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Abstract Experimental and natural investigations of
partially molten granite are compared and reviewed.
Experiments suggest that deformation of partially
molten granite with low-viscosity melt (10* Pa s)
exhibits a rheological critical melt percentage
(RCMP). In case of high viscosity melts (10% Pa s),
however, the relationship between melt fraction and
log viscosity of the partially molten granite may be
linear. Considerations about viscosity, rheological
thresholds, and segregation of natural melts suggest
that low-viscosity melt experiments simulate natural
conditions more realistically. Therefore, an RCMP is
to be expected under natural conditions. Both diffu-
sion creep and dislocation creep may occur under nat-
ural conditions, whereas cataclastic flow is only
observed under experimental conditions. A melt-in-
duced transition from dislocation creep to diffusion
creep occurs under experimental and natural con-
ditions. Melt topology is controlled by the magnitude
of differential stress under experimental conditions. If
differential stress is higher than ~100-150 MPa, melt
pockets are elongate and oriented at a low angle to
the maximum compressive stress. In contrast, in
nature, melt pockets tend to be oriented subparallel to
the foliation plane, i.e., presumably at a high angle to
the maximum compressive stress.
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Introduction

Seismic data indicate that large portions of the middle
crust of orogenic belts are partially molten (e.g., Nel-
son et al. 1996; Schmitz and Kley 1997). It is often
suggested that melt weakens the crust, thus inducing
large-scale localization of deformation and decoupling
(e.g., Hollister and Crawford 1986; Handy 1990). Hol-
lister and Crawford (1986) showed that areas of rapid
uplift are bounded by crustal-scale, melt-bearing shear
zones, and they introduced the concept of melt-
enhanced deformation. Many examples have been
described from transpressive (e.g., Davidson et al.
1992) and transcurrent (e.g., Vauchez and Egydio da
Silva 1992) crustal-scale shear zones, where melts are
spatially and temporally associated with localised
deformation. The notion of melt-enhanced defor-
mation is intuitively sound, and offers a satisfying
interpretation of some isothermal decompression paths
described in many high-temperature mylonitic belts
(Hollister and Crawford, 1986). However, little is
known about the physical processes underlying melt-
enhanced deformation. Lubrication, which was sug-
gested by Hollister and Crawford (1986) to induce this
process, may not be important, because deformation
deep in the crust, even in the presence of melt, mainly
occurs by viscous flow, i.e., in the absence of friction
(see also discussion in Dell’Angelo and Tullis 1988).
Many experiments performed over the past
20 years, concerning deformation of both crustal and
mantle rocks in the presence of low melt fractions
(<0.25) showed that melting induces several changes
in the mechanical behaviour of the material. First, sev-
eral melt-induced transitions were documented in
both dominant and accommodating deformation
mechanisms: from dislocation creep to fracturing (Del-
I’Angelo and Tullis 1988), from dislocation creep
to diffusion creep (Cooper and Kohlstedt 1984;
Dell’Angelo et al; 1987), and from dislocation creep



to dislocation creep involving grain boundary sliding
(Hirth and Kohlstedt 1995b). Second, melt induces
changes in the spatial distribution of deformation.
Rosenberg and Handy (2000) showed that the onset
of melting in a deforming analogue aggregate cor-
responds to the transition from distributed defor-
mation to localized deformation along shear bands.
Third, melting induces important volume and pore
pressure changes in the deforming rock, thus varying
its strength.

Whereas melt modifies the mechanical behavior of
rocks, deformation modifies the flow direction and
distribution of melt in partially molten rocks (e.g.,
Daines and Kohlstedt 1997), thus controlling melt seg-
regation pathways and the seismic properties of par-
tially molten crust. Depending on the experimental
conditions, deformation can induce melt segregation
(Dell’Angelo and Tullis 1988) or conversely, the suck-
ing of melt into the deforming and dilating region
(van der Molen and Paterson 1979).

Investigations of granitic rocks naturally deformed
in the presence of melt allow us to evaluate whether
microstructures and melt geometries resulting from
experiments reproduce those in nature. Melt distrib-
utions are well-described on the outcrop scale (for
example, leucosomes in migmatites), but little is
known about melt geometry on the grain scale. A
large number of studies on the microstructures of par-
tially molten crustal rocks has focussed on the reaction
textures and paragenesis of these rocks. Only few
studies tried to infer the deformation mechanisms and
melt distribution on the basis of microstructural crite-
ria. These studies will be reviewed below.

Several reviews have been published recently on
the deformation of partially molten crustal rocks.
Rushmer (1996); Rutter (1997) and Brown and Rush-
mer (1997) reviewed the results of experimental defor-
mation of partially molten rocks, focusing on related
segregation processes. Sawyer (1999) reviewed criteria
for the identification of microstructures formed during
partial melting under both static and dynamic con-
ditions. Finally, Vernon (2000) reviewed microstruc-
tural criteria to distinguish magmatic from solid-state
flow. In the present study I will compare the results of
experimental and field investigations on the defor-
mation of partially molten granite. The points of dis-
crepancy and agreements between these two areas of
research will be outlined. Although in this paper I
deal primarily with granite, I will also refer to the lit-
erature on partially molten mantle rocks, since mantle
rocks have been studied in greater detail than has
granite. In addition, I will use knowledge from “see-
through” deformation experiments (e.g., Means 1989)
on partially molten analogue materials to constrain
processes that cannot always be inferred from thin
sections of samples quenched after deformation.
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Experimental deformation of partially molten granite

The first deformation experiments performed on par-
tially molten granite (Murrel and Chakravarty 1973;
Murrel and Ismail 1976) showed that incipient melting
dramatically reduces the strength of the aggregate.
The melt fraction in these experiments was poorly
determined (<0.25) and it was only at the end of the
1970s that new experiments constrained the strength
of the sample as a function of melt fraction (Arzi
1978; van der Molen and Paterson 1979). These inves-
tigations led to the concept of a rheological critical
melt percentage (RCMP), a restricted range of melt
fractions (between 0.1 and 0.3) in which “most of the
viscosity drop from that of the full solid to that of the
full melt occurs” (Arzi 1978). This concept, which is
discussed in detail in the following paragraph, has
strongly influenced ideas on the rheology of partially
molten rocks (e.g., Marsh 1981; Gapais and Barbarin
1986; Wickham 1987; Nicolas 1992; Fernandez and
Gasquet 1994; Holtz et al. 1996, Berger and Kalt
1999), the interpretation of synmagmatic fabrics (e.g.,
Gapais and Barbarin 1986; Paterson et al. 1998), and
more recently the thermal modelling of crystallizing
granitic mushes (Barboza and Bergantz 1998).

The concept of RCMP

Arzi (1978) performed deformation experiments using
partially molten granite containing melt fractions up
to 0.17. The viscosity of the samples decreased by two
orders of magnitude when the melt fraction increased
from 0.12 to 0.17. In addition, the strength reduction
became more pronounced with increasing melt con-
tent, as shown by the steepening of the melt fraction
vs. viscosity curve towards higher melt fractions
(Fig. 1). On the same diagram, Arzi (1978) plotted the
Einstein-Roscoe relationship (Roscoe 1952) for melt
fractions =0.5 (Fig. 1). He suggested that the region
delimited between the steepening of his experimental
curve and the vertical segment of Roscoe’s curve cor-
responds to the transition between a flow regime con-
trolled by the solid component of the aggregate to a
flow regime controlled by the melt. Arzi (1978)
termed this transition the RCMP and suggested that it
would occur between melt fractions of 0.1 and 0.3.
Van der Molen and Paterson (1979) performed a
series of experiments under similar conditions to those
of Arzi (1978), and also observed a dramatic decrease
in strength with increasing melt content. The point of
maximum rate of strength reduction, i.e., the inflection
point of the viscosity vs. melt fraction curve of Fig. 1,
was suggested to correspond to a melt fraction of 0.3
to 0.35. This value was termed the critical melt frac-
tion (CMF). Note however that the CMF was not
experimentally defined. The low melt fractions used in
these experiments and those of Arzi (1978) could only
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Fig. 1 Melt fraction vs. log strength diagram, modified from
Rutter and Neumann (1995). Open triangles van der Molen and
Paterson (1979), solid squares Rutter and Neumann (1995), open
square experiment of Rutter and Neumann (1995), in which
sample strength was too low to be measured. Solid curve
Roscoe’s equation solved for a melt viscosity of 10* Pas.
Roscoe’s equation was formulated to describe the flow of solu-
tions containing different amounts of solid particles #n=n,
(1.35¢-0.35)27, where 5 is the viscosity of the bulk aggregate
(melt + crystals), 5, is the viscosity of the melt and ¢ is the crys-
tal fraction

constrain the lower boundary of the RCMP (Fig. 1).
The upper boundary of the RCMP was estimated by
semi-empirical laws that describe the viscosity of sus-
pensions at different solid fractions (Roscoe 1952;
Jeffrey and Acrivos 1976). Roscoe’s equation, which
approximates these empirical laws, yields a curve
which asymptotically approaches an infinite viscosity
when the melt fraction tends to 0.26 (Fig. 1). By com-
bining this curve with the experimentally derived one
for granite, Arzi (1978) postulated a sigmoidal curve
to illustrate the change in viscosity of granite over its
entire range of melting. The same was done by van
der Molen and Paterson (1979), but using the equation
of Jeffrey and Acrivos (1976). The validity of Roscoe’s
equation to describe the rheological behaviour of par-
tially molten silicates is strengthened by the exper-
iments of Lejeune and Richet (1995), whose results
perfectly coincide with Roscoe’s equation in the range
of melt fractions between 1 and 0.4. However, a devia-
tion from Roscoe’s equation has also been reported
from experiments on partially molten granite (Bagdas-
sarov and Dorfman1998). This deviation is probably
due to the asperity of the quartz grains used in the
experiments.

Recently, Rutter and Neumann (1995) reinvesti-
gated the mechanical behaviour of partially molten
granite as a function of melt fraction. They performed
experiments up to melt fractions of 0.45 at strain rates

and confining pressure similar to those applied by
Arzi (1978) and van der Molen and Paterson (1979).
In contrast to the previous experiments, Rutter and
Neumann (1995) did not vary the melt content of their
samples by adding different amounts of water. Instead,
they used dry samples and varied the temperature
between 800 and 1,100 °C, thereby inducing melt frac-
tions from 0.03 to 0.5. They found a linear relationship
between melt fraction and log. viscosity (Fig. 1) and
no evidence for an RCMP. Note, however, that the
strength of the sample containing 0.48 melt plotted in
Fig. 1 represents the maximum possible strength of
that sample. The absolute strength is unknown,
because the very low differential stresses supported by
the granite at such high melt content is below the
range of reliable measurements. If the absolute
strength of this sample is assumed to be lower, e.g., as
low as the question mark plotted in Fig. 1 by Rutter
and Neumann (1995), the relationship between log.
viscosity and melt fraction results in a curve with an
inflection point at approximately 0.4 melt fraction.
This suggests the existence of an RCMP, even though
it is at higher melt fractions and is less pronounced
than previously thought. Rutter and Neumann (1995)
conclude that the occurrence of the RCMP in previous
experiments is due to the water added to the samples
in order to decrease the melting temperature. In fact,
water markedly reduces the viscosity of the melt (e.g.,
Holtz et al. 1996), hence also of the bulk aggregate.

The absence of an RCMP in the experiments of
Rutter and Neumann (1995) is alternatively inter-
preted (Renner et al. 2000), as due to dilatancy hard-
ening (Brace and Martin 1968). This effect results
from dilatancy prior to fracturing, which reduces the
pore pressure and hence increases the strength of the
rock. For highly viscous fluids, this effect is more pro-
nounced, because the time needed to reequilibrate the
pore pressure perturbation by melt flow is longer. The
effect of dilatancy hardening balances the weakening
that results from the increasing melt fraction, masking
the RCMP. In contrast, the lower viscosity of the melt
(10* Pa s) in the experiments of Arzi (1978) and van
der Molen and Paterson (1979) allows a rapid reequili-
bration of the pore pressure changes, hence minimiz-
ing the effect of dilatancy hardening.

Additional insight into the RCMP concept may be
gained from the experiments of Lejeune and Richet
(1995) performed in a piston cell with silicate melt of
garnet pyrope composition at room confining pressure
and 0.3 to 1 melt fractions. These experiments clearly
show the existence of an RCMP, but at higher melt
fractions (0.4-0.6) than found by Arzi (1978) and van
der Molen and Paterson (1979). Moreover, Lejeune
and Richet (1995) experimentally constrained the
“upper boundary” of the RCMP at melt fractions of
0.6. Dilatancy hardening could not develop in these
experiments due to the lack of confining pressure.

In summary, whether or not the RCMP occurs in
experimentally deformed partially molten granite



depends on the experimental conditions. Deformation
at high strain rates with high viscosity melts may result
in a nearly linear relationship between strength and
melt fraction. Instead, for lower melt viscosities, the
relationship between strength and melt fraction is not
linear and characterized by an RCMP.

Is the RCMP present in nature?

In order to answer the question on the occurrence of

the RCMP in nature, I will summarize some of the

observations and inferences made on natural mag-
matic rocks that are relevant to the concept of the

RCMP:

1. The water content of natural granitic melts is
expected to be between 3 and 7% (Scaillet et al.
1997) and the viscosity to be rather constant and
approximately 10* Pa s (Scaillet et al. 1998) or 10°
to 10° Pa s (Clemens and Petford 1999). Therefore,
experiments exhibiting an RCMP, performed with
added water and thus low viscosity melts, may
reflect natural conditions more adequately.

2. Lava flows commonly have a maximum crystal frac-
tion of 0.6 (Wada 1995; Scaillet et al. 1998), excep-
tionally 0.65 (Wyborn et al. 1981; Wickham 1987),
irrespective of their composition. These values
were interpreted to reflect a major rheological tran-
sition, where further flow is inhibited because
magma viscosity increases dramatically at melt frac-
tions smaller than 0.4 (Marsh 1981). A similar con-
clusion can be drawn from the observation that the
crystal fraction in the centre of lava conduits, where
the shear rate is at its minimum, does not exceed
0.5 to 0.7 (Komar 1972). In lavas, an RCMP may
therefore occur at melt fractions of 0.3 to 0.5.

3. Syntectonic melt segregation may be so effective
that a melt fraction larger than 0.1 is never reached
in the anatectic protolith (Brown and Rushmer
1997). It may be concluded that the RCMP hardly
occurs in migmatites. However, this statement does
not take into account the possible heterogeneous
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distribution of the melt (see Smith 1997 for a
review of natural case studies). Analogue exper-
iments (Rosenberg and Handy 2000) show that
melt-bearing shear bands containing melt fractions
higher than those of the bulk aggregate (Fig.2)
interconnect during deformation. In this case, an
RCMP may occur, when melt-bearing shear bands
interconnect.

4. Dilatancy hardening may well occur under lab-
oratory conditions at high strain rates (103 to
10*s™"). However, it is unlikely to occur under nat-
ural strain rates, except during seismic events
(Brace and Martin 1968). As a consequence, the
masking effect that dilatancy hardening may have
on the RCMP is not expected to occur under natu-
ral conditions.

5. The RCMP is observed in experiments performed
under brittle conditions (Arzi 1978, van der Molen
and Paterson 1979). In contrast, viscous-type of
deformation mechanisms control the flow of par-
tially molten granite under natural conditions (Ro-
senberg and Riller 2000). If the experiments were
also conducted in the viscous regime, the strength
of the rocks at low melt fractions (0.0 to 0.1) would
be smaller than that found under brittle conditions.
Therefore, the strength drop at the RCMP may be
less pronounced under natural conditions (see also
Barboza and Bergantz 1998). In contrast, van der

Fig. 2 Micrograph (plane light) of a quenched sample of nor-
camphor deformed in the presence of melt by simple shear. Sim-
ple shear experiment performed in a Means-Urai “see-through”
deformation apparatus. Average melt percentage is 10-15%.
Upper and lower side of the picture correspond to the shear
zone boundary. The quenched melt is dark gray. It is distributed
along grain boundaries, melt-bearing shear bands (C’, delimited
by half arrows) containing ~30% melt, and in the matrix (be-
tween the shear bands), containing <10% melt. Melt is preferen-
tially located along grain boundaries oriented subparallel to the
incremental shortening direction &; (full arrows point to such
grain boundaries). Full arrowheads indicate a melt-bearing
bridge interconnecting two shear bands. Black points are corun-
dum particles that were used as strain markers
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Molen and Paterson (1979) suggest that the general
form of the viscosity vs. strength curve should not
vary as a function of deformation mechanisms
operating at low melt fractions. The strength vari-
ation due to a change in the dominant deformation
mechanism (e.g., dislocation creep vs. diffusion
creep) is probably not significant compared with
the strength drop of several orders of magnitude
associated with the attainment of the RCMP.

Deformation mechanisms in partially molten granite
Fracturing

Most laboratory deformations of partially molten
granitic rocks resulted in cataclastic flow (Arzi 1978;
van der Molen and Paterson 1979; Paquet and Fran-
cois 1980; Auer et al. 1981; Paquet et al. 1981;
Dell’Angelo and Tullis 1988; Rutter and Neumann
1995). Rutter (1997) pointed out that the occurrence
of brittle behaviour at such high temperatures is due
to the low confining pressure of the experiments
(<400 MPa), impeding the onset of intracrystalline
plasticity in quartz and feldspar. This interpretation is
supported by the occurrence of dislocation creep only
in experiments conducted at confining pressures
=1.0 GPa (Dell’Angelo et al. 1987; Dell’Angelo and
Tullis 1988; Gleason et al. 1999). Note that if the melt
is interconnected, the experiments may be considered
as unconfined, irrespective of the applied confining
pressure, due to the pore pressure effect of the melt
(Renner et al. 2000). Another reason for cataclastic
flow is the large grain size (mostly between 0.3 and
1 mm) of the natural samples used for the exper-
iments, which suppresses diffusion-accommodated
mechanisms at laboratory strain rates.

Dislocation and diffusion creep

Dell’Angelo et al. (1987) and Dell’Angelo and Tullis
(1988) performed their experiments at confining pres-
sures of 1.5 GPa. In addition, they used fine-grained
(<10 pm) synthetic quartz-feldspar mixtures to facili-
tate deformation in the diffusion-creep regime. These
experiments demonstrate that the occurrence of melt
fractions as small as 0.05 induces fracturing in a rock
that, in the absence of melt but at the same pressure,
temperature and strain rate conditions, would other-
wise flow by dislocation creep assisted by dynamic
recrystallization (Fig. 3). If grain sizes are sufficiently
small (<10 pm), diffusion creep replaces dislocation
creep as the dominant deformation mechanism for
melt fractions as small as 0.03 to 0.05, as previously
shown for olivine aggregates in the presence of basal-
tic melt (Cooper and Kohlstedt 1984). These melt-in-
duced transitions in the deformation mechanisms illus-
trate two fundamental properties of melts. First, melt

Fig. 3a-¢ Micrographs of aplite samples, experimentally
deformed at a strain rate of 10 s, 900°C, and 1,500 MPa (re-
produced from Dell’Angelo and Tullis 1988). Scale bar is
100 pm. Shortening direction is vertical. a No melt. Grains are
internally deformed and elongated parallel to the plane of flat-
tening. b 5% melt. Grains are flattened, but also recrystallized
along their margins. In addition, grains are dissected by fractures
subparallel to the shortening direction. ¢ 10% melt. Greater
amount of fine-grained recrystallized material and cracks

behaves like a fluid and creates a pore pressure that
reduces the effective strength of the rock, eventually
leading to fracturing. Second, melt enhances diffusion
rates, and hence facilitates the grain shape readjust-
ments needed to accommodate grain-boundary sliding.



Fig. 4 Micrograph (crossed polarizers) of norcamphor in the
presence of melt deformed by simple shear in a “see-through”
deformation apparatus. The sample contains 10-15% melt, not
visible in this micrograph, distributed along grain boundaries.
Melt distribution from a similar experiment can be observed in
the plane light micrograph of the quenched sample of Fig. 2.
Deformation within the shear bands takes place by diffusion-ac-
commodated grain boundary sliding (Rosenberg and Handy
2000). Note the pronounced grain size reduction tracing the dex-
tral shear band (half arrows). In the matrix outside of the shear
band deformation takes place by dislocation creep involving
dynamic recrystallization, and minor intergranular fracturing.
Black dots are corundum particles that were used as strain
markers. Solid arrows point to small, rounded and isotropic
grains. Open arrows point to lobate grain boundaries, indicating
dynamic recrystallization outside of the shear band

The transition from dislocation creep to diffusion
creep was also documented in “see-through” defor-
mation experiments performed on partially molten
analogue materials (Rosenberg and Handy 2000). In
these experiments, a mixture of norcamphor and
benzamide, used to simulate quartz and feldspar,
respectively, was sheared at a strain rate of 8x10™ s!
in the presence of a norcamphor-benzamide eutectic
melt up to a melt fraction of ~0.1. These experiments
documented a strain-induced transition from distri-
buted deformation by dislocation creep, involving
dynamic recrystallization and intergranular fracturing,
to localized deformation by diffusion creep along
interconnected, melt-bearing shear bands (Figs. 2 and
4). In contrast to the findings by Dell’Angelo et al.
(1987), the onset of diffusion-creep was not achieved
by reducing the grain size of the samples previous to
deformation. Instead, grain size reduction occurred
during deformation within areas of strain localization
(shear bands), mainly as a result of melting.

Grain boundary sliding

This mechanism has often been inferred to control or
participate in the deformation of partially molten
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rocks. On the basis of mechanical data, Jin et al.
(1994) and Hirth and Kohlstedt (1995b) inferred the
occurrence of grain boundary sliding during exper-
imental deformation of partially molten mantle rocks
in the dislocation creep regime. Park and Means
(1997) showed that grain- and phase-boundary sliding
were the dominant mechanisms during their “see-
through” deformation experiments on partially molten
analogue materials. Sliding of grains past each other
was evidenced by comparison of pictures taken at dif-
ferent time intervals. In addition, the experiments of
Park (1994) and Park and Means (1996, 1997) cast a
new light on the processes accommodating grain boun-
dary sliding. Experiments conducted at slow strain
rates (107 s71) over a wide range of melt fractions (be-
tween 0.5 and 0.05) during crystallization, showed that
deformation was partly accommodated by dissolution
at grain-to-grain contacts (Fig. 5b, c¢). Comparison of
images taken at different strain increments indicated
that crystallizing, euhedral grains were shortened by
dissolution at grain-to-grain contacts. This process was
termed “contact melting” by the authors.

The effect of melt on the onset of grain boundary
sliding is also documented during “see-through” defor-
mation experiments of norcamphor in the presence of
melt (Fig. 6). Melt intrudes along intergranular frac-
tures, subparallel to the shortening direction (Fig. 6b,
c), and sliding of grains occurs locally, only along
these melt-coated grain boundaries (Fig. 6¢). These
experiments suggest that grain boundary sliding
accommodated by diffusion or intracrystalline plastic-
ity is strongly favored by the presence of melt. This
mechanism is difficult to identify due to the lack of
diagnostic microstructures, but may be the prime
mode of deformation of granite in the presence of
melt.

Recrystallization mechanisms in partially molten
granite

The effect of melt on dynamic recrystallization in
granite is poorly known. Dell’Angelo and Tullis (1988)
showed that higher melt fractions up to 0.1 enhance
dynamic recrystallization of quartz and feldspar. How-
ever, it is not clear whether this effect should be
ascribed to the presence of melt or to the water added
to the samples to induce the melting reaction. Indeed,
water is known to enhance dynamic recrystallization
(e.g., Urai 1983).

Deformation experiments on partially molten man-
tle rocks are controversial in this respect. Whereas Jin
et al. (1994) and Bai et al. (1997) observed that melt
enhances dynamic recrystallization, Hirth and Kohl-
stedt (1995b) noted that melt inhibits recrystallization.
Own experiments using norcamphor (Rosenberg and
Handy, in review) show that melt-free grain-boun-
daries of aggregates deformed in the dislocation creep
regime are very mobile. In contrast, grain boundaries
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Fig. 5a-c¢ Natural and experimental examples of deformation by
contact melting. a Gabbro of the Oman Ophiolite (reproduced
from Nicolas and Ildefonse 1996, Geophysical Research Letters).
Note impingement of plagioclase 1 into plagioclase 2, strongly
suggesting dissolution of their outer zonation rims. Scale bar is
0.5 mm. b, ¢ Experimentally deformed partially molten analogue
materials, redrawn from Park and Means (1996). Two stages of
the synkinematic crystallization of a crystal mush are illustrated.
Dark gray is the melt (m). Lighter grays and white grains rep-
resent three crystal phases crystallizing from a eutectic melt.
Note that grains B2 and W1 are shortened during crystallization
of the aggregate, in the absence of crystal plastic strain and
recrystallization. This feature was interpreted as resulting from
contact melting. Field width 0.3 mm

coated with melt in the same aggregate are stable
(Fig. 6). Intergranular melt films in these experiments
have widths of 10-50 pm and are therefore too large
to allow the migration of a grain boundary into a

neighboring grain. This interpretation is consistent
with the postulation of Urai et al. (1986) of enhanced
grain boundary migration velocities in the presence
of a thin intergranular fluid film, and inhibited
grain boundary migration for large fluid-film thick-
nesses.

Fig. 6 Pure shear deformation of norcamphor in the presence of
melt in a Means-Urai “see-through” deformation rig. Micro-
structural sequence showing how the shape and distribution of
melt pockets change during progressive deformation. Dark gray
melt-bearing intergranular fractures, light gray melt pockets
resulting from static melting of previous benzamide grains and
parts of the host grains of norcamphor, stippled lines subgrain
boundaries, small open spots corundum particles that serve as
strain markers. Large numbers refer to melt pockets, small
numbers refer to strain markers. Half arrows relative displace-
ments by grain boundary sliding. Shortening direction is vertical

a b

7.8 % shortening, 12,8 % melt

28,6 % shortening, 7,4 % melt

Cc
43,6 % shortening, 4,8 % melt
(e} & _,—-' -




Melt topology

Grain-scale melt distribution, or topology, is a poten-
tial tool to reconstruct synkinematic transport chan-
nels, but it also helps us to understand deformation
mechanisms in partially molten rocks (e.g., Bai et al.
1997) and large-scale segregation pathways (e.g.,
Daines and Kohlstedt 1997). Moreover, the strength
of partially melted rocks can vary as a function of
melt distribution (e.g., Cooper and Kohlstedt 1984).
Melt distribution may be controlled by surface energy
(e.g., Cooper and Kohlstedt 1984), by the magnitude
and orientation of the applied differential stress (e.g.,
Daines and Kohlstedt 1997; Zimmerman et al. 1999),
or by finite strain (e.g., Kohlstedt and Zimmerman
1996).

Static conditions and textural equilibrium

Under conditions of microstructural equilibrium, the
surface-energy ratio of solid-solid boundaries to solid-
melt boundaries determines the dihedral angle form-
ing between two grains and a melt. This angle, also
termed wetting angle, controls melt topology. If the
wetting angle is smaller than 60°, melt is distributed in
an interconnected network of grain-boundary chan-
nels. In contrast, if the wetting angle is larger than
60°, melt forms isolated pockets at grain-boundary tri-
ple junctions (see the review by Laporte et al. 1997).
Experimental studies and numerical modeling of equi-
librium melt distribution under static conditions in the
granitic system (Laporte et al. 1997) indicate that wet-
ting angles are generally small; a granitic melt forms
dihedral angles of 22°-23° in monomineralic quartz
aggregates, and 44° in a monomineralic alkali-feldspar
aggregate. Laporte et al. (1997) noted that melt films
may be very thin (0.3 um) and calculated that melt
percentages as small as 0.04 vol% were sufficient to
form an interconnected network of melt channels
throughout a quartz aggregate.

Static conditions and textural disequilibrium

If grain growth during crystallization or grain con-
sumption during melting is faster than the rate of
grain shape readjustment driven by surface energy
minimization, textural equilibrium will not be
achieved, and melt topology will not be controlled by
the equilibrium melt-solid-solid dihedral angle. Under
these conditions melt distribution will be different in
crystallizing and melting aggregates (Vigneresse et al.
1996). Melt topology during melting is controlled by
the distribution of mineral phases that are involved in
the melting reaction. Melt forms along the phase
boundaries of these grains (Mehnert et al. 1973). In
contrast, if crystallization occurs under conditions of
textural disequilibrium, then melt distribution is con-
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trolled by the porosity of the rock, which in turn
depends on grain shapes and grain orientations.

Dynamic conditions

During deformation, melt distribution may depart
from the equilibrium geometry discussed above, as
shown by experimental deformation of partially
molten mantle rocks (Daines and Kohlstedt 1997, for
review). Experiments on deformed partially molten
granites show the following melt topologies:

1. In the cataclastic flow regime experiments indicate
that melt distributes along microfractures and grain
boundaries oriented subparallel to the maximum
compressive principal stress (van der Molen and
Paterson 1979; Paquet and Frangois 1980; Rutter
and Neumann 1995), and also within microfaults
which form at ~30° to the principal stress direction
(van der Molen and Paterson 1979; Paquet and
Frangois 1980; Paquet et al. 1981; Rutter and Neu-
mann 1995). These fault zones generally contain
higher melt fractions than the sample as a whole,
and thus enhance channeling of melt flow. For melt
fractions >0.1 the preferred orientation of faults
becomes weaker, and melt distribution more iso-
tropic (Rutter and Neumann 1995).

2. In the dislocation creep regime (Dell’Angelo and
Tullis 1988; Gleason et al. 1999) melt distribution
varies as a function of the flow stress. Samples
deformed at differential stresses higher than
100 MPa (Dell’Angelo et al. 1987) or 160 MPa
(Gleason et al. 1999) exhibit intergranular melt
pockets oriented parallel to the greatest principal
stress direction. Increasing melt fraction (up to
0.15) enhances cataclasis (Dell’Angelo and Tullis
1988), and hence melt accumulation within axial
cracks. At differential stresses lower than 100 MPa
(Dell’Angelo et al. 1987) or 150 MPa (Gleason et
al. 1999) melt occurs primarily at grain triple junc-
tions and no shape preferred orientation (SPO) of
the melt pockets occurs, whatever the intensity of
deformation.

3. In the diffusion creep regime, samples deformed in
the presence of 3 to 5% melt at flow stresses below
100 MPa show the same microstructures as for sam-
ples described above that were deformed in the dis-
location creep regime at low differential stresses
(Dell’Angelo et al. 1987). This result was confirmed
by the experiments of Dimanov et al. (1998) on
partially molten labradorite.

The latter results suggest that melt distribution in
granite is controlled by differential stress rather than
by deformation mechanisms, as already shown for
mantle rocks (Daines and Kohlstedt 1997). Moreover,
these results confirm the observations of Daines and
Kohlstedt (1997) who noted that melt distribution in
olivine aggregates is nearly isotropic for differential
stresses lower than 100 MPa, while it is distributed
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along grain boundaries oriented at an angle of 10-15°
to the maximum shortening direction at stresses
>100 MPa. Note however, that new experiments (M.E.
Zimmerman, personal communication) on very fine
grained olivine aggregates (<5 pm) show that an SPO
of melt pockets can occur even if stresses are lower
than 5-10 MPa.

On the basis of the small angle existing between
melt pockets and principal shortening direction,
Daines and Kohlstedt (1997) suggested that large-scale
flow in the mantle may occur in a direction subparallel
to o;. However, the experiments of Dell’Angelo and
Tullis (1988) and Rosenberg and Handy (in review)
show that the bulk flow direction of melt does not
necessarily reflect the SPO of intergranular melt pock-
ets. In these experiments, melt accumulated at both
sides of the sample in the barreled parts of the sam-
ple, i.e., at sites that are incompatible with a bulk flow
direction of melt subparallel to ¢;. Therefore, it was
suggested that melt may flow along grain boundaries
perpendicular to the shortening direction, despite the
widespread occurrence of melt-bearing axial cracks.

Flow laws

The first attempt to formulate a flow law for partially
molten granite was made by Rutter and Neumann
(1995), based on their experiments at brittle con-
ditions. Rutter (1997) pointed out that this flow law is
purely empirical, and is probably not valid outside of
the experimental conditions used by Rutter and Neu-
mann (1995). In order to model the behavior of par-
tially molten granite deforming in the diffusion-creep
regime, Paterson (in press) and Rutter (1997) pro-
posed a theoretical flow law, modified from Paterson
(1995) for granular flow in the presence of a fluid
phase. For an open system allowing melt segregation,
this flow law is written as follows (Paterson, in press):
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In the case of a closed system it is
2¢D,¢*
b1~ D (301 — 63) + (03~ )

in which ¢ is molar solubility (mol m~) of the compo-
nent of the solid in the melt, d is the grain diameter,
D,, is the diffusion coefficient of the component of
the solid in the melt, ¢ is the melt fraction, m is the
melt fraction exponent, and its value is 2, p is the melt
pressure, R is the gas constant, ¢; is the maximum
principal stress component, o5 is the least principal
stress component, T is the temperature, and v, is
molar internal volume of the component in the solid
grain

The latter flow law was experimentally tested by
Mecklenburg and Rutter (1999) in the diffusion-creep

regime. The agreement between theory and exper-
iment was good at laboratory strain rates less than
~1077 57!, but not at higher strain rates.

Deformation of partially molten granite
under natural conditions

A major difficulty associated with microstructural
investigations of naturally deformed anatectic rocks is
the poor preservation of synmagmatic microstructures.
Several processes combine to obliterate the synmag-
matic microstructures: (1) deformation may continue
below the solidus, so that solid-state fabrics overprint
magmatic fabrics. (2) Persisting high-temperature con-
ditions may rearrange grain boundaries. In addition,
because criteria to identify deformation in the pres-
ence of low melt fractions (<0.2) are poorly defined,
and corresponding microstructures may resemble
those of rocks deformed under high-temperature, sol-
id-state conditions, synmagmatic microstructures may
not be recognized as such. These difficulties may
explain the small number of investigations concerning
the microstructures of deformed partially molten gran-
itic rocks. In the following, I review the investigated
case studies in which synmagmatic deformation mech-
anisms were inferred. I will use the term solid-state in
its strict sense, i. e., when no melt is present, and the
term synmagmatic in a broad sense, i.e., for the pres-
ence of melt, irrespective of the melt fraction.

Deformation mechanisms
Fracturing

Many authors (Paquet et al. 1981; Hibbard and
Watters 1985; Gapais and Barbarin 1986; Hibbard
1987; Bouchez et al. 1992; Davidson et al. 1996)
described microstructural evidence for grain-scale
intragranular fracturing in the presence of melt. This
interpretation rests on the occurrence of fractures
filled by at least one phase that is inferred to crystal-
lize from a residual melt (Fig. 7). Bouchez et al
(1992) suggested that these structures form when the
melt content is in the 10-30% range.

Widespread melt-bearing intergranular fractures
were also reported (Rosenberg and Riller 2000) from
a synmagmatically deformed orthogneiss. The inter-
pretation of these structures is based on the occur-
rence of intergranular K-feldspar and plagioclase films
preferentially distributed along grain boundaries
oriented at a high angle to the foliation plane. The
identification of such structures is often ambiguous,
because no markers such as twin planes or grain boun-
daries are offset. However, intergranular fractures are
expected to be common in partially molten systems,
since failure under high homologous temperatures and



Fig. 7 Micrograph (crossed polarizers) of a synmagmatic frac-
ture within a hornblende grain of a tonalite (Adamello pluton,
Southern Alps, Italy). The arrow points to a euhedrally-zoned
plagioclase that is inferred to have grown in the fracture from
the tonalitic melt. H Hornblende, P plagioclase

low stresses is always by intergranular creep fracture
(Gandhi and Ashby 1979).

In the aforementioned investigations, synmagmatic
intragranular fractures affect large feldspar grains,
more rarely amphibole, and never quartz or biotite.
This observation suggests that (1) the strength contrast
existing in the solid state between quartz and feldspar
may persist into the supersolidus field; (2) fracturing
in the presence of melt is an accommodating defor-
mation mechanism, but not the dominant one; and (3)
synmagmatic fractures are often preserved in nature.
As a consequence, the lack of documented case stud-
ies of synmagmatic cataclastic flow in granites is not
due to the poor preservation of synmagmatic micro-
fractures. Synmagmatic cataclastic flow, as observed in
many experimental investigations is therefore consid-
ered to be absent under natural conditions.

Intracrystalline plasticity

Intracrystalline plastic flow of the solid matrix during
deformation of partially molten granite may be rate-
competitive with melt-assisted diffusion creep only at
low temperatures and high stress levels (Rutter 1997).
This conclusion is based on the extrapolation of flow
laws of partially molten granite and of melt-free
quartz aggregates at temperatures, grain sizes and
strain rates assumed to occur under natural conditions
(see Fig. 4.5 in Rutter 1997). However, crystal-plastic
deformation of quartz inferred to occur during flow of
partially molten granite is reported several times in
the literature. Gapais and Barbarin (1986) were the
first to suggest the occurrence of synmagmatic
dynamic recrystallization of quartz. Rosenberg and
Riller (2000) inferred that intracrystalline plasticity of
quartz assisted by dynamic recrystallization was the
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Fig. 8a,b Micrographs (crossed polarizers) of partially molten
granite from the Murray Pluton (Central Ontario, Canada). a
Quartz ribbon dynamically recrystallized in the presence of melt.
Arrowheads point to feldspar seams along quartz grain boun-
daries that mimic melt topology. Note lobate grain boundaries
and preferred orientation of feldspar seams subperpendicular to
horizontal foliation. b Quartz aggregate lacking any evidence for
deformation. Arrow heads point to intergranular feldspar seams
that mimic distribution of partial melt. Note the relatively small
(always <60°) dihedral angles between quartz, quartz, and feld-
spar, suggesting that partial melt was interconnected along grain-
edge channels

dominant deformation mechanism in a partially
molten orthogneiss. In this rock, quartz grains within
ribbons exhibit deformation bands and lobate grain-
boundaries (Fig. 8a). Some of these grain-boundaries
are coated by 5-50 pm-thick feldspar films (Fig. 8a) of
plagioclase and orthoclase composition, interpreted to
mimic melt topology. Occasionally, such feldspar films
transect the quartz grains whose deformation features,
such as deformation bands, suggest that melt intruded
into a plastically deforming quartz grain.
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Grain boundary sliding, diffusion creep
and contact melting

Grain- and phase-boundary sliding may be the domi-
nant deformation mechanism at low melt fractions,
but there are few if any unambiguous diagnostic
microstructures for this mechanism. An excellent
example of melt-assisted grain-boundary sliding was
reported by Nicolas and Ildefonse (1996) from a gab-
bro (Fig. 5a). Deformation was inferred to occur in
the presence of ~20% melt by dissolution-accommo-
dated sliding of grains along melt films. This process is
similar to the contact melting coined by Park and
Means (1996). There is no evidence for intracrystalline
plasticity in these rocks. Similar microstructures are
also observed in granitic rocks, as shown in Fig. 9.
Diffusion-accommodated grain- and phase-boun-
dary sliding was inferred to occur during the last
stages of crystallization of tonalitic rocks (Mobus and
Rosenberg 1999). These tonalites exhibit quartz aggre-
gates with axial ratios of ~2:1 and lobate grain boun-
daries (Fig. 10), indicating dynamic recrystallization.
The c-axes of these grains are oriented at low angles
to the stretching lineation. In contrast, the magmatic
matrix surrounding these quartz aggregates does not
show any evidence of crystal-plastic deformation
(Fig. 10). However, the strain undergone by the quartz
aggregates must also have affected the surrounding
matrix, since the quartz aggregates do not form inter-
connected layers. Such a “cryptic” deformation on the
grain scale is therefore ascribed to diffusion-accommo-
dated grain-boundary sliding. The large grain size of
these tonalites (>0.5 mm) and the euhedral shape of
all grains surrounding the quartz aggregates most
likely preclude deformation under subsolidus con-
ditions. Therefore, the plagioclase-dominated matrix
of these tonalites likely deformed by dissolution-ac-

Fig. 9 Micrograph (crossed polarizers) of a tonalite from the
Adamello Pluton (Southern Alps, Italy). Note the indentations
(arrows) of plagioclase grains into each other, cross-cutting the
euhedral zonation rims. Indentations are inferred to result from
dissolution at grain-to-grain contacts in the presence of melt

Fig. 10 Micrograph (crossed polarizers) of tonalite from the
Adamello Pluton (Southern Alps, Italy). ¢ Quartz aggregates
elongate parallel to the foliation plane. Lobate boundaries of
quartz grains suggest dynamic recrystallization. In contrast, the
matrix surrounding the quartz aggregates consists of euhedral
grains of plagioclase, some hornblende, and minor biotite

commodated grain-boundary sliding in the presence of
melt.

A melt-induced transition from dislocation creep to
diffusion creep, as previously found in experiments,
were inferred to occur in nature (Rosenberg and
Berger in press) in partially molten orthogneisses. The
microstructures of the restitic parts of these ortho-
gneisses are indicative of dislocation creep, whereas
the leucosome in these rocks shows microstructures
indicative of diffusion-accommodated grain-boundary
sliding in the presence of melt.

Melt topology

Preservation of melt topology at the outcrop-scale and
sample-scale is common in the form of leucosome
veins in migmatites (e.g., Brown et al. 1999). In con-
trast, the preservation of grain-scale melt topology in
deep-seated crustal rocks is rare. When preserved,
melt topology is inferred from the distribution of glass
in quenched xenoliths (e.g., Cesare et al. 1997) or
from the distribution of mineral phases assumed to
mimic residual melt topology (e.g., Brown et al. 1999;
Holness and Clemens 1999; Rosenberg and Riller
2000; Sawyer 2000).

Under static conditions, suggested by the absence
of microstructural evidence for deformation, the dihe-
dral angles between the inferred granitic melt (out-
lined by interstitial feldspar in Fig. 8b) and the quartz
grains are smaller than 60° (Holness and Clemens
1999; Rosenberg and Riller 2000). This suggests that
melt forms interconnected grain-boundary channels
within quartz aggregates, in agreement with the crys-
tallization experiments on synthetic granitic composi-
tions (e.g., Laporte et al. 1997). Deformation induces



a change from isotropic melt pockets at triple grain
junctions, to elongate pockets preferentially oriented
subperpendicular to the foliation plane (Fig. 8a;
Rosenberg and Riller 2000). This orientation of the
melt pockets agrees with what is observed in partially
molten rocks experimentally deformed at high
(>100-150 MPa) differential stresses, provided that
the maximum compressive stress is assumed to form a
high angle to the foliation plane. However, the latter
example may be an exception and not the rule. More
often, melt films and pockets in natural granites are
preferentially located along grain boundaries parallel
to the foliation plane (Sawyer 1999, in press; Rosen-
berg and Berger in press). The latter studies show that
the long axes of melt pockets exhibit two maxima: the
largest maximum is oriented parallel to the foliation
plane, whereas the smaller maximum is subperpendic-
ular to the foliation. Moreover, melt films parallel to
the foliation are longer than those perpendicular to
the foliation. Assuming that the shortening direction
was at a high angle to the foliation plane, the spatial
distribution of melt pockets described above is in con-
trast with that observed under experimental con-
ditions. The same discrepancy exists in mantle rocks,
which often preserve evidence for foliation-parallel
interstitial melt (Jousselin and Mainprice 1999;
Lamoureux et al. 1999) in contrast with experimen-
tally deformed olivine aggregates.

Another important observation in the studies of
Sawyer (1999) and Rosenberg and Berger (in press) is
the film-like distribution of melt along grain boun-
daries during crystallization. Such melt distribution
differs from that expected by static percolation models
(Vigneresse et al. 1996) for crystallization. More
examples of preserved syntectonic melt topology from
natural rocks are needed for a general statement to be
made about the grain-scale relationship between melt
pockets and kinematic axes.

Criteria for the identification of synmagmatic
deformation in natural rocks

Microstructural criteria for the identification of defor-
mation in the presence of melt have been discussed by
many authors (Hibbard and Watters 1985; Gapais and
Barbarin 1986; Hibbard 1987; Blumenfeld and Bou-
chez 1988; Hutton 1988; Paterson et al. 1989; Nicolas
1992; Tribe and D’Lemos 1996; Paterson et al. 1998;
Sawyer 1999). These authors tentatively correlate spe-
cific microstructures and deformation mechanisms
with specific ranges of melt fractions.

Deformation in the presence of melt can be divided
into three types of flow (Gapais and Barbarin 1986;
Hibbard 1987; Wickham 1987; Paterson et al. 1989;
Nicolas 1992; Paterson and Tobisch 1992), correspond-
ing to melt fractions higher than the RCMP, equal to
the RCMP, and lower than the RCMP. However,
within these three ranges of melt fractions, the rheol-

Fig. 11 Micrograph (crossed polarizers) of a magmatically foli-
ated tonalite from the Adamello Pluton (Southern Alps, Italy).
Note the shape preferred orientation (SPO) of all grains and the
lack of crystal plastic deformation. p Plagioclase, g quartz, A
hornblende, b biotite

ogy and probably the microstructure of rock will cer-
tainly vary as a function of the melt fraction, as shown
by Hirth and Kohlstedt (1995a, 1995b). Keeping this
in mind, the above mentioned classification is a good
starting point to describe synmagmatic foliations. In
accordance with Paterson et al. (1989) and Gapais and
Barbarin (1986), the term “magmatic state” will be
used for deformation at melt fractions above 0.45;
after Paterson et al. (1989) the term “submagmatic”
will be used for deformation at melt fractions between
0.45 and 0.2. At still lower melt fractions the terms
“deformation at low melt fractions” will be preferred
to the “high-temperature solid-state” of Paterson et al.
(1989), in order to better distinguish solid-state defor-
mation under melt-absent and melt-present conditions.

Magmatic flow

Foliations resulting from magmatic flow are expected
to form by the passive rotation of anisometric grains
within the melt. A magmatic foliation is characterised
by the planar SPO of magmatic grains that do not
show any evidence of -crystal-plastic deformation
(Fig. 11). Rocks preserving a magmatic foliation in the
strict sense are inferred to have undergone flow at
high melt fractions (>0.45) and subsequent crystalliza-
tion under static conditions. In the analogue exper-
iments of Park and Means (1996), however, such folia-
tions formed at melt fractions as low as 0.1".

!'The melt fraction was not mentioned by Park and Means
(1996). I estimated the “local” melt fraction (not the one of
the bulk sample) by calculating the surface area of melt in
their Fig. 4a, b, using the program NIH Image (Rasband
1997).
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Tikoff and Teyssier (1994) and Tribe and D’Lemos
(1996) suggested that the occurrence of tiling, i.e., the
imbrication of clasts due to rigid body rotation in a
molten matrix (Fernandez et al. 1983) may reflect the
transition from magmatic flow to submagmatic flow
(defined as post-RCMP by Tribe and D’Lemos 1996).
This is not supported, however, by the analogue
experiments of Arbaret et al. (1996) and Fernandez
and Fernandez-Catuxo (1997), in which tiling occurs
even at melt fractions higher than 0.6. In summary,
magmatic foliations certainly develop in the presence
of melt, but do not define a specific interval in the
melt fraction.

Submagmatic flow (20-50% melt)

Flow in the submagmatic state is characterized by
grain-to-grain interaction and a reduced ability of the
grains to rotate freely in the melt, compared with the
magmatic state. Analogue experiments showed that
grain-to-grain interactions tend to rotate the particles
towards a stable end orientation, coinciding with the
flow plane (see Ildefonse et al. 1997). Flow in the sub-
magmatic state is therefore expected to develop a foli-
ation parallel to the flow plane more readily than in
the magmatic state. Foliations resulting from submag-
matic flow may show some fracturing and/or crystal-
plastic behavior of grains in response to the increas-
ingly frequent grain-to-grain interactions. As discussed
above, however, magmatic foliations may persist in
the submagmatic state. The critical parameter control-
ling the onset of crystal-plasticity is probably the strain
rate. Park and Means (1996) showed in their exper-
iments that fast strain rates (10 s7') induce crystal-
plastic deformation, thus destroying the euhedral
shape of the grains, even at melt fractions as high as
0.27°. In contrast magmatic foliations persist at melt
fractions of 0.1 when the strain rate is slow (3x107 to
3x107 s7!). Therefore, provided a solid framework has
formed and the melt fraction is lower than ~0.3, it is
the strain rate rather than the melt fraction which
determines the microstructure of the deforming par-
tially molten rock.

In conclusion, synmagmatic fracturing, dynamic
recrystallization, and contact melting are diagnostic of
mechanical interactions between grains at melt frac-
tions <0.5. Conversely, the absence of these features
does not allow one to constrain the melt fraction, as
shown by the low strain rate experiments of Park and
Means (1996).

2 The melt fraction was estimated as in footnote 1, from Fig. 2a
of Park and Means (1996).

Flow at low (<20% melt) melt fractions

Rocks deformed in the presence of low (<0.2) melt
fractions may develop microstructures very similar to
those acquired at high-temperature, subsolidus con-
ditions. Therefore, criteria to distinguish these two
types of flow are often lacking. In this regard, it is
interesting to note that melt is never mentioned in
any of the terms used so far to define flow in the pres-
ence of melt fractions <0.2: “crystal-plastic strain”
(Hutton 1988), “high-temperature, solid-state flow”
(Paterson et al. 1989), “solid-state creep” (Cruden
1990), and “solid-state flow” (Nicolas 1992).

Even in the few studies which do infer the occur-
rence of low melt fractions during deformation, the
estimate of melt volume is generally poorly con-
strained. For example, Gapais and Barbarin (1986)
suggested that during the last stages of granite crystal-
lization, crystal-plastic deformation of quartz occurred
in the presence of a melt fraction up to the RCMP
(see their Fig. 8). However, both their observed
microstructures and crystallographic preferred orienta-
tion (CPO) in quartz are also observed under high-
temperature, subsolidus conditions (e.g., Schmid et al.
1981). Therefore, neither the CPO nor the microstruc-
ture of quartz can be used to distinguish subsolidus
from hypersolidus conditions.

In the study of Rosenberg and Riller (2000), the
melt content is estimated through the volume pro-
portion of interstitial feldspar films enclosed in the
quartz ribbons, assumed to represent ~0.5 of the gran-
itic melt. Quartz microstructures in these rocks do
not differ from those observed under high-temper-
ature, solid-state conditions. It is only the preser-
vation of interstitial films that mimic melt that allows
one to infer synmagmatic deformation at low melt
fractions.

Hibbard (1987) and Bouchez et al. (1992) describe
synmagmatic fractures that were inferred to form at
melt fractions of up to 0.3. Bouchez et al. (1992) pro-
vide several criteria to distinguish such fractures from
those formed in the solid state: (1) presence of mag-
matic minerals filling the fractures. For example the
An content of a plagioclase filling a fracture is
expected to be closer to the minimum melt composi-
tion than in other locations; (2) fractures transecting
single grains; (3) quartz within a fracture must be in
crystallographic continuity with quartz outside of the
fracture. Hibbard (1987) suggested that deformation
of plutonic rocks in the presence of 10% melt can be
identified by “fluid relocation textures” or low-pres-
sure sites into which late-stage hydrous melts are
inferred to migrate. Crystallization within pressure
shadows (see also Gapais and Barbarin 1986) of
K-feldspar and plagioclase with lower Ba and lower
An contents, respectively, than the feldspar clast is
attributed to late stage crystallization from the melt.
Note, however, that compositional differences
between grains crystallized from partial or residual



melts and grains of the unmelted matrix are rarely
preserved in nature (e.g., Ashworth 1985).

In the study by Nicolas and Ildefonse (1996), the
presence of 20% melt in the deforming gabbro is
inferred indirectly from seismic data on magma
chambers in the mantle. Indentations between euhe-
dral grains (Figs. 5a and 9) in the absence of crystal-
plastic deformation may be a good indicator for defor-
mation in the presence of low melt fractions.

Deformation of a quartz analogue (norcamphor) by
dislocation creep involving dynamic recrystallization in
the presence of less than 20% melt (Rosenberg and
Handy, submitted ) yields at most a very weak SPO of
the solid grains. In contrast, under dry conditions, at
the same temperature and deformation rates, the
same material develops a strong SPO parallel to the
principal stretching direction. Hirth and Kohlstedt
(1995b) also observed this behaviour in partially
molten olivine aggregates. These observations may be
diagnostic of deformation in the presence of low melt
fractions in a rock undergoing dynamic recrystalliza-
tion.

In summary, there are good microstructural criteria
to identify synmagmatic fracturing (Bouchez et al.
1992) and contact melting (Nicolas and Ildefonse
1996). These allow one to distinguish subsolidus and
hypersolidus conditions. In contrast, if deformation at
low melt fractions occurred by intracrystalline plastici-
ty, there are few if any microstructural criteria that
allow one to determine whether melt was present or
not during deformation. Quantification of melt frac-
tions in the range between 0 and 0.2 remains specula-
tive.

Conclusions

1. Whether or not melt fraction vs. log. strength (or
viscosity) curves do show a sigmoid shape indicat-
ing the existence of an RCMP depends on the
experimental conditions. If melt viscosity is low
(e.g., 10* Pa s), an RCMP is present for laboratory
strain rates in the order of 107 s7!. In nature, melt
viscosities are inferred to be low (10*3 Pa s, Scaillet
et al. 1998). In addition, a major rheological thres-
hold at melt fractions of 0.4 (i.e., close to the
RCMP), may be inferred from volcanic rocks.
Therefore, an RCMP probably occurs under natural
conditions.

2. Investigations of natural samples show that both
diffusion-accommodated grain boundary sliding and
dislocation creep involving dynamic recrystalliza-
tion do occur at melt fractions below 0.2. Grain
boundary sliding was documented in gabbros at
grain sizes larger than 1 mm and in tonalites at
grain sizes larger than 0.5 mm. Except for pseudo-
tachylites, cataclastic flow in partially molten crus-
tal rocks has not been observed in nature. There-
fore, most experimental results on the deformation
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of partially molten granites do not adequately
reproduce natural conditions.

. Melt topology under experimental conditions is

controlled by the orientation of the principal stress
directions if the differential stresses are high
(>100-150 MPa). Under these conditions, melt dis-
tribution clearly deviates from the equilibrium
geometry observed under static conditions. Irre-
spective of melting or crystallization conditions,
melt pockets are expected to be oriented at 0 to
30° from the principal compressive stress direction.
Therefore, under these conditions, permeability
thresholds for crystallizing and melting rocks do
not differ.

In contrast, at low differential stresses under both
static and dynamic conditions, melt topology is gov-
erned by surface energy. Melt pockets do not have
a preferred orientation, and their shape is dictated
by the wetting angles of mineral pairs and melt,
and by the anisotropic crystallography of the miner-
als. Under these conditions, melt distribution in
melting rocks may differ from that in crystallizing
rocks. Wetting of grain boundaries may be more
effective during melting, because melt films form
along the entire phase boundaries of those minerals
involved in the melting reaction. Such melt distrib-
ution favors diffusion creep and grain boundary
sliding.

The relationship between the bulk flow direction of
melt and the orientation of intergranular melt
pockets is not straightforward. The orientation of
grain-scale melt pockets does not simply reflect the
dominant flow direction of melt through the rock.
More experiments on aggregates in which segre-
gation occurs during deformation need to be per-
formed.

. Microstructural criteria cannot always be used to

estimate melt fractions at the time of deformation.
Foliations formed by the alignment of magmatic
euhedral grains do not reflect a specific range of
melt fractions, because they can form over a wide
crystallization interval from the magmatic state
down to melt fractions of 0.1. At low melt fractions
(<0.2) and in rocks deformed in the dislocation
creep regime, microstructural criteria to distinguish
subsolidus from hypersolidus conditions are gener-
ally lacking. If fracturing or contact melting
affected the partially molten granites, microstruc-
tural evidence for deformation in the presence of
melt may be easier to detect.

. Many factors controlling the rheology of partially

molten rocks that are known to occur in nature
have not yet been reproduced in experimental stud-
ies: (a) segregation processes and the effect of dif-
ferent rates of melting on deformation and segre-
gation. Drained experiments are needed to
reproduce such conditions; (b) the effect of
mechanical anisotropies such as foliations formed
by micas or compositional layering. These anisotro-
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pies may be the cause of the commonly observed
melt pockets (leucosomes) parallel to the flattening
plane in migmatitic rocks. Such melt distribution
has not been observed in experiments yet; (c) flow
laws derived from experiments performed in the
diffusion creep regime and dislocation creep regime
are needed to model the rheology of the partially
molten crust. Experimental work is in progress
(Mecklenburg and Rutter 1999) to test a theoretical
flow law for the diffusion creep regime, but no data
exist for the dislocation creep regime; (d) although
the mechanical behavior of quartz and feldspar at
high temperature is better understood than that of
micas and aluminosilicates, granites are not nec-
essarily representative of middle crustal rocks
undergoing large-scale anatexis. Deformation
experiments on metapelites and metapsammites are
needed to constrain the rheology of partially
molten crustal sections.
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