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To investigate the role of grain boundary pinning
and the mechanisms by which phase mixing occurs
during deformation of polymineralic rocks, we
conducted high-strain torsion experiments on samples
consisting of olivine plus 30vol% ferropericlase.
Experiments were performed in a gas-medium
deformation apparatus at 1524K and 300MPa.
Samples were deformed to outer radius shear
strains of up to y(R)=14.1. The value of the stress
exponent and the small grain sizes of our samples
indicate that our two-phase material deformed by
dislocation-accommodated grain boundary sliding.
In samples deformed to 1 <y <7, elongated clusters
of ferropericlase grains form thin layers in the
olivine matrix, and small grains of ferropericlase
appear at olivine grain boundaries and three- and
four-grain junctions. By y~14, a well-distributed
mixture of small ferropericlase grains among the
olivine grains developed. Microstructures exhibit
similarities to both mechanical and chemical models
proposed to describe the processes leading to phase
mixing. Our results provide evidence for grain
size reduction during phase mixing that results in
a grain size significantly smaller than the value
predicted by the single-phase recrystallization
piezometer for olivine. Thus, phase mixing
provides a mechanism for the persistent weakening
of rocks that is important for developing and
maintaining shear zones necessary for plate tectonics.
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This article is part of a discussion meeting issue ‘Earth dynamics and the development of
plate tectonics’.

1. Introduction

On Earth, large-scale ductile shear zones allow for the motion of tectonic plates past one another
at plate boundaries. The formation and continued operation of such features require mechanisms
for strain weakening and long-term localization of strain into relatively narrow bands [1,2].
Localization can occur due to a combination of weakening processes associated with water, melt,
shear heating, pre-existing crystallographic preferred orientation (CPO), or grain size reduction
in regions of deformation [3-5]. In natural samples of peridotite from exhumed shear zones, the
strain is often localized in fine-grained mylonites and ultramylonites in which grains of secondary
phases are thoroughly mixed with the primary olivine grains [5-8]. Particles of a secondary phase
act at the grain scale to pin olivine grain boundaries, thus retarding grain growth. Inhibiting grain
growth due to the prevalence of interphase boundaries allows deformation-driven reduction of
grain size to values below that predicted by single-phase piezometers [9]. If the deformation of
the rock is dominated by a grain size-sensitive mechanism, such as diffusion creep or dislocation-
accommodated grain boundary sliding (disGBS), continued grain size reduction results in strain
weakening that facilitates the localization of strain into thoroughly mixed, fine-grained regions.

While the theory of Zener pinning at interphase boundaries is well understood once grains of
the major and minor phases have been thoroughly mixed [9-12], the physical mechanisms that
control phase mixing and its onset at the grain scale during deformation are not well understood.
Previous studies based on natural samples hypothesized that phase mixing could occur due to
chemical and metamorphic reactions [13,14], fluid-assisted mechanisms [15] or brittle processes.
Recent experimental studies on samples of calcite plus anhydrite and samples of olivine (Ol) plus
orthopyroxene (Opx) investigated the underlying physical mechanisms that lead to mixing and
subsequent strain weakening. Observations of the microstructures produced in these experiments
led to a variety of explanations for the observed phase mixing. Cross & Skemer [16] proposed
a mechanical mixing mechanism based on their experimental observations of sheared samples
of calcite plus anhydrite in which large clusters of each phase are thinned and elongated with
increasing strain until they form layers of a single grain thickness. These layers are then pulled
apart at high strains leading to a well-mixed system whereby phase mixing is controlled by the
strain required to thin out each layer. Bercovici & Skemer [17] suggested another mechanical
mechanism for phase mixing in samples of Ol plus Opx in which small grains or ‘teeth” of Ol
form at Opx-Ol-Opx triple junctions. In response to the imposed stress gradient, these Ol ‘teeth’
migrate away from the Ol layer along Opx-Opx grain boundaries towards Opx triple junctions,
thus causing mixing of the two phases. Tasaka et al. [18] explained phase mixing in their Ol plus
Opx samples with a chemical mechanism based on (i) the fact that Ol and Opx share common
chemical building blocks, MeO and SiO; and (ii) the appearance of small grains of Ol and Opx
along grain boundaries of the opposite phase. They interpreted this feature as being due to stress
gradients established during deformation driving diffusion of the faster component, MeO, from
Ol grain boundaries in deviatoric compression to Opx grain boundaries in deviatoric tension.
Owing to the slow diffusion speed of the SiO, component in this system [19-21], small grains of
Opx are left behind at Ol grain boundaries, and the MeO reacts with the neighbouring Opx to
form new, small grains of Ol at Opx grain boundaries. With continued deformation, this process
would lead to a well-mixed microstructure.

To further investigate the possible role of chemical processes in phase mixing, we deformed
two-phase aggregates composed of olivine plus ferropericlase (Fp) to high strain in torsion
in a high-resolution, gas-medium apparatus. In contrast to the Ol plus Opx system in which
the two phases are made up of the same building blocks, the two phases in the Ol plus Fp
system share only the faster component, MeO. Therefore, if mixing is controlled by the relatively
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rapid diffusion of MeO, then MeO units should diffuse from Fp grain boundaries in deviatoric
compression to both Fp and Ol grain boundaries in deviatoric tension. As a result, small Fp grains
are anticipated to appear along Ol grain boundaries in deviatoric tension, but no corresponding
phase is expected along Fp grain boundaries. If instead a mechanical mechanism is responsible
for the mixing, we might expect to see the formation of ‘teeth” at Ol-Fp-Ol and Fp-Ol-Fp triple
junctions accompanied by small particles of either phase along grain boundaries in deviatoric
tension and at triple junctions nearby their parent layers. Such particles could also appear along
grain boundaries in deviatoric compression if clusters of grains are thinned and pulled apart with
increasing strain. In addition, the inclusion of Fp as a minor phase allowed us to examine the
effects of a weaker secondary phase [22] on the rheological properties of two-phase samples.

2. Methods

(a) Sample preparation

Polycrystalline, two-phase samples were fabricated from a mixture of powders composed of 70%
Ol plus 30% Fp; phase percentages (%) indicate vol% of each phase. To synthesize ferropericlase
with the composition (Mgp 9Fep 1)O, 1-5 um powders of MgO and Fe,O3 were dried overnight in
a vacuum oven at a temperature, T, of 510K and a pressure, P, of 10kPa. These powders were
then thoroughly mixed with an agate mortar and pestle in the appropriate molar proportions.
The mixed powders were alloyed in an alumina crucible lined with Ni foil in a one-atmosphere
horizontal furnace for 12h at 1673 K at an oxygen partial pressure of 10~° Pa set by a CO:CO,
molar gas ratio of 1:22.3. The resulting powders were ground and mixed again with an agate
mortar and pestle before annealing for an additional 12 h. This procedure was repeated five times
to ensure the powders were compositionally homogeneous. Analyses of X-ray powder diffraction
patterns verified that the resultant powder was ferropericlase.

The ferropericlase powder was subsequently mixed with San Carlos olivine (SC-Ol) powder
with a particle size of 5.5 £ 2.2 um to make a well-distributed mixture. This mixture was uniaxially
cold-pressed into a cylindrical Ni capsule (inner diameter 12 mm, height 30 mm) with a central
Ni post (diameter 8 mm) at room temperature and P =100 MPa. An evacuated, isostatic hot-press
was then performed on the cold-pressed sample in a gas-medium apparatus [23] at T=1523K
with a confining pressure of 300 MPa and a vacuum pressure of 15Pa for 2h to produce a dense,
two-phase aggregate. A single-phase, polycrystalline sample of SC-Ol was fabricated from the
same starting SC-Ol powders as the two-phase sample. As with the two-phase sample, powders
were cold-pressed into an Ni capsule with a central Ni post, followed by an evacuated, isostatic
hot-press under the same temperature and confining pressure conditions as above and at a
vacuum pressure of 20Pa for 1h to produce a dense, single-phase, thin-walled cylinder. The
resulting thin-walled cylinders were cut into 2.5-3.0 mm thick discs for torsion experiments, as
sketched in figure 1. Thin-walled samples created via this procedure minimize radial variations
in stress and microstructure across the sample during torsional deformation [24,25].

(b) Deformation experiments

Assemblies for deformation experiments were prepared by placing a single disc of the hot-pressed
sample between porous alumina spacers. Solid alumina and zirconia pistons were used to fill the
rest of the assembly. The pistons were inserted into a thin-walled Fe jacket and loaded into a
gas-medium deformation apparatus with a torsion actuator [25].

Samples were deformed in torsion at T=1523 K and P =300 MPa at a constant twist rate until
the torque approached a steady-state value. Shear stress, t, was calculated from the torque
using the relevant relationship for a thin-walled cylinder [25], after subtracting the torque
supported by the Ni capsule, Ni post and the Fe jacket [24,26]. Equivalent stress, o, and
equivalent strain rate, ¢, were calculated from t and the shear strain rate, y, using the appropriate
conversions [25].
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(a) (b)

Figure 1. Schematic of a torsion sample. (a) Top-down drawing of a thin-walled cylindrical sample with the hot-pressed SC-Ol
plus Fp sample encased in a Ni can with a central Ni post. (b) Drawing of a sample right-cylindrical disc for a torsion experiment
with the direction of shear indicated. A tangential window into the sample is exposed and polished after the deformation
experiment in order to view the microstructure of the sample.

Strain-rate steps were taken during the experiments once the torque approached a constant
value in order to determine the value of the stress exponent, 1, in a power-law flow law of the form
. a_ﬂ

e=A K (2.1)
where A is a material-dependent parameter, d is the grain size and p is the grain size exponent. At
each new value of y, a new, roughly constant value of torque was reached after the accumulation
of shear strain, y, of Ay ~0.1. The amount of strain accumulated at the new rate was kept as low
as possible and the twist rate returned to the original value between steps to minimize the change
in microstructure associated with the new shear stress, such that n was determined at a constant
grain size [24].

(c) Microstructural analysis

The microstructures of the deformed and undeformed samples were analysed by exposing a
tangential section of each cylindrical sample. This step was accomplished by removing the metal
jacket around the sample on an SiC grinding wheel, then polishing a tangent to the cylinder using
diamond lapping film down to a 0.5 pm grit size, followed by a chemical-mechanical polish with
40 nm colloidal silica. Samples were then etched to reveal grain and phase boundaries, either with
a diluted mixture of HF + HCl or by heating at 1423 K for 0.5h at an oxygen partial pressure of
4 x 1072 Pain a CO:CO;, molar gas ratio of 1:5.9.

High-resolution images were acquired with a Hitachi S-4700 field-emission gun, scanning
electron microscope (SEM) at an accelerating voltage of 15kV and a beam current of 10 pA.
A 4-5A carbon coat was deposited on the samples to prevent charging during SEM analysis.
After tracing individual grains of both phases, grain sizes of the two phases were determined
by calculating the equivalent diameters from their equivalent areas with the IMAGE] software,
then fitting the grain size distributions to a lognormal distribution. Grain boundary and phase
boundary fractions were measured similarly by calculating the length of OI-Ol, Fp-Fp and Ol-Fp
interfaces with IMAGE]J.

3. Results

(@) Microstructural results

Backscattered electron (BSE) micrographs from tangential sections of the undeformed sample and
four samples deformed in torsion are displayed in figure 2. Grain size distributions determined
from similar images for each sample are given in figure 3. The Fp is well distributed throughout
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PT-1283 y=39

PT-1239 y=6.9

ferropericlase [ olivine

Figure 2. BSE images of the microstructures of undeformed and deformed samples at two different scales for the following
samples: (a) Undeformed, hot-pressed sample (PT-1214), (b) sample deformed to y =1.0 (PT-1219), (c) sample deformed
to  =3.9 (PT-1283), (d) sample deformed to y = 6.9 (PT-1239) and (e) sample deformed to 1 = 14.1 (PT-1250). For the
deformed samples, the direction of shear is top to the right.

the matrix of Ol in the starting material (figure 2a). The Ol grain size in the hot-pressed material
is doj =3.7 £0.2 um. Clustered regions of Fp grains, which vary significantly in size from 10 to
60 pm, generally consist of multiple grains with an average grain size of dpp =3.6+04um.

At low shear strains y ~ 1.0, domains of Fp are elongated in the direction of shear at an angle
of 42° & 2° to the shear plane (figure 2b). The average grain sizes of the two phases have decreased
todol =3.0£0.2pm and dp, =2.4+0.2pm.

LLP02L07 9L ¥ 905§ supi] iyg BioBulysiigndiaaposieforens:



underformed sample:
1.0 T

PT-1214 ' PT-1214

0.5 .

15

deformed samples:

1.0 T T 1.0 T
PT-1219 (y=1.0) PT-1219 (y=1.0)
0.5} R 0.5
’Eé 0 2 0
o5 0 5 10 15 F 0 5 10 15
Q Q
=] =]
S 1.0p T 5] T T
g PT-1283 (y=3.9) g PT-1283 (y=3.9)
ol Rl
£ 05F 1 £o. .
) E)
2 2
5 o ‘ 5 = ,
g 5 10 15 g 5 10 15
& &
1.0p \ 1.0 T T
PT-1239 (y=6.9) PT-1239 (y=6.9)
0.5+ 8 . E
0 L . L
5 10 15 5 10 15
1.0 w T T
PT-1250 (y= 14.1) PT-1250 (y= 14.1)
0.5+ i b
0 ! L
0 5 10 15 5 10 15
olivine grain size (um) ferropericlase grain size (um)

Figure 3. Grain size distribution normalized to the maximum frequency of grains for each experiment. Grain size was calculated
via the equivalent area method. The black curve represents the lognormal distribution fit to each grain size distribution. The
vertical black line represents the mean grain size of each distribution calculated from the lognormal fit.

In samples deformed to shear strains in the range 3.0 < y <7.0, clusters of Fp grains have been
further thinned and elongated; with increasing strain, these layers lie at an angle of 20°+2° to
15° £ 2° to the shear plane (figure 2c,d). At this point, Ol grains have impinged upon grains in
the clusters of Fp, distorting the Fp. Small grains of Fp have started to appear along Ol grain
boundaries and at Ol three- and four-grain junctions, driving the average grain size of Fp down
to dpp =1.3+ 0.1 um, while a number of larger grains still exist in the centre of the Fp domains.
The average Ol grain size in the matrix has decreased to do; =2.2 £ 0.1 um, and individual grains
appear between domains of Fp.

At y > 14, layers of Fp can still be identified, now at an angle of 4°+1° to the shear plane.
Individual domains of Fp are no longer distinguishable; that is, no large grains or clusters of
Fp remain (figure 2e). Small Fp grains are thoroughly distributed throughout the Ol matrix,
and the distribution in grain size has shifted to a smaller value overall. The average grain
size of the Ol is doj=2.2+0.1pum and the grain size of Fp has further decreased slightly to
dpp=1.1£0.1um.
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Figure 4. Shear stress versus shear strain data obtained from torsional deformation experiments performed on four samples
of SC-0l plus 30% Fp. Experiments were performed at 7 =1523 K, P =300 MPa, and an outer radius shear strain rate of
7(R) ~21.0 x 10~* s, Strain-rate excursions appear as steps in the curves.

(b) Mechanical data

In this study, each experiment was performed at the same initial shear strain rate determined at
the outer radius, y(R), of approximately 1 x 10~#s~1. All samples displayed similar mechanical
behaviour, as seen in the plots of shear stress versus shear strain in figure 4. A peak shear stress
of approximately 150 MPa was reached after a sample accumulated a shear strain of y =0.2-0.3,
followed by a relatively rapid decrease of 30-40MPa in shear stress by a shear strain of 3—4.
The flow stress then remained roughly constant with increasing shear strain, aside from long
periodicity sinusoidal noise introduced into the load measurement from off-axis loading of the
sample during the duration of the experiment. For the sample deformed to y ~ 14, the shear stress
began to decrease again at y ~ 10.

Based on analysis of the results from strain-rate steps in terms of equation (2.1), n was
determined using a linear least-squares fit to the log—log plot of ¢ versus o data in figure 5 for
three of the experiments. Strain-rate steps taken in two experiments near the peak stress for
1<y <2 resulted in values of n=2.6+0.2 and 4.8 £0.7. Steps taken in two experiments in the
steady-state regime for 3 <y <4 yielded n=3.6+0.5 and 2.9 £ 0.2. Strain-rate steps taken during
the high-strain experiment at y > 10 yielded n =3.4 & 0.6. For comparison, a shear stress versus
shear strain curve from a torsion experiment carried out on an aggregate of single-phase SC-Ol is
included in figure 6. A summary of mechanical and microstructural parameters is given in table 1.

4. Discussion

(@) Deformation mechanism

Triaxial compressive creep experiments performed in a gas-medium apparatus on single-phase
aggregates of SC-Ol by Hansen et al. [27] and Wang et al. [28] resulted in flow laws for deformation
in the disGBS regime with stress exponents of n=2.94+0.3 and n=3.4+0.2, respectively.
Models of GBS predict a value of n=3 or n=2 for GBS with or without subgrain boundaries,
respectively [29]. Additionally, torsion experiments performed in a gas-medium apparatus on
fine-grained (15-32 um) aggregates of SC-Ol yielded a stress exponent of n =3.2-3.3 [30], while

e o o i Gosandisnoseiores: |



(@) | (b) : :

o 4

E 1074 = 104 f B
= 1 , ]
g i r n=29 AA 1
g £ ]
< i
2

<

2

=

g

1035 | ‘ ‘ - 10 | _ | .
100 200 300 400 100 200 300 400

(C) T T
LI(: = PT-1250

T 10 - - )

g - : e PT-1219

£ ] PT-1283

@ r @® 1<y<2

LE i i A 3<y<4

E ’ 7> 10

g

107 - ‘ . | =
100 200 300 400

equivalent stress (MPa)

Figure 5. Equivalent strain rate versus equivalent stress plotted on a log—log scale for strain-rate steps taken at (a) y ~ 1.0,
(b) y ~3.0and (c) y ~13.0. Solid lines are fits to the data from the strain-rate steps in each experiment used to calculate the

stress exponent, n. Different symbols represent strain-rate steps taken at different shear strains. No strain-rate steps were taken
during the experiment PT-1239.
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Figure 6. (a) Comparison of shear stress versus shear strain data for torsion experiments performed on single-phase SC-0l and
two-phase samples containing 70% SC-01 4 30% Fp. Experiments were performed under the same conditions at T = 1523 K,
P =300 MPa, and an outer radius shear strain rate of 3 (R) & 1.0 x 10~*s~". 0l grain sizes for each sample are listed by
their respective samples. (b) Comparison of the peak shear stress in the single-phase SC-0l sample and two-phase samples.
For comparison, the flow law for disGBS in SC-0I determined by Hansen et al. [27] in triaxial compressive creep experiments is
plotted here at T = 1523 K and do; = 3.7 jum, the Ol grain size in each sample at the peak stress.
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Table 1. Summary of rheological and microstructural parameters for each experiment. The fraction of ferropericlase in each
experiment was fg, = 0.3.°

undeformed  deformed

experiment ID: PT-1214 PT-1219 PT-1283 PT-1239 PT-1250 PT-1324°
equivalent peak stress (MPa) — 274.65 2591 278.60 259.27 254.55
equwalentﬂowstress(MPa) ............... s S oy T
dm(u m) e e TR e e e T
de(p,m)b ........................................... T e o
SR ST S 29102_ ................. 48107 ........ T
34£06 36405

e R R Lo e e
equwalentstramrate (1075571) .................................... T e S T

2Experiment PT-1324 was performed on a sample consisting of single-phase polycrystalline San Carlos olivine, or fr, = 0.
bReported grain sizes are the mean grain size determined from the fit of the grain size distribution to a lognormal distribution. Reported
uncertainties are calculated from the standard deviation (s) from the distribution normalized by the number of grains analysed (V) as s/ /.

triaxial compression experiments on relatively coarse-grained (approx. 900 um) samples of Aheim
dunite resulted in a value of n=_3.8 £0.4 [31]. The former likely deformed by disGBS, while the
latter presumably deformed by dislocation creep. As another means of comparison, the stress
exponent determined for the sample of single-phase SC-Ol deformed in this study (table 1;
PT-1324) had a value of n=3.8+0.3. The fine initial grain size of 3.7+ 0.1 pm and final grain
size of 6.2+ 0.1um, along with the stress exponent implies this sample also likely deformed
by disGBS.

The experiments on two-phase aggregates of SC-Ol plus Fp performed in this study yielded
a stress exponent of n =2.6-4.8. However, strain-rate steps taken in two experiments during the
initial weakening stage of the material for 0.2 <y <2.0 and in one experiment during the later
weakening event for y > 10 are not representative of steady-state flow. The nonlinear, downward-
sloping behaviour of the shear stress versus shear strain curves during weakening in figure 4
demonstrates that flow stress does not return to its original value between rate steps, but instead
returns to a lower value. This behaviour results in some rate steps performed at higher strain
rates reaching stresses matching those measured just before at lower strain rates. Such mechanical
weakening is likely due to the evolving microstructure at these values of shear strain; for example,
the rapid decrease in flow stress with increasing strain following the peak stress has been
associated primarily with a decrease in grain size and CPO development [24]. Considering only
values of equivalent stress and equivalent strain rate determined from rate steps taken for two
samples during steady-state flow for 3 < y <10, a fit through all of the data results in an average
stress exponent of 1 =3.4 £ 0.4 for the two-phase samples in this study. This value for 7 is within
the error of the value for n determined in the sample of single-phase SC-Ol deformed in this
study, which deformed by disGBS. Given the value of the stress exponent determined at constant
microstructure in the steady-state portion of the shear stress versus shear strain curve (figure 5b)
and the relatively small grain size of our samples, deformation likely occurred in the disGBS
regime, a conclusion supported by the initial weakening observed at y < 3.

A change in deformation mechanism due to grain size reduction induced by grain boundary
pinning and signalled by a change in # was not observed at higher strains (y > 10). However,
as previously noted, experiment PT-1250 underwent mechanical weakening at y > 10 (figure 4).
As illustrated in figure 7b, this sample developed a region of strain localization near the centre
of the sample. Unlike samples deformed to lower shear strains, PT-1250 was displaced in the
radial direction along a narrow shear zone, without vertical shortening. Although strain-rate steps
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PT-1219y=1.0 (@) PT-1250y=14.1 (b)

porous
alumina

+ Ni
Fp

Figure 7. Optical photographs of radial sections of two different thin-walled cylindrical samples, one deformed to (a) low
strain and the other to (b) high strain. Grey/silver areas are Ni, brown regions are SC-Ol plus Fp and off-white regions are porous
alumina. Note the straight vertical edges of the sample deformed to y (R) = 1.0in contrast to the distorted edges of the sample
to deformed y (R) = 14.1 due to strain localization at high strain during deformation. The starting heights of the two samples
were different; no shortening was observed during torsion experiments. Reflected light micrographs of the regions (c) inside
and (d) outside of the shear zone that developed in the high-strain sample are also displayed here. The dark grey phase in these
images is olivine, while the light grey phase is ferropericlase.

taken during such mechanical weakening do not yield a highly reliable value for #, the value of
n > 3 nonetheless indicates that dislocation processes are an important part of the deformation
mechanism, consistent with deformation in the disGBS regime.

(b) Comparison with previous results

The peak stresses obtained in our experiments on two-phase samples of SC-Ol plus Fp are
approximately 25% higher than values predicted by the flow law for an equivalent grain
size determined in low strain, triaxial compressive creep experiments on single-phase samples
of SC-OI [27]; that is, our two-phase samples are somewhat stronger than their single-phase
counterparts. As another comparison, peak stresses in our two-phase samples agree well with
those obtained on single-phase aggregates of SC-Ol created from the same starting powders and
deformed under similar conditions in torsion in our gas-medium apparatus (figure 6b). Similar
mechanical behaviour was also observed in two-phase samples of iron-rich Ol and Opx from
high-strain torsion experiments performed by Tasaka ef al. [32]. They noted that their samples
were stronger than their single-phase counterparts (their fig. 6).

Furthermore, single-phase aggregates of SC-Ol deformed in torsion at T=1473K and
P =300 MPa by Bystricky et al. [30] as well as that deformed in this study (figure 6a) exhibited
similar initial weakening of 30-40 MPa after reaching the peak stress, obtaining an approximately
constant flow stress at y > 4. The mechanical weakening starting at y ~ 10 (figure 4) in our two-
phase sample PT-1250 was not observed in single-phase samples of Ol deformed in torsion (CD
Meyers & L Hashim, 2018, personal communications). In our two-phase samples (figure 7) and
those of Tasaka et al. ([32]; their fig. 2), strain localization occurred at y 2 10. This localization in
our sample is likely correlated with the decrease in shear stress with increasing shear strain that
becomes evident in figure 4 at y ~ 10.

(c) Effects of a secondary phase on sample strength

Experiments performed on polycrystalline aggregates of (MgpgFep2)O, both in triaxial
compression and in torsion, yielded a value of # =4.0 £ 0.2 in the dislocation creep regime [22,33].
Based on the flow law developed by Stretton et al. [22] and experiments performed on other
compositions of ferropericlase [34], (Mgp.oFe(1)O is expected to be three to four times weaker
than SC-Ol when deformed under similar conditions [27]. Results from deformation experiments
performed on two-phase aggregates of 80% (Mgp7Fep3)O plus 20% SC-Ol demonstrated that
the mechanical properties matched those of the weaker phase, in this case, ferropericlase [35].
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However, the rheological behaviour of our samples at low strains, near the peak stress is very
similar to that observed for single-phase aggregates of SC-Ol deformed in torsion, where both
two-phase and single-phase samples have a similar Ol grain size (figure 6b) (CD Meyers & L
Hashim 2018, personal communications). After this point, at shear strains of y 2 4, our samples
containing 30% Fp are stronger than single-phase SC-OI, having evolved to an Ol grain size
almost three times smaller than their single-phase counterparts and maintaining a flow stress
larger than or on the order of single-phase samples (figure 6a). These observations, along with the
similarity of the stress exponent to that determined for single-phase SC-Ol, suggest that the effect
of Fp as a weak secondary phase in our two-phase samples is minor. Instead, with increasing
strain, more interphase boundaries are created as the frequency of larger Fp grains and clusters
of Fp decreases, and more, small Fp grains appear in the Ol matrix. The primary effect of the
second phase in this regard is to pin grain boundaries, such that with increasing strain, the Ol
grains evolve to a smaller size than that of similarly deformed single-phase samples, leading
to weakening and localization at high strains. This behaviour is evidenced by the increased
frequency of small particles of Fp in the centre of the sample deformed to y ~ 14, where strain
localization occurred (figure 7c), compared to outside of the area of strain localization, where a
number of large clusters of Fp still exist (figure 7d). As mentioned above, similar observations
were made with two-phase samples of iron-rich Ol plus Opx [32]. These two-phase samples
appeared slightly stronger than or similar in strength to single-phase Ol counterparts near the
peak stress. The same two-phase samples were then stronger than single-phase Ol at strains of
y 2,3 due to smaller grain sizes in the two-phase samples. At high strains, weakening associated
with strain localization also occurred in their two-phase samples.

While Tasaka et al. [32] attributed the difference in strength between single-phase samples of
Fosp and their two-phase samples to the inclusion of Opx, a somewhat stronger phase than O],
the behaviour of our samples containing 30% Fp, a weaker phase than Ol, suggests a different
mechanism is required to explain the observed strengthening.

One possible explanation is that samples buffered at low-silica activity, by the use of Fp, are
intrinsically stronger than those buffered at high silica activity, by Opx. Indeed, experiments
by Bai et al. [36] demonstrated that single crystals of SC-Ol buffered by Fp are stronger than
those buffered by Opx at 1523 K and an oxygen fugacity corresponding to an Ni-NiO buffer. This
difference could explain the similarity in the strength of our SC-Ol and SC-Ol + Fp samples at
the peak stress; specifically, the weakening of Ol due to the presence of a weaker phase (Fp)
might be offset by strengthening due to the low-silica activity buffering effect of Fp. However,
for fine-grained aggregates of forsterite, Farver & Yund [19] showed that there was no major
difference in Si grain boundary diffusion rates when buffered by either excess SiO, or excess
MgO. This case is more likely to apply to our two-phase samples given their fine grain sizes
as well. Additionally, a similar observation in strength difference was reported for the Ol 4+ Opx
system [32]. This observation leads us to believe that the change in buffering material does not
have a significant effect on the strength of our samples and could not account for the significant
strength contrast at large strains given the grain size contrast between the single-phase sample
and the two-phase samples (figure 6a).

Another possible explanation for the observation that our two-phase samples are stronger than
their single-phase counterparts at high strains is associated with the micromechanical processes
associated with disGBS. For example, grain boundary sliding and grain boundary migration
may be hindered at interphase boundaries compared to grain boundaries. Dislocation glide
and climb along interphase boundaries is likely more difficult than along grain boundaries.
It has been suggested that glide of dislocations along boundaries, which leads to sliding, is
energetically unfavourable due to the disordered structure left behind as a dislocation glides
along an interphase boundary [37]. Additionally, grain boundary migration is inhibited due to
the inclusion of a secondary phase and, in particular, the presence of interphase boundaries. As
established in the Introduction, interphase boundaries pin the surrounding grains from growing
by exerting a drag force on boundaries as they migrate [11,12]. These effects would serve to
increase the stress required to allow deformation via disGBS processes.
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Figure 8. Evolution of interphase boundary fraction with increasing shear strain. The grey dashed line indicates the expected
interphase boundary fraction for a random spatial distribution of the minor phase in a sample composed of 30% of a secondary
phase [38]. Interphase boundary fractions above and below this line represent ordered and clustered distributions of secondary
phases in the material, respectively. The grey square was calculated for comparison from a fit of interphase boundary fraction
versus shear strain for samples of 25-33% orthopyroxene and olivine deformed to shear strains of 17 > 10 as determined by
Tasaka et al. [18].

(d) Microstructural evolution

As shown in figure 8, the fraction of phase boundaries increases from a clustered distribution
in the undeformed sample and the sample deformed to low strain (y =1.0) to an ordered
distribution in samples deformed to higher strains (y > 3.0) [38]. This behaviour is consistent
with observations in the low magnification images in figure 2, in which clusters of Fp grains are
elongated and form increasingly thin layers with increasing strain, until small grains of Fp are
isolated and well distributed among Ol grains at y =14.1. In comparison to the iron-rich olivine
(Fosg) plus pyroxene (Enss) system of Tasaka et al. [18] at shear strains of y > 10.0, samples of
SC-Ol plus Fp tend toward a more random distribution of the secondary phase.

Compared to the starting and low strain materials, in samples deformed to y >3.9 a larger
population of small Fp grains appear inside the Ol matrix, farther from clusters of Fp (figure 2c,d).
As this dispersion increases with increasing strain, the grain size distributions in figure 3 become
narrower, in that the frequency of clusters of Fp and large grains of Fp and Ol decreases with
increasing strain, although the mean grain size does not change significantly. At high strains,
small, triangular grains of Fp occur at Ol three- and four-grain junctions, while small elongate
grains occur along Ol grain boundaries (figure 2d,e). Larger grains of Fp often take on distorted
shapes as they are impinged upon by rounded Ol grains (figure 11).

(e) Grain size evolution

Microstructural analyses of Aheim and Anita Bay dunite rock deformed in triaxial compression
and of SC-Ol single crystals deformed to large strain in direct shear were used to determine a
recrystallized grain size piezometer for olivine [39-41]. These studies yielded the relationship

d(um) =15 x 1078 x o (MPa) 3. (4.1)

Their experimental results along with this piezometetric relationship are plotted in figure 9. Grain
sizes determined in the present study for aggregates of SC-Ol plus Fp deformed to high strains lie
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Figure 9. Olivine recrystallized grain size piezometer plotted as grain size versus stress. Grey data points are from studies on
olivine single crystals deformed to large shear strain in direct shear [41] and dry and wet natural dunites deformed in triaxial
compression [40]. The black line is the piezometric relationship determined by a fit through the data [40]. Red circles are the
stress—grain size data determined in this study on two-phase aggregates of 70% SC-01 4 30% Fp deformed to shear strains of
y > 3.The green circle represents the stress—grain size data for the single-phase aggregate of SC-0l deformed to > 3.

approximately a factor of 10 below the piezometer, while single-phase SC-Ol lies approximately
within a factor of 2 of the piezometer, much closer to this relationship. Similar behaviour has been
reported for other polymineralic systems [7,32]. This observation indicates that grain size is not
simply controlled by the competition between dynamic recrystallization and grain growth.

For two-phase systems, the grain size in a steady-state is expected to follow the Zener relation

dl Cc

d_ o 42
dn A" 4.2)

where d; is the grain size of the primary phase, in this case Ol, dyj is the grain size of the
secondary phase, f11 is the fraction of secondary phase present in the rock, ¢ is a constant, and
m is an exponent that has been related to the distribution geometry of secondary phase particles
[10,11]. Values for the parameters in equation (4.2) for the olivine-orthopyroxene system have
been determined from laboratory experiments [42,43]. A comparison of the ratios between grain
sizes of both phases in this study to those found in experiments on aggregates of Foso plus Enss
for a fraction of secondary phase particles (f;1 =26%) similar to that used in our experiments
is displayed in figure 10. The fit parameters c=0.74 and m=0.59 used by Tasaka et al. [18]
yield good agreement with grain size ratios of our samples of SC-OI plus Fp at high strains.
At these fractions of secondary phase particles, this result suggests that the olivine-ferropericlase
system has similar Zener parameters, as well as a similar geometrical distribution of the second
phase to the olivine-orthopyroxene system [18] and other natural polymineralic samples [8]. A
value of m~ 0.5 indicates that second-phase particles are predominately at grain boundaries of
the primary phase, instead of at three- and four-grain junctions for which m~0.3 [10,11]; this
conclusion is supported by images of highly strained samples, for example, as in figure 11. Note
that the fit in figure 10 does not go through the grain size values determined for the starting
and clustered material from this study. Grain sizes determined in our experiments only trend
toward the fit once the system is dominated by an ordered distribution rather than a clustered
distribution.
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Figure 10. Ferropericlase grain size versus olivine grain size from our undeformed and deformed samples plotted with
orthopyroxene versus olivine grain size data from Tasaka et al. [18] (grey circles) and the Zener relation determined by Hiraga et
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Figure 11. High-magnification BSE micrograph of sample PT-1250. The lighter phase is ferropericlase, and the darker grey phase
is San Carlos olivine.

(f) Mechanisms of phase mixing

As detailed in the Introduction, recent studies have invoked both mechanical and chemical
processes to explain the observations associated with phase mixing in two-phase samples.
Similarities to each of these models are observed in the microstructures from samples deformed
in our study. Figure 2c displays an example of a single layer of Ol grains isolated between clusters
of Fp; in addition, individual grains of Ol are in the process of being isolated from one another, as
proposed by the model for mechanical mixing detailed by Cross & Skemer [16]. The small grains
of Fp throughout the Ol matrix in figures 2c—e are reminiscent of particles seen in experiments
performed by Tasaka et al. [18]. Long, small grains of Fp along Ol grain boundaries and cuspate
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features on larger grains of Fp in both figures 2c—e and figure 11 resemble the ‘teeth” discussed by
Bercovici & Skemer [17].

Cross & Skemer [16] define the evolution to a mixed state in their two-phase system by an
increase in phase boundary fraction associated with the thinning and elongation of individual
layers of both phases with increasing strain. Similar behaviour was observed by Tasaka et al.
[18] and in our study, as demonstrated in figure 8. However, at the scale of the grain size,
observations in our study are more similar to the models proposed by Tasaka et al. [18] and
Bercovici & Skemer [17]. The frequency of small Fp grains found in the Ol matrix, distant (tens of
micrometres) from any sources of larger Fp grains, is not explained solely by the thinning of layers
and requires another mechanism for this sort of mixing. Moving grains this far into the matrix can
be accomplished by stress gradients between grain boundaries due to the applied stress during
deformation or chemical diffusion of MeO units in response to the established stress gradients
mentioned previously [17,18]. Such processes transport small particles of the secondary phase
into the Ol matrix where they act to pin grain boundaries.

In the centre of the high-magnification image of figure 2¢, a progression of Ol grains was
captured as they were being separated from their parent layer. This evolution in microstructure
appears to be accomplished by the formation of cuspate features on layers of Fp that interconnect
when layers are near enough spatially or by the build-up of small Fp grains along Ol grain
boundaries that also connect nearby layers of Fp. Both of these processes serve to isolate
individual grains of O}, thereby pinning their grain boundaries. Although these cuspate features
bear a striking resemblance to the teeth predicted by the mechanical mixing model of Bercovici &
Skemer [17], because the model of Tasaka et al. [18] relies on the diffusion of MeO into
grain boundaries of olivine in deviatoric tension, it is still possible that the small particles of
Fp we observe along these boundaries and at three- and four-grain junctions in the matrix
were transported by diffusional mass transport of MeO. Owing to the similarities between the
predictions of these mixing models, it is as of yet unclear which mechanism dominates in our
experiments.

Finally, we return to consider the localized deformation that occurred in our sample deformed
to the highest strain of y > 14, PI-1250. This two-phase aggregate underwent strain localization
as deformation concentrated into a shear band cutting horizontally through the approximate
centre of the thin-walled cylindrical sample. As previously mentioned, this localization is likely
associated with the abrupt strain weakening observed in figure 4 at a strain of y ~10. Similar
strain localization was observed in the Ol + Opx samples deformed to high strains by Tasaka
et al. [32]. Such localization of strain into a narrow shear zone is associated with a significant
enhancement in two-phase mixing (figure 7c,d), and additional reduction in grain size thus
forming a positive feedback loop, whereby deformation is localized into regions with a smaller
average grain size, leading to further grain size reduction and weakening, and maintaining
localization in these regions over long periods of time. Similar behaviour is expected to occur in
nature, enabling a shear zone to form in regions of well-mixed, multi-phase grains of a deforming
rock mass.
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