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Abstract The pore geometry of texturally equilibrated
rocks is controlled by the interfacial energy ratio be-
tween grain boundaries and solid–liquid boundaries.
Faceting at pore walls, which is a common feature of
pore networks in rocks, strongly affects the liquid dis-
tribution. We investigated the effects of faceting on the
equilibrium pore geometries based on image analysis of
several systems with various degrees of faceting and
dihedral angles. The degree of faceting was assessed by
the F value, which is the ratio of the flat interface length
at the pore wall to the length of total interfacial
boundary between solid and liquid. The F values tend to
increase with increasing liquid volume fraction. Little-
faceted systems show relatively homogeneous liquid
distribution. Moderately-faceted systems with a higher
dihedral angle (�55�) are characterized by development
of large pores surrounded by faceted walls and com-
plementary shrinkage of triple junction tubes, whereas
strongly faceted systems with a low dihedral angle show
no evidence of shrinking triple junction tubes, although
most pores are surrounded by faceted pore walls. The
faceted systems tend to produce more facet boundaries
at the pore walls due to the difference of interfacial
energies between the flat and curved surfaces. In the
systems with the same degree of faceting, heterogeneity
of liquid distribution tends to decrease with dihedral
angle. For faceting systems, the permeability of textur-
ally equilibrated rocks with low liquid fraction would be
significantly decreased by the relative reduction of triple

junction volumes or by closure of channels along grain
edge due to the truncation of facet walls.

Introduction

Movement of fluid or melt plays a significant role in a
variety of geological processes, including planetary dif-
ferentiation, magma genesis, metasomatism, seismicity
and heat transport. The permeability of rocks is strongly
controlled by pore geometry. Although pore geometry in
relatively lower temperature region, such as shallow
continental crust, varies widely from grain packing to
fractures, in higher temperature regions such as the
lower crust and upper mantle, liquid distribution should
approach an equilibrium configuration controlled by the
interfacial energy minimization of the system. Therefore,
accurate knowledge of the pore geometry would allow
some predictions of the physical properties of liquid-
bearing rocks. In an idealized system composed of
identically sized grains with isotropic interfacial energy,
the dihedral angle (h) at solid–liquid–solid triple junc-
tion is a fundamental factor in determining the con-
nectivity of liquid and the pore morphology. It is defined
by (e.g., von Bargen and Waff 1986)

css
csl
¼ 2 cos

h
2

� �
ð1Þ

where css is the solid–solid interfacial energy per unit
area and csl is the solid–liquid interfacial energy per unit
area. At low liquid volume fraction (/), connectivity
of the liquid phase is critically dependent upon h. If
h < 60�, liquid forms an interconnected network along
the grain edge (triple junction) and corner (four-grain
junction). If h > 60�, liquid forms isolated pockets at
the grain corner or on the grain boundary, and a critical
liquid fraction is necessary to establish connectivity
(e.g., von Bargen and Waff 1986). Therefore, the inter-
connectivity of liquid phase has been evaluated by
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measuring dihedral angles. Numerous experimental
studies of the wetting behavior of geological liquids have
been conducted for basaltic melts (e.g., Waff and Bulau
1979), for silicic melts (e.g., Laporte 1994), and for C–
O–H fluids (e.g., Watson and Brenan 1987).

Although the idealized model is characterized by
smoothly curved solid–liquid interfaces with a uniform
mean curvature, equilibrium textures in silicate–liquid
systems generally show extensive development of crystal
faces at the pore wall, that is ‘‘faceting’’; we use this term
hereafter to include all apparent flat pore walls (e.g.,
Cooper and Kohlstedt 1982; Waff and Faul 1992; Faul
et al. 1994; Cmı́ral et al. 1998; Laporte and Watson
1995). In at least some such systems, h alone does not
determine pore geometry. Since permeability is ulti-
mately sensitive to pore geometry at low liquid fraction,
some researchers have investigated experimentally and
theoretically the effect of faceting on the equilibrium
liquid distribution. Price et al. (2006) reported that the
tremolite-H2O fluid system characterized by extensive
faceting and a low dihedral angle (h = 35–42�) shows
an apparent percolation threshold (/th = 0.04) for
permeability measured using a transient pulse method.
Furthermore, three-dimensional numerical models of
the pore geometry consisting of only the faceting crys-
tal–liquid interface also showed the existence of a per-
colation threshold (Cheadle et al. 2004).

For the olivine-basaltic melt system, the effect of the
observed moderate faceting on permeability has been
controversial. Based on the observation that most of the
melt is located in thin and elongated inclusions on pol-
ished sections, Faul et al. (1994) suggested that melt
morphology is approximated by an oblate ellipsoid in
three dimensions instead of tubular network of melt-
filled triple junctions along three-grain edges. Further-
more, Faul (1997) hypothesized far lower permeabilities
than predicted by von Bargen and Waff (1986) at melt
fractions below the threshold value (/th < 0.02–0.03). If
melt fraction exceeds /th, the resulting interconnection
of the disk-shaped pores produces an increase in per-
meability over nine orders in magnitude (Faul 2001).
Wark et al. (2003), however, questioned their hypo-
thetical model based on a more critical analysis of pore
microstructure and suggested that melt occupies a triple
junction network. Based on the power law relationship
between grain boundary wetness and liquid volume
fraction, Yoshino et al. (2005) also reported that melt
geometry of partially molten peridotite can be approxi-
mated by a triple junction tube.

Many researchers who have studied pore morphology
in anisotropic polycrystalline aggregates have used the
term ‘‘crystal anisotropy’’ to explain the deviation of the
pore morphology from the ideal model, which assumes
uniformly curved pore walls (e.g., Waff and Faul 1992;
Faul et al. 1994; Cmı́ral et al. 1998; Laporte and Watson
1995). For common geological systems, the most notable
deviation from the constant interfacial curvature pre-
dicted by the isotropic model is the presence of flat or
faceted crystal–liquid interfaces. Most flat interfaces

correspond to the planar solid–liquid interfaces parallel
to crystallographic planes with minimum energy; low
Miller index planes. It is not always clear what is meant
by ‘‘anisotropy’’, because by definition any crystalline
material will be anisotropic with respect to surface en-
ergy. This fact alone, however, is not the necessary and
sufficient condition as a cause of the deviation from the
homogeneous liquid distribution predicted from the
ideal model. Minerals that are strongly anisotropic with
respect to interfacial energies do not always display
facets, whereas those that are more isotropic with re-
spect to interfacial energies may be strongly faceted for
the same T, P, and liquid composition. Therefore, we
prefer to use the term ‘‘faceting’’ rather than ‘‘crystal
anisotropy’’ in the following sections.

The main purpose of this study is to elucidate the
effect of faceting on permeability. Since pore mor-
phology depends on the ‘‘degree of faceting’’ (F ) in the
system, the relationship between F and liquid distri-
bution should be considered in predicting the perme-
ability. First, the F value is defined by a ratio of the
length of faceted pore wall to the total length of pore
wall on the polished sections and were measured from
several systems with various h and liquid volume
fraction (/) based on image analysis of electron
micrographs. To semi-quantitatively estimate the effect
of faceting on liquid distribution and grain and pore
size distributions (PSDs), polished sections were sys-
tematically investigated by image analysis. It is shown
that development of faceting at the pore wall for tex-
turally equilibrated rocks leads to more inhomogeneous
liquid distribution than the system with little faceting.
Based on the distinct difference of PSD on the polished
section between faceted and little-faceted systems, we
finally discuss causes of the low permeability for the
faceting system at low /.

Methods

Definition of degree of faceting (F )

Considering a single crystal in a very large melt or fluid
reservoir, a growing single crystal surrounded by liquid
tends toward shape dictated by the Gibbs–Wulff plot of
surface energy versus crystallographic orientation (e.g.,
Herring 1951). If a flat (faceted) surface has lower energy
than a surface that is curved, the faceted surface will be
the stable form. For cubic crystals, the overall form of a
crystal that has both curved and faceted surfaces can be
represented by aspect ratio (shortest axis/longest axis) of
distances between pairs of rounded segments and pairs
of faceted segments (e.g., Warren 1968; Garbrisch et al.
2001). However, the analysis for a Wulff crystal is not
valid for a crystal–liquid aggregate as examined by this
study. Furthermore, it is difficult to assess the degree of
faceting by aspect ratio for most silicate minerals.
Therefore, we newly define the degree of faceting (F ) as
a thermodynamic expression.
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The driving force for textural equilibration is surface
energy minimization. The total Gibbs free energy due to
solid–liquid surface areas is given by

DGsl ¼
X

i

�Ai�ci þ
X

i

~Ai~ci ð2Þ

where A is the surface area and c is the solid–liquid
interfacial energy; the over ‘‘bar’’ represents the faceted
surface; and symbols with � represent the curved
interface. The fraction of the free energy contributed by
the faceted surface (R) is given by

R ¼ D�Gsl

DGsl
¼

P
i
�Ai�ciP

i
�Ai�ci þ

P
i
~Ai~ci

: ð3Þ

When the mean surface tension of the flat interfaces
ð�ciÞ is the same as (or very close to) the mean surface free
energy of the curved interfaces ð~ciÞ; the non-dimen-
sional value representing the fraction of the faceted
surface area over the total surface area (F ) is identical to
the R value. Therefore, the F value is given by

F ¼
�A

�Aþ ~A
; ð4Þ

whereA in the above expression is the total surface area of
the flat or curved interface. The F value defined by Eq. 4 is
measurable independently of / and crystal system.

Analyzed systems

We collected digitized images of several different systems
from previous studies involving equilibrated grain-scale
microstructures (Watson 1999; Wark and Watson 2000;
Price et al. 2006; Yoshino et al. 2005) with various /, h
and F to clarify effects of faceting on permeability. The
analyzed systems can be visually categorized by intensity
of faceting into three groups: (1) little-faceted systems
(fluorite–silicate melt system with a dihedral angle of
20�, fluorite– and calcite–H2O systems with a dihedral
angle of 66�); (2) moderate-faceted systems (olivine-
basaltic melt system with a dihedral angle of 34�,
quartz–H2O system with a dihedral angle of 55�); (3)
strongly faceted systems (tremolite–H2O fluid system
with a dihedral angle of 35�, clinopyroxene (ferrosalite)–
H2O system with a dihedral angle of 55�). Another
analyzed system is not mono-mineralic but partially
molten lherzolite consisting of olivine, orthopyroxene,
clinopyroxene and spinel, which is xenolith KLB1, a
fertile spinel lherzolite from Kilbourne Hole, New
Mexico (Takahashi 1986). Experimental details are
summarized in Table 1. Analyzed images are exactly
same as the images analyzed by Yoshino et al. (2005).

Microstructure

Figure 1 shows electron images of representative
microstructures for several systems with various h, /

and F. Little-faceted systems are characterized by
visually homogeneous pore distribution irrespective of h
(Fig. 1a, b). The fluorite–silicate melt system with low h
(20�) shows that melt contacts most of grain boundaries
on the polished section, even if melt fraction is very
low (/ � 0.02) (Fig. 1a). In the fluorite– and calcite–
H2O systems with high h (66�), the pores are located on
grain boundaries and/or at triple junctions at low fluid
fraction (/ < 0.03) (Fig. 1b). As fluid fraction in-
creases, triple junction pores become larger and connect
to the neighboring ones (see Fig. 2a, c, e). Although
calcite (trigonal–hexagonal) is crystallographically more
anisotropic than fluorite (cubic), the calcite–H2O system
is no more faceted than the fluorite–H2O system.

Pore morphology of moderately-faceted system is
controlled by the dihedral angles. The olivine-basalt
system with a dihedral angle of 34� shows relatively
uniform liquid distribution at / < �0.12 (Fig. 1c), al-
though the pores surrounded by four or more grains are
more common than that of the little-faceted system.
Triple junction tubule edges extend deeper into grain
boundaries with increasing melt fraction. The quartz–
H2O system with a dihedral angle of 55�, shows a
development of some pores surrounded by faceted pore
wall (Fig. 1d). Although the triple junction tubules are
stable, the apparent area of each pore occupying the
triple junction is distinctly smaller than that of the little-
faceted system at the same /. The inhomogeneous pore
distribution is independent of / (Fig. 2b, d, f). The fluid
phase volumetrically partitions into the large pores. The
partially molten lherzolite shows completely different
pore textures from the olivine-basalt system (see Fig. 2 in
Yoshino et al. 2005). Orthopyroxene, clinopyroxene and
spinel are stable at lower temperature runs (<1,250�C).
Melt structures around pyroxene generally have large
dihedral angles, except for those adjacent to olivine
(Toramaru and Fujii 1986). This is particularly true
for low melt fractions (/ < �0.03). Therefore, melt is
largely contained at grain corners. As melt fraction
increases, melt morphology becomes similar to the
olivine-basalt system because of decreasing pyroxene
phase modes.

The tremolite–H2O fluid system is far more faceted
than the other system considered here (Fig. 1e). Although
tremolite–H2O fluid system has a dihedral angle of 35�
between curved pore walls (Price et al. 2006) similar to
the olivine-basalt system (34�), the pore morphology is
dramatically different between them due to a difference
of the degree of faceting. As / increases, tremolite grains
change from rounded shape to elongated or prismatic
shape, suggesting that tremolite grains with faceted faces
are more likely to appear at higher /. The flat face is
frequently truncated by the facet of other crystals.
Therefore, the intersections of a grain boundary with
two solid–fluid interfaces are mostly observed as an
intersection between faceted pore walls. However, the
pore distibution is rather homogenous. Clinopyroxene–
H2O system shows rather similar pore distribution to the
quartz–H2O system (Fig. 1f). The apparent aspect ratio
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Table 1 Summary of image analysis

Image no. / (%) F w D2d (lm) LNPA AR MAR Ref

San Carlos olivine + MORB (1,350�C, 1.0 GPa)
FDP7a1 0.3 0.17 0.08 53 �2.21(38) ND 0.51(7) YTWW
FDP3a1 1.6 0.12 0.29 38 �1.90(41) 0.66(19) 0.35(13) YTWW
FDP3a2 1.7 0.11 0.28 38 �1.75(33) 0.68(16) 0.27(9) YTWW
FDP9-3 3.3 0.20 0.42 29 �1.14(57) 0.65(18) 0.29(17) YTWW
FDP9-7 3.6 0.21 0.48 24 �1.26(80) 0.71(14) 0.44(46) YTWW
FDP5a2 5.1 0.27 0.50 39 �1.71(71) 0.65(15) 0.46(26) YTWW
FDP5a1 6.6 0.36 0.52 42 ND ND ND YTWW
FDP5a4 8.2 0.31 0.53 39 ND ND ND YTWW
FDP7d2 10.1 0.33 0.68 40 �0.96(77) 0.68(16) 0.23(17) YTWW
FDP8-4 11.6 0.44 0.77 30 �0.67(87) 0.70(16) 0.24(18) YTWW
FDP7b2 13.4 0.33 0.78 55 �1.19(80) 0.66(18) 0.19(13) YTWW
FDP8-2 14.7 0.30 0.78 40 �0.62(84) 0.71(16) 0.23(18) YTWW
FDP3b2 15.5 0.32 0.59 29 ND 0.69(14) ND YTWW
FDP3b1 20.6 0.48 0.71 31 ND ND ND YTWW
FDP5c2 24.5 0.38 0.88 34 ND ND ND YTWW
FDP3c1 31.1 0.41 0.87 36 ND ND ND YTWW
FDP5c2 40.1 0.43 0.94 35 ND 0.68(16) ND YTWW
FDP7f1 46.7 0.42 0.93 38 ND 0.61(16) ND YTWW

KLB1
FKLB5-3 2.4 0.17 0.28 9 �1.65(43) 0.66(16) 0.30(10) YTWW
FKLB5-5 5.3 0.31 0.40 9 �1.60(81) 0.68(18) 0.42(34) YTWW
FKLB5-4 10.2 0.26 0.42 11 �1.37(68) 0.66(13) 0.31(12) YTWW
FKLB4-6 13.9 0.35 0.65 18 �1.03(97) 0.67(15) 0.28(15) YTWW
FKLB6-9 14.4 0.34 0.56 16 �1.17(93) 0.68(15) 0.30(22) YTWW
FKLB4-6 16.5 0.35 0.66 18 �1.10(93) 0.70(14) 0.29(20) YTWW
FKLB4-4 17.2 0.44 0.65 18 �1.39(100) 0.75(15) 0.24(15) YTWW
FKLB3-5 27.8 0.30 0.79 23 ND 0.76(14) ND YTWW
FKLB2-2 29.4 0.35 0.84 25 ND 0.74(13) ND YTWW
FKLB2-3 31.1 0.33 0.76 24 ND 0.73(13) ND YTWW

Fluorite + Silicate melt
GSFP14B3 1.6 0.00 0.27 80 �2.24(60) 0.70(10) 0.37(19) WW00 GSFP14
GSFP14B2 2.9 0.00 0.42 68 �2.29(64) 0.67(16) 0.42(30) WW00 GSFP14
GSFP14B1 3.2 0.00 0.46 62 �2.01(56) 0.72(11) 0.35(22) WW00 GSFP14
GSFP17A2 4.8 0.03 0.46 60 �2.00(69) 0.69(13) 0.33(23) WW00 GSFP17
GSFP15-1 5.7 0.00 0.56 56 �1.66(59) 0.67(14) 0.35(28) WW00 GSFP15
GSFP17A1 9.5 0.02 0.69 49 �1.72(72) 0.74(14) 0.25(22) WW00 GSFP17

Fluorite + H2O
19afr4 0.3 0.00 0.08 51 �2.60(44) 0.62(14) 0.72(26) W99 19a
12bfr2 0.5 0.00 0.13 65 �3.45(49) 0.63(12) 0.93(47) W99 12b (850�C)
19bfr9 0.7 0.00 0.14 43 �2.58(60) 0.66(19) 0.80(46) W99 19b
19cfr7 1.8 0.03 0.20 42 �2.15(46) 0.72(17) 0.67(23) W99 19c
19dfr7 2.0 0.01 0.28 53 �2.11(56) 0.75(7) 0.45(26) W99 19d
19dfr6 2.4 0.03 0.27 50 �2.04(57) ND 0.41(18) W99 19d
5afr1 3.8 0.04 0.32 23 �1.73(71) 0.72(14) 0.47(36) W99 5a
5bfr1 4.3 0.06 0.31 21 �1.69(71) 0.72(14) 0.44(26) W99 5b
9afr2 6.7 0.01 0.39 67 �1.37(53) 0.69(13) 0.51(29) W99 9a
8bfr1 7.2 0.03 0.41 18 �1.35(54) 0.72(12) 0.46(18) W99 8b
9bfr1 7.5 0.02 0.44 70 �1.37(59) 0.72(14) 0.49(25) W99 9b
8bfr3 8.7 0.03 0.44 30 �1.39(69) 0.74(13) 0.47(29) W99 8b
10bfr1 9.3 0.03 0.44 40 �1.47(57) 0.74(12) 0.51(28) W99 10b
6bfr1 12.3 0.02 0.49 11 �1.00(25) 0.75(14) 0.49(28) W99 6b
9dfr1 12.9 0.03 0.54 48 �0.75(49) 0.75(12) 0.40(21) W99 9d
9cfr1 13.0 0.02 0.51 50 �0.99(57) 0.74(13) 0.50(26) W99 9c
8cfr1 13.8 0.05 0.53 15 �1.11(77) 0.76(11) 0.48(25) W99 8c
8cfr2 15.0 0.03 0.52 14 �1.03(74) 0.78(13) 0.42(20) W99 8c
8dfr5 15.4 0.05 0.54 14 �1.17(75) 0.74(12) 0.51(25) W99 8d

Calcite + H2O
8bfr6 1.5 0.02 0.17 28 �2.08(53) 0.72(10) 0.54(25) W99 8b
8bfr5 1.8 0.03 0.21 30 �2.08(52) 0.70(12) 0.56(28) W99 8b
8bfr8 2.3 0.01 0.21 26 �2.02(65) 0.74(13) 0.62(36) W99 8b
8dfr9 3.0 0.05 0.27 25 �1.95(55) 0.69(17) 0.53(25) W99 8d
6bfr4 5.4 0.04 0.33 17 �1.54(56) 0.75(11) 0.56(27) W99 6b
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of grains is higher than it is for tremolite but is similar to
that in the other systems (Table 1). Even at low /, facets
are common.

Image analysis

Backscattered electron images (BEI) of polished sections
were obtained for the partially molten peridotite systems
(olivine-basalt system and partially molten lherzolite);
secondary electron images (SEI) were obtained from the
polished sections for the other systems. The BEI and SEI
images consist of 2,000 · 1,538 pixels and of 1,000 · 798
pixels, respectively, with a step size of 0.06–0.3 lm
depending on the grain size. The least fractured areas
were selected for imaging at higher magnification.

Usage of transmitted electron microscope (TEM) is
probably the best way to identify a faceted plane at the
atomic scale. However, the biggest problem of TEM
analysis is that the analyzed area obtained from one
image is restricted, too small to measure on the degree of
faceting as a function of / and to compare the degree of
faceting with grain and PSDs. Therefore, we used the
scanning electron microscope to analyze the micro-
structure of run products.

The gray scale images were converted to four types of
the binary images (Fig. 3): (1) images tracing the entire
interphase boundary (pore wall) between crystal and
liquid (Fig. 3b), (2) images tracing only flat crystal faces
along the pore wall (Fig. 3c), (3) images tracing grain
boundaries (Fig. 3d) and (4) images showing grain shape
(Fig. 3e). For partially molten peridotites, a threshold
method could not be used, because olivine and pyroxene
crystals have an iron-rich rim grown from melt during
quenching. Since the iron-rich rims were not present at
run conditions, they were treated as melt. For partially
molten lherozolite, the clinopyroxene grains commonly
represent non-uniform overgrowth showing dendritic or
idiomorphic textures formed during quenching. These
were also treated as melt. The pores of the H2O-bearing
system observed as the epoxy- or air-filled spaces were
also difficult to identify using a threshold method due to
the possible presence of cracks generated during
quenching. Using Adobe Illustrator, the outlines of the
melt- or fluid-filled pores were carefully traced on screen
to create binary images. Figure 4 shows representative
binary images showing pore distribution traced from
gray scale images of Fig. 1. The flat faces at the pore
wall were manually traced by eye as a straight line
(Fig. 5). In some cases, it was difficult to judge whether

Table 1 (Contd.)

Image no. / (%) F w D2d (lm) LNPA AR MAR Ref

Quartz + H2O
19afr2 1.6 0.18 0.16 17 �2.22(68) 0.66(17) 0.71(51) W99 19a
19afr1 2.6 0.12 0.21 17 �2.19(78) 0.66(17) 0.45(26) W99 19a
19bfr2 3.8 0.13 0.28 16 �2.01(80) 0.70(14) 0.50(36) W99 19b
26bfr7 4.2 0.31 0.31 32 �2.39(66) 0.70(17) 0.54(37) W99 26b (925�C)
12afr6 4.6 0.16 0.29 19 �1.92(76) 0.71(13) 0.60(46) W99 12a (850�C)
19bfr3 5.9 0.16 0.28 17 �1.74(83) 0.72(13) 0.66(50) W99 19b
22afr3 7.2 0.29 0.37 30 �1.76(83) 0.71(14) 0.47(32) W99 22a
19cfr1 7.4 0.28 0.32 21 �2.08(106) 0.69(14) 0.53(33) W99 19c
19cfr2 11.5 0.30 0.35 24 �1.47(104) 0.71(14) 0.55(45) W99 19c
5afr5 12.7 0.24 0.54 20 �1.87(82) ND 0.40(29) W99 5a
5bfr5 17.6 0.35 0.51 9 �1.00(82) 0.70(15) 0.47(39) W99 5b

Tremolite + H2O
TR3 5.3 0.35 0.42 3 �1.42(59) 0.58(19) 0.31(16) PWWS Tr3
TR4-1 15.9 0.62 0.74 6 �0.49(18) 0.51(25) 0.21(16) PWWS Tr4
TR4-2 21.5 0.64 0.73 5 ND 0.62(16) ND PWWS Tr4
TR7 30.2 0.79 0.89 7 ND 0.53(17) ND PWWS Tr7

Clinopyroxene + H2O
PF12c6 1.1 0.07 0.13 20 �2.02(63) 0.70(12) 0.52(18) WL93 PF12c
PF13e3 2.7 0.29 0.26 24 �2.11(56) 0.70(14) 0.44(20) WL93 PF13e
PF13d1 4.1 0.28 0.25 26 �1.58(65) 0.74(19) 0.43(16) WL93 PF13d
PF13e1 6.4 0.26 0.30 21 �1.63(66) 0.69(14) 0.45(16) WL93 PF13d
PF13f3 7.6 0.41 0.43 21 �1.20(68) 0.72(13) 0.26(12) WL93 PF13f
PF13f1 9.0 0.38 0.48 25 �1.52(58) 0.67(13) 0.30(14) WL93 PF13f
PF13f2 10.3 0.43 0.48 25 �1.39(78) 0.74(11) 0.35(18) WL93 PF13f
PF13f4 13.1 0.43 0.51 25 �1.62(93) 0.67(15) 0.41(31) WL93 PF13f
PF13f5 20.0 0.39 0.49 22 �1.28(94) 0.66(14) 0.40(19) WL93 PF13f

w represents grain boundary wetness, defined as the ratio of solid–liquid boundary area over the total area of interphase boundaries.
Grain boundary wetness is defined by w = Asl/(Asl + Ass) where Asl and Ass are the solid–liquid and the solid–solid interfacial areas,
respectively. LNPA represents log mean pore area normalized by the average grain size determined by the polished section. AR denotes
mean aspect ratio of grains defined by a ratio of shortest axis to longest axis for each grain. MAR indicates a value analogous to the aspect
ratio of pore shape defined by Faul et al. (1994). YTWW (Yoshino et al. 2005), W99 (Watson 1999), WW00 (Wark and Watson 2000),
WL93 (Watson and Lupulescu 1993) and PWWS (Price et al. 2006) indicate the referrences of each run
ND Non-determined
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the crystal-melt interface is flat or gently curved.
Therefore, the sum length of the flat face may include
large errors. Grain boundaries were also traced on
screen by identification of different grain orientations
from high-contrast digitized images. When grain
boundaries were unclear in the image, they were
approximated as a straight line connecting fluid or melt
pockets to each other.

Image analysis was conducted for each binary image
using Image J software for Macintosh provided by NIH.
The total lengths of solid–liquid boundaries (Lsl

total) and
flat solid–liquid boundaries (Lsl

F) were measured to
determine the degree of faceting (F = Lsl

F/Lsl
total). This F

value is not neccessarily equal to the F value defined by
Eq. 4 except for the case that the pore wall orientation is
random. Because the obtained F values probably include
large errors, the F values should not be evaluated as an
absolute but instead as a relative value. Lsl was obtained
as the total length of perimeter of the pores, where the
intersections of the pores with the edge of the image
were subtracted. Liquid volume fraction / was obtained
from the total area of the pores relative to the total area
of each image.

To characterize the homogeneity of the pore distri-
bution, each pore size and grain size on the polished
section was also measured to determine the apparent
grain and PSDs, although pores may be interconnected
three dimensionally to each other when the dihedral
angle is less than 60� or when / is above the percolation
thereshold. For systems with large /, the PSDs could
not be determined because the amount of measurable
pore is extremely small due to the interconnection of
pores on polished sections. In order to compare grain
and PSDs between samples with different grain sizes, all
measured data for each sample of material were nor-
malized by the average grain size. The pore and grain
sizes were estimated from the area of each pore and
grain, assuming that their irregular boundary outlines
could be approximated by a circle.

The analyzed areas contain over 50 grains except for
some images of materials with low /. For the quartz–
H2O system characterized by inhomogeneous fluid
distribution, images containing over 100 grains were
analyzed to avoid the effect of local fluid distribution on
F, w (grain boundary wetness, see footnote of Table 1)
and /. Since the presence of secondary phase inhibits

Fig. 1 Representative electron
images of the polished surfaces
for several systems with various
dihedral angles and degrees of
faceting. a BSE image of
fluorite–K-rich silicate melt
system with h = 20� (Image
No. GSFP14B2). Darker and
bright portions correspond to
the K-rich silicate melt and
fluorite crystals, respectively.
b BSE image of calcite–H2O
system with h = 66� (Image
No. 8dfr9). Darker and bright
portions correspond to the pore
and calcite crystals,
respectively. c BSE image of
olivine-basalt system with
h = 34� (Image No. FDP5a2).
Darker and bright portions
correspond to the olivine
crystals and basaltic glass,
respectively. d BSE image of
quartz–H2O system with
h = 55� (Image No. 19cfr1).
Darker and bright portions
correspond to the pore and
quartz crystals, respectively.
e SEI image of tremolite–H2O
system with h = 35� (Image
No. TR9). Darker and bright
portions correspond to the pore
and tremolite crystals,
respectively. f SEI image of
clinopyroxene (ferrosalite)–
H2O system with h = 55�
(Image No. PF13e1). Darker
and bright portions correspond
to the pore and clinopyroxene
crystals, respectively
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grain growth (Karato 1989), growth rate of grains for
the samples with low / is faster than that with high /.
For this reason, a number of analyzed grains for the
samples with low / were restricted. However, the effect
of analyzed grain numbers on F, w and / is likely to be
small for the systems with little faceting, because the
liquid distribution is quite uniform. The results of image
analysis are summarized in Table 1.

Results

F values

Figure 6 shows the measured F value versus liquid vol-
ume fraction (/) relationships for all systems. The F
value generally tends to increase monotonically with
increasing / independent of dihedral angle. The log F
versus log / plot for all systems represents that the data
for each system can be well fitted by power law except
for the systems characterized by low F value (Fig. 6b).
The tendency is unclear for the little-faceted systems
because of the large analytical error caused by low

degree of faceting. Extrapolating the data for moderate
and strongly faceted systems suggests that faceting per-
sists at lower liquid fractions. For the olivine-basalt and
partially molten lherzolite systems, the F values become
nearly constant (�0.4) at / > 0.15. As / decreases, the
F values also tend to decrease. The F value becomes
larger in the following order: fluorite, calcite, olivine,
quartz, tremolite and clinopyroxene. The F values for
the partially molten lherozlites are almost same as those
for the olivine-basalt system.

Two-dimensional grain and PSDs

Grain size distributions (GSD) are variable and depend
on the grain growth mechanisms. Grain growth is gen-
erally driven by a reduction of interfacial energy. The
coarsening of single phase is usually described as normal
grain growth, while the growth of dispersed grains in a
solid or liquid matrix is usually described as Ostwald
ripening. The GSD for Ostwald ripening is characterized
by Lifshitz–Slyozov–Wagner (LSW) distributions with a
peak skewed toward larger particle sizes, a tail extending

Fig. 2 Electron images of the
polished section for fluorite–
H2O (a, c, e) and quartz–H2O
(b, d, f) system with various
liquid volume fraction.
a / = 0.007 (Image No.
12bfr2). b / = 0.038 (Image
No. 19bfr2). c / = 0.072
(Image No. 8bfr1). d / = 0.046
(Image No. 12afr6). e /
= 0.129 (Image No. 9dfr1).
f / = 0.176 (Image No. 5bfr5)
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to the smaller particle sizes with increasing time and a
sharp cut-off at particle sizes about 1.5 (101.2) or
2 (101.3) times the average size for interface-controlled or
diffusion-controlled Ostwald ripening, respectively (Lif-
shitz and Slyozov 1961; Wagner 1961). Although our
systems with low liquid fraction are not true for both
grain growth mechanisms, the GSDs observed in this
study are compared to the distributions obtained from
the above theories.

Figure 7 shows representative log GSDs for all
systems with the similar liquid volume fraction (5–
6 vol.%). The GSDs are slightly influenced by the degree
of faceting. The GSD of the little-faceted systems are
similar to the LSW distributions. The shapes of the GSD
are invariable against / (Fig. 8a). Moderate-faceted
systems show two different GSDs dependent on h
(Fig. 7b). The GSD of the olivine-basalt system with a
low h (34�) is quite similar to the LSW distribution as
well as to the distribution in the little-faceted systems,
whereas those of the quartz–H2O system with a rela-
tively large h (55�) approach the log normal distribution.
As / increases, the GSDs of the quartz–H2O system
become broader (Fig. 8b). In the case of the strongly
faceted systems, the GSDs also show the log normal
distributions. The tremolite–H2O fluid system with a

lower h (35�) shows a somewhat skewed peak in com-
parison with the clinopyroxene–H2O system. Thus it is
concluded that the GSDs generally change from the
LSW to the log normal distribution as F and/or h in-
crease. Grain growth for faceted interfaces between
crystal and melt is limited by surface reactions. In this
case, the GSDs have a peak at the mean grain size and a
cut-off at sizes about 2.5 (101.4) times mean grain size
(Bennema and van der Eerden 1987). The GSDs of the
faceted systems tend to be consistent with it rather than
the LSW distributions.

For all systems, the average apparent pore size nor-
malized by the average grain size fundamentally in-
creases with increasing / (Table 1). The increasing rate
is similar for each system, suggesting that there is no
distinct trend with F and/or h. Analysis of apparent log
PSD on polished sections is a quite simple but effective
method to assess heterogeneity of pore distribution.
Figure 9 shows the apparent PSD for pores with vari-
able h on a random intersection without any consider-
ation of interaction with neighboring triple junctions
and corners based on the method of Wark et al. (2003).
Although the PSDs are not useful to evaluate the
homogeneity of liquid distribution if / is high enough to
join the adjoining triple junction each other, when / is

Fig. 3 An example showing
analytical procedures of
electron image. a Back scattered
electron image of olivine-basalt
system (Image No. FDP9-7).
b Traced melt pools from the
same area of (a). c Traced facet
boundaries on the pore walls
from the same area of (a).
d Traced grain boundaries from
the same area of (a). e Traced
grain shapes from the same area
of (a)
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low, the deviation of the PSD from the ideal system with
constant grain size is helpful to evaluating the unifor-
mity of the liquid distribution of the system. The
apparent PSDs are characterized by log normal distri-
bution and when h is low, frequency of larger size is
somewhat higher.

Figure 10 shows the PSDs with / = �0.05. The
PSDs are normalized by the average grain size to con-
sider a relationship between maximum pore size and the
average grain size. The shape is the same regardless of
whether the normalized factor is an average pore size or
an average grain size. The PSDs are controlled by the
degree of faceting. The PSDs of little-faceted systems are
approximated by the log normal distribution with a
sharp peak near the center of distribution or slightly
skewed toward the larger pore size (Fig. 10a–c). The
PSDs are quite similar to the PSD obtained from the
ideal system, suggesting that little-faceted systems have
uniform pore distributions.

Moderately-faceted systems show broader PSD: pores
larger than the average grain size appear. The PSDs of
the olivine-basalt and partially molten lherzolite systems
are quite similar to each other and the peaks of the PSDs
are still located near the center of the distributions
(Fig. 10d–f). However, the PSD of the quartz–H2O

system with a relatively large dihedral angle (55�) is
strikingly different from the olivine-basalt system in
spite of the nearly same degree of faceting. The PSDs
are far from the log normal distribution (Fig. 10f).
This pattern of peak broadening, which is characterized
by both the higher frequency of smaller pore sizes and
the appearance of larger pore sizes, is consistent with
the observed pore geometry showing shrinkage of triple
junction tubes and development of large pores. The large
deviation from the log normal distribution suggests that
the quartz–H2O system has an inhomogeneous liquid
distribution (Wark and Watson 1998).

Strongly-faceted systems (Fig. 10g–h) show different
PSDs dependent upon h. The PSD of the tremolite–H2O
system with low h has a broad distribution with a peak
near its center (Fig. 10g), whereas the PSD of the clin-
opyroxene–H2O system with large h are quite similar to
that of the quartz–H2O system (Fig. 10f). In contrast,
the distribution of pores in the tremolite–H2O system
suggests little development of large pores and relative
homogeneity. Despite the numerous differences between
strongly- and moderately-faceted systems, they display
similarly broad PSDs.

Figure 11 shows the effect of / on the PSDs for
calcite–H2O system and quartz–H2O system which are

Fig. 4 The binary images
showing liquid distribution
constructed by manually
tracing the crystal-liquid
boundaries to produce a black
and white bit map. The
analyzed area corresponds to
images in Fig. 1. a Fluorite–
K-rich silicate melt system.
b Calcite–H2O system.
c Olivine-basalt system.
d Quartz–H2O system.
e Tremolite–H2O system.
f Clinopyroxene–H2O system
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characterized by different degrees of faceting. The
shapes of the PSD for the calcite–H2O system are
invariable against / and have a slightly skewed peak
towards larger pore sizes and a peak shifts toward the
larger pore size with increasing / (Fig. 11a–c). For the
quartz–H2O system, the peak of the PSDs skews toward
the smaller pore sizes and a tail extends to the larger
pore sizes (Fig. 11d–f). As / increases, a tail of the PSDs
extends to the larger pore size and a peak abruptly shifts
toward the larger size.

Discussions

Interpretation of dependence of F value on /

Faceting corresponds to crystallographically-controlled
faces with lower interfacial energy than that produced
by the curved interfaces. The orientations of minimum
interfacial energy per unit area are crystallographic
planes of low Miller indices (Laporte and Provost 2000
and references therein). The equilibrium interface
structure should be considered in terms of a plot of the
interfacial energy against grain boundary plane normal
orientation (Wulff or c-plot) and a corresponding equi-

librium crystal shape (e.g., Herring 1953). A cusp in the
c-plot corresponds to a singular plane in the equilibrium
shape. Herring (1953) has shown that at equilibrium, the
ratio of distances between each facet is a measure of
their interfacial energy ratio. Due to changes in physical
conditions, a faceted interface with the shallowest cusps
of the surface energy function may transform to a
curved surface. When all singular planes corresponding
to cusps in the c-plot undergo roughening, the equilib-
rium shape will have no slope discontinuity (defaceting).
Considering a single crystal completely surrounded by a
given liquid phase, then the degree of faceting for the
crystal can be defined by an intrinsic F value for one
solid grain (Fabs: absolute F value), corresponding to the
Wulff shape at a given physical condition.

The degree of faceting is controlled by temperature,
pressure and liquid composition. For example some
researchers have demonstrated that the equilibrium
shape of liquid inclusions embedded in a solid matrix
changes from a faceted to spheroidal shape (faceting/
defaceting transition) with increasing temperature (e.g.,
Dahmen et al. 1997; Garbrisch et al. 2001). The transi-
tion temperature depends on the bond energy in the
plane of the facet (e.g., Bennema and van der Eerden
1987).

Fig. 5 Images showing facet
boundary. Visually straight
interphase boundaries were also
manually traced to determine
the F value. The analyzed area
corresponds to images in Fig. 1.
a Fluorite–K-rich silicate melt
system. b Calcite–H2O system.
c Olivine-basalt system.
d Quartz–H2O system.
e Tremolite–H2O system.
f Clinopyroxene–H2O system
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The present results obtained from the calcite–H2O
system show no evidence of development of rational
faces although calcite is considered a more anisotropic
mineral than fluorite. Therefore, the development of
planar crystal–liquid interfaces may not neccessarily be
correlated to only an empirical criterion of the degree of
anisotropy of interfacial energies.

As shown in Fig. 6, the degree of faceting (F ) tends
to increase with increasing /. First we consider the ideal

case that crystallographic orientations of grains are
random and the Fabs value is constant at a given
experimental condition. The probability that facets

Fig. 6 Effect of liquid volume fraction (/) on degree of faceting (F )
for all systems. a Linear plot: Note that the F values generally
increase with increasing /. b Log /–log F plot: note that
relationship between / and F can be well fitted by power law.
For moderately- and strongly-facted systems, extrapolations of
power law fitting suggest that even if the porosity is very small, a
certain amount of faceted boundary between crystal and liquid
could be present

Fig. 7 Representative log grain size distributions (GSDs) normal-
ized by average grain size for several systems with different degrees
of faceting. a Little-faceted systems. b Moderate-faceted systems.
c Strongly faceted systems
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occupy the total crystal surface corresponds to the Fabs.
If the crystal–liquid surface was chosen randomly on the
crystal with a singular Fabs, the probability for appear-
ance of facet on the crystal–liquid interfaces depends on
only Fabs independently of /. Therefore, F should
maintain a constant value against variable /.

Why do the F values depend on /? One simple
interpretations is that the dependance is merely an
artifact of imaging resolution and scale. The identifica-
tion of rational flat faces is more difficult for images with
lower / because higher magnification is required for
accurate determination of F. We may miss identifying
some facets at a very low fluid fraction. Thus F values
may be too small at low /. Even if some facets are not
observed, they must make up a very small portion of the
pore wall area (i.e., very low F), to be consistent with the
observations made on systems with higher /. In other
words, even if some facets are missed at very low /, this
will not change our results. It seems likely that our data
show that F is not underestimated from low / images,

but instead decreases with /. Likewise, the TEM work
of Cmı́ral et al. (1998) suggests that F is reduced with
very low melt fractions.

The dependence of F on / may result from lower
surficial energy produced by rotating the interfaces
due to grain rotation with larger fluid concentrations.
Because the solid–liquid interface increases with /, the
continuous, self-supporting skeleton of solid grains
breaks down when the contiguity falls to a value of
0.15–0.2. Considering that the grains are more likely
to rotate as / increases, this process would enhance
an increase of F with /. However, our data suggest
that as / decreases, the value of F decreases signifi-
cantly even for the strongly faceted system. It is
unrealistic to produce this huge variation only by
grain rotation.

The most probable explanation is that changes in
interfacial energy due to the presence of facets stabilize
rounded pore walls rather than rational faces at low /.
When the total interfacial energy per unit area for the
curved interface is lower than that for the flat face, the
curved interface is stable. The crystal–liquid surface can
be described by three components, including the curved
solid–liquid interfaces, flat solid–liquid interfaces and
edges (the intersection between flat and curved inter-
faces). Dependence of the F values on / means that the
interfacial energy per unit area also depends on /. We
consider two possibilities for interfacial energy changes
with decreasing /: In the first, we consider that pore
geometry at triple junctions for different / is self-similar.
The curvature of curved pore wall is expected to be
constant regardless of /, although pore size decreases
with decreasing / at a constant dihedral angle. In con-
trast, the interfacial energy of the faceted portion of
the wall is also constant. The edges have higher energy
compared with the other solid–liquid interfaces.
Although the edge energy increases with the intersection
angle, edge energy should be constant based on an
assumption of self-similarity. However, density of edges
per unit area of crystal–liquid interface should be larger.
Then smooth curved surfaces may be more stable than
surfaces composed of facet and curved interfaces. As /

Fig. 8 Normalized log GSDs as
a function of liquid volume
fraction (/). a Fluorite–H2O
system. b Quartz–H2O system

Fig. 9 Histograms of log pore size distributions (PSDs) calculated
in numerical experiments for 9, 35 and 85� triangular prisms based
on the results of Wark et al. (2003)
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decreases, the increased edge density may induce surface
roughening due to the existence of an energy barrier that
needs to be overcome before particles attain their equi-
librium shape. If an edge on the crystal surface elasti-
cally interact with the nearest edge, the shape of pore
wall favors rough surfaces rather than facets (Jaya-
prakash et al. 1984; Mullins and Rohrer 2000; Garbrisch
et al. 2001).

Next consider the case that interfacial energy of
curved surface becomes larger with decreasing pore size
as / decreases. The edge energy increases with decreas-
ing /, because the intersection angle becomes larger.
This tendency would enhance a formation of the curved
surface to minimize the interfacial energy per area. In
either case, then facets may become unstable when the
system has low /.

Fig. 10 Histograms of log PSD normalized by average grain size
for several systems with different degrees of faceting. Left and right
side figures correspond to the systems with low and high dihedral
angles, respectively. The top three figures are representative
histograms of little-faceted systems: a fluorite–silicate melt system,
b fluorite–H2O system and c calcite–H2O system. The middle three

figures are representative histograms of moderate-faceted systems:
d olivine-basalt system, e partially molten lherzolite and f quartz–
H2O systems. The bottom two figures are representative histograms
of strongly faceted systems: g tremolite–H2O system and h
clinopyroxene–H2O systems
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Mechanism of liquid re-distribution due to faceting

The present results demonstrate that segregation of li-
quid into large pores occurs in the partially faceting
systems with both curved and faceted pore walls,
whereas little-faceted and strongly-faceted systems show
no clear evidence of liquid segregation. What are the
mechanisms responsible for liquid segregation of the
partially-faceted system? It is expected that liquid in a
system redistributes itself to achieve a minimum inter-
facial energy. Based on the concept of interfacial energy
minimization, we now consider if the observed inho-
mogeneity of liquid distribution can be attributed to any
of the following: (1) a minimum-energy fluid fraction in
a system consisting of crystals and liquid, (2) a presence
of GSD and (3) a development of faceted planar faces at
the pore wall.

First we consider a liquid segregation mechanism in
an ideal system consisting of mono-sized crystals with
isotropic interfacial energy. The minimum energy fluid
fraction (/m) establishes a minimum in interfacial energy
for the liquid–crystal system according to dihedral angle
(h), constant mean curvature (j) and grain packing
geometry (Jurewicz and Watson 1985; Park and Yoon
1985). For fluid fractions up to /m, fluids are expected to
infiltrate; if a fluid fraction over /m is initially contained

in the rock, the excess fluid should be expelled. There-
fore, if the system has a fluid fraction larger than /m,
a large pore may be formed by segregation of excess
liquid. The value of /m decreases with increasing h
assuming that the grain packing geometry is invariable
against the liquid volume fraction. For example, the
value of /m for the system having the grain packing with
12 coordination numbers decreases from 0.23 at h = 0�
through 0.10 at h = 45� to 0.03 at h = 60�. If it is true
for our systems, the segregation into large pore is likely
to occur for the system with a high h. However, the
fluorite– and calcite–H2O systems characterized by a
high h values show no remarkable evidence of segrega-
tion. On the other hand, the segregation occurs at a fluid
fraction less than /m for the tremolite–H2O fluid system
(�0.15) and the quartz–H2O system (�0.03). These
observations are inconsistent with the prediction from
those predicted by the minimum energy fluid fraction for
the ideal system.

The concept of the minimum energy fluid fraction is
not satisfied by the requirement of uniform j and h if the
grain size is not uniform (Wark and Watson 2000).
When a system with both fine- and coarse-grained re-
gions maintains constant h, the further constraint of
uniform j requires that the fluid partitions into the re-
gion consisting of the fine grains or around individual

Fig. 11 Histograms of log PSDs for calcite–H2O system (a–c) and quartz–H2O systems (d–f) as a function of /
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small grains. In our experiments, the GSDs for the
moderately-faceted systems show higher frequency of
smaller grains, which should enhance the local segrega-
tion. However, there is no clot of fine grains completely
surrounded by much larger grains. The grain size aver-
aged over the scale of several grains seems to be uniform
in a texturally equilibrated system. Rather the large
pores are usually surrounded by or in contact with at
least one single large grain with flat crystal/liquid
interface.

Redistribution of fluid can be considered in terms of
the minimization of interfacial energy due to facet for-
mation. Three critical observations characterize the li-
quid distribution of texturally equilibrated rocks: (1) F
decreases with decreasing fluid fraction, (2) PSD changes
with fluid fraction—the higher the fluid fraction, the
broader the pore-size distribution and the greater the
amount of fluid segregation (characterized by width of
PSD) and (3) fluid segregation is greatest in partially
faceted systems with high dihedral angle. In a system
that exhibits no facets (F = 0 at all /), an increase in
fluid fraction results in an increase in the size of all
pores, and in a decrease in pore-wall curvature. In the
partially faceted system, in which both rounded surfaces
and facets are stable (0 < F < 1), pores that happen to
be surrounded by grains with favorable crystallographic
orientations (see Fig. 12) will start to develop facets.
Once they start to develop facets, these same pores can
continue to grow larger while other (non faceted) pores
remain the same size (or perhaps decrease in size) and
retain the same curvature (see Fig. 13). In other words,
the PSD broadens.

Why would it happen this way? This minimizes the
total free energy of the system by: (a) decreasing the
total pore wall area for a given volume of rock (putting a
given volume of fluid into a single large pore instead of
into several triple junction tubules results in lower pore-
wall area), (b) adding flat (low-energy) pore walls rather
than adding additional curved (higher energy) pore
walls, (c) possibly allowing the bulk of the system to
maintain its ‘‘equilibrium fluid fraction’’ (fluid in excess
of the equilibrium fluid fraction may go into pores
bounded by faceted surfaces). In the partially-faceted
systems, the equilibrium fluid fraction may be defined
based on only the assumption that the curvature of the
crystal/fluid-curved interface (exclusive of flat interfaces)
is uniform. In this case, the equilibrium fluid fraction in
the faceted system is significantly lower than that in the
ideal system and depends on the degree of faceting.

Another way to look at it is to consider that partially
faceted pore walls provide greater ‘‘geometric flexibility’’
to allow fluid segregation. In fact, in the absence of
facets, such segregation is not possible. For a system
with no facets, the requirements of uniform pore-wall
curvature and uniform (approximately) dihedral angle
result in relatively uniform fluid distribution on the scale
of several grains. In the presence of facets, however, it
becomes possible to produce a non-uniform fluid dis-
tribution characterized by segregating fluid into large

Fig. 12 The pore on the left, with low dihedral angle, has multiple
pore wall segments (arrows and dotted lines) that correspond with
planes favorable for development of facets. The pore on the right,
with high dihedral angle, has only one segment corresponding to
low-energy faceted surface. This illustrates why systems with low
dihedral angles may develop faceting on a larger number of pores,
which in turn results in less fluid segregation (added fluid is simply
distributed among a larger number of pores, assuming that added
fluid only goes into pores with facets). Systems characterized by
high dihedral angle, in contrast, will have few pores with walls
corresponding to low energy surfaces. Because most fluid will go
into these few pores, the fluid becomes increasingly segregated with
increasing fluid fraction

Fig. 13 Illustration showing a hypothetical system with only one
pore that has pore wall segments parallel to low-energy (facet-
forming) crystallographic planes. As fluid fraction increases, the
additional fluid can be (mostly) accommodated by this single pore
by increasing the area of the flat walls, without significantly
changing the area or curvature of the curved pore walls. This may
explain why F increases with fluid fraction. As shown in Fig. 12, a
system like the one shown here, with low dihedral angle, would
probably develop facets on many pore walls
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pores, while maintaining uniform pore-wall curvature
on the segments that are curved (Fig. 12). Curved pore
walls may still be present where two grains join, but
these curved-pore-wall segments can be connected by
facets and these faceted segments can be virtually any
length (up to the size of the grain, at least). So, the pores
with faceted walls can grow, while pores with only
curved walls will remain the same size.

This also explains why we documented greater segre-
gation for partially faceted systems with the higher
dihedral angles. If the dihedral angle is high (right dia-
gram of Fig. 12), the pore walls have lower curvature
(imagine a triple junction with a dihedral angle of 60�: the
curvature will be zero), and only rarely will some segment
of a pore wall be parallel to a favorable crystallographic
orientation for faceting. The few pores that start to
develop facets will increase in size, and with increased
fluid fraction. In contrast, if the dihedral angle is low
(left side Fig. 12), the pore walls are more curved
(imagine a triple junction with dihedral angle of 10�),
and the various pore-wall segments correspond to many
different crystallographic orientations, increasing the
odds that for any single pore there will be at least one
pore-wall segment parallel to a favorable orientation.
Consequently, for low dihedral angle, faceting will be
more common (not restricted to only a few pores, that is).
Any increase in fluid fraction is taken up by development
of facets on many pores at once. Again total energy is
probably reduced by accommodating the fluid in pores
with flat rather than curved walls. But because there is a
higher proportion of pores with faceted walls, the
amount of fluid segregation appears to be less.

Effect of faceting on permeability

The permeability of liquid phase in porous rocks has
been commonly calculated based on some simplified
assumptions about the pore geometry. For example, von
Bargen and Waff (1986) assumed mono-sized tetrakai-
decahedral grains with isotropic energies in order to
predict the permeability–porosity relations as a function
of h. The liquid phase forms a regular network consist-
ing of tubules along three-grain edge intersections and
four-corners (e.g., Bulau et al. 1979). The permeability k
for this model is (/ < 0.03):

k ¼ Dq
d2/2

144p
ffiffiffi
2
p ; ð5Þ

where d is the grain size and Dq is a geometric correction
factor depending on the cross-sectional shape of the
tubes: Dq is equal to 1 for circular tubes and to �0.4 for
sided-sided tubes with h = 30�. For h < 60�, k de-
creases smoothly with decreasing / as a function of /2.
For h > 60�, k decreases monotonically with decreasing
to /m (percolation threshold). For this model, an in-
crease of / is accommodated by an increase of the tube
diameter, although the overall geometry is invariable.

These k–/2 relationships have been widely used to
model the segregation of low melt fractions in the upper
mantle.

Wark and Watson (1998) reported an empirical k–/
relation by direct measurement of permeabilities for
synthesized porous quartzite using a transient pulse de-
cay method. This relationship can be described by
(modified after Liang et al. 2001)

k ¼ d2/3

270
: ð6Þ

The empirical permeabilities are lower than those
predicted from von Bargen and Waff (1986) by a factor
of 5–10 for the same /, with the greatest differences at
the lowest porosities. Although the pore geometry for
the analyzed systems is approximated well by a triple
junction tube network based on a relation between grain
boundary wetness and / (Yoshino et al. 2005), a slope of
power-law function for permeability–porosity relation
agrees well with 3 rather than 2. Thus we should note
that triple junction tube network in the real rocks does
not correspond to the ‘‘ideal’’ system. In general, natural
rocks with complex pore structures and a wide range of
pore sizes and shapes are also characterized by a cubic
dependence of permeability on porosity (e.g., Bourbié
and Zinszner 1985). The main factor likely to influence
permeability seems to be the difference of pore micro-
structure between real and ideal materials.

One notable difference is the development of faceting
in actual rocks. The deviations of the permeabilities for
synthesized porous marble characterized by little facet-
ing from the results of von Bargen and Waff (1986) are
smaller (a factor of �2) than that for quartz–H2O sys-
tem (Wark and Watson 1998). Furthermore, Price et al.
(2006) reported that the permeabilities of the tremolite–
H2O system, characterized by strong faceting, have a
percolation threshold even though h is less than 60�.
These k–/ relations indicate that degree of faceting in a
given system strongly affects the permeability.

The present results also suggest that the development
of faceting occasionally leads to a remarkably inhomo-
geneous pore distribution. In particular, the quartz–H2O
system, characterized by moderate faceting, distinctly
shows the development of large pores surrounded by
four or more grains and the corresponding shrinkage of
triple junctions. The PSDs of the quartz–H2O system
shows high frequency of small-sized pores, suggesting
shrinkage of triple junctions compared to the other
systems. Therefore, the radius of triple junction becomes
lower than that of the ideal model. Although large pores
surrounded by four or more grains contain a significant
fraction of total /, they would not be interconnected
with each other at low /. Consequently, the intercon-
nection of the liquid phase in the system with h £ 60�
would be established by a network of triple junction
tubes of smaller radius connecting the isolated large
pores (Fig. 14). Since the cross sectional area of triple
junction tube controls the permeabilities in quartz
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aggregates, for low /, Eq. 5 may overestimate by orders
of magnitude the permeability of quartz aggregates be-
cause liquid mostly partitions into the large pores.
Relationships of k–/ for porous quartzite show no evi-
dence of a permeability threshold, where permeability
suddenly increases with increasing / (Wark and Watson
1998). This suggests that the isolated large pores that
contain most of the liquid phase continuously become
interconnected with increasing /, and/or the cross-sec-
tional area of each triple junction tube monotonically
increases with increasing /. The effect of increasing
porosity exponent from 2 to 3 in the k–/ relationship
suggests that as / decreases, effective triple junction
radius becomes smaller, faster than it does for the ideal
model. This conclusion is supported by PSD peak shift
to larger size for quartz–H2O system relative to the little-
faceted system (see Fig. 7).

For the tremolite–H2O systems showing extensive
faceting, the deviations of a k–/ relation from the ideal
model may be of a different origin from that of the
quartz–H2O system. In fact the PSD of the tremolite–
H2O systems shows a sharp peak at the center of dis-
tribution that suggests more homogeneous distribution
rather than the quartz–H2O system. On polished sec-
tions, triple junction tubes for this system are not com-
mon. Rather pores surrounded by four or more grains
with faceted pore walls are dominant. Therefore, the
pore distribution is probably quite different from a
network along the intersections of three-sided grain
edges. The k–/ relation of the tremolite–H2O system
showing apparent /m (=0.04) suggests that triple junc-
tion tubule is plagued by a truncation of the rational
faces due to extensive development of facets. Further-
more, most pores are likely to become isolated as the
degree of faceting increases. As a result, the strongly-
faceted systems are impermeable at low /.

Based on the observations of the size difference
between triple junction geometries and melt pools sur-
rounded by more than four grains for the olivine-basalt
system (e.g., Waff and Faul 1992; Faul et al. 1994; Faul
1997; Cmı́ral et al. 1998), Faul and coworkers interpreted
that melt distributions consist of small proportion
(< 15%) of triple junction tubes and large proportion of
disk-shaped layers on two grain boundaries. Faul (1997,
2001) proposed that the interconnection of disk-shaped

pore produces the permeability jump at /m. However,
Wark et al. (2003) demonstrated that as melt fraction
increases, two-dimensional slices through the pore net-
work may appear ‘‘disk-shaped’’, when in fact the
pore network is composed of triple junction tubules.
Furthermore, Yoshino et al. (2005) suggested that the
pore geometry for the olivine-basalt system is approxi-
mated well by a triple junction tube network based on
a relation between grain boundary wetness and /. A
relationship between F and / of the quartz–H2O system
is quite similar to that of the olivine-basalt system.
Wark and Watson (1998) could not find any evidence
of the percolation threshold. Therefore, it is expected
that the basaltic melt in olivine aggregate also has no
permeability jump.

Conclusion

We examined the effect of faceting at the solid–liquid
boundary on pore geometry in texturally equilibrated
melt- or fluid-bearing synthetic materials that serve as
good analogs for rocks with variable dihedral angles and
degree of faceting using image analysis of back-scattered
and secondary-electron images. For all systems, the de-
gree of faceting (defined by the ratio of the flat interface
length at the pore wall to the length of total interfacial
boundary between solid and liquid) increases mono-
tonically with increasing liquid volume fraction. Little-
faceted systems show uniform pore distribution, also
shown by the log normal distribution of the PSD. The
quartz–H2O (moderately faceted) system shows devel-
opment of large pores surrounded by faceted pore walls
and complementary shrinkage of triple junction tubes,
whereas the tremolite–H2O (strongly-faceted) systems
with a low dihedral angle show no evidence of shrinking
triple junction tubes, although most pores are sur-
rounded by faceted pore walls. The presence of facets
relaxes constraints imposed by requirement of uniform
curvature and single dihedral angle. This, in turn, allows
for formation of pores larger than would otherwise be
allowed. In the systems with the same degree of faceting,
heterogeneity of liquid distribution tends to decrease
with decreasing dihedral angle. For faceted systems
permeability of texturally equilibrated rocks with low

Fig. 14 Schematic cartoons of
triple junction network for
faceting (left) and moderate-
faceted (right) systems. For
moderate-faceted system,
radius of triple junction tube is
smaller than that for little-
faceted system due to the
formation of large pores at the
same /. This behavior leads to
low permeabilty of moderate-
faceted system

185



liquid fraction would be reduced by the relative reduc-
tion of volume fraction of triple junction occupied by
liquid, or by closure of channels along grain edges due to
the truncation by facet walls.
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