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Foreword

From snow crystals to large ice-sheets and from terrestrial ice to icy satellites of the solar system, ice and icy objects have
forever fascinated and sometimes frightened mankind. This is justified by the role that ice has played — and continues to play —
in shaping the Earth’s surface, in affecting climate, in dictating lines of communication in polar and in mountainous regions, in
supplying water to populations, etc.

This fascination and fear turned into scientific curiosidanthe end of the XVIlith century when H.B. de Saussure climbed
Mont Blanc to discover and study the woddl glaciers and altitude (de Saussure, 178). Bince then, this interest has never
declined. Indeed, the interest in ice has been renewed durisg plaest few decades when it was realized: (i) that ice-sheets have
recorded the Earth’s climate over thousands of years (Petit et al. [2]); (ii) that the sea ice cover and the polar ice-sheets play a
fundamental role in the Earth’s climate through complex interactions with the oceans and the atmosphere, a role which becomes
even more critical in the recent context of global warming; and i@t ice and possibly liquid water constitute a significant
part of many satellites of the giant planets of the outer solar system, qualifying them as candidates for extraterrestrial life.

The phase diagram of solid water is complex: there are 12 allotropic phases with different crystallographic structures plus
at least two amorphous phases. However, the only phase stadde the conditions of pressure and temperature encountered
on Earth or within the upper layers of theyisatellites is hexagonal ice Ih. Detailsaut the other allotropic phases as well as
the physical properties of ice Ih have been reviewed by Petrenko and Whitworth [3]. Reviews on ice mechanics and fracture, as
well as applications to civil engineering, can be found in a recent special issue of Engineering Fracture Mechanics [4].

This special issue of Les Comptes Rendus — Physique presents a compilation of papers that focus on some particularly ‘hot’
topics in the physics of deformation an@dture of ice Ih and its consequence enmis of mechanical modelling. One of the
links between these contributions is the change of scale: ice mechanics and glaciology explore a huge range of time and spatial
scales, from millennia to microseconasd from atoms to planets. The aisto link these different scales.

Hexagonal ice Ih is characterized by very strong plastic anisotropy (Duval et al. [5]). This results from the structure and
behaviour of dislocations which move preferentially over the basal planes. The subject of dislocations is treated by Louchet [6]
who presents new insights from a comparison of ice Ih with semiconductors. Louchet discusses first the core structure of dis-
locations and its relatioto dislocation mobility. Poton disorder, an atomic-scale macism specific to ice, influences bond
reconstruction, thereby affecting kink formation rates and kink velocities, which in turn control the velocity of individual dislo-
cations. From velocity equations, coupledhevolution equations for the density ofsthcations deducefilom multiplication
and annihilation kinetics, Louchet derives the constitutive equation for the flow of ice single crystals and then compares this
result with macroscopic experimental data.

Montagnat and Duval [7] discuss also the viscoplastic behavior of ice. They consider a larger range of spatial scale, from
polycrystals to the ice sheets, and stress the importance of the viscoplastic anisotropy. Indeed, basal slip of dislocations generates
strain incompatillities between najhbouring grains with dfierent crystallographic orientians. This determines the rate-
controlling processes in the creep of polar ice; that is, the processes which relax these incompatibilities. Under the low-stress
conditions relevant for ice sheets, Montagnat and Duval argue that grain boundary migration associated with grain growth
and recrystallisation are the best candidates. Polycrystalline ice can become mechanically anisotropic when fabrics form as
the result of deformation (see e.g. Gow and Williamson [8]; Thorsteinsson et al. [9]). Consequently, the observed changes of
size and orientation of grains with depth result in large variations of viscosity within ice sheets. This complicates ice flow
modelling and consequently the dating of ice layers along ice cores (Durand et al. [10]). Montagnat and Duval present the
different ‘micro—macro’ approaches which can be used to account for the development of fabrics and the anisotropic behavior
of polar ice.

Despite its importance in terms of mecieal deformation, anisotropy is geradly ignored when modelling the flow of
ice sheets, except in some recent works (Gagliardini andsktaynier [11]). Another sinlification is made when modelling
ice sheet flow, regarding the aspect ratio thickness/horizontal extension of the glacier. This ratio is sufficiently small for the
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mechanical problem to be expressed within the so-called ‘shallow ice approximation’ (SIA). As it greatly reduces the complexity

of modelling, it is tempting to extend the SIA for the modelling afumtain glacier flow. Howevet,emeur et al. [12] shows that

the validity of the SIA is at least questionable in this case, and he proposes new tracks to get a compromise between reasonable
approximations and reasonable complexity of the modelling.

If the viscosity of ice within ice sheets changes with depth, deformation is also strongly heterogeneous on the horizontal
plane. The discharge of the flux from ice sheets does not occur homogeneously. Instead, it occurs along narrow (relative to the
ice sheet size) regions of rapidly moving ice called ice streams (Bamber et al. [13]). Alley et al. [14] address this complicated
topic which involves ice flow as well as friction over bedramksubglacial till. They review # mechanisms that can explain
why ice is flowing faster within ice streams than elsewhere, and then discuss the restraining forces on ice-stream flow. In the
second part of their paper, Alley et al. open a question which is common to different contributions of this issue; that is, the
interaction between the cryosphere and the Earth’s climate. As ice streams discharge much of the flux of large ice sheets, their
response to global warming is critical ingaticting the ice sheet mass balanceg(Rit and Thomas [15]). Alley et al. report
increasing evidence for an acceleration of ice streams in response to warming, with consequences in terms of ice sheet mass
imbalance and possibly sea level rise (Miller and Douglas [Efough they stress the difficulty of predictions at our current
level of knowledge.

Itis now well established that the mass balance of mountain glaciers, especially when measured each year at the same (local)
place, is an excellent measure of the energy budget and comélggaigood proxy of climatic changes (Vincent et al. [17]).
Unfortunately, such monitoring has been performed only on few glaciers and from 50 years at best. Observations of glacier
front positions are much more widely spread, with sometimes time series as long as 200 years or more (Hoelzle et al. [18]).
However, the interpretation of glacier retreats in terms of climatic warming is difficult, as the front position depends on climatic
parameters as well as on glacier flow, watleentury-scale inertia. This underlinde need for better modelling of glacier flow,
as detailed by Lemeur et al. [12], in order to differentiate these different effects.

Another element of the cryosphere is also strongly interdependent with the Earth’s climate: sea ice. Sea ice, whose average
thickness is around 2 m for multiyear ice, ifses the ocean from the atmosphere. Taeturing and divergent deformation
of the ice cover decreases the albedo and allows more shortwave absorption by the ocean, thereby shrinking the ice cover
during summer, thus reducing its strength and possibly increasing the fracturing — a positive feedback loop (Moritz et al. [19];
Zhang et al. [20]). On the other hand, sea ice fracturing during winter enhances the production of new ice and thereby modifies
the heat budget in polar regions. Within the context of globahwiag, these complex interaotis could be critical (Morison
et al. [21]). Observations reveal that the Arctic sea ice cover already has shrunk during the past few decades, either in terms
of average thickness (Kerr [22]) or of geographical extent (Morison et al. [21]). These trends should increase during the 21st
century with strong climatic, environmental and economical consequences (Kerr [23]). Therefore, better characterization and
better modelling of sea ice deformation and fracture appe&mportant scientific challenges for the next decades.

Compared to ice sheet and glacier flow, sea ice deformation is characterized by much larger strain-rates and consequently
by more brittle behavior. As observed from satellites, the deformation of the Arctic sea ice cover is characterized by an ex-
tremely strong spatial heterogeneity with zones of intense deformation and fracturing separating quasi-rigid plates (Moritz and
Stern [24]). Weiss and Marsan [25] study this heterogeneity by means of multiscaling analyses. They show that the fracture
patterns as well as the deformation fields of the cover have a scale-invariant, multifractal character similar to what is observed
for velocity fields in turbulent flow. This raises the question of the origin of this heterogeneity: localization resulting from the
fracture process and the associated long-range interactions between fractures, and/or the fingerprint of the main driving force for
sea ice deformation which is the turbulent winds? Weiss and Marsan then discuss how this heterogeneity implies a strong spatial
and temporal variabilityf ice thickness or of the fraction of open wateriefhshould be taken into account in climatic models.

Using the multiscaling properties of sea ice deformation Marsan et al. [26] extrapolated the large-scale observations down
to the meter scale, where the mechanical behavior of ice is well documented (Schulson [27]), and show that most of this
deformation is accommodated by brittle failure over short, transient and very localized fracturing episodes. In agreement with
this view, Schulson and Hibl¢28] propose an intg@retation of sea ice deformation andifiing in terms of scale-independent
fracture mechanics concepts. They interpret the elongated zones of intense deformation lacing through the cover as Coulombic
shear faults, and establish strong analogies with compression failure mechanisms observed during laboratory testing (Schulson
et al. [29]). On this basis, they propose a numerical modelling dfifigbased on a scalexdlependent effective friction, which
reproduces the localization of the deformation.

The last contribution of this special issue strikingly illustrates the problem of the link between (very) different scales. Ice
is a major component of the outer solar system, especiallyeotéhtellites of the giant planets, such as the jovian satellites
Europa, Ganymede and Callisto. Sotin amabi€ [30], discuss the internal structuaed dynamics of thesicy satellites, and
particularly how this dynamics can be constrained by ice physics and ice rheology. This is a difficult task, owing to the spatial
and time (billions of years) scales involvad well as the exotic conditions encounteneatticularly the very low temperatures
near the surface. This implies an extragain of the ice flow laws documented undeassical’ conditions from small scales
physics (see Louchet [6] as well as Montagnat and Duval [7] in this issue) down to very low temperatures, very low stresses
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and strain rates, and very large time scales. Keeping in mind these difficulties, the analysis of Sotin and Tobie, which involves
thermal convection as well as tidal dissipation within the ice, argues for the existence of an ocean under the icy crusts of Europa,
Ganymede and Callisto, thereby opening fascinating questions.

To conclude, this special issue of les Comptes rendus — Physique presents up-to-date discussions on several aspects of the
physics of deformation of one of Nature’s most fascinating materials, which takes a fundamental place in our fragile environ-
ment. We hope this will stimulate further research, possibly from new perspectives.

Finally, | would like to thank the contributors to this issue, as well as Jean Dercourt, Editorial Director of les Comptes
rendus, and Guy Laval for their invitation to edit this special issue on ice.
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