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Abstract Interfacial energies of quartz/quartz (qz/qz),
albite/albite (ab/ab), and quartz/albite (qz/ab) bound-
aries in low-grade pelitic schist were determined based
on measured values of dihedral angles. Three kinds of
microstructures were investigated, and the interfacial
energies were obtained in two independent ways. (1)
Relative values of interfacial energy were calculated
from dihedral angles formed at quartz and albite triple
junctions. (2) Subgrain boundary energy was calculated
using the Read–Shockley theory for a boundary con-
nected to an intergranular pore. Dihedral angles formed
at the corners of intergranular pores were measured.
From the interfacial tension balance equation, the value
of the qz/qz grain boundary energy was then obtained.
(3) Dihedral angles formed at intersections of either
pericline or albite twin boundaries with either ab/ab or
qz/ab boundaries were measured. The twin boundary
energy was calculated based on a previously derived
equation using Landau potential, twin wall thickness,
and critical temperature for a phase transition in albite.
With a modified interfacial tension balance equation for
a twin boundary fixed to a facet orientation, the inter-
facial energies of ab/ab and qz/ab boundaries were ob-
tained. Energies obtained by methods of (2) and (3) are
in good agreement. The interfacial energies for qz/qz,
ab/ab, and qz/ab boundaries obtained in this study are
270±110, 300±150, and 250±120 mJ/m2, respectively.

Introduction

The interfacial free energy for solid grains in contact
with one another (grain or phase boundary energy) di-
rectly affects grain boundary processes, such as grain
boundary migration, fluid connectivity, grain boundary
fracture strength, and grain boundary sliding, all pro-
cesses that influence the dynamic behavior of the Earth’s
interior. However, except for the grain boundary energy
of olivine in olivine-rich rocks (Cooper and Kohlstedt
1982; Duyster and Stöckhert 2001), grain and phase
boundary energies of major minerals have not been de-
termined.

The purpose of this paper is to determine interfacial
energies for quartz and albite in natural rocks from their
microstructures. Because segregation of impurities to
grain and phase boundaries, as recently observed in
synthetic aggregates of olivine (Hiraga et al., unpub-
lished), can affect interfacial energy (e.g., Gleiter 1970),
we emphasize this observation on natural rock samples.

Solutions for interfacial energies

Relative values of interfacial energies

In this study, we focused on the balance of interfacial
tension at various triple junctions in pelitic schist.
The dihedral angle, h, provides a measure of the ratio
of interfacial energies, c1 and c2, as expressed by the
relation

2 cosðh=2Þ ¼ c1=c2 ð1Þ

As an example, for a triple junction formed between
two albite grains and a quartz grain in Fig. 1a, c1 and
c2 correspond to the interfacial energies for a quartz/
albite (qz/ab) phase boundary and an ab/ab grain
boundary, respectively. Measured values for dihedral
angles, h, for qz vs. ab/ab and ab vs. qz/qz yield the
relative values of interfacial energies for qz/qz, ab/ab
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and qz/ab boundaries. To obtain the absolute values
of these interfacial energies, the interfacial energy of
one of the boundaries was determined as described
below.

Grain-boundary energy from the subgrain boundary
connected to the intergranular pore

As one example, consider the case of a low-angle grain
boundary (subgrain boundary) in a quartz grain
intersecting an intergranular pore as illustrated in Fig. 1b.
The energy of the low-angle grain boundary, clgb, can be
estimated from the Read and Shockley theory (Read and
Shockley 1950) in terms of the misorientation between
adjacent grains, /. Hence, the quartz-pore interfacial
energy, cqz/pore, can be calculated from Eq. (1) with a
measurement of h1, the dihedral angle between the pore
and the quartz grains. In turn, the qz/qz grain boundary
energy, cqz/qz, can be calculated from Eq. (1) using this
value for cqz/pore and the measured value for h2, the di-
hedral angle connected to high-angle (normal) grain
boundary. Hiraga et al. (2001) have already reported a
value of h2, as will be discussed below.

For a low-angle grain boundary with misorientation
/, clgb is given by

clgbð/Þ ¼ c0
gb/ðA0 � ln /Þ ð2Þ

c0
gb ¼ Kb=4 ð3Þ

where K is the appropriate elastic energy coefficient for
the anisotropic medium and b is the length of the
Burgers vector of the interfacial dislocations. A solution
for K using the stiffness coefficients, Cij, exists for a

crystal if the line direction of the dislocations is parallel
to an axis of rotational symmetry or normal to an axis of
evenfold rotational symmetry (e.g., Hirth and Lothe
1982). Expressions for K have been calculated for some
simple slip systems in low (a)-quartz (Heinisch et al.
1975). In addition, solutions for K for dislocations of
arbitrary orientation can be obtained for hexagonal
crystals (Teutonico 1970; Savin et al. 1976). Although
the metamorphic condition of the sample used in this
study was within the a-quartz stability field, we ap-
proximated the structure of quartz grains as that of high
(b)-quartz (hexagonal) to obtain a relation between K
and the Cij’s for the slip system, a result that has not
been calculated previously. We used published rela-
tionships derived for various types of dislocations in a
hexagonal crystal (Teutonico 1970; Savin et al. 1976). In
the dislocation coordinate system with the X3 axis par-
allel to the dislocation and the X2 axis in the basal plane,
K is expressed as

K ¼ 1

b2
ðK11b2

1 þ K22b2
2 þ K33b2

3 þ 2K13b1b3Þ ð4Þ

In this study, we specifically treat dislocations with
Burgers vectors parallel to the basal plane (b2=b,
b1=b3=0). Thus, only K22 is required:

K22 ¼ ðb0 þ qÞ
d

d3S1 þ S2dðdd3 � d1Þ½ � ð5Þ

where the symbols are elucidated in the Appendix.
Values for the stiffness coefficients of C11=117,
C33=110, C44=36 and C13=33 GPa at 600 �C were
used (Hearmon 1984).

The term A0 in Eq. (2) is related to the core energy of
a dislocation and is expressed as

A0 ¼ 1 þ ln
b

2pr0
ð6Þ

where r0 is the radius of the dislocation core. Values of

b
6
� r0 � b

2

were used based on published values for KCl, NaCl, Ge,
Al, MgO, and olivine (Wagner and Chalmers 1960;
Hoagland et al. 1976; Woo and Puls 1977; Puls and So

Fig. 1a–c. Schematic illustration of dihedral angles formed for
various microstructures. a Dihedral angle formed at a triple grain
junction by interfacial tension balance for two albite grains in
contact with a quartz grain. b Dihedral angles formed at corners of
an intergranular pore. The angles h1 and h2 are formed by
interfacial tension balance at a subgrain boundary (SGB) in quartz
and the pore, and at a grain boundary and the pore, respectively. c
Dihedral angles formed at the intersection of a twin boundary and
either an ab/ab or qz/ab boundary
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1980; Tsurekawa et al. 1997; Duyster and Stöckhert
2001).

Interfacial energies from twin boundaries

As a second example, interfacial energies for ab/ab or
qz/ab boundaries can be estimated from the dihedral
angles formed at intersections with twin boundaries in
albite, as illustrated in Fig. 1c. Because the structure of a
twin boundary is usually well characterized, the dihedral
angles h1, h2, and h3 formed at the junctions between
twins and grain or phase boundaries can be used
to determine the grain and phase boundary energies
(King 1999). The twin boundary energy ctw, based on a
Landau potential, is (Salje 1993)

ctw ¼ a 	 W 	 A 	 Tc ð7Þ

where a is a prefactor, W the half-thickness of the
twin wall, A a parameter related to the local effective
potential, and Tc the temperature of the phase tran-
sition.

For an albite twin, boundary planes are limited to
crystallographic planes such as (010). Thus, the direction
of the twin boundary plane is fixed resulting in two
different angles h2 and h3 in Fig. 1c. For this case, a
corrected equation for interfacial tension balance is
needed (King 1999):

cif
ctw

¼ sinðh1=2Þ
sin h1 	 cos h1

2 � h2 or 3

� � ð8Þ

Based on Eq. (8), cif can be calculated from the cal-
culated value for ctw, and measured values of h1 and
either h2 or h3.

Samples

Pelitic schist collected from the Asemi-gawa area in the
Sanbagawa metamorphic belt in central Shikoku (e.g.,
Banno and Sakai 1989) was chosen for this study.
Pelitic schists are widely distributed in this area, which
is divided into four metamorphic zones: the highest
metamorphic grade oligoclase–biotite zone, the albite–
biotite zone, the garnet zone, and the lowest chlorite
zone (Higashino 1990). The sample used in this study
was collected from the chlorite zone. The sample is
mainly composed of fine-grained (
30 lm) quartz,
albite, chlorite, and muscovite. All of these minerals
form grains elongated parallel to the foliation of the
rock. The almost pure albite in the chlorite zone con-
tains up to 0.5% An (e.g., Otsuki 1980), and twin
boundaries are occasionally found. A TEM image of a
typical region in this specimen is presented in Fig. 2.
The peak metamorphic condition for this rock has
been estimated to 250–300 �C at 500–600 MPa (Banno
and Sakai 1989). The sample corresponds to the cal-
cite-free pelitic schist of Hiraga et al. (2001). These
authors reported the following TEM and Fourier-
transform infrared spectroscopy (FTIR) results, which
form essential information for this paper. (1) Nanom-
eter-size intergranular pores are common at grain
junctions. (2) The shape of most of the pores is de-
termined by interfacial tension. (3) Subgrain bound-
aries often contain intergranular pores. (4) The water
content in the sample as determined by FTIR shows
that the observed pores were filled with an aqueous
fluid. The fluid escaped from the pores during prepa-
ration of thin specimens for TEM. (5) Dislocations in
quartz crystals were able to form and climb easily,

Fig. 2. TEM image of the
pelitic schist. Arrows mark
dihedral angles formed at ab vs.
qz/qz
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resulting in the formation of subgrain boundaries
connected to the pores. Thus, at the time the pores
formed, the temperature was greater than 200 �C, as
required for quartz plasticity. (6) The dihedral angles
formed at corners of the pores take a single value or at
least narrow range of values. Although it is difficult to
determine with which P–T condition the dihedral an-
gles last equilibrated during cooling of the rock, the
angles are comparable with the dihedral angle for the
quartz–H2O fluid system by Holness (1993) extrapo-
lated to 250–300 �C and 400 MPa (7). The quartz–fluid
dihedral angle changes with grain misorientation. As
expected, the angle associated with a subgrain bound-
ary is larger than the angle associated with a high-angle
grain boundary because of the lower energy of sub-
grain boundaries.

Experimental procedure

To investigate the intergranular structure at the na-
nometer scale, the TEM was used for analyzing subgrain
and twin boundaries, as well as for measurement for
dihedral angles. Texture observations and chemical an-
alyses were made with a 200-kV (JEM-2010) and a 300-
kV (Philips CM30) electron microscope, both fitted with
an energy dispersive X-ray analyzer (EDX). Crystallo-
graphic information was obtained from diffraction pat-
terns. For measurements of dihedral angles, we aligned
the axis of the triple junction as close as possible to
parallel with the direction of incident electron beam.
However, because of limitation of the rotation angle of
the TEM specimen holder, this exact condition was not
always met.

We used a reflected light microscope for dihedral
angle measurements of ab vs. ab/ab. Observed angles are
different from the real ones; however, the median of the
observed angles corresponds to the true angle, if the
samples have a single dihedral angle (Riegger and Van
Vlack 1960). Polished sections were chemically etched
with a HF solution to distinguish quartz from plagio-
clase and to highlight the interfaces. To get statistically
accurate angles, a large number (n 
200) of angles were
measured by this method.

Results

Dihedral angles at triple junctions

Distributions of dihedral angles for ab vs. ab/ab, qz vs.
ab/ab and ab vs. qz/qz are shown in Fig. 3a–c. With
TEM, the angles can be measured with high-resolution;
however, the numbers of angles that can be measured is
very limited because we can only observe a very small
region in the specimen. Consequently, for qz vs. ab/ab
and ab vs. qz/qz, the number of measured angles is small.
The peak and the median angles for ab vs. ab/ab are
similar with a value of 
120�. Both angle distributions

in qz vs. ab/ab and ab vs. qz/qz have distinct peaks;
however, the peak and the median angles are slightly
different, possibly because of the limited number of
measurements or to crystal anisotropy.

Subgrain boundary analysis by TEM

Some subgrain boundaries in quartz grains are con-
nected to intergranular pores (i.e., fluid inclusions). To
determine the interfacial energy, a simple subgrain
boundary in contact with intergranular fluid inclusions
was analyzed. In Fig. 4a, a periodically aligned set of
dislocations forms a subgrain boundary in a quartz
grain. In the image, dislocations are observed as points,
especially in the thin region near the sample edge be-
cause they are almost parallel to the incident electron

Fig. 3a–c. Distributions of dihedral angle formed at triple junc-
tions. a Ab vs ab/ab angles measured on a reflected light optical
microscope images. n Number of measured angles; m median of the
measured angles. b Ab vs. qz/qz measured on TEM images. c Qz vs.
ab/ab measured on TEM images
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beam. Dislocations in the boundary are separated by a
constant interval of 
44.4 nm, demonstrating that the
subgrain boundary is formed with one type of disloca-
tion. The boundary intersects to a pore with symmetri-
cally curved grain faces. The dihedral angle at the corner
of the pore connected to the boundary is 130±1�. The
plane of the subgrain boundary is almost parallel to the
{120} plane and perpendicular to the ll3

� �
plane of

quartz. Because our TEM analysis cannot treat quartz
as a trigonal crystal, but as a hexagonal crystal, these
crystallographic numbers are for hexagonal symmetry.
Two pairs of diffraction spots in Fig. 4c show that ad-
jacent grains are misoriented by 0.7±0.1� around a ro-
tation axis almost parallel to 2ll

� �
.

Twin boundary analysis by TEM

Twin boundaries were observed in albite grains. At the
intersection of a twin boundary with an ab/ab or qz/ab
boundary, the grain or phase boundary is slightly
curved, indicating a balance of twin and grain/phase
boundary tension as shown in Fig. 5. The type of twin,
either albite or pericline, can be determined from dif-
fraction patterns. For example, based on the diffraction
pattern in Fig. 5, the boundary plane is parallel to (010)
of albite, consistent with an albite twin. There are fewer

pericline twins than albite twins in the sample; thus, one
pericline twin and five albite twins were analyzed.
Measured values of dihedral angles and calculated val-
ues of interfacial energies are summarized in Table 1. As
shown in Fig. 1c, we collected three angles at each twin
and grain/phase boundary intersection. Some of the in-
tersections are not concave so that h1=180�. This situ-
ation indicates that interfaces correspond to low-index
crystallographic planes of quartz or albite that fail to
develop interfacial tension balance at the intersections.
We did not include this type of structure in the angle
measurements. Most twin boundaries are not orthogo-
nal to grain and phase boundaries, thus yielding two
different values for both h1 and h2. Although the number
of measured angles is small, h1 does not depend signifi-
cantly on the type of twin or the types of intersecting
interfaces, and h1 is very large, 174.5±1.5�.

Discussion

Relative interfacial energies

The quartz and the albite grains are elongated parallel to
the foliation of the rock, indicating that the shape of the
grains is not entirely controlled by the minimization of
interfacial energy. At low-temperature conditions, in-
terfaces cannot migrate enough to minimize interfacial
energies. However, at many triple junctions, the inter-
faces are curved as demonstrated in Fig. 2. The inter-
faces appear to have locally rearranged to balance
interfacial tension at each triple junction. This supposi-
tion is supported by the measurement of the dihedral
angles at triple junctions of albite grains as shown in
Fig. 3a. Although the observed dihedral angles do not

Fig. 4a–c. TEM image and diffraction patterns taken with the
incident beam parallel to 2 l l

� �
. a Periodic aligned dislocations

indicated by a row of arrows form a subgrain boundary (SGB)
connected to a triangular pore. Arrow in the pore shows dihedral
angles between the pore and the quartz grain. b Diffraction pattern
from the region of the subgrain boundary. c Enlargement pattern
of b. Pairs of diffraction spots pointed by arrows indicate that the
regions separated by the boundary are misoriented by 0.7±0.1�
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exhibit the predicted distribution for random planar
sections in three-dimensional samples with a single di-
hedral angle (Jurewicz and Jurewicz 1986), both the
peak and the median of the angle distribution are 
120�,
the value expected for the balance of interfacial tensions
at a triple grain junction. Thus, we suggest that the
medians or/and peaks of other observed angle distribu-
tions coincide with true angles. Additionally, previously
reported values for quartz–feldspar dihedral angles are
similar to our values, even though the metamorphic
conditions are very different (Vernon 1968; Hiraga 1999;
Holness and Clemens 1999). Including small differences
between the peak and the median angles in Fig. 3b, c, for
ab vs. qz/qz and for qz vs. ab/ab, we use dihedral
angles of 111±6� and 107±3�, respectively, to calculate
relative interfacial energies. Consequently, the ratio
cqz/qz:cab/ab:cqz/ab =1:1.06±0.12:0.89±0.07 is obtained.

Structure of subgrain boundary

The slip systems of quartz at various conditions and the
dislocations forming subgrain boundaries have previ-
ously been characterized (e.g., Baëta and Ashbee 1969;

Trépied et al. 1980). To reduce the strain energy in
grains caused by free dislocations, the dislocations or-
ganize into subgrain boundaries parallel to a specific
plane that tends to be normal to slip planes. Thus, in the
observed structure in Fig. 4a, the <110>slip direction,
which is tilted 11� from <120>, is the only appropriate
slip direction among the well-studied slip systems in
quartz (e.g., Baëta and Ashbee 1969; Trépied et al.
1980). The l l 3

� �
plane is almost perpendicular (
86�)

to the subgrain boundary plane and parallel to the
Burger’s vector of the dislocations. Therefore, disloca-
tions belonging to l l 3

� �
<a> slip system are the most

appropriate constituents for the subgrain boundary.
Although this slip system has not been commonly re-
ported (e.g., Baëta and Ashbee 1969), Nishikawa and
Takeshita (2000) showed that the crystallographic ori-
entations of subgrains and recrystallized grains in quartz
veins collected from the same metamorphic belt as the
present sample are explained by the same l l 3

� �
<a>

slip system (correspond to x{103}<a> in their paper).
Basal (001)<a> slip, the most common slip system in
quartz, specifically develops at low temperatures similar
to those experienced by this rock. Lattice preferred
orientation data for quartz in a schist, collected from the

Fig. 5. TEM image of inter-
sections of twin boundaries and
qz/ab phase boundary plus dif-
fraction pattern from one of the
twin boundaries. The arrows
identify the dihedral angle h1

formed at the intersections.
Based on diffraction pattern
analysis, type of the twin (tw) is
characterized as albite twin,
whose boundary plane is paral-
lel to (010)

Table 1. Measured values of dehedral angles and calculated values of interfacial energies for albite and pericline twin boundaries

Twin type Interface type h1 h2 h3 cif/ctw cif

(�) (�) (�) (mJ/m2)

Pericline Ab/Ab 174 94 92 9.5 161
Albite Qz/Ab 176 88.5 95.5 14.0 238
Albite Qz/Ab 174 93 93 9.5 161
Albite Ab/Ab 175 101 84 11.6 197
Albite Qz/Ab 173 107 80 8.6 147
Albite Qz/Ab 176 78 106 14.2 242
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same area as the present sample, exhibits a cleft girdle
type and a type I cross girdle (Tagami and Takeshita
1998) resulting from primary slip on the system
(001)<a> (Lister et al. 1978). Although an ideal dis-
location from the (001)<a>slip system is inclined at

25� to the incident electron beam direction, the pos-
sibility of the dislocations belonging to the basal slip
system remains. The length of the Burgers vector (b) can
be calculated from the relation /=b/h, where h is the
spacing between dislocations. With /=0.7±0.1� and
h=44.4 nm, b=0.54±0.08 nm, which is in good
agreement with the length of the a-axis of quartz. This
result is consistent with observations from previous
studies (e.g., Trépied et al. 1980; Mclaren et al. 1989).

Estimation of grain boundary energy for qz/qz
boundaries from subgrain boundary structure

The dihedral angle for intergranular pores connected to
high-angle grain boundaries in quartz is 45±5�, the
value derived from the distribution of observed dihedral
angles (Hiraga et al. 2001). In contact with the subgrain
boundary, the dihedral angle is 130±1�. Substitution of
these values into Eq. (1) yields clgb:cgb=1:2.2±0.1.

For a dislocation on the basal plane with b=(1/3)
<a>, K=45 GPa at 25 �C and K=44 GPa at 500 �C
(Heinisch et al. 1975). Further, for a dislocation on the
l l 3

� �
plane with b=(1/3)<a>, K=44 GPa at 600 �C

based on Eq. (4). Heinisch et al. (1975) showed that the
value of K decreases by <10 GPa in various <a>slip
systems from room temperature to 550 �C near the a–b
transition. Therefore, calculation of K for the
l l 3

� �
<a> slip system based on Eq. (4) gives lower

values. Taking these factors into consideration, the
subgrain boundary energies including both the
l l 3

� �
<a> and the (001)<a> cases are estimated us-

ing Eq. (2) with b=0.49 nm for a-quartz and
K=50±5 GPa. Substitution of these values into Eqs. (2)
and (3) yields clgb=120±45 mJ/m2. Consequently, cgb

(qz/qz)=270±110 mJ/m2. Also, the interfacial energy
for quartz in contact with an aqueous fluid is
cqz/pore=145±55 mJ/m2 from Eq. (1).

Interfacial energies for pl/pl and qz/pl boundaries
from twin boundary structure

Because the sample used for twin boundary analysis
did not experience a metamorphic event higher above
the phase transition for albite, that is, low-albite to
high albite, the twins might have formed by glide
twinning during deformation (e.g., Lawrence 1970;
Olsen and Kohlstedt 1985). It is known that albite and
pericline twins are the only twins that can be formed by
glide. Olsen and Kohlstedt (1985) showed that pericline
twins are less numerous than albite twins in plagioclase
from a shear zone, a feature consistent with our ob-
servations. Hayward et al. (1996) measured a width of

2W=2.5±0.1 nm for pericline twin walls from diffuse
X-ray diffraction caused by the walls. As suggested by
Hayward and Salje (2000), the width of albite twin
walls is likely to be similar to the width of pericline
twin walls because their formation process at a phase
transition and displacement of the lattice are similar. In
addition, no significant difference in dihedral angle (h1)
is observed between the two types of twin (Table 1).
Thus, we use the thickness of a twin wall of 2.5±0.1 nm
not only for pericline twins, but also for albite twins.
Tc changes significantly with orthoclase content above

3%, but is stable at Tc=1,327 K for 0 to 
3% or-
thoclase (Hayward and Salje 1996), the concentration
in our albite grains. Chrosch and Salje (1999) and Salje
(2000) use a=1/8 as a conservative value for twins in
various materials (Salje and Hayward personal com-
munication). With A=8.23 J/molÆK for pure albite
referred in Hayward and Salje (1996), a=1/8,
Tc=1,327 K and 2W=2.5±0.1 nm, a value of
ctw=17±1 mJ/m2 is obtained from Eq. (7) for both
types of twins. Using Eq. (8), measured values of h1, h2,
and h3, and the twin boundary energy yields cif

=205±65 mJ/m2; this range includes interfacial ener-
gies of both ab/ab grain boundaries and qz/ab phase
boundaries (Table 1). This result is in good agreement
with interfacial energies for ab/ab and qz/ab bound-
aries determined above from qz/qz grain boundary
energy with relative interfacial energies for them.

Comparison with interfacial energies
in different systems

As shown above, two independent methods give almost
the same value for the interfacial energies. We propose
interfacial energies for qz/qz boundaries of 270±110 mJ/
m2, for ab/ab boundaries of 300±150 mJ/m2, and for
qz/ab boundaries of 250±120 mJ/m2, which include
values determined by different methods. The ranges may
be small enough for practical application to geological
phenomena such as grain growth, fluid distribution, and
microtexture formation in rocks (e.g., Jurewiscz and
Watson 1984; Urai et al. 1986; Masuda et al. 1997). As
discussed previously, these energies are obtained from
the microstructures equilibrated at lower than 300 �C
and 600 MPa, which is the highest metamorphic con-
dition that the rock experienced.

The present values for interfacial energies are rela-
tively small compared with values reported for other
materials. For example, grain boundary energies for
NiO and MgO are estimated to be 
3,000 mJ/m2 (Duffy
and Tasker 1983). Also, grain boundary energy of oli-
vine is estimated to be 900±350 mJ/m2 (Cooper and
Kohlstedt 1982) and 
1,400 mJ/m2 (Duyster and
Stöckhert 2001); this difference maybe because of the
difference in temperature with which their samples last
equilibrated. Holness (1992, 1993) suggested that the
quartz grain boundary and quartz–H2O fluid interfacial
energies decrease with increasing temperature and
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pressure in the low temperature regime (up to 600 �C at
constant pressure of 400 MPa) and in the low pressure
regime (up to 600 MPa at constant temperature of
800 �C) in quartz–H2O fluid systems. Because inter-
granular aqueous fluid inclusions are numerous in our
rock sample, water must have been abundant and maybe
comparable to the hydrous environment at the experi-
mental conditions. Therefore, the values of interfacial
energy obtained in this study should represent relatively
high values for interfacial energies for rocks from the
Earth’s crust because our values must reflect conditions
less than or equal to the highest metamorphic condition
that the rock experienced. Our value for quartz–aqueous
fluid interfacial energy (145±55 mJ/m2) can be com-
pared with the interfacial energy of quartz–liquid water
(335–385 mJ/m2) determined at ambient conditions
(Parks 1984), again taking into account the observation
that the energy decreases with increasing temperature
and pressure.
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Appendix

S1 ¼ b2
0ðg cos4 H þ d13d

4
3

2kðb0 þ qÞ2

S2 ¼ 4b2
0d

2
3 cot2 H

ðb0 þ qÞ2

d2
1 ¼ k þ l sin2 H � m sin4 H

k

d2 ¼ 2k þ l sin2 H
k

d2
3 ¼ b0 þ q sin2 H

b0

d ¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ 2d1

p

b0 ¼ C66

q ¼ C44 � C66

k ¼ C11C66

l ¼ ðC11C33 � C2
13Þ � 2C44ðC11 þ C13Þ

m ¼ ðC11C33 � C2
13Þ � C44ðC11 þ C33 þ 2C13Þ

d13 ¼ C11C33 � C2
13

g ¼ C11C33 � ðC13 þ 2C44Þ2

H: angle between c axis and a dislocation line

H ¼ 67� for 1 1 3
� �

; b ¼ ð1=3Þ 1 10h i slip system
� �

:
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