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We have investigated nucleosynthetic Mo isotope anomalies in 38 different bulk iron meteorites from
11 groups, to produce by far the largest and most precise dataset available to date for such samples. All
magmatic iron groups were found to display deficits in s-process Mo isotopes, with essentially constant
anomalies within but significant variations between groups. Only meteorites of the non-magmatic
IAB/IIICD complex revealed terrestrial Mo isotopic compositions.
The improved analytical precision achieved in this study enables two isotopically distinct suites of iron
meteorites to be identified. Of these, the r=p suite encompasses the IC, IIAB, IIE, IIIAB, IIIE and IVA groups
and exhibits relatively modest but ‘pure’ s-process deficits, relative to Earth. The second r>p suite includes
groups IIC, IIIF and IVB. These iron meteorites show larger s-process deficits than the r=p suite, coupled
with an excess of r-process relative to p-process components.
Comparison of the results with data for other elements (e.g., Cr, Ni, Ru, Ti, Zr) suggests that the Mo
isotope variability is most likely produced by thermal processing and selective destruction of unstable
presolar phases. An updated model is proposed, which relates the iron meteorite suites to different
extents of thermal processing in the solar nebula, as governed by heliocentric distance. In detail, the r=p
suite of iron meteorite parent bodies is inferred to have formed closer to the Sun, where the extent of
thermal processing was similar to that experienced by terrestrial material, so that the meteorites exhibit
only small s-process deficits relative to Earth. In contrast, the r>p suite formed at greater heliocentric
distance, where more subtle thermal processing removed a smaller proportion of r- and p-process host
phases, thereby generating larger s-process deficits relative to the terrestrial composition. In addition,
the thermal conditions enabled selective destruction of p- versus r-isotope carrier phases, to produce the
observed divergence of - and p-process Mo isotope abundances.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction (Zinner, 2007), it was initially thought planetary bodies evolved

from a hot solar nebula that was well-mixed on larger scales. Var-

The solar system formed from the collapse of a molecular cloud
of interstellar dust and gas featuring isotopically diverse mate-
rial produced by nuclear reactions in various pre-existing stel-
lar sources. Whilst presolar grains in primitive meteorites show
this cloud was isotopically heterogeneous at the grain-size level
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ious more recent studies, however, identified isotopic variations in
bulk meteorites for a number of refractory elements, which are in-
terpreted to reflect planetary-scale heterogeneities in presolar mat-
ter that place critical constraints on the physical conditions within
the solar nebula. The isotopic heterogeneities found for elements
including Ba, Ca, Cr, Mo, Nd, Ni, Ru, Ti and Zr thereby stand in
contrast to the isotopic homogeneity exhibited by other refractory
elements such as Hf and Os (see Dauphas and Schauble, 2016 and
Yokoyama and Walker, 2016 for a thorough overview).
Molybdenum is ideally suited as a tracer of planetary-scale iso-
topic heterogeneity because it has seven isotopes that were pro-
duced by distinct nucleosynthetic processes. The s-process contri-
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butions to **Mo, ?>Mo, Mo, *”Mo, *Mo and Mo are thought
to be from the main s-process in asymptotic giant branch (AGB)
stars, while the r-process contributions to the neutron-rich iso-
topes (°>Mo, Mo, 2®Mo and %Mo) are argued to be produced by
the weak r-process and charged particle reactions (CPRs) in Type
Il supernovae, with contributions from the main r-process (e.g.,
Qian and Wasserburg, 2007). Traditionally, models of p-process
nucleosynthesis were unable to reproduce the measured abun-
dances of Mo and Mo, but more recent studies have recti-
fied this problem. In detail, it was proposed that CPRs in the
neutrino-driven winds of Type Il and photodisintegration reac-
tions (y-process) in Type la supernovae can account for the ob-
served 92Mo and %Mo abundances (e.g., Travaglio et al., 2015;
Wanajo et al.,, 2011), though this is contested by other workers
(e.g., Fisker et al., 2009).

The existence of planetary-scale nucleosynthetic Mo isotope
anomalies was first established by the bulk meteorite analyses
of Dauphas et al. (2002). A similar but more recent investiga-
tion (Burkhardt et al.,, 2011) used improved methods to produce
a comprehensive Mo isotope dataset for a wider range of mete-
orite types, with a precision several times better than that reported
in earlier studies. The latter study found that all chondrites and
iron meteorites (except for the non-magmatic IAB/IIICD group), as
well as two pallasites, exhibited clear s-process deficits. In con-
trast, analyses of Martian meteorites and an angrite revealed ter-
restrial Mo isotope compositions. The authors were therefore able
to conclude that Earth, Mars, and the parent bodies of angrites and
non-magmatic IAB/IIICD irons accreted from material with a higher
proportion of s-process Mo isotopes than the chondrite, pallasite
and other iron meteorite parent bodies.

Given the abundance of available data, any model that is pro-
posed to account for the observed nucleosynthetic Mo isotope
anomalies should also be able to explain the isotopic heterogene-
ity or homogeneity found for other refractory elements. A number
of such scenarios have been posited, including inefficient/incom-
plete mixing in the solar nebula (e.g., Schiller et al., 2015), late
injection (e.g., Qin et al., 2011), grain size sorting (Dauphas et
al.,, 2010), thermal processing (e.g., Burkhardt et al., 2012b), and
parent body processes (e.g., aqueous alteration - Yokoyama et al.,
2011). To further elucidate the validity of these concepts, we have
obtained precise Mo isotope data for 11 groups of iron meteorites.
With better precision than previous studies, the results provide
new constraints on planetary-scale processes in the solar nebula
and help resolve the origin of nebula-wide nucleosynthetic isotope
anomalies.

2. Analytical techniques

Only a brief outline of the methods is presented here, with
further details available in the Supplementary Material. Fifty-three
specimens from 38 distinct iron meteorites of 11 different groups
were obtained from the Natural History Museum, London, and pri-
vate collectors. Separation of Mo was achieved by a two-stage pro-
cedure, which applies anion exchange chromatography with Bio-
Rad AG1-X8 resin. Following the chemistry, the purified Mo frac-
tions typically had Ru/Mo and Zr/Mo ratios of lower than 3 x 10>
and 4 x 1072, respectively, corresponding to corrections on Mo iso-
tope ratios of less than 50 ppm for Ru interferences, and of less
than 100 ppm for Zr.

Isotope measurements were performed with a Nu Plasma HR
MC-ICP-MS, in a two-sequence routine. A simultaneous measure-
ment of Mo, **Mo, Mo, **Mo, "Mo, *®Mo, %Mo and *°Ru
ion beams was performed in the first sequence, while the sec-
ond sequence, which immediately followed the first, collected the
907r/% Mo ratio for Zr interference corrections. Typical sensitivity
for Mo was 150-180 V/ppm.

Instrumental mass bias was corrected by internal normalisation
to %8Mo/**Mo = 1.453174 (‘8/6’), *Mo/*® Mo = 0.607898 (‘2/8")
and 97Mo/?° Mo = 0.602083 (‘7/5"), using the exponential law (Lu
and Masuda, 1994). All sample data are given relative to the mean
of several (typically n =4) bracketing runs of NIST SRM 3134 Mo
made up to closely match the Mo concentration of the samples
(~200 ppb), and reported in £'Mo notation (Equation (1)), where
9YMo/°*Mo is the normalising ratio:

e'Moyyx = [((Mo/**M0)sample/ (' Mo/**M0)standard — 1] x 10*
(1)

Typical external reproducibility (20 = 2sd) of the standard
measurements over a single session (n > 50) ranged from +0.47
for £92Mog/6) to £0.15 for £€%Moy/s), while internal precision
(2se) ranged from %029 to +0.09 (£%2 Mo/ and £%Mo(y/s),
respectively). The precision achieved here is generally a factor of
~1.5 better than reported in the most precise previous study by
Burkhardt et al. (2011). Most likely, the improved precision arises
from the higher ion beam intensities that were obtained here for
analyses of ~200 ppb Mo solutions, whilst Burkhardt et al. (2011)
utilised ~100 ppb Mo solutions.

The robustness and reproducibility of the Mo separation pro-
cedure and MC-ICP-MS Mo isotope measurements were repeatedly
evaluated by analyses of terrestrial standard reference materials,
which yielded the expected Mo isotope compositions throughout
(see Supplementary Material).

3. Results

All Mo isotope results for normalisation to 2®Mo/*Mo and
97Mo/?*Mo are summarised in Fig. 1, with corresponding data
presented in Table 1 and Table 2. Also shown in Fig. 1 are the
expected effects of increasing and decreasing the proportions of
p-, s- and r-process components on the Mo isotope patterns. De-
tails of this modelling, as well as the results using normalisation
to 92Mo/?®Mo, are outlined in the Supplementary Material.

For all normalising schemes, meteorites of all groups (except
IAB/IIICD) exhibit offsets from &!Mo = 0. The results agree most
with the corresponding models of s-process deficits (solid green
lines, Fig. 1c—d). For instance, in the data normalised to %Mo/?*Mo
(Fig. 1a), the magnitude of anomalies decreases in the order
892M0(g/6) > 8941\/[0(3/5) > 895]\/[0(3/6) > 81001\/[0(3/6) > 8971\/[0(3/6),
giving rise to the characteristic w-shaped pattern of s-process
deficits, as depicted by the solid green line in Fig. 1c.

Meteorites from the same group display identical or nearly
identical Mo isotopic anomalies (within uncertainty), such that
the Mo isotope composition of any meteorite can be considered
as representative of the complete metal core of its parent body.
Yet, the extent of the anomalies displayed by the different mag-
matic iron groups is variable. The IIC irons display by far the most
extreme isotope compositions with £9Mo/s) = +3.12 £ 0.27,
while the IVAs are the least anomalous of the magmatic iron
groups (£%2Mog/6) = +0.95 & 0.19). The non-magmatic IAB and
IIICD groups, often termed the IAB/IIICD complex (e.g., Wasson
and Kallemeyn, 2002), present Mo isotope compositions indistin-
guishable from terrestrial Mo, while the non-magmatic IIE group
is slightly anomalous with £92Mo(s,g = +0.86 £ 0.32.

4. Discussion
4.1. Comparison to literature

While the results presented here are more abundant and pre-
cise than the data of Burkhardt et al. (2011) for irons, excel-

lent agreement is observed between these two investigations.
Principally, Burkhardt et al. (2011) also found that iron meteorite



Table 1

Molybdenum isotope compositions of iron meteorites, normalised to *®Mo/*®Mo.
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Group Sample N? 892M0(3/5)b 894M0(8/6)b EQSMO(g/s)h 697M0(3/5)b EIOOMO(g/G)b
IAB Bitburg 10 —0.10 &+ 0.07 —0.01 £ 0.05 —0.01 £ 0.05 —0.05 £ 0.03 0.00 & 0.06
Campo del Cielo 1 11 032 £ 0.11 0.22 £ 0.04 —0.05 £+ 0.05 —0.05 £+ 0.05 0.06 + 0.08
Campo del Cielo 2 9 013 £ 0.13 0.15 £ 0.04 0.01 + 0.06 —0.04 £+ 0.02 —0.04 £+ 0.07
Campo del Cielo 3 9 0.10 £ 0.09 0.05 £ 0.06 —-0.11 £ 0.09 0.03 & 0.06 0.05 £ 0.11
Canyon Diablo 1 6 —0.06 £+ 0.23 —0.01 £ 0.09 —0.14 + 0.03 —0.04 £+ 0.08 024 £ 0.18
Canyon Diablo 2 6 —0.11 + 0.24 —0.05 £+ 0.07 —0.19 + 0.06 —0.06 + 0.06 0.10 £+ 0.08
Cosby’s Creek 13 —0.01 £ 0.07 —0.01 & 0.06 0.02 + 0.04 —0.06 &+ 0.03 —0.08 £ 0.06
Odessa 10 0.01 £0.11 0.05 £ 0.08 —-0.16 + 0.01 0.01 &+ 0.06 0.18 £ 0.05
Toluca 12 0.00 + 0.08 0.14 £ 0.06 —0.06 £+ 0.04 —0.05 £+ 0.03 0.02 £ 0.06
IAB MEAN 0.00 + 0.08 0.05 + 0.06 —0.07 + 0.06 —0.04 + 0.02 0.05 £ 0.08
IC Arispe 1 8 1.04 &+ 0.10 0.87 £ 0.06 0.25 £ 0.07 0.22 + 0.08 0.38 £ 0.07
Arispe 2 7 098 +0.14 0.85 £ 0.11 0.28 + 0.06 0.16 £ 0.06 0.24 £ 0.10
Arispe 3 4 1.20 + 0.13 095 £ 0.18 0.32 + 0.07 0.21 + 0.06 0.16 £+ 0.07
Arispe 4 8 1.03 +£ 013 0.87 £ 0.08 031 £ 013 0.20 + 0.05 0.25 £ 0.15
Bendego 1 9 116 £ 0.18 0.94 + 0.07 0.28 + 0.06 0.20 + 0.08 0.35 £ 0.11
Bendego 2 7 0.93 £ 0.10 0.80 + 0.08 0.23 + 0.05 0.12 £ 0.07 0.22 £ 0.08
Santa Rosa 8 114 £ 0.15 0.99 + 0.08 0.34 + 0.08 0.18 £ 0.05 0.34 £ 0.03
IC MEAN 1.08 + 0.06 0.92 + 0.08 0.30 + 0.05 0.18 + 0.02 0.30 £ 0.05
IIAB Coahuila 12 1.48 + 0.09 118 £ 0.06 0.49 + 0.08 0.27 + 0.04 0.44 + 0.06
Murphy 11 1.26 = 0.14 1.08 &+ 0.10 0.47 + 0.07 0.25 £ 0.05 0.41 £ 0.08
Negrillos 10 153 £ 0.12 123 £ 0.12 0.47 £ 0.05 0.27 + 0.06 0.25 £ 0.09
North Chile 16 152 + 0.14 1.25 £+ 0.09 0.57 + 0.06 0.28 + 0.03 0.47 £ 0.08
Sikhote Alin 1 13 1.58 &+ 0.07 1.23 £+ 0.07 0.50 + 0.05 0.22 + 0.07 0.42 £ 0.09
Sikhote Alin 2 8 138 + 0.14 118 £ 0.04 0.58 + 0.09 0.25 + 0.07 0.26 £ 0.06
IIAB MEAN 145 + 0.10 1.19 + 0.06 0.51 + 0.04 0.26 =+ 0.02 0.38 £ 0.08
1c Ballinoo 3.07 £ 018 235+ 015 162 £ 0.11 0.81 &+ 0.06 1.05 + 0.12
Kumerina 10 2.92 + 0.09 2.28 £ 0.08 1.53 £+ 0.07 0.79 £+ 0.06 112 £ 0.08
Salt River 6 338 £0.14 2.56 + 0.06 1.68 £+ 0.10 0.87 + 0.09 0.84 £ 0.09
IIC MEAN 312 +0.27 240 £ 0.16 1.61 + 0.09 0.82 £ 0.05 1.00 £+ 0.17
IIE Kodaikanal 6 1.04 + 0.16 0.79 £ 0.06 0.34 + 0.06 0.10 £ 0.03 0.24 £ 0.12
Verkhne Dnieprovsk 8 0.99 + 0.16 0.78 £ 0.10 0.37 + 0.04 0.19 + 0.06 0.17 £+ 0.08
Weekeroo Station 5 0.54 £ 0.11 0.57 £ 0.15 0.16 £ 0.05 0.08 + 0.03 0.29 £ 0.11
IIE MEAN 0.86 £ 0.32 0.71 £ 0.15 0.29 + 013 0.12 + 0.07 0.24 £ 0.07
IIIAB Bear Creek 10 116 £ 0.18 1.00 £+ 0.14 0.44 + 0.08 0.19 £ 0.05 0.41 + 0.06
Cape York 8 1.31 &+ 0.09 1.09 £ 0.06 0.44 + 0.07 0.16 £ 0.08 0.36 £ 0.04
Charcas 1 6 110 £ 0.07 0.89 + 0.08 032 £ 0.10 0.12 £ 0.06 0.35 £ 0.16
Charcas 2 9 1.02 + 0.13 0.92 + 0.09 0.30 + 0.10 0.22 + 0.03 041 + 0.07
Henbury 1 6 112 £ 0.14 0.97 + 0.06 0.33 + 0.07 0.16 £ 0.08 0.29 + 0.06
Henbury 2 10 1.20 = 0.19 1.06 & 0.09 0.44 + 0.07 0.22 + 0.07 0.24 £ 0.05
Lenarto 10 139 + 0.10 113 £ 0.08 0.51 £ 0.05 0.17 £ 0.05 0.30 £ 0.08
Santa Apolonia 1 6 1.25 + 0.27 0.99 £+ 0.18 0.42 + 0.10 0.21 + 0.06 033 £ 0.13
Santa Apolonia 2 8 118 £ 0.14 0.95 £ 0.07 0.35 £ 0.05 0.16 £ 0.05 033 £ 013
Verkhne Udinsk 7 144 + 0.14 111 + 0.08 0.42 + 0.08 0.18 £ 0.05 0.49 £ 0.09
Williamette 8 140 + 0.19 1.06 £+ 0.20 0.51 £ 0.11 0.21 + 0.06 0.34 £ 0.03
IIIAB MEAN 1.27 £ 0.10 1.04 £ 0.05 0.43 £ 0.05 0.18 + 0.01 0.36 £ 0.05
ICD Carlton 1 5 037 £0.18 027 £0.11 0.02 + 0.08 —0.02 £+ 0.03 0.00 & 0.09
Carlton 2 2 032 £0.20 0.08 + 0.04 —0.10 + 0.08 —0.05 £+ 0.20 0.08 £ 0.17
Nantan 1 10 014 £ 017 021 £0.13 0.09 + 0.10 0.02 + 0.07 0.08 £ 0.07
Nantan 2 11 —-0.03 £ 0.11 0.08 £ 0.11 —0.06 & 0.08 —0.04 £+ 0.05 0.05 £ 0.07
IICD MEAN 0.20 £ 0.29 0.16 + 0.03 —0.01 + 0.06 —0.02 + 0.02 0.05 + 0.03
IIE Staunton 8 140 + 0.19 1.07 £ 0.13 0.45 + 0.09 0.25 + 0.07 0.40 £ 0.15
IIF Clark County 7 1.70 £+ 0.09 1.24 £ 0.05 0.92 £ 0.05 0.39 &+ 0.06 0.59 £ 0.04
IVA Gibeon 1 5 111 £0.25 0.85 £ 0.25 042 + 0.24 0.18 £ 0.10 0.27 £ 0.18
Gibeon 2 4 1.02 + 0.15 0.80 £ 0.19 0.37 £ 0.10 0.20 &+ 0.04 017 £ 019
Muonionalusta 7 0.76 £ 0.28 0.64 £ 0.14 0.30 £ 0.11 0.20 &+ 0.08 0.46 £ 0.04
Obernkirchen 6 1.01 + 0.10 0.82 £ 0.05 0.33 + 0.09 0.17 £ 0.06 0.22 £+ 0.09
IVA MEAN 0.95 £+ 0.19 0.76 £ 0.12 0.34 £+ 0.05 0.18 + 0.02 0.30 £+ 0.16
IVB Cape of Good Hope 10 204 £014 1.38 & 0.10 0.98 + 0.06 0.49 + 0.06 0.72 £ 0.05
Santa Clara 12 193 + 0.14 137 £ 0.10 0.97 + 0.06 0.51 + 0.07 0.84 £ 0.09
Tlacotopec 1 9 1.86 + 0.17 134 £+ 0.11 0.84 + 0.07 0.47 + 0.05 0.80 + 0.08
Tlacotopec 2 12 147 £ 0.11 114 £ 0.09 0.65 + 0.06 0.46 + 0.04 0.92 £ 0.10
IVB MEAN 1.88 + 0.22 1.33 + 0.09 0.90 + 0.15 0.49 =+ 0.03 0.81 £ 0.09

2 Number of times sample was analysed;

b Normalised to %Mo/**Mo = 1453174 (Lu and Masuda, 1994), using the exponential law, &'Mo = [(‘Mo/%*Mo)smp/('Mo/?*Mo)sq — 11 x 10%; Uncertainties for samples
are 2se = ZU/JH, where n is the number of times a sample was analysed. Uncertainties for group means are 2se = 20/ /n, where n is the number of ‘unique’ samples
analysed for that group (for samples with multiple specimens, the mean of the specimens is taken to represent that sample when calculating the group mean).
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Table 2
Molybdenum isotope compositions of iron meteorites, normalised to %’ Mo/ Mo.
Group Sample N? 8921\/[0(7/5)b 6‘941\/[0(7/5>b 6961\/[0(7/5)b 898M0(7/5)b 6100]\/10(7/5)b
1AB Bitburg 10 —0.08 £ 0.12 —0.04 £ 0.05 0.02 + 0.03 0.02 £+ 0.06 0.04 £ 0.11
Campo del Cielo 1 11 0.38 + 0.05 0.23 + 0.07 0.04 + 0.05 0.06 £+ 0.08 0.14 £ 0.18
Campo del Cielo 2 9 0.04 + 0.09 0.14 + 0.08 0.01 £+ 0.04 0.05 £+ 0.04 0.09 + 0.13
Campo del Cielo 3 9 0.27 + 0.14 0.19 £ 0.09 0.03 £+ 0.06 —0.03 £ 0.12 —0.06 = 0.18
Canyon Diablo 1 6 0.30 + 0.15 0.20 + 0.10 0.11 + 0.05 —0.03 + 0.09 0.10 + 0.28
Canyon Diablo 2 6 0.32 + 0.25 0.24 + 0.10 0.14 + 0.04 —0.04 £+ 0.08 —0.07 £ 0.15
Cosby’s Creek 13 —0.24 £ 0.10 —0.08 £+ 0.04 0.01 + 0.03 0.10 + 0.05 0.08 = 0.13
Odessa 10 043 + 0.10 0.29 + 0.06 0.10 + 0.05 —0.09 £+ 0.06 —0.12 + 0.07
Toluca 12 0.12 £ 0.06 0.22 + 0.05 0.06 + 0.03 0.05 £+ 0.05 0.03 £+ 0.10
IAB MEAN 013 £+ 0.21 013 £+ 0.12 0.06 + 0.04 0.01 £+ 0.05 0.02 £ 0.06
IC Arispe 1 8 0.81 + 0.10 0.61 + 0.02 —0.20 £ 0.05 —0.15 + 0.06 0.18 £ 0.16
Arispe 2 7 0.54 + 0.11 0.56 + 0.09 —0.20 + 0.03 —0.10 + 0.06 0.21 + 0.15
Arispe 3 4 0.71 + 0.14 0.49 + 0.22 —0.24 £+ 0.04 —0.15 + 0.09 0.18 £ 0.18
Arispe 4 8 0.51 + 0.20 0.51 + 0.12 —0.22 + 0.07 —0.16 = 0.08 0.23 + 0.07
Bendego 1 9 0.62 + 0.08 0.63 + 0.03 —0.22 4+ 0.05 —0.14 + 0.10 0.29 + 0.18
Bendego 2 7 0.54 + 0.11 0.51 + 0.07 —0.17 £ 0.06 —0.06 £+ 0.07 033 + 0.12
Santa Rosa 8 0.51 + 0.12 0.53 + 0.09 —0.24 + 0.07 —0.06 £+ 0.05 0.39 + 0.07
IC MEAN 0.58 £ 0.08 0.55 £ 0.02 —0.21 £+ 0.03 —0.10 £ 0.05 0.30 £+ 0.11
1IAB Coahuila 12 0.61 + 0.08 0.56 + 0.05 —0.37 + 0.05 —0.14 + 0.05 0.44 + 0.10
Murphy 11 047 + 0.18 0.54 + 0.07 —0.36 £+ 0.04 —0.15 = 0.08 041 + 0.14
Negrillos 10 0.44 + 0.10 0.48 + 0.05 —0.36 + 0.04 —0.14 + 0.05 0.50 £ 0.04
North Chile 16 0.52 + 0.12 0.57 + 0.06 —0.41 + 0.04 —0.15 + 0.05 0.57 + 0.13
Sikhote Alin 1 13 0.52 + 0.08 0.60 &+ 0.05 —0.35 £+ 0.06 —0.09 £+ 0.07 0.56 + 0.10
Sikhote Alin 2 8 0.34 + 0.12 0.48 + 0.03 —0.38 + 0.05 —0.04 £+ 0.12 0.52 £ 0.11
IIAB MEAN 0.50 £ 0.07 0.54 + 0.03 —0.38 + 0.02 —0.13 £ 0.03 0.49 + 0.06
IIC Ballinoo 7 0.30 + 0.16 0.30 &+ 0.06 —1.16 + 0.06 —0.40 £+ 0.10 138 £ 0.16
Kumerina 10 0.36 + 0.10 0.37 + 0.07 —1.14 £+ 0.05 —0.38 £+ 0.07 141 £ 0.11
Salt River 6 0.28 + 0.19 0.35 + 0.13 —1.26 + 0.07 —0.47 + 0.12 119 £ 0.20
1IC MEAN 0.31 £ 0.05 0.34 + 0.04 -1.19 + 0.07 —0.42 + 0.05 133 £ 0.14
1IE Kodaikanal 6 032 + 0.14 0.37 + 0.09 —0.22 + 0.04 0.01 £+ 0.08 0.40 £+ 0.10
Verkhne Dnieprovsk 8 0.29 + 0.18 0.30 &+ 0.07 —0.29 + 0.04 —0.08 + 0.09 0.29 + 0.16
Weekeroo Station 5 0.24 + 013 0.32 + 0.10 —0.12 + 0.04 —0.01 £+ 0.07 0.36 + 0.13
IIE MEAN 0.29 £ 0.05 0.33 £+ 0.04 -0.21 £ 0.10 —0.02 + 0.05 0.35 £ 0.07
1IIAB Bear Creek 10 0.49 + 0.11 0.51 + 0.05 —0.29 + 0.09 —0.10 + 0.05 0.49 + 0.05
Cape York 8 0.48 + 0.03 0.50 + 0.05 —0.29 £+ 0.06 —0.02 £+ 0.09 0.57 + 0.15
Charcas 1 6 0.50 + 0.24 0.54 + 0.10 —0.19 + 0.06 —0.02 £+ 0.07 0.53 + 0.16
Charcas 2 9 0.74 + 0.05 0.64 + 0.09 —0.26 + 0.06 —0.16 + 0.04 0.28 + 0.14
Henbury 1 6 0.52 + 0.18 0.54 4+ 0.04 —0.25 + 0.06 —0.10 + 0.10 0.36 + 0.18
Henbury 2 10 0.49 + 0.16 0.55 + 0.10 —0.31 £ 0.07 —0.11 + 0.04 0.34 + 0.09
Lenarto 10 0.44 + 0.06 0.51 &+ 0.06 —0.35 + 0.04 —0.06 £+ 0.08 0.55 + 0.19
Santa Apolonia 1 6 0.44 + 012 0.48 + 0.11 —0.28 + 0.08 —0.08 £+ 0.07 0.44 + 0.16
Santa Apolonia 2 8 0.46 + 0.13 0.50 + 0.06 —0.23 + 0.04 —0.06 £+ 0.07 0.48 + 0.22
Verkhne Udinsk 7 0.59 + 0.08 0.54 + 0.07 —0.30 £ 0.06 —0.07 £+ 0.07 0.61 + 0.14
Williamette 8 0.39 + 0.07 0.41 + 0.10 —0.35 + 0.08 —0.04 £+ 0.05 0.60 £+ 0.12
IIIAB MEAN 0.50 £ 0.05 0.51 + 0.04 —-0.29 + 0.03 —0.07 + 0.02 0.51 £ 0.07
11ICD Carlton 1 5 0.20 + 0.18 0.27 + 0.14 0.03 £+ 0.04 0.08 £+ 0.07 0.03 £+ 0.22
Carlton 2 2 0.39 + 0.36 0.19 + 0.04 0.05 + 0.05 0.03 + 0.49 0.05 + 0.35
Nantan 1 10 0.16 £ 0.14 0.14 £+ 0.03 0.02 + 0.07 0.04 £+ 0.06 0.12 £ 0.12
Nantan 2 11 0.04 + 0.08 0.13 £ 0.07 0.06 £+ 0.06 0.07 £+ 0.06 0.06 £+ 0.10
IIICD MEAN 0.20 £+ 0.20 0.18 £+ 0.09 0.04 + 0.00 0.05 £ 0.00 0.07 £ 0.05
1IIE Staunton 8 0.61 + 0.12 0.53 + 0.03 —0.32 + 0.06 —0.10 + 0.06 0.50 £+ 0.20
1IF Clark County 7 —0.08 £ 0.12 0.02 + 0.07 —0.65 + 0.02 —0.14 + 0.06 0.94 + 0.11
IVA Gibeon 1 5 0.30 + 0.20 0.30 + 0.10 —0.27 + 0.15 0.01 £+ 0.11 0.50 £+ 0.11
Gibeon 2 4 0.39 + 017 0.36 = 0.10 —0.25 + 0.07 —0.04 £+ 0.06 0.22 + 0.05
Muonionalusta 7 0.28 + 0.19 0.29 + 0.09 —0.24 + 0.09 —0.13 + 0.09 037 + 0.18
Obernkirchen 6 0.45 + 0.19 0.38 + 0.09 —0.24 + 0.07 —0.09 £+ 0.07 0.30 + 0.13
IVA MEAN 0.36 £+ 0.10 0.33 £+ 0.05 —-0.25 + 0.01 —0.08 + 0.07 0.34 £+ 0.04
IVB Cape of Good Hope 10 0.20 + 0.17 0.15 + 0.11 —0.74 £+ 0.04 —0.26 £+ 0.08 0.94 + 0.20
Santa Clara 12 0.25 + 0.08 0.15 £+ 0.05 —0.73 + 0.06 —0.29 £+ 0.09 0.99 + 0.12
Tlacotopec 1 9 0.38 + 0.10 0.33 + 0.07 —0.63 + 0.05 —0.26 £+ 0.06 0.90 £+ 0.11
Tlacotopec 2 12 0.50 + 0.12 0.37 + 0.06 —0.57 + 0.03 —0.32 £+ 0.08 0.72 + 0.09
IVB MEAN 030 £ 0.15 0.21 £+ 013 —0.69 + 0.09 —0.28 + 0.02 091 £ 0.11

2 Number of times sample was analysed;

b Normalised to ”Mo/>*Mo = 0.602083 (Lu and Masuda, 1994), using the exponential law, 'Mo = [(‘Mo/*>Mo)smp/('Mo/**Mo0)sia — 1] x 10%; Uncertainties for samples
are 2se = ZU/JH, where n is the number of times a sample was analysed. Uncertainties for group means are 2se = 20/ /n, where n is the number of ‘unique’ samples
analysed for that group (for samples with multiple specimens, the mean of the specimens is taken to represent that sample when calculating the group mean).
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groups IC, I1IAB, IID, IIE, IIIAB, IIIE, IIIF, IVA and IVB possess s-
process deficits in the ¢-unit range, while the IAB/IIICD group ap-
pears to have a terrestrial Mo isotope composition. Intriguingly, our
observation that the previously unmeasured IICs are significantly
more anomalous than all iron meteorites analysed to date, sug-
gests that it may be fruitful to further explore rare or ungrouped
irons.

In addition, the Mo data presented here agree, for the most
part, with the results of Dauphas et al. (2002), who also found vari-
able s-deficits in magmatic iron meteorites. Yet, whereas Dauphas
et al. (2002) report differences between IAB and IIICD irons, our
data reveal the groups to have a common Mo isotope composition,
which is indistinguishable from terrestrial Mo. Our results thus
support the previously proposed concept of a genetic link between
the groups, with a IAB/IIICD complex consisting of a main group
and several subgroups (Wasson and Kallemeyn, 2002). A recent in-
vestigation of the IAB/IIICD complex furthermore found that while
the sLL and sLM subgroups are isotopically consistent with the
main group, the sHH and sHL subgroups have distinct Mo isotope
compositions (Worsham and Walker, 2015). Our data provide sup-
port for the first of these statements, as all of the meteorites from
the main group and sLL and sLM subgroups that were analysed
here exhibit consistent Mo isotope data. However, since the report-
edly anomalous sHH and sHL subgroups were not sampled for this
study, no additional evidence is available for the latter observation.

It is also well documented that the neighbouring elements Mo
and Ru have correlated s-process deficits (e.g., Dauphas et al,
2004; Fischer-Godde et al., 2015). Using the Ru data of Chen et
al. (2010) and the Mo data from this study, a linear regression of
€1%Ru vs. £92Mog/6) yields a slope of —0.44 £ 0.06 (Fig. 2). This
result is in agreement with the predicted slope of —0.44, as calcu-
lated from the s-process abundances of Mo and Ru for SiC grains
(Dauphas et al., 2004). Furthermore, Burkhardt et al. (2011) ob-
tained a slope of —0.46 + 0.06 for irons, main group pallasites,
and ordinary and CV chondrites, when plotting the same Ru data
with their own &£%2Mo results. A similar but slightly less precise
slope of —0.51 £ 0.15 is obtained when &%2Moss is combined
with the more recent Ru isotope data of Fischer-Godde et al. (2015)
(see Supplementary Material). Therefore, our new Mo results con-
cur with the previously reported correlation of Ru and Mo isotopes
in iron meteorites.

Previous work also posited that mass-independent Mo isotope
anomalies can arise in iron meteorites as a result of exposure to
galactic cosmic rays (Worsham et al., 2015), and/or nuclear vol-
ume field shifts (Fujii et al., 2006). Detailed examinations of these
processes, as documented in the Supplementary Material, demon-
strate that such effects will have no or only minimal impact on
the Mo isotope compositions determined in this study. In addition,
positive 8971\/[0(8 /6) anomalies may, in principle, arise from radioac-
tive decay of extinct 9Tc (ti; ~ 3.8 Myr) to 9’Mo. However,
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article.)

Dauphas et al. (2002) and Burkhardt et al. (2011) showed that any
such contributions are also likely to be insignificant.

4.2. Molybdenum heterogeneity of the solar nebula

While the measured Mo isotope compositions closely approx-
imate the s-process deficit models of Fig. 1, the data do not fit
the predictions perfectly - there are minor but significant discrep-
ancies. This is most noticeable for the %Mo/ Mo normalisation:
while the 1ICs have the highest £'%Mo/5, values, they do not
have the highest 8921\/[0(7/5), as would be expected if the patterns
of all groups are dominated by pure s-process deficits. Instead,
groups IC, IIAB, IIE, IlIAB, IIIE and IVA have higher £%2Mo(7/s) than
groups IIC, IlIF and IVB, and the opposite is true for £'%Mo,s)
(Fig. 3).

Since 9’Mo and %°Mo have similar s- and r-process contri-
butions (of 59% and 55%, respectively, for the s-process), the
97Mo/>Mo ratio is not significantly affected by s-deficits. There-
fore, the discrepancies seen at £92Mo7/5, and ¢!°°Mo,s) (Fig. 3)
indicate variations in p- and r-process components - the IIC, IIIF
and IVB groups display excesses in r-process relative to p-process
components, whilst also showing excess overall abundances of p-
and r-nuclides relative to s-process isotopes.

These effects are further assessed in three-isotope plots of £/ Mo
vs. ¢lMo (Fig. 4). Also shown in these plots are lines represent-
ing mixing of terrestrial material with a p-process component, an
r-process component and a component with an s-process deficit
(orange, purple and green lines, respectively). Of particular sig-
nificance is that diagrams involving p-, s- and r-process nuclides
in either the plotted £!Mo values or the normalising ratio — for
example, £'%Mo7/5, vs. €92Mo(7/5, (Fig. 4a) and £%Mos) vs.
8941\/[0(7/5) (Fig. 4b) - indicate the iron meteorite groups fall into
the same two distinct suites. In these diagrams, groups IIC, IIIF and
IVB plot between the s-deficit and r-excess mixing lines, whereas
the IC, IIAB, IIE, IIIAB, IIIE and IVA groups plot around the s-
deficit mixing lines. Crucially, where the /Mo vs. Mo diagrams
involve only s- and r-process isotopes, no such distinction is ob-
served (Fig. 4c-d). Here, all groups from both suites plot around
the s-deficit mixing lines, which are equivalent to r-excess lines,
as the mixing involves only two components, s- and r-process nu-
clides. This provides further evidence that variations in p- and/or
r-process components create the two suites, and the observed nu-
cleosynthetic anomalies in groups IIC, IIIF and IVB are not a conse-
quence of pure s-deficits. For simplicity, the pure s-deficit suite of
iron meteorites (groups IC, IIAB, IIE, IIIAB, IIIE and IVA) is denoted
as the r=p suite in the following, while the second suite with an
excess of r- relative to p-process nuclides (IIC, IIIF and IVB), is de-
noted as the r>p suite.

The same offset from pure s-process deficits, and the separation
into the two suites, is also found for results obtained with normal-
isation to %®Mo/?®Mo (Fig. 5). In this case, however, the two suites
are less well resolved because the s-process contributions to 6 Mo
and %Mo differ more (at 76% and 100%, respectively) than for the
97Mo-9>Mo couple. As a result, the s-deficit and r-excess mixing
lines of Fig. 5 are closer together in £!Mo vs. e!Mo space and the
compositions of the two suites are less distinct.

Significantly, it appears the Mo isotope differences between the
suites cannot be explained by variations in s-process nucleosyn-
thesis. Different models of s-process production are used to calcu-
late the mixing lines of Fig. 4 and Fig. 5 (Arlandini et al., 1999;
Bisterzo et al., 2011, 2014). These models take into account differ-
ent sensitivities to branching during stellar evolution and associ-
ated uncertainties (e.g., the 3C(«, n) and 22Ne(«, n) reactions), yet
they produce only a small range of Mo isotope compositions and
the associated s-deficit mixing lines plot close together in Fig. 4
and Fig. 5. In plots that incorporate p-, s-, and r-process isotopes
such that the divergence into two suites is apparent (i.e., Fig. 4a-b
and Fig. 5a), the r=p suite overlaps with the different s-process
mixing trends whilst the r>p suite plots well away. This indicates
that variations in s-process contributions, which arise from differ-
ent stellar evolutions, are unlikely to be responsible for the ob-
served diversity of Mo isotope compositions.

Our observation of divergence into two suites is in accord with
similar dichotomy observed between meteorite groups for Cr, Ni
and Ti isotope anomalies (e.g., Steele et al., 2012; Warren, 2011).
Moreover, our data are in excellent agreement with the suggestion
of Budde et al. (2016) that two distinct Mo isotope reservoirs co-
existed in the early solar nebula. These workers argue that the Mo
isotope compositions of bulk carbonaceous chondrites, iron me-
teorites groups IID, IIIF, IVB, the Eagle Station pallasite, and the
Tafassasset achondrite record an overall s-process deficit but also



G.M. Poole et al. / Earth and Planetary Science Letters 473 (2017) 215-226

221

1 I I 1 1
(a)

151 { y 0.0
1o} _%kﬁ . ~0.4
S % 2
s | 2
e g

05 | A . -0.8

0.0 Lo > 1.2

p’ 1 n 1 1
-0.2 0.0 0.2 0.4 0.6 0.8
892M0(7/5)
1 1 I
/
(c) 1.5
0.0
— 7 |
/
1.0
- 1 @
S / S
S -02} / .
w "w
}/ﬂ/}* 0.5
/
vd
-04 } / .
/ 0.0
|/
1 n | " L "
-1.2 -0.8 -0.4 0.0
€%Mo ;5

i 1 @ a8
mIC
i A 1IAB
@ IC
1 1 1
0.0 0.2 0.4 0.6 ¢ IlE
e**Mog ® 1IAB
O ' A lIICD
B \ d)
\ @1 e me
h < @ IIF
V\ W VA
i 1 i
+\ —%— A IVB
\
| . ]
\
B \ ]
L
\ ]
\
N\ 4
L
\
1 1 \
-0.4 -0.2 0.0
£%®Mo5)

Fig. 4. Plots of £!Mo vs. e/ Mo, normalised to 97 Mo/°>Mo, for iron meteorite data. Shown are group means with 2se uncertainties. Theoretical p-excess, r-excess and s-deficit
mixing lines (orange, purple and solid green lines, respectively), calculated using the nucleosynthetic s-process production model of Arlandini et al. (1999), are also shown.
For comparison, s-deficit mixing lines using the models of Bisterzo et al. (2011) (dashed green line) and Bisterzo et al. (2014) (dotted-dashed green line) are shown in
addition. In (a) and (b), the data fall into two suites: the r=p suite of groups IC, 1IAB, IIE, IIIAB, IIIE and IVA plots around the s-deficit mixing lines, whilst the r>p suite of
groups IIC, IIIF and IVB plots between the r-excess and s-deficit mixing lines. In (c) and (d), the separate suites are not discernible as only s- and r-process isotopes are
involved in the diagrams. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

require the presence of an additional r-process component, which
they suggest may be CAl-like material. They furthermore posit
that enstatite and ordinary chondrites, angrites, main group pal-
lasites and iron meteorite groups IAB, IIAB, IIE, IIIAB, IIICD, IIIE
and IVA are in accord with a variable pure s-process deficit with
no involvement of additional material. Integration of published
chondrite data with our new iron meteorite results reveals simi-
lar groupings (Fig. 6). A best-fit line for the ordinary and enstatite
chondrites and our r=p suite (solid line) is thereby distinct from the
best-fit line for carbonaceous chondrites and r>p suite iron mete-
orites (dashed line). These groupings, referred to as carbonaceous
and non-carbonaceous meteorites by Budde et al. (2016), are sug-
gestive of genetic links between the particular chondrite and iron
meteorite groups.

The more precise Mo isotope data of this study enable the two
distinct iron meteorite groupings to be resolved with more confi-
dence than was previously possible (see Supplementary Material).

In addition, the results indicate that the Mo isotope compositions
of iron meteorites (and, by inference chondrites) do not solely re-
flect a deficit of s-process nuclides relative to the Earth, but also
record uncorrelated excesses in p- and r-process components.

4.3. Origin of isotopic heterogeneity

Our current understanding of solar system formation posits
large-scale mixing and transport of material in the solar nebula,
which entails, over time, the progressive homogenisation of iso-
topically diverse components. While the solar system is well mixed
relative to the large intrinsic anomalies seen at the grain-size level
(e.g., presolar grains in primitive meteorites), the existence of small
but significant planetary-wide isotope anomalies (of about 10 to
100 ppm) for Mo and other elements shows the solar nebula was
not completely homogenised at the time of parent body formation.
A number of scenarios have been proposed to explain the origin
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of these isotopic heterogeneities and the correlated or distinct be-
haviour that is exhibited by various elements.

The traditional explanation for the presence of nucleosynthetic
isotope anomalies in bulk meteorites calls for a “cosmic chemi-
cal memory”, in which heterogeneities still pertained at the time
of parent body formation because the homogenisation of the neb-
ula was not yet complete (Clayton, 1982; Dauphas et al., 2002).
Some studies, however, developed an alternative model, whereby
the solar nebula was initially homogeneous but received a late in-
jection of isotopically anomalous material to impart heterogeneity
during the period when early solids formed (e.g., Qin et al.,, 2011;
Trinquier et al., 2007). Such a late injection of s-process rich mate-
rial can, in principle, account for the Mo isotope anomalies ob-

served here in iron meteorites and could also explain why the
IAB/IIICD complex has a Mo isotope composition identical to Earth.
The IAB/IIICD meteorites have relatively young ages in comparison
to other irons (Markowski et al., 2006), giving the injected mate-
rial more time to homogenise prior to parent body accretion. Late
injection, however, cannot account for the Mo isotope composi-
tions of chondrites, which accreted later than the IAB/IIICD irons
but exhibit larger anomalies, sometimes even larger than the early
accreted irons (Burkhardt et al, 2011). A further significant ob-
stacle to the late injection model is provided by the bulk-rock Zr
isotope data of Akram et al. (2015), which indicate heterogeneous
distribution of different s-process phases derived from multiple
stellar sources. These workers demonstrate that this is unlikely to
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be a consequence of late injection of material from multiple stellar
sources as the solar system is rather well mixed to a first order.

Consequently, it is becoming increasingly apparent that an al-
ternative mechanism is required to explain the isotopic hetero-
geneity observed for many different elements and isotope systems.
A consensus is thereby starting to develop, with more localised
processes, either in the solar nebula or on parent bodies, being re-
sponsible for the isotopic anomalies of bulk meteorites.

One such model is the physical sorting of different dust grain
types, which carry distinct isotopic signatures. Regelous et al.
(2008) argue that Ni isotope anomalies reflect physical sorting
of different phases (silicates, sulphides and metals) within the
solar nebula. Subsequent localised and preferential removal or
enrichment of distinct phases will thus produce isotopic varia-
tions in the remaining material, from which the meteorite parent
bodies formed. Similarly, grain-size sorting has been posited as
a mechanism for selectively excluding or enriching certain host
phases, to create distinct isotope compositions in the solar neb-
ula (Dauphas et al., 2010). However, the relationships between the
isotope effects observed for Mo, Zr, Ti and Cr call this model into
question. It was demonstrated that s-process deficits in Mo iso-
topes correlate with those reported for Zr (Akram et al, 2015).
Furthermore, %6Zr excesses in bulk meteorites vary proportion-
ately with excesses in the neutron-rich isotope °°Ti, which in
turn correlate with excesses in >4Cr (Schonbichler et al., 2011;
Trinquier et al., 2009). It has been suggested that the anomalies
in >4Cr are caused by the heterogeneous distribution of nm-sized
spinels from grain-size sorting in strong stellar winds during solar
system formation (Dauphas et al., 2010). However, such spinels are
low in Ti and hence cannot be responsible for the *°Ti excesses
(Qin et al.,, 2011). Given that the stellar winds, which may have
sorted spinels, are very unlikely to have had the exact same in-
teraction with the °°Ti host phase(s), it appears unlikely that the
isotope anomalies of Ti are generated by grain-size sorting (Akram
et al., 2015). Therefore, an alternative mechanism is required to ac-
count for the observed relationship between the correlated Mo-Zr
and Cr-Ti isotope anomalies.

Yokoyama et al. (2011) suggest aqueous alteration on parent
bodies may have resulted in the selective modification and re-
distribution of isotopically anomalous presolar components. This
explanation, however, also appears to be at odds with the corre-
lated nature of the Mo and Zr isotope anomalies. Whilst Zr is an
immobile element, Mo is sensitive to oxidation and readily inter-
acts with fluids, thus allowing transport and redistribution (Akram
et al., 2015). Alteration should hence result in a decoupling of Mo
and Zr isotopes, yet this is not observed. Consequently, any alter-
ation must have operated on a local scale only, without affecting
bulk rock compositions, and therefore cannot be responsible for
the Mo isotope anomalies observed in this study.

Increasingly, the most promising models for producing the ob-
served isotopic variations in bulk meteorites invoke the destruction
of thermally unstable presolar components in the nebula. For in-
stance, Trinquier et al. (2009) report correlated mass-independent
variations of €46Ti and &°°Ti, even though these isotopes have
different nucleosynthetic origins. They argue the correlation sug-
gests the presolar dust inherited from the molecular cloud was
well mixed when the earliest solids formed in the solar nebula.
Subsequent thermal processing, however, resulted in the selective
destruction of thermally unstable and isotopically anomalous com-
ponents, thereby producing the planetary-scale isotopic variability
observed in bulk meteorites.

A similar mechanism has been proposed to explain the de-
coupled Mo and W isotope compositions of bulk meteorites and
their acid leachates (Burkhardt et al., 2012a, 2012b). Leachates of
Murchison show broadly correlated Mo and W isotope anomalies
associated with the variable distribution of s-process isotopes, and

this demonstrates that anomalous Mo and W are hosted in the
same carriers. However, such a correlation does not exist for bulk
meteorites, as IIAB, IIIAB and IVA iron meteorites have W isotope
compositions indistinguishable from the terrestrial value (after cor-
rection for radiogenic and cosmogenic effects), in contrast to the
Mo isotope data presented here (e.g., Qin et al., 2008). Fundamen-
tal to the thermal processing model of Burkhardt et al. (2012b)
is the observation that elements characterised by isotopic homo-
geneity (e.g., Hf, W, Os) are all highly refractory with 50% conden-
sation temperatures of Tcsg &2 1700-1800 K, whereas elements that
display bulk-meteorite isotopic heterogeneities are slightly less re-
fractory with somewhat lower condensation temperatures (e.g.,
Tcso = 1587 K for Mo; Lodders, 2003). This can explain why the
Mo and W isotope anomalies are decoupled at the bulk meteorite
scale - under oxidising conditions Mo is much more volatile than
W and is preferentially removed from the nebular dust by evapo-
ration. This modifies the Mo isotope composition of the processed
dust whilst W isotopes are largely unaffected.

However, such reasoning encounters difficulty with the ob-
served Zr isotope heterogeneity. With a 50% condensation temper-
ature of 1736 K, Zr is more refractory than Hf (Tcso = 1676 K) and
closely resembles W (Tcsg = 1790 K) (Lodders, 2003). Therefore,
volatility cannot be the only factor that determines whether an
element displays nucleosynthetic isotope anomalies from thermal
processing. An alternative model proposes the most likely cause is
the decoupling of ‘light’ (Z < 56) and ‘heavy’ (Z > 56) r-process
nuclides (e.g., Akram et al., 2013; Wasserburg et al., 1996), which
are believed to originate from different nucleosynthetic produc-
tion sites. The heavy r-process isotopes are formed by the main
r-process, with the preferred stellar site of neutron star mergers
(Tsujimoto and Shigeyama, 2014). Conversely, the light r-process
isotopes are thought to be produced predominantly by the weak
r-process and charged particle reactions (CPRs) in Type II super-
novae and their neutrino driven winds (Wanajo, 2013), with only
small contributions from the main r-process.

Most elements with observed s- or r-process isotope hetero-
geneity in bulk meteorites have Z < 56 (Mo, Ba, Ca, Cr, Ni, Ru, Ti
and Zr), whilst those with homogeneous isotope compositions fea-
ture Z > 56 (Hf, Os, Pt). However, recent studies of Nd (Z = 60)
isotopes in meteorites revealed s-deficit anomalies, which corre-
late with those of Mo (Burkhardt et al., 2016; Render et al., 2017).
While further investigations are desirable, the Nd data casts sig-
nificant doubt on models proposing that light and heavy r-process
isotopes have distinct isotopic signatures due to different produc-
tion sites. In this context, it is noteworthy that some W (Z = 74)
isotope studies reported small deficits of 34W for IVB irons (e.g.,
Qin et al., 2008), although these anomalies of ~10 ppm are barely
resolvable and several other investigations were unable to identify
W isotope anomalies in bulk meteorites (e.g., Kleine et al., 2004).

As a consequence of these discrepancies, no single model is
currently able to account for the numerous isotopic observations
and explain why particular elements host nucleosynthetic isotope
anomalies in bulk meteorites whilst others do not. Hence, it is
likely that the nucleosynthetic isotope signatures are determined
by a number of factors, including the mineralogy of the carrier
phases, the distinct physical and chemical properties of the ele-
ments, and the timing and location at which the elements were
affected by processes, such as grain sorting or heating and evapo-
ration, in the early solar nebula (e.g., Burkhardt et al., 2016).

4.4. Updated thermal processing model based on Mo isotopes

In the context of thermal processing models, the s-process Mo
isotope deficits observed for iron meteorites in this study are pro-
duced by the thermal destruction of unstable phases, which host
r- and p-process nuclides. In the following, a modified thermal
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processing model is presented, which specifically accounts for the
observation of uncorrelated p- and r-process Mo isotope anoma-
lies. In particular, the data reveal that iron meteorites of the r=p
suite are characterised by ‘pure’ s-process deficits (i.e., correlated
p- and r-excesses) coupled with relatively small s-deficits, in com-
parison to the terrestrial composition. In contrast, parent bodies
of the r>p suite exhibit larger s-process deficits (relative to Earth)
coupled with uncorrelated p- and r-excesses. The two suites are
located in the ‘r=p region’ and ‘r>p region’, respectively, and the
position of these regions in relation to the Sun is important due
to the different thermal susceptibilities of the r- and p-process
host phases. These regions can be considered equivalent to the
non-carbonaceous and carbonaceous reservoirs identified by Budde
et al. (2016). Those authors argue that meteorites of both reser-
voirs exhibit overall deficits in s-process nuclides, but only the
carbonaceous reservoir (r>p region) features an additional excess of
r-process material, which is superimposed on the s-deficits. Given
the constraints posed by various other elements, it is reasonable
to conclude that this excess of r-process component, as well as
the overall s-deficits, arise from thermal processing of solar neb-
ula material. Further details of the model and its justification are
outlined below.

The solar nebula was initially isotopically homogeneous, as sup-
ported by the homogeneity observed for elements such as Hf and
Os. Subsequent thermal processing of solar nebula dust then pref-
erentially vaporised and removed Mo present in p- and r-process
host phases, and the gas was separated from the dust prior to
complete re-condensation. This could occur, for instance, when su-
pernovae ejecta with highly anomalous p- and r-process material
were first deposited as coatings on pre-existing grains in the inter-
stellar medium (ISM) and then subsequently lost during re-heating
(e.g., Dauphas et al., 2010). As a consequence, the residual dust,
which accreted to form meteorite parent bodies and planets, had a
relative excess of s-process isotopes and the extent of this excess is
expected to vary with radial distance from the Sun. Material from
the inner solar system experienced more heating and evaporation,
due to the proximity of the Sun, and should thus have a greater
proportion of s-process isotopes in comparison to dust that was
processed in the cooler outer regions of the solar nebula.

In the context of this model, the new Mo isotope data sug-
gest that the IIC parent body formed furthest from the Sun, whilst
the IAB/IIICD parent body accreted close to the Earth, with other
iron meteorite parent bodies forming at intermediate distances.
This inference is further supported by published Mo data for chon-
drites (Burkhardt et al., 2014, 2011). These workers observed larger
deficits of s-process Mo isotopes for carbonaceous chondrites than
for ordinary and enstatite chondrites (Fig. 6), in agreement with
the well-supported conclusion that the parent bodies of the for-
mer meteorites accreted at a greater distance from the Sun than
the latter (Chambers, 2006). Furthermore, enstatite chondrites are
thought to have formed closer to the Sun than ordinary chondrites
(Chambers, 2006), in accord with the observation that the former
have more Earth-like Mo isotope compositions (with smaller s-
deficits) than ordinary chondrites.

Significantly, independent findings also suggest that the di-
vergence of the iron meteorite data into two suites, as a re-
sult of abundance variations in p- vs. r-process Mo isotopes, is
in accord with thermal processing of early solar system mate-
rial. Whilst p- and r-process Mo isotopes are both thought to
form during explosive nucleosynthesis, they are not expected to
originate entirely from the same stellar sites. In detail, p-process
Mo is thought to form in both Type Ia and Type II supernovae,
while the r-process isotopes are primarily produced by the weak r-
process and CPRs in Type II supernovae (e.g., Travaglio et al., 2011;
Wanajo, 2013). Phases that formed in Type II supernovae, which
host both p- and r-process Mo, are therefore expected to have very

similar susceptibilities to thermal processing, but the p-process
components from Type Ia supernovae likely have distinct proper-
ties.

Meteorite parent bodies of the r=p suite have ‘pure’ s-process
deficits, which indicates that the r- and p- process host phases
had similar susceptibilities to thermal processing in the relatively
hot r=p region close to the Sun. At greater heliocentric distances in
the r>p region, the thermal processing of dust was less intense, as
revealed by larger s-process deficits relative to the terrestrial com-
position. The literature chondrite data provide further support for
this interpretation. In particular, the observation that carbonaceous
chondrites cluster with the r>p suite of irons whilst the ordinary
and enstatite chondrites group with the r=p suite (Fig. 6) concurs
with the conclusion that the former meteorites formed at a greater
distance from the Sun than the latter (Chambers, 2006).

In addition to the overall s-deficits, iron meteorites of the r>p
suite display an excess of r-process components relative to p-
process isotopes. This suggests that p-process host phases were
more susceptible to thermal processing than the r-process carri-
ers in the cooler r>p region. Such an observation is in line with
the prediction that Type Ia supernova dust is more fine-grained
than the ejecta of Type II supernovae (Meyer and Clayton, 2015;
Yu et al,, 2013). At greater heliocentric distances, where thermal
processing is reduced, the smaller grain size of Type la supernova
dust may thus have resulted in preferential evaporation and loss of
p-process isotopes, producing the uncorrelated p- and r-excesses
(relative to Earth) seen in the r>p region.

In summary, the updated thermal processing model is able to
successfully relate both the variable deficits of s-process Mo iso-
topes and effects observed between r- and p-process components
with the extent of thermal processing, and thereby with heliocen-
tric distance.

5. Conclusions

New Mo isotope analyses of iron meteorites were carried out
and these cover the broadest range of samples studied to date,
with results that show improved precision in comparison to previ-
ous investigations. The results provide clear evidence for variable
planetary-scale deficits in s-process nuclides, which indicate that
the solar nebula was not isotopically homogeneous at the time of
iron meteorite parent body formation. Analyses of the previously
unstudied IIC group reveal the most anomalous Mo isotope compo-
sitions yet determined for irons, suggesting that it may be fruitful
to explore further rare and ungrouped samples. Conversely, non-
magmatic IAB/IIICD complex iron meteorites display terrestrial Mo
isotope compositions, with all other irons showing intermediate
values.

The improved precision afforded by this study enabled the
identification of two isotopically distinct suites of iron meteorites.
The r=p suite, which includes groups IC, IIAB, IIE, IIIAB, IIIE and
IVA, exhibits only small deficits in s-process isotopes relative to the
Earth, coupled with ‘pure’ s-deficits due to correlated excesses of
p- and r-process components. In contrast, the r>p suite, encompass-
ing groups IIC, IIIF and IVB, displays larger overall s-process deficits
relative to the terrestrial composition, coupled with excesses in r-
process relative to p-process components.

Comparison of the new Mo data with results for other elements
(Ba, Cr, Hf, Nd, Ni, Os, Ru, Ti, W, Zr) suggests the most likely cause
of the Mo isotope variability is thermal processing of material in
the solar nebula, with associated selective destruction of unstable
presolar phases. An updated model is presented for this process, in
which both the magnitude of the s-process Mo isotope deficits and
the correlated vs. uncorrelated nature of r- and p-process isotope
abundances are determined by the extent of thermal processing
and governed primarily by heliocentric distance. The r=p suite of
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iron meteorite parent bodies formed closer to the Sun (and hence
in proximity to the Earth), thereby experiencing strong thermal
processing to exhibit small s-process deficits relative to the ter-
restrial composition. In contrast, the r>p suite formed in the cooler
outer solar nebula, where more subtle thermal processing removed
a smaller proportion of p- and r-process host phases, generat-
ing larger s-process deficits relative to the Earth. In addition, the
less intense temperatures enabled selective destruction of p- ver-
sus r-process carrier phases, producing the observed uncorrelated
abundances of r- and p-process Mo isotopes.
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