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fracture mechanics

LeDoux and Hulbe, in prep.

Propagate in direction of least extensive principal stress when 
stress intensity factor at tip exceeds fracture toughness of the ice.

Example from MOA

LIMA

simple geometries of young fractures
 transverse, shear, lateral corner (shear + compression)
 ‘sharp slit’ geometry
 similar fracture lengths
 active tips aligned with the present-day stress �eld 

propagation geometries
 shear to traverse
 opening or widening
 mechanical interaction of fracture tips
 episodic growth
 secondary growth (e.g. “horse feathers”)
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Transverse
Left shear
Right shear
Lack of preferred orientation
High discharge texture

Fractured Zones

Ice stream suture zone
Present-day streakline
Tributary boundary
Outlet glacier shear margin
Inferred meltwater feature
Streaklines from WIS o�
Pinned streakline
Degrading streaklines (past 

�ow)

Structural Boundaries

Transverse
Right shear
Left shear
Lateral corner

Shear to transverse
Tip interaction
Opening or widening

Advected
Diagenetic or Complicated

Simple

Propagation

Other

Fracture Types

100 km

fracture geometries

Digitized from the MOA 
(Haran and others, 2005) 
and LIMA  (Bindschadler 
and others, 2008). Also 
used bed topography 
and thickness from 
BEDMAP (Lythe and 
others, 2000) and 1-km 
resolution surface 
elevation (Bamber and 
others, 2009).
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diagenetic geometries (similar origin)
Features along eastern Crary suture zone 
(brown) exclude those categorized 
separately as examples of simple geometries.
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LeDoux and Hulbe, in prep.100 km

Fracture geometries from 
both recent discharge 
variation events (Kamb, 
WIS-MIS) support ice 
becoming increasingly 
grounded from “inside” of a 
lateral corner �ow 
obstruction. Propagation 
can show changes in stress 
�eld of advective path.
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fracture sets lacking obvious explanation
Most fractures and rifts (or 
folds) can be tracked to a 
site or physical process of 
formation. 

Even many of these have a 
likely source or physical 
process, but categorize 
separately because not 
obvious.
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LeDoux and Hulbe, in prep.100 km



derived velocity using statistical methods

LeDoux and Hulbe, in prep.

Spatial coverage of input 
datasets, showing grid locations

Surface velocities from InSAR 
(Ian Joughin, personal 
communication, 2011) with 
midshelf natural neighbor 
interpolations

Survace velocities derived using 
image cross-correlation 
(Scambos, 1992) between the 
2004 and 2009 versions of the 
MODIS MOA on a 125-m 
scattered grid (Ted Scambos 
and Jennifer Bohlander, 
personal communication, 2011).  
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showing midshelf interpolation
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derived velocity map using statistical methods

Source data: 
Ian Joughin, personal 

communication, 2011; and 
Ted Scambos and Jennifer 

Bohlander, personal 
communication, 

2011.
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LeDoux and Hulbe, in prep.100 km

Shelf region de�ned 
by MOA-derived 
grounding line (Scambos 
and Bohlander, personal 
communication, 
2011.
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0

updated �ow line map
Previous:
Fahnestock and 
others (2000) using 
RIGGS velocities

Starting points at c. 
10-km intervals 
(higher density at 
transitions)

Dots represent 
100-year intervals, 
gray lines 500-year.
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LeDoux and Hulbe, in prep.100 km
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fractured zones

Overprinting 
observed
Fractured zones can 
be very large (>20 
km)
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LeDoux and Hulbe, in progress100 km

Merged relict shear margins typically lose any 
preferred orientation of �aws or re�ect 
far-�eld stresses

Possible displacement in 
advance of advecting ice 
mass (Cassassa Bulge), 
e�ects on TAM glaciers



siple dome coast
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LeDoux and Hulbe, in prep.10 km

SIS

BIS

Siple Dome

Relict strong shearing



minna blu�s

LeDoux and Hulbe, in prep.
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“Horse-
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Colors of fracture geometries not 
correct. Red is lateral corner here.



fracture model
Displacement discontinuity boundary element method (Crouch and Star�eld, 
1983)
Linear elastic fracture mechanics, mixed mode I/II propagation, plane strain 
assumption
Ice thickness from BEDMAP (Lythe and others, 2000) to compute glaciological 
stresses using velocity dataset

For model description, see Hulbe et al. (2010):

Propagation of long fractures in the Ronne Ice Shelf, Antarctica,
investigated using a numerical model of fracture propagation

Christina L. HULBE, Christine LeDOUX, Kenneth CRUIKSHANK

Department of Geology, Portland State University, PO Box 751, Portland, Oregon 97207-0751, USA
E-mail: chulbe@pdx.edu

ABSTRACT. Long rifts near the front of the Ronne Ice Shelf, Antarctica, are observed to begin as fractures

along the lateral boundaries of outlet streams feeding the shelf. These flaws eventually become the planes

along which tabular icebergs calve. The fractures propagate laterally as they advect through the shelf,

with orientations that can be explained by the glaciological stress field. Fracture length remains

constrained over much of the advective path, and locations of crack tip arrest are observed to coincide

with structural boundaries, such as suture zones between ice from adjacent outlet glaciers.

Geomechanical principles and numerical models demonstrate that in the absence of these suture zones

crack tips are unlikely to arrest in these locations.We conclude that lateral inhomogeneity in the ice plays

an important role in fracture mechanics through most of the ice shelf. Only near the shelf front are these

local structural effects overcome such that the large rifts required for tabular iceberg production develop.

INTRODUCTION

Long, >100 km, transverse rifts near the fronts of ice shelves
become the planes along which tabular icebergs calve.
Calving is an important ice mass loss mechanism around the
Antarctic. The large tabular icebergs A-43 and A-44, which
calved from the western front of the Ronne Ice Shelf (RIS),
Antarctica, in May 2000, contained an ice mass of

�2075� 1012 kg, approximately equivalent to 1 year of

accumulation across the entire Antarctic, 2326� 1012 kg a�1

(Giovinetto and Zwally, 2000). In the RIS (Figs 1 and 2)
such rifts are observed to begin as shear-margin fractures
along the lateral boundaries of outlet streams feeding the
shelf. Fractures may propagate laterally as they are
advected through the shelf, responding to changes in the
local stress field. The local stress field depends on the
glaciological (far-field) stress, the geometry of the fracture
and the geometries of nearby fractures. Inhomogeneity of
ice material properties may also play a role. It may be
important to understand how relatively small fractures
evolve into large ice-shelf rifts so that the calving mass loss
mechanism may be accounted for in predictive ice-sheet
models, either directly or by parameterization.

Existing calving criteria, developed for tidewater calving
glaciers, rely on empirical correlations between quantities
such as water depth and front location (Meier and others,
1994; Van der Veen, 1996) with an incomplete representa-
tion of the physical processes involved in iceberg produc-
tion. Similar developments for the large, embayment-filling
ice shelves associated with marine ice sheets remain elusive.
At present, calving criteria tend to focus on longitudinal
strain rates, an approach that implicitly emphasizes vertical
propagation (Reeh, 1968; Fastook and Schmidt, 1982;
Hughes, 1983; Alley and others, 2008; Nick and others,
2008). The work reported here suggests a different view is
warranted, one that embraces fracture propagation in the
horizontal plane, at least in the case of large embayed ice
shelves, such as the Ronne and Ross Ice Shelves.

Fractures are an observable effect of stress in a material.
They initiate at pre-existing cracks or flaws and propagate
when the stress intensity at a crack tip is large enough to
overcome the fracture toughness of the material. Once

propagation is initiated, it continues until the stress intensity
at the propagating tip falls below the value required to
overcome the fracture toughness. Considering only fracture
geometry and stress intensity, the longer a fracture becomes,
the more likely it is to continue propagating in a given remote
stress field (Lawn, 1993). Yet fractures in glacier ice (and
other geologic materials) are observed to have finite lengths.
The explanation for this is often that interactions between
adjacent fractures reduce stress intensity at the fracture tip
and limit propagation. Interaction might be in the region of
adjacent tips (Cotterell and Rice, 1980) or through the
development of a stress shadow cast by a larger fracture
(Pollard and Aydin, 1988). Alternatively, the fracture may be
driven by an internal pressure (i.e. a fluid), in which case the
fluid pressure drops as the fracture extends. In the RIS, spatial
variation in material properties may also be important.

Crack tip arrest is often observed to coincide with struc-
tural boundaries, such as suture zones between ice from
adjacent ice-stream tributaries (visual inspection of Figs 1
and 2; also LeDoux, 2007; Glasser and others, 2009; Holland
and others, 2009). Here we address the observed relationship
quantitatively. There are two possible roles for suture zones in
crack tip arrest. First, enhanced shear within these zones may
reduce themode I stress intensity at fracture tips. Second, past
shear experienced by this ice may modify its mechanical
properties (fracture toughness, elasticity constants). Near the
surface, cold air ponds in crevasses, cooling the ice and
making it more brittle, while at depth the ice may be rela-
tively warm and less brittle due to its shear history (Harrison
and others, 1998). The ice fabric may have a preferred crystal
orientation due to its strain history. Once a crack tip has
arrested at a suture zone, microfracturing in the process zone
(to dissipate energy when propagation is not possible) may
further modify ice rheology (Bassis and others, 2007). Propa-
gation may reinitiate in response to that modification or by
advection into a more favorable stress field. Where fractures
are observed to propagate through a structural boundary, they
often go on to arrest at another boundary. To investigate
fracture evolution and evaluate the role of structural bound-
aries in that process, wemodel fracture propagation in the ice
shelf using linear elastic fracture-mechanics theory and a
boundary element numerical method.
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parameter tuning

LeDoux and Hulbe, in prep.

“Observed”  mean 
(glaciological) stresses, kPa

10 km

90
0

800

900

Simulated stress �eld without fractures

Best-�t parameters:
Modulus of elasticity = 9000 MPa
Poisson’s ratio: 0.30
Tuning parameter for principal 
stresses: 0.65
KIC = 0.3 MPa m1/2

RMSE for mean stress = 99 kPa
RMSE for shear stress = 105 kPa



preliminary results

LeDoux and Hulbe, in prep.

iterative growth, it 20 
(glaciological) stresses

iterative growth, it 40

Shortened two upstream 
fractures at “left” tip

First successful application of 
fracture model to Ross ice shelf.

KIC = 0.3 MPa m1/2

Propagates as “single” fracture

10 km



preliminary results

LeDoux and Hulbe, in prep.

Propagation of current full 
geometry, iteration 20

Principal stresses it. 5 (red: extensive, blue: compressive)

“Right” tip of most downstream 
fracture not allowed to grow.

Actual stress �eld modi�cation 
would be a�ected by nearby 
fractures and fractured zones.

10 km

10 km



preliminary results

LeDoux and Hulbe, in prep.

Both are iteration 20

Simulated glaciological 
stresses

Fractures respond to shear 
(from BIS) and compressive 
stress �eld (from 
convergence of BIS and WIS) 

10 km

10 km

shortened left tip of upstream fracture



investigation of sticky spots..

LeDoux and Hulbe, in prep.
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Flow lines from ice velocity
(dots = 1000 years from line)
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Upstream..

Present-day sticky spot at bedrock 
constriction and convergence of tributaries. 
Past changes observed in surface features 
(not shown here, see upcoming).

Bindschadler ice stream

Ice stream �ow lines created from 
InSAR velocities (Ian Joughin, 
personal communication) at tracers 
within ice stream (dot interval 500 
years).
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