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ABSTRACT

Understanding the flow of ice on the microstructural scale is essential for improving our
knowledge of large-scale ice dynamics, and thus our ability to predict future changes of
ice sheets. Polar ice behaves anisotropically during flow, which can lead to strain
localisation. In order to study how dynamic recrystallisation affects to strain localisation
in deep levels of polar ice sheets, we present a series of numerical simulations of ice
polycrystals deformed under simple-shear conditions. The models explicitly simulate
the evolution of microstructures using a full-field approach, based on the coupling of a
viscoplastic deformation code (VPFFT) with dynamic recrystallisation codes. The
simulations provide new insights into the distribution of stress, strain rate and lattice
orientation fields with progressive strain, up to a shear strain of three. Our simulations
show how the recrystallisation processes have a strong influence on the resulting
microstructure (grain size and shape), while the development of lattice preferred
orientations (LPO) appears to be less affected. Activation of non-basal slip systems is
enhanced by recrystallisation and induces a strain hardening behaviour up to the onset
of strain localisation and strain weakening behaviour. Simulations demonstrate that the
strong intrinsic anisotropy of ice crystals is transferred to the polycrystalline scale and
results in the development of strain localisation bands than can be masked by grain
boundary migration. Therefore, the finite-strain history is non-directly reflected by the
final microstructure. Masked strain localisation can be recognised in ice cores, such as
the EDML, from the presence of stepped boundaries, microshear and grains with zig-
zag geometries.

Keywords: dynamic recrystallisation, ice microstructure, strain localisation, viscoplastic
anisotropy

This manuscript was published in Earth and Planetary Science Letters: Llorens M-G,
Griera A, Bons PD, Lebensohn R, Jansen D, Evans LA and Weikusat I. 2016. Full-field
predictions of ice dynamic recrystallisation under simple shear conditions, Earth and
Planetary Science Letters, 450, 233-242. DOI: 10.1016/j.epsl.2016.06.045

This is an author version of the article. For the final copy-edited version, please visit:
https://www.sciencedirect.com/science/article/pii/S0012821X16303326




1. Introduction

There is an increasing scientific interest in polar ice sheets because of the role they play
in controlling sea-level rise and paleoclimate records through deep drilling projects (e.g.
NEEM, 2013). For a correct interpretation of these records, it is crucial to determine to
what extent deformation processes, such as dynamic recrystallisation and heterogeneous
flow, may affect or distort ice stratigraphy, especially in the oldest and, thus, deepest
ice, which can undergo strong deformation (Cuffey and Paterson, 2010; Montagnat et
al., 2014)

On Earth surface, the only stable ice phase is the hexagonal symmetry form /4,
which exhibits highly anisotropic viscoplastic deformation. The orientation of ice
crystals is usually defined by the orientation of their c-axis, which is perpendicular to
the basal plane. Deformation is mostly accommodated by dislocation glide on that
plane, while the other slip systems (prismatic and pyramidal) are much harder to
activate (e.g. Duval and Castelnau, 1995). A parameter accounting for the anisotropy of
the crystal (4) can be defined as the ratio of critical resolved shear stress (CRSS)
required to activate slip along non-basal versus basal systems. Experiments reviewed in
Duval et al. (1983) indicate that the activation of non-basal systems requires stresses at
least 60 times greater those on basal planes.

Polycrystalline ice with randomly orientated c-axes is considered to behave
isotropically, as enough basal planes well oriented for slip are available. However, ice
core analysis reveals that c-axes tend to rotate towards the vertical direction below a
certain depth (Faria et al., 2014a). Consequently, ice crystals tend to be oriented with
their basal planes close to perpendicular to the maximum compression or shortening
direction (e.g. Alley 1988; Montagnat et al., 2014). Ice polycrystals in ice sheets and
glaciers thus forms a lattice preferred orientation (LPO) and develops a bulk intrinsic
anisotropy with deformation (Faria et al., 2014a). Near the ice-sheet base, simple shear
deformation dominates and a strong LPO develops (Faria et al., 2014a). It has been
found that ice with a strong LPO deforms up to an order of magnitude faster than
isotropic ice, and therefore, ice flow strongly depends on the LPO of the polycrystalline
ice (Azuma, 1994; Castelnau et al., 1996).

Ice microstructure is affected by different recrystallisation processes, depending
on the temperature and strain rate (Faria et al., 2014b). Dynamic recrystallisation affects
the evolution of the microstructure (grain-size and shape) and influences the
development of LPOs (e.g. Montagnat et al 2015). This process is very efficient in ice
due to the natural deformation conditions of this mineral, i.e. temperatures close to its
pressure melting point and deformation at low strain rates (Kipfstuhl et al., 2006). These
are observable especially in comparison with fast artificial deformation in creep tests
(Weikusat et al. 2009).

Near the flow divide of ice sheets, ice deforms under vertical compression and
horizontal extension (Montagnat et al., 2014). On the contrary, simple shear boundary
conditions dominate in zones away from the divide and close to the bedrock (e.g.
Cuffey and Paterson, 2010). It is therefore crucial for understanding bulk polar ice
behaviour to study the fabrics and microstructural evolution of polar ice in response to



stress and time under different types of deformation (i.e. under different strain rates and
ratio between vertical and shear strain rates or kinematic vorticity).

New insights into ice rheology can be gained from interpretations of deformed
natural ice from ice cores (Faria et al., 2014a) or from experiments of natural or
artificial ice deformed in the laboratory (Azuma, 1994; Treverrow, 2012; Montagnat et
al., 2015). However, ice experiments in the laboratory are performed at high strain rates
compared with that in natural conditions (Budd and Jacka, 1989) and high finite strains
cannot be achieved. Numerical simulations can complement the study of ice rheology,
as they can be performed at different strain rates and up to high strain. The aim of this
contribution is to systematically study the effects of dynamic recrystallisation on the
mechanical behaviour, resulting microstructures and strain localisation of polar ice
under simple shear deformation, by means of numerical simulations. We focus on the
evolution of fabrics and microstructures in response to finite strain and time, and the
associated development of intrinsic polycrystalline anisotropy. We specifically capture
the strain localisation indicators in the developed microstructures, and discuss how the
resulting finite strain localisation that can potentially affect the spreading of climate
signals at the small scale (Faria et al., 2010).

2. Numerical procedure

We use a two-dimensional numerical model (software platform ELLE, Bons et al.,
2008; http://www.elle.ws) that simulates viscoplastic deformation coupled with
dynamic recrystallisation (DRX), in order to investigate the microstructural evolution of
an aggregate of pure ice grains. The numerical approach is based on the coupling of a
full-field viscoplastic code using the Fast Fourier Transform algorithm (VPFFT;
Lebensohn 2001; Lebensohn et al., 2008) and several ELLE modules (Bons et al., 2008)
that simulate recrystallisation processes such as recovery and grain boundary migration
(Llorens et al., 2016). The VPFFT formulation provides a solution of the
micromechanical problem by finding a strain rate and stress field that minimises the
average local work-rate under the compatibility and equilibrium constraints (see
Lebensohn, 2001). The algorithm assumes deformation by dislocation glide along pre-
defined slip systems. Here we use the crystallography (unit cell dimensions and
symmetry) of ice Ih and consider slip of dislocations along the basal, prismatic and
pyramidal planes. The deformation-induced lattice rotation and the estimation of
geometrically necessary dislocation densities calculated from the stress and velocity
fields provided by the VPFFT algorithm are used to simulate intra-crystalline recovery
and grain boundary migration. The ELLE platform has previously been used to simulate
several deformation microstructure processes, including grain growth (Roessiger et al.,
2011), dynamic recrystallisation (Piazolo et al., 2002), strain localisation (Griera et al.,
2011; 2013) or folding (Llorens et al., 2013a; 2013b). In this study, grain boundary
migration and recovery processes are used in order to simulate the microstructural
evolution by recrystallisation. Grain boundary migration (GBM) is simulated using a
front-tracking approach based on the algorithm by Becker et al. (2008). Grain boundary
migration is driven by reduction of grain-boundary energy and stored strain energy,
reproducing the motion or displacement of high-angle grain boundaries (HAGB).
Regions swept by grain boundaries are assumed to restore lattice distortions (i.e.
dislocation densities are zero). Recovery reduces the intra-granular stored energy in a
deformed crystal by the annihilation of dislocations and their rearrangement into low-
angle subgrains (Borthwick et al, 2013). A limitation of the model is that nucleation of



new HAGB from lobate boundaries or due to highly deformed grains is still not
implemented.

The data structure of the models consists of two basic layers (Fig. 1): (a) a
contiguous set of polygons (termed flynns) that are themselves defined by boundary
nodes (bnodes) and are connected by straight boundary segments, and (b) a set of
unconnected nodes (unodes) that provide a high-resolution grid for storing physical
properties within grains. Additionally, an extra layer of unconnected nodes is used as a
passive marker grid to track the finite deformation (Fig. 1c). A resolution of 256 x 256
Fourier points (unodes) was used to map lattice orientations, resulting in a unit cell
defined by 65,536 discrete unodes. Each unode represents a small area with a certain
lattice orientation, defined by three Euler angles following the Bunge convention, and
local parameters, such as stress or dislocation density. The VPFFT code uses these
unodes for the viscoplastic deformation calculations. The change of the position of
bnodes is calculated according to the deformation velocity field and grain boundary
migration. The data structure of both the VPFFT and ELLE code is fully wrapping:
grains touching one side of the model continue on the other side. This feature not only
reduces boundary effects, but also allows repositioning the model into a square grid
every time step, and therefore, large strains can be reached (Fig. 1e).

Each process in ELLE is performed sequentially in a loop that represents a small
time increment (A¢; Bons et al., 2008). Each loop starts with the application of a
viscoplastic (VPFFT) dextral shear strain increment of Ay= 0.04. After this deformation
step, the microstructure is subjected to a sub-loop of dynamic recrystallisation processes
(DRX): grain boundary migration and recovery. As the mobility and time step for the
DRX processes is the same for all the simulations, this sub-loop may be called more
than once to simulate deformation at different strain rates, varying the balance between
deformation and recrystallisation (see Llorens et al., 2016).

The input microstructure has 1632 grains and a size of 10x10 cm?. Grains have
an initially random lattice orientation (Fig. 2a columns II and III), representing a bulk
isotropic material. The ratio of critical resolved shear stress for non-basal versus basal
slip systems was set to 4=20 and a value of stress exponent #=3 was chosen for all slip
systems (e.g. Castelnau et al 1996). The value of 4 is assumed to range between 60 and
100 for hexagonal ice (/k). However, previous tests showed that the effect of increasing
A 1s not clearly observable with our approach at values of 4 above 10, but significantly
increases calculation time (Llorens et al., 2016).

The initial microstructure was deformed up to shear strain of =3 in simple
shear. Four simulations at different strain rates were performed by varying the number
of steps in the recrystallisation loop (Table 1). Grain boundary mobility (intrinsic
mobility Mo = 0.23 m?*kg''s™!; Llorens et al., 2016) and time step (dt= 20 years) were the
same for all the simulations, and therefore different ratios between the number of DRX
and VPFFT steps effectively represent different strain rates.

Table 1

Experimental setup

Experiment DRX/FFT Initial average Final average Final number  strain rate
Name ratio grain area [mm’] grain area [mm’] of grains [s]
Experiment 0 0 6.12 6 1636 -
Experiment 1 1 6.12 12 873 3.17x10!
Experiment 10 10 6.12 64 156 3.17x10°"2

Experiment 25 25 6.12 163 61 1.27x107'2




2.1 Data analysis and visualisation

Each simulation produces a wealth of information and data that was analysed
and visualised in various ways. The microstructure is visualised in two ways. We show
the lattice orientation map (Fig. 2 column II), where each unode is colour coded
according to the orientation of its lattice orientation relative to the vertical y-axis. These
images are comparable with those derived from EBSD analyses (Mainprice et al.,
2011). Additionally, we use misorientation maps, where the Kernel Average
Misorientation (KAM) is plotted for each unode in the model (Fig. 2 column I). The
KAM is defined as the average misorientation angle of a given unode with all of his
neighbour unodes.

The LPO is visualised in pole figures using all unodes. (Fig. 2 column III). The
LPO symmetry or fabric type (Fig. 3) denotes the relative proportion of point (or single
maximum, P), girdle (G) and random (R) components of the c-axes distribution. These
components were calculated from the three eigenvalues (a1'?, a2®, a3®) of each pole
figure as P = a1® — a2®, G =2a2? - 2a3®, and R = 3a3® (Vollmer, 1990). Eigenvalues
were calculated according to Woodcock (1977) (see Llorens et al., 2016). Lattice
orientation data, as well as misorientation maps, were plotted using the texture analysis
software MTEX (Mainprice et al., 2011) based on the orientation distribution function
(ODF).

Although the applied bulk strain rate is constant at Ay=0.04 per VPFFT step, the
strain rate can vary strongly within the model. To visualise the strain-rate intensity (Fig.
4 columns I and II), we plotted the Von Mises strain rate (or equivalent strain rate) for
each unode, which is the second invariant of the symmetric strain rate tensor. To
determine the finite-strain field, the position of material points or "particles" that were
initially arranged on an orthogonal grid were tracked during deformation. The finite
deformation was visualised by drawing lines that connect particles that originally
formed horizontal lines (Figs. 1c and 4 columns III and IV).

Finally, as the FFT-algorithm calculates the stress state for each unode, the bulk
stress can be calculated by averaging all the stresses of the individual unodes. The FFT-
algorithm does not use absolute stresses, but normalised stresses to the stress required to
activate the basal slip system. The equivalent stress from numerical simulations was
scaled using the compilation of experimental data by Duval (1983). We assumed that
the equivalent stress at the first step of our numerical models (y=0.04) corresponds to
the value observed for creep of isotropic polycrystals, at a similar strain rate and similar
temperature (see Duval et al., 1983 figure 1).

3. Results
3.1. Microstructure evolution

Experiment 0, with neither GBM nor recovery, represents the highest strain rate and can
be compared to the coldest polar ice that is deformed rapidly in simple shear (Fig. 2b).
Deformation without recrystallization produced irregular elongated grains oriented
parallel to the stretching direction at the end of the simulation (shear strain )=3; Fig. 2b
column I). In the absence of GBM, the average number of flynns (or grains) remained
constant through the simulation (Table 1), but an intense network of subgrains is
recognisable (Fig. 2b). In this model deformation is localised in conjugate high-strain
bands of strongly elongated grains, separated by low strain areas or microlithons (Fig.
2b column I) (Passchier and Trouw, 2005). During the simulation, subgrain



misorientation develops progressively with increasing strain producing the local
misorientation field shown in Fig. 2b and indicating a general tendency to increase
intergranular heterogeneities.

Experiments 1, 10 and 25 simulate systems with different degrees of DRX and,
hence, strain rates. In these cases, grains are still elongated parallel to the stretching
direction and shape preferred orientations (SPO) are visible, despite the effect of DRX.
However, grain-boundary migration decreases the extent of grain elongation, as DRX
produced larger and more equidimensional grains with straight to smooth boundaries.
As a consequence, high-strain bands or low-strain regions are not obvious from the
grain boundary network (Fig. 2d,e column I). The initial average grain size increased
according to the amount of DRX (Table 1).

3.2. LPO evolution

All simulations show a similar evolution of c-axis orientations, regardless of the amount
of DRX. They start with randomly oriented c-axes (Figs. 2a, columns II and III), and
evolve to a c-axis orientation distribution approximately perpendicular to the shear
plane (red and purple colours in Fig. 2b-e columns II and III). The preferred c-axis
orientation is already clearly visible at a shear strain of )=1.5 (Fig. 2b-e column III),
where c-axes are oriented in an open cone which evolves further into a strong single
maximum (Fig. 2b-e column III). The c-axes maximum progressively rotates towards
the normal to the shear plane, but there is still an obliquity of about 20° at =3 (Fig. 2b,e
column III).

Whereas the effect of increasing GBM on the c-axes distribution is only minor,
there is a distinct strengthening in alignment of the a- and b-axes (Fig. 2 column III).
Without DRX, these become arranged in a broad girdle perpendicular to the c-axis
maximum. When DRX is active, the girdle is divided into a number of maxima, the
strongest of which is in the direction of maximum elongation. This effect increases with
increasing DRX and is most pronounced for the a-axes distributions (Fig. 2d,e column
IIT; movie Exp25 EBSD ODF in supplementary material). The evolution of the fabric
type during deformation is similar in all the simulations, with a rapid evolution towards
a mixed girdle and point distribution, followed by a strengthening of the point
maximum at high strain (Fig. 3). DRX increases the rate of this evolution, and
furthermore strengthens the transient girdle component.

3.3. Strain and strain rate localisation

In all simulations, the strain-rate field becomes increasingly heterogeneous with
progressive strain, and high strain-rate bands oriented at low angles to the horizontal
shear plane (also called synthetic shear bands) develop (see columns I and II of Fig. 4).
These shear bands are synthetic because they have the same sense of shear as the dextral
bulk deformation and their intensity is about one order of magnitude higher than the
bulk deformation (Fig.4 column II). DRX reduces the number and intensity of shear
bands (Experiment 10 and Experiment 25 in Fig. 4 columns I and II; movie
Experiment25 grains_ugrid in supplementary material).

In all simulations, strain localisation is clearly recognisable by the deformed
passive marker lines (Fig. 4 columns III and IV). At regions with high strain rate, the
finite deformation patterns can be recognised from the microstructure (Experiment O
and 1 in Fig. 4 columns III and IV). However, when DRX is intense enough it masks the
strain rate heterogeneities, and passive markers are needed to visualise this strain



localisation (Experiments 10 and 25; in Fig. 4 columns III and IV). Recrystallisation
enables the grains to maintain an approximately elliptical shape that bears little or no
relation with the heterogeneous finite-strain field (compare columns I in Fig. 2 and IV
in Fig. 4). Contrary to the strain-rate field, the finite-strain distribution is dominated by
oblique, antithetic shear bands that form at approximately 45° to the shear plane at j=1
(Fig. 4 column III), and progressively rotate to 22° at the end of the simulations ()=3)
(Fig. 4 column IV). The shear bands enclose lower-strain domains in which the
originally horizontal grid lines are rotated clockwise and folded. In the absence of
recrystallisation (Experiment 0), a second, synthetic set of shear bands develops
approximately parallel to the shear plane, visible at the end of the simulations (3=3)
(Experiment 0; Fig. 4 column IV). The intensity of strain localisation decreases and the
spacing of shear bands increases with increasing recrystallisation.

3.5. Stress evolution

All simulations presented in this study follow a similar evolution characterised by an
initial strain hardening, reaching a maximum of differential stress (normalised with
respect to cf. Duval et al., 1983) which is followed by a softening at large strain (Fig. 5).
The hardening and following softening stages are more pronounced in simulations
performed at a high (Experiment 1) than at a low strain rate (Experiment 25) (Fig. 5a).
Experiment 25 has the maximum value of stress at approximately shear strain of =1,
while Experiment 1 requires a shear strain of )=1.5 to reach the maximum value of
stress (Fig. 5a).

The evolution of the bulk stress exponent is observable in Fig. 5b, where the
macroscopic stress exponent is calculated assuming that simulations performed at
different strain rates, can be comparable at 3 different stages: initial, maximum value of
normalised stress and final. The initial bulk stress exponent n=3 is coherent with
imposed exponent for the individual slip systems. With progressive deformation the
bulk stress exponent increases up to a maximum value of n=3.4 at the hardening peak,
and decreases again to an n=3.3 at the end of the simulations.

4. Discussion
4.1. Grain morphology and strain distribution

The simulations show the strong, but not unexpected effect of recrystallisation on the
grain shape and size evolution during deformation. In the absence of recrystallisation,
the average aspect ratio (Ry) of grains is about five at »=3. This is about half of the finite
strain ellipse at this strain (R~11). The difference arises from the strain heterogeneity
that causes some grains to stretch more, but many less. Recrystallisation reduces Ry at
=3 to between 2.4 and 2.0 for experiments 1 and 25, respectively. It should be noted
that new HAGB's are not treated as such numerically in the recrystallisation routine.
This would reduce the increase in grain shape and grain size by dividing up grains
(Roessiger et al., 2011; Mathiesen et al., 2004). Depending on the orientation of the new
grain boundaries, average elongation could be either strengthened or weakened.
However, this would also add grain boundary energy to the system and it is to be
expected that this would even further reduce the average elongation of grains.

The simulations with recrystallisation, applicable to slowly deforming polar ice,
not only show that the average grain shape does not reflect the applied finite strain, but,
more importantly, that the grain shapes completely mask the heterogeneity in strain rate



and finite strain. It is, therefore, almost impossible to detect and quantify strain
localisation from the grain morphology (Fig. 4, Experiments 10 and 25). This may be
significant when interpreting the sequential layering of climate proxies in polar ice cores
(e.g. NEEM, 2013). The simulations indicate that material points are affected by
mechanical dispersion, as shown by paths of material points that deviate from the
applied horizontal simple shear by distances in the order of a grain size at y=3. These
deviations would be much larger at the very high shear strains that are found in the
lower part of ice sheets. An implication is that the ice stratigraphy may become
distorted on the small scale. Although this is known to happen on the large scale
(NEEM, 2013), it is difficult to assess this on the small scale. Indications for small-scale
disturbances are provided by so-called "cloudy bands" using dark-field microscopy
(Svensson et al., 2005; Faria et al., 2014a), which from a depth below about 1700 m
often show folds and disturbances (Jansen et al., 2016).

4.2. Effects of DRX on the evolution of lattice preferred orientation

The results of the presented simulations indicate that the LPO evolve as expected in
simple shear boundary conditions. This evolution is typically characterised by a strong
single maximum almost perpendicular to the shear plane (Bouchez and Duval., 1982),
as predicted by torsion experiments (Bouchez and Duval 1982) and inferred from ice
core data (Faria et al., 2014a; Montagnat et al., 2014; Fitzpatrick et al., 2014). A strong
LPO develops rapidly with increasing strain in all simulations, independent of whether
DRX is active or not, and regardless of the applied strain rate (Fig. 2 columns II and III).
At lower shear strain (y =1.5; Fig. 2 column III) the initial randomly oriented basal
planes are quickly distributed into a preferred orientation at o= 25.8° with respect to the
y-direction in all cases. Pole figures show that the single maximum is then rotated in the
sense of shear up to approximately o= 20° at high strain ()=3; Fig. 2 column III).
Recrystallisation adds a minor girdle component to the LPO symmetry (Fig. 2c-e
column III), which is more pronounced at low strain rates (Fig. 2d,e). This effect is
clearly observable in our simulations (Fig. 3), where Experiments 10 and 25 develop a
girdle component that forms at low shear strain (less than y=0.5), despite the fact that all
the simulations follow the same random to pointed LPO symmetry evolution.

Slight differences can be observed between our results and experimental, low
strain simple shear tests (Bouchez and Duval, 1982; Kamb, 1972). These studies
showed that the LPOs are sometimes accompanied by one or more secondary maxima
rotated away in a direction reverse to the sense of shearing. Such bimodal or multiple
maxima LPOs have been explained by grain-boundary migration and/or preferential
consumption of grains with unfavourable oriented lattices (Bouchez and Duval, 1982;
Kizaki, 1969).

Our simulations demonstrate that LPO distributions are consistent with those
described for quartz with an easy basal glide and a CRSS-ratio of basal vs. non basal
and prismatic slip systems of three (Lister and Hobbs, 1980). This general LPO
development is also similar to that described for ice from drill core observations and
laboratory experiments (Bouchez and Duval 1982). Our simulations, both with and
without DRX, display a single c-axis maximum consistent with predominant slip
activity along the basal plane. The preferred orientation of the basal planes is initially at
a high, ~60° angle to the shear plane. When deformation continues, the LPO strengthens
and the simple shear boundary conditions impose a rotation of basal planes, which
produces a final preferred c-axis orientation that tends to be perpendicular to the shear
plane. This result is consistent with previous numerical simulations at low strains (e.g.



Van der Veen and Whillans, 1994), where crystals are oriented in a single maximum
fabric at 45° with respect to the shear plane when DRX is not active. However, these
authors suggested that it is necessary to activate recrystallisation in order to develop a
fabric almost perpendicular to the shear plane, as observed in nature at high strains. Our
simulations show very similar results to the ones presented by Azuma (1994), where
dextral simple shear simulations produce a single c-axes maximum that rotates
clockwise towards almost perpendicular to the shear plane at high strains. Therefore,
our results are consistent with the conclusion that it is not necessary to activate dynamic
recrystallisation in order to develop the simple shear LPO as observed in nature (Azuma
1994).

In general, the single maximum develops perpendicular to the direction of
maximum finite shortening, which is initially 45° to the shear plane in simple shear and
subsequently rotates towards perpendicular to the shear plane. However, at the early
stages, the maximum makes a larger angle than the expected 45°. This can be explained
by the heterogeneity of strain (Fig. 4), where part of the strain is accommodated by
steep antithetic shear bands. Zones between these shear bands rotate in a bookshelf
manner. To compensate for the shear-plane parallel stretching that would result from
this, a shortening component perpendicular to the shear bands develops. Most of the
material thus experiences a maximum shortening component that is <45° inclined to the
shear plane, as is reflected by the orientation of the c-axes maximum.

The LPOs obtained in the simulations are in accordance with the majority of ice
drill core observations in Antarctica and Greenland (Faria et al., 2014a). In deeper parts
of the cores, where horizontal shear deformation is the main deformation component,
most ice cores reveal an approximately vertical single maximum LPO (e.g. Herron and
Langway, 1982; Thorsteinsson et al., 1997). Our results suggest that the LPO observed
in these cores can be considered as being mainly deformation-induced, rather than
significantly altered by recrystallisation. In the deepest part of some cores however,
multiple maxima have been reported (Gow et al., 1997; Montagnat et al., 2014). Some
aspects have to be considered in this context: (1) the ice is close to the pressure melting
point close to the bedrock, (2) strain rates are generally highest in deepest parts and (3)
grain sizes become very large, typically larger than available sample sizes from drill
cores. The latter questions the relevance of distribution measurements. (1) and (2) are
strongly connected in the sense that both do contribute to dynamic grain growth (Faria
et al., 2014b). Grain boundary mobility is significantly enhanced at high temperature
and high strain rates enhance grain boundary migration. However, without the inclusion
of grain boundary formation by polygonisation and nucleation this issue cannot yet be
resolved here.

As expected, a-axes rotate towards the maximum elongation axis at low strain
rates (Experiments 10 and 25) while c-axes rotate towards the direction of maximum
finite shortening (Fig. 2d,e column III). This a-axis LPO is related to the increased
activity of non-basal slip systems with increasing recrystallisation (Experiments 10 and
25 in Fig. 6). We suggest that basal slip can remain dominant in case of zero or low
recrystallisation rates because permanent or long-lasting shear bands that accommodate
most of the strain develop (Figs. 2 and 4). These shear bands consist of through-going
bands of grains with favourably oriented basal planes. At higher recrystallisation rates,
grain boundary migration destroys these bands necessitating deformation of grains with
unfavourably oriented lattices in which non-basal slip is activated. Shear localisation
remains important, but shear bands become ephemeral and vary in position over time.
The enhancement of non-basal-slip activity by dynamic recrystallisation may then play



an important role in deepest parts of the ice sheets, breaking down the strong single
maxima LPO.

4.3. Effects of DRX on stress evolution

The hardening and consecutive softening evolution followed for all simulations
presented is more pronounced in models performed at high strain rate (Experiment 1),
than in those deformed at low strain rate (Experiment 25) (Fig. 5a). This is in
accordance with the standard concept of strain rate evolution with strain in ice
(Treverrow et al.,, 2012) and other materials: dynamic recrystallisation inhibits
hardening. The amount of DRX has an influence on the strain hardening stage. The
simulation performed at low strain rate requires a shear strain of y=1.5 to reach the
maximum value of stress (Experiment 1). When strain rate is lower the maximum value
of stress is reached at approximately shear strain of j=1 (Experiment 25) (Fig. 5a).

The increase of the bulk stress exponent shown in figure 5b can be explained by
the DRX-dependent activation of the non-basal slip systems (Fig. 6), when the basal
plane is oriented perpendicular to the maximum shortening direction (approximately at
45° with respect to the shear plane). However, with increasing shear strain, basal planes
tend to rotate towards the shear plane, at 45° with respect to the tensile axis (o3),
resulting in softening as they become favourably oriented for basal slip. A similar effect
can be observed during the development of a shape-preferred orientation (SPO) in a
composite material: grains tend to elongate perpendicular to the maximum shortening
direction, but at high shear strain some grains develop an elongation parallel to the shear
plane, producing strain softening (Takeda and Griera, 2006).

4.4. Recognising strain localisation in natural ice

The macroscopic softening behaviour of ice-age ice has serious implications for ice core
dating and paleoclimate record interpretation (Paterson et al., 1991). It has been
suggested that this softening behaviour was produced by preferred orientations of the
crystal lattice. However, investigations of glacial ice microstructures from the EDML
deep ice core (Faria et al., 2009) suggest that dynamic grain boundary structures
possibly formed by microshear, result in a reduction of the material strength. This was
proposed to cause the softening behaviour of the ice-age ice, with small grain size ice
deformed at relatively high temperature and moderate stress conditions (Faria et al.,
2009). The accommodation of deformation by microshear reduces the stress
concentration without modifying the bulk crystallographic texture evolution.
Dislocation activity within grains produces microshear zones along grain boundary
chains, splitting grains developing a subgrain boundary (Faria et al., 2009). Figure 7
shows a qualitative comparison of our simulations with Antarctic ice samples from the
EDML ice core (Faria et al., 2009). In our simulations, grains with zig-zag geometries
and necking zones are indicators of localised high-strain bands, synchronous with grain
coarsening caused by DRX (delimitated grains in red in Figure 7c,e). Stepped
geometries of grain boundaries parallel to the shear plane (red arrows in Figure 7b-c)
are observable in local high strain bands (Figure 7d-e). Therefore, we show how the
presence of grains with zig-zag geometries and stepped grain boundaries can be used as
indicators of strain localisation masked by grain boundary migration, features that are
also observed in samples from the EDML ice core (Figure 7a). The stepped geometries
have been previously interpreted as precursors of microshearing. This interpretation was
based on analogue experiments by Bons and Jessell (1999) using octachloropropane



(C3Clg) at high homologous temperature. These authors observed that small bands of
intense deformation did not produce an apparent grain size reduction or microstructural
modification, but correlated with the development of stepped grain boundaries.
Microshearing can combine grain boundary sliding (GBS) activity with dislocation
motion in conventional creep, which is also termed Rachinger GBS (Langdon 2006).
The arrangement of misorientation structures in a stepped arrangement, as observed in
our simulations may facilitate the onset of GBS so far only observed experimentally in
ice (Goldsby and Kohlstedt 2002). Our simulation results imply that microstructure
analysis from certain ice core intervals would need to be revised in order to detect signs
of masked strain localisation and viscous softening.

5. Conclusions

We presented novel full-field numerical simulations of ice Th aggregates deformed in
simple shear with and without recrystallisation. The simulations show that the ice
crystal anisotropy is transferred to the polycrystal scale, where the distributions of both
strain rate and finite strain are highly heterogeneous with the development of synthetic
and antithetic shear bands. However, grain-boundary migration allows the grains to
maintain an approximately elliptical shape, which masks the heterogeneous strain (rate)
distribution. This makes it difficult to detect the presence of such strain heterogeneity in
natural ice. However, masked shear localisation bands can be recognised from the
presence of grains with zig-zag geometries and stepped boundaries. These features are
observed in ice cores and can be considered as potential precursors of microshear in
polar ice cores.

Although the amount of recrystallisation strongly affects the grain morphology, it
has a much smaller effect on LPO development. In all cases a single c-axis maximum
oriented approximately perpendicular to the maximum finite shortening direction
develops. This maximum subsequently rotates towards the normal to the shear plane.
The main impact of recrystallisation is the activation of non-basal slip, as required by
the preferential alignment of basal planes initially normal to the maximum compression
direction, which leads to a bulk hardening of the material at shear strain of y=1-1.5. The
material subsequently softens again, as the basal planes rotate towards the shear plane
and reach more favourable orientations for basal slip. As the amount of hardening
depends on the amount of recrystallisation, and hence strain rate, the bulk stress
exponent is higher (up to ~3.4) than that of the individual slip systems, which was set at
three.

Our results indicate that the flow of ice may be much more heterogeneous than
generally assumed, as neither the LPO nor the microstructure clearly reveals this
heterogeneity. This has implications for the prediction of the rheology of natural ice,
which may be weakened by the presence of shear bands. Even though these only occupy
a small fraction of the material, they play a significant role in softening ice. Another
implication of strain heterogeneity is the potential mixing or effective mechanical
diffusion of fine particles and inclusions in the ice that carry climate signals.
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Figure 1. Data structure. ELLE microstructures consist of three different layers: (a)
boundary nodes (triple or double nodes) that define polygons (grains), (b) a regular
mesh of unconnected nodes used for the VPFFT calculation, and (c) a passive marker
grid used to track the finite deformation, where only initially horizontal grid lines are
shown. The initially unit length model (d) is repositioned after the deformation step,
bringing the model back into the unit cell (e).
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Figure 2. Results of the simulations. I. Local misorientation field, II. Lattice
orientations relative to the y direction (inverse poles) at a shear strain of y= 3. III. Pole
figures of lattice orientation at a shear strain of y=1.5 and at the end of the experiments,
y=3, for simulations with (b) no recrystallisation, (c) 1 step, (d) 10 steps, and (e) 25
steps of recrystallisation (DRX) per deformation step, respectively. The initial
microstructure is shown in (a). Grain boundary network is overlain in all images in [
and II. Images for Experiments 0 and 1 have been enlarged 2x for better visibility, only



showing the upper left quarter of the model. Crystal orientations are shown as direction
y in crystal reference frame (IPF). Colour bar indicates the multiples of uniform

distribution.
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Figure 3. Ice LPO symmetry for all the experiments performed in this study, expressed

as the proportion of point (P), girdle (G) and random (R) components for the c-axes
<0001> distribution. The points for each experiment are plotted every step of

deformation (Ay=0.04).
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Figure 4. Evolution of Von Mises strain-rate field normalised to the bulk Von Mises
strain rate at shear strain of y=1 (column I) and )=3 (column II), and passive marker grid
(only originally horizontal lines shown) at a shear strain of y = 1 (column III) and =3
(column 1IV), for simulations with no recrystallisation (Experiment 0), 1 step
(Experiment 1), 10 steps (Experiment 10), and 25 steps (Experiment 25) of
recrystallisation per deformation step, respectively. The initial microstructure is shown
in Fig. 2a. The grain boundary network is overlain in all images. Images for
Experiments 0 and 1 have been enlarged 2x, only showing a quarter of the model.



(@) (b)

0.5 -10.4 First st
——rirst step . Experiment 1
. —peak of hardening

P Experiment 1 _
0.4 Last step ()= 3)
= -10.8+
b Q
7)) [
g 0.3 S
» . © -11.24
%0.2 ) Experiment 10 g

. o
g Experiment 25|~ Experiment 10
2 /’/\ 11.6-
n0.14

Experiment 25
0 T -12 : : ' .
0 1.5 3 -1.1 -0.9 -0.7 -0.5 -0.3 -0.1
Shear strain () log differential stress

Figure 5. Differential stress vs. bulk shear strain (a) and logarithmic strain rate plotted
vs. logarithmic differential stress (b) for experiments 1, 10 and 25. Differential stresses
were normalised using the experimental values from Duval et al. (1983).
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Figure 6. Basal and non-basal slip system activity during deformation for all the
presented simulations, calculated from Equation 2 in Llorens et al., 2016. When DRX is
activated (Experiments 10 and 25) the activity of non-basal slip systems increases.



(@

| EDML 2392m T

Figure 7. Comparison of a natural microstructure in polar ice with our modelling
results. (a) Thin section of the EDML core from ice at 2392 m depth. Grain boundaries
show up as sharp dark lines, while subgrain boundaries (LAGBs) are less distinct. Red
arrows point at subgrain boundaries that are indicative of microshear, and selected grain
boundaries display zig-zag geometries with necking zones. Boundary misorientation
and grain boundary network in selected areas of Experiments 25 (b) and 10 (c) at a
shear strain of three. Arrows point to LAGBs similar to those in the EDML core and
inferred to be microshear precursors. (¢) Grains with zig-zag geometries and necking
zones are located in shear bands. (d-e) Strain rate distribution in the same experiments,
also showing that these type of LAGBs and grain boundary geometries form in
synthetic shear bands.



