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Abstract The effect of finite strain geometry on crystallographic preferred orientation (CPO) is poorly
constrained in the upper mantle. Specifically, the relationship between shape preferred orientation (SPO)
and CPO in mantle rocks remains unclear. We analyzed a suite of 40 spinel peridotite xenoliths from Marie
Byrd Land, West Antarctica. X-ray computed tomography allows for quantification of spinel SPO, which
ranges from prolate to oblate shape. Electron backscatter diffraction analysis reveals a range of olivine CPO
patterns, including A-type, axial-[010], axial-[100], and B-type patterns. Until now, these CPO types were
associated with different deformation conditions, deformation mechanisms, or strain magnitudes.
Microstructures and deformation mechanism maps suggest that deformation in all studied xenoliths is
dominated by dislocation-accommodated grain boundary sliding. For the range of temperatures (780–1200°C),
extraction depths (39–72 km), differential stresses (2–60MPa), and water content (up to 500H/106Si) of the
xenolith suite, variations in olivine CPO do not correlate with changes in deformation conditions. Here we
establish for the first time in naturally deformed mantle rocks that finite strain geometry controls the
development of axial-type olivine CPOs; axial-[010] and axial-[100] CPOs form in relation to oblate and prolate
fabric ellipsoids, respectively. Girdling of olivine crystal axes results from intracrystalline slip with activation
of multiple slip systems and grain boundary sliding. Our results demonstrate that mantle deformation
may deviate from simple shear. Olivine texture in field studies and seismic anisotropy in geophysical
investigations can provide critical constraints for the 3-D strain in the upper mantle.

1. Introduction

Mantle flow produces olivine crystallographic preferred orientation (CPO), which is the dominant cause
of mechanical and seismic anisotropy [Christensen, 1984; Tommasi et al., 1999; Karato et al., 2008].
Deformationexperimentshaveestablished that olivineCPOpatterndependson thedegreeof activationofdif-
ferent olivine slip systems [Durham and Goetze, 1977; Bai et al., 1991], which in turn depends on temperature,
pressure, differential stress, and water content (Figure 1a) [Carter and Avé Lallemant, 1970; Jung and Karato,
2001; Couvy et al., 2004; Katayama et al., 2004; Karato et al., 2008; Demouchy et al., 2012; Raterron et al., 2012].
Studies of naturally deformed rocks support the results of deformation experiments [Vauchez et al., 2005;
Mizukami et al., 2004; Lee and Jung, 2015] and in many cases extrapolate experimental results to nature using
olivine CPO to infer deformation conditions [e.g., Saruwatari et al., 2001; Katayama and Korenaga, 2011].

To add complexity, the presence of melt, deformation history (e.g., existence of inherited CPO and strain
partitioning), type of deformation (e.g., pure shear, simple shear, transpression, and transtension), and strain
magnitude also affects olivine CPO development and evolution [Avé Lallemant and Carter, 1970; Nicolas et al.,
1973;McKenzie, 1979; Ribe and Yu, 1991;Wenk et al., 1991; Tommasi et al., 1999; Holtzman et al., 2003;Webber
et al., 2010; Boneh and Skemer, 2014; Hansen et al., 2014]. The role of strain on olivine CPO evolution is less well
understood compared to the effects of melt or changing deformation conditions.

For crustal minerals (e.g., quartz, calcite, mica, and amphibole), it is well established that the shape of the finite
strain ellipsoid (i.e., prolate, oblate, and plane strain) affects CPO [e.g., Lister and Hobbs, 1980; Law et al., 1984;
Schmid and Casey, 1986; Kruckenberg et al., 2010; Xypolias et al., 2010, 2013; Lloyd et al., 2011; Llana-Fúnez
and Rutter, 2014]. In these minerals, flattening strain produces girdles parallel to the foliation, constriction
is associated with girdles at high angle to the lineation, and plane strain produces clustered distributions
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of crystallographic axes (Figure 1b); an exception is the girdled quartz c axis pattern formed in plane strain at
low-temperature conditions. A relationship between finite strain geometry and CPO symmetry has also been
observed in experimental and numerical simulation studies of olivine deformation [Avé Lallemant and Carter,
1970; Nicolas et al., 1973; Wenk et al., 1991; Tommasi et al., 1999; Miyazaki et al., 2013]. Yet to the best of our
knowledge, such a relationship has not been described for naturally deformed mantle rocks.

Mantle xenoliths transported to the surface by erupted lavas are ideal materials for exploring the relationship
between shape preferred orientation (SPO) and CPO under natural deformation conditions. Mantle xenoliths
are commonly unaffected by exhumation-related processes (e.g., low-temperature recrystallization and CPO
overprinting) that may affect peridotites in exhumed ultramafic massifs. One limitation inherent to xenolith
studies is that samples are detached from their original deformation context. When combined with small
sample sizes, the identification of mineral SPO (foliation and lineation) is often difficult. The lack of a SPO
reference framework in xenolith studies further hampers distinction between olivine CPO patterns that share
similar crystal axis symmetry but of variable orientation relative to the orientation of foliation and lineation

Figure 1. Common interpretation of CPO types inmantle and crust. (a) Schematic depiction of the typical olivine CPO types
(left). Equal area, lower hemisphere projections are shown for each of the principal olivine crystallographic axes. Shaded
regions denote the dominant crystal axis orientations for each textural type. Olivine CPO type as a function of stress and
water content at high temperatures (1200–1300°C) (right). Modified after Katayama et al. [2004]. (b) Relationship between
finite strain geometry and CPO symmetry for calcite, quartz, biotite, and hornblende. We note that CPO changes as a
function of deformation conditions have also been described for crustal minerals (e.g., quartz CPO transitions with
temperature). Crystallographic texture data based on calcite [Llana-Fúnez and Rutter, 2014], quartz [Schmid and Casey,
1986], and biotite and hornblende [Lloyd et al., 2011]. Data are shown on Flinn plots.
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(e.g., orthorhombic A-, B-, C-, and E-type olivine CPO patterns) (Figure 1a). Therefore, our understanding of
upper mantle deformation and seismic anisotropy—particularly below continents where exhumed xenoliths
are the only source of direct information—is hinderedwithout amethodology that incorporates a quantitative
3-D characterization of SPO, which in turn allows for an unbiased characterization and interpretation of CPO.

In this study, we develop a new approach that allows for evaluation of the relationship between spinel SPO
and olivine CPO in mantle materials. Using a combination of X-ray computed tomography and electron back-
scatter diffraction analysis, we show how limitations inherent to the study of 3-D shape fabric in mantle mate-
rials can be overcome to gain new insights into mantle deformation processes and the development of axial-
type CPOs in olivine.

2. Geological Setting

Thesamplesanalyzed in this studywerecollected fromtheMarieByrdLandvolcanicprovince inWestAntarctica
(Figure 2a).Marie Byrd Landhas experienceda complexdeformationhistory that includesCretaceous transcur-
rent toobliqueextensionaldeformation [Siddowayetal., 2005;McFaddenet al., 2010] followedbymid-Cenozoic
topresent extensionandwidespreadbasaltic volcanism [e.g.,Finnetal., 2005].WestAntarctica is also character-
izedby slowmantle seismicvelocities [e.g., Sieminski et al., 2003; Lloydet al., 2015], strongandconsistent seismic
anisotropy [Accardo et al., 2014], and thinned continental crust [Winberry and Anandakrishnan, 2004; Chaput
et al., 2014]; crustal thickness in Marie Byrd Land is approximately 23 km [Ferraccioli et al., 2002].

Themantle xenoliths analyzed have been sampled from seven volcanic centers; five centers are located in the
Fosdick Mountains (Marujupu Peak, Mount Avers, Demas Bluff, Bird Bluff, and Recess Nunatak), one in the
Usas Escarpment (Mount Aldaz) and one in the Executive Committee Range (Mount Cumming) (Figure 2a

Figure 2. (a) Map of West Antarctica showing the location of the Fosdick Mountains and Executive Committee Range in
Marie Byrd Land. (b and c) Field photos of volcanic centers from which the studied mantle xenoliths were sampled.
Demas Bluff basalt flow (Figure 2b) and Marujupu diatreme (Figure 2c); note the two people in red parkas for scale in
Figure 2c. (d) Example of mantle xenoliths from Demas Bluff basalt flow.
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and Table 1 in the supporting information). In the Fosdick Mountains, mantle xenoliths were entrained in
circa 1.4Ma basaltic to basanitic cinder cones and flows [Gaffney and Siddoway, 2007] (Figures 2b and 2c).
Geochemical analyses show that the xenolith-bearing lavas are compositionally homogeneous within each
volcanic center but heterogeneous among the centers [Gaffney and Siddoway, 2007]. We studied 40 spinel-
bearing mantle xenoliths of variable composition, including 30 lherzolites, 6 harzburgites, 3 werhlites, and
1 dunite. Xenoliths range between 3 and 15 cm in diameter, are extremely fresh (i.e., lack of significant altera-
tion), and have sharp contacts with the enclosing basalts (Figures 2d and 3a).

3. Methods

To understand what controls the development of olivine CPO in the Marie Byrd Land xenoliths, we compare
how changes in deformation conditions and SPO relate to olivine CPO variations. We use X-ray computed
tomography to quantitatively describe spinel SPO in terms of orientation (in the hand specimen reference
framework), shape, and anisotropy. Electron backscatter diffraction is used to determine patterns of olivine
CPO, misorientation axis distributions, olivine SPO, and grain size. Olivine CPO data are plotted relative to
the spinel SPO reference framework (i.e., foliation and lineation), which allows for robust and unbiased iden-
tification of CPO symmetry and type. We determine mineral compositions and equilibration temperatures by
means of electron probe microanalysis. Water content in olivine and orthopyroxene is estimated with Fourier
transform infrared spectroscopy. Details for each of the applied methods are provided below.

3.1. X-Ray Computed Tomography

We used high-resolution X-ray computed tomography (XRCT) to visualize and quantify the mineral shape
fabric defined by the three-dimensional SPO of spinel grains (Figures 3a and 3b and supporting information
Movie S1). XRCT was carried out at the University of Minnesota, Twin Cities, which houses an X5000 high-
resolution micro-CT system with a twin head 225 kV cone beam X-ray source and a Dexela area detector
(3073 × 3889 pixels). Because the analyzed xenoliths cover a wide range of sizes, different scan parameters
were tested and applied (Table S2) to maximize resolution and contrast. Samples were placed on a rotary
stage, and 1080 radiographs were collected through 360° of rotation. To reduce noise, three to four radio-
graphs were collected at each angle and averaged (frame averaging), resulting in scan times of 45min to
2 h and voxel sizes of 10–50μm. The individual radiographs were then reconstructed into a 3-D volume using
the commercial software efX-CT. During the reconstruction a correction was applied to reduce the effects of
beam hardening.

Figure 3. Determination of the spinel shape fabric using X-ray computed tomography. (a) Dunite from Mount Cumming.
Black grains are spinel. (b) Reconstructed volume of the scanned xenolith in Figure 3a. Blue objects correspond to spinel
grains that have been separated from the olivine mass (grey) on the basis of their density contrast. Three-dimensional rose
diagram produced with QUANT3D software describes the fabric ellipsoid calculated from the SPO of the spinel grains.
(c) Reconstructed volume of a spinel harzburgite from Demas Bluff. The slice through the volume is parallel to the Φ1Φ3
plane of the spinel fabric ellipsoid. The thin section that was produced from the specific slice of the xenolith is shown as an
overlay. The thin section is normal to the foliation plane (contains Φ1 and Φ2) and parallel to the lineation (Φ1).
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Voxels corresponding to spinel were segmented from the voxels corresponding to the remaining constituent
phases (olivine, orthopyroxene, and clinopyroxene) following the procedure described in Ketcham [2005a]. In
case of spinel aggregates, we separated spinel grains manually following an object-based analysis, imple-
mented by the BLOB3D software [Ketcham, 2005b]. Spinel grain separation was shape—rather than CPO—
based. Where spinel grain separation was not possible, the shape of spinel aggregates was analyzed. We used
the 3-D shapes and orientations of the spinel grains and aggregates to determine rock fabric. The SPO of spi-
nel grains was analyzed with QUANT3D software [Ketcham and Ryan, 2004]. To calculate the fabric tensor, we
used the star length distributionmethod [Odgaard et al., 1997]. To obtain the fabric tensor, themethod uses a
moment of inertia calculation to define an orientation matrix [Launeau and Robin, 1996] from which a fabric
tensor is derived by normalizing the eigenvalues to sum to 1. The fabric tensor eigenvectors and eigenvalues
define orthogonal principal axes, with the maximum and minimum eigenvectors corresponding to the axes
along which the moment of inertia is minimized and maximized, respectively. The eigenvalues are related to
themoment of inertia about each axis. Thus, the fabric tensor takes into account both spinel grain shapes and
orientations. We used the corrected degree of anisotropy (P′) and the shape factor (T) to quantify the aniso-
tropy and shape of fabric ellipsoid [Jelínek, 1981]. P′ is given by

P ′ ¼ exp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 f 1 � fð Þ2 þ f 2 � fð Þ2 þ f 3 � fð Þ2
h ir

(1)

where f1, f2, and f3 are the natural logs of the normalizedmagnitudes of themaximum (Φ1), intermediate (Φ2),
and minimum (Φ3) axes of the fabric ellipsoid, respectively, and f= (f1 + f2 + f3)/3 [Jelínek, 1981]. P′ varies from
one (sphere—no anisotropy) to infinity (with increasing ellipticity toward a material line or material plane). P′
is similar in mathematical formulation to the better known octahedral shear strain [Nadai, 1963] used in Hsu
plots [Hossack, 1968], but P′ magnitude may not coincide with the strain magnitude.

The shape factor (T) is mathematically similar to Lode’s parameter [Hossack, 1968] used in Hsu plots and is
defined as

T ¼ 2f 2 � f 1�f 3
f 1 � f 3

(2)

The values of the shape parameter have the range � 1< T< 1, where T< 0 corresponds to prolate, T=0 to
neutral (plane strain), and T> 0 to oblate ellipsoids.

From the fabric tensor we determined the orientations of the three principal fabric ellipsoid axes, which
define the foliation plane (contains Φ1 and Φ2 axes) and the lineation (parallel to Φ1) of each xenolith
(Figures 3b and 3c). The commercial software Avizo®Fire was used to project the fabric ellipsoid axes on
the reconstructed rock volume and subsequently on the rock sample. In 29 samples, thin sections were pro-
duced parallel to the Φ1Φ3 plane of the fabric ellipsoid with the long axis of each thin section parallel to Φ1

(Figure 3c). Thin sections from 11 samples had to be produced at random orientations relative to the spinel
fabric due to restrictions imposed by small xenolith size. In these samples, the spinel SPO was determined by
means of XRCT analysis of the randomly oriented rock billets.

3.2. Electron Backscatter Diffraction

Crystallographic preferred orientations for all constituent mineral phases in the Marie Byrd Land xenoliths
were collected by means of electron backscatter diffraction (EBSD) on polished thin sections. EBSD data were
acquired on a Tescan Vega 3 LMU scanning electron microscope equipped with a LaB6 source and an Oxford
Instruments Nordyls Max2 EBSD detector housed within the Department of Earth and Environmental
Sciences at Boston College. Typical operating conditions for analyses were 20–100 nA for beam currents
and an accelerating voltage of 30 kV. Crystallographic texture maps of full thin sections (26 × 46mm) were
acquired and indexed using the Oxford Instruments AZtecHKL acquisition and analysis software (version 2.3).
The analytical method is described in detail by Prior et al. [1999].

To ensure a high density of crystallographic orientation data andmultiple solutions within individual grains, a
step size of 7.5μm was used throughout map regions; EBSD data sets correspondingly comprise approxi-
mately 10 million individual solutions with indexing rates typically >90%. Microstructural maps were con-
structed from the unprocessed EBSD data sets using version 3.5 of the MTEX MATLAB toolbox for textural
analysis (http://mtex-toolbox.github.io), from which one point per grain data (i.e., mean crystallographic
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orientation of each grain) were calculated for grains separated by misorientation boundaries of ≥10°
[Bachmann et al., 2011] (Figures 4a–4d). Pole figures were produced from the one point per grain data sets
for comparison of olivine CPO patterns (Figure 4e). In all samples, the olivine CPO data are plotted in the
3-D spinel SPO reference frame (i.e., relative to the spinel-defined foliation and lineation). Misorientation axes
were calculated for correlated misorientation angles between 2° and 10°, and their distributions are plotted
relative to the olivine crystal reference framework.

To quantify the strength of olivine CPO, we use the J index [Bunge, 1982] andM index [Skemer et al., 2005]. The
J index is calculated from the orientation distribution functions using MTEX [Bachmann et al., 2010] and has a
value of 1 (random) to infinity (single crystal). The M index is calculated from the distribution of uncorrelated
misorientation axes and has a value of 0 (random) to 1 (single crystal). We use the BA index [Mainprice et al.,
2014] to quantify the tendency of the olivine CPO toward end-member axial-[010] (BA = 0) or axial-[100]
(BA = 1) symmetries. The BA index is defined as

Figure 4. Examples of EBSDmaps and representative CPO, SPO, and grain size data. (a) EBSD inverse pole figuremap of olivine crystallographic axis orientations in the
dunite KSP89-181-X01. Olivine crystal axes orientations are colored relative toΦ1 axis of the spinel fabric ellipsoid (IPF-X coloring). All maps have upper edge parallel to
the XRCT-determined Φ1 spinel ellipsoid axis (lineation) with the foliation normal to the map. White arrows highlight subgrain boundaries in olivine grains. (b)
Combined EBSDphasemapand inversepolefiguremapof olivine crystallographic axis orientations for the spinel lherzolite FDM-AV01-X01. Grains are as follows:white,
spinel; light grey, clinopyroxene; and dark grey, orthopyroxene. Olivine grains are shownwith IPF-X coloring. (c) Combined EBSD phasemap and olivine IPF-Xmap for
the spinel lherzolite FDM-RN02-X01. Map coloring as in Figure 4b. (d) EBSD phasemap of Figure 4c. The inset rose diagramdescribes the orientation of the long axis of
olivinegrains plotted relative to the spinel fabric ellipsoid axes. Note the strong alignment of olivine longaxes subparallel to longΦ1 axis of the spinel fabric ellipsoid. (e)
Lower hemisphere equal area projections of olivine crystallographic axis orientations. Data from the EBSDmap in Figure 4c, plotted as one point per grain. Pole figures
are plotted in the reference frameof the spinel fabric ellipsoid as determined by XRCT. Note the strong concentration of [100] axes nearΦ1, which agreeswith the IPF-X
map in Figure 4c. (f) Frequency distribution of olivine grain size calculated as equivalent circular diameter. The histogram has a logarithmic scale. The red curve
represents the lognormal distribution fit to the measured distribution. Olivine grain size data are from the map in Figure 4c, calculated as one point per grain.
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BA index ¼ 1
2

2� P010
G010 þ P010

� �
� G100

G100 þ P100

� �� �
(3)

where P and G are the Point and Girdle pattern symmetry characteristics of Vollmer [1990] for olivine [100]
and [010]. The P and G indices were calculated from the eigenvalues of the normalized orientation matrix
using MTEX [Mainprice et al., 2011].

Two-dimensional olivine SPO (Figure 4d, inset) was determined from grain set properties of the EBSD maps
analyzed in MTEX. No olivine SPO data were acquired from thin sections produced at random orientation
relative to the spinel shape fabric. The olivine grain size was determined with the equivalent circular diameter
method on grains defined by a grain boundary misorientation angle of 10°, constructed from the EBSD
data in MTEX. To convert between the mean equivalent circular diameter on a two-dimensional section
and the mean grain size in three dimensions, a scaling factor of 1.2 was used [Underwood, 1970; Van der
Wal et al., 1993].

3.3. Electron Probe Microanalysis

The major and minor element compositions of olivine, spinel, orthopyroxene, and clinopyroxene were
analyzed by wavelength-dispersion spectrometry with a Cameca SX50 instrument at the Department of
Geoscience, University of Wisconsin-Madison. Operating conditions were 15 kV accelerating voltage, 20 nA
beam current (Faraday cup), and beam diameter of 1μm. Combinations of natural minerals and synthetic
materials were used as standards for each mineral species, and data reduction was performed by Probe for
Windows software, utilizing the φ(ρz) matrix correction of Armstrong [1988].

Mineral compositions were analyzed in each sample in several domains, situated at different structural
positions relative to the determined foliation. Constituent phases of interest were analyzed in each domain,
and compositions were determined for cores and rims in each phase. Where possible, adjacent grains of
olivine, spinel, orthopyroxene, and clinopyroxene were analyzed. No significant compositional differences
were found on the intergranular or intragranular scales, except that enstatite and Cr-diopside grains in a
few samples contain exsolution lamellae of the complementary pyroxene and spinel. Such lamellae were
too thin to allow for accurate analyses, and consequently, the host compositions of coexisting orthopyroxene
and clinopyroxene were used to calculate temperature. Representative analyses of constituent minerals are
summarized in Table S3.

Equilibration temperatures for the Marie Byrd Land xenoliths were determined by application of three differ-
ent calibrations of the two-pyroxene geothermometer (Table S4), namely, those by Bertrand and Mercier
[1985] (BM85), Brey and Köhler [1990] (BK90), and Taylor [1998] (T98). For the dunite sample we used the
olivine-spinel Fe-Mg exchange geothermometer of Ballhaus et al. [1991] (BBG91). Temperatures were
calculated at an assumed pressure of 15 kbar, because of the uncertainty in estimating pressures for spinel
peridotites (see section 4.3). The effect of pressure on calculated two-pyroxene temperatures is 2°C/kbar.

3.4. Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopic measurements were made to determine the H content of
olivine and orthopyroxene from seven peridotite xenoliths (FDM-AV01-X01, FDM-BB01-X01, FDM-DB03-
X01, FDM-RN03-X01, FDM-RN04-X01, FDM-AVBB02, and AD6021-X02) and olivine from a dunite xenolith
(KSP89-181-X01). Polarized spectra were collected in transmission mode using a Bruker Tensor 37 FTIR spec-
trometer and Hyperion 2000 microscope with 15X objective and condenser. An infrared globar source and
Mercury Cadmium Telluride (MCT) detector were used, and 128 scans were taken over spectral range of
1000–5000 cm�1 with a sampling interval of 1 cm�1. The aperture was adjusted so that the analyzed area
formed a square with edge length between 50 and 100μm. After they had been disaggregated from the
xenoliths, orthopyroxene and olivine grains that exhibited the best developed crystal faces were selected
for FTIR analysis. We prepared polished sections perpendicular to the α axes of the infrared indicatrices by
polishing parallel to the (100) faces of orthopyroxene and (010) faces of olivine. Sample orientation was con-
firmed, and β and γ directions were identified, by comparing spectra in the region from 1400 to 2300 cm�1,
where diagnostic Si-O overtone bands occur, with reference spectra for olivine from Asimow et al. [2006] and
for orthopyroxene from Mosenfelder and Rossman [2013]. Well-oriented samples were selected and
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repolished to prepare sections orthogonal to those containing the β and γ directions, so that principal spectra
with the electric vector of the infrared light polarized parallel to the α axis of the infrared indicatrix (the “α
spectra”) could be measured. The spectra for orthopyroxene are a close match to the respective principal
polarized spectra for sample KBH-1 of Bell et al. [1995] (Figure S1), so we calculated H2O concentration for

Figure 5. Typical microstructures in the Marie Byrd Land spinel peridotite xenoliths. In all photomicrographs lineation is par-
allel to the top edge and foliation is normal to the photomicrograph. (a) Coarse-grained harzburgite characterized by align-
ment of tabular olivine crystals with straight grain boundaries parallel to the foliation; widely spaced subgrain boundaries
(white arrows) are oriented perpendicular to the foliation (FDM-DB02-X08). (b) Coarse-grained lherzolite with granular
microstructure. Olivine subgrain boundaries are predominantly oriented at low angle to the foliation, but subgrain boundaries
oblique to the foliation are also present (AD6021-X02). (c) Lherzolite with spinel trail formed by discrete, subhedral spinel
grains (FDM-DB03-X04). (d) Olivine crystal with undulose extinction in a coarse-grained granular harzburgite (FDM-DB02-X02).
(e) Aligned olivine-orthopyroxene grain boundaries in a spinel harzburgite. Arrow points to one of the aligned boundaries.
Olivine subgrain boundaries are oriented both perpendicular and at low angle to the foliation. In the latter case, the subgrain
boundaries are parallel to the olivine-orthopyroxene grain boundaries. Note the diamond grain structure of the orthopyroxene
grain in the center, which is indicative of grain boundary sliding (FDM-DB04-X03). (f) Granular lherzolite with alignment of
olivine grain boundaries oblique (lower left to upper right) to the spinel foliation (FDM-AV01-X01). (g) Granular lherzolite with
120° triple junctions (white arrows) between olivine grains (FDM-AVBB02). (h) Olivine grain with two sets of subgrain
boundaries, at high angle to each other. Both subgrain boundary sets are oriented oblique to the foliation (FDM-DB02-X10). (i)
Detail of the aligned olivine-orthopyroxene grain boundaries shown in Figure 5e. Olivine subgrain boundary aligned to the
olivine-orthopyroxene grain boundary. This microstructure may suggest phase boundary sliding (FDM-DB04-X03). (j) Olivine
and orthopyroxene grains forming a four-grain junction, characteristic of grain boundary sliding (FDM-DB03-X01). All photo-
micrographs are under crossed-polarized light, except 5c, which is taken in plane-polarized light.
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the orthopyroxene using the molar absorption coefficient of Bell et al. [1995], while for olivine we used the
molar absorption coefficient of Withers et al. [2012].

4. Results
4.1. Microstructures

Microstructures in theMarie Byrd Land xenoliths were studied by combined optical (Figure 5) and electronmicro-
scopy (e.g., EBSD maps; Figure 4) techniques. The xenoliths are coarse grained and have a granular or tabular
microstructure (Figures 4b, 4c, 5a, and 5b). Spinel occurs as discrete, euhedral to subhedral grains and commonly
forms characteristic spinel trails (Figure 5c). Interstitial, symplectic, or complexly shaped irregular intergrowths of
spinel with pyroxene are also present but less common. Olivine grains show undulose extinction (Figure 5d) and
well-developed subgrain boundaries (Figures 4a, 5a, 5b, 5e, 5f, 5h, and 5i). The subgrain boundaries are usually
oriented perpendicular or oblique (at high angle) to the foliation (Figures 4a, 5a, 5e, and 5f); however, subgrain
boundaries subparallel or at low angle to the foliation are also present (Figures 5b, 5e, and 5i). Gently curved
to straight olivine-olivine grain boundaries, which lead to polygonal crystal shapes with 120° triple junctions,
are indicative of an equilibrium microstructure (Figure 5g). Recrystallization, accommodated by grain boundary
migration, is inferred from interpenetrating olivine grain boundaries [Drury and Urai, 1990].

Several microstructures identified in the xenoliths are indicative of grain boundary sliding: (1) olivine tabular
grains with straight grain boundaries oriented subparallel to the foliation (Figure 5a); (2) presence of
diamond-shaped grains with grain boundaries forming conjugate sets trending at 20–50° to the foliation
(Figures 5e and 5f); (3) along-strike continuity between subgrain and grain boundaries, the subgrain bound-
aries forming in zones of sliding accommodation strain at triple points (Figure 5i); and (4) presence of four-
grain junctions (Figure 5j) [Ashby and Verrall, 1973; Drury and Humphreys, 1988; Ree, 1994; Newman et al.,
1999; Sundberg and Cooper, 2008]

4.2. Mineral Compositions

Minerals in theMarie Byrd Landmantle xenoliths are highlymagnesian andhave compositional characteristics
typical for those in subcontinental peridotite xenoliths [e.g., Arai, 1994]. Spinel shows significant variation in
both Mg# (100 × [Mg/(Mg+ Fe)]) and Cr# (100 × [Cr/(Cr + Al)]), which range from 56.7 to 84.6 and 1.3 to 63.1,
respectively (Figure 6a). The majority of the xenoliths (77%) contain spinel with Mg-rich and Cr-poor
(Cr#< 20) compositions, which are typical for relatively undepletedmantle peridotites. Olivine is Mg rich, with
Mg# values ranging between 88.2 and 92.1, and the Mg# in olivine tends to increase with an increase in Cr# in
coexisting spinel (Figure 6b).With the exceptionof thedunite sample (KSP89-181-X01), all xenoliths plotwithin
or at the border of the olivine-spinel mantle array (OSMA), as established by Arai [1994] (Figure 6b).

Orthopyroxene and clinopyroxene areMg rich, with Mg# ranging between 83.7–92.5 and 82.4–94.8, respectively.
Pyroxenes show large sample-to-sample variation in Al2O3 and Cr2O3 contents, where the range in Al2O3 for

Figure 6. Graphical representation of geochemical data. (a) Variation in spinel composition in terms of Cr# and Mg#. (b)
Correlation of Cr# in spinel with Mg# in olivine in the Marie Byrd Land peridotite xenoliths. The field for subcontinental
spinel xenoliths is shown for comparison [Arai, 1994]. OSMA: olivine-spinel mantle array. (c) Contents of Cr2O3 and Al2O3 in
coexisting orthopyroxene and clinopyroxene in the studied peridotite xenoliths. The subparallel tie lines between ortho-
pyroxene and clinopyroxene indicate chemical equilibration among the pairs of pyroxenes.
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orthopyroxene is 1.86–6.14wt %, and for
clinopyroxene is 1.82–8.61wt %, as illu-
strated for coexisting pyroxenes in
Figure 6c. The configuration of the data
points reflects equilibration temperatures
(higher Al2O3 generally representing higher
temperatures) and whole-rock Cr2O3/Al2O3

ratios. Tie lines are subparallel for most
xenoliths, which implies chemical equili-
brium for Al2O3 and Cr2O3 in the coexisting
pyroxenes. Two samples (FDM-DB02-X02
and FDM-DB04-X03) display discordant tie
lines relative to the other samples, reflect-
ing disequilibrium with respect to Al2O3

and Cr2O3. Pyroxenes in sample FDM-
DB02-X08 contain relatively small amounts
of Al2O3 and Cr2O3 and equilibrated at a
lower temperature than did other xenoliths
from the same volcanic center.

4.3. Equilibration Temperatures and
Extraction Depths

Temperatures from the three two-
pyroxene geothermometers are in very
good agreement (Figure 7a), and the aver-
age temperature estimates range from
780 to 1200°C, calculated at a pressure of
15 kbar (Table 1). These temperatures are
thought to represent the xenolith tem-
peratures at the time of extraction from
the mantle, but note that samples that
contain pyroxene exsolution lamellae
must have cooled from some unknown
higher temperature prior to extraction.

The average of the three two-pyroxene
geothermometers is used to estimate
temperatures for the Marie Byrd Land
xenoliths at the time of extraction. The
regular distribution of subparallel Al2O3

and Cr2O3 tie lines in pyroxenes
(Figure 6c) and the excellent agreement
between the results of the three two-
pyroxene geothermometers (Figure 7a)
together indicate the attainment and
preservation of equilibrium in pyroxenes
with respect to Ca, Mg, Fe, Al, and Cr.

Currently, there is no reliable geobarometer for direct calculation of pressure, and therefore depth, for spinel
peridotites. However, we can predict the maximum extraction depth for each xenolith by calculating the
maximum pressure at which spinel, rather than garnet, would be stable in each peridotite xenolith [O’Neill,
1981]. This approach is valid for the Marie Byrd Land xenoliths, which are devoid of garnet. The composition-
ally controlled stability limit for spinel ranges from 49 to 105 km and corresponds to the predicted maximum
possible extraction depth of the studied peridotite xenoliths (Figure 7b and Table S4). The wide range in the
predicted maximum depths is due to the large variation in Cr# of spinel in the xenolith suite, i.e., higher Cr
contents stabilize spinel to higher pressures.

Figure 7. Equilibration temperatures and extraction depths estimated
for the Marie Byrd Land xenoliths. (a) Comparison of temperature esti-
mates (calculated at 15 kbar) from the three two-pyroxene geotherm-
ometers (BM85 [Bertrand andMercier, 1985], BK90 [Brey and Köhler, 1990],
and T98 [Taylor, 1998]) with their average. (b) Estimated equilibration
temperatures and extraction depths for the spinel peridotite xenoliths.
Black symbols indicate temperature-depth values obtained by combin-
ing the averages of the three, two-pyroxene geothermometers with a
hypothetical geotherm at 1.5 Ma. Grey symbols represent the maximum
depths for spinel stability in each sample, and the thick grey line indi-
cates an inferred geotherm at 1.5 Ma that is consistent with the stability
of spinel in all samples of the xenolith suite. The McMurdo petrologic
geotherm [Berg et al., 1989] and the present-day Ross Embayment
geotherm [ten Brink et al., 1997] are shown for comparison.
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Further constraints on the depths of xenolith extraction can be placed by combining the results of geother-
mometry with a geotherm at the time of eruption [e.g., Medaris et al., 2015]. Such an approach can be
applied to the Marie Byrd Land spinel peridotite xenoliths by combining the average results of the two-
pyroxene geothermometers with an appropriate geotherm. Two geotherms have been established in the
region: the McMurdo petrologic geotherm [Berg et al., 1989] and the present-day Ross Embayment
geotherm [ten Brink et al., 1997] (Figure 7b). However, neither geotherm is appropriate for the Marie Byrd
Land xenolith suite, because the use of the McMurdo geotherm would place 50% of the xenoliths above
the Moho, and application of the Ross Embayment geotherm would require that 73% of the samples contain
garnet, rather than spinel (Figure 7b). Alternatively, a geotherm has been constructed that is consistent with
the stability of spinel in all xenoliths (the thick gray line in Figure 7b, whose width corresponds to the ±25°C
precision of the two-pyroxene geothermometers). Depths for the Marie Byrd Land xenoliths are then esti-
mated by intersecting their pressure-dependent two-pyroxene temperatures with the hypothetical
geotherm (Figure 7b and Table S4). The range of xenolith temperatures represents depths between 39
and 72 km, indicating that the Marie Byrd Land xenoliths have been extracted from moderate to relatively
deep levels of the lithospheric mantle.

Table 1. Equilibration Temperature, Grain Size, Differential Stress, Olivine CPO Type, CPO Strength, and Spinel Fabrica

Volcanic Center Xenolith Temperature (°C) D (μm) σ (MPa) Olivine CPO Type J M BA P′ T

Bird Bluff FDM-BB03-X01 856 1180 06 Axial-[010] 4.07 0.21 0.12 1.16 �0.19
Mount Avers-Bird Bluff FDM-AVBB01 937 214 25 Axial-[010] 2.19 0.12 0.13 1.11 0.01
Demas Bluff FDM-DB02-X12 1036 599 10 Axial-[010] 3.32 0.16 0.17 1.22 0.67
Mount Avers-Bird Bluff FDM-AVBB02 779 133 35 Axial-[010] 1.97 0.11 0.22 1.29 0.65
Mount Avers-Bird Bluff FDM-AVBB04 822 587 10 Axial-[010] 1.88 0.09 0.22 1.10 0.02
Demas Bluff FDM-DB04-X01 991 1450 06 Axial-[010] 4.03 0.20 0.23 1.09 0.15
Mount Avers-Bird Bluff FDM-AVBB06 940 192 25 Axial-[010] 1.90 0.08 0.25 1.14 0.13
Mount Avers-Bird Bluff FDM-AVBB07 805 644 10 Axial-[010] 1.87 0.08 0.26 1.28 0.35
Mount Avers-Bird Bluff FDM-AVBB08 832 285 19 Axial-[010] 3.27 0.12 0.26 1.12 0.84
Mount Aldaz AD6021-X02 1084 815 09 Axial-[010] 3.54 0.20 0.27 1.14 �0.06
Demas Bluff FDM-DB03-X02 861 545 10 Axial-[010] 2.77 0.20 0.28 1.24 �0.11
Demas Bluff FDM-DB04-X02 984 647 10 Axial-[010] 3.37 0.16 0.29 1.25 �0.23
Mount Avers-Bird Bluff FDM-AVBB05 814 61 60 Axial-[010] 1.73 0.14 0.31 1.23 �0.08
Marujupu FDM-MJ01-X05 1014 90 46 Axial-[010] 3.80 0.16 0.33 1.24 0.25
Demas Bluff FDM-DB02-X04 933 1230 07 na � � 0.35 1.32 0.53
Demas Bluff FDM-DB02-X03 999 210 25 Axial-[010] 4.50 0.31 0.37 1.15 0.36
Demas Bluff FDM-DB02-X11 1039 1610 06 A 3.54 0.20 0.38 1.25 �0.22
Marujupu FDM-MJ01-X06 1070 133 35 A 1.46 0.13 0.41 1.23 0.60
Bird Bluff FDM-BB02-X01 1053 322 20 Random 1.40 0.02 0.42 1.23 �0.34
Mount Avers FDM-AV01-X01 939 111 40 A 2.92 0.18 0.43 1.15 0.02
Recess Nunatak FDM-RN03-X01 943 346 15 B 3.30 0.15 0.43 1.13 0.68
Recess Nunatak FDM-RN01-X01 961 1290 07 A 14.34 0.24 0.44 1.30 �0.32
Bird Bluff FDM-BB01-X01 945 122 35 A 1.39 0.07 0.48 1.15 0.22
Demas Bluff FDM-DB02-X08 803 1310 05 A 7.07 0.37 0.48 1.18 �0.56
Marujupu FDM-MJ01-X02 974 513 10 A 4.00 0.20 0.50 1.40 �0.08
Demas Bluff FDM-DB02-X02 978 2000 05 A 8.95 0.36 0.51 1.34 0.11
Marujupu FDM-MJ01-X03 929 100 42 A 2.70 0.09 0.51 1.32 0.16
Demas Bluff FDM-DB04-X04 968 1310 06 A 4.40 0.28 0.56 1.21 �0.43
Recess Nunatak FDM-RN02-X01 828 604 10 A 2.75 0.16 0.57 1.32 0.20
Demas Bluff FDM-DB02-X10 1020 736 10 A 4.30 0.26 0.58 1.15 �0.94
Demas Bluff FDM-DB01-X01 1024 885 08 Axial-[100] 2.82 0.14 0.60 1.29 0.28
Recess Nunatak FDM-RN04-X01 812 528 10 Axial-[100] 2.71 0.20 0.62 1.27 �0.24
Demas Bluff FDM-DB02-X13 911 933 08 Axial-[100] 2.33 0.08 0.67 1.23 �0.09
Demas Bluff FDM-DB03-X01 856 1460 06 Axial-[100] 5.55 0.25 0.68 1.29 �0.85
Demas Bluff FDM-DB02-X01 1183 494 13 Axial-[100] 3.05 0.20 0.74 1.27 �0.35
Demas Bluff FDM-DB03-X03 982 898 08 Axial-[100] 2.72 0.09 0.77 1.19 �0.08
Mount Cumming KSP89-181-X01 862/955 455 15 Axial-[100] 4.34 0.34 0.81 1.61 0.44
Demas Bluff FDM-DB04-X03 1165 1360 06 Axial-[100] 4.88 0.17 0.86 1.23 �0.67
Demas Bluff FDM-DB02-X06 1198 314 20 na � � 0.45 1.13 �0.36
Demas Bluff FDM-DB03-X04 1002 900 08 na � � 0.38 1.15 �0.66

aTemperature, 2-Px average; D, equivalent circular diameter grain size; σ, differential stress; P′, fabric anisotropy; and T, shape parameter. na: not assigned.
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4.4. Three-Dimensional Spinel Shape
Preferred Orientation

The Marie Byrd Land xenoliths are char-
acterized by low values of the degree
of anisotropy (P′) of the spinel fabric
ellipsoid, which range from 1.09 to 1.61
(Figure 8 and Table 1). Low anisotropy
suggests small deviation of the shape of
the mean spinel fabric ellipsoid from a
sphere. Nonetheless, the low P′ values
are comparable to the orthopyroxene
fabric ellipsoid anisotropy (P′=1.08–
1.15) reported from spinel peridotites
from the Bogota Peninsula shear zone in
New Caledonia [Titus et al., 2011]. The
shape parameter (T) ranges from �0.94
to 0.84, showing large variation in the
geometry of the spinel fabric ellipsoid
(Table 1 and Figure 8). The Marie Byrd
Land xenoliths are mainly characterized
by either oblate or prolate fabric ellip-
soids, and only eight samples have neu-

tral ellipsoid shapes (T close to 0). Our data show no obvious correlation between the degree of anisotropy
and the geometry of the spinel fabric ellipsoid (Figure 8).

Visual comparison of the orientation of the XRCT-derived 3-D spinel shape fabric and the microstructures
observed in the xenoliths suggests correlation between the two. The determined Φ1Φ2 plane (foliation) of
the fabric ellipsoid is oriented parallel to the 3-D spatial distribution of spinel grains in layers. Further, the
Φ1 axis (lineation) of the fabric ellipsoid, which corresponds to the trend of spinel grains’ long axis alignment
(Figures 3b and 3c), coincides with the trend of observed spinel trails (Figure 5c).

To explore the relationship between the spinel and olivine shape fabric, we analyze the 2-D olivine SPO in
thin sections cut parallel to the Φ1Φ3 plane of the spinel fabric ellipsoid. In 80% of the xenoliths for which
olivine SPO was determined, olivine grains show a clear tendency to align with their long axes parallel or
at a small angle (<10°) to the spinel lineation (Figure 9). The long axes of olivine grains are oriented at inter-
mediate or high angle to the spinel lineation in six samples (AD6021-X02, FDM-AV01-X01, FDM-RN03-X01,
FDM-BB01-X01, FDM-DB02-X01, and KSP89-181-X01). Our data indicate that the 2-D olivine SPO is consistent
with the orientation of the spinel fabric ellipsoid. However, the 2-D treatment of the olivine SPO imposes
restrictions on further exploring the relationship between the spinel and olivine fabric ellipsoids in 3-D.

4.5. Crystallographic Preferred Orientations

Olivine CPOs from the analyzed xenoliths are presented in Figure 9; samples are organized based on their BA
index value. Olivine CPOs are plotted with respect to the spinel foliation and lineation as determined with
XRCT for all samples, which allows for the accurate identification of the CPO symmetry and type. The Marie
Byrd Land xenoliths exhibit a variety of olivine CPO types; four out of six CPO types observed in nature
and reproduced by deformation experiments (Figure 1a) are recognized. The observed CPO types include
the A type and B type with orthorhombic symmetry, as well as the axial-[010] and axial-[100] symmetries
(Figure 9 and Table 1). The variation in olivine CPO is also expressed by the BA index, which ranges from
0.12 to 0.86 (Figure 9 and Table 1).

Olivine A-type CPO with orthorhombic symmetry is recognized in 12 xenoliths (Figure 9 and Table 1). The A
type is characterized by point concentrations of the three olivine crystal axes, with the [100] axes aligned par-
allel or at small angle to the spinel lineation (Φ1), the [010] axes parallel or at small angle to the pole to the
foliation (Φ3), and the [001] axes oriented normal to the lineation within the foliation plane (parallel to Φ2)
(Figure 9). The agreement in the orientation of the olivine crystal axes and the spinel fabric ellipsoid axes

Figure 8. Hsu plot showing the relationship between the degree of aniso-
tropy (P′, radial component) and the shape factor (T, tangential compo-
nent) as determined by means of XRCT for the Marie Byrd Land xenoliths.
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Figure 9. Crystallographic orientations, low-angle misorientations, and shape-preferred orientations of olivine grains. Samples are organized with increasing BA
index value. Crystallographic orientations are plotted as one point per grain data sets in lower hemisphere equal area projections, relative to the spinel fabric
ellipsoid axes. Color scales are for multiples of uniform distribution. For each sample, the BA, J, and M indices, as well as the number of grains analyzed, are given.
Misorientation axes are from correlatedmisorientation angles between 2° and 10°. Inverse pole figures are in the crystallographic reference frame. Orientations of the
long axes of olivine grains relative to the spinel fabric ellipsoid axes are shown in rose diagrams.
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Figure 9. (continued)
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observed for the A-type pattern
provides further evidence for the
robustness of the determined
spinel fabric ellipsoid, used to plot
and interpret the olivine CPO data.

Olivine axial-[010] symmetry is
recognized in 15 xenoliths
(Figure 9 and Table 1). The CPOs
are characterized by [010] point
concentrations normal or at high
angle to the foliation plane, while
[100] and [001] axes form girdles
within or close to the foliation
plane. Within the [100] and [001]
girdles, the maxima of the crystal
axis distributions trend either par-
allel or oblique to Φ1 and Φ2 fabric
ellipsoid axes.

Olivine CPO in eight samples is
characterized by point concentra-
tions of [100] near Φ1 axis, while
[010] are typically distributed
along girdles at high angle to the
lineation (Figure 9). Within the
[010] girdles, the maximum con-
centration of axes is near either
Φ2 or Φ3. In sample FDM-DB02-
X01, the [001] axes show girdle dis-
tribution normal to the spinel
lineation. However, in the rest of
the xenoliths, the orientation
of [001] axes is commonly dis-

persed leading to more complex or random distributions, which can be a common characteristic of
deformed, polyphase rocks [Ben Ismail and Mainprice, 1998; Bystricky et al., 2006]. The olivine CPO in these
eight xenoliths may therefore be classified as having an axial-[100] symmetry (Figure 9 and Table 1). Such
classification is also supported by the high BA index values (typically >0.6) in these samples.

The B-type olivine CPO pattern is recognized in sample FDM-RN03-X01 (Figure 9). The CPO is characterized by
Φ2-parallel [100] axes that lie within the foliation plane, [010] axes normal to the foliation (parallel to Φ3), and
[001] axes oblique to Φ1.

One xenolith (FDM-BB02-X01), with equigranular microstructure and abundant 120° triple junctions of
olivine grains, has a random texture (Figure 9). Insufficient number of analyzed olivine grains in two xenoliths
(FDM-DB02-X04 and FDM-DB03-X04) prevents us from ascribing the poorly developed crystallographic
texture to a specific CPO symmetry (Figure 9).

Most xenoliths have moderate to low olivine CPO strength. The J index varies from 1.39 to 14.34 with an
arithmetic mean of 3.67 (Figure 9 and Table 1). This mean J index value is smaller than the value of 8–10
characterizing most natural peridotites [Ben Ismail and Mainprice, 1998; Tommasi et al., 2000]. In agreement
with J index, the calculated M index is moderate to low, ranging between 0.07 and 0.37 (arithmetic mean
of 0.18).

4.6. Crystallographic Misorientations and Active Slip Systems

Low-angle (2–10°) boundaries in deformed grains develop as a result of dislocation creep and organization of
dislocations into planes of lower energy due to recovery. Organization of edge dislocations produces tilt

Figure 9. (continued)
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boundaries, while organization of screw dislocations forms twist boundaries (Figure 10b). The combined ana-
lysis of CPO and low-angle misorientation axes allows the determination of the slip systems that may be
active for the formation of the low-angle boundaries [Lloyd et al., 1997]. Using EBSD mapping, we analyzed
low-angle (2–10°) misorientation axes to investigate (1) the olivine slip systems that produce the subgrain
boundaries for the different CPO types and (2) intracrystalline deformation of spinel grains.
4.6.1. Olivine
The majority of the xenoliths with A-type CPO pattern are characterized by low-angle misorientation axes
distributed along girdles between [001] and [010] (Figure 9; FDM-DB02-X11, FDM-BB02-X01, FDM-AV01-X01,
FDM-BB01-X01, FDM-DB02-X08, FDM-MJ01-X02, and FDM-MJ01-X03). Such distribution of misorientation axes
is characteristic of {0kl}[100] slip system (Figure 10a). In the remaining xenoliths with A-type CPO pattern, the
misorientation axes are clustered near either [001] (FDM-DB04-X04 and FDM-RN02-X01) or [010] (FDM-RN01-
X01 and FDM-DB02-X10) or both (FDM-MJ01-X06 and FDM-DB02-X02). Concentration of misorientation axes
near [001] is indicative of the presence of tilt boundaries in (100) and therefore for the activity of (010)[100] slip
system (Figure 10a). Clustering of misorientation axes near [010] is possibly related to the existence of twist
boundaries in (010) (Figure 10a). Due to the A-type CPO, formation of either tilt boundaries in (001) associated
with (100)[001] slip or tilt boundaries in (100) associated with (001)[100] slip is a less plausible explanation
because most grains would have low shear stress on these slip systems.

The xenoliths with olivine CPO of axial-[010] symmetry are predominantly characterized by low-angle misor-
ientation axes that show girdle distributions between [001] and [010] (Figure 9). Within the girdles, the mis-
orientation axis distributions exhibit maxima oblique to both [001] and [010] (FDM-BB03-X01, FDM-DB04-
X02, FDM-AVBB05, and FDM-DB02-X03), which suggests activity of the {0kl}[100] slip system (Figure 10a).
Maxima of the misorientation axis distributions near [001] in four xenoliths (FDM-AVBB07, FDM-AVBB08,
FDM-DB03-X02, and FDM-MJ01-X05) indicate arrangement of dislocations along [100] tilt boundaries via
(010)[100] slip. Clustering of misorientation axes near [010] (FDM-DB02-X12, FDM-AVBB02, and AD6021-
X02) can be the result of (1) tilt boundaries in (001) built of (100)[001] dislocations, (2) tilt boundaries in
(100) associated with (001)[100] dislocations, or (3) twist boundaries in (010) (Figure 10a). Concentration of
olivine [010] axes at high angle to the foliation (Figure 9) suggests the existence of (010) twist boundaries.
The (100)[001] and (001)[100] slips seem less favorable for the formation of the subgrain boundaries, because
of the low shear stress applied on these slip systems for the axial-[010] symmetry. Thus, we attribute the clus-
tering of misorientation axes near [010] to the existence of twist boundaries in (010). In support to the exis-
tence of (010) twist boundaries is the presence of subgrain boundaries subparallel to the foliation plane
(Figure 5b). The coexistence of misorientation axes near [001] and [100] (FDM-AVBB01, FDM-AVBB06, FDM-
AVBB07, and FDM-AVBB08) implies activity of both (010)[100] and (010)[001] slip systems.

Olivine low-angle misorientation axis distributions in the xenoliths with CPO of axial-[100] symmetry are
characterized by maxima either oblique (FDM-DB01-X01, FDM-DB02-X13, and FDM-DB03-X01) or parallel
(FDM-RN04-X01, FDM-DB02-X01, FDM-DB03-X03, KSP89-181-X01, and FDM-DB04-X03) to [001] and [010]
(Figure 9). These misorientation axis distributions suggest operation of a variety of dislocations in the {0kl}

Figure 10. (a) Inverse pole figure showing the misorientation axis distributions expected for different slip systems in
olivine. Modified after De Kloe [2001]. (b) Schematic diagram showing lattice rotations across subgrain tilt and twist
boundaries. Modified after Lloyd et al. [1997].
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[100] family of slip systems. The existence of [001] misorientations fits with subgrains characterized by tilt
boundaries built of (010)[100] dislocations, while [010]misorientationsmost easily fit with tilt boundaries built
of (001)[100] dislocations (Figure 10a). The xenoliths with [010] misorientations are characterized by lack of
olivine [100] crystal axes trending parallel to Φ3, which would indicate (100)[001] slip, as well as lack of [100]
crystal axes parallel to Φ2 that could suggest occurrence of (010) twist boundaries built from [100] and [001]
screw dislocations.

The xenolith with the B-type CPO pattern contains misorientation axes that are distributed along a girdle
between [001] and [010], with the maximum concentration of axes being parallel to [001]. This distribution
of misorientations suggests that subgrain boundaries are built of {0kl}[100] dislocations, with predominant
occurrence of tilt boundaries in (100) associated with (010)[100] dislocations.
4.6.2. Spinel
Spinel is characterized by randomdistribution of crystallographic axes orientations irrespective of fabric aniso-
tropy and geometry. Misorientation analysis of spinel reveals that only few grains have internal misorientation
of maximum 6°, which indicates limited intragrain deformation (Figure S2).

4.7. Grain Size and Differential Stress

For viscously deforming rocks, the piezometric relationship that relates the recrystallized grain size to the dif-
ferential stress follows a power law:

Dg ¼ Aσ�n (4)

where Dg is the recrystallized grain size, σ is the differential stress, and A and n are empirically derived con-
stants. We use the calibrations of Karato et al. [1980] and Van der Wal et al. [1993] to estimate differential
stress. Olivine grain sizes generally show continuous, lognormal distributions (Figure 4f). In coarse-grained
peridotites with continuous grain size distributions, such as those in the Marie Byrd Land xenoliths, it is diffi-
cult to discriminate between recrystallized and relict grains. We determined the geometric mean of the grain
size distribution, which can be related to the applied tectonic stress [Ranalli, 1984]. We note that this
approachmay lead to overestimation of the recrystallized grain size and, therefore, underestimation of differ-
ential stress. The geometric means of the grain size distributions range from 61 to 2000μm (Table 1); the aver-
age of the geometric means for the whole xenolith suite is 665μm. The estimated grain sizes correspond to
differential stresses of 2–60MPa (Table 1 and Figure 11).

4.8. Water Content

Xenoliths chosen for FTIR measurement included examples with each of the four different olivine CPO types
(Table 2). Olivine H contents vary from below the detection limit (sub-ppm) to 5ppmH2O, and coexisting ortho-
pyroxenes have from 34 to 153ppm H2O. Olivine in mantle xenoliths is susceptible to diffusive loss of H during
emplacement [e.g.,Demouchy et al., 2006;Warren and Hauri, 2014]. Orthopyroxene, on the other hand, has been
shown to preserve its pre-emplacement H content with greater fidelity [Warren and Hauri, 2014]. We therefore
use the equilibrium partition coefficient for H between orthopyroxene and olivine, Dopx/ol, to determine the pre-
emplacement H content of olivine. Experiments show thatDopx/ol is strongly dependent upon the Al2O3 content
of the orthopyroxene [Hirschmann et al., 2009]. The analyzed orthopyroxenes have between 3.1 and 4.8wt %
Al2O3, from which we estimate that Dopx/ol is between 5 and 15 [e.g., Ardia et al., 2012], which suggests equili-
brium H concentration in olivine of up to 31ppm H2O (500H/106 Si) (Table 2).

4.9. Deformation Mechanisms

To assess the dominant deformation mechanism(s) in the Marie Byrd Land xenoliths, we constructed defor-
mation mechanism maps using experimentally derived olivine flow laws. For each xenolith, we constructed
the deformation mechanism map based on the estimated deformation conditions (temperature, pressure,
and differential stress), assuming a dry lithospheric mantle. In Figure 11, we present deformation mechanism
maps constructed for temperature intervals (and corresponding pressures) of 850, 950, and 1050°C. Data
from individual samples are plotted on the deformation mechanism map that most closely matches calcu-
lated equilibration temperatures. Extrapolation of laboratory flow laws from Hansen et al. [2011] to the defor-
mation conditions estimated for the Marie Byrd Land xenoliths indicates that deformation was primarily
achieved by dislocation-accommodated grain boundary sliding (Figure 11). Deformation by dislocation-
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accommodated grain boundary sliding is also consistent with the observed microstructures in the xenolith
suite, which are indicative of intragrain deformation and grain boundary sliding (see section 4.1).

5. Discussion
5.1. Significance of Spinel Shape Fabric

The lack of spinel CPO and the limited presence of low-angle misorientations in the spinel grains suggest lim-
ited intracrystalline deformation of spinel. We can therefore infer that spinel must have undergone rigid rota-
tion, relative to adjacent olivine and pyroxene grains.

In each xenolith, the spinel shape fabric ellipsoid describes the distribution of orientations of spinel grains.
We emphasize that the estimated degree of anisotropy of the spinel shape fabric does not represent the
finite strain magnitude quantitatively [Giorgis and Tikoff, 2004; Arbaret et al., 2007]. In several xenoliths we
observe subparallelism of (1) the Φ1 axis of the spinel fabric ellipsoid, (2) the long axes of olivine grains
measured on the Φ1Φ3 plane of the fabric ellipsoid, and (3) the maxima of [100] or [001] olivine crystal axis
distributions (Figure 9; e.g., FDM-AVBB06, FDM-AVBB07, FDM-AVBB08, FDM-DB03-X02, FDM-AVBB05, FDM-
DB02-X11, FDM-DB02-X08 FDM-RN02-X01, FDM-DB01-X01, FDM-DB03-X03, and FDM-DB04-X03). We inter-
pret the alignment between these three deformation features as an indication that the 3-D spinel shape
fabric may have reached a steady state orientation. The parallelism between 3-D spinel SPO, 2-D olivine
SPO, and olivine CPO does not depend on the deformation mechanism; spinel SPO formed by rotation of
rigid grains, while olivine SPO and CPO formed by dislocation-accommodated grain boundary sliding.

At high strain, dynamic recrystallization may affect SPO; the long axes of the recrystallized grains acquire a
steady state orientation at high angle (40–70°) to the shear plane [e.g., Herwegh and Handy, 1998; Tasaka
et al., 2016]. Due to limited modification of spinel grain shape by dynamic recrystallization, we can rule out
this hypothesis. Experimental and numerical studies demonstrate that in simple shear, a viscous material
containing a population of rigid particles (e.g., nonrecrystallized porphyroclasts) develops a steady shape fab-
ric at large strains [Ildefonse et al., 1997]. This shape fabric can be subparallel to the shear plane and shear
direction [Mancktelow et al., 2002; Arbaret et al., 2007], as well as to the finite strain ellipsoid [Bhattacharyya
and Hudleston, 2001; Bystricky et al., 2006]. We can therefore assume that the XRCT-derived spinel SPO can
provide a robust reference framework relative to which we can plot and interpret the olivine CPO data.

Thegeometriesof the fabricellipsoidandfinitestrainellipsoidare likely tobesimilar. Inplaceswherefinitestrain
canbestudied indetail, it typically conformswell to shape fabric [e.g.,Cloos, 1947;BhattacharyyaandHudleston,
2001]. Consequently,while themagnitudes of the axesmayvary, theoverall shapeof the fabric ellipsoid should

Figure 11. Olivine deformation mechanism maps calculated using four deformation mechanisms, as described inWarren and Hirth [2006]: dislocation creep, dislo-
cation-accommodated grain boundary sliding (DisGBS), diffusion creep, and low-temperature plasticity. The deformation mechanism maps have been constructed
using the flow laws of Goetze [1978], Evans and Goetze [1979], Hirth and Kohlstedt [2003], and Hansen et al. [2011]. The temperature and pressure are chosen based on
the estimated deformation conditions in the Marie Byrd Land xenoliths (this study). The maps are constructed at 850, 950, and 1050°C, and data are plotted on the
map that most closely matches the calculated equilibration temperature. We use a piezometric line that corresponds to the linear least squares fit to data of Karato
et al. [1980] and Van der Wal et al. [1993], based on Warren and Hirth [2006]. Extrapolations of the Hansen et al. flow law predict deformation by dominantly dislo-
cation-accommodated grain boundary sliding. The grey boxes in the maps correspond to the range of geometric means of the grain sizes in the xenoliths for the
deformation conditions for which each map has been constructed.
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parallel thefinitestrainellipsoid.Deviations fromthispatternareexpectedonly in thecasesofhighlyplanarmar-
kers, highly linearmarkers, or deformationswith large vorticity components [Giorgis and Tikoff, 2004]. In the fol-
lowingdiscussionweassumethat spinel shape fabricgeometryadequatelydescribes thefinitestraingeometry.

5.2. Effect of Deformation Conditions

TheMarie Byrd Land xenoliths have equilibrated at temperatures ranging from 780 to 1200°C, and assuming a
geotherm which satisfies the stability of spinel in all the xenoliths, the corresponding ranges in pressures and
depths are 13–23 kbar and 39–72 km, respectively (Figure 7b). The estimated deformation conditions suggest
a lithospheric rather than asthenospheric origin for all the xenoliths; the asthenosphericmantle beneathMarie
Byrd Land is marked by a seismic low-velocity zone imaged below 80 km depth [Ritzwoller et al., 2001]. Water
content and paleopiezometry analysis suggest that the Marie Byrd Land lithospheric mantle is variably
hydrated (witholivineHcontentofup to500H/106Si) andhasbeendeformedunder lowflowstress (2–60MPa).

Combining the estimateddeformation conditionswith the observedolivineCPOs in theMarie Byrd Land xeno-
liths, we can explore how variations in temperature, pressure, differential stress, and water content are asso-
ciated with the type of olivine CPO. Plotting our data in differential stress versus temperature/pressure
space, we do not observe systematic variation in CPO type relative to temperature and pressure (Figure 12a).
There is, however, a tendency of axial-[100] patterns to develop at lower flow stress. To further provide an
unbiased discriminator of the relationship between deformation conditions and olivine CPO, we use the
BA index. The BA index shows no correlation with equilibration temperature and pressure (Figure 12b).
Higher BA index values (>0.5), though, are associated with low differential stress (Figure 12c).

We observe a correlation between the BA index and the estimated pre-emplacement OH concentration in oli-
vine;water content increaseswith theBA index (Figure12dandTable2).Olivine in xenolithswith theaxial-[010]
symmetry is only slightly hydrated (<150H/106Si), and it becomes moderately hydrated (100–500H/106Si)
toward the axial-[100] symmetry. In the orthorhombic symmetry, the xenolith with the B-type CPO is charac-
terized by minor water content (73–219H/106Si), while the two xenoliths with A-type CPO have minor to
modest water content (40–288H/106Si).

The development of the A-type olivine CPO in the range of deformation conditions estimated for the Marie
Byrd Land xenoliths is in agreement with the results of experimental studies, which show that the A-type CPO
typically forms at low stress and low water content [Carter and Avé Lallemant, 1970; Jung and Karato, 2001;
Katayama et al., 2004; Karato et al., 2008]. Particularly, in the low stress levels estimated for the studied
xenoliths, the range of water content at which the formation of the A-type CPO is observed can increase
up to 300H/106Si (Figure 1a) [Katayama et al., 2004], which is in agreement with our observations.

The transition from A-type to axial-[100]-type CPO pattern is predominantly considered to be stress controlled,
and the axial-[100] CPO is typically related to high stress and dry conditions (Figure 1a) [Carter and Avé
Lallemant, 1970; Katayama et al., 2004]. However, decrease of temperature decreases the stress threshold above
which the axial-[100] CPO type forms. Xenoliths with the axial-[100] CPO are characterized by low stresses
(<20MPa) but span the whole range of the estimated deformation conditions (Figures 12a–12c). This implies that
the formation of the axial-[100] CPO at low flow stress is not the result of decreasing deformation temperature.

Table 2. OH Concentrations in Olivine and Orthopyroxene

Xenolith
Olivine
CPO Type

Olivinea OH
Concentrations
(wt ppmH2O)

Orthopyroxeneb OH
Concentrations
(wt ppmH2O)

Pre-Emplacement Olivine OH
Concentrations
(ppmwt H2O)

Pre-Emplacement Olivine OH
Concentrations
(wt H/106 Si)

FDM-AV01-X01 A 1.31 88 06–18 96–288
FDM-BB01-X01 A 0.00 37 02–07 40–120
FDM-DB03-X01 Axial-[100] 0.29 111 07–22 120–360
FDM-RN03-X01 B 3.27 68 05–14 73–219
FDM-RN04-X01 Axial-[100] 3.40 153 10–31 167–501
FDM-AVBB02 Axial-[010] 2.95 38 03–08 42–125
AD6021-X02 Axial-[010] 0.18 34 02–07 37–111
KSP89-181-X01 Axial-[100] 4.86 � – –

aOlivine OH concentrations from this study calculated using the calibration of Withers et al. [2012].
bOrthopyroxene OH concentrations from this study calculated using the calibration of Bell et al. [1995].
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High-temperature experiments show development of the axial-[100] CPO type at relatively low stresses and under
dry [Bystricky et al., 2000; Hansen et al., 2014] or hydrous [Demouchy et al., 2012] conditions. In the latter study,
however, quantification of the intragranular water content of deformed olivine was not possible. Our results sup-
port that the axial-[100] CPO may form in low flow stress and moderate water content. Combining the experi-
mental results with observations from naturally deformed rocks [e.g., Saruwatari et al., 2001; Warren et al.,
2008; Webber et al., 2010, this study], it becomes evident that the axial-[100] CPO can form in a wide range of
deformation conditions, which makes it difficult to assign this CPO type to a specific set of conditions.

Increased activity of the (010)[001] slip system with increased pressure (>30 kbar) [Couvy et al., 2004; Raterron
et al., 2012; Jung et al., 2009; Lee and Jung, 2015] or water content (>200H/106Si) [Jung and Karato, 2001;
Mizukami et al., 2004; Karato et al., 2008] may lead to the development of the B-type and the axial-[010]
CPOs. Despite the uncertainty included in the determination of the geotherm for the Marie Byrd Land litho-
spheric mantle, the xenoliths with axial-[010] and B-type CPOs are characterized by equilibration pressures of
less than 21 kbar and contain relatively dry olivine. Development of the axial-[010] and B-type CPO patterns at
pressures lower than 30 kbar and/or dry conditions has been described both in nature [Newman et al., 1999;
Dijkstra et al., 2002; Hidas et al., 2007; Drury et al., 2011; Précigout and Hirth, 2014] and experiments [Avé
Lallemant and Carter, 1970; Nicolas et al., 1973].

Experimental, theoretical, and natural studies have substantiated that changes in deformation conditions
induce variations in olivine CPO [e.g., Carter and Avé Lallemant, 1970; Tommasi et al., 2000; Karato et al.,
2008]. Our data set confirms the development of the A-type CPO under low flow stress, low to moderate
water content, and intermediate pressure. However, our results emphasize that the development of the
axial-type and B-type CPOs in the Marie Byrd Land xenoliths cannot be solely explained on the basis of varia-
tions in deformation conditions.

5.3. Effect of Finite Strain
5.3.1. Strain Magnitude
Strain markers are rare in the mantle, and as a result, the relationship between strain magnitude and olivine
CPO is difficult to evaluate in naturally deformedmantle rocks. Strain can affect the CPO asymmetry [Zhang et

Figure 12. Relationship between deformation conditions and olivine CPO type. (a) Olivine CPO type as a function of differ-
ential stress, temperature, and pressure. (b) Olivine CPO type expressed by the BA index, as a function of temperature and
pressure. (c) BA index as a function of differential stress. (d) Relationship between BA index and water content. Water
content is the estimated range of pre-emplacement OH concentrations in olivine.
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al., 2000; Kaminski and Ribe, 2001; Warren et al., 2008; Webber et al., 2010], the CPO type [Boneh and Skemer,
2014; Hansen et al., 2014], as well as the CPO strength [Tommasi et al., 2000; Kaminski and Ribe, 2001; Hansen
et al., 2014]. Experimental and numerical simulation studies suggest that CPO strength increases as a function
of shear strain [Bystricky et al., 2000; Kaminski and Ribe, 2001; Hansen et al., 2014], in which case it may be pos-
sible to use olivine CPO strength to qualitatively describe strain magnitude.

An increase in strain may cause transient development of the axial-[100] type in olivine during CPO evolution
from random to A type [Hansen et al., 2014]. To explore potential effect of strain magnitude on olivine CPO
development for the Marie Byrd Land xenoliths, we plot the BA index against the J and M indices. Our data
show no correlation between CPO symmetry and strength (Figures 13a and 13b). Furthermore, the mean J
and M index values for the A-type (J=3.49, M=0.15) and axial-[100] (J= 3.48, M= 0.18) CPOs are similar.

To further explore the relationship between strainmagnitude and CPO type, we use the spinel shape fabric. The
degree of spinel fabric anisotropy does not describe strain magnitude in a quantitative way but can provide
qualitative constraints [Giorgis and Tikoff, 2004]. We observe no correlation between the BA index and the fabric
anisotropy (Figure 13c). Thus, our data provide indirect evidence that the variation in olivine CPO symmetry
observed in the Marie Byrd Land xenoliths may not be the result of strain magnitude changes.
5.3.2. Strain Geometry
In addition to fabric anisotropy, we explore the relationship between fabric geometry and CPO symmetry
(Figure 14a). The xenoliths with A-type CPO spread over the whole range of fabric ellipsoid geometries; five
xenoliths plot in the prolate field, two in the oblate field, and five plot near the neutral ellipsoid shape line.
The majority (10 out of 15) of the xenoliths with an axial-[010] symmetry are characterized by fabric ellipsoids
with neutral shape to oblate geometries. On the other hand, the majority (six out of eight) of the xenoliths
with axial-[100] CPO are associated with prolate spinel fabric ellipsoid geometries. The sample with the B-
type CPO pattern has a highly oblate fabric (T= 0.68) (Figure 14a). To explore the relationship between fabric
geometry and olivine CPO further, we compare the BA index with the shape parameter of the spinel fabric
(Figure 14b). The BA index increases with decreasing T; there is a transition from axial-[010], to orthorhombic
symmetry, and finally to axial-[100] CPO, with an associated change from oblate to prolate fabric geometry
(Figure 14b). Assuming correlation between the shape of the fabric and finite strain ellipsoid, our data pro-
vide evidence that olivine CPO type depends on finite strain geometry.

In support of this result, laboratory-based studies and numerical simulations demonstrate that different
deformation boundary conditions will produce different olivine CPOs. The axial-[010] CPO has largely been
produced in axial compression experiments [Avé Lallemant and Carter, 1970; Nicolas et al., 1973; Hansen et al.,
2011;Miyazaki et al., 2013], which involve flattening strain [Avé Lallemant and Carter, 1970; Nicolas et al., 1973;
Llana-FúnezandRutter, 2014].Axialcompressionofolivineaggregates results inclustersof [010]axesandgirdles
of [100] axes; girdling of [100] axes comprises the primary distinction between the axial-[010] andA-type CPOs.
Olivine CPOs with [100] girdles have also been produced in direct shear experiments [Zhang et al., 2000;
Holtzman et al., 2003; Hansen et al., 2014]. Deformation in direct shear experiments is simply shear dominated,
but it also includes a component of compression, with the overall deformation being transpressional [Zhang
etal., 2000;Holtzmanetal., 2003;Karatoetal., 2008;Hansenetal., 2014]. Transpressiongenerallyproducesoblate
ellipsoids due to flattening strain [e.g., Fossen and Tikoff, 1998]. Numerical simulations suggest that axial short-
ening and transpression result in axial-[010] CPOs, similar to those observed in the Marie Byrd Land xenoliths
with oblate fabric geometries [Wenk et al., 1991; Tommasi et al., 1999].

Numerical simulations also suggest that transtension (constrictional strain) will produce axial-[100] CPOs, similar
to those identified in theMarie Byrd Land xenoliths with prolate fabric geometries [Tommasi et al., 1999]. Girdling
versus clustering of [010] axes comprises the primary distinction between the axial-[100] and A-type CPOs,
respectively. In contrast to the results of the numerical models and this work, laboratory-based studies show that
the axial-[100] CPO is primarily produced in torsion experiments [Bystricky et al., 2000, 2006;Demouchy et al., 2012;
Hansen et al., 2014]. Deformation in torsion experiments approaches simple shear and therefore plane strain.

The A-type CPO has been produced in direct shear and high shear strain torsion experiments under dominant
simple shear deformation [Zhang et al., 2000; Hansen et al., 2014]. Development of the A-type CPO in simple
shear is also supported by olivine CPO simulation studies [Wenk et al., 1991; Tommasi et al., 1999; Kaminski
and Ribe, 2001]. Our results, however, only partly (5 out of 12 xenoliths) support the correlation between
A-type CPO and neutral shape of the fabric ellipsoid.
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The presence of only one sample
with B-type olivine CPO pattern in
the analyzed suite of xenoliths does
not allow for definitive predictions
concerning the relationship between
this CPO and strain geometry. We
note, however, that our observations
are in agreement with the results of
Lee and Jung [2015], which also show
correlation between the olivine B-
type CPO and flattening strain.
Furthermore, the B-type CPO is pre-
dominantly formed in direct shear
experiments [Jung and Karato, 2001;
Holtzman et al., 2003]; samples are
subjected to transpressional defor-
mation, which predominantly pro-
duces oblate strain ellipsoids.

To summarize, our results emphasize
that in the Marie Byrd Land xenoliths,
strain geometry controls the devel-
opment of axial-type olivine CPO
patterns (Figure 15). The axial-[010]
CPO forms in flattening strain and
the axial-[100] CPO in constriction.
This relationship is also supported
by deformation experiments and
numerical simulation studies of
CPO evolution.

5.4. Mechanism of Olivine
Axial-Type CPO Development

We propose that development of olivine axial-type CPOs in the Marie Byrd Land xenoliths results from the
combination of (1) 3-D strain, (2) deformation by dislocation-accommodated grain boundary sliding, and
(3) activation of multiple slip systems. The kinematic boundary conditions of deformation control the orien-
tation and shape of the finite strain ellipsoid [Fossen and Tikoff, 1998]. The 3-D strain induces changes in the
shape of grains. Movement of dislocations along slip planes and sliding along grain boundaries induce shape
changes at the grain scale. Concurrent slip along multiple glide planes allows for accommodation of more
complex types of noncoaxial deformation [Tommasi et al., 1999], while grain boundary sliding relaxes strain
compatibility constraints and may facilitate grain rotations [Tommasi et al., 2000; Warren et al., 2008; Drury
et al., 2011; Hansen et al., 2014; Précigout and Hirth, 2014].

Correlation of [100], [001], and [010] olivine crystallographic axes with ε1, ε2, and ε3 strain ellipsoid axes,
respectively, has been proposed [Avé Lallemant and Carter, 1970; Nicolas et al., 1973; McKenzie, 1979; Ribe
and Yu, 1991; Miyazaki et al., 2013]. In addition, a fundamental relationship exists between the distributions
of the orientations of olivine crystallographic axes in axial-type CPOs and the orientations of axes in the cor-
responding fabric ellipsoids, i.e., between crystal lattice and grain shape. The [100], [001], and [010] axes show
similar distributions in their orientations with Φ1, Φ2, and Φ3 fabric ellipsoid axes, respectively (Figure 15). In
flattening strain, the Φ1 and Φ2 axes of grains have similar magnitudes and tend to disperse along the folia-
tion plane due to multidirectional stretching occurring on that plane. Similarly, the [100] and [001] olivine
crystallographic axes of the axial-[010] CPO, which forms with oblate strain geometries, tend to make girdles
along the foliation (Figure 15). Both Φ3 and [010] cluster parallel to the shortening orientation. In constric-
tional strain, the Φ2 and Φ3 axes of grains have similar magnitudes and tend to disperse on a plane normal
to the lineation (Figure 15). Both Φ1 and [100] cluster parallel to the stretching orientation. The described

Figure 13. (a and b) Relationship between olivine CPO symmetry (BA index)
and strength described by theM index (Figure 13a) and J index (Figure 13b).
(c) Degree of spinel fabric anisotropy versus olivine CPO symmetry.

Journal of Geophysical Research: Solid Earth 10.1002/2015JB012628

CHATZARAS ET AL. STRAIN GEOMETRY CONTROLS OLIVINE TEXTURE 4916



relationship between the crystallographic and grain shape axes implies that their orientation is controlled by
the strain geometry and, therefore, by the kinematic boundary conditions imposed by the deformation.

The grain-scale processes that produce the girdled patterns in axial-type CPOs in the Marie Byrd Land xeno-
liths are as follows. Flattening strain involves multidirectional stretching along the foliation plane. This
stretching can be accommodated by dislocation glide toward a range of directions within the foliation plane
[Tommasi et al., 1999]. In the xenoliths with axial-[010] CPO, intracrystalline deformation exhibited by sub-
grain boundary formation is accommodated by {0kl}[100] and (010)[001] slips. Numerical simulations of
Tommasi et al. [2000] show that in axial shortening, relaxation of strain compatibility constraints (e.g., due
to grain boundary sliding) may increase the activity of the otherwise “hard” (010)[001] slip system. The com-
bination of microstructures, misorientation axes analysis, and CPO data suggests the existence of twist
boundaries in (010), which involve rotation along (010) planes (Figure 10b) [Lloyd et al., 1997]. Such rotation
may induce spreading of [100] and [001] axes within the foliation plane and produce more girdled patterns.
Development of the axial-[010] CPO in dislocation-accommodated grain boundary sliding with dominant
activity of (010)[100] is also reported by Précigout and Hirth [2014]; the axial-[010] CPO is considered transi-
tional between the A- and B-type CPOs, with the alignment of [001] axes parallel to Φ1 being the result of
rigid grain rotations guided by the olivine crystal habit.

In the xenoliths with axial-[100] CPO, olivine grains contain subgrain boundaries composed of dislocations in
the {0kl}[100] family of slip systems and (001)[100] dislocations. In agreement with the results of previous stu-

dies, development of [010] and [001]
girdles in the Marie Byrd Land xeno-
liths seems to result from the activa-
tion of multiple glide systems
[Tommasi et al., 1999, 2000; Warren
et al., 2008; Demouchy et al., 2012].
Grain boundary sliding promotes
multislip on {0kl}[100] systems
and/or combined operation of (010)
[100] and (001)[100] slip systems,
which may lead to the formation of
[010] and [001] girdles at high angle
to the lineation [Warren et al., 2008].

5.5. Implications for the
Interpretation of Olivine CPO

Several experimental and numerical
simulation studies have substan-
tiated the role of deformation

Figure 15. Relationship between finite strain geometry and olivine CPO
symmetry.

Figure 14. Relationship between fabric geometry and CPO symmetry. (a) Spinel fabric anisotropy versus geometry. Data
are coded based on their olivine CPO type. (b) Spinel fabric geometry versus olivine CPO symmetry, expressed by the BA
index. Red lines describe the existing trend between fabric geometry and BA index data; the value of the BA index increases
with transition from oblate to prolate fabric geometries.
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conditions, melt, and strain magnitude on the development and evolution of olivine CPO [Avé Lallemant and
Carter, 1970; Carter and Avé Lallemant, 1970;Wenk et al., 1991; Tommasi et al., 1999, 2000; Jung and Karato, 2001;
Holtzman et al., 2003; Couvy et al., 2004; Katayama et al., 2004; Karato et al., 2008; Demouchy et al., 2012; Raterron
et al., 2012; Hansen et al., 2014]. In the present study, we demonstrate the role of finite strain geometry as a fun-
damental parameter affecting olivine CPO and particularly controlling the development of the axial-type CPOs.
We should note that the relationship between strain geometry and olivine CPO was initially described in early
compression experiments [Avé Lallemant and Carter, 1970; Nicolas et al., 1973] and later numerical studies
[McKenzie, 1979; Ribe and Yu, 1991; Wenk et al., 1991; Tommasi et al., 1999, 2000]; however, little attention has
been given to this relationship since then. Additionally, correlation between finite strain geometry and clinopyr-
oxene CPO has been described in mantle xenolith studies [Helmstaedt et al., 1972; Ulrich and Mainprice, 2005].
Thus, our results emphasize that both deformation conditions and finite strain geometry may affect mantle tex-
ture, which makes it difficult to deduce the effect of each parameter separately.

Despite the complexities inherent in the interpretation of CPO patterns, particularly in naturally deformed rocks
that may have followed complex deformation histories, three lines of evidence suggest that our results from the
Marie Byrd Land xenoliths can be of broad significance for upper mantle studies. First, the importance of
dislocation-accommodated grain boundary sliding, which contributes to the development of the axial-type
CPOs [Tommasi et al., 2000; Warren et al., 2008; Hansen et al., 2014; Précigout and Hirth, 2014], is increasingly
recognized. Extrapolation of experimental flow laws shows that dislocation-accommodated grain boundary
sliding may contribute to the deformation over a wide range of conditions in a dry upper mantle [Hansen
et al., 2011]. Second, polyphase materials such as the Marie Byrd Land xenoliths (predominantly lherzolites
and harzburgites) are the norm rather than the exception in nature. Grain and phase boundary sliding is facili-
tated by the coexistence of olivine and pyroxene [Sundberg and Cooper, 2008; Newman et al., 1999]. Third, there
are a large number of studies reporting axial-type CPOs in naturally deformed rocks from a range of tectonic
settings [e.g., Saruwatari et al., 2001; Dijkstra et al., 2002; Vauchez et al., 2005; Hidas et al., 2007; Warren et al.,
2008;Webber et al., 2010; Précigout and Hirth, 2014]. We note that the presence of melt along grain boundaries
relaxes strain compatibility constraints andmay promote diffusion creep and grain boundary sliding, facilitating
the development of axial-type CPOs [e.g., Holtzman et al., 2003; Higgie and Tommasi, 2012]. Assuming that oli-
vine CPO contains information about strain geometry, the occurrence of axial-type CPO patterns implies that
deviation of upper mantle deformation from simple shear may not be an uncommon phenomenon.
Furthermore, since olivine CPO is the major contributor to lithospheric seismic anisotropy [Christensen, 1984;
Ben Ismail and Mainprice, 1998; Tommasi et al., 1999; Karato et al., 2008; Précigout and Almqvist, 2014], there is
great potential for using seismic anisotropy to map variations in finite strain geometry in the lithosphere and
to interrogate new geodynamic interpretations with a revised view of the development of olivine CPO.

6. Conclusions

Using X-ray computed tomography, we determine the spinel fabric ellipsoid in a suite of spinel peridotite
xenoliths from Marie Byrd Land, West Antarctica. The xenoliths show a range of fabric ellipsoid geometries
(oblate, neutral shape, and prolate) and are characterized by a variety of olivine CPO types (A type,
axial-[010], axial-[100], and B type). For the range of temperature, pressure, differential stress, and water con-
tent conditions estimated in the xenoliths, the development of girdled olivine CPO patterns is predominantly
controlled by the geometry of the finite strain ellipsoid rather than the deformation conditions. We therefore
establish for the first time in naturally deformed peridotites a relationship between finite strain geometry and
olivine CPO symmetry. The axial-[010] and axial-[100] patterns form by flattening and constrictional strain,
respectively. Importantly, our observations suggest that mantle deformation may deviate from simple shear.
Our results emphasize that future studies of laboratory and naturally deformed rocks should incorporate the
role of finite strain geometry as a possible cause of textural transitions in the mantle. Olivine texture and
seismic anisotropy could potentially be used to map 3-D strain variations in the upper mantle.
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