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Abstract

Feldspathic Chromite Assemblages (FCAs) are chemically distinctive
assemblages rich in Na, Al, and Cr that are found in a variety of chondrites. They consist
of concentrations of chromite associated mainly with feldspathic material, either feldspar
or theglassy material known as maskelynReofessor Alan Rubif2003)has proposed
that some FCAs formed by shock melting, but the origin of different types of feldspathic
chromite assemblages are unclear and have not been studied with more modern
techniquesisch as Electron Backscatter Electron Diffraction (EBSD).

Here EBSD was used to study FCAs in four metamorphosed ordinary chondrites
of different shock stages, including Estacado (H6, S1), Spade (H6, S4), NWA 13533 (L6,
S4), and Alfianello (L6, S5EBSD results indicate that FCAs can be grouped into three
different assemblages, including Coarse Clumped Chromite (CCC), Fine Clumped
Chromite (FCC), and Chromite Poor (CP) assemblages. @@CGompact assemblages
that contain chromiterystals often larger tlma5um in diameter size with little physical
distance between adjacent chromite grains. F@Egompact assemblagbat contain
numerous chromite grains less than 5um in diameter that have physical space between
the chromite grains. CRse assemblagesaicontains chromite congregated in one area
but with less chromite grains than the FCC or CCC assemblages.

The four meteorites used in this study are a mix of high and low shock stage. Out
of the three assemblage types, it was found@k#Es were preseim bothhigh and low
shocked meteoriteECCswere also found in both high and low shock meteorites, but

had a noticeable absence in Spdde twoCP assemblages wgreesenbnly in higher



shocked meteorites (Spade and NWA 135@R)antitativecharacteristics (grain sizes of
chromite, grain number density of chromite, grain lattice preferred orientation of
chromite, and grain orientation spread (or GOS)) of these assemblages and their minerals
do not appear to be different between high and loecls meteorites other than
differences in the grain orientation spread. These GOS characteristics appear more related
to the host meteorit®/e postulate that the origins of the FCCs are an end product of
exsolution of a previous grain, while the CCCs imsgare more likely to be aggregates of
pre-existing grains or grakslumps that have been crystallized from a melt. The CPs
found in this study do not particularly fit either model.

My findings supporthose ofRubin(2003) in terms of Estacado beiagnaled
but support onlysomeof the findings of Rubin and Jones (2003) for Spade, namely that

Spade is a melt breccia with the plagioclase having been melted.
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1) INTRODUCTION

Felspathic Chromite Assemblages (FCAs)aremically distinctive assemblages
rich in Na, Al,Si, and Cr(as well as other various elemerttst are found in a variety of
chondrites. Composed chiefly of-8pinel (chromite) and feldspathic material
(plagioclase or feldspathic glass), they are Wigeesent in ordinary chondrites, where
they take on a variety of textural forms, both inside and outside of chondrules (Ramdohr,
1967; Bischoff and Keil, 1984; Krot and Ivanova, 1992; Krot and Rubin, 1993; Rubin,
2003, 2004). Previously called aggregateheap) chromite, pseudomorphous (or
decomposition) chromite (among other types; Ramdohr, 1967, 1973), or chromite
plagioclase assemblages (Rubin, 2003), they are here called feldspathic chromite
assemblages (FCASs) instead, to acknowledge that feldspgdiss sometimes occurs
instead of plagioclase (Ramdohr, 1967, 1973; Rubin, 2003). This feldspathic glass
corresponds to the shogkoduced material known as maskelynite (e.g., Chen and El
Goresy, 2000; Rubin, 2003; Fritz et al., 2005). Rubin (2003)ddtCAs in every
equilibratedordinary chondrite in which he looked, suggesting they could be important to
understanding thinermal historie®f these chondrites and their parent asteroids. It has
been proposed that at least some FCAs formed at high temperatures (Ramdohr, 1967,
1973) by shock melting (Krot and Rubin, 1993; Rubin, 2003), but whether all textural
varieties formed by shock meltingnd how their compositions, mineralogies, and
textural variety were established, has not keslgguatelexplained in detail.

Chromite assemblages can occur both within and outside chondrules. Chondrules
are rounded beads of rock that have texturesatidig they cooled from melpossiblyas

free-floating melt droplets. In some chondrules, chromite is a major component together



with albitic plagioclase (Ramdohr, 1967; Krot and Rubin, 1993; Krot et al., 1993).
Ramdohr (1967, 1973) noted that some chtemch chondrules in chondrites are firmly
intergrown with the meteorite matrix and are bound by feldspar (or feldspathic glass) at
the chondrulematrix contact, as if they had been welded to the meteorite. Other
assemblages form inclusionghich areirregularly shapedandwhich could have formed

in situ (Rubin 2003, 2004F-CAs of the inclusion type range in size from 30D um

across, with 0.20um size euhedral, subhedral, anhedral, and rounded chromite grains
surrounded by plagioclase or glass @gibclase composition (Rubin 2003).

If FCAs did form by shock processes, one might expect other evidence for shock
deformation in the chondrites. Petrographic criteria for shock deformation in olivine and
feldspar, utilizing an optical microscope, can Bedito assign chondrites to one of six
shock stages (S1 through S6) representing increasing shock pressure (Stoffler et al., 1991,
2018, 2019). These petrographic criteria include the formation of planar microfractures
and undulosenosaic extinction in oliine, and undulosenosaic extinction or the
formation of a feldspathic glass (maskelynite) for plagioclase (Stoffler et al., 1991, 2019).
However, many of the chondrites that contain FCAs also havshaek stages (S1 or
S2) (Rubin, 2003, 2004). This hlasen interpreted as indicating early shock deformation
to produce the FCAs, followed by annealing to obliterate deformation effects (Rubin,
2003, 2004). If a shock melt origin for all FCAs is correct, for a FCA to appear in an
unshocked (S1) meteorite wduihean that it would have had to have been shocked, and
then annealed to remove the obvious effects of shock, with the notable exception of the
FCAs themselves (Rubin, 2003, 2004). Rubin (2003, 2004) has suggested that regardless

of shock stage, the FCAsin be used as shock indicators.



More recently, electron backscatter diffraction (EBSD) techniques have been used
to evaluate shock deformation in chondriteg)(Ruzicka and Hugo, 2018; Hugo et al.,
2019). These techniques utilize an EBSD detectorhathto a scanning electron
microscope (SEM) to identify mineral structures and quantify crystal orientations. Such
data can be used to study crystal fabrics and deformation (Prior et al., 2009). Ruzicka and
Hugo (2018) and Hugo et al. (2019) developedtauithl EBSD metrics to evaluate the
extent of shock deformation, pestiock annealing, and pshiock deformation
temperature, which are important variables for understanding the shock histories of
chondrites (Ruzicka et al., 2015).
The purpose of this gty is to 1) identify the characteristics of the different
assemblages by quantitative EBSD metrics, 2) use the characteristics of these
assemblages to determine whether there are any differences between low and high shock
stage meteorites, 3) interpret htdvese assemblages may have formed, and 4) test the
model of shock followed by annealing of Rubin (2003).
What was investigated in this study were FCAs found as inclusithis the
meteorite samples, notably they presented as irregular shapes, aslidappbsmdrules
which are sphericallhese inclusions contain multiple chromite grains that are associated
with feldspathic material (mostly appearing as plagioclase, and maskelyhieitudy
focused on the FCAs that &agvecbasea desemblb,.
Rubin (2003) and fApseudomorphicd or fAaggre

(1967, 1973).



2) METHODS AND SAMPLES
2.1 Methodology:

Thin sections of meteorites in the Cascadia Meteorite Laboratory (CML)
collection were surveyed using Optical Microscopy (OM) with a Leica DM2500
petrographic microscope with intent to locate FCQany thin sections were surveyed
(Annex Table Al). Sampls were selected for further study based on havingfaetied
feldspathiechromite assemblages with a variety of textural types in generally
unweathered meteorites of differing shock stages. Samples were then prepped and
mapped using EBSD, gathering botarge Area Maps (LAMs), as well as Targeted
Maps (TMs) from each sample. Assemblage data were then individually analyzed using
Oxford Instruments AZtec 4.3, AZtecCrystal 1.1, and Channel 5 software to create
various maps, plots, and tables from which ottea were extracted.

2.2 Shock Classification:

Olivine shock character data were gathered from each thin section for the purpose
of evaluating the shock history of these meteorites. Shock stage was determined for
samples that had not previously been classified using a Leica DM2500 petrographic
microsc@e. Based on olivine grains within the samples, conventional shock stage was
determined using the criteria of Stoffler et al. (1991, 2019) as the highest shock stage
containing at least 25% of the grains observed. Petrographic criteria include the fextent o
undulatory or mosaic extinction, the number of planar fractures within the grain, and
whether the olivine shows recrystallization. Tabld Ahows the conventional shock
stage for all meteorites that were studied with optical microscopy. The weightédd sho

stage was then determined using the methods of Jamsja and Ruzicka (2010). In the



Jamjsa and Ruzicka (2010) method, extinction angles and the number of planar fractures
sets together with any evidence for recrystallization are the primary criterisigniag
shock stage to an individual grain. Weighted shock stage is determined by the mean of all
assigned olivine shock stage characters for each individual grain, displayed with the
standard deviation of the population (Jamsja and Ruzicka, 2010). Qjnaimes used for
analysis have minimal weathering and alteration, with the key criterion being that they
are of sufficient recommended size (050 &m
2.3 EBSD Methods:

The SEMEBSD system used for this work was a Zeiss Sigma VariabksBre
Field Emission GwE&canning Electron Microscope (WEG SEM), with an Oxford
Instruments ULTIM MAX 65 energy dispersive spectrometer (EDS) with sHardh
detector, and an Oxford Instruments NordlysNano Symmetry Electron Backscatter
Detector (EEBD) with 5diode forward scattered electron detectors. The SEM was used
to obtain high resolution Backscatter Electron (BSE) images, chemical maps, and
chemical point data of the specific areas of interest within each sample. EBSD data
including band conérst and crystal identities and orientations were obtained in map
format. Band contrast images represent the intensity differences in Kikuchi images of
diffraction data and are typically related to the quality of diffraction patterns. Crystal
orientations ee commonly portrayed as inverse pole figure (IPF) (x, y, z) maps, which
show the orientation of principal crystal axes relative to the x, y, and z sample directions.
EBSD data were analyzed with Oxford Instruments AZtec 4.3, Channel5, and
AZtecCrystal 1.1software to determine various metrics including grain orientation

spread (GOS), grain reference orientation deviation (GROD) angle, and lattice preferred



orientation (LPO) maps and metrics for olivine, chromite, and plagioclase grains.
Additionally, grainsize data were collected. GOS metrics derived from Large Area Maps
were used to evaluate deformation temperature and annealing in the samples according to
the methods of Ruzicka and Hugo (2018) and Hugo et al. (2019). These methods include
an assessment eemperature at the time of deformation, given by the EBSD parameter
Ro.10 for olivine, which is related to the fraction of misorientation rotation directions in
the <010> and <001> crystal directions of olivine compared to the total rotation
directions n the <100>, <010>, and <001> directions, for misorientation angles between
2 and 10° (Ruzicka and Hugo, 2018). They also include an assessment of annealing
(recovery) following deformation, given by theSd parameter for olivine, which is
related to tk skewness of GOS values (=mean/median GOS) in olivine grains larger than
50um across (Ruzicka and Hugo, 2018).

For EBSD work, the SEM accelerating voltage was set to 20 keV, with mapping
step sizes ranging from 04.Imo 0.8% nfor the Targeted Mapsnd between 2:5
4.% nfor the Large Area Maps. The minimum grain size criterion for all maps was 5
contiguous pixels. All maps (LAM and TM) were gathered in less than 24 hours.
2.4 Study Samples:

Meteorites used in this study for EBSD analysis are: S@4@e Estacado (H6),
Alfianello (L6), and NWA 13533 (L6) (Table 1). Spade, Estacado, and Alfianello were
previously shociclassified (Friedrich et al. 2017), whereas NWA 13533 was classified

(group, type) and the shock stage was determined for this study.



Table 1 Meteorites used in this study for EBSD work.

Name Classification Conventional Shock Stage
Spade H6 S4
Estacado H6 S1
Alfianello L6 S5
NWA 13533 L6 S4
3) RESULTS

3.1 Textural Types

For this study, we focus on three main texttypks of FCAs, Fine Clumped
Chromite, Coarse Clumped Chromite, and Chromite Poor. These classifications have
been created for this study and are based on quantitative EBSD data as discussed below.
The primary criteria used to distinguish textural typeslaugrain sizes of chromite in an
assembl age, 2) the number of chromite grai
number densityo or simply Aclump densityo)
in an assemblage. Before discussing quantitatitee idadetail, examples of the different
textural types are first given below.

Fine Clumped Chromite (FCC)These are assemblagesnd in compact
regions that contain numerous chromite grains less than 5um in diameter (Fig. 1).
Although in clumps, some phical distance occurs between adjacent chromite grains. In
these clumps individual chromite grains can be roughly equant or elongate, and elongate
grains are typically parallel to other elongate grains (Fig. 1). Some of the assemblage
clumps have appareatystal outlines, and these outlines have been proposed to be the
remnant edges of a parent crystal that has since exsolved to form chromite (Ramdohr,

1967, 1973).



' 50um ' Raster: 836x1142 Step Size: 0.1784um

Figure 1: An example of Fine Clumped Chromite (FCC) in NWA 13533. Image: monochrome = ba
contrast, pink = pixels indexed as chromite. Black areas associated with chromite are maskelynite. Medium
grey areas outside the assemblage consist of olivine and pyroxene; the lighter grey area to the middle right
consists of metal. EBSD map: 099M4D



Coarse Clumped Chromite (CCCJhis type of assemblage contains chromite
crystals often larger than 5um in diameter size that form compact assemblages with little
if any physical distance between adjacent chromite grains (Fig. 2). They could have
stated as broken or fractured chromite grains that have since, potentially through shock,
been cobbled back together to form a clumped pile of chromite surrounded by feldspar
(Ramdohr, 1967, 1973). While chromite is a brittle mineral (Ramdohr, 1967), not all
chromites in chondrites or FCAs have been found to be heavily fractured. The CCC
chromite in Fig. 2, for example, is not especially fractured. (Faint lines crossing the
interiors of chromite grains are polishing scratéhés Ruzicka, personal

communicatioin

100pm ' Raster: 739x555 Step Size: 0.3um

Figure 2: An example of Coarse Clumped Chromite (CCC) in Estacado. Image: monochrome = band
contrast, pink = pixels indexed as chromite. Grey areas intergrown with chromite are largely grains indexed
as plagioclase; grey areas outside the assemhbdagéstchiefly of olivine. EBSD map: 0298M2B



Chromite Poor (CPi) This assemblage type contains chromite congregated in one
area but has more distance between chromite grains, with visibly less chromite than the
FCC or CCC assemblages (Fig. 3). Thisgiegtion can be fitted into the FCC or the
CCC category in some instances for some parameters, but CP assemblages are set apart

as their own grouping due to the relatively low proportion of chromite.

250pum ' Raster: 910x1051 Step Size: 0.67um

Figure 3: An example of a Chromite Poor (CP) assemblage in Spade. Image: monochrome = band contrast,
pink = pixels indexed as chromite. Grains intergrown with chromite consist largely of grains indexed as
plagioclase. Grey areas outside the assemblagéstaranly of olivine and pyroxene. EBSD m#269

TM1A

3.2 Characterization of Assemblages
Multiple Targeted Maps were taken from each of the four meteorites analyzed
with EBSD (Table 2). Each Targeted Map was chosen for containing an FCA. These

FCAs vay slightly in texture and makep. Some maps only had one assemblage,
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whereas others had multiple nearby assemblages that were grouped into subsets (Table
2). An assemblage was determined by having a concentration of chromite with
feldspathic material stwunding it. Within Alfianello and NWA 13533, feldspar in FCAs

is largely maskelynized, but there were some relict plagioclase crystals found within
maskelynite (Table 2). These relict plagioclase grains appear cracked in BSE or
forescattered diode (FSDpages, in contrast to a smooth appearance for maskelynite. In
Spade and Estacado, crystalline plagioclase is present in the FCAs (Table 2), and it is
observed to be twinned. The presence of maskelynite (feldspathic glass) as opposed to

plagioclase, is indative of a more highly shocked meteorite.

Table 2: Listing of all Targeted Maps, including metadata and basic data for assemblages.

Mete_orite Targeted el Assemblage St_ep n n il Assemblage
(thin Map Map Area Area (m?) Size pIaZ)* ch?* assemblage Mineralogy*
section) (mm? (um) subsets
TM1A 0.4293 0.2579 0.67um | 2318 | 126 1 chr + plag
(0323?% TM2A 0.3781 0.1195 | 0.83um| 832 77 2 chr + plag
TM3A 0.5697 0.1042 0.83um | 832 159 1 chr + plag
TM1B 0.0142 0.0114 0.13um| 670 332 6 chr + plag
TM2B 0.0369 0.0328 0.30um | 600 350 1 chr + plag
(%Zt;";g‘é‘; TM3B 0.3129 00128 | 0.28um| 82 168 1 chr + plag
TM4B 0.0051 0.0051 0.11ym| 1214 | 232 7 chr + plag
TM5B 0.0164 0.0123 0.15um | 673 351 6 chr + plag
T™M1C 0.8343 0.0568 0.45um - 196 4 chr + mask
T™2C 0.0411 00341 | 0.25pm| 12 | 2015 13 chr +pEgSk w/
_ TM3C 0.0058 0.0035 0.12um| 36 227 2 chr + mask
Alfianello
(04961A) | TpMac 0.0123 0.0066 | 0.18um| 66 336 9 chr +pEgSk w/
T™M5C 0.0111 00069 | 0.17um| 206 | 528 5 chr +p|”;35k wi
TM6C 0.0203 0.0133 0.22um | 13 224 7 chr + mask
TM1D 0.1472 0.1472 0.38um - 1824 23 chr + mask
’1\|§A5l§3 TM4D 0.0304 0.0231 0.18um - 614 17 chr + mask
(09951) TM5D 0.0286 0.0231 0.18um - 539 4 chr + mask
TM6D 0.1546 0.1055 0.18um | 203 1848 2 chr + mask

* Chr = chromite, plag = plagioclase, mask = maskelynite

11



3.3 Assemblage types

In this study, we have found there to be two main groups of FCAs, Fine Clumped
Chromite, and Coarse Clumped Chromite. There is an additional group, Chromite Poor,
that doeshot quite fit into the two main groups. Tables 3, 4, and 5 show data for the three
groups that help to characterize these assemblage types. Table 6 shows the plagioclase
data for each targeted map. In maps containing multiple assemblages and subsets (Table
2), data in these tables are averaged values for the assemblages in each map.

FCC:

Table 3: Chromite data for assemblages in this study that have been classified as Fine Clumped Chromite
(FCC). These assemblages have generally the smallest Chromitern@earRatio among FCAS in this
study.

Targeted| Assemblage Chromite Area Clump LPO #
Meteorite Maps Type Coarseness Rati{ Fraction of Density OR:100>
(% d>5/d>1) Chromite | (grains per mrf)
(pixel fraction)
T™M1B FCC 0 0.21 29049.4 9.51
Estacado TM3B FCC 0 0.12 13100.7 6.27
(02953C) | TM4B FCC 0 0.17 45250.6 5.18
TM5B FCC 0.741 0.21 28515.7 10.86
TM2C FCC 1.46 0.27 59039.0 6.34
TM3C FCC 0 0.29 65117.6 8.17
Alfianello TMA4C FCC 1.10 0.33 50978.6 9.74
(04961A) TM5C FCC 0.529 0.39 76733.0 7.81
TM6C FCC 3.75 0.25 16815.6 4.45
NWA 13533 | TM1D FCC 1.54 0.12 12391.4 3.39
(09951) TM4D FCC 1.69 0.16 26527.3 5.82
CCcC:

Table 4: Chromite data for assemblages in this study that have been classified as Coarse Clumped Chromite

(CCQC). These assemblagesve generally the largest Chromite Coarseness Ratio of FCAs in this study.

Targeted| Assemblage Chromite Area Fraction Clump LPO #
Meteorite Maps Type Coarseness Rati¢ of Chromite Density Q100>
(% d>5/d>1) (pixel fraction) | (grains per mf)

Spade TM2A CCC 44.16 0.23 644.5 4.56
(02691A) | TM3A CcCcC 37.50 0.45 1525.9 4.14
Estacado TM2B CCC 61.96 0.55 10674.4 7.48
Alfianello TM1C CCC 17.39 0.27 3452.3 3.53
NWA 13533 | TM6D CCC 29.67 0.41 17513.6 1.40

12



CP:

Table 5: Chromite data for assemblagethia study that have been classified as Chromite Poor (CP). Note
these assemblages have the lowest Area Fraction of Chromite of all the Targeted Maps in this study.

Targeted| Assemblage Chromite Area Fracton | Clump Density| LPO #
Meteorite Maps Type Coarseness Rati{ of Chromite | (grainspermd) | gxioo>
(% d>5/d>1) (pixel fraction)
Spade TM1A CcP 36.51 0.054 488.5 1.58
NWA 13533 | TM5D CP 2.01 0.09 23361.7 0.88

Table 6: Plagioclase details for the Targeted Maps acquired for this study.

Grain Size (um) GOS values (degreegAll d)

Meteorite Tal\r/lg;;ed Gfa(i)r]:s Mean Max,Min Median | Mean ggi]gsgﬂ mreaa;inol Tjgian
TM1A | 2318 | 3.44 | 63.5,1.69| 2.13 | 0.66 | 0.49 1.25
(Oggg‘ii) TM2A | 832 | 512 | 55,210 | 2.96 | 0.78 | 0.59 1.26
TM3A | 832 | 5.06 | 76.9,2.09| 2.81 | 0.73| 0.63 1.38
TM1B | 670 | 1.20 108_'55’ 0.78 | 0.62| 0.20 1.05
Estacado | TM2B | 600 | 2.38 13'7267’ 1.27 | 0.68 | 0.40 1.19
(02953C) | TMm3B 82 | 210 | 423,07 | 0.82 | 0.97 | 0.66 1.30
TM4B | 1214 | 053 | 9.92,0.28| 0.36 | 0.59 | 0.36 1.13
TM5B | 673 | 1.01 | 51,038 | 0.48 | 051 | 0.33 1.21
TM1C 25 | 1.25] 2.34,097| 1.15 | 0.95| 0.47 1.20
T™M2C 12 | 151 | 4.49,0.63| 1.12 | 1.12| 0.60 1.20
Alfianello | TM3C 3 | 047 | 159,03 | 037 | 0.88| 0.32 1.02
(04961A) | TM4C 66 | 0.93 | 6.33,0.44| 056 | 0.86 | 0.55 1.17
TM5C | 206 | 0.63 | 594,042 | 0.49 | 0.70 | 0.32 1.12
TM6C 13 | 0.87 | 2.58,0.56| 0.76 | 1.06 | 0.57 1.38
TM1D 8 232 | 6.83,1.14| 148 | 1.16| 051 1.14
22’\5/?3 TM4D 28 | 0.85| 2.87,0.45| 0.60 | 0.78| 0.25 1.01
(09951) | TMSD 70 | 0.67 | 2.69,0.45| 053 | 0.99 | 0.67 1.17
TM6D | 203 | 1.31 | 8.17,0.64| 0.89 | 0.93 | 0.33 1.06

As seen in the above tables (3, 4, 5), the FCC category appears to have a very small
chromite coarseness ratio, whereas the CCC group has a very large value. Chromite Poor

sets itself apart with a lower area fraction of chromite than either the FCC@Ce

group.
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3.4 Quantitative EBSD parameters for FCA groups

The plots below show the two distinct groups, FCC and CCC, according to
various quantitative parameters. Although there is some overlap between the two main
groups in some of the plots, thiegive different ranges of parameters. The Chromite Poor
assemblages can be seen to line up with either the CCC or FCC groups for some

parameters, but they do not consistently fall into one of the other two groups.

Chromite Coarseness Ratio vs. Clump Density
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Figure 4: Chromite Coarseness Ratio (grain size) vs. Clump density. d = equivalent grain diameter in
microns (W), d>5/d>1 is the percentage of grains with d>5 compared to all grains with d>1. Greexdots
to symbol for meteoritdenote CCC, pink doubldots denote CRack of dots denote FCGolid line box
shows CCC trend, while dotted line box shows FCC trend.

Grain size and clump density show the distinct difference in the FCC and CCC
groups (Fig. 4). CCCs tend tgrainldensitithan 6 c | u
FCCs, but they overlap some FCCs with the lowest clump density. Figure 4 shows that
for these two parameters, the Spade CP assemblage fits into the CCC group, whereas the
NWA 13533 CP assemblage fits into the FCC group. In the ddbesdigure, we see
that both of our CP data points have a lower clump density but are varied in their grain

size.
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Chromite Coarseness Ratio vs. LPO #
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Figure 5: Chromite Coarseness Ratio (grain size) vs. LPO #. Greemestots symbol for meteorite
denote CCC, pink double dots denote (ack of dots denote FCGolid line box shows CCC trend, while
dotted line box shows FCC trend.

Figure 5 shows that there tends to be a higher LPO number (higher degree of
chromite lattice preferred orientation) for the FCC group, as opposed to thgro@
The Spade CP assemblage again fits within the CCC group in terms of chromite LPO and
grain size, but the NWA 13533 CP assemblage falls far outside of either the FCC or CCC

groups in terms of having weak LPO together with low grain size.

15



Chromite Coarseness Ratio vs. Area Fraction of
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Figure6: Chromite Coarseness Ratio (grain size) vs. Area Fraction of Chromite. Greamxtdtssymbol
for meteoritedenote CCC, pink double dots denote Giek of dots denote FCGolid line box shows
CCC trend, while dotted line box shows FCC trend.

Figure 6 shows both CCC and FCC to have a large and overlapping spread in
chromite area fraction, although FCC assemblages tend to have a lower chromite area
fraction than CCC.The CP assemblages are set slightly apart from either the CCC or
FCC fields, as thehave thedwed amount ofchromite

I n Fig. 7 and plots to i mmediately foll
do). Although GOS i (Ruzidke and iHugoe 2018), wewillgeeai n s i
later that for the chromite grains in FCAs, G{f3s a good measure of the overall

deformation extent of chromite.
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Figure 8 depicts the clump density of each assemblage verses the meaa GOS
showing that there is some oalin our assemblage groupings. Despite this overlap in
the FCC and CCC groups in Figure 8, we can see a distinct difference in average
chromite GOGi 4 between our meteorites. Spade and Estacado have a low average GOS

din chromite (~0.28).6°) compaed to Alfianello and NWA 13533 (~0-Z.6°).

Clump Density vs. LPO #
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Figure 9: Clump Density vs. LPO #. Green dudxt to symbol for meteoritdenote CCC, pink double dots
denote CPlack of dots denote FC&olid line box shows CCC trend, while dotted line box shows FCC
trend.

Figure 9 shows that there is some distinction in the FCC and CCC groups, as well
as showing our CPs as outliers. FCCs tend to have the high clump density as well as the
higher LPO number. Whereas our CCCs trend on the lower end for both LPO and clump
density.

Figures 10, 11, and 12 show the Area Fraction data for each Targeted Map. They

show t hat there Ii's some distinction betwee
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more muddled than other parameters. This points to area fraction not beaigeg f@dtsor

in the creation of the assemblages.

Area Fraction of Chromite vs. Clump Density
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Figure 10: Area Fraction of Chromite vs. Clump Density. Greenrdotsto symbol for meteoritgenote

CCC, pink double dots denote (Rck of dots denote FCGolid line box shows CCC trend, while dotted
line box shows FCC trend.
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Area Fraction of Chromite vs. LPO #
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Figure 11: Area Fraction of Chromite vs. LPO#. Green dets to symbol for meteoritgenote CCC, pink
double dots denote CRack of dots denote FCGolid line box shows CCC trend, while dotted line box
shows FCC trend.
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Mean GOS all d vs. Chromite d15-50
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Figure 13: Mean Grain Orientation Spread (GOS) for all d for chromite onalxesyersus Chromite d
15-50 on the yaxis. Data points on theaxis with zero values are artifacts of not mavany d1550
grains.Green dots next to symbol for meteorite denote CCC, pink double dots denote CP, lack of dots
denote FCC.

In Figure 13, mean GOS in chromite for d=8® grains (GO&sso) is plotted
against mean GOS in grains of all sizes (@QSIt is seen that nall targeted maps
featured chromite grains between3® um size range, which is not surprising given the
diminutive size of grains in some of the FCC assemblages. Aside from such assemblages,

Fig. 13 shows that there is a general correlation between itbré@ Siis-s0and GOS d.
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Mean GOS vs. Chromite d5-15
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Figure 14: Mean Grain Orientation Spread (GOS) for all d for chromite onalesxversis Chromite d 5
15 on the yaxis. Data points on theaxis with zero values are artifacts of not having ami89rains.
Green dots naxo symbol for meteorite denote CCC, pink double dots denote CP, lack of dots denote FCC.

Figure 14 shows mean GOS in chromite for-d&5grains (GO& 15) against
mean GOS in grains of all sizes (G®§. There is now a more obvious positive trend, as
more assemblages have grains at ti&sm size, with only three targeted maps sitting
on the xaxis. The positive trend occurs both for FCC and CCC assemblages, but they

may have different slopes (less steep for CCCs, steeper for FCCs).
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Figure 15: Mearrain Orientation Spread (GOS) for all d for chromite on ttais, versus Chromite d <5
on the yaxis.Green dots next to symbol for meteorite denote CCC, pink double dots denote CP, lack of
dots denote FCC.

In Figure 15, mean GOS in chromite fersdgrains (GOSs) is plotted against
mean GOS in grains of all sizéhis linear correlation can be taken as evidence that the
GOS all d parameter largely reflects the smallest (d<5) graims is true for FCC as
well as CCC. Two CCC assemblages, one éach Alfianello and NWA 13533, have
the largest chromite GOS values among the FCAs studied, whereas two other CCC
assemblages, both from Spade, have the lowest GOS values. There is no obvious
difference in chromite GOS between CCC and FCC assemblageadnassemblages in
the Alfianello and NWA 13533 tend to have higher chromite GOS than assemblages in
Spade and Estacado.

The plagioclase data (Table 6) shows the relative coarseness of the feldspathic
grains in Spade and Estacado, in comparison teghesmall grains found in Alfianello

and NWA 13533. The small grains in the high shock meteorites are due to relict
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plagioclase grains that were not fully maskelynized. Alfianello and NWA 13533 were
shocked hard enough that the feldspathic material iasformed to a glass, but not

entirely, leaving behind a few grains.

3.5 Orientation and deformation data for example FCA assemblages

Figures 1621 show orientation and deformation data for chromite in particular
assemblages of different types. Inverse Pole Figure (IPF) maps show the crystal
orientations of each chromite grain using a false color scheme, together with a
monochrome bandontrast image. In these maps the orientation of the <100> direction in
chromite is shown relative to a sample coordinate system (>igéttin the plane of the
section, y=updown in the plane of the section, z=normal to the section). Two types of
pole figure plots are shown. One plots the orientation of each pixel with the
corresponding color in the associated IPF map (pole figure plot with IPF colors). The
other is a density plot based on 15° halfwidth contouring assuming one point per grain
(contouredpole figure plot). The contoured pole figures especially highlight whether
there is a lattice preferred orientation (LPO) of chromite grains. As chromite is a cubic
mineral, there are three crystallographically equivalent <100> directions, so a single
orientation will show as three distinct spots in a contoured <100> pole figure.

Grain Orientation Spread (GOS) and Grain Reference Orientation Deviation
(GROD) angle maps show deformation of each chromite grain using a false color scheme
together with a mondeome band contrast image. GOS indicates the average
misorientation, whereas GROD angle shows the deviation in orientation within a crystal

relative to the average orientation. GOS maps are shown with maximum values set to
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15°, whereas GROD angle maps sinewn with maximum values set to 20°. In these
maps blue corresponds to minimum values, green to intermediate values, and red to
maximum values.

Data for two example FCC assemblages are shown in Figure 16 and 17. The
assemblages in NWA 13533 (TM1) (Fig.)Bd Alfianello (TM2) (Fig. 17) both consist
of chromite groupings with sharp edges, all set in maskelynite. In NWA 13533, the
chromite groupings form latlike shapes. In Alfianello, the groupings have various
polyhedral outlines. Both assemblages amaidated by small chromite crystallites,
although there are some larger grains in the Alfianello assemblage that tend to be aligned.

Within each grouping of the two FCC assemblages, IPF colors are similar but
vary somewhat, indicating a high degree butpestect LPO. The pole figure plots for
Alfianello indicate that there is one dominant orientation of chromite (a set of three
spots), indicating a dominant LPO approaching a single orientation for all chromite
groupings in this map (Fig. 17). The contoupade figure plot for NWA 13533 indicates
a somewhat more complex situation, characterized by a girdle of two <100> directions
around a third dominant <100> direction (Fig. 18). This suggests rotation of a cube
around a single axis that is fixed in directi This could be related to the spread of
chromite clumps in Figure 16, as there are more clumped groups that are going in many
directions, as opposed to one large clump of chromite in the assemblage in Figure 17.
The fan shape for clumps seen in Figusaslone that implies crystallization from a
single point, analogous to the radiating pattern seen in radial pyroxene chondrules in

chondrites (A. Ruzicka, Personal Communication).
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Both of the FCC assemblages feature chromite crystals with low overall GOS
values (Fig. 16, 17). A few crystallites, especially in the Alfianello assemblage, are more
deformed (Fig. 17). In the latter, this includes most obviously the larger grains, but also
some of the smaller crystallites.

Data for two CCC assemblages anewsn in Figures 18 and 19. Both
assemblages, in NWA 13533 (TM6) (Fig. 18) and in Estacado (TM2) (Fig. 19), consist of
chromite grain groupings in chalike patterns. These chains have irregular edges,
marked by the edges of chromite crystals. The chrognéties are adjacent to
maskelynite in NWA 13533 and within plagioclase in Estacado. In the Estacado
assemblage, chromite grains are granular and often meet in triple junctions (Fig. 19). In
the NWA 13533 assemblage, chromite grains also tend to be etipoauggh less
granular, and often meet in triple junctions. A large difference from Estacado is that the
CCC grains in NWA 13533 are more highly fractured, with some parts of the assemblage
appearing to be brecciated (Fig. 18).

In contrast to the FCCs, ti@&CCs in NWA 13533 and Estacado do not show a
strong chromite LPO, as indicated by a variety of IPF colors and a spatially random
distribution in the pole figure plots (Fig. 18, 19). However, the LPO is higher for the
Estacado assemblage (Fig. 19) thartlie NWA 13533 assemblage (Fig. 18). Generally
low LPO is typical of this assemblage type (Fig. 5, 9, 11).

The two CCC assemblages differ significantly in chromite deformation. In figure
18, the GROD angle 20 map for the CCC in NWA 13533 shows thataheereany
grains within the clump that have seen deformation (shown as blue grains with green to

red in and around them). Conversely, Figure 17 for the CCC in Estacado is almost solidly
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blue, with only one solid green grain, and very few blue grains slgosame green
around the edges (see scale bar).

Data for the two CP assemblages found in this study are shown in Figures 20 and
21. Both assemblages tend to have generally low LPO strength for chromite and low
GOS for chromite. They also differ from one #mr, one being a larger map (Fig. 21),
that tends to align itself closer with the CCC group, while the smaller map aligns more
with the FCC group. The CP group also differs texturally, with the Spade TM showing
plagioclase surrounding the chromite, whiile NWA 13533 TM has maskelynite

enclosing the chromite.
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Figure 16: NWA 13533 (TM1), IPFx (top left) and GOS15 (top right) maps (colors) together with band
contrast (monochrome), with contoured pole figure plot (bottdt)) as well as scattered pole figure plot
in IPFx colors (bottom right).
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Figure 17: Alfianello (TM2), IPFx (top left) and GOS15 (top right) maps (colors) together with b
contrast (monochrome), with contoured pole figure plot (lower &it) scattered pole figure plot in
IPFx colors (lower right).
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Figure 18: NWA 13533 (TM®6), IPFx (top left) and GROD angle20 (top right) maps together with band
contrast (monochrome), with contoured pole figure plot (lower left), asamedtattered pole figure plot in
IPFx colors (lower right).
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Figure 19: Estacado (TM2), IPFx (top) and GROD angle20 (middle) maps together with band ca
(monochrome), with contoured pole figure plot (lower left) and scatteredigote plot in IPFx colors
(lower right). Some artifacts were removed from the pole figures as to give accurate numbers
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Figure 20: NWA 13533 (TM5), IPFx (top) and GOS15 (middle) maps together with band contrast
(monochrome), with a froint-pergrain contoured pole figure plot (lower left) andgilkels scattered pole
figure plot in IPFx colors (lower right).
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Figure 21: Spade (TM1), IPFx (top) and GOS15 (middle) maps together with band contrast (monochrome),
with contoured pole figure plot (lower left) and scattered pole figure plot in IPFx colors (lower right).
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Figure 22: The map on the left (Spade TM1) shows the recrystallization of the olivine. Inside the red box
the blue grains are the recrystallized grawile yellow denotes structured grains. The map on the right
(Spade TM1) shows the GROD angle20 map. Inside the red box the dark blue grains are grains that have
not been deformed, while the grelelne grains have been deformed. The yellow circle hiptdighe

Feldspathic Chromite Assemblage in this map.
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Figure 23: The map on the top (Spade TM1) shows the GROD angle20 map.trgiee box at the top,
dark blue grains are grains that have not been deformed, while thebdmeagrains have been defioed.

The map on the bottom (Spade TM1) shows the recrystallization of the olivine. timsickxl box at the
bottom,theblue grains are the recrystallized grains, while yellow denotes structured grains. The yellow
circle highlights the Feldspathic ChramiAssemblage in this map.
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Figures 22 and 23 show two targeted maps taken from Spade, TM1 and TM2.
Both figures are olivine maps, that show the recrystallization that Spade experienced. The
left side map in Figure 22 shows a recrystallization map derisied) Channel5 data.
The blue grains are the recrystallized grains, meaning they are largely undeformed grains,
while the yellow represents the structured grains that have been deformed, vgthisub
boundaries. The blue grains could represent the radligation of previously deformed
grains, or grains that were never deformed in the first place. The bottom map in Figure 23
is the same as stated previous. The association of weaafidymed grains, shown in the
GROD angle 20 maps accompanying the reatlygation maps, with heavily deformed
grains indicates either that olivine was recrystallized or that it was crystallized from a

melt. This will be further discussed later in this Thesis.

3.3 LAM & miniLAM data

The meteorites chosen for this stwhypear to vary significantly in deformation
and thermal history. Data for olivine based on OM and EBSD Large Area Maps are
shown in Table 6 and Fig. 24. Alfianello and NWA 13533 fit well into the group 3, type
6 meteorites as defined by Ruzicka & Hugo @04dnd Hugo et al. (2019), which have
high shock stage ($85), low R-1ovalues, and low Sksovalues. These were interpreted
to have been strongly shocked while cold initially, and quickly cooled after shock
(Ruzicka and Hugo, 2018; Hugo et al., 201)ade is shown to have an elevated
rotation parameter (Ro) but a low skewness parameter {3s§ (Table 6). In this regard
it resembles St. Severin (LL6), which was interpreted to have been shocked while hot,

but which cooled quickly afterwards (Hugoakt2019). Estacado has apigvalue
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between that of Spade and Alfianello and NWA 13533, as well as a highes\&lue

(Table 7, Fig. 24). Based on Ruzicka and Hugo (2018) and Hugo et al. (2019), this could
indicate that Estacado experienced deformation at an elevated temperature followed by a
significant amount of posthock annealing (A. Ruzicka, personal commatiir). More

details on the apparent deformation and thermal histories for the four meteorites are given

in the Discussion.

Table 7: Olivine data including shock stage (weighted and conventional), and the EBSD parameters R
and Skssobased on Large AeeMaps. The implied thermal history based on the EBSD parameters is
shown following Ruzicka and Hugo (2018). Shock stage data for Spade, Estacado, and Alfianello after
Friedrich et al. (2017).

] Step Size| Weighted | Conventiona Thermal
diailE ey (um) | Shock Stagel Shock Stage Reto | Skasso History*
mini high temp,
Spade LAM 2:5 0.748 1.065 low annealing
(02691A) 2.39 S4 high temp
4 0.695 1.062 .
LAM low annealing
high temp,
(g;ga;ggc): 4 1.28 s1 0.605 | 1.451 high
LAM annealing
Alfianello low temp, low
(04961A) LAM 4 4.18 S5 0.383 1.082 annealing
NWA 13533 low temp, low
(09951) LAM 4.5 3.73 S4 0.357 1.100 annealing

* Temp = temperature

Temperature (RA.0) vs. Annealing Parameter (skd

>50)
0.8
|
0.7 ]
0.6
o W Spade
< 05
[ad Estacado
04 Alfianello
0.3 NWA 13533
0.2
0.8 1 1.2 1.4 1.6
Skd >50

Figure 24: Temperature ¢ parameter) vs. Annealing (Sko parameter.
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Tables 8 and 9 anfgigures 25 and 26 present data for GOS in the 3 major phases
highlighted for this study, olivine, chromite, plagioclase. No GOS data were obtained for
chromite in the LAM dataset for Spade, because in this dataset metal grains were often
mis-indexed as clamite. Figures 27, 28, 29, and 30 show GOS maps for olivine in the
mini-LAM for Spade and the three LAMs for Alfianello, Estacado, and NWA 13533,
using a uniform false color scale for GOS.

The GOS maps show that most olivine grains in Estacado are weddiyneéd
(dominantly blue colors, Fig. 28), whereas many olivine grains in Alfianello (Fig. 29) and
NWA 13533 (Fig. 30) are significantly deformed (dominantly green colors). A few of the
grains in Estacado have higher GOS values (green, yellow in FignZ®)ade, many
olivine grains are significantly deformed (green) and many others are weakly deformed
(blue) (Fig. 27).

Mean GOS values in olivine and chromite for the coarsest grains (d>50 um) are
similar in Estacado and Alfianello but tend to be higbewolivine than chromite in
Spade and NWA 13533 (Fig. 25). In comparing coarse (d>50 um) grains of olivine and
plagioclase in Spade and Estacado, mean GOS values appear to be higher in olivine
(Table 9) but there are too few data for plagioclase to lee sur

For moderately small (d=55 um) grains, the mean GOS values in Spade and
Estacado for olivine and chromite are similar, but in Alfianello and NWA 13533 the GOS
values are significantly lower in olivine than in chromite (Fig. 26). When comparing
moderagly small grains of olivine and plagioclase in Spade and Estacado, the mean GOS

values are notably lower in olivine than in plagioclase (Table 9).
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Table 8: Mean Grain Orientation Spread (GOS) values for equivalent grain sizes greater than 50 um and

for equivalent grain sizes of B um for olivine and chromite, based on LAM and riiAM data.

Meteorite Map Mgan GOS !\/I_ean GOS Meqn GOS Mea}n GOS
olivine (d>50) | olivine (d515) | chromite (d>50)| chromite (d515)

Spade mini LAM 2.76 0.55 1.2x 0.37

(02691A) LAM 2.75 0.90 - -

Estacado

(02953C) LAM 0.70 0.53 0.75 0.55

Alfianello

(04961A) LAM 4.36 3.23 4,18 1.62

NWA 13533
(09951) LAM 4,71 3.46 3.16 1.97

Mean GOS (olivine) d>50 vs. Mean GOS (chromite)

d=>50
5 .
2 45 _—
=] 4 LT B
T 35 e
% 23 s ~ - ] m Spade
E '2 e - Estacado
Y15 Alfianello
] 1 ‘__.-'_
= 05 NWA 13533
0 : "1:1 trendline
0 1 2 3 4 5

Mean GOS5 (chromite) d=50

Figure 25: Mean Grain Orientation Spread (GOS) of grain sizes (d) greater than 50 for olivine versus
chromite in all four samples Large Area Maps (LANIhe zereGOS value for the Spade point is an
artifact, as metal was miedexed as chromite and the G@8ue for chromite was arbitrarily set to zero
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Mean GOS (olivine) d5-15 vs. Mean GOS
(chromite) d5-15

2.5 )

" ®

- -

5 2 :

B -

= 1.5 f,"l B Spade

_Cr L q

e - # Estacado

m -r

S 'm =

o o Alfianello

E 0-5 ! ’ NWA 13533
0= 11 trendline

0 1 2 3 4

Mean GOS (chromite) d5-15

Figure 26: Mean Grain Orientation Spread (GOS) of grain sizes18)fér olivine verses chromite in all
four samples Large Area Maps (LAM)he zereGOS value for the Spade point is an artifactnasal was
mis-indexed as chromite and the GOS value for chromite was arbitrarily set to zero
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Table 9: Mean GOS table for all Targeted Maps and Large Area Maps. Shows the grain size (d>50 & d5
15) and standard deviation of G@ Olivine, Chromite, and Plagioclase.

oot | uap | @S5 s | oWrees) | e @) | o ers [ oo | g osan
TM1A 3.06 +£1.84 0.40 +£1.75 - 0.18 +£0.04 | 1.72 +/1.49 0.69 +£0.62
TM2A 2.69 +£1.51 0.49 +£0.80 -- 0.22 +£0.20 0.49 +/n/a 0.90 +/0.54
(Ogggcﬁ ) TM'3A 4.08 +2.71 0.49 +£0.76 - 0.23+/0.14 | 1.91 +/nfa 0.69 +/0.45
IinAllr\]/: 2.76 +/1.68 0.55 +£0.61 1.2 ++0.65 0.37 +/0.45 | 1.15+/-0.98 0.94 +/0.56
LAM 2.75 +#1.57 0.88 +£0.91 - - 0.84 +£0.14 0.93 +0.55
TM1B - 0.43 +£0.13 . . - 0.64 +£0.16
T™M2B 0.38 +£0.14 0.39 +£0.10 - 1.47 +/0.21 - 0.85 +£0.62
Estacado | TM3B - 0.31 +£0.10 . . . 0.89+/-0.34
(02953C) | TM4B - - - - - 0.82 +£0.44
TM5B - 0.68 +/0.85 -- 0.58 +fn/a 0.75 +in/a 0.61 +/0.36
LAM 0.697 +/0.73 0.53 +£0.35 0.75+/0.49 | 0.55+/0.39 | 1.15+/0.53 1.11 +£0.75
TM1C 5.34 +/0.38 3.61 +/2.55 -- 1.97+/-1.49 | maskelynite maskelynite
T™M2C 4.12 +in/a 3.27 +£1.99 - 2.04 +/1.65 | maskelynite maskelynite
TM3C -- 4.44 +£1.52 -- -- maskelynite maskelynite
I(AOIQSET,IAO) TM4C 3.73 +in/a 2.34 +/0.91 - 2.46 +in/a maskelynite 2.77 +in/a
TM5C -- 4.53 +/2.64 -- 2.83 +in/a maskelynite 1.13 +in/a
TM6C 2.54 +/1.10 4.1 ++2.15 - 3.14 +/2.24 | maskelynite maskelynite
LAM 4.36 +£1.74 3.23 +/2.13 418 +/2.21 | 1.62 +£1.81 -- 1.64 +/0.77
TM1D 3.23 +/0.62 1.93 +£1.12 - 1.45 +/1.05 | maskelynite 6.83 +tn/a
NWA TM4D - 2.19 ++0.99 - 2.04 +/0.81 | maskelynite maskelynite
13533 TM5D 3.84 +in/a 2.94 +/1.73 - 1.09 +/0.63 | maskelynite maskelynite
(09951) TM6D 4.07 +£2.04 3.52 +/1.74 - 2.37 +/1.53 | maskelynite 0.94 +£0.25
LAM 4.71 +£1.97 3.46+/-2.07 3.16 ++1.11 | 1.97 +/1.89 -- 1.56 +£0.73
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'Figure 28: Estacado LAM GOS15 map for olivine (colors) with band contrast (monochrome).
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Figure 29: AlfianelloLAM GOS15 map for olivine (colors) and band contrast (monochrome).
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Figure 30: NWA 13533 LAM GOS15 map for olivine.
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4) DISCUSSION

4.1 General Meteorites (deformatidimermal history)

Olivine LAM data suggest that the four meteorites can be grouped into three different
categories for shock and thermal histories (Tablé)dpade was deformed at high
temperatures and did not experience much-glogtk annealing afterwards. Like St.

Sewerin (Hugo et al., 2019), Spade may have been excavated from an interior portion of
the parent body while it was experiencing thermal metamorphism and placed near the top
surface of the body. The histories for Spade and St. Severin could have beenygenerall
similar but they represent different parent bodies (H for Spade, LL for St. Se2¢rin).
Alfianello and NWA 13533 were deformed at low temperatures and did not experience
much postshock annealing. Like Leedey, Bruderheim, and Morrow County forthe L
group (Ruzicka and Hugo, 2018) and Elbert for the LL group, Alfianello and NWA

13533 could have been shocked while the L parent body was33dli#te Spade,

Estacado could have been shocked while the parent body was undergoing thermal
metamorphism, but uni&kSpade, Estacado was annealed after shock. This could indicate

that the source materials for Estacado remained buried in a warm body after deformation.

4.2 Spade

Spade gives the impression of a strongly shocked meteorite that caused localized
melting hat created the FCAs that are found there. The olivine adjacent to the FCAs
appears to be recrystallized, not annealed after deformation as has been previously
proposed for Spade overall (Rubin and Jones, 2003). This indicates intense deformation,

as olivine recrystallization is associated with shock stage S6 (Stoffler et al. 1991, 2018;
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Fritz et al., 2017). Figure 16 is strong evidence for Spade having not been annealed,

given that its annealing parameter (§&kds relatively low (~1.06L.07 for both LAMand

mini LAM, Table 6). The small (d=85) chromite grains in Spade have low mean GOS
(<0.49 andhave especially low mean GOS values (~@18) in the three FCAs

examined (Table 8, Fig. 14). These GOS values are the lowest in the meteorites examined
for this grain size range. Similarly, the smallest (d<5) grains in FCAs from Spade have

the lowest GOS values among any assemblage examined (Fig. 15). Given that Spade was
evidently strongly shocked and not significantly annealed, low GOS values for the

smaler chromites including those in FCAs could indicate that the small chromites formed
by crystallization from melts, and that the FCAs in Spade formed at least in part by
crystallization from melt pockets. This is consistent with the plagioclase norm@aNa

zoning (Carich cores, Naich rims) that was found in the EDS maps of these FCAs. For
larger (d>50) grains, Spade shows a much higher mean GOS in olivine compared to
chromite, but for smaller (d=B5) grains, GOS values in olivine and chromite are aimil

(Fig. 25, 26, Table 8). This may indicate that the larger olivines in Spade often have relict
deformation, but that the smaller olivine grains could have either been recrystallized, as
shown by some olivine adjacent FCAs, or crystallized from a meh,the FCAs

themselves (Fig. 22, 23).

4.3 NWA & Alfianello
Both NWA 13533 and Alfianello appear to have been strongly shocked from a
cold initial state and quickly cooled afterwards. They give the impression of strongly

shocked meteorites with FCAs cted by localized melting. The presence of
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maskelynite, which only appears in strongly shocked meteorites (Stoffler et al., 1991),
and which could have crystallized from melts (Chen and El Goresy, 2000) and is
concentrated in FCAs, supports this idea. Wiithie maskelynite is the presence of
ragged plagioclase patches, which appear to represent relict plagioclase grains. The
presence of relict plagioclase indicates that at least some portion of the FCAs was not
melted.

GOS values in olivine and chromite graof different sizes in NWA 13535 and
Alfianello are the highest in the four meteorites examined (Table 7; Fig. 25, 26). This
includes elevated GOS values in chromite for the FCAs themselves (Table 8). Although
the high GOS values generally support theai that NWA 13533 and Alfianello were
strongly shocked, elevated GOS in FCA chromite raises the question of whether all the
chromite in these assemblages crystallized from a melt. It would seem either that some of
the chromite in the FCAs from these meitss is also relict, or that chromite in FCAs

was deformed after it crystallized from a melt.

4.4 Estacado

Estacado shows evidence of a shock followed by annealing. If the FCAs found in
this meteorite formed by shock melting, this was followed by the crystallization of
plagioclase from these melts (as proposed here for Spade) or was followed by the
crystallizaton of plagioclase from maskelynite. The plagioclase grains found in the FCAs
are fairly coarse, whichuggestshat the plagioclase crystallized out of the melts.
However, normal zoning was not observed for plagioclase in EDS maps. Such normal

zoning coull have been obliterated during annealing, so the lack of such zoning is not
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necessarily an argument against melt crystallization. Estacado has consistently low GOS
values in minerals (though not as low as Spade), which could have been lowered during
theameal ing event. This is called O0recoverybo
movement of dislocations within crystals, a process proposed for some type 6 ordinary
chondrites (Ruzicka and Hugo, 2018). Mean GOS values are similar between olivine,

chromit, and plagioclase in Estacado (Table 8), although somewhat higher in plagioclase
compared to the other two minerals based on the Large Area Map. This could indicate

that annealing lowered the GOS values in all these minerals in Estacado, especially for

olivine and chromite.

4.5 FCA comparison across all meteorites

There are five main parameters that were used to characterize the assemblages
utilized in this study. These parameters help to craft the origin story of these objects, here
we will talk about ach textural type in terms of these parameters. In the four meteorites
chosen, eighteen targeted maps were acquired and further analyzed. Altogether, the data
suggest that there are two main types of chroniteassemblages in type 6 chondrites,
fine clumped chromite (FCC) and coarse clumped chromite (CCC), with chrpoute
(CP) forming a third, smaller, group. Below is the comparison of the pararfattdre
three assemblage types (LPO, Chromite Coarseness Ratio, and Clump Density), as well
as the pameters that do not seem to factor into assemblage origin (Area Fraction of

Chromite, and GOS).
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FCC:

A model for theorigin of Fine Clumped Chromites relies heavily on three of the
five parameters, specifically the LPO, clump density, and grain coarsenes§@ifo.
parameters give information on how the assemblages were processed and is discussed
after the other paraness.

Most of the FCC assemblages have a high (>5) chromite LPO number. This leads to one
of two conclusions, 1) the subsets taken in these assemblages are pseudomorphs that
exsolved from a high pressure precursor phase, or 2) they represent singlefgrains o
chromite that are spongy. This means that the grains are connected in 3 dimensions with a
good amount of space between the grains. If the second possibility is correct, then the
chromite would have to be extremely spongy, with moreatopnmite than chmite in

any given slice of the meteorite. However, the apparent euhedral shapes of some of the
chromite grains is strong evidence against the grains being spongy. Available evidence
therefore supports the suggestions of Ramdohr (1967, 1973) that soméehrom
assemblages, including the FCC type described here, formed by the decomposition of
unstable precursor grains. Ramdohr (1967, 1973) suggested that the precursor phase
could be a pyroxene rich in the kosmochlor (Na&bd§icomponent. Brearley et al.

(1991) studied a chromitech inclusion in an L6 chondrite (Los Martinez) that has fine
oriented chromite set in plagioclase, similar to FCC, and on the basis of preferred
orientation and other features suggested that fine chromite and plagioclase exsatved fr
an unknown metastable phase that itself had crystallized from a melt.

The FCCs used for thgudyhave a high clump density, especially in those

examplesvith high LPOs. Thisuggestshese assemblagasethe product of
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precipitationfrom a melt thatlid so in such a way that the result is many chromite grains
in one concentrated spaseach as is sean the targeted maps. Conversely, this could
alsoimply that the inferred precursor grain was so loaded with normative chromite, that
the grains produckwere small enough to allow many grains to be packed closely
together in a fairly compact area.

The FCC assemblages are redolvedby the area fraction of said assemblages.
They have a variety of chromite area fractions, as well as a variety of GOSs¢e@®S
to mostly relate to the host meteorite and can indicate that this assemblage is not
distinguished by GOS, but by théstory experienced by the host meteorite.

CCC:

The origin of Coarse Clumped Chromites, much like the FCCs, relies on the same
three of the five parameteSCCs are most likely some sort of aggregates oEgigting
grains, or grain clumps that crystallized from a melt that was enriched in normative
chromite. Tte low clump density of the CCC group could be attributed to théanpial
aggregate origin, as they have fewer, but
found using the area of an assemblage divided by the number of chgoanitefound in
that assemblag€CCs tend to have fewer, but larger, chromite grainsaaed
concentrated closer together, as there is usually little to no space between chromite
grains.

Much like the FCCs, the CCCs are ne$olved bythe area fraction. Theyend
towards ehigh to moderate area fraction which leads to two possible conady$jo
these were prexisting chromite grains that were clumped together as a result of shock or

2) they could also be crystallized from a melt after shock and then clumped together.
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CP:

The origins of th&Chromite Poor assemblages are less clear. BBth C
assemblages were found to be typically low in almost all parameters. The LPO of these
assemblages is the lowest off all 18 TargeteddMbpwever, theyverlapwith the CCC
and FCC groups in terms of the grain coarseness ratio and GOS. These assevebdéages

found in Spade and NWA 13533, which points to theses assemblages being crystallized

from a melt.
GOS:
LPO # vs. Mean GOS (chromite, all d)
12 ~
I} S~ o
10 1 Bl S
I/ =~
. / I}
2 8 i/ /
{11: ! fi B Spade
S 6
o Estacado
[«
= 4 Alfianello
2 NWA 13533
0
0 0.5 1 1.5 2

Mean GOS (chromite, all d)

Figure 31.LPO # vs. Mean GOS of chromite, all d. d = equivalent grain diameter in microns (u). Green
dots next to symbol for meteorite denote CCC, pink double dots denote CP, lack of dots denote FCC. Solid
line box shows CCC trend, while dotted line box shows Readt

This parameter ishe only one that does not strongly relate to assemblage typ
The GOS data taken for these assemblages appears to have more of a correlation to the
shock stage anthermalhistory of the meteorites host body. This implies that the
chromites crystallizéfrom a shock meltlue tothe deformation that the host body

experienced. This could mean that there was more of an aggregational origin for these
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assemblages, butthiso e s n 6t | i the FOQCmroup.eThele iswlivaysthe
possibility of a second shock event having happened, but this is not a model that work
for Spade. With the FCCs not fitting into an aggregational origarefore ve gravitate
to the idea that these assemblages were created due to exdotuti@nprecursor phase.
Figures?, 8, and 31 compare mean GOS (all d) for chromite against chromite
coarseness ratio, clump density, and LP®igures7 and &how that texture (grain size
and clumping) of the FCC obj eangmoceds. Thisdt ch
could mean that the chromite gradims coul dn
plagioclaselnterpretation of the data for CCCs are hampered by having studied
relatively few assemblages of this type. However, the CCC assemblages énaBad
Estacado are notably coarser than in Alfianello and NWA 13533 (FiGlufhp
densities in Estacado are similar to those of Alfianello and NWA 13533, whereas that in
Spade is somewhat lowdrhis implies that annealing could have caused grain
coarseing in Alfianello CCCs without much changing the clump density, by adding to
coarser grains from the smaller, possibly similar to an Ostwald ripening process. Spade
CCCs may have formed differently, by crystallization from a melt, leading to both
coarser gains and a lower clump density. If correct this would imply two origins for

CCCs, namely crystallization in Spade, and aggregation ion the other three meteorites

With Figures 7 & 8 showing the comparisons of GOS against tiledifiree
main parameters in determining the assemblage types of the tHérfesisone important
parameteunaccounted forFigure 31 shows GOS versus LPO, the FCC group shows no
significant differeme between Estacado, Alfianello, and NWA 13533. Meaning ¢tnae

more, the annealing that Estacado experien
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LPO. This islikely for the reason that the chromite was encased in feldspathic material,

i mplying that the plagiocl aseatitwagstall i zed
originally), and a aarenationalthe chramitd. he ©GQC c hange
group shows higher LPO in Spade than in Alfianello and NWA 13533. This could imply

that crystallization allowed the chromite crystals to attach and become more
crystallographically oriented, by one chromite growing on top of another, in a process

called topotactic growth. Once more, this implies that there are two different origins for

the CCC group, one being crystallization (seen in Spade), and the other lyFmgatign

of pre-existing grains (seen in Alfianello and NWA 13533).

The GOS data shows that Spade and Estacado were deformed during their shock
events, while the parent body interiors were being metamorphdseawhile Alfianello
and NWA 13533 were defmed after the parent body interiors were metamorphosed.
The high Skeko value for Estacadsuggestshatthe post deformation annealing brought

down the overall GOS value for the olivine.

4.6 What is the bigger picture?

The bigger picture that we can seih these four meteoritesshile they are very
different meteorites with their own unique origimthe characteristic that they shafhe
obvious difference in high and low shock meteorites is the GOS in chromiteuFow
shock meteorites (Spade and Estacado) we see evithanegherl) annealing removed
signsof deformation and healed the cracks made via shock (which is likely in Estacado),
or 2) the grains crystallized from a melt after most deformation haddy happened

(which is likely in Spade). For our high shock meteorites (NWA 13533 and Alfianello),
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the FCAs were likely produced as a result of the strong shock these meteorites
experienced, with no complications of pgsibck annealing, although locad melting
during strong shock might still be involved.

If these FCA objects are formed by shock melting, as was inferred by Rubin
(2003), then what differences do we see between the high and low shock meteorites?
There appears to be no difference in mahthe measured parameters (chromite
coarseness ratio, LPO, area fraction of chromite, and clump density) between the high
and the low shocked meteorites. There are some real differences between assemblage
types, but aside from those, there is no diffeesn(outside of GOS) between the high
and low shock meteorites. The large difference that we do see between the high and low
shock meteorites studied for this paper is their GOS values. The mean GOS values tend
to be higher for the high shock meteoritey] éower for the low shock meteorites.

Rubin (2003) states that these FCAs form under high shock conditions, and
Alfianello and NWA 13533 fit this model. It is likely that Estacado was annealed, and
despite this, the FCAs found within the sample were astrdyed in the process. The
chromite in Estacado appears to not have been largely affected at all by annealing, the
GOS value for chromite was lowered, but other than that there appears to be no other
changes. Annealing changed the GOS vatiedivine, lowered them from what they
were preannealing, but that was the only real change due to annealing. Spade does not fit
this model. It was shocked at high temperatures but shows no evidence of annealing. The
plagioclase in Spade is zoned, which means ildcoat have been completely
equilibrated, which is a side effect of annealing. The chromite in Spade is also somewhat

zoned, but not completely equilibrated. Both of these instances point to annealing not
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being a factor for Spade. In Spade, it appeardaibiit chromitepoor (CP) and coarse
clumped chromite (CCC) assemblages were able to form by crystallization from local
melt pockets.
The conclusion that can be made from th
supported by our finding®r most meteotes, but not all. Of the four meteorites used in
this study, three of them fit Rubinds mode

Spade being an outlier.
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Appendix A: Optical Microscopy

Table A1: All thin section samples investigated for this study. Those with an * were chosen for further
analysis, with bolded samples being the four chosen for this study.

. e Conventional FCA Present?
CML # Meteorite Name | Classification Shock Stage Y/N

00182* -- unclassified -- Y
158 -- unclassified -- Y
02691A* Spade H6 S4 Y
02953C* Estacado H6 S1 Y
0414* Jungo 001 S1 Y
0417 NWA 5962 - Y
0496 1A* Alfianello L6 S5 Y
05944A* -- unclassified -- Y
06461-1* Tamdakht H5 S3 Y
0649* Jungo 004 S3 \4
788 Yucca 050 H3-6 S3 Y
789 -- unclassified -- N
800 NWA 8645 L5 sS4 Y
802 -- unclassified -- Y
803-3A* -- unclassified -- Y
804 NWA 11229 L6 sS4 Y
805 NWA 10312 H5 S3 N
806 Trapeang Ronoag H4 S1 N
811 -- unclassified -- N
812 NWA 11913 H5 S2 N
813 NWA 11914 H5 S2 N
815 NWA 10458 L5 S3 N
817 NWA 11915 LL4-6 S2 N
823 -- unclassified -- N
824 -- unclassified -- Y
825 -- unclassified -- Y
826 -- unclassified -- N
830 -- unclassified -- N
835 Bison LL6 - Y
841 -- unclassified -- N
842 -- unclassified =" Y
843 -- unclassified -- Y
844 - unclassified -- N
845 -- unclassified -- Y
846 NWA 10313 L6 sS4 Y
847 Yucca 043 H3-6 sS4 N
848 NWA 11230 L6 S4 %
853 NWA 10816 LL5 S3 N
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854 NWA 10828 H4 -- Y
864 -- unclassified -- N
866 -- unclassified -- Y
867 -- unclassified -- Y
869 -- unclassified -- Y
870 -- unclassified -- Y
871 -- unclassified - Y
872 -- unclassified -- Y
873 -- unclassified -- Y
891 -- unclassified -- Y
896 -- unclassified -- Y
897 -- unclassified -- Y
900 -- unclassified -- Y
901 -- unclassified -- Y
902 -- unclassified -- Y
912 -- unclassified -- N
921 -- unclassified -- Y
939 -- unclassified -- N
940 NWA 12431 LL3 - N
941 NWA 12432 H5 -- Y
942 -- unclassified -- Y
944 -- unclassified -- Y
945 -- unclassified - Y
946 -- unclassified -- Y
947 -- unclassified -- Y
953 NWA 5421 LL3.7 -- Y
956 -- unclassified -- N
967 -- unclassified -- Y
974 -- unclassified -- Y
978 NWA 11905 LL3 S3 Y
983 NWA 11291 LL3 -- Y
984 NWA 10220 LL3 S1 Y
985 NWA 8575 L/LL3 S1 Y
9951* NWA 13533 L6 S4 Y
997 Bluff (a) L5 S4 Y
1001 NWA 12434 L3 S4 Y
1004 NWA 12380 L3 S2 N
1014 Bovedy L3 - Y
10161* Ber-Gheluai H5 -- Y
10191* Dalgety Downs L4 -- Y
1070 Selma H4 -- N
1071 Broken Hill L6 -- N
1117 -- unclassified -- Y
1118 -- unclassified -- N
1119 -- unclassified -- Y
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Appendix B:EDS-EBSD false color maps of each targeted map (TM). Each image is a
composite map with different colors attached to different elements (obtained by EDS,
color bar shown below), and a batwhtrast EBSD image shown in monochrome. In

these maps, feldspathic material shows as dark purple, chromite as pink, olivine as bright
green, lowCa pyroxene as dark green to tan, h@gnpyroxene as browred, lowNi

metal as light blue, highli metal asgdark blue, troilite as yellovwgreen, phosphate as

orange, and holes as black.
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Estacado TM2
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Estacado TM3
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Estacado TM4
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Estacado TM 5
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