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Abstract

The study of the distribution of the crystallographic orientations (the fabric) along ice
cores supplies information on the past and current ice flows of ice-sheets. Beside the
usually observed formation of a vertical single maximum fabric, the EPICA Dome Con-
cordia ice core (EDC) shows an abrupt and unexpected strenghtening of its fabric dur-
ing termination Il around 1750 m depth. Such strengthenings were already observed
for sites located on an ice-sheet. This suggests that horizontal shear could occur along
the EDC core. Moreover, the change in the fabric leads to a modification of the viscosity
between neighbouring ice layers. Through the use of an anisotropic ice flow model, we
quantify the change in viscosity and investigate its implication on ice flow and dating.

1 Introduction

Ice core studies provide a large set of paleoclimatic data over the last hundreds thou-
sands years. They record climate signals such as temperature, as well as forcing
factors such as greenhouse gas concentrations ( , ;
, ). Since absolute dating technics
for deep Antarctic ice cores are not available so far, climatic interpretations of ice core
records are deeply dependent on the accuracy of ice flow models to relate the depth
of ice to its age. Thus, a better understanding of ice rheology is at the root of ice core
dating improvement.
Ice is an aggregate of crystals with hexagonal structure (ice Ih). The orientation of
each crystal can be specified by its ¢ axis, which is orthogonal to the basal planes.
Deformation occurs mainly by dislocation glide along basal planes confering an out-

standing anisotropy to the ice crystal ( , )- Due to this anisotropy, c-axes
rotate during deformation towards the direction of compression and away from the ten-
sional direction ( , ). The c-axes distribution (refered

to as fabric in what follows) is a consequence of the strain-rate history experienced
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by ice during its journey from the ice sheet surface ( , ). However, three re-
crystallization processes are believed to occur in ice-sheets, and their effect on texture
cannot be neglected ( , ). Normal grain growth, driven by the decrease of the
total grain boundary energy within the material leads to a linear increase of the mean
grain area with time. Few hundreds meters below the surface, different parts of a grain
can experience different stresses, leading to the organization of dislocations into walls
(polygonization) and ultimately to the splitting of the grain into new smaller grains. This
mechanism, known as rotation recrystallization is believed to slow down fabric strength-
ening under uniaxial compression ( , ). Finally, for the very bottom
part of ice-sheets, where temperature is roughly higher than —10°C, nucleation of new
grains is associated with a rapid migration of grain boundaries. With this migration
recrystallization process, the orientation of grains reflects the stress state. In this last
case, fabric no longer reflects the strain history of the considered ice layer.

As a matter of fact, the development of fabric and the strong anisotropy of the ice
crystal confer to the polycrystalline ice a strain-induced anisotropy which will affect the
flow of ice ( , ; , ;
et al,, ). Moreover, as shown by ( ), even for a perfectly
symmetric dome, a small misorientation of the fabric induces a non-zero horizontal
shear strain-rate under a dome. Consequently, fabric evolution must be taken into
consideration to improve our understanding of ice flow.

New measurements of the texture have been made along the EPICA Dome C (EDC)
ice core across Marine Isotope Stages (MIS) 5 and 6 (from 1500 down to 2000 m depth)
and are presented in Sect. ~. A discontinuous evolution of the fabric is observed within
this interval, as a strong and significant strengthening of the fabric appears during
Termination Il. Such a strengthening has already been reported for sites located on a
flank but is unexpected for a dome ( : )- A local higher order anisotropic
ice flow model briefly described in Sect. = attempts to explain the possible origins of
the observed fabric heterogeneities (Sect. /) as well as their implication on the ice flow
and dating (Sect. ).
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2 Measurements
2.1 New measurements of the fabric along EDC

Within the framework of the European Project for Ice Coring in Antarctica (EPICA), a
deep ice core has been drilled at Dome C (75°06’ S, 123°21' E), reaching a depth of
3270.20 m during the 2004—-2005 field season. The measurements of the fabric down
to 1500 m have been reported by ( ). Fabrics evolve from quasi-random
at the surface toward broad single-maxima with increasing depth. Such an evolution
has already been observed along the GRIP (Greenland, : )
and Dome F (DF, Antarctica, , ) cores. Such single-maximum forma-
tion is characteristic of uniaxial compression which is the main deformation mechanism
at a dome ( : )

On Fig. | are shown the evolution of measured parameters (deuterium and dust con-
tent) along EDC within the interval 1500—-2000 m. Note that our plots will be described
with increasing depth, i.e., opposite of the historical succession of events. New vertical
(parallel to the core axis) thin sections sampled each 11 m between 1500 and 2000 m
have been prepared using standard procedures, and fabrics as well as microstructures
(i.e. the grain boundaries network) have been measured using an Automatic Ice Texture
Analyzer. As suggested by ( ), the essential features of an orientation
distribution can be characterize through the use of the second-order orientation tensor
a® defined as:

Ng
a® =3 f,ck e ck, (1)
k=1
where ¢c” is the c-axis orientation of the grain k and f, is the corresponding volume
fraction of the grain. By construction, a? is symmetric and there exists a symmetry
reference frame, in which a?is diagonal. af.z) (/=1, 2, 3), arranged in decreasing order,

denote the three corresponding eigenvalues. The eigenvalues of a® corresponds to
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the length of the axes of the ellipsoid that best fits the density distribution of the crys-

tal ¢ axes. As examples, a random fabric will have a(z)sima(z) a(32)~1/3, whereas a

1 2~
(12)>>a(22)~agz)~0 + €>0. The mean grain

(crystal) radius (R) and the three eigenvalues af.z) (7=1,2,3) are also presented on

Fig. 1. Details on the calculation of (R) and a® can be found in Durand et al. (2006).
In relation with an increased aridity of surrounding continents and a more intense at-
mospheric transport, cold periods in Antarctica are characterized by much greater dust
fallout compared to interglacials (see Fig. 'a) ( , ).
High insoluble impurities content decreases the grain growth rate owing to the pinning
of grain boundaries by dust particles. This pinning effect can quantitatively explain
the concomitant decrease of (R) with the climatic transition MIS5-MIS6 (see Fig. 'b)

( : )- In phase with the decrease of (R), a(12) significantly increases
(see Fig. 'c). All together, we observe a sharp change of the texture at termination II:
smaller crystals and strengthened fabrics in glacial ice with respect to interglacial ice.
Note that such a change has not been observed in the upper part of the core during
the previous climatic change (i.e. Termination ). It is also worth mentioning that a sig-
nificant decrease of a(12) is observed below 1680 m and a 60 m thick layer presents less

concentrated fabrics than the surrounding layers (see Fig. '). This layer corresponds
to the maximum of stadial 5.5.

strong single maximum fabric presents 1>a

2.2 Comparisons with GRIP and DF data

In what follows, we will compare the present results with those of the GRIP and DF
cores. Glaciological context at the drilling sites are summarized in Table '. According
to ( ) if ice is only submitted to uniaxial compression the strain-
induced fabric is only a function of the cumulative strain €, related to the thinning func-

tion as e,, = thinning—1. On Fig. -, a(12) measured along EDC has been plotted as a

function of €,, (red symbols). The evolution along EDC is compared to measurements
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obtained along the DF (blue symbols) and GRIP (black symbols) cores also plotted as a
function of their respective e,,. As a consequence of higher strain rate at GRIP, rotation
recrystallization is more effective and counteracts normal grain growth (

et al., ). Indeed, recrystallization rates have been estimated for GRIP and EDC
and expressed as the time needed to subdivide a grain into two parts: 2000 years
for GRIP ( , ) and 12000 years for EDC ( , )

Despite the fact that recrystallization rates are different between these two sites, the
overall agreement between the datasets shown on Fig. ~ indicates that the fabric still
reflects the cumulative strain. Note however that, below termination Il (¢,,<-0.63) and
for a given strain, GRIP and DF fabrics fit nicely, whereas EDC fabrics are slightly more
clustered.

However, details of the fabric evolution between these sites are different. As pointed
out in Table ', EDC and DF have very similar surface conditions, and termination ||
is present approximatively at the same depth for both cores (1750 m for EDC and
~1800m for DF). Despite such similarities, the DF fabric record shows the opposite
pattern in its evolution at the termination Il: DF fabrics are weakened during MIS6.
Note that such a weakening was also reported for termination I, and for the transition
between MIS3 and MIS4 ( , ). This corresponds to the blue circles
pointed by arrows on Fig. ~. ( ) proposed the following explanations:
(i) under low temperature and low deviatoric stress, diffusional creep rate, which do not
contribute to c-axes rotation, becomes comparable with dislocation creep rate (ii) high
recrystallization rate enhances the rotation recrystallization which should weaken the
c-axes concentration. Clearly, these explanations have to be reconsidered in the case
of the EDC core. On the other hand, the GRIP fabric evolves steadily, even during
Termination | around 1600 m. Then for 3 dome sites, we have 3 kinds of the evolution
of fabric at climatic transitions: (i) no remarkable change, (ii) a strengthening or (iii) a
weakening.

It is also worth mentioning that DC and DF datings present a slight disagreement
during stadial 5.5. As far as it is understood so far, the thickness of annual layers during
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stadial 5.5 is underestimated along EDC and/or overestimated along DF (Parrenin,
2006a ). If we suppose that the discrepancy is caused by the EDC thinning function
(i.e., accumulation estimations along EDC are correct and DF dating is correct too),
this corresponds to an overestimation of the thinning during stadial 5.5. To correct
from this possible overestimation of the thinning, corresponding data on Fig. ~ (red
circles with €,,~—0.62) would have to be moved to the left on the plot. In this case,
these points would be in a better agreement compared to other measurements. Such
kind of exercice could give precious indications on futur improvement of dating charts
during stadial 5.5.

After a brief description of the local higher order anisotropic ice flow model we are
currently using, we will discuss the possible origins and the implications of the fabric
clustering observed at Termination Il along the EDC core.

3 A local ice flow model

In this section, we present briefly the anisotropic ice flow model used in order to sim-
ulate both the rheology and the fabric evolution at EDC. It is made up of a constitutive
equation for the anisotropic behaviour of the ice polycrystal as a function of its fabric,
an equation for the evolution of the fabric as a function of the strain-rates and devia-
toric stresses experienced by ice, and a finite element code to solve the equations that
govern the anisotropic ice flow. Details on the model and its applications can be found

in ( : )-
3.1 Anisotropic behaviour

As mentioned in the introduction, existence of non-randomly distributed fabrics leads to
anisotropic behaviours, so that Glen’s flow law generally used for ice sheet modelling

"Parrenin, F.: Dating of the EPICA Dome C ice core, Clim. Past, this issue, in preparation,
2006.
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does not hold anymore. . B
To relate the deviatoric stresses S to the strain-rates D we use the General Or-
thotropic Linear Flow law (GOLF) ( , , ):

3
S =1y ) [, tr(M, D)M, + 7i,,5(D.M, + M, .D)°|, )
r=1

where

- o is a reference viscosity,

- the GOLF parameters, 77, and 7,5, (r=1, 2, 3), are six dimensionless viscosities rel-
ative to 75, which depend on the fabric strength,

- M, are the three structure tensors given by the diadic product of the three basis vec-
tors of the orthotropic reference frame %e,®°%,, (r=1,2, 3).

A linear behaviour is sound in central parts of ice sheets where the order of mag-
nitude of the deviatoric stress is very low, so that a stress exponent less than 2 and
possibly close to 1 is expected ( , X , ;

, )-

In practice, the measured fabrics are not far from orthotropic symmetry and a good
estimate for the orthotropic reference frame is given by the eigenframe of the second
order orientation tensor.

For an isotropic fabric, the GOLF reduces to

§ =21,D, (3)

which is the Glen’s flow law with a stress exponent equal to 1. Consequently 7 is the
viscosity of isotropic ice conveniently choosen as 1j,=1/B;, where B, is the tempera-

ture dependent fluidity parameter generally used in Glen’s law
Q1 1
S(=—-=)

B,(T)=B(T,)e To T (4)
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where B(T,) is a reference fluidity at temperature 7,, R the gas constant and Q is the
activation energy, equal to 60 kJ mol~" for temperatures less than —8°C (
Duval, ).

The six dimensionless viscosities 7; (/=1,2,...,6) are tabulated as a function of
the two independent eigenvalues of the second order orientation tensor using a self-
consistent model ( , ; , ). The linear
grain behaviour is such that a grain deforms 25 times faster by shear parallel to basal
plane compared to shear orthogonal to the basal plane. Moreover, the viscosity of a
grain under compression is the same whatever the direction. With such behaviour of
the grain, the viscosity of a polycrystal with an isotropic fabric is 10 times larger than
the shear viscosity perpendicular to the mean direction of a one single maximum fabric
polycrystal. This value is in agreement with experimental results obtained by
etal. ( ).

3.2 Fabric evolution

Following ( ), the material derivative of a®is expressed as:
Da®  _ - - - -
b w.a® - a@P w - (.a® +a?.Cc)+2a%:C, (5)

where a¥ is the fourth order orientation tensor, W is the rotation rate tensor, Cisa
tensor, homogeneous to a strain-rates, such as:

C=(1-a)D+aSy/2, (6)

where y is the fluidity for shear parallel to a grain basal plane, and a is a scalar in-
teraction parameter. A constant value a=6.15x10'2, allows to fit the results of the
self-consistent model with the grain behaviour used in this work.
To close these equations, the fourth order orientation tensor a is assumed to be a
function of the second order orientation tensor. The adopted closure approximation is
1195
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the so called “invariant based optimal fitting closure approximation” proposed by
and Kwon ( ) and adapted to the ice by ( )-

3.3 Ice flow model

The equations presented above have been implemented in the finite element code
Elmer ( ). For the gravity driven ice flow we solve the set of the
Stokes equations, i.e., the equation of continuity for ice considered as incompressible
and the conservation of momentum, neglecting inertia terms. The constitutive equation
forice is given by (~). The equation for the fabric evolution is given by (~), and the model
allows also to calculate the free surface elevation. More details on the numerics can
be found in ( ).

4 Possible origins of the observed strengthening of the fabric
4.1 Change in recrystallization processes

As mentioned in the introduction, recrystallization processes affect the fabric and a
change in their relative contribution during climatic transitions could be envisaged.
Therefore, one has to study if such modification of recrystallization rate could explain
the observed fabric strengthening.

Normal grain growth affects the size of the grains, but does not change their crys-
tallographic orientations ( ) ). Changes in normal grain growth rate between
glacials and interglacials are obvious (i.e. change of the grain size), but it should not
be at the root of the observed change in the fabric.

Rotation recrystallization divides crystals in subgrains and is believed to oppose fab-
ric concentration in compression ( , ). Fine-grained ice with high
impurities content is believed to enhance the rotation recrystallization ( ,

). This should lead to a weakening of the fabric in glacial ice. As mentioned
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previously, this hypothesis was invoked by ( ) to explain the Dome F
observations.

In the studied depth range, temperature increases from —38° at 1500 m to —30° at
2000 m: migration recrystallization should not occur as temperatures are much below
—-10°C. Moreover migration recrystallization produces large interlocking grains (
and Castelnau, ), and the c-axis pattern is a circle gridle at about 30° from the
compression direction ( , ). This has not been observed
along the EDC core.

Whatever the recrystallization process, and even if the recrystallization rates could
change depending on the considered climatic period, this could not explain the fabric
strengthening during termination Il along ED C.

4.2 Change in the initial fabric at the time of deposition

It is usually postulated that the fabric is isotropic at the surface of the ice-sheet. This is
mainly based on the extrapolation of measurements made at firn-ice transition (around
100m along EDC). However ( ) have measured some sections

already clustered at 22 m depth along the Siple Dome core (a(f)zo.55). If, depending
on conditions at the time of depositions that can influence the snow microstructure
(altitude, type of precipitation, wind stress, change in ice flow...), a slight change in the
initial fabric occur, could this have an impact on the fabric thousands of years later?

In order to test this hypothesis, we have calculated the evolution of the second or-
der orientation tensor for a compression along direction 1, assuming different initial
fabrics (and using Egs. © and ). The test is such that the only non-null strain rates
are Dy,<0, D33=—-0.72D,, and D,,=-0.28D,,. Note that the indices correspond to
the indices of the eigenvalues of the second order orientation tensor, arranged in de-

creasin i [ [ [ (@)
g order. Since the eigenvector corresponding to the eigenvalue a;” does not
deviate from the vertical for more than few degrees, this test corresponds approxi-

matively to an in-situ vertical compression. The ratio between the two lateral strain
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rates Dy5/D.,~2.57 is in accordance with the shape of the dome ( ,

) and ( ) theory on the topology of ice-sheet centers. Compared to the
data, the self-consistent model predicts a too fast concentration of the fabric. This re-
sult is attributed to the effect of the rotation recrystallisation on the fabric development
in compression ( : ). To take into account this effect on our model
and slow down the fabric concentration, we use a value of the interaction parameter
a in (©) lower than those which allows to fit the results of the self-consistent model
(i.e., a=6.15x10’2). A good accordance between the model and the data is found with
a=0.01 in (¢). Four runs were performed with different initial fabrics defined by the

following triplets (3(12), a?, a(32)>: (0.35, 0.35, 0.30), (0.40, 0.325, 0.275), (0.45, 0.30,

0.25), (0.50, 0.275, 0.225).
Results of the model have been plotted together with the evolution of 352) along EDC

on Fig. =. The general evolution of the three eigenvalues of a® is well reproduced by
the model with the initial triplet for the fabric equal to (0.45, 0.30, 0.25). This result
indicates that the general trend of the thinning function is probably good and that the
shape of the dome probably did not change significantly with time. Figure = shows
that a change in the initial fabric is still observable even after a strain e,,= — 0.7, and
that almost all the data can be repoduced by the model depending on the initial fabric.
However, at this stage, this hypothesis is still speculative and raises more questions
than it solves: (i) what are the mechanisms responsible of fabric clustering in the very
top part of ice-sheets and are they changing with surface conditions, (ii) could these
mecanisms lead to a different behaviour between EDC and DF? These points need to
be clarified in the future by making accurate measurements of fabric at the very top
part of ice sheets at different locations.

4.3 Change in the shape of the dome

With our model for the fabric evolution (see Eq. ©), the fabric is only a function of the
cumulative strain as far as ice is only submitted to compression and as far as the ratios
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between the diagonal terms D;; of the strain-rate tensor are constant with time. If
we assume that the dome did not move in the past, and that ice is always and only
submitted to compression during its journey, then fabric heterogeneities could only be
explained by a change in the ratio D22/D33. For the upper part of the ice core, this
ratio is mostly governed by the shape of the dome. At larger depth, D,, /D5, is affected
by the bedrock topograhy. According to ( ), in the vicinity of EDC,
below approximatively 2000 m the structure of the ice sheet is controlled by subglacial
topography and former flow.

Therefore, due to the change of the shape of the dome or to bedrock influences, even
if compression only occured, each layer could have been submitted to its own strain-
rate history, which is different of the strain-rate history experienced by the other layers.
A part of the differences between the data and the model in Fig. = could be attributed to
this effect. But because extrusion flow is not possible (I'/v¢, ), the vertical profile of
the diagonal strain-rates has to be continuous so that the difference on the strain-rates
between two adjacent layers must remain small. Thus, the strengthening of the fabric
can not be attributed entirely to this effect.

4.4 Change in the viscosity of ice related to climate

As mentioned in the introduction, it is not the first time that a sharp strengthening of
fabric in relation to a climatic transition is observed along an ice core. Such observa-
tions have been reported for the following sites: Camp Century ( ,
), Byrd ( , ), Dye3 ( , ), GISP2 (

etal., ) and a review has been proposed by ( ). However these sites
are located in flank regions where horizontal shear is largely predominent.

( ) proposed a mechanism to explain such enhancement of the fabric: (i) under
horizontal shear a single vertical fabric is formed. (ii) Owing to smaller grains and
higher impurities content in the ice-age ice, recrystallization is enhanced leading to a
strengthening of the fabric. Note that the consequence of rotation recrystallization on
fabric is quite unclear: it is believed that this process spreads the fabric under compres-
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sion ( , ), whereas ( ) argues that it could cluster the
fabric under shearing. This would have to be clarified in the future. However, the im-
portant point in the Paterson’s theory is the presence of an initial difference in shear
viscosity between layers. Such a difference could also be explained by a difference in
grain size or in impurities content (see also discussion in Sect. © 7). Then we have a
positive feedback: strengthened fabric is easier to shear leading to more strengthened
fabric. However, this scenario should not hold any more, when we approach a dome
as horizontal shear becomes negligible in comparison to compression.

Consequently, such a scenario could be envisaged for EDC, only if shear is occur-
ring. Many indications lead to believe that it is not unrealistic. First, actual ice caps are
usually not symmetric, because of the bedrock topography and/or the accumulation
pattern, thus the flow center, i.e., zero horizontal velocity, is not inevitably co-located
with the highest surface elevation. Moreover, from ( ), an hori-
zontal shear strain rate could be observed even exactly below an ice divide where the
shear stress is expected to be small. Near an ice divide, the strain rate direction is
highly sensitive to the stress direction when ice is anisotropic. A slight deviation of
the mean symmetry axis of the texture in relation to the symmetry axis of stresses
can induce a significant shear strain rate. The isoline corresponding to the absence
of shear strain rate has a sinuous shape just below the GRIP site in Greenland as
shown by ( ) and ( ). Fur-
thermore, the location of the dome could have moved in the past, and it has been
shown that shear becomes rapidly predominent with increasing distance from a dome,
especially with anisotropy ( , ). Finally, observations have shown
some evidences of the occurence of shearing along EDC. The microstructure geome-
try indicates that shear could occur even in the upper part of the core ( ,

), and ( ) concludes from radio-echo-sounding that ice below
about 1000 m has experienced horizontal shear. Borehole measurements in the com-
ing years would be crucial to quantify properly the amount of shear along EDC. We will
further discuss this shearing-hypothesis in Sect. ©. Using the local flow model, we will

1200

2,1187-1219, 2006

Change of the
rheology of ice

Durand, G. et al.

Title Page
Abstract Introduction
Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/2/1187/2006/cpd-2-1187-2006-print.pdf
http://www.clim-past-discuss.net/2/1187/2006/cpd-2-1187-2006-discussion.html
http://www.copernicus.org/EGU/EGU.html

10

15

20

look at the consequences of a fabric strengthening on the ice flow in the vicinity of a
dome.

Finally, it is worth mentioning that the current dating model is based on the assump-
tion that the shape of the vertical velocity profile is fixed with time (Parrenin et al.,
2006b"). However, this assumption is not verified if the shape/location of the dome has
change with time. Then, the observed strengthening of the fabric could be explained
by an underestimation of the thinning function.

5 Consequence of the strengthening of the fabric
5.1  Termination Il: a change in ice rheology

According to ( ), the enhanced strain rate in glacial ice can be ex-
plained by a combination of fabric and grain size effects. Variations in dust and impuri-
ties content from glacial to interglacial periods may also play a role in the ice viscosity
but the additionnal enhancement factor is actually difficult to estimate. According to
( ) these variations directly influence the ice viscosity but for
( ), the difference of the ice viscosity between glacial and interglacial periods is
more related to the grains size effects. Here, by the help of the orthotropic flaw law
(), we first estimate the contribution of the fabric strengthening during termination Il
before using ( ) results to estimate the part attributed to the grain size
variations. We will neglect the potential effect of impurities. Note, however, that their
possible contribution would increase the calculated enhancement factors.
We investigate the response of ice, in the orthotropic frame, to : (i) a uniaxial com-
pressive test defined by Dy, = —2D,,=—2D4,<0 and (ii) two shear tests defined by D,

2parrenin, F., Dreyfus, G., Durand, G., Fujita, S., Gagliardini, O., Gillet, F., jouzel, J., Kawa-
mura, K., Lhomme, N., Masson-Delmotte, V., Ritz, C., Schwander, J., Shoji, H., Uemura, R.,
Yoshida, N., Watanabe, O., and Wolff, E.: Ice flow modelling at Dome C and Dome Fuji, East
Antarctica, Clim. Past Discuss., this issue, in preparation, 2006b.
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(k=2, 3) with the other components of the strain-rate tensor equal to 0. As mentioned

previously, as the eigenvector associated to a(12) does not deviate from the vertical for
more than few degrees, test (i) corresponds approximately to an in-situ vertical uniax-
ial compression, whereas tests (ii) correspond to horizontal simple shear in directions

k = 2,3. Under these conditions, the GOLF can be expressed as follows:

- L

Six = 2Mg—D1y, (7)
E1x

where k=1 for test (i) and k=2, 3 for tests (ii). Analytical resolution of the GOLF allows

to express enhancement factors relative to isotropic ice. It is worth noting that an

enhancement factor is related to the applied strain rate. The enhancement factors in

() are expressed using () :

3
Ey1 = — Z _ ~ = =
(11 + 0.25(7, + 73) + 2774 + 0.5(775 + 7))
2
(g + Mgs3)

By definition, £4,=1 for isotropic ice, £;1=2/5 and E;,=E3=10 for a polycrystal with
all its grains aligned along direction 1.

Evolutions of E, are plotted versus depth on Fig. /. As expected the enhancement
factors for shear perpendicular to the eigenvector 1 increase with increasing aﬁz). On
the other hand, the enhancement factor for vertical uniaxial compression decreases
with increasing a(12) (see Fig. 7). Also note that because fabrics are not exactly ax-
isymmetric we observe a small difference between E;, and E,5. The discontinuity of

the eigenvalue agz) during termination Il implies discontinuities for the enhancement
factors: just above the climatic transition ice is approximatively 1.8 to 1.9 (respectively
1.5) times easier to shear (respectively harder to compress) than isotropic ice whereas
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just below the transition, ice is 3 to 3.4 (respectively 1.25) times easier to shear (respec-
tively harder to compress) than isotropic ice. Consequently, only by the effect of the
fabric, glacial ice is 1.7 to 1.8 times easier to shear and 1.2 times harder to compress
than the interglacial ice, even if only a few tens of meters separate the two layers.

We will assume that the grain size has an isotropic effect so that the enhancement
factors for shear and compression are equal. According to ( ), the
viscosity ratio V45 corresponding to the ratio of the enhancement factor £, in a layer
with a grain size equal to D, to the enhancement factor Ez in a layer with a grain size
equal to Dg, lies between the two following lower and upper bounds:

E, 1+02D;"°
AB = — T 18
Es 1+02D;"°

EA [DB‘ 0.6
VAB =— ==
Eg | Dy

Around the climatic transition the grain size is approximatively 3.4 mm for interglacial
ice and 2.7 mm for glacial ice (see Fig. ). This implies that glacial ice is 1.01 to 1.15
times easier to deform than interglacial ice only by the effect of the grain size variation
from MIS5 to MIS6.

The total viscosity ratio 1V**' between MIS5 and MIS6 in the EDC core is obtained as

Vtot — Vcryst % Vfab (10)

where V¥ is the viscosity ratio due to the grain size variations (Eq. ©) and V™ is
the viscosity ratio due to fabric variations (Eq. ). Note that all the viscosity ratios
have been calculated relative to the deepest texture sampled in MIS5 at 1735m and
V' evolution is shown on Fig. /. Taking into account the effects of grains size and
fabric we find that the glacial ice below 1750 m is between 1.4 to 2.2 times easier to
shear than the interglacial ice just above, and approximatively 1 to 1.2 times harder to
compress. Note that these values are in good agreement with measurements made
along different ice cores and reviewed by ( )-
1203
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For comparison we estimate the change of the ice viscosity due to the temperature
change. Preliminary results indicate that the temperature is approximatively —35°C
at 1700 m and —-33°C at 1800 m, taking into account Eq. () this change of the tem-
perature implies that the ice at 1800 m is approximatively 1.3 times more fluid than at
1700 m. Note that the vertical evolution of the temperature increases the viscosity ra-
tio for shear but decreases the viscosity ratio for compression. Variations of viscosity
induced by the modification of the textural properties with depth are usually neglected
compared to the viscosity changes induced by the temperature increase with increas-
ing depth. Such an approximation seems reasonable at the ice-sheet scale. However,
as illustrated above, this hypothesis no longer holds as soon as one looks at a smaller
scale.

Note that the effects of these changes of the ice properties, certainly influence the
in-situ ice flow, but it is impossible to predict in which way without modelling properly
the ice flow around the drilling site. Possible effects are illustrated in the following.

5.2 Ice rheology change: implication on the ice flow

The effects of changes in the ice rheology with climatic periods are studied with the
anisotropic ice flow model (see Sect. ). Because we solve all the equations governing
the ice flow, this model is computer time consuming so that we restrict our study to the
flow of a two-dimensionnal isothermal ice sheet over a flat bedrock in the vicinity of an
ice divide, under plane strain conditions. The horizontal direction is denoted by x and
the vertical direction by z.

5.2.1 Conditions of the numerical experiment

The domain studied extends from the ice divide at x=0km to x=x;, =120 km. The stress
on the ice sheet free surface is such that

6.n=00n, (11)
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where ¢° is the atmospheric pressure and n the outward unit vector normal to the
surface. The accumulation rate at the surface is constant and equal to 8cm a~'. To
avoid inifinite age at the base of the ice sheet, a constant vertical velocity equal to
—0.1 mm is prescibed at the bedrock. At the ice divide (symmetry axis) the horizontal
velocity is equal to 0. A horizontal velocity profile is imposed at the lateral boundary
at x=x, . This horizontal velocity profile derives from the shallow ice approximation for
an anisotropic ice sheet with orthotropic ice ( , ), and
satisfies the mass conservation for a steady ice sheet ( , ), i.e,
the mass flux entering through the ice sheet surface is equal to the mass flux leaving
from the bedrock and the lateral boundary condition.

The regular finite element mesh is composed of 7500 linear quadrilateral elements
with 100 elements in the horizontal direction and 75 elements in the vertical direction.
The mesh is refined near the dome and the bedrock where gradients are larger.

The initial ice sheet surface elevation £(x) is a Vialov’s profile ( , )
1/4
0.01x\>
E(x)=Ey |1- , (12)
Eq

where Ey=E(x=0)=3000m. The fabric field is initialized using a polynomial fit
from the data of the GRIP ice core. The fluidity of ice is constant and equal to
B,=0.0245 MPa™ yr‘1 (see Eqg. “). The interaction parameter a in Eq. (©) is selected
to fit the results of the self-consistent model, i.e., a=6.15x10"2. The ice fabric at the
surface is isotropic. Then the model is run with a transient numerical scheme until a
stationary solution is obtained for the free surface elevation, fabric and velocity fields.
Results of the stationary state are presented as thin solid lines in Figs. © and

Starting from this stationary solution a transient run is performed. The fluidity of ice
is assumed to be a function of time when it was deposited at the surface: ice which
was deposited between 0 and 20 kyr is given a fluidity equal to B;=0.0428 MPa™" yr'1
and ice which was deposited between 20 kyr and 30kyr is given a fluidity equal to
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B,=0.0140 MPa™" yr‘1, and so on every 20 kyr and 10kyr. This change in fluidity cor-
responds to a viscosity ratio of 3.06 between two distinct layers. This difference on the
fluidity aims at representing the effects of the variations in grains size and impurities
content on the fluidity. This value is volontary enhanced with respect to the estima-
tion obtained in Sect. , because a transition between two distinctive layers can be
inside an element of the mesh, which implies numerical diffusion during the interpola-
tion procedure of the ice fluidity which is defined by nodal values. The 20 kyr layers
mimic glacial stages whereas 10 kyr ones stand for interglacial periods. They are re-
spectively pointed out by white and gray areas on Figs. 5 and ©. The model was run
during 72.2 kyr and the outputs obtained at this date are ploted as thick solid lines on
the Figures.

It has to be mentioned that accumulation value is not in agreement with the actual
EDC one. Moreover, durations of periods obviously do not correspond to real climatic
durations. These choices have been done in order to manage runs with reasonable
time duration.

5.2.2 Results and discussion

Figure = shows the evolution of the eigenvalues a® for the stationary run (thin solid
lines) as well as the results obtained from the transient run (thick solid lines) as a
function of the cumulative strain e,, of each layer. These modelling results are obtained
for a “numerical” ice core located at 30 km (approximatively 10 ice thicknesses) from
the ice divide. The position of the ice core has been chosen to illustrate the effects of
shear. Dotted lines are obtained by using the equation for fabric evolution (©) coupled
with the orthotropic behaviour (°), for a biaxial compressive test defined by D,, <0
and D,,= - D, with the other components of the strain-rate tensor equal to 0. This
corresponds to the solution obtained at the ice divide for the stationary run.

We first compare the difference in behaviour obtained for the stationary run at the
divide (dotted lines) and 30 km downstream (thin solid lines). Due to the shear experi-
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enced by ice, the fabrics at 30 km of the dome cluster more rapidly than those predicted
without shear (at the dome). However, the shape of the curves is very similar, so that
it is very difficult to distinguish only by looking at the general behaviour of the fabric
evolution if ice has been submitted to shear or not. Moreover, as mentioned in Sect. -,
below 1750 m and for a given strain, the fabrics measured along DC are more clustered
than the ones measured along DF and GRIP (see also Fig. ). This could be explained
by a higher shear strain rate along EDC as compared to the other sites, thus confirming
our hypothesis of non-negligible shear along EDC (at least below 1750 m).

Comparison between the transient solution (thick solid lines) and the stationary so-
lution (thin solid lines) shows that for a given thinning, fabrics corresponding to softer
layers are always more clustered and those corresponding to harder layers are always
less clustered. It is also surprising how the simulation mimics the measurements pre-
sented on Fig. 7. Indeed, a(12) decreases in the harder layer before increasing at the
transition with the softer layer.

The effect of such differences of the fluidity on the ice flow are illustrated by the
velocity and the strain-rate profiles at 30 km from the ice divide (Fig. ©). The main result
is that a discontinuity of the fluidity of ice implies a discontinuity on the shear strain-rate
D,, and only a discontinuity on the slope of the longitudinal strain-rate D,,, i.e., no
extrusion flow. In softer layers the shear strain-rate and the slope of the longitudinal
strain-rate are higher than in harder layers. These changes are also visible on both
vertical and horizontal velocity profiles, even if less pronounced due to integration over
space. Note that these profiles evolve with time depending on the position (and the
properties) of each layers in the ice sheet, and this is not included in the model used
for the dating of the EDC ice core.

The positive feedback mentionned by ( ) is reproduced by our model, a
softer layer experiences more shear so that the fabric in this layer is more concentrated
and then softer for shear. Moreover, shear increases with depth so that a higher clus-
tered layer does not have the opportunity to develop in the upper part of the core. This
is also consistent with the observations reported by ( ) and this could
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explain the different behaviours observed between different dome sites (see discussion
in Sect. ) as shear could be less significant along GRIP and DF than along EDC.

Due to the velocity continuity, the results for the longitudinal strain-rate shown on
Fig. © at 30 km from the ice divide are still valid at the divide. As a consequence, the
vertical velocity profile and the thinning at the divide evolve with time, depending on the
position of the layers, but the fabric stay only a function of the thinning. As mentioned
previously this dependency on time of the thinning is not taken into account in dating
models so far.

6 Conclusions

New measurements of the texture have been done between 1500 and 2000 m along
the EDC core. As a general trend, the fabric progressively clusters around the in-situ
vertical, as already observed for different cores located at a dome. However, a sharp
and unexpected strengthening of the fabric is observed during termination Il. Different
processes could have participated to form this heterogeneity and have been listed in
Sect. <. Our most probable explanation is that shear is not negligible along the EDC
core. Theoretical indications support this hypothesis: the divide is not inevitabily co-
located with the highest surface elevation, the isoline corresponding to the absence of
shear can have a sinuous shape and the dome could have moved in the past. More-
over, some measurements also indicate the presence of shear: echo-sounding and
microstructure geometry. A difference of viscosity between layers of different periods,
probably due to difference in grain size or/and in impurities content, could be at the root
of a slight clustering of the fabric. Then a positive feedback is initiated as more clus-
tered fabrics become easier to shear, and shear enhanced previous clustering. This
scenario could nicely explain our observations as illustrated by numerical simulations
(Sect. ©). This could also explain the different behaviours observed along several ice
cores: the presence of shear is the determinant factor. Thus, we strongly suggest to
accurately monitorate the EDC borehole to quantify the amount of shear.
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As mentioned previously, discrepancies between the dating of the EDC and DF cores
around termination Il could have a mechanical origin. Due to their current architecture,
dating models cannot capture all the physical processes involved in the ice flow. The
present study clearly shows that, in the near future, improving the dating of ice cores
will necessitate a more realistic flow modelling. However, much more work needs to
be done. Processes at the root of the fabric heterogeneities have to be much better
understood and three dimensionnal effects have to be studied with a proper modelling
of the ice flow around drilling sites.
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Table 1. Surface conditions at the EDC (= ~/CA Community members, 2004), DF (Dome-F
Deep Coring Group, 1998) and GRIP drilling sites (Schott Hvidberg et al, 1997), Strain rates
are estimated by the ratio accumulation over ice thickness.

EDC DF GRIP
Location 75°06'S, 123°21'E  77°19'S, 39°42'E  72°35'N, 37°38' W
Ice thickness 3309+22m 3028 m 3029 m
Accumulation 25 mm(w.e.)/yr 32 mm(w.e.)/yr 250 mm(w.e.)/yr
Mean annual surface temperature -54.5°C -58°C -31.75°C
Typical strain rate 1070 yr™! 1070 yr™ 107 yr™!
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Fig. 1. Measured parameters from the EPICA Dome C ice core between 1500 and 2000 m. (a)
Deuterium (%o) evolution averaged over 3.85 m sections and (b) dust concentration (ug kg‘1),
sampled every 5.5m ( , ). (¢) Mean crystal radius measured
every 11 m, error bars correspond to 1o variability. (d) Eigenvalues of the second order orienta-
tion tensor: agz) black symbols, a(22) gray symbols, a(32) light gray symbols. Error bars correspond

to 10 variability. Note the break in the vertical axis. a®

; ) and (R) have been measured on the
same thin sections.
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Fig. 2. (a) Evolution of depth as a function of the cumulative strain ¢,,, along the EDC (red
lines), DF (Blue line) and GRIP (black line) cores. This corresponds to the thinning function
as calculated by the current dating models (Parrenin et al., 2006b"; ,

). (b) Evolution of aﬁz) as a function of e,, experienced by the considered layer for the EDC
(red circles), DF (open blue circles) and GRIP cores (open black circles).
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the viscosity ratio for uniaxial compression.
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Fig. 5. Evolution of the eigenvalues of a® versus deformation in an ice core situated at 30 km
from the ice divide. The stationary solution is represented by thin solid lines. For the transient
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layer just above the bedrock corresponds to the oldest layers of the stationary run. Dotted lines
correspond to the solution obtained by assuming only a biaxial compression.
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