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Chaptlenrt rlooduct i on

1.1 Motivating questions

Characterizing the origin, nature, and evolution of the chemical and isotopic
heterogeneity that existed in the early solar system is a fundamental pursuit of planetary
scierce. Because the heat budgets available to planetary bodies were dilkelgrily
controlled by when and where they formed in the protoplanetary, daiskular
heterogeneityhas bearing onhe question oiwhy some asteroids differentiated into a
core, mantle and crust, and why some did nMoreover, inking different types of
planetary bodies to one another throsplaredsotopic nebular reservoirs will give new

insights into the origins of botmebularandplanetary diversity.

1.2 Overview of early sar system history recorded in meteorites

Meteorites allow for the investigation of the chemical, isotopic, and chronologic
evolution of the earliest solar system, leading to the formation of terrestrial planets.
Evidenceobtainedfrom meteorites, along witastronomical observations, has led to the
understanding thahe solarnebulaformed when a portiorof a giant molecular cloud

composed of presolar gas and dust colldfeg., Cameron and Truran, 1977).

Most of the gas and dust coalesced into the gsoin, around which the
remaining gas and dust formed a protoplanetary dismn which planetary bodies

formed throgh accretion (Chambers, 200#/s cooling of the nebular gas progressed



refractory elementand mineralondensed from the nebulend cadensates evolved to
include increasingly more volatilgphases The condensed materials and presolar dust
grains clumped togetheuntil gravitational forces took over and larger planetesimals and
planetary embryoormed(Chambers, 2004 Ultimately he errestrial planets were built
from multiple collisons of planetary embryos, the frequency of whidceased

exponentiallywith advancingime.

Primitive meteorites t er me d did rfoterpdriercdufficient heatingto
cause partial melting or holesale differentiationand consequentlyretained pimitive
chemical and mineralogical composition€hondritesare aggregates of materials,
including matrix,chondrules, refractory metal grains, andAaich inclusions (CAls)
The CAlsrepresenthe arliest condensates from the planetary nebula and, thus, the
oldest known materials formed in the early solar sygeem, Gossman, 1972; Amelin et
al. 2002 Bouvier and Wadhwa, 2010pt her met eor i t e s,genera@ly me d
originated on plartary bodies thatexperienced heating sufficient to meénd
differentiate into metallic cors andsilicate mantle and crust early in solar system

history (eg., Lovering, 1957; Fish et al., 196Bpldstein and Short, 1957

Major heat sources for thedtmal evolution of early planetesimals include the
decay of shortived radionuclides, such &8Al, latent heat from accretion, and impact
heating (e.g., Fish et al., 1960; Lee et al., 19Whether or not a giveplanetesimal
differentiatediikely depenled primarily on the abundance of sHored, heatproducing
isotopes at the time it accreteBarly nmelting and differentiation is evidenced, for
exampl e, by A ma g mawhichcrépresent the comase df differemtiaterl s

planetary bodiesEviderce from the shodived **Hf-'®3 isotope systemyhich can be

~

n



used to datéhe relative ages of metallicate segregation, indicates that the parent bodies
of mostmagmaticiron meteorite groups differentiated within the firs8 Myr of solar
system fomation consistent with heating from the decay®®l (e.g., Kruijer et al.,

2014).

The distributions of siderophile elements in magmatic iron meteorite groups
indicate that the cores of their parent bodies crystallipecharily by fractional
crystalization (e.g., Scott, 1972; Wasson, 1999; Wasson and Richardson, 2001; Wasson
et al ., 2007; Wal ker et al ., 220D Bma tMcoCo yo ri
Asi |-becaartieng o groups, including t he | AB C
complicated fomational histories and chemical compositions that cannot be explained by
simple fractional crystallizatior{e.g., Wasson et al., 89; Wasson and Kallemeyn,

2002) AUngr oup e d ohave chemmcal mmenpositonsithatals not fialb any
recognizedgroups. In some instances they may sample asteroidal cores, whereas other
ungrouped irons may have formed by other processes. This variety of iron metautites

the mechanisms by which they crystallized hamplications for the thermal evolution of

the iron meteorite parent bodies. It has been suggested that the chemical and textural
differences between the nomagmatic and magmatic iron meteorites may be related to
the degree of differentiatiotmattheir parent bodies experiencead.,Kracher, 1985)It

is, therefore, useful to study nomagmatic irons to assess whether their parent bodies

werepartially or fully differentiated



1.31AB complex of iron meteorites

The IAB complex is a largenonrmagmaticgroup of iron meteorites that is
chemically andexturally distinct from thenagmatidron meteorite groups-or example,
some members of the complex contain abundant silicate,cldstseas silicates are rare
among magmatic irondNVasson anallemeyn (2002) most recently categorized the
IAB complexand subdivided it into a main group (MG) aseleral chemical subgips
The chemical diversity of th&#G and subgroups suggest ththese iron meteorites
formedin separate parental melts, either on the same parent body, or on separate parent
bodies by snilar processe8Nasson and Kallemeyn, 2002)

The highly siderophile elements (HSE) are useful for examinthg
crystallization history of metaich asteroids due to their generally wetiderstood
partitioning behavior in metallic systertesg., Joneand Drake, 1983; Jones and Malvin,
1990; Chabot and Jones, 2008)comprehensie study of HSE characteristics aReé-

Os isotope systematiegas conductethiereto examine whether or not meteorites within
and between the MG and subgroups could be relatemheéoanother by crystdifjuid
fractionation processedrace element modeling within subgroups was conducted to
explore different crystallization mechanisms to elucidate the thermal history and degree
of differentiation of the IAB parent body(iesihe lmnglived **'Re-*®’Os isotope system

was also used to assess dsit@ge open system behavior of siderophile elemengs, (
Chen et al., 1998; Becker et al., 2D0lhe new HSE anf’Re-'®'Os data are presented,
along with discussion of the formation ofetHAB complex in Chapter 2 of this

dissertation.



Magmatic iron meteorite groups are distinguished from one another in part by
variable depletiorfenrichmentsn volatile siderophile elements (e.g., Ga, Ge) and redox
sensitive elements (e.g., Fe, Whhen compared to one another and chondritic relative
abundances of siderophile elemef8sott and Wasson, 1975; Kelly and Larimer, 1977)
Therefore,siderophile element data were obtainedsitu to investigate volatility and
oxidationrelated trends withirand ketween the IAB MG and subgroups. These results
are reported in Chapter Zhis allowed for furthelassessment of chemical differences
within the IAB complex, and between the IAB complex and magmatic iron meteorite
groups.

Therelations betweebAB subgroupsand how they fit into the larger context of
iron meteorites in generatan also be evaluated using masfependent and radiogenic
isotopes of siderophile elements. This kind of investigation taldh@ntage ofthe

various types oisotopic he¢rogeneity recorded in meteorites.

1.4 Isotope heterogeeity in the early solar nebula

Numerousstudies have shown isotapvariability in a variety ofelementsin
chondrite components and bulk meteorites (e.g., Clayton and Mayeda, I9#5)
anomaloussotopic compositions of an element are measured relative to some reference;
normally te terrestrial bulk silicatEarthisotopic composition, represented by standard
reference materialg¢sotopic anomalies can either be primary or secondary featuies of
cosmochemical sample. Primary isotopic compositions are inherited from the original
materials or source from which the samples formed. Secondary isotopic anomalies can

originate froma variety of processes, includitige decay of radioactive parent iSotg



such as those in the shdisted ‘*?Hf-'*3V isotope system and the lofiged **'Re-'*’Os
isotope systemCosmic ray exposure caiso modify the original isotopic composition
of most elements, due to neutron captupeocesses(e.g., Osi Walker, 2012
Additionally, physical or chemical process€e.g., vaporization/condensatiorgan
produce massdependent or massdependentisotopic fractionationin many isotope
systemsBoth primary and secondary isotopic features have been observedandW
for instance (e.g., Dauphas et al., 280Rujii et al., 2006;Masarik 1997 Qin etal.,
200&; Weiser and DelLaeter, 2009; Burkhardt et al., 2014

Primary isotopic heterogeneity is evidenced liesplargrains,preserved insome
chondriic meteorites These refractory grainsontain elemets synthesizedni various
stellarnucleosynthetiprocesses (e.gs-, r-, andp-process) that occur in distinct types of
stars and in different stages of stellar evolution (€gmeron, 1957Burbidge et al.,
1957; Nittler et al.,2003; José and llias 2011). The p-process occurs either by
photodisintegration (a process by which a nucleus sheds a neuttoynpimton capture
during supernovad.he slow neutron capture-J process occurgrimarily in asymptotic
giant branch stars, while the rapid trea capturert) process occurs in supernovae with
high neutron flues(Burbidge et al., 1957; José altiddis, 2011).Therefore the isotopic
compositions ofpresolar grainssuch as SiCreflect the isotopic signatures of the
particular nucleosynthetiprocesssthat occurred irtheir parent t@rs (Nicolussiet al,
1998; Nittler, 2003; Fig. 1.1). The highly variable isotopic compositionsf presolar
grains require that uoitiple generations of stars creatétem and injected theinto the
interstellar nedium where they were mixednd ultimately incorporated into thgiant

molecular cloud from which our solar systésnmed (e.g., Nittler, 2003).
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Primary heterogeneity is also present in bulk materials. Primary variability in
170/*0, relative t6'%0/*°0 in meteoritesvas first demonstrated l§fayton et al. (1976)
Oxygen isotopebave since been used as a genetic tracer of solar system materials (e.g.,
Clayton, 1993). Other elements which plés/ isotopic heterogeneitieat the bulk
meteorite scalenclude Sm andNd (Andreasen and Sharma, 2006), Ba (e.g., Ranen and
Jacobsen, 2006; Bermingham et al., 20,18a(Regelous et al., 2008);j (Niemeyer and

Lugmair, 1984; Trinquier et al., 2009), Cr (Trinquier et al., 2007; &ial.,2010), Ru



(Chen et al., 200; FischetG™ dde et al ., 2015) , aa) d Mo
Burkhardt et al., 2011)With the exception of O isotopic variability, primary isotopic
features in these elements among planetary b@temost likely nucleosynthetic in
origin (Niemeyer ad Lugmair, 1984Dauphas eal., 20023

Why primary nucleosynthetigsotopic effectan someelementsare exhibited at
the bulk meteorite scale is an open questidme solar nebula may have begoorly
mixed initially with respect to isotopically diverseresolar material leading to
nucleosynthetic isotope effects that were simply dependent on the variable degrees of
homogenizatio (e.g., Andreasen and Sharma, 200Kkernately, selective thermal
processing ofthermally labilepresolar carriersn a honogenized solar nebula may have
created isotopic heterogenefiy.g., Trinquier et al., 2009)In this case, the presence and
nature of nucleosynthetic effects would depend on the types of presolar carriers and the
degree of thermal processint.has alsobeen proposed thaate injections of material
from nearby supernovaenpartedisotopic heterogeneityand may havelso supplied
shortlived radionuclides to the solar nebula (e.g., Cameron and Truran,. T9&&e

variousscenarios are not mutually exsive

1.5 Introduction to Mo cosmochemistry

The Mo isotopic system is uniquelguited to address current outstanding
guestionsin cosmochemistrybecause it consists of seven stable isotopes that are
synthesized by a variety of nucleosynthetic proceddetybdenum is also moderately
siderophile, so it is abundant in most types of meteofi#es, Kuroda and Sandell,

1954) Though the cosmochemical applications for Mo isotopes are the princary &b



this dissertationthe application of massependent M isotope effects as indicators of
paleoredox conditions has been the focuswherous studies of Mo in bulk samples of
terrestrial rocks and sedimen(s.g., Barling et al., 2001; Seibert et al., 2003; Anbar,
2004) . I n cos mbno dememdensyrithetié kaisotope anomalies
have been used primarily to evaluate the extent of mixing and/or thermal processing in
the solar nebulaand to test genetic relations amongst solar system materials (e.g.,
Dauphas et al., 20@62Burkhardt et al., 2011)

Nucleosynthetic anomalies in Mo were firsportedby Dauphas et al. (208p
using multi-collector inductively coupled plasma mass spectromeZ{|ICP-MS) and
Yin et al. (2002) using thermal ionization mass spectrometry (TIMS). Both studies
showed evdence for endemic isotope anomalies in carbonaceous chondrites. Dauphas et
al. (2002) also reported similar effects in iron meteorites, mesosiderites, and pallasites.
Using TIMS, Becker and Walker (2003) reported the Mo isotopic compositions of
chondritesand iron meteorites that were indistingable from terrestrial andardsThe
disagreement between the various studies was likely a resuiswdficient analytical
resolution(Yokoyama and Walker, 2016Ylost recently Burkhardt et al. (2011) reported
Mo isotopic compositions of CAlscarbonaceous, ordinary, and enstatite chondrites
magmatic anchonmagmaticiron meteoritespallasites angrites and shergottitesusing
MC-ICP-MS.

Because the nucleosynthetic anomalies observed in the Mo isotopiositons
of bulk meteorite samples are parbodyspecific (e.g., Dauphas et al., 2082
Burkhardt et al.,, 2011)Mo is a valuable genetic tracer tdie materials that comprise

early solar system plaretimals By merging groups or incorporating ungrouped



anomalous meteorites into existing groups, the formation histories of meteorite parent
bodies can be made more comprehensive. As a corollary, by demonstrating that certain
solar system objects are unrelatélte evolutionary histories of the meteorjarent

bodiescan be clarifiedimportantly, genetic links can only be rejected and not confirmed.

It is only possible to reject genetic linkages among meteoritic material if isotopic
differences can be resolved. The current stétae-art precision of the measum
¥Mo/*®*Mo isotope ratio is +3 ppm bythermal ionization mass spectrometperated in
negative mod€N-TIMS) (Nagai and Yokoyama, 20&6and+ 21 ppm byMC-ICP-MS
(Burkhardt et al., 2011). In an effort to increase the resolvingepaivtheMo isotopic
system, procedureswere developed for this study that allowént the separation,
purification, and higkprecision analysis of Mo using BhermaFisher Triton PlusN-
TIMS a the University of Maryland The new methodologywhich is capable of

achieving + 5.4 ppm (2SD) precision fdiMo/°®Mo, is presented in Chapter 4

1.6 Genetics and chronology of IAB meteorites

Molybdenum isotopes weresed to investigate how IAB complex meteorites may
be geneticallyrelated to one anothein addition, he shortlived **?Hf-*¥3W chronometer
wasemployed to obtain relative metsilicate segregation ages of the subgroups, and to
evaluate whether the major heat source(s) responsible for-segtagation was internal
(e.g.,%°Al) or external (e.g., impactMolybdenumisotope data'®AW data, and Os data
which wereused to correct Mo and W isotopes for CRE effemts presented in Chapter

5. New Mo isotope data for magmatic iron meteorites, ungrouped iron meteorites,

10



ordinary chondrites, and an enstatite rotirite are also reported in Chapter 5 to make

comparisons with IAB complex iron meteorites.

Trace element modeling of HS#bundancesused in concert with the Mand W
isotopic compositionsof IAB complex iron meteorites gives insight into an enigmatic
group of iron meteoritethat may represent more than one parent bdde complex
may also represent a type of partially differentiated parent body intermediate between
chondrite and magmatic iron meteorite parent bodigker in time or spac€&€hapteré
of this dissertationsummarizes the previous chapters and discusses the outstanding

guestions and future directions of this research.
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Chap2®irderophil e el ement Ssyst ema
meteorites: New i nsighlgmatimct grtoh

2.1 Abstract

Siderophile trace element abundances taed®’Re-'*'Os isotojic systematics ofhe
metal phases of 58 IAB complex iron meteoritese determined in ordéo investigate
formation processesand howmeteorites withinthe IAB chemical subgroupsnmay be
related.Close adherence df'Re-**’Os isotojic data of most IAB iron meteorites to a
primordial isochron indicateshat the siderophile elements of most members of the
complex remained closed to elemental disturbance soon after niation. Minor,
presumably latstageopensystem behavigthowever,is observedn some members of
the sLM, sLH, sHL, and sHKubgroupsThe new &lerophile element abundandata
are consistent with the findings of prior studies suggestiagthe IAB sbgroups cannot
be related to one another by arknown crystallization process Equilibrium
crystallization, coupled wittcrystal segregatignsolidtliquid mixing, and subsequent
fractional crystallization can account for the siderophile element variahomsng
meteorites within the IAB main group (MG)he data for thesLM subgroupare
consistent withequilibrium crystallization, combined witlerystal segregatiorand
mixing. By contrast, lte limited fractionation ofiderophile elements withithe sLL
subgoup is constent with metal extragbn from a chondritic source with little
subsequent processinfhe limited data for the other subgroups were insufficient to draw
robust conclusions about crystallization processes involved in their formation.

Collectively, multiple formational processes are represented in the IAB complex, and

12



modeling results suggest thfaactional crystallizatiorwithin the MG may have beea

more significant process thaas beempreviouslyrecognized

2.2 Introduction

A Ma g maranimetéorite goups, such as IIAB, IlIAB, and IVAare so termed
because members of each gréwgve relative and absolute trace element abundances that
canlargelybeaccounted foby the fractional crystallizatioof metallic mels. They have
commonly keen interpretedo samplethe metallic cores of differentiated planetesimals
(Lovering, 1957; Fish et al., 196@Goldstein and Short, 1967; Scott, 1972; Scott and
Wasson, 1975)By contrast, ie IAB complex is a large group of iron meteorites that is
chemtally and texturily distinct from the magmatiron groups.

The members of the IAB complex hav&jor and trace element relationships that
cannot be accounted for by simple fractional crystallization (e.g., Scott Keig and
Larimer, 1977; Wasson e#l., 1980; Pernicka and Wasson, 1987; Wasson and
Kallemeyn, 2002Goldstein et al., 2009Rarticularly the ranges in the concentrations of
elements that are not strongly fractionated by fractional crystallization, such as Ni, Ge,
and Ga, are much greatar the IAB complex than in magmatic groupBig. 2.1).
Further some meteorites within the IAB complex contain abundant silicate clasts, which
are rare in magmatic groupSonsequently]AB complex meteorites werence termed
finorrigneou®, but are now rderred to asfinon-magmatio or fisilicatebearing (e.g.,
Wasson, 1970; Willis, 1981; McCoy et al., 199Bhe presence of much lower density
silicates, most of which are roughly chondritic in both their mineralogy and chemical

compositionyemainsdifficult to reconcile with the enveloping, oro®lten FeNi metal

13



(Benedix et al., 2000; Wasson and Kallemeyn, 2002)¢ chemical and isotopic
similarity of some silicate inclusions to winonaites, a group of primitive achondrites, has
led to the suggestion that least some IAB meteorites are from the same parent body as

the winonaites (Bild, 1977; Clayton and Mayeda, 1996).
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Fig. 2.1. Ni vs. Os for the IIAB, IlIAB, IVA, and IVB magmatic iron meteorite groups
and the IAB complex. Fields represent the e each group. Data symbols for the
magmatic groups are omitted for clarity, but are shown for the IAB complex subgroups.
The magmatic groups have more linear Ni vs. Os, and smaller ranges in Ni than the IAB
complex as a whole. Os data for the IAB comee from this study. Other Os data are
from Cook et al. (2004), Walker et al. (2008), and McCoy et al. (2011), and Ni data are
from Wasson (1974), Buchwald (1975), Rasmussen et al. (1984), Wasson, (1999),
Wasson and Richardson (2001), and Wasson andridaiin (2002).

The IAB iron meteorite group was initially divided into four separate groups, then
consolidated intdAB and IIICD groups, andvas laterdesignatedyroup IAB-IIICD as

evidence for a compositional continuum accumuldeed., Wasson and Schdy, 1971;

Scott et al., 1973; Kracher et al., 198hoi et al., 1995 Wasson and Kallemeyn (2002)

gathered these meteorites i nto swddigidedti s now
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into a main grougMG) and five subgroupbased primarily on the cltexing of Ni and
Au concentrationsThe MG comprises the traditional IAB group, whereas the subgroups
include thepreviously defined groups Ill@nd IIID. The complex also contains a number
of Aungrouped | ABbearchenical similaritie® ohe compesx, butoh a t
not clearly fall into any of the subgroupdt remainsunclearwhat, if any, common
processes relate meteorites from the different subgroups, or even whether all 1AB
complex meteorites come from the same parent body. The procgssbgh meteorites
within a subgroup are related are also debated.

In an attempt to explain the unusual chemical and textural characteristics of the
IAB complex, various authors have proposed formation scenarios that invoke melting
and/or mixing on eithea partially differentiated or undifferentiated parent boblyere
is, however, currently no consensus on the formation scenario(s) for the IAB complex.
Kracher (1985) proposed ththe IAB complex irons sample the fractionatiyystallized,
S-rich core ofan internally heated, partially differentiated parent bdgly.contrast, the
trace element modelingf other authors led to the suggestion that the IAB complex
originated in impacgenerated melt pools in the megaolith of a chondritic parent
body or lodies Wasson et al., 198@hoi et al., 1995; Wasson and Kallemeyn, 2002).
This scenario can potentiallpetter account for the presence ailicates that are
suspended ithemetalof some IAB complex irons. Conversely, arguments made by Keil
et al. (1997) against the efficiency of impact melting and the longevity of melts led
Benedix et al. (2000) to suggest that radioactive decayawasre likely source of heat
than impactsThat study, using evidence from silicate inclusions, proposeddel by

which partial differentiation of an internally heated chondritic parent body was followed
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by impactinduced breakup and reassemifudies investigating the petrograpand
Ar-Ar and FXe agef IAB silicates McCoy et al., 1993Bogard et al., 2005; Vogel dn
Renne, 2008Ruzicka and Hutson, 2010 omkins et al., 2013 and Hf-W and PdAg
model ages of théAB metab (Schulz et al., 2012Theis et al., 2013have supported
different aspects of each of the major formational models.

In order tofurther constrai the formation and crystallization history of IAB
complex iron meteorites, weeport **'Re'®Os isotopic systematics antighly
siderophile elemerabundanceéHSE, Re, Os, Ir, Ru, PiandPdare measured hegréor
bulk samples 068 IAB complexiron metorites.The '*’Re-*’Os isotope systeiis used
to assess the extent of opgystem behavior of the HSE in the IAB compl&ke new
HSE data are then used teaxamine the classification of meteorites within the complex,
and to examine processes that hagen previously proposed to relate meteorites within
the subgroupsThe absolute and relative abundances of H&E are particularly well
suited forthis taskbecause their behavgresulting from crystaliquid fractionationand
mixing processesare gnerally well understood (e.g., Jones and Drake, 1983; Jones and

Malvin, 1990; Chabot and Jones, 2003).

2.3 Samples
All samples examined in this study were obtained from the Smithsonian
Institution National Museum of Natural Historygble 2.1). Each ofthe IAB subgroups
is represented by at least three samplae MG samplegxamined hereepresent25%
of recognized MG iron meteorites and spgha range of MG compositions reported by

Wasson and Kallemeyn (2002) (low to high Au contents). Detailed gvapbic
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descriptions of IAB silicates can be foundBiid (1977), McCoy et al. (1993); Takeda et

al. (2000),Benedix et al. (2000)Ruzicka and Hutson (2010), and Ruzicka (2014).
Silicate-metal relationships are discussedVasson and Kallemeyn (2002)damomkins

et al. (2013).The fraction of IAB iron meteorite samples which contain silicates was
estimated by Wasson and Kallemeyn (2002) to be ~ 4P&blés 2.1 and A2.2 1
Buchwald, 1975; McCoy et al., 1993; and Benedix et al., 2&i0¢ates occueithe as
visible inclusions on the mto an scale, or as finely disseminatgchinson the order of

100 mm acrosgWasson and Kallemeyn, 2008bundances of silicate clasts in silicate
bearing IAB irons can range from a few véd.to 4060 vol. % €.9.,McCoyet al., 1996
Tomkins et al., 2013 For example,n Hope, Bogou, and Smithville, silicates were
observed as rare phases in association with troilite and graphite (and only as a single
grain in Hope) (Buchwald, 1975). In contrast, Lasdand Campo del Qe have
abundant silicate clasts (e.g., Bunch et al., 1972; Tomkins et al., 20fE3)najority of

the silicates are broadly chondritic in terms of both their chemical composition and
mineralogy, though Benedix et al. (2000) also described swifile graphiterich, and
phosphateich, norrchondritic silicates. In terms of the metal, many IAB complex irons
display a Widmanstatten pattern upon etching with dilute acid, with kamacite and taenite
lamellae ranging from suimm to mm scale. Samples from the BAcomplex represent

the range of textural typgsesent in iron meteoritdsom hexahedrite to ataxite (Benedix

et al., 2000).
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2.4 Analytical methods

2.41 HSE chemistry

Highly siderophile element concentrations and Os isotopic compositions were
obtainedusing methods previously described (Cook et al., 2004; Walkek, e2008;
McCoy et al., 2011)The meteorites were cut into 30 to 300 mg pieces using a-water
cooledL e c 0 -d& W Bawv with a 12.7 cm diamond wafering blade, which was cleaned
with carlorundum between each sampleor some silicatdbearing meteorites (e.g.,
Landes and Woodbine), it was impossible to separate pure metal from silicate for
digestion, although silicate inclusions were avoided as much as possibkanles
were mechanicallyabraded using carborundum pagpand sonicated in ethanol three
times to remove any adhering rust, fusion crust, or saw blade contamifdsisses of
the samples digested are givenTiable 2.1. Each sample was spikgutior to digestion
with a combined @tinumgroup element (PGE) spik&r, “Ru, **4Pt, and**Pd) and a
combined ReéDs spike 1*Re and!®0s) for isotope dilution Occasionally, it was
necessary to spikeith an additionaindividual *°°Pd spike to suglement the combined
PGE spike becae it was too dilute i”™Pd for some of the Peinriched samples.

Samples and spikes were digested and equilibrateRlyiaX’ Carius tubes at
220°C for at least 24 hourgsing 5 ml of concentrated HN@nd 2.5 ml otoncentrated
HCIl. The metal phase wasompletely digested using this technique, but any silicates
present were not dissolved. Upon opening the tubes, oxidized volatilevads
immediately extracted into carbon tetrachloride ((fGnd then baclkextracted and
reduced using concentrated HBr (Colend Waters, 1996). The Os was further purified

via microdistillation (Birck et al., 1997). The Os total analytical blank was negligible for
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all samplescomprising < 0.1% of the total Os extractesteraging 4 + 2 pg, with an
isotopic composition of’0s/*%0s = 0.15 + 0.04 (n=7)

The HSE remaining in the aqueous phase following Os extraction were separated
and purified wusing anion exchange <chr omat
Samples were centrifuged to separate and allow removal of silicate rdsaiesample
was loa@d onto a disposable 2 ml Biorad column filled with 1.7 ml of AG1X8-200
mesh resin in 1M HCI. After most naanalytes were rinseaff the column with 1M HCI,
0.8M HNGQG;, and 1M HCI1M HF, Re and Ru wereluted in 6M HNQ, followed by Pt
and Ir in concemmated HNQ. Finally, Pd vas eluted in concentrated H&henium and
Ru cuts were further purifiedsing a smaller versioaf the primary anion column that
was made usindisposable transfer pipettasd 250 pl of resinThe ReRu, Ptlr, and Pd
cuts werethen evaporated to dryness andligsolved in a small amount afua regiato
reduce resinderived organicsThe HSE cuts were dried again and taken up into solution
in 0.8 M HNG; for analysis. The total analytical blanks for Re, Ir, Ru, Pt, and Pd were 1
+ 2,310, 30 £ 40, 300 + 600, and 40 £ 80 pg, respectively)(These blanks were
typically less than 1% of the total element analyzed, with the exception of the Pt blank,
which accountedor 2-3% of the Pt separated from some éo\@bundance samplése.,

Mount Magnet, Freda, Dayton, EdmontddY) ) . The Re bl ank accoul
the total Re extracted for neadit samplesThe exceptions are Dayton and Freda, where
the blank accounted for 0.2% and 0.9% of the total Re, respectikilyplanks are

sufficiently lowasto have an inconsequential effect on the isotope systematics.
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2.42 Mass spectrometry

Osmium was analyzed using WG Sector 54thermal ionization mass
spectrometem negative ion mode (NIMS). Loading procedures were similar those
reported by Cook et al. (2008amples were dissolved in concentrated HBr and 1 to 50
ng of Os were loadednto an outgassed Pt filamemhe sample was dried by applying a
0.5 A current through the filamen©nce dry, ~0.8 pl of a saturated dodn of Ba(OH)
was depositedn top ofthe sample and used as an electron activi&tmr.samples and
standards, th®s isotopebeamswere collected in multiple Faraday cupsing a static
analytical routineThe external reproducibility df ‘Os**®0s foran Os reference material
was+ 0. 03 % ¢rxanples,however,the average internal uncertainty on the
18"0s/%0s measurement was O . 0 4 %,). Bexduse the blank correction for
1870s%80s was negligible, we assigmhan uncertainty of: 0.04%to **'0s/*%0s. In
cases where lower sigl intensity made the statistics of the individual measurement >
0. 04 %, the standard error of t heg) lonean of
abundance samples Freda and Mount Magnet). The uncertainties for Os concentrations
are estimated to be + 0.1%.

Rhenium, Ir, Ru, Pt, and Pd concentrations were determined u$inigRdasma
multi-collector inductively coupled plasmaass spectrometer (MICP-MS). Sample
solutions were introduced into the plasma usir@etac AriduS" desolvating nebulizer.
Analyseswere conducted in static mode using multiple Faraday cups. Spiked ratios were
measured to better than N 0.1% (20). For
corrected using a fractionation factor obtained by comparing isotope ratio measurements

of standards with the accepted isotope ratios. Rhenium cuts were doped with W in order
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to correct for instrumental mass hiamrmalizing to™®W/**4W = 1.0780(Kleine et al.,
2004) The uncertainties of Ir, Ru, Pt, and Pd concentrations were estimated&iter
than + 3%, based on repeated analyses of spilkgabts of previously weltharacterized
iron meteorites which were used as reference materials (Walker et al.,. 2008)
Uncertainties for Re concentrations are estimated to beg#0.Eor **'Re/*®0s ratios,

the uncertainties were estimated taHi& 2%.

2.5 Results

2.5.1 *'Re'®’0Os isotopic systematics

Rhenium187 decays t6®0s v idac ay witRé= 10666fxdd yrt
(Smoliar et al., 1996). The siderophile element systematics obritetethat do not plot
on a primordial ®*’Re'®0Os isochron must be considered with caution, as- non
isochronous samples may reflect pfstnation gain or loss of Re and/or Os, and likely
other HSE. Rheniur®s isotopic data are presentedTiable 2.1 and Fig. 2.2. The
moderate fractionation of Re from Os in the MG produces a ran§éRe/®®0s from
0.346 (Magura) to 0.909 (Hope). The corresponding rang&@s/*®0s is 0.12270 to
0.16727. If the other subgroups are included in the range, the 16¥{Ref-**0s and

1870s/%80s ratios are for Carlton (sLM) and the highest are for Georgetown (ungrouped).
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Table 2.1. Highly siderophile element abundances and(Reisotope data. Samples are
listed inorder ofdecreasing Re concentration. Sample weightsiges dgn grams’Ni, in
wt. %, data are from Wasson and Kallemeyn (2002). All other concentrations are

reported as ng/g.

Sample W. Nik Re Os Ir Ru Pt Pd  'Ref*®0s '¥0s/**0s  qus
IAB main group
Lande$ 0.025 6.55 354.8 4368 4293 9805 10500 3581 0.3912 0.12627 -0.3
Seligman 0.195 6.67 308.7 3891 3293 7754 8886 3502 0.3822 0.12563 0.5
Yenberrie 0.108 6.82 290.6 3926 3463 5536 6359 3647 0.3565 0.12365 10
Ballinger 0.011 6.78 279.9 3153 3137 6782 7179 3402 0.4278 0.12905 -1.4
Duplicate 0.039 2741 3138 3111 6341 7352 3382 0.4209 0.12868 0.3
Cranbourne 0.074 6.82 275.0 3670 3614 9662 11380 3398 0.3608 0.12377 -1.2
Campo del Ciefb  0.053 6.68 2741 3632 3308 6725 8213 3403 0.3635 0.12418 0.8
New Leipzig 0.097 6.68 2724 2723 2904 8626 9898 3527 0.4824 0.13353 0.1
Magurd 0.049 6.44 269.2 3743 3648 9892 11430 3254 0.3464 0.12270 -0.4
Canyon Diabld 0.071 6.93 231.7 2780 2560 5579 6959 3494 0.4016 0.12723 1.1
Odessa 0.016 7.19 2243 2501 2572 5392 6749 3795 0.4321 0.12931 -2.3
Jenking 0.129 6.92 211.6 2327 2207 5403 6772 3585 0.4382 0.13008 0.6
ALHA 77283 0.065 7.28 210.2 1891 2327 5687 6867 4526 0.5362 0.13777 -0.1
Youndegirt 0.092 6.83 202.4 2134 2217 6354 6960 4010 0.4572 0.13156 0.4
Smithville® 0.033 6.92 1914 1884 2028 6096 6422 3734 0.4898 0.13415 0.5
Seymour 0.100 6.78 166.5 1673 1807 5636 6383 3627 0.4799 0.13340 0.7
Bogout 0.091 7.33 158.9 1219 1747 5178 5999 3754 0.6291 0.14510 -0.3
Burgavali 0.078 6.64 132.1 759.2 1217 9283 10120 3305 0.8422 0.16195 -0.5
Morasko 0.084 6.76 106.8 799.0 1141 9612 10260 3306 0.6456 0.14649 0.5
Seel sgen 0.040 6.59 104.3 8634 1143 9643 10340 3314 0.5831 0.14148 0.0
Sarepta 0.122 6.59 100.7 845.1 1131 9372 10190 3287 0.5748 0.14099 15
Duplicate 0.140 103.3 849.2 1136 9995 10270 3432 0.5873 0.14183 0.1
Hopé' 0.203 7.06 5426 288.9 753.1 6584 5893 3449 0.9094 0.16727 -0.6

IAB sLL (low Au, low Ni) subgroup

Pine Rivef 0.261 8.04 268.1 3515 3085 3812 4925 4286 0.3674 0.12451 1.0
Shrewsbur§y 0.113 8.3 226.5 3588 2729 3384 4840 4539 0.3038 0.11949 11

Duplicate 0.035 226.6 3641 2717 4254 4897 4413 0.2995 0.11912 0.8
Comanché 0.071 8.24 226.4 2698 2614 4577 5738 4499 0.4043 0.12740 0.7
Bahjof* 0.140 7.94 220.2 2598 2429 4659 5739 4370 0.4084 0.12771 0.5
Tolucd 0.141 8.02 2159 2232 1962 4351 5426 4283 0.4663 0.13228 0.4
Deport 0.124 8.05 215.8 2587 2429 4633 5613 4389 0.4018 0.12721 0.7
Balfour Dowrs® 0.098 8.38 212.0 2422 2302 4148 5613 4809 0.4218 0.12870 -0.2
Bischtibe 0.236 7.78 201.6 2432 2326 3554 4870 3932 0.3994 0.12639 -5.5

Duplicate 0.117 204.8 2425 2338 3822 4890 4257 0.4068 0.12764 11
Goose Lakd 0.045 8.24 188.2 2217 2139 4509 6094 4056 0.4092 0.12779 0.7

IAB sLM (low Au, medium Ni) subgroup
Persimmon Creék 0.194 13.79 80.73 730.6 840.2 1360 2026 5585 0.5330 0.13755 0.3

Duplicate 0.113 71.03 671.7 829.6 1314 1919 5184 0.5101 0.13577 06
Mungindi 0.197 11.86 4786 678.4 5703 426.2 610.7 5881 0.3397 0.12235 14
Edmonton (KY) 0.064 1290 38.86 650.6 508.4 5218 586.9 5769 0.2874 0.11817 1.0

Duplicate 0.284 38.74 649.7 502.0 516.1 584.4 5647 0.2869 0.11816 13
Maltahbhe 0.198 11.40 16.42 1214 165.0 641.0 626.2 5390 0.6533 0.14731 2.6
Anoka 0.309 11.80 13.84 260.2 1679 256.2 2245 5722 0.2558 0.11566 0.8

Duplicate 0.072 14.05 260.8 162.2 253.1 221.1 5847
Carltorf 0.190 13.23 7.113 140.0 9249 97.70 1019 6689 0.2444 0.11494 2.7
Lamesa 0.268 13.28 4.582 39.78 48.14 1426 138.6 6639 0.5559 0.14070 14

Duplicate 0.199 4706 39.65 47.86 142.7 139.0 6632 0.5727 0.14120 5.3
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Table 2.1. (continued)

Sample Wi. Nit Re Os Ir Ru Pt Pd Ref*0s  ¥0s/*0s  qus
IAB sLH (low Au, high Ni) subgroup
Tazewell 0.180 17.06 7.512 1347 87.84 62.04 8593 8687 0.2683 0.11692 3.6
Daytorf 0.252 17.10 2.594 41.82 31.37 49.13 48.66 8262 0.2985 0.12035 14
Duplicate 0.225 2590 4053 28.68 48.21 46.73 8194 0.3077 0.12036 6.8
Freda 0.278 23.21 0.6164 8.043 7.500 30.00 23.02 12210 0.3692 0.12662 21
IAB sHL (high Au, low Ni) subgroup
Quarat al
Hanish 0.150 12.75 86.75 9434 957.6 2214 2671 6066 0.4432 0.13048 0.6
Chebankol 0.238 9.17 8.632 63.31 1029 1328 1711 4578 0.6587 0.14680 -6.7
Sombrerete 0.264 9.84 6.099 61.87 73.80 537.6 468.2 5369 0.4753 0.13297 0.2
IAB sHH (high Au, high Ni) subgroup
Kofa 0.231 18.39 8.218 72.38 99.22 2554 3671 9650 0.5478 0.13872 0.2
ALHA 80104 0.295 15.86 7.584 70.94 90.42 2597 3225 8641 0.5157 0.13669 54
mggmﬁ 0.299 1457 0.6252 5.650 6.176 142.6 59.90 9212 0.5340 0.13922 16
IAB
ungrouped
TIL 91725 0.131 8.04 285.3 3784 3244 5151 5934 3743 0.3631 0.12412 0.5
ggSﬁg? 0.260 9.42 254.0 2728 2515 4696 6058 4267 0.4488 0.13091 0.5
Zagord 0.123 9.36 243.0 3026 2655 4520 5413 3981 0.3867 0.12607 1.3
Mertzorf 0.088 9.08 188.0 1701 2160 3959 7395 3540 0.5332 0.13760 0.6
EET 84300 0.093 10.11 1834 2839 2161 1995 2768 4710 0.3109 0.12022 2.8
Duplicate 0.127 176.8 2769 2085 1876 2694 4094 0.3070 0.11982 2.0
Woodbiné 0.230 10.05 1779 2062 1984 2389 3053 6181 0.4156 0.12834 1.2
Pitts' 0.158 12.81 1179 1433 1244 1780 2447 6954  0.3962 0.12682 1.3
Duplicate 0.097 105.8 1423 1392 1724 2450 6486  0.3582 0.12405 3.7
Duplicate 0.111 1141 1491 1373 1790 2346 6433 0.3685 0.12418 -3.2
Mundrabill& 0.060 7.50 81.62 7519 998.0 3232 3825 3925 0.5237 0.13754 75
Duplicate 0.078 89.40 7855 9716 3243 3627 3828 0.5491 0.13830 -5.0
Waterville 0.116 7.63 3486 203.2 366.8 3278 3187 3874 0.8303 0.16061 -4.6
Duplicate 0.126 33.33 186.0 348.4 3395 2804 3908 0.8671 0.16255 -14
GeorgetowA  0.109 9.03 17.33 88.47 1904 2105 1750 3601 0.9488 0.16983 -6.1
IAB unclassified, classified here as MG
Osseo 0.068 6.71 5103 7313 5934 8769 10690 3368 0.3360 0.12204 1.2
Sardis 0.137 6.73 185.3 1760 2022 7588 8292 3424 0.5078 0.13551 -0.2
Duplicate  0.075 185.8 1765 2024 7546 8289 3421 0.5074 0.13558 0.9

4AB irons in which silicate inclusions have been observed by Buchwald (1975) and McCoy et al. (1993).

A more detailed summary of silicate acences is provided in Table S2.

Pos is calculated bygps = 10°(**"0s/%%0sas T (0.09532 + 0.07918 ¥'Rel%0s,s)), where 0.09532 is
the initial **’0s/®®0s and 0.07918 is the slope of the MG isoch{ftable2.2).
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RheniumOs isotopic datawere regressed for th#1G and individual IAB
subgroups using ISOPLOT (Ludwig, 2003)aple 2.2). Because it isepresentethy the
largest number of samplésthis study and in the IAB complethe MG isochron is used
for comparison to the other subgroups. The MG isochron gives an age of 45Ma 20
and an initial*®0s/*0s of 0.09532 + 0.0001gMSWD = 4.2) This age and initial
1870s/*%0s overlap,within uncertaintiesthe compositgrroup IAB age and initial ratio of
4537 £ 21 and 0.09556 + 0.00016 reported by Horan et al. (1998). The ageitad in
ratio are alssimilar toresultsfor magmaticiron meteorite groups (Smoliar et al., 1996;
Shen et al., 19968Valker et al., 2008; McCoy et al., 201The isochrons for most of the
individual subgroups yield ages and initi&0s/**0sthat overl@ with those of the MG
although the precision of the regressions vary considerably, in part due limitkd
range in Re/Ofor some subgroupsLH, sHH). The sHL isochron yields ampparent age
~100 Myr younger tharsochrons fothe MG, sLL, and sLMbgroups however it was
generated witldlata from three meteorites, aisdhotconsidered to be meaningful

Parts in 10,000 deviations of data for individual samples, relative to the slope and
initial **'0s/*%0s of the MG isochron, are given ass values inTable 2.1 (Walker et
al., 2002). Theows values are calculated byws = 10/(**'0s **0siampie i (0.09532 +
0.07918 x'*'Re/*®0samp), where 0.09532 is the initiaf‘0s/%®0s and 0.07918 is the
slope of the MG isochronTéble 2.2). The 13 sample®f the 58 IAB meteorites
examined here that do not plot within uncertainty of the MG isochroiCarkon and
Lamesa (sLM)Tazewell,Dayton andFreda (sLH) Chebankol (sHL)ALHA 80104 and
Mount Magnet (sHH)andPitts, EET 84300Mundrabilla, Wateville, and Georgetown

(ungrouped).
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Fig. 22. (a) ®*'Re/*™0's  wsgpartpin 10,000 deviations from the M& Os isochron,
calculated using the slope and inittdfOs*®*0s of the MG isochroii see Table 1 for
details). (b)**’Re*®0s vs.®'0s/*%0s plot for the IAB complex, with the MG isochron
for reference The MG ReOs system defines a primordial isochron, which most other
IAB meteorites fall on or nearThe sLM, sLH, sHL, and sHH subgroups are
characterized by containing some irons which plat 6 os gmits off the MG isochron.
Duplicates are included the calculation of the isochroRlISWD (mean squareeighted
deviation) is a measure of scatter about the regression.
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Table 2.2. ®*'Re®Os isochron slopes and initigl’0s**®0s ratios for each IAB
subgroup and the IAB complex as a whole, includingrauped IAB irons.

Group n® Age (Myr) 1805805 MSWD
MG 23 4574 + 20 0.09532 +£ 0.00017 4.2
sLL 10 4552 + 23 0.09554 + 0.00016 0.80
sLM 9 4640 £ 100 0.09513 + 0.00068 60

sLH 4 5500 + 2400 0.091 £0.013 134
sHL 3 4379 + 35 0.09696 + 0.00032 1.2
sHH 3 4000 + 11000 0.10+0.11 69

IAB complex 70 4533 + 37 0.09576 + 0.00029 55

®n is the number of samples, including duplicate analyses

2.52 HSE data for bulk samples

Highly siderophile elemerdoncentratiordata forbulk samplesre also presead
in Table 2.1. A detailed comparison of the data presented hatte literature data is
provided in the supplementary materialaifle A2.3). Generally,our new HSElataare
within £ 20% of values reported l§yoldberg et al. (1951), Smales et al. (19&#pcket
(1972), Pernicka and Wasson (1987), Hirata and Masuda (1992), Hoashi et al. (1993),
Choi et al. (1995), Shen et al. (1996), Horan e{1#898) and Wasson and Kallemeyn
(2002).Some HSHlata for certain samples differ by30% from literaturevalues. These
arethe MG sampleSarepta (Re and Ir) and Cranbourne (Re, Os, Ir, Ru, Pt, andLRd);
sampleToluca (Ru) sLM samplesPersimmon Creek (Re), Anoka (Pt), Mungindi (Re
and Pd), Carlton (PdandLamesaPd) sLH sampled-reda (Re and Ir) and Dayt (Pd);
sHH sampléMount Magnet (Os and Ir); anthgrouped sampl@/oodbine (Pt)Rhenium
data reported here are systematically lower than those reported by Wasson and

Kallemeyn (2002), but no other HSE have systematic offsets from the litetlatare
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Fouteen of the IAB complex iron meteorites were processed multiple times to
assess sample heterogeneity and/or analytical reproducibility. Duplicate analyses,
denoted inTable 2.1, yielded variable concentrations, with mahiplicateshaving
percentage diffencesof < 3 %, but ranging up to ~1®0%. The HSE ratios of
duplicates also vad, ranging from < 3% to 23%Tlable A24). Typically, duplicate
analyses that were characterizedlémge variability in absolute HSE abundaneesre
also characterized HYSE ratios thatverevariable

We attribute the elemental and isotopic heterogeneities in bulk samples to
primarily reflect chemical heterogeneity at the sample ssipgocessed. The
heterogenei¢s observed most likely reflectariable distributions of kanc#te and taenite
in different piecesas most of the HSE are fractionated between the two metal phases
(e.g., Hirata and Nesbitt, 1997). The differences highlight the difficulty by which
comparatively small pieces of a IAB meteorite can be precisely ¢bdrsd by a single
Abul ko composition. Nevertheless, the scal
to influence the conclusions drawn below that are based on large differences in absolute
and relative HSE abundances within and between subgroups.

Overall, HSEabundances isamples fronthe IAB complexrange over as much
asthree orders of magnitud&ig. 2.3), although concentrations within subgroups span
no more than two. Palladium abundances Vesg than the other HSE, bdibtween and
within subgroups, having a range of < 50% in each of the subgroups. The chondrite
normalized HSE patterns, plotted from left to right in order of decreasing 50%
condensation temperatur@se characterized by similar features within a given subgroup

that are nossharedbetweenall subgroups Kig. 2.3). Unlike in magmatic iron groups,
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HSE patterns for some meteorit@®ss in most of the subgroupslso, nost subgroups
have HSE concentrations that dractionatedrelative tochondritic abundances. The
exception $ the sLL subgroup, which hasprachondriti@bsolute HSE alhgdanceghat
are in approximatelghondritic relative abundances.

The HSE patterns of some subgroups resemble the patterns of some magmatic
iron meteorite groupOf note the MG patterns shaemilarities with the IVA group,
whereas the sHL and sHH subgroups have HSE patterns that are broadly similar to late
crystallized IIAB and IlIIAB iron meteorite¢Fig. 2.3 1 Pernicka and Wasson, 1987,
Hoashi et al., 1993; Cook et al., 2004cCoy et al. P11). By contrast, the sLM and sLH
subgroups have distinctive HSE patterns, comparekhtovn magmatic ironsThese
subgroups are characterizeddiysolute Re, Osr,IRu and Pt abundances thange from
broadly chondritic to significantlysubchondritic,but in roughly chondritic relative
proportions. Palladium is considerably enriched, relative to chondrites and the other HSE
in the sLM and sLH.

The ungrouped samples are characterized by HSE patterns that are highly
variable. This is expected, as theamples do not belong to any one subgroup (Fig. 2.4).
Some ungrouped members of the IAB complex share similarities in HSE patterns with
certain IAB subgroups. Of note, the HSE pattern of Caddo County is similar to the sLL

subgroup, and the pattern of Pigsimilar to the sLM subgroup.
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Fig. 2.3. CI chondritenormalized HSE abundances for each of the IAB complex
subgroups. Abundansare normalized to those of Orgueil (Horan et al., 2003). The HSE
are plottedfrom left to rightin order of decreasing 50 condensation temperature
(Lodders, 2003)The HSE were determined by isotope dilution methods as described in
text. Note the different scale in+@), relative to (ef). The grey field in (a) represents the
range of the IVA magmatic iron meteorite groiqgr, reference (McCoy et al., 2011). The
dashed and dotted lines represent Jamestown and Fuzzy Creek, respectively. Two
unclassified samples, Osseo and Sardis, plot within the MG field, or along trend, on all
HSE variation diagramdg={g. 2.5). These samptelikely belong to the MG, and so are
plotted in (a) with blue diamond and yellow circle symbols. Hy),(ée IIIAB magmatic

iron meteorites Grant (dashed lines), Thurlow (dastted line), and Chupaderos (dotted
line) are shown for comparison.

29



TAB-Ungrouped

10.0 E

-o-Mertzon

<EET 84300

#Thiel Mountains ]

4Zagora

4Caddo County

0.1 @Mundrabilla 4
3 - Waterville E

#Georgetown

<-Woodbine

+-Pitts

1.0 3

Sample/CI

0.01

Re Os Ir Ru Pt Pd

Fig. 24. ClI chondritenormalized HSEabundancesfor the IAB ungrouped iron
meteoritesSome ungrouped IAB irons have HSE patterns which share similarities with
those of a particular subgroup, as described in the text.

2.6 Discussion

2.6.1 ReOs isotopic sstem

Because most of the IAB samples plot on or near a primordial iso@Rigqr?.2),
the *'Re-'®'0Os isotope systeatics requirethat the IAB complex was, in large part, a
closed systeno the movement of siderophile elemeatter the first several T of Ma
aftersolar system formationand therefore, that their H&Bbundances reflect those haét
time of crystallizationConversely, the samples that do not plot within uncertainties of
the MG isochron have absolute and relative HSE abundances thaefteay laterstage
processes, either on the parent hoalyas a result of terrestrial alteratidrate-stage
parent body processes, which likely occurred greater than ~ 40 Myr after the
crystallization of the nomsochronous samples, could be relatedthermal or shock
metamorphism due to impacts, though shock effects in IAB iron meteorites are minor

(Benedix et al., 2000). Alternatively, if a late impactor was volaide, aqueous
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alteration could also modify the Re/Os. A few samples studied hereedrewidence of
terrestrial weathering as extensive rust, including Ballinger and Morasko (MG); Deport
and Shrewsbury (sLL); Persimmon Creek (sLM); TIL 91275, Mertzon, and Woodbine
(ungrouped). Of these, nomee resolvable from the MG isochron, suggestimaf the
presence of rust is not indicative of Agchronous behavior.

The nonisochronous samples are largely confined to the sLM, sLH, sHL, and
sHH subgroups. This suggests takération on the@arent body oEarthwas either more
pronounced in thessamples, because of their generally lower Re and Os abundances
relative to the MG, or thathe meteorites from these subgroups were subject to more
intense alteration than those in other subgroups. Implicit in the second scerthgo is
assumptionthat the alteration was localized, or that the sLM, sLH, sHL, and sHH
subgroups were spatially separated from the other subgroups, perhaps in different
portions of a single parent body, or on distinct parent boNiegertheless, HSE mobility
in the complex wasvidently limitedbecause none of the samples plot more tharoft
of the MG isochronTherefore, the conclusions drawn below are likely unaffected by the

minor opersystem behavior.

2.6.2 Classification within the IAB complex

The IAB complex is classéd as such due to an observed continuum in
taxonomically useful elements. In general, magmatic and sHixeng iron meteorite
groups have been classified based on Ga, Ge, Ni, Au, and Ir abundances (e.g., Goldberg
et al., 1951; Lovering et al., 195Wasson, 1967; Wasson, 1969). The concentrations of
Ga, Ge, and Ni arpot strongly affected by crystallizah processes and have proven to

be important indistinguishing amongnagmaticiron meteorite groups that underwent
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extensive crystaiquid fractioration processes (Goldberg dt, 4951; Lovering et al.,

1957. Conversely, the IAB complex is characterized by a much larger range in Ni than
any magmatic iron groumnd isaccompanied by nearly as great a range in Ir and Os
concentrations as in the mdsghly fractionated magmatic groudsid. 2.1). Further, the

IAB complex is characterized by siderophile element concentrations that define broad
clouds of data on -y plots, in comparison to the more sharply defined trends
characteristic of the magmatgroups. In contrast to the complex as a whole, the IAB
subgroups have considerably more restricted ranges in, e.g., Ni and Os. The new HSE
data provide no cause for change in the conclusion of Wasson and Kallemeyn (2002) that
the collective members of tHAB complex cannot be related by a simple cryditalid
fractionation proces§ hus, if the subgroups are all from the same parent body, it must be

concluded that the subgroups crystallized from distinct melts, presumably in different

locations.
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Fig. 2.5. (a) Au vs. Pd Concentrations for the IAB subgroups and ungrouped IAB irons.
(b) Ni vs. Pdabundance$?d abundances are from this study, whereas Au and Ni data are
instrumental neutron activation analysis data from Wasson and Kallemeyn (2002). The
subgoups of Wasson and Kallameyn (2002) can be distinguished on the basis of Pd vs.
Au abundances and, to a lesser extent, Pd vs. Ni. In (b) Pd and Ni are correlated,
demonstrating that the Pd vs. Au plot provides similar resolution between the subgroups
as tre Ni vs. Au plot from Wasson and Kallemeyn (2002).
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Wasson and Kallemeyn (2002) based their division of the IAB complex into

subgroups on the clustering of data when plotting Au versus other siderophile elements.

The extended database for HSE here offleesapportunity to re@xamine the subgroups
using elements with somewhat different volatilities and crygjald fractionation
behaviors. The new high precision Pd data are particularly useful for this because,
compared to Au, Pd has a nearly ~30highe 50% condensation temperature (at'10
bar), yet is only slightly less incompatible in solid meiglid metal systems. Thus, Pd
can be strongly modified relative to Au by processes that can lead to the formation of
metals, but should behave similarlyAa, once a liquiesolid metal system is established.

For the MG and each of the subgroups, Pd is well correlated with both the Ni and
Au concentrations reported by Wasson and Kallemeyn (208g) 2.5), strengthening
the case that the chemical basis tbé subgroup divisions is robust order to
differentiate the subgroups that show overlap in the classification of Wasson and
Kallemeyn (2002) (MG and sLL), or that are characterized by similar HSE patterns (sLM
and sLH; sHL and sHH), each of the subgre®@re shown on a plot of Au vs. Heg.
25). In Au and Pd compositional space, the sLL subgroup is characterized by some
overlap with the MG, but this overlap is reduced on a plot of Ni vs. Pd.

The new HSE dataanbe used to reassess somehef classications of Wasson
and Kallemeyn (2002for particular meteoritesgs. 2.3-2.5). For example, Osseo and
Sardis whichtheyt er med #fAuncl assi fiedo, are 1incl
neitherclassified as ungroupetbr do theybelonging to a speadtf subgrouphowever,

both of these samples plaithin the MG fields on our new HSE variation diagrams. In

33

ud



Wasson (2011), Osseo is referred to as a MG iron. Therefore, wessilimeboth
meteorites B MG irons.

Morasko andhe chemically similar ironsSe¢ sgen, Burgavli, and Sarepta have
Pd abundances within the range of the MG, and these irons were claasibetbnging
to the MG by Wasson and Kallemeyn (200Z}onversely, Pilski et al. (2013)
recommended that Morasko and chemically similar irons cbasidered distinct,
anomalous members of the MG, based on their low Ir concentratimvegever, Ir is
strongly incompatible in metallic systems with appreciable S, and splitting vs. lumping in
this case could lead to an incomplete picture of the crigstatin of the MG. Therefore,
we continue tassume thatons withsimilar Pd, butow Ir aremembers of the MGas
discussed belowAdditionally, Morasko and Sl gersare likely paired (Kracher et al.,
1980; Pilski et al. 2013), and ttemilarity of thenew HSE datdor both meteorites
further suppoda MoraskeSee | gerslink.

Three ungrouped IAB irons, Caddo County, Zagora, and TIL 91FRp 2.4),
which fal into the HfAUdei Station groupleto def
have similar HSE patterns and abundances to the sLL subgroup and plot within or very
near sLL fields on Pd vether HSEplots. Wasson and Kallemeyn (2002) suggested that
the Udei $ation grouplet is closely related to the sLL subgroup and the new HSE data are
consistent with this althougNi abundances reported by Wassol &allemeyn (2002)
are ~15 % highein CaddoCounty and Zagora than the average Ni concentration of the
SLL sulgroup.

Pitts and Woodbine (Pitts grouplet) have higher total HSE abundances than the

sLM subgroup and do not lie on some of the linear arrays defined by the sLM subgroup
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on HSE plots Eig. 2.5). However, the sLM subgroup and Pitts and Woodbine share the
characteristic of enriched Pd relative to the other HSE, which is suggestive of a similar,
but likely not common, heritage. In the sLH subgroup, the considerably higher Pd
abundance in Freda suggests that it is not related to Tazewell and Dayton.

The small number of samples available for analyses in the sHL and sHH
subgroups, coupled with the scatter in the sHL and sHH fi€ids Z.5), make it difficult
to assess relations within these groups (Wasson, 2011). However, Sombrerete, tentatively
assigned to # sHL subgroup by Wasson and Kallemeyn (2002), contains silicate with
di st f@ctcampared with hauessirmather IABrcamplgxe o f
meteorites (Clayton and Mayeda, 1996). Further, Sombrerete is unusuily Bnd its
silicate inclusioms are fractionated with respect to their major and trace lithophile element
abundances, relative to the commonly chondritic silicates in other 1AB irons (Ruzicka et
al. 2006). Ruzicka et al. (2006) considered Sombrerete to be an ungrouped iron, not
relatel to the IAB complex, and the HSE data are consistent with this interpretation
Quarat al Hanish and ChebankalvePd, Ni, Au, and Ga abundances that bracket those
of Sombrerete, so if Sombrerageunrelated to the other sHL iron meteorites, Quarat al
Hanish and Chebankol have little in common with one anotheéhe sHH subgroup, two
of the three irons we analyzed have nearly identical HSE patterns, whereas the third,
Mount Magnet, has a much more fractionated pattern. It is, therefore, possible that

several sHL and sHH irons represent different parental melts.

2.6.3 Crystatliquid fractionation within the IAB main group
Despite the great chemical diversity viiththe complex, individual IAB subgroups

are characterized by more modeget in some subgups significant ranges in
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siderophile element concentratios.major question about the IAB complex is then
whether or not meteorites within a subgroup can be related to one another by crystal
liquid fractionation processes or some other process, suoixag. Using the new HSE

data for meteorites from each of the subgroupe re-examine thepotential for
equilibrium and fractionalcrystallization as well as crystdiquid mixing to have
produced the chemical variability observedha individual sugroups.

Solid metalliquid metal fractionation, such as fractional crystallization, can produce
large chemical variations among the HSE, as observed in magmatic iron meté&agites (
2.1). The generation of robust crystajuid fractionation models requs knowledge of
the partitioning behaviors of the HSE in metallic systems. Thebaviors are highly
dependent on the initial composition of the melt, particularly with respect to the
concentrations of the light elements S, P, and C. ligm elements armally behave
incompatibly, and so become increasingly enriched in the liquid phase akianein
systems evolve. Athe concentrations of these elements increase in metallic systems, the
generaltendencyfor most of theHSE is to partitiormore ready into the solid phase
(e.g., Willis and Goldstein, 1982; Jones and Drake, 1983; Jones and MaR@),When
the light element contents are taken into account, crystallization of a metallic melt will
fractionate the HSE between solid and liquid metgbredictable and systematic ways.
Rhenium, Os, Ir, and Ru normally behave compatibly, Pt can behave either compatibly or
incompatibly and Pd and Au typically behave incompatilgéyg., Chabot and Jones,
2003).

For the modeling conducted here, the solid aklquid metal D values were

cal cul ated wusing a fhaasesaempirica paramatérs demved me t h-
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from experimental partitioning data (supplementary material; Jones and Malvin, 1990;
Chabot and Jones, 2003; Chabot et20114) In brief, he parameterization depends on

the mole fractions of S, P, and CgXXp, and X) ; an AFe domainso
constituteghe availability of light elemerfree domains into which sideropdielements

prefer to partition; and, whichis the slope othe fit to experimental datéor a given
elementon a plot of the natural log of iZs. thenatural log of Fe domain&ecause the

IAB complex is characterized by comparatively high dontents the parameterization
method and modelling wereadified to accant for C (see Appendisection 4). The

main input variables used to calculate D values are, therefore, the initial abundances of S,
P, and C. The initial abundances of these light elements were chosen based on a
combination of the literature estimatef their concentrations derived fromimodal
mineralogy, and the cmentrations which generated D values teat best account for

the range of HSE conceations in the individual subgroups.

As the largest and most chemically complex IAB group, the MG is derei first.
Previous estimates of initial S contents in IAB melts @@mparativelyhigh, and are
based mainly on modal observations pertaining to MG ineith,concentrationsanging
from < 9.7 wt % S to just below the eutectic composition of the RENE system (~31
wt. % S) (Kracher, 1985; McCoy et al.993; Wasson and Kallemeyn, 2Q00¥/asson
and Kalemeyn (2002) also estimated P contents tmbghly0.2 timesthose of $Sbased
on modal abundance estimates of P and S from-BighG meteorites. Ghon was
estimated to be ~ 0.2 wt. % (e.g., Moore et al., 1969; Buchwald, 1975; Wasson and

Kallemeyn, 2002).
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2.6.3.1 Crystal segregation modelling of the MG

Wasson and Kallemeyn (2002) proposed a model for the formation of the MG IAB
irons based on csyal segregation (CS) to account for most of the chemical variations
observed in the suite. Their model begivith impact induced melting of a megaregolith
on a porous chondritic parent body to produce a metallic liquid with broadly chondritic
relative alindances of siderophile elements. T$tisp is followed by partial equilibrium
crystallization of that liquid. The model then assumes the metal crystals are separated
from the melt, and the crystals and liquid subsequentiyiixed in varying proportions.
The proposed twwomponent mixing scenario caiccount forthe linear trendslefined
by siderophile element plots féihe MG such as Au vs. Ni and Au vs. Ga.the CS
mode] the liquid metal is assumed tarystallize sufficiently quickly to prevent the
separation of metal and silicatéisat were presumably derived largely from the target,
accounting for the presence of silicates in some MG irons. It is also assumed that
chemical equilibrium is maintained between the crystals andhetallic liquid as

crystalization proceeds

Table 2.3. Initial parameters of the light element contents of
metallic melts used in the crystallization models for the MG
and sLM subgroups.

IP? S wt. % P wt. % Cwt. %
MGcs 5.0 1.0 0.2
MGcskc 10 2.0 0.05
SLMcs 14 2.8 0.2

®Subgripts refer to the model, where CS=crystal segregation
and CSFC=crystal segregatieimactional crystallization in
this and subsequent tables.
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To reexamine the Wasson and Kallemeyn (2002) model with the new HSE data,
we apply the equilibrium crysia@ation equation (1) to calculate the concentration of a
given element in the liquid (¢ and solid (G; where G = D - C.) using the initial bulk
concentration of the system J)Cthe fraction of crystallized solid (F), and D values
where:

Co=F-D-G +(1-F)C. (2.1)

Wasson and Kallemeyn (2002) calculated the solid and liquid endmember composition
by assuming 35% crystallizatiqiF = 0.35)before the separation of metal crystals and
metallic liquid, and choosing D valuésatwould correspond to thenge of abundances
observed in ta MG. These authors assumed @ @ 3.0. To be consistent, we also
assumed 35% crystallization. For our CS model, initial S, P, and C contents were
iteratively chosen by applying the parameterization of Chabot and Ja6@3) (and
Chabot et al. (2014) so thaf,Was also 3.0 (IPMGcs, Table 2.3). The parameterization
was then used to calculate the corresponding D values for the otheTHISE Z.4). As
in Wasson and Kallemeyn (2002), the concentrations of the HSE imitia system
were chosen to be the average of the concentrations present in the MG, excluding low Ir
members of the MG. By combining the estimated initial concentrations with the
appropriate values for D, and assuming 35% crystallization, equation lisedsto
calculate HSE concentrations in the liquid and solid endmemBaitse( 2.5). Two-
component mixing calculations were then used to generate the mixing line with
compositiongncorporatingd% to 80% of the solid fractiof.he silicates do not haveyn
compositional effect on the model because of their considerably lower HSE

concentrations relative to the metal phases.
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The CS model works well to describiee linear trends defined byre vs. Oslr,
and Pd Fig. 2.6). However, because plots of Re vs. Rod Pt do not produce linear
trends (f < 0.1), the CS model alone cannot reproduce the(8aja2.6). The scatter in
Ru and Pt persists when Au data from Wasson and Kallemeyn (2002) are plotted vs. Ru
and Pt, so the scatter is not a result of plottingsé elements versus the compatible
element Re, rather than the incompatible element Au.

An additional problem with the C®iodelis that, at least using similar D values
as Wasson and Kallemeyn (2002);annot account for MG meteorites with low Re, Os,
and Ir concentrations (e.g., Hope, Morasko, Sarepta, and Burg®vésson and
Kallemeyn(2002) and Pilski et al. (2013uggestedhat theiron meteoriteswith low Re
and Ir may have crystallized as a result of local, volumetrically mindractional
crystllization. Choi et al. (1995) also suggested that minor fractional crystallization and
mixing contributed to the scatter observed in some trace element distributions in the 1AB
complex. Consequently, in the next section we assess the effects-sthtggfractional

crystallization on this system.
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Table 2.4. D values calculate@s described in texand supplemental materifdr
trace element modeling using the initial paramateicable 3.

IP-MGcs IP-MGcsre (i) IP-MGcsrc (50) IP-sLMcs
Ir 302 7.37 298 26.5
Re 2.89 6.82 194 19.7
Os 3.46 8.92 413 32,5
Ru 1.75 2.97 28.6 6.13
Pt 1.81 3.96 104 12.6
Pd 0.63 0.691 1.23 0.887

Subscripts refer to the model for which these D values were used. Thesdafgree
fractional crystallization are givan parentheses, where i denotes the initial D values
for a given set of initial parameters, and 50 refers to the D values after 50% fractional
crystallization. The modelling is not conducted beyond 50% fractional crystallization
because, after that poirid, values for some HSE grow exponentially to values tha
are not physically meaningtul

Table 2.5. Initial compositions for trace element modeling of the MEM, and sLL
subgroupsConcentrations aneg/g. The solid and liquid endmember concentratians
calculated after 35%, 15%, and 25% crystallization for thec&d MGsec, and
sLMcs models, respectively. The HSE abundances of the initial melts for each subgroup
are taken as the mean of the HSE abundances as described in text.

Re Os Ir Ru Pt Pd

MGcs
MG mean (high Ir) 256 3032 2948 7012 8113 3612
Solid endmember 446 5636 5214 9719 11450 2611
Liguid endmember 154 1630 1728 5555 6316 4151

MG csrc
MG mean (low Pt) 226 2520 2514 6113 7086 3684
Solid endmenber 821 10270 9471 14010 19420 2671

Liquid endmember 121 1152 1286 4719 4910 3863

SLMcs
SLM mean 30 374 341 492 616 5945
Solid endmember 104 1371 1227 1321 1992 5424
Liquid endmember 5 42 46 216 157 6118
sLL mean 220 2701 2446 4244 5433 4362
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Fig. 2.6. Crystal segregation model of Wasson and Kallemeyn (2002) applied to MG
meteorites for (a) Re vs. Ir, (b) Re vs. Os, (c) Re vs. Ru, (d) Re vs. Pt, and (e) Re vs. Pd.
In (a, b, and e), the CS model is in geheagreement with the observed data, but it
cannot account for low Rie-Os samples. In {d) the scatter in the Re vs. Ru and Pt plots
and the low Re samples cannot be accounted for with the CS model. Wasson and
Kellemeyn (2002) suggested the low Re, Dssamples may be accounted for by minor
fractional crystallization (FG Section 2.6.3.2). The grey star represents a mixture of

80% solid endmember, 20% liquid endmember.
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2.6.3.2 Crystal segregatiefnactional crystallization hybridized model

The presence of silicate inclusions in many of the MG members has been cited to
argue against fractional crystallizatiowgsson et al., 1980; Wasson and Kallemeyn,
2002). Thisargument has been made because fractional crystallization may operate over
long peiods of time, during which newly formed & crystals are likely physically and
chemically removed from the liquid. At the same time, the liquid will be continuously
homogenized. Lower density silicates are highly buoyant and, therefore, likely cannot
remain entrained in metal on the longer time scales necessary for homogenizing and
mixing the melt (e.g., Tomkins et al. 2013).

Although silicates are common in the MG irons with high total HSE abundances,
silicates are rare or absent in most of the mommatally fractionated members of the
MG (silicate occurrences are notedTiables 2.1 and in more detail iTable A2.2). For
this reason, and because the HSE patternthé&more fractionated memberstbé MG
are broadly similar to patterns produced byeasive fractional crystallization in some
magmatic iron groupsHg. 2.3a), an additional stage of fractional crystallization is
assessed as a means of generating the chemical variations in the MG that cannot be
accounted for by the CS model alone (dlte, low ReOsIr abundance samples). This is
t er med -RCh emofidGS 0 .

Several variables in the CS model were modified for ourFCSmodel. he
degree of crystallization before the salidnd liquids were separated was seDA4mb,
rather than the 0.3&sed for the CS modelThis was done sthat the CS portioof the
newmode| which used higher D valuespuld lead to the production ofrange ofHSE

concentrations that included Osseo, but was similar to the lower range achieved by the
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Wasson and Kallenya (2002) model.For the same reason, our €€ model only
involves mixtures incorporating 0% to 60% of the solid endmember, as compared to 0
80% solid in the CS modeAnother important difference between 68 model and the
CSFC model is that the indi bulk compositiorof the CSFC modelwas taken as the
mean of the MG, with the exception of both the low Ir samples and the high Pt samples
(Table 2.5). This was done becausea) plots of Re vs. Pt and Rthe low Pt and Ru
samples define a generally diar correlation with Re. Therefore, bying the lowerPt
meanthe CSmodelcan be fitto the samples that form a linear feature within the scatter.
To model fractional crystallization subsequent to @% liquid endmember
composition generated by theodified CS model was usedas the initial liquid
composition, from whichthe evolving solid and liquid compositions producked
fractional crystallization were calculated.number of studies have successfully modeled
the effects of fractional crystallizat onsiderophileelement abundances to account for
the compositional rangebserved in the majonagmatic irormeteorite groupgéWasson,
1999;Wasson and Richardsop001; Wasson et al., 2007; Walker et al., 2008; McCoy et
al., 2011). Thdractional crysallization modelingconductedhere generally follows the
approachthat Walker et al. (2008) and McCoy et al. (201ked to model the IVB and
IVA magmatic iron meteorite systems, respectively. Although the interpretation that the
IVA group was fractionall crystallized has been called into question by Albarede et al.
(2013), the fractional crystallization model of McCoy et al. (2011) can well account for
many of the siderophile element variations in the IVA group. As opposed to the

equilibrium crystallizabn in the CS model, the fractional crystallization portion of the
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model must account for the systematic way with which D values for the HSE change with
the concentration of the incompatible S, P, and C in the crystallizing liquid.

A modified fractional cystallization model is applied, using constartdd 0.005,
to iteratively calculate X Xp, and X, aswellag he corr espondspcforgy D v a
each of the HSEThe bspcr e pr esent s the combined b val
collectively accountsdr the effects of these elements. The concentrations of the HSE in
the evolving liquid are calculated for each 0.1% step of crystallization (n) using the
equilibrium crystallization equation (1) above. By iteratively changing F; the light
element abundansend, thus, the D values; and by equatiagvith the G at each prior
step (nl), we account for the fractional nature of the crystallization, such that:

Cin = Cina/(Frg + 1-Fn.1Dp) (2.2)

The solid composition is calculated by,& C_ D, at eaclstep.

Several combinations anitial S, P, and C abundances weareléd in anattempt
to find the set of D valueshat generates modeisatbest fitthe observed HSE trends.
light of the constrairst from the literature outlined abgweur preferredmodel assumes
initial S, P, and C contentsf 10, 2, and0.05 wt. %, respectively (HGcsec; Table

2.3). Thecorrespondingnitial D valuesfor the HSE areeported inTable 2.4.
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Fig. 2.7. CSFC model applied to MG iron meteorites using parameterizedlles to
calculate (aRe vs. Re/Ogb) Pt vs. Pt/Ogc) Re vs. Ru, (dRevs. Pt, and (e) Re vs. Pd

The thick black line represents the CS model and the red and blue lines correspond to the
evolving solid and liquid compositions generated by the Fagleh The dotted lines
represent mixtures of coexisting solids and liquids at @98p, and20% fractional
crystallization.The white star corresponds to the initial liquid compaosition, which is the
composition of the liquid endmember generated by the G8opoof the model. The

black star corresponds to the initial solid composition. The grey star represents a mixture
of 60 % solid and 40% liquid. All or mo$AB-MG iron meteorites plot on or between

the solid and liquid evolution tracker near the CS ming line in (ae). The eror bars

for Pd, Ru, and Pdre approximately the size of the symbols
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In general, iron meteorites that form by fractional crystallization can sample
solid that was inequilibrium with its associated liquida liquid compositiortrapped
within earlier formed solids, or a mixture of the two (Wasson, 1999). Fractionally
crystallized iron meteorites, therefortend toplot along a solid traclkhat traces the
chemical evolution of precipitating solids liquid track that traces thechemical
evolution of the liquidor along mixing lines between the two (Cook et al., 2004; Wasson
et al., 2007; Walker et al., 2008).

The results othe preferredCS-FC model are shown in plots &e or Pt vs. other
HSE, or HSE ratiogFig. 2.7), and inplots of Au vs. other HSE and moderately
siderophile elements reported by Wasson and Kallemeyn (2002), in the supplementary
materials Rhenium/Os and Pt/Os ratios are useful to plot because it is assumed that the
metals examined were ultimately derivedonir a body with a bulk chondritic
composition. Thus, it is presumed that the initial metallic melts also had Re/Os and Pt/Os
within the range of bulk chondrites. This range is well established through present day
1870s%80s and'®0s/*®0s of bulkchondries (Walker et al., 2002Hope is the most
fractionated sample in the MG and is denate&figure 2.7, along withOsseo, the least
fractionated. We also label the data fbtorasko and Magura, twomoderately
fractionated sampée in each plotBecause the £ model is a mixing model, samples that
do not plot between the solid and liquid tracks but near the CS mixing line (thick black
line in Fig. 2.7), are considered to be accounted for by the CS portion of tRECCS
model. In the Re vs. Re/Os pldtig. 2.7a), all MG samples plot between the solid and
liquid tracks, or near the CS mixing line. On Pt vs. Pt/Os and Re vs. Ru, Pt, and Pd plots,

most MG samples plot eitheon or near the solid tracketween the solid and liquid
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tracks or near the CS mixing linén Re vs. Re/Os and Pt vs. Pt/Os compositional space
(Fig. 2.7a-b), the Re/Os and Pt/Os of the liquid endmember from the CS model are
slightly higher than chondritic. However, because the initial melt in the CS model is the
bulk composition of the MG, thcondition of chondritic Re/Os can be met. The Pt/Os of
the MG average remains slightly suprachondrii@lle 2.5). Therefore, the GE&EC
model provides good fits for the observed HSE variations in thethBcannot be
accounted for with the CS model aéo

The observation that the hybrid @& model is in good agreement with most of
the observed data for the MG is not without caveats. First, we notthéhatitial S, P,
and C contentprovide norunique solutions. Different sets of initial parameteas
provide reasonable fits to the datd the initial compositions and degrees of
crystallization are djusted accordingly. Second, the fits are imperfect for Re vs. Pt, given
that several irons plot near the solid and liquid tracks, but resolvablydeutsitheir
bounds. This may be due to the use of inaccurate D vaoater in the Pt abundances
caused by some process other than fractional crystallization, inaccurate classification of
some irons, or a combination thereof. Thirde degree of fraainal crystallization at
which certain meteorites are modeled to have crystallized their positiorrelative to
the solid and liquid tracks and mixing lings not alwaysconsistent when calculated
using different element pairg¢e.g., Magura, Morasko)This can be attributed to
significant scatter in the relative HSE abundances in the MG, as evidenced by the
disordered nature of the HSE patterns in the MGyhich crossing of the HSE patterns
is common. Finally, if as discussed above, the Morasko telusof irons

(MoraskoSee | gersBurgavli, and Sarepta is distinct from the MG (e.g., Pilski et al.,
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2013), the low end of the compositional range of the MG can more easily be accounted
for by CS alone. However, the & model, including the initial HSE and light element
abundaces of the CS portion of the model, are still required to account for the meteorites
with high HSE abundances (e.g., Osseo, Magura, and Cranbourne).

We conclude thathe compositional range of the M@he abundant silicate
inclusions, and evidence for nimg can be best accounted for by @mbined CS-C
model. The importance of the CS modelthe crystallization of the MGs in general
agreement with that of Wasson and Kallemeyn (2002), theit additionalfractional
crystallizationof some portion of t liquid endmember can better account for the lower
Re, Os, and Ir concentrations, as well as the scatter in plots of Re vs. Ru and Pt. The
involvement of fractional crystallization is also in agreement with the observation that the
more fractionated HSEatterns for some MG samples share similarities with those of

some magmatic IVA iron meteorites.

2.6.3.3 The physical scenario for the-€ES model

The scenario we envision for tkES-FC procesdo form the MGis as follows:an
initial metallic melt, poduced either by impachelting (e.g., Wasson and Kallemeyn,
2002) or duringthe partial differentiationof an internally heated body (e.g., Benedix et
al., 2000) crystallized at equilibriurruntil ~15% solidfication was achieved. At this
point, the crysals and liquid were separated by a processgh asfilter pressing
(Kracher, 1985; Ruzicka et al.,, 200&jefining the liquid and solid endmember
compositionsThese endmembeomponentsverethenre-mixed in varying proportions

re-equilibrated, and theliquid metal crystallized Remixing of the endmember
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components could be facilitated either by additional impacts or by dehsign
overturn of the melt pool(sTherange of the resulting compositiongépresented bthe
iron meteorites that fall othe initial twacomponent mixing lineg¢e.g., Landes), anid
consistent with mixed compositions of up to 60% solid (thick black lirfégn2.7). We
speculate that as much as 4@¥the remainingliquid endmembemas available for
subsequentractional crystallization.Our preferred model suggests that ~30% fractional
crystallization of the remaining liquid can accouor the samples with lower Ir
abundances, and the scattepiots of Re vsRu and P(4 to 8 of 23 MG iron meteorites
studied here)

The stageat whichthe shift from equilibrium to fractional crystallization ocsig
when some of the liquid endmember islangersuccessfully mixed with the rest of the
system.This could result from the downward migrationtioé liquid in the parent laty to
depths where it was hotter, before mixofghe liquid and solid metal and silicatesuld
occur, or befee crystallization could freezie silicates In either case,the largely
unmixed liquid endmember portion woutdve few or no entrainesllicates and FeNi
crystals.Therefore, lhe fractionally crystallized samples (i.e., those with low Ir and/or
high Pt and Ru) would be expected to contain fewer silicatessarileey were
subsequently mixeth by additional impactsThis is consistent with ousurvey of

silicate occurrences in the MG (e.g., Buchwald, 194fle A2.2).
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2.6.4 Trace element modeling of the subgroups

The sLM subgroup is characterized by a moderate range in HSE compositions and
broadly linear trace element trends on plots of Re vs. HSE, fuitidues > 0.7 for all but
Re vs. PdFKig. 2.8). When the CS3nodelis applied to the sLM subgroup, thenges of
HSE concentrations and tepes of thdke vs.HSE are generally reproduced uskhg
0.25 andD values consistenwith 14 wt. % S, 2.8 wt. % P, and 0.2 wt. % C-§IEMcs1
Table 2.3). The average HSE conceatiions of the sLM subgroup are used as the initial
composition of the melt. If Pitts and Woodbine are included in the sLM subgroup, lower
F and higher total light element contents are required to account for these samples (e.g., F
=0.12; 22 wt. % S, 1 wkb P, and 0.2 wt. % C). The HSE patterns of the sLM subgroup
are unlike those expected from fractional crystallization, and the lack of systematic
variation in the relative abundances of Re, Os, and Ir irelidaat the chemical diversity
in the sLM subgvup wasnot a result of fractional crystallization.n€ CS model alone
canbest account for the range of HSE compositions in the sLM subgroup. The similarity
in the HSE patterns between the sLM and sLH subgroups suggests that the sLH subgroup
also crystalzed by CS.

The relative abundances of HSE in the sLL subgroup are generally chondritic,
with a narrow range in absolute HSE abundar(€ég. 2.3). The presence of silicate
inclusions in most sLL iron meteoritesTgble A2.2) argues against fractional
crydallization, and thdimited rangein HSE concentrations of the sLL subgroup makes it
difficult to assess the applicability of tl&S model (Fig. A2.7). Qualitatively, the HSE
patterns and absolute abundances are similar to thobk abiondrite metal fractons

(Horan et al., 2009). Therefore, the sLL subgroupst likely represerd metal that was
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batch melted and extractédcbm a chondritic precurspand subsequently crystallized
without significant crystaliquid fractionation

As noted earlier, it is gstionable whether the nominal sHL and sHH subgroups
constitute genetically significant groups, but tH8E patternshare some similarities
with those ofthe later crystallized 11AB and IIIAB iron meteorites, suggesting saame
of themmay haveesultedfrom fractional crystalliation.If it is assumed that theons in
the individual subgroups are related, the®® PtOs, and Pd element systesisow a
larger range of compositions than can be explained by fractional crystallization with the
initial light elemenparametergxamined heréor eithersubgroup Fig. A2.8). Therefore,
if these irons crystallized by fractional crystallization, as is plausible based on their
highly fractionated HSE patterns, two or fewer meteorites from each subgroup are
relaied. Further, silicates are present in the anomalous Sombrerete and in the substantially
fractionated Mount Magnet, which may preclude an interpretation of fractional
crystallization. Ruzicka et al. (2006) argued for a complex partial melting scenario to
aacount for the unusual characteristics of Sombrerete, which may be applicable to those
irons with similar HSE patterns. Though not useful for determining crystallization
mechanisms in these subgroups, the modeling here provides additional evidence that the
iron meteorites within the sHL and sHH subgroups may not have crystallized from the

same parental melt.

2.6.5 Initial melt compositions in the IAB complex

The HSE compositions of the initial melts calculated from the=CSnodel for

the MG, the CS modébr the sLM subgroup, and the average HSE concentrations for the
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SLL subgroup are shown in Fig. 9 and provided able 2.5. Therelative abundancesf

the MG initial melt are most similar to the LL chondrite Chaintig.(2.9). This implies

a chondriticprecursor, whichs in agreement with previous work.g., Benedix et al.

2000; Wasson and Kallemeyn, 2002). Due to the minor fractionation in the sLL
subgroup, it can be assumed that HSE abundances in the initial melt of this subgroup

were also chondritic
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Fig. 2.9. Initial melt compositions of the MGLM, and sLL subgroupd.he initial melt

of the MGis the average HSE concentrati@idMG samples, excluding low Ir and high

Pt samplesas calculated for the &@SC model The sLM initial melt s the average HSE
concentrations of all SLM samples, as calculated for the CS model. The sLL initial melt is
also taken as the average of the HSE concentrations. The MG and sLL initial melts have
broadly chondritic relative HSE abundances, and the MGimielt is similar to the LL
chondrite Chainpur (Horan et al., 2003). The sLM subgroup is enriched in Pd, relative to
the chondritic abundances of the other HSE shown here. The HSE abundances of the
calculated initial melts are givenirable 2.5.

The intial melt composition of the sLM subgroup has both absolute and relative
abundances of Re, Os, Ir, Ru, and Pt that are similar to bulk chondrites, but is strongly
enriched in Pd. Similar to Pd, the Au abundances reported by Wasson and Kallemeyn

(2002) arealso enriched. The initial melt of the analogous sLH subgroup was likely
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similar. Therefore, if the sLM and sLH subgroups crystallizexdlthe CS model, the
precursor materials were subjected to some prior nebulparent bodyprocessing to

either raisethe Pd and Au concentrations, or lower the other HSE concentrations.
Because Pd and Au are more volatile than the other HSE, the characteristic HSE patterns
in the initial sSLM and sLH melts most likely resulted from a volatiityven processes.

The precusor material for these groups may have been astatge condensate, which
would result in relative and absolute refractory element abundances that were broadly
chondritic, but higher abundances of the more volatile Pd and Au. Complementary HSE
patternsjn which Pd is depleted in comparison to the chondritic relative abundances of
the more refractory HSE, have been observed in early nebular condensates, sudh as Ca
rich inclusions (CA$) (Archer et al., 2014). Although we do not expect that the sSLM and
SLH precursor materials and CAls were condensed from the same materials, the
complementary patterns indicate that volatilityven processes were important in their

formation.

2.6.6 Formation of the IAB complex

One unresolved question relating to theBlAomplex is what larger scale
processes can account for the smaller scale crystallization processes that were modeled
above. The mechanisntisat were required to generate each of the subgroups, including
the heat soursand the nature of the mixing pr@ses are discussed here.

The spectrum of MG metatompositio's can be accounted for by crystal
segregation, coupled with fractional crystallization, whergiixing processes were

important.Three important characteristiof MG irons in the order of shtest to longest
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timescals required to generate them aflg:retention of silicates whichn the MG, are
largely confined to the &stfractionatedrons, 2) evidencefor fractional crystallization
and3) slow subsolidus metallographic cooling ratésg., Herpfer et al., 199430ldstein
et al., 2013).

These conditions can potentially be met in a scerthab is similar to the one
proposed by Benedix et al. (2000y the IAB complex as a whole. In such a mode t
MG metal partially melted and segegeddue to internal heating, aride metal slowly
crystallizedby fractional crystallization in a core or large, sinkilng pooled diapirs.
Over a short time period, at least one impact could haweeited metal, mixed silicates,
and allowed for swiftrystallizationof some portion of the metahe products of which
were finally reburied to cool slowly subolidus However, for models requing
dominantly internal heating, such as tBenedix et al. (2000) and Kracher (1985)
models fractionally crysallized metal is expected to be more volumetrically significant
than is observed for the MG. Further, ménactionated HSE patterrtkan are observed
in the MG would also be expectedo result from fractional crystallization of arigh
core, as proposdaly Kracher (1985). Because irons which may have resulted from more
extensive fractional crystallization (some ungrouped, sHL, or sHH irons) are not from the
same parental melt as the MG, these cannot be invoked to represent a missing fractionally
crystallzed reservoirMoreover, evidence from the shdisted radiogenic HiW system
suggests that the metsilicate segregation age of the MG meteorite Campo del Cielo
was ~5Ma after the formation of CAls (Schulz et al., 2012; calculated using the CAI

initial **AW/*%W from Kruijer et al., 2@4b). This metalsilicate segregation age is
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younger than those of most magmaton meteorite groups and beyondthelimit of the
~ 4 Ma effectivdifetime of 2°Al heding (e.g., Kruijer et al. 2013a

Our preferred mael for the formation of the MG invokes a dominantly external
heat source, where initial melting of megald mixing of silicatesvas coincident due to
an impact event, followed by the processes discussed in section 5.3.3, including partial
equilibrium crystallization, filterpressing enabled separation of liquid and solid, and
impactinduced or densitgdriven mixing of solid and liquid metal and silicates. Finally,
fractional crystallization of the remaining, but volumetrically minor, portion of the liquid
occurred after itdescended into the warmer interioNe envision that theeducel
viscosity of thedescendingmelt, due to the lack of suspended solidsd higher
temperaturg, would slow solidification and would allow for fractional crysitzdtion to
occur.

The first irons to crystallize must have done so quickly to prevent the separation
of metal and silicate, and the paucity of silicate inclusions irfriaionated MG irons
indicatesthat the metalic liquid was separated from silicate materialcagstallization
progressed. The evidence for fractional crystallization and the relatively uniform, slow
subsolidus cooling rates suggest that the MG meteorites crystallized at greater depth
within the parent body and/awere reburied. Therefore, the praed MG formation
model is best explained by impact heating becaustominant external heat source
allows events to take place in order of short to long timescale, as would be expected in a
relatively sinple heating and cooling profile. Further, impaatating provides a
mechanism for mixing silicates, liquid metal, and solid metal, and for subsequent

reburial.
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The presence of silicates and the slow metallographic cooling rates in the sLM
and sLL subgroups, along with the observation that CS modedazunt for the HSE
variations in the sLM subgroup and the limited fractionation in the sLL subgroup,
indicatethatmixing and burial processes were importddr the reasons outlined above
for the MG, impact heating is also considered the most likelycsoof melting for both
the sLM and sLL subgroups. We note, however, that th& C&odel of the MG and the
CS model of the sLM subgroup are applicable regardless of the original source of the
melt.

Although impact heating is the preferred mechanism bychvitd generate the
initial MG, sLM, and sLL melts, some degree of internal heating is likely. The size of the
IAB parent body or bodies is not well constrained, but diameter estimates range from tens
to hundreds of kilometers (e.g., Kracher, 1985; Rasmyd€89; Benedix et al., 2000).

If the IAB parent body(ies) was large enotighheat retention to be effectiveAl and

other shordlived radionuclides aadd contribute tdnternal heating, though perhaps not to
melting temperatures. Studies of winongitend silicate inclusions in IAB meteorites
indicate that these meteorites experienced heating corresponding to a minimum of grade
6 metamorphism in chondrites (Takeda et al., 2000; Benedix et al., 2000). Because this
evidence is from both winonaites an&lBl irons, this heating was likely on large to

global scale. Keilet al. (1997) and Davison (2013), howevecpncludedthat impact
heating is not efficient on global scal€é®r example, for a 100 km diameter, 20% porous
body, Davison et al. (2013xonclwed using Mont&€arlo simulations thaheating
resulting from all the impacts that occurred over a 100 Ma period can raise the global

averagetemperature of a body by a maximumanfly ~ 35 K without disrupting the

58



body. If a disruptive event occurred, tiggobally averaged temperature increase can be
up to 1000 K. hie more likelylow velocity, obliqueimpacts expected for planetary
bodies early insolar system history probably resulted in smadlr global temperature
increases. These authors did not accdanteating from?°Al and assumed an initial
temperature of 300 K. The size and porosity used by Davison (2013) are likely applicable
to the size and initial porosity of the IAB parent body(ies), as 20% porosity is
intermediate between the porosity of ctatic meteorites and that estimated for most
asteroids (Britt et al., 2002).

It, thereforeseems unavoidable that internal heating played some role, if only to
warm the parent body to metamorphic temperatures such that impact heating on local
scales wasmore efficient. Moreover, mpacts on porous chondritic bodies are also
conducive to producing significant volumes of melt, especially locally (e.g., Davison et
al., 2010). Thus, if impact heating was the primary heat source, as suggested by the HSE
abundaces and crystallization modeling discussed above, the MG, sLL, and sLM
subgroups originated in locally impatte at ed porti ons of a O 209
km diameter) parent body(ies) where metamorphic temperatures were reached and
retained by interrizheating from?°Al. Alternately, these subgroups may have originated

from a disruptive impact or impacts, in which imphetting is more efficient.

2.6.7 Diversity among IAB complex subgroups
Potential sources for the variability of IAB complex subg®are considered here.
The similarity of the sLL and/G silicates(e.g., Benedix et al., 20p0andthe absolute

abundances of many major and trace elements, implies that these meteorites formed by
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similar processes from similar starting materials. Vaeiategrees of impact melting
could lead to distinct initial composition{€hoi et al., 1995; Wasson and Kallemeyn,
2002).We postulate that the volume of melt associated with the MG was larger than the
SLL subgroup,so that the larger volume of MG melt totonger to cool, and could
migrate and fractionally crystallize, whereas the sLL melt simply froze in place. The new
results, however, provide no information regarding whether or not the MG and sLL
subgroup were generated on the same parent body.

Similary to the sLL subgroup and MG, the sLM and sLH subgroups may have
originated inmultiple impactgenerated melt pool$n the case of these subgroups, it is
likely they formed on one or more parent bodies which were not shared with the MG.
This is becausene initial sSLM and sLH melts were likely narhondritic Eig. 2.9), and
the light element abundances were potentially higher thdreivG.

The siderophile element evidenaed modeling outlined above nsostconsistent
with the formation ofmost IAB sulgroupsin separate impagenerated melts, in
agreement with Wasson et al. (1980), Wasson and Kallemeyn (2002), and Tomkins et al.
(2013).Evidence for different parental melts for the IAB complex subgroups has several
implications for the possibility thahe IAB complex was sourdefrom multiple parent
bodies.Because the IAB subgroups are so diverse in terms of their relative and absolute
siderophile elment abundances, and may have crystallized in distinct light element
regimes, it is unlikelhthat allIAB complex subgroups originated on the same asteroid
sizedparent body.

This possibility can be tested using isotopic genetic tra@gs, O, Mo, Rui

Clayton and Mayeda, 1996; Dauphas et al., a0@eenwood et al., 2006; Franchi,
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2008;Chen et al.2010; Burkhardt et al., 2011; Fisch@bdde et al., 2015)sotopic data

in these and other genetically useful isotope systems are limited to one or two meteorites
for most IAB subgroups excluding the MG, sLL subgroup and ungrouped IAB irons. For
example,Carlton (sLM) and Dayton (sLH) hawesimilar Mo isotopic composition and

o@’0, respectively, to other IAB irons (Clayton and Mayeda, 1996; Burkhardt et al.,
2011). Sombrerete and Magnesia (sHtdspectivelyh ave a HO and iMa c 't (09]
isotopic composion from other IAB irons (Clayton and Mayeda, 1996; Dauphas et al.,
20029). Thus, it is likely that some sHL subgroup irons are genetically unrelated to the
MG, whereas the existing isotopic data for sLL, sSLM and sLH meteorites are permissive,
but not confimation, of a common parent body with the MG. No genetic isotope data

have beempublished for sHH subgroup irons.

2.7 Conclusions

Multiple formational modes areepresentedn the IAB complex.Moreover, the

models used to constrain the formational preesgequire different initial compositions

and variable light element contents to account for the observed HSE ranges of each
subgroup. Broadly, this conclusion points to a diversity of compositions and
crystallization processes active on a single parediy or a number of similar parent
bodies. The HSE abundances reported here, particularly Pd abundances, support the
division of the complex into the subgroups suggested by Wasson and Kallemeyn (2002).
The variations in the relative and absolute abundaoicekSE among the subgroups are
consistent with the interpretation that the subgroups originated in different parental melts.

Therefore, for future studies to draw conclusions about the IAB complex, IAB meteorites
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should be considered in the context of tteibgroup rather than with the complex as a
whole.

The ReOs isotopic systematics of the complex indicate that the HSE abundances
of most IAB irons reflect those at the time of crystallization, although minor open system
behavior, which likely occurre® 40 Ma after crystallization
sHL, and sHH subgroups. The conclusion that the IAB subgroups originated in separate
parental melts in different locations is supported by the observation that only some
subgroups show open systéehavior.

The MG of the complex reflects metal that was crystallized by crystal
segregationcoupled with fractional crystallizatiorThe initial light element abundances
of the system were probably relatively high, with the {iéstrystallization moded based
on the assumption of ~ 12 wt. % total S, P, and C. The preferred scenario for the
formation of the MG is that impagenerated melting initially produced metallic melt,
into which silicates were mixed. The melt cooled and mixed quickly at fiestzifng
silicates in place, but some portion of the melt migrated to warmer depths in the body,
where the melt entered a fractional crystallization regime. The scarcity of observed
silicates in the more chemically evolved MG irons is consistent with tieigonetation.

The most likely formation scenarfor the sLL subgroup is an impagenerated
melt origin, similar to that of the MG, but the minimathactionatedHSE patterns point
to important differences between the volume of the melt, the natule afmpact, or a
combination thereofThe relative abundances of the HSE calculated for the initial melts

of both the MG and sLL subgroup are roughly chondritic. This suggests that their parent
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body or bodies had chondritic bulk compositions with limitedut@ or planetary
processing of their precursor materials prior to meitadate segregation.

In the sLM subgroup, the distinctive HSE patterns and the broadly linear
distributions of the relative HSE abundances suggesitthepresentsrons crystaized
by crystal segregation. The sLM subgroup may have crystallized from a system with total
initial light element contents significantly higher than those of the MG, betwee23-17
wt. %. The sHL subgrougprobablyformedin a similar manneto the sLMsulgroup,
based on the comparabSE patternsAn impact origin is also considered likely in
these subgroups; however, the subrondritic HSE pattern of the initial melt and the
higher initial light element abundances of the sLM system indicate that thergoec
materials were unrelated to the MG. The enriched Pd and Au relative to Re, Os, Ir, Ru,
and Pt abundances in the sLM initial melt suggest that the SLM precursor materials may
represent latstage condensateshdirons in thesHL and sHH subgroups magve been
fractionally crystallizedand, in the case of the sHL subgroup, formed on a separate parent

body from the MG
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Appendix for Chapter 2

1. Samples

The list of meteorites studied here, along with U.S. national museum numbers
(USNM #) and thesubgroup designated by Wasson and Kallemeyn (2002) is given in
Table A2.1. The occurrence of observed silicate inclusions in the IAB complex is

tabulated inTable A2.2.

2. Isotope dilution data discussion

Rhenium data are within + 20% of those reportgdWasson and Kallemeyn
(2002) and Pernicka and Wasson (1987), with the exception of 11 out of 58 samples
(Table A2.3). About half of the samples are within £ 10%. For Ir, the data are typically
within £ 10% of those reported by Wasson and Kallemeyn (200#) 11 out of 58
samples lying outside the 10% range. Most Pt concentrations are within £ 20% of
previously reported data for 37 samples (Wasson and Kallemeyn, 2002; Pernicka and
Wasson, 1987; Hoashi et al., 1993) witB damples of the 37 outside theinge.
Osmium, Ru, and Pd data are also generally in agreement with literature data. Out of 18
samples with previously reported data for Os, 12 are within £ 10% of the literature data
(Crocket, 1972; Pernicka and Wasson, 1987; Hirata and Masuda, 1982tSthe1996).
For Ru, 10 out of 16 samples are within £ 20% of previously reported data (Pernicka and
Wasson, 1987; Hoashi et al., 1993). Palladium abundances are within + 208©fd9
samples with previously published dat@o(dberg et al., 1951Smales et al., 1967;

Hoashi et al., 1993).
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The largest offset with respect tahe Re and Ir concentratiorere for Sarepta
The concentrations determined hare lowerby ~ 120%, compared with dataported
by Wasson and Kallemeyn (2002Dther large offets are for Anoka, with a Pt
concentration ~ 140% lower than that reported by Wasson and Kallemeyn (2002), and
Mount Magnet, with an Os concentration ~140% lower than that reported by Crocket
(1972).

The maximum percentage difference for duplicates frbeir taverage value is
12.8, 8.8, 9.9, 22.8, 12.8, and 14.1 % for Re, Os, Ir, Ru, Pt, and Pd, respetineely
maximum percent differences tife HSE/Ir ratios aré3.1, 7.1, 23.2, 14.1, and 17.6 %
for Re/lr, Os/Ir, Ru/lr, Pt/lr, and Pd/(Table A2.4). Duplicates of Shrewsbury were not
well reproduced with respect to Rand it was hypothesized that one or both of the
analyses were affected by an isobaric interference as measured using-M8.IT® test
for this, the Ru cuts for each Shrewsbury sampleene@measured by N'IMS, which
utilized a different ionization process unlikely to reproduce isobaric interferences for the
same masses. The NMS results however, weredentical within uncertainty to those
from the ICRMS, so the differences are atutied to real differences between the sample
aliquots.The differences between duplicates are attributed in part to variable inclusion of

silicate material, and to miem scale sample heterogeneity, as discussed in the main text.

3. Classification of IAB complex iron meteorites
An additional discrimination diagram for the IAB subgroups using a plot of Pd vs.
Ru is given inFig. A2.1. The plot of Pd vs. Ru discriminates the MG and sLL subgroup

particularly well. Further, this plot indicates that combining Bd data reported here and
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Au and Ni data from separate pieces of the meteorites that was obtained using different
techniques (i.e., isotope dilution vs. instrumental neutron activation analygissson

and Kallemeyn, 2002) to evaluate the classificatuithin the IAB complex, as was done

in the main text, does not introduce any significant scatter or bias which would make the

subgroups more difficult to distinguish.

4. Calculation of D values

We employed a methaw calculate D valuebased on experiemtal partitioning
data and the parameterization method of Jones and Malvin (1990), Chabot and Jones
(2003), and Chabot et al. (2014)he fractional crystallization modelve employed
utilizes the systematic way with which solid meigqlid metal partitim coefficients (D)
change with the concentration of incompatible light elements (e.g., S, P, and C) in the

crystallizing liquid. From Chabot and Jones (2003), D values are calculated by

- — (A2.1)

where AFe domainso is a variable -fteenstit L
domains into which siderophile elements prefer to partition. In thiFRP-C system,

Fe domains can be expressed as:

&AT I AEFO—— (A2.2)
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where X is the mole fraction of each element, and the constants are based on the
expected speciations for S, P, and C in the system (e.g., R€SaRd FgC). In equation
1, Dy is D inthe endmembetight elementf r ee sy st em, and b is t
experimental data on a plot of the natural log of Fe domains vs. the natural loglo D.
initial versiors of the model only took into account S and P conteshie to the paucity
of experimental F&i-C data However, Chabot et al., (2006)found that
parameterization in the Réi-C system is different from that in the-Re-S and FeNi-P
systems.

In IAB complex iron meteorites, the presence of cohenite suspended in the metal
andgraphite and cohenite associated with troilite noddeggests C was present in the
initial metallic melt or melts (Buchwald, 1975; Wasson and Kallemeyn,)200asson
and Kallemeyn (2002) suggested the initial
C, basedn estimatesf C contentdrom Moore et al. (1969), Lewis and Moore (1971),
and Buchwald (1975)Therefore, incorporating the effects of C on trace etgme
partitioning is critical for this group, and the fractional crystallization model had to be
modified to take C into account.

I n order to modify the mogdgeplb,vhichareC, t he
constants specific to each trace elemenh@individual FeNi-S, FeNi-P, and FeNi-C

systems, was calculated using the relative proportions of the light elements, where,

bspc= ——m—T1 @ —————— 1 (A2.3)
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and X, Xp, and X are the mole fractions of S, P, and C (Jones and Malvin, 1990;
Chabot and Jones 2003; Chabot etal., 20l#pi s t hen substituted
Fur t hye must He calculated iteratively for eéhevolving composition of the
crystallizing melt. Ba n &, ppb adwdluedfor each element were taken from Chabot
et al. (2014).

One complexity of the F&P system is that D(P) increases with both increasing
S and P in the melt (Chabot and Jone€)320Likewise, the D(C) may change with
increasing S and P, leading to an increase or decrease of C in theCaredntly,
however, there are no experimental data specifically addressing the partitioning behavior
of C in the FES-C and FeS-P-C systemsNevertheless, by using a series of phase
diagrams from the FE (Okamoto, 1992pand FeC-S systemgOhtani and Nishizawa,
1986, we can roughly estimategD ¢, b adfad C, Bimilar to what was done for Cu and
Ru in Chabot et al. (2006).

First, to determine pa n & forfiC, D values are calculated from C abundances in
co-existing solid and liquid from the Fe binary phase diagram (Okamoto, 199)ese
D values vs. Fe domains giBy a n @ asfihe intercept and slope of the line (0.37 £ 0.10
and-0.83 + 0.51, respectivelyFig. A2.2a). Using this parameterization, the relevant
portion of a calculated FE phase diagram can be generated as a chegkA2.2b). To
d et er gnvenical sdrtions at different S contents (0.@O6wt. %S) of the ternary
FeS-C phase diagrarfrom Ohtani and Nishizawa (198@re used to obtain average D
values from each vertical section. These average D values plottedd@nias give a
imprecisebs of ~59 + 28. The uncertainty for this parameter is likely even larger than

stated due to the limited range of S concentrations available to be used in the calculation.
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Fortunately, the model is not very sensitive to this patamdéverage D values were
used, as opposed to the slope of D vs. Fe domains in each vertical section, in order to
isolate the influence of S on the system.

To summarize the estimategenerated using these phase diagrarie
partitioning of C is dependeéron its own concentration in the melt and on that of S.
Carbon behaves incompatibly {B- 0.4), but as C contents increase in the melt, C
becomes slightly more compatible, so that D(C) increases as crystallization progresses.
With S, C still behaves incopatibly, and as C and S contents increase in the melt, C
becomes more incompatible, so that D(C) decreases as crystallization progresses. In most
iron meteorite systems, C will not be present without S, so the minor effect of its own
abundance on its partning can likely be neglected, and C can be thought of as an
incompatible element, which only becomes more incompatible as crystallization
proceeds. Here, both the effects of C and S on the partitioning of C are taken into
account. We have not assesseel ¢ffects of P on the partitioning of C, or of C on the
partitioning of P due to the paucity of experimental data in thePHe system. Wénave,
therefore, assumed that S exerts the largest influence on the partitioning of both.

Synthesizing the effectsf C, S, and PFigure A2.3 shows the HSE patterns that
would be expected to result from fractional crystallization of arNiFéquid with
initially chondritic relative HSE abundances in both high and low S and C regimes, as
well as an intermediate S, énd P regime for reference.

An alternative method for estimating D values for some of the HSE utilizes the
slopes of linear correlations of Ir vs. HSE on-log plots The D values for the HSE are

calculated relative to the D values of Ir, which are patenzed using the methods of

69



Jones and Malvin (1990) and Chabot and Jones (2003). This method was used by Walker
et al. (2008) and McCoy et al. (2011) for modeling of the IVB and IVA iron meteorite
groups.The slopebased D values yielded better fits b tobserved data for the IVB and

IVA iron meteorites than thosebtained usingrarameterization methedWalker et al.,

2008; McCoy et al., 2011)n the MG,however,the slopebased method is only viable

for Re and Ogsupplementary materialsfhe othetHSE do not correlatevith Ir, either

due to limited variation relative to Ir (Pd), or because of considerable scatter along the
trends (Ru, PtjFig. A2.4, Table A2.5). Therefore, only parameterized D values are used

in the calculations in the main textable A2.5 also shows the regressions for the sLL

and sLM subgroups.

5. Additional trace element models of the IAB subgroups

Because most of the HSE modeled for the crystal segregadictional
crystallization model (C&C) are incompatible, we alsoash the results of the model
relative to Au, which behaves incompatibly in plots of Au vs. HBg.(A2.5) and Au
vs. Ni, Ga, As, and WHig. A2.6), where Au, Ni, Ga, As, and W data are from Wasson
and Kallemeyn (2002). The fit of the &% model is more vable for these elements,
where several MG irons are not accounted for by the model on the plot of Au vs. Re, but
all are accounted for on the plot of Au vs. Ru, As, and W. This is potentially due to the
use of inappropriate D values for Au. When higherddtents (0.20.5 wt. %) are used,
the range in Au abundances is better accounted for. However, because we constrained the

model using the HSE, and because the fits for Re vs. Pt and Pd were worse with higher C,
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the fit for Au is expected to be suptimd. Even so, the G&C model accounts for the
variations in the majority of the elements considered here for the MG.

The CS model was applied to the sLL subgroup in and attempt to account for its
modest HSE variation$(g. A2.7). The sLL average HSE comgibons were used as the
initial melt composition, 35% crystallization was used for F, and D values corresponding
to2wt. % S, 0.4 wt. % P, and 0.2 wt. % C were applied. However, the limited range in
the HSE makes it difficult to assess the utility ofstimodel for the sLL subgroup as
discussed in the main text.

The fractional crystallization modelling of the sHL subgraaiphown on plots of
Re vs. HSE, with the sHH and sLM subgroups for refererige A2.8). The D values
used correspond to 13 wt. % B8 wt. % P, and 0.15 wt. % C. For these models, no
combination of light element concentrations and initial HSE abundances could account
for the full range of HSE abundances in either the sHL or sHH subgroups. Primarily, the
abundances of Pt and Pd couldt both be accounted for in either the sHL or sHH
subgroup, and neither could the Re and Os abundances of Mount Magnet in the sHH
subgroup. Further, these models require actmndritic Re/Os Kig. A2.8a) for the
HSE concentrations of the initial meldnd that Pd was enriched relative to the other

HSE.
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Table. A2.1. List of samples with USNM# where available.

Meteorite USNM # Group Meteorite USNM # Group
Allan Hills A77283 MG Maltahthe 6482 sLM
Allan Hills A80104 sHH Mertzon 1435 Un
Anoka 6930 sLM Morasko 6915 MG
Bahjoi 1807 sLL Mount Magnet 1746 sHH
Balfour Downs 3202 sLL Mundrabilla Un
Balinger 824 MG Mungindi 2944 SLM
Bischtube 2666 sLL New Leipzig 1210 MG
Bogou 2245 MG Odessa 639 MG
Burgavii 1879 MG Osseo 925 unc
Caddo County 6381 Un Persimmon Creek 318 sLM
Campo del Cielo 5615 MG Pine River 1421 sLL
Canyon Diablo MG Pitts 1378 un
Carlton 2708 sLM Quarat al Hanish 6176 sHL
Chebankol 1731 sHL Sardis 1381 Unc
Comanche 2246 sLL Sarepta 455 MG
Cranbourne 537 MG Seelsgen 3061, 2206 MG
Dayton 1592 sLH Seligman 1761 MG
Deport 2267 sLL Seymour 4518 MG
Edmonton (KY) 1413 SLM Shrewsbury 422 sLL
Elephant Moraine 84300 Un Smithville 3373 MG
Freda 1342 sLH Sombrerete 5870 sHL
Georgetown Un Tazewell 3089 sLH
Goose Lake 1332 sLL Theil Mountains 91725 Un
Hope 3477 MG Toluca 460 sLL
Jenkins 3201 MG Waterville Un
Kofa 7009 sHH Woodbine 2169 Un
Lamesa 6250 sLM Yenberrie 607 MG
Landes 5663 MG Youndegin 1752 MG
Magura 2893 MG Zagora Un
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Table A2.2. Silicateoccurrences in the IAB complasons studied here and MG irons
studied by Wasson aridallemeyn (2002). Observations dficatesand other minerals,
excluding troilite,recorded in Buchwald (1975), Benedix et al. (2000), Mc@bwl.,
1993),and Ruzicka et al. (2006) ageveni N t he ¢ ol uimmesr Nideediatd e d
and additional Re and Ir data are from Wasson aallfeieyn (2002). Samples are
organized in order of decreasing Ir abundan&ssnples in bold in the MG are those
examined here. Bolded minerals are assemblages that include at least one observation of
silicate.

A M

Sample Minerals? Nik Re Ir Sample Minerals® Nik Re Ir
IAB main group IAB main group (cont.)

Zapaliname - 6.71 182 5900 Canyon Diablo® Co,H,Cqg,G,S 6.93 232 2560
Hasparos - 6.61 506 5590 ALHA76002 - 6.8 287 2560
Wolsey - 6.62 447 4860 Idaho - 7.23 262 2540
Duel Hill 1973 Co 6.70 391 4320 Burkett Co,G 6.96 267 2480
Landes S[ACS] 6.55 355 4293 Jennyos CCe&Ge 6.88 272 2410
Yardea Co, G 7.02 369 4210 ALHA 77283 Co 7.28 210 2327
Soledade - 6.78 393 3900 Mount Ayliff Co,G 7.35 262 2240
Lueders S[ACS] 7.02 297 3880 Youndegin H,G,Gc,Co,S 6.83 202 2217
Magura Co,G,Gc,S 6.44 269 3648 PGPA77006 - 7.24 224 2210
Cranbourne Co,G 6.82 275 3614 Jenkins Co,G,;S 6.92 212 2207
Pecora Escarpment 91063 7.08 271 3610 Vaalbult Co,S 6.83 281 2140
Yenberrie co 6.82 291 3463 Pittsburg Co 6.54 234 2120
Uruacu - 6.43 327 3360 NWA 854 (Ziz) - 6.75 210 2070
Campo del Cielo H,Co,G,S [ACS] 6.68 274 3308 Bolivia Cg 6.7 226 2060
Seligman Co,G,Gc 6.67 309 3293 Bohumilitz Cg,G 7.28 218 2040
Ballinger Cg 6.78 280 3137 Smithville H,Co,G,Gc,S 6.92 191 2028
Copiapo H,G,S [ACS] 7.29 287 3050 Sardis Co G 6.73 186 2023
Kaalijarv Co 7.55 246 3040 Rifle - 7.05 211 1940
Oscuro Mountain G(Co) 6.89 283 2970 Rosario Co 7.06 191 1900
Gladstone (iron) H,Co,G,S 6.56 321 2950 Wichita County Cg,G,S 6.79 210 1900
Black Mountain S 6.42 338 2920 Gahanna - 6.93 232 1870
New Leipzig none 6.68 272 2904 Seymour H,Co,G 6.78 167 1807
Lexington County G,Gc,Co 6.84 293 2860 Nantan - 6.88 168 1790
Linwood Gc,S [ACS] 6.71 301 2850 Fairfield, OH - 6.72 161 1790
Coolac C0,G,S 6.99 295 2840  Bogou ﬂoﬁ?efs (essoc. W 733 159 1747
Silver Crown none 7.16 289 2810 Deelfontein Co,G 7.03 150 1560
Cosbyds EKG 6.47 344 2720 Jaralito - 6.66 166 1500
Chuckwalla - 6.59 243 2720 Casey County Co 6.97 155 1350
Pooposo none 7 246 2680 Burgavali G 6.64 132 1217
Ocotilo S[ACS, NCS] 7.09 256 2610 Seelasgen Co,G 6.59 104 1143
Ozren S 7.09 204 2590 Morasko Co 6.76 107 1141
Dungannon (Co),G 6.95 242 2580 Sarepta Co 6.59 101 1131
Odessa H,G,Gc,Co,S[RGR] 7.19 224 2572 Hope Co,G,S (rare) 7.06 54 753
Itapuranga - 6.52 242 2570 La Serena - 7.62 <70 550
MG continued Zaffra G 7.31 <30 62

(continued,
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Table A2.2. cont.

Sample Minerals?® Nit Re Ir Sample Minerals?® Nik Re Ir
IAB sLL IAB sHL
Pine River G,S[ACS] 8.04 268.1 3085 Quarat al Hanish 12.75 86.75 957.6
Shrewsbury G,Gc,S,Cg 853 2265 2729 Chebankol none 9.17 8.632 102.9
Comanche G,S 824 2264 2614 Sombrerete S 9.84 6.099 73.80
Bahjoi H,Co,G,S 794 220.2 2429 IAB sHH
Toluca H,Co,G,S [RGR] 8.02 2159 1962 Kofa none 18.39 8.218 99.22
Deport H,Co,C,G 8.05 2158 2429 ALHA 80104 - 15.86 7.584 90.42
Balfour Downs Cg,G,S 8.38 212.0 2302 Mount Magnet S 14.57 0.6252 6.176
Bischtibe H,Co,G,S 7.78 201.6 2326 IAB ungrouped
Goose Lake H,Co,G,S 8.24 188.2 2139 TIL 91725 S[ACS] 8.04 2853 3244
IAB sLM Caddo County S, [ACS, NCS] 9.42 2540 2515
Persimmon Creek G, S[SR, ACS] 13.79 80.73 840.2 Zagora S[SR, ACS] 9.36 243.0 2655
Mungindi H 11.86 47.86 570.3 Mertzon S 9.08 188.0 2160
Edmonton (KY) H 12.90 38.86 1508.4 EET 84300 S[ACS] 10.11 1834 2161

. S (McCoy et al. )
Maltahbhe 1993) 11.40 16.42 165.0 Woodbine Co, G, S[SR,ACS] 10.05 177.9 1984
Anoka C 11.80 13.84 167.9 Pitts Co, G, S[SR] 12.81 1179 1244
Cartton Té 953§MCC°y eta 1353 7113 9249  Mundrabila G[SR] 750 8162 998.0
Lamesa 13.28 4.582 48.14 Waterville G 7.63 34.86 366.8
IAB sLH Georgetown S 9.03 17.33 190.4
Tazewell CoH 17.06 7.512 87.84 IAB unclassified-MG

G?, S (McCoy et al.

Dayton 1993) 17.10 2594 31.37 Osseo Co, G 6.71 510.3 5934
Freda CoH,G 23.21 0.6164 7.500 Sardis Co, G 6.73 185.3 2022

@ Abbreviationsfor the types of minerals are the same as in Buchwald (1975). In brackets
are the descriptions of the silicates from Benedix et al. (2000). From Buchwald (1975): C
= carbides, Co = cohenite, Cg = carbide under decomposition to graphite, H = haxonite,
G =gaphite, Gc =graphite with distinct cliftonitic development, and S =silicates. From
Benedix et al. (2000): ACS angular, chondritic silicates; NCS = nonchondritic silicates;
SR = sulfiderich; RGR = rounded, graphitech; and PB = phosphate bearing. None
indicates that no minerals (excluding troilite) were observed. The dash indicates that no
observational data were available.
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Table A2.3. Comparison of ISE data obtained by isotope dilution with literature data.

Sample Re Re (literature) Os Os (literature) Ir Ir (literature) Ru Ru (literature) Pt Pt (literature) Pd Pd (literature)
IAB main group

Landes 354.8 349, 320, 349.4 4368 4216 4293 4330, 4260 9805 10500 12506 3581

Seligman 308.7 327, 330, 296.7" 3891 372¢" 3293 3290, 3300 7754 8886 7200, 7200 3502

Yenberrie 290.6 319, 320, 303.6" 3926 4078" 3463 3500, 3500 5536 6359 5700, 5700 3647

Balinger average 277.0 320, 240 3145 3124 3200, 221¢ 6561 7266 6400, 7200 3392

Cranbourne 275.0 168, 182, 180 3670 183¢, 1770 3614 1730, 1706, 1430 9662 5800, 3770c 11380 4600, 5046 3398 6970, 4806
Campo del Cielo 274.1 370, 320 3632 3800, 4620 3308 3550, 3190, 3900, 3150 6725 5120, 8100 8213 7600, 6700, 8646, 9700 3403 3330
New Leipzig 272.4 287, 280, 269.9" 2723 2718" 2904 2950, 2830 8626 9898 3527

Magura 269.2 327 360, 278.8' 3743 3813" 3648 3650, 3600 9892 11430 3254

Canyon Diablo 231.7 253 198, 250!, 209.7, 243.7 2780 2200, 2100, 1982, 251% 2560 2420, 2180, 2320, 2000 5579 5700, 5246, 5200, 54060 6959 6100, 5808, 6200, 6200, 8000 3494 4406, 3606, 398¢
Odessa 224.3 242, 248, 240, 231.5,239.8 2501 2520, 2428, 237%, 1830 2572 2380, 2440, 2400, 1600 5392 4700, 4296, 4900 6749 5800, 5500, 5676, 6200 3795 4210, 4150
Jenkins 211.6 247, 250 2327 2207 2160, 2160 5403 6772 3585

ALHA 77283 210.2 226, 260 1891 2327 2160, 2040 5687 6867 700G 4526

Youndegin 202.4 217 220 2134 1800 2217 2150, 1906, 2150 6354 4716, 6100 6960 5400, 6860, 11500 5400 4010 3240, 3906
Smithville 191.4 198, 23¢ 1884 2028 188G, 1900 6096 6422 5700, 5700 3734

Seymour 166.5 194, 190' 1673 1807 1746, 1676 5636 6383 3627

Bogou 158.9 194, 200 1219 1747 1726, 1726 5178 5999 4800 3754

Burgavali 132.1 162, 170 759.2 1217 1196, 1186 9283 10120 3305

Morasko 106.8 124, o0 799.0 1141 1116, 1106 9612 10260 3306

Seelasgen 104.3 108, 110, 106.6" 863.4 875.9" 1143 1146, 1156 9643 10340 3314 3400
Sarepta average 102.0 427, 420 847.2 1134 4380, 4010 9684 10230 3360

Hope 54.26 70, 50! 288.9 753.1 75, 750' 6584 5893 3449

IAB sLL (low Au, low Ni) subgroup

Pine River 268.1 305, 280 3515 3085 3060, 3050 3812 4925 5000, 5000 4286

Shrewsbury average 226.5 260, 260, 235.0" 3615 3699" 2723 277G, 2770 3819 4868 4476

Comanche 226.4 227, 23¢ 2698 2614 2820, 2690 4577 5738 6100, 6100 4499

Bahjoi 220.2 29¢, 300 2598 2429 254G, 2500 4659 5739 5600, 5800 4370

Toluca 215.9 250, 27¢ 2232 1962 2470, 2390, 2220 4351 2960 5426 5700, 4846, 6100 4283 5560, 3006
Deport 215.8 263, 260 2587 2429 2370, 2370 4633 5613 4389 4450
Batfour Downs 212.0 242, 222, 240 2422 2890 2302 2176, 2000, 2156 4148 3920 5613 5500,4708 4809

Bischtube average  203.2 210, 210, 211.9 2428 2536 2332 2300, 2310 3688 4880 5700, 5700 4094 4106
Goose Lake 188.2 210, 22¢ 2217 2139 2150, 213¢ 4509 6094 5900, 6000 4056 3340
IAB sLM (low Au, medium Ni) subgroup

Persimmon Creek  80.7 112, 82 730.6 800 840.2 852, 84¢ 1360 1440 2026 1900 5585

Mungindi 47.86 76, 42, 8¢° 678.4 710, 490 570.3 583 560, 550,540  426.2 350, 360 610.7 1400, 500, 380, 1500 5881 12206
Edmonton (KY) av.  38.8 38 650.6 670 505.2 457, 480, 500' 519.0 53¢ 585.6 700 5708 5970
Maltahohe 16.42 <50 121.4 165.0 170, 18¢' 641.0 626.2 1900, 1906 5390

Anoka average 13.84 <30 260.2 165.0 172, 160 254.7 222.8 1200 5784

Carlton 7.113 6.6, 14 140.0 129, 260, 100 92.49 82, 8%, 80, 46,100,80 97.70 102,100, 190,230  101.9 350, 100 6689 15200, 6706, 6520
Lamesa average 4.6 <3¢ 39.78 530 48.00 45 4d, 40 142.7 110 138.8 116 6636 14406
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Table A2.3. (cont.)

Sample Re Re (literature) Os Os (literature) Ir Ir (literature) Ru Ru (literature) Pt Pt (literature) Pd Pd (literature)
IAB sLH (low Au, high Ni) subgroup

Tazewell 7.512 8.1° 134.7 149 87.84 10, 100, 90" 62.04 8c 85.93 70 8687 7730
Dayton average 2.6 2.8 41.82 a7 30.03 30* 28, 3¢, 20 48.67 48, 76 47.70 1406, 100, 76 8228 16406
Freda 0.6164 0.99 8.043 8.0 7.500 15 12, 20 30.00 30 23.02 <250 12210

IAB sHL (high Au, low Ni) subgroup

Quarat al Hanish 86.75 100° 943.4 957.6 856" 2214 2671 6066

Chebankol 8.632 <60 63.31 102.9 log 1328 1711 4578

Sombrerete 6.099 <106 61.87 73.80 80 537.6 468.2 5369

IAB sHH (high Au, high Ni) subgroup

Kofa 8.218 <20 72.38 99.22 100° 2554 3671 9650

ALHA 80104 7.584 <30 70.94 90.42 83 2597 3225 4200 8641

Mount Magnet 0.6252 <60 5.650 31 6.176 15, 17 142.6 170 59.90 3000 9212 9306
IAB ungrouped

Theil Mountains 285.3 245, 250 3784 3244 3670, 3670 5151 5934 6200, 6200 3743

Caddo County 254.0 287 320 2728 2515 2530, 2550 4696 6058 6400, 7500 4267

Zagor&® 243.0 267, 280 3026 2655 2830, 2740 4520 5413 6300, 6600 3981

Mertzon 188.0 180° 1701 2160 2200 3959 7395 3540

EET84306° 180.1 163 2804 2123 1830 1936 2731 3006 4402

Woodbine 177.9 209, 177, 216 2062 2250, 2010 1984 1980, 1408, 1970, 1680 2389 2490, 2286 3053 5300, 1908, 2490 6181 7726
Pitts 112.6 95, 110 1449 1336 1226, 1220 1765 2414 1800, 3100 6625
Mundrabill® 85.5 91 84, 9¢ 768.7 710 984.8 906", 910, 810 3237 3160, 2880 3726 3600, 4206 3877 4560
Waterville*® 34.1 37 194.6 357.6 372 350 3336 2995 3106 3891
Georgetowf® 17.33 <20 88.47 190.4 238 250 2105 1750 3000, 36000 3601

IAB unclassified

Osseo 510.3 610 530, 518.6" 7313 7337 5934 604G, 5850 8769 10690 3368

Sardis 185.5 250, 270, 198.7" 1763 1808" 2023 2026, 2016 7567 8291 3422

4Wasson and Kiemeyn (2002_)?Pernicka and Wasson (1987joashi et al. (1993YChoi et al. (1995)°Smales et al. (1967)Crocket (1972)Goldberg et al.
(1951),"Hermann et al. (1971)Seitner et al. (1971)Shen et al. (1996fHirata and Masuda (1992Ryanet al. (1990)"Horan et al. (1998)
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Table A2.4. Percent differences of HSE abundances and ratiaiiplicates

Sample Re Re/lr Os Os/Ir Ir Ru Rullr Pt Pt/Ir Pd Pdir '*'Re/®®0s *'0s/*0s
Ballinger 2.1 1.3 0.5 0.4 0.8 6.7 5.9 2.4 3.2 0.6 0.2 1.6 0.3
Sarepta 2.6 2.2 0.5 0.1 0.4 6.4 6.1 0.8 0.4 4.3 3.9 2.1 0.6
Shrewsbury 0.01 0.5 15 1.9 0.4 22.8 23.2 1.2 1.6 2.8 2.4 1.4 0.3
Bischtiibe 1.6 1.1 0.3 0.7 0.5 7.3 6.8 0.4 0.1 7.9 75 1.8 1.0
Persimmon Creek 12.8 11.5 8.4 7.1 1.3 35 2.2 5.4 4.2 7.4 6.2 4.4 13
Edmonton (KY) 0.3 1.0 0.1 1.1 1.3 1.1 0.2 0.4 0.8 2.1 0.9 0.2 0.0
Anoka 15 5.0 0.2 3.7 35 1.2 2.3 15 2.0 2.1 5.6

Lamesa 2.6 3.2 0.3 0.3 0.6 0.1 0.7 0.3 0.9 0.1 0.5 3.0 0.4
Dayton 0.1 8.8 3.1 5.8 9.0 1.9 7.1 4.0 4.9 0.8 8.1 3.0 0.0
EET 84300 3.7 0.1 2.5 1.1 3.6 6.2 2.6 2.7 0.9 14.0 10.4 1.3 0.3
Pitts® 3.2 13.1 4.0 5.9 9.9 0.6 9.3 4.2 14.1 7.8 17.6 7.2 2.1
Mundrabila 9.1 11.8 4.4 7.1 2.7 0.3 3.0 5.3 2.6 2.5 0.2 4.7 0.6
Watervile 4.5 0.7 8.8 3.7 5.1 35 8.6 12.8 7.7 0.9 6.0 4.3 1.2
Sardis 0.2 0.1 0.3 0.2 0.1 0.6 0.7 0.05 0.1 0.1 0.2 0.1 0.1

29 differences for Pitts were determined for just two of the triplicate analyses
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Table A25. Linear regressions and
uncertaiies of loglog plots of HSE
vs. Ir for which the MSWD was %0.
Linear regressions were calculated
using the average of duplicate
analyses.

Slope 2 MSWD

MG

Re 1.00 0.094 4.7
Os 1.53 0.13 4.2
Pd 0.025 0.074 3.5

sLL

Re 0.72 0.44 2.9
Os 1.35 0.36 15
Ru -0.72  0.88 6.7
Pt -0.40 0.50 3.0
Pd 0.13 0.39 2.2

SLM
Pd -0.054 0.067 2.4
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Fig. A2.1. Palladum vs. Ru concentrations for the IAB subgroups and ungrouped IAB
irons. The MG and sLL subgroups can be distinguished on the basis of Pd vs. Ru
abundances. The subgroups characterized by similar HSE patterns are also chemically
distinguished, largely by flering Pd abundances, such that the sLM and sLH subgroups
are distinct from one another, and the sHL and sHH subgroups are also distinguished.

79



a. Be=-0.83 +0.51

oo | Dy =-1.00 £0.13
e MSWD =3.1

~ 3

(am]

= -0.8 F &

= 2R
-1.2 F o
_1-6 [ 1 1 1 1

-0.5 -04 -03 -02 -0.1 0.0 0.

In (Fe Domains)

2.5

b.

20 F

15 F

1.0 F
—8—Observed

wt. % C in solid

05 F
== Calculated

00 1 1 1 1
0.0 1.0 2.0 3.0 4.0 5.0

wt. % C in liquid

Fig. A2.2. a) Carbon parameterization in-Eesystem. D values were calculated using
co-existing solid and liquid C contents fron®kamoto (1992) where D is the
concentration of C in the solid divided by that in the liquid. The same approach was used
for the FeS-C system using average D values from each vertical section at different S
contents. MSWD (mean square weighted deviation) is a measure of scatter about the
regressionb) Wt. % C in solid vs. wt. % C in liquid observed from Okamoto (1992) and
calculated using the parameterization in (a).
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Fig. A2.3. Chondritenormalized fractional crystadiation trends for HSE for different S,

P, and C contents in an initial melt of a superchondritic coitipog4x CI chondrite
Orgueil i1 Horan et al.,, 2003)D values are from Chabot et al. (2014). The initial
concentrations of S, P, and C are as folloasS = 0.1 wt. %, P = 0.01 wt. %, and C =
0.01 wt. %.; b) S = 10 wt. %, P = 0.01 wt. %, and C = 0.01 wt. %.;c) S=0.1 wt. %, P =
0.01 wt. %, and C =2 wt. %.; d) S =5 wt. %, P = 0.2 wt. %, and C = 0.15 wt. %.
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Fig. A2.4. Logarithmic plots of HSEs. Ir abundances of the MG. Rhenium and Os have
well-correlated, positive slopes with Ir. Platinum (red triangles) and Ru (blue circles)
exhibit scatter about the regressionth Ir, whereas Pd has a relatively uniform
distribution Osseo and Sardis are reftown and are not included in the calculations of
the MG slopes.
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Fig. A2.5. The CS-FC model using parameterized D values to calculate a) Au vs. Re, b)
Au vs. Pt, ¢) Au vs. Ru, d) Au vs. Pd. Au data are from Wasson and Kallemeyn (2002).
The thick blacKine represents the CS model and the red and blue lines correspond to the
evolving solid and liquid compositions generated by the FC mdded dotted lines
represent mixtures of coexisting solids and liquids at @286, and 20% or 30%
fractional crystalkation. The white star corresponds to the initial liquid composition,
which is the composition of the liquid endmember generated by the CS portion of the
model. The black star corresponds to the initial solid composition. The grey star
represents a mixtarof 60 % solid and 40% liquid. MamB -MG iron meteoriteslo not

plot on or between the solid and liquid evolution tracksnear the CS mixing line in (a).

In (b-d) the fit of the model is better than in (a). Error bars for Au are slightly larger than
the symbols (~ 2%) and are not plotted for clarity.
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Fig. A2.6. The CSFC model using parameterized D values to calcudat&u vs. Nj b)

Au vs. Ga, c) Au vs. As, d) Au vs. VAIl data are from Wasson and Kallemeyn (2002).
Error bars are not shown foracity, but are ~2%.

reproduces the variations in these elements.
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Fig. A2.7. The CS model applied to the sLL subgroup using D values consister2 with

wt. % S, 0.4 wt. % P, and 0.2 wt. % C for a) Re vs. Re/Os, b) Re vs. PtRsyvs. Ru,

d) Re vs. Pt, and e) Re vs. Pd. The white star corresponds to the liquid endmember and
the grey star corresponds to a mixture incorporating 80% of the solid endmember.
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Fig. A2.8. The fractional crystallization model applied to the sHL sabgfor a) Re vs.

Re/Os, b) Re vs. Pt/Os, c) Re vs. Ru, d) Re vs. Pt, and e) Re vs. Pd. The D values used
for this model are consistent with 13 wt. % S, 1.8 wt. % P, and 0.15 wt. PlaeCsHH
subgroup and sLM subgroups are shown for reference. The mpdetiuees the HSE
variations in the sLH subgroup for all plots but Re vs. Re/Os and Re vs. Pd.
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Chap3tMircgsmal e chemicabf chABacbomp

i Ton meteorites

3.1 Abstract

In situ siderophile trace elemenatafor IAB iron meteoritesobtained by laser
ablationinductively coupled plasma mass spectromé#ighniques are reportetlarge
chemical variationsn several siderophile elemerdse observedhetween kamacite and
taenite on the mrem scale consistent with previous studi€ghis indicates thatertain
siderophile elementgartition preferentially into kamacite or taenite and thatiffasion
of those elementwaseffective on the timescale khmacite and taenite exsolution.

By combining data from multiple line traces acrosmé&eite and taenitgrains
bulk concentrations are determinddace element concentration variations are observed
within and between the IAB oaaplex main group and subgroupghe majority of the
siderophile elements, including Ni, Rh, Au, Ga, and&ec¢haracterized blarge ranges
among the subgroups, and restricted ranges within the subghowguklition to pevious
data for Ni, Au, Ga, Ge, andPd abundancess taxonomically useful elements for
distinguishing the IAB subgroupthe new Rh dataan al® be used as a diagnostic tool.
Most subgroups in the IAB complex arelatile-rich, having Ga and Ge abundantest
arehigher than those in the magmalfitA and IVB iron meteoritegroups but generally
similar to the 1IAB and IlIAB iron meteoritegroups which is consistent with previous
studies The relative abundances ofedoxsensitive siderophile elements indicate that

most IAB precursors were comparatively reduced, in agreement with prior stukdees. T
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relative and absoluteabundances ofvolatile sicerophile elementssuggest that
condensation/volatilization processes were important in the sLM, sLH, sHH, and sHL

subgroups.

3.2 Introduction

Siderophile elements are characterized by their geochemical affinity to partition
into metal over silicate phas. These elements have a wide range of condensation
temperatures, redox behavioasd partitioning behaviors. In iron meteorjteglerophile
elements have lea useful geochronometers and geothermometers, and have been used
classify groups of meteoesand toexaminemetalsilicate segregation aralystallization

mechanisms

Mostiron meteorites contain both kamacite (low Ni FeNi alloy) and taenite (high
Ni FeNi alloy), which form Widmanstéatten patterns. This patteras created in iron
meteorites bythe subsolidus exsolution of kamacite and taerdkaring slow cooling
(e.g., Goldstein and Ogilvie, 1965; Yang et al., @9®uring cooling and exsolution of
the phases,everal elements of interest (e.g.,, Miu, Pg partition via diffusion more
readly into either kamacite or taenite.§.,Rasmussen et al., 1988irata and Nesbitt,
1997). However relatively few studies have considered partitioning of elements between
phasesand those studies examingdimited number of irometeoritege.g.,Rasmissen
et al.,, 1988; Hirata and Nesbitt, 199su et al., 2000 Therefore, the variability of
partitioning behaviors amordjfferent types ofron meteoritesinder different conditions

is unknown For exampleyariations in temperature, pressure, compasjtand cooling
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rate may affectthe partitioningbehaviorof siderophile elements during exsolution of
kamacite andaenite Further,determinationsof the concentrations of elements which
preferentially partition into kamacite or taenite may be affectedabiable distributions
of the phases, such that analyss of a samplanay not be representative thle bulk if
the samplahat was analyzed wasnaller than some minimum siZBo what extent, if
any, the partitioning of certain elements between kamaaid taenite affects their bulk
analy®s isunknown and is investigted here using situ analyses of IAB complex iron

meteorites.

Prior trace element abundance data, obtained using analytical techniques that
utilized bulk meteorite samples, have rdedachemical heterogeneitgmong IAB
complexiron meteoritegWasson and Kallemeyn, 2002; Worsham et al., 2016ables
A2.3-A2.4). However, an open question regarding the chemical heterogeneity is whether
it is related to mineraloggi.e., the distribubn of kamacite and taenite)r whether it is
due to disequilibrium processeBhe in situ measuremendf IAB samples provides the
opportunity to investigate micrscale variations among trace element distributions, and
may give insight into the nature arstale of the chemical heterogeneity in IAB

meteorites.

The variations inmajor and tracesiderophileelement abundances within and
between the subgroups of the IAB iron meteorite complexualike those of magmatic
iron meteorite groups (Scott, 1972; Keland Larimer, 1977; Wasson et al., 1980;
Pernicka and Wasson, 198Prevously published major and trace siderophile element
data indicate thatubgroupswithin the IAB complexcannot be related to one another by

crystatliquid fractionation processeand therefore, likely originated in separate parental
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melts (e.g., Wasson and Kallemeyn, 2002; Worsham et al., 20I@ajelations between
IAB complex subgroups werasoinvestigated by Worsham et al. (2016a) using highly
siderophile element (HSE) abuarttes.However, he HSE are characterized kay
relativelynarrow range ivolatilities, sothey have somewhat limited utility in evaluating
nebular processetat precededaccretion of the parent body(ied) is, therefore,also
useful to examine #arger suite of siderophileelementsin situ to addressjuestions

relating to the nature of the parent body(ies) sampled by IAB complex meteorites

The abundances otomparatively redoxsensitive andvolatile siderophile
elementsn differentlAB complexsubgraipsare of particular interest, because theyma
give further insight into the nebular conditions anghi@cursor materialsf the different
subgroupsFor example, Au and Pd have tlogvest 50% condensation temperatures of
the HSE(Lodders 2003) Theabundances of Pd and Au azariched relative to the other
HSE in the sLM and sLH subgroupsuggestinghat the precursor matials of these
subgroups may have bekate-stage condensat€g/orsham et al., 20H. However,the
limited range of volatilities mong the HSEmake itdifficult to evaluate the extent of
possiblevolatile enrichmentin order to further investigateotential volatileenrichment
in the IAB complex awide range of siderophile element abundannd#\B meteorites
from each subgrouwere determined byn situlaser ablationnductively coupled plasma

mass spectrometry (LACP-MS).
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3.3 Laser ablation methods

Trace and majosiderophileelements, including monoisotopic Rh and Au, which
cannot be measured by isotope dilution, were medsarsitu in small pieces othe
metal phase otachlAB meteoriteusing aUP213 laser ablation systenNéw Wave
Researchwith a photon wavelength of 213 nm coupled fthermo Finnegan Element 2
ICP-MS. For these analysesammple pieces adjacent to thossed for HSE isotope
dilution analysegWorsham et al., 2016a)ere polished with 220, 400, afidally 600
grit carborundum paper. They were then sonicated in ethanol and etched with 0.8 M
HNO; so that taenite andaknacite could be discriminate@ihe sysem and operating
methods fothein situanalysis ofron meteorites are detailed by Walker et al. (2008) and
McCoy et al. (2011). In this study, the laser sampling was conducted for at least four
randomly oriented line traces using a 55 um beam, flashadrequency of 10 Hz at 49
51% power. Before laser sampling, the sample was cleaned with the laser at 40% power
while the sample was moved at 5fh/s. For data collection, the sample was moved
horizontally at a rate of 10 to 20 um/s, producing lines between 80 and 160 um long.
Five line traces were done fanost samples. Data were collected on mass stations
corresponding ta*V, >Cr, **Mn, *'Fe, ®Co, *'Ni, ®*cu, *°Ga, "'Ga, "*Ge, "“Ge, "°As,
QSMO, 97M0, 99Ru’ lOlRU, 103Rh, 105Pd, 108Pd, 182\/\/, 183\/\/’ 185Re, 18805, 18905’ 191“_, 193"’
199pt, 19pt and™®’Au. Two line traces on two irometeorites, Hoba andorth Chile,
were measured as stlrds undr the same conditions as samples every 12 analyses of
line traces on samples

Laser ablation data were processed using LAMTRACE software (Achterbergh et

al., 2001). LAMTRACE was used to calculate element concentrations using background
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subtracted countates of samples and standards, known concentrations in the standards,
and a known concentration of oeéement in the samples. Previous studies from our
group applyingn situlaser ablation techniques for the analysis of iron meteorites used Pt
as an inteal standard to calculate the element concentrations (Walker et al., 2008;
McCoy et al., 2011). However, Pt concentrations in some IAB subgroups are too low to
be used as the internal standard.

To process all the data in an internally consistent wayysa Ni (input as®Ni)
as the internal standard, despite some difficulty in accounting for Ni heterogeneity due to
variable proportions of kamacite and taenite. In an attempt to circumvent the issue of Ni
heterogeneity, the Ni values used as the intestamdard were obtained using a tstep
procedure Campbell et al., 2002 umayun et al., 2090 First, Ni concentrations from
bulk analyses of IAB irons taken frovasson and Kallemeyn (2002) were used as an
initial input into LAMTRACE as the internal stdard. Major element outputs for Fe and
Co, along with Ni concentrations from Wasson and Kallemeyn (2002), were then
normalized to rake up 100 wt. % of the samplBhe normalized Ni concentration was
then used as the internal standard to calculate the otlagor and trace element
abundances. Therefore, if a given laser track led to the ablation of a disproportionate
amount of taenite relative to the bulk sample, the normalized Ni would be more
appropriate to calculate the rest of the element abundantes; tiaan using a bulKli
concentrationThe uncertainties for each sample are reported as the standard deviation of
multiple line traces and are typically on the order of %1 0 % .( Avérage

concentrations of elements for which multiple isotopes weterchined are reported.
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3.4 Results

In situ laser ablation data are presented Tiable 3.1. Some samplesare
characterized by large variations@r, Co, Ga, Ge, As, Cu, Mo, Ru, Pd, and Au about
thar averageconcentrationglue to their prefrence for tanite or kamaciteLow count
rates for some elements in leafundance samples also contriloui® the variance (e.g.,

W, Re, Os, Ir, and Pt).

Accessory phases containing Cr and Mo were present in many samples, as
evidenced bysporadic, majoincreasesn sgnal intensity for these elements during line
trace analyss, which contributed to the variance in Mo andc@Gncentrations. These
phases werbkely phosphides, based on the high concentrations of Mo and Cr measured
in phosphides found in Odessa and Ganipiablo (Hermanret al, 1971).For Mo, the
concentrations measured during affected line traces were excfumn the averagef
two or more lines did not appear to be affecteat. Cr, the line traces that were affected
by accessory phases were théydimes that yielded Cr concentrations above background
in many cases. Additionally, the Cr and Mo heterogeneities were not aboegdated
with one another. For these reasons, lines that were discarded for calculating average Mo
concentrations were hdiscarded for Cr concentrations. Therefore, Cr concentrations are
significantly more uncertain than other element concentrations and should be considered
upper limis. The Mo and Cr accessory phases were estimated to be on the order of 100
>m across, based on the duration of Cr and Mo signal deviations and taewaieh the

sample was moved.
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Table 31. Mean compositions of IAB iron meteorites determinedrogitu LA-ICP-MS data. The data are reported in pg/g unless
otherwise notedThe Ni concentrations are the averages of the normalized internal standard values described in the text. Numbers in
italics are estimates. *Samples for which two sets of line trace analyses were conducted.

MG Landes Seligman* Yenberrie  Ballinger Cranbourne* Campo del Cielo New Leipzig Magura Odessa* Jenkins

Vv o 0.01 0.03+0.01 0.21 0.02 0.03 0.07+0.05 & 0.05+0.03 o

Cr d d 30+10 20+ 20 o o} 80 + 50 50 + 20 o 40 + 30

Mn 3.2 o o 1.5 o o} d o} o} )

Fe% 93.2+0.2 93.1+05 934+0.2 0933+0.1 926+0.3 93.2+0.2 925+0.8 93.5+0.2 90.2%2 92.8+0.7
Co 4690 +80 4800+200 4820+80 4890+60 516080 4800 * 60 4600 £ 400 4900 + 100 5300+ 600 4800 + 300
Ni% 6.3+0.2 6.2+0.5 6.2+0.2 6.2+0.1 6.7+0.3 6.3+0.2 6.7+0.7 6.0+£0.2 9+2 6.7+0.7
Cu 310+ 30 130+ 10 104 £5 118+6 130+ 10 109+5 140 £ 20 105+5 160 £ 50 120+ 30
Ga 93+2 102+2 84+1 89+2 115+ 2 95+6 94 +2 95+1 94+5 896

Ge 453 + 6 464 +7 346 5 394 +7 584 + 6 420 + 30 443 + 6 486 + 8 320 +10 380+ 10
As 11.0+0.2 143+0.7 142+0.8 122+03 13.2+0.6 122+1 124+ 0.6 11.0+03 182 13.4+0.3
Mo 8.3+0.2 6.4+0.4 71 8.0+0.9 3.6+0.3 8.4+0.1 8.4+0.4 9.3+0.9 3.4+0.3 8+1

Ru 9.0+0.5 8+1 5.8+0.6 6.8+0.2 11.3+0.3 7.1+0.5 9.1+0.8 9.6+0.3 5.8+0.4 6.5+0.8
Rh 1.68+0.03 1.63+0.05 1.45+0.05 1.44+0.06 2.02+0.09 1.46+0.07 1.6+0.1 1.77+0.06 1.40+0.07 1.5+0.1
Pd 3.3+0.1 3.9+0.2 3.9+0.2 3.0+0.2 42+0.3 3.0+0.1 3.8+0.3 3.4+0.1 6.0+0.6 3.7+0.4
w 1.55+0.09 1.27+0.05 1.2+0.1 1.17+0.08 1.25+0.07 1.22+0.06 1.57+0.08 1.66+0.07 0.59+0.04 1.09 +0.07
Re 0.36 £0.02 0.34+0.02 0.36+0.04 0.26+0.02 0.33+£0.03 0.29+0.04 0.25+0.05 0.27+0.02 0.25+0.03 0.24+0.02
Os 44+0.1 40+0.1 45+0.2 3.1+£0.2 42+0.1 40+0.2 28+0.2 3.7+£0.1 26+0.2 24+0.1
Ir 444 +0.07 3.34+0.06 4.10+£0.09 3.1+£0.2 42+0.2 3.7+0.2 3.1+0.1 3.81+0.06 29+0.1 2.39+0.09
Pt 11.0+0.1 95+0.2 7.4+0.3 7.4+0.3 13.9+0.6 95+05 10.2+0.4 124+01 8.1+04 7.3+£0.2
Au 1.48+0.05 1.8+0.1 1.75+0.07 1.46+0.08 2.1+£0.2 1.56 + 0.09 1.7+0.3 1.42+0.02 24+0.3 1.6+0.2
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Table 3.1. (continued)

MG  ALHA 77283 Youndegin Smithville  Seymour* Bogou Burgavali  Morasko Seelsgen  Sarepta Hope

Y 0.1 0.009 0.1 0.04 1.3 0.05+0.03 o 0.1 0.1 o}

Cr o 165 o 0 21+17 40 + 30 13+2 19+7 2716 15+1

Mn 1.6 0 0.8 0 0 0 0 0 o} o}

Fe% 925+0.9 93.0+0.8 923+0.7 924+05 922+1 934+03 933+03 936+03 935+0.3 93.0+0.1
Co 5500 + 200 4900 + 200 5200 +500 5400+ 200 4700+ 300 4700+100 4890+90 4800+ 100 4700+ 200 4790 +50
Ni% 7.0+0.9 6.5+0.8 7.2+0.7 7.1+0.5 731 6.2+0.3 6.2+0.3 6.0+0.3 6.1+0.3 6.5+0.1
Cu 130+ 30 125+ 2 140+ 30 110+ 20 170 +£50 121 +7 134 +7 127 +6 108+8 124 + 2
Ga 92+4 84+1 98+ 6 102 +3 85+7 97+2 1001 97+2 93+3 91+2

Ge 347 £ 4 3675 400 £ 10 419+7 309+6 495+ 8 529 +2 507 £ 6 500 + 10 431+6
As 19+1 141+04 14207 18%1 144+05 106+03 125+04 11.4+05 11.2+0.8 12905
Mo 23+0.3 49+0.3 3.2+0.3 26+0.2 7+1 9.4+0.9 7.0+04 8.3+0.2 8.9+0.7 8+1

Ru 5.8+0.9 6.1£0.5 7.0+£0.9 6.8+0.4 6+1 10.0+04 10.3+0.2 9.4+0.3 10.3+0.3 6.4+0.2
Rh 1.42 +0.08 1.46+0.06 1.60+0.09 1.72+0.04 1.22+0.09 1.82+0.07 1.85+0.05 1.74+0.04 19+0.1 1.54 +0.05
Pd 41+05 40+0.3 3.8+0.4 5.2+0.2 3.6+04 3.2+0.1 3.4+0.2 3.2+0.2 40+0.2 3.24 £ 0.08
w 0.62 £ 0.03 1.06 £0.09 0.76 £0.04 0.67+0.04 0.86+0.08 1.5+0.3 1.7+0.1 1.8+0.1 20+0.1 1.21+0.06
Re 0.23+0.03 0.22+0.06 0.21+0.03 0.19+0.02 0.16+0.01 0.14%+0.03 0.12+0.02 0.10+0.02 0.13+0.04 0.056 +0.008
Os 21+0.1 2.2+0.2 20+0.1 1.7+0.1 1.2+0.1 0.8+0.1 0.87+£0.06 0.92+0.04 0.94+0.06 0.29+0.03
Ir 26+0.1 24+0.1 227+0.09 1.94+0.06 1.8+0.1 1.36+0.09 1.26+0.04 1.27+0.03 1.25+0.07 0.80+0.01
Pt 8.3+0.2 7.4+04 7.3+0.3 7.6+0.2 6.2+0.4 11.1+04 11.8+x0.2 11.9+03 120+x06 6.4+0.1
Au 2.0+0.2 1.64+0.09 1.7+0.1 22+0.2 1.6+0.2 15+0.1 1.53+0.07 158+0.08 1.7+0.2 1.62 £ 0.03
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Table 3.1. (continued)

Balfour

sLL Shrewsbury Comante  Bahjoi* Toluca Deport* DoWns Bischiilbe = Goose Lake
V. 0.08 0.5 0.06 0.8+0.3 0.04 o) 0.07+0.02 &

Cr o 50 + 60 18+7 12+3 16.4 30+ 20 69.9 16 £5

Mn & 1.1 0 1.4+0.4 ) 0 0 1.3

Fe% 924+06 92+%2 92+1 911 90 +2 91+1 926+04 926+04
Co 5400 %100 4900+400 5200+300 4900+500 4800+500 5000400 5300+ 100 5300+ 100
Ni% 7.0+0.6 8+2 7+1 8+1 9+2 8+2 6.8+0.4 6.9+0.4
Cu 13020 180 + 90 110 + 60 180 + 50 170 + 80 140 + 40 61+9 120 +£10
Ga 53z%2 76+ 9 70+6 68 £ 6 71£5 63+5 68 3 71+3

Ge 193+3 264 +7 285+ 7 235+9 270+ 10 210+6 247 £ 4 300 + 10
As 164+09 17.0x08 171 161 16+£2 18+1 20+ 2 19+2

Mo 6.0+0.3 7+2 55+0.9 6.4+0.6 6.7+0.7 7.3+0.6 61 6.0+0.7
Ru 3.0+04 4.7+0.9 4.9+0.6 4.7+0.38 50+0.6 4.6+0.7 3.9+0.6 45+05
Rh  0.87+0.08 1.12+0.07 1.08+0.06 1.04+0.07 1.05+0.06 0.97+0.08 1.0+0.1 1.09 £ 0.07
Pd 44+04 51 4605 44 +0.6 5.7+0.9 5.0+05 4.1+05 3.6+0.2
W  052+009 083+0.03 0.74+0.06 0.76+0.07 0.76+0.07 0.59+0.05 0.70+0.06 0.82+0.04
Re 0.23+0.02 0.25+0.02 0.26+0.03 0.22+0.03 0.23+0.02 0.21+0.02 0.23+0.05 0.19+0.02
Os 3.7%0.2 29+0.1 29+0.2 22+0.1 27+0.1 25+0.1 25+0.2 24+0.1

Ir 29+0.1 294+0.07 271+0.08 21+0.1 2.62+0.09 249+0.04 25+0.1 2.42 +0.08
Pt 53%0.2 6.9+0.2 6.4+0.1 6.0+0.3 6.0+0.2 6.3+0.2 55+0.3 6.8+0.2
Au 1.7%0.2 20+04 1.9+0.3 19+0.3 23+04 1.9+0.3 1.5+0.2 1.7+0.1
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Table 3.1. (continued)

SLM E?ersellzn mon Mungindi* (Elgr;;onton Maltah he Anoka Carlton* Lamesa

\Y% 0.1 0.06 0 0.02 1.0+0.9 0.02 0

Cr 0 0 0 0 9.1 0 0

Mn o 0 1.6 0 24+05 0 0

Fe 84+1 85+1 87 %2 892 88+2 85+1 87+1

Co 5400 £ 300 5300+200 5600+500 5200+700  5700+500 5700+300 6000 + 300
Ni% 15+1 14+1 12+ 2 11+£2 11+£2 14+1 13+1

Cu 374 + 40 230 + 30 400 + 100 170 + 60 180 + 60 220 + 40 270 £ 40

Ga 38%5 23+1 25+4 27 %2 19+1 12.3+£0.5 12.8+0.7

Ge 90+10 301 38+4 49 +3 22.1+0.8 95+04 11.6+0.4

As 16 £3 19+4 21+6 23+ 4 23+3 28+ 2 28+ 2

Mo 46=x0.7 3.9+0.3 3.9%0.3 43+05 3.8x04 32+0.3 3.0£0.2

Ru 1.9+0.3 0.81+0.09 08=x0.1 0.87+0.05 0.64+0.08 041+0.07 0.57+0.03
Rh 050+0.05 0.28+0.02 033+0.02 038002 025+0.@ 0.15+0.01 0.16+0.01
Pd 6.9+0.5 7.8+04 55%0.9 6.2+0.9 5.7+0.9 7.6+0.5 58+0.3

w 0.3%x0.1 0.07+0.02 0.10+x0.02 0.13+0.05 0.09+0.02 0.020+0.006 0.032 +0.007
Re 0.10+0.02 0.06+0.02 0.035+0.008 0.01+0.01 0.016+0.08 0.008 +0.003 0.005 + 0.003
Os 0.9+0.1 0.72+0.07 056+0.07 0.11+0.03 0.26+002 0.15+0.02 0.039 +0.009
Ir 11+0.1 059+002 048+0.04 0.18+x0.03 0.18+x0.01 0.10£0.01  0.048 £0.007
Pt 24+0.3 0.68+0.05 0.53+0.04 0.68+008 0.25+0.02 0.12+x0.01 0.15%0.02
Au 1.8+0.3 21+0.2 1.6+0.3 1.8+0.2 1.7+0.2 20+0.2 1.7+0.1
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Table 3.1. (continued)

sLH sHL SHH

Tazewell Dayton Freda Sggir:lrtsl Chebankol Sombrerete Kofa ALHA 80104 Mount Magnet*
Y, 0.8+0.5 o} 0.6 0.01 0.03 +0.03 0.7+04 0.02 o] 0.08
Cr o} o} o} o} o} o} o} o} o}
Mn 3.3+0.8 o} o} o} o} 14 o} o} o}
Fe% 82.1+09 80.6 +0.9 76.2+0.2 87+1 92.4+0.2 86.4 + 0.6 79.4+0.9 81.7+0.9 80.8+0.9
Co 6090 + 80 5900 + 200 6490 * 40 5700 + 200 5900 + 200 4990 £ 70 7000 + 300 6800 + 100 5600 + 200
Ni% 17.3+0.9 19+1 23.1+0.2 13+1 7.0+0.2 13.1+0.6 20+1 176 +0.9 18.6 +0.9
Cu 360 * 20 440 = 20 631+4 190 + 30 70 +£10 310+ 30 380 +40 320 £ 30 230 £ 20
Ga 50+£0.2 54+0.3 2.14 +0.07 19+1 21.3+0.5 24 +1 53+0.3 6.9+0.3 10.0+0.3
Ge 5.2+0.3 43+0.2 3.28 £ 0.08 34+1 55+2 13.9+04 11.1+0.3 10.9+0.3 7.8+0.1
As 28+2 26+3 34+1 3312 19+2 21+2 28+2 28+1 24+1
Mo 26+0.2 25101 1.8+0.3 6.1+05 5.8+0.5 13.0+04 3.9+£03 3.7+04 46+0.2
Ru 0.71 +£0.07 0.57 £0.03 0.78 £ 0.07 25+0.3 14+0.1 1.07 +0.08 29+0.3 3.1+0.2 0.4+0.1
Rh 0.080 +0.004 0.075+0.003 0.063+0.007 0.64+0.05 0.93 £0.07 0.82 £0.07 0.63 £0.02 0.75+£0.03 0.23+£0.01
Pd 9.0+£0.2 8.3+0.3 12.2+0.6 6.6+0.4 43+04 8.6+0.7 10.0+05 89+05 11.7+04
w 0.015+0.008 0.016 +0.006 0.009 +0.004 0.28 +0.07 0.20 £ 0.06 3.1+0.2 0.29 £ 0.05 0.36 £ 0.03 0.05+0.01
Re 0.005 +0.003 0.003 +£0.003 0.003+0.004 0.12+0.52 0.014 +0.006 0.009 +0.005 0.009 £0.007 0.006 +£0.002 0.0046 + 0.0007
Os 0.17 +0.03 0.05+0.01 0.013+0.006 1.1+0.1 0.06 £ 0.03 0.08 £0.02 0.05 £0.03 0.08 £0.01 0.016 + 0.007
Ir 0.104 +0.007 0.035+0.006 0.008+0.004 1.13+0.08 0.1+0.02 0.078 £+0.009 0.10+0.03 0.091 +0.007 0.011 £+ 0.002
Pt 0.10+0.01 0.07 + 002 0.03 £0.02 3.2+0.3 1.8+0.1 0.58 £ 0.05 3.8+0.2 3.6+0.2 0.08 £ 0.02
Au 20+£0.2 20+£01 1.88 +0.06 3.4+£0.6 20+0.1 3.2+04 3.0+£0.2 3.0+£0.3 3.6+0.1
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Table 3.1. (continued)

Un -ll\-/lrz)eu”ntains ggggfy Mertzon Woodbine Pitts Osseo Sardis

Vv 0.04 0.05 0.05 8838 * 0.03+0.02 0.02+£0.01 o

Cr 0 8.5 4.0 o} o} 30+20 17+3

Mn 0o o} o} o} o} o} o}

Fe% 92.6+0.9 91+1 91+2 87+4 86.7+0.8 93+1 92.8+0.7
Co 4900+300 5200200 4200+300 5400+2000 5600+200 4850+90 4810+70
Ni%e 71 8+1 9+2 12+5 12.8+0.8 59+0.2 6.8+0.7
Cu 16040 290+ 70 700 + 200 200 + 100 350 £ 30 134 +7 1438

Ga 785 73+3 76+ 3 50+ 8 372 95.8+0.6 912

Ge 32010 297+ 4 342 +8 150 + 20 99 +7 480 £ 3 420 £ 10
As 14.6 £ 0.8 19+1 14+1 22+5 19+£5 11.9+0.7 11.3+0.7
Mo 6.6x04 6.8+0.4 44+0.4 2.7+0.7 3.8+0.3 76+0.8 8.3+0.5
Ru 5.6+0.7 5.0+0.3 59+0.8 3.3£05 1.9+0.2 8.6+0.4 8.1+04
Rh  1.4+0.1 1.32+£0.09 1.2%0.1 0.81+0.08 0.54+0.03 153+0.08 1.62+0.08
Pd 45+0.5 48+0.6 46+0.5 7+2 6.6 +0.2 3.1+0.2 45+0.5
W 081+005 09z%0.1 09+0.1 0.28+0.05 0.33+0.04 1.34+0.08 15%+0.2
Re 0.32+0.08 0.29+0.02 0.21+0.01 0.21+0.04 0.10+£0.02 0.55%+0.08 0.20+0.06
Os 4704 3.0+£0.2 1.8+0.2 25+0.2 1.4+0.2 7.0+£0.2 1.9+0.2

Ir 41+0.2 29+0.2 22+0.1 26+0.3 1.32+0.06 5.8%0.2 22+0.1
Pt 81x0.6 7.0+04 7.6+0.2 4.1+05 2.8+0.2 10.5+0.2 8.9+£0.3
Au 2.0+0.3 21+0.2 21+0.2 24 +0.7 1.73+£0.06 1.45+0.08 1.79+0.06
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The HSE data obtained by isotope dilatiand laser ablation are agreement
with one another for somgamples but not otherfWorsham et la, 2016a;Table 2).
Typically, thein situtrace element concentrations argher tharconcentrations obtained
via isotope dilution, where27% of in situ Os concentrations to 58% af situ Ru
concentrationsre > 10% highethan isotope dilution concemations(averaging 4 to 1%
higher in situ HSE concentrations (Table A3.1). Furthermore,some of the in situ
concentrations reported here aypically > 10% higher thanbulk analyseseported by
Wasson and Kallemeyn (2002) for some elememgsging from 31% of Ga
concentrations to 54% @fu concentrationgTable A3.2 andFig. A3.1).

Bulk samples were used for isotope dilutioereand by Wasson and Kallemeyn
(2002) for neutron activation analys{(§NAA). The use of bulk sample®f some
meteoritescontaning silicates or sulfides may hawdiluted the concentrations of
siderophile elements, wt¢h dominantly reside in the metal pha3de generally better
agreement of thm situ Ga data, as compared to Au, with that of Wasson and Kallemeyn
(2002) is congtent with the discrepancy potentially being datleast in parto the
direct measurement of metal vs. the measurement of bulk samples because<sa is |
siderophile. Therefore, Gaugld be diluted less by the presence of nonmetal phases in the
bulk sanples. Alternatively, the offset betweenin situ trace element datasotope
dilution data, and literature data may be due to the choice of the internal standard.
Because all the laser ablation data were obtained the same way, relative abundances
betweensamples and variations between soloigs were likely only marginallgffected
by systematic variations potentially induced by the calculatidiss possibility is

discussed below.
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Other discrepancies between the abundances determined using differesdsmeth
may haveresuled from variable proportions of kamacite and taenite in the samples, or
insufficient sampling of the trugroportions of the two phases (Hirata and Nesbitt, 1997,
Hsu et al. 2000)Finally, sample heterogeneity on the mrom scale mayantribute to
some of the difference3he large offsets in the sLM, sLH, sHL, and sHH subgroups in
Ru (~ 36190%) are interpreted to reflect either an isobaric interference sampled during
the laser ablation analgsof these samples, or an unknown anayigsue resulting from
the lower concentrations of Ro these samples. Rhodium concentrations aredilp
lower or higher (20-85% difference) than those reported by Ryan et al. (1990), with 4
out of 7 samples having significantly lower abundancesy @ Rh concentration of
Woodbine is in good agreement with Ryan et al. (19R@hdiumabundances reported
herecan be used tdistinguish thelAB subgroupg(Fig. 3.1), despite disagreement with
Rh data of Ryan et al. (1990).

Ten ofthe 18samples for Wich the new Au data deviated from those of Wasson
and Kallemeyn (2002) by 139 % were analyzed a second time, using line traces parallel
to the initial line tracesThese ten samples were chosen because it was suspected that
lower instrumental sensitiyitduring these analyses (and several others) was the cause of
the discrepancy. Howeverhd averages of the two sets of line traces were within
uncertainty of one another for all elements except Cu. The reason fOuthiscrepancy
is unknown. Thereforewhere two sets of line traces were made, the average of the two
sets is reported for all elements but Cu, for which we report the data from the first set of
' ine traces. Uncertainties of these sampl e

propagagd through the calculation of the average.
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CIl chondritenormalized concerdtions of siderophile elements gitted from
left to right in order of decreasing 50% condensation temperafkigs3.2). Not shown
in the plot aremajor depletions imedoxsensitiveV, Cr, and Mnin the MG and each of
the subgroupsas havebeen observeth some magmatic groug$Valker et al., 2008;
McCoy et al., 2011)Other redossensiive elements, such as Fae depleted relative to
the chondritenormalized abundaes d Co and Pdn the MG and subgroup€opper is
depleted in the MG and the sLL subgrpapd minor relative Cu depletions are present in
a few sLM and sHL meteorites (i.e., Persimmon Creek, Maftah Mungindi, and
Anoka (sLM), and Chebankol (sHL)Jungst& and Mo, which are both moderately
siderophile and redegensitive, generally shoenrichmentsrelative to Os and Iin the
MG and subgroupghough the enrichments are small in the sLL subgrGuy five MG
sampleshow depletiosain Mo, relative to cbndritenormalized Ir concentration$hree
sLM andonesLH IAB irons showdepletions or chondritiebundancesf W relative to
Os and Ir Similar to the HSEabundancegletermined by isotope dilutiofor bulk
samplegWorsham et al., 2016ajhe chondritenormalized siderophile element patterns
for meteorites withireach of the subgrouse broadly similaryet crossing patterns are

common.

3.5 Discussion

3.5.1 Heterogeneity in IAB complex iron meteorites

The large uncertaintieég the bulkin situ lase ablation data for some elements,

relative to the uncertainties of bulk isotope dilution or INAA dar&, not related to an
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analytical issue, such as insufficient counts. Rather, heterogeneity across line traces,
observed as an increase or decreaseeisiinalof some elementduring transit across a
kamacite/taenite phase boundary, indicates that the large uncertaintieesu# af the
variable distributions ofkamacite and taenite (e.g., Ni, Pd, )Aurherefore, the
abundances of severalementshat partition into kamacite or taenite preferentiadise
variableon the mmcm scale.This heterogeneity is reflected on a larger scal¢hen
variable HSE data oained for duplicates of som&mple by bulk isotope dilution
methods and by the variabily in reported concentrations of HSE in the literature
(Tables A2.3andA2.4). For example, duplicates of Shrewshurge of which was only

~ 30 mg, exhibit comparatively large differences in the measured Ru abc@adan
(Worsham et al., 2016a). While mostilbisotope dilution and INAA concentration data

are likely not significantly biased due to the use of small samples, care should be taken to

use larger sample sizes of coarse octahedrites where possible.
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Fig. 3.1 In situ Ga vs. Au &) and Ga vs. Rh (byoncentrations for IAB complex iron
meteorites Fields are adapted from Wasson and Kallemeyn (2002), with Ga v Au
situ data overlaying.n (b) the plot of Ga vs. Rh distinguishes the subgroups well.
Magmatic groups IIAB and IVA are shown for compansd-ractional crystallization

(FC) produces solids with increasing Au concentrations as crystallization progresses,
whereas crystallization processes prodiittee change in Gaand Rhconcentrations.

IIAB data are from Wasson et al. (2007) and IVA datafesm McCoy et al. (2011).
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Fig. 3.2 In situ laser ablation concentrations normalized to the CI chondrite Qrguei
(Anders and Grevesse, 1989) M and sLL IAB iron meteorites,)lsLM and sLH IAB

irons, and £sHL and $1H IAB irons. The uncertaintiesra on the order of5-1 0 %

and are excluded from the figure for clarity.
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In addition to mrmacm scale heterogeneity, much of tire situ data for most
elementsmeasured here have higher concentrations relative to isotope dilution and
literature data.The reason for this isinknown, butmay berelatedto the internal
normalization methodused. If the line tracesversamplel taenite or kamacite the
internal normalization using Ni abundances may héaked to account for the
partitioning tendencies of elements that do ndtave similarly to Ni. This would result
in a systematic biais elements that partition into taenite more strongly thately., Cu
and Au, in some casead in elements that partition into kamadeey., Co) Rasmussen
et al.,, 1988McDonough et al. 199). If this is the case, it would be expected tfoat
meteorites where taenite was oversampileejn situ datawould besystematically low
for Co, and systematically high faCu andAu. The opposite may be true for meteorites
where kamacite was oversplad.

In comparison to the INAA data reported by Wasson and Kallemeyn (20@2), t
Au data are consistent withenite being oversampled in most meteaoyitesvever,the
Cu data are typicalljow, andthe Codata arehigh relative to INAA datgFig. A3.1).
Copperand Warethe only elements that asystematically low in comparisado INAA
data.For Cu, thismay be becaus@u is hosted in troilitéh some instanceSutton et al.,
1987). In situ analyses would, therefore, record lower Cu concentrations hiodn
analyseghatincorporated troilite, which ipresent in many IAB meteorites. This effect
could potentiallymask the tendencgf Cu to go into taenite ane readily than Ni.
However, W andNi partition into taenite in a roughly equivalenanner (Rasussen et

al., 1988) As no dependence on partitioning ¢sear in the datait is unlikely thatthe
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intemal normalization method the source of theffsets fromINAA datain more than a
few IAB irons(Fig. A3.1).

Distributions of elements between kasita and taenite have been measured in
few iron meteorites, so the consistency of the partitioning behaviors under different
chemical and physical conditions is not well constraireed.(Rasmussen et al., 1988;
Hirata and Nesbitt1997; McDonough et al1,999; Hsu e#l., 2000. Therefore, although
the causef the offsetdn the majority of irons examined hememains unknownn situ
abundance data falements that have no strong prefezefor taenite or kamacitare
sufficiently precise to examine dferences between the subgroupsloreover
interpretations drawn below frothe large variations within and between subgroups are
likely not affected by the degree of uncertainty caused by sample heterogeneity or

potential analytical bias discussed above.

3.52 Redox sesitive element abundanceslAB subgroups

Depletions in the chondriteormalizedFe concentrations in the IVB and IVA
iron meteorite groups may represeritdative loss of FéCampbell and Humayyr2005;
McCoy et al., 2011)In some instaces, the depletions of redsensitive siderophile
elements may be controlled by the decreased siderophile behavior of moderately
siderophile elements, which are more likely to form oxides and patrtition into the silicate
under oxidizing conditins. Theredre, the IVBmetals for examplewere likelydepleted
in V, Cr, Mn, Fe, W, and potentially Gduring oxidation ofthe metal prior to
crystallization of the corespossibly during metadilicate segregatiofCampbelland

Humayun 2005; Walker et al., 2008The IVB parent body may have had an oxygen
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fugacity of ~ 1 log unit below the irewtstite buffer (IW) (Campldeand Humayun,
2005).By contrast, lhe precursor materials of IAB iron meteorites were likely reduced,
with an oxygen fugacityntermediate b&teen ordinary and enstatite chondri(2s3-3.2

log units below IWi Benedix et al.2005).

In some casesnrichmems in W and Mo may be due to their more compatible
behavior during crystdlquid fractionation, relative to the HSE (Chabot et al., 2014).
However, his is not likely the case in tigtL, SLM, and sLH subgroups, because crystal
liquid fractionation did not strongly fractionate the HSE relative to one anwothibese
subgroupgWorsham et al., 2016ayherefore, thereduced nature of the neaials during
metalsilicate segregation may account for the Jdaaenrichments in Mo and W in
somelAB subgroupsMoreover, he lack of consistent Mo and W enrichments in the MG
and some subgroups indicate that metals and silioaagsnot havesquilibrated prior to
metd-silicate segregation.

Depletions in Fe and C(and V, Cr, and Mnhare evidenin the MG and sLL
subgroup despite the comparatively reduced precursor matewdts. the exception of
Cu in most cases, the other IAB subgroups are alpleiel in Fe, V, Cr, and M his

likely indicates that conditions were sufficiently oxidizing to lessen the siderophile

behavior of these elements. The MG and sLL metals may have segregated under more

oxidizing conditions than the other subgroups, givee targe depletn in Cu.
Alternately, Cu may have beepreferentially hosted in troikt in these meteorites.
Copper preferentiallypartitiors into troilite relative tometal when Ni contentsn the

metalare < 10 wt. % (Sutton et al., 1987Mhe MG and kL irons, and some sLM and

sLH irons have Ni contents approxi mately
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which showCu depletios. The IAB subgroups and irons with higher Ni contents oo n
exhibit Cu depletios. Therefore, lte latter interpretatiothat Cu is hosted in troilite in
the MG and sLL subgroup irons, and in somieM and sLH irons, is favored.
Consequently the oxidation states of most IAB subgroups wdikely similar,
considering the shared featsi@f relative enrichments in Mo and VEind depletions in

Fe, V, Cr, and Mn.

3.5.3.Volatile sideophile element abundancesI#fB subgroups

A shared feature of the sLM, sLH,H L , and sHH subigth@®ups
chondritenormalized siderophile element patterbetween Pt and Ggig. 3.2). The
relative abundances of elements from Pt to Ge, plotted in order of the 50 % condensation
temperatures, increase to a maximum of generally chondritic relative abundances
between Ni and AuBy contrast, the siderophile etents ofthe MG and sLL a&e in
roughly chondritic relative abundanc@se enrichment of elementstbeen Rh and Cu
likely reflectsa primary feature of the precursor materials, rather than a crystallization
process. This is because the sLM, sLH, sHL, and sHH subgroups crydthijizifferent
processes (Worsham et al., 2016a). Further, Worsham et al. (2016a) reported that the
calculated initial metallic melicompositios of the sLM and sLH subgroups had
distinctive chondritenormalized HSE patterns, compared to other iron meégegroups,
in which Pd was enriched relative to Re, Os, Ir, Ru, and Pt. Consistent with this, the
situ data reported here show that the HSE Rh and Au, along with other elements between
Rh and Cu, are also enriched. The modeling of the sHL and sHH splkgeiso

indicated that their initial melts were enriched in Pd (Worsham et al., 2016a). Because the
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HSE are not expected to Beonglyfractionated from one another during meggicate

segregation it is | ikely that tebuarpfobessiep)do f eat ur €

In some fractionally crystallized magmatic irometeorite groups, variations in
siderophile element abundances appear to be related to their comparative volatilities
(Walker et al., 2008; McCoy et al., 2011). For example, the 1VB mneteorite group is
strongly depleted in volatile siderophile elements such as Au, Cu, Ga, and Ge, suggesting
that the precursor materials of the IVB parent body were subjduigto temperature
evaporation and/or condensatidnven nebular processing (Cabell and Humayun,

2005; Walker et al., 2008)ikewise, the abundances of volat#elerophileelements in
the individuallAB subgroups suggest that volatitilyiven nebular processing may have

resulted in some of the observed differences in the subgroup

The enrichment of thelementsbetween Rh and Cuelative to the surrounding
elements may be accounted for if therecursorsincorporated a larger proportioof
materialthatcondensed over a temperature range of ~I¥BY K, corresponding to the
50% condensation temperatures of Rh add (Lodders, 2003) This is consistent with
the interpretation thahe precursor materials of the sLMI_H, sHL, and sHH subgroups
were late-stage codensates from the solar nebula (Worsham et al., 20AGajnately,
Cu, Ga, and Ge may have also been condensed in chondritic relative propmrépias
temperature range of ~13885 K, and later evaporation processes may have depleted
these elementsrelative to the elementwith condensation temperaturésat were
intermediatebetween Ni and AuThe present data daot recommend one temperature
range of condensation over the otheurther work is needed to determine if latage

condensation alone may account for the distribution of volatile siderophile elemahts, or

109



more complex multstage condensation/evaporation events are refjutieally, this
interpretation of the Ahumpo feature may
Worsham et al. (2016a) that the sLM subgroup wakls This is because S is more
volatile than Ge and would, therefore, be depleted in materials condensed above ~900 K.
As the abundance of S is not well constrained by the modeling results of Worsham et al.
(20164a) the results of the modeling and the interpretation that the precuaserals are

late-stage condensates are still applicable.

3.6 Conclusions

The in situ measurement of trace element abundsnice the IAB complex
highlights the nature of the chemical heterogeneity in IAB meteorites. The variable
distributionsof kamaciteand taenite result imm-cm s@le heterogeneity in a range of
trace elements Despite the relatively large uncertaintiessulting from chemical
heterogeneity ordersof-magnitude variations of the siderophile elementthin and
between subgroupgadicae that Mo and W arenriched in some IAB ironsnost likely
due to comparatively reducing conditions durimgptatsilicate segregation, although

oxidative loss of Fe, V, Cr, and Mn is still evident.

The sLM, sLH, sHL, and sHH subgroups exhibit sideropéléggnent abundances
that were strongly influenced by volatilkyontrolled processes. By contratte relative
siderophile element abundances in the MG and the sLL subgroup show no strong
volatility controls. The enrichment of elements in the order of rdasing 50%

condensation temperatures frdRf to Cuy relative to elements with higher and lower
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condensation temperaturgslicates that the sLM, sLH, sHH, and sHL parent body or
bodies formed from materials which condensed in @omatemperature range oim
~1390-1030 K If the enrichment of elements between Rh and Cu in the sLM, sLH, sHL,
and sHH subgroups was caused by -t8ge condensation, it implies that these
subgroups formed in a comparatively cool portion of the solar nebula, or at a later time

relative to the MG and sLL subgroup

Appendix for Chapter 3.

In situtrace element data are compared to isotope dilution HSE data and literature
data from Wasson and Kallemeyn (2002)lebles A3.1 andA3.2. The concentrations
determined byin situ laser ablation techniques are typically slightly higher than both
isotope dilution abundances and those reported by Wasson and Kallemeyn(E2002)
A3.1). This difference may be related to the nature ofithsitu measuremenis. bulk
sample measurement, ib may be an effect of the calculation method. For instanost m
of the Au data are within uncertainty of those of Wasson and Kallemeyn (2002), but

several are 180 %higher (e.g., Odessa, Seymour).
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Table A3.1 Comparison of HSE data determined byoge dilution(ID) andin situlaser ablatiorfLA)

Sample Re (ID) Re (LA) Os (ID) Os (LA) Ir (ID) Ir (LA) Ru (ID) Ru (LA) Pt (ID) Pt (LA) Pd (ID)  Pd (LA)
IAB main group

Landes 0.3548 0.36 £ 0.02 4.368 44+0.1 4.293 4.44 + 0.07 9.805 9.0+ 0.5 10.50 11.0+0.1 3.581 3.3+0.1
Seligman 0.3087 0.34 +£0.02 3.891 40+0.1 3.293 3.34 £ 0.06 7.754 8+1 8.886 9.5+0.2 3.502 3.9+0.2
Yenberrie 0.2906 0.36 £ 0.04 3.926 45+0.2 3.463 4.10 £ 0.09 5.536 5.8+ 0.6 6.359 7.4+0.3 3.647 3.9+0.2
Ballinger average 0.2770 0.26 + 0.02 3.145 3.1+0.2 3.124 3.1+0.2 6.561 6.8+0.2 7.266 7.4+03 3.392 3.0+0.2
Cranbourne 0.2750 0.33 £ 0.03 3.670 42+0.1 3.614 4.2+0.2 9.662 11.3+0.3 11.38 13.9+ 0.6 3.398 42+0.3
Campo del Cielo 0.2741 0.29 £ 0.04 3.632 40+0.2 3.308 3.7+x0.2 6.725 7.1+0.5 8.213 9.5+0.5 3.403 3.0+x0.1
New Leipzig 0.2724 0.25 £ 0.05 2.723 28+0.2 2.904 3.1+0.1 8.626 9.1+0.8 9.898 10.2+0.4 3.527 3.8+0.3
Magura 0.2692 0.27 £0.02 3.743 3.7+0.1 3.648 3.81+0.06 9.892 9.6 +0.3 11.43 124+ 0.1 3.254 34+0.1
Odessa 0.2243 0.25+0.03 2.501 26+0.2 2.572 29+0.1 5.392 58+0.4 6.749 8.1+0.4 3.795 6.0+ 0.6
Jenkins 0.2116 0.24 + 0.02 2.327 24+0.1 2.207 2.39 £ 0.09 5.403 6.5+0.8 6.772 7.3+x0.2 3.585 3.7+x04
ALHA 77283 0.2102 0.23 £ 0.03 1.891 21+0.1 2.327 26+0.1 5.687 58+0.9 6.867 8.3+0.2 4.526 4.1+05
Youndegin 0.2024 0.22 £ 0.06 2.134 22+0.2 2.217 24+0.1 6.354 6.1+0.5 6.960 7.4+0.4 4.010 40+0.3
Smithville 0.1914 0.21 £0.03 1.884 20+0.1 2.028 2.27 £ 0.09 6.096 7.0+0.9 6.422 7.3+0.3 3.734 3.8+04
Seymour 0.1665 0.19 £ 0.02 1.673 1.7+0.1 1.807 1.94 + 0.06 5.636 6.8+ 0.4 6.383 7.6+0.2 3.627 52+0.2
Bogou 0.1589 0.16 £ 0.01 1.219 1.2+0.1 1.747 1.8+0.1 5.178 6+1 5.999 6.2+ 0.4 3.754 3.6+0.4
Burgavali 0.1321 0.14 + 0.03 0.7592 0.8+0.1 1.217 1.36 £ 0.09 9.283 10.0+0.4 10.12 11.1+0.4 3.305 3.2+0.1
Morasko 0.1068 0.12 + 0.02 0.7990 0.87 = 0.06 1.141 1.26 £ 0.04 9.612 10.3+£0.2 10.26 11.8+0.2 3.306 3.4+0.2
Seelasgen 0.1043 0.10 £ 0.02 0.8634 0.92 £ 0.04 1.143 1.27 +0.03 9.643 9.4+0.3 10.34 11.9+0.3 3.314 3.2+0.2
Sarepta average 0.1020 0.13+0.04 0.8472 0.94 + 0.06 1.134 1.25+0.07 9.684 10.3+0.3 10.23 12.0+ 0.6 3.360 40+0.2
Hope 0.05426  0.056 + 0.008 0.2889 0.29 £ 0.03 0.7531 0.80 £ 0.01 6.584 6.4+0.2 5.893 6.4+0.1 3.449 3.24+0.08
IAB sLL (low Au, low Ni) subgroup

Shrewsbury average 0.2265 0.23+0.02 3.615 3.7+0.2 2.723 29+0.1 3.819 3.0+04 4.868 53+0.2 4.476 44+0.4
Comanche 0.2264 0.25 +0.02 2.698 29+0.1 2.614 2.94 + 0.07 4.577 4.7+0.9 5.738 6.9+0.2 4.499 5+1
Bahjoi 0.2202 0.26 + 0.03 2.598 2902 2.429 2.71+£0.08 4.659 49+0.6 5.739 6.4+0.1 4.370 46+0.5
Toluca 0.2159 0.22 £0.03 2.232 22%01 1.962 21+0.1 4.351 4.7+0.8 5.426 6.0+ 0.3 4.283 4.4+0.6
Deport 0.2158 0.23+£0.02 2.587 27+0.1 2.429 2.62 +0.09 4.633 5.0+ 0.6 5.613 6.0+ 0.2 4.389 57+0.9
Balfour Downs 0.2120 0.21 £0.02 2.422 25+0.1 2.302 2.49 +0.04 4.148 4.6+0.7 5.613 6.3+0.2 4.809 50+0.5
Bischtube average 0.2032 0.23+0.05 2.428 25+0.2 2.332 25+0.1 3.688 3.9+0.6 4.880 55+0.3 4.094 41+0.5
Goose Lake 0.1882 0.19 + 0.02 2.217 24+0.1 2.139 2.42 +0.08 4.509 45+0.5 6.094 6.8+0.2 4.056 3.6+0.2
IAB sLM (low Au, medium Ni) subgroup

Persimmon Creek 0.08073 0.10 + 0.02 0.7306 09+0.1 0.8402 1.1+0.1 1.360 1.9+0.3 2.026 2.4+0.3 5.585 6.9+ 0.5
Mungindi 0.04786 0.06 + 0.02 0.6784 0.72 £ 0.07 0.5703 0.59 + 0.02 0.4262 0.81 +0.09 0.6107 0.68 + 0.05 5.881 7.8+04
Edmonton (KY) average0.03880 0.035 + 0.008 0.6506 0.56 + 0.07 0.5052 0.48 £ 0.04 0.5190 0.8+0.1 0.5856 0.53+£0.04 5.708 55+0.9
Maltahohe 0.01642 0.01 £0.01 0.1214 0.11 £ 0.03 0.1650 0.18 £ 0.03 0.6410 0.87 £ 0.05 0.6262 0.68 + 0.08 5.390 6.2+ 0.9
Anoka average 0.01384 0.016 £ 0.008 0.2602 0.26 £ 0.02 0.1650 0.18 £ 0.01 0.2547 0.64 + 0.08 0.2228 0.25+0.02 5.784 57+0.9
Carlton 0.007113 0.008 + 0.003 0.1400 0.15+0.02 0.09249 0.10 £ 0.01 0.09770 0.41 +0.07 0.1019 0.12 £ 0.01 6.689 7.6+0.5
Lamesa average 0.004644 0.005 + 0.003 0.03978 0.039 +0.009 0.04800 0.048 + 0.007 0.1427 0.57 £0.03 0.1388 0.15 + 0.02 6.636 58+0.3
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Table A3.1 (cont.)

Sample Re (ID) Re (LA) Os (ID) Os (LA) Ir (ID) Ir (LA) Ru (ID) Ru (LA) Pt (ID) Pt (LA) Pd (ID) Pd (LA)
IAB sLH (low Au, high Ni) subgroup

Tazewell 0.007512 0.005 + 0.003 0.1347 0.17+0.03 0.08784 0.104+0.007 0.06204 0.71+0.07 0.08593 0.10+0.01 8.687 9.0+£0.2
Dayton average 0.002592 0.003 +£0.003 0.04182 0.05+0.01 0.03003 0.035+0.006 0.04867 0.57+0.03 0.04770 0.07 +£0.02 8.228 8.3+0.3
Freda 0.0006164 0.003 +0.004 0.008043 0.013 +0.006 0.007500 0.008 + 0.004 0.03000 0.78+0.07 0.02302 0.03 +0.02 1221  12.2+0.6
IAB sHL (high Au, low Ni) subgroup

Quarat al Hanish 0.08675 0.12+0.52  0.9434 1.1+01 0.9576 1.13+0.08 2.214 25+0.3 2.671 3.2+0.3 6.066 6.6+0.4
Chebankol 0.008632 0.014 +£0.006 0.06331 0.06 +0.03  0.1029 0.1+0.02 1.328 14+01 1.711 1.8+01 4.578 43+04
Sombrerete 0.006099 0.009 +0.005 0.06187 0.08+0.02 0.07380 0.078+0.009 0.5376 1.07+0.08 04682 0.58+0.05 5.369 8.6 £0.7
IAB sHH (high Au, high Ni) subgroup

Kofa 0.008218 0.009 + 0.007 0.07238 0.05+0.03  0.09922 0.10 £ 0.03 2.554 29+0.3 3.671 3.8+0.2 9.650 10.0+05
ALHA 80104 0.007584 0.006 + 0.002 0.07094 0.08+0.01 0.09042  0.091 + 0.007 2.597 3.1+0.2 3.225 3.6+0.2 8.641 89+0.5
Mount Magnet 0.0006252 0.0046 + 0.0007 0.05650 0.016 + 0.007 0.006176 0.011 +0.002  0.1426 04+0.1 0.05990 0.08 +0.02 9212 11.7+04
IAB ungrouped

Theil Mountains 0.2853 0.32 £ 0.08 3.784 4.7+04 6.731 41+0.2 5.151 56+0.7 5.934 8.1+0.6 3.743 45+05
Caddo County 0.2540 0.29 £+ 0.02 2.728 3.0+£0.2 2.515 29+0.2 4.696 5.0+0.3 6.058 7.0+0.4 4.267 4.8+ 0.6
Mertzon 0.1880 0.21 £ 0.01 1.701 1.8+0.2 2.160 22+0.1 3.959 5.9+0.8 7.443 7.6+0.2 3.541 4.6 £ 0.5
Woodbine 0.1779 0.21+0.04 2.062 25+0.2 3.113 26+0.3 2.389 3.3+05 3.053 4.1+0.5 6.181 7+2
Pitts 0.1126 0.10 £ 0.02 1.449 1.4+0.2 1.336 1.32 £ 0.06 1.765 1.9+0.2 2.414 28+0.2 6.625 6.6 +0.2
IAB unclassified

Osseo 0.5103 0.55 +0.08 7.313 7.0+£0.2 5.934 58+0.2 8.770 8.6+0.4 10.66 10.5+0.2 3.368 3.1+0.2
Sardis 0.1855 0.20 + 0.06 1.763 1.9+0.2 2.023 22+0.1 7.567 8.1+0.4 8.291 8.9+0.3 3.422 45+05
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Table A3.2 Concentrations of major and trace elements determina@d$tulaser ablation (LA) techniques compared to literature
concentrations from Wasson and Kallemeyn (20D2}a are reported in pg/g, except for Ni (wt. %). The Ni(LA*) concentrations are
the averages of the normalized internal standard values described in the main text.

Sample Co (LA) Co (Lit.) Ni(LA*) Ni(Lit.) Cu (LA) Cu (Lit.) Ga (LA) Ga(Lit) Ge (LA) Ge (Lit) As (LA) As (Lit) W (LA) W (Lit.) Au (LA)  Au (Lit)
IAB main group

Landes 4690 + 80 4510 6.3+0.2 6.55 310+30 317 93+2 87.5 453+ 6 414 11.0+0.2 10.2 155+0.09 142 1.48+0.05 1.417
Seligman 4800 + 200 4590 6.2+05 6.67 130+10 162 102+ 2 93.5 464 +7 423 143+0.7 122 1.27+0.05 1.22 1.8+0.1 1491
Yenberrie 4820+ 80 4720 6.2+0.2 6.82 104 +5 159 84+1 84.0 3465 319 14.2+0.8 126 1.2+0.1 1.03 1.75+0.07 1535
Balinger average 4890 +60 4610 6.2+0.1 6.78 118+ 6 148 89+2 87.8 394+7 341 122+03 121 1.17+0.08 1.25 1.46+0.08 1.490
Cranbourne 5160+ 80 4600 6.7+0.3 6.82 130 £ 10 139 115+ 2 83.8 584 +6 372 13.2+ 0.6 13.1 1.25+0.07 1.18 21+0.2 1.550
Campo del Cielo 4800+ 60 4580 6.3+0.2 6.68 109+ 5 140 95+ 6 93.0 420+30 394 122+1 11.8 1.22+0.06 131 1.56+0.09 1.490
New Leipzig 4600 + 400 4650 6.7+0.7 6.68 140+20 149 94 +2 92.2 443+ 6 445 124+06 113 157+0.08 147 1.7+03 1439
Magura 4900 + 100 4620 6.0+0.2 6.44 105+5 136 95+ 1 95.6 486 +8 483 11.0£0.3 10.3 1.66+£0.07 1.65 1.42+0.02 1.461
Odessa 5300 + 600 4720 9+2 7.19 160+50 129 94 +5 75.0 320+10 279 18+2 14.3 0.59+0.04 0.98 24+03 1611
Jenkins 4800 + 300 4550 6.7+0.7 6.92 120+30 151 89+6 87.7 380+10 353 13.4+03 131 1.09+0.07 1.28 1.09+£0.07 1.580
ALHA 77283 5500 + 200 4870 70+09 7.28 130+30 145 92+4 81.1 347 +4 320 19+1 15.4 0.62+0.03 1.06 20+0.2 1.707
Youndegin 4900 + 200 4700 65+08 6.83 125+ 2 145 84+1 84.5 367 +5 330 141+04 13.0 1.06+0.09 1.07 1.64+0.09 1.540
Smithville 5200 + 500 4650 72+07 6.92 140+30 160 98+6 87.1 400+10 363 14.2+0.7 138 0.76+0.04 1.05 1.7+01 1610
Seymour 5400 + 200 4680 71+05 6.78 110+20 159 102+ 3 87.2 419+ 7 381 18+1 12.8 0.67+0.04 115 22+02 1562
Bogou 4700 £ 300 4670 73+1 7.33 170 £ 50 163 85+7 78.5 309 +6 301 14.4+£0.5 14.2 0.86 + 0.08 1.09 1.6+0.2 1.645
Burgavali 4700 £ 100 4450 6.2+03 6.64 121+7 168 97+2 97.1 495+ 8 519 10.6+£0.3 11.0 1.5+0.3 1.90 15+0.1 1435
Morasko 4890 + 90 4530 6.2+03 6.76 134+7 154 100+ 1 102.7 529 + 2 500 125+04 116 1.7+0.1 1.78 1.53+0.07 1.505
Seelasgen 4800 + 100 4540 6.0+£0.3 6.59 127+ 6 159 97+2 102.8 507 + 6 493 11.4+05 107 1.8+0.1 1.85 1.58+0.08 1.523
Sarepta average 4700 + 200 4650 6.1+03 6.59 108 + 8 149 93+3 98.8 500+10 456 11.2+0.8 115 20+0.1 1.39 1.7+0.2 1464
Hope 4790 +50 4600 65+0.1 7.06 124 +2 148 91+2 89.9 431+6 402 129+05 11.2 1.21+0.06 1.35 1.62+0.03 1.510
IAB sLL (low Au, low Ni) subgroup

Shrewsbury averages400 + 100 4880 70+06 853 130+20 217 53+2 62.6 193+ 3 196 16.4+09 173 0.52+0.09 0.610 1.7+02 1.750
Comanche 4900 + 400 4990 8+2 8.24 180+90 176 76+9 76.3 264 +7 270 17.0+0.8 17.0 0.83+0.03 0.890 20+04 1720
Bahjoi 5200 + 300 4830 7+1 7.94 110+ 60 146 70+6 69.7 285+7 273 17+1 17.1 0.74+0.06 0.960 19+03 1754
Toluca 4900 + 500 4900 8+1 8.02 180+50 170 68+ 6 68.9 235+9 245 16+1 16.5 0.76 +0.07  0.830 19+03 1.718
Deport 4800 + 500 4730 9+2 8.05 170+80 177 71+5 64.8 270+10 255 16+2 17.2 0.76 +0.07 1.120 23+04 1.685
Balfour Downs 5000 + 400 4870 8+2 8.38 140+40 161 63+5 58.6 210+ 6 194 18+1 16.6 0.59+0.05 1.140 19+03 1.695
Bischtube average 5300+ 100 4920 6.8+04 7.78 61+9 136 68+3 67.9 247+ 4 238 20+ 2 16.9 0.70+£0.06 0.680 15+0.2 1.687
Goose Lake 5300 + 100 4860 6.9+04 824 120+10 172 71+3 69.4 300+10 305 19+2 16.4 0.82+0.04 1.070 1.7+01 1.636
IAB sLM (low Au, medium Ni) subgroup

Persimmon Creek 5400+ 300 5480 15+1  13.79 374+40 382 38+5 33.2 90 + 10 78.3 16+3 15.8 0.3+0.1 0.230 1.8+0.3 1535
Mungindi 5300+ 200 5500 14+1  11.86 230+30 248 23+1 18.8 30+1 22.2 19+4 22.4 0.07 £ 0.02 21+0.2 1.665
Edmonton (KY) av. 5600 + 500 5480 12+2 1290 400 +100 404 25+4 24.2 38+4 34.3 21+6 21.3 0.10+0.02 0.290 16+03 1.705
Maltahohe 5200 + 700 5260 11+2 1140 170+60 163 27+2 24.0 49+3 385 23+4 19.2 0.13+0.05 0.200 1.8+0.2 1.600
Anoka average 5700 + 500 5560 11+2  11.80 180+60 197 19+1 17.8 22.1+08 157 23+3 21.4 0.09+0.02 0.110 1.7+02 1.617
Carlton 5700+ 300 5670 14+1 1323 220+40 260 123+05 119 95+04 859 28+2 235 0.020 £ 0.006 <0.2 20+02 1.737
Lamesa average 6000 + 300 5600 13+1 13.28 270+ 40 323 128+0.7 131 11.6+04 119 28+2 242 0.032 £0.007 <0.1 1.7+01 1754
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Table A3.2 (cont.)

Sample Co (LA) Co (Lit.)  Ni(LA*) Ni(Lit.) Cu (LA) Cu (Lit.) Ga (LA) Ga(Lit) Ge (LA) Ge (Lit) As (LA) As (Lit) W (LA) W (Lit.) Au (LA)  Au (Lit)
IAB sLH (low Au, high Ni) subgroup

Tazewell 6090 +80 5890 17.3+0.9 17.06 360+20 391 50+0.2 4.75 52+03 378 28+2 26.6 0.015 + 0.008 <0.10 20+0.2 1.763
Dayton average 5900 + 200 5920 19+1 17.10 440+20 435 54+0.3 4.85 43+02 341 26+ 3 25.2 0.016 + 0.006 <0.2 20+0.1 1736
Freda 6490+40 6290 23.1+0.2 2321 631+4 672 2.14+0.07 212 3.28+0.08 224 34+1 30.1 0.009 + 0.004 1.88+0.06 1.895
IAB sHL (high Au, low Ni) subgroup

Quarat al Hanish 5700 £ 200 5510 13+1 12.75 190+30 212 19+1 16.7 34+1 29.7 33+2 26.7 0.28+0.07 0.270 3.4+0.6 2.78
Chebankol 5900 + 200 5160 7.0+02 917 70 + 10 108 21.3+05 228 55+ 2 52.5 19+2 18.4 0.20+0.06  0.300 20+0.1 2.00
Sombrerete 4990 +70 5070 13.1+0.6 9.84 310 + 30 247 24+1 19.9 13.9+04 113 21+2 21.1 3.1+0.2 2.040 3.2+04 2.26
IAB sHH (high Au, high Ni) subgroup

Kofa 7000 + 300 6940 201 18.39 380+40 465 53+0.3 4.79 11.1+03 861 28+2 28.4 0.29+005 0.34 3.0+0.2 2.85
ALHA 80104 6800 + 100 6800 17.6+0.9 15.86 320+30 298 6.9+0.3 5.87 109+0.3 103 28+1 26.3 0.36+0.03 0.37 3.0+0.3 2.63
Mount Magnet 5600 + 200 6050 18.6+0.9 14.57 230+20 195 10.0+0.3 7.67 78+01 526 24+1 24.7 0.05+0.01 <0.4 3.6+0.1 2.64
IAB ungrouped

Theil Mountains 4900 + 300 4700 7+1 8.04 160+40 174 78+5 73.6 320+ 10 234 146+0.8 12.7 0.81+0.05 1.02 20+03 1529
Caddo County 5200 + 200 4900 8+1 9.42 290+70 352 73+3 68.4 297 +4 273 19+1 14.5 09+0.1 1.05 21+02 1.607
Mertzon 4200 + 300 3970 9+2 9.08 700 +200 653 76 £ 3 65.5 342+8 293 14+1 12.7 09+0.1 0.96 21+0.2 1528
Woodbine 5400 + 2000 5420 12+5 10.05 200+100 167 50+8 35.8 150 + 20 114 22+5 17.8 0.28 + 0.05 0.6 24+07 1.640
Pitts 5600 + 200 5600 12.8+0.8 1281 350+30 376 37+2 34.5 9+7 95.6 19+5 20.2 0.33+0.04 0.33 1.73+0.06 1.700
IAB unclassified

Osseo 4850 + 90 4610 59+02 6.71 134+7 161 95.8+0.6 924 480+ 3 463 11.9+0.7 111 1.34+0.08 1.62 1.45+0.08 1.560
Sardis 4810+ 70 4610 6.8+0.7 6.73 143+ 8 138 91+2 98.1 420 + 10 472 11.3+0.7 12.1 1.5+0.2 1.30 1.79+0.06 1.520
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Fig. A3.1 Percent differences fan
situ data vs. INAA datafrom
Wasson and Kallemeyn (2002) for
Ni (a), Co (b), Au (c), Cu (d), and
W (e). In (a) samples which plot
significantly above the line may
have oversampled taenite, and
samples that plot below the line
may have oversampled kamacite
(see main section 3.5fbr details).
Copper and Wdata reported here
are systematically low relative to
the INAA data, whereas Co and Au
are systematically high



Chap4eHi gpr eci si on mol ybdenum i
negative thenmamal sipercitz atmead m vy

4.1 Abstrat

Procedures for the separation, purification, and {pgtision analysis ofnass
independent isotopic variations in molybdenum (Mejng negativethermal ionization
mass spectrometry are reported. Separation and purification of Mo from silicate and
metl matrices is achieved using a tstage anion exchange chromatographic procedure.
Molybdenum is ionized as the Mg@Qspeciesusing a double fdment assembly. The
MoOs" ion beams are collected using Faraday cup detectors equifghea mixed array
of anplifiers utilizing 10*and 16°q r esi st or s, inwikuimeasuremdnt o ws
and correction of isobars.The longterm external reproducibility ot'Mo/**Mo, the
most precisely measured Mo isotope ratiot 54 ppm (ZSD), based on the repeated
analyses of the\lfa Aesar Specpui® Mo plasma standardnd using®®Mo/*®Mo for
fractionation correction The longterm external reproducibiliies of*Mo/**Mo,
%Mo/*®Mo, **Mo/**Mo, and °Mo/**Mo are + 107, 37, 23, and 3ppm (ID),
respectively. With this precision, smalldifferences in Mo isotopic compositions cdre

resolved than hee been previously possible.

4.2 Introduction

The molybdenum (Mo) isotopic system is uniquely suited to address current
issues in cosmochemistry froimet origin of isotopic heterogeneity in the solar nalia

the diversity of planetary bodiesThough the cosmochemical applications for Mo
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isotopes are #h primary focus of this studythe application oimassdependent Mo
isotope effectsas indicators of paleoredox conditions has been the focusost Mo
isotope studies in geochemistry (e.Barling et al.,2001; Sibert et al., 2003; Anbaat

al ., 2001) . I n ciosdogdredeé st & y Mou idiopes Sy nt h
anomalies have been observed in a variety of cosmochemical materials, including at the
bulk meteorite scaleThese anomalidsavebeen usegrimarily to evaluate the extent of
mixing and/or thermal processing in the solar nebula, and to test genetic relations
amongst solar system materiéésg., Dauphas et al., 2082in et al., 2002; Beckeand
Walker, 2003; Burkhardt et al., 2011Jhe use of Mo as a genetic tracing tosl
important for the elucidation of nebular and planetary processes, including the
characterization of the nebular feeding zones of planetary bd&iiemerging groups or
incorporating ungrouped or anomalous meteorites into existing groupscdretionary
histories and evolutiorof meteorite parent bodies an be further developedis a
corollary, by demonstrating that certain solar system objects are unrelated, the parent
bodi es 6 arghismriesidan be carified.

Molybdenum has been previously analyzed by thermal ionization mass
spectrometry in both positive {FMS i e.g., Lu and Masuda, 1992; Turnlund et al.,
1993; Wieser and De Laeter, 2000, 2009) and negativeerTIMS 1 Giussani et al.,

1995; Yin et al.,, 2002; Becker and Walker, 2003; Nagai and Yokoyama,2016
Molybdenum isotopes in cosmochemical and terrestrial materials have also been
measured bymulti-collector inductively coupled plasma mass spectrom@iC-I1CP-

MS) (e.g., Lee and Halliday, 1995; Dauphas et al., 2001; Dauphas et a; BO@zhardt

et al.,, 2011; Burkhardt et al., 2014he current statef-the-art precision (2SD) of the
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measured”’Mo/**Mo isotope ratio is + 13 ppm by-KIMS (Nagai andYokoyama,
2016) and + 21 ppm by M@CP-MS (Burkhardt et al., 2011). Although the method of
Nagai and Yokoyama (20&pproduces high precision Mo isotope ratios, 1000 4000
ng of Mo were used in their study. This requires large sample masses ofl upfoy
some chondritic meteorites. Due to the valuable nature of cosmochemical materials, it is
desirable to use as little material as possible.

Il n an effort to increase the resolving
1000 ng of Mo are available, we develoggdcedures for the separation, purification,
and highprecision analysis of Mo using ThermgFisher Triton PlusN-TIMS at the
University of Maryland. Using NTIMS has the advantage of more stable signal
intensities and lower likelihood of isobaric interferences, as opposed itd® and MG
ICP-MS. In addition, the sensitivity of iNIMS is typically higher than that of-PIMS
for elementghat form negative ions or oxyanions, such as Mo (Heumann et al., 1995;
Wieser et al., 2007 The method, however, requires correction for interferences from
oxides containing the heavier oxygen isotopes (e.g., Heumann et al., 1995). One recent
advance inthe application of NI'IMS is thein situ measurement of certain oxygen
isobars, which can account for variability in the oxygen isotopic composition during
analysis (Liu et al., 1998; Luguet et al., 2008; Aggarwal et al., 2009; Chatterjee and
Lassiter, 20%; Chu et al., 2015; Bermingham et al., 2018agai and Yokoyama, 20&6
Trinquier et al., 2016). This study incorporates the use Bffl0 r e si st or s t o me
correct for oxygen isobars.

The methods presented here are primarily applicable to the measurement-of mass

independent nucleosynthetic effects, but may also be adapted to-dpikelenethods for
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the determination of mass depentistable isotope effects. To demonstrate the utility of
these procedures, the Mo isotopic compositions of standards, a gravimetrically prepared
spikestandard mixture, the iron meteorites Toluca and Skookum, and the chondrite

Allegan are reported.

4.3 S mple preparation

Iron meteorite samples wecgt into0.3 to 2g pieces using a wateooled Leco
AVacrut 0 saw with a 12. 7.A imon thetenteoprecesverea f er i n
mechanically abradedith different pieces of carborundum paper for eaample, and
sonicated in ethanol three times to remove any adhering rust, fusion crust, or saw blade
contaminationAll acids used for digestion and ion exchange chromatography were sub
boiling distilled with a quartz still (HCl and HN{or a SavillexTeflon® still (HF) in-
house. High purity water used for dilutions and cleaning was produced ubiit) -8
water purification systemd(ei oni zed to a r e} irectmeteoritt y of
samples were digested using@D ml of 8M HCI inSavillexTeflor® beakers which were
heated at 13040 °C on a hotplate for at least 48 hours. The chondrite sample (Allegan)
was powdered in an agamortar and pestle, and digested in 30 ml of a concentrated
HF/HNO; mixture in 5:1 proportions. The Allegan solution was evaporated to a sludge, 5
ml of concentrated HNOwas added to dilute the remaining HF, and then 5 ml of
concentrated HCI| was addeddaevaporated twice to dissolve fluorides that are insoluble
in HNOs. Chondrite and iron meteorite samples were dried to a sludge, and 3 ml of
concentrated HN@HCI in 2:1 proportions was added to the samples and heated at 100

°C overnight or 115 °C for deast an hour in an effort to drive Mo to its highest
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oxidation state (MoVI). This step was used in an attempt to mitigate loss of Mo during
ion exchange due to the presence of multiple valences of Mo on the column. The acid
phase was evaporated to a skidgt which point 6M HCI was added and dried to sludge
twice to remove traces of HNOThen 1M HF was added and dried to sludge twice, and
finally the samples were taken into the 1M HF loading solution. At this point, some Mo
was likely reduced to a lowexidation state, but the successive additions of HCI and HF
were necessary to ensure that the loading solution was the correct molarity of HF, with
minimal traces of HCI and HNO

The separation and purification of Mo from natural samples utilized sstwge
anion exchange chromatography method adapted fRiatruszka et al.(2006),
Scheiderich et al(2010, and Nagai and Yokoyama (2014)aple 4.1). Eichrom AG
1X8 200400 mesh resin was pokeaned using reagent grade 1M HCl| and 6M HCI,
followed by qua-distiled 6M HCI and 1M HCI, added in succession withili -Q
water between stages of cleaning. The primary column generally follows the same
procedure as the primary column of Nagai and Yokoyama (2014). Dispd3iaiée
Poly-Prep columns with 2 ml resi bed volume capacity were loaded with 1.4 ml of
resin, which was further cleaned using the procedures outlind@ble 4.1. Samples
were loaded in 1 ml of 1M HF for each column, with 1 column per ~100 mg of iron
meteorite and 300 mg of chondritdajor dements were eluted in an additional 3 ml of
1M HF; Zr, Ru, Ti, and Hf were eluted in 6 ml of 9M HQIO5M HF; W was eluted in
12 ml of 9M HC}ILM HF; and Mo was collected in 10 ml of 6M HNOM HF. Before
the addition of 6M HN@3M HF, 1.5 ml of Milli-Q H,O was added to the column to

prevent the formation afqua regiain the column.

121



Table 4.1. The anion exchange chromatographic procedures for the separation and
purification ofMo. The secondary column wespeated one time to improve sample

purity.
Acid Volume per Step
column (ml)
Primary column 1-8 Biorad columns filled with 1.4 ml AG X8 200-400 mesh
6M HCI 10 Cleaning
Milli -Q H,O 10 Cleaning
6M HNOs; 1 3M HF 10 Cleaning
Milli -Q HO 5 Cleaning
IM HF 3 Equilibration
1M HF 1 Load sample
1M HF 3 Rinse (Fe, matrix)
9M HCI1 0.05M HF 3+3 Rinse (Ru, Zr, Ti, Hf)
OM HCIi 1M HF 3+3+3+3 Rinse (W, Re)
Milli -Q H,O 1.5 Remove HCI
6M HNOs; 1 3M HF 10 Collect Mo

Secondary columnl Teflor® column filled with ~ 0.3 ml AG 4X8 200400 mesh

0.01 M HCI 4 Cleaning

1M HCI 8 Cleaning

6M HCI 4 Cleaning

6M HCI 0.5 Load sample

6M HCI 4 Rinseremaining matrix
0.01M HCIi 0.1M HF 1 Rinseremaining matrix
0.01M HCI 3 Rinseremaining matrix
1M HCI 12.5 Collect Mo

The secondary column was a ainversion of the anion column described by
Pietruszka et a(2006, andwas used to further purify the Mo. The columns used for this
study were made witfieflor® heatshrink tubing and were fitted witheflorf frits. The
resin bed for these columns hdithensions of 0.4 x 2.4 cm. The secondary column was

filled to the base of the reservoir wiichromAG 1X8 206400 mesh resin (~308).
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The resin bed was then cleaned using 0.01M HCI, 1M HCI, and 6M HCI. Prior to
loading, samples were dissolved2ri HNOs:HCI and heated overnight or for one hour,

as was done prior to the primary column. Again, 6M HCI was added and dried to remove
traces of HNQ twice, and then the sample was taken up into 0.5 ml of 6M HCI to be
loaded onto the column. Four ml of 6M H@&s added to the column to elute remaining
impurities, such as Fe, Ni, and Co, followed by 1 ml of 0.01M-BICM HF to remove
remaining Fe, followed by 3 ml of 0.01M HCI. Molybdenum was then collected in 12.5
ml of 1 M HCI (Table 4.1). This column, inclushg the oxidation stage witl2:1
HNO3:HCI, was repeated once to improve sample purity. Molybdenum purity and yield
was monitored qualitatively using EhermeFisher Element Zinglecollector ICRMS

prior to loading onto filaments. Occasional abtaekgrand signals on masses
corresponding to Na, Al, V, Mn, Zn, and Sn were observed; some of which may have
been generated by gas species from the plasma. The largest and most variable signals
were observed fdNa and*’Al, and the ratios of these signalste corresponding’Mo

signals were typically 0.02 #*Na”®*Mo) and 0.21 ¢’Al/**Mo). Other species typically

had signal ratios, relative Mo, significantly less than ~ 0.2. The occurrences of these
nonranalyte species were not correlated with poarzation of Mo.

Three total analytical blanks were determined for these procedures. Each blank
used either one, three, or four primary columns, and resulted in blanks of 0.92, 1.3, and
2.8 ng of Mo, respectively. The total analytical blank using one g@myntolumn is,
therefore, estimated to be ~ 0.9 + 0.3 ng (2SD). These blanks were sufficiently low to be

negligible for the quantities of Mo used for the analyses reported.
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The total yield for the chemistry described above was ~ @o. It is possible
that the sukbpptimal recovery of Mo resulted in madspendent fractionation of the Mo
isotopes. However, the Mo isotopic compositions reported here were fractionation
corrected for masdependent isotope effects that occurred naturally and/or that resulted
from the column chemistry. Although Rizo et al. (2016) showed that fractionation
correction of masslependently fractionated materials can result in apparent- mass
independent anomalies in W isotopes, the agreement of the Mo data reported here with
those ofprevious studies, as discussed below, indicate that fractionation that occurred
during the column chemistry was effectively corrected for.

Loss of Mo primarily occurred in the primary column in the loading stage where
some Mo was eluted with the Fe. Besa the yield for the secondary column was
typically 80-100%, and matrix was largely absent at this stage, it is likely that the matrix
was the complicating factor in the primary column. The breakthrough of Mo in the
primary column was mitigated by loadimy 1M HF, as opposed tive 0.4M HCI0.5M
HF loading solution used by Nagai and Yokoyama (20I#e partition coefficient
between the resin and the acid phasg {& Mo is relatively low in 0.4M HGD.5M HF
compared to 1M HF (K= 45 in 0.4M HCI0.5M HF vs. Ky =573 in 1M HF- Nagai and
Yokoyama 2013 These authors chose not to use 1M HF due to the higlalkies they
measured for Zr and Hf, but we observed that these elements were efficiently separated
from Mo in the primary and secondary columns.haligh Fe does not occupy anion
exchange sites in 1M HF, overloading the column may reduce the tendency of Mo to
stick to the resin when Fe is present. The sample sizes loaded onto each primary column

were small in order to minimize the effect of Fe on hledavior of Mo on the column.
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Alternatively, the presence of redgensitive Fe or other major elements may change the
valence of Mo, resulting in the persistence of mixed valence states in the primary column.
One way to mitigate this possible effect isléad the column using 4. or another
oxidizing agent to better control the oxidation state of Mo (and Fg), Bandi et al.,
1961), buthis is yet to be incorporated into methods described here.

After the completion of the chromatographic procedutes purified sample was
taken into solution in 2:1 concentratétNOs:HCI and dried to remove resaterived
organics. This step was repeated seven times for each sample. Following the last addition
of 2:1HNO3:HCI, concentrated HCI was added and driedghimes to remove traces of

HNOs;. Samples were then dissolved in 6M HCI to load onto filaments.

4.4 Mass spectrometry

4.4.1 Sample loading procedure

Samples and standards were loaded onto outgassed Re filaments. The 99.99%
pure Re ribbon used for this dgwas0.76 mm wide and 0.030 mm thick and was
purchased fronthe H. Cross CompanyRhenium filaments were outgassed at 4.2 A for
40 minutes at least 24 hours before loading. A double filament assembly was found to
increase signal intensity and duration tbe ionization of Mo, compared to single
filaments, in agreement with Turnlund et al. (1993) and Giussani et al. (Fg®)er,
we found that the double filament assembly provided better control of the ionization of
Mo than was achieved with single fieents. The ionization of Mo on single filaments
typically would reach a point where the growth of the signal and temperature became

exponential withoutncreasing the current applied to the filame®bon after, both the
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signal and temperature would reaghmaximum and then the signal would decrease
precipitously. The use of an ionization filament and evaporation filament prevented the
exponential growth by providing a nalirect heat source, which dramatically improved

signal duration and stability. FurtheMo isotopes ionized on single filaments were often
fractionated more quickly and more intensely than Mo that was ionized using a double
filament assembly. This phenomenon was reflected by the absolute range in the
fractionati on f aa lawwhich was used for fractioeatian xgprectioe n

asdi scussed below. Over the course of a giwv
0.5 for single filament analyses, but a range of < 0.3 for most double filament analyses,
which alsohad run timeshat were~ 3.5 times longer in duration.

About 4061000 ng Mo for samples and 1000 ng Mo for standards were loaded
onto the evaporation filament in two ~0.5 pl aliquots, and dried at 0.6 A. Before the first
aliquot was dry, the second was added sodiséihct reservoirs of Mo did not form. The
avoidance of distinct reservoirs was found to improve the ionization of Mo on single
filaments in the early stages of the development of these procedures. For samples, once
the deposit was dried, the current vilasreased slowly from O to ~2 A until a faint red
glow was observed or until the sample transitioned from cloudy white to a colorless or
bronzecolored deposit with a black rim. This was done to remove any remaining
organics not eliminated by successiggliions of 2:1HNO3:HCI prior to loading Care
was taken not to heat the filament beyond a dull glow beazthsewisethe sample can
burn off. Ten micrograms of 5g/> La(NOs); in 1M HNO; were then added as an
electron emitter to reduce the work function of Re and promote the ionization of MoO

(e.g.,Heumann et al., 199Recker and Walker, 2003). The La(M&activator was dried
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at 0.6 A, but because the solutidoes not dry completely, the current was then increased
from O to ~2 A until the solution was observed to boil to dryness. Ten micrograms of
La(NO;s); was also added to the ionization filament, using the same drying procedure.

As this loading procedure wadeveloped, variables such as the type of loading
solution, the type and amount of activator, the filament assembly, and the placement of
activator on the ionization and/or evaporation filaments were systematically varied in
order to optimize the ionizath of Mo to facilitate stable, long lasting signals. It was
found that loading Mo in a chloride form in HCI led to better ionization than when Mo
was loaded in HBr or in HN§ In agreement with Nagai and Yokoyama (2816he
optimal activator was found tde La(NQ)s;, although we also trialed Ba(Ofl)
Ca(NG;),, and a mixture of La and Gd. Nagai and Yokoyama (20aB&o found that a
ratio of 5:1 La:Mo was most effective. The results of the initial work with single
filaments in this study are consistent lwihis conclusion, though the optimal ratio of
La:Mo for double filaments appears to be higher. Initially, 1ug of Mo was loaded onto
the evaporation filament and 5ug of La(jy9was loaded only onto the ionization
filament, but it was found that adding additional 5ug of La(Ng)s on top of the sample
or standard improved ionization. However, when this was done, the problem of
exponential growth and subsequent rapid decrease of the Mo signals that was observed
with single filaments persisted. When the amtoof La(NQs); was doubled on both the
ionization and evaporation filaments, the temperature of the filaments and the ionization
of Mo were better controlled, and, thus, more stable andlioed.

The loading blank using this loading procedure was ~1tngas suspected that

the Mo was primarily sourced from the Re ribbon, as Mo was not observed in the
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La(NQOgs)3 activator when it was examined b@P-MS. Because Mo was not eliminated

by outgassing, and Mo and Re are chemically similar, Mo may be bouhe structure

of the Re ribbon. The effect of the loading blank on the measured isotope ratios was
examined using different size loads of the gravimetrically prepared -staikdard

mixture (4001000 ng), and was observed to be negligible.

4.4.2 Instrumetal setup and measurement routine

A ThermaFisher Triton Plussolid source mass spectrometer was used to
measure the Mo isotopic compositions of samples and standards. The instrument was
equipped with nine Faraday cups, seven of which were used to méésisetopes. A
gain calibration of the Faraday cup detectors was performed each day. Liquid nitrogen
was added to a cryopump each daymaintain astable working vacuum Using a
variable leak valve, higpurity oxygen was bled into the source dganan attempt to
promote the formation and ionization of M§OThe Q partial pressure was ~1.73 x' 10
mbar above the baseline pressure with liquid nitrogen, such that the total pressure in the
source can was typically 2:02.4 x 10’ mbar. Using single filantgs, standards were
also analyzed with no £bled into the source, and with total pressuresaug x 10’
mbar With double filaments, total pressures up to 7.4 X btbar were tested. This
testing did not definitively show that Mo ionization correlatgth the amount of @that
is used. For their single filament method, Nagai and Yokoyama &2@bserved that
best results were obtained without bleedingr@ the source.

The heating protocol for the filaments was consistent for all standards and

samples. Because of the close proximity of the two filaments, the ionization and
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evaporation filaments were initially slowly heated to avoid warping the Re ribbon. The
ionization filament was heated first at 50 mA/min to 1000 mA, then at 20 mA/min to
1700 nmA, and then at 10 mA/min to 1930 mA, in order to gently warm the evaporation
filament. When the ionization filament reached 1700 mA, the evaporation filament was
heated at 30 mA/min to 500 mA, then at 20 mA/min. Both filaments were continuously
heated, wit the rate gradually being decreased during the heating procedure until the
ionization and evaporation filaments were heated at 0.1 mA/min ar@.2HhA/min,
respectively. Once the ionization filament reached ~1930 mA and the evaporation
filament reached- 630 mA, a mMevel signal was typically registered on the Faraday
cups. During the warmap of samples and standards, the intensity of the signal usually
went through periods during which it decreased substantially until the evaporation
filament reached 20001500 mA. The peak shapes during this period were also usually
asymmetrical, likely due to overlapping peaks from ribdenved Mo that was not
equilibrated with the sample or standard. After the evaporation filament heating current
surpassed 1260500mA and the intensity of the signal 8"Mo0*°05 (m/z ~146) reached

400 mV, the peak shape typically became symmetrical for samples and standards. Once
the signal intensity reached 800 mV to 1000 m\?®o0'°05’, the analyses were started.
This signal intesity typically requiredcurrens of 16561800 mA and 208@150 mA
applied to the evaporation filament and ionization filament, respectively. At the
beginning ofthe analysesf samples, the signal often decreased for the duration of ~ 50
100 ratios, but wuld then stabilize or begin to grow. During a single analysis, lasting

~13 h, the typical signal intensity f8iMo*°O; ranged between 1000 mV and 1600 mV.
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Molybdenum was measured dMoOs in a static singldine measurement
routine. Seven Faraday cdtectors, which were electronically connected to amplifiers
equipped with18q resi st or s, we*Ma&); beansdwiti®NMo®@donl | e c t
the center cup (m/z ~ 144 Table 4.2). An additional Faraday cup (H4) was
electronically connected to amplifier equipped with a ¥6q r esi st or. Thi s
was used to collect th®Mo'®0'°0, beam, which was used for the-situ oxide
correction. Later in the development of the analytical method, the L3 cup arfd @ 10
resistor were used to collectetffMo*’0"0, beam, as discussed below. The amplifiers
equipped with 1#q resi stors were electronically ro
the virtual amplifier capability of th&riton.

Although Zr tends to form positive ions (e.g., Sahoo and Masl@d7), and Ru,
which forms negative trioxides, does not ionize on Re filaments at the running
temperature of Mo (Bermingham et al., 2B} 6potential minor isobaric interferences
from Zr and Ru were monitored by scanning the low and high masses sumgptimel
mass range ofMoOjs (140-148) using the electron multiplier. No interferences were
observed corresponding to Zr or Ru. Further, no unaccodimtesignals (those not
associated with Mo® and MoQ’) were observed to be greater than ~200 cps,
excluding a ~1000 cps peak at mass 1b&t we attribute to LaO Therefore, no
corrections for isobaric interferences from species in the JMio&ss range were applied,

excluding oxide corrections.

130



Table 4.2. Faraday cup configuration for Mo analysebeTesistors equipped to the amplifiers for each cup and the trioxide

interferences are also shown.

L4 L3 L2 L1 C H1 H2 H3 H4
R((ESICSfIt;Jr 101 1012 1011 101t 101t 1011 1011 1011 1012
Species  “Mo0%0; Mo’0%0, *Mo00; %Mof0; *Mo0; Mo 0, *Mo0; “Mo'f0, %Mof0™o,
. N 2M0Z0;  Mo®I0, ZgM 0:(33 BN 0520,
Interfering 92 1 50 M0> O3z 94y, 50 95 1 ~50 Mo>Oz  97,, 51 98y 1 152
. .1 b Mo 03 94 49 Mo 03 Mo 03 96 50 Mo 03 Mo 03
Trioxide Mo™O3 g5, 49 96y 1 49 M0™ O3 98, , 50
Mo Og Mo 03 97M 0490 Mo 03
3

30nly amplifiers equipped with #6q r esi st ors were rotated during analyses to r
PTrioxide masses are the total mass of theFor instance€’M0°°0; is composed of botffMo®0°0, and**Mo*’0,*°0.

°L.3 was used to measurévio*’0™0, from standard 35 onward, but was not used to calcti@a®#’O due to the lower internal

precision, relative to th#0/*°0 measurement.
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Table 4.3. Molybdenum isotpic compositions of repeated analyses of Ml Aesar
Specpur® Mo plasma standard using the situ line by line oxide correctionand
fractionation correction using the molecular trioxide mass’avid/*®Mo. Measured, not
fractionation correctefO/*°0 ratios, averaged over the course of each analysis, are also
shown. The 2SE is given in ppm.

su 92/96 + 94/96 + 95/96 + 97/96 + 100/96 +  18ofeo

0.883168 9.5 0.552441 5.9 0953191 45 0573952 4.2 0581460 6.6 0.00206'
0.883225 9.3 0.552453 6.8 0.953205 3.9 0573950 3.4 0581472 5.8 0.00207:
0.883106 6.6 0.552430 4.4 0953188 29 0573955 2.2 0581446 3.7 0.00206:
0.883189 20 0.552443 8.1 0.953197 5.0 0.573953 3.6 0.581465 8.4 0.00207:
0.883174 8.2 0.552441 4.7 0.953198 3.9 0.573954 3.0 0.581452 4.5 0.00206(
0.883169 6.3 0.552441 3.9 0.953193 3.0 0.573950 2.3 0.581459 3.5 0.00206¢
0.883211 6.8 0.552450 3.7 0.953206 3.3 0.573951 2.7 0.581468 4.6 0.00206¢
0.883176 11 0.552443 5.0 0.953196 3.3 0573953 2.6 0581457 4.8 0.00206(
0.883189 18 0.552447 8.5 0.953201 55 0573952 3.9 0581462 8.1 0.00205¢
10 0.883195 5.6 0.552449 3.3 0.953203 2.8 0.573954 2.2 0.581460 3.4 0.00205¢
11 0.883135 8.9 0.552437 4.5 0.953195 2.9 0573953 2.1 0.581450 3.9 0.00205¢
12 0.883148 8.7 0.552438 53 0.953192 3.7 0.573953 2.6 0.581456 4.6 0.00208:
13 0.883129 12 0.552434 7.8 0.953185 4.9 0.573953 3.7 0.581455 6.8 0.00208¢
14 0.883113 7.6 0.552432 5.3 0.953188 3.7 0.573953 2.9 0.581451 4.8 0.00207:
15 0.883262 8.9 0.552461 5.4 0.953206 3.9 0.573949 35 0.581481 5.0 0.00204-
16 0.883197 7.6 0.552448 5.1 0.953198 3.6 0573952 54 0.581473 5.0 0.00206:
17 0.883164 10 0.552440 6.5 0.953191 3.9 0.573953 3.8 0.581468 5.8 0.00207¢
18 0.883180 6.7 0.552443 4.8 0.953190 3.2 0.573952 2.7 0.581469 4.1 0.00D64
19 0.883238 9.9 0.552455 55 0.953203 4.1 0573952 2.8 0.581478 5.8 0.00206¢
20 0.883211 8.7 0.552449 6.4 0.953192 4.7 0573948 3.3 0581479 5.9 0.00205:
21 0.883186 12 0.552438 7.6 0.953191 6.3 0.573951 5.0 0.581476 7.5 0.00205¢
22 0.883189 6.9 0552443 4.8 0.953194 3.6 0.573949 3.1 0.581471 4.3 0.00207:
23 0.883194 9.5 0.552441 6.4 0.953191 4.1 0.573950 3.4 0.581476 5.5 0.00205:
24 0.883135 7.6 0.552432 5.1 0.953186 3.5 0.573954 3.1 0.581465 5.1 0.00205:
25 0.883182 12 0.552444 9.4 0.953186 5.8 0.573952 5.5 0581479 9.5 0.00205¢
26 0.883154 5.0 0.552435 3.9 0.953186 2.5 0573952 2.4 0581471 3.2 0.00206:
27 0.883189 7.5 0.552446 4.1 0.953197 4.1 0573954 3.7 0581475 5.2 0.00204:
28 0.883138 9.8 0.552434 5.4 0.953188 4.2 0573952 3.0 0581465 5.1 0.00205¢
29 0.883140 6.4 0.552436 3.6 0.953187 3.8 0.573953 2.9 0.581465 4.5 0.00205'
30 0.883108 7.0 0.552427 4.1 0.953177 3.1 0.573952 2.4 0.581459 4.2 0.00206:
31 0.883093 8.0 0.552424 4.4 0.953175 2.9 0.573954 2.5 0.581460 4.3 0.00206¢
32 0.883149 8.3 0.552438 5.7 0.953185 4.3 0.573953 3.1 0.581468 5.1 0.00204"
33 0.883218 9.9 0552450 7.4 0.953200 4.5 0573951 3.9 0581473 6.4 0.00204:
34 0.883100 6.7 0.552428 4.9 0.953176 3.3 0573954 2.5 0.581461 4.2 0.00205¢
35 0.883112 5.0 0.552430 3.4 0.953182 2.4 0573953 1.9 0581454 3.1 0.00205:
36 0.883074 4.7 0552420 3.3 0.953172 2.4 0573954 1.8 0581454 3.1 0.00205:
37 0.883200 5.4 0.552444 3.8 0.953189 2.8 0.573951 2.2 0.581475 3.3 0.00205¢
38 0.883158 5.5 0.552437 3.6 0.953183 2.5 0.573953 2.0 0.581469 3.1 0.00205¢
39 0.883170 4.9 0.552439 3.8 0.953184 2.5 0.573953 2.0 0.581468 3.4 0.00205¢
40 0.883155 5.1 0.552437 3.3 0.953184 2.3 0.573952 1.8 0.581465 3.1 0.00205:
41 0.883066 5.1 0.552418 3.5 0.953169 2.5 0.573953 2.0 0.581453 3.2 0.00D61
42 0.883089 5.8 0.552422 3.8 0.953167 2.5 0.573952 1.8 0.581462 3.3 0.00205¢
43 0.883090 5.9 0.552424 4.0 0.953170 2.8 0.573951 2.5 0.581452 3.7 0.00205¢
44 0.883102 5.6 0.552424 4.0 0.953170 2.9 0.573951 2.2 0.581458 3.8 0.00206(
45 0.883055 6.6 0.552413 4.6 0.953163 3.5 0.573951 2.9 0.581451 4.4 0.00205¢
46  0.883172 7.4 0.552437 5.6 0.953181 3.6 0.573950 2.7 0.581475 4.9 0.00204¢
47  0.883194 5.3 0.552442 3.6 0.953186 2.8 0.573950 2.2 0.581480 3.2 0.00204:
48 0.883138 7.1 0.552432 4.6 0.953174 3.2 0.573950 2.3 0.581469 4.0 0.00205!

O©CoOoO~NOYUTDWNE

Avg 0.883157 0.552438 0.953188 0.573952 0.581465 0.00206(
2SD 107 37 23 54 32 0.96%
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The procedures fdncorporating the use df0'>q r esi st ors i nto t he
routine were adapted from Koornneef et al. (2013), Liu and Pearson (2014), and
Trinquier et al. (2016)Baseline measurement times of 1200 s, with a 30 s settling time,
and idle times of 15 s were usddLie to the longeredtling time of thel0'*q r esi st or |
comparedto 9q resi stors, and t he™Wod’&%;sspesiesgnal i
(2-4 mV), the optimal time over which the isotope ratio measurements were initially
integrated was 67.109 s. Much of the datatler standards and samples were, therefore,
collected using two 67.109s integrations such that the isotope ratio measurements were
integrated over a total of 134.218 s. It was subsequently determined, however, that this
integration time was unnecessarilygp so it was halved and the number or ratios was
doubled from standard 35 onwarbiaple 4.3). No difference in the measured ratios was
evident with the long vs. short integration times, but the internal statistics improved
slightly with the shorter integtion times. Measurements were taken in 50 blocks with 10
cycles/block for a total of 500 ratios. Baselines were measured every 10 blocks and the

pilot massMo'°0; was centered and automatically focused every 2 blocks.

4.4.3 Fractionation correction

The isotope ratios were oxide corrected, as described below, and then
fractionation corrected for natural and instrumental rugEndent fractionation using
the exponential law (Russell et al., 1978). Instrumental {de@gendent fractionation in
thermal ionkation is largely due to the preferential evaporation of the lighter isotopes.
Traditionally, the normalizing ratio 6fMo/**Mo has been used (Dauphas et al., 2002

Burkhardt et al., 2011), wher®Mo/*Mo 1.453171(Lu and Masuda, 1994). The
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exponentibilaw is commonly used to correct a givesotope ratio 'Y by normalizing
to a second ratiocY of two stable and neradiogenic isotopegRussell et al., 1978),
where:

Y Y 0 (4.1)
and’Y s the fractionation corrected rati®, is the oxidecorrected, measured ratio,

0 is the isotope mass ratio of the isotope

fractionation factor:

f (4.2)

where Y is the measured, oxiemrrected ratio,Y is the accepted value

(*®*Mo/*®Mo = 1.45317), andd is the mass ratio of the isotopes used for normalizatio
Because Mo is measured as a trioxide, the molecular mass ratios were used in addition to
the isotope mass ratios (e.g., 140/144 vs. 92/96). These results are compared below
(Table 4.4). The molecular mass was required to fractionation correc®®'*0*0,

species because it has no corresponding isotope mas&¥Masis the heaviest Mo

isotope.
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Table 4.4. Comparison of the various data reduction methods. The best external precision
(2SD) is obtained for th&Mo/**Mo ratio using théine by lire oxide correction and the
molecular mass fractionation correction.

External Precision (ppm)

Fractiontgtion Oxygen correction “Mo/*®Mo  *Mo/**Mo  *Mo/**Mo  *Mo/*Mo  *Mo/**Mo
correction

Nier 175 73 45 67 90
Isotope Meas\gﬁg single 169 50 34 16 42
mass : .
Line by line 166 56 30 6.7 45
Line by line (FC) 158 76 21 20 76
Nier 117 63 40 66 87
Measured single
M(:Leacsuslar value 110 31 28 15 35
Line by line 107 37 23 5.4 32
Line by line (FC) 100 54 17 23 55

4.4 4 Oxide corrections

Because Mo was measured as a trioxide, the intensity measured foMe&x
except the lowest maséMoO;, must be corrected for isobaric interferences from the
heavier oxygen isotope trioxides of lower mass Mo isotopablé 4.2). For example,
%Mo 05 at mass 142 must be corrected for the interference caus&Md{’0 0, at
mass 142. Other oxide species which generate significant interferences ‘4o,
Mo'0,*°0", M0*0,°0 ", Mo*0 *'0 0", Mo'’05, and Md’0,'%0". Additional species
(Mo*’0'®0, and Md®05) were also formed, buih such low abundance that they ot
generate significant interferenc€¥in, 1995) The relative abundances of the oxide
species were calculated asGneaser et al. (1998nd Harper andacobsen (1996) using

the isotopic composition of oxygen.

Oxide corrections commonly have been applied using a single oxygen isotopic

composition, such as that from Nier (1956J0/°0 = 0.0003749 and®0/°0 =
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0.0020439), for every sample or standatdwever, systematic variations in the isotope

ratios from standard to standard are likely due to variability in the oxygen isotopic
composition, as has been the case for other measurements of MoIMS\Nagai and
Yokoyama, 2018) and for measurements Ok, B, W, and Ru by NIMS (e.g., Liu et

al. 1998; Luguet et al. 2008; Aggarwal et al., 2009; Touboul and Walker, 2012;
Bermingham et al., 20§ Trinquier et al., 2016). Therefore, 0q resistors w
installed in order to measur@™Mo*®0™0,, and later®Mo*’0'®0,, from which the

oxygen isotope composition can be calculated. THEd0 r esi st or reduces
noise ratio and is most advantageous for signals between ~5 and @dgn Koornneef

et al., 2013), which is on the order of the typical signal intensity’ 0?00, (2 - 4

mV). The ratio of the intensities df"Mo0%0'°0, /**Mo0™0; divided by 3 gives the

30/*°0 ratio. By dividing by 3, the different permutaticthsit 0 can be configured in a

trioxide are accounted for (Yin, 1995).

The methods for measuring oxygensitu were adapted from Liu et al. (1998)
and Luguet et al. (2008). In agreement with Liu et al. (1998) and Luguet et al. (2008), the
80/**0 and'’0/*°0 ratios were observed to increase over the course of a run, and the
average'®0'®0 and'’0/*°0 ratio was found to vary from standard to standdable
4.3) and sample to sample. Because of the changing oxygen isotope ratio within analyses,
the oxice correction was done for each cycle (referreastine by lineoxide correctioh
Data were also corrected using the oxygen isotopic composition of Nier (19&0) (
oxide correctioy the measured oxygen isotopic composition averaged over the entire ru
(measuredsingle valueoxide correctioly and the line by line oxygen correction with

Afracti on a tMo'f0%®, dimebyelicet(RCiide correctioh
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For the measuredsingle value line by line, and line by line (FCpxide
corrections, thelata reduction required twiterations (Luguet et al., 2008). The first was
to correct the measuréd®™o*®0™0, intensity for the interference froffiMo*%0,'°0
using the oxygen isotopic composition of Nier (1950), termed thediidgr oxide
correction The second iteration used the average egateected°Mo'?0'°0, intensity
for the measured single valuexide correction, or the oxideorrected'*Mo'?0'°0,
intensities for each line for thine by line oxide correction to calculate th&0/*°0
ratio(s). Fortheline by line (FC)oxide correction, the oxideorrected*Mo*%0'°0, was

fractionation corrected as described above.

The!’0/*°0 was calculated from tHEO/*°O ratio using the slope of the testrial
fractionation line (TF). The'’0/*°0 was also measureéd situfrom standard 35 onward.
However, the signal intensity for tfi&Mo'’0'®0, species was at the limit of the effective
rangeofthe g resi stor (< 2 mV), and the interrt
was not as precise as the measurement®f°0. A 10°q r e sviits & tower
effective range (6.3-20 mVi Koornneef et al., 2014)nay be advantageously employed
to measure this spees, but this has not yet been tested. Only negligible differences in the
external reproducibility of the 14 standards were observed when the oxide correction was
done using the calculated vs. measur@f*°O, although the absolute values of the Mo
isotgpe ratios were differenifT@ble 4.5). To be consistent and to characterize the-ong
term external reproducibility, only Mo isotope data that was oxide corrected using the

calculated ’0/*°0 is reported here.
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Table 4.5. Molybdenum isotopic composition$ standards 388, where the oxide corrections were
done using the measurt®/*°0, as opposed to th&0/*°0 calculated using the TFL. Also shown
are the measurdd0/*°0 and'®0/*°0, averaged over the course of the analysisnandractionation
correced.

Std 92/96 + 94/96 + 95/96 + 97/96 + 100/96  + o800 o0

Measured*’0/*%0
35 0.883175 5.1 0.552459 3.4 0.953203 2.4 0.573932 1.9 0.581451 3.1 0.0003872 0.002055
36 0.883136 4.7 0.552448 3.3 0.953193 2.4 0.573934 1.8 0.581451 3.1 0.0003871 0.002055
37 0.883262 5.4 0.552472 3.8 0.953210 2.8 0.573930 2.2 0.581472 3.3 0.0003870 0.002056
38 0.883219 5.6 0.552465 3.7 0.953203 2.5 0.573932 2.0 0.581466 3.1 0.0003872 0.002059
39 0.883231 4.9 0.552467 3.8 0.953205 2.5 0.57383 2.0 0.581465 3.4 0.0003869 0.002054
40 0.883218 5.1 0.552466 3.3 0.953205 2.3 0.573932 1.8 0.581462 3.1 0.0003869 0.002053
41 0.883128 5.1 0.552446 3.5 0.953190 2.5 0.573933 2.0 0.581450 3.2 0.0003876 0.002061
42 0.883152 5.9 0.552450 3.8 0.953188 25 0.573931 1.8 0.581459 3.3 0.0003875 0.002058
43 0.883151 5.9 0.552452 4.0 0.953191 2.8 0.573930 2.5 0.581449 3.7 0.0003872 0.002056
44 0.883163 5.6 0.552452 4.0 0.953190 2.8 0.573930 2.3 0.581455 3.8 0.0003875 0.002060
45 0.883117 6.6 0.552441 4.6 0.9%53184 3.4 0573930 2.8 0.581448 4.4 0.0003875 0.002059
46 0.883233 7.5 0.552465 5.6 0.953201 3.7 0.573930 2.7 0.581471 4.9 0.0003865 0.002049
47 0.883256 5.3 0.552470 3.6 0.953207 2.8 0.573929 2.3 0.581476 3.2 0.0003858 0.002042
48 0.883201 7.2 0.552461 4.6 0.953195 3.2 0.573929 2.3 0.581466 4.0 0.0003874 0.002055

Avg.  0.883189 0.552458 0.953198 0.573931 0.581460 0.0003871 0.002055
25D 110 36 17 5.2 33 0.25% 0.49%

TFL calculated Y0/*%0
Avg. 0.883127 0.552430 0.953177 0.573952 0.581463

2SD 111 36 18 5.2 33
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® Mo Alfa Aesar standard
20 44 +16.7 ppm spike-standard mix

+ 5.4 ppm (2SD)

Repeated analyses

Fig. 4.1. The>"Mo for repeated analyses of tAéfa AesarMo plasma standard and the
gravimetrically prepared spik&andard mixture. The collection period was 13 months.
Data were reduced usinig situ *0/*°0 measurements and thiee by line oxide
correction. Datawere fractionation corrected witfMo/*®Mo = 1.453171(Lu and
Masuda, 1994) and using the molecular mass instead of the isotope mass as described in
text. Dotted lines represent two standard deviations of the analyses (2SD). For standards,
2SD = + 5.4 ppnand for spike standard mixes, 2SD = + 2.9 ppm. The syiéedard

mixture was gravimetrically predicted to have>¥Mo value of + 16.7 ppm. This
compares favorably with the measured raticBMo = + 15.4 + 2.9Error bars for the
individual analyses are the internal standard error of the mean (2SE).

4.5 Results and discussion

The standard data for all Mo isotopesing the preferred data reduction method is
shown inTable 4.3 andFigure 4.1. The external reproducibilities of the standards for the
®Mo/*®Mo measurement, which is the Mo isotope ratio that is measured to the best
statistical precision, usinthe varous oxide and fractionation correction methods are
compared inTable 4.4. The magnitudes of the oxide interferences for each Mo isotope

are presented iTable 4.6. The results for spikstandard mixtures and samples are
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reported in> notation Tables 4.7 and4.8), which gives the deviation do/°®Mo of a
sample relative to the averatjdo/*°Mo of the repeated analyses of thifa AesarMo
plasma standard over a given period of time, in parts per million. For example, for

>9"Mo:
b ¢ 5 pm (4.3)

The best external reproducibility (2SD) for all oxide (exddr, as described below)
and fractionation correction methods (molecular vs. [gtmass) was obtained f8Mo

because it is bracketed by the normalizing isotape.

4.5.1 Oxide corrections comparison and molecular vs. isotopic fractionation

correction

The average®0/*°0 measured for standards was 0.002060 + 0.000020 (2SD, n =

48), which is within uncertainty of the ratio reported by Nagai and Yokoyama €016
(0.002064 + 0.000005, n = 21). The letegm external reproducibility of’Mo/**Mo

using the Nier, measuredsingle value line by line, and line by line (FCpxide
correctons and the molecular mass fractionation correction were + 66 ppm, 15 ppm, 5.4
ppm, and 23 ppm, respectivelJable 4.4). For theNier oxide correction®®Mo had the

best precision of the Mo isotopes (40 ppm). This effect is likely becauséMb©;
beamhas the smallest oxide interference compared to the other Mo isotope beams,
especially’’MoOs and*Mo0O5 (Table 4.6). Therefore, the difference between ier

(1950) and measured oxygen isotopic compositions was magnified witNidreoxide

correctbn on 97MoOg,', compared to%MoOg'. All oxide corrections using tha situ
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measured oxygen isotopic composition resulted in improved precision relativeNethe
oxide correction, demonstrating that the variability of the oxygen isotopic composition
beween analyses adversely affects precision. Further, better precisidfviim°Mo
resulted from using thkne by linecorrection vs. theneasured single valusorrection,
which demonstrates that the variability of the oxygen isotopic composition within a
single analysis also affects external precision. [t by line (FC)correction exhibits
worse external reproducibility for most Mo isotopes, includifigo/*®Mo, relative to the
nonfractionation correctetine by linemethod. This is likely becauseetliractionation
correction using the®Mo*®0*0, species does not sufficiently account for oxygen
isotope fractionation that originates in the tank from whiglhs®led into the source can,
or during formation of the trioxide (Luguet et al., 2008). Thaes the preferred oxide
correction method is tHee by linecorrection.

The fractionation correction of Mo using the isotope mass, as opposed to the
molecular mass, gives a lotgrm external reproducibility of 6.7 ppm f8fMo/**Mo.
The reason for # difference between the two methods is unclear; however, the
discrepancy may indicate that Mo forms the molecular trioxide before evaporation on the
filament fractionates Mo. Thus, using the molecular mass for fractionation correction
provides a more accate correction.

The best external reproducibility f6fMo/*®Mo was obtained using the by
line oxide correction and the fractionation correction using the molecular mass. Using
these correction methods, the letegm external reproducibility (2S@ver 13 months of
periodic measurement campaigiisg( 4.1 and Table 4.3, n = 48) was + 107 ppm for

%Mo, 37 ppm for’*Mo, 23 ppm for®Mo, 5.4ppm for®’Mo, and 32 ppm fot®Mo. The
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shortterm external reproducibility for one ~2 week period (n = 8) wasz, 37, 17, 3.7,
and 28 ppm fof*Mo, **Mo, Mo, *"Mo, and'®Mo, respectively. The internal precision
(2SE) was typically < 4 ppm fo¥Mo. The findings that éine by lineoxide correction
and fractionation correction using the molecular mass prodhee most precise
measurements of the Mo isotope ratios is in agreement with Nagai and Yokoyama
(2016), who used a single filament assembly and measured*f@#f0 and'*0/*°0
from the *®Mo'’0'0, and **Mo0'®0"'°0, species using 16q r esi st ors. Ho we
external reproducibility of"Mo/**Mo reported in this study is improved by a factor of
~2.4 relative to Nagai and Yokoyama (2@),6he precision of®Mo/**Mo is roughly
equivalent to slightly better on the short term, andother isotope ratios are less precise
(by a factor of ~2.&t mosj.

The methods reported here produce mareequivalentlyprecise ratios for the
heavy Mo isotopes and less precise ratios for the lighter Mo isotopes, relative to Nagai
and Yokoyama (20H). The reason for this is unknown, but may be related to the
differences in fractionation of Mo on single vs. double filaments and/or to the
measurement vs. calculation of the oxygen isotope ratios. Nagai and Yokoyama) (2016
reported an absolute rangetilh e f racti onati on factor, b, o]
obtained using single filaments. At e d abov e, the range 1in D
analysis is ~0.3 for double filaments. Therefore, if fractionation of Mo isotopes were the
dominant cause fothe difference in precision between this study and Nagai and
Yokoyama (2018), one might expect that more strongly fractionated measurements
would have poorer precision on the light Mo isotopes. This is because the light Mo

isotopes are evaporated moeadily than the heavier isotopes and are farthatomic
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mass unitfrom the normalizing ratiowhich could caus¢he fractionation correction to
be inadequate. However, this is not observed, likely because Mo fractionation is coupled
with the effects ofthe fractionating oxygen isotope composition, since the trioxides
evidenty form before Mo is fractionated by evaporation.

The magnitude of the oxide correction is largest’o and '®Mo, andthe
contributionof *®0 to thetotal oxide interference sigl becomes largerelative to'’O
from Mo to 1Mo (Table 4.6). Because this study utilized a'd® r esi st or t o n
the **Mo'®0"®0, speciesthe variance of th&°0/*°0 ratio may be better accounted for
relative to measurements using®® r esi st or s ( Nag a)iTheefore, Yok oy
the oxide correction applied hefer “Mo and'®Mo, whichis larger in magnitude than
for other isotopesmay be more accurateesulting in higher precision for these isotope

ratios.

Table 46. The magnitude of the oxide interference corrections for each Mo isotope,
given as percent relative to the oxide eoted signal intensity. Also shown are the
percentages of the most abundH@+ and*®0-bearing species relative to the total oxide
interference signal. Other species incorporatii@and*®0 are minor and not taken into
account for these calculationsich that the totals are generally not 100%.

94 95 96 97 98 100

Total oxide signal (% relative

to oxide corrected signal) 0.99 0.066 0.45 1.2 0.47 15

Total ’0'®0, signal (%) - 99.3 23.9 16.1 9.5 -
Total **0'®0, signal (%) 100.0 - 75.9 83.9 90.4 99.8
Total 100.0  99.3 99.7 1000  99.9 99.8
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It is possible thasome ofthe low mass Mo isotopes (i.8°Mo and**Mo i Table
4.6) are less accurately corrected, and therefore less precise, because the contribution of
species incorporatin§’O is largeron these isotopes than on the heavier Mo isotopes.
Becaus€®Mo is affected by this, and because the data are normaliZ&8ddothe effect
of an inaccurate correction Mo may be magnified oMo and®Mo, which are far
from the normalizing ratio iterms of atomic mass unit§he low mass Mo isotopes are
measured less precisely in this study when both the medS@&¥0 and the calculated
"0/*°0 are used for the oxide correctiofhis may be because of the lower internal
precision of thé’0/*°0 measurements or that the canonical TFL slope is not the optimal
slope by which to calculat?’0/*°0 in this system Bermingham et al. (2015 and
Trinquier (2016) found that the oxygen isotopic compositions of Ra@d U/UO,",
respectively, do notalwaysr acti onate al ong t h'8 ow&@onii cal
= 0.52 or*®0/*®0 vs."0/*°0 = 0.0954). Instead, for RyQ which is run in negative
mode like Mo, oxygen fractionation may result from mixing isotopically distinct
reservoirs of oxygen fronné oxygen tank and from the filament.

To test for this possibility during analysis of Mo isotope&’Mo-'* Mo double
spike was measured, such that sufficiently intense signals were generated for the
1%\M0t'0™0, (2-4 mV) and**Mo*®0™0, species (120 mV) using 16/ r esi st or s
(Fig. 4.2). For the longer of the two analyses, the slop€®f°0 vs.*’0/*°0 was 0.1128
+ 0.015 (2SD), which is marginally higher than the canonical slope of 0.0954. This
indicates that mixing of two isotopically distinct reservoirs of @tygnay result in an
inaccurate calculation ofO/*°0 when using the TFL. This effect is evidently minor,

however, as the standard data that was oxide corrected using the méeiauial
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produces nearly identical precision. Alternatively, the mixing éffieay simply not be
observed wher’O/*°0 is measured usingMo'’0'°0, when its signal intensity is < 2
mV. Because the effective range 1> q resistors includes signals of < 2 mV, future
methods usinga 1dq resi st or *Bvo'’OM@ aos'MoEO"®0O,hspecies
anda10?q oM q1 0 e doineasare th€Mo'®0™0, will likely be necessary to
optimize the precision on all the dViisotope ratioslt is also worth noting that the
intensity of the®Mo'’0'®0, species is higher than th#Mo'’0™0, species, due to the
larger abundance 6fMo, and it requires no firairder oxide correction. Thus, the use of
the*Mo'’0"®0, specis to calculate th€0/*°0 ratio is advantageous.

In addition to the irrun oxygen isotopic compositions of the double spikes, the
average measured oxygen isotopic composition of the standards for @iti® and

80/**0 were measured ishown inFigure 4.2 (UMD mean O). The oxygen isotopic

composition of the spikes and the standards are similar to the mean oxygen isotopic

composition reported by Nagai and Yokoyama (2)16he UMD mean O is not similar
to the Nier (1950) value, or the value recommentgdIUPAC. This dissimilarity
suggests that the use of the Nier (1950) value for thediidgr correction may be
inappropriate. However, when the UMD mean O is used for theofiggr correction
instead, the precision of each ratio and the absolutepisatios, excluding®Mo/**Mo

are within ~32 ppm of those calculated with the Nier (1950) value.
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Fig. 4.2. In-run **0/*°0 vs.’0/°0 measuredn situ for two Mo double spike analyses
using the’®Mo*’0%0, and**Mo0™0"°0, species andtwo ¥y r esi st ors. The
30/°0 and*’0/*°0 measuredn situ for 14 standards, wher€O/*°0 was measured
using the®Mo'’0'®0, species and a #f§ resi stor, is shown as
(**0/**0 = 0.002055and*’0O*°0 = 0.0003871 Table 4.5). Also shownare the oxygen
i sotopic compositions of Ni er (1950), t he

(Meija et al., 2015¢iting Baertschi, 1976 and Li et al.,, 1988 nhd t he A Mean OO
reported by Nagai and Yokoyama (2@L6The black line represents therrestrial
fractionation line, which is forced through the UMD mean O value and is calculated

using the canonical slope of 0.52.

4.5.2 Gravimetrically prepared spilsgtandard mixture

To test the accuracy of the methods described above, an isotcpiuatiyed
mixture was analyzed in the same way as samples and standards uding kyeline
oxygen correction and molecular mass fractionation correction. The mixture was
gravimetrically prepared using®4Vio-enriched spike (Oak Ridge National Lab) anel th
Alfa AesarMo plasma standard. The concentration of ¥\o-enriched spike solution
was calibrated prior to preparing the mixture. Once the spike and standard were
combined in the appropriate proportions, the mixture was allowed to equilibrate on a

hotpate at ~120 °C overnight. The mixture was then evaporated to dryness and 2:1
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HNO3:HCI was added and dried one time. Finally, the mixture was taken into solution in

6M HCI to load onto the filaments>Mdhe pre
= +16.7. Repeated measurements of the spteedard mixture yieldes®’Mo = +15.4 +

2.9 (2 SD, n = 7), which is in excellent agreement with the predicted vEhixe(4.7,

Fig. 4.1). The very good reproducibility indicates thaverthe shortterm, differencesn

>*"Mo < 10 ppm may be resolved.

Table 4.7. >'Mo values for the spikstandard mixes. Mixes

6 and 7 were analyzed with only 400 ng of Mo.

£”’"Mo 2SE
16.7 ppm mix 1 16.4 2.0
16.7 ppm mix 2 13.8 2.3
16.7 ppm mix 3 16.5 1.9
16.7 ppm mix 4 15.4 1.8
16.7 ppm mix 5 17.5 2.2
16.7 ppm mix 6 13.9 3.1
16.7 ppm mix 7 14.3 2.0

Average 15.4 2.9(2SD)

It was suspected that Mo derived from the Re ribbon resulted in relatively large
Mo signals that interfered with Mo signals from the samples and standardsst for
this, five of the analyses of the spig&ndard mixture were for loads of ~1000 ng and
two of the analyses were for loads of ~ 400 ng Mo. The smaller loads shdlial
values within uncertainties of the larger loads, so any effect of the loading blank was not
reflected in the measurements. Further, any differences in fractionation behavior caused
by the different amounts of Mo on the filament were not evident.elTdats show that
the measurement procedure and data reduction provide accurate and precise data that can

be routinely used to resolve differences Mo of ~10-15 ppm.
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4.5.3 Natural Samples

Data for natural samples are shownTiable 4.8 and Figure 4.3. One piece of
Toluca and Allegan were digested and processed using the methods described above.
Two other pieces of Toluca and two pieces of Skookum were processed during the
development of the method using different chemical separation proceduresngesulti
variable yields for some samples (eble 4.8 for details).

The Mo yield for the three digestions of Toluca ranged from53.5%6. The yield
for one Toluca digestion was low (15%), potentially due to loss of Mo during the loading
stage of the printg column using the 0.4M H&.5M HF loading solution as described
above. The yields for the two digestions of Skookum were similar at around 45%. The
>°"Mo values obtained for the three digestions of Toluca with variable yields are within
uncertainty of ae another and th&lfa AesarMo standard. The®’Mo for Toluca is not
within uncertainty of the Mo isotopic composition reported by Yin et al. (2002), but is in
good agreement with data reported by Dauphas et al. 2@6d Burkhardt et al. (2011)
for meteorites from the I1AB group. Likewise?'Mo for the two digestions of Skookum
are in agreement with data reporteddtrerironsbelonging tahe IVB group (Yin et al.,

2002; Dauphas et al., 2082and Burkhardt et al., 2011). These data demonstratéhthat
analyses are not affected by variable yield or different chromatographic processing. The
data for Allegan are in agreement with H5 chondrite data from Burkhardt et al. (2011).
This indicates that the methods described above are applicable to naatdllgilicate

matrices.
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Table 4.8. Molybdenum isotopic compositions of natural samples (in ppm). Different
pieces of the same meteorite are numbered and different analyses of the same solution

from the same piece of meteorite are numbered and bkttere

Sampled £¥Mo 2SD £*Mo 2SD £®™o 2SD £ Mo 2SD £'Mo 2SD
Tolucal -15 111 26 36 -97 18 20 5 3.2 33

Toluca2 12 90 91 29 -59 15 13 6 08 24
Toluca3 30 92 19 29 39 14 002 5 04 34
Toluca 9 45 10 17 -65 6 11 2 1.46 3.0
mean
Skookumla 302 92 173 29 116 14 51 5 119 34
Skookum1b 278 92 170 29 114 14 55 5 107 34
Skookum2a 267 92 164 29 109 14 54 5 109 34
Skookum2b 146 90 123 29 97 15 57 6 63 24
Skookum
o 248 139 157 46 109 17 54 5 100 50

Allegan 43 111 52 36 22 18 19 5.2 21 33
*Toluca 1 and Allegan were processed using the procedures describefohesa.2 and
Skookum 2 were digested and processed using the same methods, with the exception that
these pieces were loaded onto themaiy column using 0.4M HE).5M HF as the
loading solution. Toluca 3 was obtained as a byproduct of the chemistry used to separate
and purify W (Touboul and Walker, 2012), and was purified using the secondary anion
column described here. Skookum 1 was pssed using a different primary anion
column that was more similar to the secondary colupietiuszka et al2006.
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Skookum mean | -O-
IVB mean
(Burkhardt et al., 2011) &
Allegan (H5) |1}

H chondrite mean | A S E—
(Burkhardt et al., 2011)

T1r rrrrrrr 1 rr1

20 0 20 40 60
u97M0

Fig. 4.3. The >>Mo for the Toluca and Skookum iron meteorites, and the Allegan
chondrite, compared to some literature values. For Toluca and Skookum, uncertainties
are the 2SD of the separate analyses. For Allegan, the uncertainty is the 2SD external
reproducibility ofthe standards, represented also by the grey bar (+5.4 ppmy® M

for all three samples are in good agreement with data from meteorites of the same groups
(Burkhardt et al., 2011). The datum for Toluca is not within uncertainty of that of Yin et
al. (2002).

4.6 Conclusions

The procedures for measuring Mo byTNMS using theThermaoFisher Triton
Plus are shown to be accurate and precise. The use of a double filament assembly
improved signal stability and duration over those achieved using singleeffitam
Repeated analyses of tAdfa AesarSpecpur® Mo plasma standard using the oxygen
isotope composition measurad situ and aline by lineoxide correction yields a loRg
term external reproducibility of 5.4 ppm fof'Mo. The repeated measurement0iMo
that is in agreement with the predicted value of the gravimetrically prepMedspike

standard mixture demonstrates the accuracy of the technique and that differences in
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>>Mo O 10 ppm can bien far Avo/Momedincreabdd &y agacterc i s
of ~ 3.9 compared to IGRIS (Burkhardt et al. 2011), and by a factor of ~ 2.4 compared

to other TIMS methods (Nagai and Yokoyama, 2)18he analyses of iron meteorite

and chondrite samples show that differeissdlutions and chromatographic procedures

do not produce analytical artifacts related to variable yields, blanks, or matrices.
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Chapters: Molybdenum and tungsten isotope evidence for diverse
genetics and chronology among IAB iron meteorite complex

subgroups

5.1 Abstract

The IAB iron meteorite complex consists of a main group (MG) and five
chemical subgroups. Here, masdependent Mo and radiogenit®W isotope
compositions are reported for IAB complex meteorites to evaluate the genetics and
chronobgy, respectively, of the subgroups. Osmium isotopes are used to correct for
cosmic ray exposure effects on isotopes of Mo and W. The MG, sLL, sLM, and sLH
subgroups have Mo isotopic compositions that overlap, consistent with common genetic
origins. The Moisotopic compositions of the sHL and sHH subgroups are identical
within uncertainty, but are distinct from the MG and other subgroups, indicating
derivation from genetically distinct materials. The MG has a post calaluminum
inclusion (CAI) formation2-stage metal segregation age of 3.4 £ 0.7 Ma. The sLL and
sLM subgroups formed ~ 5 Ma after CAl formation, and the sHL and sHH subgroups
formed ~ 0.32 Ma after CAl. The new MAV data, coupled with chemical data, indicate
that the MG and sLL subgroup foed on the same parent body in different impact
generated melts. The sLM and sLH subgroups formed via impact(s) on a parent body that
wasisotopicallyidentical, but chemically distinct from the MG and sLL parent body. The

sHL and sHH subgroups likely foed ona separate, internalizeated parent bgdor
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bodiesfrom other IAB subgroups. The IAB complex meteorites fall on a linear trend
defined by®*Mo/*®Mo vs. ®Mo/**Mo, along with most other iron meteorite groups.
Variation along this line was caused bixing between at least two nebular components.
One component is defined by an enrichnedra pures-process nucleosynthetic carrier or
carriers, relative to most meteorites, and the other represents a homogenized nebular
component. Sombrerete, currentlyassified asan sHL iron has a Mo isotopic
composition that is distinct from all IAB complex meteorites analyzed Adéoeg with

group IVB iron meteorites and some ungrouped meteoritesit fallson a separate line

from other meteoritesvhich may rdlect addition of anr-processenriched component.

The MG, sLL, sLM, and sLH subgroups are the only cosmochemical materials yet

identified with Mo isotopic compositions that are identical to Earth.

5.2 Introduction

Based on chemical data, iron meteoritesy sample> 50 unique planetary bodies
(e. g., Gol dst ei n et metdorite gro@pd, n&lUdingAB) MABy mat i c O
IVA, and IVB, likely originated in the cores afistinct, differentiated planetesimals and
sample portions dhe fractional gystallization sequence by which they crystallizedy(,
Lovering, 1957;Scott, 1972 i Nemma g mat i ¢ 0 g r the ;B compiexand udi ng
the IIE grouphavechemical compositions that cannot be produced by simple fractional
crystallization (Scott, 1992A Ungr oupedod iron meteorites ha
that do not fit into any recognized groups.

The IAB complex iron meteorites achemically and textutly distinct from the

magmatic iron groups. The complex includesnain group(MG) and five subgroups
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(sLL, sLM, sLH, sHL, and sHH). Previous studies have shown that the subgroups cannot
be related to one another by crydiquid fractionation processes, and, therefore, likely
originated in separate parental melts (e.g., Wasson and KallemeynV20G2iam et al.,
2016a). In addition, winonaites are primitive achondrites that have chemical and O
isotopic compositions similar to silicate inclusions in some IAB meteorites. This has led
to the suggestion that they are from the same parent body as éfddnites (e.g., Bild,
1977; Clayton and Mayeda, 1996).

The proposed mechanisms by which the IAB comgénd winonaites) formed
are varied with respect toternal (e.g.?°Al) or external (e.g., impact) heatilog either a
partially differentiated or unfferentiated parent bode.g., Benedix et al., 2000; Wasson
and Kallemeyn, 2002)One way to investigate the origin of the IAB complex is to
employ isotopic genetic tracing and chronological tools to examine the MG and
subgroups of the compleRarent bdy-specific isotope anomalies have been observed at
the bulk meteorite scale fonvariety of elements, including O (e.@layton and Mayeda,
1996, Ti (e.g., Trinquier et al., 209), Cr (e.g.,Trinquier et al., 200), Ru .9.,Fischer
Gobdde et al.,, 20)5and Mo (Dauphas et al., 2002a; Burkhardt et al., 2011). With the
exception of O, isotopic variability in these elements between meteorite groups has been
attributed to nucleosynthetic effects, which likely originated as a result of inhomogeneous
mixing and/or thermal processing of isotopically diverse presolar materials.

The isotopic variability among planetary bodies of an element like Mo makes it
an ideal element with which to test whether or not meteorites could have come from the
same parent body.yBmeasuring the Mo isotopic composition of IAB meteorites from

each subgroup, it can be assessed whether any of the subgroups originated on separate
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parent bodies. Molybdenum is applicable here as a genetic tracer because it is a
siderophile element presem high abundances in IAB meteorites. It consistsefen
stableisotopesthat are createdby a variety of nucleosynthetic process#ee p-process

(®**Mo and*Mo), the s-process (trac&*Mo, ®“Mo, **Mo, *’Mo **Mo), and ther-process

(**Mo, *Mo, **Mo, ®Mo; Burbidge et al., 1957) It is this variety of nucleosynthetic
processes represented in Mo isotoflest makes Moan ideal tracer of the relative
proportions ofdiversepresolar carriers in solar system materi@g.( Dauphas et al.,
2002 Yin etal., 2002 Burkhardt et al., 2011).

The relative timing of metaskilicate segregation of the variol&B subgroups
may also clarify the naturef the relations between thenThe chronology of core
formation on the magmatic iron meteorite parent bodiesdmnmonly been assessed
using the shorlived *®Hf-*®3W chronometer (e.g., Lee and Halliday, 1996; Kruijer et al.,
2014a). Hafniurl82, which is lithophile, decays 83, which is siderophile, through
d o u bl decaybwith a haliife of 8.9 Myr. Hafniun and W are, thus, strongly
fractionated during metdalilicate segregation, with metals recording thEAW
composition at the time that metilicate equilibration ends. Model ages of metal
silicate segregation can be calculated relative to the solaensysitial “*AV/**4W,
recorded in Ca&l rich inclusions (CAI), which are the earliedatedcondensates from
the solar nebula.

Model ages ofmetalsilicate segregation cagive insight into whether the
dominant heat sourcéhat facilitated metallic meltig was internal or external.
Radioactive decay of shdived nuclides, such &$Al, was likely the dominant internal

heat source by which planetesimals differentiated in the early solar system (e.g., Lee et
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al., 1977). The hallife of %°Al is ~0.7 Ma, sdt was largely extinct by ~ 4 Ma after CAI
formation. Most magmatic iron meteorite parent bodies differentiated within the-first 2

Myr of solar system evolution, consistent wifiAl heating (e.g., Kruijer et al., 2014a).

By contrast, Schulz et al. (2P1Lreported model ages > 5 Ma for IAB irons, suggesting

that impact heating may have been the source of metal segregation. A detailed assessment
of the™4W in IAB subgroups would, therefore, provide further opportunity to distinguish
betweerf°Al - or impat-generated IAB complex irons.

The isotopic compositions of meteorites are subject to modification by cosmic ray
exposure (CRE). Both the Mo and W isotopic compositions of some iron meteorites may
require corrections, depending on the duration of exposud the neutron fluence
conditions (e.g., Masarik, 1997; Markowski et al., 2006). Certain Os isotopes are
typically homogenous at the bulk meteorite scale, but are affected in predictable ways by
CRE, so they are used here as a neutron fluence dositoetanitor and correct for

CRE effects (e.g., Walker et al., 2012; Wittig et al., 2013).

5.3 Samples

Most samplesexamined in this study were obtained from tbBevsision of
Meteorites, Department of Mineral Scienc8gjithsonian InstitutionNational Musem
of Natural History(seeTable S1for USNM #). Northwest Africa 725 (NWA 725) was
obtained from the Lunar and Planetary Institute. For IAB complex iron meteorites, Mo,
W, and Os isotope data were obtained from adjacent pieces to those used for highly
siderophile element (HSE3nd *'Re-*’Os analyses (Worsham et al., 2016a). Although

NWA 725 is currently classified by the Meteoritical Society as an acapulcoite, its O
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isotopic composition is similar tavinonaite NWA 1463 and silicates from IAB iron
meteortes (Greenwood et al., 2012). Here, NWA 725 is considered as a possible genetic
relation to the IAB complex irons, similar tomwenaites. Magmatic iron meteorites from
groups IVB, IVA, IlIAB, and IC, ungrouped iron meteorites, ordinary chondrites, and an
enstatite chondrite were also analyzed for their Mo isotopic compositions to make

comparisons with the IAB complex meteorites.

5.4 Analytical methods

5.41 Chemical separation and purification procedures

Molybdenum, W, and Os isotopic compositions weld#ained using methods
previously described (Cook et al., 2004 ouboul and Walker, 2012; Walker, 2012;
Worsham et al., 2016b; Archer et al., 2016). Iron meteorites were cut in50dp
pieces for Mo and W analyseA&djacent 0.10.3 g pieces were cubif Os analyses for
most meteorites, except where an aliquot for Os analyastaken from the digesin
used for Mo or W analysis. Molybdenum from some of the |ABs was obtained as a
byproduct of the Wehemistry Table A5.1).

Samples used for Os ispic analysesvere digestedin PyrexX’ Carius tubes
Osmium was separated and purified using solvent extraction and microdisti{atiban
and Waters, 199@irck et al., 199). The Os total analytical blank was negligible for all
samplescomprising < 0.% of the total Os extracte@veraging 4 = 2 pg (2SD; n=7).
Molybdenum separation and purification was achieved usingtagg anion exchange
chromatographic procedure (Worshatal., 2016h The total analytical blgk ranged

from 1-5ng (2SD n = 3 andcomprised < 1% of the Mo extracted, which was negligible
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for all analysesTungsten was separated and purified from the sample matrix aiging
stage cation and anion chromatographic procedure (Toanou\Walker, 2012). Prior to
separation, an ether eattion step was done to aid in the removal of the Fe matrix
(Dodson et al., 1936). The total analytical blank for these procedureg waqn=1),

which constituted a negligible contribution to the total W extracted.

5.42 Mass spectrometry

Osmium and Wanalyses were conducted usingteermagFisher Tritonthermal
ionization mass spectrometer (in negative modellMS), and Mo analyses were
conducted using &hermaoFisher Triton PluN-TIMS at the University of Maryland.

Loading proceduretor Os analysewere similar to thoseeported by Cook et al.
(2004). A static analytical routine using multiple Faraday cups was used (Walker, 2012),
and data were normalized 1&0s*%0s = 308271 (Allégre and Luck, 198@) correct
for instrumental and natural magactionation. Thdong-term external reproducibilities
of 1%°0s/*0s and'*’0s/**0s were+ 5.6 ppm and + 7.2pm (2SD), respectively,
determined by repeated analyses of an Os reference material (n = 28).

Molybdenum was loaded and analyzed using a loditament assembly, as
detailed in Worsham et al. (2016b). Molybdenum was measurédos in a static
singleline measurement routine using Faraday cup detectors andsdn measurement
of 00 which was used for correction of trioxide isobdbsta were normalized to
%Mo/*®Mo = 1.453171(Lu and Masuda, 1994). The lotgrm external reproducibility
(2SD) over 13 months was + 107 ppm Yavlo, 37 ppm for”"Mo, 23 ppm for’®Mo, 5.4

ppm for®’Mo, and 32 ppm fot*™o (n=48).
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Loading and analyticgdrocedures for analysis of W were adapted from Touboul
and Walker (2012) and Archer et al. (2016). The analytical procedures evolved during the
course of this study. Approximately half of the samples were measured using the
technique of Toubouland Walkér2 0 12) (t er med fAmet hod | 0) .
using a secondrder oxide correction to mitigate the effect of variable oxygen isotope
compositions on the precision of the W analyses (Touboul and Walker, 2012; see SM).
Recent developments allowedrfan in situ oxide correction, as with Mo analyses
(Archer et al., 2016). Thus, the other half of the samples were measured and corrected
using the measurefO/°0 (t er med fAmethod 1 106). Tungst
corrected using®W/**3W = 1.98590and*®\W/**W = 0.92767 (Volkening et al., 1991).

In both cases, th&AW/**W ratio is reported. The external reproducibilities (2SD) of

BN/ were + 4.5 ppm (n = 30) for method | ahdh.4 ppm (n = 31) for method I,

when the data were fractionationrrected using®®W/*Ww.

5.5 Results

5.51 Cosmic ray exposure corrections

Cosmic ray exposure can modify the original isotopic composition of most
elements. The CRE effects are dependent on the depth within a samplerepdriant
to monitor andcorrect for CRE effects uginthe same meteorite piece, or a piece from
within a few cm of samples analyzed for other isotopic compositions (Markowski et al.,
2006). Osmium isotopes do not show resolvable nucleosynthetic effects on the bulk
meteorite scaleso the Os isotopic compositions of bulk meteorites reflect CRE effects,

as well as the ingrowth of radiogerfOs and®’0Os (Walker, 2012). As a result, Os can
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serve as a siderophile element CRE dosimeter (Wittig et al., 2013). PletBturhas
similarly been used as a dosimeter (Wittig et al., 2013; Kruijer et al., 2013). Values for
u'%%s and 1™0Os wheree notation is the deviationf the measured ratifsom that of
terrestrial standardsnultiplied by 16, are typically the most useful Os isotoffes use
asneutron fluence dosimetebecause of their moderately high relative abundances and
comparatively large neutron capture cross sections and resonance integrals (Mughabghab,
2003). Of the meteorites with Os isotopic anomalies studied h¥f@gand |*°Os are
correlated, in agreement with expectations for CRE modificafiog. (A5.1; Walker,

2012. Here,u*®0s values are used for CRE corrections becdi¥®s exhibits larger

effects and is typically measured more precisely ti¥ps.

Osmium dé&a are reported ifiable 5.1. New data for several magmatic irons, also
analyzed by Walker (2012), are in good agreement with that sfldylg A5.2).
Osmium isotopic compositionf®r most of the IAB complex areithin uncertainty of
terrestrial values, liusomre samples show negative deviations>ii°Os, indicative of
CRE. In the sLL subgroup, for example, the Os isotopic composition of Toluca is within
uncertainty of the terrestrial standards, wheraport and Bisclibe show large Os
isotopic anomaliespf®®0s =-107 + 5 and-28 + 7, respective}). Deport has the most
negative p®°Os yet reported, indicating that it experienced the highest neutron fluence of

any iron meteorite yet measured.
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Table 5.1. p**%0s and [*°Os data for IAB complex meteorites. Osmium isotope data for
other iron metetes are reporteth Table S2

Sample n? >1%90s 2SD >1%%0s 2SD
MG

Canyon Diabl8 1 0 7 3 5

Landes 2 -5 5 2 6

Campo del Cielo 2 4 5 1 6

Bogou 2 -7 5 -1 9

Morasko 3 -12 4 3 3

Hope 1 -20 3 -4 5
sLL

Toluca 4 -5 6 1 3

Bischtiibe 3 -28 5 16 8

Deport 3 -107 3 59 4
sSLM

Edmonton (KY) 1 -3 5 0 3

Maltahdhe 1 -37 3 18 5

Persimmon Creek 2 5 5 -9 3
sLH

Tazewell 1 -7 5 -10 3
sHH

ALHA 80104 1 0 5 -5 3
sHL

Quarat al Hanish 1 0 3 -1 5

Chebankol 1 -12 3 -5 5

Sombrerete 1 -10 5 2 3

°n is the number of analyses. Data for Canyon Diablo are from Walker (2012).
Uncertainties for samples analyzed once are 2SD of the standards run in the same
analytical campaign. For-2 analyses, the uncamties are either the 2SD of the
standards or of the analyses, whichever is larger. Uncertainties for samples measured
>3 times are the 2SE.

Molybdenumand W isotope datthat are uncorrected for CRE amported m
Tables A5.3A5.4. Cosmic ray exposereffects have not been previously recognized in
the Mo isotopic compositions of iron meteorites. Variations in thMopalues among
meteorites from the sLL and sLM subgroups, however, cameelated withu'®90s,
indicatingsomeMo isotopescan bemodified by CRE(primarily ®®Mo and®*Mo) (Table

5.2, discussed in SM)The slopes of these correlations are similar to the slope observed
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for group IVB magmatigron meteoriteswhich exhibit known CRE effectd-ig. 5.1a,
Table 5.2). Well defined linear trendsf '*°0Os vs. 3?4V are also observed ftihe MG
andsLL and sLM subgroupsTéble 5.3; Fig. 5.1b). Notably, CRE modification of the
isotopic compositions of both Mo and W only produces more negaifite and>*3w
values.

The correlatiors betweenu'®°0s vs. IMo or p*®W for related meteoritesan be
used to correct to prexposue isotopic compositions={g. 5.1a-b). For *AW, the pre
exposure isotopic composition has been obtained by projectirmpttedation of 1*°Os
vs. I to the intercept (e.g., Wittig et al., 2013), giving one-gxposure composition
for a group of meteorites having the same mstalate segregation age (termed the
Ai nt aericed, pgroup pre X posur eo) . Tdorrestion nse tisédofdr o f
subgroupsthat generate precise correlations on plots Qs vs. Mo or p#aw,
determined by linear regression (using ISOPLOOudwig, 2003).The precisions of the
slopes and intercepts vary among meteorite subgroups due tmdbdainties of the
measurements and the magnitude of the CRE effects.

For Mo isotopes, the most precise correlations were obtained for the sLL and sLM
subgroups (and the IVB magmatic groupdr p*®aw, the most precise correlations were
obtained for tb MG and the sLL and sLM subgroups. For these subgroups, slopes and
intercepts of the regressions of{Ds vs. Mo are reported iTable 5.2, and those of

u'8%0svs. %AW are reported iTable 5.3.
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Table 5.2. Linear regression results of the measu#2°0s vs.>'Mo for

the sLL and sLM subgroups and IVB magmatic iron meteorite group
using data fronTables 1andA5.2-A5.3, calculated using ISOPLOT. The
MG is not included because it does not produce-defihed correlations.
The mean square weightekbviation (MSWD) is a measure of scatter
about the regression.

n Slope + Intercept * MSWD
sLL 3
92 1.12 0.63 7 44 0.91
94 0.57 0.21 10 16 0.84
95 0.50 0.064 -4.8 6.3 0.75
97 0.090 0.069 1.3 2.1 0.90
100 0.050 0.27 1.6 3.3 0.11
sLM 3
92 1.3 2.5 -3 66 0.29
94 0.69 0.77 9 21 0.24
95 0.56 0.35 -3.9 10 0.73
97 0.18 0.15 1.9 3.4 0.64
100 0.01 0.99 -1 22 0.03
VB 3
92 1.38 1.60 247 76 1.2
94 0.66 0.45 155 22 2.4
95 0.73 0.19 117 10 15
97 0.179 0.088 57 3.4 0.01
100 -0.08 0.71 84 24 2.8
Average sLL and sLM slope
92 1.21 0.25
94 0.63 0.17
95 0.53 0.09
97 0.14 0.13
100 0.03 0.06
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Table 5.3. Linear regressions of the measuretfOs vs.>**aW for each subgroup
for which > 2 samples were measured using data ffafries 5.1 and A5.2 and
A5.4. The intercept gives the pexposure>'AV for each subgroup.

n Slope + Intercept + MSWD
MG 4 1.67 0.76 -312 6 0.1
SLL slope 3 1.52 0.14 -297 8 1.6
sLM slope 3 1.18 0.20 -297 5 1.8
Average slope 1.46 0.50
70 e — . -250 — .
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Fig. 5.1. (@) >'*0svs. >*"Mo, and (b)>'*0svs. >'®3W used for CRE correction, using

data fromTables5.1, A5.3A5.4. Duplicate analyses are averaged and used inrtbar|
regressions. In (a) the linear regressions are shown for the sLL and sLM subgroups and
the IVB magmatic iron meteorite group, using data from this work. In (b) regressions are
shown for the MG and the sLL and sLM subgroups. Sombrerete is denoteth&ith
crossed yellow triangle symbol. Slopes and intercepts of each regression aréngiven
Tables5.2-5.3. Uncertainties of the standards are not shown for clarity, but are ~ 6 ppm
for u**°0s and ~5 ppm for Mo and t*W. Error bars are the 2SD of theustlards or

the 2SD or 2SE of multiple analyses.
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The Mo or W isotopic composition of an individual meteorite can also be
corrected by projecting theMo or u**3W value of a sample to |@®0s of zero, using
the simple linear equation and welkfined slopes of correlations betwegri®Os vs.
WMo or u®*3W. This met hod of CRE corr-gedved, on i s
individual pree x posur eo met hod, and i s necessary t
each subgroup, especially in subgroups weth members.

The Mo and*®3 isotopic compositions of individual meteorites within the sLL
and sLM subgroups (and the MG f8AW) were corrected using the respective slopes of
their subgroups. For Mo, other IAB and magmatic meteorites for which-coRE¢ion
was necessary were corrected using the average of the sLL and sLM slop&3\Eor
IAB meteorites for which correction was necessary were corrected using the average
slope of the MG, sLL, and sLM subgroups.

Molybdenum and W dajacorrected for CREfor IAB complex meteorites are
provided inTables 5.4-55. New Mo data for magmatic and ungrouped iron meteorites
and enstatite and ordinary chondrites are also providédhie 5.4. The CRE correction
method used for each meteorite/meteorite group isgiv&able A5.1. Uncertainties for
interceptderived, group prexposure values are the uncertainties of the intercepts of the
regressions calculated using ISOPLOT (95% confidence). Uncertainties for the slope
derived, individual preexposure values areqpagated through the linear calculation of
the CRE correction, combining the 2SD (number of analyses O 3) or 2SE (
uncertainties of the measurements and the uncertainties of the slopes, calculated using
ISOPLOT. For individual meteorites correcteusing an average slope, the 2SD of the

slopesused to calculate the averagas incoporated intdhe uncertainties of the data.
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Table 5.4. The CREcorrected Mo isotopic compositions of IAB complex iron meteorites
and other meteorites.

Sample P Mo + £¥™o + ™™o * £ ™Mo + %Mo
MG
Landes 1 35 92 -9 29 -12 14 -07 49 1 34
Campo del Cield 1 -28 92 0 29 -8 14 04 438 -4 34
Morasko 1 -8 71 2 21 -7 9 -25 5.0 -5 31
Hope 2 -12 120 5 42 -1 19 15 53 -1 34
MG mean 21 13 0 6 -7 5 -0.3 1.7 -2 3
sLL
Toluca 3 15 45 13 17 -4 6 15 21 1 3
Bischtiibe 1 -33 92 -2 29 -11 15 -14 6.3 -3 24
Deport 2 10 83 11 27 -5 7 2 10 -2 28
sLL intercept 7 44 10 16 -5 6 1.3 21 -1 5
sLM
Edmonton (KY) 2 -27 110 2 36 -10 17 35 53 -3 33
Mal t ah”™ he 1 0 117 10 35 -3 16 15 73 -1 31
Persimmon Creék 1 18 92 17 29 2 14 1.7 4.8 1 34
sLM intercept -3 66 9 21 -4 10 1.9 34 -1 4
sLH
Tazewell 1 55 71 -7 21 14 9 -1.8 48 -8 31
Daytorf 1 19 71 14 21 -1 9 -3.7 4.7 -1 31
Fredd 1 -58 68 -16 24 -17 16 03 47 -9 30
sLH mean -31 88 -3 31T 11 17 -18 40 -6 9
sHH
ALHA80104 2 44 92 77 29 28 14 26 5 5 34
Kofa* 1 8 71 52 21 20 9 23 5 3 31
Mount Magnet 1 173 68 120 24 54 16 24 5 42 30
sHH mean 75 173 83 69 34 36 24 3 16 44
sHL
Quarat al Hanish 1 88 71 95 21 37 9 20 5 30 31
Chebankol 1 166 71 124 21 53 9 26 5 40 31
sHL mean 127 111 109 42 45 22 23 8 35 14
Sombrerete 1 220 93 173 29 115 15 57 5 72 34
Primitive achondrite
NWA 725 1 155 68 120 24 52 16 30 5 63 30
Magmatic groups
IVB intercept 9(3) 247 76 155 22 117 10 57 3 84 33
IC 2(1) 124 90 91 28 28 15 21 6 37 24
IVA 313 104 73 83 27 38 12 20 7 24 30
1IIAB 53 141 72 110 26 46 16 25 4 44 24
Ungrouped iron meteorites
Chinga 2 231 148 166 46 114 15 55 4 77 56
Tishomingo 2 216 94 149 22 99 14 47 6 75 49
Dronino 1 162 90 139 28 98 15 55 6 63 24
Chondrites
Richardton metal (H5) 1 100 92 105 29 53 14 30 5 11 34
Allegan (H5) 1 43 110 52 36 22 17 19 5 21 33
St. Sauveur (EH5) 1 103 110 59 36 25 17 11 5 42 33

n is thenumber of analyses. For the magmatic iron meteorite groups, the number of
analyses is given first, followed in parentheses by the number of iron meteorites
representing the group. The uncertainttes e t he 2SD ( n OTh8) or
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uncertainties shown heter individual meteoritesvere propagated through the CRE
correction calculationaccounting for the uncertainties of the measurements and the
slopes.Due to the lack of a correlation betwe®°0s and'*Mo, ®Mo is not corrected

for CRE.

®Samples for which }¥°0s was >1 were not CREorrected See Appendix for details.

“Os isotope data were not obtairfedthese samples, so they are not corrected for CRE.

Table 5.5. Cosmic ray exgsurecorrected [P isotopic compositions and model
ages for IAB complex iron meteorites.

Sample Method® n e Wigengs + € Wiggnes = [0} SN =
MG
Canyon Diabld I 1 -312 7 -311 9 34 0.7
Landes I 1 -313 11 -314 10 33 1.1
Campo del Cield I 1 -305 5 -305 6 41 05
Morasko Il 1 -311 12 -318 10 35 13
MG intercept -312 6 34 0.7
sLL
Toluca I 2 -294 10 -293 10 54 1.2
Bischtilbe I 1 -302 10 -311 11 45 1.2
Deport [, 1l 2 -295 16 -298 17 53 20
Goose Lake I 1 -298 6 -303 8 49 0.8
sLL intercept -297 8 50 1.0
SLM
Edmonton (KY) I 1 -301 7 -305 9 46 0.9
Maltahdhe Il 1 -296 9 -298 10 52 1.1
Persimmon Creé&k I 1 -287 5 -288 6 6.3 0.7
SLM intercept -297 5 51 0.6
sHH
ALHA80104 I 1 -345 5 -345 6 0.3 04
Kofa® Il 1 -330 5 -335 7 1.6 05
SHL
Quiarat al Hanish Il 1 -335 4 -331 7 1.1 04
Chebankol Il 1 -327 8 -327 9 19 0.8
Sombrerete | 2 -316 10 -315 11 3.0 1.1

®Method | used a secosmtder correction to account for variable oxygen isotope
compositions between analyses. Method Il measured the oxygen isotopic compiosition
situ as describd in text Uncertainties are as ifables5.1 and5.4.

bSamples for whiclp'®0s was >1 were not CREEorrected See SM for details.

‘Samples for which Os isotope data were not obtained, and are, thus, not corrected for
CRE.Goose Lake was not included in the calculation of the sLL intercept.
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The isotopic compositions of seaémeteorites were not corrected for CRE using
the slopederived, individual correction method (s€ables 5.4-5.5 and A5.1) because
they were minimally affected by CREi'f°Os values> -1; e.g., Campo del Cielo,
Persimmon Creek, ALHA 80104). Osmium datere not collected due to low Os
concentrations for four samples: Dayton, Freda, Kofa, and Mount Magnet. Possible
uncorrected CRE effects on these meteorites do not affect the interpretations of the Mo
and W isotopic data, as discussed below. Osmium dattea also not obtained for NWA
725, or bulk chondrites, because stony meteorites generally have much lower exposure

ages than iron meteorites.

5.52 CREcorrected Mo and W isotope results

The *"Mo/**Mo ratio is measured to the highest precision in thislystand is
minimally affected by CREas evidenced by the small effect observed in ffilp value
of Deport (7.5 + 7; 2SD), which exhibits the largest known effect i#i{@xs. Because of
this, the |1'Mo values of the few samples for which Os data werecotiected were
likely minimally affected. For these reason&’Nio is used for genetic comparisons here.

The CREcorrected Mo isotope data for IAB complex irons, magmatic irons, and
chondrites Table 5.4) are in agreement with data reported by Dauphat €2002a) and
Burkhardt et al. (2011) for irons and chondrites from the same groups, beit’khe
val ues reported her eorapreeseNogtpABccampley irorO 2
meteorites have Mo isotopic compositions that are within uncertainiye aétrestrial Mo
isotopic compositionrepresented by the averag® isotopic compositiorof standards

Figs. 5.2 andA5.2). The MG €%"Mo =-0.2 + 1.7; 2SE), sLLg*"Mo = 1.3 + 2.1; 2SD),
g
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sLM (¢°"Mo = 1.9 + 3.4; 2SD), and sLHE{"Mo = -1.7 + 4.0; 2SD) saples haveVio
isotopic compositionthat are indistinguishable from one another. By contrast %o
values for the sHLe"Mo = 23 + 9; 2SD) and sHH{'Mo = 24 + 3; 2SD) subgroups are
well resolved from the MG and oth&kB subgroups They do, howeveroverlap with
one another, and some magmatic iron groups (e.g., IC, IVA, IlI&Binbrerete, which
is currently characterized as an sHL iron (Wasson and Kallemeyn, 2002),ceA#doa
value of 57 = 5 that is much higher than other IAB complex meteoripestesl here. It
overlaps with thee®’Mo value of the magmatic IVB group and the ungrouped iron
meteorites Chinga, Tishomingo, and Dronino, which were also analyzed\Wgre.725
has a i'Mo value of 30 + 5 which overlaps with the sHL and sHH subgroup,itmrtss
higher than the MG. Ordinary chondrites, Richardton (H5) and Allegan (H5) Havie p
values of 30 =+ 5 and 19 % 5, respectively, that are resolved dmenanotherThe
enstatite chondrite,@nt-Sauveur (EH5), has a Mo isotopic compositiof’No = 11 +
5) that is higher than the terrestrial Mo isotopic composition.

The CREcorrectede*®W values are shown iRig. 5.3 and Table 55. Tungsten
isotope data were not collected for sLH irons or Mount Magnet (sHH), due to their low
W concentrations. For the MG, the interceptived, group prexposure AW value is-
312+ 6. This is resoled from the group prexposuree**3W values for the sLLg(**aW =
-297 + 8) and sLMg*®W = -297 + 5) subgroupsSombrerete (sHL) has a slogerived,
individual preexposuree'®W of -316 + 10 that is withinuncertainty of the MG. The
other sHL and sHH saples have resolvably lower slopéerived, individual pre
exposurec'®AW values §¢'®AW ~ -345 t0-327), relative tathe MG. ALHA 80104 and

Kofa (sHH) are not within uncertainty of each other. This is not because Kofa is
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uncorrected for CRE, as CRE would kea'®3V more negative and not more positive.

The MG £*®4W value is within uncertainty of the IVB and 1ID magmatic iron groups,
whereas the'®3W values of sHL and sHH samples overlap with those of the IVA, IIAB,
and IlIAB magmatic iron groups (Kruijer at., 2014a) fig. 5.3).

The pre-exposure Wisotopic compsitions for the MG and sLL subgroup are
lower (14 to 29 ppm) than the combined IAB, 4esgosures*®AW value reported by
Schulz et al. (2012) o83+ 3. The reason for the offset is unclear. Sehet al. (2012)
usedthe regression oERE agedrom the literaturevs. '*AW to obtainthe pre-exposure
1*¥4W, combining data for both MG and sLL iron meteorites. Cosmic ray exposure ages,
however, are not directly related to neutron fluence, because G&Eaae determined
using cosmogenic noble gagbsatare produced by higher energy protons and neutrons
than the thermal neutrons that modify W isotopic compositions. Further, the application
of CRE ages obtained from different meteorite pieces from thnayzed for pPAW
likely does not account for the depdependence of CRE effects (e.g., Masarik 1997;
Markowski et al., 2006; Qin et al., 2088 Although Sm isotopes were measured by
Schulz et al. (2012) to monitor for neutron fluence and differenidshge conditions,

these were not used for correction of the CRE ages or the W isotopic compositions.
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Fig. 5.2. Preexposure>”’Mo for the IAB complex iron meteorites and NWA 725. Shown
for comparison are the’’Mo values of magmatic iron meteorite groups, ungrouped iron
meteorites, and chondrites from this study. The light grey bar is theoR$peated
analyses of terrestrigtandardsError bars for each sample here andrig. 5.3 are the
propagated 2SD or 2SE uncertainties (see text and Sdbler detail3.
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Fig. 5.3. CRE-corrected>'®3W for the IAB complex meteorites. For the MG and sLL and
sLM subgroups, the inteeptderived, group prexposure>®3V, as determined using

the linear regression of'{fOs vs. 3%, are shown. Other meteorites were corrected
using an average MG, sLL, and sLM slope. Magmatic iron meteorite groups are shown
for comparison (from Kruijeet al., 2014a). The CAI initid®AV is from Kruijer et al.
(2014b).

5.6 Discussion

5.61 1AB subgroup genetics inferred by Mo isotopes

The similarity of Mo isotopic data for the MG and the sLL, sLM, and sLH
subgroups is consistent with their generaboreither the same parent body, or multiple,

genetically related parent bodidsid. 5.2). Formation of MG and sLL meteorites on a
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single parent body is supported by the compositional and mineralayici#drities of

MG and sLL metals and silicates (Wassand Kallemeyn, 2002; Benedix et al., 2000)
Despite the similarities, the MG and sLL subgroup likely crystallized from separate
parental melts on the same parent body. This is because differences in Ni, Au, and Pd
abundances between the MG and sLL sabgrcannot be accounted for by crydigiiid
fractionation, but could result from different degrees of partial melting (Wasson and
Kallemeyn, 2002; Worsham et al., 2016a). Thus, if the parental melts of these groups
were melted due to impact (e.g., Wasson Kallemeyn, 2002), more than one impact
was required to generate these compositions. Likewise, if these subgroups melted due to
internal heating and partial differentiation of the parent body (e.g., Benedix et al., 2000),
they must have crystallized different metal diapirs or melt pockets.

The sLM and sLH subgroups hav&Mo values that overlap within uncertainties.
These subgroups are also characterized by similar major and trace element abundances
(e.g., Wasson and Kallemeyn, 2002The similariy in isotopic and chemical
compositions is consistent with their formation on the same parent body. De€plite p
values that overlap with the MG and sLL subgroup, however, the absolute and relative
abundances of the HSE suggtstthe sLM and sLH subgups formed on a separate
parent body from the MG and sLL subgroup (Worsham et al., 2016a). Therefore, at least
two parent bodies are representedhe IAB complex meteoritethat have a>""Mo of
approximately zero

The sHL and sHH subgroups are chemically distinguished from the other IAB
complex meteorites by their high abundances of Au. They are distinguished from one

another by the low and high Ni abundances in the sHL and sHH sulsgrespectively
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(Wasson and Kallemeyn, 2002). These subgroups are characterized by a wide range in
siderophile element compositions and relatively few members, and prior studies noted the
difficulty of assigning these meteorites to genetically signifiggnatups (e.g., Wasson

and Kallemeyn, 2002)'he Mo isotopic compositions of these two subgroaps distinct

from the MGand other IAB subgroups, bindistinguishable from one anoth@vith the
exception of Sombrerete). This indicates that the sHL and sHiigroups formed on at

least one additional parent body from any of the low Au subgroups.

Sombrerete was tentatively assigned to the sHL subgroup by Wasson and
Kallemeyn (2002) based on its siderophile element abundances, yet it has a distinct
1Mo compaed to allthe IAB iron meteoites studied here. This is also consistent with
i t s di'e,whusually higlpP abundance, and its-nbandritic silicate inclusions,
compared with other IAB complex meteorites (Clayton and Mayeda, 1996; Ruzicka et
al., 2006). The Mo isotope data soppthe conclusion of Ruzicka et al. (2006), that
Sombrerete is an ungrouped iron that is not related to the IAB complex. Henceforth,
Chebankol and Quarat al Hanish are considered the only sHL meteorites studied here.

The Mo isotopic composition of NWA B2is well resolved from that of the I1AB
MG, but overlaps with the high Au subgroups. This indictttas either NWA 725 is not
a winonaite, or that winonaites aretmelated to the MG. By contrast, the data permit a
genetic relation to the high Asubgroyps N o '@data for silicates in the sHL and sHH
irons currently exist to compare to NWA 725, so a genetic link between NWA 725 and

the high Au subgroups cannot be further evaluated at this time.
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5.62 1AB subgroup metasilicate segregation chronology

Metalsilicate HFW s egr egat i 0 nca)rae dadcllated gelative td apt
CAIl initial p*®W = -349 + 7 (Kruijer et al., 2014b), assuming precursors with a
chonditic *®Hf/*®\W = 1.29 + 0.09which corresponds to a presetaty chondritic p#AW
=-190 (Kleine et al., 2004). The model age uncertainties reported here do not take into
account the uncertainties associated with the CAI initial @tibif/W in the precursor

materials.

The intercepterived MG>'®AW of -312 + 6 corresponds to a model ag8df +
0.7 Ma after CAIl formationKig. 5.3). Model ages for the sLL and sLM subgroups are
5.0+ 1.0 and 5.1 + 0.6 Ma, respectively. The difference in age between the MG and sLL
subgroup is negligible within uncertainties. However, the ~5 Ma segregagsnoaghe
sLL and sLM subgroups are younger than those of magmatic iron meteorite groups (e.g.,
Kruijer et al., 2014a) and are beyond the end of the effective lifetinf8Abf This
suggests that impagenerated heating was likely the source of meltingthase
subgroups, if they formed on small parent bodiesearsurface on larger parent bodies.

The model age of the MG of ~3.4 Ma is nearing the end of the effective lifetime
of 2°Al, but it overlaps with the IVB and 1ID magmatic iron groups, which hanelel
ages of 2.9 + 0.5 and 3.1 £ 0.8, respectively (Kruijer et al., 2014a). The relative timing of
core formation in the magmatic iron parent bodies was evidently partly controlled by S
abundance, where core formation occurred in two stagesto the lowr melting
temperature of FeS, relative to Fe. Therefore, bodies with higher S abundances have older
segregation ages than lgsvparent bodies (Kruijer et al., 2014a). As the MG likely had S

abundances similar to the IIIAB group with a metal segregatieroéd.2 + 0.3 (Kruijer
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et al., 2014a; Worsham et al., 2016a), an apparent earlier metal segregation age would be
expected if twestage core formation, due to internal heating, took place. Alternately, if
the MGsLL parent body accreted relatively latee t8 abundance and the segregation
age may be reconciled with internal heating. Although the MG model age suggests that
the MG melt could have segregated due to internatihdated partial differentiation,
the similarity of the characteristics of the M@dasLL subgroup suggests that they
formed in a similar manner, as discussed in secti®8.5.

In contrast to the MG and the sLL and sLM subgroups, the sHL and sHH
subgroups have metal segregation ages that are well within the lifetif?&lofThe
model ag of each meteorite is also resolved from the MG. These metal segregation ages
overlap with the magmatic iron meteorite groups, and allow that the parental melts of the
sHL and sHH irons originated due to internal heating and differentiation. In the fcase o
ALHA 80104 and Kofa, the disparate ages suggest they formed in separate metal

segregation events.

5.63 IAB complex formation informed by combined-Wasotope data

When the Mo and W isope data are collectively considered, it is apparent that
the 1AB complexrepresents multiple parent bodies andahkgticate segregation events.
The MG and sLL subgroup probably formed on the same parent body, in two metal
segregation events separated by ~ 0 to 3 Ma. While the MG metal segregation event may
have occued during the effective lifetime GFAI, especially on a large parent bothat
would have retained heat more efficiently, the sLL melt likely segregated too late for the

decay of?°Al to have been the heat source. The sLL subgroup has chondritic @elativ
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abundances of the HSKhich indicates crystallization with little chemical processing
(Worsham et al., 2016a). This, in addition to the relatively late segregation age, implies
that the sLL subgroup was formed due to imggeterated melting.

The formaton model proposed by Benedix et al. (2000) invokes partial
differentiation due to internal heating of a parent body, followed by catastrophic breakup
and reassembly which mixed different silicate lithologies. In this scenario, the conditions
of the MG andsLL W isotopic compositions could potentially be met if partial
differentiation, driven by the decay &tAl, formed the initial MG melt, and an impact
into a still metalrich megaregolith produced the sLL melt. This model is not preferred
here, howevemecause the proposed breakup and reassembly event would likely have led
to remelting and/or mixing of the metal, in addition to mixing the silicate lithologies.
This would likely have led to the equilibration of the W isotopic compositions of the
metals ad silicate, resetting the'®3w values and/or erasing the small difference in
>'83)\/ between the MG and sLL subgroup.

Our preferred formation model for the MG and sLL subgroup is the impact
generated melt model described by Wasson and Kallemeyn (20GB)s scenario, the
MG melt formed via an impact into a warm, but not differentiated b@dgeparate
impact event formed the sLL subgroup in a different location on the same parent body.
The chemical differences between the MG and sLL subgroup may beeshk of
different degrees of partial melting, controlled by the size of the implaatgenerated
the melts (e.g., Wasson and Kallemeyn, 2002). The HSE abundances in the MG indicate

the occurrence of crystéijuid fractionation and mixing effects inélmelt, in contrast to

177



the minor chemical processing of the sLL m@lWorsham et al., 2016aJhis suggests
that the sLL event was smaller and involved less melt than the MG event.

The sLM subgroup likely formed on a separate parent body from thesIMG
parent body in an impact event which occurred ~ 1.7 Ma later than the impact which
created the MG. The chemical and isotogiimilarities of the sLM and sLH subgroups
suggest that they formed on the same parent bblaly.distinct Ni and Pd contents
thee subgroups may reflect different degrees of partial melt from impacts of different

sizes, or impacts into more or less meieth portions of the parent body.

The Mo isotopic compositions of the sHL and sHH subgroups indicate that they
formed from a diférent nebular reservoir than the MG or other IAB complex subgroups.
The metal segregation event or events were earlier than the MG, and early enough that
the decay of*°Al was likely the heat source which generated the melt/melts. This
suggests that the gant body or bodies were either partially or fully differentiated, which
is supported by the observation that the HSE patterns of the sHL and sHH subgroups are
similar to some of the laterystallized 1IAB and IIIAB magmatic iron meteorites.
Worsham et al(2016a) suggested these irons may have been produced by fractional
crystallization in a manner similar to magmatic irons. The difference in the abundances of
Ni in these subgroups indicates that they formed from separate parental melts (Wasson
and Kallemgn, 2002). Thereforeirons from the sHL and sHH subgroups represent
either metal which melted and coalesced into separate descending metal diapirs in the
same or different parent bodies, or metal which formed cores on distinct parent bodies.

Fractional cystallization is plausible for either of these scenarios.
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5.6.4 Mo isotopic compositions of IAB meteorites compared to other meteorites

and implications for distinct nebular reservoirs

The various nebular isotopic reservoirs represented in the IAB crrapteother
meteorite groups may be characterized by their relative proportions of nucleosynthetic
components using Mo isotopes. Generally, the Mo isotopic compositions in bulk
meteorites likely reflect as-process deficjtrelative to the Earththough a r- and p-
process excess has been identified in-#p@Als (Dauphas et al., 2002a; Burkhardt et
al., 2011). The-process excess in CAls is characterized by depletidiMa, relative to
the other Mo isotopes when they are normalized®to/*®Mo. Howeuer, it has been
proposed thathe relative nucleosynthetic effects 4fMo are also variable at the bulk
meteorite scale (Nagai and Yokoyama, 26)16

The CREcorrected>**Mo and>®Mo of the IAB complex and our new data for
grouped and ungrouped magmatian meteorites are shown kig. 54. The IAB data
form a generally linear trend constituted by two clusters. The low Au IAB MG and
subgroups plot nearMo = 0 and are well resolved from magmatic iron groups. The
high Au IAB subgroups form the secondisfer around>*Mo of ~ 2660 ppm, along
with IVA, [lIAB, and IC magmatic irons. Our new data for ordinary and enstatite
chondrites also plot in this cluster. Sombrerete plots in a third cluster with the IVB
magmatic group, and ungrouped irons Chinga, Dimrand Tishomingo at>*Mo values
of ~ 100 ppm.

The trend defined by the IAB complex overlaps with a theoresqaiocess
deficit line, calculated here using the equations of Dauphas et al. (2004) and the stellar

model of Arlandini et al. (1999). This in agreement with Dauphas et al. (2004) and
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Burkhardt et al. (2011)and it indicates that the trend reflects ta@mmponent mixing.

The first component, characterized bysaeficit, is potentially a homogenized nebular

component (Dauphas et al., 200Burkhardt et al., 2012). The second component may

be Aresidueo | eft

from

t her mal

processing

loss of thermally labile Mo oxides depleted siprocess Mo, or enriched in and p-

process Mo, imparted a varialdyenriched isotopic signature, relative to bulk meteorites

(Burkhardt et al., 2012).
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Fig. 54. CRE corrected*Mo vs. >*Mo for IAB complex meteorites, magmatic iron
meteorite groups, and chondrites. Carbonaceous chondrite and type B CAI data are from
Burkhardt et al. (2011). The solid black line is a theoretical mixingdeteeen a purs-

process deficit component and &process excess component calculateidg equations

from Dauphas et al. (2004) and data from Arlandini (1999). The dashed line linear
regression through Murchison leachate data (Burkhardt et al., 2012), plotted with the
error envelope (red lines). Three different nebular reservoirs are ewgeiattions in the

Mo isotope ratios are due to both variable depletions ins{li®cess component and
deviations in the relative abundances ofrtpeocess and-process components.
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Sombrerete and the IVB and ungrouped meteorites do not fall on this line. These
meteorites fall along a line defined by leachates of the carbonacemdritd Murchison
(Burkhardt et al., 2012; Nagai and Yokoyama, 2f)1@®ata for other carbonaceous
chondrites also fall along this line, but type B CAls, characterized loyaad p-process
excess (Burkhardt et al., 2011), plot well above it. Thus, theebfif these bulk iron
meteorites and chondrites from the pw@rocess deficit line indicates a smaller
depletion of**Mo, relative to®Mo than is observed in type B CAls. This is consistent
with mixing with a sourcehathas both ars-process deficitrad an enrichment of an
process component (Fisch@f dde et al., 2016

The three distinct populations of meteorites may reflect a variety of presolar
carriers representing boths- and r-process components, and/or complex thermal
processing which contributed to the isotopic signature recorded in the syaneteorite
groups. Variable thermal processing of mineralogically different presolar carriers may
explain why thes-depleted (e.g., IAB) and thedepleted/-enriched (e.g., Sombrerete,
IVB) components are distinct from one another. Alternately, the sxc@socess
component may be due to a late injectiorr-pfocess enriched materials from a nearby
supernova (e.g., Dauphas et al., 2010). Becausse-dbpleted/-enriched reservoirs are
characterized by both volatitch carbonaceous chondrites and titdadepleted IVB
iron meteorites, late injection ofprocess enriched material is more likely. Of note, all
meteorites measured thus far which have large Mo nucleosynthetic anomdlids ( O
40) plot on the line reflecting aexcessr-componentn addiion to ans-deficit. Thus,
large nucleosynthetic anomalies in Mo are either a product or a cause repriess

eXcess.
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The Mo isotopic compositions of tihG, sLL, sLM, and sLH subgroupsverlap
with the terrestrial Mo isotopic composition. This makes MG and these subgroups of
the IAB complexunique among iron meteorite groups and chonditékough enstatite
chondriteshave been promoted as representative precursor materials t¢eegutiavoy,
1995) they have a resolvably higher'Mo (Fig. 5.2), as well as resolved T$otopic
compositions (Zhang et.al2013. The H5 ordinary chondrites also have well resolved
Mo isotopic compositions from Earth (Burkhardt et al., 2011; this wdikgrefore, he
present databassuggests that mc h o f the |1 AB complex repr
genetic relationdue either to location in the nebula and/or the time at which precursor

materials condensed.

5.7 Conclusions

The preexposure Mo and W isotopic compositions arest consitent with the
formation of IAB complex subgroups on at least ttseparate parent bodiddoreover,
at least three periods of mesilicate segregation occurred to generate the various melts
on the different parent bodies. While it is useful to think about the IABot®nin terms
of similar processes, it can no longer be considered a genetically related family of

meteorites.

The MG, sLL, sLM, and sLH subgroups have identical Mo isotopic compositions.
The MG and sLL subgroup likely formed on the same parent bodyparate metal
segregation events at ~3.4 Ma and ~5.0 Ma, respectively, although the current data do not
rule out simultaneous formation. The HSE evidence suggests that the sLM and sLH

subgroups formed on a separate parent body from the MG. Thus, the Miarnebu
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reservoir in which the MG and the sLM subgroup formed was isotopically homogenous,
but chemically heterogeneous. The sLM subgroup likely formed ~ 5.1 Ma after CAI
formation. The relatively late segregation ages of the MG and the sLL and sLM
subgroups @ near the end or outside the range of the effective lifetimé&®Adf
suggesting that the metallic melts by which the MG and sLL and sLM subgroups formed
were generated by impaictduced melting.

The sHH and sHL subgroups have Mo isotopic compositidnishaoverlap with
each other, but are distinct from the MG. These meteorites also have relatively old metal
segregation ages that are within the effective lifetimé°af. These meteorites likely
formed in the fractionally crystallized cores or large @epf an internally heated parent
body or bodies.

Sombrerete has a Mo isotopic composition that is distinct from other IAB
meteorites analyzed here, indicating that it formed on a separate parent body. Its Mo
isotopic composition overlaps with that ofetivVB magmatic iron meteorite group and
several ungrouped iron meteorites. This cluster of meteorites exhibit depiatiio,
relative to®*Mo, indicating that the parent bodies represented by these meteorites formed
in a nebular reservoir which was athcterized by both as-process deficit and an
enrichment irr-process Mo.

In contrast to enstatite chondrites, the MG and the sLL, sLM, and sLH subgroups
constitute some of the only cosmochemical materials that share a Mo isotopic
composition with the &rth, indicating that the parent bodies of these meteorites are the

closest genetic relations to the precursor materials of the Earth.
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Appendix for Chapter 5

1. Samples

The samples analyzed here are giveatle A5.1, along with their U.S. national

museun numbes (USNM #), where applicable

2. Cosmic ray exposure

A number of elements exhibit isotopic modifications as a result of CRE, including
Mo and W. Osmium (and Pt) can be used as CRE dosimeters because neither shows
nucleosynthetic variation at the lkumeteorite scale, but are strongly affected by CRE
(e.g., Wittig et al., 2013). The methods used for CRE correction, as discussed in the main
text are presented ifable A5.1, along with details regarding the chemistry of the Mo
and Os used for isotopanalyses.

Osmium isotopic data of IAB and magmatic iron meteorites are givéabies 5.1
andA5.2, respectively. The'®0s and>'*®0s isotope data are correlated, consistent with
modification due to CRE. These data create an array which lies along a neutron
production/burnout maal calculated by Walker (2012Fig. A5.1). Molybdenumisotope
data are correlated with tl@s isotope data, indicating that Mo is also modified by CRE.
Becaus€°Mo has the largest neutron capture cross section and resonance integral of the
Mo isotopes by a wide margin (Mughabghab, 2003), the most significant nuclear reaction
affecting the Mo istopic compositions used in this study is likelMo ( °Ma )
Molybdenum96 is used in the normalizing ratio, so all Mo isotope ratios may potentially

be modified by high neutron fluence conditions. When the Mo data were normalized to
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%Mo, the correlations of each Mo isotope wjth®®Os were used to cact for CRE
effects. Tungsten isotopic compositions were also corrected for T&Hec 5.4-5.5 in
the main text). Measured Mo and W isotopic compositions which are notcGRécted

are given infables A53 andA5.4.

3. Molybdenum isotope data

Cosmic rayexposurecorrected Mo isotopic compositions of the IAB meteorites,
primitive achondrite, chondrites, and average magmatic iron meteorite groups are
reported inTable 54 and Fig. A5.2. The CREcorrected Mo isotopic compositions of
individual magmatic irommeteorites are reported Trable A55.

The classification of Hope and Morasko as MG irons has been questioned by Pilski et
al. (2013), due primarily to comparatively low Ir abundandé® consistency of the Mo
isotopic compositions, however, indicatesatt Hope and Morasko are genetically
associated with the MG. The low Ir abundances may be a result of fractional

crystallization (Worsham et al., 204)6

4. Tungsten isotope data

Both analytical methods for analysis of W used in this study redjairfrst-order
oxide correction to correct fasobaric'’O- and*®0-bearing trioxide interferencelsefore
the different secondary oxide correctiorauld be made (Touboul and Walker, 2012;
Archer et al., 2016). For the firstder oxide correction in both reds, the**0/*°0

ratio measured by Archer et al. (2016) was used in place of the Nier (1950) value used by
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Touboul and Walker (2012). This was done so that the data which were collected and
corrected using both methods were consistent.

Nucleosynthetic ammalies in>"*3W in IVB iron meteorites havbeen observed (Qin
et al., 2008). Using the method of Touboul and Walker (2012), ‘tHev/**W ratio is
used for the secomarder correction to account for variable oxygen isotopic compositions
within and betwen analyses, such tha3W cannot be measured using this method. The
Archer et al. (2016) W analytical method allows for thesitu measurement of the O
isotopic composition, so the®3W valuescan be measured precisely. THEW results
are presentenh Table A5.4. No resolvable W nucleosynthetic effects are observed in the

IAB meteorites which were analyzed usingstmethod.
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Table A5.1. List of iron meteorites studied here and USNM #. The analyses conducted

for Os, Mo, and W isotopiccmp osi t i ons

for

each

met eor

Also included are the methods used for CRE correction for Mo and W for each meteorite/
group, and details about the chemistry for Mo and Os.

Mo Os
fromW  aliquoted/
Sample USNM# Os Mo W Mo CRE corr.? W CRE corr. chem?  adjacenf
MG
Canyon Diablo 1530 X - X - Not corrected adjacent
Landes 5663 X X X sLL-sLM avg. slope MG slope yes adjacent
Campo del Cielo 5615 X X X Not corrected Not corrected yes adjacent
Morasko 6915 X X X sLL-sLM avg. slope MG slope no both
Hope 3477 X X - sLL-sLM avg. slope - no aliquot
Bogou 2245 X - - - - adjacent
MG mean/intercept Mean of individuals MG intercept
sLL
Toluca 460 X X X  sLL slope sLL slope lof3 both
Bischtiibe 2666 X X X  sLL slope sLL slope no aliquot
Deport 2267 X X X sLL slope sLL slope lof2 both
Goose Lake 1332 - - X - Not corrected -
sLL intercept sLL intercept sLL intercept
sLM
Edmonton (KY) 1413 X X X  sLM slope sLM slope no aliquot
Mal t ah”™ h 6482 X X X  sLM slope sLM slope no aliquot
Persimmon Creek 318 X X X Not corrected Not corrected yes adjacent
sLM intercept sLM intercept sLM intercept
sLH
Tazewell 3089 X X - sLL-sLM avg. slope - no adacent
Dayton 1592 - X - Not corrected - no -
Freda 1342 - X - Not corrected - no -
sLH mean Mean of individuals
sHH
ALHA80104 X X X Not corrected Not corrected yes adjacent
Kofa 7009 - X X Not corrected Not corrected no aliquot
Mount Magnet 1746 - X - Not corrected - no -
sHH mean Mean of individuals Not reported (n < 3)
sHL
Quarat al Hanish 6176 X X X Not corrected Not corrected no aliquot
Chebankol 1731 X X X sLL-sLM avg. slope MG-sLL-sLM avg. slope no aliquot
SHL mean Mean of individuals Not reported (n < 3)
Sombrerete 5870 X X X sLL-sLM avg. slope MG-sLL-sLM avg. slope yes adjacent
Primitive achondrite
NWA 725 - X - Not corrected - no -
continued
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Table A5.1. Continued.

Sample

Os

Mo W

Mo CRE corr.?

Mo from W

W CRE corr.  chemistry”

Os aliquoted/
adjacenft

Magmatic groups
VB
Skookum
Hoba
Tlacotepec
IVB mean
IC
Bendego
IVA
Maria Elena
Yanhuitlan
Charlotte
IVA mean
111AB
Tamarugal
Trenton
Casas Grandes

IIIAB mean

536
6506
872

1221
459
577

6680
2173
369

Ungrouped iron meteorites

Chinga
Tishomingo
Dronino

Chondrites

3451
5862
7203

Richardton metal (H5)

Allegan (H5)

217

St. Sauveur (EH5) 7213

X

X

X

IVB slope
IVB slope
IVB slope
IVB intercept

Not corrected

sLL-sLM avg. slope -
sLL-sLM avg. slope -

Not corrected

sLL-sLM avg. slope

sLL-sLM avg. slope -
sLL-sLM avg. slope -

sLL-sLM avg. slope -
sLL-sLM avg. slope -
sLL-sLM avg. slope -

Not corrected
Not corrected

Not corrected

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

no

aliquot
aliquot

aliquot

aliquot
aliquot

aliquot

aliquot
aliquot

aliquot

aliquot
aliquot

aliquot

®For individual meteorites corrected using the sibpsed, individual prexposure
method, the slope used to calculate thegxgosure value is given. Subgroups corrected
using the intercepderived, pree x pos ur e

for exampl e.
individual so,

for

Subgroups
exampl e.

group met hod

or groups not

are den

corre

®Some Mo used for isotopic analyses was obtained as a byproduct of the Vétohemi

These

ar e

abel

ed with

conducted out of the total number of analyses.
“Osmium isotope data were obtained from either adjacent iron meteorite pieces to those
used for Mo and W analyses,ofn aliquots from the digestion used for Mo or W

analyses, or from both.
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Table A52.£'%0s  a'®@svaiues for some magmatic iron meteorites.
The £'®%0s data were used to correct the Mo isotopic compositions
measured in these iron meteorit€aljle A5.3).

Sample n >1%%0s 2sp >™0s 2SD
Magmatic iron meteorites
VB
Skookum 1 -16 5 6 6
Hoba 1 -6 5 2 6
Tlacotepec 1 -60 5 37 6
IVA
Maria Elena 1 -39 5 10 6
Yanhuitlarf 2 -22 12 10 13
Charlotte 1 3 7 2 14
[AB
Tamarugdl 1 -16 12 11 12
Trenton 1 -17 5 12 5
Casas Grandes 1 -34 5 13 5
Ungrouped iron meteorites
Chinga 1 -5 5 -2 6
Tishomingo 1 -12 5 4 6
Dronino 1 -16 5 8 6

®Data are from Walker (2012).
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Table A5.3. Molybdenumisotopic compositions for IAB complex iron meteorites and
other meteoritedData are uncorrected for CRE effects.

Sample n e”Mo + e¥™o + £™o + Mo + £%%Mo +
MG
Landes 1 -41 92 -12 29 -15 14 -14 438 1 34
Campo del Cielo 1 -28 92 0 29 -8 14 0.4 4.8 -4 34
Morasko 1 -22 71 -5 21 -14 9 4.1 47 -5 31
Hope 2 -36 120 -7 42 -12 19 -1.2 31 -1 34
MG mean -32 8 -6 5 -12 3 -16 1.9 -2 3
sLL
Toluca 3 9 45 10 17 -6 6 1.1 2.0 1 3
Bischtlibe 1 -65 90 -18 28 -25 15 -39 6.0 -3 24
Deport 2 -110 49 -50 14 -58 2 -75 7.0 -2 28
sLL mean -55 120 -19 60 -30 52 -3.4 8.6 -1 5
sLM
Edmonton (KY) 2 -31 110 0 36 -12 17 3.0 5.2 -3 33
Mal t ah™ he 1 -48 71 -16 21 -24 9 5.1 47 -1 31
Persimmon Creek 1 18 92 17 29 2 14 1.7 4.8 1 34
sLM mean -20 68 0 33 -11 27 -02 87 -1 4
sLH
Tazewell 1 -64 71 -11 21 -18 9 -28 47 -8 31
Dayton 1 19 71 14 21 -1.1 9 -3.7 47 -1 31
Freda 1 -58 68 -16 24 -17 16 0.3 4.7 -9 30
sLH mean -34 93 -5 32 -12 19 21 42 -6 9
sHH
ALHA80104 2 44 92 77 29 28 14 26 5 4.6 34
Kofa 1 8 71 52 21 20 8.6 23 5 2.7 31
Mount Magnet 1 173 68 120 24 54 16 24 5 42 30
sHH mean 75 173 83 69 34 36 24 3 16 44
sHL
Quarat al Hanish 1 88 71 95 21 37 8.6 20 5 30 31
Chebankol 1 152 71 117 21 47 8.6 25 5 40 31
sHL mean 120 90 106 32 42 13 23 6 35 14
Sombrerete 1 206 92 166 29 109 14 55 5 72 34
Primitive achondrite
NWA 725 1 155 68 120 24 52 16 30 5 63 30
VB
Skookum 4 248 70 157 23 109 8.6 54 3 100 25
Hoba 2 186 117 136 28 105 15 56 8 67 30
Tlacoteec 3 162 50 115 13 73 2.9 46 2 85 30
IVB mean 199 89 136 43 96 39 52 10 84 33
IC
Bendego 1 124 90 91 28 28 15 21 6 37 24
IVA
Maria Elena 1 62 92 69 29 24 14 14 5 11 34
Yanhuitlan 1 38 92 54 29 21 14 21 5 20 34
Charlotte 1 137 110 87 36 38 17 17 5 40 33
IVA mean 79 103 70 33 27 19 17 7 24 30
IIAB
Tamarugal 3 114 31 100 14 38 8 22 11 33 16
Trenton 1 90 68 87 24 29 16 21 5 43 30
Casas Grandes 1 140 110 102 36 35 17 23 5 57 33
IIIAB mean 115 49 96 17 34 9.4 22 2 44 24
Ungrouped iron meteorites
Chinga 2 226 148 163 46 112 14 54 4 77 56
Tishomingo 2 201 93 141 22 93 13 46 5 75 49
Dronino 1 142 90 129 28 89 15 52 6 63 24
Chondrites
Richardton metal (H5) 1 100 92 105 29 53 14 30 5 11 34
Allegan (H5) 1 43 110 52 36 22 17 19 5 21 33
St. Sauveur (EH5) 1 103 110 59 36 25 17 11 5 42 33
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Table A54. Tungsten isotopic compositions fi&kB complex iron meteorites. Data are
uncorrected for CRE effects.

Sample Method n e®Wiggues *  €®Wigguen + W + ga =
MG
Canyon Diablo I 1 -312 7 -311 9 34 0.7
Landes I 1 -322 5 -322 6 24 04
Campo del Cielo I 1 -305 5 -305 6 42 05
Morasko 1l 1 -332 4 -335 6 -7 7 15 03
MG intercept -312 6 34 07
sLL
Toluca I 2 -302 5 -301 6 46 0.5
Bischtibe Il 1 -345 4 -355 6 -14 7 03 03
Deport (A 2 -457 11 -460 6 -9 7 -6.7 05
Goose Lake I 1 -298 6 -303 8 49 0.8
sLL intercept -298 8 49 0.9
SLM
Edmonton (KY) I 1 -304 4 -308 6 -6 7 43 04
Maltahshe Il 1 -340 4 -342 6 -4 7 08 03
Persimmon Creek I 1 -287 5 -288 6 6.3 0.7
sLM intercept -297 5 51 0.6
sHH
ALHA80104 | 1 -345 5 -345 6 03 04
Kofa I 1 -330 5 -335 7 -8 7 16 05
SHL
Quarat al Hanish 1] 1 -335 4 -331 7 2 7 12 04
Chebankol I 1 -345 4 -344 6 2 7 04 03
Sombrerete I 2 -331 5 -330 6 16 04
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Table A55. CRE-corrected Mo isotopic compositions of magmatic iron meteorite groups

Sample n* ¢?Mo + Mo + e£®™o * Mo * Mo =+
VB

Skookum 4 270 74 168 24 120 10 57 3 100 25

Hoba 2 195 117 140 28 109 15 57 8 67 30

Tlacotepec 3 245 109 154 30 117 12 57 4 85 30
IC

Bendego 1 124 90 91 28 28 15 21 6 37 24
IVA

Maria Elena 1 109 93 94 30 44 15 19 7 11 34

Yanhuitlan 1 65 93 68 30 32 15 24 6 20 34

Charlotte 1 137 110 87 36 38 17 17 5 40 33
HIAB

Tamarugal 3 133 35 110 16 46 11 24 11 33 16

Trenton 1 110 68 97 24 37 16 23 5 43 30

Casas Grande 1 181 111 123 37 53 17 27 7 57 33
’n is the number of analyses. Uncert ai

3) or 2SE (n > 3).
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Fig. A5.1. >'*%0s vs >'*°0s for IAB, magmatic, and ungrouped iron meteorites. Osmium
isotope production/burnout, due to neutron capture dopss of Os, Re, Ir, and W, was
calculated by Walker (2012), and is shown for reference.
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Fig. A5.2. >Mo for (a) IAB complex iron meteorites, (b) Magmatic iron meteorite

groups and ungrouped irons, and (c) H5 ordinary and enstatite chondritesnaitistepri
achondrite NWA 725. Note the change of scale in (c).
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Chapt@ancl usions and future di

6.1 Summary of researcbmclusions

Nebular and planetary diversity in the early solar system may be ex@min
through detailedstudy of the chemichand isotopic characteristics of certaypes of
meteorites, such as tHAB complex of iron meteorites. These meteorites provide an
opportunity to examine whether nota suite of bemically and texturally linkedton
meteorites formed from the same genetic pool at the same Determiningwhy 1AB
meteorites are sdistinct frommostother iron meteorites groupsay also provide new
insights into nebular and accretionary processes

The absolute and relative HSE abandesof meteorites within the complex
indicate thathe IAB subgroups formed from minimum of fiveseparate parental melts,
ard that most subgroups crystallized by complex crystal liquid fractionation and mixing
processesVolatile siderophile element ogentrationsn IAB irons indicate th&a most of
the subgroup$ormed from precursor materials that were {sii@ge condensates, or that
experienced nebular processimgucleosynthetidMo isotope evidencéndicates that at
least thee parent bodies are sdegpbythelAB complex MG and subgroup$ungsten
182 datg used to obtain relative metsilicate segregation model ag@sdicates that at
leastfour metal segregation events occurred on the various IAB complex parent bodies.

Collectively, the siderople element concentrations and Mo and W isotopic data
indicate that the MG andther low AuslLL, sLM, and sLHsubgroug likely formed in

separate impact generated melt pools, in agreement with the implcformation
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model of the IAB complex(Wasson and Kllemeyn,2002). These subgroups formed
from the samenebular Mo isotopic reservqitikely on two separate parent bodi&y
contrast, the sHL and sHH subgroupsobably formed due to partial or complete
differentiation ontwo separatenternally heated grent bodieglerived froma different
isotopic reservoicompared tdghe MG and low Au subgroup$he various IAB complex
parent bodies and preferred formation scenarios are shdvigure 6.1

In terms of nebular and planetary diversitlye tIAB complexis comprised of
groups which formed on the same parent body at similar times (i.e., MG and sLL);
groups which formed at similar times on different parent bodies (i.e., sLL and sLM; MG
and Sombrerete); and groups which formed both in different locationatatitferent
times (e.g.sHH and sLM).Although the siderophile element abundances of the sLM,
sLH, sHL, and sHH subgroups likely reflect condensation/evaporation processes
(Chapter 3) these processes were not resdd to a single nebular regiogiven the
different Mo isotopic compositions of the sLM, sLH and sHL, sHH subgroups
Importantly, the low Au subgroups of the IAB complex represent the clé&sesin
matchto the precursor materials of the Earth.

The characteristics which distinguish someBl&omplex iron meteorites from
magmatic iron meteorite groups, including the relative abundances of trace elements such
as Ni and Osand the presence of silicates in some IAB irdike)y originated as a result
to their formation on undifferentiated patebodies where impacting and mixing
processes were important. This, in addition to the genetic difference between some IAB
irons and magmatic groups, implies that these IAB parent bodies and magmatic parent

bodies formed in a different location and/oréiin the protoplanetary disk.
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IAB-MG
Impact event ~3.4 Ma after CAI
formation into warm parent body

Many silicates entrained- perhaps
pooled at crater floor — equilibrium
crystallization and mixing regime

Fewer silicates entrained, sinks
below crater floor

Shared Mo
isotopic = —
reservoir

Few or no silicates entrained —
fractional crystallization regime

IAB-sLM
Impact ~ 5 Ma

TIAB-sLH likely on same parent body

IAB sHL

Internally heated body with
core segregation ~ 1.5 Ma
Shared Mo
isotopic —
reservoir
IAB sHH

Internally heated body

with core segregation
between 0.3 and 1.6 Ma

Fig. 6.1 Idealizedparent bodiesind preferred formation scenarios for the IAB complex
subgroups. Parent bodies are not to scale.

6.2 Outstanding issues

For reasons discussed in Chapters 2 andesfdimation scenariokvored here
for the MG and the sLL, sLM, and sUdw Au subgroupsnvoke local impacgenerated

melting on undifferentiated parent bodies (e.g., Wasson and Kallemeyn, 2002), rather
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than melting from internal heating, followed by disruptive impacts on pgrtia
differentiated parent bodies (e.g., Benedix et al., 2000). However, several questions
remain regarding the nature of the IAB complex parent bodies and the formation of the
IAB iron meteoritesPrimarily, theefficiency of impacimelting andthe impactenergy
requiredto generate appropriate volumes of mualist be evaluated in order better
understand the formation of the IAB subgroupsportant parameters, such as the
relative sizes of théarget parent body anchpactor porosity of the target, andpact
velocity and anglecontrol the volume of melt produced and whether or not the target
body is disruptedThis is because these parameters dictate the distribution of impact
energy into the body; specificallipow the energy of the imptis convertd into heat

and knetic energy€.g.,Asphauget al, 2019. If the type of impet(s) which created the

MG and the low Au subgroupgsan be constrainetmpacting processesnd theirrole in
generating certain types of cosmochemical matennlhe early slar system may be
better understood.

The presence of features consistent with low degrees of shock is characteristic of
somelAB irons (Benedix et al, 200Qwhich places important constraints on the types of
impacts that can have generated IAB meler example, 1 is unclear whether the
volume of MG material (potentially on the order e8&n? i Wasson and Kallemeyn,
2002) is consistent with the volumes of melt expected from local irfeating at low
shock pressures. Therefore, in addition to-dmuptive impacts favorethere andby
Wasson and Kallemeyn (2002), larger disruptive impacts (Benedix et al., 2000}, or hit
andrun collisions mustalso be consideredLow-velocity hitandrun collisions are

expected to create substantial melt and littleckH@dsphaug et al., 2006Yhis scenario
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has been invoked to account for cooling rate differences in magmatic iron meteorite
groups, such ashe IVA group (Yang et al., 2007; Asphaug, 2010), and may be
applicable to the IAB complex, given thdtte lack ofshock features inAB complex
silicates is consistent with this type of collision (Goldstein et al., 208yever, the
requirement ofuniform insulationshorty after crystallization, as evidencéy the slow
subsolidus cooling rateg IAB irons, may ke difficult to meet by a glancing impact.
Though cooling rate measurements in IAB irons have been observed to be tightly
clustered around 1R0 K/Myr, few measurements currently exist (Goldstein et al., 2013).
The observation of a wider range of coolingegin future measurements of IAB irons
could provide support for a héindrun or catastrophic breakup and reassendsigin.
Further calculations of the volume of th&B complex melts in comparison to the
volume of melt that can be generated locallglobally by different types of impact into
warm vs. cold bodies at the time IAB metal segregated, are required to test such

hypotheses.

6.3 Future Directions

The type of stug presented here, where data for multiple isotope systems are
paired withmajor and trace element concentrations, can be applied to any group of
cosmochemical matexil s . Ungrouped i ron mmigue parentt es m,
bodies, so it ismportant to determine if the variety of ungrouped iron meteorites will

extend the sanig size ofnebular reservoirs represented by iron meteorites

199



Some important groups of meteorites for whisbtopic and elemental evidence
would be useful are thgroups H, L, and LL ordinary chondrites, which constitute the
largest population ometeortes. Oxygen isotopes suggest teath ofthese meteorite
groupssampleone parent bodyor morethan oneclosely related parent bodi€Slayton
et al., 1991) Molybdenumdatafor Richardton and Allegafboth H5), suggest that at
least two parent bodies mée sampled by théd chondritesA systematic study of the
Mo isotopic compositions of H, L, and LL chondritesy shed light on how many parent
bodies are represented by the most common type of meteorite.

It would bealsoinformative to investigatehe primtive achondritesn this way
The winonaites, acapulcoites, lodranites, brachinites, and ureilites are small @yaups
have been the focus of relatively few studies eddtese meteorites aiatermediate
between chondrites and differentiated eogites, in terms of the degree to which their
parent bodies were heated. They therefore represent an opportunity to study the nebular
connection between undifferentiated and differentiated parent boBigther, the
ureilites may have originated on amtispically hetergeneous parent body (Goderis et
al., 2015, and may be important for understandhmyv planetary processes can modify
nucleosynthetic isotopic signatures.

Coupling Mo isotopes with other isotopic systethat show nucleosynthetic
effects will also provide insight into the origin of nucleosynthetic variability. For
example, Mo isotope anomalies are coupled with Ru isotope anomalies (e.g., Dauphas et
al., 2004). By studying the extent to which tM®-Ru cosmic correlation holds for a
wide variety of cosmochemical materials, it may be possible to elucidate the natures of

the presolar carriers of nucleosynthetic anomalies. Furtherposition of the Earth
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relative to the cosmic M&u correlation mayelp toelucidatethe nature of late aceted
materialsversus the major contributors of mass to Eéeth., Dauphas et.al009.

The Mo isotopic composition dfinarimpact meltrocks mayreflect the isotopic
composition of the impactors that generated thasdo Os isotopes in lunar impamelt
breccias (Puchtel et al., 2008he characterization @ late impacting population using
the Mo isotopicsystem may elucidatide source and type of materialghich may have
seeded the Earth and other terrestrial planetary bodies with the H&é&r, wnd/or
organics(e.g., Tingle et al., 1992; Cooper et al., 2001; Kring and Cohen, 2002).

Finally, Archeanterrestrial rocksderived from a mantle source that has been
contaminated with late accreted materrsy contain a Mo isotopic gmature inlerited
from the foreign materialSuch scenarios have been suggested to explain isotopically
anomalous W in certain komatiites.., Willbold et al., 201Ifouboul et al., 2012)

The potential for largscale mantleneterogeneityand theefficiency of matle
mixing in the Earthfrom the Archean to the modern deyay be evaluatedsing Mo
isotopes Because late accretion to the Earth was likely dominated by a few large
impactors after the cessation of core formation (Bottke et al., 2010), it is possible th
some impactors transmitted unique genetic signatures to distinct mantle domains. It is
unclear whether, or on what time scales, mantle mixing and convection homogenized the
isotopic signatures imparted during the later stages oftbeth of theEarth Futue
work usingMo and Wisotopic compositions of ancient and modern terrestrial rocks to
investigate signatures that may have been left by thmopactors will be importanto
provide constraints on the efficiency of mantle mixing and the nature of thaclateted

materials.
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