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ABSTRACT
Coupling or decoupling in the lithosphere is often related to the absence or the presence of a

layer of partially molten rocks, although the rheology of such rocks remains unsolved.
Theoretical arguments correlated with structural observations provide new insights on the
rheology of partially molten rocks, namely migmatites and magma. These rocks are
simplified to two-phase pseudofluids constituted of a quasi-solid matrix and a variable
amount of melt. Previous experiments indicate that the matrix deforms plastically according
to a power law. The melt is Newtonian and weakens at high shear strain rates. Because of
the heterogeneous distribution of matrix and melt phases, their rheologies cannot be
averaged to obtain the rock rheology. Four behaviours are identified. i) At high stress and
strain rates, the viscosity contrast between melt and matrix is lowest. Both phases can
accommodate strain at a comparable rate, allowing migmatite and magma bodies to deform
as quasi-solid units. ii) At low strain rates, the viscosity contrast between melt and matrix is
highest. Melt deforms and relaxes much faster than the matrix. The simultaneous
coexistence of a weak and a strong phase is expressed in a 3D viscosity / strain rate / melt
fraction diagram, in which a cusp-shaped surface represents viscosity. The cusp graphically
shows that the viscosity of partially molten rocks may jump several orders of magnitude.
These jumps, leading to sudden melt segregation, are timely erratic. iii) At low strain rates,
strain partitioning may lead to internal instabilities and segregation between melt and restitic
phases, as observed in the leucosome/melanosome separation. iv) Cyclic processes follow

hysteresis loops and trigger strain localisation.
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INTRODUCTION

Vertical or horizontal decoupling in the lithosphere supposes an interface whose
rheology restricts stress transmission. This may occur along a discontinuity, as a fault in the
brittle crust, or weak shear zones in the ductile crust. Weakness is commonly attributed to a
compositional change including soft minerals (Jordan, 1987), or the onset of melting, the
molten rocks providing the decoupling interface (Dewey, 1988; Block & Royden, 1990; see
recent review by Vanderhaeghe & Teyssier, 2001). At a smaller scale, coupling and
decoupling are coeval in migmatites, which were partially molten crustal rocks (Mehnert,
1968; Ashworth, 1985; Brown, 1994). The presence of melt induces strain partitioning and
decoupling between the melt and its matrix (Vigneresse & Tikoff, 1999). In contrast, large-
scale structures of a migmatite body are concordant with those of the surrounding rocks,
manifesting some kind of coupling.

The rheology of Partially Molten Rocks (PMR) has been approached from a
theoretical point of view, importing into earth sciences observations and experiments from
other disciplines such as soil sciences, food engineering, polymer rheology and chemical
engineering. Crystallising magma consists of solid crystals suspended in a fluid melt.
Migmatites also; they both can rheologically be considered as two-phase materials at the
time of crystallisation and melting, respectively.

The present paper identifies rheological behaviours and physical effects to be taken
into account for investigating magma segregation and extraction. We first review results
concerning the rheology of two-phase materials. PMR are considered to be viscous, with
viscosity values rapidly changing from that of the strong to that of the weak phase (Arzi,
1978; Barboza & Bergantz, 1998; Renner et al., 2000). With such considerations, melting
and crystallisation present symmetrical rheological properties, which is not supported by
microstructural observation (Vigneresse ef al., 1996; Rosenberg, 2001). To explore the many
aspects of PMR rheology, we extend a previous model that included non-linear interactions
between melting, strain partitioning and rheology (Burg & Vigneresse, 2002) and obtain
catastrophic events and memory effects due to hysteretic behaviour of PMR.

We first present the intrinsic rheological responses of each phase. We then briefly
discuss the limits of averaging formulation. We attempt to reach a global formulation, which
is highly strain rate dependent. The ensuing metastable states describe local instabilities. We
finally discuss geological implications but point out that these findings are only in a

preliminary, mostly conceptual stage.
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RHEOLOGY OF TWO-PHASE MATERIALS

Basic Rheological laws

Rheology is the science of deformation and flow (e.g. Adler ef a/., 1990). In elastic materials,
strain disappears as stress is removed. In viscous materials the strain rate (¢ ) depends in a
complex manner on the applied stress (o). In a Newtonian fluid, the relationship between

shear stress and shear strain rate is linear. Linearity is a constant viscosity (n):

e =c/n (1)

Very high temperature rocks produce magma that behaves as a low viscosity (10* to
10" Pa.s) Newtonian body (Shaw, 1972; Holtz et a/., 1996; Clemens & Petford, 1999).

The strain rate of rocks deforming by creep is related to stress ¢ according to a power law:
¢ = A c" exp(-Q/RT) (2)

in which A is a grain size sensitive constant, Q is the activation energy and n the coefficient
of the power law, which are experimentally determined. R is the perfect gas constant and T
the absolute temperature. In most rocks, the power coefficient (n) is close to 3 (Kirby &
Kronenberg, 1987).

In PMR, a weak (the melt) and a strong phase (the matrix) simultaneously coexist.
The solid matrix deforms plastically following a flow law close to equation 2. In contrast, the
melt is Newtonian at low shear rate (Spera ef al., 1988; Kohlstedt et a/.,, 2000) and shows
shear weakening when & > 10“° s (Webb & Dingwell, 1990; Dingwell et a/., 1996). In our
model, the maximum strain rate is set to 1 s, equivalent to seismic strain, an estimated
upper bound for strain rate values (Scholz, 1990; Reimold, 1995). In all cases, strain
concentrates into the melt (Vigneresse & Tikoff, 1999). Complex non-linear interactions
occur, inducing feedback loops between melt production, strain response, and material
rheology and instabilities are function of the melt fraction (Burg & Vigneresse, 2002). In order
to investigate in more details the rheology of melt + matrix systems, we map the stress /
strain rate field in which PMR plot.

Equations 1 and 2 are better formulated in logarithmic coordinates, thus allowing

direct comparison of the two laws:

log € =logc-logn for the melt (3)

and
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log € =nlog c + C(T) for the matrix (4)

In this formulation, log n = 7 would refer to the 10’ Pa.s, the Newtonian viscosity of a
granitic melt (Spera et al., 1988; Clemens & Petford 1999). The C(T) member in equation (4)
includes the coefficient A of Eq. (2) and a temperature-dependent term that includes the
activation energy Q. We use experimental data with log A = -4.89, and Q = 243 kJ/mole
(Wilks & Carter, 1990). We take 800 °C, the approximate temperature for starting
dehydration melting of biotite (Patino Douce ef al., 1995). C(T) is then set to a constant value
= -32. In the range of strain rates 10*° < ¢ < 10° s™', we let viscosity decrease with strain
rate (Dingwell ef al., 1996). In that range of strain rates, a power law in which n = 2 best
matches experimental data. Those adopted values must be considered as average
assessments. Departures due to changes in the melt composition or in temperature (+100
°C), do not strongly change the parameters. They vary by about +1 logarithmic unit in
viscosity, a factor of ten. In all cases it does not alter the shape of the stress / strain rate
diagram (Fig. 1).

In figure 1, the melt and the matrix curves intersect at a point of coordinates (12.5,
5.5) if no shear weakening occurs. With shear weakening, the point is located at (15, 12).
Both intersections occur at stress and strain rate magnitudes out of significance in geological
conditions. However intersection means that for corresponding parameters, the viscosity of
the matrix is similar to that of the melt. Bracketing geological stress between 0.1 and 100
MPa (5 to 8 in log coordinates), the two lines do not coincide and delimit an irregular
pentagon, which is the area that contains the rheology of natural PMR in a log-log diagram.
In Cartesian coordinates, this area turns into a triangle because the strain rate remains very
low (10" — 10° s™") compared to the stress range (10° — 10® Pa). Within this triangle, the
couple (o,€) varies non-linearly with the melt content. Hence, we must now investigate

effects of the melt proportion.

Rheology of a two-phase pseudofluid
The rheology of PMR implies introducing the proportion of solid phase, i.e. the solid
fraction (®) relative to melt. ® ranges from 0 in the fluid-like case to 1 in the solid-like case.
The simplest formulation of a bulk rheology consists in estimating either the average
strain rate or the average stress that simultaneously applies to both phases. They form the
extreme ideal formulation of a mixture. Owing to the large viscosity contrast, averaging is not

particularly useful for PMR.
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The arithmetic and geometric averaging equations are the simplest formulations
(Guéguen & Palciauskas, 1992). A system composed of two materials with viscosity n4 and

Nz has an arithmetic (or Voigt) mean viscosity n,:

Na=®ny+(1-0)n; ()
and a geometric (or Reuss) mean viscosity ng,

Img=®/n1+(1-D)/ 2 (6)

Adopting Eq. 5 or Eq. 6 is not trivial and has implications on the theoretical behaviour
of each phase because both descriptions correspond to specific boundary conditions. The
arithmetic description corresponds to the same strain rate applied to both phases. In an
elasto-viscous PMR, the arithmetic mean viscosity cannot fit the fluid response if the elastic
component is significant. It should be selected for a solid-like behaviour in which small
deformations are damped. This is the case in a crystallising magma. Conversely, the
geometric formulation supposes that the same stress applies to both phases responding as a
fluid to a steady or a stationary state. The fluid-like behaviour allows accommodating large
strain with partial elastic recovery. It applies to melting migmatites.

The rheological equation of a crystallising magma can thus be written:
ca=Po1+(1-D)o, (7)

which can be also written
ca=® (&)™ {Aexp(QRT)}"+(1-D)n & (8)

which features the general equation of Herschel-Bulkley (Adler et al., 1990).
For melting migmatites, the rheological equation is:

€Eg=De+(1-D) ¢, (9)
or

£4= DA c" exp(-Q/RT) + (1 - ®) o/n (10)

which also features the general equation for thixotropy (Adler et al., 1990; Barnes, 1997).
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Suffixes 1 and 2 correspond to melt and matrix, respectively. The corresponding
viscosity values are plotted with respect to the solid fraction (Fig. 2). The viscosity contrast
between the two phases is varied from 10" to 10° Pa.s to emphasise differences between the
two averaging methods. The arithmetic mean favours the largest values of the average at the
expenses of small ones. Conversely, the geometric average is damped by the small values
of the average. In other words, the arithmetic average favours the strong phase, whilst the
geometrical average gives much weight to the weak phase. We conclude that there is no
correct way to address the problem of a heterogeneously varying phase proportion. Any
model of averaging rheological properties, whether arithmetic or geometric, fails to
adequately represent the rheology of PMR.

Averaging formulations involve either stress or strain rate boundary conditions that
apply simultaneously to both phases. Hence, a unique formulation cannot indifferently
describe melting and crystallisation that proceed from different boundary conditions. A
second consequence of averaging methods is that the resulting equations for bulk flow
involve that both, melt and matrix flow. The flowing material is a pseudo-fluid. This may be
the case when the viscosity contrast is restricted to 1-3 orders of magnitude. In the case of
PMR, the viscosity contrast is huge, up to 15 orders of magnitude, and varies with the
imposed strain rate. A limit to the flow would be a Darcy flow, in which the matrix is fixed,
which is obviously not a correct model for PMR. Therefore, we suggest another way to

examine the rheology of a two-phase material

Rheology of a two-phase material
Representing the PMR rheology implies introducing the amount of the solid fraction
as the third dimension in a diagram (o, &, ®). The applied stress is difficult to estimate.
Therefore, we prefer to display the rheology in a diagram scaled with viscosity (Fig. 3).
Several considerations are prerequisite.
1) The PMR viscosity is constrained by experimental measurements (Lejeune &
Richet, 1995; Renner ef al., 2000) and numerical applications (Vigneresse et al.,
1996; Barboza & Bergantz, 1998). They demonstrate the increase of viscosity
with particle concentration, and thresholds that apply.
2) A 3D diagram must take into account the non-linear effects discussed earlier
(Burg & Vigneresse, 2002).
3) The bulk melt content is unsatisfactory to define a PMR. We must consider the
coexistence of two phases with contrasted rheology.
4) The 3D representation should also coincide with the known viscosity dependence
on the solid fraction (Lejeune & Richet, 1995) and the solid-like behaviour of

concentrated suspensions (Rogers ef al., 1994).
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5) The model should simultaneously describe small and large-scale behaviour of
PMR, which refer to the small and the large relaxation time of melt and matrix,
respectively.
The irregular pentagon of Fig. 1 turns in the 3D diagram into a cusped viscosity-plane
integrating the coexistence of the two phases (Fig. 3). In consequence, the strain response
to stress, or viscosity determination, is not a single parameter. It strongly varies with applied
stress, shear rate or solid fraction. This first-order conclusion strongly contrasts with an
equivalent viscosity that would apply for a given solid fraction, independently of strain rate
(Arzi, 1978).

Rheologies for low (® < 10 %) and high (® > 60 %) solid fractions are both easy to
estimate. Such PMR behave almost as the solid and fluid end members, with non-linear
modifications of the effective viscosity according to the Einstein-Roscoe model of
suspensions (reviews in Adler et al., 1990; Liu & Masliyah, 1996; Vigneresse ef al., 1996).
For intermediate solid fractions (10 - 40 %), complexity due to non-linear interactions occurs
(Burg & Vigneresse, 2002).

We first examine the case of low strain rates. The viscosity contrast between melt and
matrix is highest (Fig. 3). The relaxation time of the melt is much shorter than for the matrix.
This difference generates an instability expressed by the cusp shape of the surface
representing viscosity (Fig. 3). The coexistence of the two phases over a range of
percentage (.20 < @ < .75) results in a metastable state. For a given solid fraction, three
viscosity values are theoretically possible. The highest and the lowest correspond to stable
states and reflect the viscosity of matrix and melt, respectively. The third, intermediate one is
unstable. It reflects the response of a PMR to stress and may fluctuate from the viscosity of
the matrix to melt viscosity. The fluctuation is rapid, similar to catastrophes as formulated in

mathematics (Zeeman, 1976; Thom, 1990; Wassermann et al., 1992).

At higher strain rates, the viscosity contrast between melt and matrix is few orders of
magnitude (Fig. 1). The relaxation times of both phases allow accommodation of their

relative motions and there is no instability.

The difference in relaxation times between melt and matrix has a second
consequence expressed by hysteresis in a stress-strain rate-solid fraction diagram (Fig. 3).
The metastable state develops over 0.20 < ® < 0.75, as stated above. However it also
develops for a fixed percentage of one phase, but at varying strain rate values. For example
at 70% of melt, and low strain rate (Fig. 3), the sequentially loaded and unloaded PMR may
suffer cyclic deformation, but the strong phase has no time to completely relax. Strain adds

up at each cycle, resulting in large localisation of strain in the weak phase, like it has been
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experimented on water-saturated sand and clay (Bardet, 1995; 1996). In a similar way,
experiments on partially saturated sediments, which have a non-linear rheology, report a
drastic increase of strain amplitude while the material is submitted to low frequency stress
cycling (Guyer et al., 1995; Tutuncu ef al., 1998).

GEOLOGICAL IMPLICATIONS
The levels of stress and strain rate differ when considering the bulk behavior of a
PMR or only local melt segregation. In the following, we foresee and discuss some

geological implications of our model.

Bulk response of PMR fo tectonic stresses (high strain rate)

PMR is of regional extent (10° — 10° m) and the ambient stresses are tectonic. We
first address melting metatexites, which are low melt (10-20 %) migmatites. They commonly
form under 400 — 800 MPa and 750 — 800°C (Brown, 1994). Metamorphic pressures
correspond to the 10 - 25 km depth of the brittle/ductile transition where fracturing occurs at
0.8 to 4 times the vertical load (Byerlee, 1978): 100 — 400 MPa at 10 — 12 km depth,
depending on whether tectonics are extensive or compressive. Accordingly, we may assume
an ambient differential stress of about 10° Pa (8 in the log-log diagram, Fig. 1). The
corresponding strain rate is in a range of 1 to -3 in log scale, with viscosity of 10’ Pa.s for the
melt and 10" Pa.s for the matrix. The corresponding viscosity contrast is 10° (Fig. 4).

The response to ambient tectonic stress is thus mostly the solid-state behavior of the
matrix. One may thus expect to observe structures that are similar to those of the
surrounding non-molten rocks (Nzenti ef al., 1988; Brun & Balé, 1990).

High tectonic stresses may impose correspondingly high strain rates to a granitic
body with 40 — 50 % crystals. Although the magma is still rich in melt, it may react as a solid,
up to fracturing (Dingwell, 1997). At moderate strain rate, plastic deformation locally re-
orientates the crystalline fabrics, inducing proto-faults as described in the Mono Creek massif
(Saint Blanquat ef al., 1998).

The bulk reaction of a two-phase system to high stress level is common in geology. At
very fast strain rates, as during earthquakes, saturated sediments that are ordinary very soft

and without cohesion, behave en masse during soil liquefaction (Ishihara, 1993).

Bulk response of PMR fo low strain rates

PMR has similar regional extent than previously (10° — 10° m), but the deformation
rate of 107 s is below the usual strain rates in geology (Pfiffner & Ramsay, 1982). This
situation applies to the lower continental crust, in which some weakness may form, either

from grain size reduction, leading to strain localisation, or partial melting that may induce

Rheology of a two-phase material by VIGNERESSE- ¢ BURGH 8



magmatism. Such situations are inferred in lower crustal sections presently brought at the
surface as in Kohistan (Arbaret ef al., 2000), or deduced from geophysical studies as under
the Andes (Schilling ef al, 1997), the Pyrenees (Partzsch et al/, 2000) and the Tibetan
Plateau (Hauck et al., 199). The amount of weak phase does not need to be high. Estimates
of 4 % melting are provided in the Pyrenees and the Tibetan Plateau (Partzsch et al., 2000).
Nevertheless, connection of any melt is assumed from electrical conductivity, which suffices
for strain partitioning. In such cases, decoupling can be assumed to develop at very low

strain rate.

Melt segregation at outcrop scale

At the mesoscopic scale (1-10 m), low stress is added to the background field and
results from local readjustments after en masse motion of melt and matrix. The large
viscosity contrast between melt (107 Pa.s) and matrix (10" Pa.s) impels a large strain rate
contrast. Strain partitions into the melt and relaxes much faster than in the surrounding
matrix. In consequence, the rheological contrast between melt and matrix accentuates at low
strain rate, leading to instability, whatever the melt percentage.

If stress cycles occur while melt and matrix deform with the same strain rate, sudden
jumps between the liquid-like and solid-like rheology, or vice versa, correspond to sudden
expulsion of the melt. The low relaxation rate of the matrix makes the periods of melt
segregation irregular and discontinuous in time. Irregular bursts of melt segregation have
been obtained in numerical (Vigneresse & Burg, 2000; Rabinowicz et al, 2001) and
analogue (Rosenberg & Handy, 20001; Barraud ef a/., 2001) modelling.

Conversely, deformation involving the same stress on melt and matrix leads to strain
localisation (Fig. 6). Repeated loading and unloading increases and amplifies strain
localisation, resulting in thin shear bands in which a small amount of melt may have focused
deformation. With further deformation, the weaker shear bands may be reactivated, showing

very large finite strain (see photos in Crawford ef a/., 1998).

Melt segregation within a vein

At smaller scale (102 — 1 m), strain partitioning and strain rate are high in the melt
because its relaxation time is short. We do not wish to enter the controversy about the actual
proportion of molten and restitic phases and the effects of back-reactions changing this
proportion (Kriegsman, 2001). We simply assume that the flowing melt is a suspension of
crystals in a fluid.

In suspensions, the velocity gradient and strain partitioning produce a plug-like
concentration of solid particles in the center of a channeled flow, known as the Bagnold

effect (Bagnold, 1954; Komar, 1976). It is common in dykes and in crystal-rich lava flows
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(Correa-Gomes et al., 2001). In contrast, a concentration of restitic minerals (melanosome)
on both sides of channeled melt (leucosome) is commonly described in migmatites. The flat
shape of restitic biotites is generally parallel to leucosomes and flow direction (McLellan,
1988). This orientation suggests that those minerals have passively rotated and side-
melanosomes seem to correspond to outward concentration of solid particles, more or less
symmetric with respect to the central flow plane.

Segregation towards the borders of the flow, as suggested by melanosome-bounded
leucosomes in migmatites thus differs from solid phase segregation in dykes. It is due to both
strain partitioning and chemical effects (Olmsted, 1999; Tanaka, 2000). Strain partitioning
concentrates each phase along the flow direction and perpendicular to vorticity (Fig. 6).
Exchange of elements between biotite and microcline (Olsen, 1977) added to the mechanical
effect could explain why biotites concentrate along each side of the leucosome, with their flat
face aligned parallel to the flow direction (McLellan, 1983). The concentration of restitic
minerals on both sides of the leucosome would therefore be a consequence of instability

under a common strain rate.

Viscosity determination PMR
A direct consequence of time or strain rate dependent rheology is the non-unique
determination of an equivalent viscosity for a PMR, given its proportion of melt. More
generally, a two-phase material cannot be represented by one single equivalent viscosity.
Extending the discussion a step further would be to link the viscosity determination to
an underlying mechanism. Power-law rheology classically corresponds to dislocation creep
(Kirby & Kronenberg, 1987). Diffusion creep corresponds to Newtonian flow. However, recent
experiments show that a transition from dislocation creep to diffusion creep may develop
when a small fraction of melt is added to an aggregate of solid grains (Kohlstedt ef a/., 2000).
A specific “granular flow” has been coined for this situation (Paterson, 2001). It manifests by
a prompt switch from power law (n =3) to linear (n = 1) rheology (Kohlstedt ef a/., 2000),

which is the situation our model describes.

CONCLUSIONS

We imported models from other disciplines to approach the rheology of partially
molten rocks (melting migmatites and crystallising magmas). We point out that PMR is a
material in which it is impossible to assign a given phase proportion at any point. Therefore,
average laws fail to correctly represent PMR rheology. To alleviate the problem, we first
mapped the PMR rheology within a stress-strain rate diagram in which we could incorporate

the phase content. Results show hysteresis and catastrophic jumps of viscosity due to the
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coexistence of a solid and a fluid phase. Several responses may develop, depending on
whether the system responds under high or low strain rate or stress level.

We infer that a migmatite body and plutons deform as solid-like mechanical units
under high tectonic stress level. At a smaller scale, and under low stress level, instabilities
develop under steady strain rate or quasi-constant stress and produce strain localisation.
Since instabilities involve hysteresis, cycling loading and unloading may lead to large strain
concentrated in small regions. If the same strain rate is imposed on fluid and solid phases,
melt segregation and increased vorticity cause veins transecting layering and flow-induced

mineral separation such as restitic minerals aside leucosomes.
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Figure captions

Fig. 1. Log-log stress-strain rate (c — €) diagram displaying the relation (Eq. 3) for a
Newtonian melt (n=1), which turns to shear thinning for ¢ > 10*° s™, and the power law
(Eq. 4) (n=3) for the matrix (see references in the text). Grey lines indicate the

corresponding viscosity values.

Fig. 2. Viscosity contrast between the liquid and solid phases as a function of the solid
fraction (®) for a PMR. Different values of the viscosity contrast (102, 10°, 108, 10"") are
presented. For each , two curves correspond to the arithmetic (n.) and geometric (ng)
averages, respectively. They define a system that develops at constant stress and
constant strain rate repectively. The geometric average does not show many differences

between a contrast of 102 and 10"" in the end member values.

Fig. 3. Diagram for strain rate — viscosity — solid fraction (¢ — n — @) that relates strain rate

and viscosity according to the proportion of one phase.

Fig. 4. Same diagram as Figure 3, but on which we located: a) the specific cusp shape
instability for vein segregation, b) the quasi continuous variation of viscosity that rules the
deformation of the bulk massif at low strain rate, c) the instability due to viscosity variation
leading to melanosome segregation from the leucosome, and finally d) the zone where

hysteresis takes place.
Fig. 5. Instability developing at quasi-constant stress and leading to strain localisation.
Fig. 6. Catastrophic jumps in viscosity that take place at constant low strain rate, between

places of different melt content. They lead to segregation of the melanosome either side

of leucosomes, as it occurs during spinodal decomposition.
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