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Abstract

Abstract

The formation processes of the unusually metal-rich CB and CH chondrites are highly
debated. Chemically and isotopically zoned metal, unzoned metal, and cryptocrystalline (CC)
chondrules from these meteorites are proposed to have formed by condensation. However, it is
still unclear if they condensed directly from the solar nebula or from an impact-induced vapor
plume, and how metal and chondrule formation are related. This thesis aims at unravelling the
formation conditions of CH and CB chondrite constituents by laser ablation analyses of Fe, Ni,
and Si isotopes in combination with trace element analyses.

Parallel zoning of Fe and Ni isotopes in zoned metal from CH and CBy chondrites
confirm a condensation origin of the zoning and exclude exchange diffusion as the formation
process. Tungsten in zoned metal grains is depleted relative to other refractory elements which
is suggestive for elevated oxygen fugacities in the gas reservoir, and thus, also for an impact
event. Combined results of isotope and trace element analyses reveal that zoned metal formed
in the fast-cooling shell regions, which favor kinetic fractionation while unzoned metal would
have condensed from the slow-cooling interior of the plume under more equilibrium-like
conditions.

CC chondrules from CH and CB, chondrites were analyzed for Si isotope and trace
element compositions to unravel their formation histories. Trace element abundances revealed
two different populations of CC chondrules: (1) superchondritic refractory element contents
and depletion in volatile elements most likely condensed from an unfractionated reservoir, and
(2) with generally subchondritic element contents formed from a reservoir that was fractionated
beforehand by an ultrarefractory phase. Tungsten, Mo, and Cr concentrations in metal and
chondrules indicate elevated oxygen fugacities, and formation of those constituents from a
closed system. Silicon isotope compositions of chondrules are heavier than BSE and the
chondritic average. Thus, we propose that light Si isotopes were extracted from the gas
reservoir, either due to the impact or by condensation of forsterite or melilite prior to CC
chondrule formation.

A relationship between CB, CH, and CR chondrites is proposed due to isotopic
similarities (Cr, Ti, N, O), high metal contents, and similarities in hydrated clasts from CH and
CB chondrites with CR matrix. Iron and Ni isotope results, combined with trace element
contents, reveal relatively homogeneous composition of CR chondrite metal. These findings
combined with textural differences, lead to the conclusion that metal from CR chondrites did
not form in the same event as that of CH and CB chondrites.

Bulk isotopic similarities (Cr, Ti, N, O) of the three chondrite groups may reflect
(1) formation of precursor material in the same region, (2) accretion in the same region, or
(3) inheritance of the isotope signature of a CR impactor by CH and CB chondrites.
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Zusammenfassung

Zusammenfassung

Die Bildungsprozesse der ungewohnlich metallreichen CB- und CH-Chondrite sind sehr
umstritten. Es wird diskutiert, dass sich chemisch und isotopisch zoniertes Metall, unzoniertes
Metall und kryptokristalline (CC) Chondren dieser Meteorite durch Kondensation gebildet
haben. Es ist jedoch immer noch unklar, ob sie direkt aus dem solaren Nebel oder aus einer
Impaktwolke kondensiert sind und wie die Metall- und Chondrenbildung zusammenhangen.
Ziel dieser Arbeit ist es, die Entstehungsbedingungen dieser CH - und CB -
Chondritbestandteile durch Laserablationsanalysen der Fe -, Ni - und Si - Isotopen in
Kombination mit Spurenelementanalysen aufzukl&ren.

Die parallele Zonierung von Fe- und Ni-Isotopen in zonierten Metallen aus CH- und
CBy-Chondriten bestétigt einen Kondensationsursprung der Zonierung und schlief3t diffusiven
Austausch der Elemente als Bildungsprozess aus. Wolfram in zonierten Metallkérnern ist
gegenuber anderen refraktdren Elementen verarmt, dies ist ein Hinweis auf erhdhte
Sauerstofffugazitdten im Gasreservoir und somit auch auf ein Impaktereignis. Kombinierte
Isotopen- und Spurenelementanalysen zeigen, dass zoniertes Metall in den schnell abkiihlenden
aufleren Regionen gebildet wird, in welchen die kinetische Fraktionierung begiinstigt wird.
Unzoniertes Metall kondensiert aus dem langsam abkihlenden Inneren der Wolke unter
gleichgewichtséhnlicheren Bedingungen.

CC-Chondren aus CH- und CBy-Chondriten wurden auf ihre Si-Isotopen- und
Spurenelementzusammensetzungen  analysiert, um ihre  Entstehungsgeschichte zu
entschlisseln. Die Spurenelementhaufigkeiten zeigen zwei unterschiedliche Populationen von
CC-Chondren: (1) superchondritische refraktédre Elementgehalte und Verarmung in volatilen
Elementen kondensiert aus einem unfraktionierten Reservoir, und (2) mit generell
subchondritischen Elementgehalten aus einem Reservoir, das zuvor durch eine ultra-refraktére
Phase fraktioniert wurde. Wolfram-, Mo- und Cr-Konzentrationen in Metall und Chondren
weisen auf erhohte Sauerstofffugazitdten und die Bildung dieser Bestandteile aus einem
geschlossenen System hin. Siliziumisotopenzusammensetzungen der Chondren sind schwerer
als BSE und der chondritische Durchschnitt. Daher ist es wahrscheinlich, dass leichte Si-
Isotope aus dem Gasreservoir entzogen wurden, entweder aufgrund eines Impakts oder der
Kondensation von Forsterit oder Melilit vor der CC-Chondrenbildung.

Aufgrund von Isotopendhnlichkeiten (Cr, Ti, N, O), hohen Metallgehalten und
Ahnlichkeiten hydrierter Klasten in CH- und CB-Chondriten mit CR-Matrix, wird eine
Verwandtschaft zwischen CB-, CH- und CR-Chondriten angenommen. Ergebnisse der Eisen-
und Ni-Isotopenmessungen, kombiniert mit Spurenelementgehalten, zeigen eine relativ
homogene Zusammensetzung von CR-Chondrit Metall. Diese Ergebnisse, kombiniert mit
Unterschieden im Gefuge, fiihren zu der Schlussfolgerung, dass das Metall der CR-Chondrite
nicht im selben Prozess gebildet wurde wie das der CH- und CB-Chondrite.

Ahnlichkeiten der isotopischen Gesamtzusammensetzung (Cr, Ti, N, O) der drei
Chondritgruppen konnen auf (1) die Bildung von Vorlaufermaterial in der gleichen Region, (2)
die Akkretion in der gleichen Region oder (3) die Vererbung der Isotopensignatur von einem
CR-Impaktor auf CH- und CB-Chondrite hinweisen.
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Objectives and Background

This dissertation aims to unravel the formation histories and the relationship of CH, CB and
CR chondrites. For this purpose, samples are being investigated by laser ablation mass
spectrometry to measure Fe, Ni, and Si isotope compositions of the constituents of the samples,

as well as their trace element abundances.

CR CLAN CHONDRITES

Meteorites are fragments of the oldest solid materials we know. Thus, they are the most
suitable archives to investitgate the early stages of planet formation in our solar system.
Chondritic meteorites are especially important as they contain the oldest solid material known
in our solar system (CAIs). The initial composition of chondrites is often overprinted by thermal
metamorphism or aqueous alteration (petrologic types 3.1-6 and 1-2, respectively). Meteorites
which do not show signs of such overprinting have the most primordial composition and are
considered to faithfully have recorded the conditions of their formation quite well. Pristine
chondrites mainly consist of chondrules, which are siliceous spherules that formed from melt

droplets by rapid cooling, embedded into fine-grained matrix material (Fig. 1a).

Figure 1: Overview pictures of an ordinary chondrite (a) which is rich in chondrules and a metal-rich chondrite (b).
(a) image in transmitted light; brownish rounded objects are chondrules, black areas are matrix and opaque phases.
(b) image in reflected light; white areas represent metal, greyish objects are silicates. The image of Adrar 003 is
kindly provided by the Institut fiir Planetologie (WWU Miinster).

CH and CB chondrites do not show any signs for thermal metamorphism or aqueous
alteration and thus, are very pristine in their composition (Krot et al., 2002). However,

petrologic types cannot easily be assigned to them as they are very special among the primitive

X
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meteorites. They have extraordinarily high metal contents (Fig. 1b) of 20-40 vol% (CH) and
~70 vol% (CB), and lack matrix material (Krot et al., 2002). Moreover, they are chemically
somewhat different from other primitive meteorites as they are depleted in moderately volatile
elements (Zipfel et al., 1998). Another unusual characteristic are chondrule ages that are about
2 Ma younger than those of other chondrite types (Kleine et al., 2005; Krot et al., 2005; Bollard
et al., 2015). All these outstanding properties of CH and CB chondrites makes them very
interesting objects for investigation of early Solar System processes, as they may give more
information about the diversity of planet-forming processes and the timespan in which those
processes proceeded.

CR chondrites are thought to be related to CH and CB chondrites based on their similar
N and O isotope compositions (Franchi et al., 1986; Clayton, 1993; Clayton and Mayeda, 1999)
and other akin characteristics, such as a bulk depletion in moderately volatile elements and Mg-
rich mafic silicates (Krot et al., 2002). The three chondrite groups are merged together to the

CR clan chondrites (Weisberg et al., 1995; Krot et al., 2002). Thus, it is reasonable to examine

all three chondrite groups to unravel their formation conditions and relationship.

IN SITU ISOTOPE ANALYSES — FE AND NI ISOTOPE SYSTEMS

Iron is a highly abundant element in most rock-forming minerals. In terrestrial samples
Fe isotope analyses are performed as planetary differentiation processes, result in characteristic
Fe isotope fractionation between different reservoirs on Earth and other terrestrial planets, such
as Mars (Dauphas et al., 2017). On smaller scales iron isotope investigations also allow to draw
conclusions on the relationship of different mineral phases within a rock (Dauphas, 2007). In
situ isotope analyses with high spatial resolution give the possibility to distinguish between
various kinetic processes such as diffusion, evaporation or condensation. Laser ablation
techniques (especially if using a femtosecond laser) combined with high mass resolution MC-
ICP-MS enables Fe isotope analyses with both high spatial resolution and high precision (0.1%eo,
(Steinhoefel et al., 2009; Oeser et al., 2014)). In contrast to other in situ techniques,
femtosecond laser ablation mass spectrometry (fsLA-ICP-MS) is not biased by matrix effects
or thermal fractionation (Poitrasson et al., 2003; Horn et al., 2006).

In meteorites, Fe is abundant in silicate phases but even more in Fe,Ni-alloys. Iron
isotopes have mainly been investigated in meteorites to reveal the relationship of type I and
type Il chondrules, as it was suggested that type | chondrules formed by Fe evaporation of type
Il chondrule material (Alexander and Wang, 2001). Moreover, Fe isotope compositions were
measured for the different iron meteorite metal phases (Poitrasson et al., 2005; Dauphas, 2007).

Nickel-rich taenite and Ni-poor kamacite. It was observed that taenite is heavier than kamacite

Xl
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(Poitrasson et al., 2005; Dauphas, 2007). From chemical gradients and the difference in iron
isotope composition it was suggested that diffusion of Fe between the two phases played a
substantial role in the formation of an assemblage of the two phases (Brearley and Jones, 1998;
Poitrasson et al., 2005; Dauphas, 2007). High spatial resolution measurements with LA-ICP-
MS allow to measure full profiles of such an assemblage. However, Fe isotope analyses alone
do not allow to quantify the formation conditions such as cooling rates, temperature and
pressure. Likewise, they do not allow to specify the formation conditions of chemically and
isotopically zoned metal grains which were found in CBy and CH chondrites (e.g., Meibom et
al., 1999). To determine if zoning in those phases was formed by diffusion or condensation
processes, it is necessary to analyse a second isotope system of a metal with similar chemical
zoning.

For such purposes, | also measured the Ni isotope composition in those phases in addition
to iron isotopes. With the combination of both isotope systems it is possible to reveal the nature
of zoning within the metal phases. Diffusion can be revealed by opposed zoning of the two
isotope systems, while condensation is represented by parallel zoning of Fe and Ni isotope
compositions. Such combined in situ Fe and Ni isotope studies were first performed in the case
of this study. It was necessary to develop a new measurement set up for in situ measurements
of Ni isotopes with LA-MC-ICP-MS for that (Part 1). The new measurement technique was
then applied to the analyses of zoned Fe,Ni-metal grains from CBy and CH chondrites (Part Il
& 111). Another application was the investigation of kamacite taenite exsolution (by the
investigation of the kamacite taenite interface, in Part 1) and also the formation of other iron-
bearing phases in pallasites and iron meteorites within an international cooperation
(Chernonozhkin et al., 2017).

S1 ISOTOPE SYSTEM

Silicon contents are strongly varying among the different meteorite types, however, Si is
always one of the most abundant elements in silicate meteorites. Silicon isotope analyses are
well established in cosmochemistry. Early findings showed mass-independent fractionations in

presolar grains and some rare CAlSs.

Xl
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Figure 2: Si isotope compositions
of the different meteorite groups
_ Angrites (Figure 3 from Poitrasson, 2017)).
The solid line represents the
estimated BSE value, dashed line
represent Si isotope composition
of Mars.
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However, other extraterrestrial materials do not show mass-independent fractionation of
Si isotopes (Poitrasson, 2017). Silicon isotope studies showed that it is possible to distinguish
some meteorite groups from others by their §*°Si compositions (Fitoussi et al., 2009; Pringle et
al., 2013). All primitive meteorites show lighter isotope composition than the bulk silicate earth
(BSE, Fig. 2), enstatite chondrites (EC) have the lightest composition (Poitrasson, 2017).
However, the silicate portion of EC was shown to have similar Si isotope values as ordinary
chondrites (OC) and carbonaceous chondrites (CC) (Savage and Moynier, 2013), which overlap
in their Si isotope compositions and plot between bulk EC and BSE. The achondrite groups of
Ureilites and HED (Howardites-Eucrites-Diogenites) are indistinguishable from OC and CC in
their Si isotope compositions (Poitrasson, 2017). Due to these compositional similarities, it is
suggested that the protoplanetary accretion disk was homogeneous in Si isotope composition
(Pringle et al., 2013). Nonetheless, the achondrite group of angrites and the Moon have similar

30Si values as the BSE. The heavy Si isotope compositions of BSE and Moon are considered

X1
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to be result of Si isotope fractionation during formation of proto-Earth’s core (before the giant
impact, Georg et al., 2007). In contrast, the heavy Si isotope composition of angrites compared
to other meteorite types is discussed to be a consequence of light Si isotope loss related to an
impact event (Pringle et al., 2014) or due to isotope fractionation during high temperature
condensation in the solar nebula (Dauphas et al., 2015). Thus, Si isotopes may provide

important information on planet formation and differentiation processes.

TRACE ELEMENT INVESTIGATION

In addition to isotope analyses, trace element abundances were determined. Trace
element concentrations may deliver information about the processes that occurred during
formation of examined chondrules and metal grains. In cosmochemistry, trace element patterns
are often used for classification of constituents. Such as subdivision of CAls into different
groups (Brearley and Jones, 1998 and references therein). Where each group has different rare
earth element (REE) abundance patterns that indicate variable condensation and evaporation
effects during formation of CAls (Brearley and Jones, 1998 and references therein). Moreover,
trace element abundances were used to clarify formation conditions of metal sulfide silicate
intergrowths (MSSI) in enstatite chondrites. Some abundance patterns are interpreted to
represent melting processes (Horstmann et al., 2014), others interpret those patterns as evidence
for condensation (El Goresy et al., 2016).

Trace element concentrations measured for the here examined metal grains and
chondrules are evaluated with focus on the cosmochemical behavior of the elements.
Abundance patterns that indicate fractionation of the elements controlled by the volatility of

the elements, may be evidence for formation by condensation of metal and chondrules.

OBJECTIVES

Part | describes the development of a highly precision and high spatial resolution technique
for in situ Ni isotope analyses via laser ablation. This was necessary since no such technique
was established before and both, Fe and Ni, isotope systems are needed to determine processes
within Fe,Ni-metal. In order to develop this analytical method, the characterization of potential
standards was required. After successful identification of standards and demonstration of
repeatability of our results, the method was applied to a taenite-kamacite profile in combination
with Fe isotope analyses. This confirmed that diffusional exchange, of Fe and Ni, during
exsolution of kamacite from taenite can be verified by the isotope zoning between the two

phases.
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Part Il aims at identifying the formation process of zoned and unzoned metal from CB
chondrites. In situ Fe and Ni isotope, and trace element analyses are used in order to unravel if
zoned and unzoned metal were formed by condensation and if they were formed in the same
process. Another important question is whether metal from CB chondrites formed in an impact
induced vapor plume or if it formed directly from the solar nebula. Furthermore, data may give
hint towards the relationship of CB, and CBy chondrites.

In Part 11, CR and CH chondrite metal are being comparatively investigated with CB
chondrite metal, using the same methods, in order to clarify the relationship of the different
meteorite groups. Like CBy chondrites, CH chondrites contain zoned metal grains. Thus,
chemical and isotopic results can indicate if zoned metals from CH and CB;, chondrites have
the same origin. Additionally, it will be examined if CR chondrite metal can have formed in
the same process as metal of CH and CB chondrites. All groups have some important chemical
and isotopic features in common, but also show significant differences, especially in their

textures.

Objective of Part IV is to reveal the formation origin of chondrules (with a focus on
cryptocrystalline chondrules, CC) from CH and CBy chondrites. Trace element data and Si
isotope compositions may give information about the formation conditions and help shed light
on the relationship of chondrules with the metal from CH and CBy chondrites. An important
guestion addressed is, whether some or even all chondrules formed in the same event as metal

or whether they formed in a separate event.
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Part I: In situ Ni isotope analysis via fsSLA-MC-1CP-MS

Part | - In situ high-precision Ni
Isotope analysis of metals with
femtosecond LA - MC - ICP - MS

Modified version published in Journal of Analytical Atomic Spectrometry:

Weyrauch M., Oeser M., Briiske A., and Weyer S. (2017). In situ high precision Ni isotope
analysis of metals with femtosecond LA-MC-ICP-MS. J. Anal. At. Spectrom. 32,
1312-13109.

DOI: 10.1039/c7ja00147a

1 ABSTRACT

In this study, an in situ technique for high-precision determination of Ni stable isotope
ratios by femtosecond-laser ablation - multi collector — ICP — MS (fs-LA-MC-ICP-MS) was
developed. With this technique, the Ni isotope compositions of Ni-bearing steels (NIST RM-
1226 and BAM D 184-1) and a Ni-rod (standard 10209 from MAC) was determined, both by
fs-LA-MC-ICP-MS analyses and by solution MC-ICP-MS, the latter in order to verify the
results of the in situ analyses. The LA-MC-ICP-MS analyses revealed that all analyzed standard
material was homogeneous within analytical uncertainties and may thus be suitable as external
standards for Ni isotope determination by in situ analysis of metal phases and sulfides. Bulk
solution MC-ICP-MS and LA-MC-ICP-MS analyses for these metals agreed within their
analytical uncertainties of 0.03 %o for the solution analyses and < 0.1%o (2SD, over 12months)
for the LA-MC-ICP-MS analyses. These results imply that the accuracy of the in situ analyses
of metals is better than 0.1 %o.. The average of four solution nebulization analyses of the Ni-rod
and D 184-1, and of 16 analyses of NIST RM-1226 material, revealed §%?Ni values of -0.26 %o,
0.12 %o, and -0.28 %o relative to NIST SRM-986, respectively.

In order to show the applicability and potential of the presented method, the Ni and Fe
isotope composition of a kamacite-taenite interface in 1AB iron meteorite Canyon Diablo was
determined by fs-LA-MC-ICP-MS analyses. The isotope profile reveals lighter Fe isotopes in
kamacite than in taenite, while Ni isotope composition is vice versa. Evolution of the isotope
signals along the interface of these metal phases strongly points to diffusion-driven

fractionation of Fe and Ni isotopes during the formation of kamacite by the replacement of
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taenite. Due to Fe-Ni exchange diffusion between taenite and kamacite and the generally faster
diffusion of light isotopes compared to heavy isotopes, the remaining taenite is left with heavier
Fe and lighter Ni isotope composition than the newly-formed kamacite. Demonstration of such
detailed information about the diffusion processes in the kamacite-taenite system was not
possible before, due to the lack of an appropriate high-precision and high spatial resolution

technique for in situ Ni isotope analyses.

2 INTRODUCTION

Nickel isotope measurements are especially useful in the field of cosmochemistry. Since
Ni is the daughter isotope of the short lived nuclide ®°Fe, Ni isotope analyses represent an
important way to receive information about the possible role of °Fe as a heat source in the early
solar system and may also function as a chronometer (Elliot and Steele, 2017). Moreover,
abundance of the five different stable Ni isotopes varies with the stellar environment. Thus,
conclusions may be drawn on the nucleosynthetic origin of Ni from Ni isotope analyses (Elliot
and Steele, 2017) (and references therein). Nickel is abundant in Fe-Ni alloys in meteorites with
heterogeneous distribution of Ni concentration among different alloy phases (kamacite and
taenite (Reed, 1965; Narayan and Goldstein, 1985; Brearley and Jones, 1998)) or even show
zoning within single metal grains (Weisberg and Prinz, 1999). Previous studies have shown
that Fe-Ni-metal phases (kamacite and taenite) from meteorites have different Fe and Ni stable
isotope compositions (Poitrasson et al., 2005; Horn et al., 2006; Cook et al., 2007; Dauphas,
2007). However, these studies are based on microdrilling techniques and subsequent analyses
of sample solutions. Thus, spatial resolution is rather low (~400 um (Cook et al., 2007)) and
no fully resolved profile of the kamacite-taenite interface could be determined (cf. (Richter et
al., 2009)). Thus, in situ isotope analyses are necessary to resolve the evolution of isotope
composition along such an interface or to analyze Fe,Ni-isotope compositions of small metal
grains from meteorites (e.g., (Weisberg and Prinz, 1999)). Ni isotope compositions of such
zoned metal grains were already determined with ion probe measurements (Alexander and
Hewins, 2004; Richter et al., 2014). However, these measurements have rather large
uncertainties with a minimum of 1%o/amu. Also individual olivine grains of ureilites were
already investigated for their Ni isotope composition (Kita et al., 1997) with an ion probe.
Uncertainties on those measurements are even bigger with 3-4 %o on 525INi, unfortunately it is
not clearly stated in that work if this is the uncertainty on the isotope ratio or on the d-values.
Thus, a more precise analytical method to determine Ni isotope composition is needed, as Ni

isotope variations are frequently small and thus cannot be resolved by ion probe investigation
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due to high analytical uncertainties. To achieve precise Ni isotope measurements with high
spatial resolution, we combine a femtosecond laser ablation system with high mass resolution
MC-ICP-MS. A big advantage of the femtosecond laser is that there is only minor thermal
interaction with the sample material, essentially avoiding isotope fractionation during laser
ablation (e.g., (Poitrasson et al., 2003) and (Fernandez et al., 2007)). For any method of in situ
isotope analyses, an appropriate homogeneous standard material with known isotope
composition is necessary. Since the commonly used Ni isotope standard NIST SRM-986, is
only available as powder, it is unsuitable for in situ isotope analysis with LA-MC-ICP-MS.
Though fs-LA-MC-ICP-MS measurements can be performed essentially matrix-independent
(Poitrasson et al., 2003; Fernandez et al., 2007), we selected standard materials, two Ni-bearing
steels and a pure Ni rod, that are compositionally close to our target sample materials (meteorite
metals). The investigated metals were characterized for their Ni isotope composition with bulk
solution nebulization MC-ICP-MS and comparatively with fs-LA-MC-ICP-MS analysis (1) to
determine the precision and accuracy of our in situ method, (2) to precisely determine the Ni
isotope compositions of the potential standards and (3) to check their isotopic homogeneity.
We further demonstrate the applicability of the herewith developed analytical method by
determination of a Fe and Ni isotope profile of a kamacite-taenite interface from the iron
meteorite Canyon Diablo. This application shows that analyses of Ni- in combination with Fe
stable isotope ratios with high precision and high spatial resolution in isotopically

heterogeneous meteorite samples, allows drawing constraints on their formation processes.

3 MATERIALS AND SAMPLES

Ni-bearing steels and a Ni-rod that are available as electron microprobe standards were
investigated. The Ni-bearing steels comprise the certified BAM (Bundesanstalt fir
Materialforschung und —Priifung) standard D-184.1 and the NIST standard RM 1226. A Ni-rod
is analyzed as well (standard 10209 from MAC, Micro-Analysis Consultants Ltd.). The Ni-
bearing steels were chosen due to having similar chemical composition as the sample material
we want to analyze. The Ni-rod was chosen as a standard material with a high Ni content to
check if our in situ determined Ni isotope composition is independent on the Fe/Ni ratio. All
potential standards were mounted and polished. Additionally, the Ni isotope composition of the
Ni ICP standard solution from Merck was determined (batch no. 1.70382.0100). Furthermore,
the herewith developed in situ analysis technique was applied to measure a kamacite-taenite

profile in Canyon Diablo, a main group 1AB iron meteorite.
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4 EXPERIMENTAL

4.1 Sample preparation for the solution nebulization MC-1CP-MS bulk
analysis

Four chips of NIST RM-1226 with weights between 50 and 70 mg were dissolved in
5 mL of aqua regia (3:1, concentrated HCI, and concentrated HNO3, both from Merck, distilled
from pa grade) at 120 °C for 24 hours in Savillex® Teflon beakers, yielding 4 individual sample
solutions of NIST RM-1226. One sample solution of BAM D-184.1 was produced by treating
~100 mg (consisting of numerous flakes) of the steel in the same manner as material from NIST
RM-1226. An aliquot of the Ni-rod ( ~20 mg) was dissolved in 5 mL 2 mol/L HNO3 at 120 °C.
All samples except for the pure Ni-rod were purified and separated from matrix elements
following the procedure of (Cook et al., 2006) for ion exchange chromatography. Only the first
step (Fe separation) of the procedure was performed since all other elements have negligibly
low concentrations. Iron was separated from the samples by anion exchange chromatography
using 12 mL BioRad Poly Prep columns filled with 1 mL Dowex AG1-X8 resin (200-400
mesh). Matrix elements (including Ni) were eluted with 6 mL 6 mol/L HCI and collected in
Savillex® Teflon beakers. This fraction was dried down and redissolved in 0.5 mL 3 mol/L
HNO3 for the bulk solution nebulization analyses.

The Ni fractions were diluted to ~5 pg/mL Ni in 3% HNO3 solution and doped with
~4 ug/mL Cu (NIST C 125-1) which was used for instrumental mass bias correction.

4.2 Bulk solution nebulization MC-ICP-MS

Nickel isotope analyses were performed in high mass resolution mode (M/AM =6000, 5-
95 % peak flank width definition; (Weyer and Schwieters, 2003)) using a Thermo Scientific
Neptune Plus MC-ICP-MS. This mass resolution provides sufficiently wide plateaus to analyze
Ni apart from any oxide or nitride interferences (Fig. S1). The MC-ICP-MS was equipped with
an ESI PFA-ST nebulizer (uptake rate of 100 pL/min, Elemental Scientific, Omaha, NE, USA),
a quartz glass spray chamber (double pass Scott design), and a Ni H-type skimmer cone in
combination with a Ni sampler cone.

Faraday cups were positioned for simultaneous detection of >’Fe, %8Ni, ®Ni, 5INi, 62N,
83Cu, and ®°Cu. >’Fe (Tab. S1) was monitored to correct for the isobaric interference of *%Fe on
8Ni. Instrumental mass bias was monitored by concurrent determination of the Cu isotope
composition (reversed to e.g.,(Bigalke et al., 2010; Lazarov and Horn, 2015) who used a Ni
standard to correct for instrumental mass bias during Cu isotope analyses) by adding a Cu

standard solution (NIST C 125-1) to the sample solutions prior to analyses. Iron could also be
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used for instrumental mass bias correction, in theory. However, many terrestrial and
extraterrestrial samples, including the materials examined in this study, contain high amounts
of Fe. This would require extensive chemical separation of Ni and Fe, which is possible for
solution analyses, however, not for laser ablation analyses. Thus, Cu was chosen as mass bias
monitor, which is a trace element in most geo-materials. Nickel isotope measurements were
carried out with a sample-standard bracketing protocol using the NIST SRM 986 Ni standard
and mass bias correction was calculated with the exponential law. For all solution nebulization
analyses delta values (8%2Ni) were determined with the following equation:
62Ni
(W) sample

(%) SRM986

6%2Ni = —1[=*1000

1)

A signal of ~19 V on *8Ni was achieved for a ~5 pg/mL Ni solution and ~17 V on Cu

for a Cu concentration of ~4 pg/mL. Each measurement consisted of 100 cycles with an

integration time of ~2 s. The internal precision of a single analysis (2SE, n=100) was always

better than 0.02 %o, the repeatability of individual samples during one analytical session was
always better than 0.05 %o (2 SD, n=4).

4.3 In situ Ni isotope determinations by fs-LA-MC-ICP-MS

In situ analyses of Ni isotope concentrations were performed using the Thermo Scientific
Neptune Plus as described above which was connected to a Spectra-Physics Solstice
femtosecond laser ablation system. Table S2 shows the instrumental parameters of the Neptune
Plus. A Ni X-type skimmer cone was used in combination with a Ni Jet sampler cone to enhance
intensities as the investigated Ni-bearing steels, D-184.1 and NIST RM 1226, have relatively
low Ni concentrations of only 3.3 wt% and 5.8 wt%, respectively. Additional 10% signal
increase was achieved by using a 0.8 mm copper spacer (see Fig. S2).

Faraday cup configurations (Table S1), interference correction, and instrumental mass
discrimination corrections were the same as for solution analyses. For mass bias correction, a
Cu standard solution (NIST C-125-1) was added to the system with a 100 pL/min capillary
connected to a glass spray chamber via an ESI PFA-ST nebulizer (Elemental Scientific, Omaha,
NE, USA). A signal of ~27 V on %Cu was achieved for a solution with ~1 pg/mL Cu. The
solution signal gives higher intensities than in bulk solution measurements, as the cone
assembly is different between the two analytical procedures (Jet sample cone and X skimmer-

cone for LA; standard sample cone and H skimmer cone for bulk solution).
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The femtosecond laser ablation system, including the ablation cell and the
stage/visualization system, and respective instrumental parameters are identical to those
described in (Horn et al., 2006; Horn and von Blanckenburg, 2007; Oeser et al., 2014; Lazarov
and Horn, 2015)

All analyses on the Ni-bearing steels and the Ni-rod were carried out in raster mode and
consist of one block with 180 cycles and 1 s integration time per cycle. Scanning speed was
15 um/s. The first 30 cycles were measured without a signal from laser ablation and were used
for blank correction. A signal of ~5-7 VV on ®°Ni was achieved with the laser for the various
samples. For the Ni-steels a beam diameter of ~45 um was used, for pure Ni the diameter had
to be smaller (~30 um) to get a signal similar to that of the Ni-steels. Moreover, the laser
repetition rate had to be adjusted for the different Ni concentrations in the samples in order to
achieve similar ion beams (BAM = 30 Hz, NIST = 17 Hz, Ni-rod = 2 Hz). The Ni-rod and D-
184.1 were analyzed relative to NIST RM-1226. %Ni values were re-calculated relative to

NIST SRM 986 with the following equation :

062Nisample/sRM986 = 802Nisample/RM1226 + 092NirM1226/SRM986 (2)

S INSITU ISOTOPE ANALYSES OF METEORITES

We analyzed a kamacite-taenite interface (Fig. 1) in situ for its Fe and Ni isotope

compositions in the IAB-MG iron meteorite Canyon Diablo.

. Figure 1: BSE of the examined
kamaCIte kamacite-taenite interface. The
arrow indicates the direction of the
. measured profile.
taenite
200pm
e | e %

The element concentrations were analyzed with a Cameca SX 100 electron microprobe
in Hannover. Iron isotope analyses were carried out using the set up described in (Horn et al.,
2006; Oeser et al., 2014). A nickel standard sample cone and a skimmer H-cone were used. A
solution with 3pug/mL Ni (NIST SRM-986) was added for mass bias correction (Oeser et al.,

2014). The measured ®°Ni/*®Ni was used to perform a mass bias-corrected interference
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correction for the %Cr interference on 3*Fe, which is based on the measured 2Cr signal. This
mass bias-corrected interference correction is necessary if the Fe/Cr of the sample is lower than
260 (see example below). For such samples, omitting the mass bias-corrected interference
correction would lead to a significant underestimation of the contribution of >*Cr on the total
signal on mass 54, i.e. the effect on the determined 56Fe/54Fe would be larger than 0.1 %o (the
precision and accuracy of our method). For example, the analyses of samples with Fe and Cr
concentrations of 90 wt% and 3600 ppm, respectively, would yield 56Fe/54Fe ratios that are
0.105 %o too low (assuming an instrumental mass bias of 6.5 %) if the interference correction
of Cr on 54Fe is performed without a mass bias correction for the 52Cr/54Cr ratio.
Additionally, as the analyzed meteorite sample contains 5-35 wt% Ni, mass bias correction of
the measured Fe isotope ratios was performed offline, applying an interpolation of the Ni
isotope ratios that were measured during the Fe background measurement (first 30 cycles
measured without laser ablation) of the current analysis and those measured during the Fe
background measurement of the following analysis. This means a mean B-value is calculated
for the background analyses of the recent analysis and the following one. [ represents the mass

bias fractionation coefficient and is calculated as follows:

60

Pni = In <%> / ln(Z:::) ((3) according to the exponential law)
58

Where (60/58)t is the true ®Ni/>®Ni ratio and (60/58)m is the measured ©Ni/*¢Ni ratio.

It is assumed that the B-value changes linearly with time and an individual B-value was
calculated from that trend to be applied to each cycle of an analysis. Measurements of several
Fe-Ni-metal grains with varying Ni concentrations and Ni isotope compositions showed that
this interpolation is advantageous over online mass bias correction for metal grains with Ni
contents higher than ~7 wt% and a Ni isotope composition that differs by at least ~1.5 %o from
that of NIST SRM-986 (Fig. S3). The interpolated Ni mass bias was also applied to the
measured Fe isotope ratios, though this does not improve the reproducibility of the determined
8°°Fe between the sample in comparison to non-mass bias corrected Fe isotope ratios (both 2SD
=0.1%o on §°°Fe for 26 measurements on Puratronic in-house Fe isotope standard). The major
reason to apply the interpolated Ni mass bias was its applications for the mass bias correction
of the Cr interference correction (see above). In particular, if samples have unknown Ni isotope
composition, we recommend to perform this interpolation method for all samples that contain
Ni as a major element (in a % level).

The setup for in situ Ni isotope analyses was as described above. A long traverse of
~200 pm was analyzed across the kamacite-taenite interface with a laser scan speed of 3 um/s
and a spot size of ~40 um. The integration time of each cycle was 0.26 s. To get a delta-value
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for every 10 pm, the mean ®2Ni/®Ni ratio was determined for every period of 13 cycles and the
8%2Ni was calculated by using the mean #2Ni/*Ni of the bracketing standards that were analyzed
before and after the kamacite-taenite traverse.

Table 1: Results of the solution nebulization MC-ICP-MS analyses.

sample 8%2Ni [%o] rel to 2SD in n
SRM 986 %o
Ni-ICP -0.41 0.04 2
NIST 1226 -0.28 0.01 4
Chip 1
NIST 1226 -0.28 0.02 4
Chip 2
NIST 1226 -0.30 0.01 4
solution Chip 3
NIST 1226 -0.27 0.00 4
Chip 4
NIST 1226 -0.28 0.02 16
mean
BAM D 184-1 0.12 0.02 4
Ni-rod -0.26 0.04 4

6 RESULTS AND DISCUSSION

6.1 Sample homogeneity

In order to assess the suitability of the investigated metals as Ni reference material, they
have been checked for their isotopic homogeneity. For the NIST RM-1226 (with a size of
~3x5 mm), raster scans on different positions were analyzed in bracketing with each other,
measuring one of the rasters twice to imitate a bracketing standard (see Fig. 2a for locations).
Each raster had a size of about 200x100 pm and was scanned with 15 pm/s. One measurement

consisted of 100 cycles with an integration time of ~2 s/cycle.
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Figure 2: a) Schematic draw, displaying the positions of the raster-mode Ni isotope analyses on NIST 1226. The total
size of the mounted steel chip is ~3x5 mm. b) Delta values of the different raster analyses on NIST 1226 measured
relative to each other. Numbers indicate the raster numbers measured in bracketing with each other. Dashed lines
represent the analytical uncertainty of the presented method. As most individual measurements fall in this range,
the standard material can be considered homogeneous. Error bars = 20 =2 * 1000 * ((SEStd1/62/60NiStd1)? +

(SEStd2/62/60NiStd2)? + (SEsample/62/60Nisample)?)0.5.

The Ni-rod is 5 mm in diameter and was analyzed for homogeneity via bracketing of
several short laser traverses on opposing locations on the sample with each other (see Fig. 3a
for locations). Short lines were measured with 15 um/s, one analysis consisted of 120 cycles
with an integration time of 2 s/cycle. Moreover, four long line scans (~2 mm length) were
performed on this standard. These line scans consisted of 450 and 480 cycles, scan speed was
5 um/s and integration time of each cycle was ~1 s. The mean %°Ni/*®Ni and ®2Ni/**Ni ratios
were calculated for every 50 um (n=10 cycles) and with these ratios the §°*Ni and 6%2Ni (see
equation 1) for every 50 um were calculated relative to the mean isotope ratios of the whole
analysis (n~430 cycles). If the variation in &-values was below 0.08 %o (= external
reproducibility of §°Ni of the Ni-rod relative to the NIST RM-1226 metal by laser ablation,
see below) the sample can be considered to be homogeneous regarded its Ni isotope
composition.

BAM D-184.1 consists of flakes with sizes of up to 1x2 mm. Several of these flakes were
analyzed in bracketing with NIST RM-1226. Measurements consisted of 180 cycles with an

integration time of each cycle of ~1 s, scanning speed was 15 pum/s.
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Figure 3: a) Schematic display of the Ni-rod and the positions of the line scans (~100-200 um) performed on it.
Dashed lines represent the long traverses (~2 mm). The diameter of the mounted Ni-rod is ~ 5 mm. b) Delta values
of the different short lines on the Ni-rod, numbers represent the lines measured in bracketing with each other.
Dashed lines represent typical analytical uncertainties; i.e. measurements that fall in this range are considered as
identical indicating the material being homogeneous. Error bars = 20 (the uncertainty of a single 6-value calculated
with the error propagations of the bracketing standards and of the analyzed sample, see equation in figure caption
2).

The homogeneity test of the Ni-rod yielded mostly identical 6-values for the long and
short laser traverses within 0.08 %o (Figs. 3b and 4). However, two of the 3-values of the Ni-
rod differ slightly from the others exceeding the analytical uncertainty (Fig. 3b, 26 and 28).
These analyses are located in the same area on the sample (Fig. 3a). So the deviation from the
other analytical spots may originate in a minor heterogeneity of the sample or is caused by an
artificial offset of the measured Ni isotope ratios, potentially by a change of the gas flow in that
area of the sample cell. Such position effects were previously described by (Sio et al., 2013).
This may also cause the slight shift towards heavier values (Fig. 3b), as the analyzed lines with
heavier isotope composition (e.g., 40) are located closer to the positions of the two outlying
measurements (see Fig. 3a). Nonetheless, the Ni-rod can be considered as overall isotopically
homogeneous within the uncertainty on a um to mm scale. This is confirmed by the Ni isotope
compositions of the long traverses shown in Figure 4, as the vast majority of the analyses agree
with each other, within their individual uncertainties. The raster analyses of opposing positions
on NIST 1226 also reveals homogeneous 6-values with a variability below 0.08 %o (Fig. 2).
The Ni-rod was analyzed in two different sessions against NIST RM-1226 with a
reproducibility of ~0.08 %0 (2SD, n=7, Table S3). Assuming that none of the observed
variations results from sample heterogeneities, this value can be considered as the precision of
our method. Various flakes of BAM D-184.1 were measured repeatedly against NIST RM-
1226 via fs-LA-MC-ICP-MS over a period of twelve months, showing that the combined effect
of long term reproducibility and potential isotopic variations among different flakes of BAM D-
184.1 is smaller than 0.09 %o (2SD, n=38, Table S3). This variability is very similar to that
observed for repeated analyses of Ni rod against NIST RM-1226 and thus within analytical
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uncertainty. Accordingly, BAM D-184.1 can also be considered to be homogenous (Fig. 5).

These long term reproducibility values, as achieved for the analyses of the Ni rod and BAM D-

184.1 relative to NIST RM-1226 are in good agreement with the precision that is typically
achieved for in situ stable isotope analyses by fs-LA-MC-ICP-MS (= 0.1 %) (Horn et al., 2006;
Steinhoefel et al., 2009; Oeser et al., 2014; Lazarov and Horn, 2015).
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Figure 4: Delta values of
the long traverses on the
Ni-rod plotted against the
distance of the traverses.
Squares, diamonds,
triangles  and  circles
indicate the four different
traverses. Dashed lines
represent the analytical

uncertainty of the
presented method. As
most individual

measurements fall in this
range, the rod can be
considered homogeneous.
The error bar is the mean
2SE  of one individual

analyses (n=10 cycles).

6.2 Comparison of bulk solution and laser ablation analyses

The results of the bulk solution nebulization analyses give identical values for all four
analyzed chips of NIST RM-1226 (-0.28%o in average, 2SD = 0.02 %o for n=16, see Table 1).
The 3%?Ni (-0.26%o) of the Ni-rod agrees within uncertainties with that of NIST RM-1226. The
flakes of D-184.1 are isotopically heavier than NIST SRM 986 (%2Ni = 0.12%o, Table 1).

Table 2: Mean values of fs-LA-MC-ICP-MC analyses relative to NIST RM 1226 and re-calculated to NIST SRM 986,

derived from individual values in Table S3.

852Ni [%o] rel to | 6%2Ni [%o] rel to
sample SRM 986 RM 1226 2SDin %0 | Niconc n
Laser BAM D 184-1 0.09 0.37 0.08 3.3 wt% 38
Ni-rod -0.26 0.02 0.08 99.9 wt% 7
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Figure 5: §52Ni values of individual laser ablation analyses of BAM D-184.1 against NIST-RM1226, re-calculated for
standard SRM 986. The solid line in the middle represents the Ni isotope composition of D-184.1 derived from bulk
solution analyses (0.12 %o), the dashed lines mark the upper and lower values that lie within the precision (0.08 %o)
with which D-184.1 can be analyzed with the laser. The majority of the analyses lies within these boundaries, thus
BAM D-184.1 can be considered as being homogenous.

As described above in situ isotope analyses of BAM D-184.1 and the Ni-rod were
conducted by fs-LA-MC-ICP-MS and reported relative to NIST RM-1226. In order to compare
the results of the laser ablation analyses for BAM D-184.1 and the Ni-rod, with those from the
bulk solution nebulization analyses, the 3-values were re-calculated relative to NIST SRM 986
with equation (2). Tables 1 and 2, and Figure 6 show that the results of the LA-MC-ICP-MS
analyses are in excellent agreement with those of the bulk solution nebulization analyses.
Considering the results of solution nebulization analyses, which have a higher precision, as the
true Ni isotope composition of the samples, may provide an estimate for the accuracy of the
delta values derived from LA-MC-ICP-MS measurements. Both, the in situ §%?Ni values for
BAM D-184.1 and the Ni-rod agree within their precision, as determined above, with the values
determined by solution nebulization analyses. The total analytical uncertainty on the 3%Ni
values analyzed with fs-LA-MC-ICP-MS for the presented Ni-bearing metals can be calculated

with the following equation:

281A =2 % \/ (Srs)z + (Srl)z (4)
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where Sis is the reproducibility (1SD) of NIST RM-1226 from solution analyses, and Sy is the
reproducibility (1SD) of the Ni-bearing metals measured via laser ablation. This gives a total

analytical uncertainty on 6%Ni of ~0.08 %o.
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Figure 6: Results of solution MC-ICP-MS and LA-MC-ICP-MS for the Ni rod and BAM D-184 plotted against each
other. Data for the Ni-rod (black diamond) and for BAM-D184.1 (white square) plot within analytical uncertainties
on a 1:1 reference line. Error bars = 2SD.

6.3 Application to Kamacite-Taenite interfaces in iron meteorites

Figure 7 displays the chemical profile that was measured over a kamacite-taenite
boundary. The Ni concentration in kamacite (~ 5-6%) decreases towards the interface. Ni
concentrations in taenite are always > 15% and the highest Ni content (~30 wt%) was analyzed
at the very border of the two phases. In general, kamacite has a heavier Ni isotope composition
(on average 6%Ni = 1.42 + 0.23 %o) than taenite (on average §°?Ni 0.34 + 0.5 %o). The relative
variations in Fe isotope ratios are vice versa, on average &§°Fe = -0.12 + 0.14 %o in kamacite
and 6°°Fe = 0.33 £+ 0.05%o in taenite. Differences in the isotope composition between the two
phases were already previously reported for Ni (Cook et al., 2007) and for Fe (Poitrasson et al.,
2005; Horn et al., 2006). However, these measurements (Poitrasson et al., 2005; Cook et al.,
2007) were performed from kamacite and taenite bulk solutions after micro-sampling and were,
because of the respective lower spatial resolution, unable to resolve any isotopic zoning. The
isotopic profile measured for the kamacite-taenite interface with LA-MC-ICP-MS (Fig. 7)

reveals that the Fe isotope composition in the kamacite becomes heavier towards the interface.
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Figure 7: Chemical profile of the kamacite-taenite interface. Iron (white squares) and Ni concentrations (white
triangles) plotted against the length of the profile.

Within the taenite Fe isotopes are slightly heavier than in kamacite (on average ~0.4 %),
with the heaviest composition at the very border of the two phases (Fig. 8). Compared to Fe
isotopes, zoning of Ni isotope compositions is generally stronger, in particular in taenite, where
8%2Ni increases from light compositions (~0.03 %o) in the center of the taenite to a value of
~1.03 %o at the very border to kamacite. In kamacite, Ni isotopes are also zoned and show the
heaviest compositions on the very border to taenite (~1.69 %o) (Fig. 8). These isotope signatures
can be explained by the exchange diffusion of Fe and Ni (Dauphas, 2007) that takes place
during formation of kamacite from taenite. During replacement of taenite by the Ni-poor
kamacite, Fe enters the newly formed kamacite while Ni stays in the taenite. As a result of
decreasing temperatures during cooling of the meteorite parent body, taenite is progressively
replaced by kamacite, leading to a moving kamacite-taenite boundary. This process results in
progressive Ni enrichment in the remaining taenite, in particular in the taenite rim, generated
by back-diffusion of Ni from the newly formed kamacite, while Fe diffuses out of taenite. As
light isotopes diffuse faster than heavy ones (Richter et al., 1999), this leaves taenite with
generally lighter Ni isotope compositions and heavier Fe isotope compositions compared to
kamacite (Cook et al., 2007), as observed in our example. In the taenite, Ni continuously
diffuses from the enriched rim towards the center of the taenite, and Fe towards the rim,
resulting in further enrichment of light Ni isotopes and heavy Fe isotopes in the taenite core. If
the temperature becomes low enough, and diffusion slow, the Ni at the taenite rim does not

equilibrate anymore with the inner parts of the taenite, resulting in the preservation of a
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concave-up Ni concentration profile (Fig. 7) and of light Ni isotopes in the center of taenite
relative to the interface and kamacite (cf. (Richter et al., 2009)). Similarly, the kamacite rim,
highly depleted in light Ni isotopes, does not equilibrate anymore with its center, resulting in
the heaviest Ni isotope compositions at the kamacite rim. Due to the generally higher
concentration of Fe compared to that of Ni, in both kamacite and taenite, the Fe isotope
compositions in both phases is much less affected by these diffusive processes for mass balance
reasons, i.e. the maximum Fe isotope fractionation in this profile does not exceed 0.7 %o in
5%/5*Fe (compared to ~1.9 %o in 85%¢°Ni). Our observations thus provide the first in situ isotopic
evidence for significant diffusive processes during the formation of kamacite out of taenite that
was previously drawn from chemical zoning and bulk isotope compositions, alone (Reed, 1965;
Narayan and Goldstein, 1985; Brearley and Jones, 1998; Poitrasson et al., 2005; Cook et al.,
2007; Dauphas, 2007, and references therein).
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Figure 8: Isotopic profile of the kamacite-taenite interface. Iron (black squares) and Ni isotope composition (black
triangles) plotted against the length of the profile. Error bars = 20.

7 CONCLUSIONS

This study presents for the first time a method to measure in situ high-precision Ni
isotope compositions of metal with fs-LA-MC-ICP-MS. Both, the precision and accuracy of
the in situ analyses is better than 0.1 %o (2SD) for 8%Ni, as demonstrated by replicate
measurements of homogenous standard material, by solution and with LA-MC-ICP-MS. The
presented method can be applied, e.g., for the analyses of small metal grains in meteorites that
cannot be sampled otherwise. Furthermore, isotopic zoning of such metals can be resolved on
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a scale of a few tens of um. As shown in our example of a kamacite-taenite interface, the new
analytical technique allows, in combination with other isotope systems such as Fe, to draw
additional constraints on the formation processes of chemical and isotopic zoning. It may thus
be applied to unravel processes such as chemical or thermal diffusion (Oeser et al., 2015) or

condensation (Zipfel and Weyer, 2007).
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Part I1: Origin of metal from CB
chondrites in an impact plume - A
combined study of Fe and Ni isotope
composition and trace element
abundances

A modified version of this chapter was submitted to Geochimica et Cosmochimica Acta:
Weyrauch M., Zipfel J., and Weyer S. Origin of metal from CB chondrites in an impact plume
— A combined study of Fe and Ni isotope composition and trace element abundances.

1 ABSTRACT

The formation processes of the unusually metal-rich CB chondrites are a matter of
debate. It is widely accepted that metal grains have formed by condensation. However, it is
controversially discussed whether they condensed directly from the solar nebula or from an
impact-induced vapor plume. In this study, we present high precision Fe and Ni isotope and
trace element composition of zoned and unzoned metal grains from the CBj, chondrites
Hammadah al Hamra 237, QUE 94411, and MAC 02675, and the CH/CBy, breccia Isheyevo
and unzoned metal from the CB, chondrites Bencubbin, Gujba, and NWA 4025. Data were
obtained using femtosecond laser ablation (multicollector) inductively coupled plasma mass
spectrometry (fs-LA-(MC)-ICP-MS). Zoned metal grains from CB, meteorites generally
display parallel profiles of Ni and Fe isotope compositions with very low §°°Fe and 6®Ni, and
elevated concentrations of refractory siderophile elements in their cores. These findings are
consistent with dominantly Kinetic isotope- and trace element fractionation during condensation
from a confined and fast cooling gas reservoir. Tungsten and Mo are frequently depleted
relative to other refractory elements, particularly in zoned metal grains, which is suggestive for
elevated oxygen fugacities in the gas reservoir. Such conditions are indicative for the formation
of these metal grains during an impact event.

Compared to zoned metal, unzoned metal grains are isotopically more homogeneous and

more similar to the heavier rims of the zoned metal grains. This indicates that they formed
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under different conditions than the zoned metals. i.e. in a more slowly cooling environment.
However, several unzoned grains still display significantly variable and correlated §°®Fe and
8%°Ni, suggesting their formation was related to that of the zoned metal grains. The kinetic
fractionation-dominated isotopic signatures of the zoned metal grains strongly point to their
formation during fast cooling, as may be expected for the exterior envelope of an impact plume.
In contrast, the more homogenous isotopic signatures of the unzoned metal grains are more
consistent with dominantly equilibrium-like isotope fractionation during condensation, as may
be expected for the interior of an impact plume. In this scenario, the isotopically heavier rims
of the zoned grains are best explained by a depletion of the outer plume gas reservoir in
refractory elements and light isotopes. Accordingly, these findings indicate that zoned and
unzoned metal grains likely formed during the same event. The compositional differences
among individual unzoned metal grains, but also within some of the zoned grains, indicate
turbulent gas mixing, also including movement of metals during their formation, between inner

and outer regions of the impact plume.

2 INTRODUCTION

CB chondrites are unusually metal-rich chondrites with metal contents between ~60 and
~80 vol% (Weisberg and Prinz, 1999). Due to similarities, such as a high metal content, and N-
and O-isotope composition, they are assorted to the CR-clan together with CH and CR
chondrites (Krot et al., 2002). CB chondrites are especially primitive in their bulk chemical
composition (Campbell et al., 2002) which makes them interesting research objects. Their
pristine character may give insights into their formation processes and origin. These meteorites
are not only special among the carbonaceous chondrites due to their high metal abundance and
lack of matrix, but also because of their strong excess in refractory elements relative to solar
values (Zipfel et al., 1998).

Additionally, the fine-grained CBy chondrites have abundant chemically zoned Fe-Ni-
metal grains (Weisberg and Prinz, 1999; Meibom et al., 2000). While Ni and Co concentrations
are enriched in cores relative to rims, Fe and Cr show reverse zoning to that of Ni and Co
(Meibom et al., 1999; Weisberg and Prinz, 1999). Refractory siderophile trace elements (e.g.
Os, Ir, Ru) follow the zoning of Ni and Co (Campbell et al., 2000; Campbell et al., 2001).
Moreover, these grains are isotopically zoned. Iron isotope analyses show lower °Fe in metal
cores than in rims (Zipfel and Weyer, 2007; Richter et al., 2014). Nickel isotope composition
was also examined by ion microprobe analyses of some grains (Alexander and Hewins, 2004;

Richter et al., 2014). Results of these studies have large analytical uncertainties, yet indicate
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that Ni isotope composition change, like Fe isotopes, along a similar zoning profile. Both
elemental and isotopic zoning suggest a condensation origin for the metals as elemental patterns
follow the cosmochemical behavior of the elements (Campbell et al., 2005) and condensation
of light isotopes prior to heavy ones is expected during kinetic isotope fractionation (Young et
al., 2002). The majority of the metal grains in CB chondrite is unzoned. Two different settings
are being discussed for formation of zoned metal in CB chondrites by condensation. One study
assumes condensation occurred within the solar nebula (Weisberg and Prinz, 1999) while others
assume condensation occurred within an impact induced vapor plume (Wasson and Kallemeyn,
1990; Kallemeyn et al., 2001; Fedkin et al., 2015). Findings that chondrules (Krot et al., 2005;
Bollard et al., 2015) from CB chondrites are younger than those of other meteorites, and that
the Fe content in chondrules is consistent with condensation under oxidizing conditions support
the impact model (Krot et al., 2000).

In this study, we examine profiles of Fe and Ni isotope as well as trace element
compositions of the zoned metal grains in order to comparatively discuss and elucidate models
of their formation by condensation. Isotopic and chemical compositions of zoned and unzoned
grains are compared in order to discuss their relation to each other and to assess the possibility
of their formation during one and the same process. Combining these data, we address the
guestion whether the metal grains more likely formed in the solar nebula or an impact plume

and we develop potential scenarios for their formation.

3 SAMPLES AND METHODS

In this study we examined three CB. (Bencubbin, Gujba, NWA 4025), three CBy
chondrites (Hammadah al Hamra 237 (HaH237), QUE 94411, MAC 02675), and the CH/CBy
breccia Isheyevo. Metal grains were studied in the polished sections of Bencubbin (6 grains),
Gujba (5 grains), NWA 4025 (8 grains), HaH237 (10 grains), QUE 94411 (9 grains), Isheyevo
(8 grains), and MAC 02675 (12 metal grains). The Antarctic samples (MAC 02675 and
QUE 94411) were provided by the Meteorite Working Group. All CB. chondrite samples,
HaH 237, and the CH/CBy breccia Isheyevo belong to the collection of the Senckenberg

Forschungsinstitut und Naturmuseum Frankfurt.

3.1 Petrography of the examined meteorites

In the following the examined meteorites are being described with focus on the metal
features, as those are the main subject of this study. The CB chondrites are subdivided into two
subgroups, the CB, and the CB;, chondrites. Meteorites of the CB. group are characterized by

up to cm-sized metal aggregates and large (also up to cm-sized) silicate clasts ((Weisberg and
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Prinz, 1999; Weisberg et al., 2001; Rubin et al., 2003)). CBy chondrites are more fine-grained
than CB, samples with a mean grain size of about 200 pum (Krot et al., 2002). Another difference
is that CBy chondrites contain chemically zoned metal grains, which are absent in CBa
chondrites (Weisberg and Prinz, 1999; Weisberg et al., 2001). Moreover, CB, both CB, and
CBy, chondrites lack matrix surrounding chondrules (Grossman et al., 1988; Krot et al., 2002),

but contain so-called hydrated matrix lumps (Meibom et al., 2005).

N

Figure 1: BSE images (c+d) and images in reflected light of textures in CB chondrites. a) Reflected light image of
typical shock melt in CB chondrites (here CB, chondrite NWA 4025). b) reflected light image displaying inner texture
of a metal aggregate from CB, chondrite Gujba. tr = troilite, abundant as blebs within metal or as networks
interstitial to metal. c) BSE image of a zoned metal grain broken into two parts. Displaying that the zoning is also
split into two parts and a plessitic texture in the core. d) BSE image of the crimped texture of metals in HaH 237. e)
reflected light image of Isheyevo, showing the matrix-like material that can be found in CB, chondrites. f) reflected
light image of the texture found in the CB, lithology of Isheyevo. This is also the typical texture for all CBp chondrites.
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3.1.1 CBa Chondrites

Gujba

Gujba contains several isolated well rounded and slightly elongated metal aggregates of
sizes varying between 1.5 mm and ~4 mm. Metal aggregates have a preferred orientation (30°
of the mean azimuth (Rubin et al., 2003)). Most of these objects include abundant sulfides
within. Troilite occurs in small well rounded blebs (mainly ~10 um, up to 50 um) or as a
network of long thin lines connected by angles of 120°. Such triple junctions apparently outline
grain boundaries of separated Fe,Ni-metal grains within a larger metal aggregate (Fig. 1a and
b). Single metals in the so-called aggregates are up to ~550 um in size. Furthermore, there are
some metal grains that appear to be free of sulfides. Interstitial to metal and silicates, Gujba
contains melt veins that are rich in silicate and contain small metal nodules. Total metal content
in Gujba is 60% (Grossman and Zipfel, 2001).

NWA 4025 and Bencubbin

These two meteorites show essentially the same optical characteristics as Gujba.
However, metal and silicate nodules are more fragmented than in Gujba (Rubin et al., 2001).

Metal in Bencubbin has a preferred orientation, less than 45 degrees to reference axis (Meibom

et al., 2005), similar as for Gujba (Rubin et al., 2003).

3.1.2 CBp Chondrites

Hammadah al Hamra 237

The section examined showed that the majority of the metal grains are fine-grained (30-
200 um), flaky, and apparently crimped and stacked onto each other (Fig. 1b and f). However,
there are also well-rounded metal grains that are larger than the rest (up to ~4 mm). Looking at
the internal texture of these they show fine, well rounded blebs of sulfide or long thin lines of
sulfides, which seem to form borders between separate metal grains. These objects look similar
to the metal aggregates found in CB. chondrites (see also (Weisberg et al., 2001; Meibom et
al., 2005)). Zoned metal grains can occur in chains or in clusters, but also appear as isolated
grains. The modal abundance of zoned metal grains was determined from two Ni element maps,
covering an area of 4 mm? each. Zoned metal grains make up 10-18 % of the entire metal
fraction of that meteorite. In element mappings, it can be observed that Fe and Ni zoning often
follows the crimped outline of the grains (Fig. 1c and d). Moreover, it was revealed that some

zoned metal grains have a fine plessitic texture in their center (similar to Fig. 1c). Interstitial to
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metal and silicates are abundant shock veins. Some are dominated by silicate melt and others
are dominated by metal melt. Further constituents of this meteorite are abundant chondrules,
rare Ca-Al-rich inclusions and dark clasts of fine-grained material.
MAC 02675 and QUE 94411

The sections of these meteorites display essentially the same texture and occurrence of
phases as was observed for HaH 237. For the section of MAC 02675, also two Ni element
mappings, covering 4 mm?2 and ~2 mmz, were evaluated for the modal abundance of the zoned

metal grains. In both mappings zoned grains constitute ~about 19 % of the metal fraction.

3.1.3 CH/CBp breccia Isheyevo

Element mappings of the Isheyevo section show variable metal contents of 30-60 vol%
which is less variable as the range observed by (7-90% in (Ivanova et al., 2008)). Areas with
contents of about 60 vol% metal are highly compacted and metals are crimped and stacked onto
each other similar to textures in CBy, chondrites. Grain sizes are up to ~300 um. Evaluation of
a Ni element map of Isheyevo (5 mm * 5 mm, 25 mm?) revealed that the proportion of zoned
metal grains of the total metal is about 9 %. As already described for the CBy, chondrites, zoned
metal often appears in clusters or chains, but can also occur as isolated grains. Chondrules are
mainly of cryptocrystalline texture and (CC chondrules) typically reach sizes of up to ~100 pm.
Rare larger CC chondrules with about 200 um were observed. These characteristics represent
the CBy, lithology, the more dominant one in Isheyevo (lvanova et al., 2008). The CH lithology
is embodied by a more silicate-rich lithology. Metal grains are slightly smaller than in the CBy,
lithology, and CC chondrules have essentially the same optical characteristics as in the CBy-
like lithology. However, also large silicate clasts of up to 1 mm in diameter occur in the CH
lithology. Though there seem to be some features that allow to distinguish between CH and
CBy lithologies, there is no sharp boundary between the two (Ivanova et al., 2008). Both
lithologies contain abundant shock veins interstitial to metal and silicate phases. These shock
veins can be silicate-rich with small metal nodules inside or metal-rich with small silicate
nodules inside. Rare isolated sulfides also appear interstitial to metal and chondrules.
Additionally, interstitial to metal and silicates are clasts of very fine-grained material which
also contain somewhat larger subhedral crystals with sizes up to 10 um (Fig. 1e, possibly

hydrated matrix lumps (lvanova et al., 2005; lvanova et al., 2008)).

3.2 Analytical procedures

Polished sections were examined in reflected light with a Zeiss Axiophot microscope

(Frankfurt). Overview photos were taken automatically with a Leica DM4-M microscope and
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the analySIS software by Olympus (Hannover). For a first characterization of the mineralogy,
samples were investigated with a JEOL JSM-6490 LV scanning electron microscope (SEM) at
the Senckenberg Forschungsinstitut in Frankfurt. Analyses and mappings with the SEM were
only qualitative. Quantitative analyses were obtained by electron microprobe. EMPA analyses
and element mappings were performed on the samples at the Goethe-Universitét, Frankfurt am
Main, with a JEOL Superprobe JXA-8900.

Quantitative analysis of Si, Fe, Cr, Ni, S, Co, and P in metal was carried out at 20 nA
and 20 kV with a focused beam. For most elements, pure element metal standards were used
for calibration. Only P, S, and Co were calibrated with KTiO,PO,, FeS, and CoO, respectively.
The CITZAF procedure of Armstrong (1995) was applied for matrix correction. Detection
limits and measurement time on peak and background are summarized in Table S1. Element
mappings for Mg, Fe, Al, Ca, and Ni were performed at 60 nA and 20 kV with a dwelltime of
10 ms and an interval of 3x3 um. For calibration the same standards as for quantitative analyses
were used. All elements were mapped with WDX detectors.

Some of the samples were mapped and analyzed at the Leibniz Universitdt Hannover
with the same measurement conditions, using a Cameca SX 100. Matrix correction was made
according to the PAP procedure (Pouchon and Pichoir, 1984). Standards used were
Wollastonite for Si, Apatite Durango for P, Pyrite for S, Cr,O; for Cr, and pure metal for Fe,
Ni, and Co. Detection limits and measurement time on peak and background are summarized
in Table S1.

Iron and Ni isotopic composition of the metal grains of CB chondrites were analyzed by
femtosecond-laser ablation-multicollector-inductively coupled plasma-mass spectrometry (fs-
LA-MC-ICP-MS) at the Institut fir Mineralogie, Leibniz Universitat Hannover. A Thermo
Scientific Neptune Plus was connected to a Spectraphysics solstice femtosecond laser ablation
system. Machine set up and mass bias correction for Fe isotope analyses was as described in
(Horn et al., 2006; Oeser et al., 2014). Analyses were performed as line scans in standard
sample bracketing mode.

Nickel isotope compositions were analyzed as described in (Chernonozhkin et al., 2017,
Weyrauch et al., 2017). A Cu (0.5 ppm) solution was used for instrumental mass bias
correction. Standards used for determination of Ni isotope composition were the Ni steels NIST
RM-1226 and BAM D-184.1 with 5.4 wt% and 3.3 wt% Ni, respectively. Ni isotope
composition of these steels were determined by MC-ICP-MS solution measurements
beforehand. Delta values for Ni isotopes are reported relative to NIST SRM-986.

As most of the investigated metal grains have been analyzed for their Fe- and Ni-isotope, as
well as for their trace element compositions, the analyzed area of the commonly small grains

was ablated repeatedly. This process was monitored by a Keyence VK-9710K confocal laser
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microscope, which was used to determine the shape and depth of the laser ablation craters
(Fig. S1) after the different types of analyses (Institut fiir Bodenkunde, Leibniz Universitat
Hannover).

Since Fe isotope analyses are performed with small repetition rates of the laser,
measuring tracks are only 3-5um deep. Similarly, tracks produced during trace element
analyses were also only 5-7 um deep, while the deepest craters of up to 30 um were generated
during Ni analyses for which higher repetition rates were required. We observed that successive
analyses (in any order), without re-polishing in between the analyses, generated unreproducible
results or small offsets for the measured Fe and Ni isotope composition. We thus decided to
perform minor re-polishing (~10 um) between Fe + trace element, and Ni isotope analyses.
Because of the low crater depth of the first two measurements, this procedure has only minor
effect on the shape of the analyzed zoning profiles.

For both isotope systems analyses yield in accuracy and precision of ~0.1 %o (Weyrauch et al.,
2017).

For unzoned metals laser traverses were scanned several times with a scanning speed of
15 pum/s. A duration of 180 cycles with an integration time of ~1 s was chosen for unzoned
grains, with ~30 cycles of background signal.

For zoned metal grains, lines were placed across single grains and the lengths varied with
grain size. For Fe isotope analyses zoned metals were scanned with 1 um/s or 2 um/s. The
number of cycles was adjusted to the length of the laser profile and the scanning velocity.
Integration time between the cycles was ~1s. For Ni isotope analyses a scanning speed of
2 um/s or 3 um/s was chosen which yielded sufficiently high intensities (*®Fe = 13-17 V and
®Ni = 3-7 V). Integration time between the cycles was ~0.5 s or ~0.3 s, respectively. Again,
the number of cycles was adjusted to the length of the profile and the scanning velocity. Delta
values were calculated using the mean %2°Ni ratio of 10 cycles (for 1 um/s and 2 um/s) or of
13 cycles (3 um/s) relative to the mean $26°Ni ratio of the bracketing standards of an analysis.
Hence, a nominal isotope composition for every 10 um was achieved. Spot size for Fe and Ni
isotope analyses was ~35 pm.

Trace element abundances were also analyzed by fs-LA-ICP-MS. The Spectraphysics
Laser system was connected to a Thermo Scientific Element XR. Measurements were
performed using a ~30 um laser spot. External standards are the ataxite iron meteorite
Lombard, which was shown to be homogenous in chemical composition, and PGE-A (Gilbert
et al., 2013). Nickel contents, of the grains as determined by EMPA, were used as internal
standard. Data reduction was performed with the Lotus-based spreadsheet program

LAMTRACE (Jackson, 2008). Elements analyzed were arranged according to volatility from
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Ge, Cu, Au, Fe, Pd, Co, Ni, Pt, Mo, Ru, Ir, W, Os, and to Re. Detection limits and the relative
standard deviations (%) are summarized in Table 1.

4 RESULTS

In the following, results of fs-LA-ICP-MS analyses for zoned grains from CBy, chondrites

and Isheyevo, and for unzoned grains from both CB, and CB,, chondrites are described.

4.1 Zoned metal

Six zoned metal grains from MAC 02675 were analyzed for their isotopic and chemical
composition. For QUE 94411 and Isheyevo such analyses were performed on four grains each.
Additionally, three zoned metals from HaH 237 (CBs) were examined. For the zoned grains
from Isheyevo (which contains CBy-like and CH-like lithologies) it was only possible to
determine the parent lithology for grain Isheyevo_1.5 which stems from the CH-like lithology.

4.1.1 Chemical composition

Similar to earlier findings (Meibom et al., 1999; Weisberg and Prinz, 1999; Campbell et
al., 2000; Meibom et al., 2000), we found that most zoned metal grains have higher Ni
concentrations in cores than in rims, and that Co and highly refractory elements, such as Ir, Ru,
and Os follow this zoning (Figures 2a,b,d,e,g,h), whereas Fe is zoned reversely (Figure 2).

However, not all zoned grains show continuous zoning. Some grains display typical
zoning of Fe and Ni in the rim areas but more scattered patterns in the core area (Figure 2d).
Trace element analyses in such grains do not reveal such a scattered pattern but have smooth
patterns (Fig. 2e). As major elements were measured with EMPA, while trace elements with
LA-ICP-MS, the smooth trace element zoning is likely simply a result of the larger spot size of
the laser, integrating over the heterogenous chemical compositions displayed by the plessitic
texture.

Furthermore, grains were found that show zoning in major element concentration (Fe,
Ni, Co, and Cr) but not in trace element composition (e.g., grain MAC 02675_6.4, see Fig. S2,
and also Fig. 2e). Some grains show zoning profiles in some trace elements that are reversed to
that of Ni (e.g., grain MAC 02675_4.4, see Fig. S2). Especially affected are Os and Ir. Grain
HaH 237_10.5 shows another type of zoning pattern for major and trace elements. Cobalt and
Ni concentrations have a maximum in the very core of the grain. Compared to other zoned
grains, the reduction of the element concentrations towards the rims is rather steep and evolves

into another small plateau, from which Ni and Co contents decrease more smoothly (Fig. 2g).
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This pattern is even more pronounced for the refractory trace elements. There is a peak with

d another smaller peak in the rim areas on both sides (Fig. 2h).
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CI normalized abundances of element concentrations of zoned metal grains reveal an
enrichment in refractory elements of ~10-19xClI in the cores of these grains. Rim values are
less enriched (Figure 3). Tungsten, and less pronounced Mo (Fig. 3), display negative
anomalies relative to other refractory elements. Though moderately volatile elements Au, Cu,
and Ge are generally depleted in zoned metal grains, an abrupt increase in the very outer rim

can be noticed in some of the grains (especially Cu, see also (Campbell et al., 2005)).

Cl-normalized MAC02675 1.2

100

10 A

001 T ——mac1.2rim —a

—i—MAC 1.2 core
0.001 1 T T T T T T T T T T T T

Re 0Os W Ir Mo Ru Pt Fe Co Ni Pd Au Cu Ge
increasing volatility — =————

Figure 3: Representative plot of Cl-normalized abundances of elements in zoned metal grains. Core (red squares)
values are enriched by 12-14xCl and rims (blue diamonds) are enriched by 6-8xCl in refractory elements. Relative
to other refractory elements, W is depleted in core and rims. The core also shows a small Mo depletion. The general
depletion of moderately volatile elements, is slightly stronger in grain interior than at rim.

4.1.2 Isotopic composition of zoned metal

As already observed previously (Alexander and Hewins, 2004; Zipfel and Weyer, 2007;
Richter et al., 2014) nearly all zoned metal grains have significantly lighter Fe isotopic
composition in the core than in the rims. First Ni isotope analyses of zoned metal were
performed by Alexander and Hewins (2004) and Richter et al. (2014), and indicated that Ni
isotopes might be zoned in the same manner as Fe isotopes. However, according to the high
uncertainties of the latter measurements, potential zoning was not well resolved. Nickel isotope
analyses from our study reveal that nearly all investigated zoned metal grains show positively
correlated Ni and Fe isotope zoning patterns (in direction and extent), with several permil
lighter isotopic composition in the core than in the rims (Figure 2¢,f). The largest fractionation
of a core relative to the rims was analyzed in grain MAC 02675_4.4 with core values of:
8%Fe = -7.41 + 0.07 %o and 8%Ni = -10.85 + 0.26 %o, and rim values of: 8°°Fe = -0.2 * 0.32 %o
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and 8%°Ni =-2.31+0.46 %o. This is also the grain with the lightest Fe and Ni isotope
composition of all analyzed metal cores.

However, not all zoned grains show a continuous zoning as described above. Grain
HaH 237_10.5 also has lighter Fe and Ni isotope compositions in the core than in the rims.
However, the core values do not display the lightest isotope compositions of the grain. Instead,
both Fe and Ni isotope ratios display a w-shaped pattern (Figure 2i) and the areas between core
and rim show the lightest Fe and Ni isotope composition. For grain QUE 94411 1.4, the
situation is somewhat different, as Fe isotopes display a w-shaped signature, while Ni shows a
more bowl-shaped signature as the majority of all zoned metal grains analyzed. Nevertheless,
the Ni isotope pattern shows evidence for a small compositional plateau in the center of the
grain (Fig. S3). Potentially, the w-shape pattern for Ni was not observed, as some material was
removed during re-polishing before Ni isotope analyses and thus the Ni profile was analyzed
further away from the core of the grain than the Fe isotope analyses. Grain MAC 02675_6.1
displays a flat plateau for &%Fe in the core area while 8§%Ni displays a w-shaped pattern

(Fig. 2f).
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Figure 4: Isotope profiles of grains Isheyevo_1.5 (a) and Isheyevo_1.2 (b) from CH/CB,, breccia Isheyevo. In contrast
to other zoned metals, Fe and Ni isotope zoning is not parallel but opposed. Thus, zoning in those grains cannot
originate from condensation.

Two of the four examined zoned grains from Isheyevo (1.2 and 1.5) show relatively small
zoning profiles in Fe and Ni isotopes. Furthermore, Fe and Ni isotopes are reversed. While Fe
isotopes show lighter values in the cores than in the rims (1.5 core =-0.6 %o and rim about
0 %o), Ni isotopes display heavier composition in the cores than in the rims (1.5 core = 9.8 %o
and rim = 8.6 %o; Fig. 4a). Moreover, it is striking that Ni isotope composition of this grain is
much heavier than that of all other zoned metal grains. Table S2 lists the chemical and isotopic

composition of cores and rims of all analyzed zoned metal grains.
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4.2 Unzoned metal

Several unzoned metal grains from all meteorites studied were analyzed for their Fe and
Ni isotope and their chemical composition (Table S3, Fig. 5 and 6). Grains Isheyevo 1.1 and
Isheyevo 1.4 both seem to be located in the CBy, lithology rather than in the CH lithology.

4.2.1 Chemical composition

Unzoned metal grains in the CBa. chondrites Gujba, NWA 4025, and Bencubbin have
quite a narrow range of Ni concentrations within individual samples, but also among the
different meteorites (~5-8 wt% for all three meteorites). Some grains display slightly higher
contents of Cr, P, and also Si (e.g., Gujba grain 2.10 see Table S3).

Unzoned metal grains in the CB, meteorites and in Isheyevo have much more variable
Ni contents. In Isheyevo, grains with Ni concentration of about 60 wt% were observed (lvanova
et al., 2008). Moreover, some grains were found with Si contents higher than 10 wt%. Such Ni-
and Si-rich metal grains were already described for CH chondrites (Goldstein et al., 2007).
Unfortunately, all grains with such high Ni or Si contents were too small (~20 um in diameter)

to be analyzed with the laser for trace elements and isotopes.
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Figure 5: Cl normalized abundances of individual trace element analyses in unzoned metal grains from CB, and CB,
chondrites. Refractory elements are enriched by 4-9xCl in most of the grains. The exceptions, HaH237_9.7 and
HaH237_10.2 show depletion or even higher enrichment (20-40 x Cl), respectively. Moreover, Mo and W are not
depleted in all of the grains relative to other refractory elements. Trace elements are sorted by volatility using 50%
condensation temperatures from (Lodders et al., 2009).
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Normalizing chemical composition to Cl-values reveals an enrichment of refractory
elements for the majority of unzoned metal grains of 4-9 times CI (Figure 5). There is only one
grain that shows a depletion in elements more refractory than Ni (grain HaH 237_9.7). In
contrast, Hammadah al Hamra 237 contains an unzoned metal grain that shows the other
extreme, with an enrichment in refractory elements of 20-40 times CI (grains HaH 237_9.6 and
HaH 237_10.2, see Figure 5).

Moreover, many unzoned metal grains show depletion in W relative to other refractory
elements. However, some grains are enriched in W relative to other refractory elements. Gujba
is the only sample that does not display significant depletion or enrichment in W in any of its

metal grains, but rather show a slight enrichment relative to other refractory elements.

4.2.2 Isotopic composition

Figure 6 reveals that unzoned metal from CB, and CB,, chondrites have variable isotope
compositions with a total range of 8%?Ni = -2 %o up to + ~6 %o, and 5°°Fe = -2 %o up to ~+2 %o.
Thus, Ni isotope values are more variable than Fe isotope compositions. Mean values for Fe
and Ni isotope compositions of CB, and CBy are somewhat different: §°°Fe = -0.17+0.65 %o
and  8%Ni=0.51+090% (CB, errors=c) and &°°Fe=-0.24+0.87 %0 and
8%2Ni = 1.46+2.14 %o (CBy, errors = ). Thus, CBy and CB, chondrites have quite similar Fe
and Ni isotope compositions. The scatter in the Ni isotope composition within CBy, chondrites
is larger than in CB, chondrites. However, isotope compositions in CB, and CBy, chondrites are
overlapping. Values of Isheyevo fall into that range, with averages of 5°°Fe = 0.05+0.31 %o (o)
and 6%%Ni = 2.13+2.28 %o (o). It can also be observed that the majority of grains have quite
similar isotope compositions and that only a few individual grains are isotopically significantly
heavier or lighter than the average. Scattering is differently strong pronounced in individual
samples. For example, HaH 237 has the smallest spread among CBy chondrites, especially in
the Fe isotope composition (see Fig. 6).

Figure 6 also reveals that there is one grain each within the CB, chondrite samples that
has lighter Ni isotope compositions than the other ones. Moreover, some unzoned grains from
MACO02675 and Isheyevo have significantly heavier Ni isotope composition than the majority

of grains. Such hiatus cannot be observed for Fe isotope compositions.
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Figure 6: Fe (blue) and Ni (red) isotope composition of unzoned metal grains from the different examined CB
chondrites. Error bar: 20 = 0.1 %o.

5 DISCUSSION

5.1 Origin of zoning in metal

Since the first recognition of CBy, chondrites (Righter and Chabot, 1998; Zipfel et al.,
1998), several models were proposed aiming to explain the origin of zoned metal in CB;, and
CB. chondrites (Meibom et al., 1999; Campbell et al., 2001; Meibom et al., 2001; Petaev et al.,
2001; Campbell et al., 2002; Petaev et al., 2003; Campbell et al., 2005; Fedkin et al., 2015).
These models consider compositional zonation profiles of major and minor elements as well as
refractory siderophile elements of slightly different volatilities (Meibom et al., 2000; Petaev
and Wood, 2000; Campbell et al., 2001; Meibom et al., 2001). Campbell et al. (2001) found
that zoning patterns and abundances are broadly volatility controlled but cannot be explained
by a simple equilibrium fractionation model under typical solar nebula conditions. Though
refractory elements are enriched in grain centers, there is no spike of highly refractory
siderophile elements (RSE) that would indicate sole condensation of RSE before condensation

of Ni and Fe. The lack of a spike, as well as chondritic abundance of RSE at grain rims, are the
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major evidence arguing against equilibrium condensation. Campbell et al (2001) explained
their findings by two models either (1) fractional condensation from a supersaturated gas at
high temperatures and cooling rates or (2) diffusive exchange between a RSE-rich core and
RSE-poor rim.

Our data on the isotopic composition of Fe and Ni, however, allow to put further
constraints on the origin of zoned metal grains. Zoning of Fe and Ni isotope compositions is
largely parallel (Figs. 2c,f,i) and correlated to the zoning of RSE in zoned metal (Fig. 2). Both
isotope systems are of lighter composition in the cores than in the rims. These findings exclude
a dominant role of subsolidus exchange diffusion in response to, e.g., chemical gradients or
changing oxygen fugacity, as such processes would generate reverse Fe and Ni isotope zoning
(as e.g. observed for a kamacite-taenite interface in Chernonozhkin et al. (2017); Weyrauch et
al. (2017)). Thus, we conclude that zoning in metal grains originates in disequilibrium
condensation.

The isotope fractionation of Fe and Ni of several permil, with extremely light Fe and Ni
isotope ratios in the cores, strongly indicate kinetic isotope fractionation during grain growth
by condensation. The average kinetic energy of all components in a gas at a given temperature
can be expressed by the following the equation Ke = 1/2m*v2, where m = mass, v = velocity.
Therefore, lighter isotopes move faster than heavier isotopes, resulting in a higher collisional
frequency of light isotopes (Schauble, 2004). In such a scenario, condensing metal incorporates
preferentially light isotopes leaving the heavier isotopes in the gas phase. Accordingly, under
conditions of fractional condensation from a finite gas reservoir, the gas becomes more and
more enriched in heavy isotopes during progressive grain growth. This would result in
isotopically heavy rims, assuming they formed late from a gas reservoir depleted in light
isotopes. Such rapid compositional changes are more consistent with a confined gas reservoir,
such as an impact-related vapor plume rather than solar nebula conditions.

The estimated highest possible mass-dependent fractionation of Fe and Ni isotopes from
kinetic energy considerations of above (Schauble, 2004) is about 9 permil/amu and
8 permil/amu, respectively, which is about double of what we observe. However, this result
may be considered as an endmember of such a condensation process. Several factors can
explain a lower observed fractionation for both, Fe and Ni isotope systems: (1) the calculation
does not take any back-reactions into account. Partial equilibration would lead to flattening of
the isotope zoning since the condensate has the higher binding energy than the gas, and would
primarily build in heavier isotopes under equilibrium conditions. (2) diffusion can also take
place between the forming layers during condensation of the metal grains. (3) diffusion
subsequent to grain growth would also flatten the Ni-isotope profile, however, steepen the Fe-

isotope profile. Nevertheless, the fractionation of both isotope systems between core and rims
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among zoned grains is quite similar. Thus, diffusion only played a minor role during formation
of zoned metal and was outpaced by the fast growth of such grains. Moreover, the very rims of
zoned grains do not show reversed zoning of Fe and Ni isotopes as may be expected if diffusion
played a role. However, our measurements only allow limited spatial resolution of about 30 um

and most grains display frayed rims. Therefore, we cannot exclude minor diffusion effects.

5.2 Compositional variation of zoned metal

The core and rim isotope values among different zoned grains are varying strongly (e.g.
core values of QUE 94411 3.3 with §%?Ni = -2.31 £ 0.18%o vs MAC 02675 4.4 with §%?Ni = -
10.85 £ 0.26%o0). One factor that affects the rim compositions is the fragmented character of the
grains. Most of the metal grains show frayed rims, and some grains even seem to be broken
(Figure 1a). Varying core values could have several explanations. The most likely one are
cutting effects, i.e. tangential cuts closer to grain rims that would result in a systematic shift
towards heavier isotopes. Thus, all isotopic core composition of normally zoned grains are
maximum values and the lightest isotopic core values (e.g.; grain MAC 02675 4.4 §%Fe = -
7.41 +0.07 %o and 8°?Ni = -10.85 + 0.26 %o) are more likely to represent real core composition
compared to grains with less pronounced zoning. Additionally, it needs to be taken into account
that because of the width of the laser beam each individual measurement is integrating an area
of 30-40 um. Thus, in particular at the rims, but also potentially for some of the cores with
steep zoning patterns, delta values represent mixed signatures and isotope fractionation
between real cores and the very rim may be even larger than those observed. Furthermore, the
formation of some of the zoned grains likely started at a time, when the gas reservoir was
already depleted in light isotopes.

Finally, the factors (1) and (2) from above, which may have limited the overall extent of
observed isotope fractionation, may also have generated additional variations between

individual zoned grains.

5.3 Compositional variations of unzoned metal

Compared to zoned grains, unzoned grains display a more limited range and also heavier
Fe and Ni isotope compositions, relatively close to chondritic values. Furthermore, they formed
from a reservoir that remained chemically and isotopically constant during their formation.
Such conditions are more consistent with equilibrium condensation.

Excluding some grains that are isotopically lighter than the majority, the ranges of Fe

and Ni isotopic compositions displayed by unzoned metal grains within the CB. chondrites are
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relatively narrow, close to chondritic compositions (§°¢Fe = -0.6 to 0.61 %o and 8%?Ni = 0.56 to
1.23 %o). However, all three investigated CB, meteorites show one grain that is significantly
lighter than the others in the Ni isotope composition, and also show the lightest Fe isotope
compositions within those samples. The isotopically light grains from Gujba and Bencubbin
have slightly higher concentrations of Si, P, and Cr than other metal in these meteorites. Some
metal grains in CB, chondrites have sulfide laths or show sulfide blebs, however, no correlation
between isotope or chemical compositions and the occurrence of sulfides was observed. The
isotope and trace element compositions of unzoned grains in CBy chondrites vary more strongly
(Figures 5 and 6). However, there is no correlation of the isotope composition with the chemical
composition of the grains (Table S3, Fig. 6). For example, grain MAC 02675 6.3 has the
heaviest Fe isotope composition (5°°Fe = 1.59%o) and grain HaH 237_10.4 has the lightest Fe
isotope values (5°°Fe = -2.08%o), but both grains show very similar trace element compositions
(Table S3). Furthermore, Ni isotope compositions show more variation towards heavier values
than Fe isotopes (8%2Ni = -2.44 to 5.84%o vs. 8°°Fe = -2.08 to 1.59%o).

Assuming, unzoned metals formed generally under more equilibrium like conditions,
chemical and isotopic signature of individual unzoned grain essentially reflect the local gas
composition and thus, variations among unzoned metals most likely reflect heterogeneities in
the gas reservoir. Considering condensation from an impact plume, isotopic variations around
the chondritic compositions may be explained by a reservoir that was not completely mixed
after evaporation. A possible explanation for grains with light isotope composition, could also
be minor effects of kinetic isotope fractionation.

Heavier isotope compositions may be explained by the tendency of the condensate to
bind heavy isotopes under equilibrium conditions (White, 2001). However, this effect might be
too small to explain the observed values. Instead, heavier than chondritic isotope compositions
may be related to turbulent mixing within an impact plume, resulting in mixing of gas that was
depleted in light isotopes, possibly after formation of the isotopically light zoned metal and
respective reservoir effects, into the source region of unzoned metal grains.

Campbell et al. (2002) and Fedkin et al. (2015) describe Pd/Fe and Ir/Fe ratios in unzoned
metal from CB chondrites to be higher (up to two times) compared to the solar ratios
(Pd/Fe = 3.0%10°° and Ir/Fe = 2.5%10°° (Lodders et al., 2009)). From the enrichment of Pd and
Ir relative to Fe they conclude that the system must have been enriched in siderophiles and
partial pressures of siderophiles were very high (Campbell et al., 2002; Fedkin et al., 2015).
We find that unzoned grains from CB, and CBy, chondrites have ranges of Pd/Fe and Ir/Fe ratios

that are overlapping with each other and in average are somewhat higher than the solar ratios
(Fig. 7).
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Our ratios in combination with our observation that there are no significant trace element
or isotope compositional differences between unzoned metal from CB. and CBy chondrites,
indicate that all unzoned metals in both groups have formed by the same process and in the

sSame reservoir.
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Figure 7: This plot demonstrates that Pd and Ni are enriched in CB, and CBy chondrites relative to the solar values
(vellow triangle, Lodders et al., 2009). Such enrichment suggests enhanced abundances of siderophile elements
within the gas reservoir and also increased partial pressures for siderophile elements (Campbell et al., 2002 and
Fedkin et al., 2015). It becomes obvious that unzoned grains from CB, and CB,, grains plot together, which indicates
a common origin. Zoned metal from CBy, chondrites are even more enriched than unzoned grains.

5.4 Properties of the impact plume

5.4.1 Gas evolution during condensation of zoned and unzoned metal

Figure 8 displays the relationship of Fe isotope and Ni isotope compositions of unzoned
grains, and cores and rims of zoned grains. Evidently, zoned metal cores are isotopically lighter
than rims, and significantly lighter than most unzoned metal. Moreover, the majority of the
unzoned grains scatters around delta values of 0 %.. However, some unzoned grains have more
variable isotope composition and plot within a similar range as the rims of zoned metal grains.
Overall, there is a positive correlation of Fe and Ni isotope composition within the zoned and
unzoned metals. Such a correlation supports a condensation origin in a similar environment for
zoned and unzoned metal from CB chondrites. Additional information may be extracted from

the relationship of isotope sighatures and RSE, as shown in Figure 9.
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Figure 9 displays the Ni isotope compositions of the analyzed metals plotted against the
respective Ir concentrations. Replacing Ni with Fe isotopes would result in a similar plot due
to the positive correlation of Fe and Ni isotope compositions (Fig. 8). In this plot (Fig. 9) zoned
and unzoned metal grains show different trends, indicating that they did not form at a specific
time during the formation of zoned grains, but rather formed simultaneously at different
conditions and likely in a different environment. Cores of zoned metals show a positive

correlation of Ir contents and Ni isotope compositions.
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Figure 8: Nickel vs Fe isotope plot, revealing that cores of zoned metal grains are isotopically lighter than unzoned
metal grains and rims of zoned metal. The rims of zoned metal grains overlap with unzoned metal grains. Those
isotopic differences suggest different formation conditions for zoned and unzoned metal grains.

In more detail, two groups of zoned metal grains can be distinguished. Group I includes
cores with the lightest isotope compositions and low concentrations in refractory elements and
associated rims have similar RSE concentrations but significantly heavier isotopic
compositions (arrow | in Fig. 9). Group Il has cores with the highest concentration of refractory
elements but have heavier isotope composition than group | cores, while associated rims have
similarly low RSE concentrations and heavy isotope compositions as group I rims (arrow Il in
Fig. 9). The difference between the two groups may be related to their formation conditions.
Group | grains with the lightest isotope composition probably formed in a rapidly cooling and
supersaturated gas reservoir and are thus, more strongly affected by kinetic isotope
fractionation compared to the cores of group Il grains. As group Il grain cores also display the
highest Ir contents, they may have formed during a mixture of kinetic and more equilibrium-

like conditions in a less rapidly cooling gas reservoir. Campbell et al. (2001) calculated the Ni
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and Ir compositions that can be expected during equilibrium condensation of Fe,Ni-metal.
Compositions of group 11 metal grains roughly correspond to those calculated values. Rims of
zoned metal grains of both groups have variable Fe and Ni isotope compositions that do not
correlate with the contents of refractory trace elements. In both groups, rims condensed from a
reservoir that was variably depleted in light isotopes and refractory elements, as the result of

progressive condensation of metal. Both grain populations can be found within a single

meteorite.
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Figure 9: Ni isotope composition
plotted against Ir content of zoned
and unzoned grains from the herein
examined samples. a) Only cores
(filled symbols) and rims (open
symbols) of zoned grains are shown.
There are two different grain
populations defined by the core
composition and evolution trend of
the grains. Group | has cores with
light Ni isotope composition and
rather low Ir concentrations and
associated rims have about the same
Ir concentration as cores, but heavier
Ni isotope composition. Group Il has
cores with high Ir concentrations and
associated rims become heavier in
isotope  composition and less
enriched in Ir. The blue field
underlines the positive correlation of
Ni isotope composition and Ir
concentration. b) unzoned grains are
shown, as well as core and rim
regions of the exceptional grain 10.5
from HaH237. Unzoned metals
mainly scatter around 0%. and have
variable Ir concentrations. The core
region of HaH 237_10.5 depicts the
whole range of core compositions
from a) only the correlation trend of
Ni isotope composition and Ir
concentration is somewhat flatter.

Unzoned metal grains do not show a correlation between §%?Ni and RSE (Fig. 9). The

majority of the grains, display §°Fe and §%?Ni around of 0 %o (£0.6%o0 and +1%o, respectively),
however, with highly variable contents of refractory elements. The low isotopic variability
suggest that Ni and Fe of unzoned metal condensed from a less rapidly cooling gas at
temperatures between 1360 and 1260 K (Campbell et al., 2001) under conditions with limited
kinetic isotopic fractionation. Thus, unzoned metals most likely condensed in a slow-cooling
gas reservoir and the variable RSE contents likely reflect variable RSE depletion of the gas

reservoir at the time of their formation.
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5.4.2 Oxidizing conditions in the impact plume: Evidence from Mo and W

Our data show strong enrichment in highly refractory siderophile elements with negative
anomalies of W and Mo in the zoned grains. It is not expected that increasing oxygen fugacity
would influence the general condensation behavior of RSE, except for W and Mo (Fegley and
Palme, 1985). Both Mo and W are oxygen sensitive. Thus, the negative anomalies of Mo and
W relative to other RSE indicate elevated oxygen fugacities in the gas reservoir. However, Mo
is more oxygen sensitive than W during condensation and is expected to be stronger depleted
than W. On the other hand, W is more oxygen sensitive than Mo during evaporation.
Experimental data show that at higher temperatures and under solar nebula oxygen fugacity, W
preferentially forms W-oxides in the gas phase, whereas molybdenum occurs as Mo (Fegley
and Palme, 1985). Fast growth of metal from an oxidized gas reservoir could inhibit the
equilibrium reaction of W with W-oxides in the gas phase and lead to a W depletion in the
metal as most W would remain oxidized. Under the same disequilibrium conditions, Mo would
then be incorporated as Mo-alloy into the metal grains. In fact, zoned metal exhibits a negative
W anomaly and no or only a small Mo depletion compared to other refractory elements. These
findings are in accordance with formation of metal under non-equilibrium conditions similar to
those concluded from Fe and Ni isotopes.

Our Mo and W data indicate oxygen fugacities that exceed those of the solar nebula.
Meibom et al. (2001) also state that metals have condensed under relatively oxidizing
conditions, as Cr values are lower than in metals formed from a solar gas. They estimated
dust/gas ratios from Cr compositions of zoned grains and gave values between D/G = 10 and
D/G = 30.

Such an increased dust/gas ratio would lead to an oxygen fugacity higher than in the
canonical solar nebula (Fedkin and Grossman, 2016). An impact of planetesimals is a likely
event to form a vapour plume with such conditions. Therefore, we suggest that zoned and
unzoned metal grains from CB chondrites both condensed from a confined reservoir with strong
temperature gradients and variable cooling rates under non-equilibrium conditions, in
accordance with conclusions drawn from the elemental and isotopic signatures of the metal
grains.

In such a scenario zoned metal grains most likely formed in the fast-cooling outer shell
region of an impact plume, while unzoned metal condensed in the inner slow-cooling region.
This conclusion is consistent with earlier findings by Rubin et al. (2003), who concluded that
unzoned and zoned metal formed in the same plume, but that unzoned metal condensed in a

region of higher density than zoned metal. This conclusion is also consistent with the modelling
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results of Fedkin et al. (2015) who found that total pressures during condensation were higher
for unzoned grains (P 102 to 10 bar), than for zoned grains (P* 10 to 10 bar).

The time-dependent evolution of an individual zoned grain may have started with
condensation in a gas reservoir under conditions that resulted in either more equilibrium-like
or dominantly Kinetic isotope fractionation, depending on cooling rate, and ended in a gas
reservoir that was depleted in light Fe and Ni isotopes, and RSE. In general, the condensation
conditions for all zoned metals is dominated by kinetic fractionation. Grain HaH 237_10.5 is
an exceptional grain. Isotopes and elemental composition of the grain center span the whole
compositional range of the cores shown in Figure 9b. The observed w-shape isotope pattern
and variable Ni isotope vs Ir signature of the core area of this grain may indicate its
condensation under variable cooling rates, resulting in initially more equilibrium-like, followed
by strongly Kinetic isotope fractionation. Such trace element and isotope patterns in
HaH 237_10.5 may have derived from local differences in the gas reservoir. In this scenario,
the metal grain has likely moved through the gas reservoir during its growth, from more inner
towards outer regions of the vapor plume. Or changes of the formation conditions have
appeared locally during formation of grain HaH 237_10.5.

5.5 Possible formation processes of unusual zoning patterns in metal

5.5.1 Uncontinuous zoning and plessite

As described above some zoned metal grains show an uncontinuous chemical zoning
(Fig. 2d). Those are also the ones displaying a different isotopic zoning (Fig. 2f). Closer optical
examination reveals that these metals have a plessitic texture in their cores (Fig. 10). However,
the rim regions do not show such a texture and zoning is obtained in there. The uncontinuous
zoning may be explained by the plessite. The fine exsolution of kamacite and taenite in the core
of the grain can be resolved with the small beam of the electron microprobe and gives a zig-
zag pattern due to the different Ni contents of the two Fe,Ni-alloys. Trace element zoning,
analyzed with LA-ICP-MS, seems continuous, as the laser beam is larger and cannot spatially
resolve the small laths. The isotopic zoning shows a large flat plateau in the center (Fig. 2f).
This homogeneous composition is also caused by the large laser spot which does not allow
resolution of the single kamacite or taenite laths. The different shape of zoning (compared to
the usual bowl-shape) is likely being related to the exsolution of kamacite and taenite and Fe
and Ni isotope fractionation between both phases. Isotopic variability is stronger for Ni, as the

relative change in the Ni concentration is higher than that of Fe, resulting in a stronger Ni
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isotope fractionation between kamacite and taenite, as compared to Fe isotopes (Dauphas,
2007; Weyrauch et al., 2017).

Figure 10: BSE image of grain MAC 02675_2.1 revealing plessitic texture in the core area.

There must have been a short reheating event that resulted in the exsolution of fine laths
of taenite and kamacite in the core of such grains without disturbing the initial zoning. Such an
event may have been shock reheating (Brearley and Jones, 1998). Since all CBy chondrites have
abundant shock veins it seems likely that plessite in combination with zoning originate in such
shock reheating. However, Meibom et al. (2005) found that plessitic texture in the cores of
metal grains, follow the distortion of the grains. Thus, they conclude that plessite must have
formed prior to the shock event that caused distortion of the metal. If plessite really formed due
to shock reheating, it needs to be considered that CB parent bodies experienced several shock

events.

5.5.2 Reversed zoning in grains from Isheyevo

Two of the examined zoned metal grains from Isheyevo show a different isotopic zoning
than all other examined zoned grains in the samples here. In these grains, Fe and Ni isotopes
are only weakly, but reversely zoned (Fig. 4). Nickel has heavier composition in the core than
in the rims, and Fe has lighter isotopic composition in the core than in the rims. Combining
these results with the Fe and Ni concentrations of the grains indicates that the zoning was
generated by chemical diffusion, i.e. Fe (and preferentially light Fe isotopes) diffused into-, and

Ni (and preferentially light Ni isotopes) diffused out of these grains, resulting in the light Fe
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and heavy Ni isotope compositions observed in the cores (Richter et al., 2003; Dauphas, 2007,
Weyrauch et al., 2017). Since no other zoned metal grains were found in contact with grains
Isheyevo 1.2 and 1.5, diffusion may have occurred during chemical re-equilibration of these
metals with the surrounding gas. For those two grains, grain growth was apparently slow

relative to Fe-Ni exchange diffusion.

6 CONCLUSION

This study of zoned and unzoned metal grains from CB chondrites demonstrates that
metal in CB, and CB, chondrites most likely have formed by condensation from an impact-
induced vapor plume. Combined results of isotope composition and refractory element
concentrations show that the formation of zoned metal is dominated by kinetic isotope
fractionation during condensation which can be achieved by fractional condensation in a fast-
cooling reservoir. Thus, grains with the lightest isotopic core composition most likely have
formed in the outer regions of the impact plume. Unzoned metal, however, have formed under
more equilibrium-like conditions, and thus, most likely in the slow-cooling interior of the
impact plume. Depletion of Mo and W relative to other refractory elements suggest elevated
oxygen fugacities. We interpret these isotopic and RSE signatures in metal to be generated by
condensation from a giant impact cloud. Compositional variabilities among, and in cases within
individual metal grains may be caused by turbulences in the gas reservoir and transport of grains
during growth. Those turbulences would allow grains to move within the vapor plume, thus
sampling the chemically and isotopically heterogeneous gas reservoir, as it is indicated, e.g. by

the complex zoning in one of the zoned grains from HaH 237.
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Part I111: Constraints on the
relationship of CH, CB, and CR
chondrites from metal grains

The MATLAB code, used for modelling in this chapter, kindly was written by Ralf Dohmen.

1 ABSTRACT

Due to similarities in chemical composition and common Cr, Ti, N and O isotope trends,
the metal-rich CR, CH and CB chondrites are thought to be related with each other. This study
aims to shed light on this relationship by the investigation of zoned and unzoned metal grains
from CR and CH chondrites. Trace element and Fe and Ni isotope compositions were
determined by in situ femtosecond (fs) LA-(MC-)ICP-MS analyses. Results from this study
were compared to isotope and trace element compositions from CB chondrite metal.

Chemical compositions of unzoned metal from CR, CH, CB,, and CBy, chondrites are
very similar with enrichment in refractory elements and depletion of moderately volatile
elements relative to the solar values. Such signatures are consistent with condensation from a
gas with solar composition. However, the range in Fe and Ni isotope compositions of CR
chondrite metal is much smaller than that displayed by CH and CB chondrite metal. This
observation in combination with the significantly different textures of metal and chondrules,
indicate different formation histories for CH and CB chondrites. Both zoned and unzoned metal
from CH and CB chondrites display very similar trace element and isotope compositions,
indicating they likely formed within the same event, during non-equilibrium fractional
condensation from an impact-induced vapor plume. Zoned metal formed in the fast-cooling
outer shell region of the plume and is dominated by kinetic fractionation, while unzoned metal
condensed under more equilibrium-like conditions in the slow-cooling interior of the plume.
Preliminary modelling of isotopic and chemical zoning in metal reveal cooling rates of
0.02 K/h. Variability in metal isotope composition among different unzoned grains may be
explained by reservoir effects in the plume. Textural differences between CH and CB, are most

pronounced in the mean grain size, which may be attributed to grain-size sorting. Size sorting
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could also explain the lack of zoned metals in CB, chondrites, as zoned metals in CB, and CH
chondrites are by a magnitude smaller than the mean metal grain size of CB, chondrites.

In contrast, CR chondrite metal formation is best explained by condensation and subsequent
heating events that caused equilibration of metal with the silicates. The narrow range in trace
element, and Fe and Ni isotope compositions suggest that reservoir effects only played a very
minor role during formation of CR chondrite metal.

Since CR chondrite metal has formed in a different process than that of CH and CB
chondrites, the similarities in Cr, Ti, N and O isotope compositions of these meteorite groups
need to be explained otherwise. Those similar isotope compositions of the different meteorite
groups may (1) reflect the composition of a common accretion region (2) share common
precursor materials, or (3) indicate that a CR chondrite body was involved in the impact event,
CH and CB chondrites formed from and that isotope signatures of CH and CB chondrites were

inherited from the CR impactor.

2 INTRODUCTION

CR, CH, and CB chondrites are joined as the CR clan chondrites due to similar chemical
characteristics (Weisberg et al., 1995). All three chondrite groups have metal contents that are
higher than in other chondrite groups. CB chondrites have the highest abundance with up to
70 vol% metal (Newsom and Drake, 1979; Righter and Chabot, 1998; Zipfel et al., 1998;
Weisberg et al., 2001; Rubin et al., 2003), CH meteorites have up to 30 vol% (Krot et al., 2002),
and CR chondrites have approximately 7-9 vol% metal (Bischoff et al., 1993; Weisberg et al.,
1993; Krot et al., 2002). Moreover, they all form a mixing line regarding the oxygen isotope
composition (Clayton, 1993; Clayton and Mayeda, 1999). Another similarity is the
anomalously high *N abundance (Franchi et al., 1986; Weisberg et al., 1995; Weisberg et al.,
2001) and the occurrence of hydrous matrix in CR chondrites, and hydrous clasts in CH and
CB chondrites (Weisberg et al., 1995; Greshake et al., 2002; Krot et al., 2002; Bonal et al.,
2008). Another feature that differentiates CH, CB, and CR chondrites from other chondrite
groups are the relatively young chondrule ages. Chondrules from CR chondrites formed
~3.6 Ma after CAls (Budde et al., 2018) and those of CB ~5 Ma after CAls (Kleine et al., 2005;
Krot et al., 2005; Bollard et al., 2015). While CR clan chondrites are compositionally similar,
their textures are significantly different. Metal in CR chondrites is apparent in three different
types (1) inner chondrule metal, (2) metal in chondrule rims, and (3) isolated metal grains in
the matrix (Krot et al., 2002). No metal is apparent in CBy, chondrules and occurrence of metal
in chondrules from CH samples is rare (Krot et al., 2002). Probably the most striking feature of

CH and CB,, chondrites are chemically and isotopically zoned metal grains (Meibom et al.,
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1999; Weisberg and Prinz, 1999; Alexander and Hewins, 2004; Zipfel and Weyer, 2007,
Richter et al., 2014; and part 1l of this thesis), as well as the lack of matrix in CBy and CB.
chondrites. In contrast, CB. chondrites do not contain any zoned metal grains (Weisberg et al.,
2001) and metal occurs as up to cm-sized aggregates, which can only occasionally be found in
CBy chondrites and not at all in CH chondrites (Weisberg et al., 1995; Rubin et al., 2003). The
grain size is a general difference of these chondrite groups: CB. chondrites are mostly coarse-
grained with up to cm-sized metal aggregates and large silicate clasts or fragmented macro
chondrules (mm to cm size; Rubin et al., 2003); CB,, chondrites have smaller metal grains (on
average 200 um and rare appearance of cm-sized aggregates) and chondrule sizes of 50-200 um
in diameter; CH chondrites have the smallest grain sizes with metal grains of mainly 80-150 pum
in diameter and mean chondrule size of 90 um (Weisberg et al., 1995). The dominating
chondrule type in CH and CBy, chondrites is the cryptocrystalline texture, but also fine-grained
barred olivine chondrules occur (Weisberg et al., 1995; Krot et al., 2002). In contrast to that,
chondrules in CR chondrites are larger with average diameters of ~800 um and textures are
mainly porphyritic (Weisberg et al., 1995). The textural differences argue against a common
formation process/origin (Weisberg et al., 1995; Krot et al., 2002). While condensation from
an impact plume is suggested for components in CH and CB chondrites (see previous chapter
of this study), there are several different models for the formation of CR chondrite constituents
(Zanda et al., 1994; Conolly et al., 2001; Zanda et al., 2002; Jacquet et al., 2013). All these
models find consensus in a close relation of metal and chondrule formation. However, some
studies (e.g., Weisberg et al., 1993) suggest metal in CR chondrites to have formed by direct
condensation from a gas of solar composition before formation of chondrules. Other studies
propose that at least some of the metal within chondrules was formed due to reduction of FeO
while chondrules were in a molten state, which would explain the loss of volatile elements in
those metals (Conolly et al., 2001). In such a scenario, CR metal would have crystallized from
an immiscible metal melt within the chondrules (Conolly et al., 2001). For chondrule rim metal
and some of the isolated metals in the matrix a condensation origin was postulated which is
related to the evaporation of volatile elements during the molten state of chondrules and inner-
chondrule metal. Those rim and isolated metal grains would have condensed from the volatile-
enriched gas (Conolly et al. 2001).

Due to the proposed different formation origins, the relationship of the different CR clan
chondrite groups remains unclear. In this study, we want to unravel their relationship by in situ
analyses of trace elements and Fe and Ni isotopes of the metal phases. Furthermore, we aim at
gaining additional information on the formation conditions and timescales of metal growth
applying chemical and isotopic modelling on zoned metal grains using a code based on

MATLAB.
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3 SAMPLES AND METHODS

We examined polished sections of the CH chondrites Acfer 214, PAT 91546, and Sayh
al Uhaymir 290 (SaU 290). For comparison, we studied the CR chondrite Northwest Africa 852
(NWA 852). Chemical and isotopic data of the CB chondrites are taken from part Il of this

thesis.

3.1 Petrographic description

In the following general petrographic descriptions of CR, CH, and CB chondrites are
given based on the examined samples (see above and the previous chapter about CB
chondrites). If features are special to only one of the samples, it is noted in the text.

Figure 1: Reflected light images of the typical textures of the four different chondrite groups examined in this study.
The main textural difference between CH, CB, and CB, is the abundance of metal and the mean grain size. CB,
chondrites have the largest mean grain size and metal is more abundant than in CH chondrites. CB, chondrites have
the same amount of metal as CB, chondrites but have smaller mean grain sizes. CR chondrites have significantly
lower modal abundance of metal than CH and CB chondrites, and metal appears in three different textural setting.
As rims around chondrules, within chondrules or as isolated grains. Moreover, the most abundant chondrule type
in CR chondrites is the porphyritic one while it is the cryptocrystalline texture in CH and CBy, chondrites. Additionally,
CR chondrites contain matrix material, which is not abundant in CH and CB chondrites.
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3.1.1 CBa (Gujba, Bencubbin, NWA 4025)

CB. chondrites consist of about 70 vol% metal with grain sizes varying between
hundreds of pum up to several mm. Metal grains are often elongated and show a preferred
orientation (Rubin et al., 2003). Some cm-sized objects are present. Internal texture reveals that
they are composed of several smaller metal grains (up to 600um), which are separated by
sulfides often forming triple junctions. Those objects are called metal aggregates. Troilites are
abundant as small blebs within metal grains, within aggregates as well as in isolated grains.
However, sulfide-free metal grains are also present. Though no chondrules were found within
the examined sections of CB. chondrites, the presence of silicate globules within those samples
was described in the literature (Weisberg et al., 1995). Such silicate globules were also
described in (Rubin et al., 2003) with a maximum diameter of 10 mm and a radial pyroxene
(RP) macrochondrule was reported in (Weyrauch and Bischoff, 2012). Rubin et al. (2003) also
describe smaller silicate globules (50-600 pum) with cryptocrystalline (CC), barred pyroxene
(BP) or barred olivine (BO) textures. Interstitial to metal and silicates, CB. chondrites contain
some melt veins that are rich in silicate and contain small metal nodules. No fine-grained matrix

material or dark inclusions can be found in CB, chondrites (Weisberg et al., 1995).

3.1.2 CBy (HaH 237, QUE 94411, MAC 02675)

CBy chondrites mainly consist (up to 70 %) of fine-grained metal (30-200 um) that is
flaky, crimped, and stacked onto each other. Additionally, some larger metal grains (up to 4mm)
are present which constitute of several smaller metal grains (up to 600 um) separated by
sulfides. These objects are similar to the metal aggregates found in CB. chondrites. Zoned metal
grains occur in chains or in clusters, but also appear as isolated grains (on average 150 um in
diameter). The modal abundance of zoned metal makes up 10-18 % of the metal fraction of
HaH 237, the same can be assumed for other CB;, chondrites. In Ni element mappings, it can
be observed that zoning often follows the crimped form of the grains. Moreover, back scattered
electron (BSE) images reveal a fine-grained plessitic texture in the center of some zoned metal
grains. Interstitial to metal and silicate phases are abundant shock veins and clasts of fine-
grained material. Some are dominated by silicate melt and others are dominated by metallic
melt. Chondrules are abundant and mainly have CC- and fine-grained barred textures.
However, also coarse-grained barred olivine (BO) chondrules appear. Smaller CC chondrules
(20 to 50 pum diameter) are well rounded. Larger ones are more fragmented and show abundant
cracks. The same can be observed for barred chondrules. The latter are larger than CC

chondrules with diameters of 200-500 um, while CC chondrules rarely reach sizes of up to
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200 um. Moreover, some barred chondrules are crimped, as has been observed for the metal

grains.

3.1.3 CH/CBp breccia (Isheyevo)

The modal abundance of metal in Isheyevo is 7-90 % in (lvanova et al., 2008). In our
section from Isheyevo metal contents vary between 30 and 60 vol%. Evaluation of a Ni element
map of Isheyevo (5*5 mm) revealed that zoned metal makes up about 9 % of the whole metal
fraction. Areas with high metal contents (~60 vol%) are those of CB;, lithology. Metal is highly
compacted, crimped, and stacked onto each other. Zoned metal is mainly present in clusters or
as chains, with grain sizes up to ~300 um. The dominating chondrule type is of
cryptocrystalline texture with sizes of up to ~100 um. However, rare CC chondrules of
~200 pm are present, too. The areas with metal contents about 30 vol% represent the CH
lithology, which is more silicate-rich. Grain sizes of metal and chondrules are somewhat
smaller than in CBy chondrites. Though the mean chondrule size in CH chondrites is ~20 um
(Weisberg et al., 1995), also large silicate clasts of up to 1 mm in diameter are apparent in the
CH lithology. There is no sharp boundary between the two different lithologies (lvanova et al.,
2008). Interstitial to the metal grains and chondrules, Isheyevo contains abundant shock veins

and clasts of fine-grained material.

3.1.4 CH (Acfer 214, PAT 91546, SaU 290)

In CH chondrites the dominant phase are small rounded silicate grains which range in
size between tens of microns up to ~100 um. Metal mainly occurs as isolated grains but is also
present in the form of clusters, wherein metal grains are sometimes loosely attached to each
other. Grains are of amoeboid shape, mainly have frayed rims, and look heavily fragmented.
Size of metal is up to 300 um in diameter, average size is 80-100 um (Bischoff et al., 1993).
The modal abundance of zoned metal grains was determined from five Ni element mappings
of Acfer 214. Those mappings revealed that zoned metal makes up 7-11 % of the metal fraction.
BSE images revealed that a lot of zoned metals show plessitic texture within the centre (see
also Goldstein et al., 2007). The most abundant chondrule type is the cryptocrystalline texture.
Those chondrules range in sizes between 20 and 200pum (Bischoff et al., 1993). Smaller ones
are well preserved, larger ones (100 um and larger) often show cracks or are only present as
fragments. Barred chondrules are also quite abundant, they are larger (up to 300 um) than the
majority of CC chondrules and mainly are fragmented. Some of those seem to be crimped, like
it can be observed for some metal grains. In the examined thin section of PAT 91546 one

porphyritic chondrule with a metal ring was observed (Fig. 2), such objects were not found in
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the other two CH chondrite samples. PAT 91546 is also slightly different from Acfer 214 and
SauU 290 in its general texture. Metal in PAT 91546 seems to be more equally distributed than
in the other two samples, and also seems to be more frequent. Interstitial to isolated chondrules,
sulfides, and metal grains are melt areas of varying sizes. Those are siliceous melts with tiny
well-rounded metal blebs inside. Moreover, all CH samples show areas of fine-grained matrix

like material (Flg 2)

NWA 852

Figure 2: Reflected light images of chondrules from CR chondrite NWA 852 (upper two) and CH chondrite PAT 91546
(lower two). Upper left: A porphyritic chondrule with a metal ring of multiple layers and a metal grain within the
chondrule. Upper right: A compound chondrule consisting of at least three radial chondrules with a sulfide rim
around. Dashed red lines indicate boundaries of the individual chondrules. Lower left: a rare porphyritic chondrule
(POP) with a metal rim from CH chondrite. Cryptocrystalline chondrules (CC) are also apparent. Lower right: a typical
cryptocrystalline chondrule (CC) and a fine-grained barred olivine chondrule (BO) from a CH chondrite. Fine-grained
matrix-like material is attached to the surface of the deformed BO chondrule.

3.1.5 CR (NWA 852)

CR chondrites have about 7-9 vol% metal (Bischoff et al., 1993; Weisberg et al., 1993).
Metal occurs as isolated grains in the matrix, as rims around chondrules or within chondrules
(Krot et al., 2002, Fig. 1). Grain sizes are varying strongly. While most metal grains are in um
range, some of the isolated metals can be up to 2 mm in diameter. The majority of the larger
isolated grains is rounded. Smaller (tens of microns) isolated metal grains and metal in

chondrule rims are of amoeboid shape. Most metal rims around chondrules are simple rings
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around these spherules. However, some rings are more complex and seem to have some kind
of layers (Fig. 2). In the examined section of NWA 852 a multi compound chondrule was
found, which consists of at least three chondrules with radial texture and a porphyritic area in
the rim region (Fig. 2). Around this object is a sulfide-metal ring (Fig. 2). Such sulfide rims
were also described for ordinary chondrites (Merrill, 1920; El Goresy et al., 1981). Metal within
chondrules is always well rounded and reaches sizes of ~150 um. Chondrules are well
preserved and range from ~200 um to mm - size. The most abundant chondrule type is the
porphyritic texture (also see Weisberg et al., 1995), but radial and barred chondrules are also

present. Interstitial to chondrules and isolated metal grains is fine-grained matrix material.

3.2 Analytical Procedure

In a first step samples were examined optically with a Zeiss Axiophot microscope
(Frankfurt) and with a Leica DM4-M microscope (Hannover). For quantitative analyses of the
chemical composition of the metal grains in the CH and CR samples, a JEOL Superprobe JXA-
8900 electron microprobe was used at the Goethe Universitat in Frankfurt. Metals were
examined for their Si, Fe, Cr, Ni, S, Co, and P contents at 20 nA and 20 kV with a focused
beam. Pure element metal standards were used for Si, Fe, Cr, and Ni. Calibration of P, S, and
Co was done with KTiOzPO,, FeS, and CoO, respectively. Matrix correction was made
according to CITZAF procedure of (Armstrong, 1995). Element mappings were performed for
determination of zoned metal grains. Iron, Mg, Al, Ca, and Ni were mapped on WDX detectors
at 60 nA and 20 kV with a dwelltime of 10 ms and an interval of 3x3 um.

Metal grains were also examined for their Fe and Ni isotope, and trace element
composition. Analyses were performed in situ (in Hannover). For isotope analyses a Solstice
femtosecond laser was connected to a Thermo Scientific Neptune Plus MC-ICP-MS, for trace
elements the laser was connected to a Thermo Element XR SF-ICP-MS. Measurements were
performed the same way as described in Part Il of this study. Analyses for both isotope systems

have accuracy and precision better than 0.1 %o..

4 RESULTS

4.1 Chemical and isotopic characteristics of metal from CH chondrites

CH chondrites contain zoned and unzoned Fe,Ni-metal grains. In the following chemical

and isotopic characteristics of metal are described separately for zoned and unzoned ones.
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4.1.1 Zoned metal

For Acfer 214 and PAT 91546 three zoned grains each were analyzed for their Fe and
Ni isotope compositions. Regarding trace elements, only one zoned grain from Acfer 214 was
analyzed because of the small grain size in this sample. In SaU 290 two zoned metals were

examined for their isotope and trace element compositions.

d chemical profile SaU290 1.2
10 94
— 91 = =
o~ (o) (0] o) —_
i)
2 84 m © ° ° o3
= s
c 0] =
=71 o 8 5
© | e o =
£ 6 - - 92 O©
@ m =
S 5 | L 3
; . = s
8 4 4 [} = L 91 Q
- A A A &
< 3 1 A A A A a A
ONi ACox10 HFe A A
2 L] T T T T 90
0 20 40 60 80 100 120
Distance [um]
b isotope profile SaU290 1.2
0 3
* 2
=05 ¢ —_
S ; ' g
< -1 g ¢ 0 =
= 3
< * -1 o)
S -15 * § , S
= i o
o i 3 L
— -2 - —
2 L ¢ =
B s m & Fe 4o
® o ¢ © 5”Ni >
3 -6
0 20 40 60 80 100

Distance [um]

Figure 3: Chemical (a) and isotopic (b) profile of a typical zoned metal grain from CH chondrites. a) major element
composition of zoned metal grain SaU290_1.2 with Ni concentration being high in the center of the grain and
decreasing towards the rims. Cobalt is following the trend of Ni and Fe is zoned reversely with low concentration in
the center and high contents in the rims. b) isotope profile of grain SaU290 1.2, Fe and Ni are zoned parallel to
each other with light compositions in the center and heavier composition in the rims.
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Similar to zoned metal in CBy chondrites (see part Il), zoned metals in CH chondrites
have higher Ni contents in the center than in the rims, Cr and Fe concentrations are vice versa
with lower values in the core than in rims (Fig. 3a). Refractory elements and Co follow the
trend of Ni with higher concentrations in the cores than in the rims. Normalizing trace element
compositions to CI values reveals that zoned metals are enriched in refractory elements by a
factor of ~10 (Fig. 4). Cores are more enriched than rims. Zoned grains are generally strongly
depleted in moderately volatile elements (Au, Cu, Ge). Cl-normalized trace element patterns
reveal a depletion of Mo and W relative to other highly refractory elements (Fig. 4), with
depletion of W being much more pronounced than that of Mo. Those patterns are uniform for
all examined zoned grains from the three studied samples.

Isotope composition profiles reveal that Fe and Ni isotopes are lighter in the core regions
than in the rims (Fig. 3b). This is consistent with isotope profiles from zoned metal in CBy
chondrites described in part 1. The grains with the largest isotope fractionation between rims
and core are SaU290_1.1 with ~6 %o for 5°Fe and ~9 %o for 6°2Ni, and grain Acfer_5.3 with

~6 %o fractionation for both isotope systems.
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Figure 4: Cl normalized values of zoned metal grain SaU290_1.2. Refractory elements are enriched by 7-10 times
Cl, while moderately volatile elements (Au, Cu, Ge) are depleted relative to solar values. A depletion of W relative
to other refractory elements is observable in this grain. This pattern is representative for all zoned metal grains in
CH chondrites. Elements are sorted by their 50% condensation temperatures according to (Lodders et al., 2009).
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4.1.2 Unzoned metal

In SaU 290 six unzoned metals were examined. In Acfer 214 and PAT 91546, four and
three grains were analyzed for their Fe and Ni isotope compositions, respectively. However,
trace element analyses were only performed on two of the metals from Acfer 214 due to the
small metal grain size. Isotope composition in CH chondrite unzoned metal is largely varying
(Fig. 5). It seems that PAT 91546 tends to have lighter Fe and Ni isotope compositions than the
other two CH chondrites.
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Figure 5: Isotope values of unzoned metal grains from CH chondrites. 20=0.1%o.

Trace element compositions normalized to Cl values show that unzoned metals are
enriched in refractory elements by ~7-10 times the CI values and strongly depleted in
moderately volatile elements with the exception of Au. In sample PAT 91546, Au
concentrations show a wide range and are enriched by 6-38 times CI, while sample SaU 290
only shows Au contents of 0.5-3 times CI. The two grains examined from Acfer 214 show very
similar trace element patterns. Gold contents are 1xCl and 2.5xClI, while their refractory
element contents are enriched by 5-7xCl. Grain PAT 91546_4.3 is the only grain depleted in
highly refractory elements (Os and Re). This grain also has the highest Au contents and also
shows strongly positive anomalies of Mo and W, with an enrichment of 63xCl and 151xCl,
respectively. Molybdenum and W concentrations are varying in SaU 290, some grains show a
depletion relative to other refractory elements, while others show flat patterns or slight
enrichments in those elements relative to other refractory elements. While the majority of the

grains show uniform patterns, except for Mo and W, one grain stands out. Grain SaU 290_1.3
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is depleted in the refractory elements Re, Os, Ir, and Pt but shows higher abundances of the

elements Mo, W, and Ru.
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Figure 6: Cl normalized values of a selection of “common” unzoned metal grains from CH chondrites. The grey line
represents grain PAT_4.3, which shows divergent element abundances. It appears that refractory elements are
enriched by 7-10 times the solar value, and that moderately volatile elements are depleted. It is also obvious that
trace element compositions are variable among the metal grains, as some grains show higher Au values than
others, and since some unzoned metal grains are depleted in W and Mo relative to other refractory elements. Other
grains do not show such a depletion or are even enriched in W and Mo relative to other refractory elements.
Elements are sorted by their 50% condensation temperatures according to (Lodders et al., 2009).

4.2 Chemical and isotopic characteristics of metal from CR chondrites

CR chondrites only contain unzoned metal. Since we only had one CR chondrite sample
available, supporting data from the literature are added for trace element composition of metal
from CR chondrites. No Fe isotopic data for CR chondrite metal were found in the literature,
thus we present the first Fe isotope data for CR chondrite metal. Nickel isotope data were only
found for Renazzo (Cook et al., 2007; bulk metal data).

Seven metal grains in NWA 852 were examined for both, Fe and Ni isotope
compositions as well as for trace element concentrations. The investigated metals are either
inclusions in chondrules, or isolated grains. Additionally, two small grains could only be
analyzed for their Fe (NWA 852_11) or Ni (NWA 852_12) isotope composition, respectively.
Both grains are located in a complex cauliflower-like metal ring around a chondrule.

Both, §%2Ni (0.16 to 1.09 %o) and 5°°Fe (-0.34 %o to 0.64 %o) show, compared to unzoned
grains from CB and CH chondrites, limited, but still significant variability in the metal from

NWA 852. Figure 7 reveals that Ni concentrations are highest in inner chondrule metals. Those
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also tend towards heavier Fe isotope compositions. However, all metal, except one, overlap
within uncertainties in Fe isotope values. Nickel isotope composition of the metals is more
variable than Fe isotope composition and no correlation with the Ni concentration can be
observed. There is no correlation of the isotopic composition with the textural setting of the
metal grains (Table 1). However, Figure 7 also shows that the isotope composition in isolated
metal seems to be related with the Ni content. Fe isotope composition is heavier in the grains
with high Ni contents than in those with lower Ni concentrations. The correlation of the Ni
isotope composition with the Ni concentration is not as pronounced as the correlation with the
Fe isotope composition. Nonetheless, it appears that §°Ni values are lighter in the grains with

high Ni concentrations.

Table 1: Isotope composition and major element concentrations of metals from CR chondrite NWA 852. It appears
that the isotopic composition is not correlated with the textural setting. However, metal that sits within chondrules
has higher Ni and Co values than isolated metal. NA = data not available.

Grain | Textural setting | °Fe [%o] 8%2Ni [%o] Ni [wt%] | Co [wt%o]
NWAL | inchondrule 0.64 0.17 7.73 0.36
NWA?2 | Isolated -0.33 1.01 5.76 0.27
NWA3 | isolated -0.25 0.55 5.51 0.26
NWAS5 | Isolated -0.17 0.60 6.10 0.28
NWAG6 | Isolated -0.23 0.16 6.17 0.28
NWAY7 | in chondrule -0.10 0.23 8.24 0.36
NWAS8 | Chondrule rim NA NA 5.34 0.24
NWA9 | Isolated -0.34 1.09 5.22 0.25

Literature data for Ni isotope composition of CR chondrite metal is only available for
Renazzo (Cook et al., 2007) with 8°¥%8Ni = 0.58 %o (which corresponds to 3°2°Ni = 0.29%o),
this value is in the range of Ni isotope values measured for NWA 852 and may suggest that CR
chondrites have only limited isotopic variation between the single meteorites.

Major and trace element analyses, were performed on nine metal grains from NWA 852.
Nickel content in the grains is varying from 4.9 wt% up to 8.2 wt%, Co ranges between
0.24 wt% and 0.36 wt%. Nickel and Co commonly are positively correlated. Grains with high
Ni concentrations also have high Co contents. The two grains from within chondrules
(NWAB852_1 and NWAB852_7) have significantly higher Co and Ni contents than the majority
of the chondrule rim or isolated grains of this chondrite. Normalizing element contents to Cl
values (Figure 8) reveals that refractory elements are enriched in the majority of grains by a
factor of ~5-7xCl. However, two grains show a somewhat different pattern in refractory
elements: NWAB852_1 (within chondrule) shows an enrichment in refractory elements by a
factor of ~23, and in NWA852_8 (chondrule rim) those elements are only enriched by a factor
of ~3.
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Additional data for metal grains from ten CR chondrites were taken from Jacquet et al. (2013).
Nickel contents from NWA 852 fall into the same range that was observed in the literature.
Most grains from the literature are also consistent with the trace element abundances found in
NWA 852, significantly higher contents are the exception.
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CI normalized abundances of the data from Jacquet et al. (2013) show similar patterns
as the data derived for NWA 852. In the majority of metal grains, the refractory elements are
enriched by about ~5-7xClI (Fig. 8). However, there are some exceptions with significantly

higher or lower contents in refractory elements (see supplement of Jacquet et al., 2013).
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Figure 8: Cl normalized abundances of metal from CR chondrite NWA852. Dashed lines represent metal that is
located within a chondrule, blue lines represent isolated metal. Grey squares represent the most extreme
abundance patterns for CR chondrites found in Jacquet et al. (2013).Values from the literature and from this study
show that metal from CR chondrites is enriched in refractory elements by 5-10 times Cl and depleted in moderately
volatile elements (Au, Cu, Ge). It seems that trace element variability of metals within an individual sample is similar
to that observed among the different CR group meteorites. Unlike commonly observed in CB and CH chondrites, W
and Mo (only this study, a) do not show a depletion relative to other refractory elements, but rather W shows a
slight enrichment. Elements are sorted by the 50% condensation temperature according to (Lodders et al., 2009).

4.3 Isotopic and chemical similarities and differences of CR, CB, and CH
chondrites’ metal

Zoned metal from CBy, and CH chondrites are isotopically similar to each other. In both
chondrite types Fe and Ni isotope zoning is parallel with lighter composition in the cores than
in the rims. Plotting core and rim compositions (8%2Ni vs Ir, Fig. 9a) of CB;, and CH together,
reveals that cores and rims have variable compositions. Two evolution trends of zoned metal
grains in CBy chondrites were found in part Il of this thesis. Group | has cores with lower Ir
concentrations and light Ni isotope compositions and evolve towards heavier isotope
compositions while Ir content is scarcely changing. Cores of CBy, grains display a significant
positive correlation of 3°Ni and Ir (R2 = 0.8, excluding 2 of 12 cores that may not reflect real
core values due to cutting effects). Group Il metal grains have higher Ir and heavier Ni isotope
compositions in the cores than associated rims. Rim compositions are similar to the rims of
group | grains. Examined zoned grains from CH chondrites mainly follow the evolution trend
of group I. However, Ni isotope compositions of the cores of CH grains are slightly heavier
than those of group | cores from CB, chondrites and are more similar to the isotope

compositions of group Il cores from CBy, chondrites. The evolution trend of group | grains
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suggest formation by fractional condensation in a fast-cooling reservoir leading to
predominantly Kinetic condensation causing high degrees of isotope fractionation towards
negative 5°?Ni and 3°®Fe (higher than in group Il). The dominance of group I zoned metal in
CH chondrites, may indicate that formation of zoned metal under rapid cooling rates was
favored contrary to formation of zoned group Il metal which likely represent a mixture of

equilibrium and kinetic condensation.
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Figure 9: Plots of Ni isotope composition vs Ir concentrations of (a) zoned metal grains from CH and CB,, chondrites
and (b) unzoned metals from CH, CB, and CR chondrites. a) shows that zoned metal from CH chondrites rather fall
into group | while CBy zoned metals fall into both groups. b) reveals that unzoned metal from CH chondrites show
larger isotopic variations than CB and CR chondrite metal, but that the majority of unzoned metal from all three
meteorite groups plot in a relatively narrow range of 0 + 2 %o (with two exceptions lying at 4.4 %o and 5.8 %.. Blue
fields show the correlation trend of Ir concentration and Ni isotope composition of the cores of zoned metal.
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Unzoned metal from CH, CB, and CR chondrites show different variability in their
isotopic and chemical composition (Fig. 9b). CR chondrite metal display a much smaller range
than unzoned metal from CH or CBy chondrites both in the isotope composition (Fig. 10) and
in the Ir content (Fig. 9b). Only one metal grain from NWA 852 shows significantly higher Ir
concentrations than the rest of metal from that sample. This is grain NWA852_1, which also
has the heaviest Fe isotope composition (Figs. 7a and 10) and is located within a chondrule.
Though CB, metal has also quite narrow isotope compositions, Ir contents are more varying.
Unzoned metal from CH and CBy, chondrites fall in about the same range of isotopic values.
Zoned metal grains from CH and CBy, chondrites, as well as the majority of unzoned grains
from those meteorites, and the unzoned grains from CB. chondrites, display a positive
correlation of Fe and Ni isotope composition (Fig. 10). Such correlation of the two isotope

systems is not observed for metal from CR chondrites.
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Figure 10: Plot of Ni isotope composition vs Fe isotope composition of examined metal from CH, CB, and CR
chondrites. Zoned metals from CH and CB, chondrites (in particular the cores) display a positive correlation.
Unzoned metal from CH and CB chondrites crudely follow this trend. Such correlation is not observable for metal
from CR chondrites.

Zoned metal grains from CH and CBy;, chondrites show the same zoning patterns of highly
siderophile refractory elements (HSRE) with mainly higher concentrations in the grain center
and decreasing contents towards the rims. In both meteorite types also rather flat patterns
appear. Those mainly affect Ir and Os, Ru mostly keeps following the zoning of Ni and Co,
with high contents in the center and lower ones at the rims. Zoned metal from both CH and CBj,
chondrites are enriched by 7-15 times Cl in refractory elements, and are depleted in moderately
volatile elements such as Ge, Cu, and Au. Cores are more enriched in refractory elements than

rims. For zoned metal from CBy chondrites a relative depletion of W and Mo relative to other
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refractory elements was observed, which is more pronounced for W than for Mo (see part II).
Such a negative W and weaker negative Mo anomalies are also apparent in zoned metal from
CH chondrites.

Unzoned metal from CH, CB and CR chondrites are very similar in their major element
composition. They all display a positive correlation of Co and Ni with solar ratio. Moreover,
trace element compositions in unzoned metals from the different meteorite groups show similar
Cl normalized abundance patterns: with enrichment of refractory elements by 5-10 times and
depletion of moderately volatile elements. The depletion of Mo and W relative to other
refractory elements observed in zoned metals from CH and CBy chondrites, is rarely apparent
in unzoned metal from CH, CB and CR chondrites. Molybdenum and W sometimes even show

a slight enrichment relative to other refractory elements.

5 DISCUSSION

For metal from CH and CB chondrites a condensation origin was suggested (Meibom et
al., 1999; Weisberg and Prinz, 1999; Campbell et al., 2005). The setting for such a condensation
process is highly debated as some groups propose condensation in the solar nebula (Weisberg
and Prinz, 1999) and others set condensation within an impact-induced vapor plume (Wasson
and Kallemeyn, 1990; Fedkin et al., 2015). The Fe and Ni isotope composition, and trace
element concentration in metal of CB chondrites were analyzed in part 11, and results support
an origin of CB chondrite metal in an impact plume. Other studies also suggest a condensation
origin from a gas of solar composition for CR chondrite metal, based on the depletion in
moderately volatile elements and the Ni-Co correlation (Weisberg et al., 1993; Campbell et al.,
2005). However, this is controversially discussed as other research groups (Lee et al., 1992;
Zanda et al., 1994) interpret these characteristics to be due to redox processes. In contrast to
CH and CB metal, CR chondrite metal formation is proposed to be closely linked to chondrule
formation.

In the following we discuss the possible formation models and relationship of the CR

clan chondrites.

5.1 Formation conditions and relationship of CB and CH chondrite metal

Former studies already discussed that isotopic and chemical composition of zoned and
unzoned metal from CB and CH chondrites are consistent with a condensation origin (Campbell
etal., 2005). It was previously shown that compositional data of CH and CB chondrites suggests
condensation from an impact-induced vapor plume (Wasson and Kallemeyn, 1990; Kallemeyn

et al., 2001; Fedkin et al., 2015; and part Il of this thesis). In such a scenario, zoned metal
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condensed in the outer shell of the plume under fast cooling rates with dominantly kinetic
isotope fractionation. Unzoned metal formed in the slow-cooling interior of the plume under
more equilibrium-like conditions (see part Il). Since zoned and unzoned metal from CH
chondrites are very similar to CB chondrite metal, both in their isotopic and chemical
composition, a common formation process for metals from CH, CB,, and CB;, chondrites can
be postulated (Figures 8, 9, 10). The main textural difference between CH, CBy and CB,
chondrites is the mean grain size. This could be caused by grain size sorting, which could have
occurred due to interstellar shock waves (Clayton, 1980) or X-winds (Krot et al., 2001) that
pushed material out of the formation region. In this scenario, small grains would have been
transported further than large grains. Grain size sorting would also explain the lack of zoned
metal grains in CB, chondrites, as zoned metal grains are rather small with 80-300 um in
diameter. This is by more than a magnitude smaller than the mean grain size in CB, chondrites
(0.4-7mm, Rubin et al., 2003). Another difference between CH and CBy chondrites is, that
plessitic textures in the cores of zoned grains are more abundant in CH than in CBy chondrites.
This suggests different shock histories of CH and CBy chondrites and may indicate that CH and

CBy chondrites do not derive from a common parent body.

5.2 Modelling of formation conditions of zoned metal from CH and CBo
samples

To gain more information on the conditions and timescales of zoned metal formation in
CH and CBy chondrites, modelling of isotope and chemical zoning were performed with a
MATLAB code specifically written for that purpose. Conditions and time scales of metal
growth are estimated by fitting chemical and isotopic zoning profiles, that were modeled with
variable boundary conditions, to those observed in the samples. The algorithm includes cooling
constant (1/s), the volume (m3) of the gas the grain formed from, the total pressure of the gas
(bar), and beginning (1473 K, condensation temperature of Fe,Ni-metal (Krot et al., 2009)) and
end temperature (400 K) of the condensation process. The partial pressure of Fe and Ni isotopes
is being newly calculated for every time step (deltat=10000 s) of the formation process. This is
done by mass balance calculation of the gas reservoir and the increasing radius of the growing
grain. Calculations are only considering growth of one grain from a specific volume. A gas of
solar composition is assumed from which one grain grows from a nuclei of 1 nm. The three
factors mostly controlling the shape of the modeled zoning profiles are the volume of the gas,
the total pressure of the gas and the cooling constant.

First results reveal that the first condensates show a strong Ni concentration peak in the
center of the grain and evolve into a small plateau area before they decrease (Fig. 11a). Fe and

Ni isotope patterns start with values below 0 %o evolving to lighter values and getting heavier
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in the rim regions. (Fig. 11b). This evolution is similar to the trends observed in grain
HaH237_10.5 which is also the largest zoned grain found in this study. Thus, this grain may
represent the earliest metal that formed from the impact plume. The other zoned grains, which
have bowl-shaped isotope patterns, with light isotopes in the cores and heavier ones in the rims,
may represent later condensates. They are congruent with the evolution of the zoning found in
the flanks and rims of HaH237_10.5.
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Figure 11: Modeled and measured chemical (a) and isotopic (b) zoning of zoned metal plotted against the grain
radius with 0 um denoting the grain center. a) circles represent the measured Ni concentration zoning in metal
grain HaH_10.5, the blue line represents the fitted model. b) circles represent measured isotope values (yellow=
6°Fe, purple = 552Ni), lines represent modeled isotope zoning (red = 6°6Fe, blue = §52Ni). Modeled and measured
values do not perfectly fit due to the lack of diffusive changes during grain growth in the model algorithm. However,
Fe isotopes are less strongly fractionated than Ni isotopes in measured and modelled zoning and show overlapping
in the rim regions. For the fitted model a total pressure of 1*10-3bar, a total volume of 55m?3 a cooling constant of
1*108 (1/s), and deltat = 10000 (timestep in s) were assumed.

Since the MATLAB algorithm does not include diffusion processes yet, it is not possible
to fit the model well enough with the measured zoning patterns to give substantiated
information on the formation conditions of zoned grains, such as cooling rates. However, the
here fitted model gives a cooling rate of 0.02 K/h (Fig. S1). This rate may change after inclusion

of diffusion into the calculation.

5.3 Possible formation conditions of CR chondrite metal

Chemically, unzoned metal from CR chondrites is very similar to unzoned metal from
CH and CB chondrites (Figures 5, 8, 9, 10). The depletion of moderately volatile elements
relative to the solar value and the enrichment in refractory elements relative to CI, as well as
the Ni-Co correlation, is consistent with a condensation origin (Weisberg et al., 1993; Campbell
et al., 2005) as it was suggested for metal from CB and CH chondrites. However, it was also
proposed that those signatures might be caused by redox processes (Lee et al., 1992; Zanda et
al., 1994). In contrast to unzoned metal from CH and CB chondrites, metal grains from CR

chondrites show rather homogenous isotopic values that scatter closely around 0 %o. This
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indicates that reservoir effects did not play such a significant role during formation of the metal,
as it was the case in the formation of CH and CB chondrite metal. The isotopic differences in
combination with the textural differences, suggest that CR metal had a different origin than CH
and CB chondrite metal. The majority of metal in CR chondrites is associated with chondrules,
either as metal inclusions or as rims around chondrules. Thus, metal formation in CR chondrites
was likely coupled with chondrule formation, as it was already discussed in former studies
(Campbell et al., 2005, and references herein).

Depletion in moderately volatile elements and enrichment in refractory elements is best
explained by fractional condensation, at high temperatures. Since metal in CR chondrites is
closely associated with chondrules, it seems likely that the metal was already present in
chondrule precursor material, or was incorporated during melting of chondrule precursors, in
which metal and silicate melts would have been immiscible (see also Conolly et al., 2001). The
well-rounded shape of metal inclusions in chondrules, and the lower Fe content compared to
that in isolated metals, may be explained by metal-silicate equilibration. Zanda et al. (2002)
observed a positive correlation between the melting degree of the chondrules and the Ni content
of the metal inclusions. Thus, a heating event could be responsible for this process, as earlier
proposed by Jacquet et al. (2013). During that phase, oxidation and evaporative loss of Fe is
assumed to occur in the chondrules (Jacquet et al., 2013).

This model does not only explain the chemical signature of CR metal, which is consistent
with a condensation origin, but also provides an explanation for the association of metal with
chondrules and the equilibrated isotope composition of metal.

Variability of trace element and isotope compositions of CR chondrite metal grains may
derive from minor reservoir effects during the condensation of the precursor material, or for
inner chondrule metal from metal-silicate equilibration. Thus, condensation occurred more
likely in the solar nebula than being associated with an impact induced vapor plume, as

reservoir effects are large in the latter (see variability in CH and CB chondrite metal).

5.4 Possible relationship of CR, CB, and CH chondrites

Though constituents of CR chondrites have a different origin than those of CH and CB
chondrites, similarities in Cr, N and O isotope composition (Weisberg et al., 1995; Clayton and
Mayeda, 1999; Krot et al., 2002; Warren, 2011), and the occurrence of hydrated clasts
(Weisberg et al., 1995; Greshake et al., 2002) within the meteorites imply a relationship
between the different chondrite groups. Chromium and Ti isotope compositions reveal a
dichotomy between carbonaceous meteorites and non-carbonaceous meteorites (Trinquier et

al., 2009; Warren, 2011). Due to that, formation of carbonaceous chondrites is supposed to have
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occurred in the outer solar system, farther out than formation of other chondrite groups (Warren,
2011). In an &**Cr vs. A0 space (Fig. 2 in Warren (2011)), CB chondrites plot closest to CR
and CM chondrites, while other carbonaceous chondrites plot towards heavier or lighter values
on the carbonaceous trend line. The isotopic similarities of CB and CR chondrites are further
supported by N isotope compositions, which separate the metal-rich chondrite groups from
other chondrites, including CM chondrites. The N isotope composition of CH (8°N=550-
850%0) and CB (8°N=500-1000%o0) chondrites is more similar than that of CR chondrites
(3®N=150-200%o), which is isotopically lighter than that of CH and CB chondrites (Fig. 6 from
Weisberg et al., 1995). Nonetheless, all three meteorite groups have significantly heavier N
isotope composition than other chondrite groups (8N up to 100%o, Weisberg et al., 1995).
Moreover, due to Cr-Mg isotope systematics in metal-rich carbonaceous chondrites (CH, CB,
CR), it is postulated that they were isolated from other carbonaceous chondrites during their
formation (Van Kooten et al., 2016).

Since it is unlikely that CR chondrite components have formed in the same process as
constituents of CB and CH chondrites, the isotopic similarities may derive from accretion in
areas with akin compositions. Heavy N isotope composition of CH, CB and CR chondrites may
support this, as those are supposed to be preserved by colder conditions as present in the outer
solar nebula (Van Kooten et al., 2016) where metal-rich chondrites may have accreted. Another
possible explanation for the isotopic similarities of CH, CB, and CR chondrites is, that their
precursor material was formed in the same region. It is also possible that a CR chondrite was
one of the impactors causing the vapor plume. In this scenario, isotopic similarities would be
inherited from the impactor by CH and CB chondrites. As reported ages for CR chondrites are
older than those for CB chondrites (Kleine et al., 2005; Budde et al., 2018), this might be a
possible scenario. Fedkin et al. (2015) also suggest a CR chondrite-like body to be involved in

the formation process of CH and CB constituents.

6 CONCLUSION

Isotopic and trace element compositions of zoned and unzoned metal grains from CH
and CB chondrites are very similar and suggest a common formation origin. This most likely
is condensation from an impact-induced vapor plume, whereas zoned metal formed in the fast-
cooling outer regions and unzoned metal under more equilibrium-like conditions in the slow-
cooling inner regions. Main differences between CH and CB chondrites are the different mean
grain sizes. Those most likely originate in grain size sorting, which would also explain the lack
of zoned metal in CB, chondrites, as zoned metal grains are much smaller than the mean grain

size of that meteorite group. For CR chondrite metal, a different formation process needs to be
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assumed, as isotopic composition is much more homogeneous in CR chondrites than in CH and
CB chondrites. The variations in unzoned metal from the latter groups, can be explained by
reservoir effects that are likely to appear in an impact plume. As CR chondrite metal lack such
variation, a nebular condensation origin is being proposed. Small isotopic variations may be
explained by metal-silicate equilibration reactions during heating events associated with
chondrule formation.

Considering such different formation processes for CH and CB chondrites, and CR
chondrites, the similarities in the Cr, Ti, N and O isotope compositions and other compositional
similarities must be unrelated to the formation process of the metals, but rather related to a
common precursor material. We suggest that similarities may derive from accretion of those
meteorite types in a region of the solar nebula with similar Cr, Ti, N and O isotope composition
or that those isotope signatures in CH and CB chondrites are inherited from a CR chondrite

impactor.
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Part 1V: Evidence for the formation
conditions of cryptocrystalline
chondrules from CH and CBy
chondrites from their trace element
composition

Trace element data for this chapter were obtained in the course of the project thesis of Max
Winkler.

1 ABSTRACT

CB and CH chondrites are special among the undifferentiated meteorites due to
characteristics that hint towards formation in an impact-induced vapor plume rather than a solar
nebula process. Metal from these chondrite groups is already well examined and their chemical
and isotopic compositions support formation from an impact plume. Chondrules from CB
chondrites were found to be younger than chondrules from other meteorite types. Moreover, a
condensation origin is proposed for those chondrules, and some studies suggest an impact
plume to be the setting for the formation of those chondrules. Here, we examine
cryptocrystalline chondrules from two CH and three CBy chondrites, as well as from CH/CBy,
breccia Isheyevo. Trace element abundances were determined by LA-SF-ICP-MS, and Si
isotope compositions of eight chondrules were also determined in situ, by LA-MC-ICP-MS. ClI
normalized trace elements show abundance patterns with volatile elements being generally
depleted. Refractory element abundances, however, reveal two different populations among the
CC chondrules. One population has superchondritic abundances with flat patterns of refractory
elements. The other population, shows generally subchondritic element abundances and
fractionated refractory element patterns. The enrichment in refractory elements in
superchondritic chondrules suggests a condensation origin as it was already proposed for barred
olivine (BO) chondrules in the literature. Those BO chondrules and the superchondritic CC
chondrules condensed early from an unfractionated gas reservoir. CC chondrules with

chondritic to subchondritic refractory element abundances show fractionated patterns that are
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related to “group II” patterns known from refractory inclusions in carbonaceous chondrites.
The latter formed from a depleted gas reservoir after condensation of an Al- and Ca-bearing
ultrarefractory component. Most likely, both chondrule populations condensed from very
localized gas compartments. Silicon isotope compositions of CC chondrules are heavier than
the chondritic average and in parts also than BSE. This indicates loss of light Si isotopes prior
to formation of those chondrules, which may be caused due to early condensation of BO
chondrules and/or CAls. All examined CC chondrules show an enrichment in Cr composition
relative to CI. Such high Cr concentrations hint towards oxygen fugacities that were higher than
in the solar nebula and are characteristic for an impact-induced vapor plume. This observation,
in combination with the occurrence of CC chondrules within zoned metal, that was proposed
to have formed from an impact plume, indicates that CC chondrules have formed from the same
vapor plume as metal, and that CC chondrules condensed prior to the rims of zoned metal.
Moreover, Mo and W abundances are in good agreement with the formation scenario discussed
(part 11 of this study) for metal of CH and CBy, chondrites. Thus, metal and chondrules from
CH and CBy chondrites likely formed in a closed system.

2 INTRODUCTION

Chondrules are a major constituent in primitive chondritic meteorites that are least
altered by either thermal or aqueous alteration. Therefore, chondrules are important objects to
be studied to unravel processes in the early solar system. Though it is consensus that chondrules
formed by fast-cooling from siliceous melt droplets, the heating process and the precursor
material are still being controversially discussed. Some research groups suggest that precursor
material were dust grains from the solar nebula and that they were heated by shock waves or
solar winds (e.g., Shu, 2001). Other groups propose that chondrules formed in the event of
colliding planetesimals which caused splashing of melt droplets that subsequently crystallized
at fast cooling rates (e.g., Sanders and Scott, 2012).

CH and CB chondrites are special among the chondrites due to their high metal content
(~30 vol% and 70 vol%, respectively). In those meteorite groups, chondrules are not the main
constituent. Moreover, the most abundant chondrule type is of cryptocrystalline (CC) texture
(60%, Krot et al., 2001). These are thought to have formed by condensation due to the depletion
in moderately volatile elements (Wasson and Kallemeyn, 1990; Russell et al., 2000; Krot et al.,
2001; Jacquet et al., 2012). Chondrules from CBy chondrites do not show evidence for
remelting, as they lack metal particles and relics of early chondrule generations inside, and also
lack of porphyritc textures (Krot et al., 2001). All these observations support a condensation
origin (Krot et al., 2001). Furthermore, Krot et al. (2001) suggest that the dominance of CC
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chondrules and the lack of porphyritic textures, are caused by formation of CH and CBy
chondrules from a reservoir that was free of particles that would function as crystallization
nuclei. Such a reservoir is likely consistent with a giant vapor cloud that formed by complete
evaporation of solid constituents of the impact plume. This is also supported by the FeO
contents of CC and barred olivine (BO) chondrules within CH and CBy, chondrites, which
indicate more oxidizing conditions than was inferred for the solar nebula (Krot et al., 2001).
Additionally, Cr contents of chondrules and metal grains also indicate oxidizing conditions and
are related with each other. This suggests that both constituents formed in the same closed
system (Krot et al., 2001). Thus, it was proposed that CC chondrules condensed from an impact-
induced gas (Krot et al., 2001). The inferred elevated dust/gas ratios are in favor of gas-liquid
condensation rather than heating of gas-solid precursors above their liquidus (Krot et al., 2001).

Evidence for a condensation origin of silicates from an impact plume is also given for
CBasilicates. Oulton et al. (2016) report Ce anomalies that indicate complete evaporation and
subsequent re-condensation. Moreover, Pb-Pb dating of chondrules from Gujba (CB,) (Bollard
et al., 2015) revealed that chondrules are ~2 Ma younger than chondrules from other chondrite
groups. Such young ages are consistent with the existence and collision of planetesimals and
thus support an origin of chondrules from CH and CB carbonaceous chondrites from an impact
plume.

In the previous chapters, we have shown that both zoned and unzoned metals from CH
and CBy chondrites most likely formed during condensation from an impact induced vapor
plume. Here we perform in situ trace element and Si isotope analyses on CC chondrules from
the same chondrites to draw conclusions on their formation conditions. These data allow to test
whether CC chondrules formed by condensation from an impact induced vapor plume and
allow to set results into context with the formation models proposed for associated metal (parts
Il and I11).

3 SAMPLES AND METHODS

We investigated CC chondrules from several CH chondrites (Sayh al Uhaymir 290, PAT
91546), CBy, chondrites (Hammadah al Hamra 237, MAC 02657, QUE 94411), and the
CHI/CB4, breccia Isheyevo.

Major and minor element composition of 50 chondrules (10 in each sample) were
analyzed with a Cameca SX 100 electron microprobe. Measurements were performed at 15 nA
and 15 kV with a focused beam. Table S1 lists the examined elements, their detection limits,
analytical errors, and standards used for calibration. Matrix corrections were carried out using
the PAP procedure (Pouchon and Pichoir, 1984).
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Trace element analyses of 26 CC chondrules in total from MAC 02675 (5), QUE 94411
(4), SaU 290 (10), and Isheyevo (7) were executed via fs-LA-SF-ICP-MS. Number in
parenthesis denotes the number of examined chondrules in the sample. A Spectraphysics Laser
system was connected to a Thermo Scientific Element XR. Measurements of chondrules were
performed with spiral laser patterns. Those were measured using a fast moving sample stage
connected to a self-built XYZ-controller unit, which is operated by the open-source programme
Linux CNC. Spot size of the laser was 30 um. The basaltic glass BCR-2G was used as external
standard, Mg values from electron microprobe analyses were used as internal standard. In each
analysis, background was measured for 40 s, before signal was measured for ~2 minutes.
Table S1 lists the measured elements with their detection limits and analytical uncertainties.

We also analyzed Si isotope compositions of CC chondrules from HaH 237 (4) and
Isheyevo (4). However, those chondrules are not the same that were analyzed for trace element
composition as grain sizes are too small to perform both measurements on a single chondrule.
Isotope measurements were performed in situ, connecting the Spectraphysics Laser system with
a Thermo Scientific Neptune Plus (MC-ICP-MS). A cone combination of a Ni X-Skimmer cone
and a Ni sample cone were used. A 0.5 mm spacer was added to this setup. Measurements were
performed with dry plasma and a reduced laser output energy (9 mV vs. 13 mV prior to
reduction). Chondrules were analyzed in sample-standard bracketing for mass-bias correction,
using the JER-Diopside Glass as standard. The background signal for Si isotope measurements
was initially 45mV on %Si and slightly increasing during the measurement day. No
measurements were performed with a background signal higher than 70 mV, the signal on %Si
was ~9V during measurements. The relatively high background values are probably due to the
usage of a glass torch. Analytical uncertainties for 6°°Si values are 0.3%o (mean deviation from
the reported standard value) calculated by repeated measurements (n=6) of the standard IRMM-
017. The analytical uncertainty is consistent with values given for in situ measurements in the
literature (0.24%o in Chmeleff et al., 2008). The laser spot was 30 pm in diameter and
chondrules were analyzed in spiral patterns with a Linux CNC controlled sample stage. The
integration time between two cycles was ~1s. At the beginning of each analysis 30 s
background were measured before starting the laser. One analysis consisted of 180 cycles, thus

signal was measured for about 2 minutes.
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4 RESULTS

4.1 Chemical composition of CC chondrules

All CC chondrules from CH and CBy, chondrites, that were analyzed in the case of this
study, have low FeO contents with a maximum of ~3.5wt%. Thus, they are all type |
chondrules. Moreover, they are all enstatite normative in composition with low chemical
variation. Chromium contents vary between 0.2 up to 0.77 wt% within most chondrules, on
average 0.4+0.06 wt% (SD). Only two chondrules, one in PAT 91546 and one in HaH 237,
have significantly higher Cr concentrations with ~1.1 wt%. These values lie at the upper end
of the Cr contents that are usually found in enstatite from primitive meteorites (0.3-0.5 wt%,
see Brearley and Jones (1998) and references therein). Element ratios show that some elements
are strongly differing from solar abundances: Cr/Mn ratios vary between 1.38 and 7.97 (on
average ~5, see Fig. 1) and are significantly higher than the solar ratio (1.37 (Lodders et al.,
2009)). Moreover, Mg/Cr ratios are much higher than the solar ratio (~50 vs 36 (Lodders et al.,
2009), respectively).
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Figure 1: Cr concentrations of examined chondrules plotted against respective Mn contents. It becomes obvious
that Cr/Mn ratios are higher than solar proportions (black solid line) of these elements. The dashed line represents
the bulk Cr/Mn ratio of CR chondrites, and is the mean value of the three samples analyzed in (Weisberg et al.,
1993). Chondrule compositions are mainly quite uniform and compositional differences are not correlated with the
meteorite type.
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Major and trace element analyses reveal that the chondrules have quite variable
abundances of trace elements. However, Cl normalized patterns show that they all have some
features in common (Figs 2 and 3). Those are, that Cr and V are enriched in all chondrules
relative to CI (1.3-1.7xCl and 1.7-2.1xCl, respectively), a general enrichment of Mg (2.1-
2.7xCl), and a depletion in Fe relative to CI (0.02-0.15xClI).

It appears that most of the analyzed chondrules show a small deviation in Ce abundance
compared to neighboring elements of similar 50 % condensation temperature. Cerium
anomalies were examined as described in Oulton et al. (2016). Both, positive and negative
anomalies were found. The highest positive anomaly is +127 % and the strongest negative
anomaly -55 %. Both values exceed the anomalies described in the literature (+22 % and -25 %
(Oulton et al., 2016).

Generally, two groups of chondrules can be distinguished: one group has superchondritic
(Fig. 2) abundances of refractory elements and the other one has subchondritic to chondritic

(Fig. 3) concentrations of those elements.

4.1.1 Superchondritic chondrules

Seven of the analyzed chondrules have superchondritic abundances of refractory
elements, and they can be found in all meteorite types examined in this study (Fig. 2). Three
are found in MAC 02675, two in SaU 290 and one is found in QUE 94411 as well as in
Isheyevo. They all have in common that they are enriched in elements more refractory than Fe.
Patterns of refractory elements are rather flat with some smaller peaks or dips. Exceptions to
that are Mo concentrations, which show a large depletion relative to other refractory elements
in five of the discussed chondrules. Additionally, there seems to be a difference in the W
abundance of the superchondritic chondrules in CBy in comparison with those in SaU 290 and
Isheyevo. Tungsten seems to be generally enriched relative to Cl within CBy chondrules, while
W concentrations are depleted in chondrules from CH sample SaU 290 and the CH/CBy, breccia
Isheyevo. Apart from that, no correlation between chemical anomalies and the meteorite type
can be observed. Chondrules from MAC 02675 show constant W abundances, while this

element is more strongly enriched within the superchondritic CC chondrule from QUE 94411.
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Figure 2: Cl normalized element abundances of CC chondrules with superchondritic refractory element
compositions.

4.1.2 Subchondritic chondrules

The majority of the here examined chondrules have subchondritic to chondritic
refractory element concentrations. Though abundances of refractory elements are highly
variable, W concentrations in subchondritic chondrules are quite constant in the majority and
reach superchondritic values (1.2-1.8xCl, Fig. 3). The Mg/Si ratios in subchondritic chondrules

are unfractionated from the solar one.
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Figure 3: Cl normalized abundances of chondrules with overall subchondritic to chondritic element abundances.
Grey area represents the range of element abundances. It becomes obvious that volatile element abundances are
much more uniform than refractory elements. An abundance pattern of a chondrule from each examined sample is
also represented. The W abundances are quite constant despite the variable concentrations of other elements.

Rare earth elements in the subchondritic CC chondrules reveal two different kinds of
patterns (Fig. 4). One group of subchondritic chondrules show flat REE patterns, without
systematic fractionation between LREE and HREE (e.g., .SaU7 and Ish6).

However, the REE abundance patterns of some chondrules (e.g., MAC2 and MAC7)
exhibit features related to group Il patterns in CAls found in CH chondrites (Kimura et al.,
1993). Gadolinium in CC chondrules is the only element not following the pattern of the
described group Il pattern, as it is more enriched than in the samples from Kimura et al. (1993).

Those patterns are associated with depletion in the refractory major and minor elements Al, Ca,

and Ti.
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Figure 4: REE patterns of subchondritic CC chondrules. Representative flat REE patterns in blue (SaU7 and Ish6), and
group ll-like patterns in red/orange (MAC7, SaU8). The black line (174) represents the group Il like pattern found in
a CAl in ALHA85085 by Kimura et al. (1993).

4.2 Si isotope composition

Silicon isotope compositions were analyzed for 8 CC chondrules, 4 in Isheyevo and 4 in
HaH 237. Unfortunately, no trace element data are available for those chondrules, as grain sizes
are too small to measure both Si isotope and trace element compositions of the same chondrule.
Though some individual chondrules of the two samples overlap within analytical uncertainties
(0.3%0 on 8°°Si), average 6%°Si values for both are isotopically slightly different. Isheyevo
chondrules tend to have somewhat heavier Si isotope composition than chondrules from
HaH237 (0.14+0.16%o vs -0.2340.1%o, respectively; errors are 2SD). However, this difference
does not seem to be related to the meteorite type. Isheyevo contains CBy and CH lithologies,
two chondrules were examined in each lithology. Both CBy chondrules overlap in their Si
isotope composition within uncertainties with the two chondrules from the CH lithology. The
latter, however, tend to plot towards heavier isotope composition. Figure 5 shows that CC
chondrules from Isheyevo are isotopically heavier than the bulk composition of carbonaceous
chondrites and the BSE (Pringle et al., 2013). Chondrules from HaH 237 plot together with the
heavy end of the BSE, and are somewhat heavier than literature values for carbonaceous

chondrites. However, they overlap within the analytical uncertainty.
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Figure 5: Silicon isotope data of chondrules from Isheyevo and HaH237 plotted with the chondritic average value
(solid line), the BSE (grey field), and Si isotope composition of carbonaceous chondrites (yellow diamonds). Values
of the chondritic average, carbonaceous chondrites and the BSE are taken from Pringle et al. (2013). Green
chondrules from Isheyevo are located in the CH lithology, red chondrules in the CBy lithology. Isheyevo chondrules
seem to be somewhat heavier than BSE and chondrules from HaH237. However, values overlap within the error
(U=0.3%0).

5 DISCUSSION

5.1 Formation conditions of CC chondrules in CH and CBy chondrites

Two CC chondrule populations were found among our samples, one with superchondritic
and one with subchondritic refractory element abundances. Both groups are very similar in the
relative abundances of volatile elements which are strongly depleted.

Trace element abundances of the superchondritic CC chondrules indicate a condensation
origin for those chondrules, since abundance patterns follow the cosmochemical behavior of
the elements (Fig. 2). Elements more refractory than Fe are enriched over CI with flat and
unfractionated patterns (except for depletion in Mo), this indicates that formation of those
chondrules was finished before the gas reservoir cooled down to the condensation temperature
of elements more volatile than Fe and that metal had already started to condense. Similar
abundance patterns were also reported for barred olivine (BO) chondrules from CBy chondrites
(Krot et al., 2001). Therefore, a common formation process can be assumed for these chondrule

populations. Compositional similarities of BO and superchondritic CC chondrules also indicate
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that both formed simultaneously from the same unfractionated reservoir. Chromium contents
in the chondrules are higher than usually reported for enstatite-normative compositions
(Brearley and Jones, 1998). Krot et al. (2001) also report FeO contents (Faz-s) in BO chondrules,
from CBy, chondrites, that are higher than expected for condensates from the solar nebula, which
would be pure forsteritic olivines (Lodders et al., 2009). These element enrichments indicate
elevated oxygen fugacities relative to the solar nebula. Elevated oxygen fugacities are a
characteristic of an impact vapor plume (Fedkin and Grossman, 2016). Another feature that
supports the assumption that those chondrules have formed in an impact plume, are the
unusually young ages that were reported for chondrules from CH and CB meteorites in the
literature (Krot et al., 2001; Bollard et al., 2015). Elevated dust/gas ratios are related with an
impact setting (Meibom et al., 2001; Fedkin and Grossman, 2016), and favor gas-liquid
condensation (Krot et al., 2001). Since high pressures are needed for gas-liquid condensation,
it is likely that chondrules formed in the inner regions of the impact plume as it was also
suggested for unzoned metal from CH and CB chondrites (see parts Il and I11).

Subchondritic CC chondrules, both with flat REE patterns and group Il-like patterns,
also show enrichments in Cr and V relative to solar values, and also display Ce anomalies (both
positive and negative) as described for the superchondritic chondrules. Due to these similarities,
a common formation process can be suggested for superchondritic and subchondritic
chondrules. Subchondritic CC chondrules were also described in the literature (Krot et al.,
2001) and were proposed to have formed a condensation sequence with BO chondrules, which
resemble the superchondritic CC chondrules. However, the highly fractionated refractory
element patterns cannot be explained by simple depletion of a gas reservoir by formation of
unfractionated superchondritic CC and BO chondrules. Instead, the REE patterns, especially of
MAC7 and MAC?2, are rather similar to the group Il pattern previously described from CAls in
CH chondrite ALH 85085 (Kimura et al. 1993). This pattern is characterized by depletion of
ultrarefractory elements Gd to Er, and Lu compared to more volatile REE, such as La, Sm, and
Tm. Other indicators for group Il pattern are depletions in Zr, Y, Sc relative to less refractory
Nb. Group-I1 patterns are generally thought to reflect condensates from a gas reservoir that was
previously depleted by loss of an ultrarefractory component (Boynton, 1975). This component
was likely Ca, Al, and Ti-rich. Such an ultrarefractory component, not yet identified in our
samples, must have fractionated the gas reservoir prior to formation of subchondritic CC
chondrules.

Subchondritic chondrules with flat REE patterns are also unlikely to have formed within
a condensation sequence together with superchondritic CC and BO chondrules, as the
subchondritic chondrules are also depleted in Al, Ti, and Ca. However, these elements are not

enriched relative to other refractory elements in superchondritic chondrules. Thus, formation
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of superchondritic chondrules cannot have fractionated the reservoir in those elements, and
cause the observed depletions in the subchondritic chondrules with flat REE patterns. Thus, the
latter must have condensed from a reservoir that was fractionated in refractory elements by
early condensation of a refractory phase that is rich in Al, Ti, and Ca.

Regarding the Ce anomalies in the examined CC chondrules, it can be noted that
subchondritic chondrules with group Il like patterns, show high positive anomalies, while
superchondritic chondrules all show negative anomalies and subchondritic chondrules with flat
patterns show negative to weakly positive anomalies. Thus, Ce anomalies may not indicate
evaporation (negative) and re-condensation (positive) as suggested by Oulton et al. (2016), but
simply reflect different degrees of fractionation of gas volumes.

In summary, these observations described above suggest that CC chondrules likely
condensed in highly localized compartments of gas volumes, which remained either
unfractionated or fractionated. In this case, only the fractionated gas regions were depleted to
variable degrees by early condensation of ultrarefractory element enriched inclusions
containing e.g., Ca-dialuminate, hibonite, and perovskite (e.g., Bischoff et al., 1992).

5.2 Constraints on the formation of CC chondrules from their Si isotope
compositions

Silicon isotope composition was shown to be quite homogeneous among meteorites.
Chondrite groups such as carbonaceous chondrites and ordinary chondrites are
indistinguishable from each other and also from the achondrite groups of ureilites and HED
meteorites (Pringle et al., 2013). Thus, it was proposed that the protoplanetary accretion disk
was homogeneous at the time of planet formation (Pringle et al., 2013). However, the Si isotope
composition of the bulk silicate Earth (BSE) is somewhat heavier than the chondritic average.
Moreover, Angrites are the only meteorites that plot with BSE (Pringle et al., 2014) and thus,
are heavier than other meteorite groups. The CC chondrules analyzed in this study also show
rather heavy isotope composition, which overlap with, or are even heavier than, BSE and
Angrite values. Since a homogeneous composition of the solar nebular is proposed (Pringle et
al. 2013), heavier isotope compositions were likely produced by processes, such as evaporation,
condensation or planetary differentiation, that resulted in fractionation relative to the primordial
composition of the protoplanetary disk. For the heavy Si isotope composition of the BSE
Fitoussi and Bourdon (2012) proposed core formation as a possible cause. In this scencario Si
migrated from the silicates into the metal core. This would generate a core with a light Si isotope
composition and leave a BSE with a heavy Si isotope composition behind. To reach Si isotope

values reported for BSE, it was calculated that ~7 wt% of Si must be present in Earth’s core
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(Javoy et al., 2010). Since our samples are chondritic, core formation can be excluded as
explanation for heavy Si isotope composition. Considering heavy Si isotope compositions of
Angrites, Pringle et al. (2014) proposed loss of light isotopes due to an impact event during
accretion. To verify such a process for our samples, it is necessary to measure bulk Si isotope
compositions. This would reveal if heavy Si isotope composition is only typical for CC
chondrules or if the depletion in light Si isotopes is a general characteristic of CH and CBj
chondrites. Alternatively, the slightly heavier Si isotope composition of the CC chondrules may
be a result of sequential (and localized) condensation of the silicates. Examined CC chondrules
are enstatite normative in composition, forsterite and melilite both condense prior to enstatite
(see Fig.4b in Dauphas et al., 2015). Thus, condensation of BO chondrules or CAls prior to
condensation of CC chondrules, from the same reservoir, would lead to Si isotope fractionation.
Likely, light isotopes would go into the early condensates (BO or CAl, assuming Kinetic isotope
fractionation during condensation, as observed for the metal) and CC chondrules would
condense from a gas that is enriched in heavy Si isotopes. In this scenario, the superchondritic
(as well as BO) chondrules should display lighter Si isotope compositions than the
subchondritic chondrules. In order to test this hypothesis, it would be necessary to have
combined trace element and Si isotope data of individual chondrules, which was not possible
within the term of this study. Combined trace element and Si isotope data of CC chondrules
may thus further help unraveling their formation in highly localized compartments of the gas

reservoir.

5.3 Relation of chondrules and metal in CH and CB chondrites

The Cr contents of CC chondrules and zoned metal from CH and CB,, chondrites indicate
a connection of those constituents, as both formed at elevated oxygen fugacities.
Concentrations of Cr in chondrules is higher than expected at solar oxygen fugacity, and lower
in coexisting metal than expected at solar oxygen fugacity (Krot et al., 2001; Petaev et al.,
2003). The accordance of this fO, indicator within chondrules and metals, demonstrate that
metal and chondrules of CH and CBy chondrites have formed in the same reservoir. The
majority of the examined chondrules (16), both superchondritic and subchondritic, have quite
constant W abundances with ~1.2-1.8xCl. Molybdenum concentrations in those chondrules are
also quite constant with 0.4-0.9xCl (only exception: SaU8). Such superchondritic W
abundances and subchondritic Mo contents, are in good agreement with the formation scenario
discussed for metal from CH and CBy chondrites. In part Il we discuss, that W is depleted
relative to other refractory elements in zoned metal, but also in some unzoned metal grains.

Molybdenum on the other hand does not show any depletion or a less-pronounced depletion
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than W. This is explained by fast disequilibrium condensation of the metal under oxidizing
conditions (relative to solar nebula). In this scenario W occurs in the gas as W-oxides and is
thus less abundant in metal. The enrichment of W in chondrules is in accordance with this
scenario. This is also the case for Mo abundances, which is incorporated as alloys into metal,
and thus should be less abundant in the silicates, which was observed for our chondrules. These
observations support the conclusion that metal and chondrules formed during the same event
in a closed system. However, not all of the chondrules show the same Mo and W abundance
patterns. If real, such variable Mo and W contents may reflect local differences in the gas due
to variably strong non-equilibrium conditions, or are an indicator for an imperfectly closed
system. Alternatively, they may be artificially produced by contamination of the chondrules
during their analyses by simultaneous ablation of small amount of adjacent or subjacent metal.
Various analyses showed wavy signals for Ni and Co. However, no strong correlation between

high Ni and Co values and the Mo and W concentrations was observed.
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Figure 6: Ni element distribution map of metal in HaH237 (pink/white = high contents, blue/green = low contents).
A large zoned metal grain is apparent that incorporates fragments of CC chondrules (circled in red) within its rim
region.

An additional important observation, regarding the order of chondrule and metal
condensation, is that CC chondrules can be found within zoned metal grains (Fig. 6), while no

metal is found within CC chondrules. This suggests that CC chondrules have formed prior to
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zoned metal. As discussed in parts [1&I11 of this thesis, zoned metal most likely formed in the
fast-cooling shell region of the impact plume. Thus, it is likely that CC chondrules were
incorporated into zoned metal during its formation, when chondrules were migrating out of
their formation region, which was probably in the inner region of the plume. As CC chondrules
are found in the rim regions of zoned grains, it is possible that metal formation already started
during chondrule condensation, and that metal and chondrules were formed simultaneously
over a short period of time. This can also explain the depletion of Fe in CC chondrules.
Unfortunately, no data is available for such incorporated chondrules, to further support the

described relationship.

6 CONCLUSION

Chemical and isotopic investigation of cryptocrystalline chondrules revealed two
chemically distinct populations of CC chondrules, one population being enriched and the other
one being depleted in refractory elements relative to Cl abundances. Enrichment in refractory
and depletion of moderately volatile elements indicates a condensation origin. This is supported
by the lack of evidence for reheating of chondrules (Krot et al., 2001). Relatively high Cr
contents in CC chondrules indicate oxygen fugacities that were higher than in the solar nebula,
and are in favor of formation of chondrules from an impact-induced vapor plume. The
chondrule population with superchondritic refractory element abundances is compositionally
similar to BO chondrules examined in the literature (Krot et al., 2001), which are proposed to
be the first chondrules to condense. Cryptocrystalline chondrules with subchondritic
composition are consistent with findings in the literature that proposed them to have formed
subsequently to BO chondrules (Krot et al., 2001). These findings indicate that superchondritic
CC chondrules have formed simultaneously with BO chondrules. In contrast, since some of the
subchondritic CC chondrules have fractionated refractory trace elements, not reflected in the
unfractionated patterns of the superchondritic chondrules, these chondrules cannot have
condensed from the same gas reservoir. Rather, condensation from confined gas compartments
can be suggested for the different chondrule populations. In this scenario, subchondritic CC
chondrules with group-I11 related patterns of refractory trace elements must have formed after
condensation of an ultrarefractory-rich component that resulted in depletion and fractionation
of refractory elements. Chromium, W, and Mo abundances of chondrules and metal are in
accordance with each other and thus indicate formation of both phases within a closed system.
Therein, elevated oxygen fugacities and fast disequilibrium condensation of metal leads to
favored incorporation of W and Cr into chondrules rather than into metal, and favored

incorporation of Mo into metal rather than into chondrules.
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The Si isotope compositions of CC chondrules from HaH 237 and Isheyevo did not
correlate with the meteorite type. However, both samples show rather heavy Si isotope
compositions that only overlap slightly or do not overlap with the chondritic value. Since a
homogeneous composition of Si isotopes was suggested for the solar nebula (Pringle et al.,
2013), the gas reservoir from which CC chondrules formed must have been depleted in light Si
isotopes. This can be achieved by condensation of forsterite or melilite prior to condensation
of the enstatite-normative CC chondrules. Thus, we suggest that BO chondrules or CAls formed
prior to the CC chondrules we analyzed for Si isotope composition. To further support this
proposal, it is necessary to perform trace element analyses and isotope measurements on the
same chondrules. The occurrence of CC chondrules within zoned metal grains, which is
supposed to have formed in the shell region of an impact plume (Part 11&I11), suggests that CC
chondrules have formed prior to metal, probably in the inner regions of the plume, and were
incorporated into the metal on their way out. Since CC chondrules are located in the rim regions

of the zoned grains it is possible that chondrules and metal rims formed simultaneously.
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Results of this study confirm a condensation origin for metal and chondrules from CH
and CB chondrites. Linked Mo, W, and Cr compositions of metal and chondrules suggest that
those constituents formed in a closed system. Since those element abundances are indicative
for oxygen fugacities higher than those in the solar nebula, a formation origin in an impact-
induced vapor plume is in favor rather than a nebular origin. Such a formation scenario is also
supported by the remarkably young chondrule ages of CB chondrites (Kleine et al., 2005; Krot
et al., 2005; Bollard et al., 2015). Data of this study also suggest that zoned metal has been
formed with high cooling rates, which favor Kinetic fractionation. First modeling was
performed. However, obtained cooling rates contain errors, as it was not possible to fit the
model well enough to measured values due to the lack of diffusion processes in the MATLAB
code. Thus, it is necessary to include diffusion parameters to gain a better fit and thereby get
more reliable information on cooling rates.

Based on combined data from Ni isotopes and Ir contents, two groups of zoned metal
were identified, which may have formed under the influence of different cooling-rates. To
support this observation it would be necessary to also includelr concentration into the model.
By that, it would become obvious if deviating Ir patterns are correlated with different cooling
rates. Moreover, different formation conditions were suggested for unzoned and zoned metal
grains. Thus, modeling of both metal types would provide further information on the formation
processes.

Cryptocrystalline chondrules from CH and CBychondrules were found to be chemically
devided into two groups. One with superchondritic refractory element abundances and
depletion in volatile elements, and one with generally subchondritic element abundances. The
superchondritic ones are thought to condense simultaneously with BO chondrules.
Subchondritic CC chondrules are unlikely to have formed in a condensation sequence with the
before mentioned chondrules, as subchondritic refractory element patterns are fractionated in a
way that cannot be caused by preceding formation of BO and superchondritic CC chondrules.
To be able to draw further constraints on chondrule formation histories, it is necessary to
perform Si isotope and trace element analyses on the same chondrule to gain further information
on possible condensation sequences. Moreover, such measurements should also be done on BO
chondrules. Due to the heavy Si isotope compositions of CC chondrules it was suggested that
light Si isotopes were extracted from the gas by condensation of forsterite or melilite, which
are abundant in BO chondrules or CAls, respectively. Thus, Si isotope analyses of those phases
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may support or refute the proposed formation process. As evaporative loss of light Si isotopes
due to the impact event is also a possible explanation for heavy Si isotope contents of CC
chondrules, bulk Si isotope data for the samples would reveal if heavy Si isotope compositions
are a general characteristic of CH and CB chondrites, or if this feature is typical for CC
chondrules.

Concerning the relationship of the different metal-rich carbonaceous chondrite groups,
this study showed that CH and CB chondrite metal and chondrules most likely formed in the
same event, due to the many chemical and isotopic similarities. However, there are some
features that set CH chondrites apart from CB chondrites. In CH chondrites metal with high Si
contents (11 wt% (Weisberg et al., 1988; Goldstein et al., 2007)) and also with high Ni contents
(>20 wt%(Goldstein et al., 2007; Ivanova et al., 2008)) were found. Akin grains were not
described for CB, or CBy, chondrites. As those metal grains are only about 20 um in diameter,
it was not possible to perform laser ablation analyses on them. Investigation of those metals
may deliver information about their formation and reveal if their origin is related to other metal
grains found in CH chondrites, or if they were somehow collected in the accretion process.

Another open question is the fractured characteristic of constituents in CH and CB
chondrites. Metals and larger chondrules show frayed rims and thus need to have been
degenerated by some process. This process must have taken place when metal and chondrules
were already in a solid state. However, it is unclear which process led to this. Accretion may
not have been energetic enough to cause such heavy fracturing of metals and chondrules.
Multiple collision events may be an explanation for those features and may also be able to
explain the different meteorite lithologies in some of the CB. chondrites.

Regarding the relationship of CH and CB chondrites with CR chondrites, there is
evidence that CR chondrites did not form in the same event as CH and CB chondrites.
Chondrule ages are older than those of CH and CB chondrites (Budde et al., 2018) and metal
is closely associated with those chondrules, and as old or even older than those chondrules.
However, features like bulk isotope similarities in N, O, Cr, and Ti (Krot et al., 2002; Trinquier
et al., 2009; Van Kooten et al., 2016) are in favor of a relationship of the different meteorite
groups. Beside those isotopic similarities hydrated clasts can be found in CH and CBy,
chondrites, which are compositionally akin to matrix material from CR chondrites (Greshake
et al., 2002; Leitner et al., 2018). Nonetheless, those clasts were also described to be similar to
CM chondrite material (Greshake et al., 2002; Leitner et al., 2018). Thus, the origin of hydrated
clasts is still unclear and may not directly be linked to a relationship between CH, CB, and CR
chondrites. However, those clasts cannot have formed together with the high-temperature
phases (metal and chondrules) from CH and CBy, chondrites, and thus are unlikely to have

formed within an impact plume. A possible scenario would be that CH and CB, chondrites
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collected hydrated clasts during accretion. To unravel the origin of the hydrated clasts, it may
be necessary to also investigate similarities between CH, CB, and CM chondrites, and CR and
CM chondrites.

Data of this study allow drawing constraints on the formation of the constituents of CH,
CB and CR chondrites, and on the relationship of those metal-rich carbonaceous chondrites.
However, there are still many details that need to be looked into, which may support the here

drawn conclusions.
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Figure S1: Image of a mass scan during fs-LA-MC-ICP-MS measurement on a Ni standard. The mass scan reveals
that all Ni and Cu isotopes, as well as >’Fe can be measured free from argide or oxide interferences. The measured
isotopes are written above the respective lines. The lowest line displays the intensity of ¢INi.

Figure S2: This photograph displays a copper spacer with a thickness of 0.8 mm. The spacer enhances the intensities
by increasing the distance between the sample cone and the skimmer cone.
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Figure S3: This diagram shows the offset of the measured &°¢Fe, if the Ni mass bias was monitored simultaneously

to Fe isotope analyses with LA-MC-ICP-MS, relative to an

“interpolation method” for which Ni mass bias was

monitored before and after Fe isotope analyses and applied to the bracketed Fe isotope analyses (see text for
further explanation). The offset, shown as A%Fe is plotted against the Ni concentration of the respective sample.
The numbers given with the data points are the 5/5°Ni values of the grains. Samples with more than ~ 7 wt% and
a Ni isotope composition that differs by more than ~1.5 %o from that of the Ni standard generate an offset in the
analyzed Fe isotope composition (A°¢Fe) outside the analytical uncertainty (0.1 %o), i.e for those samples, the
“interpolation method” needs to be performed.

Table S1: Cup configuration of bulk solution nebulization and laser ablation MC-ICP-MS analyses for Ni.

Cup configuration for Ni isotope analyses

cup L4

L2

L1

C

H1

H2

H4

isotope >'Fe

58Ni

GONi

61Ni

62Ni

63Cu

GSCU

Table S2: Typical instrument settings of the MC-ICP-MS during laser ablation measurements.

Instrumental settings of Neptune Plus for LA-MC-ICP-MS analyses

Focus (V)

Cool gas: Ar (I min-1) 15
Aux gas: Ar (I min -1) 0.86
Sample gas: Ar (I min -1) 0.885
Carrier gas: He (I min-1) 0.49
nebulizer uptake rate (ul min -1) 100
RF generator power (W) 1210
Accelerator voltage (V) -10000
Extraction (V) 1898
-590
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Table S3: 6%2Ni of single analyses of the Ni-rod and BAM-D184.1 measured in bracketing with NIST RM 1226 and
re-calculated to SRM 986.

852Ni [%o]
BAM (RM BAM (SRM Ni-rod (RM Ni-rod (SRM
1226) 986) 1226) 986)
0.31 0.03 -0.01 -0.29
0.42 0.14 0.02 -0.26
0.29 0.01 0.09 -0.19
0.40 0.13 -0.03 -0.31
0.35 0.07 0.01 -0.27
0.41 0.13 0.02 -0.26
0.36 0.08 0.00 -0.28
0.30 0.02
0.37 0.09
0.45 0.17
0.34 0.06
0.42 0.14
0.38 0.10
0.32 0.04
0.36 0.08
0.38 0.10
0.39 0.11
0.40 0.12
0.38 0.10
0.37 0.09
0.34 0.06
0.30 0.02
0.35 0.07
0.46 0.18
0.34 0.06
0.32 0.04
0.35 0.07
0.33 0.05
0.35 0.07
0.38 0.10
0.44 0.16
0.38 0.10
0.41 0.13
0.38 0.10
0.34 0.06
0.40 0.12
0.38 0.10
0.38 0.10
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Figure S1: Laser ablation tracks observed with a 3D confocal laser microscope. Nickel isotope measurements leave
laser pits that are much deeper than tracks left by Fe isotope analyses.
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Figure S2: Refractory siderophile element profiles in zoned metal grains that are differing from the most common
type (Fig. 2b). a) Zoning of Ni and Co are as in all zoned metals with high contents in the core and lower
concentrations in rims. However, Ir and Os do not follow the trend of Ni, but are zoned reversely. Only Ru is following
the trend of Ni. b) Nickel and Co are zoned with higher concentrations in the core and lower contents in the rims.
Iridium and Osmium are not following that trend, but are showing flat patterns. Only Ru follows the trend of Ni.
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Figure S3: Isotope profiles of QUE94411 1.4, Ni isotopes are lighter in the core than in rims and show a bowl-shaped
structure. Iron isotopes show a weak w-shaped profile. The lightest composition is not in the very core.

Table S1: List of peak and background measurement time (s) for all elements analyzed with EMPA in Frankfurt or
Hannover. Mean detection limits (DL in wt%) are also summarized.

Frankfurt Hannover
background (s) peak (s) DL (wt%) background (s) peak (s) DL (wt%)
Si 80 80 0.01 15 30 0.03
P 80 80 0.02 10 20 0.02
Ni 20 10 0.02 10 20 0.14
S 10 10 0.01 10 20 0.02
Co 40 20 0.02 10 20 0.12
Fe 60 30 0.02 10 20 0.12
Cr 40 20 0.02 10 20 0.07
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Figure S1: This diagram shows the evolution of the temperature (K) over the time (h) the modeled zoned metal
condenses.
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Table S2: Isotope compositions of cores and rims of zoned metal from CH chondrites.

8°°Fe [%c] 26 6°Fe[%d 26 6°%Ni[%d 2o &°'Ni[%d 2¢

sample grain
3.1 core -5.00 0.08 -7.38 0.19 -5.83 0.13 -3.08 0.43
3.1rim -3.39 0.10 -4.94 0.27 -1.79 0.37 -0.45 0.81
3.2 core -4.59 0.13 -6.85 0.23 -6.15 0.23 -3.14 0.34
PAT 91546 3.2rim -1.95 0.17 -3.01 0.36 0.00 0.24 -0.14 0.57
3.4 core -1.90 0.09 -2.88 0.14 -1.99 0.21 -0.84 0.22
3.4rim -0.08 0.14 -0.09 0.22 0.63 0.22 1.23 0.66
5.2 core -0.74 0.10 -1.23 0.16 2.82 0.04 1.66 0.08
52rim -0.49 0.10 -0.68 0.18 2.00 0.04 0.69 0.08
1.1 core -7.65 0.11 -11.28 0.13 -9.81 0.18 -4.76 0.41
SaU 290 1.1rim -1.24 0.12 -1.90 0.24 -2.94 0.26 0.01 0.57
1.2 core -2.19 0.11 -3.23 0.14 -5.31 0.19 -2.94 0.29
1.2rim -0.36 0.16 -0.69 0.19 0.14 0.40 -0.61 0.41
Acfer 214 5.3 clore -3.78 0.11 -5.39 0.19 -3.73 0.19 -1.94 0.34
53rim -0.13 0.14 -0.09 0.39 0.60 0.38 1.64 0.90
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