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Abstract Kinking can accommodate significant amounts of strain during crystal plastic deformation under relatively large 27 

stresses and may influence the mechanical properties of cold planetary cryosphere. To better understand the origins, 28 

mechanisms, and microstructural effects of kinking, we present detailed microstructural analyses of coarse-grained ice 29 

(~1300 µm) deformed under uniaxial compression at -30°C. Microstructural data are generated using cryogenic electron 30 

backscattered diffraction (cryo-EBSD). Deformed samples have bimodal grain size distributions, with thin and elongated 31 

(aspect ratio ≥ 4) kink domains that develop within, or at the tips of, remnant original grains (≥ 300 µm, aspect ratio < 4). 32 

Small, equiaxed subgrains also develop along margins of remnant grains. Moreover, many remnant grains are surrounded 33 

by fine-grained mantles of small, recrystallized grains (< 300 µm, aspect ratio < 4). Together, these observations indicate 34 

that grain nucleation is facilitated by both kinking and dynamic recrystallization (via subgrain rotation). Low- (< 10°) and 35 

high-angle (mostly > 10°, many > 20°) kink bands within remnant grains have misorientation axes that lie predominantly 36 

within the basal plane. Moreover, previous studies suggest the kinematics of kinking and subgrain rotation should be 37 

fundamentally the same. Therefore, progressive kinking and subgrain rotation should be crystallographically controlled, 38 

with rotation around fixed misorientation axes. Furthermore, the c-axes of most kink domains are oriented sub-39 

perpendicular to the sample compression axis, indicating a tight correlation between kinking and the development of 40 

crystallographic preferred orientation. Kink band densities are the highest within remnant grains that have basal planes 41 

sub-parallel to the compression axis (i.e., c-axes perpendicular to the compression axis)—these data are inconsistent with 42 

models suggesting that, if kinking is the only strain-accommodating process, there should be higher kink band densities 43 

within grains that have basal planes oblique to the compression axis (for low kink-host misorientation angles, e.g., ≤ 20°, 44 

as in this study). One way to rationalize this inconsistency between kink models and experimental observations is that 45 

kinking and dynamic recrystallization are both active during deformation, but their relative activities depend on the 46 

crystallographic orientations of grains. For grains with basal planes sub-parallel to the compression axis, strain-induced 47 

GBM is inhibited, and large intragranular strain incompatibilities can be relaxed via kinking, when other processes such as 48 

subgrain rotation recrystallization are insufficient. For grains with basal planes oblique to the compression axis, strain-49 

induced grain boundary migration (GBM) might be efficient enough to relax the strain incompatibility via selective growth 50 

of these grains, and kinking is therefore less important. For grains with basal planes sub-perpendicular to the compression 51 

axis, kink bands are seldom observed—for these grains, the minimum shear stress required for kinking exceeds the applied 52 

compressive stress, such that kinks cannot nucleate. 53 

  54 
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1 Introduction 55 

Plastic deformation, accommodated by the high temperature creep of rocks and minerals (including ice), is necessary for 56 

many geodynamic phenomena on the Earth and other planetary bodies (Durham and Stern, 2001), including subduction, 57 

mountain building, mantle convection, and glacial flow. Microstructural studies and numerical models show that high 58 

temperature plastic deformation is facilitated by dynamic recovery and recrystallization (Means, 1983; Urai et al., 1986), 59 

which counteract work hardening and give rise to mechanical weakening by minimizing the strain energy associated with 60 

crystal defects, e.g., dislocations (Derby and Ashby, 1987; Duval, 1979; Humphreys et al., 2017; Weertman, 1983). 61 

Dislocations tend to arrange themselves into low-energy configurations through the process of dynamic recovery. Recovery 62 

often produces low-angle intragranular boundaries (subgrain walls), whose misorientation increases as dislocations with 63 

the same polarity are added (Humphreys et al., 2017). Recrystallization, on the other hand, involves the creation and/or 64 

migration of grain boundaries (Poirier and Guillopé, 1979), which often give rise to grain nucleation via two common 65 

processes: grain boundary bulging and subgrain rotation (Urai et al., 1986). Bulge nucleation occurs when a grain boundary 66 

segment bulges (i.e., migrates) into a neighbouring grain, typically to sweep out a region of high strain energy (i.e., high 67 

defect density). The grain boundary bulge may then be severed by either continued grain boundary migration or by the 68 

formation of a subgrain wall across the bulge neck, which becomes increasingly misoriented until it develops into a grain 69 

boundary (Halfpenny et al., 2006). Subgrain rotation recrystallization, on the other hand, occurs solely via the progressive 70 

misorientation of subgrain walls, which eventually become high-angle boundaries (at a misorientation of roughly ≥10°; 71 

Drury and Pennock, 2007) to form a new, distinct grain.  72 

 73 

Both bulging and subgrain rotation recrystallization, then, involve the nucleation of new, low-strain recrystallized grains 74 

at the expense of original, high-strain remnant grains. Furthermore, models based on experimental observations suggest 75 

that recrystallized grains should initially have equiaxed shapes (Halfpenny et al., 2006; Hasegawa and Fukutomi, 2002; 76 

Urai et al., 1986). However, rocks deformed at high stresses may become subdivided by two additional processes—77 

twinning and kinking—which produce elongate, blocky domains encompassed by straight boundaries (Nishikawa and 78 

Takeshita, 1999). Although twinning and kinking produce similar domain morphologies, they are fundamentally different. 79 

Twinning yields a specific crystallographic relationship—i.e., a specific misorientation axis-angle pair—between the 80 

parent grain and twin domains (see review by Vernon, 2018). Kinking, on the other hand, produces sharp lattice bending 81 

without a specific misorientation axis/angle (Seidemann et al., 2020; Vernon, 2018). Nevertheless, some orientations are 82 

more prone to kinking than others. 83 

 84 

Numerous studies have been carried out to understand the mechanics of kinking during plastic deformation (e.g., Bell et 85 

al., 1986; Gay and Weiss, 1974; Honea and Johnson, 1976; Nishikawa and Takeshita, 1999; Seidemann et al., 2020). These 86 

studies reveal that kinking is more prevalent in materials with strong mechanical (elastic and viscous) anisotropy (Barsoum, 87 

2020). For example, Gay and Weiss (1974) found that kinking is controlled by the magnitude of shear stress resolved on 88 

easy-slip planes (e.g., the basal plane for ice and quartz)—that is, grains in hard slip orientations are more prone to kinking. 89 

Such a relationship was quantified further by Honea and Johnson (1976) and Nishikawa and Takeshita (1999), who 90 

modelled the high-stress deformation of elastic multilayers and quartz, respectively. These modelling works show the 91 

critical (minimum) shear stress required for the activation of kinking is dependent on the relatively orientation between the 92 

crystallographic basal plane and the compression axis: the critical stress is the highest when basal plane is perpendicular 93 

to parallel to compression, and it is the lowest when basal plane is at 45° to compression. Using transmission electron 94 
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microscopy (TEM), Bell and others (1986) proposed that kinking in mica develops via continuous crystal lattice bending 95 

due to the progressive addition of dislocations to kink walls, similar to the process of subgrain rotation (Poirier and Nicolas, 96 

1975; Urai et al., 1986). 97 

 98 

As a mechanically anisotropic mineral (Duval et al., 1983), the hexagonal form of water ice—ice-1h—is also prone to 99 

kinking. Under relatively fast strain rates and/or large differential stresses, ice-1h often develops straight kink boundaries 100 

with both low and high misorientation angles, and misorientation axes lying predominantly within the basal (0001) plane 101 

(Piazolo et al., 2015; Seidemann et al., 2020). To date, most studies on kinking in ice have focused on the structures of 102 

boundaries and the dislocations that comprise them, based on misorientation and Burgers vector analyses (e.g., Piazolo et 103 

al., 2015; Seidemann et al., 2020). Seidemann and others (2020) also correlated the activity of kinking (i.e., the number of 104 

kink boundaries per grain) with the magnitude of differential stress, using synthetic polycrystalline ice-1h samples 105 

deformed under relatively large differential stresses (2.7–13.3 MPa). These observations indicate that kinking should play 106 

a key role in accommodating plastic deformation under high stress conditions. Though such conditions are rarely found on 107 

Earth—indeed, kinks are seldom reported in terrestrial warm polar ice samples (Jansen et al., 2016; Weikusat et al., 2017)—108 

kinking may play a crucial role in accommodating plastic deformation in the icy lithospheres of other planetary bodies 109 

(e.g., Europa, Ganymede, Callisto, Titan) where ice is subjected to larger stresses and lower temperatures (see review by 110 

Journaux et al., 2020). However, we still lack a complete understanding of how kinking contributes to grain nucleation and 111 

the development of anisotropy (i.e., crystallographic preferred orientation, CPO), especially in ice. This is largely because 112 

previous studies focused on relatively fine-grained (~300 µm) ice samples deformed to large strains (> ~20%) (e.g., 113 

Seidemann et al., 2020). Even with state-of-the-art quantitative microscopy (e.g., cryogenic electron backscatter 114 

diffraction; Prior et al., 2015) it is difficult to resolve intragranular substructures at a resolution finer than ~5 µm in ice. 115 

Furthermore, features arising from nucleation due to kinking—e.g., thin, elongate grains—might be overprinted by 116 

subsequent plastic deformation and dynamic recrystallization at large strains. 117 

 118 

In this contribution, we present microstructural analyses of coarse-grained (~1300 µm) ice samples deformed under 119 

uniaxial compression to ~10% strain at -30°C. Samples were deformed under different strain rates in order to test the 120 

influence of stress on the development of kinking-related structures. Using coarse-grained ice samples increases our ability 121 

to characterise local, intragranular deformation features. Our objectives are to study: (1) the origins (e.g., crystallographic 122 

controls) on intragranular (kink) boundary formation, (2) kinking as a grain nucleation process; and (3) the role of kinking 123 

in modifying bulk CPOs. By answering these questions, we aim to better understand the cryo-tectonics of icy satellites, as 124 

well as the high-stress deformation of terrestrial analogues such as quartz. 125 

2 Method 126 

2.1 Sample fabrication 127 

Ice samples were fabricated using a flood-freeze method (Cole, 1979). Ice seeds with a particle size between 1.6 and 2 mm 128 

were produced by sieving crushed ice cubes frozen from deionized ultra-pure water. After that, the ice seeds were “wet 129 

sieved” by pouring liquid nitrogen over the ice seeds while sieving. Wet sieving helps to remove fine grains that 130 

electrostatically clump together—coarse-grained ice samples produced by dry sieving method contain a significant 131 

population of unwanted fine grains (e.g., Qi et al., 2017). Ice seeds were packed into cylindrical moulds with an inner 132 
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diameter of 25.4 mm. The packed moulds were evacuated to a near-vacuum state and equilibrated in a water ice bath (0°C) 133 

for ~40 minutes before being flooded with degassed deionized ultra-pure water at 0°C. The flooded moulds were 134 

immediately transferred to a -30°C chest freezer and placed vertically into cylindrical holes in a polystyrene block, with 135 

the base of moulds touching a copper plate at the bottom of the freezer. This procedure ensures the freezing front migrates 136 

upwards, minimizing any trapping of bubbles within the samples. After 24 hours, the ice samples were gently pushed out 137 

from the moulds using an Arbor press. Ice samples were cut and polished on both ends to limit their lengths to 1.5–2.0 138 

times the sample diameter and to ensure that both ends were flat and perpendicular to the sample cylindrical axis. Initial 139 

sample lengths were measured using a caliper. Each sample was encapsulated in a thin-walled indium jacket tube (~0.38 140 

mm wall thickness) with the bottom already welded to a stainless-steel end-cap. The top of indium jacket tube was then 141 

welded to a steel semi-internal force gauge, with a zirconia spacer placed between the force gauge and sample to thermally 142 

insulate the sample during welding. During welding, the sample was kept submerged in a -60°C ethanol bath. 143 

2.2 Experimental set up and process 144 

Uniaxial compression experiments were conducted in a cryogenic, triaxial gas-medium apparatus (Heard et al., 1990) 145 

housed in the Ice Physics Laboratory, University of Pennsylvania. The ice samples were uniaxially deformed at -30°C, and 146 

at a nitrogen gas pressure of ~40 MPa, under constant displacement rates yielding true axial strain rates of ~1 × 10!", 147 

3 × 10!" and 6 × 10!"(!# that correspond to the uniaxial stresses greater than ~5 MPa (Table 1). Experiments were 148 

terminated once the true axial strain reached ~10%. After deformation, samples were extracted from the apparatus within 149 

~15 minutes. To minimize thermal cracking, samples were progressively cooled to ~-30, -100 and -196°C over a further 150 

period of ~15 minutes, and thereafter stored in a liquid nitrogen dewar. Minor static recovery of ice microstructures may 151 

happen on this timescale (Hidas et al., 2017), but significant changes in CPO and/or grain size are unlikely.  152 

2.3 Cryo-EBSD data 153 

Ice samples were prepared following published procedures for cryogenic electron backscatter diffraction (cryo-EBSD) data 154 

collection (Prior et al., 2015). Cryo-EBSD data provide full crystallographic orientations, and microstructural details down 155 

to 5 µm spatial resolution in this study. Sample were first cut in a -20°C cold room using a band saw. During this step, 156 

samples were stored in ~-100°C liquid nitrogen mist when not being cut. Ice samples were cut in half along the cylinder 157 

axis, and a 5-mm thick slice was extracted from half of the sample. The other half of each sample was returned to the liquid 158 

nitrogen dewar for archive storage. Cutting time for each sample was <5 minutes. One side of each ice slice, at a 159 

temperature of -30 to -50°C, was placed against a copper ingot at ~5°C, forming a bond. Ice-ingot assemblies were 160 

immediately returned to the liquid nitrogen mist once fully bonded. Polished sample surfaces were subsequently acquired 161 

by hand lapping at ~-40°C on sandpapers with grit sizes of 80, 240, 600, 1200 and 2400. After polishing, ice-ingot 162 

assemblies were stored at liquid nitrogen temperature before being transferred to a scanning electron microscope (SEM) 163 

for cryo-EBSD data acquisition. 164 

 165 

We collected EBSD data from the polished surface of each ice sample. A Zeiss Sigma VP FEG-SEM combined with an 166 

Oxford Instruments’ Symmetry EBSD camera was used for the data collection. The ice-ingot assembly was transferred to 167 

a cold SEM stage maintained at ~-100°C. Pressure cycling in the SEM chamber was performed to remove frost and create 168 

a damage-free sample surface via sublimation (Prior et al., 2015). Raw EBSD data were collected with a step size of 5 µm 169 

at a stage temperature of ~-95°C, with 2–5 Pa nitrogen gas pressure, 30kV accelerating voltage and ~60 nA beam current. 170 
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EBSD maps were indexed (as ice-1h) at a typical rate of ≥90%. Raw EBSD data were montaged using the Oxford 171 

Instruments’ Aztec software. 172 

2.4 Processing of the cryo-EBSD data 173 

Ice grains were constructed from raw EBSD pixel maps using the MTEX toolbox (Bachmann et al., 2011) with a grain 174 

boundary misorientation angle threshold of 10°. Grain size was calculated as the diameter of a circle with area equal to the 175 

measured area of each grain. We first removed grains with diameters <20 µm, as they are likely to result from mis-indexing. 176 

Poorly-constrained grains (i.e., grains with <50% indexed pixel coverage) were also removed. Next, we applied the MTEX 177 

fill function, which interpolates non-indexed pixels using a nearest-neighbour method—each non-indexed pixel is replaced 178 

by a pixel with the same orientation as its nearest indexed pixel. After that, we reconstructed grains using the interpolated 179 

EBSD data. Grains at the edges of EBSD maps were removed. High-angle boundaries are located where the misorientation 180 

between neighbouring pixels is >10°. Low-angle boundaries were also calculated using a misorientation angle of 4–10° 181 

between neighbouring pixels. In this study, boundaries with misorientation angles <4° were not included in any analyses, 182 

since very low angle misorientations produce large uncertainties in misorientation axis orientations (Prior, 1999) . In this 183 

study, we measured two parameters that are commonly used to examine grain shape—aspect ratio and shape preferred 184 

orientation (SPO). Aspect ratio is defined as the quotient between the long and short axis lengths of an ellipse (convex hull) 185 

fitted to each grain. SPO measures the distribution of angles between a given vector (i.e., the compression (y) axis in this 186 

study) and the long axis of each grain. 187 

2.4.1 Montage artefacts 188 

During EBSD data acquisition, large area maps were acquired by combining >120 individual scan tiles at 100x 189 

magnification. We encountered two common types of montage-related artefacts: (1) duplicated data points along stitches, 190 

and (2) horizontal or vertical (x-y) shifts between adjacent tiles (Pilchak et al., 2011). Duplicated data points, usually 191 

limited to a strip of 1-2 pixels in width, are observed along edges of adjacent tiles in montaged maps. We eliminated 192 

duplicated data points at stitches by simply removing these repeated pixels using an automated algorithm (e.g., pointed by 193 

green arrows in Figs. 2(a), 3(a), 4(a)). Tile shifts appear as an x-y offset along grain boundaries in sample PIL271 (pointed 194 

by white arrows in Fig. 4(b)). Tile shifts are unlikely to cause significant errors in microstructural analyses because the x-195 

y offsets are small (<100 µm) and noticeable only along the margins of tiles. 196 

3 Results 197 

3.1 Starting material 198 

Undeformed coarse-grained ice samples exhibit a homogeneous microstructure with slightly irregular grain boundaries and 199 

a small number of intragranular boundaries (mostly low angle) (Figs. 1(a, g))— compared with fine-grained (~300 μm) ice 200 

samples fabricated via the same “flood-freeze” method (Fan et al., 2021, 2020). Grain sizes follow a slightly left-skewed 201 

log-linear distribution, with a peak at ~1300 µm, and a tail extending down to ~300 µm (Fig. 1(b)). Thus, although the 202 

“wet sieve” method (Sect. 2.1) is more effective (than the “dry sieve” method, e.g., Qi et al., 2017) for removing unwanted 203 

finer grains, our starting material contained a small (<10%) area fraction of grains with diameters <1.0 mm (Fig. 1(b)). 204 

Most grains are equant, with aspect ratios of all grains <4, and 80% of grains with aspect ratios <2 (Fig. 1(c)). Shape 205 

preferred orientation is weak, with a small rose diagram peak of grain long axes oriented at ~30° from the sample 206 
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compression axis (Fig. 1(d)). The starting material has a near-random CPO (Figs. 1(e-f)). Intragranular boundaries and 207 

grain boundaries have misorientation axes with near-random crystallographic orientations, although there is a slight bias 208 

towards grain boundary misorientation axes lying within the basal plane (Fig. 1(h)). 209 

3.2 Microstructure of deformed samples 210 

3.2.1 Grain size statistics 211 

All deformed samples are characterised by bigger grains surrounded by networks of smaller grains (Figs. 2(a-b), 3(a-b), 212 

4(a-b)). All samples have similar arithmetic mean grain sizes, regardless of strain rate, much smaller than the average 213 

undeformed sample grain size (Table 1). Grain size histograms of deformed samples are bimodal: the first peak, at fine 214 

grain sizes (50–60 µm), is right-skewed, with a tail extending towards the second peak at 1000–2000 µm; the two grain 215 

size peaks are separated by a minimum at ~300 µm (Figs. 2(c), 3(c), 4(c)). Area-weighted grain size histograms reveal that 216 

although big (≥300 µm) grains are less numerous than small (<300 µm) grains, they occupy >75% of the mapped area in 217 

each deformed sample (Figs. 2(c), 3(c), 4(c)). Note that the small grain population (<300 µm) does not exist in the 218 

undeformed sample (Fig. 1(b)). To interrogate the microstructures of these two grain size populations, we herein refer to 219 

grains smaller than 300 µm as small grains, and grains larger than or equal to 300 µm as big grains. To identify these 220 

specific terms, they will be written in italics herein. 221 

3.2.2 Grain populations 222 

Deformed samples contain a significant number of “grains” (domains) with high aspect ratios (≥ 4) and relatively straight 223 

grain boundaries (Figs. 2(b, d), 3(b, d), 4(b, d)), which are not observed in the undeformed material (Fig. 1(c)). These high 224 

aspect ratio, straight-sided domains develop within the interiors of big grains, particularly near the tips of those grains 225 

(Figs. 2(a, b), 3(a, b), 4(a, b)). We identify these high aspect ratio grains as kink domains and separate them out for further 226 

analysis using an aspect ratio threshold of 4 (i.e., “grains” with aspect ratios ≥4 are treated as kink domains). The shape 227 

preferred orientation (SPO) of kink domains shows a significant maximum at ~90° from the compression axis; that is, kink 228 

domains’ long axes tend to lie in the plane normal to the compression direction. The SPO of grains with relatively low 229 

aspect ratios (<4), on the other hand, is weaker (Figs. 2(e), 3(e), 4(e)). In deformed samples, grains with low aspect ratios 230 

have similar distributions of basal plane orientations (red histogram, Fig. 5(a)) as in the undeformed sample (black circles, 231 

Fig. 5(a)), as well as expected distribution of basal plane orientations for a random CPO (green curve, Fig. 5(a)). Kink 232 

domains, on the other hand, tend to have a greater proportion of basal planes oriented at low angles (0°-30°) to the 233 

compression direction (blue histogram, Fig. 5(a)). 234 

 235 

In deformed samples, almost all the big grains with low aspect ratios (<4) contain intragranular boundaries—note that 236 

unless specified otherwise, “intragranular boundaries” herein refers to boundaries of all misorientation angles, both high 237 

and low. In contrast, the frequency of small grains containing intragranular boundaries is low, particularly for small grains 238 

with low aspect ratios (<4) (Table 1). Moreover, for grains with low aspect ratios, the grain orientation spread (GOS) 239 

value—an average of misorientation angle between each pixel in a grain and the mean orientation of that grain—is lower 240 

for small grains than big grains (Table 1). These observations suggest small low-aspect-ratio grains, which do not appear 241 

in the starting material (Fig. 1(c)), are less internally deformed and, thus, are likely to be nuclei produced by dynamic 242 

recrystallization (Bailey and Hirsch, 1962; Tullis and Yund, 1985). Accordingly, we herein refer to small grains with aspect 243 

ratios lower than 4 as recrystallized grains. Big grains with low aspect ratios (<4) are widely observed in the starting 244 
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material (Figs. 1(a, c)) and are therefore referred as remnant grains. Recrystallized grains have a close-to-random grain 245 

boundary misorientation axes distribution, distinct from remnant grains and kink domains, which show primary maxima 246 

of boundary misorientation axes within the ice basal plane (Figs. 2(h), 3(h), 4(h)). 247 

3.2.3 Intragranular boundary characteristics 248 

For all deformed samples, intragranular boundaries comprise low-angle (< 10°) and high-angle (> 10°) components (Figs. 249 

2(f), 3(f), 4(f)). High-angle intragranular boundaries are mostly straight or slightly curved. Similarly, low-angle 250 

intragranular boundaries are mostly straight or slightly curved, although a small number have strong curvature (Figs. 2(f, 251 

g), 3(f, g), 4(f, g)). Furthermore, intragranular boundaries usually intersect the boundary of their parent big grain on one 252 

side and terminate within their parent big grain on the other end; in other words, intragranular boundaries typically do not 253 

completely bisect their parent big grain (Figs. 2(f, g), 3(f, g), 4(f, g)). 254 

 255 

Many (low- and high-angle) intragranular boundaries have misorientation axes lying within the basal plane, as indicated 256 

by a dominance of green-to-cyan-to-blue colours in boundary misorientation axis maps (Figs. 2(g), 3(g), 4(g)). 257 

Misorientation axes are plotted in contoured inverse pole figures (IPFs) (Figs. 2(h), 3(h), 4(h)). The distribution of low- or 258 

high-angle intragranular boundary misorientation axes does not change substantially with stress/strain rate. All the grain 259 

populations show similar distribution patterns between low- and high-angle intragranular boundaries—they are 260 

characterised by primary maxima within the basal plane (Figs. 2(h), 3(h), 4(h)). However, the intensity of maxima (as 261 

indicated by the maximum MUD value) is greater for high-angle intragranular boundaries than for low-angle intragranular 262 

boundaries (Figs. 2(h), 3(h), 4(h)).  263 

3.2.4 Misorientation statistics and density of kink bands within remnant grains 264 

We isolated the intragranular boundaries that have misorientation axes within 1° of the ice basal plane (i.e., kink band 265 

boundaries, Sect. 3.2.3) within remnant grains (Fig. 5(b)) to further quantify their misorientation statistics. For all deformed 266 

samples, the misorientation angle distribution of kink bands exhibit a unimodal distribution with a peak at the cut-off 267 

misorientation angle of 4° and a tail extending to misorientation angles up to 60–70° (grey bars in Fig. 5(b)). Most (>60%) 268 

kink bands have misorientation angles larger than 10°, a considerable proportion (>20%) of which has misorientation 269 

angles larger than 20° (red lines in Fig. 5(b)). On the contrary, kink bands within undeformed samples have misorientation 270 

angles mostly below 10° (pink lines in Fig. 5(b)). 271 

 272 

For each remnant grain (≥300 µm, aspect ratio <4), we calculated the density of kink bands—i.e., the total length of kink 273 

bands per grain area—as a function of the angle between the mean grain basal plane orientation and the compression axis 274 

(Fig. 5(c)). In all deformed samples, remnant grains generally have higher kink band densities than undeformed samples 275 

(Fig. 5(c)). Furthermore, within deformed samples, kink band density gradually decreases as grain basal planes become 276 

more steeply inclined with respect to the compression axis; that is, grains with basal planes normal to the compression axis 277 

have the lowest kink band densities. This pattern is the same across experiments with different strain rates. 278 

3.3 Crystallographic preferred orientation (CPO) 279 

For each sample, we calculated the CPO of all grains, remnant grains, recrystallized grains, and kink domains (Fig. 6(a)), 280 

using both the orientations of all pixels and the mean orientation of each grain. Here we discuss the CPOs calculated from 281 
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all pixels, for simplicity, although the mean-orientation CPOs are very similar (Sect. S1 of the supplement). CPO intensity 282 

is calculated using the M-index (Skemer et al., 2005). The c-axis CPOs (pole figures) are summarized in Fig. 6(b).  283 

3.3.1 All grains and remnant grains 284 

Pole figures for all grains and remnant grains are very similar, both characterised by three to four c-axes maxima lying 285 

within a weak, poorly defined open cone (small circle) or possibly cluster centred around the compression axis. The a-axes 286 

and poles to the m-plane lie within a broad, poorly defined girdle normal to the compression axis. 287 

3.3.2 Kink domains 288 

Kink domains exhibit the strongest CPO of the different grain populations, as indicated by the relatively high M-index 289 

values (Fig. 6(a)). The c-axes of kink domains generally lie near the plane normal to the compression axis (Figs. 6(a, b)). 290 

The a-axes and poles to the m-plane define a weak, narrow cone or cluster centred around the compression axis (Fig. 6(a)). 291 

3.3.3 Recrystallized grains 292 

Recrystallized grains have the weakest CPOs of different grain populations (see M-index and MUD values; Fig. 6(a)). 293 

Their c-axes define a weak, broad maximum, lying within the plane containing the compression axis, but centred around 294 

an axis inclined ~45° from the compression axis. Although the deformation (uniaxial compression) geometry has axial 295 

symmetry around the compression axis, the c-axis pole figures are not axially symmetric (Fig. 6(b)). The a-axes and poles 296 

to the m-plane have a near-random distribution.  297 

4 Discussion 298 

4.1 Microstructural development 299 

4.1.1 Nucleation  300 

Subgrain rotation recrystallization 301 

In all deformed samples, “core-and-mantle” structures (White, 1976)—i.e., networks of small, recrystallized grains 302 

encircling remnant, big grains—are well developed (Figs. 2(b), 3(b), 4(b)). Moreover, equiaxed-shaped subgrains defined 303 

by curved intragranular boundaries intersecting with grain boundaries of the host remnant grains are widely observed 304 

within deformed samples (pointed by black arrows in Figs. 2(f), 3(f), 4(f)). Core-and-mantle structures and subgrains along 305 

the margins of remnant grains are typical of subgrain rotation recrystallization (Halfpenny et al., 2006; Poirier and Nicolas, 306 

1975; Urai et al., 1986). Nevertheless, we note that some recrystallized grains may have formed via bulging nucleation 307 

(Halfpenny et al., 2006) and/or “spontaneous” nucleation (Hasegawa and Fukutomi, 2002). 308 

 309 

Grain segmentation via kinking 310 

Kink domains, encompassed by high-angle boundaries, are widely developed within all deformed samples (Sect. 3.2.2). 311 

Thus, in addition to grain nucleation by subgrain rotation recrystallization, new (high angle) grain boundary area is also 312 

formed via kinking, which leads to further grain segmentation and grain size reduction. In other words, kinking also acts 313 

as a grain nucleation mechanism, forming new high-aspect-ratio grains (kink bands) at the expense of remnant grains. 314 
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4.1.2 Kink bands characteristics 315 

Straight or slightly curved intragranular boundaries are widely observed (Figs. 2(f), 3(f), 4(f)), the low- and high-angle 316 

components of which have very similar misorientation axis distributions with maxima lie predominantly within the basal 317 

plane (Figs. 2(g, i), 3(g, i), 4(g, i)), matching kink band observations from previous studies (Piazolo et al., 2015; Seidemann 318 

et al., 2020). Most (~60%) kink bands have misorientation angles higher than 5-10°, which is commonly used to distinguish 319 

subgrain boundaries from grain boundaries in ice (Fan et al., 2020; Qi et al., 2017), and a considerable proportion (>20%) 320 

of kink bands has misorientation angles higher than 20° (Fig. 5(b)). Therefore, although kink bands can become highly 321 

misoriented with respect to their parent grain, kink bands remain strongly crystallographically controlled—with rational 322 

misorientation axes lying within the basal plane, in this case. 323 

 324 

Misorientation statistics of kink bands can help us to better understand subgrain rotation, because kinking and subgrain 325 

rotation have very similar kinematics—they both involve a continuous crystal lattice bending due to the progressive 326 

addition of dislocations to kink or subgrain walls (Bell et al., 1986; Poirier and Nicolas, 1975; Urai et al., 1986). Our data 327 

show that frequency of kink bands decreases continuously from low (4°) to high (60-70°) misorientation angles (Fig. 5(b)), 328 

suggesting that kinking more likely results from continuous lattice bending, rather than an instantaneous lattice bending 329 

that would lead to the immediate formation of high-angle kink bands. Therefore, we suggest that the subgrain rotation 330 

process can likewise proceed to high misorientation angles (>20°), and that (sub)grain boundaries should remain 331 

crystallographically controlled throughout their rotation. Such phenomena have been observed in metals, high angle tilt 332 

walls, for example, in single crystals (or coarse-grained samples) has been used to measure boundary energy and mobilities 333 

(Humphreys et al., 2017). Thus, the nature of recrystallized grains with grain boundaries lacking crystallographic control 334 

(with a close-to-random grain boundary misorientation axes distribution) (Sect. 3.2.2) may need to be reappraised. A 335 

common model is that low angle dislocation arrays (subgrain walls) break down above a certain misorientation angle as 336 

the boundary cannot maintain a dislocation structure to higher angles—in other words, there is a limit of misorientations 337 

that can be sustained by arrays of dislocations (Read-Shockely equation: Humphreys et al., 2017; Read and Shockley, 338 

1950). So maybe the key process required for the boundary misorientation axis to change is the formation of grain 339 

boundaries resulting from the connection of high-angle intragranular boundaries. The enclosure of grain boundaries allows 340 

other processes such as grain boundary sliding and grain boundary migration to proceed, and these processes require the 341 

boundary structure to change (Duval, 1985; Hondoh and Higashi, 1983; Ree, 1994). 342 

4.2 Crystallographic controls and effects of kinking 343 

Remnant grain c-axis pole figures show multiple maxima, arranged in a weak cluster or open cone centred around the 344 

compression axis (Fig. 6(a)). Multiple-maxima ice c-axis fabrics arise when the number of grains measured from a single 345 

sample plane is not sufficient for a fully representative CPO (Monz et al., 2021). Cone and cluster CPOs are commonly 346 

observed in ice samples deformed under uniaxial compression conditions, and are thought to arise from varying 347 

contributions of strain-induced grain boundary migration (GBM) and grain rotation due to dislocation glide (Kamb, 1972; 348 

Vaughan et al., 2017). 349 

 350 

Recrystallized grains have a CPO that is much weaker than the other grain populations (Sect. 3.3.3). Weak recrystallized 351 

grain CPOs have been reported in previous studies on experimentally deformed ice (Fan et al., 2020) as well as naturally 352 

and experimentally deformed rock (Bestmann and Prior, 2003). Published models that attempt to explain CPO weakening 353 
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of recrystallized grains include grains boundary sliding (Warren and Hirth, 2006), bulging nucleation (Falus et al., 2011) 354 

and nucleation with random orientations (Hasegawa and Fukutomi, 2002).  355 

 356 

Kink domains exhibit a c-axis girdle within the plane normal to the compression axis, forming a CPO that is distinct from 357 

remnant and recrystallized grains (Fig. 6). Nevertheless, at ~10% strain in this study, the CPO of all grains (bulk CPO) is 358 

similar to the CPO of remnant grains alone, suggesting kink domains have a weak influence on the bulk CPO at low strains. 359 

Further studies should be conducted to investigate the influence of kink domains in the modification of bulk CPO at high 360 

strains. 361 

4.2.1 Grain orientation controls on kinking activity 362 

Previous studies suggest that materials with strong mechanical anisotropy, like ice-1h, are prone to kinking (Piazolo et al., 363 

2015; Seidemann et al., 2020). Furthermore, deformation experiments on layered metals or geological materials (e.g., 364 

graphite, mica) show that kinks predominately form when basal planes are oriented poorly for easy slip (see review by 365 

Barsoum, 2020). Thus, we might expect to see high kink band densities in host grains with basal planes oriented sub-366 

parallel and sub-perpendicular to the compression axis (i.e., in grains with hard, low-basal-Schmid-factor orientations). 367 

However, while we find that kink band density is highest within remnant grains with basal planes oriented sub-parallel to 368 

the compression axis, there is almost a complete absence of kink bands within host grains that have basal planes oriented 369 

sub-perpendicular to the compression axis (Sect. 3.2.4; Fig. 5(a)). In other words, the activity of kinking does not simply 370 

correlate with basal Schmid factor, as suggested by previous kinking studies and models. 371 

4.2.2 Modelling crystallographic controls on kink nucleation 372 

To examine grain orientation controls on kinking activities in further detail, we employ a 2-D kink nucleation model 373 

developed by Honea and Johnson (1976) and Nishikawa and Takeshita (1999). The model proposes that under uniaxial 374 

compression, the critical shear stress, )$, required for a kink band to accommodate deformation is as follows: 375 

)$ =
)#

+,(%- + (/0-+,(-120	 4
, (1) 376 

where )# is the maximum principal stress (i.e., stress along the compression axis in this case), 4 is the misorientation angle 377 

between the basal plane of the kink band and the basal plane of its host lattice, and - is the angle between the basal plane 378 

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. 379 

7(a)) containing one or more kink bands (e.g., red lines in Fig. 7(a)), the critical shear stress, )$, required for the kink bands 380 

to continue deforming depends on (1) the relative magnitudes of the stresses resolved on the basal planes of kink bands 381 

and the basal planes of the host lattice, and (2) the relative orientation between the compression axis and the basal plane of 382 

the host lattice.  383 

 384 

The model makes two predictions for polycrystalline aggregates deforming solely via kinking. First, that the critical shear 385 

stress required for a kink band to accommodate deformation, )$, increases as a kink band becomes more misoriented 386 

(increasing 4) with respect to its host grain. That is, it becomes harder for kink bands to develop as they become more 387 

misoriented with respect to their host grain. Second, the model predicts that for small kink-host misorientation angles (i.e., 388 

low 4—cool coloured curves in Fig. 7(b)), kink band density should be greatest. This is because )$ will be lowest in host 389 

grains with basal planes oblique (-=30-50°) to the compression axis (Fig. 7(b)). For large kink-host misorientation angles 390 
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(i.e., high 4—hot coloured curves in Fig. 7(b)), kink band density should be greatest. This is because )$ will be lowest in 391 

host grains with basal planes sub-parallel (-=0-20°) to the compression axis (Fig. 7(b)). 392 

 393 

However, our experimental observations do not match the second model prediction. For kink boundary misorientation 394 

angles, 4, smaller than 20°—as are common in our samples (Fig. 5(b))—kink band densities should be greatest within 395 

remnant grains that have basal planes oblique to the compression axis (-=30-50°; Fig. 7(b)). In contrast, we find that 396 

remnant grains with basal planes parallel to the compression axis have the highest densities of intragranular boundaries, 397 

while remnant grains with basal planes normal to the compression axis have the lowest densities of intragranular boundaries 398 

(Fig. 5(b), Sect. 3.2.4). One way to rationalise the mismatch between the experimental observations and model predictions 399 

is that, in our samples, both kinking and dynamic recrystallization processes (e.g., strain-induced grain boundary migration, 400 

subgrain rotation recrystallization and dynamic recovery) are active, whereas the model addresses deformation via kinking 401 

alone. Kink band densities (Fig. 5(b)) do not obey the trend predicted by Eq. (1) (Fig. 7(b)) because the balance between 402 

recovery, recrystallization, and kinking, is different for grains in different crystallographic orientations, and evolves as 403 

those grains undergo deformation. Figure 7(c) schematically illustrates the relationship between ice c-axes/basal plane 404 

orientations and activities of kinking and dynamic recrystallization processes. Grains with basal planes oblique to the 405 

compression axis (-=30-50°; e.g., the green grain, G3, in Fig. 7(c)) are optimally oriented for both kinking and easy slip, 406 

i.e., dislocation glide on the ice basal plane. Previous studies suggest that intragranular strain incompatibilities can be 407 

efficiently relaxed through the selective growth of grains in easy slip orientations, at the expense of grains in hard slip 408 

orientations, via strain-induced grain boundary migration (GBM) (Fig. 7(d); Derby and Ashby, 1987; Humphreys et al., 409 

2017; Vaughan et al., 2017). Therefore, kinking may be less important within grains in easy slip orientations (i.e., with 410 

basal planes oblique to the compression axis here). Grain with basal planes sub-parallel to shortening (- ≈ 0°; e.g., the 411 

blue grain, G2, in Fig. 7(c)), on the other hand, are unfavourably oriented for basal dislocation glide; thus, strain-induced 412 

GBM is inhibited, and intragranular strain incompatibilities must be accommodated predominately by kinking (Fig. 7(d)). 413 

For grains with basal planes sub-perpendicular to shortening (- ≈ 90°; e.g., the red grain, G1, in Fig. 7(c)), the critical 414 

shear stress, )$, required for the progression of kinking exceeds the maximum principal stress, )#, except perhaps at very 415 

small kink-host misorientation angles, 4  < 10°  (Fig. 7(b)). Thus, grains with basal planes sub-perpendicular to the 416 

compression axis are fundamentally stable and difficult to kink (Fig. 7(d)), consistent with our microstructural data showing 417 

that grains in these orientations have the lowest density of kink bands (Fig. 5(b)). Grains with basal planes oriented normal 418 

to the compression axis are stronger than grains with basal planes oriented parallel to the compression axis—the latter kink 419 

while the former do not—even though they are equally poorly oriented for basal dislocation glide. Strain in the hardest 420 

(- ≈ 90°) grains might therefore be accommodated by non-basal dislocation glide (e.g., Chauve et al., 2017). 421 

4.3 Implications for planetary ice sheets 422 

In terrestrial glacial settings, kink bands have only been observed within folded ice layers, where local stresses and strain 423 

rates are relatively high (Jansen et al., 2016). Thus, kinking is unlikely to have a widespread control on the mechanics of 424 

terrestrial polar ice flow. However, for other planetary bodies, where the deformation of ice sheets is often subject to large 425 

stresses and low temperatures (see review by Journaux et al., 2020), kinking might be important in controlling ice 426 

deformation mechanics. Our experimental data imply that under large stresses, kinking plays a key role in segmenting new 427 

grains from original grains (nucleation) (Sect. 4.1.1) and accommodating large plastic strain when thermally activated 428 
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creep processes (e.g., vacancy diffusion and dislocation climb) are inefficient (Sect. 4.2), as is likely the case in the cold 429 

outer solar system. 430 

5 Summary 431 

1. Microstructural analyses were conducted on coarse-grained ice (~1300 µm) deformed under relatively high uniaxial 432 

stresses (>5 MPa). Within deformed samples, kink domains (i.e., high-aspect-ratio (≥ 4) grains) are widely developed. 433 

Recrystallized (small, low-aspect-ratio) grains also form via nucleation, which is facilitated by subgrain rotation 434 

recrystallization, further contributing to grain size reduction. Thus, subgrain rotation and kinking both contribute to grain 435 

segmentation and grain size reduction.  436 

 437 

2. Kink bands are composed of both low- (<10°) and high-angle (mostly 10–20°, many >20°) components. Kink bands (of 438 

both low and high misorientation angles) have misorientation axes lying predominately within the ice basal plane. Previous 439 

studies suggest the kinematics of kinking and subgrain rotation are fundamentally the same. Together, these observations 440 

suggest that kinking and subgrain rotation can evolve to moderately large misorientation angles, but remain 441 

crystallographically controlled, i.e., they are unlikely, by themselves, to change the misorientation axis. 442 

 443 

3. Kink domains are preferentially oriented with c-axes sub-perpendicular to the compression axis, unlike remnant grains 444 

that have weak cluster and narrow cone-shaped c-axis distributions centred around the compression axis, and nucleated 445 

grains that have near-random c-axis distributions. Bulk crystallographic fabrics most closely resemble the CPO of remnant 446 

grains, suggesting that kinking does not significantly modify bulk CPOs, at low strains.  447 

 448 

4. Kink band densities decrease monotonically as a function of the angle between the host grain basal plane and the 449 

compression axis. Kink domains are nearly absent in grains with basal planes sub-perpendicular to the compression axis, 450 

consistent with kink models showing that grains with easy-slip planes (i.e., basal planes, in this case) sub-perpendicular to 451 

shortening are fundamentally stable and uneasy to kink since the critical shear stress required for kinking exceeds the 452 

applied stress. Grains with basal planes sub-parallel to shortening, on the other hand, have the highest kink band densities. 453 

This observation is not expected from models that solely consider strain accommodation via kinking—instead, models 454 

suggests that grains with basal planes sub-parallel to shortening should be harder to kink than grains with basal planes 455 

oblique to shortening. We propose that the inconsistency between kink model predictions and experimental observations 456 

may be reconciled by considering the activity of both kinking and dynamic recrystallization during deformation. For grains 457 

with basal planes oblique to compression, (i.e., in easy basal slip orientations), strain-induced grain boundary migration 458 

(GBM) might be sufficient to relax the intragranular strain incompatibility and kinking is thus less important. For grains 459 

with basal planes sub-parallel to compression (i.e., in hard-slip orientations), strain-induced GBM should be inhibited. 460 

Consequently, large intragranular strain incompatibilities can be relaxed via kinking, when other processes, such as 461 

subgrain rotation recrystallization, are not efficient enough under large uniaxial stresses. 462 

  463 
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Table 1. Summary of mechanical and microstructural data 589 

 590 

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 

Metrics of GOS values (°) within each grain 

population: 

Lower quartile/ 

Median/ 

Higher quartile 

Undeformed N/A N/A 

768/ 

1293/ 
1781 

All All 

173/ 

82%/ 

21% 

0.36/ 

0.45/ 

0.87 

 *Small, low-

aspect-ratio 

(recrystallized 

grains) 

*Big, low-

aspect-ratio 

(remnant 

grains) 

*High-

aspect-ratio 

(kink 

domains) 

*Small, low-

aspect-ratio 

(recrystallized 

grains) 

*Big, low-

aspect-ratio 

(remnant 

grains) 

*High-

aspect-ratio 

(kink 

domains) 

PIL275 1.2E-5 5.13 

37/ 

51/ 
74 

11107/ 

37%/ 

10% 

321/ 

100%/ 

98% 

1055/ 

65%/ 

26% 

0.59/ 

0.98/ 
2.30 

4.59/ 

6.47/ 
9.06 

1.69/ 

2.95/ 
4.72 

PIL270 3.0E-5 5.91 

45/ 

62/ 

91 

4047/ 

44%/ 

14% 

239/ 

100%/ 

97% 

704/ 

70%/ 

29% 

0.65/ 

1.32/ 

3.01 

4.81/ 

6.37/ 

8.53 

1.92/ 

3.28/ 

5.19 

PIL271 6.0E-5 6.67 

37/ 

48/ 
64 

9165/ 

26%/ 

7% 

224/ 

100%/ 

98% 

1022/ 

68%/ 

26% 

0.41/ 

0.56/ 
1.44 

4.23/ 

6.25/ 
8.99 

1.91/ 

3.21/ 
4.83 

 591 
* Small grains: grain size < 300 µm; big grains: grain size ≥ 300 µm. Low aspect ratio: aspect ratio < 4; high-aspect ratio: aspect ratio ≥ 4. 592 
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 594 
 595 

Figure 1. Microstructural analyses of undeformed coarse-grained ice. The EBSD data collected with 5 µm step size are 596 

presented as (a) orientation map coloured by IPF-Y, which uses the colour map to indicate the crystallographic axes that 597 

are parallel to the y-axis as shown by the black arrows. Grain boundaries are black. Intragranular boundaries are grey. We 598 

only show selected areas of EBSD maps so that the reader can resolve microstructural features. (b) Grain size statistics 599 

presented as grain size as a function of number frequency (upper box) or area-weighted frequency (lower box), with the 600 

grain size in logarithmic scale. (c) Distribution of aspect ratio. The max aspect ratio is marked within the box. Illustrative 601 

ellipses of different aspect ratios are also presented in the box. (d) Distribution of grain shape preferred orientation 602 

presented as rose diagram for all grains. CPOs for [0001] (c-axes), [11-20] a-axes and [10-10] (pole to the m-plane) are 603 

plotted on the basis of (e) one point per pixel and (f) one point per grain. Contoured CPOs are coloured by multiples of a 604 

uniform distribution (MUD). (g) Distribution of misorientation angle for intragranular boundaries. (h) Distribution of 605 

misorientation axes for intragranular boundaries and grain boundaries (>10°) displayed as contoured inverse pole figures 606 

(IPFs) with crystal reference frame. 607 
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 609 
 610 

Figure 2. Microstructural analyses of sample PIL275. (a) A sub-area of the orientation map. Orientation map is coloured 611 

by IPF-Y, which uses the colour map to indicate the crystallographic axes that are parallel to the vertical shortening 612 

direction as shown by the black arrow. Grain boundaries (>10°) are shown black. (b) Grain map for grain populations with 613 

different sizes and shapes. (c) Grain size statistics presented as grain size as a function of number frequency (upper box) 614 

or area-weighted frequency (lower box), with the grain size in logarithmic scale. Interquartile range (IQR) of grain size is 615 

presented above the number-weighted grain size histogram. Median grain size is marked with red line, lower quartile and 616 

higher quartile grain sizes are marked with blue whiskers. (d) Distribution of aspect ratio for big (≥ 300 µm) and small (< 617 

300 µm) grains, with the y-axis (number frequency) in logarithmic scale. (e) Distribution of grain shape preferred 618 

orientation presented as rose diagrams for different grain populations. Colour scheme is the same as (b). Radial dimension 619 

of bars corresponds to frequency with the scale shown on the horizontal axis. (f) Boundary map. Black arrows indicate the 620 

intragranular boundary structures along grain boundaries. (g) Intragranular boundary maps coloured on the basis of 621 

misorientation axes. Misorientation axes are coloured by IPF colour code in crystal reference frame. (h) Distribution of 622 

misorientation axes in contoured inverse pole figures (IPFs) with crystal reference frame for different grain populations. 623 
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 625 
 626 

Figure 3. Microstructural analyses of sample PIL270. The descriptions of (a) to (h) are the same as in Fig. 2. 627 
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 629 
 630 

Figure 4. Microstructural analyses of sample PIL271. The descriptions of (a) to (h) are the same as in Fig. 2. The white 631 

arrows in (b) indicate artefacts of shift between adjacent tiles within montaged EBSD data (Sect. 2.4.1). 632 
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 634 
 635 

Figure 5. (a) Number frequencies of high- and low-aspect-ratio grains with basal planes at 10° intervals to the compression 636 

axis. (b) Bar plots (grey, corresponds to the left y-axis) represent misorientation angle distribution of kink band, i.e., 637 

intragranular boundary with misorientation axis within 1° to the ice basal plane, for deformed sample. Line plots 638 

(corresponds to the right y-axis) represent cumulative frequency of kink band as a function of misorientation angle for 639 

deformed sample (red) and undeformed sample (pink). (c) Distribution of kink band density as a function of the angle 640 

between basal plane and compression axis for remnant grains (≥ 300 µm, aspect ratio < 4) for deformed sample (black 641 

triangle). These data are compared with the kink band density (black square), i.e., the length of kink band per grain area, 642 

as well as intragranular boundary density (brown square), i.e., the length of intragranular boundary per grain area, of all 643 

grains within undeformed sample. Kink band and intragranular boundaries comprise low- (4°-10°) and high-angle (>10°) 644 

components. Distribution of kink band or intragranular boundary density is visualised as whiskers indicating lower quartile 645 

and higher quartile and a triangle or square indicating median value.  646 
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 648 
 649 

Figure 6. (a) Crystallographic preferred orientation (CPO) analyses using orientation data of all pixels for all grains and 650 

different grain populations. CPOs of different samples are presented in separate boxes. Within each box, the grain 651 

population name, grain number (N(g)), the number of pixels used for calculation (N(p)) and M-indices (M) are presented 652 

in the first column. The distributions of [0001] (c-axes) orientations plotted as point pole figures with 5000 randomly 653 

selected points and contoured pole figures are presented in the second and third column, respectively, with the compression 654 

axis perpendicular to page. The distributions of orientations for [0001] (c-axes), [112#0] a-axes and [101#0] (poles to the m-655 

plane), with the compression axis vertical, are presented in the fourth, fifth and sixth column, respectively. (b) Summary 656 

of c-axis CPO schematics for different grain populations from (a). 657 
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 659 
 660 

Figure 7. (a) Schematic drawing illustrating a kink band structure in 2-D. (b) Modelling results showing the minimum 661 

shear stress required for a kink band to continue with the deformation should be a function of the angle between the basal 662 

plane of host lattice and compression axis as well as the rotation angle of the kink band relative to the host lattice (Honea 663 

and Johnson, 1976; Nishikawa and Takeshita, 1999). (c) Schematic drawing of processes involved in the deformation of 664 

coarse-grained ice under uniaxial compression. GBM represents grain boundary migration; SGR represents subgrain 665 

rotation. For kinked lattices in (c), we draw the corresponding orientations of c-axes and basal planes in pole figures in (d). 666 


