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ABSTRACT

Naturally deformed dunite cores with a preexisting crystallographic preferred orientation (CPO), collected from a shear zone in the Josephine peridotite (southwest
Oregon, USA), were deformed experimentally in triaxial compression. The compression axis was varied relative to the CPO geometry to measure the anisotropy in
viscosity of these rocks. Deformation experiments were performed in a gas-medium apparatus at three constant displacement-rate steps, at a temperature of 1250 °C
and a confining pressure of 300 MPa. Cores were dehydrated at 1200 °C in a controlled CO/CO; atmosphere prior to deformation to achieve nominally dry con-
ditions. Data from individual experiments were fit by a power-law, yielding a stress exponent of n ~ 3.6, indicative of deformation by dislocation creep. The
maximum difference in viscosity was a factor of 2.6 at constant stress. The CPO of the olivine grains was measured after deformation by electron backscatter
diffraction (EBSD). The flow stress correlated with the mean Schmid factor (or resolved shear stress) on the easiest dislocation slip systems, calculated from grain
orientations determined from EBSD analyses. Analysis of our data with a simplified effective-medium model, which incorporated constraints from published single-
crystal flow laws, demonstrated the link between CPO and anisotropy in viscosity. Predictions from viscoplastic self-consistent (VPSC) models support our simplified

analysis of the measured anisotropy.

1. Introduction

Grain-scale deformation in Earth's upper mantle allows convective
flow that leads to plate-scale crystallographic alignment of olivine and
other minerals, reflecting deformation kinematics. This crystallographic
preferred orientation (CPO) imparts anisotropic physical properties to
the upper mantle due to the anisotropic, orthorhombic crystal structure
of the primary mineral, olivine. Distinct olivine CPOs are often observed
in naturally deformed olivine-rich mantle rocks collected at Earth's
surface from localities such as tectonically exhumed ophiolites and
mantle xenoliths ejected by volcanism (Ismail and Mainprice, 1998;
Mehl et al., 2003; Warren et al., 2008; Skemer et al., 2013; Chatzaras
et al., 2016). Seismic detection of elastic anisotropy provides strong
evidence that olivine CPOs are pervasive throughout Earth's upper
mantle (Long and Silver, 2009; Long and Becker, 2010). Magnetotelluric
data similarly show plate-scale anisotropic electrical conductivity in the
upper mantle (Gatzemeier and Moorkamp, 2005; Gatzemeier and
Tommasi, 2006). Calculated seismic anisotropy from numerical models
that combine grain-scale CPO formation and finite strain estimated from
plate motions correlate well with measured seismic anisotropy, rein-
forcing the inference that the CPO of olivine is the underlying cause of
upper mantle anisotropy (Tommasi, 1998; Becker et al., 2003; Becker
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et al., 2006).

High-temperature deformation experiments on olivine-rich rocks
have reproduced olivine CPO formation in the laboratory by imposing
high strains in torsion or in general (approximately simple) shear be-
tween angled pistons (Jung and Karato, 2001; Bystricky et al., 2000;
Katayama et al., 2004; Hansen et al., 2012a; Hansen et al., 2012b;
Hansen et al., 2014; Tasaka et al., 2015; Tielke et al., 2016a). Typically,
alignment of the easiest (weakest) dislocation slip system is thought to
control CPO geometry. This conclusion is supported by experiments on
olivine single crystals that quantify the relative strengths of the slip
systems in olivine (Durham and Goetze, 1977; Ricoult and Kohlstedt,
1985; Bai et al., 1991; Bai and Kohlstedt, 1992; Tielke et al., 2016b).
Four dominant slip systems have been identified: (010)[100], the paired
(001)[100] and (100)[001], and (010)[001], listed in order of their
relative weakness under dry upper mantle conditions. At these condi-
tions, at a given stress, the strain rate differs by more than two orders of
magnitude between the weakest and strongest slip systems. Such sig-
nificant mechanical anisotropy leads to the prediction that an olivine-
rich rock with a pronounced CPO should have strongly anisotropic vis-
cosity as well.

Most geodynamic models of upper mantle flow do not account for
anisotropic viscosity. However, depending on its magnitude, ignoring
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Fig. 1. Cross-polarized optical micrographs of thin-sections prepared from dehydrated, undeformed material (left) and statically annealed, deformed mate-

rial (right).

anisotropy may result in large errors when modeling dynamic processes
(Pouilloux et al., 2007). Numerical simulations demonstrate that viscous
anisotropy influences the spacing and timing of Rayleigh-Taylor in-
stabilities, the thermal structure of the mantle wedge in subduction
zones, the rate and geometry of post-glacial rebound, the shape and flow
distribution of convection cells, and the geometry of lithospheric shear
zones (Christensen, 1987; Han and Wahr, 1997; Lev and Hager, 2008;
Tommasi et al., 2009; Lev and Hager, 2011). Multiscale models, incor-
porating experimentally determined strengths for different slip systems,
indicate a viscosity ratio of 1.5-3 between the strongest and weakest
orientations of polycrystalline olivine with a CPO resulting from simu-
lated high-strain deformation (Knoll et al., 2009; Tommasi et al., 2009).

Direct experimental measurements of the anisotropy of viscosity in
textured olivine aggregates are limited. Wendt et al. (1998) performed
axial compression experiments on naturally textured peridotites,
deformed in different orientations relative to their preexisting foliation.
These experiments were conducted on natural specimens collected from
several locations and were experimentally deformed in a semi-brittle
regime where high stress exponents (n = 5-25) were measured, such
that viscous anisotropy was not easily quantified. In another set of
studies, hot-pressed, iron-rich olivine aggregates were deformed in
either torsion or axial extension, followed by deformation in the alter-
nate geometry (Hansen et al., 2012b; Hansen et al., 2016a; Hansen et al.,
2016b). These experiments yielded a maximum viscosity ratio of 14 at
constant stress.

In the present study, samples prepared from a hand sample of
naturally deformed dunite collected from a shear zone in the Josephine
peridotite were experimentally deformed at high temperature in several
different orientations relative to its preexisting CPO. Strain-rate stepping
experiments were used to measure the strength of the rock in different
orientations and thus quantify the anisotropy in viscosity. A simple
mechanical model, incorporating weighted Schmid factors (resolved
shear stress) for each of the dominant slip systems, was compared to the
data to extend the results to broader application. While experimental
deformation of naturally exhumed rocks brings about technical chal-
lenges that are avoided when using synthetic rocks, these experiments
provide a framework for quantifying anisotropic viscosity in Earth's
upper mantle and for verifying that CPO imparts anisotropic viscosity to
naturally deformed dunites. Further, due to the coarse grain size and

high experimental temperatures, these samples are expected to deform
by dislocation creep, while previous experiments on hot-pressed olivine
aggregates were deformed in the dislocation-accommodated grain
boundary sliding (disGBS) regime.

2. Methods

Samples of a dunite with a preexisting CPO were cored in different
orientations, dehydrated at 1 atm, and deformed in a gas-medium
apparatus (Paterson, 1990) to measure its viscous anisotropy. A dunite
rock collected from a shear zone in the Josephine peridotite was selected
as starting material. This rock was previously studied in detail by War-
ren et al. (2008), labeled as sample 3924J03b in their study. Based on
structural field relationships, these researchers deduced that the dunite
rock had undergone a shear strain of ~3.4. The chosen hand sample had
an intermediate intensity A/D-type CPO, typical of deformation under
dry conditions, with the [100] direction dominantly aligned with the
shear direction and the [010] direction dominantly normal to the shear
plane but somewhat girdled normal to the shear direction. The mean
grain size of the chosen dunite rock is ~500 pm; however, the grain size
is heterogeneous, with some grains several millimeters in dimension.
This coarse-grained, heterogeneous microstructure is clear from the
optical micrographs of thin sections shown in Fig. 1. The dunite rock was
oriented for deformation by measuring the mean orientation of the CPO
from a large low-resolution (50 pm step size) EBSD map of a portion of it.
Cores were then obtained along axes close to the [100], [010], [001],
[110]., and [101]. directions of the mean orientation (where the c-
subscript indicates use of a cubic crystallographic coordinates, as typical
of experiments on olivine single crystals — see Durham and Goetze,
1977). The orientations of the axis of the cores relative to the mean
orientation of the CPO are subsequently referred to as the nominal
orientation of the core. These labels are useful for identifying core ori-
entations relative to the CPO, but it is important to note that a broad
range of crystallographic orientations exists in each sample. Cores with a
diameter of 10 mm and a length of 12-21 mm were squared at the ends,
placed in a Ni sleeve, and dehydrated for 12 h at 1200 °C in a controlled-
atmosphere furnace under mixed CO/CO,, with a ratio such that the
oxygen partial pressure, pO,, was near the Ni/NiO buffer. Samples were
hydrostatically annealed for an additional 3 h at 1250 °C and 300 MPa in
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Table 1
Summary of experimental results.
Nominal orientation ~ Strainrate (10 °s™')  Stress(MPa)  n AMPa*®s ) (n=3.6) F(A,=11e13)  Soioioo)  Sconriool oooo]  Soiooo1]
[100] 2.2 175 3.4 1.9e-13 1.7 0.21 0.20 0.09
1.1 144
0.53 115
[010] 2.2 202 32 1llel3 1.0 0.15 0.14 0.25
1.2 166
0.59 134
[001] 2.1 197 3.6  1.2e13 1.1 0.14 0.18 0.31
1.1 166
0.53 134
[110]. 2.0 150 3.9 2.9e-13 2.6 0.27 0.22 0.21
1.1 128
0.60 110
[101]. 2.1 164 3.9 2.2e-13 2.0 0.19 0.18 0.22
1.1 140
0.56 116
Mean: 3.6
- - 25 - . Fig. 2. Mechanical data measured from
. . deformation experiments. (a) Stress-strain
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the deformation apparatus, prior to deformation.
Axial compression experiments were performed at 1250 °C and 300

MPa in a gas-medium apparatus (Paterson, 1990) under constant

displacement-rate conditions at three rates. Nominal strain-rates of 2 x
107°,1 x 1075, and 5 x 107°® 57! were applied, allowing the stress to

stabilize to a nearly steady-state value at each step. Each sample was
deformed to a total strain of less than 12% with calculated stresses be-
tween 110 and 202 MPa (see Table 1). This approach for quantifying the
mechanical properties of natural dunites is very similar to that taken by

Chopra and Paterson (1984).
After deformation, samples were cut parallel to the compression axis

in preparation for EBSD analyses. Sections were polished progressively
on diamond lapping film to a final grit size of 0.5 pm, followed by pol-
ishing with colloidal silica (Syton). EBSD data were collected using a
JEOL 6500 field emission SEM using Oxford Aztek software, which was
then processed with the MTEX toolbox (Bachmann et al., 2010). EBSD
maps were collected of an entire section (cut along the deformation axis)
of each sample at a 10 pm step size. Non-indexed points with five or
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Fig. 3. Pole figures calculated from EBSD maps of deformed samples in the specimen reference frame.

more neighboring points belonging to a single grain were interpolated.
Schmid factors were calculated for the (010)[100], (010)[001], (001)
[100], and (100)[001] slip systems from these maps, which were used in
fitting a mechanical model designed to describe the viscous anisotropy
of these samples.

3. Results

Anisotropic strength was measured during high-temperature defor-
mation of cores of natural dunites with preexisting CPOs. The stress
measured at the same nominal strain rate varied among samples.
Stress—strain curves from each experiment are presented in Fig. 2a. In
each case, samples yielded at relatively low strain, then harden to a
nearly steady-state stress at ~7% strain at the fastest applied strain rate.
Upon stepped reduction of strain rate, samples relaxed to a new, nearly
steady-state value over roughly 2.5% strain for each step. The final stress
from each rate step was used to fit the data from each experiment to a

power law of the form

¢ =Ac", 6h)

where ¢ is the strain-rate, A is a material-dependent prefactor, o is the
differential stress, and n is the stress exponent. As summarized in Fig. 2b
and c, a stress exponent of n = 3.2 to 3.9 was determined across all
experiments, with a mean of n = 3.6. This value is broadly consistent
with models of deformation by dislocation creep and those reported in
other studies of experimental deformation of naturally sourced coarse-
grained dunites (Chopra and Paterson, 1984; Keefner et al., 2011).
This value for the stress exponent is also similar to those measured from
deformation of olivine single crystals and synthetic, reconstituted du-
nites where deformation was attributed to dislocation creep (Durham
and Goetze, 1977; Bai and Kohlstedt, 1992; Hirth and Kohlstedt, 2003;
Hirth and Kohlstedt, 2015; Mullet et al., 2015). If n is fixed at 3.6 so that
power-law relationships for all of the samples could be directly
compared, the values of the prefactor range from A = 1.1 x 10713
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Fig. 4. EBSD maps shaded by band contrast and with superimposed inverse pole figure (IPF) coloring (referenced to the compression direction) of indexed olivine

grains from dehydrated starting material and deformed samples.

MPa>3®s71t0 A =29 x 1073 MPa® 571, a factor of 2.6 difference in
viscosity at the same stress between the strongest and weakest orienta-
tions tested. The data are bounded by the strengths of single crystals
oriented for slip on each of the dominant slip systems and fall near the
strength of single crystals in the [101]. orientation (Bai et al., 1991),
Fig. 2b.

The samples have significant CPOs revealed by EBSD measurements,
as summarized with the pole figures in Fig. 3. The M-index, quantifying
fabric strength (Skemer et al., 2005), measured from each deformed
sample ranges from M = 0.11 to 0.17 (J-index = 2.5-2.9), slightly less
than the M-index measured from the starting material of M = 0.20 (J-
index = 3.4). These CPO strengths are consistent with those measured
previously from nearby rocks collected from the same outcrop (Warren
et al., 2008). A maximum of only 12% strain was imposed during our
deformation experiments, such that the measured fabric is approxi-
mately representative of the preexisting CPO of each sample with only
slight modification by the experimentally imposed deformation. EBSD
maps of both the dehydrated starting material and the deformed sam-
ples, reveal a microstructure containing lobate grains and a broad grain-
size distribution, as demonstrated in Fig. 4. Grains are cut by pervasive
relict fractures. Fracture surfaces appear to be open in the dehydrated

starting material but closed after samples are heated and deformed
under confining pressure. The closure of relict fractures is also apparent
in the optical micrographs presented in Fig. 1.

Maps of Schmid factor (relative resolved shear stress) for each of the
primary dislocation slip systems demonstrate that samples in different
orientations have broadly varying populations of grains well-oriented
for slip (Fig. 5). Samples with the nominal orientations [110]. and
[101]. contain many grains oriented with high resolved shear stress on
the easiest slip systems, (010)[100] and the paired (001)[100] and (100)
[001] (which always have the same resolved shear stress). Samples with
the nominal orientations [001] and [010], however, have very few
grains oriented with high resolved shear stress on these slip systems, but
they do contain a significant number of grains oriented well for slip on
the hard (010)[001] slip system. The sample with the nominal [100]
orientation is intermediate, with some grains oriented reasonably well
for slip on the two easiest slip systems and few well-oriented for slip on
the hardest slip system. We emphasize that the notation of nominal
orientation is useful for orienting the hand sample relative to the CPO
but that each core contains a broad population of grain orientations.
Given the large grain size of these samples, some sample-to-sample
heterogeneity is expected, such that large-scale EBSD maps of each
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Fig. 5. Schmid factor maps for the dominant olivine slip systems, calculated from EBSD maps of deformed samples.
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Fig. 6. Mean value of the Schmid factor versus strain rate enhancement factor, F, for (a) the deformed samples and (b) both the deformed samples (circles) and single

crystals (diamonds - calculated from single-crystal flow laws of Bai et al. (1991)).

sample are necessary to quantify the microstructure and relate that
microstructure to measured mechanical properties.

Overall, the mean values of the Schmid factor measured for each
sample on the easiest slip systems, (010)[100] and the (100)[001] and
[100](001) pair, correlate with the measured relative strength. We
applied a modified power-law equation with the form, ¢ = FAyo" to
analyze the relative strengths measured in our experiments, where Ag is
a reference prefactor and F is the strain-rate enhancement factor. The
value of Ay was taken as the prefactor calculated from the power-law fit
with the stress exponent fixed to n = 3.6 to the strongest orientation,
where the [010] direction is dominantly aligned with the axis of the

sample. The strain-rate enhancement, F, is plotted in Fig. 6a against the
mean value of the Schmid factor to evaluate the influence of CPO on
anisotropic viscosity. A similar approach of comparing mean Schmid
factor to strain-rate enhancement was used successfully by Azuma
(1995) to interpret the mechanical behavior of ice with a preexisting
CPO. A correlation between strain-rate enhancement and mean Schmid
factors is clearly apparent in Fig. 6a. In Fig. 6b, the single-crystal flow
laws from Bai et al. (1991) are added to highlight the relative strength of
each of the slip systems, verifying that the trends in the data from this
study are consistent with the relative strengths of the slip systems
determined from single crystal deformation experiments. A simple
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Fig. 7. Comparison of measured strain rate
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to predicted strain rate from a simplified
effective-medium model incorporating the
single-crystal flow laws of Bai et al. (1991),
(a) calculated using the final stress of each
strain rate step, (b) calculated normalizing
o data to 150 MPa using power-law fits to the
data with n fixed at 3.6, and (c) calculated
normalizing data to 100, 150, and 200 MPa
using the experimentally measured stress
exponent, n. The solid lines indicate exact
correlation between the model and the data.
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Fig. 8. High-resolution EBSD map (0.5 pm step size) of a portion of deformed
sample material, shaded by band contrast and colored with IPF coloring of
indexed olivine grains, demonstrating the presence of fine-grained material that
fills relict fracture surfaces.

Table 2
Cricital resolved shear stresses for each slip system included in
VPSC models.

Slip system Critical resolved shear stress

(010)[100]
(001)[100]
(010)[001]
(100)[001]
(011)[100]
(110)[001]
{111}(110)
{111}(011)
{111}(101)

w

TTT O A WN =~

mechanical model that incorporates single-crystal flow laws and
measured values of Schmid factors is developed in the following section.

4. Discussion

Viscous anisotropy, with a maximum relative strength contrast of
2.6, was measured experimentally on a series of cores taken from a hand
sample with an A/D-type CPO of intermediate fabric intensity. Broadly,
the magnitude of the measured strengths of these samples were consis-
tent with the results of similar experiments on nickel-jacketed samples
by Keefner et al. (2011), intermediate relative to that measured from
experiments on oriented single crystals and falling close to single crys-
tals deformed in the [101], orientation. Their study, however, did not
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Fig. 9. Comparison of modeled and experimentally measured F for p = 50, p =
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specifically address anisotropy due to preexisting CPOs. The magnitude
of anisotropy that we measured experimentally is broadly consistent
with multiscale numerical models that simulated deformation of dunites
with fabrics of similar intensity and geometry, yielding calculated
strength contrasts ranging from 1.5 to 3 (Knoll et al., 2009). Results from
torsion experiments on samples of hot-pressed iron-rich olivine by
Hansen et al. (2012b) predict a maximum strength contrast of roughly 5
for a similar fabric intensity. However, their experiments were per-
formed in the dislocation-accommodated grain boundary sliding
(disGBS) regime, and their samples also had strong grain shape preferred
orientations (SPOs). Strong SPOs may lead to enhanced anisotropy in
viscosity in the disGBS regime because alignment of grain boundaries
may allow enhanced sliding in the direction of the long axes of grains.
Therefore, one might expect some disagreement between our results and
theirs.

Calibration of multiscale models, incorporating grain-scale to
continuum-scale deformation, with experiments on dunites with a pre-
existing CPO is a promising future path for a detailed understanding of
anisotropic viscosity. Hansen et al. (2016b), who applied this type of
approach, found generally good agreement between experiment and
grain-scale models. Comparisons of experimental data on hot-pressed
iron-rich olivine to grain scale modeling was further explored Mameri
et al. (2019), using VPSC simulations. VPSC simulations have been
broadly applied to model the CPO evolution during deformation of
olivine aggregates (Tommasi et al., 2000; Boneh et al., 2015). VPSC
models use a simplified approach to account for strain compatibility and
grain neighbor interactions. However, the limited data currently avail-
able that address this problem, combined with the complexity of mul-
tiscale modeling, motivates the use of a simpler framework for assessing
the anisotropic viscosity of deformed dunites. Below we apply a simple
mechanical model to evaluate viscous anisotropy in our experiments.

4.1. Effective medium theory for describing anisotropic viscosity

Stress-strain rate data from high-temperature deformation experi-
ments on polycrystalline materials are often fit to a power-law rela-
tionship of the form

€= A'cs"exp( — %) , (2)

where Q is the activation energy, T is the temperature, and R is the gas
constant. This constitutive equation assumes that deformation occurs by
a single, thermally activated mechanism and that the material is
isotropic — simplifying the strain rate and stress tensors to single-valued
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scalars in the principal reference frame of deformation. Since our ex-
periments were all conducted at the same temperature, we use the
further simplified expression given in eq. (1). However, non-linear,
power-law behavior can be generalized for isotropic materials to an
arbitrary spatial reference frame using the relation

éi/' — 3—(;14»1)/2(1)62—1cij7 (3)

where o, is the equivalent (von Mises) stress, which is proportional to
the second invariant of the deviatoric stress tensor, o; and &; are the
components of the deviatoric stress tensor and strain-rate tensors,
respectively, and ® is a material dependent prefactor equal to the
fluidity (the inverse of viscosity) when n = 1 (Karato, 2008, p. 37).
For linear creep mechanisms (n = 1), such as diffusion creep, this
formalism can be simply extended to anisotropic materials, such that

&; = @y 0, “4)

where @y is the fourth-rank fluidity tensor (Kohlstedt and Hansen,
2015). The components of the fluidity tensor are further restricted by
material symmetry and volume conservation, such that for ortho-
rhombic olivine, only six components are independent (Hansen et al.,
2012b). However, extension to non-linear deformation is less straight-
forward. Kohlstedt and Hansen (2015) proposed the use of the consti-
tutive equation

& =360 g, )

converting to Voigt notation, where stress and strain rate are repre-
sented as six-component vectors and the fluidity tensor is represented as
a six-by-six second-rank tensor. This approach was applied by Kiraly
et al. (2020) to model the role of viscous anisotropy on deformation in
Earth's mantle. This constitutive equation incorporates anisotropy into
non-linear deformation but restricts the stress exponent to a single
isotropic value. However, it is possible to imagine unrealistic outcomes
using this functional form. For example, for a crystal with a single slip
system, the above flow law implies that the strain rate resulting from
dislocation motion on the single slip system will be influenced by shear
stresses on orthogonal planes. Such complications highlight the diffi-
culty of fully representing anisotropic non-linear deformation.

Regardless, for general scenarios, the fluidity tensor may be conve-
nient because it can be reasonably implemented in large-scale geo-
dynamic models (Mameri et al., 2021). The bulk fluidity tensor can be
estimated using grain scale models, such as the VPSC method, or, simply
constrained by commonly employed effective-medium theories (Main-
price and Humbert, 1994). In the bound of uniform stress (Sachs, 1928),
the bulk fluidity tensor can be calculated from individual grain fluidity
tensors by averaging over them, such that

1
o, = NZcpg., (6)
8

where g is the grain index and N is the number of grains considered.
Alternatively, in the bound of uniform strain rate (Taylor, 1938), the
bulk fluidity tensor is calculated by averaging the inverse of the fluidity
tensor of each grain, such that

~1
@; = (;Z(‘I’g)l> : @
8

Empirical determination of the grain scale fluidity tensor from
experimental data is a promising direction forward for analyzing
anisotropic viscosity and assessing grain scale models, however, this
analytical framework is considered still more complex than necessary
for the analysis of our relatively simple set of experiments.
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4.2. Simplified Schmid factor (resolved shear stress) model for describing
anisotropic viscosity

We have applied a further simplified model to our experimental data,
following the concepts of effective medium theory, described above, but
limiting our analysis to the principal reference frame of deformation. We
use Schmid's law to incorporate individual grain orientations and ac-
count for anisotropy. This model again reduces stress and strain rate to
single-valued scalars and ignores cross terms that result from general-
ized anisotropy, wherein normal stresses can lead to shear strains. The
analysis begins with the well-known Schmid's law, which states

T, = So, ®
with
S = cos(@)cos()), (C)]

where 7, is the resolved shear stress on the dislocation slip system being
considered; S is the Schmid factor, which relates the orientation of the
slip system to the orientation of the applied stress; and @and A are the
angles between the applied normal stress and the glide plane and the
glide direction, respectively. The single-crystal flow laws from Bai et al.
(1991), used in our analysis, were generated by axial compression ex-
periments with known slip systems oriented for maximum resolved
shear stress, such that S = 0.5. These flow laws generally take the form of
eq. (2). For an arbitrary compression orientation, considering only the
contribution to axial shortening due to activity of the slip system iso-
lated in the original compression experiments, the following modifica-
tion to the flow law must be made:

€y = ﬁcoAs'(A)A’(ZSG)"exp ( — %) (10)

To further simplify our model such that strain rates are a simple
function of Schmid factor, applied stress, and temperature, we make the
approximation that the geometric term, v/2cos(A), is equal to 1. This
substitution implies that slip is evenly partitioned between shortening
and lateral offset, which is only always true for the case of S = 0.5.
However, for a given Schmid factor, the even partitioning of strain be-
tween shortening and lateral offset is the average of possible outcomes
and is, therefore, a reasonable approximation. This analysis also as-
sumes that strains are small and that lattice rotation is unimportant. An
equivalent substitution was used in the analysis of Raterron et al.
(2011).

With this substitution, single-crystal flow laws developed from the
results of axial compression experiments can be used to generate an
approximate axial compression flow law for an arbitrary orientation. For
the dominant slip systems in olivine, flow laws for the orientations
[110], [101], and [011]. become functions of the appropriate Schmid
factors and are summed to generate a flow law for a grain in an arbitrary
orientation as follows:

&1 = €(110)c (S(010)(100] > Oappiicas T> pO2) s
& = é[lOl]c (5(010)[100] » Oapplied s T7P02)=
€5 = Ep11le (5(010)[1oo] » Capplied TJ?Oz)a

and
égrain = él + é2 +83 an

We note that the paired (001)[100] and (100)[001] slip systems
have the same Schmid factor and are both activated during [101].
compression, such that they cannot be accounted for separately. For a
uniform grain size in the uniform-stress bound, the predicted aggregate
strain rate is estimated as
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. 1 .
Epredicted = N Z Egrain- (12)

In our analysis, we weight the contribution of each grain by its area
in EBSD maps, thus approximating its fractional contribution to strain.
This simple model ignores the necessity of strain compatibility and the
role of neighbor—grain interactions.

When applied to our data, predicted strain rates from the model
correlate well with the strain rates normalized to a constant stress, using
power-law fits to the mechanical data. The correlation of the model to
the relative strengths of differently oriented cores highlights the asser-
tion that these experiments successfully measured viscous anisotropy in
dunite with a preexisting CPO. However, at the stresses measured during
our experiments, this analysis yields predicted strain rates that are
consistently lower than those imposed in our experiments. This point is
illustrated in Fig. 7a, where the correspondence between the data and
the predictions from the model are plotted at the measured stress of each
rate step (unnormalized). When normalized to a single stress (fixing the
stress exponent to n = 3.6), the measured anisotropy is clear, and similar
in magnitude to that predicted by the model, as demonstrated in Fig. 7b.
Comparisons of the model predictions to the experimental data,
normalized to 100, 150, and 200 MPa, using the experimentally deter-
mined stress exponent for each experiment (n) are also presented in
Fig. 7c, further illustrating the correlation between the predicted and
measured anisotropy. This result is further explored with VPSC calcu-
lations in the Appendix.

The observation that experimental strain rates are faster than pre-
dicted by the model, suggests that other mechanisms besides dislocation
creep, accommodated by intragranular slip, are important to deforma-
tion. The simple model used in our analysis predicts an upper bound on
deformation attributable to intracrystalline deformation; therefore,
other deformation mechanisms, such as diffusion creep and disGBS,
must be active to account for the observed deformation. A similar
analysis of high-pressure deformation experiments on olivine aggregates
presented by Raterron et al. (2019) made the same inference. It is likely
that grain boundary sliding of finer grained material along relict fracture
surfaces contributes to deformation, which may relax neighbor-grain
restrictions. Also, samples may contain a small amount of melt, which
would also reduce the viscosity.

4.3. Experimental limitations

The experimental results presented in this study demonstrate that the
viscosity of dunites with a preexisting CPO is anisotropic; however, we
note that the large grain size and complex microstructure of the starting
material introduces some experimental limitations. After dehydration of
alteration phases, a heavily fractured microstructure is left behind
(Figs. 1a and 4). During hydrostatic annealing and deformation at 300
MPa confining pressure, these fractures close; however, fine-grained
material is present along relict fracture interfaces. These fine-grained
features are highlighted by the EBSD map presented in Fig. 8, made
with a step size of 0.5 pm. While indexing of phases is poor in the fine-
grained regions, band contrast maps reveal the grain-scale microstruc-
ture. Most of these grains are less than 5 pm and many were indexed as
olivine. At the conditions of our experiments, diffusion creep and disGBS
is likely active in these fine-grained regions. Some of the observed
deformation is almost certainly accommodated by shear of fine-grained
material along these relict fractures. However, bulk plastic flow was
observed, and offsets along relict fractures at the edges of the sample
were not observed after deformation, indicating that shear along relict
fracture surfaces was limited. Further, the coincidence of relative
strength and resolved shear stress on the dominant slip systems indicates
that measured anisotropy was due to orientation of the preexisting CPO
rather than secondary features. The large grain size of the dunite used in
these experiments also makes sample-to-sample heterogeneity likely.
Extension of this work might be best undertaken by identifying a finer



C.D. Meyers and D.L. Kohlstedt

grained dunite with minimal alteration and fractures.
5. Conclusions

We performed high-temperature deformation experiments on natu-
rally sourced dunite with a preexisting CPO in order to investigate
anisotropic viscosity. We measured a maximum effective viscosity
contrast of 2.6 between the orientations tested when compared at con-
stant stress. The dunite used in this study had an intermediate fabric
intensity and, therefore, is likely to represent an intermediate viscous
anisotropy. Further, the initial microstructure was heavily fractured,
with fine-grained material along relict fracture interfaces, and may also
contain a small amount of melt, both of which likely contribute to
deformation and reduce the measured anisotropy. Therefore, our mea-
surements likely represent a lower bound of the viscous anisotropy in
Earth's mantle. A simplified effective-medium model fit the data
reasonably well and demonstrated that viscous anisotropy was clearly
measured in our experiments. This type of analysis may be a useful,
simple formulation for analyzing anisotropic viscosity in future experi-
mental studies. VPSC calculations, incorporating EBSD measurements
made on our samples, also correlate well with our data, and support the
interpretations drawn from our relatively simple analysis.
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Appendix A. VPSC calculations

A set of VPSC calculations were performed to further support the
analysis of our experimental results. The tangent VPSC model is
described by Lebensohn and Tomeé (1993) and was applied to olivine by
Tommasi et al. (2000) to predict CPO evolution in olivine aggregates.
Later, the second order VPSC formulation was introduced (Ponte Cas-
taneda, 2002), which was applied by Mameri et al. (2019) to model
anisotropy in viscosity of experimentally deformed synthetic olivine
aggregates. We modeled the results of our experiments using the second
order VPSC method such that a direct comparison can be made to this
earlier study. The grain orientations measured from EBSD maps of the
experimentally deformed samples were used as the initial texture of the
modeled aggregates. In the calculations, an axial compression stress
boundary condition was imposed (consistent with experimental
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conditions), and the modeled aggregate was deformed to 1% equivalent
strain at a set rate. The nondimensional critical resolved shear stresses
(CRSSs) used in our calculations are shown in Table 2 and are the same
as used by Mameri et al. (2019). A stress exponent of n = 3 was used for
all slip systems in the calculation. Pyramidal slip systems with a slip
plane of {111} are included as “dummy” slip systems to close the yield
surface and mimic additional isotropic strain accommodation mecha-
nisms. Variation of the CRSS of these systems (f) changes the relative
contribution of secondary isotropic mechanisms. We ran calculations
using p = 50 and p = 5, along with a lower-bound uniform stress model
(Sachs, 1928) with the same CRSS values and boundary conditions as
used for the VPSC models, to evaluate the role of secondary mechanisms
in modeling our experimental results. Using the stresses predicted by our
models we calculated the value of F for each model run, using a stress
exponent for the aggregate of n = 3.5 and normalizing by the strength of
the strongest sample. The results of these calculations are presented in
Fig. 9.

Broadly, the results of these additional calculations correlate well
with our experimental data and support the inference that strength
variations that we measured experimentally are due to the anisotropy
that results from the preexisting CPO. If isotropic mechanisms are
limited (§ = 50), the overall predicted magnitude of anisotropy is larger
than measured experimentally. If secondary mechanisms are included
(p = 5 and lower-bound models), the overall magnitude of anisotropy is
better predicted for most sample orientations; however the sample ori-
ented for compression along the [101]. direction is predicted to be
relatively strong, in contrast to our experimental results. These results
indicate that secondary mechanisms likely contribute to deformation in
our experiments, relaxing neighbor-grain restrictions, which supports
the applicability of the simplified Schmid factor model used to analyze
our experimental results.
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