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Recrystallization Processes in Granular Ice
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Abstract: Recrystallization mechanisms are known to ac-

commodate the deformation as observed along ice cores.
The three main processes are classically described as be-
ing, successively from the top of the cores, normal grain
growth, rotation dynamic recrystallization and migration
dynamic recrystallization. Recent observations on local
mechanisms at the grain scale tend to question this de-
scription.
This paper aims at presenting the basic knowledge about
dynamic recrystallization processes in materials, with fo-
cus on the corresponding mechanisms occuring during
deformation of granular ice, more particularly along ice
cores. We stress the significance of the scale to consider
when analysing the mechanisms, depending on the ap-
plications. In particular, we will demonstrate that dis-
location substructures can develop locally, due to strong
strain heterogeneities, without challenging the classical
description that explains the evolution of average grain
size and fabrics along ice cores.

Keywords: Dynamic recrystallization. Ice sheets. Mi-
crostructures. Fabrics.

1 Introduction

Ice cores are an important source of information on
past climates [1, 2, 3. 4]. However, paleoclimatic in-
terpretations are dependant on the relation between the
depth of a layer and its age. This link is established by
annual layer counting for high accumulation rate sites
(mostly Greenland) and by inversion of simplified flow
models, which are unable to reproduce the observed flow
heterogeneities [5, 6]. The ice rheology has a strong im-
pact on the flow and must be correctly taken into account

in ice flow models to better understand the dynamics of

ice sheets [7, 8, 9]. Regarding material science, ice ex-
tracted from ice cores contains a unique set of data which
provides valuable observations on deformation control-
ing processes. Therefore, understanding the processes
which drive the deformation of ice, is of primary interest.

Ice is a polycrystalline material with hexagonal struc-
ture. The orientation of each crystal can be specified by

its ¢ and a axes. Deformation occurs mainly by dis-
location glide along basal planes confering an impor-
tant viscoplastic anisotropy to the crystal [10]. Such an
anisotropy at the crystal scale induces the development of
strong internal stresses during deformation of the poly-
crystal, associated with the mismatch of dislocation slip
between neighboring grains.

It is now well demonstrated that plasticity of ice single-
and poly-crystal is strongly heterogeneous, with disloca-
tion motion highly intermittent in space and time [11, 12].
This means that deformation takes place through isolated
“bursts” (dislocation avalanches) in which the instanta-
neous strain rate may exceed the average strain rate by
several orders of magnitude [13]. In ice polycrystals,
grain boundaries appear to act as barriers to the dynamic
propagation of avalanches but also to transmit internal
stresses [11]. Recently Louchet et al. [14] questioned
the impact of such self-organised critical dynamics on the
deformation in the ice core conditions. Field data sug-
gest that grains contain a very low number of dislocation
moving at a time but that strong back-stresses are present,
corresponding to a significant density of potentially mo-
bile dislocations [15]. These findings are consistent with
critical dislocation dynamic, in which collective motion
events occur for a short time, followed by long periods
of inactivity during which grain growth, rotation recrys-
tallization and other recovery processes contribute to the
reduction of the long range internal stress field [14].

In most parts of ice sheets. due to intracrystalline dis-
location slip, ¢ axes rotate during deformation toward
the compression directions and away from tensional ones
[16], while they center around an axis perpendicular to
the shear plane, in areas where simple shear is domi-
nant. Then, ¢ axes distribution (referred to as fabric in
what follows) is a consequence of the strain-history ex-
perienced by the ice layer from the ice-sheet surface. The
spatial variability of the observed fabrics. from a single
maximum fabrics [6, 17] to girdle type fabrics [18], in-
dicates the strong coupling existing between the fabric
and the local flow conditions. The fabric formation con-
fers a strain induced anisotropy to the polycrystal which
influences further flow [7. 19, 8]. At some stage, it is a
chance, because ice-sheets can be seen as a huge database
containing fabric evolution experiments for a very large
range of strain-history and temperature conditions. On



the other hand, the very small amount of data (few ice
cores) regarding the ice-sheets typical size renders the ex-
ploitation of all these data very difficult.

Deformation in ice sheets occurs at very low strain rate
(from 10712 s~ to 10719 s~ 1) and under deviatoric
stresses estimated to be lower than 0.1MPa. The aver-
age temperature ranges between roughly -50°C and the
pressure melting point, from the top to the bottom of the
ice sheet. Due to these extreme deformation conditions,
recovery processes are very active. Alley et al. [20] de-
scribed the grain growth mechanism which theoretically
explains the increase in grain size in the first hundred
meters of the cores. Further down, with increasing total
strain, dynamic recrystallization mechanisms occur. Be-
side the rotation of ¢ axes due to strain, it is commonly
agreed that recrystallization processes affect the texture
of ice (i.e., the fabric as well as the topological arrange-
ment of grains), and thus the effective viscosity of the
polycrystal [21, 22].

Recent results [23. 24| have questioned the classical de-
scription of the deformation accommodating processes
along the core, by suggesting that dynamic recrystalliza-
tion processes impact the deformation much earlier than
commonly expected. The aim of the present paper is to
build a state of the art of what we actually know about re-
crystallization processes as occurring in ice sheets, thanks
to ice core texture measurements. We will first recall the
basic knowledge of recrystallization mechanisms in ma-
terials, then what is known and observed for ice from lab-
oratory tests and from ice cores. The commonly known
mechanisms will be questioned regarding new results and
assumptions.

2 Recrystallization processes in materials

Recrystallization and related annealing phenomena

have been most widely studied in metals. Therefore, most
of the description and terminology used further for the
description in rock and natural materials have been taken
from metallurgical research, and some were adapted to fit
the natural deformation conditions.
Recrystallization mechanisms that we will describe in
this paper are the ones relevant to ice deformation con-
ditions. They only occur during deformation and are then
called “dynamic recrystallization” eventhough the term
“dynamic” will sometimes be omitted. On the contrary,
in metals, most of the recrystallisation processes widely
studied so far are “static” recrystallization mechanisms,
i.e. occurring after deformation is over.

2.1 Normal grain growth

In polycrystalline materials, the normal grain growth
is driven by the decrease of the total grain boundary en-
ergy within the polycrystal. Normal grain growth mainly
occurs after primary recrystallization, or during deforma-
tion when the strain stored energy is low compared with
the total grain boundary energy.
The driving pressure on a boundary of energy v, arises

from its curvature. The driving pressure P is given by :

1 1
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where R and R, are the principal radii of curvature of a
boundary of energy 7gs.

Assuming that the grain boundary is a part of a sphere of
radius 2, the driving pressure can be expressed as [25].
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By assuming that -, is the same for all the bound-
aries and the radius R is proportional to the mean radius

< R >, the boundary velocity is given by:

P:

(2)
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with a a constant and M the grain boundary mobility.
Already note that ~,, increases with misorientation up to
about 15° and is then roughly constant except for coin-
cidence orientations where it is lower. The kinetics of
normal grain growth is then expressed by:

(3)
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where (R) is the mean grain radius, (Rg) is the ini-
tial mean grain radius, &K' an Arrhenius temperature de-
pendant constant which can be considered as the grain
boundary migration rate, and m = 2. The parabolic law
was derived from mean field approximations which con-
sider the behavior of a single grain embedded in an en-
vironment which is some average representation of the
whole assembly [26]. Other approaches, like Monte
Carlo simulations [27] or vertex modeling [28] give sim-
ilar grain growth law exponents for the mean grain ra-
dius evolution of an assemblage of grains. Normal grain
growth can be affected by temperature, by solutes and
particles or by the fabric. Indeed, as a highly clus-
tered fabric contains a large proportion of low angle grain
boundaries. there is therefore a reduced driving force for
grain growth.

In the regime of normal grain growth. the distribution of
normalized grain sizes R /(1) remains unchanged, uni-
modal, and is generally well fitted by a log-normal distri-
bution [29, 30]. Note however that this log-normal fit has
not so far received theoretical support.

An extensive description of the theory of normal grain
growth can be found in [29] and with particular emphasis
on normal grain growth in polar ice in [20, 31, 32].

2.2 Dynamic rotation and migration recrystallization
From Humphreys and Haterly [29] it is well estab-
lished that in minerals, and thus in ice, two types of
dynamic recrystallization occur. At high temperature and
high stresses, a discontinuous form of dynamic recrystal-
lization similar to recrystallization during hot working in
metals occurs, and is referred, in the geological literature



as “migration recrystallization”. However. at lower tem-
peratures and stresses there is often a transition toward a
mechanism called “rotation recrystallization™ similar to
what is called "dynamic recrystallization by progressive
lattice rotation™, with a discontinuity in the grain bound-
ary migration rate at the transition,

Rotation (or continuous) recrystallization
From Humphreys and Haterly [29]. in many materials,
new grains with high angle boundaries may be formed
during straining, by the progressive rotation of subgrains
with little accompanying boundary migration. This is
a strain-induced phenomenon which should not be con-
fused with the subgrain rotation which occurs during
static annealing.
This mechanism was first found in minerals. It in-
volves subgrains, adjacent to pre-existing grain bound-
aries, which progressively rotate as dislocations are accu-
mulated with strain. A gradient of misorientation is de-
veloped in the grain, from the centre to the edges, where
dislocations are piled-up, and at high strains, high angle
boundaries may develop.
This mechanism is then likely associated with inhomoge-
neous plasticity and accelerated dynamic recovery in the
grain boundary regions.
Considering the heterogeneous nature of dislocation slip
processes [33] and evidence for intermittent nature of
creep deformation [34, 35, 36, 37], we can wonder
whether this mechanism is progressive or occurs as a
burst-type mechanism. To our knowledge, there exist
no studies relating the intermittent dislocation behav-
ior to the dynamic recrystallization mechanisms. What
we call "progressive” structure evolution might rather be
a threshold type of mechanisms evolving rapidly with
time [38]. Traditionnal post-deformation observations
can only capture a final state and are not able to char-
acterize the intermittent nature of such mechanisms. Ob-
servations were made during in-situ deformation of pure
copper under X-ray diffraction where dislocation struc-
tures showed intermittent dynamics, appearing and dis-
appearing with proceeding deformation [39].
At the local scale, there is a threshold value of dislocation
density up to which a subgrain is energetically more fa-
vorable than an isolated dislocation structure. The energy
of a subgrain with a misorientation # is given by [38]:

E(g) = Eug (A = l‘?’?lq) {5)
bG
Ey = m (6)
A=14+In (7
2mry

where b is the norm of the Burgers vector, G is the shear
modulus, v is the Poisson ratio, and 7 is the dislocation
radius.

The energy of a density p of isolated dislocations is:

~ pb?p
=—

E (8)

with g the shear modulus. In ice, for rg = b the subgrain
energy is smaller than the isolated dislocation energy for
a misorientation # equal to about 1°corresponding to a
dislocation density of about 5 x 107 m~2, a value that
would correspond to the initial state in a non deformed
crystal [40, 15].

At the polycrystal scale, the effect of rotation recrystal-
lization is a decrease in the average grain size and the
creation of some correlations between the orientation lat-
tice of neighbouring grains [41, 42, 24].

Migration (or discontinuous) recrystallization

As was shown for instance for NaCl [43] and ice [44],
there exist a clear boundary between rotation and migra-
tion recrystallization domains. The first occurring at low
stresses and temperature, the second at high stresses and
temperature. The transition is characterized by a jump
in the grain boundary mobility. For a strain larger than
a critical strain and if the temperature is high enough,
the intrinsic mobility of the grain boundary (linked to the
temperature and the misorientation angle) may be high
enough for migration recrystallization to occur,

Humphreys and Haterly [29] provide an accurate simpli-
fied description of the mechanism which is as follows.
New grains are created at the old grain boundaries, but
due to deformation going on, the new grains accumulate
dislocations, thus reducing the driving force for their fur-
ther growth. Therefore, a critical deformation is neces-
sary in order to initiate dynamic migration recrystalliza-
tion. For grain boundary migration, the driving force is
due to the difference in strain energy between deformed
grains and dislocation-free areas. For very low strain
rates and large initial grain size, intragranular nucleation
becomes more important. The driving force for dynamic
migration recrystallization increases with applied stress
and the intrinsic boundary mobility is a function of tem-
perature. The created new grain structure, which may or
may not involve the migration of grain boundaries, even-
tually becomes independant on strain [29, 45].

Humphreys and Haterly [29] compiled data from a large
variety of materials providing the evolution of the dynam-
ically recrystallized grain size as a function of stress at
high temperature. The empirical relationship is given by:

e =KD" (9)

where m<1 and K is a constant that does not depend on
temperature. Such measurements were performed on ice
by Jacka and Li [46], and will be presented in paragraph
3.1

The obtained steady state is coming from the balance be-
tween nucleation of new small grains and migration of
existing boundaries. Derby and Ashby [47] have devel-
oped an analysis based on the characteristic time taken
for a moving boundary to sweep out a volume equivalent
to the mean steady state grain size. This time is supposed
to be equivalent to the one required for a nucleus to be
formed in the growing volume. The difficulty with this
approach is to estimate a realistic value of the nucleation



rate.

Criterium based on the bulging mechanisms, together
with dislocation density as a main parameter was sug-
gested by Roberts and Ahlblom [48] and more recently
by Bréchet et al. [49]. Both approaches predict that dy-
namic recrystallization is favoured for high values of mo-
bility and stress, and low values of strain rate.

3 Dynamic recrystallization processes in ice

The above described recrystallization mechanisms are
observed in ice. But, due to the very low strain rates and
stresses in ice sheets, processes observed in the field are
very different from those observed in the laboratory. The
first can not yet be reproduced in the laboratory and there
exist no obvious matching between recrystallization ob-
served in laboratory tests and most of the recrystallization
processes measured along ice cores.

3.1 Migration recrystallization in laboratory de-
formed ice
We will focus on the mechanical behaviour of "granu-
lar™ ice, which is the closest to glacier ice. Most of the
tests performed in the laboratory have been creep tests,
performed under constant applied stress, for applied shear
stresses lower than 1MPa.
A sketch of a typical creep curve is shown in Figure 1
giving, on log scale, the strain rate as a function of strain.
Three creep stages are observed [50, 40, 51]. Following
the first instantaneous elastic strain, there is a primary or
transient creep during which the creep rate decreases con-
tinuously. This primary creep occurs to about 1% strain,
and is followed by a secondary creep corresponding to a
minimun creep rate between 1 and 2% strain. This sec-
ondary creep corresponds to the transition between the
decelerating primary creep and the accelerating tertiary
creep. During the tertiary creep. and beyond about 10%
of strain, a steady state is reached which is associated
with stable fabrics and steady state grain size due to dy-
namic migration recrystallization [10, 51].

Primary
eep
Tertiary
creep
Secongary
cregp
1% ~10%

Figure 1: A typical creep curve, strain rate as a func-

tion of strain, for a constant applied stress on isotropic
granular ice.

During primary creep, strong internal stresses are built
due to the mismatch of dislocation slip between grains.
Dislocations are accumulated at grain boundaries, but the
accumulated strain is too low to induce any fabric de-
velopment. When the stored energy is high enough, the
internal stresses are relaxed via dynamic migration re-
crystallization during tertiary creep and lead to the steady
state just described.

Jacka and Li [52] performed uniaxial compression creep
tests on laboratory prepared samples, with initially ran-
domly oriented crystals. The tests covered the tempera-
ture range of -10°C to -45°C for stresses ranging between
0.1 to 0.8 MPa.

The minimum creep rate was systematically obtained for
strain close to 1%. At -15°C. for stresses higher than 0.1
MPa, the three creep regimes are observed. The tertiary
creep is always characterized by a steady-state strain rate
which decreases with the stress. The fabric pattern as-
sociated with this tertiary creep is well characterized by
a small circle girdle at around 30°from the compression
axis. This girdle tends to weaken with decreasing temper-
ature and stresses. From that, the authors conclude that
migration recrystallization is the dominant mechanism
controlling flow rate at higher stresses and temperature.
Assuming that this recrystallization mechanism is still
active at lower stresses and temperature, the processes
are too slow to reach a steady state fabric and microstruc-
ture within the duration of the experiments.

Jacka and Li [46] show that during tertiary creep, not
only a stable preferred crystal orientation developed but
also a steady-state grain size resultes from deformation
to large strains (> 10%) following Equation 9. Equi-
librium crystal size does not depend on temperature and
decreases with increasing applied stress. It is consid-
ered as a “balance” between crystal growth due to grain
boundary migration and small new grain nucleation due
to accumulated dislocation substructures during defor-
mation.

Duval et al. [10] showed some microstructures after
migration recrystallization under compression and tor-
sion which reveal some interlocking microstructures
with large irregular grains surrounded by smaller grains.
Similar microstructures were observed by Jacka and
Maccagnan [53] for tests performed in compression at
strain higher than 5%, with girdle-like fabric around
30°from the compression axis.

In summary, during laboratory experiments, tertiary
creep is associated with a steady state due to dynamic
migration recrystallization occurring after a few % strain.
This dynamic recrystallization provides a constant grain
size at a given deviatoric stress, a microstructure charac-
terized by large interlocked grain surrounded by smaller
grains. Fabrics formed by such strain-induced recrystal-
lization processes are characterized by orientations favor-
able to the basal slip which can adjust rapidly to a change



in applied stress.

3.2 Dynamic recrystallization in polar ice sheets

So far, it has commonly been accepted that recrystal-
lization mechanisms accommodating deformation along
ice cores were, successively, normal grain growth, ro-
tation dynamic recrystallization in the main part of the
cores, followed by migration recrystallization in the bot-
tom part of some cores where temperature becomes
higher than -10°C, and accumulated stress is sufficient
[18, 54, 17, 22, 55, 6].
All the described processes occurs during deformation.
This has to be emphasized when describing "normal grain
growth” along ice cores.
Recent results tend to show that there exists strong over-
laps between these recovery mechanism areas of domi-
nance, with processes that can locally occurs at the grain
scale. To distinguish the relevant scale of analysis is
then of main importance when trying to model the ba-
sic mechanisms associated with recrystallization or to
represent the average evolution of the textures and mi-
crostructures,
Figure 2 presents the evolution of grain size along the
GRIP (Greenland) [17], EPICA Dome C [56] and Byrd
(Antarctica) [57] ice cores. Please note that the measure-
ment techniques are different and can introduce bias in
the absolute values [58].

Normal grain growth

Created by the progressive densification of snow and firn,
ice in ice cores has small grain size in the upper layers
(about 1 mm). Grain growth is already occurring in firn
[59, 60], and probably in snow as the densification pro-
cesses take place over more than 2000 years in some cold
places (Antarctic plateau). Deformation processes being
very slow, the surface energy is reduced by a mechanism
similar to the "metallurgical” normal grain growth de-
scribed in paragraph 2.1 while deformation is going on.
At the interface between ice and air, the local stresses can
be very high and dislocation pile-ups are expected.

Alley etal. [31], Arnaud et al. [61] and, more recently,
Durand et al. [32] have shown that average grain size
evolution with depth in bubbly ice and firn (first hundred
meters of the core) was very well represented by classi-
cal modeling of normal grain growth in dense materials.
This was also true for the microstructure evolution, to-
pography and size distribution. In particular, Weiss et
al. [62] has shown that, up to 580 m depth along the
EPICA Dome C ice core, the distributions of normal-
ized grain sizes are well fitted by log-normal distribu-
tions, as expected when normal grain growth is dominat-
ing. The two independent parameters characterizing the
log-normal distribution, i.e. the average and the standard
deviation, are slightly evolving with depth, which could
be interpreted as a transient regime.

As already mentioned, normal grain growth driven by the
free energy of grain boundary is observed along polar

ice cores where deformation processes are active. At the
transition where the grain size becomes constant along
the Byrd and GRIP ice core (see Figure 2), an upper
bound for average dislocation density accumulated by de-
formation is estimated by Montagnat et al. [15] of 10!
m~2. This corresponds to a driving force due to defor-
mation stored energy of about 30 Jm~2. From the top of
the core to this transition zone, grain size ranges between
about 1 and 5 mm. With w4, = 0.065 IJm~2, the driv-
ing pressure P for normal grain growth (Equation 1) then
decreases from about 130 to 30 Jm~2. On average, then,
the driving force for normal grain growth is always higher
than the upper bound driving force associated with dislo-
cations up to this transition in grain size, where dislo-
cation induced recrystallization can dominate. However,
locally near grain boundaries, dislocation density can be
higher than the average value, which can explain some
departure from the exact "normal grain growth” process,
with the existence of local dislocation substructures.

The evolution with time of the mean grain size is given
by Equation 4. The range of K between -50°C and -
10°C is roughly between 1077 and 5 x 107'% m?s~!
[10]. From data of grain growth in firn and shallow ice in
Greenland and Antarctica, the activation energy is about
50 kI.mol~! [59]. A much higher value is found above
-10°C [46].

The exponent m = 2 in Equation 4 is a lower bound
derived from mean field approximations as explained in
paragraph 2.1. The profile of grain growth in the first 400
m of the GRIP core is well reproduced with m = 2.5
[17]. A value of 3.2 was found between 100 and 400 m
depth along the EPICA Dome C ice core [62]. Departure
from m = 2 has been associated with solute drag [63],
interaction with microparticules, effect of texture [30].
From Durand et al. [32], the departure from the theo-
retical parabolic law along the EPICA Dome C ice core
is likely to result from bubble pinning, assuming that the
grain boundary mobility is significantly higher than the
mobility of bubbles. Considering the new observations
of dislocation substructures from firn and the early ice
[23, 24] (presented in the next paragraph), a very plausi-
ble explanation for the value of m > 2 in deep ice cores
is the progressive occurring of rotation recrystallization,
with polygonization progressively influencing the grain
size distribution.

A consequence of normal grain growth is clearly visible
on Figure 2, for the Byrd and GRIP ice core. The stop
in grain size increase is associated with the dominating
impact of rotation recrystallization, in an area where the
temperature remains constant along the core. On the con-
trary, along the EPICA Dome C ice core, such an abrupt
change in grain size evolution is not evidenced, which is
attributed to the continuous temperature increase along
the core.

In glacial ice, grain growth rate is significantly lower than
for interglacial periods [57, 64, 18, 65, 17, 66]. Signif-
icant variations in the particle and impurity contents are
found in the Antarctic and Greenland ice sheets, most of



them well correlated with climate [67, 68]. Several ex-
planations were given for the correlation between climate
and grain size, including impurity drag [31] and the pin-
ning of grain boundaries by microparticles [66, 32]. The
drag of soluble impurities segregated at grain boundaries
could also reduce the grain boundary mobility [20, 31].
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Figure 2: Evolution of grain size along the EPICA Dome
C (full circles), the GRIP (empty circles) and the Byrd
(full squares) ice cores. Inner panel: focus on the first
1500 m

Rotation recrystallization

Rotation recrystallization mechanisms appear to exten-
sively occur in polar ice sheets. For the Byrd ice core,
Alley et al. [41] indicate that polygonization processes
associated with this recrystallization counteract further
grain growth below 400 m depth. The same explanation
was given by Castelnau et al. [21] for the constant grain
size between 650 and 1625 m along the GRIP ice core.
At Vostok and Dome C, due to the continuous increase
in temperature from the surface, the transition from grain
growth to rotation recrystallization is hard to determine
from the grain size profile [22]. But Lipenkov [personal
communication, 2000] observed the first sub-boundaries
under polarized light below 700 m. Durand et al. [32]
modeled the different mechanisms such as normal grain
growth, rotation recrystallization as well as pinning effect
of dust particles, bubbles and clathrates and showed that
rotation recrystallization had to be taken into account in
order to reproduce accurately the grain size profile along
the EPICA Dome C ice core.

Obbard and Baker [69] did Electron Back Scattered
Diffraction (EBSD) experiments on samples from the

Vostok ice core to measure the complete fabric, including
¢ and a axes in individual grains. The full orientation re-
lations between grains and subgrains allow to distinguish
the impact of rotation recrystallization [70]. They sug-
gest that polygonization associated with rotation recrys-
tallization takes place, demonstrated by the high number
of low-angle grain boundaries (1-10°) in the misorienta-
tion distribution histograms from 1200 to 3329 m depth.
Durand et al. [24] investigated the relationships between
neighbouring grains and applied it to the textures mea-
sured along the 900 m of the NorthGRIP ice core. Based
on the assumption that the splitting of grains increases
the number of neighbouring grains with a small angle of
misorientation [41] they observed that rotation recrystal-
lization occurred in the upper part of the ice sheet, and
that the fractionation rate appeared to be constant. Rota-
tion recrystallization appears as isotropic, independant of
the c-axis orientation which evolves along the core. Fur-
thermore, Kipfstuhl et al. [23], have observed lattice sub-
structures inside grains in firn. These observations show
that locally, subgrains can appear from the very begin-
ning of the deformation process in the core. Both ob-
servations are coherent with the fact that normal grain
growth, as occurs in ice core, is associated with defor-
mation, and dislocations inhomogeneously accumulated
can locally induce some lattice substructures which can
evolve into sub-boundaries. In particular, such observa-
tions highlight the fact that, locally. several mechanisms
compete.

De La Chapelle et al. [22] provides a model for the evo-
lution of the stored energy along the GRIP and the Vos-
tok ice cores. The evolution of the dislocation density
is obtained by a balance between the generation due to
deformation, and a reduction by the moving boundaries
during grain boundary migration. Assuming average dis-
location density in grains, the highest dislocation density
obtained along the GRIP core is about 1.8 x 10*" m~2 and
about 1.3 x 10" m~2 along the Vostok core. From about
1500 m along the GRIP ice core, the average stored en-
ergy from dislocations becomes higher than the driving
force for grain growth. We can thus assume that, when
considering a higher dislocation density close to grain
boundaries, such a condition is reached at a higher depth
locally near grain boundaries. On the contrary, this condi-
tion is never reached on average along the Vostok ice core
where the driving force for grain growth remains higher
than the dislocation stored energy.

To summarize, due to the high viscoplastic anisotropy of
the ice crystal, strong deformation incompatibilities de-
velop which introduce strong heterogeneities of deforma-
tion inside the grains and between grains. That these het-
erogeneities are strong enough, even in firn, to locally
induce strong lattice distortions up to subgrain structures
is not surprising, considering that subgrains are appear-
ing as early as 1% strain in the laboratory. Nevertheless,
the deformation in ice core is so slow that grain bound-
ary migration driven by the reduction in surface energy
of grains is a very efficient process to reduce the local



internal stresses and dominates in the upper part of the
core. Then, this is not a contradiction to develop phe-
nomenologic models, with average variables that con-
sider only the dominating mechanism at a given depth
[20, 31, 22, 15, 32]. Such models well reproduce the ob-
served grain size evolution, and allow a prediction of the
average dislocation density along the cores [22, 15].

Dynamic migration recrystallization
Migration recrystallization, as described in paragraph 2.2
and more specifically for laboratory deformed ice in para-
graph 3.1 has not been clearly observed along ice cores.
The driving force for migration recrystallization is the de-
formation stored energy through dislocations. For grain
boundaries to migrate fast enough, it is necessary to pro-
vide a good balance between stored energy and grain
boundary mobility, which was shown to increase by about
2 orders of magnitude when temperature becomes higher
than -10°C [10].
Gow and Williamson [57] observed a rapid transforma-
tion to coarse-grained ice with multiple-maxima fabrics
below 1810 m depth along the Byrd ice core (in the bot-
tom 350 m). This was attributed to a rapidly increasing
temperature from -15°C at 1810 m to -1.7°C at 2164 m
favouring migration recrystallization mechanisms.
The same abrupt change is observed in the last 150 m
of the 1000 m long Siple Dome ice core [71] where the
obtained texture is close to typical "dynamic migration
recrystallization™ textures observed during laboratory ex-
periments, with dispersed or multi-maxima fabrics. The
temperature of the ice at 804 m is about -9°C.
In the last 240 m of the GRIP ice core, abrupt changes in
grain size and fabrics appears, consistant with a tempera-
ture increase close to -10°C [17, 72]. Textures are charac-
terized by large interlocking grains, and opened fabrics.
The presence of large interlocking grains is explained by
migration recrystallization but the change in fabrics evo-
lution at the bottom of the core is linked [17] to a change
in stress condition, evolving toward tensional stress.
At the bottom of the EPICA Dome C ice core, the temper-
ature increases from -13°C at 2800 m to -2°C at 3250m.
The ice is then warm enough for migration recrystalliza-
tion to occur. Durand et al. [this issue] found a highly
fluctuating fabric (measured by second order orientation
tensor) in this part of the core, that can not be clearly
correlated to climate or chemical components. But mi-
crostructures do not show any large interlocking grain.
The authors observe some very small grains in between
larger grains below 2846 m indicating that nucleation
associated with migration recrystallization can occur lo-
cally, close to grain boundaries.
On the contrary (to rotation recrystallization), migration
recrystallization induces fabrics which are different from
strain-induced fabrics. As observed in Alpine glaciers
[73. 74], during lab experiments [75, 53, 52] or at the
bottom of the Byrd ice core [57], the c-axes rotate toward
the direction of easy glide, between 30° and 45 from
the vertical axis. Such a fabric provides orientations that
favour the imposed compressive strain. The formed fab-

rics are either imposed by the nucleation of so-called well
oriented grain, and/or the favoured growth of such grains.
The fabric is then controlled by the stress state within the
polycrystal [75]. Due to the fabric resulting from migra-
tion recrystallization, and the softening associated with
this recovery process, the viscosity of the ice layers can
become very low. Such an induced softening of the poly-
crystal behaviour in the bottom part of the core can have a
non-negligible impact on the global flow around the core,
and should then be accurately understood to be taken into
account in flow modeling.

4 Conclusion

Thanks to the observations performed along polar ice
cores we have a clear overview of dynamic recrystalliza-
tion mechanisms accommodating the deformation in ice
sheets. The data such as textures and microstructures that
are measured along the cores remain “average” data, at
the polycrystal scale. Recently, researchers have become
involved in trying to understand the local mechanisms
associated with grain growth, polygonization and nucle-
ation which characterize recrystallization processes along
ice cores. In doing so, the anisotropic nature of deforma-
tion of ice appears to have a strong influence on the local
mechanisms, at the crystal scale, by inducing high local
stress and strain heterogeneities near grain boundaries.
Then, locally, recrystallization mechanisms can overlap
each other, with evidence of local polygonization in ar-
eas where normal grain growth dominates the polycrys-
tal behavior, and observation of small nucleus at some
grain boundaries where rotation recrystallization is ener-
getically the most favorable. Such observations stress the
interest of a precise definition of the scale at which the
observations are done, and their purpose.

The aim of this paper was to describe precisely the mech-
anisms as they have been defined in material science.
“Normal grain growth™ in ice core occurs with deforma-
tion, but in the upper part of the cores, the driving force
due to dislocation storage remains low, at least on aver-
age, and the parabolic growth law provides a good repre-
sentation of grain size distribution measurements.
Furthermore, we have very few clues concerning the oc-
currence of dynamic migration recrystallization along ice
cores, while the process is clearly dominating the defor-
mation of ice in the laboratory.

Considering the time scale of deformation as observed
along ice cores, the question remains opened as regards
the existence of a stationary state. The viscoplasticity
in ice is an intermittent process and is competiting with
grain boundary migration which is a very slow temper-
ature dependant mechanism along the main part of ice
cores. More observations need to be done to understand
the interaction between recrystallization processes and
the intermittency nature of deformation associated with
dislocation glide. New technics such as EBSD character-
ization, microstructural observations or X-ray diffraction
will be of good help to better understand the processes at



the local scale.
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