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Abstract

Hard X-ray diffraction experiments have been carried out on ice monocrystals taken from the 3623 m long Vostok
core (Antarctica). Strain gradients associated with the storage of geometrically necessary dislocations appear to be a
general feature of the deformation microstructure of ice. The observed lattice distortion is related to the bending of
the basal plane and the torsion of the lattice around the c-axis. The lattice distortion is shown to be compatible with
the basal dislocations generally observed in ice crystals, supporting the assumption of deformation modes governed by
basal slip and accommodated by recrystallization processes. The dependence of the ice viscosity on grain size in ice
sheets appears to be compatible with these accommodation modes.
5 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding how polar ice sheets interact
with the climatic system is of the highest impor-

tance to predict sea-level changes and to assess
the e¡ect of massive discharge of icebergs on the
ocean circulation [1]. The dating of deep ice cores
requires ice-sheet £ow modeling [2]. The develop-
ment of physically based models describing ice-
sheet dynamics has recently received special atten-
tion [3]. Knowledge of the rheological properties
of ice at low stresses is of great importance when
modeling ice-sheet £ow[4]. A £ow relationship
with a stress exponent n lower than 2 at deviatoric
stresses lower than 0.1 MPa is now widely ac-
cepted [5^10]. Although there is no broad agree-
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ment as to the rate-controlling processes, intra-
crystalline basal slip is generally the dominant de-
formation process for this region of low n values
[7,10]. Note that basal slip is assumed to be the
dominant deformation mechanism in most defor-
mation models used to simulate the development
of fabrics (distribution of the orientation of the
c-axes) in ice sheets [11^14]. Goldsby and Kohl-
stedt [15,16] question this assumption and pro-
pose superplastic £ow with grain boundary sliding
as the dominant deformation mode for the £ow
regime in ice sheets. However, fabric development
and the microstructures observed in ice sheets are
not compatible with this superplastic £ow mech-
anism [17].

This paper presents results of hard X-ray dif-
fraction experiments used to observe the lattice
distortion of several ice crystals collected along
the 3623 m Vostok ice core (East Antarctica).
This deep ice core has provided a record of past
climate and atmospheric composition over the last
four glacial^interglacial cycles [2]. Below 3538 m,
the ice core consists of lake ice developed above
subglacial lake Vostok [18]. This ice is character-
ized by exceptionally large crystals with a very
high crystalline quality [19]. Samples were espe-
cially selected from interglacial climatic stages as
this ice is characterized by relatively large grain
size [20]. One lake ice sample was also studied for
comparison.

The observed lattice curvature supports basal
slip as the predominant deformation mode in ice
sheets. Results are analyzed in the context of the
deformation of plastically non-homogeneous ma-
terials [21,22].

Due to the large viscoplastic anisotropy of the
ice crystal, grains that are well oriented for basal
slip (soft grains) deform much more than hard
grains. Stress equilibrium and strain compatibility
are maintained at the expense of the build-up of
deformation inhomogeneities within grains [23].
The bending of basal planes and kink bands
were observed in experimentally deformed speci-
mens [23,24]. As shown by Nye [21] and Ashby
[22], dislocations, called geometrically necessary
dislocations (GNDs), are stored to accommodate
these strain gradients. Dislocations piled up at
grain boundaries or edge dislocations accommo-

dating the bending of basal planes can be consid-
ered as GNDs. In polycrystals, the density of
GNDs scales with the gradient of plastic strain,
which increases with decreasing grain size [22].
Like all dislocations stored within grains, GNDs
contribute to strain hardening and can therefore
be at the origin of the increase of hardening when
grain size is decreasing. In ice sheets, grain growth
and dynamic recrystallization should partially re-
lieve internal stresses associated with such strain
gradients [25]. The density of dislocations would
increase by strain hardening and decrease by the
formation and the migration of grain boundaries.
At the opposite of the hardening by GNDs, the
e⁄ciency of recovery processes described above is
the highest in ¢ne-grained ices [25]. Cu¡ey et al.
[26,27] have recently presented convincing argu-
ments for an increase in strain rate with decreas-
ing grain size in ice sheets. The relationship be-
tween the density of dislocations associated with
strain gradients, strain hardening and grain size
[28] cannot therefore be extrapolated for polar ice.

Special emphasis is placed here on the analysis
of mechanisms involved in the deformation of ice
sheets and compatible with a grain size-dependent
rheology. The aim of this study is to show that
dislocation creep is compatible with in situ defor-
mation measurements and with most of the data
on the microstructure of ice in ice sheets.

2. Dislocations and the deformation of single
crystals of ice

The main feature of the plasticity of ice crystals
is its outstanding anisotropy. Ice essentially de-
forms by the glide of dislocations on the basal
plane. The resistance to shear on non-basal planes
is large and can be 60 times higher than resistance
on the basal planes [29]. Basal slip is caused by
the glide motion of basal dislocations with the
6 1120s Burgers vector. The rapid glide of short
edge dislocations on 6 1100s prismatic planes
was observed by X-ray topography [30,31]. The
fact that basal slip is dominant, in spite of faster
movement of dislocations on non-basal planes, is
attributed by these authors to the large di¡erence
in the length of dislocations. On the other hand,
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the dissociation of basal dislocations into partial
dislocations impedes the glide of these disloca-
tions on prismatic planes [32].

Non-homogeneous deformation of single crys-
tals was observed by Nakaya [33] by performing
bending tests. Strain gradients associated with the
bending of basal planes were accommodated by
homogeneously distributed basal edge disloca-
tions (GNDs). The formation of tilt sub-bound-
aries was also observed at high strain. Concerning
the lattice distortion associated with basal screw
dislocations, original results were obtained by
X-ray di¡raction technique on ice single crystals
deformed in torsion [34]. The torsion strain ap-
pears to be totally accommodated by geometri-
cally necessary basal screw dislocations. Disloca-
tions are also stored in ice single crystals
homogeneously deformed in tension and compres-
sion [35]. The dislocations that trap each other
randomly are referred to as statistically stored dis-
locations [22]. In ice polycrystals, the large mis-
match of slip at the boundaries induces large de-
formation inhomogeneities. The density of GNDs
should be higher than the density of statistically
stored dislocations [34].

3. The X-ray di¡raction technique

The X-ray di¡raction experiments were carried
out at the Institut Laue Langevin (ILL) in Gre-
noble, using an industrial high-voltage X-ray tube
(420 kV) and the original Laue hard X-ray tech-
nique that allows the in situ observation of bulk
samples more than 1 cm thick [36]. This technique
is based on a focusing e¡ect which occurs when a
divergent X-ray beam di¡racts through a crystal.
(Fig. 1a). It can be noted on a 3D representation
(Fig. 1b) that the di¡raction spots have the shape
of lines. The width of the di¡raction lines is di-
rectly related to the lattice distortion [36], while
the position along the lines corresponds to the
di¡raction of a virtual slice of the crystal perpen-
dicular to the line. This allows one to separate the
contribution of the di¡racting lines when the crys-
tal is inhomogeneous. The presence of subgrains
will be revealed by the splitting of the lines.

The energy range for the white divergent beam

is between 100 and 400 keV, giving wavelengths
between 0.03 and 0.12 AQ . Bragg angles being low,
the di¡raction peaks are located close to the direct
beam. This allows the simultaneous observation
of peaks from several crystallographic planes on
the detector which is composed of an X-ray in-
tensi¢er and a CCD camera for fast acquisition of
di¡raction patterns. Angular lattice distortion
from 10 sec of arc (10Q) up to a few degrees,
depending on the sample^beam source distance,
can be determined with this technique. The set-
up used for the present study has a measurement
accuracy of better than 1 min of arc (1P), taking
into account the other broadening e¡ects (size of
the ¢lament of the X-ray tube and thickness of
the sample).

Fig. 2a,b gives a di¡raction pattern schemati-
cally represented, similar to what is obtained with
ice. The orientation of the sample compared to
the direct beam direction is given, together with
the lattice distortion measurements. The lattice
distortion can be due to randomly located dislo-

Fig. 1. (a) Schematic diagram of focusing property. (b) 3D
di¡raction view for a perfect single crystal.
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cations, creating a homogeneous enlargement of
the di¡raction line called mosaicity ; this distor-
tion is uniform throughout the sample. Disloca-
tions can also be arranged continuously within
the crystal, creating lattice distortions (such as
bending) that are represented by a continuous in-
clination of the lines (va) from one side of the
sample to the other. Both di¡raction line charac-
teristics (mosaicity and inclination) can be ana-
lyzed in terms of dislocation density. However,
in the case of mosaicity, no simple direct relation-
ship can be established due to the random spatial
distribution of dislocations [37].

4. Di¡raction patterns of Vostok ice crystals

Several samples from the deepest part of the
3623 m Vostok ice core were studied. Information
on samples is given in Table 1. The temperatures
at which the samples were deformed in the in situ
conditions are between 310 and 35‡C. The illu-
minated area of the samples was ¢rst chosen close
to the sample size for a general examination. Then
vertical and horizontal slits were used to deter-
mine the spatial arrangement of dislocations.

The di¡raction pattern of a sample extracted
from a large monocrystal of the Vostok subglacial
lake ice at 3610 m depth is shown in Fig. 3. This
ice was refrozen from the subglacial lake water
[38] and is supposed to be di¡erent from the gla-

cier ice which constitutes the main part of the core
(until 3539 m). The width of the di¡raction peaks
and their inclination approach the accuracy limit
of the set-up used. A slight continuous lattice dis-
tortion (vaW1P) over the sample can, however, be
observed on both basal and prismatic di¡raction
lines. Such a low lattice distortion is similar to the
one observed on very carefully grown arti¢cial ice
single crystals [19]. These results support the as-
sumption concerning ice £ow near the lake and
indicate very low strain rates in lake ice [19]. The
observation of such very low-distortion crystals

Fig. 3. Di¡raction patterns for the Lake Vostok ice sample
V3610. Several crystallographic orientations are observed:
the basal (002), prismatic (100) and several pyramidal planes.

Fig. 2. Di¡raction patterns as can be observed for ice. (a) Horizontal di¡raction; the R-axis corresponds to the angular lattice
misorientation around the Z-axis. vR represents a continuous lattice distortion from the top to the bottom of the sample.
(b) Vertical di¡raction; the R-axis corresponds to the angular lattice misorientation around the X-axis. vR represents a combina-
tion of mosaicity and spatial lattice distortion from the left to the right of the sample.
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shows that the process of coring and the storage
of samples at 320‡C do not induce additional
lattice distortion.

Figs. 4^6 show the di¡raction patterns of three
glacier ice samples from 3516, 3493 and 2755 m in
depth. A signi¢cant observation is the strong dif-
ference in the distortion observed on the prismatic
and basal planes. Let us ¢rst consider the pris-
matic planes. The very low variation of the width
of the di¡raction lines with the volume studied is
related to low mosaicity on the prismatic planes.
This width appears to be similar to that of unde-
formed samples and approaches the accuracy lim-
it of the equipment (between 1P and 2P for samples
V3516 and V3493 and slightly higher for sample
V2755). On the other hand, the strong and irreg-
ular inclination of the lines shows a continuous
distortion of the lattice from the bottom to the
top of the sample, i.e. along the Z-axis (which is
also the c-axis). This distortion corresponds to a
torsion of the lattice around the c-axis induced by
screw dislocations homogeneously located on the
basal plane. Values of distortion of about 10P per

centimeter of sample illuminated, in height, are
observed on the three samples (note that the
change in distortion direction is not relevant, as
the orientation of the sample in the core is not
known).

The shape of the re£ections on the basal planes
is di¡erent. An inclination of the basal di¡raction
line is clearly visible on samples V3516 and
V3493, indicating a continuous distortion of the
lattice in the X^Z plane, around the X-axis (Figs.
4 and 5). This continuous inclination is, respec-
tively, 18P and 37P per centimeter of sample illu-
minated, in width. However, the main di¡erence
concerns the mosaicity, which seems much higher
than that observed on the prismatic lines. The
di¡raction pattern for sample V2755 is more com-
plicated (Fig. 6). Contrary to the previous sam-
ples, systematic analysis by rotation around the
X-axis reveals several peaks, indicating the pres-
ence of subgrains with misorientations of between
10P and 18P. This e¡ect was analyzed more sys-
tematically with an horizontal slit of 1 mm in
order to check at the same time the size and lo-
cation of the subgrains (Fig. 6b).

Fig. 5. Di¡raction patterns for the glacier ice sample V3493.
Several crystallographic orientations are observed: the basal
(002), prismatic (100) and several pyramidal planes.

Table 1
Characteristics of samples studied. For dimension orientation see Fig. 2

Sample (depth) Orientation of the c-axis XUZUY dimensions

Vostok (3610 m): ‘V3610’ vertical 14U9U7 mm3

Vostok (3516 m): ‘V3516’ vertical 16U11U3 mm3

Vostok (3493 m): ‘V3493’ vertical 19U19U8 mm3

Vostok (2755 m): ‘V2755’ vertical W1.5 cm3

Fig. 4. Di¡raction patterns for the glacier ice sample V3516.
Several crystallographic orientations are observed: the basal
(002), prismatic (100) and several pyramidal planes.
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Due to the e¡ect of sample thickness, it is di⁄-
cult to separate the continuous inclination from
the mosaicity. Fig. 7 represents the di¡raction
pattern of sample V3493 associated with cross-
sections giving the di¡racting volume distribution
along the line. While the enlargement of the basal
di¡raction line of sample V3493 could have been
fully associated with mosaicity at ¢rst sight, two
peaks appear on the vertical cross-section. Both
peaks have a low width at half-height, similarly to
the thin peak of the horizontal cross-section, as-
sociated with the prismatic di¡raction line. This
observation assesses the presence of two subgrains
continuously distorted with little mosaicity but
superimposed on each other. Similar characteris-
tics are observed on cross-sections done all over
the di¡raction lines, although only one is reported

in the ¢gure. This thus shows the predominance
of the continuous inclination on the basal di¡rac-
tion line compared to mosaicity.

The continuous inclination of the basal di¡rac-
tion lines is fully compatible with a continuous
bending of the basal planes accommodated by
the distribution of basal edge dislocations.

To summarize, the lattice distortion of the
studied glacier samples appears to be related to
the bending of basal planes and the torsion of the
lattice around the c-axis. Subgrains with a misor-
ientation of basal planes lower than 1‡ are ob-
served for sample V2755. The mosaicity of basal
di¡raction peaks seems to be higher than that of
prismatic di¡raction peaks.

5. Analysis of lattice distortion in terms of the
spatial distribution of dislocations

The observed lattice distortions can be analyzed
in terms of the nature, arrangement and density

Fig. 7. Di¡raction pattern for sample V3493 associated with
horizontal and vertical cross-sections giving the di¡racting
volume distribution along the prismatic and the basal di¡rac-
tion lines, respectively. The horizontal cross-section indicates
a low mosaicity and a continuous lattice distortion. The ver-
tical cross-section indicates a combination of mosaicity and
spatial lattice distortion; the presence of two peaks is associ-
ated with subgrains of low mosaicity.

Fig. 6. Di¡raction patterns for the glacier ice sample V2755.
Several crystallographic orientations are observed: the basal
(002), prismatic (100) and several pyramidal planes. (a) Over-
view of the whole sample. Subgrains are observable on the
basal and pyramidal di¡raction lines. (b) Observation of sub-
grains was made possible by the rotation around the X-axis
with the use of a horizontal slit of 1 mm.
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of dislocations. These distortions are compatible
with the nature of the dislocations observed in ice
[39,40].

The torsion of the lattice around the c-axis can
be perfectly described by the arrangement of basal
screw dislocations. Similarly, as shown by several
authors [21,24], the bending of basal planes is ex-
plained by the arrangement of edge basal disloca-
tions. Boundaries of subgrains observed on the
basal di¡raction peaks (Fig. 6) can also be com-
posed of basal edge dislocations [41].

The analysis shows a relatively large lattice in-
clination of di¡raction lines compared to mosaic-
ity. Most of the dislocations are then expected to
be geometrically necessary as de¢ned by Ashby
[22]. The corresponding density can be calculated
from the following relation:

b geom ¼ a

bL
ð1Þ

where a is the distortion angle over the length L
of the sample illuminated by the X-ray beam. L is
the X-dimension when considering inclination of
the basal line, and the Z-dimension for the pris-
matic case. b is the Burgers vector [21].

Table 2 gives the density of GNDs deduced
from the measured lattice distortion in samples
V3493 and V3516. Assuming that the density of
dislocations associated with mosaicity is negli-
gible, the calculated density of screw dislocations
of about 109 m32 is close to that of edge disloca-
tions. This dislocation density can be compared
with that deduced for interglacial ice along the
Vostok core by de La Chapelle et al. [20]. The
calculated dislocation density from a simple phys-

ical deformation model increases from the surface
down to about 1000 m depth, where it reaches a
value of about 1.3U1011 m32. The dislocation
density rapidly decreases below 1000 m to reach
a value of about 1010 m32 at 3316 m, where the
calculation was stopped. A dislocation density
lower than 1010 m32 is therefore expected at the
depths of 3493 and 3516 m. The high temperature
in the deepest parts of the core and the small
horizontal shear stress are the reason for the rel-
atively low calculated dislocation density near the
bottom of the core. The density of GNDs de-
duced from X-ray di¡raction measurements, how-
ever, must be considered as a lower bound since
dislocations associated with mosaicity and the
pile-ups of dislocations at grain boundaries were
not taken into account. As indicated by X-ray
di¡raction experiments, the contribution of the
mosaicity to the total dislocation density should
be low in Vostok ice samples. As regards the pile-
ups of dislocations, it is important to emphasize
that grain boundary migration associated with
grain growth and recrystallization impedes their
formation by absorbing dislocations located in
the volume swept by the mobile grain boundaries
[20]. It is also important to point out that this
study was limited to ice samples corresponding
to the interglacial climatic stages, for which the
grain boundary migration rate and grain size are
signi¢cantly higher than in glacial ice. The pin-
ning of grain boundaries by micro-particles,
whose number is very high in glacial ice, explains
this di¡erence [42]. As a consequence, a disloca-
tion density higher than estimated in this study
should be found in glacial ice.

Table 2
Angular lattice distortions related to the continuous inclination of the di¡raction peaks, and calculated density of geometrically
necessary dislocations

Sample Di¡raction peak a angular distortion bgeom

(P/cm) (m32)

V3516 prismatic 10 6U108

basal 18 109

V3493 prismatic 13 8U108

basal 37 2U109

Angles are measured in min of arc per centimeter of sample illuminated by the direct beam (X-dimension for basal di¡raction
peak, Z-dimension for prismatic one).
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6. Discussion

6.1. Role of strain gradients in the deformation of
ice at low stresses

The hard X-ray di¡raction experiments provide
precise information on the distribution of disloca-
tions in the studied Vostok ice samples. The bend-
ing of basal planes and the torsion of the lattice
around the c-axis by GNDs appear to be a gen-
eral feature of the ice microstructure during the
deformation. The observed tilt sub-boundaries of
low misorientation (Fig. 6) could be associated
with the formation of new grain boundaries by
the progressive misorientation of subgrains in ori-
entation gradients. This nucleation mechanism
associated with the low-velocity grain boundary
migration regime occurs extensively along the
Vostok ice core [20]. This recrystallization regime
is referred to as rotation recrystallization by the
geological community [43].

Strain gradients are induced by the mismatch of
slip at the boundaries [28]. The required GNDs
contribute to strain hardening and render the de-
formation between grains compatible [22]. The
large di¡erence in strain rate between monocrys-
tals oriented for basal slip and polycrystals is re-
lated to the build-up of a non-uniform internal
stress ¢eld [44]. The associated hardening is gov-
erned by GNDs accommodating the distortion of
the lattice. It is signi¢cant to note that the lattice
distortion associated with the pile-up of disloca-
tions at grain boundaries could not be observed
as only monocrystals were analyzed. This long-
range hardening is kinematic (or directional) and
associated with the large recovery creep observed
after unloading [45]. As discussed above, low-
stress conditions in ice sheets and grain boundary
migration should impede the formation of pile-
ups of dislocations in ice sheets.

In an isotropic ice polycrystal, stress equilibri-
um and strain compatibility can be assured by
introducing only basal slip and prismatic (or py-
ramidal) slip [46,47]. Note that the bending of
basal planes could contribute to the deformation
along the c-axis. It may represent an additional
ice crystal deformation mode in the same way as
pyramidal slip in polycrystal models.

6.2. Rate-controlling processes

We assume that the deformation of polar ice at
low stresses is produced by intracrystalline slip,
which is accommodated by the formation and mi-
gration of grain boundaries associated with re-
crystallization. Strain gradients contribute to the
stress equilibrium and deformation compatibility
between grains [48]. The hardening associated
with the GNDs associated with these strain gra-
dients is related to grain size: smaller grains are
sti¡er than large grains [22,49]. But, as mentioned
above, recovery processes which occur in ice
sheets should overcome this grain-size e¡ect in-
duced by strain gradients.

The deformation model based on the equilibri-
um between strain hardening and recovery by
Montagnat and Duval [25] can be used as a start-
ing point to analyze a grain-size e¡ect induced by
recrystallization processes. The dislocation density
is used as an internal variable.

The change in dislocation density db during
deformation is given by:

db
dt

¼
_OO

bD
3

a cK
bD3 3

K bK
D2 ð2Þ

where _OO is the strain rate, b is the Burgers vector,
D the grain size, ac the misorientation angle when
a low-angle boundary becomes a high-angle bound-
ary, K the grain boundary migration rate and K a
coe⁄cient higher than one that accounts for the
higher dislocation density near grain boundaries.

The ¢rst term in Eq. 2 is related to the Orowan
equation [50]. The other terms correspond respec-
tively to the dislocations required for the forma-
tion of grain boundaries (new grain nucleation)
and the dislocations absorbed by grain boundary
migration. A constant grain size is observed in
several ice cores when grain growth is balanced
by grain nucleation. The steady-state strain rate,
if obtained, depends on both dislocation density
and grain size. Only qualitative arguments can be
advanced since there is an interrelation between
grain size, dislocation density and strain rate,
both grain size and b depending on stress. From
Poirier [43], recrystallized grain size is inversely
proportional to stress with a power exponent
equal to 1.2. Considering the grain-size depen-
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dence of the two recovery mechanisms (Eq. 2), the
ice viscosity at low stress should decrease with
decreasing grain size. This agrees with the analysis
of ¢eld data given by Cu¡ey et al. [26,27].

7. Conclusion

X-ray di¡raction experiments performed on
glacier ice have provided new information on
the microstructure of ice after deformation.
Mechanisms for ice deformation at low stresses
have been speci¢ed on the basis of the results
obtained for the lattice distortion of ice crystals
from the Vostok ice core. Indeed, we suggested
that the observed bending of basal planes is ac-
commodating basal slip, allowing the deformation
along the c-axis. Strain gradients appear to char-
acterize the deformation of ice polycrystals. They
contribute to strain hardening, stress equilibrium
and deformation compatibility. Orientation gra-
dients require the presence of GNDs and appear
to be the ¢rst stage of grain nucleation. Basal slip
associated with the bending of basal planes and
grain growth or recrystallization are the dominant
deformation modes for polar ice.

The grain-size dependence of the ice viscosity
deduced from ¢eld data [26] appears to be com-
patible with the deformation modes suggested.
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