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Prologue

The experimental part of the present study was conducted partially at the Department
of Mineralogy and Petrography of the National History Museum Vienna (Vienna, Austria)
under the guidance of Dr. Ludovic Ferriere and assistance by Dr. Wencke Wegner, at the
University of Minster (Miinster, Germany) under the guidance of Prof. Dr. Stephan Klemme
and assistance by Dr. Jasper Berndt, at the Agricultural University of Athens (Athens, Greece)
under the guidance of Assoc. Prof. Dr. loannis Baziotis and at the National Hellenic Research
Foundation (Athens, Greece) co-coordinated by Dr. Dimitrios Palles. The present BSc thesis
was supervised by Asst. Prof. Dr. Platon N. Gamaletsos (School of Mineral Resources
Engineering /SMRE — Technical University of Crete / TUC - Chania, Greece). In this work, a
meteorite sample was evaluated - through laboratory methods. The thin section of the
meteorite Slobodka NHMW-L4372 was collected from the collection of the Natural History
Museum of Vienna (Vienna, Austria). It is important to mention that the undergraduate
student Ms. Myrto Simopoulou from SMRE/TUC received support for this research from the

Erasmus+ traineeship program of the European Union.
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Abstract

A refined view of mineralogy and the spectroscopic study of the fallen Slobodka is
presented, and this research has been conducted to complete the study of this thesis. The
meteorite is an L4 ordinary chondrite. The thin section of the meteorite highlights the features
that indicate a shock impact, including a shock melt vein. To the best of our knowledge, it is
reported for the first time in this meteorite, a shock vein containing four high-pressure
polymorphs, albitic jadeite, majorite, wadsleyite, and tuite. After studying the characteristics

of the sample, it is concluded that Slobodka is a shocked sample with shock stage S4.

NepiAnyn

Yta mAaiola TnG mapolong SUTAWUATIKAG Epyaciag, mapouaotalovtal ta dedopéva mou
e€NxOnoav amo tnv opuKToAoyLKN Kol GACUOTOOKOTILKA UEAETN TOu peTewpitn Slobodka. O
UETEWPLTNG lval €vag TUTILKOG xovdpitng, Tumou L4. H Aemtr Toun Tou petewpitn Tovilel Ta
XOPAKTNPLOTIKA TIOU UTOSNAWVOUV TNV TIPOCKPOUGCH TOU, CUMMEPAAUBAVOUEVNG TNG
omapénc pacg pAERac tENg kpouonc (shock melt vein). EE’ 6oov yvwpiloupe, yio mpwtn dopd
otn BBAloypadia kat ota mMAaiola Tng mapouong, amodeIKVUETAL OTL 0 HETEWPLTNG Epdavilel
otn ¢AEBa kpolong opuktd LUPNAwWV TLECEWV, TIOU cupmeplAapBavel Téooepl PAOELS
noAUpopdwv vPnAwv niEcswv (albitic jadeite, majorite, wadsleyite kat tuite). Emeita amno
MEAETN TWV XOPAKTNPLOTIKWY ToU Selypatog cupnmepaiveTal OtL 0 PeTewpitng Slobodka €xel

umnootel ook pe otadlo kpouong S4.

Keywords

Slobodka meteorite; Ordinary chondrite; L-chondrite; asteroids; High-pressure polymorphs;

shock stage
NE€eLc KAeLOLA

Slobodka petewpitng, Tumikdg xovdpitng, xovdpitng tumou-L, actepoeldng, uPnAwv MIECEWV

noAUpopda, otddlo petapopdwong Adyw ook
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1 INTRODUCTION

1.1 Goal of the Study

The purpose of this study was to reclassify the Slobodka NHMW-L4372 meteorite, to
identify the minerals that are present in the groundmass and the high-pressure phases in the
melt vein of it, as well as to analyze the shock conditions and barometry of the sample.
Besides, upon the results yielded in the frame of the present work, implications on potential

asteroid mining have been discussed.

Meteorite classification, especially for historic falls, can be challenging due to limited
and sometimes contradictory information in existing databases (Meteoritic Bulletin,
MetBase). In addition to questions of provenance, although changes in compositional and
textural classification standards for the identification of meteorite classes, petrologic types
and shock stages have evolved over decades, however, they have not been consistently
applied retroactively to historic falls. One consequence is that attempts to make statistical
comparisons among the populations of meteorite falls and finds may be biased. Moreover,
recent discoveries concerning shock-induced phases and the high-temperature (HT) and high-
pressure (HP) conditions at which they form, motivate re-evaluation of the pressure-
temperature-time history corresponding to each shock stage. For example, the presence,
texture, and chemistry of the newly described phase albitic jadeite may become an important
calibrant (alongside other HP phases with known stability fields) once it is synthesized (Gillet
et al., 2000; Ma et al., 2022; Baziotis et al., 2022a; Baziotis et al., 2022b; Baziotis et al., 2023).
The primary reason for reclassifying the Slobodka meteorite is the information found during
the present study about its classification while searching through the MetBull database.
Specifically, the MetBull database (MB13) describes it as “L4 (fall, 1818)”, but it has recently
been reclassified as H4(Rochette et al., 2003). There may be some confusion about this
meteorite because of another meteorite named “Slobodka (of P. Partsch)”, described as “L6
(find, 1838)”. The discovery of these data has brought to light the need for a reclassification
of the specific sample of Slobodka NHMW-L4372 meteorite. The present work provides new

petrographic and compositional data to update the class, petrologic type, and shock stage of
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the ordinary chondrite Slobodka. The final classification of a meteorite sample is determined
through the evaluation of mineralogical and spectroscopic data gathered during the research.
Among the main objectives of this thesis, is to identify high-pressure polymorphs in the melt
vein of the Slobodka meteorite, and it is intriguing to observe how these polymorphs are
distributed throughout the main mass of the melt vein and study its conditions. In this thesis,

the crucial terminology -necessary for understanding this study- has been defined.

1.2 Celestial-objects Definition

1.2.1 Meteoroid

A meteoroid is a rocky, sometimes metallic, body orbiting in interplanetary space
around the sun (McCoy & Hutchison, 2004). It can be of any composition and may consist
mainly of silicate, metallic Fe-Ni, sulfide, or ice (Rubin & Ma, 2021). It is roughly between the
size of tiny grains of dust to the size of large boulders. Its length is considerably smaller than

an asteroid and can become meteors or meteorites (Norton & Chitwood, 2008).
1.2.2 Meteor

A meteor is a meteoroid (McCoy & Hutchison, 2004) that has entered the Earth's
atmosphere and was absorbed by the gravity of the planet. Many meteors are fragments from
comets, asteroids, or planets that broke off when an asteroid crashed into them. It is a small
body of rock but because of the friction from the atmosphere, causes it to heat up and glow

(McCoy & Hutchison, 2004).

1.2.3 Meteorite

A meteorite is a meteoroid that enters Earth’s atmosphere, goes through the
atmosphere, and survives the crash to the surface. (Rubin & Ma, 2021). It is important to
mention the impact a meteorite can have on the Earth’s surface, not only a meteorite, but
also an asteroid or comet, can be violent leading to the creation of numerous huge cavities

called impact craters (Hodge, 1994). Also, meteorites can be categorized as falls or finds, with
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falls being the ones that were witnessed upon their arrival, whilst finds are the ones that can

be identified based on their composition and characteristics (Li et al., 2019).

1.2.4 Asteroid

An asteroid is a rock object orbiting the sun, containing minerals such as silicates, and
metals, and does not have a present atmosphere, often irregular in shape larger than
meteoroids, and much smaller than a planet (Rubin & Ma, 2021). Most of the concentrations
of known asteroids are in the asteroid belt between the orbit of Mars and Jupiter, and the

Kuiper belt in the outer solar system (Weissman,1995).

1.2.5 Comet

A comet mostly consists of an ice core, often with a gas halo and tail (McCoy &
Hutchison, 2004). This sets them apart from asteroids, which mostly contain rock or metal
minerals. It is a small body orbiting the sun and when comets get closer to the sun, they release
gasses, forming a halo of dust and gas, and this is caused mainly by solar radiation (de Val-
Borro et al., 2012). Most comets come from outside of or from the edge of the solar system,

mainly from the Kuiper Belt (Weissman,1995).

1.3 Meteorite Classification

The classification system for meteorites was developed to help scientists efficiently
categorize and refer to the different types of meteorites they study. This system was created
with specific terminology for each characteristic feature, including mineralogical, petrological,
chemical, and isotopic properties. There are three overall categories based on the abundant
material of the composition of the meteorite: stony, metallic, and stony-iron meteorites
(Weisberg et al., 2006). The category of stony meteorites is divided into two major categories:
chondrites and achondrites. The stony-iron category is divided into the pallasites and
mesosiderite groups, while the metallic category is divided into primitive iron and magmatic
iron meteorite groups (Weisberg et al., 2006). The proportions of these components show

very clear differences between classes of categorization of meteorites (Weisberg et al., 2006).
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1.3.1 Chondritic Meteorites

The chondritic meteorites belong to the stony meteorite category and are the most
common type of meteorite found on Earth based on the Meteoritical Bulletin database
(Weisberg et al., 2006). They undergo shock, deformation, and mineral phase transformation,
and the shock melting causes the creation of black melted veins, they are composed of
chondrules and refractory inclusions along with isolated metal and sulfide grains, all
surrounded by a fine-grained matrix (Weisberg et al., 2006; Russell et al., 2018). Most
chondrites contain anhydrous silicate minerals (such as olivine, pyroxene, and plagioclase)
alloys of iron and nickel (such as kamacite and taenite), iron-sulfides (such as troilite), and

oxides (such as chromite) (Weisberg et al., 2006; Russell et al., 2018).

1.3.2 Chondrules

Chondrules are spherical-shaped inclusions, often described as molten droplets, and
the majority consists of metal, silicates, and sulfides, which are abundant in the groundmass
of chondritic meteorites (McCoy & Hutchison, 2004; Russell et al., 2018). The conditions in
which the chondrules have formed raise questions about their mechanism of formation. The
formation of chondrules can be explained into two primary models, that have been described
by many researchers (e.g., Huang et al., 1996; Connolly & Desch, 2004; Connelly et al., 2012;
Johnson et al., 2014; Villeneuve et al., 2015). The open system model suggests that chondrules
formed by the melting of dust in the solar protoplanetary disk, the solar nebula, interacted
with the nearby gas, causing changes in their overall composition, including isotopes, and then
cooled quickly to preserve disequilibrium features (Huang et al., 1996; Connolly & Desch,
2004; Villeneuve et al., 2015). The closed system model proposes that chondrules formed
during protoplanetary impacts, and the duration of the collision is estimated at milliseconds
(Huang et al., 1996; Connolly & Desch, 2004; Connelly et al., 2012). During an impact event, a
small amount of crustal material is ejected at high velocity, some of which melts and forms
droplets, while the remaining material may be transformed into proto-matrix material
(Johnson et al., 2014). As the material moves outward, it gradually cools. Despite this, most of
the impact ejecta remain attached to the target body. The parent body of a chondrite may

contain minerals from chondrites that were freely floating in space before being aggregated.
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Understanding the distinctions between these models is of great significance, not only
for understanding the origin of chondrules but also for assessing the potential impact of
chondrule formation on planet formation. Therefore, many of these features are pivotal for

petrological and chemical analysis to gain insights into the conditions of meteorite formation.

Chondrules are classified based on their texture and process of crystallization, with the
texture range being proportional to the grain size (Russell et al., 2018). There are two major
types of texture, porphyritic and non-porphyritic chondrules (Fig. 1). The term porphyritic
describes an igneous rock with larger crystals or phenocrysts embedded in a finer-grained

matrix (Norton & Chitwood, 2008).

Figure 1: Textures of chondrules present in chondrites (viewed under BSE images; Russel et al., 2018). (A) Cryptocrystalline
nonporphyritic chondrule (CC); (B) Radiating nonporphyritic chondrule (R); and (C) Barred textures such as barred olivine
(BO); (D) Porphyritic (P) textures include olivine-rich (PO, type IA); (E) Porphyritic olivine-and pyroxene-rich (POP, type IAB);
(F) Porphyritic pyroxene-rich (PP, type IB); (G) Porphyritic olivine (PO, type I1A); (H) Porphyritic olivine, and pyroxene-rich
(POP, type IIAB); (I) Porphyritic pyroxene (PP, type 1IB). Abbreviations: O = olivine, P = pyroxene, MgO-rich = type I, FeO-rich
= type Il
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The most commonly found minerals in these chondrules are olivine and pyroxene,
which are both formed from complete silicate melts (Oulton et al., 2016). The most abundant
textural type of chondrules is the porphyritic type, and it is most frequent in the chondrite
groups. Porphyritic textures can include silicates named as “PO” for porphyritic olivine (Figs.
1D, 1G), “PP” for porphyritic pyroxene (Figs. 1F, 11), “POP” for the combination of porphyritic
olivine and pyroxene (Figs. 1E, 1H), “GOP” for granular olivine and pyroxene combination, and
“PPP” for porphyritic poikilitic pyroxene (Russell et al., 2018). The term “poikilitic” refers to a
texture in which small grains of one mineral are scattered irregularly within a larger crystal of

another mineral (Norton & Chitwood, 2008).

Nonporphyritic textural chondrules can be classified into three types, cryptocrystalline
/ CC (Fig. 1A), Radiant / R (Fig.1B), and Barred-dendritic / B (Fig. 1C), based on their
appearance (Russell et al., 2018). Barred textures are composed of bars of olivine (also known
as “BO” chondrules) while radiating textures are composed of needles of pyroxene (also
known as “RP” chondrules), and cryptocrystalline textures are composed of small grains that
cannot be distinguished as individual crystals under the microscope (known as “CC”

chondrules) (Russell et al., 2018).

Apart from the latter categorization of the chondrule types, their classification can also
be done based on the chemical composition of the crystal. At first, the type | chondrules can
be named, which consist of olivine, low-Ca pyroxene, and iron (Russell et al., 2018). The latter
is typically present in the form of metal blebs rather than being combined with silicates
(Russell et al., 2018). Chondrules that have Fa and Fs values less than 10 mole % are classified
as type | based on the FeO content of olivine and pyroxene (Brearley & Jones, 1998). Within
this classification, olivine-rich chondrules are classified as type A, and pyroxene-rich
chondrules are classified as type B (Russell et al., 2018). On the other hand, type Il chondrules
are more oxidized and contain ferromagnesian olivine and pyroxene, with Fa and Fs values
higher than 10 mole % (Fa = atomic Fe /(Fe+Mg) in olivine; Fs = atomic Fe / (Fe+Mg+Ca) in

pyroxene) (Russell et al., 2018).

Type | and type Il chondrules coexist in most chondrite groups, differ in several
important petrological aspects (Russell et al., 2018). For instance, type | chondrules are highly
reduced and can contain abundant Fe and Ni metals, most are typically found in unaltered

chondrites of type 3 based on the petrologic type (Russell et al., 2018). Olivine and pyroxene
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grains in type Il chondrules are often larger than those in type | chondrules, and commonly
show significant compositional zoning arising from disequilibrium growth (Russell et al., 2018).
However, the proportion of type | and type Il chondrules varies between ordinary chondrites,
carbonaceous chondrites, and enstatite chondrites (Russell et al., 2018). As mentioned above,
these types are subdivided (Russell et al., 2018) into type IA for MgO-rich and olivine-rich (Fig.
1D), type IB for MgO-rich and pyroxene-rich (Fig. 1F), and type IAB for MgO-rich and olivine
and pyroxene-rich (Fig. 1E), whilst type lIA for FeO-rich and olivine-rich (Fig. 1G), type IIB for
FeO-rich and pyroxene-rich (Fig. 11) and type IIAB for FeO-rich and olivine and pyroxene-rich
(Fig. 1G).

Porphyritic chondrites can be formed in two ways: through a thermal pulse that does
not destroy many nuclei, or through the introduction of nuclei during cooling when dust
impacts the surface of a chondrule (Russell et al., 2018). Chondrules may have formed over a
wide range of temperatures and heating durations, with cooling rates varying within
chondrites and chondrule groups (Connolly & Hewins, 1990). When a chondrule is heated to
a temperature close to its liquidus in the range from 1400 to 1700 °C (Radomsky & Hewins,
1990), porphyritic textures are formed when the grain is heated below the liquidus, and finally
cools at initial rates between 10 and 1000 °C/h (Russell et al., 2018; Fig. 2). Nonporphyritic
chondrules are formed when the temperature peaks slightly above the liquidus and after that,
they are cooled and, so, the range for barred and dendritic textures is at 500-3000 °C/h, and
significantly for radiating textures is at 1000-3000 °C/h (Russell et al., 2018; Fig. 2).

Chondrule mesostasis is the material that separates olivine and pyroxene in meteorites
and sometimes this material is glassy and has a feldspathic composition (Russell et al., 2018).
During the cooling process, the final liquid present in the glass contains fine-grained elongated
micro-crystallites, which are called quench crystals (Russell et al., 2018). In unequilibrated
chondrites, mesostasis can also be predominantly crystalline, typically consists of an
intergrowth of plagioclase and high-Ca pyroxene with minor amounts of glass (Russell et al.,
2018). Also, metal and sulfide grains are often found as blebs in chondrules, typically

concentrated in the outermost regions (Russell et al., 2018).
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Figure 2: Graphical depiction by Russell et al. (2018) shows the thermal history relative to the
chondrule liquidus of porphyritic (peak temperature below the liquidus), bared-dendritic (peak
temperature slightly above the liquidus), and radial (peak temperature exceeds the liquidus)
chondrules. The liquidus temperature varies from around 1400-1700 °C and the time spent at peak
temperatures is relatively short (less than two hours).

1.3.3 Chondrite Classification

Chondrites are undifferentiated meteorites and are divided into classes, groups,
grouplets, and clans (Norton & Chitwood, 2008). The three major classes are Enstatite (EH and
EL), Carbonaceous (Cl, CM, CR, CO, CV, CK, CH, and CB), and Ordinary (H, L, and LL) chondrites
(Fig. 3). Rumuruti chondrites (aka “R” chondrites) make up a group, and K chondrites form a

grouplet since there are fewer than 5 distinct ones (Norton & Chitwood, 2008).

I Primitive meteorites I

| Chondrites |
Enstatite Carbonaceous Ordinary
chondrites chondrites chondrites

R
chondrites K*
chondrites
) o) ] o) o] [t o] )

* The K chondrites constitute a grouplet of only two members

Figure 3: The chondritic meteorites are subdivided into three major classes, one group and one
grouplet (Norton & Chitwood, 2008).
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1.3.4 Petrologic Type

Chondrites also can be categorized based on their petrologic type, which indicates the
degree to which chondrites were thermally metamorphosed or aqueously altered (Weissberg
et al. 2006). On the one hand, thermal metamorphism is described as a sequence of
mineralogical and textural changes that occur with increasing metamorphic temperatures
(Norton & Chitwood, 2008). On the other hand, the extensive aqueous alteration has the
characteristic that most of the containing olivines and pyroxenes have been altered to hydrous
phases (Norton & Chitwood, 2008). The presence of recognizable chondrules, unaltered
olivines, and pyroxenes originated by the aqueous alteration, while the relevant matrix is
generally fully hydrated and minerals inside chondrules may show variable degrees of
hydration; yet these meteorites are not thermally metamorphosed (Norton & Chitwood,

2008).

The petrologic type of a chondrite is assigned a number between 1 and 7 (Weissberg
et al., 2006). If a chondrite is assigned as type “3”, it means that its chondrules have not been
altered, if the number is higher, it indicates an increase in thermal metamorphosis up to a
maximum of type “7”, where the chondrules have been destroyed, and on the other hand,
numbers lower than type “3” are assigned to chondrites that have undergone changes due to
the presence of water (Weissberg et al., 2006). The lowest value (i.e., “1”) is given to
chondrites whose chondrules have been obliterated by this alteration (e.g., Norton &

Chitwood, 2008).

1.3.5 Ordinary Chondrites

Ordinary chondrites (O) are undifferentiated meteorites that can be categorized based
on the chemical composition of the iron abundance and consist of H-L-LL chondritic group
types (Fig. 3) (Weissberg et al.,2006; Norton & Chitwood, 2008). They are a class of stony
chondritic meteorites (Weissberg et al., 2006) and the most numerous chondrite groups of all
found meteorites (Meteoritical Bulletin database). The origin parent bodies of the ordinary
chondrites are thought to be delivered samples from the main belt region of the asteroid belt

(Norton & Chitwood, 2008). Their composition is primarily minerals such as olivine, pyroxene,
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and iron-nickel metal. The metal composition is used to classify ordinary chondrites into three

distinct chemical groups: H, L, and LL chondrites (e.g., Norton & Chitwood, 2008).

The H chondrites are possibly from the parent body of asteroid of 6 Hebe and have the
highest total iron composition with high metal Fe (25-31 % w/w), in freeform Fe-Ni (15-19 %
w/w) and low iron oxide (Fa), they belong to the petrologic type of 3 to 7 and have mainly
minerals belonging to the olivine and orthopyroxene groups (Norton & Chitwood, 2008). L
chondrites are possibly from the asteroid 433 Eros and have a lower total iron composition of
Fe (20-25 % w/w), in freeform Fe-Ni (4-10 % w/w), lower metal but higher iron oxide (Fa) in
the silicates, they belong to the petrologic type of 3 to 7 and have mainly minerals such as
olivines and orthopyroxenes, magnetite, and Fe-Ni. (Norton & Chitwood, 2008). LL chondrites
are possibly from the asteroid 3628 Boznemcova and have a low total iron composition of Fe
(19-22 % w/w) and in freeform Fe-Ni (1-3 % w/w), low metal but highest iron oxide content
(Fa) in the silicates, and they belong to the petrologic type of 3 to 7 and have mainly minerals

such as olivines and orthopyroxenes (Norton & Chitwood, 2008).

1.4 Minerals in Meteorites — Definitions

The nomenclature of the minerals used in this BSc thesis is based on the paper

“Abbreviations for names of rock-forming minerals” by Whitney & Evans (2010).

1.4.1 Olivine Group of Minerals

The chemical formula of the olivine group of minerals is (Mg, Fe),SiO4 and its symbol
is Ol. Olivines have orthorhombic symmetry and their structure consists of independent SiO4
tetrahedra linked by divalent cations in six-fold coordination (e.g., Howie et al., 1997; Deer et
al., 2013; Gamaletsos, 2024a and references therein). The members of the olivine group, the
Mg/Fe olivines (Davidson & Mukhopadhyay, 1984; Fig. 4), form a complete ternary system of
solid solution series and consist mainly of Mg,SiOa (forsterite), Ca;SiOa (larnite) and Fe,SiO4
(fayalite). It must be noted that at higher pressures, olivines adopt the denser structure of a
spinel (e.g., Howie et al., 1997; Deer et al., 2013). Compositions of olivines are typically

expressed as molar percentages of forsterite (Fo) and fayalite (Fa). For example, Fo70Fa30 or
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Fo70 implies that olivine has a composition that is 70 percent forsterite or, similarly, that its

composition is 30 percent fayalite.

Larnite
Ca:Si04
Fo1oo : { 1 : : Fa1oo
Mg:SiOs 10 30 50 70 90  Fe2Si0s
Forsterite Fayalite

Figure 4: Ternary system of Ca;SiO, - Mg,SiO4 - Fe,Si0, for minerals of olivines (Davidson & Mukhopadhyay, 1984).

1.4.1.1 FORSTERITE

Forsterite is the magnesium-rich end-member of the olivine solid solution series. Its
symbol is Fo and its formula is Mg,SiO4. Two high-pressure polymorphs of olivine’s forsterite
are known, the orthorhombic wadsleyite and the isometric ringwoodite. The latter has a spinel
structure. The melting point of forsterite under anhydrous conditions increases with pressure,
and under water-saturated conditions decreases with pressure. The melting point of forsterite
is 1890 (+/-) 20 °C and, because of the high melting point, olivine crystals are the first minerals
to precipitate from a magmatic melt in a cumulate process, often with orthopyroxenes (Howie

etal.,, 1997; Deer et al., 2013).

1.4.1.2 FAYALITE

Fayalite is a ferrous iron end-member of the olivine solid solution series. Its formula is
Fe*2,Si04 and the symbol is Fa. It melts irreconcilably at 1205 °C, at atmospheric pressure to a
liquid plus iron. Raising the temperature causes a rise in the pressure during phase transitions.

At high pressure, fayalite undergoes a phase transition to Ahrensite. In high-pressure
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experiments, the transformation may be delayed, so that it may remain stable to specific
pressures, at which point it may become amorphous rather than take on a crystalline structure

such as Ahrensite (e.g., Howie et al., 1997; Deer et al., 2013).

1.4.2 Pyroxene Group of Minerals

The pyroxene group of minerals are symbolized as Px, and their chemical formula is:
XY (Z)20es,

where: X = Na*, Ca?*, Mn?*, Fe?*, Mg?*and Li*

Y = Mn?*, Fe?*, Mg?*, Fe3*, AlI**, Cr3* and Ti#

Z=Si**and AI** and its symbol is Px.

Pyroxenes are the most important group of rock-forming ferromagnesian silicates
(e.g., Howie et al., 1997; Morimoto,1988; Deer et al., 2013; Gamaletsos, 2024a and references
therein). The pyroxene group includes orthorhombic minerals such as orthopyroxene and
monoclinic minerals such as clinoenstatite (Mg:Si20s) — clinoferrosilite (FezSi2Os). The
abbreviations “OPX” and “CPX” are often used for orthopyroxene and clinopyroxene,
respectively. Pyroxenes are a group of minerals that can be represented by the chemical
ternary system of CaSiO3-MgSiO3-FeSiOs (Morimoto,1988) (Fig. 5) including enstatite
(MgSi0s), ferrosilite (FeSiOs), and a third chain silicate named as wollastonite (CaSiOs).
Actually, the latter is a calcium end-member of the pyroxenoids group (e.g., Morimoto, 1988).
In particular, pyroxene does not exist with calcium contents, so any region above the
clinopyroxenes series of diopside (CaMgSi»0s) — hedenbergite (CaFeSi»O¢) does not represent
pyroxene, and the section of this system below this join is known as the pyroxene quadrilateral
(Morimoto,1988). Also, more specifically, augite belongs in the range of 20%<Ca<45% and it
is a high calcium pyroxene, while pigeonite is a low calcium pyroxene with 5%<Ca<20% and

they both lie within the interior of the pyroxene quadrilateral.
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Wollastonite
CazSi206

MgCaSizOe " FeCaSiz0s
/ diopside hedenbergite

augite

/ pigeonite \

/  Clinoenstatite Clinoferrosilite

Mg2Si20s Fe2Si206

Figure 5: Ternary system (Morimoto, 1988) of CaSiOs- Mg,SiOs- Fe,Si>0g for minerals of pyroxene group (Enstatite and
Ferrosilite respectively) along with pyroxenoids (Wollastonite).

1.4.2.1 CLINOPYROXENES

The clinopyroxenes series crystallizes in the monoclinic system and has a general
formula (Ca, Mg, Fe, Na) (Mg, Fe, Al) (Si, Al)20s. The most significant clinopyroxene
are diopside, hedenbergite, augite, and pigeonite (e.g., Howie et al., 1997; Deer et al., 2013;

Gamaletsos, 2024a and references therein).

1.4.2.2 ORTHOPYROXENES

The orthopyroxene series crystallizes in the orthorhombic system and the term
“hypersthene” is often used as a synonym for orthopyroxene (Howie et al., 1997; Deer et al.,
2013). The formula (Mg, Fe) SiOs is for orthopyroxenes. These minerals differ in the ratio of
magnesium to iron in the crystal structure. Their composition ranges from pure magnesium
silicate, the end-member component of enstatite (MgSiOs) to pure ferrous iron silicate, the
end-member of ferrosilite / FeSiOs (e.g., Howie et al., 1997; Deer et al., 2013; Gamaletsos,
2024a and references therein). Aside from olivine, magnesium-rich orthopyroxene is the most

common silicate in meteorites, especially in most chondrites.
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1.4.3 Feldspar Group of Minerals

Feldspar is the name of a group of aluminum tectosilicate minerals with the symbol
Fsp. The crystal structure of feldspar is based on aluminosilicate tetrahedra, and it crystallizes
at a triclinic or monoclinic structure (e.g., Howie et al., 1997; Deer et al., 2013; Gamaletsos,
2024a and references therein). Common feldspars are ternary solid solutions of three
components (e.g., Ghiorso, 1984; Fig. 6): albite (Ab): (NaAlSi3Os), orthoclase (Or): (KAISizOs),
and anorthite (An): (CaAl;Si;0Os). The two major categories of Feldspars are Alkali feldspars,
which lie compositionally between orthoclase and albite end-members, and plagioclase
Feldspars, which lie between albite and anorthite end-members. Also, there is a miscibility
gap between Orthoclase and Anorthite end-members because they have different ionic radii

and charges, preventing the existence of intermediate feldspars.

Orthoclase

KAI2Si:0s
Or

miscibility gap

Anorthoclase

5

()
?"f'
)

Andesine | Labradorite | Bytownite

Ab Albite| Oligoclase

An
NaAl:Si:0s 1° 30 B0 70 %  CaAl2Si20s
Albite < s Anorthite

Plagioclase Feldspar

Figure 6: Diagram of feldspar classification: albite (Ab): NaAlSi;Og; orthoclase (Or): KAISisOg; anorthite (An): CaAl,Si,Og
(Ghiorso, 1984)
The plagioclase series is commonly found in many stony meteorites. There are two
main types of plagioclases based on their composition: An90-5 and An15-10. In meteorites, a
high-density glass of plagioclase composition with a high refractive index is often found and is
referred to as Maskelynite. The intense pressure generated during impact transforms the

highly structured crystalline form of the plagioclase series into a disordered glass, without
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obliterating the original crystal shape (Norton & Chitwood, 2008). Anorthosite, which makes
up more than 80% of the Moon's exposed surface, is made up of plagioclases of composition

An90-97 and is the most common type of lunar feldspars.

1.4.4 Iron-Nickel Minerals

Important minerals present in ordinary meteorites are also Fe-Ni alloys referred to as
metals (e.g., Norton & Chitwood, 2008). The amount of their abundance present in an ordinary
meteorite plays a crucial role in the categorization of the groups as mentioned above. There
are four types of Fe-Ni alloys, taenite, kamacite, antitaenite, and tetrataenite (e.g.,
Gamaletsos, 2024a and references therein). Kamacite and taenite are the most common
types, and depending on their chemical composition, they can be categorized as either.
Taenite has a formula of y-(Fe-Ni) and the crystal structure is isometric (Anthony et al., 2001).
To be classified as taenite, an alloy must have nickel proportions ranging from 20% to 65%
(Goldstein & Short, 1967). Kamacite, on the other hand, has the formula of a-(Fe, Ni);
Fe00.9Ni00.1 (Ramsden & Cameron, 1966), and it is also isometric in the crystal structure. The
proportion of iron: and nickel is between 90%:10% and 95%:5% (Goldstein & Short, 1967).
Commonly, both can coexist in a meteorite and have the texture of bands called

Widmanstatten pattern, a lamellae formation (Goldstein & Ogilvie, 1965).

1.4.5 Iron Sulfide Mineral

Troilite is an iron sulfide with the formula FeS (e.g., Anthony et al., 2001; Gamaletsos,
2024a and references therein). It can be found in a meteorite and has a characteristic pale
yellowish color that can be easily identified under the reflected light in the microscope. Sulfur
is almost completely insoluble in solid metal, so it is only found in unevenly distributed nodules
of troilite, which probably trapped the melt during the crystallization process (Goldstein et al.,
2009). To determine sulfur concentrations in the melt, the distributions of other elements that
are more sensitive to the amount of sulfur present in the liquid during crystallization must be

studied.
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1.4.6 Phosphates

Phosphate minerals include the apatite and merrillite groups and have the formula of
Cas(P0O4)3(0OH, F, Cl) (e.g., Howie et al., 1997; Deer et al., 2013; Gamaletsos, 2024a and
references therein). They are also present in meteorites and other materials from the Solar
System. The mineral merrillite is a calcium phosphate and the anhydrous end-member of the
merrillite-whitlockite solid solution series (Hughes et al., 2008). In Martian meteorites, the
anhydrous nature of merrillite has been seen as evidence of water-limited late-stage Martian
melts (Adcock et al., 2017). However, recent research on apatite in the same meteorites
suggests higher water content in melts. Apatite is important in the search for extraterrestrial
life and water as it is the only mineral that contains volatiles found in a wide range of
extraterrestrial materials and effectively retains them during thermal or shock events

(McCubbin & Jones, 2015). This is why it's crucial to identify phosphates in meteorites.
1.4.7 Chromite

Chromite is an iron magnesium and chromium oxide, and has the formula of FeCr,0a4,
with the oxide mineral and it is a member of the spinel group (e.g., Bosi et al., 2019;
Gamaletsos, 2024a and references therein). It has a cubic structure formed by atoms of
oxygen with the aluminum atoms in octahedral coordination and the iron atoms in tetrahedral
coordination. Its polymorphs are found in meteorites and are named xieite and chenmongite.
Also, under the reflected light in an optical microscope, the chromite appears with a grey

color.
1.5 Polymorphs — Definitions

Polymorphs are minerals with the same composition but different crystalline
structures (e.g., Pabst & Thrush, 1968; Gamaletsos, 2023 and references therein). Crystalline
structure is the property of atoms in minerals (as well as in many other compounds) to possess

an orderly atomic arrangement giving them a definite structure that controls their properties.
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Polymorphism is a property of many chemical substances crystallizing in more than
one crystal structure, depending on the respective thermodynamic conditions of the situation

(e.g., Pabst & Thrush, 1968).

High-pressure Polymorphs exist in heavily shocked meteorites and contain several
types of polymorphic high-pressure minerals of olivine, pyroxene, and feldspar. These high-
pressure minerals can be found inside the shock-induced melt veins and melt pockets in a
chondrite meteorite and are usually micro-grain size crystals (Tomioka & Miyahara, 2017). The
typical composition of ordinary chondrites includes several low-pressure phase minerals such
as olivine, low-Ca pyroxene, plagioclase, high-Ca pyroxene, Ca-phosphate, chromite, metallic
Fe-Ni, and FeS. Under high temperatures and pressures, the minerals transform their structure
(Presnall, 1995) and for example, olivines (a- [Mg, Fe].SiO4) transform into a spinelloid
structure known as wadsleyite B-(Mg, Fe).SiO4 (Price et al., 1983) or spinel structure known as
ringwoodite y-(Mg, Fe),SiOs (Binns et al., 1969). Also, depending on their chemical
composition being detected with EPMA analysis a sample can contain wadsleyite (Price et al.,
1983) or its Fe analog of wadsleyite, asimowite, Fe;SiO4 (Bindi et al., 2019), and ringwoodite

(Binns et al., 1969) or its Fe analog of ringwoodite, ahrensite (y-Fe2SiO4) (Ma et al., 2016).

1.5.1 Wadsleyite

Wadsleyite is an orthorhombic mineral that has a formula of beta phase, B-(Mg,
Fe),SiO4 (Price et al., 1983). Wadsleyite can coexist in ordinary meteorites with ringwoodite
and have values of Fae.20 (e.g., Miyahara et al., 2008; Ono et al., 2013). However, when it
comes to shocked chondrites, sometimes a phase transformation can happen from olivine to
wadsleyite/or asimowite as mentioned before, and this is mainly because olivine in these
cases has a high concentration of iron (Bindi et al., 2019). It has been proposed that the
original olivine might have been entrained in the shock vein while it was melted once, and
ringwoodite and wadsleyite assemblages subsequently formed from the olivine melt by

fractional crystallization (Miyahara et al., 2008; Miyahara et al., 2009).
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1.5.2 Majorite

As pressure and temperature increase, the low-calcium pyroxene [Mg, Fe] SiOs
transforms into a high-pressure polymorph of majorite (Kato & Kumazawa, 1985). This process
results in the formation of two different minerals with ilmenite structure: akimotoite with
MgSiOs formula (Tomioka et al., 1999), and hemleyite with FeSiOs formula (Bindi et al., 2017).
Meanwhile, MgSiOs with a garnet structure is known as majorite and can have cubic and
tetragonal symmetries (Xie & Sharp, 2007; Tomioka et al., 2016). The garnet structure has
cubic symmetry, while the synthetic majorite has a tetragonal symmetry. The high-pressure
polymorph, majorite, was successfully synthesized by Kato and Kumazawa in 1985 (Kato &

Kumazawa, 1985).

1.5.3 Albitic Jadeite

The albitic jadeite has the chemical composition between the jadeite (NaAlSi,Os) and
albite (NaAlSisOs), and because it has the composition of pyroxene, its formula uses the
distribution of 6 cations of oxygen, (M2) (M1) T206 or more specific (Na, Ca, dO1/a)(Al, Si)Si2O0s,
where there is a high concentration of excess Si on the octahedral cation M1 site and an M2

site with % vacancy (Ma et al., 2022).

Albitic jadeite is found to be highly sensitive to electron beams and can become
amorphous within a few seconds when exposed to a focused beam in the scanning electron
microscope (SEM) (Ma et al., 2022). The presence of the vacancies is important because a
chemical analysis that has higher than % vacancy in the M2 site, indicates that the analysis has
damaged the grain, because of the sensitivity, and there is a loss of volatile components (alkali
Na, Ca) and thus the silicates remain in the grain, and we have an underestimation of the
chemical analysis (Ma et al., 2022; Baziotis et al., 2022b). On the other hand, ideal jadeite
remains stable and maintains its structure during microanalysis with focused electron beams
(Ma et al., 2022). Most importantly, it is necessary to conduct a compositional analysis to
confirm the Raman identification of jadeite before using the formation conditions of jadeite
to establish a minimum pressure for a meteorite shock event (Baziotis et al., 2022b). Also, it
is worth mentioning that the synthesis of albitic jadeite has not yet been achieved in

laboratories (Ma et al., 2022).
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It is of great interest to mention how the albitic jadeite appears in different meteorites.
It has been observed at the Ozerki meteorite that the albitic jadeite is mixed with a particle-
like texture of amorphous material and appears as fragmented grains, formed due to high-
pressure and temperature conditions (Baziotis et al., 2022b). Additionally, at the Chelyabinsk
meteorite, felspathic glass occurs with the characteristic form of needle-like crystals in jadeite,
and it is suggested that has been rapidly crystallized (Baziotis et al., 2022b). The needle-like
jadeite appears to have been nucleated along interfaces between the original albitic feldspar
and other minerals or shock melt vein matrix (Ozawa et al., 2014). In addition, based on the
Ostwald step rule grains of plagioclase that transformed into maskelynite (albitic maskelynite)
due to shock events subsequently can decompose into albitic jadeite and then to lingunite

(Tschauner et al., 2021).

1.5.4 Tuite

Merrillite, which is also known as whitlockite, has a crystal structure and chemistry
similar to the dense form of calcium phosphate minerals such as chlorapatite, specifically the
trigonal y-Cas(POa): (Xie et al., 2002, 2013, 2016). There are three types of apatites, namely
hydroxylapatite (Caz(POa)2(OH)), fluorapatite (Cas(POa4)2F), and chlorapatite (Cas(PQ4)3Cl) (Xie
et al., 2016). Tuite formation is supported by two formation pathways: decomposition of
apatite and transformation of merrillite under high-pressure and temperature conditions (Gu
etal., 2022; Xie et al., 2002,2013,2016). According to Gu et al., 2022 tuite is the shock-induced
high-pressure polymorph of chlorapatite and is the shock-induced recrystallization of

whitlockite.

1.6 Melt Veins

The high-pressure minerals in meteorites form in shock-induced melt veins and
pockets, and these minerals are evidence of being products of shock that can describe the
formation of HP minerals but are not fully sufficient (Hu & Sharp, 2022). The HP minerals form
through two mechanisms, the crystallization of shock melt under high pressure, and the solid-
state transformation of minerals in contact with the melt vein (Tomioka et al., 2016). As a

result, these minerals have a nearly identical chemical composition to their parent minerals
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and are typically submicron-sized (Tomioka et al., 2016). The most important feature for the
preservation of high-pressure minerals is the cooling temperature conditions that are present
before or during the pressure release (Sharp & Hu, 2019). The matrix of shock veins is
composed of aggregates of crystals and glasses that formed from the melt and rapidly cooled,
featuring a distinctive texture characterized by the presence of abundant Fe-FeS blebs

(Tomioka et al., 2017).

The formation of a melt vein depends on local temperature peaks caused by various
factors, such as pore collapse, which is the collapse of open fractures or pores during shock
compression, shearing heating, which is the frictional heating along shear bands, and complex
peak-pressure variations during compression from shock-wave collisions (Sharp & Hu, 2019).
Porosity is present in meteorites whose origin is unclear, but it may be due to collisions that
ejected the meteorites or porosity present within the parent bodies (Flynn et al., 1999). This
could explain the discrepancy between asteroid bulk densities and mineral densities. More
specifically, pore collapse can absorb shock waves, generating higher temperatures, but the
shock wave attenuates faster in porous materials due to low impedance pore contents,
reducing the shock wave velocity and pressure, and resulting in a smaller volume of material
experiencing high enough shock pressures for melting (Petrova & Grokhovsky, 2019). Most
importantly, the collapse of the pores can amplify shock pressure by up to 4 times, creating
hotspots and this amplification can explain why high-pressure phases are found next to

unshocked grains (Gildemeister et al., 2013).

1.7 The Shock Classification of Meteorites

1.7.1 Shock Conditions

The conditions required for a melt vein to form are directly related to the physics of
shock metamorphism (Fritz et al., 2017). There is a combination of shock pressure,
temperature, and time simultaneously (Fritz et al., 2017). As the body of the meteorite
undergoes extreme heating, the cooling of the melt vein reveals the minerals that have been
formed under the shock impact (Fritz et al., 2017). Most meteorites experience hypervelocity

collisions that drive shock waves through their bodies. To characterize the degree of shock
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metamorphic overprint in meteorites, a variety of different shock classification schemes have

been proposed (Stoffler & Grieve, 2007; Fritz et al., 2017; Stoffler et al., 2018).

1.7.2 Shock Features

Shock waves produce shock features on minerals that can be observed in a
petrographic microscope and these features can be interrelated to the pressure and
temperature conditions that affected the sample, and based on the high-temperature
conditions, they can affect mechanical deformations, phase transformations, decomposition,
and melting (Stoffler et al., 2018). Their existence in a thin section of a groundmass has a
crucial role in the identification of the shock metamorphism. The irregular fractures are called
the features that appear as cracks on the surface of the grain. Planar fractures appear as
multiple sets of parallel lines because they were developed at low pressures and are
associated with the shock wave of the impact (Norton & Chitwood, 2008). However, planar
deformation features are thin closely spaced parallel fracture lines that are only produced by
extreme shock compressions (Miller & Hornemann, 1969). Mosaicism is a mechanism that
can be easily observed under crossed polars with an optical microscope, and it is an indicator
of moderate to heavy shock metamorphism (Norton & Chitwood, 2008). On the other hand,
if the specimen exhibits extensive fracturing, it is associated with undulatory extinction and
can be characterized as being lightly to moderately shocked and this feature can be observed

under crossed polars with an optical microscope (Norton & Chitwood, 2008).

Studies have estimated that each shock feature is linked to a variation of high-
pressures / GPa (Stoffler et al., 2018 and references therein; Fig. 7). For olivines being present
in a thin section of a meteorite, the undulatory extinction can be from 4-5 to 15-20 GPa, the
planar fractures from 5-10 to 60-65 GPa, mosaicism can be from 15-20 to 60-65 GPa, planar
deformation features from 30-35 to 55-60 GPa, and melting and recrystallization with
pressures above 60-65 GPa (Stoffler et al., 2018 and references therein; Fig. 7). For pyroxenes
present in the thin section of a meteorite, the undulatory extinction can be from 5-10 to 20-
30 GPa, the mechanical twinning from ~5 to ~70 GPa, mosaicism can be from 20-30 to ~70
GPa, planar deformation features from 30-35 to ~70 GPa, and incipient melting with pressures

above ~70 GPa (Stoffler et al., 2018 and references therein; Fig. 7).
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Figure 7: Shock wave barometry with shock pressures based on the shock features of olivine and pyroxene in the
meteorites (Stoffler et al. 2018 and reference therein).

As mentioned above, the minerals have undergone extreme pressure conditions,
resulting in characteristic shock features indicating their transformations. More specifically, in
plagioclases, several features can be observed, such as the undulatory extinction, the
mosaicism, the planar deformation lamellae (pdf), the partial (or complete) isotropization in
the case of diaplectic glass, the hollandite-structured high-pressure phase, the jadeite in the
case of albitic plagioclase and the normal flow-textured glass (Tomioka & Miyahara, 2017).
Likewise, in olivines, the undulatory extinction, the mosaicism, the planar fractures, the planar
deformation features, the transformation to wadsleyite, ringwoodite, or ahrensite, the
partial-to-complete recrystallization as well as the melting and subsequent formation of
polycrystalline olivine can be distinguished (Tomioka & Miyahara, 2017). Lastly, in pyroxenes,
evidence of the undulatory extinction, the mosaicism, the mechanical twinning, the planar
deformation features, the loss of pleochroism, the transformation to majorite, akimotoite,
and bridgmanite, the decomposition to oxides, and the mixing with flow-textured feldspar

glass can be found (Tomioka & Miyahara, 2017).

Technical University of Crete Myrto Simopoulou School of Mineral Resources Engineering



23
Mineralogical and spectroscopical study of ordinary chondrites and implications on potential asteroid mining

1.7.3 Shock Classification

There are proposed classification schemes that aim to categorize the outcomes of
impacts after the collision a meteorite experienced, resulting in the surface of a meteorite.
The basic classification criteria are based on texture, degree of shock metamorphism, and
lithological components. Shock metamorphism is the irreversible changes in geologic
materials resulting from the passage of a shock wave. A shock wave is a compressional wave
with material transport that propagates through gaseous, liquid, or solid matter at supersonic
velocity. Shock compression generates post-shock heat, which increases with pressure and
can lead to the material melting or vaporizing (Duvall & Fowles, 1963; Asay & Shahinpoor,

1993; Graham, 1993).

The meteorite shock stage measures the degree to which the matrix of a common
meteorite has been fractured, however, the degree of shock can vary within a meteorite on
the scale of centimeters (Fritz et al., 2017). The mineralogy of shock melt zones provides
information on the shape and time duration of the shock wave, but not information on the

general maximum shock pressure in the whole rock (Fritz et al., 2017).

The common shock classification schemes of ordinary meteorites assign shock levels
of S1 (unshocked) to S6 (very strongly shocked) using shock effects in rock-forming minerals
such as olivine and plagioclase (Stoffler et al., 1991; Schmitt, 2000; Stoffler & Grieve, 2007).
Although, there are some differences between the shock classification schemes that have
been suggested by different scientists (Stoffler & Grieve, 2007; Fritz et al., 2017; Stoffler et al.,
2018). The definition of shock classification by Stoffler & Grieve (2007) is given with the range
of the shock stage from S1 (unshocked) to S6 (very strongly shocked) and a seventh shock
stage named Shock melted for specimens that are melted (Table 1). The shock classification
scheme developed by Stoffler & Grieve in 2007 focuses on shocked chondritic meteorites
(Stoffler & Grieve, 2007). The shock pressure data is based on experimental data provided by
Stoffler et al., (1991) and the shock features in the rock-forming minerals observed through
optical microscopy (Schmitt, 2000). Also, the shock classification scheme that Fritz et al.
revised (Fritz et al., 2017), mentions that increasing the shock pressure eventually leads to
whole rock melting and that the melted rocks are not a unique shock feature and, thus, not

part of the shock classification scheme. So, the shock stages for classification are from S1

Technical University of Crete Myrto Simopoulou School of Mineral Resources Engineering



24
Mineralogical and spectroscopical study of ordinary chondrites and implications on potential asteroid mining

(unshocked) to S6 (very strongly shocked) with a seventh category of Shock melted that
categorizes the whole rock melting (Table 2). The scheme relies on the revision summarizing
relevant principles of shock physics, impact cratering, and the formation of shock effects in
rock-forming minerals. It also aims to address controversies in shock thermo-barometry and
the shock classification of meteorites. Lastly, there is another definition for the progressive
stages of shock metamorphism that Stoffler et al. (2018) mention that the final shock stage is
named S7, and it represents the category for the whole rock melting (Stoffler et al., 2018).
Therefore, in this scheme, the classification goes from S1 to S7 (Table 3). Also, this scheme
focuses on the shock effects and its textures rather than the physics of the formation

processes of each certain shock feature.
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Following is a summary of the shock grades

Table 1: Shock classification scheme by Stoffler & Grieve (2007): Classification of shocked chondritic meteorites and olivine-rich crystalline rocks (progressive stages of shock metamorphism)
modified after Stoffler et al. (1991); shock pressure data are based on experimental data given in Stoffler et al. (1991); pressures given in columns 4 — 6 indicate the upper limit of the shock

stage in question; temperature data refer to the ambient temperature before shock compression; *from Stoffler et al. (1991); **from Schmitt (2000).

Shock stage Effects resulting from equlibration peak shock pressure Effects resulting from local | Pressure | Pressure | Pressure
P-T-excursions GPa* GPa** | GPa**
(293K) | (293K) | (920K)
Olivine Plagioclase
Unshocked | Sharp optical extinction | Angular variation of Sharp optical extinction | none
S1 Irregular fractures extinction position: Irregular fractures
Low grade: < 1°
High grade: 1° —2° <4-5
Very weakly |Undulatory extinction | Angular variation of Undulatory extinction none
shocked Fractures extinction position: Irregular fractures
S2 <29
5-10
Weakly Planar fractures (PF) Low grade: maximum of 2 | Undulatory extinction Opaque shock veins,
shocked Undulatory extinction | sets of PF incipient formation of melt
S3 Irregular fractures High grade: 3 or more sets pockets (sometimes
of PF interconnected) 15-20 [10-15 10-15
Moderately | Mosaicism (weak) Low grade: incipient Low grade: undulatory Melt pockets,
shocked mosaicism, PF and PDF extinction interconnected melt veins.
S4 High grade: mosaicism, PF, | High grade: partially opaque shock veins
and PDF isotropic. PDF 30-35 [25-30 |20-25
Strongly Mosaicism (strong) Maskelynite (diaplectic Pervasive formation of melt
shocked Planar fractures glass) pockets, veins and dykes,
S5 Planar deformation features (PDF) opaque shock veins
45-55 [45-60 |35-45
Restricted to local regions in or near melt zones
Very strongly | Recrystallisation; yellow-brown staining; ringwoodite | Shock melted (normal as in stage S5
shocked and wadsleyite; high pressure phases of pyroxene (e.g. |glass)
S6 majorite, akimotoite)
75-90 45 - 60
Shock melted Whole rock melting and formation of melt rocks
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Table 2: Shock classification scheme by Fritz et al. (2017): Revision of the shock classification scheme for olivine-rich crystalline rocks including chondrites

initially proposed by Stoffler et al. (1991) and Stoffler & Grieve (2007).

Destructive shock effects in rock-forming minerals

Mineralogy of localized

P T (°C) polymineralic melt zones including
Shock stage  (GPa) (postshock) Olivine Plagioclase constructive shock effects
S1
Unshocked <4-5 1020 Sharp optical extinction Sharp optical extinction
with <2° angular (for chemically unzoned
variation plagioclase)
S2
Very weakly 5-10 20-50 Undulatory extinction Undulatory extinction
shocked with >2°angular
variation
S3
Weakly 15-20 100-150 Undulatory extinction,  Undulatory extinction Glass, low pressure (LP), and
shocked Planar fractures (PF) possibly high-pressure (HP)
minerals such as Wadsleyite
(Wds), ringwoodite (Rwd),
majorite (Maj)
S4
Moderately  25-35 200-300 Weak mosaicism and Low grade: undulatory Glass, LP, and possibly HP minerals
shocked PF extinction; High grade: such as Wds, Rwd, Maj,
partially isotropic, PDF bridgmanite (Bdm), ferropericlase
(Fpe)
S5
Strongly 45-60 600-900 Strong mosaicism, Maskelynite; Note: Glass, LP, and possibly HP
shocked planar deformation minimum pressure for minerals such as Wds, Rwd, Maj,
features (PDF) and PF maskelynitization Fpc; back reaction of bdm
(20-35 GPa) falls with
rising Ca-content
S6
Very 1500-1700  Strong mosaicism, PDF, Shock melted glass with Glass, devitrified glass, LP
strongly recrystallization, brown  flow structures, vesicles minerals; bleaching of brown
shocked staining and fusing of adjacent stained olivine, recrystallization

Shock melted Whole rock melting and formation of melt rock

minerals; recrystallization
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Table 3: Shock classification scheme by Stoffler et al. (2018). Definition of progressive stages of shock metamorphism for classification system C.

Shock stage Pressure Pressure Pressure
IUGS 2007 and  GPa® GPa® GPa® . ) o Effects resulting from local
present proposal (293 K) (293 K) (920 K) Effects resulting from equilibration peak shock pressure P-T-excursions
Olivine Plagioclase
C—Sl1 Sharp optical extinction Angular variation of Sharp optical extinction None
Irregular fractures extinction position: <2° Irregular fractures
<4-5
C—S2 Undulatory extinction Angular variation of Undulatory extinction None
Irregular fractures extinction position: >2°  Irregular fractures
5-10
C—-S3 Planar fractures (pf) Low grade: maximum Undulatory extinction  Opaque shock veins; incipient
Undulatory extinction of 2 sets of pf formation of melt pockets
Irregular fractures High grade: 3 or (sometimes interconnected)
more sets of pf
15-20  10-15 10-15
C-S4 Mosaicism (weak) Low grade: incipient Low grade: undulatory  Melt pockets: interconnected
mosaicism, pf, and pdf extinction melt veins; opaque shock veins
High grade: partially
isotropic, pdf
30-35  25-30 20-25
C—S5 Mosaicism (strong) High grade: strong Diaplectic glass Pervasive formation of melt
mosaicism, pf, and pdf (maskelynite) pockets, veins, and dikes:
opaque shock veins
45-55 45-60 35-45
Restricted to local regions in or near melt zones:
C—-S6 Melting and (re)crystallization and yellow-brown Shock melted As in stage S5
staining of olivine (normal glass)
>70-75 45-60
C—-S7 Whole rock melting

“From Stoffler et al. (1991).
"From Schmitt (2000).
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2 MATERIALS AND METHODS

2.1 Sample

A representative thin section of Slobodka (NHMW-L4372) meteorite was obtained
from the collection of the Natural History Museum Vienna (Vienna, Austria). The principal
objective was to study the mineralogical and spectroscopic characteristics of this ordinary

chondrite and to focus on the shock features in the melt vein.
2.2 Optical Microscope

The optical microscope (OM) is a compound microscope. It uses visible light and a
system of lenses to magnify images of small samples (Fig. 8). A sample is mounted on a
rotating stage and directly be viewed through one or two binocular eyepieces on the OM with
the naked eye (both eyepieces show the same image). The optical microscope uses multiple
objective lenses with different magnifications, allowing them to be rotated into place and
providing an ability to zoom in/out on the thin section of the sample. Often a digital camera
can be fitted onto the microscope (Fig. 9) and be used to capture the image of the sample

(Gamaletsos, 2024b and references therein).

The petrographic microscope is used for mineral observations and includes a Nicol
prism polarizer filter for the light path beneath the sample slide. The illumination of the
sample can be with plain-polarized light (PPL) and cross-polarized light (XPL) where the sample
contrast comes from the rotation of polarized light through the sample (Shelley & Nesse,

1986).
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Figure 8: The components of a conventional optical microscope (OM) used for rocks and minerals observation (aka
petrographic microscope). Image Source: https://opengeology.org/Mineralogy/5-optical-mineralogy

It is primarily important to mention the conditions employed while capturing the

images of the sample with the optical petrographic microscope of the laboratory (Fig. 9). The

natural and artificial lighting of the room must be as low as possible so that the camera is

ready to capture the correct colors. Also, no fingerprints, dust, tinny objects, or materials used

in other experimental procedures must be on the thin section of the sample, so it must always

be cleaned from both sides. Moreover, the power supply voltage used for the microscope light

bulb should not exceed 10 Volts. In addition, all lenses should be aligned using set screws on

the microscope’s compensator to adjust the lens to be stable in the center of the circular

rotating stage while rotating it with the sample on it.
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Figure 9: Optical petrographic microscope equipped with a camera (Laboratory at Department of Natural Resources
Development & Agricultural Engineering, Agriculture University of Athens).

2.3 Imagel / FUI

The Image) / FlJI (Fiji Is Just Imagel) is an open-source image processing software
package (Schindelin et al., 2012). Fiji's main purpose is to provide a distribution of ImageJ2
with many bundled plugins. Fiji features an integrated updating system and aims to provide
users with a coherent menu structure to display, annotate, edit, calibrate, measure, analyze,
process, print, and save raster image data. This software tool is usually focused on biological
image analysis. However, it can be used for measuring the area of a chondrule in a meteorite,
calculating the percentage of the allocation of the chondrules, and the percentage of the

allocation of the metals distributed in the thin section.

The process for calculating the percentage of the allocation of the chondrules that are

distributed in the studied thin section commences by setting the scale of the image

Technical University of Crete Myrto Simopoulou School of Mineral Resources Engineering



31
Mineralogical and spectroscopical study of ordinary chondrites and implications on potential asteroid mining

appropriately so that it applies to international units of measurement for the software. Then,
the boundaries of the thin section were defined, and calculated the total area. However, to
make sure that the calculated total area with the software matches the real area of the studied
thin section, using a ruler, a selected region of the thin section was measured. By this
approach, it was ensured that the measurements were accurate. Then, by utilizing software
tools the same measurement was created for comparison. The area of the melt vein should
be excluded to avoid to count it with the whole area of calculation. After that, each area of
chondrule of the regions of interest (ROIs) in the thin section was calculated to determine
their area and then the final percentage of the chondrule abundance over the groundmass
was generated. For the calculation of the percentage of the metal abundance, the image
analysis technique of the threshold was used. Adjustments of this feature to the mosaic of the
reflected light map of the thin section were done to isolate the metals that had a specific off-
white color. Thresholding is also known as binary thresholding, so this technique sets a
threshold value and compares each pixel to that particular threshold value. If the pixel value
is less than or equal to the assigned threshold, then the pixel value is set to zero or to the

maximum value.
2.4 Electron Probe Micro-Analysis (EPMA)

The electron probe micro-analysis (EPMA) is an analytical technique that is used to
establish the chemical composition of specimens at a micrometer spatial resolution. EPMA is
a powerful microbeam electron microscope (aka e-microscope) equipped with multiple WDS
spectrometers -usually four of five- facilitating non-destructive quantitative chemical analysis.
Fundamentally, the theory behind EPMA’s is similar to that of SEM’s, whereas the capability
of the former to be built with a multiple WDS system vertically mounted around the chamber
provides higher sensitivity than that of the latter (e.g., Reed, 2005; Gamaletsos, 2024b and
references therein). EPMA can also be used for mapping the geological thin sections, but the
samples must be polished to yield a flat surface of the sample. The sample must be suitable
for the e-microscope, especially must withstand the vacuum, be able to be stable under the
electron beam, and have a conductive coating. The choice of coating depends on the type of
material going to be analyzed. For geological thin sections, carbon coating to a 25 nm thickness

was applied, protecting the sample from e-beam damage (e.g., heating phenomena). The
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carbon coating is the best choice because it is mechanically stable and transparent for the
electron beam and emitting x-rays. It is important to mention that most silicate minerals are

electrical insulators.

The instrument consists of an optical microscope that has the same axis as the electron
beam and can pinpoint the area of interest on the specimen surface (Llovet et al., 2021). It
also has three detectors for capturing the cathodoluminescence (CL), secondary electrons (SE)
and back-scattered electrons (BSE), which are additionally emitted from the specimen under
electron bombardment. A series of electromagnetic lenses located in the column of the
instrument is used to condense/diverge and focus/defocus the electron beam emanating from
the source (Fig. 10). Directing an electron beam at the sample from the electron source can
lead to electrical charging of the sample, which must be dissipated. A charge-coupled device
(CCD) camera allows samples to be viewed in reflected light and thin sections to be imaged in

transmitted polarized light.

- Electron source
Ion pumps \

Optical source and
CCD camera

Diffracting
crystals

(1tod) __ Beam stabilizer

Airlock

| Specimen

Figure 10: EPMA and WDS operation. Image Source: https://www.cameca.com/products/epma/epma-introduce

The instrument also has the analytical technique of wavelength dispersive
spectroscopy (WDS) attached to the microprobe, as mentioned above. This technique
functions by bombarding a specimen with electrons and collecting the x-rays emitted from its
surface. The x-rays produce a spectrum in which each peak corresponds to a specific element,

allowing for the identification of the sample's composition. It is important to mention that
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wavelength-dispersive spectroscopy can perform a more detailed analysis to identify trace

elements and measure the concentrations accurately.

Usually, EPMA instruments typically possess up to five WDS spectrometers, each of
which is fitted with different diffracting crystals that reflect specific wavelengths. The most
commonly used crystals can be lithium fluoride (LIF), pentaerythritol (PET), thallium acid
pthalate (TAP), and artificial layered dispersive element (LDE) crystals. The multiple WDS’s
provide a more precise and accurate analysis, as they can produce spectra with higher spectral

resolution.

EPMA instruments allow simultaneous x-ray (WDS and EDS), SEM and BSE imaging,
and they provide very flexible sample inspection with image magnification ranging from 40 to

400,000 (https://www.cameca.com/products/epma/epma-introduce). The determination of

thickness and elemental composition from nm to mm thick layers in stratified materials is
possible. EPMA provides much better results than standard SEM-EDS systems, because of the
internal properties of WDS, the general sensitivity, and the analysis of light elements. The
excitation beam regulation system and the sample stage capabilities guarantee that this

technique provides outstanding stability and measurement repeatability.

Figure 11: Electron Probe Micro-Analysis / EPMA (Natural History Museum of Vienna); Ms Myrto Simopoulou visited the
Department of Mineralogy and Petrography of the National History Museum Vienna (Vienna, Austria) in the frame of
ERASMUS+ Student Mobility for Traineeships. The responsible person from the National History Museum Vienna was Dr.
Ludovic Ferriere.

It is of primary importance to mention the experimental conditions employed during

measurements with the instrument in the laboratory in the frame of the present BSc thesis
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(Fig. 11). The EPMA instrument was a JEOL JXA8530F Field Emission, equipped with five
wavelength-dispersive spectrometers (WDS) and one energy-dispersive spectrometer (EDS).
The analyzing crystals were TAP, LIF, LIFH, and PETJ (Table 4). Where there is a chemical
formula mentioned, the standard is synthetic, while where there is a mineral name, the
standard is of natural origin. For imaging, an accelerating voltage of 25 kV for better resolution
was used, while when taking measurements, 15 kV with 20 nA probe current, 20 s counting

time on peak position, and 10 s for each background was set.

Table 4: Standards for silicates and chromites.

Silicates 15 kV,20nA

TAP CH-1 PETZ CH-2 CH-3 LIFH CH-4 TAP CH-5
Si (Wollastonite) K (KCL) Ni (Ni-Oxide) Na (NacCl)
Al (Al203) Ca (Wollastonite) Fe (Troilite) Mg (MgO)
Ti (TiO2) Mn (Tephroite) P (Apatite)
Cr (Cr203)

Chromite 15kV,20nA

TAP CH-1 LIF CH-2 CH-3 LIFH CH-4 PETZ CH-5

Mg (MgO) Ni (Ni-Oxide) V (Vanadite) Ti (TiO2)

Al (Al203) Zn (ZnO) Fe (Troilite) Cr (Cr203)
Si (Wollastonite) Mn (Tephroite)

Metals and Sulfides 15 kV,20nA

TAP CH-1 PETZ CH-2 CH-3 LIFH CH-4 TAP CH-5
Si (Wollastonite) Ti (TiO2) Ni (Ni-Oxide) P (Apatite)
P (schreibersite) Cr (Cr203) Fe (Troilite) Co (Co-metal)
Mn (Tephroite)
S (Troilite)

2.5 Raman Spectroscopy

Raman spectroscopy (aka Laser Raman spectroscopy) is a non-destructive technique
being used to understand the mineral chemistry, and providing details on chemical structure,
polymorphism, crystallinity, and molecular interactions. This spectroscopic technique is the
process of inelastic scattering (i.e., in contrast to elastic scattering, it means that the energy
of the incident photon does not remain constant) that describes a change in the wavelength
of light that occurs when a beam of light interacts with molecular vibrations. After the

invention of the laser, the light used is monochromatic. Although most of the scattered light
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is emitted at the same wavelength as the laser source, a small amount of light (an intensity
fraction of 10 to 10°8) is scattered at different (longer, for the most part) wavelengths (the
so-called Stokes part of the spectrum), which depend on the chemical structure of the material
under investigation, and this is called Raman scattering or Raman scattered light. On the other
hand, if a small amount of the incident light is slightly reduced, then the phenomenon is called
“anti-Stokes Raman scattering” (e.g., McMillan & Hofmeister, 1988 and references therein;

Nasdala et al., 2004 and references therein).

Using the Raman technique various of geological samples can be analyzed (among a
much wider sample variety) from a standard petrographic thin section. It is suitable for
studying crystallographic structures and subtle changes in chemistry. At the same time, there
are extensive libraries of reference spectra, online databases (such as the RRUFF Database),
and published spectra, that can easily be used for comparison and/or identification of the
minerals present in a measured sample. Each crystalline mineral has sharp Raman peaks
(amorphous minerals usually have wider peaks) which form a unique pattern that can be
identified as its particular "fingerprint"; on many occasions, several fingerprints of different
minerals may coexist in a Raman spectrum acquired from a measured sample spot. Two
advantages of the Raman technique are that (a) it requires practically no sample preparation

and (b) its analysis usually takes a few minutes.

The Raman spectrum is a plot of light intensity versus the “frequency shift” (V')
measured in wavenumbers, with v'=v/c=1/\A, where: v is the usual frequency (measured in
units of Hz), cis the speed of light (in cm/s) and the unit of wavenumber is 1/cm (McMillan &
Hofmeister, 1988 and references therein; Nasdala et al., 2004 and references therein). The
physical quantity of wavenumber is used because it is directly proportional to the energies of
the scattered photons (Planck’s law), as is the frequency. Additionally, the laser wavenumber
is defined as zero in a Raman spectrum, and thus the so-called relative wavenumber of Raman
scattering is proportional to the vibrational state energy levels, the values of which usually lie
in the convenient range 100 — 4000 cm’?; this way, the absolute laser wavenumber does not
play a role in the result anymore and usually focus on the Stokes (the low-wavenumber side)

part of the spectrum.

The Raman (or the infrared) peaks correspond to specific atomic vibrations of the

structural units that make up each crystalline or amorphous phase. These vibrations depend
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both on the type of structural unit (tetrahedron, octahedron, etc.) and the crystallographic
group to which each phase belongs. Also, the relative intensities of the peaks usually depend
on the crystal orientation relative to the incoming and scattered light polarization. Therefore,
in Raman Spectroscopy, the characteristic Raman spectrum peaks of a measured sample can
be identified and compared with a known mineral that is registered in a referenced library

(RRUFF Database) using the Fityk software for the data processing.

Nowadays, the Raman microscope is a very frequently encountered version of a
Raman spectrometer exploiting the spatial resolution of a microscope (of the order of 1
micrometer) for the study of sample inhomogeneities. It consists of a standard optical
microscope, an excitation laser, laser rejection filters, a spectrometer or monochromator, and
an optically sensitive detector such as a charge-coupled device / CCD (Fig. 12). The laser source
has the property of a well-collimated beam that exits the laser that makes it easy to focus the
coherent beam on a small sample area or extremely small sample volumes. The resolution of
the spectrum relies on the bandwidth of the laser source used, as well as other parameters.
Generally speaking, shorter wavelength lasers give stronger Raman scattering (a result of the
Raman scattering intensity law lgaman oc 1/A%), but issues with sample degradation or

fluorescence may result.

It is important to mention that on many occasions the fluorescence effect may mask
the Raman signal. For mild fluorescence interference, the broad fluorescence background can
be removed in data processing. Instead, if fluorescence is much more intense than the Raman
scattered light, it may even cause saturation of the CCD detector. One way to avoid sample
fluorescence is to change the wavelength of the laser. The green or blue-colored lasers have
higher energy than red and near-IR-colored ones. Lower light energies usually do not excite
molecules electronically (e.g., McMillan & Hofmeister, 1988 and references therein; Nasdala

et al., 2004 and references therein).
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Figure 12: Schematic of Raman Spectrometer with microscopic attachment. Image Source: http://cnx.orq

Caution should be exercised to the fact that the environmental conditions may cause
a shift in the frequency axis values while taking measurements with a dispersive Raman
spectrometer: the room temperature must be stabilized within less than 0.5 °C. In our case, a
room temperature change of 1 °C can cause a frequency shift of ca. 0.5 cm™ (x-axis) to the
Raman spectrum. Therefore, modern Raman spectrometers have built-in reference samples
(like e.g., Si) to aid in the automatic calibration of the frequency axis, whenever high accuracy
is needed. In our case, each measurement session was started with a calibration using the Si
main peak at 520.5 cm™. Since the Raman spectrum does not, for the most part, depend on
the exciting laser frequency, the choice of the laser line that will be used for the measurement
of a sample may be described as follows: it is the shortest wavelength (or highest frequency)
possible, which does not cause additional laser-induced excitations (i.e., apart from Raman,
like photoluminescence, sample heating, etc.) in the sample. The 532 nm (green) and 785 nm

(near-IR) lasers are most used in Raman instruments.

The Raman spectra were acquired with the Raman spectrometer (manufacturer:
Renishaw, model: InVia Reflex) of the Theoretical & Physical Chemistry Institute, National
Hellenic Research Foundation (Fig. 13). The 514.5 nm laser was used which was set to <0.30
mW power to avoid sample laser damage through a x50 short working distance objective lens.
Each spectrum was collected for 35 sec with a 2400 line/mm diffraction grating, spanning

Raman shifts of 200 — 1200 cm™.
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Figure 13: Raman Spectrometer at the Theoretical & Physical Chemistry Institute, National Hellenic Research Foundation
(Athens, Greece).
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3 RESULTS

The thin section of Slobodka (NHMW-L4372) meteorite was studied for its
petrography, chemical analysis, and mineral identification. Maps of the thin section were
created under transmitted and reflected light with the optical microscope. The
characterization of shock features from the groundmass was used in shock stage classification
(schemes from Stoffler et al., 1991; Stoffler & Grieve, 2007; Fritz et al., 2017; Stoffler et al.,
2018), and was initially investigated by optical microscopy. Several technigques were utilized
including optical microscopy (both transmitted and reflected light), scanning electron
microscopy with energy-dispersive x-ray analysis (EDS), electron probe micro-analysis (EPMA),
and Raman spectroscopy (514 nm laser). There were eight distinct areas located in the
groundmass and numerous distinct areas located in the MV that were analyzed for their

texture and mineral chemistry.

3.1 Petrography

3.1.1 Groundmass

3.1.1.1 MOSAICS OF THE THIN SECTION

The mosaic A (Fig. 14A) shows the thin section of the meteorite taken with the optical
microscope in transmitted light with plane-polarized light (PPL). The melted vein and the
chondrules are recognizable; there is a color gradation in some areas that is visible in the
groundmass due to possible oxidation of the olivines. The mosaic B (Fig. 14B) shows the thin
section of the meteorite taken with the optical microscope in reflected light. The thin section
of the meteorite is mainly depicted with darker colors throughout the groundmass. This helps
us to identify the mineral grains in the groundmass mainly the metals, the troilites, and the

plagioclases with white, off-white, and grey colors respectively.
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Figure 14: (A) Slobodka image map in transmitted light (PPL); (B) Slobodka image map in reflected light.
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The following mosaics were created by using an optical microscope in cross-polarized
light (XPL). The difference between images (A) and (B) of the figure 15 is that the second one

is 90° tilted, so the undulatory extinction of grains in the thin section would be visible.

Figure 15: (A) Slobodka image map in transmitted light (XPL, position 1); (B) Slobodka image map in transmitted light (XPL,
position 2).
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3.1.1.2 TEXTURE

Olivines, pyroxenes, and plagioclases were detected in the groundmass of the
meteorite, alongside chromites, sulfides, and metals. Most chondrules are poorly delineated
and mainly show textures like non-porphyritic bared and radial types of chondrules. The

average chondrule size is in the range of approx. 0.7-1.1 mm.

3.1.1.2.1 Olivine Grains

The olivine group of minerals are the most predominantly found in the groundmass of
Slobodka. They exhibit various deformation-related features such as irregular fractures, planar
fractures, mosaicism, and undulatory extinction. Variable olivine grains range from 100 to
1000 um length can be observed. The main olivine grain in the figure (Fig. 16) is enclosed by
metals, while smaller grains of olivine are also scattered around it. As for the shock features,
the grain shows irregular fractures and undulatory extinction observed under the optical

microscope, and the large black fragments contain metals.

Figure 16: A representative olivine grain in the groundmass taken with the optical microscope in (A)PPL, and (B) XPL light.

3.1.1.2.2 Pyroxene Grains

Pyroxenes show both planar and irregular fractures and moderate degrees of
mosaicism. The length of the pyroxene grains is comparable to olivines as it ranges from 100
to 1500 microns, throughout the groundmass. In the following figure (Fig. 17) a representative
grain shows irregular fractures, exhibiting waves of extinction. It is surrounded by small olivine

grains and metals.
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Figure 17: A representative pyroxene grain in the groundmass taken with the optical microscope in (A)PPL, and (B) XPL light.

3.1.1.2.3 Plagioclase Series Grains

The majority of the plagioclase grains that were studied had also the features of
undulatory extinction and irregular fractures. In transmitted light, the plagioclase is always
anisotropic, while no diaplectic glass was identified in the thin section. The grain in the
following figure (Fig. 18) corresponds to a plagioclase, and it is surrounded by olivine and

metal grains. It shows irregular fractures and undulatory extinction, too.

Figure 18: A representative plagioclase grain in the groundmass taken with the optical microscope in (A)PPL, and (B) XPL
light.
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3.1.1.2.4 Chondrules

The chondrules of the Slobodka meteorite were numbered throughout the
groundmass and have been identified by means of optical microscopy (Fig. 19). They were
mainly characterized as non-porphyritic chondrules that include radial and barred-dendritic
textures, but also as porphyritic chondrules, with common olivine-rich and pyroxene-rich
grains, with the characteristic optical features in both plane-polarized and cross-polarized

transmitted light photographs (Figs. 20-21).

2 mm

Figure 19: Regions of interest (ROIs) with marked numbered chondrules.
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Figure 20: Optical features of Slobodka thin section (ROls: 01-03): (A) Radial Pyroxene (RP) chondrule (PPL), ROI 01; (B)
Radial Pyroxene (RP)chondrule (XPL), ROI 01; (C) Radial Pyroxene (RP) chondrule (PPL), ROI 02; (D) Radial Pyroxene (RP)
chondrule (XPL), ROI 02; (E) Radial Pyroxene (RP) chondrule (PPL), ROI 03; (F) Radial Pyroxene (RP) chondrule (XPL), ROI 03.
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Figure 21: Optical features of Slobodka thin section (ROls: 05,14): (A) Coarse grains Porphyritic Olivine (PO) chondrule (PPL),
ROI 14; (B) Coarse grains Porphyritic Olivine (PO) chondrule (XPL), ROI 14; (C) Barred Olivine (BO) chondrule (PPL), ROI 05;
(D) Barred Olivine (BO) chondrule (XPL), ROI 05; (E) Radial pyroxene(RP) chondrule (PPL), ROI 04; (F) Radial Pyroxene (RP)

chondrule (XPL), ROI 04.
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3.1.1.2.5 BSE images of the groundmass

Backscattered (BSE) images combine topographical, and compositional data as a
function of atomic number z of the elements existing in the sample. They show characteristics
of atomic number contrast, i.e., the high average z appears brighter than those of low average
z (e.g., Gamaletsos, 2024b and references therein). Besides that, high-resolution BSE images
from specific regions of the groundmass were taken (Fig. 22-23, Fig.39), and were interested
in focusing on the Raman spectroscopy measurements and also were taken for chemical

analysis.

Figure 22: BSE images taken for the ROIs B, C, D, and E respectively in the groundmass (see: Fig. 39). (A) region B with PI, O,
Px, and Chr minerals detected; (B) region C with Ol, Pl, Px, and Chr minerals detected; (C) region D with Ol, Px, and PI
minerals detected; (D): region E with Ol, Pl, and Px minerals detected. For reference the abbreviations of Ol: olivine, Px:
pyroxene, Pl: plagioclase, Chr: chromite, Met: metals.
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Figure 23: BSE images taken for the ROIs G, H, |, and J respectively in the groundmass (see: Fig. 39). (A) region G with Met
and Chr minerals detected; (B) region H with Chr, and FeS minerals detected; (C)region | with Chr minerals detected; (D)
region J with Px, and Pl minerals detected. For reference the abbreviations of Ol: olivine, Px: pyroxene, Pl: plagioclase, Chr:
chromite, Met: metals.

3.1.1.3 SHOCK FEATURES

In the thin section, every grain in the groundmass was observed using an optical
microscope. It's important to note that the texture of the minerals has been influenced by the
shock wave the sample experienced, affecting their appearance in the microscope. We used
magnifying lenses, focusing on their details, to identify the specific shock features. The most
abundant feature in the thin section was irregular fractures present in pyroxenes and olivines
and a few plagioclases (Figs. 24B, 24C, 25A, 25D, 25E). Also, undulatory extinction was present
in both Fe-Mg-rich silicates and plagioclases (Fig.24D). There was one set of planar fractures
present in olivine grains (Figs. 24E, 25B), and two sets of planar fractures present in two olivine
grains (Figs. 24A, 25C). Also, weak mosaicism prevails in quite a few pyroxenes and olivines
(Figs. 24F, 25F). However, we report that planar deformation features and maskelynite were

not found in this thin section.
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Figure 24: (A) two sets of planar fractures in olivine (PPL); (B) irregular fractures in olivine (XPL); (C) irregular fractures in
olivine and pyroxene (XPL); (D) undulatory extinction in olivine (XPL); (E) one set of planar fractures in olivine (PPL); (F)
moderate to strong mosaicism in orthopyroxene (XPL).
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Figure 25: (A) plagioclase crystal with irregular fractures (XPL); (B) planar fractures in olivine (XPL); (C) two sets of planar
fractures in an olivine crystal that exhibit undulatory extinction (PPL); (D) irregular fractures in olivine and pyroxene (XPL);
(E) irregular fractures in olivine and pyroxene (PPL); (F) pyroxene and olivine at extinction to show mosaicism (XPL).
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3.1.1.3.1 Statistics of Shock Features

A statistical depiction of the abundant minerals corresponding to the olivine (incl.
pyroxenes) group and the plagioclases (feldspars) in the thin section of the studied meteorite
is shown in the following chart (Fig. 26). A total of 107 grains of olivines (incl. pyroxenes) and
plagioclases in the groundmass have been observed. For every single one of them, a thorough
examination for the identification of shocked features was conducted, focusing on the
statistics of shock features of the olivine (incl. pyroxene) minerals because they are the most

abundant (Fig. 27).

Minerals

m Olivine ™ Feldspar

Figure 26: Statistic percentage of magnesium silicates and feldspar (N=100 olivines N=7 plagioclase).

Shock Features of Iron Magnesium Silicates

m PF
B Mosaicism
M Fractures
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Extinction

Figure 27: Statistic percentage of shock features of magnesium silicates.
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3.1.1.4 CHONDRULE — MATRIX INTEGRATION

Both Imagel/FlJI software packages were utilized to measure the area of each
chondrule and calculate the percent allocation of the chondrules that are distributed in the
studied thin section of the meteorite Slobodka. The total area of the thin section was
calculated to be 80.1 mm?. Using a ruler, a selected region of the thin section was measured,
so the measurement of the software matched the real area of the thin section, and the result
was an area square of 44.3 mm?2. The result of the ruler was a ruler area of 8 mm x 5.5 mm,
i.e., 44 mm?2. Assuming that the above results were accurate, calculations were continued.

Subsequently, ROIs were marked in the thin section, numbering the chondrules (Fig. 28).

Furthermore, the area of the melt vein (MV) was also calculated (approx. 0.9 mm?2),
avoiding counting the MV with the whole area of calculations (Fig. 29A). After that,
measurements of the chondrules were proceeded, so that it was easy to calculate its area. For
instance, the first chondrule’s area that was calculated was: area_chond_1= 1.4 mm? (Fig.

298B).

2 mm

Figure 28: Regions of Interest (ROIs) for measuring the areas of each chondrule.
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Finally, the areas of fourteen (14) total chondrules were measured, and calculating
their percentage over the whole groundmass (Table 5). It is concluded that with this method
the chondrule abundance that the chondrules occupy over the groundmass is in total 11.6 (vol

%).

Figure 29: (A) Area of melt vein using FlJI software; (B) Area of the chondrule 1 in the groundmass.
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Table 5: Results of the calculations.

Region of Interest (ROI) Area(mm?) Percent (%)

1 1.4 mm? 1.7%

2 0.4 mm? 0.5%

3 0.2 mm? 0.3%

4 0.8 mm? 1.0%

5 1.4 mm? 1.8%

6 0.6 mm? 0.8%

7 1.0 mm? 1.1%

8 0.5 mm? 0.6%

9.1 0.3 mm? 0.3%
9.2 0.4 mm? 0.5%

10 1.3 mm? 1.6%

11 0.2 mm? 0.2%

12 0.5 mm? 0.6%

13 0.2 mm? 0.3%

14 0.2 mm? 03%
Melt Vein 0.9 mm? 1.1%
Total 10.1 mm? 13.8%
Total’ (minus melt vein) 9.2 mm? 12.7%

Total’ = Total-melt vein = 10.1 mm? - 0.9 mm? = 9.2 mm?
Whole area = Total-Melt Vein = 80.1 mm? - 0.9 mm? = 79.2 mm?

(Total’/Whole area’) * 100 % = (9.2 mm? / 79.2 mm?) * 100 % = 11.6 %

3.1.1.5 MODAL-ABUNDANCE

The Imagel software package was used to measure the percentage of the metal
abundance in the groundmass of Slobodka (Fig. 30). To this trajectory, an image of the whole
groundmass of the meteorite was taken as a reference using reflected light, to identify the
grains that consist of metals and iron sulfides (troilite). Metal grains appear with a white color,
while troilite grains appear with an off-white color. By matching the red appearance on the
image’s threshold of the Imagel software with the white one grain of the Slobodka’s

groundmass, the total metal abundance percentage was calculated at ~1.17 %.
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Figure 30: Area of the measured percentage of the metal abundance in Slobodka.
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3.1.1.6 AVERAGE CHONDRULE DIMENSION

In order to measure the length and diameter of the chondrules in the studied thin

section of Slobodka meteorite, the FlJI software package was utilized (Fig. 31). The average

minimum and maximum length of thirteen (13) measured chondrules (actually the 9t

chondrule was divided in two parts: 9.1 and 9.2) has been calculated to be 0.83 mm (Table 6).

B.54x14.84 mm (3280x5697); 8-bit; 18MB

File Edit Font Results

|area [Min  [Max  [Angle [%Area [Length
1 0004 77226 215343 18705 O 1.397
2 0002 78917 173526 -68.051 O 0.752

Figure 31: Measured minimum and maximum length of the chondrule with the FlJI software package.

Table 6: Measurements of the lengths[min-max] [mm].

Number length(max)[mm] length(min)[mm)] average min-max[mm)]
1 1.40 0.75 1.07
2 0.94 0.62 0.78
3 1.03 0.87 0.95
4 0.82 0.49 0.65
5 1.28 1.09 1.19
6 1.27 0.68 0.98
7 1.26 0.84 1.06
8 0.59 0.43 0.51
9 0.97 0.47 0.72
10 0.80 0.53 0.72
11 0.65 0.40 0.72
12 1.09 0.40 0.72
13 1.20 1.14 0.72
average 0.83 [mm]
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3.1.1.7 AVERAGE PLAGIOCLASE DIMENSIONS

The length of the plagioclase grains was calculated using the FlJl software package. The

maximum length of a plagioclase grain was 40.0 um (Table 7).

Table 7: Calculated length of feldspar grains in the groundmass using the FlJI software package.

Number Length (um)
1 40.0
2 46.5
3 19.1
4 17.5

3.1.2 Melt Vein

3.1.2.1 TEXTURE

A melt vein (MV) was easily observed within the upper edge of the round thin section
of the studied meteorite sample (Fig. 14). The width of this MV is close to the true thickness
of the veins in a meteorite. The minerals of the melt vein could not be observed using the
optical microscope due to the low image resolution. Therefore, we used EPMA and
backscattered imaging to study the characteristics of the melt vein, as it was a more suitable
analytical method. The studied thin section was BSE scanned with the EPMA to create the melt
vein overview (Fig. 32). Besides that, high-resolution BSE images from specific regions of the
MV were taken (Fig. 39), and were interested in focusing on the Raman spectroscopy

measurements (Figs. 33-35), and also were taken for chemical analysis.
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15.0kV COMPO NOR WD 10.9mm 12:57:24

Figure 32: Overview of the
Melt vein (back-scattered Figure 35: An overview of the MV2g region (BEI image).
mosaic) of Slobodka
meteorite.

Technical University of Crete Myrto Simopoulou School of Mineral Resources Engineering



59
Mineralogical and spectroscopical study of ordinary chondrites and implications on potential asteroid mining

The MV2 region (Fig. 39) was studied to investigate the distinct dendritic texture of the
grains. The BSE images (Fig. 36) show the high-pressure (HP) form of albitic jadeite in the MV.
It's important to note that albitic jadeite isn't stable under the beam, as the grains were dam-

aged during chemical analysis.

Figure 36: BSE images were taken for the 2a,2b,2c, and 2d positions respectively in the melt vein (MV). (A-D) regions MV2a,
MV2b, MV2c & MV2d with HP mineral (albitic jadeite). Abbreviations: Ol for olivine, Abjd for albitic jadeite.

The width of this MV has been observed to have many fluctuations from 719um to
85um width (Fig. 37). Four high-pressure (HP) minerals have been observed and identified in
the Slobodka meteorite, such as tuite, majorite, wadsleyite, and albitic jadeite (Fig. 37). Every
high-pressure polymorph has its specific texture, the albitic jadeite is present as submicron
dendritic crystals within irregularly shaped felsic domains (up to ~32 um long) (Fig. 38C), and
tuite as elongated crystals having a comparable length (up to ~20 um long) or irregularly-
shaped crystals within the melt vein matrix (Fig. 38B). Wadsleyite exists in the groundmass of

the melt vein as smaller grains (up to ~2 um) (Fig.38D), and majorite is the abundant mineral
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of the groundmass of the melt vein and exists as small grains with forms of euhedral to

subhedral crystals up to ~5-7 um long (Fig. 38A).

Figure 37: Overview (back-scattered mosaic) of the investigated shock melt vein (MV) in the Slobodka meteorite. The
locations of the HP phases are denoted with white rectangles and further expanded in the following figure (see: Fig. 38).

Figure 38: HP phase from the investigated MV of the Slobodka meteorite as it is denoted in the figure above (see: Fig. 37):
(A) Majorite (Maj) in the form of euhedral to subhedral crystals; (B) tuite (Tu)grain (up to ~20 um); (C) albitic jadeite (Abjd)
crystals within a large irregular felsic domain; (D)wadsleyite (Wds) at the contact of a large clast with the SMV groundmass.
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3.2 Mineral Chemistry

3.2.1 Regions of Interest

Electron microprobe (EPMA) analysis was performed in all the selected regions of
interest (ROIs) in the studied thin section of the Slobodka meteorite. In particular, the
annotated ROls are displayed in the main groundmass (Fig. 39), in the area in which the
following measurements were made. ROIs from B to J include grains from the groundmass.
The MV2 region corresponds to the melt vein of the meteorite (Fig. 39). EPMA analysis of the
MV2 region aims to identify new high-phase minerals that have not been identified, yet.
Besides, additional EPMA measurements have been vyielded for the purpose of the
classification of the Slobodka meteorite, focusing on the chondrules that are within the
regions of D, E, and J (Appendix Tables A1-7 for each EPMA analysis, and Appendix Figures
A1-3 for each annotated image of each EPMA analysis). The electron microprobe analysis of
the olivine group of minerals including the homogeneity of their composition, the pyroxene
group of minerals, the plagioclase series, and the spinel group of minerals, as well as those

from the metals and sulfides are shown in Tables A1 & A7, A2, A3, A4, A5 and A6, respectively.

As it is mentioned above, each ROl on the groundmass was subjected to detailed EPMA
probing. Chemical analysis of the regions in the ROIs B, and C respectively in the groundmass
(Fig. 39) reveal the mineral grains present in the groundmass of the meteorite, which are
among olivines, pyroxenes, plagioclases, and chromites (Figs. 24A, 24B). Chemical analysis of
the chondrules found in the ROIs D, E, and J respectively in the groundmass (Fig. 39) reveals
the presence of pyroxene and olivine (Figs. 24C, 24D). As a result, there is a need of changing
the categorization of the chondrules in this meteorite. Upon further examination through the
EPMA, the chondrule shown in the figure 25C was identified as micro-granular pyroxene and
olivine (GOP) instead of radial pyroxene due to the presence of both pyroxene and olivine and
after observing its texture with the higher resolution imaging (Figs. 21E, 21F). Similarly, in
figure 25D, the presence of olivine and pyroxene stated that the corresponding chondrule can
be identified as porphyritic olivine and pyroxene (POP), instead of porphyritic olivine (Figs.

21C, 21D).
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Chemical analysis of the regions in the ROIs G, H, and | respectively in the groundmass
(Fig. 34) reveals that the features correspond to metals, chromites, and iron sulfides (Figs.
25A, 25B, 25C). The ROI of J in the groundmass corresponds to a close-up region of a
porphyritic olivine and pyroxene chondrule (Figs. 21A, 21B) and the features correspond to

pyroxenes and plagioclases (Fig. 25D).

Figure 39: Annotated regions of interest (ROIs) in the groundmass.

3.2.2 Groundmass

3.2.2.1 CHEMICAL FORMULA- CHEMICAL ANALYSIS

3.2.2.1.1 Silicate minerals

The low-pressure phases of silicate minerals that are present in the thin section are
olivines, pyroxenes, and plagioclases. The compositions of olivines, pyroxenes, and
plagioclases range as follows: Fo7s.2-76.6 (for Ol), En 76.03-78.30, F$19.39-21.28, W01.17-4.56 (for Px), and

ADb 65.30-86.03 ANg.26.25.18 Or 4.54-10.00 (for PI).

The composition of olivines (Appendix Table Al) is based on the endmember of

forsterite, hence the chemical analysis was not plotted on a ternary chart. As for the
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pyroxenes, collected data (Appendix Table A2) with respect to Orthopyroxene series / Opx,
Clinopyroxene series / Cpx (20% Ca) and low-Ca pyroxenes (5% < Ca < 20%) were plotted in
the En-Di-Hd-Fs quadrilateral chart system (Morimoto, 1988) (Fig. 40). It was found that only
one Cpx is ascribed to augite and the majority were diopsides, whilst the majority of the Opx

correspond to enstatite, and only one of them was a low-Ca pyroxene.

CaMgSi:0s CaFeSi:0s

®Opx
A Cpx

s Audile x low-Ca Px

CG(FG,MQ)SizOs

Pigeonite
Low-Ca pyroxene

En il Enstatite Ferrosillite
Mg:Si-Os MgFeSi:Os Fe2Si-Os

Fs

Figure 40: En-Di-Hd-Fs quadrilateral with results based on the quadrilateral chart system (Morimoto, 1988).

Based on the EPMA analysis, the structural state of the identified low-Ca pyroxenes in
the studied sample was calculated and shown in the En-Di-Hd-Fs quadrilateral chart system
(Morimoto, 1988) (Fig. 40). The majority of them correspond to the orthopyroxene series (~74

%) rather than the clinopyroxene series (~26 %) (Fig. 41).

Pyroxene

® Orthopyroxene

clinopyroxene

Figure 41: Statistic overview of the pyroxene grains in the studied sample.
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Lastly, as for the plagioclases, results (Appendix Table A3) were plotted to the Albite
(Ab) - Orthoclase (Or) - Anorthite (An) ternary chart based on (Ghiorso, 1984), revealing the

results being plagioclases (Fig. 42).

Orthoclase 4 » 100
KAISi:Os
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Miscibility Gap

100 # : ; : + ; ; ; + : * 0
Albite 10 20 30 40 50 60 70 80 90 100
NaAlSi:Os Plagioclase feldspar Anorthite

CaAl:Si:0s

Figure 42: An-Or-Ab ternary chart with results based on the ternary system of Ghiorso (1984).

3.2.2.1.2 Spinel group

The results for the spinel group (Appendix Table A4) were plotted to the ternary chart
showcasing spinel compositions ranging from Cr-rich to Al-rich to Fe-Ti-rich, based on the end
members of Aluminum, Chromium, and ulvospinel (Ganuza et al., 2014; Stevens, 1944). This
revealed homogenized compositions rich in chromium spinel (Fig. 43). We chose this ternary
chart because the composition was based on TiO2 wt.%, and the data needed to be plotted in

the Ulvospinel prism (Ganuza et al., 2014).
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Chromium Spinel
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Figure 43: Spinel group of Chr-Al-Usp spinel ternary chart with Slobodka NHMW-L4372 data based on ulvéspinel prism with
endmembers of FeAl,04 Hercynite-FeCr,04 Chromite- Fe,TiO4 Ulvospinel (Ganuza et al., 2014; Stevens, 1944).

3.2.2.1.3 Metals and Sulfides

The maximum Ni percentage of metals (Appendix Table A5) and the mean Ni
percentage of the sulfides (Appendix Table A6) have been calculated based on the EPMA
analysis from the groundmass. The maximum Ni value for the metal is 29.7 wt.%, while the
mean Ni value for the sulfides is ~0.2 wt.%. It can be concluded that the majority of the alloys
of Fe-Ni are taenite based on the nickel proportions that are in the range of 20-30 wt.%, and
only two measurements are kamacite with the Ni in the range of ~6 wt.% (Goldstein & Short,

1967).

3.2.2.2 GROUP CLASSIFICATION BASED ON CHEMICAL ANALYSIS

The Fe/Mn and Fe/Mg ratios for olivines and pyroxenes were calculated from their
chemical composition data (Appendix Tables A1-2), and both minerals were plotted to the

following chart to conclude the H-L-LL classification of the studied meteorite sample (Fig. 44).
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Variationin Fe, Mg, Mn L-chondrites
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Figure 44: Variation in Fe/Mn, and Fe/Mg ratios in L-chondrites with chemical analysis results of olivine and pyroxene.

The EPMA chemical data (Appendix Tables A1-2) were adjusted to the referenced
Fs(pyroxene)-Fa(olivine) chart of the equilibrated ordinary chondrites from the literature
(Lucas et al., 2019; Kei and Fredriksson,1964) to define the distribution of the results according
to the categorization that identifies the H-L-LL group (Fig. 45). The olivine composition is
between 23-26 (mol% Fa) of the chart values (Appendix Tables A1, A7), so the identification

shows an L-group according to the criteria of the categorization of chondrite groups.
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Figure 45: Projection of the Fs/Fa results (see: Appendix Tables A1-2) adjusted to the referenced diagram based on the
state of oxidation to conclude the H-L-LL Group of the meteorite (Lucas et al., 2019; Kei and Fredriksson,1964).

Lastly, based on the literature (Gastineau-Lyons et al., 2002) and the measured Fe/Mn
and Fe/Mg ratios, the observed minerals were categorized as diopside, low-Ca pyroxenes, and
olivines, delimited by the categorization areas of the petrologic type L4-6 of the L chondrites

(Fig. 46).
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Figure 46: Molar Fe-Mn-Mg ratio adjusted to the areas of Diopside, Low-Ca, and Olivine (Gastineau-Lyons et al. 2002).

3.2.3 Melt Vein

3.2.3.1 CHEMICAL ANALYSIS — CHEMICAL FORMULA

The melt vein contains silicate mineral grains, small, rounded blebs of Fe-Ni metal,
oxides (chromite), and troilite as the main components. The high-pressure phases identified
are the albitic jadeite, tuite, wadsleyite, and majorite (Figs. 37- 38). The albitic jadeite has an
empirical formula (Nao.63-0.67Ca0.07-0.08K0.03-0.400.22-0.25) (Alo.8sSi0.13-0.15F€0.01-0.02) Si206 and Ca#
[100xCa/(Ca+Na)] in the range 9.7-10.6. It corresponds to a super silicic clinopyroxene with
0.13-0.15 atoms per formula unit of silica at octahedral coordination. Additionally, it has the
nominal maximum allowed vacancies up to ~0.25 (Ma et al. 2022). The high-pressure
polymorph of phosphate, with MgO content being up to ~3.62-3.67 wt.% and Na;O content
being up to ~2.16-2.79 wt.%, indicating it has the composition of a merrillite, meaning it has
transformed from merrillite, so it can be identified as tuite. Wadsleyite could not be detected
with the EPMA analysis because of its micro-grain appearance. It was present near the limit

of the groundmass-melt vein and detected with the analytical method of Raman Spectroscopy
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because it is a Raman active mineral, and it could easily be detected with this method.
Majorite is present in the groundmass of the melt vein as micro-grains and has a composition

in the range of Cao.18-0.20Mg2.88-3.00F€0.54-0.57A 0.01-0.365i3.81-3.90 O12.

3.3 Raman Data Acquisition

The measured Raman spectra for each mineral were compared with the unique Raman

spectral collection of the RRUFF database (https://rruff.info). The Raman spectra were

processed first by removing the background noise with CrystalSleuth software and then the
peak positions were determined by placing the cursor approximately in the center of the peak
range with the Fityk software. The selection of the suitable referenced Raman spectra from
the RRUFF Database was based on the 532 nm laser selection or based on the 0 degrees
depolarized. The major Raman peaks for forsterite are observed at 825 and 857 cm™, and for
the high-pressure polymorph of the olivine, wadsleyite at 723 and 919 cm™ (Fig. 47A). The
major Raman peaks for phosphate references (Fig. 47B) are observed at 964 cm™ (in the case
of fluorapatite), at 977 cm™ (in the case of the HP polymorph: tuite), at 960 cm™ and at 975
cm! (the latter two in the case of merrillite). The major Raman peaks for pyroxene references
(Fig. 47C) are observed at 666 cm™and 1011 cm™ (the latter two in the case of diopside), at
700 cm™, at 990 cmand 1040 cm™ (the latter three in the case of the HP polymorph: jadeite),
and at 678 cm™ (in the case of omphacite). The comparison with the omphacite reference has
been chosen because it is the solid solution of Fe-bearing diopside and jadeite (Hao et al.,
2019). The Raman spectra of the albitic jadeite are very similar to ordinary jadeite, with a
major peak at ~700 cm™ which is distinctive to the composition of sodic pyroxene, whose
composition and structure are those of omphacite (Baziotis et al., 2018). In general, Raman
spectra alone are not adequate for discriminating jadeite from albitic jadeite (Ma C. et al.,
2022; Baziotis I. et al.,, 2022b; Baziotis |. et al., 2023). The major Raman peaks for
orthopyroxene (i.e., enstatite) are observed at 662 cm™, at 681 cm™ and at 1007 cm™?, while
for the HP polymorph of the low-Ca pyroxene (i.e., majorite) are observed at 670 cm™ and at

cm? (Fig. .
930 cm™! (Fig. 47D)
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It is important to note that the Raman spectrum of pyroxene varies depending on its
composition and crystal structure. Despite their similarities, the different structural units in
the various types of pyroxene produce significant Raman spectral differences that are useful
for identifying their structure. The number of peaks, their positions, and relative intensities in
each region are unique for pyroxenes of different structural types and are utilized to
characterize them. On the one hand, diopside, hedenbergite, high-T pigeonite, and augite
belong in the space group of C2/c and have a monoclinic crystal system. On the other hand,
low-T pigeonite belongs in the P21/c space group (e.g., Brown, 1972) and has a monoclinic
crystal system as well. Additionally, the series of enstatite-orthoferrosilite belong to the Pbca
space group and have an orthorhombic crystal system. The main difference between
monoclinic and orthorhombic pyroxenes is that the first ones have one type of chain because
of the single-chain structure, whilst the second ones have two distinguishable types of chains

(A and B; e.g., Papike et al., 1973).

The pyroxenes exhibit a significant difference in their spectra, which is the presence of
a distinct peak at ~670 cm™. This peak results from the stretching vibration of the Si-O-Si
bridges, the number of which depends on the mineral's type of silicon-oxygen chains. This
stretching mode is a characteristic type of the single chain silicates. The peak then can be
single or double, depending on whether the mineral has one or two kinds of silicon-oxygen
chains. In more detail, monoclinic pyroxenes have the strongest single peak near ~670 cm™
that can be recognized immediately, whilst the orthorhombic pyroxenes have a strong doublet
peak near ~670 cm™. This doublet peak confirms that the Si-O-Si stretching vibrations
originate from the chain units of chain A and chain B and suggests that these vibrations occur

in parallel (Wang et al., 2001).

Technical University of Crete Myrto Simopoulou School of Mineral Resources Engineering



71
Mineralogical and spectroscopical study of ordinary chondrites and implications on potential asteroid mining

A B
82
Tuite
R120115
A -
Olivine 96
R040018.3 975
A -A- Merrillite
793 919 R150063(532nm)
964
Wadsleyite
i Fluorapatite
R040098.3
- M
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Frequency(enrl) Frequency{cm )
C 700 D Majorite 670 930
R210005
Jadeite 1040
R050220.3 990

M 1007

hacite 678

Oom
Rﬂéj‘l 129(532nm)
\JA\_»/\L_,\/M,\ Enstatite 681

R070418.3

Diopside 1011
R040009.3
666
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Frequency(cm-?) Frequency(cm™?)

Figure 47: Raman shifts of minerals from RRUFF Database: (A) olivine (R040018.3) and wadsleyite (R090004-532nm); (B)
tuite (R120115-532nm), merrillite (R150063-532nm), and fluorapatite (R040098.3); (C) diopside (R040009.3), omphacite
(R061129-532nm), jadeite (R050220.3); (D) majorite (R210005), and enstatite (R070418.3).

It has been observed that both Pbca and P21/c pyroxenes have doublets in the spectral
region. However, due to compositional differences, the peak positions of P21/c pyroxenes are
around 10 cm™ lower than those of Pbca pyroxenes. Additionally, the doublet is less distinct
in the spectra of P21/c pyroxenes. The orthorhombic structure of Pbca produces a doublet
that is very similar to the doublet found in high Mg, and low Ca Pbca pyroxene. Specifically, it
has been found that only the major cations of Mg?*, Fe?* and Ca?* can affect the spectral peak

positions (Wang et al., 2001).
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3.3.1 Annotated Marked Areas in the Studied Melt Vein

The following annotated regions display the areas in the melt vein where the
measurements were taken. The width of the melt vein for region A is about 662-719 um (Fig.
48A), for region B is about 312 um (Fig. 48B), and for region C is about 85 um (Fig. 48C). The
Raman data with the referenced spectra (RRUFF database) are displayed for a better peak
comparison, and thus to identify the mineral by peak matching. Moreover, the Raman
spectrum from each high-/low-pressure phase -identified by the EPMA analysis- has also been

plotted together with the referenced Raman spectra.
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Figure 48: Regions displayed on the BSE images. (A) Region A with the positioned Raman regions of interest; (B) Region B
with the positioned Raman regions of interest;(C) Region C with the positioned Raman regions of interest
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» Raman spectrummv_A a 11

The Raman spectrum mv_A_a_11 was obtained from a grain inside the melt vein of

region A (see #01 position in figure 48A). The annotated position is from the rim of the grain

(Figs. 49A, 49B) with peaks at 667, 820, and 851 cm™ the last two of which are typical of olivine

(Fig. 49C). The spectrum of the forsterite from the RRUFF database (R040018.3) with peaks at

~825 and 857 cm™ and the spectrum of the wadsleyite from the RRUFF database (R090004,

532 nm) with peaks at 723 and 919 cm™! are used for comparison (Fig. 49C).
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Figure 49: (A) BSE image with selected position of grain #01 in the melt vein, (B) Annotated Raman position at the rim of the
grain, (C) Selected Raman spectrum mv_A_a_11, compared to reference spectra for olivine (black line; RRUFF R040018.3)
and for wadsleyite (grey line; RRUFF R090004, 532 nm).
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» Raman spectrum mv_A b 11

The Raman spectrum mv_A_b_11 was obtained from a grain inside the melt vein of
the region (see #02 position in figure 50A). The annotated position is from the rim of the grain
(Figs. 48A, 50B) with peaks at 326, 391, 665, and 1011 cm™ are typical of pyroxene (Fig. 50B).
The spectrum of the diopside from the RRUFF database (R040009.3) with peaks at ~325, 390,
666, and 1011 cm™ is used for comparison (Fig. 50C) to match the peaks of the monoclinic

pyroxene due to a single peak at ~670 cm™.
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Figure 50: (A) BSE image with selected position of grain #02 in the melt vein, (B) Annotated Raman position at the rim of the
grain, (C) Selected Raman spectrum mv_A_b_11, compared to reference spectrum for diopside (black line; RRUFF
R040009.3)
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» Raman spectrum mv_A1l 21

The Raman spectrum mv_A1_21 was obtained from a grain Inside the melt vein of the
region (see #03 position in figure 51A). The annotated position is from the core of the grain
(Figs. 51B, 48A) with peaks at 387, 528, 701, 990, and 1040 cm™ are typical of jadeite (Fig.
51C). The spectrum of the jadeite from the RRUFF database (R050220.3) with peaks at ~387,
528, 700, 990 and 1040 cm%, and the spectrum of the omphacite from the RRUFF database
(R061129, 532 nm) with peaks at 678, 1008, and 1021 cm™ are used for comparison to identify

the phase with the more suitable spectrum of the monoclinic pyroxenes (Fig. 51C).
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Figure 51: (A) BSE image with selected position of grain #03 in the melt vein; (B) Annotated Raman position at the rim of the
grain; (C) Selected Raman spectrum mv_A1_21, compared to reference spectra for jadeite (black line; RRUFF R050220.3)
and omphacite (grey line; RRUFF R061129,532 nm)
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» Raman spectrum mv_B b2 226

The Raman spectrum mv_B_b2_ 226 was obtained from a grain inside the melt vein of
the region (see #04 position in figure 52A). The annotated position is from the core of the
grain (Figs. 52B, 48A) with peaks at 718, and 918 cm™ are typical of wadsleyite (Fig. 52C). The
spectrum of the wadsleyite from the RRUFF database (R090004, 532 nm) with peaks at ~723
and 919 cm?, and the spectrum of the olivine from the RRUFF database (R040018.3) with
peaks at 825 and 857 cm™ are used for comparison (Fig. 52C). So, in this case, both minerals

coexist and can be assumed that the olivine is located below a surface layer of wadsleyite.
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Figure 52: (A) BSE image with selected mv_B_b_226 position in the melt vein; (B) Annotated Raman position of wadsleyite
grain with scale for reference (~ up to 2 um long); (C) Selected Raman spectrum mv_B_b_226 compared to referenced
spectra from RRUFF database for wadsleyite (black line; RRUFF R090004, 532 nm) and for olivine (grey line; RRUFF
R040018.3)
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» Raman spectrummv_B g 11

The Raman spectrum mv_B_g 11 was obtained from a grain inside the melt vein of
the region (see #05 position in figure 53A). The annotated position is from the rim of the grain
(Figs. 53B, 48A) with peaks at 385, 702, and 1035 cm?, which are typical of Jadeite (Fig. 53C).
The spectrum of the jadeite from the RRUFF database (R050220.3) with peaks at ~387, 528,
700, 990 and 1040 cm™, and the spectrum of the omphacite from the RRUFF database
(R061129, 532 nm) with peaks at 678, 1008 and 1021 cm™ are used for comparison (Fig. 53C).

A clear-cut case is observed for the existence of jadeite only.
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Figure 53: (A) BSE image with selected mv_B_g_11 position in the melt vein; (B) Annotated Raman position of jadeite grain;
(C) Selected Raman spectrum mv_B_g 11 compared to referenced spectra from RRUFF database for jadeite (black line;
RRUFF R050220.3) and for the omphacite (grey line; RRUFF R061129, 532 nm).
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» Raman spectrum mv_B a 21

The Raman spectrum mv_B_a_21 was obtained from a grain inside the melt vein of
the region (see #06 position in figure 54A). The annotated position is from the core of the
grain (Figs. 54B, 48A) with peaks at 335, 665, 681, and 1012 cm™ are typical of orthopyroxene
(Fig. 54C). The spectrum of the enstatite from the RRUFF database (R070418.3) with peaks at
~339, 662, 681 and 1007 cm™, is used for comparison (Fig. 54C) to identify the orthopyroxene
because the spectrum shows a doublet peak at ~670 cm™, which is characteristic of the

orthorhombic crystal system.
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Figure 54: (A) BSE image with selected mv_B_a_21 position in the melt vein; (B) Annotated Raman position of the pyroxene
grain; (C) Selected Raman spectrum mv_B_a_21 compared to referenced spectrum from RRUFF database for enstatite
(black line; RRUFF R070418.3).
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» Raman spectrum mv_B c 21

The Raman spectrum mv_B_c_21 was obtained from a grain inside the melt vein of the
region (see #07 position in figure 55A). The annotated position is from the rim of the grain
(Figs. 55B, 48A) with peaks at 385, 575, 702.8 and 978 cm™ are typical of jadeite and tuite (Fig.
55C). The spectrum of the jadeite from the RRUFF database (R050220.3) with peaks at ~379,
700, 990 and 1040 cm, and the spectrum of the tuite from the RRUFF database (R120115,
532 nm) with peak at 977 cm%, are used for comparison (Fig. 55C). Here, the coexistence of

both high-pressure minerals is observed.
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Figure 55: (A) BSE image with selected mv_B_c_21 position in the melt vein; (B) Annotated Raman position of the jadeite-
tuite grain; (C) Selected Raman spectrum mv_B_c_21 compared to referenced spectra from RRUFF database for jadeite
(grey line; RRUFF R050220.3) and for tuite (black line; R120115, 532 nm).
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» Raman Spectra MV2c_11 & MV2c_21

The Raman spectra of MV2c were obtained from a grain inside the melt vein of the
region (see #08 position in figure 56A). The annotated positions are from the core of the grain
(Figs. 56B, 48A) with peaks at 379, 822, 853, 703, and 1045 cm™ are typical of jadeite and
olivine (Fig.56C). The spectrum of the jadeite from the RRUFF database (R050220.3) with
peaks at ~379, 700, 990 and 1040 cm™, and the spectrum of the olivine from the RRUFF
database (R040018.3) with peaks at 825 and 857 cm?, are used for comparison (Fig. 56C).
Both spectra reveal that the mineral is jadeite, but also peaks with low intensity of forsterite

are present; the latter indicates that the forsterite is in a layer below the mineral.

— MV2c 1
— MV2c 21

e Forsterte RRUFF
w— Jadoite_RRUFF

400 600 800 1000 1200

Frequency(em ')

Figure 56: (A) BSE image with selected MV2c position in the melt vein; (B) Annotated Raman position of the jadeite-olivine
grain; (C) Selected Raman spectra MV2c_11 and MV2c_21 compared to referenced spectra from RRUFF database for
jadeite (grey line; RRUFF R050220.3) and for forsterite (black line; RRUFF R040018.3).
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» Raman spectrummv_C1 b 21

The Raman spectrum mv_C1_b_21 was obtained from a grain inside the melt vein of
the region (see #09 position figure 57A). The annotated position is from the core of the grain
(Figs. 57B, 48A) with peaks at 384, 702.2, and 1022 cm™ is typical of Jadeite (Fig. 57C). The
spectrum of the jadeite from the RRUFF database (R050220.3) with peaks at ~379, 700, 990
and 1040 cm?, and the spectrum of the omphacite from the RRUFF database (R061129, 532
nm) with peaks at 678, 1008 and 1021 cm™, are used for comparison (Fig. 57C). A clear-cut

case is observed for the existence of jadeite only.

= mv_C1_b_21
7022 —— Jadeite_RRUFF
= Omphacite_RRUFF

1022
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Figure 57: (A) BSE image with selected mv_C1_b_21 position in the melt vein; (B) Annotated Raman position of the jadeite
grain; (C) Selected Raman spectrum mv_C1_b_21 compared to referenced spectra from RRUFF database for jadeite (grey
line; RRUFF R050220.3) and for omphacite (black line; R061129, 532 nm).
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» Raman spectrum mv_C E 21

The Raman spectrum mv_C_E_21 was obtained from a grain inside the melt vein of
the region (see #01 position in figure 58A). The annotated position is from the core of the
grain (Figs. 58B, 48B) with peaks at 410, 576, 675, 978, and 1005 cm™! is typical of tuite (Fig.
58C). The spectrum of the tuite from the RRUFF database (R120115, 532 nm) with a peak at
~977 cm, and the spectrum of the fluorapatite from the RRUFF database (R040098.3) with
peaks at 964 and 1045 cm?, are used for comparison (Fig. 58C) to identify the mineral that is

more suitable to the peaks.

mv_C_E 21 978
m— [|uorapatite_ RRUFF
Tuite_RRUFF
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Figure 58: (A) BSE image with selected mv_C_E_21 position in the melt vein; (B) Annotated Raman position of the tuite
grain; (C) Selected Raman spectrum mv_C_E_21 compared to referenced spectra from RRUFF database for tuite (grey line;
RRUFF R120115, 532 nm) and for fluorapatite (black line; RRUFF R040098.3).
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» Raman spectrum mv_C _E 31

The Raman spectrum mv_C_E_31 was obtained from a grain inside the melt vein of
the region (see #01 position in figure 59A). The annotated position is from the core of the
grain (Figs. 59B, 48B) with peaks at 337, 412, 660, 681, and 1010 cm™ is typical of pyroxene
(Fig. 59C). The spectrum of the enstatite from the RRUFF database (R070418.3) with peaks at
~339, 662, 681, and 1007 cm%, and the spectrum of the majorite from the RRUFF database
(R210005) with peaks at 670 and 930 cm™%, are used for comparison (Fig. 59C) to identify the

phase of the mineral that is present.

——mv_C_E_31

w— Enstatite_ RRUFF]

681  =——Majorite_ RRUFF

1010

1580

1590

1600

1610

200 400 600 800 1000 1200
Frequency (cm™)

2150 2160 2170 2180 2190 2200

Figure 59: (A) BSE image with selected mv_C_E_31 position in the melt vein; (B) Annotated Raman position of the pyroxene

grain; (C) Selected Raman spectrum mv_C_E_31 compared to referenced spectra from RRUFF database for enstatite (black
line; RRUFF R070418.3) and for majorite (blue line; RRUFF R210005).
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» Raman spectrum MVF 11

The Raman spectrum MVF_11 was obtained from a grain inside the melt vein of the
region (see #02 position in figure 60A). The annotated position is from the core of the grain
(Figs. 60B, 48B) with peaks at 411, 577, 640, 670, and 976 cm™ is typical of tuite (Fig. 60C).
The spectrum of the tuite from the RRUFF database (R120115, 532 nm) with peak at 977 cm-
1, and the spectrum of the fluorapatite from the RRUFF database (R040098.3) with peak at
964 cm’?, are used for comparison (Fig. 60C) to identify the phase of the mineral with the

suitable peaks.
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Figure 60: (A) BSE image with selected MVF_11 position in the melt vein; (B) Annotated Raman position of the tuite grain;
(C) Selected Raman spectrum MVF_11 compared to referenced spectra from RRUFF database for tuite (grey line; RRUFF
R120115, 532 nm) and for fluorapatite (black line; RRUFF R040098.3).
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» Raman spectrummv_D d 11

The Raman spectrum mv_D_d_11 was obtained from a grain inside the melt vein of
the region (see #03 position in figure 61A). The annotated position is from the core of the
grain (Figs. 61B, 48B) with peaks at 821 and 851 cm™ is typical of olivine (Fig. 61C). The
spectrum of the forsterite from the RRUFF database (R040018.3) with peaks at ~825, and 857
cml, and the spectrum of the wadsleyite from the RRUFF database (R090004, 532 nm) with
peaks at 723 and 919 cm™, are used for comparison (Fig. 61C) to identify the phase of the

mineral with the most suitable peaks of the spectrum.

mv_D_d_11
= \Nadsleyite_ RRUFF
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Figure 61: (A) BSE image with selected mv_D_d_11 position in the melt vein; (B) Annotated Raman position of olivine grain;
(C) Selected Raman spectrum mv_D_d_11 compared to referenced spectra from RRUFF database for wadsleyite (grey line;
RRUFF R090004, 532 nm) and for olivine (black line; RRUFF R040018.3).
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» Raman spectrum mv_A3 11

The Raman spectrum mv_A3_11 was obtained from a grain inside the melt vein of the
region (see #04 position in figure 62A). The annotated position is from the core of the grain
(Figs. 62B, 48B) with peaks at 383, 669, 701 and 1012 cm™ is typical of jadeite (Fig. 62C). The
spectrum of the jadeite from the RRUFF database (R050220.3) with peaks at ~379, 700, 990
and 1040 cm™, and the spectrum of the enstatite from the RRUFF database (R070418.3) with
peaks at 339,662,681 and 1007 cm™, and the spectrum of the diopside from RRUFF database
(R0O90004.3) with peaks at 666, and 1011 cm™ are used for comparison (Fig. 62C) to identify

the phase of the mineral in the spectrum.

— 9 mv_A3_11 —— Enstatite_RRUFF
—— Jadeite_RRUFF ~— Diopside_RRUFF
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383 667
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Figure 62: (A) BSE image with selected mv_A3_11 position in the melt vein; (B) Annotated Raman position of jadeite grain;
(C) Selected Raman spectrum mv_A3_11 compared to referenced spectra from RRUFF database for jadeite (black line;
RRUFF R050220.3), for enstatite (blue line; R070418.3), and for the diopside (grey line; RRUFF R040009.3).
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» Raman spectra MVA1 11 & MVA1 21

The Raman spectra MVA1_11 and MVA1_21 were obtained from a grain inside the
melt vein of the region (see the #05 position in figure 63A). The annotated positions are from
the core of the grain (Figs. 63B, 48B) with peaks at 410, 662 and 979 cm™ is typical of tuite
(Fig. 63C). The spectrum of the tuite from the RRUFF database (R120115, 532 nm) with a peak
at 977 cm, and the spectrum of the wustite from Hazan et al., (2013) with peaks at 305, 529,
and 662 cm?, are used for comparison (Fig. 63C). Both spectra fit in the peaks that show that

it is a tuite grain.

MVA1 11
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Figure 63: (A) BSE image with selected positions in the melt vein; (B) Annotated Raman position of the tuite grain; (C)
Selected Raman spectrum MVA1_11 and MVA1_21 compared to referenced spectra from RRUFF database for tuite (black
line; RRUFF R120115,532nm) and for wustite (purple lines; Hazan et al., 2013).
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» Raman spectrummv_G_c_311

The Raman spectrum mv_G_c_311 was obtained from a grain inside the melt vein in
the region (see #01 position in figure 64A). The annotated position is from the core of the
grain (Figs. 64B, 48C) with peaks at 670, and 929 cm™ is typical of majorite (Fig. 64C). The
spectrum of the majorite from the RRUFF database (R210005) with peaks at 670, and 930 cm’

1, is used for comparison (Fig. 64C) to identify the mineral with the corresponding peaks.
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Figure 64: (A) BSE image with selected position of grain mv_G_c_311 in the melt vein, (B) Annotated Raman position at the
rim of the grain, (C) Selected Raman spectrum mv_G_c_311, compared to reference spectrum for majorite (black line;
RRUFF R210005).
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» Raman spectrum mv_E1 21

The Raman spectrum mv_E1_21 was obtained from a grain inside the melt vein of the
region (see #02 position in figure 65A). The annotated position is from the rim of the grain
(Figs. 65B, 48C) with peaks at 667, 820, and 851 cm™ are typical of olivine (Fig. 65C). The
spectrum of the olivine from the RRUFF database (R040018.3) with peaks at ~825 cm™ and
857 cm™ and the spectrum of the wadsleyite from the RRUFF database (R090004, 532 nm)
with peaks at 723 and 919 cm™ are used for comparison (Fig. 65C), to identify the phase of

the mineral, showing that the grain is forsterite.
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Figure 65: (A) BSE image with selected position of grain in the melt vein, (B) Annotated Raman position at the rim of the
grain, (C) Selected Raman spectrum mv_E1_21, compared to reference spectra for olivine (black line; RRUFF R040018.3)
and for wadsleyite (grey line; RRUFF R090004, 532 nm).
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» Raman spectrum mv_C A 11

The Raman spectrum mv_C_A_11 was obtained from a grain inside the melt vein of
the region (see #03 position in figure 66A). The annotated position is from the core of the
grain (Figs. 66B, 48C) with peaks at 381, 667, 700.5, 991, and 1040 cm™ is typical of Jadeite
(Fig. 66C). The spectrum of the jadeite from the RRUFF database (R050220.3) with peaks at
~379, 700, 990 and 1040 cm™, and the spectrum of the omphacite from the RRUFF database
(R061129, 532 nm) with peaks at 678, 1008 and 1021 cm?, are used for comparison (Fig. 66C)

to define the phase of the mineral, showing that the grain is jadeite.
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Figure 66: (A) BSE image with selected mv_C_A _11 position in the melt vein; (B) Annotated Raman position of jadeite
grain; (C) Selected Raman spectrum mv_C_A_11 compared to referenced spectra from RRUFF database for Jadeite (black
line; RRUFF R050220.3) and for the omphacite (grey line; RRUFF R061129, 532 nm).
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4 Discussion

4.1 Classification of the Slobodka meteorite

The mineral-chemistry of silicates, metals, and sulfides, the degree of chemical
homogeneity of olivines and low-Ca pyroxenes, and textural features (e.g., abundance and
mean size of chondrules) are all relevant to the assignment of meteorite class, petrologic type,
and shock stage. It is essential to classify the studied Slobodka meteorite sample based: (i) on
the petrologic characteristics of the major chondrite group documented by Weisberg et al.,
(2006) as illustrated in Table 8, and (ii) according to the petrologic type based on the criteria

for classifying chondrites (Table 9) proposed by Van Schmus & Wood (1967).

4.1.1 Petrologic Characterization for Major Chondrite Groups

The CAI-AOA abundance in the sample is lower than 1 (vol %), eliminating the
carbonaceous groups (CM, CV, CO, CK). The groundmass of the thin section reveals
phenocrystal grains, hence the matrix abundance is low, with this criterion, we eliminate the
(Cl, CM, CO, CH, CV, CK, CB, R, K) groups. The allocation of the chondrules that are distributed
in the studied thin section is in total 11.79 vol % based on the calculations using the FlI
software, and with this criterion we eliminate the (CB, EH, and EL) groups because of the high
concentration. However, the results do not match the categorization of the resulting 60-80
vol % of chondrule abundance in (H, L, LL, EH, EL) groups. The metal abundance in the
groundmass was calculated using the FlJI software, is about 1.17 vol %, this result is more
consistent with the LL-group, so it is likely that one polished section is not sufficient to
accurately determine these parameters (Weisberg et al., 2006; Dodd et al., 1967). The average
chondrule diameter was calculated using the FlJI software to be ~0.83 mm, indicating the
result of the L-group. The latter indication also stands for the olivine composition, as it has
been calculated in the range of 23-26 mole% Fa (Appendix Tables A1, A7). Hence, the mineral-
chemical data criteria and the L-group assignment are favorable (Table 8), also confirmed by

the chemical analysis of figure 45 chart.
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Table 8: Average petrologic characteristics of the major chondrite groups (Weisberg et al., 2006).

CI

CM cO

CcvV

CK

CR

CH CB H L LL EH EL R K
Chondrule abundance (vol%)* «1 207 48 45 45 50-60 70 20-40 60-80 60-80  60-80 60-80 60-80 >40 27
Matrix abundance (vol%) >99 70t 34 40 40 30-50 5 «1 10-15 10-15 10-15 2-15¢% 2-15% 36 73
CAI — AOA abundance (vol%) «1 5 13 10 10 0.5 0.1 «1 «l1 «l1 «l «l1 «1 0 «1
Metal abundance (vol%) 0 0.1 1-5 0-5 0-5 5-8 20 60-80 8 4 2 10 10 0.1 7
Average chondrule diameter (mm) NA 0.3 0.15 1.0 1.0 0.7 0.02 (0.2-1 cm) 0.3 0.7 0.9 0.2 0.6 0.4 0.6
Olivine composition (mol% Fa) (<1-47)% (<1-36)% (2-3)Y  (16-20)% (23-26)% (27-32)%
ft ft L L 29-33 1-31 21 31 19.3** 25.2** 31.3" 04 0.4 38.0" 22

* Chondrule abundance includes lithic and mineral fragments.

¥ Highly variable.

# The amount of matrix, if any, is not well established in E chondrites.

§ Range of compositions.

1 Mode.

** Data for equilibrated varieties.
1 Highly variable, unequilibrated.

NA = not applicable.
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4.1.2 Petrologic Type

Ordinary meteorites with petrological type 3 (Fig. 67) are mainly inhomogeneous with
the Fe/Mg ratio containing less ferrous than the associated olivine (Dodd et al., 1967).
Heterogeneous olivine and pyroxene crystals indicate a high degree of disequilibrium (Dodd
et al., 1967). It is also mentioned that pyroxene approaches the homogeneity more slowly
than olivine does in the chondrite types 3 to 4 (Fig. 67) (Dodd et al., 1967). Moreover, olivine
in types 4 to 7 chondrites is homogeneous and the Fe/Mg ratio is characteristic of the average
H-L-LL groups and has shown that decreasing heterogeneity parallels other criteria of
increasing equilibration (Dodd et al., 1967). The degree of homogeneity can be given by
measuring the FeO content in many randomly selected olivine grains in a chondrite, thereby
obtaining a “percent mean deviation” of the olivine or pyroxene composition (Table 9) (Dodd

etal., 1967).

Chd./type|

CH
CB
Ccv
CO
CK

L
LL
EH
EL
R
K*
*Grouplet.

Chd. = chondrite group.

Figure 67: Diagram showing the petrologic types for each chondrite group
(Weissberg et al.2006).

Based on the first criterion, entitled as “the homogeneity of olivine compositions”, the

minimum value of Fa is 22.81 mole%, the maximum value of Fa is 24.23 mole% and the mean
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value is 23.52 mole% (Appendix Table A7). The mean absolute deviation is a way to measure
the dispersion for a set of data values, so the calculated deviation is around ~1.4 moles %
(Appendix Table A7), which is consistent with type 4 according to Dodd et al. (1967), although
Dodd’s statistical analysis is weak and inconsistent, and may not correctly distinguish among
the more equilibrated chondrite types (L4 vs. L5 vs. L6). The majority of the low-Ca pyroxenes
in the sample correspond to the orthopyroxene series (Figs. 35-36). The grain size of
plagioclase was calculated with the FlJI software and has a mean value of ~40 um, so the
results are between 2 and 50 um, which is most consistent with petrologic type 5. The
estimated maximum Ni contents in metals (29.7 wt.%) and the mean value in sulfides (~0.2
wt.%) both suggest at least type 4 and type 3, respectively (Appendix Tables A5-A6). To find
the clarity of chondrule/matrix boundaries both the texture of the chondrules was observed
and the sample was compared with other known meteorites that have been characterized
based on Van Schmus & Wood (1967). Assuming that the sample can be described as L4, the
chondrules can be easily recognized with sharper edges, while if it can be classified within the
L6 classification, the edges are poorly delineated. Thus, based on the chondrule boundaries,
it can be reported that the Slobodka meteorite is more consistent with type 4. In conclusion,
the criteria indicate that the sample is closer to the L5 classification but mostly in L4.
Nonetheless, L4 is most consistent with the full list of noted indicators and also confirmed by

the chemical analysis of Figure 46 chart.
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Table 9: Results of criteria for classifying the Slobodka meteorite according to petrologic type, based on Van Schmus & Wood (1967). The painted squares indicate the regions that the results

revealed to this BSc Thesis.

Criterion 1 2 3 4 5 6 7
Homogeneity of olivine compositions — >5% mean deviations <5% Homogeneous

Structural state of low-Ca pyroxene — P::do(::;:‘:::ly m(;i(i??nic mosni(:j:?nic Orthorhombic
Feldspar — Minor primary grains Qs-e:;“;’:i);\s 2~SS§-C:|:d:zins >5?)oi:|(:1:‘dg::~?i’ns
Chondrule glass Altered or absent | Mostly altered, | oy otropic | Devitrified Absent

some preserved

Metal: Maximum Ni (wt%) = - -.Qo- >20
2 I oex kamacite and taenite in exsolution relationship
or absent
Sulfides: Mean Ni (wt%) - >0.5 <0.5
Matrix Fine grained Moslly fine- Opaque to Transparent, recrystallized
opaque grained opaque transparent

Chondrule-matrix integration

No chondrules

Sharp chondrule boundaries

Some chondrules can be

Chondrules Primary textures

discemed, fewer sharp edges poorly delineated destroyed
Carbon (wt%) 3-5 0.8-2.6 0.2-1 <0.2
Water (wt%) 18-22 2-16 0.3-3 <1.5

After Van Schmus and Wood (1967) with modifications by Sears and Dodd (1988), Brearley and Jones (1998), and this work.
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4.2 Shock Stage Distribution

When a meteorite collides, significant shock features can be created on its surface,
directly related to the shock effects in rock-forming minerals, resulting in its final shock stage
distribution (Stoffler and Grieve, 2007). In order to categorize a meteorite- that has
experienced a collision- into specific stage(s), it is essential to study the shock features (e.g.,
texture, degree of shock metamorphism and lithological components, etc.). To this trajectory,

the shock features of the studied sample were characterized using the optical microscope.

Planar Fractures

Figure 68: lllustration of the shock features: (A) Layer irregular fractures only; (B) Layer Planar Fractures
only.
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After studying every grain throughout the groundmass for rock-forming minerals,
mostly olivine, and pyroxene, layered images of the shock features were created based on the
classification scheme of Stoffler and Grieve, 2007; one only for the irregular fractures (Fig.
68A) and the other for the planar fractures (PFs) scattered in the whole groundmass of the

studied thin section (Fig. 68B).

Accordingly, a shock stage classification map was additionally created illustrating the
stages from S2 to S4 (Fig. 69B), while an image of the thin section of the meteorite is depicted
for comparison (Fig. 69A). The distribution of the observed shock features suggests a
heterogeneous shock degree, varying from as low as S2 and up to S4, based on the

classification scheme of Stoffler and Grieve, 2007.

A

B

e Melt Vein
—G2
—S 3
—S4

Figure 69: Image (A) image of the thin section of meteorite Slobodka; (B) illustrates the shock
stage classification map of stages between S2 and S4.
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4.2.1 Shock Features — Shock Classification

As mentioned above, the shock features were characterized using the optical
microscope, with the magnifying lenses x10, x20, x50, x100. The results are displayed in Table
10. More than 100 olivine-plagioclase grains have been studied to conclude the classification
and distribution of the main minerals of the meteorite in the groundmass. Focusing mainly on
the olivine-pyroxene and plagioclase grains in the groundmass, it is spotted that only one
olivine crystal exhibits weak mosaicism, while many more olivine grains were observed to have
low-grade planar fractures and undulatory extinction. Only a few plagioclase grains that were
observed exhibit undulatory extinction and there is no maskelynite. The presence of opaque
shock veins suggests a heterogeneous shock degree (Stoffler and Grieve, 2007), varying from

weak (S3) to moderately shocked (S4).

Table 10: The results for the shock classifications in the Slobodka meteorite based on the scheme by Stoffler & Grieve
(2007). The colored rectangles correspond to the observations of the present work. *from Stéffler et al. (1991); **from

Schmitt (2000).
Shock stage Effects resulting from equlibration peak shock pressure Effects resulting from local | Pressure | Pressure | Pressure
P-T-excursions GPa* GPa** GPa**
(293K) | (293K) | (920K)
Olivine | Plagioclase
Unshocked  Sharp optical extinction  Angular vanation of Sharp optical extinction nonc
S1 Irregular fractures extinction position: Irregular fractures
Low grade: < 1°
High grade: 1° - 2° <4.5
Very weakly | Undulatory extinction Angular variation of Undulatory extinction nonc
shocked Fractures extinction position: Irregular fractures
S2 <2°
5-10
Weakly anar fractures (PF) Low grade: maximum of 2 | Undulatory extinction Opaque shock veins,
shocked Undulatory extinction sets of PF incipient formation of melt
S3 Irregular fractures CTITER SrageT 3 Or MoK S pockets (sometimes
oL BE interconnected) 15-20 [10-15 10 - 15
Moderately | Mosaicism (weak) Low grade: incipient Low grade: undulatory Melt pockets,
shocked mosaicism, PF and PDF extinction interconnected melt veins,
S4 1 : T v | High grade: partially opaque shock veins
and PDF isotropic, PDF 30-35 ]25-30 20-25
Strongly Mosaicism (strong) Maskelynite (diaplectic Pervasive formation of melt
shocked Planar fractures glass) pockets, veins and dykes,
S5 Planar deformation features (PDF) opaque shock veins
45-55 [45-60 35-45
Restricted to local regions in or ncar melt zones
Very strongly | Recrystallisation; yellow-brown staining: nngwoodite | Shock melted (normal as in stage S§
shocked and wadsleyite; high pressure phases of pyroxene (e.g. | glass)
S6 majorite, akimotoite)
75-90 45-60
Shock melted Whole rock melting and formation of melt rocks
selection for the majority of grains D selection for only one grain
selection for fewer amount of grains
D selection for the main meit vein
selection for minimum amount of grains

Based on remarks by Stoffler et al. (1991), when the shock is distributed with the shock

stage classification (S4), this suggests that the groundmass experienced pressures between
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30-35 GPa (293 °K). On the other hand, based on different data from various literature, the
shock stage S4 might be between 25 and 30 GPa (293 °K; Schmitt, 2000), 15 and 20 GPa (293
°K; Stoffler et al., 2018) or, even, 25 and 35 GPa (200-300 °C; Fritz et al., 2017). This reflects
the variation of the high pressures and temperatures depending on the specific shock

classification scheme (Table 11).

Table 11: Observation of Slobodka meteorite from the thin section (NHMW-L4372) and assignment of the shock stage
based on Stoffler et al., 1991, Stoffler et al., 2018, and Fritz et al.,2017.

UE | WM SM Phases
SOX | UE & & & in melt
PFs PFs PDFs zones

Shock Shock Shock
stage * | stage ** | stage ***

Olivine - + + + - - S4 S4 S4
Pyroxene - + + - - - S4 S4 S4
Plagioclase - + - - - - S3 S3 S3
Mj,
Ab-Jd,
Melt vein - - - - - Tu, S4 S4 S4
Wds,
LP

SOX: sharp extinction; UE: undulatory extinction; PFs: planar fractures; WM; weak mosaicism;
SM; strong mosaicism; PDFs: planar deformation features; Maj: majorite; Ab-Jd: albitic
jadeite; Tu: tuite; Wds: wadsleyite; LP: low pressure phases; Gl: glass

-: the feature is absent; +: the feature is present; X: feature or features are common
*(Stoffler et al., 1991),**(Stoffler et al., 2018), ***(Fritz et al., 2017)

4.3 Shock Conditions and Barometry

Through the combination of analytical methods such as Raman Spectroscopy and
EPMA along with detailed observation using optical microscopy, we were able to identify the
high-pressure polymorphs of various minerals in the melt vein of the Slobodka meteorite,
including albitic jadeite, tuite, wadsleyite and majorite. Many scientists have studied the
stability conditions of majorite and according to laboratory experiments (Ohtani et al., 1991;
Kato & Kumazawa, 1985; Tomioka et al., 2016; Bazhan et al.,2017; Heinemann et al., 1997),
tetragonal majorite likely crystallized with a pressure range of 17-20 GPa and high
temperature at 1800 °C (Fig. 70), whilst above 20 GPa, the temperature ranges from 1900 °C
to 2100 °C (Tomioka et al., 2016) (Fig. 70).
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Figure 70: (A) Phase diagram of MgSiO; (Tomioka et al., 2017); (B) Phase diagram of CaMgSi,O¢ (Tomioka et al., 2017);
Abbreviations: Ca-Pv: CaSiOs-perovskite

More specifically, the majorite present in the melt veins of Slobodka has been
estimated in the range of 20.2-23.1 GPa based on the Collerson barometer (Collerson et al.,
2010), and therefore, majorite has a temperature from 1900 °C to 2100 °C. In contrast, the
pressure range for the stability of wadsleyite is lower, with 14-18 GPa, indicating temperatures
lower than 1500 °C (Tomioka et al., 2017) (Fig.71). Tuite has been studied extensively by
scientists, with synthesis experiments conducted at different pressures and temperatures.
Additionally, Xie et al. (2016) suggest that above 12 GPa and 1100 °C conditions are likely
required for the transformation from merrillite and chlorapatite to tuite in the chondritic area.
Also, it still can be present, based on other high-pressure phases in the melt veins of the
Suizhou meteorite, with high pressures at 20-23GPa, and high temperatures estimated at the
1900-2000 °C range (Murayama et al. (1986); Xie et al., 2003; Xie et al. (2013); Zhai et al.,
2014). Lastly, it is worthy to note herein that albitic jadeite has not been synthesized yet, and
there is a suggestion that it is probably formed at 18-22 GPa as implied by the coexistence
with near-end-member majorite (Ma et al., 2022). Having these HP phases co-existing in the
same melt vein, suggests high pressures between 12 to ~23 GPa, with high temperatures
estimated to range from 1100-2100°C. The high-temperature range that has been estimated
for majorite (21800 °C) present mostly in the center of the melt vein and wadsleyite (<1500 °C)
found at the edge of the melt vein, suggests a temperature gradient during high-pressure

mineral growth of minerals under pressure, indicating that the stability field of wadsleyite can
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be preserved especially when it occurs with 1-3 um grain size, based on experimental

observation, and can be formed within microseconds before quenching (Baziotis et al., 2018).
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Figure 71: Phase diagram of CaMgSi,0¢ (Tomioka et al., 2017); Abbreviations:
Ca-Pv: CaSiOs- perovskite

4.4 Implications of Potential Asteroid Mining

For several decades the importance of space missions has caused a significant debate
about the benefits and drawbacks of carrying them out. Asteroid mining has been considered
to be very beneficial for the future of space exploration to extract mineral resources, but it
may take many years for such missions to become profitable. The study of meteorites has
been very crucial for identifying the minerals and categorizing them into a specific meteorite
group. Based on research, it has been proven that some meteorite groups are connected to
specific asteroids. Therefore, by knowing the group category of a meteorite sample, we can

locate its origin parent body (Norton & Clitwood,2008).

There are three major composition classes of asteroids, the carbonaceous C-type
(chondrite), the metallic M-type, and the silicate S-type (e.g., Binzel et al., 1991). The asteroid
belt in our solar system contains approximately a smaller amount of metal-rich (M-type)
asteroids and an abundant amount of volatile-rich carbonaceous (C-type) asteroids (DeMeo

et al., 2015). Most importantly, it has been reported that LL chondrites have high
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concentrations of rare metals, with the rarest and most useful elements found in the platinum
group of metals (defined as Au, Pt, Ir, Os, Pd, Rh, and Ru; Renner et al., 2000), in addition to

more base metals, such as iron and nickel (Blair, 2000).

There have already been significant missions to asteroids, comets, and the Moon to
conduct research on them. The Japanese Aerospace Exploration Agency (JAXA) with the
Hayabusa mission provided and conducted a successful mission to retrieve a sample from a
near-Earth asteroid, Itokawa, an S-type asteroid in 2005 (Yoshikawa et al., 2015; Yoshikawa et
al., 2021). This mission was able to autonomously approach, land on, and collect data on the
surface and collect a sample of the Itokawa asteroid and return to Earth. The mission was
completed in 2010, and it was the first successful mission that gave the first proof that some
chondrites originate in specific asteroids (Yurimoto et al., 2011). Furthermore, another
Japanese asteroid mission, the Hayabusa2 mission was launched in 2014 and successfully
returned samples from the asteroid 162173 Ryugu in 2020 (Tsuda et al., 2013). Another
important mission that was sent to land on a comet, and extract samples to return them to
Earth, was the Rosetta spacecraft which was operated by ESA (European Space Agency) and
was launched in 2004 (Accomazzo et al., 2015). Unfortunately, the mission failed to be
completed and return the samples from the comet, because the spacecraft hard-landed on
the comet and could not operate and continue the mission back to Earth, but scientists
extracted significant information as the mission was active, before ending the operation
(Accomazzo et al., 2017). In addition, the last successful asteroid mission that was completed
on September 2023 by NASA, was the mission OSIRIS-Rex, and the samples were collected
from 101955 Bennu, a carbonaceous near-Earth asteroid (Lauretta et al., 2017). Important
references must be made regarding the most recent missions on the Moon as well. The recent
Chang’e 5 mission and the current Chang’e 6 mission by the China National Space
Administration are about robotic lunar exploration. Despite, the moon not being an asteroid,
it is indeed the closest celestial object orbiting the Earth. The Chang’e 5 mission was the first
China’s successful lunar sample return mission from the moon (Xiao et al., 2021). The scientific
research that was conducted had the main goal of extracting information about the chemistry
and petrography while studying the lunar regoliths and soil. The researchers discovered
evidence of hydroxyl molecules that were considered to have been embedded in the lunar soil

through the solar wind (Lin et al., 2022), and they revealed scientific importance data, by
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studying the chemical analysis and lead isotopes of the lunar basalts, proving from the samples
research that they already preexisted by ~1.9 Ga earlier, expanding the chronology of the

moon known until this mission’s research data analysis(Che et al., 2021; Li et al., 2022).

Currently, the known global reserves of minerals in Earth's ores are declining, and
scientists urgently need to develop new methods for obtaining critical mineral resources (Rios
Mufioz et al., 2024) However, the cost of completing a single mission to retrieve samples from
an asteroid is up to billions of dollars (Brophy et al., 2012). Concerning these crucial factors, it
is important to make asteroid mining economical due to the difficult mining nature and
consider the environmental and ethical impact of such a mission. Regarding the
environmental impacts of potential asteroid mining missions, some aspects of these concerns
highlight that a space mission may offer a more sustainable alternative to traditional ground-
based mining methods, which often lead to the release of toxic chemicals and contribute to
the degradation of the environment (Dudka & Adriano, 1997; Dallas et al., 2020). However,
with the extraction of resources from asteroids such as water and minerals, a debatable issue
is how sustainable it will be for the environment when the minerals come into contact with
the earth's ecosystem, but also how human activity in outer space may affect the
corresponding ecosystem (Badescu,2013). Another important aspect to consider is the impact
of asteroid mining on the global economy. There is already concern about how companies will
affect the outcome of future missions, with the main motive being wealth rather than other

potential concerns such as resource conflicts (Pefia-Ramos & Luis, 2020).

All these missions and research studies mentioned above had the ulterior purpose of
studying samples from orbit bodies in outer space. It is indeed crucial to conduct research on
meteorites, analyze their chemistry, and understand their origin for future exploration and
potential mining of asteroids. The controversial issues, that have been explicated, will
significantly impact, and transform the global economy and environment in the future, but
above all, the ethical aspect is crucial to the decisions that will arise from human activity and

will significantly affect its evolution.

Technical University of Crete Myrto Simopoulou School of Mineral Resources Engineering



104
Mineralogical and spectroscopical study of ordinary chondrites and implications on potential asteroid mining

5 CONCLUSIONS

In summary, we suggest that Slobodka is best described as an L4 ordinary chondrite.
We determined the meteorite’s chondrite group based on chemical analysis and the Weisberg
classification scheme (Weisberg et al., 2006). Also, the petrologic type of categorization was
based on chemical analysis and the Van Schmus & Wood (1967) scheme. Regarding the shock
stage distribution, the sample was characterized as variably shocked from S2 to S4 shock stage
based on the Stoffler et al. (2007) scheme. The melt vein consists of four high-pressure
polymorphs of albitic jadeite, tuite, majorite, and wadsleyite. Albitic jadeite, majorite, and
tuite were found scattered in the melt vein, while wadsleyite was found at the rim of the melt
vein close to the groundmass. Wadsleyite was identified using only Raman spectroscopy as a
Raman-active mineral, as its micro-grain size made it undetectable through microprobe
analysis. It's worth noticing that albitic jadeite was beam-sensitive at the microprobe analysis
and after each measurement, the grain was damaged. In addition, there were micro-sized
grains of majorite present, which resulted in high background noise and low intensity in its
Raman spectrum. As for the shock conditions, the co-existence of these HP polymorphs
suggests P between 12 to ~23 GPa and T range from 1100-2100 °C. Additionally, majorite
grains were present in the center of the MV (21800 °C), while wadsleyite grains were found at
the edge of the MV (<1500 °C), indicating a temperature gradient during high-pressure
mineral formation. Lastly, we discussed the importance of studying meteorites for future

mineral exploitation in asteroid mining missions.
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7 APPENDIX

Figure A 1: BSE annotated images were taken for the Regions of interest B, C, D, and E respectively in the groundmass.
Chemical composition of the annotated regions: (A) 1-5: olivine, 6 & 10-12: plagioclase, 7-9: pyroxene; (B) 1-5: chromite, 6-
7,12-13 & 17: pyroxene, 8-11: olivine, 14-16: plagioclase; (C) 1-5, 13-14 & 16: chromite, 6-9 & 11: plagioclase, 10-12:
olivine, 15, 17: pyroxene; (D) 1-5: chromite, 6 & 7: olivine, 8 & 9: pyroxene, 10-12: plagioclase.
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Figure A 2: BSE annotated images taken for the Regions of interest G, H, |, and J respectively in the groundmass. Chemical
composition of the annotated regions: (A) 1-6 & 9: chromite, 7-8, 10-12 & 14-16: metal, 13: plagioclase; (B) 1-3: chromite,
4-7: FeS; (C) 1-4: chromite; (D) 1-2 & 5-9: olivine, 3 & 12-15: plagioclase.
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Figure A 3: BSE annotated images taken for the 2a, 2b, 2c and 2d positions respectively in the melt vein. Chemical
composition of the annotated regions: (A) 1 & 2: plagioclase; (B) 1: plagioclase; (C) 1 & 2: plagioclase; (D) 1-3: olivine.
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wt% oxides
Sio,
TiO,
Al,0,
Cr,0;
Fe,0;
FeO
MnO
MgO
CaOo
K,O
Na,0
NiO
PZOS
Total

Cations
Si
Ti
Al
Cr
Fe(iii)
Fe(ii)
Mn
Mg
Ca
K
Na
Ni
P
Total cations
Total oxygens

End member
Te*
Fo*
Fa*
Ca-Ol*
sum

B-Ol_1

37.9
0

2.997
3.999

mole %

0.5
75.2
24.3
0.04
100

Table A 1: EPMA analysis of Olivine Group.

B-Ol_2

37.7
0
0
0

21.8
0.5
38.5

0
0
98.6

Olivine Group

col_1 co0l2

38

o O o

21.4
0.4
38.7

0
0
98.8

38.2
0
0

0.5

211
0.5
39.6

0
0
99.9

c-0l_3

38.2
0
0

0.1

21

0.5
39.6

0
0
99.5

c-ol_a

38.3
0

Numbers of ions based on 4 Oxygens

0.995
0.001
0
0
0
0.482
0.011
1.513
0
0
0
0.001
0
3.003
3.999

mole %

0.6
75.4
24
0.01
100

1 0.992
0.001 0.001
0 0
0 0.01
0 0
0.471 0.458
0.01 0.01
1.515 1.532

0.002 0
0 0
0.001 0
0.001 0
0 0
2.998 3.002
3.999 4
Atomic percentages
mole %  mole %
0.5 0.5
75.9 76.6
23.6 22.9
0.08 0.02
100 100

0.994
0.001
0
0.003
0
0.458
0.011
1.537
0.001
0
0
0
0
3.004
4

mole %

0.5
76.6
22.8
0.03
100

0.996
0.001

0.001

0.465
0.01
1.527
0.001
0
0
0.001
0
3.001
3.998

mole %

0.5
76.2
23.2
0.03
100

D-0l_1

38.1
0
0
0

21.6
0.5
39

mole %

0.6
75.8
23.5
0.05
100

D-0l_2
38.2
0

3.002
3.999

mole %
0.5
75.7
23.8
0.03
100

Te*=100*Mn/(Mg+Mn+Ca+Fe(Il)+Fe(lll))
Fo*= 100*Mg/(Mg+Mn+Ca+Fe(ll)+Fe(lll))
Fa*= 100*(Fe(ii)+Fe(iii))/(Mg+Mn+Ca+Fe(ll)+Fe(lll))
Ca-Ol*= 100*Ca/(Mg+Mn+Ca+Fe(ll)+Fe(lll))

Technical University of Crete

Myrto Simopoulou

School of Mineral Resources Engineering




116
Mineralogical and spectroscopical study of ordinary chondrites and implications on potential asteroid mining

Olivine Group

wt% oxides D-OI_3 D-OI_4 D-OI_5 EOI_2 EOI_3 EOI_1 EOI2
Sio, 38.3 38.1 38.1 38.2 38.2 38.3 38.6
Tio, 0 0 0 0 0 0 0
Al,0, 0 0 0 0 0 0 0
Cr,0, 0.1 0 0 0 0.1 0.1 0
Fe,O3 - - - - - - -
FeO 22 21.4 21.6 21.1 21 21.6 214
MnO 0.5 0.4 0.4 0.4 0.4 0.4 0.4
MgO 39.1 38.9 39.5 39.1 39.1 38.9 38.5
Cao 0 0 0 0 0 0 0
K,O 0 0 0 0 0 0 0
Na,0 0 0 0 0 0 0 0
NiO 0 0 0 0 0 0.1 0
P,0; 0 0.1 0 0.1 0.1 0 0
Total 100 99.1 99.7 99.1 99 99.5 99.1
Numbers of ions based on 4 Oxygens
Cations
Si 0.996 0.997 0.991 1 1 0.999 1.009
Ti 0.001 0.001 0.001 0.001 0.001 0 0.001
Al 0 0 0 0 0 0 0
Cr 0.002 0.001 0 0 0.002 0.002 0
Fe(iii) 0 0 0 0 0 0 0
Fe(ii) 0.478 0.469 0.47 0.461 0.458 0.471 0.468
Mn 0.01 0.01 0.009 0.009 0.01 0.01 0.01
Mg 1.514 1.52 1.534 1.524 1.525 1.514 1.499
Ca 0.001 0.001 0.001 0.001 0.001 0.001 0.001
K 0 0 0 0 0 0 0
Na 0 0 0.001 0.002 0 0 0.001
Ni 0 0 0.001 0 0 0.001 0
P 0 0.001 0 0.001 0.001 0 0
Total cations 3.002 2.998 3.006 2.996 2.996 2.998 2.989
Total oxygens 4 3.996 3.999 3.997 3.997 3.999 4
Atomic percentages
End member mole% mole% mole% mole% mole% mole% mole%
Te* 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Fo* 75.6 76 76.1 76.4 76.5 75.9 75.8
Fa* 23.9 23.5 23.4 23.1 23 23.6 23.7
Ca-Ol* 0.03 0.07 0.04 0.04 0.04 0.05 0.05
sum 100 100 100 100 100 100 100
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Olivine Group
wt% oxides E-Ol_3 E-Ol_4 *-Ol_rim_t J1-0l_1 1J1-0l_2 1J1-0I_.3 1J1-0l_4

Sio, 38.3 37.9 37.3 38.5 38.5 38.2 38.1
Tio, 0 0 0 0 0 0 0
Al,0, 0 0 0 0 0 0 0
Cr,0, 0 0 0.1 0 0 0 0.1
Fe,O3 - - - - - - -
FeO 21.9 21.6 21.4 21.8 215 21.8 21.9
MnO 0.5 0.5 0.5 0.4 0.4 0.5 0.4
MgOo 38.9 38 38.9 39 38.9 39 38.8
Cao 0 0 0 0.1 0 0 0
K,O 0 0 0 0 0 0 0
Na,O 0 0 0 0 0 0
NiO 0 0.1 0 0 0 0 0
P,0, 0 0 0 0 0 0 0
Total 99.6 98.1 98.1 99.7 99.5 99.6 99.5
Numbers of ions based on 4 Oxygens
Cations
Si 0.998 1.004 0.988 1.001 1.004 0.997 0.997
Ti 0.001 0.001 0.001 0 0.001 0 0
Al 0 0.001 0 0 0 0 0.001
Cr 0 0 0.001 0 0 0 0.002
Fe(iii) 0 0 0 0 0 0 0
Fe(ii) 0.477 0.478 0.474 0.475 0.469 0.476 0.478
Mn 0.011 0.011 0.01 0.009 0.01 0.011 0.01
Mg 1.513 1.5 1.536 1.511 1.511 1.517 1.511
Ca 0 0.001 0 0.002 0.001 0.001 0.001
K 0 0 0 0 0 0 0
Na 0.001 0 0 0.001 0.001 0 0.001
Ni 0 0.001 0.001 0 0 0 0.001
P 0 0 0 0 0 0 0
Total cations 3 2.994 3.01 2.998 2.994 3.002 2.999

Total oxygens  3.999 3.999 3.999 3.999 3.999 3.999 3.998
Atomic percentages
End member mole% mole% mole% mole% mole% mole% mole%

Te* 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Fo* 75.6 75.4 76 75.7 75.9 75.7 75.6
Fa* 23.9 24 234 23.8 23.6 23.8 23.9
Ca-Ol* 0 0.03 0.01 0.08 0.04 0.03 0.06
sum 100 100 100 100 100 100 100
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Olivine Group
MV2d- MV2d- MV2d-

t% oxi J1-0l 5 J1-0l 6 J1-0l 7 J1-0l 8
wt’% oxides - - - - o1 o2 o3

Sio, 38.5 38.6 38.1 38.1 38.2 38.1 38.2
Tio, 0 0 0 0 0 0 0
Al,O, 0 0 0 0 0 0 0
Cr,0; 0 0 0 0 0 0 0
Fe,03 - - - - - - -
FeO 21.6 21.7 215 21.2 214 21.3 215
MnO 0.4 0.5 0.5 0.5 0.4 0.5 0.4
MgO 38.7 39.1 38.9 38.6 38.6 38.6 38.3
Cao 0 0 0 0.2 0.1 0.1 0.1
K,O0 0 0 0 0 0 0
Na,O 0 0 0 0 0 0
NiO 0 0 0 0 0 0 0
P,0; 0 0 0 0 0 0 0.1
Total 99.3 99.9 99.1 98.6 99 98.8 98.7
Numbers of ions based on 4 Oxygens
Cations
Si 1.005 1.002 0.999 1.002 1.002 @ 1.001 1.004
Ti 0.001 0.001 0.001 0.001 0.001 0.001 0.001
Al 0 0 0 0 0.001 0.001 0
Cr 0 0 0 0 0.001 0.001 0.001
Fe(iii) 0 0 0 0 0 0 0
Fe(ii) 0.471 0.471 0.471 0.465 0.47 0.467 0.473
Mn 0.01 0.011 0.01 0.01 0.009 0.01 0.01
Mg 1.506 1.512 1.518 1.513 1.507 1.51 1.5
Ca 0.001 0 0.001 0.004 0.003 0.004 0.003
K 0 0 0 0 0 0 0
Na 0 0.001 0 0.001 0 0 0.001
Ni 0 0 0 0 0.001  0.001 0
P 0 0 0 0 0 0 0.001
Total cations 2.993 2.997 3 2.996 2994 299 2991
Total oxygens 4 3.999 4 3.998 3.998 3.998 3.997

Atomic percentages
End member mole% mole% mole% mole% mole% mole% mole%

Te* 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Fo* 75.8 75.9 75.9 75.9 75.7 75.8 75.5
Fa* 23.7 23.6 23.5 23.4 23.6 23.4 23.8
Ca-Ol* 0.03 0 0.05 0.22 0.16 0.2 0.14
sum 100 100 100 100 100 100 100
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Table A 2: EPMA analysis of Pyroxene Group.

Pyroxene Group

wt% oxides B-Px_ 1 B-Px2 CPx1 CPx2 CPx3 CPx4 C-Px5
Sio, 54.9 54.5 55.5 55.5 55.5 55.2 53.5
Al,0, 0.2 0.2 0.1 0.2 0.1 0.2 0.4
NiO 0 0 0 0 0 0 0
Cr,0; 0.1 0.2 0.1 0.1 0.1 0.1 0.6
Cao 0.6 0.9 0.7 2.3 0.9 0.9 23
Tio, 0.2 0.2 0.2 0.2 0.2 0.2 0.5
FeO 13.5 13.2 13.2 12.2 13.2 13.2 4.5
MnO 0.4 0.5 0.5 0.4 0.5 0.4 0.2
MgO 28.6 28.4 28.9 27.9 29.1 29.2 16.7
K,O 0 0 0 0 0 0 0
P20, 0 0 0 0 0 0 0.1
Na,O 0 0 0 0.1 0 0 0.5
Total 98.6 98.2 99.1 99.1 99.7 99.4 100.2
Numbers of ions based on 6 Oxygens
Cations
Si 1.991 1.985 1.996 2.003 1.986 1.979 1.954
Al 0.007 0.007 0.006 0.008 0.006 0.006 0.019
Ni 0 0.001 0 0 0 0.001 0
Cr 0.003 0.006 0.002 0.004 0.002 0.004 0.018
Ca 0.024 0.036 0.025 0.09 0.034 0.035 0.9
Ti 0.007 0.005 0.005 0.006 0.006 0.006 0.013
Fe(ii) 0.41 0.403 0.397 0.369 0.395 0.395 0.136
Mn 0.014 0.015 0.015 0.013 0.014 0.013 0.008
Mg 1.544 1.542 1.551 1.501 1.554 1.559 0.912
K 0 0 0 0 0 0 0
P 0 0 0 0 0 0 0.002
Na 0.001 0.001 0.001 0.006 0.001 0.001 0.038
Total cations 4 4 4 4 4 4 4
Total oxygens  6.002 5.997 6.005 6.012 5.996 5.99 5.969
Atomic percentages
End member mole% mole% mole% mole% mole% mole% mole%
Wo* 1.2 1.8 1.3 4.6 1.7 1.8 46.2
En* 78 77.9 78.6 76.6 78.4 78.4 46.8
Fs* 20.7 20.3 20.1 18.8 19.9 19.8 7
total 100 100 100 100 100 100 100

Wo*=Ca/Ca+Mg+Fe(ll)
En*= Mg/Ca+Mg+Fe(ll)

Fs*= Fe(ll)/Ca+Mg+Fe(ll)

Si, Al assigned to tetrahedral (T) site
Ca,Na,l\/In,Fe2+,l\/Ig assigned to M2 octahedral site
Fe®* Ti,Al,Fe”", Mg assigned to M1 octahedral site
(Fe**/Mg) assumed the same in M1 and M2
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Pyroxene Group

wt% oxides C-Px_6 D-Px_1 D-Px 2 D-Px4 D-Px5 D-Px6 D-Px 7 D-Px_8
Sio, 55.2 55.1 55.2 54.2 55.4 55.1 55.2 54.5
Al,0, 0.1 0.2 0.1 0.5 0.2 0.1 0.1 0.3
NiO 0 0 0 0 0 0 0 0
Cr,0, 0.1 0.1 0.2 0.9 0.1 0.1 0.1 0.7
CaO 0.8 0.8 0.8 22 0.6 0.7 0.7 22.3
Tio, 0.2 0.2 0.2 0.5 0.2 0.2 0.2 0.3
FeO 13.3 13.3 12.9 4.9 13.4 13.6 13.5 5
MnO 0.5 0.5 0.5 0.3 0.5 0.5 0.5 0.2
MgO 29.3 28.4 28.7 16.5 29.1 29.6 29.6 17
K,O 0 0 0 0 0 0 0 0
P20, 0 0 0 0.1 0 0 0 0.1
Na,O0 0 0 0 0.5 0 0 0 0.6
Total 99.7 98.5 98.7 100.5 99.4 100 100 100.9
Numbers of ions based on 6 Oxygens
Cations
Si 1.974 1.998 1.996 1.98 1.987 1.964 1.968 1.975
Al 0.006 0.007 0.006 0.021 0.007 0.005 0.005 0.014
Ni 0 0 0.001 0 0 0 0.001 0
Cr 0.003 0.003 0.006 0.026 0.002 0.003 0.003 0.02
Ca 0.031 0.03 0.031 0.863 0.025 0.027 0.028 0.867
Ti 0.006 0.006 0.006 0.013 0.005 0.005 0.005 0.007
Fe(ii) 0.398 0.403 0.391 0.149 0.401 0.405 0.401 0.151
Mn 0.014 0.015 0.014 0.008 0.016 0.015 0.015 0.007
Mg 1.564 1.534 1.548 0.9 1.554 1.573 1.573 0.917
K 0 0 0 0 0 0 0 0.001
P 0 0 0 0.002 0 0 0 0.001
Na 0.002 0.003 0.001 0.037 0.001 0.002 0 0.039
Total cations 4 4 4 4 4 4 4 4
Total oxygens 5.984 6.008 6.007 6.002 5.996 5.973 5.976 5.981
Atomic percentage
End member mole% mole% mole% mole% mole% mole% mole% mole%
Wo* 1.6 1.5 1.6 45.1 1.3 1.3 14 44.8
En* 78.5 78 78.6 47.1 78.5 78.4 78.6 47.4
Fs* 20 20.5 19.9 7.8 20.3 20.2 20 7.8
Sum 100 100 100 100 100 100 100 100
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Pyroxene Group

wt% oxide E-Px 1 E-Px 4 E-Px_5 E-Px_6 E-Px_7 F-Px_nearOl_8
Sio, 55.9 54.7 54.8 55.1 55.1 55.3
Al, 0, 0.2 0.2 0.2 0.1 0.1 0.1
NiO 0 0 0 0.1 0 0
Cr,0; 0.1 0.2 0.1 0.1 0.1 0.2
Cao 0.6 0.8 0.7 0.6 0.7 0.6
Tio, 0.2 0.2 0.2 0.2 0.2 0.2
FeO 135 13.3 13.2 13.2 13.2 13.4
MnO 0.5 0.5 0.5 0.5 0.5 0.5
MgO 29.1 29 28.4 28.5 28.9 29.2
K,O 0 0 0 0 0 0
P20, 0 0.2 0 0 0 0
Na,O0 0 0.1 0 0 0 0
Total 100.1 99.1 98.1 98.4 98.8 99.6
Numbers of ions based on 6 Oxygens
Cations
Si 1.994 1.972 1.994 2.001 1.992 1.983
Al 0.007 0.007 0.006 0.006 0.005 0.005
Ni 0 0 0 0.002 0 0
Cr 0.003 0.004 0.004 0.004 0.002 0.005
Ca 0.025 0.031 0.028 0.023 0.026 0.024
Ti 0.006 0.006 0.006 0.005 0.005 0.006
Fe(ii) 0.402 0.401 0.402 0.401 0.398 0.403
Mn 0.014 0.014 0.015 0.014 0.016 0.014
Mg 1.55 1.559 1.544 1.544 1.554 1.559
K 0 0 0 0 0 0
P 0 0.003 0 0 0 0
Na 0 0.003 0.001 0 0.001 0
Total cations 4 4 4 4 4 4
Total oxygens 6.004 5.985 6.005 6.011 6.001 5.994
Atomic percentages
End member mole% mole% mole% mole% mole% mole%
Wo* 1.2 1.6 1.4 1.2 1.3 1.2
En* 78.4 78.3 78.2 78.5 78.6 78.5
Fs* 20.3 20.1 20.4 20.4 20.1 20.3
sum 100 100 100 100 100 100
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Pyroxene Group
wt% oxides J1-Cpx_2 J1-Cpx_ 3 J1-Cpx 4 J1-Cpx 5 J1-Cpx_6

Sio, 54 55.2 55.6 54.6 55.3
Al, O, 0.6 0.4 0.1 0.5 0.2
NiO 0 0 0 0 0
Cr,0, 0.7 0.5 0.1 0.7 0.1
Cao 22.4 15.7 0.8 22.8 0.7
Tio, 0.5 0.4 0.2 0.5 0.2
FeO 4.1 8.2 134 4.1 13.2
MnO 0.2 0.3 0.5 0.3 0.5
MgO 16.5 19.3 29.2 16.7 29.4
K,O 0 0 0 0 0
P20, 0.2 0 0 0.1 0
Na,O 0.6 0.3 0 0.5 0
Total 99.8 100.3 100 100.7 99.5
Numbers of ions based on 6 Oxygens

Cations
Si 1.982 2.012 1.985 1.984 1.979
Al 0.024 0.016 0.006 0.021 0.006
Ni 0 0 0 0.001 0
Cr 0.021 0.015 0.003 0.019 0.002
Ca 0.88 0.615 0.031 0.889 0.027
Ti 0.015 0.011 0.006 0.013 0.006
Fe(ii) 0.126 0.249 0.4 0.124 0.394
Mn 0.007 0.009 0.015 0.008 0.015
Mg 0.901 1.05 1.553 0.904 1.57
K 0 0 0.001 0.001 0
P 0.002 0.001 0 0.001 0
Na 0.041 0.022 0 0.035 0.001
Total cations 4 4 4 4 4
Total oxygens 6.002 6.028 5.995 6.001 5.988
Atomic percentages
End member mole% mole% mole% mole% mole%
Wo* 46.2 32.1 1.6 46.4 1.3
En* 47.2 54.9 78.3 47.2 78.9
Fs* 6.6 13 20.2 6.5 19.8
sum 100 100 100 100 100
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Table A 3: EPMA analysis of Plagioclase Group.

Plagioclase Group
wt% oxides B-PlL1  BPl 2 BPI3 CPL1 CPL2 CPL.3 D-Pl1

Sio, 65 64.8 65.8 65.7 66.1 66.8 65.5
Tio, 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Al,O; 22.7 22.6 22.9 22.4 22.4 22.1 22.2
Cr,0, 0 0 0 0 0 0 0
FeO 0.4 0.5 0.5 0.9 0.6 0.5 0.5
MnO 0 0 0 0 0 0 0
MgO 0 0 0 0 0 0 0
Cao 2.3 2.2 2.3 2.2 2.3 2.2 2.3
Na,0 9.3 9 8.6 8.2 7.3 7.8 9.7
K,O 1 1.3 1.1 1.1 1.1 1 0.8
NiO 0 0 0 0 0 0 0
P,0Og 0 0 0 0 0 0 0
Total 100.8 100.6 101.3 100.7 99.8 100.5 101.1
Number of ions based on 8 Oxygens
Cations
Si 2.852 2.856 2.89 2.914 2.977 2.98 2.861
Ti 0.002 0.002 0.003 0.003 0.002 0.002 0.003
Al 1.172 1.176 1.187 1.171 1.187 1.163 1.141
Cr 0 0 0 0 0 0 0
Fe(ii) 0.016 0.019 0.019 0.035 0.022 0.02 0.018
Mn 0 0 0 0 0 0 0
Mg 0.003 0.003 0.002 0.003 0.002 0.002 0.002
Ca 0.106 0.105 0.106 0.106 0.112 0.106 0.107
Na 0.793 0.767 0.733 0.703 0.637 0.671 0.821
K 0.055 0.072 0.06 0.065 0.06 0.057 0.046
Ni 0 0.001 0.001 0.001 0 0 0.001
P 0 0 0 0 0 0 0
Total cations 5 5 5 5 5 5 5
Total oxygens  8.017 8.027 8.089 8.119 8.224 8.2 8

Atomic percentage
End member mole% mole% mole% mole% mole% mole% mole%

An* 11.1 111 11.8 12.1 13.8 12.7 11
Ab* 83.1 81.3 81.5 80.5 78.7 80.5 84.3
Oor* 5.7 7.6 6.6 7.4 7.5 6.8 4.7
Total 100 100 100 100 100 100 100

An*= Ca/(Ca+Na+K)
Ab*= Na/(Na+Ca+K)
Or*=K/(K+Na+Ca)
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Plagioclase Group

wt% oxides D-PI 2 D-PI_3 D-PI_4 E-PI_1 E-PI_2 F-PI_1 F-PLL2  J1-Pl_1
Sio, 66.3 66.2 65.5 66 65.8 66.4 66.8 66.7
Tio, 0 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Al,O,4 22.8 22.7 22.1 22.7 22.7 22.4 22.3 21.9
Cr,0, 0 0 0.1 0 0 0 0 0
FeO 0.4 0.5 0.3 0.5 0.3 0.2 0.2 0.5
MnO 0 0 0 0 0 0 0 0
MgO 0 0 0 0 0.1 0 0 0.5
Cao 2.3 2.3 2.3 2.4 2.4 2.2 2.4 3
Na,O 7.8 7.9 8.1 8.9 7.8 7.5 8.4 4.3
K,O0 1.2 1.4 1.4 0.8 1.3 1.2 0.9 1
NiO 0 0 0 0 0 0 0
P,0¢ 0 0 0 0 0 0 0 0.1
Total 101 101.1 99.9 101.4 100.5 100.2 101.1 97.9
Number of ions based on 8 Oxygens
Cations
Si 2.94 2.931 2.928 2.89 2.928 2.973 2.944 3.13
Ti 0.002 0.003 0.002 0.003 0.002 0.003 0.003 0.003
Al 1.193 1.183 1.164 1.174 1.188 1.18 1.158 1.211
Cr 0.001 0 0.002 0 0 0.001 0 0.001
Fe(ii) 0.014 0.019 0.011 0.018 0.012 0.009 0.007 0.018
Mn 0.001 0 0.001 0 0 0 0 0
Mg 0.002 0.001 0.001 0.002 0.005 0.001 0.002 0.036
Ca 0.111 0.108 0.108 0.114 0.115 0.108 0.114 0.151
Na 0.671 0.675 0.7 0.753 0.676 0.655 0.721 0.391
K 0.066 0.081 0.082 0.046 0.074 0.069 0.051 0.057
Ni 0 0 0 0.001 0 0 0.001 0
P 0 0 0 0 0.001 0 0 0.002
Total cations 5 5 5 5 5 5 5 5
Total oxygens 8.17 8.147 8.122 8.08 8.15 8.205 8.139 8.517
Atomic percentage
End member mole% mole% mole% mole% mole% mole% mole% mole%
An* 13 12.5 12.2 12.5 13.3 13 12.9 25.2
Ab* 79.2 78.2 78.6 82.5 78.2 78.7 81.4 65.3
Or* 7.8 9.4 9.2 5 8.6 8.3 5.8 9.5
Total 100 100 100 100 100 100 100 100
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wt% oxides

Sio,
TiO,
Al,0,
Cr,0;
FeO
MnO
MgO
Cao
Na,O
K,O
NiO
P,0s
Total

Cations
Si
Ti
Al
Cr

Fe(ii)
Mn
Mg
Ca
Na

K
Ni
P

Total cations

Total oxygens

End member

An*

Ab*

Or*
Total

J1-PI_2

64.7
0.1
18.8
0.1
2.2
0
1.7
5.1
2.7
1
0
0.4
96.8

3.125
0.005
1.073
0.004
0.091
0.001
0.122
0.262
0.249
0.059

0.008

8.527

mole%

45.9
43.7
10.4
100

J1-PI_3

66.2
0.1
20.3
0.1
0.8
0
1.5
4.1
33
0.9
0
0
97.2

Plagioclase Group

J1-PI_4

67.4
0.1
22.2
0
0.6
0
0.2
2.6
4.4
1
0
0.1
98.5

MV2a-
PL_1
64.8

0.1
21.8
0
0.6
0
0.1
2
10.5
0.9
0
0
100.7

MV2a-
PL_2
65
0
22
0
0.6
0
0.1
2.1
9.8
1
0
0
100.6

MV2c-
PI_1
64.9

0
22
0
0.6
0
0.1
2.2
10.5
0.8
0
0
101.1

Number of ions based on 8 Oxygens

3.151
0.002
1.137
0.004
0.03
0.002
0.105
0.208
0.304
0.055
0
0.001

5

8.546

mole%

36.6
53.7
9.7
100

3.152
0.002
1.221
0.001
0.024
0.001
0.011
0.129
0.397
0.058
0.001
0.002

5

8.541

Atomic percentage

mole%

22

68

10
100

2.821
0.002
1.119
0
0.021
0
0.005
0.096
0.887
0.049
0.001
0

5

7.914

mole%

9.3
86

4.7
100

2.846
0.001
1.135
0
0.023
0
0.005
0.097
0.834
0.058
0
0

5

7.968

mole%

9.8
84.3
5.9
100

2.815
0.001
1.125
0.001
0.022

0.005
0.103
0.881
0.047
0.001

7.916

mole%

10
85.5
4.5
100

MV2c-
Pl_2
65.7

0.1
22.2

0
0.7
0
0.2
2.2
10.2
0.8
0
0
102.1

2.832
0.002
1.13

0.026
0.001
0.014
0.1
0.852
0.043

7.952

mole%

10
85.6
4.3
100

MV2b-
PI_1
65.4

0.1

21.9

0.5

0.1
2.1
10

0.8

101

2.85
0.002
1.127

0.018
0.001
0.005
0.1
0.848
0.046
0.001

7.969

mole%

10.1
85.3
4.6
100
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Table A 4: EPMA analysis of Spinel Group.

Spinel Group
wt% oxides ' E Chr 2 E Chr 3 D Chr 1 D Chr 2 D Chr 3 D Chr 4 D _Chr 5
Sio, 0 0 0 0 0 0 0
Al, O, 5.9 5.7 6.1 5.9 6 5.8 6.1
NiO 0 0 0.1 0.1 0 0 0
Cr,0, 56.6 55.8 57.3 57.6 57.6 57.6 57.7
TiOo, 2.8 2.9 2.4 2.3 2.3 2.7 2.1
FeO 30.3 30.4 30.2 30.6 30.7 30.6 29.9
MnO 0.5 0.5 0.6 0.5 0.6 0.6 0.5
MgO 2.6 2.5 2.4 2.4 2.5 2.5 2.4
Na20 0 0 0.1 0 0 0 0
V,0, 0.7 0.7 0.8 0.8 0.8 0.8 0.8
ZnO 0.2 0.3 0.3 0.4 0.3 0.4 0.3
Total 99.7 98.9 100.3 100.4 100.7 101 99.9
Number of ions based on 4 Oxygens
Cations
Si 0.003 0.001 0.001 0 0 0.001 0
Al 0.365 0.379 0.367 0.371 0.362 0.385 0.373
Ni 0 0.003 0.001 0 0 0 0.001
Cr 2.377 2.404 2.418 2.408 2.405 2.432 2.416
Ti 0.158 0.13 0.121 0.123 0.143 0.112 0.125
Fe(ii) 0.913 0.895 0.906 0.904 0.902 0.889 0.896
Mn 0.016 0.018 0.016 0.017 0.016 0.017 0.019
Mg 0.135 0.129 0.125 0.134 0.133 0.127 0.128
Na 0 0.002 0 0.001 0 0.001 0
\" 0.029 0.034 0.035 0.033 0.033 0.035 0.034
Zn 0.008 0.009 0.009 0.007 0.011 0.008 0.011
Total cations 3 3 3 3 3 3 3
Total oxygens  4.004 4.003 4 3.998 4.005 4.006 4.003
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Spinel Group
wt% oxides ' C Chr.1 C Chr 2 CChr 3 CChr4 B Chr.1 B Chr.2 B Chr_3
Sio, 0 0 0 0 0 0 0
Al,O; 5.9 5.8 5.7 5.7 6 6.2 5.9
NiO 0 0 0.1 0 0.1 0 0
Cr,0; 57.4 58.1 56.7 57.9 56.8 58 57.3
Tio, 2.3 2.9 2.9 3 2.6 1.9 2.6
FeO 30.2 30.4 30.5 30.6 30.4 30.4 30.5
MnO 0.6 0.6 0.6 0.6 0.5 0.6 0.6
MgO 2.4 2.6 2.6 2.5 2.5 2.5 2.6
Na20 0 0 0 0 0 0 0
V,0, 0.8 0.8 0.8 0.8 0.9 0.9 0.8
ZnO 0.4 0.2 0.3 0.3 0.4 0.4 0.2
Total 100.3 101.5 100.2 101.3 100.2 100.9 100.6
Number of ions based on 4 Oxygens
Cations
Si 0 0 0 0 0.002 0 0.001
Al 0.357 0.359 0.352 0.375 0.383 0.369 0.355
Ni 0.001 0.001 0 0.003 0.001 0 0.002
Cr 2.416 2.387 2.412 2.39 2.42 2.4 2.375
Ti 0.151 0.157 0.156 0.139 0.101 0.138 0.136
Fe(ii) 0.892 0.905 0.898 0.902 0.893 0.899 0.931
Mn 0.017 0.018 0.016 0.015 0.017 0.018 0.016
Mg 0.137 0.135 0.133 0.131 0.131 0.139 0.134
Na 0 0 0.001 0 0.001 0 0
\" 0.034 0.035 0.035 0.036 0.036 0.035 0.033
Zn 0.006 0.008 0.007 0.011 0.01 0.006 0.006
Total cations 3 3 3 3 3 3 3

Total oxygens  4.011 4.006 4.011 4.003 3.997 4.004 3.989
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Spinel Group
wt% oxides B Chr 4 B Chr 5 G _Chr.1 G_Chr_ 2 G_Chr_.3 G_Chr 4 G_Chr_5
Sio, 0 0 0 0 0 0 0
Al,O; 5.6 5.9 5.8 6.1 5.7 5.7 5.5
NiO 0.1 0 0 0 0.1 0.1 0
Cr,0; 56.3 57.4 58.3 57 57 56.6 57
Tio, 2.5 2.6 2.5 2.6 2.9 2.7 3.1
FeO 31.3 30.1 30 29.6 30.5 29.9 30.3
MnO 0.5 0.5 0.6 0.6 0.6 0.5 0.5
MgO 2.5 2.6 2.5 2.1 2.6 2.6 2.5
Na20 0 0 0 0 0 0 0
V,0, 0.8 0.8 0.8 0.7 0.8 0.8 0.7
ZnO 0.2 0.4 0.3 0.2 0.2 0.3 0.3
Total 99.9 100.3 100.8 99 100.3 99.3 100
Number of ions based on 4 Oxygens
Cations
Si 0 0 0 0 0.002 0 0.001
Al 0.368 0.359 0.39 0.357 0.361 0.346 0.341
Ni 0.001 0.001 0 0.002 0.003 0 0.003
Cr 2.412 2.44 2.43 2.394 2.402 2.408 2.398
Ti 0.139 0.132 0.143 0.155 0.144 0.165 0.164
Fe(ii) 0.892 0.885 0.891 0.905 0.895 0.902 0.902
Mn 0.016 0.017 0.017 0.018 0.016 0.015 0.015
Mg 0.136 0.131 0.111 0.135 0.137 0.134 0.141
Na 0 0.001 0.001 0 0.001 0 0.001
\" 0.034 0.036 0.031 0.033 0.034 0.032 0.033
Zn 0.01 0.008 0.007 0.006 0.009 0.009 0.007
Total cations 3 3 3 3 3 3 3

Total oxygens = 4.007 4.01 4.021 4.006 4.005 4.011 4.006
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Spinel Group
wt% oxides G Chr 6 H Chr 1 H Chr 2 H Chr 3 | Chr 1 [ Chr 2 | Chr 3 | Chr 4
Sio, 0 0 0 0 0 0 0 0
Al,0, 5.5 5.8 5.9 5.7 5.8 5.7 5.9 5.9
NiO 0.1 0 0 0 0 0.1 0 0
Cr,0; 57.3 57 57.5 55.9 56.1 57.5 57.5 57.5
Tio, 3.1 2.8 2.8 2.7 2.8 3 2.6 2.7
FeO 30.6 30.2 30.1 30.2 30.6 30.2 30.2 30.2
MnO 0.5 0.5 0.6 0.6 0.6 0.6 0.6 0.6
MgO 2.7 2.7 2.6 2.6 2.6 2.6 2.5 2.5
Na20 0 0 0 0 0 0 0 0
V,0, 0.8 0.8 0.9 0.7 0.8 0.7 0.8 0.8
Zn0O 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.3
Total 100.8 100.1 100.7 98.7 99.6 100.8 100.5 100.6
Number of ions based on 4 Oxygens
Cations
Si 0.001 0 0 0 0 0 0 0
Al 0.341 0.362 0.37 0.365 0.364 0.355 0.368 0.369
Ni 0.003 0.001 0 0 0 0.002 0 0
Cr 2.398 2.4 2.406 2.382 2.373 2.406 2411 2.413
Ti 0.164 0.149 0.147 0.144 0.152 0.16 0.14 0.145
Fe(ii) 0.902 0.896 0.889 0.908 0.911 0.891 0.894 0.892
Mn 0.015 0.016 0.017 0.017 0.018 0.017 0.017 0.017
Mg 0.141 0.141 0.136 0.142 0.138 0.137 0.131 0.132
Na 0.001 0 0 0 0 0.001 0 0
Vv 0.033 0.033 0.037 0.032 0.033 0.032 0.035 0.035
Zn 0.007 0.009 0.008 0.008 0.009 0.01 0.009 0.009
Total cations 3 3 3 3 3 3 3 3

Total oxygens = 4.006 4.006 4.011 3.998 3.999 4.009 4.008 4.011
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wt%
P
Si
Ni
Fe
Mn
S
Ti
Co
Cr
Total

Cations
Co
Ni
Fe

Total

wt%
P
Si
Ni
Fe
Mn
S
Ti
Co
Cr
Total

Cations
Co
Ni
Fe
Total

Table A 5: EPMA analysis of Metal Group

Metal Group
G _Metal 4 G Metal 5 G _Metal 1 G _Metal 2 G_Metal 4
0 0 0 0 0
0 0 0 0 0
6 6 26.9 26.6 28.5
94.2 93.7 73.1 73.7 72.3
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0.7 0.8 0.3 0.3 0.2
0 0 0 0 0
101 100.5 100.3 100.7 101.1
0.007 0.007 0.002 0.003 0.002
0.057 0.057 0.259 0.255 0.272
0.936 0.935 0.739 0.742 0.726
1 1 1 1 1
Metal Group
G Metal 5 H Metal 1 H Metal 2 H Metal 3
0 0 0 0
0 0 0 0
29.7 28.4 27.9 29.2
70.7 71.9 73.0 71.0
0 0 0 0
0 0 0 0
0 0.1 0.1 0
0.3 0.2 0.3 0.3
0.1 0 0 0
100.8 100.6 101.3 100.4
0.002 0.002 0.002 0.002
0.285 0.273 0.266 0.28
0.712 0.725 0.731 0.717
1 1 1 1
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Table A 6: EPMA analysis of Sulfide Group.

Sulfide Group
wt% G FeS.1 G FeS 3 HFeS 1 HFeS 2 HFeS 3 HFeS 4
P 0 0 0 0 0 0
Si 0 0 0 0 0 0
Ni 0 0.2 0 0 0 0
Fe 63.6 62.8 63.4 64 63.7 63.8
Mn 0 0 0 0 0 0
S 35.1 35.2 35 35.3 35.2 35.3
Ti 0 0 0 0 0 0
Co 0 0 0.1 0 0.1 0
Cr 0 0.1 0.1 0.1 0.1 0
Total 98.9 98.3 98.4 99.3 99 99.2
Cations
Fe 1.019 1.011 1.019 1.02 1.019 1.018
S 0.979 0.985 0.979 0.98 0.98 0.981
Total 2 2 2 2 2 2
Table A 7: Homogeneity of olivine composition.
Calculation for the Fa homogeneity
Point Comment Fa(mole%) Point Comment Fa(mole%)
126 B-Ol_1 24.2 168 E-Ol_3 23.9
127 B-Ol_2 24 172 E-Ol_4 24.1
135 C-0l_1 239 176 F-Ol_rim_5 23.4
136 C-0l_2 22.9 180 J1-0l_1 23.8
137 C-0l_3 22.8 181 J1-01_2 23.6
138 C-0l_4 23.2 182 J1-01_3 23.8
151 D-0l_1 23.5 183 J1-0l_4 23.9
152 D-0Ol_2 23.8 184 J1-01_5 23.7
153 D-0Ol_3 23.8 185 J1-01_6 23.6
161 D-Ol_4 23.5 186 J1-01_7 23.5
162 D-0l 5 23.4 187 J1-01_8 23.4
164 E-Ol_2 23.1 202 MV2d-0l_1 23.6
165 E-Ol_3 23 203 MV2d-0l_2 23.5
166 E-Ol_1 23.6 204 MV2d-0l_3 23.8
167 E-Ol_2 23.7
Minimum Fa 22.8(mole%)
Maximum Fa  |24.2(mole%)
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