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[1] In order to understand the effects of secondary minerals on the flow properties of rocks,
we have conducted uniaxial compression experiments on polycrystalline forsterite
(Fo) + enstatite (En) samples. At constant temperature and strain rate, the flow stress of the
samples decreases with increasing enstatite volume fraction ( fEn) for samples with
0< fEn< 0.5 and increases with increasing fEn for samples with 0.5< fEn< 1. The values of
the preexponential term, stress and grain size exponents, and activation energy in the
constitutive equation for a wide range of fEn were determined. Samples with a low fEn
(≤0.03) deformed at strain rates of 2 × 10�5 to 2 × 10�4/s exhibit creep characteristics that
correspond to dislocation-accommodated grain boundary sliding creep (i.e., stress
exponent, n= 3), whereas diffusion-accommodated grain boundary sliding creep is typical
of high fEn samples (i.e., stress exponent, n = 1). The change of flow strength as a function of
fEn during grain-size-sensitive creep is primarily due to changes in grain size of both phases
and secondarily due to changes in the volume fraction of phases with different flow
strengths. Viscosities of all samples can be reproduced in a viscosity model that takes into
account (1) the grain sizes estimated by the grain growth laws established in our part 1 paper
and (2) flow laws determined for the individual phases, in this case, forsterite and enstatite.
Furthermore, we demonstrate that our model can be extended to make predictions of
viscosity in other mineral assemblages.
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1. Introduction

[2] Since the majority of crustal and mantle rocks are
polymineralic, secondary mineral phases can play an
important role in determining their rheological properties.
Numerous experimental studies have investigated the effects
of secondary phases on the strength of a rock by introducing
phases that are either stronger or weaker than the primary
phase. For example, Bloomfield and Covey-Crump [1993]
studied the calcite-halite system, Ji et al. [2001] forsterite-
enstatite, and Rybacki et al. [2003] quartz-calcite. These
studies determined the bulk viscosity as a function of the
fraction of the secondary mineral phase and the strength of
the constituent minerals regardless of the operative creep
mechanism. Wheeler [1992] predicted that a two-phase

mixture is weaker than a single-phase material on the basis
of his theoretical model that considers the difference in the
diffusivities of the major constituents of the minerals present.
[3] McDonnell et al. [2000] demonstrated that peridotite

became weaker with increasing enstatite content (up to
20 vol% of enstatite) during grain-size-sensitive creep, and
they attributed the weakening to the reduction of grain size
in the samples. Unfortunately, the reported dependence of
strain rate on grain size in their samples (p=2.9–3.4) was
determined for samples with varying amounts of enstatite.
Consequently, we cannot separate the effect of grain size from
that of enstatite fraction on sample strength. Hiraga et al.
[2010a] determined that the grain size variation in peridotite
( fEn is <0.5) is a function of fEn, and they also demonstrated
that a significant grain size reduction could be predicted in
materials ranging from dunite to more pyroxene-rich rocks as
a result of the inhibition of grain growth caused by the presence
of secondary minerals. Assuming that the flow strength of the
rocks is primarily determined by grain size, as proposed by
McDonnell et al. [2000], a rock with fEn = 0.5 is 15 to 65 times
weaker than one with fEn= 0, depending on the sensitivity of
flow strength on grain size (grain size exponents of p=2 or 3).
[4] In this study, we examine these predictions further by

conducting mechanical tests on samples for which the grain
growth properties have already been determined [Hiraga
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et al., 2010a]. Tasaka and Hiraga [2013] not only
reproduced the grain growth described by Hiraga et al.
[2010a], but also conducted grain growth experiments on py-
roxene-rich rocks ( fEn> 0.5) at three temperatures (1260°C,
1310°C, and 1360°C) to investigate how growth changes as
a function of temperature and wider variation in lithology.
We expect that an investigation of the flow properties for
the full range of fEn values will provide us with a more
comprehensive understanding of the ways in which two-
phase crystalline materials flow and the extent to which
deformation is controlled by grain size versus the relative
strength of the two phases.

2. Methods

2.1. Starting Material and Sample Preparation

[5] Forsterite-enstatite polycrystalline samples with 14
different enstatite contents ( fEn values of 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)
were used in our experiments. Cylindrical-shaped samples
with a diameter (ϕ) of ≈5mm× 10mm high were used in
all the deformation experiments. 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. The details of sample
preparation have already been described in Tasaka and
Hiraga [2013] and Koizumi et al. [2010]. Enstatite has a
complex stability field with several polymorphs, including

protoenstatite, clinoenstatite, and orthoenstatite at high tem-
perature [e.g., Jackson et al., 2004]. Protoensatite was likely
present during our experiments; however, it reverts to
orthoenstatite during cooling and is therefore not detected
in our samples. This point is important to consider when
the experimental data from fEn> 0.5 samples are applied to
the natural system, because creep strength of protoenstatite
may be different from that of orthoenstatite.

2.2. Deformation Experiments

[6] The load on the samples was applied according to three
different displacement modes: (1) a constant displacement
rate for the entire experiment (Figure 1 and Table 1), (2) a
stepped displacement rate (i.e., applying multiple speeds)
(Figure 2 and Table 2), and (3) stepped loads (i.e., applying
multiple stresses) (Table 3). Modes 1 and 2 were used for
the experiments at atmospheric pressure, and mode 3 was
used for the experiments at a confining pressure of 300MPa.
[7] The deformation tests at atmospheric pressure (61

experiments; Tables 1 and 2) were conducted at temperatures
of 1260°C, 1310°C, and 1360°C at a constant displacement
rate in the range of 0.001 to 0.12mm/min, using an
INSTRON 5567 apparatus, installed at the Earthquake
Research Institute, University of Tokyo. We collected
force-displacement-time data every second. The compres-
sional force was measured by a load cell directly attached
to the loading rod, and displacement is measured at the
crosshead of the apparatus. The load cell measures the force
directly applied to the sample without any intervening dissi-
pating forces, such as friction. Thus, we are able to measure
the force and displacement very precisely. Load measure-
ment is accurate to within ±0.4% of the applied force, and
displacement rates are within ±0.1% of the set speed. The
differential stress was determined from the compression
force, considering area changes with the assumption that
compression was uniform and sample volume was preserved.
Displacement speeds were converted to strain rates by taking
into account the sample length at any moment during the
tests. The strain (ε) was determined from the crosshead
displacement with the same assumptions used in calculating
the stress. The validity of the assumptions of uniform
deformation and constant volume can be judged from the
shape of the sample and measurement of the porosity before
and after the experiments (Figure 3). During displacement
rate stepping experiments, samples were cycled through the
same rates multiple times in order to check the reproducibil-
ity of the results. Temperature was measured using an R-type
thermocouple (Pt and Pt-Rh), located next to the sample.
During the experiments, temperature at the sample was held
constant within ±1°C. As determined during calibration, the
zone of constant temperature in the furnace was larger than
the sample size. The sample cylinder is sandwiched between
SiC discs (ϕ = 40 × 16mm thick) and alumina discs
(ϕ = 25 × 4mm), placed on SiC rods (ϕ = 40mm). No
reaction between the discs and samples was detected. For
displacement mode 1, a constant displacement speed of
0.01mm/min (corresponding to strain rates of 2 × 10�5 to
1 × 10�4 s�1) was applied until the true strain reached 0.06–
0.55. For displacement mode 2, multiple speeds of 0.001 to
0.12mm/min (strain rates of 2 × 10�6 to 4 × 10�4 s�1) were
applied until the true strain reached ≈0.33. The stress mea-
sured during these tests ranged from 4 to 387MPa. During
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Figure 1. Strain versus stress data from the constant dis-
placement speed experiments at 1360°C and atmospheric
pressure. (a) Forsterite-rich samples. (b) Enstatite-rich sam-
ples. The colors represent samples with different values of
fEn.
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each experiment, to judge the effect of deformation on the mi-
crostructures of the samples relative to an undeformed sample
under the same temperature conditions, a reference sample
was located adjacent to the deformed sample but not between
the loading pistons [see Tasaka and Hiraga, 2013].
[8] On one hand, mechanical data collected during the

stepped displacement rate experiments allow us to determine
the dependence of strain rate on stress for these materials. On
the other hand, data from the constant displacement rate

experiments have been used to examine the effects of strain
(and/or time) on grain growth [Tasaka and Hiraga, 2013]
and flow strength.
[9] The fEn0 and fEn0.03 samples with a coarse grain size de-

velop cavities during atmospheric pressure experiments.
Therefore, high-pressure (i.e., 300MPa) uniaxial compres-
sion experiments, at temperatures of 1200°C, 1250°C, and
1300°C, were conducted to avoid the development of cavi-
ties, which could affect the mechanical properties of the

Table 1. Experimental Results of Single Displacement Speed Testa

T Stress Strain Rate dAvg
c kFo kEn α

Experiment No. fEn (°C) (MPa) (s�1 × 10�4) (μm) (μm4/s × 10�4) (μm4/s × 10�4)

KF-28b 0 1,360 136 0.24 5.86 26,978.73 �0.13
1,360 94 0.28 8.03

KF-30b 0.03 1,360 110 0.28 3.88 3,079.31 0.43 1.53
1,360 83 0.34 5.05

KF-60 0.03 1,260 2.15 33.47 0.17 0.61
1,260 187 0.23 2.46

KF-66 0.03 1,360 216 1.84 3.02 2,992.85 �0.24 0.25
1,360 211 1.87 3.08

KF-65 0.03 1,360 3.49 7,094.54 0.50 �1.84
1,360 168 1.00 4.03

KF-68 0.03 1,310 277 1.84 3.00 2,772.48 �0.30 �2.64
1,310 281 1.90 3.12

KF-67 0.03 1,310 237 0.95 2.98 1,241.39 �0.03 0.51
1,310 248 0.97 3.09

KF-70 0.03 1,260 339 1.65 2.76 �323.93 �0.17 0.71
1,260 382 1.68 2.77

KF-69 0.03 1,260 301 0.96 2.76 �161.02 0.15 �0.67
1,260 353 0.98 2.77

KF-29 0.09 1,360 9 0.22 1.41 26.00 0.05 1.14
1,360 25 0.26 1.93

KF-61 0.09 1,260 59 0.20 0.76 0.07 0.00 0.80
1,260 99 0.24 0.82

KF-31 0.15 1,360 8 0.27 1.02 4.08 0.06 1.45
1,360 16 0.32 1.29

KF-26 0.24 1,360 7 0.27 0.66 0.75 0.12 0.43
1,360 12 0.33 0.89

KF-62 0.24 1,260 28 0.20 0.43 0.00 0.00 0.45
1,260 40 0.24 0.46

KF-25 0.34 1,360 6 0.27 0.66 0.83 0.26 �1.02
1,360 9 0.32 0.90

KF-63 0.34 1,260 26 0.19 0.38 0.00 0.00 1.16
1,260 37 0.23 0.39

KF-47 0.34 1,360 6 0.22 0.53 0.25 0.23 0.73
1,360 15 0.36 0.87

KF-48 0.34 1,360 6 0.22 0.52 0.21 0.16 0.67
1,360 14 0.33 0.83

KF-27 0.42 1,360 8 0.30 0.41 0.03 0.04 1.74
1,360 14 0.36 0.52

KF-64 0.42 1,260 32 0.21 0.38 0.00 0.00 0.75
1,260 48 0.25 0.40

KF-97 0.52 1,360 4 0.17 0.60 0.33 0.30 0.54
1,360 5 0.21 0.75

KF-86 0.59 1,360 5 0.19 0.43 0.02 0.02 2.06
1,360 14 0.22 0.52

KF-79 0.66 1,360 9 0.18 0.66 0.04 0.18 1.51
1,360 14 0.20 0.79

KF-80 0.74 1,360 11 0.19 0.64 0.06 0.49 1.16
1,360 17 0.21 0.80

KF-78 0.85 1,360 19 0.22 0.87 0.05 0.34 1.93
1,360 33 0.25 1.01

KF-81 0.95 1,360 43 0.23 1.51 0.00 28.21 2.95
1,360 68 0.26 1.85

KF-82 0.97 1,360 48 0.20 2.32 0.36 �9.29 2.08
1,360 67 0.22 2.56

aGrain size of initial, reference, and deformed samples; strain; and deformation time are listed in Tasaka and Hiraga [2013].
bThe fEn0 and 0.03 of high-strain rate samples which were deformed under dislocation-accommodated GBS creep.
cEstimated average grain size from grain growth law.
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samples. A Paterson-type gas medium apparatus at the
University of Minnesota was used for these experiments
(eight experiments; Table 3). Samples of the same size as
those used in the atmospheric pressure experiments were
covered with a Ni sleeve and then sandwiched between
alumina discs. The details of the high-pressure experimental
methods, using gas medium apparatus, have been described
elsewhere [e.g., Hirth and Kohlstedt, 1995a, 1995b; Mei
and Kohlstedt, 2000a, 2000b; Zimmerman and Kohlstedt,
2004]. The samples were confined under a hydrostatic pressure
of 300MPa during deformation. Loads of 33–457MPa were
applied, and samples deformed to a total true strain of ~0.2.

3. Results

[10] We found that when a constant displacement speed is
applied to the samples, the magnitude of the flow stress
decreases with increasing fEn when fEn< 0.5, but increases
with increasing fEn when fEn> 0.5 (Figure 1). Most of the
samples exhibited an increase in flow stress with increasing
strain, but the fEn0 and fEn0.03 samples exhibited a weakening
after the samples were deformed to more than 0.05 strain.
Representative results from the stepped displacement rate
experiments are shown in Figure 2. Displacement speeds of
0.001–0.12mm/min were applied to all the samples at
1260°C, 1310°C, and 1360°C, respectively. At any single
displacement rate, the flow stress increases with decreasing
temperature. Images of representative samples before and af-
ter deformation are shown in Figure 3. All of our
experimental results are summarized in Tables 1–3.
[11] The observations of microstructure for annealed and

deformed samples were presented in Tasaka and Hiraga
[2013]; thus, we will only briefly review them here. Both
forsterite and enstatite phases are homogenously distributed
in the samples [Tasaka and Hiraga, 2013, Figure 1]. We
observed very few pores in the starting sintered samples
using a scanning electron microscope (SEM) to a resolution
of 20 nm. In addition, observations with the transmission
electron microscope showed that our starting samples are
essentially pore and melt free, even down to a scale of less
than a nanometer [Hiraga et al., 2010b; Koizumi et al.,
2010]. A very weak elongation of grains perpendicular to
the compression direction can be seen in the deformed
samples. We observed very few pores in the majority of

deformed samples using SEM; however, a relatively larger
number of pores were found in deformed samples with
fEn = 0 and 0.03 resulting in densities of ~97 vol%,
determined from the fraction of pores observed in the SEM
images. We analyzed lattice preferred orientation (LPO) of
forsterite in representative deformed samples by electron
backscatter diffraction (EBSD), but there is no significant
LPO apparent in these samples (unpublished data).
[12] The stress versus strain rate results obtained from

different fEn samples at three temperatures are plotted in a
log-log field (Figure 4). A positive correlation is found in
all cases. The linear trend from sample fEn0.03 deformed
under atmospheric pressure becomes steeper as stress
exceeds 100MPa (Figure 4a). All creep data are analyzed
in terms of the following semiempirical flow law:

ε̇ ¼ Aσ ndAvg
�pexp �Q=RTð Þ; (1)

where ε̇ is the strain rate, A the creep constant, σ the
stress, n the stress exponent, dAvg the average grain size,
p the grain size exponent, Q the activation energy, R the
gas constant, and T the temperature. We recall the
definition of dAvg from Tasaka and Hiraga [2013] as
dAvg = dFo × (1� fEn) + dEn × fEn, where dFo is the grain size
of forsterite, and dEn is the grain size of enstatite. We
monitored grain growth during the experiments by
comparing microstructures of the initial, reference, and
deformed samples [Tasaka and Hiraga, 2013]. The observed
grain growth may account for the continuous sample harden-
ing that occurred during most experiments (Figure 1). Grain
growth is modeled by using the combined laws of static and
dynamic grain growth together, and the grain size relation-
ships are expressed as

dε ¼ kt þ d0
mð Þ1=m�exp αεð Þ: (2)

[13] Here, dε and d0 are the grain sizes of the deformed and
initial samples; t is the duration of grain growth; k is the grain
growth coefficient under static conditions; m is the grain
growth exponent, which is fixed at a constant value of 4; ε
is the strain; and α is a dynamic grain growth constant
[Tasaka and Hiraga, 2013]. To give priority to the
measured grain sizes, we left the value of α as a variable de-
fined as α ¼ 1

ε ln
dε
ds
;, where ds is the grain size of the refer-

ence sample [Hiraga et al., 2010b; Tasaka and Hiraga,
2013]. We used equation (2) to adjust the values of α and
k to fit the initial, reference, and final grain size observed
after the experiments. These α and k values can then be used
to estimate the grain size at any time during the experiments.

3.1. Best Fit Flow Law Parameters (n, p, Q, and A)

[14] Based on the above procedure, the flow parameters of
strain rate, stress, temperature, and grain size in equation (1)
are determined at each stage of the experiments. The depen-
dency of the creep rate on stress, grain size, and temperature,
expressed by n, p, and Q in equation (1), is determined using
a logarithmic form of equation (1):

ln ε̇ ¼ nlnσ � pln dAvg þ ln A� Q=RTð Þ: (3)

[15] A multiregression analysis (global fitting) procedure
was used to obtain the best values for n, p, Q, and A by
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Figure 2. Strain versus stress data from the stepped
displacement speed experiments for the representative fEn
sample (fEn = 0.24) at three different temperatures under
atmospheric pressure.
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Table 2. Experimental Results of Stepping Displacement Speed Testa

T Stress Strain Rate dAvg
c kFo kEn α

Experiment No. fEn (°C) (MPa) (s�1 × 10�4) (μm) (μm4/s × 10�4) (μm4/s × 10�4)

KF-43b 0.03 1260 252 0.22 3.05 �366.84 0.26 �0.67
1260 364 0.97 2.79
1260 387 1.67 2.78

KF-42b 0.03 1310 144 0.21 3.29 57.44 1.56 0.51
1310 257 0.95 3.24
1310 297 1.85 3.04

KF-38b 0.03 1360 114 0.29 3.99 80.93 2.20 1.53
1360 164 0.98 3.99
1360 206 1.84 3.01

KF-76 0.03 1260 244 0.22 3.21 115.61 0.11 0.73
1260 155 0.11 3.39
1260 113 0.07 3.61
1260 60 0.02 3.83

KF-75 0.03 1310 147 0.22 3.67 218.39 0.07 2.02
1310 88 0.11 4.03
1310 24 0.02 4.50

KF-71 0.03 1360 96 0.22 4.78 1652.52 1.25 0.73
1360 57 0.11 5.32
1360 86 0.17 6.53
1360 95 0.22 6.90
1360 12 0.04 5.98

KF-37 0.09 1260 47 0.44 1.01 1.31 0.03 0.80
1260 140 0.69 1.04
1260 234 1.43 1.05
1260 359 2.02 1.08
1260 105 0.27 1.12

KF-36 0.09 1310 13 0.23 1.01 2.06 0.04 0.59
1310 28 0.46 1.03
1310 67 0.96 1.06
1310 160 2.07 1.12
1310 30 0.27 1.19
1310 83 0.86 1.25

KF-35 0.09 1360 7 0.20 1.07 5.26 0.05 �0.17
1360 12 0.41 1.08
1360 31 0.87 1.12
1360 89 1.91 1.14
1360 43 0.78 1.17

KF-39 0.24 1260 21 0.19 0.54 0.65 0.03 0.08
1260 46 0.40 0.64
1260 82 0.82 0.68
1260 163 1.74 0.71
1260 40 0.23 0.76
1260 65 0.48 0.81

KF-41 0.24 1310 11 0.21 0.55 0.86 0.07 0.42
1310 19 0.44 0.66
1310 33 0.92 0.70
1310 65 1.93 0.73
1310 18 0.25 0.77
1310 27 0.53 0.83

KF-44 0.24 1360 6 0.28 0.53 0.53 0.10 1.05
1360 10 0.58 0.56
1360 16 1.17 0.58
1360 28 2.40 0.60
1360 9 0.31 0.63
1360 13 0.64 0.66

KF-54 0.34 1260 40 0.43 0.49 0.20 0.10 0.29
1260 73 0.90 0.53
1260 144 1.91 0.56
1260 36 0.25 0.60
1260 54 0.52 0.63

KF-55 0.34 1310 14 0.40 0.45 0.03 0.03 2.93
1310 22 0.81 0.47
1310 36 1.65 0.49
1310 12 0.22 0.52
1310 19 0.45 0.57

KF-53 0.34 1360 7 0.43 0.46 0.10 0.11 �0.04
1360 12 0.91 0.52
1360 20 1.88 0.53
1360 36 3.90 0.54
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Table 2. (continued)

T Stress Strain Rate dAvg
c kFo kEn α

Experiment No. fEn (°C) (MPa) (s�1 × 10�4) (μm) (μm4/s × 10�4) (μm4/s × 10�4)

1360 6 0.25 0.56
1360 10 0.52 0.58

KF-50 0.42 1260 38 0.43 0.81 0.05 0.11 0.35
1260 62 0.88 0.57
1260 126 1.85 0.64
1260 264 4.06 0.69
1260 64 0.55 0.73

KF-52 0.42 1310 11 0.43 0.78 0.81 0.47 0.43
1310 20 0.89 0.53
1310 36 1.83 0.61
1310 70 3.84 0.64
1310 16 0.25 0.67
1310 16 0.53 0.70

KF-49 0.42 1360 6 0.39 0.54 0.15 0.40 0.25
1360 9 0.80 0.56
1360 15 1.66 0.58
1360 28 3.49 0.60
1360 8 0.46 0.62

KF-123 0.52 1260 25 0.19 0.54 0.01 0.07 �0.18
1260 49 0.39 0.54
1260 89 0.82 0.53
1260 174 1.74 0.53

KF-124 0.52 1310 9 0.17 0.54 0.00 �0.01 0.71
1310 18 0.36 0.55
1310 32 0.74 0.57
1310 59 1.56 0.59

KF-122 0.52 1360 8 0.39 0.55 0.05 0.15 0.84
1360 14 0.80 0.57
1360 20 1.25 0.59
1360 26 1.71 0.60
1360 33 2.21 0.62

KF-95 0.66 1260 43 0.43 0.48 0.03 �0.06 0.13
1260 79 0.89 0.48
1260 117 1.38 0.48
1260 153 1.92 0.49
1260 66 0.51 0.50

KF-96 0.66 1310 22 0.38 0.49 0.10 0.23 0.27
1310 40 0.78 0.50
1310 59 1.20 0.51
1310 81 1.67 0.51
1310 34 0.44 0.53

KF-94 0.66 1360 8 0.35 0.47 0.03 0.23 1.02
1360 16 0.73 0.49
1360 23 1.14 0.51
1360 31 1.57 0.53
1360 16 0.42 0.57

KF-91 0.74 1260 59 0.40 0.62 0.04 0.25 0.19
1260 128 0.84 0.63
1260 189 1.33 0.64
1260 225 1.86 0.65
1260 94 0.49 0.66

KF-93 0.74 1310 21 0.41 0.63 �0.02 �0.17 1.80
1310 43 0.84 0.66
1310 62 1.30 0.70
1310 93 1.81 0.75
1310 40 0.48 0.84

KF-92 0.74 1360 21 0.81 0.62 0.09 1.45 �0.03
1360 33 1.27 0.63
1360 49 1.33 0.63
1360 21 0.48 0.63

KF-90 0.85 1260 59 0.41 0.90 �0.09 3.60 0.14
1260 195 0.85 0.90
1260 269 1.33 0.91
1260 302 1.85 0.91
1260 139 0.48 0.92

KF-88 0.85 1310 40 0.39 0.91 �0.13 �2.36 0.61
1310 82 0.80 0.93
1310 158 1.67 0.95
1310 191 2.16 0.97
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substituting the values of ε̇, σ, dAvg, R, and T in equation (3). A
change in the dominant deformation mechanism is presumed
from the slope change in the log ε̇ -log σ relationships
observed in the fEn0.03 sample (Figure 4a), and we can then
separate the creep data obtained at high and low strain rates
(>2× 10�5/s and <2× 10�5/s, respectively) for the purposes
of this global fitting.
[16] First, we applied the global fitting to all data except for

fEn0.03 at high strain rates. Assuming that a single creep
mechanism is operative during the low-strain rate conditions,
the values for the flow parameters were determined as
lnA = 14.6 ± 0.8MPa�n s�1μmp, n= 1.0 ± 0.1, p = 1.5 ± 0.1,
and Q= 370 ± 10 kJ/mol. Second, we applied the fitting sepa-
rately for fEn< 0.5, fEn ≥ 0.5, and for fEn0.03 samples at high
strain rate, assuming a single deformation mechanism during
these high-strain rate conditions. The respective values
obtained for the flow parameters for these samples are
lnA = 20.0 ± 1.1, 16.7 ± 1.2, and 23.0 ± 2.9MPa�n s�1μmp;
n = 1.1 ± 0.1, 1.3 ± 0.1, and 3.1 ± 0.1; p= 1.6 ± 0.1, 2.3 ± 0.1,
and 1.0 ± 0.8; and Q = 450 ± 20, 420 ± 20, and 630 ± 30 kJ/
mol. Details for the global fitting and accuracy of p and n
values are discussed in Appendix A.
[17] The results determined from fits to the data for the flow

law parameters are listed in Table 4. Overall, both fitting proce-
dures give similar values, that is, n≈1, p≈2, andQ≈400kJ/mol
except for the data from fEn0.03 samples deformed at high strain
rates, which exhibit higher values of n≈ 3 and Q≈ 630 kJ/mol
and a smaller value of p≈ 1. The range of error in the values of
the parameters determined for fEn0.03 is larger than that for
the other samples because of uncertainties in the grain size
exponent and the small number of data points under these
conditions (see Table 4 and Appendix A).

3.2. The Effect of Stress on Flow Rate

[18] In order to exclude the effects of grain growth on the
flow stress, we use the value determined for the grain size
exponent of p to normalize the data to a constant grain size.
As described above, p ≈ 2 is the best fit value to be derived
from most of our creep data. The exception is for the fEn0.03
sample, deformed at high strain rates, where p ≈ 1 is the best
fit. To see the precise relationships between stress and strain
rates, we have plotted log σ against log ε̇ with fixed
dAvg = 1μm by using p= 2 except for the data obtained at
high strain rates from the fEn0.03 sample, where p= 1 was
used. In Figure 5, the effect of grain size on flow stress is
excluded and the spread in the data observed in Figure 4 is
reduced to a more linear fit. The value of the stress exponent
determined from the least squares fits to the data varies from
n = 1.0 to 1.5 for all but the high-strain rate experiments on
the sample with fEn0.03 for which n = 2.8. As can be seen from
Table 4 and Figure 5, the global fit to the data (see section
3.1, above, and Table 4) and the two-dimensional best fit
method (Figure 5) provide similar n values.

3.3. The Effect of Grain Size on Flow Stress

[19] A plot of log dAvg versus log η allows us to judge
the effect grain size has on flow strength (cf. η= σ/3 ε̇
for compression experiments [see Ranalli, 1995, section
1]). We analyzed the data for samples with low enstatite
contents (i.e., fEn0.03 and fEn0.09) that exhibit low stress
sensitivity (i.e., n ≈ 1) (Figure 6). The grain size for each
data point is determined by using the grain growth law
(equation (2)). Since these two samples have quite different
grain sizes (dEn0.03 ≈ 6 × dEn0.09), but little difference in

Table 2. (continued)

T Stress Strain Rate dAvg
c kFo kEn α

Experiment No. fEn (°C) (MPa) (s�1 × 10�4) (μm) (μm4/s × 10�4) (μm4/s × 10�4)

1310 62 0.47 1.01
KF-87 0.85 1360 18 0.39 0.90 �0.01 8.33 3.07

1360 37 0.81 0.90
1360 57 1.25 0.91
1360 83 1.75 0.91
1360 30 0.45 0.92

KF-102 0.95 1260 217 0.47 1.17 �0.01 17.34 �0.01
1260 173 0.24 1.17
1260 97 0.12 1.17
1260 74 0.08 1.17
1260 173 0.27 1.17

KF-100 0.95 1290 140 0.43 1.34 �0.01 5.45 1.81
1290 103 0.22 1.38
1290 59 0.11 1.43
1290 43 0.07 1.48
1290 122 0.24 1.67

KF-101 0.95 1310 107 0.46 1.23 0.03 28.11 0.71
1310 75 0.23 1.24
1310 46 0.12 1.26
1310 35 0.07 1.29
1310 102 0.26 1.35

KF-99 0.95 1360 41 0.45 1.20 �0.01 20.45 0.40
1360 31 0.23 1.21
1360 21 0.11 1.21
1360 17 0.07 1.23
1360 50 0.25 1.25

aGrain size of initial, reference, and deformed samples; strain; and deformation time are listed in Tasaka and Hiraga [2013].
bThe fEn0 and 0.03 of high-strain rate samples which were deformed under dislocation-accommodated GBS creep.
cEstimated average grain size from grain growth law.
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enstatite content, any differences in flow strength when
these two samples are deformed at the same temperature
must result from the difference in grain size. The effect of
fEn on viscosity at fixed grain size is described below. The
viscosity of fEn0.03 is higher than that of fEn0.09 at all temper-
atures. The high-pressure experiments allowed us to deform
samples with larger grain size at lower temperatures with
fixed fEn because the confining pressure suppresses cavita-
tion. Comparing the flow strength of samples of fEn0.09 at
1250°C, at high pressure, with different grain size, shows
that the coarser-grained samples have higher viscosities.
Small variations in grain size are present even within the
same fEn samples deformed under atmospheric pressure
due to grain growth during the experiment. Overall, the
samples demonstrate hardening even when there is only a
small increase in grain size. The slopes of the best fit lines
for grain size-viscosity data, obtained at four different
temperatures, are confined to a narrow range of p values.
The values of p ± standard deviation that fit the data best are
1.7 ± 0.2 for fEn0.09 at 1250°C and P=300MPa, 1.5 ± 0.2 for
fEn0.03 and fEn0.09 at 1260°C and P=0.1MPa, 1.9 ± 0.1 for
fEn0.03 and fEn0.09 at 1310°C and P= 0.1MPa, and 1.4 ± 0.1
for fEn0.03 and fEn0.09 at 1360°C and P=0.1MPa (Figure 6).

The weighted average p value is p=1.6 ± 0.1 for all data
except for fEn0.03 at high strain rates. These values are roughly
equivalent to the p values obtained by the global fitting of all
data (i.e., p≈ 2), as described in section 3.1 above.

Table 3. Experimental Results of Stepping the Weight Test Under p= 300MPa

Experiment
No. fEn T Stress Strain Rate dAvg

b

Starting Material Deformation Sample
Time,

t εdFo dEn dFo dEn

(°C) (MPa) (s�1 × 10�4) (μm) (μm) (μm) (μm) (μm) (h)

PI1626a 0.03 1300 151 0.18 2.96 2.81 0.53 2.48 0.42 1.71 0.09
1300 200 0.33 3.00
1300 248 0.60 3.04
1300 292 1.01 3.07

PI1624a 0.03 1250 299 0.25 2.90 2.81 0.53 2.54 0.76 2.13 0.12
1250 323 0.43 2.97
1250 358 0.68 2.97
1250 215 0.17 3.03

PI1629a 0.03 1200 281 0.05 2.78 2.81 0.53 3.10 0.55 6.04 0.07
1200 316 0.06 2.78
1200 409 0.12 2.79
1200 457 0.18 2.78

PI1631 0.09 1250 85 0.04 2.80 2.98 1.00 2.53 0.82 3.79 0.04
1250 137 0.05 2.80
1250 188 0.06 2.82
1250 237 0.07 2.83

PI1638 0.09 1250 103 0.04 2.80 2.98 1.00 2.84 0.70 2.57 0.06
1250 153 0.06 2.80
1250 206 0.08 2.81
1250 251 0.13 2.81

PI1633 0.09 1250 90 0.14 1.15 1.04 0.35 1.49 0.42 1.30 0.09
1250 142 0.21 1.18
1250 192 0.28 1.19
1250 240 0.39 1.21
1250 281 0.50 1.22

PI1636 0.24 1250 33 0.09 0.67 0.42 0.32 0.81 0.40 2.37 0.19
1250 64 0.23 0.71
1250 93 0.38 0.74
1250 116 0.55 0.76
1250 142 0.72 0.79
1250 166 0.86 0.81
1250 77 0.33 0.86

PI1639 0.42 1250 40 0.14 0.47 0.36 0.35 0.53 0.56 2.37 0.15
1250 69 0.30 0.49
1250 97 0.45 0.51
1250 122 0.60 0.54
1250 145 0.65 0.56

aThe fEn0 and 0.03 of high-strain rate samples which were deformed under dislocation-accommodated GBS creep.
bEstimated average grain size from grain growth law.

5 mm

Starting sample Deformed fEn0.09 sample

Figure 3. Representative sample (fEn = 0.09) after deforma-
tion in constant displacement speed experiments at 1360°C
under atmospheric pressure.
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3.4. The Effect of Temperature on Flow Stress

[20] The dependence of creep rate on temperature is shown
in the Arrhenius plot in Figure 7 as ε̇ versus 1/T, with fixed
σ= 50MPa and dAvg = 1μm using n= 1 and p = 2 for each
fEn sample. Since a very large amount of data is provided
by the experiments at three temperatures, we have only used
the data obtained at the final stage of each stepped speed
experiment because the grain size at this stage is directly mea-
sured (rather than calculated from equation (2)), providing
the most reliable data in each experiment. All normalized
strain rates increase with increasing temperature. For samples
with fEn< 0.5, strain rate decreases with increasing fEn, and for
samples with fEn> 0.5, strain rate decreases with decreasing
fEn. The strain rate in fEn> 0.5 is smaller than the strain
rate in fEn< 0.5. The best fit lines for each fEn sample are added.
Assuming that the strain rates follow an Arrhenius relationship,
the slopes of the best fit lines give average values for the acti-
vation energy, Q. The Q values with error for each fEn sample

are presented in Table 4. The weighted average Q is 370± 50
and 390 ± 10 kJ/mol for fEn< 0.5 and fEn> 0.5, respectively.
Within the margin of error, the QAvg values correspond to
those obtained from the global fitting procedure (Table 4).

3.5. Relationships Between Enstatite Volume Fractions
and Viscosity

[21] Figure 8a is a plot of viscosity as a function of fEn,
using data from the constant displacement rate experiments
at 1360°C (cf., η = σ/3ε̇ ). Because grain size has a strong
influence on viscosity, we select viscosity data at particular
time steps in order to more precisely determine the grain
size from our grain growth law. The original data are shown
in Figure 1. An increase in viscosity with time is observed for
a wide range of fEn values, except for fEn0 and fEn0.03. The
relative distribution of viscosity with changes in fEn is
conserved with time (Figure 8a). A significant weakening
from low values of fEn ( fEn0 and fEn0.03) to medium values

Figure 4. Relationship between stress and strain rates in stepped displacement speed experiments. (a, c–k)
Atmospheric pressure experiments. (b) 300MPa experiments. Data from fEn0.03, fEn0.03 deformed at higher
strain rates (>2× 10�5/s) at P=300MPa, fEn0.09, fEn0.24, fEn0.34, fEn0.42, fEn0.52, fEn0.66, fEn0.74, fEn0.85, and
fEn0.95 are shown (Figures 4a–4k, respectively).
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( fEn0.15) is observed, and then there is a gradual hardening for
higher values of fEn ( fEn0.66–0.95). Medium-value fEn samples
exhibit viscosities of approximately 6.8 × 1010 (Pa s), which
is a factor of 26 and 11 lower than the viscosity in fEn≈ 0 and
fEn≈ 1 samples, respectively. Theoretically predicted values
of viscosity for t=0.5 h as a function of fEn have been added
to Figure 8a, and these will be discussed later.
[22] Data from stepped displacement rate experiments at

three different temperatures are plotted in Figure 8b. Since
we applied a wide range of displacement rates during the
experiments, the grain size evolution with respect to time
and strain differs from sample to sample. We used the data
obtained at <0.5, 0.5 to 1, 1 to 3, 4, and 5 h for each
temperature in order to include the effects of strain and time
on grain size. Although the plots are less accurate in terms of

equilibrated grain size as a function of fEn, when compared
with the results in Figure 8a, we are able to see that the nature
of the variation in viscosity for different values of fEn is
conserved with temperature.

3.6. The Effect of Grain Size on Enstatite Volume
Fraction-Viscosity Relationships

[23] Log dAvg versus log η data from the constant dis-
placement speed experiments of more than 0.5 h duration
at 1360°C are plotted in Figure 9 (the complete set of origi-
nal data is shown in Figure 1). The values of fEn0 and fEn0.03
are excluded from the plot because these data have some
weakening effects discussed later. Grain sizes are calculated
using equation (2) with the initial and final grain sizes
measured, as explained in Tasaka and Hiraga [2013]. The

Table 4. Flow Law Parameters

aThe fEn0.03 of high-strain rate samples which were deformed under dislocation-accommodated GBS creep.
bThe values come from linear fitting (Figure 5).
cAverage value using all temperature data (Figure 6).
dThe values come from linear fitting (Figure 7).
eAssuming n= 1 and p= 2, the values come from linear fitting (Figure 10).
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grain size and viscosity data are calculated for every second.
All the data are concentrated in a specific zone from
the lower left to the upper right in the grain size-viscosity
diagram. The slope and intercept of the zone of data
roughly correspond to the slopes and intercepts of the
individual lines for each fEn. The weighted average values
of p = 2.4 ± 0.8 and �log [3A× exp (�Q/RT)] = 5.6 ± 0.5
are determined from the slope and intercept using all
data except for fEn0 and fEn0.03 assuming n= 1 (equation 1).
This value of p has a larger error than the p determined
from the linear or global fitting procedures because this
value is calculated from the raw data without stress correc-
tion. However, this value of p is roughly consistent with
the independent analysis of p in section 3.3. Higher-value
fEn samples tend to have higher viscosities relative to grain
size (gray shaded area in Figure 9). As a first-order approx-
imation, the variations in viscosity for various values of fEn
are explained by variations in grain size among the samples.

Secondary contributions to the values of viscosity will be
discussed in the next section.

3.7. Phase Strength Contributions to the Enstatite
Fraction-Flow Stress Relation

[24] Since p values seem to be almost constant during the
deformation of all fEn samples (no systematic change in p
value with fEn value has been detected), as shown in
Figures 6 and 9, we can calculate the viscosity of each fEn
sample for a 1μm grain size by fixing the p value at 2,
determined from stepped displacement speed experiments
(Figure 10). Thus, we are able to calculate a grain size-
calibrated viscosity using

ηcalib ¼ η� dAvg
�p; (4)

where η is the observed viscosity, and dAvg is the average
grain size calculated with equation (2). All the observed

Figure 5. Plots of stress versus strain rate with fixed dAvg = 1μm by using p = 2 except for the data
obtained at high strain rates from the fEn0.03 sample, where p= 1 was used. The lines are the best fit lines
for each symbol. (a–k) Same as Figure 4 but showing calibrated values.
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viscosities have already been shown in figures, such as
Figure 8b. The viscosity increases with increasing fEn
(Figure 10). Extrapolating our data to fEn = 0 and 1, a pure
enstatite aggregate is up to 18 times stronger than a pure
forsterite aggregate with fixed grain size. The normalized
viscosity increases with decreasing temperature, and the

trend of the variation of normalized viscosity for different
fEn is conserved with temperature (Figure 10). The rate that
viscosity increases relative to the increase in fEn is larger for
samples with fEn< 0.5 than for samples with fEn> 0.5.
Changes in viscosity, modeled as a function of fEn for
constant strain rate and constant stress experiments, will
be discussed in the following section and are shown in
Figure 10.

4. Discussion

4.1. Flow Law Parameters

[25] The global fitting procedure applied to the data for all
fEn and to each data set for fEn< 0.5 and fEn> 0.5, and the
two-dimensional best fit method (Figures 5 to 7) all give
similar values for the flow law parameters, as listed in
Table 4. The stress exponent, n=1.0 to 1.5 for all samples ex-
cept fEn0.03, deformed at higher strain rates, which exhibits-
n≈ 3. All the data indicate a grain size exponent, p=1.6 to
2.3, supported by the results of the independent analyses shown
in Figures 6 and 9. Sample fEn0.03, deformed at higher strain
rates, exhibits a relatively low value of p≈ 1. The activation
energy, Q=350 to 500 kJ/mol, is determined from our data
over a limited temperature range from 1260°C to 1360°C.
The value of the activation energy, Q=630 kJ/mol, for fEn0.03
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fEn0.03, 1360
fEn0.09, 1360
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fEn0.09, 1250

P = 0.1 MPa
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Figure 6. Plots of average grain size versus viscosity for
fEn0.03 deformed at low strain rates (<2 × 10�5/s) and for
fEn0.09 samples at 1250°C, 1260°C, 1310°C, and 1360°C
(see text for details).
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Figure 7. Plots of representative strain rate values against
1/Twith n fixed at 1 and p fixed at 2. (a) Data for samples with
fEn< 0.5. (b) Data for samples with fEn> 0.5. Shown are the
best fit lines for each symbol. The slopes expected from the
weighted average Q for fEn< 0.5 and fEn> 0.5 samples are
added in Figures 7a and 7b, respectively.
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Figure 8. Relationships between fEn and viscosity for
samples at atmospheric pressure. (a) Observed viscosities at
four different times in the constant displacement speed
experiments. All the data are for experiments at 1360°C.
Viscosities modeled as a function of fEn are inserted (see text
for details). (b) Observed viscosities in the stepped displace-
ment speed experiments at 1260°C, 1310°C, and 1360°C.
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deformed at faster strain rates is much higher than the value
determined for samples deformed at slower rates. Overall, the
flow law parameters (A, n, p, Q) determined from different
fitting procedures coincide with each other (Table 4). More
detailed equations used to determine flow law parameters and
the accuracy of p and n values are presented in Appendix A.

4.2. Creep Mechanisms

[26] We examine the dominant creep mechanisms operat-
ing in our experiments considering the following processes
or combinations of processes: (i) lattice diffusion creep
(except for the high-strain rate experiment for fEn0.03), (ii)
combination of grain boundary diffusion creep and disloca-
tion creep, and (iii) grain boundary sliding.
[27] The values for the stress exponent and grain size

exponent obtained in the majority of our experiments
correspond to the theoretical values for lattice diffusion

(Nabarro-Herring) creep (i.e., n = 1 and p = 2) [Raj and
Ashby, 1971]. Therefore, we first examine case (i) based on
a simple evaluation of the dominant diffusion process using
(3.3 ×DGB ×w)/(DLatt × dAvg), where DGB and DLatt are the
grain boundary and lattice diffusion coefficients for Si re-
spectively, and w is grain boundary width [Raj and Ashby,
1971; Ashby and Verrall, 1973]. We obtain a value for this
ratio >>1, supporting the observation that the creep rate is
limited by grain boundary diffusion. Under our experimental
conditions of T=1360°Cwith dAvg=1μm,we used the reported
values of DGB×w and DLatt from Farver and Yund [2000],
Dohmen et al. [2002], and Fei et al. [2012]. However, this
evaluation depends highly on the value of DGB×w deter-
mined from Farver and Yund [2000], which may contain
significant error due to conversion of bulk diffusivity to grain
boundary diffusivity using Dbulk = (3w/d) × (D

GB/DLatt) im-
posing type C diffusion, where diffusion is considered to oc-
cur entirely along grain boundaries (under these conditions,
we determined that the 3w/d term should not be included).
Nabbaro-Hering creep is formulated as η ¼ 1

42
d2RT
DLattV

, where V
is the molar volume of the solute [Raj and Ashby, 1971],
which allows us to evaluate the presence of this creep
mechanism using the lattice diffusion coefficient of olivine
alone (Dohmen et al. [2002] for Fe-bearing and Fei et al.
[2012] for Fe-free olivine). Substituting DLatt from Fei et al.
[2012], we obtain a strain rate of 4 × 10�14/s for T=1360°C,
d= 1μm, and σ=100MPa, which is 108 times slower than
the rate observed in this study. Based on these estimates, we
conclude that the contribution of lattice diffusion creep to the
deformation of our sample is negligible. Here we assume that
the rate-controlling diffusion process for creep is diffusion of
Si, which will be discussed later.
[28] We next evaluate case (ii) such that the observed creep

properties are explained by the operation of two different
creep mechanisms and ε̇ ¼ ε̇diff þ ε̇disl , where ε̇diff and ε̇disl
are strain rate of diffusion- and dislocation-accommodated
creep, respectively. Therefore, assuming that our creep data
follow this equation (see Appendix B), we performed three
different fitting routines, by first imposing values of p= 2
and 3 to see which value gives a better fit (i.e., smallest value
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Figure 9. Average grain size plotted against viscosity.
All data were collected during the constant displacement
speed experiments at 1360°C for durations greater than
0.5 h. The numbers represent the values of fEn. The light
and dark gray shaded areas indicate forsterite-rich (fEn< 0.5)
and enstatite-rich (fEn> 0.5) sample concentration zones,
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speed experiments at 1260°C, 1310°C, and 1360°C. Viscosities modeled (lines) as a function of fEn have
been inserted (see text for details).
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of standard error) and then by keeping p as an adjustable
parameter to see what p value fits our data best. In each case,
we fix n = 1 for diffusion creep and n = 3 and p= 0 for dislo-
cation creep. All of the nonlinear fits indicate that p ≈ 2 rather
than ≈ 3 for diffusion creep (Table B1). A linear fit to the data
also gives a similar result (p ≈ 2; see Table 4 and equation (1),
and Appendix B for more details). Consequently, our data are
not well fitted by a combination of grain boundary diffusion
and dislocation creep. The nonlinear fit for fEn0.03 at high
strain rate has a larger error than the linear fit due to the pres-
ence of grain size sensitivity even at the higher stresses. In the
nonlinear fitting routine, we imposed values of n = 3 and p = 0
for dislocation creep, ignoring this grain size sensitivity.
[29] Results of our tensional deformation experiments on

some of the same samples used in this study ( fEn0.24 and
fEn0.34) demonstrated aggregation and coalescence of enstatite
grains in the microstructure (unpublished data). Such aggrega-
tion and coalescence are explained by the switching of grains
during grain boundary sliding (GBS), which promotes grain
growth in the samples by bringing like phases in contact
[Hiraga et al., 2010b]. We have shown that the grain growth
we observed in our deformed samples follows a dynamic grain
growth law [Tasaka and Hiraga, 2013, Figure 9], which
requires the operation of GBS. GBS dominant creep is often
referred as superplastic creep in earth science [Karato et al.,
1995] based on the significant contribution of GBS during
superplastic deformation (defined as homogeneous tensile
deformation of more than a few hundred percent). During
superplastic deformation in ceramics, values of 1≤ n≤ 3 and
1≤ p≤ 2 are commonly observed, although the physical reason
is not well understood [Nieh et al., 2005]. Numerous models
have been proposed to explain the n and p values by consider-
ing specific deformation processes rather than combining
multiple deformation mechanisms as we did for case (ii).
[30] As described above, the fEn0.03 sample that was

deformed at a higher strain rate exhibits relatively large n,
small p, and large Q values, and these values indicate
deformation via dislocation-accommodated GBS creep.
This type of mechanism has been identified in fine-grained
olivine aggregates [e.g., Wang et al., 2010; Hansen et al.,
2011]. Our finding of the operation of this deformation mech-
anism is consistent with previous studies that have identified
the mechanism when grain sizes and stress become large,
relative to conditions where diffusion creep dominates
[Wang et al., 2010; Hansen et al., 2011]. Langdon [1994]
modeled dislocation-accommodated GBS, where subgrain
boundaries are absent even after the significant deformation
(i.e., the grain size of the aggregate is finer than the spacing
of subgrain boundaries, which are determined by the applied
stress), and obtained values of n= 3 and p = 1, consistent with
our observed values. The large value of Q (630 kJ/mol in
fEn0.03 under high strain rate) is comparable to that for Si
lattice diffusion (530 kJ/mol in Dohmen et al. [2002] and
440 kJ/mol in Fei et al. [2012]), which is the rate-controlling
mechanism for dislocation creep in olivine (e.g., 510 kJ/mol
in Mei and Kohlstedt [2000b]). The lower value of Q
observed for the majority of our experiments (≈ 400 kJ/mol)
indicates a grain boundary diffusion process as a rate-
controlling mechanism, which is consistent with the typical
relationship of QGB<QLatt (or QGB/QLatt = 0.6–0.8
[Shewmon, 1989]). Based on these studies and the limited
data available, we estimate that deformation at low strain rate

in the majority of our experiments is dominated by GBS
accommodated by grain boundary diffusion and that defor-
mation at high strain rate for the fEn0.03 sample is predomi-
nantly due to GBS accommodated by dislocation creep.
[31] We analyzed forsterite crystallographic axes from rep-

resentative samples by using EBSD (unpublished data). All
the annealed and deformed samples do not exhibit significant
LPO, and there is no measurable difference between samples
deformed by diffusion-accommodated GBS versus those
deformed by dislocation-accommodated GBS. Hansen et al.,
[2012] suggested that significant LPO should be observed
in samples deformed by dislocation-accommodated GBS
for more than γ= 1 strain. Therefore, because of small strain
(ε ~ 0.2) in our experiments, it is difficult to discuss the rela-
tionship between LPOs and deformation mechanism.
[32] Some of our mechanical data exhibit strain softening

(data from fEn0 and fEn0.03 in Figure 1). These data were
obtained from samples that show a significant development
of pores during the experiments [Tasaka and Hiraga, 2013,
Figure 1]. All the pores are located at triple-point junctions
or other intergranular regions. Ji et al. [2001] also showed
strain softening of their samples (forsterite + enstatite with a
grain size of 6.2–30.5 μm) followed by a development of
pores during 1 atm creep experiments. They attributed the
observed strain softening to stress relaxation via formation
of the pores. Cavitation, or the formation and growth of
pores, is inhibited during our high-pressure experiments,
and strain softening is not observed. These results confirm
that strain weakening observed in fEn0 and fEn0.03 samples de-
formed at high strain rate can be attributed to the cavitation
during deformation. An empirical rule that the confining
pressure should be larger than the differential stress is often
used to avoid cracks or cavitation during deformation of
polycrystalline materials [Kohlstedt et al., 1995; Karato,
2008]. Although we observe cavitation at high stresses
consistent with this rule, in general, cavitation does not occur
in our samples at low stresses, even though the differential
stress always exceeds the confining pressure in our 1 atm
experiments. This result is due to the fact that our samples
are much finer grained and contain much less porosity or
initial cracks than previously studied samples [Koizumi
et al., 2010], and consequently, stresses that lead to cavita-
tion are effectively relaxed through grain boundary diffusion.
[33] Our high-pressure experiments on representative

samples of fEn0.03, fEn0.09, fEn0.24, and fEn0.42 show a slight
increase in viscosity with increasing pressure (Figures 4–6 and
Table 3), which is characterized by an activation volume of
25×10�6m3/mol for this small range in pressure. Previous
studies on Fe-bearing olivine samples by Ross et al. [1979]
determined an activation volume of 13×10�6m3/mol.
Therefore, the weakening of our samples due to cavitation
during the 1 atm experiments is likely to be minor once the
effect of pressure is removed. An estimate of the effect of cavi-
tation on creep rate is given by the difference between the
apparent activation volume measured in our experiments and
that determined from the experiments of Ross et al. [1979].

4.3. Comparisons With Previously Obtained Flow
Strength and Flow Law Parameters in Monomineralic
Olivine and Pyroxene Aggregates

[34] Previous studies conducted creep experiments on Fe-
bearing olivine in a monophase system [e.g., Hirth and
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Kohlstedt, 1995a, 1995b; Mei and Kohlstedt, 2000a, 2000b;
Karato and Wu, 1993; Zimmerman and Kohlstedt, 2004;
Faul and Jackson, 2007]. Roughly speaking, our olivine-
dominated samples normalized to a grain size of 10μm are
2 orders of magnitude stronger than Fe-bearing olivine
reported by Hirth and Kohlstedt [1995a] for the same grain
size at 1300°C and stress of 100MPa. In contrast, the
strength of Fe-bearing olivine aggregates reported by Faul
and Jackson [2007] is almost identical with that reported in
this study. For example, strain rates of 10�4.8 (/s) and
10�5.1 (/s) are expected from the flow laws proposed by
Faul and Jackson [2007] and this study, respectively, at
1360°C, a grain size of 4.98μm (this size is chosen to corre-
spond to the grain size in the sample of Faul and Jackson
[2007]), and stress of 60MPa. Our estimated activation ener-
gies for lattice and grain boundary diffusion are slightly
higher than the values obtained from deformation experi-
ments of Fe-bearing olivine aggregates [Hirth and
Kohlstedt, 1995a, 1995b; Mei and Kohlstedt, 2000a, 2000b;
Faul and Jackson, 2007]. This difference can be attributed
to the effect of Fe, which reduces the activation energy
[Zhao et al., 2009]. However, the consistency between our
results on Fe-free olivine and the results of Faul and
Jackson [2007] on Fe-bearing olivine is difficult to explain
in light of the known effect of Fe on the mechanical
properties of olivine [Zhao et al., 2009].
[35] McDonnell et al. [2000] conducted deformation

experiments on monomineralic Fe-free olivine aggregates at
a confining pressure of 300MPa under hydrous condition. In
the diffusion creep regime, their fEn0 samples exhibited 103.6

times smaller viscosity than the samples in this study (using
a grain size of 2.2μm at 1002°C, corresponding to the condi-
tions in McDonnell et al. [2000]). The significantly lower
strength of the samples of McDonnell et al. [2000] relative
to our samples can be attributed to diffusion of Si enhanced
due to the presence of water. Ji et al. [2001] conducted 1 atm
(dry) creep experiments on Fe-free olivine aggregates. They
concluded that their samples (fEn0) deformed by a combination
of dislocation and diffusion creep (they refer to this as disloca-
tion-accommodated diffusion creep). After normalizing the
grain size and temperature of our experimental results to
16.5μm at 1250°C corresponding to the experimental
conditions of Ji et al. [2001], their fEn0 sample exhibited 2
times higher viscosity than the viscosity of our fEn0 sample.
[36] The largest discrepancy between our results and previ-

ous studies is the value of p, which is ≈ 2 in our studies, but ≈ 3
in the others [e.g., Hirth and Kohlstedt, 1995a; Mei and
Kohlstedt, 2000a; McDonnell et al., 2000; Karato and Wu,
1993; Zimmerman and Kohlstedt, 2004; Faul and Jackson,
2007]. Many other workers have preferred to fit their
experimental data with p≈ 3, since a physical model of grain
boundary diffusion creep predicts that value [Raj and Ashby,
1971]. However, it is worth noting that these previous studies
examined a range of grain sizes that differ only by a maximum
factor of 2, whereas the grain size of our samples differs by as
much as a factor of 6. Consequently, the degree of uncertainty
in the measured dependence of viscosity on grain size is less in
our study, and although our result may not fit theoretical
predictions, it is consistent with the data over a significant
range of grain sizes. In addition, forsterite-periclase aggregates
that undergo superplastic deformation exhibit even smaller p
values (≈ 1.5) [Hiraga et al., 2010b].

[37] Physical models predict n=1 and p= 3 in grain bound-
ary diffusion creep and n=3 and p= 0 in dislocation creep
(references are shown by Kohlstedt [2007] (review paper)).
Although our experimental results suggest p ≈ 2 and not 3 as
discussed above, we consider the possibility that p=3. Here
we assume that the results of our experiments can be explained
by a deformation mechanism combining dislocation- and
diffusion-accommodated creep (i.e., ε̇ ¼ ε̇diff þ ε̇disl , where
the subscripts “diff” and “disl” indicate the grain boundary
diffusion and dislocation creep, respectively). We fix (ndiff,
pdiff, ndisl, pdisl) = (1, variable, 3, 0), (1, 3, 3, 0), or (1, 2, 3, 0)
and determine best fit values of Adiff, Qdiff, Adisl, and Qdisl.
Appendix B and Table B1 show the parameters and errors
(i.e., residual sum of squares (SSR) and standard errors
(SE)). The activation energies determined for diffusion and
dislocation creep do not change substantially with changing
pdiff, but the measured errors are much larger when the value
of pdiff = 3 rather than pdiff = 2 or when pdiff is allowed to vary.

4.4. Viscosity Model for Our Forsterite-Enstatite
System as a Function of fEn
[38] We can model the viscosity of the forsterite-enstatite

system using the results shown in Figures 9 and 10.
Overall, changes in grain size among the different fEn sam-
ples explain the variations in viscosity in this system
(Figure 9). Grain size variations as a function of fEn have
been formulated previously in Tasaka and Hiraga [2013].
A secondary controlling factor in determining viscosity is
the strength of the individual phases (Figure 10), which can
be estimated from the monophase flow law.We can construct
a viscosity model based on these observations.
[39] For simplicity, we break down the forsterite-enstatite

system into the pure endmember forsterite and enstatite aggre-
gates. Depending on the arrangement of the two aggregates
relative to the direction of the applied stress, the constant stress
and strain rate models can be expressed in terms of the viscos-
ities of aggregates of fEn0 (i.e., ηFo) and fEn1 (i.e., ηEn):

1

ησ
¼ 1

ηFo
1� f Enð Þ þ 1

ηEn
f En (5)

and

ηε̇ ¼ ηFo 1� fEnð Þ þ ηEn f En; (6)

where ησ and ηε̇ are bulk viscosity assuming constant
stress and constant strain rate, respectively. Equations (5)
and (6) correspond to constant stress and strain rate
models, respectively.
[40] In following section, we model the variation of viscos-

ity as a function of fEn with a fixed grain size (section 4.4.1)
and as a function of fEn with changing grain size (section
4.4.2). Further, we examine whether our results are
reproduced best under conditions of constant stress or strain
rate (section 4.4.3).
4.4.1. Viscosity Model With Fixed Grain Size
[41] We calculate the variation in viscosity as a function of

fEn with a fixed average grain size of 1μm (Figure 10). In
doing so, we assume that the creep properties of fEn0 and
fEn1 aggregates are approximately the same as those of our
fEn0.03 and fEn0.95 samples, respectively, since we do not
expect a significant change in the physical properties after
such a minor change in the volume of enstatite. We determine
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the best fit flow law parameters for fEn0.03 and fEn0.95 by fixing
n = 1 and p = 2 and substituting the values of strain rate,
stress, and temperature for these two compositions into
equation (3) for a grain size of 1 μm. The resulting A and
Q from this procedure are A = 4.35 × 107MPa�1 s�1 μm2

and Q = 400 ± 30 kJ/mol for fEn0.03 samples, and
A = 1.92 × 104MPa�1 s�1 μm2 and Q = 320 ± 40 kJ/mol for
fEn0.95 samples. These values are similar to those shown in
Table 4, obtained from different fitting procedures (global
and linear fittings in Table 4). Using these flow law param-
eters in equation (3) for the end member monomineralic
aggregates with 1 μm grain size, ηFo_1μm = [108.12 exp
(�400 × 103/RT)]�1 × 106 Pa s and ηEn_1μm = [104.76 exp
(�320 × 103/RT)]�1 × 106 Pa s. These viscosities are then
substituted into equations (5) and (6) to obtain viscosities
as a function of the fraction of enstatite for constant stress
and strain rate models (Figure 10). The variation in viscosity
for each temperature most closely follows the trend of the
constant strain rate model, although the scatter in the data
generally falls within the bounds of either model.
Forsterite is weaker than enstatite for our deformation
conditions. Contrary to the prediction of Wheeler [1992],
our calculations indicate that we can express the flow
strengths of any fEn sample by combining the strengths of
pure-phase aggregates without taking into account
interaction of the different phases.
4.4.2. Viscosity Model With Changing Grain Sizes
[42] Since we are able to model the effect of phase strength

on rheology in the forsterite-enstatite system, which is a
secondary factor in controlling strength variations in the
system (Figure 9), it is expected that a complete model for
strength variations in the system can be derived using
predicted grain sizes in the system.
[43] The details of the grain growth model for the system

have already been discussed in our Tasaka and Hiraga
[2013], so here we simply provide a summary. The relative
grain sizes of dFo/dEn are reproduced well using a Zener
relationship. Furthermore, in that paper, we showed that
the grain growth rate of the secondary phase could be
predicted by Ardell’s equation, formulated for Ostwald
ripening of a phase under the control of grain boundary
diffusion [Ardell, 1972]. As a consequence, we can predict
the grain size of each mineral phase for any fEn value, at
any temperature and strain, and for any duration of experi-
ment (see details in Tasaka and Hiraga [2013]).
[44] The theoretical viscosity based on equations (5) and

(6) is calculated as follows. The dFo and dEn values are
determined using a grain growth law under the conditions
of t= 0.5 h, ε̇ ≈ 10�5/s, and T= 1360°C using equation (2)
[also see Tasaka and Hiraga, 2013], where the growth
constant, k, is a function of T and fEn. Viscosity for each
monomineralic aggregate is derived from the flow laws of
fEn0.03 and fEn0.95 samples at 1360°C (Table 4). The lines on
Figure 8a show the results of the predicted viscosities.
Since parameters of the grain growth law are different for
the samples where fEn< 0.5 and fEn> 0.5, the relationships
between calculated grain size versus fEn for fEn< 0.5 and
fEn> 0.5 do not match at fEn0.5 (see details in Tasaka and
Hiraga [2013]) and the theoretical viscosity curves are not
continuous at fEn0.5 (Figure 8a). Although there are some
misfits between estimated and observed viscosities for
low fEn samples, the calculations reproduce the observed

viscosities fairly well, within a factor of 2 except for fEn0.03
samples. For fEn0.03 samples, the factor of 4 differences be-
tween the observed and estimated viscosity is attributed to a
difference in the theoretical and actual grain size for low fEn
samples [see Tasaka and Hiraga, 2013, Figure 2]. The
estimated grain sizes for fEn0.03 samples are 2 times smaller
than the observed grain sizes such that we expect 4 times
lower viscosity than that determined assuming a grain size
exponent of p=2.
4.4.3. Stress Constant Versus Strain Rate
Constant Models
[45] Here we examine whether our results are reproduced

best under conditions of constant stress or strain rate. Based
on previous discussions of the viscosity models that
incorporate the phase strength and grain size effects,
viscosity differences between primary and secondary phases
(ηI/ηII) are expressed as

ηI=ηII ¼ dI=dIIð Þp�ηI_1μm=ηII_1μm ¼ β=f II
zð Þp�ηI_1μm=ηII_1μm; (7)

where β and z are Zener parameters determined in Tasaka
and Hiraga [2013] (β = 0.67 and z = 0.52 for fEn< 0.5,
β = 0.73 and z = 0.53 for fEn> 0.5). Applicability of a
Zener relationship (dI/dII = β/fIIz) to the samples with
0.03 ≤ fEn ≤ 0.97 is already examined in Tasaka and Hiraga
[2013]. Viscosity for each monomineralic aggregate with a
grain size of 1μm (ηFo_1μm and ηEn Fo_1μm) is derived from
the flow laws of fEn0.03 and fEn0.95 samples, where
ηFo_1μm ≈ ηEn0.03_1μm and ηEn_1μm ≈ ηEn0.95_1μm, following
the procedure to calculate viscosity used in Figure 10
(Table 4). Substituting these parameters into equation (7),
we find that ηI/ηII> 1 for samples with 0.03 ≤ fEn< 0.09
and 0.5< fEn ≤ 0.97, whereas ηI/ηII< 1 for samples with
0.09 ≤ fEn ≤ 0.5.
[46] The constant stress model is formulated for a sys-

tem where hard materials are flowing in a weak matrix
(i.e., ηI/ηII<< 1), whereas the constant rate model is for
a system where soft materials are embedded in a hard matrix
(i.e., ηI/ηII>> 1) [French et al., 1994; Ji et al., 2001].
Application of these models to our samples is reasonable
because the primary and secondary phases are both
homogenously distributed [Tasaka and Hiraga, 2013,
Figure 1]. In this study, ηI and ηII change as a function of
fEn; therefore, we will consider these models in terms of
ηFo and ηEn. For samples with 0.03≤ fEn< 0.09, ηFo /ηEn> 1
is expected because dFo>> dEn [Tasaka and Hiraga, 2013,
Figure 2]. Similarly, ηEn/ηFo>> 1 is predicted for samples
with 0.5< fEn ≤ 0.97 because dEn> dFo and ηEn> ηFo for a
fixed grain size (Figure 10). For samples with
0.09< fEn< 0.5, ηFo/ηEn< 1 is expected because dFo ~ dEn
and ηFo< ηEn for a fixed grain size. These results indicate
that the constant rate model is applicable for
0.03 ≤ fEn< 0.09 and 0.5< fEn ≤ 0.97, whereas the constant
stress model applies when 0.09 ≤ fEn ≤ 0.5. Theoretical
curves based on both models are added in Figure 8a,
demonstrating that both models give similar results over
the full range of fEn due to small differences in phase
strength; however, both models predict relatively different
viscosities of the two phases for 0.4< fEn< 0.9. In this
range, we can see that the constant strain rate model repro-
duces the observed viscosity well, which is consistent with
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our prediction. As a result, we can reproduce our mechani-
cal data for the forsterite-enstatite system deforming in
diffusion creep with five parameters, dFo, dEn, ηFo, ηEn,
and fEn and equations (3), (5), and (6).

4.5. Rate-Controlling Diffusion Process for Creep

[47] Previous studies suggested that there are two possibili-
ties for the rate-controlling diffusion process for creep in the
forsterite-enstatite system, that is, grain boundary diffusion
of Si [Hirth and Kohlstedt, 2003] and the coupled diffusion
of magnesium and oxygen [Sundberg and Cooper, 2008].
[48] With increasing enstatite fraction, the distance between

enstatite grains becomes smaller. Therefore, if we strictly ap-
ply a model controlled by diffusion ofMgO, the creep strength
should decrease with increasing enstatite fraction. However,
as seen from our mechanical data normalized to a constant
grain size, the creep strength increases with increasing
enstatite fraction (Figure 10). In addition, our model, which
combines the strengths of monomineralic forsterite and
enstatite to fit the data (i.e., equations 5 and 6), also reveals
an increase in viscosity with increasing enstatite fraction (lines
in Figure 10). The MgO-diffusion-control model may apply to
samples with a fraction of enstatite less than fEn0.03; however,
we do not observe a large difference in creep parameters in our
samples as a function of the fraction of enstatite (section 4.1.

and Table 4). Therefore, we conclude that grain boundary dif-
fusion of Si more likely controls the rate of creep in this study.

4.6. Comparisons With Previous Studies on
Polyphase System

[49] Two previous studies examined the change of
mechanical properties of the olivine-pyroxene system with
changing pyroxene content from 0 to 1 during diffusion creep
(Fe-free system by Ji et al. [2001]; Fe-bearing system by
Daines and Kohlstedt [1996, unpublished data]. Here we
examine grain size and viscosity as a function of the
fraction of enstatite for their results as we did for our data
(Figure 11). We also include mechanical data for fpx0 from
Hirth and Kohlstedt [1995a] with the data of Daines
and Kohlstedt [1996, unpublished data] for fpx = 0.2, 0.5,
0.75, and 0.95. It is reasonable to combine their results since
the data were obtained from the same starting materials,
apparatus, and deformational conditions (Figure 11a). Some
major differences between our samples and data for these
samples are apparent. First, grain size variations as a function
of fpx as seen in our samples [Tasaka and Hiraga, 2013,
Figure 2] are not observed in their samples (Figure 11a).
The roughly constant grain size in their samples for different
fpx can be attributed to a minor contribution of grain growth
during their experiments, whereas our samples experienced
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grain growth of greater than a factor of 10 from the starting
grain size. Consequently, the Zener relationship observed in
our samples does not appear to apply to their samples. All the
observed viscosities (η) are calibrated to the viscosity at a grain
size of 1μm (ηcalib = η× dAvg�p). The normalized viscosities of
olivine and pyroxene monomineralic aggregates are obtained
by averaging the viscosity of multiple stress-strain rate data
from fpx0 and fpx1 samples (i.e., η calib ol_avg and η calib px_avg).
The viscosity determined for the monomineralic samples is
substituted into equations (5) and (6) to obtain estimated viscos-
ities as a function of fpx. The estimated and observed viscosity
for various fpx samples is normalized by the viscosity of fpx=0
and plotted in Figure 11b. The creep mechanism was not
explored by Daines and Kohlstedt [1996, unpublished data];
however, we conclude that the aggregates were most likely
deformed by diffusion creep based on their report of a linear
relationship between stress and strain rate (n≈ 1). We
calculate the viscosity of their samples for an average grain size
of 1μm assuming a p value of 3 (ηcalib = η× dAvg�3). This
viscosity is then normalized with the viscosity of a pyroxene-
free sample (Figure 11b). Using a different p value (i.e., 2)
does not change the result significantly due to the small
change in grain size among the different fpx samples. The aver-
age grain size as a function of fpx and calibrated viscosity of
fpx=1 and of fpx=0 are almost identical, which is significantly
different from our results (i.e., our samples demonstrate ηcalib
px_avg = 18× ηcalib ol_avg in Figure 10). Application of the two
viscosity models using equations (5) and (6) to determine the
variation of viscosity as a function of fpx gives similar results
(Figure 11b) due to the similar viscosity of both end members
(i.e., fpx=1 and of fpx=0). As seen in the figure, both models
reproduce their observed viscosity within the range of viscos-
ity variation for the same fpx samples.
[50] The samples of Ji et al. [2001] were prepared by hot-

pressing mineral powders with coarse particle sizes (~10μm),
resulting in coarser grain size (from 6.2 to 30.5μm) in their de-
formed samples. Unfortunately, the effect of grain size on flow
strength is not well examined in their studies. They obtained
stress exponents of 1.3 and 2.0 with activation energies of

470 and 580 kJ/mol for the flow of fpx0 and fpx1 samples, re-
spectively. They interpreted these results as indicating that the
fpx0 sample deformed with a large contribution from diffusion
creep, whereas their fpx1 sample deformed with a large contri-
bution from dislocation creep. Although they did not indicate
a grain size exponent, we assume here that the fpx=0 samples
deformed by diffusion creep with n=1 and p=3 and the fpx=1
samples by dislocation-accommodated GBS with n=2 and
p=2 based on the model of Langdon [1994]. To compare with
our diffusion creep results and consider the effect of grain size
on viscosity, we only used their results obtained at a stress of
50 ±5MPa to avoid the dependence of viscosity on stress in
the nonlinear regime observed at higher stress. After
recalculating their mechanical data for a grain size of 1μm
using p=�fpx + 3, we find ηcalib_ol> ηcalib_px, whereas in their
original mechanical data, the monomineralic pyroxene sample
appeared to be much stronger than the monomineralic olivine
sample. Further, we find a trend of decreasing ηcalib with
increasing fpx after the grain size correction, which is opposite
to the conclusion of Ji et al. [2001]. In their study, they sepa-
rated the observed flow strength of forsterite-enstatite compos-
ites into the strength of the two end members of pure forsterite
and enstatite aggregates, which is identical to the procedure we
used with our results. They showed that the strength of
the strong-phase-rich samples (0.8< fpx< 1 in their study)
corresponds to the prediction from the constant strain rate
model, whereas the strength of the weak-phase-rich samples
(0< fpx< 0.2 in their study) corresponds to the prediction
from the constant stress model. In the medium fpx regime
(0.2< fpx< 0.8), their strength results are plotted between
the end members [Ji et al., 2001]. In contrast to our study,
Ji et al. [2001] analyzed the strength variation among
different fpx samples without calibrating the strength for a
specific grain size. They assumed that the strength of
forsterite and enstatite aggregates is grain size insensitive,
which is inconsistent with their stress exponent (n≤ 2). In
Figure 11b, there is a trend indicating that constant stress
and strain rate models work well for weak-phase-rich and
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weak-phase-poor samples, respectively, consistent with what
we see in our study (Figure 8a), although we do not have a
good explanation for why the pyroxene-rich side is weaker
in their case or why the fpx0.2 sample exhibits much higher
strength relative to others.
[51] Based on our results, we conclude that equations (5)

and (6) can be applied not only to the olivine-pyroxene
system, but to other polyphase systems. To test this conclu-
sion, we applied the viscosity models (equations (5) and (6))
to previously obtained mechanical data for diffusion creep in
the Al2O3-ZrO2 system [Wakai et al., 1989; French et al.,
1994], the Al2O3-Y3Al5O12 system [French et al., 1994], and
the quartz-anorthite system [Xiao et al., 2002]. We followed
the same procedure of calibrating their reported mechanical
data to viscosity as we did for previously reported data of oliv-
ine-pyroxenene systems in the above discussion. The grain
size exponent p is assumed to be 3. We applied the constant
stress model of equation (5) to estimate the viscosity for
weak-phase-rich samples and the constant strain rate model
of equation (6) to estimate the viscosity of strong-phase-rich
samples. For fII=0.5 samples, the estimated viscosities are calcu-
lated by averaging viscosities from both models. The observed
and estimated viscosities of the systems mentioned with vari-
ous fII samples are shown in Figure 12. Although the distribu-
tion is somewhat scattered, the overall correspondence
between the observed and calculated viscosities is quite re-
markable with all values within an order of magnitude differ-
ence. For example, in quartz-anorthite system, even though
there is a 103 range in viscosity for samples as a function of
anorthite content (i.e., ηcalibf I ≈ 10

3 × ηcalib_f II ; where I = quartz
and II = anorthite) [Xiao et al., 2002], we are able to reproduce
the observed viscosities within a factor of 1.1. The successful
reproduction of this system is due to the precise grain size
estimation during deformation relative to other studies.
However, we could not reproduce the observed variation of 1
order of magnitude in Al2O3-ZrO2 and Al2O3-Y3Al5O12 sys-
tems. Because the calibrated viscosities of the monophase
end members have almost identical values [Wakai et al.,
1989; French et al., 1994], viscosity changes can be attributed
to grain size changes in various fII samples; however, only the
initial grain size is reported.Wakai et al. [1989] mentioned that
grain growth during the deformation may have occurred
and that grain size would increase the flow strength. French
et al. [1994] did not discuss grain size changes during their
experiments. We can reproduce mechanical data for two-phase
systems deformed in diffusion creep within an order magni-
tude using five parameters (i.e., dI, dII, ηI, ηII, and fII) and equa-
tions (3), (5), and (6). However, precise grain size estimation
during deformation is necessary to reproduce viscosity well.
[52] The viscosity models (equations 5 and 6) are applicable

for two-phase systems such as quartz-feldspar and perovskite-
periclase, which are representative of the mineral assemblages
in the Earth’s crust and lower mantle. It can be done simply by
replacing the parameters for forsterite and enstatite with those
of the desired minerals. Grain-size-sensitive creep is expected
to occur in natural quartz-feldspar and perovskite-periclase
systems [Behrmann and Mainprice, 1987; Karato and Li,
1992], which means that as long as the kinetic parameters
for end member monomineralic aggregates are known, as
well as the interfacial properties of both phases, we should
be able to estimate viscosities in the systems as a function of
mineral fractions.

Appendix A: Derivation for the Global Fitting With
Standard Deviation

[53] The derivation of the flow law parameters with error
using a global fitting routine is shown in the following. The
best values for n, p,Q, and A by substituting the values of ε̇i,
σi ,di, R, and Ti into equation (3) within a global fitting
process should satisfy following matrix:

N ∑
n

i¼1
lnσi �∑

n

i¼1
lndi �∑

n

i¼1

1

RTi

∑
n

i¼1
lnσi ∑

n

i¼1
lnσi lnσi �∑

n

i¼1
lnσi lndi �∑

n

i¼1
lnσi

1

RTi

�∑
n

i¼1
lndi �∑

n

i¼1
lnσi lndi ∑

n

i¼1
lndi lndi ∑

n

i¼1
lndi

1

RTi

�∑
n

i¼1

1

RTi
�∑

n

i¼1
lnσi

1

RTi
∑
n

i¼1
lndi

1

RTi
∑
n

i¼1

1

RTi

1

RTi

0
BBBBBBBBBBBB@

1
CCCCCCCCCCCCA

lnA

n

p

Q

0
BBB@

1
CCCA

¼

∑
n

i¼1
ln ε̇i

∑
n

i¼1
ln ε̇i lnσi

�∑
n

i¼1
ln ε̇i lndi

�∑
n

i¼1
ln ε̇i

1

RTi

0
BBBBBBBBBBB@

1
CCCCCCCCCCCA

:

(A1)

[54] Therefore the A, n, p, and Q are determined by
a = (tXX)�1 tXY. Here tX is the transposed matrix for X.
(tXX)�1 is the inverse matrix for tXX, where

X ¼

1 lnσ1 � lnd1 � 1=RT1

1 lnσ2 � lnd2 � 1=RT2

1 lnσ3 � lnd3 � 1=RT3

⋮ ⋮ ⋮ ⋮
1 lnσN � lndN � 1=RTN

0
BBBB@

1
CCCCA
;

a ¼

lnA

n

p

Q

0
BBB@

1
CCCAand Y ¼

lnε̇1
lnε̇2
lnε̇3
⋮

lnε̇N

0
BBBBBB@

1
CCCCCCA
:

ðA2Þ
(A2)

[55] Substituting obtained values of X to equation (A1),
parameters are determined as follows:

a_Fo ¼

lnA

n

p

Q

0
BBB@

1
CCCA ¼

20:0

1:1

1:6

450

0
BBB@

1
CCCA; a_En ¼

16:7

1:3

2:3

420

0
BBB@

1
CCCA;

a_all ¼

14:6

1:0

1:5

370

0
BBB@

1
CCCA; a_fEn0:03 ¼

23:0

3:1

1:0

630

0
BBB@

1
CCCA;

(A3)
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where a_Fo, a_En, aall, and a_fEn0.03 are the parameter matrix
for fEn< 0.5 samples, fEn> 0.5 samples, all data, and fEn0.03
at high strain rate, respectively.
[56] The error values for each parameter are derived from

the diagonal component of (tXX)�1 with error range of strain
rate. We determine strain rate within 20% error due to the
following reasons. Although the experiment type varied,
constant displacement speed experiments (0.01mm/min)
and stepped displacement speed experiments (applied dis-
placement speed at first step is 0.01mm/min) should have
the same strain rate for the same sample under the same
deformational conditions. However, we see up to 20%
difference in strain rate between these results. We did not
conduct stepped displacement speed experiments under
0.01mm/min at the first step for all fEn samples; thus, we
cannot determine error of strain rate for each fEn sample
separately. Here we assume that all samples have similar
error values of strain rate, that is, 20% error. The variance
matrixes (i.e., (tCC)�1 and C =X/0.2) are determined for
fEn< 0.5 samples, fEn> 0.5 samples, all data, and fEn0.03 at
high strain rate, respectively. Thus, the value of the diagonal
component of the variance matrix with square root shows the

standard deviation (s) of each parameter (a_Fo, a_En, a_all,
a_fEn0.03) as follows:

s_Fo ¼

lnA

n

p

Q

0
BBB@

1
CCCA ¼

1:1

0:1

0:1

20

0
BBB@

1
CCCA; s_En ¼

1:2

0:1

0:1

20

0
BBB@

1
CCCA;

s_all ¼

0:8

0:1

0:1

10

0
BBB@

1
CCCA; s_fEn0:03 ¼

2:9

0:2

0:8

30

0
BBB@

1
CCCA;

(A4)

where s_Fo, s_En, s_all, and s_fEn0.03 are the standard deviation
for fEn< 0.5 samples, fEn> 0.5 samples, all data, and fEn0.03
at high strain rate, respectively. The parameters (a) with stan-
dard deviation (s) are shown in Table 4.
[57] The grain size exponent (p) can be changed with respect

to stress exponent (n). Here we will discuss the accuracy of p
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(c) (d)

Figure A1. The relationship between grain size exponent (p) and stress exponent (n). The counter shows
difference between estimated strain rate and the observed one (i.e., variance values).N is the number of data
set of (ε̇ i, σi, di, and Ti). The minimum values are indicated by star symbols with minimum variance values.
They correspond to parameters of p and n in the global fitting method. (a) fEn< 0.5 of forsterite-rich
samples, N= 78. (b) fEn> 0.5 of enstatite-rich samples, N= 78. (c) All samples, N = 156. (d) fEn0.03 at high
strain rate, N= 21.
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and n values determined by global fitting method. The creep
constant and activation energy (A and Q) are determined with
fixed p and n values using equation (A1). The p and n values
are changed from 0 to 3.5, so we use 0.1 single steps of p and
n values for calculation, whereas lnA and Q values are deter-
mined in each step. The difference between observed strain rate
( ε̇observed ) and the estimated one ( ε̇estimated ) is expressed by

∑
N

i
ln ε̇observedð Þi � ln ε̇estimatedð Þi

� �2
=N , where N is the number

of data sets of (ε̇i , σi, di, R, and Ti). Estimated strain rates are
calculated by ln ε̇estimatedð Þi ¼ lnAþ n lnσi � p lndi � Q=RTi.
The results of the relationship between p and n values with
difference between observed and estimated strain rate are
shown in Figure A1 for fEn< 0.5 samples, fEn> 0.5 samples,
all data, and fEn0.03 at high strain rate, respectively. The grain
size exponent, p, increases with increasing stress exponent,
n, for fEn< 0.5 samples, fEn> 0.5 samples, and all data.
On the other hand, no correlation is found between n
and p, because n is almost constant with respect to p
for fEn0.03 at high strain rate. The minimum values are
indicated by star symbols with minimum variance values.
They correspond to parameters of p and n determined
using the global fitting method in Table 4. The error bars
for p and n are contained within the symbols. Therefore,
the values determined for p and n for fEn< 0.5 samples,
fEn> 0.5 samples, all data, and fEn0.03 at high strain rate,
respectively, are within one standard deviation.

Appendix B: Calculation for Flow Law Parameters
Assuming Two Deformation Mechanisms

[58] Here, we considered that our experiments may be
explained by a deformation mechanism combining disloca-
tion- and diffusion-accommodated creep. In this case,

observed strain rates are explained by using two different
creep mechanisms as follows:

ε̇ ¼ ε̇diff þ ε̇disl
ε̇diff ¼ Adiff �σndiff �d�pdiff � exp �Qdiff=RTð Þ
ε̇disl ¼ Adisl�σndisl �d�pdisl � exp �Qdisl=RTð Þ

: (B1)

[59] The subscripts “diff” and “disl” indicate the diffusion-
and dislocation-accommodated creep, respectively. There are
eight parameters, that is, Adiff, ndiff, pdiff, Qdiff, Adisl, ndisl, pdisl,
and Qdisl. We conducted three different nonlinear fitting
routines (referred to as fittings 1, 2, and 3) to determine reliable
creep parameters. In the nonlinear fits, we first fix p=2 (fitting
2) and 3 (fitting 3) to see which value gives a better fit (i.e.,
small value of error) and then keep p as an adjustable parameter
(fitting 1) to see what p value explains best for our series of
data. In all fittings, we impose n=1 for diffusion creep and
n=3 and p=0 for dislocation creep. We applied the fitting sep-
arately to two sets of data (the sets for fEn< 0.5 and fEn< 0.5
samples). This fitting process assumes constant values of
Adiff, pdiff, Qdiff, Adisl, and Qdisl for each data set. Table B1
shows the determined creep parameters. The results of the
linear fitting (Appendix A) and residual sum of squares
(SSR) and standard errors (SE) are also shown. Here SSR and

SE are calculated by SSR ¼ ln ε̇observedð Þi � ln ε̇estimatedð Þi
� �2

and SE ¼ ∑ ln ε̇observedð Þi � ln ε̇estimatedð Þi
� �2� �

= N � Ncoð Þ ,
where N is the number of data, and Nco is the number of
coefficient.
[60] The parameters determined by fitting 3 show the

largest standard errors of any of the fitting routines. In
addition, in the case where p for diffusion creep is allowed
to vary (fitting 1), pdiff is close to 2 not 3. The creep parame-
ters of n, p, and Q for diffusion-accommodated creep do not

Table B1. Nonlinear Fitting Parameters

Nonlinear Fitting Linear Fitting

Fitting 1 Fitting 2 Fitting 3 Global Fitting

fEn< 0.5
Diffusion-accommodated creep log Aa 8.1 ± 1.5 8.1 ± 1.7 8.2 ± 2.9 20.0 ± 1.1

n 1 (fixed) 1 (fixed) 1 (fixed) 1.1 ± 0.1
p 1.7 ± 0.2 2 (fixed) 3 (fixed) 1.6 ± 0.1
Qb 430 ± 50 430 ± 50 430 ± 90 450 ± 20

Dislocation-accommodated creep log Aa 7.2 ± 5.2 8.3 ± 3.5 9.5 ± 3.5
n 3 (fixed) 3 (fixed) 3 (fixed)
p 0 (fixed) 0 (fixed) 0 (fixed)
Qb 570 ± 150 600 ± 100 620 ± 110
SSR 2.53 3.02 8.32 8.04
SE 0.16 0.18 0.30 0.33

fEn> 0.5
Diffusion-accommodated creep log Aa 5.9 ± 1.5 5.8 ± 1.5 6.1 ± 1.8 16.7 ± 1.2

n 1 (fixed) 1 (fixed) 1 (fixed) 1.3 ± 0.1
p 2.4 ± 0.3 2 (fixed) 3 (fixed) 2.3 ± 0.1
Qb 370 ± 50 360 ± 50 380 ± 50 420 ± 20

Dislocation-accommodated creep log Aa 11.0 ± 12.7 6.5 ± 23.9 14.8 ± 7.1
n 3 (fixed) 3 (fixed) 3 (fixed)
p 0 (fixed) 0 (fixed) 0 (fixed)
Qb 670 ± 380 540 ± 710 770 ± 210
SSR 1.33 1.47 1.71 6.71
SE 0.13 0.14 0.15 0.30

aIn MPa�n s�1μmp.
bIn kJ/mol.
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change largely between nonlinear fitting and linear fitting.
However, the error ofQ values for dislocation creep becomes
extremely large in the nonlinear fitting routines especially for
fEn> 0.5 due to the presence of grain size sensitivity even
under dislocation creep (we imposed n = 3 and p = 0 for
dislocation creep in nonlinear fitting). The large error for
parameters of dislocation creep suggests that the mechanical
data in this study mostly deformed under diffusion creep with
a small contribution by a dislocation process. Thus, we
concluded that the creep parameters obtained in linear fitting
are accurate and the effect of combining two deformation
mechanisms is small.
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