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Abstract—-To better understand volcanism on planetary bodies other than the Earth, the
quantification of physical processes is needed. Here, the petrogenesis of the achondrite
Martian Yamato (Y) nakhlites (Y 000593, Y 000749, and Y 000802) is reinvestigated via
quantitative analysis of augite (high-Ca clinopyroxene) phenocrysts: crystal size distribution
(CSD), spatial distribution patterns (SDP), and electron backscatter diffraction (EBSD).
Results from CSD and EBSD quantitative data sets show augite to have continuous
uninterrupted growth resulting in calculated minimum magma chamber residence times of
either 88—117 £ 6 yr or 9-12 yr. All samples exhibit low-intensity S-LS type crystallographic
preferred orientation. Directional strain is observed across all samples with intracrystalline
misorientation patterns indicative of (100)[001]:(001)[100] (Y 000593 and Y 000802) and
{110}<001>or {110}'/,<110> (Y 000749) slip systems. SDP results indicate phenocryst-
bearing crystal-clustered rock signatures. Combined findings from this work show that the
Yamato nakhlites formed on Mars as individual low-viscosity lava flows or sills. This study
shows that through combining these different quantitative techniques over multiple samples,
one can more effectively compare and interpret resulting data to gain a more robust,
geologically contextualized petrogenetic understanding of the rock suite being studied. The
techniques used in this study should be equally applicable to igneous achondrites from other
parent bodies.
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Igneous processes play an important role in the
formation and development of planetary bodies such as the
Earth, its Moon, and Mars, with the latter having features
that are heavily influenced by volcanic activity (Carr &
Head, 2010; Greeley & Spudis, 1981; Grott et al., 2013;
Taylor, 2013). Almost all Martian meteorites are igneous
rocks (Blamey et al., 2015; McSween & Treiman, 1998,
Udry et al, 2020). These samples therefore provide
valuable insights into magmatic processes and conditions

Shearer et al., 2015), volcanic events (Cohen et al., 2017),
magmatic evolution (Borg & Drake, 2005; Day et al., 2018;
Udry & Day, 2018), and igneous process mechanisms
(Longhi, 1991; Rahib et al., 2019; Santos et al., 2015; Udry
& Day, 2018).

The Yamato (Y) meteorites (Y 000593, Y 000749,
and Y 000802) belong to the nakhlites, which are the
second largest group of Martian achondrites (Udry et al.,
2020). Found on the same blue ice field in Antarctica
(Imae et al., 2003, 2005; Misawa et al., 2003), isotopic
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and geochemical data indicate a common parental melt
but unidentified source location on Mars (Cohen et al.,
2017; Day et al.,, 2018; Korochantseva et al., 2011;
Nyquist et al., 2001; Okazaki et al., 2003; Treiman,
2005). Initial analysis classified the Yamato nakhlites as
fall-paired and interpreted the samples as fragments
belonging to a single large nakhlite cumulate pile (Imae
et al., 2003). However, high-resolution *’Ar/*’Ar dating
of Y 000593 and Y 000749 by Cohen et al. (2017)
concluded that they sample at least two different igneous
units sourced from a shared parental magma system. The
significant increase over the last decade in both number
and variability (mineralogical, microstructural, and
chemical) of recovered nakhlites supports the conclusion
of Cohen et al. (2017) that the group represents multiple
igneous bodies rather than the initially hypothesized
large cumulate pile (Day et al., 2018; Kridmer Ruggio
et al., 2020; Tomkinson et al., 2015; Udry & Day, 2018;
Udry et al., 2020).

The Yamato nakhlites are excellent samples to use for
understanding emplacement through microstructural
analysis as they contain some of the lowest measured
relative shock levels across all currently identified Martian
meteorites (5-14 GPa; Fritz et al., 2005). To summarize
their properties, the Yamato nakhlites are unbrecciated
mafic igneous rocks of basaltic composition with shape
preferred orientation (SPO) indicating clinopyroxene
accumulation (Imae et al., 2005). Euhedral augite (high-Ca
clinopyroxene 69-77 vol%) is identified as the dominant
phase with phenocryst crystal sizes averaging ~1 mm X
0.5 mm. Also present are olivine (11-15 vol%),
titanomagnetite (1-4 vol%), and mesostasis (9—16 vol%)
comprised of lath-shaped plagioclase with minor augite,
pigeonite, olivine, titanomagnetite, K-feldspar, pyrrhotite,
apatite, tridymite, and iddingsite (Corrigan et al., 2015;
Imae et al., 2003, 2005; Udry & Day, 2018).

A rock’s microstructure is defined by the relationships
(spatial, orientation, etc.) between and within its
constituent components (in this instance crystals). Studies
of these relationships provide key insights into physical
and material properties, petrogenesis, magmatic evolution,
emplacement history (Barsdell, 1988; Corrigan et al., 2015;
Daly, Piazolo, et al., 2019; Donohue & Neal, 2018), and
post-emplacement deformation (Daly, Lee, et al., 2019;
Helmstaedt et al., 1972). Here, two quantitative techniques
are used: (1) image processed crystal size distribution
(CSD) and related spatial distribution patterns (SDP) and
(2) crystallographic analysis using electron backscatter
diffraction (EBSD). For ease of comparison between the
two presented data sets, the image processed data set (used
for CSD and SDP analyses) will henceforth be referred to
as CSD and the EBSD data set as EBSD. To aid the
reader, a list of acronyms and their definitions used in this
paper can be found in Table 1.

The technique of CSD is limited by the resolution of
the source images. CSD theory was originally developed to
understand crystallization within chemical engineering but
has since been applied to understand crystallization
processes in igneous rocks (Marsh, 1988). The EBSD
technique originates from materials science, where it was
developed as a characterization technique (Schwartz et al.,
2000). The technique is commonly used via a scanning
electron microscope (SEM), which enables the analysis of
samples at higher magnifications than traditional optical
microscopy (Higgins, 2006; Zhou et al., 2007). This higher
magnification is particularly useful when assessing samples
of igneous origin, especially fine-grained samples and/or
when there is often a limited amount of material available
to study (such as meteorites).

Recent CSD and SDP analyses of 11 nakhlites by
Udry and Day (2018), including Y 000593 and Y 000749,
showed that they consistently exhibit random SPO, that is,
they lacked any form of lineation (axis alignment along a
singular direction indicating at least two directions of
strain), and/or any foliation (axis alignment within a
singular plane indicating a single direction of strain;
Paterson et al., 1998). The random SPO indicates
formation from a larger body with no source of significant
external strain. However, recent EBSD investigations of
four nakhlites by Daly, Lee, et al. (2019) identified
consistent weak-moderate foliation, with some of the
meteorites also exhibiting lineation crystallographic
preferred orientation (CPO) and SPO. The results from
Daly, Piazolo, et al. (2019) imply diverse formational
histories for the nakhlites, where the lineation results
indicate an origin that is not solely driven by crystal
settling (Holness, 2007; Holness et al., 2007; Hunter,
1996). In this paper, CSD and EBSD analyses have been
applied to further physically constrain the petrogenesis of
the individual Yamato nakhlite stones, and so to better
understand their igneous emplacement prior to their
impact ejection from Mars.

MATERIALS AND METHODS

Augite was analyzed in five polished thick sections
representing all three Yamato nakhlites: Y 000593 (106-A
and 127-A), Y 000749 (64-A and 72-A), and Y 000802
(36-A). Augite phenocrysts were chosen for two reasons:
(1) their high (~60-80 vol%) modal abundance in the
nakhlites (Imae et al., 2003; Treiman, 2005; Udry &
Day, 2018) and (2) their crystal shape enables the short
crystallographic <001>, that is, <c> axis (i.e., CPO) to
be used as a proxy for the long shape axis (SPO) to
assess preferred orientation (Daly, Piazolo, et al., 2019;
Morimoto et al., 1988). Our analysis includes previous
CSD and SDP results from Udry and Day (2018) for
sections Y 000593 (106-A) and Y 000749 (72-A) that are
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Table 1. Acronyms used in this paper and their

definitions.

Acronym Definition

A aka “A-type”  Component of the BA-Index referring to
girdle CPO in the crystallographic [100]
aka [a] axis

B aka “B-type”  Component of the BA-Index referring to
lineation CPO in the crystallographic
[010] aka [b] axis

BA-Index The A and B crystallographic axes index;
shows the relationship between the
perpendicular <a> and <b>
crystallographic axes where 1 = complete
Py10 CPO (B-type) and 0 = complete Ggo
CPO (A-type)

CPO Crystallographic preferred orientation

CSD Crystal size distribution

EBSD Electron backscatter diffraction

EDS Energy-dispersive X-ray spectroscopy

GOS Grain orientation spread; measurement of
the angle deviation within crystals across
a given data set

IPF Inverse pole figure

J-Index A type of CPO index which uses the
second moment of an ODF, where the
ODF is the distribution of discrete
crystal orientation data in Euler angle
space

L aka “L-type”  Component of the LS-Index, referring to
lineation or point CPO within the
crystallographic [010] aka [b] axis

LS-Index The B and C crystallographic axes index;
shows the relationship between the
perpendicular <b> and <c>
crystallographic axes where 1 = indicates
complete Py;o CPO (L-type) and
0 = complete Gyp; CPO (S-type)

MAD Mean angular deviation; an assessment of
Kikuchi pattern quality

M-Index Misorientation index (a type of CPO
index)

MOS Maximum orientation spread; maximum
angle deviation angle from the mean
crystal orientation

MUD Multiples of uniform density, an expression
of ODF

ODF Orientation distribution function

OPPG One point per grain

PGR Point (a.k.a. lineation), girdle (a.k.a.
foliation), random ternary endmembers of
Eigenvalue analysis (a type of CPO index)

S or “S-type” Component of the LS-Index, referring to
“schistose” or girdle CPO within the
crystallographic [001] aka [c] axis

SDP Spatial distribution pattern

SEM Scanning electron microscope

SPO Shape preferred orientation

supplemented by new EBSD analysis described here. All
samples analyzed in this study were provided by the
Japanese National Institute of Polar Research (NIPR) as
premade thick sections and as such were not cut with
respect to any SPO nor an external common reference
point. Meteorite samples typically lack external reference
points. For this study, an arbitrary principal orientation
was defined based on the EBSD maps (Fig. 1) to enable
consistency in comparing and presenting data between
the different sections where: Y = top-bottom direction of
the thick section, X = left-right direction of the thick
section, and Z = direction perpendicular to the plane of
the thick section. Additionally, for ease of comparison
between CSD and EBSD data sets, all EBSD
measurements are reported in mm or mm? rather than
the more typical units of pm and pm?.

Electron Microscopy

In preparation for EBSD analysis, each of the five
thick sections underwent a fine mechanical polish using
I pm then 0.3 pm aluminum spheres suspended in
glycol for 5 min before being chemically polished for
4 h using 0.1 pm colloidal silica suspended in an NaOH
solution. These polishing steps were followed by the
application of an ~10 nm thick conductive carbon coat
using a sputter coater.

All samples were studied by SEM. Backscatter and
forescatter electron images, and energy-dispersive X-ray
spectroscopy (EDS) and EBSD data were obtained at
the ISAAC imaging center, University of Glasgow. The
SEM used was a Zeiss Sigma Field Emission Gun
Variable Pressure Scanning Electron Microscope (FEG-
VP-SEM) operating Oxford Instruments AZtec analysis
software v3.3. Conditions were tilt 70°, high vacuum
(3.5 x 107" Pa) accelerating voltage 20 keV, aperture
120 pm, beam current 4.1 nA (full analysis settings for
each studied section are available in Appendix S1). EDS
analyses were collected simultancously with the EBSD
data using an Oxford Instruments X-Max 80 mm’
silicon  drift  detector  energy-dispersive = X-ray
spectrometer and NordlysMax” EBSD detector.

Step sizes for each individual EBSD measurement
(ranging 3-5 pm) were chosen to maximize the surface
area covered by the maps and ensure data collection
over reasonable time frames (<2 days), while still being
smaller than each section’s augite crystals. For data
processing, the phase augite (crystallographic axes
a=1097 <b=10 < ¢ = 596 A) was selected. Kikuchi
diffraction patterns were assessed to provide reasonable
mean angular deviation (MAD) values (0.51-0.72) that
were in range of acceptable indexing values for
geological specimens (Prior et al., 2009). EBSD data
were noise-reduced using Oxford Instruments HKL
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Y 000595

Y 000749 Y 000802

106-A 127-A 64-A 72-A 36-A

@ Phase Map
[l Olivine, [ Titanomagnetite, [l]l Augite (high Ca-clinopyroxene), [l Orthopyroxene, Plagioclase

010 Augite,
Plagioclase

100 100 Orthopyroxene 100

Inverse Pole Figure (IPF)

Slope of fitted ellipse’s
Long-axis

itanomagnetite

P. b

Fig. 1. EBSD results from the Yamato nakhlites. a) Phase map showing augite (px, green) as the dominant phase within all
samples. Other phases indicated are olivine (blue), orthopyroxene (lime green), plagioclase (aqua), and magnetite (yellow). Px
abundance in vol% is as follows: 54% Y 000593 (106-A), 53% Y 000593 (127-A), 45% Y 000749 (64-A), 32% Y 000749 (72-A),
61% Y 000802 (36-A). For the full breakdown of modal mineralogy, please refer to supporting information. b) Inverse pole
figure (IPF) maps oriented in the Z direction (axes perpendicular relative to the map plane). c¢) Crystal area referring to the thick
section 2-D SPO. d) Slope angle relating calculated fitted ellipse long axis relative to the map plane. Fitted ellipse major axis
represents the true SPO crystal long axis corrected for crystallographic orientation using the <c>crystallographic axis (coupled to

augite’s long shape axis).

Channel 5 software as per standard procedure; a single
wildspike correction followed by an iterative 8, 7, and
then 6 points nearest neighbor zero solution reduction
to remove erroneous data points (mis-indexed and non-
indexed points) and facilitate crystal definition without
generating significant artifacts within the data set

(Bestmann & Prior, 2003; Daly, Lee, et al.,, 2019;
Forman et al.,, 2016, 2019; Watt et al., 2006). EDS
scans encompassing the entire thick section were
acquired for Y 000593 (127-A), Y 000749 (64-A), and Y
000802 (36-A) to incorporate regions outside the EBSD
maps to assist CSD and SDP analyses. These larger
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scans were acquired on the Zeiss SEM at a 0° tilt angle,
under high vacuum (3.5 x 10™* Pa), with a field of view
of 0.6 x 0.8 mm per frame, working distance 8.5 mm,
20 keV, and a 4.1 nA beam current.

SPO and CPO Analyses

Electron Backscatter Diffraction

Individual augite crystals were identified via HKL
Channel 5’s automated “grain detect” algorithm.
Crystal boundaries were determined based on a >10°
internal crystallographic misorientation threshold of
each neighboring pixel, accounting for visually
identified twin boundaries (180° rotation around
augite’s [100], [001], [204], or [104] planes). Crystals
<10 pixels in size were removed from the complete
data set as they would constitute too few data points
to robustly sample the mineral and define its crystal
size based on the scan resolution, the step size, and
the crystal fracturing within each section (Forman
et al., 2019; Watt et al.,, 2006). To enable consistent
comparison between EBSD and CSD data sets,
crystals <0.3 mm (the resolution limit of the CSD
data set) were ignored for CPO and SPO analyses.
Prior to intercrystalline CPO and SPO analyses, a one
point per grain (OPPG) data reduction was applied to
each sample, where the OPPG subset was visually
checked for artifacts against Euler and inverse pole
figure (IPF) results and an additional manual
reduction applied. This manual reduction removed any
excess crystallites associated with fractured crystals,
whose boundaries exceeded the >10° internal
misorientation threshold.

EBSD SPO was derived using the slope angle
calculated from the best-fit ellipse algorithm in Oxford
Instruments” HKL Channel 5 Tango module. This
algorithm was used to calculate crystal area, length of
the long shape axis, and slope of the ellipse relative to
the thick section surface.

EBSD intercrystalline CPO was determined using
the reduced OPPG subsets (noppg, Table 4) and
plotted on lower hemisphere equal area projections
(pole figures) using HKL Channel 5’s Mambo
software module. Pole figures were plotted using the
following settings: cluster 3°, half width 15°, with the
maximum uniform density (MUD; i.e., relative density
of data points) value ranging 0-5 (exceeds individual
scan MUD values) to enable comparison between
samples.

The strength and intensity of CPO in each sample
were quantified using three combined CPO calculations:
M-index, J-index, and Eigenvalue analysis (Bunge, 1982;
Skemer et al., 2005; Vollmer, 1990), via the MATLAB
toolbox “MTEX” (Bachmann et al., 2011). Data used

for these calculations were sourced from the raw
exported EBSD data. CTF files underwent noise
reduction (equivalent to Channel 5’s Wildspike), crystal
boundaries established at 10° misorientation between
pixels, and all crystals <0.3 mm were removed (ny7£x,
Table 4). CPO was assessed using the code of Daly,
Piazolo, et al. (2019) with amendments according to
Mainprice et al. (2015). Here, the CPO strength values
and parameters are defined based on available pyroxene
data sourced from compositionally similar terrestrial
igneous rocks (i.e., plutonic intrusive or extrusive
basaltic igneous specimens).

M-index CPO results will sit between 0 (random
CPO) and 1 (single crystal CPO; Skemer et al., 2005).
The calculation attributes equal weighting to all
crystallographic axes and assesses the amount of
rotation required for two neighboring crystals to be
aligned (Skemer et al., 2005). Stable M-Index values
require <2% convergence, where the exact number of
crystals is dependent on the CPO intensity of the
specimen. For the nakhlites, ~300 crystals are required.

J-index utilizes the crystal’s Euler angles, where
CPO results theoretically increase from 0 (random
CPO) to infinity (single crystal CPO; Bunge, 1982). For
this study, CPO strengths are classified using the same
ranges as Daly, Piazolo, et al. (2019), that is, where low
CPO =1.40-1.80, low-medium CPO = 1.80-2.40,
medium CPO = 2.40-5.00, medium-strong
CPO = 5.00-12.00, and strong CPO = >12. Statistically
relevant data sets for J-Index results are also directly
linked to the intensity of the CPO, where the number of
crystals required (~300) increases with decreasing
intensity (Ismail & Mainprice, 1998).

Eigenvalue measurements assess the shape,
intensity, and strength of CPO. These results are
typically reported for each crystallographic axis as a
normalized fraction between three CPO endmembers:
random (R), point maxima (lineation; P), and girdle
(foliation; G), where the combined PGR value for each
axis is equal to 1 (Vollmer, 1990). Due to the nature of
geological materials, pure 100% endmembers are
uncommon, and therefore, strong CPO is considered to
have representative Eigenvalues of ~50% (Boneh &
Skemer, 2014; Daly, Piazolo, et al., 2019). Eigenvalue
analysis here uses the same parameters reported in
Daly, Piazolo, et al. (2019), which infers random CPO
as R >90%, weak CPO (P and G 10%-30%), moderate
CPO (P and G 30%-50%), and strong fabric (P and
G >50%). Additional CPO shape information can be
calculated from relating augites’ two sets of
perpendicular crystallographic axes: [010] and [001]
using the LS-Index, and [100] and [010] using the BA-
Index. LS and BA indices were calculated using the
following equations:
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(@) Y 000593 (127-4)

(d) Y 000593 (106-A)

2 mm

(b) Y 000749 (64-A)

(¢) Y 000802 (36-4)

Fig. 2. Manually outlined crystals identified for CSD analysis (CSD data set) where augite (high-Ca pyroxene; px) is black,
olivine (ol) is light gray, mesostasis phases (mes) are dark gray. Abundance of phases is in vol%: a) Y 000593 (127-A; px: 67%,
ol: 16%, mes:17%); (b) Y 000749 (64-A; px: 70%, ol: 11%, mes: 19%); (c) Y 000802 (36-A; px: 66%, ol: 16%, mes: 18%); (d) Y
000593 (106-A; px:72.1%, ol: 14.9%, mes: 12.9%); and (e) Y 000749 (72-A; px: 68.8%, ol: 10.8%, mes: 20.3%). All images are
at the same scale. Images (d) and (e) and associated CSD results are originally published in Udry and Day (2018). For the full
mineralogical breakdown, please refer to supporting information. White dashed lines indicate EBSD analysis regions shown in

Fig. 1.

1 Po1o ) ( Goot )]
LS=—-|2— — 1
2 { (Gmo + Poio Goo1 + Poot O

1 Po1o > ( Gioo ﬂ
BA =—-|2— — 2
2 [ (Gom + Poro Gigo + Pioo @

where P, and Gy refer to the Eigenvalue P and G
results of a given crystallographic axis (x). Calculated
index values =1 (L- or B-type) indicate lineation-
dominant CPO and values = 0 (S- or A-type) indicate
foliation type CPO for the respective index.

The level of internal crystal deformation for each
sample was investigated using average grain orientation
spread (GOS), the mean deviation angle from the
crystal’s average orientation, and the maximum
orientation spread (MOS), the highest angle difference
across the sample, using HKL Channel 5’s grain detect
algorithm. Intracrystalline misorientation patterns,
which allude to the activated slip systems within a
crystal’s internal grain boundaries, were processed from
the EBSD data set prior to OPPG reduction. Crystal
and sample reference plots were created using HKL
Channel 5’s Mambo software module using the

following settings: cluster 3°, half width 15°, with the
MUD values ranging 0-5 to enable comparability
between different EBSD scans.

CSD and SDP from IP-QTA Analysis

New augite population CSD and SDP analyses for
sections 'Y 000593 (127-A), Y 000749 (64-A), and Y
000802 (36-A) were conducted following the same
collection and data processing procedure as Udry and
Day (2018), including the same user (Udry). All final
images (Fig. 2), which form the foundation of the
resultant CSD data set, were hand drawn using Adobe®
Illustrator® and were processed and corrected using
ImageJ, CSDslice, and CSDcorrections software
packages (Higgins, 2006; Morgan & Jerram, 2006;
Schneider et al., 2012). Construction of Fig. 2 images
was aided by visual identification of crystal boundaries
using several tools: (1) X-ray elemental maps from the
University of Nevada Las Vegas (UNLV) JEOL JXA-
8900 electron microprobe (operated at 15 kV acceleration
voltage, 60 nA beam current, pixel dwell time of 9 s, step
size 2 pm); (2) reflected light microscopy using a Nikon
LV100POL microscope at UNLYV; (3) EBSD IPF, phase,
and Euler maps and EDS (combination of Al, Fe, Mg,
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Table 2. Yamato nakhlite SDP analysis (CSD data set).
Y 000593 Y 000749

Y 000802
106-A*  127-A  64-A  72-A* 36-A
R 1.43 1.44 1.39 1.36 1.41
% melt 31.2 33.4 29.7 373 334

% crystallinity 68.8 66.6 70.3 62.7 66.7
(all phases)

Both % melt and crystals have been corrected for SDP analysis from
the CSD data set. R = the ordering of crystals based on distance and
quantity of neighboring crystals from a given grains center (R <1.65
clustered and R >1.65 ordered).

*Data from Udry and Day (2018).

P, and S) elemental maps collected using the FEG-VP-
SEM at the University of Glasgow.

Modal abundances of different crystalline phases
and melt percent using pixel counting from the X-ray
elemental maps were calculated from the CSD data set
(Table 2; for a full breakdown, the reader is referred to
supporting information).

Crystallization kinetic and mechanical processes
(cooling rate, crystal growth rate, fractionation,
accumulation, and crystal coarsening) were assessed
using the following steady-state crystal population
equation applied to the CSD data set:

(L/Gr)
= nO

(©)

where 7 is the crystal population density, n° is the final
crystal nucleation density (i.e., the slope intercept
derived from plotting the negative natural log of
measured crystal population density versus crystal size;
Fig. 3), L is the crystal size, G is the calculated growth
rate, and t is the residence time (Cashman &
Marsh, 1988; Marsh, 1988, 1998).

SDP analysis uses CSD data to assess crystal
population ordering, crystal frameworks, and rock
formation  processes (e.g., compaction, crystal
orientation, and flow settling). SDP plots percentage
melt against R, the ratio of predicted versus observed
crystal center distance for a 2D data set, defined as:

R = </pZr/N 4

where p is the observed crystal population density, r is
the distance between the center of a crystal and the
center of its nearest neighboring crystal taken from the
corrected intercept of the short:intermediate:long axes,
and N is the total number of crystals measured
(Jerram, 2003; Jerram et al., 1996). Note for these
analyses, melt percentage refers to anything that is not
augite (i.e., includes olivine, finer grained mesostasis

This study

4 ® Y 000593 (127-A)

B Y 000749 (64-A)

@ Y 000802 (36-A)
Udry and Day (2018)
O Y 000593 (106-A)
[ Y 000749 (72-A)

Other nakhlites
Udry and Day (2018)
Balta et al. (2017)

In (population density)

Size (mm)

Fig. 3. Crystal size distribution (CSD) profiles for augite
based on the CSD data set (Table 3). The three Yamato thick
sections: Y 000593 (127-A solid dark purple circle and 106-A
open dark purple circle), Y 000749 (64-A solid pink square
and 72-A open pink square), and Y 000802 (36-A solid light
purple diamond). CSD profiles for sections Y 000593 (106-A)
and Y 000749 (72-A) having been previously reported
alongside other nakhlites (solid gray lines) by Udry and
Day (2018) and Balta et al. (2017; gray-dashed lines). CSD
results from the present study are consistent with the
distribution reported by Udry and Day (2018).

material [crystals <0.3 mm], and void space within the
sample).

RESULTS

Augite abundances were determined using data sets
from both CSD (Table 3) and EBSD (post-OPPG data
reduction; Table 4). Higher numbers of crystals per
polished section were detected within the EBSD data set
than the CSD data set despite EBSD analyzing smaller
areas of each sample (Figs. 1 and 2). This higher
number of detected crystals is in part due to the
fractured nature of the analyzed augite crystals. Thus,
the reduced OPPG EBSD data set is referred to when
reporting results, as it accounts for crystal fracturing
within the samples.

Augite Morphology

Augite crystals within all three Yamato nakhlites
are euhedral with zoned edges. Measured averaged
crystal sizes reported below indicate the samples to be
fine-grained according to igneous terminology (Winter,
2013) rather than coarse-grained as previously reported
(Treiman, 2005).

Augite CSD results using the long shape axis
produce an average length of 0.45 mm for Y 000593
(127-A), 0.51 mm for Y 000749 (64-A), and 0.46 mm
for Y 000802 (36-A). These measurements all lie within
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Table 3. Augite grain statistics from CSD (grains >0.3 mm shape diameter, unless stated).

Y 000593

Y 000749

Y 000802
106-A* 127-A 64-A 72-A* 36-A

Area (mm?) 22 69 86 34 10
n 118 419 446 193 227
R? 0.84 0.9 0.87 0.84 0.88
Shape aspect ratio® 1.00:1.25:1.90 1.00:1.15:1.60 1.00:1.30:2.00 1.00:1.30:1.80 1.00:1.20:1.70
R 1.44 1.43 1.39 1.35 1.41
Augite length (mm)

Av. length 0.47 0.45 0.51 0.45 0.46

SD (1o) 0.27 0.27 0.29 0.33 0.31

Max length 1.46 1.78 2.66 2.34 2.87

Min length 0.09 0.04 0.11 0.08 0.12
Slope (mm™)

All grains -2.85 —3.45 -2.9 -3.03 —3.43

SD 0.25 0.14 0.12 0.19 0.21

Grains >0.3 mm -2.72 -3.61 -3.03 —2.84 —3.43
Slope intercept

All grains 3.89 443 4.04 3.86 4.39

SD 0.23 0.20 0.11 0.16 0.17

Grains >0.3 mm 3.77 4.61 4.18 3.70 4.39
Px (%) 72.1 67.2 70.4 68.8 66.8
Alignment factor 0.10 0.17 0.12 0.12 0.17
Residence T (yr)

T¢ (all grains) 111 92 109 105 92

T¢ (grains >0.3 mm) 117 88 + 4 105 + 4 112 88 £+ 6

T¢ (grains >0.3 mm) 12 9 10 11 9

N = number of grains; R> = coefficient of determination; R = R value (ratio between predicted and measured grain center); SD = standard

deviation; T = residence time.

“Data from Udry and Day (2018).

®Average augite shape aspect ratio (short:intermediate:long).

“Based clinopyroxene growth rates of 10-10 mm s~' from Leu (2010).

9Based on silicate growth rates of 10-9 mm s™! from Cashman and Marsh (1988) and Jerram (2003).

lo of each other (Table 3) and are within error of the
measurements from Udry and Day (2018) (0.47 and
0.45 mm, for Y 000593 [106-A] and Y 000749 [72-A],
respectively). The best fit ratio corresponding to the
short:intermediate:long shape axis ratio of the pyroxene
population ranges from 1.00:1.15:1.60 for Y 000593
(127-A), to 1.00:1.20:1.70 for Y 000802 (36-A), to
1.00:1.30:2.00 for Y 000749 (64-A; Table 3). These axis
length ratios (Table 3) sit within range of previous
reported CSD results of 1.00:1.25:1.90 for Y 000593
(106-A) and 1.00:1.30:1.80 for Y 000749 (72-A; Udry &
Day, 2018). All five augite CSD profiles exhibit a
negative linear correlation (Fig. 3), with a downturn
(i.e., a slight positive slope) for crystal sizes <0.3 mm.
An anomalous decrease in the abundance of measured
0.4 mm sized crystals is observed in Y 000749 (64-A).
Excluding crystal sizes below 0.3 mm, the slopes vary
from —3.03 mm™~" in Y 000749 (64-A) to —3.43 mm™" in
Y 000802 (36-A) and —3.61 mm™" in Y 000593 (127-A;
Table 3; Figs. 3 and 4). Similar results were reported
by Udry and Day (2018): —2.72 mm~' in Y 000593

(106-A) and —2.84 mm~' in Y 000749 (72-A) (Balta
et al., 2017).

EBSD data identify 1.8%-11.6% elongate crystals
oriented in the map plane (Table 4). A subset was
created to assess crystal shape more accurately (Table 4:
elongate grains oriented in map plane), using crystals
with the <001> crystallographic axis oriented parallel to
the map plane (£5°), highlighting the importance of
slope angle corrections when assessing crystal habit and
SPO data. GOS values across the samples show low
levels of intragrain deformation ranging 0.48-1.24°
(Table 4). HKL Channel 5 best-fit ellipse algorithm
calculates aspect ratios that cluster around 1-3 with
higher ratios trending toward larger crystals (Fig. 5).
Calculated crystal areas show Y 000593 (106-A) and Y
000749 (64-A) to have the largest range (0.1-0.5 mm?;
Fig. 6), and Section Y 000593 (127-A) to have the
smallest range (0.1-0.3 mm? Fig. 6). Phenocryst long
shape axis values derived from the crystallographic <c>
axis range between 0.3 and 0.6 mm (Fig. 6), averaging
0.35-0.44 mm in length (Table 4).
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Table 4. Augite grain statistics from EBSD (grains >0.3 mm shape diameter).

Y 000593 Y 000749 Y 000802
106-A 127-A 64-A 72-A 36-A
Augite indexed (%) 53.7 52.6 44.7 31.9 61.3
N(all data) 1035 395 7450 2478 670
NOPPG 93 109 197 111 138
Shape long axis length (mm)
Av. 0.44 0.35 0.44 0.42 0.43
SD 0.13 0.14 0.12 0.88 0.14
MOS (°) 4.36-6.26 2.64-6.78 4.44-8.54 1.42-6.26 2.84-35.95
Av. 5.42 4.61 6.15 3.64 13.36
SD 0.84 2 1.13 1.52 11.61
GOS (°) 0.42-3.17 0.37-1.07 0.52-2.13 0.19-0.98 0.45-3.12
Av. 1.13 0.58 0.90 0.48 1.24
SD 1.36 0.33 0.53 0.25 1.16
Aspect ratio
A-axis
Av. - - 1.63 3.51 1.65
na 0 0 4 2 5
SD - - 0.45 0.08 0.68
B-axis
Av. - - 1.40 - -
ng 0 0 1 0 0
SD - - - - -
C-axis
Av. 1.86 1.24 2.11 2.36 2.11
ne 4 2 6 7 11
SD 0.79 0.20 0.95 0.72 2.21
All axes
Av. 1.86 1.24 1.91 2.62 2.02
nr 4 2 10 9 16
SD 0.79 0.20 0.80 0.81 1.91
Elongate crystals 4.3 1.8 5.1 8.1 11.6
oriented in map
plane (%)
CPO grains
NAMTEX 287 299 508 303 383
M-Index 0.03 0.03 0.04 0.04 0.02
J-Index 3.55 £0.71 4.76 + 0.23 292 +0.14 3.79 £ 0.18 2.72 £ 0.14
Eigenvalue
Point (P)
[100] 0.04 0.06 0.14 0.13 0.12
[010] 0.13 0.14 0.07 0.08 0.08
[001] 0.17 0.10 0.10 0.18 0.15
Girdle (G)
[100] 0.19 0.11 0.04 0.02 0.15
[010] 0.09 0.08 0.16 0.24 0.05
[001] 0.27 0.41 0.44 0.38 0.19
Random (R)
[100] 0.78 0.78 0.89 0.84 0.73
[010] 0.78 0.79 0.71 0.68 0.87
[001] 0.56 0.49 0.45 0.44 0.65
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Table 4. Continued. Augite grain statistics from EBSD (grains >0.3 mm shape diameter).

Y 000593 Y 000749 Y 000802
106-A 127-A 64-A 72-A 36-A
LS index 0.40 0.28 0.37 0.54 0.41
BA index 0.29 0.36 0.58 0.81 0.41
MUD hax-min 0.23-5.92 0.26-2.91 0.46-2.22 0.22-4.78 0.59-2.26

na = number of grains in subset A with <a> axis parallel (£5°) to the plane of the sample; ng = number of grains in subset B with <b> axis
(£5°) to the plane of the sample; nc = number of grains in subset C with <c> axis (£5°) to the plane of the sample; nt = total number of
grains with any axis parallel (£5°) to the plane of the sample; LS index = assessment of lineation (L = 1) and foliation (S = 0) fabrics between
{010} and {001} eigenvalue results from Equation 1; BA index = assessment crystallographic preference between {010} (B = 1) and {100}
(A = 0) from Equation 2.

n =number of grains; OPPG = one point per grain; Av. = average; SD = standard deviation; CPO = crystal preferred orientation;
MUD = multiples of uniform density.

LU This study
® Y 000593 (127-A)
64 * B Y 000749 (64-A)
E € Y 000802 (36-A)
o 54 Udry and Day (2018)
z. O Y 000593 (106-A)
s 4 % [] Y 000749 (72-A)
s A Governador Valadares
..Qé 3 J + X Lafayette
3 X MIL 03346
2 4 X MIL 090030
¥ MIL 090032
1 - R4 MIL 090136
-6 -5 -4 3 2 1 A Nakhla
(b)s 5 CSD slope (mm™'; >0.3 mm) NWA 817
-+ NWA 998
_ 207 5 # NWA 5790
£
£ 25 4 + NWA 10645
@ 22 NWA 11013
@ 20 1 ”
oo
o
o 15 4
>
(4]
(]
'§o 1.0 4 X -
< 0.5 4 A R )” .DO
X +
0.0 - e i . "
6 -5 -2 -1

-4 -3
CSD slope (mm-'; >0.3 mm)

Fig. 4. CSD data of Yamato augite (CSD data set of crystals >0.3 mm). a) CSD slope (mm™') versus intercept (summarized
Table 3). b) CSD slope versus augite average size (mm; summarized in Table 3). Samples from the present study exhibit a lower
slope in comparison with previously analyzed thick sections of the same meteorites but lie within the overall nakhlite trend
(Udry & Day, 2018).
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Fig. 5. Crystal shape long axis length versus aspect ratio of Yamato nakhlites for grains >0.3 mm from EBSD data set
(summarized in Table 4). a) Y 000593, 106-A; (b) Y 000749, 64-A; (c) Y 000593, 127-A; (d) Y 000749, 72-A; (e) Y 000802, 36-A;
(f) crystal shape long axis diameter of all crystals with axis parallel (£5°) to the plane of the analyzed section.

Augite Preferred Orientation

Inverse pole figure and Euler angles measured by
EBSD provide crystal orientation (Fig. 1b; Table 4). A
subset of crystals with at least one crystallographic axis
oriented parallel to the map plane (£5°) was created to
assess crystal shape more accurately (Table 4: elongate
grains oriented in map plane). For the oriented subset,
aspect ratios averaged 1.24 £ 0.2-2.62 £ 0.81 (Table 4).
Considering crystals where the <c> axis (i.e., long
shape-axis) is oriented parallel to the map plane, a
larger discrepancy is observed in the aspect ratio
(Table 4; aspect ratio C-axis) compared to considering
the aspect ratio of all axes (Fig. 5f; Table 4; aspect ratio
of all axes). The percentage of crystals with their <c>
axis oriented in the section is low for all samples and
ranges from 1.8 to 11.6 (Table 4; elongate grains

oriented in the section), where the smallest percentage
occurs in Y 000593 (127-A) and the largest in Y 000802.

Augite SPO

EBSD data confirm coupling between the long
shape axis and the crystallographic <001> axis in augite
for all samples (Figs. 1b, 7a, and 7b). Therefore, the
CPO of the crystallographic [001] axis can be utilized as
a proxy for the long shape axis to assess orientation
corrected SPO within the samples. For SPO analysis,
only crystals >0.3 mm within the EBSD reduced OPPG
subset were considered (Fig 7a). Aligned SPO was
observed along 45-225° and 135-315° in sections Y
000749 (64-A) and Y 000802 (36-A), respectively. Two
conflicting SPO orientations; one major SPO plus one
or more minor SPO (i.e., weaker/secondary SPO) is
observed within sections Y 000593 (106-A) and Y
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Fig. 6. EBSD derived augite size. a) Crystal size determined from the <c> axis length, which corresponds to the crystal’s long
shape axis corrected for crystal orientation (summarized for crystals >0.3 mm in Table 4). b) Crystal area as calculated using
HKL Channel 5’s best-fit ellipse algorithm. Relative frequency of both parameters is plotted on a log scale.

000593 (127-A; Fig. 7a). Section Y 000749 (72-A)
exhibits two potential competing SPOs at ~90° to each
other around 90-270° and 15-195°, with the 90-270°
SPO appearing slightly more dominant. IPF data
(Fig. 1b) visually confirm the presence of two crystal
alignments within both Y 000593 sections and Y 000749
(64-A)’s map plane.

Augite CPO

Intercrystalline CPO wusing the reduced OPPG
EBSD data set (Table 4: noppg is plotted in Fig. 7b).
However, CPO index calculations were assessed using
the MTEX derived data set (nj;rgy, Table 4) which
calculated a higher number of crystals within the EBSD
data sets. For the CPO index calculations, only Y
000593 (106-A) was calculated from <300 crystals and
as such is associated with a slightly higher analytical
uncertainty (Table 4: ny,7£y). M-index indicates random
CPO for all samples (Table 4). Y 000749 exhibiting the
highest index value (0.04), followed by Y 000593 (0.03),
with 'Y 000802 exhibiting the lowest (0.02). J-Index
values correspond to medium strength CPO, typically
observed in plutonic rocks. The highest J-index value of
4.76 + 0.23 is in 'Y 000593 (127-A) and lowest value of
2.72 + 0.14 in 'Y 000802 (36-A; Table 4). The averaged
J-index values for Y 000593 and Y 000749 sit outside
analytical uncertainty, where Y 000593 exhibits an
overall stronger averaged medium alignment (4.10 +
0.21) than Y 000749 (3.19 + 0.16; Table 4).

Eigenvalue analysis of CPO (summarized in Table 4
and plotted in Fig. 8) identifies the presence of a low-
intensity weak-moderate [001] girdle CPO in all

sections (Ggo; = 0.19-0.44; Fig. 8; Table 4). A
significant discrepancy between the CPO strengths is
observed within the two Y 000593 samples (Goo; = 0.27
and 0.41; Figs. 7b and 8) indicating both a weak and
moderate strength CPO for the meteorite. Weak
strength point CPO (Pg9 Y 000749 and Y 000802 and
Poio Y 000593) which are overshadowed by the more
dominant Gyy; CPO are also observed (Figs. 7b and 8;
Table 4). LS-Index results indicate foliation (Pure Gyqg)
“S-type” CPO to a combined lineation (Py;o)—foliation
(Ggo1) “LS-type” CPO (0.28-0.54) for all samples
(Table 4). BA-index results indicate lineation (Pyig) “B-
type” CPO for Y 00593 (0.29 [106-A] and 0.36 [127-A)),
foliation (Gygp) “A-type” CPO for Y 000749 (0.58 [64-A]
and 0.81 [72-A]), and combined lineation (Pgig)-
foliation (Gypo9) “BA-type” CPO for Y 000802 (0.41;
Table 4).

Intracrystalline misorientation patterns (Fig. 7¢) can
be used to indirectly assess slip systems. Sample
referenced misorientation patterns indicate directional
strain across all the Yamato meteorites. The observed
misorientation patterns in the crystal reference frame
relate to the following dominant slip systems expressed
as either (001)[100]:(100)[001] in Y 000593 (both
sections) and Y 000802 and {110}<001> or
{110}'/,<110> in both Y 000749 sections.

Augite Spatial Distribution
New SDP analyses were conducted for the Yamato

nakhlite sections Y 000593 (127-A), Y 000749 (64-A),
and Y 000802 (36-A) (CSD data set). R-values, which
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Fig. 7. EBSD augite intercrystalline and intracrystalline orientations. a) Shape preferred orientation (SPO) from one point per
grain (OPPG) data, where SPO is determined from the 2-D long axis of fitted ellipse slope angle of grains >0.3 mm. b) Equal
area, lower hemisphere stereographic projection (pole figure) for <100> axis of OPPG crystals >0.3 mm, where n refers to noppg
(EBSD data set; Table 4). All samples exhibit a <c> axis girdle (i.e., foliation) crystal preferred orientation (CPO) indicated by
the white dashed lines. Quantitative results from further MTEX CPO analysis are in Table 4. c) Intracrystalline misorientation
2-10° in both crystal (semicircle) and sample (circle) reference frames. Shifts between the type of misorientation are observed in
the crystal reference plots (left) indicating different external stress/strain conditions for each stone. Point maxima shown in the
sample reference plots (right) reveal directional strain indicating a noncumulate formation mechanism. For additional CPO plots,
the reader is referred to Appendix S1.

reflect the degree of crystal ordering, range from 1.39 to  touching crystal framework region (Fig. 9). SDP results
1.44, while melt percent values range from 29.7% to for samples Y 000593 (106-A) and Y 000749 (72-A) are
33.4% (Table 2). These new SDP results fall within the reported in Udry and Day (2018).
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Fig. 8. Ternary plot of augite [c] axes in Yamato nakhlites determined using EBSD Eigenvalues; pure random (R), pure point
(P), and pure girdle (G) maxima (EBSD data set Table 4). Differences in CPO strength and type between the two Y 000593
samples may be an artifact of separation within the meteorite from where each thick section was cut, or an example of the

meteorite’s heterogeneity.
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Fig. 9. Spatial distribution pattern (SDP) analysis of augite within the Yamato nakhlites (CSD data set, Table 2), where the %
melt is plotted against the R-value (the ratio between the predicted and measured grain center from the 2-D CSD data set).
Results from the present study are consistent with those reported by Balta et al. (2017) and Udry and Day (2018). RSDL—

random sphere distribution line.
Augite Residence and Crystallization

Magma chamber residence times were calculated
for Y 000593 (127-A), Y 000749 (64-A), and Y 000802
(36-A) using phenocryst populations >0.3 mm from the
CSD data set. Results for sections Y 000593 (106-A)
and Y 000749 (72-A) are reported in Udry and
Day (2018). Calculations using the clinopyroxene-
specific growth rate of Leu (2010) yielded residence
times of 88 + 4 yr for Y 000593 (127-A), 88 £+ 6 yr for
Y 000802 (36-A), and 105 + 4 yr for Y 000749 (64-A;
Table 3). In contrast, calculations using the growth
rates of Cashman and Marsh (1988) and Jerram (2003)

resulted in residence times of 9 yr for Y 000593 (127-
A) and Y 000802 and 10 yr for Y 000749 (64-A;
Table 3).

The CSD slope and intercept reflect a given sample’s
crystallization/cooling rate. Slopes generated from
sections 'Y 000593 (127-A), Y 000749 (64-A), and Y
000802 (36-A: this study) range from —2.9 + 0.12 mm ™' to
—-3.45 + 0.14 mm™", with their associated CSD slope
intercepts ranging from 4.04 +£0.11 to 4.43 +£0.2
(Table 3). Note that Y 000749 (64-A) exhibits an
anomalous decrease at 0.5 mm crystal size, which is not
seen in the section Y 000749 (72-A) analyzed by Udry and
Day (2018).
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DISCUSSION
Strengths of CSD and EBSD Techniques

CSD and EBSD are powerful quantitative textural
techniques (Cashman & Marsh, 1988; Marsh, 1988; Prior
et al., 1999, 2009; Zieg & Marsh, 2002), each of which can
answer different microstructural questions. However, for
the most studies on achondrite meteorites, only CSD or
EBSD is used. The application of multiple quantitative
techniques enables a more robust investigation and
understanding as the collected data are scrutinized from
more than one point of view. This enhanced perspective in
turn provides greater reliability and dimension to the
derived interpretations, as illustrated by the Yamato
nakhlite petrogenesis presented here.

Both EBSD and CSD analyses derive their data from
a 2-D surface plane where the results are interpreted using
multiple lines of evidence. In the case of EBSD, the data
are derived from crystal lattice plane diffraction patterns
(Kikuchi patterns). Once processed, these patterns are
typically assessed via a series of images (e.g., Fig. 1) where
the spatial resolution of the data is determined by the
analysis step size (Halfpenny, 2010; Prior et al., 2009).
EDS maps are often acquired in parallel to check for
pattern mis-indexing. For larger stitched-area EBSD maps
(e.g., Fig. 1), machine and beam drift can impact the
detected crystal sizes and panel overlap, and if not treated
properly can introduce artifacts (Halfpenny, 2010). CSD
data sets are manually produced. The manual creation of
the map means that the derived data are operator specific.
For the present study, multiple different petrographic
images (including those produced from EBSD and EDS
analysis) were consulted in conjunction with optical
assessment to produce the CSD data set (Fig. 2). A single
operator (AU) conducted analyses for all CSD images to
reduce operator bias between data sets; however, as with
any manual analysis, an element of user bias will still be
present.

Typically, 2-D polished sections that are used for
microstructural analysis are prepared perpendicular to
the structure of interest, or at least to a known external
reference. However, sections made from samples which
lack their emplacement context (e.g., meteorites) require
crystal orientation to be corrected prior to any
interpretation. EBSD excels in detecting crystal
orientation (Prior et al., 2009). The technique leverages
the position of each crystallographic axis to access the
third dimension of a crystal relative to the 2-D analysis
plane, as reported as via IPF or Euler data. These IPF/
Euler EBSD data can assist in correcting CSD data sets
which traditionally apply assumed crystal habits to
reorient user-inputted crystal aspect ratios using the
software CSDcorrections (Higgins, 2000).

Crystal shape is intrinsically linked to the
crystallographic axis, where the shortest crystallographic
axis typically relates to the long shape axis. Identification
of the corresponding axes (e.g., <001> for augite) enables
EBSD to identify and constrain preferred orientations that
are not obviously aligned in the section. In the case of the
Yamato nakhlites, the EBSD identified preferred
orientation is of a low intensity and weak-moderate
strength, where the section is not ideally oriented with
respect to the SPO. These factors mean that SPO is
difficult to identify in the 2-D plane without leveraging
CPO. Thus, even though CSD can be used to identify SPO
in samples, EBSD would be the recommended technique
for SPO identification in achondrite meteorites.

Assessment of crystal growth and magma residence
times requires an accurate determination of a crystal’s
shape (aspect ratio, width, and length), and CSD is the
recommended technique. CSD is highly user-dependent,
and relying on the experience of the user can be
considered an advantage or disadvantage when it comes
to determining grain boundaries. Using CSD, crystal
boundaries are identified from multiple lines of evidence,
whereas EBSD uses computational algorithms based off
diffraction patterns and user-inputted misorientations.
Thus, EBSD-reported crystal sizes will often be smaller
than those measured using CSD due to the loss of
diffraction pattern quality along the edges of crystals,
and the misidentification of fractured crystallites as
individual crystals (hence the use of a reduced OPPG
data set used here). These constraints would ultimately
result in crystal growth rates and magma chamber
residence times being less accurate.

Both EBSD and CSD are modern quantitative
techniques. The present study, which revisits the
petrogenesis of the Yamato nakhlites, shows how each
technique can aid and enhance data collection and
interpretation from the other. Although both techniques
have their strengths and weaknesses, when their data
are combined and assessed together, the physical
processes recorded within the Yamato nakhlites can be
more accurately quantified.

Petrogenesis of the Yamato Nakhlites

The Yamato nakhlites are mafic augite-rich rocks
(Imae et al., 2005; Misawa et al.,, 2003; Udry &
Day, 2018). Initial discussions of their petrogenesis
considered the three individual Yamato nakhlite stones
as paired fragments derived from a larger nakhlite
source cumulate pile on Mars (Imae et al., 2005;
Misawa et al., 2003). However, the identification of new
nakhlites since the Yamato nakhlites were recovered in
2000, together with higher resolution dating by Cohen
et al. (2017), has shown that the nakhlites represent
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multiple igneous bodies sourced from a more diverse
environment than initially hypothesized (Day et al.,
2018; Jambon et al., 2016; Kramer Ruggio et al., 2020;
Treiman & Irving, 2008; Udry & Day, 2018; Udry
et al., 2020). The CSD and EBSD data for all three
Yamato nakhlites that are presented below are
discussed and compared against previously reported
petrological results (e.g., Corrigan et al., 2015; Imae
et al., 2005; Udry & Day, 2018). The discussion below
is in four parts: (i) SDP of the crystals within the
Yamato nakhlites are discussed to assess the formation
processes; (ii) the crystal growth rates of augite via CSD
are assessed to interpret magma chamber residence and
the impact on emplacement microstructures; (iii)
the identified SPO and CPO are discussed; (iv) all the
results are compiled to build a picture of the
petrogenesis of the Yamato nakhlites.

Constraining Augite Formation Processes from Spatial
Distribution Patterns

The SDP results from CSD analysis are in agreement
with previous investigations of nakhlite CSD (Imae
et al., 2005; Udry & Day, 2018). They are also consistent
with SDP observations from other achondrite meteorites
such as lunar basalts (Donohue & Neal, 2015). Four of the
five data sets exhibit crystal ordering within a similar
clustered region (Fig. 9), indicating an igneous source
where the augite mostly grew in the magma chamber prior
to emplacement (Fig. 9). Crystal frameworks, or clustered
crystals, are structures typically associated with cumulates
(Jerram, 2003; Jerram et al., 1996; Tegner et al., 2009).
However, on Earth, cumulate-type descriptions can be
associated with other igneous-type bodies, but rarely with
surficial flows as the latter produce ordered phenocryst
SPO (Hunter, 1996; Jerram et al., 1996; Rudge
et al., 2008).

Differences in SDP results are observed between the
two Y 000749 sections (Fig. 9). Even within the same
igneous body standard igneous processes, for example,
mechanical compaction, have been observed to result in
variations in crystal ordering (Jerram et al., 1996, 2018).
In the case of Y 000749, the disparity arises from
contrasting calculated melt fractions resulting in a
slightly lower ordering of crystals in 'Y 000749 (64-A;
Table 2). This lower calculated melt fraction indicates
heterogeneity in Y 000749, where the difference in melt
fraction sits within the variation parameters typically
observed between sections made from the same nakhlite
stone (Corrigan et al., 2015). The average crystal size,
crystal distribution, and crystal aspect ratios reported
here for Yamato nakhlites indicate a similar formation
process and mechanism for all three stones, albeit with
some subtle differences accounting for sample
heterogeneity (Figs. 3 and 6; Table 3).

Augite Growth and Magma Chamber Residence Time

Residence times calculated for augite are dependent
on the CSD measured slope and intercept generated
from crystal population density versus crystal size
(Fig. 3; Table 3). The Yamato nakhlite magma chamber
residence times calculated using the silicate growth rates
of Cashman and Marsh (1988) and Jerram (2003) differ
by up to 3 yr (9-12 yr; Table 3) and are similar to those
calculated by Udry and Day (2018). Growth calculations
using the clinopyroxene-specific growth rate of
Leu (2010) imply longer residence times for all samples
differing up to 29 yr. Y 000593 (127-A) and Y 000802
(36-A) have the shortest residence times (88 + 4 and
88 + 6 yr, respectively), that sit outside the analytical
uncertainty of Y 000749 (64-A; 105 + 4 yr; Table 3) and
previously reported ages (117 yr Y 000593 [106-A] and
112 yr Y 000749 [72-A]; Udry & Day, 2018).

Note that these calculations assume that the augite
crystals were growing continuously without interruptions
and so represent minimum magma chamber residence
times. Y 000593 exhibits the largest residence time range,
encompassing the calculated ages of the other two stones
(Table 3). The two clinopyroxene ages reported for Y
000593 sit outside analytical uncertainty, indicating
heterogeneity within the stone. This heterogeneity could
indicate convection within the nakhlite magmatic
chamber, slight crystal settling during emplacement,
potential recrystallization within part of the Y 000593
meteorite, or even that the meteorite contains a
boundary between volcanic units or an inclusion.

In thicker flows, sills, and dykes, the rate of heat
dissipation will often vary as a function of the external
temperature and mechanical pressures (Goode, 1976;
Iezzi & Ventura, 2002; Settle, 1979). Parts of the
igneous body that retain heat longer due to insulating
properties would enable coarser phenocrysts to grow
and a crystalline (rather than glassy) mesostasis material
to develop, thus increasing the calculated residence age
(Hunter, 1996). This type of mechanism would agree
with calculated growth rates from Cashman and
Marsh (1988) and Jerram (2003), and with the Yamato
nakhlites forming as a single unit. This mechanism
would even explain the 7-yr Leu (2010) Y 000749 (64-A
and 72-A) calculated residence time difference if the
igneous body was plutonic, but not the Y 000593 (106-A
and 127-A) 29-yr Leu (2010) calculated difference, or
the crystallization age discrepancy reported by Cohen
et al. (2017) between the different stones. Asitisa 13.7 kg
rock (Misawa et al.,, 2003), the difference in crystal
residence times between different samples of Y 000593
would require a fairly localized mechanism, for
example, chilled margin of a sill, dyke, base of a lava
flow, slower heat dissipation from localized clusters or
mushes, or shock induced melting (Holness et al., 2017;
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Jerram, 2003; Jerram et al., 1996; Smith, 2002; Zieg &
Marsh, 2002). Results from the intracrystalline
misorientation patterns (Fig. 7c) suggest crystal
annealing/partial recrystallization within Y 000593 (127-A)
as the most likely explanation for heterogeneity in the
residence time.

Previous investigations of several different nakhlites,
including the Yamato nakhlites, have found evidence for
dissolution in olivine phenocrysts >4 mm (Imae
et al., 2005; Kramer Ruggio et al., 2020; Treiman, 2005).
Chemical and size discrepancies within nakhlite olivines
indicate at least two growth events or noncontinuous
growth of the mineral, where the smaller crystals are
currently to have crystallized post-augite (Treiman,
2005). Although olivine data are not being discussed in
this paper, the possibility of augite dissolution needs to
be considered as the process would impact calculated
residence times and interpretations of CSD data. Crystals
with long shape axis lengths >4 mm were detected by
CSD but not EBSD. The discrepancy in identified long
shape axis >4 mm crystals is most likely related to grain
boundary determination in the EBSD data set.
Petrological investigation of the larger augite crystals
revealed no signs of dissolution. However, an anomalous
dip in the frequency of 0.4 mm-sized crystals was
observed in Y 000749 (64-A; Fig. 3, CSD data set).
When assessed against the EBSD data set, no anomaly is
observed in the corresponding crystal-shape length data
(Fig. 6a). A dip is observed though, in the EBSD
frequency of crystal area sizes in the range of 0.3-
0.4 mm? for Y 000749 (64-A; Fig. 6b). Assessment of Y
000749 (64-A)’s CSD frequency anomaly against its
companion EBSD data set in conjunction with no
anomaly being observed in Y 000749 (72-A) indicates the
frequency anomaly to be related to introduced sampling
bias in the section, most likely linked to cutting artifacts.
Lack of evidence for dissolution of augite in conjunction
with measured crystal size distributions (both data sets)
and previously determined chemical compositions (Imae
et al., 2005; Treiman, 2005; Udry & Day, 2018) indicate
homogenous uninterrupted growth from a single evolved
unmixed magma source for augite in all samples.

Intracrystalline misorientation patterns from the
EBSD data set agree with Y 000593 and Y 000749
forming as different units. The patterns indicate external
stress/strain conditions that could not be resolved from
fragments of the same parent rock: high-temperature/
low-pressure conditions for Y 000749 (Ingrin et al., 1991;
Koll¢ & Blacic, 1983) and moderate temperature/
moderate pressure for both Y 000593 and Y 000802
(Avé Lallemant, 1978; Kollé & Blacic, 1982, 1983).
Signatures within Y 000593 (127-A) indicate creep
deformation within the augite that could be related to a
partial recrystallization or an annealing event within the

section that is not observed in Y 000593 (106-A; Fig. 7c).
This could quite casily be related to a localized event
such as heating from hypervelocity impact or from a
neighboring intrusion, which would result in a lower
localized calculated residence age for the section.

Quantifying Igneous Microstructures from Preferred
Orientation

Augite crystals within the Yamato nakhlites are
euhedral with a defined long shape axis. Crystals that form
habits with a defined long shape axis typically become
aligned in response to increased internal strain
(Bhattacharyya, 1966). However, variable SPO is common
throughout all studied igneous bodies (Chin et al., 2020;
Piazolo et al., 2002; Shelley, 1988) where the development
of SPO can be disrupted by minor phases or even smaller
crystals within the igneous body (Piazolo et al., 2002). In
the case of highly crystalline melts (e.g., cumulates), lack
of melt may also hinder SPO development (Hunter, 1996).
Representative SPO analysis requires a statistically
relevant number of crystals to be assessed. However,
statistically relevant data sets are not always attainable for
meteorite studies due to limited sample availability
coupled with generally lower intensity crystal orientations.
Crystal fracturing, often related to shock deformation, is a
common feature within meteorites that can bias SPO
results if not properly accounted for (Leroux, 2001).

SPO is a 3-D feature but has traditionally been
identified using 2-D analysis. The reference frame of the
section relative to the inherent SPO is a vital component
that impacts the visibility of SPO. A good example is the
consistent visible [001] girdle CPO (Fig. 7b) but variable
SPO (Fig. 7a) results for the Yamato nakhlites. For
meteorites and some types of terrestrial plutonic samples,
lack of an initial knowledge relating the analysis surface
to any SPO present requires additional analyses such as
CPO to be undertaken. CPO assesses each crystal
orientation ~ with  respect to rotation of the
crystallographic axis. This is particularly useful when
comparing preferred orientation across multiple samples,
as the crystallographic axis is used as a consistent
reference frame removing bias from the lack of geological
context between each stone and/or section as well as any
bias between the analyzed surface and the inherent SPO.

SPO and CPO within fine-grained mafic rocks, such as
the Yamato nakhlites, can be difficult to identify even in
terrestrial samples. The use of techniques such as EBSD
CPO enables quantified identification of weaker and lower
intensity SPO. Despite Figure 7b showing an identifiable
girdle CPO across all Yamato nakhlite sections, neither
the strength of the CPO nor its intensity can be quantified
from the presented pole figure. Each of the three metrics
used to quantify the identified CPO (M-index, J-index, and
Eigenvalue analysis) impart subtly different information
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that when assessed in combination can provide a better
characterization of CPO.

EBSD-calculated quantitative CPO metrics confirms
the presence of a comparable low-intensity weak—
moderate strength [001] axis girdle CPO (i.e., foliation—
alignment of the [001] axis within a singular plane) for all
three Yamato nakhlite stones (Fig. 7b; Table 4). Girdle
CPO is consistent with crystal settling SPO commonly
observed in sills, lava lakes, and larger volume lava flows
(Daly, Piazolo, et al., 2019; Iezzi & Ventura, 2002; Piazolo
et al., 2002). The development of girdle CPO is also
common for cumulate-like rocks (Hunter, 1996).
However, the identified girdle CPO is coupled with a low-
intensity weak point CPO (i.e., lineation—alignment in a
given direction) within either the [100] or [010] axis
indicating two or more strain fields acting on the sample
evidencing a lesser component of flow in all samples
(Table 4; Bertolett et al., 2019; Daly, Piazolo, et al., 2019;
Prior et al., 1999). This presence of the weaker lineation
CPO is supported by the sample referenced intracrystalline
misorientation patterns (Fig. 7c), which show directional
strain within all of the sections that is evidence for
noncumulate formation.

The observed shift between [100] and [010] point
CPO indicates different strain forces being recorded
within Y 000593 compared to Y 000749 and Y 000802
(Table 4). Different external strain conditions between
Y 000593 and Y 00749 are also observed in the
intracrystalline misorientation patterns (crystal reference
Fig. 7c); however, in this instance, Y 000802 indicates
patterns consistent with Y 000593. Thus, the combined
intercrystalline and intracrystalline CPO agree with
Cohen et al. (2017) for the Yamato nakhlites to be
considered as separate nakhlite units rather than parts
of the same unit. However, depending on the original
thickness of the emplaced layer, the stones could still
potentially be considered as being fall-paired.

Comparison of SPO and CPO results for the replicate
Yamato nakhlite sections highlights that although the
identification of 2-D SPO within a sample is important for
assessing microstructures, common reference frames are
required for accurate SPO interpretations. Due to the
random cut of each section and lack of external geological
context, it is recommended that the identification of
microstructures for achondritic meteorites, such as the
Yamato nakhlites, should be made considering both 2-D
SPO and CPO analyses.

Emplacement of the Yamato Nakhlites

Variation in CPO and SPO strength within the same
igneous body is fairly common within terrestrial sills, dykes,
or large surficial lava flows (Iezzi & Ventura, 2002). In these
types of contexts, flow microstructures are observed to be

stronger along the margins of the igneous body compared
to the center. Subflows occurring in the opposite direction
to the dominant flow direction are also common features
within igneous bodies. These opposing flow SPO and CPO
can in turn influence the strength and order of any detected
microstructures (Iezzi & Ventura, 2002; Ildefonse et al.,
1992; Shelley, 1985). Geological samples (particularly
from low-viscosity magmas) typically have significant
heterogeneity (Higgins, 2006; Nolze, 2005; Vetere et al.,
2019; Winter, 2013). Considerable changes in SPO and
CPO within a relatively short distance, that is, within a
single sample, are not uncommon. In terms of Martian
meteorites, visible SPO and CPO heterogeneity has only
been reported for shergottites Zagami (Becker, 2011) and
Allan Hills (ALH) 77005 (Ikeda, 1994). Although both
examples above are sourced from different regions on Mars
than the nakhlites, they indicate that variability is also
characteristic of Martian magmas.

When all the microstructural information is compiled
and considered for both CSD and EBSD analyses, the
following quantitative description of the Yamato
nakhlites’ petrogenesis can be derived. Relative to other
nakhlite samples, augite crystals in the Yamato nakhlites
grew slowly in a magma chamber, with minimum
residence times of either 9-12 yr or 88-117 + 6 yr (Fig. 4)
(Udry & Day, 2018). The magma (with augite
phenocrysts) was then brought toward/close to the
planet’s surface, where the phenocrysts continued to grow
as indicated by their augite rims. External stress/strain
conditions during the Yamato nakhlites’ emplacement on
Mars resulted in low-intensity SPO and dominant girdle
CPO (foliation) along the <001> axis with a minor point
(lineation) component along the [100] axis for Y 000749
and Y 000802, and [010] axis for Y 000593 (Table 4).
Assessment of intercrystalline CPO using the three
quantitative metrics reveals subtle differences between the
different meteorite stones. These CPO results when
assessed individually often show as a continuum between
the samples. However, when assessed in combination, the
relationship between the stones appears to be more
random. Assessment of the intracrystalline misorientation
CPO patterns of augite across all stones shows evidence of
directional strain implying a component of flow during
emplacement  (Fig.  7c), where intracrystalline
misorientation CPO patterns show Y 000749 to have
undergone higher temperature stress/strain conditions
than Y 000593 and Y 000802.

In summary, the data presented suggest the following
series of geological events during the Yamato nakhlite’s
emplacement: (i) Augite phenocrysts grew in the nakhlite
magma chamber for either 9-12 or 88-117 yr, which are
longer magma chamber residence times than other
analyzed nakhlites (Udry & Day, 2018); (ii)) magma was
transported from the magma chamber and either erupted
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at the surface only to pool as a low viscosity lava or was
injected into the crust as a shallow sill. During
emplacement cooling, the Yamato nakhlites crystallized
in a clustered touching framework; (iii) during cooling of
the magma body, all stones formed microstructures
relative to a dominant planar external strain (most likely
gravity) with minor directional strain (indicating a
component of flow), for example, from gravitational
settling within a noncumulate stagnant magma body, as
indicated by the observed [001] girdle CPO, LS, and BA
index values, and the directional, sample-referenced,
intracrystalline misorientation patterns. The combination
of information from CPO, SPO, CSD, SDP, and crystal
residence times indicates that the Yamato nakhlites
formed as separate bodies within a similar magmatic
regime and most likely as a series of shallow sills or
different lobes at the edge of a stagnant lava pond or lake.

CONCLUSIONS

CSD (including CSD and SDP analyses) and EBSD
are quantitative analytical techniques that excel in
different aspects of microstructural measurement and
answer different fundamental questions pertaining to the
petrogenesis and evolution of a given sample. Comparison
of these techniques shows that CSD is best used to assess
crystal growth and magmatic residence times, whereas
EBSD is most effective for quantifying features such as
those produced by magmatic flow or crystal settling.

Application of CSD and EBSD techniques to the
Yamato nakhlites has enabled their petrogenesis to be
further quantified and therefore better constrained. CSD-
calculated magmatic residence times indicate that augite
crystals in Yamato nakhlites spent either 9-12 or 88—
117 £+ 6 yr in the magma chamber. CSD analyses indicate
that phenocrysts within these samples grew over a longer
period than the overall nakhlite group. The magma and
crystals were brought to (or near) the surface, where SDP
analyses indicate that the Yamato nakhlites formed within
a clustered touching framework. Finally, using EBSD, the
presence of variable strength [001] axis girdle CPO is
identified with a weak point CPO in one of the other
crystallographic axes in each sample. Intracrystalline
misorientation patterns indicate noncumulate formation
strains in all samples, with differing external parameters
for Y 000749 in comparison to Y 000593 and Y 000802
indicating formation as separate units. The reported CPO
has been observed in low-viscosity terrestrial basaltic
lavas, and sills, where crystal settling due to gravity is the
dominant source of strain during emplacement. This study
shows that quantitatively assessing SPO and CPO using
multiple techniques in conjunction with each other can be
used as a springboard for future analyses, particularly for
achondrite meteorites from known planetary bodies (e.g.,

other Martian and lunar samples). Such work can provide
more  contextualized and  comparable textural
interpretations and results.
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