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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 (2-60 MPa), and water content (up to 500 H/10°Si) 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].
Deformation experiments have established that olivine CPO pattern depends on the degree of activation of dif-
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-Funez
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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Figure 1. Common interpretation of CPO types in mantle 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-Funez 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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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
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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.

(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 hindered without a methodology 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

The samples analyzed in this study were collected from the Marie Byrd Land volcanic province in West Antarctica
(Figure 2a). Marie Byrd Land has experienced a complex deformation history thatincludes Cretaceous transcur-
rent to oblique extensional deformation [Siddoway et al., 2005; McFadden et al., 2010] followed by mid-Cenozoic
to present extension and widespread basaltic volcanism [e.g., Finn et al., 2005]. West Antarctica is also character-
ized by slow mantle seismic velocities [e.g., Sieminskiet al., 2003; Lloyd et al., 2015], strong and consistent 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].

The mantle 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
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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 ®;®3
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 @1 and ®,) and parallel to the lineation (®4).

and Table 1 in the supporting information). In the Fosdick Mountains, mantle xenoliths were entrained in
circa 1.4 Ma 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 Iherzolites, 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 225kV cone beam X-ray source and a Dexela area detector
(3073 x 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 45 min to
2 h and voxel sizes of 10-50 um. 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.
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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 distribution method [Odgaard et al., 1997]. To obtain the fabric tensor, the method 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
the moment 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 [Jelinek, 1981]. P is given by

P :exp\/z[(ﬁ —f)z-l—(fz—f)z‘i'(fa—f)z] M

where f;, f,, and f3 are the natural logs of the normalized magnitudes of the maximum (@), intermediate (®,),
and minimum (®5) axes of the fabric ellipsoid, respectively, and f=(f; + f, + f3)/3 [Jelinek, 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 (7) is mathematically similar to Lode’s parameter [Hossack, 1968] used in Hsu plots and is
defined as
T=2f,—f,—f;3

fr—f3 @

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 ®; and ®, axes) and the lineation (parallel to ®,) 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 @,®5 plane of the fabric ellipsoid with the long axis of each thin section parallel to @,

(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 x 46 mm) 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 and multiple solutions within individual grains, a
step size of 7.5 um 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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Figure 4. Examples of EBSD maps and representative CPO, SPO, and grain size data. (a) EBSD inverse pole figure map of olivine crystallographic axis orientations in the
dunite KSP89-181-X01. Olivine crystal axes orientations are colored relative to @4 axis of the spinel fabric ellipsoid (IPF-X coloring). All maps have upper edge parallel to
the XRCT-determined @, spinel ellipsoid axis (lineation) with the foliation normal to the map. White arrows highlight subgrain boundaries in olivine grains. (b)
Combined EBSD phase map and inverse pole figure map of olivine crystallographic axis orientations for the spinel Iherzolite FDM-AV01-X01. Grains are as follows: white,
spinel; light grey, clinopyroxene; and dark grey, orthopyroxene. Olivine grains are shown with IPF-X coloring. (c) Combined EBSD phase map and olivine IPF-X map for
the spinel Iherzolite FDM-RN02-X01. Map coloring as in Figure 4b. (d) EBSD phase map of Figure 4c. The inset rose diagram describes the orientation of the long axis of
olivine grains plotted relative to the spinel fabric ellipsoid axes. Note the strong alignment of olivine long axes subparallel to long @ axis of the spinel fabric ellipsoid. (e)
Lower hemisphere equal area projections of olivine crystallographic axis orientations. Data from the EBSD map in Figure 4c, plotted as one point per grain. Pole figures
are plotted in the reference frame of the spinel fabric ellipsoid as determined by XRCT. Note the strong concentration of [100] axes near @, which agrees with 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.

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 Jindex [Bunge, 1982] and M index [Skemer et al., 2005]. The
Jindex 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
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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 1 um. 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 ¢(pz) 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 Kéhler [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-DBO03-
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™" with a sampling interval of 1cm™". The aperture was adjusted so that the analyzed area
formed a square with edge length between 50 and 100 um. 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 « 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 # and y directions were identified, by comparing spectra in the region from 1400 to 2300cm ™',
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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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 Iherzolite with
120° triple junctions (white arrows) between olivine grains (FDM-AVBBO02). (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 5¢, which is taken in plane-polarized light.

repolished to prepare sections orthogonal to those containing the  and y directions, so that principal spectra
with the electric vector of the infrared light polarized parallel to the «a axis of the infrared indicatrix (the “a
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 H,0 concentration for
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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 Cr,O03 and Al,O3 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.

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 the Marie Byrd Land xenoliths were studied by combined optical (Figure 5) and electron micro-
scopy (e.g., EBSD maps; Figure 4) techniques. The xenoliths are coarse grained and have a granular or tabular
microstructure (Figures 4b, 4¢, 5a, and 5b). Spinel occurs as discrete, euhedral to subhedral grains and commonly
forms characteristic spinel trails (Figure 5¢). 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 the Marie Byrd Land mantle xenoliths are highly magnesian and have compositional characteristics
typical for those in subcontinental peridotite xenoliths [e.g., Arai, 1994]. Spinel shows significant variation in
both Mg# (100 x [Mg/(Mg + Fe)]) and Cr# (100 x [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 undepleted mantle 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 exception of the dunite sample (KSP89-181-X01), all xenoliths plot within
or at the border of the olivine-spinel mantle array (OSMA), as established by Arai [1994] (Figure 6b).

Orthopyroxene and clinopyroxene are Mg rich, with Mg# ranging between 83.7-92.5 and 82.4-94.8, respectively.
Pyroxenes show large sample-to-sample variation in Al,O5; and Cr,03 contents, where the range in Al,O3 for
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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 and Mercier, 1985], BK9O [Brey and K6hler, 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.

orthopyroxene is 1.86-6.14wt %, and for
clinopyroxene is 1.82-861wt %, as illu-
strated for coexisting pyroxenes in
Figure 6¢c. The configuration of the data
points reflects equilibration temperatures
(higher Al,O5 generally representing higher
temperatures) and whole-rock Cr,03/Al,03
ratios. Tie lines are subparallel for most
xenoliths, which implies chemical equili-
brium for Al,05 and Cr,05 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 Al,Os
and Cr,0s. Pyroxenes in sample FDM-
DB02-X08 contain relatively small amounts
of Al,O3 and Cr,O3 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 Al,03
and Cr,03; 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.
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Table 1. Equilibration Temperature, Grain Size, Differential Stress, Olivine CPO Type, CPO Strength, and Spinel Fabric®

Volcanic Center Xenolith Temperature (°C) D (um) o (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-AVBBO1 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-AVBB0O7 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-AVBBO5 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 0.18 043 1.15 0.02
Recess Nunatak FDM-RNO03-X01 943 346 15 B 3.30 0.15 043 1.13 0.68
Recess Nunatak FDM-RNO1-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 440 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 430 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-DBO03-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] 272 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 — — 0.45 113 —0.36
Demas Bluff FDM-DB03-X04 1002 900 08 na — — 0.38 1.15 —0.66

#Temperature, 2-Px average; D, equivalent circular diameter grain size; o, differential stress; P, fabric anisotropy; and T, shape parameter. na: not assigned.

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.
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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
Figure 8. Hsu plot showing the relationship between the degree of aniso-  (Table 1 and Figure 8). The Marie Byrd

tropy (P, radial component) and the shape factor (T, tangential compo- Land xenoliths are mainly characterized
nent) as determined by means of XRCT for the Marie Byrd Land xenoliths.

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 ®,®, plane (foliation) of
the fabric ellipsoid is oriented parallel to the 3-D spatial distribution of spinel grains in layers. Further, the
@, 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 ®,®5 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 (®,), the [010] axes parallel or at small angle to the pole to the
foliation (@), and the [001] axes oriented normal to the lineation within the foliation plane (parallel to ®,)
(Figure 9). The agreement in the orientation of the olivine crystal axes and the spinel fabric ellipsoid axes
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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 @, and ®, fabric
ellipsoid axes.

Olivine CPO in eight samples is
characterized by point concentra-
tions of [100] near @, 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
@, or ®s3. In sample FDM-DB02-
X01, the [001] axes show girdle dis-

N=tdg 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.

Figure 9. (continued)

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

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
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(a) (001)[100], (100)[001] slip, (b)
(010)[100] slip  and twist boundaries in (010)

n {0kI}[100] slip

(010) twist boundary $
.
14 /k/l

001

(010)[001] slip

(100) tilt boundary

[100]

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].

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 {0k[}[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-RNO1-
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-AVBBO5, 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-AVBBO08,
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-AVBBO1, FDM-AVBB06, FDM-
AVBBO07, and FDM-AVBBO08) 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 {Okl}
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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] misorientations most 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 @3, which would indicate (100)[001] slip, as well as lack of [100]
crystal axes parallel to @, 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 {0kI}[100] dislocations, with predominant
occurrence of tilt boundaries in (100) associated with (010)[100] dislocations.

4.6.2. Spinel

Spinel is characterized by random distribution 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:

Dy =Ac™" (4)

where Dy is the recrystallized grain size, ¢ 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
approach may 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 2000 um (Table 1); the aver-
age of the geometric means for the whole xenolith suite is 665 pm. The estimated grain sizes correspond to
differential stresses of 2-60 MPa (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 5 ppm H,0, and coexisting ortho-
pyroxenes have from 34 to 153 ppm H,O0. 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, D°®°!, to determine the pre-
emplacement H content of olivine. Experiments show that DoPYolis strongly dependent upon the Al,O5 content
of the orthopyroxene [Hirschmann et al., 2009]. The analyzed orthopyroxenes have between 3.1 and 4.8 wt %
AlLO3, from which we estimate that D°P°' is between 5 and 15 [e.g., Ardia et al,, 2012], which suggests equili-
brium H concentration in olivine of up to 31 ppm H,0 (500 H/10° 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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Figure 11. Olivine deformation mechanism maps calculated using four deformation mechanisms, as described in Warren 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.

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 @, axis of the spinel fabric ellipsoid, (2) the long axes of olivine grains
measured on the ®,®3 plane of the fabric ellipsoid, and (3) the maxima of [100] or [001] olivine crystal axis
distributions (Figure 9; e.g.,, FDM-AVBBO06, FDM-AVBB07, FDM-AVBB08, FDM-DB03-X02, FDM-AVBBO05, 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 [lldefonse et al., 1997]. This shape fabric can be subparallel to the shear plane and shear
direction [Mancktelow et al., 2002; Arbaret et al., 20071, 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.

The geometries of the fabric ellipsoid and finite strain ellipsoid are likely to be similar. In places where finite strain
can be studied in detail, it typically conforms well to shape fabric [e.g., Cloos, 1947; Bhattacharyya and Hudleston,
2001]. Consequently, while the magnitudes of the axes may vary, the overall shape of the fabric ellipsoid should
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Table 2. OH Concentrations in Olivine and Orthopyroxene

Olivine® OH Orthopyroxeneb OH Pre-Emplacement Olivine OH Pre-Emplacement Olivine OH

Olivine Concentrations Concentrations Concentrations Concentrations
Xenolith CPO Type (wt ppm H50) (wt ppm H50) (ppm wt H>0) (wtH/1 0® 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-RNO03-X01 B 3.27 68 05-14 73-219
FDM-RN04-X01 Axial-[100] 340 153 10-31 167-501
FDM-AVBB02 Axial-[010] 295 38 03-08 42-125
AD6021-X02 Axial-[010] 0.18 34 02-07 37-111
KSP89-181-X01 Axial-[100] 4.86 — - -

@0livine OH concentrations from this study calculated using the calibration of Withers et al. [2012].
Orthopyroxene OH concentrations from this study calculated using the calibration of Bell et al. [1995].

parallel the finite strain ellipsoid. Deviations from this pattern are expected only in the cases of highly planar mar-
kers, highly linear markers, or deformations with large vorticity components [Giorgis and Tikoff, 2004]. In the fol-
lowing discussion we assume that spinel shape fabric geometry adequately describes the finite strain geometry.

5.2. Effect of Deformation Conditions

The Marie 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
alithospheric rather than asthenospheric origin for all the xenoliths; the asthenospheric mantle beneath Marie
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 (with olivine H content of up to 500 H/10°Si) and has been deformed under low flow stress (2-60 MPa).

Combining the estimated deformation conditions with the observed olivine CPOs in the Marie 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 contentincreases with the BA index (Figure 12d and Table 2). Olivine in xenoliths with the axial-[010]
symmetry is only slightly hydrated (<150 H/10°Si), and it becomes moderately hydrated (100-500 H/10°Si)
toward the axial-[100] symmetry. In the orthorhombic symmetry, the xenolith with the B-type CPO is charac-
terized by minor water content (73-219 H/10°Si), while the two xenoliths with A-type CPO have minor to
modest water content (40-288 H/10°Si).

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 300 H/10%Si (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
(<20 MPa) 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.
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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.

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 (>200 H/10°Si) [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 deformed mantle rocks. Strain can affect the CPO asymmetry [Zhang et
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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 strain magnitude 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-Finez and Rutter, 2014]. Axial compression of olivine aggregates results in clusters of [010] axes and girdles
of [100] axes; girdling of [100] axes comprises the primary distinction between the axial-[010] and A-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; Holtzman et al., 2003; Karato et al., 2008; Hansen et al., 2014]. Transpression generally produces oblate
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 the Marie 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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Figure 13. (a and b) Relationship between olivine CPO symmetry (BA index) CPO evolution

and strength described by the M index (Figure 13a) and J index (Figure 13b).

(c) Degree of spinel fabric anisotropy versus olivine CPO symmetry. 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 &;, &5, and &5 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 ®,, ®,, and @5 fabric ellipsoid axes, respectively (Figure 15). In
flattening strain, the ®; and ®, 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 ®3 and [010] cluster parallel to the shortening orientation. In constric-
tional strain, the ®, and @3 axes of grains have similar magnitudes and tend to disperse on a plane normal
to the lineation (Figure 15). Both ®; and [100] cluster parallel to the stretching orientation. The described
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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.

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 {0kI}[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 @, 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 {0kI}[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-

Figure 15. Relationship between finite strain geometry and olivine CPO
symmetry.
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Several experimental and numerical
simulation studies have substan-
tiated the role of deformation
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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 [Tommaisi 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 and may 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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Figure S1. (a) Comparison of the Si-O overtone bands used to orient FDM-RN03-X01
orthopyroxene (solid curves) and the equivalent polarized principal spectra for KBH-1 from
Mosenfelder and Rossman [2013; dotted curves]. (b) Polarized principal spectra from FDM-
RNO03-X01 orthopyroxene (lower panel). Sample thickness is 0.185mm (|| and ||y) and
0.240mm (||a) . Polarized spectra in the upper panel are from sample KBH-1 of Bell et al. [1995],
from which the molar absorption coefficient was derived. Spectra have been offset for clarity.
(c) Representative polarized principal spectra from FDM-RN03-X01 olivine. Sample thickness is
0.305 mm (upper || and ||y), 0.285 mm (lower || and ||y), 0.350 mm (upper ||a) and 0.478
(lower ||a). Spectra have been offset for clarity. (d) Principal polarized spectra used to orient
the olivine samples in Figure S1c (solid curves), compared with the principal polarized spectra
for sample GRR997 of Asimow et al. [2006; dotted curves]. Spectra are normalized to 1 cm
thickness. Spectra collected in this study are shown without baseline subtraction, and are
offset for clarity.
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Figure S2. Representative EBSD maps of crystallographic preferred orientations in spinel
(chromite). The orientations of spinel crystal axes are colored relative to @; axis of the spinel
fabric ellipsoid (IPF-X coloring); all other phases are shown in gray (based on EBSD band
contrast) for clarity. (a) Sample FDM-AVBBO07 showing spinel grains with random distribution
of crystallographic axes orientations. Spinel grains have minimal internal deformation, as
indicated by homogeneous internal microstructure, characteristic of spinel crystallographic
patterns in the xenolith suite analyzed. (b) FDM-DB03-X02: White arrows highlight examples of
adjacent spinel grains, calculated with 10° misorientation boundaries (white lines), which
otherwise lack evidence of significant internal deformation or recrystallization. (c) Spinel
grains within sample FDM-DB01-X01 predominately show homogeneous intragrain and
random intergrain crystallographic orientations. Limited intracrystalline deformation is
observed in some spinel grains, as denoted by misorientations less than 10° (see inset) and
minimal dispersion of crystallographic axes orientations in corresponding pole figures (lower-
hemisphere, equal area projection).
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Volcanic center Latitude (S) Longitude (W)
Fosdick Mountains

Mt. Avers 76.481° 145.396°

Bird Bluff 76.504° 144.598°
Demas Bluff 76.568° 144.853°
Marujupu 76.508° 145.670°
Recess Nunatak 76.519° 144.507°

Usas Escarpment
Mt. Aldaz 76.051° 124.417°

Executive Committee Range
Mt. Cumming 76.667° 125.820°

Table S1. Geographic coordinates of the volcanic centers from which xenoliths were sampled.

Voltage 150-200 kV
Current 150-700 pA
Frame rate 1.3-9.2 fps
Source to detector distance 794-997 mm
Source to sample distance 126-643 mm
Number of projections 1080

Frame averaging 3-4

Voxel size (isotropic) 9.74-48.4 ym

Table S2. Parameters of X-ray computed tomography scans.

Table S3. Mineral compositions for the Marie Byrd Land spinel peridotite xenoliths



Ol- P (kbar) Depthmax  H (km)

Sample T (°C) calculated at an assumed pressure of 15 kbar Spl (km)

2-PxBM? 2-PxBK® 2-PxT¢ 2-PxAvg 1std BBG? o

dev

Fosdick Mountains
FDM-AV01-X01 937 978 902 939 38 - 16 57 50
FDM-BB01-X01 931 968 937 945 20 - 17 56 51
FDM-BB02-X01 1052 1088 1019 1053 34 - 20 56 60
FDM-BB03-X01 855 886 826 856 30 - 15 74 45
FDM-DB01-X01 1023 1065 983 1024 41 - 19 57 58
FDM-DB02-X01 1178 1200 1169 1183 16 - 23 71 71
FDM-DB02-X02 970 985 978 978 7 - 18 94 54
FDM-DB02-X03 987 1034 976 999 31 - 18 58 55
FDM-DB02-X04 927 980 892 933 44 - 16 60 50
FDM-DB02-X06 1205 1203 1186 1198 11 - 23 - 72
FDM-DB02-X08 801 814 792 803 11 - 13 78 41
FDM-DB02-X10 1014 1060 987 1020 37 - 19 59 57
FDM-DB02-X11 1032 1076 1009 1039 34 - 19 66 59
FDM-DB02-X12 1033 1074 1001 1036 37 - 19 59 59
FDM-DB02-X13 906 957 870 911 44 - 16 53 49
FDM-DB03-X01 855 886 826 856 30 - 14 74 44
FDM-DB03-X02 851 913 820 861 47 - 14 53 44
FDM-DB03-X03 975 1022 948 982 37 - 18 55 54
FDM-DB03-X04 995 1015 995 1002 11 - 18 80 56
FDM-DB04-X01 993 1033 945 991 44 - 18 57 55
FDM-DB04-X02 980 1026 947 984 40 - 18 56 54
FDM-DB04-X03 1171 1174 1152 1165 12 - 23 92 69
FDM-DB04-X04 963 980 962 968 10 - 17 81 53
FDM-MJ01-X02 966 1019 937 974 41 - 17 55 53
FDM-MJ01-X03 924 979 882 929 49 - 16 55 50
FDM-MJ01-X05 1010 1054 976 1014 39 - 19 58 57
FDM-MJO01-X06 1076 1099 1033 1070 34 - 20 58 61
FDM-RNO1-X01 953 995 934 961 31 - 17 70 52
FDM-RNO02-X01 818 875 791 828 43 - 14 50 42
FDM-RN03-X01 941 989 899 943 45 - 17 68 51
FDM-RN04-X01 806 860 771 812 45 - 14 49 42
FDM-AVBBO1 930 984 898 937 44 - 16 51 50
FDM-AVBB02 781 814 743 779 36 - 13 52 39
FDM-AVBB04 817 861 788 822 37 - 14 49 42
FDM-AVBBO05 810 855 777 814 39 - 14 51 42
FDM-AVBB06 930 980 910 940 36 - 16 52 50
FDM-AVBBO7 801 850 764 805 43 - 13 51 41
FDM-AVBBO08 831 873 791 832 41 - 14 51 43
USAS Escarpment
AD6021-X02 1081 1116 1056 1084 30 --- 21 61 63
Executive Committee Range
KSP89-181-X01 - - - - 862 14 93 42
KSP89-181-X01 --- --- --- --- 995 17 105 52

2Bertrand and Mercier [1985]; ®Brey and Kéhler [1990]; Taylor [1998]; “Ballhaus et al. [1991], T from Fe-Mg exchange in
OI-Spl; ®*O’'Neil [1981]; H, estimated extraction depth



Table S4. Temperature, pressure, and extraction depth estimates for the Marie Byrd Land
spinel peridotite xenoliths

Movie S1. Tomographic visualization of the three-dimensional shape preferred orientation of
the spinel grains in the xenolith shown in Figure 3a and 3b of the manuscript. Red objects
represent the spinel grains.



VOLCANIC CENTER Mt. Avers Demas Bluff Demas Bluff Demas Bluff Demas Bluff Demas Bluff Demas Bluff
SAMPLE FDM-AV01-X01 FDM-BB01-X01 FDM-BB02-X01 FDM-BB03-X01 FDM-DB01-X01 FDM-DB02-X01 FDM-DB02-X02 FDM-DB02-X03 FDM-DB02-X04 FDM-DB02-X06
T°C @ 15 kbar 939

OLIVINE

wt. %

Si02 40.79 40.51 40.25 41.08 40.62 40.75 4111 40.79 40.81 39.41
FeO .65 11.34 11.36 859 10.26 919 826 947 960 15.64
MnO 0.13 0.08 0.07 0.12 0.07 0.12 0.11 0.15 0.14 0.18
MgO 49.08 47.51 47.41 49.82 48.32 49.20 50.08 49.01 48.94 43.99
NiO 0.35 0.38 039 036 036 038 036 036 037 024
Ca0 0.04 0.03 0.05 0.001 002 009 004 004 006 004
Sum 100.04 99.84 99.53 99.97 99.66 99.74 99.95 99.82 99.90 99.49
si 1.000 1.002 1.000 1.002 1.002 1.000 1.002 1.001 1.001 0999
Fe 0.198 0.235 0.236 0.175 0.212 0.189 0.168 0.194 0.197 0.331
Mn 0.003 0.002 0.001 0.002 0.001 0.002 0002 0003 0.003 0.004
Mg 1.793 1.752 1.755 1.812 1.776 1.801 1.819 1.793 1.790 1.662
Ni 0.007 0.008 0.008 0.007 0.007 0.008 0.007 0.007 0.007 0.005
Cca 0.001 0.001 0.001 0.000 0.001 0.002 0.001 0.001 0.001 0.001
Sum 3.001 2.999 3.002 2998 2999 3.002 2999 3.000 3.000 3.002
Mg# 90.1 88.2 88.2 912 89.4 90.5 915 90.2 90.1 83.4
ORTHOPYROXENE

wt. %

Sio2 54.49 54.69 54.34 55.12 54.39 53.49 56.18 54.10 54.27 52.43
Tio2 0.10 0.10 0.13 0.02 0.14 0.12 0.02 0.12 0.11 0.31
AI203 422 391 457 310 470 584 1.86 518 419 6.10
Cr203 0.41 0.32 0.26 0.59 0.33 0.63 0.52 0.46 0.47 0.04
FeO 6.62 7.39 6.99 5.63 6.49 5.80 5.24 6.25 6.26 9.82
MnO 0.16 0.16 0.16 0.13 0.14 0.12 0.14 0.13 0.14 0.17
MgO 33.05 32.89 32.60 34.43 32.94 3229 35.12 33.17 33.35 29.05
Ca0 0.44 0.41 0.58 0.40 0.54 1.37 0.45 0.50 0.51 1.63
Na20 0.03 0.02 0.11 0.03 0.09 0.14 0.02 0.08 0.09 0.19
Sum 99.50 99.89 99.74 99.43 90.77 90.78 99.55 99.99 99.38 99.74
Si 1.895 1.901 1.889 1.911 1.886 1.856 1.941 1.871 1.889 1.853
Ti 0.003 0.002 0.003 0.000 0.004 0.003 0.001 0.003 0.003 0.008
Al 0.173 0.160 0.187 0.127 0.192 0.239 0.076 0211 0.172 0.254
cr 0011 0.009 0.007 0016 0.009 0017 0014 0013 0013 0.001
Fe 0.192 0.215 0.203 0.163 0.188 0.168 0.151 0.181 0.182 0.290
Mn 0.005 0.005 0.005 0.004 0.004 0.004 0.004 0.004 0.004 0.005
Mg 1.714 1.704 1.690 1.780 1.703 1.670 1.809 1.710 1.731 1.531
Ca 0016 0015 0022 0015 0020 0051 0017 0019 0019 0.062
Na 0.002 0.001 0.007 0.002 0.006 0.009 0.001 0.005 0.006 0.013
Sum 4.011 4.013 4.014 4.018 4.012 4.017 4.014 4.017 4.019 4.017
Ca 08 08 14 08 1.0 2.7 08 1.0 1.0 33
Mg 89.1 88.1 88.3 90.9 89.1 88.4 915 89.6 89.6 813
Fe 10.0 "1 10.6 8.3 9.8 8.9 77 95 9.4 15.4
Mg # 899 88.8 893 916 0.1 20.8 923 20.4 205 84.1
CLINOPYROXENE

wt. %

Si02 51.71 52.46 52.17 53.70 5222 51.22 54.18 5243 51.85 50.66
Ti02 0.62 047 0.64 013 065 027 003 052 057 078
AI203 7.64 5.76 7.33 4.74 7.7 6.90 1.82 6.91 6.75 7.76
Cr203 1.10 0.80 0.65 1.48 0.78 1.05 0.78 0.84 123 0.06
FeO 232 2.58 2.90 1.96 266 332 1.76 266 259 634
MnO 0.08 0.10 0.12 0.08 007 010 005 0.10 008 0.15
MgO 14.19 15.20 15.03 15.39 14.71 17.20 18.09 15.17 14.79 16.63
Ca0 19.71 20.74 18.66 20.88 18.76 18.25 2244 19.74 19.70 16.41
Na20 1.96 1.30 1.89 1.82 212 147 030 1.77 204 1.30
Sum 99.33 99.41 99.39 100.20 99.68 99.48 29.47 100.14 99.60 100.09
Si 1.876 1.906 1.888 1.935 1.883 1.857 1.966 1.888 1.882 1.84
i 0017 0013 0017 0.004 0018 0.007 0.001 0014 0016 002
A 0327 0.247 0313 0.201 0328 0295 0078 0293 0289 033
Cr 0.032 0.023 0.019 0.042 0.022 0.030 0.022 0.024 0.035 0.00
Fe 0.071 0.078 0.088 0.059 0.080 0.101 0.053 0.080 0.079 0.19
Mn 0.002 0.003 0.004 0.002 0.002 0.003 0002 0.003 0002 0.00
Mg 0768 0823 0811 0827 0.791 0930 0978 0814 0800 090
Ca 0.766 0.807 0.724 0.806 0.725 0.709 0.872 0.761 0.766 0.64
Na 0.138 0.092 0.133 0.127 0.148 0.082 0.021 0.123 0.144 0.09
Sum 3.996 3.992 3.995 4.004 3998 4014 3994 4.001 4012 4019
Ca 47.8 472 446 476 454 40.8 45.8 46.0 46.6 36.9
Mg 47.8 48.2 50.0 48.9 49.6 53.4 514 49.2 48.6 52.0
Fe 44 46 5.4 35 50 58 28 48 4.8 1.4
Mg # 91.6 91.3 90.2 93.3 90.8 90.2 94.8 91.0 91.0 824
SPINEL

wt. %

Tio2 0.07 0.04 0.11 0.02 0.1 0.17 0.04 0.11 0.15 .-
AI203 56.06 55.71 59.42 39.21 59.56 52.47 26.49 57.56 52.68

Cr203 11.99 11.24 7.57 28.64 7.94 14.59 42.97 9.76 14.88

V203 0.05 0.07 0.05 0.09 004 004 019 004 006 ---
FeO 10.73 12.06 10.57 13.46 9.87 10.32 14.05 10.52 11.31

MnO 0.10 0.06 0.04 0.14 0.04 0.09 0.19 0.08 0.12

MgO 19.87 19.67 21.34 16.44 21.85 20.83 15.02 20.95 19.66

Ca0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 000

Zn0 0.15 0.16 0.12 0.25 0.08 0.07 0.12 0.08 0.13

NiO 0.34 0.35 0.41 0.18 0.38 0.34 0.11 0.35 0.34

Sum 99.35 9934 99.65 98.43 90.88 98.91 99.17 99.45 99.32

Ti 0.001 0.001 0.002 0.000 0.002 0.003 0.001 0.002 0.003

Al 1.733 1.730 1.803 1.324 1.798 1.644 0.942 1.762 1.652

cr 0.249 0.234 0.154 0.649 0.161 0307 1.025 0200 0313

v 0.001 0.001 0.001 0.002 0.001 0.001 0005 0.001 0.001

Fe 0.235 0.266 0.228 0.322 0.212 0.229 0.354 0.228 0.252

Mn 0.002 0.001 0.001 0.003 0.001 0.002 0.005 0.002 0.003

Mg 0777 0773 0819 0.702 0834 0826 0676 0811 0.780

Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Zn 0.003 0.003 0.002 0.005 0.002 0.001 0.003 0.002 0.003

Ni 0.007 0.007 0.008 0.004 0.008 0.007 0.003 0.007 0.007

Sum 3.008 3.016 3019 3012 3018 3.021 3013 3016 3014
Fe2+ 0.215 0.222 0.178 0.290 0.163 0.174 0.320 0.186 0.215 .-
Fe3+ 0.020 0.044 0.050 0.033 0.048 0.055 0.035 0.043 0.037 .-
XMg 0783 0777 0822 0.708 0836 0826 0679 0814 0784 ---
XCr 0.125 0.119 0.079 0.329 0.082 0.157 0.521 0.102 0.159 .-
Yer 0.124 017 0077 0324 0.080 0153 0512 0.100 0.156
YAI 0.866 0.862 0898 0.660 0896 0820 0471 0879 0825 ---
YFe3+ 0.010 0.022 0.025 0.016 0.024 0.028 0.017 0.021 0.018 .-
Spl 0685 0.684 0.757 0475 0.768 0696 0325 0731 0659 -
He 0.190 0.197 0.164 0.196 0.150 0147 0154 0.167 0.182

MgChr 0.098 0.093 0.065 0.233 0.069 0.130 0.354 0.083 0.125

Chr 0.027 0.027 0.014 0.096 0.013 0.027 0.167 0.019 0.034 ---
Sum 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 ---
P 3.84 3.84 3.77 4.07 3.76 3.83 4.25 3.79 3.87 .-




Demas Bluff

FDM-DB02-X08

Demas Bluff
FDM-DB02-X10

Demas Bluff

FDM-DB02-X11

Demas Bluff

FDM-DB02-X12

Demas Bluff

FDM-DB02-X13

Demas Bluff

FDM-DB03-X01

Demas Bluff

FDM-DB03-X02

Demas Bluff
FDM-DB03-X03

Demas Bluff

FDM-DB03-X04

Demas Bluff

FDM-DB04-X01

Demas Bluff

FDM-DB04-X02

803 1020 1039 1036 911 856 861 982 1002 991 984
41.11 40.72 41.01 40.82 40.59 41.08 40.63 40.93 40.54 40.71 40.46
8.04 9.82 9.16 9.67 10.18 8.59 1017 10.02 8.03 8.63 9.89
0.11 0.13 0.14 0.14 0.12 0.12 0.14 0.15 0.13 0.14 0.14
50.49 48.67 49.46 48.80 48.13 49.82 48.47 48.77 50.31 49.75 48.87
0.39 0.37 0.40 0.36 0.36 0.36 0.37 0.37 0.40 0.40 0.40
0.04 0.03 0.07 0.03 0.00 0.00 0.04 0.05 0.035 0.03 0.035
100.19 99.73 100.23 99.82 99.39 99.97 99.82 100.28 99.44 99.66 99.79
0.999 1.002 1.001 1.00 1.003 1.002 1.001 1.002 0.993 0.998 0.996
0.163 0.202 0.187 0.20 0.210 0.175 0.209 0.205 0.165 0.177 0.204
0.002 0.003 0.003 0.00 0.003 0.002 0.003 0.003 0.003 0.003 0.003
1.829 1.785 1.800 179 1.773 1.812 1.779 1.780 1.838 1.817 1.793
0.008 0.007 0.008 0.01 0.007 0.007 0.007 0.007 0.008 0.008 0.008
0.001 0.001 0.0019 0.00 0.000 0.000 0.001 0.001 0.001 0.001 0.001
3.002 2.999 3.001 2.998 2.997 2.998 3.001 2.999 3.008 3.003 3.005
918 89.8 90.6 90.0 89.4 91.2 89.5 89.7 91.8 91.1 89.8
56.27 53.66 54.79 54.43 54.37 55.12 54.37 54.28 55.80 54.99 54.17
0.01 0.15 0.08 0.13 0.16 0.02 0.14 0.14 0.02 0.12 on
245 5.08 4.10 4.83 4.48 3.10 4.42 4.90 2,69 3.41 4.74
0.09 0.49 0.46 0.40 0.31 0.59 0.05 0.35 0.51 0.58 0.31
5.20 6.44 5.84 6.32 6.58 5.63 6.58 6.56 5.14 5.66 6.37
013 0.14 0.12 0.14 0.16 0.13 0.15 0.14 01 013 0.16
35.08 32.74 33.90 33.17 33.09 34.43 33.11 33.49 34.86 33.92 32.98
0.53 0.52 0.59 0.54 0.43 0.40 0.53 0.46 0.45 0.46 0.55
0.02 0.07 0.10 0.09 0.05 0.03 0.08 0.07 0.03 0.08 0.09
99.79 99.30 99.98 100.05 99.64 99.43 99.43 100.37 99.61 99.35 99.45
1.936 1.871 1.892 1.881 1.888 1.911 1.892 1.872 1.926 1.909 1.884
0.000 0.004 0.002 0.003 0.004 0.000 0.004 0.004 0.001 0.003 0.003
0.099 0.209 0.167 0.197 0.183 0.127 0.181 0.199 0.109 0.139 0.194
0.003 0.013 0.012 0.011 0.009 0.016 0.001 0.009 0.014 0.016 0.008
0.150 0.188 0.169 0.183 0.191 0.163 0.191 0.189 0.148 0.164 0.185
0.004 0.004 0.004 0.004 0.005 0.004 0.004 0.004 0.003 0.004 0.005
1.800 1.702 1.745 1.709 1.713 1.780 1.717 1.723 1.793 1.755 1.710
0.019 0.019 0.022 0.020 0.016 0.015 0.020 0.017 0.017 0.017 0.020
0.001 0.005 0.007 0.006 0.003 0.002 0.006 0.004 0.002 0.005 0.006
4.013 4.016 4.020 4.014 4.013 4.018 4.016 4.022 4.013 4.013 4.015
1.0 1.0 11 1.0 0.8 0.8 1.0 0.9 0.9 0.9 11
914 89.1 90.2 89.4 89.2 90.9 89.0 89.3 916 90.6 89.3
76 9.8 8.7 9.6 10.0 83 9.9 9.8 76 8.5 9.7
923 90.1 91.2 90.3 90.0 91.6 90.0 90.1 92.4 91.4 90.2
53.99 51.79 52.37 52.51 51.63 53.70 51.69 52.15 53.85 52.78 52.10
0.04 0.60 0.34 0.55 0.79 0.13 0.66 0.63 0.05 0.50 0.62
272 7.00 6.41 7.15 7.84 4.74 7.54 7.52 3.45 5.84 7.64
0.20 0.90 121 0.88 0.79 1.48 0.14 0.80 1.14 1.64 0.79
1.79 2.83 263 27 2.53 1.96 2.81 2,60 1.79 227 2.54
0.06 0.09 0.08 0.08 0.08 0.08 0.09 0.10 0.07 0.08 0.07
17.37 15.09 15.56 15.23 14.22 15.39 14.51 14.66 17.07 15.08 14.44
23.28 18.91 19.41 18.96 19.89 20.88 20.25 19.46 21.54 19.21 19.16
0.65 1.98 1.65 1.98 2.04 1.82 2,05 1.97 0.73 2,04 210
100.11 99.20 99.67 100.06 99.82 100.20 99.75 99.89 99.70 99.44 99.46
1.950 1.883 1.894 1.889 1.867 1.935 1.873 1.881 1.946 1.912 1.885
0.001 0.016 0.009 0.015 0.022 0.004 0.018 0.017 0.001 0.014 0.017
0.116 0.300 0.273 0.303 0.334 0.201 0.322 0.320 0.147 0.249 0.326
0.006 0.026 0.035 0.025 0.022 0.042 0.004 0.023 0.033 0.047 0.023
0.054 0.086 0.080 0.082 0.076 0.059 0.085 0.079 0.054 0.069 0.077
0.002 0.003 0.002 0.002 0.003 0.002 0.003 0.003 0.002 0.002 0.002
0.935 0.818 0.839 0.816 0.767 0.827 0.783 0.788 0.920 0.815 0.779
0.901 0.737 0.752 0.731 0.770 0.806 0.786 0.752 0.834 0.746 0.743
0.046 0.140 0.116 0.138 0.143 0.127 0.144 0.138 0.051 0.144 0.147
4.011 4.008 4.001 4.002 4.005 4.004 4.018 4.000 3.988 3.998 3.998
477 44.9 45.0 449 417 476 475 46.5 46.1 45.8 46.5
49.5 49.9 50.2 50.1 475 489 473 48.7 50.9 50.0 48.7
2.9 5.2 4.8 5.0 4.7 35 52 4.9 3.0 4.2 4.8
94.5 90.5 913 90.9 90.9 93.3 90.2 90.9 94.4 922 91.0
0.05 0.12 0.12 0.11 0.07 0.02 0.12 0.08 0.04 0.10 0.10
36.78 56.97 51.49 57.47 58.34 39.21 58.26 59.09 38.59 59.31 59.31
32.43 10.75 15.71 10.25 8.48 28.64 8.45 8.67 30.91 8.43 8.43
0.07 0.08 0.06 0.06 0.05 0.09 0.05 0.05 0.09 0.05 0.05
11.82 10.66 11.24 10.54 10.19 13.46 10.89 10.43 1.75 10.76 10.76
0.15 0.09 0.12 0.09 0.06 0.14 0.10 0.10 0.15 0.08 0.08
18.04 20.71 20.04 20.91 20.23 16.44 21.51 20.78 17.98 20.92 20.92
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.11 0.07 0.10 0.10 0.12 0.25 0.13 0.14 0.14 0.13 0.13
0.17 0.39 0.36 0.37 0.38 0.18 0.38 0.41 0.20 0.42 0.42
99.61 99.81 99.24 99.88 97.92 98.43 99.89 99.75 99.84 100.18 100.18
0.001 0.002 0.002 0.002 0.001 0.0005 0.002 0.001 0.001 0.002 0.002
1.232 1.745 1.622 1.755 1.804 1.3238 1.773 1.796 1.281 1.795 1.795
0.729 0.221 0.332 0.210 0.176 0.6488 0.172 0.177 0.688 0171 0171
0.002 0.002 0.001 0.001 0.001 0.0020 0.001 0.001 0.002 0.001 0.001
0.281 0.232 0.251 0.228 0.223 0.3224 0.235 0.225 0.277 0.231 0.231
0.003 0.002 0.003 0.002 0.001 0.0033 0.002 0.002 0.004 0.002 0.002
0.764 0.802 0.799 0.808 0.791 0.7019 0.828 0.799 0.755 0.801 0.801
0.000 0.000 0.000 0.000 0.000 0.0000 0.000 0.000 0.000 0.000 0.000
0.002 0.001 0.002 0.002 0.002 0.0053 0.003 0.003 0.003 0.002 0.002
0.004 0.008 0.008 0.008 0.008 0.0042 0.008 0.008 0.005 0.009 0.009
3.018 3.014 3.020 3.015 3.008 3.012 3.024 3.012 3.014 3.014 3.014
0.233 0.194 0.198 0.188 0.201 0.290 0.170 0.193 0.240 0.193 0.193
0.048 0.038 0.053 0.040 0.022 0.033 0.065 0.032 0.037 0.038 0.038
0.766 0.805 0.801 0.811 0.797 0.708 0.830 0.805 0.759 0.806 0.806
0.372 0.112 0.170 0.107 0.089 0.329 0.089 0.090 0.350 0.087 0.087
0.363 0.110 0.165 0.105 0.088 0.324 0.086 0.088 0.343 0.085 0.085
0.613 0.871 0.808 0.875 0.901 0.660 0.882 0.896 0.638 0.896 0.896
0.024 0.019 0.026 0.020 0.011 0.016 0.032 0.016 0.018 0.019 0.019
0.481 0.715 0.665 0.724 0.726 0475 0.756 0.733 0.494 0.736 0.736
0.147 0.173 0.165 0.169 0.185 0.196 0.155 0.177 0.157 0.177 0.177
0.285 0.090 0.136 0.087 0.071 0.233 0.074 0.072 0.265 0.070 0.070
0.087 0.022 0.034 0.020 0.018 0.096 0.015 0.017 0.084 0.017 0.017
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
4.06 3.81 3.86 3.80 3.80 4.07 3.77 3.79 4.05 3.79 3.79




Demas Bluff Demas Bluff Marujupu Marujupu Marujupu Marujupu Recess Nunatak Recess Nunatak Recess Nunatak Recess Nunatak Mt. Avers - Bird Bluff

FDM-DB04-X03 FDM-DB04-X04 FDM-MJ01-X02 FDM-MJ01-X03 FDM-MJ01-X05 FDM-MJ01-X06 FDM-RN01-X01 FDM-RN02-X01 FDM-RN03-X01 FDM-RN04-X01 FDM-AVBB01
1165 968 974 929 1014 1070 961 828 943 812 763

40.87 41.12 40.55 40.63 40.75 40.55 41.04 40.47 40.95 40.54 40.61
7.90 7.74 10.61 9.91 9.90 11.20 8.16 10.78 8.77 10.54 10.09
0.11 0.11 0.15 0.13 0.15 0.16 0.15 0.13 0.13 0.13 0.14
50.39 50.44 48.06 48.67 48.77 4772 50.13 48.03 49.50 48.43 48.62
0.41 0.38 0.36 0.36 0.35 0.38 0.37 0.38 0.34 0.39 0.37
0.035 0.03 0.03 0.03 0.03 0.04 0.06 0.04 0.076 0.03 0.06
99.71 99.82 99.76 99.71 99.95 100.03 99.89 99.84 99.77 100.08 99.89
0.998 1.001 1.001 1.000 1.001 1.001 1.001 0.999 1.002 0.998 0.999
0.161 0.157 0.219 0.204 0.203 0.231 0.166 0.223 0.180 0.217 0.208
0.002 0.002 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
1.834 1.831 1.769 1.786 1.785 1.756 1.822 1.768 1.806 1.777 1.784
0.008 0.007 0.007 0.007 0.007 0.007 0.007 0.008 0.007 0.008 0.007
0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.002 0.001 0.001
3.003 3.000 3.000 3.001 3.000 3.000 3.001 3.002 3.000 3.003 3.002
919 921 89.0 89.8 89.8 88.4 916 88.8 91.0 89.1 89.6
56.97 55.78 53.81 54.04 54.27 53.59 55.33 54.33 54.83 54.15 54.26
0.01 0.02 0.09 0.11 0.13 0.10 0.06 0.12 0.13 0.12 on
259 275 4.42 4.63 4.44 5.12 3.25 4.78 3.83 4.86 4.58
0.63 0.63 0.32 0.39 0.36 0.45 0.47 0.03 0.60 0.03 0.28
5.14 5.07 6.78 6.61 6.34 7.33 5.44 7.14 5.72 6.93 6.48
0.14 0.14 0.15 0.16 0.17 0.17 0.14 0.16 0.12 0.15 0.14
34.80 34.85 33.05 33.14 33.24 32.55 34.24 32.90 33.44 32.98 32.92
0.46 0.40 0.38 043 0.43 0.32 0.48 0.49 0.67 0.40 0.62
0.02 0.01 0.03 0.06 0.10 0.06 0.02 0.04 0.15 0.05 0.20
99.75 99.65 99.03 99.54 99.48 99.66 99.43 99.99 99.48 99.68 99.59
1.929 1.924 1.883 1.880 1.887 1.868 1.916 1.884 1.902 1.882 1.886
0.000 0.001 0.002 0.003 0.003 0.002 0.002 0.003 0.003 0.003 0.003
0.105 0.112 0.182 0.190 0.182 0.210 0.133 0.195 0.157 0.199 0.188
0.017 0.017 0.009 0.011 0.010 0.012 0.013 0.001 0.016 0.001 0.008
0.148 0.146 0.198 0.192 0.184 0.214 0.158 0.207 0.166 0.201 0.188
0.004 0.004 0.004 0.005 0.005 0.005 0.004 0.005 0.004 0.004 0.004
1.788 1.792 1.724 1.719 1723 1.692 1.767 1.701 1.730 1.708 1.706
0.017 0.015 0.014 0.016 0.016 0.012 0.018 0.018 0.025 0.015 0.023
0.001 0.001 0.002 0.004 0.007 0.004 0.001 0.002 0.010 0.003 0.014
4.010 4.011 4.020 4.019 4.017 4.020 4.011 4.016 4.013 4.017 4.020
0.9 0.8 0.7 0.8 0.8 0.6 0.9 0.9 13 08 12
915 91.7 89.0 89.2 89.6 88.2 91.0 88.3 90.1 88.8 89.0
76 75 10.2 10.0 9.6 "1 8.1 10.8 8.6 10.5 9.8
923 925 89.7 89.9 90.3 88.8 91.8 89.1 91.2 89.5 90.1
54.38 53.78 51.61 51.56 52.13 50.81 52.66 51.90 52.34 51.69 51.97
0.01 0.08 0.61 0.68 0.55 0.83 0.24 0.65 0.48 0.64 0.58
242 293 791 7.94 7.14 7.81 5.24 8.14 6.18 8.23 7.25
0.88 1.07 0.98 1.02 0.87 1.07 1.43 0.12 1.47 0.1 0.69
2.09 1.68 27 259 2.63 2.82 219 2.74 2.38 2,67 277
0.08 0.08 0.08 0.09 0.09 0.07 0.10 0.10 0.07 0.09 0.08
19.57 17.22 13.99 13.83 14.88 15.24 15.40 14.02 15.05 14.06 15.06
19.93 21.79 19.11 19.06 18.99 18.45 20.31 20.44 19.62 20.49 19.83
0.44 0.74 2.06 235 1.99 178 1.52 212 2.10 214 2.06
99.79 99.37 99.05 99.13 99.26 98.88 99.10 100.24 99.70 100.13 100.31
1.956 1.952 1.877 1.875 1.890 1.852 1.918 1.870 1.896 1.865 1.872
0.000 0.002 0.017 0.019 0.015 0.023 0.007 0.018 0.013 0.017 0.016
0.103 0.125 0.339 0.340 0.305 0.335 0.225 0.346 0.264 0.350 0.308
0.025 0.031 0.028 0.029 0.025 0.031 0.041 0.003 0.042 0.003 0.020
0.063 0.051 0.083 0.079 0.080 0.086 0.067 0.083 0.072 0.081 0.084
0.002 0.002 0.002 0.003 0.003 0.002 0.003 0.003 0.002 0.003 0.003
1.049 0.932 0.759 0.750 0.804 0.828 0.836 0.753 0.813 0.756 0.809
0.768 0.847 0.745 0.743 0.738 0.721 0.793 0.789 0.761 0.792 0.766
0.030 0.052 0.145 0.166 0.140 0.126 0.107 0.148 0.148 0.150 0.144
3.996 3.994 3.995 4.004 4.000 4.005 3.996 4.012 4.012 4.016 4.020
40.8 46.3 47.0 473 455 44.1 46.8 48.6 46.2 48.6 46.2
55.8 50.9 47.8 4717 496 50.6 493 46.4 49.4 46.4 48.8
3.3 2.8 5.2 5.0 4.9 5.3 39 5.1 4.4 5.0 5.0
94.3 94.8 90.2 90.5 91.0 90.6 92.6 90.1 91.9 90.4 90.6
0.02 0.06 0.05 0.05 0.07 0.03 0.09 0.04 0.02 0.04 0.08
34.34 36.60 58.31 57.93 57.30 57.92 45.39 60.98 47.00 61.40 59.11
35.17 32.41 9.56 9.67 10.58 9.37 22.80 6.43 21.64 6.09 8.26
0.11 0.09 0.05 0.05 0.05 0.04 0.09 0.04 0.09 0.05 0.05
12.40 11.83 10.96 11.42 10.61 1217 11.55 10.78 10.95 10.47 10.49
0.15 0.17 0.08 0.12 0.09 0.10 0.13 0.08 0.12 0.09 0.09
17.14 17.13 20.12 20.41 20.72 19.57 18.74 21.38 18.87 21.62 20.81
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.11 0.11 0.20 0.17 0.08 0.21 0.14 0.13 0.13 0.13 0.15
0.17 0.18 0.38 0.33 0.34 0.38 0.25 0.41 0.27 0.39 0.41
99.59 98.58 99.71 100.13 99.82 99.77 99.16 100.27 99.10 100.27 99.45
0.000 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.000 0.001 0.002
1.166 1.240 1.782 1.768 1.752 1.779 1.471 1.832 1.511 1.839 1.800
0.801 0.737 0.196 0.198 0.217 0.193 0.495 0.130 0.467 0.122 0.169
0.002 0.002 0.001 0.001 0.001 0.001 0.002 0.001 0.002 0.001 0.001
0.299 0.284 0.238 0.247 0.230 0.265 0.265 0.230 0.250 0.223 0.227
0.004 0.004 0.002 0.003 0.002 0.002 0.003 0.002 0.003 0.002 0.002
0.736 0.734 0.778 0.788 0.801 0.760 0.768 0.812 0.767 0.819 0.802
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.002 0.002 0.004 0.003 0.001 0.004 0.003 0.002 0.003 0.002 0.003
0.004 0.004 0.008 0.007 0.007 0.008 0.006 0.008 0.006 0.008 0.008
3.015 3.009 3.009 3.016 3.013 3.013 3.014 3.018 3.009 3.018 3.013
0.259 0.260 0.213 0.206 0.194 0.231 0.227 0.182 0.225 0.175 0.191
0.040 0.025 0.025 0.042 0.036 0.035 0.038 0.048 0.025 0.047 0.036
0.740 0.739 0.785 0.793 0.805 0.767 0.771 0.817 0.773 0.824 0.808
0.407 0.373 0.099 0.101 0.110 0.098 0.252 0.066 0.236 0.062 0.086
0.399 0.368 0.098 0.099 0.108 0.096 0.247 0.065 0.233 0.061 0.084
0.581 0.620 0.890 0.881 0.874 0.887 0.734 0.912 0.755 0.915 0.898
0.020 0.012 0.012 0.021 0.018 0.017 0.019 0.024 0.012 0.024 0.018
0.438 0.463 0.707 0.713 0.716 0.692 0.577 0.763 0.591 0.772 0.738
0.154 0.164 0.193 0.186 0.174 0.210 0.171 0.171 0.173 0.165 0.176
0.301 0.275 0.078 0.080 0.089 0.075 0.194 0.054 0.182 0.051 0.069
0.106 0.097 0.021 0.021 0.021 0.023 0.058 0.012 0.053 0.011 0.016
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

4.1 4.08 3.82 3.81 3.81 3.83 3.96 3.76 3.94 3.75 3.79




Mt. Avers - Bird Bluff ~ Mt. Avers - Bird Bluff ~ Mt. Avers - Bird Bluff ~ Mt. Avers - Bird Bluff M. Avers - Bird Bluff ~ Mt. Avers - Bird Bluff Mt. Aldaz Mt. Cumming Mt. Cumming
FDM-AVBB02 FDM-AVBB04 FDM-AVBB05 FDM-AVBB06 FDM-AVBB07 FDM-AVBB08 AD6021-X02 KSP89-181-X01 KSP89-181-X01
low-Cr Spl hghi-Cr Spl
779 822 814 940 805 832 1084 838 984
40.42 40.16 40.29 40.45 40.37 40.78 40.45 40.70 40.70
954 1021 959 10.84 10.24 a7 0.92 10.24 10.24
0.14 0.14 0.13 0.15 0.13 0.13 0.05 0.16 0.16
49.28 48.58 49.08 47.84 48.51 48.79 48.66 48.40 48.40
042 043 040 039 0.40 041 037 0.29 0.29)
007 0072 0072 0053 0075 0.054 0.04 0.05 0.05|
99.88 99.60 99.56 99.72 99.73 99.87 99.49 99.84 99.84
0993 0993 0994 1.000 0997 1.002 0.998 1.002 1.002]
0.20 0.211 0.198 0.224 0.211 0.199 0.205 0.211 0.211
0.00 0003 0.003 0.003 0.003 0.003 0.001 0.003 0.003
1.81 1.791 1.804 1.764 1.785 1.787 1.790 1.776 1.776
0.01 0.008 0.008 0.008 0.008 0.008 0.007 0.006 0.006
0002 0002 0.002 0.001 0.002 0.001 0.001 0.001 0.001
3.008 3.009 3.008 3.001 3.005 3.000 3.003 2.999 2.999
90.2 89.4 90.1 88.7 89.4 90.0 89.7 89.4 89.4|
54.34 53.77 53.98 53.45 54.33 54.15 54.41 --- ---
0.10 0.11 0.12 0.11 0.09 0.12 0.12
475 5.09 495 5.04 428 488 478
0.40 0.27 0.32 0.33 0.29 0.38 0.35 .- -
6.43 6.84 6.43 7.23 6.91 6.46 6.12
0.14 0.16 0.15 017 0.15 013 013
33.25 3272 32.96 3237 3298 33.14 32.96 - ---
0.53 0.50 0.48 0.57 0.45 0.45 0.74
0.05 0.03 0.04 0.05 0.03 0.03 0.10
100.00 99.48 99.44 99.31 99.53 99.73 99.71
1.880 1.873 1.878 1.870 1.892 1.878 1.886 .- -
0.003 0.003 0.003 0.003 0.002 0.003 0.003 --- ---
0194 0209 0203 0208 0176 0.200 0.195
0011 0.008 0.009 0.009 0.008 0010 0010
0.186 0.199 0.187 0.212 0.201 0.187 0.177 .- -
0.004 0.005 0.005 0.005 0.004 0.004 0.004
1.715 1.699 1.709 1.689 1.712 1.713 1.703
0020 0018 0018 0.021 0017 0017 0.027 - ---
0.004 0.002 0.003 0.003 0.002 0.002 0.007 .- -
4.017 4.017 4.014 4.020 4.015 4.015 4.012 --- ---
1.0 1.0 09 14 09 09 14
89.3 88.6 89.3 87.9 88.7 89.4 89.3
9.7 104 9.8 1.0 10.4 9.8 93 --- ---
2.2 895 20.1 88.9 895 90.1 206 - ---
52.02 51.77 51.42 51.82 5174 51.69 52.44
056 052 063 055 0.58 0.56 051
7.42 8.08 8.07 7.84 772 8.03 6.89 .- -
0.86 0.60 0.72 0.74 0.78 0.82 0.73
221 244 236 279 2.58 231 281
008 009 007 008 0.08 0.09 0.08 --- ---
14.51 14.25 14.20 14.42 14.16 14.42 15.78
21.37 20.84 2091 19.70 20.75 20.79 18.92
1.86 1.98 1.92 204 203 2.00 1.64 - ---
10087 10056 10030 99.98 10043 100.71 99.81 --- ---
1.866 1.861 1.854 1.871 1.865 1.856 1.890 --- ---
0015 0014 0017 0015 0016 0015 0014
0314 0342 0343 0334 0328 0340 0.293
0.024 0.017 0.021 0.021 0.022 0.023 0.021 .- -
0.066 0.073 0.071 0.084 0.078 0.069 0.085
0002 0003 0,002 0.002 0.003 0.003 0.003
0776 0.764 0763 0776 0761 0772 0.847 - ---
0.821 0.803 0.808 0.762 0.801 0.800 0.731
0.129 0.138 0.134 0.143 0.142 0.139 0.114
4.014 4014 4014 4.008 4015 4017 3.997 --- ---
49.4 49.0 49.2 47.0 48.9 487 439 .- -
46.6 46.6 46.5 47.8 46.4 47.0 51.0 --- ---
40 45 43 52 47 42 5.1 --- ---
921 912 915 90.2 90.7 91.8 90.9 .- -
0.03 0.03 0.03 0.04 0.05 0.03 0.13 0.4 0.44]
58.37 61.38 59.35 59.76 58.13 59.43 57.92 23 16.87|
925 6.03 8.17 7.68 8.90 8.08 9.26 36.17 42.92
004 004 007 005 0.05 0.04 0.05 0.21 0.22]
10.53 10.51 10.43 11.53 11.21 10.40 9.87 25.74 24.22
0.10 0.09 0.10 0.11 0.11 0.10 0.03 0.24 0.28
20.15 20.50 20.36 19.82 19.87 20.34 21.87 1212 12.32]
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00)
0.18 0.14 0.18 0.16 0.14 0.16 0.09 0.22 0.06
0.41 0.48 0.37 0.38 0.39 0.43 0.39 0.18 0.14]
99.04 99.20 99.06 99.54 98.86 99.01 99.61 98.28 97.47
0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.010 0.011
1.791 1.859 1.813 1.822 1.791 1.816 1.763 0.871 0.659
0190 0122 0.167 0.157 0.184 0.166 0.189 0919 1.125)
0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.005 0.006
0.229 0.226 0.226 0.250 0.245 0.225 0.213 0.692 0.671
0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.007 0.008
0.782 0785 0.787 0.765 0775 0786 0.842 0.580 0.609
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.003 0.003 0.003 0.003 0.003 0.003 0.002 0.005 0.001
0.009 0.010 0.008 0.008 0.008 0.009 0.008 0.005 0.004
3.008 3.008 3.008 3.009 3011 3.008 3.021 3.003 3.004
0.207 0.204 0.203 0.226 0.217 0.203 0.157 0.444 0.420
0.022 0.022 0.023 0.024 0.029 0.022 0.056 0.248 0.251
0791 0794 0795 0772 0781 0795 0.843 0.567 0592
0.096 0.062 0.085 0.079 0.093 0.084 0.097 0.513 0.631
0095 0.061 0084 0078 0.092 0.083 0.094 0451 0553
0894 0928 0905 0910 0.894 0.906 0878 0427 0.324
0.011 0.011 0.011 0.012 0.014 0.011 0.028 0.122 0.123
0.715 0.745 0.727 0.711 0.709 0.728 0.761 0.276 0.219
0.189 0.193 0.188 0210 0.198 0.188 0.142 0.211 0.151
0.076 0.049 0.067 0.061 0.073 0.066 0.082 0.291 0.373
0.020 0.013 0.017 0.018 0.020 0.017 0.015 0.222 0.258
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000)
3.81 3.78 3.80 3.81 3.81 3.79 3.77 4.33 4.40
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