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ABSTRACT. A study of c-axis orientations in the upper 1500 m of the Dome C (East
Antarctica) deep ice core has been carried out using an automatic ice-fabric analyzer
(AIFA). Twenty-nine vertical and a few horizontal thin sections from different depths in
the core have been analyzed. Several statistical parameters describing fabric strength and
fabric shapes have been calculated from the c-axis orientation data. The fabric diagrams
display a near-random c-axis orientation distribution in the uppermost parts of the ice sheet.
A tendency of c-axis rotationtowards abroad single-maximum fabric is observed in the low-
est part of the studied interval.The fabric development at Dome C thus appears typical for
ice-sheet summit and dome sites. The fabric development at Dome C is compared with the
fabric evolution in the Dome Fand GRIP ice cores, and data on crystal size obtained with
image-analysis techniques are presented. Studies of misorientation angles between the c
axes of neighbouring crystals reveal little evidence for polygonization, but microscopic
observations show that sub-grain boundaries are present in half of the grains at any depth.

INTRODUCTION

Fabrics provide a record of deformation history and control
the viscosity of ice during further deformation (e.g. Alley,
1988; Azuma, 1994). Fabric (c-axis orientation distribution)
and texture (crystal size/shape) studies have been carried
out on artificial and natural glacier ice deformed in the
laboratory (e.g. Jacka and Maccagnan, 1984; Azuma and
Higashi,1985; Pimienta and others,1987; Shoji and Langway,
1988). Based on these observations, basal plane glide has
been accepted as the main mechanism of ice deformation.
Ice-fabric patterns characteristic for simple stress configura-
tions in polar ice sheets have been observed in polar ice
sheets. In the absence of recrystallization, rotation of the
the basal planes and the c axis during deformation by basal
glide leads to the formation of a single-maximum fabric
under uniaxial compression or simple shear (Alley, 1992;
Thorsteinsson and others,1997; Azuma and others,1999); to
a girdle type under uniaxial tension (Fujita and others,1987;
Lipenkov and others,1989); and to an elongated single max-
imum under pure shear (Wang and others, 2002). For ice
sheets where the stress pattern is determined by the surface
and bedrock topographies, the type of fabric pattern
observed at a particular location can be predicted. Dome C
is situated on a local dome in East Antarctica, where uniaxial
vertical compression is expected to be the dominant stress
pattern. Consequently, a single-maximum fabric is expected
to evolve with depth. In this paper, we present fabric results
from the Dome C core, obtained with an automatic ice-fabric
analyzer (AIFA) which has previously been used to measure
fabrics in the Dome Fuji (Dome F) and North Greenland Ice-
core Project (NorthGRIP) deep ice cores. In order to assess

the occurrence of polygonization, a study of misorientation
angles between the c axes of neighbouring crystals has been
carried out on the dataset, using the method of Alley and
others (1995). The results from this study are compared with
information derived from microscopic studies of sub-grain
boundaries. Results from crystal-size measurements carried
out using image-analysis techniques are presented, and data
on fabric development at Dome C are compared with similar
data from the GRIP and Dome Fdeep ice cores.

SAMPLING AND METHODS

Within the frameworkof the European Project for Ice Coring
in Antarctica (EPICA), a deep ice core is being drilled at
Dome C. Deep drilling was initiated during the 1996/97
season at 75³06’ S, 123³12’ E (3233 m a.s.l.). The drill became
stuck at 780m depth during the 1998/99 season, and drilling
was restarted during austral summer 1999/2000. At the end of
the 2001/02 season, drilling had reached the present depth of
2871m. For this study, samples from the first core are used
down to 575 m depth. The thin sections from the first core,
both vertical and horizontal, were prepared in the field using
standard methods. The surface was covered with silicone oil,
and the sections were then wrapped with fresh film and
packed in plastic bags. During the 2000/01 season, vertical
thin sections were made from 1cm thick, 6 cm wide sections
cut from the side of the second core, in the depth interval
654^1451m. In total, 33 samples were made at intervals vary-
ing between 12 and 150 m. After transport to Europe, the
samples were stored at temperatures below ^25³C.The meas-
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urements were carried out at the AlfredWegener Institute in
2000 and 2001, and some samples were remeasured in 2002.

The measurements of fabrics and textures in the Dome C
ice core were performed withan AIFApreviouslyused to study
the fabric evolution in the NorthGRIP ice core (Wang and
others, 2002).Themethod used to derive the c-axis orientations

hasbeen described in detail byWangandAzuma (1999) andby
Wang and others (2002). In addition to fabric measurements,
the images taken of the thin sections placed between crossed
polarizers, at several different rotation positions of the polari-
zers, are used to derive informationoncrystal sizes and shapes,
using the functions of an image-processing software package

Fig. 1. Fabric diagrams.The number of measured c axes and the depth are indicated below each diagram. A line passing through
the centre of each diagram corresponds to the core axis.
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(ImagePro).Themethod andprocedure are described inWang
and Azuma (1999). For this study, additional softwarehasbeen
developed to determine the misorientation anglesbetween the
c axes of neighbouring ice crystals. Each pair of adjacent crys-
tals in each dataset was used in this analysis. Following Alley
and others (1995), the misorientation was then weighted by the
misorientationbetween randomly selected pairs of crystals.

Independent of the fabric study, microscopic obser-
vations on thick sections from the Dome C core have been
carried out on site. A method has been developed to map
microstructural features such as grain boundaries, sub-grain
boundaries, slip bands and air inclusions directly on the sur-
face of thick sections or inside them. This method is briefly
described below and will be presented in detail elsewhere.
The observations were carried out in the field (austral
season 2000/01), generally a few days after the cores were
drilled. Samples were taken at 11m intervals. The dimen-
sions of a thick section were 4.569 cm with a thickness of
5 mm. Before freezing the sample on a glass plate, the micro-
tomed surface was allowed to sublimate to erode grain and
sub-grain boundary grooves and make them visible. Each
thick section was mounted on a horizontal stage which can
be moved in prescribed X and Y directions. At each XY -
stage position, images were taken by a charge-coupled device
(CCD) video camera attached to a microscope, and recorded
digitally on a computer hard disk. During the mapping of
grain and sub-grain boundaries, the microscope is focused
on the upper surface of a thick section. Neighbouring images
are slightly overlapping to allow the reconstruction of the
grain-boundary network of the whole section. A series of
about 1500 images is necessary to map the surface of a thick
section. An image-acquisition system based on the NIH/

SCION Image software running on a Macintosh computer
is used to merge all images in order to obtain an image of
the entire surface of a section.

RESULTS

Figure1presents the fabric diagramsresulting from the c-axis
measurements on thin sections from the Dome C core. The
results from 80.85 and 508.2 m are obtained directly from
horizontal thin sections, but all other diagrams are obtained
by rotating c-axis data obtained from vertical thin sections
and then projecting them into the horizontal plane.The core
axis is thus parallel to a line passing throughthe centre of the
diagram. Followingsuggestions made at a recent workshopon
the presentation of ice crystal data obtained with automatic
fabric analyzers (University of Copenhagen, 2002), a fabric
diagram size of 464 cm was used and 200 c-axis orientations
were randomly selected from the measured ones and plotted
in each fabric diagram. Each point represents the projection
of a c axis on an equal-area diagram. It can be seen that the
projections of the c axes are distributed quasi-randomly at
shallow depths. The c axes gradually become clustered
around the centre with increasing depth and finally form a
broad single maximum. Statistical analysis of the data, pre-
sented in Figure 2, confirms this tendency.To describe the evo-
lution of fabric strength and shape, we use the degree of
orientation (R), the spherical aperture (¬), the median c-axis inclin-
ation and three eigenvalues (see definitions inWallbrecher,1979;
Thorsteinsson, 1996). These parameters have previously been
usedto describe c-axis orientations inthe GRIP (Thorsteinsson
and others, 1997) and NorthGRIP ice cores (Wang and others,

Fig. 2. Fabric statistics and crystal size.The degree of orientation (R) varies between 0% for a random fabric and 100% for
completely parallel c axes.The spherical aperture (¬s) can be visualized in a similar way to the half-angle of a cone enclosing the
c axes in a sample.The eigenvalues represent the lengths of eigenvectors along the axes of an ellipsoid that best fits the distribution
of caxes. Fordefinitions of these parameters seeWallbrecher (1979) andThorsteinsson (1996). Median inclination and crystal size
measurements are explained in the text.
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2002). R and ¬ are measures of fabric strength, whereas eigen-
values canbe used to characterize the shape of the c-axis orien-
tationdistribution. Median inclination (introducedby Russell-
Head and Budd, 1979) is defined as the half-angle of a solid

cone distribution in which 50% of c axes are included. Like
R and ¬, this parameter is mainly useful for describing the
evolution towards a single-maximum fabric. From Figure 2 it
is evident that the strength of the Dome C fabric increases

Fig. 3. Results from the study ofmisorientation angles: (a) weighted misorientation angles of neighbouring crystals; (b) histograms
of the number of neighbouring crystals. On the right side of each histogram, N.P. gives the number of pairs of neighbouring crystals,
including crystals whose c-axis orientations were not measured.
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steadily with depth, as can be seen from the increase of R and
the decrease of ¬ and median inclination. The normalized
eigenvalues s1, s2 and s3 calculated for each diagram show
that s3 slowly becomes larger than s1 and s2, which is consist-
ent with a slightconcentrationof the c axesaroundthe vertical
with increasing depth. Figure 2 also presents results from
measurements of mean crystal areas, which were measured
from thin-section images using the ImagePro software.

The results of the analysis of misorientation angles
between the c-axis orientations of neighbouring crystals are

shown in Figure 3. In Figure 3a, a weight 51 indicates a
shortage of pairs of neighbouring crystals within a range of
misorientation, and weights 41indicate an excess of pairs of
neighbours in that range.The number of pairs of neighbour-
ing crystals deduced from c-axis orientation measurements
on selected samples is shown in Table 1. Histograms of the
number of neighbouring crystals for all crystals of the same
sections are shown in Figure 3b.

Two typical examples of microscopic observations of sub-
grain boundaries are shown in Figures 4 and 5. In each
image a series of arrows marks the sub-boundaries. We
assume that Figure 4 illustrates sub-boundaries at an early
stage, while Figure 5 shows a sub-boundary at a late stage.
In the early stage of the formation of sub-grain boundaries
the misorientation between the two sub-grains is low and
can only be recognized as slightly differing grey valuesunder
a polarizing microscope at high magnification. Summariz-
ing our preliminary observations on thousands of images, it
seems that at the early stage of sub-boundary formation, sub-
boundaries are characterized by an irregular structure and
cluster at limited parts of a grain. By contrast, a sub-grain
boundary in the fully developed stage appears as a smooth
or even straight line (Fig. 5). Occasionally slip bands are
observed that allow us to determine the misorientation of
basal planes between the sub-grains directly in the image.

DISCUSSION

Data on crystal size variations in the uppermost 580 m of the
Dome C core have been presented and discussed by Gay and
Weiss (1999) and by Arnaud and others (2000). Image-
analysis techniques were used to obtain these data. In con-
trast, crystal sizes in the old Dome C core drilled to 905m

Table 1. Depths and orientations of thin sections used for the
study of misorientation angles.The number of measured c axes
and number of pairs of neighbouring crystals are indicated

Depth H(orizontal) or
V(ertical) cutting

Measured c axes Pairs of neighbouring
crystals

m

142.45 V 223 295
219.45 V 249 434
286.00 V 255 501
357.50 V 235 484
425.70 V 227 482
452.65 H 215 370
489.50 V 553 1195
508.20 H 245 349
549.45 V 264 402
859.65 V 230 498
960.85 V 235 477

1236.40 V 210 510
1332.65 V 210 500
1395.45 V 203 496

Fig. 4. Microscopic image of an ice thick section showing a sub-grain boundary, probably at an early stage of formation (sample
from the depth interval 150^299 m; exact depth unknown).The black arrows mark the position of the sub-boundary.The image is
taken between crossed polarizers.The difference in greyness across the sub-boundary indicates slightly different orientation of the c
axis in the two parts of the grain.
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depth in 1979 (Duval and Lorius,1980; Petit and others,1987)
were determined using older methods (Paterson, 1994). In
accordance with the earlier results, the crystal areas pre-
sented in Figure 2 show a trend towards larger crystal sizes
in the uppermost 420m, due to normal grain growth in ice
dating from the Holocene. Crystal sizes decrease below
420m, as the Wisconsinan ice is entered, but continue to
increase below 600m. The overall development appears
similar to crystal size variations at other sites in East Antarc-
tica, such asVostok (Lipenkov and others,1989) and Dome F
(Azuma and others, 1999). Although the general trends in
both datasets are very similar, the crystal areas presented
here are consistently larger than the results obtained by Ar-
naud and others (2000). This must be due to the different
methods used to estimate crystal areas from thin-section
images. There is an obvious need to standardize measure-
ments of crystal sizes that rely on image-analysis techniques.

In Figure 6, the median inclination (MI) of the c-axis
distribution in the Dome C core is compared with median
inclinations in the GRIP (Thorsteinsson and others, 1997)
and Dome F (Azuma and others, 1999) ice cores. The vari-
ations of MI in the three cores are plotted against the nor-
malized depth (i.e. depth/ice thickness). Assuming steady-
state conditions and a uniform strain rate through the ice fol-
lowing a simple model (Nye model), the cumulative strain
can be assumed to be approximately equal at the same nor-
malized depth at all three locations. The results of a c-axis
rotation model (Azuma,1994; solid line in Fig. 6) are com-
pared with the observations. The three datasets are in good
agreement, supporting previous assumptions that fabric
strength in the upper 80% of the thickness of polar ice sheets
mainly depends on the cumulative strain and is largely inde-
pendent of impurities, accumulation rate and temperature.

The purpose of studying the c-axis orientations of neigh-
bouring crystals is to investigate the different processes

involved in texture development, such as the impeding effect
of dust particles on grain-boundary migration (boundary
pinning), polygonization due to dislocation pile-up to form
sub-boundaries in a crystal, and recrystallization involving
the nucleation of new strain-free crystals. According to Alley
andothers (1995, fig.4), the misorientationanglebetween the c
axes of neighbouring crystals should be random for isotropic
ice at the surface of ice sheets, and the weight at every range
of misorientation angles should be 1. If boundary pinning
dominates, the weight should not change and all values
should be close to 1. If recrystallization is dominant, nuclea-
tion of grains with c axes at high angles to their neighbours
could be expected to occur; thus the weight at high angles
should be larger than1and increase with depth. In contrast,

Fig. 5. Microscopic image of an ice thick section with a sub-grain boundary at a late stage of formation (depth: 611m).The white
arrows mark the position of the sub-boundary.The difference in orientation of the slipbands in the sub-grains indicates a misorientation
of basal planes (and hence c axes) ofa few degrees.The near-circular features located on thegrain boundary to the right are air bubbles.

Fig. 6. Median inclination of the c-axis distribution against
normalized depth (depth/ice thickness) at Dome C, Dome F,
GRIPand Azuma’s (1994) model.
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if polygonization is dominant, a surplus of low angles can be
expected since a pre-existing crystal splits into two or more
new crystals with similar orientations. Consequently, the
weight at low angles will be larger than 1 and increase with
depth. In Figure 3, down to 425 m the weights at all the
angles are close to 1 and the weight at angles exceeding 60³
is slightly higher. At 425^522m depth, the weight at low
angles (520³) is higher than 1. At 522^1236 m depth, there
is no clear tendency.This could at first sight be interpreted as
evidence for polygonization in the interval 425^522m. The
observed crystal-size decrease in this depth interval could
then be interpreted as additional evidence for polygoniz-
ation, since this recrystallization process can lead to a
decrease in average crystal size. We believe, however, that
the decrease in crystal size is mainly due to the effect of solu-
ble and insoluble impurities on grain-boundary migration
(Weiss and others, 2002), and the available evidence from
the neighbouring crystal study seems too weak to conclude
that polygonization is active in this interval.

Microscopic observations on fresh ice-core samples at the
drilling site indicate that about half of all grains in the depth
interval 150^1300m contain sub-grain boundaries. If all of
these sub-boundaries can develop to reach the late stage as
shown in Figure 5, with a misorientation of a few degrees,
the weightof low angles will alwaysbe high and reach a value
of 4. Such a high value was, however, obtained neither in this
study nor in the misorientation study of Alley and others
(1995). The reason could be that not all the observed sub-
boundaries grow into a normal grain boundary with a mis-
orientation angle greater than several degrees. It is likely that
some sub-boundaries near an old grain are consumed by the
migration of the boundary of the old grain. Another reason
could be that the sub-boundaries are weak and hard to detect
with the naked eye or the CCD camera of our current auto-
matic fabric analyzer. It is difficult or even impossible to
recognize crystals splitting up into two or more crystals. We
suppose that Alley and others (1995) had the same problem
identifying split grains since they used a Rigsby stage to
measure c-axes orientation. To circumvent these problems, it
would be necessary to investigate the misorientations
between sub-grains on the microscopic scale with higher
resolution and study how many already-formed sub-bound-
aries lead to the subdivision of grains.

The number of neighbouring crystals shown in Figure
3b displays a log-normal distribution. On average, each
grain has 5.4^5.6 neighbours at all depths. According to
Atkinson (1988), the perfect two-dimensional crystal in
equilibrium has six sides and is surrounded by six neigh-
bours. Such equilibrium is never present in glacial ice, and,
on average, crystals with more than six sides will grow and
crystals with less than six sides will shrink.We find that the
number of crystals with less than six neighbours is about
twice as high as the number with more than six neighbours.
Hence it can be deduced that the average value of about 5.5
neighbours per crystal indicates that about two-thirds of all
grains are smaller than the average grain-size and thus
shrink to compensate for the growth of the bigger grains.

CONCLUSIONS

Ice fabric analysis of the Dome C core down to 1500 m depth
shows that a quasi-random fabric at the surface evolves
toward a broad single-maximum fabric with increasing

depth. This suggests that at Dome C the ice is subject mainly
to vertical uniaxial compression. Comparisonwith the Dome
F and GRIP ice cores where the same kind of stress system
governs ice deformation provides additional support for the
assumption that basal glide is the dominating mechanism
for fabric development at low temperatures in the upper parts
of polar ice sheets. Fabric strength in the depth interval being
considered here mainly depends on the cumulative strain,
and is independent of impurity content, accumulation rate
and temperature. Preliminary results from crystal size meas-
urements indicate a development of crystal size at Dome C
similar to that in theVostok and Dome Fdeep cores.

Results from a study of misorientation anglesbetween the
c axes of neigbouring grains, using the method of Alley and
others (1995), indicate that recrystallization involving the
nucleationandgrowth of new grains at high angles to the axis
of compression is not active in the upper1500m of the Dome
C core. The study does not reveal conclusive evidence on the
possible occurrence of polygonization.However, microscopic
observations show that sub-grain boundaries are present in
about half of all crystals in the depth interval 150^1300m.
There are likely two reasons for the conflict arising here: (1)
Not all the sub-boundaries can develop enough to split the
original crystals, and they are consumed by the migration of
old grains; and (2) the resolution of current c-axis orientation
measurements is not high enough to identify these sub-grains.
Fabric investigations on a microscopic scale should be carried
out in future studies.
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