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Abstract Textural development of igneous rocks in the
late stage of crystallization was experimentally studied
using the diopside—anorthite and diopside-forsterite-
anorthite systems. Isothermal, cooling, and heating ex-
periments were performed within the temperature range
in which the melt fraction was low (less than 25 vol%).
Dihedral angles at solid-melt-solid triple junctions were
measured as the indicator of the interfacial energy ratio
(solid-melt interfacial energy/solid-solid grain boundary
energy). In isothermal experiments, the dihedral angle
(i.e. interfacial energy ratio) was large at low tempera-
tures and small at high temperatures. The dihedral angle
increased during cooling and decreased during heating
compared to the equilibrium value. In cooling, crystal
clustering and melt segregation were observed when the
dihedral angle increased. The observed clustering
threshold (dihedral angle~58°) in cooling experiments
almost corresponded to the theoretical threshold (60°)
which causes crystal clustering and melt segregation to
minimize total interfacial energy under equilibrium
conditions. These experimental results suggest that the
change of dihedral angle under non-equilibrium condi-
tions is a substantial phenomenon depending on the
actual change of the interfacial energy ratio. Many kinds
of clustering textures are observed in natural igneous
rocks. Glomeroporphyritic texture in volcanic rock and
clustering texture in granite were observed as examples
of clustering textures in natural igneous rocks. Owing to
the analogy between the natural clustering textures and
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experimental textures, a textural diversification process
depending on interfacial energies is suggested.

Introduction

Textural development of igneous rocks is a important
phenomenon in the earth sciences. Rock texture con-
tains much information about magmatic processes and,
in particular, cooling process of magma (e.g. Kirkpa-
trick 1975, 1981; Lofgren 1980; Cashman 1990). Many
experimental studies have been carried out to elucidate
the textural development process (Lofgren 1974, 1983;
Lofgren et al. 1979; Kirkpatrick 1974; Kirkpatrick et al.
1976, 1979; Donaldson 1976, 1979; Fenn 1977; Swanson
1977, Swanson and Fenn 1986; Naney and Swanson
1980; Muncill and Lasaga 1987, 1988; Tsuchiyama 1983,
1985). These experimental efforts focused on the early
stage of crystallization process, namely, on crystal
growth in the stage with high melt fractions. A few ex-
perimental studies investigated the relationship between
the grain size of the groundmass and the cooling rate in
the late stage of magma crystallization (e.g. Walker et al.
1976, 1978; Grove and Walker 1977). However, few
experimental studies were carried out to address, for
example, the change in spatial distribution of crystals
and melt through the late stage to complete crystalliza-
tion.

This late stage of crystallization with low melt frac-
tions, as well as nucleation and growth in the early stage
of crystallization, is considered to be a significant pro-
cess determining the final texture of rocks. In the late
stage, crystals necessarily contact each other owing to
the high solid fraction. As emphasized by Hunter (1987),
the effect of interfacial energies (i.e. textural equilibrium)
will be significant in textural development subsequent to
the beginning of crystal contact. Interfacial energies
subsequent to crystal contact probably influence the fi-
nal texture of the crystalline aggregate by influencing
such features as the spatial distribution of crystals and
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melt, although interfacial energies are also significant
prior to crystal contact to give the characteristic aspect
ratios of crystal shape. Hunter (1987) suggested the
importance of the textural equilibrium on textural de-
velopment in the late stage of crystallization and, in
particular, in the formation of adcumulate texture in
layered intrusions as an example. Bryon et al. (1994,
1995, 1996) studied the textural development of granitic
rocks from the early to late stage of crystallization in
three dimensions by serial sectioning natural specimens.
However, the details of the textural development in the
late stage of crystallization have not been revealed by
experiments.

The present study deals with the late stage of crystal-
lization with the starting materials of low melt fractions
(less than 25 vol%). The binary system diopside (Di;
CaMgSi;Og¢)—anorthite (An; CaAl,Si>Og) (Osborn 1942)
and the ternary system diopside (Di; CaMgSi,Og)—for-
sterite (Fo; Mg,Si04)—anorthite (An; CaAl,Si,Og) (Os-
born and Tait 1952), both of which are very familiar to
petrologists as simple basaltic systems, were used in the
experiments. The cooling experiments were performed
from the temperature at which many crystals already
exist. One of the most significant discoveries in the present
study was an increase in dihedral angle (interfacial energy
ratio) during cooling. This increase inthe interfacial en-
ergy ratio causes crystal clustering and melt segregation.
We discuss the textural diversification of igneous rocks
from the viewpoint of such crystal clustering. Decrease in
the dihedral angle during heating was also found in the
present study and will be discussed in regards to crustal
anatexis leading to formation of migmatite.

Theories of interfacial energies and melt behavior

It is well-known that the ratio of solid-liquid interfacial
energy to solid-solid grain boundary energy (ys/yss)
controls the equilibrium morphology, distribution, and
connectivity of liquid (e.g. Smith 1948; Beere 1975; Bu-
lau et al. 1979; von Bargen and Waff 1986; Laporte et al.
1997; Laporte and Provost 2000). The dihedral angle (6)
at a solid-liquid-solid triple junction is a measurable
indicator of the interfacial energy ratio (yg/yss) and is
generally used to discuss the morphology and connec-
tivity of liquid (Fig. 1). The interfacial energy ratio (yg/
7ss) has a following simple relationship with the dihedral
angle (0):

Vsl 1
Vs 2 cosd m
when the solid phase is monomineralic and isotropic.
The effects of crystal anisotropy were discussed by Waff
and Faul (1992), Laporte and Watson (1995) and Faul
(2000). Melt geometry and network in multiphase par-
tially molten systems were also studied (e.g. Toramaru
and Fujii 1986; Nakano and Fujii 1989). The systems
previously studied experimentally in earth sciences can
be divided into two categories: those that involve par-
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Fig. 1 Liquid (melt) geometry and dihedral angle (). Liquid exists
in corners and along the edges in three dimensions. Dihedral angle
is formed by the balance of interfacial energies (tensions) 74 and yss.
Observed (apparent) dihedral angle in the two-dimensional section
(¢) changes with the cutting direction

tially molten systems (e.g. Waff and Bulau 1979; Jure-
wicz and Watson 1984, 1985; Fujii et al. 1986; Toramaru
and Fujii 1986; von Bargen and Waff 1988; Laporte
1994; Laporte and Watson 1995; Lupulescu and Watson
1999; Gaetani and Grove 1999) and those that are solid-
aqueous fluid systems (e.g. Watson et al. 1990; Holness
1993, 1995; Watson and Lupulescu 1993; Mibe et al.
1998, 1999). Most of these dihedral angles were mea-
sured in regards to the connectivity of liquid in the crust
and mantle. Many studies also deal with the influence of
interfacial energies and melt geometry on the rheology
of rocks (e.g. Cooper and Kohlstedt 1986).

Interfacial energies control not only liquid connec-
tivity but also liquid infiltration and expulsion (e.g.
Watson 1999). In the present study, the roles of the in-
terfacial energies are emphasized. In materials sciences,
Beere (1975) theoretically studied the relationship
among volume fraction of melt, dihedral angle, and total
interfacial energy with a three-dimensional model. In
earth sciences, Watson (1982) studied the theoretical
relationship between dihedral angle and total interfacial
energy (Fig. 2a, left). The calculated results of these two
studies suggested that liquid infiltrates the crystalline
aggregate when 0 <60° and is expelled from aggregate
when 0>60° (Fig. 2a, right). Later, Park and Yoon
(1985; with a 3-D model), Jurewicz and Watson (1985;
with a 2-D model) and Laporte and Watson (1995; with
bee and fee 3-D models) reached very interesting cal-
culated results. The common conclusion of these three
studies was that an equilibrium melt fraction exists
which minimizes the total interfacial energy even with
low dihedral angle less than 60° (Fig. 2b, left). Watson
(1999) termed this melt fraction the ‘“‘minimum-energy
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melt fraction (MEMF)”. If the concept of equilibrium
melt fraction is correct, the melt infiltration and expul-
sion can occur due to the dihedral angle. If the melt
fraction in the crystalline aggregate is less than the
equilibrium melt fraction, additional melt can infiltrate
the aggregate up to the equilibrium melt fraction. In
contrast, when the crystalline aggregate includes melt
exceeding the equilibrium melt fraction, the excess melt
will be expelled from the aggregate (Fig. 2b, right).
These predictions of liquid behavior based on the
interfacial energies have been confirmed by experiments.
Melt infiltration under small dihedral angle condition
was experimentally confirmed by Watson (1982). Riley
Jr. and Kohlstedt (1991) also showed the melt infiltra-
tion under conditions of small dihedral angle by exper-
iments with melt migration couples composed of olivine
aggregate and silicate melt. Jurewicz and Watson (1985)
experimentally demonstrated melt segregation under
large dihedral angle conditions. They maintained the
starting material of granitic composition isothermally
(1,000 °C) under 10 kbar and obtained a texture con-
sisting of clustered crystals and melt pools. The crystal
clusters were considered to form by melt expulsion from
the crystalline aggregate. Expelled melt gathered and

Melt infiltration Mel expulsion

and segregation

formed melt pools to minimize total interfacial energy.
Hunter (1987) applied this concept to the textural
development of adcumulate formed in natural igneous
intrusions. He mentioned the importance of the inter-
facial energies in the textural development of igneous
rocks in the late stage of crystallization of magma.

Experiments
Starting materials

The starting materials in the diopside (Di)-anorthite
(An) system (Fig. 3a) and in the diopside—forsterite
(Fo)-anorthite system (Fig. 3b) were prepared with
chemical reagents (SiO,, Al,O;, MgO and CaCOy).
Chemical compositions of the materials were DigoAniq
and DiggFo3pAn;q (Wt% ratio), respectively. The
mixtures of the reagents were completely melted and
quenched. The quenched glass was ground to powder
and annealed at the subsolidus temperature of 1,240 °C
until crystallization was complete. Annealed DigoAny
consisted of diopside and anorthite crystals and
DiggFo39An;, consisted of diopside, forsterite, and
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Fig. 3 a Phase diagram of the diopside-anorthite binary system
(modified from Osborn 1942). Chemical composition of the starting
material and experimental conditions (arrows) are also shown.
b Phase diagram of forsterite-diopside-anorthite pseudo-ternary
system (modified from Osborn and Tait 1952). Chemical bulk
composition of the starting material and cooling pass (arrow) are
also shown

anorthite crystals. They were ground to powder again
and used in the experiments. The chemical compositions
of the starting materials determined by X-ray fluores-
cence (XRF) are shown in Table 1 with ideal composi-
tions for comparison.

Heating conditions

The starting material was put in the Pt-wire loop (4 mm
in diameter) and heated in an ordinary electric furnace.
Experiments were performed at room pressure because
we could precisely control the cooling rate with the room
pressure furnace. The Pt-wire loop has been widely used
in many previous experimental studies in order to reduce
the heterogeneous nucleation (e.g. Donaldson et al.
1975). The temperature calibration was performed using
the melting points of Au (1,062.5° C) and diopside
(1,391.5 °C). All heating conditions are listed in Table 2.

With DiggAn; starting material, isothermal cooling
(0.5 and 0.05 °C/min) and heating experiments
(0.5 °C/min) were performed. Isothermal experiments
were carried out in order to investigate the equilibrium

Table 1 Ideal and XRF-analyzed chemical composition of the
starting materials

DigyAny DigyFozpAnig

Ideal Analyzed Ideal Analyzed
Si0, 54.27 54.4 50.43 49.5
AlLO3 3.66 3.7 3.66 3.7
MgO 16.75 16.6 28.36 29.6
CaO 25.32 24.6 17.55 18.0
Total 100.00 99.3 100.00 100.8

texture and the dihedral angle at each temperature.
Cooling experiments were performed mainly from
1,350 °C. The specimen was held isothermally at 1,350 °C
for 5 h before cooling in order to place the material near
equilibrium at the temperature. When the specimen was
held isothermally at 1,350 °C, rapid grain growth of
diopside was observed during first two h, but the grain
growth after 5 h was negligibly small. This is the main
reason why the sample was held at 1,350 °C for 5 h be-
fore cooling. After the isothermal holding the specimen
was cooled at 0.5 or 0.05 °C/min and quenched at each
temperature (mainly above eutectic temperature). One
sample was cooled to 1,150 °C (below eutectic temper-
ature) for complete crystallization (run 14). Some sam-
ples were held at 1,280 °C (above eutectic temperature)
after cooling from 1,350 to 1,280 °C (runs 15, 16). In the
heating experiments, the specimen was held isothermally
at 1,280 °C (above eutectic temperature) for 5 h and
heated at 0.5 °C/min to each quenching temperature.

With DiggFoj30An;q starting material, cooling exper-
iments at 0.5 °C/min were mainly performed. The
specimen was held isothermally at 1,350 °C for 5 h be-
fore cooling in order to place the material near equilib-
rium at the temperature. The isothermal holding
condition (1,350 °C) was on the cotectic boundary curve
where diopside, forsterite and melt coexist (Fig. 3b).
After the isothermal treatment, the specimen was cooled
at 0.5° C/min and quenched at each temperature.

Textural observation and chemical analyses
of the run products

The textures of the run products were observed with the
scanning electron microscope (SEM; JEOL JSM-840),
primarily as back-scattered electron images. Bulk
chemical compositions of the starting materials (Table 1)
were determined by the XRF (PHILLIPS PW1480)
system. The chemical compositions of the partial melt
(quenched glass) were analyzed using the energy dis-
persive spectroscopy (EDS; Oxford Link ISIS) system
attached to the SEM.

Determination of dihedral angle

The run products were investigated with respect to the
chemical composition of the melt and the dihedral angles



Table 2 Run no. and heating
conditions
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With DigyAn,q starting material

[Isothermal experiments]
Run 1

AN AW

1,350 °C (retention 5 h)—>quench
1,330 °C (retention 15 h)—quench
1,310 °C (retention 24 h)—quench
1,290 °C (retention 38 h)—quench
1,280 °C (retention 48 h)—quench
1,280 °C (retention 5 h)—>quench

[Cooling experiments from 1,350 °C at 0.5 °C/min]

1,350 °C (retention 5 h) — 0.5 °C/min—1,340 °C—quench
1,350 °C (retention 5 h) — 0.5 °C/min—1,330°C—quench
1,350 °C (retention 5 h) — 0.5 °C/min—1,320 °C—quench
1,350 °C (retention 5 h) — 0.5 °C/min—1,310 °C—quench
1,350 °C (retention 5 h) — 0.5 °C/min—1,290 °C—quench
1,350 °C (retention 5 h) — 0.5 °C/min—1,280 °C—quench
1,350 °C (retention 5 h) — 0.5 °C/min—1150 °C—quench
1,350 °C (retention 5 h) — 0.5 °C/min—1,280 °C (retention 9 h)—quench
1,350 °C (retention 5 h) — 0.5 °C/min—1,280 °C (retention 57 h)—quench

[Cooling experiments from 1,350 °C at 0.05 °C/min]

18
19
20
21

1,350 °C (retention 5 h) — 0.05 °C/min—1,330 °C—quench
1,350 °C (retention 5 h) — 0.05 °C/min—1,310 °C—quench
1,350 °C (retention 5 h) — 0.05 °C/min—1,290 °C—quench
1,350 °C (retention 5 h) — 0.05 °C/min—1,280 °C—quench

[Heating experiments from 1,280 °C at 0.5 °C/min]

22
23
24
25

1,280 °C (retention 5 h) — 0.5 °C/min—1,290 °C—quench
1,280 °C (retention 5 h) — 0.5 °C/min—1,310 °C—quench
1,280 °C (retention 5 h) — 0.5 °C/min—1,330 °C—quench
1,280 °C (retention 5 h) — 0.5 °C/min—1,350 °C—quench

With DigyFozgAnjq starting material

[Isothermal experiment]

1,350 °C (retention 5 h)—>quench

[Cooling experiments from 1,350 °C at 0.5 °C/min]
27

28
29
30

1,350 °C (retention 5 h) — 0.5 °C/min—1,330 °C—quench
1,350 °C (retention 5 h) — 0.5 °C/min—1,310 °C—quench
1,350 °C (retention 5 h) — 0.5 °C/min—1,280 °C—quench
1,350 °C (retention 5 h) — 0.5 °C/min—1,100 °C—quench

at solid—melt—solid triple junctions. The dihedral angle
appropriate to each specimen was determined by the
method proposed by Riegger and Vlack (1960). The
observed (apparent) dihedral angles (¢ in Fig. 1) on two-
dimensional sections of the three-dimensional specimen
plot along a sigmoidal curve of the cumulative percent
diagram if the specimen has a single true dihedral angle in
three dimensions. The true dihedral angle in the specimen
is close to the “‘median” of the observed dihedral angles.
Taken strictly, the true dihedral angle is slightly different
from the median. The difference (true angle minus me-
dian angle) is about + 1° when the true dihedral angle is
between 30 and 60°. Error is estimated as about +4°
(accuracy 96%, i.e. 20) when the true dihedral angle is
between 30 and 60° and the number of observed points is
around 100. In the present study, 100-200 dihedral an-
gles were measured on each polished section and the true
dihedral angle of the specimen was estimated by adding
the correction value (+ 1°) to the median angle.

The determination of the dihedral angle is based on
the assumption that a specimen has only one true di-
hedral angle. However, a specimen probably has many
true dihedral angles because rock-forming minerals are
anisotropic and have different interfacial energies for
individual crystal faces. Therefore, each solid—melt—solid

triple junction probably has a different dihedral angle.
Jurewicz and Jurewicz (1986) calculated the apparent
dihedral angle distributions for the case in which the true
dihedral angle has a normal distribution. They showed
that real distributions of natural rocks are similar to the
calculated distribution whose true dihedral angle has a
normal distribution with a standard deviation (1) up to
10°. In the present study, the distributions of observed
(apparent) dihedral angles were also different from the
theoretical distribution even in the specimen held iso-
thermally (Fig. 4). These results suggest the wide dis-
tribution of the true dihedral angle even in a single
sample. However, it is impossible to determine the true
dihedral angles at each triple junction on the two-di-
mensional section. Thus, also in the present study, the
median (strictly + 1°) of the observed angles was used as
a true dihedral angle appropriate to each specimen,
according to the custom.

Observation of clustering textures
in natural igneous rocks

We observed two types of clustering textures in natural
igneous rocks. Glomeroporphyritic texture in volcanic
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Fig. 4 Cumulative percent diagrams showing the distribution
of observed (apparent) dihedral angles ¢ on two-dimensional
sections. Two typical distributions of isothermal, cooling (0.5 °C/
min) and heating (0.5 °C/min) experiments are shown. Solid and
dashed curves indicate observed and theoretical distributions,
respectively

rocks is obviously a clustering texture. Glomeropor-
phyritic texture with clear oscillatory zoning was used to
elucidate the process of overgrowth and clustering.
Many granites seem to have clustering texture of each
constituent mineral. However, the feature of clustering
in granites is not as obvious as the glomeroporphyritic
texture. Thus, spatial distribution analysis was per-
formed to judge the degree of clustering in natural
granite specimens. The details of the observations
follow.

Glomeroporphyritic texture

Glomeroporphyritic texture signifies clotting of crystal
phenocrysts or a rock including such clots. Glomero-
porphyritic texture is often observed in volcanic rocks,
in particular, in diabase, andesite, and dacite (e.g.
Williams et al. 1954; Bard 1986). We observed the
glomeroporphyritic texture in an andesite from the
Sakura-jima volcano. The most familiar type of clot in
the specimen consisted of plagioclase phenocrysts
(monomineralic). Each of the phenocrysts in the clots
showed very clear zoning We used the zoning to in-
vestigate the crystal growth process, in particular, after
contact of the phenocrysts. Two-dimensional element
mapping was carried out with the wave length disper-
sive electron probe microanalyzer (JEOL JXA-8900L).
Ca concentration was used to trace crystal growth
because the concentration difference of Ca among
zoning bands was the clearest in the measured
elements.

Clustered texture in granite

We investigated two granite samples from Inada (Iba-
raki Prefecture) and Hirukawa (Gifu Prefecture), Japan.
Both of them are biotite-granite consisting of K-feld-
spar, plagioclase, quartz, and biotite. Potassium feld-
spar was stained (yellowish) with a Na-cobaltinitrite
solution (e.g. Houghton 1980). After obtaining images
of the stained plane, we made large thin sections
(~ 5x4 cm?) of the specimens (just the slices of those
images) and identified all of the crystal grains (grain
boundaries) in the thin sections by putting them be-
tween two polarizing plates. Binary images of each
constituent mineral were made. The spatial distribution
of each mineral was studied using these binary images
as follows. First, the coordinates of the center of mass
of the crystals were determined by image analysis with
the software “Ultimage”. In order to assess the degree
of clustering, the ‘‘nearest neighbor spatial analysis
method” proposed by Jerram et al. (1996) was used.
The degree of order, randomness, and clustering is
expressed by the index R.

T4
R=—
TE

o, ©)
rg =" and rg = b
TN PN

where N is the number of particles, r; is the distance to
nearest neighbor i, and p is the number density of
particles (N/area). In the case in which the volume
fraction of the target mineral is zero (i.e. each grain is a
dot having no volume), R=1 indicates random distri-
bution. In this case, R>1 indicates ordered distribution
and R<1 clustered distribution. The actual R value in
general cases in which crystals have finite volume (area
in image) will be mentioned later.



Results
Dihedral angle measurements

The results of dihedral angle measurements are listed in
Table 3 and plotted in Fig. 5. In Fig. 5, the variation of
the dihedral angle is plotted in two forms. Figure Sa
shows the relationship between the temperature and the
dihedral angle. Figure 5b shows the relationship between
the average chemical composition (Al,O5) of the partial
melt and the dihedral angle.

The dihedral angles in the isothermal experiments are
considered to be close to the equilibrium dihedral angles
at each temperature. The dihedral angle was high at low
temperatures. The dihedral angle was high with high
AlLO; (An component) concentration in melt. This
tendency is consistent with the variation of the dihedral
angle in many metallic binary systems, for example, Zn—
Sn, Al-Sn, Zn-In, and Zn-Bi systems (e.g. Eustatho-
poulos et al. 1976; Passerone et al. 1977, 1979; Camel
et al. 1980).

In the cooling experiments, increase in the dihedral
angle was observed. The tendency of dihedral angle to
increase with decreasing temperature and with increas-
ing Al,O3 content in melt was the same as that of iso-
thermal experiments. However, the dihedral angles in
cooling experiments were always larger than those in the
isothermal experiments when they were compared at the
same temperature. The increase in the dihedral angle
became larger with increasing cooling rate. The
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maximum difference between the non-equilibrium and
equilibrium was 13° (at 1,310 °C), which corresponds to
the increase in solid-melt interfacial energy about 6%
according to Eq. (1) (on the assumption that the grain
boundary energy does not depend on the temperature).
The maximum dihedral angle was 61° at 1,280 °C in
cooling experiment (0.5 °C/min). In silicate systems di-
hedral angles greater than 60° are very rare in equilib-
rium experiments (Harte et al. 1993; Laporte et al. 1997;
Laporte and Provost 2000). It is also noteworthy that
the maximum dihedral angle 61° at 1,280 °C in the
cooling experiment dropped to 53 ° (equal to the equi-
librium value at 1,280 °C) after cooling stopped and
retention at 1,280 °C.

The dihedral angle was also measured in heating ex-
periments from 1,280 °C (heating rate 0.5 °C/min). The
dihedral angle at the start point of heating (after holding
at 1,280 °C for 5 h) was 53°, which is almost the same as
that of isothermal (equilibrium) experiment (1,280 °C,
48 h). Thus, the heating experiment was performed after
isothermal holding for 5 h at 1,280 °C. The dihedral
angles in heating experiments were always smaller than
those in the isothermal experiments at the same tem-
peratures.

Textural change in the experiments with DiggAniq

The textural changes in the cooling experiments are
shown in Fig. 6. Before cooling, the specimens were held
at 1,350 °C for 5 h in order to allow the specimens to

Table 3 Data list of dihedral

angle and ALO; concentration Run no. "l;emp. Retention time Dihedral angle (°) A1203 (wt%)  Error
in the melt (starting material: QS (h) . . in melt (1)
DigoAno) (Median) (Median+ 1)
[Isothermal]
1 1,350 5 36 37 12.39 1.14
2 1,330 15 39 40 13.47 1.12
3 1,310 24 44 45 14.44 0.86
4 1,290 38 50 51 15.15 0.77
S 1,280 48 53 54 15.31 0.91
6 1,280 5 52 53 15.26 0.39
[Cooled from 1,350 °C at 0.5° C/min]
8 to 1,340 45 46 12.69 0.59
9 to 1,330 51 52 12.90 0.89
10 to 1,320 54 55 13.51 0.46
11 to 1,310 57 58 14.04 0.98
12 to 1,290 57 58 14.71 0.45
13 to 1,280 60 61 14.89 0.84
15 to 1,280 9hat 1,280 °C 52 53 15.21 0.27
16 to 1,280 57hat 1,280 °C 52 53 15.44 0.54
[Cooled from 1,350 °C at 0.05 °C/min]
18 to 1,330 45 46 13.39 0.59
19 to 1,310 50 51 14.30 0.66
20 to 1,290 53 54 15.03 0.53
21 to 1,280 54 55 15.28 0.50
[Heated from 1,280 °C at 0.5 °C/min]
22 to 1,290 48 49 15.02 0.36
23 to 1,310 42 43 14.72 0.22
24 to 1,330 34 35 13.76 0.50
25 to 1,350 33 34 12.61 0.87
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approach equilibrium (Fig. 6a). The dihedral angle was
37° and most of the crystals were surrounded with the
melt although they were partly connected with neigh-
boring crystals. The specimen was then cooled at 0.5 or
0.05 °C/min. In the specimen cooled to 1,310 °C at
0.5 °C/min (run 11), the dihedral angle reached 58°, and
clustering of diopside crystals and melt segregation are
observable (Fig. 6b). In the specimen cooled to 1,280 °C
(run 13, 6=61°), we observed clustering texture of
diopside grains (Fig. 6¢c). Melt pockets within the clus-
ters disappeared by overgrowth of surrounding crystals.
The texture within a single diopside cluster is very
similar to the adcumulus texture consisting of mono-
mineralic aggregates without melt (Wager et al. 1960;
Walker et al. 1988). This clustering texture is also sim-
ilar to the plagioclase-chain structure discovered in
natural basalt by Philpotts et al. (1998, 1999). Elsewhere
in the specimen, the melt pools as shown in Fig. 6¢c were
observed. The melt pools were very similar to those

reported by Jurewicz and Watson (1985) with a granitic
system.

We performed two additional types of experiment.
One is that the specimen was cooled from 1,350 °C at
0.5 °C/min to 1,150 °C (run 14). In this experiment, the
clustering texture of diopside crystals remained and

>

Fig. 6a—f Backscattered electron images of the specimens obtained
in the cooling experiments (0.5 °C/min) with DigyAn,, starting
material. a Before cooling (after isothermal treatment at 1,350 °C
for 5h). b Cooled to 1,310 °C and quenched. Crystal clustering and
melt segregation have started. ¢ Cooled to 1,280 °C and then
quenched. Crystal clustering and melt segregation were completed.
d Cooling continued to 1,150 °C. Diopside clusters remained and
anorthite crystallized fill the interstitial space among diopside
clusters. e Cooling stopped at 1,280 °C, and then held at 1,280 °C
for 9 h. Melt infiltration into the clusters (into grain boundaries)
has started. f Cooling stopped at 1,280 °C, and then held at 1,280 °C
for 57 h. The diopside clusters collapsed into individual diopside
grains



anorthite crystallized between the diopside -clusters
(Fig. 6d). In the other experiment the specimen was
cooled at 0.5 °C/min from 1,350 to 1,280 °C, and then
held at 1,280 °C for 9 (run 15) or 57 h (run 16). The
dihedral angle of 61° when the sample reached 1,280 °C
decreased to 53° (the equilibrium value at 1,280 °C) in
9 h. Due to the decrease in the dihedral angle, the partial
melt infiltrated the diopside clusters along the grain
boundaries (Fig. 6e) and the clusters finally collapsed
into individual crystal grains (Fig. 6f).
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The textural change observed in the cooling experi-
ments at 0.5 °C/min is summarized schematically in
Fig. 7. Diopside crystals formed clusters with the
increase in the dihedral angle during cooling. Clustering
is caused by the melt expulsion from the crystalline ag-
gregate. The clustering texture remained with continued
cooling. On the other hand, the clustering texture col-
lapsed into individual crystals by isothermal holding at
1,280 °C with a decrease in the dihedral angle to the
equilibrium value. In the specimen cooled at 0.05 °C/
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min, a similar but less well developed textural change
(crystal clustering and melt segregation) was observed.
In isothermal experiments between 1,350 and 1,280 °C,
in which the dihedral angle ranged from 37° to 53°, such
textural change was not observed.

Textural change in the experiments with DiggFozgAn

The starting material was held at 1,350 °C (5 h) on the
cotectic boundary curve where diopside, forsterite and
melt coexist (Fig. 8a). Following isothermal processing,
the specimen was cooled at 0.5 °C/min. During cooling,
the diopside crystals began to form clusters including
forsterite grains (Fig. 8b). This suggests that the coex-
isting minor minerals are involved in the clustering of
the major mineral grains. Melt-concentrated areas were
also observed, in which the grain size of each crystal was
large and the crystals formed larger clusters (Fig. 8c).
The clustering texture remained with continued cooling
and finally anorthite crystallized between the diopside-
forsterite clusters (Fig. 8d).

Observation of clustering textures
in natural igneous rocks

Glomeroporphyritic texture

Figure 9 shows the two-dimensional distribution of Ca
concentration in the glomeroporphyritic texture con-
sisting of plagioclase phenocrysts. Very clear zoning is
observed in the plagioclase phenocrysts in the clot. The
origin of the albite-rich core is not evident. Here, we
only regarded the anorthite-rich rim showing the oscil-
latory zoning. (Various explanations exist for the origin
of the albite-rich core, for example, magma mixing after
formation of the core, but the correct interpretation is
not clear Thus, we dealt with the crystal growth process
recorded only in the oscillatory zoning of the rim part.)
Since all of the phenocrysts have zoning bands with the
same Ca concentrations, we could trace the crystal
growth history. Figure 10 shows the crystal growth
history based on the Ca concentration. In Fig. 10b
phenocrysts are growing individually in melt without
any obstacles. In Fig. 10c phenocrysts contact each
other and crystal growth begins to be restricted. Al-
though crystal growth to the outer side is free, growth to
the inner side can progress only in the melt pocket sur-
rounded by phenocrysts. Surprisingly, phenocrysts
overgrow and fill the melt pocket surrounded by them-
selves from c to f. In Fig. 10f the melt pocket is almost
completely filled by grown phenocrysts. The plagioclase
component was clearly sequentially added to the melt
pocket from somewhere during the overgrowth of the
phenocrysts. If not, the residual liquid in melt pocket
would be depleted in plagioclase component during the
overgrowth of plagioclase phenocrysts. Thus, the “melt
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Fig. 7 Schematic diagrams of textural development observed in
the cooling experiments (0.5 °C/min) using DigyAn;, starting
material

pocket” may possibly have been connected by channels
to the surrounding melt in three dimensions.

Clustered texture in granite

We investigated two granite specimens from Inada
(Ibaraki Prefecture) and Hirukawa (Gifu Prefecture),
Japan. Both are biotite-granite consisting of K-feldspar,
plagioclase, quartz, and biotite. Figure 11 shows the
entire image of the granite sample from Inada and the
binary images of each constituent mineral. The results of
the spatial distribution analysis using ‘‘nearest neighbor
spatial analysis method” proposed by Jerram et al.
(1996) are shown in Table 4. The results from the Hir-
ukawa granite specimen are also show in Table 4. The
degree of order, randomness, and clustering is expressed
by the index R. When the volume fraction of the target
mineral is zero (i.e. each grain is a volumeless point),



Fig. 8a—d Backscattered electron images of the specimens ob-
tained in the cooling experiments (0.5 °C/min) in with Digg
Fos3pAn; starting material. a Before cooling (after isothermal
treatment at 1,350 °C for 5 h). b, ¢ Cooled to 1,280 °C and
quenched. d Cooling continued to 1,100 °C and then quenched.
Anorthite crystallized

R=1 indicates random distribution. R>1 indicates or-
dered and R<1 clustered distribution. The R value of
random distribution is influenced and changed by the
volume fraction of the target mineral. The R value of
random distribution increases with increasing volume
fraction (i.e. mode) of the target mineral (Fig. 12).
Therefore, the level (R value) of random distribution
needs correction with respect to the volume fraction of
each target mineral.

The R values are in general less than the R of random
distribution, except for biotite crystals in the Inada
granite. Therefore, the spatial distribution of the crystals
of each phase, at least of K-feldspar, plagioclase, and
quartz, is considered to be clustered in those two granite
specimens. Furthermore, each cluster rarely contains
different crystalline phases. Each cluster is similar to the
“adcumulate” which consists of phenocrysts of the
monomineralic phase and contains no melt pocket
(Wager et al. 1960). This is a significant aspect which
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corresponds to that observed in the glomeroporphyritic
texture discussed above.

Discussion
Dihedral angle under equilibrium conditions

According to the results of isothermal experiments, the
equilibrium dihedral angle seems to depend on the
chemical composition of partial melt (Fig. 5b; solid
curve). The dihedral angle at the diopside-melt-diopside
triple junction tends to increase with increasing Al,O3
concentration (anorthite component) in the melt. Such a
tendency has been observed in many metallic binary
systems, for example, Cu—Pb, Zn-Sn, Al-Sn, Zn—In, and
Zn-Bi systems (e.g. Eustathopoulos et al. 1974a, 1976;
Passerone et al. 1977, 1979) and has been discussed the-
oretically in conjunction with thermodynamics and sta-
tistical mechanics (e.g. Eustathopoulos et al. 1974b; Takei
and Shimizu 2001). The theoretical studies suggested that
the solid-liquid interfacial energy depends on the chem-
ical composition of the melt. The interfacial energy tends
to increase with depletion of the solid component in the
melt. The interfacial energy ratio (y4/7ss) and the dihedral
angle are thought to increase with depletion of the solid
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Fig. 9 Two-dimensional

Ca concentration map of

the glomeroporphyritic texture
in andesite specimen from the
Sakura-jima volcano

component in the melt. The following discussion of the
non-equilibrium interfacial energies will be based on this
compositional-dependence hypothesis.

Dihedral angle, interfacial energy and texture
under non-equilibrium conditions

The difference of between the dihedral angle and the
equilibrium values under the non-equilibrium conditions
is one of the important results reached in the present
study. The dihedral angles in cooling process were al-
ways greater than those in isothermal (equilibrium) ex-
periments when they were compared at the same
temperatures (Fig. 5). In contrast, the dihedral angles in
the heating process were always smaller than those in
isothermal experiments. Askay et al. (1974) suggested
that the dihedral angle in a solid—liquid coexisting sys-
tem decreases during the chemical reaction (non-equi-
librium condition) because the free energy reduction
during the early stage of the chemical reaction occurs
only along the solid-liquid interface. The increase in the
dihedral angle during cooling observed in this study
cannot be explained by their theory.

Fortunately, the increase and decrease in the dihedral
angle and textural change as well were observed during
the present study. Comparison of the dihedral angle and
texture allows discussion of whether the change of
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dihedral angle under non-equilibrium conditions is due
to the change of interfacial energy ratio (yg/yss) or, if
instead, change of the dihedral angle is not dependent on
the interfacial energy ratio. In the cooling experiment at
0.5 °C/min, melt expulsion and crystal clustering began
when the dihedral angle was greater than 58° (1,310 °C)
and were completed when the dihedral angle reached 61°
(1,280 °C). On the other hand, melt infiltration and
cluster were observed when cooling of the specimen was
stopped and the dihedral angle decreased to 53° (Fig. 6f).
The boundary between clustering and non-clustering can
be drawn at around 0~58° in Fig. 5. This value is close
to the theoretical threshold (0= 60°) between melt infil-
tration and melt expulsion based on the total interfacial
energy under equilibrium conditions as shown in Fig. 2a.
This suggests that the change of dihedral angle under
non-equilibrium conditions does indeed depend on the
change in the interfacial energy ratio.

We advance the hypothesis that the change in the di-
hedral angle under non-equilibrium conditions results
from formation of a compositional boundary layer in the
melt surrounding the crystals. Such boundary layers are
know to form around crystals during dissolution or
growth (e.g. Donaldson 1975; Lasaga 1998; Ikeda and
Nakashima 1999). A compositional boundary layer was
actually observed by line analysis using EDS in a speci-
men from a cooling experiment (Fig. 13d). As mentioned
above, the solid—melt interfacial energy (dihedral angle)
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Fig. 10a—f Crystal growth
process traced using the Ca
concentration map shown in
Fig. 9. The melt pockets
surrounded by plagioclase
phenocrysts are gradually filled
due to the overgrowth of the
phenocrysts

a(frombtof)

depends on the chemical composition of the melt under
equilibrium conditions. It seems possible that the dihe-
dral angle changes depending on the change of the
chemical composition of the melt just touching the
crystal surface under non-equilibrium conditions. Dur-
ing cooling (crystal growth), for example, the solid—melt
interfacial energy (ys) increases depending on the
boundary layer rich in the anti-crystal components
(Fig. 13b). Here, we assume that the solid—solid grain
boundary energy (ys) does not change in the narrow
cooling temperature range. Since the small dihedral angle
cannot satisfy Eq. (1), the dihedral angle was increased in
order to satisfy the equation (Fig. 13c). This process re-
quires significant material transport towards the groove
(solid—melt-solid triple junction). According to this
model, the response of the dihedral angle may be too late
to some extent for the change of interfacial energy ratio.
The fact that the experimental clustering threshold
(0 ~ 58°) is smaller than the theoretical threshold
(0=160°) may depend on a delayed response by the di-
hedral angle to the change in the interfacial energy ratio.
Under an equilibrium condition, v4/ys = 0.577 when
0=160° from Eq. (1). During the cooling experiment, 7/
7ss may have already exceeded 0.577 when 0=58°.
However, this difference of 2° in the dihedral angle is also
considered to be an error in measurement and may be of
no significance.

The decrease in dihedral angle in the heating experi-
ments can also be explained by the same concept. The
boundary layer rich in the solid component is formed
during a dissolution (melting) process and probably
decreases the solid melt interfacial energy and the dihe-
dral angle.

If this boundary layer model is correct, the change in
the interfacial energy ratio will occur in many geological

systems. However, too many kinetic parameters remain
to be elucidated (e.g. diffusion coefficients of compo-
nents in the melt, along the crystal-melt interface, and
along the grain boundary) to confirm the boundary layer
model. As such, the boundary layer model is presented
here merely as a hypothesis.

The equilibrium dihedral angles in the magmatic
systems are generally low (0<60°) (Harte et al. 1993;
Laporte et al. 1997; Laporte and Provost 2000) and
crystal clustering did not seem likely to occur in natural
igneous bodies. However, our new experimental results
may modify this contention. If the crystals have the
opportunity to come into contact, and if the interfacial
energy ratio increases and exceeds the clustering
threshold (yq/yss ~ 0.577; 0 ~ 60°) due to cooling ef-
fects, the crystal clustering may also occur in natural
magmatic systems.

Natural rock texture and a textural
diversification model

Various types of clustering textures exist in natural ig-
neous rocks as mentioned above. A glomeroporphyritic
texture is often observed in volcanic rocks, particularly
in diabase, andesite, and dacite (e.g. Williams et al. 1954;
Bard 1986). The most familiar type is the plagioclase
phenocryst clots. Clots of pyroxene and clots consisting
of both plagioclase and pyroxene are also observed. A
glomeroporphyritic texture generally has a high melt
fraction (large quantity of groundmass around the clots)
and does not match the title of this paper. However, the
mechanism involved in the formation of this texture is
considered to be related to the experimental results of
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the present study and its textural development is
discussed here.

According to the result of Fig. 10, glomeroporphy-
ritic texture was formed by filling the melt pocket fol-
lowing phenocrysts contact. In natural systems, except
for the monomineralic rock systems such as anorthosite,
the melt (pocket) surrounded by the plagioclase
phenocrysts would deplete the plagioclase components

Section of Inada granite
(K-feldspar was stained)
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Fig. 11 Spatial distribution of crystals of each mineral in the Inada
granite. The polished section of the specimen was stained (upper
image) and made into a thin section. All crystal grains (grain
boundaries) were identified in the thin sections by putting them
between two polarizing plates. Lower Four images show the binary
images of each constituent mineral, quartz, biotite, K-feldspar, and
plagioclase

during the overgrowth of the phenocrysts and growth
would be restricted. However, plagioclase phenocrysts
actually overgrew and filled the melt pocket. Such a
growth mechanism is similar to the schematic illustra-
tion of adcumulate formation proposed by Hunter
(1987). If the solid—melt interfacial energy is high enough
to expel the melt from the phenocryst aggregate, for-
mation of the a glomeroporphyritic texture is possible.
The glomeroporphyritic texture is thought to form if the
phenocrysts have the opportunity to come into contact
with each other and if the interfacial energy ratio in-
creases due to the cooling effects discussed in the present
study. It is also possible that the glomeroporphyritic
texture collapses into individual crystals owing to melt
infiltration as shown in Fig. 6f if the interfacial energy
ratio (dihedral angle) decreases for various reasons.
Clustering textures can be seen even in granitic rocks.
(Of course, we do not assert that all granitic rocks have
such clustering texture.) The degree of order, random-
ness, and clustering is expressed by the index R (Table 4).
The R values are generally less than the R of random
distribution, except for biotite crystals in the Inada
granite. Therefore, the spatial distribution of the crystals
of each mineral phase is considered to be clustered in

Porosity (%)
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Fig. 12 R value of random distribution in the ‘“‘nearest neighbor
spatial analysis method” judging the spatial distribution of crystals.
Solid line indicates the random distribution, i.e. the boundary
between ordered and clustered distributions (modified from Jerram
et al. 1996). In the original paper by Jerram et al., the boundary line
was described versus porosity excepting target material (1 phase) as
shown above this diagram

Table 4 Spatial distribution of

crystals by the nearest neighbor Mineral Rvalue Mode R of rar}dom distribution  Distribution
spatial analysis method (from Fig. 12)
Inada granite Quartz 0.91 30 1.35 Clustered
Biotite 1.04 5 1.10 ~Random
K-feldspar 0.91 24 1.30 Clustered
Plagioclase 1.02 41 1.45 Clustered
Hirukawa granite  Quartz 1.04 30 1.35 Clustered
Biotite 0.90 2 1.05 Clustered
K-feldspar 1.25 39 1.40 Clustered
Plagioclase 1.12 30 1.35 Clustered
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Fig. 13a—d Schematic illustrations of the hypothesis explaining the
increase in the dihedral angle during cooling. a Equilibrium state
satisfying Eq. (1). b Al-rich boundary layer is formed around
diopside crystals during cooling (crystal growth). Solid-melt
interfacial energy increases depending on the chemical composition
(Al-rich) of melt just touching the crystal surface. If the dihedral
angle is maintained, such a state does not satisfy Eq. (1). ¢ Dihedral
angle increases to satisfy Eq. (1). d Results of line analysis of Al,O5
concentration by the SEM-EDS (isothermal: run 3; cooling: run 11;
both at 1,310 °C). These line profiles were modified on the
assumption that the X-ray emission by 1 um¢ electron probe has
spatial distribution expressed by Gaussian function with full-width
at half-maximum of 1.5 pm. Raw profiles were broader owing to
the wide X-ray emission area

those two granite specimens. Furthermore, each cluster
rarely has different crystalline phases in it. The clusters
of crystals are similar to the adcumulate which consists
of phenocrysts of the monomineralic phase and has no
melt pocket within it. This is a significant aspect which
corresponds to that observed in the glomeroporphyritic
texture discussed above.

The development of the clustered textures observed in
granite specimens can be explained as shown in Fig. 14.
This diagram shows two cases of textural development
dependent on variation of the sequence of crystallization
with respect to biotite. It is assumed that feldspar is the
first mineral to crystallize from the melt (K-feldspar and
plagioclase are not distinguished here). The crystallization
sequence of biotite depends largely on the H>O content of
the system (Maalge and Wyllie 1975). The model on the

Biotite - Quartz pair

Biotite - Feldspar pair

Fig. 14 Models of textural development of granitic textures during
cooling. The models to the left and right differ in the crystallization
sequence with respect to biotite. Such difference occurs, for
example, due to the H,O content in the system (Maalee and
Wiyllie 1975)

left shows a sequence in which biotite crystallizes pri-
marily with quartz (low H,O conditions). The model to
the right shows a sequence in which the biotite crystallizes
primarily with feldspar (high H,O conditions). In the
model to the left, feldspar crystals crystallize first crys-
tallizing from the melt. If the solid—melt interfacial energy
increases and exceeds the clustering threshold (yg/
75s~0.577; 0~60°), contacted feldspar crystals begin to
form adcumulate-like clusters by expulsion of melt. As a
result of the clustering of feldspar, the area is limited in
which subsequent minerals (quartz and biotite) crystal-
lize. Thus, quartz and biotite crystallize in the space be-
tween the feldspar clusters. The spatial distribution of
quartz crystals necessarily becomes clustered. Further-
more, if the quartz-melt interfacial energy (qtz—melt—qtz
dihedral angle) increases and the exceeds the clustering
threshold, quartz crystals begin forming adcumulate-like
clusters by expulsion of the melt. At the same time, the
biotite crystals will be included in quartz clusters as shown
in the Di—-Fo—An system experiment (formation of diop-
side clusters including some forsterite crystals; Fig. 8b, c).
On the other hand, in the right model, feldspar and biotite
crystals co-crystallizes early from the melt. If the solid—
melt interfacial energy increases and exceeds the
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clustering threshold, contacted feldspar crystals begin to
form adcumulate-like clusters by expulsion of melt. Bio-
tite crystals are included in the feldspar clusters. After the
feldspar-biotite clusters form, the space for quartz crys-
tallization is limited, and the spatial distribution of quartz
crystals necessarily becomes clustered. Furthermore, if
the quartz-melt interfacial energy (qtz—melt—qtz dihedral
angle) increases and the exceeds the clustering threshold,
quartz crystals begin forming adcumulate-like clusters by
expulsion of the included melt.

Actually, both types of clustering texture can be ob-
served in natural granitic rocks. For example, Morishita
and Obata (1995) reported the close spatial association
between biotite and quartz in their granitic specimen.
The close spatial association presumably indicates that
biotite grains are mainly included in quartz clusters.
Granitic rocks with the feldspar-biotite pair are also
observed in nature.

The observed equilibrium dihedral angles of granitic
systems have wide range from 10 to 60° (e.g. Laporte
et al. 1997). If the equilibrium dihedral angle is large,
only little cooling effects (increase in solid—melt interfa-
cial energy) are required for crystal clustering. However,
the cooling effect is required for clustering when the
equilibrium dihedral angle is small.

The discussion above allows proposal of a preliminary
model to produce the textural variation found in igneous
rocks. Four processes are shown in Fig. 15. Processes a
and b are for plutonic rocks and ¢ and d for volcanic
rocks. In all of the processes, the dihedral angle (solid—
melt interfacial energy) is considered to increase with
decreasing temperature even under equilibrium condi-
tions, because the chemical composition of the melt

Fig. 15a-d Textural diversifi- a
cation model depending on the =
interfacial energy ratio i
(dihedral angle). The system
with a large dihedral angle
produces clustering texture in
both plutonic and volcanic
rocks. Of course, crystal contact
is required for clustering in
volcanic rocks whose melt
fraction is generally high

Cooling

Equigranular
Clustered

en

generally changes in the direction opposite to those of
crystals with decreasing temperature. When the
interfacial energy ratio exceeds the clustering threshold
(751/75s~0.577; 6~60°), the melt pockets surrounded by
the crystals are probably expelled and adcumulate-like
clustering texture will be formed (Fig. 15a, ¢). In such a
case, the final spatial distribution of crystals does not
correspond to the early distribution of nucleation. On the
other hand, if there is no chance to exceed the clustering
threshold, clustering does not occur. In this case, the final
spatial distribution of crystals corresponds to the early
distribution of nucleation if the crystals do not move by
gravity. If the nucleation sites are random and accumu-
lation does not occur, the final texture will have a ran-
dom spatial distribution of crystals (Fig. 15b, d).

Of course, in the sequence of crystallization of actual
igneous systems, the temperature ranges of the crystal-
lization of minerals generally overlaps, thus, the degree
of clustering will be lower than that in the above models.
Crystal clusters will sometimes include other kinds of
mineral grains as shown in Fig. 8c. For example, feld-
spar clusters and quartz clusters in natural granite
sometimes include quartz and feldspar grains, respec-
tively. A natural glomeroporphyritic texture of plagio-
clase phenocrysts often includes other kinds of mineral
grains such as pyroxene.

Heating system

In this paper, we reported primarily the increase of the
interfacial energy ratio (dihedral angle) during cooling
which causes crystal clustering and melt segregation.

b c
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Eruption
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However, the decrease in interfacial energy ratio during
heating is also an important result. Partially melting
regions are thought to exist in the earth’s interior. For
example, migmatite is considered to be formed by partial
melting (anatexis) of crustal rocks. Watson (1999) sug-
gested a melt segregation mechanism during migmatite
formation which depends on the interfacial energy (min-
imum-energy melt fraction). A melt which exceeds the
equilibrium melt fraction can segregate during migmatite
formation. The results of our cooling and heating exper-
iments give the concept of melt segregation an additional
constraint. The crustal material is heated and melts par-
tially in the early stage of anatexis. During the heating
process, the solid—melt interfacial energy (dihedral angle)
probably tends to decrease, such that melt segregation by
expulsion is not likely to occur. On the contrary, the solid—
melt interfacial energy tends to increase in the cooling
process. Therefore, melt segregation is likely to occur in
cooling process during migmatite formation.

Conclusions

In order to investigate the textural development in the
late stage of crystallization, isothermal cooling (0.5 and
0.05 °C/min) and heating (0.5 °C/min) experiments were
carried out with the DiggAn;y and DigyFo3gAn;, speci-
mens of low melt fractions. The following results were
obtained.

The dihedral angle in isothermal (equilibrium) ex-
periments was lower at high temperatures and higher at
low temperatures. This tendency corresponds to those
reported in many metallic binary systems.

The dihedral angle under non-equilibrium conditions
was different from the equilibrium value. During the
cooling (crystal growth) process, the dihedral angle in-
creased with the increasing cooling rate. In contrast, the
dihedral angle decreased in the heating (dissolution or
melting) system.

When the dihedral angle increased up to ~60° in the
cooling experiment, crystal clustering and melt segrega-
tion occurred. This resulted in expulsion of the melt
from the crystal aggregate to reduce the total interfacial
energy. The clusters collapsed into individual crystal
grains when cooling was stopped and the dihedral angle
returned to the equilibrium value. These observations
provide powerful evidence that the change of interfacial
energy ratio under non-equilibrium conditions is an
actual process causing the textural change.

Natural clustering textures, such as the glomeropor-
phyritic texture in volcanic rocks and the clustering
texture in granitic rocks, can be formed by melt expul-
sion depending on the increase of interfacial energy ratio
(dihedral angle). We present a model producing textural
variation depending on the interfacial energy ratio dur-
ing cooling. The decrease in the interfacial energy ratio
during heating is also important in partially molten
geological systems such as in migmatite development.
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