University of New Mexico

UNM Digital Repository

Earth and Planetary Sciences ETDs Electronic Theses and Dissertations

2-9-2010

Mineralogy and bulk chemistry of chondrules and
matrix in petrologic type 3 chondrites :
implications for early solar system processes

Jana Berlin

Follow this and additional works at: https://digitalrepository.unm.edu/eps_etds

Recommended Citation

Berlin, Jana. "Mineralogy and bulk chemistry of chondrules and matrix in petrologic type 3 chondrites : implications for early solar
system processes.” (2010). https://digitalrepository.unm.edu/eps_etds/S

This Dissertation is brought to you for free and open access by the Electronic Theses and Dissertations at UNM Digital Repository. It has been
accepted for inclusion in Earth and Planetary Sciences ETDs by an authorized administrator of UNM Digital Repository. For more information, please

contact disc@unm.edu.


https://digitalrepository.unm.edu?utm_source=digitalrepository.unm.edu%2Feps_etds%2F5&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/eps_etds?utm_source=digitalrepository.unm.edu%2Feps_etds%2F5&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/etds?utm_source=digitalrepository.unm.edu%2Feps_etds%2F5&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/eps_etds?utm_source=digitalrepository.unm.edu%2Feps_etds%2F5&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/eps_etds/5?utm_source=digitalrepository.unm.edu%2Feps_etds%2F5&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:disc@unm.edu

Jana Berlin
Candidate

Earth and Planetary Sciences
Tepartment

This dissertation is approved, and it is acceptable in quality
and form for publication:

Approved by the Dissertation Committee:

.‘—\L__. \\3 —ML_,\ . Chairperson

L O

"o WS

/9

o’/




MINERALOGY AND BULK CHEMISTRY OF CHONDRULES
AND MATRIX IN PETROLOGIC TYPE 3 CHONDRITES:
IMPLICATIONS FOR EARLY SOLAR SYSTEM PROCESSES

BY

JANA BERLIN

Diplom, Mineralogy, Free University Berlin, 2003

DISSERTATION

Submitted in Partial Fulfillment of the
Requirements for the Degree of

Doctor of Philosophy
Earth and Planetary Sciences

The University of New Mexico
Albuquerque, New Mexico

December, 2009




© 2009, Jana Berlin

il



DEDICATION

To Emil Johansson Bergholtz,
who brought me back to life.

v



ACKNOWLEDGEMENTS

Funding for this study was provided by NASA Cosmochemistry grants NNG06GG37G
to Dr. Adrian J. Brearley and NNGO6GF73G to Dr. Rhian H. Jones.

I am indebted to my advisors Adrian Brearley and Rhian Jones for their guidance and
support during this journey. Special thanks also to my committee: Zachary Sharp, Jane
Selverstone and Jeffrey Grossman (USGS, Reston).

A big THANK YOU goes to Mike Spilde (Institute of Meteoritics), without whom I
would never have learned so much about EPMA. Thank you also to Jeff Davis (National
Institute of Standards and Technology), who introduced me to the Lispix software, which
made producing the phase images of chondrules a lot faster. This dissertation and many

of my conference talks also benefited from discussions with fellow grad students: Neyda
Abreu, Rena Ford, Hollis Kovach, Mark Tyra and Paul Burger.

I thank Cindy Jaramillo for all her logistical help and the Department of Earth and
Planetary Sciences for the scholarships I received.

I am indebted to my parents, Margrit and Heinz Berlin, for their continuing support
during all these years, and to my friends Rachel Dwarzski, Johny Chaklader, Caitlin N.
Callahan, Shannon Clark and Jeannette Gericke, who helped keeping me sane during this
endeavor.

Finally, I would like to thank all the courageous people in Eastern Germany, who helped
tearing down the Wall 20 years ago — without you, I certainly would not be where I am at
right now.



MINERALOGY AND BULK CHEMISTRY OF CHONDRULES
AND MATRIX IN PETROLOGIC TYPE 3 CHONDRITES:
IMPLICATIONS FOR EARLY SOLAR SYSTEM PROCESSES

BY

JANA BERLIN

ABSTRACT OF DISSERTATION

Submitted in Partial Fulfillment of the
Requirements for the Degree of

Doctor of Philosophy
Earth and Planetary Sciences

The University of New Mexico
Albuquerque, New Mexico

December, 2009




MINERALOGY AND BULK CHEMISTRY OF CHONDRULES
AND MATRIX IN PETROLOGIC TYPE 3 CHONDRITES:
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ABSTRACT

A detailed electron microprobe (EMP) study was performed on chondrules of
various textural types in four petrologic type 3 chondrites: MET 00526 (L3.05), MET
00426 (CR3.0), Kainsaz (C0O3.2) and Kakangari (K3). Bulk compositions of twenty
chondrules in each meteorite were determined with modal recombination analysis. This
study provides a self-consistent dataset that combines chondrule textures with mineralogy
and bulk chemical compositions. It allows us to make comparisons between different
chondrite groups. In order to interpret the compositional relationship between chondrules
and matrix, bulk matrix compositions were obtained as well, using EMP defocused beam
analyses.

In Chapter 1, we compare the mineralogy and bulk chemistry of chondrules and
matrix in MET 00526 (L), MET 00426 (CR) and Kainsaz (CO). These three chondrites
represent some of the most pristine material that formed in the solar nebula. Chondrule
characteristics and the complementary relationship between the compositions of
chondrules and matrix suggest open system behavior during chondrule formation, in the
form of evaporation and recondensation of volatile and siderophile elements.

While chondrules of the same textural types (e.g., FeO-poor (type I) and FeO-rich
(type II) porphyritic chondrules) are present in all three chondrites and show similar
characteristic features, there are also significant differences between the chondrite
groups. This indicates that they probably formed in different regions of the solar nebula.

One significant difference can be found in the Fe-Mn systematics of FeO-rich porphyritic
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olivine (type IIA) chondrules (Chapter 2). We also recognized that Fe-Mn systematics
can be used to identify relict grains in type IIA chondrules.

Chapter 3 deals with the chondrite Kakangari, which has been thought of as a very
pristine chondrite in previous studies. Our study reveals that it records a complex series
of events including reduction, thermal metamorphism, sulfidization and low-temperature
aqueous alteration. Kakangari chondrules, as they are preserved in the meteorite, are
quite different from chondrules in unequilibrated ordinary and carbonaceous chondrites.
Kakangari appears to have undergone processing similar to that experienced by the

enstatite chondrites.
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PREFACE

This dissertation consists of three independent chapters, two appendices and a
supplementary CD. Each chapter is written as a separate manuscript. Therefore, some
repetition in the introduction and analytical method sections was unavoidable. All of the
literature references cited in the chapters and appendices have been combined into one
list, which appears at the end of the dissertation. Each chapter represents a collaborative
effort, but the majority of the analytical work, data interpretation and writing was done by
myself and I will be the lead author on each manuscript.

Chapter 1 presents a detailed electron microprobe (EMP) study of chondrules and
matrix in three chondritic meteorites from different groups: MET 00526 (L3.05), MET
00426 (CR3.0) and Kainsaz (CO3.2). Neyda M. Abreu and Adrian J. Brearley provided
additional EMP data for matrix in MET 00426 (CR3.0) and ALHA 77307 (C0O3.0),
respectively. Adrian J. Brearley and Rhian H. Jones contributed significantly to the ideas
and interpretations presented in this work. Preliminary results of this chapter were
presented at the Annual Meeting of the Meteoritical Society in Zurich, Switzerland in
2006 (Berlin et al. 2006a). This chapter will be submitted to Geochimica et
Cosmochimica Acta for publication.

The focus of Chapter 2 is the characteristic Fe-Mn trends of type IIA chondrules in
unequilibrated ordinary, CR and CO chondrites. Rhian H. Jones provided previously
obtained EMP data for Semarkona type IIA chondrules (Jones 1990) as well as for
experimental run products (Jones and Lofgren 1993), both of which played a significant
role in understanding the Fe-Mn trends. Paul V. Burger provided EMP data for several
CR type IIA chondrules. Rhian H. Jones and Adrian J. Brearley contributed significantly
to the ideas and interpretations presented in this chapter. This study also benefited from
insightful discussions with James J. Papike and Jeffrey N. Grossman (USGS, Reston).
Preliminary results of this chapter were presented at the Lunar and Planetary Science
Conference in Houston in 2008 and 2009 (Berlin et al. 2008a, 2009). This chapter will be
submitted to Meteoritics and Planetary Science for publication.

Chapter 3 deals with the meteorite Kakangari. This meteorite has been thought of as

a very pristine chondrite, but our study reveals that it records a very complex history.
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Harry Y. McSween Jr. (University of Tennessee, Knoxville) provided his previously
obtained EMP data for Kakangari bulk chondrule compositions (McSween 1977a) for
comparison with our data. Adrian J. Brearley and Rhian H. Jones contributed
significantly to the ideas and interpretations presented in this work. Preliminary results of
this chapter were presented at the Lunar and Planetary Science Conference in Houston,
the Annual Meeting of the Meteoritical Society in Tucson and the Goldschmidt
Conference in Cologne, Germany in 2007 (Berlin et al. 2007a,b,c). This chapter will be
submitted to Geochimica et Cosmochimica Acta for publication.

In Appendix A, we discuss why we chose modal recombination analysis (MRA) over
defocused beam analyses (DBA) as a technique to obtain the bulk compositions of
chondrules. Discussions with Michael N. Spilde provided very helpful insights. A poster
on this topic was presented at the Lunar and Planetary Science Conference in Houston in
2006 (Berlin et al. 2006b) and an invited talk was given at the Microscopy and
Microanalysis conference in Albuquerque in 2008 (Berlin et al. 2008b).

In Appendix B, we describe and compare the two protocols that were used to obtain
the phase images of chondrules and to determine the modal abundances of the phases
present. Until Jeffrey M. Davis from the National Institute of Standards and Technology
(NIST) made us aware of the program Lispix at the Microscopy and Microanalysis
meeting in August 2008, we used a more time-consuming technique that involved
producing the phase images in Adobe Photoshop® and determining the modal abundances
of the phases with Scion Image software.

The supplementary CD contains Microsoft™ Office Excel files with the collected data
for each chondrule, including EMP analyses of individual phases, backscattered electron
(BSE) images, corresponding phase images and results of the modal recombination
analysis.

The meteorite samples for this study were provided by the Astromaterials Curation
Facility at the Johnson Space Center in Houston (one thin section of MET 00526, two
thin sections of MET 00426, one thin section of QUE 97008), the Smithsonian National
Museum of Natural History in Washington D.C. (one thin section of Kainsaz), and the
IOM meteorite collection at the University of New Mexico in Albuquerque (one thin

section of Kainsaz and two thin sections of Kakangari).
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CHAPTER 1 - MINERALOGY AND BULK CHEMISTRY OF
CHONDRULES AND MATRIX: A COMPARISON OF
PRISTINE CHONDRITES FROM DIFFERENT GROUPS

ABSTRACT

A detailed electron microprobe (EMP) study was performed on chondrules of
various textural types in three fairly pristine chondrites: MET 00526 (L3.05), MET 00426
(CR3.0) and Kainsaz (C0O3.2). Bulk compositions of twenty chondrules in each meteorite
were determined using modal recombination analysis. This study provides a self-
consistent dataset for chondrules from pristine members of three different chondrite
groups integrating mineralogical and bulk chemical data with chondrule textural types. In
order to address the compositional relationship between chondrules and matrix, bulk
matrix compositions were obtained as well.

While chondrules of the same textural types are present in all three chondrites and
show similar characteristic features, there are also significant differences between the
chondrite groups. For example, type I (FeO-poor) chondrules in Kainsaz (CO) and MET
00526 (L) contain sulfides, while those in MET 00426 (CR) do not. A significant
difference between type Il (FeO-rich) chondrules in the three chondrites studied was
found in the Fe-Mn systematics of their olivines and in the FeO content of their bulk
chondrule compositions. Such differences imply that chondrules of the same textural type
found in the different chondrite groups cannot all have formed within one single reservoir
in the solar nebula, but that each chondrite accreted chondrules that formed in a parcel of
the solar nebula under conditions and from precursor materials that are specific to that
chondrite group.

We also observed a strong complementary relationship between chondrule and
matrix compositions in MET 00426 (CR3.0), which indicates that they formed within the
same nebular reservoir and supports a local chondrule forming mechanism such as shock
waves. Our compositional data for chondrules and matrix in MET 00526 (L3.05) and

Kainsaz (CO3.2) record a more complex history.



INTRODUCTION

Chondritic meteorites are fragments of undifferentiated asteroids and represent the
oldest and most primitive solar system materials. They consist of a mixture of
components that formed under a wide range of conditions during the earliest stages of
solar system formation. The four major components are chondrules (igneous spherules),
matrix (fine-grained material), refractory inclusions and Fe,Ni metal/sulfides. In the most
pristine chondrites, i.e., those that did not experience significant parent-body processing
such as thermal metamorphism and/or aqueous alteration, these components are far from
chemical, isotopic and textural equilibrium. As a consequence, they provide valuable
information about processes that occurred within the first 10 million years of formation
of the solar system.

The (sub)-millimeter-sized ferromagnesian chondrules, which can comprise up to 80
vol% of chondrites, are widely considered to have formed by a brief heating event (or
events) that reached peak temperatures between ~1200 and 1900°C (e.g., Zanda 2004).
They exhibit various igneous textures (e.g., porphyritic, granular, barred, radial, or
cryptocrystalline) that are thought to be the result of several factors, such as different
cooling rates, variable bulk compositions of the precursor material and different numbers
of viable nuclei surviving at the peak temperature reached in relation to the liquidus (e.g.,
Lofgren 1989; Hewins et al. 2005). Scott and Taylor (1983) noted many similarities
between chondrules in carbonaceous, ordinary, and enstatite chondrites, indicating that
chondrules in different chondrite groups share a common formation mechanism. The
mineralogy, petrography, bulk chemistry and isotopic compositions of chondrules
provide valuable information about the nature and variability of precursor materials,
nebular heterogeneities, conditions during chondrule formation such as varying oxygen
fugacity, and reheating/recycling of material (e.g., Jones et al. 2005; Grossman et al.
1988). These constraints can then be used by astronomers and astrophysicists for models
of young stellar disks, including understanding the mechanism that was responsible for
the formation of chondrules. This has been one of the main challenges in meteoritics over
the past decades and is still under active debate (e.g., Boss 1996; Ciesla 2005). Currently
favored models for chondrule formation are the shock wave model (e.g., Desch et al.

2005) and the X-wind model (Shu et al. 1997, 2001).



In contrast to chondrules, matrices are texturally and mineralogically very variable
among the different chondrite groups (e.g., Scott et al. 1988; Brearley 1996), but recently
a very similar picture has emerged for the matrix in the most pristine chondrites found to
date (Scott and Krot 2005; Nuth et al. 2005), which include the CO3.0 chondrite ALHA
77307 (Brearley 1993), the unique carbonaceous chondrite Acfer 094 (Greshake 1997)
and the two CR3.0 chondrites, MET 00426 and QUE 99177 (Abreu 2007; Abreu and
Brearley, Forthcoming). The fine-grained (<5 pm) matrix materials in these pristine
chondrites preserve an extreme disequilibrium and contain high abundances of
amorphous silicate material, nanosulfides (<300 nm) and interstellar grains.

In ordinary chondrites, matrix is much less abundant than in carbonaceous chondrites
and a higher percentage of clastic matrix is observed, which is consistent with an origin
by fragmentation of chondrules (e.g., Alexander et al. 1989b; Brearley 1996). Fine-
grained rims around chondrules (and refractory inclusions) are found in both ordinary and
carbonaceous chondrites. They are clearly petrographically distinct from, though
probably related to, the interchondrule matrix (e.g., Alexander et al. 1989b; Metzler et al.
1992; Brearley 1993; Zolensky et al. 1993; Brearley et al. 1995).

Compositional relationships between chondrules and fine-grained materials provide
important constraints on how the chondrule-forming mechanism may have operated in
the solar nebula (e.g., Ciesla 2005). Examining and comparing the bulk chemical
compositions of chondrules and matrix can help address questions that are important for
chondrule formation models, such as: (1) Did chondrules and matrix form in the same or
in different regions of the solar nebula? and (2) Could matrix be a sink for the volatile
elements that were possibly lost from chondrules during the chondrule formation
event(s)? Several authors (Wood 1985; Klerner and Palme 1999a,b, 2000; Palme and
Klerner 2000; Bland et al. 2005; Hezel and Palme 2008) have argued that chondrules and
matrix must have formed in the same region of the solar nebula, because their
compositions appear to be complementary, meaning that their separate compositions are
significantly different, but when put together they are closer to the solar composition (or
CI chondrites). Such a relationship supports local chondrule formation models, for
example the shock wave model (e.g., Desch et al. 2005) or nebular lightning (e.g.,
Horanyi et al. 1995). However, it specifically contradicts the X-wind model (Shu et al.



1997; Shu et al. 2001), which suggests that chondrules were formed close to the sun and
were subsequently transported into the asteroidal region, where they combined with
matrix. Brearley (1996) and Huss et al. (2005) stimulated the discussion about the
relationship between chondrules and matrix by drawing attention to the fact that not only
secondary processing, but also the origin of matrix needs to be taken into account when
discussing the relationship between chondrules and matrix.

There are currently very few data for bulk chondrule compositions of pristine
chondrites available in the literature (see reviews in Jones et al. 2005; Grossman and
Wasson 1983a; Grossman et al. 1988). These include data for LL3.0 chondrite
Semarkona determined by INAA (Grossman and Wasson 1983b) and by electron
microprobe (EMP) defocused beam analyses (Jones and Scott 1989; Jones 1990, 1994,
1996a), as well as INAA data for the ungrouped type 3.0 carbonaceous chondrite LEW
85332 (Wasson et al. 2000). Data for other chondrite groups are compromised to varying
extents by secondary processes (see review in Jones 2005 and references therein). Even
for the existing data, there are significant discrepancies when different techniques were
used. For example, EMP data by McSween (1977a,b) for chondrules from CO chondrites
(Kainsaz, CO3.2 and Ornans, CO3.4) show two populations on a Fe-Mg-Si ternary plot,
while INAA data for Ornans chondrules from Rubin and Wasson (1988) do not (Jones et
al. 2005). The best EMP method for obtaining bulk compositions is modal recombination
analysis (MRA). There are currently only a few studies available that use this approach
correctly, i.e. including phase densities (e.g., Dodd 1978a; Simon and Haggerty 1980).
Because there are very few internally consistent datasets available for the most pristine
chondrites, we currently only have a limited understanding as to how bulk compositions
of chondrules with the same texture compare between different chondrite groups (e.g.,
Scott and Taylor 1983; Grossman and Wasson 1983a).

Many authors have obtained bulk matrix compositions in a variety of chondrite
groups (e.g., McSween and Richardson 1977; Huss et al. 1981; Scott et al. 1984;
Alexander et al. 1989b; Brearley et al. 1989; Brearley 1993; Zolensky et al. 1993;
Brearley et al. 1995; Alexander 1995; Klerner 2001; Bland et al. 2005; Grossman and
Brearley 2005; Abreu and Brearley, Forthcoming). Most of these data are also

compromised by secondary overprints to varying extents, just like most data for bulk



chondrule compositions as discussed above. While there are several studies containing
bulk matrix data for some of the most pristine chondrites, such as ALHA 77307, Acfer
094, MET 00426 and QUE 99177 (Brearley 1993; Brearley et al. 1995; Bland et al. 2005;
Abreu and Brearley, Forthcoming), bulk chondrule data were not obtained at the same
time.

The motivation for this study was to obtain a self-consistent dataset of bulk
chondrule and matrix compositions for some of the least altered chondrites in order to (1)
relate the bulk composition of chondrules to their texture and mineralogy, (2) examine
the compositional relationship between different chondrule types within a chondrite
group, (3) compare mineralogy and bulk composition of chondrules with the same texture
in different chondrites and (4) examine the compositional relationship between
chondrules and matrix. Only with such a detailed study can we begin to address questions
about the heterogeneity of dust in the nebular disk. In order to be able to address the
points above in a comprehensive way, we adopted what we consider the best two-
dimensional analytical approach, while recognizing and discussing 3D issues. Using an
electron microprobe, we obtained bulk compositions for 20 chondrules via modal
recombination in each of three primitive chondritic meteorites: L3.05 chondrite MET
00526, CR3.0 chondrite MET 00426 and CO3.2 chondrite Kainsaz. We also present
matrix data for all three chondrites, obtained by defocused beam analysis. The main goals
of this study are to provide further information about the conditions during chondrule
formation and to contribute to the discussion of compositional complementarity between

chondrules and matrix with respect to current chondrule formation models.

SAMPLES AND ANALYTICAL CONDITIONS

In order to be able to explore the pristine nebular record contained in chondrules and
matrix, we tried to select chondrites for this study that experienced minimal parent-body
processing and/or terrestrial weathering. However, as Huss et al. (2005) pointed out, there
is virtually no chondrite that did not experience any kind of secondary processing.

Therefore, we account for secondary overprints in the discussion of our data.



The samples examined in this study include one thin section of the L3.05 chondrite
MET 00526 (JSC—,25), two thin sections of the CR3.0 chondrite MET 00426 (JSC—,16-1
and JSC—,16-2) and two thin sections of the CO3.2 chondrite Kainsaz (UNM 1050 and
USNM 2486-5). Even though Kainsaz has been classified as petrologic type 3.2 (e.g.,
Chizmadia et al. 2002; Grossman and Brearley 2005) or even higher (Bonal et al. 2007),
we included it in this study because it is an observed fall and it made sense to produce a
bulk chondrule data set via MRA to be able to compare it directly to McSween (1977a)’s
DBA data for Kainsaz chondrules. Abreu (2007) and Abreu and Brearley (Forthcoming)
recognized MET 00426 as one of the most pristine CR chondrites (type 3.0) known to
date. Floss and Stadermann (2009) have further shown that MET 00426 has high
interstellar grain abundances comparable to ALHA 77307 and Acfer 094, supporting the
classification of MET 00426 as a very pristine chondrite. Its weathering grade is B
(Russell et al. 2002). MET 00526 was originally classified as H3.2 chondrite (Connolly et
al. 2007b), however, Grossman and Brearley (2005) suggested a petrologic type 3.05 and
found that chondrule sizes may indicate an L or LL group classification. The L3.0
classification of this meteorite has been confirmed by Righter (2007). The weathering
grade of MET 00526 is B/C (Connolly et al. 2007b).

All thin sections were studied in detail by optical and electron microscopy. Electron
imaging (BSE), semi-quantitative EDS, X-ray mapping, and quantitative analyses were
obtained on a JEOL 8200 Superprobe in the Department of Earth and Planetary Sciences,
University of New Mexico. This electron microprobe is equipped with a tungsten
filament, a Thermo Noran EDS system and five wavelength dispersive spectrometers,
including two high intensity H-type spectrometers with smaller Rowland circles for
precise minor element analysis.

Twenty chondrules were selected in each of the three chondrites (MET 00526, MET
00426 and Kainsaz) for petrographic characterization and determination of bulk
compositions. In Appendix A, we demonstrate in more detail why we chose modal
recombination analysis (MRA) over defocused beam analyses (DBA) for the
determination of bulk chondrule compositions.

In order to avoid Na loss (e.g., Grossman and Brearley 2005), analyses of mesostasis

glass (when possible, areas free of crystallites) were obtained first, using an accelerating



voltage of 15 keV, a beam current of 10 nA and a 5 pm beam diameter. When crystallites
were large enough to analyze (width >2 um), it was preferred to analyze them separately
with a focused beam. If only small patches of glass were present, the beam diameter was
decreased to 3 um. A rhyolitic glass standard (3.75 wt% Na,0O) and a basaltic glass
standard (2.66 wt% Na,O) were analyzed along with the meteorite samples in order to
maintain a reasonable accuracy for our Na values (£10%).

Subsequently, WDS element maps were obtained for each chondrule using a beam
current of 30 nA and a pixel-size between 0.5 and 1.5 um (depending on chondrule size)
for a suite of 5 elements (Al, Ca, Mg, Fe, S). The collected element maps were then used
to select spots for point analyses. The number of analyses obtained on a certain mineral
phase was between 1 and 15, roughly based on its modal abundance. Silicate and oxide
(e.g., chromite in type II chondrules) minerals were analyzed with an accelerating voltage
of 15 keV and a beam current of 20 nA. Metals and sulfides were analyzed at 20 keV and
a beam current of 40 nA. ZAF corrections were applied to the data, and standards used
included Taylor olivine (Si, Fe, Mg), diopside (Ca, Mg, Si), spessartine (Mn), albite (Na),
orthoclase (K, Al), corundum (Al), rutile (Ti), chromite (Cr), apatite (P), pyrite (S), Ni
metal (Ni), and Co metal (Co), as well as JEOL Fe-metal (Fe) and Si-metal (Si). To
account for the interference of the Fe Kf peak with the Co Ka peak, a background
subtraction correction was applied.

Phase images of chondrules were assembled based on the collected X-ray maps,
either with the ‘Phase Tool’ in Lispix (public domain image analysis program for
Windows, written and maintained by David Bright, National Institute of Standards and
Technology) or with Adobe Photoshop®. Modal abundances (vol. %) of the different
phases present were provided in Lispix or determined with Scion Image analysis software
when the phase images had been assembled in Adobe Photoshop”. Detailed instructions
and a comparison of both methods are provided in Appendix B.

Bulk chemical compositions of chondrules were calculated by combining mineral
compositions with their weighted modal proportions according to the following equation

(for each element):
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where p is the density of the phase analyzed and the concentration (conc) is given in
element wt%. Mineral densities from Deer et al. (1992) and at

http://www.webmineral.com were used. Densities for mesostasis glass were determined

using a model calculation by Fluegel (2007).

In each chondrite, several matrix regions were analyzed with a defocused beam (10
um diameter), a beam current of 20 nA and an accelerating voltage of 15 keV. Analyses
were placed randomly and small metal/sulfide grains (<5 pm) within the matrix were not
avoided. Elements were measured as oxides and most resulting totals were between 85
and 95 wt%. Analyses with totals lower than 80 wt%, which are probably due to a higher
porosity of some matrix regions, were discarded. High totals, which are due to mixed
metal/sulfide/silicate analyses and the fact that Fe, Ni and S were measured as FeO, NiO
and SO;, were not discarded. For the presentation of our matrix data, oxide wt% were

converted to element wt%.

RESULTS

Based on a combination of optical examination and SEM imaging, twenty
chondrules covering a range of textural types were selected in each of the three
chondrites (MET 00526 (L), MET 00426 (CR), and Kainsaz (CO)) for petrographic
characterization and determination of bulk compositions. The supplementary CD contains
Microsoft™ Office Excel files with data for each chondrule, including EMP analyses of
individual phases, backscattered electron (BSE) images, corresponding phase images and
results of the modal recombination analysis. As an example, BSE images of FeO-poor
porphyritic olivine-pyroxene (type IAB) chondrules from each of the three chondrites and

their corresponding phase images are shown in Figure 1.1.
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Fig. 1.1. Backscattered electron (BSE) images of typical FeO-poor POP (type IAB) chondrules and their
corresponding phase images used for modal analysis. a) and b) MET 00526 (L3.05) chondrule L-Ch12. c)
and d) MET 00426 (CR3.0) chondrule CR-Chl. e) and f) Kainsaz (CO3.2) chondrule K2-ChS.



Chondrule textures

We did not evaluate the relative proportions of the different textural types of
chondrules in each chondrite in a quantitative way, but Table 1.1 shows a comparison
between available literature data and the relative proportions of textural types of the
chondrules selected for this study. Granular and cryptocrystalline chondrules were not
included in this study, as they were either absent or very rare in the thin sections we
examined. For MET 00426 (CR) and Kainsaz (CO), we have included a higher
percentage of FeO-rich porphyritic chondrules than what is typically observed in CR and
CO chondrites (Table 1.1; Weisberg et al. 1993a; Grossman et al. 1988). For MET 00426
(CR), we included every FeO-rich porphyritic chondrule that we found in the two thin

sections we studied (four chondrules).

Table 1.1. Relative proportions of textural types of the chondrules selected for this study (20 chondrules per
chondrite) compared to literature data.

MET 00526 a MET 00426 b Kainsaz c
(L3.05) oc (CR3.0) CR (CO3.2) co
porphyritic 85% 81% 90% 95% 95-96%
low-FeO (type I) 41% 50-90% 78%  most abundant 68% 97%
high-FeO (type II) 47% 10-50% 22% <1%4 32% 3%
reduced 12% - - - -
PO 41% 28% 17% 26% 8%
POP 47% 60% 78% 53% 73%
PP 12% 12% 5% 21% 19%
non-porphyritic 5% 15% 5% 5% 2-3%
RP/C 100% 80% 100% 100% 100%
G - 20% - rare - -
barred 10% 4% 5% - 2

*Grossman et al. (1988)

"Weisberg et al. (1993a)

°Grossman et al. (1988) and Rubin (2000)
fragmental
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Fig. 1.2. BSE images of chondrules selected for this study showing different textural types. a) type [A
chondrule (L-Ch13) in MET 00526, b) metal-rich type IB chondrule (K1-Ch17) in Kainsaz, c) type IB
chondrule (L-Ch16) with an igneous rim in MET 00526, d) type IIA chondrule (CR-Ch13) in MET 00426,
e) type IIAB chondrule (L-Ch10) in MET 00526, f) glass-rich type IA chondrule (L-Ch17) in MET 00526,
g) and h) FeO-rich POP chondrules (L-Ch20 and L-Ch14) in MET 00526 with large relict grains, showing
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evidence for solid-state reduction in form of micron-size metal blebs, 1) FeO-poor compound BO/POP
chondrule (L-Chl) in MET 00526, j) FeO-rich BO chondrule (L-Ch19) in MET 00526, k) FeO-rich type
ITIA chondrule (CR-Ch16) in MET 00426 showing a textural continuum between porphyritic and barred, 1)
FeO-poor BO chondrule (CR-Ch11) with an igneous rim in MET 00426, m) FeO-rich RP chondrule (L-
Ch5) in MET 00526, n) FeO-rich silica-bearing RP chondrule fragment (CR-Ch17) in MET 00426, and o)
FeO-rich RP chondrule (K1-Ch19) in Kainsaz — the texture of this chondrule might be better described as
barred pyroxene (BP).

To demonstrate the variety of porphyritic textures studied, BSE images of several
chondrules are shown in Figure 1.2a-h. All BO and RP chondrules included in this study
are shown in Figure 1.2i-0. As is typical for ordinary and most carbonaceous chondrites,
two distinct populations of porphyritic chondrules (e.g., McSween 1977a; Scott and
Taylor 1983) are present in all three chondrites examined in this study: FeO-poor (type I)
and FeO-rich (type II) chondrules. FeO-poor porphyritic olivine (PO), porphyritic
olivine-pyroxene (POP) and porphyritic pyroxene (PP) chondrules are described as type
IA (Fig. 1.2a), IAB (Fig. 1.1) and IB (Fig. 1.2b,c), respectively, while FeO-rich
porphyritic chondrules are described as type IIA (Fig. 1.2d), [IAB (Fig. 1.2e) and IIB in
the same manner (e.g., Scott et al. 1994). Type I and type II chondrules show some
textural differences (e.g., Scott and Taylor 1983), such as higher amounts of Fe,Ni metal
in type I chondrules (e.g., Fig. 1.2b) and larger olivine phenocrysts in type II chondrules
(e.g., Fig. 1.2d,e), but the main differences are in their olivine and low-Ca pyroxene
compositions (see below).

Of the three chondrites studied, the ordinary chondrite MET 00526 (L) shows the
highest variety of chondrule textures (Table 1.2, Fig. 1.2). In addition to the textural
types typically found in ordinary chondrites (e.g., Gooding and Keil 1981; Grossman et
al. 1988), we included a glass-rich type IA chondrule (Fig. 1.2f), a compound BO/POP
chondrule (Fig. 1.2i), and two chondrules with large relict grains that show textural
evidence for solid-state reduction in form of micron-size metal blebs (Fig. 1.2g,h). An
FeO-rich BO chondrule and a RP chondrule from MET 00526 (L) are shown in Figures
1.2j and 1.2m.
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Table 1.2. Characteristics of the MET 00526 (L3.05) chondrules selected for this study.

texture  ol/px® Fa® Fs° Wo° notes
FeO-poor chondrules:
L-Chi3 PO 0.9 - - metal heavily weathered
L-Ch8 PO 0.8 - - metal heavily weathered
L-Ch17 PO 7.6/1 0.4 1.3 5.0 glass-rich, pyroxene at periphery
L-Chi2 POP 1/1.9 1.9 1.8 0.4
L-Ch6 POP 1/3.2 1.9 2.1 0.4
L-Chl6 PP 1/36.5 1.9 2.0 0.2 igneous rim
L-Chl5 PP 1/82.0 33 3.0 0.3
L-Chl BO/POP  8.2/1 0.7 1.0 59 compound chondrule
FeO-rich chondrules:
L-Ch4 PO 10.3-26.8 - -
L-Ch7 PO 15.5-30.3 - -
L-Ch9 PO 8.8-25.0 - -
L-Ch2 PO 4.7/1 8.9-36.4 22.2 34 pyroxene = quenched crystals
L-Chll POP 5.6/1 14.6 - 50.7 25.1 5.5
L-Chl10 POP 1.5/1 6.1-18.2 9.6 1.1 relict grains
L-Chl8 POP 1/1.5 15.6 - 36.1 19.3-30.2 0.5-6.7
L-Ch3 POP 1/3.3 10.8 - 16.7 12.1-19.8 0.8-1.6 poikilitic olivine

L-Ch14 POP* 1.3/1 23.1-11.8 17.0/5.7 2.5/19  *reduced, FeO-rich relict olivine
L-Ch20 POP* 1/1.4 18.9-3.6 14.1/2.1 1.3/1.6  *reduced, FeO-rich relict olivine
L-Ch19 BO 6.1/1 20.0 18.7 7.4
L-Ch5 RP - 10.5/175 0.4/58

*Olivine/pyroxene ratio (modal abundance).

"Mean Fa content is given for type I olivine and range of Fa contents for zoned type II olivine.
“Mean Fs and Wo content are given for low-Ca pyroxene or pigeonite in type I, ranges for zoned type II chondrules.

Most chondrules in MET 00426 (CR) are FeO-poor and have porphyritic textures
(Table 1.3), as is very typical for CR chondrites (e.g., Weisberg et al. 1993a). Many of
them are surrounded by a continuous or discontinuous layer of metal grains (e.g., Fig.
1.1c,d). As mentioned above, type II chondrules are not very common in CR chondrites —
according to Weisberg et al. (1993a), they make up less than 1% of the chondrule
population and many are fragmental. In the two thin sections of MET 00426, we found
two larger type IIA chondrule fragments (e.g., Fig. 1.2d), an FeO-rich chondrule showing
a textural continuum between porphyritic and barred (Fig. 1.2k), as well as a type [IAB
chondrule (Table 1.3). An FeO-poor BO chondrule and a silica-bearing RP chondrule
from MET 00426 (CR) are shown in Figures 1.2l and 1.2n.
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Table 1.3. Characteristics of the MET 00426 (CR3) chondrules selected for this study.

texture  ol/px® Fa® Fs© Wo° notes

FeO-poor chondrules:

CR-Chl12 POP 3.1/1 2.0 3.6 0.9

CR-Chl14 POP 2.1/1 0.7 1.0 0.7

CR-Ch2 POP 1.5/1 5.1 5.1 0.7

CR-Ch3 POP 1.4/1 1.5 1.6 0.8

CR-Ch5 POP 1.3/1 1.2 1.6 0.8

CR-Ch10 POP 1.2/1 1.4 1.3 0.9 partial silica rim
CR-Ch8 POP /1.7 1.7 1.9 0.9

CR-Chl5 POP 1/1.75 1.5 1.2 1.0

CR-Ch19 POP 1/1.8 33 3.0 0.7 discontinuous silica rim
CR-Ch18 POP 1/2.7 2.8 35 1.0 silica present within chondrule
CR-Chl POP 1/3.3 2.1 2.0 0.6

CR-Ch7 POP 1/5.5 0.9 1.4 1.5

CR-Ch20 POP 1/7.6 1.0 0.9 1.0

CR-Ch9 PP 1/29.4 2.4 2.2 0.8

CR-Chl1 BO 1.6/1 2.3 2.6 0.7 metal-rich igneous rim
FeO-rich chondrules:

CR-Ché6 PO 17.0-31.7 - - chondrule fragment
CR-Ch13 PO 13.5-57.2 - - chondrule fragment
CR-Chl6 PO (BO) 29.7-39.1 - - chondrule fragment
CR-Ch4 POP 1/1.6 31.6 26.6 5.5 chondrule fragment
CR-Ch17 RP - 10.1/17.8 04/53 silica-bearing chondrule fragment

*Olivine/pyroxene ratio (modal abundance).
"Mean Fa content is given for type I olivine and range of Fa contents for zoned type II olivine.
“Mean Fs and Wo content of low-Ca pyroxene.

Even though CO chondrites have the smallest chondrules of any chondrite group
(apart from CH chondrites) (e.g., Rubin 1989), they show the same textural types as
chondrules in ordinary and other carbonaceous chondrites (e.g., Scott and Taylor 1983;
see also Fig. 1.1, Table 1.4). However, a significant textural characteristic of type I
chondrules in CO chondrites is that they frequently have non-spherical shapes and
contain abundant metal grains in their interiors (Fig. 1.2b; Rubin and Wasson 2005).
Type I chondrules are more abundant than type II (Table 1.1; Grossman et al. 1988).
Most of the type II chondrules are type IIA, while type IIAB chondrules are less
common. Figure 1.20 shows a Kainsaz chondrule that we placed into the RP category,
although the texture might be better described as coarse-barred pyroxene (e.g., Jones

1996a).
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Table 1.4. Characteristics of the Kainsaz (CO3.2) chondrules selected for this study.

texture  ol/px® Fa° Fs  wo® notes

FeO-poor chondrules:

K2-Ch9 POP 2.0/1 0.4 0.3 0.9
K1-Ch9 POP 1.4/1 3.1° 1.0 1.2
K1-Ch21 POP 1.1/1 2.3° 0.6 0.8
K2-Ch8 POP 1.1/1 0.4 0.7 1.1
K1-Ch12 POP 1/1.3 3.0° 1.1 1.0
K1-Chl POP 1/1.5 1.0 0.7 3.2
K1-Chl0 POP 1/2.0 4.6° 1.1 1.2
K1-Ch13 POP 1/2.8 5.7° 1.5 1.0
K1-Chl4 POP 1/5.9 5.0¢ 1.1 1.0 metasomatized rim®
K1-Chl1 PP 1/14.1 5.5¢ 1.4 0.9
K2-Chl4 PP 1/15.2 13.2° 1.5 0.9
K1-Ch17 PP 1/27.7 6.0° 1.3 0.8
K1-Ch20 PP 4.1 0.3

FeO-rich chondrules:

K1-Ch7 PO 11.3-484 - -

K1-Ch8 PO 9.0-443 - - relict grains

K1-Chlé6 PO 31.6-59.3 - -

K2-Ch4 PO 6.4—-42.5 - -

K2-Ch7 PO 13.5-41.5 - -

K1-Chl5 POP 1/1.7 553 43.0 1.5

K1-Ch19 RP - 12.6 0.8 texture of this chondrule might be better

described as barred pyroxene (BP)

0Olivine/pyroxene ratio (modal abundance).

°Lowest measured Fa content of olivine is given for type I and range of Fa contents for zoned type II olivine.

°Fa contents of type I chondrule olivines are high due to Fe-Mg exchange with the matrix (Scott and Jones 1990).
“Lowest measured Fs content of low-Ca pyroxene. Wo content is from the same analysis.

“Metasomatized rim (e.g., Kring 1991) was not included in bulk chondrule composition.

Chondrule mineralogy

Olivine and pyroxene

Individual olivine and pyroxene analyses and average compositions for each
chondrule are given in the Microsoft” Office Excel files on the supplementary CD. In
Tables 1.2, 1.3 and 1.4, Fa contents of olivine and/or Fs and Wo contents of low-Ca
pyroxene (in some cases pigeonite) are listed for all chondrules that were selected for
detailed study. When zoning is present in the silicate minerals, the range of compositions
is given. Otherwise, the values are means, except for Kainsaz type I chondrules (Table
1.4), for which the lowest measured Fa and Fs contents are shown. Type I chondrules in
the two most pristine chondrites, MET 00526 (L) and MET 00426 (CR), typically have

mean olivine and low-Ca pyroxene compositions with an Fe/(Fe+Mg) atomic ratio <5%
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(Table 1.2 and 1.3). The lowest measured Fa contents in Kainsaz type I chondrules range
from 0.4 up to 13.2 mol%, while Fs contents are below 5 mol% (Table 1.4). These data
will be further addressed in the Discussion section on secondary alteration.

Figure 1.3 shows mean Fs contents of low-Ca pyroxene (or in some cases pigeonite)
versus mean Fa contents of olivine for all chondrules selected for this study. Again, for
Kainsaz type I chondrules, the lowest measured Fa and Fs contents are plotted.
Chondrules that do not contain any low-Ca pyroxene or olivine are plotted below the x
axis or left of the y axis, respectively. When significant zoning is present, data points
represent the weighted mean Fa and/or Fs based on modal analysis and the range of
measured compositions is indicated. For olivine- and pyroxene-bearing chondrules in
MET 00526 (L) and MET 00426 (CR), data points plot along the 1:1 line (Fig. 1.3a,b),
while type I chondrules in Kainsaz are shifted significantly to the right of the 1:1 line
(Fig. 1.3c).

An Fe/(Fet+Mg) atomic ratio of 10% for olivine and low-Ca pyroxene compositions
has generally been used in the literature to distinguish between type I and type II
chondrules (e.g., Jones et al. 2005). This value fits very well with our textural
observations and is exemplified by a hiatus between 5% and 10% in the data for the L
and CR chondrite (Fig. 1.3a,b). While we feel confident that we did not use any sample
selection criteria that would have resulted in excluding these compositions, it appears that
there is no such gap in previously published data for ordinary chondrites, such as
Semarkona (LL3.0) (e.g., Takagi et al. 2004). The lowest measured Fe/(Fe+Mg) atomic
ratios in Kainsaz type I chondrules are <6%, except for one chondrule (K2-Ch14), in
which the lowest measured Fa content of olivine was 13.2 mol% (Table 1.4). However,
the lowest measured Fs content of low-Ca pyroxene in this chondrule was 1.5 mol% and
the metal-rich nature of this chondrule clearly required a classification as type I. Type II
chondrules in all three chondrites studied have mean olivine (and low-Ca pyroxene)
compositions with an Fe/(Fe+Mg) atomic ratio >10% (Fig. 1.3). They frequently show
zoning (e.g., Fig. 1.2d,e) and therefore also large compositional ranges (Fig. 1.3). The
cores of some olivine grains in certain type II chondrules have Fa contents below 10
mol% (see ranges of Fa contents given in Table 1.2 and 1.4, Fig. 1.3a,c), but most likely

crystallized from the host chondrule melt (see Chapter 2).
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Fig. 1.3. Fs content of low-Ca pyroxene (or pigeonite) vs. Fa content of olivine in chondrules from a) MET
00526 (L3.05), b) MET 00426 (CR3), and c) Kainsaz (CO3.2). Chondrules that do not contain any low-Ca
pyroxene/pigeonite or olivine are plotted below the x axis or left of the y axis, respectively. For type |
chondrules in MET 00526 and MET 00426, Fa contents of olivine and Fs contents of low-Ca pyroxene (or
pigeonite) represent mean values for each chondrule. For Kainsaz type I chondrules, the lowest measured
Fa and Fs contents are plotted. The range of measured compositions is indicated for type II chondrules and
data points represent the weighted mean Fa (and Fs) based on modal analysis.

Type I and type II chondrules not only have significantly different textures and
distinct mean Fa and Fs contents, but their silicates also show some differences in minor
element compositions (e.g., Scott and Taylor 1983; Jones and Scott 1989; Jones 1990,
1994, 1996a). Figure 1.4 shows MnO (wt%) versus FeO (wt%), Figure 1.5 shows CaO
(Wt%) versus FeO (wt%) and Figure 1.6 shows Cr,O3 (wt%) versus FeO (wt%) of
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individual olivine analyses, comparing FeO-poor and FeO-rich chondrules from MET
00526 (L), MET 00426 (CR) and Kainsaz (CO). The number of individual olivine
analyses per chondrule is between 2 and 10 and number of chondrules per textural type
plotted is given in brackets in the legend. Chondrule textures other than porphyritic are
included in these plots as well. To distinguish between FeO-poor and FeO-rich non-
porphyritic chondrules, we use the same cutoff value (Fe/(Fe+Mg) atomic ratio = 10%)
as for porphyritic chondrules.

MnO contents of olivines in FeO-poor chondrules are typically <0.6 wt% (most of
them <0.3 wt%, Fig. 1.4a,c,e), while olivines in FeO-rich chondrules show MnO contents
up to 1 wt% (Fig. 1.4b,d,f). In fact, type IIA chondrule olivines in all three chondrites
show significant positive correlations between MnO and FeO (Fig. 1.4b,d,f). This
general trend has been observed before (e.g., Brearley and Jones 1998; McSween
1977a,c). However, it seems significant that the type IIA trends have distinct slopes in the
different chondrites (steepest in MET 00526 (L), intermediate in MET 00426 (CR) and
shallowest in Kainsaz (CO); Fig. 1.4b,d,f), which will be discussed in detail in Chapter 2.
Olivines in type IIAB chondrules in MET 00526 show more scatter than those in type IIA
chondrules (Fig. 1.4b). High Mn contents (0.76—0.90 wt%) in olivine were observed in
the FeO-rich BO chondrule in MET 00526 (L-Ch19, Fig. 1.2j).

In contrast to type IIA chondrules, olivine analyses from the two chondrules in MET
00526 (L-Ch20 and L-Ch14) that show evidence for reduction (Fig. 1.2g,h) exhibit
negative trends in the MnO (wt%) vs. FeO (wt%) diagram (Fig. 1.4b), which correspond
to their zoning behavior (FeO-rich cores and FeO-poor edges). Negative trends are also
observed in CaO versus FeO (Fig. 1.5b) and Cr,0O; versus FeO (Fig. 1.6b).

Olivines in type IA chondrules in MET 00526 (L) have the lowest MnO contents (all
except one analysis are below the EMP detection limit of 0.02 wt%; Fig. 1.4a), but they
have high CaO contents between 0.31 and 0.74 wt% (Fig. 1.5a). It is characteristic for
type IA chondrule olivines to show steep negative correlations between CaO and FeO
(e.g., Scott and Taylor 1983). Olivines in type IAB chondrules in Kainsaz (Fig. 1.5e) and
MET 00426 (Fig. 1.5c) as well as type IB chondrules in MET 00526 (Fig. 1.5a) show
shallower negative trends than type IA and IAB chondrules in MET 00526 (Fig. 1.5a),
while the slope of the trend for type IB chondrules in Kainsaz is slightly positive (Fig.
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1.5e). Olivine in one type IAB chondrule (CR-Ch19) in MET 00426 (CR), which shows
unusually high MnO contents (0.9-1.1 wt%; Fig. 1.4c), has CaO contents within the
normal range observed for type IAB chondrules in MET 00426 (Fig. 1.5¢). In type II
chondrule olivine, the correlation between CaO and FeO, when present, is positive (e.g.,
Scott and Taylor 1983). Figure 1.5b and 1.5d show that this is the case for type 11
chondrules in MET 00526 (L) and MET 00426 (CR), but olivines in Kainsaz (CO) type II
chondrules have very variable CaO contents (Fig. 1.5f).

The behavior of Cr,0; in olivine (Fig. 1.6) is, in general, similar to that of MnO
(Fig. 1.4). However, Cr,03 contents tend to be somewhat higher than MnO contents of
olivine in FeO-poor chondrules in MET 00526 (L) and MET 00426 (CR) (Fig. 1.6a,c
versus Fig. 1.4a,c). Type IIA chondrule olivines in MET 00526 (L) and MET 00426
(CR) show positive trends, but at FeO contents higher than 22 wt% and 28 wt%,
respectively, Cr,O3 contents decrease (Fig. 1.6b,d). In Kainsaz type I and type 11
chondrules, Cr,O; contents are very low (mostly below 0.2 wt%) over a wide range of
FeO contents (Fig. 1.6e,f).

We found no significant differences in the behavior of minor elements (Mn, Ca, Cr)
in low-Ca pyroxene in type I chondrules in MET 00526 (L), MET 00426 (CR) and
Kainsaz (CO). The composition of Ca-rich pyroxene is quite variable in type I chondrules
in MET 00526 (Fso.7.5.7, W03s.9.55.9), MET 00426 (Fs0.85-6.42, W026.8-49.1) and Kainsaz
(Fs0.25-10.43, W028.0.46.9), but minor elements also behave very similarly.

Our few analyses of low-Ca pyroxene in 4 type IIAB chondrules in MET 00526 (L),
1 type IIAB chondrule in MET 00426 (CR) and 1 type IIAB chondrule in Kainsaz (CO)
show the same general trends for MnO vs. FeO as olivine in these chondrules (refer to
Fig. 1.4b,d,f). The same is true for Ca-rich pyroxene in type IIA and type IIAB
chondrules. The Fs and Wo contents of Ca-rich pyroxene in type II chondrules are Fs; 3.
244 and Wo2s.1.435 in MET 00526 (L), Fsig.8.40.7, W029.9.49.4 in MET 00426 (CR) and Fs;75.

30.0, W036.2_47.3 in Kainsaz (CO)
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Mesostasis

Individual analyses and average mesostasis compositions for each chondrule are
given in the Microsoft” Office Excel files on the supplementary CD. Mesostasis
compositions in both type I and type II chondrules cover a wide range of SiO, contents
(42-75 wt%). Brearley and Jones (1998) showed that CaO and Al,Os are negatively
correlated with SiO; in the mesostasis of type I and type II chondrules in unequilibrated
ordinary chondrites, while data for CO chondrule mesostasis did not show a clear trend.
Figure 1.7 shows Al,O3 (wt%) versus SiO; (wt%) and CaO (wt%) versus SiO, (wt%) for
our data of individual mesostasis analyses in type I and type II chondrules in MET 00526
(L), MET 00426 (CR) and Kainsaz (CO). Type I chondrule mesostases in all three
chondrites show negative trends between Al,O5 and SiO, (Fig. 1.7a) as well as between
CaO and SiO; (Fig. 1.7c), whereas the data for type II chondrule mesostases are more
complex (Fig. 1.7b,d). Most type II chondrules in MET 00526 (L) have mesostasis with
somewhat higher SiO, contents than type II chondrules in MET 00426 (CR) and Kainsaz
(CO). However, the mesostasis in one type IIAB chondrule (L-Ch3) in MET 00526 has
high CaO and Al,Os contents, while having low SiO, contents (Fig. 1.7b,d), producing
negative trends for Al,O; and CaO versus SiO; in the type II data for MET 00526 (L).
The trends are also negative for mesostasis in CR type II chondrules, but our data for
Kainsaz type II chondrules show positive trends (Fig. 1.7b,d).

All of the type I chondrules we studied in the CR3.0 chondrite MET 00426 have
unaltered mesostasis that is clear and glassy. In several of our CR type I chondrules (CR-
Chl, 3, 8,9, 10, 20), mesostasis glass located in the center is more Ca- and Al-rich,
whereas the glass found in the outer parts (which we refer to as “2nd glass™) is more Si-
(Fig. 1.7a,c) and Na-rich and frequently also more K- and Mn-rich. This is very similar
to the zoned mesostasis that has been observed in some Semarkona type I chondrules
(Matsunami et al. 1993; Libourel et al. 2006; Nagahara et al. 2008; e.g., Alexander and
Grossman 2005; Grossman et al. 2002) as well as in type I chondrules in several CR2

chondrites (e.g., Libourel et al. 2006).
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In contrast to these previous studies, we frequently observed two distinct glass
compositions. To demonstrate this, a plot of (Na,0O+K,0+MnQO)/Al,0; versus Ca0/SiO;
for individual mesostasis analyses is shown in Figure 1.8a. Only the mesostasis in
chondrule CR-Chl seems to be continuously zoned, although the glass in the outer part of
this chondrule is actually present in small patches that are not necessarily interconnected
(Fig. 1.1c,d). Nevertheless, in the other CR chondrules the modal abundance of the
volatile-rich “2nd glass” is actually much lower than in chondrule CR-Ch1 (Fig. 1.1c,d).
In order to determine the bulk chondrule composition of chondrule CR-Ch1, we used two
average mesostasis compositions in our modal recombination analysis (Fig. 1.1c,d) as we
did for the other chondrules in which the two mesostasis compositions were more
distinct. In Figure 1.8a, we also plotted individual analyses of mesostasis in the BO
chondrule CR-Chl11 and of the glass found within the igneous rim around this chondrule
(see also Fig. 1.2l) — these two distinct glass compositions are very similar to those
observed within the type I chondrules. The mesostasis in chondrule CR-Ch19 is not
zoned, but quite unusual in composition as it is very volatile-rich and similar to the 2nd
glass compositions that are observed at the edges of other type I chondrules (Fig. 1.8a).
In one chondrule (CR-Ch2), the 2nd glass composition was found as small patches in the
center of the chondrule, however, this might also simply be due to the way the chondrule
is exposed in the thin section.

Figure 1.8b shows mesostasis compositions of three chondrules in the L3.05
chondrite MET 00526 that exhibit compositional trends similar to those observed in the
CR (MET 00426) chondrules shown in Figure 8a. The trend seems to be fairly
continuous for chondrule L-Chl1, a compound chondrule consisting of a BO chondrule in
the center and an enveloping POP chondrule (see Fig. 1.2i). The glass becomes more
volatile-rich towards the edges of this compound chondrule. The glass found within an
igneous rim around chondrule L-Ch16 (shown in Fig. 1.2¢) is also more volatile-rich than
the glass in the center of the chondrule (Fig. 1.8b). Even though the third chondrule (L-
Ch17) is a very glass-rich type IA chondrule (Fig. 1.2f), the 2nd glass composition is
only found at the very edge of this chondrule and the two compositions seem to be very

distinct (Fig. 1.8b).
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K/Al vs. Na/Al (relative to CI) plots for individual mesostasis analyses in all FeO-
poor and FeO-rich chondrules in MET 00526 (L), MET 00426 (CR) and Kainsaz (CO)
are shown in Figure 1.9. In unequilibrated ordinary chondrites, it has been observed that
mesostasis compositions of type I and type II chondrules follow distinct trends in this
kind of diagram (e.g., Grossman and Brearley 2005). Most of our analyses of type I
chondrule mesostases in MET 00526 (Fig. 9a), MET 00426 (Fig. 1.9¢) and Kainsaz (Fig.
1.9e) follow the typical trend and plot below the CI trendline, having Na/Al > K/Al. Type
II chondrule mesostases in MET 00526 (Fig. 1.9b) and MET 00426 (Fig. 1.9d) exhibit
characteristic trends towards higher K/Al ratios and frequently plot above the CI
trendline, having K/Al > Na/Al. However, mesostasis compositions in Kainsaz type 11
chondrules (Fig. 1.9f) do not follow the typical trend and have Na/Al > K/Al similar to
mesostasis in type I chondrules in Kainsaz (Fig. 1.9e).

The 2nd glass compositions found at the edges of many CR type I chondrules
mentioned above, have higher Na/Al ratios and frequently also higher K/Al ratios than
the glass found in the center of these chondrules (Fig. 1.9¢). The glass-rich type 1A
chondrule L-Ch17 in the L chondrite MET 00526 again shows two very different glass
compositions (Fig. 1.9a) with higher Na/Al and higher K/Al ratios at the edges, whereas
the mesostasis analyses of the compound BO/POP chondrule L-Ch1 show more of a
continuous trend towards higher Na/Al and K/Al ratios (Fig. 1.9a). Mesostasis in
chondrule CR-Ch19 is clearly different from the mesostasis found in the center of other
type I chondrules in MET 00426; it is the most volatile-rich and has the highest observed
K/Al and Na/Al ratios (Fig. 1.9¢). This chondrule contains olivines with very high MnO
contents (Fig. 1.4c). The opposite is observed in type IA chondrules in MET 00526 (L),
which have very low MnO contents in their olivines (Fig. 1.4a) and very low Na and K
contents in their mesostases (Fig. 1.9a). Mesostasis compositions of Kainsaz type 1B
chondrules have higher Na/Al ratios than those in type IAB chondrules (Fig. 1.9e).
Almost all of our individual mesostasis analyses in Kainsaz type IAB chondrule K2-Ch§8
(shown in Fig. 1.1e,f) and several analyses in type IAB chondrule K1-Ch10 are close to

plagioclase in composition and stoichiometry (~An7; and ~Anys, respectively).
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A few FeO-rich chondrules have glass compositions with low K/Al but Na/Al ratios
>1 (Fig. 1.9b: L-Ch11; Fig. 1.9f: K1-Ch15, K1-Ch16, K1-Ch19 and K2-Ch4). According
to Grossman and Brearley (2005), this is indicative of the crystallization of albite. A
distinct phase that is close to plagioclase in composition and stoichiometry (~Abg;) was
observed in chondrule CR-Ch13 in MET 00426 (Fig. 1.9d), but not in any other type II
chondrules. The two reduced MET 00526 chondrules L-Ch14 and L-Ch20 (Fig. 1.9b)
show glass compositions similar to some of the type I chondrules (Fig. 1.9a). The
mesostasis in type IIAB chondrule L-Ch3, which also has the highest observed Al,O3 and
SiO; contents among the type II chondrules in MET 00526 (Fig. 1.7b,d), has very low K
and Na contents (Fig. 1.9b). The mesostasis compositions of the FeO-rich RP chondrules
in MET 00526 (L), MET 00426 (CR) and Kainsaz (CO) plot in very different regions of
the diagram (Fig. 1.9b,d,f).

Opaque minerals

The metal content we observed in FeO-poor chondrules from MET 00526 (L), MET
00426 (CR) and Kainsaz (CO) is quite variable. To some extent this depends on how a
chondrule is exposed in the thin section (e.g., Ebel et al. 2008). Type I chondrules in
Kainsaz frequently contain abundant round or elongated metal blebs in their interiors as
is typical for CO chondrites (e.g., Rubin and Wasson 2005), while it is characteristic for
MET 00426 and other CR type I chondrules to have a continuous or discontinuous layer
of metal grains around the periphery in addition to some interior metal (e.g., Weisberg et
al. 1993a; Connolly et al. 2001).

FeO-poor chondrules in the CR chondrite MET 00426 contain only Fe,Ni metal, but
no sulfides. The compositional range of metal in FeO-poor chondrules in MET 00426
(CR) is 3.7-16.6 wt% Ni, 0.21-0.56 wt% Co, 0.11-0.79 wt% Cr and 0.17-0.99 wt% P,
which is very similar to what has been observed in other CR chondrites (e.g., Weisberg et
al. 1993a). Some of the metal in MET 00426 (CR) is weathered to an Fe-hydroxide,
which contains varying amounts of Ni (1.2-7.4 wt%), S (0.2-1.9 wt%) and P,Os (0.1-1.2
wt%).

FeO-poor chondrules in MET 00526 (L) and Kainsaz (CO) contain kamacite, taenite

and/or troilite/monosulfide solid solution (MSS). The typical compositional range of
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kamacite in FeO-poor chondrules in MET 00526 (L) is 1.1-4.5 wt% Ni, 0.15-0.55 wt%
Co, 0.08-0.48 wt% Cr and up to 0.38 wt% P. Kamacite in FeO-poor chondrules in
Kainsaz has 2.3-6.6 wt% Ni, 0.33—-0.96 wt% Co, up to 0.97 wt% Cr and P is mostly
below the EMP detection limit of 0.04 wt%. Many type I chondrules in Kainsaz contain
taenite with low Co contents (<0.15 wt%), while taenite in MET 00526 (L), although
only found in one type IA chondrule, has higher Co contents (up to 1.1 wt%).
Monosulfide solid solution (MSS) in FeO-poor chondrules in both Kainsaz (CO) and
MET 00526 (L) has Ni contents up to 0.3 wt%. Some of the metal in MET 00526 (L) has

been replaced by magnetite. Furthermore, many terrestrial alteration veins are present.
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Fig. 1.10. a) Co (Wt%) vs. Ni (wt%) of individual Fe,Ni metal grains (between 1 and 10 analyses per
chondrule) in FeO-poor chondrules in MET 00426 (CR), MET 00526 (L) and Kainsaz (CO). Metal
compositions in FeO-poor chondrules in MET 00426 (CR) correlate along the CI ratio. Some metal grains
found in the interior of FeO-poor CR chondrules have high Ni contents (up to 17 wt%), whereas kamacite
grains along the periphery have lower Ni and Co contents (see also Weisberg et al. 1993a; Connolly et al.
2001). Kamacite grains in FeO-poor chondrules in Kainsaz (CO) and MET 00526 (L) have lower Ni and
higher Co contents than CR chondrule metal. b) Co (wt%) vs. Ni (wt%) of individual kamacite analyses
(between 1 and 5 analyses per chondrule) in FeO-rich chondrules in MET 00426 (CR), MET 00526 (L) and
Kainsaz (CO). The modal abundance of kamacite is much lower in FeO-rich chondrules, which is why the
number of analyses plotted is much smaller. However, the behavior of Co and Ni in kamacite in FeO-rich
chondrules is actually quite similar to that of kamacite in FeO-poor chondrules in each chondrite, except for
somewhat higher Co contents in FeO-rich CO chondrules and lower Ni contents in FeO-rich CR chondrules
(see text).
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Figure 1.10a shows Co (wt%) versus Ni (wt%) for individual Fe,Ni metal analyses
in FeO-poor chondrules in MET 00426 (CR), MET 00526 (L) and Kainsaz (CO). Cobalt
and Ni contents of metal in FeO-poor chondrules in MET 00426 (CR) show a positive
correlation with most analyses lying close to the CI ratio, similar to what has been
observed in other CR chondrites (e.g., Weisberg et al. 1993a; Connolly et al. 2001). The
metal compositions are frequently more Ni-rich (up to 16.6 wt% Ni) in the center of FeO-
poor MET 00426 (CR) chondrules, while lower Ni contents are found in metal grains at
the chondrule rims (Fig. 1.10a). Fe,Ni metal grains in FeO-poor chondrules in Kainsaz
(CO) and MET 00526 (L) have lower Ni and higher Co contents than metal in FeO-poor
CR chondrules (Fig. 1.10a). One metal grain in MET 00526 (L) type IA chondrule L-
Ch13 has a higher Ni (9.0 wt%) and Co content (1.5 wt%) than what was typically
observed (Fig. 1.10a). Co and Ni show a slightly negative trend in metal in FeO-poor
Kainsaz (CO) chondrules (Fig. 1.10a).

Compared to FeO-poor chondrules, the modal abundances of metals and sulfides in
FeO-rich chondrules is typically very low (<3 vol%) in all three chondrites studied.
However, some of the type [IAB chondrules in MET 00526 (L) show high sulfide
contents, up to 15 vol%. FeO-rich chondrules in MET 00526 (L) and Kainsaz (CO)
contain the same type of opaque minerals as FeO-poor chondrules in these meteorites:
kamacite, taenite and/or troilite/MSS. In contrast, FeO-rich chondrules in MET 00426
(CR) show more of a variety of opaque minerals than FeO-poor chondrules in CR
chondrites, including kamacite, taenite, troilite/MSS and pentlandite (see also Schrader et
al. 2008).

Figure 1.10b shows Co (wt%) versus Ni (wt%) for individual kamacite analyses in
FeO-rich chondrules in MET 00426 (CR), MET 00526 (L) and Kainsaz (CO). The
number of analyses (between 1 and 5 analyses per chondrule when kamacite was present)
is smaller than for the FeO-poor chondrules shown in Figure 1.10a (between 1 and 10
analyses per chondrule), because the modal abundance of kamacite is much lower in
FeO-rich chondrules. The behavior of Co and Ni in kamacite in FeO-rich chondrules is in
general quite similar to that of kamacite in FeO-poor chondrules in each chondrite:
several kamacite analyses in FeO-rich chondrules from MET 00426 (CR) cluster around

the Co/Ni ratio of CI chondrites, while kamacite grains in FeO-rich chondrules in
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Kainsaz (CO) and MET 00526 (L) have lower Ni and higher Co contents (Fig. 1.10b).
However, there are some differences as well. The range of Ni contents observed in
kamacite of FeO-rich chondrules in MET 00426 (CR) is more limited than in FeO-poor
chondrules in MET 00426 (CR), with a few analyses having much lower Ni contents and
plotting above the CI line. Kamacite in FeO-rich chondrules in Kainsaz (CO) shows
somewhat higher Co contents (up to 1.6 wt%) and also a more limited range of Ni
contents (3.7—4.3 wt% Ni) than in FeO-poor chondrules in Kainsaz (CO). Metal in two
reduced chondrules in MET 00526 (L-Ch14 and L-Ch20, Fig. 1.2g,h) have higher Co/Ni
ratios than CI, but show a trend parallel to the CI line.

Bulk chondrule compositions

Individual bulk chondrule compositions for the 20 chondrules studied in each
chondrite are given (as element wt%) in Table 1.5 (MET 00526 — L), Table 1.6 (MET
00426 — CR) and Table 1.7 (Kainsaz — CO). The supplementary CD contains Microsoft
Office Excel® files with the collected and generated data for each chondrule (EMP data,
BSE image, corresponding phase image and details of the modal recombination analysis).
Metal grains along the periphery of CR type I chondrules were included in the bulk
chondrule compositions, as they are thought to belong to the chondrule (e.g., Connolly et
al. 2001). The bulk compositions of igneous rims found around two chondrules (L-Ch16
and CR-Ch11) were calculated separately (see Tables 1.5 and 1.6). For Kainsaz type I
chondrules, we used the olivine analysis with the lowest measured Fa content and the
low-Ca pyroxene analysis with the lowest measured Fs content to calculate the bulk

chondrule composition, which will be further explained in the discussion below.
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Element abundance patterns (normalized to CI chondrites) of individual chondrules
from MET 00526 (L), MET 00426 (CR) and Kainsaz (CO) are shown in Figure 1.11,
with FeO-poor chondrules on the left-hand side (Fig. 1.11a,c,e) and FeO-rich chondrules
on the right-hand side (Fig. 1.11b,d,f). Lithophile elements are plotted as a function of
increasing volatility according to Lodders (2003) and this is followed with siderophile
elements. Phosphorus behaves as a siderophile element in FeO-poor chondrules and is
plotted as such in Figures 1.11a,c,e, while it behaves rather lithophile in FeO-rich
chondrules (Fig. 1.11b,d,f) (e.g., Lauretta et al. 2001; Jones 1990).

FeO-poor chondrules in MET 00426 (CR) have refractory element (Al, Ca, T1)
abundances that are not fractionated relative to one another and minimally fractionated
from Mg and Si (Fig. 1.11c), whereas FeO-poor chondrules in MET 00526 (L) and
Kainsaz (CO) show more fractionations between these elements (Fig. 1.11a,e). Two
FeO-poor chondrules (L-Ch17 and L-Chl) in MET 00526 (L) show an enrichment in Al,
Ca and Ti relative to Mg and Si (Fig. 1.11a), which is related to the fact that these
chondrules have high modal abundances of mesostasis glass in the thin section studied
(Fig. 1.2f,i). In contrast, chondrule L-Ch16 in MET 00526 (L) is depleted in Al, Ca and
Ti (Fig. 1.11a), consistent with the exposed modal abundance of mesostasis in this
chondrule (Fig. 1.2¢). In Kainsaz (CO) type I chondrules, Ti is relatively unfractionated
with respect to Mg and Si (Fig. 1.11e). Nonetheless, four Kainsaz type I chondrules (K1-
Ch12, K1-Ch13, K1-Ch14 and K1-Ch21) that have very little mesostasis exposed in the
thin section show depletions in Al and Ca (Fig. 1.11e). These four chondrules also have
the lowest Na contents (Fig. 1.11e).

In FeO-poor chondrules in MET 00426 (CR), which contain abundant Fe,Ni metal
but no sulfides, siderophile elements (Fe, Ni, Co, P) are not fractionated relative to one
another and S is considerably depleted (Fig. 1.11c). FeO-poor chondrules in MET 00526
(L) and Kainsaz (CO) show more variability in Fe, Ni, Co, P and S (Fig. 1.11a,e).
Chondrules CR-Ch19 in MET 00426 (CR) and K1-Ch20 in Kainsaz (CO) show element
abundance patterns distinct from other FeO-poor chondrules in these chondrites, with
higher abundances of Cr, Mn and K in MET 00426 chondrule CR-Ch19 (Fig. 1.11c) and
higher abundances of Ca, Cr, Mn and Na in Kainsaz chondrule K1-Ch20 (Fig. 1.11e).
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Fig. 1.11. Bulk chemical compositions of individual chondrules in MET 00526 (L), MET 00426 (CR) and
Kainsaz (CO) determined by modal recombination analysis. FeO-poor chondrules are shown on the left-
hand side (a, c, €), FeO-rich chondrules on the right-hand side (b, d, f). Elemental abundances are
normalized to CI chondrite abundances (Lodders 2003). Elements on the ordinate are arranged in order of
increasing volatility; siderophile elements are plotted last. Phosphorus was treated as siderophile in type I
chondrules, but as lithophile in type II chondrules (e.g., Lauretta et al. 2001; Jones 1990).
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In contrast to FeO-poor chondrules in MET 00526 (L), MET 00426 (CR) and
Kainsaz (CO), which show a general drop in element abundances between Si and Mn, the
element abundance patterns of FeO-rich chondrules are relatively unfractionated for
elements between Al and Mn (Fig. 1.11b,d,f). However, FeO-rich chondrules with little
mesostasis exposed in the thin section show depletions of Al, Ca, and Ti relative to Mg
and Si (e.g., Fig. 1.11d: CR-Ch6, Fig. 1.11f: K1-Ch15 and K1-Ch16), similar to what we
observed in FeO-poor chondrules. A few FeO-rich chondrules in Kainsaz show a
depletion in Cr (Fig. 1.11f). Siderophile elements and S generally show a stronger
depletion in FeO-rich chondrules in MET 00426 (CR) than in MET 00526 (L) and
Kainsaz (CO). Enrichment of Co relative to Ni in many FeO-rich chondrules in Kainsaz
(Fig. 1.11f) is consistent with our observations of high Co and low Ni contents in
kamacite (Fig. 1.10b).

Figures 1.12a,c,e show individual bulk compositions of chondrules in MET 00526
(L), MET 00426 (CR) and Kainsaz (CO) in Fe-Mg-Si (wt% element) ternary diagrams
and Figures 1.12b,d,f show individual chondrule data in FeO-MgO-SiO, (wt% oxide)
ternary diagrams, for the silicate portions only. In all three chondrites, the compositions
of type I and type II chondrules are clearly distinct when only the silicate portion is
considered (Fig. 1.12b,d,f). However, when the metal is included in the bulk
compositions (Fig. 1.12a,c,e), type I chondrules show a general trend from Fe-poor to Fe-
rich compositions and some of them overlap with type II chondrules. FeO contents of the

silicate portions of type II chondrules show a general increase from L to CR to CO (Fig.
1.12b,d,f).
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Fig. 1.12. a,c,e) Fe-Mg-Si ternaries (element wt%) for bulk chondrule, matrix and bulk chondrite
compositions and b,d,f) FeO-MgO-SiO, ternaries (oxide wt%) for the silicate portions of chondrules in a,b)
MET 00526 (L), c,d) MET 00426 (CR) and e,f) Kainsaz (CO). L and CR bulk data are from Lodders and
Fegley (1998). Kainsaz bulk is from Ahrens et al. (1973).
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Bulk matrix compositions

Bulk matrix compositions in MET 00526 (L), MET 00426 (CR) and Kainsaz (CO)
were obtained by EMP defocused beam analyses (10 pm beam diameter). In Table 1.8,
average matrix compositions determined in this work are compared to literature data.
Matrix compositions in Fe-Mg-Si (element wt%) ternary diagrams are shown in Figures
1.12a,c,e. In MET 00526 (L), matrix compositions are more Si-rich than in MET 00426
(CR) and Kainsaz (CO). Average Mg contents of matrix increase from L to CR to CO,

while average Fe contents are fairly comparable (Table 1.8).

Table 1.8. Average matrix compositions (element wt%) of MET 00526 (L), MET 00426 (CR), and Kainsaz
(CO) compared to literature data.

MET Semar- MET

VEL G ew ML M famm Ao
3o (305  (LL3O) (crao) (CR30) GBO5 B93
GBO05 GBO05 A07
#I;Sr;i' 40 11 20 15 47 72 10 31
Si 18.5 18.7 16.0 12.0 12.5 13.9 14.1 142
Ti 0.03 0.04 0.03 0.04 0.03 0.04 0.05 0.04
Al 22 22 15 0.79 0.92 1.0 13 24
cr 0.17 0.18 0.16 0.25 0.18 0.23 0.25 0.24
Fe 26.1 26.6 235 26.9 273 275 26.8 25.0
Mn 0.15 0.18 0.15 0.23 0.14 0.27 033 0.18
Mg 6.2 6.8 6.7 8.8 7.9 10.4 102 8.9
Ca 0.65 0.61 0.56 0.85 0.66 0.44 0.53 0.76
Na 1.6 1.4 1.6 0.22 0.16 0.45 0.50 0.18
K 036 0.32 031 0.09 0.15 0.10 0.13 0.10
Ni 1.4 0.96 0.96 13 1.4 0.40 0.72 26
P 0.03 0.00 0.00 0.11 0.11 0.10 0.07 0.11
S 0.52 0.43 12 29 2.0 0.14 0.15 1.1

GBO05 = Grossman and Brearley (2005)
A07 = Abreu (2007)
B93 = Brearley (1993)
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DiIsScuUsSION

Our detailed study of chondrules provides a self-consistent dataset that combines
chondrule textures with mineralogy and bulk chemical compositions for not only one
chondrite, but three fairly pristine members (MET 00526, MET 00426 and Kainsaz) of
different chondrite groups (L, CR and CO). These data allow us to compare the
mineralogy and bulk compositions of chondrules with the same texture in different
chondrites and to examine the compositional relationship between different chondrule
types (e.g., type I versus type II) within a chondrite group. This information can be used
to improve our understanding of the nature and variability of chondrule precursor
materials, nebular heterogeneities, conditions during chondrule formation such as varying
oxygen fugacity, and reheating/recycling of material (e.g., Grossman et al. 1988; Jones et
al. 2005).

We currently have a limited understanding as to how chondrules of the same textural
type compare between the different chondrite groups (e.g., Scott and Taylor 1983). This
is mostly due to the fact that many studies of chondrules have focused on just one
chondrite (or one chondrite group). In addition, many literature data are compromised by
the fact that the chondrites studied have been affected by secondary processes (see review
in Jones 2005 and references therein). It has been recognized that oxygen isotopic
compositions of chondrules from different chondrite groups are significantly different
(e.g., Clayton 2003; Krot et al. 2006; Yurimoto et al. 2008). However, we do not know if
the differences in oxygen isotopic composition are reflected in the mineral and bulk
chondrule compositions. Furthermore, available datasets for bulk chondrule compositions
of members from the same chondrite group (e.g., CO chondrites) show some
discrepancies, even for major elements (e.g., Jones et al. 2005). Our Kainsaz (C0O3.2)
bulk chondrule data obtained by modal recombination via EMP allow us to resolve some
of the confusion with these previous datasets.

We also obtained bulk compositional data for fine-grained matrix in the three
chondrites studied. These data could potentially help to address fundamental questions
that are important for chondrule formation models — for example, whether chondrules and

matrix formed in the same or in different regions of the solar nebula.
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It is extremely important to study the least processed chondrites in order to avoid
ambiguity in the data sets (see also Huss et al. 2005). For that reason, we first address
how parent body processes (i.e., thermal metamorphism, aqueous alteration) and/or
terrestrial alteration may have modified the primary nebular record in the chondrites

included in this study.

Effects of secondary alteration on mineralogy and bulk composition of chondrules

Thermal metamorphism

MET 00426 (CR3.0) is one of the few most pristine chondrites found to date (Abreu
2007; Abreu and Brearley, Forthcoming) and MET 00526 (L3.05) has not been
metamorphosed significantly (Grossman and Brearley 2005). However, we need to
carefully consider possible effects of thermal metamorphism that may have affected our
Kainsaz data. Based on petrographic and mineralogic characteristics, Kainsaz was first
classified as a petrologic type 3.1 (Scott and Jones 1990) and later as 3.2 (e.g., Chizmadia
et al. 2002; Grossman and Brearley 2005). In contrast, a study of the structural grade of
organic matter in Kainsaz by Bonal et al. (2007) resulted in a classification as petrologic
type 3.6.

As a result of thermal metamorphism, many type I chondrule olivines in Kainsaz
have developed compositional zoning with thin FeO-rich rims (e.g., Fig. 1.1e) due to Fe-
Mg exchange with the surrounding FeO-rich matrix (e.g., Scott and Jones 1990). Iron-
magnesium diffusion is much faster in olivine than in pyroxene (e.g., Freer 1981), but to
be cautious we used the olivine and low-Ca pyroxene compositions with the lowest
measured Fa and Fs contents, instead of average compositions, for calculating the bulk
compositions of type I chondrules in Kainsaz. Figure 1.3c indicates that even the lowest
measured Fa contents in Kainsaz type I chondrule olivines are probably somewhat higher
than their original Fa contents before thermal metamorphism occurred, because Kainsaz
type I chondrules do not plot on the 1:1 line like type I chondrules in the other two more
pristine chondrites (Fig. 1.3a,b). However, this does not seem to have much of an effect
when the FeO contents of the silicate portion are calculated, as the FeO contents of

Kainsaz type I chondrules are not significantly higher than those of type I chondrules in
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MET 00526 and MET 00426 (Fig. 1.12f vs. Fig. 1.12b,d). Therefore, we feel confident
that our bulk compositional data for Kainsaz type I chondrules are fairly close to their
initial compositions (with respect to Fe and Mg) before thermal metamorphism occurred.

Iron-magnesium exchange between type II chondrule olivines and matrix in Kainsaz
was probably not very significant, assuming that the initial Fa contents of matrix olivines
in Kainsaz were comparable to those found in ALHA 77307 (CO3.0), which mainly
range from Fa;s to Fa;, (Brearley 1993). However, an issue of concern for type II bulk
chondrule compositions in Kainsaz is the behavior of Cr during thermal metamorphism.
At the onset of thermal metamorphism (petrologic type 3.0 to 3.2), Cr contents of olivine
decrease significantly due to the exsolution of a Cr-rich phase, probably chromite (Jones
and Lofgren 1993; Grossman and Brearley 2005). Cr,O; contents in type II chondrule
olivines in Kainsaz are much lower (mostly below 0.2 wt% Cr,0s; Fig. 1.6f) than in more
primitive CO chondrites like ALHA 77307 (0.2-0.6 wt% Cr,03, Grossman and Brearley
2005) indicating secondary chromite crystallization. It is nearly impossible to obtain
reasonably good EMP analyses on the exsolved chromites at the edges of olivine grains.
Therefore, it is likely that we underestimated the bulk Cr contents in some of the type II
chondrules in Kainsaz — probably in chondrules K1-Ch8, K1-Ch16, K2-Ch4 and K2-Ch7,
which show the lowest bulk Cr contents in Figure 1.11f. Chondrule K1-Ch7 has the
highest bulk Cr content of all the type II chondrules studied in Kainsaz, which can be
related to the fact that several chromite grains are exposed in the thin section. These
chromite grains seem to have crystallized from the chondrule melt rather than being the
product of thermal metamorphism.

Phosphorus contents of kamacite in Kainsaz type I chondrules are below the EMP
detection limit of 0.04 wt%, which is consistent with the findings by Scott and Jones
(1990) for other metamorphosed CO chondrites. Only kamacite in the very least
metamorphosed CO chondrites contains high levels of P (0.23 wt% P in CO3.0 chondrite
ALHA 77307: Scott and Jones 1990). It is known from observations in other chondrite
groups, that P leaves the metal during the onset of thermal metamorphism to form larger
phosphate grains (>20 um), which are observed in the matrix of chondrites with
petrologic types higher than 3.5 (e.g., Huss et al. 2006). However, Lauretta et al. (2001)
and Lauretta and Buseck (2003) observed tiny grains (<3 pum) of maricite (FeNaPQy) at
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the edges of kamacite grains and other phosphates with variable compositions as thin
rims around metal grains in Bishunpur (LL3.1) type I chondrules. Similar observations
were made by Rubin and Grossman (1985). Because we did not obtain WDS element
maps for P, we might have missed accessory phosphate phases. Hence, our bulk P
contents for CO type I chondrules may be a bit low (Fig. 1.11e). Other effects that might

be related to thermal metamorphism in Kainsaz are discussed along with the data below.

Aqueous alteration

Most CR chondrites found to date are highly aqueously altered (Weisberg et al.
1993a; Weisberg et al. 1995; Krot et al. 2002; Weisberg and Huber 2007). However,
MET 00426 has been recognized as one of the most pristine CR chondrites (petrologic
type 3.0). Its fine-grained matrix mainly consists of amorphous material and nano-
sulfides (Abreu 2007; Abreu and Brearley, Forthcoming). Minerals indicative of aqueous
alteration which are characteristic for other CR chondrites (e.g., Renazzo, Al Rais), such
as phyllosilicates, calcite and magnetite are very rare in MET 00426 (Abreu 2007; Abreu
and Brearley, Forthcoming). The mesostasis glass in type IIA chondrules in MET 00426
(CR) has high Na,O and K,O contents (Fig. 1.9d), further suggesting that aqueous
alteration must have been very limited, as these elements would easily be mobilized and
enter the matrix (Burger 2005).

All of the type I chondrules we studied in MET 00426 have unaltered mesostasis that
is clear and glassy. In several chondrules we found that the glass is more Na- and Si-rich
(sometimes also more K- and Mn-rich) towards the chondrule edges (Fig. 1.8a). This is
very similar to what has been observed in some Semarkona type I chondrules (e.g.,
Matsunami et al. 1993; Grossman et al. 2002; Libourel et al. 2006; Nagahara et al. 2008)
as well as in other CR chondrites (e.g., Libourel et al. 2006). However, currently there is
no consensus whether these compositional trends are due to aqueous alteration on the
parent asteroid (Grossman et al. 2002), recondensation of elements lost during chondrule
formation (e.g., Matsunami et al. 1993; Nagahara et al. 2008) or gas-melt interactions
(e.g., Libourel et al. 2006). This is discussed further below.

Evidence for aqueous alteration has also been described in low petrologic type

ordinary chondrites (e.g., Hutchison et al. 1987; Alexander et al. 1989a; Sears et al. 1995;
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Grossman et al. 2000), but currently nothing is known about aqueous alteration in MET
00526 (L). Some of the Fe,Ni metal in MET 00526 (L) has been replaced by magnetite,
which suggests that minor aqueous alteration occurred on the parent asteroid (e.g., Krot et
al. 1997; Choi et al. 1998). Nevertheless, the fact that chondrule mesostases are unaltered
and that Na,O and K,O contents are high in type IIA chondrule mesostases (Fig. 1.9b)

indicates that aqueous alteration must have been very minor in MET 00526 (L).

Terrestrial weathering (MET 00426 [CR3.0] and MET 00526 [L3.05])

MET 00426 (CR) and MET 00526 (L) are Antarctic meteorites and experienced
some terrestrial weathering. The presence of terrestrial water and/or ice affects Fe,Ni
metal first as it is oxidized, hydrated and partially replaced by Fe oxides and Fe
hydroxides (e.g., Ikeda and Kojima 1991; Lee and Bland 2004). Such reddish-brown
alteration products occur around metal grains and as veins along grain boundaries, cracks
and fractures in both MET 00426 and MET 00526. However, they seem to be slightly
more common in MET 00526 (L) than in MET 00426 (CR), supporting the higher degree
of terrestrial weathering B/C that has been assigned to MET 00526 (Connolly et al.
2007b), compared to grade B assigned to MET 00426 (Russell et al. 2002).

Areas in MET 00426 (CR) and MET 00526 (L) chondrules that are occupied by
alteration products were counted as kamacite when determining bulk chondrule
compositions, because terrestrial alteration is much faster for kamacite than for taenite
(e.g., Ikeda and Kojima 1991). Areas occupied by larger veins of Fe hydroxides were

excluded and not taken into account for bulk chondrule compositions.

Comparison of chondrules with the same texture in different chondrite groups
Chondrules in CO chondrites are much smaller (mean diameter 0.15 mm) than
chondrules in CR (0.7 mm) and ordinary (0.3 — 0.9 mm) chondrites (e.g., Brearley and
Jones 1998), but they show the same general characteristics and textural types. Currently,
there are only very few studies/reviews available in the literature describing the
similarities and differences of chondrules in different chondrite groups or comparing their

compositional diversity (e.g., Scott and Taylor 1983; Grossman and Wasson 1983a;
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Grossman et al. 1988; Jones et al. 2005). Many datasets reviewed in these publications
are compromised by varying degrees of secondary processing. Chondrules from CR
chondrites have not yet been compared comprehensively to those in other chondrite
groups, probably because most CR chondrites are typically highly aqueously altered (e.g.,
Weisberg et al. 1993a, 1995; Krot et al. 2002). Unaltered type 3 CR chondrites have only
been recognized very recently (Weisberg 2001; Abreu 2007; Abreu and Brearley,
Forthcoming).

Table 1.1 shows the relative proportions of textural types of the chondrules selected
for detailed analysis in MET 00526 (L), MET 00426 (CR) and Kainsaz (CO) compared
to the observed relative proportions in their respective chondrite groups. FeO-poor
porphyritic (type I) chondrules are the most common chondrule type in all three chondrite
groups (Table 1.1). FeO-rich porphyritic (type II) chondrules are most abundant in
ordinary chondrites (10-50%; Grossman et al. 1988), much less abundant in CO
chondrites (3%; Grossman et al. 1988) and rare in CR chondrites (<1%; Weisberg et al.
1993a). We selected a higher than representative proportion of type II chondrules in
Kainsaz (CO) and MET 00426 (CR), so that we had sufficient information on this type of

chondrules.

FeO-poor porphyritic (type 1) chondrules

Textural characteristics

Scott and Taylor (1983) observed that type I chondrules in CO, CM, CV and type 3
ordinary chondrites are usually quite round, contain relatively small olivine crystals,
abundant Fe,Ni metal and clear mesostasis. Scott and Taylor (1983) also described a
textural continuum from type IA to IAB to IB chondrules, which is associated with an
increase in the modal abundance of low-Ca pyroxene. In type IA chondrules, minor low-
Ca pyroxene may be present as phenocrysts along the edges. In type IAB chondrules,
low-Ca pyroxene often forms an outer layer, poikilitically enclosing olivines (see Fig.
1.1). In type IB chondrules, olivine is often only present as small chadacrysts that show
resorbed edges. Type I chondrules in CR chondrites exhibit the same general features, but

tend to show more layering with olivine and mesostasis in the core, an outer layer of low-
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Ca pyroxene, and a continuous or discontinuous layer of metal grains (e.g., Weisberg et
al. 1993a). In the more pristine CR chondrites, silica-rich outer layers may be present as
well, while the absence of silica rims in aqueously altered CR chondrites could be the
result of its replacement by phyllosilicates (e.g., Krot et al. 2002). Our dataset for MET
00426 (CR3.0) includes two type I chondrules with a silica-rich outer layer (CR-Ch10
and CR-Ch19) and a type I chondrule that contains silica in the interior (CR-Ch18).

Olivine and pyroxene

The minor element chemistry of olivine, low-Ca pyroxene and Ca-rich pyroxene in
type I chondrules is essentially very similar in MET 00526 (L), MET 00426 (CR) and
Kainsaz (CO). One exception is Cr,Os3 in olivine, which is lower in type I chondrules in
Kainsaz (CO3.2) (Fig. 1.6e) than in MET 00526 (L3.05) (Fig. 1.6a) and MET 00426
(CR3.0) (Fig. 1.6c). It is likely that this is an effect related to thermal metamorphism as
discussed for type II chondrules above (e.g., Brearley and Jones 1998).

Experimental studies predict a positive correlation between CaO and FeO in
forsteritic olivine that crystallized from a melt (e.g., Jurewicz and Watson 1988; Libourel
1999; Pack and Palme 2003). However, a negative correlation has been observed in type I
chondrule olivine in CO, CM, CV and ordinary chondrites (e.g., McSween 1977¢; Scott
and Taylor 1983; Jones and Scott 1989; Jones 1992; Scott et al. 1994) and its origin
remains enigmatic (e.g., Jones and Scott 1989; Libourel 1999; Pack and Palme 2003).
Our data for type I chondrule olivines also show negative correlations between CaO and
FeO (Fig. 1.5a,c,e), although the trend is quite shallow in the MET 00426 (CR) data (Fig.
1.5¢).

Mesostasis

Mesostasis compositions of type I chondrules show negative trends in A1,O3 (Wt%)
vs. SiO; (wWt%) and CaO (wt%) vs. SiO, (wWt%) diagrams (Fig. 1.7a,C), consistent with
previously published data (e.g., Brearley and Jones 1998). Our data for Kainsaz (CO),
MET 00426 (CR) and MET 00526 (L) type I chondrule mesostases show significant

overlap in such diagrams (Fig. 1.7a,c), indicating a similar crystallization history.
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Mesostasis in most of the type I chondrules in MET 00526 (L) and Kainsaz (CO) has
low K and variable Na contents (Fig. 1.9a,c,e), as is typical for type I chondrules in
ordinary and carbonaceous chondrites (e.g., Hewins 1991; Grossman and Brearley 2005).
In contrast, mesostasis in type I chondrules in the CR chondrite MET 00426 frequently
shows two different compositions (Figs. 1.8a and 1.9¢) with one having higher than
typical abundances of volatiles (Na, K, Mn, Si). This 2nd glass is located in the outer
parts of the chondrules, whereas the glass located in the center is more Ca- and Al-rich. A
few chondrules in the L chondrite MET 00526 show similar features, but the 2nd glass is
not as volatile-rich as in the CR chondrules (Figs. 1.8a,b and 1.9a,c).

Several authors have made observations comparable to ours in mesostasis glass in
type I chondrules in Semarkona (Matsunami et al. 1993; Grossman et al. 2002; Libourel
et al. 2006; Nagahara et al. 2008) and in CR2 chondrites (Libourel et al. 2006), although
compositional zoning was observed rather than two distinct glass compositions. Libourel
et al. (2006) argued that the zoning was caused by gas-melt interactions as the chondrules
cooled in the nebula. On the other hand, Grossman et al. (2002) suggested that both high-
and low-temperature processes were involved in the formation of zoned chondrules and
presented evidence (from H,O contents and D/H ratios) that hydration of chondrule glass
during aqueous alteration on the parent asteroid must have played a major role in
producing zoning in the mesostasis. The CR2 chondrites studied by Libourel et al. (2006)
experienced aqueous alteration on their parent body (e.g., Weisberg et al. 1993a, 1995;
Krot et al. 2002), as did Semarkona (e.g., Alexander et al. 1989a; Grossman et al. 2000).
The CR chondrite we studied (MET 00426) is one of the most pristine CR chondrites
(CR3.0) found to date. In fact, MET 00426 is much less altered than Semarkona (Abreu
2007; Abreu and Brearley, Forthcoming). Of all the meteorites in which compositional
trends have been observed in type I chondrule mesostasis, MET 00426 is the most
pristine and therefore, the origin of the different glass compositions is more likely nebular

than a product of secondary asteroidal alteration.

Metal and sulfides
Ni and Co contents of Fe,Ni metal in type I chondrules in MET 00426 (CR) lie along

the CI line (Fig. 1.10a), which is consistent with previous studies of metal in CR
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chondrites (e.g., Weisberg et al. 1993a; Weisberg et al. 1995; Connolly et al. 2001). The
precursor material of CR type I chondrules probably contained metal grains that were the
product of direct condensation from a gas of solar bulk composition (Weisberg et al.
1993a, 1995; Krot et al. 2002), so that the metal that crystallized from the chondrule melt
retained the solar Co/Ni ratios.

The lower Ni contents of kamacite in MET 00526 (L) and Kainsaz (CO) type I
chondrules and the higher Co contents of kamacite in Kainsaz (CO) type I chondrules
(Fig. 1.10a) are more difficult to explain. Rambaldi and Wasson (1984) observed
similarly low Ni contents (~2-4 wt%) in kamacite in Krymka (LL) and Chainpur (LL)
chondrules and suggested that such (originally CI-like) kamacite may have been diluted
by Fe reduced from the silicates during chondrule formation. However, type I chondrule
silicates in MET 00526 (L) and Kainsaz (CO) do not show evidence for reduction. The
higher Co contents of the kamacite in Kainsaz (CO) type I chondrules can probably be
attributed to thermal metamorphism (e.g., McSween 1977b; Scott and Jones 1990).

We did not observe sulfides in our CR type I chondrules, consistent with Krot et al.
(2002). Type I chondrules in MET 00426 (CR3.0) also do not contain any taenite. In
contrast, type I chondrules in Kainsaz (CO) contain abundant taenite, troilite and/or
monosulfide solid solution (MSS). In MET 00526 (L) type I chondrules, taenite and
troilite/MSS are present but are much less abundant than in Kainsaz type I chondrules,
probably because they have been affected by terrestrial alteration. Thermodynamic
equilibrium calculations predict taenite-FeS assemblages for sulfidization of kamacite at
temperatures below 710 K (e.g., Kerridge 1979), but experimental studies have shown
that pentlandite and other phases, which we did not observe in Kainsaz and MET 00526
type I chondrules, should also form (e.g., Lauretta et al. 1998). However, the sulfides
present in Kainsaz (CO) and MET 00526 (L) type I chondrules could also be primary as
they may have crystallized from the chondrule melts (e.g., Rubin et al. 1999). If this were
the case, sulfides would have been present in the precursor material of these chondrules.
Sulfur isotope studies (e.g., Tachibana and Huss 2005), analyses of rare earth elements
(e.g., Kong et al. 2000) and/or other minor and trace elements (e.g., Donnelly and
Brearley 2007) would be needed in order to better constrain the origin of sulfides in CO

and L type I chondrules. Yu et al. (1996) showed that very short heating times (a minute
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or less), high initial cooling rates (at least 5000°C/hr) and oxygen fugacities near the IW
buffer are needed in order to avoid S loss during the chondrule-forming event.

The fact that mesostasis glass in the center of MET 00426 (CR) type I chondrules
contains measurable S contents (0.01 to 0.1 wt%) could indicate that sulfides were
present in the precursor material of CR type I chondrules, but were volatilized during the
chondrule formation process. On the other hand, S could have condensed into the glass

along with other volatiles as mentioned above.

Bulk chondrule compositions

Type I chondrules studied in MET 00526 (L), MET 00426 (CR) and Kainsaz (CO)
share the common characteristic feature that their silicate portions have very similar FeO,
MgO and SiO; contents (Fig. 1.12b,d,f). However, there are also significant differences
in the bulk compositions of type I chondrules in these meteorites. Figure 1.13 shows
Ni/Fe versus S/Fe (element wt% ratios) for bulk compositions of type I chondrules in
MET 00526 (L), MET 00426 (CR) and Kainsaz (CO). Because CR type I chondrules
contain very little sulfur, they have S/Fe ratios close to zero and do not contain any
sulfides. The variable Ni/Fe and S/Fe ratios of CO type I chondrules are probably related
to different modal abundances of kamacite, taenite and troilite/MSS. L type I chondrules

tend to have lower Ni/Fe ratios than most CO type I chondrules.
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Fig. 1.13. Ni/Fe versus S/Fe (element wt% ratios) for bulk chondrule compositions of type I chondrules in
MET 00526 (L), MET 00426 (CR) and Kainsaz (CO).
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Another major difference can be found in the bulk chondrule K and Na abundances
shown in Figure 1.14. Most MET 00526 (L) and MET 00426 (CR) type I chondrules
have K/Na ratios that vary around the solar ratio, while Kainsaz (CO) type I chondrules
have variable Na but a more limited range of K contents. It is not clear, whether the low

K contents of Kainsaz type I chondrules are a primary feature or if they are related to

thermal metamorphism.
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Fig. 1.14. K versus Na (Cl-normalized) for bulk chondrule compositions of type I chondrules in MET
00526 (L), MET 00426 (CR) and Kainsaz (CO).

In conclusion, silicates in type I chondrules in MET 00526 (L), MET 00426 (CR)
and Kainsaz (CO) show similar minor element chemistry. Major differences can be found
in the minor element chemistry of Fe,Ni metal and in the absence of sulfides and taenite
in MET 00426 (CR) type I chondrules. The latter also frequently show a 2nd mesostasis
glass that is rich in volatile elements (Na, K, Mn and Si).
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FeO-rich porphyritic (type 11) chondrules

Textural characteristics

Type II chondrules in CO, CM, CV and type 3 ordinary chondrites tend to have
irregular shapes and consist of euhedral olivine crystals (that are typically strongly
zoned), microcrystalline mesostasis and rare Fe,Ni metal (e.g., Scott and Taylor 1983).
The same is true for type II chondrules in CR chondrites, although Weisberg et al.
(1993a) and Schrader et al. (2008) found that they are rather fragments than whole
chondrules. For Semarkona (LL3.0), Jones (1990, 1996a) described a textural continuum
from type IIA to IIAB to IIB chondrules, representing an increase in the modal
abundance of low-Ca pyroxene. Low-Ca pyroxene is typically not observed around the
edges as in type I chondrules, but rather as large phenocrysts in the interior of type II
chondrules (e.g., Jones 1996a). Poikilitic olivine enclosed in pyroxene is rare in type 11
chondrules (e.g., Jones 1996a). Our observations for type II chondrules in MET 00526
(L3.05), MET 00426 (CR3.0) and Kainsaz (C0O3.2) are consistent with these previous

studies.

Olivine and pyroxene

One significant difference between type Il chondrules in CO, CR and UOC is the
mean Fa content of olivine, which decreases in the order CO > CR > UOC (Fig. 1.3).
Positive correlations between MnO (wt%) and FeO (wt%) have been observed previously
in type II chondrule olivine in primitive chondrites (e.g., McSween 1977a,c; Brearley and
Jones 1998). However, we noticed that the slopes of the trends (compare Fig. 1.4b, d and
f) are actually significantly different for type IIA chondrule olivine in MET 00526 (L),
MET 00426 (CR) and Kainsaz (CO). These Fe-Mn trends in type IIA chondrule olivine
and possible explanations for the different slopes observed in unequilibrated ordinary, CR
and CO chondrites are the focus of Chapter 2 of this thesis. Fe-Mn trends in olivine are
more robust than Fe-Ca and Fe-Cr trends. Although these frequently also show positive
trends in type ITA chondrule olivine (e.g., Fig. 1.5b,d and Fig. 1.6b,d), they are more
casily disturbed by thermal metamorphism, as observed in the Kainsaz data (Fig. 1.5f and

Fig. 1.6f). Cr,Os contents in type IIA olivine are also affected by the onset of chromite
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crystallization (e.g., Jones 1990), which explains the drop in Cr,O3 contents at higher
FeO contents (i.e., at the edges of the grains) in Figures 1.6b and 1.6d. It is likely that
Fe-Ca and Fe-Cr trends would show similar differences in slope as the Fe-Mn trends in
type IIA olivine in L, CR and CO, if these trends were not disturbed by secondary
overprints.

The type IIAB chondrules we encountered in Kainsaz (K1-Ch15) and MET 00426
(CR-Ch4) are rather atypical (refer to supplementary xIs-files), so that a reasonable
comparison to the more characteristic type [IAB chondrules found in MET 00526 (L) is
not appropriate. However, the four type ITAB chondrules in MET 00526 (L) show many
similarities to the porphyritic pyroxene chondrules described by Jones (1996a) in
Semarkona (LL). We also observed four pyroxene minerals (clinoenstatite, orthorhombic

enstatite, pigeonite, augite) and complex zoning features.

Mesostasis

In contrast to type I chondrules discussed above, mesostasis compositions in CO, CR
and UOC type II chondrules tend to occupy different regions with only little overlap in
the Al,O3 (Wt%) vs. SiO, (wWt%) and CaO (wt%) vs. SiO; (Wt%) diagrams shown in
Figure 1.7b,d. This is probably related to differences observed in bulk chondrule Si
contents, as further discussed in Chapter 2 of this thesis for CO, CR and UOC type 1A
chondrules.

Type II chondrules typically have mesostasis compositions with higher K,O and
Na,O contents than type I chondrules (e.g., Hewins 1991; Grossman and Brearley 2005).
Figure 1.9 shows that this is true for mesostasis in type IIA chondrules in MET 00526
(L) and MET 00426 (CR) and some type IIAB chondrules in MET 00526 (L). However,
KO contents in Kainsaz type IIA and type IIAB chondrule mesostasis (Fig. 1.9f) are low
and comparable with those observed in Kainsaz type I chondrule mesostasis (Fig. 1.9¢).

It is not clear whether this is a primary or secondary feature.
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Metal and sulfides

The modal abundance of opaque phases in type II chondrules in Kainsaz (CO), MET
00426 (CR) and MET 00526 (L) is mostly below 3 vol%. Our limited number of metal
analyses in type II chondrules (Fig. 1.10b) show, that kamacite grains in Kainsaz type II
chondrules tend to have higher Co contents than those in MET 00426 (CR) and MET
00526 (L) type II chondrules. This can probably be attributed to thermal metamorphism
(e.g., McSween 1977b; Scott and Jones 1990).

Bulk chondrule compositions

FeO contents of the silicate portion of the type II chondrules studied show a
comparable trend to that observed for average Fa contents of type II chondrule olivines,
being highest in Kainsaz (CO) (Fig. 1.12f), intermediate in MET 00426 (CR) (Fig.
1.12d) and lowest in MET 00526 (L) (Fig. 1.12b). This general trend is also observed in
the bulk Fe content of type II chondrule compositions (Fig. 1.12a,c,e) as the modal

abundances of opaque minerals are so low.

200 —T—
- mtypelA (L)
180 F ®type AB/IB (L) | |
[ ] Otype IAB/IB (CR)
I Otype IAB/IB (CO)| |
160 AtypellA (L) 1
F & type llAB (L)
140 + +red. POP (L) i
Atype Il (CR)
Atypell (CO)
O 120 1 A 1
c F A q
A
% 100 A = .
() i A )
L L ]
80 *
60 | A .
+ A A A |
A *
L)
40 M N A i
L O A * i
20 1%30 ¢ + )
S i
0 (oN 1 s 1 s 1 s 1 s 1 s 1 s 1 s 1 s 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
FeO/MgO

Fig. 1.15. FeO/MnO versus FeO/MgO (oxide wt% ratios) for the silicate portion of type I and type II
chondrules in MET 00526 (L), MET 00426 (CR) and Kainsaz (CO). FeO/MnO ratios of type II chondrules
(triangles) show a decrease in the order CO>CR>L, which is consistent with the Fe-Mn trends we observed
in type II olivine shown in Figure 1.4b,d,f. The two type IA chondrules (black squares) in MET 00526 (L)
show the lowest bulk Mn contents which is reflected in their high FeO/MnO ratios.
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The bulk compositions of type II chondrules in MET 00526 (L), MET 00426 (CR)
and Kainsaz (CO) also reflect the different Fe-Mn trends we observed in type II olivine
(Fig. 1.4b,d,f). This is shown in Figure 1.15, where FeO/MnO versus FeO/MgO (oxide
wt% ratios) is plotted for the silicate portions of type II chondrules (as well as of type I
chondrules for comparison). FeO/MnO ratios are high in CO type IIA chondrules,
intermediate in CR type IIA chondrules and low in L type IIA chondrules, while most
type I chondrules cluster around the origin of this diagram.

Bulk K and Na abundances of type II chondrules are shown (relative to CI
chondrites) in Figure 1.16. Most MET 00526 (L) and MET 00426 (CR) type 11
chondrules have K contents higher than solar while most Kainsaz (CO) type 11
chondrules have K contents lower than solar. This is reflected in the mesostasis
compositions (Fig. 1.9b,d,f) and, as mentioned above, it is not clear whether the low K
contents of Kainsaz type II chondrules are a primary feature or if they are related to

thermal metamorphism.
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Fig. 1.16. K versus Na (Cl-normalized) for bulk chondrule compositions of type II chondrules in MET
00526 (L), MET 00426 (CR) and Kainsaz (CO).

A major conclusion of our work is that type II chondrules in MET 00526 (L), MET
00426 (CR) and Kainsaz (CO) show systematic differences in bulk FeO, MgO and MnO

contents that are reflected in their olivine compositions.
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Barred olivine (BO) chondrules

The peculiar textures of barred olivine chondrules have promoted several analytical
and experimental studies to investigate their properties and formation conditions (e.g.,
Weisberg 1986, 1987; Lofgren and Lanier 1990; Tsuchiyama et al. 2004; Varela et al.
2006). In experimental studies, BO textures develop when the crystalline precursor is
melted at a higher initial temperature than for a PO texture, very close to or slightly
above the liquidus, to obtain very few nuclei — ideally only one (e.g., Lofgren and Lanier
1990). Weisberg (1987) suggested that development of the barred olivine texture might
be in part controlled by composition, because he found that BO chondrules in ordinary
chondrites are enriched in Al,O3, Na,O and K,O compared to other types of
ferromagnesian chondrules. He also observed no significant differences in the average
bulk compositions of BO chondrules in type 3 H, L and LL chondrites. Lofgren and
Lanier (1990) performed experiments using a starting composition similar to that of
Weisberg’s (1987) average L3 BO chondrule composition (given in Table 1.9) and found
that this composition produces BO textures over a greater range of melting temperatures
and a wider variation of cooling conditions than others. However, in general,
experimental studies have shown that barred textures can be produced over a wide range
of compositions — the only restriction is that olivine needs to be on the liquidus (e.g.,
Tsuchiyama et al. 1980; Lofgren and Lanier 1990; Hewins and Radomsky 1990;
Tsuchiyama et al. 2004).

Our study included two FeO-poor and two FeO-rich chondrules that show barred
textures (Fig. 1.2i,j,k,l and Fig. 1.12), one of each in the L chondrite MET 00526 and the
CR chondrite MET 00426. The bulk compositions of the silicate portions of these
chondrules are shown in Table 1.9, compared to bulk compositions of porphyritic
chondrules and published data for BO chondrules in ordinary chondrites (Lux et al. 1981;
Weisberg 1987) and in Allende (Simon and Haggerty 1980). Our barred olivine
chondrule compositions all have lower bulk Al,O3 contents than the average BO
chondrule compositions determined by Simon and Haggerty (1980) in Allende, by Lux et
al. (1981) in H3 chondrites and by Weisberg (1987) in ordinary chondrites. Lux et al.
(1981) and Weisberg (1987) obtained their bulk chondrule compositions via defocused

beam analyses (DBA) without applying a density correction. Therefore, we suspect that
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the high Al,O3, Na,O and K,O contents they report might be an artifact of their analytical
method (refer to Appendix A). On the other hand, Simon and Haggerty (1980) obtained
their bulk compositions via modal recombination analysis (MRA) and included phase
densities, but their Al,O3 contents are even higher. However, they also mention that the
Allende BO chondrules they studied have high modal proportions of mesostasis. This
could be a 2D cutting effect, but provides a simple explanation for the high Al,O;
contents.

As can be seen in Table 1.9, the bulk compositions of our two FeO-poor BO
chondrules, L-Chl in MET 00526 (Fig. 1.2i) and CR-Ch11 in MET 00426 (Fig. 1.2I), are
very similar to those of type A and type IAB chondrules. [Chondrule L-Chl (Fig. 1.2i) is
actually a compound chondrule, but the bulk composition given in Table 1.9 is only for
the olivine bars plus mesostasis in between the bars.] Also, the bulk composition of the
FeO-rich BO chondrule L-Ch19 (Fig. 1.2j) is very similar to the average type IIAB
composition measured in MET 00526 (L) and the bulk composition of the FeO-rich
chondrule CR-Ch16, which is texturally intermediate between porphyritic and barred
(Fig. 1.2Kk), does not differ much from the average type IIA composition in MET 00426
(CR). Since bulk compositions of our BO chondrules are very similar to those of
porphyritic chondrules and we observe FeO-poor as well as FeO-rich compositional
extremes (see also Fig. 1.12), these observations support the results of experimental
studies that show that barred textures can be produced over a wide range of compositions
and simply require higher initial temperatures than porphyritic chondrules (e.g.,
Tsuchiyama et al. 1980; Hewins and Radomsky 1990; Lofgren and Lanier 1990;
Tsuchiyama et al. 2004).

The two FeO-rich BO chondrules have lower Al,O3, CaO and TiO, contents, but
higher Na,O, K,O and MnO contents than the two FeO-poor BO chondrules. This agrees
well with an observation by Matsuda et al. (1990), who showed that BO chondrules in
Allende exhibit a positive correlation between the Fa content of olivine and bulk K
contents. Lux et al. (1981) and Weisberg (1987) did not distinguish between FeO-poor
and FeO-rich BO chondrules in their studies, therefore, their average BO chondrule
compositions given in Table 1.9 include both. Weisberg (1987) did not find very many
FeO-poor BO chondrules in type 3 H, L and LL chondrites (6 out of 62), which is why
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their average composition has a much higher FeO content than the one by Lux et al.
(1981). FeO-poor BO chondrules seem to be more common in CV3 chondrites (e.g.,
Weisberg 1986) and the BO chondrules studied by Simon and Haggerty (1980) are all
FeO-poor. When the average FeO-poor BO chondrule composition from Simon and
Haggerty (1980) is compared to Weisberg’s (1987) average composition of mostly FeO-
rich BO chondrules (Table 1.9), the statement from above still holds true: the FeO-poor
BO bulk composition has higher Al,O3, CaO and TiO, contents, but lower Na,O, K,O
and MnO than the FeO-rich BO bulk composition.

Currently, it is difficult to say whether or not there might be a gap between FeO-poor
and FeO-rich BO chondrules. The data obtained by Simon and Haggerty (1980), Lux et
al. (1981) and Weisberg (1987) are somewhat compromised by secondary overprints,
plus Lux et al. (1981) and Weisberg (1987) combined FeO-poor and FeO-rich BO
chondrules to one average composition. There clearly is a wide gap in the FeO contents
of our four BO chondrules (Fay 7 and Fa; 3 versus Fay and Faz4) in two of the most
primitive chondrites, MET 00526 (L3.05) and MET 00426 (CR3.0), but more data are
needed to verify whether this gap is real.

In conclusion, our FeO-poor and FeO-rich BO chondrules show significant
differences in their refractory and volatile element contents (Table 1.9): the FeO-poor
BO bulk compositions have higher Al,O3, CaO and TiO, contents, but lower Na,O, K,O
and MnO than FeO-rich BO chondrules. The bulk compositions of our BO chondrules are
very similar to those of porphyritic chondrules, which suggests that there is no preferred

composition for the BO texture as proposed by Weisberg (1987).

Radial pyroxene (RP) chondrules

Experimental studies have shown that radial pyroxene (RP) chondrules, like BO
chondrules, require complete, or nearly complete, melting of precursor dustballs (e.g.,
Hewins et al. 1981; Lofgren and Russell 1986). On the other hand, Engler et al. (2007)
advocate that non-porphyritic pyroxene chondrules may have formed by liquid
condensation, as has also been suggested for BO chondrules by Varela et al. (2006).
Currently, there is a very limited number of studies available in the literature regarding

the characteristics of RP chondrules (Nehru et al. 1988; Engler et al. 2007). Because they
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seem to be texturally and compositionally gradational, these studies also include other
completely molten chondrule types, such as cryptocrystalline and glassy textures (Nehru
et al. 1988). Engler et al. (2007) preferred to distinguish between cryptocrystalline,
granular, fibrous and platy textures.

We studied three RP chondrules (Figs. 1.2m,n,0), one in each of the three chondrites
MET 00526 (L3.05), MET 00426 (CR3.0) and Kainsaz (C0O3.2). Their bulk compositions
(Table 1.10, Fig. 1.12) are very similar to an average RP composition published by Lux
et al. (1981) for H3 chondrites. The RP chondrule in MET 00426 (CR-Ch17) contains
silica and has a slightly higher bulk SiO, content (63.4 wt%) than the other two RP
chondrules (57.2 and 57.6 wt%). In contrast to the BO chondrules discussed above, the
bulk FeO contents of our RP chondrules show a very narrow range from 7.5 to 8.5 wt%
(Fig. 1.12b,d,f). In comparison, the average RP composition by Lux et al. (1981) has 6.7
wt% FeO with one standard deviation of 4.0 wt%. Bulk compositions published by
Engler et al. (2007) for chondrules in Bishunpur (LL3.1) and Krymka (LL3.1) classified
as fibrous or platy have FeO contents between 6.4 and 18.8 wt%. Overall, RP chondrules

appear to show a more limited compositional range than BO chondrules.

Table 1.10. Bulk compositions (silicate portion) of radial pyroxene chondrules compared to literature data.

MET 00526 MET 00426 Kainsaz H3 (8 chondrules)
L-Ch5 CR-Ch17 K1-Ch19 Lux et al. (1981)

SiO, 57.2 63.4 57.6 55.9

TiO, 0.10 0.06 0.06 0.10
Al,O4 1.7 1.1 1.3 1.9
Cr,0; 0.96 0.82 0.67 0.48

FeO 8.5 7.5 8.4 6.7

MnO 0.60 0.55 0.55 0.31

MgO 29.2 243 29.6 29.5

CaO 1.3 1.5 1.0 2.0

Na,O 0.63 0.14 0.90 0.83

K,O 0.10 <0.03 <0.03 0.13

NiO <0.04 <0.04 <0.04 n.a.

P,Os <0.05 <0.05 <0.05 0.04

SO; <0.05 <0.05 <0.05 n.a.

Total 100.4 99.4 100.1 97.9
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Is there a genetic relationship between type | and type Il chondrules?

Although type I and type II chondrules record significantly different oxidation states
(e.g., review in Jones et al. 2005), it is intriguing that they both occur, though in different
modal proportions, in ordinary and many types of carbonaceous chondrites. Scott and
Taylor (1983) suggested that type I and type II chondrules may have formed in different
regions of the nebula from somewhat different starting materials. On the other hand,
Jones (1990) and Sears et al. (1996) proposed that, in ordinary chondrites, type I
chondrule compositions could potentially have been derived from type Il compositions
by reduction, physical loss of metal and evaporation of volatile elements, including Si.

In order to address a potential genetic relationship between type I and type 11
chondrules, it is important to know how their bulk compositions compare. Several EMP
datasets of bulk chondrule compositions available in the literature tend to suggest that
type II chondrules are more Fe-rich than type I chondrules (e.g., McSween 1977a; Jones
and Scott 1989; Jones 1990), so that physical loss of metal needs to be invoked in the
model by Jones (1990) and Sears et al. (1996). However, we found that this is not
necessarily true. Below, we first discuss the bulk Fe contents of type I and type II
chondrules. Then, we address the question of whether type I and type II chondrules could

be genetically related and could have formed within the same region of the solar nebula.

The bulk Fe content of type | and type Il chondrules

Jones et al. (2005) recognized that available EMP and INAA datasets for bulk
chondrule compositions show significant discrepancies, especially for the major element
Fe. The situation is most extreme for CO chondrites. In Figure 1.17, the different
datasets available in the literature for CO chondrules are shown for comparison with our
data. We made an effort to distinguish between type I and type Il compositions as this
information was provided in the publications and/or in the supplementary materials. Bulk
compositions of Ornans (C0O3.4) and Kainsaz (CO3.2) chondrules studied by McSween
(1977a) via EMP defocused beam analyses show two populations in a Fe-Mg-Si ternary
(Fig. 1.17a,c) with a hiatus between type I (Fe-poor) and type II (Fe-rich) compositions,
whereas data obtained via INAA by Rubin and Wasson (1988) for Ornans (CO3.4) type |
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chondrules (Fig. 1.17b) have Fe contents similar to the type II bulk compositions
determined by McSween (1977a). Rubin and Wasson’s (1988) dataset contained only one
FeO-rich chondrule (BO), which has the highest Fe content in this dataset. Our bulk
chondrule data for Kainsaz type I chondrules (Fig. 1.17d) show a continuous trend from
Fe-poor to Fe-rich compositions, with some type I compositions overlapping with type II
compositions. In our dataset, the bulk Fe content of type I chondrules depends on the
modal proportion of metal and sulfides exposed in the thin section, which will be further

discussed below.

Fe Fe
Ornans (C0O3.4) Ornans (C0O3.4)
a McSween (1977a) b Rubin and Wasson (1988)
A typel A typel
A opague-mineral- O BO (FeO-rich)

bearing type |
W typell

Si Mg Si Mg

Fe Fe

Kainsaz (C03.2) Kainsaz (C03.2)

this work

C McSween (1977a) d
A typel A typel
& opague-mineral- W typell
bearing type | O RP

W typell

Si Mg Si Mg

Fig. 1.17. Fe-Mg-Si ternaries (element wt%) for bulk compositions of CO chondrite chondrules from the
literature and this work. a) and ¢) McSween (1977a) determined bulk chondrule composition of Kainsaz
(C0O3.2) and Ornans (CO3.4) by EMP defocused beam analyses. His data show a gap between Fe-poor
(type I) and Fe-rich (type II) compositions. b) Rubin and Wasson (1988) obtained a dataset for Ornans
(C0O3.4) chondrules via INAA. Most of their type I chondrules show more Fe-rich compositions than those
from McSween (1977a). d) Bulk chondrule compositions of Kainsaz obtained in this work via modal
recombination. Type I chondrule compositions show a continuous trend towards more Fe-rich compositions
depending on how much metal and sulfides are exposed in the thin section. Most of our type I chondrules
are also more Fe-rich than those in McSween’s (1977a) work.
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Even though McSween (1977a) distinguished between type I and opaque-mineral-
bearing type I chondrules, the data for his opaque-mineral-bearing type I chondrules
show only slightly higher Fe contents than the regular type I chondrules (Fig. 1.17a,c).
This points to an analytical problem with McSweeen’s (1977a) data. McSween (1977a)
applied a normative correction (from Bower et al. 1977) to his defocused beam analyses,
but the different phase densities were not considered. Because of the much higher
densities of kamacite (p = 7.90 g/cm’) and taenite (p = 8.01 g/cm’) compared to the
different silicate phases (p ~ 2.6 — 3.5 g/cm’), metal-rich type I chondrules should have
much higher Fe contents than metal-poor type I chondrules. This is demonstrated in
Figure 1.18, which shows the consequences of determining bulk compositions of type I
chondrules via EMP (here, via modal recombination analysis) with and without
considering phase densities. If phase densities are not taken into account, bulk Fe

contents are underestimated by a factor of about 2.
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Fig. 1.18. Bulk Fe content (wt%) vs. metal + sulfide modal abundance (area %) in type I chondrules with
(black symbols) and without (gray symbols) including phase densities in modal recombination analysis
(MRA). Trendlines are shown for MET 00426 (CR) type I chondrules, which do not contain any sulfides,
while type I chondrules in Kainsaz (CO) and MET 00526 (L) do. When phase densities are included in
MRA, the calculated bulk Fe content is higher by a factor of about two.
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In addition to not including phase densities, McSween (1977a) excluded analyses
with totals higher than 103 wt%. This must have led to the preferential exclusion of
metal/sulfide analyses and mixed metal-silicate analyses, because all Fe was analyzed as
FeO. If some of the FeO could have been assigned to a metal/sulfide component and
converted to Fe, analysis totals would probably have been acceptable (also see Appendix
A for further discussion of problems with EMP defocused beam analyses).

Another possible explanation for the discrepancy in Fe contents of type I chondrules
determined in the different studies, could be that the chondrule outlines were chosen
differently (i.e., metal along chondrule edges may not have been included in McSween’s
study). However, metal along the periphery of type I chondrules in CO chondrites is not
nearly as common as in CR chondrites for example, so that this cannot be a satisfactory
explanation.

Jones et al. (2005) suggested that the higher Fe contents observed for Ornans
chondrules in Rubin and Wasson’s (1988) study (Fig. 1.17b) might be due to the higher
degree of thermal metamorphism recorded in Ornans (CO3.4) than in Kainsaz (CO3.2):
Fe-Mg exchange between type I chondrules and the surrounding fine-grained matrix
resulted in higher FeO contents in Ornans type I chondrule olivine than in Kainsaz type I
chondrule olivine (Scott and Jones 1990; Jones and Rubie 1991). However, when
comparing McSween’s (1977a) Kainsaz and Ornans bulk chondrule data (Fig. 1.17a,c), it
appears that the slightly higher FeO contents of Ornans chondrule olivine do not effect
the bulk chondrule data by much. We conclude that the higher Fe contents observed in
Rubin and Wasson’s (1988) Ornans bulk chondrule data (Fig. 1.17b) are most likely due
to the fact that metal and sulfides were correctly accounted for in their 3D method
(INAA), while the Fe contents in McSween’s (1977a) data are too low due to problems
with the analytical technique (see discussion above).

For all three chondrites studied, our bulk chondrule data of type I chondrules exhibit
continuous trends from Fe-poor to Fe-rich compositions in the Fe-Mg-Si ternaries (Fig.
1.12a,c,e), which, as shown above (Fig. 1.18), depend on the modal abundance of Fe,Ni
metal (and sulfides in Kainsaz and MET 00526 (L)) exposed in the thin section. When
chondrules are examined in thin sections, there are quite large uncertainties regarding the

true 3D modal abundance of metal and sulfides (e.g., Ebel et al. 2008). If for example, a
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very large metal grain is exposed in the cross section of a chondrule, this would lead to a
significant overestimation of siderophile elements. On the other hand, if only very few
metal grains are exposed in the thin section but the 3D object contains a lot more metal,
this would lead to a significant underestimation of siderophile elements in the bulk
chondrule composition. Type I chondrules that contain small, but homogeneously
distributed metal grains are those for which a bulk composition can be determined most
accurately in a 2D section. We tried to select type I chondrules that meet this criterion,
but we cannot exclude that the bulk Fe content may have been underestimated in some
chondrules and overestimated in others. Considering this 2D sectioning effect, our data
for CO type I chondrules (Fig. 1.17d) are more similar in their bulk Fe content to Rubin
and Wasson’s (1988) data (Fig. 1.17b) than to McSween’s (1977a) data (Fig. 1.17a,c).
In all three chondrites studied, there are some type I chondrules that overlap
significantly with type II compositions in the Fe-Mg-Si ternaries (Fig. 1.12a,c,e). Several
type I chondrules in MET 00426 (CR) and one type I chondrule in MET 00526 (L) have
even higher bulk Fe contents than type II chondrules (Fig. 1.12a,c). These are the most
metal-rich type I chondrules in the 2D thin sections (also refer to Fig. 1.18). We conclude
that, if opaque phases and their densities are properly considered when determining bulk
chondrule compositions via EMP, there is no gap between the bulk Fe contents of type I
and type II chondrules in CO, CR and ordinary chondrites (Fig. 1.12a,c,e). Type |
chondrules show a continuous trend from Fe-poor to Fe-rich compositions depending on
the modal abundance of metal (and sulfides) exposed in the thin section (Fig. 1.18).
Metal-rich type I chondrules have bulk Fe contents comparable to those of type I1
chondrules, which indicates that there is not a significant difference in the bulk Fe

content between type I and type II chondrules as has been suggested previously.
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Did type I and type Il chondrules form in the same nebular reservoir(s)?

It has been suggested that certain components of chondrites, for example CAls and
refractory forsterites, may have formed within a common nebular reservoir and were later
mixed into the different chondrite groups in different proportions (e.g., Guan et al. 2000;
Pack et al. 2004). We can ask whether a similar scenario is likely for type I and type II
chondrules in the different chondrite groups. In other words, did UOC, CR and CO type |
chondrules form within a single nebular reservoir and did UOC, CR and CO type II
chondrules form in a different one?

Above, we showed that chondrules of the same textural type within a certain
chondrite are very similar, but there are significant differences in the mineralogy and bulk
chemistry of chondrules between the different chondrite groups. Our observations
indicate that chondrules of the same textural type in the different chondrite groups cannot
have been derived from a common reservoir in the solar nebula. Another line of evidence
comes from oxygen isotopic compositions. Chondrules in CO and ordinary chondrites
have significantly different oxygen isotopic compositions. Type I and type II chondrules
in ordinary chondrites plot above the terrestrial fractionation line (TFL) in a three-isotope
diagram, whereas type I and type II chondrules in CO chondrites plot below the terrestrial
fractionation line, along the CCAM line (e.g., Kita et al. 2006, 2007; Yurimoto et al.
2008). In both cases, type II chondrules tend to have more '°O-depleted compositions
than type I chondrules, but the difference in oxygen isotopic compositions of chondrules
of the same textural type in CO and ordinary chondrites is larger than the difference
between type I and type II chondrules within the same chondrite. This implies that type I
and type II chondrules within the same chondrite group are more closely genetically
related to each other than chondrules of the same textural type in different chondrite
groups. But how similar are type I and type II bulk chondrule compositions within a
certain chondrite and how could type I and type II chondrules be related to each other?
Could they have formed within the same nebular reservoir? Below, we address these
questions by trying to understand the nature of chondrule precursor material. We consider
that chondrules formed from precursor dustballs that consisted of a mixture of fine-
grained materials as well as coarser grains that survived chondrule formation as relict

grains in porphyritic chondrules (e.g., Jones et al. 2005).
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To what extent do bulk compositions of type I and type Il chondrules overlap?

Above, we showed that there is considerable overlap for Fe between type I and type
II chondrules (Fig. 1.12a,c,e). This is also true for Si and Mg, as shown in Figure 1.19a
and b. With decreasing Fe content, both bulk Si and Mg tend to increase. The scatter in

the data is mostly due to the different modal proportions of olivine and pyroxene.
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Fig. 1.19. a) Bulk Fe content (wt%) vs. bulk Si content (wt%) and b) bulk Fe content (wt%) vs. bulk Mg
content (Wt%) for type I and type II chondrules in MET 00526 (L), MET 00426 (CR) and Kainsaz (CO).

We can also look at refractory elements. Figure 1.20 shows bulk Ca (wt%) versus
bulk Al (wt%) and bulk Ti (wt%) versus bulk Al (wt%) for the chondrules in our study.
Most type I and type II chondrules in all three chondrites overlap significantly in these
plots and show strong positive correlations close to the CI ratio, but there are also some
type I chondrules that have significantly higher abundances of Ca, Al and Ti than type II
chondrules. Grossman and Wasson (1983a) cautioned that interelement correlations in
EMP studies can be caused by sectioning problems. Because the proportions of
mesostasis and silicate minerals vary in 2D sections, this would lead to apparent
correlations between elements concentrated in each of these two components. However,
correlations between refractory lithophile elements, such as those shown in Figure 1.20,
are also observed in INAA studies (see review in Grossman and Wasson 1983a),

therefore it is very likely that the correlations are real.
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Fig. 1.20. a) Bulk Ca content (wt%) vs. bulk Al content (wt%) and b) bulk Ti content (wt%) vs. bulk Al
content (wt%) for type I and type II chondrules in MET 00526 (L), MET 00426 (CR) and Kainsaz (CO).

For Semarkona (LL3.0), Jones (1990) found that refractory lithophile element
abundances are typically higher in type I than in type II chondrules. Our data for type I
and type II chondrules show considerable overlap (Fig. 1.20), but some type I chondrules
do have higher refractory element concentrations compared to type II chondrules. It
appears that the precursor materials for type I and type II chondrules in all three
chondrites studied included an identical refractory component (e.g., CAls).

A more significant difference between type I and type II chondrules can be found in
the bulk volatile element contents. This is shown in Figure 1.21, where K is plotted
versus Na (both relative to CI chondrites). In MET 00526 (L) and MET 00426 (CR),
most type I chondrules (Fig. 1.21a) have lower Na and K abundances than type 11
chondrules (Fig. 1.21b). The K/Na ratio of most L and CR type I chondrules varies
around the CI ratio, while most L and CR type II chondrules have a K/Na ratio higher
than CI. In contrast, type I and type II chondrules in Kainsaz have similar volatile
element contents, with variable Na but a limited range of K contents. However, as
discussed above, it is not clear whether this is a primary feature or a secondary overprint

for Kainsaz.
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Fig. 1.21. K versus Na (Cl-normalized) plot for bulk chondrule compositions of a) type I and b) type II
chondrules in MET 00526 (L), MET 00426 (CR) and Kainsaz (CO). Type I and type II chondrules in
Kainsaz have similarly low K and variable Na contents.

What explains the different oxidation states of type I and type Il chondrules?

Type I and type Il chondrules clearly record differences in oxidation state which are
manifested in the FeO contents of their silicate portions. As can be seen in Figures
1.12b,d and f, the gap between bulk FeO contents is very small between type I and type
II chondrules in MET 00526 (L), intermediate in MET 00426 (CR) and largest in Kainsaz
(CO). Based on chemical equilibria between metal and silicates, calculated oxygen
fugacities for type I chondrules range between IW-1.5 to IW-5 (e.g, Zanda et al. 1994;
Lauretta et al. 2001). Type II chondrules contain minor amounts of Fe,Ni metal (<5
vol%), which restricts the oxygen fugacity recorded in type II chondrules close to the IW
buffer. Textures and compositions that resemble type II chondrules in ordinary chondrites
have been experimentally reproduced at IW-0.5 (e.g., Lofgren 1989).

Jones (1990) and Sears et al. (1996) suggested that, in ordinary chondrites, type I
chondrule compositions could potentially have been derived from type Il compositions
by reduction of FeO to Fe metal, physical loss of some of the metal and evaporation of
volatile elements. Jones (1990) pointed out that Fe loss from type II chondrule
compositions should be complemented by significant increases in the concentrations of

all other elements, particularly Si and Mg, but because the concentrations of Si are
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actually quite similar in type I and type II chondrules, significant evaporation of Si needs

to be invoked as well.

Above, we demonstrated that the bulk Fe, Mg and Si contents of type I and type 11

chondrules overlap significantly, especially when type I chondrules are metal-rich. This

implies that Fe does not necessarily need to be physically lost and Si does not need to be

evaporated either to produce type I chondrules from type II compositions. However, there

is a significant problem with this model. While type I and type II chondrules follow the

same trend in a diagram where Fe/Mg is plotted versus bulk Fe (wt%) (Fig. 1.22a), they
exhibit two different trends when Ni/Mg is plotted versus bulk Fe (wt%) (Fig. 1.22b)

with type II chondrules having significantly lower Ni/Mg ratios than type I chondrules.

The high bulk Ni contents of type I chondrules would not be observed if type |

chondrules had formed by the reduction of type II compositions, simply because type 11

chondrules do not contain enough Ni. Conversely, type II chondrules could also not have

formed by the oxidation of type I chondrules combined with volatile gain.
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Fig. 1.22. a) Fe/Mg vs. bulk Fe content (wt%), and b) Ni/Mg vs. bulk Fe content (wt%) for type I and type
II chondrules in MET 00526 (L), MET 00426 (CR) and Kainsaz (CO).
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Nevertheless, there is evidence that some reduction did occur. In MET 00526 (L), we
observed dusty olivine relicts (e.g., Fig. 1.2c) and also whole chondrules that experienced
reduction (Fig. 1.2g,h). Experimental studies have shown that reduction of Fe*" (in
silicates) to Fe metal requires temperatures above 1100°C (Boland and Duba 1981
Nagahara 1985, 1986; Connolly et al. 1994; Danielson and Jones 1995; Lemelle et al.
2001, 2001; Leroux et al. 2003). Chondrites of petrologic type 3 did not experience such
high temperatures on their parent body, therefore, it seems more likely that these
temperatures were reached in the solar nebula, probably during chondrule forming
events. However, because of the problem with Ni (Fig. 1.22), reduction of type II
material during chondrule forming events cannot have been the major process that
produced type I chondrules in CO, CR and ordinary chondrites.

Another possible model that suggests a genetic relationship between type I and type
II chondrules has been proposed by Cohen et al. (2000). In this model, type I chondrules
represent evaporation residues of type II chondrules. Fe is lost as FeO by evaporation, as
are SiO, and volatile elements. However, the same problem with Ni remains (Fig. 1.22),
because the high proportions of Fe,Ni metal and the high bulk Ni contents of type I
chondrules cannot be reproduced.

The differences in the bulk compositions of type I and type II chondrules (Ni and
volatile element abundances) cannot solely be the result of the chondrule forming
process, so we may ask the question whether the oxidation state of the precursor material
of type I and type II chondrules was already fundamentally different. If this is the case,
these materials would probably not have coexisted within the same nebular region, unless
the oxygen fugacity of the nebular region changed over time and type I and type I1
chondrules formed at different times. According to the classical condensation sequence
for the canonical solar nebula (e.g., Grossman 1972), it makes sense to suggest that type I
chondrules formed first — possibly at somewhat higher temperatures than type 11
chondrules. The precursor material of type I chondrules probably consisted mostly of
high temperature condensates, including a somewhat higher abundance of refractory
lithophile elements (e.g., in form of CAls), a higher abundance of Fe,Ni metal and more

Mg-rich silicates than the precursor materials of type II chondrules.
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The formation of type II chondrules could have followed somewhat later in time at
lower ambient temperatures, as their precursor material may have contained more Fe-
bearing silicates, sulfides and a higher abundance of volatiles. Condensation calculations
by Wood and Hashimoto (1993) and Ebel and Grossman (2000) show that it is much
easier to incorporate significant amounts of Fe* into silicates in fractionated and/or dust-
enriched systems. Another possibility, which is discussed further below, is that ice
particles may have been mixed into the type II precursor material due to the inward drift
of the snowline into the nebular region over time. Major support for a model, in which
type I chondrules form before type II chondrules, comes from Kunihiro et al. (2004) and
Kurahashi et al. (2008), who found that in CO chondrites, type II chondrules are
significantly younger than type I chondrules (up to 1 My).

Fe-Mn systematics of type II chondrule olivines, which are discussed in detail in
Chapter 2, provide evidence that type II chondrules in CO chondrites and type II
chondrules in ordinary chondrites originated from significantly different reservoirs,
which might correspond to different locations in the solar nebula. Based on differences in
the proportions of chondrules that were completely melted, chondrule ages, bulk
chondrite volatile contents and elemental fractionations, Wood (2005) argued that the
formation region of ordinary chondrites is probably located closer to the Sun than the
formation region of CO chondrites. While Wood (2005) suggests that CR chondrites
formed further away from the Sun than CO chondrites, our Fe-Mn data of CR type II
chondrules appear to imply that CR chondrites could represent a connection between the
UOC and CO reservoirs (Chapter 2). We observed at least two populations in the Fe-Mn
trends of CR type IIA chondrule olivine, one of which overlaps with the data for type 11
chondrules in ordinary chondrites, while the other is clearly intermediate between UOC
and CO. Further evidence for such a relationship comes from an oxygen isotope study by
Connolly et al. (2007a; 2008), who found that oxygen isotopic compositions of CR type
IT chondrules show three different populations: one that overlaps with CR type |
chondrules, one that overlaps with OC chondrules and one that plots on the CCAM line,
just below the TFL, close to CO type II chondrules. The fact that type II chondrules
typically show somewhat heavier oxygen isotopic compositions than type I chondrules

(e.g., Yurimoto et al. 2008) fits well with our suggestion that an ice component may have
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been mixed into the precursor material of type II chondrules. The gap in FeO contents
between the silicate portions of type I and type II chondrules is much larger in CO
chondrites than in CR and ordinary chondrites (Fig. 1.12b,d,f). This suggests that the fO,
conditions between type I and type II chondrule formation changed most dramatically in
the CO chondrite formation region. If the formation region of ordinary chondrites was
closer to the Sun than that of CO chondrites, it is likely that CO chondrites were affected
more significantly by the inward drift of ice particles, such as suggested by Cyr et al.
(1998). If the proportion of ice that was mixed into the precursor material of CO type Il
chondrules was higher than that mixed into CR and ordinary type II chondrule precursor
materials, it would provide a simple explanation for the observed differences in bulk FeO
contents (Fig. 1.12b,d,f), as H,O reacts as an oxidizing agent, but it would also volatilize
during the chondrule forming process and not leave a trace that it was once there.

Jones (1996b) pointed out that the presence of FeO-rich (“dusty”) relict grains in
type I chondrules indicates that at least some type Il chondrules must have formed and
disaggregated before type I chondrules formed. The fact that FeO-rich relicts are found in
type I chondrules and FeO-poor relicts are found in type Il chondrules provides another
argument for a close spatial proximity of both chondrule types, but it also implies that the

model suggested above is still too simple to explain all observations.

The compositional relationship between chondrules and matrix

In addition to bulk chondrule data, we obtained bulk compositional data for fine-
grained matrix in the three chondrites studied, in order to address a fundamental question
that is extremely important for chondrule formation models: Did chondrules and matrix
form in the same or in different regions of the solar nebula? Before we can attempt to
answer this question, we first need to address what is currently known about the nature
and origin of fine-grained matrix material in pristine chondrites and about how matrix

material is affected by secondary processes.
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The nature and origin of matrix in pristine chondrites

Fine-grained matrices are known to be texturally and mineralogically very variable
among the different chondrite groups (e.g., Scott et al. 1988; Brearley 1996). However,
interpretations of the origin of matrix have been compromised by the fact that matrix is
highly reactive because of its very fine grain size, with the result that it is difficult to find
chondrites that show no secondary effects in their matrices. More recent studies of matrix
in the most pristine chondrites have resulted in an improved understanding of the original
pristine material. These chondrites include the CO3.0 chondrite ALHA 77307 (Brearley
1993), the unique carbonaceous chondrite Acfer 094 (Greshake 1997) and the two CR3.0
chondrites, MET 00426 and QUE 99177 (Abreu 2007; Abreu and Brearley,
Forthcoming).

Our study includes one of the most pristine chondrites, the CR3.0 chondrite MET
00426. Its fine-grained matrix (<5 pm) shares several characteristics with the other most
pristine chondrites mentioned above: they all consist of disequilibrium assemblages and
contain high abundances of amorphous silicate material, nanosulfides (<300 nm) and
interstellar grains (e.g., Brearley 1993; Greshake 1997; Abreu 2007; Abreu and Brearley,
Forthcoming; Floss and Stadermann 2009). Brearley (1993) and Abreu and Brearley
(Forthcoming) suggest that the amorphous silicate material formed by disequilibrium
condensation from material that underwent evaporation into the gas phase during
transient heating events in the solar nebula, possibly those that formed chondrules. Abreu
and Brearley (Forthcoming) also conclude that the nanosulfides may have formed by
annealing of S-bearing silicate material during chondrule formation events, because they
occur intimately associated with the amorphous silicate material. These recent
observations imply that a high percentage of the matrix material found in pristine
chondrites may represent highly processed residual material left over from chondrule

formation (Abreu and Brearley, Forthcoming).

Secondary alteration of matrix
The L chondrite MET 00526 has been classified as petrologic type 3.05 by

Grossman and Brearley (2005), but its fine-grained matrix material has not been studied

in detail yet. In Table 1.8, we compared our EMP matrix data for MET 00526 to matrix
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data for Semarkona and MET 00526 from Grossman and Brearley (2005). For most
elements, all these analyses are very similar. The one notable difference is that the
abundance of S is higher in Semarkona matrix (1.2 wt%) compared to MET 00526 (0.43—
0.52 wt%), consistent with observations by Grossman and Brearley (2005) that some
mobilization and coarsening of sulfides has occurred in the matrix of MET 00526 due to
minor thermal metamorphism. However, we also found phosphates around type I1A
chondrules in MET 00526, which suggests that some aqueous alteration probably
occurred as well (e.g., Burger 2005; Brearley 2006).

Matrix in Kainsaz (C0O3.2) has been affected significantly by thermal metamorphism
(Brearley 1994). It is dominated by fine-grained (<0.5 um) FeO-rich olivines ranging in
composition from Fasg to Fa;; (Brearley and Jones 1998). Brearley (1993) suggested that
FeO-rich olivines probably formed by the recrystallization of amorphous silicate
material, such as is found in the matrix of the more pristine CO3.0 chondrite ALHA
77307. Higher S contents are observed in EMP matrix data of ALHA 77307 (1.1 wt%)
from Brearley (1993) compared to Kainsaz (0.14-0.15 wt%, Table 1.8), indicating that
mobilization and coarsening of sulfides has also occurred in Kainsaz (see also Grossman
and Brearley 2005).

For MET 00526 (L.3.05) and Kainsaz (CO3.2), we need to be careful when
discussing the relationship between chondrules and matrix, because the matrices in these
two chondrites have been affected by secondary processing. However, MET 00426
(CR3.0) represents one of the most pristine chondrites known, which is why we will

focus our discussion on this meteorite.

Definition of “complementarity”” and literature review

Several authors have previously argued that chondrules and matrix must have formed
in the same region of the solar nebula, because their compositions appear to be
“complementary” (Wood 1985; Klerner and Palme 1999a,b, 2000; Palme and Klerner
2000; Bland et al. 2005; Hezel and Palme 2008). This means that bulk chondrule and
bulk matrix compositions are significantly different, but the composition of both added
together in their modal proportions is closer to the solar composition (or the bulk

composition of CI chondrites). The X-wind model by Shu et al. (1997, 2001) specifically
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predicts that chondrules and matrix are not formed in the same reservoir, which means
that if a compositional complementarity between chondrules and matrix indeed exists,
this mechanism cannot have been responsible for chondrule formation. On the other
hand, local chondrule formation models, such as the shock wave model (e.g., Desch et al.
2005) are supported by compositional complementarity between chondrules and matrix.
The question of whether or not complementarity really does exist remains
controversial (e.g., Huss et al. 2005) as it is likely that previous studies were inadequate
because secondary overprints in the chondrites studied may have mimicked
complementarity. Wood (1985) was the first to suggest a complementary relationship
between chondrules and matrix in the CM chondrite Murchison based on Fe/Si ratios.
Scott et al. (1982, 1984), Scott and Taylor (1983) and Taylor (2001) demonstrated
complementarity between matrix and the silicate portion of chondrules in several
ordinary and carbonaceous chondrites using MgO-FeO-SiO, ternaries. The discussion
about complementarity intensified after Klerner and Palme (1999a,b, 2000) showed large
fractionations between chondrule and matrix compositions in diagrams like Si vs. Mg
(Wt%), Cr vs. Fe (wt%) and Ti/Al vs. Al (wt%) for Renazzo (CR) and Allende (CV).
Brearley (1996) and Huss et al. (2005) pointed out that complementary compositions
could either represent different fractions of a single bulk material reservoir, or they could
reflect transfer of material from chondrules to matrix such as evaporation of volatiles
from chondrules during chondrule formation and recondensation of these elements onto
matrix grains. However, a first order problem is that most of the chondrites that have
been studied to date are now recognized to have undergone extensive secondary
processing, either thermal metamorphism and/or aqueous alteration. Therefore, many of
the arguments presented in the earlier studies have to be questionable given that element
fractionations could have been caused by the redistribution of elements during secondary
alteration. Some authors have argued that the redistribution of elements like Mg, Si, Ti
and Al is limited during secondary alteration (see review in Huss et al. 2005). However,
studying the most pristine chondrites assures that we can examine the behavior of all
elements, even those that are mobile during secondary processes (e.g., Cr and volatiles).
Before we discuss what our chondrule and matrix data show, we address another

issue that has been neglected somewhat in the literature: problems with the analytical
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method. Even though this is rather a secondary issue, it is important, because if data are
plotted in a misleading way or if they are not accurate they tend to show more

complementarity than is actually there, as is demonstrated below.

Analytical issues

When discussing complementarity between chondrules and matrix, it has been
common practice (Scott et al. 1982, 1984; Scott and Taylor 1983; Taylor 2001; Klerner
and Palme 1999a,b, 2000; Hezel and Palme 2008) to use only the silicate portion of
chondrules, instead of the true bulk chondrule compositions that include Fe,Ni metal and
sulfides. The main argument for doing this has been that the metal-plus-sulfide content of
chondrules is highly variable and difficult to determine, especially when bulk chondrule
compositions are obtained via EMP in 2D thin sections. However, small sulfide and
metal grains (<5 pm) in the matrix are included when bulk compositions of chondrite
matrices are determined via EMP defocused beam analyses: typical beam diameters used
for DBA of chondrite matrices are >10 pm, which makes it difficult to avoid small
opaque phases, in particular the nanosulfides that occur in the most pristine chondrite
matrices mentioned above. Hence, opaque phases are treated differently in the two
materials using this approach. Another problem is that Fe in EMP defocused beam
analyses of matrix is usually measured as FeO and that analyses totals may not have been
normalized to 100 wt%, taking sulfide and metal phases into account.

One diagram that has typically been used to demonstrate complementarity between
chondrules and matrix is Mg (wt%) versus Si (wt%) (e.g., Klerner and Palme 1999b;
Huss et al. 2005). On this plot, chondrule and matrix compositions were shown as being
significantly different. However, we argue that this is mainly due to the fact that only the
silicate portions of chondrules were plotted, as discussed in detail below. The data used
by Klerner and Palme (1999b) and Huss et al. (2005) were obtained on the CR2 chondrite
Renazzo and details of the analytical method were given in Klerner (2001). She obtained
bulk chondrule data by EMP defocused beam analyses (10 um diameter) along the two
major axes of a chondrule exposed in a thin section. It appears that metal grains at
chondrule margins (which are frequent in Renazzo) were not included, and that no

normative and/or density correction was performed on the defocused beam analyses.
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Therefore, these data are probably more representative of the silicate portions of
chondrules than of the complete bulk compositions including metals.

To demonstrate how bulk chondrule and matrix data may be affected by such
analytical issues, Figure 1.23 shows Mg (wt%) vs. Si (wt%) for the chondrule and matrix
compositions determined in this study. On the left-hand side (Fig. 1.23a,c,e), complete
bulk chondrule compositions, including opaque minerals, are plotted. For the matrix data,
sufficient Fe was combined with all measured S to make troilite and all Ni was attributed
to Fe,Ni metal using an Fe/Ni ratio of 4. The resulting matrix data were normalized to
100 wt%. On the right-hand side (Fig. 1.23b,d,f), chondrule data are silicate portions
only and matrix data are not normalized, while all Fe is attributed to FeO. Complete bulk
chondrule compositions, including opaque phases (Fig. 1.23a,c,e), tend to be much closer
to bulk chondrite compositions than if only the silicate portions are considered (Fig.
1.23b,d,f). When only the silicate portion of chondrules is considered, especially the
compositions of Kainsaz (CO) and MET 00426 (CR), type I chondrules shift to higher
Mg and Si contents. This is not surprising because Fe has basically been subtracted and
these chondrules have high modal abundances of opaque phases. Because type 11
chondrules have much lower modal abundances of metal and sulfides (typically <3
vol%), their compositions do not shift as much. Matrix data normalized to 100 wt%,
while taking FeS and FeNi into account, for Kainsaz (CO) and MET 00426 (CR) (Fig.
1.23a,c) also lie closer to the bulk chondrite compositions than the matrix data that are
not normalized and where all Fe is attributed to FeO (Fig. 1.23b,d). The MET 00526 (L)
chondrule and matrix data appear to show quite similar Si but very different Mg contents
in Figure 1.23e. The bulk L chondrite composition does not plot as intermediate between
chondrules and matrix in Figures 1.23e,f as it probably should, which could be related to
the fact that this composition represents an average of all L chondrites (Lodders and
Fegley 1998) because no bulk compositional data for MET 00526 are currently available.

Overall, Figure 1.23 shows that when opaque phases are properly taken into
account, bulk chondrule and matrix compositions are drawn closer together and are not as
distinctly different as previously thought, although there still is little overlap between
them. In any case, clearly it is better to use complete chondrule analyses rather than

silicate portions only, so this is what we will do to discuss complementarity.
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Fig. 1.23. Mg (wWt%) vs. Si (wt%) for chondrules, matrix and bulk chondrites in a) and b) Kainsaz, c¢) and d)
MET 00426 (CR), e) and f) MET 00526 (L). a), ¢), and e) show complete bulk chondrule compositions
including opaque phases and matrix data are normalized to 100 wt% while taking FeS and FeNi into
account, whereas b), d), and f) show only the silicate portion of chondrules and matrix data are not
normalized to 100 wt% (all Fe was attributed to FeO). No bulk chondrite data are available for MET 00526
and MET 00426, so we used L and CR bulk chondrite data from Lodders and Fegley (1998). Kainsaz bulk
data are from Ahrens et al. (1973). Matrix analyses were performed with a beam diameter of 10 pm.
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Another analytical issue is related to the fact that EMP defocused beam analyses of
matrix represent a much smaller scale (in this study 10 um) than our bulk chondrule
analyses (between 100 and 1000 um). One may ask if we are comparing apples and
oranges here, as there is a 2 to 3 orders of magnitude difference in the mass of the
samples analyzed. The total mass of matrix analyzed may even be equivalent to the mass
of just one chondrule. Figure 1.24 shows the ranges of bulk chondrule and matrix
compositions as well as bulk chondrite compositions normalized to CI for Kainsaz (CO),
MET 00426 (CR) and MET 00526 (L). The spread observed in matrix compositions is a
reflection of small scale heterogeneities, and if the total mass of matrix analyzed is
actually equivalent to that of an individual chondrule, we need to question how we end up
with the compositional variability observed in chondrules. If chondrules formed from a
fine-grained precursor material similar to matrix, one needs to assume that this material
was very heterogeneous also on a larger scale in order to produce the heterogeneity in
chondrule compositions. Therefore, fine-grained matrix as it is preserved cannot be
representative for the precursor material of chondrules because it is not heterogeneous
enough. This bears on Hezel and Palme’s (2007) discussion of the fact that if chondrules
were formed from fine-grained precursors, they should all be homogeneous in their bulk
compositions.

Brearley (1993) observed a remarkably consistent compositional homogeneity on the
scale of micrometers in the fine-grained matrix of the pristine CO3.0 chondrite ALHA
77307, suggesting that mixing of fine-grained materials (with different thermal histories)
was extremely thorough. On the other hand, matrix data for the pristine CR3.0 chondrite
MET 00426 show a large spread that is almost comparable to the range of chondrule
compositions (Fig. 1.24b). Therefore, the heterogeneity in matrix compositions alone
cannot be used as an indication for how pristine a chondrite is. Nevertheless, in the
following discussion we exclude Kainsaz (CO3.2) and MET 00526 (L3.05) and focus
only on MET 00426 (CR3.0), the most pristine chondrite in our study. We do this in
order to avoid interpreting element fractionations as primary, when they could have been

caused by the redistribution of elements during thermal metamorphism.
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Fig. 1.24. Range of bulk chondrule and matrix compositions compared to bulk chondrite compositions for
a) Kainsaz (CO), b) MET 00426 (CR) and ¢) MET 00526 (L). Matrix data for MET 00426 (CR) include
data from Abreu (2007). Data are normalized to CI (Lodders 2003). L and CR bulk data are from Lodders
and Fegley (1998). Kainsaz bulk data are from Ahrens et al. (1973).
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New insights on the “complementarity” issue gained in this study

The current definition of complementarity (e.g., Huss et al. 2005), which proposes a
local chondrule forming process, implies that before chondrule formation occurred, the
initial dust had a solar or CI-chondrite composition. However, it is certainly possible that
this dust could have already been depleted in moderately volatile elements (e.g., Yin
2005) or simply had a composition different from CI chondrites before chondrules
formed. Therefore, we prefer to define complementarity differently: if chondrules and
matrix have element patterns that mirror each other, it should be sufficient to indicate a
genetic relationship between the two, independent of how the combined (chondrules plus
matrix) composition relates to the composition of CI chondrites. In other words, if the
element patterns of chondrules and matrix complement each other, it should follow that
the chondrule forming process has left the remaining dust with a missing signature that
can now be found in the chondrule compositions. Furthermore, complementarity should
be observed for all elements, unless an element is affected by a secondary or tertiary
process (e.g., terrestrial alteration). If an element is not affected by the chondrule forming
mechanism, it should be present in similar abundances in chondrule and matrix
compositions. If chondrules and matrix formed in different nebular regions, we would
expect to observe random element abundance patterns that are not related to each other in
any way.

Figure 1.25 shows all bulk chondrule and matrix data for MET 00426 (CR3.0) as
well as the average chondrule and matrix composition. The average chondrule
composition represents a weighted mean with 99% type I and 1% type II chondrules. In
most chondrules, the abundances of refractory elements, Mg, Si and Cr are higher than in
the matrix. The ranges of bulk chondrule and matrix compositions are very similar for
Mn. Abundances of elements more volatile than Mn (P, K), siderophile elements and S
are higher in the matrix than in most chondrules. Sodium represents an exception to this
trend. Abreu and Brearley (Forthcoming) suggested that the low abundance of Na in fine-
grained matrix in MET 00426 (CR) is most likely due to terrestrial weathering, probably
leaching during residence in the Antarctic ice. Such a depletion of Na is not observed in

the matrix of the CR chondrite Renazzo (Zolensky et al. 1993), which is an observed fall.
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Fig. 1.25. Bulk chondrule and matrix compositions of MET 00426 (CR3.0). Matrix compositions include
data from Abreu (2007). The average chondrule composition represents 99% type I and 1% type II
chondrules. Elemental abundances are normalized to CI chondrites (Lodders 2003). Elements on the
ordinate are arranged in order of increasing volatility; siderophile elements are plotted last.

Since the Na depletion can be accounted for, the element abundance patterns of
chondrules and matrix in MET 00426 (CR) appear to mirror each other. According to our
definition, we can therefore state that matrix and chondrules are complementary. Our
compositional data support previous suggestions by Abreu and Brearley (Forthcoming)
that fine-grained matrix represents thermally processed material left over from chondrule
formation. It appears to act as a sink for volatile elements that evaporated during the
chondrule formation process and recondensed afterwards. Such a close genetic
relationship between chondrule and matrix compositions requires that both formed in the
same region of the solar nebula, and therefore it supports chondrule formation

mechanisms that acted locally, such as shock waves (e.g., Desch et al. 2005).

CONCLUSIONS

A detailed electron microprobe (EMP) study was performed on chondrules of
various textural types and matrix in three fairly pristine chondrites: MET 00526 (L3.05),
MET 00426 (CR3.0) and Kainsaz (CO3.2). The collected data allowed us to compare
mineralogy and bulk compositions of chondrules with the same texture in the three

different chondrite groups, to examine the compositional relationship between different
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chondrule types (e.g., type I versus type II) within each chondrite group and to address
the compositional relationship between chondrules and matrix.

Type I chondrules in MET 00526 (L), MET 00426 (CR) and Kainsaz (CO) show
similar silicate chemistry and have comparable FeO, MgO and SiO, contents in their
silicate portions. Major differences can be found in the minor element chemistry of Fe,Ni
metal and in the absence of sulfides and taenite in MET 00426 (CR) type I chondrules.
Type II chondrules in MET 00526 (L), MET 00426 (CR), and Kainsaz (CO) show
systematic differences in bulk FeO, MgO and MnO contents, which are also reflected in
their olivine compositions. This is further discussed in Chapter 2 of this thesis.

Previous EMP datasets of bulk chondrule compositions available in the literature
tended to suggest that type Il chondrules are more Fe-rich than type I chondrules (e.g.,
McSween 1977a,b; Jones and Scott 1989; Jones 1990). However, our dataset shows that
the Fe contents of type I and type II chondrules are very similar when Fe,Ni metal and
sulfides are properly included in the bulk chondrule compositions.

Jones (1990) and Sears et al. (1996) proposed that type I chondrule compositions
could potentially have been derived from type Il compositions by reduction, physical loss
of metal and evaporation of volatile elements. Our new data show that reduction cannot
have been the major process that produced type I chondrules from type Il compositions.
The main reason for this is the low bulk Ni content of type II chondrules (Fig. 1.22). It
seems more likely that type II chondrules formed after type I chondrules at higher oxygen
fugacities, which may have been caused by an increase in the dust/gas ratio and/or inward
migration of the snowline and evaporation of water-ice during type II chondrule
formation.

In MET 00426 (CR3.0), we observed a strong complementary relationship between
chondrules and matrix, indicating that they most likely formed within the same nebular
reservoir. A local chondrule forming mechanism, such as shock waves (Desch et al.
2005), is further supported by the fact that there are systematic differences in the

chemistry of chondrules from different chondrite groups.
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CHAPTER 2 - ACOMPARISON OF TYPE IHA CHONDRULES IN
ORDINARY AND CARBONACEOUS CHONDRITES: EVIDENCE
FOR DIFFERENT NEBULAR RESERVOIRS?

ABSTRACT

In this study, we examined Fe/Mn systematics of type IIA chondrules in some of the
most unequilibrated CO, CR and ordinary chondrites. Mean Fa contents of type IIA
chondrule olivines increase in the order UOC < CR < CO. Olivines from type IIA
chondrules in CO and unequilibrated ordinary chondrites (UOC) have significantly
different Fe/Mn ratios (mean molar Fe/Mn = 99 and 44, respectively) and show distinct
trends in Mn (afu) vs. Fe (afu) and molar Fe/Mn vs. Fe/Mg diagrams. CR type ITA
chondrule olivines show two populations. One population overlaps somewhat with UOC
compositions, while the other has properties intermediate between unequilibrated
ordinary and CO chondrites.

The observed Fe/Mn trends in type IIA chondrule olivines in unequilibrated CO, CR
and ordinary chondrites are difficult to reconcile with inherited moderately volatile
element depletions from the precursor materials. Instead, we suggest that significant
differences in the modal proportions of silicate and sulfides/(metal) in the precursor
material and open system behavior during chondrule formation were responsible for
establishing the different Fe/Mn trends. We further demonstrate that relict grains can be
identified in type IIA chondrules, based on their distinct Fe-Mn-Mg systematics and

discuss the origin of these grains.

INTRODUCTION

Chondrules, the major constituent of most chondritic meteorites, are (sub)-
millimeter-sized spherules that were partly or completely melted by a transient heating
event in the solar nebula before they accreted into asteroidal bodies. A number of
different models have been suggested for chondrule formation, but the mechanism is still
actively debated even after several decades of research (e.g., Boss 1996; Ciesla 2005).
Chondrules exhibit diverse textures (e.g., porphyritic, barred, radial, or cryptocrystalline)
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and the same textural types occur in chondrites of different chondrite groups. Differences
in texture are thought to be the result of several factors, such as the number of viable
nuclei surviving at the peak temperature, different cooling rates, bulk compositions of the
precursor material and maximum temperatures reached in relation to their liquidus (e.g.,
Lofgren 1989; Hewins et al. 2005). We currently have only a limited understanding as to
how chondrules of the same textural type compare between different chondrite groups
(e.g., Scott and Taylor 1983). Several studies have shown that oxygen isotopic
compositions of chondrules from different chondrite groups are significantly different
(e.g., Clayton 2003; Yurimoto et al. 2008). However, we do not yet know if the
differences in oxygen isotopic composition are reflected in mineral compositions and
bulk chondrule compositions. Systematic differences between chondrules of similar
textural types in different chondrite groups could be related to varying chondrule
precursor materials, varying oxygen fugacity of separate formation regions in the solar
nebula, or to other processes that affected the chondrule populations before they were
incorporated into their individual parent bodies. Any such differences could potentially
help to interpret oxygen isotopic heterogeneity. The main objective of the work presented
in this paper is to investigate the characteristics of chondrule formation regions for each
chondrite group by comparing mineral and bulk compositions of FeO-rich porphyritic
olivine (type IIA) chondrules from unequilibrated ordinary, CR and CO chondrites.

Our study focuses on the elements Fe and Mn because they are commonly strongly
correlated in various types of planetary materials and the Fe/Mn ratio in silicate minerals
such as olivine and pyroxene is a very sensitive indicator for redox conditions and
volatility (e.g., Miyamoto et al. 1993; Goodrich and Delaney 2000; Papike et al. 2003). In
fact, Fe/Mn is such a useful ratio that it can be utilized to classify achondrites and basaltic
meteorites (e.g., Goodrich and Delaney 2000; Mittlefehldt 2008). Olivines and pyroxenes
in basalts from different asteroids and planets have significantly different Fe/Mn ratios
and therefore, different slopes in Mn versus Fe plots (e.g., Schmitt and Laul 1973;
Dymek et al. 1976; Karner et al. 2003; Papike et al. 2003). Papike et al. (2003) attributed
this observation to the volatility of Mn and the distance of each parent body from the
Sun. Type ITA chondrules are small-scale igneous systems (e.g., Jones 1990) and their

oxidized nature assures high MnO and FeO contents. In this study, we show that type IIA

86



chondrules from ordinary and carbonaceous chondrites exhibit distinct Fe/Mn trends and
discuss possible reasons for these differences. We also found that Fe/Mn systematics can

be useful for identifying relict grains in type IIA chondrules.

SAMPLES AND ANALYTICAL CONDITIONS

In order to be able to explore the pristine nebular record contained in chondrules, we
tried to select chondrites for this study that experienced minimal secondary processing,
such as thermal metamorphism and/or aqueous alteration. Terrestrial weathering was
another issue of concern. As it is basically impossible to come across a meteorite that is
entirely unaltered, we account for secondary overprints in the discussion of our data
below. The samples examined in this study include two thin sections of the CO chondrite
Kainsaz (UNM 1050 and USNM 2486-5), two thin sections of the CR chondrite MET
00426 (JSC—,16-1 and JSC—,16-2), one thin section of the L chondrite MET 00526 (JSC—
,25) and one thin section of the L chondrite QUE 97008 (JSC—,35). Kainsaz is an
observed fall and has been classified as petrologic type 3.2 (e.g., Chizmadia et al. 2002;
Grossman and Brearley 2005) and 3.6 (Bonal et al. 2007). Abreu (2007) recognized MET
00426 as one of the most pristine CR chondrites (type 3.0) that has experienced very
minimal aqueous alteration. Floss and Stadermann (2009) have further shown that MET
00426 has high interstellar grain abundances comparable to ALHA 77307 and Acfer 094,
supporting the classification of MET 00426 as a very pristine chondrite. Its weathering
grade is B (Russell et al. 2002). MET 00526 was originally classified as H3.2 (Grady
2000; Connolly et al. 2007b), however, Grossman and Brearley (2005) suggested a
petrologic type 3.05 and found that chondrule sizes may indicate an L or LL group
classification. The L.3.0 classification of this meteorite has been confirmed by Righter
(2007). The weathering grade of MET 00526 is B/C (Connolly et al. 2007b). QUE 97008
was originally classified as L3.4 with a weathering grad of A (Grossman 1999). Benoit et
al. (2002) recommended a petrologic type 3.0 for QUE 97008 based on
thermoluminescence properties, while Grossman and Brearley (2005) suggested a

petrologic type of 3.05 based on petrographic characteristics.
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Scanning electron microscope imaging (backscattered electron, or BSE imaging), X-
ray mapping and quantitative analyses were obtained on a JEOL 8200 electron
microprobe at the University of New Mexico. Bulk chemical compositions of 5 type ITA
chondrules in Kainsaz (CO), 2 type IIA chondrules in MET 00426 (CR) and 3 type IIA
chondrules in MET 00526 (L) were determined by modal recombination analysis (MRA).
These chondrules are part of a larger dataset of bulk chondrule compositions (Chapter 1),
for which 20 chondrules with different textures were randomly selected per chondrite.
Quantitative analyses were obtained on all phases present in a chondrule and were then
combined with their weighted modal proportions to obtain the bulk composition (Berlin
et al. 2008b, Appendix A). WDS element maps were used to identify the different phases
present. In order to avoid Na loss as discussed in Grossman and Brearley (2005),
mesostasis analyses were obtained (5 pm beam diameter, 10 nA beam current) before
element maps were collected. The chondrules were mapped with a beam current of 30 nA
and a pixel-size between 0.5 and 1.5 pm (depending on chondrule size) for a suite of 5
elements (Al, Ca, Mg, Fe, S). Silicates were analyzed with a focused beam, an
accelerating voltage of 15 keV and a beam current of 20 nA. Metals and sulfides were
analyzed with a focused beam at 20 keV and a beam current of 40 nA. The number of
analyses obtained on a certain mineral phase was between 1 and 15, depending on its
modal abundance.

Figure 2.1 shows BSE images of three chondrules and their corresponding phase
images that were assembled with the phase tool in Lispix Lx133P (public domain image
analysis program for Windows, written and maintained by David Bright, National
Institute of Standards and Technology) and/or Adobe Photoshop™ based on the collected
X-ray maps. Modal abundances of the different phases present were determined with
Lispix or with Scion Image®. Refer to Appendix B for a comparison of the two methods.
Each color in a phase image represents a certain mineral phase (refer to legends in Fig.
2.1b,d,f). In order to take the zoning of olivine crystals into account, a range of olivine
compositions was binned into one color (i.e., one shade of green in Fig. 2.1b,d,f) based
on the collected WDS element map for Mg and the average composition of all analyses

obtained in this area was used for the bin range. In each chondrule we defined 3 or 4 bins.
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Fig. 2.1. Backscattered electron (BSE) images of type IIA chondrules and their corresponding phase images
used for modal analysis. a) and b) Kainsaz (CO) chondrule K2-Ch7. c¢) and d) MET 00426 (CR) chondrule
CR-Chl3. e) and f) MET 00526 (L) chondrule L-Ch4.
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RESULTS

Olivine compositions

As is typical for ordinary and most carbonaceous chondrites, two distinct populations
of porphyritic chondrules are present in the meteorites examined in this study: FeO-poor
(type 1) and FeO-rich (type II) chondrules (e.g., Jones et al. 2005). These two types show
some textural differences, such as higher amounts of Fe,Ni metal in type I chondrules and
larger olivine phenocrysts in type II chondrules (e.g., Scott and Taylor 1983), but the
main differences are in their olivine and low-Ca pyroxene compositions. Figure 2.2
shows histograms for the Fa contents of olivines in porphyritic chondrules in Kainsaz
(CO3.2), MET 00426 (CR3.0), MET 00526 (L3.05) and QUE 97008 (L3.05). The
histograms do not represent completely random surveys, because only a limited number
of chondrules were chosen. As described in Chapter 1, we found that type I chondrules in
the two pristine chondrites MET 00426 (CR) and MET 00526 (L) typically have mean
olivine and low-Ca pyroxene compositions with an Fe/(Fe+Mg) atomic ratio <5%. The
range of olivine compositions in Kainsaz type I chondrules extends to Fa contents >5%.
This difference, which is attributable to minor thermal metamorphism in Kainsaz, will be
addressed in the Discussion. Type II chondrules in all chondrites studied have mean
olivine (and low-Ca pyroxene) compositions with an Fe/(Fe+Mg) atomic ratio >10%,
which is the cut-off value that has generally been used to distinguish between type I and
type II chondrules (e.g., Jones et al. 2005). In MET 00426 (CR), the gap in Fa contents
between type I and type II chondrules appears to be larger and more significant than in
MET 00526 (L) (Fig. 2.2b vs. Fig. 2.2¢) and other ordinary chondrites (e.g. Takagi et al.
2004).

Type II chondrule olivines have large compositional ranges, and mean Fa contents
calculated using all the type II chondrule olivine analyses from each chondrite decrease
from CO (Fas4) > CR (Fayy) > L (Faj9.29). The means for type II chondrules exclude relict
forsterite cores of olivine grains, which were also not included in Figure 2.2. However,
the histograms do include some compositions with Fa<10 (Fig. 2.2) that we think
crystallized from the host chondrule melt (see Bulk Chondrule Compositions section

below).
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were omitted from this figure. The lowest Fa
contents of olivine in type II chondrules
represent cores of large zoned grains that
crystallized from the chondrule melt (refer

R Fa

0 12 24 36 48 60 to Table 2.4).

Representative type ITA olivine compositions from the different chondrites are given
in Table 2.1, which compares individual microprobe analyses with approximately the
same Fa content (~Fa;7). In these specific examples, MnO, Cr,03; and CaO contents

increase from CO to CR to UOC chondrites.
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Table 2.1. Representative type IIA chondrule olivine compositions (at ~Fa;;).

Kainsaz (CO) ~ MET 00426 (CR) ~ MET 00526 (L)  QUE 97008 (L)  Semarkona (LL)

this work this work this work this work Jones (1990)
SiO, 39.9 39.7 39.7 39.5 39.4
TiO, <0.04 <0.04 <0.04 <0.04 <0.04
Al O, 0.10 <0.03 <0.03 <0.03 <0.03
Cr,04 0.18 0.29 0.34 0.44 0.40
FeO 16.6 16.1 16.6 16.2 16.1
MnO 0.16 0.23 0.34 0.32 0.34
MgO 43.7 44.2 44.6 443 44.1
CaO 0.06 0.10 0.13 0.12 0.13
NiO <0.03 0.04 <0.03 <0.03 0.04
Total 100.7 100.7 101.7 100.9 100.5
Cations based on 4 oxygens:
Si 1.000 0.996 0.987 0.990 0.991
Ti 0.001 0.000 0.000 0.000 0.001
Al 0.003 0.001 0.001 0.001 0.000
Cr 0.004 0.006 0.007 0.009 0.008
Fe 0.348 0.338 0.346 0.340 0.339
Mn 0.003 0.005 0.007 0.007 0.007
Mg 1.636 1.652 1.654 1.654 1.654
Ca 0.002 0.003 0.004 0.003 0.004
Ni 0.000 0.001 0.000 0.000 0.001
Total 2.997 3.002 3.006 3.004 3.004
Fa 17.5 17.0 17.3 17.1 17.0
Fe/Mn 104 69 49 51 47

However, the picture becomes more complicated, especially for Cr,O3; and CaO,
when more data are taken into account. Figure 2.3 shows minor element data, in afu
(atomic formula units) based on four oxygen atoms, for type IIA chondrule olivines from
several different chondrites. Data from this study include 5 chondrules in Kainsaz
(C0O3.2), 2 chondrules and several chondrule fragments in MET 00426 (CR3.0), as well
as 6 chondrules each in MET 00526 (L3.05) and QUE 97008 (L3.05). Literature data
include 4 chondrules in the CO3.0 chondrite ALHA 77307 (Jones 1992), data from
zoning profiles of olivines in 8 chondrules in the LL3.00 chondrite Semarkona (Jones
1990), as well as 2 chondrules in the CR2 chondrite EET 92105 and 1 chondrule in the
CR2 chondrite EET 87770 (Burger 2005). In Figure 2.3a (Cr vs. Fe), most analyses of
type IIA chondrule olivines in the pristine ordinary chondrites (MET 00526, QUE 97008
and Semarkona) show higher Cr contents at a specific Fe content than in CR and CO

chondrites. Type IIA olivines in MET 00426 (CR3) and in ALHA 77307 (CO3.0) have
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higher Cr contents than olivines in the less pristine CR and CO chondrites. Figure 2.3b

(Ca vs. Fe) shows that there are no systematic differences in Ca content between the

UOC, CR and CO groups. In most type IIA chondrule olivines, Ni is below the detection
limit of 0.03 wt% NiO.
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Figure 2.4 compares Fe-Mn systematics of type IIA chondrule olivine in different
chondrites. On a plot of Mn (afu) vs. Fe (afu) (Fig. 2.4a), type IIA chondrule olivines in
CO and ordinary chondrites (UOC) exhibit distinct trends: best-fit linear regressions for
all data have slopes of 0.010 and 0.023, respectively. Our Kainsaz data closely overlap
the ALHA 77307 data from Jones (1992). Fe/Mn ratios of type IIA chondrule olivines of
L and LL chondrites are indistinguishable. Figure 2.4b shows Mn (afu) vs. Fe (afu) for
type IIA chondrule olivines in CR chondrites. Two populations can be identified — one
that plots distinctly between CO and ordinary chondrites (2 chondrules in EET 92150 and
1 chondrule [Ch13] in MET 00426) and another that overlaps somewhat with ordinary
chondrites (1 chondrule in EET 87770 and 1 chondrule [Ch6] in MET 00426). Figure
2.4c shows molar Fe/Mn vs. molar Fe/Mg for type IIA chondrule olivines in CO and
unequilibrated ordinary chondrites. On this plot, CO chondrule olivines plot in an array
fairly parallel to the x-axis (mean Fe/Mn = 99). The large range in Fe/Mn ratios for CO
chondrule olivine is mainly due to the fact that MnO contents are low and variable due to
the precision/statistical variation of microprobe analyses and that a large number (Fe) is
divided by a small number (Mn). The data for type IIA chondrule olivines in UOC show
a much smaller range in Fe/Mg ratios, but also a large range in Fe/Mn ratios (mean
Fe/Mn = 44). Since MnO contents are higher and FeO contents are lower than in CO
chondrule olivine, the errors related to the values of Fe/Mn ratios for UOC are somewhat
smaller than for CO chondrule olivine. Therefore, the range in Fe/Mn ratios is better
constrained for UOC than for CO type ITA chondrule olivine. Figure 2.4d shows molar
Fe/Mn vs. molar Fe/Mg for type IIA chondrule olivines in CR chondrites. In general,
Fe/Mn ratios decrease as Fe/Mg ratios increase. The same two populations can be

observed as in Figure 2.4b.
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Fig. 2.4. a) Mn (afu) vs. Fe (afu) for individual analyses of type IIA chondrule olivine in CO and ordinary
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Fe-Mn data for olivines in Semarkona (from Jones 1990) are shown in more detail in

Figure 2.5. Each chondrule, represented by zoning profiles across several grains, has a

slightly different slope in the Mn vs. Fe plot (Fig. 2.5a), which accounts for much of the

scatter in the UOC data in Figure 2.4a. The two linear regressions bracket the range of
data: for chondrule C131 the slope is 0.031 and for C71 the slope is 0.019. In the molar

Fe/Mn vs. molar Fe/Mg plot (Fig. 2.5b), it is apparent that for most chondrules Fe/Mn

ratios tend to decrease slightly as Fe/Mg ratios increase. Two chondrules, A21 and C11,

show somewhat steeper negative trends.
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Relict grains

This study has allowed us to identify several relict grains on the basis of Fe-Mn-Mg
relationships, as discussed below. Representative microprobe analyses of cores of grains
we consider to be relict are given in Table 2.2. Analyses of these grains were not

included in Figures 2.4 and 2.5.

Table 2.2. Microprobe analyses of relict olivine cores.

Kainsaz, K1-Ch8

Kainsaz, K1-ChS8

Semarkona, 51

Relict 1 Relict 2 Grain 51E

SiO, 39.5 41.2 40.0
TiO, <0.04 <0.04 <0.04
AlLO3 0.04 <0.03 <0.03
Cn0; 0.15 0.03 0.34
FeO 18.7 10.1 16.4
MnO 0.89 0.23 0.10
MgO 41.7 49.3 429
Ca0O 0.18 0.19 0.13
NiO <0.03 <0.03 n.a.
Total 101.2 101.1 99.9
Cations based on 4 oxygens:

Si 1.000 0.999 1.010
Ti 0.000 0.000 0.000
Al 0.001 0.000 0.000
Cr 0.003 0.001 0.007
Fe 0.395 0.205 0.347
Mn 0.019 0.005 0.002
Mg 1.574 1.785 1.616
Ca 0.005 0.005 0.004
Ni 0.000 0.001 0.000
Total 2.997 3.001 2.986
Fa 20.1 10.3 17.7
Fe/Mn 21 43 162

In Kainsaz chondrule K1-Ch8 (Fig. 2.6a), we found that the relict core of Grain 1
(Fig. 2.6a,b) has an unusually high Mn content while the host chondrule olivines plot
along the CO line (slope 0.010) in the Mn vs. Fe diagram (Fig. 2.6d). The relict core of
another grain in the same chondrule (Grain 2, Fig. 2.6a,C) has a higher Mn content than
typical CO type IIA chondrule olivines (Fig. 2.6d). Close-up images of these grains (Fig.
2.6b,c) reveal the presence of tiny metal blebs (<1 pm). In the molar Fe/Mn vs. molar

Fe/Mg diagram (Fig. 2.6e), the host chondrule olivines exhibit a trend parallel to the x-
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axis (mean Fe/Mn = 105), while the relict cores have much lower Fe/Mn ratios. The

Fe/Mn ratio of the relict core of Grain 1 (~21) is lower than the range observed for UOC

type IIA chondrule olivine (28-68; mean Fe/Mn = 44). Fe/Mn ratios are higher towards

the edge of the grain, approaching the mean value for the host chondrule olivines. The

Fe/Mn ratio of the relict core of Grain 2 (~43) falls within the UOC range.

0.030

'-b. v

4 K1-Ch8

-

15.8kY

. COMP

Kainsaz chondrule K1-Ch8

0.025 A

0.020 4

0.015 1

Mn [afu]

0.010 1

y=

Grain 1

0.005 4

0.000

#* Grain1
+ Grain 2

ocC

0.023x

0.8 1
Fe [afu]

0.2 0.4 0.6 1.2

O host clivines

1.4

Kainsaz

chondrule

xZB0  10Bpm

Kainsaz chondrule K1-Ch8

140
120 A
host chondrule olivine trend g
o oo >
(= 5 oo >
004 g o
c overgrowth
= g0
& .
o Grain 2
=
o 604
£
40 4
20 4 * Grain 1
core + Grain 2
O host olivines
0 T g T v T - T
0 0.2 04 0.6 0.8 1
molar Fe/Mg

Fig. 2.6. a) BSE image of Kainsaz chondrule K1-Ch8. The two grains that have relict cores with Mn
contents higher than the host chondrule olivines are indicated and shown in b) and c). d) Mn vs. Fe and e)
molar Fe/Mn vs. molar Fe/Mg of olivines from the chondrule shown in (a). Shaded box in (d) indicates

type I chondrule olivine compositions from all chondrites studied.
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We also identified a relict grain in Semarkona chondrule 51 (see Jones 1990). An
elongated olivine grain (51E) in the center of the chondrule (Fig. 2.7a) has an unusually
low Mn content compared to all other UOC data (Fig. 2.7b), with a composition that lies
close to the CO line (slope 0.010). The core of this relict grain has an Fe/Mn ratio as high
as 162 (Fig. 2.7c), which is significantly above the CO range (74-124; mean Fe/Mn =
99).
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Fig. 2.7. a) BSE image of Semarkona chondrule 51 (Jones 1990). Zoning profiles are indicated. b) Mn vs.
Fe and ¢) molar Fe/Mn vs. molar Fe/Mg of olivines from the chondrule shown in (a). Zoning profile S1E
belongs to a relict core that has a much lower Mn content and a higher Fe/Mn ratio than its overgrowth
(zoning profile B) and than other olivine grains in this chondrule.
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Mesostasis compositions

Average mesostasis compositions for several type IIA chondrules in MET 00526 (L),
MET 00426 (CR) and Kainsaz (CO) are given in Table 2.3 together with the mean
mesostasis composition for type IIA chondrules from Semarkona (Jones 1990). SiO,
contents of type IIA chondrule mesostases in UOCs are higher than in the CO and the CR
chondrites. P,Os and K,O contents are significantly higher in ordinary chondrites and in

the CR chondrite than in Kainsaz.

Table 2.3. Average mesostasis compositions of type IIA chondrules.

MET 00526 Semarkona MET 00426 Kainsaz
(L3.05) (LL3.0) (CR3) (C03.2)
L- L- L- 1}’{;2 CR- CR- Kl1- Kl1- K1- K2- K2-
Ch4 Ch7 Cho (1990) Ché Chi3 Ch7 Ch8 Chl6 Ch4 Ch7
Si0, 60.6 66.6 653 62.6 575 56.0 52.6 52.9 50.7  53.7 58.9
TiO, 0.47 049 048 0.45 0.40 0.52 0.15 0.06 048  0.64 0.07
ALO; 10.2 120 114 11.2 10.6 12.9 243 25.6 13.2 17.2 2422
Cr,0; 0.11 013  0.12 0.30 0.03 0.04 0.30 0.14 058  0.10 0.20
FeO 9.5 9.0 7.7 7.8 9.7 112 4.7 42 11.8 45 1.9
MnO 0.30 030 027 0.28 0.38 0.19 <003  <0.03 008  0.05 <0.03
MgO 25 2.5 23 45 53 1.2 23 2.1 6.9 4.7 0.62
Ca0 72 1.1 4.1 7.2 2.0 6.2 9.6 9.8 7.0 7.1 6.5
Na,O 6.2 6.6 6.7 4.1 10.5 9.3 5.9 55 9.3 11.0 8.2
KO 0.80 098  0.96 0.58 13 13 0.17 0.05 016 025 0.06
NiO <0.03 022  0.08 na. 0.05 008 <0.03  <0.03 <003 <0.03 <0.03
P,0s 2.0 073 12 13 1.9 13 <0.04 0.05 0.51 0.72 0.05
S 0.12 009  0.13 na. 0.21 0.12 005  <0.03 023 013 <0.03
Total  100.I  100.8  100.7 100.3 99.7 1003  100.1 1004 1009 1004  100.7

n.a. = not analyzed
*mean of 10 chondrules

Figure 2.8a shows Al,O3 versus SiO, for individual mesostasis analyses of each
chondrule from this study. Al,O3; and SiO; contents show a wide range within a single
chondrule (e.g., KI-Ch7, K1-Ch8, K1-Ch16) when mesostasis is present in small pockets
rather than being interconnected. Three Kainsaz chondrules (K1-Ch7, K1-Ch8, K2-Ch7)
have higher Al,O; contents in their mesostasis than the other chondrules. They also have

lower TiO,, P,Os and S contents (Table 2.3).
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Figure 2.8b shows alkali contents of mesostases relative to Al and CI chondrites.
Mesostases in CR and UOC have K/Al > Na/Al (relative to CI chondrites), whereas in
CO, Na/Al > K/Al. CR and CO type IIA chondrule mesostases show a large spread in
Na/Al ratios in comparison to mesostases in type IIA chondrules in UOC. The three
Kainsaz chondrules that have the highest Al,O3 contents in their mesostasis have

Na/Al<1, whereas the mesostasis in the other two Kainsaz chondrules have Na/Al ratios

closer to 2.
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Fig. 2.8. a) AL,O; vs. SiO, (Wt%) and b) K/Al vs. Na/Al (elemental weight ratios, relative to CI chondrite)
for individual mesostasis analyses from 10 type IIA chondrules (3 chondrules from the L chondrite MET
00526, 2 chondrules from the CR chondrite MET 00426 and 5 chondrules from Kainsaz).
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One chondrule in the CR chondrite MET 00426 (CR-Ch13, also refer to Fig. 2.1c,d)
contains a distinct phase that is close to plagioclase in composition (~Abg;) and
stoichiometry. It has higher Al,O3 and SiO, contents than the mesostasis in chondrule
CR-Ch13 (Fig. 2.8a). In Figure 2.8Db, it plots near to the mesostasis compositions of
Kainsaz chondrules. All individual analyses of the putative plagioclase in CR-Ch13 have
MgO contents below 1 wt%, as do several individual mesostasis analyses in Kainsaz

chondrules K1-Ch7, K1-Ch8, and K2-Ch7 (refer to supplementary CD).

Bulk chondrule compositions

Bulk compositions of type IIA chondrules in MET 00526 (L), MET 00426 (CR) and
Kainsaz (CO) are given in Table 2.4. Element abundance patterns for individual type IIA
chondrules and mean type IIA bulk compositions, including Semarkona data from Jones
(1990) are shown in Figures 2.9a and 2.9b, respectively. Mean bulk Fe contents in type
ITA chondrules increase from UOC to CR to CO, while Si and Mg contents decrease
slightly. Moderately volatile elements (Cr, Mn, P, and K) are depleted in CO type IIA
chondrules relative to type IIA chondrules in CR and UOCs, and Cr, P and K are depleted
in CO type IIA chondrules relative to bulk CI chondrites. Bulk molar Fe/Mn ratios
increase with increasing bulk Fe content (Fig. 2.10a) and decrease with increasing bulk
Si content (Fig. 2.10b).

Liquidus temperatures for the different bulk chondrule compositions and Fa contents
of the first olivine grains to crystallize are also given in Table 2.4. These parameters

were calculated with MELTS (http://melts.ofm-research.org/) at 1 bar, using the

composition of the silicate portion of the chondrule. Most liquidus temperatures were
determined at the IW buffer, as this appears to be a reasonable oxygen fugacity for the
formation conditions of type II chondrules (e.g., Lofgren 1989). However, for some
compositions, calculations at the IW buffer resulted in unreasonably high temperatures or
even failed, but were acceptable when calculated at FMQ+0.5 (see Table 2.4): this is an
artifact of MELTS and does not necessarily mean that the chondrules concerned formed
at a much higher oxygen fugacity. Lower liquidus temperatures were observed for CO
type ITA chondrules (1609-1632°C), whereas two of the three L chondrules and CR-Ch6

have liquidi above 1700°C. Calculated fayalite contents of the first olivine grains that
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crystallize from a given bulk composition range from 4 to 6 mol% for type IIA
chondrules in the L chondrite and from 7 to 10 mol% for those in Kainsaz. Calculated
initial Fa contents for olivines in Kainsaz chondrules K1-Ch8 and K2-Ch4 are very close

to the lowest Fa contents measured at the cores of large olivine grains (Table 2.4).

Table 2.4. Bulk compositions (element wt%) and liquidus phase relationships of type IIA chondrules.

MET 00526 (L3.05) MET 00426 (CR3) Kainsaz (CO3.2)
L- L- L- CR- CR- KI- K1- K1- K2- K2-
Ch4 Ch7 Ch9 mean Ch6 Chl13 mean Ch7 Ch8 Chl6 Ch4 Ch7 mean
Si 19.6 20.8 19.2 19.9 18.5 18.2 18.3 17.6 15.9 17.0 18.5 18.5 17.5
Ti 0.05 0.09 0.04 0.06 0.01 0.08 0.05 0.06 0.02 0.01 0.11 0.07 0.05
Al 0.88 1.3 0.54 0.90 0.27 1.4 0.86 0.94 0.85 0.27 2.1 1.7 12
Cr 0.28 0.42 0.32 0.34 0.28 0.33 0.31 0.53 0.10 0.06 0.09 0.10 0.18
Fe 139 14.8 12.8 13.8 15.6 223 19.0 22.6 30.2 279 18.7 20.2 23.9
Mn 0.28 0.34 0.27 0.30 0.28 0.33 0.31 0.20 0.21 0.27 0.15 0.17 0.20
Mg 213 18.0 233 20.8 232 14.4 18.8 16.4 14.2 15.7 15.8 16.7 15.7
Ca 1.0 1.3 0.75 1.0 0.17 1.3 0.75 1.3 1.1 0.29 1.3 1.6 1.1
Na 0.75 1.0 0.46 0.74 0.36 1.2 0.80 0.29 0.27 0.27 2.0 0.86 0.73
K 0.13 0.17 0.09 0.13 0.07 0.20 0.13 0.03 0.02 0.02 0.06 0.03 0.03
Ni 0.02 0.09 0.03 0.04 0.02 0.20 0.11 0.08 0.81 0.15 0.03 0.29 0.27
P 0.14 0.06 0.04 0.08 0.04 0.12 0.08 0.00 0.00 0.01 0.05 0.00 0.01
S 0.55 0.47 1.6 0.89 0.01 1.3 0.66 0.25 1.4 0.05 1.4 0.56 0.73
molar
Fe/Mn 49 43 47 46 55 67 61 109 143 104 132 121 122
(@ 1717 1640 1765 1585 1623 1632
(b) 1770 1630 1609 1631
(c) 5 6 4 5 9 8 10 10 7 7
(d) 10.2 14.7 8.8 18.6 13.5 11.3 9.0 315 6.4 13.5

(a) Liquidus temperature (°C) calculated using MELTS, at IW buffer.

(b) Liquidus temperature (°C) calculated using MELTS, at FMQ+0.5.

(c) Fa content of the first olivine that crystallizes from the melt, calculated with MELTS.
(d) Observed Fa content of the most Mg-rich olivine present in the chondrule.
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DiIsScuUsSION

It is generally assumed that similar textural and chemical properties of chondrules
indicate that they formed by the same process, but because properties are not identical
they must have formed in different locations in the solar nebula (e.g., Scott and Taylor
1983). However, we currently have a very limited knowledge of the mineralogical and
compositional differences between chondrules with the same texture from primitive
chondrites in different chondrite groups. The main objective of the work presented in this
paper is to determine if there are fundamental differences between type IIA chondrules in
pristine (i.e., unmetamorphosed) ordinary, CR and CO chondrites and then use this
information to make inferences about the reservoirs of material from which these
chondrules formed.

In order to look at the pristine nebular record contained in chondrules, we first need
to understand how secondary processing, such as thermal metamorphism and/or aqueous
alteration, may have affected the individual chondrites. Below we discuss possible
secondary modification of Fe/Mn systematics of olivine, and volatile element contents of
mesostasis compositions. Mesostasis volatile element contents (notably Na and K) are
important for constraining whether Fe/Mn trends in olivine could be related to the
volatilization or gain of Mn during chondrule formation, or if chondrules inherited
moderately volatile element depletions from their precursors. It is therefore important to
establish whether chondrules preserve their nebular content of volatile elements or
whether these elements were mobilized during parent body processes.

We then discuss several possible explanations for the different Fe/Mn trends we
observed in type ITA chondrules and evaluate whether these distinct trends might be
related to fundamental differences in the precursor materials of chondrules, to volatile
loss or gain during chondrule formation, to oxidation or reduction before or during
chondrule formation and/or to differences in cooling rates. Finally, we discuss the origin

of several new relict grains that we identified based on their Fe/Mn systematics.
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Secondary alteration

All of the chondrites examined in this study are fairly pristine, except for Kainsaz.
Based on petrography and mineralogical characteristics, Kainsaz was first classified as
petrologic subtype 3.1 (Scott and Jones 1990) and later as 3.2 (e.g., Chizmadia et al.
2002; Grossman and Brearley 2005), based on a number of different petrographic criteria.
However, a study of the structural state of organic (graphitic) matter in Kainsaz by Bonal
et al. (2007) resulted in a classification as petrologic type 3.6, indicating a much higher
degree of thermal metamorphism. Hence, we need to consider carefully the possible
effects of thermal metamorphism on our Kainsaz data.

We have also included literature data for olivine from type IIA chondrules in two
CR2 chondrites (Burger 2005) in our study. We briefly evaluate if aqueous alteration

could have altered Fe-Mn-Mg systematics in these chondrules.

Olivine compositions

In MET 00426 (CR3.0) and MET 00526 (L3.05), type I chondrule olivines typically
have Fa contents <5 mol% (Fig. 2.2b,c), consistent with their very low subtype
classifications. In contrast, olivines in Kainsaz type I chondrules extend to more Fa-rich
compositions (Fig. 2.2a). During the onset of thermal metamorphism, these olivine grains
developed compositional zoning, with Fo-rich core compositions and Fa-rich rims, as a
consequence of Fe-Mg exchange with the surrounding FeO-rich matrix (e.g., Scott and
Jones 1990). Matrix olivines in Kainsaz have a fairly wide range of Fa contents, between
48 and 72 mol% (Brearley and Jones 1998). Because type II chondrules are FeO-rich and
are more similar in composition to the matrix than type I chondrules, Fe-Mg exchange
with matrix is much more limited (e.g., Jones and Rubie 1991). If significant Fe-Mg
exchange had occurred between type ITA olivine and matrix in Kainsaz, we would expect
the Fe-Mn trends for ALHA 77307 (C0O3.0) and Kainsaz (CO3.2) shown in Figure 2.4a
to be quite different, but this is not the case.

Jones and Lofgren (1993) and Grossman and Brearley (2005) showed that Cr
contents of type II olivine decrease significantly at the onset of thermal metamorphism
(from petrologic type 3.0 to 3.2) due to the exsolution of a Cr-rich phase, probably

chromite. Chromium contents in type IIA chondrule olivines in Kainsaz are lower than
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those of the more pristine CO3.0 chondrite ALHA 77307 (Fig. 2.3a), consistent with a
higher degree of thermal metamorphism for Kainsaz. Since it was nearly impossible to
obtain good EMP analyses on exsolved chromites at the edges of olivine grains, we might
have underestimated the bulk Cr content of type IIA chondrules in Kainsaz.

While Cr contents in Kainsaz type IIA olivines are lower than in ALHA 77307, in
the Mn (afu) vs. Fe (afu) diagram in Figure 2.4a, olivine data for Kainsaz and ALHA
77307 show the same trend, indicating that Fe-Mn-Mg relationships were not disturbed
significantly in type IIA chondrule olivine in Kainsaz. In ordinary chondrites, Mn
contents in type II chondrule olivines equilibrate between petrologic type 3.4 and 3.8
(DeHart et al. 1992). The undisturbed Fe-Mn-Mg relationships in type IIA chondrules
and the wide range of matrix compositions in Kainsaz compared to CO chondrites of
higher petrologic types (e.g., Brearley and Jones 1998) are more consistent with a
petrologic type 3.2 than with the classification of petrologic type 3.6 by Bonal et al.
(2007).

The CR2 chondrites EET 87770 and EET 92105 have experienced minimal aqueous
alteration, as indicated by the fact that mesostasis glass is only altered around its
periphery (Burger 2005). Our olivine data for a more primitive CR3.0 chondrite, MET
00426, show the same general trends in the Mn vs. Fe diagram (Fig. 2.4b), indicating that
Fe-Mn-Mg systematics of type IIA chondrule olivines in the CR2 chondrites are probably
undisturbed.

Mesostasis compositions

Alkali elements are easily redistributed between chondrule mesostases and matrix
during thermal metamorphism (e.g., Grossman and Brearley 2005) and this is a concern
for our Kainsaz data. Compared to type IIA chondrules in MET 00526 (L) and MET
00426 (CR), mesostasis glass in Kainsaz type IIA chondrules has very low K,O contents
(below 0.5 wt% K50, Fig. 2.8b and Table 2.3). Low K,O contents in mesostases could
also be due to shock metamorphism, but Kainsaz is classified as S1 (Grady 2000) which
is effectively unshocked (e.g., Stoffler et al. 1991). Another possible explanation for the
low KO contents in Kainsaz type IIA chondrules could be crystallization of albite (e.g.,

Grossman and Brearley 2005). A few individual analyses of mesostasis in three Kainsaz
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chondrules (K1-Ch7, K1-Ch8, and K2-Ch7) show MgO contents below 1 wt%, but we
did not actually observe a separate phase that could be crystalline plagioclase such as in
MET 00426 chondrule CR-Ch13 (Fig. 2.1c,d).

K,O contents in Kainsaz are not only low in type II, but also in type I chondrule
mesostases (below 0.3 wt %, Chapter 1) and in the matrix (below 0.3 wt %, Chapter 1).
This is in contrast to Na,O contents, which are highly variable in type II (4.6—11.6 wt%)
and in type I chondrules (2.0-12.8 wt%), but low in the matrix (below 1.4 wt%). If
alkalis were redistributed between chondrules and matrix during thermal metamorphism,
we would expect to see similar behavior for Na and K. We were not able to find
mesostasis analyses for type IIA chondrules from a more pristine CO chondrite in the
literature, but analyses published as plagioclase for Y-81020 type IIA chondrules by
Kunihiro et al. (2004) have low K,O contents as well (<0.3 wt%). We conclude that it is
possible that low K,O contents in type IIA chondrule mesostases in CO chondrites are a
primary feature, but further investigation is very much needed.

During aqueous alteration, mesostasis glass is easily converted into clay minerals
(e.g., Brearley 2006), but when minute amounts of water are present, certain elements
might also be leached from the glass without devitrification (e.g., Grossman et al. 2002).
Mesostasis glass in the two type IIA chondrules from the CR3 chondrite MET 00426 has
high Na,O and K,O contents (Fig. 2.8b, Table 2.3). In the CR2 chondrites studied by
Burger (2005), these elements were mobilized by aqueous alteration and entered the
matrix, which is why available mesostasis data for the type IIA chondrules from these

two meteorites (EET87770 and EET92105) were not included in this study.

Fe/Mn trends in type I1A chondrule olivine

At a given FeO content, type IIA chondrule olivines in UOCs have a higher Mn
content than type IIA chondrule olivines in CO chondrites. In a Mn (afu) vs. Fe (afu)
diagram (Fig. 2.4a), type IIA chondrule olivines from UOC and CO chondrites exhibit
trends with different slopes (CO slope = 0.010, UOC slope = 0.023). Our assessment of
previously published data of olivine zoning profiles in Semarkona type IIA chondrules
(Jones 1990) suggests that all olivine grains which crystallized from the same chondrule

melt typically fall on a single trendline in the Mn vs. Fe diagram (Fig. 2.5a). However,
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olivine data for each chondrule have slightly different slopes (Fig. 2.5a), causing the
spread in the UOC data in Fig. 2.4a. Nevertheless, type IIA chondrule olivines from L
and LL chondrites show the same general trend in the Mn vs. Fe diagram. This is
consistent with the fact that oxygen isotope compositions of chondrules in L and LL
chondrites are similar (e.g., Clayton et al. 1991) and further supports Clayton et al.’s
(1991) suggestion that they might be derived from a common reservoir.

Type ITA chondrule olivines in CR chondrites show characteristics intermediate
between CO and UOC (Fig. 2.4b). The olivine data for type ITA chondrules in CR
chondrites shown in Fig. 2.4b include data for three different meteorites. The data from
Burger (2005) are zoning profiles for one chondrule in EET 87770 and two chondrules in
EET 92105, while our data are 7 to 8 random analyses in two type IIA chondrules (Ch6
and Ch13) in MET 00426, plus several type IIA chondrule fragments. Again, the olivine
data have a slightly different slope for each chondrule in the Mn vs. Fe diagram (Fig.
2.4b). Furthermore, two populations become apparent: EET 87770 and MET 00426-Ch6
show a trend that overlaps somewhat with UOC data, while the chondrules in EET 92105
and MET 00426-Ch13 follow a trend that is intermediate between CO and UOC data. At
this point in time, we do not know if the Fe/Mn data correlate with oxygen isotope data.
However, Connolly et al. (2008) measured oxygen isotopic compositions of type II
chondrule olivines in CR chondrites and found that some of them plot in the UOC region
of the three-isotope plot, which is in agreement with our finding that some of our CR type
I1A olivine data overlap with the ordinary chondrite data (Fig. 2.4).

It is intriguing that the general Fe/Mn trends for type IIA chondrule olivine in
unequilibrated ordinary, CR and CO chondrites (Fig. 2.4a,b) resemble the Fe/Mn trends
observed for olivine from martian (slope 0.0217), terrestrial (slope 0.0134) and lunar
(slope 0.0095) basalts (Karner et al. 2003; Papike et al. 2003). Papike et al. (2003)
interpreted these trends as being controlled by the volatility of Mn — varying with
heliocentric distance from the sun, while oxygen fugacity and metal separation (core
formation) appear to have a secondary effect. However, one cannot explain the chondrule
trends with a comparable model, as CC chondrules would have to have formed at

terrestrial distances from the Sun and UOC chondrules at Mars distances. Also, if
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chondrites formed in the asteroid belt between Mars and Jupiter, one would expect that
all chondrules would have steeper slopes than the Mars trendline.

Below, we discuss several possible explanations for the different Fe/Mn trends we
observe in type IIA chondrules, and evaluate whether these distinct trends might be
related to (1) fundamental differences in the precursor materials of chondrules, (2)
dynamic processes that occurred during chondrule formation (volatile loss/gain and

oxidation/reduction) and/or (3) differences in cooling rates.

Do the Fe/Mn trends relate to fundamental differences in the precursor?

A major topic of discussion in the literature has been whether or not bulk chondrule
compositions reflect the composition of the precursor material, i.e. whether chondrules
behaved as closed systems (e.g., Grossman and Wasson 1983b; Hezel and Palme 2007;
Alexander et al. 2008), or as open systems, with their compositions being modified
during the chondrule forming event (e.g., Sears et al. 1996; Davis et al. 2005; Libourel et
al. 2006). Below, we discuss whether the observed Fe/Mn systematics in type 11A
chondrules could be related to inherited depletions of moderately volatile elements
(including Mn) in the precursor material — for this section of the discussion, we assume
closed system behavior. Then, we discuss another possibility, i.e. that there were different
proportions of silicates, metals and sulfides in the precursor material, a model which

appears to require open system behavior.

Are differences in Fe/Mn ratios the result of inherited depletions in moderately volatile
elements?

Type A chondrules in CO chondrites have higher bulk Fe/Mn ratios than those in
unequilibrated ordinary and CR chondrites (Fig. 2.10), which correspond to slightly
lower Mn contents, but also higher Fe contents observed in CO type IIA bulk chondrule
compositions compared to CR and UOC type IIA bulk compositions (Fig. 2.9). Because
other moderately volatile elements (Cr, P, K) are also lower in CO type 1A bulk
chondrule compositions (Fig. 2.9), we consider the possibility that the observed Fe/Mn
trends in type IIA olivine (Fig. 2.4) could be related to a depletion of moderately volatile

elements in the precursor material of CO type IIA chondrules.
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A general depletion of moderately volatile elements (relative to CI chondrites) is
commonly observed in bulk compositions of many carbonaceous chondrites, but it is not
clear whether this depletion is mainly carried by chondrules, by matrix or both (e.g.,
Alexander 2005; Huss et al. 2005; Bland et al. 2005). Such depletions are not observed in
bulk ordinary chondrites (e.g., Brearley and Jones 1998). The origin of moderately
volatile element depletions in carbonaceous chondrites (and in the terrestrial planets) has
been a subject of debate for decades and remains enigmatic (see review by Ciesla 2007).
Recently, it has been suggested that the depletion could have been inherited from the
molecular cloud (Yin 2005), although an incomplete condensation model, which calls
upon diminishing nebular gas during the accretion of planets, has generally been favored
(e.g., Cassen 2001).

If chondrules behaved as closed systems and if a moderately volatile element
depletion was inherited from the precursor dust from which CO and CR type IT1A
chondrules formed, we would expect to see elemental depletions in the bulk chondrule
compositions that correlate with volatility. Similar to bulk UOC compositions mentioned
above, the bulk compositions of UOC type IIA chondrules are not significantly depleted
in moderately volatile elements (Fig. 2.9a,b). However, CR type IIA bulk chondrule
compositions are also not significantly depleted (Fig. 2.9a,b) while a depletion of
moderately volatile elements is observed in bulk CR chondrites (e.g., Kong and Palme
1999). Compared to type IIA chondrules in UOC and CR chondrites, the mean bulk type
ITA chondrule composition for Kainsaz (Fig. 2.9b) shows lower abundances of some
moderately volatile elements (e.g., Cr, Mn, P, K) but not Na. The levels of depletion in
Kainsaz type IIA chondrules do not correlate with the volatility of the elements and
individual chondrule trends show even more complexity (Fig. 2.9a).

When compared to CI chondrite abundances, Mn shows little depletion in Kainsaz
type IIA chondrules (Fig. 2.9a,b). We mentioned above that the low bulk Cr contents
observed in our Kainsaz type IIA chondrules (Fig. 2.9a,b) could be an artifact of our
MRA technique that is related to the onset of thermal metamorphism in Kainsaz, as it was
impossible to obtain good EMP analyses on the exsolved chromites at the edges of
olivine crystals. Also, as mentioned above, the lower K contents in Kainsaz type I1A

chondrules could also be due to thermal metamorphism. On the other hand, higher
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abundances of Na and K in UOC type IIA chondrules could be due to secondary
processes as well, such as entry of these elements into chondrule mesostasis (e.g.,
Grossman and Brearley 2005). Taking further into account that bulk Fe contents of
Kainsaz type IIA chondrules are much higher than those of UOC type IIA chondrules,
while the difference in bulk Mn contents is actually quite small (Table 2.4), it seems that
the observed Fe/Mn trends in type IIA chondrule olivines (Fig. 2.4) are difficult to
reconcile with inherited moderately volatile element depletions from the precursor

materials.

Are differences in Fe/Mn ratios the result of different proportions of silicates, metals and
sulfides in the precursor materials of CO, CR and UOC type IIA chondrules?

The different Fe/Mn trends we observe in type IIA chondrule olivines in CO and
UOC could be due to significant differences in the assemblage of precursor materials,
such as varying amounts of silicates, metals and sulfides. Assuming that precursor
silicates had the same Mg#, a higher proportion of metals and/or sulfides in the precursor
material of CO chondrules would result in higher Fe/Mn ratios, whereas a higher
proportion of silicates in the precursor material of UOC type IIA chondrules could
explain lower Fe/Mn ratios. However, the observed modal abundances of Fe,Ni metal
and sulfides are generally insignificantly small (typically <3 vol%) in type IIA
chondrules from both CO and ordinary chondrites. Fe,Ni metal could have formed
immiscible melts and then been lost when the chondrules were spinning in the nebula, but
then we would expect to see at least a few chondrules which retained their high modal
abundances of Fe,Ni metal. If a higher proportion of Fe,Ni metal was present in the CO
type ITA precursor material, it must have been oxidized during the chondrule formation
process. On the other hand, if a higher proportion of sulfides was present in the CO type
ITA precursor material, S could have been volatilized during the chondrule-forming event
and a higher amount of Fe could have been incorporated into CO type IIA chondrule
olivine.

Another possibility is that precursor silicates of CO type IIA chondrules already had
relatively high FeO contents and low proportions of metal/sulfides. Incidently, the Fe/Mn
ratio of CO type IIA olivines (mean Fe/Mn = 99) is very similar to that of CI chondrites
(Fe/Mn ratio = 92). The lower Fe/Mn ratios of CR and UOC type I1A olivines (Fig.
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2.4c,d) might then relate to a CO-like precursor material that experienced reduction and
metal loss, before the type IIA chondrules formed, that are now preserved in CR and
UOC. It seems reasonable that reduction during chondrule formation combined with
chondrule recycling could produce lower Fe/Mn ratios.

In summary, it appears that the different Fe/Mn trends observed in type IIA
chondrule olivines in CO, CR and ordinary chondrites are more likely to be due to
fundamental differences in the precursor materials than to inherited moderately volatile
element depletions. However, in order to decide which of the possibilities stated above is
most likely, we need to discuss open system behavior during chondrule formation, which

is addressed in more detail below.

The role of chondrule formation in establishing Fe/Mn systematics

We can consider whether open system behavior is responsible for the different
Fe/Mn trends in CO, CR and UOC type ITIA chondrule olivines. A molar Fe/Mn vs.
Fe/Mg diagram, such as introduced by Goodrich and Delaney (2000), can be used to
make inferences about the behavior of Mn and Fe while olivine is crystallizing from a
chondrule melt. Figure 2.11a shows a schematic illustration of the molar Fe/Mn vs.
Fe/Mg diagram and possible processes that might be recorded in chondrule olivine. A
trend parallel to the x-axis represents simple crystallization behavior of olivine without
any Mn or Fe addition/loss. If Mn is being lost from the chondrule melt while olivine
grains are crystallizing, one would expect to see a positive trend (Fig. 2.11a). However, a
positive trend could also imply Fe addition to the silicate melt (e.g., via oxidation of
metal), although in this case the trend should be shallower than for Mn loss (Fig. 2.11a).
A negative trend indicates that the chondrule melt either gains Mn while olivine grains
are crystallizing or that Fe is being lost from the silicate melt, for example by the
reduction of FeO and physical loss of metal beads (Fig. 2.11a).

Figure 2.11b shows a schematic illustration of our observations for type I1A
chondrule olivines from CO, CR and unequilibrated ordinary chondrites (see also Fig.
2.4c,d and Fig. 2.5b). CO type ITIA chondrule olivines exhibit a trend parallel to the x-
axis, indicating that no Mn or Fe loss/addition occurred while olivine grains were

crystallizing. The Fe/Mn ratio stays constant (mean Fe/Mn ratio = 99) over a wide range
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of Fe/Mg ratios during fractional crystallization to more Fe-rich compositions. Fe and Mn
show similar behavior in CO type ITA chondrule olivine, which is illustrated in the

schematic zoning profile shown in Figure 2.11c.
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Fig. 2.11. a) Simplified illustration of Fe-Mn-Mg systematics in type IIA chondrule olivine in CO, CR and
ordinary chondrites (OC). b) Illustration of crystallization trends. Negative trends are observed when Mn is
added or Fe is lost (e.g., by reduction) during olivine crystallization. This is the case for CR and some OC
chondrules. Positive trends imply Fe addition (e.g. oxidation of Fe,Ni metal) or Mn loss. Such trends were
not observed in this study. The flat trend for CO is consistent with a simple crystallization trend without
any Mn or Fe loss/addition. ¢) Schematic zoning profile for a CO type IIA chondrule olivine. The Fe/Mn
ratio stays constant during olivine crystallization. d) Schematic zoning profile for a CR or OC type IIA
chondrule olivine with a negative trend in the molar Fe/Mn vs. Fe/Mg diagram as shown in (b).
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We suggested above that the precursor material of CO type IIA chondrules might
have had a higher proportion of metals and/or sulfides than the precursor material of
UOC type IIA chondrules. However, the observed modal abundances of Fe,Ni-metal and
sulfides are very low (typically <3 vol%) in all type IIA chondrules. If Fe,Ni-metal was
oxidized while olivine crystallized, we would expect to see a positive trend (Fe addition)
in the molar Fe/Mn vs. Fe/Mg diagram (Fig. 2.11a), which we do not observe in our CO
type IIA olivine data (Fig. 2.4c and 2.11b). If oxidation of Fe,Ni metal took place prior to
olivine crystallization, we would expect to at least see higher NiO contents in olivine, but
most of our observed NiO contents in CO type IIA chondrule olivines are below the EMP
detection limit (<0.04 wt%). It is therefore unlikely that oxidation of Fe,Ni metal
occurred during the formation of CO type IIA chondrules.

However, as mentioned above, CO type IIA chondrules could also have had a higher
proportion of sulfides in their precursor materials. If all S volatilized from the chondrule
melt before olivine started crystallizing, a higher amount of Fe*" could have been
incorporated into CO type IIA chondrule olivine from the beginning, so that we would
not necessarily expect to see a positive trend in the molar Fe/Mn vs. molar Fe/Mg
diagram (Fig. 2.11a). Therefore, a higher proportion of sulfides in the CO type IIA
precursor material seems to be a very reasonable argument to explain their higher Fe/Mn
ratios.

In contrast to CO chondrules, CR and some UOC type IIA chondrule olivines show
negative trends in the molar Fe/Mn vs. Fe/Mg diagram (Fig. 2.11b). This behavior
implies that the chondrule melt either gained Mn while the olivines crystallized, which in
turn resulted in increasing Mn contents in the olivine, or that Fe was lost from the silicate
melt (e.g., via reduction of FeO) while the CR and UOC olivines crystallized (Fig.
2.11a). A schematic zoning profile for a CR (or UOC) type IIA chondrule olivine grain is
shown in Figure 2.11d, demonstrating the behavior of Fe and Mn during olivine
crystallization. It is difficult to constrain which of the two processes, Mn gain or
reduction of FeO (or both), is responsible for the negative trends, because both processes
have a similar slope in the molar Fe/Mn vs. Fe/Mg diagram (Fig. 2.11a).

Some CR and UOC type IIA chondrule olivines have significantly higher MnO
contents (up to 1 wt%) than CO olivines (below 0.5 wt%). Bulk compositions of CR and
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UOC type 1A chondrules also have higher Mn and K contents relative to CI chondrites
(Fig. 2.9). Therefore, it seems possible that CR and some UOC type IIA chondrules
gained volatile elements (including Mn) during chondrule formation while olivine grains
were crystallizing. Libourel et al. (2006) and Nagahara et al. (2008) have argued that
condensation of volatiles onto chondrule melt droplets during cooling is possible, based
on the presence of concentration gradients for elements such as K, Na, Ca, Mn, Al and Si
found in mesostasis glass in type I chondrules. We did not observe any zoning in the
mesostasis of type IIA chondrules, but MnO contents of the mesostasis glass in CR and
UOC are clearly higher than in CO type IIA chondrules (Table 2.3). It also seems likely
that Mn addition would occur closer to the liquidus for type II than for type I chondrules,
so that diffusion may have homogenized Mn in the remaining liquid that is now
preserved as mesostasis. However, there is no apparent correlation between MnO
contents and Na,O or K,O contents in our dataset of individual mesostasis analyses and
K,0 contents of CR type ITA mesostases are higher than in UOC and CO type IIA
mesostases (Fig. 2.8b). This latter observation is not consistent with the order of
observed Fe/Mn trends in olivine (CR-UOC-CO vs. UOC-CR-CO).

Above, we also mentioned the possibility that the lower Fe/Mn ratios of CR and
UOC type IIA olivines (Fig. 2.4c,d) might relate to an FeO-rich CO- or CI-like precursor
material that experienced reduction and metal loss, before the type IIA chondrules
formed, that are now preserved in CR and UOC. Reduction during chondrule formation
could also be the reason for the negative trends we observe for CR and some UOC type
ITA olivines in the molar Fe/Mn vs. Fe/Mg diagram (Fig. 2.4d, 2.5b and 2.11b).
Remelting of such partially reduced chondrule material could explain the trends more
parallel to the x-axis. However, if reduction of FeO occurred in the silicate melt or maybe
even within the olivine grains while they were crystallizing, we would expect to observe
abundant Ni-poor metal blebs in the CR and UOC type IIA chondrules that show
negative trends in the molar Fe/Mn vs. Fe/Mg diagram (Fig. 2.11a,b). We did not
observe such Ni-poor metal blebs, but it is possible that they are so small that a TEM
investigation is needed in order to confirm their presence.

At this point in time, we can only speculate whether Mn gain or reduction of FeO

caused the negative trends observed for CR and some UOC type IIA chondrule olivines
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in the molar Fe/Mn vs. Fe/Mg diagram (Fig. 2.4c,d, Fig. 2.5b and Fig. 2.11a,b). They
might also represent a combination of both. It is possible that reduction of FeO was more
significant for UOC type IIA chondrules (see discussion below), while gain of volatile
elements might be the dominant process recorded in CR type IIA chondrules as indicated
by higher Na,O and K,O contents in CR type IIA mesostasis than in UOC type IIA
mesostasis (Fig. 2.8b). The two populations observed in the CR data (Fig. 2.4b,d) could
point to different amounts of volatile elements added while the precursor composition
might have been similar to that of CO type IIA chondrules as indicated by high Fe/Mn
ratios at the beginning of olivine crystallization. CR-Ch6 has higher MnO contents
(Table 2.3) as well as higher K/Al and Na/Al ratios in the mesostasis glass (Fig. 2.8b)
than CR-Ch13 and olivines show a steeper negative trend in the molar Fe/Mn vs. Fe/Mg
diagram (Fig. 2.4d).

Most of the UOC type IIA chondrule olivine trends have fairly shallow negative
slopes in the molar Fe/Mn vs. Fe/Mn diagram (Fig. 2.5b) compared to the steep slopes of
the CR type IIA chondrule olivine trends (Fig. 2.4d). While the latter may have started
crystallizing with an Fe/Mn ratio close to CO (and CI), Fe/Mn ratios of UOC type IIA
chondrule olivines are significantly lower (Fig. 2.4c,d and Fig. 2.5b). This might indicate
that either the UOC type IIA precursor material experienced significant reduction and
metal loss before chondrule formation occurred or that UOC type IIA chondrules
experienced reduction during chondrule formation and significant recycling that led to
metal loss. Both possibilities would also explain the lack of Ni-poor metal as it might
have been physically lost because of metal-silicate melt immiscibility. A potential
reducing agent could have been the presence of carbon in the precursor material (e.g.,
Connolly et al. 1994) or a reducing nebular gas.

If reduction was a major process responsible for establishing the Fe/Mn trends, one
would expect to see differences in the recorded oxygen fugacities between UOC, CR and
CO type IIA chondrules. Sutton et al. (1996) found different Cr**/Cr’" ratios in type II
chondrule olivine from Semarkona (Cr*/Cr’” = 0.9) and ALHA 77307 (Cr*"/Cr’" = 0.3),
implying that CO type II chondrules might have crystallized under slightly more
oxidizing conditions than UOC type II chondrules: this is consistent with the differences

in Fe/Mn systematics.
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In conclusion, CO type ITA chondrules record no evidence for Mn or Fe loss/addition
while olivine grains were crystallizing (Fig. 2.11a,b). This is in contrast to CR and UOC
type IIA chondrules, which show negative trends in the molar Fe/Mn vs. Fe/Mg diagram
indicating that Mn gain and/or reduction of FeO occurred during the crystallization of
olivine grains (Fig. 2.11a,b). CO type IIA chondrules could have had a higher proportion
of sulfides in their precursor materials than CR and UOC type IIA chondrules. If all S
volatilized from the chondrule melt before olivine started crystallizing, a higher amount
of Fe*" could have been incorporated into CO type ITA chondrule olivine. On the other
hand, the precursor material of CO type IIA chondrules could have been FeO-rich prior
to chondrule formation with a low modal proportion of sulfides and metal. The lower
Fe/Mn ratios of CR and UOC type I1A olivines might then be related to an FeO-rich CO-
or Cl-like precursor material that experienced reduction, metal loss and recycling during

chondrule formation.
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Fig. 2.12. Fe (afu) vs. Mn (afu) for olivine zoning profiles from experimental samples with different
cooling rates (Jones and Lofgren 1993). Trendlines are best-fit linear regressions forced through the origin.
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Do the Fe/Mn trends relate to differences in cooling rates?

Differences in cooling rates could be an explanation for the slightly different slopes
we observe for each Semarkona chondrule in the Mn vs. Fe diagram (Fig. 2.5a). Jones
and Lofgren (1993) performed experiments at different cooling rates (2, 5 and 100°C/hr)
with a starting composition that is very similar to the bulk composition of UOC type 1A
chondrules. In Fig. 2.12, the experimental data for olivine from Jones and Lofgren (1993)
are plotted as Mn vs. Fe. The slope of the trendlines becomes shallower with increasing
cooling rate.

The experiments by Jones and Lofgren (1993) do not provide an explanation for the
shallow slope (0.010) we observed for CO type IIA chondrule olivines in the Mn vs. Fe
diagram. This slope would require a much higher cooling rate. However, at cooling rates
in the range of 500 — 1000°C/hr significantly different chondrule textures are observed
(Lofgren 1989). The shallow slope for CO type ITA chondrules might be reproduced with
a porphyritic texture if the starting composition of the experiment more closely resembles
the bulk compositions of CO type IIA chondrules. Clearly, more experiments are needed
to fully understand the effect of cooling rate on Fe/Mn systematics, but available

evidence indicates that different cooling rates may only represent a second order effect.

Relict grains

Two types of relict grains (i.e., grains that did not crystallize in situ from the host
chondrule melt) are frequently encountered in chondrules: relict forsterite or enstatite
grains in FeO-rich chondrules and “dusty” olivine grains in FeO-poor chondrules (e.g.,
Jones 1996b and ref. therein; Jones and Danielson 1997; Weinbruch et al. 2000; Pack et
al. 2004, 2005). In addition to these commonly described relicts, Jones and Carey (2006)
showed evidence that Fo-rich relicts exist in type I chondrules. Wasson and Rubin (2003)
also suggested that type II chondrules might contain ubiquitous high-FeO relict grains.

In this study, we tried to avoid relict forsterites in order to show true chondrule
crystallization trends. Our MELTS modeling demonstrates that the first olivine to
crystallize from a melt of type ITA bulk composition would be Fay¢ for UOC and Fa;_
for CO chondrules (Table 2.4). A few grains with Fa contents significantly below these

values were excluded from Figures 2.2 to 2.5.

120



As a result of our detailed examination of Fe/Mn systematics, we have observed
grains that we consider to be relicts that have not been described previously. These are
FeO-rich grains that we can identify as relicts, because they have significantly different
Fe/Mn ratios than melt-grown olivines in the host chondrules. (Figs. 2.6 and 2.7). The
relict core of Grain 1 in Kainsaz chondrule K1-Ch8 (Fig. 2.6a,b) plots in a region of the
Mn vs. Fe diagram that lies outside our data for type IIA chondrule olivine from all
chondrites studied (Fig. 2.6d). The relict core of this grain is Fa,. Its MnO content of
0.89 wt% (Table 2.2) is significantly higher than what we observe for olivines with a Fa
content of 20 mol% in host chondrule olivines in type IIA chondrules in CO, CR and
ordinary chondrites. A possible explanation for this relict is that it was initially
significantly more FeO-rich, and that it underwent reduction before formation of the host
chondrule. There is evidence for this in the form of small metal blebs (Fig. 2.6b). If the
original grain had an Fe/Mn ratio similar to that in UOC type IIA chondrules, it would
initially have had a composition of ~Fay,. If its original Fe/Mn ratio was that of a CO
type Il chondrule, it would have had an initial composition of ~Fags. The latter is clearly
unreasonable, and Fay; is high for UOC, but not unreasonable (see Fig. 2.2). Nakamura et
al. (2008) found olivines with compositions (Fao,; and MnO = 0.8 wt%), very similar to
the relict core of our Grain 1 (Fig. 2.6), in a chondrule-like object (“Torajiro”) in samples
collected by the Stardust mission from comet 81P/Wild 2.

The relict core of Grain 2 in Kainsaz chondrule K1-Ch8 (Fig. 2.6a,c) could also
represent a grain that originally formed in a previous generation of UOC type IIA
chondrules. Fe and Mn contents of this grain overlap with those observed in type I
chondrules (indicated by the box in Fig. 2.6d), but it is rather unlikely that it was derived
from a type I chondrule. The presence of small metal blebs (Fig. 2.6¢) indicates that it
underwent reduction, like Grain 1, either before or during the chondrule-forming event.

While the relict cores in Kainsaz chondrule K1-Ch8 are fairly easy to recognize
because of their darker appearance in a BSE image (Fig. 2.6a), the relict grain in
Semarkona chondrule 51 looks very similar to the host olivine grains in this chondrule
(Fig. 2.7a). Its low Mn content suggests that it could potentially be a grain that originally
formed in the CO chondrite formation region (Fig. 2.7b).
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Relict grains provide a real physical record of chondrule precursor grains. Most
relicts appear to be derived from previous generations of chondrules and hence represent
evidence for recycling of material in the chondrule forming region(s). Jones (1996b)
estimated that at least 15% of chondrules contain material that experienced at least two
chondrule-forming events, with disruptive collisions probably occurring between the
events. The prospect of finding more relict grains using Fe-Mn-Mg systematics (Figs.
2.4, 2.6, and 2.7) might result in a greater population of relicts in chondrules than
previously estimated. We plan to determine the oxygen isotopic compositions of the
relicts we have identified. Boesenberg et al. (2007) showed that O-isotope exchange
between relict olivine and chondrule melt is much slower than Fe-Mg exchange.
Therefore, even if Fe-Mg exchange occurred, chances are high that oxygen isotopes will

help us to constrain the origin of newly identified relict grains in this study.

CONCLUSIONS

Type IIA chondrule olivines show positive correlations in a Mn (afu) vs. Fe (afu)
diagram. Even though the slopes of the trends are slightly different for each chondrule,
UOC type IIA chondrules show a significantly steeper correlation than CO type I1A
chondrules (Fig. 2.4a). CR type I1A chondrule olivines show two populations. One
population overlaps somewhat with UOC compositions, while the other has properties
intermediate between unequilibrated ordinary and CO chondrites (Fig. 2.4b).

Differences observed in type IIA bulk chondrule compositions suggest that precursor
materials for UOC, CR and CO type IIA chondrules were fundamentally different, while
L and LL type IIA chondrules must have been derived from a common reservoir as has
also been suggested based on oxygen isotopic compositions (e.g., Clayton et al. 1991).
We also found evidence that the chondrule formation process might have played an
important role in establishing the different Fe/Mn trends.

Differences in cooling rates could be an explanation for the slightly different slopes
we observe in the Semarkona data (Fig. 2.5a and Fig. 2.12), but more experiments are
clearly needed to fully understand the effect of cooling rate on the partitioning behavior

of Mn.
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The Fe/Mn trends for type IIA chondrule olivines in ordinary, CR and CO chondrites
are very similar to those observed for olivine from martian (slope 0.0217), terrestrial
(slope 0.0134) and lunar (slope 0.0095) basalts (Karner et al. 2003; Papike et al. 2003).
While these planetary trends could be related to the volatility of Mn and the heliocentric
distance from the Sun, our chondrule data indicate a considerable heterogeneity in the
Fe/Mn ratio of reservoirs that are sampled by different chondrite bodies on scales less
than 1 AU within the protoplanetary disk. This observation suggests that either very
different processes are recorded in chondrites or that there is no simple relationship
between volatile element depletions and distance from the Sun.

Fe-Mn-Mg systematics can be used to identify relict grains that have significantly
different Fe/Mn ratios than the host olivines in type IIA chondrules. We have observed
relict grains in a Kainsaz (Fig. 2.6) and in a Semarkona chondrule (Fig. 2.7) that could be
derived from previous generations of chondrules, including chondrules from other

chondrite groups.

123



CHAPTER 3 - CHONDRULES AND MATRIX IN KAKANGARI:
EVIDENCE FOR WIDE-SPREAD REDUCTION AND
SULFIDIZATION

ABSTRACT

In this study, the Kakangari chondrite was examined in detail by optical microscopy,
scanning electron microscopy and electron microprobe analysis. The relative abundances
of chondrule textural types were determined and twenty chondrules were chosen for a
detailed study of mineralogy and petrography. Bulk compositions of these chondrules
were obtained by modal recombination analysis (MRA) and matrix was analyzed using
defocused beam analyses.

Kakangari has been thought of as a very primitive chondrite, but our study reveals
that it records a complex series of events, including (1) formation of fine-grained FeO-
rich precursor material, (2) formation of FeO-rich chondrules in early heating events in
the solar nebula, (3) subsequent reduction of chondrules and fine-grained matrix
materials in a later heating event(s) also in the nebula, (4) accretion, (5) thermal
metamorphism and formation of apatite, (6) sulfidization of Ni-poor metal, and (7) low-
temperature aqueous alteration leading to the formation of abundant ferrihydrite.

Kakangari chondrules, as they are preserved in the meteorite, are quite different from
chondrules in ordinary and carbonaceous chondrites, but are similar to FeO-rich objects
found in enstatite chondrites. Even though mesostasis compositions might point to a type
I and type II chondrule population, other evidence (e.g., high MnO contents in olivine
and presence of Ni-poor metal) suggests that silicates in all chondrules were initially
FeO-rich and underwent reduction. The silicate portion of the fine-grained matrix in
Kakangari is compositionally very similar to chondrule silicates, even after taking
secondary overprints into account. Our results support a model in which Kakangari

chondrules and matrix formed in close proximity in the solar nebula.
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INTRODUCTION

Kakangari fell on June 4th, 1890 in Kangankarai, India (Silberrad 1932). It was
recognized as a unique chondrite in the 1970s (e.g., Graham and Hutchison 1974; Davis
etal. 1977). Weisberg et al. (1996) suggested that Kakangari, Lea County 002 (Zolensky
et al. 1989; Prinz et al. 1991) and LEW 87232 (Weisberg et al. 1993b; Kallemeyn 1994)
should form the Kakangari (K) chondrite grouplet. This classification has found
acceptance; however, Krot et al. (2003) proposed that Lea County 002 should actually be
classified as a CR chondrite, while Zolensky (pers. comm.) recommends that it should
remain ungrouped.

Kakangari and LEW 87232 are type 3 chondrites that are characterized by high
matrix abundances (>60 vol%) similar to carbonaceous chondrites, metal abundances (6-
10 vol%) similar to H chondrites and average mafic silicate compositions that indicate an
oxidation state intermediate between H and E chondrites (Weisberg et al. 1996). Bulk
oxygen isotopic compositions plot close to CR chondrites, but chondrule and matrix
oxygen isotopic compositions form a mixing line that distinguishes K from CR
chondrites (Weisberg et al. 1996). A detailed TEM study by Brearley (1989) showed that
Kakangari matrix differs from other chondrite groups in being dominated by enstatite, not
olivine, and in exhibiting textures that indicate high temperature processing.

The motivation for this study was to examine the relationship between chondrules
and matrix in Kakangari. Several studies have indicated that Kakangari is a very pristine
chondrite (e.g., Brearley 1989; Scott and Krot 2005; Nuth et al. 2005). Furthermore, a
unique feature of Kakangari is that chondrules and matrix are compositionally very
similar, so similar in fact that Nehru et al. (1983) argued that Kakangari appears to
consist of only one, rather than two components. In addition, although Kakangari matrix
has been studied in detail (Brearley 1989), only a few cursory studies have been carried
out on the chemical and petrographic properties of chondrules in K chondrites. Nehru et
al. (1986) and Genge and Grady (1998) documented layered chondrules and different
kinds of chondrule rims in Kakangari and also noticed that no type II chondrules (Fa > 10
mol%) are present in Kakangari. Genge and Grady (1998) suggested that the relative
abundances of different textural types of chondrules in Kakangari are most similar to

those in ordinary chondrites. McSween (1977a) determined bulk compositions of
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chondrules in Kakangari by electron microprobe defocused beam analyses and also found
that they overlap with those of ordinary chondrite chondrules. Oxygen isotopic
compositions, on the other hand, suggest that there might be a genetic relationship
between the chondrules in Kakangari and enstatite chondrites (Weisberg et al. 1996). To
complicate matters further, the one matrix sample of Kakangari that was analyzed for
oxygen isotopes has a considerably more '°O-rich composition than the chondrules (Prinz
et al. 1989; Weisberg et al. 1996).

Our detailed study of the mineralogy and bulk chemistry of chondrules and matrix in
Kakangari reveals a very complex history that has not been recognized previously.
Multiple events are recorded in the textural and mineralogical characteristics of
Kakangari involving high-temperature processing, reduction, thermal metamorphism,
sulfidization and low-temperature aqueous alteration. These processes have modified the
primary nebular record of Kakangari to a significant extent. However, after taking
secondary overprints into account, our observations allow an assessment of the
relationship between chondrules and matrix as well as a more detailed comparison
between chondrules in Kakangari and those in ordinary, carbonaceous, and enstatite
chondrites. In addition, our data provide new constraints on both nebular and parent body

processes that have affected chondritic meteorites.

SAMPLES AND ANALYTICAL TECHNIQUES

Two thin sections of Kakangari (UNM 559, UNM 585) were studied in detail by
optical and scanning electron microscopy. A photomosaic of one of the thin sections
(UNM 559) is shown in Figure 3.1. Electron imaging, semi-quantitative EDS, X-ray
mapping and quantitative analyses were performed on a JEOL 8200 Superprobe in the
Electron Microbeam Facility at the University of New Mexico. This electron microprobe
is equipped with a Thermo Noran EDS system and five WDS spectrometers, including
two high intensity spectrometers with smaller Rowland circles for precise minor element

analysis.
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Kakangari
[UNM 559]

Fig. 3.1. Backscattered electron photomosaic of Kakangari thin section UNM 559. Two dark clasts of fine-
grained material occur in the center of the thin section. Chondrules range in size from 0.25 to 3 mm.
Metal/troilite rims around chondrules are very common. Matrix abundance is 76.8 vol% (Weisberg et al.
1996). The high compositional (atomic number) contrast of the matrix is caused by abundant fine-grained
troilite and ferrihydrite.

Twenty chondrules were selected for detailed analysis. Chondrule labels #1 and #2
refer to their location in thin section UNMS585 or UNMS559, respectively. Quantitative
analyses were obtained on all phases present in a chondrule and were then combined with
their weighted modal proportions to obtain the bulk composition of the chondrule (refer
to Appendix A). WDS element maps were used to identify the different phases present,
but in order to avoid Na loss, mesostasis analyses were obtained first (15 keV, 5 pm
beam diameter, 10 nA beam current) before element maps were collected. A rhyolitic

glass standard (3.75 wt% Na»O) and a basaltic glass standard (2.66 wt% Na,O) were
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analyzed along with the meteorite samples in order to maintain a reasonable accuracy for
our Na values (£10%). Subsequently, the chondrules were mapped by WDS X-ray
spectrometry using stage mapping with a beam current of 30 nA and a pixel-size between
0.5 and 1.5 pm (depending on chondrule size) for a suite of 5 elements (Al, Ca, Mg, Fe,
S). In some cases, when we knew beforehand that silica was present in a chondrule, Si
was mapped instead of Al. The collected element maps were then used to select spots for
silicate, metal and sulfide point analyses. Silicate minerals were analyzed with an
accelerating voltage of 15 keV and a beam current of 20 nA. Metals and sulfides were
analyzed at 20 keV and a beam current of 40 nA. ZAF corrections were applied to the
data and standards used include Taylor olivine (Si, Fe, Mg), diopside (Ca, Mg, Si),
spessartine (Mn), albite (Na), orthoclase (K, Al), corundum (Al), rutile (T1), chromite
(Cr), apatite (P), pyrite (S), Ni-metal (Ni), and Co-metal (Co), as well as JEOL Fe-metal
(Fe) and Si-metal (Si).

Figure 3.2 shows BSE images of two chondrules and their corresponding phase
images that were assembled with the phase tool in Lispix Lx133P (public domain image
analysis program for Windows, written and maintained by David Bright, National
Institute of Standards and Technology) and/or Adobe Photoshop® based on collected X-
ray maps. Modal abundances of the different phases present were determined with Lispix
or with Scion Image. A comparison of both methods is provided in Appendix B.

Several matrix regions were analyzed with a defocused beam (30 um diameter), a
beam current of 20 nA and an accelerating voltage of 15 keV. The same setup was used
to analyze the fine-grained clasts (Fig. 3.1). Analyses were placed randomly and small
metal/sulfide grains (< 5 um) within the matrix and fine-grained clasts were not avoided.
Elements were measured as oxides and ZAF corrections were applied to the data. Totals
lower than 80 wt% were assumed to be due to holes and/or cracks in the thin section and
were therefore discarded. High totals, which are due to mixed metal/sulfide/silicate
analyses and the fact that Fe, Ni and S were measured as FeO, NiO and SO;, were not
discarded. For the presentation of our matrix data, NiO and SOz were converted to
element wt%. Individual grains of olivine and pyroxene in the matrix and fine-grained
clasts were analyzed with the same setup that was used for chondrule silicates (15 keV,

20 nA and focused beam).
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Color code for phase images:

M= olivine | H=olivine2  M=pyroxene | W= pyroxene 2
O= Ca-pyroxene 0= mesostasis = silica B= troilite

B = kamacite B = taenite W= apatite = Cr-spinel
B = ferrihydrite

Fig. 3.2. Examples of phase identification for modal recombination. a) Backscattered electron (BSE) image
of a typical POP chondrule, #2-5. b) Phase image of the chondrule shown in Fig. 3.2a generated in Adobe
Photoshop® using element maps to identify each phase. Such images were used to determine the modal
abundances of the different phases with Scion Imaging software. The indicated taenite zoning profile is
shown in Fig. 3.15. ¢) BSE image of a cryptocrystalline chondrule (#2-9) consisting of olivine, two

pyroxenes (pyroxene 1 = Fs;,Wogs; pyroxene 2 = Fs; sWo073) and silica. d) Phase image of the chondrule
shown in Fig. 3.2c.
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RESULTS
Chondrules

Chondrule textures

Chondrules constitute ~19 vol% of Kakangari (Weisberg et al. 1996). Their average
diameter is 0.69 mm with many of them falling in the 0.25-0.5 mm range (Weisberg et
al. 1996), but there are also a few larger chondrules present with sizes up to at least 3 mm
(Fig. 3.1). Genge and Grady (1998) noticed a high abundance of chondrule fragments and
described different types of chondrule rims. Virtually all chondrules have either a
massive troilite/kamacite rim and/or a fine-grained porous troilite rim (Fig. 3.1), which
Genge and Grady (1998) refer to as ‘spongey’. Some fracture surfaces on chondrule or

mineral fragments have a very thin troilite rim.

Table 3.1. Relative abundances (%) of different chondrule types.

Kakan- Kakan- OoC EH3 EH3 EL3 CcO Ccv
gari gari (GK81)  (RG87)  (S02) (S02) (ROO) (G88)
(GG98)
Porphyritic: ~ PO-IT" 7.1 - 15-27 ) ) ) 8 84.6
PO 7.1 9.1
POP 40.0 36.3 47-52 4.6 11.8 17.6 69 7.5
PP 21.9 8.4 9-11 76.2 56.6 58.8 18 1.9
Agglomeratic’:  AC 14.2 - - - - - - -
Granular:  GOP - 22.1 2-5
GP _ 78 R 1.4 18.4 10.6 <0.1 -
Barred: BO - - 3-4 - - - 2 6
Radial:  RP/(BP) 9.0 10.4 7-9 12.8 6.6 10.6 2
Crypto- CC 0.7 3.9 35 5.0 6.6 25 1 0.3
crystalline:

*PO chondrules exhibiting a typical “type IIA”-texture (see text), but olivines are FeO-poor (Fa, 5.3 5) in Kakangari.
*Chondrules consisting of very fine-grained silicates (grain size: <10 pm), abundant troilite/metal beads and larger
troilite/metal grains with very ragged outlines. Low-Ca and Ca-pyroxene are more abundant than olivine. These
chondrules are very similar to the material that constitutes fine-grained igneous rims around ~16% of chondrules in
Kakangari, in fact, some of them contain larger relict grains and/or chondrule fragments.

GGI8: Genge and Grady (1998)

GK&81: Gooding and Keil (1981)

RG87: Rubin and Grossman (1987)

S02: Schneider et al. (2002)

ROO0: Rubin (2000)

G88: Grossman et al. (1988)
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In this study, textures of 155 Kakangari chondrules and chondrule fragments were
examined in detail by optical and electron microscopy. The relative abundances of
different textural types are listed in Table 3.1, compared to data for Kakangari from
Genge and Grady (1998) and ordinary, enstatite and carbonaceous chondrites from
different authors. Similar to many other chondrite groups, porphyritic chondrules are the
most abundant in Kakangari and show a textural continuum from porphyritic olivine (PO)
to porphyritic olivine-pyroxene (POP) and porphyritic pyroxene (PP) chondrules.

Genge and Grady (1998) classified ~30% of Kakangari chondrules as granular,
whereas we do not classify any chondrules as granular. Gooding and Keil (1981) defined
a granular texture as one that exhibits a uniformly small grain size, with anhedral crystals
and patches of mesostasis that are similar in size to the crystals. Genge and Grady (1998)
acknowledge that in their study: “Granular chondrules were identified as those which
lack significant mesostasis or groundmass and might be classified as porphyritic in other
studies.” We prefer to use the Gooding and Keil (1981) definition and use the term
porphyritic for such objects.

Several authors have noticed that Kakangari does not contain type II chondrules
(e.g., Nehru et al. 1986; Weisberg et al. 1996; Genge and Grady 1998). However, we
found that about half of the PO chondrule population exhibits a texture that is very
similar to a typical “type IIA” chondrule texture (e.g., Scott and Taylor 1983; Jones
1990), but olivines are FeO-poor (Fa,s.3.5) and do not show normal igneous zoning (e.g.,
Fig. 3.3a,c). These chondrules are referred to as PO-II in Tables 3.1, 3.2, and 3.5-3.7.
Their shapes can be rounded or irregular. Euhedral olivine phenocrysts in these
chondrules range in grain sizes from 5—400 pm. In the most coarse-grained PO-II
chondrule, the olivine grain size ranges from 100—-800 pum. In these chondrules, olivine
phenocrysts are typically embedded in a microcrystalline groundmass that contains
abundant laths of Ca-pyroxene (Fig. 3.3b). Such Ca-pyroxene laths can be fairly large
(up to 60 um thick) and can have cores of low-Ca pyroxene and/or pigeonite (Fig. 3.3¢).
However, in chondrules with a “type IIA” texture, low-Ca pyroxene is never present as
large phenocrysts at the periphery of the chondrule as would be typical for type I
chondrules (e.g., Scott and Taylor 1983). Most of the Kakangari chondrules classified as
having a “type IIA”-texture (PO-II in Table 3.1) contain only small amounts of opaque
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phases in the form of pm-sized metal and/or troilite beads within the microcrystalline
groundmass and frequently decorating the crystal faces of olivines (Fig. 3.3b). Larger
troilite and/or metal grains can be present along the edge of a chondrule (Fig. 3.3a). A
few chondrules, which were included in the PO-II category in Table 3.1, show all the
characteristics of the “type IIA”-texture described above, but contain larger troilite/metal
intergrowths (Fig. 3.3d) with very ragged outlines (Fig. 3.3e).

The chondrule shown in Fig. 3.3d is armored by an igneous rim (Fig. 3.3f) with an
outermost layer of fine-grained troilite. In contrast to the center of the chondrule, the rim
is dominated by small crystals (<10 pm) of low-Ca and Ca-rich pyroxenes; olivine and
mesostasis are present but are not as abundant (Fig. 3.3f). Troilite and metal grains within
the igneous rim show ragged outlines resembling the grains in the interior of the
chondrule. Twenty-four out of the 155 chondrules studied exhibit igneous rims with
similar texture. Another 22 chondrules (labeled “agglomeratic” in Table 3.1) seem to be
almost entirely made up of material similar to igneous rims, but they could also simply
represent slices through such rims. However, this is unlikely for the large agglomeratic
chondrule shown in Fig. 3.3g. A more detailed view of a part of this chondrule (Fig.
3.3h) demonstrates the similarity to the igneous rim shown in Fig. 3.3f. In the optical
microscope, these chondrules are easily identifiable by their high abundance of opaque
minerals and their overall darker, brownish color, which is probably caused by the very
fine-grained nature of the silicates. These chondrules are very similar to a class of objects
that has been described by various authors with different terms: “dark-zoned chondrules”
(Dodd and Van Schmus 1971), “aggregational chondrules” (Cohen et al. 1983), “coarse-
grained lumps” (Rubin 1984), “aggregational inclusions” (Rubin et al. 1988) and
“agglomeratic chondrules” (Weisberg and Prinz 1996). Whereas such chondrules consist
mainly of fine-grained olivine and low-Ca pyroxene in ordinary and carbonaceous
chondrites (e.g., Rubin 1984; Rubin et al. 1988; Weisberg and Prinz 1996), we found that
those in Kakangari are dominated by low-Ca and high-Ca pyroxene with subordinate

olivine (Fig. 3.3g,h).
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Fig. 3.3. BSE images of Kakangari chondrules showing different textural types. a) Kakangari chondrule #1-
10 with a typical “type IIA”-texture, but FeO-poor olivines (Fa, 53 5). b) Close-up image of the box outlined
in Fig. 3.3a. The groundmass of chondrule #1-10 contains Ca-pyroxene laths and abundant metal/troilite
blebs. c) Fragment of chondrule #2-4 with a typical “type IIA”-texture. Olivines are FeO-poor (Fa, 53 5) and
the Ca-pyroxene laths have low-Ca pyroxene cores. The large isolated olivine grain at the lower left is not
included in the chondrule. It is zoned from Fa;, (core) — Fa; (edge). d) Porphyritic olivine chondrule #1-4
with large metal/troilite grains that have ragged outlines, typical of many Kakangari chondrules. This
chondrule is armored by a fine-grained igneous rim (close-up image shown in Fig. 3.3f). e) Close-up image
of box labeled “e” in Fig. 3.3d showing relationships between metals and trolite. f) Close-up image of box
“f” in Fig. 3.3d. Fine-grained low-Ca and Ca-pyroxene dominate over olivine in the igneous rim (to the
right of the white line), whereas large olivine grains are present in the center of this chondrule (left).
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Fig. 3.3 continued. g) Agglomeratic chondrule with abundant metal/troilite grains showing ragged outlines.
h) Close-up image of box outlined in Fig. 3.3g. The mineralogy and texture of agglomeratic chondrules is
very similar to the fine-grained igneous rims found around ~16% of all Kakangari chondrules, such as the
one shown in Fig. 3.3f. i) Porphyritic pyroxene chondrule (#1-7) with olivine chadacrysts. j) Compound
chondrule (#2-3) consisting of two mineralogically identical barred/porphyritic pyroxene chondrules. Both
contain abundant silica. k) BP chondrule (#1-11) consisting of low-Ca pyroxene (Fss.14) and abundant
silica. 1) RP chondrule (#2-7) with coarser-grained silica.
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In general, PP chondrules (~22%) are more common in Kakangari than PO
chondrules (~14%). Also, in many POP chondrules, pyroxene is more abundant than
olivine. Olivine frequently occurs as chadacrysts within larger low-Ca pyroxene crystals
(e.g., Fig. 3.2a,b and Fig. 3.3i). Troilite and metal grains with ragged outlines (Fig. 3.3e)
are a very characteristic feature of Kakangari (Fig. 3.1) and occur mostly in chondrules
with agglomeratic textures (Fig. 3.3g,h) and those chondrules that show a large range in
grain sizes (Fig. 3.3d,e). Troilite and metal grains are more rounded in chondrules with a
more uniform grain size of the silicates (e.g., Fig. 3.3i).

The abundance of radial pyroxene (RP) chondrules in Kakangari is more similar to
ordinary and enstatite chondrites than to carbonaceous chondrites (Table 3.1). Some of
the Kakangari chondrules that are included in the category of RP chondrules in Table 3.1
have rather thick laths/bars of pyroxene (up to 50 um) so that it is not exactly appropriate
to describe them as RP chondrules (e.g. Fig. 3.3j). These are transitional between PP and
RP chondrules, and we refer to them as barred pyroxene (BP) chondrules. Their textures
are similar to coarse barred pyroxene chondrules described by Jones (1996a) in ordinary
chondrites. However, many RP/BP chondrules in Kakangari contain abundant silica (e.g.,

Fig. 3.3],k,l). Only one cryptocrystalline chondrule was found in this study (Fig. 3.2c,d).

Chondrule mineralogy

Twenty chondrules were selected for detailed analysis. The selection process was
carried out in a somewhat subjective way, making sure that chondrules with different
textures (all that were possibly available) were included. We feel confident that these
chondrules are approximately representative for Kakangari. The supplementary CD
contains Microsoft Office Excel® files with the collected and generated data for each
chondrule (EMP data, BSE image, corresponding phase image and details of the modal
recombination analysis). Here, we summarize important features of mineral

compositions.
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Fig. 3.4. Histograms showing a) Fa contents of olivines and b) Fs contents of low-Ca pyroxenes in
Kakangari. Chondrule data are for the 20 chondrules chosen for bulk chondrule analysis in this study.
Chondrule silicates (2-9 analyses per chondrule) show a wider range of compositions than those in the
matrix and fine-grained clasts. The most FeO-rich compositions for both olivine and pyroxene are analyses
of the cores of zoned grains. Note that low-Ca pyroxenes show a wider range of compositions than olivines.
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Olivine, pyroxene and silica

Figure 3.4 shows histograms of Fa contents of olivines and Fs contents of low-Ca
pyroxenes for the 20 Kakangari chondrules chosen for detailed study (2-9 analyses per
chondrule). Compositions of most chondrule olivines fall within the narrow range
2.3<Fa<5.5, but there is a continuous distribution up to 11 mol% (highest Fa contents
represent the cores of zoned olivine grains). Low-Ca pyroxenes show a much wider range
of compositions (mostly 3.5<Fs<16.5) with a peak at 67 mol% and some outliers
between 22 and 24 mol% (again, representing the cores of zoned grains). Arrows in
Figure 3.4 indicate the trends expected for reduction and equilibration, which are
discussed in detail below. Our data are similar to those collected by Graham et al. (1977)
and Brearley (1989), who surveyed olivine and low-Ca pyroxene compositions in
Kakangari. Their observed ranges were Faj,.93/Fs3 3143 and Faj s.¢/Fs; 5.14, respectively.
The results of previous studies (Graham and Hutchison 1974; Graham et al. 1977;
Brearley 1989) and our study emphasize that Kakangari lacks chondrule silicates with Fa
contents below 2 mol% and Fs contents below 3 mol%, in contrast to primitive
chondrites from all other chondrite groups.

Tables 3.2 and 3.3 report representative electron microprobe analyses of chondrule
olivines and pyroxenes, including analyses from the chondrules shown in Fig. 3.2, Fig.
3.3a,i,1 and Fig. 3.6. The Cr,05 contents of chondrule olivines in Kakangari are very low
(<0.16 wt%, with more than 90% of all measured olivines having Cr,O3 contents below
0.04 wt%), whereas MnO contents of chondrule olivines are mostly higher than 0.38 wt%
(average of all individual olivine analyses: 0.42 wt%). CaO contents of chondrule

olivines are <0.3 wt% (average: 0.06 wt%).
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Table 3.2. Representative electron microprobe analyses of olivines in Kakangari chondrules.

Chondrule #1-10 #2-2 #2-2 #2-5 #2-5 #2-9
Texture PO-I11 PO PO POP POP CcC
Fig. 3a 6b 6b 2a,b 2a,b 2c,d
dusty dusty fine-
Mineral olivine olivine olivine olivine olivine grained
(core) (edge) chadacryst  phenocryst olivine
Oxide wt%
SiO, 42.1 41.1 41.8 41.6 42.0 42.9
TiO, <0.04 <0.04 <0.04 <0.04 <0.04 <0.04
Al,O3 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
Cr,03 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
FeO 3.3 8.1 3.3 4.7 3.5 2.4
MnO 0.42 0.42 0.46 0.46 0.42 0.40
MgO 54.4 49.8 53.8 52.7 53.6 54.6
CaO 0.05 0.12 0.10 0.04 <0.02 0.05
NiO <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
Total 100.3 99.6 99.5 99.6 99.6 100.4
Cations (4 oxygens)
Si 1.00 1.00 1.00 1.00 1.00 1.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.06 0.17 0.07 0.09 0.07 0.05
Mn 0.01 0.01 0.01 0.01 0.01 0.01
Mg 1.93 1.81 1.92 1.89 1.91 1.92
Ca 0.00 0.00 0.00 0.00 0.00 0.00
Ni 0.00 0.00 0.00 0.00 0.00 0.00
Total 3.00 3.00 3.00 3.00 2.99 2.99
Fa (mol%) 33 8.4 3.3 4.8 3.5 2.4

138



[ Sl €T €1 01 '8¢ €0 89t <0 (o101} 0,4
Ly 86 SLl Y 811 6t 0f §9 9 (%a10m) S
10071 00+ 00 00t 00'¥ 00°F 00'F 00+ 66't 66't e,
00070 10°0 000 000 00°0 00°0 00°0 00°0 00ro 000 b |
10070 £0°0 1070 000 000 00°0 200 000 00 000 EN
000°0 01°0 €00 <00 €00 00 IL°0 10°0 89°0 10°0 L
100°0 0L°1 vLl LS] €81 0Ll 0l 68°1 el [ 1
000°0 00 100 100 oo €00 €00 o oo 100 L A
10070 60°0 610 €E0 110 0 LO0°0 80°0 o £ro 2
00070 00 100 w0 [0°0 10°0 €00 100 c0'0 10°0 4D
2000 80°0 200 w0 100 00°0 91'0 100 800 10°0 v
00070 00°0 000 000 000 00°0 w00 000 10°0 000 L
L6670 96°1 66'l 86'1 66'1 00°C 68’1 66'l s6'l 00¢ IS
(suasixo 7) (snasdxo g) suonn)
0001 0101 860 00t L001 001 1001 Foo0l oot L'66 L LA N
00> €ro 00> o= o= 00> 00> 00> #0°0 F0°0 0™
¥0°0 Lyo 1o €00 00 LOO 8T0 00> €50 £0°0 OfN
00> L€ 690 | €L°0 <0 81 810 9Ll €T0 (o100 ]
00 §'eE i % 86T c9E L'TE S6l SLE o6l 9'¢E 03N
£0°0 950 0 9£°0 0L0 01 'l g0 1570 ] Oul
1o it L9 LT 3¢ 08 T 8T 0t L4 04
0= 0Lo 050 6570 6T0 6£°0 91 £ero L1 050 f0i1D
€ro 6l 6£°0 90 ST0 oro L 810 0T €To oy
070> £ro 00> L0710 700> 00> €90 FO0= 90 700> 0LL
9°66 L'Ls €LS 6'CS 98¢ £Ls ¥Ts 06s 0Fs T8¢ 0N
1AM APIX()
(95pa) (2.102)
B[S muoasud aueIsud ANUEISUI AUEISUI AIEISUD ajgne ABISUI ajsne ANIEISUD [eaduny
Pz Pz It a9 €9 €9 Ly LIy q'eg qeg |
20 20 d Od dd/d dd/dU dd dd d0Od dOd 2AMIXA |
6-TH 6-T# L-T# (aré 6 1# 6-1# L-1# L-1# S-T# sT# InIpuoyy

"sa[nIpuoLd Lesueey ul eapps pue sauaxordd Jo sasAjeue aqordordnu uonsaja aaneuasaiday "¢°¢ aqel

139



1.8

LIME olivines O Kakangari chondrules (type Il trend in Fig. 3.8)
in IDPs up to # type lIA chondrules - Kainsaz (CO3.2)
1.6 2.6 wt% MnO O type IIA chondrules - MET00426 (CR3)
® A type llA chondrules - MET00526 (L3.05)
X LIME olivines in IDPs (Kldck et al. 1989)
1.4 - © matrix olivines in Kakangari
© olivines in fine-grained clasts in Kakangari
1.2
°
o=
s 104 o
X
@) g O O
0.8 1
E Equili- O
0.6 X '"a"““ Reduction A )

. 75 3
A *
1 @F ﬁﬁjﬂoaav“"’ :

0.2 4 E‘ﬁm s
pel | @ o2 a
olivine
0-0 ¥ L} ¥ L] v L]
0 10 20 30 40 50
FeO wt%
1.8
LIME olivines # type lIA chondrules - Kainsaz (C03.2)
1.6 - ;‘;'ﬁ;'ﬁn‘(‘; O type IIA chondrules - MET00426 (CR3)
* ’ A type lIA chondrules - MET00526 (L3.05)
X ¥ LIME olivines in IDPs (Klock et al. 1989)
1.4 4 O ‘type I' Kakangari chondrule (#1-3)
© ‘type I' Kakangari chondrule (#1-7)
< ‘type I' Kakangari chondrule (#1-1)
o 1.2 1 A 'type I' Kakangari chondrule (#2-12)
o~ B CC Kakangari chondrule (#2-9)
T 104« 0
 x
o O o
c 08
s a
X
A o
0.6 1 A
' IjJ—:rl EI . :0
a Ayp 9,0 pev 2 4
S A A e op0e
021 i ¢S, FnN b
e | * ¢
0-0 L] L) L] ¥ L ¥ L L]
0 10 20 30 40 50

FeO wt%

Fig. 3.5. MnO vs. FeO (wt%) in olivines in Kakangari compared to type IIA chondrule olivines from
Kainsaz (CO3.2), MET 00426 (CR3.0) and MET 00526 (L3.05) (see Chapter 1) as well as LIME olivines
in IDPs (Klock et al. 1989). Outlined boxes at the origin indicate type I olivine compositions. Type I1A
chondrule olivines in carbonaceous and ordinary chondrites show linear correlations between MnO and
FeO contents. a) Olivines from Kakangari chondrules that follow the type II chondrule mesostasis trend in
Fig. 3.8. The two analyses with FeO contents close to 10 wt% are from dusty olivines in chondrule #2-2
(Fig. 3.6b). Matrix olivines and olivines in fine-grained clasts have MnO contents similar to chondrule
olivines. b) Olivines from Kakangari chondrules that follow the type I chondrule mesostasis trend in Fig.
3.8. Olivines from only one of these chondrules (#1-3, Fig. 3.6c) have MnO contents that overlap with
those of typical type I chondrules in ordinary and carbonaceous chondrites. Olivine compositions in
Kakangari can be explained by a combination of reduction and equilibration (see text).

140



Figure 3.5 shows MnO (wt%) versus FeO (wt%) for individual analyses of olivine
in Kakangari chondrules. Mesostasis compositions in Kakangari chondrules follow two
trends, which we describe as ‘type I’ and ‘type I’ trends (see below). We plotted olivine
from these two groups of chondrules separately in Figure 3.5 (Fig. 3.5a = type II trend,
Fig. 3.5b = type I trend). For comparison, data for LIME (low-iron, manganese-enriched)
olivines from IDPs (Klock et al. 1989) are shown as well as data for chondrule olivines in
L3.05 chondrite MET 00526, CR3.0 chondrite MET 00426, and Kainsaz (CO3.2). Type
ITA chondrule olivines in these unequilibrated chondrites show positive correlations:
MnO concentrations increase with increasing FeO contents (see Chapter 2), while MnO
contents of olivines in type I chondrules are typically below 0.3 wt% (Chapter 1).
Olivines in Kakangari chondrules that follow the ‘type II” mesostasis trend plot in a
unique field with low FeO contents and high MnO contents (Fig. 3.5a). However, their
compositions are not equivalent to those of LIME olivines. Olivines in chondrules that
follow the ‘type I’ mesostasis trend (Fig. 3.5b) have the same compositions as those that
follow the the ‘type II’ trend, except for some analyses in Kakangari chondrule #1-3 (see
Figure 3.6¢) which fall within the typical type I range. Arrows in Figure 3.5a indicate
the trends expected for reduction and equilibration, which are discussed in detail below.

Some chondrule silicates are zoned with FeO-rich cores and MgO-rich edges and
contain abundant metal/troilite blebs. Figure 3.6a shows a RP/BP chondrule (#1-9)
containing low-Ca pyroxene with Fs;, in the center and Fs; at the edge, where it is
associated with fine-grained troilite. Figure 3.6b shows an object (#2-2) consisting of
FeO-rich low-Ca pyroxene in the center surrounded by several “dusty” olivines, which
contain numerous micron-size troilite and some Ni-poor metal blebs. There is no
mesostasis present in this object. Both the olivine and the pyroxene grains are zoned
(Fai1, Fsa4.16) with more MgO-rich compositions towards the edges. The “dusty”
olivines are similar to those found in unequilibrated ordinary and carbonaceous

chondrites (e.g., Jones and Danielson 1997; Leroux et al. 2003).
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Fig. 3.6. BSE images of chondrules that show evidence for solid-state reduction. a) Fine-grained pyroxene
chondrule (#1-9). Low-Ca pyroxene is FeO-rich in the center (Fs;,) and FeO-poor at the edge (Fs;), where
it is associated with fine-grained troilite. b) Object (#2-2) consisting of “dusty” olivines (core to rim, Fa;; to
Fa;) and very FeO-rich pyroxene (core to rim, Fs,4 to Fsj¢) in the center. Ni-poor metal blebs have high Cr
contents (up to 1.8 wt%) and some of them have been sulfidized. White veins are troilite. c) POP chondrule
(#1-3) in which olivines have somewhat lower MnO contents than other Kakangari chondrule olivines,
overlapping with those of typical type I chondrules in ordinary and carbonaceous chondrites (Fig. 3.5b). d)
Close-up image of box outlined in Fig. 3.6¢c. The presence of a large Ni-poor metal grain within one of the
olivine crystals provides evidence that this chondrule also has undergone significant reduction.

Six of the twenty chondrules (e.g., Fig. 3.2¢,d and Fig. 3.3j,k,l) contain abundant
silica (the polymorphs were not determined). The cryptocrystalline chondrule shown in
Fig. 3.2c,d is surrounded by a layer of silica (EMP analysis given in Table 3.3). This
chondrule mainly consists of fine-grained pyroxene (FsssWo073) and olivine. The
composition of the pyroxene next to the olivine is slightly more Mg-rich (Fs3,Wog5) and
Si-deficient (non-stoichiometric). A few patches of mesostasis and some fine-grained Ca-

rich pyroxene were also identified.
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Augite is common in Kakangari chondrules. In PO chondrules, augite occurs as laths
in the groundmass (e.g., Fig. 3.3a,b), and it is frequently found overgrowing low-Ca
pyroxene and/or pigeonite in POP and PP chondrules (e.g., Fig. 3.2a,b and Fig. 3.3c,i).
Representative analyses of augite are given in Table 3.3. They show relatively high TiO,,
Al,O3, Cr,05 and Na,O contents.

Another typical feature of Kakangari chondrules is the presence of rounded olivine
grains poikilitically enclosed in low-Ca pyroxene (e.g., Fig. 3.2a,b and Fig. 3.3i). Olivine
chadacrysts have either higher or the same Fe/(Fe+Mg) as olivine phenocrysts in the
same chondrule, but always lower Fe/(Fet+Mg) than the host pyroxene (e.g., Table 3.2).
In some chondrules, low-Ca pyroxene shows patchy zoning in BSE images (e.g., Fig.
3.6a — chondrule fragment on the upper right hand side). The edges of these crystals are

more MgO-rich than the cores.

Troilite, metal and Cr spinel

Representative analyses of troilite, kamacite and taenite are given in Table 3.4.
Troilite is the only sulfide present in Kakangari and contains 0.15-0.25 wt% Cr.
Kamacite has Ni contents between 3—7 wt%, with an average (of all individual kamacite
analyses) of 6.3 wt% Ni. Taenite is common in the interior of Kakangari chondrules (it
was observed in 8 of the 20 chondrules chosen for bulk chondrule analysis) and has grain
sizes up to ~150 pum (e.g., Fig. 3.2a,b). It also makes up ~6 vol% of the igneous rim of
chondrule #1-4 shown in Fig. 3.3d and 3.3f, and is present in some of the agglomeratic
chondrules. Weisberg et al. (1996) found two types of taenite in Kakangari and
LEWS87232, one with ~24 wt% Ni and the other 30-34 wt% Ni. We found that Ni
contents in taenite vary continuously from 22 to 51 wt% Ni. The large taenite grain in
chondrule #2-5 (Fig. 3.2a,b) has an M-shaped zoning profile with higher Ni contents
toward the edges. This will be further addressed in the discussion section (see also Fig.

3.15). Core and edge compositions of the taenite grain are given in Table 3.4.
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Table 3.4. Representative electron microprobe analyses of kamacite, taenite and troilite.

Chondrule #2-5 #2-5 #2-5 #2-5
Texture POP POP POP POP
Figure 3.2a,b 3.2a,b 3.2a,b 3.2a,b
Mineral kamacite taenite (core) taenite (edge) troilite
Fe 93.1 78.3 69.8 63.1
Ni 6.5 22.1 29.6 <0.01
S <0.01 <0.01 <0.01 36.6
Co 0.50 0.22 0.15 <0.01
Cr 0.13 <0.01 <0.01 0.23
Si <0.02 <0.02 <0.02 <0.02
P <0.02 <0.02 <0.02 <0.02
As 0.05 0.03 0.04 <0.02
Total 100.3 100.7 99.6 99.9

Numerous pm-sized troilite and metal blebs are found throughout all fine-grained
chondrules (e.g., Fig. 3.3g, h, and j-1) and within the microcrystalline groundmass of
chondrules with a “type IIA”-texture (e.g., Figs. 3.3a-f). In the latter, Ni-poor metal blebs
(~1.1 wt% Ni) frequently decorate the crystal faces of olivines. A semi-quantitative EDS
analysis of a Ni-poor metal bleb in chondrule #2-2 (shown in Fig. 3.6b) yielded 1.3 wt%
Niand 1.8 wt% Cr.

We also found a metal grain (~10 pm in size) with only 0.25 wt% Ni associated with
a Cr-bearing spinel in chondrule #1-3 (Fig. 3.6¢,d). This is the chondrule for which
olivine analyses fall within the type I field of other chondrites (Fig. 3.5b) and mesostasis
analyses follow the type I trend in Figure 3.8.

Cr spinel was observed in 5 of the 20 chondrules (grains up to 20 pm in size). The
composition of the Cr spinels in chondrule #2-5 (Fig. 3.2a,b) is very similar to those
found by Brearley (1989) in Kakangari matrix. They contain ~10 wt% MgO and ~5 wt%
Al,O3. Others have higher MgO (up to 25 wt%) and Al,O3 contents (up to 35 wt%). All
Cr spinels analyzed contain some ZnO (up to 1.2 wt%).

Virtually all chondrules in Kakangari have opaque rims (Fig. 3.1). Genge and Grady
(1998) described two different types of opaque rims around Kakangari chondrules:
massive rims consisting of irregular-shaped kamacite and/or troilite and porous
(‘spongey’) rims consisting of small, interconnected grains of troilite that enclose silicate
grains. Massive and porous rims are often found on the same chondrule with porous rims

always forming the outermost layer. Some examples of metal/troilite rims are shown in
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Figure 3.7. Our observations are similar to those by Genge and Grady (1998), but we
also observed that many porous rims contain kamacite in addition to troilite (e.g., Fig.
3.7a). Some porous rims are clearly distinct from the surrounding matrix (e.g., Fig. 3.7b),
whereas others are not (e.g., Fig. 3.7a). Apatite and ferrihydrite (see section 3.3.) are
fairly common within both types of rims (e.g., Fig. 3.2a,b). In one massive kamacite rim
around a large chondrule with a “type IIA” texture, we observed a rare assemblage: two
oval-shaped objects consisting of troilite and Fe,Ni-phosphide (Fig. 3.7¢,d). Most
chondrules contain cross-cutting troilite veins that only rarely extend into the matrix (e.g.,

Figs. 3.1, 3.2a, and 3.3).
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Fig. 3.7. Metal/troilite rims around chondrules. a) ‘Spongey’ rim consisting of troilite and kamacite. No
clear distinction is visible between the rim and fine-grained troilite in the matrix. b) ‘Spongey’ rim
consisting solely of fine-grained troilite. In contrast to the metal/troilite rim shown in Fig. 3.7a, there is a
clear distinction between the troilite rim and surrounding matrix. The whole chondrule (#2-7) is shown in
Fig. 3.31. ¢) Massive kamacite rim containing troilite blebs associated with Fe,Ni-phosphide (arrowed).
d) Close-up image of box outlined in Fig. 3.7c.
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Mesostasis

Average compositions of mesostasis glass for all Kakangari chondrules are given in
Table 3.5. The exception is the chondrule-like object #2-2, in which no mesostasis is
present (Fig. 3.6b). In all other chondrules, the modal abundance of mesostasis glass
varies from 1-24 vol%. In most chondrules, the glass was analyzed with a beam diameter
of 5 um. However, when the patches of glass were very small, the beam diameter was
decreased to 3 um. Ca-rich pyroxene crystallites in the mesostasis were analyzed
separately with a focused beam, because typically several crystals were present within a
chondrule that were large enough to analyze (width >2 pm).

Si0; contents in chondrule mesostases range from 45-75 wt%. CaO and Al,O; are
negatively correlated with SiO», as has also been observed in ordinary and some
carbonaceous chondrites (e.g., Brearley and Jones 1998). In a K/Al versus Na/Al plot
(Fig. 3.8), our mesostasis analyses follow two significantly different trends that are
similar to the general type I and type II chondrule trends observed in ordinary chondrites
(Grossman and Brearley 2005). Most Kakangari chondrules have high Na/Al ratios and
variable K/Al (type II chondrule trend), but six chondrules (indicated in Table 3.5) have
low K/Al ratios and variable Na/Al ratios (type I chondrule trend). All of the PO-II and
RP/BP chondrules fall in the type II group.

Three chondrules that fall in the type I group are CC chondrule #2-9 shown in
Figure 3.2c,d, PP chondrule #1-7 shown in Figure 3.3i and POP chondrule #1-3 shown
in Figure 3.6¢. The range of Fa and Fs contents for silicates in chondrules that follow the
type I trend (2.3<Fa<10.1 and 3.7<Fs<18.8) is not significantly different from those that
follow the type II trend (2.7<Fa<10.6 and 4.3<Fs<23.6). These chondrules also do not
show the typical textural characteristic of type I chondrules, such as abundant metal
grains for example (e.g., Scott and Taylor 1983). In fact, there is no other characteristic

that distinguishes them from the chondrules that follow the type II trend.
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Fig. 3.8. K/Al vs. Na/Al (relative to CI) for individual mesostasis analyses in Kakangari chondrules (2-13
analyses per chondrule, refer to Table 3.5 for number of chondrules per textural type). Two trends are
visible, resembling general type I and type II chondrule trends observed in ordinary chondrites (Grossman
and Brearley 2005). Chondrules that follow the type I trend are: #1-1 (POP), #1-3 (POP), #2-12 (POP), #1-
7 (PP), #2-10 (PP), and #2-9 (CC).

Chondrule bulk compositions

Bulk chondrule compositions were obtained using modal recombination analysis
(MRA). The supplementary CD contains Microsoft Office Excel® files with the collected
and generated data for each chondrule (EMP data, BSE image, corresponding phase
image and details of the modal recombination analysis). Metal/troilite rims were included
in bulk chondrule compositions. We agree with Genge and Grady (1998), who suggested
that metal/troilite rims probably formed during chondrule melting events due to liquid
immiscibility, so they belong to the chondrule and provide important information about
the precursor material.

Bulk chondrule compositions are given in Table 3.6 and data for the silicate portions
only are given in Table 3.7. The variation in chemical composition between chondrules

is shown in Fig. 3.9, an element abundance diagram for all elements that were
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determined in this study, plotted as a function of increasing volatility. Element abundance
patterns for Kakangari chondrules are relatively unfractionated compared to bulk
compositions of chondrules in ordinary and enstatite chondrites that commonly show
volatility-related trends (e.g., Grossman et al. 1988; Jones et al. 2005). There are no
significant differences in bulk chondrule compositions between the chondrules that
follow the type I and type II mesostasis trends in Fig. 3.8, except for somewhat higher K

contents in chondrules that follow the type II trend.
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Fig. 3.9. Bulk chemical compositions of a) Kakangari chondrules that follow the type II trend in Figure 3.8
and b) chondrules that follow the type I trend in Figure 3.8. Elemental abundances are normalized to CI
chondrite abundances (Lodders 2003). Elements on the ordinate are arranged in order of increasing
volatility. Siderophile elements are plotted last.
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Fig. 3.10. a) Fe-Mg-Si ternary diagram showing bulk compositions of Kakangari chondrules. Data
published by McSween (1977) are plotted for comparison. Fe contents are significantly lower in
McSween’s data, which is probably due to artifacts of his analytical method. b) Silicate portion of
Kakangari chondrules plotted in a FeO-MgO-SiO, ternary diagram. McSween’s bulk chondrule data are
more similar in this diagram.
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Fig. 3.10a shows that Kakangari chondrules are highly variable in bulk Fe content
(5-25 wt%), which is essentially caused by different abundances of Fe,Ni metal and
troilite. FeO contents of the silicate portion (Fig. 3.10b) show a more limited range (2.5—
7.3 wt%: Table 3.7). Our data are significantly different from previously published data
for Kakangari chondrules (McSween 1977a), having much higher bulk Fe contents (Fig.
3.10a). This is also true when metal/troilite rims are not included in the bulk chondrule
compositions. Depending on the thickness of the metal/troilite rim, the bulk Fe contents
drop between 1 and 13 wt%, but the overall range in bulk Fe contents (4-24 wt%) is still
much higher than McSween’s (1977a) data. McSween’s (1977a) bulk chondrule
compositions were obtained by defocused beam analyses. The low bulk Fe contents he
observed are most likely due to the fact that analyses with totals higher than 103 wt%
(mixed metal/silicate analyses) were excluded and that phase densities were not included
in the normative correction method used (see Appendix A for more details). When we
compare our data for the chondrule silicate portions to McSween’s (1977a) bulk

chondrule data, they are actually more similar (Fig. 3.10b).

Matrix and fine-grained clasts

Matrix in Kakangari is very different from matrix in ordinary and carbonaceous
chondrites (Brearley 1989). The main constituent of the dominant non-clastic portion of
the matrix is enstatite (~50 vol%), while olivine comprises only ~20 vol% (Brearley
1989). Olivines and pyroxenes in the matrix are very MgO-rich and show a narrower
range in compositions (Fay.¢ s, Fs3.¢) than those in chondrules (Fig. 3.4a,b). Matrix
olivines have high MnO contents, like olivine in chondrules (Fig. 3.5a). Chromium
contents of troilites in the matrix are also comparable to those in chondrules (0.15-0.25
wt% Cr, with a few outliers up to 0.6 wt% Cr).

The interchondrule matrix of Kakangari has a high compositional (atomic number)
contrast in BSE images (e.g., Figs. 3.1, 3.11a and 3.12), which, in other chondrites, is
normally related to the high FeO content of matrix silicates. This is not the case in
Kakangari, as FeO contents of matrix silicates are very low. Instead, the reason is a high

(but variable) abundance of fine-grained troilite (1-5 um) and ferrihydrite (see below).
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Abundances of troilite and ferrihydrite in matrix, determined from a false-color image

(Fig. 3.11b) are ~28 vol% and ~31 vol%, respectively.

False-color
image

200 pm

Fig. 3.11. Matrix textures in Kakangari. a) BSE image: abundant fine-grained troilite and ferrihydrite in
matrix are the reason for the high compositional (atomic number) contrast. b) False-color image (based on a
quantitative sulfur map) showing the abundance of troilite (white) and ferrihydrite (black). Ferrihydrite can
contain up to 3 wt% S. Minerals that do not contain any sulfur (as well as cracks and holes) appear gray.
Image analysis indicates that troilite makes up ~28 vol% and ferrihydrite ~31 vol% of matrix material in
Kakangari.
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The two fine-grained clasts visible in Figure 3.1 have a much lower compositional
contrast than the matrix because troilite is not as abundant as in the matrix and
ferrihydrite only occurs at the edges of the clasts. The clasts are also very porous. A high
magnification BSE image of a contact between matrix and one of the fine-grained clasts
is shown in Fig. 3.12.

Mean bulk compositions of the matrix and the fine-grained clasts, determined by
broad beam analyses, are given in Table 3.8 compared to matrix data from McSween and
Richardson (1977). Different analytical conditions are probably the reason for higher
AlLyO3 and Na,O values in our data. The mean compositions of matrix and fine-grained
clasts are very similar, except for the concentrations of Fe and S (see also Fig. 3.13),
which are much lower in the fine-grained clasts. Interchondrule matrix in Kakangari has a
very high mean S content of ~4 wt%. Bulk compositions of matrix and fine-grained clasts
are similar to the range of compositions spanned by chondrules in the Fe-Mg-Si ternary

(compare Fig. 3.13 to Fig. 3.10a).

oS EIn I . IR S
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Y "\.ﬂ.’\— Al
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* -

Fig. 3.12. BSE image of the contact between matrix and fine-grained clast. Troilite (white) and ferrihydrite
(light gray) are more abundant in the matrix than in the fine-grained clast. The boundary of the fine-grained
clast is not well defined and the center of the clast is mostly unaltered.
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Table 3.8. Composition of Kakangari matrix (mean of 125 analyses) and fine-grained clasts (3 clasts, mean
of 48 analyses) compared to data from McSween and Richardson (1977).

Matrix"* Clasts” Matrix (MR77%)
SiO, 36.4 40.5 353
TiO, 0.10 0.14 0.10
AlL,O, 3.0 3.3 1.9
Cr,0, 0.52 0.43 0.50
FeO” 20.5 12.0 25.4
MnO 0.32 0.33 0.27
MgO 25.8 28.6 25.4
CaO 1.5 2.1 1.3
Na,O 1.3 15 0.76
K,O 0.18 0.17 0.13
P,Os 0.14 0.14 n.a.
Ni 1.0 1.1 1.3
S 4.0 0.55 2.7
Total 94.8 90.9 95.1

Our analyses were obtained at 15 keV, with a beam current of 20 nA and a 30 um beam diameter.
SMcSween and Richardson (1977): Analytical conditions were 20 keV, 40 nA and 100 pm beam diameter.
“all Fe as FeO

Fe

@ Matrix

O Fine-grained clasts

Kakangari matrix

element wt%

Si

Fig. 3.13. Fe-Mg-Si ternary showing the composition of matrix and fine-grained clasts (broad-beam
analyses, 30 pm beam diameter). The Fe content of the fine-grained clasts is generally lower than that of
the matrix, because they contain much less troilite and ferrihydrite. Bulk compositions of matrix and fine-
grained clasts are similar to the range of compositions spanned by chondrules in the Fe-Mg-Si ternary (Fig.
3.10a).

Mg
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Secondary alteration products

Kakangari contains abundant apatite and ferrihydrite that we consider to be
secondary (see discussion). Figures 3.14a-c show different occurrences of Cl-apatite in
matrix. Grain sizes reach up to several tens of micrometers, which is unusually large for
chondrites of petrologic type 3 (e.g., Huss et al. 2006). Apatite was also observed in the
fine-grained clasts, within chondrules (e.g., Fig. 3.7b) and in metal/troilite rims around

chondrules (e.g., Fig. 3.2a,b), almost always in close proximity to metal and/or troilite.

kamacite

low-Ca
pyroxene

Fig. 3.14. Occurrences of apatite and ferrihydrite in Kakangari. a) Apatite crystal with troilite inclusion
observed in the matrix. b) Several large apatite grains in the matrix. ¢) Kamacite grain in the matrix
surrounded by ferrihydrite and apatite. d) Chondrule fragment with a massive kamacite rim. A large part of
the rim has been replaced by ferrihydrite.
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Brearley (1989) first identified ferrihydrite (ideally 5Fe;O3-9H,0) in Kakangari
matrix with electron diffraction patterns obtained by transmission electron microscopy.
Like Genge et al. (1998), we base our identification of ferrihydrite on compositional data
(here: EDS and quantitative analyses) and its characteristic acicular/sheet-like
morphology. Table 3.9 gives representative microprobe analyses of ferrihydrite. We
observed significant concentrations of Ni, S, Si and Mg as did Brearley (1989). The low
totals are a result of the high water content.

Genge et al. (1998) observed ferrihydrite as (1) rims (<10 um thick) on corroded
kamacite grains, both within the fine-grained matrix and at the margins of chondrules, (2)
isolated irregular grains within the matrix and (3) veins adjacent to chondrules. In our
study, we observed ferrihydrite as a dominant component of fine-grained matrix (see
above). We also found much thicker rims of ferrihydrite (up to 50 um) than Genge et al.
(1998) around kamacite grains within the matrix (e.g., Fig. 3.14c) and along the margins
of chondrules (Fig. 3.14d). In many cases, it also occurs in the interior of chondrules

(Fig. 3.2a,b and Fig. 3.3e).

Table 3.9. Representative microprobe analyses of ferrihydrite from metal/troilite rims around chondrules.

1 2 3 4 5 6
SiO, 2.3 2.6 3.9 2.7 0.78 0.18
Al,O3 <0.04 <0.04 <0.04 0.14 <0.04 <0.04
Cr,04 0.05 <0.03 <0.03 <0.03 <0.03 <0.03
Fe,O3 79.9 73.8 75.9 78.4 72.8 85.0
MnO <0.04 0.04 <0.04 <0.04 <0.04 <0.04
MgO 1.8 23 2.0 1.8 1.4 1.1
CaO 0.32 0.69 0.64 0.37 0.25 0.18
Na,O 0.10 0.24 0.31 0.35 0.24 0.26
K,0 0.11 0.11 0.14 0.08 0.18 0.08
P,0s 0.17 0.36 0.26 0.08 0.15 0.15
NiO 52 83 6.3 7.0 8.5 2.8
SO, 3.1 4.5 3.6 34 6.9 3.0
Total 93.1 92.9 93.1 94.3 91.3 92.8
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DiIsScuUsSION

Based on previous studies, Kakangari has been considered to be a very pristine
chondrite (e.g., Brearley, 1989; Scott and Krot 2005; Nuth et al. 2005). Compared to
other pristine chondrites, Kakangari exhibits the unique feature that chondrules and
matrix are very similar in composition. This has been used to argue that chondrules
formed from material that closely resembled the associated matrix and that matrix grains
must have formed in close proximity to the chondrules (Scott and Krot 2005).

Our detailed study enables us to gain a better understanding of bulk chondrule
compositions in Kakangari and the relationship between chondrules and matrix, we
performed a detailed study of chondrules in Kakangari. Only a few brief studies of
chondrules from Kakangari have been reported in the literature (McSween 1977a; Nehru
et al. 1983, 1986; Weisberg et al. 1996; Genge and Grady 1998), whereas Kakangari
matrix has been studied in detail (Brearley 1989). Our new data indicate that a more
complex series of events is recorded by Kakangari than has been recognized previously,
including high-temperature processing, reduction, thermal metamorphism, sulfidization
and low-temperature aqueous alteration. Kakangari chondrules, as they are preserved, are
quite different from chondrules in ordinary and carbonaceous chondrites. In particular,
FeO-rich type II chondrules were previously thought to be absent (e.g., Nehru et al. 1986;
Genge and Grady 1998). However, we have observed chondrules with textures (Fig.
3.3a,c) that resemble the typical type IIA chondrules found in ordinary and carbonaceous
chondrites, but in which the Fa contents of olivine are much lower (~3 mol% Fa). Ni-
poor metal grains decorating the crystal faces of olivines and high MnO contents of
olivine (Fig. 3.5a) provide evidence that these chondrules experienced reduction.
Furthermore, other porphyritic chondrules are clearly not typical type I chondrules (like
those found in ordinary and carbonaceous chondrites) either as indicated by the lack of
any chondrule silicates with Fa <2.5 mol% or Fs <3 mol%. Although mesostasis
compositions (Fig. 3.8) might point to a type I chondrule population, there are no other
significant features that distinguish these chondrules from those that follow the type I1

mesostasis trend.
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In the following discussion we first focus on evidence for processes (thermal
metamorphism and low-temperature aqueous alteration) that we argue have overprinted
the primary, nebular characteristics of Kakangari. We then discuss evidence for nebular
processes (high temperature processing and reduction) and the origin of troilite, before
we compare Kakangari chondrules to those in ordinary, carbonaceous and enstatite
chondrites. In conclusion, we provide a model for the formation of Kakangari and discuss
whether secondary processing could have led to the similarity in chondrule and matrix

compositions.

Evidence for processes that overprinted primary features in Kakangari

Thermal metamorphism

We observed many features in Kakangari which suggest that it experienced thermal
metamorphism on the parent asteroid. These features include: (1) an M-shaped zoning
profile for Ni in a large (~140 um) taenite grain in chondrule #2-5 (Fig. 3.15a and Fig.
3.2a,b; Table 3.4), (2) the occurrence of large (>20 pum) apatite grains (Fig. 3.14), (3)
high ZnO contents in Cr spinels, (4) equilibrated MnO contents of olivine (Fig. 3.5) and
(5) the narrow range of Fa contents in olivine (Fig. 3.4a).

M-shaped zoning profiles for Ni in taenite require temperatures of at least 500-600°C
for an extended period of time (e.g., Wood 1964; Willis and Goldstein 1981). The zoning
profile for a large taenite grain in chondrule #2-5 is shown in Figure 3.15a (refer to
Figure 3.2b for the location of the zoning profile). Figure 3.15b shows the central Ni
content (wt%) of all taenite grains analyzed in this study versus the radius of each grain
(in pum). Using the “central Ni content” method (e.g., Wood 1964; Rasmussen 1981;
Willis and Goldstein 1981; Saikumar and Goldstein 1988), the derived curve suggests a
cooling rate between 1 and 10 K/Myr. This can be seen as strong evidence that thermal

metamorphism must have occurred on the Kakangari parent body.
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wt %

Ni wt% (center)

Fig. 3.15. a) Zoning profile of a taenite grain in chondrule #2-5 (refer to Fig. 3.2b for location). b) Ni
content (wt%) in the center versus radius (um) of all taenite grains analyzed in Kakangari in this study. The
“central Ni content” method (e.g., Wood 1964; Rasmussen 1981; Willis and Goldstein 1981; Saikumar and
Goldstein 1988) suggests a cooling rate between 1 and 10 K/Myr. Approximate cooling rate curves (gray
dashed lines) for 1 and 10 K/Myr are from Willis and Goldstein (1981).
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Large grains of chlorapatite (>20 pm) are common in Kakangari and occur in the
matrix, in the fine-grained clasts, in metal/troilite rims around chondrules and even within
chondrules (e.g., Fig. 3.2a,b, 3.7b and 3.14a-c). Such large apatite grains are usually only
found in chondritic meteorites with petrologic types higher than 3.5 (e.g., Huss et al.
2006). The close spatial relationship of apatite and metal support an initially siderophile
character of P and formation of apatite by oxidation (e.g., Ahrens 1970; Rambaldi and
Rajan 1982; Hutchison and Bevan 1983; Rubin and Grossman 1985; Zanda et al. 1994).
Solar-composition metal contains 93.8 wt% Fe, 5.4 wt% Ni, 0.3 wt% Co and 0.6 wt% P
when the siderophile elements are fully condensed (Anders and Grevesse 1989). The P
content of kamacite in Kakangari is very low (<0.08 wt% P), consistent with the
suggestion that P has left the metal to form apatite. It is likely that the two nodules
containing Fe,Ni-phosphide shown in Figure 3.7c¢,d were protected from oxidation and
reaction with Ca and Cl by the surrounding kamacite.

We observed relatively high ZnO contents (up to 1.2 wt%) in Cr spinels in
Kakangari. Johnson and Prinz (1991) showed that chromites in type 3.0 chondrites have
ZnO below detection limits, whereas chromites in chondrites of higher petrologic type
contain >0.1 wt% ZnO, supporting the suggestion by Grossman et al. (1979) that mild
reheating may redistribute Zn. Johnson and Prinz (1991) proposed that chromite re-
equilibrates with troilite, in which sphalerite has a small but sufficient solubility (Barton
and Toulmin 1966).

MnO contents of chondrule olivines are high (average 0.42 wt%), but also very
equilibrated as olivine grains in the matrix have similar compositions (Fig. 3.5). In
ordinary chondrites, MnO contents of olivine equilibrate between petrologic type 3.4 and
3.8 (DeHart et al. 1992). The fairly narrow range of Fa contents of olivine in chondrules
(Fig. 3.4a) is probably due to Fe-Mg exchange between the originally more FeO-rich
chondrule olivines and relatively MgO-rich matrix olivines. Low-Ca pyroxenes preserve
a much wider range of compositions (Fig. 3.4b), which can be related to the fact that
diffusion rates in pyroxene are slow compared with those in olivine (e.g., Freer 1981).
For our limited dataset, the coefficient of variation of Fa contents in olivine is 41, which

corresponds to a petrologic subtype of 3.5 according to Sears and Dodd (1988).
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More than 90% of all analyzed olivines in Kakangari chondrules have Cr,03
contents below 0.04 wt%. Grossman and Brearley (2005) showed that at the onset of
metamorphism a Cr-rich phase (probably chromite) exsolves from chondrule olivine with
FeO > 2 wt%, which leads to very low Cr contents in the olivines at petrologic types
higher than 3.2. However, a mobilization of Cr could also have occurred during reduction
along with Fe (e.g., Weisberg et al. 2005; Bendersky et al. 2007), which is discussed

below.

Low-temperature aqueous alteration

Ferrihydrite is the only hydrous phase that was observed in Kakangari and it is likely
the source for the 2.3 wt% H,O reported by Mason and Wiik (1966) in their bulk
chemical analysis of Kakangari. We found ferrihydrite in larger aggregates than
previously described by Genge et al. (1998), partially replacing kamacite grains in the
matrix (Fig. 3.14¢) and in metal/troilite rims along chondrule margins (Fig. 3.14d).
Brearley (1989) estimated that ferrihydrite constitutes approximately 10 vol% of the
matrix, whereas our image analysis of X-ray element maps indicates ~31 vol% (Fig.
3.11). We also found ferrihydrite within chondrules (Fig. 3.2a,b and Fig. 3.3e). These
occurrences indicate wide-spread low-temperature aqueous alteration.

Ferrihydrite is a poorly crystalline, hydrated Fe** oxide and typically forms
nanometer-sized crystals resulting in aggregates with an extremely high surface area. The
most commonly cited ideal chemical formula of ferrihydrite is 5Fe,O03-9H,0 (e.g.,
Jambor and Dutrizac 1998), but its detailed structure is still being debated (e.g., Michel et
al. 2007). Ferrihydrite is generally classified according to its number of X-ray diffraction
lines (e.g., Eggleton and Fitzpatrick 1988; Jambor and Dutrizac 1998) into 2-line
ferrihydrite (less crystalline variety) and 6-line ferrihydrite (more crystalline variety).
Electron diffraction data of ferrihydrite in Kakangari obtained by Brearley (1989) are
most consistent with 6-line ferrihydrite as described by Janney et al. (2001).

In terrestrial settings, ferrihydrite commonly occurs in young soils and sediments
when groundwater is present and forms at pH > 3 by rapid oxidation of Fe** from
silicates or sulfides and hydrolysis (e.g., Cornell and Schwertmann 1996). Therefore,

ferrihydrite in Kakangari must have formed at low temperatures in the presence of an
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aqueous fluid. The close association of ferrihydrite with metal/troilite in Kakangari
indicates that the main sources of Fe were metal and troilite. Additional evidence
includes high concentrations of Ni and S in electron microprobe analyses of ferrihydrite
in Kakangari (Table 3.9). Minor amounts of Fe might also have been released from
silicates as some Si and Mg is present in the ferrihydrite analyses as well, but metal and
troilite are clearly more susceptible to oxidation by water than the Mg-rich silicates. Iron
might have been transported as Fe*" through a network of interconnected pores in the
matrix, but the mobility of Fe’" in aqueous solution is restricted due to its rapid
hydrolysis and precipitation.

The conditions Kakangari experienced after ferrihydrite formed are significantly
constrained by the fact that ferrihydrite is metastable. It easily transforms into crystalline
Fe-oxides and/or Fe-hydroxides. However, the rate of transformation and the maximum
temperature under which ferrihydrite is preserved depend on several factors like water
activity (aqueous transformation versus dry thermal transformation), pH (during aqueous
transformation), presence of adsorbed ions and whether ferrihydrite is present as 2-line or
6-line ferrihydrite (e.g., Jambor and Dutrizac 1998). Schwertmann et al. (2004)
performed experiments to observe transformation rates under aqueous conditions at
temperatures between 4 and 25°C. They showed that at neutral pH’s (7-8) ferrihydrite
quickly (within 10-12 years) transforms into hematite by dehydration and structural
rearrangement, whereas the formation of goethite is favored at lower and higher pH’s
(maxima at 2—-5 and 10-14) via dissolution of ferrihydrite followed by nucleation and
precipitation of goethite from solution. In contrast, when heated under dry conditions, 6-
line ferrihydrite dehydrates without significant changes in cell parameters or structure up
to a temperature of 127 °C where maximum OH loss occurs without conversion to
hematite (Stanjek and Weidler 1992). Our ferrihydrite analyses (Table 3.9) indicate
lower water contents than what is typically observed (e.g., Jambor and Dutrizac 1998),
implying that some dehydration occurred. It is further likely that the system dried out
fairly quickly, otherwise we would observe hematite or goethite instead of ferrihydrite.
The maximum temperature under which ferrihydrite is preserved also depends
significantly on adsorbed ions (e.g., Jambor and Dutrizac 1998). One element that

strongly retards transformation rates is Si, which is present in varying amounts in our

164



microprobe analyses of ferrihydrite in Kakangari (Table 3.9). Experiments performed by
Vempati et al. (1990) suggest a direct relationship between the Si/Fe molar ratio of the
ferrihydrite and the temperature at which hematite is first observed. Their results applied
to Si/Fe ratios of ferrihydrite in Kakangari indicate that it might have been stable up to
temperatures between 300-550°C.

Brearley (1989) cautioned that ferrihydrite might be of terrestrial origin (i.e., due to
storage of samples in a moist environment). Genge et al. (1998) found no ferrihydrite
within ~200 um of the fusion crust of Kakangari, suggesting that ferrihydrite was
removed by heating during atmospheric entry and, therefore, must have formed by
aqueous alteration on the Kakangari parent body. [Regrettably, the two thin sections
studied here did not contain any parts of the fusion crust.] A major piece of evidence that
ferrihydrite probably formed on the Kakangari parent body is the large size of the
aggregates (up to 50 pm).

Genge et al. (1998) suggested that H,O ice was accreted along with the chondritic
components of Kakangari and subsequent shock heating could then have been
responsible for melting the H,O-ice and triggering ferrihydrite formation. We suggested
above that thermal metamorphism occurred on the Kakangari parent body. H,O ice
would not have survived this heating episode. Therefore, we propose that ferrihydrite
formation post-dated metamorphism because its formation and preservation requires
lower temperatures. Possibly, H,O ice could still have been a source for the liquid water
needed for ferrihydrite formation, if it accreted as a late veneer. The mostly unaltered
nature of the fine-grained clasts can be explained either by the fact that the clasts contain
much less fine-grained troilite and were therefore less affected, or brecciation occurred
when the water/rock ratio was low enough so that precipitation of ferrihydrite was limited

to the matrix-clast boundary (Fig. 3.12).

Evidence for nebular processes

High-temperature processing
Despite the secondary alteration present in Kakangari, it is still possible to unravel

the early high-temperature history of Kakangari chondrules and matrix. At least two
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episodes of high-temperature events are recorded in Kakangari, which must have been
brief events that occurred in the solar nebula. Our interpretation of the sequence of
processes experienced by Kakangari is summarized in the schematic diagram shown in
Figure 3.16. The first heating event was responsible for the formation of chondrules
(T>1600°C). The original chondrule population probably consisted mostly of FeO-rich
chondrules which experienced reduction (see discussion below) during a second heating

event at somewhat lower temperatures (~1000—1500°C).
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Fig. 3.16. Simplified illustration of the complex series of events recorded in Kakangari.
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Agglomeratic chondrules, which are very abundant in Kakangari (Table 3.1),
represent temperatures of ~1200°C that caused sintering and partial melting of fine-
grained precursor material (Weisberg and Prinz 1996). It appears that the silicate portion
of the matrix was also affected by a brief heating event(s) with temperatures >1000°C as
is evident in the microstructures of low-Ca pyroxene (Brearley 1989). Our results
indicate that Kakangari matrix probably experienced reduction as well (see discussion
below). If Kakangari chondrules and matrix were located in close proximity in the solar
nebula, the same heating event could have been responsible for the reduction of FeO-rich
chondrules, the formation of agglomeratic chondrules and the reduction and high-
temperature processing of matrix silicates (Fig. 3.16). The progressively lower
temperatures experienced by chondrules, agglomeratic chondrules and matrix might
relate to a decreasing distance from the center of the heating event. It is likely that
igneous rims, which are mineralogically and texturally very similar to agglomeratic

chondrules, also formed during this (second) heating period.

Reduction

Several lines of evidence are present in Kakangari that lead us to suggest that the
silicate portion of most chondrules and of the fine-grained matrix material was originally
FeO-rich and subsequently became more MgO-rich as the result of a reheating event
under reducing conditions, most likely in the solar nebula. Our observations can be
summarized as follows: (1) Dusty olivines and pyroxenes present in some chondrules
provide direct evidence for solid-state reduction. (2) Several chondrule silicates and
larger isolated grains in the matrix show zoning with FeO-rich cores and MgO-rich
edges. (3) Some chondrules have a typical “type IIA”-texture, indicating that they
originally might have had higher FeO contents. (4) Many chondrules contain silica. (5)
Matrix and chondrule olivines have high MnO contents (average ~0.42 wt%). (6) Fine-
grained matrix silicates, which might have been more susceptible to reduction, have the
most MgO-rich compositions. (7) Troilite in chondrules and matrix contains 0.15-0.25
wt% Cr, which is indicative of reducing conditions. We discuss the implications of each

of these observations below.
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Dusty olivine and pyroxene, zoning and chondrules with “type 114"~ textures

Only a few chondrules in Kakangari contain typical dusty olivines or dusty pyroxene
(e.g., Fig. 3.6a,b), but they provide direct evidence that solid-state reduction occurred.
Dusty olivines in Kakangari are similar to those found in primitive ordinary and
carbonaceous chondrites (e.g., Nagahara 1981; Rambaldi 1981; Jones and Danielson
1997). Their textures have been reproduced experimentally by heating Fe*-bearing
olivine at temperatures between 1100°C and 1740°C and oxygen fugacities between the
IW and C/CO buffer (e.g., Boland and Duba 1981; Nagahara 1985, 1986; Connolly et al.
1994; Danielson and Jones 1995; Lemelle et al. 2000, 2001; Leroux et al. 2003). The
specific range of conditions under which solid-state reduction of olivine occurs, and
under which different reaction products form, has not been explored experimentally in
detail, although it has been treated thermodynamically (e.g., Nitsan 1974; Matas et al.

2000). Possible reaction mechanisms include:

Fe,SiOs = 2 FCO (metal) T Si0, + O, (1)

(referred to as “OSI” = olivine — silica/iron)

FeMgSiO, > Fe” (metary + MgSiO; + %4 O, )

(referred to as “OPI” = olivine — pyroxene/iron)

Boland and Duba (1981) and Nagahara (1985, 1986), who cooled their experiments
slowly, found pyroxene as a reaction product in their experiments, whereas others, who
quenched their experiments, did not (e.g., Danielson and Jones 1995; Libourel and
Chaussidon 1995; Leroux et al. 2003). Crystalline SiO, polymorphs were not observed in
any of the studies mentioned above. Libourel and Chaussidon (1995) suggested that SiO,
might get absorbed into the chondrule melt, which was further confirmed in experiments

by Leroux et al. (2003), who also found that some SiO goes into the gas phase:

FCQSiO4 9 2 Feo (metal) + X SlOz (in melt) + (l-X) SiO(gaS) + (3-X)/2 02 (3)
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Experiments by Leroux et al. (2003) produced dusty olivines that show an outer zone
free of metal blebs, which is similar to our observations of dusty olivines in Kakangari
shown in Figure 3.6b. Others (e.g., Nagahara 1986) observed metal blebs throughout the
reduced zone at the edges of the olivine grains. The grain boundaries of dusty olivines in
Kakangari chondrule #2-2 (Fig. 3.6b) are decorated with metal blebs, indicating that Fe
atoms diffused along defects in the olivine and coalesced at the surface. We observed
such decorated grain boundaries also on olivines in chondrules with “type [IA”-texture
(e.g., Fig. 3.3a-c) and on isolated olivines in the matrix that are zoned with more MgO-
rich compositions towards the edges (e.g., Fig. 3.3c). The metal blebs in chondrules with
a “type IIA”-texture contain ~1.1 wt% Ni, which would correspond to a NiO content of
~0.2 wt% in the original olivine (~Fayo) before reduction occurred. Many metal blebs in
chondrules #1-9 and #2-2 (Fig. 3.6a,b) are now troilite, but the fact that we observe
several Ni-poor metal blebs that were not sulfidized, makes us confident that we can
exclude the following reaction mechanism (e.g., DuFresne and Anders 1962; Lewis

1967):
FCQSiO4 +2 st > 2 FeS + SlOz +2 Hzo (4)

Instead, we interpret the presence of troilite as the product of sulfidization, which
occurred on the parent body (see discussion below).

Reduction reactions and kinetics for pyroxene are less well understood than those for
olivine. Dusty pyroxenes (which have also been called “black” pyroxenes, because they
lack cathodoluminescence) are common in primitive enstatite chondrites (e.g., Lusby et
al. 1987; Weisberg et al. 1994). As a possible reaction mechanism, Weisberg et al. (1994)
suggested:

2 (Fe,Mg)SiO; > Fe’ (metal) + MgSiO; + SiO; + 140, (5)
Experiments reported by Nagahara (1986), Allen et al. (1993a,b) and Britt (1993)

support this mechanism and show that reaction kinetics for the reduction of pyroxene are

much slower than for olivine. This is evident in the chondrule shown in Fig. 3.6b, where
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olivine grains show a higher degree of reduction (dusty and zoned) than the pyroxene in

the center (thin Mg-rich edges and metal blebs along grain boundaries only).

Silica

According to reactions (1) and (3), silica should be a typical product of reduction
reactions; however, as we mentioned above, it is rarely observed in experiments. Six of
the 20 Kakangari chondrules studied contain silica (polymorphs were not determined).
Four of these chondrules have a RP/BP texture, where silica occurs interstitially and in
close proximity to the mesostasis (e.g., Fig. 3.3j-1). This indicates that silica was not
absorbed into the melt and/or lost via a gas phase as indicated in reaction (3). However,
the silica rim around a cryptocrystalline chondrule (#2-9, Fig. 3.2¢,d) can be seen as
evidence that some SiO went into the gas phase and later recondensed onto the

chondrule.

MnO contents of olivine

Even though MnO contents of chondrule olivine are equilibrated, they are mostly too
high to represent equilibration of a typical type I chondrule population as found in
ordinary and carbonaceous chondrites (Fig. 3.5). A simple explanation is that the original
chondrule olivines were FeO-rich (such as type II chondrules in OC or CC), and then
reduction occurred, shifting FeO contents of olivines to lower values, but maintaining the
original MnO contents. As a last step, equilibration of MnO contents followed during
thermal metamorphism (refer to arrows in Fig. 3.5a). If the high MnO contents of
Kakangari chondrule olivines provide an indication for the original Fa content before
reduction occurred, the precursor material was probably more comparable to ordinary
chondrite type ITA chondrules than to carbonaceous type IIA chondrules (Fig. 3.5a).

Matrix olivines also have high MnO contents, very similar to those observed in
chondrule olivines (Fig. 3.5a). Even though MnO contents equilibrated during thermal
metamorphism, it seems likely that matrix silicates also experienced reduction in the
solar nebula. The chondrule abundance in Kakangari is only 19 vol% and the fine-grained
matrix is very MgO-rich. If only the chondrules experienced reduction and had high MnO

contents in their olivines, and if they equilibrated with FeO-poor matrix olivines with
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much lower MnO contents, the equilibrated MnO content of olivines in chondrules and

matrix would probably not be as high as is observed.

Matrix

Although the silicate portion of the fine-grained matrix is unusually MgO-rich in
Kakangari compared to ordinary and carbonaceous chondrites (Brearley 1989), the bulk
composition of Kakangari matrix is still fairly Fe-rich because it contains abundant
troilite. The reduction of previously FeO-rich matrix olivines could have produced the
MgO-rich compositions and simultaneously resulted in the formation of abundant Ni-
poor metal grains, which could have later been sulfidized (see discussion below). Matrix
silicates do not show dusty textures, but their fine-grained nature makes it likely that
precipitated metal blebs diffused to the grain boundaries (e.g., Allen et al. 1993; Lemelle
et al. 2001).

Temperatures reached by matrix silicates were constrained by Brearley (1989), who
found abundant clino-orthopyroxene intergrowths indicating temperatures in excess of
1000°C and cooling rates of approximately 1000°C/hr. The high modal abundance of
low-Ca pyroxene in Kakangari matrix (~50 vol%; Brearley 1989) is consistent with
reduction in several ways. According to reaction (2), MgO-rich pyroxene can be the
direct reaction product of the reduction of FeO-rich olivine. Another possible reaction
product is silica (reactions 1 and 3), which would likely react with any remaining olivine

to form pyroxene:

Brearley (1989) found corroded inclusions of olivine that frequently occur within
enstatite, which could suggest that some enstatite formed by the reaction of olivine with a
silica polymorph. There is no evidence in Kakangari’s matrix that silica survived
(Brearley 1989), but olivine is still fairly abundant (~20 vol%), so it was not all reacted
away. Some SiO (gas) might also have left the system (reaction 3) or reacted with other

components to form feldspar for example.
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Cr contents of troilite

Troilite in Kakangari contains between 0.15 to 0.25 wt % Cr, which is indicative of
reducing conditions, but not as reducing as in primitive enstatite chondrites where troilite
contains up to 2.4 wt% Cr (e.g., Ikeda 1989). Analyses of Ni-poor metal blebs in dusty
olivines and chondrules with “type IIA”-textures yield variable Cr contents, between 0.05
and 1.8 wt% Cer. It is therefore possible that Cr was reduced along with Fe from olivine
and incorporated into Ni-poor metal (Weisberg et al. 2005; Bendersky et al. 2007), which
was later sulfidized to troilite (see discussion below). As mentioned above, an alternative
or additional possibility is that Cr was mobilized at the onset of thermal metamorphism
(e.g., Jones and Lofgren 1993; Grossman and Brearley 2005) leading to the observed low
Cr,03 contents in chondrule olivines in Kakangari. The latter might be supported by the
fact that dusty olivines in primitive ordinary and carbonaceous chondrites have high
Cr,05 contents, between 0.2—0.7 wt% (e.g., Jones and Danielson 1997; Leroux et al.
2003) and that Leroux et al. (2003) did not detect Cr in metal blebs in dusty olivines in
Bishunpur in their ATEM study. On the other hand, conditions that were responsible for
producing dusty olivines in ordinary and carbonaceous chondrites might not have been as

reducing as in Kakangari.

When and where did reduction take place?

Reduction most likely occurred in the solar nebula and was probably induced by a
second heating event (or events) related to chondrule formation (Fig. 3.16). Three main
arguments supporting this hypothesis are: (1) reaction kinetics are too slow for reduction
to have occurred at the maximum temperatures reached during thermal metamorphism on
the parent asteroid, (2) all grains within a chondrule show similar features, indicating that
reduction of silicates happened in the solid state after the chondrules formed, but different
degrees of reduction are observed from chondrule to chondrule, and (3) nucleation of
many small metal grains throughout silicates (Fig. 3.6a,b) is consistent with high
temperatures for a short period of time.

When compared to other type 3 chondrites, textural and mineralogical evidence
indicates that Kakangari cannot have experienced temperatures higher than ~600°C on
the parent asteroid (e.g., Huss et al. 2006). Experimental studies that have investigated

the reduction of olivine and pyroxene were carried out at high temperatures (1100—
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1740°C) in order to get reactions to proceed on reasonable timescales in the laboratory
(e.g., Boland and Duba 1981; Nagahara 1985, 1986; Connolly et al. 1994; Danielson and
Jones 1995; Lemelle et al. 2000, 2001; Leroux et al. 2003). When experimental results
are extrapolated to low temperatures, it becomes apparent that reduction cannot have
occurred on the parent body. For example (using data by Nagahara 1986), after 10
million years at 500°C the reduced width from the surface of an olivine with original Fa
content of 17 mol% would only be 0.03 pm wide and after 100 million years only 0.08
um wide. Because we observe much wider reduced zones in olivines (e.g., Fig. 3.3c and
3.6b) and pyroxenes (Fig. 3.6a), the latter having much slower reduction reaction kinetics
than olivine, we are confident that reduction must have occurred in the solar nebula
before material was accreted into an asteroidal parent body.

In individual Kakangari chondrules, all silicates show similar features (e.g., Fig.
3.3a,c and 3.6a,b) indicating that reduction must have happened in the solid state, after
the chondrules formed. This is in contrast to dusty olivines in chondrules of ordinary and
carbonaceous chondrites, which are often relict grains with higher FeO contents than the
host chondrule olivines suggesting that reduction took place prior to or during chondrule
formation (e.g., Jones and Danielson (1997). A comparison of the Fa contents and zoning
characteristics of olivines in different chondrules and fragments further shows that
different chondrules experienced various degrees of reduction, which is not what one
would expect if reduction had occurred on the parent asteroid. The zoned olivine in
Figure 3.6b has a zoning profile that is very similar to the large isolated olivine in
Figure 3.3c (core: 10-11 mol%; edge: ~ 3 mol%), but one of them is dusty (Fig. 3.6b)
whereas the other one is not (Fig. 3.3c). In contrast, olivines in chondrules with “type
ITA”-texture (Fig. 3.3a,C) are not zoned and have Fa contents between 2.5 and 3.5 mol%.
The fine-grained nature of metal blebs in dusty olivines and pyroxenes (Fig. 3.6a,b)
further supports a brief heating event (or events) at high temperatures in the nebula,
whereas a smaller number of metal grains with larger sizes would be expected under

prolonged heating at low temperatures in a parent body environment.
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Reducing agent

Experiments by Danielson and Jones (1995) in H; and Ar atmospheres showed that it
is the absence of oxygen rather than the presence of H; that drives a reduction reaction.
Therefore, it is possible that simply lower dust/gas ratios were responsible for the more
reducing conditions during the second heating event (Fig. 3.16). Another possibility is
that the system was buffered by the presence of reduced carbon (e.g., Connolly et al.

1994) so that oxygen would have been consumed to form CO:

FeMgSiO4 + C > Fegmet + MgSiO; + CO (7).

Origin of troilite

There are several lines of evidence that a major sulfidization event is recorded in
Kakangari. Troilite is the only major sulfide phase present in Kakangari and the sulfide
mineralogy is therefore much simpler than in other chondrites. However, the modal
abundance of troilite in chondrules (up to 26 vol%) and in the matrix (~28 vol%, Fig.
3.11) of Kakangari is, in general, much higher than in other chondrites. Bulk chemical
sulfur abundances in Kakangari (5.5 wt%) are similar to CI (5.41 wt%) and EH
chondrites (5.6 wt%), whereas all other chondrite groups have much lower bulk sulfur

abundances (e.g., Lodders and Fegley 1998).

Is any troilite primary?

It is likely that sulfides were present in the precursor material of chondrules. Above,
we suggested that most of the precursor chondrule and matrix material (silicate portion)
of Kakangari was originally more FeO-rich than what is currently observed. The
formation of FeO-rich silicates in the solar nebula requires high dust/gas ratios in
equilibrium condensation models, which makes Fe-sulfides stable at temperatures higher
than 700 K (e.g., Wood and Hashimoto 1993; Ebel and Grossman 2000). For example,
according to Wood and Hashimoto (1993), Fe-sulfides are stable at temperatures below
1264 K at 10” bar and 1000x dust-enrichment. Ebel and Grossman’s (2000) calculations
predict direct condensation of iron-sulfide liquids at high total pressures and dust

enrichments (i.e., 1330 K at 10 bar and 500x). In the past decades, it has been
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recognized that presolar dust survival, conditions far from equilibrium and kinetics need
to be considered when discussing solar nebula condensation models (e.g., Nuth et al.
2005; Grossman et al. 2008), which again makes the presence of FeO-rich silicates and
Fe-sulfides more likely in the precursor material of chondrules in Kakangari.

Primary troilite is typically defined as troilite that crystallized from molten sulfide
melt in chondrules (e.g., Rubin et al. 1999; Tachibana and Huss 2005), which implies that
chondrule precursor materials contained sulfur-bearing phases and heating times were
short enough to avoid complete evaporative loss of sulfur (e.g., Yu et al. 1996). In order
to assess whether any troilite present in Kakangari chondrules is primary (= igneous),
isotopic studies such as the one performed by Tachibana and Huss (2005) and/or REE
data are needed (e.g., Kong et al. 2000; Donnelly and Brearley 2007). It is further
possible, that some sulfur recondensed as sulfide veneers around chondrules during or

shortly after the chondrule-forming event (e.g., Zanda et al. 1995).

Was Ni-poor metal sulfidized preferentially?
Classic equilibrium condensation calculations (e.g., Grossman 1972) predict
sulfidization of iron metal in a cooling gas of solar composition (10~atm) via a gas-solid

reaction below 700 K:

Fe’ + H,S > FeS +H, ().

Taking Ni into account, Kerridge et al. (1979) predicted formation of a troilite rim

around a kamacite—taenite metal core (under equilibrium conditions):

kamacite (o) + H,S = kamacite (o) + taenite (y) + FeS + H; 9).

However, experimental studies by Lauretta et al. (1997b, 1998) did not produce the
predicted assemblage (reaction 9), but Ni-bearing sulfides (monosulfide solid solution)
and even pentlandite. We did not observe any Ni-bearing sulfides or pentlandite in
Kakangari, which might imply that Ni-poor metal (reaction 8) was preferentially
sulfidized over kamacite. Lauretta et al. (1998) compared experimental sulfidization of

kamacite and pure Fe and found that kamacite sulfidization is generally faster than that of
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Fe metal. However, we frequently found that pm-sized opaque grains, that must have
been Ni-poor metal blebs produced by the reduction process described above, are now
preserved as troilite, while larger rounded kamacite and taenite grains within the same

chondrules do not show any evidence for sulfidization (e.g., Fig. 3.3l and 3.6a).

Evidence for a major sulfidization event on the parent asteroid

Our observations place constraints on when and where sulfidization occurred. We
can present several arguments for a major secondary sulfidization event that must have
occurred on the parent asteroid of Kakangari. Our major argument is that the fine-
grained, interstitial nature of troilite (1-5 um) in the matrix of Kakangari (e.g., Fig. 3.12)
requires that a secondary sulfidization event occurred after thermal metamorphism on the
parent body, otherwise the fine-grained troilite would have been mobilized and coarsened
(e.g., Lauretta et al. 1997a; Grossman and Brearley 2005).

The sulfidization event affected both matrix and chondrules (especially the fine-
grained metal blebs within dusty olivines and pyroxenes), although some of the troilite in
chondrules might be of igneous origin. We suggested above that the precursor material
for most chondrules and matrix was very similar and that both experienced solid-state
reduction in the solar nebula. This could imply that chondrules and matrix formed within
very close proximity in the nebula, which in turn requires a fairly rapid accretion of the
parent asteroid. The sulfidization of metal via reaction (8) might have begun in the nebula
(e.g., Lauretta et al. 1996a,b), but most likely did not go to completion within this short
time frame (e.g., Pasek et al. 2005). As mentioned above, nebular sulfidization can
certainly not be responsible for the abundant fine-grained troilite in the matrix of
Kakangari.

On the other hand, troilite within the fine-grained clasts could potentially be of
nebular origin or the clasts originated from a part of the parent body that was not as
severely affected by the secondary sulfidization event. The modal abundance of troilite is
much lower in the clasts compared to the matrix (Fig. 3.12), but the bulk chemical
composition of clasts and matrix is very similar, except for Fe and S contents (Table 3.8).
The fine-grained clasts also contain abundant Cl-apatite and therefore must have

experienced thermal metamorphism on the parent body as well.
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Conditions probably changed significantly on the Kakangari parent body over time
(Fig. 3.16). Thermal metamorphism occurred under conditions that were oxidizing
enough so that P was oxidized from the metal leading to the formation of apatite. Minor
amounts of Cr present in the troilite indicate that sulfidization, probably via H,S gas, took
place under more reducing conditions. Subsequently, the formation of ferrihydrite
required highly oxidizing conditions and the presence of water. This is very different
from what has been observed in oxidized CV chondrites, where oxidation, sulfidization
and carburization occurred simultaneously in the presence of C-O-S fluids (e.g., Blum et
al. 1989; Krot et al. 1995, 1998). In Kakangari, there was no oxidant in the fluid that
caused sulfidization. However, oxidizing fluids could have been present before
sulfidization, causing the formation of apatite during thermal metamorphism, and
definitely were present after sulfidization during the formation of ferrihydrite. This
suggests that fluid convection might have occurred on the parent asteroid (e.g., Cohen
and Coker 2000). The last stage of aqueous alteration occurred at very low temperatures
so that troilite was preserved and not transformed into pyrrhotite and pentlandite like in

CI and oxidized CV3 chondrites (Bullock et al. 2005; Krot et al. 1995, 1998).

Comparison of Kakangari chondrules to chondrules in ordinary,
carbonaceous and enstatite chondrites

Chondrule textures

Genge and Grady (1998) suggested that the relative abundances of different textural
types of chondrules in Kakangari are most similar to chondrules in ordinary chondrites,
but our interpretation is that they are intermediate between ordinary and enstatite
chondrites (Table 3.1). The abundance of PO chondrules is certainly higher in Kakangari
(14.2%) than in enstatite chondrites, which do not contain any PO chondrules (Rubin and
Grossman 1987; Schneider et al. 2002), but slightly lower than in ordinary chondrites
(15-27% Gooding and Keil 1981). We found that PP chondrules are approximately twice
as abundant in Kakangari (~22%) as in ordinary chondrites (9-11%; Gooding and Keil
1981), while they make up more than 50% of chondrules in enstatite chondrites (Rubin
and Grossman 1987; Schneider et al. 2002). BO chondrules are absent in Kakangari and

enstatite chondrites, but constitute 3—4% of ordinary chondrite chondrules (Gooding and
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Keil 1981). A comparison to chondrule textures in carbonaceous chondrites is difficult at
this point in time, because of the scarcity of detailed data in the literature (e.g., Grossman
et al. 1988; Rubin 2000; Scott and Krot 2003). It seems that the abundance of radial
pyroxene chondrules is much lower in carbonaceous chondrites (<2%) than in Kakangari
(9-10.4%), ordinary (7-9%) and enstatite chondrites (6.6—12.8%).

We further found a high relative abundance of agglomeratic chondrules in Kakangari
(14.2%), which are mineralogically very similar to the igneous rims that are present
around 16% of all chondrules. Agglomeratic chondrules could simply represent cross
sections through such rims, but this is fairly unlikely for at least some of them, as they are
quite large (e.g., Fig. 3.39). The data for ordinary, enstatite and carbonaceous chondrites
listed in Table 3.1 do not include estimates for the abundance of agglomeratic
chondrules. According to Weisberg and Prinz (1996), agglomeratic chondrules make up
~2 vol% of ordinary chondrites, but have much higher abundances in carbonaceous
chondrites (e.g., Rubin 2000), for example 13.7 vol% in Ningqgiang (Rubin et al. 1988).
The absolute modal abundance of agglomeratic chondrules in Kakangari corresponds to

approximately 2.7 vol%, similar to ordinary chondrites.

Chondrule mineralogy

Mesostasis compositions in Kakangari chondrules follow two distinct trends in a
K/Al vs. Na/Al diagram (Fig. 3.8) that are similar to those observed in type I (FeO-poor)
and type II (FeO-rich) chondrules in type 3 ordinary chondrites (Grossman and Brearley
2005). However, FeO contents of chondrule silicates in Kakangari do not show two
distinct populations (Fig. 3.4), but are intermediate between typical type I and type I1
chondrules in primitive ordinary and carbonaceous chondrites. Below, we first discuss
whether these observations can be attributed to thermal metamorphism or if it represents
a primitive feature of Kakangari chondrules. Then we compare Kakangari chondrules
with those in ordinary, carbonaceous and especially enstatite chondrites in more detail.

Six of the twenty Kakangari chondrules studied follow the type I trend in the K/Al
vs. Na/Al diagram in Figure 3.8, whereas all other chondrules follow the type II trend.
The terms type I and type II have been specifically used for porphyritic chondrules (e.g.,
Grossman et al. 1988), but in Figure 3.8 all Kakangari chondrules are plotted. The type I
trend includes a CC chondrule, three POP and two PP chondrules. All of the chondrules
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that show a “type IIA”-texture (PO-II) and all of the RP/BP chondrules fall on the type II
trend. Many Kakangari chondrules that follow the type II trend have mesostasis
compositions with K/Al ratios (relative to CI) > 3, which could be indicative of the onset
of albite crystallization, hence a residual glass that becomes more K-rich during mild
thermal metamorphism (e.g., Grossman and Brearley 2005). This accentuates the two
distinct trends.

Despite the differences in mesostasis compositions, the chondrules that follow the
type I trend share many characteristics with those that follow the type II trend. Silicates in
chondrules that follow the type I trend in Figure 3.8 have a range of Fa and Fs contents
(2.3<Fa<10.1 and 3.7<Fs<18.8) that is similar to those that follow the type II trend
(2.7<Fa<10.6 and 4.3<Fs<23.6). For most chondrules, CaO contents of olivine in the
type I and type II trends are similarly low (<0.03 wt%) and MnO contents of olivine are
similarly high (Fig. 3.5a,b). Chondrule #1-3 (Fig. 3.6C) is an exception: some MnO
values fall into the range of typical type I chondrules in ordinary and carbonaceous
chondrites (Fig. 3.5b). However, this chondrule also contains a large Ni-poor metal bleb
(Fig. 3.6d) indicating that it also must have undergone reduction as we suggested for
other chondrules above. The range of MnO contents observed in olivine in chondrule #1-
3 (Fig. 3.5b) can be explained by reduction of olivine that was originally not as FeO-rich
as others plus limited equilibration. Overall, it is clear that chondrules that follow the type
I trend in Figure 3.8 are not typical type I chondrules as found in ordinary and
carbonaceous chondrites.

A typical cut off value between type I and type II chondrules that has been used for
ordinary and carbonaceous chondrites is Fe/(Fe+Mg) = 10% (e.g., Jones et al. 2005). In
the most primitive ordinary and carbonaceous chondrites, there is a significant population
of chondrules with Fa<1 (e.g., Jones et al. 2005), while Fe-Mg exchange between
chondrules and matrix leads to higher FeO contents in type I chondrule silicates in
chondrites that have experienced mild thermal metamorphism (Scott and Jones 1990;
Jones and Rubie 1991). Fe-Mg exchange between chondrules and matrix in Kakangari
cannot have produced the high FeO contents preserved in olivines and pyroxenes in
chondrules that follow the type I trend in Figure 3.8, because matrix silicates in

Kakangari are MgO-rich (Fig. 3.4). Chondrule silicates with Fa <2 mol% and Fs <3
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mol% were not observed in our and other studies of Kakangari (Graham and Hutchison
1974; Graham et al. 1977; Brearley 1989) and neither did we observe any normal zoning
that would suggest that Fe-Mg exchange between a typical type I chondrule population
(with Fa<1) and the matrix (Fa,.s) led to the lowest observed Fe/(Fe+Mg) ratios in
chondrule silicates. Because we have evidence that thermal metamorphism occurred on
the Kakangari parent body (see above), it is likely that Fe-Mg exchange between
chondrule and matrix silicates took place. However, it is not possible to differentiate
between how much reduction and how much Fe-Mg exchange contributed to the shift to
lower MgO contents in chondrule silicates, but the reduced nature of Kakangari
chondrules was clearly produced in the solar nebula.

Reduced chondrules are common in enstatite chondrites. Most chondrules in enstatite
chondrites are very FeO-poor (Fa < 1 mol% and Fs <4 mol%; Lusby et al. 1987), but
ubiquitous FeO-rich objects consisting mainly of FeO-rich pyroxene have been observed
(e.g., Lusby et al. 1987; Weisberg et al. 1994). Oxygen isotopic compositions of these
objects are identical to FeO-poor chondrule silicates in enstatite chondrites (Perron and
Bourot-Denise 2001; Kimura et al. 2003; Clayton and Mayeda 1985), and these are also
identical to Kakangari chondrules (Weisberg et al. 1996). The range of silicate
compositions of FeO-rich objects in primitive enstatite chondrites, Fss_ 34 and minor
olivine with Fa; 14 (Lusby et al. 1987; Weisberg et al. 1994), is very similar to that of
Kakangari chondrules. Many of these objects also record evidence for reduction in the
form of dusty pyroxenes (and olivines) with Ni-poor metal/sulfide blebs, zoning with
more MgO-rich compositions towards grain edges and abundant silica (e.g., Weisberg et
al. 1994). The presence of silica makes Kakangari chondrules more similar to chondrules
in enstatite chondrites than to those in carbonaceous and ordinary chondrites, where silica
is only a minor constituent (e.g., Olsen 1983; Brigham et al. 1986; Hezel et al. 2006). On
the other hand, some FeO-rich objects in enstatite chondrites contain FeO-poor (Fs<3)
enstatite relict grains and/or rims (Lusby et al. 1987; Weisberg et al. 1994), a feature that
is not observed in Kakangari chondrules. Furthermore, troilites found in FeO-rich objects
in enstatite chondrites have higher Cr contents (1.5-3 wt%) than troilite in Kakangari
(0.15-0.25 wt%) and contains some Ti as well (Kimura et al. 2003), whereas Ti is below

EMP detection limits in Kakangari troilite. FeO-rich objects in enstatite chondrites bear
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many similarities to Kakangari chondrules, but they experienced an even more complex
history.

In Chapter 1, we described two reduced chondrules in a primitive L chondrite (MET
00526) which are very similar to Kakangari chondrules because they show clear evidence
for solid-state reduction. Kakangari chondrules can be seen as intermediate between these

reduced chondrules in ordinary chondrites and FeO-rich objects in enstatite chondrites.

CONCLUSIONS

Up until now, Kakangari has been thought of as a very pristine chondrite (e.g.,
Brearley 1989; Scott and Krot 2005; Nuth et al. 2005). Based on observations initially
made by Nehru et al. (1986) and Brearley (1989), Scott and Krot (2005) suggested that
Kakangari chondrules formed from material that closely resembled the associated matrix
and that chondrules and matrix must have formed in close proximity in the solar nebula.
However, our study shows that caution needs to be exercised when making such
statements, because Kakangari has experienced a complex history of secondary
processing and alteration, which could also have been responsible for the compositional
similarity between chondrules and matrix.

The simplified illustration in Figure 3.16 summarizes the series of events we
propose for Kakangari. These include: (1) formation of fine-grained FeO-rich precursor
material, (2) formation of chondrules in a first heating event in the solar nebula, (3)
reduction of chondrules and fine-grained matrix materials in a second heating event, (4)
accretion, (5) thermal metamorphism, (6) sulfidization, and (7) low-temperature aqueous

alteration.
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APPENDIX A - DETERMINING BULK CHEMICAL
COMPOSITIONS OF CHONDRULES BY ELECTRON
MICROPROBE: MODAL RECOMBINATION ANALYSIS (MRA)
VERSUS DEFOCUSED BEAM ANALYSES (DBA).

INTRODUCTION

Many scientists have employed the ‘quick and dirty’ method of using defocused
beam analyses (DBA) to determine bulk chondrule compositions and still continue to do
so (e.g., McSween 1977a; Dodd 1978b; Kimura and Yagi 1980; Lux et al. 1980; Ikeda
1980; Jones and Scott 1989; Jones 1990, 1994; 1996a; Kimura et al. 2005), even though
Albee et al. emphasized in 1977 that “most probe analysts recognize that large errors
are involved and ... many probe analysts strongly discourage or actively oppose the
publication of DBAs.” In order to account for the heterogeneous target in DBA, various
correction methods have been proposed, including a normative correction (e.g., Albee et
al. 1977; Bower et al. 1977) and empirical correction factors (e.g., Ikeda 1980). But it
was not until a couple of years later, that it was realized that the densities of the different
phases excited by the electron beam need to be taken into account as well (e.g., Jones and
Scott 1989; Warren et al. 1997).

In contrast to DBA, modal recombination analysis (MRA) is very time-consuming as
it requires obtaining the compositions of all phases present in a chondrule as well as
determining the modal abundances of the different phases. The latter can be done much
faster these days using image analysis software instead of tedious point-counting.
However, Grossman and Wasson (1983a) pointed out that minor elements tend to be less
precise in MRA, especially when accessory phases are not taken into account.

In the beginning of this study, we considered using DBA, but as we became
increasingly aware of the many problems with this analytical technique, we decided to
obtain a dataset of MRA and DBA for the same chondrule (from the CV3 chondrite
Vigarano). The results of this “experiment” are presented and discussed below, in order

to demonstrate why we chose to use MRA for this study.
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MODAL RECOMBINATION ANALYSIS (MRA)

For modal recombination analysis, mesostasis glass was analyzed first (15 keV, 10
nA, 5 um beam diameter) in order to minimize Na loss (e.g., Jbara et al. 1995; Nielsen
and Sigurdsson 1981; Morgan and London 2005; Grossman and Brearley 2005).
Subsequently, WDS element maps were collected (15 keV, 30 nA, 1 pm beam diameter)
and used to identify each phase. Olivine and pyroxene were analyzed at 15 kV with a
focused beam and a beam current of 20 nA, whereas a beam current of 40 nA was used
for metal and sulfide analyses.

Figure A.la shows the phase image of the chondrule, which was constructed in
Adobe Photoshop® based on the WDS element maps. It was used to determine the modal
abundance of each phase with Scion Image software. The bulk composition of the

chondrule was calculated for each element according to the following equation:

VOI% e * P s
2 (V1% e P )

where p is the density of the phase analyzed and the concentration conc is given in
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element wt%. Mineral densities from Deer et al. (1992) and at

http://www.webmineral.com were used. The density of the mesostasis glass was

determined using a model calculation by Fluegel (2007). The bulk chondrule composition
determined via MRA is shown in Table A.1. in column A. In Table A.1., column B we
also show the bulk composition determined via MRA without including the phase

densities, because this is such a commonly made mistake.

DEFOCUSED BEAM ANALYSES (DBA)

Defocused beam analyses were acquired with an accelerating voltage of 15 keV and
a beam current of 20 nA. 75 analyses with a beam diameter of 50 um were obtained on a
grid (100 pm apart), so that they covered the entire chondrule (Fig. A.1b). A regular ZAF

correction (for a homogeneous target) was applied to the data.
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Fig. A.1. a) Phase image of the Vigarano chondrule used in MRA. b) BSE image of the Vigarano chondrule
with DBA spots.
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The first big problem that becomes apparent when doing DBA is how to deal with
analyses that do not have acceptable totals. High totals often correspond to mixed
analyses (silicate + metal/sulfides) and the fact that Fe is present in two oxidation states
(as Fe’" in silicates and as Fe” in metal). Instead of simply normalizing these analyses to
100 wt%, we corrected them by converting some of the FeO into Fe until the total
converged to ~100 wt%. Low totals resulted from spots where cracks or holes are
present. Analyses with totals between 90 and 97 wt% were normalized to 100 wt%. The
bulk chondrule composition (Table A.1, column C) was calculated by simple averaging
(10 analyses were discarded). Oxide wt% were converted to element wt%, so that the
data can be easily compared to the results obtained by MRA. Because the modal
abundances of the phases and their average element concentrations were exactly known
from our MRA, we were able to calculate “unequal host-phase density correction factors”

(Bp) as suggested by Warren (1997) and apply them to our DBA (Table A.1, column D).

The correction factors are given in column E in Table A.1.

Table A.1. Bulk compositions obtained via modal recombination analysis (MRA) and defocused beam
analyses (DBA) for the chondrule shown in Figure A.1.

A B C D E
MRA MRA DBA DBA correction
(incl. phase (w/o phase (ZAF, but no (p-corrected, factor 3,
densities) densities) p corr. applied) B, given in E) (Warren 1997)

Si 19.1 20.0 20.2 19.2 0.95
Ti 0.06 0.06 0.05 0.05 0.93
Al 0.66 0.75 1.39 1.24 0.89
Cr 0.41 0.4 0.45 0.46 1.01
Fe 8.8 5.3 4.6 7.6 1.64
Mn 0.04 0.04 0.04 0.04 0.96
Mg 249 26.0 27.0 26.0 0.96
Ca 1.45 1.7 1.08 0.92 0.86
Na 0.14 0.18 0.24 0.19 0.81
K 0.01 0.01 0.02 0.02 0.94
P 0.03 0.02 0.02 0.02 1.35
Ni 0.57 0.25 0.16 0.36 231
S 1.74 1.27 0.64 0.88 1.37
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DiIsScuUsSION

The main argument for using the DBA method has been that the error related to 2D
vs. 3D composition is probably greater than the analytical error related to the
heterogeneous target in DBA (e.g., Albee et al. 1977; Hezel 2007). However, this has
never been quantified. Evidently, 2D and 3D bulk compositions should be very similar
when the phases that are present in a 2D section have approximately the same modal
proportions as in the 3D object. New techniques, such as 3D synchrotron X-ray micro-
tomography, will soon provide us with a better understanding of the 3D structure of
chondrules (e.g., Ebel et al. 2008). Hezel (2007) tried to assess the errors related to 2D
EMP analysis using a numerical model, but he did not take phase densities into account.

Above, we show that a very large error is introduced in both EMP methods, DBA
and MRA, when phase densities are not taken into account. Table A.1 and Figure A.2
show how large the differences can be, when bulk compositions are obtained by MRA
and DBA, with and without taking phase densities into account. In Figure A.2, the results
of each technique are compared to MRA with phase densities included. A 1:1 line for this
technique is displayed as a reference. Figure A.2b shows an enlargement for the points
near the origin (minor elements) in Figure A.2a. Elements (e.g., Fe, Ni and S) that are
concentrated in the more dense phases such as Fe,Ni metal and sulfides are significantly
underestimated in DBA and MRA, when densities are not included. As a major element,
Fe is underestimated by a factor of ~2 (Fig. A.2a, see also Fig. 18 in Chapter 1). On the
other hand, elements (e.g., Al, Na) concentrated in the less dense mesostasis glass are
overestimated (Fig. A.2b). Elements that are affected most are basically those, for which

the correction factors (Table A.1, column E) deviate most from 1.
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Our results show how important it is to take phase densities into account when
calculating a bulk chondrule composition from EMP data. Figure A.3 shows a summary
of the variety of techniques that have been used to collect EMP datasets of bulk
chondrule compositions. Only a few of these datasets were collected taking phase
densities into account. Jones and Scott (1989) and Jones (1990, 1994, 1996a) performed a
normative correction procedure (see also Bower et al. 1977), but they also accounted for
the densities of Fe,Ni metal and sulfides. At this point in time, we cannot comment on
how reliable this kind of correction procedure is, however, at least an effort was made to
include metal and sulfide phase densities and therefore, these DBA analyses should be

more accurate than others, where phase densities were not taken into account.

Bulk compositions of chondrules determined by EPMA

|
| 1

Defocused beam analysis (DBA) Modal recombination analysis (MRA)
I I
| | 1 | ] ]
normative correction correction factors only regular ZAF Density Density Density
method (based on (suggested by or B&A correction P ; D)
Bower et al. 1977) Ikeda 1980) applied included inchided? . not
+ Dodd (1978a) * Kimura and included
+ Ikeda (1980, 1983) * Dodd (1978b) ) Yagi (1980)
; ; - = Simon and = Hezel et al. {2006)
* Kimura et al. (2005) * Kimura and Yagi (1980) Haggerty (1980)

= Hewins ef al. (1997)

density of metal density of metal

and sulfides not and sulfides

included included These EPMA data are probably
> Fe, Ni, S « Jones and Scott (1989) most comparable to INAA data.
underestimated - Jones (1990)

* McSween (197 7a) » Jones (1994)
« Lux et al. (1980, 1981) * Jones (1996a)

L

Fig. A.3. Flowchart representing a summary of the techniques used for the bulk chondrule EMP data that
are currently available in the literature. In only a few datasets, the phase densities were taken into account.
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Calculating the “unequal host-phase density correction factors” (Warren 1997),
given in Table A.1, column E, was only possible because the modal abundances of the
phases and their average element concentrations were exactly known from our MRA. But
even when these correction factors are applied to our DBA (Table A.1, column D), only
the values for some elements (Fe, Mg, and Ni) become more similar to those obtained by
MRA (Table A.1, column A). The reason for that could be that the correction factors as
listed in Table A.1, column E were simply applied to the final bulk composition given in
Table A.1, column C, which was obtained by averaging the collected DBA. If the
correction factors would have been calculated for, and applied to, each single DBA spot
(Fig. A.1b), the density-corrected DBA values might have been more similar those
obtained by MRA including phase densities. But, of course, if MRA needs to be done in
order to correct DBA properly, the bulk compositions could be calculated by MRA in the
first place. Carpenter et al. (2009) are currently working on new type of correction
procedure for DBA, that simulates X-ray production and emission from multiphase
samples. We conclude that, until a reliable correction method for DBA is established,

MRA should be the preferred method.
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APPENDIX B - COMPARISON OF THE TWO METHODS USED
FOR MODAL RECOMBINATION ANALYSIS (MRA)

Until August 2008, bulk chondrule compositions were obtained using Adobe
Photoshop® and Scion Image (Method 1). This includes all Kainsaz and Kakangari
chondrules, as well as several chondrules in MET 00426 (CR-Chl, CR-Ch6, CR-Ch13,
CR-Ch17, CR-Ch18) and in MET 00526 (L-Ch1, L-Ch4, L-Ch7 and L-Ch9).

After August 2008, bulk chondrule compositions were obtained using the ‘Phase
Tool’ (Method 2) in Lispix Lx133P (http://www.nist.gov/lispix/doc/contents.htm, public

domain image analysis program for Windows, written and maintained by David Bright,
National Institute of Standards and Technology). This includes all other chondrules in
MET 00426 (CR) and MET 00526 (L) not mentioned above. Below we provide detailed

instructions for using these two techniques and discuss how their results compare.

METHOD 1 (ADOBE PHOTOSHOP® & SCION IMAGE)

Chondrule phase images were produced in Adobe Photoshop® based on multi-color
WDS element maps that were transferred from the JEOL 8200 electron microprobe via tif
screen-captures. In order to have optimum contrast between the different phases, it was
sometimes necessary to modify the levels of a certain map. Combination maps (e.g.,
Cat+Al+Mg, Fe+S, etc.) were obtained as well.

All WDS element maps of a certain chondrule were assembled as layers within a
single Adobe Photoshop® file (1300 x 1300 pixel). The layers were labeled so that it was
easy to navigate between the element maps. A transparent layer was added on top of the
other layers and a rough mask was drawn with the ‘Pencil Tool’ to only expose the
chondrule and the color scale. The maps that were most useful to distinguish between
certain phases (e.g., Mg to distinguish between olivine and pyroxene) were saved as
separate tif-files with the mask.

Within each tif-file, the pixels that belong to a certain phase were selected with the
‘Magic Wand Tool’ (it is easiest when this is done directly on the color scale). By

holding down the Shift key, pixels of other colors were added until all pixels that
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correspond to a certain phase were selected. Then, the phase was tinted with a single
color using the ‘Pencil Tool’. Using the key combinations Ctrl+c and Ctrl+v, the phase
was copied and pasted into a separate psd-file for the phase image. The step was repeated
for all phases present in the chondrule using the most suitable element map or
combination map (e.g., CaMgSi combination map for Ca-rich pyroxene, FeS for metal
and sulfides, etc.). While the phase image was assembled this way, the obtained
quantitative analyses were organized in order to make sure that every phase was properly
recognized and included. In the final phase image psd-file, each layer was labeled with
the name of the respective phase it represents.

As a last step, a new transparent layer was added for the final mask to only expose
the chondrule. We found that it was easier to recognize the outline of the chondrule in the
phase image rather than in the BSE image. The psd-file was then saved and transferred
into grayscale, so that the image could be used in Scion Image to determine the modal
abundances of the phases. In Scion Image, the ‘Density Slice’ function was used to select

each phase and measure the number of pixels covered by that phase.

METHOD 2 (LISPIX)

An advantage of Lispix is that phase images can be obtained within minutes (not
hours as with Method 1) and that the modal proportions of the phases are being
calculated directly in Lispix from the produced phase image. In order to only count the
pixels that belong to the chondrule (i.e., exclude similar phases present in the surrounding
matrix), a mask was placed on each WDS element map using the same technique in
Adobe Photoshop® as described above in Method 1. This was done before element maps
were loaded into Lispix.

Detailed instructions for using the ‘Phase Tool’ in Lispix can be found at:

http://www.nist.gov/lispix/doc/tutorials/Tutorial%6204%20Phase%20Tool.htm. One

significant difference to Method 1 described above, is that grayscale WDS element maps
are used instead of multi-color maps, which makes it a little bit more difficult for the
human eye to distinguish between phases that exhibit similar shades of gray in a map.
However, because we were aware of that, we always referred to multi-color single

element and combination maps when producing phase images of chondrules in Lispix.
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COMPARISON OF THE TWO METHODS

In Table B.1, the modal proportions and bulk compositions obtained using both
methods are shown for two chondrules. While the modal abundance of a certain phase
might differ by a few %, the bulk chondrule compositions obtained with both methods
are fairly similar.

While modal recombination is more accurate than defocused beam analyses (DBA),
it is still a very subjective method (e.g., choosing the outline of a chondrule). However,
according to Maloy and Treiman (2007), having an educated individual prepare the phase
images seems to generate more accurate results than if multispectral image classification

software is used.

Table B.1. Modal proportions and bulk compositions obtained with both MRA methods for one chondrule
in MET 00526 (L-Ch1) and one chondrule in Kainsaz (K2-Ch8).

L-Chl L-Chl K2-Ch8 K2-Ch8
Method 1 Method 2 Method 1 Method 2
Modal proportions (area %)
olivine 46.63 44.32 42.42 46.35
low-Ca pyroxene 5.17 5.43 39.01 37.38
Ca-rich pyroxene 5.84 4.87 5.57 4.69
mesostasis 1 20.38 17.86 11.04 10.51
mesostasis 2 19.71 25.42 - -

kamacite 0.01 0.02 1.13 0.48
taenite - - 0.30 0.46
MSS 2.25 2.08 0.52 0.15

Bulk composition (element wt%)

Si 22.10 22.50 22.35 22.53
Ti 0.23 0.23 0.10 0.09
Al 3.69 3.98 2.08 1.99
Cr 0.33 0.33 0.24 0.23
Fe 2.70 2.53 3.79 2.17
Mn 0.09 0.10 0.06 0.06
Mg 20.50 19.62 23.88 24.90
Ca 4.30 4.32 2.10 1.96
Na 0.60 0.83 0.19 0.18
K 0.05 0.07 0.02 0.02
Ni 0.01 0.01 0.46 0.60
Co 0.00 0.00 0.02 0.01
P 0.01 0.01 0.00 0.00

S 1.24 1.14 0.27 0.08

Method 1: Adobe Photoshop® + Scion Image
Method 2: Lispix
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