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[1] We conducted grain growth and creep experiments on forsterite (Fo) plus enstatite (En)
aggregates at 1 atmosphere pressure and temperatures of 1260 – 1360°C, with variable
volumetric fractions of the twominerals, forsterite and enstatite (Fo1.00 to Fo0.03 En0.97). The
grain size ratios of forsterite and enstatite in annealed (reference) and deformed samples
follow the Zener relationship of dI/dII = β/fIIz, where d is the grain size, and the subscripts I
and II indicate the primary and secondary phases, respectively. When fEn< 0.5, I is
forsterite, II is enstatite, then β = 0.67, and z= 0.52; for samples where fEn> 0.5, I is
enstatite, II is forsterite, then β = 0.73, and z= 0.53. Grain growth in reference samples
conforms to the relationship ds4 � d04 = kt, where ds is the grain size under static conditions,
d0 is the initial grain size, k is the grain growth coefficient, and t is time. The observed
growth coefficient for the primary phase (kI) becomes smaller with increasing fII, which is
consistent with the theoretical prediction. Overall, our results are consistent with previously
proposed grain growth models for static conditions that use mineral physical parameters
such as diffusivity (Di

GB) and interfacial energy (γ). We discuss grain size variations in the
mantle, with compositions ranging from dunite to pyroxenite, and we go on to present a
method that predicts the grain sizes of different mantle lithologies, provided that the
diffusivity and interfacial energy of the constituent minerals are known.

Citation: Tasaka, M., and T. Hiraga (2013), Influence of mineral fraction on the rheological properties of forsterite
+ enstatite during grain-size-sensitive creep: 1. Grain size and grain growth laws, J. Geophys. Res. Solid Earth, 118,
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1. Introduction

[2] Grain-size-sensitive creep has been investigated as a
rock flow mechanism in Earth’s middle crust to lower
mantle, especially where the rocks are fine grained.
Evidence of this mechanism is provided by rocks exposed
at the Earth’s surface that were originally from deeper in
the crust and upper mantle that demonstrate intense plas-
tic deformation in the finer-grained zone relative to its
surroundings without the characteristic microstructures
of dislocation creep [e.g., Boullier and Gueguen, 1975;
Behrmann and Mainprice, 1987; Warren and Hirth,
2006]. Grain-size-sensitive creep has been studied exper-
imentally in monomineralic systems of the primary rock-
forming minerals, for example, in quartz [Rutter and
Brodie, 2004], plagioclase [Dimanov et al., 1999], olivine

[Hirth and Kohlstedt, 1995], and calcite [Covey-Crump,
1998]. However, it is not easy to apply these results to
Earth because most rocks are polymineralic.
[3] In polymineralic rocks, the changes of flow strength

due to changes in their mineral fractions have been
well studied. The studies on calcite-halite systems by
Bloomfield and Covey-Crump [1993], forsterite-enstatite
by Ji et al. [2001], and quartz-calcite by Rybacki et al.
[2003] have focused specifically on the contrasting rheo-
logical properties of each mineral. These studies explained
the observed bulk viscosity using the fraction of the sec-
ondary mineral phase and the strength of the constituent
minerals. However, not only can the contribution of the
strength of each phase to the bulk strength be changed
as a function of changes in mineral fraction, but so too
can microstructures such as grain size. McDonnell et al.
[2000] showed that the grain size change due to a change
in mineral fraction is a primary factor in determining the
changes of flow strength in the forsterite-enstatite system
under grain-size-sensitive creep; however, the change in
grain size resulting from changes in the enstatite fraction
was not investigated systematically, which means that it is
difficult to extrapolate their results to nature. Hiraga et al.
[2010a] conducted grain growth experiments on forsterite-
enstatite aggregates where enstatite was the secondary
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phase. Combining their results with those of McDonnell
et al. [2000],Hiraga et al. [2010a] proposed semi-empirical
viscosity variations in the system as a function of enstatite
fraction.
[4] We examine viscosity variations of the same materials

previously used for grain growth experiments [Hiraga
et al., 2010a] by conducting mechanical experiments.
Additional grain growth experiments were conducted on
pyroxene-rich aggregates at different temperatures, thus
allowing us to apply our results to a wide range of mantle
conditions in terms of mantle lithology, temperatures, and
deformation. In this paper, we will focus on grain growth.
In a second paper [Tasaka et al., 2013], we focus on the
mechanical characteristics of the samples.

2. Background

2.1. The Zener Relationship

[5] Because the derivation of the Zener relationship was
presented in Hiraga et al. [2010a], we will only briefly
discuss it here. The phenomenon where a secondary phase
or phases inhibit grain growth in the primary phase or
phases is often referred to as Zener pinning [Smith, 1948].
The balance of forces between grain boundary migration
and grain boundary pinning and the relationship between
the fraction of the secondary phase (fII) and the grain size ra-
tio of the primary and secondary phases (dI/dII) are pre-
dicted to be

4γGB
dI

¼ 3γ IPB f II
dII

; (1)

where γGB and γIPB are the grain boundary and interphase
boundary energies (between the primary and secondary
phases), and fII is the volumetric fraction of the secondary
phase. This relationship is derived from the very simple
geometry of a two-phase crystalline system, and numerous
studies agree with a more flexible form of equation (1),
as follows:

dI
dII

¼ β
f IIz

; (2)

where β and z are Zener parameters. Various grain growth
models and the measurement of grain sizes in real systems
provide values of β = 1.3 – 4.5 and z = 0.3 – 1.0 [Smith,
1948; Monohar et al., 1998; Evans et al., 2001; Hiraga
et al., 2010a]. For example, Hiraga et al. [2010a] showed
that the ratio of grain size in forsterite with a small amount
of enstatite is well described by equation (2) with β = 0.74
and z = 0.59. The exponent z changes due to the location of
the secondary phase and z changes due to the relative bound-
ary energy of grain and interphase boundaries (β = 4γGB/
3γIPB, see equations (1) and (2)), respectively [e.g., Haroun
and Budworth, 1968; Hillert, 1988] (see also a review in
Evans et al., 2001]).

2.2. Static Grain Growth Law

[6] Grain growth in crystalline polyphase systems under
static conditions has been investigated for silicate systems
(quartz-calcite [Tullis and Yund, 1982], forsterite-diopside
[Ohuchi and Nakamura, 2007], and forsterite-enstatite

[Hiraga et al., 2010a]). Most studies agree that grain growth
takes the form of:

ds
m–d0

m ¼ kt; (3)

where ds is the grain size under static conditions, d0 is the ini-
tial grain size, k is the grain growth coefficient, t is time, and
m is a grain growth exponent. The growth coefficient, k,
depends on temperature, k = k0 exp (�Q/RT), and on the
value of m. Common values of m obtained experimentally
are in the range 3 – 5 in polyphase system [Ohuchi and
Nakamura, 2007; Hiraga et al., 2010a], which is consistent
with predictions based on the model of diffusion controlled
grain growth for polyphase systems [Martin et al., 1996].
The model predicts m = 4 for both primary and secondary
phases [Ardell, 1972], when the secondary phase grows via
a process of Ostwald ripening of grains that reside at the grain
boundaries of the primary phase. In this case, the grain
growth coefficient of the secondary phase (kII) is given by:

kII
m¼4ð Þ ¼ 8γcwDGB

i V 2ν
3GRT

; (4)

where γ is the interfacial energy between the primary and sec-
ondary phases, c is the concentration of the rate-controlling
element, w is the width of the grain boundary, Di

GB is the
diffusion coefficient of rate-controlling element for grain
boundary diffusion, V is the molar volume of the solute, ν
is a quantity that slowly varies with different fractions of
the secondary phase, G is a geometric constant, R is the gas
constant, and T is the absolute temperature [Speight, 1968;
Ardell, 1972]. Combining equations (2)–(4), we obtain:

ds_I
� �m

– d0_I
� �m ¼ β=f II

zð Þm·kII·t: (5)

[7] Then, the grain growth coefficient of the primary phase
(kI) is given as:

k m¼4ð Þ
I ¼ β=f zII

� �m 8γcwDGB
i V 2ν

3GRT
: (6)

[8] Equation (6) indicates that grain growth of primary
phase is controlled by grain growth of secondary phase,
and the grain size ratio (dI/dII) is kept constant during
grain growth.

2.3. Dynamic Grain Growth

[9] Dynamic grain growth is coupled with a grain-
switching event in polymineralic systems, as described in
previous studies [e.g., Holm et al., 1977; Hiraga et al.,
2010b]. Based on this model, a single switching event that
results in a sample strain of ε0 = 0.55 corresponds to a sin-
gle event where grains of a secondary phase aggregate and
coalesce [Ashby and Verrall, 1973; Holm et al., 1977].
Consequently, the number of secondary phase grains per
unit volume (N) is reduced to (1 – 0.5fcg) N, where fcg is
the fraction of coalesced grains. The number of grains of
the secondary phase per unit volume after achieving a

sample strain of ε becomes 1� 0:5f cg
� �ε=ε0

N . The total

volume of the secondary mineral is conserved such that

4π=3ð Þ 0:5dεð Þ3 1� 0:5f cg
� �ε=ε0

N corresponds to (4π/3)
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(0.5ds)
3N where dε is the grain size under dynamic

conditions (i.e., during deformation). Thus, we obtain the
relationship of Holm et al. [1977]:

dε=ds ¼ 1� 0:5f cg
� ��ε=3ε0

: (7)

[10] Equation (7) can be rewritten as dε/ds = exp (α ε) where
α = (�1/3ε0) ln (1� 0.5 · fcg). If all secondary phase grains are
involved in the switching (i.e., fcg = 1), α corresponds to 0.42.

3. Methods

3.1. Sample Synthesis

[11] We used vacuum sintering of nano-sized mineral
powders to synthesize highly dense (99.9% density) and
fine-grained forsterite-enstatite composite aggregates. The
method is well described in Koizumi et al. [2010]. We
mixed nano-sized powders of SiO2 (particle size 50 nm)
and Mg(OH)2 (particle size 40 nm) to prepare various
forsterite and enstatite volume fractions in our forsterite-
enstatite aggregates. The final mole ratio of MgO to SiO2 is
2 to 1 for 100% forsterite, and 1 to 1 for 100% enstatite.
The powders were well mixed by ball milling for>24 h with
iron cored plastic balls and ethanol. After drying, the mixed
powders were calcinated at 1000°C for 3 h in air using an alu-
mina tube furnace. Calcinated powders were pulverized with
an agate mortar and then shaped into the form of a cylinder
using an alloy die. Vacuum-packed compacts were dropped
into a water-medium pressure vessel for cold isostatic press-
ing (CIP) at 200MPa for 15min. Sintering was carried out
under a vacuum of ∼10�3 Pa at a temperature of 1360°C in
an alumina tube furnace for 0.5 h. An exception was made
for experimental sample KF60-66, which was sintered at
1260°C for 5 h (Table 1) in order to obtain a finer grain size
(≈ 0.4 μm). Finally, samples with 14 different enstatite volu-
metric fractions (fEn) were prepared (with fEn = 0, 0.03, 0.09,
0.15, 0.24, 0.34, 0.42, 0.52, 0.59, 0.66, 0.74, 0.85, 0.95, and
0.97). We also refer to forsterite-rich and enstatite-rich sam-
ples as fEn< 0.5 and fEn> 0.5 samples, respectively. All the
sintered samples have a right-cylindrical shape with a diameter
(φ) of ≈ 5 mm and 10 mm height after sintering. Very small
amounts of enstatite (i.e., fEn< 0.01) were detected in the
fEn = 0 sample, which ensured that silica activity was buffered
by enstatite in all the samples used for this study.
[12] Enstatite has a complex phase diagram with several

polymorphs, including protoenstatite, clinoenstatite, and
orthoenstatite at high temperature [e.g., Jackson et al.,
2004]. Protoensatite was likely present during our experi-
ments, whereas orthoenstatite will be present at higher pres-
sure in natural samples with iron. However, we consider
that this structural difference of enstatite will not seriously
affect extrapolation of our results to nature for two reasons.
One is that the change in grain size of olivine as a function
of pyroxene content is remarkably consistent between natural
and experimental samples for which the pyroxene phase may
be different [Tasaka et al., 2013]. Second is that a dihedral
angle formed at a grain edge of pyroxene surrounded by
two olivine grains has similar values in both experimental
and natural samples [Hiraga et al., 2010a; this study], indi-
cating that the interfacial properties, which control grain

growth, are identical for samples containing either proto-
or orthoenstatite.

3.2. Grain Growth Experiments

[13] We examined grain growth under static and dynamic
conditions at different temperatures, strain, time periods,
and fractions of enstatite present. Uniaxial compressional
deformation experiments were conducted at 1 atmosphere
pressure in an Instron-type mechanical testing machine
installed at the Earthquake Research Institute, University of
Tokyo (samples tested with this machine are referred to as
KF in Table 1). Compression was achieved using SiC loading
rods, at a constant displacement speed, or stepped displace-
ment speeds, at three temperatures of 1260, 1310, and 1360°
C. The applied differential stress was determined from the
compressional force, considering the area change with an
assumption of uniform compressional strain and constant
volume of the samples. The resulting applied differential stress
varied from 4 to 387MPa. The compressional strain (ε) was
determined from the crosshead displacement. Details of the
experimental conditions are described in Tasaka et al.
[2013]. A small piece of the same starting material used in
the deformation experiment was located adjacent to the
compressed sample but not in the deformation column so that
we could distinguish the effect of deformation on grain growth
by comparing two different samples with the same thermal
history. The nondeformed sample is referred to as the refer-
ence sample in this paper. Temperatures during the tests were
measured with an R-type, Pt-Rh thermocouple located next to
the sample, and temperatures were kept constant within a range
of ±1°C. We shut down the furnace power at the end of the ex-
periments, and the temperature decrease from 1360 to 1000°C
occurs within 5min, such that grain growth during the
quenching is negligible. The deformation experiments were
generally accomplished within 6 h. Additional annealing
experiments to longer durations of up to 100 h were
performed to examine static grain growth for the same
compositions (Table 2).

3.3. Measurements of Grain Size and Boundary Length

[14] Sections of all the samples were examined under a
scanning electron microscope (SEM) equipped with a field
emission gun (JEOL 7001 F, Nano-Manufacturing Institute,
University of Tokyo). Sections cut parallel to the direction
of compression were polished and thermally etched at 1160
– 1260°C for 0.5 h in air to expose grain and interphase
boundaries (Figure 1). Temperatures during etching were at
least 100°C less than the temperatures applied during defor-
mation, to ensure negligible grain growth during the thermal
etching, which was confirmed by comparing the grain sizes
with the size measured after chemical etching with dilute
HCl + HNO3. Our grain growth law predicts growth of
≈ 1% from original grain size during the thermal etching.
Both secondary electron imaging (SEI) and characteristic
X-ray mapping (using energy dispersive X-ray (EDX) spec-
trometry) were used to distinguish forsterite from enstatite
(Figure 1). Outlines of more than 100 grains for each mineral
were traced in order to obtain the area (S) of each grain with
the help of Scion Image software. The grain size of each grain
was calculated from the conventional derivation of 2

ffiffiffiffiffiffiffiffi
S=π

p
,

which assumes each grain to be a perfect sphere. We simply
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Table 1. Grain Sizes of Forsterite and Enstatite Before and After Grain Growth Experiments

Initial Reference Deformed Initial Reference Deformed
Exp. No. a fEn T dFo dEn dFo dEn dFo dEn smean_dFo

b smean_dEn
c smean_dFo

b smean_dEn
c smean_dFo

b smean_dEn
c Time

°C μm μm μm μm μm μm μm μm μm μm μm μm h

KF-28 d 0 1360 3.66 - 7.51 - 7.31 - 0.13 - 0.28 - 0.34 - 2.40
KF-43 d 0.03 1260 3.22 0.58 2.61 0.74 3.34 0.77 0.21 0.04 0.12 0.05 0.17 0.03 1.73
KF-76 1260 3.07 0.56 3.47 0.78 3.93 0.88 0.17 0.03 0.10 0.03 0.12 0.05 5.55
KF-60 1260 3.07 0.56 2.35 0.73 2.67 0.67 0.17 0.03 0.09 0.03 0.10 0.03 2.77
KF-70 1260 2.81 0.53 2.77 0.51 2.90 0.57 0.11 0.02 0.11 0.02 0.10 0.02 0.10
KF-69 1260 2.81 0.53 2.75 0.57 2.55 0.39 0.11 0.02 0.09 0.02 0.10 0.02 0.33
KF-42 d 1310 3.22 0.58 3.30 1.05 3.67 0.97 0.21 0.04 0.18 0.04 0.14 0.04 2.19
KF-75 1310 3.07 0.56 3.58 0.70 4.67 0.94 0.17 0.03 0.13 0.03 0.19 0.04 4.07
KF-68 1310 2.81 0.53 3.12 0.49 2.53 0.47 0.11 0.02 0.16 0.02 0.12 0.02 0.12
KF-67 1310 2.81 0.53 3.08 0.52 3.20 0.65 0.11 0.02 0.12 0.02 0.11 0.02 0.23
KF-38 d 1360 3.22 0.58 3.30 1.05 4.79 0.87 0.21 0.04 0.18 0.07 0.23 0.06 1.56
KF-71 1360 3.07 0.56 4.65 1.08 7.62 1.25 0.09 0.03 0.17 0.06 0.34 0.11 3.21
KF-30 d 1360 3.22 0.58 4.83 0.83 6.76 0.94 0.21 0.04 0.32 0.04 0.27 0.06 2.06
KF-66 1360 2.81 0.53 3.13 0.50 3.18 0.46 0.11 0.02 0.12 0.03 0.14 0.03 0.12
KF-65 1360 2.81 0.53 3.75 0.60 3.26 0.54 0.11 0.02 0.15 0.03 0.13 0.02 0.22
KF-37 0.09 1260 1.04 0.35 1.12 0.44 1.37 0.53 0.04 0.01 0.04 0.02 0.07 0.02 1.27
KF-61 1260 0.78 0.35 0.81 0.39 0.97 0.39 0.02 0.01 0.02 0.01 0.04 0.02 2.79
KF-36 1310 1.04 0.35 1.15 0.47 1.34 0.53 0.04 0.01 0.05 0.02 0.07 0.02 1.16
KF-35 1360 1.04 0.35 1.30 0.49 1.24 0.51 0.04 0.01 0.07 0.02 0.06 0.02 1.36
KF-29 1360 1.04 0.35 1.93 0.55 2.52 0.66 0.04 0.01 0.08 0.02 0.10 0.02 2.75
KF-31 0.15 1360 0.94 0.46 1.32 0.58 1.82 0.72 0.03 0.01 0.05 0.03 0.11 0.04 2.17
KF-39 0.24 1260 0.42 0.32 0.85 0.48 0.83 0.61 0.02 0.01 0.03 0.02 0.03 0.03 1.85
KF-62 1260 0.44 0.35 0.46 0.34 0.50 0.39 0.01 0.01 0.02 0.01 0.01 0.01 2.84
KF-41 1310 0.42 0.32 0.86 0.53 0.94 0.62 0.01 0.01 0.03 0.02 0.03 0.03 1.49
KF-44 1360 0.42 0.32 0.68 0.49 0.80 0.59 0.01 0.01 0.03 0.02 0.03 0.02 0.72
KF-26 1360 0.42 0.32 0.90 0.62 1.00 0.65 0.01 0.01 0.04 0.03 0.04 0.03 2.14
KF-54 0.34 1260 0.44 0.35 0.62 0.53 0.66 0.59 0.02 0.01 0.02 0.02 0.02 0.02 1.08
KF-63 1260 0.37 0.36 0.37 0.36 0.48 0.46 0.01 0.01 0.01 0.01 0.01 0.02 2.87
Kf-55 1310 0.44 0.35 0.49 0.44 0.83 0.64 0.02 0.01 0.02 0.02 0.04 0.03 1.07
KF-53 1360 0.44 0.35 0.57 0.56 0.53 0.62 0.02 0.01 0.01 0.02 0.01 0.02 1.24
KF-25 1360 0.44 0.35 0.70 0.65 0.91 0.72 0.02 0.01 0.02 0.03 0.04 0.03 1.99
KF-47 1360 0.44 0.35 0.88 0.86 1.35 1.19 0.02 0.01 0.03 0.04 0.05 0.05 5.61
KF-48 1360 0.44 0.35 0.85 0.81 1.03 1.35 0.02 0.01 0.02 0.03 0.05 0.06 5.61
KF-64 0.42 1260 0.37 0.38 0.35 0.40 0.43 0.46 0.01 0.01 0.01 0.01 0.01 0.02 2.96
KF-27 1360 0.36 0.35 0.48 0.50 0.67 0.82 0.01 0.01 0.02 0.02 0.04 0.04 1.97
KF-50 1260 0.36 0.35 0.47 0.54 0.51 0.62 0.01 0.01 0.01 0.02 0.01 0.02 0.94
KF-52 1310 0.36 0.35 0.81 0.73 0.91 0.82 0.01 0.01 0.02 0.02 0.03 0.03 1.20
KF-49 1360 0.36 0.35 0.61 0.74 0.68 0.76 0.01 0.01 0.02 0.03 0.02 0.03 1.45
KF-123 0.52 1260 0.54 0.54 0.55 0.59 0.59 0.52 0.02 0.02 0.02 0.02 0.03 0.02 1.07
KF-124 1310 0.54 0.54 0.54 0.52 0.62 0.60 0.02 0.02 0.03 0.02 0.03 0.02 1.49
KF-97 1360 0.52 0.65 0.89 0.90 1.03 1.05 0.02 0.03 0.03 0.03 0.04 0.04 4.39
KF-122 1360 0.54 0.54 0.57 0.62 0.76 0.68 0.02 0.02 0.03 0.02 0.03 0.02 0.87
KF-86 0.59 1360 0.45 0.46 0.61 0.73 0.72 0.95 0.01 0.02 0.02 0.03 0.03 0.05 2.95
KF-95 0.66 1260 0.44 0.48 0.48 0.39 0.42 0.44 0.03 0.02 0.01 0.01 0.01 0.02 0.78
KF-96 1310 0.44 0.48 0.54 0.62 0.59 0.64 0.03 0.02 0.02 0.02 0.02 0.03 0.81
KF-79 1360 0.45 0.58 0.55 0.74 0.70 0.95 0.02 0.02 0.02 0.03 0.03 0.04 2.43
KF-94 1360 0.44 0.48 0.47 0.61 0.55 0.74 0.03 0.02 0.02 0.03 0.02 0.03 0.71
KF-91 0.74 1260 0.45 0.67 0.50 0.74 0.47 0.79 0.01 0.03 0.02 0.03 0.02 0.03 0.98
KF-93 1310 0.45 0.67 0.42 0.62 0.51 0.89 0.01 0.03 0.01 0.02 0.02 0.05 0.69
KF-92 1360 0.45 0.67 0.54 0.89 0.57 0.87 0.01 0.03 0.02 0.03 0.02 0.03 0.81
KF-80 1360 0.43 0.49 0.58 0.85 0.63 1.05 0.02 0.02 0.02 0.03 0.02 0.04 2.34
KF-90 0.85 1260 0.51 1.02 0.42 1.15 0.54 1.17 0.02 0.05 0.02 0.08 0.02 0.06 0.70
KF-88 1310 0.51 1.02 0.41 0.93 0.39 1.07 0.02 0.05 0.02 0.04 0.02 0.07 0.48
KF-87 1360 0.51 1.02 0.50 1.30 0.58 1.47 0.02 0.05 0.02 0.06 0.02 0.07 0.87
KF-78 1360 0.43 0.87 0.55 0.95 0.63 1.38 0.01 0.04 0.02 0.04 0.03 0.08 2.26
KF-102 0.95 1260 0.46 1.23 0.42 1.85 0.43 1.84 0.02 0.05 0.01 0.07 0.01 0.11 3.02
KF-100 1290 0.46 1.23 0.43 1.53 0.49 2.19 0.02 0.05 0.02 0.09 0.02 0.09 2.84
KF-101 1310 0.46 1.23 0.54 1.96 0.50 2.25 0.02 0.05 0.02 0.09 0.02 0.10 2.58
KF-99 1360 0.46 1.23 0.39 1.82 - - 0.02 0.05 0.01 0.11 - - 2.33
KF-81 1360 0.46 1.23 0.47 1.86 0.83 3.00 0.02 0.05 0.02 0.08 0.04 0.10 1.91
KF-82 0.97 1360 0.40 2.24 0.78 2.18 1.08 3.06 0.03 0.10 0.07 0.10 0.09 0.09 2.19

aExperimental number corresponds to the number in table 1 to 2 in Tasaka et al., [2013].
bsmean_dFo: the standard deviation of the mean for dFo (= standard deviation/N 0.5, N is the number of grains measured).
csmean_dEn: the standard deviation of the mean for dEn.
dThe fEn0 and fEn0.03 of high strain rate samples which were deformed under dislocation-accommodated creep.
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averaged the values to obtain a representative value of grain
size (d) for each phase in each fEn sample. To compare these
results to grain size calculated from line intercepts, the mean
diameter should be multiplied by 4/π to correct for sectioning
bias [Greenman, 1951]. The error in average grain size is
determined from (1) uncertainty in grain size measurement
due to the limits of the spatial resolution of the SEM image
and (2) the variation in the grain size distribution deter-
mined from the standard deviation of the mean (smean),
which is related to the standard deviation of the distribution
by smean = s/N

0.5, where s is the standard deviation and N is
the number of observations in the sample used to estimate
the mean (Tables 1 and 2).
[15] Length of grain boundaries (i.e., forsterite-forsterite

boundary length and enstatite-enstatite boundary length)
and interphase boundaries (i.e., forsterite-enstatite boundary
length) were measured on the same SEM images for the grain
size measurements. More than 100 boundaries (a boundary
connecting triple or more grain junctions is referred as a
single boundary) were measured for each boundary type
(Fo-Fo, En-En, and Fo-En) in the reference samples of
fEn = 0.03 – 0.97 (≈ 2 h annealed at 1360°C). The lengths
are expressed by the fraction of boundary lengths (l),
which were obtained from the length of each boundary
type divided by total length of the boundaries. The mea-
surement uncertainty of grain boundary length is 20 nm
considering the spatial resolution of SEM image.

3.4. Dihedral Angle Measurements

[16] The method of measuring dihedral angles is explained
in Hiraga et al. [2002]. Ratios of the interphase boundary

energy (γIPB) of γFo-En versus the grain boundary energies
(γGB) of γFo-Fo and γEn-En can be calculated using the
relationship:

γGB=γIPB ¼ 2cos θ=2ð Þ; (8)

where θ is the average of the observed dihedral angles formed
at triple-point junctions of either En-Fo-Fo or Fo-En-En. The
former angles were measured in the samples fEn = 0.09 and
fEn = 0.15, which give a relative interfacial energy of γFo-Fo,
and the latter angles were measured in the samples fEn = 0.74
and fEn = 0.85, which give γEn-En. Samples were chosen based
on the presence of a larger number of dihedral angles of each
type; however, the angles are not changed by the fraction of
minerals present. More than 100 angles were measured for
each sample annealed at 1360°C.

4. Results

4.1. Microstructures

[17] Microstructural characteristics of both forsterite-rich
and enstatite-rich samples are essentially identical. SEM
images of sections of the reference and deformed samples
with different fEn are shown in Figures 1a (fEn< 0.5 samples)
and b (fEn> 0.5 samples). Both forsterite and enstatite phases
are homogenously distributed in the samples. All the samples
demonstrate a polygonal structure in both reference and de-
formed samples (Figure 1). A very weak elongation of grains
perpendicular to the compression direction can be seen in the
deformed samples. Average aspect ratios of the primary
phase range from 1.35 to 1.60 in reference samples,
whereas they range from 1.42 to 1.63 in the deformed
samples indicating only a slight elongation of the grains

Table 2. Grain Size of Forsterite and Enstatite After Long Static Annealing

Initial Reference Initial Reference
fEn T Time dFo dEn dFo dEn smean_dFo

a smean_dEn
b smean_dFo

a smean_dEn
b

°C h μm μm μm μm μm μm μm μm

0.03 1260 100 2.81 0.53 3.69 0.77 0.11 0.02 0.15 0.03
1310 50 3.22 0.58 4.82 0.93 0.21 0.04 0.25 0.04
1360 100 3.22 0.58 7.70 1.86 0.21 0.04 - -

0.09 1260 100 1.04 0.35 1.54 0.43 0.04 0.01 0.05 0.02
1310 50 1.04 0.35 1.82 0.59 0.04 0.01 0.06 0.02
1360 50 1.04 0.35 3.48 0.97 0.04 0.01 - -
1360 100 1.04 0.35 2.32 0.81 0.04 0.01 0.07 0.02

0.24 1360 50 0.42 0.32 2.64 0.99 0.01 0.01 0.10 0.04
1360 100 0.42 0.32 1.50 0.93 0.01 0.01 0.04 0.02

0.34 1360 50 0.44 0.35 2.14 1.57 0.02 0.01 0.09 0.06
1360 100 0.44 0.35 1.25 1.05 0.02 0.01 0.03 0.03

0.42 1360 50 0.36 0.35 1.55 1.37 0.01 0.01 0.05 0.04
1360 100 0.36 0.35 1.14 1.09 0.01 0.01 0.03 0.03

0.59 1360 50 0.45 0.46 2.48 2.25 0.01 0.02 0.12 0.10
1360 100 0.45 0.46 1.42 1.58 0.01 0.02 0.04 0.04

0.66 1360 50 0.47 0.58 1.27 1.73 0.02 0.02 0.04 0.07
1360 100 0.47 0.58 1.24 1.63 0.02 0.02 0.03 0.03

0.74 1360 50 0.43 0.49 1.63 2.11 0.01 0.02 0.06 0.10
1360 100 0.43 0.49 1.32 2.27 0.01 0.02 0.04 0.05

0.85 1260 100 0.50 1.30 0.68 1.37 0.02 0.05 0.03 0.06
1310 50 0.50 1.30 1.00 1.71 0.02 0.05 0.05 0.08
1360 50 0.50 1.30 0.89 1.76 0.02 0.05 0.04 0.07

0.95 1260 100 0.46 1.23 0.56 2.35 0.02 0.05 0.03 0.11
1310 50 0.46 1.23 0.89 2.52 0.02 0.05 0.06 0.08

asmean_dFo: the standard deviation of the mean for dFo (= standard deviation/N 0.5, N is the number of grains measured).
bsmean_dEn: the standard deviation of the mean for dEn.
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Figure 1. Scanning electron microscope (SEM) secondary electron images (SEI) of sections of differ-
ent fEn samples after ≈ 2 h experiments at 1360°C. All the images are overlapped with EDX maps. All
the deformed samples experienced a compressive strain of ε ≈ 0.2. The arrows indicate the direction of
compression. Gray and blue-colored grains correspond to forsterite and enstatite, respectively. (a)
Reference and deformed forsterite-rich samples. (b) Reference and deformed enstatite-rich samples.
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due to deformation. We observed very few pores in the
starting sintered samples using SEM. In addition, observa-
tions with the transmission electron microscope showed
that samples treated with the same sintering technique
are essentially pore and melt free, even down to a scale
of less than a nanometer [Hiraga et al., 2010b; Koizumi

et al., 2010]. However, a relatively larger number of pores
were found in deformed samples fEn = 0 and 0.03 resulting
in densities of ≈ 97 vol%, determined from the fraction of
pores observed in the SEM images.
[18] In forsterite-rich samples, enstatite grains frequently

appear singularly at junctions of forsterite grains (Figure 1a).

Figure 1. (continued)
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The distance between these enstatite grains and the
nearest neighboring enstatite grain is roughly equal to
the grain size of the forsterite. However, for higher fEn
(e.g., fEn> 0.40), higher frequencies of enstatite grains con-
tact one another to form enstatite-enstatite grain boundaries.
In the enstatite-rich samples, forsterite grains appear singu-
larly at the junctions of enstatite grains (Figure 1b). The
observed microstructural changes as a function of fEn are

well explained by changes in grain boundary type, as will
be described later.
[19] Enstatite grains exhibit a lamellar structure formed

during sample cooling due to a phase transition between
ortho- and proto-enstatite [Koizumi et al., 2010]. This phase
transition can also introduce an interfacial stress between
ortho- and proto-enstatite, which might explain the explosion
during cooling of enstatite-rich samples annealed for a long
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Figure 2. The grain size, d, versus fEn for forsterite and enstatite after ≈ 2 h experiments at three different
temperatures for annealed reference and deformed samples and at two temperatures for 100 h annealed
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time (fEn = 0.95 annealed at 1360°C for 2.3 and 50 h, 100 h
and sample fEn = 0.97 annealed at 1360°C for 100 h). Due
to this damage, we were unable to measure the grain sizes
in those samples.

4.2. Grain Sizes of Forsterite and Enstatite

4.2.1. Grain Size Changes as a Function of fEn
[20] The relationship between fEn and the average grain

size of forsterite and enstatite in reference samples at differ-
ent temperatures are shown in Figures 2a–f, Table 1, and
Table 2. Hereafter, when we refer to “grain size,” we are
referring to the average grain sizes of dFo or dEn in each sam-
ple (dFo = forsterite grain size, dEn = enstatite grain size).
Grain growth occurred in all the samples, that is, for each
fEn, the grain size in the reference and deformed samples is
larger than in the initial samples. Furthermore, in most cases,
the grain size in the deformed sample is larger than in the
reference sample, as will be discussed later.
[21] Forsterite-rich samples: The dFo decreases with

increasing fEn, whereas dEn remains almost constant, and
the dEn is always less than dFo (Figure 2).

[22] Enstatite-rich samples: The dEn decreases with
decreasing fEn, whereas dFo remains almost constant, and
the dFo is always less than dEn (Figure 2).
[23] These characteristics seem to apply regardless of

temperature, time, stress, or strain. An almost symmetric
distribution of grain sizes of the primary phase is
observed (symbols in Figure 2). The theoretically
predicted lines are added (lines in Figure 2), which will
be discussed later.
[24] Representative grain size distributions in reference

and deformed samples are shown in Figure 3. No difference
in grain size distribution between reference and deformed
samples is detected. The grain size distributions are both
lognormal. As previously observed by Hiraga et al.
[2010a], the microstructural characteristics in various fEn
samples are essentially identical.
4.2.2. Grain Size of Forsterite Versus Enstatite
[25] The values of dFo versus dEn in reference samples for

each different fEn sample with wide range of annealing time
and temperature (0.5 – 100 h and 1260 – 1360°C) are plotted
in Figure 4. Data from forsterite-rich and enstatite-rich sam-
ples are plotted separately.
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[26] Forsterite-rich samples: The slopes (i.e., dFo/dEn)
become less steep with increasing fEn (Figure 4a). There are
some scattered distributions especially in the sample
of fEn0.03.
[27] Enstatite-rich samples: The slopes (i.e., dEn/dFo)

become less steep with decreasing fEn (Figure 4b).
[28] An almost linear relationship indicates simultaneous

growth of the two phases in all fEn samples. Grain size ratios
in the same fEn sample do not vary systematically with
annealing time or temperature.
4.2.3. Grain Size Ratio as a Function of fEn
[29] Log (dFo/dEn) is plotted against log fEn for forsterite-

rich samples (Figure 5a), and log (dEn/dFo) is plotted against
log fFo for enstatite-rich samples (Figure 5b). Only data
obtained from deformed samples with the largest strain for
a specific fEn and temperature and for their associated refer-
ence samples are plotted. The data for samples annealed for
the longest times (i.e., 100 h at 1260 and 1360°C and 50 h
at 1310°C; see Table 3) are also added. As a result, nine data
points are plotted for each fEn sample. Grain sizes for samples
with fEn = 0, 0.15, 0.59, and 0.97 were not obtained from long
duration experiments.
[30] Forsterite-rich samples: Log (dFo/dEn) and log fEn are

linearly correlated (Figure 5a). The data of log (dFo/dEn) for
certain values of log fEn plot slightly lower than in the
earlier plots of Hiraga et al. [2010a] (dotted line in
Figure 5a); however, they are consistent with the ob-
served variation of log (dFo/dEn) at certain fEn in our
samples. On the basis of equation (2), the best fit lines
in this study give z = 0.52 and β = 0.67 (r2 = 0.92) (solid
line in Figure 5a).
[31] Enstatite-rich samples: Log (dEn/dFo) and log fFo are

linearly correlated (Figure 5b). The best fit line gives
z = 0.53 and β = 0.73 (r2 = 0.82) (solid line in Figure 5b).

[32] The relationships of log (dI/dII) and log fII at forsterite-
rich and enstatite-rich regimes are almost identical, which is
consistent with the observation of a symmetric distribution
of grain sizes of both forsterite and enstatite phases when
plotted against fEn = 0.5 (Figure 2). No systematic differences
are found among the data as a function of temperature, or time,
or between deformed and reference samples. The theoretically
predicted lines are added (dashed lines in Figure 5), which will
be discussed later.

Table 3. Parameters of Grain Growth Law

fEn T log kFo log s_kFo
a log kEn

b log s_kFo mFo s_mFo
c mEn s_mEn

d

°C μm4/s μm4/s μm4/s μm4/s

0.03 1360 �2.02 �3.08 �4.48 �5.62 6.69 1.40 4.62 0.91
0.09 �3.66 �3.59 �5.74 �5.78 5.34 1.24 5.82 0.87
0.24 �4.18 �4.14 �5.56 �6.04 3.61 0.74 5.23 0.86
0.34 �4.54 �4.26 �5.03 �4.82 4.11 0.95 4.38 0.89
0.42 �5.00 �5.12 �5.15 �5.33 3.99 0.67 4.48 0.91
0.52 �4.29 �4.35 �4.37 �4.54 3.51 0.74 3.64 0.58
0.66 �5.09 �5.82 �4.59 �5.22 4.49 0.38 4.36 0.38
0.74 �4.83 �5.06 �4.09 �4.99 4.04 0.44 3.72 0.38
0.85 �5.39 �6.57 �4.12 �4.99 5.85 0.31 6.83 1.50
0.95 �5.62 �5.63 �2.94 �3.11 6.82 1.95 8.85 2.08

Average 4.78 0.55 4.33 0.55
0.03 1310 �2.64 �3.02
0.09 �4.28 –e

0.85 �4.36 –e

0.95 �3.82 –e

0.03 1260 �3.45 �3.67
0.09 �4.88 �5.35
0.85 �5.31 –e

0.95 �4.27 �4.90

as_kFo:standard deviation of kFo.
bs_kFo: standard deviation of kEn.
cs_mFo: standard deviation of mFo.
ds_mEn: standard deviation of mEn.
e-: Large error range should be present in the data we could not add the error bars due to obtaining kI values simply by fitting the two data sets.
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4.3. Boundary Types

[33] Three boundary types of Fo-Fo, En-En, and Fo-En are
present in the samples. Their relative lengths (l_Fo-Fo, l_En-En,
and l_Fo-En) are plotted as a function of fEn in Figure 6.
[34] Forsterite-rich samples: Significant decrease in Fo-Fo

boundary length with increasing fEn is observed, which
corresponds to a significant increase in the length of Fo-En
boundaries. These boundary type changes as a function of
fEn correspond to the microstructural changes in various fEn
samples (Figure 1a). For instance, enstatite grains frequently
appear singularly at junctions of forsterite grains (Figure 1a)
to form Fo-En boundaries. For higher fEn (e.g., fEn> 0.4),
higher frequencies of enstatite grains contact one another to
form En-En grain boundaries (Figure 1a).
[35] Enstatite-rich samples: Significant decrease in En-En

boundary length with decreasing fEn is observed, which cor-
responds to a significant increase in the length of Fo-En
boundaries (Figure 6). Forsterite grains frequently appear
singularly at junctions of enstatite grains (Figure 1b) to form
Fo-En boundaries. For lower fEn (e.g., fEn< 0.70), higher

Figure 7. The relationship between log t and log d for forsterite and enstatite at 1360°C. (a) dFo in
forsterite-rich samples. (b) dEn in forsterite-rich samples. (c) dEn in enstatite-rich samples. (d) dFo in
enstatite-rich samples. Best fit lines for data
from the same fEn samples are added.
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frequencies of forsterite grains contact one another to form
Fo-Fo grain boundaries.
[36] The distributions of l_Fo-Fo and l_En-En are not symmet-

ric with respect to fEn = 0.5 as indicated by the nonlinear least
squares fits, with l_Fo-Fo = (1 � fEn)

2.0, l_En-En = fEn
2.7, and

l_Fo-En = (� l_Fo-Fo � l_En-En + 1). The l_En-En does not exceed
0.1 until fEn> 0.4, whereas l_Fo-Fo = 0.2 when fFo = 0.4.

4.4. Grain Growth Under Static Conditions

[37] We have examined the relationships between time, dFo,
and dEn in the samples after static annealing. A large change in
grain size is required to determine if equation (3) is the appro-
priate grain growth law. Consequently, in most cases, we have
chosen data from the 1360°C experiments to more accurately
measure the grain size exponent (m) (Figure 7). An almost lin-
ear relationship between t and d is observed on this log-log
plot. Linear least squares fits to the data for each fEn sample
are shown. The slope of the linear fit indicates the grain growth
exponent m (equation (3)), if we can approximate ds

m � d0
m as

ds
m. The values ofm obtained for various values of fEn are listed
in Table 3 for samples where wewere able to accurately distin-
guish the appropriate grain size exponent from the linear least
squares fits to the data. To minimize initial grain size effects,
we use grain size data from samples with more than 0.5 h
annealing time to determine best fitted m values. Although
some scatter is observed in the data (Table 3), no variation in

m is found as a function of fEn, and there is an almost constant
value of m (ca. 4) for both forsterite and enstatite. The
weighted average m values with error for forsterite and
enstatite grain growth are mFo = 4.8 ± 0.6 and mEn = 4.3 ± 0.6,
respectively. These m values are consistent with the results
of previous experiments on forsterite-rich samples (m=4 to
5) in the same system [Hiraga et al., 2010a].
[38] The slope of ds

4 � d0
4 versus time plot with fixed

intercept equal to zero indicates the grain growth coefficient
of k (equation (3)). The value of the k is obtained for each
fEn sample and plotted against fEn (Figure 8). Grain sizes
for samples with fEn = 0, 0.15, 0.59, and 0.97 were not
obtained from long duration experiments, and therefore the
value of k has not been determined for these samples. The
grain growth coefficients obtained are shown in Figure 8
and Table 3. We also analyzed our data using a nonlinear
fitting analysis with ds

m � d0
m = kt, where ds, d0, and t are

measured values, and m and k are determined simultaneously
(Appendix A). Although the error in the nonlinear fitting
procedure is large compared to that determined from the
linear fit (Table 3 and Table A1), the values of m and k
obtained from both techniques are almost identical.
[39] Forsterite-rich samples: The value of kFo decreases

exponentially with increasing fEn at fEn< 0.3 and then decreases
weakly at fEn> 0.3 (Figure 8). The kEn value increases weakly
with increasing fEn. The kEn value from fEn0.03 sample is one

Figure 9. Relationship of static grain size, ds, to dynamic grain size, dε. (a) Plots of dε against ds × exp (0.42 ε)
for dFo in forsterite-rich samples. (b) Plots of dε against ds × exp (0.42 ε) for dEn in forsterite-rich
samples. (c) Plots of dε against ds × exp (0.42 ε) for dEn in enstatite-rich samples. (d) Plots of
dε against ds × exp (0.42 ε) for dFo in enstatite-rich samples.
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order magnitude larger than kEn from fEn0.09. In Figure 8, the
k values at m = 4 from Hiraga et al. [2010a] for samples
(open symbols) match our values of kFo very well. However,
the value for kEn from their study and ours differs by as much
as an order of magnitude.
[40] Enstatite-rich samples: The value of kEn decreases

exponentially with decreasing fEn at fEn> 0.7 and then
decreases weakly at fEn< 0.7. The kFo value increases weakly
with decreasing fEn.
[41] Overall, the relationships of kFo at forsterite rich and

kEn at enstatite rich show a symmetric distribution around
fEn = 0.5. This distribution is consistent with the observation
of a symmetric distribution of grain sizes (Figure 2).
Predicted values for k based on equations (4) and (6) for
forsterite and enstatite are added to Figure 8 (lines), and these
will be discussed later.

4.5. Grain Growth Under Dynamic Conditions

[42] For samples with a particular fEn, in most cases, the
grain size is larger in the deformed than in the reference sam-
ples (Figure 2). Based on the dynamic grain growth law of

equation (7), the relationships between static grain size (ds)
and dynamic grain size (dε) with wide range of strain and
temperature (0.06 – 0.55 and 1260 – 1360°C) are shown in
Figure 9 for forsterite-rich and enstatite-rich samples. The
value of α is determined from a nonlinear fit using equation
(7). For both forsterite-rich and enstatite-rich samples in the
temperature range of these experiments, measured grain sizes
of the mineral phases correspond very well to the value
predicted by ds × exp (α·ε) (Figure 9). These characteristics
apply regardless of fEn, temperature, and strain rate for
our samples.
[43] Based on the dynamic grain growth law of equation (7),

α values fall in range from 0 ≤ α ≤ 0.42, when 0 ≤ fcg ≤ 1
(c.f. section 2.3) Although the strain in our samples is less
than the theoretical value for a single grain-switching event
(i.e., ε = 0.55), the observed grain sizes are well reproduced
by ds × exp (αε), where α = 0.42 for both fEn< 0.5 and fEn>
0.5 samples (Figure 9). This value of α = 0.42 corresponds to
the case where fcg = 1 (equation (7)). Wewill discuss later how
the almost complete coalescence of the secondary mineral
phase affects dynamic grain growth.

Figure 10. Frequency histograms of dihedral angles in forsterite-rich samples (i.e., fEn0.09 and fEn0.15) and
enstatite-rich samples (i.e., fEn0.74 and fEn0.85) from 1360°C experiments. The average dihedral angles are
indicated by open triangular symbols, and the median dihedral angles are shown by gray triangular sym-
bols. Sums of the frequency are fixed at 1. (a) Dihedral angles of enstatite against forsterite-forsterite in
sample fEn0.09. (b) Dihedral angles of enstatite against forsterite-forsterite in sample fEn0.15. (c) Dihedral an-
gles of forsterite against enstatite-enstatite in sample fEn0.74. (d) Dihedral angles of forsterite against
enstatite-enstatite in sample fEn0.85.
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4.6. Boundary Energy

[44] The average dihedral angles of En-Fo-Fo boundaries
and Fo-En-En boundaries are 108 ± 2 and 122 ± 2, respec-
tively. We plotted the observed angles versus frequency for
each 10° increment (Figure 10). The median dihedral angles
for each sample are also added. The observed angles are
distributed about a single peak that corresponds roughly to
the average angle. This distribution is predicted for an
arbitrary section of two planes intersecting at a specific angle
[Jurewicz and Jurewicz, 1986].
[45] Forsterite-rich samples: The average and median dihe-

dral angles have similar values. The energy of the forsterite
grain boundaries, γFo-Fo = 1 J/m2 from Cooper and Kohlstedt
[1986] and of the phase boundaries, γFo-En = 0.85 J/m2, using
our measured average value for dihedral angles into
equation (8).
[46] Enstatite-rich samples: The average and median dihe-

dral angles have similar values in the fEn0.95 sample, whereas
these values are slightly different in the fEn0.85 sample. The
energy of the enstatite grain boundaries, γEn-En = 0.82 J/m2

using γFo-En = 0.85 J/m2 and our measured average value for
dihedral angles into equation (8).

5. Discussion

5.1. Grain Growth Under Static Conditions

5.1.1. Grain Growth Exponent (m) and
Grain Growth Mechanisms
[47] For all samples regardless of the fEn, the secondary

phase is predominantly located at an intergranular region of
the primary phase (Figures 1a and 1b). Furthermore, an almost
linear relationship between the grain size of the primary and
secondary phases is observed that indicates simultaneous
growth of both phases (Figure 4). Grain growth of an isolated
secondary phase requires either diffusion of the constituent

elements in order to coarsen the grains (i.e., Ostwald ripening)
or aggregation of the grains following grain boundary migra-
tion of the primary phase [e.g., Martin et al., 1996].
Diffusion during Ostwald ripening occurs within the crystal
lattice and/or along the grain boundaries. In the case of aggre-
gation, the secondary phase does not pin the grain boundary
migration of the primary phase, but instead, the grains of the
secondary phase move with the migrating grain boundaries.
Observations of Zener relationships (Figure 5), derived from
the balance between the pinning and migration forces (equa-
tion (1)), support the operation of Ostwald ripening as
the dominant mechanism for grain growth under
static conditions.
[48] The error for individual m values (Table 3) is consid-

ered in determining a weighted average m value between 4
and 5 for both forsterite and enstatite grain growth. A very
small difference in fitting our data with either m= 4 or 5 is
present. When the grain growth of the primary phase is con-
trolled by the growth of the secondary phase, we anticipate
m = 4. Growth of the secondary phase is then rate controlled
by diffusion of the rate-controlling elements in that phase
through grain boundaries of the primary phase [Ardell,
1972; Martin et al., 1996]. Whereas, if m= 5, then grain
growth is controlled by diffusion through a one-dimensional
diffusion path, such as, pipe diffusion through dislocations
[Johnson et al., 1999]. Since dislocations should not develop
significantly in our samples, especially in statically annealed
samples, m = 4 is used to model grain growth in our
samples hereafter.
5.1.2. Grain Growth Coefficient (k) and Diffusion
Coefficient (Di

GB)
[49] Assuming that the grain growth laws of equations (4) and

(6) indeed reproduce grain growth in our experiments, we can
estimateDi

GB from the grain growth coefficient, k, in our exper-
iments. The measured kFo and kEn values are listed in Table 3.

(a) (b)

Figure 11. Arrhenius plot of estimated Di
GB values from grain growth rates. (a) In samples fEn0.03 and

fEn0.09 (symbols). Reports of temperature-dependent Di
GB and Di

Latt in previous studies are shown with
the lines for forsterite grain boundaries withDMgO

Fo_GB fromGardes and Heinrich [2011],DMg
Fo_Latt from

Chakraborty et al. [1994], DMg
Fo_GB from Farver et al. [1994], and DSi

Fo_GB from Farver and Yund
[2000]. (b) In samples fEn0.85, and fEn0.95 (symbols). Reports of temperature-dependent Di

GB and Di
Latt in

previous studies are shown with the dotted line for enstatite grain boundaries, with DMgO
En_GB from Milke

et al. [2007], DMgO
En_GB* from Gardes and Heinrich [2011], and DSiO2

En_GB from Fisler et al. [1997].
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[50] Forsterite-rich samples: The value of Di
GB is predicted

using equation (4) with γFo-En = 0.85 J/m2 determined from our
measured relative energies and the reported olivine grain
boundary energy of ca. 1 J/m2 [Cooper and Kohlstedt, 1986;
Duyster and Stockhert, 2001], c=45,500mol/m3 [Hiraga
and Kohlstedt, 2007], w=1×10�9m, VEn =6.3×10

�5m3/mol
[Holland and Powell, 1998], and ν ≈ 1/(0.9 × fEn�0.6)
[Ardell, 1972, Figure 2]. The value of the geometric factor,
G, is calculated from:

G ≈
2

3
� γGB
2γIPB

þ 1

3

γGB
2γIPB

� �3
 !

= 1� γGB
2γIPB

� �2
 !2

(9)

and we obtain a value for G of 0.34, using our measured
relative interfacial energies [Ardell, 1972]. The above
calculation assumes the isolation of secondary phase grains
from each other. We use the value of kFo rather than kEn in
equations (4) and (6), together with constant m =4, since the
value of kFo should contain less error due to the larger range
of grain size of forsterite. In this procedure, we assume that
our obtained Zener parameters relate dFo and dEn very well
(Figure 5: i.e., z=0.52 and β = 0.67 for forsterite rich). The
plots of Di

GB estimated from kFo values are shown in
Figure 11a. We only plot the data from the samples with
fEn = 0.03 and 0.09 where the majority of enstatite grains are
isolated from one another (Figures 1 and 6). Assuming an
Arrhenius type relationship in Figure 11a, the activation energy
for grain growth is 660 and 640 kJ/mol from the samples with
fEn = 0.03 and 0.09, respectively. However, we determined that
these activation energies have large uncertainties due to small
grain size changes at low temperature as discussed later.
[51] Enstatite-rich samples: We follow the procedure to cal-

culate theDi
GB in the above except for using c=15,900mol/m3

[Hiraga and Kohlstedt, 2007], VFo =4.4× 10
�5m3/mol

[Holland and Powell, 1998], G=0.38, z=0.53, and β = 0.73.
The plots of Di

GB estimated from kEn values are shown in
Figure 11b. We only plot the data from the samples with
fEn = 0.85 and 0.95, where the majority of forsterite grains
are isolated (Figures 1 and 6). The activation energy for
grain growth obtained from linear fitting to Figure 11b is
590 and 640 kJ/mol from the samples with fEn = 0.85 and
0.95, respectively, although these activation energies have
large uncertainty due to small grain size changes at
low temperature.
[52] Overall, lower values of Di

GB than would be predicted
from other studies are obtained from our samples annealed at
lower temperatures (Figure 11). As can be seen in Figure 2,
the amount of grain growth is very small in the low-temperature
experiments, which means that the kI values contain larger
errors than observed at higher temperatures, where grain growth
is faster. Because the kI values for samples annealed at 1310°C
were determined by fitting only two data sets, we are unable to
properly constrain the error from least squares analysis,
although they are likely to be large for some samples
(Figure 11 and Table 3).
5.1.3. Rate-Controlling Diffusion Process for Static
Grain Growth
[53] In order to maintain charge balance during diffusion,

three possibilities exist for the rate-controlling diffusion
process for grain growth in the forsterite-enstatite system.
These are either the coupled diffusion of magnesium and
oxygen, silicon and oxygen, or counter diffusion of

magnesium and silicon. Silicon is the slowest diffusing
element for forsterite and enstatite through both the crystal
lattice and the grain boundaries under dry conditions [e.g.,
Farver and Yund, 2000; Dohmen et al., 2002 for forsterite,
Milke et al., 2007; Gardes et al., 2011; Gardes and
Heinrich, 2011 for enstatite]. Further, Si, Mg, and O are major
components in both forsterite and enstatite phases; MgO
diffusion through grain boundaries (DMgO

GB) is likely to be
a rate-controlling mechanism under static grain growth.
Gardes et al. [2011] and Milke et al. [2007] determined that
selective formation of a forsterite-enstatite double layer on
periclase at the contact between periclase and quartz and the
formation of enstatite rims between quartz and forsterite (or
olivine) support control of grain growth due to the diffusion
of MgO. In contrast, Fisler et al. [1997] found growth of
enstatite rims on olivine in their reaction experiments between
quartz and olivine and concluded that transport of SiO2 was
the rate-controlling process. It should be pointed out that
Hiraga et al. [2010ab] used Si diffusivity to estimate grain
growth rate in the olivine-pyroxene system based on the
assumption that Si is the slowest diffusing species among
mineral forming elements. Because charge balance must be
maintained during grain growth, this assumption should
be incorrect.
[54] Forsterite-rich samples: The values for diffusion coef-

ficient of grain boundary and lattice diffusivity (Di
GB and

Di
Latt) determined from diffusion experiments for forsterite

under dry conditions are added in Figure 11a (solid lines).
These diffusivities are from the studies of Gardes and
Heinrich [2011] for DMgO

Fo_GB, from Chakraborty et al.
[1994] for DMg

Fo_Latt, from Farver et al. [1994] for
DMg

Fo_GB, and from Farver and Yund, [2000] for DSi
Fo_GB.

Here we assume diffusion coefficient of bulk diffusivity
(Dbulk) as Dbulk≈DGB and Dbulk≈DLatt to calculate grain
boundary and lattice diffusivity, respectively. The absolute
values of Di

GB in forsterite-rich samples roughly correspond
to that of DMgO

GB (Figure 11a).
[55] Enstatite-rich samples: The values for Di

GB and Di
Latt

determined from diffusion experiments for entatite under
dry conditions are added in Figure 11b (dashed lines).
These diffusivities are from the studies of Milke et al. [2007]
and Gardes and Heinrich [2011] for DMgO

En_GB, and from
Fisler et al. [1997] for DSiO2

En_GB. The absolute values of
Di

GB roughly correspond to that of DMgO
GB within a differ-

ence of one order of magnitude (Figure 11b).
[56] Consequently, we use DMgO

GB to interpret the
rate of grain growth in our study hereafter.
5.1.4. Grain Growth Coefficient (k) as a Function of fEn
[57] We can now examine the plots in Figure 8 to compare

the grain growth law [Ardell, 1972: equations (4) and (6)] for
kFo and kEn as a function of fEn.
[58] Forsterite-rich samples: The calculated values of kEn

as a function of fEn are introduced with lines in Figure 8 using
the above parameters (see section 5.1.3.) and estimated
DMgO

GB, which are the values determined for samples with
fEn0.03 from Figure 11a (i.e., DMgO

GB = 1.63 × 10�12m2/s
for fEn< 0.5 at 1360°C). The value of kFo from equation (6)
using the Zener parameters determined from the fit to the data
in Figure 5a is also introduced in Figure 8. The theoretical
lines well reproduce the observed decreasing trend of kFo
with increasing fEn, whereas there is an order of magnitude
difference in kEn values.
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[59] Enstatite-rich samples: The calculated values of kFo as
a function of fEn are introduced with lines in Figure 8 using
the above parameters and estimated DMgO

GB, which are the
values determined for samples with fEn0.95 from Figure 11
(i.e., DMgO

GB = 2.95 × 10�12m2/s at 1360°C). The value of
kEn from equation (6) using the Zener parameters from
Figure 5b is also introduced in Figure 8. The theoretical
and observed k values are very similar.
[60] The grain growth law assumes the isolation of second-

ary phase grains from each other [Ardell, 1972]. Such an
assumption is valid for the samples with a low fraction of
enstatite, but invalid for samples with 0.4< fEn< 0.7
(see Figures 1 and 6). Since grain boundary migration should
be more rapid than migration of interphase boundaries due to
the shorter diffusion path length, the microstructure of samples
in the middle range of fEn will have larger grain sizes than
those predicted from the grain growth law. However, overall,
the growth law using the estimated diffusivity only slightly
overestimates or reproduces the values of the grain growth
coefficients in whole range of fEn quite well (Figure 8).
Consequently, our growth law approximates the growth rate
over the whole range of fractions of the secondary phase.

5.2. Grain Growth Under Dynamic Conditions

[61] In most deformed samples, we see larger grain sizes
than in the reference sample (Figure 2). Dynamic grain
growth is expected when grain boundary sliding (GBS) is
the dominant deformation mechanism in a polyphase
crystalline system as observed in the forsterite-periclase
system by Hiraga et al. [2010b]. We also observe a larger
contribution of GBS during deformation of samples in our

experiments [Tasaka et al., 2013]. The correspondence of
ds × exp (0.42 ε) and dε found in our study is expected when
grain boundary switching operates under secondary phase
pinning of the primary phase grain growth (Figure 9).
Furthermore, the coefficient α ≈ 0.42 indicates that almost
all the isolated secondary phase grains coalesce after a
single switching event irrespective of fEn, temperature, or
strain rate.
[62] If all grains have perfectly hexagonal shape with con-

stant grain size, a single grain-switching event corresponds to
a strain of 0.55 [Holm et al., 1977; Hiraga et al., 2010b].
However, we assume that grain switching occurred to some
extent even at small strains (i.e., ε < 0.55) due to heteroge-
neous grain sizes and shapes.
[63] Previous studies have suggested that the rate of grain

growth in a monophase system under diffusion creep is sim-
ilar to the growth rate under static conditions [Karato, 1989;
Austin and Evans, 2009]. We consider that the effect of dy-
namic grain growth in a monophase system should be minor
due to a lack of grain boundary pinning whereas pinning
plays a critical role on grain growth in polyphase systems
as we discussed in section 4.2.3.

5.3. Grain Size Variation as a Function of fEn in the
Experiments and Calculations

5.3.1. Calculated Grain Size Variation as a Function
of fEn
[64] Substituting the same parameters used to construct

theoretical curves in Figure 11 into the grain growth laws
of equations (4) and (6), we determine grain size for any
fEn, temperature, or time. The estimated grain sizes of sam-
ples statically annealed for 2 h at each temperature are intro-
duced in Figure 2 (lines).
[65] Forsterite-rich samples: The predicted curves repro-

duce a characteristic change of the observed grain size as a
function of fEn. The dFo exponentially decreases, and dEn
weakly increases with increasing fEn.
[66] Enstatite-rich samples: Similarly, dEn exponentially

decreases, and dFo weakly increases with decreasing fEn.
[67] At 1360°C, observed and estimated grain sizes are al-

most identical, whereas estimated grain size is up to 30% larger
than observed grain size at 1310 and 1260°C (Figure 2).
Because grain size changes are small in low-temperature exper-
iments (Figure 2), the estimated and observed grain sizes are
anticipated to not correspond as well as the high temperature
data for which we have a larger range of grain sizes.
5.3.2. Average Grain Size Variation as a Function of fEn
[68] We assembled the data for average grain size [i.e.,

dAvg = dFo × (1 � fEn) + dEn × fEn] in all fEn samples with
different annealing time and temperature (Figure 12).
We normalized the average grain size for each fEn sample
using the average grain size from the fEn = 0.03 sample after
similar annealing times of 0.5, 2, and 100 h, at 1260, 1310,
and 1360°C, respectively (Figure 12). Although there is
some scatter in the results for the same fEn, the normalized
grain size does not vary systematically with annealing time
or temperature. The fEn0.03 sample has the largest grain size.
Grain size decreases with increasing fEn on the forsterite-rich
side, such that the grain size of the fEn0.5 sample is finer than
the size of the fEn0.03 sample by a factor of 0.1. Grain size
then increases in samples on the enstatite-rich side with in-
creasing fEn. Grain growth in the fEn = 0.03 sample follows
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Figure 12. Normalized average grain size as a function of
fEn. Average grain size, dAvg [i.e., dAvg = dFo × (1 � fEn) +
(dEn × fEn)], is normalized with dAvg for samples with
fEn = 0.03. Different symbols represent samples annealed for
different times. Open symbols for samples annealed at 1260°
C, gray symbols for 1310°C, and closed symbols for 1360°
C. Dashed lines indicate the theoretical prediction based on
equations (4)–(6) with reported value forDMgO

GB and theoret-
ical values for z, β, DMgO

GB = 0.5, 1.6, 5.83 × 10�14 m2/s for
forsterite-rich and 0.5, 1.3, 6.18 × 10�14 m2/s for enstatite-rich
samples. Solid lines are for the semi-empirical prediction
based on equations (4)–(6), with z, β, DMgO

GB = 0.52,
0.67, 1.63 × 10�12 m2/s for forsterite-rich and 0.53, 0.73,
2.95 × 10�12 m2/s for enstatite-rich samples.
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the grain growth law of equation (3) with a grain growth ex-
ponent of 4, which is also applicable to the growth in other
fEn samples (see section 5.1 above). Thus, the distribution of
normalized grain sizes in all fEn samples as shown in
Figure 12 will remain the same for any annealing time.
[69] If the temperature effect on relative interfacial ener-

gies is small, then the temperature effect on the Zener relation
is also small (equation (2)). Thus, the relative grain size as a
function of fEn within each forsterite-rich or enstatite-rich
regime will be constant for any particular annealing time or
temperature, where the mechanism controlling grain growth
is constant. This conclusion is confirmed by olivine and py-
roxene grain sizes measured in natural rocks with fpyroxene
0.5 formed at ≈ 750°C, which is much lower than the temper-
ature of our experiments [Tasaka et al., 2013].
[70] Substituting the same parameters used to construct theo-

retical curves in Figure 8, we determine average grain size varia-
tion as a function of fEn. We introduce two different predicted
curves (i.e., the purely theoretical and semi-empirical predictions)
using theoretical and empirical parameters of z, β, and DMgO

GB.
[71] Forsterite-rich samples: The theoretically derived values

are z = 0.5, β = 1.6, and DMgO
GB=5.83×10�14m2/s [Haroun

and Budworth, 1968; Hillert, 1988; Gardes and Heinrich,
2011]. In the purely theoretical case, the value of z=0.5 is antic-
ipated when the secondary phase grains are located along grain
boundaries of the primary phase [Haroun and Budworth,
1968; Hillert, 1988]. The value of β can then be estimated from
4γGB/3γIPB (see equation (1)). Theoretical Zener relationships
overestimate dI/dII at certain values of fEn, but the slopes are
consistent with the trend of the data (Figure 5a). Consequently,
the value determined for z is well constrained; however, β
values are overestimated. At 1360°C, the value of
DMgO

GB = 5.83 × 10�14 m2/s [Gardes and Heinrich, 2011]
is used to obtain a theoretical k value. Whereas, the values
for z, β, m, and k in equations (2)–(4) determined from our
experimental data allow us to calculate DMgO

GB. In this
case, z = 0.52, β = 0.67, and DMgO

GB = 1.63 × 10�12 m2/s.
The experimentally derived z and β values are 0.52 and
0.67 (Figure 5a). The value of k is determined from
equations (4) and (6) using DMgO

GB = 1.63 × 10�12 m2/s

for forsterite grain boundary diffusion, determined at
1360°C from grain growth of fEn0.03 samples (Figure 11a).
[72] Enstatite-rich samples: The theoretically derived values

are z = 0.5, β = 1.3, and DMgO
GB = 6.18 × 10�14 m2/s at

1360°C [Haroun and Budworth, 1968; Hillert, 1988; Gardes
and Heinrich, 2011]. Whereas, the experimentally derived
values are z = 0.53 and β = 0.73 from Figure 5b, and
DMgO

GB = 2.95 × 10�12 m2/s at 1360°C from Figure 11b.
We followed the same procedures in the calculations for
forsterite-rich regime to determine these values.
[73] The theoretical and semi-empirical dAvg are normalized

to the grain size of dAvg_fEn0.03. The results of both calculations
are plotted as lines in Figure 12. The dAvg obtained from
purely theoretical considerations is slightly smaller than that
from the semi-empirical predictions. Such a difference results
from using the large β value in the calculation compared with
that derived experimentally in this study. Overall, both predic-
tions well reproduce the observed grain size for samples with
forsterite- and enstatite-rich regimes.

5.4. Grain Size Variation in the Upper Mantle

[74] Gardes and Heinrich [2011] estimated a smaller acti-
vation energy for MgO grain boundary diffusion along
forsterite grain boundaries (329 kJ/mol) relative to that along
enstatite grain boundaries (417 kJ/mol) from their experi-
ments. The diffusivities determined from these activation
energies are very similar to each other over the temperature
range of our experiments (Figure 11). However, if we use
these activation energies for grain growth, the approximately
symmetric average grain size variation from pyroxene-poor
to pyroxene-rich rocks, seen in our samples (Figure 2), may
not be preserved at lower temperatures.
[75] Here we define “saturated grain size” as the size that

does not change by more than 5% in a million years to con-
sider the grain size variation with various temperatures in the
upper mantle. Grain size in the upper mantle is likely to be
controlled by two different mechanisms, grain growth pinning
due to the presence of the second phase (i.e., Ostwald ripen-
ing-type growth) as we have shown in this study and dynamic
recrystallization [Drury et al., 1991]. The former mechanism
can be effective under static annealing or rock deformation
via diffusion creep, and the latter is predicted to be effective
under rock deformation via dislocation accommodated creep.
Here we assume that the saturated grain size resulted from
grain growth with secondary phase pinning. Then, the satu-
rated grain size (dsat) is calculated as follows:

dsat
m � d0

m ¼ k�Δt ≈ dsat
m� 0:05m

1þ 0:05m
; (10)

then

dsat≈
Δt
0:05

� k
m

� �1=m

: (11)

[76] The derivation of equation (11) is described in Appendix
B. The k values for different values of fEn are calculated from
equations (4) and (6) by using the same parameters used to con-
struct theoretical curves in Figure 12 (solid line) except for
DMgO

GB. As seen in Figure 11, the estimated activation energy
of DMgO

GB from our grain growth study contains large uncer-
tainties compared with previous diffusion studies due to a very
small amount of grain growth during low-temperature experi-
ments (Figure 2). For this reason, to estimate grain growth at

Figure 13. Predicted saturated average grain sizes for
different fEn values at different temperatures [i.e., dAvg =
dFo × (1 � fEn) + (dEn × fEn)]. The numbers represent the
values of fEn.
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low temperature, we use DMgO
GB obtained from previous

reaction rims experiments [Gardes and Heinrich, 2011].
Using these k values, and imposing Δt = 106 years and m=4,
we obtain the saturated grain sizes for a temperature range of
700 – 1400°C (Figure 13). The time needed to reach the satu-
rated grain size is ~106 years at 700°C, which is constant for
all values of fEn. At a temperature of 1400°C, we would expect
an average grain size of 0.4mm for dunite and 0.2 – 0.3mm for
harzburgite, depending on pyroxene content. In pyroxene-rich
rocks, we predict an average grain size of 0.1 – 0.2mm for
olivine pyroxenite and 0.3mm for pyroxenite. These values
are similar to grain sizes observed in some mantle xenoliths
[e.g., Ave Lallemant et al., 1980]. A significant grain size differ-
ence is not predicted between olivine- and pyroxene-rich rocks.
At lower temperatures, the saturated grain size becomes smaller.
At 700°C, a minimum grain size of 3 μm is expected in fEn0.5,
which is roughly consistent with the preservation of grains with
a size of less than 10 μm observed in harzburgites [e.g.,
Michibayashi and Mainprice, 2004; Linckens et al., 2011].
[77] It should be noted that our prediction of grain size in

nature is highly dependent onDMgO
GB. The error range of ac-

tivation energies for DMgO
GB gives rise to serious uncer-

tainties for diffusivity at low temperatures. Furthermore,
diffusivity may be different in iron-free olivine and pyroxene
under dry conditions (as in our study) and the iron-bearing ol-
ivine and pyroxene under possibly wet conditions in nature
[Mei and Kohlstedt, 2000; Zhao et al., 2009].
[78] In the calculations above, we did not consider the effect

of having two different pyroxenes, which are commonly
present in the mantle. Assuming that the interfacial energies
do not change markedly with Ca content, the growth of
clinopyroxene (Cpx) should be almost identical to
orthopyroxene (Opx), sinceMgO as a rate-controlling element
is a primary component of this mineral. This idea is supported
by the observation in peridotite ultramylonites that the grain
sizes of Opx and Cpx have similar values [Tasaka et al.,
2013]. The presence of spinel might also affect the grain size
of mantle rocks, however, due to their small volume fraction
spinel grains do not effectively pin olivine grain boundaries,
and their impact should therefore be limited.

5.5. Predictions of Grain Sizes in Other Systems

[79] Grain growth experiments in two-phase systems have
also been conducted for steels and ceramics [e.g., Takayama
et al., 1982; Abe et al., 1984; Alexander et al., 1994]. These
studies also showed a decrease in the grain growth coefficient
(k) with increasing fII, which can be explained by using our
proposed grain growth model. Consequently, we propose to
use the grain growth laws of equations (4) to (6) for
predicting grain size in any geological setting as long as the
system can be approximated as a two-phase system.
[80] It should be noted that lattice diffusivity (DLatt) should

be used instead of grain boundary diffusivity when we predict
grain growth rates for larger grain sizes. The critical grain size
(dcr) that determines which as [Raj and Ashby, 1971; Ashby
and Verrall, 1973; Stocker and Ashby, 1973]

dcr ≈ 3� w� DGB=DLatt: (12)

[81] In this equation, DMgO
GB=10�13.2m2/s is from Gardes

andHeinrich [2011] atT=1360°C, andDMgO
Latt is estimated from

DMgO
Latt ≈ 2

1=DMg
Lattþ1=DO

Latt obtaining DMgO
Latt =10�18.9m2/s.

Here we use DMg
Latt = 10�15.8m2/s for forsterite from

Chakraborty et al. [1994] and DO
Latt = 10�19.2m2/s for O in

forsterite from Dohmen et al. [2002] under our experimental
conditions with T= 1360°C. When grain size is larger than
the critical grain size, grain growth is controlled by lattice
diffusion. For example, dcr for forsterite-rich samples under
1360°C is calculated as 1.2mm. The value of dcr will increase
with decreasing temperature because the activation energy for
DMgO

Latt is larger than for DMgO
GB. Unfortunately, since there

are no reports on the lattice diffusivity of O in enstatite, we
cannot estimate dcr for fEn> 0.5 samples using equation (12).
When the grain growth rate is controlled by lattice diffusion,
a grain growth exponent of 3 is predicted. The grain growth
coefficient kII at m=3 can then be calculated as

kII
m¼3ð Þ ¼ 8DLattwcαV 2

� �
9RT

; (13)

where c is the number of moles of solute in a unit volume of the
matrix [Greenwood, 1956: Martin et al., 1997]. For most sys-
tems, we can combine grain growth controlled by grain bound-
ary and lattice diffusivities to calculate grain growth rates
starting from a very fine grain size to the saturated grain size.
Therefore, the calculated k values in equations (4) and (13) allow
us to predict expected grain sizes in other polymineralic systems.
[82] As discussed above, knowing the fraction of the sec-

ondary phase, as well as the diffusivity and interfacial energies
under static conditions reproduces the observed grain growth
rates as a function of fII, which should be applicable not only
to the forsterite-enstatite system as we have shown in this
study but also to other systems. Assuming that we know these
parameters for rock-formingminerals, a first-order approxima-
tion of grain size variation as a function of rock mineralogy is
established. The extension of this work to dynamic conditions
will be discussed in Tasaka et al. [2013].
[83] Using equation (8), the interfacial energies can be

estimated from values reported in Cooper and Kohlstedt
[1986] and Duyster and Stockhert [2001] for olivine-olivine,
and in Hiraga et al. [2002] for quartz-quartz, plagioclase-
plagioclase, and quartz-plagioclase. In addition, we use
information on the dihedral angles measured at triple-point
junctions [Vernon, 1968; Holness et al., 2005], which is
related to the boundary energy. If grain boundary diffusivity
of the rate-controlling element is known, we are then able to
estimate grain growth of the secondary phase as a function of
its volume fraction. As a consequence, we can estimate grain
growth rates of the primary phase and predict the evolution of
average grain sizes in the rock.

6. Conclusions

[84] We conducted grain growth experiments on forsterite
(Fo)-enstatite (En) system with varying volumetric fraction
of these minerals (fEn0 to fEn0.97) at 1 atmosphere pressure
and temperatures from 1260 to 1360°C (where fEn is volume
fraction of enstatite). The results are summarized as:
[85] 1. The grain size ratios of forsterite and enstatite in ref-

erence and deformed samples follow the Zener relationship
of dI/dII = β/fIIz, where d is the grain size, and the subscripts
I and II indicate the primary and secondary phases, res-
pectively. When fEn < 0.5, I is forsterite, II is enstatite, then
β = 0.67, and z = 0.52; for samples where fEn > 0.5, I is
enstatite, II is forsterite, then β = 0.73, and z = 0.53 (where
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fII is volume fraction of second phase and d is grain size). The
relative grain size (dI/dII) as a function of fEn within each
forsterite-rich or enstatite-rich regime is constant for any
particular annealing time or temperature.
[86] 2. Grain growth for the reference samples follow

ds
4 � d0

4 ¼ k�t;

where ds is grain size under static conditions, d0 is initial
grain size, k is grain growth coefficient, and t is time. For
deformed samples, dε ≈ ds exp (0.42ε), where dε is grain size
under dynamic conditions, and ε is strain, respectively.
Observations of Zener relationships, derived from the
balance between the pinning and migration forces, support
the operation of Ostwald ripening as the dominant mecha-
nism for grain growth under static conditions.
[87] 3. Observed growth coefficient for primary phase (kI)

becomes smaller with increasing fII, whereas the growth co-
efficient for secondary phase (kII) is almost constant. Grain
growth coefficients, which change as a function of fEn, are
well reproduced by theoretical predictions of

kII
m¼4ð Þ ¼ 8γcwD GB

i V 2ν
3GRT

and k m¼4ð Þ
I ¼ β=f zII

� �4
kII;

where fII is volume fraction of the secondary mineral, γ is the
interfacial energy between the primary and secondary
phases, c is the concentration of rate-controlling species,
w is the width of grain boundary, Di

GB is the diffusion coef-
ficient of rate-controlling species for grain boundary diffu-
sion, V is the molar volume of the solute, ν is a slowly
varying quantity with different fractions of the secondary
phase, G is geometric constant, R is the gas constant, and T
is absolute temperature.
[88] Overall, we propose that if we know the fraction of the

secondary phase (fII), the diffusivity (D), and interfacial en-
ergy (γ), we are able to reproduce the observed grain growth
rates as a function of fII, which should be applicable not only
to the forsterite-enstatite system as we have shown in this
study but also to other systems.

Appendix A: Nonlinear Fitting Procedure to
Determine m and k Values Simultaneously

[89] We analyzed our data using a nonlinear fitting regres-
sion analysis for each fEn sample using ds

m � d0
m = kt (ds, d0,

and t are obtained values, m and k are fitting parameters) to

determine m and k values simultaneously. Table A1 shows
the determined values. These values are roughly identical to
the values determined from the linear regression analysis
(Table 3) except for fEn0.95. The values determined for fEn
0.95 do not converge, and it is also difficult to apply a
nonlinear technique due to uncertainties in the grain sizes
measured (section 4.1).
[90] In nonlinear fitting analysis, the units of k (i.e., μmm/s)

change depending onm-value, and it is difficult to discuss the
relationship between k and fEn (Figure 8). Consequently, we
prefer to use constant value for m to explain changes in the
value of k as a function of fEn using the same units (i.e.,
μm4/s), although the value of m for some fEn samples has a
large error as shown in Table 3.

Appendix B: Derivation of Saturated Grain Size

[91] The derivation of equation (11) is shown as follows:

dsat
m � d0

m ¼ kΔt; (B1)

where dsat is saturated grain size, which is the size that does
not change by more than 5% in a million years in this study,
m is grain growth exponent, d0 is initial grain size at Δt = 0, k
is grain growth coefficient, and Δt is time (we define Δt = a
million years). Saturated grain size is dsat = d0(1 + Δd), where
Δd is the grain size change during Δt (we define Δd = 0.05).
Substituting d0 = dsat/(1 + Δd) to equation (B1),

dsat
m � dsat

1þ Δd

� �m

¼ dsat
m 1� 1

1þ Δdð Þm
� �

¼ dsat
m 1þ Δdð Þm � 1

1þ Δdð Þm
� �

: (B2)

[92] Since Δd < < 1, then (1 + Δd)m ≈ 1 + mΔd,

Equation B2ð Þð Þ ≈ dsat
m 1þ mΔd � 1

1þ mΔd

� �

¼ dsat
m mΔd

1þ mΔd

� �
¼ kΔt: (B3)

[93] Using equation (B3),

Table A1. Parameters of Grain Growth Law From Nonlinear Fitting Analysis

fEn T log kFo log s_kFo log kEn log s_kFo mFo s_mFo mEn s_mEn

°C μmm/s μmm/s μmm/s μmm/s

0.03 1360 �0.67 0.01 �4.32 �4.28 5.32 3.06 4.39 4.02
0.09 �3.33 �3.35 �5.24 �5.01 3.81 1.16 4.91 4.27
0.23 �3.88 �4.16 �4.93 �4.78 3.66 1.06 4.68 3.72
0.33 �4.59 �5.20 �4.87 �5.33 3.27 0.70 3.44 0.82
0.42 �4.49 �4.84 �4.59 �5.06 2.43 1.11 3.52 1.04
0.52 �4.66 �5.10 �4.50 �5.55 1.52 0.58 2.17 0.18
0.66 �5.12 �5.81 �4.54 �5.10 3.07 0.58 3.89 0.67
0.74 �4.83 �5.26 �4.06 �4.52 3.28 0.94 3.93 0.62
0.84 �5.57 �4.57 �4.11 �3.63 5.96 26.69 3.74 6.17
0.95 -a -a -a -a 4.68 21.27 -a -a

Average 3.70 5.72 3.85 2.39

aThe values did not converge and cannot be determined.
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dsat
m ¼ 1þ mΔd

mΔd
kΔt ¼ 1

mΔd
þ 1

� �
kΔt: (B4)

dsat ¼ 1

mΔd
þ 1

� �
kΔt

	 
1=m
: (B5)

[94] Since mΔd<< 1, then

dsat ≈
Δt
Δd

� k
m

� �1=m

: (B6)

[95] Therefore, dsat ≈ Δt
0:05 � km
� �1=m

(equation (11)) is
determined.
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