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Abstract: It has long been recognised that at elevated temperatures surface energy is the
driving force for the distribution of melts and fluids among crystalline grains.
While for ideal isotropic systems only two parameters, the dihedral angle (the
ratio of grain boundary energy to solid-liquid surface energy) and the melt
fraction are needed to completely constrain the melt distribution, anisotropic
systems present a more complex problem.  Surface energy minimisation
includes, in addition to surface (or interface) area reduction, also interface
rotation.  Grain growth, driven by surface area reduction of the aggregate as a
whole, means that locally interfaces constantly have to readjust their
orientation, a feature not present in isotropic systems.  In contrast to isotropic
systems, where the geometry of the melt network is the same at all melt
fractions, no unique link exists between melt fraction and melt geometry for
anisotropic systems.  This link is the basis for the high permeability
calculated for isotropic aggregates.  The degree of anisotropy and therefore the
deviation from the ideal isotropic model depends not only on the solid but
also on the melt or fluid involved.  For the system olivine + basaltic melt the
differences to the isotropic model are substantial.  Since for anisotropic
systems no model exists which can predict the texture of a partially molten
aggregate, experimentally produced samples are evaluated in order to
determine bulk physical properties of partial melts.  Due to the high
permeability predicted by the isotropic model, the in situ melt fraction in
partially molten regions in the upper mantle would be so small that seismic
velocities or the dynamic behaviour would remain essentially unaffected by
the presence of melt.  In contrast, the experimentally observed melt
distribution indicates that a finite melt fraction is needed before efficient
segregation can begin, which will affect seismic velocities and influence the
dynamic behaviour of partially molten regions.
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1. INTRODUCTION

Melting and melt segregation are the main agents for the differentiation
and evolution of the Earth s crust and mantle and are therefore the focus of
considerable theoretical and experimental work.  A significant part of this
effort is directed towards determining the dynamic behaviour of partially
molten systems as well as the composition of melt and matrix residues,
including major, minor, trace elements and isotopes.  The composition of
melt and residue after melt extraction from a rock with given composition
before melting are dependent on the physical aspects of the melting process.
Examples include the extent to which the temperature during melting
exceeds the solidus temperature, but also how quickly the melt, once it is
formed, separates from the solid matrix.  How much melt is retained in the
matrix also influences the dynamic behaviour of the partially molten system
as well as whether the melt can be detected by seismic or electromagnetic
studies.  This process of melting and melt extraction begins on a grain scale.
It is therefore of considerable interest to characterise the grain scale melt
distribution in partially molten systems at melt fractions which are predicted
to occur in the Earth, with the aim to extrapolate experimental observations
to processes occurring in nature.

In the following some theoretical aspects of the distribution of a liquid
among solid grains are presented first, which highlight the role of surface
energy as a driving force for texture development.  Texture in this context
includes the distribution, shape and size of intergranular melt inclusions
(interserts) as well as the size, distribution and orientation relationships of
the solid grains [e.g. Laporte and Watson, 1995].  Emphasis is placed on
broadening the concepts developed for isotropic systems, for example the
relationship between chemical potential and curvature, to take crystalline
anisotropy into account.  Experimental observations from the system
olivine plus basaltic melt are presented next and where possible related to the
theoretical models.  Because these models either consider isolated crystals or
treat an ensemble of grains without considering local interfaces they are not
able to predict texture as defined above.  However, the properties of
partially molten rocks, for example seismic velocity and permeability, are
the product of the texture as a whole.  The approach taken here is t o
characterise the melt distribution from digital images of experimentally
produced samples and parameterise it such that bulk physical properties can
be calculated.  Finally, implications for melting in the upper mantle are
discussed briefly.
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2. SURFACE ENERGY CONSIDERATIONS

The development of the texture of partially molten rocks in chemical
equilibrium and under hydrostatic conditions is driven by the reduction of
interfacial or surface (free) energy not only between solid and melt, but also
between the crystalline grains of the matrix.  The configuration of crystal-
melt interfaces at the junction of two grains is often described by the balance
of surface tensions.  The equivalence of surface energy and surface tension
can be illustrated by the following example [Adamson, 1982]: a soap film is
stretched over a wire frame with one moveable side of length l (Figure 1).
One observes that an attempt to increase the area of the soap film by pulling
on the moveable side is resisted by a force per unit length (of l) in the
opposite direction.  The work done moving l by a distance dx is

W = σ l dx. (1)

dx

F = σ l Al   

Figure 1.  Illustration of surface tension and surface energy (after Adamson [1982]).

Equivalently, with dA = l dx, the work done can be written as

W = σ dA (2)

where σ is now expressed as energy per unit area.  Both definitions are used
in the following, they are both valid for anisotropic solids at elevated
temperatures and time scales longer then grain scale solid diffusion.

At low temperatures, where diffusion is slow, distances between atoms in
a crystalline solid can be elastically varied by the application of forces,
introducing surface stresses in addition to surface energy.  The influence of
surface stresses on the solubility of non-hydrostatically stressed minerals and
application to pressure solution is discussed for example by Heidug [1991].
As pointed out by Hoffman and Cahn [1972] (but see for example also
Swalin [1962] p. 184), at elevated temperatures expansion and rotation of
solid surfaces can be accommodated by diffusive processes and surface
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stresses are absent, which is the situation considered here.  The surface free
energy for anisotropic solids remains a scalar quantity, but is a function of
the surface orientation: σ = σ(n), where n is a unit vector normal to the
surface, and is defined such that ∫σ(n)dA is the reversible work required t o
create the surface.

For crystalline solids the arrangement of atoms in a regular lattice implies
that the properties of the crystal, including surface energy, vary along
different directions in the structure.  The equilibrium shape of (isolated)
crystals is therefore not spherical and can be polyhedral, depending on the
bond energy for different planes through the crystal lattice.  This equilibrium
shape can be derived, for example, from the Wulff construction (e.g. Sutton
and Balluffi [1995]), which requires that the perpendicular distance dj of the
jth face from a common point in the interior of a crystal is proportional t o
the surface energy σj of that face.  Planes through the crystal structure with
high planar energy appear far away from the common point, if a plane with
different orientation is closer to the common point in a given direction, the
higher energy plane will not be part of the equilibrium shape.  In other
words, the Wulff shape represents the equilibrium shape of an isolated crystal
because it has the least surface energy for the volume it contains.

2.1 Dihedral angles

The most common way to asses the distribution and interconnectedness
of an intergranular fluid or melt is to measure the dihedral angle at the
junction of two crystalline grains in contact with the melt.  Examples where
dihedral angle measurements have been used for this purpose are olivine +
basaltic melt [Waff and Bulau, 1979], pyroxene + basaltic melt [Fujii et al.,
1986], quartz + granitic melts [Jurewicz and Watson, 1985; Laporte, 1994],
olivine or quartz in contact with various fluids [Watson and Brenan, 1987;
Holness, 1992] and olivine + a sulphide melt [Minarik et al., 1996; Ballhaus
and Ellis, 1996] (for a more comprehensive listing see Laporte and Provost,
this volume).  These measurements are based on the assumption that the
surface energies of the crystalline materials are (nearly) isotropic so that the
dihedral angle is single-valued and the isotropic equilibrium model can be used
to characterise the melt distribution [e.g. Smith, 1964; von Bargen and Waff,
1986].  To put this assumption into perspective, it is instructive to consider
the more realistic case where the surface energy depends on the orientation
of the interfacial plane.  Although the mathematics introduced below is
somewhat abstract, it highlights the fact that for anisotropic solids surface
energy minimisation includes - in addition to the reduction in interfacial area
- also a component for interface rotation.
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Figure 2.  (a)  Illustration of the capillary vector ξ and its components normal and tangential
to an interface.  For isotropic phases ξ t = 0 and ξ = σ.  Also shown is the ellipse of force
vectors Γ=Γ(l) for all possible orientations of llll  in the interface plane.  (b) Illustration of a
three phase intersection.  The unit vector llll is now constraint to coincide with the line of the
intersection. The force exerted by the i th interface on a unit length of junction is Γ i = ξi × llll
(after Hoffman and Cahn [1972] and Sutton and Balluffi [1995]).

To account for anisotropic surface energy Hoffman and Cahn [1972]
(see also Sutton and Balluffi [1995], Chapter 5.6) introduce a capillary
vector ξ which is defined as the gradient of the (scalar) surface energy times
a radius vector.  The surface energy then equals the scalar product of the
capillary vector with the surface normal unit vector n:

σ = ξ • n. (3)

The capillary vector can be decomposed into components perpendicular and
tangential to the surface (Figure 2a).  The normal component                    
ξn = σn describes the tendency of the surface to reduce the free energy by
minimising its area, the tangential component ξt = ξ - σn indicates the
tendency to reduce the free energy by changing the surface orientation.  For
isotropic surfaces the tangential component ξt is equal to zero; in the general
case of an anisotropic surface ξ is at an angle between n and the surface.
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Figure 3.  Electron microscope images of melt at three-grain edge intersections and two-grain
boundaries, indicating the need for high resolution.  (a) Backscattered electron (BSE) image
of run OB32 (see Table 1).  Olivine is darker grey (the range of grays is due to orientation
contrast), melt (now glass) in larger inclusions is light grey.  Cracks due to the rapid drop in
temperature at the end of the experiment (quench) in order to freeze the melt distribution at
run conditions are black.  The relatively high beam currents necessary to show orientation
contrast exaggerates the size of the cracks (see crack in Figure 3c) and the topographic effects
at the edges of melt inclusions (white halos).  The arrows indicate wetted two grain
boundaries (layers), the white rectangles the areas shown enlarged in b and c.  (b) Field
emission scanning electron microscope (FESEM) − secondary electron (SE) image of melt at a
three-grain edge intersection.  Even at long run durations (612 h) some triple junctions
appear distorted due to continuous re-arrangement of neighbours during grain growth.  (c)
FESEM-SE image of layers on two-grain boundaries that can not be resolved with a
conventional SEM.  These layers are a few tens of nm thick, the ones indicated in Figure 3a
are more then 100 nm thick.  Also note the small dihedral angles at all junctions.  (d)
Transmission electron microscope (TEM) image of melt along a three-grain edge intersection
with mostly faceted interfaces (from Cmíral et al. [1998]).  Note the change in orientation of
the faceted crystal-melt interface to the grain boundary plane at the two-grain junction at the
top.
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Further, an effective capillary force Γ (defined analogous to surface
tension), exerted by a given interface on a unit vector llll lying in this
interface is expressed by the vector product of the capillary vector with llll:

Γ = ξ × llll. (4)

Due to the properties of the vector product, the tangential component of
the effective capillary force Γt = ξn × llll is perpendicular to llll and in the
plane of the interface.  It tends to shrink the interface and is always of the
magnitude of σ, independent of the direction of llll (circle in Figure 2a).  For
isotropic surfaces it is the only component present, i.e. Γ = σ.  The normal
component Γn = ξt × llll is perpendicular to llll and to the interface, and
therefore tends to rotate it.  The magnitude of this torque component
depends on the magnitude of the tangential component of the capillary
vector and the orientation of llll.  The capillary vector ξ therefore has the
advantage that from a single vector the effective capillary force (surface
tension force) is specified for all directions llll (the inclined ellipse in Figure
2a), whereas from a single value of Γ the surface energy for another
direction can not be derived.  This problem is emphasised in Cahn and
Handwerker [1993] who point out the difficulties in experimentally
determining σ for all n.  Analogous to the Wulff construction, the
equilibrium shape of a particle can also be derived from the capillary vector
ξ.

The effective capillary force can be used to derive the force balance at
the intersection of three phases, where llll describes the intersection line
(Figure 2b).  In equilibrium the Γi of the three surfaces have to balance and
therefore:
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Since all of the vectors in equation (5) are perpendicular to llll this condition
can be represented by a vector force diagram in a plane perpendicular to llll.
Only when the torque components Γn can be neglected (for isotropic
surfaces where ξt = 0) will the force diagram simplify to the form given for
example by Smith [1964], Bulau et al. [1979] and Waff and Faul [1992]:
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Equation (6) applies when three different but isotropic phases intersect at a
common edge.  This equation can be further simplified only for the junction
of two identical, isotropic crystals with a second phase (melt) to the familiar
dihedral angle equation:
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cos
θ σ

σ2 2
= ss

sl

, (7)

where σss and σsl are the surface tensions between the two crystalline grains
and solid and liquid, respectively.

Experimental observation of the melt distribution in (anisotropic)
polycrystalline aggregates of olivine show that while some junctions of two
grains with melt are smoothly curved as implied in equation (7), others are
completely faceted or appear distorted (Figure 3).  A non-negligible torque
component of Γ could explain the shape of the distorted three grain edge
intersection in Figure 3b or the change in surface orientation in Figure 3d.
The shrinking and eventual disappearance of grains during grain growth (see
below) continuously creates two-grain boundaries and three-grain junctions
involving grains previously not in contact.  A return to local surface tension
balance can include rotation of interfaces or displacement of a three-grain
edge intersection to accommodate faceting.  The torque term in these cases
constitutes a driving force for local textural adjustments in response to the
overall evolution of the texture.  Dihedral angles formed at the start of an
experiment with ground material might also change due to interface
reorientation.

2.2 Interfacial Curvature

For isotropic systems constant (mean) interfacial curvature of all solid-
liquid interfaces has been cited as a measure for the achievement of
equilibrium in a partially molten system [e.g. Bulau et al., 1979].  This is
derived from the dependence of the chemical potential of a surface or
interface on its curvature in the following way: an interface with a small
radius of curvature has a higher chemical potential than an interface with a
larger radius of curvature in the same system; in equilibrium therefore all
interfaces should have the same radius of curvature.  In this derivation,
however, the particles are explicitly assumed to be spherical [Bulau et al.,
1979 pp. 6103-6104].

Due to the polyhedral rather than spherical equilibrium shape of
crystalline solids it is necessary to extend the calculation of the chemical
potential to non-spherical particles.  This is easily done from the derivation
for spherical particles given in Lewis et al. [1961].  The starting point is the
expression for the Gibbs free energy G for a system:

dG SdT VdP dn dAi i
i

= − + + ∑ +µ σ . (8)

This equation describes a system which can exchange material with its
surroundings (third term) and includes a surface energy term which accounts
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for the increased energy due to the presence of a surface (or interface).  Here
it is assumed that the surface energy itself does not depend on curvature and
that an interface within the system does not change the pressure on the
exterior.

Importantly, the chemical potential µ in equation (8) relates to processes
which do not change the surface area A.  This condition is satisfied for a
single planar interface (denoted by the superscript (p)) within the system:

µ ∂
∂i

i T P A n

G
n

j

( )

, , ,

p =






. (9)

The subscripts on the right hand side indicate that these variables are held
constant.  For a particle of finite size the condition of constant surface area
on addition or subtraction of material is no longer satisfied; or equivalently,
the surface area depends on the amount of material in the particle.  The
term σdA in equation (8) must therefore be expressed in terms of addition or
subtraction of increments dni.  The volume change of the particle on
addition or subtraction can be expressed as:

dV v dni i
i

= ∑ (10)

where vi  is the partial molar volume of component i.  The next step is t o
relate the volume change dV to the change in surface area dA, where for a
sphere with radius r: dVs/dr = 4πr2 and dAs/dr = 8πr and therefore with
equation (10)
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At constant P and T equation (8) can now be written as:
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which is equation (20) in Bulau et al. [1979] and describes the increased
chemical potential of a spherical particle relative to a single planar
interface.
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Equally valid we can assume that the particle to which material is added
or subtracted is a cube with edge length a and the relationship between
volume change and surface area change with dVc/da = 3a2, dAc/da =12a is
dAc =˚4/a dVc.  Equation (12) becomes then:
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a

(13)

i.e. (13) gives the increased chemical potential of a cubic particle with finite
edge length a over a single planar interface, but says nothing about the
curvature of individual surfaces of the particle.  For particles with non-
spherical equilibrium shapes the curvature of individual crystal-melt
interfaces therefore does not pertain to the achievement of equilibrium or
constrains the size of three grain edge tubules.  Cahn and Hoffman [1974]
show that the capillary vector ξ remains continuous at the corners of faceted
particles even though the curvature becomes infinite, which would imply an
infinite chemical potential for isotropic particles.  For a particle which has
assumed its equilibrium Wulff shape the derivation of the increased chemical
potential or solubility of a finite-sized particle is given in Sutton and Balluffi
[1995, Chapter 5.6].  More generally (12) and (13) state that the chemical
potential decreases with increasing particle size.  This is the basis for mean
field theories describing grain growth or particle coarsening with a steady
state particle size distribution [Wagner, 1961; Lifshitz and Slyozov, 1961].

In the isotropic case, for a given dihedral angle and with the requirement
of constant interfacial curvature, the geometry of the intergranular melt
distribution can be calculated for all melt fractions [von Bargen and Waff,
1986].  In this model the tubule diameter is directly dependent on melt
fraction, and, together with the assumption of uniform particle size,
constrains the tubules to have the same size throughout.  Without this
requirement the shape and size of the melt inclusions (including at three
grain edges) is not set by a global  parameter and is not directly related t o
the melt fraction but depends on the local configuration of grains as outlined
above and shown in Figure 3.

The local arrangement of grains also affects their equilibrium shape.  The
Wulff construction gives the shape of an isolated crystal due to its surface
energy.  However, the surface (or interfacial) energy also depends on the
surrounding environment, i.e. it is different for solid-liquid versus solid-solid
interfaces.  For the latter it depends additionally on the orientation of the
neighbour.  The Wulff shape of individual crystals in a polycrystalline
aggregate as the minimum surface energy configuration will therefore vary
from one grain to the next [e.g. Cahn and Handwerker, 1993].  This
potentially very complex problem has only been addressed for a few simple
cases [Cahn and Hoffman, 1974].
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3. EXPERIMENTAL OBSERVATIONS: THE SYSTEM
OLIVINE + BASALTIC MELT

In the following the textural features observed in experiments with
olivine and a low basaltic melt fraction are described and put into the
context of different theoretical approaches to explain them.  The
experiments were all conducted in a 1/2  piston-cylinder apparatus at a
pressure of 1 GPa, temperatures between 1350° to 1360°C and run durations
between 2 and 700 hours (see Table 1 for a list of experiments and
conditions).  The furnace assembly used consists of outer sleeves of NaCl and
pyrex, a graphite heater and inner spacers of MgO which also insulate the
Platinum capsule with graphite liner from the heater.  Temperature was
measured with type B Pt-Rh thermocouples, W-Re wires were found t o
oxidise at 1 GPa at the base of the steel plug during experiments longer then
a few days due to incomplete closure of the holes for the wires at the top of
the steel plug.  The observed homogeneous melt distribution indicates that
temperature gradients were absent [see Faul, 1997 p. 10,300 for more
details].  Determination of olivine grain orientations by electron backscatter
diffraction (EBSD) shows they are close to random [Faul and Fitz Gerald, in
press].  Further experimental details are given elsewhere [Cmíral et al.,
1998; Faul, 1997].

Table 1.  Experimental conditions, grain sizes and melt fractions
Run T, °C Duration,

h
Starting
materiala

Starting grain
size, µm

Grain size
after run, µmc

Approx. melt
content, %

OB32 1360 612 MP+3%bas < 25b 43 2.0

SGOB3 1350 700 Sol-Gel+2%bas ~ 2 37 1.6

SGOB7 1350 2 Sol-Gel+2%bas ~ 2 11 1.6

The pressure of all experiments was 1 GPa.
a MP indicates olivine hand-picked from a lherzolite xenolith from Mt. Porndon, Victoria,

Australia.  Sol-Gel indicates olivine derived from a solution-gelation process.  Both have
approximate compositions of Fo90.  Also indicated is the amount of synthetic basalt     
(wt %) added.  For compositions see Cmíral et al. [1998].

b Maximum grain size from sieving.  The mean grain size is much smaller.
c Mean value of average of smallest and largest dimension of > 200 grains multiplied by 1.5

to account for 2D sectioning effects.

3.1 Textural features of the melt distribution

To simplify the discussion of the textural features observed in partial
melts they are grouped into four different categories [Cmíral et al., 1998]
(Figure 4): (i) irregularly shaped pockets or interserts surrounded most
commonly by four or more grains often with faceted crystal-melt interfaces;
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these are the largest features; (ii) melt at the intersection of three grain
edges (triple junction tubules) with a range in cross-sectional width over
more than an order of magnitude [Faul, 1997] and frequent faceting of at
least one of the grain edges (Figures 3b, d, 4b); (iii) layers on two-grain
boundaries between about ten and a few hundred nm thick [Faul and Fitz
Gerald, in press] (Figures 3, 5); (iv) films (or impurity segregations) on two-
grain boundaries less than 2 nm thick.  The presence of films is inferred
from chemical analysis of grain boundaries which show elevated Ca and Al
concentrations [Drury and Fitz Gerald, 1996].  Due to the indirect nature of
this method it can not be excluded that these segregations reside not in a
continuous film of uniform thickness but for example at the edges of sub-nm
scale microfacets [e.g. Laval and Swiatnicki, 1994].  Melt in a thin film does
not have bulk melt properties; in particular it has a several orders of
magnitude higher viscosity [Hess, 1994].

20 µm

L

L

I

I

T

T

a

O

O

Figure 4.  BSE image showing examples of textural features marked as L (layer), I (intersert)
and T (triple junction).  Small orthopyroxene grains (O) are also present.  This sample with a
run duration of 700 hours and a final grain size of 37 µm had a starting grain size of ~ 2 µm,
these features therefore developed during grain growth.

At first sight, the most notable deviation from the constant interfacial
curvature predicted by the isotropic model is the presence of flat or faceted
crystal melt interfaces, which often have sharp corners.  The facets are part
of the minimum surface energy or Wulff shape, which is most easily
developed where there is no interference from neighbouring grains in larger
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melt pockets.  The presence of both faceted and curved crystal-melt
interfaces can be explained by a temperature dependent roughening
transition from an atomically smooth (faceted) to a rough interface,
corresponding to a breakdown of long-range order in the surface [see Waff
and Faul, 1992, and references therein].  The transition temperature
depends on the bond energy in the plane of the facet and is therefore
different for different families of planes [e.g. Bennema and van der Eerden,
1987].

3.2 Dihedral angles

In the past dihedral angles were measured from polished sections either
from light microscope or scanning electron microscope (SEM)
photomicrographs.  The combination of polishing with diamond compounds
(which can cause plucking of sample fragments due to quench fracturing) and
low magnification can result in insufficient resolution of the actual contact
region of the two grains.  Since the dihedral angle was assumed to be single
valued, the distribution of angles observed was ascribed to the sectioning
effect, with the median value representing the effective angle [e.g. Waff and
Bulau, 1979; Jurewicz and Watson, 1985].  The angles measured in different
studies for olivine plus basaltic melt range from ~20° to 50°.

Improved polishing and higher resolution imaging indicates that the
average dihedral angle is significantly smaller than this range.  However, by
observing the dihedral angle in a plane, sectioning effects are unavoidable
and true angles can not be measured directly.  In a TEM true angles can be
measured by tilting the sample so that the grain boundary is parallel to the
beam.  The results show that most dihedral angles fall between 0° and 10°,
where in this range the angles are formed between two curved or one faceted
and one curved crystal-melt interface [Cmíral et al., 1998] (e.g. Figure 3c).
Larger angles between 10° and 40° are formed where both crystal-melt
interfaces are faceted (Figures 3d, 5b).  The largest angles are observed at
subgrain boundaries with values > 90° (Figure 6).  This high value indicates
that the subgrain boundary energy is much lower than that of high angle
grain boundaries.  The properties of subgrain boundaries, which consist of an
array of regularly spaced dislocations correcting the small lattice mismatch
across the boundary [Ricoult and Kohlstedt, 1983], can therefore not be
directly transferred to general high angle grain boundaries with a much larger
lattice mismatch.
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Figure 5.  FESEM−SE images of layers thicker than those shown in Figure 3.  Dashed lines
indicate low angle grain boundaries between grains labelled as 1 and 2 in (a) and (b).  The
misorientation angles of 6° and 4° respectively were determined by electron backscattered
diffraction (EBSD).  Dihedral angles at low angle grain boundaries are much larger than those
at high angle grain boundaries for example between 2 and 3 in (a) (misorientation angle of
63°) and in Figure 3.  The large dihedral angle between grains 3 and 4 in (b) at a high angle
grain boundary (misorientation angle of 83°) is due to the two facets at the two-grain
junction.

Largely unnoted in earlier studies were completely wetted two-grain
boundaries (i.e. a zero dihedral angle); although Vaughan et al. [1982] in a
TEM study report that a small number of grain boundaries contain relatively
wide (10-50 nm) layers of glass, while most grain boundaries appear melt-
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free (to a resolution of ~2 nm).  This description is consistent with our
present observations that at low melt fractions only few grain boundaries are
wetted.  As indicated above, layers have a range of width from about ten to a
few hundred nm; to resolve those at the lower end FESEM or TEM imaging
is required (Figures 3, 5).  Layers generally have a constant width unless one
of the grain boundaries is intersected by a subgrain boundary (Figure 3).  The
grain boundaries containing the layers are often curved, i.e. they are
generally not formed by the juxtaposition of two faceted interfaces.  Layers
are not common in samples which are either very fine grained (less than 10-
20˚µm mean grain size) or have very low melt contents (at least less than
0.5% at the grain sizes investigated).  The tendency to increasingly wetted
grain boundaries with increased melt fraction has been observed in a number
of studies [Faul et al., 1994; Hirth and Kohlstedt, 1995a; Faul, 1997].

0.5 µm

Figure 6.  TEM image of a subgrain boundary indicated by an array of dislocations (from
Cmíral et al. [1998].  The dihedral angles for subgrain boundaries with misorientations of 2°
or less are larger then those of the low angle grain boundaries shown in Figure 5.  The large
dihedral angles indicate much lower grain boundary energies for these low angle and
subgrain boundaries as compared to general high angle grain boundaries with small or zero
dihedral angles; the respective grain boundary properties will consequently also be
different.

Dihedral angles, when measured on well polished sections at relatively
high magnification, often correctly indicate whether a melt or fluid is
interconnected as predicted by the isotropic model (i.e. a progressively
higher melt fraction is needed for angles above 60° to establish fast diffusion
pathways).  However, before they are used as in the isotropic system t o
completely constrain intergranular melt geometry or to derive other bulk
properties of rocks with fluid or melt present, a careful analysis of all aspects
of the fluid/melt distribution is warranted, as is outlined below.  The
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ambiguities of measuring dihedral angles to determine interconnectedness of
a melt or fluid, particularly for dihedral angles near 60°, can be circumvented
for example by examining whether at low melt fractions (on the order of
0.01 or less) some three-grain edges are melt free, or by diffusion
experiments [Daines and Richter, 1988; Watson, 1990].  Alternatively,
where grains can be plucked by breaking along grain boundaries, fracture
surfaces can be imaged [see Laporte and Provost, this volume].  For the
olivine-basaltic melt system no melt-free three-grain edges have been found
to melt fractions of 0.001, except where subgrain boundaries are involved.

3.3 Grain misorientations

The range of dihedral angles observed and in particular the occurrence of
wetted two-grain boundaries suggests that the surface energies are dependent
on the relative orientation (misorientation) of neighbouring olivine grains.
To establish whether the misorientation of neighbouring grains is correlated
with the occurrence of wetted two-grain boundaries we determined
orientations of olivine grains by electron backscatter diffraction (EBSD)
[Faul and Fitz Gerald, in press].  EBSD as a SEM technique is ideally suited
to determine grain orientations in relatively fine-grained samples and
correlate them with textural features of interest which are identified by
normal SEM imaging.  Relative orientations (misorientations) of
neighbouring grains are calculated from absolute grain orientations obtained
by EBSD and conveniently expressed as misorientation axis/angle pairs.  The
misorientation axis is the rotation axis around which one crystal lattice has
to be rotated by the misorientation angle to bring it into coincidence with
the second lattice, which is kept fixed [e.g. Randle, 1993].

The results show that while the distribution of misorientations of
neighbouring grains with wetted grain boundaries is random, the distribution
for melt-free grain boundaries is distinctly non-random (Figure 7).  This
confirms that the relative orientation of neighbouring grains influences the
energy of their common boundary and hence their wetting behaviour.
Neighbouring grains with a misorientation angle of 60° are preferably melt-
free while for random misorientations the grain boundary energy can be
lowered by a layer of melt.  However, no tendency was found for the
misorientations to cluster around a number of distinct axis/angle pairs
corresponding to coincident lattice sites of the two crystals, as is predicted
for example for (cubic) metals under certain conditions.
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Figure 7.  Distribution of misorientation angles combined from three experiments (including
OB32) determined by EBSD (from Faul and Fitz Gerald [in press]).  The grain boundaries are
divided into melt-free (to a resolution of about 10 nm) and containing a layer of melt.  The
dots indicate the misorientation angle distribution expected for random misorientations of
crystals with orthorhombic symmetry.  The distribution for melt free grain boundaries has
two peaks at 60° and 84° and is clearly not random.  The distribution for wetted grain
boundaries is random, as confirmed by a χ2 test.  These results show that neighbouring
grains with random misorientations preferentially have wetted grain boundaries, while
grains with misorientations around 60° preferentially remain melt-free.  For a complete
analysis of wetting behaviour the grain boundary plane orientations will also have to be
considered.

3.4 Grain growth

As indicated by equations (12) and (13) above, the interfacial energy of a
polycrystalline aggregate can be reduced by an increase in (mean) grain size.
Models for Ostwald ripening (growth of a dispersed phase) or normal grain
growth (for a pure single phase) predict similar time-invariant normalised
grain size distributions.  In fully dense, single phase aggregates normal grain
growth takes place driven by the interaction of the topological requirement
of space-filling and the geometrical need for surface tension equilibrium
[Smith, 1952].  The presence of melt relaxes the space-filling requirement,
for example, next to a shrinking grain, where the surrounding grains are
unfavourably oriented to grow into the gap, leading to the formation of
larger interserts.  Once formed, the grains surrounding the interserts will tend
to develop their single-crystal equilibrium shape.

Initial observations from grain growth experiments with olivine derived
from a solution-gelation process with a starting grain size of about 2 µm
show significant differences in the melt distribution at short run durations
and small grain sizes as compared to larger grain sizes/long run durations.  In
relatively fine grained aggregates (Figure 8) the interserts are more numerous
and more evenly distributed compared with coarser grained aggregates (Figure
4, same scale as Figure 8).  Melt layers (detectable by conventional SEM
imaging) are largely absent in fine grained material; they are present on
some grain boundaries at the same melt fraction in the coarser grained
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material.  This difference in melt distribution will affect bulk physical
properties, especially at melt fractions > 2%.  As the grain size in these
experiments increases by more than a factor of 10 over the duration of the
longest experiment, the melt distribution is completely reset  several
times.  These experiments clearly demonstrate that the relatively large
pockets or interserts develop during grain growth.  They also confirm the
observations of Hirth and Kohlstedt [1995a] and Faul [1997] that the
presence of melt substantially reduces grain growth rates in comparison t o
melt-free, single phase olivine aggregates.

20 µm

Figure 8.  BSE image of the melt distribution of an experiment with a duration of 2 hours.
The starting material was synthetic olivine with a grain size of approximately 2 µm with 2
wt% basalt added.  Comparison with the experiment shown in Figure 4 at the same scale with
the same starting material and run conditions but a run duration of 700 hours shows the
evolution of the texture during grain growth.  At small grain sizes the interserts tend to be
more uniformly distributed, layers are largely absent.

3.5 Applications: Calculation of Seismic Velocity and
Permeability

From the preceding sections it is evident that no single, model-based
parameter (such as the dihedral angle) is sufficient to characterise all aspects
of the melt distribution in systems which are significantly anisotropic.
While the observed features can be explained qualitatively, the different
approaches have not been combined to a model which would be capable of
quantitatively predicting the full texture for different grain size ranges and
melt fractions.  The approach taken here is to analyse the melt distribution
from digital images of experimentally produced samples and parameterise it
such that bulk physical properties can be calculated.
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For this purpose backscattered electron (BSE) grey scale images such as
Figure 4 are converted to binary images where melt is represented by black
pixels on a white background.  Individual feature analysis of the melt
inclusions shows that most of them can not be approximated by cylinders
(with two axes much smaller than the third) but can be approximated by
disk-shaped ellipsoids (with two axes much larger than the third) [Faul et al.,
1994].  These two fundamental shapes (cylinders and disks) are the only
ones for which models for bulk properties have been developed.  The
approximation by disks is obviously again a simplification of the melt
distribution when compared with the different textural features introduced
above, but it uses the correct fundamental shape for most of the melt
inclusions, which a model based on cylinders does not.  Moreover, if
necessary the whole aspect ratio distribution can be used in calculations
(instead of the mean aspect ratio).  For crustal rocks similar approaches are
used to predict bulk physical properties [e.g. Wilkens et al., 1991]; where the
calculated values can be directly compared to measurements they show
reasonable agreement [e.g. Gueguen et al., 1986; Knackstedt and Cox,
1996].

By using a parameter such as the aspect ratio all melt inclusions can be
accounted for, but no assumptions have to be made about the degree of
interconnectedness of the melt if this is not necessary.  Calculation of
seismic velocities (unrelaxed moduli) requires only knowledge of the
distribution of aspect ratios.  The melt inclusions with the lowest aspect
ratio, which have the strongest effect on velocities, contain most of the
melt [Faul et al., 1994] (Figure 9), while triple junction tubules only contain
a small fraction of the total melt content and have relatively large aspect
ratios.  The observed melt distribution is therefore nearly twice as effective
in reducing seismic P-wave velocities as the same melt fraction in triple
junction tubules only.

The determination of the permeability presents a more complex
problem, as not only the shape but also the interconnectedness of the melt
inclusions is important.  As was discussed by Faul [1997], for the standard
permeability-porosity relationship for cylindrical channels

k
d

C

n

=
2φ

, (14)

where k is the permeability, φ porosity or melt fraction, C a geometrical
constant and d the spacing of the cylinders, the exponent n is a critical
parameter.  A value of n = 2 leads to relatively high permeabilities even at
melt fractions of 10-3, and - since the melt is well interconnected - it will
leave the matrix as soon as it is formed.  The value of n = 2 is predicted for
a model where all porosity resides in cylinders interconnected on a cubic grid
[Turcotte and Schubert, 1982] as well as for the isotropic equilibrium model,
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also with a regular pore network along the edges of tetrakahedral grains [von
Bargen and Waff, 1986].  Common to both models is that changes in
porosity or melt fraction are accommodated by varying the cylinder or
tubule diameter only, that is the pore (melt) geometry is self similar.  In
particular, no new pore geometries are created, nor does part of the pore
space change dimensions more rapidly than other parts.  The melt geometry
in the isotropic model is self-similar due to the constant curvature
requirement; as is shown above no such link between channel size and melt
fraction exists for anisotropic aggregates.
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Figure 9.  Melt distribution characterised by disk-shaped ellipsoids.  Melt area in the
histogram is given as percentage of the total melt content determined from binary images.
Inclusions which approximate the shapes of triple junctions tubules have aspect ratios
around 0.2, a sphere would have an aspect ratio of 1.  Four experiments are shown with melt
fractions (indicated in the upper right corner) ranging from 0.008 to 0.032.  Most of the melt
in all experiments resides in aspect ratios of 0.01 and smaller, although the peak at aspect
ratios of 0.05 is more pronounced at higher melt fractions.  (Data from Faul et al. [1994] and
Faul [1997]).

Exponents measured for crustal rocks commonly have values near 3 at
relatively high porosities [e.g. Bourbie and Zinszner, 1985; Zhang et al.,
1994; Wark and Watson, submitted, 1998] and substantially greater than 3 at
low porosities where the pore space approaches loss of connectivity [e.g.
Zhu et al., 1995].  The main difference between the above models for which
n = 2 is calculated and real rocks appears to be that a change in porosity in
the latter is not accommodated by a self-similar change in pore space;
rather, especially at low porosity, parts of the pore geometry change more
rapidly than others, so that the characteristics of the pore shape distribution
change.  In addition, for a distribution of sizes of a set of interconnecting
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pores the contribution of the smallest members to the permeability is often
assumed to be negligible [Charlaix et al., 1987; Doyen, 1988].

For partially molten olivine aggregates the tubules along three-grain edges
have a large size range, but the amount of melt in triple junction tubule like
geometries remains nearly constant at melt fractions from <˚0.01 to > 0.03
and is less than 15% of the total melt content [Faul, 1997].  An increase in
melt fraction is accommodated by layers on two-grain boundaries and larger
interserts.  Similar to porous crustal rocks the pore (melt) geometry is not
self similar and the exponent n will be greater than 2, and possibly greater
than 3 for a rapid change in pore geometry at very low melt fractions.

Even though the melt remains interconnected at least to melt fractions
as low as 0.001, with an exponent of 3 or larger in equation (14) the
permeability is too low for the melt to segregate from the upwelling matrix
beneath mid-ocean ridges.  Due to the constant volume fraction of melt in
triple junction tubules it also does not increase with increasing melt fraction.
The permeability will only increase when the low aspect ratio inclusions
become numerous enough to form an independent interconnected path
(Figure 10).  On interconnection of the low aspect ratio inclusions the
permeability calculated for the experimentally observed melt distribution
increases by four orders of magnitude at a melt fraction between 0.02 and
0.03 [Faul, 1997].
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Figure 10.  Probability of intersection of the disk-shaped inclusions calculated for the
experiments shown in Figure 9.  The probability is calculated in a cumulative sense, i.e. each
value represents melt inclusions up to and including this aspect ratio.  At melt fractions of
0.008 and 0.01 the threshold for interconnection of the disk-shaped inclusions (indicated by
the dashed line) is not reached, it is exceeded at the higher melt fractions.  Melt inclusions
with larger aspect ratios (> 0.15) are less well approximated by disks, however they do not
contain a large proportion of the melt fraction.  The interconnection threshold for disks i s
therefore just reached at a melt fraction of 0.025 (from Faul [1997]).
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4. SUMMARY AND IMPLICATIONS FOR PARTIAL
MELTS IN THE MANTLE

The driving force for grain growth and melt distribution in partially
molten aggregates is the reduction of the surface energy of the system.
Long duration experiments with fine-grained starting material show that at
least three different textural features (triple junctions, layers and larger
interserts) are characteristic for the melt distribution in partially molten
aggregates.  The relative proportions of melt in these three geometries
varies with melt fraction and grain size, but the size of the triple junction
tubules and therefore the proportion of melt they contain is not dependent
on melt fraction as predicted by the isotropic model.  At very low melt
fractions few if any layers are present, their frequency increases relatively
rapidly with increasing melt fraction.  Interserts are found even in the lowest
melt fraction experiments, their number also increases with melt fraction.
Because the interserts are much larger than the triple junctions, they contain
most of the melt, even if only very few are present at very low melt
fractions.  Because of the change in the character of the melt distribution
with melt fraction it is desirable that experimental observations are made at
the melt fractions expected in the particular setting of interest.

In deformation experiments at high stresses and strain rates the melt
distribution is largely stress controlled [Daines and Kohlstedt, 1997], but
stresses and in particular strain rates in the mantle are much lower.  From
experimentally determined diffusion rates Jurewicz and Watson [1988]
calculate homogenisation times of millimetre-sized olivine xenocrysts in a
host magma at 1300°C to be on the order of 10 years.  At strain rates on the
order of 10-14 s-1 the assumption made at the beginning that (elastic) surface
stresses are absent due to diffusive relaxation is therefore easily fulfilled.  For
grains of 10 µm size the equilibration time is on the order of 10 hours so
that under the conditions of laboratory deformation experiments surface
stresses might not be negligible.  Modelling by Zimmerman and Kohlstedt
[1997] shows that the orientation of elongated melt pockets observed in
deformation experiments at stresses above ~100 MPa and strain rates of  
10-4 to 10-5 s-1 can be explained by the deformation of an (anisotropic)
elastic medium.  At upper mantle strain rates diffusive processes will relieve
elastic energy and the melt distribution will be controlled by surface energy
rather than stress.  This does not preclude anisotropic melt distribution due
to lattice preferred orientation of olivine.

The differences between the isotropic model and the observations of the
melt distribution presented here are fairly profound.  Due to the high
permeabilities of the regular network of triple junctions in the isotropic
model, the amount of melt present in the mantle is predicted to be
significantly less then 1% [McKenzie, 1989].  Based on trace element
[Johnson et al., 1990] and isotopic studies [Richardson and McKenzie,
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1994; Lundstrom et al., 1995;] the porosity is predicted to be even lower, on
the order 0.1%, although at least some of the relevant partition and
diffusion coefficients are not well constrained experimentally.  Furthermore,
according to modelling by Kelemen et al. [1997] the depleted trace element
patterns observed by Johnson et al. [1990] do not require the resident melt
fraction to be this low everywhere in the melting column, implying that
different melt extraction regimes could operate in different parts of the
column.  If the porosity is indeed on the order of 0.1%  everywhere and
contained in tubule-like geometries it will be very difficult to detect by
seismic imaging (0.1% melt will cause a 0.1% P-wave velocity reduction
[Mavko, 1980]).  It will also be of no consequence for the dynamic
behaviour of the matrix, either due to melt buoyancy forces [Blackman and
Kendall, 1997] or effects on rheology [Hirth and Kohlstedt, 1995a; b].
Seismic studies indicate that detectable amounts of melt have to be present
in parts of the upper mantle to explain strong velocity variations or very
low velocities [Forsyth, 1992; Humphreys and Dueker, 1994, The MELT
seismic team, 1998].  Electromagnetic [Sinha, 1997] and gravity studies
[Magde et al., 1995] also point towards the presence of significant melt
fractions beneath mid-ocean ridges.  These (direct) observations are
consistent with the present results predicting melt retention up to a few % in
parts of the mantle without lattice preferred orientation or where the
preferred orientation will tend to trap melt, which at the same time is more
easily detectable seismically.
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