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a b s t r a c t

We performed high-strain torsion experiments on aggregates of Fo50 olivine to test the influence of

imposed boundary conditions on localizing deformation. We deformed both solid and thin-walled

cylinders of Fo50 either at constant strain rate or at constant stress. Samples deformed in constant-

strain-rate experiments reached a peak stress followed by weakening at a continually decreasing

accelerating weakening rate. Localization is manifested in samples deformed at constant stress as

irregularities along strain markers, S–C foliations, and torsional buckling of thin-walled cylinders. In

contrast, samples deformed at constant strain rate deformed homogeneously. Grain-boundary maps

created with electron-backscatter-diffraction data indicate that high-strain regions in constant-stress

samples correlate with finer grain sizes and stronger crystallographic fabrics. Since the dominant

deformation mechanism is grain-size sensitive, heterogeneous recrystallization leads to strain localiza-

tion in finer-grained regions. However, variations in strength are not large enough to initiate

localization in constant-strain-rate experiments. The magnitude of grain-size heterogeneity remains

relatively constant with increasing strain, implying that shear zones are maintained throughout the

experiments even as non-localizing regions recrystallize. Based on our results, we propose that

deformation driven at constant stress in Earth’s lithosphere will easily localize even if structural

heterogeneities are not initially present.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Strain localization strongly influences the rheological behavior
of Earth’s lithosphere. High-temperature, ductile shear zones,
which are prevalent features in continental and oceanic litho-
sphere, significantly reduce the long-term strength of the litho-
sphere (Précigout et al., 2007; Précigout and Gueydan, 2009). In
addition, high-temperature localization is an essential component
of plate tectonic-like convection (e.g., Tackley, 2000).

Mechanisms for ductile strain localization in Earth have been
heavily debated (for reviews see Bercovici and Karato, 2002;
Regenauer-Lieb and Yuen, 2003). Popular hypotheses include
weakening through shear heating (e.g., Ogawa, 1987;
Regenauer-Lieb et al., 2001), grain-size reduction (Montési and
Hirth, 2003; Braun et al., 1999), crystallographic preferred orien-
tation (CPO) development (e.g., Poirier, 1980; Tommasi et al.,
2009), interconnection of weak phases (e.g., Handy, 1994), or
some combination of the above (Kelemen and Hirth, 2007;
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Kameyama et al., 1997). Observations of shear zones in nature
suggest that all of these hypotheses are plausible. Natural shear
zones are often finer grained than the host rock with varying
degrees of CPO development (e.g., Etheridge and Wilkie, 1979;
White et al., 1980; Warren and Hirth, 2006; Drury et al., 1991;
Skemer and Karato, 2008). Also, some evidence exists for locally
high temperatures (Jin et al., 1998) and for weakening induced by
the interconnection of weak phases (e.g., Berthé et al., 1979).

High-temperature laboratory experiments on rock-forming
minerals have recreated many of the features of natural shear
zones. At high stress and large strain, grain-size reduction occurs
in tandem with CPO development (e.g., Bystricky et al., 2000;
Barnhoorn et al., 2004; Pieri et al., 2001). However, significant
ductile strain localization has only been observed in experiments
on polyphase rocks (e.g., Jordan, 1987; Dell’Angelo and Tullis,
1996; Holyoke and Tullis, 2006a; Barnhoorn et al., 2005). Paterson
(2007) noted that these previous experimental studies were all
performed at a constant bulk strain rate, and he explained the
lack of localization in monomineralic aggregates using a linear
stability analysis designed for adiabatic shear bands (Fressengeas
and Molinari, 1987). In this analysis, samples subjected to con-
stant-strain-rate boundary conditions need a significantly large,
local perturbation in strength to produce localization; such
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perturbations are typically not present in laboratory-synthesized
monophase rocks. The implication then is that constant-stress
boundary conditions are much more conducive to strain localiza-
tion. We test this hypothesis by conducting a series of experiments,
some under constant-stress and others under constant-strain-rate
boundary conditions. Our results indicate that constant-stress
boundary conditions promote strain localization even in monophase
rocks, suggesting that strain localization will be ubiquitous in the
lithosphere if the imposed stress is near constant in time, regardless
of the lithology.
2. Methods

2.1. Sample preparation

We fabricated Fo50 powders by following the methodology of
Zhao et al. (2009). We first made fayalite powders by reacting
mixtures of Fe2O3 and SiO2 powders in a gas-mixing furnace at
1410 K with a 1.15:1 mixture of CO:CO2 (PO2

� 10�7 Pa) for 100 h.
The fayalite product was reground and mixed with San Carlos
olivine powders in a ratio suitable to produce equal amounts of Fe
and Mg. The powder mixture was reacted at 1673 K with a 1:1
mixture of CO:CO2 (PO2

� 10�4 Pa) for 40 h. The product was
reground and refired at the same conditions. Samples of Fo50

powders were mounted in epoxy and polished. We then analyzed
the mounted powders with a JEOL JXA-8900 electron microprobe
to ensure reaction was complete. Chemical analyses of starting
powders are similar to those given for Fo50 samples in Zhao et al.
(2009). Fo50 was used because of its (1) enhanced grain growth
kinetics, which allow fabrication of a relatively coarse grained
starting material, and (2) low strength relative to San Carlos
olivine, which allows high strains to be achieved on relatively
short time scales.

Fig. 1 describes the two different sample geometries used in
this study. For the solid cylinder sample preparation (Fig. 1a), Fo50

powders were uniaxially cold-pressed into a right-cylindrical Ni
can with 100 MPa of pressure at room temperature. For the
Fig. 1. Schematic diagrams of sample assemblies. (a) Standard sample assembly with s

The Ni plug in the center of thin-walled samples creates a stress distribution within the

assembly as illustrated in (c).
thin-walled cylinder preparation (Fig. 1b), Fo50 powders were
uniaxially cold-pressed at the same conditions into a right-cylind-
rical Ni can with a central Ni cylinder. We intentionally cut the
central Ni cylinder 2 mm short of the length of the can to
accommodate compaction of the Fo50 powders during the hot press.

The Ni cans were capped with a Ni disc and isostatically hot-
pressed in a gas-medium high-pressure apparatus (Paterson,
1990). Samples were hot-pressed at 1523 K and 300 MPa for 8 h
to achieve nearly full densification (� 2% porosity) and signifi-
cant grain growth. The nickel can, combined with oxygen present
in the cold-pressed powders, served to hold the oxygen fugacity
at the Ni/NiO buffer, as evidenced by the presence of a NiO layer
between the sample and the Ni can after hot-pressing. After each
hot press, a 1-mm slice was removed for analysis of the starting
microstructure. The typical starting microstructure is illustrated
in Fig. 2. The mean grain size after hot-pressing was � 40 mm.
Methods for determining grain sizes are described in Section 2.3.
The remaining length of each sample was then cut into several
discs, ranging from 2 to 5 mm in thickness, to be used in
deformation experiments.

2.2. Deformation experiments

Deformation assemblies were prepared by stacking the sample
between zirconia, dense alumina, and porous alumina pistons and
inserting these components into a 0.25-mm thick Fe jacket.
Porous alumina pistons were placed in direct contact with the
sample to increase friction along the sample/piston interfaces in
subsequent torsion tests. Jacketed assemblies were dried in a
vacuum oven at 400 K for at least 12 h.

For two experiments (PT0514 and PT0595), prior to deforma-
tion the samples were cut into two semi-circular discs. A 25-mm
thick piece of Ni foil was placed between the two halves to serve
as an initially vertical strain marker. The other components of the
assemblies were completed as described above.

Deformation experiments were carried out in a servo-controlled,
internally heated, gas-medium deformation apparatus equipped
with a torsional actuator (Paterson and Olgaard, 2000). Temperature
olid cylinder of olivine. (b) Thin-walled cylinder of olivine with Ni plug in center.

sample such that the shear stress is near uniform within the olivine portion of the
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Fig. 2. Grain-boundary map of starting material (PT0444) constructed from EBSD

data. Grain boundaries are black and subgrain boundaries are yellow. The green

scale gives the misorientation angle between each pixel and an ideal orientation

defined by [010] axes normal to the shear plane and [100] axes parallel to the

shear direction. The green scale is transparent and superimposed on a gray-scale

map of Kikuchi-band contrast. (For interpretation of the references to color in this

figure caption, the reader is referred to the web version of this article.)
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was maintained to within 72 K of 1473 K over the length of the
sample, and pressure was controlled at 30071 MPa. Torque was
measured internal to the pressure vessel, and angular displacement
was measured externally. In constant-stress experiments, the torque
was maintained to within 71 N m of the target value, which
corresponds to 71–3 MPa in shear stress.

Upon initial loading, either the twist rate was set to the desired
value for constant-strain-rate experiments, or the torque was set to
the desired value for constant-stress experiments. For several
experiments, the controlling boundary condition (torque or twist
rate) was stepped systematically during the experiment to deter-
mine the dependence of strain rate on stress. Each step was
continued until a peak (or trough) in the stress (or strain-rate) curve
was reached, which generally occurred within 5–20% strain.

Shear stress was calculated using the relation for a hollow
cylinder (Paterson and Olgaard, 2000)

t¼
4M 3þ1

n

� �
p

D1=n
o

D3þ1=n
o �D3þ1=n

i

, ð1Þ

where t is the shear stress, M is the measured torque, Do is the
outer diameter of the cylinder, Di is the inner diameter of the
cylinder, and n is the stress exponent. Because the sample
assembly is a series of nested cylinders (Fig. 1), the shear stress
on the sample was determined by (i) calculating the torque
required to twist each metal cylinder at the measured twist rate
using Eq. (1) with published flow laws for Ni and Fe (e.g., Frost
and Ashby, 1982), (ii) subtracting the torque supported by the
metal cylinders from the total torque, and (iii) using the remain-
ing torque and Eq. (1) to calculate the stress on the sample. This
correction typically increased log t in thin-walled cylinders by
� 10% compared to solid cylinders subjected to the same torque.

Several constant-strain-rate and constant-stress experiments
(e.g., PT0457, PT0463, PT0503) exhibit an oscillatory signal in the
stress and strain-rate data, respectively. We suggest that this
signal is related to the rotational nature of the torsional geometry
and reflects slight off axis loading due to small misalignments in
the loading column. Comparable effects have been observed in
other studies using a similar apparatus (cf. Figs. 1 and 11 in
Bystricky et al., 2000; Paterson and Olgaard, 2000, respectively).

2.3. Microstructural analysis

Both initial and final microstructures were assessed from
polished sections. Both tangential sections, which approximate
simple shear, and axial sections (Paterson and Olgaard, 2000)
were first polished with diamond lapping film and then finished
by polishing for 40 min with colloidal silica ð0:04 mm).

These ultrapolished samples were carbon coated and then
analyzed with a JEOL 6500 scanning electron microscope fitted
with a field emission electron source. Electron backscatter dif-
fraction (EBSD) patterns were collected and analyzed using the
HKL Channel5 software package. The electron beam was rastered
across the sample using step sizes of 0.25–0:5 mm to map the
distribution of grain orientations. Maps were processed by first
removing isolated single pixels that differed more than 101 from
neighboring pixels. Second, empty pixels in which indexing was
not possible were assigned the average orientation of neighboring
pixels if they had eight nearest neighbors. This process was
repeated, progressively reducing the number of necessary nearest
neighbors to five. Third, 601 misorientations around [100] were
removed because the symmetry of the oxygen sublattice in
olivine produces a three-fold pseudosymmetry axis parallel to
[100] leading to systematic misindexing (Bystricky et al., 2006).

Grain boundaries were mapped by comparing the misorienta-
tion angles between neighboring pixels. For our samples, high-
angle grain boundaries were taken to be 4101 and low-angle
grain boundaries (i.e., subgrain boundaries) to be between 21 and
101. Misorientations less than 21 were considered to be noise.
Grain sizes were calculated using the mean intercept length
obtained from grain-boundary maps multiplied by a scaling factor
of 1.5 (Underwood, 1970, pp. 80–93). Several doubly polished thin
sections were prepared from tangential sections. Thin sections
were analyzed in both plane-polarized and cross-polarized light.
3. Results

3.1. Mechanical results

3.1.1. Constant-strain-rate boundary conditions

The mechanical results from several constant-strain-rate
experiments are plotted as shear stress versus shear strain on
linear and log–log axes in Fig. 3a and c, respectively. In each
experiment, strain-rate steps were imposed to determine the
stress exponent. For all experiments in this subset, the stress
initially increased to a peak stress, followed by a gradual decrease.
By a shear strain of g� 4, the rate of weakening reached values of
@t=@g��1:5 MPa and @ log t=@ log g��0:13.

To obtain a value for the stress exponent, the linear weakening
trend observed above g� 4 in each experiment was subtracted
out so that stress–strain rate pairs at different strains could be
compared. The values of n obtained from rate-stepping tests are
relatively constant throughout the experiments. We determined
the mean value of n for constant-strain-rate experiments to be
3.9 based on three experiments as reported in Table 1.

3.1.2. Constant-stress boundary conditions

The mechanical results from constant-stress experiments are
plotted as shear strain versus time and shear strain rate versus
shear strain in Fig. 3b and d, respectively. The data from several
constant-stress experiments exhibit an initial decrease in strain
rate with increasing strain (PT0457 and PT0463), and all constant-
stress experiments exhibit a significant weakening step (� 1 order



Fig. 3. Examples of mechanical results from both constant-strain-rate (a and c) and constant-stress (b and d) experiments. Constant-strain-rate experiments are plotted on

both linear (a) and logarithmic (c) scales. All constant-strain-rate experiments reach a steady-state weakening rate. Constant-stress experiments are plotted as both strain

versus time (b) and strain rate versus strain (d). High-frequency noise in (d) is due to numerical differentiation of the strain/time curves.

Table 1
Summary of experiments.

Sample Geometry Constant

condition

Boundary

value

gmax n Figure(s)

PT0444 Thin-walled – – – – 2

PT0457 Thin-walled Stress 83 MPa 5.4 3.7 3

PT0463 Thin-walled Stress 112 MPa 5.5 – 3, 6

PT0473 Thin-walled Stress 103 MPa 6.9 – 6

PT0475 Thin-walled Rate 3.5�10�4 s�1 3.1 – 6

PT0484 Thin-walled Stress 100 MPa 18.7 – 6, 7, 8, 9, 10

PT0494 Solid Stress 161 MPa 5.9 – 3, 5, 7, 8, 9, 10

PT0499 Solid Stress 97 MPa 10.9 – 7, 8, 9, 10

PT0503 Solid Rate 7.5�10�5 s�1 8.2 3.8 3

PT0505 Solid Rate 3.3�10�4 s�1 10.2 4.1 4, 7, 8, 9, 10

PT0514 Solid Stress 119 MPa 4.8 – 3, 4

PT0552 Thin-walled Rate 8.0�10�4 s�1 8.9 3.9 3, 6, 7, 8, 9, 10

PT0595 Thin-walled Rate 5.0�10�4 s�1 4.5 – 4
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of magnitude in strain rate) before a strain of g¼ 1:5, followed by a
continual increase in @ log _g=@ log g. Constant-stress experiments
were terminated once the twist rate reached 1.3 mrad/s, a control
limit set to protect the torsional actuator.

We conducted one experiment (PT0457) with multiple stress-
steps to determine the stress exponent. The weakening trend was
subtracted in a manner similar to that of constant rate experi-
ments to determine the value of 3.7 for n, as indicated in Table 1.

3.2. Macrostructural results

3.2.1. Deflections of strain markers

One of the samples assembled with an initially vertical Ni
strain marker (PT0595) was deformed with constant-strain-rate
boundary conditions. As illustrated in Fig. 4a with photomicro-
graphs of a tangential section, the strain marker remained
relatively linear after deformation, and the angle of the marker
with respect to the olivine–alumina interface agrees well with the
measured bulk strain of g¼ 4:5. Due to the orientation of the
strain marker, its entire height cannot be imaged in a single
tangential section, but observations from additional sections
confirm that the marker remains relatively linear near the
olivine–alumina interface.

The other sample assembled with a Ni strain marker (PT0514)
was deformed with constant-stress boundary conditions. The
resulting geometry of the strain marker is illustrated in Fig. 4b
and c with photomicrographs of tangential sections. Significant
strain localization is indicated by the variations in the orientation
of the strain marker. In Fig. 4b and c, both the apparent strain, as
measured from the apparent dip of the strain marker, and the true
strain, as measured from the calculated true dip of the strain
marker, are indicated at several points across the 2.35 mm height
of the sample. We calculated the true dip of the strain marker by
assuming the strike of the strain marker is always parallel to the
radius of the sample. Measured strains range from g¼ 1:9þ0:2

�0:1 to
g¼ 16þ19

�5:8 (error estimates are based on 721 measurement error),
demonstrating the development of large local departures from
the bulk strain of g¼ 4:8. We emphasize that, as the strain
increases, the precision of the strain measurement decreases
significantly. For example, the angular difference between a strain
marker subjected to g¼ 10 and one subjected to g¼ 20 is only 31.
3.2.2. Deflections of foliations

We observed a foliation in thin sections prepared both from
samples subjected to constant-strain-rate boundary conditions
and from samples subjected to constant-stress boundary condi-
tions (PT0505 and PT0494, respectively) as pictured in optical
micrographs in Fig. 5. The foliation is defined by both elongated
grains and grains with similar extinction angle.

In samples deformed at constant strain rate, the orientation of
the foliation is unchanging throughout the section (Fig. 5a and c).
The angle between the sample/alumina boundaries and the
foliation agrees well with the angular deflection predicted from



Fig. 5. Transmitted-light photomicrographs of thin sections taken with crossed polarizers. (a) and (c) are from sample PT0505, and (b) and (d) are from PT0494. Solid

boxes indicate the locations of (c) and (d). The foliation in the constant-strain-rate sample is consistently linear throughout the section, while the foliation is undulating in

the constant-stress sample. Arrows denote fine-grained shear zones, and the general orientations of S- and C-foliations are given. Dashed boxes in (a) and (b) indicate the

location of grain-boundary maps in Fig. 7e and a, respectively. The coarse-grained portions at the top and bottom of (b) are the porous alumina spacers. Sense of shear is

top to the right.

Fig. 4. Reflected-light photomosaics of several tangential sections from PT0595 (a) and PT0514 (b and c). As pictured in the insets, (a) and (c) are full tangential sections

while (c) is a half section. Bright regions are the Ni jacket and the Ni-foil strain marker. The apparent and true local strain (apparent/true) are labeled at each point marked

with an arrow.

L.N. Hansen et al. / Earth and Planetary Science Letters 333-334 (2012) 134–145138
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the macroscopic strain. This uniform foliation is similar to that
previously observed in olivine samples deformed in torsion at
constant strain-rate (Bystricky et al., 2000).
Fig. 7. Grain-boundary maps and pole figures constructed using EBSD data from samp

known, black arrows depict the direction of increasing shear strain. The highest-strain

grained bands. Locations of (b) and (d) are depicted in Fig. 5b and a, respectively. Grain

misorientation angle between each pixel and an ideal orientation defined by [010] axes

scale is transparent and superimposed on a gray-scale map of Kikuchi-band contrast. All

All pole figures are one-point-per-grain, lower-hemisphere plots with the marker color c

the shear direction oriented horizontally and the shear-plane normal oriented verticall

referred to the web version of this article.)

Fig. 6. Photographs of axial sections of thin-walled samples. (a) Constant-strain-

rate experiments remain straight sided, while (b) constant-stress experiments are

torsionally buckled. (c) The schematic drawing of buckled samples depicts a

helical fold and its expression in cross section.
The orientation of the foliation in constant-stress samples
varies regularly throughout the section (Fig. 5b and d). The fabric
consists of alternating horizontal bands of high-angle foliation
(� 301 to horizontal) and low-angle foliation (� 51 to horizontal),
similar to an S–C fabric (Lister and Snoke, 1984). Similar anasto-
mosing fabrics were observed by Skemer et al. (2011) in torsion
experiments on dunite in which deformation was forced to
localize through tapering of the sample. High-angle bands
(S-foliations) are primarily coarse-grained porphyroclasts. Sub-
horizontal bands (C-foliations) are chiefly composed of the finest
grains and spaced � 100 mm apart, approximately the size of the
larger grains in the starting material.
3.2.3. Torsional buckling

The final shapes of samples prepared as thin-walled cylinders
and subsequently deformed at constant strain rate boundary
conditions are strikingly different from those deformed at con-
stant stress boundary conditions, as illustrated with images of
les deformed at (a, b, and c) constant stress and (d and e) constant strain rate. If

regions tend to correlate with the finest grain sizes. Hollow arrows denote fine-

boundaries are black and subgrain boundaries are yellow. The green scale gives the

normal to the shear plane and [100] axes parallel to the shear direction. The green

sections except for (c) are tangential sections with the shear sense top to the right.

orresponding to multiples of uniform density. All pole figures are constructed with

y. (For interpretation of the references to color in this figure caption, the reader is
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Fig. 8. Histograms of linear-intercept distributions for samples deformed at (a) constant strain rate and (b) constant stress. Intercept lengths were measured from EBSD

data presented in Fig. 7. Note that distributions in (a) are essentially log–normal, and those in (b) exhibit small subpeaks at fine grain sizes ð122 mmÞ, indicating that

constant stress conditions result in an increased number of relatively small grains.

Fig. 9. Plots of (a) grain size and (b) M-index as a function of vertical distance for each of the grain-boundary maps in Fig. 7. Pole figures exhibiting characteristic CPOs

from the bins with the minimum and maximum M-indices in samples PT0484 and PT0494 are presented in (c). The constant-strain-rate experiments have relatively little

variation in either grain size or M-index. For constant-stress experiments, the grain size is roughly anticorrelated with M-index. Both grain size and M-index were

calculated using a 30 mm sliding window. Pole figures are constructed as in Fig. 7.
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axial sections in Fig. 6. Samples deformed at constant strain rate
are straight sided, maintaining their right-cylindrical shape.
Samples deformed at constant stress, however, are consistently
buckled. The torsional buckling can be described as a fold with a
helical axial plane that curves around the sample. This geometry
is drawn schematically in Fig. 6. Because torsional buckling is
strongly sensitive to the aspect ratio of the sample (e.g., Schmidt
and Winterstetter, 2004), several attempts were made to prevent
buckling by reducing the sample height. As is evident in Fig. 6,
even samples less than 2 mm in height are significantly buckled if
subjected to constant-stress boundary conditions.

3.3. Microstructural results

Grain-boundary maps from five samples are presented in
Fig. 7. In Fig. 7a, the grain-boundary map transects several narrow
fine-grained regions. In Fig. 7b, the grain-boundary map is
centered on a region in which the foliation transitions from
steeply dipping at the top (S-foliation) to subhorizontal at the
bottom (C-foliation), so that the zone of highest strain is located
toward the bottom of the map. In Fig. 7c, the grain-boundary map
crosses the most intense buckling feature observed in any of the
experiments. The center of the map roughly corresponds to the
area of the highest strain. In Fig. 7d and e, the grain-boundary
maps depict portions of samples deformed at constant strain rate
in which the grain size is relatively homogeneous. These observa-
tions indicate that local variations in grain size in constant-stress
samples correlate with local variations in shear strain, which
agrees with previous torsion experiments on olivine that suggest
the degree of recrystallization depends strongly on the total shear
strain (Bystricky et al., 2000).

Fig. 7 also includes pole figures with grain orientations from
each map. All CPOs are characterized by [100] axes parallel to the
shear direction and [010] axes normal to the shear plane. [010]
and [001] axes exhibit some girdling, consistent with previous
torsion experiments on San Carlos olivine (Bystricky et al., 2000).
However, [010] and [001] axes appear to become less girdled and
more clustered at higher strains (e.g., Fig. 7c). Girdling appears to
persist to higher strains in samples deformed at constant stress
compared to those deformed at constant strain rate (compare
Fig. 7a and d).
3.3.1. Variations in grain size

Fig. 8 presents distributions of linear intercepts from samples
deformed at constant strain rate and constant stress. Fig. 8a
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illustrates that samples deformed at constant strain rate exhibit
log–normal intercept-length distributions. In contrast, Fig. 8b
illustrates that samples deformed at constant stress have distinct
subpeaks at small intercept lengths indicating that there are large
populations of small grains relative to a log–normal distribution.

To examine local variations in grain size, in Fig. 9a, we
construct top-to-bottom profiles of grain size for each of the
grain-boundary maps. Grain size was measured with a 30-mm-tall
sliding window. The grain sizes of the samples deformed at
constant stress vary by a factor of 2–3 over the height of the
map, whereas the grain sizes of the samples deformed at
constant-strain-rate only vary by a factor of 1.2. In the con-
stant-stress samples with some indicator of local strain variations
(foliation or buckling), the fine-grained regions are consistently
correlated with higher strain and tend to be spaced 50–100 mm
apart.
3.3.2. Variations in fabric strength

In Fig. 9b, we use the M-index defined by Skemer et al. (2005)
to construct profiles of CPO strength for each of the grain-
boundary maps in Fig. 7. M-index profiles were measured with
a sliding window with the window size varied for each map so
that at least 150 grains were contained in each window, the
minimum sample size suggested by Skemer et al. (2005). Crystal-
lographic fabric strength is approximately constant across the
sample deformed at constant-strain-rate, while fabric strengths
vary significantly spatially in samples deformed at constant
stress. M-index is qualitatively anticorrelated with grain size,
and analysis of grain size as a function of M-index (not shown)
confirms an inverse relationship. Fig. 9c presents crystallographic
fabrics from the bins with minimum and maximum M-index
values for samples PT0484 and PT0494. Sample PT0494 exhibits
stronger girdling of [010] axes where M-indices are low and grain
size is coarse. Sample PT0484, which was deformed to the highest
strain of any sample (g¼ 18:7), exhibits only very subtle differ-
ences between crystallographic fabrics from regions with high
and low M-indices.
4. Discussion

4.1. The effect of boundary conditions on strain localization

The conditions necessary for strain localization during ductile
deformation have been explored in many theoretical and experi-
mental studies (for reviews, see Argon, 1973; Poirier, 1976;
Bai and Dodd, 1992; Walley, 2007). The most pervasive theore-
tical criteria for localization state that localization will occur
if a material weakens with increasing strain (e.g., Zener and
Holloman, 1944; Hill, 1958; Argon, 1973). Strain-dependent
deformation can be described with a constitutive equation of
the form

_g ¼ Agmtn exp
�Q

RT

� �
, ð2Þ

where _g is the shear strain rate, A is a constant dependent on
material and deformation mechanism, g is the shear strain, m is
the strain-weakening exponent, t is the shear stress, n is the
stress exponent, Q is the activation enthalpy, R is the gas constant,
and T is temperature. Strain weakening occurs if m40, and strain
hardening occurs if mo0. The value of m can evolve during
deformation as the microstructure changes. For instance, increas-
ing CPO strength can induce geometrical weakening, and reducing
grain size can induce weakening if the deformation mechanism is
grain size sensitive, both of which counteract hardening
associated with the primary creep regime (e.g., Poirier et al.,
1979; Poirier, 1980).

In the constant-strain-rate experiments presented in this
study, the stress/strain curve reaches a peak stress and then
continually weakens for the duration of the experiment. The latter
is consistent with the observed CPO development and grain size
reduction. The peak stress represents the onset of weakening, that
is, m40, and should, therefore, correspond to the onset of
localization according to the criteria discussed above. However,
based on both macro- and microstructural observations, no
localization is observed in any of the samples deformed at
constant strain rate.

The samples deformed at constant stress also continually
weaken with increasing strain beyond a strain of � 0:5, as
illustrated in Fig. 3b and d. In contrast to samples deformed at
constant strain rate, samples deformed at constant stress experi-
enced significant strain localization as evidenced by deflections in
strain markers and deflections in foliations. In addition, although
torsional buckling does not require strain localization, localization
tends to create a bifurcation in the stable stress/strain paths of
deforming thin-walled structures and is therefore often asso-
ciated with buckling (Bažant and Cedolin, 2003, Chapter 13).

As Paterson (2007) pointed out, the linear stability analysis of
Fressengeas and Molinari (1987), which uses a constitutive
equation equivalent to Eq. (2), provides a possible explanation
for the discrepancy between constant-strain-rate and constant-
stress boundary conditions. Their analysis results in a set of
criteria under which there is a possibility for localization given
an initial perturbation in one of the strength-controlling para-
meters. We note that, although the argument of Fressengeas and
Molinari (1987) is cast in terms of temperature perturbations, the
analysis applies equally well to perturbations in CPO strength or
grain size. We consider the subset of their results that apply to
conditions where weakening effects outweigh strengthening
effects, a condition that applies for monophase aggregates of
olivine at high strain (Bystricky et al., 2000; Paterson, 2007). In
this scenario, with constant-strain-rate boundary conditions,
localization will only occur if the initial perturbations are suffi-
ciently large. In contrast, with constant-stress boundary condi-
tions, localization will always occur regardless of the
perturbation size.

The lack of strain localization in our constant-strain-rate
experiments on monophase aggregates suggests that any spatial
perturbations in CPO strength or grain size are smaller than the
critical size necessary for localization to occur. This suggestion is
in agreement with the lack of localization in previous experi-
mental studies conducted on monophase samples that were also
deformed at constant-strain-rate boundary conditions and
accompanied by CPO development, grain-size reduction, and
strain weakening (e.g., Bystricky et al., 2000; Pieri et al., 2001).
In polyphase rocks, however, localization has been observed in
constant-strain-rate experiments on samples with very large
strength contrasts between phases (e.g., Jordan, 1987; Holyoke
and Tullis, 2006a; King et al., 2010). In these polyphase samples,
interconnected layers of the weak phase introduce a perturbation
in strength sufficient for localization to occur.

We also point out an important distinction between the mechan-
ical data from constant-strain-rate experiments and those from
constant-stress experiments. As depicted in Fig. 3c, a steady-state
weakening exponent, m, is reached during our constant-strain-rate
experiments (i.e., @2 log t=@ log g2 ¼ 0). Conversely, as depicted in
Fig. 3d, values of m in our constant-stress experiments continually
increase throughout an experiment. In contrast to the theoretical
criteria stated above, the mechanical response of localizing materials
in constant-strain-rate torsion tests is most often characterized by
increasing weakening rates (i.e., @2 log t=@ log g2o0) once strain



Fig. 10. Roughness versus the bulk shear strain for both constant-strain-rate and

constant-stress samples. The roughness of the grain-size profiles is significantly

larger for constant-stress samples than for constant-strain-rate samples regardless

of the strain, which indicates relatively fine-grained shear zones persist to high

strains.
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localization begins (e.g., Marchand and Duffy, 1988). Thus, we
suggest that an increasing weakening exponent with increasing
strain (i.e., @m=@g40) is an important indicator of strain localiza-
tion, rather than simply m40.

It is important to note that we did not observe the loss of load
bearing capacity in any of our experiments, regardless of the
boundary conditions. Because experiments could not be contin-
ued at constant stress once the rate limit of our apparatus was
reached, we cannot say if the strain weakening would have
continued to failure or subsided, returning to a stable condition.
However, based on the microstructural evolution described in the
next section, we postulate that shear zones are maintained at
least through the end of the experiment.

4.2. Mechanisms to induce strain localization

Most criteria for strain localization, including the stability
analysis of Fressengeas and Molinari (1987), require perturbations
in one or more of the strength-controlling parameters. These
perturbations could be in CPO strength, grain size, or temperature.
Fig. 9 demonstrates that high strain regions within a sheared
sample correlate with reduced grain size and increased fabric
strength. Thus, we assert that the constitutive equation for the
dominant deformation mechanism is both grain-size sensitive and
associated with significant crystallographic fabric development.

Recent experimental work has gathered mounting evidence for
grain-boundary sliding being the dominant deformation mechan-
ism in many laboratory settings (e.g., Hiraga et al., 2010; Rybacki
et al., 2010; Hansen et al., 2011, submitted for publication).
Dislocation-accommodated grain-boundary sliding (GBS) in Fo90

has a significant grain-size sensitivity (Hirth and Kohlstedt, 2003;
Wang et al., 2010; Hiraga et al., 2010; Hansen et al., 2011).
Although grain-boundary sliding is generally thought to rando-
mize crystallographic fabrics (e.g., White, 1979; Boullier and
Gueguen, 1975; Bestmann and Prior, 2003), Hansen et al. (2011)
argued that a significant texture develops if GBS controls the
strain rate. We note that the crystallographic fabrics in samples
from triaxial compressive creep experiments presented by
Hansen et al. (2011) are significantly weaker than those presented
here. We suggest this difference is due both to the smaller strains
and different deformation geometry in compression experiments
compared to the torsion experiments in this study. In addition,
recent compression experiments on Fe-rich olivine aggregates
(Zhao et al., 2009) similar to those used in our experiments
suggest that GBS is the dominant deformation mechanism.
Thus, we conclude that GBS is the dominant deformation
mechanism throughout our experiments, which makes softening
due to CPO development and due to grain-size reduction possible.
This conclusion is supported by very recent rheological charac-
terization of similar materials deformed in torsion (Hansen et al.,
submitted for publication).

Softening through grain-size reduction is a possible mechan-
ism to induce strain localization since it does not require large
heterogeneities in the starting material. Heterogeneities are
created early in the recrystallization process, which initially
produces bimodal grain-size distributions and core-and-mantle
structures of small, recrystallized grains surrounding larger por-
phyroclasts (e.g., Hirth and Tullis, 1992). In our experiments,
deformation reduces the grain size about one order of magnitude
from that in the starting material so that strain rates in a mantle
of newly recrystallized grains could be enhanced by 1–2 orders of
magnitude relative to strain rates in the unrecrystallized grains.
In agreement with this statement, fine-grained regions in con-
stant-stress samples are spaced approximately 50–100 mm apart,
a distance similar to the size of the larger grains in the starting
material (Fig. 2).
In numerical simulations investigating the influence of grain
size on localization, large grain-size reductions appear necessary
for the initiation of strain localization (Montési and Zuber, 2002).
However, these simulations have only considered constant-
strain-rate boundary conditions. In addition, previous models
have only considered diffusion creep and not GBS as the grain-
size sensitive mechanism, but Montési and Hirth (2003) did
reproduce similar weakening trends to those reported by
Bystricky et al. (2000), in which GBS was likely dominant.
Although tempting to quantitatively compare our results to
models that consider ductile localization caused by grain-size
reduction (Montési and Zuber, 2002; Montési and Hirth, 2003),
the grain-size evolution laws would have to be reformulated to
incorporate a GBS flow law, a task beyond the scope of this paper.

The development of a CPO is another weakening mechanism.
The several orders of magnitude difference in strength between
single crystals with different orientations relative to the applied
stress illustrates the potentially strong effect of CPO on the flow
strength of polycrystalline olivine (Durham and Goetze, 1977; Bai
and Kohlstedt, 1992). Comparisons of laboratory results generally
agree that, except for samples with very fine grain sizes, initially
untextured olivine aggregates are stronger than the (010)[100]
slip system as determined by single crystal experiments (Hirth
and Kohlstedt, 1995, 2003). In addition, numerical simulations of
grain-scale deformation indicate significant mechanical weaken-
ing with increasing CPO strength (Castelnau et al., 2009; Knoll
et al., 2009; Tommasi et al., 2009). Since recrystallized grains have
increased textural development relative to porphyroclasts (Poirier
and Nicolas, 1975), heterogeneous recrystallization will also
produce heterogeneous CPO strength, providing another possible
mechanism for strain localization.

A feedback between strain rate and the parameter responsible
for the reduction in strength is required for strain localization to
progress. If grain-size heterogeneities produced early in the
deformation are responsible for weakening and localization, then
grain-size reduction would need to be a function of strain rate for
localization to run away. However, the steady-state recrystallized
grain-size, d, is typically considered to be controlled by the
balance of grain growth and grain-size reduction and written as
a function of stress (e.g., Twiss, 1977; Karato et al., 1980; van der
Wal et al., 1993),

dp
1

tp
, ð3Þ

where p is a constant. Since the stress is constant throughout the
height of one of our samples, then the coarse-grained, low-strain
regions will eventually recrystallize to a smaller grain size
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matching the fine-grained, high-strain regions and effectively halt
localization.

Alternatively, several theoretical treatments of grain-size
reduction have incorporated strain rate by considering the energy
dissipation rate to be the key component of the grain-size
reduction rate (e.g., Bercovici and Ricard, 2005; Ricard and
Bercovici, 2009; Austin and Evans, 2007, 2009) such that

dp
1

ðt _gÞq
ð4Þ

where t _g is the rate of mechanical work per unit volume and q is
a constant. However, most treatments only consider the mechan-
ical work due to dislocation creep, which is not grain-size
sensitive. This consideration suggests that, similar to Eq. (3),
there is no driving force for continued grain-size reduction.
However, if dislocation-accommodated grain-boundary sliding
(GBS), which is grain-size sensitive, also contributes to the
mechanical work done on the sample, then a feedback arises in
constant-stress experiments between a reduction in grain size
and an increase in the rate of mechanical work done (through an
increase in strain rate). In contrast, during constant-strain-rate
experiments, grain-size reduction will result in a reduction in the
rate of mechanical work (through a decrease in stress). Thus, the
suggested relationship between energy dissipation and grain size
potentially explains the increasing and decreasing weakening
rates observed in constant-stress and constant-strain-rate experi-
ments, respectively. We note again that, if the stress is homo-
geneous throughout the height of the sample, then the non-
localizing portion of the sample will also recrystallize, but if
dissipation rate is the controlling parameter, then a difference in
grain size between localizing and non-localizing regions may be
maintained or enhanced through the feedback effect
mentioned above.

To determine if the grain size remains heterogeneous with
increasing deformation in constant-stress experiments, we exam-
ine the degree of local grain-size variations as a function of strain.
We define the roughness, R, of a grain-size profile as

R¼
1

N

XN

i ¼ 1

log diþ 1

di

� �
ziþ1�zi

������
������, ð5Þ

where z is the vertical distance along the profile and N is the
number of data points. As depicted in Fig. 10, the value of R is
systematically higher for samples deformed at constant stress
than those deformed at constant rate, which agrees with our
conclusion that samples deformed at constant stress are char-
acterized by fine-grained shear zones in a coarser-grained matrix.
In addition, the roughness appears to be maintained with increas-
ing strain, which suggests that, although the average grain size of
the entire sample is decreasing, the relative difference between
fine-grained zones and coarse-grained zones remains relatively
constant throughout the experiments. However, the proposed
feedback mechanism relies on the assumption that the rate of
grain-size reduction is fast compared to the rate of grain growth.
If strain rates are sufficiently decreased or temperatures suffi-
ciently increased relative to those in this study, grain growth may
act to measurably reduce grain size differences.

In contrast, we cannot envision a feedback mechanism that
allows CPO development to be solely responsible for localization.
Olivine CPO strengthens quickly with increasing deformation but
CPO development slows at higher strains as evidenced in labora-
tory experiments (Bystricky et al., 2000; Skemer et al., 2005),
numerical simulations (Tommasi, 1998; Tommasi et al., 2000),
and field-based studies (Warren et al., 2008). Thus, as deforma-
tion progresses in the low-strain regions of a sample deformed at
constant-stress, the difference between the strength of the CPO in
the low-strain regions and that of the high-strain regions will
decrease, shutting down the feedback process.

In reality, the effects of grain-size reduction and CPO devel-
opment cannot be separated since both are strong functions of
strain, and the exact magnitude of strength loss in olivine due
strictly to CPO development has not yet been quantified making it
difficult to assess the effect of a strong texture. However, the
correlation between shear zone spacing and the initial grain size
suggests that heterogeneous recrystallization is critical in insti-
gating localization. Additionally, the persistence of relatively fine-
grained regions (Fig. 10) and the observation of a macroscopically
accelerating strain rate (Fig. 3) together indicate a feedback effect
involving grain size and the rate of mechanical work. We there-
fore consider grain-size reduction and the grain-size sensitivity
associated with GBS to be necessary and important parts of the
localization process with CPO development possibly enhancing
localization in regions with reduced grain size.

We also note that the influence of local temperature perturbations
is difficult to assess with microstructural evidence, and instead the
material properties and experimental conditions need to be taken
into account. Based on an adiabaticity parameter defined by
Fressengeas and Molinari (1987), the conditions of these experiments
are close to isothermal (Paterson, 2007), and consequently any
thermal perturbations are quickly damped. For example, given a
thermal diffusivity for olivine of 10�6 m2=s, the characteristic time
for thermal diffusion is 2.5�10�3 s over 100 mm and 25 s over 1 cm.
Relatively fast thermal diffusion combined with the strong correlation
between grain size and strain leads us to conclude that grain-size
reduction is the most important weakening process.

4.3. Implications for shear zones in the Earth

Most commonly, localization of deformation in initially homo-
geneous rocks into ductile shear zones in the Earth is attributed to
either adiabatic shear heating (e.g., Ogawa, 1987), grain-size
reduction (e.g., Montési and Hirth, 2003), or some combination
of the two (e.g., Kelemen and Hirth, 2007; Kameyama et al., 1997;
Yuen and Schubert, 1979). Although adiabatic shear heating may
be associated with ultramylonites and pseudotachylites (Jin et al.,
1998), it appears that shear heating alone is not sufficient to
initiate localization (Montési and Zuber, 2002; Montési and Hirth,
2003). In addition, grain-size reduction will only be effective if a
grain-size-sensitive deformation mechanism is operating, and
most previous studies have only considered diffusion creep and
not GBS. Because it appears difficult to reduce grain sizes in
monophase rocks enough for diffusion creep to dominate defor-
mation, second-phase pinning of grain boundaries has been
suggested as a necessity for strain localization (e.g., Kenkmann
and Dresen, 2002; Warren and Hirth, 2006).

Strain localization does appear to be attainable in multiphase
rocks with interconnected weak phases, even if subjected to
constant-strain-rate conditions (e.g., Jordan, 1987; Dell’Angelo
and Tullis, 1996; Holyoke and Tullis, 2006b). The interconnected
weak phase acts as a strength perturbation, and if the strength
contrast between phases is large enough, then the conditions for
localization as outlined by Fressengeas and Molinari (1987) will
be satisfied.

In monophase rocks or polyphase rocks in which the strength
contrast between phases is minimal, the initial perturbations in
strength may not be large enough to initiate strain localization if
subjected to constant-strain-rate boundary conditions. Our
results, however, demonstrate that strain will localize if the
system is subjected to constant-stress boundary conditions. This
conclusion is especially applicable if the dominant deformation
mechanism is GBS, because the strain rate is grain-size sensitive
and grain-size reduction is occurring. Hansen et al. (2011)
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suggested that GBS is the dominant deformation mechanism
throughout the dry uppermost mantle, which means that sig-
nificant strain localization will occur if constant-stress boundary
conditions apply. Our observations imply that localization will
occur throughout the rock on regularly spaced intervals approxi-
mately controlled by the starting grain-size distribution. At scales
significantly larger than the grain size, the rock might appear
homogeneous. However, a microstructural perturbation on a scale
larger than the grain size (e.g., more closely spaced shear bands)
will grow into a shear zone on that larger scale. Therefore, the
length scale of localization will likely depend on the length scale
of perturbations in parameters such as the initial grain size or the
strength and orientation of a pre-existing CPO.

It is markedly difficult to determine the temporal variation of
deformation conditions in natural shear zones. We are not aware
of any studies that have demonstrated whether natural shear
zones tend to have constant-stress, constant-strain-rate, or vary-
ing boundary conditions. One could argue that relatively constant
plate velocities (e.g., DeMets and Dixon, 1999) imply that major
shear zones are deforming at constant strain rate. However, a
model was recently proposed by Platt and Behr (2011), in which a
constant-velocity boundary condition is effectively converted into
a constant-stress boundary condition due to the width of a shear
zone changing in response to evolving strength. Yet, this model
suggests that both the macroscopic stress and macroscopic strain
rate reach a steady state, which is in better agreement with our
constant-strain-rate experiments than our constant-stress
experiments.

Several field studies have examined the spatial variations in
microstructures (e.g., recrystallized grain size or dislocation
densities) across shear zones (e.g., White, 1979; Weathers et al.,
1979; Warren et al., 2008), but it is not evident if these variations
(or lack thereof) can be related to temporal variations in the stress
conditions. There are, however, many field studies that present
correlations between weak phase abundance and strain localiza-
tion (e.g., Schmid et al., 1977; White et al., 1980; Stünitz and Fitz
Gerald, 1993; Toy et al., 2010). It is therefore currently unclear
whether the formation of a shear zone is more dependent on the
presence of a second phase or on the type of boundary condition.
Thus, there is a clear need for innovative field-based studies
designed to assess the temporal evolution of stresses and strain
rates in natural shear zones.
5. Conclusions

The process of high-temperature strain localization is ubiqui-
tous in the lithosphere and integral to sustaining plate tectonics.
Previous experimental studies have only provided evidence for
strain localization in polyphase rocks with large strength con-
trasts between phases. Previous experiments on monophase
rocks, in which no evidence for localization has been observed,
have all been conducted at constant strain rate. In this study, we
explored the effects of different boundary conditions on the
stability of olivine aggregates and conclude in agreement with
earlier theoretical considerations that strength heterogeneities in
monophase aggregates are not large enough to initiate localiza-
tion at constant strain rate, but strain localization is readily
attained at constant stress (Fressengeas and Molinari, 1987;
Paterson, 2007). Thus, constant-stress boundary conditions sig-
nificantly reduce the size of the strength perturbation necessary
for localization to initiate.

Based on microstructural analyses of samples deformed either
at constant strain rate or at constant stress, we suggest that strain
localization is correlated with both grain-size reduction and CPO
development. If GBS is the rate-controlling deformation
mechanism, then locally reduced grain sizes can lead to locally
enhanced strain rates, which further reduces the grain size
through an increase in the rate of mechanical work being done
in the shear zone. This finding implies that constant-stress
regions of the lithosphere will likely have significant localization
manifested through concomitant grain-size reduction and asso-
ciated increase in strain rate.
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