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ABSTRACT

A global model is presented to account for the specific rheology of a two-phase material.
Examples of observations are taken from a crystallising magma. Applications are ported to a
partially molten rock, plastic deformation and soil liquefaction. The general behaviour of the
viscosity is drawn as a function of the strain rate and the amount of solid phase. It constitutes
a 3D diagram developing a cubic surface. The cubic equation is justified by thermodynamic
considerations. It basically results from the mixing of a Newtonian (n=1) and a power law
(n=3) type of deformation. The diagram shows two types of rheological response. At high
strain rate values, the viscosity contrast between the two phases is the lowest. A bulk en
masse behaviour results, as observed during tectonic activity. It manifests by a
homogeneous transport of magma during emplacement and fabric development. An
equivalent medium, with averaged viscosity is a good proxy. Conversely, at low strain rate
values, the viscosity contrast between the two phases is the highest. The two end members
behave according to their respective rheology. In between, a transitional state develops, in
which instability occurs depending on the strain rate and stress conditions. It manifests in the
3D diagram by a cusp shape. Rheology presents continuous jumps between the liquid-like
and the solid-like rheology. They result in strain localisation or phase segregation. The later
preferentially develops during magma crystallisation. Deformation under a constant amount
of each phase is also possible, resulting in pressure dissolution-like processes. A major
cause for instability results from a bifurcation in the solution plane of the equation of viscous
motion. It is comparable with strain softening. A similar situation should develop when mixing
Newtonian and power law rheology as during diffusion and dislocation creep, or water
saturated sediment deformation. Owing to the continual jumps between the two types of
rheology, hysteresis, or memory effect may develop. Rapid cyclic deformation may drive
strain to extreme straining. The effect of simple shear seems much more effective than pure
shear (compaction) to segregate the weak phase out of its strong matrix. The development of
instabilities and continuous jumps from one rheology to the other lead to discontinuous
motion of the weak phase. In a molten region, it corresponds to discontinuous burst of
magma that are extracted.
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Two-phase materials and rheology

Rheology describes the response of a material to an applied force. Whatever the type
of response (non-linear, time dependent), it pertains to continuum mechanics (Ranalli, 1995).
It assumes continuity, homogeneity and isotropy of the parameters. In a two-phase material,
a distinct rheology characterises each phase, representing a first departure to continuum
mechanics. However, when the two properties are close enough, continuity can still be
assumed. Homogeneity and isotropy have also to be re-considered except when the phases
present a regular distribution, or when one phase is much preponderant compared to the
other.

Most of geological objects are composed of several distinct phases. Rocks commonly
include a limited number of minerals, each of them presenting a specific chemical,
mechanical or rheological property. A fluid phase, in variable quantity, is also observed that
adds to the mineral phases. It may reach saturation in sedimentary rocks. Igneous rocks are
also a good example of two-phase material when they form. Partially molten rocks (PMR)
represent good candidates for investigating the structural behaviour of such two-phase
materials, as are also water saturated sediments or plastic deforming rocks.

The rheology of a two-phase material is characterised by non-linear instabilities. The
stress-strain curve for porous material is typically non-linear (Wang, 2000). In saturated
porous material, as Berea sandstone, the curve presents a shelf reflecting grain crushing and
porosity collapse (Zhang et al., 1990). Compaction shear bands initiate associated, joint with
shear bands (Olsson, 1999). They initially collect the fluid forming the second phase (Du
Bernard et al., 2002; Schmocker et al., 2003). But, as the differential stress increases, they
loose porosity (Issen & Rudnicki, 2000), expelling the fluid phase. Fluid extraction is
discontinuous, like the matrix motion along those structures. The highly discontinuous
response to stress appears characteristics of two-phase materials. It manifests through fault
valve mechanism (Sibson, 1989), episodic fault motion (Heki et al., 1993), and cyclic magma
extraction (Barraud et al.,, 2001; Vigneresse & Burg, 2001). However, at a larger scale,
deformation seems continuous and regular, as observed during large scale deformation of
migmatite massifs (Brun & Martin, 1978), homogeneous flow fabric in a sheared magma
while flowing (Bouchez, 1997) or during soil liquefaction (Ishihara, 1993).

Two-phase materials incorporate a varying proportion of each phase, each with a
characteristic reaction to strain. They are designed as the end-members. In a PMR, it would
be the melt and its matrix. In a first step, the transition between the two end-members has
been assigned to a binary model in PMR (Arzi, 1978). A sudden change in the viscosity
marks the limit from a solid-like to a liquid-like behaviour. A coherent bulk behaviour is also
observed during experimental deformation of two-phase systems (Burg & Wilson, 1987; Ji et
al., 1993; Handy, 1994; Rosenberg & Handy, 2001). The two mineral phases, or their
analogue equivalent, present a contrasted rheology, but they have the same magnitude in
terms of relaxation rate and length. They define a binary model of deformation related either
to the load-bearing framework (LBF) structure or to the interconnected weak layer (IWL)
structure. Nevertheless, experimental deformation on PMR is restricted to very low melt
fraction, less than 12%, because of experimental difficulties (Kohlstedt et al., 2000). They
also require fast strain rates, typically of the order of 10° to 10* s™", though experiments last
several hours, or even days. Composite materials also present two phases, but the
rheological contrast between them must be low to guarantee cohesion (Hull & Clyne, 2002).

A bulk percentage of each phase can be estimated in a PMR. For instance, 25 % melt
may be estimated in a migmatite. However, the proportion of the molten phase may vary
from 100% in the leucosome to 0% in an unaffected zircon. The proportion varies from place
to place, but also with time, owing to the large mobility of the weak phase. In consequence,
the definition of a bulk property, or transport property, is always subject to a scale problem in
a two-phase material. Depending on place and time, the local properties cannot be
estimated, thus making local phenomena often unexplained.

The rheology of the two phases is much contrasted in a PMR (Petford, 2003).
Viscosity contrast between the phases commonly ranges 10 to 15 orders of magnitude (Burg
& Vigneresse, 2002). All experimental and numerical approaches reported instabilities

Rheology of two phase material byJ L. Vigneresse 2



(Brown et al., 1995; Bercovici et al., 2001; Rabinowicz et al., 2001; Vigneresse & Burg,
2001). They document that a single binary transition is not appropriate, and that an
intermediate state develops, highly instable. Two thresholds have been defined that bracket
the transitional state in a crystallising PMR. One, Rigid Percolation Threshold (RPT), defines
the onset of connection of the solid phase represented by the forming crystals. The second,
or Particle Locking Threshold (PLT), corresponds to the close packing reached by the
crystals (Vigneresse et al.,, 1996). Thus, the rheology of PMR essentially appears as
controlled by the respective amount of each phase. Other factors, as the fluid content of the
magma, melt polymerisation (Petford, 2003) seem to be restricted to second order effects.

Two-phase materials are not restricted to Earth Sciences. They are commonly
studied in liquid crystals (nematics), food engineering (pulp bearing products), or various
pastes and slurries (Okagawa et al., 1973; Forest et al.,, 1997; Fan et al., 1998). Recent
developments in those fields have brought a series of new materials (polymers, composite
materials, shape memory alloys) for which the reaction to stress bears importance in
industrial processes. They resulted in many textbooks or journal articles (e.g. Adler et al.,
1990; Liu et al., 1996). They describe the various departures to a non-linear response of
strain to stress, or thixotropic response (Barnes, 1997; 1999). The second point that comes
out from those studies is the effect of time. Time enters in the definition of strain rate, i.e. of
viscosity, but, surprisingly it is absent in most models concerning the rheology of two-phase
mixture in Earth Sciences (e.g. Arzi, 1978).

The present paper focuses on the rheology of two-phase material during the
transitional state. It incorporates several concepts that have been issued in a series of four
papers on specific aspects of the rheology of PMR. Thresholds bracketing a specific
behaviour of PMR in static conditions have been defined in Vigneresse et al. (1996). Later
on, the role of the weak phase in partitioning strain and increasing vorticity, i.e., the non
coaxial component of strain, was emphasised in Vigneresse & Tikoff (1999). It leads to the
determination of the non-linear aspects of PMR rheology, with feedback loops that accelerate
or damp the response to stress (Burg & Vigneresse, 2002). Finally, catastrophic jumps from
the rheology of one state to the other have been suggested (Vigneresse & Burg, 2002).
Here, a conceptual approach to the rheology of a two-phase material is presented. It takes
examples from the different responses of PMR. It focuses on the strain rate dependence of
the viscosity in a two-phase mixture. Applications are ported to water saturated sediments in
undrained conditions which undergo liquefaction during earthquakes (Ishihara, 1993; Di
Prisco & Imposimato, 2002) and to plastic deformation.

Main principles of rheology

The rheology of a rock characterises its reaction, or strain (¢), due to deformation
when a stress (o) is applied (Ranalli, 1995). Reaction may be elastic, and a linear equation
relates the two parameters through an elastic modulus (K).

e=o/K (1)

In case of shear deformation, a notation relating shear strain (y) to tangential stress
(7) is preferred, with the shear modulus (G)

vy=1/G (2)
Here, o for stress and ¢ for strain, are used indifferently for pure or simple shear. In
the elastic domain, strain returns to initial conditions when stress is removed. Strain is

independent of time. In contrast, reaction to stress is time dependent for plastic bodies. In
which case the strain rate (€ ) is related to stress by the viscosity (n).

€ =cln 3)
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Melts present a linear relationship between stress and strain. A constant viscosity
characterises those Newtonian bodies. Carbonatites magmas present a very low viscosity (5
107 to 102 Pa.s), making them comparable to a liquid (Dobson et al., 1996). In contrast,
felsic magmas are more viscous than basalts, with viscosity values in the range 10* to 10°
Pa.s (Clemens & Petford, 1999).

A specific case of linear relationship concerns plastic deformation activated by
diffusion creep in crystal aggregates (Nicolas & Poirier, 1976). It is function of temperature
(T), through an energy of activation (Q) and the gas perfect constant (R)

¢ =Ad™ o exp (-Q/RT) (4)

The relation may be in d or d?, with d the grain size, depending on the way diffusion
develops. It leads to Coble creep when diffusion develops along grain boundaries (Coble,
1963). In contrast, Nabarro-Herring creep develops through lattice diffusion within grains
(Nabarro, 1950; Herring, 1950). In both cases, the relation between strain rate and stress is
linear. Coble creep develops preferentially at lower temperature compared to Nabarro-
Herring creep (Fig. 1).

In many other cases, non-linear descriptions are required, with an instantaneous
viscosity. It is commonly taken as the local tangent to the curve relating stress to strain rate
(Ranalli, 1995). Here, it is simply computed as the ratio of stress to strain rate. Departures to
the linear curve determine strain hardening when the response is less than the elastic
response, which is commonly the case. The hardening coefficient (h = do/de) remains
positive, but decreases with increasing stress. Strain softening marks a increase of strain
while stress decreases.

Solid state physics (Green, 1998) considers the mechanisms that rule plastic
deformation (Fig. 1). In usual conditions, a power law describes the long term behaviour of
crustal rocks (Kirby & Kronenberg, 1987).

& =A " exp (-Q/RT) (5)

The different parameters, as the stress exponent (n), the coefficient (A), and the
activation energy (Q) are experimentally determined for each particular rock type. At high
temperature, the stress exponent is close to 3 for amphibolitic rocks (Kirby & Kronenberg,
1997). It reflects a deformation accommodated by dislocation creep (Fig. 1). The mechanism
develops at high temperature, and higher stress values compared to diffusion creep.

The adopted rheology for a PMR is typically that of melting or crystallisation of a
granitic magma, for which amphibolites offer a good proxy. The temperature is fixed to 800
°C, corresponding to biotite breakdown reaction (Patifio Douce & Beard, 1995). The viscosity
variations with temperature are not considered, since being a second order effect. Hence,
the melt is Arrhenian, i.e. its viscosity exponentially decreases with temperature, according to
an activation energy E

n = 1o exp (-E/RT) (6)

A typical value for E is about 300 kd/mole (Maalge, 1985) close to that of
amphibolites (243 kJ/mole). In consequence both phases, melt and solid, keep constant their
viscosity contrast during the temperature interval of the phase transition. The viscosity of
granitic melt varies with high strain rate (Burg & Vigneresse, 2002). But it occurs at very high
strain rate values (10*° s™), rarely observed in geological situations.
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Rheology of a two-phase material

The rheology of a two-phase material behaves according to the relative proportion of
each phase. The case of a PMR is adopted for the numerical values. The amount of the
strong phase (®) is the intrinsic variable. The two end-members have their own specific
responses. They are progressively altered by the influence of the other phase. A transitional
rheology develops that must assume connection between the two end-members. It should be
examined within a 3D diagram (n — € — ®). The use of the viscosity (1) instead of stress (o)
is better constrained by experimental values.

The two end-members

Owing to the large variations in the viscosity values, the strain response to stress
plots in a log-log diagram. For the melt, assumed to be Newtonian in a first order, the
equation (3) translates into a line:

log € =log o —logn (7)

Here, the adopted viscosity value is 10° Pa.s (Clemens & Petford, 1999). Conversely,
the power law rheology (Eq. 5) of the matrix transforms into a linear plot, with a slope (n) and
a constant value g, at the origin of co-ordinates in the log-log diagram

log € =nlogo + ¢ (8)

Experimentally derived values for amphibolites (Kirby & Kronenberg, 1997) have
been adopted. Values for the parameters in Eq. 5 are n = 3, log A = -4.9 and Q = 243
kJ/mole and a temperature of 800 °C. Adopting those values, the pre-exponential and
exponential terms combine, resulting in a constant value g, of =32 and a slope of 3.

The rheology of PMR plots in a log-log diagram within the two lines that define the
rheology of the two end-members (Fig. 2). Their intersection occurs for an unrealistic value of
strain rate value (10% s™). The two lines are separated in the usual range of stress and strain
rate values. Those range between 10%° and 1 s™, thus bracketing a common deformation
rate estimated at 107® s (Pfiffner & Ramsay, 1982). In comparison, magma emplacement is
estimated to take place at 10" s (Koenders & Petford, 2000). The fast deformation rate
may be associated to seismic events. Stress values are bracketed between 0.01 and 100
MPa, thus resulting in logarithmic values of 4 to 8 in the diagram (Fig. 2).

The transitional state

Determining the rheology of a PMR requires filling the area between the two end-
members, leading to two possibilities. In the first case, extrapolation from the end-members
provides a solution. It has been the case for previous experiments (f.i. Arzi, 1978). However,
the solution is non unique and remains poorly constrained. In the second case,
thermodynamic considerations are necessary to provide additional constraints to the adopted
solution, also bracketed by experimental results.

Extrapolating the end-members

For a suspension of solid particles in a viscous fluid of viscosity (1), the bulk relative
viscosity increases with the amount of solid phase. Experiments have been carried out by
Einstein (1906) and Roscoe (1952), resulting in a general equation

N=No(1-®/ Dpay) ™ (9)
The value of the maximum packing value (®n.) and (n) are experimentally
determined. Packing values range between 0.63 to 0.75 for monodisperse spherical particles

(Rogers et al., 1994). They depend on the shape of particles and on strain rate in a lesser
extent (De Kruif et al., 1986). A common value for the exponent is 2.5 (Lejeune & Richet,
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1995). The Einstein-Roscoe equation is valid for dilute solutions (® << 0.30). For
concentrated suspensions, the law is slightly altered by particle interactions. It leads to a
similar equation in which the power coefficient changes from n to n.®.4, resulting in a value
of 1.8 (Krieger & Dougherty, 1959). The viscosity increase due to the solid suspension is
about 3 orders of magnitude when approaching the maximum packing of 0.75 (Vigneresse et
al., 1996). It alters the viscosity value, modifying the slope of the viscosity (Eq. 7).

The other end of the diagram corresponds to the solid phase with low residual melt
content. The completely solidified matrix follows a power law (Egs. 5 and 8) that is strain rate
dependent. Its response to stress is locked until some connection exists between the melt
phase, as it occurs for initial melting (Vigneresse et al., 1996). Connection starts at @4, but
it extends up to loose packing. In both cases, the limit is a function, non defined at present, of
the strain rate. By evidence, low strain rate provides more chance to the weak phase to be
connected.

The two surfaces overlap on a wide range of @ (0.50 — 0.75). The connection
between the two end-members takes the form of a cusp surface (Fig. 3). The viscosity
adopts a cusp shape in a (¢ — n — ®) diagram, as it has been suggested for other
metastable situations dealing with catastrophe theory (Thom, 1990; Petford, 1995). However,
the construction remains purely geometric, even if the two end members are experimentally
controlled.

Thermodynamic considerations

At present, there exists no exact theory that physically and mathematically describes
the transitional state. Partial solutions consist in determining the interactions between solid
particles (Krieger & Dougherty, 1959; Batchelor, 1976). They rapidly face close packing
problems. Eulerian descriptions examine melt segregation under compaction and shear
(Rabinowicz & Vigneresse, 2003; Spiegelman, 2003). They identify non-linear instabilities,
the interactions of which lead to concentrate the weakest phase into elongated pockets. They
describe the consequences of the interactions, but they are not adapted to infer its
problematics.

The total energy of a two-phase material should be considered. Assuming that
pressure and volume are constant, and that temperature varies within a restricted range, the
energy is the sum of the product of strain by stress, weighted for the respective amount of
weak and strong phase. The work needed to alter the system is the derivative of the energy
with respect of time. It is the weighted sum of the respective products of strain rate by stress
for both phases, and a coupling term

W=® (6 € )melt + (1-®) (6 € )matrix + coupling term (10)

The coupling term assumes continuity of strain between the two phases. Equilibrium
conditions implies no work variation (dW/d & = 0). Incorporating Eq. 4, 5 and 9 into the
preceding one (Eq. 10), deriving with respect to strain rate and rearranging for viscosity leads
to the equation for stability

n’+pn+q=0 (11)

in which the terms p and q are function of € and ®. The cubic equation adopts a cusp shape
when the term p becomes negative. At present, | am unable to exactly quantify the both
terms p and especially q. A proxy for the change of sign of p is when the viscosity of the
strong phase is the cube of the weak one (Nmatrix = nme.t3).

Significance of the cusp shape

Describing the viscosity variation by a cubic equation during a phase transition is not
fortuitous. Viscosity is the transport parameter that relates the two extrinsic variables, stress
and strain rate. It also depends on the respective amount of phase, the variable that
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describes the phase transition. It corresponds to an equation of state, with specific reference
to rheology. The equation of state, describing pressure and volume in function of
temperature, during the liquid-gas transition is by essence a cubic equation (Landau &
Lifchitz, 1967; Perez, 2001).

The cubic equation emphasises the role of strain rate, i.e. time in rheology. Viscosity
is by essence time dependent. It manifests by the strain rate, the derivative of strain with
respect of time. Consequently, it is obvious that all mixture of viscous fluid should incorporate
a time dependence, which was not the case in previous models of rheology (f.i. Arzi, 1978).
The strain rate dependence and the cubic equation clearly delimit two types of behaviour.
One, for high strain rate consists in a continuous evolution of the curved surface (Fig. 3). It
corresponds to an homogeneous strain in response to stress. The second occurs beyond a
critical point corresponding to the cusp. It is the domain in which local instabilities develop.

To better illustrate the rheology of PMR, a new figure still referring to (n — € - @), is
shown, but simplified from Fig. 3 on which the rheological paths are indicated (Fig. 4). In a (n
— @) plane, equivalent to a section at constant € in the 3D diagram, the cusp region
manifests by sudden changes from a weak phase to a strong phase, or stress hardening
(Fig. 4). The region of overlapping branches is metastable. Three viscosity values can be
assigned to a given point of fixed ®. Two are metastable and correspond to the viscosity of
the weak and strong phase. The third point, on the connecting branch, is unstable. The
metastable region corresponds to a local maximum of the energy of the system, reflecting
the fourth order equation of the energy. The total energy, proportional to the product c.¢
increases during strain hardening. A soon as strain softening develops, corresponding to a
decrease of stress with strain, the energy decreases at well.

Rheological responses

Owing to the cusp shape of the viscosity surfaces (Fig. 3 and 4), a different response
to stress is expected, depending on whether it develops at high or low strain rate, i.e. if
instabilities occur or not. The transition from high to low strain rate values may be compared
to a critical state that appears in liquid-gas equation of state (Perez, 2001). It corresponds to
the change of sign in the coefficient p in Eq. 4. For a PMR, it occurs when the two values of
the viscosity are about in a cubic proportion. The critical point also corresponds to the
coincidence between loose and maximum packing (Fig. 3). Because maximum packing is
partly strain dependent, a proxy could be 0.66. It means that the strain rate imposed to the
melt avoids a loose packing to develop. At present, no data allow estimating the
corresponding strain value. An approximate value, taken from Fig. 2, brackets the critical
strain rate below 10" s™', depending on the ambient stress value. Considering the strain
rate during magma emplacement (107'° s™), it would place the critical transition below, which
fits with observations. This estimate is valid only for granitic magmas.

High strain rate behaviour

High strain rates result from a high stress level applied to the PMR. It may result from
tectonic forces or relatively fast motion of PMR. Magma emplacement is the case, since the
rate of emplacement, followed by crystallisation, is about one order of magnitude faster than
tectonic strain rate (Harris et al.,, 1998; Améglio & Vigneresse, 2000). Experiments
demonstrate that magma emplacement develops at any strain (Koenders & Petford, 2000).
Strain estimates recorded by a magma pulse being emplaced to build a granitic pluton
provides the range of strain rate recorded by a flowing magma by comparison with the time
of intrusion. A sequence of a crystallising granitic magma, about 5 km in thickness, laterally
displaced by about 15 km results in a shear value of about 3. Both distances correspond to
those observed in granitic plutons (Vigneresse, 1995). If developing during the intrusion time,
that is about 10%-10* years, resulting in a strain rate of 10° to 10" s™. Faster strain rates are
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certainly recorded for smaller displacement of a much thinner unit of magma, that would be
emplaced in a considerably smaller time before it crystallises.

Owing to the high strain rate recorded by a flowing magma, the viscosity contrast is
the smallest between the melt and its matrix (Fig. 5). Because of this small contrast, each
phase has similar time to relax, leading to a bulk response of the PMR, the apparent
viscosity of which is an average viscosity, depending on the respective amount of each
phases.

By evidence, the strain recorded by a crystallising magma while settling, appears
homogeneous within a granitic pluton, at least at the scale of the emplacement and motion of
one specific petrographic facies (Bouchez, 1997). Identically, when a migmatite body is
submitted to external tectonic forces, the internal response, as folds, are concordant with
those of the surrounding (Brun & Martin, 1978). In such situation, averaging properties
(Handy, 1994; Rosenberg & Handy, 2001) may perfectly apply to estimate a bulk rheology
for a two-phase material.

Low strain rate response

At low strain rate, the response of a PMR varies according to the boundary conditions
of the system. It depends on whether deformation develops under common stress, common
stress rate or common percentage of each phase (Fig. 4). Three types of response with
specific boundary conditions develop. Depending on the transition from solid to liquid or from
liquid to solid, deformation may develop under common stress or common strain (see
discussion). If the system is closed, the amount of each phase is consequently fixed,
avoiding large scale motion of one phase.

Response with a fixed amount of each phase

It is the simplest case of stress-strain rate relationship, and corresponds to a closed
system. The volume of each phase is conserved, and strain is limited within the considered
volume. A cyclic path develops in the (¢ — n — @) diagram along a fixed ® value (Fig. 6). It
first follows the liquid-like surface, jumping suddenly to the solid-like surface. They manifest
by a decrease of the strain rate, i.e. a decrease of the viscosity of the solid-like phase. For
instance, at .60 crystals, the decrease in strain rate goes to about 10° s, at which point the
strain rate is the equivalent to that of the matrix. A jump to the solid-like behaviour allows
return to the initial condition. The proposed path (Fig. 6) points to two problems which are the
closed system and the decrease/increase in strain rate.

A closed system is unlikely to develop at the onset of crystallisation in a magma
because melt mobility. However, at the end of the crystallisation, when the proportion of the
solid phase is high, the possibility for the melt to move decreases drastically. It can lead to
small scale closed systems (Fig. 6). The condition of varying the strain rate for the solid
phase may be compared to pressure dissolution, that would lead to enhanced stress gradient
in between touching crystals by dissolving one crystal to the detriment of the other (Grinfeld,
1993). Such observations have been described on analogue crystal mushes (Means & Park,
1994), leading to contact melting (Park & Means, 1996). Natural examples of contact melting
show the growth of one plagioclase crystal to the detriment of another in a gabbro (Nicolas &
lldefonse, 1996). In both cases of contact melting, evidence exist that crystals were
compacted with only a few residual liquid phase. In the case of the Oman gabbros, strain
rate estimates are in the range 102 s for crystals about 1 mm long, whereas melt fraction is
less than 20 % (Nicolas & lldefonse, 1996).

Response under a common stress

Under a common applied stress, the equivalent stress-strain rate diagram presents
strain softening, which corresponds to the change from the solid-like curve to the liquid-like
curve in a (o - € ) diagram. Both curves have different viscosity, i.e. different slope. The
transition between them, or strain softening, is unstable (Bazant, 1988; Goddard, 2002) and
localises the strain (Fig. 7). Owing to the negative slope of the stress-strain rate curve, the
weaker region localises strain. Shear bands develop with specific orientations with regard to
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the major stress component orientation (Vermeer & De Borst, 1984). A complete theoretical
analysis of shear band formation has been issued using a tensor notation (Rudnicki & Rice,
1975), or using crystal dislocation mechanisms (Estrin & Kubin, 1995). The constitutive
tensor (L) is expressed as a function of the elastic (Young and Poisson coefficients) and
plastic (friction and dilatancy angles) parameters. The change of the sign of the eigenvalues
of the tensor nLn corresponds to shear bands development with direction (n). It is equivalent
to compute the quantity (Rudnicki & Rice, 1975; Bazant, 1988).

In a PMR, shear bands develop when an ambient stress applies, leading to strain
partitioning in the weak phase (Vigneresse & Tikoff, 1999). In migmatites, shear bands are
commonly observed, that collect melt. In a crystallising magma, shear zones develop, that
disrupt the original fabric (Guineberteau et al., 1987; Pons et al., 1995; Smith, 1998). They
are local shear zones developing in a magmatic stage and have been described as proto-
faults (Brun et al., 1990). Proto-faults have been described, but no specific data on their
respective orientation to the major stress component has been issued. Estimates of strain
rate linked to such shear bands provides low values (10" s™) for tectonic loading (Koenders
& Petford, 2000).

Response under a common strain rate

Instability develops under a common strain rate more easily when the load is
transferred from the weak to the solid phase (Fig. 8). It results from the lower slope of the
weak phase compared to the strong one in a (c — € ) diagram. To keep continuity between
both phases, the strained material must segregate leading to particle banding. Phase
segregation has been described in flowing liquid crystals and in rigid rod-like particles in a
shear flow (Olmsted & Golbart, 1992). Weakly aligned particles with the general flow motion
is commonly the rule. But, two types of pattern are observed: onion-like and roll-like, that
develop parallel to the shear gradient or to the vorticity, in case of a Couette flow, a rotational
shear. They reflect segregation under a common stress or a common strain rate respectively
(Olmsted, 1999).

Phase separation in a PMR corresponds to small scale features such as schlieren,
banding or even melt rich segregation (Barriére, 1981; Clarke & Clarke, 1998; McCaffrey et
al., 1999; Weinberg et al., 2001; Clarke et al., 2002). Schlieren are commonly interpreted as
the final disruption of a mafic magma into a felsic magma. Segregation banding is associated
with crystal sorting by size. Biotite and fine grain magma segregate on each rim, whereas
coarse grained plagioclase and alkali feldspars are more abundant at the centre of the flow.
If gravity driven forces were acting, it would not explain the observed symmetry of sorting.
Bandings found in a vertical position rule out the action of gravity forces. In migmatites,
banding manifests by the segregation of the residual biotite on each side of the flowing
leucosome.

Discontinuous motion of both phases

The preceding behaviours reflect the type of response of a two-phase material. The
cusp shape has also implications on the way the material responds. Because of the
alternating jumps from one rheology to the other, the two-phase material responds
discontinuously in time to stress. It alternatively adopts the strong and the weak phase
response, with strain partitioning alternatively among the two phases. The situation is similar
to stick-slip motion in dry (Marone, 1998) or wet friction experiments (Géminard et al., 1999).

Discontinuous extraction of the weakest phase, i.e. melt, in PMR has already been
observed (Barraud et al., 2001; Vigneresse & Burg, 2001). It also manifests in mud
volcanoes (Dimitrov, 2002), in which the discontinuous release of fluids is controlled by the
advancing front of the overlying pressure (Pérez-Belzuz et al., 1997; Murton & Briggs, 2003).

An application for PMR relates to the old egg and chicken-like problem of the
interaction between faults and plutons (Paterson & Schmidt, 1999). Considering the two-
phase rheology of a fault zone filled with magma, the continuous jumps from one rheology to
the other predict alternate motions of the fault and of the magma. Penetrative deformation in
the magma and motion along the fault are observed in many places. Alternate strain
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partitioning in both phases rules out the question on whether which of the pluton or the fault
controls the system, both being required.

Implications for other two-phase materials

PMR represents a specific case of two-phase material. It manifests by a Newtonian
melt and a power law matrix. It has been taken as an example because of many available
situations for which an explanation could be suggested by two-phase rheology. Many other
materials mix two contrasted types of rheology. They could manifest similar types of
response to stress.

Diffusion/dislocation creep

Plastic deformation commonly develops through motion of atoms or defects within
crystal aggregates. Diffusion or dislocation creep (Nicolas & Poirier, 1976) are such
mechanisms. However, dislocation creep also involves other mechanisms, depending on the
nature of the dislocations (single dislocation or dislocation loops), or on the nature of the
motion, glide or climb controlled. They are described in solid state physics (Christian & Vitek,
1970; Allnatt & Lidiard, 1987, Green, 1998). However, they are not specific to moderate
stress commonly registered in rocks (Fig. 1).

Strain rate is linear with stress during diffusion creep, whereas it responds to the cube
of stress during dislocation creep (Egs. 4-5). The energy involved when combining the two
types of rheology writes like for PMR. An equivalent viscosity can be computed. The
condition for equilibrium (Eq. 11) thus also writes as a cubic equation, implying a cusp shape.
Low strain rate effects should manifest by different responses (and perhaps microstructures)
on whether they develop at constant strain rate, constant stress or constant volume.

Acoustic wave propagation

Acoustic waves propagation in poro-elastic media is a special case of alternate stress
cycles. The general form of the equation of displacement (u) under shear writes, as a 1D
formulation for simplicity, with p the density:

p d?u/dt® - h du®dy? = 0 (12)

The second term incorporates the variation of stress with strain (h = do/de), the local
tangent of the stress-strain curve. For strain hardening this term is positive and the equation
is hyperbolic. Solutions write as complex exponential functions, i.e. usual trigonometric
functions. They describe the propagation of an acoustic wave with velocity

c=(h/p)"* (13)

Loss of hyperbolicity occurs when one eigenvalue becomes null, or changes its sign.
Such situation develops with strain softening (h < 0). The system becomes elliptic,
developing instabilities (Schaeffer, 1992; Bazant, 1988). Instability develops owing to a
bifurcation jump. The situation mimics and exemplifies the formation of shear bands above
introduced (Estrin & Kubin, 1995; Bésuelle, 2001).

Solil liqguefaction

The rheology of a saturated sand pertains to that of two-phase materials, but under
elastic conditions. Sand rheology is controlled by the shear modulus that relates stress to
strain (Eq. 2). In usual conditions, G for sediments ranges 0.1 to 0.4 GPa. However, because
of the large porosity of sediments, and particularly in sand, the relation is non-linear and G is
found to increase proportionally to shear stress, or t">. The power law relates to grain
contacts and obeys the Hertz-Midlin relationship (Midlin, 1949; Bachrach et al., 2001). In
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consequence, granular soils cannot be considered as purely elastic when submitted to stress
for a long period of time. This non-linear behaviour bears similarity with viscosity that relates
strain rate to stress. It corresponds to thixotropy (Barnes, 1997) and is due to irreversible
gain in soil strength with time at a constant amount of water (Bauer, 1999).

Liquefaction takes place in saturated soils submitted to earthquakes under undrained
conditions (Seed & Lee, 1966; Ishihara, 1993; Vaid & Sivathayalan, 2000). The material
dilates or contracts with grain rearrangement under cyclic loading induced by the seismic
waves. Under loading, packing normally increases. However, when compaction is prevented
by the presence of a fluid within interstitial pores, pore pressure also increases. The latter
also decreases the effective mean pressure. Liquefaction occurs when the effective pore
pressure becomes null. The collapse of pore volume and simultaneous increase in pore
pressure can lead to vanishing effective stress (Youd, 1972). Nevertheless, irreversible
compaction is not likely since saturated sands in regions of frequent earthquakes manifest
liquefaction at successive periods of time.

Importance of shear deformation in a two-phase material

Deformation occurs in pure, simple shear, or combination of both. Pure shear
essentially consists in a convergent (or divergent) component, whereas simple sear
manifests by a rotational component (Jaeger, 1969). A mixture of two viscous phases can
accommodate the both types of deformation without problems. The situation gets more
complex when one phase has a very low viscosity, i.e. low compressibility. In that case, the
mixture, for instance rocks and water, presents contrasted reaction to deformation.

Deformation of water impregnated porous rocks manifests by alternate structures:
dilatant bands, in which the fluid phase segregates and compaction bands in which the
porosity is reduced (Antonellini & Aydin, 1994). During sediment compaction, the fluid phase
is expelled (Mc Kenzie, 1984), giving place to alternate layers of pure compressional
deformation, characterised by a reduced porosity (Olsson, 1999; Issen & Rudnicki, 2000).
They manifest by tabular structures, being perpendicular to the major stress component
(Antonellini & Aydin, 1994; Cashman & Cashman, 2000). When a shear component adds to
simple compaction, shear bands develops, that are oriented +25° to the major stress
component. The dominant shear displacement gradient is accompanied by a porosity
reduction, but also by the formation of shear zone, in which the fluid phase first accumulates,
and is later expelled. They form Riedel conjugated shear zones (Schmocker et al., 2003).
Compacting and dilating shear bands have been theoretically predicted (Bésuelle, 2001) and
experimentally reproduced (Du Bernard et al., 2002).

They extend the concept of localized deformation, perpendicular to the maximum
compressive stress, as a bifurcation due to strain softening (Rudnicki & Rice, 1975; Estrin &
Kubin, 1995). Hence, the new approach takes into account the effect of the fluid phase.
Sealing is a direct consequence of the development of alternate dilatant and compacted
bands (Main et al., 2000).

A second consequence of shear resides in the long term effect of fault development.
During simple shear, associated Riedel fractures are initiated, oblique to the plane of shear.
They consequently weaken the material and constitute preferential planes for future shear
motion when shear is incremented. The situation totally differs during pure compaction. The
lack of rotational component in the strained material produces alternate bands that remain in
same position regarding the stress pattern. Anisotropy develops within the two-phase
material, but cannot be reactivated later on.

Re-addressing PMR, with in mind such effects, indicates that shear deformation is
more effective to segregate melt than pure compaction. It was obvious after the former
studies of pure compaction applied to magmas (Mc Kenzie, 1984). They resulted in un-
appropriate values of compaction length (about 100 m) that are actually not observed on the
field. In contrast, when simple shear is added to compaction, the instabilities initiated by both
types of deformation cooperate. Introducing values for magmas derived from the continental
crust results in compaction length (cm to mm) comparable to values that are commonly
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observed in migmatites (Rabinowicz & Vigneresse, 2003). A similar reduction operates for
mantle derived rocks (Holtzman et al., 2003). In both case, the percentage of the fluid phase,
through permeability, enters the equation of the compaction length.

Discussion

Experiments

The model of metastable rheology presented in the diagram (n — € — ®) bears
consequence on experimental studies. Few experiments document the rheological behaviour
of PMR (Kohlstedt et al., 2000; Wirth & Franz, 2000), or water impregnated quartz
(Schmocker et al., 2003). In the case of olivine, the melt percentage always remains low (<
12 %) owing to experimental difficulties. In case of dry rocks, creep experiments report
coefficients for a power law that are intermediate (1 < n < 3) between those of diffusion and
dislocation creep.

Experiments are conducted at high strain rate (10° to 10* s™). They document the
effects predicted by the diagram in its stable range (Fig. 3). Results report a change from a
power law behaviour (n=3) for high strain rates to linear behaviour (n=1) for lower strain
rates. It is interpreted as a change from dislocation creep to a granular flow (Paterson, 1995).

The present results suggest to realise experiments in the region where instabilities
develop, i.e. at much lower strain rate than actually. Because minerals may not be the better
suited material, owing to their high viscosity, analogue materials should be tested.
Simultaneously, theoretical and numerical models should address the development of
instability.

Non-linear effects

The non-linear effects in the rheology of two-phase materials have important
consequences on the bulk description of PMR. Non-linear aspects of the melting and
crystallisation curves with temperature, varying viscosity during the phase transition, and a
non-homogeneous spatial distribution of the two phases have been considered in a
preceding paper (Burg & Vigneresse, 2002). They develop feedback loops that contribute to
accelerate or to damp the rheological response during melting and crystallisation
respectively.

A second aspect of non-linearity is the development of cyclic curves, i.e. hysteretic, or
memory effect, during phase transitions. Hysteresis in stress/strain rate co-ordinates has
long been known to develop in plastic material (Prandtl, 1928; Brokate & Sprekels, 1996).
Viscosity variation according to the frequency of loading leads to several rules that are
commonly used in soil studies. They are known as the Masing, or Cox-Mertz rules
(Doraiswamy et al., 1991; Servais & Manson, 1999). Renewed attention to hysteresis related
to wave propagation in sediments impregnated with fluids provided a new insight into non-
linear elasticity (Guyer et al., 1995; Kadish et al., 1996; Tutuncu et al., 1998).

Hysteresis must be considered as a memory effect that delays return to the initial
condition (null strain) when the applied force (stress) is removed. However, hysteresis does
not necessarily implies that a full cycle in melting/crystallisation must be overcome to
observe memory effects. It can also develop during partial cycling in (c — € ) co-ordinates.
This is presently the case when seismic waves pass through a PMR or water-saturated rock.
Seismic waves consists of a the succession of compressional/extensional small scale
deformation with a characteristic frequency. Body waves are commonly in the range 1 — 50
Hz (Scholz, 1990), which means that cycles of deformation alternate in the same range per
second. When the material cannot relax, large strains add together, resulting in a large
amplification of the strain. It is similar to shifting the hysteresis cycle toward increasing strain
by a spiral motion. Accumulating and adding strain may result in strain value that seriously
overcome the possibility of the material to deform within a single cycle of loading (Fig. 10).
Amplification of strain by spiral cycles is known in saturated sediments as cyclic mobility
(Manzari & Dafalias, 1997; Li & Ming, 2000). Superplastic deformation could be re-inspected
within this new insight.
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Development of instabilities

The proposed cusp instability describing the rheology of two-phase material (Fig. 3)
pertains to the six elementary catastrophes (Thom, 1990). Catastrophe theory has already
been applied to Earth Sciences (Henley, 1976; Petford, 1995). The present approach
attempts quantifying the cusp shape, determining a critical point that could separate the
homogeneous response from a region where instabilities develop.

The cusp corresponds to a third order surface, documented by the cubic equation
(eq. 10). It implies two internal variables (n and ®) and one control parameter (€ ). When the
strain rate is low enough, so that the respective relaxation times for each phase are too
different to find accommodation, the only possibility left to the system is an abrupt transition
from one state to the other. It corresponds to a change in sign of one eigenvalue of the
motion equation. Such a process is often designed as a bifurcation in studies concerning
instability (Needleman, 1979; Hunt, 1986).

A phase space in which bifurcations develop should be constructed documenting the
mode of evolution of the instability. It is a diagram constructed from the assemblage of
variables controlling the nature and type of the motion equation. In the case of planar strain,
a combination of G/G’ and a function that combine plastic hardening (do/de) and G has been
suggested (Needleman, 1979). It corresponds to an elastic-like material in which the plastic
response remains low. It also delineates a parabolic domain for large hardening, i.e. for very
stiff material. When the plastic component is high, then separation between hyperbolic and
elliptic solutions party depends on the ratio of the elastic shear module to the instantaneous
shear module (G/G’).

Conclusions

A global model suggests describing the rheology of a two-phase material according to
strain rate. It is the first approach, still conceptual at present, that envisions a non binary
transition from a weak rheology to a strong one. It focuses on the interaction between two
end-members with a distinct and contrasted rheology. The model emphasises the role of a
critical strain rate value that separates a region of bulk homogeneous response from a region
in which instabilities develop. Under low strain rate, local effects manifest, that develop under
constant stress, constant strain rate, or constant amount of each phase. Deformation while
the amount of each phase is conserved leads to crystal melting. Deformation at a constant
strain rate, which is the rule during crystallisation, leads to banded segregation of magma
and schlieren formation. Deformation at constant stress results in proto-faults and shear
bands.

Acknowledgements

This paper started from many discussions with people that resulted in series of
papers on the rheology of PMR. Amongst them, P. Barbey, B. Tikoff and J.P. Burg provided
valuable field arguments. D.B. Clarke kindly draw my attention to schlieren and banded
granodiorites. He provided me interesting discussions and helped editing the paper. Nick
Petford and Ken McCaffrey provided very constructive reviews. They convinced me of the
importance of the topic, jointly with the lack of conclusive constitution equations for PMR.

Rheology of two phase material byJ L. Vigneresse 13



References

ADLER, P., NADIM, A. & BRENNER, H., 1990. Rheological models of suspensions. Advances in
Chemical Engineering 15, 1-67.

ALLNATT, A.R. & LIDIARD, A.B., 1987. Statistical theories of atomic transport in crystalline solids.
Report on Progress in Physics 50, 373-472.

AMEGLIO, L. & VIGNERESSE, J.L., 2000. Onset of rigidity during cooling and crystallization of felsic
magma intrusions. EUG10 Strasbourg. Journal of Conference Abstracts 4, 615.

ANTONELLINI, M.A., & AYDIN, A., 1994. Effect of faulting on fluid flow in porous sandstones:
petrophysical properties. American Association of Petroleum Geologists Bulletin 78, 355-377.

ARZI, A.A., 1978. Critical phenomena in the rheology of partially melted rocks. Tectonophysics 44,
173-184.

BACHRACH, R., NUR, A. & AGNON, A., 2001. Liquefaction and dynamic poroelasticity in soft
sediments. Journal of Geophysical Research B106, 13515-13526.

BARNES, H.A., 1997. Thixotropy — A review. Journal of Non Newtonian Fluid Mechanics 70, 1-33.

BARNES, H.A., 1999. The yield stress — a review or “rnavta pel” — everything flows ? Journal of Non-
Newtonian Fluid Mechanics 81, 133-178.

BARRAUD, J., GARDIEN, V., ALLEMAND, P. & GRANDJEAN, P., 2001. Analog modelling of melt
segregation and migration during deformation. Physics and Chemistry of the Earth A26, 317-323.
BARRIERE, M., 1981. On curved laminae, graded layers, convection currents and dynamic crystal
sorting in the Ploumanac'h (Brittany) subalkaline granite. Confributions fo Mineralogy and Petrology

77, 217-224.

BATCHELOR, G.K., 1976. Brownian diffusion of particles with hydrodynamic interaction. Journal of
Fluid Mechanics 74, 1-25.

BAUER, E., 1999. Analysis of shear band bifurcation with a hypoplastic model for a pressure and
density sensitive granular material. Mechanics of Materials 31, 597-609.

BAZANT, Z.P., 1988. Softening instability: Part | - Localization into a planar band. Journal of Applied
Mechanics 55, 517-522.

BERCOVICI, D., RICARD, Y. & SCHUBERT, G., 2001. A two-phase model for compaction and
damage. Part 3. Applications to shear localization and plate boundary formation. Journal of
Geophysical Research B106, 8925-8939.

BESUELLE, P., 2001. Compacting and dilating shear bands in porous rock : Theoretical and
experimental conditions. Journal of Geophysical Research B107, 13435-13442.

BOUCHEZ, J.L., 1997. Granite is never isotropic: an introduction to AMS studies of granites. In:
BOUCHEZ, J.L., HUTTON, D.H.W. & STEPHENS, W.E. (Eds), Granite: from segregation of melt to
emplacement fabrics. Kluwer Academic Publisher, Dordrecht, 95-112.

BROKATE, M. & SPREKELS, J., 1996. Hysteresis and phase ftransitions. Applied Mathematics
Sciences 121, Springer Verlag, Heidelberg, 358 p.

BROWN, M., AVERKIN, Y.A., MCLELLAN, E.L. & SAWYER, E., 1995. Melt segregation in migmatites.
Journal of Geophysical Research 100, 15655-15679.

BRUN, J.P. & MARTIN, H. 1978. Relations métamorphisme-déformation au cours de I'évolution
dynamique d'un dome migmatitique: le massif de Saint Malo (France). Bulletin de la Société
Géologique de France 20, 91-101.

BRUN, J.P., GAPAIS, D., COGNE, J.P., LEDRU, P. & VIGNERESSE, J.L., 1990. The Flamanville
granite (NW France): An unequivocal example of an expanding pluton. Geological Journal 25, 271-
286.

BURG, J.P. & VIGNERESSE, J.L., 2002. Non-linear feedback loops in the rheology of cooling-
crystallising felsic magma and heating-melting felsic rock. In: DRURY, M., DE MEER, S.,
BRESSER DE, J.H., PENNOCK, G., (Eds), Deformation Mechanisms, Rheology and Tectonics.
Geological Society of London Special Publication 200, 275-292.

BURG, J.P. & WILSON, C.J.L., 1987. Deformation of two-phase systems with contrasting rheology.
Tectonophysics 135, 199-205.

CASHMAN, S., & CASHMAN, K., 2000. Cataclasis and deformation-band formation in unconsolidated
marine terrace sand, Humboldt County, California. Geology 28, 111-114.

CHRISTIAN, J.W. & VITEK, V., 1970. Dislocations and stacking faults. Report on Progress in Physics
33, 307-411.

CLARKE, D.B. & CLARKE , G.K.C., 1998. Layered granodiorites at Chebucto Head, South Mountain
batholith, Nova Scotia. Journal of Structural Geology 20 1305-1324.

Rheology of two phase material byJ L. Vigneresse 14



CLARKE, D.B., MCCUISH, K.L., VERNON, R.H., MAKASEYV, V. & MILLER, B.V., 2002. The Port
Mouton shear zone: intersection of a regional fault with a crystallising granitoid pluton. Lithos 61,
141-159.

CLEMENS, J.D. & PETFORD, N., 1999. Granitic melt viscosity and silicic magma dynamics in
contrasting tectonic settings. Journal of the Geological Society of London 156, 1057-1060.

COBLE, R.L., 1963. A model for boundary diffusion controlled creep in polycrystalline materials.
Journal of Applied Physics 34, 1679-1682.

DE KRUIF, C.G., VAN IERSEL, E.M.F., VRIJ, A. & RUSSEL, W.B., 1986. Hard sphere colloidal
dispersions: viscosity as a function of shear rate and volume fraction. Journal of Chemical Physics
83, 4717-4725.

DI PRISCO, C. & IMPOSIMATO, S., 2002. Static liquefaction of a saturated loose sand stratum.
International Journal of Solids and Structures 39, 3523-3541.

DIMITROV, L.Il.,, 2002. Mud volcanoes-the most important pathway for degassing deeply buried
sediments. Earth-Science Reviews 59, 49-76.

DOBSON, D.P., JONES, A.P., RABE, R., SEKINE, T., KURITA, K., TANIGUCHI, T., KONDO, T.,
KATO, T., SHIMOMURA, O & URAKAWA, S., 1996. In-situ measurement of viscosity and density
of carbonate melts at high pressure. Earth and Planetary Science Letters 143, 207-215.

DORAISWAMY, D., MUJUMDAR, A.N., TSAO, I., BERIS, A.N., DANFORTH, S.C. & METZNER, A.B.,
1991. The Cox-Mertz rule extended : A rheological model for concentrated suspensions and other
materials with a yield stress. Journal of Rheology 35, 647-685.

DU BERNARD, X., EICHBUL, P. & AYDIN, A., 2002. Dilation bands: A new form of localized failure in
granular media. Geophysical Research Letters 29, 2176, doi:10.1029/2002GL015666.

EINSTEIN, A., 1906. Eine neue Bestimmung der Molekul-dimensionnen. Annales de Physique 19,
289-306.

ESTRIN, Y. & KUBIN, L.P., 1995. Spatial coupling and propagative plastic instabilities. In: MULHAUS,
H.E (Ed), Continuum models for materials with micro-structure. Wiley & Sons, New York, 395-450.

FAN, X., PHAN-THIEN, N. & ZHENG, R., 1998. A direct simulation of fibre suspensions. Journal of
Non-Newtonian Fluid Mechanics 74, 113-135

FOREST, M.G., Ql, W. & BECHTEL, S.E., 1997. 1-D models for thin filaments of liquid-crystalline
polymers: Coupling of orientation and flow in the stability of simple solutions. Physica D99, 527-
554.

GEMINARD, J.C., LOSERT, W. & GOLLUB, J.P., 1999. Frictional mechanics of wet granular material.
Physical Review E59, 5881-5890.

GODDARD, J.D., 2002. Material instability with stress localization. Journal of Non-Newtonian Fluid
Mechanics 102, 251-261.

GREEN, D.J., 1998. /nfroduction fo the mechanical properties of ceramics. Cambridge University
Press, Cambridge, 348 p.

GRINFELD, M.A., 1993. The stress driven instability in elastic crystals: Mathematical models and
physical manifestations. Journal of Nonlinear Scence 3, 35-83.

GUINEBERTEAU, B., BOUCHEZ, J.L. & VIGNERESSE, J.L., 1987. The Mortagne granite pluton
(France) emplaced by pull apart along a shear zone: structural and gravimetric arguments and
regional implication. Geological Society of American Bulletin, 99, 763-770.

GUYER, R.A., MCCALL, K.R. & BOITNOTT, G.N., 1995. Hysteresis, discrete memory, and nonlinear
wave propagation in rock: A new paradigm. Physical Review Letters T4, 3491-3494.

HANDY, M.R., 1994. Flow laws for rocks containing two non-linear viscous phases: a
phenomenological approach. Journal of Structural Geology 16, 287-303.

HARRIS, N., VANCE, D. & AYRES, M., 2000. From sediment to granites : timescales of anatexis in
the upper crust. Chemical Geology 162, 155-167.

HEKI, K., FOULGER, G.R., JULIAN, B.R. & JAHN, C.H., 1993. Plate dynamics near divergent
boundaries: Geophysical implications of postrifting crustal deformation in NE Iceland. Journal of
Geophysical Research B98, 14279-14297.

HENLEY, S., 1976. Catastrophe theory models in geology. Mathematical Geology 8, 649-655.

HERRING, C., 1950. Diffusional viscosity of a polycrystalline solid. Journal of Applied Physics 21, 437-
445,

HOLTZMAN, B.K., GROEBNER, N.J., ZIMMERMAN, M.E., GINSBERG, S.B. & KOHLSTEDT, D.L.,
2003. Deformation-driven melt segregation in partially molten rocks. Geochemistry, Geophysics,
Geosystems 4, doi10.1029/2001GC000258.

HULL, D. & CLYNE, T.W., 2002. An infroduction fo composite materials. Cambridge University Press,
Cambridge, 342 p.

Rheology of two phase material byJ L. Vigneresse 15



HUNT, G.W., 1986. Hidden (a)symmetries of elastic and plastic bifurcation. Applied Mechanical
Review 39, 1165-1186.

ISHIHARA, K., 1993. Liquefaction and flow failure during earthquakes. Géotechnique 43, 351-415.

ISSEN K.A. & RUDNICKI, J.W., 2000. Conditions for compaction bands in porous rocks. Journal of
Geophysical Research B105, 21529-21536.

JAEGER, J.C., 1969. Elasticity, fracture and flow with engineering and geological applications.
Methuen, London, 268 p.

JI, S. & ZHAO, P., 1993. Flow laws of multiphase rocks calculated from experimental data on
constituent phases. Tecfonophysics 117, 181-187.

KADISH, A., JOHNSON, P.A. & ZINSZNER, B., 1996. Evaluating hysteresis in earth materials under
dynamic loading. Journal of Geophysical Research B101, 29139-29147.

KIRBY, S.H. & KRONENBERG, A.K., 1987. Rheology of the lithosphere: Selected topics. Reviews of
Geophysics 25, 1219-1244.

KOENDERS, M.A. & PETFORD, N., 2000. Quantitative analysis and scaling of sheared granitic
magmas. Geophysical Research Letters 27, 1231-1234.

KOHLSTEDT, D.L., BAI, Q, WAND, Z.C. & MEI, S., 2000. Rheology of partially molten rocks. In:
BAGDASSAROV, N., LAPORTE, D. & THOMPSON, A.B. (Eds), Physics and chemistry of partially
molten rocks. Kluwer Academic Press, Dordrecht, 3-28.

KRIEGER, I.M. & DOUGHERTY, T.J., 1959. A mechanism for non Newtonian flow in suspensions of
rigid spheres. Transactions of the Society of Rheology 3, 137-152.

LANDAU, L. & LIFCHITZ, E., 1967. Physique statistique. Mir Editions, Moscow, 584 p.

LEJEUNE, A.M. & RICHET, P., 1995. Rheology of crystal-bearing silicate melts: an experimental
study of high viscosities. Journal of Geophysical Research B100, 4215-4229.

LI, X.S. & MING, H.V., 2000. Unified modeling of flow liquefaction and cyclic mobility. So//
Dynamics and Earthquake Engineering 19, 363-369.

LIU, S. & MASLIYAH, J.H., 1996. Rheology of suspensions. In: Schramm, L.L. (Ed), Suspensions
Fundamentals and Applications in Petroleum Industry. Advances in Chemical Series 251,
American Chemical Society, Washington, 107-176.

MAALGE, S., 1985. Principles of lgneous Petrology. Springer-Verlag, Heidelberg, 374 p.

MAIN, I.G., KWON, O., NGWENYA, B.T. & ELPHICK, S.C., 2000. Fault sealing during deformation-
band growth in porous sandstone. Geology 28, 1131-1134.

MANZARI, M.T. & DAFALIAS, Y.F., 1997. A critical state two-surface plasticity model for sands.
Géotechnique 47, 255 272.

MARONE, C., 1998. Laboratory-derived friction laws and their application to seismic faulting. Annual
Reviews in Earth and Planetary Sciences 26, 643-696.

MC CAFFREY, K.J.W., MILLER, C.F., KARLSTROM, K.E. & SIMPSON, C., 1999. Synmagmatic
deformation patterns in the Old Woman Mountains, SE California. Journal of Structural Geology 21,
335-349.

MC KENZIE, D., 1984. The generation and compaction of partially molten rock. Journal of Petrology
25, 713-765.

MEANS, W.D. & PARK, Y., 1994. New experimental approach to understanding igneous textures.
Geology 22, 323-326.

MIDLIN, R.D., 1949. Compliance of elastic bodies in contact. Journal of Applied Mechanics 16, 259-
268.

MURTON, B.J. & BIGGS, J., 2003. Numerical modelling of mud volcanoes and their flows using
constraints from the Gulf of Cadiz. Marine Geology 195, 223-236.

NABARRO, F.R.N., 1950. Steady state diffusional creep. Philosophical Magazine 16, 231-237.

NEEDLEMAN, A., 1979. Non-normality and bifurcation in plane strain tension and compression.
Journal of Mechanics and Physics of Solids 27, 231-254.

NICOLAS, A. & ILDEFONSE, B., 1996. Flow mechanism and viscosity in basaltic magma chambers.
Geophysical Research Letters 23, 2013-2016.

NICOLAS, A. & POIRIER, J.P., 1976. Crystalline plasticity and solid state flow in metamorphic rocks.
Wiley, London, 444p.

OKAGAWA, A., COX, R.G. & MASON, S.G., 1973. The kinetics of flowing dispersions. VI. Transient
orientation and rheological phenomena of rods and discs in shear flow. Journal of Colloid and
Interface Science 45, 303-329.

OLMSTED, P.D. & GOLBART, P.M., 1992. Isotropic-nematic transition in shear flow. Strain selection,
coexistence, phase transitions and critical behavior. Physical Review A46, 4966-4993.

OLMSTED, P.D., 1999. Two-state shear diagrams for complex fluids in shear flow. Europhysics
Letters 48, 339-345.

Rheology of two phase material byJ L. Vigneresse 16



OLSSON, W.A., 1999. Theoretical and experimental investigation of compaction bands in porous
rocks. Journal of Geophysical Research B104, 7219-7228.

PARK, Y. & MEANS, W.D., 1996. Direct observation of deformation processes in crystal mushes.
Journal of Structural Geology 18, 847-858.

PATERSON, M.S., 1995. A theory of granular flow accommodated by material transfer via an
intergranular fluid. Tecfonophysics 245, 135-151.

PATERSON, S.R. & SCHMIDT, K.L., 1999. Is there a close spatial relationship between faults and
plutons? Journal of Structural Geology 21, 1131-1142.

PATINO DOUCE, AEE. & BEARD, J.S., 1995. Dehydration-melting of biotite gneiss and quartz
amphibolite from 3 to 15 kbar. Journal of Petrology 36, 707-738.

PEREZ, J.M., 2001. Matériaux non cristallins et science du désordre. Presses Polytechniques et
Universitaires Romandes, Lausanne, 558p.

PEREZ-BELZUZ, F., ALONSO, B. & ERCILLA, G., 1997. History of mud diapirism and trigger
mechanisms in the Western Alboran Sea. Tectonophysics 282, 399-422.

PETFORD, N., 1995. Segregation of tonalitic-trondhjemitic melts in the continental crust: the mantle
connection. Journal of Geophysical Research B100, 15735-15743.

PETFORD, N., 2003. Rheology of granitic magmas during ascent and emplacement. Annual Review
in Earth and Planetary Sciences 31, 399-427.

PFIFFNER, O.A., & RAMSAY, J.G., 1982. Constraints on geologic strain rates: arguments from finite
strain states of naturally deformed rocks. Journal of Geophysical Research 87, 311-321.

PONS, J., BARBEY, P., DUPUIS, D. & LEGER, J.M., 1995. Mechanism of pluton emplacement and
structural evolution of a 2.1 Ga juvenile continental crust: the Birimian of southwestern Niger.
Precambrian Research, 70, 281-301.

PRANDTL, L., 1928. Ein Gedankenmodell zur kinetischen Theorie der festen Korper. Zeitschrift fiir
Angewandfe Mathematik und Mechanik 8, 85-106.

RABINOWICZ, M. & VIGNERESSE, J.L., 2003. Melt segregation under compaction and shear
channelling: Application to granitic magma segregation in a continental crust. Journal of
Geophysical Research (in press).

RABINOWICZ, M., GENTHON, P., CEULENEER, G. & HILLAIRET, M., 2001. Compaction in a mantle
mush with high melt concentrations and the generation of magma chambers. Earth and Planetary
Science Letters 188, 313-328.

RANALLI, G., 1995. Rheology of the Earth. Chapman & Hall, London, 413 p.

ROGERS, C.D.F., DIUKSTRA, T.A. & SMALLEY, T.A., 1994. Particle packing from an Earthscience
viewpoint. Earth-Science Reviews 36, 59-82.

ROSCOE, R., 1952. The viscosity of suspensions of rigid spheres. British Journal of Applied Physics
3, 267-269.

ROSENBERG, CL. & HANDY, M.R., 2001. Mechanisms and orientation of melt segregation paths
during pure shearing of a partially molten rock analogue (norcamphor-benzamide). Journal of
Structural Geology 23, 1917-1932.

RUDNICKI, J. & RICE, J., 1975. Conditions for the localization of deformation in pressure-sensitive
solids. Journal of Mechanics and Physics of Solids 23, 371-394.

SCHAEFFER, D.G., 1992. A mathematical model for localization in granular flow. Proceedings of the
Royal Society of London A436, 217-250.

SCHMOCKER, M., BYSTRICKY, M., KUNZE, K., BURLINI, L., STUNITZ, H. & BURG, J.P., 2003.
Granular flow and Riedel band formation in a water-rich quartz aggregates experimentally
deformed in torsion. Journal of Geophysical Research B108, 2242, doi: 10.1029/2002JB001958.

SCHOLZ, C.H., 1990. The mechanics of earthquakes and faulting. Cambridge University Press, New
York, 439 p.

SEED, H.B. & LEE, K.L., 1966. Liquefaction of saturated sands during cyclic loading. Journal of Soil
Mechanics Foundation Division SM3, 698-708.

SERVAIS, C. & MANSON, J.A.E., 1999. The relationship between steady state and oscillatory shear
viscosity in planar randomly oriented concentrated fiber suspensions. Journal of Rheology 43,
1019-1031.

SIBSON, R.H., 1989. Earthquake faulting as a structural process. Journal of Structural Geology 11, 1-
14.

SMITH, J.V., 1998. Interpretation of domainal groundmass textures in basalt lavas of the Southern
Lamington volcanics, eastern Australia. Journal of Geophysical Research B103, 27383-27391.

SPIEGELMAN, M., 2003. Linear analysis of melt band formation by simple shear. Geochemistry,
Geophysics, Geosystems (submitted).

THOM, R., 1990. Apologie du logos. Hachette, Paris, 672p.

Rheology of two phase material byJ L. Vigneresse 17



TUTUNCU, A.N., PODIO, AL. & SHARMA, M.M., 1998. Nonlinear viscoelastic behavior of
sedimentary rocks, Part Il: Hysteresis effects and influence of type of fluid on elastic moduli.
Geophysics 63, 195-203.

VAID, Y.P. & SIVATHAYALAN, S., 2000. Fundamental factors affecting liquefaction susceptibility of
sands. Canadian Geotechnical Journal 37, 592-606.

VERMEER, P.A. & DE BOORST, R., 1984. Non-associated plasticity for soils, concrete and rocks.
Heron 29, 1-64.

VIGNERESSE, J.L. & BURG, J.P., 2000. Continuous versus discontinuous melt segregation in
migmatites : insights from a cellular automaton model. 7Terra Nova12, 188-192.

VIGNERESSE, J.L. & TIKOFF, B., 1999. Strain partitioning during partial melting and crystallizing
felsic magmas. Tectonophysics 312, 117-132.

VIGNERESSE, J.L., 1995. Control of granite emplacement by regional deformation. Tectonophysics
249, 173-186.

VIGNERESSE, J.L., BARBEY P. & CUNEY, M., 1996. Rheological transitions during partial melting
and crystallization with application to felsic magma segregation and transfer. Journal of Petrology
37, 1579-1600.

WANG, H.F., 2000. Theory of Linear Poroelasticity with Applications to Geomechanics and
Hydrogeology. Princeton University Press, Princeton, 267 p.

WEINBERG, R.F., SIAL, A.N. & PESSOA, R.R., 2001. Magma flow within the Tavares pluton,
northeast Brazil: Compositional and thermal convection. Geological Society of America Bulletin
113, 508-520.

WIRTH, R. & FRANZ, L., 2000. Thin amorphous intergranular layers at mineral interfaces in xenoliths :
the early stage of melting. In: BAGDASSAROV, N., LAPORTE, D. & THOMPSON, A.B. (Eds),
Physics and chemistry of partially molten rocks. Kluwer Academic Press, Dordrecht, 229-268.

YOUD, T.L., 1972. Compaction of sand by repeated straining. Journal of Soil Mechanics and
Foundations Design 98, 709-725.

ZHANG, J., WONG, T.F. & DAVIS, D.M., 1990. Micromechanics of pressure-induced grain crushing in
porous rocks. Journal of Geophysical Research B95, 341-352.

Rheology of two phase material byJ L. Vigneresse 18



Figure captions

Figure 1. Schematic map of plastic deformation. T, is the melting temperature, whereas
o/G is the ratio of the stress to the shear modulus (about 5-50 GPa). The field of PMR is
indicated by a grey shadow.

Figure 2. Stress (o) — strain rate (€ ) in a log-log diagram for a crystallising magma. The
Newtonian melt is taken at 10° Pa.s. The solid phase follows a power law (n = 3). Stress
values range from 0.01 MPa to 100 MPa, whereas strain rates range 10 to 10° s™.
Viscosity (n) values are indicated in grey. The zone corresponding to magma transport is

indicated by a grey box. The zone where instabilities develop (see text) is hatched.

Figure 3. Three-dimensional diagram (€ — n — ®) showing the cusp shape of viscosity
for low strain rate values.

Figure 4. Same diagram as Figure 3, but showing the high strain rate path
(homogeneous deformation), and two paths at low strain rate under a common amount of
phase and under a common strain rate value. They both show a cyclic path, determining
hysteresis, or memory effect.

Figure 5. Deformation at high strain rate, or high stress, as it occurs during tectonic
activity. The deformation path depends on the average amount of solid, corresponding to
an homogeneous, en masse, transport of the PMR.

Figure 6. Deformation at constant amount of phase. It develops during the final stage of
crystallisation, and acts as a closed system. Plagioclase crystals grow at the detriment of
already formed crystals. Contact melting develops and crystals impinge altogether (inset
redrawn from a photo of Oman gabbros, provided by B. lldefonse (Nicolas & Illdefonse,
1996).

Figure 7. Deformation under common stress at low strain rate, as it develops
preferentially during crystallisation. Particles segregates, leading to banded features in the
magma shown in inset.

Figure 8. Deformation under common low strain rate. Overlapping of the two curves for
the viscosity of the weak and strong phase induces sudden jumps from one rheology to
the other. Deformation develops through cycles, inducing hysteresis, i.e. memory effects.
In inset, shear localisation develops, leading to proto-faults.

Figure 9. Differences between melting and crystallisation for the rheology of PMR. The
transitional state from the respective end-members favours deformation under a common
stress for melting since the system goes from the solid-like to the liquid-like rheology. In
contrast, the opposite path that develops during magma crystallisation favours
deformation under a common strain rate.

Figure 10. Hysteresis during cyclic loading and unloading of a PMR. Repeated loading
may bring the hysteresis curve (thin line) to unexpected large strain by spiraling cycles.
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