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Abstract Microstructures of a layered peridotite ultramylonite from the Oman ophiolite are compared with
that of experimentally deformed samples. Average grain sizes and grain size ratios of olivine and pyroxene from
each layer are compared with respect to the fraction of pyroxene (fpx) in the layer. Grain size of the pyroxene is
almost constant among different fpx layers, whereas olivine grain size decreases significantly with increasing fpx,
both of which were characteristic features found in forsterite + enstatite aggregates after grain growth
experiments (Tasaka and Hiraga, 2013). Furthermore, the Zener relationship (log dol/dpx versus log fpx)
found in the ultramylonite is remarkably comparable to that observed in our experiments. These observations
indicate effective pinning of olivine grain growth due to the presence of pyroxene grains during the deformation
of the rocks. Olivine grains in layers with fpx ≥ 0.03 do not exhibit lattice-preferred orientation (LPO),
whereas the grains in layers with fpx< 0.03 exhibit LPO, indicating that deformation proceeded via
diffusion- and dislocation-accommodated creep in the former and the latter layers, respectively. We simulated
the evolution of grain size and viscosity in the shear zone based on our grain growth and flow laws
obtained for diffusion creep of forsterite + enstatite (Tasaka and Hiraga, 2013; Tasaka et al., 2013) and
successfully reproduced the observed grain sizes in the ultramylonite. We therefore conclude that the
relative values of the kinetic parameters, some of which are functions of the fpx, are applicable to nature.

1. Introduction

Numerous studies on microstructures observed in polymineralic mylonites indicate that grain size is controlled
by a Zener relationship that is a function of the fraction of secondaryminerals (fII) found in the rocks [Herwegh and
Berger, 2004; Mehl and Hirth, 2008; Linckens et al., 2011a; Herwegh et al., 2011]. Finer-grain-sized regions, which
also contain a larger fII, provide a mechanically weak zone in a rock deforming via a grain size sensitive creep.
Consequently, the formation of a Zener-controlled microstructure is often considered to play a key role during
strain localization in polymineralic rocks [Evans et al., 2001; Herwegh et al., 2008, 2011; Linckens et al., 2011a]. This
relationship is based on frequent observations of microstructures that are characteristic of dislocation creep in
the coarse-grained zones corresponding to regions with low fII and microstructures characteristic of grain size
sensitive creep in the fine-grained zones corresponding to regions with high fII within the same rocks. Linckens
et al. [2011a] identified such microstructures in various types of peridotite mylonite collected from the Oman
ophiolite where shear strain was strongly localized. They showed that both fine-grained ultramylonites with a
grain size of ~10μm and coarse-grained mylonites with a grain size of ~1mm demonstrate Zener-type grain
growth characteristics. Previous studies indicated that Zener pinning is an important mechanism to keep grain
size small in zones where strain localization occurs [Warren and Hirth, 2006; Linckens et al., 2011a]. During grain
size sensitive creep, such fine grain-size layers have a lower viscosity than coarse grain-size layers. However, at
present, it is impossible to predict the evolution of grain size and viscosity in shear zones due to the lack of grain
growth and viscosity models that incorporate mineral fraction during diffusion creep.

Our previous studies [Tasaka and Hiraga, 2013; Tasaka et al., 2013] have established a relationship among
grain size, fraction of the secondary mineral, and the flow strength in experimentally deformed forsterite +
enstatite aggregates. The results demonstrate that Zener pinning is an important mechanism to keep grain
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size small in the aggregates. The grain size of the primary phase decreases with increasing fraction of the
secondary phase, which results in significant weakening of the aggregates in our experiments [Tasaka et al.,
2013]. In the present paper, motivated by the work of Linckens et al. [2011a] on Zener-controlled grain size
in peridotite ultramylonite, we compare the microstructures of rocks from Oman with our experimental
samples. Our grain growth and flow laws are applied to reproduce observed grain sizes and their variation
with different pyroxene content in the ultramylonite.

2. Geological Settings and Sample Descriptions

A low-temperature, subvertically oriented shear zonewithin a high-temperature, subhorizontally orientedmantle
structure is preserved in the Hilti mantle section of the northern Oman ophiolite [e.g., Ildefonse et al., 1995;
Michibayashi et al., 2000]. The shear zone is thought to have developed at the initial stage of oceanic
detachment and thrusting [Boudier et al., 1988]. All the rocks examined from this region are either dunite or
harzburgite without a specific trend in modal composition from the outside to center of the shear zone.
Olivine microstructures from coarse-grained, porphyroclastic textures to fine-grained ultramylonite develop
toward the center of the shear zone [Michibayashi and Mainprice, 2004]. The coarse-grained (2–4mm) olivine
with strongly developed lattice-preferred orientation (LPO) is indicative of high-temperature deformation
by a dislocation-accommodated creep mechanism due to asthenospheric flow beneath a spreading center
(i.e., 1200–1250°C) [Nicolas, 1986; Ceuleneer et al., 1988]. The porphyroclastic texture, with various degrees
of recrystallization into fine-grained (< 1mm) neoblasts that have relatively weak LPO, is thought to be
formed by subsequent lithospheric flow at lower temperatures (1000–1100°C) and high stress [Nicolas,
1986; Ceuleneer et al., 1988]. Fine-grained (≪ 1mm) ultramylonite that formed under still lower temperatures
without developing LPO of olivine grains [Michibayashi and Mainprice, 2004; Linckens et al., 2011a, 2011b]
appears at the center of the shear zone. Bands of ultramylonite with typical thicknesses of ≈0.5m are
concentrated within several meters width in the shear zone [Michibayashi and Mainprice, 2004]. The
porphyroclastic texture and fine-grained ultramylonite overprint the coarse-grained microstructure.

Linckens et al. [2011a] analyzed the influence of secondary phases (e.g., pyroxenes and spinel) on olivine grain size
in the Oman mylonites. They found that the grain size ratio of olivine to secondary phases in the mylonites
follows a Zener relationship, with 3 orders of magnitude difference in olivine grain size formed at 700–1100°C
[Linckens et al., 2011a, Figure 5a]. They presumed that the grain-size reduction (i.e., transformation from coarse- to
fine-grained mylonite) was induced by multiple processes of dynamic recrystallization, dissolution and precipi-
tation, and pinning of the olivine grain growth by the presence of the secondary phases.

All the mylonites exhibit some extent of serpentinization. However, the ultramylonite (Figure 1) suffered
much less serpentinization compared with that present in other mylonites. Since we want to compare the
grain size to mineral-fraction relationship found in experiments and used in theoretical models [Tasaka and

Figure 1. Crossed-polarized optical microscopic image of a thin section of the ultramylonite (UM-A). The section is perpendicular to the
foliation and parallel to the lineation. The section is parallel to mineral lineation and foliation of the rock.
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Figure 2. Scanning electron microscope (SEM) secondary electron images (SEI) of the ultramylonite (UM-B) with different pyroxene con-
tents. Olivine (gray); OPX (green); CPX (yellow); spinel (red). (a) Low pyroxene content (fpx = 0.1) layer. Average olivine and pyroxene grain
sizes are 16.3 and 10.3μm, respectively. (b) Middle pyroxene content (fpx = 0.19) layer. Average olivine and pyroxene grain sizes are 9.9 and
9.5μm, respectively. (c) High pyroxene content (fpx = 0.39) layer. Average olivine and pyroxene grain sizes are 4.3 and 5.1 μm, respectively.
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Hiraga, 2013; Tasaka et al., 2013] with that found in natural rocks, we focus on the less altered ultramylonite,
which allows us to analyze the microstructure in greater detail. The samples analyzed are harzburgites that
contain olivine (Ol) as the primary (major) phase and orthopyroxene (Opx), clinopyroxene (Cpx), and spinel as
secondary (minor) phases. Average grain size of the different mineral phases ranges from 4 to 30μm. The
grains often exhibit amoeboid texture with weak elongation of some grains parallel to the foliation (Figure 2).

3. Methods

We analyzed themicrostructures of three different ultramylonite specimens (UM-A, B, and C) collected in the same
region but which derive from different ultramylonitic bands. The point marked “e” in Figure 2 ofMichibayashi and
Mainprice [2004] indicates the location of the sample. We estimated flow geometry of the rocks by characteriza-
tion of foliation and lineation in the rocks determined from the spatial alignment of spinel grains of the rocks after
bleaching the samples with hydrochloric acid. Sections perpendicular to the foliation and parallel to the lineation
(XZ plane) were polished and thermally etched at 1160°C for 0.5h under vacuum (~1×10�2 Pa) to expose grain
and interphase boundaries. Grain growth during the thermal etching was negligible, which we confirmed by
comparing the grain size to that of samples chemically etched with dilute HCl +HNO3. To control the oxygen
fugacity and prevent oxidation of the olivine grains, the samples were wrapped with Ni foil during the thermal
etching. We used scanning electronmicroscopy (SEM) with a field emission gun JEOL 7001F (Nano-Manufacturing
Institute, University of Tokyo) to obtain high-resolution images of the samples. Both secondary electron imaging
(SEI) and characteristic X-ray mapping using energy dispersive X-ray (EDX) spectrometry were applied to the same
sample surface to identify grain and phase boundaries and distinguish mineral phases. The average grain size of
olivine and pyroxenes was obtained from each sample by the following procedure. The outlines of more than
100 grains for each mineral were carefully traced from the SEI images. Olivine, Opx, and Cpx phases were distin-
guished based on EDX images. The area of each grain (S) was then measured using Scion Image software. The

diameter of the grain was estimated from the diameter of circle with the same surface area, 2
ffiffiffiffiffiffiffiffi
S=π

p
. Finally, grain

size (d) in each phase was calculated simply by averaging the estimated diameters.

Crystallographic orientation of olivine grains was analyzed by electron backscattered diffraction (EBSD) to
examine the development of lattice-preferred orientations (LPOs) in the samples. The fabric strength is

Table 1. Grain Size of Olivine and Pyroxene, Mineral Mode, and Fabric Concentrations

Layer dol (μm) dpx (μm) fol fpx

Fabric Strength of Olivine

J Index M Index

pfJ

[100] [010] [001]

UM-A 1 10.5 5.7 0.83 0.17 1.54 0.02 1.06 1.09 1.11
2 18.9 5.4 0.94 0.06 2.91 0.04 1.39 1.25 1.25
3 15.3 4.8 0.94 0.06 1.92 0.03 1.19 1.16 1.11
4 20.8 6.3 0.98 0.02 4.12 0.08 1.67 1.47 1.48
5 9.9 5.2 0.85 0.15 1.53 0.02 1.10 1.07 1.07
6 16.1 5.3 0.91 0.09 2.10 0.03 1.16 1.13 1.16
7 10.0 5.1 0.84 0.16 1.49 0.01 1.07 1.06 1.09
8 20.5 4.3 0.99 0.01 2.49 0.03 1.28 1.19 1.15
9 23.7 4.2 1.00 0.00 2.72 0.07 1.43 1.26 1.32
10 19.4 5.8 0.96 0.04 2.89 0.05 1.32 1.32 1.26

UM-B 1 30.5 – 1.00 –
2 23.8 11.3 0.93 0.07
3 15.1 6.2 0.91 0.09
4 9.9 9.5 0.81 0.19
5 11.0 5.6 0.80 0.20
6 12.4 12.8 0.79 0.21
7 12.0 5.1 0.78 0.22
8 11.3 9.2 0.73 0.27

UM-C 1 18.1 – 1.00 –
2 15.4 6.4 0.93 0.07
3 18.3 7.2 0.92 0.08
4 16.3 10.3 0.90 0.10
5 12.6 6.8 0.84 0.16
6 7.2 4.2 0.78 0.22
7 6.1 5.7 0.72 0.28
8 4.3 5.1 0.61 0.39
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quantified by the density distribution of the principal crystallographic axes (for details of the J index and pfJ,
see Mainprice et al. [2000]; for the M index, see Skemer et al. [2005], respectively). If the rock experienced a
shear strain, γ> 1, the strength of LPO in the rock should allow us to distinguish the dominant deformation
mechanism (either dislocation- or diffusion-accommodated creep) [Tommasi et al., 2000]. Previously reported
crystallographic orientation and mineral phase maps [Michibayashi and Mainprice, 2003] obtained from the
UM-A sample were reanalyzed in this study. Highly polished thin sections of this sample were prepared with a
thin carbon coat (≈ 50Å) and analyzed using a scanning electron microscope equipped with an EBSD system
(LEO Supra55 VP FEG SEM with HKL Channel5 and Röntec Quantax EDX systems). EBSD was performed with a
tilt angle of 70°, an acceleration voltage of 20 kV, and a probe current of 2.5 nA. LPO maps were composed
with grid dimensions of 194 × 1633, where the grid spacing used to construct LPO maps was 2μm. We did
not include grains composed of less than 4 pixels, since they were likely produced due to analytical error.

Figure 3. Relative grain sizes with respect to fpx in three different ultramylonite samples (UM-A, B, and C). (a) fpx versus grain size. Olivine

(black symbols); pyroxenes (gray symbols). (b) Log fpx versus log (dol/dpx). UM-A, B, and C (closed symbols); experiments (open symbols)
[Tasaka and Hiraga, 2013]; the Zener relationship of dol/dpx = 0.67/fpx

0.52
found in the experimental samples (solid lines) [Tasaka and Hiraga,

2013]. (c) fpx versus dol/dpx-Avg, where dpx-Avg is an average grain size of pyroxene within the same ultramylonite samples. Closed symbols are
from UM-A, B, and C; open symbols are from experiments.
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Chemical compositions of Opx and Cpx grains were analyzed using a JEOL Electron Probe Micro Analyzer
(EPMA) (JXA8200) (Graduate School of Frontier Science, University of Tokyo). Analytical conditions of 15 kV
accelerating voltage, 1μm spot size, and 1.2 nA current were used. We analyzed the chemical composition of
grains with grain size of more than 10μm. Chemical equilibrium temperatures of Opx and Cpx were esti-
mated using pyroxene geothermometry [Brey and Kohler, 1990].

4. Results

Fine- to coarse-grained layers, which correspond to high fpx to low fpx layers, arewell developed in the ultramylonite
(Figures 1 and 2). Olivine grain size in the layers varies from fine (i.e., 4μm) to coarse (i.e., 30μm) (Figures 1 and 2
and Table 1). Several elongated porphyroclast grains in the thin section shown in Figure 1 correspond to the Opx

Figure 4. Profiles of the microstructure perpendicular to the foliation of UM-A sample. (a) Mineral phase map. Ol (green); Opx (blue);
Cpx (red); other minerals (black). (b) Crystallographic orientation maps. Colors represent the crystallographic direction for olivine. (c) Ol, Opx,
and Cpx modes in each layer. (d) Average grain sizes of Ol, Opx, and Cpx in each layer.
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phase. Some porphyroclast grains have recrystallized rims, where fine-grained layers parallel to the foliation initi-
ated. In the fine-grained layers, olivine and pyroxene phases are well mixed. Typical microstructures with different
pyroxene contents are shown in Figure 2. Grain sizes of Opx and Cpx are similar ranging from 4 to 13μm (Figure 2).
Both serrated and smoothly curved grain and phase boundaries are observed. Grains are slightly elongated parallel
to the foliation, whereas long axes of some pyroxene grains intersect the foliation at high angle. Average aspect
ratios (i.e., long axis/short axis) range from1.5 to 2.3 for olivine and pyroxene grains. Most of the pyroxene grains are
located betweenolivine grains.Measured grain sizes of eachmineral phase andmineralmodes (i.e., area fraction) in
the ultramylonite are listed in Table 1. Opx and Cpx phases are combined to describe volume fraction and grain size
of pyroxene grains and simply referred to as fpx and dpx, respectively. We observed very fewminorminerals such as
spinel, amphibole, and serpentine in the samples. Due to their small volume fraction, we did not include these
minerals in the grain size analysis.

Relationships among fpx, dol, and dpx of this study are plotted in three different manners (Figure 3). The exper-
imental results for statically annealed samples (i.e., reference samples) and samples deformed in diffusion creep
[Tasaka and Hiraga, 2013] are added in Figures 3b and 3c with open symbols for comparison. Hereafter, grain
size refers to the average grain size of olivine, dol, or pyroxene, dpx, in each layer. With increasing fpx, dol
decreases, whereas dpx remains almost constant (Figure 3a). Similar grain size changes with changing fpx
are observed experimentally [Tasaka and Hiraga, 2013, Figure 2]. Log fpx versus log dol/dpx are plotted in
Figure 3b. The distributions of grain sizes for the natural samples overlie our experimental samples and
changes slope at fpx< 0.03. To see how grain size of olivine changes as a function of fpx, we normalize the
olivine grain size with the size of the pyroxene grains (Figure 3c). We use the average grain size of pyroxene
within the same ultramylonite specimen, dpx-Avg, instead of using dpx from the same fpx layers. Since the
grain size of the pyroxenes is almost independent of fpx (Figure 3a), this plot helps us compare the change
in olivine grain size as a function of fpx among different grain size samples. We normalize olivine grain size
with pyroxene grain size (dol/dpx) for our experimental results [Tasaka and Hiraga, 2013], because each sample
has a different annealing time and amount of strain. This procedure allows us to compare the grain size
variation as a function of fpx in both natural and experimental samples. The normalized grain sizes from
natural and experimental samples are very similar except at fpx< 0.03 (Figure 3c). At fpx< 0.03, the nor-
malized grain sizes from natural samples are generally smaller than those from experiments.

Figure 5. Equal-area, lower hemispheric projection of >174 grains showing [100], [010], and [010] olivine axes in each layer shown in
Figure 4. Contours are in multiples of uniform distribution. Foliation is horizontal and lineation is E-W. N: number of analyzed grains; J
and M: J and M indices; pfJ: pfJ index. The latter three are parameters indicative for LPOs strength (see detail in the text).
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In addition to mineral fraction and grain size of Ol, Opx, and Cpx phases, we determined the crystallographic
orientations of the olivine grains for the same area in UM-A sample (Figure 4). We analyzed an area of
0.4 × 3mm with the long axis nearly perpendicular to the foliation. The region was divided into 10 layers
based on pyroxene content. As shown in the phase map (Figure 4a), in all the layers, > 80% of the area is
composed of olivine (i.e., fol> 0.8). Most of the secondary phases are either Opx or Cpx. Cpx tends to be
distributed in areas where Opx is also present. Black areas in the figure are dominantly serpentinized regions
that tend to overprint the mylonitic microstructure (Figure 4a). Colors in the orientation map represent the
crystallographic orientation of olivine grains. White areas in the orientation map are either serpentinized
regions or pyroxene grains (Figure 4b). Olivine grain size varies widely among the layers (9.9 to 23.7μm),
whereas Opx and Cpx grain sizes do not (Opx: 4.5 to 6.6μm, Cpx: 3.2 to 6.1μm) (Figure 4d). Within the same
layer, the grain size of Opx and Cpx is similar to each other.

Crystallographic axes of olivine grains from each layer are plotted in equal-area, lower hemispheric projec-
tions (Figure 5). Some layers show a concentration of [100] axis subparallel to the lineation and a concen-
tration of [010] or [001] axis normal to the foliation (i.e., [100](010) or [100](001) patterns) (e.g., layers 2, 4, and
9 in Figure 5). Other layers do not exhibit significant LPO (e.g., layers 1 and 7 in Figure 5). The fabric strength in
the layers varies from 1.49 to 4.12 and 0.01 to 0.08 for J andM indices, respectively (Figure 5 and Table 1). The
relationships between fpx and fabric strength (J and M indices, pfJ of each axis) are shown in Figure 6. Using
either measure of fabric strength, the strength decreases with increasing fpx in a similar manner. The low fpx
layers have a strong concentration of [100] and relatively weak concentration of [010] and [001] (Figure 6b).

(a)

(b)

Figure 6. The relationship between fpx and olivine LPO intensities. (a) fpx versus J and M indices. (b) fpx versus pfJ of each axis.
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The chemical compositions of Opx and Cpx analyzed by EPMA are listed in Table 2. Equilibrium temperatures
estimated from pyroxene geothermometry [Brey and Kohler, 1990] is added. Pressure is considered indepen-
dently, prior to the application of the thermometry calculations. We impose a pressure of 2 kbar based on geo-
logical settings. Little variation in pyroxene composition within the same sample or among different samples was
detected. Consequently, the equilibrium temperatures we determined are all in the range of 715–806°C (Table 2).

5. Discussion
5.1. Relative Grain Sizes

In the ultramylonite, olivine grain size decreases with increasing fpx, whereas pyroxene grain size is almost
constant with respect to fpx (Figure 3a). These same grain size variations as a function of fpx are observed in
our experimental samples [Tasaka and Hiraga, 2013, Figure 2 ]. The relative grain size, dol/dpx, as a function of
fpx in the natural samples follow the Zener relationship of dI/dII = β/fII

z (where dI and dII are grain sizes of the
primary and secondary phases, β is the Zener coefficient, fII is the fraction of the secondary phase, and z is the
Zener parameter) [Tasaka and Hiraga, 2013, equation (2)]. The best explained β and z for the experimental
samples (β = 0.67 and z= 0.52) [Tasaka and Hiraga, 2013] do explain the relative grain sizes in the natural
samples (line in Figure 3b), indicating that the controlling factors determining the Zener relationship are
essentially identical in both experiment and nature.

As described in Tasaka and Hiraga [2013], the value of β is related to the relative interfacial energies of grain
and interphase boundaries. Due to the serration of the interfaces, we did not determine the relative inter-
facial energies by measuring dihedral angles formed at triple grain junctions directly from the ultramylonite.
However, Hiraga et al. [2010a] confirmed that the angles measured in experimental and natural samples are
the same. The value of z is related to the characteristic distribution of the secondary phase [Haroun and
Budworth, 1968; Hillert, 1988 and a review in Evans et al., 2001]. The secondary phase in experimental and
natural samples is located at both two- and three-grain junctions (Figure 2 for the ultramylonite and Figure 1
in Tasaka and Hiraga [2013] for experimental samples). Thus, it is reasonable that the same Zener relationship
holds in both nature and experiments.

Linckens et al. [2011a] also showed a Zener relationship in ultramylonites with fine-grained (i.e., dol = 12μm) to
coarse-grained (i.e., dol = 4mm) regions in the same shear zone where we collected our samples. They included
all the observed phases in addition to olivine, such as pyroxenes, spinel, and amphibole, as a pinning phase such
that their dpin and fpin are the grain size and volume fraction of the pinning phases, whereas we exclude phases
other than olivine and pyroxene in our analysis. Since the fraction of secondary phases other than pyroxene is
very low (< 1 vol %; J. Linckens, personal communication, 2011), our dpx and fpx are essentially identical with dpin
and fpin in their data. Theymeasured grains size by combining the results of EBSD and EDXmappings, which is a
different method than we used (themethod to obtain grain size in this study was shown in section 3). However,
we applied the same method as Linckens et al. [2011a] to our mapping data for the UM-A sample shown in
Figure 4 and obtained a grain size with a difference of< 10% from the size measured using our method.

Table 2. Chemical Compositions of Opx and Cpx in UM-B Sample Analyzed by EPMAa

Opx1 Cpx1 Opx2 Cpx2 Opx3 Cpx3

SiO2 56.75 54.26 57.13 54.43 57.23 54.40
TiO2 0.04 0.06 0.00 0.00 0.00 0.00
Al2O3 0.58 0.64 0.57 0.44 0.68 0.39
Cr2O3 0.08 0.16 0.02 0.06 0.04 0.09
FeO 6.34 1.81 6.46 1.91 6.19 2.04
MnO 0.21 0.07 0.10 0.08 0.16 0.05
MgO 36.14 18.94 35.71 19.17 35.75 18.57
CaO 0.20 24.06 0.17 24.47 0.22 24.51
Na2O 0.00 0.02 0.02 0.00 0.04 0.02
K2O 0.01 0.00 0.00 0.00 0.00 0.01
Total 100.35 100.02 100.16 100.55 100.31 100.07

Cation 4.03 4.02 4.02 4.02 4.02 4.02
Mg# 0.91 0.95 0.91 0.95 0.91 0.94
Cr# 0.09 0.14 0.02 0.08 0.03 0.14

Brey and Kohler [1990]
T (°C) 806 756 715

aMg# =Mg/(Mg+ Fe), Cr# = Cr/(Cr + Al).
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With a fixed z value determined from our grain growth experiments (z= 0.52 for fpx< 0.5 in Tasaka and Hiraga
[2013]), all of their data for dol as a function of dpin/fpin

z and our data for dol versus dpx/fpx
z lie approximately

along a straight line (Figure 7). The data from samples (or layers) with fpin< 0.03 are not plotted in Figure 7,
because olivine grain size in these samples does not reflect grain growth due to Zener pinning but is the
result of dynamic recrystallization, which will be discussed later. From the least squares line in Figure 7, we
obtain β of 1.0 ± 0.1 (r2 = 0.97). The correspondence between the natural and experimental samples as
reflected through the Zener relationship indicates that the effect of temperature on the relative interfacial
energies is small because the value of β is determined from the relative interfacial energies of grain and phase
boundaries as described above. Consequently, the Zener pinning parameters explain the relative grain sizes
observed for a variation of 4 orders of magnitude in grain size for the olivine-pyroxene system in both natural
and experimental samples. Interestingly, Linckens et al. [2011a] observed strong LPOs in some samples de-
formed at high temperature (i.e., porphyroclastic texture) compared to samples deformed at low tempera-
ture (i.e., ultramylonite). It is possible that strain energy minimization during dislocation creep can alter the
relative grain size between the phases; however, the grain sizes from high-temperature samples do not de-
viate from the Zener relationship, which was found for grain sizes in the fined-grained natural and experi-
mental samples (Figure 7), indicating that the grain sizes in the high-temperature samples are essentially
controlled by Zener pinning.

5.2. Grain Growth Mechanism

For all samples, regardless of fpx, pyroxene grains are generally surrounded by olivine (Figures 2 and 4).
Furthermore, an almost linear relationship in a log-log space between the relative grain size of olivine and
pyroxene as a function of fpx is observed (Figure 3b), and grain size ratios do not vary systematically with
temperature (Figure 7). These features are identical to those observed in our grain growth experiments
[Tasaka and Hiraga, 2013]. As discussed in Tasaka and Hiraga [2013], observations of Zener relationships,
derived from the balance between the pinning and migration forces, support the operation of Ostwald rip-
ening for the grain growth of pyroxene, which allows the olivine grains to grow due to the reduction of the
number of the pinning grains.

Since the grain growth process in olivine-pyroxene systems was discussed in Tasaka and Hiraga [2013], we
only briefly summarize it here. In order to maintain charge balance during diffusion, three possibilities exist
for the rate-controlling diffusion process for grain growth in the olivine-pyroxene systems. These are either
the coupled diffusion of magnesium and oxygen, silicon and oxygen, or the counter diffusion of magnesium
and silicon. According to the previous studies, silicon is the slowest diffusing element for olivine and pyrox-
ene through both the crystal lattice and the grain boundaries (e.g., Farver and Yund [2000] and Dohmen et al.
[2002] for forsterite, and Milke et al. [2007], Gardes et al. [2011], and Gardes and Heinrich [2011] for enstatite).
Furthermore, Si, Mg, and O are major components in both olivine and pyroxene phases, thus the Ostwald

Figure 7. Grain size of pinning phases: dpin (or pyroxenes: dpx) normalized by fpin
0.52

(or fpx: fraction of the second phases) versus dol. Data
from various peridotite ultramylonites reported by Linckens et al. [2011a], UM-A, B, and C and experimentally produced samples [Tasaka and
Hiraga, 2013] are plotted. The dpin and fpin correspond to grain size and fraction of pyroxenes in our both experimental and natural samples,
whereas in Linckens et al. [2011a], these data include other secondary minerals. Data from fpin< 0.03 are excluded in this plot since the grain
sizes in the layers (or samples) can be different from Zener-controlled grain sizes (see detail in the text).
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ripening should be accommodated by reaction of Mg2SiO4 ↔ MgSiO3 +MgO. In this case, large pyroxene
grains become larger due to the left-to-right reaction, whereas small pyroxene grains become smaller due to
the right-to-left reaction. Therefore, only MgO needs to diffuse and not Si. The applicability of this grain
growth process is confirmed by grain growth experiments on the olivine-pyroxene system [Tasaka and
Hiraga, 2013]. Consequently, we concluded that Ostwald ripening occurs due to either lattice or grain
boundary diffusion of MgO (i.e., DLatt

MgO or DGB
MgO).

The critical grain size (dcr) that determines which type of diffusivity (eitherDLatt
MgO or D

GB
MgO) should be used

is calculated as [Raj and Ashby, 1971; Ashby and Verrall, 1973; Stocker and Ashby, 1973]

dcr ≈ 3� w � DGB
MgO=D

Latt
MgO; (1)

where dcr is the critical grain size andw is the grain boundary width. When the grain size is larger than the critical
grain size, grain growth is controlled by lattice diffusion. The dcr at 1200°C is calculated as 1.4mm using diffusiv-
ities determined from previous studies [Chakraborty et al., 1994; Dohmen et al., 2002; Gardes and Heinrich, 2011].
The value of dcr increases with decreasing temperature because the activation energy for DMgO

Latt is larger than
for DMgO

GB. Since grain size of the ultramylonite is smaller than the critical grain size, Ostwald ripening due to
grain boundary diffusion of MgO (DMgO

GB) is estimated to be the rate-controlling process for grain growth.

5.3. Deformation Mechanism

Fabric strength decreases with increasing fpx (Figure 6). In general, a value for the J index of more than 3
indicates the development of some LPO in the aggregates. Based on the fabric strength, the low fpx (< 0.03)
and high fpx (≥ 0.03) layers have weak to random LPO of olivine, respectively. The LPO development in the
low fpx layers indicates that they deformed via dislocation-accommodated process. On the other hand, the
random LPOs in the high fpx layers indicate that they deformed by a diffusion-accommodated process.

Based on the olivine deformation mechanism map [Hirth and Kohlstedt, 2003; Hansen et al., 2011], and our
flow law for forsterite-enstatite aggregates [Tasaka et al., 2013], the boundary between dislocation- and
diffusion-accommodated processes corresponds to the deformation mechanism boundary between
dislocation- and diffusion-accommodated grain boundary sliding (GBS) creep. Since higher and lower fpx
correspond to finer and coarser grain sizes in the ultramylonite, we conclude that the layers with fpx ≥ 0.03
and fpx< 0.03 deformed via diffusion- and dislocation-accommodated GBS creep, respectively. The deformation
mechanism map focuses on the region where diffusion- and dislocation-accommodated GBS creep are
introduced in Figure 8, which will be discussed in the next section.

5.4. Time Evolutions of Grain Size in the Ultramylonite
5.4.1. Model Setting
Based on the distribution of ultramylonites at the outcrop scale and the observed deformation microstruc-
tures, the ultramylonites probably originated from a porphyroclastic mylonite with various degrees of
recrystallization. Furthermore, the host rock and likely protolith for all of the mylonites is a coarse-grained
(2–4mm) spinel-harzburgite [Michibayashi and Mainprice, 2004; Linckens et al., 2011a]. The ultramylonites,
mylonites, and coarse-grained samples deformed at ≈ 700, ≈ 800, and ≈ 1100°C, respectively, determined
from pyroxene geothermometry [Linckens et al., 2011a, 2011b]. Therefore, it appears that the large-scale
shear zone deformed at high temperature, and grain size reduction and strain localization occurred with
decreasing temperature [Michibayashi and Mainprice, 2004; Linckens et al., 2011a, 2011b]. In addition, the
ultramylonite (i.e., fpx ≥ 0.03 samples) shows a Zener relationship indicating that grain growth is driven by a
reduction in interfacial energy. Thus, the grains currently present in the natural samples have experienced
some degree of grain growth after grain size reduction from originally coarse grains.

Dynamic recrystallization, a common grain size reduction process that occurs during dislocation-
accommodated creep, is apparent in themicrostructure of the fpx< 0.03 layers. However, this recrystallization
process alone cannot produce the observed well-mixed structure of the phases with nearby coarse host grains
and equilibrium grain size variations as a function of the fpx (Figure 3c). Previous studies suggested that
recrystallization accompanied by chemical reaction and/or brittle processes might explain the observed well-
mixed, fine-grained structure [Jin et al., 1998; Newman et al., 1999; Linckens et al., 2011b], or grain boundary
sliding may generate grain boundary voids in which new grains are nucleated, and as a result a well-mixed,
fine-grained structure is produced [Herwegh et al., 2011]. Although the mechanism to make a well-mixed
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structure is still under debate, here we simply consider grain size evolution in the ultramylonite at a constant
temperature of 750°C after the grain size reduction was completed.

Since grain growth rate is negatively correlated with fpx [Tasaka and Hiraga, 2013], olivine grains in the low fpx
layers reached a larger grain size but no longer increased due to dynamic recrystallization during dislocation-
accommodated creep, while grains in the high fpx layers remained smaller but were still growing during diffusion-
accommodated creep. This grain size evolutionary process can be considered on a deformationmechanismmap
for olivine at 750°C, which is constructed based on the results of Hirth and Kohlstedt [2003] and Hansen et al.
[2011] (Figure 8). The map focuses on the region where two different deformation mechanisms, diffusion- and
dislocation-accommodated GBS creep, are operative. An olivine grain size piezometer from Karato et al. [1980]
(dotted line in Figure 8) runs nearby the boundary between the two deformation mechanisms but is located
mainly within the diffusion-accommodated creep regime in the range of the grain sizes observed in the
ultramylonite. As mentioned in the above, we only consider the process after grain size reduction is completed.
We also assume a constant stress during grain size evolution. Olivine grains start to grow from a finer grain size
than the minimum observed grain size (i.e., 4μm in fpx0.4 layer). The starting grain size is located within the dif-
fusion-accommodated creep regime, since olivine grains in fpx≥ 0.03 layers are estimated to have deformed by
diffusion creep. Since we are not aware of any grain size reduction process that is a function of fpx, we assume
grain growth starts from the same olivine grain size in all the different fpx layers, however, olivine grains in dif-
ferent fpx layers grow at different rates as indicated bymultiple arrows in Figure 8. Finally during deformation and
grain growth, olivine grains in the fpx< 0.03 layers reach a steady state grain size that is controlled by the stress,
whereas grains in the high fpx layers are still growing toward the steady state grain size at a slower grain growth
rate. The observed rock microstructures preserve this final stage of the growth process.

The location of the steady state grain size on the mechanism map is debated because the grain size pie-
zometer runs through the diffusion-accommodated creep regime, where dynamic recrystallization does not
occur. Consequently, the grain size may be determined using the paleowattmeter of Austin and Evans [2007,
2009], which includes the parallel operations of grain growth and dynamic recrystallization during creep
(open star point in Figure 8), or using the argument of De Bresser et al. [1998, 2001], the grain size may be
determined by balancing diffusion and dislocation creep (solid star point in Figure 8). The olivine
paleowattmeter of Austin and Evans [2007, 2009], which is determined by a balance of grain growth and
dynamic recrystallization during dislocation creep, is added as a dashed line in Figure 8. The parameters used
here for the paleowattmeter are derived from a flow law for dislocation creep from Hirth and Kohlstedt [2003]
and a grain growth law from Karato [1989] for monomineralic olivine aggregates. Based on these two ap-
proaches, the average olivine grain size of 25μm in the fpx< 0.03 layers gives stresses of 120 and 310MPa,
respectively. Here we use the stress of 310MPa estimated from the intersection of the mechanism boundary
with the measured grain size. However, as will be discussed later, applying the smaller stress does not change
our results significantly.

Figure 8. A deformation mechanism map showing the grain size piezometer and paleowattmeter for an olivine aggregate. Star symbols
show the possible fixed points for olivine grain sizes in fpx< 0.03 layers. Arrows show estimated grains size evolution in the ultramylonite.
Deformation mechanism boundary between diffusion and dislocation accommodated creep (solid line). Grain size piezometer (dotted lines)
[Karato et al., 1980]. Paleowattmeter (dashed line) [Austin and Evans, 2007, 2009].
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5.4.2. Modeling Method
Since we know the thermal effect on the kinetics of grain growth and deformation, we can extrapolate
our experimental results [Tasaka and Hiraga, 2013; Tasaka et al., 2013], which were conducted at high
temperature (1260–1360°C) to lower temperatures and aremore relevant to conditions in the lithospheric mantle.
We assume that the same grain growth (i.e., MgO grain boundary diffusion controlled) and creep mecha-
nism (i.e., diffusion-accommodated GBS creep) observed in our experiments operates in nature. This
assumption is supported by the critical grain size (cf. section 5.2.) and the deformation microstructures
observed in the ultramylonite (cf. section 5.3.). We also assume that the Zener relation between olivine
and pyroxene grain sizes is immediately achieved after grain size reduction occurs. This process exists
whenever minimization of interfacial energy is the major driving force for the development of the
microstructure, which is the case when grain growth occurs at very fine grain size.

To model grain size evolution with time, we use a static plus dynamic grain growth law:

dε ¼ d0
4 þ k � t� �0:25 � exp α � γð Þ; (2)

where d0 (μm) is an initial grain size, t (s) is time, k (μm4/s) is static grain growth coefficient, dε (μm) is grain size
under dynamic grain growth and α is dynamic grain growth coefficient. The applicability of the grain growth
law is confirmed by the grain growth experiments in olivine-pyroxene systems [Tasaka and Hiraga, 2013]. The
grain growth coefficient of the pyroxene (kpx) and olivine (kol) is given by

kpx ¼
8γcwDGB

MgOV
2ν

3GRT

kol ¼ β=f zpx
� �4

kpx

; (3)

where γ (J/m2) is the interfacial energy between the primary and secondary phases, c (mol/m3) is the concen-
tration of the rate-controlling element,w (m) is the width of the grain boundary,DMgO

GB (m2/s) is the diffusion
coefficient of MgO for grain boundary diffusion, V (m3/mol) is the molar volume of the solute, v is a quantity
that slowly varies with different fractions of the secondary phase, G is a geometric constant, R (J/mol K) is the
gas constant, and T (K) is the absolute temperature [Speight, 1968; Ardell, 1972]. The v and G are dimensionless
values [from Ardell, 1972]. These parameters were determined in previous studies and our grain growth ex-
periments [see Tasaka and Hiraga, 2013]. We assume a constant olivine grain size (dol = 1μm) in all of the dif-
ferent fpx layers as the initial grain size. We also assume that Zener relationship always holds effective, thus
dpx = dol × fpx

z/β , with z= 0.52 and β =1.0 from Figure 7.

The bulk viscosity of polyphase systems during diffusion creep is well explained using the viscosity of the
constituent minerals (i.e., viscosity of pure olivine and pyroxene) and volume fraction of the secondary phase
(e.g., fpx in peridotite) with

1
ησ

¼ 1
ηol

1� f px
� �þ 1

ηpx
f px (4)

and

ηε̇ ¼ ηol 1� f px
� �þ ηpxf px; (5)

where ησ and ηε̇ are the bulk viscosity assuming constant stress and constant strain rate boundary conditions,
respectively. The ηol and ηpx are obtained from the flow laws, that is, ηol or px = σ/3ε̇ and ε̇ ¼ A � σn � d�p � exp
�Q=RTð Þ; where ηol and ηpx are the viscosity of pure olivine and pyroxene, ε̇ (/s) is strain rate, σ is stress
(MPa), A (MPa�nμmp s�1) is the preexponential, n is the stress exponent, p is the grain size exponent,
Q (kJ/mol) is the activation energy for creep, R is the gas constant, and T (K) is the temperature. The values
for ηol and ηpx are substituted into equations (4) and (5) to calculate the bulk viscosities based on the constant
stress and strain rate models. The flow parameters were determined by our deformation experiments [Tasaka
et al., 2013]. The bulk viscosities are estimated as a function of fpx. The difference in viscosity between olivine
and pyroxene phases (ηol/ηpx) in the layer is expressed as

ηol=ηpx ¼ β=f px
z� �p � ηol=ηpx

� �
d ¼ const:

; (6)

where β and z are Zener parameters and (ηol/ηpx)d= const. is the ratio of olivine and pyroxene viscosities at a
fixed grain size [see Tasaka et al., 2013]. The constant stress model (equation (4)) is formulated for a system
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where hardmaterials are flowing in a weak matrix (i.e., ηol/ηpx≪1), whereas the constant rate model (equation (5))
is for a system where soft materials are embedded in a hard matrix (i.e., ηol/ηpx≫ 1) [French et al., 1994; Ji et al.,
2001; Tasaka et al., 2013].

To model grain size and viscosity evolution with time, the constant strain rate model (equation (5)) applies
because the ratio of the viscosity of olivine to pyroxene as determined from equation (6) is always greater
than 1. We determine viscosity assuming constant stress (i.e., γ= t × σ /3ηwith fixed σ). Grain size after each
time step is substituted into the calculation of the viscosity for the next time step. We use time steps of 103

years for a total period of 108 years. Shorter time steps of 102 years did not change our results significantly.
Because none of the layers in the ultramylonite has a fpx> 0.5 (Table 1), we limit simulated grain growth to
layers with the fpx ranging from 0.01 to 0.49 in increments of 0.01 per layer, at T = 750°C and σ= 310MPa.
The grain size and viscosity are estimated as functions of fpx and time. The procedure to calculate grain size
and modeling parameters are shown in Tables 3 and 4, respectively. The calculated average grain size
(i.e., dAvg =dol × (1� fpx) +dpx × fpx) and viscosity are shown in Figures 9a and 9c, and average grain size and
viscosity normalized by the average grain size and viscosity of a sample with fpx0.03 (i.e.,dAvg=dAvgfpx0:03 andη=ηf px0:03)

are shown in Figures 9b and 9d. Assuming the error in calculated grain size is mainly derived from the error
in activation energy for deformation and grain growth (i.e., Qol, Qpx, and QGG in Table 4), the calculated
grain size has an estimated error of± dAvg × 0.7. Changing σ to 120MPa estimated from the paleowattmeter
results in a decrease in the grain size by a factor of 1.6. In addition, the saturated grain size (dsat) is also nor-
malized by the saturated grain size of a layer fEn0.03 at 750°C and included as a dashed line in Figure 9b (i.e., dsat,
grain size that does not changemore than 5%within amillion year period during grain growth) [see Tasaka and
Hiraga, 2013].

5.4.3. Modeling Result and Its Interpretation
The average grain size (i.e., dAvg =dol × (1� fpx) +dpx × fpx) and normalized average grain size (i.e.,dAvg=dAvgfpx0:03 )

decreases only slightly with increasing fpx during the initial time step due to the fixed starting grain size of
1 μm for olivine (Figures 9a and 9b). With increasing time, average grain size increases due to static and
dynamic grain growth (Figure 9a). The change of grain size with different fpx layers becomes significantly
larger at 103 years (Figure 9b). This grain size variation at 103 years is almost identical to that observed for
the saturated grain size expressed by a dotted line in Figure 9b, indicating that static grain growth, whose
rate is a function of fpx, controls grain size and its variation. After 103 years, the grain size variation becomes
smaller with increasing time because grain growth due to static processes becomes slower with increasing
grain size after each time increment, while dynamic grain growth as a function of strain becomes more
important, especially for large fpx. As will be discussed later, viscosity decreases with increasing fpx due to
the change in grain size such that larger strain at larger fpx is achieved after a certain period, ultimately
resulting in less variation in grain size with fpx. We therefore predict that the grain sizes among different fpx
become almost constant after 107 years.

Our calculations show that an initial grain size of dol< 2μm is required to reproduce the observed variation in
grain size. As an extreme case, if we use an initial grain size of dol = 0μm (e.g., grain growth initiating from an

Table 3. Procedure for Calculating the Time Evolution of Grain Size and Viscosity in the Ultramylonite

Input parameters Grain growth coefficient kFo, kEn form our grain growth model (Equation (3))
Initial grain size d0_ol = 1μm, d0_px = variable depending on Zener relation

Stress 310MPa from grain size piezometer

Output parameters Grain size after deformation dol, dpx, and dAvg
Viscosity

static + dynamic grain growth
dol = d0_ol, dpx = d0_ px

Bulk viscosity (MPa · s) η= (1� fpx)ηol + fpxηpx
Stress (MPa) σ to all fpx layers
Strain rate (/s) γ̇ ¼ σ=3η

Strain γ ¼ γ̇ t
Grain size (μm) dol = (d0 _ ol

4
+ kolt)

0.25
× exp(0.21γ)

dpx = (d0 _ px
4
+ kpxt)

0.25
× exp(0.21γ)
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Figure 9. (a) Predicted time evolution of average grain size for various fpx at T= 750°C and σ= 310MPa. The symbols are the observed relative average grain size in the ultramylonite, values
determined using initial grain sizes of dol = 1μmand dpx = β/fpx

0.52
(purple line). (b) Average grain size is normalized by average grain size of fpx0.03 [i.e., dAvg/ (dAvg at fpx=0.03)]. Saturated grain

size at T= 750°C (dashed line; i.e., dsat; grain size that does not changemore than 5%within a million year during grain growth; see Tasaka and Hiraga [2013]). (c) Predicted time evolution of
viscosity. (d) Predicted time evolution of relative viscosity (η=ηf px0:03 ).

Table 4. Parameters for Modeling

Unit Reference

Zener Relation
β 1 – This study
z 0.52 – Tasaka and Hiraga [2013]
fpx pyroxene volume fraction – –

Grain Growth Law
m grain growth exponent 4 – Tasaka and Hiraga [2013]
γ interfacial energy of ol-px boundary 0.85 J/m

2

c concentration of MgO in ol-ol boundary 45500 mol/m
3

Hiraga and Kohlstedt [2007]
w width of grain boundary 7.50 × 10

�10
m

DMgO
GB

0 diffusion coefficient of MgO in ol-ol boundary 1.95 × 10
�3

m
2
/s Gardes and Heinrich [2011]

QGG activation energy of grain growth 329 kJ/mol
V molar volume of the solute 6.30 × 10

�5
m

3
/mol Holland and Powell [1998]

νol slowly varying quantity with different fpx 1/(0.9 × fpx
�0.6

) – Ardell [1972]
G geometric constant 0.34 –
R gas constant 8.314 J/mol K –
T temperature 1023 K This study
α dynamic grain growth coefficient 0.21 – Hiraga et al. [2010b]

Flow Law
Aol creep constant 4.35 × 10

7
MPa

�n
s
�1

μm
p

Tasaka et al. [2013]
Apx 1.92 × 10

4
MPa

�n
s
�1

μm
p

n stress exponent 1 –
p grain size exponent 2 –
Qol activation energy 400 kJ/mol
Qpx activation energy 320 kJ/mol
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amorphous or glass-like material) assuming static grain growth, then a grain size of 1μm will be achieved
within ~104 years. Consequently, our choice of 1μm for the starting grain size seems reasonable since it is
achieved within several time steps in our calculations and within the size range required to reproduce the
observed grain size variations in the ultramylonite.

Viscosity changes as a function of grain size as well as time and fpx (Figures 9c and 9d). With increasing time,
viscosity increases due to grain growth (Figure 9c). Initially, the normalized viscosity is almost constant
among the various fpx layers (Figures 9c and 9d). The viscosity differences between fpx layers increase with
increasing time for t≤103 years and then decreasewith increasing time for t> 103 years (Figure 9d). After 107 years,
viscosity among the fpx layers becomes almost constant. The largest difference in viscosity between high and
low fpx layers (i.e., ηf px0:49=ηf px0:03 = 0.25) is achieved after only 103 years (Figure 9d).

As shown in the Figure 9a, themodeling results limit the length of time over which grain growth occurs in our
sample to ~105 years, whereas the grain sizes in the sample of Linckens et al. [2011a] show evidence of
~106 years of growth. Themodeling results also limit viscosity in the ultramylonite of this study to ~1020 (Pa s),
whereas viscosity in the sample of Linckens et al. [2011a] records ~1021 (Pa s) (Figure 9c). The relative viscosity
between the layers was ηf px0:03=ηf px0:49 ¼ 2 in the ultramylonite in this study and 1.2 in the sample of Linckens

et al. [2011a] is estimated (Figure 9d). We cannot check the estimated viscosity and strain rate independently,
since no microstructural strain markers were observed.

As discussed above (section 5.4.2. and equation (6)), not only can the contribution of the strength of each
phase to the bulk strength change as a function of changes in mineral fraction (i.e., (ηol/ηpx)d= const.) but so too
canmicrostructures such as grain size, which is characterized by Zener relationship (i.e., (β/fpx

z)). At conditions
where the constant strain rate model applies, during grain size sensitive creep, large olivine grains support
the bulk strength of the material; therefore, grain size differences characterized by a Zener relationship are
important to consider during grain size sensitive creep to determine bulk viscosity.

Our model indicates that grain size and viscosity dynamically change due to the amount of strain and time.
Generally, the observed grain size of rocks deformed via diffusion- and/or dislocation-accommodated creep
is considered to be at the steady state grain size due to a balance of dynamic recrystallization and grain
growth processes [e.g., De Bresser et al., 1998, 2001; Austin and Evans, 2007, 2009]. However, our model
suggests that the observed grain size in this shear zone can be smaller than the steady state grain size
depending on fpx.

In the above calculations, we did not consider the effect of having two different pyroxenes, which are com-
monly present in the mantle. Assuming that the interfacial energies do not changemarkedly with Ca content,
the growth of Cpx should be almost identical to Opx, since MgO 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 size of Opx and Cpx has similar values (Figures 3, 4, and 7).

5.5. Future Research

As reported above, we examined the microstructures of the ultramylonite based on our grain growth and
flow laws, which were derived experimentally and theoretically [Tasaka and Hiraga, 2013; Tasaka et al., 2013].
Although there is some uncertainty in applying these parameters directly to nature, we successfully
reproduced the observed grain sizes in the ultramylonite (Figures 3b, 3c, 7, and 9a). In this study, we used
parameters obtained from Fe-free olivine and pyroxene under dry conditions. It is known that Fe and water
enhance the transport properties of olivine [Mei and Kohlstedt, 2000; Zhao et al., 2009]. More precise mea-
surements of the effect of temperature on transport properties in Fe bearing olivine-pyroxene aggregates are
required. However, since we succeeded in reproducing observations of natural samples with our calculations,
we conclude that the relative values of the kinetic parameters, some of which are functions of the fpx, are
applicable to nature.

6. Conclusions

Microstructures of peridotitic ultramylonite from the Oman ophiolite are compared with that of our experi-
mental samples. We examined the microstructures of the ultramylonite based on our grain growth and flow
laws, which were derived experimentally and theoretically [Tasaka and Hiraga, 2013; Tasaka et al., 2013]. We
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successfully reproduced the observed grain sizes in the ultramylonite. We conclude that the relative values of
the kinetic parameters determined in this and companion studies, some of which are functions of the fpx, are
applicable to nature. The results are summarized as follows:

1. Variations in grain size and grain size ratio of olivine and pyroxene with different pyroxene fraction are
remarkably identical between the experimental and natural samples demonstrating the effective pinning
of pyroxene grains on grain growth of olivine grains in nature. The Zener pinning parameters explain the
relative grain sizes (i.e., dol/dpx) observed for a variation of 4 orders of magnitude in grain size for the
olivine-pyroxene system in both natural and experimental samples.

2. Observations of Zener relationships, derived from the balance between the pinning and migration forces,
support the operation of Ostwald ripening as the dominant mechanism for grain growth of pyroxene,
and dol change depending on dpx. Considering diffusivities determined from previous studies and the grain
size from natural samples, grain boundary diffusion of MgO is the rate-controlling process for grain growth.

3. We simulated grain growth in olivine + pyroxene aggregates with fpx< 0.5, at a temperature of 750°C
estimated from the chemical composition of the pyroxene and a stress of 310MPa determined from
the olivine grain size in the low fpx layers, based on our grain growth and flow laws [Tasaka and Hiraga,
2013; Tasaka et al., 2013]. We successfully reproduced the observed grain sizes in the ultramylonite. The
modeling results constrain viscosity in the ultramylonite of this study as ~1020 (Pa s), whereas viscosity
in the sample of Linckens et al. [2011a] records ~1021 (Pa s).
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