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Abstract

Recent work has identified a nucleosynthetic isetdchotomy between “carbonaceous” (CC)
and “non-carbonaceous” (NC) meteorites. Here, w®ntenew Ru isotope data for rare iron
meteorite groups belonging to the NC and CC sulMés.show that by studying the relative
isotopic characteristics of Ru, Mo, and W in iroreteorites, it is possible to constrain the
processes leading to the distinct isotope hetewities in both reservoirs. In NC meteorites,
internally normalized, mass-independent isotopesaif Mo and Ru are correlated, but those of
Mo and W are not. In CC meteorites, Mo and W isetogtios are correlated, but those of Mo
and Ru are not; specifically, Mo isotopic compasif are variable and those of Ru are more
restricted. The contrasting behaviors of Ru andéldtive to Mo in the two reservoirs likely
require processing of the presolar carriers unggindt redox conditions. This provides further
evidence that NC and CC meteorites originated fspatially separated reservoirs that evolved

under different prevailing conditions.

Keywords: molybdenum; ruthenium; tungsten; nucleosynthetic heterogeneity;, meteorite

dichotomy; thermal processing

1. INTRODUCTION

The current structure of the solar system, i.etestrial planets in the inner solar system
and gaseous giants and icy moons in the outer sgktem, resulted from the formation of
chemical reservoirs early in the evolution of tmetpplanetary disk. In recent decades, isotopic
reservoirs have also been identified by the presehaucleosynthetic isotope anomalies in most
elements in bulk meteorites, which likely reflett® heterogeneous distribution of isotopically
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diverse presolar materials in the early protoplamnetdisk (see summary in Dauphas and
Schauble, 2016). These nucleosynthetic isotope alesnare small (typically identified at the
parts per 1810° level), mass-independent, and are representafiteeounique mixtures of
presolar materials in the various nebular resesvisiom which planetary bodies accreted. By
contrast, other elements, including Os and Pt,layspo nucleosynthetic heterogeneity in bulk
meteorites at the current level of precision (Widw exceptions - Goderis et al., 2015),
indicating that the solar nebula may have beemalhitisotopically homogeneous, or that these
elements were hosted in homogeneously distribudedecs (e.g., Walker, 2012; Kruijer et al.,
2013). Considering this hypothesized initial homuaggy, the origin of the heterogeneous
distribution of presolar materials and, thus, thgio of nucleosynthetic anomalies remains
ambiguous. Some proposed mechanisms involve irgificmixing of presolar materials,
resulting in inherited heterogeneities in the solabula (Clayton, 1982; Dauphas et al., 2002a),
grain type- or size-sorting (Regelous et al., 2@@&phas et al., 2010), or thermal processing of

unstable presolar phases (Trinquier et al., 2009).

Another facet of nucleosynthetic heterogeneityhie tecent identification of a major
isotopic dichotomy among meteorites in several eles) including Ti, Cr, Mo, W, Ru, and Ni
(Warren, 2011; Budde et al., 2016; Kruijer et 2017; Poole et al., 2017; Worsham et al., 2017;
Bermingham et al., 2018; Nanne et al., 2019). Qabeous chondrites, several iron meteorite
groups, and some ungrouped irons and achondrilesttathe “carbonaceous” (CC) suite. The
“non-carbonaceous” (NC) suite is comprised of cadinand enstatite chondrites and all other
iron meteorite groups and achondrites measuredfému8roadly speaking, CC meteorites have
elevated abundances of nuclides synthesized irraretth stellar environments (including

process Mo isotopes), relative to NC meteoritee presence of both irons, which have older
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estimated accretion ages, and chondrites, whicle lyaunger accretion ages, in both suites
indicates that they represent different nebulaemasrs that were spatially distinct, and that the
reservoirs remained separated for several Ma (Betldé, 2016; Kruijer et al., 2017). Kruijer et

al. (2017) suggested that the reservoirs were aggghdue to the growth of Jupiter’s core. In this
case, the NC and CC reservoirs represent the emmerouter solar system, suggesting that the

conditions that affected presolar carriers in easlervoir may have been different.

To investigate the generation of nucleosynthetitatians among nebular reservoirs, we
utilize the relative isotopic characteristics of MRu, and W in iron meteorites. These elements
are useful because they have distinct physicoct@nbehaviors under different nebular
conditions. Further, Mo, Ru, and W are created lbprabination ofp-processs-process, and-
process nucleosynthesis. Therefore, these eleraeatigleal tracers of diverse nucleosynthetic
signatures in solar system materials. We report Ravisotope data for magmatic iron meteorite
groups belonging to both the NC (IC and IlIE) ard suites (IIC, 1ID, IIF, and 11IF), for most of
which no Ru isotope data have been reported bdfomnjunction with Mo and W isotope data,
the Ru data provide new constraints on the vanmosesses and environmental conditions that

led to the isotope heterogeneities within the N@ @& reservoirs.

2. ANALYTICAL METHODS

2.1. Samples

The samples used to obtain Ru isotope data wedoprieately adjacent pieces of the
same samples that were used to obtain Mo, W, amsbfepe data in the study of Kruijer et al.

(2017). Additional samples were incorporated ittis study, for which Ru and Mo isotope data
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(and sometimes Pt) were obtained from aliquothefdgame digestion. Platinum was used as a
neutron fluence dosimeter to monitor for the eBeat cosmic ray exposure (CRE), which can
modify the isotopic compositions of Ru, Mo, and W(ijer et al., 2013; Fischer-Gddde et al.,

2015; Worsham et al., 2017).

2.2. Chemical purification procedures

A detailed description of the purification proceelsiris given in the supplementary
material (SM). Briefly, iron meteorite samples beem 0.3 and 0.6 g were digested in Teflon
beakers in 6M HCI with traces of HNCRuthenium was separated from the matrix usinigrcat
exchange chromatography, and was purified via raesbllation (Birck et al., 1997; Fischer-
Godde et al., 2015). After purification of Ru, Mo/Rand Pd/Ru were always < 1x10
Molybdenum was separated and purified using a ibt@ge cation and anion exchange
chromatographic procedure, including a Tru-spearool to remove Ru (Burkhardt et al., 2011).
The Zr/Mo and Ru/Mo after this chemistry was tyflica 5x10°. Platinum was separated using
a single-stage anion exchange chromatography puoedtethod 1; Rehkamper and Halliday,
1997). Given that the concentrations of Mo, Ru, Btdire high in the iron meteorites studied

here, the total analytical blanks were negligiblel (ng for Ru and Pt, < 10 ng for Mo).

2.3. Mass spectrometry

Ruthenium, Mo, and Pt analyses were conducted wsiiingrmo Scientific Neptune Plus
multi-collector inductively coupled plasma masscapemeter (MC-ICP-MS) at the Institut fur

Planetologie, University of Minster. lon beams weodlected simultaneously using Faraday
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cups for 100 cycles. Molybdenum-97 affPd, *'zr and®Ru, and*®*0s and®®Hg were used to
monitor and correct for interferences on Ru, Maj &t, respectively. The Ru, Mo, W, and Pt
isotopic compositions are reported in notation (parts-per-fOdeviations from terrestrial
standards). Interference corrections §8'Ru were typically < 0.4, usually on the order of a
few ppm. Fore'Mo interference corrections were <¢lusually on the order of 10s of ppm. The
data are normalized t6Ru/”Ru, **Mo/**Mo, *W/*¥W, and ***Pt *Pt. Based on previous
studies from our lab, and monitored during thigigtuhe external reproducibilities (2SD) of the
repeated analyses of terrestrial standards for elechent are +0.13 far®Ru, +0.28 fors**Mo,

+0.08 forg'®3W, and +0.07 foe'®%pt.

3. RESULTS

3.1 Effects of cosmic ray exposureon Ru and Mo isotopes

The CRE effects were monitored using Pt isotopa dgported here and in Kruijer et al.
(2017) (Table 1). These effects are dependentaity pn the shielding depth of the sample, so
samples used in this study typically came from iwith 3 cm of the piece from which the Pt
isotope data were obtained. The effects of CRE wrafl Mo have been described by Fischer-
Godde et al. (2015), Worsham et al. (2017), andriBegham et al (2018). For Ru, the largest
effects are or'®Ru. For Mo, in order of largest to smallest, thief are orz”Mo, ¢*Mo ~
£*Mo, ande”"Mo. Effects ore’®Ru ands**Mo are similar in magnitude (i.e., ranging up t6.5

g units, but typically < 0.15).

Most samples used in this study have minimal CRéctf. Excluding the irons with the

most significant effects (Arispe, Bendego, Murnpegwlokstad, and Oakley), CRE results<in
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0.06 ¢ changes in the’®Ru ands**Mo values, averaging 0.02for both. Therefore, no CRE
correction is necessary for either Ru or Mo for tre@snples, and we report uncorrected Ru and
Mo isotope data and low-exposure averages for @aohmeteorite group, incorporating only
irons with&'*®t< 0.13 (Tables 2, 3, and SM1; Figs. 1 and 2). Algiounnecessary for most
irons, CRE-corrected Ru data are given in Table SRi@bust CRE corrections could not be

done for Mo (see SM).

The use of uncorrected data is sufficient for thmasaof this study, which is primarily
concerned with isotopic differences between NC @adgroups. As shown in Figures 1 and 2,
these differences are larger than those expecteatite from unaccounted-for CRE effects.
However, CRE effects should be corrected when MbRam isotopes are used for genetic testing
or where the precision and accuracy of isotopicetations are important (Bermingham et al.,

2018).

Weighted-average literature data for other meteqribups are also shown on Figure 1.
For the major iron meteorite groups, the averagelsidle CRE-corrected group means (Fischer-
Godde et al., 2015; Bermingham et al., 2018) andn®@f low-exposure irons from each group
(Chen et al., 2010; Burkhardt et al., 2011; Poolal.e 2017) (Tables SM3 and SM4). THaw

data do not require CRE correction (Kruijer et2017).

3.2 Ru and Mo isotope results

The Ru and Mo data are reported in Tables 2 afidh@&.highest precision is obtained for
¢'%Ru, and the othetRu values are of lower precision because they fitewer abundance
(*°Ru and®Ru) or more difficult to measure precisely and aately due to their distance in

7
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AMU from the normalizing ratio®fRu and'®*Ru). For this reason, and becaa¥¥Ru displays

the most distinctive variations, only these valaes presented here and discussed, although all
Ru data are reported in Table SM1. Two pairs ofidage analyses each fotRu ands**Mo
reproduced well (within 7 ppm of one another). Tdwy rare iron meteorite groups with
previously reported Ru data are the IC and IID gswand the new data for those groups are in

good agreement (Table SM5 — Fischer-Gddde et@l5;2Bermingham et al., 2018).

The Mo isotope data are also in generally goodeagesit with previous studies (Table
SM6 — Burkhardt et al., 2011; Poole et al., 201&Bingham et al., 2018). In detail, there are
potentially small systematic offsets, primarilydffMo, between this study (and Kruijer et al.,
2017) and the data reported by Poole et al. (201aDle SM6). Apart from the IIIE group, the
¢>Mo data reported by Poole et al. (2017) are withinertainty of the data reported here but are
generally higher by 0.2 to 0s3for the IC, 1IC, IlIE, and llIF groups. Some ofese offsets are
likely due to the different exposure histories bk tsamples used in each study, but the
systematic nature of the offsets would suggest ithisot always the case. As th&Mo and

£>°Mo values show no significant offsets, these detauaed in the following discussion.

The Mo isotope dichotomy (Fig. 1) is partially defil by exces®Mo, relative to*Mo,
in CC meteorites when compared to NC meteoritesyltiag in two parallel trends on a plot of
Mo versus"Mo (e.g., Budde et al., 2019). The Mo isotopic cosifions indicate that the IC
and llIE groups belong to the NC suite, in additionthe IAB, 1IAB, IlIAB, and IVA iron
meteorite groups and the ordinary and enstatitedties (Fig.1; Kruijer et al., 2017). The IIC,
IID, lIF, and llIF groups, in addition to the IVBan group and carbonaceous chondrites, belong
to the CC suite (e.g., Kruijer et al., 2017). Img.FL, only carbonaceous chondrite metals are

shown, as Mo and Ru isotopic compositions obtaifresn separate digestions of bulk

8
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unequilibrated chondrites are not directly complrattue to the potential for incomplete

digestion of presolar phases.

The newe**Mo and&'®Ru data for IC, IIC, IID, IIF, IIIE, and llIF irongre shown in
Fig. 2, supplemented with Mo and W isotope datanfigruijer et al. (2017). Iron meteorites
from the NC groups IC and IlIE have Mo and Ru ipatocompositions most like 11AB iron
meteorites £**Mo ~ 1.0;¢'®Ru ~ -0.5). Iron meteorites from the CC groups IIIF, and IIIF
have Mo and Ru isotopic compositions similar to IW@&ns and carbonaceous chondrite metals
(e**Mo ~ 1.2;¢"Ru ~ -1.0). The IIC irons have a Mo isotopic cosifion that is significantly
different from the other CC irons®Mo = 2.25 + 0.10; 95% CI), but a Ru isotopic comifios
that is identical within uncertaintg’®™Ru = -1.04 + 0.05; 2SD). Finally, a IIC iron metiéer
Wiley, has art>Mo = 3.42 + 0.07 and ag°®Ru = -1.07 + 0.08 (2SD). Wiley has the largest Mo
isotope anomaly yet measured for an iron metedKteijer et al., 2017), but a similar Ru
isotopic composition to the other CC irons. The lsmeasured CRE effect ari®®Pt, along with
the shared'°°Ru value of Wiley and other CC irons, indicated tha large Mo isotope anomaly
is not due to CRE. Additionally, the®®\W of Wiley is distinct from IIC irons (Kruijer etla
2017), and the relative abundances of its highdgmiphile elements suggest that it and the IIC
irons crystallized from different parental meltsofiabene et al., 2019). Therefore, it is likely

that Wiley originated on a different parent bodydan a different nebular reservoir, than the 11IC

group.

4. DISCUSSION

4.1. Comparison between the NC and CC reservoirs
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4.1.1. Mo-Ru cosmic correlation

Dauphas et al. (2004) first identified that Mo aRd isotope anomalies, which both
reflect variable deficits in the-process isotopes, are correlated in what are nmwk as NC
irons and the IVB group. This linear relationshasibeen interpreted as two-component mixing
between ars-enriched and as-depleted endmember and taken as evidence thatnli&ka are
hosted in a common presolar carrier or a few simuidariers. Notably, this relationship is linear
because the-process endmember is isotopically very differeotf the bulk meteorites, such

that the curved mixing line appears linear in #levant range.

In agreement with previous work (Dauphas et alQ420Fischer-Godde et al., 2015;
Bermingham et al., 2018), tkMo ands’®®Ru compositions of NC iron meteorite groups define
a roughly linear relationship (Figs. 2a, SM1). Biepes of the linear regressions through the NC
irons on plots of'Mo vs. ¢'®Ru are in good agreement with a theoretieptocess mixing line
(calculated as in Dauphas et al., 2004). HoweveennCC irons are considered together, some
plot well off the theoreticab-process mixing line on plots af?Mo and ¢**Mo vs. £'°Ru.
Primarily these are the IIC irons and Wiley, whyabt to the right of the reference line. This is
also true when other Mo isotopes are plottede¥®Ru (Fig. SM1). It is also notable that VB
irons and other CC irons with similar isotopic camapions (the IID, IIF, and IlIF groups and
chondrite metals; hereafter, the “CC cluster”) plslightly to the left of the reference line on
plots of**Mo ande®Mo versuse’®®Ru. Cosmic ray exposure cannot explain why the 1B,
and IIIF groups fall to the left of the referenagel as most of the irons examined here were not
exposed to high neutron fluence (Table 1), althotlgh may explain why the IVB group does
(See SM). The different relative abundanceg-oandr-process isotopes defining the NC-CC

dichotomy is most evident whgnprocess isotopes are included in plots (e.g., BigFor this

10
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reason, the CC cluster falls to the left of theotkéical line on plots of*“Mo ands®*Mo versus
£'%Ru, but when other Mo isotopes are plotted, theciDi6ter falls closer to or on the theoretical
s-process reference lines (Bermingham et al., 26#@ ,SM1). This indicates that, like the 11C
irons and Wiley, the CC cluster likely deviatesnfrthe NC array and cannot be accounted for

by a pures-process deficit.

Most importantly, the CC meteorites collectively hibit variable Mo isotopic
compositions, but uniforra™®@Ru. Thus, no single linear correlation can be resgd through all
the data. This non-linearity is not due to incortgldigestion of presolar phases in different
pieces used for Mo and Ru analyses, as is a cofmeumequilibrated chondrites, because these
iron meteorites originated in equilibrated, diffetiated parent bodies. Further, it is unlikely that
differentiation or other parent body processes dpleal Ru from Mo in CC irons. This is
because carbonaceous chondrites also have vakimbisotopic compositions but“Ru values
which cluster around -0.9, although they vary cveange of -0.3 to -1.5%Ru (Fischer-Godde
et al., 2015; Fischer-Goédde and Kleine, 2017). s tsotopic variability is also seen within
carbonaceous chondrite groups, it is likely dusampling effects (Fischer-Gédde and Kleine,
2017). For this reasprwe suspect that the processes that acted on thplisgnscale are
responsible for the entire isotopic range of cado@ous chondrites, and that the average value
of -0.9 ¢'®Ru is representative of bulk carbonaceous chormgritensistent with the uniform

composition of iron meteorites (e1°°Ru).

Some deviations from a single linear regression tmaylue to mixing of endmembers
having variable Mo/Ru, which would change the ctux@ of the mixing line(s) (Dauphas et al.,
2004). However, if this were exclusively the causds surprising that these deviations are

restricted to the CC suite. Moreover, the varididi@ isotopic compositions and restricted Ru

11
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isotopic compositions of the CC irons cannot belarpd this way, but rather indicate that Mo
and Ru were decoupled in the CC suite, either ssc&io and Ru were hosted in different
presolar phases from one another in the CC regevail/or because processing of the presolar
hosts of Mo and Ru only modified Mo (Fischer-Goddeal., 2015). Regardless of the cause,
however, it appears that the Mo-Ru correlationasreflected in the CC irons, indicating that the
nucleosynthetic heterogeneities in the NC and Gerwirs did not originate in the same way,

or under the same conditions.

4.1.2. Comparison to ***W isotope anomalies

To investigate what presolar carriers or conditiomsre different between the two
reservoirs, we compared the isotopic charactesigifoMlo and Ru to those of W. Like Mo and
Ru, W exhibits nucleosynthetic heterogeneity ansiderophile, refractory, and redox sensitive.
Until recently, no nucleosyntheti®W isotope anomalies had been identified in bulkniro
meteorites, apart from the [ID and IVB iron metéssi(e.g., Qin et al., 2008; Kruijer et al.,
2013). Burkhardt et al. (2012b) reported W isot@m@malies in Murchison leachates, which
were broadly correlated with the corresponding Btmtope anomalies. As with Mo and Ru, this
suggests that Mo and W may be hosted in similasgbae carriers. However, Burkhardt et al.
(2012b) also observed that the large Mo isotopeéattans among bulk meteorites are not
observed for W, indicating that the two isotopetsys were decoupled in the precursors of bulk

meteorites. Notably, the only CC irons considerethat work were IVB irons.

The Mo and W data reported by Kruijer et al. (205B0pplemented here with new Mo

data for a larger set of CC irons, show that laf§&V isotope anomalies are observed in the CC
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irons, which are correlated witfivio (Fig. 2b), in contrast te'Mo vs. ¢'%Ru. The slope of the
linear relationship among CC irons is in good agrest with that of the theoreticalprocess
mixing line of Arlandini et al. (1999). Thu$®*W nucleosynthetic anomalies in the CC suite
likely reflect variable deficits in the-process W isotopes. In contrast to correlatédb and
¢'%Ru in the NC irons, however, isotope ratios'do and<'®\W are not correlated in the NC
suite. The lack of®3W isotope anomalies corresponding with Mo isotopenaalies among NC
meteorites indicates that Mo and W are decouplethase irons, which is generally consistent

with the conclusion of Burkhardt et al. (2012b).

The observation that W shows no nucleosynthetierbgeneity in the NC reservoir, and
Ru is uniform in the CC reservoir, suggests thdh lveservoirs were well mixed at some stage.
However, both reservoirs are also characterizegdnyables-process deficits in Mo and either
Ru or W. These seemingly conflicting observatioas be reconciled if it is assumed that the
reservoirs were initially isotopically homogenedusth regard to the distribution &fprocess
carriers), and the-process variations were generated as a seconeaiyré of each reservoir.
This relies on the assumption, however, that Mo, &d W were hosted in similafprocess
carriers in both reservoirs. Alternatively, the tasting behaviors of Ru and W relative to Mo
may suggest that at least two types-pfocess carriers existed hosting either Mo-RuleNC
reservoir) or Mo-W (in the CC reservoir). Howevgrerhaps except for a hypothesized
component — the addition of which may have esthbtisthe NC-CC dichotomy (as discussed
below) — there is little reason to suspect thapectHic carrier was present within one reservoir
and not the other, as mixing evidently erased ahgelscale variations among presolar grains in

bulk meteorites. It is considered more likely thath reservoirs had similar abundances of the
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same s-process carriers and that processing under distinaditions led to the observed

differences between the Mo-Ru-W relationships am imeteorites.

4.2. Implicationsfor the evolution of the NC and CC reservoirs

4.2.1. Establishment of the NC and CC reservoirs

The Mo isotope dichotomy was suggested to resoih faddition ofr-process enriched
material to the CC reservoir (Budde et al., 2016pr8dam et al., 2017), or preferential
processing op-process enriched carriers (Poole et al., 201 ¢udsed below). To account for
the observation that some calcium-aluminume-richusions (CAls — some of the earliest solids
formed in the solar system) have Mo isotopic sigres with stronger-process enrichments
than CC meteorites (Burkhardt et al., 2011; Brekaeet al., 2013), Nanne et al. (2019)
suggested that the early disk, which formed bydajscous spreading of early infalling material
from the molecular cloud, was enrichedriprocess nuclides, and that CAls formed from this
material. After the formation of-enriched CAls, the composition of the infalling teval
shifted to an NCrtdepleted) composition. This material mixed witthe disk with the original
r-process enriched material until the reservoirsewenysically separated, potentially by the
growth of Jupiter, which set the distinct compasis of the reservoirs and resulted in the CC
reservoir having an intermediate composition betwd#ge NC andr-enriched components

(Kruijer et al., 2017; Nanne et al., 2019).

Two-component mixing calculations between NC coritpmss and type B CAls reveal
that mixing between these compositions is condistéh the isotopic characteristics of most CC

irons, in support of the Nanne et al. (2019) md&a. 3). Because the CC reservoir represents a
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mixture of both components, the later-addedepleted component was present in both
reservoirs (though concentrated in the NC resexvohierefore, processing of presolar materials
constituting these components under the same domgliin each reservoir would not be
expected to generate the observed differencesithrexiprocal nature of, the Mo-Ru and Mo-W
relationships. To facilitate the following discussj which is primarily concerned with the
production of the contrastirggprocess variations within each reservoir, we foilllow the model

of Nanne et al. (2019), although the interpretatibare are not dependent on how the reservoirs

were established.

4.2.2. Initial homogeneity within the two reservoirs and the evidence for thermal

processing

The first suggestion that nucleosynthetic hetereggramongst bulk meteorites resulted
from variable processing of presolar materials edped on the observation that the abundances
of certain presolar phases in chondrites was tladethe type of chondrite and the degree of
metamorphism (e.g., Huss et al., 2003). Trinquieale (2009) proposed this mechanism to
account for the observed correlation of Ti isotopesich are made by different nucleosynthetic

processes, in bulk meteorites.

The thermal processing model assumes that theveelatoportions of different presolar
materials were initially the same throughout thetgplanetary disk due to turbulent mixing,
resulting in an isotopically homogeneous disk (elgnquier et al., 2009). It is now known that
the NC and CC reservoirs were isotopically distifectt within each reservoir turbulent mixing

may have resulted in isotopic homogeneity. Thispsspd homogeneity was not chemical in
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nature (i.e., not due to thermal processing), bas wue to efficient mechanical mixing of the
dust. Mechanical mixing is supported by the obd@wmathat all chondrites have identical
nucleosynthetic Os isotope compositions, despieethidence that isotopically distinct presolar

carriers of Os are revealed by chondrite leachidtekoyama et al., 2010).

Heretofore, the lack of primary nucleosynthetic mabes in heavy elements, such as Os,
in bulk meteorites from either reservoir has argieedsotopic homogeneity within the disk and
against inherited nucleosynthetic heterogeneity. (&alker et al., 2012). The counterargument
is that most of the isotopically homogeneous healeynents are produced primarily by the
process and may be hosted in different carriersd) that these elements may not reflect inherited
s-process heterogeneity. However, several linewvidleace suggest thatprocess nuclides were
also initially homogeneously distributed within baeservoir. First, the results of this study
demonstrate that W and Ru, both produced in pathég-process, were isotopically uniform in
one reservoir. For instance, the uniform Ru isaaamposition in the CC reservoir, combined
with the presence df-process Ru variations in the NC reservoir, suggésat, like the CC
reservoir, the NC reservoir was isotopically honmmeggmus prior to the generation of tprocess
variability within it. This is supported by the \WWatopic homogeneity in the NC reservoir. The

same argument can be made for initial W isotopmmdgeneity in the CC reservoir.

Second, initial isotopic homogeneity in each reseris supported by the Mo isotope
dichotomy, because CC and NC meteorites fall onpamallel regressions on plots&3fMo and
¢**Mo versus/Mo (Budde et al., 2019), reflecting identisaprocess variations in each reservoir
(Fig. 1). This indicates that the relative enricimtiseof r- and p-process isotopes t®process
isotopes are distinct between the two reservoitg, dpproximately constant within them;

otherwise, the regressions would have significadifferent slopes, or there would be scatter
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about the regressions. Therefore, thandp-process component(s) in each reservoir must have
been homogeneously distributed. It is difficult &mvision how these constant relative
enrichments ofr- and p-process tos-process isotopes could be achieved if thgrocess
variations were pre-existing and maintained during establishment of the two reservoirs.
However, if each reservoir had distinct, but honmegeris isotopic compositions, the pure
process variations could easily be explained if twere generated independently after the two

reservoirs were established.

Finally, the preponderance of chemically diversmsr and chondritic metals in the CC
cluster suggests widespread homogenization of ibeupsor materials in the CC reservoir. This
was first concluded by Bermingham et al. (2018)pwioted that ungrouped irons originating
from three chemically diverse parent bodies clustith the IVB group on plots of Mo vs.
¢'%Ru. Including meteorites that have Mo isotopic cosifions within uncertainty of the IVB
group, and the rare groups reported here, at I&aptrent bodies have tightly clustered Mo and
Ru isotopic compositions (Fig. 4). The variety amgmber of parent bodies, which include
differentiated, undifferentiated, volatile-depletehd volatile-enriched parent bodies, suggests
that they formed over a range of heliocentric disés and over an extended period of time. This
would require that a large portion of the disk laaldomogeneous isotopic composition when the
parent bodies representing the CC cluster fornfatlid homogenized region was representative
of the CC reservoir, then it implies that the igatocomposition of the CC cluster of meteorites
is close to the initial composition of the CC resaér as a whole and that chemical or thermal
processing of the precursor materials is respomd$dyl generating more isotopically anomalous

compositions (e.g., Wiley).
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Given the isotopic homogeneity of bath and s-process synthesized elements in both
reservoirs, the parallel trends of the NC and Citeswon Mo isotope plots, and the clustered
isotopic compositions of most CC irons, it is likéhat both reservoirs were initially isotopically
homogeneous and that processing of presolar miaieriaoth the NC and CC reservoirs
generated the-process nucleosynthetic heterogeneity at the imdteorite scale. Moreover, the
contrasting behaviors of Ru and W relative to Moh@ NC and CC reservoirs likely require that

processing occurred under distinct conditions @ttto reservoirs.

To summarize this mechanism generally, thermal ggsiag of dust in an isotopically
homogenized portion of the disk (i.e., within eittbe NC or the CC reservoir) may have
destroyed some isotopically anomalous presolargfes/aporizing certain constituent elements
(but likely not all). The isotopically anomalouspea would be removed from the dust, due to
settling, gas drag, and radial forces, leaving mmonentary isotopically anomalous residue
from which planetesimals could accreta. an environment where this type of processing
occurred, an element could retain isotopic homoigeifats host(s) was not affected, or if it was
not lost from the system. Thus, whether an elengibits nucleosynthetic heterogeneity
depends, in part, on the durability of its prestiast(s) and on the volatility of that element. The
volatility of a given element is dependent on méawtors, including the redox conditions and its
proclivity to form volatile molecular species. Fexample, under certain nebular conditions,
thermodynamic calculations suggest that Mo and ¥dihe form volatile oxides, whereas Ru
does not (Fegley and Palme, 1985). Notablyhérmal processing via vaporization occurred,
large-scale elemental fractionations would not kpeeted, as only small degrees of partial
evaporation of an element from anomalous presoktenal would be necessary to create the

observed nucleosynthetic effects.
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Given the results presented here, a model exptaitiia relative isotopic behaviors of
Mo, Ru, and W must satisfy the requirements that &d Ru behaved similarly in the NC
reservoir, and Mo and W behaved similarly in the @8ervoir. This can be accomplished by
appealing to different redox conditions between tiwe reservoirs. Using 50% condensation
temperatures (J) as a proxy for relative volatilities under redugiconditions, Mo and Ru have
lower 50% T than W (1587, 1546, and 1790 K, respectively —dayd et al., 2003). Similarly,
calculations done by Fegley and Palme (1985) slhaivMo and Ru may be depleted in a W(Re,
Os) alloy formed via fractional condensation, wiasrthe complementary gas would be enriched
in Mo and Ru, and depleted in W. Indeed, refractotal nuggets (RMNs), some of which
likely represent primary condensates from the saolebula have, on average, lower CI-
normalized abundances of Ru and Mo relative to \&t@Bet al., 2009; Daly et al., 2017). This
indicates that W may be condensed from the gasghthtemperatures, and incorporated into
RMNs condensed at those temperatures, more readiyMo and Ru. The corollary is that, as
metals,Mo and Ru may be volatilized under reducing coondgimore readily than W from their
presolar hosts, and W may stay in the residue néntains refractory during this process. By
contrast, Mo and W form volatile oxides more readlilan Ru (Fegley and Palme, 1985). Thus,
under oxidizing conditions, Mo and W can form oxdehich may be volatilized from their

presolar hosts, whereas Ru may remain in the residu

The disparate Mo-Ru-W isotope systematics in theal@ CC reservoirs can, therefore,
be accounted for by thermal processing of presukerial under relatively reducing conditions
in the NC reservoir, and under oxidizing conditiansthe CC reservoir. This is also broadly
consistent with the bulk chemistry of chondrited &@on meteorites. The CC suite includes more

volatile-rich carbonaceous chondrites (although esd@C iron meteorite groups are volatile-
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depleted), and the NC reservoir includes volatdpldted and more reduced enstatite and
ordinary chondrites. In the case of iron meteoriitelsas been suggested that the CC iron groups
have higher Ni and refractory siderophile elemebtiralances due to the more oxidized

conditions of their core formation relative to N@Gns (Rubin, 2018).

Given the chronological evidence that the NC and f@8ervoirs were physically
separated for an extended period of time (Kruifealge 2017), the different locations of the two
reservoirs likely contributed to the prevailing imal and redox conditions. Warren (2011) and
Kruijer et al. (2017) suggested that the CC andrii€&rvoirs were in the outer and inner solar
system, respectively, which is consistent with ithelication of the present study that the CC
reservoir was generally more oxidizing than the fd€ervoir. In addition to the bulk chemistry
of CC and NC meteorites, ratios BN/*N for iron meteorites support this conclusion adl.we
Firi and Marty (2015) argued that enrichment$h are generally associated with the presence
of organics and ices, ardN enrichments may increase with heliocentric distafalthough
there are exceptions — e.g., Jupiter). Iron metpiihat are classified as CC irons here and
elsewhere are enriched itN (5'°N ranges from +3 to +19@), whereas irons that are classified
as NC meteorites are typically depleted'iN (8*°N ranges from -90 to % — Prombo and
Clayton, 1993). Therefore, if the CC reservoir waghe outer solar system, hydration of the
dust or the presence of ice in the dust may haVv¢oléhe more oxidizing conditions (Fegley and

Palme, 1985; Fedkin and Grossman, 2016).

4.2.3. Model for the origin of nucleosynthetic heterogeneity
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Based on the relative isotopic characteristics af, Bu, and W in the NC and CC
reservoirs, a simplified illustration of the thelfshemical processing discussed above and the
collateral isotopic effects among Mo, Ru, and Wtapes is presented here (Fig. 3). This

illustration provides only one example, but othexd®ls are possible.

The initial composition of the disk is taken asttbBNanne et al. (2019) (point A in Fig.

3), which is equivalent to the composition of typeCAls. As discussed in section 4.2.1 and
Nanne et al. (2019), the two reservoirs were liledtablished when NC-like material was mixed
into the disk (point B). Note that these componeafsesent the characteristic compositions of
two bulk disk reservoirs and are, therefore, ndtéa in any specific presolar phase (Nanne et
al., 2019). Moreover, the approximately constanatree abundances of- and p-process
isotopes within the reservoirs indicates thatrthendp-process Mo isotopes are also not hosted
in specific carriers, but represent a homogenizstllar component (Dauphas et al., 2002b) in

each reservoir (Budde et al., 2019).

Prior to the accretion of most meteorite parentiémdthermal processing in the NC
reservoir under relatively reducing conditions rhaye destroyed thermally labile, homogenized
nebular dust (i.e., dust with asdepletion and a relative enrichment iin and p-process
isotopes). Molybdenum and Ru may be preferentiadijatilized from thisr- and p-process
enriched dust and separated from the residue, ahakeisotopes may remain in the residue in
solar proportions. Essentially, this processing Moconcentrate any more robust presolar
materials enriched ins-process nuclides, which would drive the Mo and Rotopic
compositions toward lessprocess depleted compositions (toward the terastdmposition).

In this scenario, the terrestrial composition reprgs the most thermally processed precursor
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materials yet sampled (as was also suggested kh8ut et al., 2012b and Poole et al., 2017)

(Line Cyc in Fig. 3).

In the CC reservoir, the more oxidizing conditionay have resulted in the destruction of
presolar carriers by oxidation, during which Mo aNdformed volatile oxides and Ru stayed in
the residue. To accommodate the evidence for aialipihomogeneous composition of the CC
reservoir near the CC cluster (Fig. 4), proceskkedy resulted in the loss a&fprocess isotopes
from ans-process carrier, generating the mswepleted Mo and W isotopic compositions of the

[IC irons and Wiley (Line g¢in Fig. 3).

New open questions include what the specific paegzhases involved in processing in
each reservoir were. For example, Poole et al. {R@tgued for a model that is generally in
agreement with that presented above and in Burktetrél (2012b), where processing of
process and-process carriers resulted in decreasfmyocess deficits with greater degrees of
thermal processing. However, Poole et al. (201vpeate for this type of processing in both the
NC and CC reservoirs, with the exception fgirocess isotopes were preferentially lost aver
process isotopes in CC irons due to physical diffees betweep- andr-process material.
These authors also propose that this process i$ @gtablished the two reservoirs, which is
difficult to reconcile with the observation thatetiCC and NC reservoirs form two parakel
process mixing lines oeMo plots (Fig. 1; Budde et al., 2019). If the prefetial loss ofp-
process isotopes in the CC reservoir occurredait have led to different slopes between the NC

and CC irons.

Other open questions relate to the conditions atlwévaporation of Mo, Ru, and W can

occur and the actual temperatures, pressures,addtion states within different regions of the
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disk. Heating of the protoplanetary disk by irrdidia and viscous friction likely resulted in
temperatures ranging from 500-1500 K in the innek do 50-150 K in the outer disk (Boss,
1998). Transient heating events also evidently wedy given that temperatures required for
chondrule formation are 1500-2000 K (e.g., Bos98)9 These estimates of transient disk
temperatures generally compare favorably with teatpees at which Mo, Ru, and W may
evaporate. While likely not representative of thit temperature range at which this is possible,
calculations by Fegley and Palme (1985) show cauple and Ru behavior at ~1675 K and
coupled Mo and W behavior between 1450 — 1650 Ketms of redox conditions, Fegley and
Palme (1985) showed that Mo and W may be coupled,@{H, ratios of 1 to 10%, below
which Mo and Ru may be coupled (the solaOHH; ratio is 5x1d). Environments in which
these conditions may be met include localized megiof dust/ice enrichment, especially if the

dust is hydrated (e.g., Fegley and Palme, 198%ifethd Grossman, 2016).

5. CONCLUSIONS

Combined Ru, Mo, and W isotope data for iron metesr including the first high-
precision mass-independent Ru isotope data fromrateeiron meteorite groups IIC, IIF, lIE,
and IlIF, reveal a distinct genetic heritage of @@ NC meteorites. This work, along with the
work of Fisher-Godde et al. (2015), Fischer-Gdddé Kleine (2017), and Bermingham et al.
(2018) shows that CC iron meteorites, and potdntiailk carbonaceous chondrites, are likely
restricted to are’®Ru of -1. When considered together, these dataatedecoupled Mo-Ru
isotope systematics in the CC reservoir, in cohtashe coupled Mo-Ru systematics in the NC
reservoir. Conversely, W and Mo are correlatechan@C suite, but not the NC suite. This new

observation of the contrasting behaviors of Ru #drelative to Mo, in the two reservoirs
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allows for constraining the distinct mechanisms aplaysical conditions under which
nucleosynthetic heterogeneity was generated iptb®planetary disk. The data presented here
not only provide further evidence that thermal/cleainprocessing of presolar phases generated
s-process nucleosynthetic heterogeneity, but it dsmonstrates that the heterogeneity within
the CC and NC reservoirs evolved under distincoxecbnditions. Specifically, the prevailing
conditions in the NC reservoir were likely more uehg than those in the more oxidized CC
reservoir, consistent with the inferred locationtlodse reservoirs inside and outside the orbit of

Jupiter, respectively.
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Fig. 1. ¢**Mo vs. e*Mo, illustrating the dichotomy between NC (in reahd CC (in blue)
meteorites (Budde et al. 2016; Poole et al., 20¥@rsham et al., 2017). Symbols outlined in
black denote rare iron meteorite groups examindtlismwork (data from this study and Kruijer
et al., 2017). Members from both suites fall altingoreticals-process mixing lines between an
s-process component and siprocess depleted component (Dauphas et al., 20@&ro et al.,
2003). The mixing lines for both suites are offsetn the origin to align with the data. Other
literature data are from Burkhardt et al. (2011¢n&er et al. (2017), Poole et al. (2017), and
Bermingham et al. (2018). The offset between thi@es cannot be accounted for process
variability but appears to reflect a relative ehnient ofr- (andp-) process isotopes in the CC
reservoir (Budde et al., 2016; Poole et al., 20@rsham et al., 2017).
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Fig. 2. %Mo vs. e"°Ru (a) ande®*Mo vs. £'®W (b) for various meteorite groups. Symbols
outlined in black denote data for rare iron meteogroups from this work. NC and CC
meteorite groups are shown in red and blue, reispéete'®3W data are from Kruijer et al.
(2017) and Kruijer et al. (2014a) and, for the rao: groups, were obtained from the same
sample set as Ru and Mo. Other literature datdrame Chen et al. (2010), Burkhardt et al.
(2011), Fischer-Goédde et al. (2015), Fischer-Godde Kleine (2017), Render et al. (2017),
Poole et al. (2017), Worsham et al. (2017), andvidegham et al. (2018). Also shown is sn
process mixing line, as in Fig. 1 (Dauphas et 2004; calculated using the same curvature
coefficient used by those authors, which were edgoh from Arlandini et al., 1999, and SiC
compositions reported by Lugaro et al., 2003 andirdaet al., 2004). In (b) the-process
composition from Arlandini et al. (1999) was usectalculate the line, which is offset from the
origin to align with the CC irons.
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Fig. 3. Schematic diagram for the generation of R, and W nucleosynthetic heterogeneity in
the NC and CC reservoirs in the protoplanetary disk of figure), and possible collateral
isotopic effects in Mo, Ru, and W. Time progresBesn A to C, which correspond with one
another on the top and bottom portions of the #giihe dotted line is theprocess mixing line
as in Fig. 2. Also shown are two-component mixinges (dashed lines) between the
compositions of type B CAls, which representrggrocess enriched component (point A; Nanne
et al., 2019) and an arbitrary NC composition (rtearcomposition of IIIAB iron meteorites and
corresponding to point B). See section 4.2.3 fdaitke Type B CAI data are from Chen et al.
(2010), Burkhardt et al. (2011), Burkhardt et aDX2a), and Kruijer et al. (2014b). We note that
the large variance among publishetfW values for type B CAls is schematically indicatsg
the larger field of the-enriched component (A), but the variance is ndly frepresented here.
Specifically, the CAIl data from Burkhardt et al0(2a) and Kruijer et al. (2014b) range from -
0.17 to 0.52™3%W. Higher values are moreenrichedé-depleted. If the higher values are used,
W compositions in CC samples can be reproduced siitfilar mixing proportions to those
obtained when CC Mo and Ru compositions are remediu

3



46

47

48
49
50
51
52
53

54

1.3
1.1
o
S
& 09
2, 0.
0.7
0.5

Fig. 4. Mo isotope data for diverse meteorites mugdleorite groups having similar compositions
to the IVB, IID, IIF, and IIIF iron meteorite grogpData are from Dauphas et al., 2002a (Grand
Rapids, Eagle Station), Burkhardt et al., 2011 (Mpdafassasset, and Gujba), Burkhardt et al.,
2014 (CK), Worsham et al., 2017 (Sombrerete), Begmam et al.,, 2018 (Chinga, Dronino,
Tishomingo), and Hilton et al., 2019 (South Byromo]. Samples where Ru isotope data have
been reported are also within uncertainty of thedetopic composition of the IVB group.

) 4

S

A

A ID
O lF
O IIF
u VB
South Byron Trio
O cc
< Ungrouped irons
A\ Eagle Station
pallasite

0.6

11

1.6
€**Mo

T

2.1



Table 1. Platinum isotope data used to monitor @RE&cts.

Meteorite Collection (No.) N &%Pf + 9Pt + %Pt +
IC
Chihuahua City BM 1959,1011 1 050 130 0.17 0.1 0.07 0.07
Arispé Munster 6 1333 0.27 052 0.03 0.35 0.03
Arispe (replicate® Munste 6 12.8¢ 03¢ 0.4¢ 0.04 0.3z 0.0¢
Arispe (replicate® ME 1011 3 13.6¢ 13C 0.67 011 0.4z 0.07
Bendego ME 6 4 0.62 1.00 0.37 0.06 0.49 0.06
Bendego (replicat®) ME 6 3 1.08 130 0.32 0.11 047 0.07
Bendego (replicat®) USNM #351 2 -057 130 0.38 011 0.52 0.07
Mount Dooling USNM 5713 5 -0.39 098 0.07 0.05 0.00 0.03
Murnpeowié BM 2005, M179 2 395 130 050 011 0.38 0.07
Murnpeowie (replicat8) BM 2005, M179 4 234 105 0.29 011 0.26 0.05
1C
Kumerina BM 1938,220 4 0.52 0.89 -0.02 0.05 -0.09 0.03
Kumerina (replicat&) BM 1938,220 2 0.80 1.30 0.17 0.11 0.04 0.07
Kumerina (replicate BM 1938,22( 3 -0.0z 13C 0.0¢ 011 -0.0z 0.07
Perryville USNM 428 5 214 112 0.16 0.05 0.05 0.05
Unte-Massin Minste 5 52C 0.6C 0.1¢ 0.04 0.1z 0.0z
Ballinoc® ME 98(C 3 -037 13C 0.0¢ 0.11 -0.01 0.07
Wiley BM 1959,914 5 0.97 045 0.04 0.07 0.01 0.02
Wiley (replicate) BM 1959,914 4 055 134 0.12 0.05 0.05 0.07
Wiley (replicaté) BM 1959,914 5 0.58 065 0.11 0.06 0.08 0.06
11D
Bridgewate” ME 189¢ 5 0.8C 09C 0.0z 0.0¢ -0.01 0.0z
N'kandhl& BM 1921, 17 5 0.64 023 0.03 0.05 0.01 0.05
IF
Monahan® BM 1959,91( 4 0.91 09C 0.1t 0.0 0.07 0.04
Monahans (replicat” BM 1959,91: 2 14z 13C 0.0¢ 0.11 0.0¢ 0.07
Del Rio USNM 6524 5 237 104 0.05 0.06 0.04 0.03
IE
Willow CreeR Minster 1 055 130 0.14 011 0.13 0.07
Kokstad ME 1015 1 162 130 0.38 011 0.35 0.07
Kokstad (replicat8) ME 1015 2 0.82 130 0.29 011 0.26 0.07
Colonia Obreira ME 2871 1 0.17 130 0.06 011 -0.01 0.07
Colonia Obreira (replicat® ME 2871 1 -03C 13C 0.0¢ 011 0.0¢ 0.07
Stauntoh BM 1955,M239 1 -0.17 130 0.15 0.11 -0.07 0.07
Staunton (replicat® BM 1955,M23¢ 2 -0.2¢ 1.3C 0.0¢ 0.11 0.0t 0.07
Paneth's ird” BM 2005,M19¢ 2 0.2¢ 13C 0.1z 0.11 0.0¢ 0.07
Burlington USNM 978 3 0.17 130 0.18 0.11 0.07 0.07
Coopertown USNM 1003 4 0.39 128 0.11 0.05 0.02 0.06
I1F
Klamath Fall® ME 278¢ 1 0.3¢ 13C 0.0¢6 0.11 0.0¢6 0.07
Klamath Falls (replicat® ME 278¢ 1 0.9¢ 13C 0.1: 0.11 -0.01 0.07
Clark Count® BM 1959,94! 4 281 0.7¢ 0.0¢ 0.06 0.0z 0.07
Clark County (replicat®) ~ BM 1959,949 2 354 130 0.17 011 0.10 0.07
Oakley USNM 780 4 1893 333 0.78 0.09 048 0.06

®Data are reported in epsilon notation {(R¢Rswandar-1) * 10,000], and normalized I8Pt Pt = 0.2145. For the
number of analyses of the same solution N < 4,uheertainties are the 2SD of repeated analyse®lafian
standards. For B 4, uncertainties are the 95% confidence interf&h® mean, according to (SD afgg,N_])/\/N.

®Data from Kruijer et al. (2017)



Table 2. Ruthenium isotope data for rare iron nmiteegroups. The data are not corrected for CRE
exposure. Where groups include irons watffPt > 0.13, a low-exposure mean excluding those irons is
given. The excluded samples are denoted with amisist

Meteorite Collection (No. N &R =+
IC
Chihuahua Cit BM 1959,101. 5 -0.3¢ 0.07
Arispe* ME 1011 6 -0.2¢ 0.0t
Bendego ME 6 5 -0.1¢ 0.1C
Bendego (replicate ME 6 2 0.2t 0.1z
Mount Dooling USNM 5713 5 -0.37 0.08
IC Average -0.27 0.15
Low exposure |C Average -0.38 0.13
1nc
Kumerina BM 1938,220 5 -1.07 0.14
Perryville USNM 428 5 -1.01 0.05
Unter-Massing Minster 5 -1.03 0.08
11C Average -1.04 0.05
Wiley BM 1959,914 6 -1.10 0.10
Wiley (replicate) BM 1959,914 5 -1.04 0.13
Wiley Average -1.07 0.08
11D
Bridgewate ME 189t 5 -1.07 0.11
N'kandhle BM 1921, 1° 4 -1.0z 0.1z
11D Average -1.04 0.13
IF
Monahans BM 1959,910 6 -1.01 0.07
Del Rio USNM 6524 6 -097 0.10
IIF Average -0.99 0.13
IHE
Willow Creek Munster 5 -043 017
Paneth's Iro BM 2005,M19¢ 2 -0.5: 0.1¢
Burlington USNM 978 4 -053 0.07
Coopertown USNM 1003 5 -054 0.20
II1E Average -0.51 0.09
IHIF
Klamath Fall: ME 278¢ 2  -1.0¢ 0.1z
Clark County Minster 6 -0.93 0.04
Oakley* USNM 780 5 -0.80 0.03
I11F Average -0.93 0.26
Low exposure I1IF Average -0.99 0.13

®Data are normalized t6Ru/*'Ru = 0.7450754 (Chen et al., 2010). Uncertaintesridividual samples
are as in Table 1. Uncertainties for group meaadtsr 2SD of standards (N < 3) or samples (N 0183),
the 95% confidence interval (N4). For Wiley, the uncertainty is the 2SD of dopte measurements.



Table 3. Molybdenum isotope data for rare iron moete groups. The data are not corrected for CRE
exposure. Where irons wi#t*Pt > 0.13 were not included in the group mean, a lopeeyre mean is

given. The samples characterized by high exposerdenoted with an asterisk.

Meteorite Collection (No. N &Mo® + Mo + Mo * £Mo  * %Mo #
IC
Chihuahua Cify BM 1959,1011 8 0.96 0.12 086 0.08 034 0.07 020 0.08 0.27 0.13
Arispe* ME 1011 5 0.77 0.2C 0.7t 0.14 0.21 0.1C 0.14 0.07 0.27 0.0%
Bendego* ME 6 5 083 0.07 083 013 0.26 0.06 023 011 031 0.18
Mount Dooling USNM 571 4 0.8C 0.1¢ 0.8C 0.1 0.3¢ 0.0¢ 0.2¢€ 0.0¢ 0.1€ 0.12
Murnpeowi&* BM 2005, M179 8 1.16 0.20 111 020 041 0.05 027 0.05 0.37 0.08
IC Average 0.90 020 0.83 018 0.36 010 022 0.06 0.27 0.09
Low exposure | C average 0.88 0.39 0.83 0.28 0.36 020 0.23 014 021 0.23
Ic
Kumerind BM 1938,220 8 291 0.28 234 018 150 0.08 079 0.10 0.92 0.09
Kumerina (replicate) BM 1938,220 5 290 020 227 015 159 0.08 080 0.08 0.85 0.13
Perryville USNM 428 6 289 0.13 227 011 159 0.07 083 0.03 0.85 0.08
Ballinod ME 980 8 276 0.13 219 010 160 0.09 089 0.09 1.01 0.10
Unter-Massing Minster 5 287 036 219 027 154 013 083 0.09 0.99 0.23
I1C Average 2.87 010 225 010 156 0.07 0.83 0.07 0.93 0.12
Wiley” BM 1959, 91. 8 4.1¢ 0.2z 3.3¢ 0.1: 2.1¢ 0.11 1.1¢ 0.11 1.5¢ 0.1¢
Wiley (replicate) BM 1959,914 3 4.28 039 345 028 224 020 126 0.14 145 0.23
Wiley (replicate) BM 1959, 914 5 436 0.28 344 021 227 006 121 0.08 1.43 0.08
Wiley Average 4.26 022 342 007 223 0.08 122 0.07 147 0.12
11D
Bridgewate” ME 189¢ 7 1.6: 0.1C 1.1¢€ 0.1€¢ 0.9¢ 0.1¢ 0.51 0.1z 0.67 0.1%
N'kandhla BM 1921, 17 5 171 0.15 120 0.14 1.02 0.03 050 0.03 0.59 0.07
11D Average 1.67 039 118 028 0.99 020 051 014 0.63 0.23
IF
Monahan® BM 1959,91( 8 1.5 0.21 1.11 0.1 0.9¢ 0.0¢ 0.5C 0.0¢ 0.6t 0.12
Del Rio USNM 6524 4 154 0.22 109 010 097 0.06 052 001 0.61 0.10
I1F Average 152 039 110 028 0.96 020 051 014 0.62 0.23
IE
Willow Creek Minster 5 1.10 030 094 023 041 011 024 010 0.28 0.17
Kokstac* ME 101¢ 8 0.9¢ 0.17 0.8¢€ 0.14 0.32 0.1 0.2¢€ 0.0¢ 0.2¢ 0.0¢
Colonia Obreira ME 2871 8 1.03 136 097 016 035 0.09 025 0.14 0.35 0.12
Staunto? BM 1955M23¢ 8 1.0Z 0.1€ 0.9t 0.1C 0.41 0.11 0.3C 0.0¢ 0.3¢ 0.11
Paneth's irch BM 2005,M199 8 1.09 0.15 093 020 042 0.07 035 0.05 0.37 0.12
Burlington USNM 978 4 1.06 026 095 011 052 011 034 0.07 0.6 0.02
Coopertown USNM 1003 4 0.98 032 091 028 051 010 029 0.06 0.16 0.15
I11E Average 1.04 0.04 0.93 003 042 0.07 0.29 004 0.28 0.09
Low exposure |11 E average 1.05 0.05 094 002 044 0.07 029 0.05 0.28 011
IF
Klamath Fall% ME 2789 8 1.70 0.18 120 0.18 098 0.06 056 0.11 0.62 0.09
Clark Count® BM 1959,94¢ 6 1.4t 0.2t 1.2C 0.17 1.0C 0.0¢ 0.5¢ 0.0¢ 0.5¢ 0.2t
Oakley* USNM 780 6 131 0.12 101 009 083 013 054 0.11 0.56 0.07
I1IF Average 1.48 039 113 022 094 019 055 0.02 0.59 0.06
Low exposure Il IF average 157 039 120 028 0.99 020 055 014 061 0.23

3Data are normalized t8Mo/*Mo =1.453173 (Lu and Masuda, 1994). Uncertaintiesas in Tables 1 and 2.
®Data from Kruijer et al. (2017)





