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[1] We determine the 3-D melt geometry of partially molten samples of olivine containing 1.6 and 3.6 vol.%
of basaltic melt that were held in a piston cylinder apparatus at upper mantle conditions for 430 h. Our
approach involves serial sectioning and high-resolution !eld emission SEM imaging. Resolution is such
that melt pockets approaching ~30 nm in size were resolved while covering an area of ~300 by 230 mm.
The principal result of this study is to show that thin layers (typically 100 nm or less in thickness) between
adjacent grains observed in 2-D images persist with depth and are therefore wetted two-grain boundaries.
Melt geometries most closely resembling triple junction tubules of the isotropic equilibrium model occur
at all three-grain edges but are small compared to larger pockets. The wetted grain boundaries at a dihedral
angle >0! for this system are inferred to be due to slow expulsion of melt from dynamically reorganizing
grain boundaries during steady state grain growth. The attenuation peak observed in forced torsional
oscillation experiments on similar samples is likely related to the wetted grain boundaries. Grain growth,
driven by surface energy reduction, occurs also at the larger grain sizes expected for the mantle. This
suggests the presence of wetted grain boundaries and signi!cant velocity reduction and attenuation in
partially molten upper mantle, as observed for example in back-arc basins.
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1. Introduction

[2] The dynamics of partially molten regions of the
upper mantle is linked to the amount of melt retained
in the solid matrix. The retained melt determines the
buoyancy and affects the viscosity of the partially
molten region [e.g., !rámek et al., 2007; Hernlund
et al., 2008; Katz, 2008, 2010; Simpson et al.,
2010; Herbert and Montési, 2010]. The geometry
of the retained melt determines the permeability,
which in turn affects trace element and U-series
isotope geochemistry [e.g., Johnson et al., 1990;
Spiegelman and Kenyon, 1992; Stracke et al.,
2006]. Moreover, detection of melt by seismic or
electromagnetic imaging techniques is sensitive to
melt fraction and geometry [e.g., Faul et al., 1994;
Takei, 2002; ten Grotenhuis et al., 2005; Yoshino
et al., 2010; Watson and Roberts, 2011]. While it is
uncontroversial that basaltic melt in an olivine matrix
is interconnected at all melt fractions, the melt
geometry and hence residual porosity during the
melting process is less well agreed upon.

[3] A simpli!ed model of the melt geometry for a
two-phase system of olivine and basaltic melt was
adapted from early studies in materials science [Waff
and Bulau, 1979; Bulau et al., 1979]. The 3-D melt
distributionwas obtained by computing the geometry
of solid-liquid interfaces at three-grain edges and
four-grain corners at chemical equilibrium and under
hydrostatic conditions [von Bargen and Waff, 1986].
The calculations are based on the (local) balance of
surface tension between melt and uniformly sized
crystalline grains with the assumption of a single-
valued dihedral angle ! (implying crystalline isotropy).
In this system, melt forms an interconnected network
of tubules along three-grain edges for dihedral angles
0!< !< 60! but does not wet two-grain boundaries.
Based on this model, measurement of the dihedral
angle from experiments is suf!cient to fully character-
ize the 3-D melt geometry.

[4] Studies on experimentally produced partially
molten olivine showed that the melt geometry differs
signi!cantly from this ideal model [Waff and Faul,
1992; Faul et al., 1994; Faul, 1997]. Melt is present
not only at three-grain edges, in agreement with the
idealized model, but also in large pockets surrounded
by four or more grains and in thin melt inclusions
(layers) connecting neighboring triple junctions. Due
to the relatively uniform width and frequent occur-
rence of the layers, the authors concluded that they
represent wetted two-grain boundaries.

[5] Subsequent studies, however, af!rmed the self-
similar isotropic model. Wark et al. [2003] stated

that the thin inclusions were not wetted two-grain
boundaries but triple junction tubules sectioned
along their long axes. The grain boundary wetness
(the fraction of grain boundary length wetted by
melt relative to the total grain boundary length in
2-D sections) was found to be in agreement with
the predictions of the isotropic model [Yoshino
et al., 2005]. A synchrotron X-ray microtomogra-
phy study [Zhu et al., 2011] of experimental
samples yielded 3-D images of the melt geometry
that were similarly inferred to be compatible with
the isotropic model.

[6] As discussed below, resolution is a key factor
for determination of the melt geometry both in
two and three dimensions. This study provides a
three-dimensional view of the melt geometry in
partially molten olivine derived from high-resolution
2-D images. A primary aim is to determine whether
the layers observed in these images represent wetted
two-grain boundaries.

2. Methods

2.1. Sample Preparation
[7] Samples with two different melt contents were
analyzed in this study. The samples consist of
solution-gelation derived Fo90 olivine and added
basaltic melt (2wt.%, SB8 and 4wt.%, SB11, see
Faul and Scott [2006]). The samples were run in a
piston cylinder at 1350!C and 1GPa for 432 h, with
resulting mean grain sizes of 33 mm. The melt
composition was designed to be in equilibrium with
a four-phase assemblage (olivine, two pyroxenes,
and plagioclase) at 1250!C and 300MPa. At the
temperature of this study, some orthopyroxene
(<1%) crystallizes, resulting in melt contents that
are slightly below the amount of basalt added (see
below). The samples were sectioned longitudinally
through the center, vacuum-impregnated in epoxy,
polished on successively !ner grid size abrasives
and !nally in suspensions of alumina and colloidal
silica on a vibrating polisher. The starting grain size
of the synthetic olivine is about 1mm, so that steady
state grain growth conditions prevail after about 2 h
at this temperature [Faul and Scott, 2006]. Conse-
quently, the microstructure, including the melt
geometry, evolved as a result of steady state grain
growth during the experimental run time.

2.2. Serial Sectioning and Image Acquisition
[8] In each serial sectioning step, we polished the
samples for 5 h on colloidal alumina to avoid
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plucking of the grains and one additional hour on
colloidal silica to obtain the highest quality surface
for imaging purposes. The imagining was conducted
on a Zeiss Supra VP 40 FE-SEM (SB11) and Zeiss
Supra VP 55 FE-SEM (SB8) at 10kV acceleration
voltage and 4.3mmworking distance, with an aperture
of 30mm. Each image had a size of 2048" 1536
pixels with a resolution of 0.026mm/pixel at 256 gray
scales. Each 2-D section consists of a mosaic of 6" 6
overlapping images for a total imaged area of
300" 230mm or 12000" 9025 pixels. A total of 24
sections were imaged, resulting in a depth of 38mm
(for a total of 2.6" 109 pixels).

2.3. Section Thickness Measurements
[9] In order to determine the thickness of the
removed material, we drilled two laser holes with a
Merchantek LUV213 laser in each sample. Follow-
ing each polishing step, we measured the depth of
the two laser holes with a white light interferometer,
Zygo [e.g., Lamarre et al., 2009], which has a
relative vertical resolution of 0.01mm. The laser
holes, as the only vertical features in samples, were
also used for the alignment of the 2-D sections and
the reconstruction of the melt geometry. For this
purpose, a circle was !tted to the laser holes for each
sectioning step, with the coordinates of the circle
center as a reference point for vertical alignment.

[10] Figure 1 shows the decrease in depth for the
two laser holes versus the section number for
sample SB11. Depth decreases equally in both holes,
indicating that the sample surface does not become
canted during sectioning. The average section
thickness can be calculated from the slope of the lines
as 1.6mm. However, for the 3-D reconstruction, the
measured thickness for each section was used. To
improve the depth measurements and vertical align-
ment, a true UV laser may produce smaller diameter
holes with a smoother, more re"ective bottom.

2.4. Image Processing, 3-D Reconstruction,
and Vertical Resolution
[11] Following image acquisition, the gray-scale
images need to be segmented (into melt and solid)
in order to convert them to binary images. Because
melt (quenched to glass) is softer, it is preferentially
removed during the !nal polishing steps. The
resulting topography causes uneven illumination
during imaging and consequently nonuniform gray
scales of the glass, particularly near grain edges.
Conversion to binary images therefore required
hand digitization of melt-solid interfaces for further
processing with Image J. The mosaics of the binary

images of each section were then stacked and
aligned using the laser holes as described above.

[12] To construct the 3-D melt surfaces from
adjacent horizontal slices for sample SB11, we used
a 3-D alpha-shape technique. Loosely speaking,
alpha shapes provide us with an effective way to
reconstruct a surface at a particular scale of
“smoothness,” controlled by the parameter alpha
[Edelsbrunner and Mucke, 1994]. The parameter
alpha can be varied so as to give the desired level
of surface detail. For this computation, we used
the program CGAL, which outputs the alpha shapes
as a triangular mesh for rendering. CGAL was
also used to sample the tetrahedral mesh compris-
ing the alpha complex, interpolating between the
original sections to produce isometric voxels. These
uniform volume data were needed for morphologi-
cal operations, such as erosion. Autodesk Maya
was !nally used to render the surface of the 3-D
pore space.

3. Results

[13] Figures 2 and 3 show the 2-D microstructures
in samples SB11 and SB8, respectively, at a scale
and resolution comparable to previously published
images [Faul, 1997, 2000; Wark et al., 2003;
Yoshino et al., 2005; Faul and Scott, 2006]. Larger
pockets of melt surrounded by more than three
grains can easily be identi!ed in these images. At
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Figure 1. Change in depth of the laser holes with
progressive removal of material by polishing. The two
holes on either side of the imaged area show consistent
depth changes, illustrating that the sectioning process
does not result in canting of the sample surface. The
average section thickness is ~1.6mm and the total thickness
of the removed material is ~40mm. For 3-D reconstruction
the section thickness measured for each slice was use-
drather than the average.
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Figure 2. Scanning electron microscope (SEM) image of the melt distribution in sample SB11 with an average melt
content of 3.6%. The relatively low-magni!cation image provides an overview of the microstructure. The different
gray scales of olivine grains are due to orientation contrast. Single white arrows point to triple junctions with diameters
of 1mm or less. Double arrow heads point to wetted two-grain boundaries observable at higher resolution. Large
melt pockets surrounded by faceted olivine grains are prominent for example near the top of the image. The white
rectangles indicate the area shown at high resolution in the inset of two triple junctions connected by a thin layer of
melt. Melt extends also onto the grain boundary towards the bottom of the image but does not wet it completely. White
dots indicate melt-free grain boundaries which are observable by the orientation contrast in the large image but show
no preferential removal of material due to polishing.

Figure 3. Mosaic of SEM images of the microstructure of sample SB8 with 1.6% melt. As at the higher melt fraction,
the melt distribution is not uniform on the grain scale. Melt pockets bounded by more than three grains, often with faceted
interfaces, contain most of the melt. Triple junction-like geometries are often 1mm or less in diameter (see enlarged inset).
Wetted grain boundaries (white arrows) occur less frequently than at the higher melt fraction. The layer of melt on the left
in the inset is about 50 nm wide.
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the lower melt fraction of sample SB8, some areas
appear to be melt free (Figure 3), but close inspection
shows that all three-grain edges contain melt in
both samples. Therefore, the triple junctions form a
continuously connected network. However, a num-
ber of triple junctions particularly in SB8 are 1mm
or less in diameter.

[14] Thin layers separating neighboring grains with
a thickness >20 to 100 nm can only clearly be seen
at the higher resolution in Figures 2 (inset) and 3
(inset). Glassy layers with a thickness in the same
range have been reported from transmission electron
microscope (TEM) observations of similar samples
[Vaughan et al., 1982;Cmíral et al., 1998]. Observa-
tion of the layers at the resolution of the FE-SEM
imaging used here is aided by the preferential
polishing of glass and rounding of adjacent grain
edges. Melt-free grain boundaries are not affected
by preferential polishing (e.g., Figure 2, inset).

[15] Comparison of Figures 2 and 3 shows that
layers occur more frequently in the sample with
the higher melt content. The increase in the number
of wetted grain boundaries with increasing melt
fraction is more obvious in binary images, where
the areas representing melt are black (Figure 4).
While there are some wetted grain boundaries at
the lower melt content of sample SB8, the number
is signi!cantly higher at the higher melt content of
sample SB11, where the majority of melt pockets
are connected in the 2-D section. At the lower melt
content, the contrast in size between the triple junc-
tions and larger pockets is particularly evident.

[16] The melt content was determined from binary
images such as those shown in Figure 4. The binary
images in this !gure show a representative section
for each sample (Figure 6 shows all sections for
SB8). For determination of the grain boundary
wetness, the binary images were used together with
grain boundary maps. The grain boundary wetness
is de!ned as the solid-liquid boundary area (length)
divided by the total grain boundary area (length)
[Takei, 1998]. The melt contents of 1.6 and
3.6 vol.% were determined by averaging the values
from all sections of each sample (SB8 and SB11,
respectively). The corresponding values for the grain
boundary wetness are 0.27 and 0.65. For comparison
with these relatively coarse-grained samples (33mm),
a !ne-grained sample run at the same temperature but
for 2 hours only (mean grain size of 8.5mm) with
3.9% melt in the analyzed section has a wetness
0.32. Together, these observations indicate that the
grain boundary wetness increases with melt content
at !xed grain size, as well as with grain size at
(nearly) constant melt content.

[17] Serial sectioning shows that the layers separat-
ing neighboring grains can be tracked through the
sample (Figure 5). The persistence of the layers with
depth over more than 10mm for larger grains shows
that they cannot be triple junctions sectioned parallel
to their long axes [cf. Wark et al., 2003], as triple
junction tubule-like melt pockets typically are about
1mm in diameter. The layers identi!ed in 2-D images
therefore represent wetted two-grain boundaries.

[18] For sample SB8 with 1.6% melt, reconstruction
of the 3-D melt geometry by software as described

20 µm

Figure 4. Binary images of a section of SB8 (left, 1.6% melt) and SB11 (right, 3.6% melt). The scale bar applies to
both images. The images show a representative section of each sample. Melt pocket size and distribution are linked to
the shape and size of the grains in the aggregate. The smallest pockets have the characteristic shapes of triple junction
tubules. They occur at all three-grain edges, providing the backbone for interconnection and mobility of the melt. At
1.6% melt, larger pockets surrounded by four or more grains contain the bulk of the melt. At 3.6% melt, most of the
melt is connected even in 2-D by layers wetting two-grain boundaries.
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above was not satisfactory. Likely reasons are the
small size of the triple junction tubules (~1mm or
less) relative to the spacing of the sections (1.6mm),
as well as offsets between sections of tubules that
are inclined. In Figure 6, the sections are aligned
and stacked without interpolation. In this view, triple
junctions can be traced along grain edges over
multiple sections with depth into the sample, but
the view is dominated by larger pockets of melt.
These pockets change shape from one section to the
next, as also observed with relatively low-resolution
serial sectioning [Wark et al., 2003]. Wetted two-
grain boundaries occur less frequently at this melt
fraction. Overall, the melt is interconnected by the
triple junction network, but a substantial portion of
the volume of the melt resides in larger pockets.

[19] At 3.6% melt (sample SB11, Figure 7), the 3-D
surfaces can be reconstructed as outlined in Section
2.4. The red surface represents crystal-melt inter-
faces, with crystalline grains removed. At this melt
content, wetted grain boundaries are much more
frequent, with some grains nearly completely sur-
rounded by melt. The irregular appearance of some
surfaces with depth is due to imperfect vertical
alignment of the sections (Section 2.2).

4. Discussion

4.1. Dihedral Angles
[20] Image resolution is important not only for 3-D
reconstruction of the melt geometry but also for mea-
suring dihedral angles. The !rst dihedral angles in
the system olivine and basaltic melt were measured
on a light microscope [Waff and Bulau, 1979], with
a reported value of 50!. Measurements on relatively
low-magni!cation backscattered electron images
resulted in a median angle of 49! [Toramaru and
Fujii, 1986]. Daines and Kohlstedt [1993] reported
dihedral angles of between 27 and 38! from SEM
images of relatively !ne-grained aggregates (mean
grain size<10mm). Yoshino et al., [2005] reported
a dihedral angle of 34!, while [Yoshino et al.,
2009], using higher-resolution images reported a
dihedral angle of 12! for a sample held at the same

Figure 5. Images of the same area from four sections
of sample SB11. The sections are separated by ~4.5 mm
each, for a total depth of 13.5 mm. These images illus-
trate the persistence of melt layers (arrows) on two-grain
boundaries with depth. By comparison, larger more
irregularly shaped melt pockets at grain corners (left side
of the images) change relatively rapidly with depth.
Black areas within the melt pockets are graphite
particles. The olivine grain in the center of the images
grew around an orthopyroxene grain which can also be
tracked with depth.

Figure 6. Inclined view of the stacked sections of sample
SB8. Overall, at the grain size (33mm) and melt fraction
(~1.6%) of this sample, the melt geometry is dominated
larger melt pockets which change relatively rapidly with
depth and contain the bulk of the melt. The triple junction
tubules constitute an interconnected network, but their size
is small compared to the larger pockets. However, the triple
junctions accommodate the "ow of melt through the matrix
at this melt fraction.
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temperature as our samples. This latter value agrees
well with values of 10! from a TEM study Cmíral
et al. [1998] and 12! reported in Faul and Scott
[2006] from FE-SEM imaging. The study by Cmíral
et al. [1998] also illustrates the effect of faceting
on dihedral angles at the scale of tens of nm at low
melt fractions.

[21] In the isotropic equilibrium model of surface
energy-controlled melt distribution, wetted two-grain
boundaries occur only for dihedral angles equal to
zero. The resulting melt !lms are uniform in width
for all grain boundaries, with a thickness that can
be calculated from the force balance across the
interfaces (e.g., 2 nm thick !lms for Si3N4) [Clarke,
1987]. In the olivine-basalt system examined here,
some grain boundaries are wetted by melt (a dihedral
angle of zero), but for others, the dihedral angle is
greater than zero (a melt-free grain boundary to a
resolution of 1 nm is shown for example in Faul
et al. [2004, Figure 6]. The thickness of the melt
layer wetting some of the grain boundaries is not
uniform, and their number increases with melt
fraction. These observations indicate that the melt
distribution in this system cannot be explained by
considering the surface tension balance at individual
grain junctions in isolation from the aggregate as
a whole.

4.2. Comparison with X-ray Tomography
[22] A synchrotron X-ray microtomography study
was conducted by Zhu et al. [2011] to obtain 3-D

images of the melt geometry in experimentally
produced samples of olivine with added basaltic
melt. Due to the small contrast between silicate melt
(glass) and olivine, they used an edge enhancement
technique to help with the extraction of solid-melt
interfaces. The reported resolution of 0.7mm means
that smaller triple junctions and the layers on two-
grain boundaries could not be resolved.

[23] The inability to resolve some of the triple
junctions by X-ray microtomography is consistent
with the connectivity analysis provided by Zhu
et al. [2011]. In the ideal isotropic system, the
connectivity of nodes (four-grain junctions) should
be four, while the X-ray tomographic study found
50% single-connected nodes at their lowest melt
content of 2%. These single-connected nodes are
dead ends [Zhu et al., 2011, Figures 2A and 3A];
i.e., they imply melt-free three-grain edges. With a
further decrease in melt fraction, X-ray tomography
would therefore predict loss of connectivity of the
melt. In contrast, high-resolution TEM imaging of a
sample with a melt fraction of ~10#4 showed that
all three-grain edges contain melt [Faul et al., 2004].

[24] The importance of suf!cient resolution is
illustrated by a comparison of Figure 8a, showing
a subset of the imaged volume of the sample
SB11 at the resolution of this study, and Figure 8b
where the same volume is eroded to a resolution
comparable to the X-ray tomography (i.e., a voxel
size of 0.7 mm). The erosion removes the layers on
two-grain boundaries as well as some triple

Figure 7. View from the top of the reconstructed 3-D melt distribution. Overall, at the grain size (33 mm) and melt
fraction (~3.6%) of this sample, the view of the 3-D melt geometry is dominated by wetted two-grain boundaries, with
some smaller grains nearly completely surrounded by melt. The thin layers on two-grain boundaries seen in the 2-D
images (Figure 2) persist in 3-D, con!rming that they are sheet-like rather than a sectioning artifact of triple junction
tubules.
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junctions. The resultant change in melt geometry
and connectivity affects all physical properties of
the partially molten rock. Another consideration is
that, as stated by Zhu et al. [2011], the software
used to determine the connectivity is not suitable
for the analysis of sheets or layers.

4.3. Origin of Wetted Two-grain
Boundaries
[25] Grain growth as well as the geometry of
intergranular melt is the result of surface energy
reduction. For both cases, the chemical potential m
is proportional to the ratio of surface tension g and
a radius of curvature, r, as m$ g/r. For grain
growth, the radius in this equation is the mean grain
size of the aggregate [Atkinson, 1988], while for
establishment of the dihedral angle, r is the mean
interfacial curvature of the abutting grain surfaces

[Waff and Bulau, 1979]. For both processes, occur-
ring simultaneously in the same system and hence
driven by the same surface tension, the chemical
potential can be decreased by increasing r.

[26] During grain growth of a polycrystalline aggre-
gate, grains below a certain radius shrink, while
larger grains grow, resulting in a self-similar normal-
ized grain size distribution [Faul and Scott, 2006].
Shrinking grains eventually disappear, requiring
adjustment of the local grain surface geometry of
their former neighbors. Consequently, the melt geo-
metry is not !xed by static surface tension equilib-
rium between unchanging neighboring grains but
is the result of a dynamic process responding to
continually changing grain surfaces. This process is
directly observable in a partially molten analogue
system consisting of norcamphor and ethanol [Walte
et al., 2003]. These experiments show that even for a
relatively isotropic system, wetted two-grain bound-
aries are a transient feature of continuing grain
growth. However, while individual features are
transient, the aggregate as a whole will always have
a fraction of wetted two-grain boundaries as grain
growth proceeds. For partially molten olivine, wetted
two-grain boundaries are further stabilized by the
small dihedral angle [Cmíral et al., 1998; Faul and
Scott, 2006], implying that the surface energy differ-
ence between a wetted and a melt-free two-grain
boundary is small. Large pockets of melt are
stabilized at the site of shrinking grains due to the
establishment of slow-growing, faceted grain surfaces
[Waff and Faul, 1992].

5. Implications

5.1. Seismic Properties
[27] Wetted two-grain boundaries signi!cantly
change the physical properties of partially molten
rocks. Melt can affect seismic velocities and attenua-
tion by a number of processes, among them melt
“squirt,” the "ow ofmelt between adjacent inclusions
with different orientations relative to the applied
stress [Mavko and Nur, 1975]. Depending on the
aspect ratio (ratio of short to long axis) of the
assumed ellipsoidal inclusions and the viscosity of
the melt, this process can occur at seismic fre-
quencies and hence cause attenuation due to melt
[e.g., O’Connell and Budiansky, 1977]. Melt squirt
should result in a peak in attenuation at the frequency
at which squirt "ow occurs.

[28] Aspect ratios determined from relatively low-
resolution images in 2-D have a value around 0.05

Figure 8. Detail of the 3-D pore space from the volume
shown in Figure 7. (a) At the full resolution of this study,melt
layers on grain boundaries and small triple junctions are pres-
ent. The voxel size is 0.025mm. (b) The same volume as in
Figure 8a sampled with a voxel size of 0.7mm, the resolution
of the X-ray tomographic study [Zhu et al., 2011]. The thin
layers of melt are not captured at this resolution.
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when inclusions connected in 2-D images are
analyzed as a whole [Faul et al., 1994]. With these
aspect ratios, based on the analysis of Schmeling
[1985] [see also Hammond and Humphreys,
2000], melt squirt occurs at frequencies above those
used in the experiments of Jackson et al. [2004] and
Faul et al. [2004] and hence cannot be the cause
for the experimentally observed attenuation peak.
Instead, this peak was ascribed to elastically accom-
modated grain boundary sliding. However, a recent
theoretical analysis of grain boundary sliding,
utilizing somewhat relaxed geometric constraints
relative to an earlier model [Raj and Ashby, 1971],
similarly predicts that this process occurs at higher
frequencies or lower temperatures [Morris and
Jackson, 2009]. Correspondingly, the relatively mild
plateau observed experimentally in melt-free sam-
ples moves out of the seismic frequency band to
frequencies above 1Hz at 900!C at a grain size
of 3mm [Jackson and Faul, 2010]. By contrast,
the peak observed only for melt-bearing samples
leaves the seismic frequency band at a temperature
of about 1250!C at a grain size of 9mm [Jackson
et al., 2004].

[29] Individual layers on two-grain boundaries have
signi!cantly lower aspect ratios than the combined
inclusions that were examined by Faul et al.
[1994]. At experimental grain sizes of ~30mm, the
aspect ratio for a 10–100 nm thick layer is of order
of 10#3 to 10#4. For this aspect ratio melt “squirt”
is predicted to occur in the frequency range of the
experiments, consistent with the experimental
observations [Jackson et al., 2004]. The correlation
of peak height with melt fraction can be attributed
to an increasing number of low aspect ratio inclu-
sions with increasing melt fraction, as observed
for the samples in this study.

[30] For a squirt-related attenuation peak to be in
the seismic frequency range, aspect ratios of melt
inclusions in the mantle have to be in a similar
range as in the experiments. With estimated grain
sizes from 1mm to 1 cm, the layer thickness of
wetted grain boundaries in the upper mantle needs
to be in the range from 100 nm to 1mm for observ-
able melt-related attenuation at seismic frequencies.
Measurement of the wetness for samples with
similar melt content shows that the wetness increases
with increasing grain size (Section 3). At mantle
grain sizes in the range from mm to cm wetted grain
boundaries may therefore occur more frequently at
lower melt fractions relative to the experimental
grain sizes. Further work is needed to quantify the
relationship between grain size and wetness for
constant melt content.

[31] Seismological studies of subduction zones !nd
Q values that are too low to be explained by tem-
perature alone (e.g., northeastern Japan [Takanami
et al., 2000] and Nicaragua and Costa Rica
[Rychert et al., 2008]. Back-arc regions tend to
have lower Q than the arc itself, for example in
the Lau Basin [Roth et al., 1999; Wiens et al.,
2008], Marianas [Pozgay et al., 2009], and the
central Andes [Schurr et al., 2003]. Since the low-
est velocities and highest attenuation are observed
beneath the back-arc rather than the arc (where the
highest water contents are observed, e.g., Kelley
et al. [2010]), it is likely that melt plays a signi!-
cant role for the seismic properties. Melt-related
attenuation precludes triple junction tubules as the
cause since the attenuation peak occurs at higher
frequencies, outside the seismic band [e.g., Schmeling,
1985; Takei, 2002].

5.2. Permeability
[32] The effect of the observed 3-D melt distribu-
tion on permeability is more dif!cult to estimate.
Due to the limited resolution, X-ray microtomogra-
phy substantially underestimates the connectivity of
the melt at low melt fractions, but it does image
larger conducting elements at high melt fractions.
Consistent with previous 2-D observations [Faul
et al., 1994; Faul, 1997], the 3-D images show an
increase in the number of wetted two-grain bound-
aries with increasing melt fraction. At low melt
fractions, the sequestration of melt in larger pools
reduces the permeability for this melt fraction
relative to the isotropic equilibrium model, for
which an increase in melt fraction is coupled to an
increasing triple junction tubule diameter [e.g.,
Faul, 2001]. This permeability reduction due to
the stabilization of larger melt pools by faceting
was also recognized by Yoshino et al. [2006]. To
quantify the evolution of permeability with melt
fraction while taking the changing melt geometry
into account requires numerical modeling of the
observed 3-D pore geometry with for example
the lattice-Boltzmann method [e.g., Ferreol and
Rothman, 1995].

6. Conclusions

[33] Serial sectioning of experimentally produced
partially molten samples with a steady state grain
size distribution shows that wetted two-grain
boundaries exist in aggregates with dihedral angles
>0!. These wetted grain boundaries are a dynamic
feature due to grain growth, which, like the
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formation of dihedral angles, is driven by surface
energy reduction. The melt geometry in partially
molten systems therefore cannot be characterized
by dihedral angles alone. The grain boundary
wetness, as de!ned by Takei [1998], may be more
suitable for characterization of the melt distribution
from 2-D images, provided they are of adequate
resolution. Grain growth, driven by surface energy
reduction, will also occur in the mantle, resulting
in a similar normalized grain size distribution away
from high-stress regions (see for example Faul
[1997, Figure 1] for the grain size distribution of
a xenolith).

[34] The 3-D melt distribution, obtained from serial
sectioning and high-resolution imaging, con!rms
that the number of wetted grain boundaries increases
with melt content, consistent with previous observa-
tions [Faul et al., 1994; Faul, 1997]. Wetted two-
grain boundaries were also noted under hydrous
conditions at high pressure [Yoshino et al., 2007]
and at anhydrous conditions at high temperatures
and pressures [Yoshino et al., 2009]. Preliminary
observations suggest that the number of wetted grain
boundaries increases with increasing grain size at
constant melt content. The wetted grain boundaries
with their low aspect ratios (of order of 10#3 to
10#4) can explain the experimental observations of
an attenuation peak in partially molten samples that
is absent in melt-free samples [Jackson et al., 2004;
Faul et al., 2004]. Melt will therefore have a signi!-
cant effect on both seismic velocities and attenuation
as determined by these studies.
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