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Abstract

ŽMechanical tests have been performed on strongly textured ice samples coming from a wide range of depths from 1328
. Ž .down to 2868 m of the GReenland Ice core Project GRIP for different sample orientations with respect to the prescribed

stress. In this way, two directional viscosities, corresponding to the ‘‘easy glide’’ and to the ‘‘hard glide’’ orientations, were
determined along the core. The viscoplastic anisotropy gradually increases down to a depth of ;2600 m and slightly
decreases below, revealing a clear correlation between rheology and texture. The experimental mechanical response

Ž .compares well with that predicted by the ViscoPlastic Self-Consistent VPSC model. The VPSC model is also applied to ice
samples that exhibit an axisymmetric texture to show in more detail the sensitivity of the rheology to specific texture
parameters. This leads to a number of recommendations for future mechanical tests on anisotropic samples. A large-scale ice
flow model is finally used to estimate the influence of ice anisotropy on the flow along the GRIP–GISP2 flow line. The
particular mechanical behavior of deep GRIP ices in the stress regime corresponding to an ice divide leads to deformation
rates that are highly sensitive to bedrock topography and texture pattern. This feature is likely to favour the formation of
stratigraphic disturbances in deep ice layers, as observed in the last 300 m of both GRIP and GISP2 cores. q 1998 Elsevier
Science B.V.
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1. Introduction

This paper deals with the influence of ice rheol-
ogy on the flow of ice sheets. In particular, the

) Corresponding author. Tel.: q81-33-1-49-40-34.68;Fax:
q81-33-1-49-40-39-38; E-mail: oc@lpmtm.univ-paris13.fr

1 At LGGE–CNRS as this work was done.
2 At LGGE–CNRS as this work was done.

effects of the anisotropic behavior of polar ices will
Ž .be investigated by: 1 analysing results of several

mechanical tests performed on deep ices of the
Ž . Ž .GReenland Ice core Project GRIP ; 2 modelling

the mechanical behavior of polar ice with a micro–
Ž .macro approach; and 3 modelling the large-scale

flow of ice in the vicinity of the GRIP drill site
Ž .present summit of the Greenland ice cap .

Polar ice, as found in large ice masses like Green-
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land and Antarctica, is a polycrystalline material,
meaning that it consists of an arrangement of crystals
Ž . Ž .grains . The macroscopic bulk mechanical behav-
ior of an ice sample is directly linked to the micro-

Ž .scopic local behavior of individual grains. Thus, it
directly depends on the orientation of the crystallo-
graphic axes of grains with respect to the prescribed
macroscopic deformation. Ice crystals exhibit an ex-

Žtreme viscoplastic anisotropy they deform essen-
.tially by shear in basal planes . This means that the

magnitude and direction of the deformation rate is
highly dependent on the orientation of the prescribed
stress with respect to the crystallographic axes. This
microscopic anisotropy induces a strong macroscopic
anisotropy when the polycrystalline sample exhibits

Ža preferred orientation of the c axes called ‘‘texture’’
.in materials science . This is for example the case for

Ž . ŽVostok Antarctica , Dye 3 and Law Dome Green-
. w xland deep ices 1–3 and also for GRIP deep ices as

will be shown here. Textures develop by the rotation
of crystallographic planes during the plastic deforma-
tion that the ice is subjected to, and also when
polygonization and migration recrystallization mech-

w xanisms are active 4,5 . When polar ice does not
exhibit a particular orientation of the crystallographic

Ž .axes randomly oriented texture , as is the case for
example for ice from the surface of ice sheets, the
sample behaves identically in all directions and is
said to be macroscopically isotropic.

The present paper raises the question of how the
observed anisotropy may affect the flow of ice in ice
sheets. In particular, we will show that it can make
the flow near an ice divide extremely sensitive to
bedrock topography and texture pattern. This feature

Ž .could explain at least partially why the stratigraphy
of the last 300 m of both GRIP and GISP2 ice cores

w xis disturbed 6 , a question of importance when
attempting to reconstruct past climate from the study
of deep ice cores.

We will present here results of several mechanical
tests performed on GRIP ice samples of different
depths, therefore presenting different textures. These
tests were carried out in two different laboratories
ŽLGGE-Grenoble, France, and Kitami Institute of

.Technology, Japan for different orientations of the
Žsamples, so that different steady-state secondary

.creep directional viscosities could be determined at
Žeach depth tertiary creep behavior of GRIP ices was

w x.presented by Dahl-Jensen et al. 7 . The comparison
of all tests will show the good correlation between
texture pattern and mechanical response. To under-
stand in a more general way how textures influence
the behavior of samples, we apply the ViscoPlastic

Ž .Self-Consistent VPSC model of Lebensohn and
w xTome 8 to GRIP ices. This model, which has´

w xalready been used by Castelnau et al. 9–11 , calcu-
lates an approximate solution of the stress and strain
rate fields within the whole polycrystal, and thus
estimates the mechanical response of a polycrystal
for any prescribed stress when only the texture of the
material is known. Using the texture of our GRIP
samples as input to the model, we will compare the
modelled rheology of GRIP ices with that deter-
mined experimentally. This is to our knowledge the
first time that a rheological model for anisotropic
ices is tested quantitatively on mechanical tests per-
formed in the laboratory. The VPSC model enables
us also to investigate how the sample behavior is
sensitive to specific texture parameters and in partic-
ular to texture symmetries, an important question as

w xshown by Azuma and Goto-Azuma 12 . In the last
part of this paper, we study how ice anisotropy may
affect the large-scale flow of ice in Central Green-
land. For this, we apply the large-scale ice flow

w xmodel developed by Mangeney et al. 13,14 to the
GRIP–GISP2 flow line. This model takes into ac-
count an anisotropic constitutive relation which gives

w xthe rheology of the ice for a given texture 15 . At
present, the model is restricted to textures that ex-
hibit an axisymmetry around the in situ vertical axis
Ži.e. the vertical axis is a revolution axis for the

.texture . This is due to the fact that all analytical
anisotropic constitutive relations for polar ice have
so far been developed for ices presenting orthotropic
transversally isotropic behavior. In fact, such a tex-
ture symmetry is found only approximately in natu-

w xral samples 16 . We will show that this approxima-
tion should lead to significant inaccuracy in flow
prediction. Consequently, the flow of ice near an ice
divide cannot be realistically modelled unless a model
is developed that precisely describes the develop-
ment of texture with deformation and recrystalliza-
tion.

The present paper is structured as follows. In
Section 2, we present the results of mechanical tests.
In Section 3, we compare the results of the VPSC
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model with those obtained experimentally, and we
show in more detail how texture symmetries affect
polycrystal behavior. In Section 4, we apply the
large-scale ice flow model to Central Greenland to
show how anisotropy influences the in situ flow.

2. Experiments

2.1. Description

Several mechanical tests have been performed on
GRIP ice samples taken from depths ranging from
1328 to 2868 m. The texture of GRIP ices, described

w xin detail by Thorsteinsson et al. 17 , changes along
the core from a random orientation at the ice sheet
surface to a strongly preferred orientation in the
deeper parts, with c axes aligned approximately

parallel to the in situ vertical direction. This vertical
single maximum texture becomes pronounced at
2200 m and persists down to a depth of 2800 m. No
sharp contrast in the texture is observed across the

Ž .Holocene–Wisconsin climatic transition 1625 m .
Ž .From 2800 to 3028 m bedrock , textures are less

pronounced, due to the effects of migration recrystal-
lization. The initial c axis textures of our samples

Ž X .are shown in Fig. 1. Here, the compressive axis z z
corresponds to the centre of the pole figures. Post-
deformation thin sections were cut from each sample
to check that there was no texture evolution during
the mechanical tests. The increasing concentration of
textures with depth can be observed qualitatively on
the pole figures. To quantify this concentration, we
define a statistical parameter referred to as the
strength of orientation R. The c axis of each grain g

Ž g .being treated as a unit vector denoted c , the

Ž . Ž .Fig. 1. c axis textures of GRIP samples tested in Grenoble G- and in Kitami K- . Depths are given in meters. The centre of the pole
Ž X .figures z z axis indicates the direction of compression. It corresponds to the in situ vertical direction for samples tested in Grenoble

Ž .G-1328 to G-2703 .
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strength of orientation is proportional to the norm of
the sum of all c g vectors so that:

N2
gR %s c y1 =100 1Ž .Ýž /N gs1

where N is the total number of grains in the thin
section. The parameter R is equal to 0% for a
randomly oriented texture and takes on a maximal
value of 100% when all c axes are exactly parallel.
The evolution of R with depth is shown in Fig. 2a.
We clearly see an increase from 1000 down to
2600 m depth, and a decrease below.

Deformation conditions prescribed in Grenoble
and Kitami were different. In Grenoble, test pieces

Žwere cut in the direction of the core axis which was
.drilled vertically in the ice cap , and a uniaxial

compressive stress was applied in that direction. In
Kitami, uniaxial compression tests were performed
on test pieces inclined at 458 from the core axis.

Ž .Owing to deviation of a few degrees between 1 the
Ž .core axis and the in situ vertical direction and 2 the

sample axis and core axis, Grenoble experiments
make it possible to determine the directional viscos-

ity for compression along a nearly vertical in situ
axis, and Kitami experiments for shear in a nearly
horizontal in situ plane combined with uniaxial ten-

Žsion along a nearly horizontal in situ direction see
.Appendix A . We will see later that this slight

misorientation of sample axes with respect to the in
situ axes cannot be neglected when estimating the
rheology of the ice in the ice sheet. The size of all
samples was similar, with a diameter of 30 mm and a
length of 75 mm, approximately. A depth depen-
dence of the mean grain size was observed at GRIP
w x17 . In our samples, the mean grain size ranges from
1.1 to 6.1 mm. Performing mechanical tests on
strongly anisotropic samples requires paying special
attention to the prescribed boundary conditions, as
will be shown below. Here, the friction between
sample surfaces and the apparatus platen was mini-
mized, so that we can consider that the prescribed
compressive stress was the only non-zero component
of the stress tensor and that no component of the
strain rate tensor was constrained. This was achieved
in Grenoble by inserting thin Teflon sheets between
the sample surfaces and the apparatus platen and in
Kitami by applying Silicone oil at the beginning of
each test run. Tests were performed under both

Ž .Fig. 2. a Evolution with depth of the strength of orientation.
Ž . < ) < Ž . Ž . Ž .b Experimental flow stress S rs for both Grenoble tests 1–7 and Kitami 8–22 tests dots , as compared to VPSC modelled2 0

Ž .rheology lines .
Ž .c Shear response of samples to a uniaxial compression test, calculated with the VPSC model.
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Ž .constant load creep and constant cross-head speed
conditions.

Generally, steady-state ice behavior is described
by the secondary creep. In Kitami tests, the deforma-
tion of samples was larger than 1% for all samples,
so that the secondary creep stage was effectively
reached. In the Grenoble tests, due to the much
smaller deformation rate, experiments were stopped
when the axial deformation reached ;0.6%. The
minimum creep rate was extrapolated using the An-

w xdrade law 18 which was found to match the pri-
mary creep well. This correction remains small since
the extrapolated minimum strain rate was smaller
than the measured minimum strain rate by only
;20%. Experimental test conditions are summa-
rized in Table 1, where tests are numbered from 1 to
22. Tests 1–7 are Grenoble tests, and tests 8–22 are

Table 1
Test number, bag number, in situ depth, test temperature, axial
Ž .compressive stress and strain rate corresponding to the sec-
ondary creep stage, and experimental relative flow stress S) rs2 0

Ž . Ž .calculated at y108C, for the Grenoble 1–7 and Kitami 8–22
tests

)No. Bag No. Depth Temp. ys y D yS rsa x a x 2 0
y9 y1Ž . Ž . Ž . Ž .m 8C MPa 10 s @ y108C

1 2415 1328 y10 0.63 6.4 1.32
2 3215 1768 y10 0.64 3.7 1.53
3 3615 1988 y10 0.66 2.9 1.67
4 4015 2208 y10 0.62 1.4 1.90
5 4215 2318 y10 0.64 0.87 2.20
6 4625 2544 y10 0.51 0.30 2.43
7 4915 2703 y10 0.62 1.2 1.98
8 2714 1493 y15 0.68 31.7 0.79
9 3814 2098 y15 0.51 71.0 0.52

10 4014 2208 y15 0.35 39.5 0.45
11 4318 2375 y15 0.33 62.7 0.39
12 4414 2428 y15 0.36 69.0 0.40
13 4715 2593 y15 0.21 25.7 0.34
14 5214 2868 y15 0.36 82.4 0.38
15 2714 1493 y15 0.81 45.6 0.82
16 3415 1878 y15 0.61 45.1 0.67
17 3814 2098 y15 0.52 45.1 0.59
18 4014 2208 y15 0.34 45.8 0.43
19 4318 2375 y15 0.25 44.3 0.34
20 4414 2428 y15 0.26 45.3 0.35
21 4715 2593 y15 0.26 43.9 0.35
22 5214 2868 y15 0.28 40.3 0.38

Tests 1–14 are creep tests. Tests 15–22 are constant cross-head
speed tests.

Kitami tests. Axial strain rates and axial stresses
corresponding to the minimum creep rate are indi-
cated. Stationary axial strain rates are found to range
from 3.0=10y10 to 8.24=10y8 sy1 for axial
stresses ranging from 0.21 to 0.81 MPa. It should be
noted that Grenoble samples are generally more
stressed than Kitami samples, but they deform much
slower by at least one order of magnitude. Qualita-
tively, this difference originates from the fact that in
the Grenoble tests, the basal planes of grains are
nearly orthogonal to the prescribed macroscopic
stress, so that the resolved shear stress in basal

Ž .planes and therefore the strain rate of grains is
minimum. In the Kitami tests, the resolved shear
stress in the basal planes is maximum, inducing a
large strain rate for all grains, i.e. for the whole
sample. This large difference between results of the
two laboratories clearly highlights the very large
viscoplastic anisotropy of deep GRIP samples.

2.2. Comparison of results

We have presented the experimental mechanical
response of several GRIP ice samples deformed un-
der uniaxial compression for two different orienta-
tions of the texture with respect to the applied com-
pressive stress. The tests were performed under dif-
ferent conditions, i.e. for different stresses and strain
rates at the secondary creep stage and for slightly
different temperatures. Now, results of all these tests
will be compared. But to do this, it is necessary to
find a common criterion for expressing experimental
results, as presented below.

To describe general anisotropy, it is convenient to
define a stress potential f such that:

Ef
D s 2Ž .i j

ESi j

and to plot the equipotential surfaces in the stress
space. Since only 5 components of the strain rate D
and the Cauchy deviatoric stress S are independent
Ž .both are traceless symmetric tensors , it is more
convenient to express D and S tensors in a 5-dimen-
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sional space. Here, we use the transformation pro-
w xposed by Lequeu et al. 19 :

° 'D s D yD r 2Ž .1 22 11

'D s 3r2 D2 33

~ ' 3D s 2 D Ž .3 23

'D s 2 D4 13¢ 'D s 2 D5 12

Ž .and identically for S , and we call independently D
Žand S the second-order tensors with components

. ŽD and S or the 5-D vectors with components Di j i j i
.and S . The components D and D represent axiali 1 2

strain rates, whereas D , D and D are shear rates3 4 5
Ž .and similarly for S . This transformation conserves
the contracted product:

S D sS D 4Ž .i j i j i i

Ž .with summation over repeated indices . Usually, the
potential f is assumed to be proportional to the
work rate WsS D . However, as explained byi j i j

w xCastelnau et al. 11 , such a simple relation is not
found with the VPSC model. Consequently, f can-
not be determined easily. For this reason, we use a
slightly different approach here. We express all ex-
perimental results for a given value of the work rate
W. To do this, we multiply the stress vector by a
dimensionless factor k ) :

Ž .1r nq13 g s˙ 0 0
)k s 5Ž .( ž /˙2 W

and then strain rate vector by k ) n for sake of
homogeneity. Here, s is a reference stress the0

meaning of which is explained below, and g is a˙ 0
Žreference strain rate taken as equal to unity g s1˙ 0

y1 . ) )s . We denote S and D the resulting deviatoric
stress and strain rate vectors, respectively. The new
work rate then has a constant value:

nq1
3

) ) )Ẇ sS D s g s 6Ž .˙(i i 0 0ž /2

The reference stress s is linked to the isotropic0

viscosity. It appears in the Norton relation:

3 Sny1
eq

D s g S 7Ž .˙i 0 in2 s0

which we use to describe the behavior of isotropic
polycrystalline ice, where S is the Von Miseseq

3equivalent stress given by S s S S . Note that(eq i i2

Ž .Eq. 7 is completely equivalent to the so-called
‘‘Glen flow law’’ generally adopted in glaciology:

B0 ny1D s t S 8Ž .i e i2

if the reference stress s is expressed as a function0

of the flow law coefficient B :0

nq1'3Ž .
B sg 9Ž .˙0 0 ns0

Ž . Ž .The advantage of Eq. 7 as compared to Eq. 8
is that s has the dimension of a stress whereas B0 0

has a mixed dimension. At this point, it can easily be
shown that with the particular value of the work rate
W ) we have chosen, all equipotential surfaces cor-
responding to the isotropic Norton behavior are rep-
resented in the new S) axes by a unique hyperspherei

of radius s . For anisotropic samples, small values0
< ) <of S , as compared to s , indicate a soft responsei 0

Ž .of the polycrystal small directional viscosity , and
< ) < Žlarge S values a hard response large directionali

. Xviscosity . The z z axis being the compression axis
in both the Grenoble and Kitami tests, only the S)

2

stress component has a non-zero value. Therefore,
S) value is directly linked to the so-called ‘‘en-2

hancement factor’’ E by the relation:s

nq1
s0

E s 10Ž .s
)ž /< <S2

where E is a scalar often introduced in the isotropics

Glen flow law:

B0 ny1D sE t S 11Ž .i s e i2

to describe the directional response of anisotropic
w xsamples 20 .

We express all experimental relative flow stresses
S)rs for a temperature of y108C using an activa-2 0

w xtion energy Qs78 kJrmol 21 , see Table 1. The
commonly adopted value of the stress exponent is
ns3 for equivalent stresses larger than 0.2 MPa
w x22 . According to Budd and Jacka’s experimental

w xresults 3 and accounting for experimental uncertain-
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ties, the s value is estimated to be equal to 2340

MPa"25% at y108C. Furthermore, we estimate the
uncertainty in S) to be "20%. This value takes into2

Ž . Ž .account: 1 the uncertainty in s 2 that during a0;

creep test, the strain rate is determined to within
Ž .about a factor 1.5; and 3 during a constant cross-

head speed test, the uncertainty in the stress is 10%.
Experimental S)rs values are plotted vs. in2 0

situ depth in Fig. 2b. We clearly see the increasing
anisotropy of GRIP ices, from the surface down to
2600 m depth, since the difference between Grenoble

< ) <and Kitami S rs values gradually increases with2 0

depth. This feature is clearly linked to the increasing
strength of texture, see Fig. 2a. Below 2600 m, GRIP
ices become slightly less anisotropic, due to a slightly
decreasing texture strength. We thus find a clear
experimental correlation between texture concentra-
tion and mechanical response. At 2500 m depth,
Grenoble and Kitami S)rs values are ;2.4 and2 0

;0.35, respectively, i.e. corresponding to enhance-
ment factors of ;0.03 and ;65, respectively, as
compared to the isotropic behavior given by Budd

w xand Jacka 3 . Under Grenoble test conditions, the
enhancement factors are comparable to those previ-

w x w xously obtained on Law Dome 21 and Dye 3 23
samples, which exhibit textures similar to those of
GRIP ices. Under Kitami test conditions, however,
they are larger than expected. For example, they are
2 to 3 times larger than those obtained on Dye 3 ices
w x24 . This discrepancy cannot originate from experi-
mental error. Indeed, one creep test and one constant
cross-head speed test were performed for each sam-

Ž .ple except K-1878 , and both tests lead to very
similar results. However, precise observation of the
Kitami samples after tests were performed shows
slightly heterogeneous deformations within the sam-

Žples which were prepared from cloudy band layers a
cloudy band is a layer with a high concentration of
microscopic inclusions diffracting light; the nature of
such bands is not well defined and their occurrence

w x.generally correlates with a high dust content 7 .
Ž .Additional tests indicate: 1 some cloudy band ice is

softer than adjacent clear ices above and below; and
Ž .2 boundary slide sometimes takes place between
cloudy and clear ice zones. These findings are likely
to explain why GRIP ices are so soft under the
Kitami test conditions. A detailed study on the influ-
ence of cloudy bands will be published elsewhere.

3. Modelling mechanical behavior

Mechanical tests have been used to determine the
response of GRIP ice samples for two different
orientations of the stress state with respect to texture
orientation. To understand in a more general way the
relation between texture and rheology, we use a
micro–macro model, i.e. a model that relates the
behavior of the polycrystal to that of individual
grains. We shall now concentrate on the comparison
between the experimental rheology of our GRIP
samples and that predicted by the model. Afterwards,
we will use the VPSC model to study the influence

Žof some specific texture parameters namely texture
.concentration and texture symmetries on the me-

chanical response.

3.1. Description of the VPSC model

We use the VPSC model formulated in an alterna-
w xtive framework by Molinari et al. 25 and applied it

w xto anisotropic materials by Lebensohn and Tome 8 .´
This model can be used to calculate texture develop-
ment for large deformations. Here, it will be applied

Žsolely to calculate the instantaneous response no
.texture development of anisotropic polycrystals, i.e.

the response corresponding to the experimental sec-
ondary creep stage.

Basically, the VPSC model gives a first-order
solution to the set of stress equilibrium and incom-
pressibility equations applied over the entire poly-
crystal volume. Each grain of the polycrystal is
regarded as an ellipsoidal viscoplastic inclusion de-
forming in a viscoplastic Homogeneous Equivalent

Ž .Medium HEM having the average properties of the
polycrystal. This treatment leads to an interaction
equation that linearly relates the deviations of the
stress and strain rate in grains with respect to the
Ž .macroscopic stress and strain rate of the HEM. The
condition that the average of stress and strain rate
over all grains has to be consistent with the equiva-
lent macroscopic magnitudes, ensures a self-con-
sistent solution to the problem. Consequently, stresses
and strain rates are different in each grain. The
deviation of local behavior with respect to macro-
scopic behavior depends on the directional viscoplas-
tic properties of the grains and the whole polycrystal.
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This model requires the use of a constitutive
relation for the grains. Here, the shear rate g s which˙
results from dislocation motion on a slip system s is
a function of the resolved shear stress t s on thatr

system:
ny1s st tr rsg sg 12Ž .˙ ˙ 0 s st t0 0

where t s is the Reference Resolved Shear Stress0
Ž .RRSS that expresses the hardness of the slip sys-
tem s, in a similar way as with s for an isotropic0

Ž Ž .. spolycrystal Eq. 7 . The resolved stress t is calcu-r

lated from the local deviatoric stress S g:

t s sr s S g 13Ž .r i j i j

s Ž .where r is a geometric tensor the Schmid tensor
that depends solely on the orientation of the slip
system s with respect to the reference frame. The
strain rate in the grain g reads:

D g s g sr s 14Ž .˙Ýi j i j
s

This last relation is rewritten in a pseudo-linear
form:

D g sM g S g 15Ž .i j i jk l k l

with M g denoting the compliance tensor of grain g.
A similar form is taken for the constitutive relation
of the polycrystal:

D sM S 16Ž .i j i jk l k l

The macroscopic compliance M, which depends
on macroscopic stress and material structure, is not
known in advance. The inclusion problem of a grain
embedded in a HEM is solved by extending the

w xclassical results of Eshelby for linear elasticity 26
to non-linear viscoplasticity. This treatment leads to
an interaction equation that relates microscopic and
macroscopic magnitudes:

g ˜ gD yD syM S yS 17Ž .Ž .i j i j i jk l k l k l

˜The interaction tensor M can be expressed as a
function of the grain shape, the macroscopic compli-
ance M, and the prescribed macroscopic stress. This
treatment makes it possible to calculate the mechani-

Ž .cal response i.e. the tensor M of a sample, given
its initial texture and the intracrystalline deformation

Ž smechanism of the material i.e. r tensors of all
.grains and RRSS values . The principal limitations

Ž .of the VPSC model are that: 1 deformation is
Ž .assumed to be uniform within each grain; 2 interac-

tion between directly neighboring grains is not taken
Ž .into account; and 3 the macroscopic constitutive

Ž .relation 16 must be linearized in the vicinity of the
prescribed macroscopic stress. However, this model
presents the advantage of providing a good estima-
tion of polycrystal behavior at a relatively limited
numerical cost.

3.2. Comparison with experiments

The modelled mechanical response of a textured
polycrystal completely depends on the microscopic
rheological parameters, that is on the RRSS of each
slip system. Here, ice crystals are assumed to deform

� 4 ² :by dislocation glide on basal 0001 1120 , pris-
� 4 ² : � 4 ² :matic 0110 2110 , and pyramidal 1122 1123

systems. The RRSS of basal systems is adjusted so
that the model reproduces the viscosity of an isotropic

Ž .polycrystal i.e. the value of s , and the prismatic0

and pyramidal RRSSs are assumed to be 70 times
w xlarger than basal RRSSs 27,11 . These values, which

are in good agreement with the behavior of isolated
w xsingle crystals given by Duval et al. 18 , lead to the

best reproduction of the experimental behavior of
two strongly textured samples of the Vostok
Ž .Antarctica ice core deformed under uniaxial and
biaxial compression with different orientations of the
texture with respect to the prescribed deformation.

We shall now apply the VPSC model to the
Grenoble and Kitami experiments. Measured textures

Ž .of samples Fig. 1 were introduced in the model,
and calculations were carried out for conditions cor-
responding to a frictionless contact between the sam-
ple surfaces and the apparatus platen, i.e. with Ss
Ž .0,S ,0,0,0 . No boundary conditions were imposed2

on the strain rate D, which was determined exclu-
sively by numerical means. The relative axial devia-

< ) <toric flow stress S rs calculated with the model2 0

is plotted in Fig. 2b as a function of in situ depth.
Qualitatively, the VPSC model successfully repro-
duces experimental behaviors, with a gradually in-
creasing anisotropy to a depth of 2600 m, and a
slowly decreasing anisotropy below. Quantitatively,
we find very good agreement for all Grenoble exper-
iments, indicating that the model well reproduces the
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relation between texture and rheology. Poorer quanti-
tative agreement is obtained for the Kitami samples.

< ) <The minimal modelled value of S rs is 0.54, i.e.2 0

corresponding to an enhancement factor of only 12,
which indicates a higher directional viscosity than
the one determined experimentally. To explain this
discrepancy, the inaccuracies resulting from the as-
sumptions of the VPSC formulation cannot be com-
pletely disregarded. However, we found that the
VPSC model successfully reproduces the experimen-
tal viscosities of ice samples exhibiting different

Ž .textures Grenoble GRIP, Vostok, Law Dome and
Ždeformed under very different stress conditions un-

iaxial and biaxial compression, torsion, and torsion-
. w xcompression 27 . Therefore, we suggest that the

differential deformation in cloudy band layer ice, as
observed experimentally, which leads to a lower
viscosity and which is not taken into account in the
model, is likely to explain this discrepancy.

Fig. 2c presents the modelled deformation rates of
GRIP samples under the present experimental condi-

Ž ) 2tions. It shows the total shear strain rate D q3
) 2 .1r2D in the plane orthogonal to the compression4

axis, relative to the axial strain rate D). The shear2

strain rate of the Grenoble samples reaches high
Ž .values, with a maximum ;2.7 for G-2208. Such

values indicate that the Grenoble samples mainly
deform by shear in response to a compressive stress
S). This necessarily induces a considerable displace-2

ment of sample surfaces on the compression appara-
Žtus platen which should attain here 3 mm 1r10th of

.the sample diameter! . It is important to note that this
behavior is qualitatively model-independent, since it
has been found with two other very different
micro–macro models, namely the uniform stress and
uniform strain rate models. An effort should be made
in the future to measure this deformation experimen-
tally. The shear strain rate component of the Kitami
samples is much lower. This is a surprising result
since the texture axis deviated significantly from the
compressive axis. This point will be investigated
below.

At this stage, it is apparent that texture pattern
significantly affects the mechanical response of sam-
ples. Globally, a good agreement between experi-
mental and modelled rheology was found. Further-
more, the VPSC model shows that a significant shear
deformation appears while compressing Grenoble

samples, a feature that is not easy to understand
since natural texture patterns are complex. In the
next section, we investigate the rheology of samples
exhibiting ideal axisymmetric textures. This will en-
able us to show more precisely the sensitivity of
mechanical behavior to texture orientation.

3.3. Rheology of samples with axisymmetric texture

The advantage of studying the rheology of sam-
ples for which the texture exhibits particular symme-
tries is that the form of the strain rate tensor can be
qualitatively determined given the form of the pre-
scribed stress. For example, as shown by Canova et

w x Ž .al. 28 , a stress of the form Ss S ,S ,0,0,0 ap-1 2

plied on a sample exhibiting a texture that is axisym-
metric around the zX z axis leads to a strain rate of

Ž . Ž .the form Ds D , D ,0,0,0 , and Ss 0,0,S ,0,01 2 3
Ž .leads to Ds 0,0, D ,0,0 . Following Canova et al.,3

� 4 � 4we call the subspaces S ,S and S ‘‘closed’’.1 2 3
Ž .Note that for polar ices including GRIP , textures

Žreflect the whole in situ deformation history which
.is complex of the ice sample and thus never exhibit

strict symmetry. For GRIP ices, textures are approxi-
mately symmetric around the in situ vertical axis, but
� 4S ,S is not an approximately closed subspace at1 2

all, since the shear rate components D and D are3 4
Ž .far from negligible for Ss 0,S ,0,0,0 , as shown2

above.
We now consider a sample for which the texture

is axisymmetric around an axis that lies in the yz
plane, and we call d the angle between the zX z axiss

and this revolution axis. Thus, the yz plane is a
plane of symmetry, which induces the closeness of

� 4 w xthe S ,S ,S subspace 28 . The concentration of1 2 3

the texture is assumed to be similar to that of deep
GRIP samples. Fig. 3a shows, for example, the
texture corresponding to d s108. We shall now firsts

look at the sensitivity of the mechanical response on
the orientation of the texture with respect to the
prescribed stress, and then we will study the re-

Ž .sponse of two samples d s08 and d s108 de-s s

formed under various stress conditions.
For various values of d , we calculate the behav-s

ior of samples deformed under uniaxial compression
X

) Ž ) .in the z z direction, i.e. for S s 0,S ,0,0,0 . The2
� ) ) )4 )closeness of S ,S ,S implies that D takes the1 2 3

) Ž ) ) ) .form D s D , D , D ,0,0 . To express the orien-1 2 3
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Fig. 3. Response calculated with the VPSC model of a polycrystal exhibiting an axisymmetric texture, as a function of the angle d betweens

the revolution axis of the texture and the direction zX z of uniaxial compression.
Ž .a Texture corresponding to d s108.s
Ž . � ) )4b Direction of the strain rate vector in the S ,S subspace.2 3
Ž .c Relative axial flow stress.

tation of D) , we define the angle c between thed
) � ) )4projection of the vector D on the S ,S plane2 3

and the S) axis, as shown in Fig. 4. Results are2

plotted in Fig. 3. For Grenoble-like experiments
Ž .d f08 , we observe significant influence of textures

orientation on the orientation of the strain rate vec-
tor. The sample only deforms axially for d s08s
Ž .since c s1808 , but mainly deforms by shear ford

Ž ) ) .d s2.58 only since c s2408, i.e. D f1.7D .s d 3 2

The flow stress is also very sensitive to d . Wes
< ) < < ) <obtain S rs s2.40 for d s08, and S rs s2 0 s 2 0

1.40 for d s108, i.e. a 108 rotation of the textures

increases the enhancement factor by a factor of 8!
For natural GRIP ices, textures do not exhibit any
symmetry. Consequently, it is practically impossible
to conduct Grenoble-like experiments on GRIP ices
such that the shear deformation of samples is negli-
gible. Note that this shear deformation leads to ex-
perimental difficulties, since it induces a non-uni-
form distribution of axial stress on sample surfaces.
It is allowed only if special care is taken to avoid
friction between the sample surfaces and the appara-
tus platen. Different behavior is found for Kitami-like

Ž .experiments d f458 . For idealized test conditions,s

i.e. d s458, the sample only deforms axially. Ins

fact, as shown in Appendix A, this feature is not
necessarily observed for weakly textured samples.
No significant shear deformation appears for slight
variations of d around the 458 ideal value, and thes

flow stress is found to be only slightly sensitive to
d . Consequently, Kitami experiments on naturals

GRIP ices provide a good measurement of the direc-
tional viscosity corresponding to an in situ horizontal
shear combined with a horizontal uniaxial tension.

Fig. 4. The angles c and c express the orientation of S) ands d
) � ) )4 )D vectors in the S ,S subspace. D is normal to the2 3

equipotential surface f sconstant.
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Ž .For two different samples d s08 and d s108 ,s s

we now prescribe a stress state of the form S) s
Ž ) ) .0,S ,S ,0,0 , corresponding to the superposition of2 3

a uniaxial compression in the zX z direction and a
shear in the yX y direction. We define the angle c , ins

a similar way to c , to express the orientation of thed
) Ž .stress vector S Fig. 4 . Fig. 5a shows how the

angle c varies with c , for both samples. Ford s

d s08, we distinguish two different domains for thes

mechanical behavior. The first domain corresponds
to 158Fc F1658, i.e. to stress states for whichs

S) GS)r4. We find that 838Fc F968, indicating3 2 d

that D) G8 D). Here, the direction of D) varies3 2

only slightly with the direction of S) , and the
sample hardly deforms axially. In the second do-
main, corresponding to y158Fc F158 and 1658Fs

Ž .c F1958 i.e. mainly axially stressed samples , as

very different behavior is found. The direction of the
strain rate is highly sensitive to the direction of S).
A variation of the applied stress direction of only 308

leads to a drastic change of ;1808 in the strain rate
Ždirection i.e. leads to roughly the opposite strain
.rate vector . Note that such a behavior cannot be

obtained by introducing an enhancement factor in the
isotropic Glen flow law, since, in that case, the S)

and D) vectors are necessarily parallel, i.e. c ands

c are equal. For d s108, a globally similar behav-d s

ior is obtained, but one important difference arises:
� ) )4 � )4none of the S ,S and S subspaces are closed.1 2 3

For example, when performing a stress-imposed shear
Ž .test i.e. for c s908 , c s738, indicating a signifi-s d

Ž . Xcant axial deformation extension in the z z direc-
tion. Similarly, when performing a strain-imposed

Ž .shear test i.e. for c s908 , c s1568, indicating ad s
Ž . )significant compressive axial stress S . According2

to Fig. 5b, these two shear tests lead to significantly
different flow stresses. We find S)rs s0.55 for3 0

c s908, but S)rs s0.86 for c s908. The en-s 3 0 d

hancement factor deduced from testing under the
Žlatter conditions which correspond to the experi-

w x w x.ments of Lile 29 and Russel-Head and Budd 30
is ;6 times lower than that deduced from the first
test conditions. This feature is not observed for

� )4d s08 owing to the closedness of S . We can alsos 3

show that torsion tests, as performed up to now in
Grenoble, are not ideal tests for strongly textured
samples. Indeed, in the case of torsion, the pre-
scribed shear stress does not have a constant orienta-
tion with respect to the sample axes. Since the
torsion axis is generally not a revolution axis for the

Fig. 5. Response of polycrystals exhibiting axisymmetric textures of similar concentration, calculated with the VPSC model for d s08 ands

d s108.s
Ž . ) � ) )4a Direction of the D vector in the S ,S subspace.2 3
Ž . ) )b Evolution of S rs and S rs components with the angle c .2 0 3 0 s
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texture, a heterogeneously distributed axial strain
Ž .andror stress should appear within the sample.

Ž .To sum up this subsection, it is found that: 1 no
subspace can be assumed to be closed for natural ice
samples exhibiting an approximately axisymmetric

Žtexture samples sometimes deform in a direction
that is very different from the direction of the pre-

. Ž .scribed stress ; and 2 the behavior of strongly
Žtextured polycrystals is extremely sensitive respec-

.tively poorly sensitive to the orientation of the
texture with respect to the prescribed stress when the

Ž .sample is in ‘‘hard glide’’ resp. ‘‘easy glide’’
orientation. These features can induce significant
inaccuracies on results of mechanical tests if special
care is not taken. In the next section, we qualitatively
estimate the influence of ice anisotropy on the
large-scale flow in the vicinity of the GRIP drill site.
Since ice textures are assumed to be axisymmetric
around the in situ vertical axis, results presented
below are to be taken only as a first approximation
of what anisotropy can do.

4. Influence on in situ flow

We will now use the large-scale ice flow model of
w xMangeney et al. 13,14 to calculate the flow of ice

in the vicinity of the GRIP drill site. This 2-dimen-
sional model does not use the shallow ice approxi-
mation generally adopted in glaciology, which is
based on the existence of a small aspect ratio in ice
sheet geometry. The model presents the particularity
of completely solving the set of stress equilibrium
and incompressibility equations, which renders it
applicable to any ice sheet and bedrock topography.
Furthermore, it takes into account an anisotropic

w xconstitutive relation, developed by Lliboutry 15 ,
which describes the macroscopic behavior of the ice
for a given texture, but not the texture development
with the deformation history. This constitutive rela-
tion is applicable to ices with axisymmetric textures.
It is based on a homogenization method, assuming a
uniform stress within the polycrystal, and is used

Ž .here in the case of Newtonian viscosity ns1 . It is
worth pointing out that uniform stress models do not
take into account intergranular interaction effects, as

w xthe VPSC model does. According to Mangeney 31 ,
Lliboutry’s constitutive relation underestimates the

anisotropy of polar ices, since the enhancement fac-
tor of strongly textured samples varies by less than
one order of magnitude with the direction of the
prescribed stress, instead of more than two orders of
magnitude as observed experimentally. The large-
scale flow model was applied along the GRIP–GISP2
flow line, for a prescribed temperature field, bedrock

Žtopography, and accumulation rate those measured
.in situ , under steady-state conditions, and with no

sliding at the ice sheetrbedrock interface. Textures
are assumed to be axisymmetric around the in situ
zX z vertical axis, and the texture concentration input
in the model was fitted to reproduce the steady
texture development measured at GRIP. It is worth

Ž .emphasizing that: 1 the texture patterns are not
Ž .updated with the calculated velocity field; 2 the

250 m thick layer of warm recrystallized ice, which
exhibits a less anisotropic behavior, is not taken into

Ž .account; and 3 the temperature field is not calcu-
lated. Due to these simplifications and to the particu-
lar texture symmetry we assume, results cannot
presently be used for comparison with observations.
However, comparison of the flows calculated with
isotropic and anisotropic constitutive relations leads
to interesting remarks.

Ž XThe calculated shear strain rates D x x is thex z
.horizontal axis are plotted in Fig. 6 for both isotropic

and anisotropic cases. We see that in the vicinity of
the GRIP drill site, the isoline D s0 has a morex z

sinuous shape in the anisotropic case, and that D isx z

generally not zero along the GRIP bore hole. Near
the bedrock, for y10 kmFxF10 km, isolines ob-
tained in both isotropic and anisotropic cases are far
from being superimposed. Farther from the GRIP
drill site, the isolines are flatter in the anisotropic
case. Note that these features should be more marked
with a constitutive relation that does not underesti-
mate ice anisotropy.

Let us now use the conclusions of previous sec-
tions to explain these results. Anisotropic flow is
calculated here for conditions d s08 which corre-s

sponds, as shown above, to an idealized case. The
ice only deforms axially along the D s0 isoline.x z

On the other hand, ice is strongly anisotropic in the
last 1000 m of the ice sheet. Along the D s0x z

isoline, the deep ice is thus stressed in conditions for
which the strain rate direction is highly sensitive to
the stress direction, as shown in Section 3.3. Further-
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Ž y4 y1.Fig. 6. Isovalues of the shear strain rate D in 10 yr in a vertical section of the GRIP–GISP2 flowline, calculated with both anx z
Ž . Ž .isotropic – P – and an anisotropic ––– constitutive relation.

more, the irregular bedrock topography locally influ-
ences the stress field, particularly in deep layers.
Therefore, in deep ice layers of the ice divide region,
the direction of the strain rate is highly sensitive to
the bedrock topography, and a large shear strain rate
may appear even exactly below the summit of the ice
sheet where the shear stress is expected to be small.
In a similar way, the strain rate direction is expected
to be highly sensitive to the orientation of the texture
Žwhich may also be influenced by the bedrock topog-
raphy since the bedrock locally modifies the defor-

.mation path of the ice with respect to the in situ
vertical axis. The flow of deep ices in the ice divide
region is thus characterized by a high sensitivity
which probably makes it quite complex. For exam-
ple, a slight migration of the ice sheet summit due to
some climatic changes, as studied by Anandakrish-

w xnan et al. 32 , could lead to a drastic change in the
flow pattern. This complexity of the flow should
increase the difficulty of interpreting climatic data
measured along GRIP-like cores. In particular, it

could enhance mixing in deep ice layers, i.e. disturb-
ing the stratigraphy.

Farther from the ice divide, the horizontal shear
stress is dominant in deep layers. The strain rate
direction is thus only slightly sensitive to stress
direction, as shown in Section 3.3. Consequently,
bedrock topography should have little influence on
strain rate direction, i.e. on the flow pattern. Simi-
larly, texture orientation has much less influence on
flow than in the ice divide region. This feature is

Ž .likely to explain at least partly why the stratigraphy
of deep layers is not disturbed over more than 50 m
above bedrock at Dye 3, where ice flows essentially
by shear over an irregular bedrock with 500 m high

w xrelief 33 , and why the stratigraphy is disturbed
w x300 m over bedrock at GRIP and GISP2 34 , where

ice was initially thought to flow mainly vertically
downwards, i.e. where the flow was thought to be
less influenced by the bedrock.

Therefore, the flow of ice in the ice divide region
cannot be accurately modelled without a constitutive
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relation that precisely describes texture development
with deformation history. In particular, this constitu-
tive relation should take into account the influence of
all dynamic recrystallization regimes on texture de-

w xvelopment 9 . At present, such a relation is not
available.

5. Conclusions

We have presented results of several experimental
tests performed in two different laboratories
ŽLGGE-Grenoble and Kitami Institute of Technol-

.ogy on GRIP ice samples. These tests make it
possible to estimate the directional viscosities corre-
sponding to a nearly vertical in situ compression and
to an in situ horizontal shear combined with a hori-
zontal uniaxial tension. We observe a gradually in-
creasing anisotropy from 1000 down to 2600 m depth,
and a slightly decreasing anisotropy below. A quali-
tative correlation between rheology and texture con-
centration has been found. In horizontal shear, GRIP
ices are surprisingly soft, probably due to the differ-
ential flow in cloudy band layer ice. We have used

Ž .the ViscoPlastic Self-Consistent VPSC model to
describe the instantaneous behavior of textured sam-
ples in a more general way. This model makes it
possible to estimate all components of the strain rate
tensor under experimental conditions, and to exam-
ine the sensitivity of the mechanical response to
specific texture parameters. The model well repro-
duces the qualitative dependence of the rheology of
GRIP samples on the texture, whereas an excellent
quantitative agreement was found with the tests per-
formed under Grenoble-like test conditions. We have
shown that under these conditions, samples mainly
deform by shear in response to a compressive stress.
This shear deformation is due to a slight misorienta-
tion of the texture axis with respect to the compres-
sion axis. Under Kitami-like tests conditions and for
strongly textured samples, the ice mainly deforms
axially. The latter test conditions therefore give lower
experimental inaccuracy, as compared for example to
torsion tests, when estimating the directional viscos-
ity corresponding to an in situ horizontal shear.
Finally, we applied a large-scale flow model to
Central Greenland to understand how anisotropy may
really influence the flow in ice sheets. Owing to the

particular behavior of anisotropic ices and to the
prescribed stress regime, the flow of ice in the ice
divide region is expected to be extremely sensitive to
bedrock topography, texture orientation, and position
of the ice sheet summit. Such a feature is not found
far from the ice divide. The complexity of the flow
near the ice divide could largely help the formation
of stratigraphic disturbances. One should then expect
that climatic data measured in the deepest part of ice
cores drilled near an ice divide region cannot be
dated or interpreted with present large-scale flow
models. Consequently, ice divide regions are proba-
bly not the most appropriate drill sites. The under-
standing of the influence of ice anisotropy on flow in
ice sheets is essentially limited at present by the lack
of a complete anisotropic constitutive relation that
describes texture development in a general way, in
other words for all deformation and recrystallization
regimes observed in ice sheets.
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Appendix A. Deformation of d s458 sampless

We consider a sample exhibiting an axisymmetric
texture corresponding to d s458, and we deform its

under uniaxial compression in the zX z direction.
These conditions correspond to idealized Kitami ex-

Ž 1 1 1.periments. We define the reference frame Ox y z
Ž 1. Ž . Ž 1.such that Ox s Ox and that Oz is the revolu-

Ž .tion axis of the texture Fig. 7 . According to Canova
w x � ) ) )4 � )1 )14 � )14et al. 28 , S ,S ,S , S ,S , S , and1 2 3 1 2 3
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Ž .Fig. 7. The Oz axis corresponds to the compression axis, and
Ž 1.Oz to the revolution axis of the texture.

� )1 )1 )14S ,S ,S subspaces are closed. The applied1 2 3
Ž .deviatoric stress along the Oxyz axes:

yS r2 0 033

0 yS r2 0Ss 18Ž .33

0 0 S33

Ž 1 1 1.reads in the Ox y z axes:

y2S r2 0 0331
1 0 S y3SS s 19Ž .33 334

0 y3S S33 33

1 Ž 1 1 1 . 1i.e. has the form S s S ;S ;S ;0;0 . Thus, S cor-1 2 3

responds to superimposing a shear stress S1 with a23
Ž 1.uniaxial tensile stress in the Ox direction. Since

� )1 )1 )14 1S ,S ,S is a closed subspace, D takes the1 2 3
Ž 1 1 1.following form in Ox y z :

1D 0 011

1 11 0 D DD s 20Ž .22 23

1 10 D D23 33

with D1 qD1 qD1 s0, and therefore reads as11 22 33
Ž .follows in Oxyz :

12 D 0 0111
1 1 1 10 2 D yD D yDDs 23 11 33 222

1 1 1 10 D yD y2 D yD33 22 23 11

21Ž .

If the texture of the polycrystal is sufficiently
concentrated, then the sample hardly deforms axially

Ž 1 1 1.in the Ox y z axes as compared to the case of
shear parallel to the y1z1 plane. Since all non-zero
components of S1 are of the same order, D1 compo-ii

nents are at least one order of magnitude lower than
D1 , leading to negligible values of D sD1 yD1

23 23 33 22

as compared to D s2 D1 yD1 or D sy2 D1
22 23 11 33 23

yD1 . Therefore, a d s458 sample mainly deforms11 s

axially in response to a compressive stress if its
texture is sufficiently concentrated.
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