
Earth and Planetary Science Letters 572 (2021) 117136

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Kinking facilitates grain nucleation and modifies crystallographic 

preferred orientations during high-stress ice deformation

Sheng Fan a,∗,1, David J. Prior a, Travis F. Hager b, Andrew J. Cross b,c, David L. Goldsby b, 
Marianne Negrini a

a Department of Geology, University of Otago, Dunedin, New Zealand
b Department of Earth and Environmental Science, University of Pennsylvania, Philadelphia, PA, USA
c Department of Geology and Geophysics, Woods Hole Oceanographic Institution, Woods Hole, MA, USA

a r t i c l e i n f o a b s t r a c t

Article history:
Received 9 March 2021
Received in revised form 27 June 2021
Accepted 27 July 2021
Available online xxxx
Editor: A. Webb

Dataset link: 
https://doi.org/10.17632/tstn4krkt8.1

Keywords:
ice
kinking
nucleation
crystallographic preferred orientation (CPO)
electron backscatter diffraction (EBSD)

Kinking is an important strain-accommodating process during crystal plastic deformation under relatively 
large stresses and may influence the mechanical properties of the Earth’s lithosphere and planetary 
cryosphere. To better understand the origins, mechanisms, and microstructural effects of kinking, we 
present detailed microstructural analyses of coarse-grained (∼1300 μm) ice samples deformed under 
uniaxial compression at -30 ◦C. Deformed samples show elongated (aspect ratio ≥ 4) kink domains 
developing within or at the tips of remnant original grains (≥300 μm, aspect ratio < 4). Small, 
equiaxed subgrains also develop along the margins of remnant grains. Moreover, many remnant grains 
are surrounded by mantles of small, recrystallized grains (<300 μm, aspect ratio < 4). Together, these 
observations indicate that grain nucleation is facilitated by both kinking and dynamic recrystallization. 
Low- (<10◦) and high-angle (mostly >10◦, many >20◦) kink bands within remnant grains have 
misorientation axes that lie predominantly within the basal plane. The c-axes of most kink domains 
are oriented sub-perpendicular to the sample compression axis, indicating that kinking may produce 
or modify a crystallographic preferred orientation. Kink band densities are highest within remnant 
grains that have basal planes sub-parallel to the compression axis—these data are inconsistent with 
models suggesting that (if kinking is the only strain-accommodating process) there should be higher 
kink band densities within grains that have basal planes oblique to the compression axis. One way 
to rationalize this inconsistency between kink models and experimental observations is that kinking 
and dynamic recrystallization are both active during deformation, but their relative activities depend 
on the crystallographic orientations of individual grains. For grains with basal planes sub-parallel to 
the compression axis, strain-induced grain boundary migration (GBM) is inhibited, and large strain 
incompatibilities can be relaxed via kinking when other processes such as subgrain rotation (SGR) 
recrystallization are insufficient. For grains with basal planes oblique to the compression axis, strain-
induced GBM might be efficient enough to relax the strain incompatibility via selective growth of these 
grains, and kinking is therefore less important. For grains with basal planes sub-perpendicular to the 
compression axis, kink bands are seldom observed—for these grains, the minimum shear stress required 
for kinking exceeds the applied compressive stress, such that kinks cannot nucleate.
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1. Introduction

Plastic deformation, accommodated by the high-temperature 
creep of rocks and minerals (including ice), is necessary for many 
geodynamic phenomena on the Earth and other planetary bodies, 
including subduction, mountain building, mantle convection, and 
glacial flow. Microstructural studies and numerical models show 
that high-temperature plastic deformation is facilitated by dynamic 
recovery and recrystallization (Urai et al., 1986), which counteract 
work hardening and give rise to mechanical weakening by min-
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imizing the strain energy associated with crystal lattice defects, 
e.g., dislocations (Derby and Ashby, 1987, Humphreys et al., 2017, 
Weertman, 1983). Dislocations tend to arrange themselves into 
low-energy configurations via dynamic recovery. Recovery often 
produces low-angle intragranular boundaries, whose misorienta-
tion increases as dislocations with the same polarity are added 
(Humphreys et al., 2017). Recrystallization, on the other hand, in-
volves the creation and/or migration of grain boundaries (Poirier 
and Guillopé, 1979), which often give rise to grain nucleation via 
two common processes: grain boundary bulging and subgrain rota-
tion (SGR) (Urai et al., 1986). Bulge nucleation occurs when a grain 
boundary segment bulges (i.e., migrates) into a neighbouring grain, 
typically to sweep out a region of high strain energy (i.e., high de-
fect density). The grain boundary bulge may then be severed by 
either continued grain boundary migration or by the formation of 
a subgrain wall across the bulge neck, which becomes increasingly 
misoriented until it develops into a grain boundary (Halfpenny 
et al., 2006). Rotation recrystallization, on the other hand, occurs 
solely via the progressive misorientation of subgrain walls, which 
eventually become high-angle boundaries (at a misorientation of 
∼10◦; Drury and Pennock, 2007) to form a new, distinct grain.

Both bulging and rotation recrystallization, then, involve the nu-
cleation of new, low-strain, sub-equant recrystallized grains at the 
expense of original, high-strain remnant grains. However, rocks de-
formed at high stresses may become subdivided by two additional 
processes—twinning (Burkhard, 1993, Ferrill et al., 2004, Lacombe, 
2010) and kinking (Nishikawa and Takeshita, 1999)—which pro-
duce elongate, blocky domains encompassed by straight bound-
aries. Although twinning and kinking produce similar domain 
morphologies, they are fundamentally different. Twinning occurs 
around a specific crystallographic relationship—i.e., misorientation 
axis-angle pair—between the parent grain and twin domains. Kink-
ing, on the other hand, produces sharp lattice bending without a 
specific misorientation axis/angle. Nevertheless, some orientations 
are more prone to kinking than others.

Kinking is widely observed during the plastic deformation 
of various minerals, including mica, quartz, plagioclase, calcite, 
olivine, and pyrite, among others (see review by Vernon, 2018). 
Numerous experimental/modelling studies have been carried out 
to understand the mechanics of kinking in minerals, single-
crystal/polycrystal ice, and metals (Bell et al., 1986, Gay and Weiss, 
1974, Humphreys et al., 2017, Marano et al., 2021, Weiss, 2003). 
These studies reveal that kinking is more prevalent in materials 
with strong mechanical (elastic and viscous) anisotropy (Barsoum, 
2020). For example, Gay and Weiss (1974) found that kinking is 
controlled by the magnitude of shear stress resolved on easy-slip 
planes (e.g., the basal plane for ice and quartz). In other words, 
grains in hard-slip orientations are more prone to kinking. Such a 
relationship was quantified further by Honea and Johnson (1976)
and Nishikawa and Takeshita (1999), who modelled the high-stress 
deformation of elastic multilayers and quartz, respectively. Their 
models show that the critical (minimum) shear stress required for 
kink activation depends on the orientation between the crystallo-
graphic basal plane and the compression axis: the critical stress 
is the highest when the basal plane is perpendicular or parallel 
to compression, and it is lowest when the basal plane is inclined 
45◦ from the compression axis. Using transmission electron mi-
croscopy, Bell et al. (1986) proposed that kinking in mica develops 
via continuous crystal lattice bending due to the progressive ad-
dition of dislocations to kink walls, similar to the process of SGR 
(Poirier and Nicolas, 1975, Urai et al., 1986).

As a mechanically anisotropic mineral (Duval et al., 1983), ice-
1h is also prone to kinking. Under relatively fast strain rates 
and/or large differential stresses, ice-1h often develops straight 
kink boundaries with both low and high misorientation angles, and 
misorientation axes lying predominantly within the basal (0001) 
2

plane (Piazolo et al., 2015, Seidemann et al., 2020). To date, most 
studies on kinking in ice have focused on the structure of kink 
boundaries and the dislocations that comprise them, based on mis-
orientation and Burgers vector analyses (Piazolo et al., 2015, Sei-
demann et al., 2020). Seidemann et al. (2020) also correlated the 
activity of kinking (i.e., the number of kink boundaries per grain) 
with the magnitude of differential stress. These observations indi-
cate that kinking should play a key role in accommodating plastic 
deformation under high stress conditions. Though high stress con-
ditions are rarely found in terrestrial ice—indeed, kinks are seldom 
reported in polar ice samples (Jansen et al., 2016)—kinking may ac-
commodate plastic deformation in Earth’s rocky lithosphere, and in 
the icy lithospheres of other planetary bodies (e.g., Europa, Titan) 
where ice is subjected to larger stresses and lower temperatures 
(see review by Journaux et al., 2020). However, we still lack a 
complete understanding of how kinking contributes to grain nu-
cleation and the development of anisotropy (i.e., crystallographic 
preferred orientation, CPO), especially in ice. This is largely because 
previous studies examined relatively fine-grained ice samples de-
formed to large strains (>20%) (e.g., Seidemann et al., 2020). Even 
with state-of-the-art quantitative microscopy (e.g., cryogenic elec-
tron backscatter diffraction; Prior et al., 2015) it is difficult to re-
solve intragranular substructures at a resolution finer than ∼5 μm 
in ice. Furthermore, features arising from nucleation via kinking 
might be overprinted by subsequent plastic deformation and dy-
namic recrystallization at large strains.

In this contribution, we present microstructural analyses of 
coarse-grained (∼1300 μm) ice samples deformed under uniaxial 
compression to ∼10% strain at -30 ◦C. Samples were deformed un-
der different strain rates to test the influence of stress on the de-
velopment of kinking. Using coarse-grained ice samples increases 
our ability to characterize local, intragranular deformation features. 
Our objectives are to study: (1) the origins (e.g., crystallographic 
controls) on intragranular (kink) boundary formation; (2) kinking 
as a grain nucleation process; and (3) the role of kinking in mod-
ifying bulk CPOs. By answering these questions, we aim to better 
understand the cryo-tectonics of icy satellites, as well as the high-
stress deformation of terrestrial analogues such as quartz.

2. Method

2.1. Sample fabrication

Polycrystalline ice samples were fabricated using a flood-freeze 
method (Cole, 1979). Ice seeds with a particle size between 1.6 and 
2 mm were produced by sieving crushed ice cubes frozen from 
deionized ultra-pure water. After that, the ice seeds were “wet 
sieved” by pouring liquid nitrogen over the ice seeds while siev-
ing. Wet sieving helps to remove fine grains that electrostatically 
clump together—coarse-grained ice samples produced by dry siev-
ing contain a significant population of unwanted fine grains (e.g., 
Qi et al., 2017). Ice seeds were packed into cylindrical moulds with 
an inner diameter of 25.4 mm. The packed moulds were evacu-
ated to a near-vacuum state and equilibrated in a water ice bath 
(0 ◦C) for ∼40 minutes before being flooded with degassed deion-
ized ultra-pure water at 0 ◦C. The flooded moulds were immedi-
ately transferred to a -30 ◦C chest freezer and placed vertically into 
cylindrical holes in a polystyrene block, with the base of moulds 
touching a copper plate at the bottom of the freezer. This proce-
dure ensures the freezing front migrates upwards, minimizing any 
trapping of bubbles within the samples. After 24 hours, the ice 
samples were gently pushed out from the moulds using an Arbor 
press. Ice samples were cut and polished on both ends to limit 
their lengths to 1.5–2.0 times the sample diameter (25.4 mm) and 
to ensure that both ends were flat and perpendicular to the sam-
ple cylindrical axis. Each sample was encapsulated in a thin-walled 
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Table 1
Summary of mechanical and microstructural data.

Sample No. Uniaxial true strain rate 
at the end of experiment, 
∼10% strain
(s−1)

Uniaxial stress at the 
end of experiment, 
∼10% strain
(MPa)

Grain size metrics (μm):
Lower quartile/
Median/ 
Higher quartile

Within each grain population:
Total number of grains/
% grains contain low-angle (4◦–10◦) boundaries/ 
% grains contain low-angle (>10◦) boundaries

Undeformed N/A N/A 768/
1293/ 
1781

All

173/ 
82%/ 
21%

*Small, low-aspect-
ratio
(recrystallized 
grains)

*Big, low-aspect-
ratio (remnant 
grains)

*High-aspect-ratio 
(kink-domains)

PIL275 1.2E-5 5.13 37/ 11107/ 321/ 1055/
51/ 37%/ 100%/ 65%/
74 10% 98% 26%

PIL270 3.0E-5 6.27 45/ 4047/ 239/ 704/
62/ 44%/ 100%/ 70%/
91 14% 97% 29%

PIL271 6.0E-5 7.03 37/ 9165/ 224/ 1022/
48/ 26%/ 100%/ 68%/
64 7% 98% 26%

* Small grains: grain size <300 μm; big grains: grain size ≥ 300 μm. Low aspect ratio: aspect ratio <4; high-aspect ratio: aspect ratio ≥ 4.
indium jacket tube (∼0.38 mm wall thickness) with the bottom al-
ready welded to a stainless-steel end-cap. The top of indium jacket 
was then welded (melted) onto a steel semi-internal force gauge, 
with a zirconia spacer placed between the force gauge and sample 
to thermally insulate the sample during welding. During welding, 
the sample was kept submerged in a -60 ◦C ethanol bath.

2.2. Experimental set up and process

Uniaxial compression experiments were conducted in a cryo-
genic, triaxial gas-medium apparatus (Heard et al., 1990) housed 
in the Ice Physics Laboratory, University of Pennsylvania. The ice 
samples were uniaxially deformed at -30 ◦C, and at a nitrogen gas 
pressure of ∼40 MPa, under constant displacement rates yielding 
true axial strain rates of ∼1E-5, 3E-5, and 6E-5/s that result in 
compressive stresses >5 MPa (Table 1; Sect. S1 of supplement). 
Experiments were terminated once the true axial strain reached 
∼10%. After deformation, samples were extracted from the appa-
ratus within ∼15 minutes. Immediately after extraction, we pro-
gressively cooled samples to ∼-30, -100 and -196 ◦C over a further 
period of ∼15 minutes to minimize thermal cracking due to a 
drastic temperature drop. Samples were thereafter stored in a liq-
uid nitrogen dewar.

2.3. Cryo-EBSD data

We collected cryogenic electron backscatter diffraction (cryo-
EBSD) data from a polished surface on each ice sample (following 
procedures described by Prior et al., 2015). Cryo-EBSD provides full 
crystallographic orientations and microstructural details down to 
∼5 μm spatial resolution. The EBSD data were indexed (as ice-
1h) at a typical rate of ∼90%. Full technical details are provided 
in Appendix A. We note that during the time frame of sample 
extraction, transportation, and preparation for cryo-EBSD, normal 
grain growth should be negligible (see Sect. S2 of supplement) and 
significant modifications in grain boundary geometry and CPO are 
unlikely (Hidas et al., 2017, Wilson et al., 2014).

2.4. Processing of cryo-EBSD data

Ice grains were constructed from raw EBSD pixel maps using 
the MTEX toolbox (Bachmann et al., 2011) with a grain boundary 
misorientation angle threshold of 10◦ . Grain size was calculated 
3

as the diameter of a circle with area equal to the measured area 
of each grain. We first removed grains with diameters <20 μm, 
as they are likely to result from mis-indexing. Poorly constrained 
grains (i.e., grains with <50% indexed pixel coverage) were also 
removed. Next, we applied the MTEX “fill” function, which interpo-
lates non-indexed pixels using a nearest-neighbour method—each 
non-indexed pixel is replaced by a pixel with the same orientation 
as its nearest indexed pixel. The “fill” function populates 5-8% of 
the map area with interpolated pixels (Sect. S3 of supplement). 
After that, we reconstructed grains using the interpolated EBSD 
data. Grains at the edges of EBSD maps were removed. High-angle 
boundaries are located where the misorientation between neigh-
bouring pixels is >10◦ . Low-angle boundaries were also calcu-
lated using a misorientation angle of 4–10◦ between neighbouring 
pixels. In this study, boundaries with misorientation angles <4◦
were not included in any analyses, since very low-angle misori-
entations produce large uncertainties in misorientation axis ori-
entations (Prior, 1999). We measured two parameters that are 
commonly used to examine grain shape—aspect ratio and shape 
preferred orientation (SPO). Aspect ratio is defined as the quotient 
between the long and short axis lengths of an ellipse (convex hull) 
fitted to each grain. SPO measures the distribution of angles be-
tween a given vector (the compression (y) axis in this study) and 
the long axis of each grain.

2.4.1. Montage artefacts
During EBSD data acquisition, large area maps were acquired by 

combining >120 individual scan tiles. We encountered two com-
mon types of montage-related artefacts: (1) duplicated data points 
along stitches, and (2) horizontal or vertical (x-y) shifts between 
adjacent tiles. Duplicated data points, usually limited to a strip 
of 1-2 pixels in width, are observed along the edges of adjacent 
tiles in montaged maps. We eliminated duplicated data points at 
stitches by simply removing these repeated pixels (green arrows 
in Figs. 2(a)–4(a)) using an automated algorithm. Tile shifts ap-
pear as an x-y offset along grain boundaries in PIL271 (pointed by 
white arrows in Fig. 4(b)). Tile shifts only occur within limited ar-
eas, and only affect a very small percentage of grains (<2%; Sect. 
S4 of supplement); thus, they are unlikely to introduce significant 
errors into our microstructural analyses.
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Fig. 1. Microstructural analyses of undeformed coarse-grained ice. The EBSD data collected with 5 μm step size are presented as (a) orientation map coloured by IPF-Y, 
which uses the colour map to indicate the crystallographic axes that are parallel to the y-axis as shown by the black arrows. Grain boundaries are black. Intragranular-
boundaries are grey. We only show selected areas of EBSD maps so that the reader can resolve microstructural features. (b) Grain size statistics presented as grain size as a 
function of number frequency (upper box) or area-weighted frequency (lower box), with the grain size in logarithmic scale. (c) Distribution of aspect ratio. The max aspect 
ratio is marked within the box. Illustrative ellipses of different aspect ratios are also presented in the box. (d) Distribution of grain shape preferred orientation presented 
as a rose diagram for all grains. CPOs for [0001] (c-axes), [11-20] a-axes and [10-10] (pole to the m-plane) are plotted on the basis of (e) one point per pixel and (f)
one point per grain. Contoured CPOs are coloured by multiples of a uniform distribution (MUD). (g) Distribution of misorientation angle for intragranular-boundaries. (h)
Distribution of misorientation axes for intragranular-boundaries and grain boundaries (>10◦) displayed as contoured inverse pole figures (IPFs) with crystal reference frame. 
(For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)
3. Results

3.1. Starting material

Undeformed coarse-grained ice samples exhibit a homogeneous 
microstructure with slightly irregular grain boundaries and a small 
number of intragranular (mostly low-angle) boundaries (Figs. 1(a, 
g)). Grain sizes follow a slightly right-skewed log-linear distribu-
tion, with a peak at ∼1300 μm and a tail extending down to 
∼300 μm (Fig. 1(b)). Most grains are equant, with all grains hav-
ing aspect ratios<4, and 80% of grains having aspect ratios<2 
(Fig. 1(c)). Shape preferred orientation (SPO) is weak, with a slight 
bias towards grain long axes oriented ∼30◦ from the sample com-
pression axis (Fig. 1(d)). The starting material has a near-random 
CPO (Figs. 1(e-f)). Intragranular boundaries and grain boundaries 
have misorientation axes with near-random crystallographic ori-
4

entations, although there is a slight bias towards grain boundary 
misorientation axes lying within the basal plane (Fig. 1(h)).

3.2. Microstructure of deformed samples

3.2.1. Grain size statistics
All deformed samples contain large grains surrounded by net-

works of smaller grains (Figs. 2(a-b)–4(a-b)). All samples have sim-
ilar arithmetic mean grain sizes, regardless of strain rate, much 
smaller than the average undeformed sample grain size (Table 1). 
Grain size histograms of deformed samples are bimodal, with 
peaks at 50–60 μm and 1000–2000 μm separated by a central min-
imum at ∼300 μm (Figs. 2(c)–4(c)). To interrogate the microstruc-
tures of these two grain size populations, we herein refer to grains 
smaller than 300 μm as small grains, and grains larger than or 
equal to 300 μm as big grains. To identify these specific terms, 
they will be written in italics herein. Area-weighted grain size his-
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Fig. 2. Microstructural analyses of sample PIL275. (a) A sub-area of the orientation map. Orientation map is coloured by IPF-Y, which uses the colour map to indicate the 
crystallographic axes that are parallel to the vertical shortening direction as shown by the black arrow. Grain boundaries (>10◦) are shown black. (b) Grain map for grain 
populations with different sizes and shapes. (c) Grain size statistics presented as grain size as a function of number frequency (upper box) or area-weighted frequency 
(lower box), with the grain size in logarithmic scale. Interquartile range (IQR) of grain size is presented above the number-weighted grain size histogram. Median grain 
size is marked with red line, lower quartile and higher quartile grain sizes are marked with blue whiskers. (d) Distribution of aspect ratio for big (≥ 300 μm) and small
(<300 μm) grains, with the y-axis (number frequency) in logarithmic scale. (e) Distribution of grain shape preferred orientation presented as rose diagrams for different 
grain populations. Colour scheme is the same as (b). Radial dimension of bars corresponds to frequency with the scale shown on the horizontal axis. (f) Boundary map. Black 
arrows indicate the intragranular-boundary structures along grain boundaries. (g) Intragranular-boundary maps coloured on the basis of misorientation axes. Misorientation 
axes are coloured by IPF colour code in crystal reference frame. (h) Distribution of misorientation axes in contoured inverse pole figures (IPFs) with crystal reference frame 
for different grain populations.
tograms reveal that big grains occupy>75% of the mapped area in 
each deformed sample (Figs. 2(c)–4(c)). Note that the small grain 
population does not exist in the undeformed sample (Fig. 1(b)).

3.2.2. Grain populations
Deformed samples contain a significant number of “grains” (do-

mains) with high aspect ratios (≥4) and relatively straight grain 
boundaries (Figs. 2(b, d)–4(b, d)), which are not observed in the 
undeformed material (Fig. 1(c)). These high aspect ratio, straight-
sided domains develop within the interiors of big grains, particu-
larly near the tips of those grains (Figs. 2(a, b)–4(a, b)). We identify 
these high aspect ratio grains as kink domains and separate them 
out for further analysis using an aspect ratio threshold of 4 (i.e., 
5

“grains” with aspect ratios ≥4 are treated as kink domains). The 
SPO of kink domains shows a strong maximum around ∼90◦ from 
the compression axis (Figs. 2(e)–4(e)), indicating that kink domain 
long axes tend to lie in the plane normal to the compression direc-
tion. The SPO of grains with relatively low aspect ratios (<4), on 
the other hand, is weaker (Figs. 2(e)-4(e)). In deformed samples, 
grains with low aspect ratios have similar distributions of basal 
plane orientations as in the undeformed sample (compare the red 
histogram and black circles in Fig. 5(a)), which closely follow the 
expected distribution of basal plane orientations for a random CPO 
(green curve, Fig. 5(a)). Kink domains, on the other hand, tend to 
have a greater proportion of basal planes oriented at low angles 
(0-30◦) to the compression direction (blue histogram, Fig. 5(a)).
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Fig. 3. Microstructural analyses of sample PIL270. The descriptions of (a) to (h) are the same as in Fig. 2.
In deformed samples, almost all the big grains with low as-
pect ratios (<4) contain intragranular boundaries—note that un-
less specified otherwise, “intragranular boundaries” herein refers 
to boundaries of all misorientation angles, both high (>10◦) and 
low (4–10◦). Note also that high-angle intragranular boundaries 
are non-closing, and therefore do not qualify as grain (i.e., inter-
granular) boundaries (which are defined as ≥10◦ boundaries that 
fully enclose a region). The frequency of small grains containing 
intragranular boundaries is low, particularly for small grains with 
low aspect ratios (<4) (Table 1). These observations suggest small
low-aspect-ratio grains, which do not appear in the starting ma-
terial (Fig. 1(c)), are less internally deformed and are likely to 
be nuclei produced by dynamic recrystallization. Accordingly, we 
herein refer to small grains with aspect ratios <4 as recrystallized 
grains. Big grains with low aspect ratios (<4) are widely observed 
in the starting material (Figs. 1(a, c)) and are therefore referred to 
as remnant grains. Recrystallized grains have a near-random grain 
boundary misorientation axes distribution, distinct from remnant 
grains and kink domains, which show primary maxima of bound-
ary misorientation axes within the ice basal plane (Figs. 2(h)–4(h)). 
6

For PIL275 and PIL271, the clustering of recrystallized grains can be 
observed at triple junctions of remnant grains (Figs. 2(b), 4(b)).

3.2.3. Intragranular boundary characteristics
For all deformed samples, intragranular boundaries comprise 

low-angle (<10◦) and high-angle (>10◦) components (Figs. 2(f)–
4(f)). High-angle intragranular boundaries are mostly straight or 
slightly curved. Similarly, low-angle intragranular boundaries are 
mostly straight or slightly curved, although a small number have 
strong curvature (Figs. 2(f, g), 3(f, g), 4(f, g)). Furthermore, in-
tragranular boundaries usually intersect the exterior boundary of 
their parent big grain on one side and terminate within their 
parent big grain at the other end; in other words, intragranular 
boundaries typically do not completely bisect their parent big grain 
(Figs. 2(f, g)–4(f, g)).

Many (low- and high-angle) intragranular boundaries—and par-
ticularly kink band boundaries—have misorientation axes lying 
within the basal plane, as indicated by a dominance of green-
to-cyan-to-blue colours in boundary misorientation axis maps 
(Figs. 2(g)–4(g)). Misorientation axes are plotted in contoured in-
verse pole figures (Figs. 2(h)–4(h)). Intragranular boundary misori-
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Fig. 4. Microstructural analyses of sample PIL271. The descriptions of (a) to (h) are the same as in Fig. 2. The white arrows in (b) indicate artefacts of shift between adjacent 
tiles within montaged EBSD data (Sect. 2.4.1).
entation axis distributions do not change substantially with strain 
rate. All grain populations show similar distributions of low- and 
high-angle intragranular boundary axes, characterized by primary 
maxima within the basal plane (Figs. 2(h)–4(h)). However, the 
intensity of maxima is greater for high-angle intragranular bound-
aries than for low-angle intragranular boundaries (Figs. 2(h)–4(h)).

3.2.4. Misorientation statistics and density of kink bands within 
remnant grains

We isolated intragranular boundaries that have misorientation 
axes lying within 1◦ of the ice basal plane (i.e., kink bands, 
Sect. 3.2.3) within remnant grains to further quantify their mis-
orientation statistics. For all deformed samples, the misorientation 
angle distribution of kink band boundaries exhibits a unimodal dis-
tribution with a peak at the cut-off misorientation angle of 4◦ and 
a tail extending to misorientation angles up to 60–70◦ (grey bars 
in Fig. 5(b)). Most (>60%) kink band boundaries have misorienta-
tion angles larger than 10◦ , and a considerable proportion (>20%) 
have misorientation angles>20◦ (red lines in Fig. 5(b)). In contrast, 
the few kink band boundaries found within the undeformed start-
7

ing material have misorientation angles mostly<10◦ (pink lines in 
Fig. 5(b)).

For each remnant grain, we calculated the density of kink 
bands—i.e., the total length of kink bands per grain area—as a 
function of the angle between the mean grain basal plane orienta-
tion and the compression axis (Fig. 5(c)). The frequency of c-axes 
observed from a 2-D surface generally increases as the angle be-
tween c-axis and compression axis increases (Fig. 5(a)). However, 
such stereological issue should have little impact on the statistics 
of kink band densities (Sect. S5 of supplement). Remnant grains 
generally have significantly higher kink band densities after de-
formation (Fig. 5(c)). Furthermore, within deformed samples (and 
regardless of strain rate), kink band density gradually decreases as 
grain basal planes become more steeply inclined with respect to 
the compression axis, such that grains with basal planes normal to 
the compression axis have the lowest kink band densities.

3.3. Crystallographic preferred orientation (CPO)

For each sample, we calculated the CPO of all grains, remnant 
grains, recrystallized grains, and kink domains (Fig. 6(a)), using 
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Fig. 5. (a) Number frequencies of high- and low-aspect-ratio grains with basal planes at 10◦ intervals to the compression axis. (b) Bar plots (grey, corresponds to the left 
y-axis) represent misorientation angle distribution of kink-band, i.e., intragranular-boundary with misorientation axis within 1◦ to the ice basal plane, for deformed sample. 
Line plots (corresponds to the right y-axis) represent cumulative frequency of kink-band as a function of misorientation angle for deformed sample (red) and undeformed 
sample (pink). (c) Distribution of kink-band density as a function of the angle between basal plane and compression axis for remnant grains (≥ 300 μm, aspect ratio <4) for 
deformed sample (black triangle). These data are compared with the kink-band density (black square), i.e., the length of kink-band per grain area, as well as intragranular-
boundary density (brown square), i.e., the length of intragranular-boundary per grain area, of all grains within undeformed sample. Kink-band and intragranular-boundaries 
comprise low- (4◦-10◦) and high-angle (>10◦) components. Distribution of kink-band or intragranular-boundary density is visualized as whiskers indicating lower quartile 
and higher quartile and a triangle or square indicating median value. At each angle interval, the number of remnant grains in deformed samples used for calculation is 
marked in red.
both the orientations of all pixels and the mean orientation of each 
grain. Here we discuss the CPOs calculated from all pixels, for sim-
plicity, although the mean-orientation CPOs are very similar (Sect. 
S6 of supplement). CPO intensity is calculated using the M-index 
(Skemer et al., 2005). The c-axis CPOs (pole figures) are summa-
rized in Fig. 6(b).

3.3.1. All grains and remnant grains
Pole figures for all grains and remnant grains are very similar, 

both characterized by three to four c-axes maxima lying within a 
poorly defined open cone (small circle) or possibly cluster centred 
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at ∼45◦ to the compression axis (Fig. 6). The c-axes open cone 
is subtly more blurred for PIL275 (∼1E-5/s) and PIL270 (∼3E-5/s) 
than for PIL271 (∼6E-5/s). The a-axes and poles to the m-plane lie 
within a broad, poorly defined girdle normal to the compression 
axis.

3.3.2. Kink domains
Kink domains exhibit the strongest CPO of the different grain 

populations, as indicated by the relatively high M-index values 
(Fig. 6(a)). The c-axes of kink domains generally lie near the plane 
normal to the compression axis (Figs. 6(a, b)). The a-axes and 



S. Fan, D.J. Prior, T.F. Hager et al. Earth and Planetary Science Letters 572 (2021) 117136

Fig. 6. (a) Crystallographic preferred orientation (CPO) analyses using orientation data of all pixels for all grains and different grain populations. CPOs of different samples 
are presented in separate boxes. Within each box, the grain population name, grain number (N(g)), the number of pixels used for calculation (N(p)) and M-indices (M) are 
presented in the first column. The distributions of [0001] (c-axes) orientations plotted as point pole figures with 5000 randomly selected points and contoured pole figures 
are presented in the second and third column, respectively, with the compression axis perpendicular to page. The distributions of orientations for [0001] (c-axes), [1120] 
a-axes and [1010] (poles to the m-plane), with the compression axis vertical, are presented in the fourth, fifth and sixth column, respectively. (b) Summary of c-axis CPO 
schematics for different grain populations from (a).
poles to the m-plane define a weak narrow cone or cluster cen-
tred around the compression axis (Fig. 6(a)).

3.3.3. Recrystallized grains
Recrystallized grains have the weakest CPOs of the different 

grain populations (see M-index values; Fig. 6(a)). Their c-axes de-
fine a weak broad maximum, lying within the plane containing the 
compression axis, but centred around an axis inclined ∼45◦ from 
the compression axis. Although the deformation (uniaxial com-
pression) geometry has axial symmetry around the compression 
axis, the c-axis pole figures are not axially symmetric (Fig. 6(b)). 
The a-axes and poles to the m-plane have a near-random distribu-
tion.

4. Discussion

4.1. Microstructural development

The undeformed coarse-grained ice exhibits a more irregular 
grain boundary geometry than fine-grained (∼300 μm) ice samples 
fabricated via the same “flood-freeze” method (Fan et al., 2021, 
2020). Moreover, although the “wet sieve” method (Sect. 2.1) is 
more effective than the “dry sieve” method (cf., Qi et al., 2017) 
for removing unwanted finer grains, our starting material con-
tained a non-negligible number fraction of grains with diameters 
<1000 μm, which comprise <10% area fraction (Fig. 1(b)). Anneal-
ing the sample prior to deformation might help to further improve 
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the fabrication of coarse-grained ice to achieve a more homoge-
neous starting microstructure.

4.1.1. Nucleation
Subgrain rotation (SGR) recrystallization In all deformed samples, 
“core-and-mantle” structures (White, 1976)—i.e., networks of small, 
recrystallized grains encircling remnant, big grains—are well devel-
oped (Figs. 2(b)–4(b)). Moreover, equiaxed subgrains (defined by 
curved intragranular boundaries intersecting grain boundaries of 
the host remnant grains) are widely observed within deformed 
samples (black arrows in Figs. 2(f)–4(f)). Core-and-mantle struc-
tures and subgrains along the margins of remnant grains are typ-
ical of SGR recrystallization (Halfpenny et al., 2006, Poirier and 
Nicolas, 1975, Urai et al., 1986). Bulging nucleation and sponta-
neous nucleation may also contribute to recrystallized grain for-
mation, but their relative contributions are difficult to determine 
without in situ observation (e.g., Herwegh et al., 1997).

The number of grains per unit area (accounting for multiple oc-
currences of the same 3-D grain) is much higher in deformed sam-
ples than undeformed samples (details in Sect. S7 of supplement; 
method in Fan et al., 2021, 2020), suggesting nucleation is involved 
in the recrystallization. We also observe localized clusters of re-
crystallized grains near triple junctions between remnant grains 
(Figs. 2(b), 4(b); Sect. 3.2.2). These clusters may arise from focused 
nucleation controlled by local grain orientations and strain incom-
patibilities. For instance, “soft” grains in easy-slip orientations can 
accommodate more strain, which may enhance the dynamic recov-
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ery, and therefore favour dynamic recrystallization in these grains 
(Schmid, 1994, Wenk et al., 1991). Moreover, strain incompatibili-
ties at three-grain junctions can be resolved by locally increasing 
the dislocation density, which then drives recrystallization in these 
regions (Chauve et al., 2017a).

Grain segmentation via kinking Kink domains encompassed by 
high-angle boundaries are widely developed within all deformed 
samples (Sect. 3.2.2). Thus, in addition to grain nucleation by 
SGR recrystallization, new grain boundary area is also formed via 
kinking, which leads to further grain segmentation and grain size 
reduction. In other words, kinking also acts as a grain nucleation 
mechanism, forming new high-aspect-ratio grains (kink domains) 
at the expense of remnant grains. The low strain samples ex-
amined here do not show extensive segmentation within kink 
domains (Figs. 2–4); however, at high strains, further segmentation 
of kink domains might result from progressive nucleation (Seide-
mann et al., 2020).

4.1.2. Kink band characteristics
Straight or slightly curved intragranular boundaries are widely 

observed (Figs. 2(f)–4(f)), with low- and high-angle misorientation 
axes lying predominantly within the basal plane (Figs. 2(g, i)–4(g, 
i)), matching kink band observations from previous ice studies (Pi-
azolo et al., 2015, Seidemann et al., 2020). Most (∼60%) kink band 
boundaries have misorientation angles >5–10◦ , and a considerable 
proportion (>20%) have misorientation angles >20◦ (Fig. 5(b)). 
Therefore, although kink bands can become highly misoriented 
with respect to their parent grain, kink bands remain strongly crys-
tallographically controlled, with misorientation axes lying within 
the basal plane.

Misorientation statistics of kink bands can help us to bet-
ter understand SGR, since kinking and SGR follow very similar 
kinematics—they both involve a continuous crystal lattice bend-
ing due to the progressive addition of dislocations to kink or 
subgrain walls (Bell et al., 1986, Poirier and Nicolas, 1975, Urai 
et al., 1986). Indeed, in our samples the frequency of kink band 
boundaries decreases continuously from low (4◦) to high (60-70◦) 
misorientation angles (Fig. 5(b)), suggesting that kinking results 
from continuous lattice bending, rather than an instantaneous lat-
tice bending that would immediately form a large proportion of 
high-angle boundaries. Based on these observations, we suggest 
that the subgrain walls can become similarly misoriented to high 
angles (>20◦) while maintaining a near-constant misorientation 
axis. Thus, observations of near-random grain boundary misorien-
tation axis distributions within recrystallized networks (and be-
tween recrystallized and remnant grains) (Figs. 2(h)-4(h)) may 
warrant re-examination. It is commonly assumed that low-angle 
dislocation arrays (i.e., subgrain walls) and their misorientation re-
lationships break down above a certain misorientation angle, as 
the boundary cannot maintain a dislocation structure to higher 
angles (Humphreys et al., 2017). Perhaps, instead, other processes 
cause boundary misorientation axes to change. For example, the 
coalescence of intragranular boundaries to form high-angle grain 
boundaries can allow other processes—such as grain boundary slid-
ing and grain boundary migration—to proceed, which may then 
modify grain boundary structures and misorientation axes (Ree, 
1994).

4.2. Crystallographic controls and effects of kinking

At low (∼1E-5/s) and median strain rates (∼3E-5/s), remnant 
grains have c-axes loosely smeared in an open cone (small cir-
cle) near easy slip orientations (Figs. 6(a-b))—i.e., c-axes at ∼45◦
to compression. Cone and cluster CPOs are commonly observed in 
ice samples deformed under uniaxial compression conditions, and 
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are thought to arise from varying contributions of strain-induced 
grain boundary migration (GBM) and grain rotation due to dislo-
cation glide (Kamb, 1972). At high strain rates (∼6E-5/s), on the 
other hand, smearing of c-axes is not obvious; instead, c-axes form 
multiple-maxima point clusters (Fig. 6(a)). Smearing of c-axes at 
lower strain rates indicates progressive intragranular distortions of 
remnant grains within easy slip orientations. At higher strain rates, 
c-axes may be less smeared as kinking and dynamic recrystalliza-
tion become more efficient, and therefore accommodate part of 
the strain that is otherwise accommodated via intragranular dis-
tortions at lower strain rates (e.g., Herwegh et al., 1997). However, 
multiple-maxima ice c-axis fabrics such as those observed at high 
strain rates may also arise when the number of grains measured 
from a single sample plane is not sufficient for a fully representa-
tive CPO (Monz et al., 2021).

Recrystallized grains have a CPO that is much weaker than 
the other grain populations (Sect. 3.3.3). Weak recrystallized grain 
CPOs have been reported in previous studies on experimentally 
deformed ice (Fan et al., 2020) as well as naturally and experimen-
tally deformed rock (Bestmann and Prior, 2003). Various processes 
have previously been invoked to explain CPO weakening of recrys-
tallized grains, including grain boundary sliding (Warren and Hirth, 
2006), bulging nucleation (Falus et al., 2011) and spontaneous nu-
cleation (Herwegh et al., 1997).

Kink domains exhibit a c-axis girdle within the plane normal 
to the compression axis, forming a CPO that is distinct from rem-
nant and recrystallized grains (Fig. 6). Nevertheless, at ∼10% strain 
in this study, the CPO of all grains (bulk CPO) is similar to the CPO 
of remnant grains alone, suggesting kink domains have a weak in-
fluence on the bulk CPO at low strains. Further studies should be 
conducted to investigate the influence of kink domains in the mod-
ification of bulk CPO at high strains.

4.2.1. Grain orientation controls on kinking activity
Previous studies suggest that materials with strong mechanical 

anisotropy, like ice-1h, are prone to kinking (Piazolo et al., 2015, 
Seidemann et al., 2020). Furthermore, deformation experiments 
on mechanically anisotropic metals and geological materials (e.g., 
graphite, mica) show that kinks predominately form when basal 
planes are oriented poorly for easy-slip (see review by Barsoum, 
2020). Thus, we might expect to see high kink band densities 
in host grains with basal planes oriented sub-parallel and sub-
perpendicular to the compression axis (i.e., in grains with hard, 
low-basal-Schmid-factor orientations). However, while we find that 
kink band density is highest within remnant grains with basal 
planes oriented sub-parallel to the compression axis, there is al-
most a complete absence of kink bands within host grains that 
have basal planes oriented sub-perpendicular to the compression 
axis (Sect. 3.2.4; Fig. 5(a)). In other words, the activity of kinking 
does not simply correlate with basal Schmid factor, as suggested 
by previous kinking studies and models.

4.2.2. Modelling crystallographic controls on kink nucleation
Honea and Johnson (1976) introduced a 2-D numerical model 

to describe kinking within elastic multilayers with frictional con-
tacts; they suggest that kink nucleation depends on the mag-
nitude of both the applied stress and the effective friction be-
tween layers. More recent studies propose that the mechanism 
for kinking may be buckling within atomic planes of an elastic 
multilayer when loaded in compression (see review by Barsoum, 
2020). To understand kinking within deformed quartz, Nishikawa 
and Takeshita (1999) further improved the model from Honea and 
Johnson (1976) by incorporating the angle (θ ) between applied 
stress and the kink plane—i.e., the basal plane in the case of quartz 
and ice; they propose that under uniaxial compression, the critical 
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Fig. 7. (a) Schematic drawing illustrating a kink-band structure in 2-D. (b) Modelling results showing the minimum shear stress required for a kink-band to continue with 
the deformation should be a function of the angle between the basal plane of host lattice and compression axis as well as the rotation angle of the kink-band relative to the 
host lattice (Honea and Johnson, 1976, Nishikawa and Takeshita, 1999). (c) Schematic drawing of processes involved in the deformation of coarse-grained ice under uniaxial 
compression. GBM represents grain boundary migration; SGR represents subgrain rotation. For kinked lattices in (c), we draw the corresponding orientations of c-axes and 
basal planes in pole figures in (d).
shear stress, σs , required for a kink band to accommodate defor-
mation in 2-D is as follows:

σs = σ1

cos2θ + sinθcosθ
tanϕ

, (1)

where σ1 is the maximum principal stress (i.e., stress along the 
compression axis in this case), ϕ is the misorientation angle be-
tween the basal plane of the kink band and the basal plane of its 
host lattice, and θ is the angle between the basal plane of the host 
lattice and the compression axis (Fig. 7(a)). Equation (1) implies 
that, for a host lattice (e.g., blue lines in Fig. 7(a)) containing one 
or more kink bands (e.g., red lines in Fig. 7(a)), the critical shear 
stress, σs , required for the kink bands to continue deforming de-
pends on (1) the relative magnitudes of the stresses resolved on 
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the basal planes of kink bands and the basal planes of the host 
lattice, and (2) the relative orientation between the compression 
axis and the basal plane of the host lattice.

The model makes two predictions for polycrystalline aggregates 
deforming solely via kinking. First, that the critical shear stress 
required for a kink band to accommodate deformation, σs , in-
creases as a kink band becomes more misoriented (increasing ϕ) 
with respect to its host grain; that is, it becomes harder for kink 
bands to develop as they become more misoriented with respect 
to their host grain. Second, the model predicts that for small kink-
host misorientation angles (i.e., low ϕ—cool coloured curves in 
Fig. 7(b)), kink band density should be greatest in host grains with 
basal planes oblique (θ = 30-50◦) to the compression axis, because 
σs will be the lowest at these orientations. For large kink-host mis-
orientation angles (i.e., high ϕ—hot coloured curves in Fig. 7(b)), 
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kink band density should be generally low, because σs is equal 
to or higher than the principal stress, σ1. Our experimental ob-
servations do not match the second model prediction. For kink 
boundary misorientation angles, ϕ , smaller than 20◦—which are 
common in our samples (Fig. 5(b))—kink band densities should be 
greatest within remnant grains that have basal planes oblique to 
the compression axis (θ = 30-50◦; Fig. 7(b)). In contrast, we find 
that remnant grains with basal planes parallel to the compression 
axis have the highest densities of intragranular boundaries, while 
remnant grains with basal planes normal to the compression axis 
have the lowest densities of intragranular boundaries (Fig. 5(b), 
Sect. 3.2.4). One way to rationalize the mismatch between the 
experimental observations and model predictions is that the 2-
D model addresses deformation via kinking alone, and does not 
consider the complicated competition/balance amongst dynamic 
recovery, kinking and recrystallization processes in 3-D. Addition-
ally, intergranular shearing—which might occur along straight kink 
band boundaries (Herwegh et al., 2005)—is not considered in the 
2-D model, but may provide another driving force for kinking. We 
propose that the relative activity of these various processes will 
vary depending on the crystallographic orientation of each grain, 
providing additional controls on kink nucleation.

Fig. 7(c) schematically illustrates the relationship between ice c-
axis/basal plane orientations and the activities of kinking, dynamic 
recovery, and recrystallization processes. Grains with basal planes 
oblique to the compression axis (θ = 30-50◦; e.g., G3 (green), 
Fig. 7(c)) are optimally oriented for both kinking and easy-slip, 
i.e., dislocation glide on the ice basal plane. Previous studies sug-
gest that strain incompatibilities can be efficiently relaxed through 
the selective growth of grains in easy-slip orientations via strain-
induced grain boundary migration (GBM) (Fig. 7(d); e.g., Derby and 
Ashby, 1987, Humphreys et al., 2017, Schmid, 1994, Wenk et al., 
1991). Therefore, kinking may be less important within grains in 
easy-slip orientations (i.e., with basal planes oblique to the com-
pression axis here). Grain with basal planes sub-parallel to short-
ening (θ ≈ 0◦; e.g., G2 (blue), Fig. 7(c)), on the other hand, are un-
favourably oriented for basal dislocation glide; thus, strain-induced 
GBM is inhibited, and strain incompatibilities must be accommo-
dated predominately by kinking (Fig. 7(d)). For grains with basal 
planes sub-perpendicular to shortening (θ ≈ 90◦; e.g., G1 (red), 
Fig. 7(c)), the critical shear stress, σs , required for the progres-
sion of kinking exceeds the maximum principal stress, σ1, except 
perhaps at very small kink-host misorientation angles, ϕ < 10◦
(Fig. 7(b)). Thus, grains with basal planes sub-perpendicular to the 
compression axis are fundamentally stable and difficult to kink 
(Fig. 7(d)), consistent with our microstructural data showing that 
grains in these orientations have the lowest density of kink bands 
(Fig. 5(b)). At these orientations, where kinking is likely inhibited, 
dynamic recovery and recrystallization might play a primary role 
in relaxing strain incompatibilities via the production of subgrains 
and recrystallized grains at the cost of remnant grains and/or kink 
domains (Burkhard, 1993, Herwegh et al., 2005). Grains with basal 
planes oriented normal to the compression axis are stronger than 
grains with basal planes oriented parallel to the compression axis—
the latter kink while the former do not—even though they are 
equally poorly oriented for basal dislocation glide. Strain in the 
hardest (θ ≈ 90◦) grains might therefore be accommodated by 
non-basal dislocation glide (e.g., Chauve et al., 2017b).

4.3. Implications for natural ice and rock deformation

In terrestrial glacial settings, kink bands have only been ob-
served within folded ice layers, where local stresses and strain 
rates are relatively high (Jansen et al., 2016). Thus, kinking might 
have only a limited impact on the mechanics of terrestrial ice flow. 
However, for other planetary bodies (particularly those with icy 
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lithospheres) where ice is subject to large stresses and low tem-
peratures (see review by Journaux et al., 2020), kinking might be 
important in controlling ice deformation. Our experimental data 
imply that under large stresses, kinking plays a key role in seg-
menting new grains from original grains (nucleation) (Sect. 4.1.1) 
and accommodating large plastic strain when thermally activated 
creep processes (e.g., vacancy diffusion and dislocation climb) are 
inefficient (Sect. 4.2), as may be the case in the cold outer solar 
system.

Ice is also an important analogue for the deformation of miner-
als such as quartz, for which deformation under temperatures close 
to the melting point is hard to achieve experimentally (e.g., Wilson 
et al., 2014). In this study, ice samples were deformed at a rela-
tively high homologous temperature (T/Tm ≈ 0.9) and fast imposed 
strain rates (producing relatively large differential stresses): condi-
tions that may be relevant to localized lithospheric shear zones. 
Our new data suggest that kinking—and perhaps also twinning, 
which occurs frequently in minerals deformed under low tem-
perature, high stress conditions (Herwegh et al., 1997, Honea and 
Johnson, 1976, Nishikawa and Takeshita, 1999)—should be impor-
tant during high stress mineral deformation, at least at low strains. 
Future studies should focus on the evolution of kink bands at high 
strains—more specifically, the modification of kinking structures 
via strain-induced GBM, SGR recrystallization, and grain rotation.

5. Summary

1. Microstructural analyses were conducted on coarse-grained 
ice (∼1300 μm) deformed under relatively high uniaxial stresses 
(>5 MPa). Within deformed samples, kink domains (high-aspect-
ratio grains) are widely developed. Recrystallized (small, low-
aspect-ratio) grains also form primarily via subgrain rotation re-
crystallization, further contributing to grain size reduction. Thus, 
SGR and kinking both contribute to grain segmentation and grain 
size reduction.

2. Kink bands are composed of both low- (<10◦) and high-
angle (mostly 10–20◦ , many >20◦) components. Kink band bound-
aries have misorientation axes lying predominately within the ice 
basal plane. We suggest that kinking and subgrain rotation follow 
similar kinematics. Together, these observations suggest that kink-
ing and subgrain rotation can evolve to moderately large misori-
entation angles while maintaining a near-constant misorientation 
axis. Other processes (e.g., grain boundary sliding, grain bound-
ary migration) may therefore need to be invoked to explain the 
randomization of misorientation axes within recrystallized grain 
networks.

3. Kink domains are preferentially oriented with c-axes sub-
perpendicular to the compression axis, unlike remnant grains that 
have weak cluster and narrow cone-shaped c-axis distributions 
centred around the compression axis, and nucleated grains that 
have near-random c-axis distributions. Bulk crystallographic fab-
rics most closely resemble the CPO of remnant grains, suggesting 
that kinking does not significantly modify bulk CPOs, at least at 
the low strains investigated here.

4. Kink band densities decrease monotonically as a function of 
the angle between the host grain basal plane and the compression 
axis. Kink domains are nearly absent in grains with basal planes 
sub-perpendicular to the compression axis, consistent with kink 
models showing that grains with easy-slip planes (i.e., basal planes, 
in this case) sub-perpendicular to shortening are fundamentally 
stable and uneasy to kink since the critical shear stress required for 
kinking exceeds the applied stress. Grains with basal planes sub-
parallel to shortening, on the other hand, have the highest kink 
band densities. This observation is not expected from models that 
solely consider strain accommodation via kinking—instead, mod-
els suggest that grains with basal planes sub-parallel to shortening 
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should be harder to kink than grains with basal planes oblique to 
shortening. We propose that the inconsistency between kink model 
predictions and experimental observations may be reconciled by 
considering the activity of both kinking and dynamic recrystal-
lization during deformation. For grains with basal planes oblique 
to compression (i.e., in easy-slip orientations), strain-induced grain 
boundary migration (GBM) might be sufficient to relax intragran-
ular strain incompatibilities, reducing the driving force for kink-
ing. For grains with basal planes sub-parallel to compression (i.e., 
in hard-slip orientations), on the other hand, strain-induced GBM 
should be inhibited; consequently, strain incompatibilities can be 
relaxed via kinking.
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Appendix A. Technical details of ice sample preparation and 
cryo-EBSD data collection

Samples were first cut in a -20 ◦C cold room using a band saw. 
During this step, samples were stored in ∼-100 ◦C liquid nitrogen 
mist when not being cut. Ice samples were cut in half along the 
cylinder axis, and a 5 mm thick slice was extracted from half of 
the sample. One of these halves was returned to the liquid nitro-
gen dewar for archive storage. The cutting time for each sample 
was <5 minutes. One side of each ice slice, at a temperature of 
-30 to -50 ◦C, was placed against a copper ingot at ∼5 ◦C, forming 
a bond. Ice-ingot assemblies were immediately returned to the liq-
uid nitrogen mist once fully bonded. Polished sample surfaces were 
subsequently acquired by hand lapping at ∼-40 ◦C on sandpapers 
13
with grit sizes of 80, 240, 600, 1200 and 2400. After polishing, 
ice-ingot assemblies were stored at liquid nitrogen temperature 
before being transferred to a scanning electron microscope (SEM) 
for cryo-EBSD data acquisition.

We collected EBSD data from the polished surface of each ice 
sample in the University of Otago. A Zeiss Sigma VP FEG-SEM com-
bined with an Oxford Instruments’ Symmetry EBSD camera was 
used for the data collection. The ice-ingot assembly was trans-
ferred to a cold SEM stage maintained at ∼-100 ◦C. Pressure cy-
cling in the SEM chamber was performed to remove frost and 
create a damage-free sample surface via sublimation (Prior et al., 
2015). Raw EBSD data were collected with a step size of 5 μm at a 
stage temperature of ∼-95 ◦C, with 2–5 Pa nitrogen gas pressure, 
30 kV accelerating voltage and ∼60 nA beam current. EBSD maps 
were indexed (as ice-1h) at a typical rate of ∼90%. Raw EBSD data 
were montaged using the Oxford Instruments’ AZtec software.

Appendix B. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi .org /10 .1016 /j .epsl .2021.117136. 
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