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Abstract Grain growth rates in partially molten olivine
aggregates were determined experimentally at a pressure
of 1 GPa. The aim of the experiments with fine-grained
starting material (solution–gelation derived Fo90 olivine
with a grain size of �1 lm with 2 and 4 wt.% added
basaltic glass) was to determine growth rates during
steady-state grain growth. A series of experiments was
conducted at a fixed temperature of 1,350�C for dura-
tions from 2 to 700 h, and a second series at fixed
duration (168 h) at temperatures from 1,250 to 1,450�C.
The resulting activation energy (E=390 kJ/mol) and
growth exponent (n=4.3) are comparable to melt-free
results (Nichols and Mackwell 1991). The observed
grain size distributions are broader than those predicted
for normal grain growth or Ostwald ripening and most
similar to the Log-normal distribution. The observed
melt distribution is influenced by the continuous rear-
rangement of neighboring grains during growth. The
relatively large growth exponent observed in this study
and by Nichols and Mackwell (1991) where secondary
phases are present suggests that grain growth in the
upper mantle is slower than predicted by Karato (1989).

Keywords Grain growth Æ Olivine Æ Partially molten
rocks

Introduction

The size of the crystalline grains in the Earth’s upper
mantle affects a number of physical properties, for
example deformation (Hirth and Kohlstedt 1995), seis-
mic velocities and attenuation (Faul and Jackson 2005),

electrical conductivity (ten Grotenhuis et al. 2004) and
permeability of partially molten rocks (Faul 2001). The
grain growth rate relative to deformation influences the
dynamical behavior of the mantle (Solomatov 2001).
While grain growth experiments have been conducted
with melt-free olivine (Karato 1989; Nichols and
Mackwell 1991), comparable data for melt bearing
olivine is not available.

Previous studies of grain growth kinetics in melt-free
olivine involved crushed natural olivine aggregates ei-
ther at moderate pressure (300 MPa) but relatively short
duration (less then 24 h) (Karato 1989), or at 1 atm for
up to 200 h (Karato 1989; Nichols and Mackwell 1991).
Karato (1989) found that the presence of pores signifi-
cantly inhibits grain growth while water enhances it. He
concluded that where pores or second phase particles are
unimportant, grain growth in olivine is fast relative to
geologic time scales. Nichols and Mackwell (1991)
investigated the oxygen fugacity dependence of grain
growth. They found that growth rates increase with
increasing oxygen fugacity, but that in their 1 atm
experiments growth was controlled by coalescence of
pores, with growth rates limited by diffusion of the
slowest ionic species constituting olivine.

The experiments described here are designed to
investigate grain growth in partially molten olivine
aggregates at low melt fractions. The use of a piston
cylinder apparatus allowed the experiments to be con-
ducted at relatively high pressure to avoid pores, and
long durations (up to 700 h) to determine steady-state
growth rates. The latter was achieved by using a very
fine-grained, fully synthetic starting material. With this
fine-grained starting material the samples should evolve
relatively quickly to a grain size distribution which,
when normalized by the mean grain size, is time
invariant (or self-similar). The grain growth kinetics
derived from these experiments therefore are indepen-
dent of the initial grain size distribution and refer to
steady-state grain growth, which is presumably similar
to grain growth at the much longer time scales in the
Earth.
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Theoretical

Normal grain growth and Ostwald ripening

The type of grain growth investigated here is that driven
by a reduction of grain boundary energy (a decrease of
the surface to volume ratio), generally described as
normal grain growth or Ostwald ripening (see e.g.,
Evans et al. (2001) for a review of other growth/recrys-
tallization mechanisms). In both processes the driving
force is the reduction in Gibbs free energy due to the
decrease in grain surface area with increasing mean grain
size. The driving force or potential D is related to the
grain size r:

D / c
r

ð1Þ

where c is the surface energy.
Theoretical treatments of normal grain growth start

by describing the decrease in internal pressure with
increasing radius (Atkinson 1988), while theoretical
treatments of Ostwald ripening are based on the higher
solubility (increased chemical potential) of smaller par-
ticles relative to larger particles embedded in a matrix
with a mean concentration (mean filed theories) (Lifshitz
and Slyozov 1961; Wagner 1961). For normal grain
growth the volume fraction of the growing phase does
not enter into the derivation, while for Ostwald ripening
‘‘infinite’’ dilution of the growing phase is assumed.

Normal grain growth is usually used to describe the
coarsening of single phase systems (e.g., pure metals),
while the growth of dispersed grains in a solid or liquid
matrix is usually described by Ostwald ripening (e.g.,
growth of garnet in metamorphic rocks).

Both theories predict simultaneous growth and
shrinkage of individual crystals in an aggregate, where in
a closed system the total number of crystals decreases
while their mean radius increases. Both types of grain
growth predict a relatively narrow range of shapes and
grain sizes and the time invariance of the normalized
grain size distribution (Atkinson 1988). This contrasts
for example with a broader grain size distribution due to
so-called primary grain growth, driven by annealing of
high dislocation densities after deformation, or dynamic
recrystallization during deformation. Since the driving
force for normal grain growth/Ostwald ripening is al-
ways present in the Earth (as long as it is not a single
crystal) this growth process is always operating and
competes with grain size reduction due to deformation
(Karato 1989).

For both Ostwald ripening and normal grain growth
a growth equation of the form:

rn � rn
0 ¼ kt ð2Þ

can be derived, where r0 is the grain size at the start of
the experiment, r the grain size at time t, k a rate con-
stant and n a growth exponent. The temperature
dependence of the rate constant is expressed as:

k ¼ k0 e�E=RT ; ð3Þ

where E is the activation energy and k0 is a characteristic
constant for a particular growth process and environ-
ment.

For normal grain growth of pure, single phase sys-
tems a growth exponent of n=2 is derived, while n>2
has been predicted for various control mechanisms in
systems with secondary phases present. However, iden-
tification of the controlling mechanism is often difficult
(Atkinson 1988).

During Ostwald ripening potentially growth rate
limiting steps are detachment of growth units from the
surface of a shrinking crystal, their diffusion through the
matrix, and reattachment to a growing crystal. Two
principal cases can therefore be distinguished: diffusion
controlled growth and interface reaction controlled
growth (Martin et al. 1997). For diffusion controlled
growth the concentration gradient between particles
depends on particle spacing or volume fraction (Fisch-
meister and Grimvall 1975). If the rate of attachment to
the crystal surface is the rate limiting step, the kinetics
become identical with those for Ostwald ripening of a
distribution of second phase particles (Atkinson 1988, p.
474). For diffusion controlled growth n=3 is predicted,
while for interface reaction controlled growth the pre-
dicted exponent is n=2 (Wagner 1961).

Grain size distributions

Since the normalized grain size distributions predicted
for steady-state growth are time-invariant, the distribu-
tions are potentially diagnostic as to whether steady
state has been reached in an experiment or in natural
rocks, or whether other processes (e.g., deformation)
affect grain growth.

Grain size distributions predicted for both normal
grain growth and diffusion controlled Ostwald ripening
are narrow (the largest grain size is smaller than 2· the
mean grain size, rmean) and have the peak of the distri-
bution at or above the mean grain size (Lifshitz and
Slyozov 1961; Hillert 1965).

Hanitzsch and Kalhweit (1969) have calculated grain
size distributions for Ostwald ripening of cylindrical
particles (Fig. 1). The diffusion controlled case shows
the typical narrow distribution with a relatively sharp
cutoff of the distribution towards larger grain sizes at
1.5· rmean. The distribution has its maximum above the
mean grain size. In contrast, the distribution predicted
for second order surface reactions, where growth occurs
layer by layer spreading on faceted crystal surfaces (e.g.,
Bennema and van der Eerden 1987), has a tail of the
distribution to a radius r�2.5· rmean. The maximum of
the distribution is below rmean.

Also shown in Fig. 1 are the Rayleigh distribution
derived on the basis that the motion of grain boundaries
during growth is random (Louat 1974; see also German
and Olevsky 1998), and the Log-normal distribution.
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The Log-normal distribution is, however, not based on a
rigorous solution of the grain growth equations
(Atkinson 1988). The Rayleigh distribution is given by:

fR ¼
x eð�x2=2r2Þ

r2
; ð4Þ

where r determines the width of the distribution. The
Log-normal distribution is given by:

fL ¼
1

xr
ffiffiffiffiffiffi

2p
p e�ðlnx�lÞ2=2r2

; ð5Þ

where l is the log of the mean of the distribution and r
is again treated as an adjustable parameter influencing
the shape of the distribution.

Experimental

Grain size and melt distribution from starting materials
with an average grain size >10–20 lm indicate that
hundreds of hours at high temperatures are necessary to
reach the steady-state grain growth process described
above (Faul 1997). A uniformly fine-grained starting
material is therefore obtained by a solution–gelation
method. A brief description of this method is given in
the following paragraph (see also Jackson et al. (2002)).

Magnesium nitrate and ferric nitrate in the propor-
tions required for an olivine composition of
Mg1.8Fe0.2SiO4 are dissolved in ethanol after calibrating
the actual metal-oxide content of the nitrates. Silica is

added in the form of tetra-ethyl orthosilicate (TEOS).
The mixture is continuously stirred with a magnetic
stirrer. A few drops of nitric acid initiate the gelation
process on a hot plate at �30�C.

The gel is progressively dried at increasing tempera-
tures (initially in a fume-hood) with the final step at
1,050�C for 1 h in air. The dried gel is ground and pel-
letized. The pellets are then run for >12 h in a con-
trolled oxygen atmosphere furnace suspended in a Pt-
wire cage. The oxygen fugacity is set by a 50% CO/50%
CO2 gas mixture at a temperature of 1,400�C
ðfO2
� 10�8 � 10�9 atmÞ: The resulting plugs are highly

porous. SEM observations indicate that the olivine grain
size after reaction is well below 1 lm.

To obtain melt at high temperatures, sintered oxide
derived basaltic glass powder is gently ground together
with the sol–gel derived olivine in an agate mortar. The
composition of the added basaltic glass is given in Ta-
ble 2 of Faul et al. (2004). The amount of melt shown in
Table 1 is the weight percent of basaltic glass added to
the olivine. The basalt composition is designed to be
approximately in equilibrium with a four phase assem-
blage (olivine, two pyroxenes and plagioclase) at
300 MPa and �1,250�C (Cmı́ral et al. 1998). Quantifi-
cation of the melt (glass) and orthopyroxene (opx)
proportions at 1,300�C in an experiment at 300 MPa
with 4 wt.% glass added gives a melt content of 3.7% at
run conditions and an opx content of nearly 1% (Faul
et al. 2004). At 1,250�C slightly more opx is present,
whereas at 1,450�C almost no opx is left. The melt
content varies accordingly, although there may also be
minor changes in the olivine proportion.

All runs were carried out in a 1.27 cm diameter piston
cylinder apparatus at a pressure of 1 GPa. Table 1 gives
a list of run conditions and mean grain sizes. The fur-
nace assembly was chosen to be anhydrous and consists
of an outer NaCl sleeve, Pyrex glass, graphite heater and
inner spacers of MgO. The outer Pt capsule is separated
from the graphite heater by a thin MgO sleeve. The in-
ner capsule in contact with the sample is made from high
purity graphite. All furnace components were oven-
dried at �200�C.

Temperature and run duration are controlled by a
Eurotherm controller using a type B (Pt–Rh) thermo-
couple. Power is stepped to zero after a preset time,
resulting in initial quench rates >100�C/s. To avoid
melt segregation due to thermal gradients (Lesher and
Walker 1988) the sample is placed at the center of the
hot zone of the furnace. The temperature at the ther-
mocouple is corrected for the resulting offset by cali-
bration using differential thermal analysis with the
melting point of gold. Relative temperature uncertainties
of this study are estimated to be <10�C, absolute
uncertainties may be somewhat larger.

The oxygen fugacity ðfO2
Þ is not buffered, but the

presence of graphite limits fO2
to below the graphite–C–

O vapor buffer (Taylor and Green 1989; Ulmer and
Luth 1991). The silica activity is buffered by the presence
of orthopyroxene, which originates from an amount of
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Fig. 1 Normalized grain size distributions predicted for Ostwald
ripening of cylindrical particles Hanitzsch and Kalhweit (1969), as
well as the Rayleigh distribution (Louat 1974) and the Log-normal
distribution. The distribution predicted for diffusion controlled
Ostwald ripening is narrow and has its maximum above the mean
grain size with a sharp cut-off to larger sizes. The distribution
predicted for second order surface reaction controlled growth has
its maximum below the mean grain size and a longer tail to larger
grain sizes. The Rayleigh distribution has a similar maximum, but
is wider with a longer tail to larger grain sizes. The Log-normal
distribution is more strongly skewed towards small grain sizes with
a long tail to large sizes
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silica added to the gel, which is slightly in excess of the
stoichiometrically required amount for olivine. Olivine
in the melt added aggregates is of composition Fo90 and
contains 1,270±40 wt. ppm Ca (0.18 wt% CaO) and
370±130 wt. ppm Al (0.07 wt% Al2O3). No inhomo-
geneity of the melt distribution at the sample scale is
observable even in experiments of only 2 h duration
(Fig. 2).

After the experimental run each sample was sectioned
vertically through the center, mounted in epoxy and
polished with diamond, then alumina and finally with
colloidal silica to obtain an undamaged surface for
imaging. Grain sizes were determined by tracing grain
boundaries on screen from digital backscattered electron
(BSE) images (Figs. 2, 3). The location of a grain
boundary was inferred by connecting the cusps of
adjacent melt pockets, aided by orientation contrast
where visible.

The grain size is calculated from the circle-equiva-
lent area of each grain in an image and multiplied by 4/
p to correct for sectioning effects of a sphere. For the
digital image processing and feature analysis the public
domain software NIH Image was used. To check the
accuracy and reproducibility of the so determined grain
sizes two samples (sgob2 and sgob7) were subsequently
also mapped by electron backscatter diffraction
(EBSD) (Fig. 4) in an SEM with W-filament using the
HKL EBSD software package. The resulting mean
grain sizes are within 4% of the manually obtained
ones. This figure also indicates the magnitude of the
relative error in the grain size determinations of each
run.

Results

Growth parameters

The experiments were designed to constrain grain
growth kinetics with runs at a fixed temperature
(1,350�C) and increasing duration (from 2 to 700 h), and

Fig. 2 Backscattered electron (BSE) image of run sgob7 with
2 wt.% melt added, a run duration of 2 h at 1,350�C, and a mean
grain size of 9.2 lm. The relatively large increase in grain size from
a starting grain size of �1 lm ensures that the melt is homoge-
neously distributed even after a short run duration

Table 1 Experimental data and grain size distribution fit parameters

Experiment
(wt.% basalt)

Time
hours

Temp., �C Mean grain
size, lm

Standard
deviationa

Maximum
grain sizea

v2 Log-normalb v2 Rayleighc Number
of grains

sgob7 (2) 2 1,350 9.2 0.66 4.3 30 101 420
sgob1 (2) 24 1,350 14.5 0.75 4.7 56 376 608
sgob2 (2) 170 1,350 25.8 0.64 3.3 25 84 556
sgob8 (2) 432 1,350 33.2 0.58 3.8 42 47 479
sgob3 (2) 700 1,350 31.0 0.69 3.9 21 120 390
sgob9 (2) 168 1,250 17.3 0.68 4.6 23 112 511
sgob4 (2) 168 1,300 17.9 0.75 4.4 28 153 283
sgob5 (2) 168 1,400 28.2 0.67 5.7 34 98 486
sgob6 (2) 168 1,450 38.4 0.63 3.4 20 46 264
sgob13 (4) 2 1,350 8.5 0.63 5.6 64 104 596
sgob10 (4) 168 1,350 27.0 0.54 3.0 65 36 418
sgob11 (4) 432 1,350 33.4 0.53 2.8 48 26 250
sgob12 (4) 168 1,250 16.3 0.64 3.0 35 116 542
OB2d (2.5) 313 1,300 37.0 0.80 5.9 34 199 212

aNormalized by the mean grain size
bv2 value calculated for normalized grain size distribution with a binwidth of 0.2 (�0.3 · standard deviation). The number of bins is set
such that no bin of the predicted distributions has a value <1 and no more than 1/5th of the total number of bins have a value <5 for the
experiment with the smallest number of grains measured (sgob6). For 16 bins, resulting in 14 degrees of freedom (r in Eqs. 4 and 5 for
both distributions has been chosen to optimize the fit, reducing the degrees of freedom by one), the v2 value for rejection of the hypothesis
that the experimentally observed and predicted distributions are the same with p=0.05 is 23.7. (See for example http://helios.bto.ed.ac.uk/
bto/statistics/tress9.html, http://www.itl.nist.gov/div898/handbook/eda/section3/eda35f.htm)
cDue to the smaller number of grains in the tail to large grain sizes of this distribution the number of bins is reduced to 15, with the same
bin width as for the Log-normal distribution. For p=0.05 v2=22.4
dFrom Faul (1997)
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activation energy with runs at fixed duration (168 h) at a
range of temperatures (1,250–1,450�C). The results are
shown in Fig. 5 in a plot of run duration versus grain
size. No abnormal grain growth (where a few grain grow
much faster then the majority of grains) was observed in
any of the experiments. Four repeat experiments were
conducted where the amount of basalt powder added
before the experiment was doubled (to 4 wt.%, Table 1).
The resulting grain sizes are within error of the grain
sizes of the experiments with 2 wt.% melt added. Also
shown in Fig. 5 is an estimated 10% cumulative error in
the grain size due to uncertainties in temperature and
grain size measurements.

The grain growth exponent n, constant k0 and
activation energy E are determined by a non-linear least-
squares fit of the experimental data in Table 1 (except for
OB2) to Eqs. 2 and 3. The resulting best-fit parameters

are: k0=8.2·10�14 mns�1, E=390 kJ/mol and n=4.3 for
a starting grain size r0=1 lm. The longest experiment
(sgob3, 700 h) has the largest residual error. The stan-

dard deviation from the fit to the 13 experiments is

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

ðrcalc � rmeasÞ2=ðn� 1Þ
q

¼ 1:95 lm:

Melt distribution

In images of sample sections, melt (now quenched to
glass) occurs at all three-grain edge intersections, form-
ing a completely interconnected network of melt in three
dimensions (Figs. 2, 3, 6, 7, 8). Examination of three-
grain edges from similar experiments by transmission
electron microscope (TEM) shows that this triple junc-
tion network is present at melt contents as low as
0.01 vol.% (Faul et al. 2004). While some triple junction

Fig. 3 Backscattered electron
(BSE) image of run sgob11
(432 h at 1,350�C, 4 wt.% melt
added). Olivine grains show
some orientation contrast after
polish with colloidal silica. Melt
(quenched to glass) is lightest,
orthopyroxene grains are
darkest, cracks due to quench
are black. Faceting of olivine–
melt interfaces is evident.
Numbers indicate the figures
with high-resolution images of
these melt pockets. Note the
size of the triple junctions in
Fig. 6a, b relative to the large
melt pockets. Idealized models
(e.g., reticulite, Wark et al.
2003, their Fig. 11) do not show
this variation in the size of melt
pockets. Opx denotes an
orthopyroxene grain, gr
graphite

Fig. 4 Images of run sgob2
(170 h at 1,350�C). Left band
contrast image from EBSD
mapping. Grain boundaries and
larger melt pockets are dark due
to their low or absent band
contrast. While olivine–melt
interfaces are often faceted,
olivine–olivine boundaries are
more commonly slightly curved.
Right BSE image of the same
area. A comparison of the
images shows that EBSD
mapping at this scale (step size
0.75 mm) only resolves larger
melt pockets. Two opx grains
included in olivine are indicated
by arrows. The black scale bar
at the bottom left indicates
50 lm
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tubules have geometries that closely resemble those
predicted by idealized models (e.g., Fig. 6b) (von Bargen
and Waff 1986; Wark et al. 2003), most are affected by
faceting of at least one of the olivine crystals involved
(Figs. 3, 6, 7, 8). In the more coarse-grained samples the
triple junction tubules (melt pockets surrounded by no
more than three grains) are generally small, and most of
the melt resides in pockets surrounded by four or more
grains (Fig. 3). These larger melt pockets also often in-
volve faceted crystal–melt interfaces.

In order to adequately resolve the melt geometry high
resolution imaging is necessary. While not obvious at
lower magnification, melt frequently penetrates deep
between two-grain boundaries (compare Fig. 3 with
Figs. 6, 7, 8), in some cases connecting to neighboring
melt pockets with uniform thickness (Fig. 6a). Quench
growth is only observable at the transition from faceted
to rounded olivine–melt interfaces (Fig. 8).

Dihedral angles measured at low magnification con-
sequently often overestimate the actual dihedral angles.
Thirty-two dihedral angles measured with NIH Image
from ten high-resolution images from the area covered
by Fig. 3 have a median of 12�, a value that is somewhat
larger than that determined by TEM imaging [ £ 10�
(Cmı́ral et al. 1998)]. Two angles in this area have a
value of zero where the melt connects to a neighboring
melt pocket with a width <100 nm.

Walte et al. (2003) show in directly observable grain
growth experiments with analogue materials that fully or
partially wetted two-grain boundaries and melt pockets
surrounded by more than three grains are formed when
smaller grains shrink and disappear and the surrounding
grains need to adjust their shape to fill the space. Simi-
larly, the range of melt geometries observed in partially
molten olivine aggregates during grain growth are
influenced by continuously changing arrangements of

neighboring grains. One difference to the analogue
materials of Walte et al. (2003) is the faceting of olivine–
melt interfaces. This tendency to develop facets may lead
to the stabilization of relatively large melt pockets at
larger mean grain sizes (Fig. 3).

Partially molten rock undergoing grain growth will
therefore have a melt distribution that differs from that
predicted by static models with uniform grain size and
fixed dihedral angle (von Bargen and Waff 1986; Wark
et al. 2003). This difference in geometry may have sig-
nificant consequences for example for permeability
(Faul 2001). It may explain at least qualitatively the
difference between the permeability predicted for ideal-
ized systems (von Bargen and Waff 1986) and the per-
meability measured with analogue materials (Wark and
Watson 1998; Wark et al. 2003).

Grain size distributions

During grain growth the grain size distributions broaden
with increasing mean grain size. The maximum grain
size increases from 40 lm after 2 h at 1,350�C to 120 lm
after 700 h. It is therefore easier to compare grain size
distributions that are normalized by their mean grain
size. These normalized distributions should also be time
invariant during steady-state growth. Examples of nor-
malized grain size distributions are shown in Fig. 9.

In order to asses the time invariance, a v2 test was
used to compare the grain size distributions observed in
the experiments to the grain size distributions shown in
Fig. 1 and given in Eqs. 4 and 5. The parameter r in
these equations was chosen to minimize the calculated v2

values (r=0.9 for both the Rayleigh and Log-normal
distribution). The v2 values shown in Table 1 indicate
that the observed distributions of the runs with 2 wt.%
melt added have the smallest misfit relative to a Log-
normal distribution, but are in most cases not identical
with this distribution.

The calculated v2 values do not systematically change
with increasing temperature or experimental duration.
This suggests that the distributions are largely time
invariant as required for steady-state grain growth. A
caveat is that due to the small number of grains in the
long tails to large grain sizes, the grains in the tails of
each of the distributions have to be combined into one
bin to satisfy the requirements of the v2 test. The ob-
served decrease in the maximum grain size with
increasing time and temperature (Table 1) suggests that
the distributions actually become somewhat narrower.

The calculated v2 values depend somewhat on the
number of bins used. Increasing the number of bins in
the v2 test where this is possible due to the larger number
of grains measured generally increases the calculated v2

value for the Log-normal distribution, while the value
for the Rayleigh distribution decreases. This reflects the
larger number of grains expected in the tail of the Log-
normal distribution relative to the observations (Fig. 9).
The Rayleigh distribution tends to provide a better fit to
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Fig. 5 Grain growth data (open symbols: 2 wt.% basalt added,
closed symbols 4 wt.% basalt added) and non-linear least squares fit
to the data (Table I, except OB2). The two runs at 1,350�C and
432 h have nearly identical grain sizes. The error bars indicate a
cumulative error of 10% from uncertainties in temperature and
grain size determination
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the distributions observed at longer run durations at
1,350�C and above (Fig. 9b).

The distributions of the runs with 4 wt.% melt added
are narrower than the distributions with the smaller melt
fraction (except the shortest run) (Fig. 9c). They there-
fore tend to have a smaller misfit relative to the Rayleigh
distribution, although again they do not coincide with
this distribution (Table 1).

Of the distributions calculated for Ostwald ripening
by Hanitzsch and Kalhweit (1969) the distribution pre-
dicted for diffusion controlled growth is far too narrow
and has the peak in the wrong position relative to the
experimental distributions. The distribution for second
order surface reaction controlled growth is the most
similar to the experimental distributions, although the v2

values are much larger than for the Log-normal and
Rayleigh distributions.

An experiment with a much larger starting grain size
range (45–62 lm) still has a relatively large v2 value even
after more than 300 h at 1,300�C. Small starting grain
sizes are therefore necessary if a steady-state grain size
distribution is desired in an experiment.

Discussion

Secondary phases and inclusions

As indicated in the Experimental section, a minor
amount of opx is present in the samples (Figs. 2, 3, 4).
Figure 3 shows most clearly that opx grains can exert a
drag force on moving olivine grain boundaries. Figure 4
shows much smaller opx grains as inclusions inside
olivine grains while a few larger grains remain on oliv-
ine–olivine grain boundaries. The size difference between
opx grains included in olivine and those on grain
boundaries indicates that the opx grains themselves
grow as long as they are on grain boundaries.

Overall only a small number of olivine grain bound-
aries are affected by drag from opx grains. For example,
only �1 in 50 two-grain boundaries in Fig. 3 are affected
by the presence of opx, although this ratio might be
larger at lower temperatures where a slightly larger
amount of opx is present. The deviations of the mea-
sured grain sizes from the fit show no systematic
behavior with temperature as would be expected if the
variations in opx content influenced the growth rate.

Transmission electron microscope observations on
similarly prepared samples indicate that some of the
black spots that can be seen in SEM images (e.g., Fig. 3)
are graphite grains, most likely introduced during
loading of the graphite capsule. They will presumably
also exert a drag force on grain boundaries. However,
due to their small size most of the graphite grains be-
come incorporated into olivine grains early on during
growth.

How effectively small secondary particles become
included into the growing olivine grains may depend in
addition to their size also on whether they are located on
two-grain boundaries (disconnected from the fast diffu-
sivities of the interconnected melt) or three or more
grain edges. The small number of remaining secondary
(solid) particles outside of olivine grains suggests that it
is unlikely that they influence growth kinetics signifi-
cantly. Gas-filled pores are essentially absent in melt-
bearing samples at a pressure of 1 GPa in this study.

No melt inclusions inside olivine grains are observed
in any of the samples, indicating that growth took place
in the ‘‘pore drag’’ regime of Renner et al. (2002). The
mobility of the grain boundaries even at the highest
temperature was never high enough to ‘‘drop’’ pockets
of melt, which would lead to the formation of melt
inclusions. This is again consistent with the tendency of
olivine–melt interfaces to develop slow-growing facets.
The grain boundaries were mobile enough, however, to

Fig. 6 Field emission scanning electron microscope (FESEM) and
secondary electron (SE) images showing detail from Fig. 3. a The
apparently wetted grain boundary (with a constant width of the
melt layer) can be followed over a distance of more than 20 lm to
the adjacent melt pocket. Note also the small dihedral angle due to
faceting on the right of the triple junction (arrow). b Melt
penetrates deep between two grain boundaries (arrowed) but
becomes too thin a few micrometers from the next triple junction
to be resolved by FESEM imaging. The dihedral angle is very small
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‘‘drop’’ small opx and graphite grains now found as
inclusions inside olivine grains.

Growth mechanism

In the experiments of this study the observed growth
exponent (n�4) is different to the growth exponents

predicted for Ostwald ripening (n=2 for interface con-
trolled growth and n=3 for diffusion controlled growth)
and normal grain growth of a single phase (n=2). The
observed grain size distributions do not closely match
any of the theoretically predicted distributions, although
they are the most similar to the distribution predicted for
second order surface reaction controlled Ostwald rip-
ening (Hanitzsch and Kalhweit 1969). Faceting of crys-
tal–melt interfaces also indicates that growth is limited
by surface reactions (growth by layer spreading) (Ben-
nema and van der Eerden 1987; Waff and Faul 1992).

The combination of these observations suggests that
none of the theoretical models takes all the factors into
account that contribute to the observed growth behav-
ior. This also implies that the activation energy cannot
easily be interpreted in terms of a single controlling
growth mechanism such as volume or grain boundary
diffusion, as is usually assumed (Ralph et al. 1992).

There are, however, extensions of the basic models
that capture aspects of the observed behavior. The width
of experimentally observed grain size distributions in
other systems frequently exceeds model predictions, and
a number of reasons have been cited for this discrep-
ancy. A key assumption for (diffusion controlled) Ost-
wald ripening is the ‘‘infinite dilution’’ of the growing
phase so that each crystal has the same environment
(mean-field approximation). In practice this assumption
may only be approached for the ripening of widely dis-
persed secondary phases. Numerical simulations of
Ostwald ripening with increasing volume fraction of the
ripening phase predict a broadening of the grain size
distribution (Tikare and Cawley 1998). Similarly Mul-
heran (1992) in a model with relaxed mean-field
approximation predicts a broader grain size distribution
that has a peak at smaller grain sizes (at 0.5· rmean).
Renner et al. (2002) also discuss a broadening of grain
size distribution with increasing volume fraction of the
ripening phase. The distributions observed by them for
grain growth in calcite are similarly skewed to small
grain sizes as the distributions observed in this study.

A problem for both Ostwald ripening of a high vol-
ume fraction phase as well as normal grain growth of a
single phase is that topological constraints for space
filling also influence the growth environment (Pande
1987). The presence of melt in partially molten rocks
may relax this space filling requirement relative to sub-
solidus conditions, as the melt conforms to arbitrary
shapes. While models for normal grain growth in the
presence of secondary phases have been developed, no
formal criterion for the transition from Ostwald ripening
to normal grain growth with decreasing melt fraction
exists (see also Renner et al. 2002). Models for normal
grain growth in the presence of secondary phases predict
an exponent n=4 for cases where growth is controlled
by surface diffusion (with pores present) or grain
boundary diffusion (Atkinson 1988).

Cabane et al. (2001) in grain growth experiments with
quartz plus silicic melt similarly find a growth exponent
n>2 suggesting diffusion control, but also observed

Fig. 7 FESEM–SE image with detail from Fig. 3 showing two
dihedral angles which would appear much larger at low magnifi-
cation due to the faceting of the interfaces. The angle in the lower
right corner is again just above zero as in Fig. 6b. The angle at the
top left is the largest angle measured in these images. During
polishing the softer glass (relative to the olivine crystals) is
preferentially removed, creating some topography at olivine-glass
edges. This topography causes the bright edges of olivine and the
adjacent dark ‘‘shadows’’ in the glass pockets in both BSE and SE
images

Fig. 8 FESEM–SE image with detail from Fig. 3 showing more
clearly the extend of faceting of crystal–melt interfaces. Small
irregularities at the transition from faceted to non-faceted
interfaces (arrow), observable in many of the images, are likely
due to quench growth. Note the size of the dihedral angles
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faceted quartz–melt interfaces indicative of surface
reaction control. They argue that for this system the
kinetics are determined by surface reaction-controlled
Ostwald ripening of quartz despite the larger than pre-
dicted exponent.

Comparison with other studies

Three other studies have investigated grain growth in
olivine aggregates at hydrostatic conditions. Karato
(1989) determined grain growth rates both at one
atmosphere and ‘‘wet’’ and ‘‘dry’’ at 300 MPa. Nichols
and Mackwell (1991) determined grain growth rates at
one atmosphere as a function of oxygen fugacity. Park

and Hanson (1999) determined grain growth rates of
Fo100 crystals suspended in a haplobasaltic melt at 1 atm
and 1,275�C (<50% crystalline). Karato’s (1989) 1 atm
and the ‘‘dry’’ 300 MPa data, Park and Hanson’s (1999),
as well as Nichols and Mackwell’s (1991) data with an
oxygen fugacity of 10�7 atm along with the fit to the
data from this study are shown in Fig. 10.

Grain growth at one atmosphere is assumed to be
controlled by the evolution of pores (Karato 1989;
Nichols and Mackwell 1991), involving surface diffu-
sion. Similarly at water-saturated conditions grain
growth is affected by the presence of pores (Karato
1989). Nichols and Mackwell (1991) found activation
energies and growth exponents similar to this study,
while Karato’s (1989) 1 atm data indicates a high acti-
vation energy and an exponent with a value between 2
and 3. This high activation energy is partly due to the
1,400�C data (see Fig. 10) which is inconsistent with
Nichols and Mackwell’s (1991) data as noted by them.

While grain growth of melt-free but porous olivine
aggregates at 1 atm is slower than that of melt-bearing
olivine at high pressure, Karato’s (1989) ‘‘dry’’ 300 MPa
data suggests that grain growth of melt-free olivine at
high pressure is faster (Fig. 10). However, from our own
experience with San Carlos olivine starting material
(Faul et al. 2004) and that of others (Hirth and Kohl-
stedt 1995), it is difficult to completely eliminate all
impurities which produce a melt at high temperature and
low pressure (1 atm or 300 MPa). Even with melt pres-
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ent, however, Karato’s grain growth rates are much
faster than ours.

A comparison of the growth rates observed in this
study and those of Park and Hanson (1999) suggests
that growth rates decrease with increasing melt content.
This assumes that the differences in composition (Fe-free
system in Park and Hanson’s (1999) case) and pressure
(1 atm vs. 1 GPa) in the two studies do not significantly
influence growth rates. Decreasing growth rates with
increasing melt contents are observed in a number of
liquid phase sintering systems (German and Olevsky
1998). They also point out that solid-state growth is
substantially slower than growth at high liquid propor-
tions, requiring a maximum in the growth rate at a
critical proportion of liquid, which they infer is near 1%.
Their model also assumes that the growth exponent does
not change as a function of liquid proportion.

The growth rates observed by Nichols and Mackwell
(1991) (melt free), in this study (relatively small amounts
of melt) and Park and Hanson (1999) (high melt con-
tents) are consistent with the model proposed by Ger-
man and Olevsky (1998), although the materials and
conditions in these three studies differ somewhat. De-
spite these differences, the growth exponents as indicated
by the slopes of the growth curves in Fig. 10 are similar.

Hirth and Kohlstedt (1995) also determined a rate
constant k (Eq. 2) in their experiments at 300 MPa,
using the exponent and activation energy determined by
Karato (1989). However, their experiments were defor-
mation experiments with excursions into the dislocation
creep regime for some samples. Dislocation creep is
generally accompanied by grain size reduction due to
dynamic recrystallization (Karato 1984). The growth
rates observed for their nominally melt-free samples
(containing up to 1% melt) are broadly consistent with
the growth rates determined in this study.

Experiments with melt-free sol–gel derived olivine
(prepared as described above) indicate that grain growth
in the absence of melt is very slow: even after >30 h at
1,200�C and 300 MPa a dry sample only grew to a mean
grain size of 3 lm (Jackson et al. 2002). This sample
contained minor opx and some pores (observable by
TEM imaging but not measurable in the density). The
growth rate of this sample is similar to the growth rates
determined by Nichols and Mackwell (1991).

Assuming the pores in Nichols and Mackwell’s (1991)
experiments simply act as a secondary phase reducing
growth rates, the kinetics determined from their experi-
ments may be representative for upper mantle rocks,
where secondary phases moderate growth rates.
Extrapolation of their growth rates and those deter-
mined in this study suggests that while partially molten
dunite will reach a grain size of 1 mm at 1,400�C in a
little more than 50,000 years, sub-solidus grain growth
will only reach this grain size in well over 1 Myears
(Fig. 11). Evans et al. (2001) similarly concluded that
secondary phases moderate grain growth for extrapo-
lated grain sizes to be compatible with grain sizes
observed in xenoliths. However, grain growth rates

significantly increase when water is present (Karato
1989).
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