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Abstract

Many physical properties of liquid-bearing rocks in the deep Earth's interior are strongly controlled by its wetting behavior. We
report experimental results on the variation of dihedral angle and microstructures in the forsterite–H2O system at 1200 °C and
pressures ranging from 1 to 13 GPa. The dihedral angle of the system decreases systematically with pressure and above the mantle
transition zone (∼ 400 km depth) it becomes approximately 0°, corresponding to completely wetted grain boundaries. This
condition is probably reached because of a decrease in the solid–liquid interfacial energy with pressure due to the dramatically
increased solubility of silicates in the liquid. These results suggest that the presence of partial melt would have drastic influences on
physical properties of upper mantle around the transition zone even if the melt fraction is very low. Low velocity regions just above
the mantle transition zone may result from the presence of hydrous melt.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Pore morphology in liquid-bearing texturally equili-
brated rocks significantly controls many physical prop-
erties such as elasticity, electrical conductivity and
permeability of the Earth's deep materials [1–4]. The
dihedral angle characterizing the geometry of the liquid
phase in an olivine-rich matrix is a key factor for under-
standing the physical behavior of the upper mantle. In an
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idealized system composed of identically sized grains
with isotropic interfacial energy, the dihedral angle (θ) at
solid–liquid–solid triple junction is a fundamental factor
in determining the connectivity of liquid and the pore
morphology. It is defined by [e.g., 3,5]

gss
gsl

¼ 2cos
h
2

� �
ð1Þ

where γss is the grain boundary energy per unit area
and γsl is the solid–liquid interfacial energy per unit
area. At low liquid volume fraction (φ), connectivity of
the liquid phase is critically dependent upon θ. If θ
b60°, liquid forms an interconnected network along the
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grain edge (triple junction) and corner (four-grain
junction). If θ N60°, liquid forms isolated pockets at
the grain corner or on the grain boundary, and a critical
liquid fraction is necessary to establish connectivity
[3,6]. Therefore, the interconnectivity of liquid phase
has been evaluated by measuring dihedral angles. For
the upper mantle, previous studies of wetting behavior at
low pressures (b3 GPa) revealed dihedral angles of 30–
50° for the basalt–olivine system [7] and 65–90° for
olivine–CHO fluid system [8]. Recent studies for the
olivine–H2O system, however, suggested that the
dihedral angle decreases with increasing pressure
(or temperature), but the existing works are limited to
∼ 5 GPa and show only a modest decrease in dihedral
angle [9–11]. Mibe et al. [10] suggested that large scale
transport of aqueous fluid is possible above 2 GPa,
because the dihedral angle in the forsterite–H2O system
becomes less than 60° above 2 GPa. Although the
critical dihedral angle for interconnection of fluid is
60°, if the smaller dihedral angle approaching 0° is
established at higher pressures, many physical proper-
ties in liquid-bearing upper mantle rocks would
drastically change. Therefore, further knowledge of
pressure dependence of dihedral angle for the olivine–
H2O system is needed to understand anomalous pro-
perties such as low seismic velocity anomaly, seismic
attenuation and electrical conductive anomaly observed
in the upper mantle. In this study, we investigated a
variation of dihedral angle as a function of pressure at
constant temperature (1200 °C).
Table 1
Summary of runs

Run no. P Time θ (N) a

(GPa) (h)

FW03 1 24 46 (119)
FW09 2 72 38 (200)
FW05 3 6 34 (130)
FW01 3 24 30 (128)
FW08 3 168 31 (204)
K332 4 24 25 (162)
K331 5 48 18 (190)
K316 7 6 b10
K315 13 5 b10

All experiments were conducted at 1200 °C.
a Dihedral angle in degree determined from the median of apparent dihed

numbers of analyzed angles.
b Weight percent of silicate component in liquid determined from electron

is 100 minus the silicate component. Numbers in parentheses represent the
c Molar ratio of Mg over Si in liquid. Numbers in parentheses represent
d Phases were identified using micro-Raman spectrometer and electron m

brucite, L: hydrous liquid. A presence of small amounts of orthoenstatite in run
somewhat lower than 2. Orthoenstatite and brucite only appear at the edge of t
dihedral angles only corresponding to the forsterite–liquid–forsterite contact
2. Experimental procedure

We performed high-pressure experiments to investi-
gate the morphology of hydrous liquid in an olivine-rich
matrix. A piston cylinder apparatus was used for
experiments up to 3 GPa and the Kawai type multi-
anvil apparatus (1000 tons) for experiments above
4 GPa. The starting material has a composition of
Mg2SiO4+5.1 wt.% H2O that was prepared from a
mixed powder of reagent-grade Mg2SiO4, Mg(OH)2 and
SiO2. The starting materials were once placed in a Re
capsule. The Re capsule was placed in a AuPd capsule
that was welded at both ends. Experiments were
conducted at 1200 °C and a wide range of pressure
from 1 to 13 GPa, corresponding to the field where
forsterite coexists with hydrous liquid [12,13]. The
samples were compressed to the desired pressure at
room temperature. Then the temperature was increased
to the desired temperature and kept constant within 5 °C
of the desired value for a time interval between 5 and
168 h. Temperature was continuously monitored by a
WRe5–WRe26 thermocouple. Quenching to room tem-
perature was achieved within a minute and pressure was
then released to atmospheric pressure. After completion of
an experiment, the AuPd capsule was recovered from the
surrounding pressure medium (MgO). A polished section
of the sample was vacuum-impregnated with epoxy to
minimize plucking of grains and ground repeatedly. The
final grinding step was followed by polishing using a
colloidal silica. Dihedral angle measurements were made
(wt.%) b Mg/Si c Phase d

n.d. n.d. Fo+OEn+L
n.d. n.d. Fo+OEn+L
n.d. n.d. Fo+OEn+L
n.d. n.d. Fo+OEn+L
n.d. n.d. Fo+OEn+L
52 (9) 1.39 (25) Fo+OEn+L
46 (4) 1.85 (30) Fo+OEn+L
57 (10) 1.88 (26) Fo+OEn(+Br)+L
79 (11) 2.14 (16) Fo+CEn(+Br)+L

ral angles on the polished section. Numbers in parentheses represent

microprobe analysis using defocused beam. The percent water in fluid
standard deviation (1 sigma).
the standard deviation (1 sigma).
icroprobe. Fo: forsterite, OEn: orthoenstatite, CEn: clinoenstatite, Br:
s up to 5 GPamay suggest that Mg/Si molar ratio of a starting material is
he sample (lower temperature part). Avoiding these areas, we measured
ing angle.



Fig. 1. Secondary-electron (SEI) and back-scattered electron (BEI) images of the forsterite+H2O system. Fluid-filled grain junctions are now filled with
epoxy or air (black area). (a) OverviewBEI of the run product (Sample K332) showing liquid segregation. L represents a liquid segregation part. Note the
abundant quench crystals with a columnar shape in liquid-segregated region. BEIs showing quench crystals in liquid-segregated region of (b) 4 GPa
(Sample K332) and (c) 13 GPa (Sample K315). Note that the amount of quench materials increases with increasing pressure. SEIs showing pore
geometries of synthetic forsterite aggregates at various pressure conditions (d) 1GPa (Sample FW03), (e) 3GPa (Sample FW01), (f) 5GPa (SampleK331)
and (g) 13GPa (Sample K315). Note that separation of grain boundaries becomes commonwith increasing pressure. SEIs showing the presence of quench
crystals (slightly bright tiny dots) on the crystal surfaces at plucking part (h) 1 GPa and (i) 13 GPa. Quench products in (h) are not common on the grain
surfaces, while the surface in (i) are nearly covered with the quench material. Bright large fragments represent epoxy. (j) High-magnification view of
quench materials on the grain surface from a sample (K315). Note that a shape of the quench materials is similar to that of a liquid segregation part.
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from secondary-electron images at≥2000× taken by field
emission scanning electron microscope (FESEM). In a
large population of over 100, measurements were carried
out for each sample in the random cross section. A true
dihedral angle was adopted as the median of apparent
angles on the polished section, the principle of which has
been reported elsewhere [14,15]. Phases including
crystals quenched from liquid were identified using
micro-Raman spectrometer and electron microprobe.

To determine the solubility of Mg-silicate in the
hydrous liquid, we conducted two different analyses
(electron microprobe and image analyses) for the runs
conducted at pressure above 4GPa,which includes a large
amount of quench crystals in the segregated part. The
electron microprobe analyses of the liquid phase were
performed with a defocused beam (aperture of 10 or
20 μm) in order to average the chemical composition of
the phases quenched from the liquid. For the image
analysis, back-scattered electron images (×2000) were
taken of the liquid segregated portion. The quench
crystals can be recognized as a bright portion compared
to the pores filled with air or epoxy in the back-scattered
image. The gray-scale images were converted to binary
images, and the quench crystals were separated using the
threshold function of the Image J software provided by
NIH. For each sample, five images were analyzed. The
silicate contents in the liquid were determined from
densities of forsterite [16] and H2O [17] based on the
volume fraction of quench crystals. It is unclear whether
the volume ratio was established at the room condition or
the run pressure condition, so we present a range of
silicate component in the liquid based on these two
extreme cases (Fig. 4a). For the case of the run pressure
condition, the weight proportions of the Mg-silicate
component were calculated using a density of iceVII [17],
because ice VII is a stable form of H2O at the room
temperature under the run pressures. All quench crystals
were treated as forsterite, which was confirmed by micro-



Fig. 3. Dihedral angles in the forsterite–H2O system as a function of
pressure. Analytical error is less than 5°. n.d.=not determined. It is
difficult to measure dihedral angles for the samples above 7 GPa due to
the grain boundary separation, but the dihedral angles expected from
restricted number of measurable angles are less than 10°. Previous
results of Fe-bearing olivine [9] at the same physical conditions are
somewhat higher than the results of this study.

Fig. 2. Cumulative frequency distributions for apparent dihedral angles in various pressure experiments (1 to 5 GPa). The thick curves are theoretical
distributions calculated assuming that the median is the true dihedral angle [14]. The dotted lines indicate the median angle determined from each run.
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Raman spectroscopy as for the run products of higher-
pressure experiments (N7 GPa). The possible presence of
enstatite as a quench material may reduce the actual solid
component in the liquid. Details of the experimental
conditions and results are shown in Table 1.

3. Experimental results

3.1. Microstructure

The run products consist of forsterite and hydrous
liquid with a very small amount of orthoenstatite and
clinoenstatite. Above 7 GPa a quite small amount of
brucite was noted at the coldest part of the capsule.
Segregation of hydrous liquid due to the thermal
gradient in the cell assembly was commonly observed
in any sample, especially above 4 GPa (Fig. 1a). The
proportion and size of quench crystals increase with
increasing pressure (Fig. 1b–c). For the higher pressure
runs (above 7 GPa), forsterite was identified as a
quenched phase by micro-Raman spectroscopy
(Fig. 1c). Chemical compositions of the liquid phase
show higher total weight percentage (MgO and SiO2)
and higher Mg/Si at higher pressures. Except for the
highest-pressure run (13 GPa), Mg/Si less than 2 of the
liquid phase may represent a presence of enstatite as the
quench product (Table 1), although we could not
identify the phase other than forsterite. Concentrations
of Re, Au and Pd, which were used as capsules, are
below detection limit. The presence of fluid along grain
edges or boundaries in forsterite aggregates can be
recognized as pore filled with epoxy or air and quench
products on the crystal surface. For all pressure
conditions, development of crystal faces (faceting) at
the pore wall is uncommon, although faceting tends to
produce heterogeneous liquid distribution [18,19]. The
apparent contacting angle on the polished section
between forsterite and aqueous fluid varies with
pressure (Fig. 1d–g). Because the grain boundaries
observed from the runs above 7 GPa are mostly
separated, we could not determine dihedral angle for
these samples. The pore walls from the triple junction to
the opened grain boundary show continuous curvature



Fig. 4. Comparison between solubility of silicate components in the
liquid and γsl/γss in a wide range of pressure. (a) Weight percent of
Mg-silicate component in the hydrous liquid as a function of pressure.
Shaded rectangles represent the total weight percent of Mg-silicate
component in the liquid determined from the electron microprobe
analyses. Closed and opened circles indicate the estimated composi-
tions from the image analyses based on densities at the room and the
run pressure conditions, respectively. (b) Pressure variation of γsl/γss
under constant temperature.
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without inflection points (Fig. 1g). Crystal surfaces
observed in plucking areas of the samples from the
lower-pressure runs are free of quench materials
(Fig. 1h). At 13 GPa, however, sub-micron size quench
materials with crystalline habit completely coat the
crystal surfaces (Fig. 1i–j).

3.2. Dihedral angle

Time series experiments were conducted at 3 GPa for
6, 24 and 168 hour durations to investigate the effect of
run duration on textural equilibration. While the mean
grain sizes of forsterite increase with time, the medians
of the measured angles are same within the error
irrespective of run durations. Therefore, the dihedral
angles determined from shorter duration experiments
(∼5 h) seem to be valid, since textural equilibration can
be achieved as long as the distance for diffusion exceeds
grain size [20].

Cumulative frequencies of apparent angles on the
polished section in runs ranging from 1 to 5 GPa are
shown in Fig. 2. Compared to the theoretical cumulative
distribution of the median obtained from each run, the
measured angles deviate significantly from the theoret-
ical curve when apparent angles are larger than the
median. This deviation may be caused by the difficulty
of low angle measurements. Therefore, the true dihedral
angles for samples with lower dihedral angle (b30°) are
considered to be lower than the median we determined.
Dihedral angles (θ) decrease from 46° to 18° with
increasing pressure from 1 to 5 GPa (Fig. 3). Previous
results of lower temperature experiments (800 °C and
1000 °C) [10,11] obtained from the same system show
similar trends (negative dθ / dP). The slope of dθ / dP at
constant temperature becomes steeper with increasing
temperature. If the slope is extrapolated to higher
pressures, the dihedral angle becomes 0° around
7.5 GPa at 1200 °C. Above 7 GPa, it is difficult to
measure the dihedral angle due to the presence of open
grain boundaries, but the dihedral angles are probably
lower than 10°. Open grain boundaries observed from
higher pressure experiments cannot be considered as a
direct evidence of a 0° dihedral angle at a higher
pressure, because the grain boundaries generally dilate
during decompression. However, the presence of the
crystal surfaces covered with fine quench products
suggests that the opening of grain boundaries during
decompression is unlikely. The quench products could
not move along the grain boundary and precipitate on
the crystal surfaces under ambient temperature after
quenching. A liquid is likely to have existed stably along
the grain boundaries at the experimental condition.

4. Discussion

The present results clearly show the dependence of
dihedral angle on pressure at constant temperature in the
forsterite+H2O system. The dihedral angle is expected
to be small in the system in which the liquid phase has a
structure and composition close to that of the solid phase
[10,21–23]. In general, the solubility of the silicate
component in aqueous fluid increases with increasing
pressure [24–26]. On the other hand, the solubility of
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water in silicate melt also increases with increasing
pressure. At the second critical end point, silicate melt
and aqueous fluid in the Earth's interior are expected to
become indistinguishable from each other [26]. The
remarkable increase in the amount of quench products at
4 GPa may represent a presence of the second critical
end point between 3 and 4 GPa, and can be considered
as strong evidence that the liquid composition ap-
proaches to the solid phase at higher pressure. This
pressure range is similar to the second critical point for
the peridotite–H2O system (3.8 GPa and 1000 °C) [27].
The amount of dissolved Mg-silicate increases contin-
uously up to 10 GPa at 1100 °C, where it reaches a
silicate concentration in the fluid of 70 wt.% [28].
Rough estimations of dissolved Mg-silicate in the liquid
show that the solid component in the liquid monoton-
ically increases (Fig. 4a). Furthermore, the molar ratio of
Mg/Si in the liquid increases with increasing pressure
from 1.4 at 4 GPa to ∼2 at 13 GPa (Table 1). This trend
is quite consistent with previous works [12,28].

A run product recovered from 13 GPa showing the
crystal surfaces covered with fine quench products can
be considered as evidence of grain boundary wetting.
The dihedral angle θ is defined by Eq. (1). A transition
from θN0° to θ=0° has been well known as the grain
boundary wetting transition for some metallic alloy and
ceramics [29]. Such a transition can occur, if some
intensive thermodynamic parameter like temperature
and pressure or composition is altered. In the binary
system, the transition may occur at critical temperature
lower than the melting point of the more refractory
phase [30]. The shape of γsl/γss–temperature (or
pressure) curves generally resembles that of liquidus
curves in the phase diagram [21]. Indeed, the shape of
the γsl/γss–pressure curve are quite similar to the
solubility–pressure curve in the phase diagram
(Fig. 4). The fact that the dihedral angles we determined
from lower pressure experiments monotonically de-
crease toward higher pressure is consistent with the
presence of the grain boundary wetting at high pressure.
Therefore, we conclude that the dihedral angle of
Mg2SiO4+H2O system becomes 0° at a certain pressure
(above at least 7 GPa).

This complete wetting has drastic effects on the
behavior of partial melt in the Earth's interior. First,
compaction due to deformation of solids will be
enhanced through fluid-phase transport (i.e., pressure–
solution creep [18,31–33]). Complete wetting may
slightly reduce the permeability of a bulk rock due to
the change of pore shape from tube to sheet. Since the
viscosity of the system, however, decreases substantial-
ly, efficiency of compaction would be largely enhanced
by complete wetting. Second, if a partial melt is present
under these conditions, it will dramatically reduce the
seismic wave velocity and increase attenuation. The
shear wave velocity drops as much as 20–30% at the 1%
melt fraction [34].

In general, temperature–pressure conditions in the
deep mantle are not enough to melt anhydrous
peridotites [35] and hence melting under deep mantle
conditions is promoted primarily by the addition of
“impurities” such as water [36]. A large partitioning
coefficient of water between olivine and wadsleyite
(Dwd / ol=5) [37] could lead to partial melting when the
upwelling materials pass the 410 km discontinuity (a top
of the transition zone). Thus, if wadsleyite in the
transition zone includes a certain amount of water
(N0.05 wt.%), the upwelling mantle can generate
hydrous melt just above the transition zone. Wetting
property of the hydrous melt may be similar to that of
the olivine–H2O system at 13 GPa. Although such a
partial melt would occur only under limited conditions
due to the effective compaction, the total wetting of
grain boundaries is possible to occur under the condition
where an ultramafic melt is nearly neutrally buoyant in
the upper mantle above the transition zone [38]. Recent
experimental investigations of the density of hydrous
melt suggested that hydrous melt with a certain amount
of H2O (b4–6 wt.%) is gravitationally stable just above
the 410-km seismic discontinuity [39,40]. Low-velocity
anomalies just above the 410-km discontinuity showing
a shear-wave velocity drop of ∼5% [41,42] might be
attributed to the presence of partial melting.
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