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Crystallographic preferred orientations (CPOs) in olivine are widely used to infer the mechanisms,
conditions, and kinematics of deformation of mantle rocks. Recent experiments on water-saturated olivine
were the first to produce a complex CPO characterised by bimodal orientation distributions of both [100]
and [001] axes and inferred to form by combined activity of (001)[100], (100)[001], and (010)[100] slip.
This result potentially provides a new microstructural indicator of deformation in the presence of elevated
concentrations of intracrystalline hydrous point defects and has implications for the interpretation of
seismic anisotropy. Here, we document a previously unexplained natural example of this CPO type in
a xenolith from Lesotho and demonstrate that it too may be explained by elevated concentrations of
hydrous point defects. We test and confirm the hypothesis that combined (001)[100], (100)[001], and
(010)[100] slip were responsible for formation of this CPO by (1) using high-angular resolution electron
backscatter diffraction to precisely characterise the dislocation types present in both the experimental
and natural samples and (2) employing visco-plastic self-consistent simulations of CPO evolution to assess
the ability of these slip systems to generate the observed CPO. Finally, we utilise calculations based on
effective-medium theory to predict the anisotropy of seismic wave velocities arising from the CPO of
the xenolith. Maxima in S-wave velocities and anisotropy are parallel to both the shear direction and
shear plane normal, whereas maxima in P-wave velocities are oblique to both, adding complexity to

interpretation of deformation kinematics from seismic anisotropy.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction Demouchy et al, 2012; Tasaka et al., 2016; Bernard and Behr,
2017) of olivine has been an area of intense investigation.

Deformation microstructures, including crystallographic pre- Deformation experiments on olivine aggregates have revealed

ferred orientations (CPOs), in olivine impact the rheological and
other petrophysical properties of mantle rocks and provide key
records of deformation events and the processes by which they
occur. As such, the impact of water on the rheological prop-
erties (e.g., Chopra and Paterson, 1981; Mackwell et al., 1985;
Karato et al., 1986; Mei and Kohlstedt, 2000; Tasaka et al., 2015;
Tielke et al., 2017), slip system activity, and CPOs (e.g., Zhang et al.,
2000; Jung and Karato, 2001; Jung et al., 2006; Skemer et al., 2006;
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changes in CPO as a function of water content. Anhydrous olivine
typically develops CPOs with a single maximum of [100] axes
and distributions of [010] and [001] axes that indicate domi-
nance of the (010)[100] slip system, with subordinate slip on
other (0kl)[100] systems (A- and D-type CPOs), as demonstrated
in Fig. 1 (e.g., Zhang and Karato, 1995; Hansen et al., 2014). In
contrast, CPOs developed in aggregates of olivine with elevated
concentrations of intracrystalline hydrous point defects are typ-
ified by single maxima of [100] and [001] axes in orientations
that indicate dominance of one of the slip systems (001)[100],
(100)[001], or (010)[001] (E-, C-, and B-type CPOs, respectively)
(e.g., Katayama et al., 2004; Jung et al., 2006). Such relation-
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Fig. 1. Typical crystallographic preferred orientations developed at shear strain of
y ~ 5 during torsion experiments on anhydrous (Hansen et al., 2012) and hydrous
(Tasaka et al., 2016) Fosg olivine. (For interpretation of the colours in the figure(s),
the reader is referred to the web version of this article.)
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ships suggest that olivine CPOs potentially provide clues to the
conditions of natural deformation events. Experimentally estab-
lished relationships between the water content and CPO type of
olivine are broadly consistent with natural samples for which both
have been measured. Olivine in natural samples with low wa-
ter contents typically exhibits A-type CPO (e.g., Jung et al., 2009;
Cao et al, 2015), whereas olivine in natural samples with ele-
vated water contents typically exhibits E-, C-, or B-type CPOs (e.g.,
Mizukami et al., 2004; Jung et al., 2009, 2013, 2014).

Despite the extent of previous work, experimental deforma-
tion of aggregates of water-saturated olivine to high shear strains
of ¥ > 5 was only achieved recently (Tasaka et al., 2016). These
experiments produced a CPO not seen in previous laboratory-
deformed samples (Fig. 1). This CPO exhibits two maxima of both
[100] and [001] axes (Tasaka et al., 2016), that is, bimodal dis-
tributions in the plane containing the shear direction and shear
plane normal. [010] axes form a maximum perpendicular to both
the shear direction and the shear plane normal and are somewhat
girdled toward the shear plane normal. Based on the CPO, analy-
sis of subgrain boundaries, and previous deformation experiments,
Tasaka et al. (2016) inferred that this CPO formed by slip on the
(001)[100], (100)[001], and to a lesser extent (010)[100] slip sys-
tems. Somewhat similar CPOs formed under hydrous conditions
in the torsion experiments of Demouchy et al. (2012) at y ~ 2,
although the bimodal distributions are less distinct than in the
experiments of Tasaka et al. (2016), potentially due to the lower
shear strains achieved and/or partial dehydration. The bimodal CPO
may provide a new microstructural indicator of deformation of
olivine with elevated concentrations of hydrous point defects and
has implications for the physical properties of the rock, including
seismic wave velocities and anisotropy.

An olivine CPO that is strikingly similar to those produced in
the experiments of Tasaka et al. (2016) was reported by Mercier
and Carter (1985) to be present in a sheared lherzolite xeno-
lith (PHN1611) from the 90 Ma Thaba Putsoa kimberlite, Lesotho
(Nixon and Boyd, 1973; Allsopp et al., 1989). Thermobarometric
estimates indicate that the xenolith was extracted from a depth
with temperature and pressure in the ranges 1420°-1470°C and
5.4-6.9 GPa (~170-210 km depth) (Carswell, 1991; Pearson et al.,
1995; Tharimena et al.,, 2017), typical of sheared xenoliths hosted
in kimberlites from across South Africa (Tharimena et al,, 2017).
The olivine CPO of PHN1611 exhibits bimodal maxima of [100]
and [001] axes at 45° to the shear direction and shear plane nor-
mal inferred from the microstructure, whilst [010] axes form a
single maximum perpendicular to the [100] and [001] maxima
(Mercier and Carter, 1985). Mercier and Carter (1985) were un-
able to explain the formation of this unusual CPO due to a lack
of contemporary experimental analogues. However, the recent ex-
perimental results of Tasaka et al. (2016) indicate that the olivine
CPO of PHN1611 is potentially related to elevated concentrations

of hydrous point defects, in which case the xenolith supports the
relevance of the experimental results to natural deformation.

In this study, we employ a range of techniques to investigate
the role of water in the development of the observed bimodal
CPO in olivine. First, we characterise the microstructure and CPO
of PHN1611 using electron backscatter diffraction (EBSD), to con-
firm the presence of the bimodal olivine CPO in our sample. Then,
we employ two approaches to test the hypothesis that bimodal
CPOs form as a result of deformation dominated by activity of
the (001)[100] and (100)[001] slip systems. First, we use high-
angular resolution electron backscatter diffraction (HR-EBSD) to
map the densities of different types of geometrically necessary
dislocations (GNDs) in olivine deformed experimentally under an-
hydrous (Hansen et al., 2012) and hydrous (Tasaka et al., 2016)
conditions, as well as in PHN1611 (Mercier and Carter, 1985). Sec-
ond, we employ visco-plastic self-consistent (VPSC) simulations of
CPO development in olivine to characterise the effects of varying
the strengths of the (001)[100] and (100)[001] slip systems relative
to (010)[100]. We also report secondary ion mass spectrometry
(SIMS) measurements of water content in PHN1611 to test the hy-
pothesis that development of the bimodal CPO of olivine within
it is related to elevated concentrations of intracrystalline hydrous
point defects. Lastly, we assess the impact of the bimodal CPO of
olivine in PHN1611 on seismic wave velocities and anisotropy in
the mantle.

2. Methods
2.1. Experimental procedures

We utilise samples of polycrystalline, iron-rich olivine (Fosg)
that were deformed experimentally under anhydrous (sample
PT-0457) and water-saturated (sample PT-0966) conditions. Whe-
reas magnesium-rich olivine (Fogg) is typical of the upper mantle,
the lower strength of Fosg reduces the risk of slip at the piston-
sample interfaces during torsion experiments. Iron content does
not dramatically affect the relative strengths of different slip sys-
tems in olivine (Kohlstedt and Ricoult, 1984) and consequently CPO
evolution in aggregates of anhydrous Fosg and Fogg is statistically
indistinguishable (Hansen et al., 2014).

Both experimental samples are thin-walled cylinders that were
deformed in torsion in a servo-controlled gas-medium apparatus
at the University of Minnesota at 1200 °C and a confining pressure
of 300 + 2 MPa. Sample PT-0457 was deformed under controlled
stress of 166 MPa to a finite shear strain (y) of 5.4 (Hansen et
al., 2012). The macroscopic shear-strain rate varied from 6 x 10~%
to 7 x 1073 s~1, Stress-stepping tests revealed a stress exponent
of n = 3.7 for this sample. Based on observed strain localisation
within fine grained regions in multiples samples, Hansen et al.
(2012) inferred dislocation-accommodated grain boundary sliding
to be the dominant deformation mechanism in these experiments.
Sample PT-0966 was deformed to y = 5.0, and its microstructure
is assumed to have reached steady state under the final equiva-
lent stress of 80 MPa and strain rate of 1 x 103 s~ (Tasaka et al,,
2016). Talc, encapsulated in the centre of the sample and dehy-
drating throughout the experiment, was used to maintain water-
saturated conditions. Fourier transform infrared spectra collected
after the experiment from the PT-0966 Fosy aggregate indicate a
water-content of 1160 ppm H/Si, whereas a large single crystal of
San Carlos olivine embedded within the Fosy has a water-content
of 333 ppm H/Si (calibration of Paterson, 1982), confirming water-
saturation (Tasaka et al., 2016). These observations are consistent
with the increasing solubility of H in olivine with increasing Fe-
content (Zhao et al., 2004; Withers et al., 2011). A broad peak
in FTIR spectra from the Fosyp aggregate indicates the presence of
free water as bubbles and corroborates that the sample remained
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Table 1
Details of EBSD maps and acquisition settings.

Specimen Purpose Map grid dimensions Step size Pixels in diffraction
(points) (um) patterns

PHN1611 Bulk characterisation 2476 x 2552 6.29 168 x 128

PHN1611 HR-EBSD 400 x 270 25 627 x 512

PT-0457 HR-EBSD 500 x 375 0.2 627 x 512

PT-0966 HR-EBSD 680 x 460 0.5 627 x 512

water-saturated throughout the experiment (Karato et al.,, 1986;
Tasaka et al,, 2016). Based on mechanical data (stress exponents
~ 5.0 and grain size exponent ~ 0) and microstructural observa-
tions, Tasaka et al. (2016) inferred that these samples deformed
by dislocation creep. They observed a pronounced evolution of
mechanical properties and CPO with increasing shear strain. There-
fore, we analysed the microstructure of their highest strain sample
deformed to a shear strain of 5.0, by which point steady state creep
was well established.

2.2. Specimen preparation for microstructural characterisation

Experimental samples deformed in torsion were cut parallel to
the torsion axis, near the external margin of the cylinder to re-
veal tangential sections. Xenolith sample PHN1611 was received
sectioned perpendicular to the foliation defined by alignment of
pyroxene porphyroclasts and bands of dynamically recrystallised
grains. All samples were polished with a range of increasingly fine
diamond grits and finished by polishing with 0.04 pm colloidal sil-
ica.

2.3. Electron backscatter diffraction data acquisition

EBSD in the scanning electron microscope (SEM) was used
to analyse mineral phase and orientation. EBSD data were ac-
quired using Oxford Instruments Aztec 2.1 software on FEI Quanta
650 field-emission gun SEMs equipped with Oxford Instruments
NordlysNano and Nordlys-S EBSD cameras in the Department of
Earth Sciences, University of Oxford, and the School of Earth and
Environment, University of Leeds. Map details and acquisition set-
tings are summarised in Table 1. Data were collected at 70° speci-
men tilt, 8.1-10.1 mm working distance, and 20-30 kV accelerating
voltage.

Prior to acquisition of datasets intended for HR-EBSD post-
processing, an automated calibration routine was performed to de-
termine the position of the pattern centre (the point on the phos-
phor screen of the EBSD detector that is closest to the point where
the electron beam is incident on the specimen surface) specific
to each dataset. This routine collects electron backscatter patterns
(EBSPs) with the EBSD detector inserted to different insertion dis-
tances spread at 4 mm intervals over 20 mm. Cross-correlation of
these EBSPs is used to determine the pattern centre prior to each
EBSD run. Accurate calibration of the pattern centre is necessary
to allow for correction during HR-EBSD post-processing of pattern
shifts due to beam scanning.

2.4. High-angular resolution electron backscatter diffraction data
processing

To map the densities and distributions of different types of dis-
location in olivine, we used HR-EBSD. This method was developed
in the materials sciences (Wilkinson et al., 2006; Wilkinson and
Randman, 2010; Britton and Wilkinson, 2011) and was recently
adapted to olivine and quartz by Wallis et al. (2016, 2017b). Al-
though conventional EBSD can measure lattice misorientation an-
gles to approximately 0.2°, its precision is limited by determining

band positions in Hough-space. In contrast, HR-EBSD utilises cross-
correlation of typically 100 regions of interest within stored EBSPs
to achieve measurements of lattice misorientation with precision
on the order of 0.01° (Wilkinson et al., 2006; Britton and Wilkin-
son, 2011). Furthermore, conventional EBSD suffers from large un-
certainty in the misorientation axis when the misorientation angle
is only a few degrees or less (Prior, 1999). In contrast, HR-EBSD
can achieve precision in misorientation axes of a few degrees for
misorientation angles of 1.0° or less (Wilkinson, 2001). As a re-
sult of this precision in both misorientation angles and axes, lattice
orientation gradients measured by HR-EBSD can be used to pre-
cisely determine components of the Nye tensor, which describe
the densities of specific types of geometrically necessary disloca-
tions (GNDs) (Nye, 1953; Wilkinson and Randman, 2010). Due to
the limited number of slip systems in olivine, a single best-fit so-
lution can be found for the densities of six principle dislocation
types following the method of Wallis et al. (2016). This approach
assumes that distortion due to long-range elastic strain gradients is
negligible compared to that arising from GND content (Wilkinson
and Randman, 2010) and has been used to estimate GND densities
in olivine single crystals and polycrystalline aggregates (Wallis et
al,, 2016, 2017a). HR-EBSD also maps elastic strain (Wilkinson et
al., 2006), and demonstrates that this assumption is reasonable for
our samples, in which the strain gradients across subgrain bound-
aries are typically <5% of the orientation gradients.

Noise in the GND density estimates arises due to noise in the
measured orientation gradients and depends on individual grain
orientations and the mapping step size (Wallis et al., 2016). For
example, when the Burgers vector of an edge dislocation is ap-
proximately normal to the plane of the map, little of the lattice
curvature that it generates is observable. Therefore, high densities
of such a dislocation type are required to fit spurious orientation
gradients that arise from orientation noise (Wallis et al., 2016).
This effect manifests as uniformly high background GND densities
(e.g., >10'* m~2) for one or more dislocation types in some grains
occupying particular orientations (e.g., [001] normal to the plane of
the map). The ability to resolve orientation gradients also depends
on the distance over which the gradient is measured, i.e., the map-
ping step size. Maps of the noise floor for each dislocation type in
each grain in each sample, estimated based on the angular resolu-
tion, step size, and crystal orientation, are given in the Supplemen-
tary Material. Our analysis focuses on the relative abundances of
subgrain boundaries containing each dislocation type, which man-
ifest as linear structures with GND densities elevated above the
background level (either the noise floor or more distributed dislo-
cation content) in each grain. Compared to conventional EBSD, the
improved angular resolution of HR-EBSD serves to lower the GND
density noise floors and therefore reveals a greater proportion of
the subgrain boundaries, providing more complete representations
of the dislocation content.

2.5. Secondary ion mass spectrometry

Measurements of water concentration in clinopyroxene grains
from PHN1611 were used to estimate water concentration in
olivine. This approach was taken because olivine commonly loses
water by diffusion during uplift and/or exposure, whereas pyrox-
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enes generally retain water concentrations consistent with those
expected under mantle conditions (e.g., Warren and Hauri, 2014).
Measurements were made using the Cameca IMS 6f Secondary lon
Mass Spectrometer at the Carnegie Institution of Washington fol-
lowing the methods and processing detailed in Kumamoto et al.
(2017). Pyroxene grains were mounted in indium metal and pol-
ished with SiC sandpaper and diamond suspensions down to 1 pm
grit size. After gold-coating, the mount was placed in the exchange
chamber of the SIMS for 24 h before being moved into the analysis
chamber in order to maintain ultrahigh vacuum (P < 10~? torr).
Analyses were made using a rastered Cs™ beam with a current
of 15-25 nA. An electron flood gun was used to charge balance
the sample. Background water concentrations were measured on
Suprasil 3002 glass, and instrument drift was tracked using mea-
surements of ALV-519-4-1 basaltic glass. Calibration curves were
constructed using standards calibrated by Koga et al. (2003) and
Aubaud et al. (2007). We use the experimentally derived partition
coefficient of DOYCPX = 0.07 (Hauri et al., 2006; Tenner et al., 2009;
O'Leary et al, 2010) to estimate the concentration of water in
olivine.

2.6. Visco-plastic self-consistent simulations

To investigate the control exerted by relative slip system
strengths on the development of CPO, we employed VPSC sim-
ulations of polycrystal deformation (Lebensohn and Tomé, 1993).
VPSC simulations provide the opportunity to investigate CPOs de-
veloped by slip systems with a wide range of relative strengths
and thereby assess whether those slip systems inferred from mi-
crostructural observations of the experimental and natural samples
are capable of producing the bimodal CPO. This approach deter-
mines the shear rate (p°) on each slip system (s) to calculate
the strain rate tensor (¢) of each grain in response to a devia-
toric stress tensor (¢’) imposed by the surrounding medium. As a
simplifying assumption, the mechanical properties of the polycrys-
talline matrix surrounding each grain are averaged to provide an
‘effective homogeneous medium’, against which each grain is con-
sidered in turn (a ‘mean-field’ approach). Eshelby theory, modified
for visco-plasticity, is used to solve for a self-consistent mechanical
state in each grain at each deformation step (Lebensohn and Tomé,
1993). After each deformation step, grain orientations are updated
according to the lattice rotation rate (w;;) determined by

. ~ 1
. —1 = .
wij = $2ij + Mijiu S gy Emn —Zi(binj —bjn)*y? (1)
N
where € is the antisymmetric component of the macroscopic dis-
tortion rate, S is the visco-plastic Eshelby tensor, &€ is the strain
rate deviation in the grain from the polycrystal average, and b and
n are the Burgers vector and slip plane normal (Lebensohn and

Tomé, 1993). The shear rate (y°) on each slip system is computed
by

ms.o/\"
75=)70< ”s”) (2)
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where yp is a reference shear rate, m is the Schmid tensor, n is
the stress exponent, and 77 is the critical resolved shear stress to
initiate dislocation motion on slip system s (Lebensohn and Tomé,
1993). We set n = 3.5, based on experiments on single crystals
of San Carlos olivine (Bai et al., 1991), although the value of n
does not affect the CPO evolution. The relative values of 77 are
varied between 1 and 10 to simulate changing relative slip sys-
tem strengths (Lebensohn and Tomé, 1993; Tommasi et al., 2000).
We employed the ‘second-order’ method (Liu and Ponte Castafieda,

2004; Castelnau et al., 2008) to provide a linear approximation of
the non-linear behaviour of olivine and to incorporate the effects
of stress heterogeneity within grains.

To establish the relative strengths of each slip system that con-
trols the development of the unusual CPO in the water-saturated
experimental samples and the xenolith, we explored the effects of
varying t{ for each slip system. We consider the slip systems ac-
tive during high-temperature creep of olivine following Tommasi et
al. (2000). Tasaka et al. (2016) inferred that CPO development was
controlled by competition between slip on (010)[100], (001)[100],
and (100)[001]. Therefore, to identify a combination of slip sys-
tem strengths that reproduces the observed CPO, we initially tested
(001)(1001,(100)[001] _ 4 varying r6(010)[100] be-

the effect of setting 7,
tween 1-10, and setting ‘l:fthersysmmS = 10. The other slip sys-

tems included are (010)[001], {011}[100], {031}[100], {110}[001],
and {111}(110). The (010)[001] system is relatively strong un-
der relevant conditions (Mackwell et al., 1985; Bai et al., 1991;
Raterron et al., 2012); {011}{100], {031}{100], and {110}[001] are
infrequently observed (Darot and Gueguen, 1981; see Table 1 of
Tommasi et al, 2000, for a review); and {111}(110) is included
to fulfil the von Mises criterion requiring five independent slip
systems to accommodate any arbitrary deformation (Castelnau et
al., 2008). All simulations started with the same set of 500 ran-
dom grain orientations. A velocity gradient tensor for simple shear,
consistent with the known kinematics of the experiments and the
inferred kinematics of the natural deformation, was imposed and
simulations were run to y =5 to match the experiments.

2.7. Estimation of seismic properties

To quantify the impact of the olivine CPO in PHN1611 on
the seismic properties of mantle rocks, we employed calculations
based on the EBSD measurements of its CPO and effective-medium
theory. For each measurement point in the map in Fig. 2, the elas-
tic stiffness tensor of the mineral (Bass, 1995) was rotated into the
sample reference frame according to the measured crystal orienta-
tion. Effective-medium theory was used to compute the Hill aver-
age of the Voigt and Reuss bounds on the elastic properties of the
aggregate of each mineral from the rotated stiffness tensors. Anal-
yses of the Finero peridotite by Zhong et al. (2014) demonstrated
that wave velocities predicted from the Hill average were within
0.2 kms~! of those from the Voigt and Reuss bounds and were in
excellent agreement with seismic velocities predicted by a finite-
element simulation and with laboratory measurements. Moreover,
the Hill average provided an excellent estimate of the magnitude of
anisotropy. The average of the aggregate stiffness tensors, weighted
by the area fraction of each mineral, was computed to estimate the
elastic properties of the bulk rock. Calculations were performed us-
ing the MTEX toolbox (Mainprice et al., 2011) for MATLAB®.

3. Results
3.1. Xenolith microstructure

In the ESBD map of PHN1611 in Fig. 2, the microstructure is
characterised by a matrix of olivine (Fog7) (60% of indexed points)
containing porphyroclasts of orthopyroxene (12%), clinopyroxene
(13%), and garnet (15%) (Fig. 2a). Pyroxene porphyroclasts are com-
monly rimmed by mantles of finer-grained pyroxene interpreted
to result from dynamic recrystallisation. The garnets have ke-
lyphitic overgrowths of predominantly orthopyroxene and clinopy-
roxene. These fine-grained rims on pyroxenes and garnets merge
into through-going layers typically <100 pm thick that dissect the
olivine matrix. The intervening olivine domains vary in thickness,
between one and approximately 10 olivine grains. Olivine exhibits
a pronounced CPO (Fig. 2b). Its [010] axes form a single maximum,
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Fig. 2. Microstructural data from EBSD mapping of xenolith sample PHN1611. (a) Phase map. Black lines indicate grain boundaries of >10° misorientation, and black areas
indicate unindexed regions. (b) Pole figures of olivine crystal orientations. S and L indicate the foliation normal and lineation, the latter inferred by comparing the CPO to
the measurements of Mercier and Carter (1985). (c) Inverse pole figure of misorientation axes of subgrain boundaries in olivine. Misorientation axes for subgrain boundaries
with misorientation angles in the range 2-10° are plotted. The pole figures and misorientation inverse pole figure are coloured by multiples of uniform distribution (M.U.D.).

whilst [100] and [001] axes both form pairs of orthogonal maxima.
To correct for misalignment of the section relative to the shear di-
rection, the orientation data are rotated 40° about a vertical axis to
match the CPO of PHN1611 reported by Mercier and Carter (1985).
As such, the [010] maximum is perpendicular to the shear direc-
tion and shear plane normal, whereas the [100] and [001] maxima
bisect the shear direction and shear plane normal (Fig. 2b). The
misorientation axes of subgrain boundaries in olivine, with misori-
entation angles in the range 2-10°, form maxima parallel to [010]
and to a lesser extent [001] (Fig. 2c).

3.2. Geometrically necessary dislocations

Densities of GNDs in the anhydrous Fosy sample, PT-0457, are
presented in Fig. 3. Subgrain boundaries, evident as linear arrays of
elevated GND density, typically appear approximately straight and
vertical, and are composed primarily of (010)[100] and (001)[100]
edge dislocations. Subgrain boundaries containing edge disloca-
tions with [001] Burgers vectors and screw dislocations are less
abundant. Background GND densities within subgrain interiors are
at or near the noise floor. Noise floors for (100)[001] edge dislo-
cations are particularly low, and it is clear that very few of the
subgrain boundaries contain this dislocation type.

Densities of GNDs in the hydrous Fosg sample, PT-0966, are
presented in Fig. 4. A complex network of subgrain boundaries
is present and contains contributions from all dislocation types.

Edge dislocations with [100] Burgers vectors (both (010)[100] and
(001)[100]) are most common within the subgrain boundaries but
those with [001] Burgers vectors also make a significant contribu-
tion.

Densities of GNDs in the xenolith, PHN1611, are presented
in Fig. 5. Subgrain boundaries are present within most grains.
Subgrain boundaries are composed of a range of dislocation
types, including both edge and screw character, except (010)[001]
edge dislocations, which make only rare contributions. (010)[100],
(001)[100], and (100)[001] edge dislocations are present in approx-
imately equal proportions.

3.3. Water concentrations in xenolith PHN1611

SIMS analysis of clinopyroxene in PHN1611 revealed an av-
erage hydrogen concentration of 260 + 45 ppm H,0. Based on
the experimentally derived partition coefficient of DOVPX = 0.07
(Hauri et al., 2006; Tenner et al., 2009; O’Leary et al., 2010) and
scaled to the Paterson (1982) FTIR calibration, this water concen-
tration in clinopyroxene corresponds to an average concentration
of 100 £ 20 ppm H/Si in olivine. This water content is inter-
mediate between those of the Fosg in PT-0457 (=0 ppm H/Si,
Hansen et al., 2012) and PT-0966 (1160 ppm H/Si, Tasaka et al.,
2016), and is typical of exhumed mantle peridotites (Peslier, 2010;
Warren and Hauri, 2014).
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Fig. 3. Densities of geometrically necessary dislocations (GNDs) in anhydrous Fosg
olivine (PT-0457) deformed in torsion (top-to-right) to shear strain y = 5.4 at
1200°C and an equivalent stress of 166 MPa. Black indicates grain boundaries and
white indicates areas without reliable measurements.

3.4. Visco-plastic self-consistent simulations

Fig. 6 presents the results of VPSC simulations in which the rel-
ative strength of the (010)[100] slip system was varied between 1
and 10, whereas (001)[100] and (100)[001] were kept weak (rel-
ative strengths of 1) and all other slip systems were kept strong
(relative strengths of 10). The CPOs formed at y =5 are displayed
in each case. The CPOs exhibit systematic variations as the relative
strength of (010)[100] is increased. When (010)[100] is as weak as
(001)[100] and (100)[001], single maxima of [100] and [001] axes
develop at less than approximately 30° to the shear direction. The
[010] axes form a maximum parallel to the shear plane normal
and are girdled normal to the shear direction. In contrast, when
(010)[100] is 10 times stronger than (001)[100] and (100)[001]
(and therefore similar to all other slip systems), the CPO devel-
oped is markedly different. [100] and [001] axes form pairs of
orthogonal maxima at 45° to the shear direction and the shear
plane normal. [010] axes form a maximum perpendicular to both
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Fig. 4. Densities of geometrically necessary dislocations (GNDs) in hydrous Fosg
olivine (PT-0966) deformed in torsion (top-to-right) to shear strain y = 5.0 at
1200°C and a final stress of 80 MPa. Black indicates grain boundaries and white
indicates areas without reliable measurements.

the shear direction and shear plane normal, and are weakly girdled
parallel to the shear plane.

The CPO formed when (010)[100] has a relative strength of 5
has most similarity to those of the xenolith and the hydrous Fosg
sample insofar as one [100] maximum is slightly stronger than the
other and the [010] axes display the least girdling. Therefore, we
present the evolution of this CPO with increasing strain in more
detail in Fig. 7. From an initially random distribution of crystal
orientations, [100] and [001] axes develop two weak maxima of
similar strength and [010] axes develop a weakly girdled maxi-
mum by y = 2-3. By y = 4-5 the different strengths of the [100]
maxima are established and the girdling of the [010] maximum is
reduced. [001] axes maintain double maxima of similar strength
from y = 2 onwards. At y =5, the relative slip system activities,
normalised by the number of symmetrically equivalent variants,
are all below 0.024, except for (001)[100] and (100)[001], which
both have activities of 0.236.

3.5. Seismic properties

Fig. 8 presents seismic wave velocities and their anisotropy es-
timated from the EBSD map of PHN1611 (Fig. 2). To assess the
control exerted by olivine on the bulk-rock properties, we present
the results of calculations based on olivine only and also includ-
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Fig. 5. Densities of geometrically necessary dislocations (GNDs) in xenolith sample
PHN1611. Black indicates grain boundaries and white indicates areas without reli-
able measurements.

ing all the major minerals (olivine, orthopyroxene, clinopyroxene,
and garnet). The general distributions of velocities are similar in
both cases. Primary and secondary maxima in P-wave velocity (Vp)
coincide with the primary and secondary maxima in the distri-
butions of olivine [100] axes (Fig. 2c¢). Maxima in the velocity of
the fast shear wave (Vsq) occur between the maxima in Vp and
are aligned with the inferred bulk-rock shear direction and shear
plane normal. The velocity of the slow shear wave (Vs;,) varies lit-
tle compared to Vsi. As such, the directional dependence of the
difference in velocity between Vs; and Vs (i.e., AVs) reflects the
distribution of Vsj. Despite the general similarities in the distri-
butions, the magnitudes of the seismic wave velocities are lower
in the estimates based on the full major mineral assemblage than
based on olivine alone. The inclusion of other minerals reduces
Vp from approximately 9.1-10.0 kms~! to 7.6-8.3 kms~! and re-
duces Vs; from 5.5-5.9 kms~! to 4.6-4.9 kms~!. Vs, and AVs are
also reduced.

4. Discussion

4.1. Slip systems involved in development of the bimodal
crystallographic preferred orientation

The bimodal CPO of olivine in xenolith PHN1611, recorded by
Mercier and Carter (1985), has remained unexplained due to its
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Fig. 6. Pole figures of results from VPSC simulations with varying CRSS for
(010)[100]. In each simulation the relative CRSSs of (001)[100] and (100)[001] are
held constant at 1. The relative CRSS of (010)[100] is varied between 1 and 10. The
CRSSs of all other slip systems are held constant at 10. Results are plotted at a shear
strain of 5.
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Fig. 7. Pole figures of results from a VPSC simulation, at shear strains between 1
and 5, with the CRSS ratios of slip systems held constant. The relative CRSSs of
(001)[100] and (100)[001] are 1, that of (010)[100] is 5, and those of all other slip
systems are 10.

different characteristics from other naturally occurring (e.g., Ben Is-
mail and Mainprice, 1998) and experimentally generated (e.g., Jung
et al.,, 2006) olivine CPOs. Early hypotheses regarding its formation
included the possibility that the bimodal CPO was generated by
paramorphosic transformation from twinned high-pressure poly-
morphs via mechanisms similar to those described by Kerschhofer
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et al. (1996) (D. Mainprice, pers. com., 1997). However, the new
EBSD data in Fig. 2a reveals that boundaries with misorientations
of 90° about [010] (within a tolerance of 3°) constitute only 0.05%
of olivine grain boundaries. This lack of consistent orientation re-
lationships, the highly strained microstructure, and chemical equi-
libration at pressures of <7 GPa (Carswell, 1991; Pearson et al.,
1995) militate against a transformation or twinning origin for the
CPO of PHN1611. Instead, comparison to the recent experiments
of Tasaka et al. (2016) and predictions of VPSC simulations indi-
cate that the bimodal CPO results from activation of a particular
combination of slip systems. Based on mechanical data from exper-
iments, the CPO, and misorientation analysis of subgrain bound-
aries, Tasaka et al. (2016) inferred that the bimodal CPO formed
during dislocation creep dominated by the (001)[100], (100)[001],
and (010)[100] slip systems. The improved precision in misorienta-
tion angles and axes provided by HR-EBSD allows us to interrogate
the substructure in more detail by analysing the densities and
types of geometrically necessary dislocations present in the sam-
ples. A particular advantage of HR-EBSD for the present study is
the ability to discriminate between (001)[100] and (100)[001] edge
dislocations based on the different lattice curvatures that they gen-
erate.

Subgrain boundaries in the sample of anhydrous Fosg olivine
deformed in torsion to ¥ = 5.4 at 1200 °C (Hansen et al., 2012) are
predominantly tilt walls composed of (010)[100] and/or (001)[100]
edge dislocations (Fig. 3). Relatively few of the subgrain bound-
aries contain GNDs with [001] Burgers vectors. These observations
are consistent with previous interpretations based on CPO develop-
ment (e.g., Zhang and Karato, 1995; Tommasi et al., 2000; Hansen
et al,, 2012), misorientation analysis of subgrain boundaries using
conventional EBSD (e.g., Hansen et al., 2014), and experimental ob-
servations that slip systems with [100] Burgers vectors are weak-
est in anhydrous olivine at high temperatures (e.g., Raleigh, 1968;
Bai et al., 1991). The sample of water-saturated Fosg olivine de-
formed in torsion to ¥ = 5.0 at 1200°C (Tasaka et al., 2016) also
contains a predominance of edge dislocations with [100] Burgers
vectors within the subgrain boundary network (Fig. 4). However,
in contrast to the anhydrous sample, the water-saturated olivine
also exhibits numerous subgrain boundaries containing GNDs with
[001] Burgers vectors (Fig. 4). The presence of (100)[001] edge
dislocations is consistent with the interpretations of Tasaka et
al. (2016), as well as previous work on Fogg with elevated wa-

ter contents deformed to lower strains (Jung and Karato, 2001;
Jung et al.,, 2006). The xenolith exhibits approximately equal num-
bers of subgrain boundaries containing (010)[100], (001)[100], and
(100)[001] edge dislocations, whereas (010)[001] edge dislocations
make only rare contributions (Fig. 5). In summary, the principle
difference in GND content between the anhydrous experimental
sample, the xenolith, and the water-saturated experimental sam-
ple is the greater prevalence of (100)[001] edge dislocations in the
latter samples, both of which exhibit the bimodal CPO.

To assess the CPO produced by the slip systems inferred to be
important from the GND density analysis, we consider the results
of the VPSC simulations (Figs. 6 and 7). The microstructural data
of Tasaka et al. (2016) and the results of our GND analysis above
indicate that the (001)[100], (100)[001], and (010)[100] slip sys-
tems potentially play a role in formation of the bimodal CPO. Fig. 6
indicates that when these slip systems are equally weak relative
to the other slip systems a CPO develops with single maxima of
[100] and [001] axes at low angles to the shear direction. How-
ever, when (001)[100] and (100)[001] are >5 times weaker than
(010)[100] (and the other slip systems) the bimodal CPO develops
(Fig. 6). The simulation for which (001)[100] and (100)[001] are
5 times weaker than (010)[100] most closely matches the CPO of
the water-saturated experimental sample (Fig. 1) and the xenolith
(Fig. 2), insofar as the [100] maxima have unequal strengths and
the [010] axes exhibit the least girdled distribution parallel to the
shear plane (Fig. 6). In this simulation, the bimodal distributions
of [100] and [001] axes begin to develop at y = 1-2, and [010]
axes exhibit distributions that are somewhat girdled normal to the
shear direction at y = 2-3, before establishing a stronger point
maximum at higher shear strains (Fig. 7). This CPO evolution is re-
markably similar to that observed in the experiments of Tasaka et
al. (2016) (their Fig. 5) and is interpreted to result from competi-
tion between slip systems. There is a difference in the orientation
of the dominant [100] maximum developed in the experiments of
Tasaka et al. (2016) (Fig. 1) compared to that observed in the xeno-
lith (Fig. 2) and the VPSC simulations (Figs. 6 and 7). The VPSC
simulations in Fig. 6 indicate that this difference is due to slight
differences in relative slip systems strengths, with easier slip on
systems with [100] Burgers vectors generally reducing the angle
between the [100] maximum and the shear direction. This expla-
nation is consistent with the wide body of work on the role of
relative slip system activities in generating the variety of CPO types
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found in experimental and natural samples (e.g., Jung et al., 2006;
Bernard and Behr, 2017). Overall, the combined results of GND
analysis and VPSC simulations support the interpretation of Tasaka
et al. (2016) that the bimodal CPO results from grain rotations be-
ing controlled by activity of the (001)[100] and (100)[001] slip sys-
tems, with a more minor contribution from (010)[100]. Moreover,
GND analysis of the xenolith indicates that the interpretations of
experiments by Tasaka et al. (2016) also provide a plausible expla-
nation of development of bimodal CPO during deformation under
natural conditions.

4.2. Impact of water on slip system activity

The findings of this study and that of Tasaka et al. (2016),
regarding the development of the bimodal CPO, are broadly con-
sistent with the findings of previous studies regarding the impact
of water on the development of different types of unimodal CPO.
Olivine with low concentrations of intracrystalline hydrous point
defects typically forms an A-type CPO, with single maxima of
[100] axes and [010] axes respectively parallel to the shear di-
rection and shear plane normal (Fig. 1). This CPO is inferred to
result from deformation dominated by the (010)[100] slip system
in both experiments and nature (e.g., Zhang and Karato, 1995;
Jung et al, 2009; Hansen et al, 2014; Cao et al.,, 2015) (Fig. 1).
In contrast, olivine with elevated concentrations of hydrous point
defects typically develops a CPO characterised by single maxima
of crystal axes in orientations that indicate a dominance of one
of the slip systems (001)[100], (100)[001], or (010)[001] (i.e., E-,
C-, and B-type CPO, respectively) (e.g., Katayama et al., 2004; Jung
et al.,, 2006, 2013, 2014). Insofar as the bimodal CPO reported in
this study and that of Tasaka et al. (2016) (Figs. 1 and 2) results
from deformation dominated by the (001)[100] and (100)[001] slip
systems, it may be considered transitional between the E-type
and C-type CPOs. In previous experimental studies, the transition
between E-type and C-type CPOs occurred at water contents of
600-1000 ppm H/Si in samples deformed at equivalent stresses
of >100 MPa (Katayama et al., 2004; Jung et al., 2006). Indeed,
the water content of 1160 ppm H/Si in the experimentally de-
formed Fosg places it on the boundary between E-type and C-
type CPO projected to lower stresses. The concentration of 100 +
20 ppm H/Si estimated for olivine in the xenolith, which is broadly
typical of water contents in exhumed peridotites (Peslier, 2010;
Warren and Hauri, 2014), represents a lower bound on the wa-
ter content of olivine during deformation due to the possibility of
subsequent water loss through processes such as re-equilibration
at lower pressures or with the kimberlite melt. Therefore, it seems
likely that the water content of PHN1611 at the time of defor-
mation was just right to balance activity of the (001)[100] and
(100)[001] slip systems and develop the bimodal CPO. In this case,
the bimodal CPO may be common at depth in regions where water
contents and CPOs span the boundary between E-type and C-type.

We note that Bernard and Behr (2017) did not observe a cor-
relation between water contents of olivine and the occurrence of
either A-type or E-type CPO in a suite of peridotite xenoliths from
California. However, the general difficulty in constraining the rela-
tive timings of deformation and (de)hydration leave open possible
histories in which preserved CPOs may not reflect the slip systems
favoured by the recorded hydration states. Nonetheless, the role of
water in promoting the (001)[100] and (100)[001] slip systems is
underscored by the contrast between the bimodal CPO developed
in the water-saturated experiments of Tasaka et al. (2016) and the
unimodal A-type CPO developed in experiments on nominally an-
hydrous olivine of otherwise similar composition and experimental
conditions (e.g., Hansen et al., 2012, 2014).

Changes in relative slip system activity as a function of water
content require anisotropy in the mechanism by which water im-

pacts slip system activity. Single crystals of olivine deformed at
high temperature under anhydrous conditions exhibit n = 3.5 for
all slip systems (Bai et al., 1991), consistent with climb-controlled
strain rates limited by Si pipe diffusion along dislocation cores
(Hirth and Kohlstedt, 2015). With the addition of water, all slip
systems exhibit n ~ 2.5 (Mackwell et al., 1985), consistent with
climb-controlled strain rate limited by Si lattice diffusion (Tielke
et al., 2017). The equality of stress exponents for different slip
systems indicates that the anisotropic effects of water on slip
system activity do not arise from a stress-dependent mechanism
(Karato et al., 2008). Karato et al. (2008) hypothesise that such
CPO transitions arise from anisotropic increases in the density of
jogs, which control rates of climb, along dislocation lines under
jog-undersaturated conditions (e.g., Mei and Kohlstedt, 2000). Hy-
dration may impact dislocation self-energy, and hence jog density,
in an anisotropic manner, but such effects remain poorly charac-
terised.

4.3. Impact of bimodal crystallographic preferred orientation on seismic
properties

The velocities of seismic waves travelling through mantle rocks
are commonly inferred to be controlled by the CPO of olivine,
which constitutes the largest volume fraction of peridotites. Due
to the anisotropic elastic properties of the olivine lattice, the CPO
of olivine is expressed as anisotropy in seismic wave speeds of
the bulk rock (Ben Ismail and Mainprice, 1998). As such, obser-
vations of seismic anisotropy can potentially constrain the kine-
matics of mantle flow if the relationship between CPO and flow
kinematics can be inferred. However, the relationships between
flow kinematics and olivine CPO can be varied and complex due
to the variety of CPO types that can form, even for kinemati-
cally simple deformations (e.g., Skemer and Hansen, 2016). For
the CPO types most commonly observed to develop during sim-
ple shear in the high-strain regime of approximately steady-state
microstructure, the orientation of maximum P-wave speed is typi-
cally approximately parallel or perpendicular to the shear direction
and/or shear plane (Jung et al., 2006). However, Fig. 8 reveals that
the bimodal CPO of PHN1611 (Fig. 2) generates a maximum in
P-wave velocity at approximately 45° between the inferred shear
direction and shear plane normal. The microstructure of PHN1611
(e.g., laterally continuous layers of dynamically recrystallised py-
roxene, Fig. 2) and comparison to olivine CPO in the experiments
of Tasaka et al. (2016) suggest that PHN1611 has been deformed to
shear strains of at least several hundred percent and that its CPO
has likely reached its approximately steady-state configuration. The
asymmetry of the xenolith microstructure (Fig. 2) and similarity
of its bimodal CPO to that formed in the experiments of Tasaka
et al. (2016) and VPSC simulations (Figs. 6 and 7) indicates that
the natural deformation was dominantly simple shear. Compari-
son of the seismic properties calculated based on only olivine and
those calculated based on the full major mineral assemblage indi-
cate that the olivine CPO controls the orientation distributions of
seismic wave speeds, whereas the other minerals act to reduce the
speeds overall (Fig. 8). The unequal strengths of the [100] maxima
result in a pronounced maximum in P-wave velocity bisecting the
shear direction and shear plane normal (Fig. 8). In contrast, two
maxima are present in both the velocities of the fast S-wave and in
shear wave splitting (AVs), and are aligned with the shear direction
and shear plane normal (Fig. 8). As the fast shear wave polarises
parallel to the (010) plane of olivine single crystals (Ben Ismail
and Mainprice, 1998), the strong [010] maximum in the CPO of
the PHN1611 (Fig. 2) causes wave propagating in most directions
to be polarised in the plane that contains the shear direction and
shear plane normal (Fig. 8). These distributions of seismic prop-
erties differ those associated with previously reported unimodal
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olivine CPOs (Jung et al., 2006) and therefore present an additional
complication for interpreting the kinematics of mantle flow with-
out a priori knowledge or prediction of the CPO type present at
depth. We note that the bimodal CPO of PHN1611 is clearly scarce
in natural samples (e.g., Ben Ismail and Mainprice, 1998). Nonethe-
less, sampling by xenolith suites of mantle deformation fabrics is
necessarily limited in both space and time, and therefore the bi-
modal CPO remains potentially under-represented.

5. Conclusions

Recent torsion experiments on aggregates of hydrous olivine by
Tasaka et al. (2016) were the first to reproduce an unusual and
previously unexplained CPO, characterised by bimodal distribu-
tions of [100] and [001] axes, present in a lherzolite xenolith from
Lesotho (Mercier and Carter, 1985). HR-EBSD analysis demonstrates
that samples with the bimodal CPO contain substructure domi-
nated by (010)[100], (001)[100], and (100)[001] edge dislocations,
whereas anhydrous olivine deformed under otherwise similar con-
ditions generally lacks (100)[001] edge dislocations. Similarly, VPSC
simulations indicate that the bimodal CPO develops when defor-
mation is dominated by the (001)[100] and (100)[001] slip sys-
tems, with a more minor contribution from (010)[100]. Olivine in
the xenolith is estimated to have contained 100 4+ 20 ppm H/Si
when last in equilibrium with clinopyroxene, providing a lower
bound on the water content during deformation. The combined
evidence from CPO types, GND/misorientation analyses, VPSC sim-
ulations, and water concentration measurements indicates that el-
evated concentrations of hydrous point defects promote relative
activity of the (001)[100] and (100)[001] slip systems, leading to
formation of the bimodal CPO. Unlike previously reported CPO
types, the bimodal CPO generates a maximum in P-wave velocity
that bisects the shear direction and shear plane normal, whereas
maxima in Vs; and AVs are parallel to both the shear direction
and shear plane normal. If large volumes of mantle contain olivine
with the bimodal CPO, then these distributions of seismic wave
speeds complicate the interpretation of mantle flow kinematics
from seismic anisotropy, unless the CPO type present at depth is
independently constrained.
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