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Abstract

The concept of rheologically critical melt percentage (RCMP) originally proposed by Arzi [Tectonophysics 44 (1978) 173–184] for

partially molten granitic rocks is re-examined. It is shown that there is no experimental support to show the presence of RCMP. The published

experimental data suggest that the effective viscosity of partially molten granitic rocks is reduced rapidly and continuously with increasing

melt fraction. It is also shown that the experimental data may be modeled by means of the upper bound behavior (the Voigt bound) of two-

phase material by assuming a melt localization, which implies that there is no partitioning of strain between the solid and the melt.

q 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The rheological behavior of partially molten rocks is an

important subject for understanding the rheology of the

lower crust. It is also important for understanding the origin

of granitic magmas because deformation is believed to play

an important role in segregation of acidic, viscous melt from

partially molten rocks (e.g. Wickham, 1987; Brown et al.,

1995). Although it is generally conceived that the strength

of rocks should decrease as melting advances, there have

been some controversies among researchers about details of

the rheological behavior of the partially molten rocks. Some

researchers consider that the strength of partially molten

rocks does not see a significant decrease until a certain

degree of partial melting (melt fraction) is achieved. The

presence of such a ‘critical’ melt fraction for partially

molten rocks was first proposed by Arzi (1978) through a

theoretical consideration and with some preliminary

deformation experiments of partially molten granitic

rocks. The critical melt fraction, which was marked by a

rapid decrease in rock strength, was termed ‘rheologically

critical melt percentage’ (RCMP). This idea was substan-

tiated by a series of more thorough experiments by van der

Molen and Paterson (1979), who renamed this critical value

‘critical melt fraction’ (CMF). RCMP and CMF essentially

refer to the same concept and we shall use RCMP in this

paper. This concept became very popular in geological

literature and has been influential to the geological

community (McLellan, 1984; Wickham, 1987; Blumenfeld

and Bouchez, 1988; Rutter and Wyllie, 1988; Buck and Su,

1989; Obata et al., 1994; Brown et al., 1995; Renner et al.,

2000; Rosenberg, 2001).

The rheological behavior of partially molten rocks is also

dealt with in the context of melt segregation and, in

particular, granitic magma generation problems. Segre-

gation of partial melt is an important process for the

formation of magmas in general. Unlike segregation of

basaltic melts in the upper mantle, segregation of acidic

melts was considered to be a very sluggish process because

acidic melts are highly viscous and therefore cannot easily

be segregated by a compaction and percolation process

driven by the gravity and density contrast alone (McKenzie,

1984). Therefore, rock deformation driven by tectonic stress

is thought to play an important role in the melt segregation

for the generation of granitic magma (e.g. Wickham, 1987;

Sawyer, 1994; Brown and Rushmer, 1997). This is where

the melt segregation problem and rheology of partially

molten rocks are considered linked together. If there is a

critical behavior in the rheology of partially molten rocks as

Arzi suggested, it will be difficult for a small percentage of

melt to be segregated even at highly-stressed states, unless

rocks are fractured thereby forming fast paths for melt

transport, because of the finite rock strength. However, there

is ample field evidence, mostly from migmatite terranes in
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the world, that indicates melt segregation can occur at levels

of incipient partial melting and that deformation and melt

segregation occur concomitantly and cooperatively (Brown

and Rushmer, 1997). Geochemical analysis of leucocratic

granitic bodies indicates that segregation of granitic melts

did occur at small degrees of partial melting to form sizable

masses of leucocratic granite (e.g. Le Fort, 1981; Holtz,

1989; Sawyer, 1991). On the other hand, no clear field

evidence that supports the presence of RCMP in nature has

ever been reported. Therefore, many geologists question the

presence of an RCMP for crustal material despite the

theoretical consideration and published experimental results

(e.g. Brown and Rushmer, 1997; Vigneresse and Tikkof,

1999).

With such historical background and considerations in

mind, we have re-examined the original experimental data

(van der Molen and Paterson, 1979; Rutter and Neumann,

1995) on which the concept of RCMP was founded and we

found that there is no sound basis in their original data that

supports the presence of RCMP. We then try to interpret the

published experimental data in terms of a simple model for

the rheology of two-phase composite material and show that

they could be interpreted by the Voigt model by considering

the effect of melt localization and thermal softening of solid

particles without introducing the concept of RCMP.

2. Rheologically critical melt percentage

Arzi’s concept of the RCMP was primarily based on the

Roscoe’s model for a suspension (Arzi, 1978). Roscoe’s

formulation (Roscoe, 1952) for the relative viscosity of a

suspension fluid was hR ¼ (1.35f 2 0.35)22.5, where hR is

the relative viscosity (that is, the ratio of the bulk viscosity

of the suspension fluid to the viscosity of a particle-free,

pure fluid) and f is the volume fraction of suspended

particles. This was an extension of Einstein’s model for

dilute suspensions in which interaction of particles is

negligible (Einstein, 1906, 1911). In this formulation, the

relative viscosity of the suspension rapidly increases as the

volume fraction of suspended particles increases until

the bulk viscosity becomes infinite around 74% of particle

fraction (i.e. 26% liquid fraction). Arzi (1978) applied this

model for partially molten rocks and related this critical

value to the RCMP for partially molten rocks. He

considered the RCMP as a transition point from a solid

framework-interlocking structure to a fluid state, in which

solid particles are suspended. The drastic decrease of rock

strength was considered to occur at the critical melt fraction

because of the structural change in the partially molten

rocks.

The solid to liquid transition in partially molten rocks

and the liquid to solid transition in crystallizing magmas are

not rheologically reversed processes (e.g. Vigneresse et al.,

1996). Solids (crystals) in crystallizing magmas are

generally assumed to be rigid, undeformable particles and,

thus, deformation is assumed to be entirely accommodated

in silicate melt in partially crystallizing magmas. On the

other hand, because partially molten rocks generally occur

in the Earth’s depths at high temperatures and high

pressures, solid crystals may be deformed. Hence, for

partially molten rocks, it is essential to treat the solid phase

as a deformable medium, as well as the melt phase. In

Roscoe’s model rigid particles are suspended in viscous

fluid. Accordingly, the model can treat the liquid to solid

transition. Roscoe’s model applies to the rheology of

crystal-bearing melt (Lejeune and Richelt, 1995). It is

obvious that infinite viscosity at a critical fraction in

Roscoe’s model results from locking by rigid particles.

Consequently, Ariz’s RCMP that is based on the Roscoe’s

model should be roughly applicable to crystallizing magmas

but not necessarily to partially molten rocks. Therefore, the

Roscoe model cannot be used to justify the concept of

RCMP for partially molten rocks.

Among many deformation experiments of partially

molten granitic rocks (Arzi, 1978; van der Molen and

Paterson, 1979; Paquet and Francois, 1980; Auer et al.,

1981; Paquet et al., 1981; Dell’ Angelo and Tullis, 1988;

Rushmer, 1995; Rutter and Neumann, 1995), the early work

of van der Molen and Paterson (1979) was widely viewed to

contain a direct experimental proof of the concept of RCMP.

van der Molen and Paterson (1979) performed a series of

deformation experiments for partially molten granitic rocks

with melt fractions up to 25% at 800 8C and a confining

pressure of 300 MPa at a constant strain rate of 1026 s21.

They defined strictly the RCMP (or CMF) as the point of

maximum rate of decrease in rock-strength with increasing

melt fraction. Further, they concluded that the RCMP is

approximately 30–35% for granitic rocks on the basis of

their experiments. It should be noted that they found a rapid

drop of effective viscosity (i.e. the ratio of rock strength to

experimentally controlled strain rate) on a logarithmic scale

(Fig. 14 in van der Molen and Paterson, 1979). If the same

data are plotted in a linear scale, however, a completely

different picture emerges, as in Fig. 1. It is clearly shown

that the strength of partially molten rocks decreases rapidly

and almost linearly from the very beginning of partial

melting with increasing melt fraction. Hence, according to

the original definition of RCMP (or CMF), that is, “the point

of maximum rate of decrease in strength”, the RCMP

becomes 0%, in which case the concept of RCMP is not

necessary at all.

More recently, Rutter and Neumann (1995) performed

deformation experiments for partially molten granitic rocks

at 800 –1100 8C temperature and 250 MPa confining

pressure at a constant strain rate, 8 £ 1025 s21, in which

no critical behavior was observed but a moderate reduction

of strength (flow stress) of the partially molten rocks was

observed with increasing melt fraction (Fig. 2). In detail, in

their experiment the strength decreases nearly linearly in a

logarithmic scale, which indicates a nearly exponential

decrease of strength with increasing melt fraction. A similar
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behavior was also observed by Rushmer (1995). It should be

noted here that there is an important difference between van

der Molen and Paterson (1979) and Rutter and Neumann

(1995) in their way of controlling the melt fraction. While

the former controlled the melt fraction by varying the

amount of water at a constant temperature, the latter authors

raised temperature to increase the melt fraction (Rutter and

Neumann, 1995). Apparent differences between the two

experimental results are likely to be due to this difference in

experimental procedure as further discussed below.

An important conclusion to be emphasized is that neither

of the studies support or suggest the presence of substantial

weakening at the RCMP. In the following we give

interpretations for these experimental data in terms of the

two-phase flow model.

3. Reinterpretation of published experimental data on

partially molten granitic rocks

Partially molten rocks may be treated as a two-phase

material in which a solid phase and a melt phase are mixed

together. Qualitatively speaking, the effective viscosity (or

the bulk flow strength) of the two-phase material must be

reduced with increasing fraction of melt—the less viscous

phase. The question is how fast this reduction of strength

occurs. Upper and lower bounds for the effective bulk

viscosity of the two-phase material, mbulk, can be deter-

mined assuming an iso-strain rate state (the Voigt bound)

and an iso-stress state (the Reuss bound), respectively (e.g.

Hill, 1965) as follows:

mbulk ¼ m1f1 þ m2f2; ðiso-strain rateÞ ð1Þ

mbulk ¼
f1

m1

þ
f2

m2

� �21

; ðiso-stressÞ ð2Þ

The viscosities and fractions of the less and more viscous

phases are denoted by m1 and f1, and m2 and f2,

respectively. The behavior of real materials should lie

somewhere between the two bounds.

The experimental results of van der Molen and Paterson

(1979) and Rutter and Neumann (1995) are plotted on the

same diagram and the two theoretical bounds, A and B, are

drawn for comparison in Fig. 2. The Reuss bound (B)

predicts an abrupt drop of strength for the first few percent

of melt fraction increase; whereas the Voigt bound (A) does

not show such a decrease.

The experimental values lie indeed between the two

bounds and it can be seen that the experimental results are

closer to the Voigt bound than to the Reuss bound. We will

show that the Voigt bound is a better approximation for

partially molten granitic rocks for less than 50% melting.

3.1. Effect of melt and strain localization

It was noted above that in Fig. 1, the experiment of van

der Molen and Paterson (1979) shows the rock strength

decreasing linearly with the melt fraction. In this respect, the

experimental results are closer to the Voigt behavior (Eq.

(1)) than to the Reuss behavior. However, the observed rate

of decrease is greater than the predicted (curve A in Fig. 2).

We interpret that this discrepancy may be due to a melt

localization in a shear zone that was observed in some

experimental run charges of van der Molen and Paterson

(1979). We shall show below how this discrepancy may be

resolved by considering both melt and strain localization.

Because the viscosity of the melt is orders of magnitude

lower than that of the solid, Eq. (1) may be approximated,

by neglecting the melt viscosity term, by:

mbulk ¼ ð1 2 fmeltÞmsolid ð3Þ

where fmelt is the average melt fraction of the specimen.

When deformation is localized into narrow regions such as

Fig. 1. Strength of partially molten granitic rocks replotted from original

data of van der Molen and Paterson (1979). Note that ordinate is on a linear

scale. Broken lines represent theoretical variation of strength of partially

molten rocks estimated for various k-values in Eq. (4). The k-value is a

measure for enhancement of melt fraction in shear zone (see text for

explanation).

Fig. 2. Comparisons of experimental data of van der Molen and Paterson

(1979) (solid circles) and Rutter and Neumann (1995) (open circles) with

two theoretical curves for the Voigt bound (A) and the Reuss bound (B).

Theoretical curves are calculated assuming a differential stress of about

1026 MPa for the melt and a differential stress of about 6 £ 1022 MPa for

the solid.
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shear zones in which melt fraction is higher than the average

value, as observed by van der Molen and Paterson, Eq. (3)

should be replaced by:

mbulk ¼ ð1 2 kfmeltÞmsolid ð4Þ

where k is a factor of melt concentration in the shear zone. If

the melt fraction in the shear zone is greater than the average

melt fraction, then k becomes greater than unity. This

assumes that deformation is accommodated by the shear

zone in which melt is concentrated and both solid and melt

phases are deformed homogeneously. Fig. 1 shows the

effective viscosity for various k values. It is evident that a

significant melt concentration into shear zones can result in

a linear and rapid reduction of the effective viscosity.

3.2. Effect of thermal softening

It was emphasized that temperature was raised to

increase the degree of partial melting in Rutter and

Neumann (1995). It will be shown below that the apparent

exponential decrease of the rock strength can be explained

by considering the effect of thermal softening of the solid

phase. In order to examine the effect of thermal softening,

Eq. (3) is re-written as:

mbulk ¼ ð1 2 fmeltÞm
0
solid exp

E

RðT0 þ DTÞ
2

E

RT0

� �
ð5Þ

where m0
solid is a viscosity of the solid phase at a reference

temperature T0, E is the activation energy of the creep in the

solid, R is the gas constant and DT is the temperature

change. If the melt fraction varies linearly with temperature,

Eq. (5) can be rewritten as:

mbulk

m0
solid

¼ ð1 2 fmeltÞ exp
E

RðT0 þ gfmeltÞ
2

E

RT0

� �
ð6Þ

where g is a linear coefficient, the ratio between the

temperature increase and the melt volume fraction increase.

The initial temperature of the experiments of Rutter and

Neumann (1995) is T0 ¼ (800 þ 273) K. Further, the ratio

of the temperature increase to the melt fraction increase, g,

may be estimated from the experiments of Rutter and

Neumann (1995); g < 800. Using these values, Eq. (6) was

fitted to the observed effective viscosities for different

activation energies (Fig. 3). As seen in the figure, a best fit

was obtained for the activation energy of 100 –

150 kJ mol21. Microstructural observations of the deformed

specimens of Rutter and Neumann (1995) showed that

brittle deformation was dominating in their experiment.

Although purely brittle deformation is not likely to be a

thermally activated process as assumed above, fluid-assisted

cracking, such as stress corrosion cracking, may be a

thermally activated process owing to chemical interactions

between the fluid and the solid. It is likely that silicate melt

also aids stress corrosion cracking (e.g. Rubin, 1998).

Although experimental work on silicate melt-aided stress

corrosion cracking is lacking, stress corrosion cracking of

silicate minerals has been investigated in the presence of

water. For example, the activation energy for stress

corrosion of quartz is about 100 kJ mol21 (Atkinson,

1984). This value is comparable with the above evaluated

activation energy for the experiment of Rutter and

Neumann. Thus, the effect of thermal softening of the

solid phase, by means of stress corrosion cracking, can

explain the experimental result of Rutter and Neumann

(1995).

Some localization of melt in shear zones was also noted

by Rutter and Neumann (1995). Therefore, we examine the

effect of localization as well as the effect of thermal

softening. The result is also shown in Fig. 3, in which bulk

viscosity curves calculated for melt localization are super-

imposed on the non-localized case. It is seen that the

experimental results can still be explained unless local melt

concentration is significant.

4. Discussion and conclusions

It was shown above that in the experiment of van der

Molen and Paterson (1979) the effective viscosity of

partially molten granitic rocks decreases sharply and

continuously with increasing melt fraction and we have

concluded that the idea of RCMP was not experimentally

justified.

We have presented an interpretation that the published

experimental results can be explained in terms of the Voigt

model, which assumes no partitioning of strain rate between

solid and melt. The result of van der Molen and Paterson

(1979) may be explained by considering the localization of

deformation accompanied by the melt localization and that

of Rutter and Neumann (1995) may be explained by

incorporating a thermal softening effect of the solid phase.

There are some other factors we have not yet considered

that might affect the strength (or the effective viscosity) of

partially molten granitic rocks. For example, melt pore

pressure may increase as melting rapidly advances, which

may induce a pervasive microfracturing and thereby cause a

significant reduction of rock (i.e. compaction softening;

Renner et al., 2000). On the contrary to the compaction

softening, a quick formation of dilatant cracks (or very slow

melting relative to the fracturing rate) would result in a

reduction of melt pore pressure, thereby causing an

enhancement of rock strength (i.e. dilatancy hardening;

Renner et al., 2000). Renner et al. (2000) interpreted the

apparent high strength of the partially molten rocks

observed in the experiments of van der Molen and Paterson

(1979) in terms of the dilatancy hardening. However, as

described above, we pointed out that, in the experiment of

van der Molen and Paterson (1979), the strength of partially

molten rocks decreases continuously and almost linearly

without a critical behavior. Accordingly, it is not needed to

invoke such effects. Further, we do not think that the effects

of the melt pore pressure can explain the difference in
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behavior between van der Molen and Paterson (1979) and

Rutter and Neumann (1995).

Our interpretation of the published experimental results

suggests that if partially molten rocks are subjected to

homogeneous deformation without localization of melt, the

effective viscosity would be reduced linearly with increas-

ing melt fraction (that is, tracing path A of the Voigt bound

in Fig. 2). We conclude that the past experimental data

failed to detect RCMP because of the effect of both

localization of melt and deformation and/or of a thermal

softening of solids. It may be possible to say that the

experiment of van der Molen and Paterson (1979) and of

Rutter and Neumann (1995) only detected a load-bearing

framework behavior, i.e. when weak phase (i.e. melt) is

distributed only in a small amount of the interstices of the

load-bearing framework, stress is primarily supported by the

framework and the strain rate would become uniform (Arzi,

1978; Handy, 1994).

Consequently, we must ask whether the ‘load-bearing

framework’ is really present or not in partially molten rocks

in nature. If the load-bearing framework is present and, as

melting advances, suddenly broken down beyond a certain

degree of melt fraction, then RCMP may occur. Even if it is

present, if it is gradually broken with increasing melt

fraction, RCMP cannot be defined. In order to verify

whether the RCMP is present or not, we must measure the

partitioning of strain rate between the melt and the solid in

the experiments in which both localization of melt and

deformation are controllable.
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