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ABSTRACT

Orthopyroxene is the second most abundant mineral in the upper mantle and, like olivine, can form crystallographic preferred orientations (CPO) during mantle
deformation that may influence mantle seismic anisotropy. Here we use a compilation of 21 peridotites in which both olivine and orthopyroxene CPOs are preserved
to document the range of orthopyroxene CPO types and to explore their effects on seismic anisotropy of peridotites. In addition to four previously published
orthopyroxene CPO types, this study establishes three new CPO types, two of which result in orthopyroxene fast axes aligned parallel to the lineation and the di-
rection of mantle shear/flow. We calculate bulk elastic tensors for each sample from the measured olivine and orthopyroxene CPOs, and use those in turn to calculate
Vp and Vs velocities and anisotropy percentages. In order to explore the relative influence of olivine and orthopyroxene on anisotropy, these properties were
calculated for a range of possible modal percentages, from 100% olivine to 100% orthopyroxene. While the effect of orthopyroxene CPO appears to be a negligible
influence on the orientation of bulk seismic fast axes, the presence of increasing orthopyroxene decreases the anisotropic signal overall. However, at very low olivine
modal percentages, olivine and orthopyroxene can be mutually destructive, where the addition of olivine to a mostly orthopyroxene rock can actually decrease

anisotropy.

1. Introduction

Elastically anisotropic minerals, when aligned, result in a directional
dependence of P- and S-wave velocities. Propagating shear waves split
into orthogonally polarized fast (S;) and slow (Sz) components as a
function of the elastic properties and elastic symmetry of these aligned
minerals. The time delay between the arrival of fast and slow compo-
nents, along with the azimuthal orientation of the fast shear wave, can
be used to infer patterns of subsurface deformation (e.g. Silver, 1996;
Savage, 1999; Long and Silver, 2009). This inference is dependent on
assumptions as to what minerals are controlling this anisotropy, and
how the minerals’ axes align relative to the shear direction, or the di-
rection of mantle flow.

It is well established that seismic anisotropy in the upper mantle is
primarily due to the crystallographic preferred orientation (CPO) of
olivine that forms typically from dislocation creep (e.g. Nicolas and
Christensen, 1987; Karato et al., 2008; Long and Becker, 2010). The
assumption that anisotropy is dominantly a reflection of olivine CPO —
and not other upper mantle phases such as orthopyroxene, clinopyrox-
ene, spinel, plagioclase, or garnet — is based on the observation that
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olivine is (1) the most abundant mineral at these depths and (2) the most
inherently anisotropic. Most types of olivine CPO result in an alignment
of the olivine fast axis (“a” or [100]) in the direction of flow. Therefore,
in the mantle, fast axes are typically parallel to flow directions.
Orthopyroxene, while less anisotropic than olivine, also forms CPO
from dislocation creep and is the second most abundant mineral in the
upper mantle at around 20-30 modal percent (e.g. Ringwood, 1975).
The most common orthopyroxene CPO type documented in past studies
is characterized by an alignment of its slowest axes (“c” or [001]) in the
direction of flow, as inferred from lineation (e.g. Christensen and
Lundquist, 1982). While orthopyroxene CPO in this scenario would
decrease the percentage of seismic anisotropy produced by olivine, it is
not expected to affect the orientation of the seismic fast axes (e.g. Fischer
et al., 2000; Blackman et al., 2002; Précigout and Almqvist, 2014).
The first aim of this paper is to catalog the various orthopyroxene
CPO types that may exist in nature, using an extensive collection of
peridotites from a variety of tectonic settings and localities. The second
aim is to explore what, if any, effect these CPOs have on the seismic
anisotropy of peridotites. This is critical because if orthopyroxene is
shown to play a significant role in bulk peridotite anisotropy, it could
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have important implications for how we interpret deformation or flow
directions from seismic fast directions.

2. Methods and approach

Previous work used several naturally-deformed peridotites to inve-
sitgate the relationship between olivine CPO type development and
deformation conditions such as stress, water content, and temperature
(Bernard et al., 2019). Of these 65 samples — which include xenoliths as
well as peridotites from ophiolites and continental massifs all deter-
mined to have deformed through dislocation creep processes — 21 had
identifiable orthopyroxene CPOs and are the focus of this study. These
21 samples, all of which are spinel peridotite xenoliths, come from San
Carlos in Arizona, Kilbourne Hole in New Mexico, Cerro Chato locality
of the central Rio Grande Rift (Byerly and Lassiter, 2012), Navajo Vol-
canic Field (Colorado Plateau) (Behr and Smith, 2016), Lunar Crater
Volcanic Field in Nevada (Dygert et al., 2019), San Quintin Volcanic
Field in Baja California Mexico, and the Cima Volcanic Field and Dish
Hill localities of the Mojave region of southern California (Bernard and
Behr, 2017). Additional information on all of these samples, as well as
how thin sections were oriented using X-ray CT and the calculation of
water contents from Secondary Ion Mass Spectrometry, can be found in
Bernard et al. (2019).

2.1. Data acquisition

Electron Backscatter Diffraction (EBSD) data were collected on an
ESEM XL30 at UT Austin to measure CPO in all phases of the peridotite
samples. Polished thin sections were analyzed using 20-25 kV acceler-
ating voltage, 15-20 mm working distance, medium to large spot size,
30-40x magnification, and 10-50 um step sizes. Data were acquired
using the Large Area Mapping tool in Oxford Instruments AZtec software
(version 2.1). Postprocessing was conducted using the MTEX 4.4.0
toolbox developed for MATLAB (Bachmann et al., 2010; Mainprice et al.,
2011). This code was used to create lower hemisphere equal area pole
figures of the three principal axes in olivine and orthopyroxene: [100],
[010], and [001]. These pole figures were used for the identification of
CPO types. MTEX was also used to extract elastic tensor properties,
analyze the seismic response of each sample, and calculate CPO fabric
strengths using the M-index (Skemer et al., 2005) and J-index (Bunge,
1982). The M-index ranges from zero for a random CPO to 1 for a single
crystal. The J-index ranges from 1 (random fabric) to infinity (single
crystal).

2.2. Calculation of the elastic tensor and anisotropy parameters

The calculation of the effective elastic stiffness tensor, C, is critical
for any calculation of anisotropy from CPO data. C is a fourth-order
tensor that relates strain to stress for a given material. Using Voigt no-
tation, anisotropic media can be expressed as a 6 x 6 matrix, Cj, con-
sisting of up to 21 independent coefficients, depending on the crystal
symmetry (Voigt, 1928; Babuska and Cara, 1991). We calculated C;; and
seismic velocities through MTEX using built-in functions that take the
experimentally-derived single crystal elastic tensors for olivine and
orthopyroxene and create a single aggregate tensor based on the
measured orientations of grains within the sample for defined olivine/
orthopyroxene modal percents. We used Voigt-Reuss-Hill averaging, a
well-established method that averages tensors derived from Voigt (as-
sumes uniform strain) and Reuss (assumes uniform stress) approaches
(Hill, 1952). We also used the single crystal elastic constants of
Abramson et al. (1997) and Weidner et al. (1978) for olivine and for
orthopyroxene, respectively. Tensors were generated for several user-
defined modal percentages (rather than the true specimen modal
percent), covering the range of all possible olivine-orthopyroxene con-
tents. This was done in order to observe the influence of increasing
amounts of orthopyroxene relative to olivine.
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To quantify the relative influence of olivine and orthopyroxene on
seismic anisotropy response, we use an approach similar to that of Ward
et al. (2012), whose study looked at the competing effects of mica and
quartz CPOs on the bulk seismic anisotropy of quartz-rich mylonites
(their strategy was in turn similar to that of Tatham et al. (2008) and
Lloyd et al. (2009)). Using the elastic tensor Cj;, we can use MTEX to
calculate several measures of anisotropy, including the following
(Mainprice and Silver, 1993):

e Compressional P-wave anisotropy percentage, AVp, as calculated by
the equation [(Vpmax — VPmin)/0.5(VDmax + VPmin)1 * 100. This
measurement characterizes the difference between minimum and
maximum P-wave velocities (Vp) as a percentage of the mean.

e Shear wave splitting percentage, AVs, as calculated by the equation

[(Vs1 — Vs2)/0.5(Vs1 + Vs2)] * 100 where Vsl and Vs2 are the fast

and slow shear wave velocities, respectively. This measurement is

directionally dependent and characterizes the delay time between
the fast and slow shear waves, which is relevant for anisotropic
studies of shear wave splitting.

Shear wave anisotropy percentage of the fast shear wave, AVsl, as

calculated by [(Vs1max — V511in)/0.5(Vslax + Vs1min)] * 100. This

measurement characterizes the azimuthal variations of the fast shear
wave.

Shear wave anisotropy percentage of the slow shear wave, AVs2, as

calculated by [(Vs2max — V52min)/0.5(Vs2max + VS2min)1 * 100. This

measurement characterizes the azimuthal variations of the slow
shear wave.

In order to explore the relative influence of olivine and orthopyr-
oxene on the peridotites’ overall anisotropy, we used MTEX to control
the relative influence of each phase (i.e., imposing specific modal per-
centages) in calculating the elastic tensors and velocity parameters. For
this exercise, we generated values and plots of AVp, AVs, and AVsl for
the following normalized ratios of olivine to orthopyroxene: 0/100, 20/
80, 40/60, 60/40, 80/20, 100/0. In reality, the range of olivine-to-
orthopyroxene in these samples — measured from modal percentages
within the mapped areas and normalized to exclude other commonly
present phases such as clinopyroxene and spinel — is 62/38 to 92/8
(Table 1).

3. Results and discussion
3.1. Orthopyroxene CPO types

Despite being the second most abundant mineral in the mantle, our
current knowledge of orthopyroxene CPO is extremely limited (for a
review see Jung, 2017). Experiments investigating the plastic defor-
mation of orthopyroxene have found that (100)[001] slip is character-
istic for this phase (Raleigh, 1965; Raleigh et al., 1971; Green and
Radcliffe, 1972; Coe and Kirby, 1975; Ross and Nielsen, 1978). Less
frequently, the slip systems (100)[010] and (010)[001] have also been
observed experimentally (Raleigh et al., 1971; Ross and Nielsen, 1978;
Naze, 1987; Ohuchi et al., 2011), with more recent experiments
demonstrating that factors such as water content may affect active
orthopyroxene slip systems (Manthilake et al., 2013).

The common (100)[001] slip system should result in a CPO char-
acterized by the alignment of [100] axes normal to foliation and [001]
axes parallel to the lineation. This CPO is indeed the most commonly
documented, by far, for natural samples in the literature (Christensen
and Lundquist, 1982; Vauchez and Garrido, 2001; Ishii and Sawaguchi,
2002; Vauchez et al., 2005; Skemer et al., 2006; Xu et al., 2006; Hidas
et al., 2007; Falus et al., 2008; Tommasi et al., 2008; Skemer et al., 2010;
Soustelle et al., 2010; Katayama et al., 2011; Satsukawa et al., 2011;
Baptiste et al., 2012; Puelles et al., 2012; Chin et al., 2016; Demouchy
et al., 2019; Liptai et al., 2019; Engvik et al., 2020). In fact, this CPO is
considered to be so common that the orientation of orthopyroxene [100]
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Table 1
CPO types for each sample, along with calculated values.
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Sample OL OPX Modal Modal OL M- OL J- # OL OPX M- OPX J- # OPX OPX H20 ppm wt
CPO CPO OL OPX index index grains Index Index grains %
114027-10 E ABC 74 (80) 18 (20) 0.18 3.87 364 0.06 3.41 112 94
114027-16 A BA 74 (83) 15 (17) 0.13 3.24 350 0.11 3.39 149 -
114027-23 A AB 64 (79) 17 (21) 0.11 3.00 278 0.14 4.17 102 11
116610-26 D AC 66 (80) 16 (20) 0.11 2.71 475 0.05 2.24 200 184
117200- AG AB 66 (78) 19 (22) 0.12 2.72 445 0.04 2.27 228 67
205
117200- AG BC/ABC 54 (62) 33(38) 0.22 4.62 264 0.13 3.59 135 -
211
CC07-1-22 C CA 77 (87) 12 (13) 0.04 1.67 552 0.08 3.46 165 -
KH1 AG BC 57 (73) 21 (27) 0.14 2.64 798 0.09 2.46 334 -
KH2 B BC 45 (68) 21 (32) 0.08 2.23 395 0.03 2.19 174 174
N122 A CB 75 (82) 17 (18) 0.23 5.52 492 0.28 7.51 169 -
N188 E AB/AC 68 (75) 23 (25) 0.17 4.55 193 0.07 3.57 90 220
PL10 E AC 86 (88) 12 (12) 0.09 3.02 1098 0.06 3.36 130 -
SQ2 D CB 66 (79) 18 (21) 0.11 2.42 715 0.10 4.51 155 270
SQ3 D CB 61 (74) 21 (26) 0.08 2.95 363 0.09 4.11 104 182
YFN11 E CB 90 (91) 99 0.12 3.07 2592 0.11 4.18 275 34
YFN13 E CB 55 (74) 19 (26) 0.07 1.93 842 0.25 17.26 85 82
RCiV8-22 A BC 77 (92) 7 (8) 0.11 3.07 271 0.02 3.00 81 -
RDH23 E CA 64 (81) 15 (19) 0.13 3.46 216 0.05 3.32 86 -
RDH33 D CA 80 (84) 15 (16) 0.08 2.31 337 0.04 2.03 198 84
WCiVb46 E CA 59 (76) 19 (24) 0.08 2.86 207 0.04 3.29 85 95
WCiVb47 A CA 67 (71) 28 (29) 0.11 3.09 221 0.03 2.26 154 239

True modal percents of olivine and orthopyroxene are shown along with the normalized modal percentage between the two phases; the latter are shown in parentheses.
M- and J- indices were calculated from EBSD data using MTEX, for a halfwidth of 10 degrees. The number of grains is indicative of the grains mapped and plotted from
EBSD data. Water contents were obtained from SIMS and reported in Bernard et al. (2019); uncertainties were primarily due to heterogeneity of grains within each
sample, which resulted in a standard error of ~15% of the reported averages. Information on localities also reported in Bernard et al. (2019). 114027- samples are from
San Carlos, Arizona; 117200- and KH samples from Kilbourne Hole, New Mexico; CC07- from Cerro Chato, Rio Grande Rift; N122 and N188 from Navajo Volcanic
Field, Colorado Plateau; PL10, YFN11, YFN13 from Lunar Crater Volcanic Field, Nevada; SQ samples from San Quintin Volcanic Field, Mexico; RCi- and WCi- from

Cima Volcanic Field, Mojave; RDH- from Dish Hill, Mojave.

and [001] axes have been used as a reference frame for displaying CPO
of other phases in samples where the lineation and/or foliation is un-
clear (that is, lineation is assumed to be parallel to orthopyroxene [001])
(Yu et al., 2019; Shao et al., 2021). However, some studies have also
reported slip along the (010) glide plane (i.e. (010)[100] and/or (010)
[001]) in naturally deformed orthopyroxene, often occurring along with
(100)[001]) (Vauchez et al., 2005; Toy et al., 2010; Satsukawa et al.,
2011; Baptiste et al., 2012; Chin et al., 2016).

A study by Jung et al. (2010) found the existence of four types of
orthopyroxene CPO at a single peridotite xenolith locality. The authors
of that study established a naming convention for orthopyroxene CPO
types that we adopt here. This convention identifies types by slip sys-
tems — for example the common CPO caused by (100)[001] is known as
“AC” because the a-axis is the slip plane and the c-axis is the slip di-
rection. The three additional types of CPOs from Jung et al. (2010) are
known as AB-type, BC-type, and ABC-type, which the authors found
occurred as a function of orthopyroxene modal percent and water con-
tent (Fig. 1). In their study, AC-type was present in samples with lower
orthopyroxene modal percent (<18%) and lower water contents than
the other three types. In none of these previously reported CPO types
does the fast orthopyroxene axis (the a-axis) align with the fast axis of
olivine (also the a-axis). An exception is a study by Hidas et al. (2016),
which described CPOs of orthopyroxene that mimicked that of olivine;
however, in this case the observation was attributed to oriented synki-
nematic crystallization via dissolution—precipitation processes.

Our compilation reveals three additional orthopyroxene CPO types,
which may be important for seismic anisotropy (Fig. 1). Using the same
naming convention as Jung et al. (2010), we establish a CA-type
(developed from the (001)[100] slip system), CB-type (the (001)[100]
slip system), and BA-type (the (010)[100] slip system). The CA-type CPO
is characterized by an alignment of the [100] axes in the lineation di-
rection and [001] normal to foliation. It is identical to the olivine E-type
CPO. The CB-type is characterized by [100] axes perpendicular to
lineation within the foliation plane and [010] aligned parallel to

lineation. The BA-type is identical to olivine A-type CPO, where the
[100] axes are aligned parallel to lineation and [010] axes are normal to
foliation. The CA-type and BA-type CPOs may be significant from a
seismological standpoint, because the orthopyroxene fast axis is aligned
parallel to the olivine fast axis, and as a result may not have the same
destructive interference on anisotropy as the other types.

While the first to categorize them in this way, ours is not the first
study to observe these unusual orthopyroxene CPOs. For example, Liu
et al. (2019) found that a small number of peridotite xenoliths in their
study preserved orthopyroxene CPOs similar to our BA- and CA-types.
Prior workers on peridotite massifs have long noted the existence of
orthopyroxene CPOs characterized by an alignment of the [001] axes
parallel to lineation (as is the case for our CA- and CB-type); however, in
all cases this abnormal orientation was interpreted as forming via
dissolution-precipitation processes rather than dislocation creep (Suhr,
1993; Dijkstra et al., 2002; Hidas et al., 2016; Dilissen et al., 2018).

Of the 21 samples in this study, 5 had CA-type, 5 had CB-type, 3 had
BC-type, 2 had AB-type, 2 had AC-type, 1 had ABC-type, and 1 had BA-
type (Table 1). The remaining two samples had inconclusive CPO types
appearing to be some combination of these. Orthopyroxene CPO M-
indices range from 0.02 to 0.28, while J-indices range from 2.02 to 7.51
(excluding an outlier where the J-index was 17.26) (Table 1). Five
samples (including the aforementioned outlier) have less than 100
grains of orthopyroxene mapped by EBSD, and therefore may have un-
reliable fabric strength indices (Table 1). More on these indicies can be
found in the Appendix.

We find little evidence that there is a relationship between ortho-
pyroxene CPO and its modal percent, as observed by Jung et al. (2010)
(Table 1 and Fig. 2). Their study found that the AC-type samples had
modal percentages <18%, while samples with AB-, BC-, and ABC-type
CPO had higher modal percentages. In our dataset, the two AC-type
samples indeed had low modal percentages (12-16%), but so did
some BC- and AB-type samples. Modal percent seems less influential for
the CPO types introduced in this study. We see a wide range of modal
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Fig. 1. Schematic pole figures showing the documented types of olivine and orthopyroxene CPO. The horizontal axis of each pole figure represents the foliation plane
and lineation orientation. To the left of each CPO type is n, the number of samples in this study with that CPO type. Some orthopyroxene types have half numbers

because two samples had a mixture of CPO types (see Table 1).

percentages among the samples with CA- and CB-type CPO (12-28% and
9-21%, respectively). The one sample with BA-type CPO had 15%
orthopyroxene.

Finally, we investigated the relationship between orthopyroxene
water content and CPO type (orthopyroxene water contents for 13
samples in this study were obtained through Secondary Ion Mass Spec-
trometry (SIMS) and reported in Bernard et al. (2019)). Unlike Jung
etal. (2010), we find no evidence that AC-type is more common at lower
water contents (Fig. 2). In fact, AB-type samples had the lowest water
contents on average at 39 ppm Hy0 wt% (n = 2); in comparison, the only
AC-sample with measured orthopyroxene water contents contained 184
ppm Hp0 wt% (Table 1).

3.2. Anisotropy trends with modal percentage

For the modal percent scenario where the olivine/orthopyroxene
(Ol/0px) ratio is 80/20, we find the following ranges for the aggregate:
AVp: 4.84-10.90%; AVs: 4.20-7.74% (maximum); AVsl: 1.54-5.44%;
AVs2: 0.73-6.05%; Vp: 7.88-8.10 km/s (minimum) to 8.50-8.91 km/s

(maximum); Vsl: 4.75-4.90 km/s (minimum) to 4.95-5.06 km/s
(maximum); Vs2: 4.62-4.74 km/s (minimum) to 4.77-4.91 km/s
(maximum) (Supplementary Document Table S1). Unsurprisingly, the
relative amounts of olivine and orthopyroxene have a significant effect
on these values. Average trends over all samples, AVp, AVs (maximum),
AVsl, and AVs2 all increase steadily with increasing olivine content
(Figs. 3 and 4). The same is true for maximum Vs1 and Vp sample values.
Maximum Vs2 decreases with increasing olivine content, as would be
expected with increasing AVs. Modal percentage aside, there is a wide
range of anisotropy parameters between samples, even for the case of
pure orthopyroxene (0Ol/Opx = 0/100) and pure olivine (Ol/Opx = 100/
0) (Fig. 4). This variation is due to the variations in orthopyroxene and
olivine CPO fabric strength.

Despite the multiple combinations of six olivine CPO types and seven
orthopyroxene CPO types that exist in this dataset, some simple patterns
emerge. For all samples — whether the orthopyroxene fast axis is parallel
to that of olivine or not — the orientation of Vp and AVs anisotropy
within the reference frame is determined solely by olivine when at least
20-40% of the sample is olivine. In other words, if a sample is 80%
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Fig. 2. Orthopyroxene modal percent and water content for individual sam-
ples, arranged by orthopyroxene CPO type.

orthopyroxene and 20% olivine, the orientation of the olivine CPO de-
termines the bulk anisotropy. As an example, sample 117200-211 has an
orthopyroxene CPO of BC/ABC-type and an olivine CPO of AG-type. In
this sample, the [100] axis is arranged as a girdle within the foliation
plane for olivine and normal to the foliation plane for orthopyroxene.
When calculating Vp for a scenario when orthopyroxene is 100% of the
sample, the fastest direction is normal to the foliation plane and linea-
tion (the flow direction). When doing the same for the scenario when
olivine is 100% of the sample, the fastest axis is within the foliation
plane and subparallel to lineation. As shown in Fig. 3, at only 20%
olivine (and 80% orthopyroxene), the fast axis is oriented within the
foliation plane (Fig. 3 shows results for only one representative sample.
Pole figures and anisotropy plots showing the same behavior can be
found for the other samples in the Supplementary Document, Figs. S1
and S2). For all samples, this switch — where the bulk response reflects
the olivine CPO - happens when olivine is 20-40% (Supplementary
Document).

Also revealed by this dataset is confirmation that the presence of
orthopyroxene decreases the overall anisotropy in all samples. Even
when orthopyroxene’s fast axes are oriented parallel to olivine’s fast
axes, it will decrease the intensity of seismic anisotropy because
orthopyroxene is inherently less anisotropic. In general, increasing the
proportion of olivine increases all measures of anisotropy (Fig. 4). In
some samples, particularly those in which orthopyroxene and olivine
fast axes are not subparallel, we see a decrease in anisotropy when
olivine increases from 0 to 40 modal percent (Fig. 4). This is due to the
mutually destructive nature of these CPOs, where the olivine and
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orthopyroxene fast axes cancel each other out. However, when olivine
modal percent is above 40%, the addition of more olivine results in
stronger anisotropy.

For typical mantle, olivine makes up more than 40%, so we can
expect that despite the wide variety of orthopyroxene CPOs that exist in
nature, anisotropy directions will reflect the CPO of olivine alone.
However in settings with significant amounts of pyroxene, the wide
array of orthopyroxene CPOs could result in complex patterns of
anisotropy. While many pyroxenites only exist as veins, dykes, and
layers within larger peridotite bodies (e.g. Wilshire et al., 1980; Garrido
and Bodinier, 1999) and in quantities insignificant to large-scale seismic
observations, there are geologic settings where a high proportion of
orthopyroxene relative to olivine may be found in significant volumes.
For example, the base of continental and intraoceanic arcs often contain
excess amounts of pyroxenites resulting from processes such as crystal
accumulation of mantle-derived magmas, interactions between perido-
tite and silicic melts generated from recycled oceanic crust, and meta-
somatism through silica enrichment (Ducea and Saleeby, 1998; Saleeby
et al., 2003; Lee et al., 2006; Chin et al., 2014). Exposed sections of arcs
have revealed layers of cumulate pyroxenites near paleo-Moho expo-
sures that can be several km thick, as is the case in the Kohistan arc
(Burg, 2011). Thermodynamic and crystal fractionation modeling ef-
forts suggest these exposures considerably underestimate the original
true thickness of these sections (Behn and Kelemen, 2006; Greene et al.,
2006), as lower crustal foundering has likely removed signficant por-
tions of this dense material (DeBari and Greene, 2011). For example, a
reconstruction of the Talkeetna arc in Alaska, which has 500 m of py-
roxenite section above the mantle exposure, suggests this arc once
included a 10 km-thick section of pyroxenite (Hacker et al., 2008).

3.3. Characterization of the elastic tensor

Seismic observational and modeling studies rely on assumed elastic
tensors. Characterizing the symmetry of elastic tensors collected from
natural samples can inform these studies so that they best represent the
complexities of nature. This suite of peridotites was used to compile a set
of elastic tensors (Supplemntary Document Table S2) and observe how
the modal percent and CPO of orthopyroxene affects the symmetry of
these tensors using the decomposition approach of Browaeys and
Chevrot (2004). In order of increasing symmetry and simplicity, the
symmetry classes are triclinic (with 21 unique coefficients), monoclinic
(13), orthorhombic (9), tetragonal (6), and hexagonal (5). Due to its
simplicity, the hexagonal symmetry class is a typical assumption used
for seismological studies of anisotropy both in the crust and mantle.
Hexagonal symmetry refers to the case where there is a single fast or
slow symmetry axis and isotropic velocities in the plane perpendicular
to that axis. It is often referred to as transverse isotropy when the
symmetry axis is vertical. While mantle anisotropy is fairly well
approximated by fast-axis hexagonal symmetry (Becker et al., 2006),
studies of natural samples have concluded that peridotites are best
approximated instead by orthorhombic anisotropy (Schulte-Pelkum and
Blackman, 2003; Worthington et al., 2013). It should be noted that the
symmetry characterizing an elastic tensor derived from bulk alignment
of minerals is not the same as the symmetry of a single mineral crystal (e.
g., mica itself is a monoclinic mineral, but several micas together will
align with one common axis in the direction of flow while the plane
normal to flow is isotropic, displaying hexagonal anisotropy).

The original decomposition method paper of Browaeys and Chevrot
(2004) showed results from one natural sample. The anisotropic
component of that tensor was roughly 9% for only olivine, and 5% for a
70/30 mixture of olivine and orthopyroxene. In both scenarios, the
largest anisotropic component was the hexagonal symmetry class, fol-
lowed by orthorhombic and triclinic. The addition of orthopyroxene
decreased the relative percentage of orthorhombic symmetry and added
a small monoclinic component. The results of our study show that while
this varies slightly from sample to sample, hexagonal symmetry
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Fig. 3. A: Vp velocities for each olivine and orthopyroxene principal axis (Christensen, 1984). B: Equal area, lower hemisphere pole figures for olivine and
orthopyroxene from sample 117200-211 (Kilbourne Hole). These contour plots are based on one point per grain, and plotted for a halfwidth of 10 degrees. Colorbar
scales are an indication of pole figure strength (larger numbers equate to higher fabric strength). Number of grains plotted, M- and J-indices for this and other
samples are listed in Table 1. C: (Top) Equal area lower hemisphere stereographic projections of Vp (km/s) calculated for a range of olivine and orthopyroxene modal
percentages (with increasing normalized olivine percent moving left-to-right) for sample 117200-211. Maximum and minimum values indicated by black and white
squares, respectively. Percentage anisotropy (AVp) included on bottom right of each spherical projection. (Bottom) Equal area lower hemisphere stereographic
projects of AVs (%) calculated for the same modal percentages. Lines represent the trace of Vsl polarization axes. Maximum AVs percent included on bottom right of
each spherical projection.
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with increasing olivine content (left to right).

dominates the anisotropic component when olivine is greater than 20%.
For the case of pure orthopyroxene, the anisotropic component is low
(less than 3%) with roughly equal proportions of hexagonal and triclinic,
along with smaller amounts of orthorhombic and monoclinic. We are
most interested in the scenarios when olivine is greater than 60% of the
tensor as is the case of the mantle. Here, we get very similar results to the
representative natural sample of Browaeys and Chevrot (2004), where
most of the tensor’s anisotropic component is best approximated by
hexagonal, followed by orthorhombic, then triclinic, and a small per-
centage of monoclinic symmetry. The presence of a monoclinic
component in the 100% olivine scenario is perhaps the only difference
between our average and their sample. Even the percent of the tensor
that is anisotropic is remarkably similar. At 70% olivine, our anisotropic
component would be extrapolated to almost exactly 5% of the tensor.
Because hexagonal symmetry is the largest proportion of the
decomposition results, it would be sensible to conclude that hexagonal
symmetry is the best approximation of these tensors. However, when we
look at the decomposition results for a single crystal of olivine, we see
that even here the approach of Browaeys and Chevrot (2004) give us a
large hexagonal component, even though olivine itself is an ortho-
rhombic mineral (Fig. 5). When looking at the CPOs as pole figures, we
can see visually that many of our samples are clearly orthorhombic (e.g.,
those samples where we see point maxima rather than girdles) (Sup-
plementary Document Fig. S1). This is an inherent feature of the
decomposition approach; a symmetry that is clearly orthorhombic will
still return large isotropic and hexagonal components because the lower
symmetries are the deviations in the tensor norm from the higher
symmetries. While the decomposition approach always returns a large
hexagonal component, it still holds meaningful information regarding

the influence of lower symmetry classes. On average, orthorhombic and
lower symmetries comprise a larger percentage of the anisotropic
portion of the tensor with increasing orthopyroxene content. There are
interesting variations to these trends for some individual samples
(Fig. 5). PL-10 - a peridotite with AC-type orthopyroxene CPO and
olivine E-type CPO - had a relatively high proportion of anisotropy in its
calculated tensor, which was almost entirely dominated by hexagonal
symmetry at high olivine contents. YFN13 — a peridotite with CB-type
orthopyroxene CPO and olivine E-type CPO - had a very large mono-
clinic component, particularly at high orthopyroxene contents. In both
of these samples, there is also a small component of tetragonal sym-
metry, limited to the 40/60 olivine/orthopyroxene scenario. Finally,
KH1 - a peridotite with BC-type orthopyroxene CPO and AG-type olivine
CPO - was unique in that at high olivine contents, there was a significant
tetragonal component and no orthorhombic component.

Again, despite the myriad of orthopyroxene and olivine CPO com-
binations, simple patterns emerge when looking at the dataset as a
whole, particularly when focusing on the realistic scenario where the
olivine/orthopyroxene ratio is 80/20. Looking at all samples in a ternary
diagram that displays the fraction of hexagonal to orthorhombic to the
remaining lower symmetry components (tetragonal + monoclinic +
triclinic), it is evident that olivine and orthopyroxene CPO types do not
appear to significantly affect the decomposition results (Fig. 6)
(Brownlee et al., 2017). An exception might be olivine D-type CPO and
orthopyroxene AC-type CPO, which consistently plot in the hexagonal
corner of the diagram.

Also of interest to geophysicists is whether the best fit hexagonal
tensor can best be approximated by fast or slow axis symmetry. Fast axis
symmetry is typically assumed for the mantle, while slow axis symmetry
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Fig. 6. Results from decomposition analysis showing fraction of hexagonal to
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triclinic) for each sample, when the olivine/orthopyroxene ratio is 80/20. Also
shown are the decomposition results for single crystals of olivine (Abramson
et al.,, 1997) and orthopyroxene (Weidner et al., 1978).

is assumed for the crust (e.g. Brownlee et al., 2017). Different notation
conventions exist for the five independent elastic parameters in the
hexagonal case. One such convention is that of Love (1944), in which the
five parameters are referred to as A, C, F, L, and N. Using the decom-
position analysis, we extract the Love parameters and use them to
determine whether the hexagonal component of the tensor is charac-
terized by slow or fast axis symmetry; C is the symmetry axis constant
and greater than A in the case of fast axis symmetry, and less than A in
the case of slow axis symmetry. Overall, most samples have slow axis
symmetry when the olivine/orthopyroxene ratio is 0/100 or 20/80, and
fast axis symmetry when the olivine percentage is higher (Supplemen-
tary Document Fig. S2). While high olivine contents translate to fast axis
symmetry in most cases, exceptions include the samples with olivine AG-
type CPO, which is unsurprising as this CPO is characterized by an
alignment of olivine’s slowest axis [010] normal to the foliation plane
with the other axes in a girdle within the foliation plane. A few samples
classified as A-type — and the one B-type sample — also display slow axis
symmetry at high olivine contents.

4. Conclusions and implications
The primary conclusions from this study are as follows:

1. In addition to the four previously published orthopyroxene CPO
types, this study has revealed three new CPO types called CA-type,
CB-type, and BA-type following the nomenclature of Jung et al.
(2010). Of particular interest are CA- and BA-type, as they both result
in the orthopyroxene fast axes [100] aligned in the direction of
lineation, as is most common for olivine.

Appendix A. Quantifying CPO strength
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2. We see no evidence that variations of orthopyroxene CPO type are
related to differing water contents or modal percentages.

3. Despite the wide variety of orthopyroxene CPO types — and the many
combinations of orthopyroxene CPO and olivine CPO present in
samples within this dataset — the CPO of orthopyroxene has no sig-
nificant effect on overall seismic anisotropy when the olivine/
orthopyroxene ratio is at least 40/60.

4. The addition of small amounts of olivine occasionally results in a
temporary decrease in anisotropy from the 100% orthopyroxene
scenario. In these cases — typically when the olivine and orthopyr-
oxene fast axes are not aligned in the same direction - the ortho-
pyroxene and olivine CPOs are mutually destructive. However above
40% modal olivine, Vp and Vs anisotropy always increases with
increasing olivine content.

The implications of these findings are straightforward: at modal
percentages common for most of the mantle (i.e. olivine >60%), the
effect of orthopyroxene CPO is negligible on the orientation of seismic
fast axes, although the presence of increasing orthopyroxene will
decrease the overall anisotropic signal.

Key points

Twenty-one peridotites from a variety of geological settings preserve
seven orthopyroxene CPO types and six olivine CPO types.

Despite many combinations of olivine and orthopyroxene CPOs,
orthopyroxene has no significant effect on seismic anisotropy when
olivine is at least 40% of the sample.

Increasing orthopyroxene content decreases Vp and Vs anisotropy
percentages.

A Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tecto.2021.228954.
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Excluding an outlier with a J-index of 17.26, there appears to be a significant agreement (R? = 0.80) between J- and M-indices for orthopyroxene.
This is only slightly less than the agreement between these indices for olivine (R? = 0.84). The M-index was originally developed and tested only for
olivine, with the originators warning that it should only be used with similar materials with the same active slip systems (Skemer et al., 2005). The
results of this study suggest that this index works as well for orthopyroxene as it does for olivine. While there does not appear to be a significant
relationship between olivine CPO type and orthopyroxene CPO type, there is a moderate agreement between fabric strength of the two phases:
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excluding the outlier sample, olivine versus orthopyroxene had a R? of 0.44 for J-index and 0.36 for M-index (Fig. A1). As observed in most studies of
CPO in natural peridotite samples, olivine fabric strength is consistently higher than that of orthopyroxene, suggesting olivine accommodates more
deformation than other phases. The positive relationship between olivine and orthopyroxene fabric strength suggests that like olivine, orthopyroxene

fabric strength increases as a function of strain.
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