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ABSTRACT. Using a series of combined compression—simple-shear experiments, it
has been possible to investigate strain distributions and crystal-orientation fabrics related
to varying layer orientation in ice. A variety of flattening strains accompanied by layer
buckling, simple shear and the development of a lenticular layering are produced in aniso-
tropic ice masses. In samples where the creep curve has only just reached a minimum
strain rate, the c-axis preferred orientation is similar to that in the starting material, with
specific c-axis concentrations affected by the extent of preserved host grains. At shear
strains where 7 <1, it was found that the c-axis preferred orientations were highly variable
depending on the magnitude of strain, strain distribution and upon the modification and
degree of rotation of initial c-axis preferred orientation. However, once recrystallization
dominates in high-strain zones (y >1), there is a rapid development of an asymmetric
two-maxima fabric with little evidence of any contributions from inherited fabric elements.
The final c-axis pattern is asymmetric with respect to the direction of shortening, with a
strong maximum at ~80° to the shear zone, with a sense of asymmetry in the direction of
the shear, and a secondary maximum lying at ~50° to the plane of shearing;

INTRODUCTION to play an important role in controlling rates and the nature of
the ice mass deformation (Hudleston, 1980).

Tight observational constraints as to what happens to the

It is known that ice near the bedrock and within ice sheets
may be layered and highly anisotropic, with a well-defined
stratigraphic layering and variable crystallographic orienta-
tions. This may be an outcome of a combination of accumu-
lation record, resulting in a primary layering, and deform-
ation history. However, this ice stratigraphy is often disturbed
near the margins of a glacier (Glasser and others, 1998;
Marmo and Wilson, 1998), at the front of ice sheets (Tison
and others, 1998) and in areas such as ice divides (Castelnau
and others, 1998). Such perturbations will cause local rotation
of the layering into structures such as shear zones, recumbent
folds and attenuated fold limbs (Hambrey, 1977, Hudleston,
1980). In such an environment the anisotropic ice mass still
experiences essentially the same bulk stress while undergoing
longitudinal flow. However, variations in the orientation of
primary layering and crystallographic variability are thought

Table 1. Plane-strain compression experiments undertaken at
—1°C. Compressive stress (o ), shortening % (1) and bulk
strain rate (ér x10 %5 )

Layer orientation Experiment Initial (final) €1 Bulk
No. axial stress o strain rate
MPa % 1075

Rotated 15° to xox3 1-13 0.64 (0.52) 9.1 9.9
about x5 axis

Rotated 45° to xax3 1-19 0.38 (0.28 top, 0.34 293 3.5
about x2 axis bottom surface)

Parallel to zpx3 1-21 0.64 (0.52) 15 27
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layering and the local strain geometry are rarely available in
nature, although it is often assumed that they correspond to
simple shear. This paper describes a series of deformation
experiments on ice aggregates that contain a layering consist-
ing of a strong initial grain-shape anisotropy and a known
initial c-axis crystallographic preferred orientation. The
effect of this layering and c-axis preferred orientation on the
nature of the final fabric and strain distribution was investi-
gated using plane-strain experiments (Table 1) and a combin-
ation of unconfined axial compression and simple shear

Table 2. Summary of combined compression and shear experi-
ments undertaken at —2°C with a compressive stress of
0.22 MPa and shear stress of 0.4 MPa. Bulk shortening %
(€1), shear strain (), minimum strain rate in compression
(émx10 %57 and final strain rate (s x10? .f])

Layer orientation Experiment &1 o Em Ef
No.
% 108" 108!

Parallel to z12 2-27 0.02 0.03 8.8 8.8
Parallel to x129 2-29 04 0.09 11 12
Parallel to 19 2-32 3.2 1.14 17 17
Parallel to 19 2-36 2.8 0.5 72 12
Parallel to 2125 2-40 8.34 143 59 38
Parallel to z1 2 2-41 867 275 11 42
Rotated 20° to x1xo 2-43 12.1 1.52 39 39

about z axis
Rotated 20° to xy 29 2-44 10.97 1.07 7.8 35

about x9 axis
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Fig. 1. Structural changes associated with deformation of the layered ice at —1°C. (a) Thick section, parallel to xqx3, of experi-
ment I-15in plane polarized light, showing the nature of the initial layers and deformation of initially circular strain markers. The
initial layering was gently inclined to the xoxs plane but rotated 15° about the x4 axis. (b) Thin section between crossed polar-
1zers of experiment 1-13, showing undeformed regions and three areas ( A—C) where deformation and significant recrystallization
has occurred. (¢) Thick section (1mm), parallel to x1x3, of experiment 1-21 in plane polarized light, showing buckled layering
and duistribution of strain as identified by the deformation of a set of initially circular strain markers. The initial layering was
parallel to xoxs. (d) Thick x1x3 section of experiment 1-19 in plane polarized light, showing the initial layers and deformation
of initially circular strain markers. (e) x1x3 section of experiment 1-19, between crossed polarizers, with substantial recrystalliza-

tion occurring in regions of higher strain.

(Table 2). This was achieved by varying the initial orientation
of the anisotropy and the crystallographic preferred orienta-
tion patterns with respect to the bulk shortening (x;) and
extension (z3) axes (Figs 1-3a). In the plane-strain deform-
ation experiments, there was confinement of the sample par-
allel to the (x2) axis. The resulting bulk strains in these
directions are €1 < €9 = 0 < €3 and are expressed as a per-
centage shortening. It will be shown that the orientation of
the layering, and the differing fabrics of the ice have little
effect on the strain response of the grain aggregate and, con-
sequently, on the strength. In the process, the ice rapidly
recrystallizes in high-strain zones and preserves little memory
of the earlier fabrics.

EXPERIMENTAL AND STRAIN ANALYSIS METHODS

An initial set of —~1°C experiments (Table 1) was undertaken
on an apparatus described by Wilson (1981) in order to estab-
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lish how strain could be distributed across a layered ice
sample (Figs 1 and 2). The majority of these results are
described inWilson (2000) and will not be elaborated on here,
but served as the basis for undertaking the —2°C experiments
described herein. The experiments involved the use of
samples comprising layers (~10 mm wide) of fine-grained
ice intergrown with elongate crystals, similar to multilayered
columnar ice (Gold, 1972). The layered ice was prepared from
distilled and de-aerated water according to previously
described methods (Gold, 1972; Wilson, 1981). It has a marked
tendency to grow more readily in directions perpendicular to
the c axis than parallel to it. Because of this, grains with their ¢
axes perpendicular to the layering tend to grow preferentially
parallel to the layering, at the expense of smaller variably
oriented grains. These finer grains with diameters of ~3 mm
are isolated within or between the elongate grains that define
the layering. Layered samples were machined into rectangular
blocks measuring approximately 75 mm X 50 mm X 50 mm.
Estimates of the orientation and magnitude of the local
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Fig. 2. Finite strain in experiments 1-21 and 1-19. (a) Deformation grid and contour plots of Rf after 10% shortening (€1) in
experiment 1-21, determined from the strain markers seen in Figure Ic. Rf is >1(undeformed state ). (b) Grid deformed a further
4% showing how strain continues to be localized in the initial zone of shearing. (¢) Displacement vectors of markers after 10%%
bulk shortening in experiment 1-19, and contour plots of shear strain. (d) Deformation grid and contour plots of Rf after 30%
bulk shortening established from using the strain markers seen in Figure Id. (e) Grid deformed a further 8% , showing how strain

continues to be localized in the initial zone of shearing.

principal strains were obtained from the deformed shape of
5 mm diameter circles, on 10 mm centres, inscribed on faces
that parallel the ;3 strain axes. These markers were well
preserved at low strains but became difficult to identify at
higher strains; upon deformation they become strain ellipses.
The strain ellipses show the magnitude of finite strain and
the direction of the principal stretching directions (Fig. 2).
They allowed us to calculate the final ellipticity Rf value
(Lisle, 1985; Twiss and Moores, 1992) that utilizes the
systematic shape changes that occur in deformed ellipsoidal
objects. This is best displayed in the form of Rf contour plots
(Bons and others, 1993) and as a set of displacement vectors
that demonstrate the local flow pattern in the material (Fig.
2). The technique 1s based on calculating the theoretical dis-
tribution of final ellipticities and orientations that result from
imposing different strains on the circles of known spacing and
orientation. The two-dimensional deformation analysis soft-
ware “Marker Analysis” (Bons and others, 1993) was used to
analyze quantitatively the kinematics of the deformation on
the zjz3 face (Fig. 1) using the preserved markers. This
analysis was only possible on samples deformed in plane strain
(Table 1), whereas markers used in axial compression tests
(Table 2) were rarely preserved on the unconstrained x1x3
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face. Displacement vectors have been resolved from the
centre of each sample using the position of the inscribed
strain markers in the undeformed sample and comparing
these positions with their locations after deformation (Tig. 2).

In each of the experiments described inTable 1 there is a
high degree of anisotropic deformation in individual portions
of the sample (Fig. 1). Therefore the final axial stress (Table )
distribution within an individual sample is variable. As
pointed out by Wilson (2000), the macroscopic (bulk) strain
rate in each of the individual experiments is a combination of
effects related to the variations in the initial orientation of the
anisotropy, the crystallographic preferred orientation pat-
terns and relationship to the bulk shortening (z;) and exten-
sion (z3) axes, rather than the simple relationship between
rheology and c-axis crystallographic fabric that has been sug-
gested by Castelnau and others (1998). In the experiments
illustrated in Figure 1, it is difficult to link to the microscopic
behaviour of individual areas in the sample, as the stresses
and strain rates are different in each individual grain.

The majority of tests described in the present paper were
undertaken using deformation apparatuses and conditions
similar to those described by Li and others (1996) and were
performed under both constant stress and constant shear
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strain-rate conditions at —2°C (Table 2). In this study, the
mechanical behaviour of variously oriented samples of aniso-
tropic ice is compared to the behaviour of the isotropic
samples in uniaxial compression tests (e.g. Li and others,
1996; Li and Jacka, 1998). The ice-test sample, measuring
approximately 70 mm X 55 mm x 37 mm, was frozen into
two support boxes. The strain is not uniformly distributed in
the sample but is localized into a central zone of higher shear
strain (Fig. 3a and zone 3 Fig. 4a).

The tests were undertaken inside a freezer box, with the
controls and recording system outside it as described by Li
and others (1996). The temperature was controlled by circu-
lating silicon oil around a sample shielded by a film of
aluminium foil. Thermistors were placed adjacent to the
specimen and at selected sites in the silicon oil bath to record
the temperature of the test. The temperature variation was
never more than +0.2°C during the month-long experi-
ments. Orientation of ¢ axes was obtained using the fabric
analysis apparatus that has been illustrated by Wilson and
others (in press). Microstructural images were acquired
using a digital camera. They were typically on the order of
2000 x 2000 pixels that were decomposed and reprocessed
as axial-distribution diagrams or AVA diagrams (Achsen-
verteilungsanalysis) or as scatter diagrams of individual
grain c-axis orientation plotted on an equal-area stereo-
graphic net. A standard colour code (Iig. 3¢c) was used to
identify the c-axis directions as azimuths and dips in the
micrographs. In this scheme, north-trending axes are in blue,
east-trending axes are in orange, axes normal to the plane of
the thin section are in black, and gradational shades repre-
sent angular differences between neighbouring pixels. A
change in colour intensity to the centre of the colour circle
(black) corresponds to ¢ axes increasing in plunge from hori-
zontal, on the periphery, to vertical at the centre of the net.

PROPAGATION OF STRAIN

In the experiments described herein, it is possible to con-
sider four scenarios. Cases 1 and 2 relate to a plane-strain
compression, and cases 3 and 4 relate to a deformation
regime that involves combined compression and simple
shear. These four scenarios are:

Case 1l

When the flattening strain is sub-parallel to the layering in
an ice mass, local deformation instabilities may originate in
this plane. For instance, in the deformed blocks in Figure la—c
the deformation is heterogeneously distributed throughout
the sample. This is particularly obvious in experiment 1-13
(Fig. 1a and b). Here the layering was initially misoriented
to 223 by 15° to the plane of flattening, and the deformation
became partitioned into selected sections of the layering.
These areas of strain accumulation are always accompanied
by recrystallization (Fig. 1b), and little strain is observed in
the adjacent regions, which preserve their undeformed
microstructure (Fig. 1b). The magnitude of the finite strain
(Rf) required to induce such recrystallization is very small,
with Rf contour values of >2 (Fig. 2a). With the continu-
ation of flattening (Fig. 2b), the propagation of strain and
recrystallization tends to be confined to these lens-shaped
areas and not uniformly distributed throughout the sample.
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Case 2

In asituation where the layering is inclined at a high angle to
aflattening plane (Fig. 1d and e) there is bending of the layer-
ing over a broad region and no obvious strain localization.
The bulk deformation is reflected in the material displace-
ment vectors (Fig. 2¢) of individual areas. Both positive and
negative shear strain values reflect the sense of shear across
the sample, with the orientation of the major principal axes
of strain ellipses (Fig. 1d) reflecting the change in the amount
of shear strain. Using the centre-to-centre point distribution
of the strain markers, it is possible to define a deformation
grid (Fig. 2d) and related Rf values. The contour plot of Rf
(Fig. 2d) shows an increase towards the base of the sample,
with values of <2.8 in areas where there is extensive recrys-
tallization (Fig. le). If this grid is further deformed (Fig. 2¢)
then correspondingly higher strain values are generated.

Case 3

This relates to the application of two orthogonal strains,
namely, compression parallel and simple shear perpendicu-
lar to the layering (Figs 3 and 4). In this situation, the ice
begins to buckle and is deformed at a higher rate in a central
shear zone (Fig. 3a). At small strains (y < 0.1, Fig. 3d; stage 1)
there is always minor migration of pre-existing grain bound-
aries, particularly in the smaller-sized grain population, and
the preservation of the initial c-axis fabrics in the larger elon-
gate grains (Fig. 3d). The preservation of this earlier fabric is
clearly seen as a concentration of highly oriented grains (80—
90°) in the histogram (Fig. 3d) as a strong deviation from a
theoretical uniform crystal-orientation pattern. These histo-
grams show the frequency of angles between the ¢ axes of
adjacent grains, and superimposed on the histogram is a
curve showing the theoretical distribution between two ¢
axes, one of fixed and one of random orientation (Jacka and
Maccagnan, 1984). As the aggregate deforms, the layering is
overprinted by numerous recrystallized grains (Fig. 3f and g;
stage 2) that relate to the initiation of buckling in the layers,
best seen in vertical sections (Fig. 4). With the amplification
of the buckles (Tig. 4), dynamic recrystallization is acceler-
ated and there is extensive new grain development. Strain is
localized into discrete zones of recrystallization (Fig. 4c—f,
zone 3) that parallel the flow plane. The zone of new recrys-
tallized grains is bounded by a transitional zone (Fig. 4c and
e, zone 2) and domains preserving pre-existing grain struc-
tures (Fig. 4c and e, zone 1).

Case 4

Where layering is inclined to the compression direction, the
initially continuous ice layering is thinned in the zone of high
shear strain, often in a lenticular fashion (Fig 5, zone 3
experiment 2-43 vertical section). Where shortenings (g)
exceed 3% and shear strains () are >1, i.e. when layering
rotation is >45°, there is no evidence of the pre-existing
grain population, and the sample is extensively recrystallized
in areas that experience high shear strains (Fig. 3, zone 3).

EVOLUTION OF -AXIS PREFERRED ORIENTATION

Orientations of ice ¢ axes have been obtained from horizontal
thin sections cut parallel to zox3 (Figs 3—5) and vertical thin
sections cut parallel to ;23 (Figs 4 and 5). Two stages in the
early evolution of the fabric were investigated (Fig. 3). The
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black diamond indicates where the sample was taken for thin-section examination. (¢) The colour code showing the relative
azimuth and plunge of the pixel distribution across a thin section that relates to the c-axis orientation. (d) Microstructure in
experiment 2-27, illustrated as axial-distribution diagram. The shear strain (vy) and shortening (€ ) for the experiment is shown
below micrograph (on lower left corner). The lower-hemisphere equal-area projection shows the volume distribution of c axes
measured at a uniform spacing across a horizontal ( H) section through the centre of the sample. T he histogram provides a quanti-
tative measure of the c-axes characteristics. The curve (indicated by solid line) drawn along with the histogram represents a
theoretical random crystal orientation. (e) Samples where the strain rate has increased to a tertiary creep value (stage 2). (f, g)
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area projections show the distributions of c axes measured in horizontal (H) and vertical (V) sections through the centre of the
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first stage 1s where the c-axis fabric was measured when the Stage 1 1s characterized by an inherited microstructure that
strain rate was close to a minimum in different sets of reflects the original grain components, namely, large elon-
experiments (e.g. Fig. 3b), which is on the transition point gate grains and small interstitial grains. However, the elon-
between an elastic and the onset of the plastic deformation. gate grains are sometimes undulose with subgrain
606
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development, whereas grain boundaries of the small grains
appear to have undergone migration (e.g. Fig. 3d; experiment
2-27). The associated patterns of preferred orientation,
obtained from systematic 2 mm spaced measurements across
the sample, still reflect the c-axis preferred orientation pat-
tern that occurs in the starting material (Fig. 3d). This is a
volume distribution of ¢ axes within the sample where the
small grains have random c-axis orientation distributions
and the coarse elongate grains have sub-horizontal concen-
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trations (c axes lying close to the 90° azimuth in the stereo-
graphic projection in Fig. 3d). The inheritance of these c-axis
concentrations is also supported by histograms of c-axis dis-
tributions during stage 1 (Fig. 3b and d). These show a signif-
icant population of grains with ¢ axes lying at approximately
90° to the layering that are above the theoretical random
crystal orientation (Fig. 3d). These observations are compar-
able to those of Wilson and Russell-Head (1982) and Budd
and Jacka (1989) who showed that initially isotropic ice
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remains isotropic through to the minimum strain rate at
about 1-2% shortening strain but, with further deform-
ation and recrystallization, gradually develops a clearly
defined crystal fabric.

Once strain rate increases to a steady-state tertiary creep
value (Fig. 3e), a distinct second stage (stage 2) in the micro-
structural and c-axis evolution develops (Fig. 3fand g). New
recrystallized grains replace the older grain population.
The c-axis pattern seen in the histograms at the conclusion
of these tests indicated the development of a new fabric. In the
horizontal z2x3 sections, there is a suggestion of a girdle-like
pattern that contains the compression axis while still retain-
ing a strong concentration of ¢ axes sub-perpendicular to
the layering (Fig. 3f and g). Elements of this pattern are also
observed in horizontal sections from more highly sheared
regions (e.g. Fig. 4d and f; fabric diagrams 2-40 H and 2-41
H). However, in the higher-strained samples (Fig. 4d and f),
there are two asymmetric concentrations of ¢ axes relative
to the compression axis with a strong single maximum,
rotated with the sense of shear. There is considerable coales-
cence of similarly oriented recrystallized grains to produce
a strengthening of the fabric. Regions of recrystallized
grains (zone 3 in Fig. 4c and e) have the same orientation
but are much larger than the recrystallized grains in the
transitional region (zone 2 in Fig. 4c and e).

In vertical sections through high-strain zones (Fig. 4c,
fabric diagram 2-40 V zone 3) the c-axis distributions still
retain the strong concentration of ¢ axes preserved in the
rotated layering. However, there is a discrete asymmetric
distribution oblique to the compression axis, rotated slightly
against the sense of shear with a new secondary maximum
lying at 50° to the dominant maximum (Fig. 4e, fabric dia-
gram 2-41 V zone 3). This is also identified in the transi-
tional zones (Fig. 4c and e, zone 2), whereas the relatively
undeformed boundary zones (Fig. 4c and e, fabric diagrams
2-40'V zone 1;2-41'V zone 1) preserve the initial c-axis fabric
distribution. In general, the grains contributing to the new
asymmetric pattern have c axes that lie at high angles to the
central shear zone.

Figure 5 illustrates samples where the initial layering
was inclined to the shortening direction with random c-axis
concentrations in the initial layering (Iig. 5c, fabric dia-
grams 2-43 zone 1). In horizontal sections (Fig. 5d and f),
the stereographic projection displays c-axis concentrations
that asymmetrically develop about the shortening direc-
tion, and a significant departure from a random distribu-
tion and the pattern seen in zone 1. In vertical sections,
specific asymmetric secondary-maxima concentrations can
be identified. This can be clearly seen in the histograms that
show the orientation distributions at different strains (Fig.
5d and f) and in the vertical sections (Fig. 5c and e, fabric
diagrams 2-43 V zone 3; 2-44 V zone 3).

Figure 6 provides misorientation distribution data for four
representative stages in the c-axis fabric development
observed in sections cut parallel to the shear plane (horizontal
sections) in experiments illustrated in Figures 3—5. Misorien-
tation angle distributions are displayed using a histogram of
the frequency of different misorientation angles between
grain pairs. These data allow us to perform two kinds of mis-
orientation analysis (Fig. 6): (1) a neighbour-pair mis-
orientation calculated from two c-axis orientation
measurements, on either side of a grain boundary between
neighbouring grains, and (2) a random-pair misorientation
calculated from the orientations of grain pairs that are not
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necessarily in physical contact (Fliervoet and others, 1999).
The dataset sizes of the neighbour-pair and random-pair
misorientation subsets are similar. In the case of random-
pair misorientation distribution, the measured ¢ axes of the
neighbouring grain pairs are randomly paired using an
Excel macro.

In the initial stages of deformation, where strain rate
reaches a minimum (Fig. 3b and d; stage 1) the neighbour-
pair misorientation distribution appears to reflect the start-
ing material and appears to be essentially random (Fig. 6a),
with a small population grouping at 80-90°. This grouping
corresponds to the elongate grains that parallel the layering
(the red-coloured grains in Fig. 3d), and reflects the pre-
deformation orientation of these grains. At stage 2 of the
deformation history, from the high-strain zone in the centre
of the sample, the neighbour-pair misorientation c-axis dis-
tribution is non-random, characterized by a broad peak at
10-80°, with a sub-peak centred at 50-80° (Fig. 6b and c).
The neighbour-pair misorientation distribution is very
similar to the random-pair misorientation distribution and
suggests that grains are not influenced by their neighbours.
After the stage 2 deformation and in all high-strained
samples, the c-axis pattern (Fig. 6d) and the neighbour-pair
misorientation distribution is a broad peak at 10-90° with
sub-peaks at 10-30° and 40-60° (Fig. 6d). This two-maxima
type fabric pattern can be observed in all samples where the
octahedral shear strain exceeds 10%, and is particularly
obvious in the zones of greatest layer rotation (zone 3 in Figs
4e and fand 5c—).

FLOW RATE IN THE ANISOTROPIC ICE

Of interest here is the combination involving shear strain
with an orthogonal component of shortening and its effect
on highly anisotropic ice. Representative creep curves for
the current dataset are shown in Figures 3b, 4b and 5b as
plots of octahedral shear strain rate as a function of octa-
hedral shear strain. These creep curves show that at —2°C
the octahedral strain rates for samples with layering paral-
lel to the z127 plane (Fig. 3b) are very similar at low strains.
At higher strains (Figs 4b and 5b), there was not a uniform
acceleration to a final steady-state creep as in the polycrys-
talline ice described by Li and Jacka (1998). Instead, shear
strain rates increase and then decrease (e.g. experiment 2-
36) before finally accelerating after octahedral shear strains
of <1% (e.g. Fig. 3e). This non-steady-state flow is accom-
panied by extensive recrystallization, and probably reflects
the non-uniform behaviour between layers and the forma-
tion of a lenticular layering in the high-strained portions of
the sample.

In samples initially inclined to the principal strain axes
(Fig. 5), the strain-rate variation during the early stages of
their initial strain history was more variable than in
samples with layering parallel to the x;x2 plane. Once these
samples had attained a minimum strain rate that varied
from ~4 to 7.8x10 ®s !, they underwent a steady-state
acceleration that was comparable to the results of Li and
others (1996) for comparable compressive stresses. This
acceleration can be correlated with the development of high
shear strains within the sample, accompanied by extensive
recrystallization. This suggests that the initial orientation of
both the layering and the c axes is critical in controlling the
initial behaviour, but, with increasing strain, the strain-rate
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random-pair misorientation distributions between adjacent grains measured in a horizontal (H) section within zone 3 of de-

Jormed samples 2-27 (a), 2-32 (b), 2-36 (¢) and 2-43 (d).

increases are similar to those in the other tests. The crystal
fabric at the conclusion of these —2°C tests, again, is similar
to the final fabric and final strain rates of ~4 x 10 "s 'in the
vertically oriented samples.

DISCUSSION AND CONCLUSIONS

This experimental study was undertaken to characterize
the strain, crystal-orientation fabrics and microstructures
related to varying ice-layer orientations in a shear zone
environment. Avariety of experimental configurations were
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used, in which strain is concentrated in zones parallel to a
pre-existing anisotropy (Figs la—c and 2), within passively
folded layers (Fig. 1d and e) and within compressional shear
zones (Figs 3—5). Where deformation is localized to high-
strain zones, the initial layering becomes lenticular and
masked by extensive recrystallization (e.g. Fig. 5c); a new ¢
axis fabric development and eventually grain growth oblit-
erates the pre-existing fabric (e.g. Fig. 4e). In low-strain
arcas (Fig. 3), the c-axis preferred orientation is dominated
by inherited fabric components from the host ice (Fig. 4,
zone 1). At the onset of recrystallization, the c-axis preferred
orientation display an asymmetric strong single maximum
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at a high angle to the plane of shear. This is rotated in the
sense of shear and is accompanied by the development of a
secondary c-axis maximum approximately 50° to the shear
plane. There is a strengthening of this crystallographic pre-
ferred orientation pattern with grain growth and the disap-
pearance of any inherited fabric elements.

In these experiments there was a rapid transition from the
girdle-like distribution of ¢ axis, which includes grains with
inherited fabric elements, to a double-maxima orientation
fabric that is developed in conjunction with the progression
from minimum to maximum strain rates. This transition is
important, because it probably corresponds to the situation
in ice sheets where instabilities, such as folds with or without
the development of a lenticular layering on the limbs, are pro-
pagated as simple shear begins to dominate over flattening to
produce a non-coaxial strain regime (Alley and others 1997).
Similarly, there is a lack of correlation between the layer dip
angles and the respective mean c axes as described by Tison
and others (1994). The initial and minimum strain rates are
highly dependent on the orientation of the stress with respect
to the layering. This was also the conclusion of Castelnau and
others (1998) who found the effect of misorientation of ani-
sotropy by even a few degrees cannot be neglected when esti-
mating the rheology of the ice in the ice sheet. However, the
current investigation has shown that the mechanical response
in an anisotropic ice mass can vary depending on the combin-
ation of stress regimes and the orientation of layering coupled
with its crystallographic fabric.
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