images from the southern end of Larsen C Ice Shelf showing features investigated in 2009 by RES along transects
shown in various colours, location of CMP survey (yellow star), and location of GPS base-station (cyafapg&ejies 1 of closely-space
featuresyb) Series 2 of widely-spaced features. See Fig. 1 for location within the ice shelf. Black diagonal stripes are due to a well-known
Scan Line Correction fault.

un-migrated profiles because features deep in the ice columaur own data, we assume that errors in basal crevasses pen-
are more easily identified in printed figures by their charac-etration height are proportional to velocity errors from CMP
teristic hyperbolic returns. surveys and are thereforeb % (Barrett et al., 2007).

Figures 3 and 4 show the processed radargrams from pro- In addition to the specific characteristics of the basal
files over the two series of features. A single profile of GPR crevasses, two further aspects of the radargrams (Figs. 3 and
data was acquired from Series 1, while from Series 2, fourd) are of note. Firstly, hyperbolic radar responses originating
profiles were acquired from S2C1 and two from S2C2. All near the surface, can be seen on the edges of some of the sur-
radargrams collected from Series 2 are presented to demorfiace troughs and these are highlighted in Fig. 4. Secondly,
strate the repeatability of the observations. the ice shelf surface (as measured by dGPS) has troughs di-

Following previous authors (e.g. Jezek and Bentley, 1983)rectly over each basal crevasse, and shallow internal layer-
we interpret these data as exhibiting the signatures of basahg within the ice follows approximately the profile of these
crevasses. The key characteristics of basal crevasses in GRRIface troughs. Deeper layers appear to be more deformed
data are the highly uneven basal return (in which the basaflownwards above the basal crevasses than is the ice surface,
openings are usually evident), and the reflection from thealthough we should note that this may partly be due to the
crevasse tips (emphasized here by presenting un-migratel@ct that we have assumed a constant radar velocity despite
data). The crevasse tips are clearer for Series 2 (Figs. 28he varying ice density. For Series 1 basal crevasses, the
4) than for Series 1 features (Figs. 2a, 3). Our GPR profilessurface troughs are 5-10 m deep, and for Series 2 they are
were collected perpendicular to the crevasses so the typicat10 m deep. The widths of these surface troughs are not well
basal width of Series 1 crevasses appears to4@0 m. For defined in either the GPS data or the satellite data as there is
S2C1 and S2C2 of Series 2, the complex basal echoes do ngp clear break in slope. However, for both crevasse series
allow such an estimate to be made. The penetration heighthe apparent surface deformation extends more than 500 m.
of Series 1 crevasses is not generally as clear as Series 2, bMiore precise characteristic measurements of ice thickness,
S1C1 and S1C2 tips are visible in the GPR data and thes@enetration height and trough depth for the four highlighted
crevasses are chosen for further analysis (Fig. 3). Assumcrevasses are presented in Table 1.
ing that these echoes originate from the highest penetration
point, the Series 1 crevasse heights are around 100 m above
the base of the ice shelf, which is close to one third of the ice3 Discussion of GPR observations
shelf thickness at this location. The penetration height of Se-
ries 2 basal crevasses is between 180 m and 230 m above tl3el Basal crevasses
base of the ice shelf, or around two-thirds of the ice thick-
ness. Table 1 gives more precise values for basal crevasd#fe have established that the features visible in MODIS
dimensions. In the absence of better error estimates frondata (Fig. 1), illustrated using Landsat data (Fig. 2) and
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Table 1. Measured and modelled properties of four basal crevasses on Larsen C Ice Shelf with estimates of error.

Crevasse Measured deformation Ice thickness Mean ice Density Measured crevasse Modelled crevasse ~ Measured surface  Modelled surface ~ Measured surface
rate (RS) (GPR) (seismics) penetration height (GPR)  penetration height  trough depth (GPS) trough depth trough width (GPS)
+0.0005 [a]] +5% [m] +10 [kg 3] +5% [m] +10 [m] +0.02 [m] +1[m] +10 [m]
SiC1 0.0055 358 870 108 100 6.7 10.7 580
Ssic2 0.0055 350 870 119 102 8.8 12.2 580
S2C1 0.0086 328 804 217 140 12.3 23.2 375
S2C2 0.0086 315 824 180 145 10.5 18.6 435
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Fig. 3. GPR data from Series 1 crevasses along the transect shown in Fig. 2a: centre panel is the full 20 km profile, and right and left-hand
panels show enlargement of S1C1 and S1C2 for clarity. Ice flow direction is left to right. X and y-axes on different scales: x-dimension
assumes one radar pulse every 5m of travel and y-dimension assumes a constant velocity in ice of 0:375mns

investigated using GPR (Figs. 3 and 4) are basal crevassebasal crevasses will continue to creep open through the same
In this section we discuss their origin, geometrical characterstresses that initiated them, and melting of the ice faces in
istics and associated GPR signatures. contact with the ocean may enhance this process where the
The potential for the formation of basal crevasses in icewater is sufficiently warm (Jenkins and Doake, 1991), as is
shelves is well established from a theoretical perspectivedelieved to be the case for Larsen C Ice Shelf (Shepherd et
(e_g. van der Veen, 1998&) as well as from previous radio_al., 2003) For crevasse hE|ghtS of 100-200 m in Series 1 and
echo-sounding (RES) observations (e.g. Jezek and Benﬂe%, we observe maximum crevasse widths at the ice shelf base
1983). The formation of basal crevasses requires tensile deaf hundreds of meters (Figs. 3 and 4).
viatoric stresses and basal water pressures at or close to over-Where basal crevasses do not freeze shut again quickly
burden pressure, conditions that occur readily below float-after opening (Weertman, 1980) or fill significantly with
ing ice shelves and transiently during glacier surges (WeertMarine ice, hydrostatic forces can no longer completely sup-
man, 1980; van der Veen, 1998a; Christoffersen et a|_, 2005)p0rt the ice above them. As a result, the surface of the ice
Basal crevasses may form where the stress intensity excee@§e€lf can deform viscously downwards to provide a surface
a critical value and, once a critical flaw size is exceeded, aré€xpression of the basal crevasse below in the form of a trough
able to grow quickly to their maximum extent. The size of (Shabtaie and Bentley, 1982). This process explains the sur-
these initial flaws is on the order of a meter and it s likely that face troughs we measured, and also the deformation of inter-
such cracks will be found readily in the base of ice shelvesnal layers: deeper (older) layers may show more deformation

especially near the grounding line (van der Veen, 1998a).  than the surface layers because more recent layers are likely
Marine ice might be expected to concentrate in basal® be subject to uneven accumulation which would tend to

crevasses because of the buoyant nature of super-cooled, |O(ﬁvour the trough. The. trough W'd.ths we .observe (Figs. 3
nd 4) are consistent with the maximum widths of the basal

salinity source water (Khazendar and Jenkins, 2003), andt bel h hundreds of
certain regions of Larsen C Ice Shelf are subject to marine°revasses below them (hundreds of meters).

ice accretion (Holland et al., 2009). Outside these regions
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Fig. 4. Multiple GPR profiles over crevasses S2C1 and S2C2 along transects shown in Fig. 2b. Axes are in meters and not to scale: x-
dimension assumes one radar trace every 4.3m of travel and y-dimension assumes a constant velocity in ice of 01 7@ uitipse

passes are illustrated to demonstrate measurement repeatability and correspond to coloured transects in Fig. 2b as follows; 1 and 4: blue;
and 3: red; 5: yellow and 6: purple. Flow direction in each case is left to right. Surface crevasse reflections highlighted in red.
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The depths of surface troughs above basal crevasses are iGPR data, surface crevasses were only seen occasionally in
fluenced by a number of factors, some of which are not wellthe field on the down-stream side of basal crevasse troughs.
known for our study. These include the penetration height ofWhere they were not obscured by accumulated snow, their
the crevasse, the density profile through the ice column, thevidth was a few meters and thus consistent with the expected
differential surface accumulation patterns since the troughratio of surface to basal crevasse widths. It is nhot known
was formed, how much marine ice has collected within thewhether these surface crevasses were generated at the same
crevasse, and finally whether there is stress-bridging (othertime as the basal crevasses as a result of the same stresses that
wise known as flexural stresses) across the crevasse. If wiaitiated the latter, or during a later period as a result of the
assume no stress bridging, surface accumulation to be homdecal downwards deformation responsible for the formation
geneous, ice density to be consistent with that measured elsef the trough.
where by CMP survey, and marine ice not to be present, then
hydrostatic equilibrium would predict surface trough depths
approximately 1.5 times as deep as we measure (Table 11 Satellite observations from Larsen C Ice Shelf
Therefore not all of these assumptions can be correct and
one or more effect must be in operation to limit the crevasserT he widths of the basal crevasse troughs observed in MODIS
trough depth. (Fig. 1) and Landsat (Fig. 2) imagery is entirely consistent

In summary, both series of surface features that we inveswith our field data. At the low sun-angles experienced at this
tigated on Larsen C Ice Shelf, and which represent just datitude, the pattern of reflectance in the satellite images is
few of an extensive series of such features stretching fron@lso consistent with the known depths and shape of the sur-
near the grounding line all the way to the calving margin, face troughs. There are no other features in Fig. 2 that can-
can be entirely explained by the presence of basal crevassesot be explained by the presence of basal crevasses in this
The signatures in satellite imagery of these features are theggion. Elsewhere on the ice shelf, however, recent satellite
surface troughs that form above the basal crevasses in rémages exhibit features that are unlike those we investigated.
sponse to hydrostatic forces, and which are limited in depthFigure 5 shows Landsat 7 panchromatic imagesq{15 m
by differential surface or basal accumulation, or by stresspixels) of an area in the North of Larsen C Ice Shelf con-

bridging. taining features that closely match Series 1 crevasses (S1C1
and S1C2) in their size, shape and periodicityl8 yr) and
3.2 Surface crevasses we therefore interpret these also as the surface expressions

of basal crevasses. Alongside these troughs are much nar-
Surface crevasses may be initiated by the same stresses asver surface features that are only a pixel or two wide, are
basal crevasses and may therefore be expected to form ilonger than the surface troughs, but have the same orienta-
similar parts of an ice shelf (van der Veen, 1998b). With- tion (Fig. 5a). Similar diverse sets of features are also found
out the influence of water at pressure, however, surfacenear the grounding line in the South of Larsen C Ice Shelf
crevasses cannot penetrate nearly as far through the ice cqlFig. 5b) and have been noted on the Fimbul Ice Shelf (Hum-
umn as basal crevasses unless a plentiful source of surfadgert and Steinhage, 2011).
melt-water is invoked (van den Broeke, 2005). One esti- Figure 5 also shows that between 1986 and 2010, a new
mate of the typical ratio of surface crevasse penetration depthasal crevasse trough formed in this series. Despite a care-
to basal crevasse penetration height under equivalent stresgl inspection of all available images, including US Depart-
conditions is around 1:10 (Weertman, 1980). If we makement of Defence declassified intelligence satellite photogra-
the assumption that basal and surface crevasses have similghy (DISP) from 1963, no such development of new features
width-to-depth aspect ratios, the maximum width of a surfacein crevasse Series 2 was detected.
crevasse will therefore be at mostLl0 % of that of a basal
crevasse in the same part of an ice shelf. This ignores the
likelihood of melt widening within a basal crevasse, which 5 Discussion of satellite observations
would make the ratio of basal to surface crevasse widths
still greater. Sustained melt widening in surface crevasse$.1 Background
is highly unlikely given the mean air temperatures where ice
shelves form. Thus, where the surface expression of a bas@®urface features on ice shelves have been observed in
crevasse is expected to have a visible width of hundreds ofemotely-sensed images since the earliest satellite missions
meters, a neighbouring surface crevasse will at most be mefe.g. Crabtree and Doake, 1980). Their shape, pattern
ters to tens of meters wide. The implications of this differ- and development through time have been used to infer ice
ence for their visibility in satellite data is discussed later.  source, flow direction and speed. A variety of features have

The near-surface hyperbolic radar responses highlighted ibbeen described including “rifts”, “flow-lines”, “crevasses”,

Fig. 4 are characteristic of surface crevasses (Woodward anttrevasse fields” and “crevasse plumes”, and most studies of
Burke, 2007). Despite their prevalence in our common-offsetsuch features have used data from the Landsat or MODIS
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surface
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@ (b)

\
Feature developed
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Fig. 5. Landsat sub-images from parts of Larsen C Ice Shelf indicated in Fig. 1 showing: basal crevasse troughs and adjacent narrow features
towards the Nortl{a) and South(b) of the ice shelf; andc, d) advection of the surface expression of basal crevasses between 1986 and
2010 and development of a further basal crevasse mid-shelf (flow is left to right and the two 1986 features have been-&dumdtethis

period).

satellite missions (e.g. Skvarca, 1994; Fahnestock et alwidely spaced. The various surface features identified in pre-

2000; Glasser et al., 2009). vious ice shelf studies are, of course, formed from the same
MODIS images provides a pixel size of 250m. Early basic material and therefore cannot be discriminated by any

Landsat Multi-Spectral Scanner (MSS) images provided ainherent spectral properties. Their contrast is owed entirely

pixel size of 60-80m in the visible bands, which was im- to their three-dimensional shape, and the way in which this

proved to 30 m through the development of the satellite mis-modifies the reflectance of sunlight that naturally has a low

sion and the launch of new Landsat Thematic Mapper instrusolar azimuth at polar latitudes.

ments, but it was not until the launch of Landsat 7 in 1999

that data with a 15 m pixel size was readily available. Pixel5.2 Observations

size is not equivalent to spatial resolution, but the spatial res-

olution of these sensors is not significantly different from the Considering the spatial resolution of early Landsat and re-

spacing of the data grid on which they are distributed. Fea-cent MODIS data, and the likely shape and widths of surface

tures smaller than the spatial resolution may be resolved ircrevasses compared to basal crevasses, it is highly unlikely

such images, but only as long as they exhibit adequate rathat ice shelf features identified from such satellite data and

diometric contrast to their background and are sufficientlydescribed as “crevasses” are surface crevasses. For surface
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crevasses only meters wide, detection in data sampled at 66 Crevasse penetration height modelling
or 250 m would require an unreasonable level of contrast
given the homogeneity of materials. However, it is conceiv-6.1  Introduction
able that panchromatic data from Landsat 7 (15m pixels)
could resolve surface crevasses as well as the much wideh better understanding of where basal crevasses may form,
troughs associated with basal crevasses. The narrow featuré®d how far they are likely to penetrate is desirable for fu-
in Fig. 5a and b, therefore, we interpret as surface crevassedire prediction of ice shelf dynamics and stability. A num-
These were not visible in MODIS or earlier Landsat databer of approaches have previously been used to model basal
of the northern part of Larsen C Ice Shelf, nor were theycrevasse penetration heights (e.g. Weertman, 1980; Jezek,
detected in any Landsat images near basal crevasses in SE984; van der Veen, 1998a; Rist et al., 1999, 2002; Nick
ries 1 or Series 2 (Fig. 2). However, similar narrow featureset al., 2010). The approach adopted by Nick et al. (2010) as-
can be seen in Landsat 7 (15 m pixels) images closer to thgéumes that the crevasses are closely-spaced and uses the zero
grounding line in the region of the ice shelf that we surveyedstress criterion in which the balance of tensile stress, water
(Fig. 5b). pressure and lithostatic stress is considered. We found this
Finally, if we accept, by similarity of morphology to S2C1 method to significantly under-predict the penetration heights
and S2C2, that the large features in Fig. 5¢ and 5d are thef both series of crevasses investigated in this study, possi-
surface expressions of basal crevasses, then the developmdHy because they are more than 1km apart (over three times
of a new feature in this series between 1986 and 2010 is othe ice thickness) and therefore cannot be considered to be
note. It demonstrates that basal crevasses penetrating up telose”. Here we choose to test the LEFM (linear elastic
two-thirds of the way through the ice column may be initiated fracture mechanics) approach (Rist et al., 2002) in its abilities
and propagated due to stresses within the floating part of atp predict penetration depths because it is well established
ice shelf a considerable distance downstream of the groundfor crevasse propagation in ice. Since crevasses are known
ing line. to propagate very rapidly under high tensile strain rates (Pa-
In summary, we have shown that surface crevasses malerson, 1994; Scott et al., 2010), it is often appropriate to
be observed in Landsat 7 data, but that these are highly unmodel ice as an elastic solid, despite its longer-term viscous
likely to be the features referred to in many previous papersgproperties (Nye, 1970). The LEFM approach has been used
as “crevasses” as they are too narrow to have been observédd@ demonstrate that basal crevasses can form readily in ice
in any but the highest spatial resolution satellite data whichshelves, but rarely on previous occasions to compare mea-
have only been available since 1999. We have demonstrategured to predicted penetration heights (e.g. Rist et al., 2002),
that all of the features observed in satellite images that weprobably because of the difficulty in finding crevasse obser-
investigated by GPR may be explained by the presence o¥ations coincident with known stress fields (van der Veen,
basal crevasses and their surface expressions. We have €£298a).
tablished that no feature in MODIS or early Landsat datais We model crevasse penetration height with the LEFM ap-
likely simply to be a surface crevasse. By elimination, suchproach for all four crevasses for which the penetration height
features and groups of features must therefore be either thef the crevasse tip could be estimated from the GPR data.
surface expressions of basal crevasses, or rifts which propadere we have suitable in-situ measurements of crevasse pen-
gate laterally and penetrate the entire ice column (Bassis ettration heights and ice densities, and we calculate the depth-

al., 2005; Hulbe et al., 2010). dependent stress from observed surface strain rates using
manual feature tracking of Landsat satellite images. Al-
5.3 Implications though the crevasses will have been advected downflow since

o o _ _ _ their initiation, we choose to compare measured to mod-
Within satellite images of medium spatial resolution such asgjjeq penetration heights using the tensile stress calculated
MODIS, surface features are widely observed in most partst their present locations. Here, since the ice continues to
of the Larsen C Ice Shelf (Glasser et al., 2009; Fig. 1), and inyccelerate towards the calving margin, the tensile stress is
many ice shelves elsewhere (e.g. Crabtree and Doake, 198Q; 5 maximum for the crevasse history. It is possible that
Fahnestock et al., 2000). If a]l of these featurgs correspo.nq!)pen basal crevasses maintain a crack tip sharp enough to
to basal crevasses (penetrating up to two thirds of the icgontinue to propagate (aided by tidal flexure) as they are ad-
column) or rifts (penetrating the entire ice column), ratherocted downflow and thereby would be able to adapt to the
than surface crevasses (with limited penetration), then colleCg,rrent stress environment. Choosing to use the present loca-

tively they may be significant. Such abundant faults within tjopy strain rates will thus make the modelled crevasses pene-
ice shelves will increase the surface area available for the exgation heights an upper bound.

change of mass and heat with the ocean cavity and may have the model implementation follows Rist et al. (2002) and

a substantial influence on stresses within the shelf. is briefly described here. To calculate basal crevasse penetra-
tion depth we consider the balance of total stresses across a
crevasse (which include longitudinal and lithostatic stresses)
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and the water pressure within it. Longitudinal stresses are de- T T T T T T T
rived from the satellite-derived strain rates using Glen's con- __ 160 [ 1
stitutive flow relation (e.g. Paterson, 1994) and are dependent & 140 [$ |
on depth through the relationship to temperature. Following & Js2¢2]
Sandlager et al. (2005), the temperature is approximated by % 120 s2cip” 1
the function: <

T To— 1y () 47 1 }‘SE - |

A= (Te—T)-( —

@=Ts=To)- (5 )+ @ F el = s1c2 ]
whereT = Temperatureq is the position in the ice column, é 60 F e i
Ts is surface temperaturé}, is basal temperature, and His o Initial -
ice thickness. The surface temperature we used is the annua® 40 | crack intensity 1
mean for Larsen C Ice Shelf at16°C and the basal tem- g ol size ~1m 1.5x10° ]
perature is-2°C, or approximately the freezing point of sea S /
water. This approach gives a temperature profile with a steep 0 F ; 1
gradient at the base typical of a shelf undergoing basal melt- L 1 L L L i i
ing (Paterson, 1994; Shepherd et al., 2003). Ice thickness is 0 1 2 3 4 S 6
taken from the field measurements (Figs. 3, 4) and the calcu- Stress intensity factor K (Pa m"” 2) x10°

lation of lithostatic stress requires a density profile through

the ice column which is derived from seismic measurements=ig. 6. Relationships between stress intensity and crevasses pene-

in the field (Jansen et al., 2010). tration height for the four crevasses studied in detail. Once initiated
Following Fett et al. (1990), we calculate the stress inten-from a flaw of~1m, a crevasse grows until the stress intensity re-

sity factor for the geometry of an edge crack within a plateturns to the critical value, and its height is determined by the ice

of finite thickness, an approach which is valid until the ratio thickness, density and deformation rate.

between ice thickness and crevasse height is smaller than 0.9.

The calculation is complicated by the fact that temperature ) ,

and density vary within the ice column in such a way that6-2 Discussion of LEFM model results

the stress balance is nonlinear with depth. The numericall_

approach approximates the non-linear stress balance with

polynomial from which a solution for the stress intensity fac-

he LEFM approach underestimates the penetration height
gf all four basal crevasses, even though these predictions are
tor can be calculated (Rist et al., 2002). an upper bound on the assum.p'Fion that the crevasses may

' have adapted to the present minimum backstress conditions

0 e o Do rovaesos osunso, Ooue v e 1) Nevertelss, he modeled height of SICL and
9. X 1C2 in crevasse Series 1 (Fig. 2a) are within 10-20 % of

. . . .5 . .
ical stress intensity of 1.5 10> Panf (Rist et al., 2002) is their measured values. Given the combined errors in model

exceeded, a crevasse can start to propagate upwards. At msarameters and field measurements, we infer that LEFM may

the stress intensity factor at the crevasse tip begins to increa%e . : :
. , L ; e a good predictor of crevasse penetration height for these
with height, giving even more impetus to the fracture. Even-

tually it decreases until it returns once again to the critical € EVaSSEs: . . .
. : . . . The penetration heights of C2C1 and C2C2 in crevasse Se-
stress intensity, causing the crevasses tip to stop propagatmﬁ

. ; . . . es 2 (Fig. 2b) are underestimated using LEFM by between
The penetr_anon he|ght at Wh'Ch this happgns 1S dependenéo and 35 %, a discrepancy which falls outside even our most
on the strain rate and ice thickness, and might therefore dif-

fer between the crevasses. Figure 6 highlights the fact tha?pnservatlve gstlmates of error. A likely explana}tlon for this
- : g ._discrepancy lies in the nature of stresses in this part of the
longitudinal stress is a stronger controlling factor than ice

. o : shelf. Crevasses S2C1 and S2C2 appear terbechelon
thickness in this part of the shelf (Series 2 crevasses are pr eatures which form under significant shear stresses that ro-
dicted to be deeper than Series 1 crevasses). Table 1 giveEs

. ) . fate the central part to form the crevasse into a sigmoid shape
values for crevasse penetration heights modelled using thlfBenn and Evans, 2010). Shear stresses at this location calcu-
approach, along with their estimates from GPR data. lated from flow model results (Jansen et al., 2010) are of the

same order of magnitude as the longitudinal stresses. The
modelling approach we have taken considers only mode |
stresses and does not take into account such shear processes,
which may act to further propagate basal crevasses in regions
with a non-simple stress regime.
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