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Abstract

Mass loss from ice sheets contributes to global sea level rise, and accelerated ice flow to the oceans is
one of the major causes of rapid ice sheet mass loss. To understand flow dynamics of polar ice sheets, we
need to understand deformation mechanisms of the polycrystalline ice in ice sheets. Laboratory experiments
have shown that deformation of polycrystalline ice occurs largely by dislocation glide, which mainly depends
on crystal orientation distribution. Grain size and impurities are also important factors that determine ice
deformation mechanisms. Compared with ice formed during interglacial periods, ice formed during glacial
periods, especially ice that forms cloudy bands, exhibits finer grain sizes and higher impurity concentrations.
A previous report suggests the deformation rate of ice containing cloudy bands is higher than that of ice
without cloudy bands. To examine the microstructures and deformation histories of ice in cloudy bands, we
applied the electron backscatter diffraction (EBSD) technique to samples from the Greenland Ice Sheet using
an environmental scanning electron microscope (ESEM) equipped with cold stages. Prior to the EBSD
analysis, we optimised our ESEM/EBSD system and performed angular error assessment using artificial ice.
In terms of ¢- and a-axis orientation distributions and grain orientation spread, we found little difference
between samples taken from a cloudy band and those taken from an adjacent layer of clear ice. However,
subgrain boundary density and orientation gradients were higher in the cloudy band, suggesting that there
are more dislocations in the cloudy band than in the clear ice layer.
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1. Introduction

The Greenland and Antarctic ice sheets are rapidly
losing their ice mass (Mouginot et al., 2019; Rignot et al.,
2019). There is urgent need to understand the mechanism
of ice sheet mass loss because of its contribution to sea
level rise. Accelerated ice flow to the oceans is one of the
major causes of rapid mass loss (Mouginot et al., 2019;
Rignot et al., 2019). To understand ice flow dynamics, it is
important to investigate ice deformation mechanisms in
ice sheets. Ice sheets are composed of hexagonal
polycrystalline ice, which deforms mainly by dislocation

glide on basal planes (Glen, 1955). This mechanism is
regulated by c-axis orientation distribution (Azuma, 1994).
Grain sizes and impurities might also affect deformation
(Cuffey et al., 2000b; Goldsby and Kohlstedt, 1997, 2001;
Jones and Glen, 1969; Saruya et al., 2019). Therefore, to
understand deformation mechanisms of ice sheets, it is
important to study the effects of grain size and impurities
on deformation, as well as the mechanisms controlling
c-axis orientation distribution and grain size in ice sheets.

Ice formed during glacial periods (hereafter referred
to as glacial ice) deforms at a much higher rate than ice
formed during interglacial periods (Dahl-Jensen and
Gundestrup, 1987; Paterson, 1991). The higher deformation
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rate of glacial ice has been reported to be associated with
c-axis orlentation distribution, grain size and/or higher
impurity concentration (Dahl-Jensen and Gundestrup,
1987: Paterson, 1991), although exact mechanisms are yet
unknown. Glacial ice also shows large variability in
deformation rate. It usually contains light-scattering
cloudy layers, which can be distinguished easily visually
from their adjacent layers, which are clear (e.g., “cloudy
bands,” described in Faria et al., 2010; Faria et al., 2018;
Gow and Williamson, 1976; Jansen et al., 2016; Miyamoto
et al., 1999; Svensson et al., 2005). Compared with clear
ice, cloudy bands have finer grain sizes (Faria et al., 2010)
and higher impurity concentrations (Svensson et al., 2005).
Miyamoto et al. (1999) reported higher deformation rates
of ice containing cloudy bands. However, the mechanisms
that lead to enhanced deformation in cloudy bands, and
their relationships with grain size and impurity content
remain unclear.

Analyses of microstructures (e.g., crystallographic
orientation, grain size, grain shape, including what are
often referred to as substructures—subgrain boundaries,
slip bands and gradual change in crystal orientations) of
ice from polar ice sheets provide us with information
about deformation mechanisms as well as the related
processes of recovery and recrystallization (Faria et al.,
2010; Faria et al., 2014a, 2014b; Faria et al., 2018; Gow and
Williamson, 1976; Hamann et al., 2007; Jansen et al., 2016;
Kipfstuhl et al., 2006; Miyamoto et al., 1999; Montagnat et
al., 2014; Weikusat et al., 2009; Weikusat et al., 2011b;
Weikusat et al., 2017a, 2017b). Although grain size and
c-axis orientation distribution in cloudy bands have been
studied (Gow and Williamson, 1976; Miyamoto et al., 1999),
little is known about the substructures of cloudy bands
(Weikusat et al., 2009). Typical sizes of grains and sub-
strucures in polar ice samples are several mm and 100
m to 1 mm, respectively (e.g., Faria et al, 2014a, 2014b;
Fig. 5 in Kipfstuhl et al., 2006). Misorientation angles of
grain boundaries are less than 5° (Weikusat et al., 2011b).
To investigate substructures in polar ice samples, it is
necessary to measure substructures with high spatial
resolution and angular accuracy in large areas.

Conventional methods for analysing ice microstruc-
ture have several shortcomings. For example, an auto-
mated fabric analyser can determine c-axis orientations
in a thin section (approximately 10X10cm) with an
angular accuracy of approximately 1° (Wang and Azuma,
1999) and a spatial resolution of approximately 2.8 ym
(Peternell et al., 2011), but is unable to measure a-axis
orientation. Using optical microscopy, grain boundaries
and subgrain boundaries can be imaged with a spatial
resolution of 3 #m for a similar sample area (approx-
imately 10X10cm), but misorientation angles of the
subgrain boundaries cannot be measured (Kipfstuhl et al.,
2006; Weikusat et al., 2009). An X-ray diffraction method
can measure both c- and a-axis orientations and detect
misorientation angles at subgrain boundaries with a
reported accuracy of 0.5° (Miyamoto et al., 2011).

However, substructures in polar ice sheets are of the
order of 100 um (e.g., Fig. 5 in Kipfstuhl et al., 2006) and
are therefore not detected sufficiently using this method,
which has a spatial resolution of 0.2mm (Miyamoto et al.,
2011).

The electron backscatter diffraction (EBSD) technique,
performed in a scanning electron microscope (SEM) pro-
vides both ¢- and a-axis orientation measurements with
high angular accuracy (0.5° to 1°) and spatial resolution
(several tens of nanometres; Humphreys, 2001; Humphreys
and Brough, 1999; Humphreys et al., 1999; Krieger Lassen,
1996). Although several research groups have analysed
ice samples using a cryogenic SEM equipped with EBSD
(cryogenic SEM/EBSD system) (Baker et al., 2005; Baker
et al., 2007; Chauve et al., 2017; Iliescu et al., 2004;
Montagnat et al., 2015; Obbard et al., 2006; Piazolo et al.,
2008; Prior et al., 2012; Prior et al., 2015; Qi et al., 2017,
Weikusat et al., 2011a; Weikusat et al., 2017b), they all
employed slightly different instruments and different
methods. Furthermore, while the spatial resolution and
the angular error of EBSD measurements have been
reported previously (e.g., Humphreys et al., 1999; Krieger
Lassen, 1996; Weikusat et «l., 2011a), studies on orien-
tation gradients (gradual changes in orientation in a
grain) are limited for samples with grain sizes of several
mm (Obbard et al., 2006). Previous studies on angular
accuracies of EBSD have focussed on smaller grain sizes
(~100 gm; e.g., Humphreys et al., 2001). In this study, we
optimized a cryogenic SEM/EBSD system installed at
the National Institute of Polar Research in Japan and we
designed a sample preparation method to analyse ice
samples. We assessed orientation gradients measured in
our instrument using annealed artificial ice to analyse
intragranular misorientations in polar ice samples. We
analysed microstructures of glacial ice from a cloudy
band and an adjacent clear layer from a shallow section
of glacial ice in the Greenland Ice Sheet. In this paper, we
discuss the differences between the cloudy band and its
adjacent clear layer in terms of their microstructure.

2. Methods

2.1 Cryogenic ESEM/EBSD system

We used an environmental SEM (ESEM, Quanta 450
FEG; Thermo Fisher Scientific, Inc., Materials and
Structural Analysis Division, Hillsboro, OR, USA),
equipped with an EBSD detector (HKL NordlysNano;
Oxford Instruments, plc, Abingdon, UK) and a Cryo-SEM
preparation system (PP3010T; Quorum Technologies,
Lewes, UK) (Fig. 1). The cryogenic ESEM/EBSD system
has two cold stages: one within the ESEM chamber and
the other in the preparation chamber used to transfer the
sample into the ESEM chamber. Circulating dry nitrogen
gas cooled by liquid nitrogen can lower the temperature
of the cold stages to —190 C. An ice sample was
prepared in our cold laboratory and transferred to the
preparation deck (Fig. 1). Following transfer to the
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Fig. 1. The cryogenic ESEM/EBSD system used in this
study. The environmental scanning electron microscope
(Environmental SEM; dark grey) has an electron back-
scatter diffraction (EBSD) detector and a Cryo-SEM prepara-
tion system (which contains two cold stages, two cold traps,
a preparation chamber, a preparation deck, a transfer
rod and a heat exchanger). Note: LN, stands for liquid
nitrogen.
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Fig. 2. (a) Sample holder with 35° pre-tilt and jig used for
polishing ice samples using a microtome. (b) Front view of
sample holder without sample. (¢) Schematic illustration of
sample on holder.

preparation chamber, a transfer rod inserted the sample
into the ESEM chamber. During sample transfer from
the cold laboratory to the preparation chamber, liquid
nitrogen kept the sample cold to avoid melting and
condensation. This procedure is similar to that of
Weikusat et al. (2011a). The procedure and time needed
for our system are summarised in Appendices 1 and 2.

During EBSD analysis, tilting of the sample surface
at an angle of 70° with respect to the horizontal plane is
necessary to obtain diffraction patterns (called Kikuchi
patterns) from backscattered electrons (Engler and
Randle, 2009). We made a sample holder from aluminium
alloy (JIS A7000 series) with a pre-tilt of 35° (Fig. 2).
Using this holder, tilting of the cold stage to 35° ensured
a sample tilt of 70°. The typical working distance was
20mm, and the distance between the sample and the
EBSD detector was 6-16 mm.

2.2 Samples
We made artificial ice samples with equiaxed grains

- Cloudy bands .

1548.03 m
"Cloudy" samples

"Clear" samples
1548.05 m

10 mm

X

Fig. 3. Locations of samples used in this study for electron
backscatter diffraction mapping with respect to ice
section from the North Greenland Eemian Ice Drilling
(NEEM) ice core. Samples 1 and 3 originated from a
cloudy band at depths of 1548.03-1548.04 m. Samples 2
and 4 originated from an adjacent clear layer at depths of
1548.04-1548.05 m.

and random crystal orientation distributions using the
phase transition method (e.g., Hamann et al., 2007; Prior
et al., 2012) to evaluate the spatial resolutions and angular
errors of our cryogenic EBSD system (Appendices 3 and
4, Section 2.4). Ultrapure water (electrical conductivity:
~56X107°Sm™") was frozen slowly, and ice phase was
changed from ice I, to ice II and back again to ice I, by
adjusting pressure. Prior annealing of samples at —30C
for four years or more released any strain.

We analysed ice core samples retrieved by the North
Greenland Eemian Ice Drilling (NEEM) project (NEEM
community members, 2013). The NEEM drilling site is
located at an ice ridge in the Greenland Ice Sheet (77.45°
N, 51.06°W, surface elevation 2450 m, mean annual
temperature —29 ‘C, accumulation 0.22 m-ice equivalent
per year; NEEM community members, 2013). We selected
glacial ice samples from a depth of 1548 m, corresponding
to an age of 19,200 years before present (Rasmussen et
al., 2013). This sample is from a shallow section of the
glacial ice in the NEEM ice core (1419-2207 m). We
analysed ice samples from a cloudy band and its adjacent
clear layer in the sample.

Prior to EBSD mapping, we cut three sections
(approximately 90 mm X46 mm each) from the same
depth interval (1547.99-1548.08 m) containing both cloudy
bands and clear layers. We used two of the sections for
grain size and c-axis orientation distribution measure-
ments and the third section for EBSD mapping. We
performed grain boundary mapping using an optical
microscope (BX 51; Olympus Corp., Tokyo, Japan)
(Kipfstuhl et al., 2006; Weikusat et al., 2009). We traced
the boundaries manually and calculated the mean grain
sizes using image processing software (Stream; Olympus
Corp.). To measure c-axis orientation distributions in
large areas, we used an automated fabric analyser (G50
Fabric Analyser; Russell-Head Instruments, Melbourne,
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Australia). We selected four samples from the third
section for EBSD mapping. Two samples were from a
cloudy band and the other two samples were from the
adjacent clear layer (Fig. 3). Before the samples were
analysed in the ESEM, we mapped the grain and
subgrain boundaries using an optical microscope
(Appendix 1).

For EBSD analysis, an ice sample, typically with an
area of 10mmX10mm and thickness of 5mm, was cut in
the cold laboratory (—20 C) with a bandsaw and fixed on
to the sample holder using powder ice and a mixture of
ultrapure water and cryogenic adhesive material (Tissue-
Tek Optimum Cutting Temperature formulation, Sakura
Finetek Japan, Co., Ltd, Tokyo, Japan), following Kitahara
et al. (2016) (Appendix 1). We adopted this method to
avold cracking or detaching of the ice sample when
submerged into liquid nitrogen (Section 2.1). Previous
studies used water to fix an ice sample onto a holder or
melted the bottom of an ice sample and refroze it to the
holder (e.g., Weikusat et al., 2011a; Prior et al., 2015);
however, our trials of these methods often failed. We
made powder ice by spraying ultrapure water into liquid
nitrogen. The weight ratio of Tissue-Tek to water was
roughly between 0.5 and 0.7.

We polished the samples with a microtome to ensure
the sample surface was flat and smooth. Depending on
the quality of the surface, sample surfaces were further
sublimated in a cold room at —20°C for up to 3 hours to
make them smoother, and to remove small ice particles

produced by microtoming (Appendix 1, details of
sublimation-etching are described in Kipfstuhl et al. (2006)
and Weikusat et al. (2009)). We designed a jig, which
could attach to the sample holder, to polish samples fixed
on to the holder (Fig. 2). This jig allowed us to observe
the samples both in the ESEM and in the optical
microscope without remounting them (Appendix 1).

2.3 ESEM/EBSD operation and data acquisition/pro-

cessing

The optimum conditions for EBSD mapping were as
follows: temperatures of the cold stage and trap were
—150°C and —190 C, respectively; chamber pressure
was 10 Pa (Appendix 2). The chamber pressure was
regulated using dry nitrogen gas, as used by Prior et al.
(2015). To achieve best mapping efficiency, accelerating
voltage of 30kV and beam current of 9.2nA (for a spot
size of 6.0) or >30nA (for a spot size of 7.0) were used.

We acquired Kikuchi patterns and indexed them
using the software AZtec® (Oxford Instruments) under
the conditions shown in Table 1. We created crystal-
lographic data for theoretical Kikuchi patterns using the
software Twist (Oxford Instruments) from the positions
of oxygen atoms in the crystal structure of ice-I,
(Fletcher, 1970; Kuhs and Lehmann, 1986; Rottger et al.,
1994). Initial indexing rates were between 79 % and 99 %
for all data. Data were reanalysed when indexing rates
were below 90 %. We analysed the indexed data using the
software Channel 5 (Tango, Mambo, Data Manager, and

Table 1. Conditions for acquiring and indexing Kikuchi patterns and
crystallographic information for ice-I,.

4%x4

Binning (336 x 256 pixels from full size of 1344 x 1024
pixel-charge coupled device)

Gain High

Frame averaging(!l

5 to 10 frames

Exposure timel1l 2 to 12 ms
Reflectors 52

Band detection mode Edge
Number of bands 10to 12
Hough resolution 60 to 120

Crystallographic information | Space groupl?l : P6;/mmc

of ice-In (0xygen atom)

Coordinates!=: (x, y, z)
+(1/3, 2/3, 2o)
+(2/3,1/3, 20 + 1/2)
Wyckoff letter(sl: f
Lattice constants(4!:

a=4.51808 m-1°, ¢ = 7.35612 m~1°

Notes: [1] The resulting acquisition rate is 3.9-8 Hz. Crystallographic information
is obtained from [2] Fletcher (1970), [3] Kuhs and Lehmann (1986) and [4] Rottger

et al. (1994).



SHIGEYAMA et al. 35

Map Stitcher; Oxford Instruments) (Appendix 1).

The EBSD mapping of the NEEM ice samples used a
step size of 50 ym (Section 2.4). We displayed the c- and
a-axis orientation distributions as equal area projections
in the lower hemisphere on pole figures. To compare
distributions quantitatively, the M-index, which ranges
between 0 (random) and 1 (single crystal), was used
(Skemer et al., 2005) (Appendix 1). In both cloudy sample
1 and clear sample 2 (Fig. 3), the sample surface was
imaged as two adjacent areas that could be stitched
together using Map Stitcher. We removed those pixels
not indexed or misindexed and replaced them based on
interpolation using data from six adjacent pixels. We
calculated averaged map values using the Advanced
Kuwahara filter with a window size of 3X3 or 5X5 pixels
(Appendix 1).

2.4  Spatial resolutions and angular accuracies

The spatial resolutions of our ESEM/EBSD system
were assessed following Weikusat et a/. (2011a) and found
to be 0.6 and 1.8 um for the direction parallel to the
sample tilt axis (x-direction) and the direction
perpendicular to it, respectively (Appendix 3). The spatial
resolution of our cryogenic ESEM/EBSD system is
sufficient to analyse substructures in ice from ice sheets,
which have typical sizes of 100 xm to 1 mm (e.g., Fig. 5 in
Kipfstuhl et al., 2006).

The misorientation angle between two lattice
orientations is defined as the minimum angle by which
one lattice orientation needs to be rotated to coincide
with the other (e.g., Engler and Randle, 2009). There are
two methods for estimating misorientation errors in the
EBSD system: (1) misorientation angles between
neighbouring pixels and (2) orientation gradients, which
represent gradual changes in orientation with respect to
a reference point in the sample, expressed as angle per
length. The errors of misorientation angles between
neighbouring pixels were 0.6°-0.8° for all step sizes
analysed (Appendix 4). These values are smaller than the
misorientation angles characterising grain boundaries in
ice (3°-5°% Weikusat et al., 2011b), confirming that our
EBSD analysis can identify ice substructures.

To detect a small orientation gradient within an ice
crystal, we assessed the orientation change induced by
our cryogenic ESEM/EBSD system. While the orientation
change induced by our cryogenic ESEM/EBSD system is
less than 1° at 100X magnification using software AZtec”
(corresponding to an area of approximately 0.9 mm X
0.6 mm), the errors at lower magnification (for larger
sample areas) are unknown. To assess the error induced
by our system for large ice samples (approximately
10 mm X10 mm), we analysed a strain-free annealed
artificial ice sample (approximately 8 mm X7 mm)
containing two grains using step sizes of 50 and 100 zm.

3. Results

3.1 Error in orientation gradient estimated using an-
nealed artificial ice

Figure 4 (a) shows a textural component map of the
sample, while Fig. 4 (b) shows the variations of
misorientation angles along profile lines running from the
top to the bottom near the centre (lines B-B” and C-C’)
and near the outer edges (lines A-A’ and D-D’) of the
sample. In both grains, misorientation angles show
monotonic increases near the sides and saddle-shaped
variations near the centre. To confirm that these
misorientation angle variations result from our cryogenic
ESEM/EBSD system and are not intrinsic to the sample,
the sample was rotated anticlockwise by 90° and
reanalysed (i.e. in this case, the ‘top” of the sample in Fig.
4 (a) is now on the ‘left)). Figure 4 (c) shows the variations
of misorientation angles along profile lines near the
centre (lines B-B” and C-C’) from the first and second
mapping. Although the same area of the same sample
was analysed, misorientation angle variations were
clearly different, suggesting that these variations are an
artefact induced by the configuration of our cryogenic
ESEM/EBSD system.

We evaluated the impact of this error on orientation
gradients at grain-size scale (z.e., mm-scale). Using least
squares linear regression to relate misorientation angles
to length, we calculated average regression slopes and
standard deviations of misorientation angles of different
profile lines on the annealed artificial ice sample (Table 2),
and we found a maximum orientation gradient of 4 X
10™*°um ™" in our cryogenic ESEM/EBSD system. This was
determined from line A-A’ using [OGgglmax 20, where
[OGgslmax denotes the maximum regression slope. This
value is consistent with an orientation gradient (1.07° at
2mm, namely 535X107*°um™) reported by Obbard et
al. (2006), using GISP2 (Greenland Ice Sheet Project 2) ice
core.

In addition to the general monotonic increase and
saddle-shaped variation in misorientation angles at the
grain-size scale (Fig. 4(b) and (c)), misorientation angles
also showed smaller-scale (~100 um) variations. To
evaluate these smaller-scale artefacts, 10-point moving
averages of orientation gradients (OGy,..;) Were
calculated and averaged ([OGgponmeas) OVer each profile
line (Table 2). The maximum [OGindmean T 20 value was
9%X107**um™* (along A-A’); this value was used as the
maximum small-scale orientation gradient artefact of our
cryogenic ESEM/EBSD system, and was taken into
account during EBSD analysis with step sizes of 50 and
100 pm (Section 3.2.1).

3.2 NEEM ice core samples
3.2.1 Substructures

Figure 5 shows optical microscope images and
inverse pole figure maps of all analysed samples. We
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Fig. 4. Observed orientation gradients in the annealed
artificial ice sample. (a) Textural map showing orientation
changes of up to 3° with respect to the orientation of
the position marked with an asterisk in each grain (step
size: 100 zm). (b) Misorientation angle profiles along lines
(A-A’, B-B’, C-C" and D-D’) in (a). (c¢) Misorientation
angle profiles as in (b) before and after 90° rotation of the
sample (step size: 50 ym). All data were averaged using
the Advanced Kuwahara filter with a window size of 3X3
pixels.

removed regions of the inverse pole figure maps stitched
together or not acquired and regions that displayed
possible artefacts from data averaging, as shown in black
in Fig. 5 (b) and (d). We defined grain and subgrain

boundaries based on comparison of optical microscope
images and misorientation data derived from EBSD
mapping. We regarded sharp thick lines in the optical
microscope images as grain boundaries and irregular thin
lines as subgrain boundaries (e.g., Kipfstuhl et al., 2006;
Weikusat et al., 2009). Most grain boundaries in the
optical microscope images coincided with misorientation
angles greater than 4° (black lines) in the inverse pole
figure maps. Likewise, most subgrain boundaries in the
optical microscope images coincided with misorientation
angles of 0.8°-4° (grey lines). Therefore, we regarded
misorientations with angles greater than 4° as grain
boundaries, and misorientations with angles of 0.8°-4° as
subgrain boundaries. These results are consistent with
misorientation angles of grain and subgrain boundaries
derived using an X-ray diffraction method (Weikusat et
al., 2011b). We calculated subgrain boundary densities for
both cloudy and clear ice samples by dividing the total
length of subgrain boundaries in each map by the total
area that was analysed. We calculated the total length of
the subgrain boundaries by multiplying the step size of
50 ym with the number of misorientations with angles
between 0.8° and 4° in all analysed areas (Appendix 1).

We calculated the misorientation angles between the
average orientation of a grain and the pixels in each
grain. The average of these values gives the grain
orientation spread, which has been used as a measure of
intragranular misorientation angles (Fig. 6). We used the
software Tango to calculate grain orientation spreads for
our EBSD data (Appendix 1). An artefact related to our
cryogenic ESEM/EBSD system, which is proportional to
the grain area analysed, affected the grain orientation
spreads. To evaluate this artefact, we measured the grain
orientation spreads of strain-free annealed ice and plotted
the results against the analysed grain area (Fig. 7). We
used least squares linear regression to relate grain
orientation spread to analysed grain area. The regression
line derived from annealed ice defined the baseline error
related to the system artefact. For any sample, we
considered values above the regression line as the grain
orientation spreads.

We derived the orientation gradient of each grain
using least squares linear regression of the misorientation
angles measured along an arbitrary line across the grain
(Fig. 8; Appendix 1). This can be a proxy for the number
of dislocations piling up to form subgrain boundaries. On
the basis of the error estimated in Section 3.1, we
investigated the number of grains with orientation
gradients greater than 9X10 *°um™". We analysed all
grains larger than 10 pixels (500 pm). Sudden changes in
misorientation angles at subgrain boundaries can indicate
high orientation gradients (Fig. 8). Therefore, we
considered that grains with misorientation angles larger
than 0.8° contained subgrain boundaries and we analysed
them separately.
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Table 2. Errors in orientation gradients at grain-size scale and subgrain-size
scale (derived from 10-point moving averages) in the environmental
scanning electron microscope (ESEM)/electron backscattered

diffraction (EBSD) system.

Step [OG1o—point]

X OGgs (0] (OGGS) OGgs + 20 [OGlo-point]mean

1Z€ Imean + 20

[° pm~] [°pm*] |[°pm7]  |[° pm7]

[pm] [° pm]
Grain I

100 |4x104 [1x105 |4x104 |4x1074 0 x 1074
AN
Grain II

100 3 x 1074 |8 x 100 |3 x 1074 |3 x 1074 8 x 1074
D-D’
Grain I
BB 100 3 X 1075 |9 x 1076 |5 x 1075 8 x 1075 5 x 1074
Grain II

100 |4x105[9gx10¢ |6x105 [7x1075 5 x 104
c-C
Grain I
B-B’ 50 2 X104 |4 x10¢ [2x1074 |1 x 1074 6 x 1074
Horizontal
Grain II
Cc-C 50 2 x 1074 [3 x 1076 [2x 1074 |1 x 104 5 x 104
Horizontal
Grain I
B-B’ 50 5 %1075 [7x10°6 [6x105 |1 x 1074 7 X 1074
Vertical
Grain II
c-C 50 6 x 1075 |6 x 106 [7x105 |1 x 1074 5 x 104
Vertical

Note: OG, GS, ¢ and [OGippindmesn denote orientation gradient, grain-size scale,
standard deviation and mean 10-point moving averages of orientation gradient,
respectively. Locations of profile lines A-A” to D-D” on Grains I and II are

shown in Fig. 4.

3.2.2 Comparison between the microstructures of cloudy
and clear samples

Mean grain sizes are smaller in the cloudy band
(mean of 0.63mm? calculated from 243 grains) than in the
adjacent clear layer (mean of 1.4 mm?® calculated from 220
grains) (Fig. 5; Table 3). Subgrain boundary density in the
cloudy samples (1.3X10°m™) is five times that in the
clear samples (2.5X10°m™" Fig. 5: Table 3) for mis-
orientation angles of 0.8°-4°. Similarly, if we considered
misorientation angles down to 0.4° from averaged map
data (Appendix 4), we obtained the same conclusion that
subgrain boundary density in the cloudy samples is
higher than in the clear samples. As we found a small
number of grain boundaries with misorientation angles
below 4° and subgrain boundaries with misorientation
angles above 4°, we needed to confirm that we could
obtain the same conclusion for different thresholds of the
misorientation angle used to distinguish subgrain
boundaries from grain boundaries. We calculated sub-
grain boundary densities for threshold misorientation
angles of 3° and 5°, following the findings of Weikusat et

al. (2011b). The difference in the subgrain boundary
densities was small: subgrain boundary densities for
thresholds 3° and 5° were 1.2X10° and 1.3X10°m ™",
respectively, in the cloudy samples and 25X 10? and 2.6 X
10°m™", respectively, in the clear samples. The presence
of a very large grain in clear sample 2 reduced the
subgrain boundary density (Fig. 5 (¢) and (d)); however, its
presence did not change our result markedly. If we
excluded the large grain from our analysis, then the
subgrain boundary density (with misorientation angles of
0.8°-4°) would be 38X 10*m ™",

C-axis orientation distributions show single maxima
in both cloudy and clear samples. A-axis orientations
show uniform distribution in the horizontal plane with no
notable differences between cloudy and clear samples
(Fig. 9). Cloudy and clear samples exhibit similar
M-indices (0.61 and 0.69 for cloudy and clear samples,
respectively, Table 3). C-axis orientation distributions
over larger sections using a fabric analyser confirmed the
results of EBSD measurements carried out on smaller
samples (Table 3).
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Misorientation angles
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Fig. 5. Optical microscope images (images on the left) and inverse pole figure (IPF) maps from electron backscatter
diffraction (EBSD) data (diagrams on the right; crystal orientations are given with respect to the direction that is
perpendicular to the sample surface) for (a) (b) sample 1 (cloudy), (c) (d) sample 2 (clear), (e) (f) sample 3 (cloudy) and (g) (h)
sample 4 (clear). In (b) and (d), black areas indicate regions of IPF maps stitched together or not acquired and regions
that displayed possible artefacts from data averaging. Different aspect ratios in optical microscope images and IPF
maps reflect incomplete tilt corrections on the EBSD measurements. Arrows visible in optical microscope images (a, ¢)
were drawn on the glued surface of the samples to indicate the top of the samples.
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Grain orientation spreads in both cloudy and clear
samples are considerably higher than in strain-free
annealed ice, suggesting the existence of intragranular
misorientations in glacial ice samples. We used the least
squares linear regression line derived from annealed ice
to define the baseline error related to the artefact from
our system (Fig. 7). Values of grain orientation spread of
both cloudy and clear samples lie above the regression
line, indicating the existence of a large number of
intragranular misorientation angles that are larger than
any measurement error.

The percentage of the total number of grains with ori-
entation gradients that are larger than the estimated error
induced by the system (estimated to be 9X10™*°um™" in
Section 3.1) is markedly higher in the cloudy samples (31
out of 77 grains leading to a percentage of 40%) than in
the clear samples (2 out of 27 grains leading to a per-
centage of 7%) (Table 3). Grains with subgrain boundaries
can have high orientation gradients related to sudden
orientation changes at subgrain boundaries (Fig. 8);
however, in the cloudy samples, we detected large
orientation gradients in grains with and without subgrain
boundaries. Eighteen out of 77 grains in the cloudy
samples contain subgrain boundaries, while 5 out of 27

Orientation of /-th pixel

in the EBSD map i-th misorientation angle

A
s
/,/"
Average orientation
of the grain

Grain

Fig. 6. Schematic illustration of a misorientation angle bet-
ween the average orientation of a grain and an orientation
of the i-th pixel, used for calculation of grain orientation
spread.
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grains in the clear samples contain subgrain boundaries.
For grains with subgrain boundaries, the percentage of
grains that have orientation gradients larger than the
estimated error is 61 % in the cloudy samples and 0% in
the clear samples. Likewise, for grains without subgrain
boundaries, the percentage is 34 % in the cloudy samples
and 9% in the clear samples.

4. Discussion

Miyamoto et al. (1999) reported that ice samples
containing cloudy bands from the last glacial period
obtained by the Greenland Ice Core Project (GRIP)
exhibited a deformation rate that was 67 times that of ice
with random c-axis orientations. Difference in c-axis
orientations can explain only 5 of the 67-fold difference
(Azuma, 1995). Miyamoto et al. (1999) also reported
inhomogeneous deformation in the samples containing

d ® Cloudy samples
® Clear samples
® Annealed artificial ice

o
(@]
O Annealed artificial ice
” GOS=001-A+01
R=08
[} o . L]

10 15 20 25 30 35 40
Analysed grain area A [mmz]

Fig. 7. Grain orientation spreads (GOSs) in the North
Greenland Eemian Ice Drilling (NEEM) and artificial
ice samples. Least squares linear regression line from
annealed ice represents a baseline for removing errors
from the electron backscatter diffraction system.
Therefore, only GOS values above the regression line
were used.
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Fig. 8. Schematic illustrations showing calculation of orientation gradients in (a) a grain without subgrain

boundaries and (b) a grain with a subgrain boundary.
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Table 3. Microstructures of North Greenland Eemian Ice Drilling (NEEM) ice samples

Parameter (analysis method) Cloudy band samples Clear layer samples
Mean grain size (OM) 0.63 mm?2 1.4 mm?2
Schmid factor: mean + standard
o 0.40 + 0.11 0.42 £ 0.09
deviation (FA)
M-index: mean + standard
0.61 + 0.014 0.69 + 0.059

deviation (EBSD)

Subgrain boundary density: mean

+ standard deviation (EBSD)

1.3 x 103 +£ 1.6 x 102m~! [2.5 x 102 + 1.6 x 102m~!

Number fraction of grains with

orientation gradient > 9 x 104 © 110%

um- (EBSD)

7%

Notes: OM, FA and EBSD denote optical microscopy, fabric analyser and electron
backscatter diffraction, respectively. The M-indices and subgrain boundary densities
were derived from EBSD measurements; for each sample type (cloudy band and clear
layer), mean and standard deviation obtained from the two samples of each type are
shown. Schmid factor is a measure of orientation dependency of deformation for each
grain. For ice, it is defined by cos a sin ¢, where « is the angle between the c-axis
orientation and stress-axis direction (Azuma, 1995). Table shows mean Schmid factors
for «=45°, which was used in the experiment by Miyamoto et al. (1999).

(a) Cloudy samples (126 grains)

<a>

(b) Clear samples (44 grains)

<c> o <a>

Fig. 9. C- and a-axis orientation distributions shown as equal area projections in the lower hemisphere on pole figures (PFs). For
each grain, the orientation of a pixel chosen at random represents crystal orientation. (a) Combination of data from both cloudy
samples (samples 1 and 3, 126 grains) and (b) combination of data from both clear samples (samples 2 and 4, 44 grains).

cloudy bands and small differences in c-axis orientation
distributions with weak single-maxima in one of their
cloudy samples. We recognise that the deformation
mechanisms might have differed between the cloudy
bands and the clear ice; however, previous studies have
not carried out detailed analyses of substructures in clear
and cloudy ice.

For our samples from the NEEM ice core, we found
little difference between cloudy and clear ice in terms of
their c- and a-axis orientation distributions. C-axis
orientation distribution, which is associated with basal
dislocation glide, is unlikely to be the primary cause of
high deformation rates in cloudy bands around 1548 m
depth in the NEEM ice core. Non-basal dislocation glide,
which has been suggested to be linked to a-axis
orientation distribution (Llorens et «l., 2016a; Llorens et
al., 2016b; Llorens et al., 2017; Miyamoto et al., 2005), has

been observed in some NEEM samples (Weikusat et al,
2017b). However, there is little difference between our
cloudy and clear samples in terms of their a-axis
orientation (Fig. 9; Table 3). Therefore, non-basal
dislocation glide may also be unable to explain high
deformation rates in cloudy bands around 1548 m depth
in the NEEM ice core. We found high grain orientation
spreads in both cloudy and clear samples thereby
confirming that dislocation glide contributes to the
deformation of both cloudy and clear ice, although there
is little difference between our cloudy and clear samples
in terms of their c- and a-axis orientation distributions
and grain orientation spread.

Conversely, cloudy and clear ice samples have
different subgrain boundary densities and orientation
gradients. Thus, subgrain boundary densities and
orientation gradients may be better measures of
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intragranular misorientation. Higher subgrain boundary
densities and higher ratios of grains with large orientation
gradients in the cloudy band suggest that there are more
dislocations in the cloudy band than in the clear layer,
despite little difference between the two ice types in
terms of their c- and a-axis orientation distributions. It is
noteworthy that the cloudy band has large orientation
gradients in grains without subgrain boundaries. These
findings are important for understanding the causes of
higher dislocation density in the cloudy band. As our
samples are from a shallow section (1548 m) of the glacial
ice in the NEEM ice core (1419-2207 m), which should
have experienced less deformation than deeper ice,
analyses of deeper sections of the NEEM glacial ice
should be performed to investigate the contrasts in
dislocation density between cloudy bands and clear layers
in much-deformed ice.

Enhanced deformation of cloudy bands (Miyamoto et
al., 1999) could be caused by fine grain size, which has
been observed in this and previous studies, and/or high
impurity concentrations (Cuffey et al., 2000a; Cuffey et al.,
2000b; Dahl-Jensen and Gundestrup, 1987; Goldsby and
Kohlstedt, 1997, 2001; Paterson, 1991, Saruya et al, 2019).
However, the relative contribution of grain size and
impurity effects is yet unknown, because impurities could
affect both grain size (Alley et al., 1986; Durand et al.,
2006; Paterson, 1991, Saruya et al, 2019) and dislocation
density/velocity (Jones and Gilra, 1973). Several steps are
necessary to understand the causes of enhanced
deformation of cloudy bands. First, contrasts in dislocation
density between cloudy bands and clear layers need
investigation as functions of grain size, impurity content
and deformation history, based on in-depth analyses of
microstructures and impurities in several ice cores from
different sites. EBSD provides good proxies for dislocation
density such as subgrain boundary density and
orientation gradient, as shown in this work. Two-
dimensional orientation gradients should also be analysed
for better understanding of the distribution and evolution
of dislocations during deformation. Second, deformation
experiments and microstructural analyses on samples
before and after the experiments could elucidate the
change in dislocation density with increased strain,
together with the evolution of grain size. Third,
deformation experiments of artificial ice samples could
confirm the causes of enhanced deformation of cloudy
bands under controlled conditions (e.g., Saruya et al.,
2019).

Although our study focussed on only one depth
interval from the NEEM ice core, our results suggest
that cryogenic ESEM/EBSD is a useful technique for the
analysis of ice microstructure to understand the effects of
dislocation, grain-size-sensitive creep and recrystallization
processes in ice sheets. Application of the technique could
also help improve our understanding of the higher
deformation rate of glacial ice in ice sheets.
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Appendix 1. Procedure of EBSD analysis

We performed EBSD analyses using the ESEM with
a procedure summarised in Table 4.

Appendix 2. Optimum condition of ESEM for EBSD
of ice samples

To map ice sample surfaces with an ESEM, it is
necessary to minimise sublimation and condensation
(Iliescu et al., 2004). Theoretically, when temperature and
pressure lie on the sublimation curve, sublimation and
condensation are in equilibrium (Fig. 10). In reality, in an
ESEM system, temperature and pressure are not
measured exactly at the ice surface; hence, most previous
cryogenic EBSD studies of ice (Chauve et al., 2017,
Montagnat et al., 2015; Obbard et al., 2006; Prior et al.,
2012; Prior et al., 2015; Qi et al., 2017, Weikusat et al.,
2011a; Weikusat et al., 2017b) have been carried out at a
lower temperature and a higher chamber pressure than
on the sublimation curve (Fig. 10). In addition to
sublimation and condensation, electrical charging could
also affect SEM observations (Iliescu et al., 2004) because
ice has low electrical conductivity (~107°S m™% Hobbs,
1974). Optimum temperature and pressure to minimise
sublimation, condensation and electrical charging in our
ESEM were —150C for the cold stage, —190C for the
cold trap and 10 Pa for chamber pressure (Fig. 10);
conditions achieved using dry nitrogen gas, as in Prior et
al. (2015). Under optimal conditions, mapping of an ice
sample can continue for several hours. Sometimes frost
particles appeared on sample surfaces just after transfer
and occasionally during EBSD mapping. In these cases,
we allowed the surface to sublimate under controlled
conditions by increasing the temperature of the cold
stage to around —90C to remove the frost particles, as
described in Weikusat et al. (2011a).

Appendix 3. Assessment of spatial resolution

To assess the spatial resolution of EBSD on ice
samples, line scan analyses were performed across grain
boundaries in the strain-free annealed ice (Section 2.2),
following Weikusat et al. (2011a). We counted the number
of Kikuchi patterns with bands originating from two
neighbouring grains, and calculated the spatial resolution
by multiplying the number of the Kikuchi patterns by



44 Cryogenic EBSD study of Greenland ice

Table 4. Procedure and time needed for EBSD analysis using the ESEM

Related section

Step Time A .
in the main text

The day before an EBSD experiment
Installing cold stage to the SEM chamber ~10 min
Pre-vacuuming ESEM and preparation B

~12
chambers [1]
The day of an EBSD experiment
Circulating dry nitrogen to the Cryo-SEM h

~1
preparation system [2]
Cooling the cold stages and traps ~1h
Selecting and cutting an ice sample ~1h 2.2
Fixing an ice sample to the holder ~30 min 2.2
Microtoming the ice sample ~1h 2.2
Sublimation-etching of the sample surface ~3h 2.2
Mapping grain and subgrain boundaries with .

. . ~10 min 2.2

optical microscopy
Submersion of sample in liquid nitrogen in .

~10 min 2.1 and 2.2
the cold laboratory
Transferring the ice sample to ESEM .

~10 min 2.1

chamber

Frost removal by controlled sublimation

~10 min x several times
depending on the ice JAppendix 1

surface condition

~1 h (sample size 7 x 5

EBSD mapping . 2.3
mm, step size 50 pm)

EBSD data analyses
Re-indexing EBSD data (if necessary) ~1h 2.3
Map stitching, treatment of data misindexed .

. . ~30 min 2.3
or not indexed and averaging the data
Analysis of crystal orientation distributions | ~30 min 2.3
Analysis of grain orientation spread ~30 min 3.2.1
Calculating subgrain boundary density ~30 min 3.2.1
Analysis of orientation gradient ~3h 3.2.1

Notes:

[1] Pre-vacuuming can reduce the amount of water vapour in the chambers, which minimises frost condensation

on the ice surface during the experiments.

[2] Circulating dry nitrogen discharges air that contains water vapour in the tubes in the Cryo-SEM preparation
system. If a large amount of water vapour remains in the tubes, condensed vapour produced by the cooled

gas could clog the tubes (Fig. 1).

step size, which varied from 0.02-0.5 #m. The accelerating
voltage was 30kV and the beam current was 9.2nA (for
a spot size of 6.0) in this assessment. Step sizes of 0.2 yum
or above produced the clearest Kikuchi patterns. Below
0.2 um, recognizable patterns were absent because of
radiation damage. Compared with ESEM, radiation
damage is considerably higher in a high-vacuum SEM,
which results in typical damage widths of 0.5 xm (Fig. 6
in Weikusat et al., 2011a). We analysed a series of Kikuchi
patterns obtained with a step size of 0.2 um to evaluate

the spatial resolution of our system. The line scan
analysis in the direction parallel to the sample tilt axis
(x-direction) yielded three Kikuchi patterns with bands
originating from neighbouring grains. The spatial
resolution in this direction is therefore 0.2 ymX3=0.6 pm.
The spatial resolution in the direction perpendicular to
the sample tilt axis (y-direction) is 1.8 #m, which is three
times that in the x-direction because of the tilt angle of
70° (Humphreys, 2001). The spatial resolution in the tilt
direction is close to the value of 0.5 um reported by
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Fig. 10. Phase diagram of ice showing the temperature-
logarithm-of-pressure space explored in this study to
optimise electron backscattered diffraction mapping.
Boundary between Ice and Vapour is drawn following
Bielska et al. (2013). Red line and dot represent tem-
perature and pressure used in this study, while black
lines, dots and squares represent those used in previous
studies (0-2006: Obbard et al. (2006), W-2011: Weikusat et
al. (2011a), P-2012: Prior et al. (2012), P-2015: Prior et al.
(2015), M-2015: Montagnat et al. (2015), W-2017: Weikusat
et al. (2017b), C-2017: Chauve et al. (2017), Q-2017: Qi et
al. (2017)). (1) and (2) indicate data from W-2011 used for
spatial resolution analyses (see Appendix 3).

Weikusat et al. (2011a) who used a different experimental
setup (1.1X107*Pa, —123°C, defocussed beam; and 6.7 X
107 Pa, —120°C, with slight sublimation of the ice
sample; Fig. 10).

Appendix 4. Assessment of errors in misorientation
angle between neighbouring pixels

To estimate the error of misorientation angles bet-
ween neighbouring pixels, we focussed on misorientation
angles with values between 0.1° and 4° obtained from strain-
free annealed artificial ice samples. We calculated averages
of these misorientation angles (hereafter [MO],.,.) from
maps obtained with different step sizes. The error was
defined as [MO],..,t20, where ¢ denotes the standard
deviation. For all step sizes, [MO], e, t20 was 0.6°-0.8°.
Most misorientation angles (97 %) were within the range
[MO],ean = 20 for all step sizes. The error of our EBSD
analysis is similar to that reported for other studies of ice
and metals (0.5°-1°% Humphreys et al., 1999; Krieger
Lassen, 1996; Weikusat et al., 2011a). By averaging the
map data (Humphreys et al., 2001) using the Advanced
Kuwahara filter with a window size of 5X5 pixels in
Tango, the error is reduced to 0.4° (MO]emt20=0.2°+2
X0.1°=04°).



