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Abstract. Synthetic polycrystalline ice was sheared at tem-
peratures of −5, −20 and −30 ◦C, to different shear strains,
up to γ = 2.6, equivalent to a maximum stretch of 2.94 (final
line length is 2.94 times the original length). Cryo-electron
backscatter diffraction (EBSD) analysis shows that basal in-
tracrystalline slip planes become preferentially oriented par-
allel to the shear plane in all experiments, with a primary
cluster of crystal c axes (the c axis is perpendicular to the
basal plane) perpendicular to the shear plane. In all except the
two highest-strain experiments at −30 ◦C, a secondary clus-
ter of c axes is observed, at an angle to the primary cluster.
With increasing strain, the primary c-axis cluster strength-
ens. With increasing temperature, both clusters strengthen. In
the −5 ◦C experiments, the angle between the two clusters
reduces with strain. The c-axis clusters are elongated per-
pendicular to the shear direction. This elongation increases
with increasing shear strain and with decreasing tempera-
ture. Highly curved grain boundaries are more prevalent in
samples sheared at higher temperatures. At each tempera-
ture, the proportion of curved boundaries decreases with in-
creasing shear strain. Subgrains are observed in all samples.
Microstructural interpretations and comparisons of the data
from experimentally sheared samples with numerical mod-
els suggest that the observed crystallographic orientation pat-
terns result from a balance of the rates of lattice rotation (dur-
ing dislocation creep) and growth of grains by strain-induced
grain boundary migration (GBM). GBM is faster at higher
temperatures and becomes less important as shear strain in-
creases. These observations and interpretations provide a hy-

pothesis to be tested in further experiments and using nu-
merical models, with the ultimate goal of aiding the interpre-
tation of crystallographic preferred orientations in naturally
deformed ice.

1 Introduction

Polycrystalline ice 1 h deformed in the laboratory (e.g.,
Kamb, 1972; Li et al., 2000; Wilson et al., 2014; Qi et al.,
2017) and in nature (e.g., Gow and Williamson, 1976; Hudle-
ston, 1977; Thorsteinsson et al., 1999; Treverrow et al., 2016;
Weikusat et al., 2017) develops strong crystallographic pre-
ferred orientations (CPOs, often called crystal orientation
fabric, COF, in the glaciological literature), usually presented
as the preferred orientation of ice [0001] axes, i.e., c axes. As
single crystals of ice are most easily deformed by glide on the
(0001) plane, i.e., the basal plane (Nakaya, 1958; Wakahama,
1967; Duval et al., 1983), the manner in which the c axes are
aligned affects the flow strength for the given applied defor-
mation kinematics, for example, simple shear versus uniaxial
compression (e.g., Shoji and Langway, 1988; Azuma, 1995;
Li et al., 1996; Duval et al., 2010; Budd et al., 2013). The de-
velopment of a CPO is commonly used to explain the acceler-
ating strain rate in ice that occurs after secondary creep (Cuf-
fey and Paterson, 2010, 53–55). The occurrence of strong
CPOs in ice has led to the use of enhancement factors (Jacka
and Maccagnan, 1984; Budd and Jacka, 1989; Li et al., 1996)
to relate laboratory flow laws for isotropic ice (Glen, 1955,
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1975; Goldsby and Kohlstedt, 2001) to the flow of ice in
glaciers and ice sheets in which a strong CPO is likely (e.g.,
Russell-Head and Budd, 1979; Thorsteinsson et al., 1999).
Thus, understanding the formation and evolution of CPOs
during deformation is crucial to our ability to predict rates
of flow of ice sheets and glaciers as ice temperature rises
in a warming world (Houghton, 1996) and as stress bound-
ary conditions change, for example, during ice shelf thinning
and collapse (e.g., Scambos et al., 2004; Joughin et al., 2014).
Furthermore, the CPO controls elastic anisotropy in ice and,
through this, the anisotropy of sound wave velocity (Kohnen
and Gow, 1979; Diez et al., 2015; Vaughan et al., 2017). Seis-
mic data can be used to constrain bulk CPOs (e.g., Bentley,
1972; Smith et al., 2017; Kerch et al., 2018), and understand-
ing how CPOs relate to deformation kinematics and condi-
tions is valuable in limiting the range of possible CPO solu-
tions in a field seismic experiment (Picotti et al., 2015; Vélez
et al., 2016).

Many laboratory experiments demonstrate the develop-
ment of a CPO in polycrystalline ice. The vast majority of
these experiments are on ice samples deformed in uniax-
ial compression to relatively small maximum strains (axial
strains of up to ∼ 0.3) (e.g., Jacka and Maccagnan, 1984;
Jacka and Li, 2000; Wilson et al., 2014; Qi et al., 2017;
Vaughan et al., 2017). However, most deformation in ice
sheets and glaciers is dominantly simple shear (Cuffey and
Paterson, 2010) and CPOs developed in compression and
simple shear are not equivalent (Alley, 1992). Shear ex-
periments on polycrystalline ice are limited to relatively
high temperatures and mostly relatively low shear strains
(Kamb, 1972; Bouchez and Duval, 1982; Li et al., 2000;
Wilson and Peternell, 2012). Only four published shear ex-
periments (Bouchez and Duval, 1982; Wilson and Peternell,
2012) achieve shear strains greater than 0.5 at temperatures
≤−10 ◦C, with the coldest experiment conducted at−15 ◦C.
Shear experiments at colder conditions (Wilson and Peter-
nell, 2012) have not achieved shear strains> 0.12. The ma-
jority of laboratory shear experiments have been conducted
at temperatures of −5 ◦C or warmer.

In this contribution, we adapt the direct shear method, ap-
plied in rock deformation studies (e.g., Schmid et al., 1987;
Dell’angelo and Tullis, 1989; Zhang and Karato, 1995; Heil-
bronner and Tullis, 2006; Kohlstedt and Holtzman, 2009), to
polycrystalline ice. By confining our samples with gas pres-
sure, we are able to apply relatively high differential stresses
without causing brittle fracture of the samples, allowing us
to shear ice to large strains at much lower temperatures than
have been applied before. The objective of this paper is to ex-
plore the effects of shear strain and temperature on the CPOs
and microstructures of ice deformed in shear and to explore
the implications for understanding the development of CPO
in ice and the associated evolution of its mechanical behav-
ior.

2 Methods

2.1 Sample preparation and deformation assembly

To prepare polycrystalline ice samples with a controlled ini-
tial microstructure, we adopted the flooding and freezing pro-
cedure developed by Durham et al. (1983) and Stern et al.
(1997). Ice cubes made from deionized water were crushed in
a blender into ice powders. These powders were then sieved
at −30 to −20 ◦C to sizes between 0.18 and 0.25 mm for
“standard-ice” samples (Durham et al., 1983). The sieved
seed-ice grains were packed to a porosity of ∼ 40 % into
stainless-steel cylindrical molds with an inside diameter of
25.4 mm and capped with double-O-ring-sealed stainless-
steel end plugs. Air was then evacuated from the pores in the
packed powder, while the molds containing the powders were
equilibrated at 0 ◦C in an ice-water bath. Degassed, deionized
water (at 0 ◦C) was then introduced into the evacuated pow-
ders in the molds. Flooded sample molds were inserted into
vertical holes in a large styrofoam block so that the mold
bottoms rested on a copper plate at the bottom of a freezer
maintained at −30 ◦C. This ensured that the water in the sat-
urated powders froze from the bottom up, excluding bubbles
from the samples. After freezing overnight, ice samples were
gently pressed out of the mold with an arbor press.

A 4 to 6 mm thick slice was cut from the cylinders at 45◦

to the cylinder axis. Both cut surfaces were shaved to en-
sure they were flat and parallel to each other. These surfaces
were then polished on 180-grit sandpaper. See Fig. 1a for a
picture of a prepared sample. The initial sample thickness,
h0, was measured with a micrometer. The ice sample was
placed between two 45◦ cut aluminum or wood cylindrical
pistons, as illustrated in Fig. 1b. To prevent slippage between
the ice and the pistons, 180-grit sandpaper was glued onto
the angled surfaces of the pistons with epoxy. Ice samples
and pistons were enclosed in an indium tube with an inner
diameter of 25.4 mm, which was then encapsulated in an-
other indium tube with an inner diameter of 26.9 mm, with
the bottom of the outer tube welded to a 12.7 mm thick
stainless-steel spacer (here “welded” means the indium tube
was melted against the copper-plated steel spacer with a sol-
dering iron). The total thickness of the two indium jackets
is 1.4 mm. The bottom of a steel semi-internal force gauge
(Durham et al., 1983) was welded to the top of the outer in-
dium jacket, with a 19.1 mm thick zirconia spacer placed be-
tween the force gauge and sample to thermally isolate the ice
from the welding area. During welding, the sample assembly
was immersed in an alcohol bath at ∼ −60 ◦C, leaving only
the small area to be welded above the bath.

2.2 Deformation experiments

Samples were deformed in direct shear at a confining pres-
sure P = 20 MPa at three different temperatures, T =−5,
−20 and −30 ◦C, in a cryogenic gas-medium apparatus

The Cryosphere, 13, 351–371, 2019 www.the-cryosphere.net/13/351/2019/



C. Qi et al.: CPOs in sheared ice 353

Figure 1. Figures illustrating the experimental procedure. Orange arrows indicate steps. (a) Photo of a sample and aluminum pistons.
(b) Schematic drawing of the sample assembly before deformation. (c) Schematic drawing of the pressure vessel and the deformation
assembly. (d) Schematic plot of a typical shear stress–shear strain curve during an experiment. Peak stress, τp, and stress drop, 1τ , are
marked on the curve. (e) Schematic drawing of the sample assembly after deformation. The two sub-drawings at the bottom denote the shear
plane and the profile plane (in red). (f, g) Photos of deformed samples at different perspectives.

(Durham et al., 1983; Heard et al., 1990), as illustrated in
Fig. 1c. Pressure and temperature were maintained constant
at ±0.5 MPa and ±0.5 ◦C, respectively. Before deformation,
each sample was allowed to equilibrate at the deformation
pressure and temperature for about 1 h. Deformation experi-
ments were performed at a constant axial displacement rate
of 5.08× 10−4 mm s−1. Experiments were terminated at dif-
ferent shear strains. After each run, the indium jackets were
carefully peeled off, and then the deformed sample was pho-
tographed and placed into a long-term storage dewar filled
with liquid nitrogen. The final sample thickness, h1, was es-
timated from photographs, and we noted whether the sample
thickness was constant along the length of the sample. The
horizontal shift of the edge of the sample (equal to the hor-
izontal offset of the two pistons), synthetic to the imposed
shear direction, l, was measured with a ruler (see Fig. 1f).
The maximum time between the end of an experiment and
the sample being quenched in liquid nitrogen is ∼ 15 min.

Microstructural changes on this timescale are likely to be
limited to minor static recovery (Hidas et al., 2017), with no
significant change in CPO or distributions of grain size.

2.3 Data processing

The raw data, i.e., time, axial displacement and load, were
processed to obtain shear strain, shear strain rate and stress
data. In our experiments, assuming samples were deformed
in simple shear, i.e., no flattening of the samples occurred,
and there was no deformation of the pistons, the calculated
shear strain rate, γ̇calc, is given by γ̇calc =

√
2vax
h0

, where vax
is the axial displacement rate. The calculated shear strain is
given by γcalc = γ̇calc× tt, where tt is the total elapsed time of
deformation.

We also measured the shear strain directly from the de-
formed samples and determined the shear strain rate from
the measured shear strain. The shear strain of each sample is
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determined from the displacement measured on the sample
by

γmeas =

√
2l
h0

. (1)

The measured strain rate of each sample is given by

γ̇meas =
γmeas

tt
. (2)

For the samples with γmeas ≈ γcalc, most deformation oc-
curred in simple shear. However, since samples flattened
slightly normal to the shear plane and the wooden pistons
used in the first experiments were also slightly deformed, the
calculated shear strains and shear strain rates sometimes de-
viated from the actual values for the samples. Moreover, the
samples exhibit lateral bulging (Fig. 1g). The cross-sectional
area of the lateral bulge, measured from photos, is used to
provide an estimate of the degree of flattening, εflat.

Shear stress is calculated from the measured axial load,
Fax,

τraw =
1/
√

2Fax

As0
, (3)

whereAs0 =
√

2
4 π×25.42 mm2 is the initial area of the shear

surface. The strength of the indium jackets at a given temper-
ature and strain rate, based on an indium flow law (William
B. Durham, personal communication, 2015), was subtracted
from τraw,

τcor = τraw− τin. (4)

Note that the shear stress and shear strain rate in our exper-
iments have the following relationship with the von Mises
equivalent stress, σ , and von Mises equivalent strain rate, ε̇,

τ =
σ
√

3
, γ̇ =

√
3 ε̇. (5)

As illustrated in Fig. 1d for a typical stress–strain curve,
with increasing shear strain, shear stress increases to a peak
at a strain of 0.05 to 0.15 (equivalent to an axial strain of
0.03 to 0.09) and then decreases. Data collected at the peak
stress are used to characterize the mechanical behavior of ice
with an initial isotropic microstructure. This is equivalent to
using the minimum strain rate in creep tests (e.g., Jacka and
Maccagnan, 1984). The magnitude of the stress drop, 1τ ,
is the difference in stress between the peak stress and where
the slope of the stress–strain curve approaches zero, as il-
lustrated in Fig. 1d. The stress data at higher shear strains are
affected by non-coaxial alignment of the pistons and bending
moments on the internal force gauge and are not as robust as
the peak-stress data. Summary data are presented in Table 1.

2.4 Collection of orientation data with electron
backscatter diffraction (EBSD)

Samples were prepared for EBSD analysis in a scanning-
electron microscope (SEM) at the University of Otago, fol-
lowing the procedure described in Prior et al. (2015). During
preparation, a sample was kept either in a cryogenic dewar
(at ≤−190 ◦C) or an insulated transfer box (at ≤−120 ◦C).
The deformation pistons were carefully separated from the
ice sample with a razor blade. The sample was mounted on
a copper ingot, with a surface parallel to the shear plane fac-
ing up (see Fig. 1e). Mounting, polishing and analysis were
performed in the same way as reported previously (Qi et al.,
2017). Crystallographic orientation maps of all samples were
obtained from the shear plane, with step sizes summarized in
Table 2.

2.5 Microstructural analyses

Orientation data obtained from diffraction data were pro-
cessed using HKL CHANNEL5 software, including removal
of single mis-indexed points and assigning the average ori-
entation of neighboring pixels to un-indexed points. Grains
were constructed from processed orientation data using the
MTEX toolbox (Bachmann et al., 2011). Grain boundaries
were drawn where neighboring pixel misorientations ex-
ceeded 10◦. No extrapolation of orientation data was ap-
plied in MTEX since the data were already processed by the
HKL CHANNEL5 software. Grain size was determined as
the equivalent diameter of a circle with the area of each grain
in cross section. Note that grain size determined this way rep-
resents the size of a 2-D cross section of a 3-D grain. In the
analysis of the average grain size for a map, grains contain-
ing no more than 5 pixels or lying on the edge of the map
were excluded.

To quantify the intragranular misorientations for each
sample, averaged kernel average misorientation (KAM) was
used. For each data point, KAM was calculated as the av-
erage value for misorientations with each nearest neighbor.
Then KAMs for all data points were averaged for the whole
section, which produced the averaged KAM for a sample.
The unit for averaged KAM is radians.

Orientation distributions were generated from either the
complete set of orientation data or a subset of data with one
point per grain using the MTEX toolbox in MATLAB (Bach-
mann et al., 2010; Mainprice et al., 2015). The manner in
which an orientation distribution was generated is specified
in the figure captions. To quantify the strength of the CPOs,
both the J index (Bunge, 1982) and the M index (Skemer
et al., 2005) were used. From uniformly distributed orienta-
tions to a single-crystal orientation, the J index, based on a
calculated orientation distribution function, increases from 0
to infinity, while the M index, based on the distribution of
random-pair misorientation axes, increases from 0 to 1.
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Table 1. Summary of experimental data.

Sample no. h0 h1
a Piston T Max γ̇meas γmeas τp

d γp 1τ e γ1τ
(mm) (mm) typeb (◦C) εflat

c (10−5 s−1) (MPa) (MPa)

PIL82 6.35 NA w −5.4 0.15 7.98 0.69 0.87 0.07 NAf NA
PIL87 5.33 NA w −5.6 0.15 10.8 1.4 1.40 0.13 NA NA
PIL91 6.10 ∼ 6.4 w −5.6 0.10 17.8 0.62 1.54 0.09 NA NA
PIL94 5.69 ∼ 5.6 Al −5.2 0.14 13.7 1.5 2.02 0.10 0.73 0.31
PIL135 5.33 ∼ 4.8 Al −30.5 NA 12.5 2.6 7.03 0.16 1.43 0.38
PIL142 5.08 ∼ 4.9 Al −29.9 NA 12.8 1.4 6.73 0.16 1.32 0.25
PIL143 5.08 ∼ 5.0 Al −30.6 NA 14.6 0.65 6.81 0.10 1.32 0.26
PIL144 5.33 ∼ 5.6 g Al −20.4 0.15 11.9 2.2 4.60 0.13 1.50 0.38
PIL145 6.10 ∼ 6.1 Al −20.1 0.19 9.49 1.1 4.80 0.05 1.91 0.35

a h1 is the estimated value of sample thickness from photos of each sample. This estimation is only accurate to within ∼ 10 % of the value due to the
perspective and distortion in photos.
b w stands for wooden pistons. Al stands for aluminum pistons.
c max εflat is the maximum flattening strain estimated from the bulging of the samples.
d τp is peak stress corrected for the strength of the indium jacket. γp is the strain at which the peak stress was collected.
e 1τ is the magnitude of the stress drop following the peak stress. γ1τ is the approximate shear strain at which the sharp decrease in stress stops and stress
becomes nominally constant.
f NA: not available.
g Sample has nonuniform thickness after deformation, i.e., is wedge-shaped. All other samples have uniform thicknesses.

Table 2. Summary of EBSD analyses.

Sample no. Data for CPO Data for microstructure

Section and No. indexed No. of grains Section and No. indexed No. of grains
step size (µm) step size (µm)

PIL82 shear, 50 36 522 3303 shear, 5 62 636 84
PIL87 shear, 30 47 261 1387 shear, 6 236 617 259
PIL91 shear, 50 113 899 10 560 shear, 5 79 486 225
PIL94 shear, 50 109 767 8613 shear, 7 335 313 1186
PIL135 shear, 20 732 565 33 828 shear, 5 454 424 1282
PIL142 shear, 20 1 131 010 51 529 shear, 5 425 804 2016
PIL143 shear, 20 344 083 18 061 shear, 5 233 143 1100
PIL144 shear, 30 416 546 27 738 shear, 10 317 027 4045
PIL145 shear, 30 312 157 21 248 shear, 10 299 413 3199

Since the CPOs of sheared ice are often characterized by
double clusters of c axes (e.g., Kamb, 1972; Hudleston, 1977;
Bouchez and Duval, 1982; Jackson, 1999), an angle ϕ was
used to quantify the relative orientation between the two clus-
ters. We adopted the same approach as previously described
by Bouchez and Duval (1982). As illustrated in Fig. 2b, in
the stereonets, an angle from −90 to +90◦ was defined on
the shear plane (green circle). At a given angle, two great
circles with 10◦ between them (red circles) were drawn per-
pendicular to the shear plane. The number of data points that
lie between these two great circles was counted. The normal-
ized counts were then plotted as the frequency at this angle
on a histogram. The angle ϕ was defined as that between the
two peaks on the histogram (Fig. 2c).

3 Results

3.1 Starting material

The starting materials were the same in character as those
described in Qi et al. (2017). Undeformed samples of stan-
dard ice have a homogeneous foam texture, with polygonal
grains and straight grain boundaries. The mean grain size
is ∼ 0.23 mm. The initial crystallographic orientation is ap-
proximately random with an M index of 0.0026. The av-
eraged KAM is about 0.01. There are almost no subgrain
boundaries within the grains.

3.2 Mechanical data

As illustrated in Fig. 1f and g, the deformed samples exhibit
some flattening normal to the imposed shear direction. As
listed in Table 1, the measured thicknesses for deformed sam-
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Figure 2. (a) Typical two-cluster distribution of c axes on the stereonets in the shear plane reference frame. (b) A schematic drawing
explaining the method used to quantify the distribution of c axes. (c) The distribution of c axes plotted in a histogram, illustrating the angle
between the two clusters of c axes, ϕ.

ples are very similar to the initial values. No slip between
pistons and samples was observed. The maximum flattening
constrained from lateral bulging in our samples is ∼ 19 % in
sample PIL145 (Table 1). This amount of flattening strain is
small relative to the shear strain and does not significantly
affect the strain ellipsoid nor the passive rotation of material
lines (Sanderson and Marchini, 1984).

Graphs of shear stress plotted against shear strain (here-
after “stress” and “strain” for brevity) are presented in Fig. 3.
Key parameters (e.g., peak stress) extracted from the exper-
imental data are presented in Table 1. All the curves for ex-
periments with aluminum pistons show a rapid stress rise to
a peak stress at an approximate strain of γ = 0.1± 0.06, fol-
lowed by a steep drop to a more slowly changing stress with
increasing strain. The curves for experiments with wooden
pistons have different shapes around the peak stresses and
smaller drops following the peak stresses. Two of the experi-
ments with wooden pistons (PIL82 and PIL91) have compli-
cated double peaks near the peak stresses. In all experiments
except for PIL82 and PIL135, the stress slowly decreases
with increasing strain, following the steep drop after the peak
stress. In PIL82, the stress increases slowly after a sharp drop
at γ ≈ 0.2. In PIL135, with increasing strain, the stress in-
creases slightly and plateaus at 0.8< γ < 1.9, decreases at
1.9< γ < 2.5 and increases suddenly at γ > 2.5, which cor-
responds with the 45◦ cut piston touching the metal cylin-
drical sleeve in the bore of the pressure vessel. In PIL144,
the stress continues to decrease until a strain of ∼1.2 and in-
creases slowly thereafter. At a strain of ∼ 1.8, there is an up-
ward perturbation in stress followed by a decrease in stress.
In both PIL135 and PIL144, the perturbation in stress at a
strain of 1.8 to 1.9 is probably related to the changes in kine-
matics due to the changes in the assembly geometry with in-
creasing strain. PIL144 is the one sample for which the final
sample thickness is not uniform along its length.

3.3 Crystallographic preferred orientations

In this subsection, CPOs in samples deformed at different
temperatures to different shear strains are described, as il-
lustrated in Fig. 4. The CPOs of −5 and −20 ◦C samples

Figure 3. Plots of stress–strain curves for all experimental runs.
The y axis is the shear stress, τraw, calculated from the axial load.
No correction has been applied for the change of sample area with
strain. The bottom x axis is shear strain and the top x axis is von
Mises equivalent strain, εmeas = γmeas/

√
3.

are all characterized by two clusters of c axes. The pri-
mary cluster (M1) is normal to the imposed shear plane at
all strains. The secondary cluster (M2) lies in the profile
plane antithetic to the imposed shear direction. The CPOs
of −30 ◦C samples are characterized by one broad cluster
of c axes close to the normal to the imposed shear plane.
In all samples, c-axis clusters are elongated in the direction
sub-perpendicular to the shear direction. At the same tem-
perature, the CPO strength characterized by J and M indexes
generally increases with increasing strain, with the excep-
tion of sample PIL87, which has a relatively small number of
grains in the data set.
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3.3.1 − 5 ◦C series

The CPOs of −5 ◦C samples are all characterized by two
tight clusters of c axes. The angle between the two clusters
decreases with increasing strain, as presented in Fig. 4d. The
secondary cluster is weaker (exhibits a lower value of multi-
ples of uniform density, MUDs) than the primary cluster, ex-
cept for sample PIL87, which has a small number of grains
in the data set. The elongation of the clusters is clearer in
the higher-strain samples. The secondary cluster is stronger
(exhibits a higher MUD value) in the stereonets plotted with
all orientation data than it is in the stereonets plotted with
one point per grain. The secondary cluster generally weak-
ens (has a lower MUD value) with increasing strain in the
stereonets plotted with one point per grain.

The CPOs of all −5 ◦C samples feature girdles of 〈1120〉
axes (a axes) and 〈1010〉 axes (poles tom planes) in the shear
plane and weaker girdles of a axes and poles to m planes
normal to the secondary c-axis clusters. The a axes in the
three samples with lower strains have dominant clusters nor-
mal to the shear direction in the shear plane. In the sample
with the highest strain (PIL94, γ = 1.5), the dominant clus-
ter of a axes is parallel to the shear direction. The distribu-
tions of the poles to m planes are similar to the distributions
of a axes in all samples, except in the sample with the low-
est strain (PIL91, γ = 0.62), in which there is an additional
cluster subparallel to the shear direction.

3.3.2 −20 ◦C series

The CPOs of −20 ◦C samples (Fig. 4) are also characterized
by two clusters of c axes. The angle between the two clus-
ters increases slightly with increasing strain. The secondary
cluster is weaker (has a lower MUD value) than the primary
cluster. The elongation of the clusters is clearer in the higher-
strain sample. The secondary cluster is stronger (has a higher
MUD value) in the stereonets plotted with all orientation data
than it is in the stereonets plotted with one point per grain.
The secondary cluster also weakens (obtains a lower MUD
value) with increasing strain.

In both samples, the CPO features broad girdles of a axes
and poles to m planes in the shear plane. The distributions
of a axes and poles to m planes exhibit maximum intensi-
ties subparallel to the shear direction in the shear plane. The
a axes and poles tom planes are more tightly clustered in the
higher-strain sample.

3.3.3 −30 ◦C series

The CPOs of −30 ◦C samples (Fig. 4) are characterized by
one broad cluster of c axes close to the normal to the imposed
shear plane. In the lowest-strain sample, the primary cluster
is ∼ 10◦ oblique to the shear-plane normal. This probably
relates to this sample fracturing on a plane slightly oblique
to the shear plane when removed from the deformation pis-

ton and being analyzed on this oblique surface. This primary
cluster is asymmetric with a large number of c axes dis-
tributed broadly in the quadrant antithetic to the shear direc-
tion. In the samples with lower strains (PIL142 and PIL143),
the elongation of the primary cluster is more extensive in
the stereonets plotted with one point per grain. In the sam-
ple with the lowest strain (PIL143, γ = 0.65), a weak sec-
ondary cluster is observed close to the primary cluster. This
secondary cluster is stronger than the primary cluster in the
stereonet plotted with one point per grain.

The CPOs of all −30 ◦C samples feature broad girdles of
a axes and poles to m planes subparallel to the shear plane
and clusters of a axes and poles tom planes subparallel to the
shear direction. In the sample with the lowest strain (PIL143,
γ = 0.65), a axes and poles to m planes are less strongly
clustered.

3.4 Microstructure

In this subsection, microstructures in samples deformed at
different temperatures to different shear strains are described.
The microstructures, grain-size distributions and KAM val-
ues for all samples are presented in Figs. 5–7. Note that ex-
cept for two −5 ◦C samples (PIL91 and PIL82), the analyses
of grain size and KAM are based on larger areas than those
presented in the figures. For a given temperature, as strain
increases, the fraction of lobate grain boundaries decreases
and the fraction of straight grain boundaries increases. In all
samples, the distributions of grain size are skewed, with a
peak at finer grain sizes and a long tail extending to coarser
grain sizes. The values for averaged KAM of all samples lie
in the range of 0.008 to 0.013, with no obvious correlation
with increasing strain or decreasing temperature.

3.4.1 −5 ◦C series

The microstructures of all samples deformed at −5 ◦C
(Fig. 5a) are characterized by lobate grain boundaries and
irregular grain shapes. In the sample with the lowest strain
(PIL91, γ = 0.62), the grain boundaries are highly lobate.
Preferred orientations of grain shape are not well developed.
Intragranular distortion and subgrain boundaries are widely
observed in all samples. In all samples, most grains have
c axes sub-perpendicular to the shear plane (grains with red-
dish colors). In the samples with lower strains (PIL91, PIL82
and PIL87), the distribution is based on a very limited num-
ber of grains, leading to uncertainties in the mean grain size.
Peak grain sizes (the grain size at the peak frequency of the
distribution) for all samples are between 40 and 80 µm.

3.4.2 −20 ◦C series

The microstructures of both samples deformed at −20 ◦C
(Fig. 6a) are characterized by slightly curved grain bound-
aries. In both samples, preferred orientations of grain shapes
are not well developed. Intragranular distortion and subgrain
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Figure 4. Analysis of crystallographic orientations on the shear plane of all deformed samples. Samples are grouped by their experimental
temperatures, with groups are separated by black horizontal lines. All data are from the shear plane. The shear direction is top side up, as
illustrated by the bold black arrow. Step size is between 30 and 50 µm (see Table 2, columns 2–4). J and M indexes are calculated based on
all orientation data. (a) Distributions of orientations of [0001] axes from 1000 randomly selected grains. (b) Distributions of orientations of
[0001] axes contoured on the basis of one point per grain. (c) Distributions of orientations of [0001], [1120] and [1010] contoured on the
basis of all orientation data. The contours on each stereonet are colored by multiples of a uniform distribution (MUDs), values of which are
indicated in the color bar next to the stereonet. (d) Distributions of the [0001] axes on the great circle normal to the shear surface. The angle
between the two clusters, ϕ, is presented on each histogram.
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Figure 5. Microstructure of the shear planes of samples deformed at −5◦. Strain increases from top to bottom. (a) Orientation maps colored
by the crystallographic orientation normal to the shear surface according to the color map at bottom right. Step size is between 5 and 7 µm
(see Table 2, columns 5–7). Grain boundaries, characterized by a misorientation of 10◦, are black, and subgrain boundaries, characterized
by a misorientation of 2◦, are gray. Un-indexed spots are white. The shear direction on the top side is up, as shown by the black arrow. Maps
are subareas of the whole mapped area (except for PIL91 and PIL82). The whole mapped area was used to calculate KAM and grain size.
(b) Distributions of grain size.

boundaries are observed. In the sample with lower strain
(PIL145, γ = 1.1), grains with basal planes oblique to the
shear plane (with other than reddish color) are widely ob-
served. In the sample with higher strain (PIL144, γ = 2.2),
the map is dominated by grains with basal planes subpar-
allel to the shear surface (grains with reddish colors). The
mean grain size decreases slightly with increasing strain.
Peak grain sizes for both samples are 80 µm.

3.4.3 −30 ◦C series

The microstructures of all samples deformed at −30 ◦C
(Fig. 7a) are characterized by straight and slightly curved
grain boundaries and polygonal grain shapes. In the two

samples with lower strains (PIL143, γ = 0.65 and PIL142,
γ = 1.4), preferred orientations of grain shapes are not well
developed. Intragranular distortion and subgrain boundaries
are observed in all samples. The subgrains are developed
preferentially in larger grains and the shapes and sizes of
the subgrains are similar to those of the small grains. In the
sample with the lowest strain (PIL143, γ = 0.65), intragran-
ular distortion is more evident and more subgrains are ob-
served than in the sample with the highest strain (PIL135,
γ = 2.6). In all samples, there is a range of grain orienta-
tions as shown by multiple colors on the map. In the two
samples with lower strains (PIL143, γ = 0.65, and PIL142,
γ = 1.4), the mean grain size is 78 µm, while in the sample
with the highest strains (PIL135, γ = 2.6), the mean grain
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Figure 6. Microstructure of the shear planes of samples deformed at −20◦. Strain increases from top to bottom. (a) Orientation maps
colored by the crystallographic orientation normal to the shear plane according to the color map at bottom right. Step size is 10 µm (see
Table 2, columns 5–7). Grain boundaries, characterized by a misorientation of 10◦, are black, and subgrain boundaries, characterized by a
misorientation of 2◦, are gray. Un-indexed spots are white. The shear direction on the top side is up, as shown by the black arrow. Maps are
subareas of the whole mapped area. The whole mapped area was used to calculate KAM and grain size. (b) Distributions of grain size.

size is larger, 101 µm. Peak grain sizes for all samples are
between 40 and 60 µm.

4 Discussion

4.1 Mechanical evolution

The stress–strain curves from the deformation experiments
shown in Fig. 3 characterize the mechanical responses of
samples with evolving microstructures. Because the x axis
in Fig. 3 is scaled to large strains, the decrease in stress with
strain after the peak stress seems more dramatic than in ax-
ial compression experiments. In fact, the evolution of stress
with strain in our experiments is very comparable to that in
axial compression tests (e.g., Qi et al., 2017), when data from
both types of experiments are plotted at the same scale. Fur-
thermore, the pattern of decrease in stress with strain from
peak stress matches the pattern of increase in strain rate with
strain in constant load experiments in both axial compression
and in shear. The stress drop following the peak stress is usu-
ally attributed to grain-size reduction and/or geometric soft-
ening. Dynamic recrystallization often results in a grain-size
reduction that is thought to cause weakening by increasing
the strain-rate contribution of grain-size-sensitive deforma-
tion mechanisms (e.g., Tullis and Yund, 1985; De Bresser
et al., 2001). Geometric softening due to the development
of a CPO also causes weakening (e.g., Hansen et al., 2012),
particularly in a strongly viscously anisotropic material such

as ice. As is evident from the microstructures and CPOs of
deformed samples, both grain-size reduction and geometric
softening occur in the experiments. It is difficult to separate
the effects of the two processes in the type of experiments
carried out in this study.

4.2 The orientation of the two c-axis clusters:
comparison of experiments

In our experiments, the primary cluster of c axes is normal
to the shear plane in all deformed samples. This statement
is true for most other ice samples deformed dominantly by
simple shear in the laboratory, for which CPOs with sig-
nificant numbers of measured grains are published (Kamb,
1972; Bouchez and Duval, 1982; Li et al., 2000). Wilson and
Peternell (2012) reported the primary cluster being slightly
oblique to the imposed shear plane, but the sample images
(Fig. 6a in Wilson and Peternell, 2012) show that shear zones
developed oblique to the imposed shear plane and the c-axis
cluster is sub-perpendicular to the shear zone boundaries. All
previous shear experiments have been at ambient pressure.
Durham et al. (1983) show that there is minimal effect of
confining pressure on the tertiary creep of ice.

All c-axis clusters in our experiments are elongated in the
direction sub-perpendicular to the shear direction. This elon-
gation has been observed in many previous studies (Kamb,
1972; Bouchez and Duval, 1982; Li et al., 2000; Wilson
and Peternell, 2012). Li et al. (2000) attributed this elonga-
tion to extensional deformation in the shear plane normal to
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Figure 7. Microstructure of the shear planes of samples deformed at −30◦. (a) Orientation maps colored by the crystallographic direction
normal to the shear plane. Color map is the same as in Fig. 5. Step size is 5 µm (see Table 2, columns 5–7). Grain boundaries, characterized
by a misorientation of 10◦, are black, and subgrain boundaries, characterized by a misorientation of 2◦, are gray. Un-indexed spots are white.
The shear direction on the top side is up, as shown by the black arrow. Maps are subareas of the whole mapped area. The whole mapped area
was used to calculate KAM and grain size. (b) Distributions of grain size.

the shear direction, due to the flattening of the sample dur-
ing shear deformation. However, the explanation by Li et al.
(2000) is not entirely satisfactory, as (i) flattening is perpen-
dicular to the shear plane in all directions and (ii) the elon-
gated maximum is also observed in numerical simple-shear
simulations by Llorens et al. (2016a, 2017), in which no flat-
tening strain is allowed. In these simulations, elongation is
most pronounced at low strain rates at which recrystalliza-
tion has a stronger effect on the CPO than at high strain rates.
The development of CPO in the simulations may result from
the orientation-dependent rotation rate of c axes towards the
steady-state maxima.

The evolution of ϕ, the angle between the two c-axis clus-
ters, with strain in our samples is compared with the results
from previous experimental studies, with numerical mod-
els and with data from naturally deformed ice (Table 3 and
Fig. 8). We have used the method described in Sect. 2.5 to
measure ϕ for our own data and also to make comparable
measurements using literature data. For data from the liter-
ature, we digitized c-axis orientations from published stere-
onets (Bouchez and Duval, 1982; Li et al., 2000; Wilson and
Peternell, 2012; Hudleston, 1977; Jackson, 1999; Van der
Veen and Whillans, 1994). The values of ϕ for experimen-
tal samples of Kamb (1972) are taken from that paper (Kamb

published only contoured data); these angles were analyzed
using a method similar to ours.

To our knowledge, Fig. 8 contains data from all published
CPOs from experiments in which simple shear is the dom-
inant deformation kinematic. The values of ϕ are scattered
between 30 and 80◦ for all experimental samples with dou-
ble c-axis clusters. Single-cluster CPOs occur at shear strains
above 1.4. Many individual data sets, including our data at
−30 and −5 ◦C, reveal that ϕ decreases with shear strain. In
our data, we observe that the trajectory of ϕ with strain oc-
curs at lower ϕ values at −30 ◦C than at −5 ◦C, with the ϕ
value of one of the −20 ◦C data points lying between the
−30 and −5 ◦C trajectories. The high-strain −20 ◦C sam-
ple has a geometry suggesting that it departed from simple
shear in a different way than the other samples (i.e., it was
wedge-shaped after deformation: see Table 1) and the result-
ing high ϕ value may be anomalous. The correlation of the
position of the ϕ-strain trajectories and temperature is less
clear in the broader literature data. There are a number of
possible reasons. The most likely explanation is that the data
in Fig. 8 represent experiments with subtly different kinemat-
ics (deviations from perfect simple shear) and contains data
from experiments conducted across a range of strain rates (or
stresses). At present, there are not enough experimental data
to restrict the data set to samples with identical kinematics
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Table 3. The CPOs of sheared ice reported in the literature.

Reference Sample name Type∗ No. of c ϕ Conditions
axes

Jackson (1999) Chaos-1 n 72 84◦ Camp Chaos marginal shear zone, 300 m depth
Chaos-2 n 139 57◦

Chaos-3 n 85 58◦

Chaos-4 n 43 56◦

Lostlove-1 n 59 46◦ Lost Love marginal shear zone, 300 m depth
Dragonpad-1 n 54 single cluster Dragon Pad marginal shear zone, 300 m depth
Staging-1 n 87 42◦ Staging area, 300 m depth
Unicorn-1 n 22 51◦ Unicorn Camp
Fishhook-1 n 78 89◦ Fishhook drill site

Hudleston (1977) IV n 80 44◦ Shear zone in the Barnes Ice Cap, lower strain part of core
V–IX n 72–79 single cluster Shear zone in the Barnes Ice Cap, higher strain part of core
X n 88 80◦ Shear zone in the Barnes Ice Cap, lower strain part of core
XI n 93 40◦ Shear zone in the Barnes Ice Cap, lower strain part of core
XII n 127 54◦ Shear zone in the Barnes Ice Cap, lower strain part of core

Kamb (1972) A10 e 462 79◦ T =−1.2 ◦C, γ̇ = 0.2× 10−7 s−1, γ = 0.13, εflat = 0.13
A8 e 507 65◦ T =−1 to −2.5 ◦C, γ̇ = 2.8× 10−7 s−1, γ = 0.12–0.24
A7 e 97 70◦ T =−2.5 ◦C, γ̇ = 3.1× 10−7 s−1, γ = 0.05, εflat = 0.003
A6 e 252 63◦ T =−4 ◦C, γ̇ = 1.1× 10−7 s−1, γ = 0.40, εflat = 0.01
A5 e 626 62◦ T =−2.5 ◦C, γ̇ = 0.7× 10−7 s−1, γ = 0.27, εflat = 0.06
A3 e 136 68◦ T =−4 ◦C, γ̇ = 1.4× 10−7 s−1, γ = 0.16, εflat = 0.05
A14 e 563 72◦ T =−1.2 ◦C, γ̇ = 3.4× 10−7 s−1, γ = 0.15, εflat = 0.082
A13 e 576 54◦ T =−1 ◦C, γ̇ = 8.9× 10−7 s−1, γ = 0.22, εflat = 0.42

Bouchez and E1 e 147 60◦ T =−7 ◦C, γ̇ = 1× 10−7 s−1, γ = 0.6
Duval (1982) E2 e 208 69◦ T =−12 ◦C, γ̇ = 1× 10−7 s−1, γ = 0.95

E3 e 100 35◦ T =−10 ◦C, γ̇ = 1× 10−7 s−1, γ = 2
Etchecopar-a m 60◦ γ = 0.7
Etchecopar-b m 50◦ γ = 1.07
Etchecopar-c m 40◦ γ = 1.43
Etchecopar-d m 30◦ γ = 2.6
Etchecopar-e m 20◦ γ = 2.9

Van der Veen model 1 m 68◦ γ =
√

3ε = 0.87
and Whillans (1994) model 1 m 68◦ γ =

√
3ε = 1.73

model 2 m 72◦ γ =
√

3ε = 0.52
model 2 m 58◦ γ =

√
3ε = 1.04

model 2 m single cluster γ =
√

3ε = 1.56

Li et al. (2000) A2 e single cluster T =−2 ◦C, τ =
√

3/2× 0.2 MPa= 0.24 MPa, γ = 2.18
A5 e single cluster T =−2 ◦C, τ =

√
3/2× 0.3 MPa= 0.37 MPa, γ = 2.10

A6 e single cluster T =−2 ◦C, τ =
√

3/2× 0.4 MPa= 0.49 MPa, γ = 2.04

Wilson and 2-66-center e 387 61◦ T =−15 ◦C, τ = 0.4 MPa, γ = 1.0, εflat = 0.05
Peternell (2012) 2-64-center e 712 59◦ T =−10 ◦C, τ = 0.4 MPa, γ = 1.1, εflat = 0.18

2-41-zone2 e 274 64◦ T =−2 ◦C, τ = 0.4 MPa, γ = 1.1, εflat = 0.08
2-41-zone3 e 128 53◦ T =−2 ◦C, τ = 0.4 MPa, γ = 1.1, εflat = 0.08
2-52-zone2 e 103 50◦ T =−2 ◦C, τ = 0.4 MPa, γ = 0.95, εflat = 0.1
2-52-zone3 e 942 68◦ T =−2 ◦C, τ = 0.4 MPa, γ = 0.95, εflat = 0.1

Llorens et al. (2017) SSH0 m 66◦ γ =
√

3ε = 0.52
m 56◦ γ =

√
3ε = 1.04

m single cluster γ =
√

3ε = 2.08

∗ n stands for natural samples. e stands for experimental samples. m stands for models.
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Figure 8. Plots of the angle between c-axis clusters, ϕ, for experiments from this study, experiments from the literature, data from natural
shear zones, results of simple models and results of numerical models. Experimental data are as follows: K72: Kamb (1972); BD82: Bouchez
and Duval (1982); LJB00: Li et al. (2000); WP12: Wilson and Peternell (2012). Symbol colors broadly indicate deformation temperature, and
left-to-right position of symbols in the legend indicates relative temperatures. Outcomes from published numerical models are as follows:
VW94: Van der Veen and Whillans (1994); E77: the Etchecopar (1977) model as applied by Bouchez and Duval (1982). Models from
Llorens et al. (2017) are explained in the text and CPOs from these are illustrated in Fig. 9. Data from natural shear zones are as follows:
H77: Hudleston (1977). Symbols tied by lines indicate they are from one sample.

and strain rates. We would predict that, given identical kine-
matics and strain rates, the angle ϕ between the two clusters
would decrease with increasing strain at any given temper-
ature and that the ϕ-strain trajectory would shift to lower ϕ
values with decreasing temperature.

Except for this study, a single-cluster distribution of c axes
in experimentally sheared ice has only been observed by Li
et al. (2000). In their study, the CPO with a single c-axis clus-
ter occurs at a strain similar to the strain at which this CPO
occurs in our experiments, but at a much warmer temperature
(T =−2 ◦C). Li et al. (2000) attributed the occurrence of this
CPO to allowing free deformation of the samples in the di-
rection perpendicular to the applied shear direction (i.e., flat-
tening of the sample). Wilson and Peternell (2012) did not re-
port a CPO with a single c-axis cluster at−2 ◦C, even though
their experiments were conducted using the same apparatus

and kinematic constraints as those of Li et al. (2000). The ex-
periments of Li et al. (2000) were conducted to higher shear
strains than those of Wilson and Peternell (2012) and also
to higher shear strains than our highest-strain experiment at
−5 ◦C. Allowing free deformation of the samples in the di-
rection perpendicular to the applied shear direction may be
important for explaining the single c-axis cluster (as sug-
gested by Li et al., 2000). New data from Journaux et al.
(2018) show a CPO that is close to a single maximum devel-
oped at a shear strain of ∼ 2 at −7 ◦C in simple shear (tor-
sion). Our view, based on our study, is that the key element
in generating a single c-axis cluster is high shear strain.
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Figure 9. Lower-hemisphere, equal-area stereonets of c axes from numerical models described by Llorens et al. (2017). The data are extracted
from high-strain-rate domains in the models and are presented as a function of shear strain. The color contours of each stereonet are nor-
malized to its own maximum. (a) Model SSH0: deformation with no recrystallization. (b) Model SSH25: deformation with recrystallization
(strain-induced grain boundary migration) and recovery.

4.3 The orientations of the two c-axis clusters:
comparison with models

The pattern of ϕ-strain trajectories in Fig. 8 is complicated.
Individual ϕ-strain trajectories at one temperature do not
match very simple models, such as one based on the evo-
lution of the angle between the long axis of the strain el-
lipse and the shear direction, or the passive rotation of a line
originally perpendicular to the shear plane (Fig. 8). Bouchez
and Duval (1982) applied the two-dimensional kinematic
model of Etchecopar (1977). Although this model roughly
fits their three experimental data points, and newer data at
similar conditions (Journaux et al., 2018), the predictions
mirror the passive rotation of a line originally perpendicu-
lar to the shear plane and do not match the broad set of ex-
perimental data. Van der Veen and Whillans (1994) predict
different ϕ-strain trajectories (Fig. 8) depending upon model
parameters, most particularly how recrystallization is incor-
porated into the model. We think the balance between differ-
ent recrystallization mechanisms may be critical to the man-
ner in which the angle ϕ evolves. Modern viscoplastic fast-
Fourier-transform (VPFFT) models of intracrystalline defor-
mation by dislocation glide (Lebensohn, 2001; Lebensohn
et al., 2008) generate intragranular microstructures remark-
ably similar to those measured in ice deformation experi-
ments to low strain (Grennerat et al., 2012; Montagnat et al.,
2014; Piazolo et al., 2015) and would seem to be an excellent
starting point for trying to understand the evolution of CPO
and microstructure in ice during deformation. Llorens et al.
(2016a, b, 2017) have coupled the full-field viscoplastic code
to recrystallization codes within the ELLE modeling plat-
form (Jessell et al., 2001) to predict microstructural and CPO
evolution in ice to relatively high strains. The bulk CPOs pro-
duced by these models (Llorens et al., 2016a, b, 2017) and
those produced by earlier viscoplastic self-consistent models
(Castelnau et al., 1996, 1997) predict a single c-axis cluster
in shear. The cluster is not perpendicular to the shear plane,
but instead lies in an orientation antithetic to the shear direc-
tion with an angle to the shear plane normal that reduces with

increasing shear strain (see Fig. 5a–d in Llorens et al., 2017).
Localization occurs in these models (see Fig. 10 in Llorens
et al., 2017), and the CPO patterns extracted from the local-
ized zones of high strain rate have double c-axis clusters at
low strains with ϕ reducing with increasing strain, ultimately
generating a single c-axis cluster at high strain (see Fig. 5i
in Llorens et al., 2017). As these CPOs match experimen-
tal results much better than bulk CPOs, we have extracted
a data set of CPOs from the high-strain-rate zones of two
end-member simple shear models from Llorens et al. (2017)
to compare with experimental data. The data are for defor-
mation without recrystallization (VPFFT only) from model
experiment SSH0, and for deformation with 25 steps of re-
crystallization (grain boundary migration, GBM), including
recovery driven by a reduction of the intragranular stored
energy for each increment of deformation, from model ex-
periment SSH25 in Llorens et al. (2017). A selection of the
c-axis stereonets from these model experiments are shown in
Fig. 9; measured values of ϕ as a function of strain are shown
in Fig. 8. The main cluster of c axes from the high-strain-rate
localized zones (Fig. 9) is still oblique to the shear plane nor-
mal, although the angle of obliquity is much less than in the
bulk CPO data from the same models (see Fig. 5a and d in
Llorens et al., 2017). The ϕ-strain trajectories for these two
end-member models bracket most of the experimental data
and support the idea that the complexity in the pattern of ϕ-
strain trajectories relates to the role of recrystallization.

Clearly more work is needed to integrate and reconcile the
outcomes of laboratory experiments and numerical models.
This is an important direction to pursue as, in general, we
have more constraints from laboratory experiments than we
do from naturally deformed samples to provide a quantitative
test of models. Two key ideas arise from our work. Firstly,
numerical models fail to predict a c-axis cluster that is al-
ways normal to the shear plane. A possible explanation is that
the models do not include a key process that can affect grain
orientations; grain boundary sliding (GBS) is a candidate
process, and nucleation and/or preferential growth of grains
with suitable orientations is another. Secondly, only the high-

The Cryosphere, 13, 351–371, 2019 www.the-cryosphere.net/13/351/2019/



C. Qi et al.: CPOs in sheared ice 365

strain-rate zones of FFT-based models broadly match the ex-
perimental CPOs. An important focus for future research is to
explore the balance of processes that occur in the high-strain-
rate zones of models and to see if we can re-parameterize
the models accordingly or explore processes that enable the
high-strain-rate zone CPOs to propagate through a larger vol-
ume of the sample.

4.4 The orientations of the two c-axis clusters:
comparison with natural samples

Many natural CPOs characterized by a single c-axis cluster
occur, and some of these are attributed to shear deformation.
It is difficult for us to make any comparison between CPOs in
natural samples and experimental samples here, as many of
the natural samples are not from areas with large-scale shear
context (e.g., Treverrow et al., 2016). It is possible that these
data represent CPOs in ice sheared to high shear strains. The
key difference between these single-cluster CPOs in natural
samples and those generated in experiments is that the exper-
imental samples all have an elongated c-axis cluster, whereas
the naturally deformed samples mostly do not.

Three studies of naturally deformed ice provide more con-
text because the shear zone geometries are constrained from
field data. Hudleston (1977) presented a well-documented
study on CPOs observed in a glacial shear zone, which
Bouchez and Duval (1982) compared with the CPOs ob-
served in their experimental samples. The ice studied by
Hudleston (1977) was collected from a shaft in the Barnes
Ice Cap where the temperature was nearly constant at−10 ◦C
and where the shear kinematics and strains were constrained
by classical methods of structural geology. Key elements of
the observations of Hudleston (1977) that match those from
shear experiments are that (1) the primary cluster of c axes
is close to normal to the shear plane at all shear strains;
(2) the angle between two clusters, ϕ, decreases with increas-
ing strain; and (3) CPOs with a single c-axis cluster occur at
high strains. The transition between CPOs of double clusters
and a single cluster occurs at shear strains between 1.1 and
2.7 (Bouchez and Duval, 1982), in good agreement with ex-
perimental data (Fig. 8). The ϕ-strain trajectory of this data
set also fits within the range of experimental observations.
Hudleston (1977) did not observe elongated c-axis clusters.

The CPOs of ice within the ice stream marginal shear zone
reported by Jackson (1999) exhibit a wider range of ϕ than
the CPOs of ice deformed in the laboratory, from a single c-
axis cluster to double c-axis clusters with ϕ ≈ 90◦. Because
measurements of shear strains are unavailable for these natu-
ral ice samples, the relationship between ϕ and strain cannot
be determined. These CPOs are all likely to be from ice de-
formed to shear strains> 3. The occurrence of double clus-
ters at these strains would not match the experimental data
well and illustrates that there are probably significant com-
plications in natural scenarios. Wilson and Peternell (2011)
show CPOs with single and double c-axis clusters that they

attributed to simple shear. The data of Wilson and Peternell
(2011), however, cannot be related quantitatively to strain.
One aspect that the data of Jackson (1999) and some of the
data of Wilson and Peternell (2011) have in common with
the experimental observations is that c-axis clusters are elon-
gated. In the case of the data of Jackson (1999), it is notable
that the elongation is perpendicular to the shear direction, as
it is in all experiments.

4.5 Recrystallization processes

After deformation, all samples have significantly altered mi-
crostructures, indicative of dynamic recrystallization. The
mean grain sizes and the peak grain sizes in deformed sam-
ples are smaller than the initial grain size of 230 µm (Qi
et al., 2017), indicating that nucleation is involved in the re-
crystallization process. The observation of subgrains within
larger grains suggests that subgrain rotation recrystallization
(polygonization) (e.g., Guillope and Poirier, 1979; Urai et al.,
1986; Alley, 1992) is a possible nucleation mechanism.

At −5 ◦C, the presence of highly curved and lobate grain
boundaries suggests that the recrystallization process is dom-
inated by strain-induced GBM (Urai et al., 1986). As tem-
perature decreases, the fraction of lobate grain boundaries
decreases, suggesting that GBM contributes less to recrys-
tallization, while the fraction of straight grain boundaries
and polygonal grains increases, indicating that lattice rota-
tion and subgrain rotation (polygonization) contribute com-
paratively more to recrystallization (Steinbach et al., 2017).
At −30 ◦C, the large number of small polygonal grains sug-
gests that the recrystallization process is dominated by sub-
grain rotation recrystallization (e.g., Drury and Urai, 1990).

The microstructures of the samples evolve with increas-
ing strain. At all temperatures, the fraction of curved grain
boundaries decreases, with increasing strain, while the num-
ber of polygonal grains increases. This observation suggests
that the transition of the dominant recrystallization process
from GBM to lattice rotation also occurs with increasing
strain.

4.6 CPO development

The transition from a double-cluster to a single-cluster dis-
tribution of c axes with increasing strain and/or decreas-
ing temperature corresponds with the transition in the dom-
inant recrystallization process. Qi et al. (2017) proposed
that deformation by lattice rotation and recrystallization by
GBM are the primary controls on CPO development. We
extend this idea here to explain the CPOs that are formed
in shear (Fig. 10). Figure 10c explains how key processes
(Fig. 10a) involved in deformation and recrystallization may
affect CPO formation and evolution in shear.

The VPFFT models that yield the results shown in Fig. 9a
simulate the effects of lattice rotation, with glide primarily on
the basal plane. The VPFFT models predict that lattice rota-
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Figure 10. Schematic drawing for the development of CPOs in ice sheared in the laboratory. (a) The evolution of microstructure. Four
hexagonal ice grains with different initial orientations of basal planes are used to represent the microstructure. (b) Initial CPO and the
kinematics in the shear surface. σ1 and σ3 are the maximum and minimum deviatoric stresses (compressive positive), respectively. (c) The
effects from CPO-formation mechanisms. (d) The development of CPOs with strain at different temperatures. SGR: subgrain rotation. GBM:
grain boundary migration. GBS: grain boundary sliding.

tion generates an initial CPO with c-axis clusters perpendic-
ular to the shear plane and parallel to the shear direction. The
cluster perpendicular to the shear plane strengthens rapidly
with shear and migrates slowly in a direction antithetic to the
shear-induced vorticity. The cluster parallel to the shear di-
rection weakens and rotates rapidly in a direction synthetic
to the shear-induced vorticity.

In the GBM process, grains with low dislocation density
consume those with high dislocation density by migration of
their mutual boundary (Urai et al., 1986). Grains poorly ori-
ented for easy (basal) slip (i.e., that have low resolved shear
stresses, or Schmid factors, on the basal plane) have to de-
form by slip on non-basal slip systems. As these dislocations
are more difficult to glide, and there will be more than one
interacting slip system, internal distortion tends to be higher
in grains whose basal planes are in low-Schmid-factor ori-
entations (Bestmann and Prior, 2003; Jansen et al., 2016;

Vaughan et al., 2017). Grains in high-Schmid-factor orienta-
tions will grow at the expense of grains in low-Schmid-factor
orientations (Fig. 10a and c). In simple shear, high-Schmid-
factor orientations on the basal plane occur where c axes are
normal to the shear plane and parallel to the shear direction
(Fig. 10b).

The subgrain rotation process is built into the VPFFT
model (Fig. 9a). The process can be considered kinemati-
cally indistinguishable from the lattice rotation process. Sub-
grain rotation can lead to generation of new small grains,
a nucleation process commonly called subgrain rotation re-
crystallization (Guillope and Poirier, 1979; Urai et al., 1986;
Bestmann and Prior, 2003). Microstructural studies of rocks
show that small recrystallized grains have CPOs that are ran-
domly dispersed equivalents of the stronger host-grain CPOs
(Jiang et al., 2000; Bestmann and Prior, 2003; Storey and
Prior, 2005). These observations are interpreted as the result
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of an increased contribution of GBS to deformation. Recent
experiments, in which very coarse-grained ice is recrystal-
lized (Craw et al., 2018) during deformation at −30 ◦C, also
reveal CPOs in recrystallized grains (with peak grain sizes of
125–175 µm) that are randomly dispersed equivalents of the
stronger CPOs in host grains (several millimeters in grain
size). These observations suggest that GBS is an important
process of deformation in ice (Goldsby and Kohlstedt, 2001).
GBS may add a component of rotation around the vorticity
axis (Fig. 10c), synthetic to shear (Cross et al., 2017).

Figure 10d provides a schematic synthesis of the relation-
ships of CPO patterns to temperature and shear strain as sug-
gested by experimental data. The figure also attempts to ex-
plain the patterns in terms of the contributions of the pro-
cesses outlined in the previous paragraphs. Both lattice rota-
tion and GBM will generate initial CPOs with c-axis clusters
perpendicular to the shear plane and parallel to the shear di-
rection. Lattice rotation is likely the primary cause of rotation
of the secondary cluster towards the primary cluster with in-
creasing shear strain. The elongation of clusters perpendicu-
lar to the shear direction may relate to the deformation kine-
matics (Li et al., 2000), but may also relate to GBS-aided
rotation around the vorticity axis synthetic to the shear direc-
tion. GBM will continue to favor growth of grains with c axes
perpendicular to the shear plane and parallel to the shear di-
rection throughout the deformation. Lattice rotation ensures
that there is always a supply of grains with c axes perpen-
dicular to the shear plane that can grow by GBM. Similarly,
lattice rotation depletes the supply of grains with c axes par-
allel to the shear direction. Subgrain rotation recrystallization
and GBS will contribute to the formation of the CPO by pro-
viding a wider range of crystal orientations, some of which
can grow by GBM. If GBM is more effective than subgrain
rotation recrystallization, repopulation of grains with the sec-
ondary c-axis cluster subparallel to the shear direction will
slow the rotation of the secondary cluster towards the pri-
mary cluster. As shear strain increases, the CPO becomes
dominated by the primary c-axis cluster, so that there are
fewer grains in low-Schmid-factor orientations. We suggest
that this will reduce the number of grains with high disloca-
tion density, effectively reducing the driving force for GBM.
This would explain the decrease in microstructures indica-
tive of GBM as shear strain increases. We suggest that GBM
activity reduces with increasing shear strain as a result of a
reduced driving force for boundary migration. As tempera-
ture decreases, the mobility of grain boundaries decreases,
and the contribution of GBM reduces relative to lattice rota-
tion, with two effects: the rotation of the secondary cluster as
a function of strain is more effective at lower temperatures,
and the c-axis clusters are broader at colder temperatures.

4.7 Determination of deformation geometry in natural
ice: measuring a-axis orientations

Ice CPOs with a vertical c-axis cluster are common in na-
ture (e.g., Gow and Williamson, 1976; Herron and Langway,
1982; Herron et al., 1985; Faria et al., 2014; Treverrow et al.,
2016). Such CPOs could relate to vertical sample flattening
or to shear with a horizontal shear plane. There is little intrin-
sic information in the c-axis distributions to enable distinc-
tion of these two interpretations. Elongated c-axis clusters
and double c-axis clusters break the cylindrical symmetry
expected for axial shortening (Wenk and Christie, 1991) and
have symmetry consistent with shear. However, these CPO
patterns are reported relatively rarely for natural ice samples
(Jackson, 1999; Jackson and Kamb, 1997; Wilson and Peter-
nell, 2011). Furthermore, there are examples of symmetrical
(not elongated) c-axis clusters in naturally deformed samples
demonstrably related to shear (Hudleston, 1977). Elongation
of c-axis clusters remains a bit of an enigma.

Our experiments show that the a-axis (and pole to m-
plane) distributions are not uniformly distributed in the
planes perpendicular to c-axis clusters. In contrast, the a-
axis distributions corresponding to CPOs with a single c-axis
cluster formed in axial-compression experiments (e.g., the
sample shown in Fig. 11 in Prior et al., 2015) are uniformly
distributed within the plane perpendicular to c-axis cluster
(Prior, unpublished data). Thus the distributions of a axes
(and poles to m planes) in naturally deformed samples may
help resolve their deformation kinematics with clustered a
axes indicating shear. Furthermore, if oriented natural sam-
ples are collected, the a-axis data may constrain the shear
direction. Our experiments suggest that at high shear strains,
a axes and poles tom planes are oriented parallel to the shear
direction.

4.8 Future directions

Figure 10 provides a hypothesis to test in future laboratory
experiments that can be subdivided on the basis of temper-
ature, strain rate (stress) and kinematics. Exploring the role
of initial grain size and chemistry will also be important. Be-
cause it is possible to use the direct shear method with a con-
fining pressure, a wider range of temperatures and strain rates
can be explored than has been achieved before this study. The
direct shear approach has significant promise in expanding
our understanding of sheared ice. However, control of sam-
ple kinematics (and through this, the details of strain rate)
may be improved by adapting other rock deformation ap-
proaches, such as confined torsion (Paterson and Olgaard,
2000; Pieri et al., 2001; Covey-Crump et al., 2016). Compari-
son with numerical models (Llorens et al., 2017) gave excel-
lent insights into how different processes interact. Areas of
poor comparison between experiments and numerical mod-
els highlight deficiencies in our quantitative understanding
of ice deformation and recrystallization. Future work should
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explore the parameter space within models to maximize the
agreement with experimental observations and needs to fo-
cus on adding processes that are currently not included in
models. GBS is a key process that should be incorporated
into models. Many aspects of numerical models are limited
in terms of dimensions and/or kinematics, and designing ex-
periments that match these limitations is also important.

Ultimately, both experimental work and modeling need to
be linked to natural deformation. The relationships of CPO
and strain, quantified in the well-constrained study of nat-
ural ice deformation by Hudleston (1977), match well with
the experimental observations, giving us and previous au-
thors (Bouchez and Duval, 1982) confidence that the results
of laboratory experiments are applicable to natural deforma-
tion. Studies comparable to that of Hudleston (1977) are dif-
ficult undertakings. Overcoming these difficulties, so that we
have more samples of naturally deformed ice across strain
gradients, with constraints on deformation conditions, is cru-
cial to future development of this research direction.

5 Conclusions

1. Polycrystalline ice samples, sheared to different shear
strains (∼ 0.6 to 2.6) at−5,−20 and−30 ◦C all develop
a dominant, primary cluster of c axes perpendicular to
the shear plane. The orientation of this primary cluster
does not change as a function of strain.

2. In samples deformed to γ = 0.6, 0.7, 1.4, and 1.5 at
−5 ◦C, γ = 1.1 and 2.2 at −20 ◦C, and γ = 0.65 at
−30 ◦C, a secondary c-axis cluster develops in the pro-
file plane but rotates from the primary cluster in a di-
rection antithetic to the shear-related rotation. The angle
between the two clusters reduces with shear strain in the
−5 ◦C experiments. Samples deformed to γ = 1.4 and
2.6 at −30 ◦C exhibit a single c-axis cluster.

3. Clusters of a axes and poles to the m plane form, par-
allel to each other, within great circles perpendicular to
c-axis clusters. At −5 ◦C, these clusters lie roughly in
the shear plane and are perpendicular and parallel to
the shear direction, becoming parallel to the shear direc-
tion at the highest strain (γ = 1.4). At−20 and−30 ◦C,
these clusters lie parallel to the shear direction.

4. With decreasing temperature, both c-axis clusters be-
come more diffuse, and the distinction of two c-axis
clusters becomes less clear. At all temperatures, clus-
ter strength increases with increasing shear strain. The
c-axis clusters are elongated along great circles perpen-
dicular to the shear direction. Elongation increases with
increasing shear strain.

5. Lobate grain boundaries are more prevalent and more
irregular in samples sheared at higher temperatures.

At each temperature, the proportion of and irregular-
ity of lobate boundaries decreases with increasing shear
strain. At all strains, the majority of grains are substan-
tially smaller than the starting grain size.

6. We used our data, published literature data, and com-
parisons of both with numerical models to interpret key
processes that control the microstructures and the CPOs
of ice during shear. We suggest that the observed CPO
patterns result from a balance of the rates of lattice ro-
tation due to dislocation slip and growth of grains by
strain-induced GBM. GBM is faster at higher temper-
atures and becomes less important as shear strain in-
creases.
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