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Abstract

Abstract

Chondritic meteorites (‘chondrites’) are primitive early solar system materials; the
composition of chondrites—especially of CI chondrites—represent the average solar system
composition. The two main components of chondrites are (i) chondrules, pm to mm-sized
silicatic melt droplets, and (ii) matrix, an opaque and fine-grained unequilibrium mineral
assemblage. The origin of these two constituents, especially for the heat source required for
melting chondrules, is still enigmatic. In this work, the genetic link between chondrules and
matrix was studied.

A mineralogical zonation with olivine minerals dominating the cores and low-Ca
pyroxenes at the margins are present in at least 75% of all chondrules studied in chapter 2.
In total, 256 chondrules of 16 different carbonaceous and Rumuriti chondrites (R chondrites)
were studied. The low-Ca pyroxene rims were formed by addition of Si to the chondrules
(or their precursor) from the surrounding nebula gas, which later condensed to form matrix.
Hence, chondrules were open systems and gained 3-15 wt.% material by this process.

In chapters 3 and 4, bulk chondrule, matrix and bulk meteorite compositions of the
recently found CM chondrite Jbilet Winselwan (JW) and of three different R chondrites were
studied. Bulk chondrule and matrix compositions were obtained with the electron
microprobe and bulk meteorite compositions with X-ray spectrometry.

Jbilet Winselwan and the R chondrites show chemical complementarities. Thus, although
bulk meteorite compositions are CI chondritc (=solar), chondrules and matrix have different
compositions. The amount of matrix in the studied chondrites are at least 50 vol.%. All
chondrites have higher than bulk ratios of Fe/Mg, Si/Mg, Al/Ti, Al/Ca in the matrices and
vice versa in chondrules. Bulk chondrite ratios are (except Si/Mg in R chondrites) CI
chondritic. These complementarities, together with the solar bulk composition of the
meteorites, can only be explained when chondrules and matrix formed from a single
reservoir.

In chapter 4, complementarity is, to my knowledge, for the first time reported in non-
carbonaceous chondrites. It is assumed that carbonaceous and non-carbonaceous chondrites
formed in distinct regions within the solar system. A joint formation of chondrules and

matrix is required for both reservoirs.



Kurzzusammenfassung

Kurzzusammenfassung

Chondritische Meteorite (,,Chondrite") sind primitive Materialen aus dem frithen
Sonnensystem. Thre Zusammensetzung (insbesondere der CI-Chondrite) reprisentiert die
durchschnittliche Zusammensetzung des Sonnensystems. Die beiden Hauptkomponenten
der Chondrite sind (i) Chondren, um bis mm-grof3e, silikatische Schmelztropfchen, und (ii)
Matrix, ein opakes und feinkorniges Mineralgemisch. Die Entstehung beider Komponenten,
insbesondere der Urspung der Hitzequelle welche die Chondren zum Schmelzen brachte, ist
unbekannt. In dieser Arbeit wurde der genetische Zusammenhang zwischen Chondren und
Matrix untersucht.

Eine mineralogische Zonierung mit iiberwiegend Olivinen in den Chondrenzentren und
Ca-armen Pyroxenen in den Réndern sind in mindestens 75% der in Kapitel 2 untersuchten
Chondren zu finden. Insgesamt wurden 256 Chondren in 16 verschiedenen kohligen sowie
Rumuruti Chondriten (R Chondrite) untersucht. Die Pyroxene der Chondrenrénder bildeten
sich durch Aufnahme von Si aus dem umgebenden Gas, welches spéter zu Matrix
kondensierte. Chondren (oder ihre Vorldufer) fungierten als offene Systeme und erhielten
auf diese Weise eine Massenzunahme von 3-15 Gew.%.

In den Kapiteln 3 und 4 wurden mit der Elektronenestrahlmikrosonde die chemische
Zusammensetzung von Chondren und Matrix des CM Chondriten Jbilet Winselwan (JW),
sowie dreier R Chondrite bestimmt. Die jeweiligen Gesamtgesteinszusammensetzungen der
Meteorite wurden auflerdem mittels Rontgenfluoreszenzspektrometrie analysiert.

Die untersuchten Chondrite haben mindestens 50 Vol.% Matrix. Die Matrices der
Chondrite haben erhohte Verhiltnisse von Fe/Mg, Si/Mg, Al/Ti und Al/Ca gegeniiber den
Gesamtmeteoriten; Chondren haben entsprechend niedrigere Verhiltnisse. Die Gesamt-
zusammensetzung der Meteorite ist (bis auf Si/Mg in den R Chondriten) CI-chondritisch
(solar). Diese komplementdren Zusammensetzungen konnen im Zusammenhang mit den
solaren Elementhéufigkeiten der Meteorite nur erkldrt werden, wenn sich Chondren und
Matrix gemeinsam im gleichen Reservoirs gebildet haben.

In Kapitel 4 wird, zu meinem Wissen, Komplementaritét das erste Mal in nicht-kohligen
Chondriten beschrieben. Es wird vermutet, dass kohlige und nicht-kohlige Chondrite aus
unterschiedlichen Regionen des friihen Sonnensystems stammen. Eine gemeinsame Bildung

von Chondren und Matrix muss in beiden Reservoiren angenommen werden.
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1 Introduction

Meteorites are extraterrestrial lithic fragments that enter Earth's atmosphere and strike its surface.
Witnesses that meteorite impacts have always been a part of the Earth are e. g. fossilised
meteorites, impact features such as the Chicxulub crater underneath the Yucatan peninsula, or
ancient chronicles from China or Crete about meteorite showers. However, in 1794, the German
polymath Ernst Chladni realised the extraterrestrial origin of meteorites and thereby laid the
foundation for modern meteorite studies.

Most meteorites are found in deserts, because the dry climate prevents extensive weathering
and dark rocks are easily visible on light desert ground. Another advantage for finding meteorites
in cold deserts is, that meteorites accumulate in response to ice movements. The ice moves until
reaching areas with relatively low accumulation but high sublimation rates. Those snow free
places, are called ‘Blue Ice’ areas, because they expose the deeper glacial ice. Meteorites which
were carried within the ice remain there after the ice ablated. The Antarctic Search for Meteorites
(ANSMET) organises expeditions to those meteorite traps since 1976, and more than 30,000
Antarctic meteorites have been found so far. In 1984, the first lunar rock was discovered and, ten
years later, the first Martian rock. However, beside very few samples from Moon and Mars, the
vast majority of meteorites that are found on Earth are debris from asteroids. They originate in
the asteroid belt, which is located between the planets Mars and Jupiter. Based on whether a
meteorite is composed of stone, iron, or stone-iron, two basically distinct types of asteroids are
distinguished: (i) differentiated bodies, which became heated and molten, differentiated, and re-
solidified after formation, and (ii) undifferentiated asteroids, which were not molten after their
accretion and agglomeration in the protoplanetary disc. Meteorites from differentiated bodies are
referred to as "achondrites’ and undifferentiated meteorites are called "chondrites’. The latter are
the focus of this work.

The undifferentiated chondrites directly sample the solar nebula (protoplanetary disc), which
existed about 4.57 billion years ago (Bouvier and Wadhwa, 2010) and mark the beginning of our

solar system. Hence, they record the physical and chemical conditions in the solar nebula.
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1.1 The solar system

1.1.1 Structure of the solar system

Our solar system consists of a central star —the Sun— and eight planets, that orbit the Sun in the
same plane (ecliptic) (Fig.1.1). The Sun contains 99.9% of the mass of the solar system
(Woolfson, 2000). Hence, the composition of the Sun is representative of the entire solar system.
The Sun consists of roughly 99 wt.% of H (~75 wt.%) and He (~24 wt.%), and only less than 2
wt.% of elements heavier than He (Lodders, 2003). As a lower main-sequence star, in its core He
is generated by fusion reaction of H, but heavier elements are not produced. Closest to the Sun
are the four terrestrial planets of the inner solar system: Mercury, Venus, Earth, and Mars. These,
also called "telluric” or rocky’ planets, are mainly composed of silicate rocks and metal. Their
mean densities are between 5.4 (Mercury) and 3.9 g/cm® (Mars) and decrease with increasing
distance from the Sun. They are composed of at least two layers: an inner core consisting mainly
of Fe and Ni plus minor amounts of other siderophile (iron-loving) elements, and an outer shell
that is built up mainly from lithophile (stone-loving) elements, which commonly form silicates.
The distance between Sun and Earth is about 150 x 10° km, defining 1 AU (Astronomical Unit).
Adjacent to the inner solar system, from about 2.0 to 3.4 AU, extends the asteroid belt, which is
populated with asteroids and dwarf planets. So far, the orbits of more than 600,000 objects have
been recorded in the asteroid belt. Only a few of those objects are more than 100 km in diameter

and their total mass is estimated to be about 1/2000 of that of Earth (Chambers, 2014). The

Pluto

Makemake

Comets

—

Figure 1.1: Model of the solar system.
(Image credit: NASA's the Space Place, via http://spaceplace.nasa.gov/ice-dwarf/)
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composition of these objects is not uniform throughout the main asteroid belt. The inner asteroid
belt, up to 2.5 AU, is dominated by silicate rich objects which have at some time been partially
or even completely molten. At a distance of 2.5 AU the darker and carbon richer objects
dominate, which have not, or only mildly, been heated. Behind the asteroid belt lies the outer
solar system with the Jovian planets: Jupiter, Saturn, Uranus, and Neptune. These gas giants
consist mainly of H and He and their densities are between 0.7 and 1.6 g/cm’. Beyond the orbit
of Neptune, between 30 and 50 AU, are the objects of the Kuiper belt. The Kuiper belt consists
mainly of small objects, which are less than 100 km in diameter, but is also home of three
officially recognised dwarf planets—Pluto, Haumea, and Makemake. Additionally, most comets
are assumed to originate from the Kuiper belt. Behind the Kuiper belt assumably lies the Oort
cloud. The Oort cloud is a hypothetical, and so far, not detected accumulation of astronomic

objects in the outermost parts of the solar system.

1.1.2 Formation of the solar system

The formation of our solar system and its planetary system is a long-standing question and not
yet completely solved. Clues about its formation is basically provided from astronomical
observations, cosmochemical studies of meteorites and space missions (Chambers, 2014). Based
on these observations, the picture about the formation of the Sun and the planets is constantly
refined. I will outline here the basic steps of the beginning and the formation of the solar system.

The birth of our solar system started in a huge
molecular cloud. Molecular clouds are cold and
dense (T ~10 K; nz; ~ 100 cm’) regions in a galaxy
(Ostriker et al., 2001). They consist primarily of
molecular hydrogen, mixed with traces of
interstellar dust grains and rare organic as well as
inorganic molecules (Alves et al., 2001). The
largest molecular clouds are visible to the naked
eye, appearing as dark patches against a brighter

background in the Milky Way. One present region

of such a massive star formation in the Milky Way

Figure 1.2: Thousands of stars are forming inside

is the Orion Nebula, which is 1,344+20 light years
the Orion Nebula. (Image credit: NASA/ESA, via

http://spacetelescope.org/.) away from Earth (Hirota et al., 2007) (Fig. 1.2).
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Such stellar nurseries can contain thousands of young stars and extend hundreds of light years
across.

The molecular cloud from which our solar system formed existed for an unknown time, until
it collapsed, probably initiated from the shock front of a nearby supernova explosion. The cloud
contracted and most of its mass fell into the centre to form the protosun. Due to collapsing, the
gravitational potential energy of the cloud was converted into kinetic energy of individual
particles. This results in increased collisions of the particles and the kinetic energy was converted
into heat. The disc became hottest in its centre, where most of the mass was concentrated in the
Protosun. The temperature decreased with increasing distance from the centre. When
temperatures in the protosun were as high as 10° K, nuclear reactions started and the Sun was
born, surrounded by a rotating disk. This protoplanetary disk is here called "solar nebula’. The
solar nebula probably lasted for a few million years, until the planets, their moons, the dwarf
planets, the asteroids and the comets had finally formed.

When the inner disk cooled, the first solid matter formed as um sized objects by condensation.
The predicted condensation sequence in a gas of solar composition at pressures of 10° bar is
shown in Fig. 1.3 (Petaev and Wood, 1998). On the x-axis of the diagram, the “isolation degree’
(&) is given. This variable indicates how much of the already condensed matter is continuously
withdrawn from reactive contact with the surrounding gas while condensation proceeds. Hence,
at the lower end of the x-axis, condensation under equilibrium condition (§=0) is displayed, while
the rest of the diagram shows condensation with variable degrees of fractionation. The first
minerals to form in a cooling gas of solar composition are at temperatures of about 1700 K Ca,Al-
rich oxides. These phases make less than 5 % of the total condensable matter (Palme, 2000).
With decreasing temperatures, the first silicate to form, slightly above 1300 K, is diopside
(CaMgSi,0g), followed by forsterite (Mg,Si04). Metal, as well as small amounts of anorthitic
plagioclase (CaAl,Si,0y), start to form at about 1300 K. The composition of the solar nebula is
highly reducing and metallic Fe,Ni-phases are the stable condensed form of iron until
temperatures of below 800 K (Grossmann et al., 2008). Under equilibrium condensation, also
forsterite reacts with gaseous SiO to form enstatite (MgSiOs3) and pure anorthite has been
converted to pure albite (NaAlSi;Os), just below 1300 K. As Fe, Mg and Si are the three most
abundant elements heavier than oxygen, in the solar nebula, the largest fraction of condensable
matter is incorporated into those minerals that condense at temperatures above 1200 K.

The moderately volatile elements, which were not already incorporated into previously
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Figure 1.3: Condensation temperatures in a gas of solar composition at a pressure of 10 bar depending on the
isolation degree (). Major changes in the condensation sequence take place at isolation degrees between 0.1 and

1 %. (Figure after Petaev and Wood, 1998).

formed minerals, such as e.g. Na in Albite, start to condense at temperatures below 800 K.
Sulphur is the most abundant of these moderately volatile elements and condenses by reaction
with solid Fe to form sulphides. Under equilibrium condition, other moderately volatile elements
condense in solid solution with existing silicates, metal, or sulphide major phases.

Under fractionated condensation, with isolation degrees of & >0.1 %, the condensation
sequence changes substantially (Fig.1.3). Values of £ between 0.1 and 2.5 seem reasonable to
produce the mineral assemblages found in chondrites (Pateav and Wood, 1998).

Accretion of material started already during the formation of the first tiny grains by
condensation in the solar nebula. Small amounts of presolar grains were also present in the solar
nebula and coagulated with the early condensates. The initial stage of accretion was due to Van
der Waals forces, during collisions of the orbiting grains. When particles reach a size of mm or
cm, growth is likely to stagnate (Brauer et al., 2008; Zsom et al., 2010), referred to as the "'meter
size barrier’. The mechanism which was responsible for the formation of planetsimals remains
unclear (Chambers, 2008). However, when planetesimals had once formed, further growth was
first mainly due to gravitational focusing (‘runaway accretion’) and later dominated by oligarchic

growth when collisions became more destructive. Both mechanisms lead to increased accretion
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rates of larger bodies compared to smaller ones. When planetary embryos had formed, each one
had its own annular feeding zone. The temperature gradient away from the Sun in the
protoplanetary disc is thereby reflected in the composition of bodies in the different parts of the
solar system.

Bodies with a particular diameter or which formed very early got heated, melted and
differentiated due to energy that was generated by impacts and the decay of radioactive isotopes
such as the short-lived isotope *°Al (Fig. 1.4). Siderophile elements formed the cores, while
lithophile elements accumulated in silicates and formed the mantles and potential crusts of
planetesimals. This structure is typical of the terrestrial planets. The main asteroid belt is
populated by small bodies, which are mostly unfractionated. Yet, some meteorites derive from
differentiated asteroids. These achondrites consist either of the metallic cores, or the olivine-rich
mantles, or both, of their parent bodies. Isotope studies on some iron meteorites reveal very old
formation ages within 2 Myr after formation of the solar system (Kleine et al., 2005; Markowski
et al., 2006, Schersten et al., 2006). Hence, they formed early enough to sustain sufficient
amounts of *°Al for melting. However, most meteorites derive from undifferentiated bodies: the
"chondrites’, which represent about 86% of all known meteorites. These objects still contain the
solids that have formed at the beginning of our solar system. Chondrites are therefore direct
samples of the solid fraction of the solar system and, hence, provide unique insights into its

chemical and physical evolution.

etallic

core

Undifferentiated body Redistribution of elements Differentiated body

Increasing temperature T~1900 K

Figure 1.4: Differentiation process: an undifferentiated asteroid gets heated caused largely by the decay of *°Al .
Lithophile elements differentiate into silicates and form the mantle and siderophile elements form the core.
Chondrites derive from undifferentiated asteroids.
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1.2 Chondrite classification and components

1.2.1 Chondrite classification

Classification according to primary classification parameters

Primary classification parameters for chondritic meteorites are their oxygen isotope composition,
their bulk chemistry, as well as their petrology and petrography. Based on these parameters,
chondritic meteorites are divided into classes, clans and groups (Fig.1.5). The purpose of this
classification is to sort the meteorites according to generic similarities, e. g. the same time or
same location of formation in the solar nebula or even a common parent body (Krot et al., 2014).

There are 3 classes among the chondritic meteorites: ordinary (O), carbonaceous (C), and
enstatite (E) chondrites. The chondrites of each class can be charted in a three-oxygen isotope
diagram (Fig. 1.6), or on diagrams representing the bulk chemical compositions of the meteorites
(Fig. 1.7).

The classes are subdivided into clans. Clans unite chondrite groups, which are similar
regarding to their chemical, mineralogical and/or isotopic properties; yet have petrologic and/or
bulk chemical different characteristics. Meteorites of the same clan may have originated at about
the same time and in the same region of the solar nebula (e.g. Kallemeyn et al, 1996).

A group consists of at least 5 individual chondrites, which have closely similar whole-rock
chemical and oxygen isotope characteristics, and common petrologic features, such as chondrule
sizes, chondrule/matrix ratios and mineral compositions. Chondrites of one group have probably
originated from the same parent body. Main petrographic characteristics of the individual

chondrite groups are listed in Table 1.

Classification of Chondrites

|
Class Carbonaceous

| | | | ‘

Clan Cl CM-CO CV-CK CR H-L-LL EH-EL
| l_|_| [ I 1 I l 1 [ } 1 |—||
Group Cl CM CO Cv CK CR CH CB H L LL EH EL R K

Figure 1.5: Classification scheme of chondrites after Weisberg et al. (2006).



1 Introduction

10
- cl
i R, EHEL
5[ LL
- L
- CR,CH H CM
2 [
< 4k
9 i | ‘\
%
K
sf ~ .
1 11 1 1 1 11 1 1 1 11 1 11 11 1 1 1 1 1 1
105 -0 5 10 15 20
§"%0 (%oo)

Figure 1.6: Oxygen isotope composition of bulk-rock

chondrites.
1996; 1999; Clayton et al.,

references therein)

(Data from Clayton and Mayeda,
1991; Clayton, 2003; and

The eight groups of the C chondrites
commonly contain rather high percentages of
matrix, often with chondrule/matrix ratios around
50:50 (Scott et al., 1996), except CI chondrites
which are almost completely composed of
matrix. Oxygen isotope compositions of the C
chondrites plot typically below the terrestrial
fractionation line (TFL), except for CI
chondrites. The group of CI chondrites represent
the most primitive chondrites, with chemical
compositions that are identical to the solar
photosphere for all but the highly volatile

elements (e. g. Anders and Grevesse, 1989,

Lodders 2003, Palme et al., 2014a) (Fig. 1.8). Because of the equal compositions of CI chondrites

and the solar photosphere, CI chondrites are used as a reference composition for many solar

system materials. Figure 1.7 shows bulk element data of chondrite groups normalised to CI

chondrites and to Mg. Other groups of C chondrites are enriched in refractory elements by factors

1.0 to 1.4 and depleted in moderately volatile elements, relative to CI chondrites (Scott and Krot,

2.0
—— Ca . "
Ordinary Enstatite ungrouped
=8=iAl Carbonaceous chondrites chondrites chondrites | chondrites
—— Sj
—o— Fe

e
(62}
I

Y]

Normalised to Cl and 10 Mg-atoms
e =

W\

Cl CM CvV CO CK CR CH H L LL

EH EL R K

Figure 1.7: Element abundances in chondrite groups normalised to CI chondrites and Mg. (Data from Wolf and

Palme, 2001; and refences therein).
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Figure 1.8: Major and trace element abundances of CI Fe contents (H= high total Fe; L=low total Fe)
chondrites are identical to the composition of the solar and oxidation state (LL= low total Fe and low
photosphere. (Figure from Zanda, 2004) abundance of metal). Ordinary chondrites are
depleted in refractory elements and moderately volatile elements. Silicon and Mg are slightly
enriched in all O chondrites, but Fe is enriched in H, and depleted in L and LL Ordinary
chondrites with respect to CI chondrites.

Enstatite chondrites are highly reduced, with virtually all iron occurring as metal and
sulphides. They contain only little matrix material, up to 15 vol.% (Scott et al., 1996). Their
oxygen isotopes plot on the TFL in a three-isotope diagram. The group of EH chondrites is
characterised by high total Fe and the EL chondrites by low total Fe contents. Silicon is generally
enriched in E chondrites, while Ca and Na are enriched in EH, but depleted in EL chondrites,
with respect to CI. The refractory element Al as well as the moderately volatile elements Mn, S,
and Zn are slightly depleted in EH chondrites and more depleted in EL, compared to CI.

The Rumuruti (R) and Kakangari (K) chondrites have considerable amounts of matrix,
roughly between 40 and 50 vol.% in R chondrites (Bischoff et al., 2011) and up to 70 vol.% in
K chondrites (Weisberg et al., 1996). Oxygen isotope data plot above the TFL for R chondrites
and below the TFL for K chondrites. In both chondrite groups, bulk rock element data show
depletions in refractory and moderately volatile elements, relative to CI chondrites. In R
chondrites, Si is enriched, but Mg and Fe are unfractionated. In K chondrites, Fe is depleted, but
Si and Mg are unfractionated.

There exist also several mineralogically and/or chemically unique chondrites, which cannot

be charted among the existing groups. Those are referred to as ungrouped chondrites.
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Table 1.1

Main petrographic characteristics of the distinct chondrite groups.

CAls Chondrules Matrix Metal Chondrule Petrologic

(area%) (vol.%) (vol.%) (vol.%)  mean @ (mm) types
Carbonaceous
CI <<1 <<1 >99 0 - 1
CM ~1 20 70 0.1 0.3 1-2
CO ~1 48 34 1-5 0.15 3-4
CR ~0.1 50-60 30-50 5-8 0.7 1-2
CH 0.1 ~70 5 20 0.02 3
CB <0.1 30-40 <5 60-70 0.1-20 3
(A% ~3 45 40 0-5 1 3-4
CK 0.2 15 75 <0.01 0.7 3-6
Ordinary
H 0.01-0.2 60-80 10-15 ~8 0.3 3-6
L <0.1 60-80 10-15 ~4 0.7 3-6
LL <0.1 60-80 10-15 2 0.9 3-6
Enstatite
EH <0.1 60-80 <0.1 ~10 0.2 3-6
EL <0.1 60-80 <0.1 ~10 0.6 3-6
Additional
R <0.1 >40 30 <0.1 0.4 3-6
K <0.1 ~30 60 ~7 0.6 3

Data are from Krot et al. (2014); except abundance data for CAls, which are from Hezel et al. (2008) and

reverences therein.

Classification according to secondary classification parameters

Chondrites are primitive solar system materials that originate from unfractionated parent bodies.
However, individual chondrites may have undergone secondary alteration processes. Post-
accretionary processes are an additional classification parameter for chondrites.

The classification scheme introduced by Van Schmus and Wood (1967) divides chondrites
into petrologic types, depending on the degree and nature of secondary alteration that the
meteorite experienced on its parent body. This classification is based on mineralogical changes,
which occur due to thermal or aqueous alteration. Chondrites of petrologic type 3 represent the
least altered material, which have not undergone chemical equilibration processes due to aqueous

or thermal overprint. Type 1 and type 2 chondrites underwent aqueous alteration, with the degree
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of alteration decreasing from 1 to 2. Type 4 to type 6 chondrites experienced thermal
metamorphism of increasing degree from 4 to 6. Typically, carbonaceous chondrites mostly
experienced aqueous alteration, with CI chondrites always being of petrologic type 1. The O, E,
R and K chondrites are always of petrologic types 3 to 6. The range of petrologic types, which
occur in the different chondrite groups is displayed in Table 1. Many chondrites are brecciated
rocks (e. g. Bischoff et al., 1983; Bischoff et al., 2011) and their different fragments may have
experienced various extents of asteroidal processes. Hence, it is not always possible to label a
chondrite with a single petrologic type, and different fragments must be classified individually.

Another secondary classification parameter is the shock stage which indicates the grade of
shock pressure that a meteorite experienced during impacts on its parent body. The classification
is based on shock effects observed in olivine and plagioclases (Stoffler et al., 1991) or in low-Ca
pyroxenes (Rubin et al., 1997). The classification scheme range from S1 (unshocked) to S6 (very
strongly shocked).

The degree of terrestrial weathering of individual meteorite finds can also be specified.
According to Wlotzka (1993) the progressive alteration stages are from WO (no visible alteration

of minerals) to W6 (massive replacement of primary minerals).

1.2.2 Chondrite components

The main components of chondrites are chondrules, matrix, opaque phases and refractory
inclusions (Fig.1.9).

Chondrules are, together with matrix, the dominant and most prominent component of
chondritic meteorites. They are solidified molten spherules, which are normally between 400 pm
and 1 mm in size. Chondrules are no direct condensates, but formed from molten precursor
material. Major minerals of chondrules are olivines and low-Ca pyroxenes, while minor phases
are Ca-pyroxenes and a commonly feldspar-normative glassy or microcrystalline mesostasis.
Metal and sulphide grains can also occur in chondrules. Some chondrules are characterised by
the presence of thin metal rims, SiO,-rich rims, or accretionary dust rims.

Chondrules can be classified based on their texture in porphyritic chondrules, which consist
of larger olivine and/or pyroxene crystals set in a fine-grained or glassy mesostasis, and

nonporphyritic chondrules (Scott and Krot, 2014). In Fig. 1.10, a porphyritic chondrule and a
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nonporphyritic chondrule are displayed.
Porphyritic chondrules which are
dominated by olivine minerals are called
porphyritic olivine (PO) chondrules. Those
which mainly consist of pyroxene minerals
are called porphyritic pyroxene (PP)
chondrules, and those containing both
minerals are called porphyritic olivine

pyroxene (POP) chondrules. Porphyritic

chondrules can further be divided according

Figure 1.9: Chondrules, matrix and opaque phases are the . L .
to their oxidation state into FeO-poor

dominant components in the CV chondrite Bali.
chondrules (Type I) and FeO-rich chondrules
(Type II) (Scott and Krot, 2014). The porphyritic structure is due to incomplete melting of
chondrule precursor material (Lofgren, 1996; Connolly et al., 1998). Nonporphyritic chondrules
have barred olivine (BO), radial pyroxene (RP) or cryptocrystalline (CC) textures. They
crystallised from melts that were heated above their solidus long enough to destroy all nuclei.
Matrix is the mostly optically opaque mineral mixture wherein chondrules, refractory
inclusions and opaque phases are embedded (Scott et al., 1988). The amount of matrix material
in chondrites varies significantly among the chondrite groups between 5 and 99 vol.%, but is
typically between 5 and 50 vol.% (Table 1.1). Matrix grains are commonly between 10nm and

Sum in size and often represent a disequilibrium assemblage of various mineral phases mixed

with presolar material and nebular condensates (Scott and Krot, 2014). Matrix minerals include

Olivine

Matrix

Figure 1.10: Crossed polariser microscope images with “Gips Rot 1” plate. Left: Porphyritic olivine pyroxene
chondrule (POP). Large opyroxene minerals, which enclose olivine minerals poicilitically are primarily in the
peripherie of the chondrule. Most olivine minerals are in the chondrule centre. Right: Radial pyroxene chondrule
(RP). (Image credit: Addi Bischoff)
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amorphous phases as well as crystalline FeO-rich silicates (olivines and pyroxenes), oxides,
sulphides, Fe,Ni-metal, and—especially in type 1 and 2 chondrites—phyllosilicates and
carbonates. Matrix material is more susceptible to alteration by aqueous fluids and
methamorphism on the parent body than other chondritic components, due to the fine grain sizes,
the presence of amorphous phases as well as high porosity and permeability. Many of the typical
matrix minerals are therefore probably products of secondary processes (Scott and Krot, 2003;
Brearley 2003). The two meteorites with the least-altered matrices are Acfer 094 (ungrouped)
and ALHA77307 (CO 3.0). Matrices in these meteorites consist of 100-500 nm sized grains of
olivine, pyroxene, sulfides, and Fe,Ni-metals which are set in an amorphous material enriched in
Si, Al, Ni and S (Huss et al., 2005).

Matrix is usually enriched in FeO relative to average chondrules (e.g. McSween and
Richardson, 1977; Bland et al., 2005; Hezel and Palme, 2010). Since matrix is also commonly
richer in volatile elements, it is by some authors designated as the "low-temperature component’
of chondrites. However, this is not exactly true, as matrix is a mixture of diverse material,
including presolar grains and high temperature nebular condensates (Bland et al., 2007; Scott and
Krot, 2014).

Opaque phases in chondrites are metals, sulphides and oxides. Two kinds of metals are found
in chondrites: grains which are composed of refractory elements that condense at high
temperatures (>1600 K) and are associated with CAls (Palme and Wlotzka, 1976). And metal
grains, which are predominantly composed of Fe, Ni and Co and condense with forsterite and
enstatite at ~1350-1450 K (Campbell et al., 2005). The latter are typically associated with FeO-
poor chondrules (Brearley and Jones, 1998), and often affected from low temperature reactions,
probably on their parent bodies, which lead to the formation of oxides and sulphides (Scott and
Krot, 2014).

The prevalent sulphide phase in most chondritic meteorites is troilite, stoichiometric FeS.
However, also other sulphides, such as pyrrothite and pentlandite, which are not stoichiometric
are common in chondrites.

Refractory inclusions are direct condensates from the solar nebula. In chondrites, they are
either found as calcium-aluminum-rich inclusions (CAls) or as amoeboid olivine aggregates
(AOAs).

CAls are sub-mm to cm sized clasts, whose major phases are Ca, Al, Mg and Ti-rich oxides
and silicates. CAls were first described about 40 years ago (e.g. Christophe, 1968) and the
similarity of their mineral assemblage with those minerals, which are predicted to condense first

from a hot gas of solar composition was striking (e.g. Lord, 1965; Grossman 1972). CAls are
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among the oldest material in the solar system, up to 4,568 million years (Bouvier and Whadwa,
2010), and are considered to have been condensed from the solar nebula right at the beginning
of its formation.

AOAs are irregularly shaped objects, with diameters between 100 pm and up to 5 mm
(Chizmadia et al., 2002; Aléon et al., 2002; Komatsu et al., 2001). They consist of fine grained
(1-20 um) forsterite, Fe,Ni-metal and CAl-like components. AOAs are generally rich in '°O, and
therefore considered to have been condensed from an '°O-rich reservoir in the solar nebula and
aggregated with CAl-like objects. AOAs are typically less common than CAls and their
occurrence seems to be restricted to type 2-3 C chondrites (Scott and Krot, 2014).

1.3 Chondrule formation

Chondrules were probably a substantial part of solid matter in the inner solar system, because
of the vast majority of chondrites among the meteorites that are found on Earth, and because
chondrules are the dominant objects in most chondrites (e. g. Rubin, 2000). The chondrule
forming process, however, is still a major puzzle for meteoritics and intensively discussed
since the early 1960s (e. g. Wood, 1962). The overall texture of chondrules, e. g. the presence
of euhedral phenocrysts and glassy mesostasis, requires that chondrules formed as melt
droplets. However, in particular the heating mechanism required for melting the chondrule
precursors remains unknown.

Most authors agree on a nebular origin of chondrules, starting as dust clumps (chondrule
precursors) which were heated, melted and subsequently solidified in the solar nebula (e.g
Wood 1963; Grossman, 1988; Wasson, 1993; Rubin, 2000; Shu et al., 2001; Alexander et
al., 2008; Ruzicka et al., 2012; Hewins and Zanda, 2012). Proposed mechanisms as heat
source for chondrule melting include lightning (e.g. Desch and Cuzzi, 2001), interaction with
the young Sun (Shu et al., 1996) and nebular shocks (Morris and Desch, 2010). Some works,
however, suggest a planetary origin for chondrules during impact events of partially molten
planetesimals (e.g. Zook, 1980, 1981; Winke et al., 1981, 1984; Sanders and Taylor, 2005;
Sanders and Scott, 2012; Asphaug et al., 2011; Johnson et al., 2015).

Some critical chondrule properties are not yet fully understood, e.g. chondrule ages and
thermal histories of chondrules. Some of the most important chondrule characteristics and

their implications are outlined in the following.

16



1 Introduction

@

(ii)

(iii)

(iv)

v)

(vi)

Chondrules were rapidly heated, probably within minutes, to above their solidus
temperatures (e. g. Hewins and Connolly, 1996). According to mineral assemblages
and mineralogical textures, chondrule peak temperatures must have been between
1750 and 2150 K (e. g. Wasson 1996; Scott et al., 1996).

Experiments demonstrated that cooling rates of chondrules were between 10-1000
K/hr, which is faster than cooling of a global nebula and much slower than radiative
cooling of isolated spherules (Hewins et al., 2005).

The wealth of chondrules in most chondrites suggest that chondrules were produced
in large quantities in a hot gas (Desch and Connolly, 2002).

The timescales of chondrule formation has not yet been clearly identified. Most
studies indicate an age-gap between formation of CAls and chondrule formation of
at least 1 Myr (e.g. Swindle et al., 1996; Mostefaoui et al., 2002; Kita et al., 2005;
Budde et al., 2016a). However, some works suggest that chondrule formation
started subsequently after formation of CAls and lasted for about 3 Myr (e.g.
Connelly, 2012).

Chondrules and matrices in individual chondrules are chemically complementary,
while the bulk chondrites have solar (CI chondritic) element abundances. (e. g.
Klerner and Palme, 1999; Hezel and Palme, 2008; 2010; Palme et al., 2015; Ebel et
al., 2016). Additionally, studies of W and Mo isotopes also revealed isotopic
complementarities of chondrules and matrix (Becker et al., 2015; Budde et al.,
2016a,b) These findings indicate that both components derive from a single, CI
chondritic, reservoir of nebular dust.

Chondrules were open systems, exchanging material with the surrounding gas (e.
g. Tissandier et al., 2002; Grossman et al., 2002; Hezel et al., 2003, 2010; Libourel
et al.,, 2006; Harju et al., 2014). Mesostasis of some chondrules show higher
abundances of volatile elements and lower abundances of refractory elements near
chondrule rims, and vice versa in the cores (e.g Matsunami et al.,1993; Nagahara et
al., 1999). These, volatility related chemical zonings are explained by evaporation
and recondensation processes between the chondrules and the surrounding nebula
gas during formation. Additionally, a typical occurrence of porphyritic chondrules
is, that low-Ca pyroxenes are concentrated at the margins and olivine minerals
dominate the centre (Fig. 1.9) (this study, chapter 2). Tissandier et al. (2002)
reproduced this characteristic chondrule feature experimentally by reactions of melt

with gaseous SiO during crystallisation. Further studies from Chaussidon et al.
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(vii)

(viii)

(2008) and Harju et al. (2014) on oxygen isotope compositions of minerals also
indicate that pyroxenes in the periphery of chondrules developed during chondrule
formation by material exchange between chondrule melts and nebula gas.

In chondrules, no large mass-dependent fractionations of stable isotopes of e.g. Si,
Mg, Fe, and K are observed (Hezel et al., 2010) and bulk chondrules show high Na
densities as would be expected by closed system formation of chondrules (e. g.
Alexander et al., 2000). However, as explained above, a closed system formation
cannot be assumed. High gas densities during chondrule formation are more likely
to explain the lack of larger stable isotope fractionation as well as the high Na
contents in chondrules (Cuzzi and Alexander, 2006; Alexander et al., 2008).

At least some chondrules experienced multiple heating events. The presence of
relict grains (e.g Rambaldi, 1981) in some chondrules and igneous rims around
some chondrules indicate secondary heating events (Rubin, 2000). Alexander
(1996) even proposed that chondrules were generally made by recycling of earlier

chondrule generations.
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1.4 Aims and objectives

This work deals with the condition of chondrule formation. Insights into the chondrule
formation process are obtained from mineralogical characteristics of chondrules and
chemical compositions of chondrules and matrix.

Mineralogical zonation in chondrules, with olivine minerals in the chondrule centre and
low-Ca pyroxene at the chondrule margins, is a well-known characteristic of chondrules and
is often mentioned in the literature (e.g. Scott and Taylor, 1983; Grossman, 1996; Grossman
et al., 2002; Tissandier et al., 2002; Hezel et al., 2003,2006; Krot et al., 2004; Hewins et al.,
2005; Berlin et al., 2006; Lauretta et al., 2006; Chaussidon et al., 2008; Jones, 2012; Hewins
and Zanda, 2012; Jaquet et al., 2012; Scott and Krot, 2014; Harju et al., 2014). In many
works, is suggested, that the low-Ca pyroxene rims formed from olivine minerals during
recondensation processes of Si from the nebula gas to the chondrules/chondrule precursors.
Hence, the chondrules operated as open systems. However, the overall occurrence of these
rims in different chondrite groups has never been quantified.

In order to obtain representative information on those mineralogical zonations, the
textures of chondrules in several different chondrite groups of C chondrites and in R
chondrites will be examined. Therefore element maps of single chondrules will be obtained
and converted into "phase maps’. A phase map shows each mineral phase (olivine, low-Ca
pyroxene, Ca pyroxene, mesostases) in a distinct colour. Based on these phase maps, the
abundance of mineralogically zoned chondrules, and their characteristics can be studied.
These are information about rim thicknesses and the occurrence of poicilitically enclosed
olivine in the low-Ca pyroxene rim minerals. It is the aim to determine the portion of
chondrules having a mineralogical zonation. It is then possible to determine the extent to
which open system conditions happened during chondrule formation. Also the mean rim
thicknesses might be a measurement of the amount of material added from the gas to the
chondrules.

Another objective is chemical complementarity in chondrites. There already exist several
works on complementarities in carbonaceous chondrites (e.g., Klerner and Palme, 1999;
Bland et al, 2005; Hezel and Palme, 2008, 2010; Palme et al., 2014b, 2015; Becker et al.,
2015; Kadlag and Becker, 2016; Budde et al., 2016a,b; Ebel et al., 2016). As described in
section 1.3, the implication of complementarity is that chondrules and matrix must have
formed in a single reservoir. Therefore, complementarity provides a fundamental constraint

on the chondrule formating process.
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Although a significant body of evidence for complementarity has been reported in the
literature, it is still highly discussed or even denied by some authors (e.g. Alexander, 2005;
Olsen et al., 2016; Zanda et al., 2017; Connelly et al., 2017). The aim of this work is therefor
also to study possible complementarities.

Jbilet Winselwan (JW) is a recently found CM chondrite. There exist so far only few data
of bulk chondrules and matrix compositions in CM chondrites. Jbilet Winselwan is a suitable
candidate to study complementarity as it is not extensively altered by hydrous fluids on its
parent body, compared to most other CM chondrites.

Additionally, complementarity has—to my knowledge—so far never been studied in non-
carbonaceous chondrites. Rumuruti chondrites (R chondrites) are suitable non-carbonaceous
chondritic meteorites as they contain abundant matrix and their ratios of Fe/Mg, Al/Ti and
Al/Ca are CI chondritic. Warren (2011) proposed, that the Rumuruti chondrites originated
together with the ordinary and enstatite chondrites in a different region of the protoplanetary
disk. Hence, if complementarity is found in R chondrites, it would show that the formation
process of chondrules and matrix was similar in both regions, regarding the joint formation
of both components.

Chondrules and matrix compositions will be measured with an electron microprobe. Bulk
chondrule compositions will be obtained by modal recombination of mineral compositions
and their corresponding abundances within each chondrule. To compare these data with the
composition of the respective bulk meteorites, bulk meteorites will be measured with X-ray

fluorescence spectrometry.
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Abstract

We studied the texture of 256 chondrules in thin sections of 16 different carbonaceous (CV,
CR, CO, CM, CH) and Rumuruti chondrites. In a conservative count ~75% of all chondrules
are mineralogically zoned, i.e. these chondrules have an olivine core, surrounded by a low-
Ca pyroxene rim. A realistic estimate pushes the fraction of zoned chondrules to >90% of
all chondrules. Mineralogically zoned chondrules are the dominant and typical chondrule
type in carbonaceous and Rumuruti chondrites. The formation of the mineralogical zonation
represents a fundamentally important process of chondrule formation. The -classic
typification of chondrules into PO, POP and PP might in fact represent different sections
through mineralogically zoned chondrules. On average, the low-Ca pyroxene rims occupy
30 vol.% of the entire chondrule. The low-Ca pyroxene most probably formed by reaction
of an olivine rich chondrule with SiO from the surrounding gas. This reaction adds 3-15
wt.% of material, mainly SiO,, to the chondrule. Chondrules were open systems and
interacted substantially with the surrounding gas. This is in agreement with many previous
studies on chondrule formation. This open system behaviour and the exchange of material
with the surrounding gas can explain bulk chondrule compositional variations in a single
meteorite and supports the findings from complementarity that chondrules and matrix

formed from the same chemical reservoir.
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2.1 Introduction

In the canonical picture of chondrule formation a dustball is heated to up to 2000 K in
minutes to hours. During cooling olivine and pyroxene crystallise from the melt and finally
the residual, refractory rich melt is either quenched to glass or a fine-grained mix of pyroxene
and plagioclase with rare occurrences of silica. The assorted opaque phases metal and/or
sulphide might have been part of the chondrule precursor assemblage. This simplified picture
of chondrule formation, while still popular, changed significantly during the past 15 years.
Chondrules are now thought to have formed along a more dynamic and complex path,
reviewed and outlined at the end of this study.

An individual chondrule might either behave as a closed or an open system during
formation. In the closed system case, the chondrule bulk composition is entirely determined
by its precursor assemblage (e.g. Hezel and Palme, 2007). In the open system case, the
chondrule exchanged material with the surrounding gas during chondrule formation; i.e., the
chondrule bulk composition is determined by its precursor assemblage and the material that
was exchanged during chondrule formation.

Chondrules may be viewed in two different ways: (i) as individual objects and (ii) as a
chondrule population in a single meteorite. The focus of this study is on the latter. Typical
and well studied characteristics of chondrule populations are their size distribution or
textural type (porphyritic, barred, etc.; e.g. Jones, 2012). A wealth of data exists on chondrule
mineral elemental and isotopic composition (e.g. Brearley and Jones, 1998; Scott and Krot,
2014 and references therein). In comparison, bulk chondrule compositional data are sparse
(e.g. Gooding et al., 1980; Grossman and Wasson, 1982; Rubin and Wasson, 1988; Jones
& Schilk, 2009; Hezel and Palme, 2007, 2010 and references therein).

Type I (i.e. FeO-poor) chondrules are the most abundant in carbonaceous chondrites and
a mineralogical zonation with olivine at the centre and low-Ca pyroxene at the rim has been
frequently mentioned. In some chondrites an additional outermost silica-rich layer exists
(Hezel et al., 2003; Krot et al., 2004). Other chondrule types only rarely show a comparable
zonation. A rare chondrule type in ordinary and CH chondrites are silica rich chondrules
(SRC), which have silica distributed throughout their entire volume (Brigham et al., 1986;
Hezel et al., 2006).

The mineralogical zonation of chondrules was probably first recognised by Scott and
Taylor (1983), although a possible process forming such a zonation was already mentioned

by Wood (1963). Although well known since then, this mineralogical zonation is usually
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only briefly mentioned when reporting chondrule texture in meteorites (e.g. Scott and
Taylor, 1983; Grossman, 1996; Grossman et al., 2002; Tissandier et al., 2002; Hezel et al.,
2003,2006; Krot et al., 2004; Hewins et al., 2005; Berlin et al., 2006; Lauretta et al., 2006;
Chaussidon et al., 2008; Jones, 2012; Hewins and Zanda, 2012; Harju et al., 2014; Jaquet et
al., 2012; Scott and Krot, 2014). The appearance, abundance and general characteristics of
this zonation has never been systematically studied across different chondrite types. Only a
small number of studies discuss formation scenarios of mineralogically zoned chondrules
(Scott & Taylor, 1983; Tissandier et al., 2002; Hezel et al., 2003; Krot et al., 2004,
Chaussidon et al., 2008 and Ebel, 2008).

Jacquet et al. (2012) studied trace element patterns in chondrule olivine and enstatite from
carbonaceous chondrites and demonstrated that the two minerals must have had different
formation histories. The authors suggest the formation of the low-Ca pyroxenes in chondrule
margins are distinct from the formation of the olivines, presumably by addition of SiO; to
the chondrule. Chaussidon et al. (2008) reported O isotope zonation in CV and CR
chondrules and concluded that 2/3 of the oxygen in the low-Ca pyroxenes originated from
dissolution of precursor olivine, while 1/3 is contributed SiO from the surrounding gas. Harju
et al. (2014) measured in situ silicon isotopes in Allende chondrules and also concluded that
pyroxene in the chondrule margins was formed by reaction of olivine and an ambient SiO-
rich gas. Such gas-melt interaction has previously also been suggested by e.g. Hezel et al.
(2003), Krot et al. (2004), Libourel et al. (2006) and experimentally studied by Tissandier et
al. (2002), who found that low-Ca pyroxene rims can be formed by the reaction of gaseous
Si0O with olivine.

It is the general consensus of all of the aforementioned authors that mineralogical,
elemental or isotopic zonation in chondrules is the result of chondrule open system
behaviour, i.e. interaction of the chondrules with the surrounding gas. A parent body process
is never invoked for such zonation. And although the mineralogical zonation is often briefly
mentioned in chondrule studies, to our knowledge no systematic study on this fundamental
chondrule characteristic exists. This was recognised by Grossman et al. (2002), who
emphasised that further systematic research regarding chondrule zonation on a larger number
of chondrules is required.

Here we systematically study for the first time the appearance, abundance and general
characteristics of mineralogically zoned chondrules in a large set of carbonaceous and R

chondrites. The results will provide insights to the origin of chondrule size distributions,
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bulk chondrule compositional variations and the origin of the chondrule matrix

complementarity.

2.2 Methods

Chondrule and mineral compositions were measured with a Jeol JXA-8900RL Superprobe
electron microprobe at the University of Cologne and with a Cameca SX100 at the Natural
History Museum, London. In both setups, the accelerating voltage was set to 20 kV and the
beam current to 20 nA. Peak counting times were 10 or 20 s, and background counting times
5 and 10 s, depending on element. Well characterised natural silicates and oxides were used
as standards and ZAF correction was employed to correct for matrix effects. Detection limits
for minor elements were: 100 wt-ppm for CaO, TiO2z NiO and Na20; 200 wt-ppm for Cr203;
and 250 wt-ppm for MnO and FeO. Mineral compositions were measured with a focused
beam of 1 um spot size.

Element maps of chondrules were obtained by rastering across the object with a focused
beam of 1 um spot size. Step sizes varied from 2 to 4 um. The dwell times were in usually
240 ms/pixel. The element maps were then converted into phase maps. These are false colour
images of a sample that show each phase in a different colour (cf. Fig. 2.1). Phase maps were
obtained with the PHAPS program (Hezel, 2010) as follows: For each chondrule, the Mg
and Si element maps were stored as text-files. Each file contains a 2x2 matrix which
represents the x- and y-coordinates of the element map, together with the intensity of each
coordinate pair. The two files were then imported into PHAPS, which produces a Mg,Si
intensity (i) pair {img,isi} of each pixel of the element map. These intensity pairs are then
plotted on a 2 dimensional diagram with Mg on the x- and Si on the y-axis. Points with the
same {img,lisi} are stacked on top of each other, and the number of stacked points are
displayed as a colour-code. Different phases, such as olivine or low- and high-Ca pyroxenes,
plagioclase or mesostasis can be discriminated on this plot. Rectangles are drawn around
each phase, and all pixels associated with the points within the rectangle are highlighted with
a specified colour. This is then the phase map, which we used to determine parameters such
as identification of rims, rim abundance and thickness and etc.

Apparent chondrule diameters and rim thicknesses were measured on the phase maps.

Each chondrule was measured along its longest and shortest axis. The average is the reported
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2 The conditions of chondrule formation, Part Il: Open system

chondrule diameter (EA Table 1). In the same way we measured the thinnest and thickest

part of a pyroxene rim surrounding a chondrule. Again, the average is the reported rim

thickness. We use the apparent chondrule diameters and rim thicknesses to calculate the

share the pyroxene rim contributes to the entire chondrule by dividing the volume of the rim,

using the rim thickness, through the volume of the inner chondrule, using the apparent

chondrule radius minus the rim thickness. The extrapolation of the 2D chondrule and rim

area to their respective 3D volumes has an inherent error, as has been pointed out previously

by e.g. Hezel & KieBwetter, (2010) and references therein. Taking this into account, the

calculated mode (volume fraction) of the pyroxene rim is overestimated by roughly a factor

of two relative to the true 3D mode of the pyroxene rim. The reported modes of the pyroxene

rims are therefore the calculated modes divided by 2.

a) Asuka-881632 (CO)
weak poikilitic rim o :
olivines in chondrule center

low Ca-pyroxene rim —
200 pm

b) Kaba (CV)

medium poikilitic rim

—
200 pm

c) Jbilet Winselwan (CM)

medium poikilitic rim

Olivine
Low-Ca pyroxene
Mesostasis

High Ca-pyroxene/Mesostasis

200 pm

d) NWA2446 (Rumuruti)

strong poikilitic rim

| e |
200 pm

Figure 2.1: Examples of mineralogically zoned chondrules with olivine in the centre and low-Ca pyroxene

in the rim. In a few chondrules some low-Ca pyroxene also occurs closer to the chondrule centre. Variable

rim thicknesses of low-Ca pyroxene in the centre (b) might be the result of where the chondrule is sectioned.
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2.3 Results

The focus of this study is on mineralogically zoned chondrules that have olivine concentrated
in the center, which is surrounded by an igneous layer rich in low-Ca pyroxene (Fig. 2.1).
Previous studies primarily focussed on elemental zonations between core and rim of
chondrules (e.g. Ikeda & Kimura, 1996; Nagahara et al., 1999; Grossman et al., 1996).
Hereafter, when we talk about zoned chondrules, we always refer to mineralogically zoned
chondrules as displayed in Fig. 2.1.

We studied 223 chondrules in 15 different chondrites and from 6 different chondrite
groups (CH, CM, CO, CR, CV, R) to constrain the overall systematics (appearance,
abundance, etc.) of mineralogically zoned chondrules (Table 2.1). We further included 33
chondrules from Berlin (2009). All studied chondrites are of low petrological types, hence,
none of the chondrules experienced extensive thermal metamorphism or recrystallisation on
their parent body. As most Rumuruti chondrites are polymict breccias (Bischoff et al., 2013),

we only analysed chondrules hosted within their type 3 lithologies.

Table 2.1
Host meteorites of the studied chondrites
Meteorite Meteorite Name Abbreviation Petrologic Nr. of Studied  Nr. of Zoned
Type Type Chondrules Chondrules
CH Acfer 182 Al182 3 5 5
CM El Quss EQ 2 11 9
CM Jbilet Winselwan  JW 2 30 23
CcO Asuka-881632 Asu 3 50 42
CO Kainsaz** Kain 3.2 29 18
CR Al Rais AR 2 10 10
CR MET00426* M426 2 18 15
CR Renazzo** Ren 2 11 8
CvV Arch Arch 3 11 8
()% Bali Bali 3 11 8
CvV Kaba Kaba 3 11 10
CvV Mokoia Mok 3 14 4
Ccv Y86751 Y86751 3 18 18
R Hughes030 Hug 3-6 7 3
R NWA753 N753 3.9 10 5
R NWA2446 N2446 3 10 9

* Data from Berlin (2009)
* Data partly from Berlin (2009)
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Figure 2.2: Fraction of zoned chondrules in various chondrite classes. On average, almost 75% of all
chondrules are zoned. Numbers indicate the total number of chondrules studied in a particular meteorite.
Meteorite abbreviations are listed in Table 1. Data for MET00426, 1 Renazzo chondrule and 14 Kainsaz
chondrules are from Berlin (2009).

The fraction of zoned chondrules in 12 out of 13 carbonaceous chondrites is between 62 and
100% (Fig. 2.2). On average, the fraction of zoned chondrules in carbonaceous chondrites is
almost 80%. The outlier is Mokoia, with a share of only 29% of zoned chondrules. Tomeoka
and Onishi (2015) noticed a pseudomorphic replacement of the outermost chondrule layers
by secondary minerals, which might have consumed some of the pyroxene.

This low abundance in Mokoia is in stark contrast to the other 4 CV chondrites. Their
fraction of zoned chondrules ranges from 74% (Arch, Bali) to 100% (Y-86751), with an
average of ~86%. The CH chondrites are an atypical class and the only studied member here,
Acfer 182, has a high percentage of cryptocrystalline and skeletal chondrules (e.g. Bischoff
et al., 1993; Hezel et al., 2003; Krot et al, 2010). These chondrule types were excluded from
the study, leaving only 5 chondrules from Acfer 182 that were studied. Although CH
chondrites appear to have a high fraction of zoned chondrules from simple visual inspection,
the reported result of 100% is probably not fully representative. The fractions of zoned
chondrules in CM, CO and CR chondrites are very similar, and range from 62 to 100%. On

average, the fraction is 79%, very similar to CV chondrites. The fraction of zoned chondrules
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Figure 2.3: (a) Contrary to the entire chondrule population, most zoned chondrules are porphyritic chondrules
(97%). PO — porphyritic olivine; POP — porphyritic olivine and pyroxene; PP — porphyritic pyroxene; BO —
barred olivine; RP — radial pyroxene. (b) Type II chondrules are usually unzoned. The high abundance here is
due to many zoned type II chondrules in Rumuruti. (c) We use a qualitative scheme to discriminate between
no, weak, medium and strong poikilitic low-Ca pyroxene rims (cf. Fig. 3.1). The majority of rims is poikilitic,
and of those, most are medium poikilitic. (d) The volume fraction of the rim can only be estimated, as the
measured 2D thickness depends on where the chondrule is sectioned. The rim fraction varies between 10 and
50 vol.%, with a mean of about 30 vol.%.

in the 3 Rumuruti chondrites is highly variable, from 43% in Hughes030 and 50% in
NWAT753 to up to 90% in NWA2446.

Figure 2.3a compares the abundance of textural types of the entire chondrule population
to the abundance of textural types of the zoned chondrules. Most chondrules are porphyritic
(95%), and of those, 71% are porphyritic olivine-pyroxene (POP) chondrules. Almost all
zoned chondrules are porphyritic (97%), of which 81% are POP chondrules. This share of
POP chondrules within the population of zoned chondrules is somewhat higher than in the
entire chondrule population. The percentages of porphyritic olivine (PO) and porphyritic
pyroxene (PP) chondrules are each within 12% of the total amount among all studied
chondrules. Within the population of zoned chondrules, PO chondrules make up 7% and are

somewhat rarer than PP chondrules which make up 9%. Barred olivine (BO) chondrules
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(4%), and radial pyroxene (RP) chondrules (1%) are considerably rarer than any other
textural type. Their fraction within the zoned chondrules is even lower. In total, only 2% of
the zoned chondrules represent one of these textural types.

The majority of chondrules are FeO poor, type I chondrules (89%; Fig. 3b). Only 11% of
the entire chondrule population and 7% of the zoned chondrules are FeO rich type II
chondrules (cf. zoned type II chondrule in Fig 2.1b). There is a possible difference between
carbonaceous and Rumuruti-type chondrites: in Rumurutis 8 out of 12 (i.e. 67%) type 11
chondrules are zoned, i.e. similar to the 74% in type I chondrules; while in carbonaceous
chondrites only 6 out of 16 (i.e. 38%) type Il chondrules are zoned. However, this difference
could also be a statistical effect due to the low abundances of type II chondrules in
carbonaceous chondrites.

Figure 2.1 displays a range of textures of low-Ca pyroxene rims. Many rims have a non-
uniform thickness. In most chondrules, the pyroxenes poikilitically enclose olivine. We use
a qualitative scheme to discriminate between no, weak, medium and strong poikilitic
pyroxene. In Fig. 2.1, plates (a) and (b) display rims that are concentric rings around the
olivine-dominated core. The rim in plate (a) is comparatively thin and the pyroxene only
occasionally encloses olivine (weak poikilitic). The rim in (b) is much thicker and medium

poikilitic, and the enclosed olivine grains are small. There are no low-Ca pyroxenes in the
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Figure 2.4: Refractory and moderately volatile element composition of olivine and low-Ca pyroxene of two

chondrites.
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Table 2.2
Representative analyses of chondrule olivine and pyroxene in wt.%.

Asuka-881632 (CO) Bali (CV) Kaba (CV) Arch (CV)

Olivine mineral analyses

SiO, 41.83 42.00 41.56 42.03 42.11 42.14 4223 42.14  41.59 40.73
TiO, 0.02 0.09 0.05 0.07 0.09 n.d. 0.12 0.03 0.03 0.01
AlLO, 0.02 0.25 0.02 0.04 0.15 0.03 0.13 0.05 0.14 0.03
Cr,0, 0.51 0.24 0.53 0.25 0.26 0.09 0.49 0.32 0.24 0.09
MgO 53.95 56.34 54.23 56.12 56.17 52.68 5543 55.87 5393 52.09
FeO 3.31 0.51 3.20 1.16 0.51 4.79 1.06 1.08 3.39 6.52
NiO 0.02 n.d. n.d. 0.02 0.03 n.d. n.d. n.d. 0.02 0.05
MnO 0.10 0.06 0.12 0.07 0.07 0.13 0.17 0.06 0.33 0.10
CaO 0.20 0.51 0.20 0.20 0.42 0.20 0.25 0.26 0.32 0.21
Na,O n.d. n.d. n.d. n.d. 0.03 0.02 n.d. 0.02 0.05 0.02
Total 99.95 100.01  99.92 99.97 99.84 100.08  99.89 99.83 100.04 99.84

Pyroxene mineral analyses

Si0,  58.10 58.07 58.83 57.78 58.97 57.99 58.23 5824  58.63 58.70
TiO, 0.20 0.19 0.18 0.20 0.06 0.20 0.07 0.12 0.22 0.18
ALO; 147 1.32 0.96 1.19 0.50 1.47 0.76 0.90 0.97 0.92
Cr,0; 038 0.83 0.34 0.69 0.77 0.88 0.00 0.00 0.38 0.38
MgO 3831 37.14 38.60 37.55 37.47 36.98 37.70 3783  38.67 38.70
FeO 0.83 1.84 0.46 1.85 1.40 1.77 2.36 2.22 0.50 0.70
NiO 0.09 nd. nd. 0.04 0.02 0.04 0.02 nd. nd. 0.04
MnO 0.09 0.07 0.11 0.07 0.27 0.09 0.23 0.23 0.04 0.02
CaO 0.63 0.53 0.50 0.46 0.37 0.60 0.50 0.47 0.45 0.46
Na,0O nd. n.d. 0.02 n.d. 0.05 n.d. 0.03 n.d. n.d. n.d.
Total 100.10 100.00 100.01 99.83 99.89 100.03  99.88 10002 99.86 100.10

centre of the chondrule. The olivine bearing part is subround, while the pyroxene dominated
chondrule rim buckles to the left. This chondrule rim shows a noticeable amount of
mesostasis material, especially between the rim pyroxene and olivine in the core. The
chondrule in plate (c) has a thick and medium poikilitic rim. The entire chondrule is
elongated, and the rim thickness varies considerably. It is thick parallel to the long axis and
almost disappears along the short axis of the chondrule. The boundary between the olivine-
rich core and pyroxene-rich rim is less clearly developed than in the chondrules of plate (a)
and (b). The pyroxene in the chondrule of plate (d) is strongly poikilitic not only in the rim,
but throughout the chondrule section. If this is a section cut close to the chondrule border,
the pyroxene appearing at the chondrule centre would in fact also be rim pyroxenes. Rim
thicknesses vary according to where a chondrule is sectioned.

In total, about 6% of the zoned chondrules have none poikilitic rims; 24% have weak
poikilitic rims; 39% have medium and 31% have strong poikilitic rims (Fig. 2.3c). Figure 3d

displays the rim fraction corrected for 3D as outlined in the Methods section. The average
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rim fraction is 30 vol.% of the entire chondrule. Individual fractions vary from about 10 to
50 vol.%.

Figure 2.4 displays Al,O3 vs. CaO and Cr,0O3 vs. MnO compositions for olivines and low-
Ca rim pyroxenes from zoned chondrules in the CO chondrite Asuka-881632 and the CV
chondrites Kaba, Bali and Arch (cf. Table 2.2). The element distributions are similar in all
meteorites: the low-Ca pyroxenes are generally slightly enriched in Al,O3 and in cases also
in CaO compared to the olivines. In contrast, the MnO and Cr,O3 concentrations are about
similar, maybe slightly enriched in low-Ca pyroxenes compared to olivines.

The unzoned chondrules have variable appearances, but share many features of the zoned
chondrules (Fig. 2.5). The PO chondrule in Fig. 2.5, plate (a) lacks any low-Ca pyroxene.
This is the typical appearance of ~40% of the unzoned chondrules, which only vary in their
mesostasis abundances. About 25% of the unzoned chondrules have low-Ca pyroxene

scattered throughout them (plate b), and would be typically designated POP chondrules.

a) Mokoia (CV) b) Jbilet Winselwan (CM)
PO chondrule POP chondrule

ey
100 pm —_

c) Hughes (Rumuruti) d) Kainsaz (CO)
PP chondrule mesostasis rich chondrule
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Low-Ca pyroxene
Mesostasis
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Figure 2.5: Examples of four typical types of unzoned chondrules. (a) PO chondrule, (b) POP chondrule, (c)
PP chondrule, (d) mesostasis rich chondrule.

32



2 The conditions of chondrule formation, Part Il: Open system

Plate (c) displays an almost pure PP chondrule, which is the appearance of about 12% of the
unzoned chondrules. All have only small amounts of mesostasis and some have minor
contents of olivine, similar to the one displayed in plate (b). The last, comparatively abundant
unzoned chondrule type is dominated by mesostasis and has a share of about 10% (plate d).
The remaining 7 unzoned chondrules are mainly atypical chondrules. For example, two have
barred pyroxene structures. Another has a complex zonation with pyroxene in the centre,

surrounded by olivine. Others are rather fragmented and a clear typification is difficult.

2.4 Discussion

2.4.1 Formation of low-Ca pyroxene rims

Chondrules were once molten silicate droplets. These droplets most probably cooled from
their edge to their center. Hence, olivine, the first mineral to crystallise, would crystallise at
the droplet rim, and pyroxene, the next mineral to crystallise would crystallise in the droplet
center. Yet, the opposite is observed: olivine is in the centre of chondrules and pyroxene
forms the rim. Hence, the observed mineralogical zonation cannot be the result of simple
chondrule melt crystallisation.

Mineralogical zonation is not observed in experimental attempts to reproduce chondrule
crystallisation textures (e.g. Connolly & Hewins, 1996; Hewins et al., 2005). However, this
may be due to the selection of the starting material, which does not match the abundant type
I carbonaceous chondrite chondrules. Tissandier et al. (2002) performed open system
experiments in which partially molten chondrule analogues were exposed to high SiOy
partial pressures. The results were mineralogically zoned textures, similar to those reported
in this study. Recent open system experiments by Di Rocco and Pack (2015) showed that as
much as 50% of oxygen can be exchanged between a molten chondrule and the surrounding
gas within a few ten to few hundred minutes. This is consistent with results of in-situ oxygen
isotope measurements in chondrule olivine and low-Ca pyroxene by Chaussidon et al.
(2008). They found that olivine and pyroxene are not co-magmatic, instead about 2/3 of the
oxygen hosted in the pyroxenes was derived from dissolved precursor olivine and 1/3 from
the addition of SiO from the surrounding gas. The respective equations for this reaction are:

SiO(gas) T 202(gas) = S102(melr)

Mgz S iO4(01ivine) +S i()Z(melt) = MgZ S i206(pyr0xene)
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We find that almost all chondrules in carbonaceous and Rumuruti chondrites are zoned
(see below). This supports previous findings and suggestions that mineralogical zonation
and low-Ca pyroxene formed by the interaction of liquidus olivine with the surrounding gas
during cooling. Chondrules were open systems, and this is a fundamental process of the
formation of the chondrules in carbonaceous chondrites and Rumuriti type chondrules.

All studied chondrules are hosted in type 2 or 3 chondrites or lithologies, respectively.
None of the studied chondrules experienced extensive thermal heating events on their parent
bodies. The metamorphic reaction of olivine + SiO, = pyroxene requires high temperatures
and the transport of SiO; to the olivine. Both requirements were not present on the chondrite
parent bodies. The formation of the mineralogical zonation on their parent bodies can
definitely be ruled out.

It is still unclear precisely how the chondrule precursor aggregates formed (e.g. Hezel &
Palme, 2007 and references therein). However, the results presented here strongly suggest
that the chondrule precursor aggregates consisted of abundant olivine plus refractory, e.g.
Ca-and Al-rich material. In a condensing vapour of CI chondritic composition, first
refractory, e.g. Ca-and Al-rich material forms. The first silicates are in most condensation
calculations diopside, directly followed by olivine (Larimer, 1967; Grossman, 1972; Yoneda
& Grossman, 1995; Davis & Richter, 2003; Ebel, 2006). We suggest these materials became
the cores of zoned chondrules, consisting of porphyritic olivine with interstitial mesostasis.
During cooling after or during chondrule precursor aggregation, the olivine of these
chondrule cores reacted with SiO from the surrounding gas to enstatite, forming the low-Ca
pyroxene rim grains. Olivine and low-Ca pyroxene have similar refractory and volatile
element compositions (Fig. 4), consistent with the formation of low-Ca pyroxene from
olivine. Concentrations of Al,O3; and CaO are slightly elevated in low-Ca pyroxene relative
to olivine. These might be the remains of mesostasis traces that were consumed during
pyroxene formation, as mesostasis is commonly entirely absent in the chondrule rims. The
slightly elevated Cr,0O3 in pyroxene compared to olivine might have condensed together with
the SiO.

The low-Ca pyroxene mantles are typically medium poikilitic, most probably because the
pyroxene forms an armour around the olivine, preventing further addition of SiO and
complete reaction to pyroxene. There is an indication that zoned chondrules represent a
smaller share of the rare type II chondrules in carbonaceous chondrites than the type I

chondrules. This might be related to their different conditions of formation as apparent from
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their FeO-rich compositions, or type II chondrules must be xenolithic to their host

chondrites.

2.4.2 Amount of material added to the chondrules

The average thickness of chondrule rims allows an estimate of how much material was added
before the reaction olivine + SiO(g) = pyroxene ceased. The mean volume of pyroxene rich
rims is ~30 vol.% (Fig. 3d), representing the amount of low-Ca pyroxene that was formed
from the addition of SiO to olivine. The molar mass of forsterite is 141 amu, that of enstatite
201 amu, and consequently the mass of the additional SiO; in enstatite is 60 amu. Hence,
the rims in zoned chondrules contain on average 30 wt.% of added SiO,. This means, a
chondrule with a rim fraction of 30 vol.% contains 10 wt.% SiO, that was added by
interaction with the surrounding gas. As the low-Ca pyroxene rim thicknesses range from 10
to 50 vol.%, chondrules gained between 3 and 15 wt.% mass from the surrounding gas after
they were molten. Different mineral densities are not considered in this rough calculation,

as this effect is negligible compared to the uncertainties of the measured rim thicknesses.

2.4.3 Chondrule sizes and bulk compositions

If chondrules started from well mixed pm-sized precursor grains (e.g. Alexander, 1994;
Brearley, 1996; Ciesla, 2005; Libourel and Chaussidon, 2009), the bulk compositions of all
chondrule precursor aggregates would be identical (Hezel and Palme, 2007). However,
precursor aggregate sizes need not be identical. If chondrules formed from compositionally
identical, but variably sized precursor aggregates, their different surface/volume ratios
would suffice to produce compositionally variable chondrules during open system gas-melt
material exchange (cf. Wood, 1963). It could then be expected that chondrule sizes correlate
with their bulk compositions: larger chondrules would gain less, and smaller chondrules
would gain more SiO,. Figure 2.6 displays a weak, possible trend between bulk chondrule
compositions and apparent chondrule diameters of 50 Asuka-881632 chondrules (EA Table
2). However, this minor trend might well be a sectioning artefact. Chondrule sections closer
to the edge will have thicker apparent rims, resulting in higher bulk SiO, concentrations as

low-Ca pyroxene has the highest SiO, concentrations among phases up to almost 60 wt.%,
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compared to an average 50 wt.% SiO; in chondrule mesostases and about 40 wt.% SiO, in
olivine.

It is also possible that not all chondrules interacted with the surrounding gas at the same
time. Isotopic evidence is interpreted to show that chondrules formed over a prolonged
period of time (e.g. Kita et al., 2000,2012; Mostefaoui et al. 2002; Amelin et al., 2002;
Connelly et al., 2012). In this case no correlation between chondrule size and SiO, content
would be expected. In fact, Tachibana et al. (2003) showed a correlation between chondrule
age and increasing bulk chondrule SiO, content. Different bulk chondrule SiO, contents
would in this case not be a surface/volume, but a chronological effect. In this scenario,
chondrules would co-exist and form over a long period of time with the same gaseous
material surrounding them. The gas would become enriched in SiO, as the initially formed
chondrules are olivine rich. Chondrules might later get selectively re-heated, depending on

the chondrule forming process, thereby exchanging material with the SiO-rich gas.

2.4.4 Unzoned chondrules

About 29% of the studied chondrules were classified as unzoned. However, the chondrules
displayed in Fig. 2.5 plate (b) and (c) could actually be sections through rims of zoned
chondrules. The average chondrule rim thickness is ~24% of a chondrule diameter, which

means about ~24% of the chondrules in a chondrite section should be rim sections. About
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Figure 2.6: The SiO, bulk composition of 50 Asuka-881632 chondrules (cf. EA Table 2) decreases slightly
with their apparent diameters. This weak trend could also be a sectioning artefact.
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40% of the unzoned chondrules (i.e. 12% of all chondrules) have appearances as those shown
in Fig. 2.5 plate (b) and (c), i.e. consist mainly of pyroxene, with some poikilitic olivine.
Some chondrules, such as the one in Fig. 2.1 plate (d) are obvious sections close to the low-
Ca pyroxene rim. It is therefore possible that the chondrules of plate (b) and (c) in Fig. 2.5
are in fact zoned chondrules, and together with chondrules classified as zoned chondrules
that are similar to chondrules such as the one in Fig. 2.1 plate (d) add up to the expected
24%. If 40% of the unzoned chondrules are in fact zoned chondrules, it would increase the
total share of zoned chondrules to more than 80%. However, as the correct classifications of
chondrules as displayed in Fig. 2.5 (b) and (c) are ambiguous, we conservatively classify
them as unzoned.

The unzoned PO chondrules as exemplified in Fig. 2.5 (a) are at 40% the second largest
fraction of unzoned chondrules. The formation process we suggest for the zoned chondrules
starts with olivine rich precursors, to which variable amounts of SiO, are added, converting
the olivine to variably thick, low-Ca pyroxene chondrule rims. It seems reasonable within
this scenario that a certain share of chondrules received no or only minor amounts of SiO».
The PO chondrules might represent this population or are simply chondrule fragments. It is
within this reasoning further possible that at least some low-Ca pyroxene forms a partial rim
on these chondrules, but is not sectioned in the studied samples. This is supported by the
small number of PO chondrules with only minor amounts of low-Ca pyroxene that are
present in the studied meteorites. In these cases, the unzoned PO chondrules might also be
in fact part of the zoned chondrules, or at least represent a formation stage of zoned
chondrule formation. This would then further increase the total amount of zoned chondrules
to >90%.

The mesostasis rich chondrules as exemplified in Fig. 2.5 (d) together with the remaining
chondrules of different appearances are difficult to explain in the suggested framework of
zoned chondrule formation. These chondrules, however, only contribute about 5% to the
total chondrule population. These chondrules might have by chance started with a different
bulk composition, by e.g. including a larger fraction of Ca- and Al-rich material. It is also
possible that these chondrules are xenoliths from a different region of the protoplanetary

disk.
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2.5 Conclusions

The abundance, appearance and composition of low-Ca pyroxene at the rim of chondrules
in various carbonaceous and Rumuruti chondrites has been systematically studied for the
first time. Previously, the occurrence of low-Ca pyroxene rims has been only briefly,
although frequently, mentioned in publications. Our study clearly reveals that
mineralogically zoned chondrules are the dominant chondrule type in carbonaceous and R
chondrites. If some of the chondrules here conservatively classified as unzoned chondrules
are in fact part of the zoned chondrule population, then >90% of all chondrules in
carbonaceous and Rumuruti chondrites are zoned. If this is true, the classic chondrule
classification of PO, POP and PP chondrules might simply reflect different sections through
zoned chondrules — in other words: most porphyritic chondrules may in fact be PO
chondrules with a low-Ca pyroxene rim. Further 3D tomographic studies are required to
unequivocally verify this (e.g. Ebel et al., 2007; Friedrich, 2008; Tsuchiyama et al., 2009;
Hezel et al., 2013a,b; Uesugi et al., 2013; Friedrich et al., 2015). Because zoned chondrules
are the dominant chondrule type in the investigated chondrite groups, the formation of zoned
chondrules represents a fundamentally important process of chondrule formation.

Numerous studies have presented evidence for interaction, exchange, evaporation and re-
condensation, etc. of material between chondrules and surrounding gas (e.g. Tissandier et
al., 2002; Grossman et al., 2002; Krot et al., 2004; Hezel et al., 2003; Libourel et al., 2006;
Chaussidon et al. 2008; Hezel et al., 2010; Harju et al., 2012; Jacquet et al., 2012; Di Rocco
and Pack, 2015; and cf. introduction). It has also been previously suggested that low-Ca
pyroxene rims formed from the reaction of SiO rich gas with chondrule olivine. As almost
all type I chondrules have a low-Ca pyroxene rim, almost all chondrules acted as such open
systems. The interaction with the surrounding gas added 3-15 wt.% of SiO, to these
chondrules. Zoned chondrules are in most cases type I porphyritic chondrules. Barred olivine
chondrules are likely have cooled too fast to allow reaction of olivine with the surrounding
gas. Mineralogically zoned chondrules cannot form from simple cooling, as is evident from
experiments designed to reproduce chondrule textures (e.g. Connolly & Hewins, 1996;
Hewins et al., 2005). However, experiments specifically designed to simulate open system
processes do reproduce mineralogical zonation (Tissandier et al., 2002).

Bulk chondrule compositions in single meteorites show very large scatter in their
elemental and isotopic compositions (e.g. Hezel and Palme, 2007 and references therein;

Palme et al., 2014). Hezel and Palme (2007) studied in detail the possibility that random
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aggregation of compositionally different precursor grains produced these variations (=closed
system case). They found this would only be possible if precursor grains were >100 um in
size. As there is currently no evidence for such large precursor grains, the closed system case
is the least likely explanation for the observed bulk chondrule compositional variations.
Relict grains in chondrules that might be considered chondrule precursor grains are
commonly comparatively small (<40 um; Jones, 1996). In contrast, the open system case
can produce compositionally variable chondrules, even when their precursor aggregate
compositions are the same. Petaev and Wood (1998) showed how condensation with partial
isolation in a restricted nebula compartment produces olivine rich solids and SiO rich gas.
This persistence of SiO in the gas after Mg has totally condensed is also well known from
e.g. Ebel & Grossman (2000). We suggest chondrule precursor aggregates represent olivine
rich condensates of different sizes. Then, even if each chondrule gained the same amount of
SiO, the relative addition of material would be different due to each chondrule’s different
surface/volume ratio. It is also possible that if chondrules all had the same initial sizes, the
statistical addition of material resulted in variable additions of SiO. Or, as there is evidence
for a correlation of bulk chondrule SiO, content and age, the gas became progressively
depleted in MgO and later formed chondrules gained more SiO. This means, the first formed
chondrules are olivine rich objects, and during subsequent reheating in the same, but then
SiO-rich gas, the olivine at the chondrule edge reacted with the SiO to form the pyroxene
rim.

The open system scenario suggests that all chondrules from a single meteorite formed
from the same chemical reservoir with solar Mg/Si ratio. The remaining gas could then have
condensed into the matrix. This scenario would be in agreement with the implications from
complementarity, which also suggests that chondrules and matrix formed from a single
reservoir (e.g. Bland et al., 2005; Ebel et al., 2008,2016; Hezel and Palme, 2008,2010; Palme
etal., 2014,2015; Becker et al., 2015).

It is clear from the results of this study that type I chondrules from carbonaceous and
Rumuruti chondrites acted as open systems during their formation. This is a fundamentally
important process of chondrule formation. It appears that chondrules formed along a

dynamic and complex path, resulting in their diversity.
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Abstract

Jbilet Winselwan (JW) is a recently found CM2 chondrite breccia containing two lithologies.
The study of 508 chondrules provides the first statistically reliable size distribution for CM
chondrites, which is about log-normal with mean chondrule sizes of 149 pm (lithology I)
and 141 pm (lithology II). Chondrules are surrounded by fine-grained rims. Chondrule
diameters and their rim thicknesses have positive correlations with slopes of 0.12 (lithology
IT) and 0.18 (lithology I), the latter typical of CM chondrites. JW experienced only mild
aqueous alteration and is among the most primitive CM chondrites. Bulk JW element ratios
are solar (=CI chondritic) for e.g. Si/Mg (1.12), Fe/Mg (1.80-1.83), Ti/Al (0.053), and about
solar for Ca/Al. The 26 studied chondrules have sub-chondritic Si/Mg (0.88) and Fe/Mg
ratios (0.21). Complementary, matrix and the fine-grained chondrule rims have super-
chondritic Si/Mg ratios with means of 1.34 and 1.41, respectively. The Fe/Mg ratios are also
super-chondritic, with means of 2.41 (matrix) and 2.61 (fine-grained rims). The refractory
element ratios in chondrules are super-chondritic (Ti/Al: 0.106; Ca/Al: 1.64), and sub-
chondritic in the JW matrix (Ti/Al: 0.031; Ca/Al: 0.71) and in the fine-grained rims (Ti/Al:
0.023; Ca/Al: 0.68). Chondrules were open systems, exchanging material with the
surrounding gas. The complementary element ratios require formation of chondrules and
matrix from the same reservoir. Any chondrule forming processes requiring distinct

reservoirs for these components are excluded.
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3.1 Introduction

In carbonaceous chondrites, chondrules and matrix make up the bulk of the meteorite.
Chondrule fractions range from 15-75 vol.%, and matrix accounts for up to 60 vol.% (e.g.
Grossman et al. 1988). As chondrule melting requires temperatures as high as 1600 K and
above, they are considered high temperature components. Matrix is by some designated as a
low temperature component (e.g. Larimer and Anders, 1967; Abreu and Brearley, 2009),
predominantly consisting of primitive nebula aggregates, more or less reworked, others
believe that matrix largely formed at high temperatures (see Huss et al., 2005). The
fundamental questions about the heat source for chondrule melting and the relationship of
chondrules and matrix are still cryptical. There are two different principal possibilities
regarding the relationship of chondrules and matrix: (i) formation of chondrules and matrix
from a single reservoir of solar nebular dust, and (ii) the formation of chondrules and matrix
in two or more independent reservoirs and later mixing of appropriate amounts of chondrules
and matrix to form chondritic planetesimals.

The major element composition of chondritic meteorites is, except for volatile elements,
very similar and fits well with the composition of the solar photosphere (e.g. Wolf and
Palme, 2001; Lodders et al., 2009). In particular, ratios among the most abundant non-
volatile elements, Mg, Si and Fe are approximately the same in chondritic meteorites as in
the Sun. The CI carbonaceous chondrites provide the best fit. Other chondrite types show
small deviations from solar ratios. The newly-found CM chondrite Jbilet Winselwan (JW)
studied here comes close to the CI composition (Lodders et al. 2009; Palme et al. 2015).

The solar ratios of non-volatile elements in chondritic meteorites are significantly
different from the average compositions of matrix and chondrules (e.g. Palme et al., 2015;
and references therein). Both components are evidently needed to produce the chondritic
bulk composition. Scott et al. (1982, 1984) were presumably the first to reveal a
complementary distribution of Fe, Si, and Mg between chondrules and matrix in ordinary
and carbonaceous chondrites. Thereon, Wood (1985) noted complementary Fe/Si ratios in
chondrules and matrix in the CM chondrite Murchison. Such complementary element
distributions are particularly remarkable, as the bulk chondrite has solar (=CI chondritic)
ratios for non-volatile elements. The significance of complementarity for the chondrule
formation process was fully noticed by Klerner and Palme (1999a,b, 2000), who discovered
Si/Mg, Cr/Fe and Ti/Al complementarities in the carbonaceous chondrites Renazzo (CR)

and Allende (CV). Hezel and Palme (2008) reported Ca/Al complementarities in two CV
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chondrites. Allende and Y-86751 have both CI chondritic bulk Ca/Al ratios. However, in
Allende, chondrules have sub- and matrix has super-CI chondritic Ca/Al ratios, while
chondrules in Y-86751 have super- and matrix has sub-chondritic Ca/Al ratios. As shown
by Ford and Brearley (2008) in the Allende meteorite, there exist some local redistribution
of Ca between CAls and matrix probably due to aqueous fluids. However, Hezel and Palme
(2008) demonstrated that the described findings of complementarity cannot result from
element redistribution on the parent body. In a further study, Hezel and Palme (2010)
reported Si/Mg complementarities between chondrules and matrix in CV, CR, CO and CM
chondrites. Palme et al. (2014) found low Ir/Sc and high Ir/Ni in Allende chondrules, which
requires complementary ratios in the matrix, as bulk Allende has close to CI chondritic ratios
of these elements. Further, Palme et al. (2015) report Fe/Mg complementarities in CR, CO,
CV and CM chondrites and Ti/Al complementarities in Renazzo and Mokoia.

Ebel et al. (2016) presented Si, Mg, Ca, Al, Ti and Fe contents of chondrules, CAls and
matrix in CO and CV chondrites as well as in Acfer 094, an ungrouped carbonaceous
chondrite. The data were obtained using a new technique based on X-ray intensity maps with
low count/pixel ratios. The authors report chondrule-matrix complementarity for Mg, Si, Cr,
Ca, Al and Ti in the studied meteorites.

Becker et al. (2015) analysed the trace elements Hf and W, as well as W isotopes in
chondrule, matrix and bulk chondrite separates of the CV chondrites Allende, Vigarano and
Kaba. All matrix separates have sub-chondritic and the chondrule separates have super-
chondritic Hf/W ratios, while the bulk meteorite has a CI-chondritic ratio. In addition, the
radiogenic '**W isotopes are complementary: chondrules have positive and matrix negative
&'**W when compared to the CI chondritic bulk of Allende. A similar result is presented by
Budde et al. (2016). These authors found, in addition, that stable W -isotopes also show the
same complementary relationship. Excesses of "W were measured in chondrules and

83W, identical to other

depletions in matrix, whereas bulk Allende analyses give the same
chondritic meteorites, Earth, Mars and Moon.

Complementarity appears to extend to volatile elements, with bulk meteorite abundances
considerably lower than in CI-chondrites. Bland et al. (2005) determined minor and trace
element concentrations of volatile elements in matrices of several carbonaceous chondrites.
Whereas bulk chondrites show a monotonic decrease of volatile element concentrations with
decreasing condensation temperatures, matrices of carbonaceous chondrites display a

strongly non-uniform Cl-normalised zigzag pattern. Chondrules must have the

complementary pattern to achieve the smooth distribution of the bulk meteorite.
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Complementary element ratios between chondrules and matrix, together with CI bulk
chondrite ratios require a single reservoir, from which chondrules and matrix formed. A
stochastic mixture of chondrules and matrix could never produce a chondritic bulk
composition. There are already some studies, that treat matrix as an evaporative residue from
chondrule formation, considering complementarity (e.g. Wasson, 2008; Abreu and Brearley,
2010). However, many chondrule forming models do not consider matrix at all. Collisions
of molten or partially molten planets (e.g. Asphaug et al., 2011; Sanders & Scott, 2012) may
produce melt droplets, but there is no explanation for the presence of just the right amount
of matrix to balance the non-chondritic composition of chondrules. Such models, ignoring
the complementarity argument are still published and we therefore attempt to broaden the
evidence for this critical and pivotal argument.

In CM chondrites the idea of complementarity can well be demonstrated. They have
abundant matrix and chondrules are in general very Mg-rich and Fe-poor. Thus, one expects
low Fe, high Mg chondrules and Si- and Fe-rich matrix. Chondrules Since the borders
between Mg-rich and Mg-poor components are generally very sharp in chondrites, element
exchange between matrix and chondrules Redestribution of incompatible elements such as
Ca, Na and K due to replacement of mesostasis could have affected chondrules in CM
chondrites which typically suffered some aqueous alteration. However, since the borders of
Mg-rich and Mg-poor chondrules are sharp, similar than in other chondrites, an exchange of
these elements between chondrules and matrix on the parent body can be excluded. Only
very few data on bulk chondrules, as well as on matrix of CM chondrites exist (e.g. Hezel &
Palme, 2010 and references therein) and the newly-found CM chondrite Jbilet Winselwan
(JW) appears a suitable candidate for this study, as the findings from Russel et al. (2014)
indicate a very low degree of aqueous alteration in most parts of this brecciated meteorite.
Additionally, there were five thin sections and plenty enough additional sample material
available for our investigations, ensuring a comprehensive data set.

Jbilet Winselwan was found in the Western Sahara in 2013 and classified as CM2
(Ruzicka et al., 2015). Russell et al. (2014) point out distinctly visible chondrules that are
surrounded by matrix material or fine-grained dust rims (cf. Fig. 1, 6), and they estimated a
ratio of chondrules to matrix of about 50:50. Their studies using X-ray diffraction (XRD)
and scanning electron microscopy (SEM) revealed that large parts of this meteorite did not
experience significant aqueous alteration. Also, the presence of melilite in CAls and metal
grains within matrix material observed by Russell et al. (2014) indicate a low degree of

alteration. Furthermore, these authors emphasise that JW might be a breccia. The results
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from Pernet-Fisher et al. (2014) also indicate a brecciated meteorite with various degrees of
aqueous alteration, ranging between the petrologic sub-types 2.0 and 2.3 in distinct clasts.
Gopel et al. (2015) published bulk meteorite data for minor and trace elements which show
abundance patterns typical of CM chondrites, although terrestrial weathering effects are
noticeable.

Here we provide a comprehensive set of chemical data for chondrules, inter-chondrule
matrix and fine-grained chondrule rims in Jbilet Winselwan. We also present concentrations
of major, minor and trace elements of Jbilet Winselwan bulk samples. In addition, we present
petrologic and petrographic data, including the first statistically reliable chondrule size
distribution among the CM chondrite group. We discuss the results in the context of

chondrule-matrix complementarity and describe implications for chondrule formation.

3.2 Methods

Mineral element analyses

The elemental composition of minerals and bulk matrix were determined with a JEOL JXA-
8900RL electron microprobe at the University of Cologne. The accelerating voltage was set
to 20 kV and the beam current to 20 nA. Well-characterised natural silicates and oxides were
used as standards and ZAF correction was employed. Detection limits for minor elements

were: 100 wt.-ppm for CaO, TiOz2, NiO and Naz20; 200 wt.-ppm for Cr20s; and 250 wt.-ppm

for MnO and FeO. To verify our reported low Ti abundances, we measured a range of Ti
standards.

Mineral compositions were measured with a focused beam of 1 um diameter. Matrix and
dusty rims around chondrules were measured with a defocused beam of 15 pm diameter.
Matrix totals were between 75 wt.% and 90 wt.%, with mean totals of 82 wt.% for matrix
and 80 wt.% for chondrule rim analyses. These low totals result from (i) the presence of
hydrated phases such as phyllosilicates, (ii) the porous matrix structure, and (iii) to a lesser
extent from the absence of data on S and P. Since Fe in metals and sulphides is calculated as
FeO, this slightly over-determines the reported FeO. This should, however, be negligible, as
the modal abundance of opaques in CM chondrites is <3 vol.% (e.g. Rubin et al. 2007). In

addition, throughout the paper we focus on element ratios, which are not affected by totals.
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Determining bulk chondrule compositions

Chondrule bulk compositions were obtained using modal recombination (e.g. Berlin et al.,
2006; Hezel, 2010; Ebel et al., 2016; Friend et al., 2016). The required element maps were
obtained by rastering the chondrules with a focused beam of 1 pm spot size. Step sizes were
2 pm and dwell times 240 ms. As mesostasis in most chondrules was slightly altered during
fluid assisted parent body alteration, totals of mesostases analyses are often low (~90 wt.%).
Reported bulk chondrule compositions do not include opaque phases. Some of the
chondrules contain low abundances of opaques. Their heterogeneous distribution prevents a
reliable inclusion in the bulk chondrule composition (Hezel, 2007; Hezel & KieBwetter,
2010; Ebel et al., 2016). This might in some cases underestimate the bulk chondrule Fe
content, but does not affect element ratios not involving Fe. The error when using the 2D
bulk chondrule composition relative to the true 3D bulk composition of chondrules was

calculated using the method of Hezel and KieBwetter (2010).

Bulk chondrites analysis using ICP-AES and ICP-MS

Two distinct bulk samples of JW (a 1 g chip and a 0.156 mg fragment) were completely
powdered using a boron carbide pestle and mortar. Major and trace element concentrations
were determined by ICP-AES (inductively coupled plasma-atomic emission spectrometry)
and ICP-MS (inductively coupled plasma-mass spectrometry), respectively, at Université de
Brest (IUEM, Plouzané) using the procedures described by Barrat et al. (2012, 2014, 2016).
The accuracy of major and trace element concentrations is better than 5% (probably better

than 3% for all the REEs) based on various standard and sample duplicates.

Bulk chondrite analyses using XRF

Major and trace elements of bulk samples were measured using a Philips PW 2400 sequential
wavelength dispersive X-ray spectrometer at the University of Cologne, Germany. Aliquots
of about 120 mg powdered sample were treated with nitrohydrochloric acid for two hours at
130 °C to oxidise metals. After vaporisation of the acid, 3.6 g Li,B4O; were added as fluxing
agent. A glass disk was produced by melting at about 1200 - 1300 °C in a platinum crucible
under oxidising conditions. At least 40 standard rock samples, prepared identically, were
used for external standardisation of the X-ray spectrometer for each individual element.
More details of the analytical procedure are reported in Wolf and Palme (2001). As discussed
by these authors, the precision for all elements analysed is below 1%. The accuracy estimated

from a comparison with well-determined Allende samples generally is below 2%, except for
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Cr, Ni, and P which are accurate to within 3%.

Determination of apparent chondrule sizes and apparent fine-grained rim thicknesses

We measured the apparent size of chondrules and chondrule fragments in two of the studied
thin sections and determined the apparent thickness of their fine-grained rims. For these
measurements SEM-BSE images were used and the software “Measure” from DatInf GmbH
in Tlibingen was applied. The apparent diameter of chondrules and fragments was obtained
by measuring the area of the cut face and corresponds to the diameter of an equi-sized circle.
The apparent thickness of a fine-grained rim was determined by measuring the areas of both,
the cut faces of the entire object (chondrule + rim) and that of the enclosed chondrule. For
both cut faces the diameters of equi-sized circles were calculated, whereupon the apparent

thickness was calculated as the difference between both diameters divided by 2.

3.3 Results

3.3.1 Textures and lithologies of Jbilet Winselwan

We studied five thin sections of JW (Table 3.1). Figure 3.1 displays the backscattered
electron image of one of the larger sections. Jbilet Winselwan appears to be an impact
breccia, consisting of two main lithologies: Lithology I is coarse-grained and most of its
chondrules are surrounded by fine-grained rims. This lithology is equivalent to the lithic
clasts of “primary accretionary rock”, described in Metzler et al. (1992). Lithology II has
fewer chondrules, appears fine-grained and clastic and corresponds to the “fine-grained

clastic matrix”, described in the above reference. These two lithologies are the typical

Table 3.1: Type and number of measurements obtained from the 5 thin sections of Jbilet Winselwan and
from 1 Murchison thin section used in this study.

Section Mapped Bulk chondrule Chondrule size Matrix data Rim data
chondrules compositions meauserments points points

M4 (2) P19398 4 2 - ~30 -

M4 (3) P19399 17 4 - ~30 -
M4 (4) P19400 9 1 - ~30 -

JW S1 6 6 207 ~40 18
JW S2 15 12 301 ~40 34
Murchison - - - 29 -
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lithologies of CM chondrites, and were observed in 12 out of 14 studied samples by Metzler
et al. (1992).

In JW, the chondrule to matrix ratio of lithology I is ~45:55 and ~25:75 in lithology II.
We observed rimmed chondrules in both lithologies, with significantly higher amounts in
lithology I. This textural variety was previously only observed in the CM chondrites
Murchison and Murray, while in most other CM chondrites rimmed chondrules were
exclusively found in lithology I (Metzler et al., 1992).

Chondrule rims in both lithologies of JW often consist of two distinct layers: The outer
layer is characterised by higher abundances of tochilinite-cronstedtite intergrowths (TCI)
and sulphides. In addition, rims with distinct Fe-rich and Fe-poor compositions occur in

lithology II (Fig. 3.1). Grain sizes are generally larger in the outer layer than in the inner

Fine grained rims (FGRs)

Jbilet Winselwan
(section JW2)

Olivine fragment
| Mg-rich FGR |

Fe-rich FGR

Lithology Il
Fine-grained rims (FGR)

3 mm

Figure 3.1: Back-scattered electron (BSE) image of Jbilet Winselwan (section JW2). The sample basically
consists of two distinct lithologies, where lithology I is enclosed in the shape of lithic clasts in lithology II.
Chondrules in both lithologies are commonly small and often surrounded by fine-grained rims. Lithology I1
contains chondrules with both Fe-rich and Fe-poor rims, as well as large olivine fragments.
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Figure 3.2: Frequency distributions of apparent chondrule diameters (chondrules and chondrule fragments)
are about log normal distributed in both JW lithologies. Mean apparent chondrule diameters are about similar
in both lithologies, with means of 136 um (clast a) and 157 um (clast b) in lithology I and 141 pm in lithology
II.

layer. These layered rims are typical of most CM chondrites and were described in detail in
Metzler et al. (1992).

We measured the apparent sizes of 508 chondrules and chondrule fragments in two thin
sections (321 in two clasts of lithology I and 187 in lithology II). This is, to our knowledge,
the first frequency distribution of apparent chondrule sizes in CM chondrites (see Friedrich
et al., 2014). The size-frequency distributions are about log-normal (Fig. 3.2), which is

typical of chondritic meteorites (Friedrich et al., 2014 and references therein). Measured
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Figure 3.3: Apparent chondrule diameters and apparent rim thicknesses show linear correlations, with a slope
of 0.178 in case of lithology I (filled symbols). The slope is somewhat smaller in lithology II (open symbols),

which may indicate slightly different formation conditions for the rims in both lithologies.
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apparent chondrule sizes in lithology I vary between 45 and 900 um, while chondrules
studied in lithology II range from 45 to 730 um. The mean apparent chondrule sizes of
chondrules in lithology I (clasts a and b) are 136 and 157 um, respectively, while the mean
value of lithology Il is 141 um. The amount of measurable chondrules and fragments is much
lower in lithology II since in this case these objects are embedded in large amounts of fine-
grained (clastic) material. The above values for apparent chondrule sizes are smaller than
those measured by Rubin and Wasson (1986) in the Murray CM chondrite, probably because
these authors did not include chondrule fragments.

For 93 out of the 508 chondrules, we further determined the apparent thickness of their
fine-grained rims (36 in lithology I, and 57 in lithology II). The apparent thickness of these
rims vary between 26 and 193 pm in lithology I and between 20 and 121 um in lithology II.
On average, the rims in lithology I are slightly thicker, with a mean apparent thickness of 76
um, compared to 59 um in lithology II. These data are displayed in Figure 3.3, where they
are plotted against the apparent chondrule diameters. There is a striking positive correlation
between the two parameters, which is evident for chondrules in both lithologies. This
correlation is typical of CM chondrites and has been described in detail by Metzler et al.
(1992). The slope for lithology I is 0.18 (Fig. 3.3), which is similar to the slopes determined
for other CM chondrites (0.17-0.21; Metzler et al. 1992). The slope for chondrules in
lithology II is slightly lower with a value of 0.12.

24 Refractory Main Volatile
201 X X X
o
o
16 1
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. ]
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© O K 4
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0.8 OCM meteorites §< g
® JW ICP-AES 1B - &
0.4 " W ICP-AES 2 [ | ®
+JW XRF
XAllende
0.0 T ‘ ‘ , ‘
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Figure 3.4: Bulk chemical composition (major and minor elements in the order of volatility) of the
investigated samples of Jbilet Winselwan. These values are in good agreement with those for other CM

chondrites (Jarosewich et al., 1990). Bulk values for Allende (CV3) are shown for comparison.
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3.3.2 Bulk chondrite composition

The bulk chondrite composition of the major and minor elements in JW are plotted together
with literature data for other CM chondrites, and normalised to CI in Figure 3.4 and listed in
Supplementary Table 3.1. Data were measured in two different sample splits by ICP-AES
(JW 1B and JW 2) and in another sample split that was derived from the same powder as JW
IB by XRF. There is a very good agreement between JW and other CM chondrites,
especially for Fe, Mg and Si. The ICP-AES provides a Ca concentration in agreement with
other CM chondrites, whereas the Ca concentration obtained with XRF is below this value.
The JW data show some discrepancies for K and Na, but are overall similar to the literature
values of other CM chondrites.

Figure 3.5 compares the JW trace element data from this study to the data from Gopel et
al. (2015). See Supplementary Table 3.2 for data of minor and trace element abundances of
the JW splits JW 1A, JW 1B and JW 2 measured by ICP-MS, together with JW bulk
chondrite data from Gopel et al. (2015) and other bulk CM chondrites taken from the

literature.
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Figure 3.5: Bulk chemical composition (minor and trace elements) of the investigated Jbilet Winselwan
samples. The HREE enrichment in one sample aliquot is most probably due to a refractory hibonite grain in
this sample. The depletion of volatile elements is typical of CM chondrites. The enrichments in U, Sr, Ba and

Li are the result of terrestrial weathering.
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3.3.3 Petrography and elemental composition of chondrules

We studied 51 chondrules from JW in detail (Table 3.1). Figure 3.6 displays three typical
JW chondrules with olivine in the core and low Ca-pyroxene at the rim. These two minerals
are the main constituents of chondrules, with abundances between 67 and almost 100 vol.%.
Minor constituents are mesostasis and high Ca-pyroxenes with up to 33 vol.%. All studied
chondrules are porphyritic: 76% POP, 14% PP and 10% PO. About 92% are FeO-poor type
I chondrules (cf. Jones et al. 2005, and references therein). In 71% of the studied chondrules

Matrix/ Rims/ Mesostasis

Figure 3.6: Three typical chondrules of Jbilet Winselwan: (a) PO, (b,c) POP chondrules. All chondrules are
mineralogically-zoned, with olivine in the core and low Ca-pyroxene at the rim. This zonation is typical for

chondrules in Jbilet Winselwan, and CC chondrules in general (Friend et al., 2016).
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we found a mineralogical zonation with olivine in the core and low-Ca pyroxene at the rim.

This structure of ubiquitously-zoned chondrules is typical of chondrules in all carbonaceous

chondrites and was described in detail by Friend et al. (2016).

Chondrule olivine and pyroxene usually do not show any sign of alteration. In contrast,

chondrule mesostases are devitrified and to various degrees decomposed to phyllosilicates.

Metal grains are primarily located in chondrule olivines. We determined bulk elemental

compositions of 26 chondrules (Supplementary Table 3.3). The mesostases of the remaining

25 were too altered to obtain reliable bulk chondrule compositions. Of the 26 studied

chondrules, 25 are type I, and one is a type II chondrule. Olivines and pyroxenes in type I

chondrules have low FeO contents of Fa;¢ and Fs;.jg, respectively. Olivine in the type II

chondrule has an average composition of Fass. The elemental bulk chondrule compositions

a)

b)
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Figure 3.7: Element concentrations (Si, Mg, Al and Ti) of 26 bulk chondrules of Jbilet Winselwan.
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are generally highly variable. Table 3.2 lists the

Table 3.2: Mean composition and
standard deviation of all 25 analysed type ~ @verage contents for the measured elements and

I chondrules. respective standard deviations that only include
o sd . .

< .06 005 the type I chondrules. Figure 3.7a displays the bulk
Fe 426 +£2.68 elemental variations of Mg, Si and Fe of the
Al 091 £0.54 chondrules. The element with the most narrow

Cr 0.35 +0.14

Ti 0.10 £0.05 range is Si, with a mean of 21.8 +1.5 wt.%, not
M_g 24.93 =343 including the type II chondrule, which contains
Ni 0.07 +0.13

Si 21.82 +1.47 only 13.4 wt.% Si. Seventeen out of the 26
Vin 014 £095  chondrules have Si contents between 21 and 23
Ca .49 + 101 chondrules have Si contents between 21 an

wt.%. Chondrules with higher than mean Si
contents have lower olivine modal abundances. Magnesium contents spread across a larger
range, from 20 to 32 wt.% Mg, with a mean of 24.5 +3.9 wt.%. The type II chondrule
contains 14.4 wt.% Mg. The bulk chondrule Mg concentrations are primarily controlled by
the modal abundances of mesostasis in the chondrules. The bulk chondrule Fe contents have
the largest range, between almost 0 and 9 wt.% in the type I chondrules, and a concentration
of 24.6 wt.% in the type II chondrule.

Bulk chondrule concentrations of the refractory minor elements Ca, Al and Ti are
displayed in Figure 7b. Calcium is mostly <2 wt.%, but can be as high as 4.7 wt.% in one
chondrule with abundant Ca-rich pyroxene. The mean Al content in the FeO-poor chondrules
ranges from 0.2 to 2.1 wt.%, and is 3.5 wt.% in the type II chondrule. Bulk chondrule Al
concentrations are controlled by mesostasis modal abundances. The bulk chondrule Ti
concentrations range from 200 up to 2000 wt.-ppm, with a peak around 1000 wt.-ppm.

Figure 3.8 compares the Ti contents in all phases of the 26 studied chondrules. Titanium
concentrations are low in olivines (< 500 wt.-ppm), intermediate in low Ca-pyroxenes as

well as in mesostasis (250 to 7000 wt.-ppm), and high in Ca-rich pyroxenes (0.1 to 1 wt.%).

3.3.4 Petrography and chemical composition of matrix and fine-grained chondrule

rims

Matrix grain sizes are highly variable, ranging from sub-um to about several um. Olivine

and pyroxene mineral grains, chondrule fragments, as well as tochilinite-cronstedtite
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Figure 3.8: Comparison of bulk element compositions between matrix and chondrule rims in Jbilet
Winselwan and Murchison matrix. The concentration of Mg, Si and Fe are similar in these three components,
although Mg and Si appear somewhat lower in Murchison matrix. Light grey arrows indicate literature data
for Murchison matrix (*' Zolensky et al., 1993; ** McSween and Richardson, 1977).

intergrowths (TCI) and sulphides are present in the matrix. Chondrule rims are generally
finer grained than matrix. Chondrule rims contain less sulphides and Fe-rich phases than

matrix. Also chondrule fragments and larger silicate minerals are markedly rarer in
chondrule rims than in matrix.

We made 171 element analyses of interchondrule matrix and 52 in the fine-grained rims
around chondrules. In addition, 29 matrix analyses in Murchison were carried out to verify
our technique. Table 3.3 lists the mean a values and standard deviations of all JW matrix and
fine-grained chondrule rim analyses, alongside with respective data for Murchison matrix
analyses. The histograms in Figure 3.9 compare the compositional variations of the main
elements in the matrix of JW, Murchison matrix and fine-grained rims around JW
chondrules. The Mg content in JW matrix ranges from 7 to 14 wt.%. This is slightly higher
than the rims around chondrules, which range from 5 to 11 wt.%. Murchison matrix spans

the widest range from 5 to up to 13 wt.%. This range is similar to the JW matrix composition,
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Table 3.3: Mean compositions and standard deviations of matrix and fine-grained chondrule rims in Jbilet
Winselwan and matrix in Murchison.

Matrix JW Fine-grained rims JW Matrix Murchison
o sd o o
Si 13.00 +1.14 12.44 +1.45 11.78 +1.66
Ti 0.05 +0.02 0.05 +0.02 0.03 +0.01
Al 1.53 +0.37 2.06 +0.49 1.20 +0.18
Cr 0.27 +0.16 0.26 +0.06 0.21 +0.08
Mg 9.72 +1.64 8.85 +1.27 8.47 +1.66
Fe 23.42 +4.13 23.18 +4.26 24.03 +3.39
Ni 1.42 +0.53 1.54 +0.30 1.32 +0.46
Mn 0.18 +0.05 0.18 +0.02 0.17 +0.06
Ca 1.09 +0.38 1.39 +0.49 0.54 +0.30
Na 0.39 +0.14 0.32 +0.10 0.68 +0.17

though the peaks are slightly shifted. Silicon contents are indistinguishable in matrix and
fine-grained rims of JW, which both have a peak at 13 wt.%. Murchison matrix has slightly
lower Si contents with a peak at 12 wt.%. Iron is more homogeneously distributed compared

to Mg and Si. In JW, the Fe in matrix and chondrule rims ranges from 14 to 32 wt.%.

3.4 Discussion

3.4.1 Jbilet Winselwan bulk composition

The membership of JW to the CM chondrite class is evident from its bulk major, minor and
trace element composition. In Figure 3.4, the composition of JW is compared to other CM
chondrites analysed by Jarosewich (1990). For comparison, data from the Allende meteorite,
representative of CV chondrites, are plotted (Jarosewich, 1990). Allende and other CVs are
higher in refractory elements, have different Mg/Fe ratios and lower concentrations of
moderately volatile elements, such as Mn (Fig. 3.4). Alkalis are notoriously variable in CM
chondrites and cannot be used for classification purposes (e.g. Fuchs et al., 1973). In Fig.
3.10, we show the CI-normalised REE pattern of the various JW samples analysed in this
study. The elevated rare earth element abundances from Gd to Er in samples 1A and 1B,
both derived from the same powder, are unusual. To our knowledge such a pattern was never
observed in a bulk chondrite. It is not a volatility-related pattern, such as the well known

group II patterns in fine-grained Allende inclusions (Mason and Taylor, 1982). These
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Figure 3.9: Abundances of REE in the investigated samples of Jbilet Winselwan. Samples 1A and 1B, which
are both derived from the same powder, are enriched in certain HREEs, showing a pattern that resembles
hibonite data (**Fahey et al.,1994). Sample 2 (derived from another powder) as well as literature data for Jbilet
Winselwan and the CM chondrite Paris (*Gopel et al., 2015) have flat REE patterns (except Paris for La).

patterns have high Tm and low Er as well as enrichments in light REE. There is also no
smooth dependence of abundances on ionic radius. The closest match to the REE patterns
that we could find in the literature are REE patterns of hibonite (CaAl;»0,9), a highly Al-
rich refractory mineral, second in the canonical condensation sequence after corundum. In
contrast to CV chondrites, CM meteorites contain fairly high concentrations of hibonite (Liu
et al., 2009). There are large variations in the composition of hibonites, in part related to
their origin. Some hibonites may be condensates, whereas others may have crystallised from
Al-rich melts (Simon et al., 1996, 1997). The REE pattern of a hibonite grain analysed by
Fahey et al. (1994) fits well to the REE pattern found in two of the bulk samples of JW (Fig.
10). It shows basically the same relative abundances of REE as the two bulk samples with
the unusual REE pattern. This is suggestive of ’contamination’ of the bulk samples with
hibonite. Since absolute REE concentrations and REE patterns in hibonites of CM meteorites
are quite variable (Simon et al., 1997), it is not possible to make sensible mass balance
calculations. There exists simply no single, well defined hibonite component in these
meteorites. This applies also to minor elements in hibonite, such as Ti and Al. They may
well contribute to the bulk, but their contents in e.g. Murchison are extremely variable
(Simon et al., 1997). Nevertheless, the similarity of the REE pattern of some hibonites with
the bulk REE patterns of two bulk JW samples suggests that the unusual REE pattern is

produced by an overabundance of hibonite grains in the analysed sample.
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Figure 3.5 shows the trace element patterns of the JW samples analysed in this study. The
elements are arranged in order of decreasing 50 % condensation temperatures (Lodders et
al., 2009). Refractory elements, including the siderophile W, have more or less uniform
enrichment factors somewhat above the CI abundance level and lower than CV chondrites
(see Fig. 3.5). This smooth depletion trend for moderately volatile elements, from Cu to Zn
is characteristic of CM chondrites (Palme et al., 1988).

The enrichment of the mobile elements U, Sr, Ba, Li and Pb in the bulk JW chondrite is
typical of weathering of the meteorite while residing on the desert surface (Barrat et al. 2003;

Al-Kathiri et al., 2005; Saunier et al., 2010; Hezel et al., 2011,2015) .

3.4.2 Aqueous alteration of JW

The degree of aqueous alteration that JW experienced seems to be variable (e.g. Russell et.
al, 2014; Kiku et al., 2014; Pernet-Fischer et al., 2014, Grady et al., 2014). Russell et al.
(2014) argue that most parts of JW experienced only mild aqueous alteration. Their
conclusion is based on the occurrence of melilite in CAls — which only survives in the least-
altered CM meteorites (Lee & Lindgren, 2016) — as well as intact metal grains in the matrix.
This is in agreement with our observations of commonly well-preserved mafic minerals in
chondrules, where only mesostases are often transformed to phyllosilicates. The alteration
of chondrule mesostases is typical of all CM chondrites, and is even present in the least
altered CM chondrite, Paris (Hewins et al., 2014). According to Browning et al. (1996), a
further indication of a low alteration degree are isolated silicate minerals in CM chondrite
matrices. We observed plenty of such isolated olivine and pyroxene grains in the JW matrix.
Hence, we propose that significant parts of JW suffered only mild aqueous alteration.

Some authors argue that CM chondrite material was in part aqueously altered in the solar
nebular before parent body accretion (e.g. Metzler et al.,1992; Ciesla et al., 2003; Howard
et al., 2011). Pernet-Fisher et al. (2014) support this view and argue that the highly variable
degrees of aqueous alteration seen in JW chondrules is best explained by pre-accretionary
alteration. Our observations support this view. The aqueous alteration of spatially closely
associated chondrules within both lithologies show in some cases different degrees of
alteration, which is best explained by variable degrees of pre-accretionary alteration.

We further observed TCls that are surrounded by fine-grained rims. TClIs are products of

aqueous alteration, while the rims seemingly accreted free floating anhydrous objects or
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grains in the protoplanetary disk. Hence, the rimmed TCIs must have formed by aqueous
alteration of metal or sulphide before rim formation and parent body accretion. For a more

detailed discussion see Bischoff (1998).

3.4.3 Fine-grained chondrule rims

Fine-grained rims around CM chondrules have been known for a long time (e.g. Fuchs et al.
1973; Bunch and Chang 1984, Metzler et al. 1992). Many authors advocate formation
scenarios in which the rims formed by sticking of fine-grained dust to chondrule surfaces
prior to chondrite accretion (e.g. Metzler et al., 1992; Nakamura et al., 1999; Cuzzi, 2004;
Ormel et al., 2008; Hanna and Ketchman, 2016). Nevertheless, there is still a dispute on this
in the literature. Some authors propose a formation of the chondrule rims by impact events
on the parent body (e.g. Trigo-Rodriguez et al., 2005), and based on the investigation of LAP
02342 (CR2), Wasson and Rubin (2014) simply doubt in principle the existence of the fine-
grained chondrule rims. They state the “absence of definitive evidence of their presence in
CM and other chondrites”.

Our investigation of JW provides further clear evidence that most chondrules in the
lithology I and many chondrules in the lithology II are surrounded by well-defined, fine-
grained rims. This finding is equivalent to the observations in the two CM chondrites
Murchison and Murray, where rimmed chondrules also occur in both lithologies (Metzler et
al. 1992). This similarity of JW chondrules to Murchison and Murray may indicate rim
porosities around JW chondrules of ~10 vol.% (Beitz et al., 2013). Furthermore, the observed
positive linear correlation between the apparent chondrule diameter and apparent rim
thickness found here (Fig. 3.3) was noticed earlier in other CM chondrites (Metzler et al.
1992) and was recently confirmed by 3D-measurements using micro x-ray computed
tomography (Hanna and Ketchman, 2016). The slope of this correlation in lithology I is
within the range of CM literature values. However, the slope for rimmed chondrules in
lithology II (Fig. 3) is somewhat smaller than the slope for rimmed chondrules in lithology
I. This reflects the tendency to thinner rims in lithology II and may indicate additional

processes that were active during the formation of the fine-grained rims.
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3.4.4 Complementarities

3.4.4.1 Complementary relationships of the major elements Si, Mg, Fe

Plates a & b in Figure 3.11 display element plots of Si vs. Mg and Fe vs. Mg of bulk JW and
its components, as well as of Murchison matrix that were all measured in this study.
Literature data of bulk CI and CM chondrites as well as bulk chondrule data of El1-Quss Abu
Said (CM) are included for comparison.

JW has a bulk Si/Mg ratio of 1.12, similar to other CM chondrites and indistinguishable
from the CI chondritic Si/Mg ratio of 1.12. All JW chondrules have sub-chondritic Si/Mg
ratios with a mean of 0.88. Matrix as well as fine-grained chondrule rims have super-
chondritic Si/Mg ratios with means of 1.34 and 1.41, respectively. Hence, matrix and fine-
grained chondrule rims have virtually the same Si/Mg. The Murchison matrix plots in
exactly the same field as the JW matrix and fine-grained rims, and has a similar super-
chondritic mean Si/Mg of 1.39. The similarity in chemical composition of fine-grained rims
and interchondrule matrix is typical of carbonaceous chondrites (e.g., Abreu and Brearley,
2010). The bulk chondrule data plot along a trend between forsterite and enstatite in the Si-
Mg space (Fig. 3.11a). The mineralogical zonation of most JW chondrules with olivine in
the core and low-Ca pyroxene at the border is the result of the reaction of olivine with a Si-
rich gas to form low-Ca pyroxene (Friend et al., 2016 and references therein). Chondrule
precursors are initially olivine-rich objects and their bulk composition develops during
reaction with nebular gas along the olivine — pyroxene joint towards a more Si- & pyroxene-
rich composition. A similar mechanism has been found by Hezel et al. (2006) for ordinary
chondrite chondrules. Thus, the olivine fraction of chondrules before reaction of chondrule
melts with the ambient gas was higher than presently observed, leading to even lower Si/Mg
ratios in chondrule precursors and thus amplifying the difference in Si/Mg ratio of
chondrules and matrix. The gaseous SiO and Mg that are not locked up in chondrules
condense later as constituents of the fine-grained matrix. The bulk CI chondritic Si/Mg ratio
is unaffected by this process. This is characteristic of the common reservoir of chondrules

and matrix.
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Figure 3.10: Chemical variation diagrams including data from bulk Jbilet Winselwan, 26 bulk chondrules,
matrix and fine-grained rims around chondrules, as well as Murchison matrix. a) Mg vs. Si concentrations. En:
enstatite composition, Fo: forsterite composition; b) Mg vs. Fe concentrations; ¢) Ti vs. Al concentrations; d)
Ca vs. Al concentrations. For comparison the slope with CI ratio, as well as bulk CM data, bulk chondrules
from El-Quss Abu Said (CM), and matrix data of Murchison are added (Wolf and Palme, 2001; Hezel and
Palme, 2010; Palme et al., 2014). Chondrules and matrix of Jbilet Winselwan are complementary with respect
to Si/Mg, Fe/Mg, Ti/Al and Ti/Ca, while the bulk has chondritic or very close to chondritic ratios.

All JW chondrules have strongly sub-chondritic Fe/Mg ratios (Fig. 3.11b). Even the type
IT chondrule plots below the CI-chondritic Fe/Mg ratio. We did not include opaque phases
in our bulk chondrule analyses, which leads to lower Fe/Mg ratios in chondrules than
actually measured. However, opaque modal abundances in CM chondrite chondrules are in

most cases below 1 vol.%, thereby increasing the bulk chondrule Fe concentrations of about
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545 wt.% to rarely more than 7+5 wt.%. Hence, bulk chondrules would still have strongly
sub-chondritic Fe/Mg ratios. The matrices of JW and Murchison, as well as the fine-grained
rims around JW chondrules all define a single field in the Fe-Mg space, and have super-
chondritic Fe/Mg ratios. The mean Fe/Mg of JW matrix is 2.41, Murchison matrix has a ratio
of 2.84, and the Fe/Mg ratio of fine-grained chondrule rims in JW is 2.62. These values are
all well above the CI-chondritic ratio of 1.96, and the three JW bulk chondrite Fe/Mg ratios
of 1.80, 1.82 and 1.83, determined in this study.

Hezel and Palme (2010) and Palme et al. (2015) discuss at length why neither the Si/Mg,
nor the Fe/Mg complementarity can be the result of parent body alteration. Anyway,
Tomeoka and Buseck (1985) observed that the formation of TCIs from olivine and pyroxene
minerals decrease the Fe/Si ratio and increase the Mg/Si ratio in the residual matrix with
progressive aqueous alteration. We did not include TCIs which have up to 70 wt.% FeO, but
only <10 wt.% Mg (Pignatelli et al., 2016), and occur as larger grains in the matrix (e.g.
McSween, 1987) in our matrix analyses. If we embraced TClIs in our matrix measurements,
the Fe/Mg ratio would be even more elevated. Hence, aqueous alteration would bring the
Fe/Mg and Si/Mg ratios of chondrules and matrix closer together and not further apart — a
mechanism opposite to what is required to establish the observed complementary pattern
between chondrules and matrix. This reasoning is supported by results from Ebel et al.
(2016), who noticed that the extent of Mg/Si complementarities in CO chondrites decrease

with increasing petrologic grade.

3.4.4.2 Complementary relationships of the refractory elements Ca, Al, Ti

Plates ¢ & d in Fig. 3.11 display element plots of Ti vs. Al and Ca vs. Al for the same samples
as in plates a & b. Almost all JW chondrules have super-chondritic Ti/Al ratios. The matrices
of JW and Murchison, as well as the fine-grained rims around JW chondrules have
complementary, sub-chondritic Ti/Al ratios. The criteria for complementarity is fulfilled, as
the bulk JW Ti/Al ratio from the powder with a typical CM REE pattern is 0.053, identical
to the CI chondritic Ti/Al ratio of 0.053. The two samples with elevated HREE element
patterns have slightly higher than CI chondritic Ti/Al ratios of 0.062 and 0.057, in agreement
with the addition of small hibonite grains.

Almost about half of the JW chondrules have super-chondritic Ca/Al ratios, while the
other half has about CI chondritic Ca/Al ratios (Fig. 3.11d). Only the single type II chondrule
has an extremely low Ca/Al ratio. Neglecting this type II chondrule, the mean Ca/Al ratio of
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Figure 3.11: Mean refractory element compositions of Jbilet Winselwan matrix, fine-grained chondrule rims
in Jbilet Winselwan and Murchison matrix. Each data set comprises a distinct field in the diagram. Mean
values of Jbilet Winselwan matrix have the highest Ca/Al and Ti/Alratios. The values for bulk CI chondrites

are shown for comparison.

the chondrules is 1.64. The matrices in JW and Murchison, as well as the fine-grained rims
around JW chondrules all have sub-chondritic mean Ca/Al-ratios of 0.71 (JW matrix), 0.68
(fine-grained rims around JW chondrules), and 0.45 (Murchison matrix). The bulk JW Ca/Al
ratio is slightly sub-chondritic due to lower than typical Ca concentrations in CM chondrites
— that otherwise plot exactly on the CI chondritic ratio line (cf. Fig. 3.11d). It is yet unclear
what caused the lower Ca in JW. As CM chondrites typically have CI chondritic Ca/Al ratios,
and as the JW bulk Ca/Al ratio is only slightly off the respective Cl ratio, it seems reasonable
to assume that Ca/Al ratios in chondrules and matrix of JW are complementary.

It appears, there are slight, but systematic differences in the Ca/Al ratios among fine-
grained chondrule rims and matrix (Figs. 3.11 & 3.12): (i) JW matrix has the highest Ca/Al
and Ti/Al ratios, while (ii) fine-grained rims around JW chondrules have slightly lower
Ca/Al and noticeable lower Ti/Al ratios as JW matrix. (iii) Murchison matrix has the lowest
Ca/Al ratio and the Ti/Al ratio is intermediate to JW matrix and fine-grained chondrule rims.
Hence the ratios for Ti/Al and for Ca/Al of the fine-grained chondrule rims are even more
divergent from the CI chondritic ratio than in the matrix of JW (Fig. 3.11). This observation
also seems to be true for the Si/Mg and Fe/Mg ratios, which are both slightly higher in the
chondrule rims, than in the matrix. We propose, these differences are due to the lower
abundances of olivine and pyroxene grains and chondrule fragments in the fine-grained

chondrule rims compared to the matrix. The fine-grained rims probably accreted around
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chondrules before the matrix formed. Hence, the fine-grained chondrule rims represent the
first matrix material.

According to Hidaka et al. (2015) there seems to exist some redistribution of the alkaline
elements Rb and Cs on the microscale in chondrules of the CM2 chondrite Samaya caused
by intense aqueous alteration within chondrule minerals. However, the elements considered
in this study are not likely to be effected by those replacements. Furthermore, these
redistributions are limited to the set of minerals within a chondrule and hence would not

affect the chondrule bulk composition.

3.5 Conclusions

Jbilet Winselwan is a breccia consisting of two lithologies with different chondrule/matrix
ratios, but similar size distributions of chondrules and chondrule fragments. Chondrules in
both lithologies accreted fine-grained rims, probably while freely floating in the
protoplanetary disk. The rims resemble those in Murchison and other CM chondrites
(Metzler et al., 1992). The extent of aqueous alteration in JW is comparatively small, and
JW is probably one of the least altered CM chondrites. Some aqueous alteration may have
occurred in the nebular disk before accretion of the meteorite.

The bulk composition of JW is typical of CM meteorites. Unusual REE patterns in two
bulk samples may reflect non-representative proportions of hibonite crystals, which are
common in CM meteorites.

Chondrules are often mineralogically zoned, with olivine in the core and low-Ca pyroxene
at the rim. This zonation is best explained by an open system exchange reaction of chondrule
olivine with a Si-rich gas that formed during fractional condensation (cf. Friend et al., 2016).
This indicates that Si/Mg of chondrule precursors (dust aggregates before melting) were
even lower in Si/Mg than presently observed.

Bulk JW has CI chondritic Si/Mg, Fe/Mg, Al/Ti and close to CI chondritic Ca/Al ratios.
Chondrules have low Si/Mg, and Fe/Mg ratios complementary to high ratios in matrix,
typical of most carbonaceous chondrites (Hezel and Palme, 2010; Palme et al., 2015). The
formation of Fe-poor refractory olivine and subsequent incorporation into chondrule
precursor aggregates is particularly prominent in CM chondrites. Refractory element ratios

such as Al/Ti and Ca/Al are also complementary between chondrules and matrix. Preferred
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partitioning of Ti into chondrules is frequently observed in carbonaceous chondrites (e.g.,
Palme et al., 2015). It may indicate preference of perovskite for chondrule precursor
aggregates. The fractionation of these two refractory elements requires high temperature
processes. Variable and complementary Ca/Al ratios between chondrules and matrix is also
observed in several carbonaceous chondrites (Hezel and Palme, 2008). These relationships
require the formation of chondrules and matrix from a single reservoir. Arbitrary mixing of
chondrules and matrix from different reservoirs will never produce a chondritic bulk
meteorite. This excludes an entire set of chondrule formation models, as outlined in some

detail by Hezel and Palme, (2010) and Palme et al. (2015).
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Supplementary

Supplementary Table 3.1: Major and minor element abundances in Jbilet Winselwan (this work) and in CI
chondrites (Palme et al., 2014).

CI Jbilet Winselwan

ICP-AES XRF

sample 1B sample 2
Mg wt.% 9.54 12.80 12.12 12.70
Al wt.% 0.84 1.27 1.31 1.41
Si wt.% 10.70 - - 14.2
Ca wt.% 0.91 1.02 1.23 1.02
Ti wt.-ppm 447 720 690 700
Fe wt.% 18.66 23.01 22.23 22.7
Na wt.-ppm 4960 3200 4640 1970
K wt.-ppm 546 485 726 500
Cr wt.-ppm 2623 3130 3210 3400
Mn wt.-ppm 1916 1840 1810 1830
Co wt.-ppm 513 640 670 660
Ni wt.% 1.09 1.38 1.39 1.49
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Supplementary Table 3.2: Minor and trace element abundances (in wt.-ppm) from Jbilet Winselwan
(this study and Gopel er al., 2015), CI chondrites (Palme et al., 2014), and the CM2 chondrites NWA
8157 (Gopel et al., 2015) and Paris (Hewins et al., 2014).

CI Jbilet Winselwan NWA 8157 Paris
1A 1B 2 Gopel et al.

Li 1.45 2.96 2.69 1.6
Be 0.02 0.03 0.03 0.03 0.03 0.02 0.03
P 985 979 1087 1322 1021 1086
K 546 472 525 1047 380
Sc 5.81 12.31 14.91 8.65 8.77 8.38 8.38
Ti 447 687 634 575 635 628
\Y 54.6 71.3 76.0 69.5 68.6 67.9 72.1
Mn 1916 1624 1762 1581 1758 1803 1575
Co 513 592 650 570 601 554 651
Cu 133 112.8 113.8 110.0 116.0 115 128
Zn 309 141 148 134 188 142 180
Ga 9.62 7.93 8.40 7.75 8.10 7.63 7.71
Rb 2.32 1.31 1.40 1.84 1.37 1.55 1.72
Sr 7.79 29.58 29.30 68.00 91.35 42.25 10.79
Y 1.46 2.75 2.96 2.26 2.35 2.13 2.11
Zr 3.63 5.06 5.61 5.02 5.14 4.79 4.83
Nb 0.28 0.38 0.40 0.38 0.39 0.37 0.38
Cs 0.19 0.13 0.18 0.20 0.14 0.13 0.13
Ba 2.42 6.87 7.39 4.22 13.61 5.87 3.24
La 0.24 0.36 0.36 0.41 0.38 0.33 0.83
Ce 0.62 0.86 0.86 1.00 0.96 0.84 0.83
Pr 0.09 0.14 0.14 0.14 0.14 0.13 0.13
Nd 0.47 0.68 0.67 0.71 0.70 0.66 0.64
Sm 0.15 0.22 0.22 0.22 0.23 0.21 0.21
Eu 0.06 0.08 0.09 0.08 0.08 0.08 0.08
Gd 0.21 0.40 0.46 0.30 0.30 0.30 0.29
Tb 0.04 0.08 0.09 0.05 0.05 0.05 0.05
Dy 0.26 0.53 0.60 0.35 0.36 0.36 0.35
Ho 0.06 0.11 0.13 0.08 0.08 0.08 0.08
Er 0.17 0.30 0.32 0.23 0.24 0.23 0.23
Tm 0.03 0.04 0.04 0.04
Yb 0.17 0.24 0.26 0.23 0.24 0.23 0.23
Lu 0.03 0.04 0.04 0.03 0.03 0.03 0.03
Hf 0.11 0.16 0.16 0.15 0.15 0.14 0.14
Ta 0.02 0.02 0.02 0.02 0.02 0.02 0.02
A\ 0.10 0.16 0.15 0.14 0.17 0.12 0.02
Pb 2.62 1.25 1.74 1.66 1.88 1.51
Th 0.03 0.05 0.05 0.06 0.04 0.04 0.04
U 0.01 0.02 0.02 0.01 0.03 0.04 0.01
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Supplementary Table 3.3: Bulk elemental composition and petrographic type of all studied chondrules in Jbilet
Winselwan.

Chd#2 Chd#5 Chd#6 Chd#9 Chd#21  Chd#24  Chd#32  Chd#33

POP POP POP POP POP POP POP POP
Si 23.42 22.81 20.15 20.81 20.89 24.04 24.08 22.47
Ti 0.09 0.10 0.14 0.02 0.11 0.08 0.07 0.11
Al 0.89 0.59 0.94 0.17 0.73 0.42 0.41 0.76
Cr 0.28 0.34 0.26 0.16 0.36 0.51 0.54 0.32
Ng 22.87 25.36 24.48 32.01 22.40 22.70 24.13 23.69
Fe 4.78 3.09 6.17 0.41 7.14 3.39 2.83 5.34
Ni 0.02 0.09 0.12 0.01 0.15 0.01 0.01 0.04
Mn 0.08 0.10 0.06 0.03 0.09 0.30 0.16 0.13
Ca 1.32 1.11 1.28 0.27 242 1.90 0.70 1.21
Na <d.L 0.02 0.03 0.03 0.05 0.05 <d.L 0.09
Chd#1b  Chd#2b  Chd#3b  Chd#4b  Chd#5b  Chd#7b  Chd#8b  Chd#10b Chd#12b
POP POP PO POP POP POP POP POP POP
Si 20.30 21.98 19.47 22.92 21.66 20.77 22.49 24.19 24.81
Ti 0.09 0.15 0.18 0.04 0.18 0.17 0.13 0.20 0.12
Al 0.87 2.13 0.27 0.27 1.83 2.07 1.05 0.82 0.82
Cr 0.40 0.49 0.04 0.34 0.41 0.37 0.27 0.60 0.40
Ng 20.49 20.36 32.21 28.96 25.67 22.57 20.64 22.84 24.53
Fe 8.94 7.87 0.29 0.80 0.51 5.69 8.15 2.39 0.54
Ni 0.23 0.13 0.01 0.02 0.01 0.03 0.04 0.02 0.01
Mn 0.23 0.17 <d.L 0.15 0.10 0.13 0.12 0.26 0.18
Ca 1.51 2.24 2.36 0.31 4.65 3.00 1.56 2.71 1.66
Na 0.05 0.15 <d.L <d.L <d.L 0.08 0.21 <d.L <d.L
Chd#14b Chd#15b Chd#16b Chd#17b Chd#18b Chd#19b Chd#20b Chd#21b Chd#22b
POP POP PO POP POP POP POP POP PO
Si 21.81 21.46 13.40 22.21 21.37 19.73 20.34 21.02 20.24
Ti 0.09 0.09 0.16 0.10 0.12 0.10 0.06 0.06 0.03
Al 1.29 0.65 3.53 1.46 1.57 1.05 0.83 0.47 0.27
Cr 0.13 0.31 3.78 0.69 0.41 0.29 0.39 0.17 0.24
Ng 24.20 25.95 14.43 21.69 22.80 26.99 24.88 28.96 31.98
Fe 4.57 4.79 24.62 6.56 7.29 5.10 6.36 291 0.54
Ni 0.03 0.02 0.05 0.04 0.11 0.02 0.64 0.02 0.01
Mn 0.06 0.15 1.92 0.33 0.20 0.14 0.18 0.09 0.11
Ca 0.41 0.77 0.27 1.68 1.74 0.94 0.81 0.34 0.29
Na 0.06 0.08 0.18 0.07 0.16 0.10 0.05 0.04 <d.L
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Abstract

Chondrule-matrix complementarity has so far only been studied in carbonaceous chondrites.
We now determined the chemical composition of 27 bulk chondrules and ~200 matrix spots
in unequilibrated fragments of three different Rumuruti (R) chondrites (NWA 2446, NWA
753, Hughes 030). Also the bulk meteorite composition of NWA 753 was determined. Bulk
R chondrites have almost CI chondritic (=solar) ratios of Fe/Mg (1.89), Al/Ti (18.62), and
Al/Ca (0.94), while chondrules and matrix are complementary to each other. Mean Fe/Mg
ratios in chondrules are 0.43 (NWA 2446), 0.36 (NWA 753), and 0.34 (Hughes). The
chondrules show depletions of Fe, while matrices are with respective values of 2.46, 2.09,
and 2.16 enriched in Fe. The relative low Fe/Mg ratio in NWA 753 matrix is due to abundant
large sulphide grains: bulk values for Fe/Mg in NWA 753 can be exactly reproduced by
calculating measured compositions and abundances of chondrules, matrix and sulphides.
Refractory elements are also complementary: Al/Ti and Al/Ca show depletion of Al and
enrichments of Ca and Ti in chondrules (Al/Ti: 10.43 in NWA 753, 12.24 in NWA 2446 and
11.47 in Hughes 030; Al/Ca: 0.66 in NWA 2446, 0.53 in NWA 753, and 0.46 in Hughes
030), while matrices are generally enriched in Al, but depleted in Ca and Ti (Al/Ti: 31.93 in
NWA 2446, 34.71 in NWA 753 and 19.14 in Hughes 030; Al/Ca: 2.19 in NWA 2446, 2.40
in NWA 753, and 0.48 in Hughes 030). Calcium in Hughes 030 matrix is enriched due to
terrestrial weathering. The data show, that R chondrite components most likely formed from
a common reservoir similar to carbonaceous chondrites. Further, super-chondritic Si/Mg
ratios in bulk R chondrites must be the result of Si addition to this reservoir, most probably

primarily to the chondrules.
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4.1 Introduction

The two major components of carbonaceous chondrites are chondrules and matrix, with
often complementary chemical composition. For example, matrix has high Si/Mg and Fe/Mg
ratios, and chondrules have the opposite signature, low Si/Mg and Fe/Mg ratios, while the
chondrites have approximately solar or CI chondritic ratios. Wood (1985) already realised
that forsterite rich chondrules in CM meteorites require FeO-rich matrix to produce a roughly
chondritic Fe/Mg ratio of bulk meteorites. Such complementary element ratios of chondrules
and matrix have so far been reported for a number of element pairs in several type 2 and 3
carbonaceous chondrites (CC) (e.g., Klerner and Palme, 2000; Bland et al, 2005; Hezel and
Palme, 2008, 2010; Becker et al., 2015; Palme et al., 2014a, 2015; Kadlag and Becker, 2016;
Budde et al., 2016a; Ebel et al., 2016).

Complementarity is an important constraint for chondrule formation models. It excludes
spatially separated origins of chondrules and matrix, and requires that both components
originate from a single reservoir. Carbonaceous chondrites are well suited for studying
complementarity, as they have large fractions of matrix, between 30 and 60 vol.%. Ordinary
chondrites (OC), as well as enstatite chondrites (EC) only have very low fractions of matrix
(< 15 vol.%), and their bulk composition is, hence, largely determined by chondrules (Huss
et al.,, 1981; Palme et al., 2015). The group of Rumuruti chondrites (R chondrites) is
chemically and isotopically related to OC and EC (Bischoff et al., 2011; Warren, 2011). In
contrast to these two groups, R chondrites contain about 50 vol.% fine grained matrix
material. This, and their CI chondritic bulk element ratios of Fe/Mg, Al/Ti, and Al/Ca make
the R chondrites ideal candidates to study chemical complementarity.

The R chondrites are a small but growing group of meteorites, so far comprising 173
specimens (data from the “Meteorite Bulletin Database”;
http://www.lpi.usra.edu/meteor/metbull.php). All listed R chondrites are finds, except for
Rumuruti, the only observed fall. The R chondrites exhibit several characteristics that
distinguish them from other chondrite groups: (i) they have the highest A'’O values of all
meteorites (e.g., Franchi, 2008; Bischoff et al., 2011). (ii) The chondrule to matrix ratio is
~50:50 and within the same range as in carbonaceous chondrites, but very different from
ordinary chondrites (Bischoff et al. 2011). (iii) Mean refractory lithophile element
abundances are ~0.95 x CI, hence between those of carbonaceous and ordinary chondrites,
and are similar (0.89-1.03 x CI) for the moderately volatile elements Mn and Na (e.g.,
Kallemeyn et al., 1996; Bischoff et al., 2011). (iv) The mineralogy is highly oxidised, with
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~90 vol.% silicates (~70 vol.% olivine, and minor amounts of plagioclase as well as low-Ca
and Ca pyroxene), up to 10 vol.% sulphides (mainly pyrrhotite), and negligible amounts of
metal (e.g., Kallemeyn et al. 1996; Bischoff et al., 2011). (v) Most R chondrites are breccias,
containing clasts with various degrees of internal equilibration, ranging from primitive type
3 fragments up to equilibrated lithologies of petrologic type 5 or 6 (e.g., Bischoff et al., 1994,
2011; Bischoff 2000; Schulze et al., 1994; Kallemeyn et al., 1996).

Here we determine the composition of bulk chondrules and of matrix in R chondrites to
find out if a complementary chemical relationship between chondrules and matrix also exist
in other types of chondritic meteorites. We studied three unequilibrated, type 3 fragments,
each of a different R chondrite and compare the results of to the bulk composition of the R

chondrites.

4.2 Materials and Methods

4.2.1 Samples

Bulk chondrule as well as matrix compositions were studied only in unequilibrated type 3
lithologies in thin sections of NWA 753, Hughes 030, and NWA 2446. The fragment that
we investigated from Hughes 030 was described in Bischoff (2000), who suggests a
petrologic type of ~3.2 for this clast. Bischoff (2000) points out that Hughes 030 is not
considerably shocked and that its primitive fragments, which resemble type 3 carbonaceous
chondrites, can clearly be distinguished from the more equilibrated parts of the meteorite.
Further, Bischoff et al. (2011) reported on several highly unequilibrated type 3 clasts in
NWA 753 as well as in NWA 2446. Detailed investigations of a type 3 fragment of NWA
753 were also done by Kita et al. (2013). They concluded that the fragment is of petrologic
type 3.15-3.2.

In addition to these in-situ studies we selected three bulk samples from NWA 753 to
determine the bulk composition. These three samples were selected as follows: a several
hundred g piece of NWA 753 was cut into 2-3 mm thick slices. The brecciated texture of the
rock was clearly visible on these slices in form of dark (type 3) and light (equilibrated) clasts
embedded in a clastic matrix. The dark and light fragments were cut out of the slices and the

blend was used as the "bulk sample".
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4.2.2 Methods

Modal abundaces of chondrules, matrix and sulphides
The modal abundaces of chondrules, matrix and sulphides were obtained with the open
source image processing program “ImageJ” (Schneider et al., 2012). Each component was

thresholded based on its grey value on BSE images and the corresponding area % measured.

EMP analyses of bulk chondrules and matrix
All analyses were done with a Jeol JXA-8900RL Superprobe at the University of Cologne,
operating at 20 kV and a beam current of 20 nA. Well characterised natural minerals were
used as standards and the ZAF corrections were applied. Detection limits for minor elements
were (by weight): 100 ppm for CaO, TiOz, NiO and Na20; 200 ppm for Cr20s; and 250 ppm
for MnO and FeO. Titanium contents can be very low in the measured mineral phases, and
Ti analyses were therefore carefully calibrated as decribed in Friend et al. (submitted for
publication). Mineral compositions were measured with a focused beam of 1 um, while for
matrix analyses a defocused beam of 15 pm diameter was used. The porous structure of the
matrices resulted in totals lower than 100 wt.%. Matrix portions with visible sulphide grains
were avoided. This may lead to underestimating the total Fe. However, the studied fragments
from NWA 2446 and Hughes 030 contain only little sulphide and the effect of
underestimating Fe should therefore be small. In the fragment of NWA 753, which contain
more abundant sulphide grains, those were measured separately.

Bulk chondrule composition were determined using modal recombination, following the
protocol of Hezel (2010). This is an established technique that has been used previously by
numerous authors, e.g., Berlin et al. (2006) or Ebel et al. (2009).

Bulk analyses with X-ray fluorescence

Major, minor, and some trace elements from NWA 753 samples were determined with a
Philips PW 2400 sequential wavelength dispersive X-ray spectrometer at the University of
Cologne. Aliquots of about 120 mg powdered sample were pre-digested in aqua regia with
an HCI to HNO;j ratio of 3:1 and were equilibrated for two hours at 130 °C to oxidise tiny
metal grains that may have survived. After vaporisation of the acid, 3.6 g of Li,B4O; were
added as a flux agent to the samples. These were then melted at about 1200 - 1300 °C in
platinum crucibles under oxidising conditions. The sample melts were subsequently poured
into homogeneous glass disks. The analytical procedure, including external standardisation

of the X-ray spectrometer with at least 40 standard rock samples, followed the procedure of

88



4 Complementary element relationships between chondrules and matrix in Rumuruti chondrites

Wolf and Palme (2001). The precision of the reported elements is better than 1% and the
accuracy for major and minor elements is estimated to be below 2% (Wolf and Palme, 2001).

A well-known Allende standard was also measured to verify the obtained data.

Matrix

——— Chondrule

@ Sulphide

-

NWA 2446

Figure 4.1: Backscatter electron images of the studied type 3 R chondrite fragments, indicated by red dashed
lines. Dark chondrules are always easy to identify within lighter matrix material. Sulphides are abundant in
NWA 753, while nearly absent in Hughes 030. All scale bars are 1mm.
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4.3 Results

4.3.1 Petrography

Backscatter images of the investigated type 3 lithologies in thin sections of NWA 2446,
NWA 753, and Hughes 030 are displayed in Fig. 4.1. All fragments have typical chondritic
textures, with roundish chondrules as well as chondrule fragments sitting in a fine-grained
matrix. Occasionally, sulphides occur in the matrix. NWA 2446 contains with 28 area% the
least amount of chondrules and fragments. Followed by NWA 753, with 34 area%
chondrules and fragments. Hughes 030 contains 58 area% chondrules and fragments. Note
that given chondrule abundances also comprise chondrule fragments and larger mafic silicate
minerals. The latter are probably as well chondrule fragments and are especially abundant
in NWA 753 (Fig. 4.1). Only NWA 753 contains larger quantities of sulphides, (~9 area%),
followed by significantly lower abundances in NWA 2446 (~2 area%) and Hughes 030 (<1
area%). The latter chondrites are secondary altered by terrestrial weathering, which leads to
oxidation of metals and sulphides (Stelzner et al., 1999). The low sulphide abundances are
hence most probably due to terrestrial weathering and it is assumable that NWA 2446 and
Hughes 030 had initially similar sulphide contents as NWA 753.

Chondrules and chondrule fragments have variable sizes with apparent diameters <600
um. A total of 27 chondrules were studied, 10 chondrules in each, NWA 2446 and NWA
753, and 7 chondrules in Hughes 030. All chondrules have porphyritic textures: 22 POP, 3
PO, and 2 PP. Among these are 15 type I and 12 type II chondrules. Seventeen chondrules

B oiivine Fag )
s Wl oivine (Faza.3s)
. Low-Ca pyroxene
] ca-pyroxene

D Mesostasis

Figure 4.2: Backscatter electron image and the according phase map from a chondrule in NWA 2446. A
mineralogical zonation exists, albeit not very prominent. The outermost layer of the chondrule consists of low
Ca-pyroxenes, whereas olivine minerals are dominating the interior. Some olivine minerals are in turn

chemically zoned, with increasing Fa contents to the margins.
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Figure 4.3: Fayalite and respective Fs contents of all interchondrule olivine and low-Ca pyroxene analyses.
There is a large compositional range of olivines in all three R chondrites. The range of low-Ca pyroxene

compositions is generally more narrow, but still variable, especially in NWA 2446 and Hughes 030.

are mineralogically zoned, with olivine mainly located in the center and low-Ca pyroxenes
primarily present at the edge of the chondrules (Fig. 4.2). Such mineralogical zonation
results from the reaction of gaseous SiO with chondrule olivine to form pyroxene — a process
previously described in carbonaceous and R chondrites (Friend et al., 2016). As discussed
by these authors, this reaction reduces compositional differences between chondrules and
matrix: Mg-rich chondrules gain Si from the gas phase, thereby increasing their Si/Mg ratios.
This means, chondrules were initially Mg-richer, and became more Si-rich during this
reaction, i.e. compositionally more like matrix.

Major mineral phases in chondrules and chondrule fragments are olivines and low-Ca
pyroxenes, while Ca pyroxenes are less abundant. Mesostasis is present in all chondrules,
but is often devitrified. The composition of the mesostasis is generally variable among
individual chondrules. Olivines in chondrules are typically forsteritic, and often surrounded
by a fine Fa-rich rim (Fig. 4.2). However, also unzoned Fo-rich olivine as well as Fa-rich
olivine (~Faj4s) grains are common. Fayalite contents of olivines and Fs contents of
pyroxenes have a large spread among chondrules (Fig. 4.3). The largest FeO variations in

both minerals were found in NWA 2446 chondrules, ranging from pure forsterite to 49 mol%
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Fa and 1 to 27 mol% Fs. Chondrule Fa in NWA 753 ranges between 2 and 46 mol%, but
with most grains having Fa-contents between 4 and 20 mol%. Chondrule Fs contents in
NWA 753 are much narrower, ranging from 1 to 15 mol%. In Hughes 030, chondrule Fa
ranges between 2 and 46 mol% and chondrule Fs between 1 and 21 mol%. Besides abundant
Fo-rich olivines (Fa<j), a significant number of olivine analyses have Fa-values between
20-25 mol% in this meteorite. Sulphides are absent in chondrules of NWA 2446 and Hughes

030, and only small fractions of sulphides are present in some chondrules of NWA 753.

4.3.2 Bulk composition of NWA 753

In NWA 753 we determined the bulk composition of one type 3 lithology, one equilibrated
rock fragment, and one large “bulk sample” that contains various lithologies of diverse
petrologic types. Two aliquots of each of these samples were measured. The results are
illustrated in Fig. 4.4 (and Supplementary Table 4.1) together with a mean bulk composition
of R chondrites from Bischoff et al. (2011) and CI data reported in Palme et al. (2014).

The major elements Si, Mg, and Fe have nearly identical concentrations in all three

studied NWA 753 samples, and almost identical concentrations as bulk R chondrite literature

20 A Refractory Major Moderately volatile
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@) o rY O
G G g M
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Al Ti Ca Si Mg Fe Cr Mn K Na
OR chondrites (mean) A NWA 753 type-3 lithology
BENWA 753 equilibrated lithology < NWA 753 mixed lithologies

Figure 4.4: Bulk data of all three lithologies from NWA 753 are identical for the main elements. Minor
differences are visible for the refractory and the moderately volatile elements. Data from NWA 753 are also
generally in good agreement with the mean R chondrite data from Bischoff et al. (2011).
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data (e.g., Bischoff et al., 2011). Some variations exist among the refractory elements. In
particular, Ca has higher concentrations (1.25 and 1.26 wt.%) in the unequilibrated NWA
753 fragment compared to 1.03 wt.% in the equilibrated NWA 753 fragment, and is
intermediate (1.17 and 1.18 wt.%) in the bulk rock sample. The Al concentrations in all
measured NWA 753 samples are 0.95-1.00 wt.%, and slightly below the reported mean R
chondrite compositions (1.15 wt.%; Bischoff et al., 2011). Our data fit well with literature
data for Cr (our data: 3660-3790 ppm; literature data: 3568) and Mn (our data: 2170-2320
ppm; literature data: 2271 ppm). The moderately volatile element K is in most measurements
of NWA 753 580 ppm, hence somewhat lower in comparison to mean R chondrite
concentrations from the literature (806 ppm). Albeit, one aliquot of NWA 753 equilibrated
lithology show a K content of 1000 ppm.

4.3.3 Major elements (Fe, Mg, Si) and refractory elements (Al, Ti, Ca) in chondrules

and matrix

We studied the bulk element and mineral compositions of 27 chondrules. Matrix was also
analysed in each type 3 fragment of the studied R chondrites: 80 matrix analyses in NWA
2446, 63 in NWA 753 and 57 in Hughes 030. The means and standard deviations of all
chondrule and matrix analyses of the respective chondrites are listed in Table 4.1. For
individual chondrule analyses see Supplementary Table 4.2. The compositions for major
(Fe, Mg, Si) and refractory (Al, Ti, Ca) elements of chondrules and matrix are plotted in Fig.
4.5, together with bulk data of the NWA 753 type 3 fragment and bulk R chondrite literature
data (Bischoff et al. 2011).

Table 4.1: Mean bulk chondrule and mean matrix compositions in NWA 753, NWA 2446 and Hughes 030.

NWA 2446 NWA 753 Hughes 030

Chondrules Matrix Chondrules Matrix Chondrules Matrix

(n=10) (n=80) (n=10) (n=63) (n=7) (n=10)

(%) sd (%) sd (%) sd (%) sd (%) sd (%) sd
Si 22.85 1.75 15.16 0.75 22.18 1.78 15.88 0.55 23.72 2.19 15.23 1.02
Ti 0.09 0.07 0.04 0.03 0.08 0.03 0.03 0.02 0.09 0.08 0.05 0.03
Al 1.09 1.15 1.37 0.49 0.80 0.52 1.10 0.50 0.98 0.71 0.89 0.56
Cr 0.32 0.13 0.29 0.11 0.31 0.14 0.29 0.08 0.39 0.08 0.35 0.20
Mg 20.04 1.94 11.56 1.29 22.20 2.22 12.4 1.21 20.56 0.86 12.54 1.79
Fe 8.56 2.89 28.41 1.30 8.00 2.18 26.1 1.74 6.90 4.60 27.11 1.88
Ni 0.06 0.03 0.65 0.21 0.41 0.13 1.92 0.65 0.03 0.02 0.33 0.12
Mn 0.24 0.12 0.22 0.04 0.23 0.14 0.26 0.03 0.23 0.12 0.27 0.07
Ca 1.64 0.97 0.62 0.48 1.53 0.89 0.46 0.30 2.14 1.01 1.83 1.45
Na 0.56 0.67 0.32 0.25 0.06 0.03 0.16 0.08 0.15 0.21 0.04 0.03
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Figure 4.5: A complementary distribution between chondrules and matrix exists for Fe and Mg, as well as Fe
and Si within the type 3 lithologies of all three studied R chondrites. Bulk R chondrites have CI chondritic
Fe/Mg ratios, yet the Fe/Si ratios are somewhat below the CI chondritic ratio. Also, matrix of the type 3 R
chondrite lithlogies are generally enriched in Al, while depleted in Ti and Ca. Only Hughes 030 matrix shows
large scattering of Ca values with in cases high contents, probably due to terrestrial weathering. Mean R
chondrite bulk data are CI chondritic, and bulk data of the unequilibrated NWA 753 fragment are also virtually
CI chondritic. Mean bulk data for R chondrites are from Bischoff et al., 2011, and references therein; CI data

are from Palme et al., 2014.

The studied fragment of NWA 753 contains substantial amounts of sulphides and isolated
olivine and pyroxene minerals, presumably chondrule fragments, dispersed within the
matrix. These phases were avoided when measuring matrix, but were measured separately.
The obtained data are displayed in Fig. 4.6.

Chondrule compositions for the major elements are quite variable (Fig. 4.5a and 4.5b).
Iron contents are between 2 and 14 wt.%, Mg contents between 17 and 26 wt. % and Si

contents between 19 and 26 wt. %. Individual matrix analyses are all fairly similar, with
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Figure 4.6: Complementarity of Fe and Mg within the type 3 fragment of NWA 753 is not only established
between chondrules and matrix, but also includes sulphides and mineral fragments embedded in the matrix. The
calculated bulk composition is virtually identical to the measured bulk composition. CI data are from Palme et
al., 2014.

mean Fe contents of 28 wt. % in NWA 2446, 26 wt.% in NWA 753 and 27 wt. % in Hughes
030. Mean Mg contents in the matrices of all three chondrites are 12 wt. % and mean Si
contents are 15 wt. % in NWA 2446 and Hughes 030, and 16 wt. % in NWA 753. Figure 4.6
displays the Fe and Mg concentrations of all components present in the NWA 753 type 3
lithology. Sulphide minerals are mainly pyrrhotite with ~60 wt. % Fe, but minor amounts of
pentlandite with ~30 wt.% Fe are also present. Mineral fragments are olivines and low-Ca
pyroxenes, with variable Fe contents between 5 and 21 wt.%.

In Fig. 4.5¢ and 4.5d, the contents of refractory elements are displayed. Aluminium
concentrations of chondrules are commonly <1.0 wt.%, but can be as high as 3.5 wt. %.
Titanium concentrations in chondrules are between 100 and 2500 ppm and Ca concentrations
are between <1.0 and 3.9 wt.%. Mean Al concentrations of matrix are 1.4 wt.% in NWA
2446, 1.1 wt.% in NWA 753 and 0.9 wt. % in Hughes 030. Mean matrix Ti values are 400
ppm in NWA 2446, 300 ppm in NWA 753 and 500 ppm in Hughes 030. Calcium
concentrations in NWA 2446 and NWA 753 are generally low, with mean values of 0.6
wt.% (NWA 2446) and 0.5 wt.% (NWA 753). In Hughes 030, most measured Ca

concentrations range between about 1 and 5 wt.%, with a mean value of 1.8 wt.%.
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4.4 Discussion

4.4.1 Petrologic types of investigated fragments

The first indicator, that the studied R chondrite fragments did not experience any extensive
thermal metamorphism are their well preserved chondritic textures, with chondrules and
matrix in roughly equal amounts. The observed dominance of low-Ca pyroxenes relative to
Ca pyroxenes is another characteristic of unequilibrated type 3 R chondrite lithologies
(Bischoff, 2000) as well as the variable olivine Fe contents (Fig. 4.3) (Kallemeyn et al.,
1996).

Grossman and Brearley (2005) proposed to combine the average and standard deviation
of Cr,Oscontents in ferroan olivines (Fo<98) of chondrules to determine low petrologic
subtypes. Kita et al. (2013) also applied this approach to a fragment of the R chondrite NWA
753. Here, we selected analyses of at least 20 larger (=30um) olivine grains within
chondrules of each investigated fragment for petrologic sub-classification (Fig. 4.7). Data
from Kita et al. (2013) for another fragment of NWA 753 are also included. The fragment
from NWA 2446 plots in the field of the petrologic subtype 3.2, close to the field of subtype
3.15. Data of the NWA 753 fragment suggest a petrologic subtype of 3.15, similar to that
from Kita et al. (2013), but plott slightly above the according field. The olivine compositions
of Hughes 030 indicate a petrologic subtype of 3.2.
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Figure 4.7: The average and mean values of Cr,0; in olivine minerals with Fo<98 as it is used in Grossman
and Brearley (2005). The fragments of NWA 753 and NWA 2446 indicate low petrologic types of <3.2,
while the fragment of Hughes 030 is slighty more altered. Data for another fragment of NWA 753 (NWA
753 IX) are from Kita et al., 2013.
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4.4.2 Complementarity of major elements (Fe, Mg and Si)

All studied R chondrites have complementary Fe/Mg ratios between chondrules and matrix,
while the bulk composition of the R chondrites have CI chondritic Fe/Mg ratios (Fig. 4.5a).
The mean chondrule Fe/Mg values are 0.43 in NWA 2446, 0.36 in NWA 753 and 0.34 in
Hughes 030 (Supplementary Table 4.3), and are sub-chondritic. Matrix analyses have
generally super-chondritic mean Fe/Mg ratios of 2.46 in NWA 2446, 2.09 in NWA 753, and
2.16 in Hughes 030. Bulk composition of the type 3 lithology of NWA 753 has Fe/Mg ratios
of 1.91 and 1.93, and literature data for bulk R chondrites have Fe/Mg ratios of 1.89, both
are very close to the CI chondritic Fe/Mg value of 1.96. Complementarity between
chondrules and matrix is most pronounced in NWA 2446, with virtually all matrix analyses
plotting significantly above the Fe/Mg ratio of CI chondrites and bulk R chondrites. Matrix
data of Hughes 030 are slightly closer to, but still higher than bulk R chondrite and CI
chondritic Fe/Mg ratios (Fig. 4.5). However, the NWA 753 matrix has a mean Fe/Mg ratio
of 2.09, close to the ratio of CI and bulk R chondrites. This is to a large extent, because the
larger sulphide grains with an abundance of 9 area% were avoided when measuring matrix.
The chondrules in NWA 753 are, however, very Fe-poor, similar to chondrules from NWA
2446 and Hughes 030. Also, the mean Fe/Mg ratio of the individual olivine and low-Ca
pyroxene minerals in the matrix is 0.43, slightly higher than the mean Fe/Mg ratio of the
chondrules. The bulk chondrite composition calculated from all components is 23.99 wt.%
Fe and 12.55 wt.% Mg, resulting in an Fe/Mg ratio of 1.91, which is virtually identical to
the measured NWA 753 bulk composition (Fig. 4.6 and Table 4.2).

The difference in Fe/Mg ratios between chondrules and matrix is the strongest case for
complementarity. Internal redistribution of Fe and Mg is impossible (Hezel and Palme, 2010;
Palme et al., 2015). Forsterite rich chondrules are not the result of FeO-loss from more FeO-
rich chondrules. Cation diffusion is impossible at the equilibration temperatures of
carbonaceous chondrites. For example, the heavily weathered Mokoia has the same average
composition of chondrules as the slightly weathered but more metamorphosed Allende
chondrite.

Chondrules and matrix have also different Fe/Si ratios (Fig. 5b). The bulk ratios of the
two NWA 753 type 3 lithologies are 1.53 and 1.56. The Fe/Si ratios of chondrules are lower
than in bulk R chondrites: 0.37 (NWA 2446), 0.36 (NWA 753) and 0.29 (Hughes 030). Yet,
the Fe/Si ratios of the matrices are with 1.87 (NWA 2446), 1.63 (NWA 753) and 1.78
(Hughes 030) significantly higher than in bulk R chondrites. The mean Fe concentration of

the NWA 753 matrix is again the lowest, because of the abundant large sulphide grains not
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Table 4.2: Parameters for calculating bulk meteorite Fe and Mg composition of NWA 753.

Chondrules Matrix Mineral Pyrrhotite Pentlandite
fragments
Area% 28 57 6 7 2
Density 2.9 2.9 3.4 4.6 4.8
Av. Fe (wt.%) 8.0 26.1 11.1 59.7 29.7
Av. Mg (wt.%) 22.2 12.4 253 - -

Calculated bulk Fe/Mg: 1.91

included in the matrix analyses (cf. Fig. 5.6). The Fe/Si ratio of CI chondrites (1.74) is 12
and 10%, respectively, higher than our measured XRF bulk type 3 lithology in NWA 753 of
1.53 and 1.56, and 18% higher than literature R chondrite Fe/Si ratio of 1.4. The reason for

this is that the solar reservoir of the R chondrites was enriched in Si.

4.4.3 Complementarity of refractory elements (Al, Ti and Ca)

Chondrules in all studied R chondrite fragments have sub-chondritic Al/Ti ratios, while most
matrix analyses have super-chondritic Al/Ti ratios (Fig. 4.5c). The Al/Ti ratio for literature
data of bulk R chondrites is 18.62, which is identical to the CI chondritic Al/Tiratio of 18.79,
and close to the Al/Ti ratios of 16.14 and 15.88 for bulk NWA 753 type 3 lithology. Mean
chondrule Al/Ti ratios are always sub-chondritic, with 12.24 in NWA 2446, 10.43 in NWA
753 and 11.47 in Hughes 030. Mean matrix Al/Ti ratios are always super-chondritic, with
31.93 in NWA 2446, 34.71 in NWA 753 and 19.31 in Hughes 030. The lower Al/Ti ratio of
the Hughes 030 matrix results from slightly lower average Al concentrations (av. 0.89 wt.%
compared to 1.37 wt.% in NWA 2446 or 1.1 wt.% in NWA 753), as well as from higher Ti
concentrations in the Hughes 030 matrix (av. 0.05 wt.% compared to 0.04 wt. % in NWA
2446 and 0.03 wt. % in NWA 753).

The Al/Ti ratio is particularly significant because two refractory elements are involved
and it is impossible to fractionate Al from Ti by aqueous alteration or at mild metamorphic
temperatures. As discussed earlier (Lux et al., 1980; Floss et al., 1996;1998) this requires
processes at high temperatures. The chondrule precursors may have preferentially included
early condensed perovskite grains (Klerner, 2001; Palme et al., 2015). Although the
abundance of Ti is close to the detection limit of the electron microprobe we want to stress
that both components, matrix and chondrules, have rather low Ti concentrations and the
difference between chondrules and matrix excludes a systematic error with sample Ti

contents.
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All chondrule Al/Ca ratios are sub-chondritic relative to the literature data of bulk R
chondrites of 0.94: 0.66 in NWA 2446, 0.53 in NWA 753, and 0.46 in Hughes 030. Matrices
in NWA 2446 and NWA 753 are super-chondritic, with Al/Ca ratios of 2.19 and 2.40,
respectively, and the mean Al/Ca ratio in the Hughes 030 matrix is 0.48. The bulk R
chondrite literature data for the Al/Ca ratio is with 0.94 basically identical to the CI-
chondritic value of 0.92. Yet, the measured bulk Al/Ca ratios of 0.77 and 0.76 of the NWA
753 unequilibrated lithology is somewhat below the CI chondritic ratio. However, the Al
value in the NWA 753 type 3 sample is comparatively strongly deviating from those in the
other NWA 753 samples (Fig. 4.4). As the sample quantity was very low, we suggest that
incomplete sampling, e. g. missing of an Al-rich phase, has caused that deviance. The Ca/Al
ratios for the bulk lithology and the equilibrated lithology of NWA 753 are however 0.84
and 0.96 respectively.

No complementary distribution of Al and Ca exists in Hughes 030. Calcium, however, is
known to get enriched during terrestrial weathering by formation of Ca-bearing phases (e.g.
Stelzner et al., 1999; Lee and Bland, 2004). Hence, prior to terrestrial weathering, there may

have also been a Ca/Al complementarity in Hughes 030.

4.4.4 Origin of major element complementarities

In NWA 753 chondrules, matrix, and sulphides, all with distinct Fe/Mg ratios, aggregated
together just in the right proportions to produce a CI chondritic bulk ratio. The most sensible
conclusion from this is that these components formed from a single reservoir, represented
by the bulk composition of R chondrites, which is very similar to the composition of the
solar phostosphere or CI chondrites. An arbitrary mixture of chondrules, matrix, and
sulphides formed at spatially separated locations could never achieve the photospheric bulk
composition of major elements.

The parental reservoir of R chondrites has a slightly elevated Si/Mg ratio. Warren (2011)
proposed, based on stable isotope data, that chondritic meteorites can be divided into
carbonaceous (C) and non-carbonaceous material (NC). The two groups, of C and NC
chondrites also have characteristic chemical differences (Palme et al., 1996). It has been
suggested that C chondrites formed farther away from the Sun as NC chondrites (Warren,
2011). The extent of the complementarity, i.e, differences of characteristic element ratios

between chondrules and matrix are similar in R chondrites to carbonaceous chondrites (e.g.
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Hezel and Palme, 2008; Hezel and Palme, 2010; Palme et al., 2015), indicating that the
chondrule forming process operated in the same way in C and in NC chondrite material.

The strong fractionation of Fe and Mg may reflect preferred incorporation of forsterite
into chondrule precursors and separate formation of metallic iron grains, which were only
partly incorporated in chondrule precursors. Both processes may have occurred at a single
temperature, since forsterite and metal have similar condensation temperatures, the precise
sequence depends on the ambient pressure (e.g, Lodders, 2003).

A strong support for complementarity comes from chemical and isotopic data of W and
Mo. Becker et al. (2015) found low W/Hf ratios in chondrules and high ratios in matrix. The
isotope ratios '**W/'**W in both fractions are complementary, leading to a single isochron
reflecting formation of chondrules and matrix at the same time, within the first 2.6 Gy after
formation of the solar system (Becker et al., 2015; Budde et al., 2016a). Becker et al. (2015)

83W between

and Budde et al. (2016a) further identified complementary relationship of
chondrules and matrix in Allende. This is remarkable because all chondritic meteorites
analysed so far have the same §'**W within limits of uncertainty, but far outside the

183
o

measured 8'*W of chondrules and matrix. There must be two sources of '**W with very

8'"W which add up to the remarkably constant solar system value of §'*W

different
(Hubbard, 2016). Similar results are found for Mo (Budde et al. 2016b). The Mo stable

isotopes are, however, less constant in chondritic meteorites than those of W.

4.4.5 Addition of Si in bulk R chondrites

Figure 4.8a shows main element ratios of R chondrites (Bischoff et al., 2011) and of ordinary
chondrites (H, L and LL; Wasson and Kallemeyn, 1988), normalised to the CI chondritic
ratios. The Si/Mg ratios are always super-CI chondritic, with R chondrites having the highest
Si/Mg ratios. The Fe/Mg ratios are sub-chondritic in L and LL chondrites, but are CI
chondritic in R and H chondrites. Ratios of Fe/Si are sub-chondritic in all chondrite groups
in the increasing order: H, R, L, LL.

The non-chondritic Si/Mg ratio in LL and L ordinary chondrites can be explained by
removal of early formed forsteritic olivine from the region of ordinary chondrite formation
(e.g. Petaev and Wood, 1998; Dauphas et al. 2015). Such a removal of forsteritic olivine
should not only change the Si/Mg ratio in the remaining reservoir, but also the Fe/Mg ratio,

which would need to increase. The Fe/Mg ratio in R chondrites is, however, unchanged from
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the CI chondritic ratio, although the Si/Mg and the Si/Fe ratios are super-chondritic. This
could be achieved by simply adding Si to the reservoir, in which R chondrites formed. Hence,
rather the addition of Si than the removal of Mg seems likely to explain the main element
ratios of Si/Mg, Si/Fe and Fe/Mg observed in R chondrites. A similar process might also
have led to the super-chondritic Si/Mg ratio in H chondrites, and even also in all OC, and
not the removal of forsteritic olivine.

Figure 4.8b displays the average Si/Mg ratios of bulk chondrules and of matrices in
different carbonaceous chondrite groups and in R chondrites. The figure shows that the mean

Si/Mg ratio of matrix in R chondrites is in the range of the mean Si/Mg ratios of matrices in

2
(@) ©® Rumuruti chondrites
XH chondrites
-(% <L chondrites
% XLL chondrites
: :
5 1 '3
5 X
x [ ]
o ° b
i) X
] X
o
0 .
Si/Mg Fe/Mg Fe/Si
(b)
1.6
Matrix o ¢
1.4 PY PY ® o
. s ] 8
g [ J ®
S 1.2 A ° [ ]
n
° L s
[
1.0 A
[ J
0.8 T -
Cco CM Ccv CR R
1.6
Chondrules
1.4 A
g
5 12 1 @
0{ & % >
* o
X 4
8 O
0.8 T T T .
Cco CM cv CR R

Figure 4.8: (a) All main element ratios of bulk meteorite composition are deviating from the CI-  chondritic
ratios for L and LL ordinary chondrites, while the Fe/Mg ratio in R chondrites and in H ordinary chondrites is
CI chondritic. (b) Matrices in R chondrites have similar Si/Mg ratios, but chondrules have higher Si/Mg ratios
than the according components in carbonaceous chondrites. Data for ordinary chondrites are from Wasson and
Kallemeyn, 1988; data for R chondrites are from Bischoff et al., 2011, and data for carbonaceous chondrites
are from Hezel and Palme, 2010; and references therein; Friend et al.2016, and Friend et al., submitted for

publication.
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carbonaceous chondrite. Yet, the chondrules in R chondrites are enriched in Si compared to
carbonaceous chondrites. Hence, the excess of Si in bulk R chondrites is most probably

carried by the chondrules, not by the matrix.

4.4.6 Origin of refractory element complementarities

The refractory elements Ca, Al and Ti are unfractionated in bulk R chondrites, and the ratios
of Al/Ti and Al/Ca are CI chondritic (Fig. 4.5c and 4.5d). However, they are different
between chondrules and matrix, with chondrules being generally enriched in Ca and Ti and
depleted in Al, while the matrix has the according reverse composition. A fractionation of
the elements with respect to distinct condensation temperatures can be ruled out as the
condensation temperatures for Al, Ti and Ca bearing minerals are very close to each other
(Ebel, 2006; and references therein). Further, the refractory elements are not supposed to
have been fractionated from thermally induced chemical reactions between gases and grains
in the solar nebula during chondrule formation. We rather propose that different minerals
served as carriers for the individual elements and were fractionated between chondrule
precursors and the surrounding nebula gas. For example, Al dominated hibonite, corundum
or spinel could have been concentrated in the material that formed the matrix, while
perovskite minerals were incorporated in chondrule precursors. Ebert and Bischoff (2016)
suggest that some precursors of Na-rich chondrules were most likely perovskite minerals.
Such a distribution of refractory minerals was probably responsible for the enrichments of
Al in the matrix and of Ti and Ca in chondrules of R chondrites. Possibly sorting due to grain

sizes or different grain sticking coefficients controlled this sorting.

4.5 Conclusions

The chemical complementarity between matrix and chondrules was so far only observed in
carbonaceous chondrites. Here we report complementary element compositions in a non-
carbonaceous chondrite group, the Rumuruti chondrites. The complementary relationships
between matrix and chondrules in R chondrites is qualitatively the same as in carbonaceous

chondrites: strongly fractionated Fe/Mg and a preferance of Ti and Ca for chondrules,
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resulting in low Al/Ti and Al/Ca ratios in chondrules and high ratios in matrix. We explain
the complementarity in R chondrites similar carbonaceous chondrites: chondrules and matrix
formed from the same reservoir.

The super-chondritic Si/Mg ratio in bulk R chondrites must be explained by the addition
of Si. As the bulk Fe/Mg ratio is chondritic, removal of forsteritic olivine is unlikely. The

super-chondritic Si/Mg ratio is most probably carried by the chondrules.
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Supplementary

Supplementary Table 4.1: Abundances of major and minor elements in three distinct samples of NWA
753, each of different equilibration degree, compared to literature data of R chondrites.

CI R chondrites NWA 753 Allende
mean Bulk sample Type 3 Equilibrated
fragment fragment

Mg wt% 9.54 12.81 +0.45 13.19 13.14 13.04 13.10 12.88 1299 15.15
Al wt% 0.84 1.08 +£0.04 0.98 1.00  0.97 095 098 1.00  1.60
Si wt% 10.70 16.97 £0.31 1630 1630 1631 1621 1642 1641 16.00
Ca wt% 0.91 1.15 +0.08 1.18 1.18  1.26 1.25 1.03 1.03  1.77
Ti  wt-ppm 447 580 +10 660 660 600 600 660 660 840
Fe wt% 18.66 24.2+0.6 25.07 25.07 25 2523 253 2542 24.11
Na wt-ppm 4960 6475 +337 - - - - - - -

K  wt-ppm 546 806 +140 580 500 580 580 580 1000 330
Cr wt-ppm 2623 3568 £125 3790 3660 3670 3640 3700 3780 3600
Mn wt-ppm 1916 2271 £146 2320 2320 2320 2250 2170 2320 1470
Ni  wt% 1.09 1.46 +0.11 1.73 1.80  1.55 1.80  1.38 1.73 133

Mean R chondrite data from Bischoff et al., 2011 and CI chondrite data from Palme et al., 2014.
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Supplementary Table 4.2: Bulk chondrule compositions of chondrules in NWA 753, NWA 2446 and

Hughes 030.
NWA 753

Chd#1 Chd#2 Chd#3 Chd#4 Chd#5 Chd#6 Chd#7 Chd#8 Chd#9 Chd#10

n=31 n=47 n=23 n=26 n=32 n=27 n=34 n=26 n=33 n=37
Si 22.89 20.30 18.83 24.90 24.57 22.59 21.31 21.96 23.33  21.14
Ti 0.11 0.06 0.01 0.07 0.07 0.07 0.09 0.07 0.10 0.12
Al 1.54 0.61 0.20 0.66 0.55 0.66 0.74 0.41 0.65 2.01
Cr 0.20 0.23 0.17 0.25 0.44 0.48 0.19 0.42 0.57 0.19
Mg 22.00 24.98 25.92 22.36 22.82 21.48 23.20 19.48 1796  21.78
Fe 6.39 8.76 11.35 5.12 3.95 8.22 8.85 9.82 9.98 7.53
Ni 0.66 0.30 0.30 0.46 0.21 0.45 0.35 0.46 0.44 0.55
Mn 0.11 0.13 0.21 0.09 0.30 0.53 0.11 0.36 0.37 0.11
Ca 1.64 0.95 0.12 0.51 1.44 1.07 1.48 3.17 2.52 2.36
Na 0.04 0.03 0.03 0.06 0.05 0.09 0.03 0.13 0.09 0.03
NWA 2446

Chd#1 Chd#2 Chd#3 Chd#4 Chd#5 Chd#6 Chd#7 Chd#8 Chd#9 Chd#10

n=43 n=27 n=33 n=32 n=36 n=36 n=20 n=29 n=38 n=38
Si 21.39 24.02 21.32 22.38 20.84 25.54 24.95 24.52 2042  23.17
Ti 0.16 0.04 0.25 0.08 0.05 0.04 0.02 0.10 0.06 0.08
Al 3.17 0.24 3.50 0.66 0.82 0.18 0.22 0.59 0.95 0.52
Cr 0.15 0.42 0.20 0.29 0.24 0.34 0.46 0.48 0.14 0.51
Mg 20.83 19.75 19.01 21.38 19.16 21.06 17.03 19.16 24.52 18.46
Fe 4.38 8.33 5.20 8.57 13.18 4.48 10.53 8.82 10.80  11.32
Ni 0.13 0.06 0.03 0.05 0.09 0.02 0.07 0.05 0.05 0.08
Mn 0.06 0.34 0.07 0.18 0.30 0.22 0.35 0.38 0.11 0.36
Ca 2.11 1.18 3.37 1.15 1.55 0.80 0.40 2.60 0.52 2.74
Na 1.64 0.13 2.04 0.24 0.53 0.08 0.14 0.08 0.58 0.12
Hughes 030

Chd#1 Chd#2 Chd#3 Chd#4 Chd#5 Chd#6 Chd#7

n=54 n=65 n=52 n=49 n=63 n=31 n=60
Si 26.05 25.04 23.84 23.63 19.86 26.23 21.43
Ti 0.08 0.12 0.06 0.20 0.04 0.07 0.03
Al 2.53 0.87 0.93 1.25 0.13 0.56 0.61
Cr 0.32 0.58 0.37 0.38 0.37 0.32 0.37
Mg 19.20 20.72 20.22 22.06 21.30 20.51 19.90
Fe 1.84 4.10 7.08 3.04 13.52 4.68 14.04
Ni 0.02 0.02 0.02 0.02 0.05 0.06 0.03
Mn 0.13 0.31 0.45 0.08 0.32 0.12 0.21
Ca 2.86 2.84 1.39 3.92 1.69 1.40 0.88
Na  0.20 0.07 0.63 0.02 0.08 0.02 0.02
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Supplementary Table 4.3: Element ratios of bulk meteorites, chondrules and matrices in R chondrites

Bulk chondrites Chondrules Matrix
CI R chondrites NWA 753 type NWA  NWA  Hughes NWA NWA  Hughes
(mean) 3 lithology 2446 753 030 2446 753 030

Fe/Mg 1.96 1.89 1.92 0.43 0.36 0.34 2.46 2.09 2.16
SiMg  1.12 1.32 1.24 1.14 1.00 1.15 1.31 1.29 1.21
Fe/Cr 7177  67.83 67.81 26.62 25.47 17.82 98.10  89.76 78.38
Mg/Cr 36.69  35.90 35.32 62.30 70.69 53.10 3990  42.88 36.26
Mn/Cr 0.73 0.64 0.62 0.74 0.74 0.60 0.77 0.90 0.78
Al/Ti 18.67 18.62 16.00 12.24 10.43 11.47 31.93 3471 19.14
Fe/Ni  17.28 16.58 14.93 134.03 19.13 219.55 4339 1344 83.35
Al/Ca  0.92 0.94 0.77 0.66 0.53 0.46 2.19 2.40 0.48

Mean R chondrite data from Bischoff et al., 2011 and CI chondrite data from Palme et al., 2014.
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5 Discussion

The data which are presented and discussed in chapters 2, 3, and 4 provide a coherent picture
of chondrule formation. Most chondrules in C and in R chondrites are mineralogically zoned.
A conservative count of the studied chondrules results in 72% of zoned chondrules. The
pyroxene dominated chondrule rims formed during chondrule formation, whilst chondrules
were open systems. Chondrule precursors presumably consisted of olivine minerals and to
lesser amounts of diopside and refractory minerals, as these phases are among the first to
form from a cooling gas of solar composition (e.g. Larimer 1967; Grossman, 1972; Lodders
2003). The condensation of Mg-rich olivines led to an enrichment of SiO in the surrounding
nebula gas. When chondrule precursor were heated and (partially) melted, they reacted at
their peripherals with the SiO of the nebula gas to form enstatite. The low-Ca pyroxenes in
the chondrule rims often enclose olivine minerals poicilitically. This occurrence presumably
developed because the low-Ca pyroxene rims prevented olivine cores from further reaction
with the gas.

After chondrule formation, the surrounding nebula gas condensed as fine-grained matrix
material. The enrichment in SiO of the nebula gas is still reflected in the Si/Mg
complementarity between chondrules and matrix. As shown in chapters 3 and 4, matrices in
C and R chondrites (the same chondrites as investigated in chapter 2) have higher Si/Mg
ratios than chondrules. These chemical differences would be even bigger without the
described addition of Si from the gas to the chondrules. However, chondrules and matrix
have not only different Si contents. Within this work, chemical complementarities have been
found for Fe/Mg, Si/Mg, Al/Ti and Ca/Al in the studied chondrules. Matrices have super-
chondritic ratios for Fe/Mg, Si/Mg, Al/Ti, and Al/Ca, and chondrules have sub-chondritic
ratios, while bulk meteorites are CI chondritic (except R chondrites for Si/Mg). Those
complementarities indicate that chondrules and matrix formed within a common reservoir.
Since, when both components would have originated in different localities with diverse
compositions, it would be unfeasible that they mixed up in just the right amounts to obtain
CI chondritic element abundances for bulk meteorites. This reasoning is particularly
conclusive, when considering (i) that the proportions of chondrules and matrix in different
meteorites are highly variable, but (ii) Si/Mg ratios of bulk meteorite compositions are

uniform on the gram-level (Stracke et. al., 2012; Palme et al., 2015, and references therein),
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Figure 5.1: Values for & "**W of meteoritic and planetary material. Bulk meteorites and planets of the inner
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solar system show no, or only small nucleosynthetic W isotope variations. Chondrules and matrix from the
Allende chondrule however, show large and complementary anomalies. (Figure from Budde et al., 2016a)

and (iii) that complementarities are so far already found for several different element ratios
in numerous chondrite groups.

Recently, complementarity has also been found for W (Becker et al., 2015; Budde et al.
2016a) and Mo isotopes (Budde et al., 2016b). Figure 5.1 shows that bulk meteorites and

W (parts per 10,000 deviations from terrestrial

inner solar system planets all have similar &
standard values normalised to the terrestrial '**W/'**W). Chondrules and matrix in the CV
chondrite Allende, however, have large anomalies, which are complementary. These isotope
anomalies are of nucleosynthetic origin and indicate a different distribution of presolar
material between chondrules and matrix. Regarding the nearly homogenous distribution of
"W in inner solar system materials, including bulk meteorites, the anomalies between
chondrules and matrix can also only be explained by formation of both components in a

single reservoir within the solar nebula.
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5.1 Possible mechanisms of complementarities

The phenomena of chemical complementarities between chondrules and matrix in chondritic
meteorites is getting more and more attention within the last years. Yet, it is still unclear how
these element and isotope fractionations have been established. There is most probably not
only one mechanism responsible for all observed complementarities. Some ideas about how

the complementarities could have been established are outlined in the following.

5.1.1 Condensation, evaporation and recondensation

The Si/Mg complementarity is—as explained above—mainly the result of Mg removal from
the nebula reservoir, due to condensation of Mg-rich olivines. These olivines aggregated
together with other early nebula condensates to form the chondrule precursors and later
chondrules, while the surrounding nebula gas became enriched in Si. Additional Si-
enrichment to the nebula was probably caused by evaporation from the chondrule
precursors/melts. Cohen et al. (2000) demonstrated experimentally that chondrule precursors
most likely lost FeO as well as up to 40% of SiO, by evaporation during prolonged heating
times. As shown in chapter 2, some of the Si recondensed during subsequent cooling back
onto the chondrules to form pyroxene.

Loss of FeO from the chondrule precursors due to evaporation may have also caused
Fe/Mg complementarities. In the experiments of Cohen et al. (2000), mineral mixtures of CI
chondritic composition were evaporated for different lengths of time. Olivine minerals of
charges that were only evaporated for up to 6 h, contained considerable amounts of Fe,
resembling type II chondrules. After 12 h of evaporation, the olivine crystals were almost
purely forsteritic, due to evaporation of FeO. Yet, especially among the R chondrites
examined in chapter 4, several type II chondrules are present, but they all have considerably
lower Fe/Mg ratios than matrix. Therefore, evaporation of Fe alone would probably only
have increased the effect, but is unlikely the only mechanism to produce Fe/Mg
complementarities.

Matrix material is generally enriched in volatile elements compared to the bulk
meteorites. Chondrules must have the opposite, complementary composition. As bulk

chondrites have volatile-depleted, non-CI chondritic bulk compositions, these chemical
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Figure 5.2: Distribution of moderately volatile elements in CM chondrite matrices and CM bulk meteorites, in
order of increasing volatility (lithophile elements are indicated by grey vertical bars; Ni, Au, and Ge are
siderophile; all other elements are chalkophile). Siderophile and chalkophile elements are generally more
fractionated than lithohpile elements. (Data are from Bland et al., 2005; and references therein)

differences cannot be referred to as complementarities. However, the general enrichment of
volatile elements in the matrix supports the idea, that matrix chemistry is—at least partly—
dominated by recondensed elements which evaporated during heating from the chondrule
melts. In addition, Bland et al. (2005) found that the depletion trends of volatile elements in
carbonaceous chondrite matrices (relative to CI) do not resemble the monotonic decreasing
trend correlating with increasing volatility of the bulk chondrites (Fig. 5.2). Rather, elements
with similar condensation temperatures show large variation in their abundances. Within the
volatile elements, those with siderophile and chalcophile character are particular enriched in
the matrices relative to the respective bulk meteorites. Hence, there must have been a process
responsible for the observed element pattern, which was not only volatility controlled.
Elements were further separated due to their preferred host phases. Thus, siderophile and
chalkophile elements were incorporated in metal and sulphide phases, which in turn were

not or less integrated into chondrules than into matrix.
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5.1.2 Separation of metal from chondrules

As explained above, the Fe/Mg complementarities cannot be explained only by evaporation
and recondensation processes. Also the enrichment of siderophile and chalkophile volatile
elements in C chondrite matrices, cannot be due to volatility controlled processes. Several
authors suggested a loss of metal from chondrule melts (e.g. Dodd, 1978; Grossman, 1982;
Grossman and Wasson, 1985; Hubbard, 2016). The FeO-rich olivines, typically observed in
matrix, could than have formed by oxidisation of the metals. Such a physical separation of
metal and sulfide from chondrule melts seems necessary to obtain the differences of
siderophile and chalkophile volatile element distribution in chondrite matrices (Bland et al.,
2005).

The process of metal expulsion from chondrule melts is also likely to explain the
distributions of W and Mo isotopes in chondrules and matrix (Budde et al., 2016a,b). As
shown in Fig. 5.1, the enrichment of "W in chondrules reflects a deficit of s-process

183 . .. . .
W in the matrix indicates accordingly an excess

material in chondrules. The depletion of
of s-process material. Also, the complementary distribution of Mo isotopes in Allende
chondrules and matrix reveals a deficit of s-process material in chondrules and an excess of
s-process material in the matrix. The carrier phase of this s-process material is most likely a
metal phase (Budde et al., 2016b). Hence, if metal was excluded from the chondrule melt,
the s-process carrier metal phase would have accumulated in the matrix, establishing the
observed complementarities.

There are several suggestions on possible mechanisms to expell metal from chondrule
melts. According to Uesugi et al. (2008), metal can be ejected from the inside of molten

chondrules by centrifugal forces, resulting from rotation of chondrules or by internal flows

within melted chondrules.

5.1.3 Differences among precursors and sorting between chondrules and matrix

Complementarities of the refractory elements Al, Ti and Ca are more puzzling. Due to their
high condensation temperatures, these elements are not supposed to have been affected by
any evaporation and/or recondensation process. The chondritic meteorites studied in this
work generally show a preference of Al in matrix and of Ti and Ca in chondrules. These
complementarities of refractory elements could be explained by preferential incorporation

of specific minerals in chondrules or matrix, respectively (Hezel and Palme, 2008). For
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example, higher abundances of perovskite or early formed Al Ti-diopside minerals among
chondrule precursors could have been responsible for increased Ca and Ti contents in
chondrules. Enrichments of Al in matrix could in turn be due to an excess of spinel minerals.
Hezel and Palme (2008) as well as Ebel et al. (2016) found in several CV chondrites
oppositional complementaries of Al, Ti and Ca between chondrites and matrices. According
to Ebel et al. (2016) high Ti/Al and Ca/Al ratios in matrices and low Ti/Al and Ca/Al in
chondrules are the typical complementarities in CV chondrites. The two CV chondrites
Yamato 86751 and Tibooburra, however have the opposite composition, with high Al
contents in the matrices. Hezel and Palme (2008) recognised tiny spinels dispersed in the
matrix of the Yamato 86751, but not in the CV chondrite Allende, which has low Al contents
in the matrix. These authors suggested that those spinel minerals are the source of the higher
Al/Ca ratios in the matrix of Yamato 86751.

Additionally, in all cases, Ca and Ti seem to be linked. These two elements are either both
depleted in the matrix and enriched in chondrules, or vice versa. Therefore, perovskite is a
likely candidate for creating complementarities of the refractory elements. The
complementarities of the refractory elements, however indicate that there must have been
chemical differences among the precursor aggregates and between chondrule precursor and
the surrounding nebula gas prior to chondrule formation. Different minerals in chondrules

and matrix must have been responsible for the complementarities.

5.2 Complementarity and chondrule formation processes

Matrix material was most probably partially vaporised. Yet, matrix in all chondrite groups
contain thermally labil presolar grains, which would not have survived high temperatures.
Chondrules and CAls, in contrast, formed during high temperature events. Hence, in
chondritic meteorites, high and low temperature materials are combined. The findings of this
work support the premise that both components must have formed spatially and probably
also temporally connected. Interactions between chondrules and the surrounding nebula gas
which formed the matrix, is consistent with the idea of complementarity and the joined
formation of both components. As the data include R chondrites, the resulting implications
are not only true for the carbonaceous chondrites, but must also for the non-carbonaceous

chondrites. Non-carbonaceous chondrites probably formed in a closer heliocentric distance
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to the sun and also somewhat earlier, than carbonaceous chondrites (Warren et al., 2001;
Budde et al., 2016b). The findings of this work show that the chondrule formation process
must have been similar in both formation regions and times, regarding the joint formation of
chondrules and matrix.

Many suggestions on the chondrule formation process include a local separation of
chondrules and matrix within the protoplanetary disk and a mixing of these components
afterwards. The x-Wind model from Shu et al. (2001) or the model from Cuzzi et al. (2003),
which is based on turbulence driven transport, require that chondrules and refractory
inclusions formed near the sun and consolidated with cold matrix dust in the outer parts of
the disk. Any of these models are inconsistent with the chemical chondrule and matrix
complementarities.

There exist also several scenarios of chondrule formation including collisions of molten,
or partially molten planetesimals. In those concepts, the formation of matrix is often
generally insufficiently considered. Sanders and Scott (2012) imply that matrix partially
derived from unconsolidated dust at the surface of the planetesimals and from dust within
the interplanetary space. In such a szenario, however, it is not only difficult to maintain up
to 60 vol.% of matrix material as typical in carbonaceous chondrites, it is also extremely
unlikely to retain the observed complementarities between chondrules and matrix. Especially
the isotopic complementarities, which must be due to inhomogeneous distribution of
presolar material, are impossible to combine with such a model, making chondrules of
already processed planetesimals.

Only chondrule formation processes, which predict very local heating mechanisms to
allow chondrules and matrix to remain together, are in agreement with complementarity.
These conditions are so far only met by the shock heating model and the current sheet model.
Shock waves could have been generated in the solar nebula in a variety of ways. For
example, planetesimals driven bow shocks or shocks which were due to nebular spiral arms
can be considered (Boss and Durison, 2005). These shocks convert a local low temperature
and low density environment in short time into a high temperature and high density
environment. Adiabatic expansion allows fast cooling of the gas (Boley et al. 2013). Matrix
material could have been formed from unevaporated dust and some volatile elements that
were lost from the chondrules during heating, hence the complementary element distribution
of chondrules and matrix could also have been established. Current sheet heating is supposed
to originate from magnetorotational instabilities and is predicted to be even more localised

(Joung et al., 2004; Hubbard et al. 2012; McNally et al., 2013).
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Hubbard and Ebel (2017) recently introduced a layered-disk model, which would also
allow chondrules and matrix to form cogenetic. According to these authors, chondrules
formed in the hotter upper regions of the disk and then settled down onto the midplane to
mix with the unprocessed matrix material. Only short vertical distances between chondrules
and matrix would be required, due to the low aspect ratio of protoplanetary disks, allowing

chondrule and matrix complementarity to be established.

5.3 Conclusion

The complementary element distributions between chondrules and matrix of the CM
chondrite Jbilet Winselwan and the Rumuruti chondrites found in this work support previous
findings on complementarity. The contribution to the debate on possible chondrule
formation process is, that it can be limited to those szenarios which allow chondrules and
matrix to form from a single reservoir. This is so far only fullfilled by the shock wave model
and the current sheet model. Possibly layered disk models can help to keep chondrules and
matrix in the same region during formation.

The high abundance of mineralogically zoned chondrules in carbonaceous and in R
chondrites also indicate, that chondrules and matrix did not only form in a single reservoir,
but that chondrules operated as open systems. During formation, chondrules were in

chemical exchange with the surrounding nebula gas, which later condensed to form matrix.
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List of abbrevations

AOA
AU
BO
CAI
CB
CC
CH
chd
CI
CK
CM
CO
CR
Cv
d.l.
EH
EL
Fa
FGR
Fo
Fs

H
ICP-AES
ICP-MS
A
K

K

L

List of abbreviations

amoeboid olivine aggregate

astronomical unit

barred olivine chondrule
calcium-aluminium-rich inclusion
Bencubbin-like (carbonaceous chondrites)
cryptocrystalline chondrule

ALH 85085-like (carbonaceous chondrites)
chondrule

Ivuna-like (carbonaceous chondrites)
Karoonda-like (carbonaceous chondrites)
Mighei/Murchison-like (carbonaceous chondrites)
Ornans-like (carbonaceous chondrites)
Renazzo-like (carbonaceous chondrites)
Vigarano-like (carbonaceous chondrites)
detection limit

high iron enstatite (chondrites)

low iron enstatite (chondrites)

fayalite

fine-grained rim

forsterite

ferrosilite

high iron (ordinary chondrites)

inductively coupled plasma-atomic emission spectrometry
inductively coupled plasma-mass spectrometry
Jbilet Winselwan

Kagangari-like (chondrites)

Kelvin

low iron (ordinary chondrites)

low iron low metal (ordinary chondrites)
million years

number
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List of abbrevations

PO
POP

TCI
TFL
vol.

wit.

XRF

porphyritic olivine (chondrule)
porphyritic olivine pyroxene (chondrule)
porphyritic pyroxene (chondrule)
parts per million

Rumuruti-like (chondrites)

rare earth elements

radial pyroxene (chondrule)
standard deviation
tochilinite-cronstedtite intergrowths
terrestrial fractionation line

volume

weight

x-ray fluorescence
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