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Abstract To understand the processes involved in rheological weakening due to phase mixing in
olivine + orthopyroxene aggregates, we conducted high-strain torsion experiments on two-phase
samples at a temperature of 1200°C and a confining pressure of 300 MPa. Samples composed of
iron-rich olivine plus 26% orthopyroxene were deformed to outer radius shear strains of up to γ ≈ 26.
Values for the stress exponent, n, and grain size exponent, p, were determined based on least squares
fits of the strain rate, stress, and grain size data to a power law creep equation both at smaller strains
(γ ≤ 3) and at larger strains (γ ≥ 24). Microstructural observations demonstrate that with increasing
shear strain, grain size decreased and mixtures of small, equant grains of olivine and pyroxene
developed. The values of n and p combined with associated changes in microstructure demonstrate that
our samples deformed (i) by dislocation-accommodated grain-boundary sliding with subgrains present at
lower strains and (ii) by dislocation-accommodated grain-boundary sliding with subgrains absent at
higher strains. The evolution of both the mechanical and the microstructural properties observed in this
study provide insights into the dynamic processes associated with rheological weakening and strain
localization in the plastically deforming portion of the lithosphere.

1. Introduction

Development of plate tectonics in a terrestrial planet requires strain weakening and localization (Tackley,
2000). Grain-size reduction is considered critical to the formation of mantle shear zones that are often com-
posed of very fine grained mylonites and ultramylonites (e.g., Michibayashi & Mainprice, 2004; Warren &
Hirth, 2006). In naturally deformed peridotites, fine-grained regions composed of thoroughly mixed olivine
and pyroxene grains provide zones in which strain localization occurs (Hansen & Warren, 2015; Linckens
et al., 2011, 2015; Tasaka et al., 2014; Warren & Hirth, 2006). If significant grain size reduction occurs, deforma-
tion by a grain-size sensitive creep process, such as diffusion creep (diffusion-accommodated grain-boundary
sliding) and dislocation-accommodated grain-boundary sliding, will enable strain to localize in the finest
grain-size regions. Therefore, the formation of thoroughly mixed, fine-grained, polyphase rocks is potentially
critical for strain weakening and strain localization.

Previous experimental studies argued that the dynamic recrystallization that occurs as a recovery process
during dislocation creep and dislocation-accommodated grain-boundary sliding produces a thoroughly
mixed, fine-grained structure in rocks composed of olivine and orthopyroxene (Farla et al., 2013; Linckens
et al., 2014). Further, a recent experimental study reported grain-size reduction and sample-weakening dur-
ing deformation of samples composed of olivine and clinopyroxene plus a hydrous fluid, which the authors
attributed to fluid-assisted nucleation of new grains (Precigout & Stunitz, 2016). Unfortunately, the low reso-
lution of the mechanical data and the complex and transient microstructures produced in these experiments
left the role of phase mixing in the development of strain weakening unclear. Previous theoretical studies
proposed various processes by which strain localization may occur (e.g., Bercovici & Ricard, 2014; Bercovici
et al., 2000; Rozel et al., 2011; Wheeler, 1992). Hence, experimental studies provide a critical approach for
understanding the weakening process as it is strongly affected by development of a heterogeneous micro-
structure at the very beginning of localization, a feature that is difficult to demonstrate in a numerical study.

To understand the processes that lead to rheological weakening due to phase mixing, we have conducted
high-strain torsion experiments on aggregates of olivine + orthopyroxene, both rich in iron. In this paper,
we focus on the mechanical behavior. In a companion paper, we examine the associated microstructural
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development. The results provide insights into the process of rheological weakening and strain localization
under upper mantle conditions.

2. Experimental Procedure
2.1. Sample Preparation

Since iron-rich olivine is weaker than naturally occurring mantle olivine [(Mg0.9Fe0.1)2SiO4, Fo90] at our experi-
mental conditions, samples composed of (Mg0.5Fe0.5)2SiO4, Fo50, and (Mg1.1Fe0.9)Si2O6, En55, were used for
high-strain torsion experiments. With these lower strength samples, deformation experiments could be con-
ducted over a wider range of strain rates than possible with samples of Fo90, as demonstrated in previous
torsion experiments on aggregates of Fo50 (e.g., Hansen et al., 2012a, 2012b; Tasaka et al., 2016). Since the
effect of iron on the rheological properties of olivine has been determined for both hydrous and anhydrous
environments (Tasaka et al., 2015; Zhao et al., 2009), the rheological behavior and texture development of
Fo50 can be scaled to that of Fo90, appropriate for Earth’s upper mantle.

We fabricated samples of Fe-rich olivine + orthopyroxene from mixtures of powders of synthetic fayalite and
ferrosilite combined with powders of natural San Carlos olivine. To prepare the fayalite (Fe2SiO4) + ferrosilite
(Fe2Si2O6) powders, powders of SiO2 and Fe2O3 were thoroughly mixed using an agate mortar and pestle and
subsequently calcinated at 1100°C in a one-atmosphere furnace with a 1:1 mixture of CO:CO2 for 80 h. The
calcined powders were ground again and mixed with powders of San Carlos olivine, (Mg0.9Fe0.1)2SiO4, to
make Fe-rich olivine (Mg0.5Fe0.5)2SiO4 and Fe-rich pyroxene, (Mg1.1Fe0.9)Si2O6, with a pyroxene volume frac-
tion, fpx, of 0.26. These powders were calcinated at 1280°C with a 1.5:1 mixture of CO:CO2 for 80 h.

To fabricate dense samples, the olivine + pyroxene powders were uniaxially cold-pressed into a Ni can with
approximate dimensions of 12mm inner diameter and 30mmheight at a temperature of T = 20°C and a pres-
sure of P = 100 MPa. Subsequently, this assembly was isostatically hot pressed in a gas-medium apparatus at
T = 1200°C and P = 300 MPa for 8 h. The hot-pressed samples were cored with a diamond drill to obtain
thin-walled, cylindrical samples for subsequent torsion experiments with a solid Ni cylinder inserted into
the center, as sketched in Figure 1a. Representative sample sizes were 12 mm outer diameter, 6.5 mm inner
diameter, and 4 mm height. Thin-walled, cylindrical samples minimize radial variations in stress and micro-
structure associated with torsional deformation (Hansen et al., 2012a, 2012b; Paterson & Olgaard, 2000).

2.2. Deformation Experiments

To form a sample assembly, a sample was placed between porous-alumina discs that contacted alumina and
zirconia pistons. This assembly was inserted into a thin-walled Fe jacket and then loaded into our gas-
medium torsion apparatus (Paterson, 1990). Torsion experiments were performed at T = 1200°C and
P = 300 MPa. To allow the temperature and the temperature distribution to stabilize, torsion experiments
were not initiated until ~30 min after reaching T and P.
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Figure 1. (a) Schematic diagram of sample assembly for torsion experiments. A cylinder of Ni was inserted into a hollow-
cylinder composed of olivine and orthopyroxene (ol + px). This sample assembly was inserted into a Ni capsule.
(b) Schematic drawing of deformation routine for constant twist-rate torsion experiments that included a few strain
rate steps.
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Samples were torsionally sheared at a constant twist rate until a nearly steady state value of flow stress was
achieved, as illustrated in Figure 1b. The twist rate was then stepped, both increased and decreased, to obtain
the dependence of strain rate, _ε, on stress, σ, that is, the value of the stress exponent, n, in a power-law flow law
of the form _ε ∝ σn . The twist rate at each step was held constant until the torque reached an approximately
constant value; this process required a shear strain of 0.05 to 0.2. Short twist-rate stepping tests minimized
changes in the grain size and crystallographic preferred orientation (CPO) established prior to the stepping tests.
For samples PT-1006 and PI-1012, once an approximately constant flow stress was reached, the twist rate was
stepped at intervals of γ ≈ 3, in order to follow the evolution of the stress exponent with increasing shear strain.

The shear stress was determined from the recorded values of torque based on the appropriate expression
for a thin-walled cylinder (Paterson & Olgaard, 2000). The equivalent stress and strain rate were calculated

from the shear stress, τ, and the shear strain rate, _γ , using the relations σ ¼ τ
ffiffiffi
3

p
and _ε ¼ _γ=

ffiffiffi
3

p
. From

the measured torque, the torque on the sample was obtained by subtracting the torque supported by
the iron jacket, nickel capsule, and solid-Ni cylinder, using reported flow laws for Fe and Ni (Frost &
Ashby, 1982, p. 21). The resulting values of equivalent stress correspond well with values determined in
our lab for compression experiments, as previously demonstrated by Hansen et al. (2012b). The torsion
experiments were conducted at equivalent strain rates of 2.6 × 10�5 to 6.8 × 10�4 s�1, resulting in equiva-
lent stresses of 35 to 225 MPa. Mechanical noise due to off-axis loading of the sample column introduced an
approximately 2π-sinusoidal component that was subtracted from the measured torque.

2.3. Microstructural Analysis

To analyze the deformation-produced microstructures, sections of both the undeformed (starting) and the
deformed (final) samples were polished with diamond lapping film with grit sizes from 30 to 0.5 μm. For
the deformed samples, two sections parallel to the torsion axis were prepared, the axial section, which is per-
pendicular to the shear plane, and tangential section, which is approximately parallel to the shear direction
and perpendicular to the shear plane. The polished surfaces were thermally etched at 1150°C for 0.5 h in a
1.5:1 mixture of CO:CO2 to expose grain and phase boundaries. Minimal microstructural changes occurred
during thermal etching, as confirmed by comparing the grain sizes determined from electron backscattered
diffraction (EBSD) analyses before and after etching.

These sections were observed with a scanning electron microscope (SEM) outfitted with a field-emission gun
(JEOL 6500F). Outlines of grains for each mineral were traced on secondary electron images (SEIs). The

equivalent area diameter of olivine and pyroxene were calculated as dEA =2
ffiffiffiffiffiffiffi
S=π

p
, the diameter of an equiva-

lent area circle with S equal to the grain area. We used the average value (arithmetic mean) for the grain sizes
of the olivine and the pyroxene grains, dol and dpx, with a scaling factor 4/π (Underwood, 1970, p. 80–107).
The average grain size of the sample, davg, was also calculated from the average value for all analyzed grains,
both olivine and pyroxene, with a scaling factor 4/π. Values of grain size and equivalent area diameter are
summarized in Tables S1 and S2. It should be noted that differences in the methods of grain-size measure-
ment among studies may introduce a systematic bias that affects the determined flow-law parameters.
The study of Hansen et al. (2012b) used the line-intercept method on EBSD maps to determine grain size,
while we used the grain-areamethod on SEM images. As demonstrated in Figure S1 and discussed in the sup-
porting information, grain sizes determine by the line intercept method from EBSD maps are a factor of 1.07
larger than those obtained by the equivalent area methods from SEM images, using factors of 1.5 and 4/pi,
respectively, to convert line intercept lengths and equivalent area diameters to grain size.

3. Results
3.1. Microstructual Results

Images and sketches of axial sections of samples deformed at an outer radius strain rate of 2 × 10�4 s�1 are
presented in Figures 2a and 2b, respectively. The samples deformed to strains of γ ≤ 4.2 remained straight,
whereas samples deformed to strains of γ ≥ 17.3 torsionally buckled.

The SEI micrographs in Figure 3 from an undeformed sample and from tangential sections of two deformed
samples illustrate the evolution of the microstructure with increasing strain. In undeformed samples, the oli-
vine and pyroxene grains are homogenously distributed (Figure 3a). In samples deformed to strains of γ ≲ 4,
elongated olivine and pyroxene grains and aggregates of recrystallized grains are arranged in layers that are

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014333

TASAKA ET AL. RHEOLOGICAL WEAKENING PHASE MIXING 7586



oriented at low angles relative to the shear plane (Figure 3b). In contrast, in samples deformed to strains of
γ ≈ 26, olivine and pyroxene grains are small, thoroughly mixed, and equant (Figure 3c). Detailed
microstructural analyses including grain size, CPO, and grain boundary length are described in our
companion paper (Tasaka et al., 2017).

PT-994 (  = 1.9)

PT-984 (  = 4.2)

PT-990 (  = 17.3)

PT-1006 (  = 26.2)

PT-1024 (  = 10.9)

(a) (b)

Figure 2. (a) Photographs of axial sections of thin-walled cylindrical samples. The axial section is normal to the shear direction
and perpendicular to the shear plane. Gray areas are Ni, and green areas are the polycrystalline sample composed of olivine
and pyroxene. (b) Sketches of axial sections of thin-walled samples based on photographs in Figure 2a. Black areas are Ni, and
white areas are the sample. Typical sample dimensions were 12 mm outer diameter, 6.5 mm inner diameter, and 4 mm height.

deformed samples

10 m

(c) PT-1006 (  = 26.2)
undeformed sample

10 m

(b) PT-994 (  = 1.9)(a) PT-983

orthopyroxeneolivine

10 m

Figure 3. SEI micrographs from tangential sections of (a) an undeformed sample (PT-983), (b) a sample deformed to γ = 1.9
(PT-994), and (c) a sample deformed to γ = 26.2 (PT-1006). Deformation was top to the right. The light graymineral is olivine,
and the dark gray mineral is orthopyroxene.
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As demonstrated in Figure 4a, the average grain size decreases as strain
increases. In samples deformed to relatively low strains of γ ≲ 4, the
grain size rapidly decreases with increasing strain from davg = 7.7 to
1.7 μm. In samples deformed to γ ≳ 11, the grain size is nearly constant
at davg = 1.9 ± 0.3 μm. At the same strain, the grain sizes of samples
deformed at higher strain rates and thus higher stresses are smaller
than the grain sizes of samples deformed at lower strain rates and thus
lower stresses. For example, at γ ≈ 2, davg = 3.0 and 4.1 in samples
deformed at _ε = 2.1 × 10�4 s�1 (PT-994) and _ε = 3.2 × 10�5 s�1 (PT-
996), respectively.

The plot of area fraction versus grain size in Figure 4b demonstrates that
the area of the larger grains decreases with increasing strain. For
example, the fraction of the area of grains larger than 3 μm is 0.72 at
γ ≈ 4 (PT-984), whereas it is 0.48 at γ ≈ 26 (PT-1006).

3.2. Mechanical Results

The plots of shear stress versus shear strain in Figure 5 reveal that all
eight samples exhibit similar mechanical behavior. First, stress
increases with increasing strain, reaching a peak stress at γ ≈ 0.2.
Next, stress decreases by ~25% as strain increases, reaching a nearly
steady state value of flow stress, σf, at γ ≈ 1 to 3. As strain increases
from 5 to 26, the flow stress gradually decreases. For example, for
sample PT-1006, σf = 100 MPa at γ ≈ 5 and σf = 75 MPa at γ ≈ 26,

corresponding to 25% weakening at a fixed strain rate. Some of the 2π noise still remains in the
mechanical data of PT-1012 and PT-1024 in Figure 5 (also see section 2.2). The mechanical data are
summarized in Tables S1 and S2.

Based on theoretical analyses and experimental observations, high-temperature deformation of polycrys-
talline materials at fixed T and P is well fit by a flow law of the form (e.g., Sections 3, 4, and 7 in
Poirier, 1985)

_ε ¼ Aσn=dpavg; (1)

where A is a material-dependent parameter and p is the grain-size exponent. In this study, values for
n and p were determined at different strains using our _ε � σ � davg data. (i) From the plot of
equivalent strain rate versus equivalent peak stress in Figure 6, a linear least squares fit yields values
of A = 10–12.8±1.6 MPa-n s�1 and n = 4.0 ± 0.7 assuming davg is the same as that in the undeformed
samples. (ii) For samples deformed to shear strains of γ ≤ 3, a linear least squares fit of the mechan-
ical data presented in Figures 7a and 7b to equation (1) yields values of A = 10–9.7±2.1 MPa-n μmp s�1,
n = 3.0 ± 0.9, and p = 1.1 ± 0.5. Here grain sizes were measured on the deformed samples. (iii) In
samples deformed to higher strains of γ ≥ 24, least squares fits of the data plotted in Figures 7c and
7d yield A = 10–5.9±0.5 MPa-n μmp s�1, n = 1.8 ± 0.3, and p = 3.3 ± 0.7. To summarize, n decreases
and p increases with increasing strain. The flow laws determined by Hansen et al. (2012b) for peak
and flow stresses for Fo50 aggregates with fpx = 0 are included in Figures 6 and 7 for comparison
with our data.

As illustrated in Figure 8, the value of n determined from twist-rate stepping tests using equation (1)
decreases with increasing strain. The value of n decreases from n ≈ 4 at γ ≈ 0.2 to n ≈ 3 at 2 ≲ γ ≲ 7 to
n ≈ 2 at γ ≈ 25. The value of n = 4.1 determined by Hansen et al. (2012b) from both peak and flow stress data
for aggregates of Fo50 is included in Figure 8 for comparison with our data.

The plot of olivine grain size versus equivalent stress in Figure 9 reveals that grain size decreases with
increasing stress in samples deformed to strains of γ ≲ 4. In contrast, the grain sizes of samples
deformed to strains of γ ≳ 11 are nearly constant at 1.8 to 2.9 μm. The stress-grain size relationship
in Hansen et al. (2012b) for Fo50 aggregates with fpx = 0 is included in Figure 9 for comparison.
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Figure 4. (a) Average grain size versus shear strain for undeformed and
deformed samples. The average grain size of the sample, davg, was calcu-
lated from the average value for the all analyzed grains, both olivine and
pyroxene. (b) Area fraction versus grain size for undeformed and deformed
samples. The distribution was made from the all analyzed grains, both olivine
and pyroxene. Gray line indicates a grain size of 3 μm.
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4. Discussion
4.1. Comparison With Results From Previous Deformation Studies

From torsion experiments on pyroxene-free aggregates of Fo50 employing the same experimental setup
as used in this study, Hansen et al. (2012b) determined flow law parameters of n = 4.1 ± 0.1 and
p = 0.7 ± 0.1 for shear strains of γ ≤ 19. Based on theoretical models (Langdon, 1994, 2006) combined
with analyses of results from previous deformation experiments (Hansen et al., 2011; Wang et al., 2010)
and the associated microstructures, these authors concluded that deformation occurred in their
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Figure 5. Shear stress versus shear strain from torsion experiments following the experimental routine described in
Figure 1b. All samples exhibited similar mechanical behavior. A peak stress was reached at shear strain of ~0.2; the
stress then decreased with increasing strain to an approximately steady state value at a shear strain of ~1 to 3. For
comparison, mechanical data from Hansen et al. (2012b) for two single-phase (fpx = 0) samples of Fo50 deformed at
similar strain rates are included in red. Once an approximately constant stress was achieved, the twist rate was stepped
(increased and decreased) to determine the dependence of strain rate on stress, that is, the value of the stress exponent n.
As strain increased from 10 to 26, the flow stress gradually decreased for samples PT-990, PT-1006, and PT-1012.
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samples by dislocation-accommodated grain-boundary sliding
(disGBS) with subgrain boundaries present within the grains.

As observed in Figure 5, at low strains, γ ≲ 3, the mechanical data
from Hansen et al. (2012b) for samples with fpx = 0 are very similar
to the results from our samples with fpx = 0.26. In both cases, the
stress increased with increasing strain, attaining a maximum value
at γ ≈ 0.2. Subsequently, the stress gradually decreased with
increasing strain toward a roughly constant flow stress at γ = 1 to 3
(e.g., PT-996 and PT-633 in Figure 5).

To compare stress-strain rate relationships for pyroxene-added
samples with those for pyroxene-free samples, the flow laws deter-
mined by Hansen et al. (2012b) are plotted in Figure 6 with our
results. At the peak stress for a given strain rate, the value deter-
mined for n for samples with fpx = 0.26 agrees within error with
the value obtained for n for samples with fpx = 0. The stress
observed for our samples with fpx = 0.26 at a given strain rate is fac-
tor of 4.4 larger than that determined for samples with fpx = 0. This
result is consistent with that reported for aggregates of iron-free
olivine (forsterite) plus pyroxene in Tasaka et al. (2013), who
demonstrated that samples with fpx = 0.26 are a factor of ~3
stronger than those with fpx = 0 for a fixed grain size due to the
difference in strength between olivine and pyroxene.
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Figure 6. Equivalent strain rate versus equivalent peak stress. The solid line is the
flow law for our samples. The dashed line (Ha12b) is the flow law obtained from
the peak stress data for samples with fpx = 0 by Hansen et al. (2012b). The symbols
are the same as in Figure 4.
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Figure 7. (a) Equivalent strain rate versus equivalent flow stress for samples deformed to shear strains in the range
1.3 ≤ γ ≤ 3.0. (b) Equivalent strain rate versus grain size for samples deformed to shear strains in the range 1.3 ≤ γ ≤ 3.0.
(c) Equivalent strain rate versus equivalent flow stress for samples deformed to shear strains in the range 23.6 ≤ γ ≤ 25.1.
(d) Equivalent strain rate versus grain size for samples deformed to shear strains in the range 23.6 ≤ γ ≤ 25.1. Solid lines
are best fits to our data. Dashed lines (Ha12b) are the flow law for steady state creep of samples with fpx = 0 from Hansen
et al. (2012b). The symbols are the same as in Figure 4.
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However, once a roughly steady state flow stress is reached at an
intermediate strain of γ > 5, the mechanical behavior for our sam-
ples with fpx = 0.26 deviates from that of the samples of Hansen
et al. (2012b) with fpx = 0. For example, the flow stress is indepen-
dent of shear strain for their samples with fpx = 0 during constant
twist rate experiments to shear strains of γ = 14.2 (Figure 7 in
Hansen et al., 2012b), whereas the stress gradually decreases with
increasing strain from γ = 5 to 26 in our experiments on samples
with fpx = 0.26 (e.g., PT-1006 in Figure 5). Furthermore, the value
of n is smaller and the value of p is larger for samples with fpx = 0.26
than for samples with fpx = 0 (Figures 7 and 8). These differences
indicate that deformation occurs by a different mechanism for sam-
ples with fpx = 0.26 than for samples with fpx = 0.

4.2. Dependence of Stress Exponent on Strain

For our samples with fpx = 0.26, the value of n decreases with
increasing strain as demonstrated in Figure 8. In contrast, for sam-
ples with fpx = 0, the value of n = 4.1 did not change for γ ≤ 19
(Hansen et al., 2012b). Therefore, the change in deformation
mechanism with increasing strain observed in our samples must
be associated with the presence of pyroxene.

The values of n in Figure 8 determined from twist-rate stepping tests agree within error with values derived
frommeasurements of flow stress for several samples with different grain sizes (Figures 7a and 7c). The good
agreement between the values of n determined from these two different approaches indicates that the
decrease in n with increasing strain recorded in Figure 8 robustly represents our deformation experiments.

With increasing strain, the mechanical behavior, including the strain weakening (Figure 5) and the decrease
in nwith increasing strain (Figures 5–8), is associated with microstructural changes, specifically with grain size
reduction because of dynamic recrystallization and phase mixing of small grains of olivine and pyroxene
(Figures 3 and 4 and companion paper). Therefore, we conclude that the deformation mechanism also
changes with increasing strain.

4.3. Deformation Mechanism

Previous theoretical studies yield n = 1 and p = 2 or 3 for diffusion
creep (Coble, 1963; Herring, 1950; Nabarro, 1948), n = 3 and p = 0
for dislocation creep (Poirier, 1985, pp. 103–109; Weertman, 1999),
n = 3 and p = 1 for disGBS creep of samples with subgrain bound-
aries, and n = 2 and p = 2 for disGBS creep of samples without sub-
grain boundaries (Langdon, 1994, 2006).

Previous experimental studies on aggregates of Fo90 olivine
reported values of n = 1 and p = 3 for diffusion creep (Hirth &
Kohlstedt, 1995), n = 3.5 to 4.5 and p = 0 for dislocation creep
(Chopra & Paterson, 1981, 1984; Keefner et al., 2011), and n = 2.9
to 3.4 and p = 0.7 to 2.0 for disGBS creep of samples containing sub-
grain boundaries (Hansen et al., 2011; Wang et al., 2010) based
results from triaxial compression experiments.

Here we analyze our results on Fe-rich aggregates of olivine plus
pyroxene in the context of the Langdon (2006) model for disGBS
in which he identifies two regimes, one in which the subgrain size
is smaller than the grain size (i.e., subgrains form within the
grains) and the other in which the subgrain size is larger than
the grain size (i.e., subgrains do not develop within the grains).
In the case of disGBS with subgrains, dislocation climb into
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subgrain boundaries limits the strain rate and yields flow law parameters of n = 3 and p = 1. In the case of
disGBS without subgrains, dislocation climb in grain boundaries governs the strain rate and yields flow law
parameters of n = 2 and p = 2.

A disGBS regime was also observed in deformation experiments on aggregates of iron-rich and iron-free
olivine. Hansen et al. (2012b) determined values of n = 4.1 and p = 0.7 for aggregates of iron-rich olivine
(Fo50) with dol ≈ 20 μm deformed in torsion experiments; subgrain boundaries were common in their
samples. These values for n and p are in relatively good agreements with those proposed by Langdon
(1994) of n = 3 and p = 1 for deformation by disGBS in samples with subgrains. For finer-grained samples
(davg ≈ 1 μm), Hiraga, Miyazaki, et al. (2010) determined values of n = 2.5 and p = 1.5 for samples of iron-
free forsterite + periclase and n = 1.5 and p = 1.5 for aggregates of iron-free forsterite + diopside + enstatite
deformed in tension. These authors observed a very small density of subgrain boundaries even in samples
deformed to an elongation strain of ~400% (supporting information Figure S4 in Hiraga, Miyazaki, et al.,
2010). These values of n and p are similar to those of n = 2 and p = 2 predicted for disGBS in samples
without subgrains by Langdon (1994).

Based on the presence of subgrain boundaries and the values of n = 3.0 ± 0.9 and p = 1.1 ± 0.5 determined
from our experiments at relatively low strains of γ ≤ 3 (Figures 7a and 7b), we conclude that these samples
deformed by disGBS creep with subgrain boundaries. For our samples deformed to relatively large strains
of γ ≥ 24 (Figures 7c and 7d), the values of n = 1.8 ± 0.3 and p = 3.3 ± 0.7 suggest that deformation occurred
by disGBS creep without subgrain boundaries. The microstructural changes that occur with increasing strain
are intimately linked to the observed changes in the rate controlling deformation mechanism (see our com-
panion paper for more details).

In the study of the deformation of fine-grained aggregates of Balsam Gap dunite (~98% olivine) plus
Bamble enstatite, Sundberg and Cooper (2008) concluded that their samples deformed by interface-
reaction-controlled diffusion creep with flow law parameters of n = 2 and p = 1. These authors emphasized
the importance of solute (e.g., Ca2+, Cr3+, and Al3+) drag on phase boundaries normal to the least compres-
sive stress as the rate-limiting process. At least four observations suggest that this model is unlikely to apply
to deformation of our olivine-pyroxene samples. First, except for Al3+, the solutes introduced by the olivine
and enstatite are absent in our samples in which the pyroxene was synthesized from a mixture of San Carlos
olivine, Fe2O3, and SiO2 powders (Table S1 in Tasaka et al., 2017). Second, the flow law parameters deter-
mined from our deformation results (n = 2, p = 2, and n = 3, p = 1) differ from those obtained in the
Sundberg and Cooper (2008) experiments. Third, while our samples with 26% pyroxene were stronger than
olivine, the two-phase samples in the Sundberg-Cooper experiments were weaker than olivine. Fourth, the
CPO of the olivine grains in our study exhibits [100] axes aligned in the slip direction (Tasaka et al., 2017),
while the CPO of olivine grains in Sundberg and Cooper (2008) study reveals [001] axes aligned in the slip
direction. It is also important to point out that in the triaxial creep experiments, Sundberg and Cooper (2008)
deformed their two-phase samples at stresses of <10 MPa; in contrast, almost all of our experiments were
carried out at stress >100 MPa. Thus, we conclude that indeed, our samples deformed by disGBS rather
than interface-reaction-controlled diffusion creep.

4.4. Microstructural Changes With Increasing Strain

Changes in deformation mechanism are generally associated with changes in microstructure. Based on the
flow law, equation (1), as determined in Figure 7 with the flow law parameters reported in Table S3, the grain
size for the mechanism boundary between disGBS with subgrain boundaries and disGBS without subgrain
boundaries is davg = 3 μm at stress of 100 MPa. In this study, due to the addition of pyroxene, grain-size
decreases with increasing strain for samples deformed to low strains of γ ≲ 4 (Figure 4a). Although the aver-
age grain size is nearly independent of strain for samples deformed to shear strains of γ ≳ 5 (Figure 4a), the
area of larger grains decreases with increasing strain (Figure 4b). Most (72%) of the area is occupied by grains
>3 μm in samples deformed to strains of γ ≈ 4 (PT-984), whereas only half (48%) of the area is composed of
grains >3 μm, in samples deformed to strains of γ ≈ 26 (PT-1006). Thus, the difference in grain size between
samples deformed to lower strains and those deformed to higher strains is consistent with a transition from
disGBS with subgrain boundaries at lower strains and larger grain sizes to disGBS without subgrain bound-
aries at higher strains and smaller grain sizes.
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Pyroxene grains inhibit the growth of olivine grains by pinning grain boundaries, that is, Zener pinning occurs
(Evans et al., 2001; Hiraga, Tachibana, et al., 2010; Smith, 1948; Tasaka & Hiraga, 2013). This point is clearly illu-
strated in Figure 9 in which the size of olivine grains as a function of equivalent stress from our experiments is
compared to that determined for pyroxene-free samples from Hansen et al. (2012b). At a given stress, the
grain size of our samples sheared to strains of γ ≲ 4 is nearly a factor of 10 smaller than predicted by the piezo-
meter for pyroxene-free samples. For samples sheared to γ ≳ 11, further mixing of olivine and pyroxene
increases the pinning effect such that the difference between the piezometer and our grain sizes is even lar-
ger. This large reduction in grain size to values below those predicted by the piezometer for pyroxene-free
samples results in the transition from disGBS with to disGBS without subgrains.

4.5. Strain Weakening in Monophase Aggregates and Polyphase Aggregates

The mechanical data demonstrate that two different strain-weakening processes occur in our study
(Figure 5). (i) First, a rapid weakening occurs starting at the peak stress and decreasing to the flow stress
as strain increases from γ ≈ 0.2 to 3, and (ii) second, a gradual decrease in the flow stress occurs as strain
increases from γ ≈ 5 to 26 with the deformation mechanism changing from disGBS with subgrain bound-
aries to disGBS without subgrain boundaries creep. The first weakening process takes place both in sam-
ples with fpx = 0 and in samples with fpx = 0.26. The second weakening process only takes place in
samples with fpx = 0.26. Therefore, the strain weakening observed in samples deformed from γ ≈ 5 to
26 is associated with grain size reduction that takes place with the addition of pyroxene. In contrast,
the weakening of samples deformed from γ ≈ 0.2 to 3 is associated with a combination of reduction in
grain size caused by dynamic recrystallization and geometrical softening (i.e., anisotropic viscosity) asso-
ciated with development of crystallographic fabric during dislocation-accommodated creep as demon-
strated in Hansen et al. (2012b) and Tasaka et al. (2016).

Samples deformed to high strain (γ ≳ 17) torsionally buckle, as observed in axial sections (Figure 2). Barnhoom
et al. (2005) observed similar behavior in calcite + anhydrite aggregates deformed in high-strain torsion
experiments. In their experiments on monophase aggregates of calcite and polyphase aggregates of cal-
cite + anhydrite deformed to very large strain (γ = 50), torsional buckling only occurred in the polyphase sam-
ples. This observation is consistent with the strain weakening observed in our samples with fpx = 0.26
(Figures 2 and 5) and the absence of buckling in samples with fpx = 0 deformed at constant twist rate
(Hansen et al., 2012a, 2012b).

4.6. Effect of Pyroxene on Sample Strength

The stress determined for our samples with fpx = 0.26 at a given strain rate and grain size is slightly larger than
that determined for samples with fpx = 0, as described in section 4.1 and Figure 6. Since pyroxene is some-
what stronger than olivine at our experimental conditions (see section 4.1), this behavior indicates that the
direct effect of pyroxene on sample strength is not pronounced.

In our samples with fpx = 0.26, grain size decreased with increasing strain (Figure 4a) due to phase mixing and
Zener pinning, which resulted in strain weakening (Figures 5–7). In contrast, for samples with fpx = 0, the
applied stress determines the grain size (i.e., piezometric relationship between grain size and stress).
Therefore, we conclude that pyroxene decreases the strength of our samples as strain increases due to inhi-
bition of growth and thus the small size of olivine grains.

4.7. Geological Implications

Based on the flow law parameters obtained from the fits to the data in Figure 7 and summarized in Table S3,
we constructed a deformation-mechanism map in Figure 10a. The stress and grain size data determined in
the final portion of each experiment are plotted in this figure. As discussed above, the average grain size
decreases (Figure 4a, Tables S1, and S2) and the contribution of disGBS without subgrain boundaries
increases with increasing strain; subsequently, rheological weakening occurs (Figures 5–8), consistent with
the deformation mechanism map (gray arrow in Figure 10a). The steady state olivine grain size determined
from the grain-size piezometer in Hansen et al. (2012b) is entirely in the disGBS with subgrain boundaries
regime, as shown in Figure 10a.

We have also constructed a deformation-mechanism map (Figure 10b) at the pressure-temperature (P–T)
conditions relevant to a lithospheric shear zones using flow laws previously determined for olivine
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aggregates of Fo90 composition deformed by diffusion, disGBS with subgrain boundaries, and dislocation
creep, as well as low-temperature plasticity (Hansen et al., 2011; Hirth & Kohlstedt, 2003; Mei et al.,
2010). Similar to the iron-rich olivine-pyroxene system in Figure 10a, the steady state olivine grain size
determined from the grain size piezometer in previous studies is located in the regime in which creep
occurs by disGBS with subgrain boundaries.

For similar P–T conditions in Figure 10b, based on microstructural analysis of naturally deformed harzburgite
ultramylonites, Linckens et al. (2011) and Tasaka et al. (2014) concluded that strain weakening occurred in the
central region of the shear zone. This zone consists of thoroughly mixed, fine-grained (~10 μm) olivine-
pyroxene aggregates with a very weak olivine CPO. Microstructural observations in Boullier and Gueguen
(1975) and Behrmann and Mainprice (1987) suggest that for the untramylonite located in the central portion
of the shear zone, significant strain weakening and strain localization occurred. The deformation mechanism
that they inferred and the microstructures that they observed in the naturally deformed rocks are consistent
with our results for samples that were deformed to high strain. Therefore, the rheological evolution observed
in our experimental study provides a good analog for understanding rheological weakening in natural
shear zones.

Previous experimental studies suggested that phase mixing occurs due to dynamic recrystallization and/or
grain-boundary sliding during deformation by a dislocation-accommodated deformation process (Farla
et al., 2013; Linckens et al., 2014). However, if the grain size piezometer is located in the disGBS regime
characterized by n = 3 and p = 1, the recrystallized grain size is too large for a significant contribution to
the deformation by disGBS without subgrains or by diffusion creep. Furthermore, it is difficult to make a large
volume of thoroughly mixed, fine-grained material by grain switching as suggested in Linckens et al. (2014).
In contrast, the grain size reduction due to the addition of pyroxene provides a mechanism for forming a
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Figure 10. Deformation mechanism maps drawn as differential stress versus grain size. (a) This map for the iron-rich olivine (Fo50) plus pyroxene (En55) system
was constructed for T = 1200°C, P = 300 MPa based on the flow laws determined from Figure 7 with flow law parameters summarized in Table S3 using the
relation _ε ¼ _εdisGBS w= subGB þ _εdisGBS w=o subGB. Red symbols are values of stress from the last portion of deformation experiments using the grain sizes of the
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fpx = 0. The blue solid line is the deformation mechanism boundary between disGBS with subgrain boundaries and disGBS without subgrain boundaries. The
black thin solid lines are contours of constant strain rate. (b) This map for Fo90 olivine was determined for T = 700°C, P = 300 MPa, approximating the P–T
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solid blue line is the deformation mechanism boundary between disGBS with subgrain boundaries and diffusion creep.
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thoroughly mixed polycrystalline aggregate (see our companion paper) that is capable of maintaining a fine-
enough grain size to allow deformation to continue in the disGBS without subgrains or in the diffusion creep
regime with strain weakening in fine-grained regions, as discussed in sections 4.4 and 4.5.

In a recent study of the deformation of samples composed of fine-grained olivine and clinopyroxene plus a
hydrous fluid, Precigout and Stunitz (2016) observed grain size reduction and sample weakening that they
attributed to fluid-associated nucleation. These authors argued that cavitation occurred due to grain bound-
ary sliding, a process referred to as cavitation creep, which likely occurs because of the low effective pressure
in their fluid-bearing samples. Cavitation did not occur in our fluid-free samples based on detailed
microstructural analyses. Indeed, cavitation is unlikely to occur under our experimental conditions in which
the confining pressure is always greater than the differential stress, as articulated by Goetze’s criterion
(Kohlstedt et al., 1995). Therefore, our results demonstrate that phase mixing and material weakening occurs
without fluid-assisted cavitation and nucleation.

Based on the deformation mechanismmap in Figure 10b, assuming weakening due to dynamic recrystalliza-
tion without Zener pinning to limit grain growth, an ultramylonite with a grain size of 10 μm or smaller would
have to deform at stresses of 300 MPa or greater yielding a strain rate of ~10�10 s�1 or faster. In contrast, if
our proposed weakening mechanism operates in Earth, then an ultramylonite with a grain size of 10 μm or
smaller deformed at stresses of 10 MPa or less would yield a strain rate of 10�12 to 10�13 s�1. These estimated
stress and strain rates are reasonable for conditions in the upper mantle of Earth (Warren & Hirth, 2006).
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