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Chapter lintroductionand Goals

1.1 Driving questions

A fundamentalpursuit of planetary sciencés to understandhow the early Solar
Systemformed andevolved Such a taskarrantsproviding constraints tthe origins and
evolution of the earliest formed planetary bodjebe histoies of which can be probed
through the study of meteoritedragmentsof asteroids or other planetary bodies that
have landed on EarttBy determining when, where, and from what planetary bodies
formed,constrairs tothe distribution and evolution of material in the early Solar System
can beplaced This dissertation aim® tadvance these topics through the coupled study of
the genetic isotopic compositions, formation ages, and chemical compositidhe of

distinct, earlyformed planetary bodiesampled by iron meteorites

1.2 Background
1.2.1Meteorite classification

Meteorites are commonlyclassifed as either chondrites achondrites based on
mineralogical, petrological, chemical, and isotopic d#teot et al, 2004) Chondrites
which can be further divided into carbonaceous, ordinary, enstatiteurutite and
kakangarigroups are mixtures of th@rimary materialsof the Solar System, including
presolar grainsgCaAl-rich inclusiors (CAls), chondrules, and matrifresolar grains are
minerals that were produced in astronomical events, such as superpovado the
formation of the Solar Systefe.g., Nittler et al., 2018). Calciu#l-rich inclusionsare
interpretedto bethe first materiad to condense in the Solar System from the-riyes

solar nebulandPb-Pb ages date CAI formation to 4567.30 + 0.16 Mya (@tig et al.,



2012). These inclusions are rich in refractory elements and minerals that are expected to
condense from a solar gas composition at high temperatures, suggesting that CAls
formed close to the sun at >1300 K (Grossman, 1972). Chondrules loegemgf at the
same time as CAls and continued to form for an additional 3 Myr (Connelly and
Bizzarro, 2009; Connelly et al., 2012; Brennecka et al., 2015). The origin of chondrules
remains highly uncertaiand unlike CAls, chondrules are interpreted tovddormed in
diverse locations within the solar nebuldatrix is interpreted as the fin&olar System
condensation produéitom the nebular ga®.g., McSween and Richardson, 1977).
Achondritesare interpretedto have originated ashondrites thathave undergone
varying degrees of meltinghus partially or fully homogenizing thgresolar grains,
CAls, chondrules, and matrix componentdhieTheat sourcariving melting @n be
derived interndy from the decay of shetfived radionuclides like 2°Al, or exernaly
from impacts Achondritescan be primitive, meaning that the meteorite has a bulk
chemical composition similar to chondrites, or differentiated, meaning that the meteorites
have chemical compositionsignificantly modified by melting and differeition
processes. Primitive achondrites can be subdivided to include, among others,
nonmagmatic iron meteorites. These meteoritesaagelyinterpreted tasample partially
differentiated bodies or localized impact méltgorsham et al., 205 Hunt et al, 201§.
Differentiated achondrites consist of many subdivisions, such.uaer meteorites,
Martian meteorites, pallasites, and magmatic iron meteorites. Pallasites areametal
olivine-rich meteorites, which have been interpretedorm either at the coremantle

boundary of differentiated planetary bodies above the core in the manilanders,



1964; Scott, 1974 Wood, 1978). Magmatic iron meteorites are interpreted to represent
fragments of the cores of differentiated planetaoglies

Magmatic ancdhonmagmaticron meteoriteshare a common classification scheme
and have broadly been divided infour categories(I-IV) based on the concentration
ranges observed faertainvolatile trace elements, such &a and GgGoldberg et a).
1951 Lovering @ al, 1957). These categoriesdditionally have been dividednto
lettered groupswhich consist of at leasfive chemically relatable iron meteorites
(Wasson, 1974)asedprimarily on concentrations déa, Ge,Ni, andIr (e.g., Wasson,
1967; Wasson andimberlin, 1967).Elevendifferentmagmatic (IC, IAB, IIC, IID, IIF,
lIG, AB, llIIE, lIF, IVA, and IVB) and two nonmagmatic (IABcomplex andIE) iron
meteorite groups haweurrentlybeen classifiedhis way Over 100iron meteoritesalso
exist with anfi ngrouped® d e s i, due #otthecarrentlack of chemically relatable

meteorites in the meteorite recdodachieve group status

1.2.2 Genetics

Thevarious isotopes aihostelements in the Solar System were produceghnous
stellar processes, ihgling supernovaelsotopes of elements heavier than Wwere
formed primarily by different combinations of the s, andr-nucleosynthetic processes
reflecing photodisintegration reactions, slow neutron captteactions and rapid
neutron captureeadions respectivelyBurbidge et al., 1957; Wallerstein et al., 1997).
Studies of the nucleosynthetic isotopic compositionSadhr Systemprimary materials
have reporteddistinct variations in the isotopic compositions \@&rious elements in

presolar grens, CAls, chondrules and matr{g.g., Budde et al., 2016a,lor example,



presolar grains, such as graphite and silicon caspitese isotopic compositions of Mo
with variables-process enrichments and/or couptednd p-process depletions, relative
to terrestrial materials, with®fMo variations betweer600,000and +200,000(u is the
part per 1,000,000 variation in the isotopic ratio of a samglative toa terrestrial
standard) (Nicolussi et al. (1998a)b CalciumAl-rich inclusions have u®*Mo
conmpositionsbetween +185 to +1,106 (Burkhardt et al., 2011), whetbhasdrules and
matrix have |I°Mo compositions betweerl25 to-49 and +142 to +398, respectively
(Budde et al., 2014). The reason behind the distingbtopic compositionsof these
primary planetary building blockss not well understoadSome studies have proposed
that it is due to the formation of these materials in isotopically distinct regions, inherited
from an isotopically heterogeneous parental molecular cloud, of the Solar negula (e
Dauphas et al., 2002). Other studies have argued that the parental molecular cloud was
isotopically homogenous and isotopic variations in the Solar nebula developed through
thethermal processinghysical sorting, olate addition of isotopically disct materials
(e.g.,Regelous et al., 2008rinquier et al., 2009Brennecka et al., 2013
Nucleosynthetidsotopic heterogeneities exist in bulk meteoritessfimeelements
indicating thatisotopically distinctprimary materials were heterogenebuaccreted by
planetary bodiege.g., Dauphas et al., 2002; Qin et al., 2008; Chen et al., 2010; Burkhardt
et al., 2011, Fisched" dde et al ., 2015; Kruijer. et al
Studies coupling thenucleosyntheticisotopic compositionsof multiple elements in
meteorites havancovered that at least two isotopically distinct reservoirs existed during
the early SolaiSystem (e.g., Warren 2011; Budde et al., 201ruijer et al., 2017).

Warren (2011)termed theseeservoirsthe noncarboneeous (NC) and carbonaceous



(CC) reservoirsafter noting coupledsotopicvariationsfor Cr, Ti, O, and Niin silicate
rich meteorits. Additional variations insiderophile (iroAoving) elements, such ado,
Ru, W, and Pd, haveincebeen notedBudde efal., 2016; Kruijer et al., 2017Pooleet
al, 2017 Worshamet al, 2017 2019; Bermingham et al., 2018; Ek et al., 2019
allowing for the study ofhe genetic isotopic variability within and between tHE€ and

CC reservoirshroughiron meteorites

1.2.3Metalsilicate segregatiomages

The 182Hf-183) system is a shofived chronometer, in whict?Hf (ti2 = 8.9 Myr)
beta decays to stabtAV, through shortived 82Ta (2 = 114 days) (Vockenhuber et
al., 2004). This system is widely applied tostrain the timing o&steroidal melting and
silicatemetal fractionation in the early Solar System because Hf is lithophile and remains
in the silicatemelt of a planetary object, while W is moderately siderophile and
preferentiallypartitions into metaic liquids (Kleine et al., 2009)By measuring the W
isotopic composition of iron meteorites and comparing this composition to the W isotopic
composition of chondritegreflecting the Hf/W ratio of a bulk parent body) and CAls
(reflecting the Solar Systemitial W isotopic composition), theelativetiming of metal
silicate melting and segregatideading to theformation of an iron meteorite can be
constrained. For magmatic iron meteorites, this age is interpreted to reflect the timing of
planetary diffeentiation and core formation (e.g., Kruijer et al., 2814vhile for
nonmagmatic irons, #hinterpretation of thisage isuncertain(e.g., Worsham et al.,
2017). For magmatic iron meteoritean age of core formatiocan bethen combined

with thermal moded, whichcan be used toalculae the heat production arteatlossin



a planetary body over timéy determinewhen an iron meteoritgparent body accreted

(Kruijer et al., 2014, 2017; Hunt et al., 2018).

1.2.4 Chemical compositions

The abundances o$iderophile elementsn iron meteorites are set by numerous
processes occurring during planetary accretion, differentiation, and crystallization. These
include nebular fractionatios) which reflect the temperatuge at which materia
condensd prior to parehbody accretionas well assubsequent parent body processing,
including oxidation, metalsilicate partitioningparent body outgassing, volatile loss due
to impacts, and fractional crystallization (Scott, 1972iderophile elements can be
groupedin multiple ways based otheir geochemicalbehavior during these different
processes, such as mesdicate partitionng behavior and volatility. For examplaghly
siderophile element$HSE) are defined as elementkat have metalsilicate partition
coefficientso f O 1a 1 aopbessure, moderately siderophile elements geatigion
coefficientsfrom ~3 to 1,000 and slightly siderophile elements hzastition coefficients
slightly above 1 (Walker, 2016). Siderophile elemetds also be grouped based on
volatility, including refractory elements (50% condensation temperatures >1335 k at 1E
4 atm), moderately volatile elements (50% condensation temperature <1335 K and >665
K), and volatile elements (50% condensation temperature <665 K) (Davis, B)06).
studying the abundances of multiple siderophile elements with different geochemical
behaviors in iron meteorites, it, i1 some casegqossible to provide constraints to the

various processeaxccurring before and after planetary accretion.



1.2.5 Origins 6theNC and CC reservoirs

Despite numerous studies exploring the link between differerieosynthetic
isotope systematics and the extent of isotopic heterogeneity observed among meteorites,
the origin of theNC and CCreservoirscontinues to be debate®ast studies have
proposedthat the isotopic heterogeneity observed within and between the NC and CC
reservoirs was due to the selective removal of isotopich#iiinct materias, such as
throughthermal processinge(g., Poole et al., 2017; Worsham kt 2019) or physical
sorting of materials (e.g., Burkhardt et al., 201®}her studies have proposed that the
isotopic heterogeneity observed within and between the NC and CC reservoirs was due to
theaddition ofisotopically distinctmateriak, such aghroughlate injection ofmaterialto
the outer Solar Systefe.g., Kruijer et al., 2017)it has also been proposed that it was
inherited from an isotopically heterogeneous parental molecular cloud (Dauphas et al.,
2002) Regardless of the mechanisnmwialely acceptethypothesis is that thdC and CC
reservoirs reflect the inner and outer Solar System, respectively, which became separated
by theformation ofproto-Jupiter(e.g., Warren, 2011; Budde et al., 2@1Kruijer et al.,
2017;Burkhardt et al., 2084; Nanne et al., 20)9Yet, many questions remain about how,

when, and where the NC and CC reservoirs formed and evolved.

1.3 Research goals

The primary goals of this research arg&in new insights to the origin and evolution
of the isotopically dstinct NC and CCreservoirsin the early Solar Systenilhis
dissertationseeks taadvance these fields through the analysis and interpretation of the

isotopic compositions and chemical abundances of siderophile elem&s and CC-



type meteorites. Spdfcally, the nucleosynthetic Mo, Ru and W isotopic composkiaf

iron meteoritesare reportedn orderto constrain the extent of isotopic heterogeneity
among different planetary bodigbe shortlived 82Hf-13V chronometeis employed to
provide tempral constraintsto the timing of planetary body formatiprand the
concentrations of HSE, including Re, Os, Ir, Pu, Pand Pd areused to constrain the
chemical compositions of bulk planetary bodidhese separate data sete used
togetherto advancethe understanding of tlee early reservoirdy providing insights to

the genetics, ages, and chemical compositions of bulk planetary bodies sampled by iron

meteorites



Chapter 2Geneticscrystallization sequence, and age of the South
Byron Trio ironmeteorites: New insights to carbonaceous
chondrite (CC) type parent bodies

Note: This chapter has been previously published in the following publication:

Hilton C.D.,Bermingham K.R., Walker R.J., McCoy T.J. (2019) Genetics, crystallization
sequence, analge of the South Byron Trio iron meteorites: New insights to
carbonaceous chondrite (CC) type parent bo@eschim. Cosmochim. Ac2s1,
217-228.

2.1 Abstract

The nucleosynthetidMo, Ru, and W isotopic compositions of ttf&outh Byron Trio
iron meteoite grouplet EBT) are consistent with all three meteorites originatingaon
single parent body that formed in tlwarbonaceous chondrit€) isotopic domain
within the Solar nebulaConsistent with a common origin, thaghly siderophile element
(HSE) concentrations of the SBT can be related to one another by moderate degrees of
fractional crystallization of a parental melt with initially chondritic relative abundawices
HSE, and with initial S and P contents of ~7 and ~1 wt. %, respectively. Tuigen
isotopic data for the SBT indicate the parent bodgderwent metadilicate
differentiaton 2.1 + 08 Myr after calcium aluminum rich inclusion formation, and
thermal modeling suggests the parent body forth&dt 0.5 Myrafter CAl formation
This accrabn ageis not resolhed from the accretion ages of other CC and most
noncarbonaceous (NQGype iron meteorite parent bodigSomparison of the projected
parental melt composition of the SBT to those projected for the IVA and IVB iron
meteorite groups sugges that at least some portions of the CC nebular domain were

more oxidized compared to the NC domain. In addition, comparison of the SBT parental



melt S content to estimates for parent bodies of the IIAB, 1lIAB, IVA, IID, and IVB
Amagmati c 0 ignoups sugyests that ICC type iron meteorite parental melts
were characterized by a general depletion in S, in addition to depletions in some other
moderately volatile elements.

Based on chemical and O isotope similarities, prior studies have suggested
possibility of a common parent body for the SBT and the Milton pallddidéybdenum
and Ru isotopic compositions filton also providepermissive evidence for thi$he
HSE concentrations in the Milton metalowever,cannot be related to the SBT byy
known crystatliquid fractionation or mixing pathrhus, Milton more likely formed on a
different, chemically distinct, but genetically identical parent body present in the CC

nebular domain.

2.2 Introduction

Two isotopically and likely chemically disct nebular domains, referred to as
Anoncar bonaceouso ( NC) and Acarbonaceouso
existed in the early Solar System through studies of Ni, Cr, Ti, and O isotopic
compositions in meteorites (Warren, 201The list ofisotopically diverse elements to
discriminate between these domaihas been expanded to include the siderophile
elements Mo, Ruand W, which allowior the NC and CC classificatioto be extended to
iron meteorites and pallasite mefalg.,FisherG™ dde et al ., 2 0al 5 ; Bu
Kruijer et al., 2017; Poole et al., 2017; Worsham et al., 2017; Bermingham et al., 2018).
Mass iné&pendent isotopic heterogeneityserved for Mo, Ruand W among early Solar

System materialss due to the iocorporation of variable proportions of presolar
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components with isotopically diverse compositions reflecting different nucleosynthetic
origins (e.g., Dauphas et al., 2002; @hal., 2008; Chen et al., 2010). The distinct Mo,
Ru, and W isotopic compositis of the NC and CC isotopic domains have been
interpreted to represent the division and isolation of the inner and outer Solar System,
possibly due to the formation of predopiter (Warren, 2011; Budde et al., 2816ruijer

et al., 2017). As the outefar System is expected to be a more oxidizing and volatile
rich environment compared to the inner Solar System, coupled studies of isotopic and
chemical compositions of CC type iron meteorites may provide new insights into the NC
and CC division, and nelar heterogeneity.

So called fAmagmatico iron meteorite grou
chemical differences can be accounted for by crjsfaid fractionation and mixing
processes originating from a single melt. Most of the major magmaticnireteorite
groups have been characterized as NC or CC based on Mo, Ru, and W isotopic
compositions. The NC type irons include the IC, 1IAB, IlIAB, IlIE, and IVA groups, and
the CC type irons include the IIC, IID, IIF, IlIF, and IVB groupgssherG™ d dtal., e
2015; Budde et al., 20a6Kruijer et al., 2017; Poole et al., 2017; Worsham et al., 2017,
Bermingham et al., 20)80f these ten iron groups, the CC type irons tend toward greater
Ni contents and more limited ranges in Ir concentrations compaifé@ ioons, although
there is considerable overlapiq. 2.1). Additional chemical comparisons between NC
and CC type iron meteorites are limited. For example, the highly siderophile element
(HSE; Re, Os, Ir, Ru, Pt, Pdpncentrations of parental melts bBaanly been estimated
for the IVA and IVB iron meteoritesQampbell and Humayun, 2008/alker et al., 2008;

McCoy et al., 2011 In addition, S contents of iron meteorite parental melts have been
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determined using multiple approaches that are not alwaysistent, limiting direct

comparisons (e.g., Chabot, 2004; Wasson et al., 2007).

IC m |IC

u i
A 11pB A D
® UIAB & IF
@ IIE @ IIF
. . > VA P VB
) 10 15 20

Ni (wt. %)
Fig. 2.1. Compilation ofNi vs Ir concentration data for the magmatic iron meteorite
groups. Blue symbols represent CC type meteorites and red symbols represent NC type
meteorites. Milton and the SBT are shown as dark and light green symbols, respectively.
Data are compiled from Wasson (1969), Schaudy and Wasson (1972), Scott et al. (1973),
Scott and Wasson (1976), Scott (18)f WWasson et al. (1989), Wasson (1999), Wasson

and Richardson (2001), Jones et al. (200&sson and Hubg€R006, and Wasson et al.
(2007).

The South Byron Trio (SBT) iron meteorite grouplet provides an opportunity to
expand knowledge regarding the chemical and isotopic variability of the Solalaneb

The SBT consists of three ungrouped iron metegides b b 6 s Mi | | (Troost o
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referred to as Babbdés Mill), Sout WwhicByr on,
were recognized as having simiMr, Ga, and Ge concentrations (1-1.5.8 wt.%, 18.6
20.0 ppm, 41.€17.9 ppm, respectively) and ataxitic structusgdVasson et al. (1989In
addition to potentially originating from the same parent body, the SBT have been
suggested to also be related to the ungrouped Milton pall&siteral prio studies have
noted chemical and isotopic similarities between 8T and the Milton pallasite,
warranting study of this potential iron meteosiallasite relationshigJones et al., 2003;
McCoy et al., 2017).

In this studythe mass independent isotopgstenatics of somesiderophile elements
and themodeling ofHSE, andHf-W chronometry are employed to assess the nature of
the possible relationship among the SB&teorites, as well as to assdssHSE, S, P,
and C contestof the parental meltThe short-lived Hf-W system 2Hf A %AW + -, 2 b
T12= 8.9 Ma; Vockenhuber et al., 2008) used toconstrain theéhermal history of the
parent body including thdiming of primary differentiation Further, the potential
relationship of the Milton pallasite tihe SBT is evaluated using Mo and Ru isotopic

compositions and chemical modeling.

2.3 Materials and mthods
2.3.1 Sample preparation

Samples of Milton and South Byron were obtained from the Smithsonian Institution,
Department of Mineral Sciences, Natiohl s eum o f Nat ur al Hi st ory
obtained from Arizona State University and ILD 83500 was obtained from the US

Antarctic Meteorite Program. Pieces were cut from each meteorite sample using-a water
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cooledLeco Varicutsaw and a 12.7 cm diamomdafering blade. The blade was cleaned
with carborundum prior to cutting each meteorgor to dissolution,tte surface of each
cut meteorite piece was polished using a range of caarfiee-grit sandpaper to remove

sawblade marks, and then sonicatedtiple times in ethanol.

2.3.2 Isotopic measurements

Approximately 12 g pieces of each of the SBT irons and a 6 g piece of the Milton
pallasite were dissolved in 420 mL 8M HCI at 130 °C for 72 hours in Teffon
beakers. The resulting solution was tlventrifuged and the supernatant was divided into
four aliquots to be separately processed for Os, Mo, Ru, and W isotopic measurements.
Due to limited material, Milton was not processed for W. Detaifmrding the chemical
and mass spectrometric procedutgave been previously published (Worsham et al.,
2016@; Bermingham et al., 2016Archer et al., 2017), revieweith Appendix 2 and
briefly described heréAliquots for Os isotopic analysis weogidized in seale®yrex®
Carius tubesvith 2:1 HNO3:HCI at 20 °Cand then Os wasxtracted from the solution
using CC} solventextraction methodsand further purified using microdistillation
techniques(Shirey and Walker, 1995Cohen and Waters, 1998irck et al., 1997).
Molybdenum aliquots wer@rocessed thrah threeanion colums (Worsham et aJ.
201@) and Ru aliquots were processed through a cation column and then further purified
using microdistillation technique8érmingham et al2016).Iron was removed from the
W aliquots using a diisopropyl ether ewxdction procedurend then the aliquots were
processed through a cation column and three anion colPwodson et al., 1936

Touboul and Walker, 2012). Isotopic compositions for Os, Mo, Ru, and W were
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measured by thermal ionization mass spectrometry (TRt ®)e University of Maryland
(umd).

The typical blanks for these procedures were <10 pg Os, <1 ngMopg Ru.and
<1 ng W, which were inconsequential for the measurements reported here. Analytical
uncertainty was assessed by measuring standardos@lutiultiple times (n>6) during an
analytical campaign and assigning theo-standard deviation2SD) value for the
standards, which were always greater thanttfeestandard erro(2SE) of the sample
analyses, to the sample value. Reproducibility perytinal campaign of thelohnson
Matthey Os standarq2SD) ranged fromt®0s/880s = 58 ppm and®®0s/%0s = 418
ppm, and thelfa Aesar SpecpufeRu standard (2SD) wa8Ru/%Ru = 912 ppm. The
reproducibility of theAlfa Aesar SpecpufeW standard (2B) was*®AWV/*¥4V (186/184
normalized = 6 ppm,*®3W/W = 6-7 ppm, and thélfa Aesar SpecpufeMo standard
(2SD) was®Mo/*®*Mo = 10-26 ppm,**Mo/**Mo = 8-15 ppm, and’Mo/**Mo = 56 ppm.

Results of isotopic measurements are reported in g units (Eg.,10s).

189

188q
Eq. 10 p'®%0s = | mr—2Pe 9 | +1,000,000

188
OSgstandard

2.3.3 Isotope dilution

Concentration data for Re, Os, Ir, Ru, Pt, and Pd were obtained by isotope dilution
using a chemistry procedure outlined in Walker et al. (2008). About@0mg metal
pieces of each meteorite were elted with 5 ml of concentrated HN@nd 2.5 ml of
concentrated HCI, and equilibrated with a combined platiguoap element spike{ir,

®Ru, 19Pt, and'®Pd) and a R®s spike 1¥°*Re and'®®s) for at least 24 h at 220 °C in
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Pyrex¥ Carius tubes (Shigeand Walker, 1995). Once the tubes were opened, Os was
separated and purified using the same techniques as discusggupendix 2 for
unspiked Os samples. Spiked Os samples were separately analyzed by TIMS to
determine Os concentrations alfd0s/%0s ratios (Cook et al., 2004Yhe remaining

HSE were purified using an anion column procedare additional anion column was
used for RendRu purification (Walkeret al., 2008 and solutions wermeasured using

aNu Plasmamulti-collecor inductively-couded plasma mass spectrometer at UMd. The
blanks for these methods were typically <1 pg for Re and Os, and <30 pg for Ir, Ru, Pt
and Pd.Blank corrections were made but were not significdte uncertainties for
18’Ref®80s ratios were estimated to be #9 %, the uncertainties fé¥’0s/80s, and Os

and Re concentrations were estimated to be 0.1 %, and the uncertainties for Ir, Ru, Pt,
and Pd concentrations were estimated to be <2 % based on the reproducibility of similar

samples using identical metha@¥alker et al., 2008; McCoy et al., 2011).

2.4 Results
2.4.1 Osmium, Mo, Ru, and W isotopic results

Cosmic ray exposure (CRE) can result in neutron capture reactions within meteorites
(Leya and Masarik, 2013)Such reactions can alter the Mo, ,Rand W isotopic
compositions of a meteorite (e.g., Wittig et al., 2013; Worsham et al., 2017; Bermingham
et al., 2018). The effects of CRE are dependent on the neutron fluence, which reflects
both exposure duration and depth from surface (e.g., Wittig etOdl3) 2Consequently,
CRE must be monitored and corrected for in the sarateorite pieces measured for

mass independent and radiogeisioctopic compositions. Both Os and Pt isotopes have
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been applied to monitor and correct for CREects on siderophile l@aments(e.qg.,
Walker, 2012; Kruijer et al., 2013; Wittig et al., 201@smium is used as the dosimeter
here, of which the'®0st®0s ratio is most sensitive for assessing CRE effects.
Increasingly greater CRE effects result in increasingly negatf®®s valuesBased on
the 2SD reproducibilityf 6-8 ppm) of the'®0st8%0s ratio of the terrestrial laboratory
standard analyzed for this studyjd assumed that meteorite pieces with®Qs values
within + 8 ppm of zerowere minimally affected by CREMi | t o n, Babbbs Mi
Byron, and ILD 83500 have'ffOs values ranging from + 8 to +8 + 7 which are not
resolved from the terrestrial standard (0 = &pllle A2.1) and indicate that these
meteorites were minimally affected by CREf these four meteites, Milton has the
most negativgu*®®0s valueof -4 + 8. Assuming a maximum expansion of error to a
p80s value of12 ppm would require a CRE correction fdfMo and 1°Ru values of
only -2 and +5 ppm, respectively, which are smaller than the merasat uncertainties
of u*’Mo and [H°°Ru values (Worsham et al., 2017; Bermingham et al., 2018). Of the
meteorites measured fof%W, Babbods Mi |l | hp@®Osvalbesf+Itost ne
6. In this casethe maximum expansion of error topa®®0s valueof -5 ppm would
require a CRE correction for'$fw of -7 ppm, which is only slightly greater than the
measurement uncertainty offfW values to +6 ppm (Worsham et al., 201 Therefore,
no CRE correctios have been made to the Mo, Rand Wisotopic reslis for these
meteorites.

The Mo and Ru isotopicompositionsoMi | t o n, Babbés Mill , Sou
83500 are provided imable 2.1. These meteoritemre characterized kglimited range of

p%Mo values from +121 + 13 to +132 + 9°Mo values from+99 + 9 to +104 + 9, and
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u¥’Mo values from +46 + 3 to +54 + 5. Ruthenium isotopic compositions range from
p%°%Ru =-104 + 10 to-114 + 15. Tungsten isotop@mpositiors are reported ifable

2.2. The measuredfdW values for the SBT range from807 + 6to -319 + 6 and the
measured {#3W values range from +4 + 7 to +15 + Gollectively, the Mo and Ru
isotopic compositions of the SBT and Milton, and the W isotopic compositions of the

SBT are all identical, within analytical uncertainties.

Table 2.1. Molybdenum and Ru isotopic compositions of Milton, the SBT, and the
average value dhe SBT parent body

Sample " p¥Mo + uSMo + WMo + n? W%%Ru +
Milton 2 +130 26 +104 9 +54 5 3 -114 15
Babbds 5 +132 9 +104 5 +46 3 2 -104 9
South Byon 4 +127 12 +104 6 +50 3 3 -111 9
ILD 83500 4 +121 13 +99 9 +50 2 3 -104 10

SBT average 13 +127 7 +103 4 +49 2 8 -107 5

2n is the number of analyses for Mo and Ru isotopic composition. The reported isotopic
values reflect the average vetuobtained for each meteorfiezce Uncertainties reflect

the largest (of n analyses) 2SD of the standards run during an analyticalcagygm (n O 3
or 2SE(n > 3) of the sample values.

Table 2.2. Tungsten isotopic compositions of the SBT.

Sample n? I-llSZ\NMeasured + I.llsa\NMeasured + HISMCorrected + ta =*
Babbds 1 -307 6 +11 6 -323 10 2.3 1.0
Babbds 1 -312 6 +4 7 -318 12 2.8 1.2
(rep)

South Byron 1 -311 6 +15 6 -332 10 1.4 0.9
ILD 83500 1 -319 6 +7 6 -329 10 1.7 1.0
SBT average 4 -312 5 +9 5 -325 8 21 0.8

2 n is the number of analyses. The measurédNiand |18\ values are reported for
each meteoritpieceand the uncertainties reflect the 2SD of the standards run during an
analytical campaign. The correctedfqV represents the value corrected floe p*83w
positive anomaly per samplevhere {¥aWcorrected= H¥AWwmeasured (1.41+0.06*1183W)
(Kruijer et al, 2014), and the uncertainties reflect the uncertainties frafAmeasured
U8Wyeasured and the W correction. The SBT averaggi!®3Wcorrected Values were
calculated using the SBT averagé®Wweasured and P¥3Wweasured Values, and errors
represen2SE. Theap Ea ages were calculated from th&3AWcorrectedvalues.
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2.4.2 8Re180Osand highly siderophile element concentrations

The®'Re*®'0s chronometer is a useful tool for broadly constraining the age of metal
crystallization as well as evaluating opewgstem behavior of HSE. Osmiuf87 is the
b- decay product ot®"Re, which has a halife of 41.6 Gyr (Smoliar et al., 1996). The
18’Re-180s results are reported Table 2.3. The®’Re-'8’0Os data were regressed using
ISOPLOT (Ludwig, 2003) and the isodmryields an age of 4587 £ 230 Ma and an initial
187058805 of 0.0953 + 0.0019 (MSWD = 6.4)he imited range in Re/Osoupled with
the limited number of meteorites result in the large uncertainty for these values,
compared to some other groups (e.g.Qdyg et al., 2011). Milton and the SEill plot on
or near achondritic 4.568 Ga referenésochron Fig. 22). Thes e met eeasri tes
values, calculated as the part per 10,000 deviation fronf4Be/%%0s ratio of a sample
to the reference isochron, ranging fretl + 2 to +3.9 + 2Theseresults are consistent
with these meteorites experiencing limited oggatem behavior for the HSE since

crystallization in the early Solar System
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Table 2.3. RheniumOs isotopic and HSE composition data for Milton and the SBT.

Sample Wt. Ni Re Os Ir Ru Pt Pd ®Reff%0s 1870st880s %O0s

Milton Metal 0.011 15.0 5052 46554 42260 31840 36620 5338 0.5237 0.13711 +3.9

Bab M@ s 0051 17.7 2858 41286 29990 27250 32990 5205 0.3332 0.12177 +0.8
SouthByron 0.053 17.8 2750 39741 28690 26550 32200 5422 0.3332 0.12174 +1.1
ILD 83500 0.147 17.5 511.5 4470.0 7159 18910 25610 6934 0.5522 0.13897 -0.1

Samples are listed in order of descending Re concentration. Units of sample weight are in g.
Nickel concentrations are given in wt. % as compiled from Scott et al. (1973), Wasson et al.
(1989), and Jones et al. (2003). Ather concentrations were determined by isotope dilution and
are reported in ng/g. The uncertainties ¥/Ref%0s ratios are +0.15 %, the uncertainties for
1870518805, and Os and Re concentrations are +0.1 %, and the uncertainties for Ir, Ru, Bt, and P
concentrationsare<2%p i s t he %0sADsataisample fooM a primordial isochron

in units of per mil, with an uncertainty of +2 per mil (Cook et al., 2004). A primordial isochron
was calculated using a Solar Syst&®Ds/%0s = 0.09531, present day chondrifi€Dst®%0s =

0.1270 and®Ref®®s = 0. 40186, a'ryrd (Smoliar et 4.19& Shirey antl 0
Walker, 1998).
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Fig. 2.2. (Top) ®'Ref%0svs osgpl ot f or the Miltosisthet al a|
parts per 10,000 deviation of tHEOs80sratio of a sample from a 4.568 Ga reference
line. (Bottom)®’Ref%¥0s vs 18’0s80s plot for the Milton metal and SBT. Reference
line represents the 4.568 Ga hypothetical evolution of@s/80s ratio in chondrites,
assuming an initiat®’0s*®%0s = 0.09531, present day chondritftOst80s = 0.1270
and®Ref®0s = 0. 40186, @'ryrd (Smoliar et 4l. 1996 Ghirey ant 0
Walker, 1998).

The HSE abundanced Milton metal and the SB@re reported imable 2.3. Of the
suite, Milton has the highest concentrations of Re, Os, Ir, Ru, and Pt, and tls¢ lowe
concentration of Pd. The concentrations of
similar, with Babbés Mil |l slightly enriche
South Byron. ILD 83500 has the lowest concentrations of Re (approximately B0x les

than Milton metal), Os, Ir, Ru, and Pt, and the highest concentration of Pd. The
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concentratios of Re and Ir in ILD 83500 are within 2 % of tikencentrationseported

by Wassonetal. (198@ndhe | r concentrations for Babbd¢
within 15 % of theconcentrationsaported by Scott et al. (1973). The concentrations of

Re, I, and Pt reported by Jones et al. (2003) for Milton matalithin 20 % of the

concentrations reported here

2.5 Discussion
2.51 Genetics

Differences in theproportions of the nucleosynthetic components incorporated into
NC and CC bodies allow for fAgeneti ¢ype compa
meteorites have Mo and Ru isotopic compositions that reflect a congienttess input
with variable s-process depletion(Fig. 2.3, A2.1). Variations in °’Mo/*®*Mo and
10%RuA%Ru define a linear trend (Dauphas et al., 2004; FissBérdde et al . ,
Bermingham et al., 2018). By contra§&C type meteorites have Mo and Ru isotopic
compositions that reflect amdditionals-process depletionF{g. A2.1), and Mo and W
isotopic compositions that reflect additionalr-process compone(iig. A2.2) (Kruijer

et al., 2017).
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Fig. 2.3 Compilation of #*Mo vs p®*Mo data for iron meteorites and pallasites from
Burkhardt et al. (2011), Kruijer et al. (2017), Poole et al. (2017), and Worsham et al.
(2017). Some data havetnoeen corrected for CRE. Blue squarepresent meteorites
classified a<CC type andred diamondsepresent meteorites classifiedNS type. Daa

from this study for the SBT and Milton are also plotted. Black lines were obtained by
regressing the NC and CC data using ISOPLOT (Ludwig, 2003); the CC line has a slope
of 0.57 £ 0.05 and a-itercept of 26.3 + 7.5 (MSWD = 1.15) and the NC line has a
slope of 0.50 + 0.04 and aigtercept 0f-8.5 + 3.2 (MSWD = 0.49)The inset shows an
enlarged view of the Mo isotopic compositions of the SBT and Milton without other
meteorites.

The observation that th8BT have Mo, Ru, antf3W isotopic compositionthat are
analytically indistinguishablerovides permissive evidentieat these meteorites sample
the same parent body.so, the isotopic data for the three meteorites can be averaged to
obtain a more robust constraint on the isotopic characteristitsegbarent body. The
averaggt®Mo, p®Mo, andp®Mo values of the SBT meteorites are +1#27, +103+ 4,

and +49x 2, respectively, where the uncertainties cited are 2SE. Further, the average

p%Ru value is-107 + 5 and the average'®W value is +9+ 5. The average Mo and
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183\ isotopic compositions of the SBT aidentical, within analytical uncertainty, to
those determined fdahe CC typellD, IIF, llIF, and IVB iron meteate groups Fig. 2.3,
A2.1,A22) (Budde et al., 2018 Kruijer et al., 2017; Pale et al., 2017; Worsham et al.,
2017; Bermingham et al., 2018ndthe average Ru isotopic composition of the SBT is
identical to the CC type IID and IVB iron meteorite groupscherG™ dde et; al
Bermingham et al., 2018). Ruthenium isotopic data have not yet been determined for IIF
and llIF irons. Collectively, the genetic isotopic data indicate that the SBT should be
defined as CQype meteoritesBecause of the limiteidotopic variation among CC irons,
however, these isotopic systems are not useful for discriminating the SBT from most
other known CC parent bodies

The Mo and Ru isotopic composit®of Milton areindistinguishable from the SBT,
providing permissive edience for an origin on the SBT pardmidy, consistent with the
identical O isotopic composition reported by McCoy et al. (20IRus, the Milton
pallasite should also be defined as a CC type meteorite, and it can be presumed that, at
the very least, Mittn and the SBT were derived from similar presolar materials, likely

forming in the same region of the Solar nebula.

2.5.2 Crystallization sequence modeling of the SBT

Given the identical Mo, Ru, and®W isotopic compositions of the SBT to other CC
type iron meteorite groups, it is imperative to test the possible SBT relationship through
chemical modelingThe change in HSE concentrations among the B&T meteorites
arebroadlyconsistent with fraonal crystallization in thathe concentrations of R©s,

Ir, Ru, and Pt typically decrease in crystallizing metal as the concentration of Pd
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increasesThis trendis in agreement with the obwation by Wasson et al. (1989) that,
given the changes in As, Au, W, and Ir concentrations among thesgtive88T could
have originated by fractional crystallization. The similar HSE concentrations determined
here for Babbds Mill and South Byron sugg:¢
point in a crystallization sequence. By contrast, ILD 83500 has dbdb of the Re
content and 130 % of the Pd ,6 dtheytaremlatedof Bal
ILD 83500 crysthized from a more evolvethelt.

To examine further possible relationships resulting from fractional crystallization, we
model HSE dat for the SBT. To do this, appropriate solid mditalid metal D values
(concentration ratios) must be applied. Some ®tiodies have derived relatizevalues
for HSE for specific iron groupgrom the slops of interelement logog plots (e.g.,
Campbd# and Humayun, 2005; Walker et al., 2008; McCoy et al., 20ddypled with
experimental partitioning data for P or Ir, in order to model a crystallization sequence.
However, due to the similar HSE concentr at
data br the SBTessentiallydefine twepoint lines. For this reason, we use the approach
developed by Jones and Malvin (1990) and advanced by Chabot and Jones (2003) and
Chabot et al. (2017), which usexperimentally derived partitioning data for siderophile
elements in the F&li-S, FeNi-P, and FeNi-C systems to determine th2 values for
HSE for given S, P, and C contents.nfore detaileddescription of this approach is
provided inAppendix 2

Here we constrainhe initial P content of the SBT parental mbit couplingthe
measured® cont ent of Babbodés MR22wt %aP) ckpor®d mt h By

Buchwald (1975)with a solid metaliquid metal partition coefficient of 0.1 (Chabot et
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al., 2017). This suggests a P content in the melt of about 1 wttlé pbint where these
two irons crystallizedThe initial S content wathen varied along with different HSE
initial melt compositions until a model crystallization sequence was generated that
matched the SBT HSE concentrations.

The optimal initial lightelement concentratiorteterminedare 7 wt. % S, 1 wt. % P,
and <0.05 wt. % C. This model reproduces the HSE abundances of the SBT through
fractional crystallization ofminitial parental melt with chondriticelativeabundanceof
the HSE. The model mathes t he HSE concentration of B :
metal to crystallize. South Byron is reproduced as 2 % of metal to crystalidelLD

83500 matches the solid HSE composition at 42 % crystallizatignZ.4).
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The calculated initial parental melt HSE compositfon the BT (Table 2.4) is

shown inFig. 2.5, normalized to the G¢hondrite Orgueil loran et al., 2003Fischer

G dde

et

al

, 2010) . This initial

me | t co

Pd/Os ratiosof 0.082, 0.90, 1.1, 1.7, and 0.89, respectiva@hich areall within the

ranges of ratios observed in bulkhondritesof 0.0590.101, 0.771.02, 11-2.0, 14-2.5,

and 0.542.01, respectivelyHoran et al., 200FischefrG™ dde et
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Table 2.4 Parental melt compositisrcalculated for HSES, P, and C for the beft
model to reproduce the SBT chemical patteamsl comparison to IVA an¥B systems.

Re Os Ir Ru Pt Pd S P C

SBT parental melt 770 9400 8500 13000 16000 8400 7 1 <0.05
IVA parental meR 295 3250 2700 3900 5900 4500 3 01 O
IVB parental meft 1410 21600 17500 19600 29800 10900 2 0.65 O

Concentrations are in ng/g fBISE and wt. % for S, P, and C.
&From McCoy et al. (2011)
® From Walker et al. (2008)

100E - - - - - -
: VB

Parental melt/CI

0.1 ' :
Re Os Ir Ru Pt Pd

Fig. 2.5 Cl-normalized calculated HSE parental melt composition of the SBT, assuming
7wt %S, 1wt % P, and <0.05 wt. % C. Also shown ar@d@inalized calculad
parental melt compositions for the IVA irons (McCoy et al., 2011), IVB irons (Walker et
al., 2008), and the range of HSE concentrations in chondrites (Horan et al., 2003;
FischerG" dde et al ., 2010) .

The calculated initial parental melt HSE compositainthe SBT is about 10 times

more concentrated than tbpper range of HSE concentrations in chondritfiethis upper
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rangeis assumed to represent the starting concentration of the SBT parentibddiyit

is assumed that ~99 % of the HSE were ex¢hanto the core, then the SBT parental
melt would have accounted fetl0 % the mass of theody. This resulsugges that the
SBT represent samples of a planetesimal core and should be considered magmatic iron
meteorites. Past studies have estimatec#nental melt compositions for the magmatic
IVA and IVB iron meteorites (Walker et al., 2008; McCoy et al., 2011). The modeled
HSE parental melt composition of the SBT parent body falls betweetothpositions
previously estimated for thparent bodie®f the group IVA and IVB iron meteorites
(Fig. 2.5). As suggested for the IVB parent yodhe high HSE concentration of the SBT
parental melt may suggestcamparativelyoxidized body. In this scenari@ greater
proportion ofoxidized iron would remain ithe mantlecompared to a more reduced
body, resulting irrelatively higher concentrations of HSE in the core. An oxidized SBT

body is also supported by the highcontent (1718 wt. %) of these meteorites.

2.5.3 Crystallization sequence modelin§Milton

Since Mo, Ru, and O isotopic compositions of Milton and the SBT only provide
permissive evidence of a common parent body, a potential relationship for these
meteorites is further evaluated through chemical moddiiitpn metal has a Pt/Ostio
thati s simil ar t o , which ts estintated t® r@fdrdsentsthe Kirst [1 Po of
metal to crystallize, yed Re/Ogatio that is similar to ILD 83500, which is estimated to
represent crystallization at 42 %. Attempts were made to model Milton asfphe o
samesolid metalliquid metalfractional crystallization sequence as the SBT by varying

the initial HSE, S, P, and C contents of the system. Changes to the initial S, P, or C
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contents can have large effects on the concentration of HSE in crystgliieta)
however, such changes cannot account for the Re/Os and Pt/Os ratios observed for
Milton. An example of the modeling is shownhig. A2.3.

Modeling involving solid metaliquid metal mixing was also undertaken in an
attempt to relate Milton metab the SBT Metal mixingof primitive and evolved metsl
from the core along with residual metal in the maritbs been suggested for the
formation of the main group pallasites on the IlIAB iron meteorite parent (fchtt,
1977, Wasson and Choi, 2008uch models failed to reproduce Re/Os and Pt/Os ratios
for Milton and were, therefore, unsuccessful at relating Milton metal and the SBT to the
same metal systentig. A2.4). Consideration was also given to the crystallization of
Milton metal and the SBTrom two immiscible metal meltéone P rich and one S rich)
within the same core. Models of metal liquid immiscibility have bagoked for the [ID
iron meteorites (Wasson and Huber, 2006) and to relate the IIAB irons to the IIG irons
(Wasson and Choe,@9).Mi | t on met al has a similar P
Byron, however, which suggests that they did not form from immiscible metal melts
(McCoy et al., 2017). Due to the lack of models that can reproduce the SBT and Milton
metal HSE concentratins from the same metal liquide conclude that Milton metatas
most likelynot generated from the parental melt to the SBT.

The HSE concentrations in Milton metal suggest a parental melt that was
characterized by several HSE ratios outside of the rafggerved in known bulk
chondrites. Examples of three possible parental melt compositions, which can reproduce
Milton metal as an early fractional crystallizing metal, are showfignA2.5. For these

three models, we assume parental melt abundancewtofd S, 1 wt. % P, <0.05 wt. %
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C;5wt. % S, 2 wt. % P, <0.05 wt. % C; and 10 wt. % S, 3 wt. % P, <0.05 wt. % C. All
three models are characterizeddayculatedparental melt Re/Os ratios (0.12, 0.13 0.15)
and Ir/Os ratios (1.05, 1.04, 1.10) tlaak 2 to 50% abovethe range observed ioulk
chondrites(Horan et al., 2003FischerG™ d d e e t . By tontrast, aIRt/O® ratios
(1.4, 1.5, 1.8)andmost Ru/Os ratios (1.1, 1.5, 2&)d Pd/Os ratios (0.43, 0.73, 1.88) are
within the rangef bulk chondites.

It is possible that such parental melts described above existed on the SBT parent body
without interacting with the SBT parental melt, or may have been generated through the
mixing of variable amounts of liquid metal or solid metal from the SBTtallization
sequence with a metal source with fractionated relative abundances of some HSE
compared to bulk chondrites. Generating and maintaining these separate metal domains
within the same planetesimal, however, is difficult to envision. Hence, it ig likely
that Milton formed on a chemically stinct, but genetically identical parent body to the
SBT. This interpretation would expand the number of chemically distinct parent bodies
with identical Mo, Ru, and O genetic isotopic compositions to at thest (e.g., SBT,
Milton, and IVB irons; Corrigan et al., 2017; McCoy et al., 2017; Bermingham et al.,
2018).

As may be the case for Milton, the parental melt to the IVB iron meteorites was likely
nortchondritic with respect to the relative abundanceésane HSE (Campbell and
Humayun, 2005; Walker et al., 2008). Campbell and Humayun (2005) and Walker et al.
(2008) suggested that the volatile siderophile element depletions projected for the IVB
parent body may have resulted from high temperature cortdengmocesses. Such a

model is less plausible for the Milton parent body, as the meteorite is significantly
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enriched in volatile siderophile elemergsich as Ga and Ge, compared to the IVB irons
(Walker et al., 2008; McCoy et al., 2017). The three patemielt compositions for
Milton modeled in this study are characterized by Re/Os and Ir/Os ratios that are
suprachondritic. Both Re/Os and Ir/Os tend to increase as a consequence of crystal liquid
fractionation (see above modeling of SBT) so it is posditdt the parental melt to
Milton represents a modestly evolved liquid that was somehow segregated from earlier
formed solids. This could potentially have occurred on the parent body as a result of hit
and run impacts followed by core dismemberment, nggltamd recrystallization, as
suggested for the group IVA iron meteorites in order to explain rapid rates of cooling in

the least evolved members (McCoy et al., 2011).

2.5.4 Ageof the SBT

The identical Mo, Ru, antf3W isotopic compositions of theBI and the ability to
relate the HSE concentrations of these meteorites through digsidl fractionation
provide permissive evidence that the SBT meteorites originated on the same parent body
and are related by fractional crystallization from a commuit. The averagep®aw
valuefor this body is-312 + 5 and the averagé®Ww valueis +9 + 5. As has been done
for other CC type iron meteorites (e.g., Kruijer et al., 2017)uti&V value iscorrected
for additionalr-process inputevealed by thé®3W excess, yielding an averag&Wcorr
value of-325 + 8 (seeAppendix 2for details) The u®3Wcorr value of the SBT is not
resolved from thqu*®3Wcor values of other CC type iron meteorites or NC type iron
meteorites, except the IC and IIAB groups (feuet al., 2017). Th@'®3Wcor value of

the SBT parent bodyesuls in a W model ageof 2.1 + 08 Myr after calcium
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aluminum rich inclusion (CAIYFig. 2.6), whichis not resolved from other Ctype or
NC type iron meteorite parent bodiexcept forthe IC and [IAB groupgKruijer et al,
2017). This differentiation ageis within the lifetime of 2°Al, allowing for the
differentiation event to have been driven by internal heating, consistent with the
interpretation that the SBT are magmatic iron mete® formed in he core of theSBT

parent body
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Fig. 2.6. Tungsten model metailicate differentiation ages (post CAI formation in Myr)

in ascending order of ages for the SBT parent body compared to data for other CC type

(blue) and NC type (red) bagl from Kruijer et al. (2017). The SBT has a W model age

that overlaps with the other CC type bodies and most NC type bodies, within uncertainty.
Differentiation ages can be used to estimate parent body accretion ages by making

certain assumptions garding the time required for a parent body to heat sufficiently to
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allow metaisilicate segregation. Based on this reasoning, Kruijer et al. (2017) proposed
that all NC type iron meteorite parent bodies accreted simultaneously about 0.5 Myr prior
to the &cretion of all CC type iron meteorite parent bodies. This conclusion relied on the
averaging of data for only Groups | and Il (volatile rich) irons. To estimate a separate
parent body accretion age for the SBT, uge asimilar thermal modeto that desébed

by Kruijer et al. (2017), which calculates the heat produced ffén the primary heat
producing radionuclide during the early Solar System. Details about this model are
providedin Appendix 2 Uncertainties for the model accretion ages represematige of
accretion ages calculated using the range of Al concentrations and differentiation age
uncertainties. For the SBT parent body, diféerentiation agecoupled withan assumed

Al concentration range of 0.8668 wt. % for the parent bodgasedon the range of Al
concentrations found in carbonaceoudiondrites (Lodders and Fegley998)
corresponds to parent bodyaccretion agef 1.1 + 0.5Myr after CAl formation Fig.

A2.6). Because of differences in the calculation of heat production, eamt&i model
differs somewhat from that of Kruijer et al. (2017). To facilitate comparisatsetion

ages for other iron meteorite parent bodies wecalculated usingpur model coupled

with the differentiation ages reported by Kruijer et al. (201Vab{e 2.5). When
considering the uncertainties associated WiV differentiation ages, NQype iron
meteorite parent bodies have accretion ages rangingtfrdm0.3 to 1.0+ 0.5 Myr after

CAl formation, whereas C@/pe iron meteorite parent bodies haweration ages from

1.1+ 0.5 to 1.4+ 0.5 Myr after CAl formation Uncertainties of ~0.5 Myr for each body

mean that permissible model ages of accretion for both CC and NC types overlap.
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Table 2.5 Model acretion ages for NC and C@pe iron meteoritesletermined using
the thermal model describedAppendix 2

Iron meteoritegroup Di f f er ent i at i  Accretion age (Myr)

NC type
IC 0.3+£0.5 0.3+0.3
[IAB 0.8+0.5 05+0.5
[IAB 1.2+05 0.7+04
E 1.8+0.7 1.0+ 05
IVA 15+0.6 09+0.5

CC type
SBT 2.1+0.8 1.1+05
lIC 26+1.3 1.2+0.6
[ID 2.3+0.6 1.2+04
lF 25+0.7 1.3+05
F 22+1.1 1.1+0.6
IVB 2.8+0.7 1.4+05

All model differentiation age daarefrom Kruijer & al. (2017) except for the SBT.

Kruijer et al. (2017) argued thtte assumptions behind a singdeage core formation
accretion model at a certain temperature are affected by the velatidhment or
depletion of the parent bodggpit is important tocompare iron meteorite parent bodies
from the same volatile typ&ruijer et al. (2017found that theCC type IIC, IID, and IIF
irons have p*®ANcor values that are resolved from theC type 1IAB irons, which was
argued to suggest th&(C type iron meteorite parent bodies accreted later than NC type
iron meteorite parent bodieShe accretion age results of qureferred thermamode|
however,overlap for the NCtype IIAB and the CQtype IIC, IID, and IIF irons. In
addition, the NQype IlIAB and IIIE irons have accretion ages that overlap with the CC
type llIF and SBT accretion ages. There is also overlap among thgpddVA and the
CC type IVB accretion agesThus we conclude that NC and Ci@pe iron meteorite
parent body accretiomagescannot be resolved at present, gibe currentlevel of

uncertainties associated with parent body differentiation agg®#I| content
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Since differences in accretion ages cannot explain the differenpé®iicor values
for Group Il irons with arrent uncertainties, we examine the effects of S content on
differentiation. Kruijer et al. (208} showed that there was a correlation between S
content of a parental melt with'®Wco values for the 1IAB, IIAB, IVA, 1ID, and IVB
irons. The determinmin of the S content for the SBT parent body allows for a
reexamination of this correlation with three NC and three CC bodies. VRSN cor
value of the SBT falls directly on the correlation and reduces the scatter observed for the
[ID and IVA iron meteorites Fig. 2.7). The six meteorites define a single trend with a
MSWD = 2.7, which may suggest that the S content of a parental melt is the controlling
factor foru'®Wcor values, possibly by affecting the temperature at which metal melting
and differentiation begins. Further studies to define the S content of other NC and CC

type iron parental melts are needed to evaluate this potential correlation.
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Fig. 2.7 Parental melt S content. u'®Wcor values. The 1IAB, 1IIAB, IVA, IID, SBT,
and IVB irons define a single trend. Sulfur contents are from Chabot (2004) and
Goldstein et al., (2009), and®AW values are from Kruijer et al. (2017).
2.55 Comparison of the SBT chemical composition to NC and CC bodies

The HSE parental melt models of the §@e SBT and IVB iron meteorites, and the
NC type IVA iron meteorites provide new insights into the chemical conditions of the NC
and CC nebular domains. The SBT and IVB iron meteorites have parental melt HSE
compositions that are-2 times more concented than the IVA parent body. Presuming
that the concentrations are directly related to the ratio of core metal to silicate shell, this
result suggests that the SBT and IVB iron meteorite parent bodies had proportionally

smaller cores than NC type parentdlas, and therefore most likely accreted in more

oxidizing environments, compared to, e.g., the IVA parent body. Previous studies have

37



proposed that the NC and CC domains represent the inner and outer Solar System,
respectively, that were separated byftirenation of Jupiter (Warren, 2011; Budde et al.,
2016 Kruijer et al., 2017). Such a model could account for the more oxidizing
environment of the SBT and IVB parent bodies.

Additional chemical differences are observed for NC and CC parental melts when
comparing S content. Past studies, also ustpgrmentally derived partitioning data for
siderophile elements in the 8-S, FeNi-P, and FeNi-C systems to determinB
values, have concluded that the IIAB, 1IIAB, IVA, IID, and IVB iron meteorite palent
melts had S contents of 17 + 1.5, 12 £ 1.5, 6 £ 3,9+ 3, and 1 £ 1 wt. %, respectively
(Chabot, 2004; Goldstein et al., 2009). When iron meteorites are compared based on
volatile content, there is an additior&ldepletiorfor CC parental melts comparéo NC
parental meltg¢Fig. 2.8). This additional depletion in S may reflect parent body processes
more common on CC type parent bodies, such as core separationrictioa8d Prich

liquids, or may be a consequence of nebular processes.
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Fig. 2.8 S/N (Cl-normalized)vs. Ga/Ni (Cknormalized) plot for the 11AB, 1lIAB, IVA,
IID, SBT, and IVB irons. Blue symbols are CC bodies and red symbols are NC bodies.
There are two distindtendsobserved for the NC and CC bodies, suggesting that the CC
parental relts have an additional S depletion not observed for NC parental melts. Since
the offset is not observed for Ga concentrations, the depletion in S for CC parental melts
relative to NC parental melts is likely not due to volatile depletion.
2.6 Conclusions
The i sotopic and chemical data presented
83500 support the interpretation that these meteorites sample a core from the same parent
body and that they should be considered together as a trio.
1) The SBT parent bodgriginated in theCC nebular domainbased on Mo, Ru, and
183\ isotopic dataThermal modeling indicateshi¢ parent body likely accreted
1.1+ 0.5 Myrafter CAI formationand the HiW isotopic system indicates thatt

parent body differentiated 2.1 80Myr after CAl formation Both accretion and
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2)

3)

4)

differentiation ages arsimilar to the ages foother NC and CC ype iron
meteorite parent bodies.

The siderophile el ement concentrations
crystallized from a primitive melt, flmwed soon afterward by South Byroih.D

83500 crystallized later in the sequence from a more evolved melt. The HSE
patterns of these meteorites can be reproduced by a fractional crystallization
model , in which Babbés Mdiokrystalee Saithent s
Byron can be modeled as the solid composition after 2 % crystallizatfidnLD

83500 represents the solid composition at 42 % crystallization. This model
suggestan initial melt composition of 7 wt. % S, 1 wt. % P, <0.05 wt. %arie] a

HSE initial melt composition with chondritic HSE ratios.

The bulk concentrations of the HSE in the SBT parental core suggesit that
comprised about 10 % the mass of the body, assuming the upper range of HSE
concentrations observed in chondritesadarting parent body composition. This

in turn suggests that the SBT parent body was oxidized, which is also consistent
with thecomparativelyhigh average Ni content for the SBT {18 wt. % Ni).

Milton has identical Mo and Ru isotopic compositionsthe SBT providing
permissive evidence of being from the same parent body. The HSE content of
Milton, however, cannot be directly related to the SRV fractional
crystallizationor any other process we attempted to model. Milton metal was
likely derived fom a parental melt with relative abundances of some HSE that
were modestly fractionated from known chondritic ratios, most likely on a

different parent body from the SBT
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5) Comparison of modeled HSE parental melt compositions of the SBT to the IVA
(NC) andIVB (CC) iron meteorite parent bodies provides further evidence that
portions of the CC nebular domain were more oxidizing than the NC domain. In
addition, comparison of the S parental melt compositions of the 1IAB, 1lIAB,
IVA, IID, SBT, and IVB iron meteotes suggest that there was a general S
depletion among CC type iron meteorite parental melts, compared to NC type

bodies.
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2.8 Appendi®
2.8.1 Isotopic measurements

The aliquots for Os isotopic analysis were added into chilled Pyrex® Carius tubes,
along with 5 ml of concerated HNQ and 2.3ml of concentrated HCI. The Carius tubes
were sealed and then heated for at least 24 h at 220 °C (Shirey and Walker, 1995).
Osmium was extracted from the solution using £Z0lventextraction methods (Cohen
and Waters, 1996), and thé&mther purified using microdistillation from a dichromate

solution (Birck et al., 1997)his procedure resulted in ~70 % yield for Bstween 70
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300 ng of purified Os were loaded onto outgassed Pt filaments in HBr, activated with
Ba(OH), and analyzedsaOsQ@ by a ThermeFisher Triton thermal ionization mass
spectrometer (TIMS) at the University of Maryland (UMd) (Walker, 2012). Osmium
isotopic data were corrected for instrumental and natural mass fractionation by
normalizing!®?0s/%0s to 3.08271 (Afigre and Luck, 1980). Isobaric interferences from
OsQy species with’O or 0 were corrected using the i€btopic composition reported
by Nier (1950).

Molybdenum aliquots were prepared following the methodsrilged in Worsham et
al. (201@). In brief, aliquots were dried, dissolved in 1 M HF, and loaded onto an anion
column of AG 1X8 (200400 mesh) resin. Molybdenum was eluted using 6 M RO
M HF, dried, and dissolved in 6 M HCI. The Mo solution was then added to a smaller
anion column with ~0.3 mL & 1-X8 (200400 mesh) resin and eluted with 1 M HCI.
This elution was repeated a second tiifigs procedure resulted in ~50 % vyield for Mo.
Purified Mo aliquots were treated with concentrated HCI and HMOltiple times in
order to destroy organics. Thangples were then dissolved in 6 M HCI, about-2000
ng Mo were loaded onto outgassed Re filaments, and activated with ~ 2 uL of a 5 pg/pL
La(NQOs)3 solution. A double filament assembly was used and the same amount of
La(NQOs)3 was added to the ionizatioreRilament. Molybdenum was measured as MoO
by the ThermeFisher Triton PlusTIMS at UMd. The *Mo0%0®0, species was
measured using a OY r esi st or Oaisotppe iinteifeeence dowections.
Molybdenum isotopic data were corrected for instrotakand natural mass fractionation

by normalizing®®Mo/**Mo to 1.453171 (Lu and Masuda, 1994).
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Aliquots for Ru isotopic analysis were prepared following the procedure discussed by
Bermingham et al. (2016). In brief, aliquots of the primary dissolutiore wieled and
dissolved in 0.15 M HCI and then processed through a cation column of AG50WX8
(200-400 mesh) resin. Ruthenium was immediately eluted using 0.15 M HCI and dried to
about 5 pL for microdistillation, in which #€r.O7 was used as the oxidant ant16HCl
was used as the trap solution and reductlimis procedure resulted in ~50 % vyield for
Ru. About 1000 ng of purified Ru were loaded onto outgassed single Pt filaments in HBr,
activated with Ba(OH) and analyzed as Rg(by a ThermaFisher Triton Pus TIMS.
Ruthenium isotopic data were corrected for instrumental and natural mass fractionation
by normalizing®®*Ruf*'Ru to 0.745075 (Chen et al., 2010). Thésotopic composition
reported by Nier (1950) was used to determine and correct famin’O and 20
molecular interferences.

Tungsten aliquots from the primary dissolution were exposed to airZowvédeks in
order to oxidize Fe in the solution from +2 to +3. Ferrous Fe was then removed using a
diisopropyl ether extraction procedure (Dodson etl1&136). The resulting solution was
dried, dissolved in 1 M H@0.1 M HF, and eluted through a cation column of AG&D
(200-400 mesh) resin with 1 M HE).1 M HF. The solution was then dried, dissolved in
0.5 M HCI0.5 M HF, loaded onto a column of A&B (100-200 mesh) resin, and eluted
with 6 M HCI-1 M HF. This elution was repeated twice using progressively less resin and
acid (Touboul and Walker, 2012Y.his procedure resulted in ~60 % vyield for W.
Organics accrued during the column chemistry were rechdw drying the sample
multiple times in concentrated HCI and HBl@bout 3061000 ng of purified W were

then dissolved in 1 M HEI0.01 M HF, loaded onto outgassed single Re filaments,
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activated with 1 pL of a 5 pg/pL L1-& pug/uL Gd solution, and measurad WQ' using a
ThermaFisher Triton TIMS following the method of Archer et al. (2017). This method
allowed independent measurement of b&#W/W and 83W/8AWV. Potential mass
interference from Re©species were also monitored and correctedlongsten isotopic

data were corrected for instrumental and natural mass fractionation by normalizing
186\//184 to 0.92767 (Volkening et al., 1991).

Some prior studies of terrestrial and cosmochemical materials have observed
deviations in*®W/*AV ratios for eference standards and samples that were processed
through certain column chemistry procedures and analyzed by -coléctor
inductively-coupled plasma mass spectrometry (e.g., Kruijer et al., 2013; Cook and
Sch™nb2&chl er, 2016 ; Skahdavigtiens hagerbeen iktergrated t® , 20
be the result of nuclear field shift effects, requiring corrections to be made to account for
the observed deviations (Cook and Sch™nb?2c
been observed for reference standdaterrestrial samples, or meteorite samples using the
column chemistry procedures described here, coupled with thermal ionization mass
spectrometry Archer et al. 2017 Mundl et al., 2017; Mundl et al., 2018; Archer et al.,
2019). Consequently, no coct®ns to the measuredW/*8W ratios from this study
have been made.

Values of |1¥QW for the SBT were corrected for nucleosynthetic variations using the
method eported by Kruijer et al. (20b). In this correction, variation in theprocess
compament for irons is subtracted from thé®W value using f£3W as anr-process
component proxy. This correction is based on tfi#®W vs. 183184y jsotopic

composition of fineand coarsgrained CAI, which give &84V vs. 183184y (186/184
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normalizel) correl ati on o fca agds.wdrd theN caRula®ké usingltiee T
CAl initial value 8NV of -349 + 7 (Kruijer et al., 2014bthe presentlay chondritic

u8AW value of-190 + 10 (Kleine et al., 2004), and the decay constarifddf of 0.078
+0.002Myr' ( Vockenhuber etcamafes ROO4BabThe Tl |
and ILD 83500 werecalculated from the W and H®W values determined by
normalizing to *8W/AN . The uncert agdandgésandudefter2SDt he @
determined fronthe analysis of standards run during an analytical campaign W p

and %W compositions, and the uncertainty associated with tH&8AMur-process
correctiononly (Kruijer et al., 2018). Tungsten isotopic data were not obtained for

Milton because therwas insufficient material to make this measurement.

2.8.2 Fractional crystallization modeling

In this study, Eq. Sis used to calculate the concentration of an element throughout
the evolution of a liquid melt, whera, 5 the fraction of liquid (n =Q0 is pure liquid),
Cun is the concentration of an element in the liquid phase,aarfd O is the partition
coefficient of an element. The concentration of an element is calculated at each 0.1 %
fraction of liquid with respect to the concentration of pihevious liquid fraction. For S, a
constant partition coefficient of 0.001 is used (Walker et al.,, 2008). The partition
coefficients for P and C are determined at eachyFconsidering the concentration of S
and P or S and C, respectively, in the ligaidn+1. Equation 3 is used to account for the
effects ofS onP and C patrtitioning behavior (Chabot and Jones, 2003).

Values of 3 for P and C are taken from Chabot et al. (2017) and Worsham et al.

(2016) r e s pe cdecivaiable s detefimmedsifiy Eq. S3Jones and Malvin,
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1990) , ismndelibeh tken fr om Ch achsotdkendroam al
Worsham et al. (208). For P, the effects of C are not considered and for C, the effects
of P are not secamgsi dieFree d&Ep ShalCkeab®et al., 2017)
variables are calculated at eaghWhere Xis the mole fraction of an element.

CLn
(Fn—l +1-— 1:"n—an—l)

Eq S]. CLH—l =

1 [Fe domains]Pspc

Eq.52: — =
R D,

e 2Xs 4%,
q-53: Bspc = [2}(5 ¥ A%, + 4X.J Bs + |oxs 7 ax, + axg) °®
4%

+ [zxs + 4Xp + 4XJ Be

1—2X, — 4Xp — 4X,
1— X, —3Xp — 3X

Eq.S54:Fe domains =

Eq.S5: Csy = CppyDy
After determining the concentration of S, P, and C at eacth& D values for the
HSE are calculated at eachusing Eqg. 3-$4 by mllectively considering the changes in
S, P, and C content in the liquid (Jones and Malvin, 1990; Chabot and Jones, 2003;
Worsham et al., 20E6 Chabot et al., 2017). The concentration of HSE in the liquid at
each k is then determined using Eql &nd thesolid composition (€n) at each Fis

determined using Eq.55

2.83 Thermal accretion model
This study uses a thermal accretion model (&6. that describes a solid sphere,
which gains heat througlAl decay and loses heat by conduction (Carslaw Jasdjer,

1959). The model solves for the temperature at a certain depth within the sphere at any
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time (t) after accretion and we assume that differentiation occurred instantaneously when

the temperature halfway to the center of the body from the surfackerkd 600 K

(Kruijer et al., 2017). This assumption is made since ~50 % of silicate melt fractions may

be necessary for core formation (Taylor, 1992). In order to be consistent with past
studies, we assume a radius of R = 40 km for the parent body anehtperature is

evaluated at a depth of r = 20 km (Kruijer et al.,, 2017). The background nebular
temperature is represented ag Thermal conductivity is represented as K, thermal
diffusivity is represented as k, and®Il decay constat of o “Eyrigsuge8 x 10
with a Solar System initigi®Al/2’Al ratio of 5.23 x 16 (Norris et al., 1983; Jacobsen et

al., 2008). All values used in this model are listedaile A2.2.

Rsm(H a4 n )
Eq S6. T=T, + —.lt( ZR (= 1{1;} sin nm )e—knzﬂ'ztfﬂz
1‘[{1‘[2 R

n? K
rsin Ra

The background temperature is assunede 250 K, consistent with models by
Hevey and Sands (2006), Kruijer et al. (208}, and Kruijer et al. (2017), which is the
average temperature estimated for a circumsolar disk at 2.5 AU and 1 Myr -3iéeriT
star formation (Woolum and Cassen, 1p9Bhe power per unit volume A (W # =
H*}, where H is the Ypoaved Jjpeirs utnhé¢ dnassi t( W
(kg m®). The power per unit mass, H, is equal to (total Al atoms/KAKC'A*(2.0 x
1028 W/atom), where %AI/?’Al) is a function of time, the parent bodgrecentration of
Al is based off of the range observed in carbonaceous chondrites1(686vt. %;
Lodders and Fegley, 1998), and the decay powetAlifis calculated from a decay

energy of2°Al of 6.4 x 102 J/atom with its halfife of 9.83 x 10’ yr! (Hevey and
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Sanders, 2006). We note that this calculation of heat production differs from that reported
by Kruijer et al. (2017). Kruijer et al. (2017) report using a range of Al concentration
from 8.6516.8 wt. %, which is an order of magnitude greatanthised here. In addition,
Kruijer et al. (2017) report -calculating heat production as A = Al
concentration®°Al/?’Al) and it is calculated in this study as A = (total Al
atoms/kg)*€CAl/2’Al*(2.0 x 102 W/ at o m) * ( 1°Al/2’Al) w8 la éunction ¢f ime

in both models. Despite these differences between the model inputs, the results of both
models differ by less than 0.2 Myr. For this study, 0.86 wt. % Al relates to A =
12.3*(Al/%7Al), 1.20 wt. % Al relates to A = 17.1%Al/?’Al) and 1.68 wt. % Al elates

to A = 23.9*€°Al/?"Al). Therefore, the results in this study for 0.86 wt. % Al and 1.20 wt.

% Al are similar to the results by Kruijer et al. (2017) for 12 wt. % Al and 16.8 wt. % Al,

respectively.

Supplementary Tables
Table A2.1. Osmium isotopicompositiondata forMilton and the SBT.

Sample " u®0s  2SD u%%s  2SD
Milton 1 -4 8 25 18
Babbdéds M2 1 6 -4 7
BabbosepM 1 8 7 -1 4
South Byron 3 8 7 -4 7
ILD 83500 1 3 6 -3 7

2 n is the number of analyses. The reportétf@s andp!®®Os
values reflect the average values obtained dach meteorite
piece Uncertainties reflect the largest (of n analyses) 2SD of the
standards ruduring an analytical campaign.
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Table A2.2. Terms and values used in the thermal accretion model.

Term Symbol  Units Value Source

Al concentration Al Wt. % 0.86 Lodders and Fegle
1.68 (1998)

Ambient temperature  To K 250 Woolum and Casse

(1999)

Decay constant =3 yrt 9.83 x Norris et al. (1983)
107

Decay energy E J atomt 6.4 x 10 Hevey and Sandef2006)
13

Density | kg m3 3200 Kruijer et al. (2017)

Diffusivity k m?s? 5x 10" Kruijer et al. (2017)

Initial 28Al/27Al 28A1/27Al;  atom/atom 5.23  x Jacobsen et al. (2008)
10°

Power per unit mass H W kgt a

Power per unit volume A W m?3 H x .

Deph assessed fcr km 20 Kruijer et al. (2017)

temperature

Radius of body R km 40 Kruijer et al. (2017)

Thermal conductivity K wmik?t 21 LaTourrette anc

Wasserburg (1998)

aH = (Al atoms/kg)*€AlIZ’A 1 ) * £IEwhere tAI/Z7Al) is a

functionoftime and & i in units
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Supplementary Figures
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Fig. A2.1 Compilation of CREcorrected @'Mo vs p°°Ru data for iron meteorites fro
Bermingham et al. (2018). Blusquaregepresent meteorites classified @8 type and
red diamondsrepresent meteies classified a?NC type. Data from this study for the
SBT and Milton are also plotted. The black line represents the regression of #Re Mo
cosmic correlation from Bermingham et al. (2018he inset shows the Mo and Ru
isotopic composition of the SBand Milton without other meteorites.
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Fig. A2.2 Compilation of #®3W vs p'®AW data for iron meteorites froldruijer et al.
(2017). Blue squaresepresent meteorites classified @€ type and reddiamonds
represent meteorites classifiedN& type. The average SBT W isotopic composition is
also plotted (green triangle). The averad®Ww value for the SBT (+9 £ 5, 2SE, n = 4) is
resolved from the W standard value obtained during the analytical campaigns for this
work (0 £ 2, 2SE, n = 16).
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Fig. A2.3 Cl-normalized HSE patterns calculated froen constant HSE ital
concentration from Tabl2.4 andvaryingS and P parental melt composisoAssuming
Milton metal crystallized in the first ~10% of solid, the Re/Os of Milton metal resembles
a high S sym with 17 wt. % S, 1.5 wt. % P, and <0.05 wt. % C. However, the Pt/Os of
Milton metal resembles a lower S system with 8 wt. % S, 1 wt. % P, and <0.05 wt. % C.
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Fig. A2.4. Fractional crystallization models for Re (ppts) Re/Os and Pt (pplws. Pt/Os

for two pairs of arental melt composition®8lack lines represent mixing between solid

and liquid, at 0 % solid00 % liquid, 20 % solkB0 % liquid, and 40 % sokd0 %

liquid. (Upper left and right Fractional crystallization model, which reprodube HSE
patterns observed for the SBT, calculated for the initial parameters listed inZléble
(Bottom left and right Fractional crystallization model with 7 wt. % S and 1 wt. % P,
which can reproduce the observed HSE patterns for Milton metal. Thisl meaplires a
starting liquid composition of Re = 1,350 ppb, Os = 11,000 ppb, and Pt = 17,500 ppb.
Neither model can reproduce both Re/Os and Pt/Os observed in Milton metal and the
SBT through solid metdiquid metal mixing.
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Fig. A2.5 Cl-normalized HSEparental melt compositions, with varying S and P
contents, which reproduce the Milton HSE pattern as an early (<10 %) fractional
crystallizing metalThe parental melt composition of the SBT is shown for comparison.
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Fig. A26. Thermal model results foa 40 km radius body when evaluating the
temperature midway to the center of the body (r = 20 km). The model is based on an
assumption of instantaneous differentiation when the temperature reaches 1600 K.
Thermal model results are shown for Al concentration0.86, 1.20, and 1.68 wt. %. The
differentiation age of the SBT (2.1 + 0.8 Myr after CAl formation; blue solid line + blue
dashed lines) fits an accretion age range of 1.1 + 0.5 Myr after CAl formation.
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Chapter 3New implications for the origin of thlAB main group
iron meteorites and the isotopic evolution of the noncarbonaceous
(NC) reservoir

Note: This chapter has been previously published in the following publication:

Hilton C.D.andWalker R.J. (2@0) New implications for the origin of the IABain
group iron meteorites and the isotopic evolution of the noncarbonaceous (NC)
reservoir Earth Planet. Sci. Letb40, 116248

3.1 Abstract

The origin of the IAB main group (MG) iron meteorites is explored through
consideration of®AV isotopic compsitions, thermal modeling 6fAI decay, andnass
independen{nucleosynthetic) Mo isotopic compositions of planetesimals formed in the
noncarbonaceous (NC) protosolar isotopic reservoir. A reftid®l model age for the
meteorites Campo del Cielo, Cany@mablo, and Nantan suggests that the {KN&
parent body underwent some form of mesdiicate segregation as early as 5.3 £ 0.4 Myr
after calciumaluminum rich inclusion (CAl) formation or as late as 13.8 + 1.4 Myr after
CAI formation. If melting of the AB-MG occurred prior to 7 Myr after CAl formation, it
was likely driven by?°Al decay for a parent body radius >40 km. Otherwise, additional
heat from impact is required for melting metal this late in Solar System history. If melting
was partially or whoif the result of internal heating, a thermal modei°st decay heat
production constrains the accretion age of the-M8 parent body to ~1.7 £ 0.4 Myr
after CAIl formation. If melting was, instead, dominantly caused by impact heating,
thermal modeling sugests the parent body accreted more than 2 Myr after CAI
formation. Comparison of Mo mass independent isotopic compositions of tAiMIGAB

other NC bodies with constrained accretion ages suggests that the Mo isotopic
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composition of the NC reservoir chatywith time, and that the IABIG parent body
accreted between 2 to 3 Myr after CAl formation, thus requiring an origin by impact. The
relationship between nucleosynthetic Mo isotopic compositions and accretion ages of
planetesimals from the NC reservailggests that isotopic heterogeneity developed from
either addition ok-process material to, or removal of couptef-procesanaterial from

the NC reservoir.

3.2Introduction

ANonmagmati co i r (@.g, lABedmplexrllE)are sodgermed doies
their chemical and textural de.dlfAB,dllAByces co
IVA) (e.g, Willis, 1981; Wasson and Kallemeyn, 2000lagmatic iron meteorites
consist of members that have chemical compositions thalacgely be related to e
another through fractional crystallization of liquid metab( Scott, 1972)As such, they
are widely interpreted to sample planetary cores.cBytrast nonmagmatic ironsra
characterized bghemical compositions that canria® accounted for by spre fractional
crystallization(e.g., Wasson and Kallemeyn, 2002; Worsham et al., 0Many are
also silicatebearing (Benedix et al., 2000; Hunt et al., 2017a), leading to proposals that
nonmagmatic irons represent partially differentiated bodies ahdtbes partially melted
by impact Whi | e the term fAnonmagmatico is inte
Amagmatico irons, this title is somewhat o
from a molten state.

The IAB main group (MG), which ighe largest nonmagmatic iron group, is
characterized byariations in siderophile element abundances that reflect the dominant

effects of physical mixing processegher tharsimple fractional crystallization (Wasson
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and Kallemeyn, 2002Worsham et al, 2016a). As with other nonmagmatic iron
meteorites, rany IAB-MG metals also contain trapped silicate and graphite inclusions,
despitetheir strong density contrasts with metabnsistent withthe interpretation of
formation by physical mixingWasson and Keemeyn, 2002 Some studies have sought
to explain the chemical and mineralogical characteristics of theMi&Birons as a result

of partial differentiation of a planetesimal driven by internal heatmg, (Kratcher,
1985). Other studies have called fan impactrelated origin €.g, Wasson and
Kallemeyn, 2002), or have argued for hybrid models, which combine partial
differentiation with a subsequent impaetd, Benedixet al, 200Q. Keys to discerning
between these models include the interpretatioage constraints. If metal melting and
metatsilicate segregation on the IABG parent body occurred sufficiently early that
2671 decay would contribute significant heat to the body, then internal heating was likely
involved in the process. If insteadehing occurred after the viability gPAl internal
heating, impact related heating of an undifferentiated body must be involved.

The extent of®Al internal heating is related to the accretion age of a planetary body
(e.g., Kruijer et al., 2014a; Hunt al., 2018). This age, in some cases, can be constrained
using thermal models 3fAl decay with a calculated age of mesilicate segregation for
an iron meteorite (e.g., Hilton et al., 2019). The segregation age, in turn, can be
constrained by applicat of the HEW chronometer'fH f 8AV  + -, Pub= 8.9 Myr;
Vockenhuber et al, 2004). Despite its importance, however, the mglialate
segregation age of the IABIG is debated, with different studies reporting different ages.
One problem encountered by earlier studies is thexiedlf meteorite exposure to galactic

cosmic rays, which can induce nuclear reactions within meteorites and cause burnout of
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some W isotopese(g, Masarik, 1997; Leyat al, 2003).Initial studies of*®AV isotopic
compositions of IABMG irons reported nael metaisilicate segregation ages ranging
from 1.2 + 1.8 to 9.1 + 3.6 Myr after calcisabuminum rich inclusion (CAIl) formation,
possibly reflecting cosmic ray exposure (CRE) effects that were uncorrected or
inadequately corrected for (Markowsdi al 2006; Qinet al, 2008; Schulzt al, 2009,
2012). Methods to monitor and correct sideroplglements for CRE were subsequently
developed, involving measurement of Os or Pt isotopes in the same meteorite chunk
being analyzed fot®3WV isotopic compositior{e.g, Walker, 2012; Kruijeret al, 2013;

Wittig et al, 2013). Both of these methods have been applied tecM&Birons, yet
somewhat discrepant ages of 3.4 £ 0.7 (Worshtal, 2017) and 5.3 £ 0.5 (Huet al,

2018) Myr after CAl formation have beamst recently reported. Assuming a maximum
expansion of errors, these values differ by as little as 0.7 Myr, or as much as 3.1 Myr.
The differences have implications for how the WM& irons formed.

Potentially useful in the interpretation of the IABG origi n i s t heir
isotopic compositions. Past studies have proposed that variations in mass independent,
nucleosynthetic Cr and Ca isotopic compositions of bulk meteorites are related to the
accretion ages of their parent bodies (Sugiura and Fuj§®4;2Schiller et al., 2018).

This relationship for the IABUG can instead be assessed using mass independent
isotopic compositions of some siderophile elemelts, (Ru, Pd)(Dauphas et al., 2004
Burkhardt et al., 2011, Fisch&0bdde et al., 2018Buddeetal., 2016, 2019 Poole et al.,
2017; Worsham et al., 2017; Bermingham et al., 2018gE&l., 209). Overall, the
nucleosynthetic isotopic heterogeneity observed for these elements (as well as Ti, Ni;

Trinquier et al, 2007, 2009 Regelous et al., 2008Janne et al., 20)9reveal the
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existence of at least two isotopically distimo¢bular reservoirgluring the first few
millions of years of Sol ar System history
(NC) and ncar kegmanquecciuas 2007%(Wa@eh, 2¢11Kruijer et al.,

2017. The NC reservoir, in which the IABIG irons formed, was characterized by

variable s-process depletions and/or coupledp-process enrichments for certain
elements, relative to terrestrial materiadsg( Daupha et al., 2004; Fishec™ dde et al
2015; Budde et al., 20862019 Kruijer et al., 2017; Poole et al., 2017; Worsham et al.,

2017; Bermingham et al., 2018; Ek et al., 20I%e CC reservoir was characterized by

an additional enrichment af and possilly p-processmaterial compared to the NC
reservoir, as well as also having its own variabpgocess depletions and/or coupted
/p-processenrichments €.g, Dauphaset al., 2004; Fishee™ dde et al . , 2015
al.,, 201&, 2019 Kruijer et al., 2017 Poole et al., 2017; Worsham et al., 2017;
Bermingham et al., 2018; Ek et al.,, 2019 isotopic compositions of siderophile
elements in meteorites reflect accretion ages as well, it has important implications for the
origins of the NC and CC reservoirs.

For this study, w analyzed the IABMG meteorites Campo del Cielo, Canyon
Diablo, and Nantan for W isotopic compositions. These meteorites were classified as
IAB-MG irons by Wasson and Kallemeyn (2002) based on relatable chemical
compositions, and werehasen for intensive study here because Campo del Cielo and
Nantan have young CRE ag@sagaiet al, 1993; Nishiizumiet al, 1995), and prior
applications of CRE dosimeters to Campo del Cielo and Canyon Diablo showed minimal
effects from cosmic rays (Wdramet al, 2017; Huntet al, 2018).One possible cause of

prior differences in reported segregation ages could be the calibration of the dosimeters
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used to correct for CRE. Worshagh al. (2017) applied Os isotopes while Huett al
(2018) applied Pt. Gwequently, for comparison purposes, here wesasSRE applying

both Os and Pt dosimeters.

3.3Methods
3.3.1 Sample preparation

A ~5 g chunkof Campo del Cielo (USNM 5615) was obtainfeoim the Division of
Meteorites, Department of Mineral Scienc8sithsonian InstitutionChunks ofCanyon
Diablo (~6 g)and Nantar(~7 g) were obtaineffom private collect®s. These meteorite
chunks were cut into smaller piecesjng a watecooledLeco Vartcut saw and a 12.7
cm diamonéwafering bladeto be processethrough chemical purification procedures
for Os, Pt and W The blade was cleaned with carborundum prior to cutting each
meteoritepiece The surface of each cut piece was polisteecemove sawblade marks
using a range of coarst fine-grit sandpaper then each meteorite piece wasnicated
multiple times in ethanol, prior to dissolutioto remove adhering particles formed by

sanding

3.3.2 Osmium, Pt and/ isotopic measurements

Cleaned ecesof Campo del Cielo, Canyon Diablo and Namt#re dissolvedn 40
mL 8 M HCI at 120 °C for 72 hours in Teflon beakérke resulting solutions were then
centrifuged and the supernatants were divided into two aliquots to be separately
processed for Os andt\W isotopic measurementéliquots for Os isotopic analyse

were added into chilled Pyrex® Carius tubes, along with 4 ml of concentrated &idO
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1.5 ml of concentrated HCI. The Carius tubes were sealed and then heated for 72 h at 240
°C (Shirey and Walker, 1995Additional solid metal pieces of each meteoridich
were adjacent to the pieces dissolved in Teflon beakerg alscseparatelyissolved in
Carius tubes in the same wé&plutions wereéemoved from the Carius tubes andwss
then extracted from the solutions using GGolventextraction methodsQohen and
Waters, 1996), and purified using microdistillatieechniques(Birck et al, 1997.
Purified Os samples were loaded onto outgassed Pt filamerdgencentratedHBr,
activated with Ba(OH) and analyzed as OsQusing a ThermaFisher Triton thernal
ionization mass spectrometer (TIMS) at the University of Marylguidd) (Walker et
al., 2008. Osmium isotopic data were corrected for instrumental and natural mass
fractionation by normalizing®20s*®0s to 3.08271 (Allégre and Luck, 1980). Isobaric
interferences from OsOspecies with!’O or ®0 were corrected using the oxygen
isotopic composition reported by Nier (195The typical blanks for thiprocedure \&re
<10 pg OsThetwo-standard deviation (2SD) vakifor multiple analyses ahe Johnson
Matthey Os tandard analyzed duringtwo analytical campaigh (n = 9 and 12,
respectivelywere [180s = 3 and 5 ppm (U represents the part per million deviation of an
isotopic ratio of a sample compared to a standard). The Os standard was not processed by
the described microdistillation procedure.

The aliquots folPtAWV isotopic measuremenigere dried, dissolved in 1 M HO.1 M
HF, and eluted through a cation column of AG&® (200400 mesh) resin with 1 M
HCI-0.1 M HF.This step was repeated until saféint amounts of Fe were removed from
the solutions so as not to overload secondary colurSolksitions were then dried,

dissolved in G M HCI-0.5 M HF, loaded ontan anioncolumn of AG1X8 (100-200
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mesh) resin, W was eluted with 6 M HCIM HF, and Pt wa eluted with concentrated
HNO:s.

The Pt elution was dried, refluxed in 2:1 concentrated EINOI, then dried in
concentrated HCI, and finally dissolved in 0.5 M HCI. Samples were loaded onto an
anion column with AGaX8 (200400 mesh) resin and eluted witbncentrated HN®
(Method 2- Hunt et al, 201®0). Solutions were dried, treated with 2:1 concentrated
HNO3:HCI, dried, and dissolved in 5 % HNGQor analysis, using Faraday cups on a
ThermaFisher Neptune Plus MC-ICP-MS at UMd. Platinumisotopic data were
corrected for instrumental and natural maastionation by normalizing®®Pv°°Pt to
0.2145 (Kruijeret al, 2013).External eproducibility (2SD) of @&t standard (made from
high purity Pt ribbon, and not processed by the described chemical procedure)
196ptA9pt was 12 ppm (n = 10). No systematic drift in the measured standard
composition was observed over the duration of the measurement canifegtypical
blanks for these procedures wet40 pg Pt, which is negligible for the purposes of Pt
isotopes in this study. Additional information about the Pt measurement routine is
provided inAppendix 3.

The W elantwas dried and the colunprocedurevas repeatetivo more timeswith
sequentiallyless resin and acid (Touboul and Walker, 2012). Orgaacrued during the
W column chemistry were removed by drying the sample multiple times in concentrated
HCl and HNQ. About600-1000 ng of purified W were then dissolved in 1 M HIOD1
M HF, loaded onto outgassed Re filaments, activated with 1 pL @fg# i La-5 pg/puL
Gd solution, and measured as Wa@sing aThermeFisher Triton TIMS, at UMd,

following the method of Archeet al (2017). Tungsten isotopic data were corrected for
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instrumental and natural maBactionation by normalizing*®W/*¥AW to 092767
(Volkening et al, 199). The reproducibility (2SD) of the\lfa Aesar SpecpufeW
standardrom three analytical campaigns (n = 9, 10 and 6, respectivelgB ppm for
BAN/84N (all campaignsand7, 4, and 8 ppm fol¥3W/*8W. The typical blank for this
procedurewere <1 ng W, which constituted an inconsequential <0.2 % of total W

analyzed per sample.

3.4 Results
3.4.1 Assessment GRE

Cosmic ray exposure effects on W isotopic compositions were monitored by
measuring thé®0st%0s and 1®P1'®Pt ratios of each meteorite chunkicreasingly
greater CRE effects result in increasingly negativ&Qs and increasingly positive
p%pPt valuesCampo del Cielo (n = 4), Canyon Diablo (n = 4), and Nantan (n = 5) have
p80s valueg+ 2 SE of sample vaks) of +3 + 1, +1 + 1, and +2 + 2, respectively,
which are not resolved from th@s terrestrial standard analyzedth the samples,
indicating that the meteorite chunks examined were not measurably modified by CRE
(Table 3.1). The averagg'®®Os valuesriclude the additional metal pieces that were
digested separately in Carius Tubes. No isotopic differences between these pieces and
those dissolved in Teflon beakers were observed. Consistent with minimal CRE
modification,Campo del Cielo, Canyon Diablo,diiNantan (n = 1 for eacliavep'®pPt
values (x 2 SD of standard valued)+1 + 12, +7 + 12, aneB + 12, respectively, which

are also not resolved from the ftrestrial standard analyzedth the samples, and
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indicate no corrections for CRE to the Wtigpic compositions of these meteorites are

warranted.

Table 3.1 Osmium Ptand W isotopic compositions o€ampo del CieloCanyon
Diablo and Nantan

Sample n P%0s £ n PPt =+ n p®Wyeasured + UEW = pTa
Os Pt W

Campo del 4 +3 1 1 +1 12 1 -297 8 -5 4 51 1.0

Cielo

Canyon Diablo 4 +1 1 1 +7 12 2 -294 8 -6 8 54 1.0

Nantan 5 +2 2 1 -3 12 3 -296 8 +0 8 5.2 1.0

IAB-MG 6 -295 3 -3 3 53 0.4

Average

The number of measurements per sample is represented as m<4;auncertainties
reflect the largest of the 2SD of the standatdsduring an analytical campaigm 2SE
of i ndi vidual sampl e anal yses. For no4, t
reported Values ofcp Eal are reported assuming®Wchonarie= -190 + 10 (Kleineet al,
2004)
3.4.2Tungsten isotopic compositionI&B-MG

Campo del Cielo (n = 1), &yon Diablo (n = 2), and Nantan (n =8ve 33w
valuesof -297 + 8, -294 + 8, and-2% =+ 8, respectively, as well as correspondift§w
valuesof -5 +4, -6 £ 8,and +0+ 8, respectively Table 3.1). Combining data for all three
meteorites, the averagi’®3W value (+ 2SE of sample values, n = 6) 68 + 3 is not
resolved from the terrestrial W standanadicating that no detectiblaucleosynthetic
variationsor effects from nuclear field shife@,Cook and Sch Kl chl er |,
et al, 2017; Kruijer and Kleine, 2019) ambseved. Combining data for all three

meteorites, an average®W value of -29%5 + 3 (+ 2SE of sample values, n = 6) is

obtained and presumed to be representative of theM&B
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3.5 Discussion
3.5.1 AN of the IABMG

The AN values of Campo del Cielo, Canyon Diablo, Nantan, and the average IAB
MG are compared to results of past studie&igm 3.1. The u'®W values of individual
iron meteorites typically agree within dyiical uncertainties, with measurements by
Markowski et al (2006), Qinet al (2008), Schulzt al (2012), Worshanet al (2017),
and Huntet al (2018).There is less agreement among the group averages, however. The
average value o295 + 3 from thisstudy is resolved from the average values288 + 3
reported by Schulet al (2012) and-312 *+ 6 reported by Worshagt al (2017). The

value is identical to the value €195 * 4 reported by Humt al.(2018).
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This study

Schulz et al. (2012)
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Fig. 3.1 Comparison of [fAV values fo Campo del Cielo, Canyon Diablo and Nantan
from this study to past studies. The gray box represents the 2SE (n=6) uncertainty field
for the average ¥AW value for the IABMG from this study.This average value is
compared to the group average val@esl symbols) which include (®2W values for
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some IABMG irons not analyzed in this study, from past studies.

The origins behind the discrepanfAV values of Schulz et al. (2012) and Worsham
et al. (2017) to th@*®AV values of this study and Hunt et §2018) are unknown. Schulz

et al. (2012) monitored and corrected for CRE using ages determined from cosmogenic
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noble gases. As discussed by Hunt et al. (2018), this approach is inadequate for
correctingu'®W values modified by CRE, possibly accounting tbe discrepanui*®awv
valuefrom that study. Worsham et al. (2017) monitored and corrected for CRE using Os
isotopes, which has been shown to be a viable method (e.g., Wittig et al., 2013) and is
confirmed as applicable in this study. As {183V values from this study and Worsham

et al. (2017) were determined from the same laboratory using the same mass
spectrometer, the discrepapt®W value from that study may be a result of the
measurement routine used, which applied a secondary oxide correctioro(T @inol
Walker, 2012) to the measured W isotopic composition as opposed to-layine
correction used by the current study (Archer et al., 2017). The onlyM&Biron
measured by Worsham et al. (2017) using theby&ne oxide correction method was
modified by CRE, inhibiting a definitive assessment of this possibility. Despite
discrepancies with past studies, the agreement @f'tA&/ valuefrom this study with the

value from Hunt et al. (2018) suggests that the copr&@w valuefor the IAB-MG is -

295 + 3.

3.5.2 Metalsilicate segregation age

Calciumaluminum rich inclusions, considered the earliest objects to form in the Solar
System, have been examined in order to constrain the initial Solar SySthvalue to
-349 + 7 (Kruijeret al, 2014b). Iron meteorites with J#W values that are greater than
the CAI value dominantly reflect addition 8AW from the decay of®Hf subsequent to

CAl formation. Assuming that the Solar Systamnts inceptiorhad a uniform W isotopic
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composition, variabns in ¥V values among iron meteorites can represent differences
in timing of HfW fractionation and/or differences in parental Hf/W ratios.

If the parental Hf/W ratios of NC bodieseassumed to be constaat,elativemodel
age of metakilicate sgregation can be calculated for an iron meteorite assuming
separation of mat and silicate in a single event from a reservoir witficlondriti®
composition. A model age is determined relativeto CAr mat i on using Eq.
0.078 + 0.002 Myt (Vockenhuberet al, 2004), andu'®AWchondrite is the modersday
composition of chondrites reflecting the Hf/W ratio of the parent bé&dgir{e et al,

2004).

_ 1 W2 Wsample— W22 Wehondrite
Eq. ch= __qmt[ L TTa—E
A W= Wear — W " Wehondrite

Model 183w ages are commonly calculated usingt’8AWchondrite Value of-190 + 10
(Kleine et al, 2004), obtained from bulk carbonaceous chondrites, which have an average
180Hf/184\ ratio of 1.37 + 0.11 (Kruijeet al, 2014b; Buddeet al, 201, 2018). A
model methsilicate segregation age of 5.3 + 0.4 Myr after CAl formation for the-IAB
MG is oltained assuming that the parent body of the -M& formed with this
180Hf/184\ ratio. This age is substantially younger than mosigmatic NC iron
meteorites, which have rdel ages between 0 and 3 Myr after CAl formation (Kruger
al., 2014a, 2017), but is similar to IARIbgroupsLL andsLM, and IIE iron meteorites,
which have model ages between ~4 and 5 Myr after CAIl formation (Worshah
2017; Kruijer and Kleine2019).

One potential complication with the calculation of a md&8&V age of metasilicate

segregation is the assumption that the bulk parent body HSHf&EAWV ratio similar to
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carbonaceous chondrites. Carbonaceous chondrites formed in the CQireena
isotopically distinct material from the IABIG iron meteorites€.g, Burkhardtet al,
2011). As such, if chemical compositions of parent bodiesedawith isotopic
composition, the carbonaceous chondrite avet&¥/®4W may be unsuitable fdlC-

type iron meteorites (Hellmanet al, 2019). Of the chondas that formed in the NC
reservoir €.g, enstatite, ordinary, rumuruti; Bude¢ al, 2019), enstatite chondrites are
genetically most similar to the IABIG (FischerG™ d ckteal, 2017; Budeé et al, 2019),
suggesting thathe 8Hf/184V ratio of bulk enstatite chondrites may be most appropriate
for the IAB-MG parent body. Lee and Halliday (2000) reported a rang€%df/*®4w
ratios in bulk enstatite chondrites from7056 + 0.0036 to 1.344 + 0.007. A ratio of
0.7156 would lead to a presetdy chondritic #AW value of-267, which in turn results

in a model age of metailicate segregation of 13.8 + 1.4 Myr after CAl formation for the
IAB-MG. By contrast, a ratio of.344 is unresolved from th&°Hf/'8AW ratio of the
carbonaceous chondrite average and, thus, results in an unresolved modél.age0ot

Myr after CAl formation. Discerning between these possible ages without further
constraints on the Hf/W ratio ohé IAB-MG parent body is currently impossible.
Support for a Hf/W ratio lower than carbonaceous chondrites includes proposals for
lower ratios for the N@ype acapulcoitetodranites, and ordinary chondrites (Touboul et
al., 2009; Hellman et al., 2019). Aditionally, it is noteworthy that the younger model
age is similar to the age of ~12 Myr after CAl formation of a potential impact event to the
IAB-MG parent body obtained by A, PbTl, and ArAr chronometers (Vogel and

Renne, 2008; Bakeat al., 2010Theiset al, 2013.

70



3.5.3 Accretion age

An assessment of whether meddicate segregation ages 8 + 0.4 or 13.8 + 1.4
Myr after CAl formation could reflect metal melting driven by internal heating or require
additional external heat from impactarc be made using a thermal model of heat
production fron?®Al decay, and heat loss by conduction for a planetary bBigy 3.2).
The thermal model is described in detail Bjton et al (2019). In brief, metasilicate
segregation is assumed to occur whbe midpoint to the center of a planetary body
reaches a temperature of 1470 K, based on the peak temperatures recordeeMsy IAB
meteorites Benedix et al, 2000; Huntet al, 2018). The effect of different Al
concentrations for the parent body on theerinal model are also assessed, with
consideration to the range of Al concentrations observed in chondrites. We use a
minimum Al content of 0.82 wt. % from EH chondrites and a maximum of 1.68 wt. %

from CV chondrites (Lodders and Fegley, 1998).
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Fig. 3.2 Thermal model of heat production froffAl decay, relating metadilicate
segregation ages (assumed to occur at 1470 K) to accretion ages. The range of Al
concentrations reflects the range observed in chondrites (Lodders and Fegley, 1998). The
value of 082 wt. % is from EH chondrites, while the value of 1.68 wt. % is from CV
chondrites. Also shown is the megdlicate segregation age of the IABG assuming
Hf/W of carbonaceous chondritédodels of two bodies with radii of 40 km (left) and 80
km (right) are shown.

The results of the thermal model show that internal heating, drivefidbylecay,
cannot cause metallicate segregation at 13.8 + 1.4 Myr after CAl formation for a body
of any size, 0r5.3 + 0.4 Myr after CAl formation for bodies with ad us 040 k m.
Therefore, these scenarios require additional external heat by impact to an
undifferentiated body to cause mesdlcate segregation. Model results reported by
Davisonet al (2012) suggest that impacts can generate sufficient heat to caabeeld
melting, making this process a plausible scenario in the case of thiM@BFor a
planetesimal to remain undifferentiated by the time of impact, it likely would have
accreted >2 Myr after CAl formatiorFig. 3.2). Internal heat fronf®Al decay, onthe
other hand, can cause mesdicate segregation up to 7 Myr after CAl formation for
bodies with a radius >40 km. For example, an accretion age of 1.7 £ 0.4 Myr after CAl

formation is predicted for a parent body with a radius of 80 km, and a-siletate

segregation age 6.3 + 0.4 Myr after CAl formation Kig. 3.2. This result is in
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agreement with the thermal model results of Heintal (2018), in which the authors
proposed that metailicate segregation as late as 6.0 + 0.8 Myr after CAl faonat

could be driven by internal heating frotfAl decay if the IABMG parent body had a
radius O60 km and accreted by ~1.4 Myr aft
IAB-MG could represent a partially formed planetesimal core modified by a subsequent
impact that resulted in core disruption and msiiatate mixirg (Benedix et al., 2000;

Hunt et al., 2017a, 2018). Due to the present uncertainty in the Hf/W ratio and radius of

the IAB-MG parent body, we find that neither model can be ruled out fi§AMualone.

3.5.4 Accretion age inferred from nucleosynthetitap@ compositions

Since the accretion age of the IABG inferred from the [fAV value is ambiguous,
it may be possible to add additional constraints by comparison of mass independent
isotopic compositions of the IABIG to other NC bodies. Some past stadieave
proposed that mass independent isotopic compositions for Cr and Ca of planetary bodies
vary as per their accretion ages (Sugiura and Fujiya, 2014; Schiller et al., 2018). Sagiura
and Fujiya (2014) determined accretion ages for numerous parent hetigsthermal
models of?°Al decay coupled with estimates of the maximum temperatures recorded by
different meteorite groups while Shiller et al. (2018) used estimates of the masses of
planetary bodies to infer accretion age. If Cr and Ca isotopic cotigmssof planetary
bodies did vary with accretion ages, isotopic compositions of other elements, such as Mo,
Ru, and Pd, may have varied with accretion age as well. Given that more meteorites have
been characterized for Mo isotopic compositions compar&ltand Pd, comparison of

mass independent Mo isotopic compositions of the-MB to other NC meteorites
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interpreted to form from fully differentiated, partially differentiated, and undifferentiated
bodies may prove useful.

The mass independemt’Mo isotopic compositiongBurkhardtet al., 2011Budde et
al., 2016, 2019;Poole et al., 2017; Worsham et al., 2017; Bermingham et al., 201i8)
accretion ages (Sugiura and Fujiya, 2014) of NC meteorites (magmatic iron meteorites,
primitive achondrites, achoriths, and chondrites) are comparedrig. 3.3a(also see
Fig. A3.1). Although uncertainties associated with Mo isotopic compositions and
accretion ages are significant, meteorites from planetesimals with younger accretion ages,
as a whole, are charactaizby less Ms-process depletionhe IAB-MG has au°’Mo
valuethat iss-process ufdepleted while enstatite, ordinary, and rumuruti chondrites have
modests-process depletion@Vorsham et al., 2017; Budde et al., 2019). The shif of
process depletea® Mo values towards-process udepletedu®’Mo values with younger
accretion age is suggestive of the WMB5 parent body accreting after the enstatite,
ordinary, and rumuruti chondrite parent bodies. If this interpretation is accurate, the IAB
MG parent bdy may have accreted between 2 to 3 Myr after CAl formation. Since
results of thermal models indicateAl decay alone is not an effective heat source to
cause metal melting after 2 Myr, impact is required to add the additional heat required to

melt metalin the IAB-MG parent body.
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Fig. 3.3 (a) Accretion agess. u°’Mo of magmatic iron meteorites (yellow symbols),
primitive achondrites (light blue symbols), achondrites (purple symbols), and chondrites
(green symbols) from the NC reservoir. The gray tepresents the®Mo value of the
IAB-MG (Worsham et al., 2017). Accretion ages are from Sugiura and Fujiya (2014). (b)
p8AW vs. u®"Mo of magmatic (square symbols) and nonmagmatic (circle symbols) iron
meteorites from the NC reservoir. The gray box repressthe initial f#AV value of CAl
(Kruijer et al, 2014b). Tungsten isotope data are fridmijer et al (2017, Worshamet

al. (2017 andKruijer and Kleine(2019. The Mo values for (a) and (b) areoim
Burkhardtet al (2011),Budde et al., (2016 2019),Pooleet al.(2017), Worshanet al
(2017),and Berminghamet al (2018) Linear regressions for both data sets are shown
with corresponding Rvalues, although linear fits are not required.

A corollary of this relationship is that®’Mo and p'®wW values Burkhardtet al.,
2011;Budde et al., 2016 2019;Kruijer et al., 2017; Poole et al., 2017; Worsham et al.,
2017; Bermingham et al., 201Byuijer and Kleine, 2019pf metals formed in single
stage melting events are also linké&igé. 3.3b,A3.2). The u!®AW andp®’Mo values of
NC iron meteorites define two distinct clusters, possibly indicating a relationship between
radiogenic and nucleosynthetic isotopic compositions. If so, this is likely a reflection of
the relationship between Mo nucleothyetic isotopic compositions and accretion ages.
The isotopically similar IABsLL and IAB-sLM groups to the IABMG are chemically

distinct from the IABMG, suggesting this cluster may represent three separate bodies

(Worsham et al., 20H. The IIE iron meeorites, which fall in the middle of both
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clusters, are isotopically unresolved from either cluster making identification of any clear
trend difficult. Similar clusters are also observed for Ru and Pd isotopes, although these
data sets are more limited lpmber of samples and, for Pd, associated uncertainties

(Bermingham et al, 2018; Ek et al., 2019).

3.5.5 Implications for NC reservoir

Correlations between some isotopic compositions reflecting distinct nucleosynthetic
origins in meteorites (Trinquiet @l., 2009), coupled with the lack of isotopic anomalies
for certain elements observed for bulk meteorites (e.g., Os, Pt) (Walker, 2012; Kruijer et
al., 2013; Worsham et al., 2019) provide strong evidence that the protoplanetary disk was
initially well-mixed. Consequently, some studies have sought to explain the isotopic
heterogeneity observed among bulk meteorites for some elemerite Bybsequent
addition/removal of certain materials to/from parts of the Solar Sys@mTrinquieret
al.,, 2007, 2009 Regelous et al., 2008; Dauphesal., 2010; Burkhardtet al, 2012;
Brenneckaet al, 2013.

The observation that Mo nucleosynthetic isotopic compositions of NC bodies may
vary with accretion ages hamportant implications for the formation of isotapi
heterogeneity in the NC reservoiSpecifically, the data suggest that the oldest
planetesimals formed from mores-process depleted materials, while younger
planetesimals formed from increasingly lesgrocess depleted materials. Correlations
between Moisotopic compositions with Ru and Pd isotopic compositions for NC
materials suggest that this observation may apply to these elements @ewalhgham

et al, 2018; Ek et al., 2019)s such, this indicates that there was an additiarpobcess
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rich material to the NC reservoir, and/or destruction and removal of a cougfed
process rich component. Models calling for adding a couplégprocess rich
component or removingsgprocess rich component can likely be excluded.

Whether thisapparentrelaionship indicates a rapid or gradual addition/removal of
isotopically distinct materials cannot presently be constrained. For example, if mixing of
the NC reservoir was relatively rapid, variations in isotopic compositions for bodies that
accreted over 2 Wt may indicate a gradual addition/removal of material. If, instead,
mixing was relatively slow, addition/removal of matet@lpart of the NC reservomay
have beerrapid and isotopic compositions for bodies that accreted over 2 Myr may
reflect spatial heterogeneities (e.g., Yamakawa et al., 20Mhile accretion ages
represent at least a 2 Myr range, this is not necessarily the timeline of isotopic
heterogeneity in the NC reservoir as accretion ages provide only an upper limit of when
isotopically varable precursor materials existed in the protoplanetary @isk. possible
avenue of adding material to the reservoir could be by late infalling of material from the
parental molecular cloud (Burkharekt al, 2019; Nannet al, 2019; Kruijeret al, 2019.

If correct new constraints indicate this material vBgsocess richlt is also possible that
thermal processinge(g, Trinquier et al., 2009Burkhardt et a., 2012 0oole et al., 2017,
Worsham et al., 2019) may have removed certain matériah the reservoir. If so, this

material was likelycoupledr-/p-process rich.

3.6 Conclusions
Study of the IABMG iron meteorites Campo del Cielo, Canyon Diablo, and Nantan

indicate that the IABMG iron meteorites have mass independelfQs and [®Pt
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valuesthat are unresolved from terrestrial standards. TheNKBiron meteorites have a
p8AW value of-295 + 3, which results in a W model age of meihitate segregation
between 5.3 £ 0.4 and 13.8 + 1.4 Myr after CAIl formation, based on the range of
180Hf/18\W observed in enstatite chondrites. Results thieamal model of®Al decay heat
production indicate that the IABIG iron meteorites could have formed by impact
heating or internal heating, depending on the size of the parent body and the true age of
metl-silicate segregation. The IABIG origin is constrained to impact heating,
however, if nucleosynthetic Mo isotopic compositions of NC meteorites are linked to
accretion ages. This relationshipiggests thas-process isotopic variation in the NC
reservoi occurred from addition af-process rich material and/or removal of coupied

/p-process rich material.
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3.8 Appendix 3

3.8.1Platinummethods
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Platinum isotopic compositions of Campo del Cielo, Canyon Diablo, and Nantan
were determined usingMeptune PlusMC-ICPMS at UMd using the cup configuration
in Table A3.1 A gain @libration was made prior to an analysis. Samples and standards
were prepared as 200 ppb solutions using 5 % kMNBOlutions were introduced to the
mass spectrometer using an Aridus 3, Ar sweep gas, agdsNo stabilize the signal. A
solution baseline as taken at the start of an analytical session and subtracted from all
subsequent measurements. Every measurement included a peak cent&Pton
Measurements were made for 1 block with 30 cycles, with an integration time of 16.777

seconds and a 7 secodte time.

Table A3.1 Cup configuration of thileptune Plus1C-ICPMS for Pt isotope analysis.

Cup L4 L3 L2 L1 C H1 H2 H3 H4
Resistor 10 10t 108 10t 10t 10t 10t 10t 108

Mass 1%0s 1Y 192p¢ 199 199pt  19pt  19%pt  198pp 200Hq
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3.8.2 Suplementalfigures
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Fig. A3.1 Accretion agews. u***Mo of magmatic iron meteorites (yellow symbols),
primitive achondrites (light blue symbols), achondrites (purple symbols), and chondrites
(green symbols) from the NC reservoir. The gray box repreteni{$**Mo value of the
IAB-MG (Worsham et al., 2017). Accretion ages are from Sugiura and Fujiya (2014).
The P4®Mo values arerbm Burkhardtet al (2011),Budde et al. (2016 2019),Poole

et al.(2017), Worshanet al (2017),andBerminghanet al (2018)
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Fig. A3.2 pu'n vs. p®*Mo of magmatic (square symbols) and nonmagmatic (circle
symbols) iron meteorites from the NC reservoir. The gray box represents the initial
p8AW value of CAI (Kruijeret al, 2014b). Tungsten isotope data are frdraijer et al
(2017, Worshamet al (2017 andKruijer and Kleine(2019. The |?*°*Mo values are
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Chapter 4: Origin of th&agle Station Pallasites from the IIF iron
meteorite core

Note: This chapter is currently in reionwith Meteoritics and Planetary Science

4.1 Abstract

The group IIF iron meteorites and Eagle Station Pallasites (PES) have siderophile
element abundansehat are permissive of derivation of all from the same parental metal
liquid. Previously published genetic Mo isotopic compositions and cooling rates of these
meteorites also support a common parent body origin. Modeling of highly siderophile
element (Re Os, Ir, Ru, Pt, Pd) abundances of IIF and PES metal suggests these
meteorites formed mainly by mixing of primitive and evolved solid metals and liquid
metals during a fractional crystallization sequence, rather than simple fractional
crystallization. The type of process can be most parsimoniously explained as a result of

impact induced core disruption and mixing.

4.2 Introduction

Some past studies have sought to explairsiimate and metaiextures of pallasites
by formation at the corenantle boundry of planetesimalsAnders, 1964; Scott, 1977a;
Wood, 1978. Other studies have called for pallasite origins by mixing of core metal and
mantle materials through impact (Wasson and Choi, 2003; Yang et al., 20h@)iray
of mantlederived metal and sitate above the corenantle boundary Wrey, 1966
Mittlefehldt, 1980 Malvin et al, 1985 Davis and Olsernl991;, Boesenberg et al2012)
A key issue with most models of pallasite formation is the requirememforingling

silicate andliquid metd which, because of density differences, is difficult to achieve,
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even in low gravity environmentdNeverthelessdensity separation ofightly-packed
liquid metal and silicatemnay have beepreventedn some circumstances by thegh
pressure ofverlying matrials or rapid crystallization of the metédRayleigh, 1942;
Scott, 197%).

One potential key to discerning between different pallasite origin scenarios is to
assess whether or not metal in pallasites share a relation to treymnetesimal cores
sanpled bymagmaticiron meteorites l(overing et al., 1957 Most attention relating to
pallasiteiron relatiors has been focused on main group pallasites (PMG) and the group
[IAB iron meteorites. The PM@ndIIIAB irons share similaii genet i co O, Mo ,
isotopic compositions, supporting an origin on the same parent body (Clayton and
Mayeda, 1996Burkhardt et al., 2011Dottin et al., 2018). In addition, the metal in PMG
is compositionally similar to that in IlIAB iron meteorites, allowing for the pobsibi
that the pallasite metal formed from tharental melt to th8IAB iron meteorites (Scott,
1977a; Wasson and Choi, 200Blpowever, differences in the measured cooling rates of
[IAB irons (50-350 K/Myr) and PMG metal (2:58 K/Myr) are difficult to &plain in a
common core scenario, and have been interpreted by some to suggest that the IlIAB irons
and PMG ultimately formed on separate parent bodiesd et al. 2010) A pallasite
iron relationship may also exist for the ungrouped Milton pallasiteSandh Byron Trio
(SBT) iron meteorites, which share identical genetic isotope signatures, although it is
problematicto chemically relatehem to the same parental melt (Hilton et al., 2019;
McCoy et al., 2019).

A potential ironpallasite relationship fothe IIF iron meteorites and Eagle Station

Pallasites (PES) was suggested by Kracher et al. (1980), based on similar, elevated Ge/Ga
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ratios of metal. Iron meteorites typically have Ge/Ga ratios of <4 (Lovering et al., 1957),
while the IIF irons and PES nathave unusually high ratios near 14 (Kracher et al.,
1980). However, these authors ultimately ruled out any petrogenetic relationship due to
the lack of any clear relationships in the limited suite of measured siderophile element/Ni
plots. As such, thipotential relationship has not been further explored in much depth.
The PES now ostensibly consists of five pallasites (Eagle Station, Cold Bay, Itzawisis,
Karavannoe and Oued Bourdim 001) that have been grouped based on chemical
compositions of metal antthe unusuat®O-rich oxygen isotopic compositiongI{’O = -

4. 68 a) of ol dClaytoead Mageday 1998orochadt3ey et al., 2013;
Humayun et al., 2014; Bouvier et al., 2017). The IIF iron meteorite group currently
consists of six members (Dorofeevka, Del Rio, Monahans (1938), Repeev Khutor
Corowa, and Purmela), which are grouped based on similar chemical compositions of
some siderophile elements (Kracher et al., 1980; Connolly, Jr. et al., 2006). In this study,
we analyze all six IIF irons and four PES for siderophile element abundarnt&e&s

isotope systematics to-essess a common parent body origin.

4.3 Materials and mthods

Chunks of Eagle Station, Cold Bay, Corowa, and Del Rio, and a polished section of
Itzawisis (USNM 7796a) were obtained from the Division of Meteorites, Depattof
Mineral SciencesSmithsonian InstitutionChunks of Dorofeevka and Repeev Khutor
were obtained from the Committee on Meteorites at the Russian Academy of Sciences,
and Oued Bourdim 001, Monahans (1938) and Purmela were obtained from the Center of

Meteorite Studies at Arizona State University. Smaller me&tes were cut fronthe
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meteoritechunks, when necessanging a watecooledLeco Varicutsaw and a 12.7 cm
diamondwafering bladeCarborundum was used to clean thade prior to cutting e&c
meteorite Each cut meteorite piece was polished using a range of edarfsee-grit SiC
sandpaper to remove sawblade matken sonicated in ethandb remove sawing and
polishing residue

All six IIF irons and two PES were analyzed for sideropklEment abundances
situ using lasewablation inductively coupled plasma mass spectrometrylCAMS). A
New Wave UP218ltraviolet laser was used, coupled tdleermoFinnigan Element2 at
the University of Maryland (UMd), following similar methods oefed by Walker et al.
(2008). Absolute concentrations were obtained from comparison witbuse laboratory
reference iron meteorites Coahuila, North Chile, and Hoba. Data normalization was
achieved using Ni concentrations reported by Wasson (1969}, &8ub¥Vasson (1976),
Scott (197d), Connolly, Jr. et al. (2006), and Bouvier et al. (2017). Concentrations of Fe,
Ni, and Co were then totaled to 100 % and concentrations of other siderophile elements
were calculated relative to this total. Average conegions and 1SD uncertainties for
two to eight laser ablation tracks from each meteorite were determined. Eagle Station and
Cold Bay were not analyzed by EKCP-MS.

With the exception of Itzawisis, concentrations of highly siderophile elements (HSE;
Re, G, Ir, Ru, Pt, Pd) antf’Re-*®'Os isotopic data were determined using the isotope
dilution method used by Walker et al. (2008hot 40 to 9 mg metal pieces of each
meteorite wereombined in a&PyreX’ Carius tubewith 5 ml of concentrated HN§ 2.5
ml of concentrated HCla platinumgroup element spiket¥r, **Ru, *Pt, and®Pd)

and a ReDs spike 1¥*Re and'®®0s). Tubes were sealed and heateddbteast 24 h at
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240 °C (Shirey and Walker, 1995)he tubes werallowed to coolppenedand solutios
were transferred to centrifuge tubes, containing4sCOkmium was extracted using the
CCls solventextraction method of Cohen and Waters (1996) and then Os was purified
using a microdistillation procedure (Birek al, 1997).Spiked Os samples were aymdd
by a ThermaoFisher Triton thermal ionization mass spectrometer determine Os
concentrations antf’0Ost®0s ratios Walker et al., 208). Osmium isotopic data were
corrected for instrumental and natural maastionation by normalizing®?0s*¥%0s to
3.08271 (Allegre and Luck, 1980).

The other HSEvereseparated anplurified using an anion column procedutteen Re
and Ru separates were further purified usingadditional anion columfWalkeret al.,
2008. The HSE solutionsvere evaporated to dmgss and dissolved in 0.8 N HAIO
Aliquots for Re analyses were doped with W in order to correct for instrumental mass
bias.Final lutions weremeasured using BhermaFisher Neptune Plusnulti-collector
inductively-coupled plasma mass spectrometer atdJkxcept for Eagle Station and
Cold Bay, which were analyzed usingNa Plasmamulti-collecor inductively-coupled
plasma mass spectrometatso at UMd. The blanks (n = 3) for these methods ranged
from 1to 3,3to 5, 1to 2, 3to 80,5 1to 6, and 2 td pO Re, Os, Ir, Ru, Pt, and Pd,
respectively, which have an inconsequential effect on the reported concentratiens.
uncertainties foRe, Os, Ir, Ru, Pt, and Pd abundances were estimated to be 0.2 %,
+0.3 %, +0.2 %, +0.08 %, 0.4 %, and 0.2 Béspectively, based on the
reproducibility of two separately prepared samples of Monahans (1938). Uncertainties for
1870s880sratioswere estimated to be +0.1 %, and the uncertaintie$fRe/%%0s ratios

were estimated to be &%.
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4.4 Results

Sideophile element abundances determined bylCR-MS for the IIF irons and two
PES are reported iffable 4.1. Average concentrations generally agree with those
reported by past studies within 20 %, with a few values differing as much as 150 % (the
three greast deviations are 150 %, 83 % and 44 %, observed for Odrowa, Rel
Corowa, and A$ Itzawisis, respectively) (Wasson, 1969; Scott and Wasson, 1976; Scott,
1977; Connolly, Jr. et al.,, 2006; Bouvier et al., 2017). Highly siderophile element
abundancesjetermined by isotope dilution, are reportedTaible 4.2. Abundances of
HSE agree with those determined by-L&P-MS within 34 %. The R@®s isotopic data
are also reported iable 4.2. The IIF irons are characterized by a moderate range of
18'Ref®0s aml 8’0st%%0s ratios of 0.3675 to 0.5901 and 0.12444 to 0.14315,
respectively. The PES are characterized by a lesser ranf®af®0s and'®’0st®0s
ratios of 0.3654 to 0.4836 and 0.12477 to 0.13456, respectively. The IIF irons and PES
have Aos valuesranging from +1 + 1 to +25 £ 1, calculated as the part per 10,000
deviation from the'®’0st®0s ratio of a sample to a 4.568 Ga reference isochron,
assuming an initial Solar Systeti’'Osf®0s = 0. 09517 andyrte =
(Smoliar et al 1996; Archeret al., 2014 (Fig. 4.1). The largest deviation of +25 + 1 was
determined for Cold Bay, of which our piece was highly rusted (Scott, dL977
Nevert hel ®wwbkes aré tomsstent with these meteorites experiencing limited

opensysten behavior for the HSE since metal crystallization in the early Solar System.
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Table 4.1 Average siderophile element abundances of IIF iron meteorites and two Eagle Station Pallasites (PES)
determined by LACP-MS.

Dorofeevka Del Rio Monahans (1938’ Purnela Repeev Khutor Corowa Itzawisis Oued Bourdim 001
Re 2.04+0.03 1.60+0.07 1.06 +0.05 0.74+£0.05 0.19+0.04 0.06+£0.01 1.7+0.2 0.35+0.02
Os 271 21+1 11.5+£0.2 9.6+0.4 1.33+0.08 0.64+0.04 24+2 35+0.2
W 1.26+0.07 1.2+01 2.6+05 0.76 £0.05 0.72+0.04 0.21+0.03 0.3+0.1 0.33+0.05
Ir 23%1 19.6+0.8 13.8+0.2 9.8+0.4 2.8+0.2 0.80+0.04 21+1 5.7+0.1
Mo 11.4+0.6 11.9+0.7 13+2 104+0.4 13.1+0.9 17+2 13+1 14.4+0.7
Ru 21.7+0.7 19.2+0.8 18.6+0.4 12.0+04 11.0+0.3 38+05 19+1 11.3+0.8
Pt 273x07 24zx1 254+04 153+04 16.1+£0.5 46+0.1 24+1 17.0+£0.5
Rh 255+0.09 22+01 2.34+0.08 1.60+0.02 2.12+0.05 148+0.03 24+0.2 20+0.1
Ni 11.3+0.2 11.6+05 9.9+0.3 11.1+0.3 12.2+0.1 13.2+0.6 15+2 16+1
Co 6690+60 6900+ 100 6200 + 100 6000 £ 100 7030 * 60 6900 + 200 8400 + 600 9400 + 500
Fe 88.0+0.2 87.7+05 89.5+0.3 88.3+0.3 87.1+0.2 86.1+0.6 84z%2 83.21+0.9
Pd 3.0%0.2 27+01 2.8+0.2 2.6+0.2 43+0.2 50+0.1 42+07 5407
As 55+04 49+01 5.0%0.2 51+0.1 11.9+0.2 17+1 11+2 11.6+0.8
Au 0.80+0.04 0.69+0.3 0.69+0.05 0.62+0.01 14+10.1 2.06+0.03 1.4+03 1601
Cu 320+20 3363 240+ 10 307+1 293+7 250+9 330+50 23010
Ga 100+05 9402 9.3%0.6 12.7+0.5 104+£0.2 10.3+0.3 59+05 7.8+0.2
Ge 132+4 100+ 2 123+2 32+1 159+3 165+ 4 90 £ 10 118+ 2

Abundances are repodén ppm and wt. % (Ni and Fe). 1SD uncertainties are also reported.
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Table 4.2 Highly siderophile element abundances andResotope systematics of PES and IIF iron meteorites

determined by isotope dilution.

Meteorite Catalog Mass Re Os Ir Ru Pt Pd 1Ref%0s ¥0st%0s  Kos
IIF

Dorofeevka KMAN 0.0735 2275 29818 24610 23750 27770 3494 0.3675  0.12444 +2+1
Del Rio USNM 6160 0.0415 1832 23474 20560 21490 25880 3282 0.3760  0.12505 +2+1
Monahans (1938) ASU 256  0.0630 1103 12037 14100 20770 25520 3231 0.4415  0.13119 +11+1
Monahans (1983p ASU 256  0.0824 1100 12007 14080 20760 25620 3226 0.4418  0.13118  +11+1
Purmela ASU 1515 0.0954 863.6 10988 10730 13850 17220 3484 0.3786  0.12519  +1+1
Repeev Khutor KMAN 0.0405 186.4 1524.5 2867 11880 16860 4997 0.5901  0.14315  +13+2
Corowa USNM 7230 0.0751 75.69 795.62 868.2 3330 4931 6339 0.4585  0.13155  +1+2
PES

Eagle Station USNM 0.0386 1167 15099 12310 17910 22240 4534 0.3723  0.12477 +2+1
Cold Bay USNM 00452 638.2 8413.1 7705 14310 20030 6497 0.3654  0.12656  +25+1
Oued Bourdim001 ASU 1860  0.0643 369.7 3687.0 5819 12400 17060 6066 0.4836  0.13456  +12+1
Values are reported i n gésiathepart perl0,008 desiaticn 0ofdiéqsiT0s
ratio of a meteorite from a 4.568 Ga reference isochron, calculated from an initial Solar $yestfOs =

0.09517 and Yagr!@GSmdliar & 6.6996 Ardhéret al., 2013 KMAN = Committee on Meteorites,
Academy of Sciences,UBsia. USNM = Division of Meteorites, Department of Mineral ScienSasthsonian

Institution ASU = Center for Meteorite Studies at Arizona State University.
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Fig. 4.1. (top) ¥'Re®80svs. Aos plot for theiron meteorites and pallasites from this
study . osiAthe parts per 10,000 deviation of t@st80sratio of a sample fronthe
4.568 Ga reference isochron in the bottom figetton) ¥'Ref80svs 18’0st80s
plottedwith a 4.568 Ga reference isochron, calculated from an initial Solam®yste
1870st80s = 0. 09517 aYyd (Seoliar et 411996 Archeret dl.0
2014.

4.5 Discussion
4.5.11IF iron meteorites

Wasson (1969) reported similar Ni, Ga, Ge, and Ir abundances for Corowa and
Monahans (1938), leading to the suggestioat the two may be related. Publication of
Ni, Ga, Ge, and Ir abundances for Dorofeevka, Del Rio, and Repeev Khutor by Scott and
Wasson (1976) led to a new interpretation that Dorofeevka, Del Rio, and Monahans

(1938) should be considered an iron trind dahat Repeev Khutor and Corowa may be a
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possible iron duo. This idea was then modified by Kracher et al. (1980) after measuring
these five irons for abundances of additional siderophile elements, including Co, Cu, As,
W, Re, and Au. Kracher et al. (198@)ncluded that these irons should be designated as a
new iron meteorite group they termed the IIF irons. Purmela was later analyzed for Ni,
Co, Ga, A, and Ir abundances (Connadliyal., 2006), and classified as the sixth member
of this group.

Siderophie element abundances determined byIC&-MS for the six IIF irons are
compared irFig. 4.2. Major variations (200 to 4,000 %) are observed in the abundances
of Re, Os, W, Ir, Ru, Pt, As, Au, and Ge among the IIF irons, while moderate variations
(4 to 100%) are observed for Mo, Rh, Ni, Co, Fe, Pd, Cu, and Ga. Kracher et al. (1980)
interpreted the variations in siderophile element abundances in IIF irons to be a result of
fractional crystallization in a common core. The variations observed here are broadly
consistent with those observed for other iron groups interpreted to be products of
fractional crystallization (SBT, IVA, IVB), measured using similar techniques (Walker et
al., 2008; McCoy et al., 2011, 2019), supporting this idea. If true, the degvadaifons
for the element concentrations of IIF irons likely reflect the partition coefficients (D
values) of these elements between solid metal and liquid metal during fractional
crystallization. Major variations of certain element abundances may baireglby
highly compatible (D values >> 1) or incompatible behavior (D values << 1) during
fractional crystallization, while moderate variations of certain elements suggest D values

closer to 1.
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Fig. 4.2 (top) Siderophileelement abundances, normalizedC| chondrites (Lodders,

2003), for six lIF irons and metal for two PES obtained bylCR-MS. (botton) Highly
siderophile element abundances, normalized to CI chondrites (Horan et al., 2003), for the
lIF irons (eft) and PESr{ght). Data were obtainelaly isotope dilution except for

ltzawisis (LA ICP-MS).

An origin of the IIF irons by fractional crystallization can be further evaluated by
comparison of the higprecision HSE concentration datad. 4.2), obtained by isotope
dilution, to fractional crgtallization models (e.g., Walker et al., 2008; McCoy et al.,
2011; Hilton et al., 2019). To do this, we use the parameterization method most recently
discussed by Chabot et al. (2017) for calculating solid rtigtad metal D values during
fractional crtallization This approach is necessary as D values of siderophile elements
typically vary depending on the S, P, and/or C content of a liquid Jemes and Malvin,
199Q Chabot and Jones, 2003; Worsham et al., @0I®e approach used here treats the

initial S content of a liquid as the only free parameter, and the D values of P and C are
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calculated as the initial S content is varied, based on experimet¢aiyed Svs D value
relationships (Chabot et al., 2017). The corresponding initial P armhtérds for each
initial S content model are then calculated by applying the calcufaged! C D valuet
the P and C contents of the first i ron
crystallization. The D values for the HSE and their initial cgorirations are then
determined in a similar way, but with consideration to the combined effect of the liquid
S, P, and C content on HSE D values. Element D values are then calculatedOat 8ach
of fractional crystallizationwhile calculatingthe chang in S, P, and C content of the
liquid as fractional crystallization progrességiditional details about these calculations
are provided irAppendix 4

For iron meteorites that form as a result of simple fractional crystallization,
abundances of compalib (Re, Os, Ir, Ru, Pt) and incompatible (Pd) HSE typically
produce well correlated trends. This is not observed for the IIF iFigs4.2), however,
indicating that the IIF irons are either not all related to the same parental melt as
envisioned by Kraeer et al. (1980), or require an additional process(es) to account for
deviations from a simple fractional crystallization model. This is highlighte&ign
A4.1, which shows that no simple fractional crystallization model can account for the
HSE abundares of more than one IIF iron at a time. Therefore, to further examine their
possible origin by fractional crystallization, we consider the effects of mixing solids with
equilibrium or norequilibrium melts, which are scenarios that have been applieddo oth
iron meteorite groups with complex chemical compositions (e.g., IIIAB; Smoliar, 1999;
Wasson, 1999; Cook et al., 2004). If, for example, crystallizing solid traps liquid that it

crystallized from, subsequent diffusion may result in equilibrium soliGlrigtid metal
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mixing (Wasson, 1999). Alternatively, solid metal and liquid metal produced at different
intervals of a crystallization sequence (i.e.,4eguilibrium) may mix if a solid portion of

a partially crystallized core is fractured, evolved layunfiltrates the fractures, and the
primitive solid and evolved liquid equilibrate by diffusion (Smoliar, 1996; Cook et al.,
2004). The additional details of equilibrium and remquilibrium mixing calculations are
provided inAppendix 4(Chabot, 2019).

Since the IIF irons cannot be related by simple fractional crystallization, we constrain
our model by assuming Monahans (1938), which has the lowest abundance of Pd, is the
only Asimpleodo solid. The HSE abundaforces of
by invoking norequilibrium solid metaliquid metal mixing Fig. 4.3). If most IIF irons
are the products of neequilibrium solid metaliquid metal mixing, there are potentially
endless parental melt compositions that the IIF irons could havellizgstdrom. This is
because multiple combinations of solid mdigliid metal mixing, including between
three or more endmember compositions, can produce the same HSE compositions (e.g.,
Fig. A4.2: Revs Pdsystematics between tlieree model®f Table 4.3). Given this, we
restrict the possible parental melt compositions for the IIF irons to those with relative
abundances of HSE that are within the ranges observed in chondrites (Horan et al., 2003;
FischerGddde et al., 2010). Possible compositions atediinTable 4.3 and shown in
Fig. 4.4, with Model 1 (S = 14 wt. %) having relative abundances of HSE in the middle
of the range observed in chondrites, while Model 2 (S = 11 wt. %) and Model 3 (S = 17
wt. %) have relative abundances of HSE that areeaextremes observed in chondrites.
Changing the S content >17 wt. % or <11 wt. % requires parental melts with relative

abundances of Pd, compared to the other HSE, that are outside the ranges observed in
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chondrites (Pd depleted and Pd enriched, respegtivel Pd depletion relative to the
other HSE was observed for the IVB iron meteorite parental melt (Campbell and
Humayun, 2005; Walker et al., 2008), but it was coupled with depletions for volatile
elements. The IIF irons are volatilieh compared to thé/B irons, making a relative
depletion in Pd composition due to volatility unlikely. Worsham et al. (@0dbserved,

for the parental melt of the IABLM iron meteorite subgroup, a Pd enrichment relative
to other HSE, which was suggested to reflect fometiion of refractory elements by a
volatility-driven process. However, the IIF irons do not exhibit depletions in other
refractory elements (e.g., Mo), making this explanation for the IIF irons also unlikely

(Fig. 4.2).
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black and red, respectiveliitial solid and liquid compositions are shown as black and
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lines reflect 10 %ncrements.
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Table 4.3 Projected parental melt compositions of the-BIES
parental core based on three models discussed in the text.

Re Os Ir Ru Pt Pd S P C

Model 1 300 3600 3450 6000 7200 4300 14 0.4 <0.05
Model 2 480 5800 5500 8500 10300 4300 11 0.5 <0.05
Model 3 175 2050 2100 3950 4750 4050 17 0.3 <0.05

Values are in ppb for HSE and wt. % for S, P, and C. Models 2 and 3
define the endmembers of the possible parental melt compositions
with chondritic relative abundances of HSE. Model 1 is thddiei
solution in this range.
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Fig. 4.4 Calculated HSE parental melt compositions, normalized to Cl chondrites (Horan
et al., 2003), of the IHPES for Models 1, 2, and 3 compared to parental melt
compositions of the IVB (Walker et al., 2008), IVA (MaZet al., 2011), and SBT irons
(Hilton et al., 2019). The average HSE composition of carbonaceous chondrites is also

shown (Horan et al., 2003; FiscHebdde et al., 2010).

Using composition Model 1, Monahans (1938) is accounted for as a solid produced

after 13 % fractional crystallizatior=(g. 4.3). The compositions of Dorofeevka and Del
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Rio can be accounted for by mixing solids formed after 3 % and 5 % crystallization,
respectively, with evolved liquid present after ~45 % crystallization. The HSE
abundnces of Repeev Khutor can be broadbkgneated by mixing a solid formed from

23 % fractional crystallization with a liquid present after ~45 % fractional crystallization.
This norequilibrium mixing of evolved liquid with earlier formed solids may hagerb
achieved by fracturing of the crystallizing core, followed by mobilization of the evolved
melt throughout the fractures (Smoliar, 1996). One way to fracture a crystallizing core
may be through impact.

The composition of Corowa is more difficult to reduce by mixing of primitive
solids and evolved liquids. It is best accounted for by mixing evolved solid and primitive
liquid, such as solid formed after ~45 % fractional crystallization with liquid formed after
~13 % fractional crystallization. This swio is difficult to envision, however. One
possible mechanism leading to the mixing of an evolved solid and primitive liquid may
be in an inwarebut crystallizing core coupled with late segregation of primitive metal
from the mantle. Addition of primite, residual liquid from the mantle may have caused
the evolved composition of the liquid outer core to shift toward a more primitive
composition. Subsequent nequilibrium solid metaliquid metal mixing may then
appear as mixing between evolved solid apdmitive liquid (Smoliar, 1996).
Alternatively, Corowa may sample the same IIF core but formed in a magma chamber
that was isolated from the domain in which the other IIF irons crystallized. Separate
magma chambers in the IIF core may have been prodbgednward dendritic
crystallization, which could have resulted in slightly chemically variable magma

chambers that ultimately crystallized somewhat different solid compositions (Haack and
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Scott, 1992). This possibility has been envisioned to explain thiates of some
IIAB iron meteorites chemical compositions from simple fractional crystallization
models (Haack and Scott, 1993).

While all other IIF irons can be produced by invoking solid midaid mixing,
Purmela is the exception. For example, la®as inFig. 4.3, mixing is needed to explain
abundances of Re, Os, Ru, and Pt, but not Pd. In addition, while our new Ge/Ga ratios for
the IIF irons of between 11 to 16 are consistent with the ratios of 11 to 17 reported by
Kracher et al. (1980), Purmeleas a Ge/Ga ratio of 3. This lower ratio is due to a lower
Ge abundance than observed for any other IIF iron. Fractionating Ge from Ga in order to
obtain this ratio is difficult to envision by fractional crystallization since Ge and Ga have
similar partitoning behaviors (Chabot et al., 2017). As such, these chemical differences
together suggest that Purmela may not be a IIF iron and may instead derive from a parent
body with a similar, but different bulk chemistis such, wequestionPurmel® s cur r ent

status as a lIF iron and submit tHatther study of this meteorite is warranted.

4.5.2 Eagle Station Pallasites

Itzawisis, Eagle Station and Cold Bay were designated the Eagle Station Trio by Scott
(197d). Karavannoe and Oued Bourdim 001 have since lmied to this trio
(Korochantsev et al., 2013; Humayun et al., 2014; Bouvier et al., 2017), bringing the total
number of PES members to five. Highly siderophile element abundances of four PES are
compared irFig. 4.2. Like the IIF irons, the PES metal dotriorm well correlated trends
for compatible and incompatible HSE abundances. For example, Cold Bay is enriched in

compatible and incompatible HSE compared to Oued Bourdim 001. As a result, the metal
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in these pallasites cannot be produced by simple drzatticrystallization from a common
liquid. This is also highlighted iRrig. A4.1, which shows that the PES metals match solid
compositions for Res Pd with 6 wt. % S, but Rts. Pt/Os compositions require 14 wt.
% S. These chemical trends suggest PE&Infietmation from solid metdiquid metal

mixing, as discussed for the IIF irons.

4.5.3CommoniF-PEScore

The limited data sets of Kracher et al. (1980) were used to suggest that the IIF irons
and PES share chemical similarities, although not enaugidicate derivation from the
same body. We find that the new siderophile element abundances of Itzawisis and Oued
Bourdim 001 fall near the siderophile element ranges observed among the IIF irons and
are permissive of a common parent body oridtig.(4.2). The PES also have HSE
abundances that fall within the ranges observed for the IIF iFigs4.2). For example,
the PES form a striking trend with Del Rio and Dorofeevka fovdPPt/Os Fig. 4.3).
The HSE compositions in PES metal are comparedetérélational crystallization Model
1 of the IIF irons inFig. 4.3. The HSE abundances of the PES fall within the ranges
permitted by mixing of initial solid and solid produced after ~20 % crystallization with a
liquid produced following 25 % to 45 % crgéifzation. Invoking two endmember
mixing between these solid and liquid ranges can broadly reproduce the HSE
compositions of the PES-ig. 4.3). As such, it is plausible that the IIF irons and PES
formed from a common liquid and, consequently, a commaa co

Proposed origins for the PES include formation at the-gwmetle boundary, based

on the concentrations of rare earth elements in phosphates present in Eagle Station (Davis
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and Olsen, 1991), and formation through two impacts, the first of which ceueted
silicate melting and the second of which causextal intrision into olivine (Malvin et

al, 1985. Contrary to the model by Malvin et al. (1985), an origin of PES metal in
association with the IIF core suggests formation near thencandle boundar on a
differentiated body that was melted by internal heating. However, as proposed by Malvin
et al. (1985), an impact may have caused metal intrusion into olivine. An impact could
also explain the neequilibrium mixing required for IIF and PES metal HSE
compositions. For example, an impact could have fractured a partially crystallized core,
causing multiple endmember mixing of solids with liquids, in addition to mixing between
metal and olivineKig. 4.5). Impact is also consistent with the highly ang&nd likely

fractured) olivines in the PES (Scott, 189%cott and Taylor, 1990).
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T

1. Impact breaks up core
2. Non-equilibrium
mixing of “primitive”
solid inner core and
“evolved” liquid outer
core
3. Mixed metal cools,
trapping olivine
Fig. 4.5 Cartoon depicting the preferred scenario for forming the PES. An impactor
disrupts a partially crystallized IIF core, resulting in the -eqailibrium mixing of

Aprimitivedo solid and fAevolvedo |l iquid. Si
rapidly cools. Cartoon is not to scale.

Mixing of primitive solids and evolved liquids, as proposed here for most IIF irons
and all PES, was also invoked forethllAB-PMG (Scott, 1977a; Wasson and Choi,
2003). However, this scenario was discounted by Yang et al. (2010), in which the authors
noted faster cooling rates for IlIAB irons (330 K/Myr) compared to PMG (258
K/Myr). These authors interpreted the bog rate differences to reflect that the I111AB
irons and PMG did not form on the same parent body. In comparison, the IIF irons and
PES have more consistent cooling rates-6f K/Myr (Rasmussen et al., 2001) and 15

K/Myr (Yang et al., 2010), respectivelgermissive of a common core origin. In addition,
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the potential irorpallasite relationship is also supported by identical genetic Mo isotopic
compositions reported for the PES (Burkhardt et al., 2011) and IIF irons (Kruijer et al.,
2017; Worsham et al2019). Due to these consistencies in chemical compositions,
cooling rates, and genetic isotopic compositions between the IIF irons and PES, this may

be the most promising irgpallasite relationship yet discovered.

4.6 Conclusions

Study of the siderophilelement abundances present in metal in IIF irons and PES
provides permissive evidence for derivation from a common planetesimal core. The HSE
compositions of neither group can be explained solely by simple fractional crystallization
and require substantiaolid metalliquid metal mixing. As such, these meteorites most
likely formed as a result of mixing of various components of a partially crystallized core,

disrupted by an impact.
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4.8 Appendix 4

4.8.1 Fractionalcrystallizationmodeling
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The concentrations of S, P, C, and HSE in liquid during fractional crystallization were
determined using Eqg. S1. In this equatibn,s thefraction of liquid (n = 100 is pure
liquid), Cin is the concentration of an element in the liquid phase,aarkd D is the
partition coefficient of an elementhe concentrations of these elements were calculated
at eachD.1 %of crystallization. Aconsant partition coefficient of 0.00&as usedor S
(Walker et al., 2008). The partition coefficients for P and/é&e determined at eachnF
by considering the concentration of S and P or S and C, respectively, in theatidid
Equation 2 is used to ecount for the effects o0& onP and C partitioning behavior
(Chabot and Jones, 2003).

Values of 3 for P and C are taken from Chabot et al. (2017) and Worsham et al.
(2016) r e s pe cdecivaiable s detefimmed ufing Eq. $Bones and Malvin,
1990) , i sanwdbd fceh thaken fr om Ch achsotdken drdam a |
Worsham et al. (20E). For P, the effects of C are not considered and for C, the effects
of P are not secamgsi dieFree dd o MalCeab®foet a.,E217) S
vaniables are calculated at each Where X is the mole fraction of an elemerithe
initial P content of the IIF parental melt was constrained by considering the P content of
Monahans (1938), 0.09 wt. % (Buchwald, 1975). Initial S and C contents were
deternined iteratively.

After determining the concentration of S, P, and C at eacth& D values for the
HSE are calculated at eachusing Eq. 3-$4 by collectively considering the changes in
S, P, and C content in the liquid (Jones and Malvin, 1990; Gheimb Jones, 2003;
Worsham et al., 2085 Chabot et al., 2017). The concentration of HSE in the liquid at

each Fkis then determined using Eql &nd the solid composition &) at each Fis
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determined using Eq.5SFor solid metaliquid metal mixing, te composition of the

' iquid endmember (Atr app endollomag the@pproastacd det e

Chabot (2019). The concentration of S in the liquid at eaclwas divided by 36.5 to

determine the fAx0 value. Th é&wdileSi&ermiretdlyent r a

Eqg. S6.

CLn

Eq.51:C,,._, =
A= M SR T 1 Fy Dy )

1 [Fe domains]Pspc

Eq.82: — =
Q.54 5 D,
Eq.S3 2%s e o
a-53: Bsec = 2Xs + 4Xp + 4XJ Bs + [2x5 +4Xp + 4}(0} Pe + [2}(5 +4Xp + 4X¢ Be

1—2X, — 4Xp — 4X,

Eq.S54:Fe d ins =
q e domains T-X, —3X, — 3X,

EqS5 CSH = CLHDH

Crn

(1-x)

Eq.Sé: Ct‘rapped melt =
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Fig. A4.1 Fractional crystallization models compared to IIF irobgp)( and PES

(botton). (top) The Ptvs Pt/Os compositions of IIF irons can be explained as metal from

simple fractional crystaltation for a system with 16 wt. % S, but f& Pd compositions

require 3 wt. % S. Corowa cannot be related to the other IIF irons as a simple fractionally
crystallized solid in any modelbgtton) The Ptvs Pt/Os compositions of PES can be
explained agnetal from simple fractional crystallization for a system with 14 wt. % S,

but Revs Pd compositions require 6 wt. % S.
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Fig. A4.2 Revs Pd compositions of the IIF irons and PES metal compared to fractional
crystallization models using parental madhgositions of Model 1, Model 2, and Model

3. Solid metal and liquid metal evolution lines are shown in black and red, respectively.
Initial solid and liquid compositions are shown as black and red stars, respectively. Grey
lines reflect mixing of solid ainitial, 10 %, and 20 % fractional crystallization with a
liquid after 45 % crystallization. Tick marks on mixing lines reflect 10 % increments.
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Chapter 5:Constraints on the chemical characteristics of the
noncarbonaceous (NC) and carbonaceous (CG)laekeservoirs

5.1 Abstract

The projected bulk highly siderophile element (HSE; Re, Os, Ir, Ru, Pt, and Pd)
characteristics of the parent bodies of ten magmatic iron meteorite groups/grouplet (IC,
[IAB, IIC, IID, IIF, IAB, IlIF, IVA, IVB, and South Byron Trio) are compared in order
to assess whether thare chemical differences between the isotopically distinct
noncarbonaceous (NC) and carbonaceous (CC) nebular reservoirs. With few exceptions,
the relative abundances of HSE inferred for each of dhenp bodies are similar and
show no resolvable difference between NC and CC heritage. Thus, the processes driving
genetic isotopic heterogeneity in the early Solar System evidently did not leave
discernable chemical fingerprints, with respeqbriacessig of HSE, on the bulk
planetesimal scale. By contrast, the absolute abundances of HSE projected for parent
body cores, on average, are higher in the CC bodies compared to the NCadies
most likelyreflects proportionallysmaller cors, on average, wbh in turn may indicate
that at least som@C parent bodies were more oxidized than NC parent bdihes.
distribution of Fe inferred between the core and mantle of these planetary bodies shows a
weak correlation with model core segregation ages, suggedhtt the timing of

planetary differentiation may have been affected by the oxidation state of the body.

5.2 Introduction
It is well established fronthe nucleosynthetic i g e iIsaopi¢ aompositions of
certain elements (e.g., Cr, @ndNi) in bulk meteorites thgparent bodies accreted from
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differing proportions of precursor materials with diverse isotopic compositions (e.g.,
Trinquier et al, 2007, 2009Leya et al., 2008; Regelous et al., 2008urther, studies
comparing genetic isotopic compii@ns of bulk meteorites have shown that two
isotopically distinct reservoirs referred to as the noncarbonaceous (NC) and
carbonaceous (CQleservoirs were present in the early Solar System (e.g., Warren,
2011) This division is especially well documeatl with respect to nucleosynthetic
anomalies present for certasiderophile elements (e.g., Ni, Mo, W, Ru, and Pd) in iron
meteorites and pallasites (e.g., Budde et al., 204 Auijer et al., 2017; Bermingham et
al., 2018; Ek et al., 2019; Nanne et 20]19).

The process(es) resulting in the heterogeneous accretion of isotopically diverse
presolar materials to parent bodies accreting within and between the NC and CC
reservoirs remains unconstrained. Numerous ideas have been proposed, including that the
heterogeneous accretion of isotopically diverse materials reflects the initially
heterogeneous distribution of these materials in the parental molecular cloud (e.g.,
Dauphas et al., 2002). It has also been suggested that the heterogenous distribution of
isotopically distinct materials was due to the physical sorting of materials by size or type
(e.g., Regelous et al., 2008) or the thermal processing of materials (e.g., Trinquier et al.,
2009). The heterogenous distribution of isotopically distinct matemayg also result
from the late addition of isotopically distinct materials (e.g., Brennecka et al., 2013).

To complement genetic information, tH&Hf-'®AN isotopic systematic®f iron
meteorites have been used to provide constraints on thevedlating of metalsilicate
segregation of parent bodies (e.g., Kleine et al., 2009; Kruijer et al.a20047). In

certain instances, modéfAW ages can be combined with thermal models of heat
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production in a planetesimal to constrain parent body aoorages (e.g., Kruijer et al.,
2014a, 2017; Hilton et al., 2019). Such ages may be important for understanding the
origins of the NC and CC domains (e.g., Kruijer et al., 2017).

One aspect of the NCC dichotomy that has been pursued less vigoroumsn t
genetic and chronologic differences is the exploration of potential chemical differences
between the two nebular reservoirs-Ga |l | ed fAmagmati co 1 ron
grouplets (defined as having 5 or more, and 3 or more members, respebiasipn,

1974 are particularly valuable for comparing the siderophile element compositions of
individual parent bodies from these reservoirs, as they are commonly interpreted to be
fragments of planetesimal cores, dominantly related by fractional crysializ@.g.,

Scott, 1972 As such, the siderophile element content for group/grouplet members can be
used to determine the fractional crystallization and mixing sequienvodved in the
generation of the group/groupleind viable crystallization models che gojected back

to a parental melt composition. This composition is normally presumed to represent the
composition of the bulk core. This method can additionally provide constraints on the
parental melt S, P, and C concentrations as thleseents castrongly affect siderophile
element solid metdlquid metal partition coefficients (D values) (e.dones and Malvin,

1990; Chabot and Jones, 2003; Chabot et al., )2@¢0f highly siderophile elements
(HSE; Re, Os, Ir, Ru, Pt, and Pd) bulk core compdson may reflect the relative
abundances of the bulk planetesimal, whereas for moderately and/or multivalent elements
(e.q., Fe, Ni, and S), constraints on the bulk core composition can, in turn, be used to
constrain the distribution of these elementswieein the core and mantle, assuming

chondritic absolute abundances for the bulk planetesimal.

109



Prior studies have focused most attention on modeti®E, given their well
constrained, absolute and relative liquid mstld metal partitioning characterissi
with varying S, P, and C contents (Chabot et al., 2017). Such models have been
previously reported for the N@pe IC and IVA and C@ype IIC, IIF, IVB, and South
Byron Trio (SBT) magmatic iron meteorite groups/grouplet (Walker et al., 2008py
et al, 2011; Hilton et al., 2019, in revision; Tornabene, 2020; Tornabene et al., 2020).
Here, additional HSE parental melt compositions are constrained by modeling for NC
type IIAB and IIIAB and CGype IID and IlIF magmatic iron meteorite groups. The
chemicéd characteristics of ten magmatic iron meteorite parent bodies are then compared
within the framework of their corresponding genetic isotopic compositions and- metal

silicate segregation ages.

5.3 Materials and methods

Chunks oflIAB, I1ID, lIAB, andlIIIF iron meteoritesvere obtained from the Division
of Meteorites, Department of Mineral Sciences, Smithsonian Instifudimh asample of
Northeast Africa (NEA) 002 (lIID) was obtained from the University of California, Los
Angeles (UCLA) meteorite collectio Emphasis was placed on obtaining samples
representing the earliest stages of fractional crystallization, i.e., those with the least
fractionated HSE patterns. Bulk pieces of all iron meteorites examined were measured for
HSE abundanceand ®'Re-1¥’0Os isotopic compositionsusing isotope dilution methods
(e.g., Walker et al., 2008). Betwe@b to 300mg pieces of metal were cut from each
meteorite chunk using aatercooled Leco Varicut saw and a 12.7 cm diamond

wafering bladewhich was cleaned with Sillocksprior to cutting each meteorit€ut
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meteorite pieces werpolished using a range of coarde fine-grit SiC sandpaper to
remove sawblade markthen sonicated in ethanol to remove sawing residit and
polished netal chunksof each meteorite we combined in a PyréxCarius tube with a
platinumgroup element spike'fir, **Ru, **4Pt, and!®Pd), a ReOs spike ¥¥°Re and
1990s), 5 ml of concentrated HNand2.5 ml of concentrated HCI. Tubes were sealed
and heated for eminimum of 24 h at 240 C (Shirey and Walker, 1995). The tubes were
thenopened and solutions were transferred to centrifuge taeésmnixed withCCls in
order to extract OsQohen and Waterd996) Osmium was furthepurified usingthe
microdistillation proceduref Birck et al (1997).

Spiked Os samples fdhe IlIAB irons were analyzed by &G Sector54 thermal
ionization mass spectrometer (TIM8)hile those for theélAB, 11D, and IlIF ironswere
analyzed using a ThermeFisher Triton or Triton Plus TIMS to determine Os
concentrations and®’0s*®0s ratios (Walker et al., 2008). Osmium isotopic data were
corrected for instrumental and natural masstionation by normalizing®0s*®%0s to
3.08271 (Allegre and Luck, 19800he other HSE were separated and purified using an
anion column procedureand then Re and Ru separates were further purified using an
additionalminiatureanion column (Walkeet al., 2008 The Re and Ru aliquot was split
andHSE fractions were evaporated to dryness and dissolved in 0.8 NsHNiQuots for
Re analyses were doped witlatural W in order to correct for instrumental mass bias.
Final solutions wereneasured using ldeptune Plusgnulti-collectorICP-MS at UMd for
all IID and IlIF irons as well as the Re, Ir, and Pt fractions for IIAB iro8dutions of

all I1IAB irons were analyzed using Mu Plasmamulti-collector ICP-MS, also at UMd.
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Finally, Ru and Pd abundances of the 1IAB irons were analyzed u3ihgrenoFinnigan
Elemeni ICP-MS.
Theblanksfor these methods (n = 6) ranged from 0.3,td to 5, 0.4 to 2, 3 to 80, 4
to 30, and 2 to 500g for Re, Os, Ir, Ru, Pt, and Pd, respectively, whach sufficiently
low (<0.1%) tohave an inconsequential effect on the reported concentraérospt for
Klamath Falls (llIF) The external reprodeibility of Re and Os laundances, estimated
based on the reproducibility of similar samplasalyzed using identical techniques
(Walker et al., 2008) w @.2 % andl.1 %, respectivelyand < % for the other HSE.
Measurement ncertainties for'®’Osf®0sr at i os wer e 6.k3%ianddheed t o

uncertainties fot®’Ref%0s ratios were estimated to 6@.2 %.

5.4 Results
The ReOs isotopicdata and HSE abundanacafsthe 11AB, 11D, 11IAB, and llIF iron
meteoritesareprovidedin Table 5.1. Meteoritesfrom these groups spanagerange of
18’Ref880s ratios fron0.3196to 1.152and¥’0st80s ratios fron0.12057to 0.18766
Val ue 9 repfeserding the part per 10,000 deviatorh each meQseorite
systematic§rom a 4.568 Ga reference s isochron calculated with a Solar System
initial *¥’0st®%0s = 0.09517 and slope = 0.07908 (Arckeal, 2014), are also reported
in Table 5.1. These values range frothl + 2 to +40 + 2.
The abundances of HSE in the IIAB, IID, 1lIAB, and IIIF iron @etites examined
are typically within £20 % of values reported ghaudy et al. (1972), Scott and Wasson

(1976), Pernicka and Wasson (1987), Wasson (1999), Grossman (2000)etCabk
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(2004), Wasson and Huber (2006), and Wastai.(2007).The concemations reported

here are compared to literature valueFale A5.1of Appendix 5.
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Table 5.1. Highly siderophile element concentrations afRe-'8’Os isotopic data fomembers of the 1IAB, IID,

[IIAB, and IIIF iron meteorites groups.

Sample ID Wt. (g) Re Os Ir Ru Pt Pd 1¥Ref%%0s 8'0st%0s  Kos
IIAB irons

Forsyth County USNM 0.0681 3700 44554 39270 27300 37610 1754 0.4000 0.12665 -1+1
Cincinnati USNM 0.0436 1530 13199 19940 24070 33330 1757 0.5671 0.13915 9+2
Braunau USNM 0.0650 772.5 54459 11020 17680 30080 1820 0.6849 0.14900 -3%2
North Chile USNM 0.0482 208.8 1067.5 3585 15810 26590 2006 0.9473 0.16956 5+2
SikhoteAlin USNM 0.1338 1.528 12.110 23.08 4862 5377 2449 0.6079 0.14242 -8+2
IID irons

NEA 002 UCLA 0.0276 1960 28741 21480 16990 22310 2774 0.3284 0.12210 +10+1
Arltunga USNM 2467 0.2297 1914 26255 20540 17220 23180 2868 0.3510 0.12311 +2+1
Losttown USNM 1071 0.0408 1912 26303 20490 17340 22660 2988 0.3500 0.12295 +1+1
N'Kandhla USNM 2397 0.1912 1779 23869 19160 16970 2278 2959 0.3589 0.12371 +2+1
Bridgewater USNM 0.1645 1767 23628 19100 17000 22880 2950 0.3602 0.12386 +2+1
Mount Ouray USNM 777 0.0986 1586 20594 17240 16510 22550 3280 0.3710 0.12464 +1+1
Elbogen USNM 309 0.0490 1415 18114 15570 15080 20700 2890 0.3763 0.12508 +2+1
Carbo USNM 838 0.2951 1292 15544 14080 16030 22080 3097 0.4004 0.12698 +1+1
Puquios USNM 3008 0.0994 1263 16060 14190 15550 20500 3185 0.3788 0.12613 +10+1
Rodeo USNM 3016 0.0438 754.1 9383.0 8726 12180 16690 3930 0.3872 0.12683 +10+1
Needles USNM 3533 0.2222 453.8 5056.0 5139 10200 14610 4935 0.4326 0.12945 +1+1
Wallapai USNM 788 0.0473 343.7 3532.0 3830 9449 12530 5133 0.4693 0.13348 +12+2
I1IAB irons

Costilla Peak USNM 702 0.1190 1421 18319 13750 12740 15870 3349 0.3780 0.12428 8+1
Henbury - 0.1015 1287 15053 13630 13180 16670 2127 0.4121 0.12796 +2+1
Charcas USNM 467A 0.1302 150.8 1082.3 2240 8411 12110 2619 0.6781 0.14767 -11+2
Tamarugal USNM 6680 0.1064 33.88 235.30 562.6 4854 7624 3336 0.6939 0.14961 4+2
Maldyak KMAN 1402 0.1444 25.37 167.01 4625 4602 7148 4325 0.7397 0.15311 6+2
IIF irons

Nelson County USNM 2951 0.1073 794.8 11970 8650 7064 10310 2517 0.3196 0.12057 +1+1
Clark County USNM 1304 0.0899 665.1 9271.0 7240 6747 10150 2681 0.3454 0.12222 -3+1
Oakley USNM 780 0.0381 507.2 6500.8 5529 6307 9635 3016 0.3758 0.12505 +2+1
Cerro del Inca USNM 7062 0.0735 282.9 2873.2 3251 6348 8719 3298 0.4747 0.13327 +6 +2
St. Genevieve Count USNM 454  0.1373 159.8 1345.7 1950 5651 8315 3554 0.5732 0.14051 +0+2
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Moonbi USNM 1467 0.0397 110.2 854.60 1398 5126 7611 3782 0.6225 0.14586 +15+2
Klamath Falls USNM 7008 0.3060 0.2787 1.3166 3.229 1033 1455 5702 0.9994 0.17821 +40 %2

Samples are dted by decreasing Re concentrations for each group and concentrations are regupted®ds
represerdthe part per 10,000 deviation from a 4.568 Ga referene®Risochroncalculated with a Solar System
initial 18’0st®%0s = 0.09517 and slope = 0.07908 (Arcle¢ral, 2014. KMAN = Committee on Meteorites,
Academy of Sciences, Russia. USNMDivision of Meteorites, Department of Mineral Sciences, Smithsonian
Institution.UCLA = University of California, Los Angeles meteorite collection
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5.5 Discussion
5.5.1 Chemical characteristics vs. genetics
5.5.1.1 Modeling HSE abundances of magmiatin meteorite groups

The ¥'Re-18’0s system, when applied to magmatic iron meteorites, can be used to
date the absolute timing of core crystallization, albeit with relatively low resolution of
typically >+5 Ma (e.g., Smoliar et al., 1996). The systeas been used to assess
whether iron meteorites have maintained clesgstem behavior since crystallization.
The ReOs isotope systematics of the IIAB, 11D, lIAB, and llIF iron meteorites fall
within the ranges previously observed for other magmaticnreteorite groups (IC, IIC,
IIF, IVA, IVB, and SBT) {ig. 5.1), indicating that the range of R&s fractionation
during core crystallization was similar among these parent bodies. The IIAB, 1D, IlIAB,
and llIF irons dominantly fall within +10 part per 000 of a 4.568 Ga reference
isochron, indicating that most of the iron meteorites from these groups maintained
closedsystem behavior of Re and Os, and presumably the other HSE, since

crystallization.
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System®0sf®0s = 0. 09517 alhy? (Smolar etlal. 1895 6Archkeretl 0
al., 2014. Data are from Walker et al. (2008), McCoy et al. (2011), Hilton et al. (2019, in
revision, Tornabene (2020and Tornabene et al. (2020).

The CI chondrite normalized HSE patterns of iron meteorites from the 1IAB, IID,
IIAB, and IlIIF iron meteorite groupdisplay similar relative and absolute variations to
other magmatic iron meteoriteBigs. 5.2 and5.3). For example, the abundance of the
incompatible element Pd typically increases within an iron meteorite group with
decreasing abundances of the compatible elements Re, Os, Ir, Ru, and Pt. These

variations have typically been interpreted to be products ofdradtcrystallization with

the degree of absolute and relative variations in HSE reflecting the abundances of S, P,
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and C in the parental melt. Variations in the absolute abundances of HSE of iron

meteorites between groups may also reflect variations én HBE parental melt

composition.
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Fig. 5.2 Highly siderophile element abundances, normalized to Cl chondrites (Horan et
al., 2003), of N&ype IC, IIAB, IlIAB, and IVA iron meteorites (McCoy et al., 2011;
Tornabene, 2020). Calculated parental melt caitipms are shown as black lines.
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Fig. 5.3. Highly siderophile element abundances, normalized to Cl chondrites (Horan et
al., 2003), of the C@&ype IIC, IID, IIF, IlIF, IVB, and SBT iron meteorites (Walker et al.,
2008; Hilton et al., 2019, irevision Tornabene et al., 2020). Calculated parental melt
compositions are shown as grey lines.

Comparisons of measured HSE abundances of IIAB, 1ID, 1IIAB, and IIIF iron
meteorites with those predicted by ligiadystal fractionation models, in order to assess
their adherence to simple fractional crystallization and constrain parental melt
compositions, were made following the approach initially discussetValker et al.
(2008).In this approach, initial S, P, C, and HSE contents are treated as free parameters
and all D valuessplid metalliquid metal partition coefficienjsare calculated relative to
experimentallyderived S, P, and C abundanessD value relationships (e.g., Jones and
Drake, 1983; Jones and Malvin, 1990; Chabot and Jones, 2003; Chabot2€X13@).

Here, the parameterization method outlined by Jones and Malvin (1990), and modified by

Chabot and Jones (2003), Worsham et al (201&hd Chabot et al. (2017), is used to

integrate the effects of S, P, and C abundances on HSE partitioningdseAalditional
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details and figures related the modeling of bulk core HSE, S, P, and C contents
including assessment of uncertainties, the 1IAB, IID, IlIAB, and IlIF iron meteorites
arediscussed irAppendix 5 Initial composition data for all irosystems examined are

provided inTable 5.2.
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Table 5.2. Compositions of blk cores often magmatic iron meteorites.

Re Os Ir Ru Pt Pd S P Ni Fe FeS/Feratio Relative mass % of Fe % of Ni
of core of core (%) in core in core
NC-type
Ica 250 2900 2700 4200 5500 3500 19 0.1 6 75 1.24+0.12 21+1 63" 82%30yy
IIAB 150 1700 1700 2600 4100 2100 20 05 4 75 136+0.14 347 101*%7.15 1043 5
IIAB 260 2800 2800 4400 5900 3100 12 0.2 7 80 055+0.06 21+3 67181, 107055
IVA® 295 3250 2700 3900 5900 4500 6 0.1 8 86 0.22+0.04 19+4 66191,  108%Y 3
Average 240 2700 2500 3800 5400 3300 14 02 6 79 0.84 24 75 100
CC-type
lce 280 3350 3050 4340 6070 5300 8 3 11 78 0.34+0.05 18+5 49*77 15 102%%8 59
IID 370 4400 4100 6300 8000 4300 10 1 10 79 045+0.06 14+1 39*%Y 9 T6%5Y 3
IIFd 300 3600 3450 6000 7200 4300 14 04 10 75 0.75+0.08 162 43%%%q; 89799 5
HF 275 3600 3100 4300 6100 4000 5 1 8 86 0.18+0.04 182 55%30.14  75%%
IvBe 1410 21600 17500 19600 29800 10900 1 0.65 19 80 0.04+0.04 4+2 11+ 4 40*27 44
SBTT 770 9400 8500 13000 16000 8400 7 1 19 73 0.31+0.05 7z+1 18*195 70%%
Average 570 7700 6600 8900 12000 6200 8 1.2 13 79 0.34 13 36 76

Concentrations are ppbfor HSE and wt. % for S, Wi, and FeCarbon contents are estimated to be <0.05 wt. % and are not listed.
Bulk core HSE, S, and P data are fréfornabene (220),°McCoy et al. (2011 Tornabene et al. (2020%lilton et al. (inrevision),
“Walker et al. (2008), arftflilton et al. (2019). Uncertainties on FeS/Fe ratio of core values reflect the 1.5 wt. % uncertainties on
bulk core S and Fe values. The relatimass of core values reflect the average + 2SD enrichment factors of HSE comparedrto NC
CC-type chondrites. Percent of Fe and Ni in core values were calculated using the median Fe or Ni contest GCXype

chondrites and uncertainties refleat tinin and max contents. Values >100 may indicate these parent bodies had Fe or Ni contents
lower than the median Fe or Ni content of chondrites used in the calculation.
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For the IIAB iron meteorites, HSE abundances are best explained by an initial me
composition of ~ 20 wt. % S, 0.5 wt. % P, <0.05 wt. % C. Using these parameters, the
[IAB irons can be accounted for as solids produced as a result of fractional crystallization
from a primary initial melt characterized by Re, Os, Ir, Ru, Pt, and Ratabues of 150,
1700, 1700, 2600, 4100, and 2100 ppb, respectively. The IID iron meteorites, by contrast,
haveHSE abundancehataremostconsistent witkcrystallizationfrom a melt with~ 10
wt. % S,1 wt. % P, <0.05 wt. % GandRe, Os, Ir, Ru, Pt, an@d abundances of 370,
4400, 4100, 6300, 8000 and 4300 ppb, respectively this composition, five of the 12
studied 1ID irons can be accounted for as solids formed directly by fractional
crystallization while the other seven irons require various amsaoféquilibrium solid
metatliquid metal mixing, ranging from mixing of initial solid and liquid, to mixing of
solid and liquid produced after 25 % of crystallization.

The HSE abundances of five IlIAB irons with limited fractionations of HSE were
succeskllly modeled using initial parameters of ~ 12 wt. % S, 0.2 wt. % P, <0.05 wt. %
C, and Re, Os, Ir, Ru, Pt, and Pd abundances of 260, 2800, 2800, 4400, 5900, and 3100
ppb, respectively. Using this parental melt composition, two of the five examined IIIAB
irons can be explained as direct products of fractional crystallization while the others
likely required additional processes, such asliégum solid metalliquid metal mixing
For the IIIF iron meteorites, the HSE abundances can largely be accounteg dor
simple fractional crystallization model, with most representing equilibrium solids. The

best fit model i<haracterized by initial parameters-05 wt. % S, 1 wt. % P, and <0.05
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wt. % C, as well as Re, Os, Ir, Ru, Pt, and Pd abundances of 275,33600,4300,
6100, and 4000 ppb, respectively

Using the parental melt S contents constrained by HSE modeling and the
corresponding D values for Ni, the parental melt Ni abundance of each iron meteorite
group can be determined from the Ni content of teest evolved group member. For
example, a parental melt content of 20 wt. % S (IIAB) results in a Ni D value of 1.18
whereas a content of 1 wt. %(IVB) results in a Ni D value 00.88 Chabot et al.,
2019). This range of Ni D values results in parentalt Ni contentswithin 0 to 2 wt. %
of the least evolved member. The Fe content of the core can then be calculated by mass
balance. Results of these calculations, applied to all ten magmatic iron meteorite groups,

are provided inrable 5.2 andFig. 5.4.
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Fig. 54. The proportions of Fe, Ni, S, and P determined for bulk cores from ten
magmatic iron meteorite parent bodies (Walker et al., 2008; McCoy et al., 2011; Hilton et
al., 2019, inrevisionn Tornabene, 2020; Tornabene et al., 2020). Thetygy€ paent
bodies are identified with a red background while-@fe parent bodies are identified
with a blue background.
5.5.1.2 Accretion of HSE

Since ~99 % of the HSE in a planetesimal likely reside in its core, the relative
abundances of these elements ibuék core presumably reflect the relative abundances
of these elements in the entire body. Most of the HSE ratios inferred faypéQron
meteorite parent bodies are similar to one another, and within the average + 2SD range of
ratios defined byulk engatite and ordinar{NC-type) chondrites(Horan et al., 2003;
FischerGodde et al., 2010F(g. 5.5). Most of the HSE ratios inferred for Gi@pe iron
meteorite parent bodies, except the IVB, are also similar to one another, and within the
average = 2SD raye of ratios defined byulk carbonaceous (Ctype)chondritegHoran
et al., 2003; FischeGoddde et al., 2010)(g. 5.6). Furthermore, the iron meteorite and

chondrite parent bodies do not show appreciable differences in HSE/Ir ratios between the
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NC andCC reservoirsKig. 5.6). Given that Re, Os, Ir, Ru, and Pt condense out of a solar
nebular gas into an assortment of refractory metal phases, while Pd condenses at lower
temperatures into a Fe alloy (Lodders, 2003), the similar HSE/Ir ratios among these
examined iron meteorite and chondrite parent bodies suggest that most of them accreted

similar proportions of these different phases.
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Fig. 5.5 Ir- and Cinormalized parental melt HSE abundances of ten iron meteorite
parent bodies (Walker et al., 2008c®by et al., 2011; Hilton et al., 2019, liavisiorn
Tornabene, 2020; Tornabene et al., 2020) compared to the average = 2SD ranges
observed in N@ype ordinary and enstatite chondrites, as well agyp€ carbonaceous
chondrites (grey fields) (Horan et,@003; FischeG6dde et al., 2010).
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Fig. 5.6 The Ru/lrvs. Os/Ir and Pd/Ivs Pt/Ir ratios of NC and CGtype iron meteorite
parent bodies compared to the average + 2SD ratios efypiCenstatite and ordinary
chondrites (red box) and C§@pe carboaceous chondrites (blue box) (Horan et al., 2003;
FischerGddde et al., 2010).
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The IVB iron meteorites are the only core materials considered here that were
evidently not derived from a parental melt with relative abundances of some HSE in the
ranges obseed for other iron meteorite or chondrite parent bodies (Campbell and
Humayun, 2005; Walker et al., 2008). This indicates that the IVB iron meteorite parent
body, or precursor materials, had a distinctly different formation history compared to
other magmic irons considered. Past studies have suggested that this may be due to high
temperature processing event, which fractionated elements by volatilization during the
condensation of precursor materials (Campbell and Humayun, 2005; Walker et al., 2008).
The fractionated abundances of HSE appear unrelated to the genetic isotopic
compositions of this parent body, however, as it is isotopically identical to othgypeC
planetesimals without fractionated Pd/Ir.

Of the six HSE considered in this study, nucledletic isotopic variations between
NC- and CCtype magmatic iron meteorite groups are observed for Ru (e.g.,

Bermingham et al., 2018) and Pd (Ek et al., 2019) but absent for Os (Walker, 2012) and
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Pt (Kruijer et al., 2013). Past studies have proposedthieasotopic variations that are
observed between NC and CC materials were a product of variable thermal processing
(e.g., Trinquier etal., 2009; Poole et al., 2017; Ek et al., 2019; Worsham et al.,).2019
Specifically, these studies have envisioned thretable presolar carriers with a certain
isotopic composition were variably destroyed based on heliocentric distance in the solar
nebula prior to planetesimal accretion or otherwise excluded from the accretionary
processes leading to planetesimal foronatilf so, the selective loss of Ru and Pd from
certain planetary precursor materials did not fractionate these elements relative to Os and
Pt on the bulk planetary scale the level that is resolvable by this kind of approach
There are no systematic iations in Ru/lr or Pd/Ir ratios of iron meteorite or chondrite
parent bodies from Os/Ir or Pt/Ir ratios with genetic isotopic composkion §.6).

It has also been proposed that the genetic isotopic compositionstyp€Gaterials
reflect a potentiamixing of NC-type materials with materials that are isotopically similar
to CaAl-rich inclusions (CAls) Burkhardtet al., 2019; Nanne et al., 2019). This idea is
supported by the conclusions of Rubin (2018), in which it was proposed thgip€C
planeesimals accreted more CAls than e planetesimals based on an observation
that CGtype iron meteorites are enriched in refractory siderophile elements (Re, Os, Ir,
Ru, and Pt), of which most CAls are strongly enriched relative to bulk chondrites. This
idea can be further evaluated by considering the abundance of Pd relative to the other
HSE, since Pd is not a refractory siderophile element and condenses into Fe alloys rather
than refractory metal phases (Lodders, 2003). As such, most CAls have degletruh
relative to Re, Os, Ir, Ru, and Pt (Campbell et al., 2003; Archer et al., 2014). Only Group

2 CAls have no systematic relative depletions in Pd compared to Re, Os, Ir, Ru, and Pt,
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but they are not strongly enriched in HSE (0.1 to 1xCl) and, theredolikely to enrich
the refractory siderophile element content of a planetary body relative to another (Archer
et al., 2014).

If differences in the bulk core refractory siderophile element abundances-andC
CC-type bodies were the result of variakdccretion of CAls, this would likely present
itself with bulk core compositions characterized by relative Pd depletions. However, this
is not observedHig. 5.6) among most N€and CGCtype iron meteorite parent bodies
and, therefore, no chemical indicati from siderophile elements for the heterogeneous
accretion of CAls is apparent. Only the projected bulk core composition for the IVB irons
has a sulchondritic Pd/Ir ratio Fig. 5.6), permissive of accreting more refractory metal
phases and CAls (Rubi@018). However, this characteristic at present cannot be related

to genetic isotopic composition.

5.5.1.3 Relative masseasf NC vs. CCcores

Past studies have commonly interpreted the range of Ni contents among magmatic
iron meteorite groups to reflechd relative distribution of Fe between the core and
mantle of a planetary body and thus, the mass of the core relative to the mantle (e.g.,
Kelly and Larimer, 1977). Consequently, as-§ffe magmatic iron meteorites in most
instances have higher Ni/Fe rirelative to N@ype magmatic iron meteorites, their
parent bodies have been interpreted to have a lower proportion of metallic Fe and
relatively smaller cores (Rubin, 2018).

The relative mass of a planetary core compared to the mantle can be queltitati

constrained from the bulk core HSE abundances compared in this study. This is made

128



possible by assuming ~99 % of HSE partition into the core and thathNLCCGtype

iron meteorite parent bodies had bulk HSE compositions ofadi@ CGtype chondrites,
respectively. Of the projected abundances of HSE in the parental melts of the four NC
type parent bodies, bulk core HSE abundances are concentrated by factors of 3 to 5
compared to the average HSE composition of thetyyW€ enstatite and ordinary
chondries (Horan et al., 2003; Fisch@bdde et al., 2010). These enrichment factors
suggest that these parent bodies had cores consisting of 19 to 34 % the mass of the whole
asteroid Fig. 5.7). For the six C@ype parent bodies, bulk core HSE abundances are
eniched compared to the average abundance otyp€ carbonaceous chondrites by
factors of 6 to 27, which correspond to parent bodies with cores consisting of 4 to 18 %
the mass of the whole asteroibid. 5.7). Overall, these core sizes are grouped with
geretic isotopic compositions, with Ctype bodies typically having proportionally
smaller cores than Ngpe bodies. However, within a single reservoir, bodies with

identical genetic isotopic compositions formed cores with variable sizes.
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Fig. 5.7. Parertal melt HSE abundances, normalized to Cl chondrites (Horan et al.,
2003), of ten iron meteorite parent bodies (Walker et al., 2008; McCoy et al., 2011;
Hilton et al., 2019, in review; Tornabene, 2020; Tornabene et al., 2020). Average HSE
abundances of N@pe ordinary and enstatite chondrites and-t@6& carbonaceous
chondrites are shown for reference (Horan et al., 2003; Fishbdde et al., 2010) as
well as lines representing the HSE content of a bulk core that is 5, 8, and 20 % the mass
of a planetaryody.
5.5.1.4 Oxidation

Upon recognizing the existence of the NC and CC reservoirs, Warren (2011) posited
that these reservoirs may represent the inner and outer Solar System, respectively,
relative to Jupiter. This argument was based on the limited emutabthe time) of CC
type samples derived from differentiated bodies, which was interpreted to indicate that
CC-type planetesimals were less likely to undergo major heating, coupled with the
widespread hypothesis that carbonaceous chondrites, some cfi Wwhar hydrous
minerals, likely formed at greater radial distanfresn the Sun than NC chondrites (e.g.,
Wood, 2005). While numerous @¢pe differentiated meteorites, such as the IIC, IID,
lIF, 1lIF, IVB, and SBT iron meteorites, have since been idedti{Kruijer et al., 2017;
Hilton et al., 2019), indicating that N@nd CCtype planetesimals both underwent major

heating sufficient for core segregation, the locations of the NC and CC reservoirs as the

inner and outer Solar System, relative to Jupitemtinue to be favored by many
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subsequent studies (e.g., Budde et al., @80K€uijer et al., 2017; Burkhardt et al., 2019;
Nanne et al., 2019; Worsham et al., 2019). For example, Worsham et al. (2019) built
upon an inner and outer Solar System divideptopose that the variable isotopic
compositions observed for Mo, Ru, and W among Bi@l CCtype iron meteorites were
consistent with these reservoirs evolving under distinct redox conditions, specifically
reduced conditions for NG/pe materials as envisied for the inner Solar System and
oxidized conditions for C&ype materials as expected for the outer Solar System.

While the oxidation conditions of the four N@pe parent bodies and the six Gfe
parent bodies considered here can be indirectlyrgdefrom the relative mass of their
cores, a more direct comparison can be made by constraining the distribution of Fe and
Ni in these planetary bodies between the core and mantle (Kelly and Larimer, 1977).
Quantitative FerdFeaotal and NiordNitotal ratios can be determined from the bulk Fe and
Ni contents of each core, coupled with the mass proportion of each parent body residing
in a core, and using the Fe and Ni contents of &l@l CCtype chondrites (Lodders and
Fegley, 1998) as a proxy for the bute and Ni compositions of N@nd CGtype iron
meteorite parent bodie$dble 5.2).

The CGtype planetesimals, on average, have a smaller proportion of total Fe in their
cores, compared to Nfype planetesimals, permissive of the CC reservoir beingra mo
oxidized environment, such as the outer Solar SystEig. (6.8). However, this
environment was not oxidizing to the extent that it affected the distribution of Ni between
the core and mantle. Additionally, significant overlap in the inferred oxidataie sf
NC- and CGtype iron meteorite parent bodies is observed, making any distinction

between the oxidation state of individual planetary bodies with genetic isotopic
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composition ambiguous. If the NC and CC reservoirs represent the inner and outer Solar
System, respectively, relative to Jupiter, one possible explanation for the overlap in
oxidation conditions is if the snow line was located sunward of Jupiter (Lacar et al.,
2006; Garaud and Lin, 2007; Kennedy and Kenyon, 2008). If so, this could exphain

some NGtype bodies have similar oxidation states to someyp€ bodies.
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Fig. 5.8 pu°’Mo isotopic compositionss (left) percent of total Fe of a planetary body in

the core andright) percent of total Ni of a planetary body in the core for tem i
meteorite parent bodies. Isotopic compositions are from Kruijer et al. (2017), Worsham et
al. (2017), Bermingham et al. (2018), and Hilton et al. (2019). Error bars for percent of
total Fe and Ni in the core represent the range of Fe and Ni conteetsedbin NCand
CC-type chondrites (Lodders and Fegley, 1998).

As noted for core size, there is no relationship between projected oxidation conditions
and genetic isotopic compositions for parent bodies that formed within the same reservoir
(Fig. 5.8). For example, the C®/pe IIC iron meteorites have a distinct Mo isotopic
composition from the other Gype iron meteorites considered in this study (Kruijer et
al., 2017; Tornabene et al., 2020), yet an indistinguishable relative oxidation state. As

such if the distinct isotopic composition of the IIC irons compared to othetyp€ iron

meteorites is related to oxidation conditions, this is not reflected in the chemical
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characteristics of bulk planetary bodies. Whether or not oxidation states -tfypsC
bodies vary with genetic isotopic compositions cannot currently be constrained since the
IC, IIAB, IllIAB, and IVA irons have similar genetic isotopic compositions (e.g.,
Bermingham et al., 2018). Only some noagmatic (e.g., IAB main group) and
ungrouped(e.g., Gebel Kamil) iron meteorites have been reported to have Mo and Ru
genetic isotopic compositions that differ from the IC, 1IAB, IlIAB, and IVA iron
meteorites (Bermingham et al., 2018). Unlike for magmatic irons, however, the origins of
these typesf iron meteorites remain uncertain (e.g., Hilton and Walker, 2020), making a
comparison of their chemical compositions to those of magmatic iron meteorite groups

ambiguous.

5.5.1.5 Volatility

Bulk core S contents vary among MNy¢pe asteroids from 6 w& (IVA) to 20 wt. %
(IIAB) and among C@ype asteroids from 1 wt. % (IVB) to 14 wt. % (lIF). These
variations may be the result of prand/or postaccretion processes. For example - pre
accretion, the S content of precursor materials is set by the fomradtiFeS through the
reaction of Fe metal with 43 (Kelly and Larimer, 1977). As such, FeS formation can
vary with the temperature at which -an ast
accretion, it may be possible to lose S through planetary outgdssy., Rasmussen et
al., 1984). Secondary processes, suchgqagous alteration, metamorphic process, and/or
oxidation, may also tresport S between different phases, such as sulfides, sulfites, S

and organic compounds, as evidenced in carbonacdmnslites (Gao and Thiemens,
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1993). Finally, the bulk core S content is set by the efficiency of the segregation of
remaining FeS to the core (e.g., Kruijer et al., 2014

Since S, which has a 50 % condensation temperategeaflT664 K (Lodders, 2003),
is the most volatile element considered in this study, possible S variations by volatile
related processes, such as condensation or outgassing, may be assessed through
comparison to other elements with similar condensation temperatures. These include Ga
and Ge, which have 50 % condensation temperatures of 968 K and, 883p€ctively
(Lodders, 2003).Since Ga and Ge typically have solid meiglid metal partition
coefficients near 1 regardless of initial S content (Chabot et al., 2017), the average iron
meteorite group Ga and Ge abundances providediidgr constraints on bulk core
compositions. Bulk core S contents form broad positive relationships between Ga and Ge
average group abundances, suggesting that at least some variations in bulk core S
conents are likely volatilityrelated Fig. 5.9). The variations are decoupled from genetic
isotopic compositions, however, indicating both -Né@nd CGCtype asteroids were
variably affected by volatilityrelated processes, such as processes affecting precursor
materials (i.e., inductive heating of nebular materials) and/or parent body processes (i.e.,
impacts). Since the bulk core content of volatile siderophile elements is not diagnostic of
which volatility-related processes were occurring,-N@d CCtype iran meteorite parent

bodies may have been affected by both processes similarly or variably.
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Fig. 5.9 Comparisons of Ga/Cl, Ge/Cl, and S/Cl abundances of bulk cores from ten
magmatic iron meteorite parent bodies (Walker et al., 2008; McCoy et al., 2iltbh; et
al., 2019, inrevision Tornabene, 2020; Tornabene et al., 2020)cl@indrite reference
lines are also shown (Lodders and Fegley, 1998). Average group Ga and Ge abundances
are compiled from the literature.
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5.5.2 Chemical characteristics vs. age

One aspect concerning the origins of the NC and CC reservoirs that remains uncertain
is the relative timing of the introduction of the isotopically distinct materials of these
reservoirs to the early Solar System. Kruijer et al. (2017) proposed thig{€ @naterials
were added to the Solar System after-tyfe materials, due to differences in moéw
ages of some NGand CGtype iron meteorites. That study noted that-ty@e magmatic
iron meteorites, compared to @gbe irons, tend to have'{fW isotgic compositions

more similar to CAls, which are interpreted as the first materials to condense in the Solar
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System (e.g., Amelin et al., 2002). This observation was interpreted to indicate that NC
type bodies began forming cores, on average, about 1 BHierethan CGtype iron
meteorite parent bodies. Thermal modeling conducted by Kruijer et al. (2017) also
suggested the NC parent bodies accreted about 0.5 Myr, on average, earlier than CC
parent bodies.

By contrast, more recent studies have proposedG@dype materials were present
in the Solar System prior to NC materials, based on the genetic isotopic similarities of
CC-type materials to CAls (Burkhardt et al., 2019; Kruijer et al., 2019; Nanne et al.,
2019). If so, then the observed offset itff3V values between some N@nd CGtype
bodies warrants explanation. Some past studies have proposed that factors other than
accretion ages, such as chemical compositions, may account for differences in initial
p8AW values. For example, Hellma et al. (2019 proposed that differences int®aw
values between NC and CC bodies may reflect differences in the bulk Hf/W ratios of
precursor materials and parent bodies. Hilton et al. (2019) proposed that differences in
uAW values could represent differences in BeSvs Fe content of NCvs CGtype
planetary cores. If either is true, then the interpretation of W model ages, and thus the
current interpretations regarding the timing of core formation on Algi CGCtype
bodies, may be problematic.

Whether the FeS8s Fe content of a planetary core can account for differences in the
H8AV isotopic composition of NCand CGtype magmatic iron meteorites can be further
assessed using the additional chemical constraints compiled by this study. Kruijer et al.
(20149 initially proposed that differences in core formation ages could reflect

differences in the relative proportions of F&S Fe in planetary cores since FeS and Fe
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melt at different temperatures and, therefore, FeS and Fe liquids may evolve distinct
U8V isatopic compositions. As such, a bulk corfW isotopic composition could be

the product of mixing variable proportions of FeS and Fe. This idea was then applied by
Hilton et al. (2019) to explain the core formation age dichotomy observed for some NC
and CC-type parent bodies using bulk core S contents for thregyN€ and three CC

type iron meteorite parent bodies. With the new constraints provided by this study on the
Fe and S contents of bulk cores, it is possible to calculate the FeS/Fe ratio obreslk

for ten magmatic iron meteorite parent bodi€ale 5.2). These calculations almsed

on the assumptiorthat all S in the core is sourced from FeS and no S was lost from the
core following differentiation. Overall, there is a tendency for-kRel$ cores to have

more negative {¥AV isotopic compositionsFg. 5.10). However, highlighting a clear
relationship is problematic since @@pe irons, which have a 14 wt. % range in bulk core

S contents, have no resolved differences'fiWd isotopic composions.

IC
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IIF
. . . . . . IIIF
0 0.5 I 15 0 50 100 IVB
FeS/Fe % of Fe in Core SBT
Fig. 5.10. Radiogenic [fAV isotopic compositionss (left) bulk core FeS/Fe ratio and
(right) percent of the planetary body Fe content in the core. Radiog&W jsotopic
compositions are from Kruijer et al. (2017) and Hilton et al. (2019).
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The AN values of NG and CGtype magmatic iron meteoritedso do notorrelate
with percent of Fe of a planetary body in the cdfig.(5.10) since many of these values
are not resolved among parent bodies. Since the distribution of Fe in a pldroatgry
serves as a proxy for oxidation state, a relationship could suggest that more oxidized
bodies form cores at slower rates than reduced bodies, possibly by the heterogeneous
accretion of ice. Ice can increase the oxidation state of a planetary bodyl as vary
the planetesi mal 6s de’tAls the gdomimant chegbcodusimge nt r at
radionuclide in the early Solar System. As a result, the overall power per unit volume
from 26Al decay for melting planetary bodies could be reduced (e.g.,rHlt@l., 2019).
Additionally, if any ice melted and then evaporated during planetary processing, it is
plausible that there could be a loss of energy from the system and, thus, a slowing and
prolonging of core formation. It is also possible that a reiatip between the
distribution of Fe in a planetary body and the timing of core formation simply reflects the
relative proportions of Fe®s. Fe in the core since less Fe will segregate into the core of
an oxidized body. Overall, since the FeS/Fe conteatamre and the oxidation state of a
body do not form definitive relationships with timing of core formation, the observed
offset in 8NV values between some NGind CGtype bodies may still reflect
differences in accretion ages (Kruijer et al., 2017)bolk planetesimal Hf/W ratios
(Hellmann et al., 2019). Further work is needed to discriminate betwbese

possibilities.

5.5.3 Isotopic heterogeneity of the NC and CC reservoirs
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A common explanation for the isotopic heterogeneity of the NC and CG/oeses
the inheritance of isotopic heterogeneities to planetary bodies based on the initial
heterogeneous distribution of isotopically distinct precursor materials in the parental
molecular cloud (Dauphas et al., 2002; Burkhart et al., 2019; Nanne @0a8). A
shortcoming of this model, however, is that it fails to account for the apparent
homogenous distribution of certain precursor materials, such as those hosting Hf, Os, and
Pt (Sprung et al., 2010; Walker, 2012; Kruijer et al., 2013). Other stutlierefore, have
argued for an isotopically homogenized molecular cloud, which then developed certain
isotopic heterogeneities due to a specific process, including sorting of materials by type
(Regelous et al., 2008) or size (Dauphas et al., 2010), ahgnmocessing of materials
under variable oxidation conditions (Poole et al., 2017; Worsham et al., 2019), or the late
injection of isotopically distinct materials (Brennecka et al., 2013; Sugiura and Fujiya,
2014; Kruijer et al., 2017).

We find that tle chemical characteristics of the studied iron meteorite parent bodies
neither support nor disprove the previously proposed mechanisms. For example,
Regelous et al. (2008) proposed that phases of metal, sulfides, and silicates, which had
distinct genetic Nisotopic compositions, were physically separated (further details were
not provided) in the Solar System and, therefore, heterogeneously accreted by planetary
bodies. In this study, we find that the FeS/Fe ratio of magmatic iron meteorite cores,
while vaiable, do not vary with genetic isotopic composition. This lack of relationship
does not disprove the proposed idea of Regelous et al. (2008), however, as the FeS/Fe

ratio of the core does not constrain the FeS/Fe ratio of the parent body.
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The abundancefovolatile elements in the cores of the examined magmatic iron
meteorites does not provide a clear assessment of the possible effects of thermal
processing. Trinquier et al. (2009) argued for the thermal processing of materials to
explain the correlated wvations in isotopes of Ti derived from different nucleosynthetic
processes. In this scenario, certain precursor materials were destroyed by sublimation,
separated from other materials as a gas, acdndensed elsewhere in the Solar System.
This idea wasexpanded by Poole et al. (2017) to also account for Mo and further
expanded by Worsham et al. (2019) to account for decoupled variations for M&\&Ind
among CGype materials and Mo and Ru among -N@e materials. If thermal
processing was occurring iatively high temperatures (~ >700 K), volatile siderophile
elements may also have sublimated and abundances of these elements in a parent body
may correlate with degree of isotopic heterogeneity. Yet no variations among Ga, Ge, and
S abundances with gefic isotopic composition are observed for the cores of iron
meteorite parent bodies, suggesting thermal processing at high temperatures did not
dominantly cause the isotopic heterogeneity among asteroids. This observation does not
fully exclude this ideahowever, as the Ga, Ge, and S content of a core may also be set
by processes occurring after planetary accretion. Overall, if thermal processing did
produce isotopic heterogeneities, it may have been a relatively lower temperature
process.

Poole et al. Z017) and Worsham et al. (2019) argued for additional affects of
oxidation to the thermal processing of precursor materials. Specifically, Poole et al.
(2017) noted that decoupled isotopic variations of Mo and W for some meteorites, despite

the hosting othese elements in the same carriers (Burkhardt et al., 2012), indicated Mo
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was volatilized under oxidizing conditions. Worsham et al. (2019) applied this logic
further to account for correlated variations for isotopic compositions of Mo and Ru
among NGCtype iron meteorites and correlated variations for isotopic compositions of Mo
and*®\W among C@ype iron meteorites, calling upon thermal processing of Mo and Ru
carriers in the NC reservoir under reduced conditions and thermal processing of Mo and
183\ cariers in the CC reservoir under oxidizing conditions. If true, it may be expected
that the IIC iron meteorite parent body, which has the greatesicess Mo deficits
relative to terrestrial materials of the examined iron meteorite parent bodies, wedhle b
most oxidized body. However, that is not observed, with the IIC iron meteorite parent
body having an oxidation state similar to isotopically distinct CC and NC iron meteorites.
Yet, it remains possible that additional oxidation processes overptimisd involved in
generating isotopic heterogeneities on the parent body scale.

Late injection of isotopically distinct materials remains a possible mechanism to
explain the isotopic variability of the NC and CC reservoirs. While there are no clear
differences in the accretion ages of N&hd CCtype parent bodies that would indicate
differences in the relative timing of the addition of N&€ CGtype materials to the Solar
System (Hilton et al., 2019; Kaminski et al., 2020), there may be evidence flatehe
injection of isotopically distinct materials (or removal of isotopically distinct materials)
to just the NC reservoir. Hilton and Walker (2020) observed a relationship between
genetic isotopic composition and age of iron meteorite formation fotyld€ irons. By
contrast, no such relationship is observed fort@}§& materials (Kruijer et al., 2017).
These observations may indicate that the causes of isotopic heterogeneity varied between

the two reservoirs. If true and the cause of isotopic heterogefalie CC reservoir was
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not time related, the cause is not apparent when comparing the chemical characteristics of
CC-type iron meteorite parent bodies.

Overall, the chemical characteristics of N&hd CCtype magmatic iron meteorite
parent bodies do ndbrm clear relationships with genetic isotopic compositions in ways
that indicate the cause of isotopic heterogeneity to the early Solar System. This may be
due to the overwriting of signatures by the process of planetary formation and
differentiation. Aternatively, this may indicate that the cause of isotopic heterogeneity on
the planetary scale was due to the minor heterogeneous accretion of materials with major
isotopic anomalies. As such, isotopic anomalies on the parent body scale would be
observed wthout any clear variations in the chemical characteristics of a bulk body. If
true, more insights to the cause of isotopic heterogeneity may be gained by studying the
isotopic and chemical compositions of planetary precursor materials, such as through
leachate analyses of chondrites and studies of presolar grains, CAl, chondrule, and matrix
separates. Both of these applications have shown distinct isotopic compositions exist
among the individual components of a parent body (e.g., Burkhardt et al., 2081, 20
Budde et al., 2016 2018, 2019). By improving our understanding of the degree of
isotopic anomalies present in different host phases, host phases with the largest isotopic
anomalies can be further studied to determine their stabilities under diffezbualar
conditions. It may then be possible to identify the specific precursor material(s) varying

in abundance among planetary bodies.
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5.6 Conclusions

Through the study of HSE abundances in magmatic iron meteorites, we draw the

following conclusions:

1. Comparison of the parent body HSE/Ir ratios and bulk core inventories of volatile
elements (i.e. Ga, Ge, and S) of N&hd CGtype iron meteorite parent bodies
indicate that the processes setting planetesimal genetic isotopic compositions and
these chemml characteristics in early formed iron meteorite parent bodies are
largely decoupled.

2. The bulk core chemical compositions (HSE, S, P, C, Ni, and Fe) andneore
distribution of Fe of NEand CCtype iron meteorite parent bodies are permissive
of CCtype bodies typically having smaller relative cores and accreting in more
oxidized environments.

3. Comparison of the chemical characteristics of-N@d CGCtype iron meteorite
parent bodies with radiogenid§awW isotopic compositions suggest that a model
183N age may be partially controlled by the core FeS/Fe content and/or oxidation
state of a planetary body, although there is no clear relationship. As such, the
differences in AW values among some NGand CGtype magmatic iron

meteorites remain largely aocounted for.

5.7 Appendix 5
5.71 Fractional crystallization modeling overview
The concentration o (and eventually the other elementskalculatedthroughout

the evolution of a liquid melising Eg. 1in whichF, is the fraction of liquid (n = 10
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pure liquid), Gn is the concentration of an element in the liquid phase,atriel D is the
partition coefficient of an elemenA constant partition coefficient of 0.001 is uded S
(Walker et al., 2008). The patrtition coefficients for P and Cdatermined at each, By
considering the concentration of S and P or S and C, respectively, in the liquid. at F
Equation 2 is used to account for the effects of S on P and C partitioning behavior
(Chabot and Jones, 2003yhere alues of @ for P and Care taken from Chabot et al.
(2017) and Worsham et al. (2G)6respectivelyThe A Fe domai Xsi® val u
the mole fraction of an elemeintthe liquid,represents the conceptual combination of Fe
metal, FeS, I, and F&C components in the ligdi(Eq. 3;Chabot et al., 2037 This
term 1 s us e depresents the dorrelatiom betovden Fe domaindDavalues
T h epc\ariable is determinedusingE( Jones and Mal vigaang 10 90) ,
are taken fr om Chaidtaken fremi Woasham et(d2006).FprP,and Db
the effects of C are not considereds,aand fo
and f F eovdriahiea arencalculated at each F

After determining the concentration of S, P, and C at eabr A given initial S, P,
and C content the correspondingD values for the HSE are calculated using E¢ 2
(Jones and Malvin, 1990; Chabot and Jones, 2003; Worsham et abk; @bbdot et al.,
2017).After assuming an initial HSE compositiohgtconcentration of HSE in the liquid
at each kis then determined using Eq. 1 and the solid compositier) ¢(B/stallizingat
each k is determined using Egs. The composition of trapped melt (the liquid
endmember in sold methtjuid metal mixing) is then determined fromrGollowing the

approach of Chabot (2019) for considering the effects of troilite formation. The
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concentration of S in the liquid at eachiFs di vi ded by 36.5 to det

The HSE concentrations of the trapped melt are determined by Eq. 6.

an
(Fn—l +1-— Fn—an—l]

Eq.1:Cp_, =

1 [Fe domains]Psec
Eq.2: —=
D D

o

1— 2X, —4X, — 4%,
1 —X_— 3%, — 3X,

Eq.3: Fe domains =

- 2%, 4%, 4Xc
q-4: Bspc = 2X, +4X, + 4;{,:] Bs+ [2;(5 +4X, + 4}:,:] Be + [2;(5 +4X, + 4%, B

Eq.5:Cg, = C, D

n

CLn

Eq.6: ctrapped melt m

These calculations are performed iteratively as the initial S, P, C, and HSE
abundances are adjusted. The initial P and C cordeat$o a firsorder, constrained by
applying the calculated D valuésr a given initial S contertio the P and C contents,
determined from modal analysis of phosphide and carbide inclusions (Buchwald, 1975),
of the most primitive irons, which are assumed to crystallize within the first ~10 % of
factional crystallization. Initial HSE abundances are then determined in a siraidnyw
applying calculated D value®r a given initial S, P, and C contetd the HSE
abundances of the same primitive irons. Ultimately,initeal S, P, C, and HSE parental
melt contents argaried until a best fit to the measured HSE abundances idifiéen
Values forDo, bs, br,an dahbe al |l owed to vary within the
Chabot et al (2017) in order to achieve the best model fit. In the event that there are
multiple parental melt compositions that can account for the HSEtHatparental melt
composition with relative abundances of HSE closest to the ranges observed in chondrites

145



is reported as the befit model (e.g., Hilton et al., imevision). Examples of predicted
HSE patterns for solids and liquids produced duringtifvaal crystallization with

various initial S and P contents are showfigs. A5.1 andA5.2).

5.7.2Fractional crystallization modeling of IIAB irons

Conflicting initial S, P, and C contents of the IIAB liquid have been previously
proposed, ranging fro as low as 6 wt. % S and 1.5 wt. % P, to as great as 16 to 18 wt. %
S and 1 wt. % P (Chabot, 2004; Wasson et al., 2007; Goldstein et al., 2009). We find that
the HSE abundances of the IIAB irons are best explained by an initial parental melt
composition 620 wt. % S, 0.5 wt. % P, <0.05 wt. % C. Using these initial parameters,
the IIAB irons can be accounted for as solids produced as a result of fractional
crystallization from a primary initial melt characterized by Re, Os, Ir, Ru, Pt, and Pd
abundancesfol50, 1700, 1700, 2600, 4100, and 2100 ppb, respectifady A5.3).
Comparisons of the HSE abundances of the IIAB irons to a system with 6 wt. % S and
1.5 wt. % P are shown iRig. A5.4. This model does not properly account for the Pd
abundances of th@AB irons, indicating that this initial S content is too low to account
for the HSE systematics of the IIAB irons, or partitioning behavior that is different from

experimental observations.

5.73 Fractional crystallization modeling of 1ID irons
Wasson ad Huber (2006) interpreted tlodservations of low FeS abundanaeshe
mostchemicallyevolved IID irons (i.e., Needles and Wallap@i)mean thasolid metal

liquid metal mixing wasegligible,anddeterminedhat the parental melt S content of the
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[ID irons was0.7 wt. % in order forWallapaito be produced as a solid directly by
fractional crystalliation In contrast to this conclusion, Goldstein et al. (2009)
determined that the Ir, Au, and Ga abundances of the IID irons were most consistent with
aparental mel6 content of 6 to 12 wt. %4 he HSE abundances of the IID irons arest
consistent witlcrystallizationfrom a melt with~10 wt. % S,1 wt. % P, <0.05 wt. % C,
andRe, Os, Ir, Ru, Pt, and Pd abundances of 370, 4400, 4100, 6300, 8000 @upgd,30
respectiely (Fig. A5.5). For this model, five of the 12 studied IID irons are accounted
for as solids formed directly by fractional crystallization. The other seven irons require
various amounts of equilibrium solid metmjuid metal mixing, rangig from mixing of

initial solid and liquid, to mixing of solid and liquid produced after 25 % of
crystallization. Comparisons of HSE abundances to the Wasson and Huber (2006) model
with a parental melt abundance®¥ wt. % S are shown iRig. A5.6. While a parental

melt composition with 0.7 wt. % S can account for the Re Rddbundances of the 11D

irons, it fails to account for abundances of the other HSE, making this initial composition

unlikely.

5.7 4 Fractional crystallization modeling of [IABans

Although largescale variations in siderophile element abundances are broadly
consistent with fractional crystallization, many of the highly evolved I[IIAB iron
meteorites or Cape York suite cannot be explained as direct products of it (e.g., Cook et
al.,, 2004). This has led to numerous explanations of their origins, including division of
the core into separate magma chambers by early formed dendrites (Haack and Scott,

1993), crystallization from immiscible-&ch and Prich liquids (Ulff-Mgller, 1998),
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equilibrium mixing of solids and trapped liquids by diffusion (Wasson, 1999; Chabot,
2019), and nowequilibrium mixing of primitive solids with evolved liquids (Cook et al.,
2004). Further, past studies have also proposed parental melt S contents F&Bhe |
irons ranging from 1.4 to 12 wt. % (Willis and Goldstein, 1982; Jones and Drake, 1983;
Haack and Scott, 1993; Uligller, 1998; Chabot and Drake, 1999; Wasson, 1999;
Wasson and Richardson, 2001; Chabot, 2004, 2019; Goldstein et al., 2009). Here, the
HSE abundances of five of the IIIAB irons with limited fractionations of HSE were
modeled. The best fit model is characterized by initial parameters of 12 wt. % S, 0.2 wt.
% P, <0.05 wt. % C, and Re, Os, Ir, Ru, Pt, and Pd abundances of 260, 2800, @800, 44
5900, and 3100 ppb, respectively. Using this parental melt composition, two of the five
examined IlIAB irons can be explained as direct products of fractional crystallization
while the others likely required additional processes, such @kbegm sdid metalt

liquid metalmixing (Fig. A5.7). The HSE abundances of the IlIAB iron meteorites are
compared to a model using 1.4 wt. % SFig. A5.8. As highlighted by the Res Pd
systematics, the IlIAB iron meteorites are not consistent with crystallitomm a

parental melt with a S content this low.

5.75 Fractional crystallization modeling of IlIF irons

The llIIF irons examined have HSE abundances that can largely be accounted for by a
simple fractional crystallization model, with most repras® equlibrium solids Fig.
A5.9). The best fit model isharacterized by initial parameters of 5 wt. % S, 1 wt. % P,
and <0.05 wt. % C, as well as Re, Os, Ir, Ru, Pt, and Pd abundances of 275, 3600, 3100,

4300, 6100, and 4000 ppb, respectively. The llIF iroankdth Falls deviates slightly
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from the solid metal HSE evolution curves, suggesting it may have been affected by an

additional process, such as equilibrium solid mkdgaiid metal mixing.

5.76 Assessment of uncertainties

Potential sources of uncertagg when modeling parental melt HSE, S, P, and C
contents include uncertainties from measured HSE abundances as well as uncertainties on
experimentallydetermined D values. As uncertainties on HSE abundances are <3 %, the
dominant sources of uncertaintiies this modeling are from bs, bp, a N @ valbies, the
uncertainties on which range from 4 to 9 %, 4 to 10 %, 12 to 69 %, and 23 to 133 %,
respectively (Chabot et al., 2017). To assess the effect of these uncertainties on the
calculation of D values, the maximum and minimum valuégsbfe 20 expansi ons
on Dy, bs, br, @ N @ valies are applied to the fractional crystallization modéheflIF
iron meteoritesKig. A5.10) . Results of varying these val
indicate that some elements (e.g., Re, Ru, andfiégjde better constraints on parental
melt composition than others, due to differences in the uncertainties on HSE D values.
The greatest variations are observed when coupling two elements together (e.g., Re/Os
and Pt/Os).

The results of varying S contemh parentainelt modeling is shown iRkig. A5.11.
Typically, most scatter around a given fractional crystallization model is accounted for by
a parental melt S content uncertainty of £1.5 wt. % (Ch&0®4). As highlighted in
Fig. Ab.11, adjusting the arental melt S content by £1.5 wt. % results in corresponding
changes to the HSE concentration of the initial solid. In order to keep the concentration of

the initial solid consistent between all models within £1.5 wt. % S, in the case of the lIIF
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irons, kequires adjusting the parental melt Re, Os, Ir, Ru, Pt, and Pd content by +18 %,
121 %, £19 %, £14 %, +16 %, and £3 %, respectively. These percentages are interpreted
to be representative of the uncertainties on HSE parental melt compositions for the 11AB,

[ID, IIAB, and IlIF iron meteorites.
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Table A5.1 Comparison of HSE abundances to previous studies.

Sample Re Re (literature) Os Os (literature) Ir Ir (literature) Ru Ru (literature) Pt Pt (literature)  Pd Pd(literature)
IIAB irons

Forsyth County 3700 4044 44554 39270 40400 27300 37610 35100 1754
Cincinnati 1530 1722 13199 19940 20300 24070 33330 30000 1757
Braunau 7725 87P 5445.9 11020 11300 17680 30080 30400 1820
North Chile 208.8 212 199.6% 1067.5 1033.4 3585 3430 15810 26590 21806, 25340 2006
SikhoteAlin 1528 <3¢ 12.110 23.08 24 4862 5377 5500 2449
IID irons

NEA 002 1960 2150 28741 21480 22600 16990 20300 22310 22400 2774
Arltunga 1914 2070 26255 20540 20600° 17220 19800 23180 21600 2868
Losttown 1912 2020 26303 20490 20700 17340 22660 19300 2988
N'Kandhla 1779 1940 23869 19160 19600 16970 22780 19900 2959
Bridgewater 1767 2020 23628 19100 19700 17000 22880 22000 2950
Mount Ouray 1586 1740 20594 17240 17800 16510 22550 23000 3280
Elbogen 1415 1580 18114 15570 15900 15080 20700 19000 2890
Carbo 1292 1420 15544 14080 14300 16030 22080 22400 3097
Puquios 1263 1390 16060 14190 14300 15550 20500 19900 3185
Rode 754.1 1070 9383.0 8726 10200 12180 16690 15500 3930
Needles 4538 51C 5056.0 5139 5370 10200 14610 13300 4935
Wallapai 343.7 410 3532.0 3830 3990 9449 12530 11600 5133
IIAB irons

Costilla Peak 1421 1429.8 18319 1867% 13750 14000 12740 15870 17400, 13400 3349
Henbury 1287 15053 13630 13180 16670 2127
Charcas 150.8  149.4¢ 1082.3 1090.9 2240 8411 12110 1253C¢ 2619
Tamarugal 33.88 36.104 235.30 255.19 562.6 57¢' 4854 7624 7859, 6300 3336
Maldyak 25.37 167.01 462.5 4602 7148 4325
IIIF irons

Nelson County 794.8 11970 8650 7064 10310 2517
Clark County 665.1 9271.0 7240 6747 10150 2681
Oakley 507.2 6500.8 5529 6307 9635 3016
Cerro ekl Inca 282.9 2873.2 3251 6348 8719 3298
St. Genevieve County 159.8 1345.7 1950 5651 8315 3554
Moonbi 110.2 854.60 1398 5126 7611 3782
Klamath Falls 0.2787 1.3166 3.229 1033 1455 5702

3Vasson et al. (2007¥Cook et al. (2004)°Wasson and Huber (2006)\Wasson (1999)Schaudy et al. (1972), Scott and Wasson
(1976), Pernicka and Wasson (1987), Grossman (2000)
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Fig. A5.4. Fractionakrystallization modebf 6 wt. % S and 1.5 wt. % ¢dbmpared to the
HSE abundances ofAB irons(orange diamondsfdditional IIAB Re, Os, and Pt data
from Cook et al. (2004) are shown as orange diamonds with black crf8edsnetal
and liquid metal evolution lines are shown in black and red, respectively. Initial solid and
liquid compositions arshown as black and red stars, respectively.
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Fig. A5.5. Fractionalcrystallization model compared to the HSE abundances of 1ID irons
(blue squares)solid metal and liquid metal evolution lines are shown in black and red,
respectively. Initial solid ahliquid compositions are shown as black and red stars,
respectively. Grey lineeflectequilibriummixing of solidand liquid atinitial, 10 %, and

20 % crystallizatiorsteps Tick marks on mixing lines reflect 10 % increments.
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Fig. A5.7. Fractionalcrystallization model compared to the HSE abundance$A® |
irons(red circles) Additional IlIAB Re, Os, and Pt data from Cook et al. (2004) are
shown aged circles with black crosseSolid metal and liquid metal evolution lines are
shown in black and red, respectively. Initial solid and liquid compositions are shown as
black and red stars, respectively. Grey lireffectequilibriummixing of solidandliquid
atinitial, 15%, and30 % crystallizationTick marks on mixing lines reflect 10 %

increments.
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Fig. A5.8 Fractionakrystallization modebf 1.4 wt. % Scompared to the HSE

abundances of IAB irons(red circles) Additional 11IAB Re, Os, andPt data from Cook

et al. (2004) are shown as red circles with black croSs#sl metal and liquid metal
evolution lines are shown in black and red, respectively. Initial solid and liquid
compositions are shown as black and red stars, respectively.
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Fig. A5.9 Fractionalcrystallization modetompared to the HSE abundances B ilons
(green triangles)Solid metal and liquid metal evolution lines are shown in black and red,
respectively. Initial solid and liquid compositions are shown as black ahdtaes,
respectively.
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Fig. A5.10Q The fractional crystallization model of the IlIF iron meteorites (solid lines)
compared to models using the minimum and m
Do, bs, br, a N @& valbies (Chabot et al., 201 Holid metal and liquid metal evolution
lines ae shown in black and red, respectively. Initial solid and liquid compositions are

shown as black and resymbols respectively.
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Fig. A5.11 The fractional crystallization model of the IlIF iron meteorites (solid lines)
compared to models using pam@ninelt S contents of 3.5 and 6.5 wt. % (5+1.5 wt. % S
range). Solid metal and liquid metal evolution lines are shown in black and red,
respectively. Initial solid and liquid compositions are shown as black anslynsbols
respectively.
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