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Abstract: New measurements of ice texture made along
the EPICA Dome C ice core, together with a review of
previous studies of fabric and microstructure, are pre-
sented. Mean grain size increases steadily with age, and
so depth. However. sharp decreases are observed con-
temporary with each climatic termination. These sharp
decreases are believed to be mainly driven by the change
in dust content between glacial and interglacial periods.
C-axes steadily clustered with depth toward a vertical sin-
gle maximum. However, a sharp clustering of the fabric
is observed during termination II (= 1750 m), suggest-
ing the presence of shear in the upper part of the core.
Moreover, below 2812 m, large variations of the fabric
are observed from sample to sample. Migration recrys-
tallization may affect the ice polycrystal for the lowest
part of the core.

Key words: EPICA Dome C ice core, texture, anisotropy,
recrystallization processes.

1 Introduction

Ice cores studies over the last decades have consid-
erably enhanced our understanding of the nature of cli-
mate, showing, amongst other things, the correlation of
the atmospheric composition of greenhouse gases with
air temperature [1]. A new ice core has recently been
drilled within the European Project for Ice Coring in
Antarctica (EPICA) at Dome C in Antarctica (75°06'S,
123°21'E, 3233 m above sea level) reaching a depth of
3259.72 m. Analysis of the upper 3139 m of this core
has pushed paleoclimate records in ice cores back to 800
kyr [2]. Besides this increase in the age of ice core
records, also the analytical methods applied on ice cores
have been strongly improved. For example, high reso-
lution measurements have enabled the identification of
seasonal variations in cores from sites with high accu-
mulation rates (NorthGRIP, Greenland, [3]). However,
stratigraphic disturbances in the deepest part of the ice
cores drilled close to the summit of the Greenland ice
sheet (GRIP and GIPS2) have been reported [4, 5]. Small

scale folds have been observed which alter the stratigra-
phy at centimeter scale [GISP2, Greenland, 5]. and, in
some cases, even the large scale stratigraphic order of ice
layers representing thousands of years can be disturbed
[Vostok, Antarctica, 6]. Therefore, in order to obtain a
fully confident interpretation of the paleoclimatic records
in ice cores, the structural properties of the ice cores have
also to be investigated.

The study of the ice polycrystal is a good candidate to
detect strain heterogeneities and to get an understanding
of the deformation history. Ice crystals are outstandingly
anisotropic as deformation parallel to the basal planes
(perpendicular to its ¢ axis) is several orders of magnitude
easier compared to any other direction [7]. As a conse-
quence, under deformation, the ¢ axes in the ice poly-
crystal rotate towards compression axes and away from
tensional axes [8, 9]. Due to this, the ¢ axes distribution
(referred to as fabric in the following) both reflects the
deformation history of the ice and determines the hard-
ness of the ice with respect to further deformation. A
thorough understanding of the fabric evolution in the ice
sheet is, therefore, of primary importance to correctly in-
terpret and simulate the ice flow [10].

Another very important aspect of the ice polycrystal is
the microstructure, i.e. the grain boundary network. As
observed in many ice cores, the mean crystal size shows
abrupt variations in phase with climatic changes [11, 12].
Thus, mean grain size variations provide a valuable mark
of rapid climate changes. Moreover, Cuffey et al. [13]
have shown that the grain size may influence the strain-
rate and lead to shear strain rate enhancement in ice ac-
cumulated during glacial periods (see the review of Pa-
terson [14]). Finally, Durand et al. [15] have shown that
the microstructure geometry also records the deformation
history and may reveal strain heterogeneities.

The purpose of this paper is to present a review of the
existing texture studies (both microstructure and fabric)
of the EPICA Dome C (EDC) ice core, and to present new
and more robust texture measurements, which allow us to
improve the understanding of past ice sheet deformation
in the vicinity of EDC. In section 2, we describe the basic
mechanisms that affect the texture in ice sheets. Section
3 presents the parameters used to characterize the texture
and details the different results. Section 4 discusses both



the microstructure and fabric evolutions, with particular
emphasis on mean grain size variations and the sudden
changes observed in the fabric.

2 Mechanisms affecting texture develop-
ment

2.1 Deformation

The ice crystal has a hexagonal crystallographic struc-
ture and its orientation can be specified by its ¢ axis which
is perpendicular to the basal planes. Dislocation glide
along the basal planes dominates ice crystal deformation
and confers a strong anisotropy to the crystal [7]. Due
to this strong anisotropy of the crystal, ¢ axes rotate to-
ward compressional axes and away from tensional axes
[8. 16, 9]. The sketches in Figure 1 summarize the tex-
ture evolution under uniaxial compression.

However, c-axes rotation induced by strain is not the
only process that affects the texture and several recrystal-
lization processes have to be taken into account to cor-
rectly interpret texture evolution.

Figure 1:  Sketches presenting the effect of uniaxial
compression on a ice polycrystal. Due to strong crystal
anisotropy, c-axes rotate toward the compressional axis.
For the EDC case, compression direction corresponds to
the in-situ vertical. Then, after deformation c-axes will
appear clustered around the vertical (center of classical
Schmidt projection), and grains become more elongated
on the extension direction.

2.2 Recrystallization processes
2.2.1 Normal grain growth

In polycrystalline materials, the normal grain growth pro-
cess is driven by the decrease of the total grain bound-
ary energy within the material. Assuming that the grain
boundary is a part of a sphere, and ignoring the environ-
ment of the grain, Burke and Turnbull [17] established
that the boundary velocity v is inversely proportional to
the grain radius. Further, assuming that v is proportional
to dR/dt, they deduced that:

dR K

dt R
where K is an Arrhenius temperature-dependent con-
stant. Integration of Equation (1) gives the classical
parabolic grain growth law R? = R2 + Kt, where Ry is
the initial grain radius. Other approaches, like mean field
assumptions [ 18], Monte Carlo simulations [ 19] or vertex
modeling [20] give similar grain growth law exponents
for the mean grain radius evolution of an assemblage of
grains. Such a steady evolution is observed in the upper
part of ice-sheets, with a slightly higher exponent m ~ 3
compared to the theoretical one (see e.g. Thorsteinsson
et al. [21]). However, the grain evolution is clearly af-
fected by other processes than normal grain growth, as a
decrease of the mean grain size can be observed at the
LGM-Holocene transition (termination 1) in several ice
cores (amongst others Vostok [22], GRIP [21]). Note also
that Durand et al. [12] attribute the discrepancy between
theoretical and measured exponent m to the effect of bub-
bles pinning.

Normal grain growth can be affected by the effect of
extrinsic materials, that is in the case of polar ice: mi-
croparticles and bubbles through a pinning effect or sol-
uble impurities through a drag effect. A review of the
different mechanisms affecting normal grain growth has
been proposed by Alley et al. [23]. An extensive debate
has then followed to discriminate which mechanism is
predominant in polar ice sheets and could explain the ob-
served decrease at termination [ [11, 24, 25, 26, 27, 28].
In the light of a detailed grain size record from the EDC
core, Durand et al. [12] have reviewed the different ar-
guments and conclude that the predominent impact is at-
tributed to the pinning of grain boundaries by insoluble
dust particles. In that case, Equation (1) can be modified

as follows [29]:
dR = T 1
i K (E - R_z) (2)

where R, is a limiting grain size, that depends on the dust
content of the ice and on the size of dust particles. The
location of the particles is also a determinant parameter.
Indeed, for a given dust particle size distribution, R, is
much lower if the particles are preferentially distributed
along grain boundaries compared to randomly distributed
particles within the ice matrix (see Durand et al. [12] for
details). A nonlinear decay of the grain growth rate fol-
lows from equation (2): dR/dt progressively decreases

(1)



toward zero as the grain size approaches R.. It is also
worth mentioning that if grain boundaries are not pinned,
normal grain growth always take place.

Whereas the normal grain growth obviously affects the
grain size, it is believed that it does not influence fabrics
development [16].

2.2.2 Rotation Recrystallization

Rotation recrystallization or polygonization signifies the
splitting of grains into smaller grains. Because differ-
ent parts of a grain are subject to different stresses in-
duced by grain-grain interactions, dislocations group into
walls (sub-boundaries) that divide the grains into less dis-
torted regions. The misorientation between sub-grains in-
creases as deformation proceeds, and sub-boundaries be-
come true grain boundaries (the distinction between sub-
grains and grains is arbitrary).

From the description of the mechanism, rotation re-
crystallization decreases the average grain growth rate
of the polycrystal. It is believed that under some condi-
tions, rotation recrystallization counteracts normal grain
growth, and that it can explain the constant mean grain
size that is observed in several ice cores (among others
Byrd [30], GRIP [21], NorthGRIP [31]).

As new grains form by progressive rotation recrystal-
lization, their orientation is close to the grain from which
they form. Thus, the occurrence of rotation recrystalliza-

tion can be determined by comparing the population of

low-angle grain boundaries within the texture with that
of a reshuffled texture [32, see also Section 3.2]. More-
over, from discrepencies between model results and ob-
servations along the GRIP core, Castelnau et al. [33] sus-
pected rotation recrystallization to slow down the fabric
strengthening under uniaxial compression.

2.2.3 Migration Recrystallization

Migration recrystallization is the nucleation of new dislo-
cation free grains and rapid migration of their boundaries
at the expense of strained grains. This process occurs in
the very bottom part of ice sheets if the following con-
ditions are fulfilled: (i) the temperature exceeds —10°C
and (ii) the driving force for the initiation of the migration
recrystallization is reached [34].

The fast grain boundary migration associated with mi-
gration recrystallization leads to the formation of large
interlocking grains that deeply affects the fabric. For nor-
mal grain growth and rotation recrystallization the fabric
is strain induced, whereas under migration recrystalliza-
tion, the resulting fabric is imposed by the state of stress
[35]. Jacka and Maccagnan [36] have shown that under
uniaxial compression, the ¢ axes pattern resulting from
migration recrystallization is a circular gridle at about 30°
from the compressional axis. Note however that strain
rates in laboratory experiments are orders of magnitude
larger than in ice-sheets. Finally. Alley et al. [30] sug-
gested that an over-representation of grains at high angle

to their neighbours could result from migration recrystal-
lization. However, to our knowledge, this has never been
measured in ice cores.

3 Methods and results

3.1 New measurements of the complete texture

Figure 2: Texture of a thin section sampled at 1767.8 m
depth. The grain boundaries appear in white, and each
grain within the microstructure has a color that specifies
its ¢ axis orientation. The polar plot projection on the
bottom right corner specifies the relation between colors
and ¢ axis orientations. Note that the vertical axis of the
image corresponds to the in-situ vertical axis

Automatic Ice Texture Analyzers (AITAs) have been
recently developed [37, 38, 39], which has lead to a large
improvement in the polycrystal description. Indeed, sev-
eral thousands of grains can easily be measured lead-
ing to improved statistical significance of the measure-
ments. Moreover, both the microstructure and the fabric
(i.e. the texture) are measured at the same time allowing
the definition of more robust parameters and more com-
plex analyses. For example, this allows us to investigate



the relation between neighbouring grains [40]. Account-
ing for the higher quality measurements offered by au-
tomatic technics, a complete texture profile of the EDC
core was measured from 214 m to 3133 m depth. Four
cm wide and 11 cm high vertical thin sections (parallel to
the core axis) were prepared using standard procedures
(recalled in Durand et al. [40]). In the depth interval pre-
viously studied by Wang et al. [41] (from 100 down to
1500 m) thin sections were sampled only each 50 m. The
sampling rate was increased to 11 m around termination
I (313 to 511 m) and from 1500 to 3100 m depth. Thin
sections were measured using the AITA developed by the
Australian team [38].

From the raw AITA measurements, the microstructure
is first automatically determined using an image analysis
procedure initially proposed by Gay et al. [42]. When
two crystals have close orientations, the automatic proce-
dure often failed to detect the corresponding grain bound-
ary and manual corrections were made. For each grain k
within the microstructure, an average ¢® axis is calcu-
lated over all the pixels within the considered grain [40].
Thus the texture is completely defined: the c axis orienta-
tions as well as topological information of the microstruc-
ture (grain size, neighbouring relation between grains...)
are both specified. An example of a texture sampled at
1767.8 m depth is presented in Figure 2.

3.2 Parameters describing the texture
All the parameters used in this work to characterize the
ice polycrystal have been detailed by Durand et al. [40]
or [32] and are briefly recalled below.

3.2.1 Mean crystal size

The mean grain (crystal) size is estimated through the use
of the mean grain radius:

Ny
1 ~ 172
(R) =~ > A 3)

8 =1

where A} is the cross-sectional area in mm? of the grain
k and N, is the number of non-intersecting grains within
the microstructure. This definition is consistent with pre-
vious work made on the microstructure of EDC (see sec-
tion 3.3). 1o confidence intervals on (R) can be esti-
mated using the relation (see Durand et al. [40] for de-
tails):

oy = (n.u:z +0.44 X N_,;W) x (R)

3.2.2 Second order orientation tensor

As suggested by Woodcock [43], the essential features of
an orientation distribution can be well characterized by
the second order orientation tensor a'?):

"V.'J'
a® =" fic*@et 4)
k=1

where f = Aiﬂ/ Z;':‘l Ai:-/z is the volume fraction of
grain k and c* is the unit vector directed along the c-
axis of the grain k. In previous studies. equal-weighted
grains were usually used to calculate a®) as f. was set to
1/Ng4. Here we follow the recommendation of Gagliar-
dini et al. [44] who showed that the volume weighted
fraction gives a better description of the fabric. a'® is
by definition symmetric and, in the symmeltry reference
frame R*Y" constructed from the three eigenvectors “e;
(i = 1,2,3), a® is obviously diagonal. In R*¥™, the
length of the axis in direction %; (i = 1,2, 3) of the el-
lipsoid that best fits the density distribution of the grain
orientations is proportional to the corresponding eigen-
(2 As examples, an isotropic fabric implies

i
= a-f{)) = 1/3 whereas a single maximum

values a

o = ol

implies a(lg} > a.gf] ~ a,.(q?]. Note that the eigenvalues
verify a.(,m + aif’ + af,,z} = 1 by definition and we assume
that a.g‘z) > a.(_,z] > (51(52] in what follows. As well as the
mean grain size, error bars, closely related to the number
of grains within the texture, can be defined. Whatever
the considered eigenvalue ugg), its standard deviation is

defined by (see Durand et al. [40] for details):
B = (—1.64 x (a{?)? +1.86 x a{? — 0.14) X N1/

As mentioned in the introduction, ¢ axes cluster toward
the compressional axis which is supposed to correspond
to the in-situ vertical direction. Therefore the angle ¢ be-
tween “e; and the in situ vertical can be a highlighting
parameter that is simply given by:

¢ = arccos(‘ey.e,) €0, %] (5)
where e. corresponds to the in-situ vertical.

3.2.3 Relationship between neighbouring crystals

As shown by Alley et al. [30], the study of the mis-
orientation angle between neighbouring grains can pro-
vide information on the occurrence of rotation recrystal-
lization. Thanks to a stricter definition of grain bound-
aries (GB), Durand et al. [32] have recently proposed
a new method to investigate the relationship between
neighbouring grains and applied their method to the up-
per 1000 m of the NorthGRIP ice core. The procedure is
briefly recalled here. First, for each grain boundary de-
fined by the limit between two neighbouring grains 7 and
J. the angle ¢;; defined by the two c-axes ¢’ and ¢/ as
well as the relative length [;; of the considered GB (with
respect to the total length of GBs within the sample) are
calculated. Then, the distribution D,y of the relative
length [;; as a function of the misorientation angle is com-
puted. Secondly, for each grain within the microstructure,
a new orientation chosen among the orientations present
in the fabric is randomly assigned: the fabric is reshuf-
fled (¢;; is modified) without altering the microstructure
(l;; is not affected). A distribution of [;; vs 1;; can be
calculated for this uncorrelated texture. This procedure is



repeated 200 times leading to the estimation of an aver-
age distribution and a 1o spread of uncorrelated textures.
This allows us to define a 3o envelope which would con-
tain D oot for low angle grain boundaries (10;; < 10°)
if no rotation recrystallization was affecting misorienta-
tion angles between neighbouring grains. Application of
this method on EDC samples is presented in Section 4.2,

3.3 Previous studies of the microstructure and fabric
evolutions along EDC
Most of the existing crystallographic studies of the
EDC core have been shared between microstructure and
fabric studies. In this section we briefly recall the main
results already obtained. In the light of the new measure-
ments of the whole texture presented in this work and
detailed in Section 3.4, some of the previous works are
further discussed in Section 4.

3.3.1 Microstructure evolution

The evolution of the microstructure along the EDC core
has been intensively studied during the past years. Firstly,
Gay et al. [42] presented an automatic image analysis
procedure enabling the reconstruction of the microstruc-
ture and applied this method to the upper 360 meters of
the EDC core. In this part of the core, that corresponds
to the Holocene period, the average grain size steadily
increases with depth. This is due to the normal grain
growth process that is driven by a reduction of the total
grain boundary energy and the grain growth law expo-
nent m was estimated to 3.2 [12]. Weiss et al. [45] in-
spected the evolution of the mean grain radius (R) down
to 580 m depth, pointing out a sharp decrease of (R)
linked with the Holocene-Last Glacial Maximum transi-
tion (Termination ). The impact of impurities was dis-
cussed, and a predominant role of dust particles through a
pinning mechanism, was considered. Indeed, Weiss et al.
[45] demonstrated that 7. is quantitatively in agreement
with (1) during the Last Glacial Maximum (LGM) if
the particles are preferentially located along grain bound-
aries. This hypothesis has been experimentally validated
through X-Ray tomography on ice sampled in LGM ice
along EDC [12]. Measurements also revealed a sharp de-
crease of (R) associated to termination 17 (around 1750
m) and a smaller grain size is also attributed to the en-
hancement of the pinning effect of dust particles during
stage 6. The effect of impurities on grain growth along
the EDC core is discussed in detail and modeled down
to 2135 m by Durand et al. [12]. Finally, smaller grain
size associated with glacial periods was further observed
down to 3139 m depth [46].

Durand et al. [15] have developed an original method
to measure a deformation tensor from the microstructure
and apply this method to EDC down to 3000 m. They
show that: (i) although the flow at a dome is assumed to
be axisymmetric and ice layer thinning is supposed to re-
sult from vertical compression only. horizontal shear is
present already well above the basal part of the ice sheet,
and (ii) in contradiction with current assumptions of ice

flow models, the vertical strain rate is not always nega-
tive.

3.3.2 Fabric evolution

Wang et al. [41] described the evolution of the fabric
from 81 m to 1451 m depth, showing a strengthening of
the fabric with increasing depth: from a close to random
distribution of ¢ axes at 81 m, the fabric evolves progres-
sively to a vertical single maximum at greater depths.
Such a fabric evolution characterizes uniaxial compres-
sion, the main deformation process below a dome. More-
over, the EDC fabric evolution is in good agreement with
the fabric evolutions observed along the Dome F and
GRIP cores, supporting the common assumption that the
fabric strength in the upper part of ice sheets depends
mainly on the cumulative strain.

Recent work [47] investigated the evolution of the fab-
ric from 1500 m down to 2000 m depth. During Termina-
tion II (around 1750 m), a sharp and unexpected strength-
ening of the fabric is observed. Such clustering has al-
ready been observed for cores drilled on ice-sheet flanks,
and it was attributed to horizontal shear enhancement in
ice deposited during glacial periods. This result strongly
suggests that horizontal shear occurs in the vicinity of
EDC. This work was based on both fabric and microstuc-
ture measurements and main conclusions will be recalled
in the following discussion (see Section 4.3.1).

3.4 Results and comparison with existing studies

Here we compare the new results with those previously
obtained. All the parameters adapted from previous stud-
ies have a subscript which refers to the first author of the
original publication.

Figure 3 shows the evolution of the dust content down
to 3128 m (a), together with the evolution of (R)pprca
(b) as they were presented in EPICA community [46].
The (R) values obtained in this study are plotted together
with their 1o error bars in Figure 3¢ and they are in ex-
cellent agreement with the previous results. Indeed, the
new measurements above 2500 m are included in the en-
velope defined by (R) gprca + 3o. For the deepest part
of the core, the variability in the grain size from sample
to sample is more important which makes the compari-
son between the two data sets more difficult. However,
the large variations of (R) and () ppre 4 are consistent
with respect to their depth ranges and amplitudes. As a
general trend, the average grain size increases with depth
(and so age) from 0.9 mm at 101 m to 9.4 mm at 3133
m. Because (i) the sample size is constant and (ii) (R)
increases with depth, the number of grains in each sam-
ple N, decreases, and then statistical significance of the
measurements also decreases with depth. This effect be-
comes important in the very bottom part of the core where
we observe only very few grains in each sample. Fur-
thermore, the increase of (R) is punctuated by significant
local decreases and it can be casily seen from Figure 3
that samples presenting smaller () are observed during
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periods with high dust content. The reasons of such an
evolution of (1) are discussed in Section 4.1.

Figure 4 shows some of the fabric distributions as well
as detail of an image of each thin section. Rather than
the classical point plots, we have chosen to present the
fabric distribution using contour plots on an equal area
mesh. This representation gives a better description of
the fabric for small or very large populations of grains.
Note that all the contour-plots are presented in a horizon-
tal reference frame, i.e., the in situ vertical (the core axis)
is at the centre of the polar plot. As a general trend, one
can see that a vertical single maximum is forming with
increasing depth even if large fluctuation of the cluster-
ing can be observed below 2800 m.

The overall evolution of the fabric can be well de-
scribed by the evolution of the second order orientation
tensor. Figure 5 shows the evolution of 0'52) with 1o error
bars. Previous measurements made by Wang et al. [41]
are also shown in Figure 5 (filled squares) and are well
in agreement with the present results. The fabric starts

. . 2
from a quasi random state at 81 m: a.{] 131-'«.-».9 ~ 041,
(2)

A3 Wang = 0.32 and aég‘_)‘,-mg ~ (.27 and, as a general
feature, it evolves to a vertical single maximum with a.-(lgj
reaching 0.99 whereas afgg} o af) =~ 0.005 at 2813 m.
Two particular aspects can be noted: (i) as already men-
tioned, there is a sharp and significant increase of u‘l?‘}
around 1750 m and this increase is concurrent with the
grain size decrease observed at the climatic termination
1T (see Figure 3). Nole also a significant decrease of a.(l"?)
in an approximatively 60 m thick layer located just above
termination 11 (MIS 5.5). (ii) Below 2800 m the cluster-
ing of the fabric is less pronounced compared to the above
layers while the variability of aﬂz) is very pronounced. A
discussion of the fabric evolution is given in Section 4.3.
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Figure 6:  Evolution of ¢ versus depth.
The angle ¢ between the in situ vertical and % is
shown on Figure 6. ¢ remains constant around 5° down
to 2700 m depth from where it increases up to 35° be-

low 3000 m. Uncertainties in the estimation of ¢ come
mainly from the orientation of the ice sample with re-

spect to the core axis as well as the orientation of the thin
section during the measurement. Such uncertainties are
difficult to quantify. but we believe that the accuracy of ¢
is better than 10°. Because a perfect random fabric has an
infinite number of symmetry axes, the calculation of %
can fluctuate from sample to sample in the upper part of
the core where the clustering of the fabric is weak. This
certainly explains the slightly elevated values of ¢ above
500 m. The value of ¢ has to be compared with the in-
clination of the borehole, which remains constant below
17 down to 2700 m before it increases to a maximum of
57 around 3000 m. Despite those uncertainties, the high
values observed for the very bottom part are definitively
significant.

4 Discussion

4.1 Grain size evolution

As mentioned previously, the general increase of (R)
is punctuated by sharp decreases in relation with climatic
terminations. The identification of the dominant mecha-
nism at the origin of these decreases has been discussed
for a long time. As a contribution of this 20 years long
debate, Durand et al. [12] proposed a numerical model of
the evolution of (R} in deep ice cores that takes into ac-
count (i) recrystallization processes (normal grain growth
and rotation recrystallization) and (ii) the pinning effect
induced by dust particles, bubbles and clathrates on grain
boundaries. The model was run down to 2135 m and was
able to reproduce accurately the variations of () down to
1750 m. Below this depth, the model predicts too small
grain size during high dust content events, i.e. the pin-
ning effect of dust particles is too strong. A thermally
activated unpinning of grain boundaries from dust parti-
cles has now been introduced following the work of Gore
et al. [48] on ferrous alloys. Including this unpinning
process, the model correctly reproduces the evolution of
(R) down to 2135 m, i.e. the whole grain size profile at
the time of the study. Figure 3b shows the result of the
model which has been extended down to 3139 m (thick
grey line) using the same conditions as Durand et al. [12].
Although the general increase of (1?) is well reproduced,
two aspects have to be discussed.
(i) The amplitudes of the decreases during the climatic
terminations are not well reproduced by the model be-
low 2200 m. Due to the implementation of the unpin-
ning effect in the model, the proportion of dust particles
located along grain boundaries decreases rapidly below
1000 m and falls to almost 0 below 2000 m [12]. As
a consequence, the effect of dust on grain growth is too
weak to counteract grain growth during glacial periods.
It is interesting to note that due to the unpinning of grain
boundaries, grain boundaries can move and then could
be pinned once again by dust particles. Thus, an equilib-
rium between pinning and unpinning could appear, which
would probably lead to a higher concentration of particles
along grain boundaries compared to the model prediction.
It is, however, difficult to go further into the interpreta-



tion as we do not have any quantitative information on
the particles location. One of the main conclusions of
this modeling exercise is that dust particle location is a
predominant parameter to estimate the pinning strength.
In the future, a better characterization of the location of
impurities in the ice is needed to understand in more de-
tails the grain size evolution in ice cores.

(ii) Below 2900 m, (R) is larger than the prediction of the
model during interglacial periods and this discrepancy in-
creases with depth. As the temperature is close to —10°C
at 2900 m and increases towards —5°C" at 3130 m, migra-
tion recrystallization could occur within this depth range.
Moreover, the migration rate of grain boundaries is sev-
eral orders of magnitude larger for migration recristalliza-
tion compared to normal grain growth for a given temper-
ature [34]. Therefore, the underestimation of the model
could be attributed to the onset of migration recrystal-
lization, as this process is not taken into account in the
model.

4.2 Low angle grain boundaries and rotation recrys-
tallization

Figure 7:  Upper picture: detail of a thin-section sam-
pled at 214.4 m, the arrow pointed out a subgrain bound-
ary (see section 4.2 for details). Lower picture: details
of a thin-section sampled at 3060.6 m, the arrow pointed
out small 2-sides grains (see section 4.3.2 for details).

Some low angle grain boundaries can be observed in
the upper part of the ice core as pointed out by an ar-
row on the photography of the thin section taken at 214.4
m (see Figure 7). We used the method developed by Du-
rand et al. [32] and briefly recalled in Section 3.2.3 to test

the significance of the correlation between neighbouring
grains. Figure 8 shows the D, distribution (thick
black line) for a texture sampled at 214.4 m together with
1, 2 and 30 envelopes calculated from 200 reshuffled tex-
tures (gray tones). Low angle GBs (v;; < 10°) are sig-
nificantly overestimated compared to the reshuffled tex-
tures. Similar results have been obtained for all the shal-
lowest samples. This suggests that rotation recrystalliza-
tion is already occurring in the upper part of the ice sheet.
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Figure 8: Distribution of the relative length of GBs as
a function of the misorientation angle 1);; for the rexture
sampled at 214.4 m. D,ypep is plotted with a dark solid
line, whereas gray tones corresponds to 1, 2 and 3o de-
viations estimated from 200 reshuffled textures. The dis-
tribution and its envelope are calculated for 10° bins.

Further, the impact of rotation recrystallization can be
estimated by looking at the evolution of the relative popu-
lation of subgrains Py<y,; <10- Po<y;; <10 is plotted ver-
sus the cumulative strain =.. on Figure 9 (filled circles).
.. is estimated through the 1D flow model used to deter-
mine the evolution of age along the core [49]. Standard
deviation has been estimated for each sample by repeat-
ing 200 times a reshuffling of the fabric (see section 3.2.3
or Durand et al. [32] for details). Except for one sam-
ple, Po<y,; <10 is significantely over-estimated compared
to reshuffled experiments. Py, <10 increases linearly
from 3 to 6% frome,, = —0.0Tto &, = —0.36 (respec-
tively 269.4 and 1039.95 m) with a regression coefficient
of 0.90. A similar linear increase of Py, <10 has been
observed along NorthGRIP (empty circles) [32]. How-
ever, the slope of the linear regression is almost 2 times
larger in the NorthGRIP case (—0.10 and —0.19 respec-
tively). We believe that this slope is a function of the
grain growth rate K (see Equation 1) and the strain rate
¢, as K controls the rate of grain boundary consumption
(normal grain growth) and £ controls the dislocation pro-
duction and then the rate of new low-angle grain bound-
ary production (rotation recrystallisation) (see also [50]).
Then, Figure 9 confirms that rotation recrystallization is
more effective (relative to normal grain growth) along
NorthGRIP than along EDC. This is in agreement with
the steady grain size observed along NorthGRIP [31].
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This linear increase also seems to indicate that the frag-
mentation rate of grains is constant through the strain.
However, it is difficult to estimate quantitatively the rel-
ative impact of these two processes on Py<y,, <10. Sim-
ulation with an explicite microstructure evolution model
would be required to enlight this point [51].
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Figure 9: Evolution of Po<y, <10 versus .. for the
EDC core (filled circles). Linear regression is plotted as
a straight black line. 1, 2 and 3o deviations are shown
with grey tones. For comparison Py, <10 measured
along NorthGRIP is also shown (empty circles) with the
corresponding linear regression (dotted line).

4.3 Fabric

As briefly discussed in Section 3.4, the fabric evolves
from a roughly random fabric close to the surface into a
vertical single maximum fabric at greater depths. This
first order classical description of fabric evolution at a
dome has, however, to be moderated in the EDC case for
at least two reasons. (i) The prolongation of the trends
towards the surface does not give an initially isotropic
fabric. Moreover, Diprinzio et al. [52] have shown some
sections with an already clustered fabric {(z.(lm ~ (.55)
at a depth of 22 m in the Siple Dome ice core. This
questions our understanding of surface processes and will
have to be clarified in the future. (ii) The fabric shows a

slight elongation along one horizontal direction as aff’

is significantly larger than ﬂgz} below 2000 m. This is,
however, expected as it is consistent with the theory of
the topology of ice-sheet centers [53] for a dome with a
shape slightly elongated [in the North-Est direction, 54].

Besides those features, two other aspects have to be
discussed in more details: the significant strengthening
of fabric around 1750 m as well as the opening and large
variability of fabric below 2800 m. This is the aim of the
following sections.

4.3.1 Fabric strengthening during termination II

A detailed discussion on the evolution of fabric between
1500 and 2000 m along EDC as well as comparisons with
numerical simulations can be found in Durand et al. [47].
The main results are recalled here.

Durand et al. [47] proposed three hypothesis to explain
the origin of the observed strengthening: (i) a change in
the initial fabric at the time of deposition, (ii) a change
in the shape of the dome and (iii) a modification in the
effective viscosity of ice related to climate. (iii) appears
to be the most probable explanation, but it requires sig-
nificant shearing in order to initiate the positive feedback
at the root of the fabric strengthening [14]. Indeed, an
initial difference in shear viscosity induced by a differ-
ence in grain size or impurity content can be magnified
under horizontal shear because horizontal shear strength-
ens the vertical single maximum fabric which then be-
comes easier to shear. Horizontal shear is negligible un-
der a perfect dome, but many theoretical assertions lead
to believe that this assumption may not hold for the EDC
core: the divide is notinevitably co-located with the high-
est surface elevation and the isoline corresponding to zero
shear could have a sinuous shape. Moreover, some mi-
crostructural measurements as well as echo soundings in-
dicate the presence of shear along EDC. Such a shearing
scenario allows us to correctly explain the observations
through a numerical experiment. Indeed, using a local
higher order anisotropic ice flow model. Durand et al.
[47] have correctly reproduced the sharp strengthening
between two layers presenting a difference in their vis-
cosity. The model also reproduces the decrease of a.(lg) in
the upper layer, as observed on the EDC data. In terms of
ice flow, numerical experiments have shown that the dis-
continuity of the viscosity of ice implies a discontinuity
in the shear strain-rate and a discontinuity in the slope of
the longitudinal strain-rate. Shear strain-rate and slope of
the longitudinal strain-rate are higher in softer layers as
compared to harder layers. These differences have impli-
cations on the thinning function as the slope of the thin-
ning function is affected, but due to the continuity of the
longitudinal strain-rate, there is no differential thinning
between adjacent layers. It is, however, impossible with
these results to help the ice core dating community as the
flow conditions vary from site to site even if they present
a similar glaciological context.

What about the other Terminations, do we observe a
similar strengthening of the fabric there? As mentioned
by Durand et al. [32], such a clustering is not observed
during termination I in the data of Wang et al. [41]. It
is also difficult to find such tendency in the new measure-
ments made around Termination I and presented in Figure
5. As shear increases with depth, we believe that higher
clustered layers do not have the opportunity to develop in
the upper part of the core. On the other hand, below 1750
m, the clustering of the fabric is already very pronounced
a{lg) > 0.8 so that enhanced clustering due to shear is
less visible. However, it is interesting to note that below
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2800 m, where the fabric present a large variability, all
the layers presenting smaller grains (glacial maxima) are
much more clustered than the surrounding layers. This
can be seen in Figure 4 by comparing the textures sam-
pled at 3043.2 m (stage 16.3) and 3060.6 m (stage 17.3)
respectively.

4.3.2 Bottom part: is migration recrystallization oc-
curring?

In Figure 10 we present the evolution ol'a{f} for the deep-
est part of the EDC core compared with that of GRIP
within a similar depth range (below 2500 m) [21]. The
two records look very similar although the low resolution
of the GRIP record does not allow for a strict compari-
son. According to Thorsteinsson et al. [21] the decrease
in a{lz} observed for the deepest part of the GRIP core, is
attributed to the occurrence of migration recrystallization.
However, the authors acknowledge that the evidence for
migration recrystallization is not obvious: (i) large inter-
locking grains are not always observed and (ii) fabrics
do not present a girdle type at 30° from the compres-
sional axis as demonstrated by laboratory tests. Can a
similar (or more conclusive) explanation be given to ex-
plain the fabric evolution for the last hundred meters of
the EDC core? This is of primary importance. Indeed,
flow disturbances that affect the duration of events below
2800 m have been detected and dating corrections have
been suggested [55]. However, a clear interpretation of
the physical processes at the origin of these disturbances
has not been provided. If migration recrystallization is
not occurring, the study of the fabric could give valuable
indications on past deformation.

4
4 1
Q.3 i

I 9|1
0.2

I 4
011 I | 4
2%00 2600 2700 2800 2900 3000 3100

Depth (m)

Figure 10:  Eigenvalues of the second order orientation
tensor versus depth. agg} is in black, a(gg) in dark grey and
ag"') in light grey. Open symbols along the EDC core and
thick line along the GRIP core.

As mentioned in Section 2.2.3, migration recrystalliza-
tion is believed to take place for temperature close to the
melting point (roughly above —10°C). Since the tempera-
ture has reached —13°C at 2800 m and increases to —2°C
at 3250 m the ice is probably warm enough for migration
recrystallization to occur.

It has to be noted that the evolution of agz) is highly
fluctuating. Indeed, the sampling rate has been increased
up to 0.5 m during the transition from stage 14 to stage
15 (2933 to 2955 m), and the frequency of the clustering
fluctuations increased as well: there are highly contrast-
ing fabrics from one sample to the next. Moreover, there
is no clear correlation between the fabric fluctuations and
climate or chemical components. For example, between
2951 and 2956 m (stage 15), agg} increases from 0.67
to 0.93 although isotopic values are stable and the impu-
rity content is relatively low and constant. The only fea-
ture that can be noticed is that layers with high impurity
content and thus small mean grain size always present a
strong single maximum fabric.
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Figure 11:  Normalized grain size distributions, cumiu-
lated for all the textures sampled above 2812 m (thick
black lines), cumulated for textures sampled below 2812
m and presenting a(lz) > 0.9 (dark gray line), cumu-
lated for textures sampled below 2812 m and presenting
a‘{") < 0.9 (light gray area).

From 2846 m depth and downwards very small grains
(< 1 mm) start to appear in between the larger grains.
The small grains are too small to obtain good measure-
ments of their c-axis orientation. An illustration of such
grains is presented on Figure 7 for the texture sampled at
3060.6 m. These grains are generally 2-sides (surrounded
by only 2 neighbours), which is unusual as such grains
would normally be rapidly consumed by normal grain
growth. Consequently, these grains have probably been
recently nucleated. Under normal grain growth, the nor-
malized grain size distribution remains unaffected [29].
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Then, it is reasonable to stack the normalized grain size
distributions from sample to sample (at least for the upper
part of the core). This allows us to improve the represen-
tation of the distribution when dealing with a low popula-
tion of grains in each sample. Figure 11 is the normalized
distribution stacked for all the textures sampled above
2812 m (thick black line). A distribution with a maximum
followed by an exponential decaying tail is found, which
is typical of a normal grain growth regime. Below 2812
m, the stack is done for textures presenting (_5(12) > 0.9 0n
one hand (dark gray line), and for a.ll'z) < 0.9 on the other
hand (light gray area). Textures with highly clustered fab-
rics (“(12; > 0.9) show a stacked normalized distribution
very similar to the one obtained for the upper samples.
On the other hand, the samples where the fabric is drasti-
cally affected (a.{lm < 0.9) show a clear overestimation of
smaller grains compared to the other distributions. This
demonstrates that there is a clear link between the pres-
ence of small grains and the observed opening of the fab-
ric. The first step of migration recrystallization appears
to be reached (nucleation of grains). However, we have
never observed the typical girdle fabric that is classicaly
assigned to a recrystallized sample under vertical com-
pression. Moreover, large, interlocking crystals have not
been observed. This questions the effect of migration re-
crystallization on textures and would need to be clarified
in the future.

5 Conclusion

New measurements of the texture (microstructure and
fabric) have been done along the EDC core, from 214 m
down to 3133 m depth. A review of the existing EDC
texture works is given together with a discussion of the
new observations.

The mean grain size steadily increases due to normal
grain growth. This increase is punctuated by sharp de-
creases in phase with deglaciations. The dust content is
much larger during glacial periods, and the larger num-
ber of dust particles during these periods induces a de-
crease of the grain growth rate through a pinning effect.
However, the strength of this pinning effect is drastically
affected by the location of particles within the ice crys-
tals, and this effect is strong enough to quantitatively ex-
plain our observations at the condition where dust par-
ticles are preferentially located at the grain boundaries.
However, this preferential location probably evolves with
depth through an unpinning effect, and thus its effect on
grain growth also. A better understanding of the state of
impurities (solute or particle) and their location within the
polycrystal would be essential to improve our knowledge
on grain growth in polar ice.

As it has been observed for other cores located at a
dome, fabric evolves from a quasi-random distribution
at the firn-ice transition to a strong vertical single max-
imum with increasing depth. However, this general trend
is punctuated by a sharp clustering of the fabric during

termination /1 (around 1750 m). The most likely expla-
nation is that shear is not negligible along the EDC core.
A difference of viscosity between layers of different pe-
riods, probably due to difference in grain size and/or in
impurity content, could be the cause of a slight cluster-
ing of the fabric. A positive feedback is initiated as more
clustered fabrics become easier to shear, which in turn
enhance the clustering. Such clustering is not observed
during termination I probably because the shearing is too
weak in the upper part of the core to initiate the positive
feedback. Deeper, the fabric is too clustered to observe
such a variation during the following terminations. Fi-
nally, below 2846 m, the evolution of the fabric is ex-
tremely variable. As the temperature is high enough, mi-
gration recrystallization may occur. However, despite the
fact that small nucleate grains appear, other fingerprints
of the migration recrystallization are not obvious. This
shows the limitations of our knowledge on the effect of
such process on the ice polycrystal. This will have to be
further investigated in the future.
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