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Abstract Since hydrogen plays an important role in dynamic processes in Earth’s mantle, we conducted
torsion experiments to shear strains of 0.6 to 5.0 on Fe-bearing olivine aggregates [(Mg0.5Fe0.5)2SiO4: Fo50]
under hydrous conditions at T=1200°C and P=300MPa. We deformed samples to high enough strains that a
steady state microstructures were achieved, which allowed us to investigate the evolution of both the rheological
and microstructural properties. The stress exponent of n≈5.0 and the grain size exponent of p≈0 determined by
fitting the strain rate, stress, and grain size data indicate that our samples deformed by dislocation creep. Fourier
transform infrared spectroscopy measurements on embedded olivine single crystals demonstrated that our
samples were saturated with hydrogen during the deformation experiments. The lattice preferred orientation
(LPO) of olivine changes as a function of strain due to competition among three slip systems: (010)[100], (100)
[001], and (001)[100]. Observed strain weakening can be attributed to geometrical softening associated with
development of LPO, which reduces the stress by ~1/3 from its peak value in constant strain rate experiments. The
geometrical softening coefficient determined in this study is an important constraint for modeling and
understanding dynamical processes in the upper mantle under hydrous conditions.

1. Introduction

Since olivine is the most abundant mineral in the upper mantle, knowledge of its rheological properties is impor-
tant for understanding the viscosity of the asthenosphere. A number of previous experimental studies have
demonstrated a significant influence of hydrogen on the physical properties of olivine. Even a few tens of parts
per million of hydrogen in olivine enhances creep rate by several orders of magnitude [Chopra and Paterson,
1981, 1984; Karato et al., 1986;Hirth and Kohlstedt, 1996;Mei and Kohlstedt, 2000a, 2000b]. Further, microstructural
features and the related parameters such as grain growth velocity and lattice preferred orientation of olivine are
influenced by the presence of hydrogen [Karato, 1989; Jung et al., 2006].

To determine the rheological properties of olivine under hydrous conditions, deformation experiments on
polycrystalline olivine have been conducted using tri-axial compressive creep experiments [Chopra and
Paterson, 1981, 1984; Karato et al., 1986; Mei and Kohlstedt, 2000a, 2000b]. However, the total amount of axial
strain is limited to ≲0.2 in compression experiments due to inhomogeneous deformation associated with
barreling of the sample. Because steady state microstructures require a shear strain of γ> 1 to develop fully
[Bystricky et al., 2000; Hansen et al., 2014], the rheological properties of olivine aggregates with steady state
microstructures cannot be fully explored in tri-axial compressive creep experiments.

Deformation in the torsion geometry allows investigation of rheological properties of olivine aggregates with
steady state microstructures, including not only dislocation density but also grain size and lattice preferred
orientation (LPO). Torsional shear experiments on olivine aggregates under anhydrous conditions have been
carried out to shear strains approaching γ≈ 20 to investigate rheological and microstructural properties as
they evolve to a steady state [Bystricky et al., 2000; Hansen et al., 2012a, 2012b, 2012c, 2014]. Unfortunately,
in the previous torsion experiments on olivine aggregates under hydrous conditions by Demouchy et al.
[2012], “partial dehydration” of the samples left the hydrogen content uncertain. Hence, at present, no
experimental data exist to quantify the steady state rheological and microstructural properties of olivine
aggregates under well-defined hydrous conditions.

We conducted, therefore, high-strain torsion experiments on Fe-bearing olivine aggregates of composition
(Mg0.5Fe0.5)2SiO4 (Fo50) under hydrous conditions in a high-resolution, gas-medium torsion apparatus.
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Based on the mechanical results and analysis of the deformed microstructure, the evolution of the rheologi-
cal and microstructural properties is discussed. In addition, we quantified the amount of geometrical soften-
ing that occurs due to development of crystallographic fabric, an important step toward understanding the
evolution of rheological properties under upper mantle conditions.

2. Methods
2.1. Sample Preparation

Iron-rich olivine, Fo50, was used for high-strain torsion experiments because of its enhanced grain growth
kinetics and low strength relative to naturally occurring mantle olivine, (Mg0.9Fe0.1)2SiO4 (Fo90), at our experi-
mental conditions. Enhanced grain growth kinetics facilitates fabrication of starting samples with grain sizes
larger than those that will be produced in subsequent deformation experiments by dynamic recrystallization.
Low strength materials are advantageous for torsion experiments, since the maximum stress (and thus strain
rate) is limited by frictional coupling between samples and pistons. For application to Earth’s upper mantle,
the mechanical and microstructural behavior of Fo50 can be scaled to that of Fo90 under both anhydrous and
hydrous conditions [Zhao et al., 2009; Tasaka et al., 2015].

The Fo50 powders were uniaxially cold-pressed at P= 100MPa into a Ni can with an inner diameter of 12mm
and a height of 30mm. [For details of preparation techniques, see Zhao et al. [2009]; Hansen et al., 2012a,
2012b, 2012c.] To make a hydrated sample, 0.07mL of distilled water was added to the aggregates. An
oriented single crystal of San Carlos olivine (Fo90) was embedded in each cold-pressed Fo50 sample to permit
analysis of the intracrystalline hydrogen content before the deformation experiment. A Ni capsule was cho-
sen to fix the oxygen fugacity near the Ni-NiO buffer during both the hot-press and the deformation experi-
ment. The Fo50 powders were isostatically hot pressed in a gas-medium high-pressure apparatus at T=1200°C
and P=300MPa for 3 h. An exception was made for experiment PT-916, which was hot pressed for 10 h to
obtain a larger grain size. After each hot press, a ~1mm thick slice of polycrystalline sample with the embedded
single crystal was removed for analysis of the starting microstructure and hydrogen content. A very small
amount of pyroxene (~0.1 vol %) was detected in the sample, indicating that silica activity was buffered
by enstatite.

The centers of the hot-pressed cylinders were removed using a diamond coring drill to produce thin-walled
torsion samples. As illustrated in Figures 1a and 1b, a solid cylinder of talc wrapped with nickel foil (thickness
of 0.025mm) was then inserted into the cylindrical sample. Hydrogen from the dehydrated talc diffused
through the Ni foil and into the sample, thus maintaining water-saturated conditions for the duration of
the experiment. The Ni foil prevents reaction between the sample and dehydrating talc. Typical sample
dimensions were 12mm outer diameter, 6.5mm inner diameter, and 4mm height. We ground a small hole
(2 × 1mm with 0.5mm depth) in the thin-walled cylindrical sample to embed an oriented single crystal of
San Carlos olivine, which permitted analysis of the intracrystalline hydrogen content after deformation.
The thin-walled cylindrical sample geometry minimized radial variations in stress and microstructure within
a given sample during torsional deformation [Paterson and Olgaard, 2000; Hansen et al., 2012b].

2.2. Deformation Experiments and Sample Assembly

Samples were sandwiched between porous alumina discs, solid alumina discs and pistons, and zirconia pis-
tons. To ensure hydrogen saturation in the sample during the experiment, 0.05mL of distilled water was
added to each of the porous alumina discs. The volume of added distilled water at P=300MPa, T=1200°C
is roughly equal to the volume of porosity in the porous alumina and buffers the hydrogen fugacity during
the experiment. This assembly was then inserted into a 0.25mm thick Fe tube with hardened steel end pis-
tons and loaded into a gas-mediummechanical testing apparatus [Paterson, 1990] fitted with a torsion actua-
tor. Temperature was maintained to within ±2°C over the length of the sample. The confining pressure was
controlled at 300 ± 2MPa. Torque was measured inside the pressure vessel, whereas angular displacement
was measured outside the pressure vessel.

In our experiments at 1200°C under hydrous conditions with our current experimental design, the range of
shear stress that can be investigated is limited. The minimum steady state strain rate (and thus minimum
steady state stress) is set by the maximum time that water can be maintained in the sample assembly, which
is ~6 h. The maximum shear stress is determined by the need to keep frictional coupling between all of the
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components of the deformation column, which is ~150MPa for a confining pressure of 300MPa. Therefore,
the range of steady state grain size is also limited, since it is determined by the magnitude of the shear stress
[e.g., Twiss, 1977].

Three types of deformation tests were performed at P= 300MPa, T= 1200°C.

1. Most samples were deformed in torsion at a constant twist rate until a steady state torque was achieved.
Typically, the torque increased with increasing strain, reaching a maximum value (peak stress) at γ≈ 0.2;
the torque then gradually decreased with increasing strain, reaching a steady state value at γ≳ 1. Once
a steady state torque was achieved, the twist rate was stepped (increased and/or decreased), as illustrated
schematically in Figure 1c, in order to determine the dependence of strain rate on stress for a steady state
microstructure, specifically, for a constant (steady state) grain size and LPO.
Each twist-rate step was maintained until a constant torque was reached, typically after a shear strain of 0.05
to 0.2. Twist-rate steps were kept as short as possible to minimize changes in microstructure. At the end of
each step, the twist rate was returned to the initial twist rate to ensure that the microstructure remained
representative of that formed under the initial twist rate. At the end of experiment, the torsion actuator
was reversed to verify that the zero-load reading on the load cell had not changed. An exception was made
for sample PT-966 for which the applied twist rate was increased gradually from 0.12 to 0.48mrad s�1; this
procedure enabled us to keep the shear stress below 150MPa, the level at which slipping on the interfaces
between the sample and the Al2O3 pistons often initiates for a confining pressure of 300MPa. After γ=1, a
constant twist rate of 0.48mrad s�1 was applied until a steady state torque was achieved, and then the above
procedures were followed.

2. To analyze the influences of grain size evolution and LPO development on strain softening that occurred
during our torsion experiments, after reaching steady state, a single step in twist rate was performed
(Figure 1d). The first twist rate was applied for a shear strain of γ≈ 1 beyond the onset of a steady state
torque. At that point, a second twist rate was applied until a new steady state torque was achieved.

3. Alternating low-strain compression and torsion tests were also conducted to explore the softening process
(Figure 1e). First, axial loading was applied by moving the actuator at constant displacement rate (~10μm/s)

Figure 1. (a) Schematic diagram of sample assembly for torsion experiments. The centers of the hot-pressed cylinders were
removed using a diamond coring drill to produce thin-walled torsion samples. A solid cylinder of talc wrapped with nickel
foil (thickness of 0.025mm)was then inserted into the cylindrical sample. A piece of the oriented single crystal of San Carlos
olivine (Fo90) embedded in the Fo50 sample provides a water meter. (b) Photo of sample assembly with 1mm grids for
scale. Schematic drawings of experimental settings for (c) constant twist rate of torsion experiments, (d) torsion rate
stepping experiments, and (e) a combination of low-strain compression and torsion tests.
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until the deformation assembly was contacted. The axial load was then increased to the desired load, which
was then held constant. After an axial strain of ≥0.5%, the actuator was backed away from the sample assembly
to verify that the zero-load reading on the load cell had not changed. Next, a constant twist rate was applied.
Twisting was stopped when a peak torque was reached. The torsion actuator was reversed to check the zero-
torque reading before repeating the above procedures. Using this experimental procedure, the strength differ-
ence between the peak stress from torsion tests and the steady state stress from compression experiments can
be compared at essentially the same microstructure.

For torsion experiments, the shear stress was calculated from the measured torque using the relationship for a
hollow cylinder [Paterson and Olgaard, 2000]. For tri-axial compression experiments, the differential stress was
determined from the applied compressional force, taking into account changes in the load bearing area with
the assumption that compression was uniform and sample volume was preserved. Axial displacement rates were
converted to strain rates by taking into account changes in sample length. The axial strain was determined from
the axial displacement with the same assumptions used to calculate the stress. For both torsion and compression
experiments, we corrected the measured load for the load supported by the iron jacket and nickel capsule based
on published flow laws for iron and nickel [Frost and Ashby, 1982], which correspond well to values determined in
our lab at the same conditions as our experiments. We also corrected for the strength of talc based on the
observation that the strength of dehydrated talc is equal to the strength of Ni within error at our experimental
conditions [Mei and Kohlstedt, 2000a, 2000b]. The equivalent strain rate and stress are related to the shear stress

(τ) and the shear strain rate _γð Þ by σ ¼ ffiffiffi
3

p
τ and _ε ¼ _γ=

ffiffiffi
3

p
[Paterson and Olgaard, 2000]. Mechanical noise is gen-

erally manifested as an oscillating signal with a period in twist of ~2π radians and, therefore, attributed to off-axis
loading of the sample column. We apply a filter to remove signals with a period near 2π radians. Twist rates range
from 0.03 to 0.86mrad s�1, and resulting loads are from 13 to 30Nm. The applied displacement rate is consistent
with the measured displacement rate within 0.01mrad s�1; the accuracy of load cell is ~10Nm. The measured
equivalent strain rates of 1.1 ×10�5 to 1.5×10�3 s�1 resulted in equivalent stresses of 43 to 136MPa.

The sample was annealed for 30min at T=1200°C and P=300MPa before twisting commenced. Based on the
diffusivity of hydrogen in an olivine single crystal at our experimental conditions [Kohlstedt and Mackwell, 1998;
Demouchy andMackwell, 2006], this annealing time is sufficient to allow hydrogen to saturate fully the Fo90 olivine
crystal and the fine-grained Fo50 sample; we further confirmed that samples were water saturated throughout our
deformation experiments by performing hydrothermal annealing test using the same sample assemblies and
experimental conditions as employed in this study. However, because hydrogen does slowly diffuse out of our
sample assemblies into the argon gasmedium, the total amount of time for a deformation experimentwas limited
to ≤6h in order to ensure that samples were saturated with hydrogen throughout the experiment.

2.3. Microstructural Analysis

Both undeformed and deformed samples were prepared to analyze the microstructures. For the deformed
samples, two sections were cut parallel to the torsion axis, one near the center (axial section) and the other
near the external boundary of the sample cylinder (tangential section). The axial section is normal to the
shear direction and perpendicular to the shear plane, whereas the tangential section is approximately parallel
to the shear direction and perpendicular to the shear plane. The sections were cut far from the embedded
single crystal to minimize any effects on the microstructure due to the presence of the single crystal. The
specimens were polished with diamond lapping film with grit sizes from 30 to 0.5μm and then polished
for 10min with colloidal silica (0.04μm).

Sections were examined under a scanning electron microscope (SEM) equipped with a field emission gun
(JEOL 6500F). Crystallographic orientations of olivine grains were analyzed by electron backscattered diffrac-
tion (EBSD) to examine the microstructures and development of LPO. The polished sections were prepared
with a thin carbon coating (50 Å) and analyzed using a SEM-EBSD system with the HKL Channel5 software
package. The analysis of EBSD data was performed with a tilt angle of 70°, an acceleration voltage of 20 kV,
and probe current of ~20 nA. Olivine crystallographic orientation maps were constructed with a grid spacing
of 0.7 to 3μm between analysis points, depending on the sample grain size. We did not include grains
composed of less than 4 points, since they were likely produced due to analytical error. For all samples,
the fraction of the original EBSD map for which diffraction patterns could be indexed is larger than ~75%.
We removed an isolated single grid that differed <10° from neighboring points, and then empty points were
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assigned the average orientation of neighboring points if they had eight nearest neighbors as noise reduction.
After noise reduction,>90% of the EBSD map could be indexed, such that we were able to analyze the crystallo-
graphic orientation as well as the grain shape of olivine in undeformed and deformed samples.

Using the EBSD map, we determined grain shape, misorientation angle (θ) between neighboring grains
(correlated grains) and randomly selected grains (uncorrelated grains), and internal misorientation inside a
grain. Using a best fit ellipse, grain shape was characterized by the inclination angle (angle between the long
axis of the grain and the shear direction) and the aspect ratio (length of long axis/short axis). Misorientation
angles between 10,000 randomly selected pairs of grains were used to make the distribution for uncorrelated
grains. The distribution of subgrain boundaries is determined from local misorientationmaps formisorientation
angles from 2° to 10° using a 5× 5pixel-averaging filter. Rose diagrams of the angle of cross-section lines of
subgrain boundaries relative to shear direction are also included.

The size of each grain was derived from using orientation maps from EBSD analyses. Grain size was calculated

from the conventional derivation of 2
ffiffiffiffiffiffiffiffi
S=π

p
which assumes each grain to be a perfect circle with area of S. We

simply averaged the values (i.e., arithmetic mean) to obtain a representative value of grain size (d) in the
samples (Table 1). Average grain sizes were also determined from the mean intercept length (dIL) with a
scaling factor of 1.5 by using grain boundary maps from EBSD analyses to compare with the results of
previous studies [e.g., Hansen et al., 2011, 2012a, 2012b, 2012c]. The average grain sizes from grain area
are used as average grain size hereafter.

2.4. Fourier Transform Infrared Analysis

The hydrogen content in undeformed and deformed samples was determined using a Nicolet Series II Magna
Fourier transform infrared (FTIR) spectroscopy. Doubly polished sections were prepared from the polycrystalline

Table 1. Summary of the Experimentsa

d 1σ for d dIL
b 1σ for dIL COH

c

Initial Sample Exp. # μm μm μm μm Wet/Dry ppm H/Si Comment

PT-1860 15.8 9.3 24.2 8.5 Wet 50 3 h hot press
916 31.9 20.8 51.2 22.0 Dry <5 10 h
933 33.3 26.1 65.3 29.9 Wet 191 3 h
955 38.4 27.6 55.9 23.1 Wet 213 3 h
963 32.7 24.0 54.1 25.5 Wet 180 3 h
971 26.6 18.6 42.6 18.3 Wet 113 3 h

Initial Sample d 1σ for d dIL
b 1σ for dIL

Deformed Sample Exp. # Exp. # μm μm μm μm γcrease
d γdeformation

e Exp. Setting Comment

Torsion PT-938 PT-933 31.8 22.4 51.6 24.1 0.55 – Figure 1c Partially slip
952 933 15.3 10.7 29.5 13.9 1.25 1.42
892 1860 11.8 6.1 20.4 7.0 1.75 1.80
954 933 12.0 6.2 21.8 11.4 2.41 2.20
973 971 8.4 5.2 11.8 4.4 2.65 2.56 Figure 1d
930 916 12.0 7.5 21.2 14.0 2.70 2.55 Figure 1c
939 933 10.3 6.0 27.8 10.1 3.00 4.43
889 1860 9.1 5.6 16.8 4.8 3.37 3.40
976 971 14.8 11.1 20.9 10.4 3.69 3.66 Figure 1d
966 963 7.5 4.5 13.4 10.6 4.99 5.50 Figure 1c

Initial Sample d 1σ for d dIL
b 1σ for dIL Compression Torsion Torsion

Deformed Sample Exp. # Exp. # μm μm μm μm εdeformation
f γdeformation

e γcrease
d Exp. Setting

Compression PT-970 963 27.4 27.4 66.3 31.9 0.03 0.20 0.15 Figure 1e
+ Torsion 964 963 27.1 22.9 42.4 21.0 0.04 0.23 0.22

a1σ = (Σ(di� d)2 / (N� 1))0.5, where N is the number of analyzed grains.
bAverage grain sizes determined from the mean intercept length (dIL) with a scaling factor of 1.5.
cWater content (COH) measured in embedded San Carlos crystal.
dShear strain from crease of sample.
eShear strain from mechanical data.
fEquivalent strain from mechanical data.
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Table 2. Mechanical Data for Torsion Experiments at T = 1200°C

Controlling Strain Ratea Peak Stressa d0
c

Exp. # 10�4 s�1 MPa μm nb

PT-952 0.70 92 33.3
892 0.63 120 15.8
954 1.30 114 33.3
973 1.27 121 26.6

2.95 94
930 2.62 136 31.9
889 1.54 104 15.8
939 2.61 105 33.3
976 2.77 108 26.6
966 2.49 104 32.7 5.4

4.93 122
10.33 134

Data Points Gained From Stepping Tests
Strain Ratea Stressa dd

Exp. # 10�4 s�1 MPa μm nb

PT-964 3.52 74 21.4 –
952 0.74 67 15.3 5.6

1.24 75
0.73 65
0.47 60
0.70 65
3.00 81
0.81 63
1.94 76
0.73 63
0.34 56
0.65 65
3.24 83
0.77 62
4.07 83
0.77 61

892 0.68 50 11.8 –
954 1.40 77 12.0 3.4

1.96 90
1.29 76
0.44 63
1.50 76
3.98 100
1.46 75
0.75 55
1.41 76
5.36 107
1.41 77

973 1.40 78 8.4 –
3.01 90

930 2.93 83 12.0 3.3
1.79 65
2.94 78
4.68 86
2.82 77
5.82 92
3.19 74
0.99 56
2.83 71

939 2.86 72 10.3 5.5
1.42 65
2.97 76
5.50 87
2.83 75
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and single crystal samples, the latter embedded in the former. For the IRmeasurements, an unpolarized beamwith a
diameter of 50μmwas used with a KBr beam splitter and liquid nitrogen cooled detector. At least five spectra were
collected for each section with 256 scans per spectrum at a resolution of 2cm�1. The infrared beam was parallel to
the [010] direction for the single crystal. The orientation of single crystal was confirmed by EBSD. The FTIR spectra
were obtained at room temperature from essentially optically clear areas of the embedded single crystal specimen.
Spectra were obtained for the range of wave numbers from 2500 to 4000cm�1. After the signal background noise
was removed, the spectra were normalized by the thickness of the specimen. A baseline was determined using a
spline fit to the data between 2800 to 3100cm�1 and 3650 to 4000cm�1, and then subtracted from the normal-
ized FTIR spectra. Hydrogen contents were calculated for the baseline corrected spectra using the
Paterson calibration [Paterson, 1982] with the following parameters: orientation factor = 1/3 for polycrys-
talline samples and 1/2 for single crystal samples with the density factor = 4.52 × 104 H/106Si for Fo50 and
4.40 × 104 H/106Si for Fo90 [Bolfan-Casanova et al., 2000]. To compare our results using the Paterson cali-
bration to hydrogen contents calculated using the Bell et al. [2003] calibration, multiply our values by 3.5.

3. Results

A series of 12 torsion experiments were conducted on olivine aggregates under hydrous conditions (Table 2).
As illustrated in the optical images of the sample assembly after deformation in Figure 2, the crease that
forms in the iron jacket during pressurization provided a measure of the shear strain. Based on observations
after static annealing experiments, the crease was initially perpendicular to the shear direction. The shear
strain measured from the rotation of the jacket crease (Figure 2) is consistent with the strain determined from
themechanical data within 10%, indicating that no slip occurred on the interface between the piston and the
sample, except for experiment PT-938. The strain marker of PT-938 indicates that strain localized on the
boundary between the sample and the porous alumina piston (upper left image in Figure 2).

3.1. Microstructural Results

Typically, the density of subgrain boundaries in deformed samples is two orders ofmagnitude larger than in unde-
formed samples (Figure 3). Furthermore, elongated grains exhibit wavy extinctionwith jagged grain boundaries in
highly deformed samples (γ> 2.4 in Figure 3). The grain size, grain shape (inclination angle and aspect ratio),

Table 2. (continued)

Data Points Gained From Stepping Tests
Strain Ratea Stressa dd

Exp. # 10�4 s�1 MPa μm nb

0.72 58
2.68 78
8.27 95
2.91 76
4.28 83
2.83 77
0.36 57
2.84 79

889 1.73 56 9.2 –
1.64 63

966 14.73 94 7.5 3.0
6.85 74
14.45 97
3.34 60
14.65 100
11.11 84
14.78 81

976 5.94 75 14.8 –
6.38 78

aEquivalent stress and strain rate.
bn from linear fitting for log stress versus log strain rate space.
cGrain size of undeformed sample.
dGrain size of deformed sample.
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and LPO of olivine grains are examined
in the following sections. Only samples
that experienced torsion (Figures 1c
and 1d) were used to avoid complica-
tions from changes in deformation
mode between coaxial and noncoaxial
deformation (Figure 1e).
3.1.1. Grain Size
The average grain size of undeformed
samples is d≈ 30μm, whereas the aver-
age grain size of deformed samples
varies from 7.5 to 31.8μm (Table 1). All
of the samples have nearly lognormal
distributions (Figure 4a). The grain size
distributions for samples deformed to
low strain are nearly identical to that
for an undeformed sample (PT-938 in
Figure 4a). For samples deformed to
high strain (γ ≥ 2.4), the grain size distri-
bution is shifted to smaller grain sizes
than that for an undeformed sample.
3.1.2. Grain Shape
To characterize the shape of grains
imaged in Figure 3, we determined both
the inclination angle (Φ) and the aspect
ratio (a/c) of a best fit ellipse to the
grains. For undeformed samples, the
average inclination angle Φ is ≈90°,
consistent with a random distribution
between 0° and 180° (Figure 4b). For
deformed samples, the average inclina-
tion angle Φ≈ 70° and the maximum
frequency angle of Φ≈ 50° remained
nearly constant regardless of the magni-
tude of the strain. The average aspect
ratio is ≈1.7 for both undeformed and
deformed samples. Most grains (~95%)
have an aspect ratio smaller than 3 in
undeformed samples. In contrast, for
samples deformed to higher strains

(γ> 1.3), ~70% of grains have aspect ratios smaller than 2, whereas, ~10% of the grains have aspect ratios
larger than 3.
3.1.3. Crystallographic Fabric
The crystallographic fabrics in undeformed samples are weak with an approximately random distribution
(Figure 5a). In samples deformed to low strains, γ ≤ 1.8, two sets of peaks are evident, although the strength of
the LPO is weak with an M-index≤ 0.05 (Figure 5a). For sample PT-892 (γ ≤ 1.8), some [100] axes are parallel to
the shear direction with a population of [001] axes normal to the shear plane, plus some [001] axes are subparallel
to the shear direction with a subset of [100] axes normal to the shear plane. Except for PT-973 (γ=2.7), in samples
deformed to somewhat higher strains, 2.4≤ γ ≤ 3.0, the [100] axes are concentrated parallel to the shear direction
with a girdle of [010] and [001] axes, plus [001] axes are weakly concentrated parallel to the shear direction with
[100] axes normal to the shear plane. For these samples, the M-index is ≥0.22. In samples deformed to higher
strains, γ ≥ 3.4, [100] axes are concentrated parallel to the shear directionwith [001] axes normal to the shear plane,
plus [001] axes are concentrated parallel to the shear direction with [100] axes normal to the shear plane. The M-
index for these samples is ~0.13. The LPO of PT-973 deformed to γ=2.7 is similar to that of higher strain samples.

Figure 2. Optical photographs of deformed sample assemblies. All samples
are deformed top to the right. The rotations of the creases that formed in
the iron jackets upon pressurization were used to estimate the shear strain,
assuming that the crease was initially perpendicular to the shear direction.
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The grains tend to be elongated subparallel to the shear direction, and grains with similar orientations form a
trail of small grains (Figure 3). In the EBSD maps showing the orientation of axes relative to the shear direc-
tion, the area of grains with [100] oriented parallel to the shear direction (blue grains in Figure 3) is 3 to 9
times greater than the area of grains with [001] parallel to the shear direction (red grains in Figure 3) in sam-
ples deformed to a shear strain of 2.4≤ γ ≤ 3.0. In contrast, in samples deformed to higher strains of γ ≥ 3.4, the
area of blue grains roughly equals the area of red grains.
3.1.4. Misorientation Angle
The distribution of misorientation angles for both correlated and uncorrelated grains for undeformed sam-
ples is the same as a random distribution (Figure 5b). For samples deformed to low strains of γ ≤ 1.8, the dis-
tribution of angles for correlated grains has a peak at θ ≈ 10°, whereas the distribution of angles for
uncorrelated grains is the same as a random distribution. In samples deformed to shear strains of
2.4 ≤ γ ≤ 3.0, the distribution of angles for correlated grains has a peak at θ ≈ 10°, whereas the distribution
of angles for uncorrelated grains has small peak at θ ≈ 30°. Generally, the magnitude of the lower angle peaks

Figure 3. Orientation maps of olivine from EBSD analysis for two undeformed and all deformed samples. Differences in
crystallographic orientation of olivine are shown by color differences according to inverse pole figures of shear direction.
The blue grains have [100] oriented parallel to the shear direction and [010] or [001] normal to the shear plane, whereas the
red grains are oriented with [001] parallel to the shear direction and [100] normal to the shear plane. Black lines are grain
boundaries (θ >10°), and red lines are subgrain boundaries (misorientations between 2° and 10°).
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increases with increasing strain, while the magnitude of the higher angle peaks at θ ≈ 90° decreases with
increasing strain. In samples deformed to higher strains of γ ≥ 3.4, the frequency of angles at θ ≈ 10° for cor-
related grains is slightly lower than in samples deformed to strains of 2.4 ≤ γ ≤ 3.0.

The distribution of subgrain boundaries is determined from local misorientation maps of the tangential sec-
tion of representative deformed samples shown in Figure 6. The distribution provides information on the
dominant types of dislocations in subgrain walls [Lloyd et al., 1997; Prior et al., 2002; Hildyard et al., 2009;
Hansen et al., 2014]. The rose diagrams indicate that subgrain boundaries tend to be oriented perpendicular
to shear plane (Figure 6a). A small peak is also visible in the rose diagram at 45° at high strains (e.g., PT-939 in
Figure 6a). Subgrain misorientation axes in the sample reference frame are oriented normal to shear direction
and parallel to shear plane (Figure 6b). Subgrain misorientation axes in the crystallographic reference frame

Figure 4. (a) Logarithmic grain size distribution histograms for undeformed and deformed samples with average grain size.
The distributions are cut off at a small grain size due to the step size used in the EBSD maps. Theoretical lognormal grain
size distributions calculated for the average grain size and the standard deviation are included as solid lines for the
undeformed samples. To illustrate the grain size difference between undeformed and deformed samples, the best fit grain
size distribution for an undeformed sample is included as dotted lines with the distributions for deformed samples.
(b) Density distributions in terms of aspect ratio (a/c) versus inclination angle (Φ) for undeformed and deformed samples
with average values.
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are distributed along the [010] and [001] directions (Figure 6c). The concentrations of subgrainmisorientation
axes of [001] are stronger than those of [010] at γ< 3, whereas the concentrations of subgrain misorientation
axes of [010] are stronger than those of [001] at γ> 3.

3.2. Mechanical Results
3.2.1. Mechanical Data for Large-Strain Torsion Experiments
All samples exhibited similar mechanical behavior in Figure 7 for torsion samples deformed to large strain at
constant strain rate. At first, stress increased with increasing strain, reaching a peak value at γ≈ 0.2; the stress
then decreased with increasing strain to a steady state value at γ≈ 1. Once a steady state torque was
achieved, the twist rate was stepped (either increased and/or decreased). The twist rate was returned to
the initial twist rate between each step to check the reproducibility. As we see in Figure 7, the repeatability
of mechanical data is very good. Because some slip occurred along the sample-piston interface during the
experiment on PT-938 (Figure 2), the mechanical data were excluded from the following analysis.

Figure 5. (a) Equal-area pole figures, lower hemisphere projections for olivine [100], [010], and [001] axes for an undeformed
and all deformed samples. Contours are multiples of uniform distribution. Foliation is horizontal and lineation is E-W. The values
of J,M, and pfJ are the fabric intensities calculated afterMainprice et al. [2000] and Skemer et al. [2005]. The olivine pole figures are
made using the maps in Figure 3, the orientation is weighted by area of grain. (b) Misorientation angle between neighboring
grains (correlated grains) and random pair of grains (uncorrelated grains). To make the distribution for uncorrelated grains,
misorientation angles between 10,000 randomly selected pairs of grains were used. The random misorientation-angle
distribution theoretically calculated from the shape of an orthorhombic mineral is included as a solid line [see Grimmer,
1979, equations (2)–(5)].
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The high-temperature creep response of polycrystalline materials at fixed temperature and pressure is
commonly described by a semi-empirical flow law of the form

_ε ¼ A1
σn

dp
; (1)

where _ε is the equivalent strain rate, σ the equivalent stress, and A1 a material-dependent parameter including
a thermal activation term. Linear least squares fits to the equivalent stress versus equivalent strain rate data in
the steady state regime yield values of 3.0≤ n≤ 5.6, as shown in Figure 7b. As discussed in detail in Keefner
et al. [2011], sample-to-sample variability is evident in Figure 7. Therefore, we have taken the approach of
determining values of n from differential (strain rate stepping) tests during each experiment, as well as for
the entire data set (section 4.6). A least squares fit to the strain rate versus grain size data yields a grain size

Figure 6. (a) Local misorientation map from tangential sections of representative deformed samples with 5 × 5 pixel-
averaging filter. Rose diagrams of the angle of cross-section lines of subgrain boundaries relative to shear direction
are also included in the figure. The max frequency for rose diagram is 0.14 for PT-954 and 939, whereas it is 0.1 for PT-976.
(b) Misorientation axes plotted on an inverse pole figure in the sample reference frame and (c) the crystallographic
reference frame. Axes are for correlated misorientation angle from 2° to 10°. The distribution of misorientation axes inside
the grains provides information on the dominant types of dislocations in subgrain walls [Lloyd et al., 1997; Prior et al., 2002;
Hildyard et al., 2009; Hansen et al., 2014]. The right bottom schematic image is from Prior et al. [2002].
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exponent of p= 0.3 ± 0.4, as illustrated in
Figure 8, based on the grain size mea-
sured after each deformation experiment.
Here the stress exponent n determined
for each sample was used to calculate
the rate at σ =100MPa in Figure 8.

To analyze the influences of grain size
evolution and LPO development on
strain softening that occurred during
our torsion experiments, after reaching
steady state, a single step in twist rate
was performed (Figures 1d and 9). In
the initial part of the experiment at the
first twist rate, a peak stress was reached
at γ≈ 0.2; the stress then decreased with
increasing strain to a steady state value.
After the stress reached a roughly con-
stant value at γ≈ 1.5, the twist rate was
increased by a factor of ~2. At the sec-
ond rate, very little weakening was
observed after a new peak stress was
reached, and the stress was roughly
constant for the remainder of the defor-
mation experiment. The peak stress is
larger than the steady state stress by
factor of ~1.5 for the first twist rate,
whereas the peak stress and the steady
state stress are nearly identical at the
second twist rate.
3.2.2. Mechanical Data for
Compression-Torsion Experiments
To explore the softening process,
alternating low-strain compression and
torsion tests were also conducted
(Figures 1e and 10, and Table 3). Sample
strengths determined from compression
and torsion experiments are essentially
identical, although the value of n for PT-
970 compression is smaller than that for
PT-970 torsion (Figure 10b). The values
of peak stress fromour other experiments
were added for comparison (Figure 10b).
The peak stress and strain rate from com-

pression and torsion experiments are roughly the same for all of the experiments. The value of n determined for
PT-970 in both compression and torsion experiments is slightly lower than that determined for high-strain torsion
experiments (Figure 7b).

3.3. Hydrogen Content

The hydrogen content for single crystals is approximately 200 and 300 H/106Si for undeformed samples and
deformed samples, respectively (Figure 11). All the FTIR spectra in this study exhibit strong peaks near 3237,
3330, 3357, 3528, and 3566 cm�1.

The FTIR spectra from our deformed polycrystalline samples exhibit a broad background extending from 3100 to
3700 cm�1 (Figure 11); no strong peaks are discernible. The hydrogen content is ~1000 H/106Si. Transects across

Figure 7. (a) Shear stress versus shear strain from large-strain torsion
experiment (experimental setting in Figure 1c). All samples demon-
strated similar mechanical behavior. At first, a peak stress was reached at
shear strain of ~0.2, and then the stress decreased to a steady state value,
becoming roughly constant at a shear strain of ~1. (b) Peak stress and
steady state stress versus strain rate. Open symbols: peak stress; closed
symbols: steady state stress.
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sections of both single crystal and poly-
crystalline specimens revealed no varia-
tion in hydrogen content from the edge
to the center within 10%.

4. Discussion
4.1. Deformation Mechanism

Values of the stress exponent, deter-
mined from a linear least squares fit of
log σ versus log _ε data collected during
steady state deformation and plotted
in Figure 7b, lie in the range
3.0 ≤ n ≤ 5.6, indicating that these sam-
ples deformed by a dislocation-
accommodated creep process. The
grain size exponent, determined from
linear least squares fitting of the log d
versus log _ε results, is p=0.3 ± 0.4 as
shown in Figure 8. Although the data
extend over less than a factor of three
in grain size, this small value of p sug-
gests that strain rate is independent of

grain size, indicative of deformation by dislocation creep (see section 4.3 for more details). This conclusion
is consistent with the experimental observations and detailed analyses of Mei and Kohlstedt [2000a, 2000b]
and Hirth and Kohlstedt [2003] for Fo90 olivine and Tasaka et al. [2015] for Fo53 to Fo90 olivine, all deformed
under hydrous conditions.

The microstructures of the deformed samples also indicate that the sample deformed by a dislocation
mechanism, as demonstrated by the strong LPO of olivine with prominent subgrain boundaries
(Figures 3, 5, and 6). In addition, the highly elongated grains with wavy extinction and jagged grain bound-
aries observed at high strain (γ ≥ 2.4) are typical microstructures for samples deformed via a dislocation
creep process (Figure 3).

4.2. Grain Size Piezometer

With sufficient strain, the grain size will evolve to a steady state value determined by the stress in the disloca-
tion creep regime. The grain size can be written as a function of stress in the form

dss ¼ A2
σqss

; (2)

where A2 and q are material-dependent parameters, dss steady state grain size, and σss steady state stress
[Twiss, 1977; Rozel et al., 2011; Hirth and Kohlstedt, 2015]. Using the grain size of deformed samples versus
equivalent stress determined at steady state in this study, a linear fit to equation (2) yields a piezometric rela-
tionship with A2 = 103.8 ± 0.1μmMPa1.3 with dss in μm. We fixed the value q= 1.3 based on the results in van
der Wal et al. [1993] because the range of grain sizes tested in our samples is too small to well constrain q.

We compare our values for grain size as a function of stress to those determined by van der Wal et al. [1993]
and Jung and Karato [2001] for Fo90 olivine aggregates under hydrous conditions (Figure 12). To compare the
grain sizes from olivine samples with different iron contents, the appropriate shear modulus, Poisson ratio,
and length of the Burgers vector are used to normalize the stress and grain size based on the model of
Twiss [1977]. The piezometric relationships determined in van der Wal et al. [1993] and Jung and Karato
[2001] are consistent with our observations within factors of about 1.5 and 3, respectively. This difference
can be attributed to the difference in the resolution of the images used for grain size measurement.
Hansen et al. [2011] demonstrated that the difference in grain size measured from EBSD-based images
compared to measurements from optical images is a factor of ~2, which accounts for most of our
observed difference.

Figure 8. The average value of equivalent strain rate versus steady state
grain size. The strain rate is normalized to a shear stress of 100MPa. The
normalized strain rate at a fixed stress of 100MPa, _εjσ¼100 MPa, is calculated
as _εjσ¼100 MPa ¼ _ε� 100=σð Þn . The stress exponent from each experiment
was used to normalize the data. The grain size exponent, p, is plotted as a
solid line. The error bar in the lower right-hand corner applies to each data
point.
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We also compare our grain size piezometer with previous studies under anhydrous conditions [Karato et al.,
1980; van der Wal et al., 1993; Hansen et al., 2012b; Hirth and Kohlstedt, 2015]. The normalized grain size as a
function of stress determined in previous studies and this study agree within half an order of magnitude.
Hirth and Kohlstedt [2015] also demonstrated that the same piezometric relationship is effective under both
anhydrous and hydrous conditions for a wide range of stress and temperature, as well as modest variations in
hydrogen content.

4.3. Absence of Grain Size Dependence Under Hydrous Conditions

Within error, the grain size exponent determined from the fit to the grain size versus strain rate data is p≈0
(Figure 8), indicating that deformation occurs by dislocation creep and not diffusion creep or dislocation-
accommodated grain boundary sliding (p> 1). To investigate the grain size exponent p more precisely,
stepped-rate torsion experiments were conducted (Figure 9). By the end of the first twist-rate test, the LPO has
already developed and a steady state grain size is established, which is confirmed by experiment on PT-954
(Figures 3–5). Therefore, for the second twist-rate test, any difference between the peak and steady state stress
must be due to the difference in grain size between the steady state value at the end of the first twist-rate test
and the new steady state value at the end of the second twist-rate test (i.e., d is different, but LPO is roughly
constant between ➂ and ➃ in Figure 9a). The peak stress of the second twist-rate test (➂ in Figure 9a) is within
resolution the same as the steady state stress for the second twist-rate test (➃ in Figure 9a). Therefore, the grain
size exponent can be determined by grain size and strain rate differences without a stress correction [i.e.,

(dpoint3 /dpoint4)
�p= _εpoint3=_εpoint4

� �
]. The same twist rate was applied during deformation of PT-954 and in

the initial twist rate test on PT-973, such that we are able to estimate the grain size from the first twist-rate test
on PT-973 using the grain size measured for PT-954. The resulting grain size exponent is p=0.1, which is

Figure 9. (a) Shear stress versus shear strain from for two-step torsion experiments PT-973 (experimental setting in
Figure 1d). (b) Equivalent strain rate versus equivalent stress for both peak stresses and steady state stresses for the
experimental setting defined in Figure 9a.

Figure 10. Equivalent stress versus equivalent strain from the experiment with both compression and torsion tests on sam-
ple PT-970 (experimental setting in Figure 1e). Constant twist rate and constant axial load were applied for the torsion and
compression tests, respectively. (b) Stress versus strain rate for the compression-torsion experiment shown in Figure 10a.
Peak stresses from our other experiments are plotted for comparison. Dotted line is the best fit line for the peak stress data.
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significantly smaller than the expected grain size dependence for either dislocation-accommodated grain
boundary sliding creep for which p≥ 0.7 [Wang et al., 2010; Hansen et al., 2011, 2012a, 2012b, 2012c] or
diffusion-accommodated grain boundary sliding creep for which p=2 or 3 [Nabarro, 1948; Herring, 1950;
Coble, 1963; Ohuchi et al., 2012].

As an additional confirmation of the robustness of the grain size exponent p determined in the above analy-
sis, we also determined p using the grain size from equation (2) and steady state stress of the first and second
twist-rate tests (➁ and ➃ in Figure 9a) for PT-973. Based on this comparison, the grain size exponent is also
p=0.1. Therefore, we conclude that strain rate is independent of grain size in this study and that our samples
deformed by dislocation creep.

Deformation experiments on polycrystalline olivine (both Fo90 and Fo50) under anhydrous conditions
demonstrated clearly a grain size dependence with p≈ 1 and n≈ 3; this result was interpreted as indicating
that creep occurred by dislocation-accommodated grain boundary sliding [Hirth and Kohlstedt, 2003; Wang
et al., 2010; Hansen et al., 2011, 2012a, 2012b, 2012c]. In contrast, deformation experiments on polycrystalline
olivine (Fo90) under hydrous conditions lack a dependence of strain rate on grain size [Mei and Kohlstedt,
2000a, 2000b; Hirth and Kohlstedt, 2003; Tasaka et al., 2015]. In these studies, the authors argued that disloca-
tion climb was enhanced under hydrous conditions and replaced the need for grain boundary sliding present
under anhydrous conditions, and therefore, dislocation climb contributes more strain than grain boundary
sliding under hydrous conditions.

4.4. Hydrogen Content of Olivine Compared to Previous Studies

The hydrogen content measured in our embedded San Carlos crystals, ~300H/106Si, indicates that the poly-
crystalline olivine samples were water saturated under our experimental conditions of T=1200°C and
P= 300MPa, based on the calibration equation from Zhao et al. [2004] for saturated hydrogen content at
our P-T conditions with water fugacity = 300MPa. Considering the diffusivity of hydrogen in olivine
[Kohlstedt and Mackwell, 1998] at our experimental conditions, the olivine crystals are expected to be satu-
rated with hydrogen during the 30min annealing step prior to beginning each deformation experiment.

The measured hydrogen content of the polycrystalline specimen (Fo50) is always larger than that for the single
crystal (Fo90), in part because water solubility increases with increasing iron content in olivine [Zhao et al.,
2004; Withers et al., 2011]. In addition, since the grain size of the polycrystalline samples is smaller than the size
of FTIR beam, a broad absorption background is observed (Figure 11). The broad absorption background
indicates the presence of free water in bubbles trapped within the grains and/or along grain boundaries. The
presence of free water demonstrates that the activity of water is buffered at unity. Consequently, we conclude
that our samples are saturated with water (hydrogen) during the entire period of each deformation experiment.

4.5. Microstructural Development as a Function of Strain

Subgrain boundary rotation is an important process for the development of the microstructure produced
by deformation in this study (Figures 3–6) as discussed in the following sections. To demonstrate this

Table 3. Mechanical Data for Compression and Torsion Experiments

Strain Ratea Stressa d0
b

10�4 s�1 MPa μm

PT-964 Compression 0.63 71 32.7
Torsion 3.49 98

Compression 0.57 69
970 Compression 0.11 43 32.7

Torsion 0.13 69
Compression 0.22 90

Torsion 0.30 86
Compression 0.33 108

Torsion 0.64 108

aEquivalent stress and strain rate.
bGrain size of undeformed sample.
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process, three methods of microstructural analysis were employed using different scales: subgrain
boundaries (section 4.5.1), grain size and grain shape (section 4.5.2), and crystallographic fabric (section 4.5.3.).
4.5.1. Subgrain Boundaries
In samples deformed to low strain (γ ≤ 1.3), only a small number of subgrain boundaries were observed
(Figure 3). The measured distribution of misorientation angles for uncorrelated grains is roughly consistent
with a random distribution (Figure 5b). In samples deformed to higher strain (γ ≥ 2.4), the internal misorienta-
tion analysis in Figure 6 indicates that subgrain boundaries tend to be oriented vertical to shear plane, while
misorientation axes are normal to shear direction and parallel to shear plane. The misorientation axes are dis-
tributed along the [001] and [010] directions. Therefore, the slip direction is [100] for a misorientation axis

Figure 11. FTIR spectra obtained from the embedded single crystals of San Carlos olivine (Fo90) and the polycrystalline oli-
vine samples (Fo50).
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of [001], whereas the slip direction is
[100] or [001] for a misorientation axis
of [010]. These features indicate that
the subgrain boundaries are character-
ized by tilt walls built of either (001)
[100] or (100)[001] dislocations for a
misorientation axis of [010], whereas
(010)[100] dislocations for the axis of
[001] (see the sketch located in the bot-
tom right of Figure 6). The distribution of
misorientation angles (Figure 5b) is con-
sistent with recrystallization due to sub-
grain rotation because correlated grains
have a similar angle and a large peak
occurs at lower angle for these grains.
4.5.2. Grain Size and Grain Shape
Change Due to Dynamic
Recrystallization
In samples deformed to low strain
(γ ≤ 0.6), the grain size is similar to the
grain size of undeformed samples
(Figures 3 and 4). In samples deformed
to higher strain (γ ≥ 1.3), the grain size
decreases, reducing from 30 to 7μm
(Figure 4). Because the grain size of unde-
formed samples is significantly larger than
the recrystallized grain size, dynamic
recrystallization reduces the grain size to
the steady state value determined by
the applied stress (Figure 12).

The average inclination angle, Φ, measured for the orientation of the long axes of the grains is always larger
than the value calculated based on the applied strain [Φ= tan�1(2/γ)/2]. This discrepancy may occur because
dynamic recrystallization generates new grains by rotation of subgrain walls that are initially nearly perpen-
dicular to the shear plane as demonstrated in Figure 6. This tilt boundary becomes a grain boundary after
rotation beyond 10°, which results in a higher angle boundary than that of the original grain and
consequently a higher value of Φ for the best fit ellipse. Because dynamic recrystallization is always effective
at higher strain (γ ≥ 1.3), the average angle of the long axes of new grains is Φ≈ 70° at γ ≥ 1.3 (Figure 4).

Herwegh and Handy [1996, 1998] observed a similar microstructural development in shear deformation
experiments using an analog material of quartz aggregates. They demonstrated that angle of the long axes
(i.e.,Φ), the grain size, and the aspect ratio of grains remain roughly constant or changed only slightly regard-
less of the strain once they reached sufficiently high strain, consistent with our observations. They interpreted
their results as due to a competition among different mechanisms of microstructural development during
deformation, such as dynamic recrystallization, grain growth, intracrystalline slip, grain rotation, and grain
elongation leading to a dynamic steady state microstructure.
4.5.3. Development of Crystallographic Fabric
Although the strength of the LPO is relatively weak in samples deformed to low strain (γ ≤ 1.8), two sets of
peaks, (001)[100] and (100)[001], are observed for PT-892 (Figure 5a). In samples deformed to higher strains
of 1.8< γ ≤ 3.0, slip on the (0kl)[100] slip system and weak slip on (100)[001] are observed (Figure 5a). The
combination of these slip systems is consistent with the analyses of internal misorientation (Figure 6) such
that tilt walls of either (010)[100] or (001)[100] or (100)[001] dislocations are formed. Here we assumed
(0kl)[100] slip is due to a combination of (010)[100] and (100)[100]. In samples deformed to larger strain
(γ ≥ 3.4), a strong LPO indicating slip on the (001)[100] and (100)[001] systems is observed (Figure 5a), which
is also consistent with the analyses of internal misorientation (Figure 6).

Figure 12. Normalized stress at steady state versus grain size from
deformed samples. Grain sizes were determined from the mean intercept
length with a scaling factor of 1.2 by using grain boundary maps from EBSD
analyses to compare with the previous results. A value for shear modulus
of 51,800 MPa was used for samples of Fo50. Values of 63,510 MPa for Van
der Wal et al. [1993] and Hirth and Kohlstedt [2015], 62,150MPa for Jung
and Karato [2001], and 59,107MPa for Karato et al. [1980], respectively,
were used for their samples of Fo90. The length of the [100] Burgers
vector is 4.79 × 10�10 m for Fo50 and 4.76 × 10�10m for Fo90. Poisson
ratio is 1.23 and 1.20 for Fo90 and Fo50, respectively. Open circle symbols:
Van der Wal et al. [1993] (VdW); open square symbols: Jung and Karato
[2001] (JK) for Fo90 under hydrous conditions. Dashed line: Karato et al.
[1980] (KTF); thick dotted line: Van der Wal et al. [1993] (VdW) for Fo90
under anhydrous conditions. Dotted line: Hansen et al. [2012b] (HMK) for
Fo50 under anhydrous conditions. Gray solid line: Hirth and Kohlstedt
[2015] (HK) for Fo90 assuming screw dislocation.
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The strength of LPO significantly increases with strain for 1.8≤ γ ≤ 3.0, which corresponds to the increase in
the number of subgrain boundaries and the decrease in grain size (Figures 3 and 4). As demonstrated in
Figures 3 and 6, elongated grains recrystallize due to subgrain boundary rotation. The new grains have a simi-
lar orientation to that of the host grain, as shown in distribution of misorientation angles for correlated grains
(Figure 5b). Therefore, the strength of the LPO significantly increases, because the number of well-oriented
new grains increases.

As demonstrated in the EBSD maps in Figure 3, both blue and red grains tend to be elongated subparallel to
the shear direction, and grains with similar fabric orientation make trails of recrystallized grains. These
features indicate that the grains with these different orientations both successfully deformed to produce
elongated and recrystallized grains. The orientation fabric of these grains reflects a combination of three slip
systems, (010)[100], (001)[100], and (100)[001], as observed in Figure 5a. The operation of multiple-slip sys-
tems was also observed by Zhang et al. [2000] for experiments using a simple shear geometry on Fo90 olivine
aggregates under both anhydrous and “hydrous” conditions when the grain size of the undeformed samples
was significantly larger than the steady state grain size such that dynamic recrystallization plus grain elonga-
tion occurs at the same time during development of LPO.

The strengths of the three major slip systems (010)[100], (100)[001], and (001)[100] are similar at T= 1300°C,
P= 300MPa for single crystals of Fo90 under hydrous conditions [Mackwell et al., 1995]. Further, the strength
of polycrystalline Fo90 is essentially identical to the strength of these slip systems [Hirth and Kohlstedt, 2003,
Figure 6b], indicating that these three slip systems are equally activated during the deformation of polycrys-
talline olivine under hydrous conditions. Even though there are no deformation experiments on single
crystals of Fo50, the observed competition among three slip systems in Fo50 (Figure 5a) is consistent with
the above hypothesis for Fo90.

In their summary of LPOs observed in experimentally deformed olivine, Jung et al. [2006] and Karato [2008,
pp. 255–270] suggested that the dominant slip system can change due to variations in hydrogen content,
differential stress, and temperature. Based on the stress and hydrogen content in this study (i.e.,
50 ≤ σ ≤ 107MPa and COH ~1000 H/106Si in polycrystalline Fo50) and the results of Jung et al. [2006], both
(001)[100] and/or (100)[001] should be activated during our experiments, which is consistent with observed
(001)[100] and (100)[001] slip at high strain (γ ≥ 3.4 in Figure 5a), although previous studies did not report
changes in LPO as a function of strain as observed in our study.

Previous high-strain torsion studies under anhydrous conditions on samples of Fo50 [Hansen et al., 2014]
demonstrated that low-strain samples exhibit slip on (0kl)[100] as a transitional LPO, which evolves to slip
on (010)[100] to define the steady state LPO, consistent with stress versus hydrogen content behavior
reported by Jung et al. [2006]. Therefore, the combinations of the three major slip systems observed in lower
strain samples in this study are also transitional LPOs that eventually evolve to deformation on the (001)[100]
and (100)[001] slip systems at high strains (γ ≥ 3.4) producing steady state LPOs.

Similar changes in LPOwere observed in a hydrated shear zone in the Oman ophiolite [Michibayashi and Oohara,
2013]. In the coarse-grained, outer boundaries of the shear zone, (0kl)[100] slip dominated, whereas in the inner,
fine-grained region, (001)[100] and (100)[001] slip dominated. This change in LPO was attributed to variations in
the hydrogen content and deformation temperature during strain localization in the shear zone. However, the
observed changes in LPO in the hydrated shear zone can also be explained by an evolution with strain of LPO
due to competition among the three main slip systems, as observed in the present study.

4.6. Geometrical Softening Associated With LPO Development

Previous studies demonstrated that geometrical softening due to the development of a strong LPO and/or
grain size reduction leads to mechanical softening in a viscously anisotropic material such as olivine [e.g.,
Durham and Goetze, 1977; Hansen et al., 2012b]. Because deformation microstructures with strong LPOs
and recrystallized grains are observed in this study (see section 4.5), the process of softening is analyzed
below. As previously shown for Fo50 aggregates deformed under anhydrous conditions [Hansen et al.,
2012b], the strain rate at high strain can be described by the following flow law:

_εss ¼ A3
dpss

σss
F

� �n
; (3)
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where F is the geometrical softening
coefficient, and _εss, dss, and σss are deter-
mined at high strain for the steady state
microstructure. The softening coeffi-
cient F= 1 for an isotropic aggregate
and ranges from 0 to 1 depending on
the strength of the dominant slip
system relative to the isotropic case.
Substituting equation (2) into equation (1)
yields

_εss ¼ A4σssnþpq; (4)

where A4 ¼ A1
A2p

, A1, and A2 are from
equations (1) and (2).

First, a flow law for samples with a
steady state microstructure is deter-
mined. Equivalent stress versus equiva-
lent strain rate at steady state is
plotted in Figure 13. Due to the absence
of a grain size dependence in our defor-

mation experiments (i.e., p= 0, section 4.3), only the stress exponent n and creep constant A4 need to be
determined for the flow law (equation (4)). Based on a linear least squares fit to the mechanical data at steady
state, for a single creepmechanism, A4 = 10�13.0 ± 1.3MPa�n s�1 and n=5.0 ± 0.7. In our experiments, a steady
state is identified as that point at which, for a constant twist (strain) rate, the torque reaches a constant value
such as shown schematically in Figure 1c. This point coincides well with the grain size being reduced to a con-
stant value by dynamic recrystallization and with the LPO approaching a steady state. Strain rate stepping
tests about the steady state stress level are subsequently of short enough duration that the grain size and
LPO remain essentially (within measurement resolution) unchanged, although the dislocation density does
respond to the change in stress. For a more detailed discussion of steady state as applied to torsion experi-
ments, the reader is referred to Hansen et al. [2012b, 2012c, 2014].

Second, a flow law for a microstructure without a crystallographic fabric is determined. The peak stress and
strain rate determined for compression and torsion experiments are essentially identical (Figure 10b). The
value of n determined for PT-970 in both compression and torsion experiments is slightly lower than deter-
mined in high-strain torsion experiments (Figures 1c and 1d). Since sample strengths determined for com-
pression and torsion experiments are essentially identical (Figure 10b), we conclude that the peak stress in
a torsion experiment is reached before an LPO develops. In other words, the rheological properties deter-
mined in previous compression experiments should correspond to the mechanical data from the peak stress
in torsion experiments. The equivalent strain rate versus equivalent stress at peak stress is plotted in
Figure 13. The stress exponent n is the same determined from the peak and the steady state stress; therefore,
the material-dependent parameter A1 is the only parameter needed to be determined for the flow law in
equation (1). Assuming a single creep mechanism is operative with n= 5, A1 = 10�14.0 ± 0.1MPa�5 s�1.

To compare the mechanical data for peak and steady state stress (Figure 13), the geometrical softening coef-
ficient F in equation (3) is calculated. Because of the absence of grain size dependence, the difference
between peak and steady state stress is only due to geometrical softening associated with development of
an LPO of olivine. The fitting of the mechanical data demonstrated that the geometrical softening reduces
the stress by 36% at constant strain rate [i.e., F= 0.64 in equation (3)]. Hansen et al. [2012b] determined a geo-
metrical softening coefficient of F= 0.72 for Fo50 olivine aggregates under anhydrous conditions, a value
slightly larger than that determined here under hydrous conditions.

Interestingly, similar amounts of geometrical softening are observed for all samples in this study (Figure 13),
although the pattern and concentration of LPO change (Figure 5a). These features indicate that the geome-
trical softening coefficient F determined in this study contains information about the difference in viscosity
between undeformed and deformed microstructures, whereas the coefficient does not change due to the

Figure 13. Equivalent strain rate versus equivalent stress for both steady
state stress and peak stress values. The solid line is the flow law for a
steady state microstructure, and the dashed line is the flow law an iso-
tropic microstructure. Open symbols peak stress values, and closed sym-
bols steady state values.
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particular pattern or magnitude of the LPO. This interpretation is consistent with the assumption discussed in
section 4.5.3 that the viscosities of the three major slip systems (010)[100], (100)[001], and (001)[100] are
nearly identical under our experimental conditions.

The geometrical softening coefficient, F, determined in this study is an important parameter connecting
experimentally determined rheological properties to Earth’s mantle. Previous experimental studies have
determined the rheological properties of olivine under hydrous conditions in samples deformed to low
strains (equivalent strain< 0.2) with nearly isotropic microstructures [e.g., Karato et al., 1986; Mei and
Kohlstedt, 2000a, 2000b]. However, mantle rocks exhibit highly deformed microstructures with strong LPO
consistent with large-strain deformation [Ismail and Mainprice, 1998; Michibayashi and Mainprice, 2004].
The geometrical softening coefficient contains information about anisotropic viscosity due to the develop-
ment of LPO [Hansen et al., 2012b, 2012c]. The observed geometrical softening coefficient, F, in this study
indicates that the viscosity in the shear direction due to the anisotropic microstructure that develops at high
strain is one order magnitude smaller than that of a sample with an isotropic microstructure assuming n=3
[cf., equation (3)].
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