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Abstract The effect of crystal anisotropy on wetting
angles of equilibrium silicate melts on crystal faces of
spinel, diopside, enstatite and olivine has been deter-
mined experimentally by the sessile melt drop technique.
The anisotropy, ~AAcSL, of solid-liquid interfacial energies
(cSL(max)–cSL(min)) can be related to the wetting angles,
w, by ~AAcSL / coswðmaxÞ � coswðminÞj j ¼ Pw ~AAcSLð Þ.
Normalising to the smallest wetting angle gives values of
Pw for diopside=0.0728, olivine=0.0574, orthopyrox-
ene=0.0152, and spinel=0.0075. Crystal anisotropy
influences grain-scale morphology of small-degree par-
tial melts, permeability and the melt connectivity
threshold, /C. Results show that, at sufficient melt
fractions, diopside should increase permeability in a
peridotitic matrix, whereas enstatite should lower it.
Despite its low anisotropy, spinel contributes positively
to permeability and /C because of its high surface en-
ergies. These results suggest that harzburgitic mineral
matrices typical of the subcratonic mantle should im-
pede the movement of low-degree partial melts, whereas
melts should flow more easily through spinel lherzolites.

Introduction

The composition, extractability and migration of partial
melts in the upper mantle depend largely on the degree
of melting needed to achieve an interconnected melt

network. This critical melt fraction depends in turn on
the morphology of the melt phase, meaning the degree to
which channels along grain boundaries, melt pockets
and films make up the total melt fraction (e.g. Bulau and
Waff 1979; Laporte and Watson 1995; Drury and Fitz-
Gerald 1996; Faul 1997; Cmiral et al. 1998). In general,
the melt morphology is a function of the interfacial en-
ergies between the melt and individual mineral grains
(e.g. Waff and Bulau 1979; Bussod and Christie 1991),
and these interfacial energies have mostly been investi-
gated by determination of dihedral angles of melts in
mineral matrices (Bulau and Waff 1979; Watson et al.
1990).

However, the anisotropy of mineral-melt interfacial
energy, although potentially important in determining
melt pathways in both deformed and undeformed rocks,
has received relatively little attention, particularly for
mantle rocks. In this study, the variation in mineral-melt
interfacial energy for different crystal faces of the same
mineral, and its influence on melt morphology with re-
gard to permeability and the connectivity threshold, /C,
are investigated experimentally by the sessile melt drop
technique. Diopside, enstatite, olivine and spinel were
chosen as the main constituents of lithospheric upper
mantle peridotites at depths corresponding to the spinel
lherzolite field where most primary basaltic melts are
generated.

Melt distribution in anisotropic systems

Crystal structural considerations predict that in a solid
polycrystalline system the grain boundaries where three
grains meet at triple junctions present the paths of eas-
iest passage for melt migration. This is caused by the
comparatively weak bonding and occurrence of open
spaces at these interfaces due to differences in the
structure and orientation of juxtaposed grains. Howev-
er, the question of whether or not a melt can move freely
between grains depends on the volume fraction and
wetting properties of that melt (e.g. Bulau and Waff
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1979; Nakano and Fujii 1989), of which the latter can be
expressed in terms of the interfacial energy between the
mineral grain and the melt (cSL) relative to the interfacial
energy between the mineral grains themselves (cSS). For
adjacent mineral grains different values of cSS depend on
the extent of their crystallographic misorientations, but
only the crystallographic orientation of the wetted
mineral face is decisive for variation of cSL because the
melt can be considered as an isotropic medium. Varia-
tion of the mineral-melt interfacial energy, cSL, is
therefore principally the result of crystal anisotropy.

Assuming that melt fraction and wetting conditions
allow the formation of an interconnected melt network,
the interfaces between minerals and melt in an isotropic
mineral matrix would be curved to minimise the total
mineral-melt interfacial energy of that system. However,
in the case of natural undeformed peridotites the an-
isotropy of the approximately randomly orientated
crystals will lead to a mixture of curved and flat faces
(Waff and Faul 1992; Laporte and Watson 1995; Cmiral
et al. 1998). Crystal faces which retain a flat shape in
contact with melt because of their minimum surface
energy were termed flat faces (F-faces) by Waff and Faul
(1992). F-faces are important for permeability because
of the increased cross-sectional area of any melt chan-
nels they abut against (Fig. 1). The tendency of mineral
grains to develop F-faces along melt-filled channels de-
pends mainly on the magnitude of the anisotropy of
solid-liquid interfacial energies cSL (Laporte and Provost
1993; Rignault et al. 1996; Holness 1997; Cmiral et al.
1998). This anisotropy, expressed as ~AAcSL ¼ cSLðmaxÞ
�cSLðminÞ, thus exerts a major control on the mor-
phology of the melt phase and on the connectivity
threshold (/C), which is the minimum melt fraction
needed to form an interconnected melt network.

In isotropic mineral matrices where the interfaces of
melt pockets are convex inwards, interconnectivity can
be reached at extremely low melt fractions provided that
the dihedral angle is suitably low (McKenzie 1984). By
contrast, anisotropy of crystals leads to a higher con-
nectivity threshold due to the bounding of melt pockets
by F-faces, and consequently to larger volumes of the
melt pockets (Laporte and Watson 1995).

Relation of ~AAcSL to wetting angles

The aim of this study is to obtain information about the
anisotropy of mineral-melt interfacial energies ~AAcSL for
spinel peridotite minerals in order to estimate the melt
morphology in peridotitic systems. For this purpose
wetting angles of silicate melt drops were experimentally
produced on crystallographically defined crystal surfac-
es. Here, the relation between measured wetting angles
and ~AAcSL is briefly explained.

The wetting angle w of a melt drop on a flat mineral
surface at equilibrium is a function of all three interfacial
energies (e.g. Bischof and Possart 1983; Wanamaker and
Kohlstedt 1991) and is described by the equation of
Young:

cosw ¼ cSV � cSL
cLV

ð1Þ

where cSL, cSV and cLV are the solid-liquid, solid-vapour
and liquid-vapour interfacial energies respectively
(Fig. 2). It is not possible to quantify values for one of
these interfacial energies by means of the wetting angle
alone. However, in case of homogenous melt and gas
phases (i.e. cLV has a constant value), the variation of
wetting angles between crystal faces with different crys-
tallographic orientation depends solely on the difference
of cSV)cSL. Thus, these two interfacial energies are di-
rectly proportional to the wetting angles on different
faces of a given mineral, and this proportionality is in-
dependent of cLV.

Interfacial energies are commonly represented by
vectors acting on the triple junction where melt, gas and
solid come together as shown in Fig. 2. These vectors
can be considered as tensions pulling at the triple junc-
tion which result from adhesive forces of the three
phases which act at equilibrium in a perpendicular di-
rection to the interfaces. The crystal face then serves as a
rigid plane on which the deformable melt drop is forced
by these tensions to move its boundaries (triple junction)
until an equilibrium shape is achieved. Figure 3 is a
schematic representation of these forces acting along the
interfaces in case of an increase in the crystal surface
energy (c solid-vacuum) a by da together with a de-
creasing value of the force b1 acting in the opposite di-
rection. This force is caused by the melt particles and
lowers a by b1 so that

cSL ¼ aSL � b1 and cSV ¼ aSV ð2Þ

Fig. 1a, b. Depiction of a melt channel along a grain triple junction
a with curved interfaces, and b with one flat face boundary. The
cross-sectional area in b is larger than in a (after Waff and Faul
1992)

Fig. 2. Schematic diagram of a melt drop on a crystal surface. The
relative magnitudes of the three interfacial energies acting at the
triple junction of all three phases determine the wetting angle w
(from Wanamaker and Kohlstedt 1991)
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when neglecting the force component exerted by the gas
phase.

With increasing surface energy of the crystal face the
value of b1 decreases to b2, as indicated by the results
from Wanamaker and Kohlstedt (1991), entailing a de-
creasing difference between cSV2 and cSL2 (where 1 and 2
stand for cases 1 and 2)

aSV� ðaSL� b1Þ ¼ cSV1 � cSL1 ð3Þ

ðaSV � daÞ � ðaSL � da� b2Þ ¼ cSV2 � cSL2 ð4Þ

which means that

cSV2 � cSL2 < cSV1 � cSL1 ð5Þ

Because of aSV=aSL and therefore b1=cSV1–cSL1,
and b2=cSV2–cSL2, it follows that a change in value
depends on db=b1–b2. With constant melt composition,
a change of db (variation of cSL) is linked to a change in
da (variation of cSV), and can be expressed by

cSL2 � cSL1 ¼ dbþ da ð6Þ

These two quantities also determine a change in the
wetting angle:

ðcSV2 � cSV1Þ � ðcSL2 � cSL1Þ ¼ cosw2 	 cLV � cosw1 	 cLV ð7Þ

Considering constant compositions for melt and gas
phases, cLV is a constant, and so Eq. (7) can be rear-
ranged and simplified to

ðcSL2 � cSL1Þ ¼ ðcSV2 � cSV1Þ � cosw2 � cosw1 ð8Þ

Substituting Eqs. (1), (2) and (3), Eq. (8) becomes

ða� b2 � daÞ � ða� b1Þ ¼ ða� da � aÞ � ðcosw2 � cosw1Þ ð9Þ

Removing the brackets leads to

b1 � b2 ¼ db ¼ cosw1 � cosw2 ð10Þ

Comparing Eq. (6) with Eq. (10), it becomes clear
that

b1 � b2j j / cSL2 � cSL1j j

and therefore

cSL2 � cSL1j j / cosw1 � cosw2j j ð11Þ

This proportionality emphasises the dependence of the
wetting angles on the relative magnitude of the interfa-
cial energies cSL which is equivalent to

~AAcSL / coswðmaxÞ � coswðminÞj j

This means that wetting-angle values will be greater for
crystal faces with higher surface energies for a given
mineral.

Experimental procedure

We employed the sessile melt drop technique previously
used by Wanamaker and Kohlstedt (1991) in their study
of olivine. This technique consists of measurement of the
wetting angle w, which is the angle between the surface
of the drop and the crystal face at the point of solid-
liquid-vapour intersection when the drop is viewed in
cross section (Fig. 2). Crystal substrates (Table 1) were
large single crystals chosen to represent constituents of

Fig. 3. Schematic diagram of force vectors involved in control of
droplet shape by interfacial energies (see text for explanation)

Table 1. Compositions and localities of minerals used as mineral substrates in melt drop experiments

Mineral Spinel 4.60 ct Spinel 4.63 ct Spinel 5.21 ct Enstatite Diopside Forsterite

Provenance Sri Lanka,
Radnapura Valley

Sri Lanka,
Radnapura Valley

Sri Lanka,
Radnapura Valley

Lepontine Alpes,
Semione (Biasca)

East Siberia,
Inagli

Arizona (USA),
San Carlos

Composition (wt%)
SiO2 0.03 0.02 0.04 57.64 56.09 41.63
TiO2 0.01 0.04 0.02 0.03 0.07 0.01
Al2O3 70.11 70.81 70.51 0.04 0.20 0.03
Cr2O3 0.01 0.10 0.01 0.05 0.56 0.04
FeO 1.24 0.67 0.91 8.90 1.07 8.56
MnO 0.02 0.05 0.03 0.10 0.05 0.13
MgO 27.33 27.61 27.69 33.65 17.88 51.33
CaO 0.01 0.01 0.00 0.07 25.14 0.10
Na2O 0.00 0.00 0.01 0.01 0.32 0.02
K2O 0.00 0.00 0.01 0.01 0.01 0.01

Sum 98.77 99.32 99.20 100.48 101.39 101.85
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spinel peridotites in the uppermost mantle. Melts for
experiments with orthopyroxene and olivine were a
synthetic basalt mixture after Cmiral et al. (1998),
whereas for diopside and spinel synthetic glasses were
chosen to be equilibrium compositions on the basis of
the appropriate ternary phase diagrams from Levin et al.
(1974). Melt compositions are listed in Table 2.

Experiments were conducted on surfaces of at least
100 mm2 with defined crystallographic orientation.
These samples were prepared by first setting the minerals
in cubes of epoxy resin and then polishing, using several
polishing steps and a final polish with colloidal silica to
achieve a crystal surface with minimal damage. The cube
edges served as a reference frame for subsequent orien-
tation by analysis using electron back-scattered patterns
(EBSP; Neumann 1996), performed with a Leo 1530
Gemini scanning electron microscope with a Nordif
detector. The best patterns were produced with an ac-
celerating voltage of 20 kV and a nominal beam current
of 10 nA. Indexing of the EBSPs was carried out with
the computer program Channel+ which resulted in
three Euler angles (Bunge 1985) which relate both co-
ordinate systems of the reference frame and the crystal
lattice by a sequence of rotations. The Euler angles were
inserted into an orientation matrix (see Faul and Fitz-
Gerald 1999, and references therein) to obtain the Car-
tesian co-ordinates of the crystal axes represented by
three vector components for each axis. The co-ordinates
(vectors) for desired crystal faces which were different
from the principal faces (100), (010) and (001) were
obtained by relating their vector components to the re-
spective Cartesian co-ordinates by a combination of
vectors, as shown in Table 3. In the case of diopside a
monoclinic angle of b=105.9� (Bruno et al. 1982) was
taken into consideration. Then, by means of the ana-
lytical geometry program GeoSekII (freeware under

http://schulphysik.de/prog3.html) and trigonometric
calculations, the intersection lines of the desired crystal
faces with the reference cube were determined. Finally,
the crystal slabs were cut out of the resin cubes parallel
to the desired lattice planes, and repolished (see above).

Melt drop experiments were performed in a high-
temperature furnace under a controlled H2–CO2 atmo-
sphere at an oxygen fugacity between the iron-wustite
and magnetite-wustite buffers. The experimental tem-
peratures were controlled by a Pt94Rh6–Pt70Rh30 ther-
mocouple and are listed for each experiment in Table 4
together with the oxygen fugacities. For the determina-
tion of fugacities a solid electrolyte oxygen sensor from
Ceramic Oxide Fabricators Pty. Ltd. (model: SIRO2

C700+) with a platinum-coated ZrO2-based pellet was
used. The sample consisted of shards of glass placed on a
thin mineral slab. These materials were transported with
a horizontal guiding device directly into the hotspot of
the furnace in order to eliminate vibrations and optimise
the retention of an equilibrium drop shape during
quenching. After 10–15 min experimental duration,
samples were quenched at a rate of >>1,000 �C/min by
rapid retraction of the guiding device from the furnace.

Melt drop analysis

Determination of the wetting angles of the quenched
melt drops was performed by optical interference mi-
croscopy, viewing from above with monochromatic light
of wavelengths k between 436 and 600 nm. This method
generates interference fringes on the surface of the melt
drops, of which each Ni–th fringe at horizontal distance
x from the drop rim represents a height d of the drop
surface above the mineral surface. The wetting angle w
was calculated using d ¼ ð2Ni� 1Þ k

4n and the trigono-

Table 2. Composition of synthetic melts used in melt drop experiments, listed by the mineral with which they were used in combination

Mineral Composition of corresponding melt mixture (wt%) Reference

SiO2 TiO2 Al2O3 Cr2O3 FeO MgO CaO Na2O K2O

Spinel 51.00 – 23.50 – – 25.50 – – – Levin et al. (1974)
Enstatite 51.45 2.50 14.36 0.44 5.50 11.06 11.49 2.13 0.56 Cmiral et al. (1998)
Diopside 61.60 – – – – 8.80 29.60 – – Levin et al. (1974)
Forsterite 51.45 2.50 14.36 0.44 5.50 11.06 11.49 2.13 0.56 Cmiral et al. (1998)

Table 3. Combination of vectors (~xx; ~yy; ~zz) representing the Carte-
sian co-ordinates of the crystal axes in a reference frame which are
necessary to get the vectors (co-ordinates) of the desired crystal
faces (X, Y, Z). The components of vector Z which is needed to

define the desired planes are always given by the origin of the co-
ordinate system (0, 0, 0). For diopside a monoclinic angle
b=105.9� (Bruno et al. 1982) was used

Faces X Y Z

(111) ~xx�~zz ~yy�~zz 0, 0, 0
(110) xx� zz� yy yy� zz� xx 0, 0, 0
(101) ~xx�~yy�~zz ~zz�~yy�~xx 0, 0, 0
(011) ~zz�~xx�~yy ~yy�~xx�~zz 0, 0, 0
(210) ~xx�~zz�~yy� 1=2~xx ~yy�~zz�~xxþ 1=2~xx 0, 0, 0
Diopside (001) cosð90� bÞ~xx� sinð90� bÞ~zz ~yy 0, 0, 0
Diopside (110) ðcosð90� bÞ~xxÞ �~zz�~yy ~yy�~zz� ðcosð90� bÞ~xxÞ 0, 0, 0
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metric relation tanw ¼ ð2N i�1Þ	k
4	n	x , where n is the refractive

index of the glass drop. The refractive indices were cal-
culated following Scholze (1988). Reliability of the data
obtained was checked by cutting representative samples
through the centre of drops perpendicular to the crystal
surface/melt interface and measuring the angle directly.
This approach was particularly useful for spinel, which
exhibited high contact angles difficult to measure accu-
rately by interference microscopy alone. Direct mea-
surements on the cross-sectioned melt drops agree well
with the values obtained by interference microscopy.

The measured w values are averages of multiple
measurements made on several melt drops on a single
crystal surface. The measurements are very reproducible
with only minor errors (Table 5) due to a loss of preci-
sion in counting interference fringes (Ni) at high mag-
nification (500·). This high magnification was needed to
distinguish single fringes for wetting angles of more than
ca. 10�. This corresponds to an error of ±2� for wetting
angles in this range.

Following Wanamaker and Kohlstedt (1991), only
the first three to eight fringes closest to the rim were used
for wetting-angle determinations to minimise the error
due to the curvature of the drop surface. In addition,
cross-sectioned and polished crystal-melt interfaces
were investigated by means of a Jeol JXA-8900R elec-
tron microprobe (Geochemical Institute, University
Göttingen) to check for possible chemical reaction.
Experiments with enstatite were the only ones which did
not show very sharp chemical transitions across which
no variation of melt or mineral compositions could be
detected. Microscopic observations confirmed that, ex-
cept for orthopyroxene, crystal-melt interfaces remained
flat, so that the fundamental force balance of Young’s
equation (Eq. 1) finds unrestricted application to our
results.

Results

The wetting angles measured from the melt drop ex-
periments as a function of crystal orientation are given
in Table 5. The wetting angles in the present study
showed a clear dependence on the crystallographic ori-
entation of the crystal faces for each mineral, in agree-
ment with the results for olivine of Wanamaker and
Kohlstedt (1991). The anisotropy was smallest for spi-
nel, as expected for an isometric mineral.

It should be noted that the values for orthopyroxene
have the largest error due to chemical reaction which
resulted in pitting of the mineral surface. However, as
pitting occurred equally on all crystal faces, the ratio of
measured angles is probably little affected, and so the
position of orthopyroxene in the order of anisotropy is
considered accurate. As mentioned above, the other
minerals showed no sign of chemical reaction at the
crystal/glass interface, neither in deviation of contact
angle nor in chemical composition, as checked by elec-
tron microprobe.

To meaningfully compare the anisotropy of the
minerals, we relate the measured wetting angles as a
function of crystallographic orientation to the interfacial
energies by means of a proportionality term (Pw), which
can be calculated from

Pw ~AAcSLð Þ ¼ coswðmaxÞ � coswðminÞj j / ~AAcSL

Pw is proportional to ~AAcSL as derived above, and can
vary between a maximum value of 2 and a minimum of
zero, or for melt/crystal interfaces to a range between 0
(minimum anistropy or isotropic conditions) and 1
(maximum anisotropy). Values were compared by nor-
malising the smallest wetting angle of a mineral to
cos 0=1, and then inserting the difference to the maxi-
mum angle as w(max) into the above equation. As an

Table 4. Temperatures at which the experiments were performed and corresponding oxygen fugacities

Spinel Enstatite Diopside Forsterite

T (�C) 1,395 1,207 1,342 1,207
ƒO2 (bar) 1.2·10–8 6.9·10–11 1.6·10–9 6.9·10–11

Table 5. Wetting angles w measured for various crystal surfaces by
interference microscopy and usage of profile cuts through melt
drops (spinel). Inserting maximum variation of counted numbers
for interference fringes (Ni) at distance x from the drop rim into the

trigonometric equation (see text) gives the approximate error
ranges shown in parentheses. Error for spinel results from uncer-
tainty in direct measurement on cross sections of droplets

w Spinel Enstatitea Diopside Forsterite

(100) 35� (±1�) 15� (±2�) 24� (±2�) 22� (±2�)
(010) 35� (±1�) 6� (±0.5�) 2� (±0.1�) 2.5� (±0.1�)
(001) 35� (±1�) 16� (±2�) 8� (±1�) 3.8� (±0.2�)
(110) 42� (±1�) – 14� (±2�) –
(210) – 14� (±2�) – –
(111) 37� (±1�) – – –

aAngles for enstatite may be overestimated due to pitting of the mineral surface by chemical reaction with the melt

258



example, the following calculation is obtained for spinel:
42
 � 35
 ¼ 7
 ! Pwð~AAcSLÞ ¼ cos 7� cos 0j j ¼ 0:0075 :

The four investigated minerals show distinct differ-
ences in their degree of anisotropy, ranging from spinel
(Pw=0.0075) with the lowest value through enstatite
(Pw=0.0152) and forsterite (Pw=0.0574) to diopside
(Pw=0.0728).

Discussion

Melt connectivity and permeability
in spinel peridotites

A principal requirement for melt segregation and ex-
traction under upper mantle conditions is the mobility of
partial melts at the grain scale. This in turn depends on
the distribution and morphology of the melt within the
grain matrix (Faul 1997). As soon as an interconnected
network of the melt phase is achieved (denoted here as
the connectivity threshold, /C), the matrix becomes
permeable. The melt fraction needed to achieve con-
nectivity is controversial and lies somewhere in the range
<1 to a few vol% (e.g. McKenzie 1984; Laporte and
Watson 1995; Faul 1997). As shown by Hirth and
Kohlstedt (1995) and Faul (1997), basaltic melt inclu-
sions in experimentally produced olivine aggregates are
surrounded by a combination of curved and flat crystal
faces whereby both sets of authors trace the develop-
ment of flat face to the anisotropy of cSL. The general
striving of mineral grains to minimise their surface en-
ergy in a polycrystalline aggregate leads to the devel-
opment of F-faces, which increase the cross-sectional
area of melt-filled channels (Fig. 4) and thus increase the
permeability and melt connectivity threshold. This is
valid not only for melt-filled triple junctions as shown in
Fig. 4 but also for melt pools bound by more than three
grains. According to Laporte and Watson (1995), a high
anisotropy can result in a decrease in melt connectivity
which would reduce permeability due to the increased
value of /C caused by the occurrence of more F-faces.
Thus, a high content of minerals with strong anisotropy

at very low-melt fractions should result in decreased
permeability. At higher degrees of melting, however,
high crystal anisotropy acts to maintain high perme-
ability once the melt channels are interconnected.

In applying the order of decreasing anisotropy clin-
opyroxene > olivine > orthopyroxene > spinel to melt
migration in peridotites, it must be remembered that the
spinel shows higher wetting angles, and therefore higher
surface energies (cSV) for all crystal faces with respect to
the other peridotite minerals (Table 5). Therefore, spinel
should have a strong tendency to form F-faces in order
to lower its surface energy, causing it to contribute
positively to permeability despite its low anisotropy. By
contrast, melt channels bound partly by enstatite should
exhibit a lower cross-sectional area than those bound by
only olivine grains, implying a negative contribution of
enstatite to permeability. The reverse should be true for
diopside because of its higher anisotropy compared to
olivine. Peridotites with high modal clinopyroxene and
spinel, and low orthopyroxene contents will therefore
tend to have higher permeabilities at moderate- to high-
melt fractions, but also higher /C.

Spinel has the highest surface energies of the minerals
treated in this study but generally makes up only be-
tween <1 and 5% of the rock. Thus, it will be sur-
rounded principally by olivine in peridotites, as olivine
makes up 60–80% of the modal mineralogy (Boyd
1989). The surfaces between spinel and olivine will be
characterised by high interfacial energies because of the
contrast in surface energies of these two minerals, and so
will be preferential sites for melt movement.

Exactly this relationship is seen in samples of dunite
from the Inagli intrusion in Siberia, where infiltrating
melt surrounds Cr-spinel crystals and Cr-spinel-olivine
surfaces are the sites of the first melt infiltration
(Zinngrebe 1998). In addition, these spinels frequently
show faceted shapes, which corresponds well to the
above conclusion concerning the development of F-faces
due to the anisotropy of cSL.

Fertile vs. depleted peridotites

Fertile or metasomatically refertilised peridotite com-
positions contain higher amounts of clinopyroxene and
spinel and lower amounts of orthopyroxene relative to
depleted peridotite types (Boyd 1989; Zinngrebe and
Foley 1995; McDonough and Rudnick 1998). In terms

Fig. 4. Schematic diagram of the cross-sectional area of melt
channels at triple junctions to emphasise the dependence of their
form on relative anisotropy ~AAcSL of the adjoining mineral grains.

With more minerals having ~AAcSL > ~AAcSLOl the likelihood of
developing F-faces rises and the pore volume increases. This is also
true for channels or pools bounded by more than three grains
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of the extractability of melt produced in situ in these
fertile peridotite mineral assemblages, a higher degree of
melting will be needed before connectivity is achieved.
However, once /C has been surpassed, regions with high
modal clinopyroxene and spinel abundances, and low
orthopyroxene contents will favour the passage of melts
due to the fact that anisotropy can have a positive effect
on the permeability only where melt interconnection is
already established. Melts from such regions are thus
more likely to reach the Earth’s surface, so that the
chemical signals of mantle metasomatism may be pref-
erentially telescoped into erupting basalts. Furthermore,
more fertile bulk compositions should have lower melt-
ing temperatures (Falloon and Green 1987), so that the
production of sufficient melt to overcome the connec-
tivity threshold will be more common for fertile com-
positions in the natural environment.

By contrast, orthopyroxene-rich peridotites, which
are typical of the subcratonic mantle (Dawson 1980;
Boyd 1989), will have low /C but also low permeabilities
once /C is surpassed. Thus, although lowest-degree
partial melts of harzburgites should be more mobile than
melts from lherzolites, a higher overall degree of melting
must be achieved for effective extraction of large vol-
umes of melt. In addition, the infertile composition of
harzburgites makes higher-degree partial melting less
likely under realistic geological conditions. The imped-
ance for melt movement caused by high modal ortho-
pyroxene will apply especially to melts with high
viscosities, which speaks against the hypothesis that
orthoyproxene enrichment in cratonic peridotites may
be produced by reaction with silica-rich melts (Rudnick
et al. 1994; Kelemen 1995): the first encounter produces
orthoyproxene-enriched peridotite which then acts as a
barrier to further movement of the silica-rich melt.

The more commonly applicable conclusion from this
work is that an orthopyroxene-rich harzburgite will tend
to impede the flow-through of melts. This is consistent
with the observations of Toramuru and Fujii (1986),
according to which the melt phase occurs mainly at triple
junctions formed by olivine alone in partially molten
olivine aggregates with additional opx and cpx, meaning
that the participation of both pyroxenes impedes wetting.
This observation, called the ‘‘pyroxene effect’’ by Fujii et
al. (1986), can be explained by grain boundaries with
comparatively high values of cSS providing an energeti-
cally more favourable pathway for melts than interfaces
with lower values, because the melt seeks to reduce the
high interfacial energy by wetting. The smallest possible
value of cSS at interfaces of identical minerals with equal
orientation is determined solely by the azimuthal mis-
orientation of their lattices, whereas at mixed-mineral
interfaces it is a function of the difference in their surface
energies (Shelley 1993). Hence, cSS at interfaces of py-
roxenes are likely lower than those for interfaces in-
volving olivine. Statistical evaluations of the dihedral
angles performed by Toramuru and Fujii (1986) seem to
support this assumption by giving the relations of inter-

facial energies between the three minerals as follows:
col� ol ¼ 1:25� col� opx ¼ 1:36� col� cpx.

Deformed peridotites

The variation in anisotropy of cSL for the major minerals
of spinel peridotites indicates that the segregation and
mobility of melts should vary as a function of modal
mineral assemblage in undeformed peridotites, and as a
function of the degree of deformation in peridotites with
similar modal mineral assemblage. Using the results of
Toramuru and Fujii (1986), Nakano and Fujii (1989)
estimated that the critical modal composition at which
melt phase connectivity is obtained is at least 63 vol%
olivine for a natural peridotite. In considering the criti-
cal melt fraction, Nakano and Fujii (1989) calculated a
value of 0.8% for /C in a peridotite composed of more
than 63 vol% olivine. However, despite their usage of
polymineralic systems which are closer to natural com-
positions than purely olivine matrices, the effect of
crystal anisotropy on melt distribution and /C was not
taken into account.

For consideration of melt distribution in deformed
peridotites the above concept of variable cSS can be
applied. Hydrostatic pressure conditions are probably
not a widespread feature within the upper mantle; dif-
ferential stresses commonly cause deformation and
crystallographic alignment of the crystal matrix. Crystal
faces with minimum surface energies will be preferably
developed perpendicular to the greatest compressible
stress (r1) whereas faces with higher energy are mostly
oriented subparallel to r1 (e.g. Bussod and Christie
1991). In the case of a stress field with more or less
vertically aligned r1, grain boundaries with low inter-
facial energies should occur perpendicular to r1. These
low-energy grain boundaries should not easily be wetted
by melt, so that a more frequent occurrence of melt
along more or less vertically aligned grain boundaries is
more likely in deformed regions.

Detailed knowledge of anisotropic surface energies of
minerals involved in the generation of primary melts,
together with a more complete database on the extent of
their anisotropy would be desirable to improve the un-
derstanding of extraction and melt modifying processes.
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