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Abstract

This work focuses on the formation and evolution of chondrules in the CR, CV, CK and
EH chondrites, as well as the analytical tools and methods required for such an
investigation. The project first looks at the chemical fingerprinting of individual
chondrules to allow for intra- and intermeteorite comparison. To this end, a novel
combination of freeze-thaw disaggregation, table-top digestion of individual
chondrules and ICP-MS and -OES measurements of trace and major elements,
respectively, were tested for applicability to such small samples (average ~1 mg).
Chemical classification of chondrules using the whole chondrule data collected in this
study is compared to existing single mineral phase classifications and new schemes are
proposed. Suggestions are put forward regarding the evolution of different chondrule
types within a single chondrite and their relationships to similar types of chondrules in
other chondrites. In addition, the link between chondrules and the bulk composition of
their host meteorite is investigated. Whole chondrule data collected in this study are
also compared to available values for the Solar System and CI chondrites, ordinary
chondrite chondrules and CAI. Potential source material for the chondrules is
identified and the type and number of processes that are likely to have operated in the
chondrule formation region are evaluated, including metal-sulfide fractionation,
mineral condensation and magmatic evolution. Based on this, assignation of a nebular
or planetary formation setting is made for the studied chondrules and a likely

formation mechanism and timeframe for the formation is suggested.
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- Introduction -

1 Introduction

Carbonaceous and Enstatite Chondrites (CCh and EC, respectively) have escaped the
extensive homogenisation of planet building processes affecting the achondrite
meteorites. They therefore record information about conditions in the young planetary
nebula, including composition of the nebular dust, its thermal, physical and
compositional evolution, and even preserve small parts of the interstellar medium in
the form of PreSolar Grains (PSGs). The more refractory components in chondrite
meteorites, namely chondrules and Calcium-Aluminium-rich Inclusions (CAIs), record
high temperature (>1750 K) events that occurred early on in our own Solar System.
But while the formation of CAIs by high temperature condensation processes is fairly
widely accepted (Blander & Fuchs, 1975; Wood, 2004; Toppani et al., 2006) the origin
of chondrules and their exact role in the evolution of the Solar System remains

somewhat enigmatic (Hewins, 1997; Zanda, 2004; Connolly & Desch, 2004)

1.1 Chondrules

Chondrules are spherical or rounded objects that are usually <imm and most
commonly dominated by Mg-rich silicates, but may contain a significant proportion
Ca,Na-silicate glass or plagioclase, as well as metal, sulfides and oxides (Figure 1.1).
The current classification scheme for chondrules is two-part (Table 1.1) and is based on
both  their texture (either porphyritic or fine grained/skeletal) and
chemical/mineralogical composition (e.g. Fe-rich, Si-poor, Al-rich) (McSween, 1977;
Gooding & Keil, 1981; Bischoff et al., 1989; Jones, 1994). Except in the CH, CBy, and E
chondrites, the porphyritic olivine chondrules (PO) (Figure 1.1a) are the dominant
chondrule type, followed by the porphyritic olivine-pyroxene chondrules (POP). Fine
grained chondrule types such as the Barred Olivine (BO), Radial Pyroxene (RP) and
CryptoCrystalline (CC) (Figure 1.1c & d) chondrules are usually an order of magnitude
less abundant (Scott & Krot, 2007). Enstatite chondrites, as the name implies, are

dominated by the Mg-rich pyroxene and both typical porphyritic and fine
1



- Chondrule Formation -

grained/skeletal chondrule types are present with enstatite instead of olivine (Figure
1.1b). The CH and CBy chondrules, however, are dominated by the fine grained

chondrules types (Scott & Krot, 2007).

Figure 1.1 Photomicrographs of some basic chondrule types and textures. a) Type I PO
chondrule, H3 chondrite (ppl). Porphyrocrysts are magnesian olivine and occasionally
pyroxene. The pinkish mesostasis is essentially quenched liquid, usually with compositions
ranging from bytownitic to anorthitic. Opaques occurring interstitially to the olivine and
pyroxene and in the rim (red arrows) are metal. b) Type I PP chondrule, EH3 chondrite (xpl).
The chondrule is dominated by pure enstatite phenocrysts (gray), but rare remnant FeO-rich
olivine crystals occur (pink and orange). ¢) Type I BO chondrule with multiple growth zones,
CR2 chondrite (xpl). d) Very fine grained RP chondrule, CV30xa chondrite (ppl).

Experimental work has elucidated several aspects of chondrule genesis. Chondrules

must necessarily have been partially or totally molten at some point in their history in



- Introduction -

order to produce the observed textures (Tsuchiyama et al., 1980; Connolly Jr. &
Hewins, 1991; Jones & Lofgren, 1993; Hewins & Fox, 2004). Porphyritic textures can
only be produced if a chondrule is partially molten since seed crystals within a melt are
required for growth of large phenocrysts (Hewins & Fox, 2004). Coarse grained
textures also require that the chondrule be cooled slowly, at <100 K.h* (Tsuchiyama et
al., 1980; Whattam & Hewins, 2009). This constrains the melting temperatures to
<1900 K (Hewins & Fox, 2004) to maintain unmelted mineral grains. Evaporation of a
CI precursor over several hours (Cohen et al., 2004) or rapid (several minutes) heating
of a mafic-ultramafic precursor (Tsuchiyama et al., 1980) have both experimentally
reproduced chondrule textures. Fine grained textures (BO, RP) are a strong indication
that the chondrules were completely molten and may or may not have been externally
seeded by small amounts of fine grained minerals (Lofgren & Russell, 1986; Connolly
Jr. & Hewins, 1991). Extreme undercooling can be achieved by totally molten
chondrules if they do not encounter minerals to act as nucleation sites on their surfaces
(Lofgren & Russell, 1986; Lofgren, 1989). Barred olivine are products of higher
degrees of melting and very rapid cooling (>1000 K.hr!, Tsuchiyama et al., 1980;
Lofgren, 1989). The unusually high alkali content of chondrules, despite their high
melting temperatures, has been found to be reproducible either through flash heating
(Yu & Hewins, 1998) or gas-solid interaction at high dust:gas ratios (Yu & Hewins,

1998; Cohen et al., 2004; Libourel et al., 2006).

Table 1.1 Chondrule classification

Lli}:fi;::f:::n Textural type T}'gf(il]fﬂ

T“TH;DFJ{%:”“‘J PO, BO (ol>80 vold%) A

'1'.‘-11";;[1(']_:':2??;;;“-9 POP (zo<ol<Bo vol%) AR
o PP, RP (0l<20 vol%) B
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On a three O-isotope plot, chondrules of C, O and E chondrites plot in three separate
regions (Figure 1.2; Clayton, 1993; Clayton & Mayeda, 1999; Rubin, 2000). The CCh
chondrules largely overlap with each other and generally fall along the Carbonaceous
Chondrite Anhydrous Mineral mixing (CCAM) line with a slope of ~1. This is distinct
from the OC and EC chondrules that plot above and along the TFL respectively. Of all
the meteorites only the EC chondrules overlap with the Terrestrial Fractionation Line
(TFL) making the E chondrites favourite candidates for estimating the composition of
the Earth (e.g. Berthet et al., 2009). Figure 1.2 also shows the general compositional
range for CAls along the CCAM line, highlighting the tendency of chondrules to be

more enriched in 70 and 80 compared to CAIs.

[
|=I n
w
-6
-4 CK
-8
0 CCAM
100 = - .-"" # T T T T T T T T T
L S o z 4 6 &
S T 570 (%)
F s CAI
=]
LT
a0 T T T T
=50 =0 =30 =20 =1k 1]
50 (%a)

Figure 1.2 Three O-isotope plot for chondrules (upper right) and CAIs (lower left)
from chondrite meteorites. The Terrestrial Fractionation line (TFL) is plotted with
SMOW (Standard Mean Ocean Water) indicated as a yellow circle. Most carbonaceous
chondrite chondrules plot close to the CCAM (Carbonaceous Chondrite Anhydrous
Mixing) line, although not necessarily with slopes of 1. In contrast, chondrules from the
E, O and R chondrite groups plot along or above the TFL. The CAIs plot in a much more
160-rich field along the CCAM line and show essentialy no overlap with chondrules (note
change in scale). (Clayton, 1993; Clayton & Mayeda, 1999; Rubin, 2000).
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1.2 Placing Chondrules in context
1.2.1 Overview of the early Solar System

The solar nebula started off as a cold molecular cloud composed of ‘universal’ gases
such as H and He as well as material ejected from surrounding stars into the local
interstellar medium (Ciesla & Charnley, 2006; Tolstikhin & Kramers, 2008). The types
of stellar ejecta include phases such as SiC, diamond, graphite, ferromagnesian-
amorphous and crystalline silicate phases (olivine and pyroxene), metal oxides, and
native Fe-Ni metal (Day, 1976; Waters et al., 1996; Zinner, 2007). Collapse of the
molecular cloud will commence if the gravitational potential (Ug) outweighs the
thermal support produced by kinetic energy (Ex) of the particles (Tolstikhin &

Kramers, 2008):
2Ex < Ug
or
) (SMkT) - (GM2>
2m R

where Ex = Kinetic energy

Uc = Gravitational potential energy

M = Mass of the cloud

R = Radius of the cloud

m= mass of a particle

G = Gravitational constant (6.67 x 101! m3.kg1.s72)

k = Boltzmann constant (1.38 x 10723 J.K-?)

Figure 1.3 compares the history of the Solar System based on astronomical
observations and models, and isotope systematics. Modeling of Solar System mass
nebula shows that matter will fall towards the center of the cloud at an average rate of

105 Mo.a? after collapse is initiated (Tolstikhin & Kramers, 2008; Ciesla, 2009).
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Solar System evolution according to modelling and Solar System evolution
astronomical observations according to isotopes
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Figure 1.3 Timelines of Solar System evolution based on astronomical observations and modelling
(left) vs. geochronology (right). The left schematic also compares the simultaneous evolution of the Sun
and the solar disk. Timescale is in Ma. The ‘solar nebula’ is defined as the molecular cloud from which
the Solar System was derived. Formation of the protodisk lasted approximately 0.5 Ma. The trigger for
the collapse is thought to be the same supernova event that injected live 26Al into the Solar System. If
CAI formation is taken as the start of the Solar System then it raises questions about the source of heat
for CAI formation since conditions would have been too cold for at least the lifetime of the nebular cloud
until the start of the FU Orionis phase. Regardless, grain coagulation and therefore planetesimal
formation would have started as soon as grains came within sticking range of each other during infall
from the molecular cloud. By the time 26Al was no longer a viable heat source (~5 Ma) most of the mass
of the solar nebula would have been accreted onto the Sun and at least some planetesimals (e.g. 4 Vesta)
would have been sufficiently large to undergo core formation and silicate differentiation. Chondrule
formation overlaps with both the T Tauri phase of the Sun, the early phase of planetary formation and
evolution, and formation of the giant gas planets, but does not extend beyond ~7 Ma after CAIL By the
time that H-burning is ignited in the Sun the disk has mostly achieved its current configuration. (Desch
et al. , 2005, Tolstikhin & Kramers, 2008; Ciesla & Charnley, 2006; Amelin et al., 2002, Markowski et
al., 2006; Bouvier et al., 2006; Connolly & Bizarro, 2009; Yurimoto & Wasson, 2002, Villeneuve et al.,
2011; Rudraswami et al., 2008; Whitby et al., 2002; Touboul et al., 2008; Yin et al., 2002; Krot et al.,
2005; Foley et al., 2005; Cassen, 1996; O‘Brian et al., 2006; Scott, 2006; Petitat et al., 2008;
Shukolyukov & Lugmair, 2004; Kleine et al., 2006).

Movement of dust to the midplane and grain coagulation occur rapidly, potentially
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forming up to km-sized ‘particles’ in 104 a (Scott, 2006 and refs. therein). Turbulence
from convection and gravitational instabilities in the early Solar System (e.g. Boss,
2004; Alexander, 2008) will transport grains radially and vertically and potentially
also concentrate them. Boss & Durisen (2005) suggested that turbulent concentration
of small particles (<cm) will stop them from falling into the Sun as predicted by gas-
drag theory. A thermal gradient is created due to release of energy from the infalling
material, heating the dust closest to the nascent star to >2000 K. (Cuzzi et al., 2003).
This would be sufficiently hot to evaporate all except the most refractory material (CAI-
type) closest to the sun while silicates would be stable a little further out. Modeling by
Cuzzi et al. (2003 and references therein) shows that the boundaries of these zones
would migrate inwards as the nebula cools, so that the boundary CAlsianie at 0.01 Ma
would be at ~0.3 AU and at 0.1 Ma at 0.01 AU. For silicates, the stability boundary
would be at 2-3 AU at 0.01 Ma and at ~0.3 AU at 0.1 Ma. A protodisk is established
approximately 0.5 Ma after cloud collapse and can persist for several million years
(Ciesla & Charnley, 2006). The collapsing proto-sun passes through the FU Orionis
and T Tauri stages that are both associated with energetic outburst of either thermal or
magnetic natures respectively (Desch et al., 2005; Ciesla & Charnley, 2006). The
major phase of planet building is thought to occur during the T Tauri phase when most
of the Solar System mass has already been accreted onto the protosun (e.g. Kominami
& Ida, 2004). This period is also associated with major gravitational instabilities due
to the formation of the giant gas planets at 5-10 AU that can drive shocks towards the
inner disk (Desch et al., 2005). Formation of the terrestrial planets is thought to occur
prior to full formation of Jupiter since the latter has dramatic effects on the number
and sizes of planetesimals inside of 5 AU (e.g. Kominami & Ida, 2004; Raymond et al.,
2009). Increasing density in the core of the collapsing cloud causes the temperature to
approach 10¢ K at which point D-burning is started. This is followed by H-burning at
107 K, which heralds the birth of a star (Tolstikhin & Kramers, 2008). By this point all

remaining mass in the protodisk has been accumulated into the planets.
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In contrast to stellar observations and modeling, time zero according to isotope
systematics of the Solar System is defined by the formation ages of CAls at 4568.3 +
0.7 Ma (Burkhardt et al., 2008). Ages for the formation of magmatic Fe-meteorites
(Figure 1.3) indicate that their formation may have started simultaneously with or even
predated the CAIs, although it is generally accepted that they started differentiating
within <1 Ma after CAI formation (Kleine et al., 2005; Markowski et al., 2006). By 2
Ma after CAI at least some of the asteroids such as 4 Vesta (parent body for the HED
meteorites) had formed and differentiated (Kleine et al., 2002). Formation of the
CB/CH chondrites, which are thought to be the result of the collision between two
totally molten bodies (e.g. Krot et al., 2005b, 2007), occurred approximately 5 Ma after
CAI formation. By 5 and 10 Ma respectively after CAI formation the angrite and
aubrite parent bodies were sufficiently differentiated to experience core creation
(Shukolyukov & Lugmair, 2004; Markowski et al., 2007; Petitat et al., 2008).
Although the initial phase of ‘planet’ melting is probably related to the presence of live
26A] early on in the Solar System, by ~5 Ma at the latest it would have lost its efficacy
as heat source for self-insulating bodies (i.e. larger than 100 km). Chondrule
formation coincided with this early period of planetary evolution, starting
approximately 1 Ma after CAI and lasting another 6 Ma (e.g. Amelin et al., 2002;
Whitby et al., 2002). A second major period of planetary differentiation is marked by
the metal-silicate differentiation on the Earth and Mars starting approximately 10 Ma
after CAI and is highlighted by the Moon-forming event at ~30 Ma after CAI (Yin et al.,
2002; Kleine et al., 2002). Heat sources for later differentiation in the Earth and Mars

are most likely the long-lived radioisotopes of U and Th (e.g. O’Neill & Palme, 1998).

Although the exact phase boundaries of the astronomical models are not well
constrained and may show a large amount of overlap (Ciesla & Charnley, 2006), the
general timescales seem to broadly agree with those constrained by isotopes. Detailed

discussions about the exact timing of Solar System processes are beyond the scope of
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this thesis, but Figure 1.3 provides the general framework for discussion of chondrule

processes.

1.2.2 Chondrule ages

Despite the distinct O-isotope signatures, ages for chondrule formation show a large
degree of overlap (Figure 1.4; see figure for references). With the exception of the CB
and EH chondrules, the CCh and the OC chondrules have formation dates between 1-3
Ma after CAI formation. Data from the UOC chondrules (Rudraswami et al., 2008)
suggest a relatively short formation period of ~1.5 Ma overprinted by later
metamorphism. In contrast, traces of 26Mg are not uniformly present in chondrules
from CCh meteorites, implying that chondrule formation took place over a period of
several Ma both during and after the effective lifetime of 26Al (e.g. Hutcheon et al.

2010). Data of Bizzarro et al. (2004) as well as textural evidence from Itoh & Yurimoto
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Figure 1.4 Summary of chondrule ages. A = Al-Mg, P = Pb-Pb, M = Mn-Cr, I = I-Xe. Bars
represent ranges in ages, diamonds are individual chondrule ages. Most carbonaceous and
ordinary chondrite ages fall within the first ~3 Ma after CAI formation with spreading mostly
due to metamorphic overprint. The EC and CB chondrules are the only chondrule suites to plot
at distinctly younger ages between ~5-7 Ma after CAI. The effective lifetime of 26Al is indicated
as a dashed gray line. (Kurahashi et al., 2008; Kunihiro et al., 2004; Connolly Jr. & Bizarro,
2009; Kita et al., 2000; Bouvier et al., 2007; Yin et al., 2007; Kita et al., 2000; Krot et al.,
2005b).
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(2003) suggest that some CV chondrules may have formed contemporaneously with
CAI, although this interpretation has been called into question by several authors (e.g.
Krot et al. 2005a). The distinctly younger ages of the EC and CB chondrules postdate
the effective lifetime of 206Al. Iodine-Xe data for the EC show a range of chondrule
formation ages between 5-7 Ma after CAI (Whitby et al. 2002) and a single Pb-Pb
formation age of 4562.8 + 0.9 Ma was determined for the CB chondrites (Krot et al.

2005b).

1.2.3 Chondrule formation mechanisms

Formation mechanisms for chondrules are generally labeled as either nebular or
planetary. Table 1.2 lists some of the more common suggestions for chondrule
formation. Nebular mechanisms can generally be divided into Shock heating, Direct
condensation of a liquid, Flare heating or Current sheets. Sources for shock waves
occur throughout most of the early history of the Solar System, starting with accretion
shocks as gas falls from the remainder of the molecular cloud onto the protodisk (e.g.
Ruzmaikina & Ip, 1994). Once planetesimals with radii of >1km exist the possibility of
bow shocks (e.g. Miura et al., 2010) and shocks due to gravitational instabilities from
the formation of giant gas planets (Boss & Durisen, 2005) become important.
Planetesimal bow shocks require that the body travels at essentially supersonic speeds
on a slightly eccentric orbit (Miura et al., 2010). Propagation of shock waves through
the formation of the giant gas planets at 5-10 AU can provide the inner solar system
with sufficient energy to melt solids in the region of the asteroid belt (Boss & Durison,
2005). Direct condensation of a silicate liquid is thought to be possible in a highly dust
enriched environment (dust:gas >50x CI; e.g. Krot et al., 2001; Engler et al., 2007),
which are likely to be the result of turbulent concentration (e.g. Hewins & Herzberg,
1996; Cuzzi & Alexander, 2006). As mentioned in Section 1.2.1, flares from the nascent
Sun are likely to be mostly associated with the FU Orionis and T Tauri phases.

Magnetic reconnection/X-ray flares from T Tauri stars as well as thermal flares driven
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Table 1.2 Chondrule formation mechanisms

Nebular

Author

Boss & Dunisen (2005)

Ruzmaikina & Ip (1994)

Miura et al. (2010)

Engler et al. (2007)

Krot et af. (2001)

Shu ef al, (1996, 1997, 2001)

Boley ef al . (2008)

Joung ef al, (2004)

Planetary

Description

Shock heating

Aperetion shocks

Planetesimal bow shocks

Open-system direct
condensation

Closed-system direct
condensation

Flare heating

Thermal flares driven by
gravitational instabilities

Electrical current
produeed by induction

Details

Formation of material clumps in outer 88 (linked to formation of
Jupdter]) drive shock waves into inner regions capable of heating
material; creation of temporary spiral arms and ring stroctures with
high densities {>10g/m?)

Showks produced by gas falling from the molecalar cloud onto the
evolving protodisk. Grainsare heated by a combination of frictional
heeating and UV radiation from the shock front.

A planetesimal orbiting at supersonic speeds creates bow shocks that
hent and melt {or vaporise) the surrounding dust. Upon cooling
crystallisation (or condensation) takes place,

Chondrules from by direct condensation of a nebular gas. Requoires
fighly dust-enriched region (8oox CT and 0™ atm) to stabilise lquids.
For formation of pyroxene dominated chondrules, large silica
enrichment is necessary, possibly through the depletion of My through
olivine erystallisation, Suggest that B0 and CC {pyx dominated) can
potentially be formed in the same region.

Highly etiriched dust eloud (- 10-50x solie), Slightly oxidized
conditions. Chondrule condensation took place ahead of
condensation of metal allovs. Coarser grained chondmles form earlier
than but in chemical continunm with ervptoerystalline chondrules.
Chondrules are isolated in order to preserve volatility controlled
characteristics,

Nebular material in the inner disk (<o0.1 AL is melted by short-lived
flares crested by magnetic istabilities in the young sun and cools to
form either CAls or chondrubes, These are transported to ~2-3 AT by
bipolar solar outflows.

FU Orioniz events provide short-lived high temperature events,
Temperature increases are expectsd within 1AL Leads to instabilities
that transfer mass outwards.

lonised particles concentrate along magnetic nulls to form a curment
sheet. Dust moving through the sheet are heated to melting point.

1

L=
—

collis

Planectesimal

Author

Asphaug et al. (2011}

Krot et ul. {2005, 2007)

Genge (2000)

Description

Chondrules = splash
droplets

Chondrules = ablation
melt droplets

Details

Collision between two partially or totally molten bodies. Crestes
dense, thermally imsulating clond that allows malten droplets to cool
slowly. Some chondrules are re-acereted while other escape to the
surrounding space.

Vapor-plume arigin from the collision between two planetesimals,

Shoeks in the nebula (> Mach 2] ablate the surface of small bodies (1
mm-500 m}and chondrle-stzed droplets are ereated by gas drag,

11



- Chondrule Formation -

by rapid accretion onto FU Orionis objects both operate early on during the history of
the Solar System (e.g. Shu et al., 2001; Ciesla & Charnley, 2006; Boley & Durisen,
2008). Electrical current sheets (e.g. Joung et al., 2004) were suggested as a
chondrule formation mechanism for a slightly more evolved disk when the dust and gas
have been sufficiently separated from each other to create large dust:gas ratios. This
formation method counts on magnetic activity from the sun and the presence of

charged particles to create localised currents capable of heating dust grains.

Planetary models, i.e. methods of formation where the melt or solid precursor is
derived from a planet or planetesimal, mostly focus on impact (e.g. Krot et al., 2005,
2007; Asphaug et al., 2011) or ablation scenarios (e.g. Genge, 2000). The most recent
candidates for impact scenarios involve the collision of molten or partially molten
bodies (Krot et al., 2005, 2007; Asphaug et al. 2011). The impacts create dense
atmospheres of molten and gaseous material. Droplets from the impact crystallise as
chondrules and either escape the planetesimal if they have sufficient escape velocity or
rain back onto the planetesimal surface (see figures in Asphaug et al., 2011). Surface
melting and ablation of small planetesimals is thought to be possible in the presence of
high speed shocks (>Mach 2; Genge, 2000). Melting occurs on the ‘bow end’ of the

body while the molten particles are swept away behind the planetesimal.

1.3 The Chondrule Problem

Table 1.3 lists some characteristics of chondrules and chondrites that constrain the
conditions of chondrule formation theories. An important attribute is that Refractory
Lithophile Elements (RLE) in chondrules and chondrites usually maintain their CI
relationships to each other. This limits the amount of chemical fractionation in the
chondrule precursor material, particularly in models that require planetary formation
scenarios. Changes in fO. in chondrule forming regions as indicated by disequilibrium
between MgO-rich chondrule olivine and FeO-rich rim olivine, relict grains with

different compositions and the presence of both Type I (FeO-poor olivine/pyroxene)

12
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Table 1.3 Chondrule and chondrite characteristies

L. Refractory Lithophile Elements in chondrules
mostly maintain Cl proportions to each other,

2. The range in element concentrations for chondrules
iz larger than for bulk meteorite or matrix,

2. Both Mg-rich and Fe-rich chondrules oecur in a
single metearite.

4. Disequilibrium exists amongst silicates within a
single chondrule eg. CO type 1T FeO-rich chondrules
containing FeO-poor relict grains (e.g. Wasson & Rubin,
20i33) or EC enstatite chondrules with relict alivine

(see fig. 1.1} or cores of high Fe-pvx in low Fe-pyx (e.g.
Weisherg er al., 1994, Berlin et al, 2zoo7).

5. Metal in chondrules is associated with high
Mg-content of olivine and pyroxene, and may be
associated with sulphides, whereas low Mz-content
chondrules do not contain metal but often contain
sulphides, ez, CR chondrules.

6. In PO or POP chondrules pyroxene most often oceurs
a5 a late phase that increases towards chondrule rims
and often poikilitically encloses olivine,

7. Both slow cooled, porphyritie chondrules and rapidly
cooled, RP/CC chondrules oceur in a single meteorite.

8. Non-porphyritic chondrules sometimes show
perfectly spherical indentations not usually observed in
porphyritic chondeules, e.g. RP chondrules in

E chondrites

g. Presence of CAT relicts in chondrules (e.g.Krol et al.,
2002} and rarely of chondrules in CAI
{e.g Krot et al., 2o05).

10, Coarse grained or ‘igneons’ rims present around
some chondrules, which are assumed to indicate
multiple heating events (e.g. Bubin, 1084).

11. Coarse grained rims do not necessarily occur on all
chondrules of similar types in a meteorite.

12. Presence of coarse grained, high temperature and
fine grained, low temperature rims can oceur around
single chondrules.

1. Large disequilibrium exists between ritm and
chondrule olivines (rim olivine is mostly more Fe-rich).

14. Low temperature rims are commonly elose Lo or
equivalent in composition to the surrounding matrix
(e.p. Ribin, 1084: Cosarinsky el al., 2008).

15. Apparent complementarity of chondrules and matrix,
pgenerally with the high temperature elements in the
chondrules and volatile elements in the matrix (e.g,
Hezel & Palme, 2008),

16, Chondrules may have a high volatile content e.g. Na,
8, especially in the EC and CV chondrites, which is
contrary to a high temperature formation in a eanonieal
solar nebula. Sodium measured in oxide form is
present up to hundreds of ppm in chondrule olivine
with zoning patterns similar to that

of Cr, Mn and CalAlexander et al., zoog).

17, Chondrules are commonly more “0 rich than the
miatrix and bulk rock but less so than CAl (e.g. Scott
& Krot, 2007).

18. Chondrules from the €, O and E chondrites plot
on different areas on a three O-isotope plot (e.g. Rubin,
200401,

1. Porphyritic and BO chondrules from the same
metearite appear to have different O-isotope
characteristics, e.g. Allendd, where the BO chondrules
are heavier and lie along a different slope (Rubin et al.
19590)

20, Systematic varation of chondmles sizes in
different types of meteorites implies some form of
sorting mechanism (Wurm & Krauss, 2007).

21, Chondrules with a radial or CC texture are
almost exclusively pyroxene.

and IT (FeO-rich olivine/pyroxene) chondrules in a single meteorite still need to be
adequately explained. Suggested mechanisms involve either reactions between
reservoirs of different compositions (e.g. Cosarinsky et al., 2008) or somehow varying
the fO. conditions in the formation region (e.g. Kurahashi et al., 2008), although
specific mechanisms are often poorly constrained. Many chondrules are also
anomalously enriched in Na and other relatively volatile elements despite the fact that

chondrules are almost certainly high temperature objects. This is generally attributed

to formation in regions with high dust enrichment (e.g. Ebel & Grossman, 2000) or

13
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flash heating (e.g. Yu & Hewins, 1998). The exact relationship between chondrules and
the accompanying matrix is also still a matter of debate. Average chondrule
compositions for some elements (notably the bulk elements Mg/Si) appear to be
complementary to the matrix (e.g. Bland et al., 2005; Hezel & Palme, 2010) while the
compositional range for chondrules is much larger than for either the bulk meteorite or
matrix. There is also a tendency for chondrules to have lighter O-isotopes than the
matrix (Scott & Krot, 2007) and for BO chondrules to be slightly heavier than PO(P)
chondrules (Rubin et al., 1990). Then there are still the general questions relating to
the existence (or non-existence) of genetic links between the different chondrite types
(Clayton et al., 1976). Physical characteristics, such as the co-existence of quenched
and slowly cooled chondrules in a single meteorite, chondrule indentations, systematic
size variations in specific meteorite types and non-uniform presence of coarse-
grained/igneous mantles, have been investigated individually or not at all (see Table
1.3 for references) but have not been brought together in a unified theory. To date
there is also no unified theory capable of bringing together all physical, chemical and
isotopic characteristics into a coherent model without contradictions. Considering the
sheer number, complexity and sometimes contradictory nature of the chondrule and

chondrite characteristics, this is perhaps not surprising.

1.4 Solving the Problem

The problem concerning chondrule and chondrite formation can be summed up simply
as finding the correct astronomical setting to reproduce all the characteristics
satisfactorily. This is no simple task since, as pointed out in Section 1.2.3, several
scenarios have been proposed that are capable of reproducing multiple chondrule
attributes. To this end the current study seeks to address some of the issues
surrounding chondrule formation, particularly focusing on potential evidence for
astronomical setting, mechanisms for producing the observed chemical compositions

and relationships amongst the different chondrule and chondrite types. In this study
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the author combines modern ICP-MS and —OES technology with an experimental
chondrule liberation technique to obtain a wide range of chemical information for
whole chondrules. Although whole chondrule measurements (in contrast to beam-
based analysis) have the advantage of representing the ‘droplet’ composition, it should
be supported by traditional thin section analysis, microscope studies of chondrules and
results from beam-methods as shown in this study. Obtaining high quality chemical
and petrological data on chondrules (and other Solar System objects) is of paramount
importance since most models for chondrule formation are ultimately based on
chemical analysis and petrology. Furthermore, the outcome of mathematical models
are required to duplicate these chemical/mineralogical characteristics in order to gain
acceptance. A necessity, therefore, for the testing of any model is the existence of a
large and detailed database of chemical analyses on which to base its parameters. The
author attempts to provide an effective method for obtaining such analyses on whole
chondrules, which, to date, represent only a small fraction of the available data for
Solar System object. A further aspect of this work is the advancement of the current
chemical methods of chondrule classification. The meteorites selected for this study
include Acfer 311 (CR2; find, S21, W22), Allendé (CV3; fall, S1, Wo), Karoonda (CK4;
fall, S1, Wo), Sahara 97158 (EH3; find, S2, W1) and Indarch (EHg4; fall, S4, Wo). The
selection criteria were based on size and abundance of chondrules, availability of the
meteorite, chemical diversity (ranging from highly reduced (Indarch) to highly oxidized
(Karoonda)), differing friability to test the efficacy of the freeze-thaw method

(Karoonda = highly friable, Indarch = highly resilient) and varying mineralogy.

1 S = Shock stage (1 = unshocked — 6 = highly shocked, presence of e.g. ringwoodite;
Stoffler et al., 1991)

2 W = Weathering stage (0 = unweathered - 6 = highly weathered, most silicates altered,
Wlotzka, 1993)

15
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2 Method

2.1 Sample preparation
2.1.1 Cleaning

Samples were abraded with corundum paper to remove loose surface contamination.
This was followed by an ultrasonic bath in a mQ/ethanol mixture for approximately 15
min and then a thorough rinse with mQ and lastly acetone. The surfaces were further
cleaned in dilute (~0.5M) HCIl for 10-15 minutes. Stronger acids and longer
submersion-times were avoided to minimise extensive dissolution and leaching of
metal and sulfides (evidenced by the production of H.S during the cleaning). This was
followed by a last rinse in mQ and then acetone after which the samples were oven

dried.

2.1.2 Freeze-thaw

Isolation of whole chondrules has been employed successfully in several areas of
meteorite studies, including Pb-Pb dating and the duration of chondrule formation
(e.g. Amelin et al., 2002; Krot et al., 2005), Eu-isotopic variations and mass-dependent
fractionation in the Solar System (Moynier et al., 2006) and major and trace element
studies of chondrules (Grossman, et al. (1985). In some cases the meteorites are
sufficiently loosely compacted or the matrix sufficiently friable that the chondrules are
freed with little problem, except possibly some adhering matrix material, but in most
cases the meteorites require more robust mechanical disaggregation. The normal
method for liberating the chondrules has mostly been coarsely crushing the sample and
then freeing any exposed chondrules with dentists tools (e.g. Grossman et al., 1985).
Potential problems with using dental tools, however, include contamination and
incomplete removal of the surrounding matrix material. Also depending on the
relationship between the matrix and non-matrix components, it is possible that

crushing will rather break the chondrules than expose them, as well as breaking other
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more fragile components such as CAIs and PSGs. Acid dissolution of matrix material
composed largely of metal and sulfide in enstatite chondrites has also been successfully
applied to isolate chondrules (e.g. Leitch et al., 1982). This has the obvious drawbacks
of not allowing the mechanical separation of metal and sulfide components and
potentially leaching these components from the chondrules. In contrast to these
techniques, Tizard et al. (2005) applied a freeze-thaw method to gently separate out
PSGs from a small sample of Murchison (CM2) meteorite, maintaining both the
structural integrity and preserving the often fragile and non-refractory coating on the
grains. It was anticipated that chondrules separated using a freeze-thaw method would
both remain intact and have sufficiently little matrix adhering to the surface to show
the mineralogy and mineral textures of the chondrules while maintaining any original
layered structuring. Assuming sufficient material could be separated, the different
textural groups (e.g. PO, PP, CC) could then be analysed both for comparison with each
other and between different meteorites. Part of this project therefore aimed to test the
application of such a freeze-thaw method to the disaggregation of chondrites,
particularly noting whether or not: a) it efficiently separated out chondrules and other
potentially fragile phases of interest (e.g. CAlIs), b) maintained textural associations
(such as complex rim structures), ¢) achieved clean separation of matrix from the non-
matrix components, d) the method could be applied to a wide variety of chondrite

compositions and e) the method could be applied to relatively large sample sizes

(~10g).

Chondrites were coarsely crushed to increase surface area in an agate mortar pre-
cleaned with quartz sand. Chondrite chunks were transferred into capped 50ml
centrifuge tubes (Figure 2.1a) that were pre-cleaned in 0.2M HCI over a period of
weeks. Approximately 1ml of a 50/50 EtOH/mQ mixture (called the freezing solution
hereafter) was added to the samples. The tubes were alternately submersed in liquid

nitrogen (Figure 2.1b, c) and boiling water with a 10 minute ultrasonic bath after every
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Figure 2.1 Freeze-thaw setup. a) Meteorite chunks are placed in pre-cleaned and capped 50 ml
centrifuge tubes and the freezing solution added (see text for details). b) The tubes are dipped in liquid
nitrogen, allowing the solution to freeze completely (c). Afterwards the frozen sample+solution is
thawed in a bath of boiling water (not shown) but not brought to boiling point.

tenth cycle. Each hot-cold cycle (i.e. submersion in liquid nitrogen followed by boiling
water) lasted approximately 5 minutes, which was largely determined by the rate at
which the solution froze in the liquid nitrogen. Care was taken not to allow the
freezing solution to boil. The process was repeated until the sample was sufficiently
disaggregated, which required more than 200 cycles of the freeze-thaw process. In
addition, samples were dried at the end of the day and gently rolled with a pestle in an

agate mortar to aid in loosening the sample. Inspection of the samples after 50 cycles
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during testing showed that the freezing solution avoided oxidation of metal and sulfide
components but still allowed effective disaggregation of the sample, and that
chondrules were being liberated with little or no adherence of matrix except for a loose
coating of fine material that was effectively removed by washing the chondrules in
distilled acetone in an ultrasonic bath. Inspection of chondrules from Allendé, which
are known from thin section commonly to have fine grained rims surrounding coarse
central chondrules, showed that the fine rims were preserved during freeze-thaw.
Acfer 311 and Indarch chondrules had small amounts of fine grained surficial dust
unrelated to fine grained rims that could not be completely removed despite multiple
cycles of ultrasonic cleaning or attempting to scrape the surfaces. This was therefore

assumed to be an integral part of the chondrules.

Petrography was performed on whole-meteorite thin sections prior to freeze-thaw to
compare the matrices between the samples as an estimate of how easily the freeze-thaw
might separate components. However, in several cases the samples behaved in totally
different fashion compared to what was expected. Good examples of this are the E
chondrites Sahara 97158 (EH3) and Indarch (EH4). Both EC have similar matrix
composition and textures, but whereas chondrules in Indarch separated cleanly, Sahara
separated poorly with only few chondrules being liberated and was therefore not used
for further study. In general, however, Sahara behaved as a homogeneous lithology.
This is surprising since an increase in metamorphic grade in chondrites leads to a
coarsening of textures so that chondrules and matrix minerals eventually intergrow
(Van Schmuss & Wood, 1967). It was therefore suspected that Sahara would separate
with reasonably more success than Indarch. The degree of success of the freeze-thaw

disaggregation also did not show any correlation with chondrule size.

The separates were sieved using nylon mesh to produce four size fractions of: >200um
(larger chondrules and mineral/clastic fragments), 100-200 pum (chondrules and

separate minerals), 100-40 um (very small chondrules and separate minerals) and <40
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um (fine grained matrix components). Components of interest from the >200 um were
hand-picked under a binocular microscope. Photos and descriptions of all analysed

chondrules are given in Appendix A.

2.2 Analyses of major (ICP-OES) and trace (ICP-MS) elements

All ICP-MS and ICP-OES element determinations were done at the Institut fiir
Geowissenschaften, Kiel University, under the supervision of Dr. Dieter Garbe-

Schonberg.

2.2.1 Sample digestion
2.2.1.1 Digestion tests

Chondrules separated by freeze-thaw were cleaned in a two-step ultrasonic cleaning,
first in EtOH and then in distilled acetone. This removed most of the surficial fine
grained material. The digestions were done in 3 ml Savillex® vials. The small size of
the chondrules excluded powdering them beforehand, but also made it hopeful that a
multistep table top digestion would effectively dissolve them. Several terrestrial
standards were selected as proxies for sample size and mineralogy and included: a
pyroxenite (NIM-P), dunite (NIM-D), basalt (BIR-1), peridotite (PCC-1) and
serpentinite (UB-N) (Table 2.1). Certain potentially problematic mineralogical features
of the chondrules (such as the possible presence of PSGs and corundum) could not be
exactly replicated. However, potentially tough phases in certain standards (such as

chromite, magnetite and ilmenite) would test the rigour of the method to a large extent.

Table 2.1 Terrestrial standards for ICP-MS/OES concentration determination

Standard BIR-1 UB-N NIM-D NIM-P PCC-1
et ; serpentinite dunite prroxenite peridotite
DE&L“P“U“ basalt powder powder powider powder powder
plag, cpx, opx, e -
Common ilm, mgt, sp, | serp, mt, tle ol el Iltp.x. u;;.x. | o, ull:. CpX,
[]II:H.SES ap, hbld e di it P
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The digestion procedure is based on Garbe-Schonberg (1993) and summarised
schematically in Figures 2.2 and 2.3. A series of test digestions (Figure 2.2) including
five chondrules were performed to evaluate the efficiency of dissolving whole
chondrules, to check the acid mixtures, gauge the necessity of pressure dissolution and
estimate blanks. The chondrules (from Acfer 311 CR2) were fairly heterogeneous in
composition, ranging from roughly mafic to ultramafic in composition with varying
amounts of native and/or altered metal, sulfides and oxides. The sizes of the

chondrules varied from ~3 mm (ca. 7 mg) to ~1 mm (ca. 0.8 mg). The first test started

Trial digests

HKOy (500 + HF (200) + HCL(150) «
md] (50) - 160"C overnight

Totally dissolved samples Partially diss. samples

| |

A i
HHNG, (500 + HF (200] HNG, [160) + HF (400
160°C overnight 160"C overnight

o ] I’ L I
HMNO, (200) + mi) (100) # HCW, (10}
- 160°C 2h dry down 180°C
HNCY, (40) + m} (1000) HEO, (200} + m) (100)
= 160°C overnight - 160°C 2h

Ultrasonic bath

Ultrasomic bath

HMNO, (100) + HF (400) + HCIO,(10) -
160°C overnight; drv down 190°C

HNCY (200) + ml) (100)
= 160°C 2h

[HNHLHLH + mi) |.1|.'n:|::|:j

- 160"C overmight

Ultrasonic bath

Figure 2.2 Schematic summary of the general dissolution procedure used at Kiel
Univeristy (left, red) based on Garbe-Schonberg (1993) that was used for easily dissolved
samples. The modified dissolution procedure for both larger and tougher samples is shown
on the right. Both digestion procedures were tested on five Acfer type I PO chondrules and
the terrestrial standards BIR-1, UB-N, PCC-1, NIM-D and NIM-P (see Table 2.1 for
description).
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with an overnight digestion in HNO;-HCI-HF-MQ, which was dried down and followed
by another overnight HNO;-HF step. Inspection of the samples after the first step
showed that the chondrules larger than ca. 1mg (AC-1, AC-2, AC-4 and AC-5) and the
peridotite standard (NIM-P) were only partially dissolved while the smallest sample
(AC-3; ~0.8 mg) and all other standards were totally dissolved. For the second step
AC-1 and AC-4 and the NIM-P standard were given double the regular HNO,-HF acid
volumes and allowed to cook overnight with the regular samples. Inspection of the
partially dissolved samples/standard the following morning showed that they had not
dissolved to any greater degree. Ten milliliter of HClIO, was added to these samples
just prior to drying them down at 180°C. Following this, the partially dissolved
chondrules were covered by a brown layer (peroxides) typical of a successful HCIO,
attack but retained a mostly spherical structure. The NIM-P standard had similarly
turned a shade of brown. Addition of a 2:1 HNO; mixture to dissolve the surface
peroxides immediately revealed that only an outer layer had been converted leaving
behind a pale green core in the largest examples. The NIM-P standard was also still
not totally dissolved, with small amounts of a black mineral (possibly chromite or
ilmenite) remaining. The undigested samples were cooked overnight in an additional
HNO;-HF-HCIO, step, followed by another 2:1 HNO, digestion. After the latter step,
no residues were observed in these samples (except NIM-P). In NIM-P small black
grains were still visible at the base of the beaker, although the amount was drastically
reduced by the second HCIO, attack. It was decided that the eluant of the semi-
digested standard would be measured to gauge the effect of element partitioning in the

remaining phases by comparison with the published data.

The final step prior to diluting the samples for measurement is overnight digestion in
40 ul HNO; + 1000 ul mQ. Samples are then transferred to the dilution bottles and
1ml mQ added. The solutions are precisely weighed for determination of the dilution

factors and made up to a minimum of 2500 pl.
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This series of tests largely validated table top digestion as a viable method for the
dissolution of whole chondrules. Even in the case of potentially difficult samples, such
as NIM-P, the use of repeated steps of highly oxidizing acid mixtures were sufficient to
dissolve the tougher phases, thus avoiding the necessity of bomb digestion. This is
advantageous since it both saves time (bomb digestion takes at least one week per 32
samples) and keeps the blanks at the sufficiently low levels required for measuring

such small samples.

2.2.1.2 Sample dissolution

As a result of the difficulties observed in dissolving the largest of the chondrules as
whole units, all remaining chondrules larger than ~1.5 mm in size were gently broken
apart (but not powdered) with an agate mortar and pestle. The pieces were weighed in
as a single sample and dissolved together. A slightly modified digestion procedure
(Figure 2.3) was followed for the remaining samples and standard digestions. All
samples heavier than 1.5 mg were dissolved in double volumes of acid. For the sample
digestions the first step was performed without the addition of 50 pl mQ allowing the
acids to work at full strength. Although all except the smallest samples still retained
solid particles after the overnight digestion, fewer whole chondrules remained and
particles were generally fewer and smaller. Perchloric acid was added to the second
digestion step of all samples. After an overnight digest at 160°C the samples were

dried down at 190°C as opposed to the normal 180°C.

2.2.2 Measurement

Procedures for the ICP-MS measurements are based on Garbe-Schonberg (1993) and
the notes for the ICP-OES method description was provided by D. Garbe-Schonberg

(pers. comm.)

2.2.2.1 ICP-MS
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Sample digests
(.Eium;:h:.-;. mass q;.;:ngD @amplus. mass > |.5mg
HMOy(50]) + HF (3041} + HO 150 HMNO (s ) + HF (gon) + HCL (300 -
10 overnight 16"C owernight
HMNO, (500 + HF (200) + HCR)Y (10) - HMNO, (10:0) + HF (goo) + HOWY (20) -
160" pvernight; dry down 19o°C 160°C overnight; dry down igo™e

[il’.’ﬁli, {200} + m() -:1u:rn]1 [Iihiu, (200} + mi) l;um:]
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________ » Samples with undigested >

phases
[”N{-!II.{-:IEI I.1HQ'“|-|“U“:} HNG, (100] + HF (go0) « HOIO 20} - [“NuI H-!}EI I nl"-}“”"m:]
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- 160°C 2h
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HMO, (4] + mwl) {10o)
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Figure 2.3 Schematic summary of the digestion procedures for the remaining chondrules. The amount
of acid in the first two steps is deteremined by the chondrule weight, with samples >1.5 mg getting
double the amount of acids. Samples that have undigested phases after the third step are treated with an
additional oxidizing step before continuing from the third step of the regular digestion

Measurements were done by Ulrike Westernstroer (Kiel Uni.) on an Agilent 7500c¢s in
standard mode, equipped with an autosampler. Very small sample volumes, however,
were introduced by hand. A PFA micro-nebulizer with 100 ul sample uptake was used
in self-aspiration mode. The cyclonic spray chamber was cooled to 6°C with a Peltier
cooler to increase long term stability of the signal and decrease formation of oxides and
other polyatomic ions. Calibration solutions were prepared at two concentrations
bracketing the expected sample range. Five ppb Re, In and Be were added as internal
standards to correct for physical interferences. Laboratory blanks (acid blanks and
instrument background), replicate measurements, and international rock standards
were analyzed along with the unknown samples for analytical quality control. Reported

analytical results are (laboratory) blank-subtracted averages of 3 runs. For more
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details of the procedure see Garbe-Schonberg (1993). All work was done in a clean

room environment.

2.2.2.2 ICP-OES

ICP-OES measurements were performed by Karin Kissling (Kiel Uni.) using a
simultaneous, radially viewing Spectro Ciros CCD SOP instrument equipped with a
cyclonic spraychamber and a microconcentric nebulizer with 200 upl/min sample
uptake. Small sample volumes were introduced manually. Samples were spiked with
10 ug/ml Y as internal standard. A matrix-matched calibration was applied using
digest solutions of the international rock standards UB-N, BIR-1, and PCC-1, which
covered the expected sample range. All samples were measured five times and the
laboratory blank subtracted from the average. AQC schemes were the same as with
ICP-MS measurements. All sample preparation work was done under a class 100 clean

bench.

2.2.3 Blanks and reproducibility

Blanks obtained for the different digestion sequences are listed in Appendix B, Table B-
1, including two previous ICP-MS blanks following the normal digestion procedures of
Garbe-Schonberg (1993). With the exception of the REE, the modified digestion
procedures have more blank for all trace elements, particularly the blanks that received
double the normal acid volume. The source of the contamination is suspected to be the
HCIO, since this is the only acid that is not distilled in-house and has not previously
been used in the digestion sequence. However, despite the increase in blank levels they
mostly remain below 10% of the smallest measured sample or below the L.O.D.
Exceptions are listed in Table 2.2. Tantalum is a potentially problematic element in
more than half of the chondrules and abundances are therefore interpreted with
caution. Similarly, W is a problem in Indarch chondrules due to generally small

concentrations. In contrast to the trace elements, the major element blank levels are
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Table 2.2 Summary of potential problem
samples based on estimated max. blank

W - all Ind, except Ind-8
o U - Ind-3
E. Mo - Ind-5
=% Ta - all exeept, Ac-3; All-1, 2, 3, 5, 6, 7, 10, §; Kar-2, 9, 7, 14
E &r-Ind-2
£n - Ac-3
% NaJ 0 - Ac-1, 2, 4
i ol - Ac-1, 45 All-g, 13; all Ind, except Ind-8; Kar-2, 4, 8, 12-14
=~ P - Tnd-5
) Ly
s

generally consistent regardless of the digestion procedure. The only exceptions are
elevated levels of Na,O, K.O and P.O; during the trial digestions. However, since only
Acfer chondrules were digested during the trials the increased contaminants should not
pose a problem for the other chondrules as the blank levels were consistently low
during the main digestion procedures. Although K,O is highlighted as a potential
blank problem in several chondrules, this is due to the low abundance of K in these
chondrules rather than overabundance of the blank, as well as Na,O in the Acfer

chondrules.

Figure 2.4 shows volatility arranged CI-normalised plots for the terrestrial standards.
Repeat measurements are plotted in colours, previous analyses in grey and GeoReM
preferred values are shown in black. References for the preferred published values are
given in Table 2.3. Measured values for the standards and deviations from the
preferred values (as % Difference) are given in Appendix C, Table C-1. Values for CI
are taken from Lodders (2003) (Appendix D, Table D-1). Previous analyses from Kiel
University are only available for the BIR-1 Basalt and UB-N Serpentinite, which are run
as routine standards. Standards NIM-P, NIM-D and PCC-1 were measured three times
each during the course of the study. The three BIR-1 and one UB-N standards show
good agreement with each other and with previous analyses and also, with few
exceptions, the preferred values. Most elements have a %RSD of less than 10%, except
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Table 2,3 References for preferred values

BIR-1 UB-N
{general) Govinduraju, K. (3] (general} Govindarau, K. {1gHa)
Mzl T & Moser, J_ {20041,
Yamy, J.-8,, Jiang 5. & Bragmann, G, {2001},
. (. | oo Pachibel, L5, Humayun, b & Walker, B4, (2007,
Mo Egginser al. (9a7 I {enanqulled) truchtal ot af, 3008,
Becker of . {2noé)
Kugiso ot al. {2008)
l’x{]':_ Amlth, DB, {1908]
NIM-I NIM-F POCa
{pemeral) Govindarn, K. | 1o {gemeral) Gosingdaraiu, K. 11ga4) tpeneral) CGovindara, K. 1994
?‘r' Ba, HI Kowotew, KL {10a6) REE, '.’..r,. Deilzkd, P {21 )
Th, Ph . HI, Ba, ¥
roar  Dmilski, P
s -L-' REE, Zr, Ph, Tralski, P, (s
Rhb. REE Rh, Th, U, Ea 3
Ir Mesmsen, H.G. & Erzinger, J, Digo8) Ir Ple=er m, H.Gi. & Erzinger, J, [1gy8]

for elements that are known to be analytically challenging (e.g. Ir, Mo). The large
%RSD for La in BIR-1 is due to a contaminant encountered during the trial digestions.
However, Figure 4.10 of the REE in Acfer chondrules shows that no appreciable
enrichment of La over the other REE is present in the sample, suggesting no
contamination. Blank values for La (Table A-1) are also normal, suggesting that the
contaminant was only sampled by the standard. For NIM-P most elements still have
%RSDs of below 10%, while for NIM-D and PCC-1 most lie well above 10%. This is
somewhat surprising since the aliquot of NIM-P run during the trial digestions had an
undissolved residue (noted in Section 2.2.1.1) while the test aliquots of both NIM-D
and PCC-1 were completely dissolved. Considering that most of the variation in NIM-P
and PCC-1 appear to be for the HFSE elements and that NIM-P, NIM-D and PCC-1
originate from coarse-grained plutonic rocks (in contrast to BIR-1 and UB-N) with
variable HFSE-bearing phases, it should perhaps be considered that the standards are
not homogenous on a mg level. This might also account for at least some of the
variability between the preferred values and the measured data (Figure 2.4).
Incomplete sample dissolution is a possibility, but thought unlikely since NIM-P did
not show any significant partitioning effects from having a small amount of
undissolved phases. The agreement amongst the standard analyses supports the

internal reproducibility of the method. However, more analyses are required to resolve
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Figure 2.4 CI-normalised plots for the terrestrial standards sorted by decreasing Tcso% condensation
temperatures. Normalisation values and condensation temperatures are from Lodders (2003) (see
Appendix D, Table D-1).
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Figure 2.4 (continued) CI-normalised plots for the terrestrial standards sorted by decreasing Tcso%
condensation temperatures. Normalisation values and condensation temperatures are from Lodders
(2003) (see Appendix D, Table D-1).
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the large discrepancies between published values and the data acquired in this study

for NIM-D, NIM-P and PCC-1.

Repeat analysis of three solutions (standard BIR-1 and samples All-12 POP and Kar-6
PO) showed internal precision of better than 5% for most elements at 1SD (Table 2.4).
Reproducibilities for the terrestrial standard and chondrule samples are mostly
comparable, with the exception of Rb, Ba and Pb. Since the tendency is for the
chondrules to have the slightly larger reproducibilities, it is suggested to be a matrix

effect.
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Figure 2.4 (continued) CI-normalised plots for the terrestrial standards sorted by decreasing Tcso%
condensation temperatures. Normalisation values and condensation temperatures are from Lodders
(2003) (see Appendix D, Table D-1).
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Table 2.4 Internal reproducibility (RSD %)
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3 Results

3.1 PO(P) chondrules (Carbonaceous chondrites)

Major elements - Magnesium numbers (Mg#) for the PO(P) chondrules and WC
(Whole Chondrules) span a wide range from 0.46 to 0.92 (Figure 3.1; Appendix D,
Table D-2). Acfer 311 PO chondrules show the largest range (0.46-0.81) most likely
reflecting varying amounts of metal, whereas Allendé PO chondrules have a slightly

narrower range (0.70-0.92) likely related to the observed presence or absence of oxides
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Figure 3.1 Magnesium numbers for analysed samples and UOC chondrule literature
values. Crosses are published values for pure chondrule olivine with error bars representing
ranges in Mg#. Error bars on published Indarch Mg# are smaller than the symbol.

(magnetite or chromite) and sulfides (troilite or pentlandite). Karoonda PO/WC
chondrules have the narrowest range of Mg# for all the meteorites studied — 0.56-0.64.
Allendé chondrules generally have the largest ranges in element concentrations of the
chondrules in this study, and its WC chondrules are more enriched in the RLE
compared to the PO(P). [RLE = W, Zr, Hf, Sc, REE, Th, Al, U, Ti, Ta, Nb, Ca, Sr, Ba,
V]. In Karoonda, however, the RLE patterns in the WC and PO(P) chondrules are very

similar and Karoonda chondrules in general have narrower ranges than those observed
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in Allendé. Ranges in Acfer 311 are similar to those of Allendé. Plots of the major
oxides versus Al.O4 (Figure 3.2) indicate that only CaO and TiO. correlate with Al.O; in
approximately solar (CI) proportions in all three meteorites, although the CaO/Al.O4
correlation is less well developed in Karoonda. On average Karoonda PO(P)/WC
chondrules have the lowest measured Al.O; concentrations while Allendé chondrules
have the largest range and highest concentrations. Sodium oxide correlates with Al.O4
in non-CI proportions in Karoonda and to some extent in Allendé, but in the former the
relationship is 1:4 and the latter is closer to 1:1.5. Potassium mostly does not correlate
with Al.Oj, except for a weak positive correlation in Allendé and is below the detection
limit in most Karoonda PO(P)/WC chondrules. Iron(III)oxide, MnO and MgO have
fairly narrow ranges for each meteorite and show no correlation with Al,O3, except for
MgO in Acfer PO (slope=0.67, R2=0.96). All chondrules (including the BO and Indarch
chondrules) are enriched in MgO relative to CI and most are enriched in Al.O;, CaO
and TiO.. Karoonda and half the Acfer PO chondrules are the only samples with
enrichment in Fe.O4 relative to CI. All PO(P)/WC (with the exception of Ac-1 PO) are
depleted in MnO compared to solar values. Potassium oxide and Na,O correlate only in
Allendé WC and POP chondrules (slope=1.08, R2=0.96 and slope=1.45, R2=1.00

respectively) although the BO and PO chondrules trend roughly parallel to this.

Trace elements - Volatility patterns for the PO(P)/WC chondrule averages
normalised to CI (Figure 3.3, 3.4 and 3.5; Appendix D, Table D-2) broadly follow the
Tcso% pattern of the elements (Figure 3.6) and each meteorite is characterised by
specific anomalies. The refractory elements are enriched relative to CI with mostly flat
patterns, while moderately volatile and volatile elements become progressively
depleted in an apparently erratic step-wise fashion roughly proportional to

condensation temperature (Figure 3.6). Tungsten shows more variation than the other

Figure 3.2 (adjoining page) CI normalised major element oxides for studied samples. Black diagonal
lines are 1:1 with CI.
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Figure 3.3 CI-normalised plots for analysed whole chondrules from Acfer 311 CR2 sorted by decreasing
Tcso% condensation temperatures. Normalisation values and condensation temperatures are from
Lodders (2003)

RLE and several chondrules show enrichment of W relative to Zr. The RLE in Acfer
311 are characterised by large positive U, Sr and Ba anomalies from aqueous alteration
(Bischoff et al., 1992), but otherwise have typically smooth and flat RLE patterns
similar to those of Allendé. In contrast to this, Karoonda has more uneven RLE
patterns that slope gently from Zr to Mn. The volatile lithophile patterns vary between
chondrule types and meteorites, and to a smaller extent amongst individual
chondrules. Acfer PO and Indarch chondrules show the only truly consistent volatile
lithophile patterns, but in the former case this is most likely due to the aqueous
alteration that also caused the large Ba and U anomalies. The volatile lithophile
elements, however, show variable enrichment or depletion within a group of
chondrules with no apparent volatility control. The siderophile and chalcophile

elements are usually more depleted relative to the lithophile elements. The siderophile
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elements show a rough correlation with decreasing condensation temperature.
Negative anomalies in Ir, Co and also Ni and Fe are commonly observed. Zinc is almost
always enriched relative to Pb. In Acfer 311 the samples with the largest RLE
concentrations have the lowest siderophile element concentrations and vice versa,
which is not observed in the other meteorites. Some elements show only small
variation in concentration ranges, creating constriction nodes in the graphs. With the
exception of Mg, these elements vary amongst the meteorites and less commonly
amongst chondrule types. In Allendé, Mg is the only element that consistently shows a
small concentration range in all of the chondrule types (A = <1.17), but others include:
in the PO chondrules V; in the POP chondrules most of the RLE and Ir, and in the WC
chondrules, Cr. In Karoonda, Mg, Mn, Fe and Zn create bottle necks in all the
chondrule types (A=<0.36, <0.15, <0.25 and <0.07 respectively), with W showing a
small range in the WC. This effect is not appreciable in Acfer 311, besides U and Na
that are probably homogenised due to aqueous effects (Kallemeyn & Wasson, 1982;

Bischoff et al., 1992).

Bulk meteorite values compiled from the literature (Appendix D, Table D-3) have
patterns that generally show smoother trends than chondrules and narrower ranges in
concentrations. These bulk rock data mostly fall within the ranges for the majority of
the RLE data, but less so for the siderophile, chalcophile and volatile lithophile
elements. Average bulk meteorite data and chondrule averages have very similar

patterns for all chondrule types, including the BO and EC chondrules.

3.2 BO chondrules (Carbonaceous chondrites)

Major elements - Barred olivine chondrules of both Allendé and Karoonda show
narrower ranges in Mg# than their corresponding PO(P)/WC chondrules — 0.85-0.93
in the former and 0.63 in the latter (Figure 3.1; Appendix D, Table D-2). Variations in
Mg# are probably caused by differing proportions of Fe-sulfides. Major oxides for the

BO chondrules overlap with those of their respective PO(P)/WC chondrules and fall on
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Figure 3.4 CI-normalised plots for analysed whole chondrules from Allendé CV3 sorted by decreasing
Tcso% condensation temperatures. Normalisation values and condensation temperatures are from
Lodders (2003)
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Figure 3.4 (continued) CI-normalised plots for analysed whole chondrules from Allendé CV3 sorted
by decreasing Tcso% condensation temperatures. Normalisation values and condensation temperatures
are from Lodders (2003)
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Figure 3.5 Cl-normalised plots for analysed whole chondrules from Karoonda CK4 sorted by

decreasing Tcso% condensation temperatures. Normalisation values and condensation temperatures are
from Lodders (2003)
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Figure 3.5 (contined) CI-normalised plots for analysed whole chondrules from Karoonda CK4 sorted

by decreasing Tcso% condensation temperatures. Normalisation values and condensation temperatures
are from Lodders (2003)
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similar trends. The BO tend to be slightly more enriched in Al,O; than the porphyritic
olivine chondrules. Karoonda BO are also on average slightly enriched in TiO., Na.O

and slightly depleted in Fe.O5 compared to the PO(P)/WC (Figure 3.2).

Trace elements — Allendé and Karoonda BO chondrules show similar RLE
pattern to their corresponding PO(P)/WC chondrules (Figure 3.4, 3.5; Appendix D,
Table D-2) but are notably more depleted in siderophile elements compared to the
PO(P)/WC chondrules. In Allendé BO chondrules, Mg, Cr and Zn create constrictions.
The two Karoonda BO chondrules, however, have identical concentration for most

elements, except Sc, Eu, Al, Ca, V, W, Ir, Ni, Na and Rb.
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Figure 3.6 Elements sorted by decreasing Tcso%. Refractory elements = red. Moderately volatile
elements = yellow. Volatile elements = green. Condensation temperatures from Lodders (2003).

3.3 Pyroxene chondrules (Indarch EH4)

Major elements - Chondrules from Indarch have similar ranges in Mg# as

observed in Allendé (0.96-0.74), although the RP have a notably larger range (0.72-
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0.94) than the PP (0.86-0.96) (Figure 3.1; Appendix D, Table D-2). In terms of major
element oxides Indarch chondrules mostly overlap with the CCh chondrules but have
some of the lowest measured values for Fe,O;, CaO, TiO, and P,O5; and some of the
highest Na.O of all chondrules in this study. However, they are the only chondrules for
which neither CaO nor TiO. show a solar relationship to Al.O; probably due to their
small range in Al,O; (A203=0.53 wt% compared to Allendé Aai.05=3.80 wt%). In the
Indarch PP, MgO correlates to Al.O; (slope=1.16, R2=0.92) but not in the RP. All
Indarch chondrules are enriched in Na.O and depleted in Fe.O3, P.O; and K.O relative
to CI, the latter which is below detection in three out of four RP and one PP chondrule.
Sodium oxide and K,O in the PP correlate negatively in non-CI proportions (slope=-

4.57, R2=1.00). Some Indarch PP chondrules are also enriched in MnO.

Trace elements - Indarch chondrules (and bulk meteorite) resemble CI more
than any other studied objects, although significant variation occurs for some elements
in the chondrules, particularly the lithophile and chalcophile elements (Figure 3.7;
Appendix D, Table D-2). In contrast to chondrules from the Carbonaceous chondrites
for which Mn (moderately volatile) is usually depleted relative to Zr (highly refractory),
both these elements are roughly equally abundant in the EC chondrules. Tungsten, Hf
and Zr and Sc are commonly depleted relative to Y, which is not observed in any of the
CCh chondrules. For Ti to Mn the RLE have no obvious systematic variation, although
the average pattern remains at 1 xCI. Magnesium and Al are the only major
constricting RLE, along with Sc in the RP. The siderophile and chalcophile element
patterns appear to be fairly similar for the RP and PP, but can be distinguished easily
by their Mo/W (>0.5 and <0.4 respectively) and Fe/P ratios (>1 and <1 respectively).
The siderophile and chalcophile elements in Indarch chondrules do not show the
general decrease with decreasing condensation temperature observed in the CCh
chondrules. With the exception of Cu (and in some samples W and Pb in the PP) the

siderophile and chalcophile elements are all depleted relative to CI and to most of the
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Figure 3.7 Cl-normalised plots for analysed whole chondrules from Indarch EH4 sorted by decreasing
Tcso% condensation temperatures. Normalisation values and condensation temperatures are from
Lodders (2003)
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RLE. Chalcophile elements on average are almost at equal levels or slightly enriched
relative to the lithophile elements, which is also not observed in any of the CCh
chondrules. Volatile lithophile elements in the Indarch RP and PP chondrules are
essentially identical, showing enrichment in Li and Na relative to CI. Sodium is also
slightly enriched relative to the bulk meteorite. A positive correlation is observed
between Ca (as proxy for sulfides) and the amount of REE, and an inverse correlation

between the amount of REE and size of the negative Eu and Yb anomalies.

In contrast to the chondrules, the bulk meteorite pattern for Indarch does not deviate

considerably from 1 xCI for all elements (Figure 3.7; Appendix D, Table D-3).
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4 Constraints from comparisons to known components

4.1 Conformation and deviation from solar elemental relationships

A distinctive feature of the CCh and EC chondrules is the largely unfractionated
compositions for the RLE ratios relative to CI. In particular the major oxides CaO,
TiO. and Al.O; of the measured chondrules strongly suggest a relatively primitive
nature for the precursor materials of the CCh and EC chondrules since they maintain
their close to solar abundances. The CR chondrites have already been described as the
most primitive chondrite group by authors such as Kong & Palme (1999) based on solar
Cr/Mg ratios. This is further highlighted by the correlation of MgO and Al.O; in Acfer
311 chondrules, which is not observed in the other CCh. Some of the scatter of the
major element oxides along the 1:1 slopes is likely due to minor differences in the
minerals sampled by the precursor materials, similar to the effect observed for CAls
(Sylvester et al., 1993). The variation in the precursor materials would have to be
limited, however, since a wide range in compositions would lead to more scatter in the
data. The even stronger 1:1 correlations for CI normalised data of Ni:Co and Lu:Hf
(Figure 4.1) present further evidence of a lack of extreme processing. Nickel and Co will
remain together in a single-phase metal (e.g. Wasson & Rubin, 2010) under reducing
conditions, but can fractionate from each other in silicate and sulfide phases under
more oxidizing conditions (e.g. Ehlers et al., 1992; Hirschmann & Ghiorso, 1994). The
obvious exceptions from the Solar Ni:Co trend are the Karoonda chondrules. The CK
meteorites are amongst the most oxidized chondrites known and contain almost no
metal (Righter & Neff, 2007; Hutchison, 2004). The subsequent high concentration of
Fe in olivine has a significant control on the compatibility of Ni and Co (Hirschmann &
Ghiorso, 1994), the former preferentially partitioning into the olivine structure at
higher Fe content. The additional presence of sulfides such as pentlandite and
pyrrhotite helps to further fractionate these elements since Co is slightly more

compatible in pyrite than in pentlandite (e.g. Geiger & Bischoff, 1995). However,
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despite the non-solar relationship between Ni and Co in the CK chondrules, the bulk
meteorite still plots on a solar slope and is identical to the Ni:Co ratio for the Allendé
bulk. Lutetium:Hf data for the chondrules produce a similar tight correlation,
although the Karoonda WC, Allendé POP and Indarch chondrules have Lu:Hf ratios
deviate slightly from solar. It should be noted, though, that they still plot within close
proximity of the main 1:1 trend of chondrules. Despite the variation observed amongst
the chondrules, bulk meteorite Lu:Hf values for all the samples plot along the solar
trend. Other element ratios that closely follow the Solar compositions are Sm:Nd,
Hf:Zr, Y:Lu, Sc:Lu and Hf:Ti (Figure 4.1). Deviations from the relative solar element
abundances amongst the refractory elements are mostly observed for W, Ir, Mo, Ta, Nb,

Sr, Ba and V.

4.2 Comparison to UOC chondrules and chondrule discrimination plots

The UOC chondrules, both porphyritic and non-porphyritic show similar enrichments
in the RLE relative to CI observed in the CCh and EC chondrules analysed in this study
(Figure 4.2; Appendix E, Table E-1). The porphyritic UOC chondrules mostly appear to
have similar volatility patterns to the CCh chondrules (i.e. relatively flat RLE
decreasing through the more volatile elements), while the RP/CC chondrules have
patterns similar to those of the EC chondrules, which are flat on average. The
resemblance between the EC and fine grained UOC chondrules is furthered by the
relative depletion of W and in some cases Zr and Hf relative to the other RLE.
Furthermore, all UOC chondrule data for Ir, Ni, Co and Fe show similar roughly
correlating depletions in these elements relative to the lithophile elements as observed
in the CCh and EC chondrules. Plots of major element oxides plotted against Al.O; for
the UOC chondrules indicate similarly narrow ranges in MgO abundances (1.64-2.48
xCI; Figure 4.3) that span the same compositional range as the analysed samples (1.30-
2.91 xCI). Differences include the total lack of correlation between MgO, FeO and

Al,O4, and the sub-chondritic correlation of CaO, TiO. and Al.O;. Phosphorous is
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mostly enriched in the UOC chondrules relative to Cr and shows no correlation to Fe -

this is contrary to the CCh/EC chondrules, except for a few Karoonda chondrules.

Sears et al. (1992) proposed a purely chemical classification of chondrules based on the
in situ measurement of CaO and FeO content of chondrule olivine (Figure 4.4a).
Although this classification scheme is based on single mineral chemistry and designed
to act as a thermometer, the applicability of CaO vs. FeO plots for whole chondrule data
was tested given that whole chondrule CaO and FeO will vary based on mineralogy e.g.
the presence of metal or mesostasis/feldspar. Distinct groupings of chondrule types
within CaO-FeO-space might imply different source material leading to different major
mineralogies, whereas correlations of FeO-CaO could highlight evolution of the
chondrule/source material or mixing of components. Figure 4.4b plots CaO vs. FeO
whole chondrule data for a variety of UOC ferromagnesian chondrules from Semarkona
LL3.0 (see Appendix E, Table E-1 for references). Good distinction is made between
Semarkona type I and II chondrules, suggesting that they may have had distinct source
material with no common composition (the two groups do not appear to converge to a
common point) or were produced at distinct points in time from the same reservoir.
The low FeO values and narrow range in the type I chondrules likely reflect the general
lack of metal in the LL3.0 chondrites. The type II chondrules, in contrast, show a weak
negative correlation between CaO and FeO, which may be the result of ‘dilution’ of the
mesostasis by troilite and chromite (Jones, 1990). The Semarkona RP/CC chondrules
overlap with both type I and II chondrules making additional textural identification
essential. Based on Figure 4.4b, the precursor material for Semarkona RP/CC
chondrules appears to be similar to that of both the type I and II chondrules and they
apparently have not undergone any mixing/fractionation. Application of the CaO vs.
FeO plot to the samples analysed in this work provides mixed results. From Figure
4.4c it is obvious that a large amount of overlap exists for chondrules from several

types of meteorite when plotted together. Despite this overlap between the CCh and
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Figure 4.4 Chemical classification of chondrules based on raw CaO vs. FeO values. a) Original
discrimination fields of Sears et al. (1992) based on CaO and FeO in chondrule olivine only determined
by EMPA. b) Plotting CaO vs. FeO for whole chondrule UOC data shows that the original fields of Sears
et al. (1992) are obviously not applicable to whole chondrule data. However, the plot itself still proves to
be useful and new discrimination fields can be defined to distinguish between type I and type II UOC
chondrules based on whole chondrule data. c). Central plot — Data from the studied samples and the
UOC data show a large amount of overlap. However, plotting the meteorites individually shows that the
plot distinguishes between trends in the Allendé BO and PO(P) (top right) and Indarch RP and PP
(bottom right). Karoonda chondrules plot distinctly from all meteorites except Acfer, but no internal
distinction is possible.

UOC chondrules, particularly between the CV (Allendé), EH (Indarch) and UOC
(Semarkona), individual CaO vs. FeO plots for the different meteorites suggests that
they all have distinct starting compositions for their chondrules. Chondrules from
Karoonda are easily distinguished from all other groups, except Acfer PO, although no
distinction is possible amongst different types of Karoonda chondrules. Karoonda

chondrules have the narrowest ranges for FeO observed in any of the CCh meteorites in
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this study and show no correlations between FeO and CaO. Most chondrules cluster
around FeO ~30 wt% and CaO ~1 wt%. In contrast, Allendé, Indarch and UOC
chondrules overlap significantly. Allendé PO(P) and BO chondrules plot in two well-
defined group with distinctive trends that converge to a single point (FeO ~10 wt%,
CaO ~1 wt%), suggesting a common precursor. The Allendé WC chondrules show a
significant amount of scatter suggested to be a result of the fine grained and
mineralogically variable rims that are volumetrically more abundant in these samples.
Negative trends in the BO chondrules are likely to reflect differing proportions of
sulfides while the positively trending PO(P) chondrules show increases in the amounts
of opx and plagioclase. Indarch RP and PP chondrules also plot in two distinct but
converging fields suggesting a common origin (FeO ~3 wt%, CaO ~0.3 wt%).
Differences in the trends most likely reflect the larger proportion of mesostasis and
sulfides in the PP chondrules compared to the RP. Since CaO and FeO are both located
in sulfides in the E chondrites, relationship between the two elements will be positive
in contrast to that of the Allendé BO chondrules where CaO is located in the silicates
and FeO in the sulfides. The negative trend in the Acfer PO chondrules reflects
differing amounts of metal diluting the CaO bearing components. Assuming that CaO
is only present in silicates in Acfer PO chondrules, then the data suggest a rough upper
estimate of ~4 wt% CaO in the silicate starting component. Addition of olivine to Acfer
PO chondrules (Mg# ~0.98) would merely move the chondrule array closer to the
origin and vice versa. Of all the CCh chondrules analysed in this study and presented
in CaO vs. FeO space, only Allendé shows distinct chemical and textural evidence for
the evolution of its source region over time as opposed to mixing of different
components observed in Acfer, Karoonda and Indarch. It also appears that the history
of the UOC chondrules may differ strongly from that of the CCh chondrules, potentially
involving separate sources for the type I and type II UOC chondrules as opposed to
common origins for the different types of CCh chondrules from a single meteorite.

Plotting CaO vs. FeO therefore has potential application not only in the identification
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of different chondrule types, but is also useful as a first order petrological tool in
studying the evolution of chondrules provided that the data are supported by
petrography. More whole chondrule data are necessary to rigorously test the
applicability of the CaO vs. FeO plot to whole chondrule data across a wide spectrum of

meteorite types.

Due to the large amount of overlap present in the major elements, additional means of
discrimination are also investigated using trace and major element data. Initial
observations of the volatility graphs highlight several elements that appear to differ
consistently relative to each other and the RLE amongst the different types of
chondrules: Ir, Mo, Ni, Co, Fe and to some extent Cu, Ga, Pb and Zn. Using the
refractory lithophile elements to discriminate between the CCh chondrules is not as
useful since the ranges in concentrations and ratios overlap significantly between
meteorites and chondrule types (Figure 4.1). For Indarch, however, the differences in
the refractory elements between the RP and PP can be characteristic and is discussed
later. The lithophile elements Li, K, Rb and Na have proved to be of little use in
discriminating between the chondrule types since there appears to be little or no
correlation or trends amongst themselves or with other elements, most likely due to
their volatility and metasomatic overprints. Figure 4.5 shows a selection of
discrimination diagrams that best resolve the different meteorite groups. Acfer 311
overlaps with both Allendé and Karoonda in all plots but can be easily distinguished
from Indarch. Allendé and Karoonda can be readily distinguished from each other and
also from Indarch. The UOC chondrules are not included in this section since
concentration data for the necessary elements are mostly not available. Plots of Fe vs.
Ir (a), Co# [=Comol/(COmol+ Femo1)] vs. Mg# [=Mgmol/(Mgmoi+ Femo1)] (b) and Zn vs. Pb
(c¢) highlight the constrained compositional field for Karoonda chondrules. In these
plots Indarch chondrules fall well apart from Karoonda and with only a small amount

of overlap with the Allendé BO chondrules. With the exception of Zn vs. Pb (c) there is
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Figure 4.5 Chondrule discrimination diagrams based on CI normalised siderophile and chalcophile
abundances. a) Fe vs. Ir, b) Co# vs. Mg#, ¢) Zn vs. Pb (black box highlighted in lower left corner of c is
enlarged in d), e) Cu vs. Fe. See text for details.

always a distinct hiatus between Karoonda and Allendé chondrules. Although the
Allendé BO chondrules overlap to some extent with the PO(P) chondrules, they either
plot towards the ‘lower end’ of the Allendé field (Figure 4.6a and b) or with a distinct
trend (Figure 4.6¢). Allendé PO and POP chondrules mostly overlap, but the POP
chondrules appear to plot in a narrowly defined field in Fe vs. Ir, and with a distinct

slope in Co# vs. Mg#. No distinction is possible between the different Karoonda
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chondrule classes regardless of the type of plot. In a plot of Cu vs. Fe (Figure 4.6¢)
Allendé, Karoonda and Indarch fall in three distinct fields. In addition it is also
possible to distinguish between Indarch RP and PP chondrules. Interestingly, Ind-7,
which is classified as a PP chondrule based on textural observations plots in the field of
the RP chondrules. This association is further emphasised in Figure 4.6a and b, which
shows clear distinction of the Indarch PP and RP chondrules with Ind-7 always plotting
as an RP component. It is common for the PP and RP fields to plot with differing
slopes but with a common intercept, e.g. Figure 4.6b. The CCh chondrules cannot be

distinguished by plots of W/Nb vs. Cr/Ti and W vs. Mo.
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Figure 4.6 Chondrule discrimination diagrams for Indarch RP and PP chondrules based on CI
normalised abundances. The sample Ind-7 PP dominantly plots with the RP samples despite its
textural similarity to the PP group.

More data are required to rigorously test these discrimination diagrams, especially
since only limited numbers and types of chondrules were analysed. This is particularly
important for the Karoonda BO, of which only a pair was analysed, and Acfer 311,
where subtle distinction between different types of porphyritic chondrules was not
possible due to surface coatings. Since distinguishing between high MgO and high FeO
chondrules while hand picking is also not always possible, combining the ICP element

determinations with a first step of e.g. SEM textural and compositional analysis would
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confirm whether or not the type I/II classification observed in the UOC whole

chondrules is possible in other meteorites.

4.3 Relationship between chondrules and bulk meteorite

The observation that a large degree of similarity exists between the composition of the
bulk meteorite and that of the chondrules (Section 3.1) is of key importance. To
illustrate this Figure 4.7 compares the CI normalised chondrule values to the CI and
bulk meteorite normalised values. Since, like the chondrules, the bulk meteorites are
also enriched in refractory elements and progressively depleted in the more volatile
elements, the general effect of the normalisation is for the volatility patterns to become
flat on average and lie closer to 1. This hints at a strong control of the local formation
region on chondrule composition. However, depletion of the siderophile and
chalcophile elements and extreme enrichment or depletion of the volatile elements
remain, requiring that most likely some form of silicate-metal/sulfide separation took
place within the chondrule formation region to create the former (discussed in Chapter
5) and local temperature effects or metasomatism controlled the latter. Also,
considering the agreement between the trace element patterns for chondrules from a
particular meteorite, it would require that any chemical heterogeneities present early
on in the formation region be largely homogenised prior to both chondrite and
chondrule formation. Although radial mixing is known to have occurred in the early
solar system (Bockelée-Morvan et al., 2002; Gail, 2004), the chemical evidence seems
to suggest that mixing between the different formation regions was minimal if not
totally absent after a specific point in time. Any chemical fractionation amongst the
different types of chondrules within a single meteorite may therefore largely have been

closed-system on the scale of the formation region.

Figure 4.7 (adjoining page) Comparison of CI normalised (left) and CI + bulk meteorite (right)
normalised chondrule volatility plots. CI and bulk meteorite (BM) normalised data plot scatter
symmetrically around 1 for most of the elements, suggesting a strong control of the bulk meteorite over
the chondrule composition.
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4.4 Constraints on precursor materials

Textures for porphyritic chondrules require pre-existing solid crystals (Hewins & Fox,
2004), although the exact nature of their origin is unspecified. Regardless of the
favoured heating mechanism for chondrule formation or the presence of recycled
grains, the crystalline Chondrule Precursor Materials (CPMs) ultimately either had to
have a nebular/condensation or planetary/crystallisation origin. Forsterite, the
dominant phase in the chondrule suite in this study, is calculated to condense after the
CAIs as the first major silicate (e.g. Lodders, 2003) but will also be amongst the first
phases to crystallise from an (ultra)mafic melt. The challenge is therefore to deduce
from chondrule chemistry whether the CPMs originated in a condensation/nebular

environment or crystallisation/planetary setting.

Calcium Aluminium Inclusions (CAIs) are generally favoured as the first condensates
from the cooling solar nebula (Ireland & Fegley, 2000; Ebel & Grossman, 2000; Simon
et al., 2002) and are extremely enriched in the refractory elements (up to 100 xCI).
For general overviews the reader is referred to Scot & Krott (2007), Hutchison (2004)
and Tolstikhin & Kramers (2008). The first order control on trace element
composition of condensates is directly linked to the crystal structure so that
partitioning is based on ion radius and valence i.e. the only influence on the elements
is the type of mineral present (e.g. Grossman & Ganapathy, 1975; El Goresy et al.,
2002). Compositional differences in the RLE amongst individual CAls are thought to
be the result of sampling of different amounts of the primary condensate phases such
as melilite, perovskite and spinel (Sylvester et al., 1993). The consequence of random
sampling of condensed phases is to create uncorrelated scatter amongst the major
elements when plotted against Al.O5 (e.g. TiO. and CaO; Figure 4.8; Appendix E, Table
E-2). Scatter is also observed in such RLE as Hf and Lu, which are fractionated in high
temperature condensates. In contrast, geochemical twins, such as Ni and Co or Sm and

Nd correlate with each other and the solar composition. Rare Earth Element (REE)
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Figure 4.8 CI normalised trace element plots for published CAI data (for references see Appendices,
Table E-2). Black diagonal lines are 1:1 with CI, yellow diagonals are regression lines.

fractionations in CAIs may have strong volatility controlled characteristics resulting in

large depletions in the more volatile REEs Ce, Eu and Yb (e.g. MacPherson & Davis,

1994). A secondary effect that controls the trace element compositions in CAI is the

duration of contact between the condensing mineral phases and the surrounding gases.

Phases that are allowed to equilibrate with the surrounding gas for a longer period will

have flatter trace element patterns, while minerals that are removed at an early stage
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are more likely to have large fractionation effects (e.g. Boynton, 1975; Mao et al., 1990;
Lodders & Fegley, 1993; Campbell et al., 2003). Olivine condensing from a solar gas
that has already produced refractory minerals is likely to show smaller enrichment or
even depletion in the RLE elements relative to CI. If a sufficiently large volume of CAIs
was produced then later phases may also show inherited scatter in the major elements
Ca, Ti, Al and Mg. In contrast, trace minerals such as Li, Mn and Zn that are
commonly depleted in the CAI are likely to partition into forsterite (Lodders, 2003)
and should show some enrichment. The REE in such olivines should be fractionated
based on the exact nature of the pre-condensed refractory phases and may show

enrichment in the more volatile Ce, Eu and Yb.

In contrast, olivines crystallising from igneous (ultra)mafic melts are depleted in the
REE (Ka4 «1) and show a distinct preference for the HREE over the LREE (e.g.
Rollinson, 1993; Bédard, 2005). This also holds for olivine (and pyroxene) crystallising
from a typical MgO-rich chondrule melts (Kennedy et al., 1993). The study of Kennedy
et al. (1993) additionally indicates significant depletion in the +4 trace elements as

well as the +2 Ba, Sr and Ca. Fractionation of e.g. Lu to Hf is therefore expected.

As shown in Section 3.1, the refractory elements (Zr to V) from both Acfer and Allendé
chondrules in this study are usually enriched relative to CI (normally minus Ir and Mo)
and show flat patterns. High temperature major elements MgO, TiO,, CaO and Al.O;
mostly trend along a Solar line and in addition to very strongly correlating Sm:Nd and
Co:Ni, most of the HFSE correlate with Lu in solar proportions. These characteristics
put the chondrules in stark contrast to both the CAIs or olivine crystallised from a
melt. The lack of preference of the HREE over the LREE in the Acfer and Allendé
chondrules (Figure 4.9) and the solar Lu:Hf give the impression that the precursor
material was not formed by fractional crystallisation. Formation of CPMs by
disruption of a planetesimal that has undergone extensive silicate fractionation is

therefore unlikely. However, the solar correlation amongst both the refractory major
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Figure 4.9 CI normalised REE patterns for studied chondrules. Red = Acfer 311 CR2; Blue = Indarch
EH4; Green = Allendé CV3oxa; Purple = Karoonda CK4 (keys for the individual samples — gray plots —
are similar to figures 3.3-5 and 3.7). Normalisation values are from Lodders (2003).

and trace elements also argue against a condensation origin similar to the high

temperature origins of the CAIs.

It is furthermore unlikely that the chondrule

precursor material formed as a condensate from an already fractionated reservoir (e.g.

after CAI formation) since this would lead to non-solar relationships amongst the RLE

in particular.
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An alternative origin for CPM comes from the formation of ferromagnesian material in
the outer shells of stars and resulting composition of the InterStellar Medium (ISM).
As mentioned in Section 1.2.1, stellar ejecta contain a range of minerals, including both
crystalline and amorphous ferromagnesian material as well as metal oxides and native
Fe-Ni metal (e.g. Day, 1976; Waters et al., 1996; Zinner, 2007). Non-organic solid
matter in IR spectra of planetary nebula, which is derived from the ISM (Gail, 2004;
van Boekel et al., 2004), consists dominantly of olivine, pyroxene and amorphous Mg-
Fe-phases with little or no detectable CAI-like material (Waters et al., 1998; Meixner,
2002; Rietmeijer, 2002). If such ferromagnesian silicate material and not CAI-like
material is therefore the dominant condensation phase in the stellar environment, it is
plausible that the refractory elements would condense into the Fe-Mg-silicates with
little or no fractionation since there would be no other host phase. The large volume of
Fe-Mg-silicate relative to the refractory elements would lead to less enrichment
compared to the CAIs. The resulting volatility patterns are theorised to be similar to
those of the refractory lithophile elements of the Acfer and Allendé chondrules. The
depletions of Ir and Mo are suggested to be a function of solar system processes rather
than from the source of the interstellar material in the O-rich shells of evolved stars
(Waters et al., 1996) since bulk meteorites are not depleted in these elements. Since
the proportions of relatively FeO-rich amorphous Fe-Mg silicate to forsterite and
enstatite in the young Solar System will initially be larger (Gail, 2004; van Boekel et
al., 2004) it could be speculated that the Karoonda chondrules formed from such an
early FeO-rich non-equilibrium assemblage. The evidence that the EC chondrules
might originally have been more oxidized and FeO-rich (this study; Weisberg et al.,
1994; Fagan et al., 1999; Berlin et al., 2007) makes a similar, more oxidized precursor

material plausible.
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4.5 Summary Chapter 4

The solar nebula would have contained sufficient crystalline and amorphous
ferromagnesian silicate material to act as chondrule precursors. The chemical
composition of these silicates was determined by their condensation conditions in the
stellar environment. Since silicates are the dominant phase in spectra of AGB stars and
not CAI-like material, it follows that the RLE elements would have to condense into the
silicates as the dominant phase. This would most likely lead to flat REE patterns and
1:1 CI normalised RLE patterns since these elements would not have another major
phase to sequester into. The solar nebula would have been composed of such stellar
material potentially from several stars, some or all of which would not have been in
equilibrium with the conditions in the evolving Solar System. Re-equilibration of the
raw stellar material under solar system conditions would most likely have had the
effect of reducing the FeO content in the silicates and creating minerals such as olivine
and pyroxene, as well as native metals. Or, in regions where temperatures were
sufficiently high, total evaporation followed by condensation would lead to formation
of CAIs. The latter process most likely operated in restricted zones close to the sun and
did not affect the chemistry of most of the Solar System. The compositions of the
formation zones of the different meteorites (i.e. the bulk meteorite compositions) were
established prior to chondrule formation and determined the constitution of the
chondrules. The depletion in volatile elements in the bulk meteorites is not easily
explained since the enstatite chondrites, which supposedly formed much closer to the
Sun than the carbonaceous chondrites (Anders, 1971; Baedecker & Wasson, 1975;
Shukolyukov & Lugmair, 2004), show no depletion in volatiles. Separation of metal
and sulfides from silicates occurred only after the bulk meteorite composition was
established. The very primitive (solar-like) nature of the RLE element signatures in
Acfer and Allendé chondrules suggest that the reworking of the precursor material did
not involve extensive fractional crystallisation of any kind of silicates. A degree of

devolatilisation may be necessary to account for depletion of such elements as Ba
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relative to the bulk meteorite. In Karoonda and Indarch, on the other hand, an amount
of ‘igneous’ reworking could explain e.g. the HREE enriched, Eu-depleted patterns. An
igneous environment would also account for the lack of differences in volatile element
concentrations between the chondrules and bulk meteorites in Karoonda and Indarch,
since the control on element partitioning would no longer be volatility controlled. And
ideal setting would perhaps be a mostly molten planetesimal that has undergone a

degree of fractional crystallisation (see also Sections 5.4, 6.1 and 8)
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5 Metal-sulfide formation

5.1 Mineral textures and associations

Thin section and binocular observations show that free metal is only observed in the
Acfer and Indarch chondrules. In the former metal occurs as rounded blebs interstitial
to olivine, as smaller blebs closer to the rims or as dispersed blebs in the surrounding
rims (Figure 5.1). Sulfides were not observed in the separates, although thin section
observations show that they commonly occur as small disseminated blebs associated
with silicates and oxides in the chondrule rims (Figure 5.1a). Magnetite is a common
accessory mineral both inside the chondrules and in the rims. Mesostasis in the Acfer
chondrules can be dotted with a multitude of small black inclusions, presumably
magnetite (Appendix A, Acfer-3 PO). Metal commonly has a thin coating of a black
mineral, possibly magnetite or carbon (Figure 5.1b). Schrader et al. (2008) point out
that metal is mostly absent from type II chondrules in CR meteorites. Allendé
chondrules do not contain any visible metal, but are always associated with sulfides. In
the PO and POP chondrules sulfides are commonly found as large blebs interstitial to
the dominant phenocrysts (Figure 5.2a, b). These may be associated with oxides
(presumably either magnetite or chromite; Clarke et al., 1971) that are dispersed in the
mesostasis of some chondrules. In the fine grained rims, however, sulfides are mostly
disseminated with scattered small blebs (Figure 5.2c). There is also a distinct increase
in the amount of sulfides related to an increase in pyroxene and fine grained silicates.
Olivine and pyroxene crystals may have dusty appearance due to small sulfide or oxide
inclusions (Figure 5.2d). The BO chondrules have only minor amounts of sulfides that
are mostly linked to the presence of a fine grained rim (Appendix A). Rarely small
sulfide blebs are observed in the mesostasis between the olivine bars, and thin section
observations show that larger blebs may occur on the edge of the barred section (Figure
5.2e, f). Sulfides in Karoonda chondrules have similar textures to those found in

Allendé (Appendix A). Silicates are commonly riddled with abundant very fine grained
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Figure 5.1 a) Photomicrograph (rfl) of a type I chondrule from Acfer 311. The chondrule contains
only Fe-Ni metal as non-silicatephase while the rim contains finely dispersed sulfides (yellow
arrows) and metal. b) Photo of separated Acfer 311 type I chondrule showing a large metal bleb
surrounded by a black mantle of either magnetite or graphite.

A3, LITRETR

Figure 5.2 Examples of sulfide textures from Allendé CV3. a) Separated type IA PO chondrule. Sulfide
blebs occur in the mesostasis, interstitial to olivine phenocrysts. b) Photomicrograph (xpl) of a type IA
PO chondrule with large sulfide bleb (black) in the center of the chondrule. ¢) Type IAB POP chondrule
with fine grained rim. Sulfides are finely disseminated along the surface or form small blebs. d)
Photomicrograph (xpl) of an olivine crystal (upper) showing evidence of in situ redox reactions. Inner
zone of olivine crystal is cloudy with small opaque inclusions but has the same olivine composition as
the clear outer rim. e) Photomicrograph (xpl) of a BO chondrule showing a large sulphide bleb bottom
right. f) Same BO chondrules as in (e), but in rfl.
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magnetite inclusions (Figure 5.3a, b; Scott & Taylor, 1985) but may either have a
completely clear outer zone of the same composition. Some olivine grains have no
magnetite inclusions at all. Clear olivine appears to be associated with larger sulfide
and oxide blebs and ‘melt inclusions’. Sulfides are also more common in the Karoonda
BO chondrules than in their cousins from Allendé (Figure 5.3¢). Also important is the
general greater abundance of magnetite associated with the sulfides in Karoonda

(Figure 5.3d) and the presence of sulfide-magnetite chondrules (Figure 5.3e, f).

o g e

kiR . 12mm [ LI

Cha mim .51

Figure 5.3 Examples of sulfide textures in Acfer 311 CR2. a and b) Photomicrographs (xpl) of olivine
showing cores clouded with crystallographically controlled magnetite inclusions surrounded by a rim of
clear olivine. Both the inner and outer olivines have the same composition. ¢) Separated BO chondrule
showing large central sulfide bleb and smaller dispersed sulphides interstitial to the olivine bars. d)
Photomicrograph (rfl) of a type II PO chondrule with interstitial sulfides (pale yellow) and magnetite
(pale gray). e) Separated magnetite-sulfide+olivine chondrules. The chondrules are magnetically stuck
to each other. f) Photomicrograph (rfl) of a sulfide-magnetite chondrule.

Indarch RP and PP chondrules commonly have minor amounts of disseminated sulfides
and metal interstitial to the pyroxene laths (Figure 5.4a). Sulfide is more common than
metal inside the chondrules. In thin section some pyroxene crystals have a dusty

appearance due to an abundance of small sulfide and metal inclusions. Occasionally a
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Figure 5.4 Photomicrographs of metal and sulfide textures in Indarch EH4. a) Barred pyroxene crystal
with interstitial sulfide and metal (rfl). b) PP chondrule with interstitial sulfides and metal (ppl). ¢)
Same PP chondrules as in (b) in rfl. d) Location of a sulfide-oxide-metal shock vein highlighted in red. e,
f, g Common sulfides in the shock vein include sphalerite (e and g), pyrrhotite with pentlandite flame
exsolution (e, f, g) and chalcopyrite (e and g).

PP chondrule may contain large volumes of sulfide located centrally, with pyroxene
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crystals growing into the sulfide (Figure 5.4b, c¢). Indarch also has shock veins

dominantly composed of sulfides (Figure 5.4d, e, f, g) and accompanying oxides.

The textural evidence from the chondrules suggests an origin of the metal and sulfides
by the coexistence of immiscible liquids. The shapes of the metal and sulfide blebs that
occur in the chondrules are always dictated by the surrounding silicates and occur
either interstitially or are enclosed by a host crystal. Similar textures are observed in
terrestrial magmatic sulfide deposits (e.g. Bushveld Igneous Complex) whose origins
are directly linked to sulfide immiscibility and have been reproduced experimentally
(e.g. Holzheid, 2010). In situ reduction/oxidation (or exsolution) that occurs well
below the liquidus of the host phase is likely to produce textures similar to those in
Figures 5.2d and 5.3a and b, i.e. a multitude crystallographically controlled small
opaque minerals scattered throughout the host. The chondrule textures would also be
very difficult if not impossible to produce by trying to add liquid metal/sulfide to liquid
silicate. Both metal and sulfide melts are significantly denser than silicate melts and
would probably remain close to or on the surface of the silicate melt due to surface
tension effects (Grossman & Wasson, 1985). Connolly et al. (2001) have also suggested
liquid immiscibility and the expulsion of metal melt as the origin for the silicate-metal
textures in CR meteorites (Planner, 1986; Connolly et al., 1994). Alternatively the
presence of metal or sulfides on the outer edges of chondrules has also been suggested
to be the result of centrifugal forces produced by a spinning chondrule (Kong & Palme,
1999). The relative positioning of the metal and sulfide (henceforward referred to as
M-S) blebs may yield additional clues to the timing of the saturation event. In order
for M-S blebs to migrate to the outer surface of a chondrule, its interior has to be at
least partially molten. Therefore, saturation in an M-S melt that occurs only towards
the end of the crystallisation sequence of a chondrule is likely to be trapped in its
interior. If the chondrule melt reaches saturation early on, then the M-S melt has the

option either to migrate outwards when possible, or to be penetrated by rapidly
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growing crystals of e.g. a barred olivine or radial pyroxene crystal. The exact

composition of the immiscible melt will be determined by the local conditions.

5.2 Siderophile elements

Figure 5.5 plots the volatility arranged siderophile and chalcophile elements
(collectively called the ‘core elements’) for the studied chondrule suites. Distinctive
features of the siderophile elements are summarised as follows: the siderophile
elements have a general tendency to decrease in abundance with decreasing Tcs0%
(except Indarch); W is commonly more enriched than the neighbouring RLE in the CCh
chondrules (see Figures 3.3-5); W and Mo are more enriched than Ir, all three of which
are refractory; Ni and Co are the most depleted siderophile elements along with Ir; Mo
and Ir do not correlate; Ni:Co is solar (except Karoonda). An important consideration
for the interpretation of the core element patterns is the susceptibility of the elements
to change their geochemical behaviour. Except under very oxidizing conditions like
those found in Karoonda, the PGEs are essentially siderophile. Iridium is therefore
used as a proxy for the metal component. The elements Mo and W are highly sensitive
to changes in fO, conditions and will readily partition into silicates and form sulfides
or oxides (Campbell et al., 2003). Since Ir is almost exclusively siderophile, a plot of
Mo/Ir vs. W/Ir is an indicator of oxidation control on the distribution of Mo and W
(Campbell et al., 2002). Positive correlations between the two elements indicate
oxidation, which are both sensitive to redox conditions in comparison to Ir, which is
not. Tungsten is more sensitive to oxidation than Mo (Campbell et al., 2002) and will
develop a larger spread with increasing/continuing oxidation. Negative correlations
between Mo/Ir and W/Ir are an indication of normal siderophile behaviour for all three
elements. When the CI normalised data are plotted for the chondrule suite studied
here (Figure 5.6), Acfer is the only meteorite for which the chondrules show a negative

trend suggesting the siderophile behaviour of W and Mo. Allendé and Karoonda
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Figure 5.5 CI normalised abundances of siderophile and chalcophile elements. Red = Acfer 311 CR2;
Blue = Indarch EH4; Green = Allendé CV30XA; Purple = Karoonda CK4 (keys for the individual samples
— gray plots — are similar to figures 3.3-5 and 3.7). Normalisation values from Lodders (2003).

chondrules all show positive correlations between Mo and W. In Karoonda the slopes
are slightly shallower with a broader range in W/Ir compositions than in Allendé,

which is in good agreement with the more oxidized nature of Karoonda. It is
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Figure 5.6 a) CI normalised plot for all chondrules and bulk meteorite values of Mo/Ir vs. W/Ir as an
indicator of oxidation. Black diagonal is 1:1 with CI. Most chondrules plot off the 1:1 CI trend indicating
fractionation of Mo relative to W due to oxidation. b) Individual plots for the studied meteorites. Acfer
is the only sample that shows hints of metallic behaviour for both W and Mo. Allendé and Karoonda both
show oxidized behaviour for the two elements. Indarch chondrules surprisingly do not show metallic
behaviour of Mo and W, but might belinked to their extremely reduced mineralogy so that W and Mo
occur in the same phase but not with Ir. Despite differences in bulk chondrule compositions, chondrules
from Allendé and Karoonda (particularly the BO chondrules) plot on similar slopes and intercepts. Bulk
meteorite data, however, show no correlation whatsoever between Mo/Ir vs. W/Ir, but this could be an
analytical effect since both few and precise data are not readily available.

interesting to note that the BO chondrules of both meteorites have similar slopes,
intercepts and compositional ranges. Surprisingly, Indarch RP and PP chondrules do
not show negative trends. The PP chondrules have a very wide range in W/Ir values for

a narrow range in Mo/Ir (i.e. essentially a zero slope) while the RP chondrules show a

74



- Metal-sulfide formation -

positive correlation. For the PP chondrules it seems to rather be a case of variable W

content since both Mo and Ir contents have fairly small ranges.

The positive

correlation of W and Mo in the RP chondrules may be an effect of the highly reduced

mineralogy of the E chondrites. However, to produce a positive correlation it requires

that W and Mo occur in the same phase but without Ir. Iron, Ni and Co are slightly less

sensitive to redox conditions and particularly Ni and Co will remain together under

most circumstances but can be fractionated from each other under oxidizing conditions

(e.g. Kong & Ebihara, 1997 and refs. therein). A similar plot of Fe/Ir v Co/Ir (Figure

5.7) shows that for Allendé and Acfer, Fe and Co (and by inference Ni) are oxidized
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Figure 5.7 CI normalised plot of Fe/Ir vs. Co/Ir as additional measure of oxidation. All chondrules
plot along a solar slope except Indarch. Karoonda chondrules show greater scatter than the other CCh
chondrules. In contrast all bulk meteorite and average CAI values (gray circle) plot on the solar slope.
Normalisation values are from Lodders (2003).

together so that the data plot along a solar trend. Karoonda shows a larger degree of

scatter linked to its extremely oxidized state and reflects the differential partitioning of
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Fe and Co (and Ni) into both silicate and sulfide phases. Indarch RP and PP
chondrules, however, plot in a separate field off the solar trend and have essentially
non-sloping trends. The former group have a large range in Co/Ir values while the
latter have a large range in Fe/Ir. The bulk meteorite and CAI average all plot along a

1:1 slope.

5.3 Chalcophile elements

Where Ir is considered a proxy for metal components, Cu is a good measure for a sulfur
component. Copper is the second most chalcophillic element after Pb (Luecke et al.,
2006; Stewart et al., 2009), but Cu has a slightly higher Tcs0% (1037 K vs. 727 K;
Lodders, 2003) than Pb making it comparatively less susceptible to volatility processes.
Zink potentially partitions into olivine and pyroxene (Lodders, 2003) and has a Tcs0%
similar to that of Pb, making it less suitable as a proxy. Even when Cu is not present as
chalcopyrite (CuFeS,) it still partitions into other sulfides such as pentlandite and
troilite (Schrader et al., 2008). A plot of Cu (ppm) vs. 1/Mg# (Figure 5.8) indicates
the enrichment in sulfides relative to silicates and also the co-variation of Cu and Fe or
Mg. Most of the CCh chondrules have Cu contents of <200ppm with the exception of
three Karoonda chondrules (Kar-10 and 11 POP, Kar-12 WC; 200 ppm < Cu < 600
ppm). Indarch RP chondrules mostly overlap with the more enriched CCh chondrules,
but the Indarch PP show large enrichment in Cu (up to ~720 ppm). The plot seems to
be in general agreement with petrographic and binocular observations i.e. generally
low sulfide contents in Acfer PO (I) and Allendé BO; higher average sulfide content in
Karoonda compared to Allendé; increasing sulfide content in Allendé in the order
BO<PO<POP; high average sulfide content in Indarch chondrules. On a plot of
Cu/Mg# vs. Ir/Mg# (Figure 5.9) only the Karoonda chondrules, Allendé PO, PO and
WC chondrules show a correlation between the two elements. Considering the lack of
metal in these samples it suggests that both Cu and Ir behave as chalcophile elements

in these chondrules. In both Acfer and Indarch these elements vary independently
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Figure 5.9 CI normalised values of Cu/Mg# vs. Ir/Mg# as a measure of oxidation
and metal distribution (see text for details). Normalisation values are from
Lodders (2003).

from each other, suggesting that they are located in separate phases and have been

separated.

5.4 Formation

A big constraint on the formation of metal and sulfides in chondrules is the apparent
difficulty with which liquid metal/sulfide or dust can be mixed into a liquid silicate
droplet. Multiple layers of dust or immiscible liquids can be added to the surface of a
chondrule, but unless a process is present that will mix the components up on a small
scale just before chondrule crystallisation the general tendency will be for added
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sulfide and metal to remain on the outside of a chondrule. Metal in the CR2
chondrules are thought to be either the result of direct condensation (e.g. Weisberg et
al., 2000; Campbell et al., 2001) or reduction of FeO-rich silicates (e.g. Kallemeyn et
al., 1994). Condensed metal is noted for its concentrically zoned structure (Grossman
& Olsen, 1979; Weisberg et al., 2000), although this is not observed in metal blebs
inside CR2 chondrules (Kallemeyn, et al., 1994). Despite the textural evidence
suggesting that metal was present as an immiscible melt during growth of the silicates,
it does not really preclude either scenario. Campbell et al. (2002) note that metal
condensing from a gas will do so essentially independently from the silicate portion so
that they form discreet phases. If a mixture of discreet condensed silicate and metal
particles is mixed and then melted, a similar texture (i.e. unzoned metal blebs in
silicates) might be observed compared to a molten chondrule that is actively being
reduced to form an immiscible metal melt. The reduction could not take place at sub-
solidus temperatures since the results would not match the observed textures in CR2
chondrules. For a metal condensing directly from a gas with solar proportions above
1500K, the siderophile elements should decrease according to volatility with
W>Ir>Mo>Ni, Co>Fe (Campbell et al., 2003). Below this temperature the siderophile
elements up to Co are unlikely to be fractionated. Nickel and Co retain their chondritic
ratio during condensation regardless of temperature, probably due to their very similar
Tcso% and geochemical behaviour. Although there appears to be marginal volatility
control on the siderophile elements in the chondrules, the overabundance of W and Mo
relative to Ir is not easily explained by condensation from a gas, unless the W/Ir and
Mo/Ir ratios were superchondritic. A superchondritic W/Ir ratio for the formation of
CBy metal has been proposed by Campbell et al., (2002). Unless superchondritic W/Ir
and Mo/Ir ratios are present in a large portion of the chondrite forming region, the
variation of W and Mo relative to Ir and their overall >1 xCI enrichment in Mg-Fe-
chondrules is easiest explained by oxidative enrichment in silicate phases, supported

by Figure 5.6. Bulk meteorite values are not really adequate for estimating W/Ir and
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Mo/Ir in the carbonaceous and enstatite chondrite region since often only single values
or no data are available (see Appendix D, Table D-3). However, published data seem to
suggest that W/Ir and Mo/Ir ratios might differ from solar values (Figure 5.6).
Regardless, relative enrichment of W and Mo to Ir in the bulk meteorites is always less

extreme than in the chondrules since bulk meteorites have higher Ir concentrations.

Since both sulfide and metal melts are sufficiently dense to move to the surface of a
chondrule by surface tension effects, the separation of metal and sulfide phases in the
Acfer and Indarch chondrules is interesting. Even if insufficient S is present to create a
separate sulfide melt, the chalcophile elements will mostly remain in solid solution
with the siderophile elements (Righter et al., 2010) and should be expelled
simultaneously. In Acfer, sulfides are mostly found in type II chondrules, in the rims
of type I chondrules and the matrix (this study; Schrader et al., 2008). Connolly et al.
(2008) and Schrader et al., (2008) suggest that the sulfides originate from reworking
of metal in a more oxidizing and S rich environment. While this is entirely plausible, it
does not explain the non-correlation of Ir and Cu since both should partition into metal
alloys at higher temperatures and reducing conditions (Lodders, 2003) and are likely
to remain together under oxidizing and S-rich conditions. The latter effect is well
demonstrated by the Allendé and Karoonda chondrules. Both suites of chondrules are
more oxidized than Acfer (little or no free metal present) and as shown above, evidence
strongly suggests that both Cu and Ir are present as sulfides. This is also typical
behaviour for these elements in the Earth’s mantle, which is significantly more
oxidized than the CR2 meteorites. Volatility effects have been used to explain the
enrichment in volatile metals in the rims surrounding CR2 type I chondrules (Kong &
Palme, 1999; Connolly et al., 2001). This could also account for the greater abundance
of sulfides observed in the rims if S was too volatile to partake in the chondrule
forming event at high temperatures i.e. >1783 K (Schrader et al., 2008). However, Cu

would have to behave similarly as a volatile chalcophile element and not partition into
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the Fe-Ni alloy as calculated by Lodders (2003). Volatility separation of the elements
cannot, however, explain the independent behaviour of siderophile and chalcophile
elements in Indarch. Sulfides in the EC are known to form at high temperatures (e.g.
Tc(CaS) = 1379 K, Lodders & Fegley, Jr., 1993) most likely simultaneously with metal
alloys that condense around ~1357 K (Lodders, 2003). Chondrule textures in Indarch
require that both metal and sulfide melts were present in the chondrules at the time of
silicate crystallisation. Since Ir is highly siderophile, it will preferentially partition
into the metal phase. Unless the metal phase was therefore preferentially expelled
from the Indarch chondrules relative to the sulfides, it becomes difficult to separate

them by liquid immiscibility.

Since the data represent whole chondrule compositions and not individual phases, they
reflect the composition of the precursor material. A molten chondrule can react with
the surrounding gas (e.g. Libourel et al., 2006) or lose immiscible components (e.g.
Acfer PO chondrules; Grossman & Wasson, 1985), but once it solidifies its bulk
chemistry is set. The only subsolidus processes that can significantly alter the bulk
chemistry of a chondrule are high temperature metamorphism, addition of rims or
alteration. Since none of the chondrules present are extremely altered and none are
above metamorphic grade 4, it is reasonably safe to assume that these processes have
not extensively modified their chemistry. Addition of rims, although present, is fairly
easily accounted for by analysis of multiple chondrules with varying amounts of rim

and making careful petrographic observations.

Most if not all of the siderophile and chalcophile characteristics and textures of
chondrules can be explained by establishing the local oxidation state before the
chondrule solidified. From the data presented here the following sequences are

suggested for the formation of metal and sulfides in the CCh and EC chondrules:
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Acfer — Initial conditions in the CR formation region would have to have a sufficiently
high fO. to allow W and Mo to partition into silicates. Simultaneously a metal (or
sulfide) phase would have to exist to partition the Ir and remaining siderophile
elements. Either the oxidation of W and Mo was not extreme or the extraction of Ir
and the other siderophile elements to form a metal phase was not efficient since the
depletion of Ir relative to W and Mo is not extreme. Simply creating a primary metal
phase and mixing it into the silicates in varying proportion would not work since
chondrules with large volumes of metal should show positive Ir anomalies relative to W
and Mo. A major reduction episode of the silicates is then required to remove all the
remaining siderophile elements, including W and Mo, into a metal phase. The initial
metal phase would have to remain secluded since mixing it into the secondary metal
phase would even out the relative depletions between the siderophile elements.
Chondrule textures require that the reduction either took place just before or during a
high temperature event so that the metal and silicates were molten together. Sulfur
and the other chalcophile elements including Cu were only present in minor amounts
in the chondrules, either due to their relative volatility or perhaps due to sequestration
along with the primary Ir-rich phase. Expulsion of the metal and crystallisation of the
silicates followed simultaneously. Sulfides could condense on the outside of the

chondrules when the surroundings cooled down sufficiently.

Allendé — The chemistry of Allendé chondrules show an evolutionary trend in the order
BO-PO-POP that is directly linked to the amount of pyroxene (which gradually becomes
more FeO-rich), sulfides and rim present (this study; Cosarinsky et al., 2008). The BO
chondrules are suggested to represent the composition of the precursor material since
they are pure olivine and contain little or no sulfides or a fine grained rim. As with
Acfer, the precursor material for the Allendé chondrules requires a slightly oxidized
formation region to enrich W and Mo in the silicate phase and a primary metal phase to

sequester the siderophile elements. Formation of the metal phase appears to have
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been more efficient for the Allendé chondrule precursor since the depletion of Ir
relative to W and Mo is greater than that observed in Acfer. Crystallisation of the
chondrules following a heating event produced liquid immiscibility due to sulfur
saturation. The removal of the primary metal/sulfide phase from the formation region
was probably not very efficient since the siderophile and chalcophile elements appear
to be mixed back into the chondrules in the form of sulfides and FeO-rich silicates.
This requires a gradual increase in fO2 in the formation region so that the initially
reduced M-S phase was oxidized over time. This would also allow a gradual increase in
the amount of sulfides present as more elements became available from oxidation of
the primary metal. The general effect would be for chondrule volatility patterns to
approach the bulk meteorite pattern with increasing proportions of sulfides and fine
grained rims, as is observed in Figure 5.5. An additional W,Ir-rich component appears

to be present in the Allendé WC chondrules not observed elsewhere.

Karoonda — Data for Karoonda chondrules require that the precursor material for the
Karoonda chondrules was already oxidized with all the Fe present in the 2+ state, and
that both silicates and sulfides were present. Iridium would sequester into the sulfides
with Fe, Ni and Co partitioning between both but mostly into the silicates. The
presence of dusty olivine cores surrounded by clear olivine and a change from having
the opaques as small, elongate crystallographically orientated inclusions to larger
random rounded inclusions seems to imply a multistage process prior to chondrule
formation. It is also pertinent that there appears to be some degree of agreement
between the shape of the dusty core and the outer grain (Figure 5.3a, b). These
features suggest that the already FeO-rich olivine was further oxidized to such an
extent that its structure could not hold the Fe3* and magnetite was exsolved. The
growths of clear olivine may imply that the dusty grains were dissolved and a new layer
grew, allowing the exsolved magnetite to coalesce and form larger immiscible blebs. A

mixture of a sulfide-oxide melt and silicate mush (crystals plus melt) could explain the
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observed chondrule texture. The large degree of similarity in siderophile and
chalcophile elements between the Karoonda chondrules and bulk meteorite suggest
that the sulfide component was either remixed thoroughly with the silicates after

separation, or that separation of the silicates and sulfides not very effective.

Indarch — The tendency of the RP and PP chondrules in Indarch to have separate
trends that converge on a single composition for all except the most chemically similar
elements suggests the same source but different evolutionary histories. Figures 4.4 and
4.6 highlight the tendency of the sample Ind-7 PP to plot with the RP chondrules for all
the chalcophile and lithophile elements. The theory pursued here is that the RP
chondrules were formed after a major reduction event while the PP chondrules were
already there prior to this and carry inherited chemical signatures from their own more
oxidized formation environment. The RP chondrules display strong positive
correlations between elements that have similar geochemical behaviour under reducing
conditions as observed in the enstatite chondrites e.g. both Ti and Fe (chalcophile) and
Fe and P, where Fe is siderophile and P occurs as phosphide (Figures 5.10). Such
behaviour agrees with measurement of phases in the EC (Rambaldi & Cendales, 1980;
Easton, 1985). The PP chondrules in contrast show essentially no correlation between
either Ti and Fe or Fe and P. The PP chondrules, however, show good correlation
between normally lithophile elements such as Hf and Lu (Figure 5.11), while these
elements show no correlation in the RP chondrules. These correlations support the
formation of the PP chondrules in a more oxidizing environment compared to the RP
chondrules. As mentioned earlier, the general tendency of the compositions of Indarch
PP and RP chondrules to converge to a single composition suggests that the PP and RP
chondrules had a similar source, or (the favoured theory) that the PP chondrules were
in fact the precursor material for the RP chondrules. Formation of the RP chondrules
occurred under extremely reducing conditions to produce the chalcophilic behaviour of

the REE (Lodders & Fegley, 1993) while Hf remained lithophile. In order to maintain
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Figure 5.10 CI normalised plot of Ti vs. Fe and P vs. Fe for Indarch EH4. Correlating behaviour
between the elements, as is expected for the extremely reducing conditions found in the EC, is only
observed in the RP chondrules. Bulk meteorite values are plotted as a cross. 1:1 (CI) ratio is indicated by
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Figure 5.11 CI normalised plot of Lu vs. Hf for Indarch chondrules. PP chondrules (except Ind-7
PP) maintain lithophile behaviour for both elements, indicated by a stong positive correlation
intercepting the bulk meteorite composition. Deviation from a 1:1 (CI) ratio (black diagonal) is
probably due to the presence of small amounts of REE-enriched reduced sulphides. RP chondrules
show a poorly correlated negative trend between Lu and Hf.

some of the original lithophile+oxidized characteristics in the PP chondrule, this

theory requires that the PP chondrules were reduced in situ with inefficient

redistribution of the elements, which has also been proposed by Berlin et al. (2007).

The sequence for the Indarch chondrules therefore starts with the formation of FeO-

rich porphyritic chondrules, possibly similar to the FeO-rich type II chondrules found

in Allendé or Acfer. Conditions had to be slightly oxidizing to allow W, Mo and Fe to

partition into the silicates while Ir, Co and Ni were extracted into a separate phase.
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Reduction took place extracting all the siderophile elements from the PP chondrules.
It should be mentioned that while Mo and Ir have the same ratios in both the PP and
RP chondrules, W and Ir do not. The PP chondrules have higher concentration of W in
comparison to the RP chondrules, which is also consistent with formation in a more
oxidized environment. A heating event followed, which created the silicate melts for
the RP chondrules. The nature of the heating event would have to allow at least some
of the silicates from the PP chondrules to retain the chemical signatures from their

more oxidized history.

5.5 Summary Chapter 5

Relative proportions of the siderophile elements to one another suggest that chondrule
precursor material in Acfer, Allendé and Indarch were more oxidized than the current
silicate composition suggests. This allowed W and Mo to be readily sequestered into
the silicates while Ir and various proportions of the remaining siderophile elements
formed a metal or sulfide phase. All three meteorites later experienced a reduction
event to various extents (Indarch > Acfer >> Allendé) that stripped part or all of the
remaining siderophile elements from their silicate host. The reduction event is
suggested to have taken place either prior to or simultaneously with the high
temperature event that melted the silicates. The exact nature of the host phase of the
siderophile elements would have to be determined by the local conditions, so that
Allendé would have all of the siderophile elements partitioning into sulfides whereas in
Acfer the dominant host would be native metal. The absence of sulfides from the
interiors of Acfer type I PO(P) chondrules is suggested to be the result of lower regional
pressure (<104 bar) compared to Indarch and Allendé, so that the sulfides remained in
the gas phase until they condensed at lower temperatures around the outside of the
chondrules. In contrast to this, Allendé and Indarch chondrules had sulfides (and
metal in Indarch) co-existing simultaneously with silicate. Indarch RP chondrules are

thought to be derived from the melting and recrystallization of pre-existing PP
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chondrules. During the melting process the normally lithophile elements still observed
in the PP chondrules were totally ‘liberated’, allowing them to partition into the

unusual sulfide and metal phases of the enstatite chondrites.

Karoonda chondrules probably had similar oxidized precursors to Acfer, Allendé and
Indarch but underwent a further oxidation process to produce Fe3*. The oxidation
process would initially have to have been at subsolidus temperatures to allow for the
formation of crystallographically orientated microscale magnetite inclusions in olivine.
This was followed by a sufficient increase in temperature to melt and recrystallize the
olivine while liberating the magnetite inclusions. Iridium was sequestered to some
extent prior to chondrule formation (probably into sulfides) but any siderophiles
remaining in the silicates up to the melting event would partition either into co-
existing oxide or sulfide melts. Since chondrules contain both dusty and clear
olivine/pyroxene components (Figure 5.12a), it appears that the chondrule formation
process already started prior to the heating event(s). However, clear and dusty
olivine/pyroxene appear to be mostly randomly mixed in the Karoonda PO(P)
chondrules (RP chondrules are dominantly composed of dusty pyroxene with a clear
rim; Figure 5.12b), raising the question whether the heating event was simply limited

in effectiveness or regionally restricted.

7smm

Figure 5.12 Photomicrographs of Karoonda CK4 chondrules showing presence of both dusty and clear
olivine and pyroxene. a) PO(P) chondrules are mixtures of clear (green arrows) and dusty (purple
arrows) olivine while RP chondrules (b) are dominated by dusty pyroxene with only few occurrences of
clear grains (green arrows).
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6 Planetary vs. Nebular origins

Several aspects of chondrule chemistry and petrography need to born in mind when
discussing planetary and nebular settings for their origins: the refractory lithophile
elements including the major oxides Al.Oj, TiO, and CaO are largely unfractionated
relative to each other and CI; siderophile and chalcophile elements are generally
depleted relative to the lithophile elements; geochemical twins such as Sm-Nd and Ni-
Co (usually) show the least variation of any element pairs; chondrules show a large
degree of similarity in a single type of meteorite; chondrule compositions are strongly
controlled by the bulk meteorite; all chondrules have oxidized precursors; some

chondrule suites (e.g. RP and PP from Indarch) evolved from a common component.

6.1 Chondrule formation in a planetary environment

Creating chondrules in a planetary environment through impacts has several
advantages such as abundant melts for chondrules as a likely products (Krot et al.,
2005); generation of a dense vapour-melt atmospheres that allows for the stability of
sulfide melts at higher temperatures (~1380 K; Ebel & Grossman, 2000) and the direct
condensation of silicate and metal liquids (Campbell et al., 2002; Engler et al., 2007);
26Al is a potential heat source for self-insulating bodies that formed within <4.5 Ma of
the Solar System (Lee et al., 1976; Hevey & Sanders, 2006); gravitational settling of
metal melts to form a core to explain the depletions of sidero- and chalcophile
elements relative to the lithophile elements; fractional crystallisation can produce
cumulate+melt mushes with typical chondrule minerals i.e. olivine, pyroxene and trace
phases such as chromite and magnetite; igneous crystallisation process can produce

zoned olivine grains with increases in FeO towards the rims.

A planetary origin has been invoked for the formation of CH/CB chondrules (e.g. Krot
et al., 2005, 2007) and also as a general solution by authors such as Asphaug et al.

(2011). However, some restrictions on the planetary origin of chondrules as a model
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includes the general lack of element fractionation amongst the HFSE, REE and major
oxides Al.Oj, TiO. and CaO found in this study. Igneous fractional crystallisation will
initially act to enrich the incompatible elements in the residual melt and after a time
start to produce element fractionations as more minerals are crystallised. For the
scenario of colliding partially molten bodies this requires that both are chondritic in
RLE elements and that no major silicate fractionation took place prior to the collision
in order to maintain the flat REE patterns observed in Acfer and Allendé. For an
impacting bolide-scenario it would require total melting of an impact site that was
essentially chondritic in composition, at least in terms of RLE elements. However, as
mentioned in Section 4.4, the REE patterns of Karoonda and Indarch chondrules are
reminiscent of olivine and pyroxene crystallised from a melt. Conditions during olivine
crystallisation would have to have been reducing (slightly for Karoonda, extremely for
Indarch) in order to obtain observed negative Eu (and Yb in Indarch) anomalies
(Figure 4.9). Such patterns cannot be established merely by internal partitioning in a
chondrule of CI composition, since the whole chondrule will maintain its bulk
chemistry. Fractionated REE patterns in whole chondrule data therefore require either
that the complementary component was removed from the chondrule or, more likely,
that the precursor was already fractionated. The extent of silicate fractionation could
not have been extreme since the HFSE, Sm-Nd and refractory major elements for
Karoonda chondrules do not deviate greatly from CI and the bulk meteorite. If the REE
patterns in Karoonda and Indarch chondrules are, in fact, from fractional
crystallisation it raises the possibility that the chondrules represent cumulate phases.
Formation and segregation of immiscible sulfide and metal melts in a planetary body is
most likely to occur in a partially or totally molten state, but core formation is
inhibited by the tendency of metal droplets to stick to silicates until pressures
exceeding 400 kbar are reached (Takafuji et al., 2004) or shear forces are present
(Rushmer et al., 2005; McCoy et al., 2006). Sulfide melts in contrast segregate more

easily (Yoshino et al., 2003). The presence of sulfides and metal in the chondrules
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would therefor require that the immiscible melts did not exist at this point or were not
segregated prior to impact or that the impact excavated and mixed already segregated
silicate and metal. By having different oxidation states dominating each of the
planetesimals prior to chondrule formation the siderophile elements can partition into
the silicates accordingly and determine the presence or absence of metal. While this
works as a general model, the studied samples each have special requirements: In Acfer
reduction has to be included in the formation process since the chemistry requires
oxidized precursors, and siderophile and lithophile elements show inverse correlations
indicating varying amounts of metal. However, Acfer also requires an origin for its
FeO-rich chondrules, which either need a different source or spatial variability in the
reduction process. In contrast, the majority of Allendé chondrules contain only
sulfides as the major non-silicate phase and become progressively more oxidized and
SiO.-rich towards the rims. While it is potentially possible to create a molten
planetesimal with immiscible silicate and sulfide melts, the RLE patterns would require
that the immiscibility threshold is achieved without any large degree of fractional
crystallisation (this also holds for Acfer). The increase in FeO-content and pyroxene is
not easily achieved by interaction with an evolved melt since this would change the
REE and HFSE patterns. Interaction with the vapour from the collision is a possibility,
but still requires that the vapour evolves without changing the REE and HFSE ratios.
Karoonda probably best fits with a planetary origin where cumulus olivine and sulfide
immiscibility have already been produced under oxidizing conditions followed by an
episode of extreme oxidation just prior to chondrule formation. The second oxidation
step could produce the observed immiscible oxide melts associated with the sulfides. A
potential problem, however, is that any primary cumulate olivine is likely to have
negligible REE contents compared to the bulk meteorite (Rollinson, 1993). Conversely
large degrees of partial melting are likely to produce REE content similar to that of the
bulk meteorite but this would most likely result in flat REE patterns (similar to

terrestrial komatiites; Lesher & Arndt, 1995). Another factor to consider is that in
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order to crystallize olivine with Mg# ~0.7 (chondrule olivine from Karoonda;
Fitzgerald, 1979) from a magma, the equilibrium melt composition would have to be
Mg# ~0.34 (Figure 6.1). Such low Mg# are never encountered in chondrules and only
very seldom occur in matrix olivine (e.g. CV3 meteorites; Zolensky et al., 1993). A CI

composition melt with all the Fe as FeO has Mg# 0.55, which would yield an olivine
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Figure 6.1 Olivine phase diagram at 1 atm. Black line indicates the composition of the liquid (Mg#
~0.35) that is required to be in equilibrium with the olivine in Karoonda chondrules (Mg# ~0.7).
For comparison, the gray line indicates the composition of the solids (Mg# ~0.84) that would be in
equilibrium with a CI composition melt (Mg# ~0.55). After Bowen & Schairer (1935).

composition of Mg# ~0.84. In addition, since textural evidence suggests that
Karoonda olivine underwent subsolidus oxidization and possible oxide loss (see Section
5.1 and Figure 5.3) it suggests that the actual olivine composition may have originally
been even more FeO-rich. The REE patterns for pyroxenes in Indarch RP chondrules
are similar to a cumulate phase crystallised under extremely reducing conditions,
although their textures refute that. However, the evidence that they share a common
melt precursor with the PP chondrules opens an interesting possibility. The

dominantly lithophile behaviour of e.g. Hf and Lu in the PP chondrules could originate
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from their crystallisation as cumulate phases under more oxidizing conditions followed
later by reduction. Since Lu and Hf retain their lithophile behaviour in the PP, it
implies the REEs were not efficiently removed from the silicates during the reduction
episode. If an impact occurred that melted some of the existing PP chondrules it would
allow an REE ‘free’ silicate melt to form and equilibrate with the extremely reduced
and REE enriched sulfide melt. If this silicate melt was cooled rapidly it could produce
a new generation of RP chondrules with no remnant chemical signatures i.e. Lu would
be concentrated exclusively in the sulfides to the exclusion of Hf. However, O-isotopes
for the chondrules provide a very important constraint on theories of planetary origins
for chondrules. Planetary processes such as fractional crystallisation will fractionate
the O-isotopes according to mass to eventually produce a slope of 0.52, equivalent to
that of the Terrestrial Fractionation line (White, 2007). Only the EC chondrules plot
on a slope of ~0.5 while the CR and CV chondrules plot along the CCAM line with a
slope of 1 (Clayton et al., 1976; Krot et al., 2006). While the details of O-isotope
systematics are beyond the scope of this thesis, it seems likely that the kind of totally
molten planetesimal impacts required to create the chemical patterns in Acfer and
Allendé would produce a smaller, more homogenous spread in O-isotopes than
observed. This is perhaps in part supported by the small range in O-isotope
compositions observed for the cryptocrystalline chondrules from the CBy, chondrites
(Krot et al., 2006) that are thought to have originated through the impact of two totally
molten bodies (Krot et al., 2005, 2006). Karoonda chondrules plot on a slope of 0.82
(Clayton & Mayeda, 1999) but overlap to a great extent with the CV and CR chondrules.
The slight shift in slope was attributed by the authors to metamorphism, but could
conceivably also be from a degree of igneous evolution. It is also difficult to envisage a
planetary setting that would produce both MgO-rich and FeO-rich chondrules from a
single evolving magma without any form of element fractionation. Interestingly,
Connolly et al. (2001) note that reduction of FeO to form native metal automatically

enriches the silicate residue in SiO, to form orthopyroxene. This mechanism can be
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directly applied to the EC chondrules and would explain the observed mineralogy to a

great extent.

6.2 Chondrule formation in a nebular environment

On the other hand, chondrule formation by nebular processes also has distinct
advantages. Observations of O-rich stars (e.g. Waters et al., 1996) and planetary
nebula (e.g. Waters et al., 1998) show that O-rich stellar and nebular processes
dominantly produce olivine, pyroxene, Fe-Mg amorphous silicates, Fe-metal
(depending on the oxygen fugacity) and minor metal oxides such as Al.Oj; nebular
processes are known to transport non-equilibrium minerals from the cold outer disk to
the hot inner disk where they equilibrate to the local conditions to create forsterite and
Fe-Ni metal (e.g. Gail, 2004); turbulence in the solar system is known to transport
material from the inner solar system outwards and from the midplane ‘upwards’ (e.g.
Cuzzi et al., 2003); silicate and metal phases may condensate simultaneously but
separately (Campbell et al., 2002); settling of particles to the midplane is strongly
linked to mass/density (Alexander, 2008) and can act as a separation mechanism to
produce siderophile and lithophile fractionation; REE patterns are unlikely to be
changed by gas-solid reaction since it is likely that the REE will be already
concentrated in the solid phase; nebular heating events can produce sufficient heat to
melt but not vaporise chondrule precursor material (e.g. Desch et al., 2005); nebular
heating events such as shock fronts are repeatable (Boss & Durisen, 2005) as opposed
to heating by radioactive nuclides such as 26Al; high temperature interactions between
160Q-rich and —poor gases and solids are likely to plot on slopes greater than 0.52;
several processes exist to regulate the local fO. state in a nebula, e.g. depletion of water
stabilises sulfide phases (Pasek et al., 2005); high density regions necessary for

chondrule formation can be created by turbulent nebulae (Boss & Durisen, 2005).

Maintaining CI ratios between the refractory elements and Ni-Co should be far simpler

to achieve in a nebular environment than a planetary one if olivine (+metal) is the first
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equilibrium high temperature phase as speculated in Section 4.4. At the temperature
that forsterite is first stable in a canonical nebula (~1354 K; Lodders, 2003) REEs and
the other RLE are proposed to uniformly condense into forsterite if no higher
temperature phase is available. Assuming that this is feasible it would provide a ready
source of forsterite for type I chondrules with slightly elevated RLE. In contrast, if the
oxidized outer layers of stars are a source of primary olivine with a higher FeO content
it could perhaps provide the precursor material for the type II chondrules as long as
they are not entirely equilibrated under canonical conditions. This is thought to be in
accordance with the observation that type II PO chondrules generally have larger
olivine phenocrysts than type I (Hewins, 1997) if the type II precursor materials were
not melted at such high temperatures or for so long. However, FeO-rich olivine
produced in the outer oxidized shells of stars would have to have the zoned chemical
profiles and euhedral shapes observed in type II olivine phenocrysts (e.g. Jones &
Lofgren, 1993). Abreu & Brearley (2010) noted that the matrices of two pristine CR3
meteorites are dominated by amorphous FeO-rich silicates with minor olivine and
pyroxene. This assemblage is similar to what might have been the primordial solar
nebula prior to stellar ignition and would link in with the observations that the CR
chondrites are extremely primitive in their chemical compositions (this study; Kong &
Palme, 1999). The occurrence of both MgO-rich and FeO-rich chondrules in the same
meteorite (e.g. Acfer 311 and Allendé) possibly requires that they were produced in
different regions and mixed. However, considering the control of the bulk meteorite
composition on the chondrules in this study, which are mostly MgO-rich, it needs to be
investigated whether the same association holds for the FeO-rich chondrules. If it
does, then the production of both type I and II chondrules from a specific meteorite a)
has to occur within the same nebular region and b) has to be preceded by the chemical
evolution of the formation region. Aluminium-Mg dating of chondrules from OC
meteorites by Kurahashi et al. (2008) supports the idea of a single source region for

both type I and II in a single meteorite. The authors suggest that the differences in
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mineralogy are due to fluctuating oxidation states in the chondrule formation region.
These can be plausibly linked to FU Orionis type outbursts that create advancing and
retreating thermal fronts (e.g. Boley et al., 2008) that could in turn influence the local
oxidation states (e.g. Pasek et al., 2005). An interesting aspect of having a more
oxidized primordial solar nebula is the potential effect on the distribution of W and Mo
relative to Ir since the former might both occur in silicates. Metal produced from
reduction of such silicates during later re-equilibration of the solar system would
potentially maintain the observed relationships i.e. Ir<W,Mo. Although olivine is
commonly the dominant high temperature silicate in condensation models for the solar
nebula, it is also possible to create pyroxene. Interaction with an evolved SiO.,-
enriched gas (e.g. Libourel et al., 2006) or direct condensation from a gas that has
already been depleted in olivine (Engler et al., 2007) are good candidates for producing
textures observed in e.g. Allendé POP chondrules. However, these processes tend to
produce pyroxene with flat REE patterns (Engler et al., 2007), which is markedly
different from the patterns observed in the EC chondrules. Formation of EC sulfides in
a nebular setting has been linked to the primary condensation under extremely
reducing conditions (C/O ~3x solar; Lodders & Fegley, 1993) and enhanced pressures
(1073 to 1 bar; Herndon & Suess, 1976; Lodders & Fegley, 1993). Gannoun et al. (2011),
however, note that although oldhamite and orthopyroxene from the same EC
meteorites have complementary REE patterns, the patterns for oldhamite do not agree
with those predicted from thermodynamic calculations (Lodders & Fegley, 1993).
According to the calculations of Lodders & Fegley, oldhamite condensing from a gas
should have either flat REE patterns or otherwise depletions in the more volatile Eu
and Yb. In contrast Gannoun et al. (2011) find that oldhamites commonly have positive
Eu anomalies. However, under the extremely reducing conditions of the EC chondrites
it is likely that both Eu and Yb will be in their +2 states (for examples of Yb2*, see
Amorello et al., 2007), making them more compatible in the oldhamite structure and

less compatible in that of enstatite. This suggests that either the exact condensation
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sequence does not match the calculated order, or that another process is at work.
There is also the question of the observed sloping REE patterns with negative Eu-
anomalies in the Karoonda chondrules. The general enrichment in the Karoonda
chondrule RLE in the studied chondrules conforms to the idea of a higher temperature
condensate or evaporative residue. However, in order to produce the observed negative
Eu-anomalies because of the higher volatility of Eu (i.e. similar to the negative Eu
anomalies observed in CAIs), the olivine in Karoonda chondrules would have to
condense at a temperature of >1400 K at 103 bars (Kornacki & Fegley, 1986). This is
considered highly unlikely for Karoonda, since both ‘normal’ condensation sequences
for the Solar System (e.g. Lodders, 2003) as well as shock heating (which have
associated temperatures of ~1800 K; Desch et al., 2005) predict the appearance of
almost pure forsterite (Nahagara et al., 1994). The latter authors produced a phase
diagram for olivine evaporation for 104 bar (Figure 6.2). If the bulk Mg# for the CCh
meteorites (Mg# ~0.57) is used as starting material and heated to 1750°C, it produces
an olivine composition of Mg# 0.97. This agrees with published olivine compositions
for Acfer and Allendé, but not for Karoonda (Figure 3.1). One possibility is to condense
melilite in the Karoonda formation region prior to olivine formation since it has a
preference for the LREE over the HREE and commonly has positive Eu-anomalies (e.g.
Weber et al., 1995). Although this provides a potential origin for the REE patterns and
depletions in Ca, Ba and Sr (Figure 3.4, 3.5 and 3.7) the full effects of melilite
condensation on the Karoonda bulk composition as well as a mechanism to separate
melilite from olivine without losing the former from the bulk formation region would

have to be further investigated.
6.3 Summary Chapter 6

Even with the large range of elements analysed in this study it is difficult to
unambiguously distinguish between planetary and nebular formation environments for

the CCh chondrules. However, the presented data and arguments appear to argue for a
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Figure 6.2 Phase diagram for olivine condensation from a solar composition gas at 10-4 bar (after
Nagahara et al., 1994). If a starting material with a composition equal to the average bulk
carbonaceous chondrites (Mg# ~0.57) is flash heated to ~1750°C, olivine with a composition of
Mg# 0.97 would condense (green cross), which is similar to the olivine compositions in Acfer and
Allendé chondrules studied here. The remaining gas (yellow cross) would be extremely enriched in
Fe (Mg# 0.07).

nebular setting for formation of Acfer and Allendé chondrules, while Karoonda and
Indarch require planetary settings to best explain the observed chemical trends.
Producing olivine for the Acfer and Allendé chondrules by magmatic processes would
require a parent liquid that is more Mg-rich than bulk CI since fractional crystallisation
of a melt with Mg# ~0.55 will yield olivine with a lower Mg# than observed (i.e. ~0.85
vs. ~0.98 in Acfer and Allendé). However, creating the observed olivine compositions
for Acfer and Allendé starting with a CI precursor and shock heating it under low
ambient pressures (evaporation) is experimentally feasible (Figure 6.2) and the
preferred formation mechanism. The extremely FeO-enriched gas produced as a by-
product would most likely be unstable at typical Solar System conditions and is
expected to decompose to stable products such as native metal and a more Mg-rich

silicate phase. Chemically unfractionated precursors (i.e. relative to the Solar System)
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for the Acfer and Allendé chondrules are proposed to have been abundant in the young
Solar System since they are the likely major phases produced by the local stars that

added their ejecta to the interstellar medium.

Both Karoonda and Indarch chondrules resemble to some extent cumulate phases, so
that a planetary/fractional crystallisation environment is plausible. The chemical
signatures for the REE patterns in particular are unlikely to be produced by nebular
fractionation processes but are more typical for an igneous environment. The
envisaged setting for formation of Karoonda and Indarch chondrules would require a
parent body with pre-existing cumulate olivine and chondrules/pyroxene respectively
which is hit by an impactor. At this point it is unclear whether or not the impacted
surface on the Karoonda parent body would have been solid or a crystal+melt mush.
Regardless of which, the parent body must necessarily have undergone a degree of
fractional crystallisation to produce the observed REE patterns and may have
experienced silicate-sulfide/oxide differentiation. The postulated scenario for Indarch
is a bit more complex. Chemical differences between the Indarch RP and PP
chondrules can be explained if the former were derived from the latter. It is unclear
whether or not this requires that the PP chondrules already existed per se, or merely
that cumulate pyroxene was available to form the chondrules. However, what does
appear to be plausible from the data presented in Section 5, is that the PP chondrules
(or their precursors) formed prior to the major reduction episode and did not
equilibrate fully at subsolidus conditions with the reduced setting. The melt for the RP
chondrules was derived from totally melting existing PP chondrules (or their
precursors) under the extremely reducing conditions present allowing the RP
chondrules to achieve equilibrium. The heat source for the melting is thought to be an

impact since melt veins are present in thin section.
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7 Timing and choices for suitable formation mechanisms

Based on the observations regarding the timing of the different growth stages of solar-
type nebula and the ages of various Solar System events shown in Figure 1.3, we can
estimate the likelihood of the nebular formation mechanisms in Table 1.2. As
mentioned in Section 1.2.1, km-sized bodies are capable of being formed in 104 a (Scott,
2006 and refs. therein), potentially with some implications for nebular models of
chondrule formation that require the presence of <mm size particles e.g. current sheets
(Joung et al., 2004). Electrical current sheets are thought to be possible only after
several Ma of disk evolution when the dust:gas ratio in the midplane has been
sufficiently enriched (Joung et al., 2004). However, judging by the amount of
planetary activity that was already present by 3 Ma (Figure 1.3) it is perhaps likely that
too large a proportion of dust may already have been removed from the disk in the form
of larger particles (>1 m) for the formation of current sheets to be effective. The latter
requires small particles (~1 mm) and a dust:gas ratio of 50 (Joung et al., 2004).
Although the formation of current sheets potentially fits the chondrule formation
window at 2-3 Ma (Figure 1.3 & 1.4), it might only operate on a ‘local’ scale where small
patches of dust remain. Even assuming that only a small percentage of dust in the
young Solar System was locked up in bodies of >1 km in diameter so that a dust-rich
layer is created at the midplane, the creation of current sheets is still restricted to the
thin upper layer of the midplane (several 10’s of meters) exposed to cosmic and X-rays
(Joung et al., 2004). The amount of particles melted to become chondrules is then
strongly dependent on turbulence within in the midplane bringing fresh material to the
surface (Joung et al., 2008), and how long the current sheets can be stably maintained.
A further consideration is that melted grains in the outer margin of the midplane might
not be sufficiently insulated to produce the observed porphyritic textures. Unless
downward transport from the surface to a heated, insulated region is very fast, this

would result in the production of a greater amount of rapidly cooled chondrules (BO,
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RP, CC) than is observed in chondrites. Accretion shocks from the formation of the
protodisk (Ruzmaikina & Ipp, 1994) are necessarily an early event, probably occurring
before or overlapping with the release of gravitational energy from the nascent Sun.
However, since the average size for interstellar medium particles is generally in the
order of 1 um or less (Pei, 1991; Kim et al., 1994; Casuso & Beckmann, 2010), heating
from accretionary shocks (frictional and UV; Ruzmaikina & Ipp, 1994) might evaporate
a significant proportion of material rather than purely melting it. In this regard
Ruzmainka & Ipp (1994) raise the possibility that interstellar medium (ISM) grains
may already have coagulated to sizes >1mm, making their survival more likely. Release
of gravitational energy as material is accumulated onto the nascent sun is in itself an
efficient heating mechanism and will generate temperatures hot enough to melt
silicates up to 3 AU within the first ~104 a (see Section 1.2.1; Cuzzi et al., 2003). Flare
heating (e.g. Shu et al., 1996, 2001; Boley et al., 2008) also provides a potential heat
source for both CAIs and chondrules, but is restricted by the necessity for small
(<several mm) particles. Assuming that >1km bodies are formed within 104 a, this
requires that flare heating takes place in less time than this. However, observation-
based models for Solar System evolution (Figure 1.3 and references therein) suggest
that the Sun would not have reached a flaring-state for the first ~5 x 105 a after
collapse of the nebular cloud, making flaring unlikely as a viable heat source. One
shortcoming for flare heating, accretionary shock and gravitational energy release
models is the lack of extremely young chondrule ages (<1 Ma after CAI), although the
possibility exists that such young chondrules may have been reset during subsequent
high temperature events. Planetesimal bow shocks (Miura et al., 2010), shock fronts
created by the formation of the gas planets (Boss & Durison, 2005) and planetesimal
collisions or ablation (Krot et al.,, 2005, 2007; Asphaug et al., 2011) on the other hand
require the presence of planetesimals (>1 km) prior to the formation of chondrules.
The overlap in ages for chondrules and differentiation of planetary bodies (Figure 1.3

and references therein) makes it likely that planetesimals directly or indirectly
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contributed to chondrule formation. Shock fronts due to the formation of the gas
planets potentially also provide a useful setting for the direct condensation of melts
(Krot et al., 2001; Engler et al., 2007) since they are likely to turbulently concentrate
dust/gas and provide heat sources for melting (Boss & Durisen, 2005). Impacts
between planetesimals that are of sufficient magnitude to produce chondrules have
already been documented for the CB/CH meteorites (Krot et al., 2005, 2007) and
overlap with the approximate formation time of the gas planets. Therefore it appears
that formation mechanisms that either directly or indirectly involve planetesimals are
temporally the most favourable. However, even if chondrule formation mechanisms
are restricted to those that somehow involve planet formation, the time-window for
chondrule formation is rather small. Assuming that all impacts that are sufficiently
energetic to produce melt can potentially create chondrules, it seems remarkable that
the CB chondrules appear to be the last recorded case of impact formation. The Moon-
forming impact on Earth (e.g Yin et al., 2002) suggests that highly energetic impacts
were still occurring for at least another 7 Ma after the CB chondrites were formed
(Figure 1.3). Either we have not yet sampled the youngest chondrules, or the end of the
chondrule forming window at 7 Ma after CAI represents the start of a quiet, less-

energetic Solar System and the Moon-forming impact was essentially a fluke.

The chemistry of Acfer and Allendé chondrules are interpreted in this work to require a
nebular setting and only limited reworking (chapter 6). Although this hypothesis does
not exclude the synchronous formation of Acfer and Allendé chondrules and the
existence of planetesimals in the Solar System, it does exclude the contribution of
planetesimals to the origin of these chondrules. The author favours a scenario of
turbulent concentration, specifically the formation of eddies and related stagnant zones
that could concentrate dust and gas. The presence of eddies in the young Solar System
and their effect on dust and gas have been modeled on multiple occasions by authors

such as Edgeworth (1949), Wood (1998) and Cuzzi et al. (2001). In the past, though,
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turbulent concentration has mostly been viewed as a method to concentrate pre-
existing chondrules. However, the writer feels that it might be worthwhile to consider
the effects of frictional heating in such a setting since authors such as Wood (1984)
have calculated temperatures for frictional heating within the melting range of silicates
(i.e. 1500 to 2000 K; Wood, 1984). It might also be worth considering the effect of the
likely presence of water adsorbed onto the surface of olivine grains (King et al., 2010),
probably in the form of ice (Wood, 1984 and references therein). On Earth, free water
is accepted as an aid for melting in a number of scenarios, including migmatisation
(e.g. Berger et al., 2008) and arc magmatism (e.g. Riipke et al., 2004). If the
postulated dust and gas concentration regions started off with fairly cold material (i.e.
several hundred K) adsorbed water may have been present and able to assist in
chondrule formation by lowering the solidus temperature for the dust. Alternatively
regions of dust and gas concentration with large local densities could stabilise direct
condensation of both silicate and metal or sulfide melts as proposed by Krot et al.
(2001) and Engler et al. (2007). However, this requires that the region is heated to
>1700 K in order to vaporise the dust and might require an external heat source such
as flare heating. Regardless of a melting or condensation scenario, a dense
‘atmosphere’ in the concentration region will serve to insulate the molten material,
allowing the development of porphyritic textures observed in most chondrules. The
relationship between porphyritic and fine grained/rapidly grown chondrules (BO, CC,
RP) can also be explained by this scenario. One possibility is that the fine grained
chondrules originate in the poorly insulated outer layers of the chondrule forming
region and essentially represent a chilled margin equivalent to those found in
terrestrial plutonic rocks. However, the chemical evolution of the ‘source’ needs to be
considered since the majority of fine grained chondrules appear to be pyroxene
normative (Bridges et al., 1998; Engler et al., 2007). Condensation of olivine as the
first stable phase will enrich the remaining gas in silica to produce pyroxene as

suggested by Engler et al. (2007). However, this would restrict the formation of
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pyroxene-normative fine grained chondrules to the later stages of chondrule formation
parallel to the appearance of pyroxene in porphyritic chondrules, and raise the
question of why more olivine-normative fine grained chondrules are not found. High
local pressure in a turbulently concentrated area will stabilize metals and sulfides at
higher temperatures (Lodders & Fegley, Jr., 1993; Krot et al., 2007) making it possible
that silicate-metal/sulfide immiscibility could occur simultaneously to heating. A
complete review of turbulence within such a chondrule forming region is beyond the
scope of this thesis, but it is strongly suspected that density separation of metals,
sulfides and silicates will still take place providing a mechanism for producing the

siderophile element depletion observed in chondrules.

Karoonda and Indarch RP chondrules are argued to represent material processed in a
magmatic and asteroidal impact setting respectively. The necessity of a planetary
setting is suggested to constrain the formation window of Karoonda and Indarch RP to
a later epoch compared to Acfer and Allendé chondrules. This is also based on the I-Xe
formation ages for chondrules from Qingzhen and Kota Kota EH3s (Figure 1.4; Whitby
et al., 2002), but needs to be confirmed for Indarch and Karoonda chondrules and also
with alternative isotopic systems. However, the contemporaneous formation ages of
the impact-produced CB chondrules (Krot et al., 2005) with the EH3 chondrules of
Whitby et al. (2002) lends some credence to the idea that planetary impacts may have
been a common chondrule formation mechanism during this time. It is therefore
suggested that chondrule formation can be roughly divided into two epochs, the first of
which is dominated by nebular processes and the second by planetary processes, but
with some overlap between the two as the relative amount of planetesimals and impacts
increased over time. The window within which Karoonda and Indarch chondrules
could be produced by impacts into (partially) molten bodies has to be restricted to a
narrow time frame during the early history of the respective planetesimals. This is

required to maintain the CI ratios amongst the RLE in Karoonda and Indarch
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chondrules which would otherwise be disturbed by advanced differentiation or
fractional crystallisation. Furthermore, if turbulent concentration of material is also
considered as a potential planet formation mechanism (e.g. Avinash et al., 2006; Cuzzi
et al., 2008; Chambers, 2010) for the Solar System in addition to oligarchic growth
(see Chamber, 2004 and references therein), then the relationships between nebular
and planetary-type chondrules needs to be considered. In the previous paragraphs
turbulent concentration is emphasized as the author’s choice for supplying suitable
nebular conditions to create chondrules such as those found in Acfer and Allendé. If
the same mechanism then carries on to form a planetesimal from the existing material
in the turbulent region, the previously formed chondrules may either be melted by
internal planetary processes or provide a ‘soft target’ depending on the nature of the
planetesimal. If, however, a planetesimal is grown from oligarchic processes, it does
not necessarily require the involvement of pre-existing nebular-type chondrules but

can ultimately lead to the formation of chondrules through impacts.

However, at this point a last look at the available O-isotope data is warranted. The
preferred nebular origin for the CV and CR chondrite chondrules based on chondrule
chemistry data obtained in this study is in accordance with the generally accepted
theories based on §70 and 680 data (Figure 1.2; Krot et al., 2006a, b; Rudraswami et
al., 2011). As already mentioned, unaltered chondrules from these chondrites plot on
or close to the CCAM line with slopes ~1 (as opposed to the TFL with slope ~0.52),
which is accepted to be the result of the interaction of °O-rich precursor materials with
a %0-poor gas or mixtures of components (e.g. Clayton et al., 1993 and references
therein; Krot et al., 2006a, b; Rudraswami et al., 2011; Weisberg et al., 2001). The
chondrules for CV and CR chondrites are further characterised by having internally
homogenous O-isotopes (with the exception of relict grains; Krot et al., 2006a, b;
Rudraswami et al., 2011) but show a spread in 6270 and 680 values, suggesting little or

no homogenisation of O-isotopes within the formation region. In contrast, O-isotope
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data for the EC chondrules (Figure 1.2) show a large degree of homogenisation and plot
as a small group overlapping with the TFL. Clayton & Mayeda (1985) interpreted this
as an indication of almost complete equilibrium with the surrounding gas in terms of a
nebular origin. However, in light of the data set presented in this study, which
suggests a large degree of metal-sulfide melt extraction from the EC chondrules, we
might also consider that the more or less homogeneous O-isotopes in EC chondrites are
the result of an igneous origin in a mostly molten, well mixed parent body where mass-
dependent fractionation is a dominant process. Oxygen isotope data for Karoonda,
however, does not provide definitive support for the idea of an igneous origin for CK
chondrules since, on a three isotope plot, they do not plot with a slope of ~0.5 and do
not show extensive homogenisation. In Section 6.1 the suggestion is put forward that
the slope of ~0.8 for unaltered CK chondrules should perhaps be considered as the
result of the onset of fractional crystallisation, as opposed to the traditional view
(Clayton & Mayeda, 1999) that the slope is the result of metamorphism of chondrules
with a nebular origin. Although the data presented here suggest an igneous origin for
the CK chondrules, more work, perhaps in the form of modeling of the simultaneous
evolution of the REE and O-isotopes, is required to support (or refute) an origin by

igneous crystallisation.
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8 Summary

Liberating chondrules by Freeze-Thaw provides a powerful tool for analysing whole
chondrules. The technique preserves structural information such as multi-layered rims
as well as original mineralogy including metal and sulfides. Chondrules can be sorted
based on relative proportions of minerals and textures observed with a binocular
microscope and directly related back to common textures in thin sections. Whole
chondrule observations also give the opportunity to analyse textures and mineral
associations of chondrules (particularly of the surface) in 3D and compare them to
models based on 2D thin section-based theories of formation. Chemical analysis of a
whole chondrule essentially reports the composition of its precursor components plus
the addition of rims. The effect of the added rims on the chemistry of the chondrule
can be monitored by analysing chondrules with rims of varying thicknesses and making
careful observations about accompanying changes in mineralogy. The sole drawback of
the Freeze-Thaw method is its time consuming nature, but this can be partially
optimised by disaggregating multiple samples simultaneously. Preparation of
individual chondrules for dissolution and analysis is restricted to cleansing ultrasonic
baths with ethanol and distilled acetone respectively, and a gentle tap with a pestle to
increase the active surface. Powdering of the samples was avoided due to small sample
sizes and high risk of contamination, but was shown to be unnecessary. Table top
dissolution with mixtures of HF, HNO;, HCl and HCIO,4 proved effective in breaking
down all mineral phases present in the analysed chondrules, avoiding time consuming
and potentially high contamination-risk pressure dissolution procedures.
Measurement of the chondrule solutions by ICP-OES and —MS yielded results with
better than 3% RSD for most elements, allowing good comparison between chondrules.
Plotting of CaO vs. FeO (wt%) in a fashion similar to the Sears et al. (1992) single
mineral phase classification scheme for chondrules showed that these plots are also

useful for whole chondrule data. Its usefulness in this case lies in the identification of
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evolutionary trends in the entire chondrule caused by the addition of mew minerals
through evolution of the source. Relationships amongst related chondrules that have a
common source but different mineralogical histories are also identified by plotting CaO
vs. FeO (wt%). Further discrimination ratios for distinguishing CCh chondrule suites
are dominantly based on siderophile and chalcophile elements, some in combination
with the moderately volatile lithophiles Mg and Fe since distinction using only the
RLE+Mg+Fe did not prove effective. In contrast, the EC chondrule suites are
effectively distinguished using several of the RLE and Cr, although it is interesting to
note that all these elements behave as either siderophile or chalcophile elements in the

EC.

Porphyritic and barred olivine chondrules from the carbonaceous chondrites Acfer 311
(CR2), Allendé (CV3) and Karoonda (CK4) have volatility arranged, CI-normalised
patterns that decrease in abundance proportional to volatility for the moderately
volatile and volatile elements. This is in contrast to the essentially flat pattern for
chondrules from the enstatite chondrite Indarch (EH4). The composition of the
analysed chondrules and bulk meteorites have ~1:1 relationships suggesting that the
formation regions (bulk meteorite) control the chondrule compositions and were
depleted in volatiles prior to the formation of chondrules. This implies that chondrule
formation regions as a whole are likely to have behaved as closed systems, even if open
system behaviour was experienced at the chondrule scale (Cohen et al., 2004;
Tsuchiyama et al., 2004). The lack of volatile depletion in the Indarch bulk meteorite
(and also in its chondrules) relative to the RLE elements stands in direct contradiction
to the theory that the enstatite chondrites formed close to the Sun (Anders, 1971;
Baedecker & Wasson, 1975; Shukolyukov & Lugmair, 2004) as indicated by their high
temperature, reduced mineralogies and Mn-Cr data. If the depletion of volatile
elements in the bulk meteorite is taken as an indicator for distance of the formation

region from the Sun, the enstatite chondrites would therefore have to have formed at a
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greater radial distance compared to the carbonaceous chondrites. Alternatively a
mechanism has to be found either by which the entire EC formation region can be
enriched in volatile elements or the volatile elements are locked in stable minerals at

an early stage in the evolutionary history.

Likely precursor material for chondrules is pre-existing material from the source
region for the Solar nebula rich in both olivine and FeO-rich amorphous material as
well as metal oxides, the former most likely containing close to CI levels of refractory
lithophile elements in solar proportions. Heating of this material at general Solar
System conditions (104 bar; H.O/H.=5.0 x 104; Lodders, 2003) to ~1800K would
produce the equilibrium components forsterite and metal (Nagahara et al., 1994;
Lodders, 2003) observed in most chondrules, while processing at lower temperatures
or slightly different local conditions may have preserved the more FeO-rich precursor
compositions. Chondrule formation processes appear to be unrelated to the formation
of the refractory phases found in CAIs, nor were large amounts of CAI-type phases
produced in the same region prior to the chondrules. Strong depletions in siderophile
elements observed in chondrules are due to isolation of metal or sulfide phases prior to
chondrule formation. The degree of siderophile element depletion as well as the degree
of correlation between siderophile and chalcophile elements is directly linked to the
oxidation state of the formation region, with a noticeable increase in the siderophile
content of the silicates with increasing local oxidation. Evidence for later re-addition
of the initially isolated metal/sulfide phase is observed in the evolution of chondrules
in the order BO-PO-POP. Formation of immiscible silicate-metal or silicate-sulfide
textures probably formed through both the heating of mixed silicate and metal or
sulfide particles and through immiscibility produced by crystallisation of molten
droplets. Refractory lithophile elements in Acfer and Allendé chondrules have
primitive ratios and were sourced from the pre-existing primary nebular material.

Apart from heating, the analysed chondrules do not show evidence that their
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precursors experienced extensive processing and mineral/lithophile element
fractionation. Compositions for the olivine found in Acfer and Allendé chondrules
(Mg# ~0.97) are well approximated by the phase diagrams of Nagahara et al. (1994) for
rapid heating of solar composition material (Mg# ~0.57) at 104 bar. Such high Mg#
cannot be produced by simple fractional crystallisation of olivine (Bowen & Schairer,
1935) from a melt of solar composition. Rare Earth Element patterns for these
chondrules further argue against a magmatic origin and require precursor material
almost equivalent in RLE (and moderately volatile lithophile element) composition to
that of the bulk meteorite with little or no mineral and related element fractionation.
In short, the chemistry of Acfer and Allendé chondrules do not record a formation
history linked to planetesimal evolution beyond alteration and metamorphism that
would have occurred during formation of the CR and CV parent bodies. Formation of
CR and CV chondrules is thought to have occurred in turbulent eddies or their related
stagnation zones that concentrated dust and gas. The dominant heat source is
speculated to be frictional heating, possibly assisted by H.O ices adsorbed onto the
surface of olivine that may have acted to lower the solidus of the dust particles. In
contrast, chondrules from Karoonda and Indarch show evidence of reworking in a
planetary setting despite also having RLE with solar relationships. Karoonda and
Indarch chondrules have REE signatures that are similar to those of olivine and
pyroxene crystallised from magmatic systems. Continuing with the hypothesis that the
bulk meteorite formation region (Mg# ~0.55 = CI) determines the composition of the
chondrules and assuming that the Karoonda chondrules may have formed as a
cumulate phase, then it requires an extremely FeO-rich parental melt (Mg# ~0.34) and
raises the possibility that it was evolved from a CI-like magma by olivine
crystallisation. Karoonda olivine may therefore represent a later stage of magmatic
evolution, which also makes the coexistence of immiscible sulfide and oxide melts more
likely. The similarity between Karoonda chondrules and the bulk meteorite

composition also suggests that the planetesimal may have been either homogenously
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mixed, or that the silicate and sulfide phases were not able to unmix, perhaps due to a
too large degree of crystallinity. Pyroxene from Indarch has a more complex history
compared to any of the analysed carbonaceous chondrules and most likely started with
FeO-rich compositions. As with the CCh chondrules, origin of the precursor material
for EC pyroxene is suggested to be primary solar nebular silicates. Indarch PP
chondrules are suggested to represent the first phase of chondrule or cumulate
formation in the EC formation region at higher fO, than is currently recorded in the
enstatite chondrites. Extreme reduction of the oxidized EC PP chondrules probably
occurred simultaneously to heating, but the latter was insufficient to completely melt
and re-equilibrate the existing PP chondrules. This is shown by the common dusty
appearance of PP pyroxene crystals as well as the apparently lithophile behaviour of
such elements as Lu and Ti, which are known to behave as chalcophile elements in the
EC. Indarch RP chondrules are suggested to represent a second generation of
chondrules produced by an impact into the existing PP chondrules, which also
produced metal-sulfide impact veins. @The RP chondrules show complete re-

equilibration of all elements under extremely reducing conditions.
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9 Suggested research topics

Modeling the evolution of liquids and solids produced by the magmatic
crystallisation of a melt with a starting composition equivalent to bulk meteorite
and not necessarily CI.

Modeling of magmatic crystallisation in a highly reduced system (equivalent to
EC) crystallising oldhamite and enstatite, using bulk EC meteorite as starting
composition.

Investigate processes that can produce the observed CI-equivalent composition
of bulk E chondrites and compare the results to the generally accepted theory
that E chondrites formed close to the Sun.

Modeling the evolution of fO. conditions during turbulent concentration starting
with both CI-like and bulk meteorite equivalent compositions, specifically
related to the possible formation of extremely reducing environments.
Acquisition of more detailed bulk meteorite data.

Acquisition of whole chondrule data from (preferably) all chondrite meteorite
groups.

Investigate the contrasting behaviour of Co/Ir vs. Fe/Ir (Figure 5.7) in Indarch
EH4 chondrules compared to the CCh chondrules, specifically focusing on the
potential effects of metal (core) extraction from a CI-equivalent starting
material, followed by magmatic evolution under oxidizing (fO. approx. equal to
Acfer 311 initial conditions).

Modeling the simultaneous evolution of O-isotopes and REE in a magmatic
system with a starting material equivalent to bulk CK4 and O-isotopes plotting
on the CCAM.

Investigate how to produce an igneous parent melt with Mg# <0.3 without
significant fractionation of the HFSE and RLE.

Investigate the effectiveness of frictional heating in Solar System eddies.
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Investigate the effects of water adsorbed onto olivine during melting during
chondrule formation, specifically focusing on possible effects on the solidus
temperature and the effects of local pressure.

Investigate the possibility of W inhomogeneity in the Solar System based on the
apparent non-correlation of W to both the siderophile and lithophile elements in
the precursor materials of the studied chondrules (e.g. Figures 3.3-3.5, 3.7, 5.5,

5.6).
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Acfer-1 PO

H
1imm

Acfer-2 PO

imm

Acfer-3 PO

imm

Acfer-4 PO

116

1Mm

Acfer 311 CR2

Central chondrule
Other silicates: pyx
Mesostasis: 10%
Metal: miner
Oxides: lim, mgt, hmt
Sulfides: n/o

Remarks: Pyx increases towards
chondrule rim; metal as
interstitial blehs: anhedral ol

Central chondrule
Other silicates: N
Mesostasis: 10%
Metal: minor
Onddes: lim, mgt, hmt
Sulfides: n/o

Remarks: Metal as interstitial
blebs: anhedral ol

Central chondrule
Other silicates: ?
Mesostasis: 20%
Metal: minor
Oxides: lim, mgt, hmt
Sulfides: n/o

Remarks: Msts appears
grayigh from large volume
small black oxides; anhedral
ol

Central chondrule
Other silicates: pyx
Mesostasis: 15%
Metal: nfo
Oxides: lim, mgt, hmt
Sulfides: n/o
Remarks: Black and red oxides

oceur interstitially; anhedral ol
with pyx laths

Rim

Present: Y

Silicates: pyx, ol, phyl

Metal: ¥

Oxides: lim, mgt, hmt

Sulfides: n/o

Remarks: Rim is layered - inside
is silicate + oxide layer, outside
is metal Timonite layer

Rim

Present: Y

Silicates: pyx, ol

Metal: ¥

Oxides: lim, mgt, hmt

Sulfides: n/o

Remarks: Rim is layered - inside
is silicate + oxide layer, outside
is thin metal/limonite laver

Rim
Present: Y
Silicates: N
Metal: n/o
Oxides: lim, mgt
Sulfides: n/o
Remarks: thin single layer rim

Rim

Present: Y

Silicates: pyx, ol,phvl

Metal: Y

Oxides: lim, mgt, hmt

Sulfides: n/o

Remarks: rim is layered - inside is
thin fine grained black/red
oxide+silicate mixture, middle
is thick layer fine grained
ol+pyx (?), outside is thick
black oxide laver {after metal)
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Acfer-5 PO
Central chondrule Rim
Other silicates: pyvx Present: Y
Mesostasis: 15% Silicates: pyx, of, phyl
Metal: minor Metal: ¥
Oxides: lim, mgt, hmt Oides: lim, mgt, hmt
Sulfides: n/o Sulfides: n/o
Remarks: Black and red oxides Remarks: single layer mixture of
occur  interstitially; metal ol, pvx, oxides and limonite
occurs as interstitia l blebs; {after metal)
anhedral ol and pyx
e ¥
imm
Allendé CVg
Allendé-1 WC
Surface
Silicates: pyx, ol
Metal: N

Oxides: mgt
Sulfides: n/o

Remarks: fine grained;
conlinuons

Allendé-z2 WC

Surface

Silicates: pyvx, ol, phyl

Metal: N

Oxides: mgt

Sulfides: Y

Remarks:  relatively large pyx
poikilitically enclosing ol;
sulf finely disseminated

1mim

Allendé-3 WC

Surface

Silieates: pyx, ol, phyl

Metal: N

Orxides: mgt

Sulfides: Y

Remarks: coarse grained ol with
some poikilitic pyx;  phyl only
minor; sulf finely
disseminated or small blebs

imm
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Allendé-4 WC

|

imm

Allendé-5 BO

Allendé-6 BO

o

imm

Allendé-7 BO

118

Central chondrule

Other silicates: N

Mesostasis: 40%

Metal: N

Oxides: mgt?

Sulfides: ¥

Remarks: Sulf+ ox occur at ol-
msts interface; ol bars
relatively thick; ol fairly pale
green

Central chondrule

Other silicates: N
Mesostasis: 50%
Metal: N

Oxides: mgt?
Sulfides: Y

Remarks: O] bars relatively thin;
ol dark green

Central chondrule

Other silicates: N
Mesnstasis: 50%
Metal: N

Oxides: N
Sulfides: N

Remarks: Ol bars relatively thin;
interior has snowhall-like
structure; large volume of
msts in center

Surface

Silicates: pyx, ol, phyl

Metal: N

Oxides: mgt

Sulfides: Y

Remarks: coarse grained pyx both
as  subhedral laths  and
poikilitically  enclosing small
ol; sulf both as small hlehs

and finely disseminated; fine
silicates minor

Rim

Present: Y

Silicates: ol+{pyx. phyl)

Metal: N

Oxides: lim, mgt

Sulfides: N

Remarks: double rim - inside is
discontinuous magmatic ol
rim, possibly unrelated to
central chondrule, outside is a
thin fine grained silicate
sulf layer

Rim

Present: Y
Silicates: ol
Metal: N
Oxides: W
Sulfides: N

Remarks: continuous magmatic
ol rim; ol pale green

Rim

Present: Y
Silicates: ol
Metal: N
Oxides: M
Sulfides: N

Remarks: double magmatic rim -
inside is a thin continuous
dark green ol rim, outside is a
thicker fine grained of paler
green ol
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Allendé-15 BO

Allendé-8 PO

Allendé-g PO

f EEEE————

1mm

Allendé-10 PO

imm

Central chondrule
Other silicates: N
Mesnstasis: 70%
Metal: N
Oxides: N
Sulfides: N
Remarks: Ol bars are of

intermediate thickness; pale
green ol

Central chondrule
Other silicates: N
Mesostasis: 20%
Metal: N
Oxides: mgt
Sulfides: Y

Remarks: Anhedral ol; sulf
oceurs as interstitial blebs; ox
dissem through mesostasis

Central chondrule
Other silicates: N
Mesostasis: 55%
Metal: N
Oxides: mgt
Sulfides: Y

Remarks: Anhedral ol; msts only
in  central portion  of
chondrule; msts milky;
ox+sulf blehs oreur
interstitially

Central chondrule
Other silicates: N
Mesostasis: ?
Metal: N
Oxides: N
Sulfides: N

Remarks: fragment, apparently
dominated by ol

Rim

Present: Y

Silicates: ol (+ fine silicates)

Metal: N

Oxides: N

Sulfides: Y

Remarks: double rim - inside is
thick continuous magmatic
rim of dark ol, outside is fine

grained ol (plus  other
silicates?) + fine sulf

Rim
Present: Y
Silicates: pyx, phyl
Metal: N
Oxides: ?
Sulfides: Y
Remarks: fine grained

Rim
Present: Y
Silicates: ol + (pyx, phyl)
Metal: N
Oxides: ¥
Sulfides: Y

Remarks: doublerim - inside
have continuous thick
magmatic ol rim, outside is
fine grained silicate rim  with
sulf

Rim
Present: Y - coaling
Silicates: pyx, phyl
Metal: N
Oxides: N
Sulfides: Y

Bemarks:  thin layver of fine
grained minerals; solf
occurring as small blebs or
disseminated

119



- Chondrule Formation -

Allendé-11 PO

imm

Allendé-1z POP-PP

—
1imm

Allendé-13 POP

—
1mmm

Allendé-14 POP-PP

120

L

imm

Central chondrule

Other silicates: pyx

Mesostasis: 25%

Metal: N

Oxides: mgt

Sulfides: ¥

Remarks: anhedral ol  pyx
pecuring towards rim and
poikilitically enclosing ol; ox
occur in milky gray msts

Central chondrule

Other silicates: ?

Mesostasis: ?

Metal: N

Oxides: ?

Sulfides: 2

Remarks: Fragment; features

ohscured by fine grained
coating

Central chondrule

Other siheates: N
Mesnstasis: <10%

Metal: N

Onides: mgt

Sulfides: ¥

Remarks: Sulf occur as
interstitial  blebs;  central
chondrule entirely of ol +
sulf pyx poikilitically

encloses ol; pyx  + sulf  + ox
increase towards the rim; msts
not abvious

Central chondrule

Other silicates: N
Mesostasis: ?

Metal: N

Oxides: mgt

Sulfides: ¥

Remarks: Pyx both as anhedral
x¥ls  and subhedral laths
poikilitically  enclosing  ol;
ox+sulf blebs OCCUr

interstitially; msts (?) contains
many ox inclusions

Rim

Present: Y

Silicates: ol + {ol, pyx)

Metal: N

Oxides: N

Sulfides: Y

Remarks: double rim - inside is
continuous magmatic rim of
dark ol, outside is fine grained
ol (plus other silicates?) + fine
sulph

Rim

Present: Y - coating
Silicates: pyvx, phyl, plag, ol
Metal: N

Orxides: mit

Sulfides: ¥

Remarks: fine grained; pyx
poikilitically enclosing ol

Rim

Present: Y

Silicates: pyx, phyllo
Metal: ¥

Oxides: mgt

Sulfides: ¥

Remarks: fine grained

Rim

Present: ¥
Silicates: ol
Metal: N
Oxides: N
Sulfides: N

Remarks: thin rim appears to be
magmatic = solid laver of dark
olivine
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Karoonda-2 BO

imim

Karoonda-3 BO

imm

Karoonda-5 PO

Karoonda CK4

Central chondrule
Other silicates: N
Mesostasis: 40%
Metal: N
Oxides: likely
Sulfides: ¥

Remarks: ol bars are relatively
thick; msts cloudy, probably
due 1o ox

Central chondrule
Other silicates: N
Mesostasis: 30%
Metal: N
Oxides: N
Sulfides: N
Remarks: relatively thin brown ol

bars:; multiple sectors; ol bars
curve in places

Central chondrule
Other silicates: pyx?
Mesostasis: 10%
Metal: N
Oxides: mgt
Sulfides: ¥

Remarks: anhedral ol; minor
black pyx laths (¥);  sulf as
small interstitial blebs; msts
dark

Central chondrule
Other silicates: N
Mesnstasis: 7%
Metal: N
Oxides: mgt
Sulfides: v

Remarks: anhedral ol; sulf as
interstitial blebs: msts dark

Rim
Present: Y
Silicates: ol
Metal: N
Oxides; N
Sulfides; Y
Remarks: thick magmatic rim;

sharp interface with barred
section; sulf oceur as blebs

Rim

Present: Y

Silicates: ol

Metal: N

Oxides: N

Sulfides: Y

Remarks: thick magmatic rim;
sharp interface with barred

section; black ol; sulf ocour
as hlebs

Fim

Present: Y

Silicates: fine silicates
Metal; N

Oxides: mgt

Sulfides: ¥

Remarks: sulf occur as larger
blebs

Rim

Present: Y

Silicates: ol

Metal: N

Oxides: N

Sulfides: N

Remarks: fine grained
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Karoonda-6 PO

Karoonda-7 PO

1Imm

Karoonda-8 POP

1mim

Karoonda-g POP

122

imm

Central chondrule

Other silicates: N
Mesostasis: ?
Metal: N

Oxides: likely
Sulfides: N

Remarks: dark brown to black,
almost massive ol

Central chondrule

Other silicates: W

Mesostasis: <5%

Metal: N

Oxides: mgt

Sulfides: N

Remarks: sulf + mgt occur as
interstitial blebs

Central chondrule

Other silicates: plag?
Mesostasis: ?

Metal: N

Oxides: mgt

Sulfides: N

Remarks: presence of pyvs not

entirely clear; voids filled with

white/colourless  mineral

shows cleavage, possibly plag?

Central chondrule

Other silicates: N
Mesostasis: ?
Metal: N

Oxides: mgt
Sulfides: N

Remarks: fragment; presence of

pyx naot entirely clear; voids
filled with white/colourless
mineral - shows cleavage,
possibly plag?

Rim

Present: Y
Silicates: ol
Metal: N
Onades: N
Sulfides: Y

Remarks: fine grained, sulf
dizseminated

Rim

Present: Y
Silicates: ol
Metal: N
Oxides: N
Sulfides: Y

Remarks; fine grained; sulf
dissem

Rim

Present: Y
Silicates: ol
Metal: N
Oxides: mgt
Sulfides: ¥

Remarks: fine grained; sulf
disseminated

Rim

Present: N
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Karoonda-1o0 POP

1mm

Karoonda-11 POP

Karoonda-12 WC

|

imim

Karoonda-13 WC

imm

Central chondrule
Other silicates; N
Mesostasis: 5%
Metal: N
Oxides: likely
Sulfides: Y

Remarks: pyx increases towards
rim; sulf oceurs as interstitial
blebs

Central chondrule
Other silicates: N
Mesostasis: N
Metal: N
Oxides: (mgt)
Sulfides: N
Remarks: massive ol

Rim

Present: ¥

Silicates: ol, pyx, plag?
Metal: N

Oxides: N

Sulfides: Y

Remarks: fine grained; sulf
disseminated

Rim

Present: Y

Silicates: plag?, sulf + (ol
pvx. sulph, mgt)

Metal: N

Oxides: Y

Sulfides: Y

Remarks: double rim - inside
is eolourless plag{?) + small
sulfl blebs, outside is fine
grained silicates + sulf +
ox; patches of pyx(?) visible
on surface

Surface

Silicates: ol+pyx=plag(?)
Metal: N

Osxides: mgt

Sulfides: ¥

Remarks: fine grained; sulf  as

unevenly distributed patches
interstitial to silicates

Surface

Silicates: ol>pyx+plag(#)

Metal: N

Onides: mgt

Sulfides: ¥

Remarks: relatively  coarse
grained; anhedral ol + pyx
laths (poikilitic?) with
interstitial plag(?) and sulf
blebs
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Karoonda-14 WC

imm

Karoonda-15 WC

1mim

Indarch-1 RP

e——
imm

Indarch-2 RP

124

¢

Indarch EHg

Central chondrule
Other silicates: N
Mesostasis: <5%
Metal: ¥
Oxides: N
Sulfides: ¥

Remarks: fragment; multiple
growth zones

Central chondrule
Other silicates: N
Mesostasis: N
Metal: n/fo
Oxides: N
Sulfides: nj/o
Remarks: multiple growth zones

Surface
Silicates: ol>pyx
Metal: N
Oxides: mgt
Sulfides: ¥

Remarks: medium grained;
sulf ides oceur as large
interstitial blebs

Surface
Silicates: ol=pyx+plag(?)
Metal: N
Oxides: mgt
Sulfides: Y

Remarks: coarse grained ol;
sulph as small interstitial
blebs; also some fine
grained silicate coating

Rim

Present: Y

Silicates: pyx, plag?

Metal: ¥

Oxides: N

Sulfides: ¥

Remarks: thin magmatic rim;
colourless mineral present
(plag?)

Rim
Present: ¥
Silicates: pyx
Metal: nfo
Oxides: N
Sulfides: n/o

Remarks: semi-smooth  thin
magmatic  rim;  colourless

mineral present (plag?)
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Indarch-3 RP

Indarch-4 RP

et
imm

Indarch-5 PP

Indarch-6 PP

£

Central chondrule
Other silicates: N
Mesostasiz: N
Metal: Y
Oxides: N
Sulfides: Y

Remarks: multiple growth zones;
sulf + metal located along
planes between growth zones

Central chondrule
Other silicates: N
Mesostasis: <5%
Metal: nfo
Oxides: N
Sulfides: n/o

Remarks: sulf + metal finely
diszseminated, located between

pvx laths

Central chondrule
Other silicates: N
Mesostasis: N
Metal: Y
Oxides: W
Sulfides; ¥

Remarks: coarse grained; sulf +
metal blebs interstitial

Central chondrule
Other silicates: N
Mesostasis: 10%
Metal: Y
Oides: N
Sulfides: ¥

Remarks: Colourless msts; sulf
+ metal blebs interstitial

Rim
Present: Y
Silicates: pvx
Metal: nfo
Oxides: N
Sulfides: nfo

Remarks: semi-smooth mag -

matie rim

Rim
Present: Y
Silicates: pyx
Metal: Y
Oxides: W
Sulfides: Y

Remarks: semi-smooth mag
matic rim with small blehs
of sulf /metal

Rim
Present: N

Rim
Present: N
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Indarch-7 PP

imm

Indarch-8 PP

126

1mm

Central chondrule

Other silicates: W
Mezostasis: ?
Metal: ¥

Oxides: N
Sulfides: Y

Remarks: Large amount of fine
grained material obscuring
surface

Central chondrule

Other silicates: N
Mesostasis: N
Metal: n/o
Oxides: N
Sulfides: n/o

Remarks: Sulfl + metal as inter-
stitial blehs

Rim
Present: N

Rim
Present; N
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Appendix B

Test- and Procedural-blanks

* All suspect blanks are highlighted in bold italics
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Appendix C

Raw data — Terrestrial Standards

* All data reported as ppm, except oxides (wt%)

* A% = difference between the average of the measured standards and the

preferred value, expressed as a percentage of the preferred values

()
A% = + x 100 where C = Preferred Value

* Data in gray are previous repeat analyses of the standards (no ICP-OES data

available)

¢ FeO* recalculated from Fe,Os,

M
° Mg# - gmol
MgmortFemol

. Co#t = (L) «10%

Comott+Femot

129



- Chondrule Formation -

% vasfefecifedfon-relesdra-EarrarvizravEannane

130

¥
-

auf 1 ml

BIH-1 Schumonn

L4505

LA

aLch

s 1 ml

£
b
=
=
&

ik

w25 mil

aiad 13 ml

BIR-1 Petersen

143

L0
.53
032
15.00
T E
[ Tel
0,
0493
[T ]
52
126
11

abh
175
56.5
9.7
i3

LG
017
35
125
(LA
15.9
Lg
ey
47
i |

.63

BIR-1 (A

007
1.2
0.5
383
130
L53
3t
1.2
LE
L4t
o
U]
2.08
o6
o.q%
053
L
1fg
0,45
o,0a
14.0
ooy
LIS
i3
086
L
.47
L5
au
5.8
nr
16
51.5
Bh
4
az1
0. H
ouaf
2.4
114
0,405
138
LT
o203
125
6B

0.z
v

033
2400
.53
L50
g
23
.21
Lo
0.4
55
133
1.73
0,48
L2k
14.9
0.1
[ER I TH
0206
004
ogh
052
126
(R
huo
335
1rq
S54.5
4.5
100
ToH
D043
07
5.1
121
onh
14_5
LB
R3]
2,30
71

o603

Ave.

0077
13.49
LB
432

14.7
1.6
o34

LIS
L52
oy
2y
z.24
L0
Ll ]
.74
L35
1.7h
.49
L3
146
0.0E
0,005
(L
0.91
0030
050
=
g
[N
339
72
542
93
LR
B
0045
0.7
3.1
124y
[T
14.7
1.8
LT
2.1

LaRiteli]

6684

WRSD

B2
ar
5.6
@l
il
.0
.0
7.0
7.0
7.0
67
X
.6
6.
B3
44.6
fha
6
7
5.2

a1

R
310
37
7.8
4.4
4.3
)
4.0
5.9
2.4
&8
4.5
&9
13.2
45
.8
7.
40
251
G4
4.2
L7
5.2
(R

BIR-1
PREFERRED

[£R

15.50
(X ]

]

16,063
185
a6
250
.57
LA
[oR1
.
50
FNT]
8
oahs
b5
.95
o
ik
1535
(010
ChiMr2
Q.50
(8-
il
[ F ]
1924
pndon

i ]
T

oo
1063
a8z
oz
aIF
Jit?
FEET
fhiy
16
175
a5
A
o

.63
[

&%

a7
{02
-84
1.0

it
)
-7
-1.2

-fng
=140
11,2
-t
-5
43
LT
-1

i

-L.8
-7
265
5714.0
e B
et
34
.2
=i
~3
131
-]
56

ol
25
2l

145
g 1

78
'-ﬂ.ﬁ‘

-0
a0
-1y
-
1.3

=094
7.4



- Appendix C -

E E g E ] g
H =E i z E H i 3"- E o = g a%
= = = zE F '§ 4] = :
. z & = 4" & B
1.1 2k 24.H 4.4 jao gah 209 Foa L5
3.5% LR .65 457 1.BG .04 346 ER =1 3.6
.13 [N 003 0.13 01 iRk 0,14 [T 35.6
3.2 Lk 155 g 1500 1A 13.9 13,00 T
2.55 48 1] ».55 .64 2.5 2.6 2.50 -
ikt LA k52 151 ik &.38 33 A0 g
{1.0b0 0.5 0003 Ml ooz b thirhig i . |
0.42 n.4a .44 0,45 0,44 044 0.45 .48 8.2
[ERET A AR (SRS [SRSTHE T LENEE ) 0, By (RN e
[E8:E ] a7 n.z8 n.28 w2l .20 n.2g .2l 4.4
1,01 0,114 URIE] RIE] g g 05 (Lis 4.3
0ngh LR 1 g [ERRE bl 0047 0048 (LR 1 ] LR CE 2.4
i n-5H n.ha n.fi bz 0,63 by (2601 7l
0L i D.23 i ReF] [} 5= 025 .24 .20 9.9
12 il 02 .1z h12 2 0.1z N ) T
g1 0.0 O ] {4 .5 1,99 091 035 -7
[P 13 11,26 Ve 18] 00250 .30 R H [ R 18 28 =7
[ B {1 Bl 4 01, Hid (A RalF] i Hi B2 LT .1 =1
LR L 0LEFTY n.ohHy [T ouisB LG n.n8A n.ndo 10.3
.06 .061 RO RS0 [RRH1EHE [ERRL 0055 feXeei] =215
2.03 2.Chid 1.2
LGS Y O, My [REEIH [SKalaTH] RG] (N1 | CAFAT ~PTT
(IRt ARG LLrHg [ERITEE 40004 TR (AR 0.0 1969
.51 [N .55 54 0.55 1150 o.ha 550 3.3
0,10 il By
0017 00137 07 oLtk 0017 T .02y 0.020 130
ARV g8 0055 0,059 0,055 05T LG4 05 k-
.20 I i
74 73 y iy 7.6 B.o B4 7.8 . 136
1.7 210 a7 b, 7 - ik B 24.6 Foled e ] -B.g
ol hl.2 = . Leld W | e F e 73,4 5 o
1506 1752 1453 170 107 2017 anaf eletate] 14
108} GH i 101 a7 2 11z Fie] 1ng
a5 5.2 0.2
.57 F50 .49
245 37 2401 HETRL ] a8 2540 500 2300 126
g g -qL7
0.12 hr2 L
2490 280 2B b5 wH.7 240 2.5 2700 0.2
5.4 24.7 256 R0 5.y LR 332 28 185
b, G LR =Ll
b K i @ iy o .7 2.8 3 =57
0,072 o N
ward Bk 343 335 347 3.5% 248 E20e =1
1.4 1 18 124 (8 L7 135 134003 35
H T Bz B L1 CH] g3 -85 2
o.Hg LER L] =034
18 7 746

131



- Chondrule Formation -

Table C-1 NIM-D Dunite
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Table C-1 NIM-P Pyroxenite
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Table C-1 PCC-1 Peridotite
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Appendix D

Raw data — Preferred CI/Solar values!!), samples and published bulk meteorite

values!2!

All data reported as ppm, except oxides (wt%)

[1] Lodders (2003)

[2] See tables for references

FeO* recalculated from Fe,O,

M
Mg# — Imol
MgmoitFemol

.« Cott = (L) «10%

Comort+Femol
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Table D-1
Solar Composition

50%TC  cone.
LOD: from 1) (from 1)
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o002 1650 0056
o000 iy 0,162
[ORATEE 1655 0.4
s Ml 1559 0024
L0 160 457
0,000 1540 0145
[ERTH 1582 .05
o020 157R 0232
L0 1487 .16
0020 1478 oz
005 1350 055
o000z 1659 LEHECH]

G009 NG5S 1.1
LUK LR 1614 h08
0005 1607 0.47
.00 LG50 102
LR ES 1582 0073
00z 1573 (LR
[ORATiF 1554 10.2065
[ L 1517 127
b, 300 i-44 T4
LIS FiH] 1455 31
FRT 1420 56
L CHBED 1153 1nh40
LB LR 1152 S
oy 1436 16
Chahz 1334 24
J-00y L2096 2500
LERE) B 1220 021
QLRI 1154 0247
LR TN 1142 Lah
LB [l 127
007 106 1,00
.50 bk a.51
0,023 usH .h75
LEB BT B 13
o040 T2 256
G040 720 0
55
26

136



Appendix D -

R60'0

Elrn
LT
SBo0
LA
dgra
gra
S8
1
L]
boo
SEon
EEOD

RLOD
U1
fE00
P i ]
s
R
i ]
L'T
RETD

ol 8 U]

1ho

fi |
g0
o
Flo
oo
Liv1
filg |
iro
Higrn
SnSe

zk

L
ag
Lo

a0
EAR]
LiThN]
Slorn
HEO
il
LLLEN
FA
R0
Pl
BG0
Lo
tzo
na
an
P
rho'n
whioro
wn
L0
Lt
1800
tzo
b

Gl
a1
ot

dd & u]

980

wk
o0

oo

060

414}
1'%
Fi 4]
tr
=60
‘e
ik
EE
(H 0]
[T
b
£
FE
i
]
15 ]
"
I
Leve
Soro
ok
L5800
L]
Bl
B
5=
EE00
HE00
iy
L8]
oo
o
LA E
L]
REOD
e
oz
fgixnn
(H]
i v i
L
[
wH
ko
ok
£LBa

dd £ up

(43
tio

]
=g |
ol
e
LE'E
T
e
(43
TED
Gora
ghit
a1
Lo
wEr
FofE
ig
TH
oF
ozl
Fen
RIO'D
oGon
aln
Gedres
LHILER ]
£t
rEorn
000
0i'n
1o
Pt i)
H ]
i
150
gEn'n
Szoro
gre
G5
g
akno
150
o1
LER]
Forn
e
900

dd Fug

b ]

o
oo
|
o

Y
ol
BT
H'O
b

e
o1
EEE
15

LRy

LED
S1a
grorn
T
oD
LA
RO
i
SEorn
Lo
70
Loro
LiTERT)
L]
e
R
RO
Lrora
i
GEO
ar
e
iro
o1
L
iy
1
1500

dH Eug

9
g0

1t
£1
b0
w1
601
Y
Sk
1
Sro
niden
fhas
n
e
&4
gkt
fi
b
£
b ]
fzo
Eron
niotn
5o
ESorn
TR
a1
FRoro
Sln
kL
qro
bty
oro
LB
[
GRD
Lzoro
arn
LEorn
LE'D
okFo'o
o
o
&y
Lo
't
oo

dH = up

1Al

arn

Sra

ol
]
REO
f1on
L
ahon
bl
figa
£z
A
Ern
o
i
HLoro
SEDD
]
QRO
LE'0
Fhorn
ofo
Bz
T4
LT ]
L}
aborn

¥ v

o0

1Y
Er'a
g
™
£
Gitoro
i
&g
Gn
o
ik

HEm

g-av

i
g0

Ll
Arn
L]

[IRER N ]
£l
15070

Fi

(i
R
zn
058

AL

EEE

ke

6%

a0

a0

n
L]
Eo
pru

o]
pra

ET
u
pra

pu

fuot
G
It
%
pu
Lo
oo
pru
o
oo
taorn

Qoo
o
qr'r
FED
ok
gL
TE ¥
oo

oo

5D

T8
na
19m
HO0
(R ]
wE
Hi
15

B

T

v

gto

14
B
el

eI

EE

oo

o
73]
A ]
08GE

fl

%

g

ohib G

]
Ce
T
=0

Swro
Laoren
A ]
(Era |

e ]
h o |

ron
[
zro
18]
P
0
O
Hiorn
HIon
[RR4]
ko
AR
Eow
Gro
Lid}
B
gort
oG
Ll

TV

trio

Foens§geafTtaniaitte

:

o

z=ro

LRl

L

se-2s3fedfacgedacs 3}

23

$raage

v
T

EaE3ZELI0848

5

&

137



- Chondrule Formation -

ig'o

o
Lali]
[
ai'n
e
toro
5E
LR
e
o
ok
4
ok
FoE
FOFS
1141
g
&
a1
o
SEon
Lro
HIT
9o
OEi'e
£E
Lo
o
[Vl
ato
fora
Leo
]
L]
Lovoy
Livey
o
ST
L
i
g5
1+
G
oo
Ao
gio

dChd

~dd FI-[I¥  ~dd E1-[I¥V  ~dd )Y

Corn
w0
&l
44}
Eio
oo
1t
na
]
o
&0

d0d

ISy
08
L
614
/s
Tl
G
a1
L
EERY
LEOO
Qi
ook
a
LEl= i
LB
Lo
Fen
e |
A ]
]
il
gfo
|
Qoo
Qoo
(L]
oo
o0
fora
L]
at
fir
£z'0
o
Seo

A0d

Lo

[4regn ]
Sz

T
Foo

B
forn
nre
LigE
ol

i

"z
1568

1
3]
LE0rD
o
LO'L
T
HI0 0
e
5000
Gurn
o'
En

Lro
LT
]
oo
oo
SE'o
Givoe
o
Qi
b i ]
]
1
aro
rq
LS

ATy OdONY 0460y Od 80V

L
LRD

o

F

Gy
o
v
irn
LED
tizh
whE

s

1
&0
Lo
Cgo
RO
SE'o
G-
Rl
oo
orn
figon
Frgi]
ol
]
fio
Eq
4
Sin
agn
LT

0o

et

oo
a1
i)

R
Sevn
Sro
ThOT
L

4127
by

ot
(5184
Feoo
o
Py |
=]
Eioro
e
o
Ly
g0
Feo
EEo
1o

g
fioro
oo
e
LENCF

o
Sovo
L0

e

G
1o

s

S0

EE
BEO

lzo

ot

£E

oo
ok

Sro

Ert

L& ]

Ik

oIl

g
gt
(]

FE
o'l
el
phon
HE
o'l
HITO
rEOD

(£-44]

of Ly ogany oafvgy oaggy omty

Lo
gEEE
Lk
LE
i
55
LST
L
HL
It
o
Fio‘o
bEro
agn
O
i)
og
Fro
90
=8
o0
Lo
]
Ego
e
tro
fro
b0
AR
£
oE0
T
gL
LT
SCy
aor
as'

EEAH]
En
g
g1
oo

o
£ro

e

EER
Gt
Corr
t
Tl
Fr
15
e ]
Ern
e
HI0
100
i
Gon
(RR ]
1
]
nga
[ityi]
EEw
o1
Loo
=]
FA AT ]
T
o
BOD
o
zE
0r
Ll ¥
e
LR

TT
F R

St
]
Ly
b
o
]
Ll
o
Qoo
Foro
£ogi
il
EE
g
Gran
Liy
<18
i
25
081
w00
o
ki
1
Lo
]
orn
]
o't
b
BET
5o
HE'>
4
Fro
o
agn
i
1
10
=
28
of
00
ki
Fin

ofon
trn

- B
L1070

L1

nin
oo
oo
wh'E
Eg'n
Qb L]
e
L
10
1
L1a0]
L8
=0
wE'O
i}
fa i
qoro
&En
L]
9a
Gt
wFo
#E
1
Lzn
L6
g0

2 By

a1
CLig
aran
18
FHE
Pl
1A
8]
Lk
g
B0
Egorn
HED
ER'T
=2H'1
G Th
(]
o
L e
ix
Sio
il
RE'D
LLIE N ]
s
oL
o
Lo
TR
Lo
g1'a
L
i
=
EFo
LERVI
15

IMENY MY

oz

gL
vz
io

138



Appendix D -

[}
Forn

Fh
Lo
R
Fro

R

[
(=1
L1710
agIE
EE
08

o
o'E

Qi
Onk'a
o
£
Hi
TRt
4
ot
(L
Lt
e
Ezo
oo
ok
]
15070
(=l e]
FEQ
o
=]
Loa
Bz 0
(%4
i3
S1n
e
G170

OAELAEY O FLaEy A BTOEN DAL STAEN A0 LY J0d 00y JOd 60 JOd R4 OdLdey Ol odny OdSaey  odbaey o Baey Of S ey

BE0

iyt
g
b )
i
LD
Qi
25
L10
ara
gLk

e
Sig

LnogT

LRoro
Ef o
a1
wh'o
E1'0
byro

5
g1
TEo0
ETr
LERH]

an
LR

50
g0
oo
qt
Eroro
L9
O
G610
TE(
gL
e
¥ ]
g
GETTI
&g
(5]
S
U
osn
b
Fro
]l
LEa
QT
g
[T ]
1T
1
St
L i ]
ER
Tho
L]
fyoo
Lain ]
gt
'
(L]
HO'D
Efo
e
k1
£20
g
L

1

g
[Eri]
g1
Qo
ot
THw s

Pl
qr'n
aail
Eoat

L
utn
GUOOEE
GIr
=6

e
850
ik
Qo
FE
50
RIOC
e
SRR
Chiwo
b |
ok
Gtn
fGI'n
Fio
w1
ftoro
FEoro
180
o
£50
w0
zto
TE
b
Bi'o
L
Ean

17}
a0

ko
Lo
tro
e
g
i
[+
Gl
150
oght
qE
L1
ggkt
holn

e

s
o
QR
10
e
450
QB0
L8]
LRI
BRDQ

o
o
FoAlY]
BE
=l
Soon
QoD
oo
b e
Cgro
H0'0
ato
ol
a1
GE'D
gt
iR

13
L6

1]
[Rligs
o
R
Tt
kion
G648
£
G170
b
Erol

ogk
B0

fra

Th
ofo
iy
AT
L4
150
oo
L]
Ggora
1ora
i
ok
£Fo
AT'0
a0
i}
Froro
Lhora
HE'D
a1
glo
Lo
gin
5r
i1
TE'D
£
o

Egin

oE
TE
qrg
qT
”q
£
[

hivi
ibbz
£

OE0y
e

G
[Ny
SE0'0
11

Fra
T
21
LEorD
oo
Lo
LB0
g
o
o
o0
koo
LEoro
1T
LO°0
o
Sy
tz o
LRl
8
Er'ih
ol
SE0

an
LA

O
650
e
L]
5
Loro
as
s
(T8
00
Fzol

ag

SebI1

L]
o1
671
Ego
GEOD
Cro
T
g0
e
P
[N
o0&
bl |
SE'a
150
bro
SEo
i |
z50°0
Foon
EEa
oo
]
OO0
ko ]
&k
L
e
a6
SEQ

®E
aLtn

LR
L1
Era
e
™q
Ggn
AT
gren
iwo

HE
s
Eyor
obIET
TEL
¥

o'E
HLO
Lo
BI°D
i
AL
Ezorn
I'e
LELTHR]
Lo
L
Lo
agi
FEro
bt
t
Fono
BLONE
o
g1
L'
(4 ¥]
L80
b
qt
il
98
fEO

’E
o9 0

S0
o
]

‘q
ol
Fit
OE
tEo

Libd
ziber

L

B
fbo

oo
a1
w00

(]
RE'D
o
o

L
LEoo
koo

£z o
HO'a
gEto
Soroy
e
'R
a1
g
&g
L]

3D Bpuoose)] - SafIIpUoO) =-( IqEL

61
Eg o

LE0
o'
0
ot
Tq
£
o
=0
Qs
oo

i
e
el i

1L

e

L
]
GE00
Ero
Lo
FA R
BIO'D
L& ]
LG0'0
ghkon
fo
EE 0

Fro
G0
L
15070
oEora
Gz
org
AP0
L
L6
e
Cr
Eza
&3
b= 1)

Bl
£oto

o
ag0
A
Y
o
1700
Iz
il
Oz
AT
gl

L

g1
By
&1

o
P
St
L]
T

EA LAY
1
OEDD
LY
Lo
Eg'n
Lzo
TN
o
S0
Ao
LED
oz
Lo
abo
Foro
=E0
&
]
fAR i
g
50

BE
E R

Gt
ot
QE'D
g
‘a

Liro
Ao

BLoET
o

i
IR
koo
o
o

EEorn
4

Foro
i |
nE0
Lo
GE0
L
B
(AT
koo
So
qa
Fio
[
Lia
Sp
i o
e
TIT
tro

Loz

iy )
I
LE0
ot
£rto

v
WL
g
C |
L
L
dd

139



- Chondrule Formation -

i

ool

1LE

g

L Ergl ]

&g

{mhhn) e
13 panadyg

oo

G o

oo
EEzz1

roo
Fzo
BELE
HEE
LEE

gb71

)

[G6hL) e
12 Saaqsia

g0 LTV g
gok A
il gro
L&E BoE
Lorn Lo
o0 el
09EE o¥FsE
ok £ gz
Fo'Ee LEFE
oEL iy
G5 ogFl
brod E'Eg
of & oz
i % ol SESa
LSe I§'a
1hzn #ika
QEO LT
tge'o CzE'a
Szon oo
Borg LEh
(Gl ) g g2 Huoy

&0
a5
L
4
Lovo
]
O0%5E
Ggbz
RETE

cho
Gl

E61

ES0
oF'E
Lgorn

L]
Fo

cE

grirn

g

RS0

oF1

b
gan
]
ahSh
gigs
TTTE

trg

O0uat
LA

RE'E

HL8 0
/AT
GEoto

EEzi
GEEO

hzzo

FEorn

]

(Fhb) e g wdamagry

oo
g
Brro

=t
Qe

085E
ok
fg s
oogkl
8L

[T

&6
Gon

Feo
[Tl i ]

ki

'

TR

(GGG}
I'[® 12 snaqag

LI g ZAD - BIEP paysiqng E-(] dqeL

ar'a

iR gt

(E661) *|e 32 suquaiq

L
(i

£

gr'o
¥

L0
i

Labegi ]

0T5E
15ek
OfET
19
Qi
H'049
Lty

ot

ol
Lagro
Sro
LT

HROD
L
Fzo

£E0'0

T ]
PR}

groo

g
BE'n
fora

e
(1] &+

oo

(EG6L) “j= 2 goyosig

S1a

gi¥

gon
e

NSLE
obE
(£ 4% 4
aig
it
e
i

1o's
SFivo
b |
3]
Ero
of e
G
Ty ]
]
[ ]
i
LEoo
fora

o
LYCpo

]
Hin

oo

L
HE-0

gito
¥
Qoo

Bz o

i
G0l
ILFE
ko
aEFE
R0

Fi

FI
BROO
Ero
e

Gy
o
o5 o

Skza
RY"0
£foa

Lg0t0
LT
gboro

£ag
gr'n

oED

seE4-3EESEEAR 0888650538585 208303 308533888 §2

140



Appendix D -

19°0
zh

THO
aF'n
ES
Ll

W

S
R
HEE
I
o8l
brali]
L0
L]
whei
fier e

gE
Egoa

611
bz

]

650
ol
81
t
L]
Forn
Tt
81
sro
oo
HE'0E
bt
org
Srefr
L] ]
Tl
Eg&
o
o
SeE
1
|
o
A
TE0
ghro
Eira
HEO
o
(R a¥!
QL
be 2]
e
[l
a1n
il
(IRIIN)

frindi]

LHIH ]

o

LR
ubE

B
YIS

te ot
1ekE

g

W

o

65°E

i

Bk

QU0

i

i

ol
[+
i1
T

[Egbn) e
18 Ay

Fih |

g0
4]
L
B
£SO
el ]
8o
1
g0t
19
weh
]
]
Lovo
g0

(Lgbr)

S ge anngy

Gz
oot

QUTO'

FE0r0
o
(118
Eo
[
61
HE'D
160

FED
10
o

Lo
o

(TR
Lk

W g
F [IERroH

g0

mm
LR ]

=0
SED

nnsk
IB1E
arte

bR

BT

uojgng
F PO

(1]
11

L6

S

ymysilicg
F e

2110191 YIng £AD - wIEp paysiqnd £-q 2qeL

HE0 L5
1] oR
50 0E0
Eoen B
qro Gre

otE ok

b0k GY6E

1zEe =t
frvit] e50

oogEn oot
B0l B

Lo RIS
LO1°8 Faga
55'F 12E

A0 L A

B18'0 Eot0

RIED tozo
it 504

(ER6T) [E 12 wpgnyg

o

Hoyiy

qr°0

otek
EYEE

S¢E

arro
30
Ea
o
Lri]
Ll
oy |
Gk
Clira
B
Ero
e ]
TR
it
£
4|

(Lghn) gn
i dajfiesong

FEron

10K
Hono
aa'l
ko
ko
List-o
gt
Libty
QSkirn
G
RREO
Fehiro
ookt
[T
FhED
iFe

(Ghihr)
19 ENEOUTYS

650

ol
GE
=1
gt
9
oo
[E08 |
]
LR
P
aoak
eEob
[ o
gy
nozkt
©h
F
ot
55
U0

Sro
ox
Fin
QT
GEE
Cgora
i
BE1
Ea
o
=0
]
G
#=hon
o
L]
]

F ]
1O
]
e
T
wo
f
Fi]

{igb) e
18 amasoae

s8E4-3E88LE3R5La088E5R 23825852588

141



- Chondrule Formation -

142

§oz<FeBzo 85 B T ParTEErERETIR RENS

=gged

Cu

Ga
Niad)

Mg#
Coa

Table D-3 Published data - CV3 Bulk Meteorite (cont.)

Lovering &
Keays
(1987)

077

Kong el al. {19949)

10,4

ho5h
0292

.54
0.4

o832

2 67

913
(ER ]
Hia
24,87
BE70

0,00

.1
0.47

na

11

0052
0337

0552
o.2RG

323

o816

243

b
L4040
Ty
24.54

L]
0,149
0.0

.3
0.4

119

Heier et al.
{1487]

]

Jochum et
al, (o)

704

.99

ozy
o.452

Kleine et
al. (zoog)

0. 1678

01806

Newsome
{1995}

[ER14]
.3
0.4
11.4
g
0415
0.0hs
0,475
.11
0.915
LG
o.ngd
[WRTE]
02495
0.2
04806
0322
1.20)
0,013
R
351
Lo e
076
@1
RT3

2,66
153
4.9

0
154400
655
240k
30,23
shon

.29
LR L)
1.24
100
.04

]

[ E]

125
L4
116

0.59
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§§ vazfefecifeffoz<relaoftrafirosrygzrnayinnans

Jochum et
al. (2000}

Bas

3.74

538

Fitzgerald
{197g)

17

1M
206
0.7
o

0.2
.14

.05

0.5%

058

Hirota el
al. {zooz)h

0380
.450
200
0,044
0. HoH
0.287

453

Li5h
LR TaE

04K

.40
12.65
3767

25345
2013

0.0

1142

0.509

0057

(LREIE

Nichiporuk &
Bingham
(1970}

135

Kleine et
al, (2o0g)

1gfy

oalTT

.22

210

(10
140HHI
(0]
25.27
q2.87
4240
.10
014

1ol
o.03

0.1

0.58
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- Chondrule Formation -

Table D-3 Published data - EH4 Bulk Meteorite (cont.)

Nichiporuk & | Schmitt et Wiik HI;T]I]!,d&.y mﬂ: Newsome
Moore (1970} | al. (1972) (1956) (2000) (19..) {1995)
W 0124
Lr 4.9
af (. 1H) .14
Sc 625 57
Y 1.3
Gd 0,214
Th 0.035
Bry 024
Hao .05
Er 0,166
T 0025
Lu D024
Nd 1146
Sm 0,14
Pr .06
L 0,235
Yh 016
Ce 0.60
Eu 0054
Th 0.029 .07
Al 145 145 .53
U 0,011 0,009
Ir D-S‘Eﬁ
Mo
Tily 007 0,08
T
Nh
Cald 1.25 119
5r 7.2
Ba A
v 54
Ni 182400 17500
Cos B35 Boo B0
Mg 17.48
Fe)* a7-d44 4265 arq
Cr 150 2500 50
Pas .50 0.4
Mnil 099 0.25 0.28
Li 18 a1
L 183 185
LEL) .11 @10
LT 16
Nad) L0 Lot 0.92
Rh 2.
Ph 1.1
In 250
Mg# 0.42
Lo
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Appendix E

Raw data — Published UOC whole chondrule and CAI values

All data reported as ppm, except oxides (wt%)

See tables for references

FeO* recalculated from Fe,O,

M
Mg# — Imol
MgmoitFemol

. Cott = (L) «10%

Comort+Femol

147



- Chondrule Formation -

ol £io Q990 Ego gy0 Gl iygo ol ol o qito too hyo HL ] og'o zho
firf ey | 1 EFL L o LT g fir G50 B o o ot ] ¥ gLt
o0 i ] It g1 na T g5 - L' g Al ] T o 10 o £et
T GO0 nata B0 fi ol ] e ] Lo o B ] il ] 1 to &'n o
g (FA Soro ] ol 0 oo zo'a i) B g0 o B0 L Sgro
Eoro Vi Qoo Soro 0 fAl] "o a e i
g0 qin ga0 B0 ot figa I ] &0 o Lo S0 o 3 FTali]
L1 Lgr LA | LR i e bl ] ol LIt TEl HI ] [ L e
e iz ol oE B T frof L1z e g SRI ol 15 iz o
Soro Eon Sro 150
L] ol wEd g Lzg 1§ b=l g ek frin qor giG TN ] (i
gl ORE ot ot oz g ab'E o't g1 'R S0 4] wE LB e e
oEy oYy U agEn ol'h nE T EF g EoE L] oA B L™ L H'a
e Fiy T ore an'r (gl b 1 FA Rl i & L L A
LB Lo LE'D g [ ] Yoo Sgn gEn g1 TS BO'0 190 fan =g [ ali]
10 i ] iyl ] E0'0 Boro o' 1 (1] 200 ] Bora I S0 E0'G
LoD o ®OO Sro Fro EalH] BOn ko £ £a =0 Eo ] fro
o wra o [LFR LLV] 1o T 1o 0 T foa Eorn (LR Eoro wa'n
a5 ez LRT otk T torfl ] BOVE at = 4T j &4 &1 r'é 6
Enrn o So Sorn o 5000 L0 Eora [FER =T LONEy San'en Eoro For o
Soeo Fo Foro oo Qira 1o B Foro gEo oo o o Gorn G qoa
B L] nga St =N ] ot | Fio 15 iy RO Ly | P ot oo
/UG Lo Fro gE0 EE'n 8D tHn o by 50 LB Al 10 grn GE'0
[4E V] LE0 (R e ] o bED o oo fE a5 180 GEo i (Eai} SE0 880
Gy t1n Loa gia E440] Qi L8] 100 10 Cro T Lo Lo fro o
Fro &0 b T ] |0 Lamn o gL o1 L] BED ‘T Bro =0 f =l ]
o RO Qe 0 PR ] EG0 RLD acl EEo FiE q50 Efo Lo il L] wO'0
Eon S i ] oo i oo L] oo Lo Sorn Liwiy o zoo oo tora
B0 oo won i v Fon iy Lorn gn ey Ly Forn 00 non Hora
Lrn LEn L] Sz0 L& bE rEn ®i'0 ol LB Lat] RED 1] L] Feo
Sorn go°o Lota o Lot hivn o Lora ] o qra fur'n ] fry g00
LED Bt jrai] &t o ko firo %0 EEo T firo 00 (] w0 LED gfn
Eorn O Eora o'y o Lorn G Foro tan Qik'eh [FRH Siwen Eorn Eorn SOy
020 180 Qo RE0 ko F ] Lo Q0 £1 FE0 i1 ] b i 1E'D (HAli]
T TE'E Q8T #E'T ab1 9% i b ' ] THl low e BET e 0w
g 04k ol A Eg'h 150 ot 0GR 18 Sors Lot kg ki Sy
oo g1 #2000 Sro [N g e tro (L IR ten LHRN] b o Ero
HRE At RoeE Li8 Gat uta g Pl 18 3§ i Ty [ L84 F
Sorn Eora G goa Qorn oo 0 o 9o Lo Eorn oD

ﬁhﬂ.n.ﬂu. e .-ﬂ—m_tmn

D0/dd DON - TIEPp PIYSING T-7 AqEL

s4E4-3R228E 3 kac0ES o 8F 884a-280358 88387888 B

148



Appendlx E -

g0

e

oo
A
tha
g5
o8

o

ETE

Foo

gh1

IT0

oo
5o
ofo
[4rAS

L

51E

Wo

BT
0'gE

i

Pl

git
LUt
Eviol
o't
L

.Tw.._"

LEE

0RO

g1t

€00

]
i
gk

Mo

BT

Lan

Bh0
zto
(R
=R

B

(0661) sauop

{44 }

5o

Qo
40
Lt
=i

oLt

9o

b

a1

o
50
£y

m.._mﬂ

T

1E

St
o

g
ghT

it

i

gl

o

R il
9%
URE

Bw

(5

Lb'n

(8]

fz 0

S5n
e
LAY

1o

6

ko
ﬂ-ﬂ
rgk

5]

frbE

e

%A

]

Sk

g0
o
=k

91

Oty

re

E60

Lrn
Sgro

Lof

tE

(#fi6r) sauop

Lo

o'n

QE

ﬂm_z_u
i
608

Léo

=h'n

200

Y

|0
Poro

ok

im

o

3aes 33

siEs-3RESEfIzEEacaeossfanfan-naodiacds

149



- Chondrule Formation -

4|

£
ik

o
Foro

Shro
o
Rl
Beo
Lid]
L
e
b |
fierds
%]
&rn
1o
=
o
T
ol
£z
o
oE

i ogl
1 [ 14
fiw -1 L
TE g8 P
£ i i
o t
QL0 L1+ qo070
LA 1o Lo
La'n L] LAl
oz ne o1
k1 B [
h g 5z
g e &1
T € 98
= i ol
(15 &l
Bt TAL ] 190
o i b
=0 [ o
T gL o
[ ] 11 g
q=® at i
EE 13 gE
b4 i nkt
] L& bo
«g ot [0
(9g61) £ajdag % RGNy

(1]
wkr

E¥
Fen

573
]

5o
1

Tl

BT
-
4T
e

gt
gk'n
EE
e
£0'n
BE
Ll
&

L

94T
¥ro
kRl
R
gEr
oEST
GEL
“HE
E'EL

BLT'D
EfD

F {uigA ]
@99
Lo

G
£e

Fldris
Laz'o

SiE
L

orgl
Givo

e

[iFH S

Bk

Sén

e
gk
Gt

RN
o

Shgor

G'gk
L Tal ]
Egin
L7451
S
£5g

6
e ir

ek

EFg
't

cik
]

(BT "pe @ oy

Rb'0

tho

Srot

T
(.84
gt
Ly
{0
ats

faa
Al

gy
ko

L TH RN

ik
T
A
oy
i i
RE

P |

Bk
oh'T
irga
Tl
ten

oo’ ih
Loy

[

otk

Lt

EFt
L]
DE'TE

S0
]

Ein
g

gy
RI'E
it

Btz
L0570
gnntl
aorne

e

1

e
() ]

gl
gEE
e

TERT
g1
=t
[l

H R

T

EL]

LR
Tl
e

aFIT
rEos

Fir
1'gE

Fend
691

toren
Eof
Lo
el
el
) ]
GHT
Lt
Efuli
G411

Fiin

zaEn
urg
b
LT A

Thro

gt

Bz

gk

ol
St
Gy
i
ALY
]

St
Lok

P 1)
¥R
[t |
L

i
v ]
iR

T
SgE

[t

Fi ]
=

g
girt
[iPa

o T
Eila
i
S0

Lbmo

z'EI

L'Tg
GEn
aq-t
Eu'g
TTT
111

ter
E1k

QLD
e
gop

8445

L
S400
it
g
fear s
vE

L

LU
TOE

G0
ag's
itn

FEES
i ]
z'ek

gtz

(E661) |1 12 sapsanpis

Rb'0

]
Lo
Erd
e
oL

e
4TE

it A
R0
15

B

£ch
8150
AnEeE
E |
by
qEw

WFE

shin
Lgko

Bkt
arsd
Lugan

[T
ive
R
LFT

oo

wat
1

[OTRE]
L]
firin

og'g

o'EE
EIf'o
[TF P
L
g

EgE
LT

LB
Eife

GeL'0
Eiw
SEFn

Lt
7
are
gz

6E1

LA

L

b

Lof
oo
gid

Bbge

ol
E'FE

SER'D
Bl
[} s

L]

Ot
LFh

FESD
it
il

(i
Elm

£t n
sl

Ert
Bt
Shi

ol
Tk
oEL
Ay

Eobn
Byl
trin

ok

R R
a4

£E1
4]
Fot
(=41
figE o
fito

%1
Th§
Eog0

BT
o5
Eiig

Qoo
o
s
Egr
Loy

L0T
Ay

ik
6IE
Lo
Sral

it

Elgra
e
L1
T4
Ll

ok

S0
Eigo

gbr
gt
G0

Lrroke
L
ifr
[*1 ]

BAES-BEASAE3REL 2 a:ﬁ.:a{;i?ﬁ 2828358258205 g2828 B}

150



Appendix E -

e
DT

RE0

TE D
ik
g1

500
Bele

b
Lovd
o6

L
ﬁ_d
i)

G
b1
[T

Fo'd

L80

e

oFEL
0F-5z
At

141
o
98
BY'T
Ghz

oho
o'
Ert
Firm

BT

1.0
g5y
L

whia
Eo
Czo
oE
=
108
91
BI1

2

Sihro

abTa

Set

ok
GEz
3]

Lhiz
BgE
BT
bl
St

1400
00
HEO
EES0
BL1
QoE
TG

Sivh
et
Lora
b

¥io
o
L

kxS

G601

Spos
TR
A

55T
&1

okl
L

1610
et
L
-
LEE
]
Sz
L]
GUH
LGz
Aor'n

Foro Lt
OLFE BEFE
£1g BEE
TS Fis
st gz
SgE oL
Ll #61
ggE g6t
tge vk
LoE E1
4 & g
Lo 5T
1ok 10
Egro

g 2k
¥ G0
5o

£TE gbt
for5 irn
el 9t
giE o
reg au'r
FAl gtg
GOT 0

T Lo
i F ()
Lo

Fork aeL
Ho ikl
g1 o}
L hort
L3 i
gl £

(FHOT) SLAR(] 3§ U0y

goro

o

75

1ol
i

QunT
it
LR

Bord

i ]

iyl
oty

EOT0
rry

4
0o
/51

oo
ngbrn
FASS

e
a0
BT
q61
Ege

ey

Sy

Co
47

e

58

9B'E
T

BLLE
ig

Fim

Fgo

fO0
ool
oo
HEEO
Lord

o=
Ghn
il
= g 4
ok o
e
zT
)
E5'1

a1
= 6E

@ST

Sgo

QF'G
S

EEFE
L
ol
zo1
gk

5y

i}
L'
teo

i

gz0
B

oo
Ty
FirEy]
LR ]
B
gto
oo
i
1t
£

[Er W)
gl

i

1o

oTE
w8

gt

bRT

Sin

io
Eg

(re61) [ 2 puegal

151



- Chondrule Formation -

152



- References -

References

Abreu, N.M. & Brearley, A.J. (2010): Early Solar System processes recorded in matrices of two highly

pristine CR3 carbonaceous chondrites, MET 00426 and QUE 99177; GCA, 74, p. 1146-1171.

Alexander, C.M.O’D., Grossman, J.N., Ebel, D.S. & Ciesla, F.J. (2008): The formation conditions of

chondrules and chondrites; Science, 320, p. 1617-1619.

Alexander, R. (2008): From discs to planetesimals: Evolution of gas and dust discs; New Astron. Rev.,
52, p. 60-77.

Amelin, Y., Krot, A.N., Hutcheon, I.D. & Ulyanov, A.A. (2002): Lead isotopic ages of chondrules and

Calcium-Aluminium-rich Inclusions; Science, 297, p. 1678-1683.

Amorello, D., Romano, V. & Zingales, R. (2007): The Formal Redox Potential of the Yb(III, II) Couple at

0 °Cin 3.22 Molal NaCl Medium; An. di Chimica, 94 (3), p.- 113-122.
Anders, E. (1971): Meteorites and the early solar system; Ann. Rev. Astron. Astrophys. 9, p. 1-34.

Asphaug, E., Jutzi, M. & Moshovitz, N. (2011): Chondrule formation during planet accretion; EPSL, 308,
p. 369-379.

Avinash, K., Eliasson, B. & Shukla, P.K. (2006): Dynamics of self-gravitating dust clouds and the

formation of planetesimals; Phys. Letters A, 353, p. 105-108.

Baedecker, P.A. & Wasson, J.T. (1975): Element fractionations amongst entstatite chondrites; GCA, 39,
p. 735-765.
Becker H., Horan M.F., Walker R.J., Gao S., Lorand J.-P., Rudnick R.L. (2006): Highly siderophile

element composition of the Earth's primitive upper mantle: Constraints from new data on peridotite

massifs and xenoliths; GCA, 70, p. 4528-4550.
Bédard, J.H. (2005): Partitioning coefficients between olivine and silicate melts; Lithos, 83, p. 394-419.

Berger, A., Burri, T., Alt-Epping, P. & Engi, M. (2008): Tectonically controlled fluid flow and water-

assisted melting in the middle crust: An example from the Central Alps; Lithos, 102, p. 598-615.

Berlin, J., Jones, R.H. & Brearley, A.J. (2007): A common origin for FeO-rich silicates in Kakangari and
enstatite chondrite chondrules? 70" Annual Meteoritical Society Meeting, abstract volume, no.

5272.

Berthet, S., Malavergne, V., Righter, K., Corgne, A. & Combes, R. (2006): The evolution of the EH4
chondrite Indarch at high pressure and temperature: the first experimental results; LPS XXXVII

abstract volume, 2026.

153



- Chondrule Formation -

Bischoff, A., Palme, H. & Spettel, B. (1989): Al-rich chondrules from the Ybbsitz H4-chondrite: evidence

for formation by collision and splashing; EPSL, 93, p. 170-180.

Bischoff, A., Palme, H., Ash, R.D., Clayton, R.N., Schultz, L., Herpers, U., Stoffler, D., Grady, M.M.,
Pillinger, C.T., Spettel, B., Weber, H., Grund, T., EndreB, M. & Weber, D. (1992): Paired Renazzo-

type (CR) carbonaceous chondrites from the Sahara; GC A, 57, p. 1587-1603.

Bizarro, M., Baker., J.A. & Haack, H. (2004): Mg isotope evidence for contemporaneous formation of

chondrules and refractory inclusions: Nature, 431, p. 275-278.

Bland, P.A., Alard, O., Benedix, G.K., Kearsley, A.T., Menzies, O.N., Watt, L.E. & Rogers, N.W. (2005):

Volatile fractionation in the early solar system and chondrule-matrix complementarity; PNAS, 102

(39), p. 13755-13760.

Blander, M. & Fuchs, L.H. (1975): Calcium-Aluminium-rich inclusions in the Allendé meteorite: evidence

for a liquid origin; GCA, 39, p. 1605-1619.

Bockelée-Morvan, D., Gautier, D., Hersant, F., Huré, J.-M. & Robert, F. (2002): Turbulent radial mixing
in the solar nebular as the source of crystalline silicates in comets; The Origin of Stars and Planets:

The VLT View; ESO Astrophysics Symposia, 445-452,

Boley, A.C. & Durisen, R.H. (2008): Gravitational instabilities, chondrule formation and the FU Orionis

phenomenon; Astrophys. J., 685, p. 1193-1209.

Boss, A.P. (2004): Evolution of the solar nebula. VI. Mixing and transport of isotopic heterogeneity;

Astrophys. J., 616, p. 1265-1277.

Boss, A.P. & Durisen, R.H. (2005): Chondrule-forming shock fronts in the solar nebula: A possible

unified scenario for planet and chondrite formation; Astrophys. J., 621, p. L137-L140.

Bouvier, A., Blichert-Toft, J., Moynier, F., Vervoort, J.D. & Albaréde, F. (2007): Pb—-Pb dating

constraints on the accretion and cooling history of chondrites; GCA, 71, p. 1583-1604.
Bowen, N. L. & Schairer, J.F. (1935): The system, MgO-FeO-SiO2; Am. J. Sci., 29, p. 151-217.

Boynton, W.V. (1975): Fractionation in the solar nebula: Condensation of yttrium and the rare earth

elements; GCA, 39, p. 569-584.

Bridges, J.C., Franchi, I.A., Hutchison, R., Sexton, A.S., & Pillinger, C.T. (1998): Correlated mineralogy,

chemical compositions, oxygen isotopic compositions and size of chondrules; EPSL, 155, p. 183—196.

154



- References -

Burkhardt, C., Kleine, T., Bourdon, B., Palme, H., Zipfel, J., Friedrich, J.M. & Ebel, D.S. (2008): Hf-W
mineral isochron for Ca,Al-rich inclusions: Age of the Solar System and the timing of core formation

in planetesimals; GCA, 72, p. 6177-6197.

Campbell, A.J., Humayun, M., Meibom, A., Krot, A.N. & Keil, K. (2001): Origin of zoned metal grains in

the QUE94411 chondrite; GCA, 65 (1), p. 163-180.

Campbell, A.J., Humayun, M. & Weisberg, M.K. (2002): Siderophile element constraints on the
formation of metal in the metal-rich chondrites Bencubbin, Weatherford and Gujba; GCA, 66 (4), p.

647-660.

Campbell, A.J., Simon, S.B., Humayun, M. & Grossman, L. (2003): Chemical evolution of metal in

refractory inclusions in CV3 chondrites; GCA, 67 (17), 3119-3134.

Cassen, P. (1996): Models for the fractionation of moderately volatile elements in solar nebula; MPS, 31,

pP- 793-806.

Casuso, E. & Beckman, J.E. (2010): Explaining the galactic interstellar dust grain size distribution

function; Astrophys. J., 139, p. 1406-1412.
Chambers, J.E. (2004): Planetary accretion in the inner Solar System; EPSL, 223, p. 241-252.
Chambers, J.E. (2010): Planetesimal formation by turbulent concentration; Icarus, 208, p. 505-517.

Ciesla, F.J. (2009): Two-dimensional transport of solids in viscous protoplanetary disks; Icarus, 200

(2), 655-671.

Ciesla, F.J. & Charnley S. (2006): The Physics and Chemistry of Nebular Evolution; from Meteorites and

the Early Solar System II, Eds. D. Lauretta and H. McSween, University of Arizona Press, 209 pp.
Clayton, R.N. (1993): Oxygen isotopes in meteorites; Annu. Rev. Earth Planet. Sci., 21, p. 115-149.

Clayton, R.N. & Mayeda, T.K. (1985): Oxygen isotopes in chondrules from enstatite chondrites: possible

identification of a major nebular reservoirs; LPS XVI abstract volume, p. 142—143.

Clayton, R.N. & Mayeda, T.K. (1999): Oxygen isotope studies of carbonaceous chondrites; GCA, 63

(13/14), p. 2089-2104.

Clayton, R.N., Onuma, N. & Mayeda, T.K. (1976): A classification of meteorites based on oxygen

isotopes; EPSL, 30, p. 10-18.

Cohen, B.A., Hewins, R.H. & Alexander, C.M.O’D. (2004): The formation of chondrules by open-system

melting of nebular condensates; GCA, 68 (7), p. 1661-1675.

155



- Chondrule Formation -

Connolly, Jr., H.C. & Bizarro, M. (2008): Pb—Pb dating of chondrules from CV chondrites by progressive

dissolution; Chem. Geol., 259, p. 143-151.

Connolly, Jr., H.C. & Hewins, R.H. (1991): The influence of bulk compositions and dynamic melting

conditions on olivine chondrule textures; GCA, 55, p. 2943-2950.

Connolly, Jr., H.C., Hewins, R.H., Ash, R.D., Zanda, B., Lofgren, G.E. & Bourot-Denise, M. (1994):

Carbon and the formation of reduced chondrules; Nature, 371, 136-139.

Connolly, Jr., H.C., Huss, G.R. & Wasserburg, G.J. (2001): On the formation of Fe-Ni metal in Renazzo-

like carbonaceous chondrites; GCA, 65 (24), p. 4567—4588.

Connolly, Jr., H.C., Huss, G.R., Nagashima, K., Weisberg, M.K., Ash, R.D., Ebel, D.S., Schrader, D.L. &
Lauretta, D.S. (2008): Oxygen isotopes and the nature and origins of type-II chondrules in CR2

chondrites; LPS XXXIX abstract volume, 1675.

Cosarinsky, M., Leshin, L.A., MacPherson, G.J., Guan, Y. & Krot, A.N. (2008): Chemical and oxygen
isotopic compositions of accretionary rim and matrix olivine in CV chondrites: Constraints on the

evolution of nebular dust; GCA, 72, p. 1887-1913.

Cuzzi, J. N., Hogan, R. C., Paque, J. M. & Dobrovolskis, A. R. (2001): Size-selective concentration of
chondrules and other small particles in protoplanetary nebula turbulence; Astrophys. J., 546, p.

496-508.

Cuzzi, J.N., Davis, S.S. & Dobrovolskis, A.R. (2003): Blowing in the wind. II. Creation and

redistribution of refractory inclusions in a turbulent protoplanetary nebula; Icarus, 166, p. 385-402.

Cuzzi, J.N. & Alexander, C.M.O’D. (2006): Chondrule formation in particle-rich nebular regions at least

hundreds of kilometres across; Nature, 441, p. 483-485.

Cuzzi, J.N., Hogan, R.C. & Shariff, K. (2008): Towards planetesimals: dense chondrule clumps in the

protoplanetary nebula; Astrophys. J., 687, p. 1432-1447.
Day, K.L. (1976): Further measurements of amorphous silicates; Astrophys. J., 210, p. 614-617.

Desch, S.J., Ciesla, F.J., Hood, L.L. & Nakamoto, T. (2005): Heating of chondritic material in solar
nebula shocks; in Chondrites and the Protoplanetary Disk (Eds. Krot, Scott & Reipurth), ASP

conference series, 341, p. 849-872.

Dulski, P. (2001): Reference Materials for Geochemical Studies:New analytical data by ICP-MS and

critical discussion of reference values; Geostand. Newsletter, 25 (1), p. 87-125.

156



- References -

Easton, A.J. (1985): E-chondrites: Significance of the partition of elements between ‘silicate’ and

‘sulfide’; Meteoritics, 20 (1), p. 89-101.
Ebel, D.S. & Grossman, L. (2000): Condensation in dust-enriched systems; GCA, 64 (2), p. 339-366.
Edgeworth, K.E. (1949): Monthly Notices, Royal Astron. Soc., 109, p. 600-609

Eggins, S.M., Woodhead, J.D., Kinsley, L.P.J., Mortimer, G.E., Sylvester, P., McCulloch, M.T., Hergt,
J.M. & Handler, M.R. (1997): A simple method for the precise determination of > 40 trace elements
in geological samples by ICPMS using enriched isotope internal standardization; Chem. Geol., 134, p.

311-326.

Ehlers, K., Grover, T.L., Sisson, T.W., Recca, S.I. & Zervas, D.A. (1992): The effect of oxygen fugacity on

the partitioning of nickel and cobalt between olivine, silicate melt, and metal; GCA, 56, p. 3733-3743.

El Goresy, A., Zinner, E., Matsunami, S., Palme, H., Spettel, B., Lin, Y. & Nazarov, M. (2002): Efremovka
101.1: A CAI with ultrarefractory REE patterns and enormous enrichments of Sc, Zr, and Y in Fassaite

and Perovskite; GCA, 66 (8), p. 1459—1491.

Ehmann, W.D. & Rebagay, T.V. (1970): Zirconium and hafnium in meteorites by activation analysis;

GCA, 34, p. 649-658.

Engler, A., Varela, M.E., Kurat, G., Ebel, D. & Sylvester, P. (2007): The origin of non-porphyritic

pyroxene chondrules in UOCs: Liquid solar nebula condensates? Icarus, 192, p. 248-286.

Evensen, N.M., Hamilton, P.J. & O’Nions, R.K. (1978): Rare-earth abundances in chondritic meteorites;

GCA, 42, p. 1199-1212.

Fagan, T.J., Krot, A.N. & Keil, K. (1999): FeO-rich silicates in EH3 and EL3 chondrites: Evidence for

variations in redox; LPS XXX abstract volume, 1523.

Fischer-Goédde, M., Becker, H. & Wombacher, F. (2010): Rhodium, gold and other highly siderophile

element abundances in chondritic meteorites; GCA, 74, p. 356-379.

Fitzgerald, M.J. (1979): The chemical composition and classification of the Karoonda meteorite;

Meteoritics, 14 (1), p. 109-115.

Foley, C.N., Wadhwa, M., Borg, L.E., Janney, P.E., Hines, R. & Grove, T.L. (2005): The early

differentiation history of Mars from 82W-142Nd isotope systematics in the SNC meteorites; GCA, 68

(18), p. 4557-4571.

Gail, H.-P. (2004): Radial mixing in protoplanetary accretion disks: IV. Metamorphosis of the silicate

dust complex; Astr. Astrophys., 413, p. 571-591.

157



- Chondrule Formation -

Gannoun, A., Boyet, M., El Goresy, A. & Devouard, B. (2011): REE and actinide microdistribution in
Sahara 97072 and ALHA 77295 EH3 chondrites: A combines cosmochemical and petrologic

investigation; GCA, 75, p. 3269-3289.

Garbe-Schonberg, C-D. (1993): Simultaneous determination of 37 trace elements in 28 international

rock standards by ICP-MS; Geostandards Newsletter, 17, p. 81-93

Geiger, T. & Bischoff, A. (1995): Formation of opaque minerals in CK chondrites; Planet. Space Sci., 43

(3/4), p- 485-498.

Genge, M.J. (2000): Chondrule formation by ablation of small planetesimals; Met. Planet. Sci., 35, p-

1143-1150.

Gooding, J.L. & Keil, K. (1981): Relative abundances of chondrules primary textural types in ordinary

chondrites and their bearings on the conditions of chondrule formation; Meteoritics, 16 (1), p. 17-43.

Govindaraju, K. (1989): Compilation of working values and sample description for 272 geostandards;

Geostandards Newsletter, 13 (Special Issue), p. 1-113.

Govindaraju, K. (1994): Compilation of working values and sample description for 383 geostandards;

Geost. Newsletter, 18, P. 1-158.

Grossman, L. & Ganapathy, R. (1975): Trace elements in the Allendé meteorite: II. Fine-grained, Ca-rich

inclusions; GCA, 40, p. 967-977.

Grossman, L. & Wasson, J.T. (1985): The origin and history of metal and sulfide components of

chondrules; GCA, 49, p. 925-939.

Grossman, J.N., Rubin, A.E., Rambaldi, E.R., Rajan, R.S. & Wasson, J.T. (1985): Chondrules in the
Qingzhen type-3 enstatite chondrite: Possible precursor components and comparison to ordinary

chondrite chondrules; GCA, 49, p. 1781-1795.

Herndon, J.M, & Suess, H.E. (1976): Can enstatite meteorites form from a nebula of solar composition;

GCA, 40, p. 395-399.

Hevey, P.J. & Sanders, S. (2006): A model for planetesimal meltdown by 26Al and its implications for

meteorite parent bodies; MPS, 41 (1), p. 95-106.
Hewins, R.H. (1997): Chondrules; Annu. Rev. Earth Planet. Sci., 25, p.61-83.

Hewins, R.H. & Fox, G.E. (2004): Chondrule textures and precursor grain size: an experimental study;

GCA, 68 (4), p. 917-926.

158



- References -

Hewins, R.H. & Herzberg, C.T. (1996): Nebular turbulence, chondrule formation, and the composition of

the Earth; EPSL, 144, p. 1-7.

Hezel, D.C. & Palme, H. (2008): Constraints for chondrule formation from Ca-Al distribution in

carbonaceous chondrites; EPSL, 265, p. 716-725.

Hezel, D.C. & Palme, H. (2010): The chemical relationship between chondrules and matrix and the

chondrule-matrix complementarity; EPSL, 294, p. 85-93.

Hirota, Y., Tamaki, M. & Nakamura, N. (2002): Rare earth element abundances in the CK chondrites

including the Kobe meteorite; Geochem. J., 36, p. 309-322.

Hirschmann, M.M. & Ghiorso, M.S. (1994): Activities of nickel, cobalt, and manganese silicates in
magmatic liquids and applications to olivine /liquid and to silicate /metal partitioning; GCA, 58

(19), p. 4109-4126.

Holzheid, A. (2010): Separation of sulfide melt droplets in sulfur saturated silicate liquids; Chem. Geol.,
274, p. 127-135.

Hutcheon, I.D., Marhas, K.K., Krot, A.N., Goswami, J.N. & Jones, R.H. (2010): 26Al in plagioclase-rich
chondrules in carbonaceous chondrites: Evidence of extended duration of chondrule formation; GCA,
73, p. 5080-5099.

Hutchison, R. (2004): Meteorites: A petrologic, chemical and isotopic synthesis; Cambridge University

Press, pp. 506.

Ireland, T.F., Fahey, A.J. & Zinner, E.K. (1991): Hibonite-bearing microspherules: A new type of

refractory inclusions with large isotopic anomalies; GCA, 55, p. 367-379.

Ireland, T.F. & Fegley Jr. B. (2000): The Solar System's Earliest Chemistry: Systematics of Refractory

Inclusions; Int. Geol. Rev., 42 (10), p. 865-894.

Itoh, S. & Yurimoto, H (2003): Contemporaneous formation of chondrules and refractory inclusions in

the early Solar System: Nature, 423, p. 728-731.

Jochum, K.P., Stolz, A.J. & McOrist, G. (2000): Niobium and tantalum in carbonaceous chondrites:
Constraints on the solar system and primitive mantle niobium/tantalum, zirconium/niobium, and

niobium/uranium ratios; MPS, 35, p. 229-235.

Jones, R.H. (1990): Petrology and mineralogy of Type II, FeO-rich chondrules in Semarkona (LL3.0):
Origin by closed-system fractional crystallization, with evidence for supercooling; GCA, 54, p. 1785-

1802.

159



- Chondrule Formation -

Jones, R.H. (1994): Petrology of FeO-poor, porphyritic pyroxene chondrules in the Semarkona
chondrite; GCA, 58 (23), p. 5325-5340.
Jones, R.H. & Lofgren, G.E. (1993): A comparison of FeO-rich, porphyritic olivine chondrules in
unequilibrated chondrites and experimental analogues; Meteoritics, 28, p. 213-221.
Joung, M.K.R., Low, M.M.M. & Ebel, D.S. (2004): Chondrule formation and planetary disk heating by

current sheets in non-ideal magnetohydrodynamic turbulence; Astrophys. J., 606, p. 532-541.

Kallemeyn, G.W. & Wasson, J.T. (1982): The compositional classification of chondrites: III. Ungrouped

carbonaceous chondrites; GCA, 46, p. 2217-2228.

Kallemeyn, G.W., Rubin, A.E. & Wasson, J.T. (1990): The compositional classification of chondrites: V.
The Karoonda (CK) group of carbonaceous chondrites; GCA, 55, p. 881-892.
Kallemeyn, G.W., Rubin, A.E. & Wasson, J.T. (1994): The compositional classification of chondrites: VI.

The CR carbonaceous chondrite group; GCA, 58 (13), p. 2873-2888.

Kogiso T., Suzuki Katsuhiko, Suzuki T., Shinotsuka K., Uesugi K., Takeuchi A., Suzuki Y. (2008):
in mantle peridotite with microbeam

Detecting micrometer-scale platinum-group minerals
synchrotron radiation X-ray fluorescence analysis; Geochem. Geophys. Geosyst., 9 (3)

Kennedy, A.K., Lofgren, G.E. & Wasserburg, G.J. (1993): An experimental study of trace element

partitioning between olivine, orthopyroxene and melt in chondrules: equilibrium values and kinetic

effects; EPSL, 115, p. 177-195.
Kim, S-H., Martin, P.G. & Hendry, P.D. (1994): The size distribution of interstellar dust particles as

determined from extinction; Astrophys. J., 422, p. 164-175.
King, H.E., Stimpf, M., Deymier, P., Drake, M.J., Catlow, C.R.A., Putnis, A. & de Leeuw, N.H. (2010):

Computer simulations of water interactions with low-coordinated forsterite surfacesites: Implications

for the origin of water in the inner solar system; EPSL, 300, p. 11-18.

Kita, N.T., Nagahara, H., Togashi, S. & Morishita, Y. (2000): A short duration of chondrule formation in

the solar nebula: Evidence from 26Al in Semarkona ferromagnesian chondrules; GCA, 64 (22), p.

3913—-3922.
Kleine, T., Miinker, C., Mezger, K. & Palme, H. (2002): Rapid accretion and early core formation on

asteroids and the terrestrial planets from Hf—W chronometry; Nature, 418, p. 952-955.

160



- References -

Kleine, T., Mezger, K., Miinker, C., Palme, H & Bischoff, A. (2004): 182Hf-182W isotope systematics of
chondrites, eucrites, and Martian meteorites: Chronology of core formation and early mantle

differentiation in Vesta and Mars

Kleine, T., Mezger, K., Palme, H., Scherer, E. & Miinker, C. (2005): Early core formation in asteroids
and late accretion of chondrite parent bodies: Evidence from 82Hf-182W in CAIs, metal-rich

chondrites, and iron meteorites; GCA, 69 (24), p. 5805-5818.

Knab, H.-J. (1981): The distribution of trace elements in carbonaceous chondrites; GCA, 45, p. 1563-

1572.

Kominani, J. & Shigeru, I. (2004): Formation of terrestrial planets in a dissipating gas disk with Jupiter

and Saturn; Icarus, 167, p. 231-243.

Kong, P. & Ebihara, M. (1997): The origin and nebular history of the metal phase of ordinary chondrites;

GCA, 61 (11), p. 2317-2329.

Kong, P. & Palme, H. (1999): Compositional and genetic relationship between chondrules, chondrule

rims, metal, and matrix in the Renazzo chondrite; GCA, 63 (21), p. 3673-3682.

Kong, P. & Ebihara, M. & Palme, H. (1999): Distribution of siderophile elements in CR chondrites:
Evidence for evaporation and recondensation during chondrule formation; GCA, 63 (17), p. 2637—

2652.

Kornacki, A.S. & Fegley, Jr. B. (1986): The abundance and relative volatility of refractory trace elements
in Allende Ca, Al-rich inclusions: implications for chemical and physical processes in the solar

nebula; EPSL, 79, p. 217-234.

Korotev R.L. (1996): A Self-Consistent compilation of elemental concentration data for 93 geochemical

reference samples; Geostand. Newsletter, 20 (2), p. 217-245

Krot, A.N., Meibom, A., Russell, S.S., Alexander, C.M.O’D., Jeffries, T.E. & Keil, K. (2001): A new

astrophysical setting for chondrule formation; Science, 291, p. 1776-1779.

Krot, A.N., Hutcheon, I.D. & Keil, K. (2002): Plagioclase-rich chondrules in the reduced CV chondrites:
Evidence for complex formation history and genetic links between calcium-aluminium-rich inclusions

and ferromagnesian chondrules; MPS, 37, p. 155-182.

Krot, A.N., Yurimoto, H., Hutcheon, I.D. & MacPherson, G.J. (2005a): Chronology of the early Solar

System from chondrule bearing calcium-aluminium-rich inclusions; Nature, 434, p. 998-1001.

161



- Chondrule Formation -

Krot, A.N., Amelin, Y., Cassen, P. & Meibom, A. (2005b): Young chondrules in CB chondrites from a

giant impact in the early Solar System; Nature, 436, p. 989-992.

Krot, A.N., Libourel, G. & Chaussidon, M. (2006a): Oxygen isotope compositions of chondrules in CR

chondrites; GCA, 70, p. 767-779.

Krot, A.N., Yurimoto, H., McKeegan, K.D. and coworkers (2006b): Oxygen isotopic compositions of
chondrules: Implications for evolution of oxygen isotopic reservoirs in the inner solar nebula; Chem.

Erde, 249-276.

Krot, A.N., Ivanova, M.A. & Ulyanov, A.A. (2007): Chondrules in the CB/CH-like carbonaceous
chondrite Isheyevo: Evidence for various chondrule-forming mechanisms and multiple chondrule

generations; Chemie der Erde, 67, p. 283-300.

Kunihiro, T., Rubin, A.E., McKeegan, K.D. & Wasson, J.T. (2004): Initial 26Al/27Al in carbonaceous-

chondrite chondrules: Too little 26Al to melt asteroids; GCA, 68 (13), p. 2947—-2957.

Kurahashi, E., Kita, N.T., Nagahara, H. & Morishita, Y. (2008): 26A1-26Mg systematics of chondrules in a

primitive CO chondrite; GCA, 72, p. 3865-3882.

Lee, D.-C. & Halliday, A.N. (2000): Accretion of Primitive Planetesimals: Hf-W Isotopic Evidence from

Enstatite Chondrites; Science, 288, p. 1629-1631.

Lee, T., Papanastassiou, D. A. & Wasserburg, G. J.: The Presence of 26Al in the Early Solar Nebula;

Bullet. Am. Astron. Soc., 8, p.457

Leitch, C.A., Smith, J.V., Smith, M.R. & Schmitt, R.A. (1982): Microscopic properties and the bulk

chemistry of individual chondrules of the Indarch enstatite chondrite; Meteoritics, 17, p. 243.

Lesher, C.M. & Arndt, N.T. (1995): REE and Nd isotope geochemistry, petrogenesis and volcanic

evolution of contaminated komatiites at Kambalda, Western Australia; Lithos, 34, p. 127-157.

Libourel, G., Krot, A.N. & Tissandier, L. (2006): Role of gas-melt interaction during chondrule

formation; EPSL, 251, p. 232-240.

Lodders, K. (2003): Solar System abundances and condensation temperatures of the elements;

Astrophys. J., 591 (2), p. 1220-1247.

Lodders, K. & Amari, S. (2005): Presolar grains from meteorites: Remnants from the early times of the

Solar System; Chemie der Erde, 65, p. 63-166.

Lodders, K. & Fegley Jr., B. (1993): Lanthanide and actinide chemistry at high C/O ratios in the solar

nebula; EPSL, 117, p. 125-145.

162



- References -

Lofgren, G. (1989): Dynamic crystallisation of chondrules melts of porphyritic olivine composition:

Textures experimental and natural; GCA, 53, p. 461-470.

Lofgren, G. & Russell, W.J. (1986): Dynamic crystallisation of chondrule melts of porphyritic and radial

pyroxene composition; GCA, 50, p. 1715-1726.

Luecke, W., Muszynski, A. & Berner, Z. (2006): Trace element partitioning in the Morasko meteorite

from Poznan, Poland; Chem. Erde, 66 (4), p. 315-318.

MacPherson, G.J. & Davis, A.M. (1994): Refractory inclusions in the prototypical CM chondrite, Mighei;
GCA, 58 (24), 5599-5625.

Mao, X.-Y., Ward, B.J., Grossman, L. & MacPherson, G.J. (1990): Chemical compositions of refractory

inclusions from the Vigarano and Leoville carbonaceous chondrites; GCA, 54, p. 2121-2132.

Markowski, A., Leya, I., Quitté, G., Ammon, K., Halliday, A.N. & Wieler, R. (2006): Correlated helium-3
and W isotopes in iron meteorites: quantitative cosmogenic corrections and planetesimal formation

times; EPSL, 250, p. 104-115.

Markowski, A., Quitté, G., Kleine, T., Halliday, A.N., Bizarro, M. & Irving, A.J. (2007): Hafnium-
tungsten chronometry of angrites and the earliest evolution of planetary objects; EPSL, 262, p. 214-

229.

Mason, B. & Wiik, H.B. (1962): Descriptions of Two Meteorites: Karoonda and Erakot; American

Museum Novitates, 2115.

Matza, S.D. & Lipschutz, M.E. (1977): Volatile/mobile trace elements in Karoonda (C4) chondrite; GCA,

41, p. 1398-1401.

McCoy, T.J., Carlson, W.D., Nittler, L.R., Stroud, R.M., Bogard, D.D. & Garrison, D.H. (2006): Graves

Nunataks 95209: A snapshot of metal segregation and core formation; GCA, 70, p. 516—531.

McSween, Jr., H.Y. (1977): Chemical and petrographic constraints on the origins of chondrules and

inclusions in carbonaceous chondrites; GCA, 41, p. 1843-1860.

Meisel T., Moser J. (2004): Platinum-group element and Rhenium concentrations in low abundance

reference materials; Geostand. Geoanalyt. Res., 28 (2), p.233-250.

Meixner, M., Ueta, T., Borrowsky, M. & Speck, A. (2002): Two subclasses of proto-planetary nebule:

Model calculations; Astrophys. J., 571, p. 936-946.

163



- Chondrule Formation -

Miura, H., Tanaka, K.K., Yamamoto, T., Nakamoto, T., Yamada, J., Tsukamoto, K. & Nozawa, J. (2010):
Formation of cosmic crystals in highly supersaturated silicate vapor produced by planetesimal bow

shocks; Astrophys. J., 719, p. 642-654.

Morgan. J.W. & Lovering, J.F. (1968): Uranium and Thorium abundances in chondrite meteorites;

Talanta, 15, p. 1079-1095.

Moynier, F., Bouvier, A., Blichert-Toft, J., Telouk, P., Gasperini, D. & Alberede, F. (2006): Europium
isotopic variations in Allende CAIs and the nature of mass-dependent fractionation in the solar

nebula; GCA, 70, p. 4287-4294.

Nahagara, H., Kushiro, I. & Mysen, B.0O. (1994): Evaporation of olivine: Lower pressure phase relations
of the olivine system and its implications for the origins of chondritic components in the solar

nebula; GCA, 58 (8), p. 1951-1963.

Newsom, H.E. (1995): Composition of the Solar System, Planets, Meteorites, and Major Terrestrial

Reservoirs; Global Earth Physics: A Handbook of Physical Constants, p. 159-189.

Nichiporuk, W. & Bingham, E. (1970): Vanadium and copper in chondrites; Meteoritics, 5 (3), p. 115-

130.

O’Brian, D.P., Morbidelli, A. & Levison, H.F. (2006): Terrestrial planet formation with strong dynamical

friction; Icarus, 184, p. 39-58.

O’Neill, H.S.T. & Palme, H. (1998): Composition of the silicate Earth: Implications for accretion and
core formation; in The Earth’s Mantle: Composition, Structure and Evolution (Ed. Ian Jackson),

Cambridge University Press, pp. 567.

Pack, A., Russell, S.S., Shelley, M.G. & Van Zuilen, M. (2007): Geo- and cosmochemistry of the twin

elements yttrium and holmium; GCA, 71, p. 4592-4608.
Palme, H. & Rammensee, W. (1981): The cosmic abundance of molybdenum; EPSL, 55, p. 356-362.

Pasek, M.A., Milsom, J.A., Ciesla, F.J., Lauretta, D.S., Sharp, C.M. & Lunine, J.I. (2005): Sulfur

chemistry with time-varying oxygen abundance during Solar System formation; Icarus, 175, p. 1-14.

Patchett, P.J., Vervoort, J.D., Soderlund, U. & Salter, V.J.M. (2004): Lu—-Hf and Sm-Nd isotopic

systematics in chondrites and their constraints on the Lu—Hf properties of the Earth; EPSL, 222, p.

29-41.

Pei, Y.C. (1992): Interstellar dust from the Milky Way to the Magellanic Clouds; Astrophys. J., 395, p.

130-139.

164



- References -

Petitat, M., Kleine, T., Touboul, M., Bourdon, B. & Wieler, R. (2008): Hf-W chronometry of aubrites and

the evolution of the planetary bodies; LPS XXXIX abstract volume, 2164.

Planner, H.N. (1983): Phase separation in a chondrule fragment from the Piancaldoli (LL3) chondrite; in

Chondrules and their Origins (Ed. E.A. King), The Lunar and Planetary Institute, pp. 377.

Plessen H.-G., Erzinger J. (1998): Determination of the platinum-group elements and gold in twenty
rock reference materials by inductively coupled plasma-mass spectrometry (ICP-MS) after pre-

concentration by nickel sulfide fire assay; Geostand. Newsletter, 22 (2), p. 187-194

Puchtel I.S., Humayun M., Walker R.J. (2007): Os-Pb-Nd isotope and highly siderophile and lithophile

trace element systematics of komatiitic rocks from the Volotsk suite, SE Baltic Shield; Precamb. Res.,
158, p.119-137.

Puchtel 1.S., Walker R.J., James O.B., Kring D.A. (2008): Osmium isotope and highly siderophile
element systematics of lunar impact melt breccias: Implications for the late accretion history of the
Moon and Earth; GCA, 72, p. 3022-3042

Rambaldi, E.R. & Cendales, M. (1980): Siderophile element fractionation in enstatite chondrites; EPSL,
48, p. 325-334.

Raymond, S.N., O’Brian, D.P., Morbidelli, A. & Kaib, N.A. (2009): Building the terrestrial planets:
Constrained accretion in the inner Solar System; Icarus, 203, 644-662.

Rietmeijer, F.J.M. (2002): The Earliest Chemical Dust Evolution in the Solar Nebula; Chem. Erde, 62, 1-
45.

Righter, K. & Neff, K.E. (2007): Temperature and oxygen fugacity constraints on CK and R chondrites

and implications for water and oxidation in the early solar system; Polar Science I, p. 25-44.

Righter, K., Pando, K.M., Danielson, L. & Lee, C.-T. (2010): Partitioning of Mo, P and other siderophile
elements (Cu, Ga, Sn, Ni, Co, Cr, Mn, V, and W) between metal and silicate melt as a function of

temperature and silicate melt composition; EPSL, 291, p. 1-9.

Rocholl, A. & Jochum, K.P. (1993): Th, U and other trace elements in carbonaceous chondrites:

Implications for the terrestrial and solar-system Th/U ratios; EPSL, 117, p. 265-278.

Rollinson, H. (1993): Using geochemical data: Evaluation, presentation, interpretation; Prentice Hall,

pPp. 352.

Rubin, A.E. (1984): Coarse-grained chondrules rim in type 3 chondrites; GCA, 48, p. 1779-1789.

165



- Chondrule Formation -

Rubin, A.E. (2000): Petrologic, geochemical and experimental constraints on models of chondrule

formation; Earth-Sci. Rev., 50, p. 3-27.

Rubin, A.E., Scott, E.R.D. & Keil, K. (1997): Shock metamorphism in enstatite chondrites; GCA, 61 (4),
p- 847-858.

Rubin, A.E., Wasson, J.T., Clayton, R.N. & Mayeda, T.K. (1990): Oxygen isotopes in chondrules and

coarse-grained chondrule rims from the Allendé meteorite; EPSL, 96, p. 247-255.

Rudraswami, N.G., Goswami, J.N., Chattopadhyay, B., Sengupta, S.K. & Thapliyal, A.P. (2008): 26Al
records in chondrules from unequilibrated ordinary chondrules: II. Duration of chondrule formation

and parent body thermal metamorphism; EPSL, 274, p. 93-102.

Rudraswami, N.G., Ushikubo, T., Nakashima, D. & Kita, N.T. (2011): Oxygen isotope systematics of
chondrules in the Allende CV3 chondrite: High precision ion microprobe studies; GCA, 75, P. 7596-

7611.

Riipke, L.H., Morgan, J.P., Hort, M. & Connolly, J.A.D. (2004): Serpentine and the subduction zone

water cycle; EPSL, 223, p. 17-34.

Rushmer, T., Petford, N., Humayun, M. & Campbell, A.J. (2005): Fe-liquid segregation in deforming
planetesimals: Coupling Core-Forming compositions with transport phenomena; EPSL, 239, p. 185—

202.

Ruzmaikina, T.V. & Ip, W.H. (1994): Chondrule formation in radiative shock; LPS XXV abstract

volume, p. 1173-1174.

Schrader, D.L., Connolly Jr., H.C. & Lauretta, D.S. (2008): Opaque phases in type-II chondrules from

CR2 chondrites: Implications for CR parent body formation; GCA, 72, p. 6124—6140.

Sears, D.W.G., Lu, J., Benoit, P.H., DeHart, J.M., Lofgren, G.E. (1992): A compositional classification

scheme for meteoritic chondrules; Nature, 357, pp. 207—-211

Seitz, H.-M., Brey, G.P., Zipfel, J., Ott, U., Weyer, S., Durali, S. & Weinbruch, S. (2007): Lithium isotope
composition of ordinary and carbonaceous chondrites, and differentiated planetary bodies: Bulk solar

system and solar reservoirs; EPSL, 260, p. 582-596.

Shu, F.H., Shang, H., Gounelle, M., Glassgold, A.E. & Lee, T. (2001): The origin of chondrules and

refractory inclusions in chondritic meteorites; Astrophys. J., 548, p. 1029-1050.

Shukolyukov, A. & Lugmair, G.W. (2004): Manganese-chromium isotope systematics of enstatite

meteorites; GCA, 68 (13), p. 2875-2888.

166



- References -

Scott, E.R.D. (2006): Meteoritical and dynamical constraints on the growth mechanisms and formation

times of asteroids and Jupiter; Icarus, 185, p. 72-82.

Scott, E.R.D. & Krot, A.N. (2007): Chondrites and their components; in The Treatise on Geochemistry,

Holland & Turekian (Eds.), Chpt. 1.07, 72 pp.

Scott, E.R.D. & Taylor, G.J. (1985): Petrology of types 4-6 Carbonaceous Chondrites; J. Geophys. Res.,
90, p. C699-C709

Shu, F.H., Shang, H. & Lee, T. (1996): Toward an astrophysical theory of chondrites; Science, 271
(5255), p. 1545-1522.

Shu, F.H., Shang, H., Gounelle, M., Glassgold, A.E. & Lee, T. (2001): The origin of chondrules and

refractory inclusions in chondritic meteorites; Astrophys. J., 548, p. 1029-1050.

Smith D.B.: USGS Certificate of Analysis Icelandic Basalt, BIR-1:

http://crustal.usgs.gov/geochemical_reference_standards/icelandic.html

Stewart, A.J., Van Westrenen, W., Schmidt, M.W. & Giinther, D. (2009): Minor element partitioning
between fcc Fe metal and Fe—S liquid at high pressure: The role of crystal lattice strain; EPSL, 284,
p. 302-300.

Stoffler, D., Keil, K. & Scott, E.R.D. (1991): Shock metamorphism of ordinary chondrites; GCA, 55, p.
3845-3867.

Sylvester, P.J., Simon S.B. & Grossman, L. (1993): Refractory inclusions from the Leoville, Efremovka,

and Vigarano C3V chondrites: Major element differences between Types A and B, and extraordinary

refractory siderophile element compositions; GCA, 57, p. 3763-3784.

Takafuji, N., Hirose, K., Ono, S., Xu, F., Mitome, M. & Bando, Y. (2004): Segregation of core melts by

permeable flow in the lower mantle; EPSL, 224, p. 249— 257.

Takahashi, H., Gros, J., Higuchi, H., Morgan, J.W. & Anders, E. (1978): Volatile elements in chondrites:

metamorphism or nebular fractionation?; GCA, 42, p. 1959-1969.

Tizard, J., Lyon, I. & Henkel, T. (2005): The gentle separation of presolar SiC grains from meteorites;

Met. Plan. Sci., 40 (3), 335-342.

Tolstikhin, I.N. & Kramers, J.D. (2008): The Evolution of Matter: From the Big Bang to the Present Day;

Cambridge University Press, 522 pp.

Toppani, A., Libourel, G., Robert, F. & Ghanbaja, J. (2006): Laboratory condensation of refractory dust

in protosolar and circumstellar conditions; GCA, 770, p. 5035-5060.

167



- Chondrule Formation -

Touboul, M., Kleine, T. & Bourdon, B. (2008): Hf-W systematics of cumulate eucrites and the

chronology of the eucrite parent body; LPS XXXIX abstract volume, 2336.

Tsuchiyama, A., Nagahara, H. & Kushiro, I. (1980): Experimental reproduction of textures of

chondrules; EPSL, 48, p. 155-165.

Tsuchiyama, A., Osada, Y., Nakano, T. & Uesugi, K. (2004): Experimental reproduction of classic barred

olivine chondrules: Open-system behavior of chondrule formation; GCA, 68 (3), p. 653-672.

Van Boekel, R., Min, M., Leinert, C. and coworkers (2004): The building blocks of planets within the

‘terrestrial’ region of protoplanetary disks; Nature, 432, p. 479-482.

Van Schmus, W.R. & Wood, J.A. (1967): A chemical-petrologic classification for the chondritic

meteorites; GCA, 31, p. 747-765.

Villeneuve, J., Chaussidon, M. & Libourel, G. (2011): Magnesium isotopes constraints on the origin of

Mg-rich olivines from the Allende chondrite: Nebular versus planetary?; EPSL, 301, p. 107-116.

Wasson, J.T. & Rubin, A.E. (2003): Ubiquitous low-FeO relict grains in Type II chondrules and limited

overgrowths on phenocrysts following the final melting event; GCA, 67 (12), p. 2239-2250.
Wasson, J.T. & Rubin, A.E. (2010): Metal in CR chondrites; GCA, 74, p. 2212-2230.

Waters, L.B.F.M., Molster, F.J., de Jong, T. and others (1996): Mineralogy of oxygen-rich dust shells;

Astron. Astrophys. 315, p. L361-L364.

Waters, L.B.F.M., Beintema, D.A., Zijlstra, A.A. and other (1998): Crystalline silicates in Planetary

Nebulae with [WC] central stars; Astron. Astrophys. Letters, 331, L61.

Weber, D., Zinner, E. & Bischoff, A. (1995): Trace element abundances and calcium, magnesium, and
titanium isotopic composition of grossite containing inclusions from the carbonaceous chondrite

Acfer 182; GCA, 59 (4), p. 803-823.

Weisberg, M.K., Prinz, M. & Fogel, R.A. (1994): The evolution of enstatite and chondrules in

unequilibrated enstatite chondrites: Evidence from iron-rich pyroxene; Meteoritics, 29, p. 362-373.

Weisberg, M.K., Prinz, M., Clayton, R.N. & Mayeda, T.K. (1995): The CR (Renazzo-type) carbonaceous

chondrite group and its implications; GCA, 57, p. 1567-1586.

Weisberg, M.K., Prinz, M., Humayun, M. & Campbell, A.J. (2000): Origin of metal in the CB

(Bencubbinite) chondrites; LPS XXXI abstract volume, 1466.

Weisberg, M.K., Ebel, D.S., Connolly, Jr., H.C., Kita, N.T. & Ushikubo, T. (2011): Petrology and oxygen

isotope compositions of chondrules in E3 chondrites; GCA, p. 75, p. 6556-6569.

168



- References -

Whattam, S.A. & Hewins, R.H. (2009): Granoblastic olivine aggregates as precursors of Type I

chondrules: an experimental test; GCA, 73, p. 5460-5482.

Whitby, J.A., Gilmour, J.D., Turner, G., Prinz, M. & Ash, R.D. (2002): Iodine-xenon dating of

chondrules from the Qingzhen and Kota Kota enstatite chondrites; GCA, 66 (2), p. 347-359.

White, W.M. (2007): Stable isotope geochemistry; in Geochemistry (http://www.imwa.info/white-

geochemistry.html).

Wlotzka, F. (1993): A weathering scale for ordinary chondrites; Meteoritics, 28 (3), p. 460-460.

Wood, J.A. (1984): On the formation of meteoritic chondrules by aerodynamic drag heating in the solar

nebula; EPSL, 70, p. 11-26.

Wood, J.A. (1998): Meteoritic evidence for the infall of large instertellar dust aggregates during the

formation of the Solar System; Astrophys. J., 503, p. L101-104.

Wood, J.A. (2004): Formation of chondritic refractory inclusions: the astrophysical setting; GCA, 68

(19), p. 4007-4021.

Wurm, G. & Krauss, O. (2006): Concentration and sorting of chondrules and CAIs in the late solar

nebula; Icarus, 180, p. 487-495.

Yates, A.M., Tackett, S.L. & Moore, C.B. (1968); Chromium and manganese in chondrites; Chem. Geol.,

3, p- 313-322.

Yang Jing-sui, Jiang S.Y., Briigmann G. (2001): Precise determination of the platinum-group elements

and Os isotopic ratios in low-level rock samples; Acta Petrol. Sinicia, 17 (2), p. 325-331

Yin, Q., Jacobsen, S.B., Yamashita, K., Blichert-Toft, J., Télouk, P. & Albarede, F. (2002): A short

timescale for planet formation from Hf-W chronometry of meteorites; Nature, 418, p. 949-951.
Yin et al. (2007)

Yoshino, T., Walter, M.J. & Tomoo, K. (2003): Core formation in planetesimals triggered by permeable

flow; Nature, 422, p. 154-157.

Yu, Y. & Hewins, R.H. (1998): Transient heating and chondrule formation: Evidence from sodium loss in

flash heating simulation experiments; GCA, 62 (1), p. 159-172.

Yurimoto, H. & Wasson, J.T. (2002): Extremely rapid cooling of a carbonaceous-chondrite chondrule

containing very °O-rich olivine and a 26Mg-excess; GCA, 66 (24), p. 4355-4363.

Zanda, B. (2004): Chondrules; EPSL, 224, p. 1-17.

169


http://www.imwa.info/white-geochemistry.html
http://www.imwa.info/white-geochemistry.html

- Chondrule Formation -

Zinner, E. (2007): Presolar Grains; in Treatise On Geochemistry, Holland & Turekian (Eds.), Chpt. 1.02,

33 PP

Zolensky, M., Barrett, R. & Browning, L. (1993): Mineralogy and composition of matrix and chondrule

rims in carbonaceous chondrites; GCA, 57, p. 3123-3148.

170



- Curriculum Vite -

Curriculum Vitae

(not available for online publication)



- Chondrule Formation -




