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Abstract

The geological histories of planetary bodies in our solar system can be understood by
unraveling the petrogenetic histories and evolution of regolith breccias derived from their
planetary surfaces. This study investigates three meteoritic breccias, Northwest Africa (NWA)
14340, Sarigicek, and NWA 10922, originating from the Moon, 4 Vesta, and Mars, respectively.
The breccias’ formation processes and evolutions are unraveled through comprehensive
petrological analyses, coupled with literature synthesis. This study reveals distinct stages in the
petrogenetic histories of the breccias, with impact cratering processes playing an important role
at each stage:

Stage 1: Clast excavation and regolith mixing, showcasing the dominance of impact cratering
and gardening processes across the Moon, 4 Vesta, and Mars.

Stage 2: Lithification processes, which varied among the breccias: NWA 14340 possibly
underwent shock or temperature-induced processes; Sarigicek was shock-lithified; and NWA
10922 underwent thermal annealing, recrystallizing its matrix around clasts. The location of each
breccia’s lithification relative to the locus of impact cratering emerged as a critical factor
influencing lithification under different pressure or temperature regimes.

Stage 3: Post-lithification processes, NWA 14340 and Saricicek exhibit no evidence of post-
lithification modification, such as thermal metamorphism or hydrothermal activity. In contrast,
NWA 10922 shows evidence of secondary mineral formation due to hydrothermal activity
(Lorand et al. 2015), suggesting a dynamic geological history with near-surface water
involvement.

Stage 4: Excavation processes reflect the varying escape velocities and regolith turnover rates of

the respective planetary bodies. NWA 14340 experienced shock pressures near the Moon’s



surface high enough to melt the matrix and quench to glass with a high-pressure mineral
assemblage of tissintite, coesite * garnet. In contrast, low shock pressures were sufficient for the
excavation of lithified Saricicek and NWA 10922 from 4 Vesta and Mars, respectively.
Implications of this study offer insights into the geological evolution of the Moon, 4
Vesta, and Mars. The variations in lithification processes, from shock-induced compaction to
thermal annealing, highlight the diverse processes operating on these planetary bodies. These
findings contribute to our broader understanding of planetary geology and provide valuable
constraints for future studies aiming to unravel the complex histories of rocky planetary bodies in

our solar system.
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arrows. It is present along a pyroxene clast that is near the edge of the meteorite. (D-F) Images of a thin
melt vein found along a pyroxene clast indicated by the yellow arrows in Eand F.........cccocccoviiininne 71

Figure 4.9: BSE images of mineral clasts in the matrix of NWA 10922. (A) Subangular mineral clasts
surrounded by finer-grained matrix material. (B) An Fe-rich augite clast that contains exsolved diopside
along its left edge. This clast also contains inclusions of magnetite and silica indicated by yellow arrows.
(C) A plagioclase clast with microfractures filled with Mg-Fe silicate material. (D) A magnetite clast with
a complex reaction rim that contains a symplectite of plagioclase and oxide minerals, and pyroxene
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Figure 4.10: BSE images of the matrix material in NWA 10922 (A-B) Matrix in the size range of 1 um to
5 um. The material consists of pyroxene, plagioclase, chlorapatite, and oxide mineral grains, whose

boundaries are not evident in A or B as they are submicron in size. (C) BSE image of a mineral clast with

cleavage angles at ~70° and 110° (D) Raman spectrum of clast in C.........ccccceviriiiiiniiincnecec e, 75

Figure 5.4.1.1: Size scheme for clasts in regolith breccia adopted from Spray (2016). .....c.ceccereeviernene 100
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Chapter 1: Introduction

1.1 Introduction

Regolith is the unconsolidated, typically heterogeneous, and fragmental, uppermost
surface layer of a planet, satellite, or asteroid (Spray 2016). Planetary regolith hosts chemical and
physical characteristics of processes that occurred on the surface of planetary bodies. Unlike
Earth’s regolith, planetary regolith from bodies with minimal to no tectonic activity preserves a
record of billions of years of the history of its parent body and the inner solar system (Langevin
and Arnold 1977). The regolith can evolve on planetary surfaces to become a part of the regolith
breccia, a rock comprising broken mineral and/or unconsolidated lithic fragments within the
regolith, cemented by a finer-grained matrix (Fruland 1983). Additionally, in contrast to
monomict regolith breccias that consist of fragments and matrix of identical composition and
origin, polymict regolith breccias contain rock fragments that are sourced from various localities
on the planetary surface and even from other planetary bodies (Kerridge and Matthews 1988).
Hence, a polymict regolith breccia can provide information from an extensive region of a parent
body.

The mechanisms that lead to the brecciation and secondary alteration of polymict regolith
breccias on the Moon, Mars, and the asteroid 4 Vesta, are the subject of this study. Most of our
current knowledge about planetary regolith and regolith breccias stem from the Moon, as
samples returned from the moon, observations made on the surface or from the lunar orbit, and
lunar meteorites have been studied to understand the dynamic properties of the Moon’s surface.
However, processes leading to the formation and evolution of regolith breccias can vary on

different planetary bodies depending on distinct surface conditions and impact cratering



processes. Planetary regolith evolution and surficial processes can be understood by unraveling

the lithification and evolutionary histories of regolith breccias.

1.2 Planetary regolith breccia formation

Unlike on Earth, where the presence of life and wind/water interaction produces sedimentary
rocks, most planetary regolith breccias are a result of impact events and shock processes. In a
hypervelocity impact of a planetary projectile (e.g., asteroids and comets) with the surface of a
target planetary body, the kinetic energy from the projectile is converted to shock waves that
originate from the point of contact and spread through both the projectile and target (Sharp and
DeCarli 2006, Ferriere and Osinski 2013). These shock waves compress and heat the material
they propagate through, leading to shock metamorphism, which includes plastic deformation,
solid-state transformation, or melting and recrystallization to high-pressure mineral polymorphs
(Chao 1967, Ferriere and Osinski 2013). As the shock waves dissipate, the previously
compressed material becomes decompressed and is modified to form an impact crater (Ferriere
and Osinski 2013).

Meteorite impacts can fragment underlying rocks and disperse material across the surface as
ejecta. This results in a heterogeneous layer composed of excavated rock fragments, impact-melt
related, and impactor material. Subsequent impact processes can coalesce heterogeneous
components of the regolith together to form coherent breccia rock. Mechanisms by which
regolith can coalesce include thermal processes such as sintering, annealing, and melting and/or
pressure induced processes such as shock welding and compaction (Mckay and Morrison 1971,
Kieffer 1975, Hoffmann 2011, Spray 2016). Thus, regolith breccias host geological information

that is shaped by impact-related processes and shock metamorphism. Observable shock



metamorphic effects in the breccias can reveal the pressure-temperature-time history of the

regolith breccia during lithification and/or excavation from its parent body.

Spray (2016) presented how planetary regolith binds together to form regolith breccias in

four stages (Fig. 1.1). The first two stages involve crushing, grinding, and mixing of

heterogeneous regolith layers via multiple impact events. Unconsolidated planetary regolith is

produced in the first two stages. In the third stage, compaction leads to lower porosity and

increased strength, and can occur via shock waves, burial, vibrations, or cold pressing (Mckay

and Morrison 1971, Spray 2016). The final stage is sintering, a thermal process in which the

regolith heats up to and below its melting point (German 2014). As the regolith is heated, loose

particles form neck growths along their grain boundaries and ultimately amalgamate to form

equigranular textures (German 2014). Grain growth and densification happens at the expense of

pore space in the sintering stage (German 2014).
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analogies for planetary regolith generation and breccia formation. Figure adopted from Spray

(2016).




1.3 Planetary regolith breccias

Regolith breccias are composed of the components found in the regolith of its parent body
and that are bonded together to form a coherent rock. The exact components of a regolith breccia
can vary depending on its parent body and the specific location of the breccia’s formation. Main
components include rock or lithic, mineral, impact-melt fragments, glassy spherules and
fragments, and other exogenous fragments like metal grains and organic material that are derived
from the impactor to the target body (breccia parent body) in an impact event (Kerridge and
Matthews 1988, Hoffmann 2011, Spray 2016). The regolith layer on rocky extraterrestrial bodies
has various breccias entrained within or lying on it, that have been transported as ejecta and/or
have been excavated from depth by impact. So, at some stage, breccias may also become part of
a succeeding regolith breccia (e.g., McCubbin et al. 2016).

Lithic clasts in a polymict regolith breccia can represent diverse crustal lithologies; in
planetary regolith breccias these are primarily igneous rocks. Impact melt clasts are generated by
melting of the target material (regolith dust, rock clasts, mineral clasts, etc.) during a meteorite
impact event on the target body. Impact melt clasts have a compositional makeup and elemental
ratios that cannot be achieved by normal igneous processes (e.g., Cohen 2013), because on the
surface of the target body, typically a heterogeneous mixture of material is impact melted and
crystallize rapidly to form these clasts. Most, not all, impact melt clasts also have characteristic
rapidly cooled fine-grained textures that differentiate them endogenous igneous rocks (e.g., Joy

et al. 2010).



1.3.1 Lunar regolith breccia samples and meteorites

Regolith breccias from the moon are represented by samples returned from Apollo missions
and recovered meteorites. The regolith breccia population from the Apollo missions were all
derived from the central nearside of the Moon, from inside the mare basalt regions (relatively
young, dark, and low-lying basaltic regions), the highlands, the ridge of the Imbrium Basin, and
areas where highland hills meet the mare plains (McKay et al. 1991). The regolith samples and
breccias from the mare basalt regions contain abundant mare-derived basaltic rock fragments and
mafic minerals like olivine and pyroxene (Simon et al. 1985), and samples from the highlands
region contain abundant highland derived lithic fragments (anorthosite rocks) and mineral clasts
of plagioclase feldspar (Simon et al. 1983 p. 11, Spudis 1984). The samples acquired from
regions between highlands and mare plains are of an intermediate character, and they contain
rock and mineral fragments derived from both regions (Simon et al. 1986 p. 15). These are a
general description of breccia compositions from different regions on the moon that allow for
simple assumptions to be made about the composition of lunar regolith in the mare and highland
regions.

Although the Apollo missions evidently sampled a range of geologic terrains on the moon,
they represent a limited sample suite focused primarily on the near side of the Moon. In contrast,
since lunar meteorites sample arbitrary locations on the moon, they represent a global geologic
sampling of the moon, sampling the lunar nearside, polar regions, and far side (Joy and Arai
2013), as noted by the comparison between sample bulk composition and the remote sensing
chemical data beyond Apollo sample targets (Mercer et al. 2013, Calzada-Diaz et al. 2015).

Additionally, lunar meteorites are always ejected from the lunar surface because of impact



events; hence, they allow for a direct study of the shock conditions and processes that lead to
their brecciation and/or eventual excavation.

Feldspathic lunar meteorites, most being regolith breccias, are generally linked to the lunar
highlands by comparison with the feldspar dominated samples returned from the highland terrane
on the lunar nearside. Feldspathic lunar meteorites are rich in aluminum, have low
concentrations of incompatible elements, and are comprised of mineral, lithic, breccia, and
impact-derived clasts (Korotev et al. 2003). Mineral clasts in these meteorites are dominated by
calcic plagioclase and so are other clasts with granular, cataclastic or fine-grained to porphyritic
melt breccia textures (Hutchison 2004). Volcanic material from the maria has been found in
some studied feldspathic lunar meteorites and impact generated spherules, agglutinates, and

breccias are also widely present (Hutchison 2004).

1.3.2  Vestan regolith howardites

Howardite-eucrite-diogenite (HED) are a group of meteorites that are thought to originate
from 4 Vesta due to their similar visible and infrared reflectance spectra (Mccord et al. 1970,
Binzel et al. 1997). Eucrites are either cumulates, gabbroic rocks that formed from a mafic
magma within the crust and contain pigeonite and plagioclase minerals, or basalts that formed as
shallow-level sills and dikes, and flows (Mittlefehldt 2015). Diogenites can have diverse
lithologies, but they mainly consist of coarse-grained ultramafic rocks dominated by
orthopyroxene minerals and harzburgites, that represent an assemblage of olivine and magnesian
orthopyroxenes (Beck and McSween Jr. 2010).

Breccia meteorites derived from the surface of asteroid 4 Vesta are called Howardites.

Howardites are subdivided into fragmental and regolithic, the latter being lithified remnants of



the active regolith of 4 Vesta (Mittlefehldt 2015). Regolithic howardites, referred to as
howardites from now on, can also contain either high abundances of trapped solar wind gases or
planetary-type noble gases derived from exogenous chondritic material (Cartwright et al. 2013).
A polymict breccia with abundant eucrite clasts needs to contain >10% diogenite material to be
classified as a howardite, and vice-versa (Delaney et al. 1983). If the breccia has a
eucrite:diogenite mixing ratio outside this range, it is classified as either a polymict eucrite or a
diogenite breccia.

Howardites contain a mixture of regolithic debris, composed of eucrite and diogenite
fragments, glassy and impact-related material, and chondritic or other exogenous clasts derived
from impactors, usually carbonaceous chondrite material (Zolensky et al. 1996, Lorenz et al.
2007, Beck et al. 2012). Eucrite clasts are derived from basaltic rocks, gabbroic cumulates and
polymict eucrite breccias, and are largely composed of ferroan low-Ca clinopyroxene, high-Ca
plagioclase and a silica phase (Delaney et al. 1984, Mayne et al. 2009). Diogenitic clasts are
derived from coarse grained orthopyroxenites, harzburgites, and rare dunites, and are composed
primarily of orthopyroxene with variable amounts of other minerals including chromite, olivine,
exsolved clinopyroxene, plagioclase, and accessory troilite, FeNi metal and phosphates
(Mittlefehldt 1994, Bowman et al. 1999). Impact melt clasts are either recrystallized products of
impact generated melts or breccia clasts in which impact melt has adhered clasts together
(Mittlefehldt 2015). Glass spheres and irregularly shaped particles are also found within
howardites, which provides additional evidence that they represent regolith on an airless body

(Warren et al. 2009).



1.3.3 Martian regolith breccia meteorite

There is currently only one sample of martian regolith breccia represented by many
paired stones. Meteorite regolith breccia NWA 7034 from the surface of Mars has a bulk
composition of a basalt on the volcanic rock classification scheme based on the abundance of
alkali elements and SiO2 (Agee et al. 2013). Its mineralogy is dominated by plagioclase (Ango—
Anyo), alkali-feldspar, and pyroxenes (mostly pigeonite and augite). Minor minerals include
magnetite with a maghemite component and rutile exsolution, pyrite, ilmenite, chromite, zircon,
and phosphate minerals (Humayun et al. 2013). The breccia consists of sedimentary (clasts that
formed as a result of surficial processes), igneous, impact-melt clasts, and pyroclastic material
set in a fine-grained interclast crystalline matrix that has been thermally annealed (Santos et al.
2015). Sedimentary-like lithologies include proto-breccias and siltstones. Pyroclastic-like
material includes lapilli. Igneous lithologies have been named and classified inconsistently by
various authors; these are summarized in Table 1.1. The breccia is composed of fragmented
particles which may have originated as chaotic, atmospherically-deposited material from an
impact plume (Goodwin et al. 2022). The impact-plume origin is supported by high Ni and Ir
bulk concentrations consistent with differentiation from impact melts (Humayun et al. 2013),
presence of amoeboid, glassy interstitial melt, and sintered accretionary lapilli (Nyquist et al.
2016, MacArthur et al. 2019).

The geological history of NWA 7034 and its concomitant stones currently stands as
following:

1. Crystallization of igneous components between 4450 — 4200 Ma from alkaline volcanism
evidenced from Pb-U and Sm-Nd ages of igneous clasts (Humayun et al. 2013, Nyquist et

al. 2016).



. Excavation and mixing of plutonic igneous, mineral, impact-generated, breccia clasts
during impact gardening (a process by which frequent small impacts stir the uppermost
regolith) and surface reworking (McCubbin et al. 2016). Proto-breccia clasts indicate
sedimentological processes and impact gardening before the clasts were incorporated in
NWA 7034 (McCubbin et al. 2016). Apatite grains’ secondary alteration is observed
before the apatite grains’ incorporation in the breccia as well, indicating presence of prior
hydrothermal systems near the surface of Mars (Hu et al. 2019, Shang et al. 2022).

. Lithification of NWA 7034 during an impact event at ~1.5 Ga, indicated by the high Ni
and Ir content of the bulk breccia, and impact-related lithologies (Hewins et al. 2017,
MacArthur et al. 2019).

. High temperature oxidizing conditions after the disturbance and lithification event that
led to pyroxene breakdown and annealing of the interstitial matrix (Leroux et al. 2016,
MacArthur et al. 2019).

. Postimpact hydrothermal alteration that resulted in pyrite-pyroxene intergrowths and Ni-
rich pyrite mineralization throughout the breccia (Lorand et al. 2015).

. Excavation and ejection at 5 - 15 Mya, during which low shock pressures created
mechanical twins in pyroxene (Leroux et al. 2016) and may have caused minor Pb-loss in
metamict grains (Tartése et al. 2014).

. NWA 7034 has a terrestrial age of ~14 Ka (Lindsay et al. 2021). Signs of terrestrial
weathering include Ca-carbonate filled fractures and alteration of pyrite to Fe-
oxyhydroxides based on the terrestrial D/H values of the alteration product (Lorand et al.

2015).



Table 1.1: Compilation of types of igneous clasts classified by various authors in NWA 7034 and its paired stones. Based on
Humayun et al. (2013), Santos et al. (2015), Wittmann et al. (2015), Hewins et al. (2017), MacArthur et al. (2019).

Clast type Clast Description
Igneous Basalt Subophitic texture and dominated by plagioclase and pyroxene with minor apatite and
oxides. Also known as “gabbroic clast; noritic clasts; granular and subophitic clasts;
fine-grained igneous clasts”.
Trachyandesite Poikilitic and subophitic texture with irregular grain boundaries and contains abundant

K-feldspar. Also known as “monzonitic” or “feldspathic” clasts.

Basaltic andesite

Granoblastic with pyroxene and plagioclase and minor Fe-Ti oxides. Also known as
“noritic clast”.

Fe Ti and P rich lithologies

Fine-grained texture and relatively large apatite and Fe—Ti oxide grains tending towards
euhedral morphologies, and they frequently lack pyroxene. Also known as “basalt
clasts (ophitic texture)”.
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1.4 Summary and goals

This study has two overarching goals: 1. To identify what components comprise regolith
breccias from the Moon, Mars, and 4 Vesta, 2. To identify how these components evolve to
become coherent rocks. The geological diversity on the surfaces of the breccias’ parent bodies
will be elucidated by the systematic analysis of various lithic, mineral, breccia, and impact-melt
clasts. The impact-related processes that have imprinted on these regolith breccias will be
unraveled by the study of shock effects in a wide range of clasts in these meteorites. Ultimately,
the petrogenetic history and evolution of the breccias will be constructed with the aim at
decoding the lithification processes embedded in the matrix of the breccias and shock conditions

that excavated the meteorite breccias from their parent bodies.
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Chapter 2: Samples and Methods
2.1 Samples

2.1.1 Lunar meteorite NWA 14340

Lunar meteorite Northwest Africa (NWA) 14340 was found in Algeria in 2017 as a
single 8.26 gram stone and classified as a clast-rich, matrix-supported feldspathic breccia
(Gattacceca et al. 2022). NWA 14340 belongs to the NWA 8046 clan of lunar highlands breccias
(Korotev 2022). A partially glassy spherule and FeNi metal grains indicates that this meteorite
was part of the lunar regolith. Terrestrial alteration includes calcite filling in fractures. One

polished thin section of NWA 14340 from MacEwan University was studied here (Fig. 2.1A).

2.1.2 Howardite meteorite Saricicek

Sari¢icek is a howardite that fell in Turkey in 2015 and was subsequently investigated by
a large consortium study, that provided details about the meteorite’s potential source crater, age,
fall, mineralogy, petrology, and geochemistry (Unsalan et al. 2019). It has no evidence of
terrestrial alteration as it was a recovered fall. The meteorite was classified as a regolithic
howardite based on its high siderophile element content and noble gas abundance. One thin

section of Saricicek from Macewan University was studied here (Fig. 2.1B).

2.1.3 Martian meteorite NWA 10922

Martian NWA 10922 was found in Morocco in 2013 and classified as a basaltic breccia

(Bouvier et al. 2017). NWA 10922 is part of the NWA 7034 suite that has 18 other paired stones,

based on identical mineralogy, lithologies, major element geochemistry, and oxygen isotopes

12



(Agee et al. 2013, Humayun et al. 2013, Santos et al. 2015). Terrestrial alteration includes calcite
in fractures, and alteration of sulfides to hematite and maghemite. A 2.82g stone of NWA 10922
was provided by the University of New Mexico and cut open to prepare two polished tiles at the

University of Alberta; one of these tiles was studied here (Fig. 2.1C).

5mm

Figure 2.1: Scans of meteorite samples that were investigated in this study: (A)NWA 14340 thin
section. (B) Saricicek thin section. (C) NWA 10922 tile.
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2.2 Methods

2.2.1 Imaging and determining compositional variations

Observations of the samples’ mineralogy and textures were made by viewing the samples
with the petrographic microscopes equipped with plane polarized and crossed polarized light,
within the High Temperature Planetary Petrology Laboratory and Ore Deposits Laboratory at the
University of Alberta. Electronic imaging of the samples was performed on a ZEISS Sigma 300
Field Emission Scanning Electron Microscope (FESEM) located within the Department of Earth
and Atmospheric Sciences at the University of Alberta. The instrument was operated at 20 kV
accelerating voltage and 15 nA in a focused beam mode for Backscattered electron (BSE)
imaging and energy dispersive x-ray spectrometry (EDS) analysis. Qualitative spot
compositional analysis was acquired using EDS, and additional quantitative analysis was
acquired with a JEOL 8900 electron probe microanalyzer (EPMA) also located within the
Department of Earth and Atmospheric Sciences at the University of Alberta. Elemental maps of
the entire sections of Sari¢icek and NWA 10922 were created using the EPMA. Operating
conditions for the microprobe were: Beam energy 20 keV, beam current 30 nA, and a fully
focussed beam (diameter <1 pum). Silicates, phosphates, and oxides were analysed, and the
standards were Ni metal (Ni Ka), Cr2O3 (Cr Ka), fayalite (Fe Ka), rutile (Ti Ka), diopside (Ca
Ko, Si Ka, Mg Ka), albite (Na Ka), sanidine (Al Ka, K Ka), spessartine (Mn Ka), tugtupite (Cl
Ka), and apatite (P Ka).

Raman spectroscopic analyses were performed using a Horiba Xplora Plus Raman
Spectrometer - Confocal Raman Microscope located within the Department of Physical Sciences
at MacEwan University. The Raman spectrometer is equipped with 532 nm laser and 1800

lines/mm diffraction grating. A custom edge filter of 1% was used to adjust the power output of

14



the 100 mW laser and the system was focused with a 100X objective lens that provided a laser
spot diameter of ~1 pm (theoretically 800 nm). Peak positions were calibrated using a silicon

wafer, and peak fitting was conducted using the Labspec 6 spectroscopy suite software.

2.2.2 Determining clast type, size, and modal mineralogy

Clasts within each meteorite were categorized into lithic, mineral, impact-melt, and
breccia types according to the following criteria:

e Lithic clasts: Rock fragments of igneous rocks that contain interlocking and coarse
grains of igneous minerals like feldspar, pyroxene, olivine, etc. These clasts most likely
crystallized from non-impact igneous processes, and display evidence for fractional
crystallization and igneous textures (Santos et al. 2015).

e Mineral clasts: fragments of single mineral crystals.

e Impact-melt clasts: Clasts that formed due to impact melting processes. These clasts are
composed of impact melt that has now been quenched or devitrified. Some clasts also
contain rock, mineral, and impact-melt clasts in a matrix of glassy or cryptocrystalline
impact melt. They may also contain metallic components or projectile contaminant
sourced from the impactor. Some clasts may also have textures typical of volcanic rocks
like ophitic, porphyritic etc. These clasts have mineral assemblages that are not common
in plutonic igneous rocks but could be explained by crystallization from a whole rock

melt of one or more than one of the igneous rocks known to exist on the surface of the

parent body (Bischoff et al. 2006, Cohen 2013, Osinski et al. 2018).
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e Impact-melt spherules: Clasts characterized based on their round shape which is
indicative of airborne transport and mineralogy and textures like impact melt clasts
(McKay et al. 1991).

e Breccia clasts: These clasts consist of angular mineral and lithic clasts that are set in a
fine-grained matrix that has a distinct texture and composition from the bulk matrix of
the meteorite. These clasts may contain some glassy or crystalized impact-melt that
binds some of the fragments of the breccia together, but unlike an impact-melt clast, the
entire clast is not made up of quenched or recrystallized impact melt (McKay et al. 1991,
McCubbin et al. 2016).

e Exogenous clasts: Clasts derived from the impactor that are differentiated based on
mineral compositions and textures that are common for iron or chondritic materials
(Zolensky et al. 1996, Mittlefehldt 2015) .

Only clasts > 0.1 mm in size were analyzed and categorized in this study. This size was used

as the minimum limit because most of the lithic clasts were found to be larger than 0.1 mm.
While some clasts, mostly mineral and impact-melt, can measure smaller than 0.1 mm, this
minimum size threshold was adopted for the characterization of each meteorite that would be
satisfactory in creating a clast inventory while aligning with the time constraints of the study.
Additionally, as most clasts are angular to subrounded, the size of each clast was measured along
its longest axis.

Modal mineralogy was determined for lithic clasts in the program ImageJ (Schneider et al.

2012). BSE images of lithic clasts were imported, and their scales were set using the “set scale”
tool. Images were cropped to exclude surrounding areas of the clast from the measurement. The

“threshold” tool was used to differentiate minerals based on their greyscale values. The area
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covered by each mineral phase was measured as a percentage of the total clast area. To ensure
accuracy, the measured areas were normalized to 100%, eliminating any background from the

measurement.
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Chapter 3: Results — Characterization of Clasts in NWA 14340, Saricicek, and

NWA 10922

3.1 NWA 14340

NWA 14340 is a breccia composed of lithic, mineral, and impact-melt clasts, and
spherules (Fig. 3.1A). Clasts range in colour from light (plagioclase rich) to dark (glassy and
fine-grained impact melt clasts), set in a fine-grained to glassy matrix. The average size of lithic
clasts is 1.4 + 0.4 mm (n=26), impact melt clasts is 1.1 £ 0.6 mm (n=12), and one spherule is 0.4
mm. All the clasts have sub-angular shapes and irregular edges. The major minerals are
plagioclase (Angz.0-9s.1), pyroxene (En4i.0-50.7W02.642.8), and olivine (Foe3.6-79.1). Clasts identified
in NWA 14340 make up 26% of the total surface area of the sample. Among these are lithic
clasts (20%) and impact-melt clasts and spherules (6%). The inventory of clasts studied in NWA

14340 is summarized in Table 3.1.
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Table 3.1: Characteristics of clast types analyzed in NWA 14340 in this study: size range, mineralogy, textures, approximate modal
mineralogy, and shock effects.

Number Approximate Mineralogy and Range of Range of Shock Effects
of Size Range Textures Approximate Modal
Clasts (mm) Mineralogy
Lithic Clasts 26
Anorthosite 5 1.2-23 Ca-rich plagioclase - 90-99% Fractured minerals
crystals, some crystals plagioclase Plagioclase exhibits patchy undulose
occasionally enclose - 0-5% Fe-rich extinction and PDFs
small anhedral olivine or One clast exhibits grain boundary
pyroxene grains pyroxene, melting between orthopyroxene and
- <1% opaques plagioclase.
Anorthositic 3 0.8-1.2 Subhedral - 83-88% Fractured minerals
Norite orthopyroxene and plagioclase Plagioclase exhibits patchy undulose
Ca-rich plagioclase - 7-13% extinction and PDFs
grains. orthopyroxene Two clasts contain plagioclase grains
One clast has a - 0-9% olivine exhibit melting and recrystallization.
granoblastic texture - <1% opaques One of these clasts has pyroxene that
displays mechanical twinning.
Anorthositic 1 2.1 Small subhedral - 84% Fractured minerals
Gabbro grains of plagioclase Plagioclase is partially isotropic and
clinopyroxene and - 15% exhibits mosaicism.
large grains of Ca-rich clinopyroxene Pyroxene exhibits mosaicism
plagioclase - <1% opaques
Granoblastic texture
Troctolite 6 1.1-1.9 Subhedral to anhedral - 61-71% Fractured minerals
rounded Mg-rich plagioclase Plagioclase exhibits patchy undulose
olivine grains, - 22-37% extinction and some have PDFs
occasionally mantled olivine A portion of one clast has melted and
by Mg-rich - 0-10% recrystallized
orthopyroxene
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orthopyroxene, with
Ca-rich plagioclase
Granular textures

<1% opaques

Norite 4 0.7-2.0 Orthopyroxene grains 61-78% Fractured minerals
enclosing rounded plagioclase Plagioclase is partially isotropic,
olivine and Ca- rich 15-30% exhibits patchy undulose extinction
plagioclase grains orthopyroxene and some have PDFs
Subhedral 0-8% olivine Some clasts have olivine grains that
orthopyroxene grains <1% opaques exhibit undulose extinction.
associated with Plagioclase in one clast experienced
anhedral Ca-rich fine-grained recrystallization.
plagioclase grains
Poikilitic textures

Olivine 2 1.5 Rounded and anhedral 47-71% Fractured minerals

Norite Mg-rich or Fe-rich plagioclase Plagioclase exhibits patchy undulose
olivine grains rimmed 20-34% extinction and some have PDFs
by orthopyroxene and orthopyroxene
set in Ca-plagioclase 20% olivine
groundmass <1% opaques

Gabbronorite 3 1.3-2.1 Subhedral large 47-65% Fractured minerals
clinopyroxene grains plagioclase Some plagioclase is partially
in contact with and 15-32% isotropic, others exhibit patchy
occasionally rimmed clinopyroxene undulose extinction and PDFs
by Fe-rich 16-20%
orthopyroxene grains orthopyroxene
and set in Ca-rich <1% opaques
plagioclase
groundmass
Poikilitic and
granoblastic textures

Gabbro 2 1.2-1.6 Subhedral 70-76% Fractured minerals
clinopyroxene and plagioclase Plagioclase exhibits patchy undulose

olivine grains set in

extinction and some have PDFs
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Ca-rich plagioclase - 22-24%
groundmass. clinopyroxene
Granoblastic and - <1-8% olivine
nesophitic texture - <1% opaques

Plagioclase and pyroxene in a clast
experienced melting.

Impact-Melt
Clasts

12

04-2.0

Variety of crystalline,
clast bearing, and
glassy clasts.

Two clasts have a
porphyritic texture
with plagioclase
phenocrysts set in a
fine-grained
groundmass of
orthopyroxene,
clinopyroxene,
olivine, and
plagioclase

One unique clast
consists of plagioclase
laths surrounded by
altered Fe-rich olivine
and Mg-rich olivine
and plagioclase in
symplectic texture

Spherules

2

03-0.5

Spherical devitrified
impact-melt clasts.
One clast has rounded
plagioclase, pyroxene,
and olivine clasts
embedded within the
matrix.
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Lithic clast 0 Impact melt clast

Mineral clast O Impact-melt spherule

O Breccia clast O Exogenous clast

Figure 3.1: Meteorite scan and elemental maps. (A) Transmitted light (TL) scan of NWA 14340. (B) Mg elemental map of Saricicek.
(C) Mg elemental map of NWA 10922 with groups of clasts outlined in their representative colours.
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Lithic clasts in Table 3.1 are named after igneous rocks, following the [IUGS
recommended classification scheme (Le Maitre et al. 2005), only to provide a description and not
imply petrogenetic history. Anorthositic clasts are the most abundant lithic clasts in this sample,
followed by norites, troctolites, gabbronorites, and gabbro (Fig. 3.2A-F). Anorthosites have
>90% plagioclase, whereas the plagioclase content in anorthositic norites and gabbros is between
80 and 90%. The smallest studied impact melt clast has a size of ~ 0.37 mm, although there are
glassy particles and impact melt materials that are much smaller, ~30 um, in the matrix. The
studied impact-melt clasts range from dark to light brown in colour. Impact melt clasts include
quenched mafic composition glass with or without mineral clasts, basaltic composition
microcrystalline glass, and fine plagioclase laths in a much finer mafic to ultramafic composition
cryptocrystalline matrix (Fig. 3.3A-C). Most impact melt clasts also contain disseminated Fe
metal specks or globules throughout the clast, indicative of melt mixing before quenching or
crystallizing (Fig. 3.3A-B). Two impact-melt spherules were identified in NWA 14340: one of
the spherules has a uniform quenched texture that has a composition consistent with a mixture of
olivine and plagioclase. The second spherule includes sub-rounded clasts of plagioclase,
pyroxene, and olivine set in a fine-grained and quenched matrix of basaltic composition (Fig.
3.3C). Two impact melt clasts have porphyritic textures, where plagioclase mineral grains with
fine-grained texture are embedded in a matrix composed of small, irregularly shaped pyroxene
and olivine with interstitial plagioclase (Fig. 3.3D).

Mono-minerallic clasts range in size from <10 pm — 500 pm and have irregular edges that
are embayed. Mineral clasts are dominated by Ca-rich plagioclase as large as 1.24 mm. Other
large mineral clasts include ferroan pyroxene with high-Ca pyroxene exsolution lamellae and

orthopyroxene. Large pyroxene clasts range in size from 150 pm to 500 um. No large olivine
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clasts that were > 100 um were identified; they are all present within the matrix with average

size of ~ 30 um and range in composition from Mg to Fe rich.

Figure 3.2: BSE images of distinct lithic clasts in NWA 14340. Clast boundaries are delineated
with thin white dashed lines, and certain images include zoomed-in inset images in yellow boxes.
(A) Anorthosite (B) Gabbro (C-D) Troctolite (E) Gabbronorite (F) Norite. Cpx — Clinopyroxene,
Fe — Fe metal, [lm — [lmenite, Ol — Olivine, Opx — Orthopyroxene, and Pl — Plagioclase.
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Figure 3.3: BSE images of impact melt clasts and impact-melt spherules in NWA 14340. (A-B) Impact melt clast with plagioclase
surrounded by fine-grained pyroxene and plagioclase (C) Impact melt spherule (D) Impact melt clast with porphyritic texture. Px —
Pyroxene.
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3.1.1 Shock effects

Fractures are pervasive in every lithic clast. Other developed shock effects common in
lithic and mineral clasts include patchy undulose extinction (Fig. 3.4A-D) and planar
deformation features (PDFs; Fig. 3.4E-G) in plagioclase and undulose extinction to weak
mosaicism in pyroxenes. In some lithic clasts, plagioclase has transformed to diaplectic glass,
maskelynite. This is accompanied by PDFs in pyroxene in a few clasts (Fig. 3.5A-C). Three
lithic clasts with abundant plagioclase (68% - 86% modal mineralogy) have some plagioclase
grains with vesicles (Figs. 3.5D-F and I-K). The plagioclase in these clasts is compositionally
uniform in BSE images (Fig. 3.5I) and appears in a fine-grained recrystallized texture under
cross-polarized light, where plagioclase crystals appear to have nucleated radially from common
centers (Figs. 3.5Fand K). This texture is very faint in plane polarized light (Fig. 3.5J). The
Raman spectrum acquired from the fine-grained exture area has sharp peaks in ~506 cm-1 region
(Fig. 3.5G). The Raman spectrum has sharp peaks and agrees with crystalline plagioclase phase.
In all these clasts, orthopyroxene displays mosaicism, and its Raman spectrum has broad and low
intensity bands (Fig. 3.5H).

A troctolite clast with an overall granoblastic texture contains an area with plagioclase
surrounded by fine-grained matrix composed of olivine and plagioclase (Fig. 3.6A-B). The
matrix of this portion has Fe metal globules throughout (Fig. 3.6B). The texture of this portion of
the clast is consistent with recrystallization, most likely because of impact heating. Notably, the
contact between the recrystallized portion and the matrix of NWA 14340 is sharp (Fig. 3.6A).
Thus, the history of this clast involved impact heating and melting prior to being incorporated in
NWA 14340. In the intact region of the clast, olivine and orthopyroxene are mosaiced and

plagioclase has PDFs and has partially transformed to maskelynite.
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A coarse-grained clast has an area near its boundary that is composed of plagioclase,
olivine, and pyroxene set in a fine-grained matrix of pyroxene and plagioclase (Fig. 3.6C-D).
This portion has a diffuse boundary with the matrix of NWA 14340 (Fig. 3.6D). In the interior of
this clast, there are large vesicles, and the pyroxene is anhedral and composed of microlites (Fig.
3.6C). These textures are consistent with recrystallization likely caused by impact heating. The
observations suggest that the clast experienced in-situ impact heating, leading to the
recrystallized portion interacting with the surrounding matrix, and the recrystallization of
pyroxene.

One anorthositic clast has irregular grain boundaries between plagioclase and Mg-rich
orthopyroxene (Fig. 3.6E-F). The plagioclase contains small vesicles near its grain boundary and
has a smooth appearance in the BSE images, while orthopyroxene is fractured (Fig. 3.6F). This
suggests that the two phases experienced melting along their grain boundaries, and plagioclase
experienced transformation to maskelynite. The remaining clast is composed of plagioclase
grains with PDFs and one olivine grain that has weak planar fractures (Fig. 3.6E).

One impact melt clast is composed of a cryptocrystalline intergrowth of plagioclase and
olivine (Fig. 3.6G-I). Fe-Ni metal specks are distributed throughout the clast, and there is one
large Fe-Ni globule near which there is a vesicle (Fig. 3G). Under crossed-polarized light, this
clast displays a spherulitic texture in which fine-grained crystals radiate outwards from common
centers (Figs. 3.6H). The spherulitic texture is consistent with devitrification. Fine-grained

plagioclase, pyroxene, and olivine fine-grained assemblage is present along the edges of this
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clast, overprinting the devitrification textures (Figs. 3.6G). The pyroxene, plagioclase, and

olivine textures are consistent with recrystallization.
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Figure 3.4: Optical microscopy images of plagioclase clasts in NWA 14340 exhibiting undulose
extinction in plane-polarized light (PPL; A.E-F) and cross-polarized light (XPL; B-D and G).
Yellow arrows indicate patchy extinction texture of plagioclase crystal in C and G. Black arrows
indicate PDFs in F.
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Figure 3.5: Images of clasts with maskelynite and fine-grained textures in NWA 14340, and their respective Raman spectra. (A-C)
Noritic clast in BSE image in A, with plagioclase grains that have partially transformed to maskelynite in PPL in B and XPL in C.
PDFs are present within the pyroxene in the red box in C. (D-F) Red arrows indicate vesicles and yellow arrows indicate calcite filled
fractures in D. Fine-grained plagioclase in PPL in D and XPL in E-F. (G-H) Raman spectrum of fine-grained plagioclase in G and
shocked pyroxene in F from clast in D. (I-K) Red arrows indicate vesicles in I. Fine-grained plagioclase in BSE image in I, PPL in J,
and XPL in K. Red arrows indicate the fine-grained plagioclase crystals in J-K.
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Figure 3.6: Images of clasts in NWA 14340 with recrystallization and devitrification textures.
(A-B) A troctolite clast that recrystallized along the left edge, labeled “impact melt”, in PPL and
BSE image. The zoomed in inset image displays the interface between the recrystallized area on
the left and clast on the right in B, with the yellow arrows indicating digested plagioclase and
orthopyroxene grains. (C) A gabbroic clast with recrystallized plagioclase and pyroxene. The red
arrows indicate vesicles. The zoomed in inset images display pyroxene crystallites set in
pyroxene glass. (D) The areas within yellow boxes show in-situ melting and recrystallization
textures. (E-F) An anorthosite clast in XPL image in E and BSE image in F. Yellow arrows point
towards PDFs in plagioclase in E and towards the irregular grain boundary between
orthopyroxene and plagioclase, and small vesicles in F. (G-H) Impact melt clast with spherulitic
texture in PPL and in XPL. White arrows point towards recrystallized edges in G. (I) Raman
spectrum from yellow spot in G.
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3.2 Saricicek

Sari¢i¢ek has abundant mineral, lithic, and impact-melt clasts set in a clastic matrix (Fig.
3.1B). The major minerals are pyroxene (Enzs7.753Wo01.4.44.4) and plagioclase (Anse.7-91.9). The
average clast sizes are as follows: lithic clasts 0.9 + 0.5 mm (n=17), impact melt clasts 0.3 + 0.2
(n=6) mm, mineral clasts 0.4 + 0.4 mm (n=21), breccia clasts 1.5 + 0.8 mm (n=2), and
exogenous clasts 0.2 + 0.1 mm (n=2). Clasts range in colour from white (plagioclase mono-
mineral clasts) to dark (impact melt clasts) and opaque (FeNi metal). Clasts identified in
Sari¢icek make up 27% of the total surface area of the sample, comprised of lithic clasts (10%),
mineral clasts (11%), impact-melt clasts (2%), breccia clasts (3%) and exogenous clasts (< 1%).

The inventory of clasts studied in Saricicek is summarized in Table 3.2.
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Table 3.2: Characteristics of clast types analyzed in Sari¢icek in this study: size range, mineralogy, textures, approximate modal

mineralogy, and shock effects.

Number of Range of Mineralogy and Range of Range of Shock Effects
Clasts Size Textures Approximate Modal
(mm) Mineralogy
Eucritic Lithic 13
Clasts
Fine-to-medium 10 04-2.0 - Coarse to fine - 13-55% Fractured minerals
grained basalt grained ferroan plagioclase Some clasts have pyroxene grains
pyroxene with high- - 37-85% that exhibit undulose extinction and
Ca exsolution pyroxene plagioclase with mosaicism.
lamellae and Ca-rich - <1-2% In one clast, plagioclase has
plagioclase opaques recrystalized and displays grain
- Three clasts have - 0-13% boundary migration in pyroxene
zoned pyroxenes with tridymite grains
Mg rich cores and Fe - 0-3% olivine In another clast, plagioclase has
rich rims. PDFs and pyroxene and plagioclase
- Ophitic to sub- have recrystallization textures.
ophitic, poikilitic,
granoblastic textures
- Some clasts are
overprinted with
thermal annealing
textures
Eucrite 1 0.7 - Cumulate pyroxene - 20% Fractured minerals
Cumulate grains set in basaltic plagioclase Silica has transformed to diaplectic
composition - 34% Mg- glass
groundmass orthopyroxene Groundmass contains shock melt
composed of silica - 34% ferroan that was mobilized interstitial
glass, smaller pyroxene coarser pyroxene grains.
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plagioclase and
pyroxene grains, the
later displaying Fe-
Ti-Cr oxide
exsolution and bent
clinopyroxene
exsolution lamellae

8% tridymite
< 1% opaques

Diogenitic 4 -
Lithic Clasts
Olivine 2 1.3-1.5 Laths of 70% Mg-rich - Fractured minerals
Orthopyroxenite orthopyroxene and orthopyroxene - One clast has orthopyroxene laths
olivine in a 15-20% that exhibits PDFs and mosaicism.
groundmass olivine
composed of fin- 8-10% matrix
grained (plagioclase +
clinopyroxene and clinopyroxene
plagioclase + opaques)
intergrowth. 0-3% chromite
Large zoned and and/or ilmenite
rounded inclusions
orthopyroxene grains,
occasionally mantled
by olivine, embedded
in a cryptocrystalline
to glassy groundmass
Orthopyroxenite 1 1.8 Large clast composed 99% Mg-rich - Orthopyroxene grains exhibit strong
of orthopyroxene orthopyroxene mosaicism and pervasive fractures
grains with chromite <1% opaques
inclusion and filling
in fractures
Dunite 1 1.0 Anhedral and 93% olivine - Fractured olivine

subrounded olivine
grains with anhedral

7% FeS and
chromite
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iron-sulfide grains
throughout

Breccia Clast

2

0.7-2.1

One clast is
composed of eucritic
lithologies that are set
in a fine-grained
basaltic composition
matrix

One large clast has
numerous smaller
clasts within shock
melt pocket that is
mantled by Fe-Ni
metal and thermally
annealed material.

Fractured minerals

One breccia clast contains a shock
melt pocket, plagioclase and silica
grains that were transformed to
diaplectic glass, PDFs in silica, and
mosaicism in pyroxenes

Impact Melt
Clasts

6

02-0.8

Partially digested
clasts in
cryptocrystalline to
fine-grained basaltic
composition matrix

Exogenous clast

2

0.1-0.2

Mg-rich
orthopyroxene and
forsterite-rich olivine
set in an extremely
fine-grained matrix of
likely phyllosilicate
material

Kamacite globule
with taenite rods and
silicate phases mixed
in from the matrix

Mineral Clasts

Olivine

0.1-0.2

Anhedral clasts

Fractured minerals
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Three of the studied
Fe-rich olivine clasts
have vermicular
intergrowths of
breakdown products

Pyroxene 15 0.1-1.7 Orthopyroxene Fractured minerals
Ferroan pyroxene Pyroxene mineral clasts display
with high-Ca undulose extinction to mosaicism.
lamellae Four orthopyroxene clasts contain
iron-sulfide beads throughout
One orthopyroxene clast has shock
vein cutting through it. The shock
vein contains pyroxene globules
and exsolved sulfide spherules set
in glass of pyroxene composition.
Plagioclase 5 0.1-1.3 - Albite twinning Fractured minerals
- Pyroxene Undulose extinction to mosaicism
inclusions One large clast was fragmented,
likely along a slip plane, and
exhibits twin offset, mosaicism, and
pervasive fracturing
Silica 5 0.1-0.3 - Tridymite and Fractured minerals

quartz clasts
- Some clasts have
blebs of troilite.
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Sari¢icek’s lithic clast inventory is dominated by eucritic lithologies (Table 3.2). The
most abundant type of clast is fine-to-medium grained basalt with ophitic to sub-ophitic and
coarse-grained textures (Figs. 3.7A-B). Most of the basalt clasts include high Ca-clinopyroxene
exsolution lamellae in orthopyroxene host. Some basalt clasts also include pyroxene inclusions
in plagioclase, and Fe-Cr-Ti-rich exsolution in pyroxenes. Five of the basalt clasts have
additional secondary alteration that includes sulfidization of pyroxene that led to alteration
products of troilite, Fe-rich olivine, and silica; Fe-enrichment along, and fayalitic olivine within,
cracks and fractures (Fig. 3.7A); and plagioclase in current and healed fractures within pyroxene
grains. The secondary textures do not extend beyond the clasts into the matrix. Only one
cumulate eucrite was identified with coarse cumulate pyroxene crystals with the composition
Ens79Wo23, n =3 (Fig. 3.9H). Four diogenite lithic clasts were identified in Sarigigek, the most
abundant being olivine orthopyroxenite (Figs. 3.7C and E). One olivine orthopyroxenite clast has
a thermally annealed fine-grained matrix and Fe metal lining along the boundary between olivine
and plagioclase (Fig. 3.7C-D). A dunite clast is composed of anhedral and rounded olivine
grains, with anhedral grains of iron-sulfide filling in pore space or fractures in the clast (Fig.
3.7F). The fracture-filling sulfide is because of heating during atmospheric entry, as indicated by
the veinlets being located adjacent to the fusion crust

Two breccia clasts were identified in Sarigigek. One breccia clast has a large clast of
high-Ca clinopyroxene, fayalitic olivine, and ilmenite (Fig. 3.7G). The matrix of the breccia is
composed of fragmented plagioclase and pyroxene, and minor quartz, in a clastic texture (Fig.
3.7G). The second breccia clast is a large clast that has a dark shock melt pocket, surrounded by
Fe-Ni metal, and further mantled by thermally annealed matrix, due to contact with hot Fe-Ni

metal (Fig 3.8). Impact melt clasts in Saricicek display two types of textures: 1. clasts of
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pyroxene, plagioclase, quartz, and olivine, with irregular edges, in cryptocrystalline to glassy
matrix or fine-grained matrix of the recrystallized material from the melt that likely originated
from the digested clasts (Fig. 3.7H); 2. coarser grained intergrowth of plagioclase and pyroxene
with partially digested grains of pyroxene. Some impact-melt clasts have Fe-Ni globules
dispersed throughout the clasts.

Two exogenous clasts were identified in Sarigicek. One of these clasts was identifiable in
PPL as the matrix around this clast is shock darkened, indicative of in-situ emplacement (Fig.
3.7B). The clast consists of kamacite with rods of taenite, and silicate phases from the matrix
within the rim of the globule (Fig. 3.7B). There are other clasts of Fe-metal aggregates with
orthopyroxene and/or olivine within Sari¢icek, but they have a sharp contact with the matrix,
indicating that they are remnants of previous impactors or micrometeorites. The second
exogenous clast is composed of orthopyroxene and olivine, surrounded by a fine-grained matrix
(Fig. 3.71). The olivine and orthopyroxene in this clast are extremely Mg rich (Mg# of olivine =~
0.97, based on EDS compositions) which is unlike any other eucrite or diogenite clast identified
in Sari¢igek. Such Mg-rich composition is consistent with carbonaceous chondrite clasts
identified in other howardites (Lorenz et al. 2007).

Mineral clasts are made up of pyroxene, plagioclase, tridymite and quartz, and minor
olivine, ilmenite, chromite, phosphates and FeS. Mono-minerallic clasts have a size range from
~100 pm to < 10 pm. Pyroxene occurs as clasts of orthopyroxene or ferroan pyroxene. Some
orthopyroxene (Enss7Wo03.7) clasts contain exsolution lamellae of augite (Enzo.oWo0392). Some
orthopyroxene clasts are clouded with opaque phases. Most of the ferroan pyroxene (Enz44Wo7.0)
clasts have augite (En2g9Wo42.4) exsolution lamellae. Four pyroxene mineral clasts have fractures

filled with plagioclase and one with quartz, additionally a few clasts have Fe-enrichment along
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cracks. Plagioclase clasts have a Ca-rich composition and most contain albite twins. Some clasts
have abundant clouding. Olivine clasts have varying Fe and Mg content and out of the five clasts
studied, three of the Fe-rich olivine clasts have vermicular breakdown products of troilite + Mg-

orthopyroxene or troilite + clinopyroxene + silica.
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Figure 3.7: Images of distinct lithic clasts, breccia, impact-melt, and exogenous clasts in
Saricicek. (A) BSE image of a basalt clast with ophitic texture. White arrows indicate Fe-
enrichment and fayalitic olivine in healed fractures in the inset. (B) BSE image of two basaltic
clasts of ophitic to sub-ophitic textures, outlined in white dashed lines. A Fe-Ni metal globule is
outlined in a yellow dashed line. (C-D) PPL and BSE images of an olivine-orthopyroxenite clast
with shock darkened matrix and Fe enrichment along olivine and plagioclase boundaries. (E)
BSE image of an orthopyroxenite clast, with details in the inset (F) BSE image of a dunite clast.
The yellow dashed line approximates the portion of the clast that shows evidence of melting and
recrystallization due to its proximity to the fusion crust. (G) BSE image of a breccia clast. The
yellow dashed line outlines the clast within it that has been modified; inset shows texture in more
detail. (H) Impact melt clast with mineral clasts and glassy matrix. The red arrows indicate small
vesicles. (I) BSE image of an exogenous clast with Mg-rich orthopyroxene (Mg-opx) and Mg-
rich olivine (Mg-ol). Chr — Chromite, FeS — Iron sulfide, Mx — Matrix, Qtz — Quartz, Trd —
Tridymite.
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3.2.1 Shock effects

Many pyroxene mineral clasts are unmodified, as they display regular extinction and
have no indication of any shock effects. Plagioclase clasts range from undulatory extinction to
mosaicism. Shock effects include fracturing, mosaicism, and recrystallization amongst studied
clasts. Thus, shock effects are variable amongst clasts. The large breccia clast has a melt pocket
that contains plagioclase, pyroxene, olivine, and quartz mineral clasts (Fig.3.8A-B). All the
plagioclase and silica grains have either completely or partially converted to diaplectic glass.
One silica glass clast also has decorated PDFs (Fig. 3.8C) and a pyroxene clast within the melt
pocket displays mosaicism. There are two olivine clasts that have been modified due to
sulfidization, although there are nearby small olivine grains that did not experience any
secondary alteration (Fig. 3.8D). The matrix of the melt pocket is composed of fine-grained
pyroxene and plagioclase crystals, set in a basaltic composition cryptocrystalline assemblage
(Fig. 3.8E), consistent with recrystallization via shock melting. Small blebs of FeNi and FeS are
set within the matrix (Fig. 3.8E). The immediate matrix in contact with Fe-Ni metal surrounding
the melt pocket has anhedral plagioclase and pyroxene grains (Fig. 3.8F). Plagioclase in this case
has a texture consistent with in-situ melting and mobilization (Fig. 3.8F). Two large exsolved
orthopyroxene clasts on either side of the melt pocket exhibit mosaicism and a plagioclase clast
near the edge of the melt pocket contains pyroxene inclusions and has been converted to
diaplectic glass (Fig. 3.8B).

One of the olivine orthopyroxene clasts with thermally annealed matrix has elongated
pyroxene grains that exhibit PDFs and mosaicism (Fig. 3.9A). One large basalt clast has
plagioclase that seems to be composed of coarse plagioclase grains in BSE images and under

plane-polarized light (Figs. 3.9B-C). However, under cross-polarized light the plagioclase in this
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clast forms polygonal sub-grain mosaics with distinct boundaries and with twinning in some of
the sub-grains (Figs. 3.9D). There are no vesicles or flow lines present within this plagioclase
clasts. This clast also displays grain boundary migration between pyroxene and plagioclase (Figs.
3.9B). Another basalt clast also has plagioclase that is composed of coarse plagioclase grain in
BSE image and under plane polarized light (Fig. 3.9 E-F). However, under crossed polarized
light, majority of the plagioclase is fine-grained. The plagioclase in this clast has PDFs and its
boundary with pyroxene is irregular (Fig. 3.9G). The texture in this clast is indicative of grain
boundary melting between plagioclase and pyroxene, and recrystallization of plagioclase (Fig.
3.9G). The cumulate eucrite clast contains silica glass that has fractures radiating outwards (Fig.
3.9H). The radiating fractures result from the transformation of silica to diaplectic glass. The
clast’s groundmass contains incipient pyroxene melt (Fig. 3.91).

One orthopyroxene clast has exsolution lamellae of high-Ca clinopyroxene and a vein
cutting across it that truncates at the clast boundary (Fig. 3.10A). The vein has a width of 10 um
and consists of poorly crystalline pyroxene grading into a zone of glass + granular crystals of
pyroxene in the center, with iron-sulfide globules in the glass as well (Fig. 3.10A). Four
orthopyroxene mineral clasts have iron-sulfide disseminated throughout the clasts’ healed
fractures (e.g. Fig. 3.10B). Two ferroan pyroxene mineral clasts have exsolution lamellae of Ca-
pyroxene (Fig. 3.10C). These clasts have areas where the exsolution lamellae have been erased
by the overprinted pyroxene (Fig. 3.10C-D). This texture is suggestive of recrystallization and
likely occurred during shock heating. Single plagioclase and pyroxene clasts were fragmented
and contain offset twinning and lamellae pattern (Figs. 3.10E-F). The pattern is suggestive of

fragmentation along a dislocation slip during shear deformation of the crystals.
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Figure 3.8: Images of a breccia clast in Sarigicek. (A-B) PPL and BSE images. The yellow and red arrows indicate diaplectic
plagioclase and silica glass, respectively, in B. (C) PPL image of the diaplectic silica glass found on the edge of the melt pocket in B,
with decorated PDFs indicated by yellow arrows. (D) BSE image of the two olivine clasts that show evidence for conversion to
orthopyroxene and iron-sulfide are outlined in cyan. (E) BSE image showing the fine-grained recrystallized matrix of the melt pocket.
(F) BSE image of the material surrounding the melt pocket.
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Figure 3.9: Images of shock and thermal metamorphism effects in distinct lithic clasts in
Saricicek. (A) XPL image of the area in yellow box in Figure 3.7C. The yellow arrows point
towards PDFs on the edge of a twinned pyroxene crystal. (B) BSE image of a basalt clast with
recrystallized plagioclase. The inset displays grain boundary migration between pyroxene and
plagioclase (yellow arrows). (C-D) PPL and XPL images, that show the interstitial plagioclase
with sub-grain boundaries is visible in D. (E) BSE image of another basaltic clast with
recrystallized plagioclase. (F-G) PPL and XPL images of the basaltic clast in E. The dashed
yellow line in G outlines the portion of the plagioclase crystal that has a recrystallized texture,
visible in XPL light. (H) BSE image of a cumulate clast. (I) The yellow arrows point towards
evidence for incipient pyroxene and plagioclase melting.
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Figure 3.10: Images of individual clasts with distinct shock effects in Sarigicek. (A) BSE image of an orthopyroxene clast with
clinopyroxene lamellae that is crosscut by a shock melt vein. The inset image shows details of the shock melt vein, including pyroxene
globules set in pyroxene glass. (B) BSE image of a large orthopyroxene clast decorated by iron-sulfide beads, indicated by the white
arrows. (C-D) BSE and XPL image of a ferroan orthopyroxene clast with pigeonite exsolution lamellae. The edge of the clast shows
evidence for recrystallization; details are provided in the inset image in C. White arrows point towards recrystallized pyroxene in D.
(E-F) BSE image of a pyroxene clast and XPL image of a plagioclase clast. Both clasts in E and F display lamellae and twin offsets.
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3.3 NWA 10922

NWA 10922 has abundant mineral, lithic, breccia, and impact-melt clasts, and impact-
melt spherules set in fine-grained matrix (Fig. 3.1C). The major minerals are pyroxene (Enjq.
676 WO024.432) and plagioclase (An;s.s29). The average size of mineral clasts studied is 0.4 £ 0.5 mm
(n=22), lithic clasts is 0.4 £ 0.2 mm (n=13), breccia clasts is 2.1 £ 0.6 mm (n=2), impact-melt
clastis 1.6 = 1.4 mm (n=10), and impact-melt spherules is 2.5 + 1.5 mm (n=6). Clasts identified
in NWA 10922 make up 40% of the total surface area of the sample. Among these are breccia
clasts (18%), impact-melt spherule (9%), lithic clasts (8%), and mineral clasts (5%) The

inventory of clasts studied in NWA 10922 is summarized in Table 3.3.
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Table 3.3: Characteristics of clast types analyzed in NWA 10922 in this study: size range, mineralogy, textures, approximate modal

mineralogy, and shock effects.

Number  Range Mineralogy and Textures Range of Approximate Range of Shock
of Clasts  of Size Modal Mineralogy Effects
(mm)
Lithic Clasts 13
Norite 0.3-0.7 Subhedral orthopyroxene and 35-59% plagioclase - Fractured
plagioclase. One clast has 30-62% pyroxene minerals
orthopyroxene with augite 2-6% Fe-Ti oxides
exsolution lamellae and sulfides
Poikilitic and granoblastic textures 0-5% phosphates
Basalt 7 0.1-0.6 Anhedral pyroxene and 29-63% plagioclase - Fractured
plagioclase grains 29-49% pyroxene minerals
Fine-grained, poikilitic and 2-13% phosphates
granoblastic textures 3-11% Fe-Ti oxides
and sulfides
Monzonite 1 0.5 Alkali feldspar mantled by 84% plagioclase and - Fractured
plagioclase. alkali feldspar minerals
Orthopyroxene present only 4% pyroxene
within fractures that are associated 4% phosphates
with altered iron-sulfides 8% sulfides
Orthopyroxenite 1 0.4 Subhedral coarse orthopyroxene 5% plagioclase - Fractured
grains associated with opaque 84% orthopyroxene minerals
minerals and some plagioclase. 13% magnetite
Granoblastic texture
Impact-melt 10 0.5-4.5 Clast shape varies in angular,

clasts

rounded, oval, and irregular.
Pyroxene, plagioclase,
disseminated oxides + phosphates.
Most clasts contain pyroxene
clumps.
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Some clasts have a crystalline
basaltic composition matrix with
subophitic texture.

Some clasts have matrix
composed of likely amorphous
material that has partially
recrystallized in pyroxene and
plagioclase.

Breccia clasts 1.3-3.0 One clast is composed of alkali Fractured
feldspar brecciated with pyroxene minerals
and phosphate clast. The clast’s One clast has
matrix is like the bulk breccia sintered and
matrix but coarser. This clast also recrystallized
displays layering of grains. grain
The second breccia clast is boundaries
composed of plagioclase and
pyroxene grains set in porous and
fine-grained pyroxene matrix

Impact-melt 0.2-1.7 Pyroxene, plagioclase, oxides, +

spherules phosphates
Quenched, devitrified, and fine-
grained textures.

Most spherules contain pyroxene
clumps

Mon-mineral

clasts

Feldspar 0.3-0.8 Ca-Na rich plagioclase clasts. Fractured
Antiperthitic clasts (Na- minerals
plagioclase host with K-feldspar
exsolution lamellae)

Pyroxene 0.3-2.4 Clasts with Fe-rich host with Mg- Fractured
rich exsolution lamellae minerals

Clinopyroxene clasts
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Orthopyroxene clast with high-Ca
pyroxene exsolution lamellae
One large orthopyroxene clast has
Fe-oxide and plagioclase filling
fractures

One clast has
a sintered
and
recrystallized
edge.
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Lithic clasts in NWA 10922 are dominated by basalt, followed by norite,
orthopyroxenite, and monzonite (Fig. 3.11A-C). Opaque minerals in all lithic clasts consist of
Fe-Ti-Cr oxides, and sulfides that have been altered to Fe-oxyhydroxides. Basalt clasts vary the
most in textures that include fine-grained pyroxene and plagioclase assemblages with pyroxene
and plagioclase xenoliths, granoblastic with triple junctions between silicate grains, and ophitic
to sub-ophitic texture (Fig. 3.11A). Only one monzonite clast and one orthopyroxenite clast was
identified in this sample (Fig. 3.11C and 3.12A, respectively). The monzonite clast has pervasive
fractures that are filled with a fine-grained phase (Fig. 3.12). Plagioclase was modified to the
same phase along the fractures. The EDS composition in wt% of the modification product is
20.98 MgO, 3.64 Alx0O3, 49.29 SiO3, 7.92 Ca0, 0.45 TiOz, 0.64 MnO, and 16.85 FeO. The
Raman spectrum of the modification product has low intensity and broad shifts confirming that
it's a fine-grained aggregate material. The spectra have a consistent Raman peak that ranges from
663 to 678 cm’! (Fig. 3.12B). Less intense and broad shifts are present at 314 cm™!, 333 cm™!, 509
cm’!, and 1013 cm™ (Fig. 3.12B).

Impact melt clasts in NWA 10922 resemble fine-grained clast-laden melt particles
described by Hewins et al. (2017) and impact-melt rocks described by Wittmann et al. (2015). In
NWA 10922, the impact-melt clasts are Ca-rich, vary in shape and size, and contain pyroxene,
plagioclase, disseminated oxides + phosphates (Fig. 3.13A-B). Two clasts are elongated and
irregularly shaped (Fig. 3.13B-C). Some clasts also contain aggregates of pyroxene mantled by a
plagioclase aureole (Fig. 3.13D). The matrix of some of the clasts is composed of crystalline
basaltic composition matrix (Fig. 3.13E). Other impact melt clasts have matrix that is composed

of likely amorphous material with irregularly distributed iron-oxides throughout the clast.
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Breccia clasts are called protobreccias by McCubbin et al. (2016) and Santos et al. (2017)
and they define these clasts as having similar textures and mineralogy as the bulk breccia, except
the matrix of protobreccia clasts that have coarser grains and variable amounts of Fe-Ti oxides.
To remain consistent with the characterization of clasts in NWA 14340 and Sarigigek, all
protobreccia clasts are referred to as breccia clasts for NWA 10922. Two breccia clasts were
identified; one of them is a large clast composed of subhedral to anhedral grains of plagioclase
feldspar, clinopyroxene, and apatite, surrounded by a fine-grained matrix that is poorly sorted
(Fig. 3.13F). Fe-oxides are present in fractures throughout every mineral phase and in the matrix
of the clasts (Figs. 3.13F-G). Additionally, the pyroxene grains were locally decomposed to
magnetite and silica. Pyroxene grains are broken along fractures and grain boundaries. Half of
the pyroxene in the clast apparently has been modified to a fine-grained aggregate of pyroxene,
Fe-oxides, and plagioclase (Fig. 3.13G). The plagioclase grains have fractures filled with Mg-Fe
rich silicate material that is similar to the modification product present in the monzonitic clast
(Fig. 3.13G and Fig. 3.12, respectively). The clast displays horizontal layering, and the center is
composed of a layer of Fe-Ti oxides and sulfides that have been altered to Fe-oxyhydroxides
(Fig. 3.13F). The outline of the clast is easily distinguished in the Mg elemental map, as the
entire clast is depleted in Mg relative to the bulk breccia (Fig. 3.13F).

Another breccia clast identified in this study is similar to a porous clast identified by
MacArthur et al. (2019) and is composed of an elongated crystal of plagioclase feldspar,
clinopyroxene and orthopyroxene clasts, a euhedral Fe-sulfide grain, ilmenite, and a cluster of
Fe-oxides set in a porous matrix of clinopyroxene and Fe-oxide grains (Figs. 3.13H-I). Pyroxene
clasts within the breccia have a texture consistent with local decomposition to magnetite and

silica (Fig. 3.13H). The matrix of this clast also contains small grains of Mn-oxides consisting of
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fibrous and massive forms (Fig. 3.13I), similar to grains of Mn-oxides identified by Liu et al.
(2021) in various lithological contexts. The two breccia clasts identified in NWA 10922 are
surrounded by fine-grained rims.

In NWA 10922, impact-melt spherules are distinguished by their higher Ca and Fe in
elemental maps, with one of the largest impact-melt spherules showing concentric chemical
zoning (Fig. 3.13A). This spherule has a Mg-rich core, surrounded by an Fe-rich layer, and then
a Ca-rich outer layer. The spherule is composed of crystallites of pyroxene and plagioclase (Fig.
3.13J). The spherule contains abundant iron oxide veins that truncate before the clast boundary,
rounded plagioclase masses, pyroxene clumps, pyroxene clasts that have locally decomposed to
form magnetite and silica, and sulfide grains (Fig. 3.13J). The outermost layer of this spherule
has a diffuse interface with the matrix of NWA 10922 (Fig. 3.13J). The second largest spherule
also has a concentric chemical zoning. This spherule contains plagioclase and iron-oxide veins in
a fine variolitic pyroxene and iron-oxide matrix. Other smaller impact-melt spherules include 1.
sulfide cores, now modified to Fe-oxyhydroxides, surrounded by a fine-grained intergrowth of
oxides, pyroxene, and plagioclase 2. Clasts with plagioclase, pyroxene and iron-oxides in a
devitrified or radial cryptocrystalline texture.

Mono-minerallic clasts are made up of pyroxene, feldspar, phosphates, Fe-Ti-Cr oxide
clasts, and sulfides. Pyroxene clasts are present as orthopyroxene (some have exsolution lamellae
of augite), ferroan pyroxene, and high-Ca clinopyroxene (some have exsolution lamellae of
orthopyroxene). Few pyroxene mineral clasts in the matrix have locally decomposed to
magnetite and silica, that decorate the clast like a trail of fluid inclusions (Fig. 3.14A). Two
pyroxene clasts have irregular shapes and are composed of an assemblage of pyroxene and

magnetite (e.g., Fig. 3.14B). One of these clasts is angular in shape and has a euhedral FeS
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crystal in the core. Both clasts have fractures intruding in the clast from edges that are filled with
plagioclase feldspar + Fe-oxide (Fig. 3.14B). One large orthopyroxene clast has corroded edges
and a euhedral chromite inclusion. The clast has fractures filled with plagioclase that are cross-
cut by Fe-oxides, which are further cross-cut by calcite.

Feldspar mineral clasts include antiperthitic clasts with micropores and plagioclase
feldspar clasts. One plagioclase clast is enriched in Ca near the rim and rich in Na and K near the
core. The clast has a sulfide vein that has been altered to Fe oxyhydroxides (Fig. 3.14C).
Phosphate mono-mineral clasts are not as large as pyroxene or feldspar, and they are all
composed of chlorapatite (Fig. 3.14D). Fe-Ti-Cr oxide clasts all have reaction rims, some of

them are also zoned with a Mg rich core (Fig. 3.14E).
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Figure 3.11: BSE mages of lithic clasts and impact melt clasts in NWA 10922. (A) A basalt
clast. (B) A norite clast. (C) An orthopyroxenite clast. (D) An impact melt clast. An impact melt
clast within this clast is outlined in yellow dashed line. The zoomed in inset image displays the
crystalline matrix of the impact melt clast and an irregularly shaped pyroxene clump surrounded
by plagioclase aureole. Ap — Apatite, Aug — Augite, Mag — Magnetite, Pgt — Pigeonite, Spl —
Spinel, and Zrn — Zircon
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Figure 3.12: Details of a monzonite clast in NWA 10922. (A) BSE image of the monzonite clast.
The red arrows point towards fracture filling Mg-Fe silicate material (B) Raman spectrum of the
fracture filled material (C-I) EDS maps of the clast.
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Figure 3.13: Details of impact-melt and breccia clasts in NWA 10922. (A) Ca elemental map of NWA 10922. Ca-enriched areas are
impact-melt and breccia clasts. The two large breccia clasts are outlined in red dashed lines. (B) BSE image of two irregularly shaped
impact melt clasts are outlined in white dashed lines. (C) BSE image of the area in the yellow box in B. D) BSE image of the pyroxene
clump from the larger impact melt clast in B, composed of a pyroxene core with variable amounts of Fe-oxides and surrounded by
plagioclase. (E) Crystalline matrix of the impact melt clast in B, composed of pyroxene, plagioclase, and Fe-oxides. (F) RGB
elemental map of one of the breccia clasts outlined in red in A, where R-G-B = Fe-Mg-Al. (G) BSE image of the area in the yellow
box in F, showing plagioclase and pyroxene breakdown textures and the zig-zag interface between the two minerals. The dashed
yellow line separates the pyroxene still intact from completely broken-down pyroxene. Around iron-sulfide and within plagioclase
cracks and fractures are pyroxene and magnetite assemblages. (H) BSE image of the second large breccia clast outlined in the yellow
dashed line in A. The zoomed in inset shows small magnetite and silica decomposition product in pyroxene (I) BSE image of the
yellow box in H, showing the matrix of the clast composed of pyroxene and Fe-oxide grains, and the high pore space between grains.
Inset image shows an iron-sulfide mineral clast that has been altered near fractures. Small Mn-oxide grains are also found within the
matrix (inset image). (J) BSE image of a large spherule (indicated by the yellow arrow in A) that has devitrified to a crystalline
texture. It contains pyroxene clumps but also masses of rounded plagioclase throughout the clast. The yellow arrows indicate Fe-oxide
veins that truncate before clast boundary.
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Figure 3.14 BSE images of mineral clasts in clasts in NWA 10922. (A) A pyroxene clast that
has locally decomposed to magnetite and silica (B) A clast composed of pyroxene and Fe-oxides,
with fractures along its lower margin; fractures are filled with plagioclase and Fe-oxides. (B) A
plagioclase clast with micropores, crosscut by a sulfide vein (outlined in yellow dashed line) that
has been altered to Fe-oxyhydroxides. (C) An apatite mineral clast. (D) A zoned ilmenite mineral
clast surrounded by magnetite, interpreted to be a reaction product of the ilmenite with the
matrix. (E) A pyroxene clast with a sintered and recrystallized edge (red arrows) composed of
plagioclase, Fe-oxides and pyroxene.
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3.3.1 Shock effects

Shock effects in all lithic clasts are limited to fracturing only. The large protobreccia clast
has zig-zag interface between feldspar and pyroxene that has likely resulted from sintering and
recrystallization (Fig. 3.13G). Similarly, one pyroxene mineral clast has a sintered edge that has

recrystallized to pyroxene, Fe-oxide, and plagioclase (Fig 3.14F).
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Chapter 4: Results — Characterization of the Matrix in NWA 14340, Saricicek,

and NWA 10922

4.1 NWA 14340

The matrix in NWA 14340 is composed of plagioclase, pyroxene and olivine, and minor
silica (quartz, tridymite, and moganite), ilmenite, troilite, FeNi metal and accessory zircon, all set
in a fine-grained to glassy material (Fig. 4.2A). Minerals in the matrix are subrounded to
subangular and range in size from < 10 pm to up to 250 wm, with embayed and corroded edges
(Figs. 4.1A-C). Plagioclase mineral clasts are Ca-rich and vary in size from 50-250 pm.
Pyroxene and olivine mineral clasts are typically smaller. Most orthopyroxene mineral clasts
contain augite exsolution lamellae. Olivine mineral clasts vary in Mg and Fe content based on
their EDS compositions and Raman spectra. Few olivine clasts in the matrix appear to have
decomposed to amorphous material. The nature of the amorphous material could not be
determined via Raman spectroscopy or FESEM. Additionally, abundant glass and impact melt
particles are found within the matrix (Fig. 4.1C). The boundary between matrix and lithic clasts
is ambiguous as both lithic clasts and matrix materials are rich in calcic plagioclase. Many lithic
and mineral clasts exhibit small vesicles along their edges. These clasts are also heavily fractured
but are relatively smoother with fewer fractures near their rims. (Fig. 4.1D). This texture
suggests that the edges of the clasts underwent either partial melting or thermal annealing, and

recrystallized with the matrix, resulting in a diffuse or irregular matrix-clast boundary.
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Figure 4.1: Backscatter Electron (BSE) images of minerals and textures in the matrix of NWA
14340. (A) Orthopyroxene (Opx) mineral clast with exsolution lamellae of clinopyroxene (Cpx).
The clast appears to have had bits broken off from its bottom edge. Several vesicles in this area
are indicated by the yellow arrows. (B) An orthopyroxene clast with embayed edge, along which
a cluster of tissintite (Tss) is present. (C) An impact melt clast and another orthopyroxene clast
with bent clinopyroxene exsolution lamellae in the matrix. Yellow arrows point towards the
pyroxene clast’s fragmented bottom edge. (D) Yellow arrows point towards small vesicles found
within a plagioclase clast along its boundary.
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4.1.1 Shock effects

Plagioclase mineral clasts in the matrix display patchy undulose extinction and PDFs like
plagioclase in all the lithic clasts (Fig. 3.3). Some plagioclase mineral clasts in the matrix have
transformed to maskelynite. Pyroxene mineral clasts display undulose extinction to weak
mosaicism. No shock effects were observed in olivine clasts. The matrix has mineral clasts set in
fine-grained to glassy material. The Raman spectra indicate glass of either plagioclase or
plagioclase + olivine composition (Figs. 4.2B-D).

There are large glassy areas within the matrix and throughout the sample that are
characterised by flow lines, large vesicles, and clasts with intensely embayed and corroded edges
(Figs. 4.3A-F). Pyroxene mineral clasts in glassy areas exhibit mosaicism and have been
plastically deformed as evidenced by lamellae that are typically bent and offset along a
dislocation slip (Fig. 4.3B-C). Mineral clasts composed of variable amounts of quartz, tridymite
+ moganite in the interior regions of the glassy regions have transformed to silica glass and
coesite (Fig. 4.3F). Clusters of elongated and fine-grained crystals (average size of ~2 um) are
widespread in the matrix of NWA 14340 (Fig. 4. 4A-B and D-F). These clusters are present along
the boundaries of large glassy regions, along mineral clast boundaries within the glassy regions,
and in the glass at the boundaries between lithic clasts and matrix (Fig. 4.4A-B and D-F). The
EDS compositions of these fine-grained crystals are like plagioclase with an additional 5 wt%
MgO and 4 wt% FeO. The Raman spectrum of these crystals (Fig. 4.4C), coupled with their EDS
compositions, confirms their identity as the high-pressure polymorph of plagioclase feldspar
known as tissintite (Ma et al. 2015). Tissintite clusters are often present in a flow-shaped form,
confirming that the clusters crystallized from melt that was mobilized within the sample (Figs.

4 .4D). The high MgO and FeO composition, along with their crystallization from melt rather

than solid-state transformation from maskelynite, which has been observed in martian meteorites
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(Walton et al. 2014, Ma et al. 2015) characterize these crystals as tissintite-1I (Zhang et al. 2021).
For simplicity, it will just be referred to as tissinttie from here on.

Within some of the tissintite clusters, along lithic clast boundaries and in large glassy
regions, there are aggregates of even smaller and finer-grained microlites (average size of ~ 1
pm) that are stubby to elongated (Figs. 4.5A-B and D). These crystals are not as widespread as
tissintite in the matrix of NWA 14340 (Fig. 4.5F) and are too fine-grained for meaningful EPMA
or EDS analysis. The EDS maps display no difference between these crystals and tissintite,
although their compositional differences are evident from different grayscale in BSE images.
These crystals likely contain higher MgO and FeO than tissintite. The Raman spectrum acquired
Raman spectrum acquired from garnet and tissintite bearing glass is consistent with glass
composition of plagioclase and tissintite (Fig. 4.5D). In some regions, garnet is accompanied
with small olivine rounded mineral clasts in the tissintite cluster, sometimes with a reaction rim

(Fig. 4.5E).

63



800

700
600 -

500+

A
1

Intensity (counts)

/
300 |
200~

100

400+ ||

[

!/\\

I\~
A ™M

~/

— " —— <503

200

400

T
600 800
Raman shift (cm™)

T
1000

T
1200

T
1400

Intensity (counts)

800

700

600

500

400

300

200

©o
=8 D
3 b
o pﬁ
i\
wlfl | AN
8 x H‘\ - i inn N
w | w [ \,/ W e
AN WA v
[ A
A oY /! \ N/ '
/ \ \ ; ey
A Va4
noV Vi
/’/ '
/
!
T T T
200 400 600 800 1 000 1200 1 400

Raman shift (cm™)

Figure 4.2: Images of the matrix of NWA 14340 and Raman spectra acquired from the matrix (A-B) BSE images showing matrix
between lithic clasts and a spherule. Yellow arrows indicate vesicles within the matrix in B. (C-D) Raman spectra acquired from
yellow spots within glassy regions in B.
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Figure 4.3: BSE images of a glassy area in the matrix of NWA 14340, interpreted as a shock melt pocket. (A) Plagioclase mineral
clasts are outlined in red. Yellow arrows indicate large vesicles in the melt pocket. (B) A large orthopyroxene clast with vesicles along
its embayed edges and contains thin exsolution lamellae. (C) Two sets of lamellae along different orientations are bent and offset. (D-
E) Mineral clasts that are subangular and large vesicles along with flow lines. Inset image show flow lines marked by submicron
microlites in E. (F) A clast with silica glass and coesite entrained within a glassy region.
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Figure 4.4: BSE images and Raman spectrum of tissintite within the matrix of NWA 14340. (A) A melt pocket that contains clusters
of tissintite crystals along its edges. Tissintite clusters include pyroxene clasts entrained within. (B) A tissintite cluster along the edge
of the lithic clast in Fig. 3.6C, outlined by the white dashed line. (C) Raman spectrum of tissintite. (D) Tissintite cluster in a flow-
shaped form. (E) Tissintite cluster along the edge of a lithic clast (outlined in yellow dashed line). (F) The cluster contains small
crystals of ilmenite near the center, interpreted to have crystallized during formation of the melt pocket. Gl — Glass and Tss —
Tissintite.
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Figure 4.5: BSE images and Raman spectrum of garnet within the matrix of NWA 14340. (A)
Tissintite cluster along a lithic clast’s edge, outlined in the white dashed line. (B) Garnet (Grt)
microlites embedded in plagioclase glass and in the center of the tissintite assemblage. (C-D)
Raman spectra acquired from the small garnet crystals and glass. Garnet has characteristic
Raman peaks at 364.52 cm™ and 902.54 cm' in C. (E) Image of garnet crystals in the tissintite
cluster, surrounding an olivine clast with a reaction rim. (F) Areas outlined in yellow contain
tissintite, pink contain melt with large vesicles and flow lines, and blue contain garnet in the TL
scan of NWA 14340. Grt - Garnet
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4.2 Saricicek

Matrix in Sarigigcek is composed largely of fragments of plagioclase and pyroxene
mineral clasts, with some tridymite and quartz, and minor minerals that include olivine,
chromite, ilmenite, iron-sulfides, and Fe-Ni metal. Mineral clasts in the matrix range in size from
~10 pm to 50 pm and are angular to subangular in shape (Figs. 4.6A-B). Pyroxene clasts in the
matrix are composed of ferroan orthopyroxene with augite exsolution lamellae (Fig. 4.6D), and
orthopyroxene. Many pyroxene mineral clasts contain chromite rods that cut across the host
crystal and lamellae (Fig. 4.6D). Plagioclase clasts in the matrix are calcium rich, and some
contain albite twins.
The matrix exhibits a size distribution typical of a seriate texture, with certain portions so fine-
grained that they appear opaque in the optical microscope under PPL. The sub-micron sized
material is composed of pyroxene and plagioclase and conforms to the grooves along the edges
of clasts (Fig. 4.6C). This submicron material likely has a history of thermal annealing and
recrystallization. Abundant glassy particles and impact melt particles that range in size from < 10
um to ~ 50 um, with devitrified and fine-grained recrystallized textures are also found
throughout the matrix (Figs. 4.6D-F). Numerous mineral clasts in the matrix are fused together,
establishing direct points of contact along their edges (Figs. 4.7A-F). Numerous mineral clasts

also have rough edges, and/or conform to the surrounding material (Fig. 4.7A and 4.8A-B).

68



Figure 4.6: BSE images of the matrix of Saricicek. (A) An area of the matrix with angular to subangular mineral clasts. (B) Matrix
has a finer-grained component that surrounds larger angular to subangular mineral clasts. (C) Extremely fine-grained and submicron
matrix material indicated by the yellow arrows. This material was likely annealed and recrystallized. (D-E) Glassy or recrystallized
particles found in the matrix.
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Figure 4.7: BSE images of mineral clasts coalesced together. (A-B) Two pyroxene clasts fused together. Yellow arrows indicate the
contact between two clasts where exsolution lamellae bent in B. (C) Two pyroxene clasts fused together, possible thin melt film in
between the clasts (yellow arrows). (D) Amalgamation of two clasts along their point of contact (yellow arrow). (E) Various mineral
clasts that are fused together (F) Zoomed-in inset of E showcases two areas (yellow arrows) where a larger pyroxene clast is fused
with other clasts on either side
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Figure 4.8: BSE images of the mineral clasts in the matrix. (A) Pyroxene clasts with chromite rods indicated by yellow arrows (B)
Bent and elongated clast of pyroxene with bent exsolution lamellae indicated by yellow arrows. (C) Irregularly shaped clast in the

matrix with flow lines, indicated by yellow arrows. It is present along a pyroxene clast that is near the edge of the meteorite. (D-F)
Images of a thin melt vein found along a pyroxene clast indicated by the yellow arrows in E and F




4.2.1 Shock effects

Pyroxene clasts display regular to undulose extinction. Abundant pyroxene clasts contain
bent and offset exsolution lamellae (Fig. 4.8B). Plagioclase clasts display a range from regular
extinction to mosaicism. Molten components and thin melt films (<1 pum in width) are found
along some lithic, mineral, and impact melt clasts (Figs. 4.8C-F). There are no melt pockets,

veins, or high-pressure mineral polymorphs in the matrix of Sarigigek.

4.3 NWA 10922

Matrix in NWA 10922 is composed of mineral clasts and submicron sized material.
Mineral clasts include pyroxene, plagioclase, Fe-Ti-oxides, and chlorapatite. All the mineral
clasts have a subangular to subrounded shape (Figs. 4.9). Pyroxene and plagioclase mineral
clasts range in size from ~5 pum to 70 um. Fe-Ti-oxide and chlorapatite grains are smaller and
vary between ~22 um and 50 pum in the longest dimension. Most of the matrix is composed of
pyroxene and plagioclase, with Fe-Ti oxides disseminated throughout, and minor chlorapatite.
Pyroxene mineral clasts include clinopyroxene (pigeonite and augite) and orthopyroxene. Some
orthopyroxene clasts have thin exsolution lamellae of clinopyroxene. Clinopyroxene mineral
clasts contain trails of inclusions composed of magnetite and silica glass (Figs. 4.9B). Augite
clasts have exsolved diopside along the clast edges (Figs. 4.9B). Few plagioclase clasts have
microfractures filled with a fine-grained aggregate of a Mg-Fe silicate phase (Fig. 4.9C), that
was previously described in the monzonitic and breccia clasts in NWA 10922. Fe-Ti oxides have
reaction rims (Fig. 4.9D). The submicron portion of the matrix is composed of the same minerals
in a granoblastic texture (Fig. 4.10A-B). It was not possible to resolve the submicron matrix

using the FESEM in this study, but McCubbin et al. (2016) reported interlocking texture and
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grain boundaries that commonly meet at 120° angles in TEM images of the matrix material in the
range of 0.1 to 1 um.

Two elongated and prismatic crystals in the matrix have irregular edges (Fig. 4.10C)
Both clasts contain two sets of cleavage planes that intersect at ~ 110° and 70° (Fig. 4.10C). The
Raman spectrum of these crystals has two peaks at 337 cm!, and 293 cm™!, a doublet in the ~650
cm’! region, and a peak peak at 1007 cm! (Fig. 4.10D). The Raman spectrum agrees very well
with the Raman spectrum of orthopyroxene (Wang et al. 2001). The EPMA analysis for 6 points
have totals in the range of 95.42 — 97.56, and the average composition in wt% includes 26.58

MgO, 15.15 FeO, 53.15 Si0,, 0.74 Al,Os, 0.46 Cr,0;, 0.43 MnO, and 0.12 TiO,.
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Figure 4.9: BSE images of mineral clasts in the matrix of NWA 10922. (A) Subangular mineral
clasts surrounded by finer-grained matrix material. (B) An Fe-rich augite clast that contains
exsolved diopside along its left edge. This clast also contains inclusions of magnetite and silica
indicated by yellow arrows. (C) A plagioclase clast with microfractures filled with Mg-Fe

silicate material. (D) A magnetite clast with a complex reaction rim that contains a symplectite of
plagioclase and oxide minerals, and pyroxene mineral clasts.
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Figure 4.10: BSE images of the matrix material in NWA 10922 (A-B) Matrix in the size range
of 1 um to 5 um. The material consists of pyroxene, plagioclase, chlorapatite, and oxide mineral
grains, whose boundaries are not evident in A or B as they are submicron in size. (C) BSE image
of a mineral clast with cleavage angles at ~70° and 110° (D) Raman spectrum of clast in C.
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4.3.1 Shock effects
Shock effects are absent in the matrix of NWA 10922. No melt veins, pockets, or high-

pressure minerals were observed. Fractures are present throughout the sample, and often occur
along the interfaces of clasts and matrix. Clasts presented in the previous chapter have a sharp

boundary with the matrix.
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Chapter 5: Discussion — Formation and Evolutionary Histories of NWA

14340, Saricicek, and NWA 10922
5.1 Clast inventory of each meteorite compared to other similarly classified meteorites

5.1.1 NWA 14340

NWA 14340 contains a wide variety of lithologies that were parts of igneous rocks
derived from magmas (lithic and mono-mineral clasts) to impact related (impact-melt clasts,
glass spherules and beads). The clasts are dominated by anorthite, indicated by the modal
mineralogy of lithic clasts, as is the case for feldspathic regolith breccias derived from the lunar
highlands (Korotev et al. 2003, Snape et al. 2011, Gross et al. 2014, Cao et al. 2021). Lithic
clasts with Mg-Fe silicate minerals include mainly norites, troctolites, and gabbros.
Orthopyroxene and olivine in these clasts have varying Mg and Fe content, suggesting that the
clasts in NWA 14340 range between Mg-suite and ferroan anorthosite suite. The lithic clasts also
possess a variety of textures including poikilitic, granoblastic, and granular. Impact melt and
glassy clasts, some with flow lines, are abundant in NWA 14340 and have various textures and
mineralogy, although they are all rich in anorthite.

The clast inventory, range of compositions (Table 3.1) and textures in NWA 14340
agrees with the studied meteorites within the NWA 8046 clan (Lunning and Gross 2019, Fagan
and Gross 2020, Zeng et al. 2020, Sheikh et al. 2022, Treiman and Semprich 2023), and with the
meteorite’s classification as a polymict regolith breccia. Dunite clasts were identified in two
paired samples, NWA 14900 and NWA 11421 (Sheikh et al. 2022, Treiman and Semprich

2023); no dunite clasts have been identified in NWA 14340. The presence of dunite clasts in two
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paired samples is likely due to the heterogeneity in the clastic material present in these regolith

breccias.

5.1.2 Saricicek

Saricicek contains a wide range of mineralogy and textures. Lithic clasts include mostly
eucrite and some diogenite clasts, both equilibrated and unequilibrated, which agrees with its
classification as a eucrite-rich howardite (Unsalan et al. 2019). It contains various impact melt
clasts and brecciated clasts that are suggestive of previous impact events and representative of
regolith material. Iron and chondritic exogenous clasts were identified (Fig. 3.7B and I) which
also agrees with similar observation made by Unsalan et al. (2019). Overall, the clast inventory
(Table 3.2) agrees with this rock being a howardite and is comparable to clasts found in other
regolithic howardites (e.g., Ikeda and Takeda 1984, Pun et al. 1998, Sisodia et al. 2001, Lorenz
et al. 2007, Beck et al. 2012, Janots et al. 2012, Mittlefehldt et al. 2013, Lunning et al. 2016,
Gregory et al. 2017, Patzer and McSween Jr 2018, Unsalan et al. 2019).

Unsalan et al. (2019) recognized most lithic clasts within Sarigicek as basalts with ophitic to
subophitic textures, and clasts rich in plagioclase and silica. Observations of lithic clasts in this
study agree with the observations made by Unsalan et al. (2019), and additionally contain basalt
clasts with coarse-grained, vitrophyric, and brecciated textures. The sections of Sarigicek that
Unsalan et al. (2019) inspected had rare olivine. Olivine in the thin section studied here would be
better characterized as a minor constituent than rare, as it is present in mono-minerallic clasts,
within impact melt clasts, and in three out of the four large diogenite lithic clasts. Additionally,
Sarigicek is one of the few HED meteorites to contain a dunitic clast (Fig. 9F). Other howardites
with dunite clasts include NWA 2968, NWA 5784, NWA 5968, NWA 6157, MIL 03443 (Bunch

et al. 2006, 2010, Mittlefehldt 2008, Beck et al. 2011).
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513 NWA 10922

The NWA 7034 suite of martian breccias has been studied by various authors that
targeted characterizing the clasts in the samples (Humayun et al. 2013, Santos et al. 2015,
Wittmann et al. 2015, Hewins et al. 2017), identifying traces of secondary alteration (Lorand et
al. 2015, Liu et al. 2016, MacArthur et al. 2019), petrological interpretation of the breccia
(McCubbin et al. 2016), and chronology and isotopic studies to date the entire rock, its
constituents, and geological events in the breccia’s history (Cartwright et al. 2014, Lindsay et al.
2016, Nyquist et al. 2016, Cassata et al. 2018, Hu et al. 2019, MacArthur et al. 2019). The
mineral, lithic, breccia, impact-melt, and impact-melt spherules characterized in this study (Table
3.3) agree with previous inspections of NWA 7034 and its paired stones. An orthopyroxenite
lithic clast (Fig. 3.11C) was identified in this study which has not been recorded in other paired
stones. Santos et al. (2015) and Wittmann et al. (2015) identified Fe-Ti-P rich clasts that are
observed to have 55 wt% feldspar, 22 wt% apatite, 20 wt% ilmenite, and 4 wt% magnetite, and
overall lack pyroxene; no such clast was identified in NWA 10922.

McCubbin et al. (2016) conducted shape and size analysis of all the clasts in NWA 7034
and concluded that the constituents were deposited as pyroclastic fallout deposits. Identification
of accretionary lapilli and dust rim around all clasts support this as the deposition mode of the
clasts in NWA 7034 and its paired stones (Wittmann et al. 2015, MacArthur et al. 2019). In this
study, irregularly shaped impact melt clasts with round edges likely cooled to a certain extent
while airborne, as evidenced by the fine-grained matrix texture, in contrast with the coarser
grained matrix texture of breccia clasts. Impact melt spherules have different mineralogies and
sizes. The largest spherule (1.7 um; Fig. 3.13J) has Fe-oxide veins that truncate at the spherule

boundary. Similarly, McCubbin et al. (2016) found Fe-oxide veins in several breccia clasts that
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were suggestive of hydrothermal alteration prior to the breccia’s lithification. In NWA 10922,
the large spherule studied here shows a gradual transition to the matrix (Fig. 3.13J), which is
suggestive of the spherule having been emplaced in-situ while it was still at least partially
molten. However, Fe-oxide veins that truncate at the spherule boundary suggest that the spherule
had crystallized and experienced some hydrothermal alteration prior to being lithified in NWA
10922, and the diffuse boundary with the bulk matrix is likely a result of the thermal annealing
of the breccia after lithification. Such annealing is further supported by the devitrified texture of
the rim of the spherule.

Plagioclase in a monzonitic clast, one breccia clast, and a clast within the matrix has been
altered to a Mg-Fe silicate fine-grained aggregate along fractures. This alteration product is
present only along fractures, which suggests that it resulted from aqueous alteration, where Mg-
Fe-rich fluids circulated through these clasts. If the plagioclase experienced aqueous alteration,
the Mg-Fe silicate aggregate material was likely a hydrated phase, such as an amphibole-group
mineral or phyllosilicates suspected to occur on Mars in hydrothermally altered minerals
(Osinski et al. 2013). However, the Raman spectrum of the Mg-Fe silicate aggregate material
lacks the O-H peak in the 3500 cm™ region (Fig. 3.12B), indicating subsequent mineral break
down and dehydration. The presence of the Mg-Fe silicate aggregate in only a few clasts

highlights the clasts’ geological history before lithification in NWA 10922.
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5.2 Shock conditions deduced from the breccias

52.1 NWA 14340

5.2.1.1 Bulk shock conditions

Felspar is sensitive to shock effects (Pickersgill et al. 2021). Since NWA 14340 is
composed predominantly of the mineral feldspar, shock effects in feldspar throughout the rock
can be used to infer the shock history of the rock, with shock effects in other minerals acting as
complimentary shock indicators. Most of the shock effects identified in NWA 14340 can be
divided into: 1. Shock effects that occur in effectively all the clasts inspected; and 2. Shock
effects restricted to individual or a limited number of clasts.

Shock effects that occur within all the lithic clasts and mineral clasts were likely induced
by the pressure the bulk rock experienced during a late-stage shock event in its history. All
plagioclase within lithic clasts and mineral clasts in the matrix displays patchy undulose
extinction (Fig. 3.4). The patchy undulose extinction has been observed in some of the Apollo
regolith breccia and impact melt breccia samples (e.g., Kridelbaugh et al. 1973, Ryder 1980).
Kridelbaugh et al. (1973) referred to this occurrence in plagioclase as mosaically recrystallized
anorthite that could possibly be devitrified diaplectic glass. In NWA 14340, plagioclase in most
mineral clasts and lithic clasts exhibiting patchy undulose extinction is relatively smooth in BSE
imaging, while the accompanying pyroxene or olivine grains in the same lithic clasts are
pervasively fractured (Fig. 3.5A). The same plagioclase is also birefringent, suggesting that is it
not maskelynite (Fig. 3.4). If it had converted to maskelynite and then subsequently devitrified,
the recrystallized phase should have the same crystal orientation as the host (Ostertag and
Stoffler 1982). However, that is not the case as the “recrystallized” plagioclase has a distinct

orientation from the remaining plagioclase in the crystal (Fig. 3.4). There are also no flow lines
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in plagioclase clasts (Fig. 3.4). So, the plagioclase did not experience melting. So, without
experimental data on conditions necessary to produce patchy undulose extinction in plagioclase
seen in NWA 14340, it cannot be used as a solid shock indicator, even though lunar highland
breccias with this plagioclase texture were referred to as highly shocked samples (Kridelbaugh et
al. 1973).

Plagioclase within lithic and mineral clasts contain PDFs (Fig. 3.4F and 3.6E) which
suggests that the bulk rock pressure was 18-22 to 34 Gpa (Stoffler et al. 2018). Since most
plagioclase clasts did not transform to maskelynite, this suggests that the bulk rock pressure was
less than ~ 24 GPa, (Fritz et al. 2019). Pyroxene grains display undulose extinction to weak
mosaicism. This deformation in pyroxene can occur over a large range of pressures, undulose
extinction occurs between 5-10 to 20-30 Gpa and mosaicism between 20-30 to ~70 GPa (Stoffler
et al. 2018). Olivine has higher shock tolerance than both plagioclase and pyroxene, and no
considerable shock effects were observed in olivine throughout NWA 14340. Olivine begins
exhibiting crystal strain at pressures > 20 GPa (Jeanloz 1980), which aids in constraining the
peak equilibrium shock pressure experienced by the bulk rock in the range of 18 - ~20 GPa

(Stoffler et al. 2018).

5.2.1.2 Localized shock conditions

The formation of tissintite is widespread in the matrix of NWA 14340, present within glassy
regions with large vesicles and flow lines (Fig. 4.4A). This phase has crystallized from shock-
induced melt as inferred by its fine-grained igneous textures (Fig. 4.4B, D, and F); such texture is
not consistent with solid-state transformation. Tissintite clusters are also present in flow-shaped

form and contain higher Mg and Fe contents than plagioclase (Fig. 4.4D), confirming that they
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grew from shock-induced melt that had chemical contributions from entrained olivine and
pyroxene clasts. Tissintite is present along the edges of glassy regions and clasts (Fig. 4.4D-E),
and within glassy regions where it appears to have nucleated on the rims of mineral clasts (Fig.
4.1B).

The occurrence of coesite is restricted to clasts that are variably composed of SiO, glass,
quartz, and tridymite, and entrained within glassy matrix along with tissintite. Coesite also has a
distinct occurrence (Fig. 4.3F) and does not exhibit the euhedral morphology that would be
expected were it to have crystallized from melt (Fig. 19F; e.g., Pang et al. 2016, Chen et al.
2019). So coesite likely formed as a result of solid-state transformation of amorphous silica and
quartz. Zhang et al. (2021) similarly observed tissintite clusters and coesite in glassy regions
within nine lunar regolith breccia meteorites. Experimentally formed tissintite from amorphous
plagioclase is stable at 6-8 GPa pressure and 1000-1350 °C temperature conditions (Rucks et al.
2018). Tissintite has been reported in eucrite, martian, and lunar meteorites to be stable in the
range of ~10 GPa to >19 GPa (Walton et al. 2014, Ma et al. 2015, Pang et al. 2016, Chen et al.
2019, Zhang et al. 2021). Coesite is stable at pressures > 2.5 GPa; however, at pressures >7.5
GPa, silica quickly transforms to its other high-pressure polymorph, stishovite (Mansfeld et al.
2017). Following these shock constraints, Zhang et al. (2021) proposed shock pressures in the
range of 4-8 GPa for glassy regions of nine-lunar meteorites in their study. The same pressure
range in inferred for glassy regions in NWA 14340 based on similar high-pressure mineral
assemblages and textures.

Zhang et al. (2021) also observed SiO,-rich corundum towards the inner zones of glassy
regions. No corundum was found in NWA 14340, but instead, garnet is present within and along

a few tissintite clusters (Fig. 4.5A-B and E). Dendritic garnet is only associated with tissintite
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clusters and present within the same glass of plagioclase that has higher Mg and Fe (Fig. 4.5B
and E). Garnet is likely a reaction product between Mg-rich olivine and plagioclase melt, as in
some clusters it is associated with Mg-rich olivine grains embedded in the tissintite clusters (Fig.
4 .5E). Garnet as the reaction product between plagioclase and forsteritic olivine has been
documented in terrestrial metaperidotites and induced by anhydrous high pressure
metamorphism (Miller 1974). Various Pressure-Temperature diagrams exist for dry reactions
between forsteritic olivine and plagioclase (e.g., Kushiro and Yoder Jr 1966, De Ronde and
Stiinitz 2007), but none are in the high pressure range of 4-8 GPa. Garnet is also present within
tissintite clusters where there are no olivine grains nearby (Fig. 4.5B), though the
heterogeneously distributed contributions from olivine in the plagioclase glass could still lead to
garnet nucleation. This is likely the case as garnet is not as widespread as tissintite and coesite in
the glassy matrix. Thus, nucleation of garnet within certain tissintite clusters is dependent on the
composition of glass as well as the shock pressure.

Texturally, garnet is always found either within the inner zone of tissintite clusters or along
the edge of the tissintite cluster, towards the center of the glassy area (Fig. 4.5B and E). In both
cases, the textural occurrence of garnet suggests that it grew after tissintite in hotter and
relatively slow cooling zones. Hence, the pressure constraint for garnet would be lower than that
of tissintite. This inference is also supported by coarser grains of tissintite in the inner zones and
finer grains along the edges of tissintite clusters (Fig. 21B and E).

Garnet crystals identified in NWA 14340 are too small for proper EPMA and EDS
analysis. Raman spectroscopy was the only applied technique that produced unequivocal
evidence for the crystals to be identified as garnet (Fig. 4.5C). High-pressure garnet found in

meteorites is majoritic, also called super-silicic garnet (e.g., Pang et al. 2016, Chen et al. 2019,
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Du et al. 2024). The majorite substitution involves coupled substitution of (Mg,Fe,Ca)** and Si*
into the octahedral sites in the garnet mineral structure (Collerson et al. 2010). Majorite bearing
garnets are ideal for pressure estimates as their compositions are pressure dependent (Roermund
et al. 2000). Lacking compositional data, I will compare the Raman spectrum of garnet in NWA
14340 with those in the literature. The Raman spectrum of garnet acquired here has major peaks
at 368 cm!, 669 cm™! , 902 cm™!, 1006 cm™! (Fig. 4.5C), which is consistent amongst various
crystals and with the Raman band assignments of garnet (Mingsheng et al. 1994). The
characteristic peak of garnet in its Raman spectrum occurs within ~870 cm™! to ~ 930 cm!, with
endmember majorite having a Raman shift at 929 cm! (Hofmeister et al. 2004). The
characteristic peak in the Raman spectrum of NWA 14340 garnet at 902 cm™' is downshifted
compared to endmember majorite, confirming that the garnet found in NWA 14340 does not
represent pure endmember majorite and is instead likely coonsists of a majorite component. 2%
to 11-22% majorite bearing garnet found in shocked meteorite and terrestrial samples have
characteristics peaks in their Raman spectra that range from 906 cm™ to 910 cm™ (Pang et al.
2016, Walton et al. 2016, Chen et al. 2019), which is comparative to the Raman spectra of garnet
found in NWA 14340. Hence, it is likely that the garnet identified in NWA 14340 is also super-
silicic, with the majoritic component estimated to be between ~ 2-6%, as this range has been
observed in association with tissintite and coesite in other meteorites (Pang et al. 2016, Chen et
al. 2019). So, evidence that suggests that the garnet is super-silic includes: 1. It is present in
shock-induced glass and so has a likelihood of having grown in high-pressure conditions; and 2.
Its Raman spectrum is comparable to the Raman spectra of super-silicic garnet identified in other

shocked samples.
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Texturally, this is the first identification of fine-grained and dendritic garnet present
within tissintite clusters (Fig. 4.5B and E), and is the most comparable to garnet + glass in the
middle of a mineralogically zoned melt vein in eucrite meteorite NWA 8003 (Pang et al. 2016).
Garnets in both NWA 14340 and NWA 8003 were likely one of the last forming high-pressure
minerals from the shock melt. Pang et al. (2016) suggested that garnet in the middle of the melt
vein in NWA 8003 likely crystallized last, as it is concentrated in the hot and slowly cooled zone
(inner zone of the melt vein) and likely formed at shock pressures less than ~8.5 GPa. In NWA
14340, garnet likely crystallized at pressures < 8 GPa, as 8 GPa is the higher limit deduced from

occurrence of tissintite and coesite.

5.2.1.3 Shock histories of individual clasts

Some clasts show evidence of a shock history prior to being brecciated in NWA 14340.
Three lithic clasts rich in plagioclase experienced a complicated shock history that likely
involved plagioclase transforming to maskelynite and subsequent devitrification into fibrous
crystals (Fig. 3.5D-F and I-K). There are abundant vesicles in the clasts, which have been shown
to occur in plagioclase diaplectic glass as it devitrifies (Ostertag and Stoffler 1982). Conversion
of anorthitic plagioclase to diaplectic glass occurs at pressures > 24 GPa (Fritz et al. 2019).
These shock effects are restricted to these clasts, and not observed in other plagioclase mineral or
lithic clasts with abundant plagioclase. Accordingly, these clasts did not experience localized
shock effects in NWA 14340, as that would require melting of plagioclase along their contact
with denser silicate minerals, where shock wave refraction and reflection can induce a shock

pressure and temperature excursion (Sharp and DeCarli 2000).
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Two individual clasts experienced complete melting of parts of the clasts (Fig. 3.6A-D).
These clasts are both composed of ferro-magnesian silicates and anorthite, like a lot of the other
norite, troctolite, and gabbro clasts in NWA 14340. Both clasts also have their melting products
intact within the original clast, which is suggestive of in-situ melting. However, the troctolitic
clast composed of anorthite, Mg-olivine, and Mg-orthopyroxene and melt, which is now
recrystallized, has a sharp contact with the matrix (Fig. 3.6A-B). The melted region also does not
have any of the mineral clasts mixed in from the adjacent matrix (Fig. 3.6B). So, this clast likely
experienced melting prior to being lithified in NWA 14340. Therefore, this clast likely
experienced at least one shock event before being lithified in NWA 14340 that caused the
melting. The melting of plagioclase, pyroxene, and olivine and recrystallization in the troctolite
clast is suggestive of an equilibration shock pressure of >~60-65 GPa (Stoffler et al. 2018),
which is much higher than what was inferred to have been experienced subsequently by the bulk
rock.

The second gabbroic clast that experienced complete melting of pyroxene and plagioclase
(Fig. 3.6C-D), would have required shock pressures in a similar range (>60-65 GPa). However,
the recrystallized portion contains anhedral clasts of olivine, that are not part of the original clast
(Fig. 3.6D). This is indicative of mixing with the adjacent matrix and in-situ melting of the clast,
likely due to localized heating within the breccia and/or porosity near the clast. The edge of this
clast likely melted prior to the shock event that led to the crystallization of tissintite as the
recrystallized portion of the clast does not contain tissintite. Instead, the melt cooled to a
crystalline texture that mantles this clast. Additionally, tissintite shows a texture that is consistent
with nucleation along the edge of the recrystallized portion (Fig. 4.4B), which also suggests that

tissintite grew after the clast experienced melting. A summarized history of this clast is as
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follows: 1. Excavation from its protolith; 2. Mixing and lithification in NWA 14340, with
melting likely occurring during lithification due to localized heating; 3. Crystallization of
tissintite in the matrix, along the boundary of the clast’s recrystallized portion with the matrix.
One of the lithic clasts has orthopyroxene and plagioclase that shows evidence of melting
along their grain boundaries (Fig. 3.6E-F). Shock melting usually begins at grain boundary
margins of two minerals with contrasting shock impedance (Sharp and DeCarli 2006). The
differing shock impedance allows for shock waves to reflect and refract and allows for a
localized shock pressure to deviate from what has been experienced by the bulk rock (Sharp and
DeCarli 2006), which was almost certainly the case for this clast. Plagioclase melts at pressures
> 45 GPa and incipient melting of pyroxene occurs at > 70 GPa (Stoffler et al. 2018). For both
minerals to melt simultaneously, the localized shock excursion would have been greater than 45

GPa and likely below 70 GPa.

52.2 Saricicek

Unsalan et al. (2019) did not describe the shock stage of Sari¢icek, although they
comment on lithic and mineral clasts having distinct shock effects that include irregular
fractures, kinked pyroxene lamellae, and portions of the matrix being so fine-grained as to be
opaque. In this study, I focused on shock effects within clasts and the matrix. Clasts have
variable shock effects that range from undulose extinction to mosaicism in plagioclase and
regular extinction to undulose extinction in pyroxene. Plagioclase mineral clasts in the matrix are
fractured and display undulose extinction, whereas pyroxene is fractured and relatively

unshocked, with some clasts displaying undulose extinction. This suggests a bulk rock pressure
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estimate in the range of 5 to 10-12 GPa and post shock temperatures < 50 °C for Sarigicek
(Stoffler et al. 2018).

There are also shock effects restricted to individual lithic and mineral clasts in this
meteorite that reveal individual clasts that have experienced differing shock conditions prior to
incorporation in the breccia. The pyroxene mineral clast with a shock vein and pyroxene
crystallites within pyroxene glass (Fig. 3.10A) indicate a localized shock excursion of ~> 70 GPa
as pyroxene begins melting above this pressure (Stoffler et al. 2018). The shock vein truncates at
the clast boundary, so this shock effect is a result of a prior impact event. A eucrite cumulate
clast contains a silica grain that has transformed to diaplectic glass, as indicated by the outward
radiating fractures (Fig. 3.9H-1). This transformation suggests the clast experienced shock
pressures of 34-50 GPa, the range needed for silica to become diaplectic glass (Stoffler et al.
2018). The highly shocked breccia clast contains a melt pocket with no high-pressure
polymorphs of pyroxene, olivine, plagioclase, or silica (Fig. 3.8). Entrained plagioclase and silica
clasts transformed to diaplectic glass (Fig. 3.8B-C); these transformations require shock
pressures of ~ 34-45 GPa (Stoffler et al. 2018). Saricicek’s bulk rock has evidence for only low
shock conditions, whereas its constituents have experienced much higher shock pressures.

Only two of the basalt clasts contain recrystallized plagioclase (Fig. 3.9D-G). One of the
clasts contains sub-grain domains with distinct boundaries in the plagioclase grains (Fig. 3.9D,)
in this case that have recrystallized without any evidence of melting (vesicles or flow lines). This
clast is different from partial maskelynite formation or fine-grained recrystallization in NWA
14340, as it has coarser recrystallized grains that are twinned. Additionally, no shock effects
were observed in the pyroxene within same clasts. Complete conversion of anorthic plagioclase

to diaplectic glass occurs at 24-28 GPa pressures (Fritz et al. 2019). Melting and recrystallization
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of plagioclase occurs at higher pressures, > 45 Gpa (Stoffler et al. 2018). The plagioclase in this
clast, unaffected by these shock effects, experienced pressures below 24 GPa. Additionally,
recrystallization into sub grains within the original plagioclase crystal is likely produced from
solid-state dynamic recrystallization and plastic deformation as a result of high temperature
modification (Rosenberg and Stiinitz 2003).

The second clast with recrystallized plagioclase (Fig. 3.9 E-G) has experienced melting
along pyroxene and plagioclase boundary, has PDFs and has fine- grained recrystallized texture
for a part of the plagioclase grain (Fig. 3.9 G). Since, plagioclase melts at pressures > 45 GPa

and incipient melting of pyroxene occurs at > 70 GPa (Stoffler et al. 2018).

523 NWA 10922

In NWA 10922, high-pressure shock effects are absent in both the matrix and clasts.
There is a reported occurrence of a shock-induced melt vein in an individual clast of NWA 7475,
a stone paired with NWA 7034 (Wittmann et al. 2015). Leroux et al. (2016) identified
mechanical twins in Ca-rich pyroxene throughout the meteorite, suggesting that the deformation
was a result of a shock event experienced by the breccia after lithification.

NWA 7034 and its paired stones are composed of clasts that each have distinct geological
histories. In NWA 10922, these histories include Fe-oxide veins in a spherule that truncate at the
spherule boundary and plagioclase modification to Fe-Mg silicate assemblage in a few clasts.
Additionally, the breccia clasts in NWA 10922 and the paired stones of NWA 7034 are unique
because they show evidence of a prolonged pre-lithification history involving brecciation and

lithification (McCubbin et al. 2016).
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Processes such as aeolian, volcanic, or impact events can transport and amalgamate
constituents with distinct geological histories. However, there is no evidence for clast rounding
and size sorting, in support of aecolian transport and deposition of clasts in NWA 10922 or in the
studied paired stones (e.g., McCubbin et al. 2016). Additionally, the components with distinct
alteration histories were likely not deposited in a volcanic eruption. Therefore, impact cratering
is likely the process that led to the lithification of clasts in NWA 7034 and its paired stones. The
lack of shock effects in the clasts and matrix of NWA 10922 supports that the impact event

leading to the breccia’s lithification induced low shock pressure conditions.

5.3 Unraveling the formation mechanisms and binding agents of the breccias

Spray (2016) provided a comprehensive review of how planetary regolith binds together
to form different types of regolith breccias via shock sintering in four stages (Fig. 1.1). The first
two stages involve comminution and mixing of the regolith via impact events. All of the breccias
analyzed in this study have fragmented clasts with diverse lithologies and texture. This suggests
that the regolith on their distinct parent bodies experienced mechanical disruption and mixing
caused by impact events. The latter two stages are what leads to the formation of regolith

breccias (Fig. 1.1) and are described below for each studied breccia.

53.1 NWA 14340

The current matrix of NWA 14340 is fine-grained to glassy. The glass was likely
produced by melting of the finer-grained regolith material (1-2 ym in size), that was primarily
composed of plagioclase with some pyroxene and olivine. The melted material quenched to

glass, with crystallization of tissintite throughout. So, the current glue that holds components of
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NWA 14340 together is the interclast glass. The following observations suggest that the glassy
matrix formed after the lithification of NWA 14340 during at least one shock event:

1. Fractures from clasts do not extend outward into the glassy matrix.

2. Tissintite present within glass in the matrix occurs along clast boundaries, suggesting
it grew there. Although there are clasts that experienced grain boundary melting,
tissintite, along with coesite and garnet, are restricted to the matrix only.

3. Vesicles in glassy regions would likely have deformed if subsequent shock events had
compressed NWA 14340.

4. Shock effects in lithic and mineral clasts correspond to different shock pressures than
the matrix. If the matrix had melted during the first impact event at ~18-20 GPa
pressure conditions, the Ca-Al-silicate phase, donwilhelmsite, would likely have
appeared as the product of shock-induced anorthitic melt at ~18 Gpa (Liu et al. 2012).
Additionally, stishovite would be present as the high-pressure polymorph of tridymite
(stable at pressure > 7.5 GPa; (Mansfeld et al. 2017). This suggests that NWA 14340
likely experienced two shock events: the initial shock event lithified NWA 14340
under ~18-20 GPa; the second shock event ejected it from the lunar surface, forming
glassy regions with tissintite, coesite, and garnet in its matrix

There are two formation scenarios for NWA 14340: 1. Clasts were initially buried within

a regolith layer, and then shock compacted, followed by matrix sintering. This shock event likely
caused the patchy undulose extinction and PDFs observed in plagioclase clasts. This scenario
requires at least one impact event during NWA 14340's lithification. 2. Clasts were ejected,

deposited, and buried in an ejecta blanket, where they underwent sintering and lithification.
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Subsequently, another impact event induced the patchy undulose extinction pattern and PDFs in
plagioclase, necessitating at least two impact events in NWA 14340’s lithification history.

The precursor matrix of NWA 14340 has been overprinted by shock-induced melting and
subsequent quenching to glass. So, the matrix that formed after lithification cannot be observed
directly. Similarly, lunar regolith breccias have often been reported with fine-grained to glassy
and vesicular matrix (e.g., Bischoff 1996, Bischoff et al. 1998, Jolliff et al. 1998, Korotev et al.
2009, Nagaoka et al. 2013, Calzada-Diaz et al. 2017, Zhang et al. 2021), whereas some have
welded (e.g., Koeberl et al. 1991), crystalline (Xia et al. 2021), or fine-grained clastic matrices
(e.g., Demidova et al. 2003). Regolith breccia meteorites with crystalline matrices often have
sub-ophitic textures, as the meteorite likely experienced slower cooling after high pressure shock
events (e.g., Spray et al. 2007). This is likely not the case for the precursor matrix of NWA
14340, as there is no indication of a crystalline portion of the matrix with similar textures. The
precursor material was likely fine-grained regolith material that was compacted together by the

lithification shock event and subsequently sintered (Spray 2016).

5.3.2 Saricicek

5.3.2.1 Compaction mechanism

The matrix in Sarigicek is clastic with seriate texture; melt or high-pressure mineral phases
are absent. Saricgicek is composed of distinct lithologies (Table 3.2), some of which show distinct
shock effects that developed in clasts before they were incorporated in the breccia. The likely
process that can explain lithification of such components in a rock is impact cratering.
Compaction of the matrix in Sari¢i¢cek occurred due to shock welding, as inferred from the

following observations. Many mineral clasts in the size range of 10 — 50 xm have angular shapes
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(Fig. 4.6A-D). These clasts are also fused or compressed together via solid-state bonds and likely
some sintering, as opposed to melting between their contacts (Fig. 4.7). Mckay and Morrison
(1971) refer to this as grain interpenetration that leads to tightly packed breccias. Mineral clasts
in the matrix have all experienced shear and brittle deformation, and have experienced bending,
folding, fracturing, and fragmenting (Fig. 4.7-4.8). Fractures, throughout the meteorite, penetrate
across rather than around grain boundaries for all types of clasts, another indication of shock
compressed breccias (Fig. 4.6-4.8; Chao et al. 1971).

Pressures needed to produce coherent rocks in artificial explosions from shock
lithification are estimated to be in the range of 10 — 20 GPa (Short 1970). Lunar regolith can be
shock-lithified at pressures ~ 17 GPa (Schaal and Horz 1980). Additionally, weakly lithified
terrestrial samples at missile impact craters have been suggested to form at pressures well under
10 GPa, and likely around 5 GPa. Weakly shock-lithified meteorites from the moon and asteroids
would have to survive another impact event that would lead to their excavation. Sarigicek’s peak
bulk rock pressure is estimated to range from 5 to up to 10-12 GPa, which reflect shock effects
from the impact event(s) that led to its lithification and the subsequent impact event that led to its
excavation from the surface of 4 Vesta. It is likely that the shock event(s) that led to Sarigicek’s
lithification applied lower pressures than its maximum pressure estimate range. Low pressures at
~ 5 GPa can produce a weakly lithified sample (Kieffer 1975). Saricicek was likely situated close
to the surface of 4-Vesta, suggested by Unsalan et al. (2019) based on its high noble gas isotopes
from solar wind implantation and siderophile elements from chondritic contamination. So, a mild
shock event likely lofted the rock from 4 Vesta’s surface, leaving an imprint of low (i.e., 5-12

GPa) shock effects in the breccia.
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5.3.2.2 Post compaction thermal treatment

There is no evidence of any large-scale thermal treatment (sintering or annealing) on the
breccia after its lithification on the microscale level. However, submicron sized material that is
difficult to image clearly in FESEM could possibly have sintered as nanosized particles have
lower sintering temperatures and undergo rapid grain growth compared to micron sized particles
(Fang and Wang 2010, Spray 2016). Optimal temperatures for martian and lunar regolith
stimulants are between 1100 °C and 1200 °C. Sarigigcek’s post shock temperature is not
comparatively high enough to cause thermal sintering or annealing, especially as the heat likely
also dissipated into the surrounding material where the breccia was located. Sintering in breccias
often results from sustained external heat sources like impact melt sheets or endogenic dykes
(Spray 2016), and there is no evidence of Saricicek having deposited near an external heat
source.

Mineral clasts as small as ~ 5 ym in the matrix are angular and have sharp edges (Fig 4.6C),
also suggestive of a lack of melting or sintering along their edges, as sintered grains exhibit
roundness, neck growths, and amalgamation (German 2014). Thin melt films are present along a
few clasts (Fig. 4.8D-F), which are likely a result of localized shock pressure and temperature
excursions, and occurred after the sample was lithified. If the sample was sintered or annealed at
a constant temperature from an external heat source, high temperature modifications would have
been widespread and homogeneous throughout the meteorite. Since Sarigi¢ek has no evidence of
post impact sintering or annealing, this suggests that compaction via shock waves was sufficient

to lithify Sarigigek into a coherent rock.
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533 NWA 10922

5.3.3.1 Compaction mechanism

The matrix of NWA 10922 is composed of mineral clasts that are subangular to subrounded
in shape (Fig. 4.9A). There is minimal evidence for shock compaction in NWA 10922, consistent
with the low shock conditions inferred from this study. Mineral clasts larger than ~50 pum are
rarely in contact with one another (Fig. 4.9). The mineral clasts are also not fused together and
do not impinge on one another, a feature that is observed in lunar breccias as evidence of shock
compaction (Mckay and Morrison 1971). Fractures in NWA 10922 frequently occur around the
clasts as opposed to across them (e.g., Fig. 4.9B), as they do in coherent rocks that have been
shock lithified (Chao et al. 1971). Compaction in NWA 10922 likely occurred due to burial
instead of shock as NWA 7034 and its paired stones were likely buried in a hot impact ejecta

blanket during lithification (McCubbin et al. 2016, MacArthur et al. 2019).

5.3.3.2 Post-lithification increased temperature treatment

The matrix of NWA 10922 has been thermally annealed, resulting in a submicron sized
recrystallized assemblage composed of plagioclase, pyroxene, phosphates, and Fe-oxides
(4.10A-B). Based on the grain size of the annealed matrix, McCubbin et al. (2016) suggest
thermal annealing either occurred at high temperature of 700-800 °C for a short duration or mild
temperatures of 500-700 °C for a long duration. At higher temperatures or longer duration, grain
growth would start to occur that would result in recrystallized grains amalgamating to form
larger grains. Thermal annealing of the matrix is supported by the roundness of micron sized
plagioclase and pyroxene grains and submicron material recrystallizing on these coarser rounded

grains (Fig. 4.10B). The interconnected texture throughout the matrix suggests an external heat
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source, likely from the impact melt sheet that formed post-collision in the crater. Localized shock
heating within the breccia is unlikely to have created such uniform annealed textures.

The two mineral clasts in the matrix that have extensive hatched cleavage planes with
intersecting angles at ~ 110° and 70° (Fig. 4.10C), do not match with the expected cleavage plane
intersection at ~90° for pyroxene or ~60° and 120° of amphibole. These crystals have a
composition and Raman spectra that agrees well with orthopyroxene (Fig. 4.10D). Additionally,
the Raman spectra is missing any OH peaks in the 3500 cm! regions expected for amphibole
minerals (Fig. 4.10D). Oblique sections of the sample may cause cleavage plane angles to appear
slightly offset from the characteristic 90° angle of pyroxene. Investigating this possible artifact
would require the sample to be further prepared as a thin section and focusing through the
cleavage plane under an optical microscope could reveal the true angle between cleavage planes.
Alternatively, these clasts might represent precursor amphibole clasts that were transformed to
orthopyroxene. Pyroxene in this context is acting as a pseudomorph. The external amphibole
crystal habit and near cleavage pattern is retained in the transformation, which is why the
observed cleavage planes do not match the typical orthopyroxene cleavage intersection angles.
Amphibole — pyroxene pseudo polymorphic reactions have been observed in a laboratory
experiment before as a result of thermal annealing (Freeman and Frazer 1968). The authors
mention that such polymorphic reaction most probably occurs in minerals with close chemical
and structural relationships and where minor atomic movements are necessary to achieve the
final structure. The transformation is strongly dependent on temperature and occurs at
temperatures > 700 °C for crocidolite, part of the sodium amphibole supergroup. Pseudomorphic
transformation of Mg-Fe-rich amphibole into pyroxene has not been documented in the

literature. However, drawing from the temperature transformation of crocidolite, it can be
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inferred that the matrix of NWA 10922 underwent high-temperature annealing for a brief
duration, consistent with one of the possible heating pathways proposed by McCubbin et al.

(2016).

5.4 Unraveling the pre-excavation petrogenetic histories and evolution of the breccias
Each sample contains a distinct population of lithic, mineral, impact-melt, and breccia
clasts. These components have their own petrogenetic histories; for example, lithic clasts have
their own igneous crystallization history starting from melt and undergoing fractional
crystallization to produce the parent rock of the lithic clast. This section will not focus on the
formation and evolution of individual clasts, but rather on the formation of each breccia. The
petrogenetic history of each breccia is divided into 3-5 stages that includes destructive,

constructive or lithification, post-lithification modifications and excavation.

54.1 NWA 14340

NWA 14340’s post-lithification modification prior to excavation is not identifiable due to
the shock overprint and not included here.

1. Clast excavation and comminution (Destructive): Lithic clasts and impact melt
clasts have a subangular shape and range in size from 0.7 — 2.3 mm and 0.4 — 2.0 mm
respectively. The studied clasts are classified as fine fine to coarse fine components of
the breccia based on their size range (Fig. 5.4.1.1; Spray 2016). The fine size of the
clasts is achieved by repeated impact events, recorded in clasts’ individual shock
histories, that led to comminution and the sub-angular shape of the clasts before they

were deposited in the same vicinity near the surface of the Moon. Thus, before these
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components could be ‘glued’ together to form this breccia, they were individually
fragmented and reduced in size to fine and coarse fine grains, as a result of large and
small meteoroid impact events (Kieffer 1975).

. Lithification (Constructive): Clasts in NWA 14340 were lithified likely due to
compaction and sintering caused by an impact event that induced equilibrium shock
pressures in the range of ~18 — 20 GPa and post-shock temperature in the range of
~50°C — 150 °C (Stoffler et al. 2018). The breccia likely formed in one event as the
shock signature of plagioclase throughout mineral and lithic clasts is constant.

. Excavation: NWA 14340 likely resided near or below the lunar surface post-
lithification, until a subsequent impact event generated sufficient energy to dislodge
the breccia from the lunar surface and eject it into space. This is likely the event that
melted the matrix and the fast cooling of which led to its quenching. In-situ melting is
indicated by the same composition of glass as the mineral assemblage found in the
matrix, and the absence of reaction interfaces between melt and clasts. During
decompression, high-pressure minerals nucleated within glassy areas recording
conditions of 4- 8 GPa, and post-shock temperature > 1000 °C. Tissintite likely
crystallized first, as transformation from quartz to coesite at >2.5 GPa is a sluggish

process (Miyahara et al. 2014). Garnet crystallized last in hotter zones within glass.
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Process Material Size range (mm) Size name? Components
Mainly aggregation Breccias; lithic clasts | =256 Boulders Bended polyphase—polylithic
(=1 cm size) 64256 Cobbles aggregates
1064 Pebbles Monolithic fragments
Mainly Regolith (<1 em 4-10 Lithic clasts
disaggregation size) 24 Granules Mineral clasts
1-2 Coarse fines Glass spherules and fragments
1-0.001 Fine fines (soil) Meteoritic components
Agglutinates
<=0.001 Nanophase, Fel
molecular, atomic, Solar wind-implanted H, C, N,
subatomic He, and other noble gases
Solar flare— and galactic cosmic
ray-implanted subatomic particles

Figure 5.4.1.1: Size scheme for clasts in regolith breccia adopted from Spray (2016).

542

1.

Sarigicek

Clasts excavation and comminution (Destruction): Lithic clasts range in size from 0.4
— 1.8 mm, breccia clasts 0.7 — 2.1 mm, impact melt clasts 0.2 — 0.8 mm, exogenous clasts
0.2 mm, and mineral clasts < 0.1 — 1.7 mm. All clasts range from fine fine to coarse fine
component of the regolith ( Fig. 5.4.1.1; Spray 2016), and have angular shapes. The size
distribution and shapes of clasts highlight their repeated fragmentation and comminution
via impact events. This process resulted in a heterogenous mixture of clasts of varying
mineralogies and textures that span across eucritic and diogenitic lithologies. The breccia
clasts in Saricicek represent two generations of first destructive processes that fragment
components and then constructive that lead to lithification of the components.
Lithification of breccia (Constructive): Saricicek was lithified by shock compaction.
This process involved fusing or bonding of mineral clasts through solid state bonds rather
than melting or sintering. Clasts present in Sarigigek were likely buried in a local regolith

layer, where one or many meteorite impacts generated shock waves, compressing the
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clasts and the surrounding material. Saricicek could have formed in one stage or multiple
stages. It could have occurred in a single stage with one impact event inducing weak
shock lithification or in multiple stages with repeated low-velocity impacts continuously
compressing and welding the material. 4 Vesta, situated in the asteroid belt, experiences a
higher meteorite impact flux compared to the Moon and Mars (Housen and Wilkening
1982). This, and the low shock signature of Saricicek suggests possible lithification in
multiple stages from impact events that induced low shock pressures.

3. Post-Lithification modification: The submicron regolith material in the matrix was
likely thermally sintered. There is no evidence of medium or high-temperature
modification in Saricicek. Therefore, the breccia likely did not reside significantly close
to an external source of heat.

4. Excavation: The final stage in the petrogenetic history of the Sarigicek meteorite
involved its excavation from the surface of 4 Vesta. The impact event that lofted this
meteorite from 4 Vesta did not involve sufficient pressure or temperature to significantly
modify the meteorite. Alternatively, the excavating impact event could have added to the

shock compaction of the meteorite and decreased its overall porosity.

543 NWA 10922
Among the three breccias, NWA 10922 is the most studied sample in the literature. Its

petrogenetic history is primarily derived from existing research, supplemented by observations

made in this study.

1. Clasts excavation and comminution (Destructive): Clasts identified in NWA 10922

include lithic, mineral, impact melt, breccia, and impact melt spherules. Lithic clasts
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range in size from 0.1 — 0.3 mm, mineral clasts 0.3 — 2.4 mm, impact melt clasts 0.5 — 4.5
mm, breccia clasts 1.3 — 3.0 mm, and melt spherules 0.2 — 1.7 mm. There are a wide
range of clast sizes present in this sample that vary from fine fine, coarse fines, granules,
and pebble components of the regolith ( Fig. 5.4.1.1; Spray 2016). The shapes of clasts
differ from angular to subangular, except some impact melt clasts that have irregular or
amoeboid shapes. Excavation of clasts from their parent rock and reduction in size likely
occurred because of repeated impact events. Breccia clasts and impact melt clasts are
some of the biggest clasts in the sample, which could suggest that lithification of these
clasts is relatively new, and they were comminuted to a lesser extent than other clasts.

. Clast deposition (Constructive): Components of NWA 10922 were excavated and

mixed in an impact event that had low shock effects on the clasts. McCubbin et al. (2016)
proposed clast deposition through atmospheric rainout following pyroclastic eruption(s)
and/or impact events, based on their observation of unsorted clast sizes, angular clast
shapes, and the presence of accretionary lapilli as noted by MacArthur et al. (2019).

. Post-deposition thermal annealing: The deposited material was compacted and buried
in a hot ejecta blanket where it was thermally annealed. This created a recrystallized
matrix with interconnected grains that binds the deposited clasts together in this breccia.

. Post annealing hydrothermal alteration: Pyrite-pyroxene intergrowths and Ni-rich
pyrite mineralization occurred throughout the breccia (Lorand et al. 2015). Evidence of
this includes the occurrence of pyrite related to fractures, euhedral to subhedral pyrite
grains in the clasts and the matrix, and the Ni-rich composition of the pyrite (Lorand et al.

2015).
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5. Excavation: Another impact event that had low shock effects on the breccia (mechanical
twins observed by Leroux et al. (2016)) most likely ejected this meteorite from the

surface of Mars.

5.5 Comparisons between the formation processes for the breccias

5.5.1 Clast Excavation and regolith mixing

Lithic and mineral clast sizes are generally similar across NWA 14340, Saricicek, and
NWA 10922, with NWA 10922 exhibiting larger melt and breccia clasts (up to ~4 mm).
Observations from each breccia sample support the dominance of impact cratering and gardening
processes in mixing regolith and comminution of regolith grain sizes on the Moon, 4 Vesta, and
Mars. This is supported for the Moon by Li and Mustard (2005) and Costello et al. (2018), for 4
Vesta by Schroder et al. (2013) and Stephan et al. (2014), and for Mars Christensen and Moore
(1992) and Hartmann and Neukum (2001). Additionally, since Mars has a thin atmosphere, and
had an active hydrological system, various chemical and physical processes additional to impact
events can lead to regolith comminution and mixing (Christensen and Moore 1992, Baker 2006,
Chevrier and Mathé 2007, Palumbo and Head 2018).

In NWA 14340, igneous and mineral clast lithologies vary in Mg and Fe content, with
anorthitic plagioclase being the most abundant mineral phase. This suggests NWA 14340 likely
originated from a region experiencing more vertical mixing of regolith with deeper layers, rather
than lateral mixing over large distances as ejecta deposits. Sarigigcek's lithic clasts are
predominantly eucritic with few diogenite clasts. It has been suggested that 4 Vesta has a layered
structure, where howardites represent the surficial material, eucrites represent the crust, and

diogenites represent the lower crust (Mittlefehldt 2015). Saricicek's enrichment in eucritic clasts
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suggests its precursor regolith experienced more lateral mixing rather than vertical mixing with
deeper regolith layers and/or bedrock. Lateral mixing on the Moon is limited compared to 4
Vesta due to their differing gravity, 1.62 m/s? and 0.22 m/s?, respectively (Mittlefehldt et al.
2013). This difference requires more energy to transport ejecta particles laterally on the Moon
than on 4 Vesta. Furthermore, the average impact velocity of meteorites hitting the Moon's
surface is 22 km/s, (Ito and Malhotra 2010) compared to 4.6 km/s for 4 Vesta (Rivkin and Bottke
1996). Despite 4 Vesta’s higher impact frequency on average, due to its location in the asteroid
belt, the Moon receives less material but at higher velocities. This leads to deeper impacts and
regolith gardening on the Moon, while 4 Vesta experiences more gardening of its upper surface
layer due to lower impact velocities at higher frequencies. This confirms that physical processes
prevail as a form of weathering as opposed to chemical processes, in the regolith mixing and

comminution stage on the Moon and 4 Vesta.

5.5.2 Lithification

Meteorite impact processes also prevailed in the lithification stage of NWA 14340,
Saricicek, and NWA 10922. The formation mechanisms of NWA 14340 are unclear, but it likely
involved at least one impact event in its lithification history as there is a uniform shock signature
across all plagioclase clasts. The clasts in NWA 14340 were likely gathered within a layer of
regolith and were glued together because of either high pressure induced by an impact event or
post-impact temperature, or a combination of both.

Saricicek and NWA 10922 experienced mild shock events in their histories, yet their

matrix textures are very different. Sarigicek was shock-lithified with minimal thermal effects,
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while NWA 10922 underwent thermal annealing that recrystallized the matrix. The lithification
histories of both meteorites are shown below in distinct stages.
Saricicek:

1. Clasts reside in a regolith layer

2. Impact event(s) weld the clasts together and with the surrounding finer-grained material

3. The matrix is pushed into crevices and forced into spaces between larger clasts
NWA 10922:

1. Clasts reside in a regolith layer

2. An impact event ejects them and deposits them in a hot ejecta blanket

3. The matrix recrystallizes around the larger clasts

For shock-lithification to create Sarigicek, clasts needed to be buried away from the

impactor's point of contact. Direct contact could cause melting or vaporization, while clasts too
close to the surface might be excavated as ejecta instead of lithified. Therefore, Sari¢icek was
likely buried in a regolith layer not directly under the impact point. Additionally, Sari¢icek
escaped significant thermal effects during and after lithification because it was not part of a hot
ejecta blanket or near an impact melt sheet. In contrast, NWA 10922’s matrix thermally annealed
and recrystallized because it was closer to the impact crater and possible melt sheet, as a source
of the necessary heat. Based on this, the key factor defining whether lithification occurred under
temperature or pressure regimes for Sarigicek and NWA 10922 was the region of lithification

relative to the impact crater.
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5.5.3 Post Lithification modification

This stage involves modifications to the breccia after lithification but before excavation.
While any changes during excavation count as post-lithification modifications, this stage is
treated separately for simplicity. NWA 14340 and Saricicek show no evidence of post-
lithification modifications. Neither the Moon nor 4 Vesta had an active hydrosphere or
atmosphere in its geologic history, preventing wind or water from modifying surficial rocks.

Although these breccias show no post-lithification thermal metamorphism, metasomatism, or
hydrothermal activity, surficial modifications are documented in other lunar regolith breccias and
howardites. Meteorites from both bodies show secondary veinlets of olivine and Fe-enrichments
in pyroxene (Barrat et al. 2011, Patzer and McSween 2012, Zeng et al. 2020, Rombeck et al.
2021, Shisseh et al. 2023), though the veins' origins are debated between fluid-assisted
metasomatism and heating. Sulfidization in high-Fe pigeonite has been recorded in eucrite and
howardite clasts (Zhang et al. 2013); some clasts in Saricicek have undergone sulfidization
before incorporation into the breccia. Zhang et al. (2013) suggest sulfidization results from
reactions between FeSiO; in pyroxene and S-rich vapors formed by volatilization due to impact
heating on 4 Vesta's surface.

In contrast, NWA 10922 from Mars shows post-lithification modifications, evidenced by
pyrite crystallization in fractures and pore spaces (Lorand et al. 2015). This occurred at high
temperatures (400-500 °C) due to repeated pulses of S-rich hydrothermal fluids, a logical
inference given Mars' impact history and evidence of near-surface water (Baker 2006, Ehlmann
etal. 2011). Additionally, NWA 7034 contains significant extraterrestrial water (up to 6000

ppm), and interaction of impact-heated material with near-surface H,O could generate and
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sustain hydrothermal systems on Mars, as inferred by similar processes on Earth (Osinski et al.

2013)

554 Excavation

Meteorites are excavated from their planetary bodies by impact events (Rubin 2015). NWA
14340 experienced pressures high enough to melt the matrix throughout the sample, which then
quenched to glass with widespread occurrences of tissintite. Low to medium pressure conditions
faced by regolith breccias from the moon are provided by shock conditions documented in NWA
14340. In contrast, Sarigicek and NWA 10922 were likely ejected from 4 Vesta and Mars,
respectively, under low shock conditions. The low shock conditions were sufficient to allow the
meteorites to escape the gravitational pull of these planetary bodies. Both breccias suggest that
low shock pressures can facilitate excavation from planetary surfaces, establishing a lower limit

for the shock conditions endured by regolith breccias during excavation from 4 Vesta and Mars.
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Chapter 6: Conclusion

This study conducted a detailed examination of the petrogenetic histories and evolution
of three meteoritic breccias—NWA 14340 from the Moon, Saricicek from 4 Vesta, and NWA
10922 from Mars—using a combination of FESEM, EDS, and Raman spectroscopy techniques.
These methods proved highly effective, especially when employed complementarily, in good
imaging, qualitative mineral compositions, and unequivocal identification of mineral species.
Additionally, EPMA provided reliable quantitative chemical analyses. Moving forward, if
petrological investigations advance, more sophisticated techniques should be employed to
explore the nanoscale materials and chemical properties of these meteorites.

The findings of this study emphasise the pivotal role of impact events in both the
fragmentation and lithification processes that shape planetary regolith breccias. Impact-induced
comminution led to the formation of subangular clasts, representing a destructive phase
preceding lithification. The subsequent lithification of these clasts occurred under varied
conditions, ranging from shock-induced compaction to thermal sintering, reflecting the diverse
geological environments of the Moon, 4 Vesta, and Mars. Furthermore, this study highlights the
significance of shock effects as key tracers of geological histories of these breccias. High-
pressure minerals, tissintite, coesite, and garnet in the glassy matrix of NWA 14340 elucidate the
pressure and temperature conditions during the meteorite’s excavation. In contrast, Saricicek and
NWA 10922 exhibit lower shock effects, highlighting their distinct evolutionary histories shaped
by varied impact intensities.

It is important to recognize that impact cratering encompass a myriad of processes, whose
manifestations can vary depending on factors such as impactor velocity, impactor composition,

target material composition, the target’s surficial environment, and the most important factor
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outlined in this study, the location of lithification relevant to an impact crater. The observed
variations in lithification mechanisms, post-depositional modifications, and shock effects among
the breccias elucidate the dynamic interplay between impact events and planetary geology. By
deciphering the intricate petrogenetic histories of the breccias, this study contributes to a deeper
understanding of planetary processes and the broader context of planetary body evolution.
Moreover, this study underscores the importance of impact events as both agents of disruption

and agents of consolidation in shaping the surfaces of rocky planetary bodies.
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