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Abstract

Nucleosynthetic isotope anomalies in bulk chondrites and differentiated meteorites reflect variable proportions of isotopi-
cally diverse presolar components in bulk planetary bodies, but the origin of these heterogeneities is not well understood.
Here, the Ru isotope composition of a comprehensive suite of iron meteorites and bulk samples of ordinary, enstatite and
carbonaceous chondrites, as well as acid leachates and an insoluble residue of the Allende chondrite are examined using newly
developed multi-collector inductively coupled plasma mass spectrometry techniques. Except for IAB iron meteorites and
enstatite chondrites, all investigated meteorites show well-resolved Ru isotope anomalies. Of these, within-group Ru isotopic
variations observed for samples from a given chemical group of iron meteorites reflect secondary neutron capture induced Ru
isotope shifts during prolonged cosmic ray-exposure. After correction of these cosmogenic effects using Pt isotopes as a
neutron-dose monitor, the remaining Ru isotope anomalies are nucleosynthetic in nature and are consistent with a deficit
in s-process Ru in iron meteorite parent bodies. Similarly, Ru isotope anomalies in bulk ordinary and carbonaceous chon-
drites also reflect a deficiency in s-process Ru. The sequential dissolution of Allende reveals the presence of an HF-soluble
s-process carrier, which is either an unidentified presolar phase or a component that incorporated s-process Ru liberated from
SiC grains during nebular or parent body processes. We show that varying proportions of the s-process carrier identified in
Allende resulted in the correlated Ru isotope anomalies observed for bulk meteorites, and that all meteorites (except possibly
IAB irons and enstatite chondrites) are depleted in this s-process component relative to Ru from the Earth’s mantle. Bulk
meteorites exhibit correlated Ru and Mo isotope anomalies, reflecting variable deficits of a common s-process component,
but some iron meteorites and carbonaceous chondrites appear to deviate from this correlation. This may reflect unaccounted
cosmic effects on Mo isotopes in iron meteorites, sample heterogeneities in carbonaceous chondrites or nebular and parent
body processes acting differently on presolar Mo and Ru components.

The identification of s-deficits in Ru isotopes in almost all iron meteorites and chondrites investigated so far implies that
meteorites do not seem to represent the material delivered to the Earth’s mantle as a late veneer after cessation of core for-
mation. However, additional analyses of a more comprehensive set of chondrites are necessary to firmly arrive at this
conclusion.
� 2015 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The presence of nucleosynthetic isotope anomalies in
bulk meteorites indicates that varying proportions of iso-
topically diverse presolar components have been incorpo-
rated into early-formed planetary bodies. A variety of
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processes have been proposed to account for this
planetary-scale isotopic heterogeneity. For instance, the
isotope anomalies could reflect an initial heterogeneity in
the distribution of presolar carrier phases in the early solar
nebula, which may have arisen through the incomplete
admixture of material injected from a nearby supernova
(Trinquier et al., 2007; Dauphas et al., 2010; Qin et al.,
2011; Steele et al., 2011). Varying proportions of
Ca-Al-rich inclusions (CAI)—most of which are character-
ized by excesses or depletions in r-process nuclides
(Brennecka et al., 2013)—among primitive meteorites
(Leya et al., 2008; Akram et al., 2015) and the sorting of
isotopically distinct dust grains according to their size or
type (Regelous et al., 2008; Dauphas et al., 2010) may have
also played a role. Some isotope anomalies in bulk mete-
orites may also be the result of nebular processes that led
to unmixing of presolar components from an isotopically
homogeneous dust reservoir (Trinquier et al., 2009;
Burkhardt et al., 2012a). Thus, understanding the origin
of the isotopic anomalies in bulk materials may help to con-
strain the efficiency of mixing in the early solar system and
to assess the nebular processes affecting solid material con-
tributing to the formation of planetesimals and planets. As
such the isotopic anomalies in bulk meteorites may also be
used to infer genetic relationships among different mete-
orites and between meteorites and the Earth (Dauphas
et al., 2002a; Regelous et al., 2008; Burkhardt et al., 2011).

Iron meteorites and some chondrites display correlated
Ru and Mo isotope anomalies consistent with the expected
variations for the heterogeneous distribution of a presolar
s-process carrier in the solar protoplanetary disk
(Dauphas et al., 2004; Chen et al., 2010; Burkhardt et al.,
2011). However, for some other elements such as Os, s-pro-
cess matter seems to be homogeneously distributed among
meteorites and the Earth (Brandon et al., 2005; Yokoyama
et al., 2007, 2010; Walker, 2012). Of note, acid leachates
and residues of primitive chondrites show large internal
Os isotope variations (Reisberg et al., 2009; Yokoyama
et al., 2010), and so the uniform and terrestrial Os isotope
composition observed for meteorites indicates efficient mix-
ing and homogenization of the distinct carriers of s- and
r-process Os nuclides. Furthermore, the co-variation of
Mo and W isotope anomalies in acid leachates and residues
of the primitive chondrite Murchison suggest that bulk
meteorites, given their large Mo isotope anomalies
(Burkhardt et al., 2011), should also show significant nucle-
osynthetic W isotope anomalies (Burkhardt et al., 2012a,b).
This is not observed, however, and bulk meteorites are
characterized by only small if any nucleosynthetic W iso-
tope anomalies (e.g., Qin et al., 2008; Kruijer et al.,
2012). This observation led Burkhardt et al. (2012a) to sug-
gest that thermal processing of presolar dust grains resulted
in the release and partial loss of s-process Mo, causing the
observed s-deficit in bulk meteorites, while W (and Os) were
not or only slightly affected. The conditions under which
such processing would have occurred, which meteorite
groups were most affected, and how this thermal processing
would have affected the combined Ru and Mo isotope
systematics is unclear, however.
To address these issues and elucidate the dominant pro-
cesses responsible for the generation of nucleosynthetic iso-
tope anomalies in bulk meteorites, the study of Ru isotopes
in meteorites is useful. Ruthenium has seven stable iso-
topes, with two isotopes produced via the p-process
(96Ru, 98Ru), one produced in the s-process (100Ru), one
in the r-process (104Ru), and three produced by both the
s- and r-processes (99Ru, 101Ru and 102Ru). These diverse
nucleosynthetic origins of distinct Ru isotopes permit
unequivocal identification and discrimination of p-, r-,
and s-process anomalies, which is important for assessing
the nature of the presolar component(s) causing isotope
anomalies at the bulk meteorite scale. Chen et al. (2010)
reported the first clear evidence for nucleosynthetic Ru iso-
tope anomalies in bulk meteorites, which seem to be abun-
dant particularly in iron meteorites. In this study, we
developed new techniques for precise Ru isotope analyses
by multi-collector inductively coupled plasma mass spec-
trometry (MC-ICPMS) and measured Ru isotopes in a
comprehensive suite of iron meteorites and chondrites, as
well as acid leachates and an insoluble residue from the
Allende CV3 chondrite. We use these data to identify some
of the nucleosynthetic Ru isotope components present in
primitive meteorites and to assess whether any of these
components is heterogeneously distributed at the bulk
meteorite scale. We also assess whether all the Ru isotope
anomalies are attributable to nucleosynthetic hetero-
geneities at the bulk meteorite scale or if some also reflect
secondary modifications, such as cosmic ray-induced effects
in iron meteorites or incomplete digestion of presolar grains
in primitive chondrites (Brandon et al., 2005; Yokoyama
et al., 2007). Finally, as a highly siderophile element, the
bulk Ru in the Earth’s mantle is generally thought to derive
from the late veneer of primitive material added to the man-
tle after core formation was complete (e.g., Kimura et al.,
1974; Chou, 1978). The comparison of the Ru isotope com-
positions of meteorites to that of the Earth might, there-
fore, place important constraints on the origin of the
material constituting the late veneer.

2. SAMPLES AND ANALYTICAL METHODS

A total of 29 iron meteorites, covering the major iron
groups (IAB, IIAB, IID, IIIAB, IVA, IVB), five ordinary
chondrites, two enstatite chondrites, three carbonaceous
chondrites (Allende, Gujba, Murchison), the primitive
achondrite Tafassasset, and a terrestrial chromitite from
the Shetland Ophiolite Complex in Scotland were analyzed
for this study. Moreover, the Ru isotope compositions of
five acid leachates and one acid insoluble residue from the
Allende CV3 chondrite were analyzed. To assess the accu-
racy and reproducibility of the Ru isotope measurements,
we also analyzed several aliquots of the NIST SRM 129c
and 361 steels, the UB-N peridotite and two terrestrial
basalt standards (BCR-2, BHVO-2), all doped with Ru
from an Alfa Aesar standard solution. The amount of
doped Ru added to the standard materials was adjusted
to match the sample weights and Ru concentrations of
the analyzed meteorites.
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2.1. Sample preparation and decomposition

Iron meteorite samples (0.05–0.5 g) were received as
small chips or were cut from larger pieces. Care was taken
to exclude all obviously weathered material as well as
fusion crust. For Gujba individual metal chondrules were
removed by handpicking from a disaggregated sample
and for Tafassasset a metal fraction was obtained from a
grain size separate using a handmagnet. The metal surfaces
of the iron meteorites and the Gujba samples were cleaned
using abrasive paper and ethanol followed by leaching in
6 M HCl at 70 �C for 15 min on a hotplate. Iron meteorite
and chondrite metal samples, as well as the NIST 129c and
361 samples, were digested in Savillex beakers using a 2:1
mixture of concentrated HNO3 and concentrated HCl
(reverse aqua regia) at 130 �C for 12 h on a hot plate.

The chondrite samples were received as powders or as
chips free of visible saw marks. The chondrite chips were
carefully cleaned by ultrasonication in distilled water and
powdered in an agate mortar used exclusively for prepara-
tion of meteorites. The amount of sample used to prepare
the chondrite powders was 2–4 g for Allende A, ordinary
and enstatite chondrites, �100 g for Allende MS-A, and
�1 g for Murchison. The chondrite powders (0.4–0.6 g) as
well as doped powders of terrestrial rock standards
(UB-N, BCR-2, BHVO-2) were digested in reverse aqua

regia inside Carius tubes (CT) at 230 �C for 48 h (Shirey
and Walker, 1995). Five samples of Allende and one of
Murchison (and two doped UB-N samples) were dissolved
using an alkaline fusion (AF) technique, whereby �0.5 g of
sample powder was fluxed with �4 g of NaOH and �2 g of
Na2O2 in a furnace at sequentially increasing temperatures
from �325 to �625 �C (Morgan and Walker, 1989). After
cooling in a desiccator over night, the digestion cake was
dissolved in Milli-Q H2O and directly transferred to a
Savillex PFA distillation unit (see below).

In addition, �4 g of a homogeneous powder of the
Allende chondrite (MS-A) were treated with the following
sequential leaching procedure, which was adapted from
Reisberg et al. (2009):

L1: 50 ml acetic acid + 50 ml H2O, 1 day, 20 �C;
L2: 25 ml HNO3 + 50 ml H2O, 5 days, 20 �C;
L3: 30 ml HCl + 35 ml H2O, 1 day, 75 �C;
L4: 30 ml HF + 15 ml HCl + 15 ml H2O, 1 day, 75 �C;
L5: 10 ml HF + 10 ml HCl, 3 days, 150 �C;
L6: insoluble residue.

About half of each solution from leach steps L1-L5 was
transferred to a Savillex PFA distillation unit for the purifi-
cation of Ru (see below). An aliquot of the acid insoluble
residue was digested using an alkaline fusion technique as
described above.

2.2. Ion exchange chromatography and distillation of Ru

For the separation of Ru from the sample matrix two
different techniques were employed. For samples digested
in aqua regia, both inside Savillex vials or Carius tubes,
Ru together with other highly siderophile elements
(HSEs) was first separated by cation exchange chromatog-
raphy followed by further purification and separation of the
Ru from other HSEs through micro-distillation. The cation
exchange method was slightly modified from that described
in Fischer-Gödde et al. (2010, 2011). Instead of using a
HCl-acetone mixture, 0.2 M HCl was employed here for
the elution of Ru along with other HSE. After sample
digestion, the aqua regia solution was carefully evaporated
to near dryness at 80–100 �C on a hotplate, and was then
taken to near dryness twice with 2 ml 9 M HCl and once
with 1 ml 1 M HCl at slightly increased temperatures
(100–130 �C). The samples were then dissolved in 5–10 ml
0.2 M HCl and loaded onto cation exchange columns filled
with 10 ml of pre-cleaned BioRad AG50 W-X8 (100–200
mesh) resin, which has been equilibrated with 20 ml 0.2 M
HCl. After loading, Ru together with Re, Ir, Pt, Rh and
Pd were eluted in 14 ml 0.2 M HCl. The Ru yield from
the cation exchange column is �100%, but it is possible that
a small fraction of the sample Ru was lost prior to column
chemistry through volatilization from aqua regia during dry
down of the digestion solution.

For samples digested by alkaline fusion and for the acid
leachates and the insoluble residue of Allende, Ru was puri-
fied by distillation in a PFA distillation unit without prior
cation exchange separation. The same distillation unit was
also used for the purification of Ru from some iron mete-
orites, but this time after cation exchange chemistry.

2.2.1. Micro-distillation

The Ru cut from the cation column was dried down on
a hotplate, re-dissolved in one drop of concentrated HCl
and two drops of concentrated HNO3, loaded into the
lid of a conical 5 ml Savillex beaker and evaporated to
dryness at 80 �C. Ruthenium was distilled as RuO4 from
a H2SO4-CrO3 solution into a drop of HBr
(Roy-Barman, 1993). The drop of HBr containing the
Ru was evaporated to dryness, re-dissolved in a drop of
concentrated nitric acid and diluted to 0.28 M HNO3 for
analysis. Initially some of the Ru cuts contained signifi-
cant amounts of Cr after the micro-distillation, probably
derived from splashes of the H2SO4-CrO3 solution.
Careful and slow heating of the sample largely suppressed
the formation of such splashes. Tests with Cr-doped Ru
standard solutions show that the Ru isotope measure-
ments are not compromised by the presence of Cr, how-
ever, even if significant levels of Cr (Cr/Ru = 1) are
present in the analyzed sample solution (E-Annex,
Fig. EA1). Some samples also contained traces of Os after
the micro distillation step, but the presence of Os would
not affect the accuracy of the Ru isotope measurements
up to Os/Ru ratios of �2 (E-Annex, Fig. EA2).

Yield tests conducted with several Ru-doped reference
samples (UB-N, BCR-2, BHVO-2, NIST 129c, NIST 361)
show that the Ru yield for the entire procedure (sample
digestion + cation exchange + micro-distillation) varies
between �40% and �90%. The total procedural blank of
the analytical protocol including sample digestion, column
chemistry and micro-distillation is 69 ± 37 pg (1s.d.,
n = 4) and insignificant given the amount of Ru (>100 ng)
present in each of the investigated meteorite samples.
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2.2.2. PFA distillation unit

The distillation unit consists of 60 and 30 ml Savillex
vials, sealed with 33 mm impinger closures, and connected
with 1/800 PFA tubing. A peristaltic pump was attached to
the tube reaching into the 60 ml vial to generate a stream
of air through the unit. The Ru is trapped in the 30 ml vial
in a 3% H2O2 solution. In total four samples could be dis-
tilled in the unit at the same time. After the alkaline fusion,
the digestion cake was soaked in Milli-Q H2O and trans-
ferred to the 60 ml impinger PFA vials of the distillation
unit. The solution was carefully neutralized by stepwise
addition of 10–15 ml of a 1:1 H2SO4:H2O solution. After
the addition of 3.6 ml of an aqueous saturated CrO3 solu-
tion, the sample was distilled on a hotplate for 6 h at 70–
80 �C and RuO4 was trapped in 10 ml of a 3% H2O2 solu-
tion. The distillation was continued for 6 h at 80 �C using
a second beaker with 10 ml of 3% H2O2 trap solution.
Ruthenium from both distillation steps was combined if sig-
nificant amounts of Ru were still present in the second step.
The H2O2 solution was evaporated to dryness and the sam-
ple dissolved in 0.28 M HNO3 for analysis. The advantage
of using H2O2 as the RuO4 trap solution is that co-distilled
OsO4 from the sample is not reduced by H2O2 and hence
passes through the trap as a gas (Westland and Beamish,
1954). The same distillation technique was used for some
IIAB iron meteorites (Cinci, Holland Store, San
Francisco), a sample of Grant (IIIAB), and one NIST
129c steel. Note that these samples have been passed
through a cation exchange column prior to distillation.

The Ru yield from the distillation unit is 60–80% as
tested with pure Ru standard solutions without prior fusion.
For samples the yields might be slightly lower, because some
Ru may have volatilized during sample digestion using the
oxidizing alkaline fusion and because the sample matrix
might have suppressed the oxidation and tetroxide forma-
tion in the reaction vial during distillation. The total proce-
dural blank including sample decomposition by alkaline
fusion and Ru purification by distillation is 41 ± 17 pg
(1s.d., n = 3) and, hence, insignificant. One erratic high
blank of �2 ng Ru was observed, but even this blank is
insignificant given that more than �100 ng Ru were ana-
lyzed for each sample within the sample set of this blank.

2.3. Mass spectrometry

All Ru isotope measurements were performed using the
ThermoScientific Neptune Plus MC-ICPMS in the Institut
für Planetologie at the University of Münster. Samples were
dissolved in 0.28 M HNO3 and introduced into the mass
spectrometer at an uptake rate of 60–70 ll/min using an
ESI Microflow PFA nebulizer or a Glass Expansion
MicroMist borosilicate nebulizer attached to a Cetac
Aridus II desolvator. Initially an ESI Apex-Q was used as
the sample introduction system, but was replaced by an
Aridus II because of the lower oxide rates of the latter.
The measurements were typically performed with a total
ion beam intensity ranging from 7.5 � 10�11 to
4.4 � 10�10 A, which were obtained for �100 ppb Ru using
conventional Ni H-cones. For comparison some replicate
measurements of NIST 129c and meteorite samples were
also analyzed using an X-skimmer cone, which yields
improved sensitivity with ion beam intensities ranging from
3.2 � 10�10 to 4.8 � 10�10 A for �100 ppb Ru. Results
obtained for both cone designs are generally consistent
and no systematic bias was observed. However, using the
X-skimmer cone much higher oxide rates were occasionally
observed (10–15%, CeO/Ce) in comparison to the conven-
tional H-cones (<<1%). All Ru isotope measurements were,
therefore, conducted using conventional H-cones, given that
sufficient amounts of Ru were available for precise isotope
analysis. Only Ru from Allende leachates L1 and L6 was
analyzed in a 20 ppb solution using an X-skimmer cone.

The Ru isotope measurements were performed in static
mode and the seven stable Ru isotopes 96Ru 99Ru, 98Ru,
101Ru, 102Ru, and 104Ru as well as 97Mo and 105Pd were
monitored simultaneously. All masses were measured in
Faraday cups connected to amplifiers with 1011 X feedback
resistors, except for the interference monitors 97Mo and
105Pd, for which amplifiers connected to 1012 X resistors
were used. Each Ru isotope analysis consisted of an
on-peak baseline measurement on a solution blank for 40
times 8.4 s followed by 100 integrations of 8.4 s each of
the sample or standard solution. In case of the Allende lea-
chates L2-L5 the measurements consisted of 40–100 inte-
grations of 8.4 s on a 100 ppb solution and 50
integrations of 8.4 s on a 20 ppb solution for L1 and L6.
Each sample analysis was bracketed by measurements of
an in-house Ru solution standard (Alfa Aesar Ru), with
samples and standards being analyzed at similar ion beam
intensities that were matched to better than 20%. Mass bias
was corrected by internal normalization to
99Ru/101Ru = 0.7450754 (Chen et al., 2010) using the expo-
nential law. This normalization was used because there are
no significant isobaric interferences on both 99Ru and 101Ru
and because nucleosynthetic isotope variations result in
characteristic isotope patterns for this normalization
(Chen et al., 2010). The Ru isotope data are reported as
the part per 10,000 deviation from the mean value of the
bracketing standard runs as follows:

eiRu ¼ ½ðiRu=101RuÞsample=ðiRu=101RuÞstandard � 1� � 104:

Isobaric interferences from Mo and Pd can occur on sev-
eral Ru masses, and are most significant for 96Ru (5.54%)
and 98Ru (1.87%) because of their lower abundances com-
pared to 96Mo (16.68%) and 98Mo (24.13%). The accuracy
and robustness of the interference corrections were tested
by analyzing Ru standard solutions doped with various
amounts of Mo and Pd (E-Annex, Fig. EA3). The tests
demonstrate that the interference corrections are accurate
for Mo/Ru ratios up to 5 � 10�4 and for Pd/Ru ratios up
to 1 � 10�2. For most of the analyzed meteorite samples
much lower ratios were achieved, with Mo/Ru < 2 � 10�5

and Pd/Ru < 1 � 10�4, resulting in interference corrections
that were always <4 e-units for 98Ru (and much smaller for
all other isotope ratios). Because isobaric interferences from
96Zr (2.80 %) on 96Ru (5.54 %) could not be simultaneously
monitored during the measurements, the amount of Zr pre-
sent in the final Ru sample solutions was determined on a
small aliquot using a quadruple ICPMS (ThermoScientific
XSeries II), or in a pre-dilution on the MC-ICPMS before
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the Ru isotope analysis. None of the analyzed samples had
significant levels of Zr, limiting potential Zr interferences
on mass 96 to less than 0.1 e-units, i.e., well within the ana-
lytical uncertainty of the 96Ru measurements of ±0.45
e96Ru (see below).

3. RESULTS

3.1. Precision and accuracy of Ru isotope data

The accuracy and precision of the Ru isotope measure-
ments were evaluated by replicate digestions and multiple
analyses of different types of terrestrial reference materials,
doped with �500 to �2000 ng Ru from the same Alfa Aesar
solution standard used to bracket the Ru isotope measure-
ments of samples. The terrestrial materials included the
NIST 129c and 361 steels, peridotite UB-N and basalts
BCR-2 and BHVO-2. The doped samples were processed
through the whole purification procedure alongside each
set of meteorites. All doped standards yielded eiRu values
of �0, demonstrating that our analytical procedure leads
to accurate Ru isotope results. The external reproducibility
(2s.d.) of the Ru isotope analyses obtained for all processed
reference samples (including 84 individual measurements
from 18 digestions of 5 different reference samples) is
±0.45 e96Ru, ±0.52 e98Ru, ±0.13 e100Ru, ±0.15 e102Ru,
and ±0.31 e104Ru (Table 1). This is an improvement by a
factor of 2–5 compared to a previous Ru isotope study
employing N-TIMS (Chen et al., 2010), for a similar
amount of Ru consumed in a single analysis.

To further test our analytical method and to assess the
Ru isotope composition of the Earth’s mantle, we also ana-
lyzed a chromitite sample from the Shetland Ophiolite
Complex in Scotland (O’Driscoll et al., 2012). The chromi-
tites have high Ru concentrations of up to �20 ppm, mak-
ing it possible to determine the isotopic composition of
mantle-derived Ru more directly compared to the analysis
of Ru solution standards. Repeated analyses of the C3
chromitite (O’Driscoll et al., 2012) yielded eiRu �0, indicat-
ing that its Ru isotope composition is indistinguishable
from that of the Alfa Aesar Ru solution standard.
Moreover, the chromitite results provide further evidence
that our analytical procedure produces accurate results.

3.2. Allende leachates

The Ru isotope data for leachates and an insoluble resi-
due of Allende (Table 2) reveal large internal isotopic vari-
ations for e96Ru, e98Ru, e100Ru and e102Ru, well resolved
from the terrestrial Ru standard (Fig. 1). Leach steps L3,
L4 and L5 show Ru isotope patterns with negative anoma-
lies in e96Ru and e98Ru and positive anomalies in e100Ru
and e102Ru (Fig. 1). These patterns are similar to but of
much smaller magnitude than those observed for presolar
SiC grains, which are strongly enriched in s-process iso-
topes (Savina et al., 2004). The Ru isotope compositions
of leachates L3, L4 and L5, therefore, most likely indicate
excesses in s-process Ru nuclides relative to the terrestrial
Ru standard. The Ru isotope pattern of leachate L2 is com-
plimentary to those of leachates L3-5, and as such
attributable to an s-deficit. Leachate L1 and the insoluble
residue L6 exhibit less distinctive Ru isotope anomaly pat-
terns with well-resolved anomalies observed only for
e100Ru. In case of L6 this is surprising, because the insol-
uble residue should be strongly enriched in presolar phases
and would, therefore, be expected to display large nucle-
osynthetic isotope anomalies.

3.3. Iron meteorites and chondrites

Consistent with a previous study (Chen et al., 2010), we
find Ru isotope anomalies in most iron meteorites and
chondrites (Table 3). The bulk meteorites are characterized
by negative e100Ru and e102Ru values, and exhibit positive
albeit not well-resolved e96Ru and e98Ru values (Fig. 1).
Only the IAB iron meteorites and EL chondrites show no
resolved Ru isotopic anomalies. The Ru isotope patterns
of the bulk meteorites are similar to that of Allende lea-
chate L2, suggesting that the bulk meteorites are character-
ized by a deficit in s-process Ru nuclides. However, we
observe Ru isotope variations among samples from a given
chemical group of magmatic iron meteorites, and these are
unlikely to be nucleosynthetic in origin. This is because
samples from a given group probably formed by fractional
crystallization of a single, isotopically homogeneous metal-
lic melt. It is noteworthy that the largest within-group devi-
ations are observed for samples having long cosmic ray
exposure (CRE) times. For instance, Ainsworth (IIAB),
one of the most strongly irradiated iron meteorites
(Voshage and Feldmann, 1979), displays elevated e96Ru,
e100Ru, e102Ru and e104Ru values compared to the other
investigated IIAB irons (Table 3). Likewise, the e100Ru of
Carbo (IID), another strongly irradiated sample with ample
evidence for strong irradiation effects, is higher than that of
Rodeo, which is an only weakly irradiated IID iron
(Table 3). These observations suggest that the
within-group Ru isotope variations are caused by different
CRE times. Note that the magnitude of cosmogenic effects
in iron meteorites depends on several factors such as the
duration of CRE and the location of a sample within the
meteoroid. Consequently, neutron capture effects could
vary for different samples of a given chemical group of iron
meteorites, making it a likely process to generate the
observed within-group Ru isotope variations.

The Ru isotopic data for the meteorites investigated in
the present study show no evidence for radiogenic 98Ru
variations, which could potentially derive from the decay
of short-lived 98Tc. The lack of any resolvable radiogenic
98Ru anomalies is consistent with results of previous studies
and either reflects a low initial 98Tc abundance of the solar
system or is the result of limited Tc/Ru fractionations in
bulk meteorites (Becker et al., 2002; Becker and Walker,
2003).

4. DISCUSSION

4.1. Meaning of the Ru isotopic anomalies

All the Ru isotope data are expressed as relative devia-
tions from the isotopic composition measured for an Alfa



Table 1
Ruthenium isotope composition of Ru-doped reference samples.

Sample Na e96Rub e98Rub e100Rub e102Rub e104Rub

NIST 129c #1 5 �0.05 ± 0.53 �0.02 ± 0.67 �0.02 ± 0.10 0.00 ± 0.22 0.02 ± 0.55
NIST 129c #2 7 �0.05 ± 0.31 0.19 ± 0.31 0.01 ± 0.10 0.03 ± 0.11 0.03 ± 0.36
NIST 129c #3 8 0.01 ± 0.29 0.14 ± 0.31 �0.02 ± 0.13 0.00 ± 0.10 0.02 ± 0.18
NIST 129c #4 9 0.05 ± 0.31 �0.12 ± 0.41 �0.06 ± 0.13 0.00 ± 0.12 0.02 ± 0.20
NIST 129c #5 7 �0.10 ± 0.37 0.03 ± 0.46 0.00 ± 0.13 0.04 ± 0.20 0.09 ± 0.32
NIST 129c #6 3 0.31 ± 0.45 0.19 ± 0.52 0.07 ± 0.13 0.07 ± 0.15 0.16 ± 0.31
NIST 129c #7 4 0.31 ± 0.28 �0.09 ± 0.40 �0.03 ± 0.12 0.01 ± 0.14 0.27 ± 0.17
NIST 129c #8c 2 0.45 ± 0.45 �0.07 ± 0.52 �0.07 ± 0.13 0.07 ± 0.15 0.46 ± 0.31
NIST 129c #9 4 0.07 ± 0.28 0.22 ± 0.60 �0.04 ± 0.13 0.06 ± 0.11 0.11 ± 0.32
NIST 361 5 �0.01 ± 0.31 0.03 ± 0.75 �0.06 ± 0.11 �0.04 ± 0.25 0.05 ± 0.38
UB-N #1 6 0.19 ± 0.32 0.02 ± 0.11 �0.03 ± 0.04 �0.01 ± 0.03 0.05 ± 0.07
UB-N #2 8 �0.12 ± 0.20 0.02 ± 0.24 �0.05 ± 0.03 �0.02 ± 0.03 0.02 ± 0.08
UB-N #3 4 0.07 ± 0.19 �0.21 ± 0.45 0.00 ± 0.03 0.03 ± 0.05 0.05 ± 0.07
UB-N #4c,d 3 0.44 ± 0.45 �0.13 ± 0.52 0.00 ± 0.13 0.00 ± 0.15 0.10 ± 0.31
UB-N #5c,d 1 0.23 ± 0.45 0.89 ± 0.52 �0.03 ± 0.13 �0.01 ± 0.15 0.24 ± 0.31
BCR-2 #1 3 0.26 ± 0.45 0.06 ± 0.52 0.01 ± 0.13 0.05 ± 0.15 0.18 ± 0.31
BCR-2 #2 4 0.07 ± 0.17 0.00 ± 0.19 0.09 ± 0.10 0.14 ± 0.07 0.16 ± 0.20
BHVO-2 5 0.01 ± 0.12 �0.10 ± 0.26 0.07 ± 0.03 0.09 ± 0.09 0.10 ± 0.22

Mean all* 0.06 0.02 �0.01 0.02 0.08
±2sd 0.45 0.52 0.13 0.15 0.31
±95% conf. 0.05 0.06 0.01 0.02 0.03
n 84 84 84 84 84

a Number of analyses of the same solution.
b Ruthenium isotope data are internally normalized to 99Ru/101Ru using the exponential law and are reported as deviation in parts per

10,000 from the terrestrial bracketing standard: eiRu = (iRu/101Rusample/
iRu/101Rustandard� 1) � 104. Uncertainties for samples measured more

than triplicate are given as the 95% confidence interval. For samples measured once, twice and triplicate quoted errors represent the external
uncertainty as defined by the standard deviation (2r) deduced from repeated analysis of Ru doped reference samples (±2sd).

c Sample processed in Teflon distillation unit for Ru purification.
d Sample decomposed by alkaline fusion.
* Mean values calculated for pooled individual measurements (n = 84) from 18 digestions of 5 different reference samples (NIST 129c, NIST

361, UB-N, BCR-2, BHVO-2).

Table 2
Ruthenium isotope composition of acid leachates and an insoluble residue of Allende.

Leach step Na e96Rub e98Rub e100Rub e102Rub e104Rub

L1 1 0.29 ± 0.47 5.55 ± 0.73 1.96 ± 0.16 0.51 ± 0.19 �0.03 ± 0.43
L2 2 2.12 ± 0.45 2.04 ± 0.52 �4.60 ± 0.13 �1.94 ± 0.15 0.17 ± 0.31
L3 1 �1.80 ± 0.45 �1.22 ± 0.52 3.83 ± 0.13 1.68 ± 0.15 0.01 ± 0.31
L4 1 �12.84 ± 0.45 �10.55 ± 0.52 30.21 ± 0.13 12.46 ± 0.15 �1.10 ± 0.31
L5 1 �4.40 ± 0.55 �3.65 ± 0.54 14.68 ± 0.20 5.97 ± 0.22 �0.86 ± 0.46
L6 1 0.90 ± 0.45 0.17 ± 0.52 1.84 ± 0.16 0.52 ± 0.17 0.39 ± 0.42

a Number of analyses of the same solution.
b Ruthenium isotope data are internally normalized to 99Ru/101Ru using the exponential law and are reported as deviation in parts per

10,000 from the terrestrial bracketing standard: eiRu = (iRu/101Rusample/
iRu/101Rustandard� 1) � 104. Quoted errors either reflect the external

uncertainty as defined by the standard deviation (2r) of repeated analysis of reference samples (Table 1) or the internal precision (2rm),
whichever is larger.
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Aesar Ru solution standard, and corrected for instrumental
and natural mass-dependent isotope fractionation using the
exponential law. However, not all mass-dependent isotope
fractionations follow this law, meaning that for highly
mass-fractionated samples the correction of natural isotope
fractionations using the exponential law may result in an
apparent mass-independent isotope anomaly (Young
et al., 2002). For instance, small isotopic differences
between solution standards and terrestrial samples for Ni
(Steele et al., 2011) and Ti (Zhang et al., 2011) have been
attributed to non-exponential isotope fractionations of the
Ni and Ti in the solution standards. This does not seem
to be the case for Ru, however, because any apparent
mass-independent anomaly resulting from differences in
mass fractionation behavior would have led to larger offsets
in the measured 104Ru/101Ru compared to the 100Ru/101Ru
ratios (both normalized to 99Ru/101Ru), owing to the larger
mass difference of the former ratio. The e104Ru values of all
meteorites analyzed in the present study are indistinguish-
able from the solution standard, however, in spite of
well-resolved e100Ru anomalies in the same samples
(Fig. 1). Thus, there is no evidence in the Ru isotope data



Fig. 1. Ruthenium isotope data for Allende leachates (a), iron
meteorites (b), and chondrites (c) internally normalized to
99Ru/101Ru to correct for instrumentally induced mass bias. eiRu
values correspond to the deviation in parts per 10.000 of a
measured iRu/101Ru ratio from the terrestrial iRu/101Ru (see
Table 1 footer). Data shown for iron meteorites and chondrites
represent group averages given in Table 4. Data for IIAB, IID,
IIIAB, and IVB irons shown in (b) have been corrected for neutron
capture effects (as discussed in text, Section 4.4.). Only Allende and
Murchison data obtained by alkaline fusion are shown in (c) for
reasons discussed in text (Section 4.3.).
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for significant mass-independent anomalies resulting from
different mass fractionation behavior. Moreover, in eiRu–
e100Ru diagrams the meteorite data define linear correlation
lines passing through zero, i.e., through the composition of
the Alfa Aesar solution standard (see below, Sections 4.2
and 4.5). This would not be the case if the Ru isotope com-
position of the solution standard would show significant
mass-independent isotope anomalies relative to the BSE
composition, because then the solution standard should
plot off the eiRu–e100Ru correlation line defined by the
meteorites. In addition, the only terrestrial sample analyzed
as part of the present study—a chromitite from the
Shetland Ophiolite Complex in Scotland (O’Driscoll
et al., 2012)—yielded eiRu � 0, indicating that the Ru iso-
tope composition of the solution standard is indistinguish-
able from that of the Earth’s mantle (Table 3).

Fujii et al. (2006) argued that at least some of the Ru iso-
tope anomalies in meteorites are caused by the nuclear field
shift effect. These authors showed that the Ru isotope
anomalies obtained for Murchison (CM2) by Chen et al.
(2010) are consistent with those expected from the nuclear
field shift effect, in particular with the observation that
the measured e104Ru anomaly is about two times larger
than its e100Ru anomaly. Because the nuclear field shift
effect would lead to Ru isotope anomalies decreasing in
the order e104Ru > e102Ru > e100Ru (Fujii et al., 2006), we
can use our data to assess the significance of this effect in
generating the Ru isotope anomalies observed in the inves-
tigated meteorite sample suite. In fact, the Ru isotope
anomalies of the meteorites investigated in the present
study decrease in the order e100Ru > e102Ru > e104Ru,
exactly opposite to the order of anomalies expected from
the nuclear field shift effect. In contrast, this order of
anomalies is consistent with the expected isotope variations
for a heterogeneous distribution of s- and r-process Ru
nuclides (Fig. 1). Moreover, in eiRu vs. e100Ru plots
(Figs. 2 and 3), the meteorite data define linear correlations,
which most likely represent mixing lines between an
s-enriched (positive e100Ru and e102Ru and negative
e96Ru and e98Ru) and a complementary s-depleted compo-
nent. Thus, the most straightforward interpretation is that
the Ru isotope variations are nucleosynthetic in origin
and reflect variable contributions of at least two distinct
nucleosynthetic components.

4.2. Carrier of s-process Ru in Allende and comparison to s-

process model calculations

The directions and slopes of the eiRu vs. e100Ru correla-
tion lines defined by the leachate and bulk meteorite data
provide insights in the nature of presolar component(s) pre-
sent in the early solar system and may ultimately allow
identifying a specific component that causes the observed
isotopic variability. Dauphas et al. (2004) derived equations
for mixing lines for internally normalized isotope ratios in
epsilon-epsilon space. For Ru this takes the form:

eiRu ¼ qiRu� q99Ru � liRu

q100Ru� q99Ru � l100Ru
� e100Ru ð1Þ

where the parameter qiRu represents the s-process compo-
sition relative to the terrestrial Ru isotope composition:

qiRu ¼ ð
iRu=101RuÞs
ðiRu=101RuÞ�

� 1 ð2Þ



Table 3
Ruthenium isotope composition of a terrestrial chromitite and bulk meteorites.

Group Sample Methoda Nb e96Ruc e98Ruc e100Ruc e102Ruc e104Ruc e196Ptd

Terrestrial

Chromititef C3 AF; 3 3 �0.08 ± 0.45 �0.05 ± 0.52 0.02 ± 0.13 �0.09 ± 0.15 �0.34 ± 0.31
Duplicate Acid; 1 5 �0.01 ± 0.20 0.05 ± 0.25 0.05 ± 0.10 0.07 ± 0.10 0.12 ± 0.18
Meane �0.04 ± 0.11 0.01 ± 0.19 0.04 ± 0.06 0.01 ± 0.09 �0.05 ± 0.22

Iron meteorites

IAB Canyon Diablo Acid; 1 1 0.26 ± 0.45 0.03 ± 0.52 �0.08 ± 0.13 �0.11 ± 0.15 �0.05 ± 0.31
Duplicate Acid; 1 1 �0.04 ± 0.45 0.08 ± 0.52 �0.02 ± 0.13 0.00 ± 0.15 0.11 ± 0.31
Odessa Acid; 1 2 0.18 ± 0.45 0.30 ± 0.52 �0.08 ± 0.13 �0.01 ± 0.15 0.06 ± 0.31
Campo del Cielo Acid; 1 1 0.19 ± 0.45 0.44 ± 0.52 �0.06 ± 0.13 �0.10 ± 0.15 �0.06 ± 0.31
Duplicate Acid; 1 3 �0.10 ± 0.45 �0.29 ± 0.52 0.04 ± 0.13 �0.01 ± 0.15 0.13 ± 0.31

IAB meane 0.06 ± 0.20 0.03 ± 0.29 �0.02 ± 0.06 �0.03 ± 0.04 0.06 ± 0.09

IIAB North Chile Acid; 1 1 0.51 ± 0.45 0.42 ± 0.52 �0.47 ± 0.13 �0.06 ± 0.15 0.39 ± 0.31
Duplicate Acid; 1 5 0.23 ± 0.32 0.29 ± 0.25 �0.44 ± 0.04 �0.16 ± 0.04 �0.01 ± 0.14
Holland Store Acid; 2 5 0.56 ± 0.34 0.45 ± 0.79 �0.40 ± 0.08 �0.18 ± 0.05 0.05 ± 0.09
Cinci Acid; 2 4 0.42 ± 0.15 0.43 ± 0.34 �0.49 ± 0.14 �0.21 ± 0.18 0.33 ± 0.19
San Francisco Acid; 2 1 0.11 ± 0.45 �0.12 ± 0.52 �0.59 ± 0.13 �0.14 ± 0.15 0.33 ± 0.31
Coahuila Acid; 1 4 0.44 ± 0.29 0.29 ± 0.25 �0.43 ± 0.17 �0.18 ± 0.21 0.28 ± 0.38
Duplicate Acid; 1 6 0.17 ± 0.11 0.25 ± 0.34 �0.46 ± 0.05 �0.20 ± 0.08 �0.07 ± 0.09
Braunau Acid; 1 6 0.44 ± 0.25 0.15 ± 0.59 �0.47 ± 0.06 �0.15 ± 0.02 0.22 ± 0.07
Duplicate Acid; 1 7 0.27 ± 0.20 0.50 ± 0.26 �0.40 ± 0.07 �0.24 ± 0.05 �0.18 ± 0.12
Duplicate Acid; 1 1 0.35 ± 0.45 �0.02 ± 0.52 �0.42 ± 0.13 �0.20 ± 0.15 �0.09 ± 0.31
Meane 0.35 ± 0.13 0.31 ± 0.25 �0.43 ± 0.04 �0.20 ± 0.03 0.00 ± 0.13 0.03 ± 0.05
Edmonton Acid; 1 7 0.32 ± 0.25 0.30 ± 0.35 �0.41 ± 0.04 �0.14 ± 0.05 0.09 ± 0.12
Duplicate Acid; 1 4 0.34 ± 0.32 0.24 ± 0.36 �0.41 ± 0.16 �0.17 ± 0.08 0.12 ± 0.10
Meane 0.33 ± 0.16 0.28 ± 0.22 �0.41 ± 0.04 �0.15 ± 0.03 0.10 ± 0.07 0.01 ± 0.03
Sikhote Alin Acid; 1 4 0.50 ± 0.18 0.54 ± 0.19 �0.30 ± 0.06 �0.13 ± 0.10 �0.01 ± 0.11
Duplicate Acid; 1 3 0.60 ± 0.45 0.58 ± 0.52 �0.28 ± 0.13 �0.12 ± 0.15 �0.01 ± 0.31
Meane 0.54 ± 0.16 0.56 ± 0.17 �0.29 ± 0.05 �0.12 ± 0.05 �0.01 ± 0.08 0.27 ± 0.07
Ainsworth Acid; 1 3 1.34 ± 0.45 0.86 ± 0.52 0.14 ± 0.13 0.35 ± 0.15 1.24 ± 0.31 1.04 ± 0.07

IID Rodeo Acid; 1 5 0.35 ± 0.42 0.36 ± 0.17 �0.96 ± 0.07 �0.42 ± 0.11 �0.04 ± 0.30 0.00 ± 0.11
Carbo Acid; 1 7 0.65 ± 0.13 0.55 ± 0.33 �0.66 ± 0.05 �0.19 ± 0.07 0.23 ± 0.13
Duplicate Acid; 1 5 0.43 ± 0.30 0.43 ± 0.70 �0.60 ± 0.09 �0.20 ± 0.14 0.09 ± 0.18
Meane 0.56 ± 0.14 0.50 ± 0.28 �0.63 ± 0.04 �0.19 ± 0.06 0.17 ± 0.10 0.74 ± 0.07

IIIAB Cape York (Agpalilik) Acid; 1 5 0.40 ± 0.16 0.30 ± 0.37 �0.70 ± 0.10 �0.22 ± 0.07 0.25 ± 0.17
Duplicate Acid; 1 1 0.34 ± 0.45 0.32 ± 0.52 �0.74 ± 0.13 �0.25 ± 0.15 0.13 ± 0.31
Meane 0.39 ± 0.12 0.30 ± 0.28 �0.71 ± 0.08 �0.23 ± 0.05 0.23 ± 0.14 0.01 ± 0.07
Grant A Acid; 2 2 0.77 ± 0.45 0.71 ± 0.52 �0.57 ± 0.13 �0.21 ± 0.15 0.16 ± 0.31 0.13 ± 0.07
Grant B Acid; 1 1 0.61 ± 0.45 0.34 ± 0.52 �0.69 ± 0.13 �0.26 ± 0.15 0.16 ± 0.31 0.06 ± 0.07
Henbury Acid; 1 5 0.90 ± 0.15 0.53 ± 0.42 �0.62 ± 0.04 �0.17 ± 0.05 0.39 ± 0.06 0.15 ± 0.07
Charcas Acid; 1 4 0.66 ± 0.53 0.70 ± 0.28 �0.44 ± 0.10 �0.07 ± 0.07 0.36 ± 0.14 0.43 ± 0.03
Boxhole Acid; 1 4 0.72 ± 0.38 0.53 ± 0.31 �0.57 ± 0.05 �0.19 ± 0.11 0.26 ± 0.15 0.45 ± 0.07
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IVA Gibeon Acid; 1 2 0.04 ± 0.45 0.03 ± 0.52 �0.27 ± 0.13 �0.11 ± 0.15 �0.10 ± 0.31
Duplicate Acid; 1 2 0.13 ± 0.45 0.01 ± 0.52 �0.29 ± 0.13 �0.04 ± 0.15 �0.02 ± 0.31
Muonionalusta Acid; 1 2 0.00 ± 0.45 0.35 ± 0.52 �0.21 ± 0.13 �0.18 ± 0.15 �0.18 ± 0.31
Duplicate Acid; 1 2 0.14 ± 0.45 0.43 ± 0.52 �0.27 ± 0.13 �0.13 ± 0.15 �0.02 ± 0.31

IVA meane 0.08 ± 0.14 0.21 ± 0.33 �0.26 ± 0.04 �0.12 ± 0.05 �0.08 ± 0.10
IVB Santa Clara Acid; 1 4 0.12 ± 0.38 0.43 ± 0.41 �0.87 ± 0.07 �0.31 ± 0.04 0.09 ± 0.19

Duplicate Acid; 1 4 0.39 ± 0.49 0.29 ± 0.53 �0.86 ± 0.08 �0.27 ± 0.10 0.22 ± 0.21
Duplicate Acid; 1 3 0.77 ± 0.45 0.53 ± 0.52 �0.92 ± 0.13 �0.31 ± 0.15 0.36 ± 0.31
Meane 0.39 ± 0.23 0.41 ± 0.19 �0.88 ± 0.03 �0.30 ± 0.03 0.21 ± 0.10 0.43 ± 0.07
Tavallah Valley Acid; 1 3 0.33 ± 0.45 0.31 ± 0.52 �0.91 ± 0.13 �0.38 ± 0.15 0.05 ± 0.31
Duplicate Acid; 1 4 0.41 ± 0.34 0.33 ± 0.32 �0.97 ± 0.06 �0.24 ± 0.16 0.46 ± 0.29
Meane 0.38 ± 0.15 0.32 ± 0.15 �0.94 ± 0.05 �0.30 ± 0.10 0.29 ± 0.24 0.26 ± 0.07
Cape of Good Hope Acid; 1 3 0.06 ± 0.45 0.23 ± 0.52 �0.85 ± 0.13 �0.35 ± 0.15 �0.12 ± 0.31
Duplicate Acid; 1 4 0.13 ± 0.17 0.22 ± 0.15 �0.85 ± 0.14 �0.33 ± 0.15 �0.08 ± 0.28
Dumont Acid; 1 4 0.85 ± 0.14 0.16 ± 0.50 �0.90 ± 0.09 �0.31 ± 0.10 0.28 ± 0.17 0.38 ± 0.07
Iquique Acid; 1 5 0.54 ± 0.07 0.31 ± 0.12 �0.87 ± 0.06 �0.37 ± 0.08 0.06 ± 0.18 0.42 ± 0.07
Tinnie Acid; 1 5 0.83 ± 0.18 0.53 ± 0.41 �0.94 ± 0.03 �0.32 ± 0.08 0.40 ± 0.18
Tlacotepec Acid; 1 6 0.36 ± 0.10 0.51 ± 0.20 �0.67 ± 0.06 �0.30 ± 0.06 �0.13 ± 0.13 0.84 ± 0.07

Ungrouped Chinga Acid; 1 1 0.25 ± 0.45 �0.61 ± 0.52 �1.08 ± 0.13 �0.46 ± 0.15 0.24 ± 0.31
Duplicate Acid; 1 1 0.35 ± 0.45 0.51 ± 0.52 �1.01 ± 0.13 �0.52 ± 0.15 �0.23 ± 0.31
Duplicate Acid; 1 3 0.26 ± 0.45 0.78 ± 0.52 �1.03 ± 0.13 �0.38 ± 0.15 0.13 ± 0.31
Meane 0.22 ± 0.18 0.36 ± 0.71 �1.03 ± 0.04 �0.42 ± 0.10 0.12 ± 0.26

Ordinary chondrites

H4 Ochansk CT; 1 1 0.66 ± 0.45 0.41 ± 0.52 �0.30 ± 0.13 �0.22 ± 0.15 �0.20 ± 0.31
H4 Bath CT; 1 2 0.54 ± 0.45 �0.03 ± 0.52 �0.32 ± 0.13 �0.05 ± 0.15 0.43 ± 0.31

Duplicate CT; 1 1 0.33 ± 0.45 �0.38 ± 0.52 �0.34 ± 0.13 �0.11 ± 0.15 0.06 ± 0.31
H4 Monroe CT; 1 1 0.40 ± 0.45 0.18 ± 0.52 �0.27 ± 0.13 �0.09 ± 0.15 0.26 ± 0.31

Duplicate CT; 1 2 0.11 ± 0.45 0.16 ± 0.52 �0.25 ± 0.13 �0.12 ± 0.15 0.15 ± 0.31
H4 Forest Vale CT; 1 1 0.25 ± 0.45 0.42 ± 0.52 �0.26 ± 0.13 �0.11 ± 0.15 0.06 ± 0.31
H5 Pantar CT; 1 2 0.28 ± 0.45 0.24 ± 0.52 �0.32 ± 0.13 �0.15 ± 0.15 �0.05 ± 0.31
Ordinary chondrite meane 0.35 ± 0.14 0.14 ± 0.21 �0.30 ± 0.03 �0.12 ± 0.04 0.12 ± 0.16

Enstatite chondrites

EL6 Daniel’s Kuil CT; 1 1 0.21 ± 0.45 0.47 ± 0.52 �0.16 ± 0.13 �0.21 ± 0.15 �0.01 ± 0.31
EL6 Khairpur CT; 1 2 0.15 ± 0.45 0.32 ± 0.52 �0.04 ± 0.13 0.01 ± 0.15 0.18 ± 0.31

Duplicate CT; 1 1 0.23 ± 0.45 �0.59 ± 0.52 �0.14 ± 0.13 �0.11 ± 0.15 0.12 ± 0.31
EL chondrite meane 0.18 ± 0.33 0.13 ± 0.79 �0.10 ± 0.12 �0.08 ± 0.19 0.12 ± 0.13

Carbonaceous chondrites

CV3 Allende A* CT; 1 1 0.81 ± 0.45 0.57 ± 0.52 �2.06 ± 0.13 �0.78 ± 0.15 0.11 ± 0.31
Duplicate CT; 1 2 0.78 ± 0.45 0.24 ± 0.52 �1.44 ± 0.13 �0.59 ± 0.15 0.05 ± 0.31
Duplicate AF; 3 1 0.88 ± 0.45 0.62 ± 0.52 �1.07 ± 0.13 �0.49 ± 0.15 0.23 ± 0.31
Allende (MS-A)# CT; 1 2 0.38 ± 0.45 �0.16 ± 0.52 �1.32 ± 0.13 �0.55 ± 0.15 0.11 ± 0.31
Duplicate CT; 1 2 0.34 ± 0.45 0.57 ± 0.52 �1.41 ± 0.13 �0.62 ± 0.15 0.00 ± 0.31
Duplicate AF; 3 2 0.88 ± 0.45 0.46 ± 0.52 �1.04 ± 0.13 �0.33 ± 0.15 0.17 ± 0.31
Duplicate AF; 3 2 0.29 ± 0.45 0.58 ± 0.52 �1.01 ± 0.13 �0.44 ± 0.15 0.04 ± 0.31

(continued on next page)
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Table 3 (continued)

Group Sample Methoda Nb e96Ruc e98Ruc e100Ruc e102Ruc e104Ruc e196Ptd

Duplicate AF; 3 3 0.56 ± 0.45 0.71 ± 0.52 �1.00 ± 0.13 �0.40 ± 0.15 0.15 ± 0.31
Duplicate AF; 3 2 0.43 ± 0.45 0.21 ± 0.52 �0.96 ± 0.13 �0.29 ± 0.15 0.39 ± 0.31

CV3 meane (AF data only) 0.57 ± 0.19 0.52 ± 0.21 �1.01 ± 0.05 �0.38 ± 0.05 0.19 ± 0.10
CM Murchison (CB) CT; 1 2 1.14 ± 0.45 0.66 ± 0.52 �3.37 ± 0.13 �1.25 ± 0.15 0.38 ± 0.31

Murchison (MS) AF; 3 3 0.44 ± 0.45 0.51 ± 0.52 �0.93 ± 0.13 �0.33 ± 0.15 0.11 ± 0.31

CB Gujba metal Acid; 1 3 0.11 ± 0.45 0.24 ± 0.52 �1.03 ± 0.13 �0.41 ± 0.15 0.01 ± 0.31
Duplicate Acid; 1 3 0.14 ± 0.45 0.29 ± 0.52 �1.06 ± 0.13 �0.50 ± 0.15 �0.18 ± 0.31
Meane 0.13 ± 0.18 0.26 ± 0.29 �1.04 ± 0.04 �0.45 ± 0.10 �0.08 ± 0.20

CR-an Tafassasset metal Acid; 1 5 0.87 ± 0.09 0.38 ± 0.19 �1.15 ± 0.04 �0.50 ± 0.03 0.16 ± 0.09

a Method column indicates technique used for digestion (Acid: table top digestion on hotplate; CT: Carius tube; AF: alkaline fusion) and Ru purification (1: ion exchange + micro distillation; 2:
ion exchange + Teflon distillation unit; 3: Teflon distillation unit without prior ion exchange).

b Number of analyses of the same solution.
c Ruthenium isotope data are internally normalized to 99Ru/101Ru using the exponential law and are reported as deviation in parts per 10,000 from the terrestrial bracketing standard:

eiRu = (iRu/101Rusample/
iRu/101Rustandard � 1) � 104. Uncertainties for samples measured more than triplicate are given as the 95% confidence interval. For samples measured once, twice and

triplicate quoted errors reflect the external uncertainty as defined by the standard deviation (2s.d.) of repeated analysis of reference samples (Table 1).
d The e196Pt data from Kruijer et al. (2013a, 2014) and Matthes et al. (2014, 2015) were determined for samples from the same digestion solution or samples cut in close contact to the those used

for Ru isotope analysis.
e Mean values calculated for pooled individual measurements from replicate digestions. Uncertainties are calculated at the 95% confidence interval.
f Chromitite powder (C3) from O’Driscoll et al. (2012).
* Allende powder used also for Mo isotope analysis in Burkhardt et al. (2011).
# Allende powder prepared at the Institute for Planetology in Münster from a �100 g sample of Allende.

160
M

.
F

isch
er-G

ö
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Fig. 2. eiRu vs. e100Ru for Allende leachates (L1-L5) and the insoluble residue (L6) in comparison to mixing lines between presumed s-, r- and
p-process components and the terrestrial Ru isotope composition. Broken lines represent mixing lines between terrestrial Ru and an s-process
component as defined by Ru isotope data for SiC (dashed line, Savina et al., 2004); calculated s-process yields (dotted line, Bisterzo et al.,
2011) and corresponding r-process residuals (dashed-dotted line). Solid lines represent linear regressions of e96Ru (a), e98Ru (b), e102Ru (c)
and e104Ru (d) vs. e100Ru calculated using ISOPLOT (Ludwig, 2003) yielding slopes of �0.44 ± 0.09, �0.39 ± 0.18, 0.415 ± 0.006, and
�0.04 ± 0.01, respectively (Table 5).
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and liRu is the mass difference of the isotope ratio relative
to that of the normalizing pair used for correction of instru-
mental mass fractionation:

liRu ¼ i� 101

99� 101
ð3Þ

Information about the s-process Ru isotope composition
is provided by data for mainstream circumstellar SiC grains
(Savina et al., 2004), for which the calculated qiRu values
are 0.40, 4.71, 1.89 and –0.926 for i = 99, 100, 102 and
104, respectively. No 96Ru and 98Ru data are reported in
Savina et al. (2004), but the qiRu values for these two iso-
topes can be assumed to be �1 because 96Ru and 98Ru are
not produced in the s-process. Additional constraints come
from s-process production models (e.g., Arlandini et al.,
1999; Bisterzo et al., 2011), for which the calculated qiRu
values are 1.52, 6.67, 0.53 and �0.87 for i = 99, 100, 102
and 104, respectively (Bisterzo et al., 2011).

In eiRu-e100Ru plots (Fig. 2) the Allende leachates
(except L1) plot on single mixing lines between s-process–
enriched and –depleted components, indicating that the dis-
tinct isotope compositions tapped in each leach step largely
reflect the variable distribution of a single s-process compo-
nent. They could alternatively reflect uneven mixing of a
presolar component containing p- and r-process Ru
nuclides in solar proportions. It is very unlikely, however,
that such a (presolar) component exists, because there is
no reason that a nucleosynthetic process should produce
p- and r-process isotopes in exactly solar proportions
(Dauphas et al., 2002a). Also shown in Fig. 2 are mixing
lines between terrestrial Ru and presumed s-process compo-
nents having a composition as inferred from either s-pro-
cess production models or from measurements of presolar
SiC (Savina et al., 2004). The Allende leachates (except
L1) plot on mixing lines between terrestrial Ru and SiC
and are, therefore, best explained by the varying release
of s-process Ru from SiC grains or another presolar phase
with a similar s-process composition (Fig. 2). In contrast,
mixing with a presolar component having a composition
as inferred from s-process production models does not pro-
vide a good fit to the Allende leachate data. Thus, either the
true s-process composition is somewhat different from the
modeled one, or the s-process composition of the products
synthesized during different stages of stellar evolution
changed.

The largest s-excess (i.e., the highest e100Ru) is already
released by treatment with HF-HCl (leach step L4)
(Fig. 2), although SiC is highly insoluble and, therefore,
not expected to be dissolved in this leach step. Moreover,
the insoluble residue remaining after the sequential leaching



Fig. 3. Ruthenium isotope data shown in eiRu vs. e100Ru spaces for replicate analyses of Allende and Murchison sample powders using
different dissolution methods (CT = Carius tube digestion, AF = alkaline fusion). Dashed lines represent mixing lines between an s-process
component as defined by Ru isotope data for SiC from Savina et al. (2004) and terrestrial Ru. Ruthenium isotope data from Carius tube
digestions (open symbols) display considerably more scatter in eiRu vs. e100Ru spaces than data obtained on fused sample powders (filled
symbols).
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(sample L6) exhibits only a very small s-excess, although
SiC grains are typically enriched in the insoluble residue
of primitive chondrites (Amari et al., 1995). This may sug-
gest that the s-process Ru in Allende is hosted in more sol-
uble presolar phases (e.g., silicates). Alternatively, s-process
Ru may have been released from SiC grains and redis-
tributed by nebular or parent body processes, consistent
with the low abundance of SiC grains in Allende compared
to more primitive chondrites (e.g., Huss and Lewis, 1995).

Sample L1 and to a lesser extent also L6 plot slightly off
the eiRu-e100Ru correlation lines defined by the other
Allende leachates, indicating the presence of a third nucle-
osynthetic component in Allende. Both samples show evi-
dence for an s-excess (i.e., positive e100Ru), but lack the
expected negative e96Ru and e98Ru. This may indicate an
excess in p-process Ru in addition to the s-excess or, alter-
natively a coupled r-deficit and p-excess. Clearly, more
work is needed to unravel the nature of this component.

4.3. Ru isotopic composition of bulk chondrites

For bulk samples of Allende and Murchison, we observe
larger and more variable Ru isotopic anomalies in samples
decomposed using Carius tubes (CT) in comparison to
those processed by alkaline fusion (AF). For both
chondrites, the samples decomposed by CT display a deficit
in s-process Ru compared to those processed by AF, indi-
cating that an s-process carrier remained undissolved by
the CT digestion, while it has been dissolved in the samples
processed by AF (Fig. 3). During the sequential dissolution
of Allende the largest s-excess occurs in leachates L4 and
L5, the two leachates employing HF. A significant fraction
of the s-process Ru in Allende, therefore, is hosted in
HF-soluble components (see above). These components
most likely were resistant to the aqua regia digestion by
CT, which did not use any HF. Exclusion of some of the
s-process-rich Ru tapped by leachates L4 and L5 then leads
to the larger s-deficit observed for the samples dissolved by
CT compared to those processed by AF. Our results for Ru
are consistent with previous studies showing that primitive
chondrites decomposed using aqua regia inside CT display
a deficit in s-process Os isotopes compared to the same
samples processed by AF (Brandon et al., 2005;
Yokoyama et al., 2007; van Acken et al., 2011). Taken
together, these results stress the importance of employing
a complete digestion method when determining the isotope
composition of bulk primitive chondrites. Note that all
other chondrites investigated in the present study either
are thermally metamorphosed (ordinary and enstatite chon-
drites, Tafassasset) or formed by condensation from a



Fig. 4. Ruthenium isotope data for the IIAB (a.), IID (b.), IIIAB (c.) and IVB (d.) iron meteorites shown in e102Ru vs. e100Ru space. The
predicted effect from the neutron capture model on e100Ru and e102Ru shifts the samples along the s-process mixing line (dashed line) as
defined from Ru isotope data for SiC grains (Savina et al., 2004).
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metal vapor plume (CB chondrite Gujba). In these samples
no presolar phases are present, and so the CT digestion is
sufficient to release the entire sample Ru.

The Ru isotope anomalies in chondrites decrease in the
order carbonaceous > ordinary > enstatite chondrites. Note
that for the enstatite chondrites the Ru isotope anomalies
are not resolved from the terrestrial Ru standard; further
work is needed to assess whether enstatite chondrites are
distinct from the bulk silicate Earth Ru isotope composi-
tion. Our results for primitive chondrites differ from those
of a previous study (Chen et al., 2010) in two important
aspects. First, for Allende samples decomposed by AF we
observe smaller Ru isotope anomalies in comparison to
those obtained in a previous study employing tabletop
digestions (Chen et al., 2010). This could be either due to
sample heterogeneity or more likely reflects incomplete
digestion of an s-process phase in the previous study, mean-
ing that the true Ru isotope anomalies of bulk Allende are
slightly smaller than previously observed. Second, for
Murchison we observe a e100Ru deficit, similar to other car-
bonaceous chondrites, whereas a previous study observed
an e100Ru excess (Chen et al., 2010). This difference proba-
bly does not reflect the incomplete dissolution of presolar
phases, but may, as argued by Fujii et al. (2006), reflect iso-
tope fractionation by the nuclear field shift effect. Note that
our results for Murchison are inconsistent with this effect—
because we observe no e104Ru anomaly in spite of a
well-resolved e100Ru deficit—but are entirely consistent
with the expected anomalies for an s-deficit.
4.4. Cosmogenic Ru isotopic variations in iron meteorites

Although within-group Ru isotope variations observed
for IIAB, IID, IIIAB and IVB iron meteorites (Fig. 4)
resemble the variations expected for the heterogeneous dis-
tribution of s-process Ru, they are unlikely to be nucleosyn-
thetic in origin. This is because iron meteorites belonging to
the same chemical group are thought to have formed by
fractional crystallization of a single metallic melt, which
itself formed by large-scale melting and metal segregation
(Scott and Wasson, 1975). Thus, any pre-existing nucle-
osynthetic isotope variability within the parent body should
have been homogenized during melting and core formation.

The within-group variations are most likely attributable
to cosmic ray-induced effects, because (1) the largest iso-
topic shifts in each group are observed for strongly irradi-
ated samples with CRE ages >500 Ma (i.e., Ainsworth,
Carbo, Charcas, Tlacotepec) (Fig. 4), and (2) for each
group the Ru isotope variations are correlated with the Pt
isotope composition of each sample (Fig. 5). Previous stud-
ies have shown that the Pt isotope composition of iron
meteorites can be modified by cosmic ray-induced neutron
capture reactions while nucleosynthetic Pt isotope anoma-
lies are absent (Kruijer et al., 2013a, 2014; Wittig et al.,
2013). The Ru-Pt isotope correlations observed for each
group of magmatic irons, therefore, suggest that the Ru iso-
tope variations also are of cosmogenic origin.

To assess whether the observed within-group Ru isotope
variations are qualitatively consistent with an origin by



Fig. 5. e100Ru vs. e196Pt for magmatic iron meteorite groups IIAB (a.), IID (b.), IIIAB (c.) and IVB (d.). Platinum isotope data from Kruijer
et al. (2013a, 2014) and Matthes et al. (2015) have been obtained on the same sample digestion solutions or samples that were cut in immediate
contact to the location of samples used for Ru isotope data. Combined e100Ru and e196Pt data is provided in Table 3. Errors shown for Ru
represent the external uncertainty (±0.13 e-units, 2r) of our method as defined by replicate analysis of reference samples (Table 1). Solid lines
represent linear regressions through the meteorite data calculated using ISOPLOT (Ludwig, 2003), slope and intercept values are given in
boxes with 2r uncertainty. Pre-exposure e100Ru values are defined by the intersection at the ordinate at e196Pt = 0.

Table 4
Neutron capture-corrected and representative group averages.

Group e96Ru e98Ru e100Ru e102Ru e104Ru

Iron meteorites

IABa 0.06 ± 0.20 0.03 ± 0.29 �0.02 ± 0.06 �0.03 ± 0.04 0.06 ± 0.09
IIABb 0.31 ± 0.28 0.32 ± 0.33 �0.43 ± 0.08 �0.21 ± 0.10 �0.07 ± 0.28
IIDb 0.35 ± 0.44 0.36 ± 0.51 �0.96 ± 0.14 �0.42 ± 0.15 �0.04 ± 0.31
IIIABb 0.61 ± 0.28 0.41 ± 0.32 �0.69 ± 0.08 �0.24 ± 0.09 0.21 ± 0.19
IVAa 0.08 ± 0.14 0.21 ± 0.33 �0.26 ± 0.04 �0.12 ± 0.05 �0.08 ± 0.10
IVBb 0.46 ± 0.43 0.14 ± 0.59 �1.07 ± 0.15 �0.32 ± 0.17 0.00 ± 0.28
Chingaa 0.22 ± 0.18 0.36 ± 0.71 �1.03 ± 0.04 �0.42 ± 0.10 0.12 ± 0.26

Chondrites

Ordinarya 0.35 ± 0.14 0.14 ± 0.21 �0.30 ± 0.03 �0.12 ± 0.04 0.12 ± 0.16
Enstatitea 0.18 ± 0.33 0.13 ± 0.79 �0.10 ± 0.12 �0.08 ± 0.19 0.12 ± 0.13
CVa 0.57 ± 0.19 0.52 ± 0.21 �1.01 ± 0.05 �0.38 ± 0.05 0.19 ± 0.10
CMa 0.44 ± 0.45 0.51 ± 0.52 �0.93 ± 0.13 �0.33 ± 0.15 0.11 ± 0.31
CBa 0.11 ± 0.18 0.26 ± 0.29 �1.04 ± 0.04 �0.45 ± 0.10 �0.08 ± 0.20
CR-ana 0.87 ± 0.09 0.38 ± 0.19 �1.15 ± 0.04 �0.50 ± 0.03 0.16 ± 0.09

a Calculated group or sample averages from pooled individual measurements of multiple sample digestions. Uncertainties represent 95%
confidence intervals for samples measured multiple times (n P 4) or external uncertainties (2s.d.) as stated in Table 1 for n 6 3 replicate
measurements.

b Neutron capture corrected eiRu values derived from linear regressions of eiRu vs. e196Pt (Fig. 5 and E-Annex Figs. EA4-EA7),
uncertainties are 2r.
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Fig. 6. eiRu vs. e100Ru for meteorites in comparison to mixing lines between presumed s- and r-process components and the terrestrial Ru
isotope composition. Solid black lines represent linear regressions of the meteorite data from Table 4 calculated using ISOPLOT (Ludwig,
2003); slopes for e96Ru (a), e98Ru (b), e102Ru (c) and e104Ru (d) vs. e100Ru are �0.55 ± 0.35, �0.29 ± 0.21, 0.41 ± 0.04, and �0.10 ± 0.13,
respectively (Table 5). Broken lines represent mixing lines between terrestrial Ru and an s-process component as defined by Ru isotope data
for SiC (dashed line, Savina et al., 2004); calculated s-process yields (dotted line, Bisterzo et al., 2011) and corresponding r-process residuals
(dashed-dotted line). All meteorites plot along mixing lines between an s-process component as defined by SiC and terrestrial Ru.

Table 5
Summary of eiRu vs. e100Ru slopes obtained from Allende leachates, bulk meteorites and presolar SiC.

e96Ru vs. e100Ru e98Ru vs. e100Ru e102Ru vs.e100Ru e104Ru vs. e100Ru

Leachatesa �0.44 ± 0.09 �0.39 ± 0.18 0.415 ± 0.006 �0.04 ± 0.01
Bulk meteoritesb �0.55 ± 0.35 �0.29 ± 0.21 0.41 ± 0.04 �0.10 ± 0.13
SiCc �0.44 �0.36 0.46 �0.07

a Slopes from linear regression calculations for Allende leachate data (Table 2, Fig. 2).
b Slopes from linear regression calculations for meteorite data (Table 4, Fig. 6).
c Slopes from Ru isotope data for SiC grains from Savina et al. (2004).
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neutron capture, we used the model of Nyquist et al. (1995)
to calculate the relative magnitude and direction of cosmic
ray-induced modifications on Ru isotope ratios. Because
neutron capture effects in iron meteoroids are dominated
by reactions occurring at epithermal energies (>0.5 eV)
(Kruijer et al., 2013b; Leya and Masarik, 2013), the reso-
nance integrals (RI) rather than the thermal cross sections
govern the relative effects of neutron capture on Ru iso-
topes (cross-sections and resonance integrals were obtained
from the ENDFB-VI.8 300 K or JEFF-3.2 libraries at
https://www-nds.iaea.org/exfor/endf.htm and are summa-
rized in Tables EA1 and EA2). As 99Ru (RI �137 barns)
and 101Ru (RI �111 barns) have by far the highest reso-
nance integrals, the reactions 99Ru(n,c)100Ru and
101Ru(n,c)102Ru dominate the overall neutron capture
effects on Ru isotopes in iron meteorites. As a consequence,
the 99Ru/101Ru ratio, which is used for instrumental mass
bias correction, is modified leading to isotope shifts through

https://www-nds.iaea.org/exfor/endf.htm


Fig. 7. Comparison of slopes obtained from linear regression of
Ru isotope data for Allende leachates (Fig. 2), bulk meteorites
(Fig. 6) and slopes observed for mainstream SiC grains (Savina
et al., 2004). Linear regressions for Allende leachates and bulk
meteorites were calculated using ISOPLOT (Ludwig, 2003).
Uncertainties are 2r. A summary of the slopes is given in Table 5.
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normalization to the terrestrial 99Ru/101Ru. In addition, all
iRu/101Ru ratios increase due to the consumption of 101Ru
during neutron capture, resulting in a small increase in all
eiRu values. The largest increase occurs for e100Ru and
e102Ru, because the neutron capture reactions mainly pro-
duce 100Ru and 102Ru. The results of the model calculations
are at least qualitatively consistent with the observed
within-group Ru isotope variations, because more positive
eiRu values are observed for the most strongly irradiated
samples of each group.

The cosmogenic Ru isotope variations can be corrected
using the eiRu-e196Pt correlations obtained for each group
of irons, with the intercept at e196Pt = 0 defining the
pre-exposure eiRu (i.e., unaffected by neutron capture) for
each group (Fig. 5). Owing to the depth dependence of neu-
tron capture effects, correlated cosmogenic Ru and Pt iso-
tope anomalies are only expected for the same or adjacent
sample pieces of a given iron meteorite. This condition is
met for the iron meteorite samples investigated in the pre-
sent study, by either using the same digestion solution or
samples that were cut in immediate contact to the location
of the samples used for our previous Pt isotope studies
(Kruijer et al., 2013a, 2014; Matthes et al., 2014, 2015)
(Table 3). For groups IIAB, IID, IIIAB and IVB
well-defined e100Ru-e196Pt correlations are obtained
(Fig. 5). The slopes of these correlation lines all agree
within their uncertainties, with an average slope of
0.48 ± 0.12 (2s.d.). The pre-exposure e100Ru values
obtained from linear regressions of the Ru and Pt isotope
data vary from �0.43 ± 0.08 for the IIAB irons to
�1.07 ± 0.15 for the IVB irons (Fig. 5). Note that the
IVA irons investigated in this study (Gibeon and
Muonionalusta) show no resolved Pt isotope anomalies
and that, therefore, their mean e100Ru = �0.26 ± 0.04
requires no correction for cosmogenic effects. No correc-
tions could be made for the IAB iron meteorites, because
no Pt isotope data are available for these samples. The
pre-exposure e100Ru for the IAB irons could, therefore,
be slightly lower than the measured value of e100Ru � 0
(Table 4).

While the neutron capture effects on e100Ru are clearly
resolved, cosmogenic variations in other Ru isotope ratios
are less significant and well-defined correlations between
e196Pt and e96Ru, e98Ru, e102Ru or e104Ru are only
obtained for the IIAB iron meteorites. This is because cos-
mogenic variations on e96Ru, e98Ru, e102Ru or e104Ru are
mostly within the analytical uncertainty of the Ru isotope
measurements (E-annex, Figs. EA4–EA7). It is nevertheless
important to correct for the cosmogenic effects, because
these may still be significant if only irradiated samples are
investigated (such as for the IVB irons). The pre-exposure
Ru isotope compositions of the different groups of iron
meteorites, obtained from linear regressions of eiRu vs.
e196Pt for each group, are summarized in Table 4.

4.5. Mo–Ru isotope correlation

The iron meteorites (corrected for cosmogenic effects)
and bulk chondrites display correlated Ru isotope anoma-
lies, and as the leachates, plot on mixing lines between ter-
restrial Ru and an s-process component with a composition
as measured in presolar SiC grains (Fig. 6). The slopes of
these mixing lines obtained from the linear regression of
the Allende leachate and bulk meteorite data agree very
well and also agree with the slopes calculated using the
s-process composition as measured in SiC grains (Table 5,
Fig. 7). The correlated Ru isotope anomalies of both the
bulk meteorites and the Allende leachates, therefore, can
be attributed to the heterogeneous distribution of the same
presolar s-process enriched component.

Insights into the nature and origin of this presolar com-
ponent can be obtained from the assessment of collateral
effects on the isotope composition of other elements.
Dauphas et al. (2004) and Burkhardt et al. (2011) observed
that nucleosynthetic e92Mo and e100Ru isotope anomalies
in iron meteorites and the CV chondrite Allende correlate
as predicted from s-process nucleosynthesis theory and
may, therefore, reflect the heterogeneous distribution of a
common s-process carrier. However, we find that several
samples and in particular the carbonaceous chondrites devi-
ate from the Mo–Ru isotope correlation line (Fig. 8). While
enstatite and ordinary chondrites together with the IAB,
IIAB, IIIAB and IVA iron meteorites exhibit correlated
Mo and Ru isotope anomalies, carbonaceous chondrites
(CM, CV, CB), Tafassasset and the IID and IVB irons
define a horizontal array in the e92Mo-e100Ru plot; these
samples display very similar Ru but different Mo isotope
anomalies (Fig. 8).

There are three possible reasons why some samples plot
off the Mo–Ru correlation. First, among the samples plot-
ting slightly off the Mo–Ru correlation line are two iron
meteorite groups having significant neutron capture effects
(IID, IVB). These effects have been corrected for Ru in
the present study, but not for Mo. Thus, the IID and
IVB irons might plot off the correlation line because of
unaccounted cosmic ray effects on Mo isotopes. However,
the Mo isotope anomalies reported by Burkhardt et al.



Fig. 8. e100Ru vs. e92Mo for bulk meteorites. Molybdenum isotope
data are from Burkhardt et al. (2011) and in case of Allende
(CVDauphas) from Dauphas et al. (2002a,b). Dashed line represents
a mixing line calculated between a presumed s-process Mo and Ru
component as deduced from SiC data (Nicolussi et al., 1998; Savina
et al., 2004) and terrestrial Mo and Ru isotope compositions. The
Ru and Mo isotope data for the meteorites show a dichotomous
distribution. Ordinary and enstatite chondrites as well as some iron
meteorite groups plot on the s-process mixing line, whereas some
magmatic iron meteorite groups (e.g. IID) and carbonaceous
chondrites (CV, CM, CB) significantly deviate from the mixing
line. Ruthenium isotope data and uncertainties for group averages
as listed in Table 4. Note that data for IIAB, IID, IIIAB and IVB
irons have been corrected for neutron capture effects (as discussed
in text, Section 4.4.). Molybdenum isotope data for group averages
of IIAB, IIIAB and IVB iron meteorites from Burkhardt et al.
(2011) are shown with standard deviation (2s.d.) uncertainty, all
other group averages with uncertainties as reported in the original
work. Because of the range of e92Mo anomalies reported for
Allende (as discussed in Section 4.5) Mo isotope data from
Dauphas et al. (2002a,b) are plotted as an average with standard
deviation uncertainty (2s.d.).

Fig. 9. e100Ru data for iron meteorites and chondrites.

M. Fischer-Gödde et al. / Geochimica et Cosmochimica Acta 168 (2015) 151–171 167
(2011) for various IVB irons are relatively homogenous,
such that at this point only small Mo corrections might
be expected. To assess this issue in more detail, combined
high-precision Mo, Ru and Pt isotope measurements on
the same suite of irons are needed. Either way, carbona-
ceous chondrites have much younger CRE ages than iron
meteorites and so cosmic ray-effects cannot be the sole
cause of the deviation of samples from the Mo–Ru correla-
tion line. Second, because the Mo and Ru isotope data were
not obtained on the same carbonaceous chondrite sample
solution [note that the Mo isotope data plotted in Fig. 8
are from Burkhardt et al. (2011) and were obtained on dif-
ferent samples as the Ru isotope data in the present study],
the deviation of carbonaceous chondrites from the Mo–Ru
correlation could in principle reflect sample heterogeneity.
We note, however, that all carbonaceous chondrites inves-
tigated in this study display very similar Ru isotope anoma-
lies, which is an unlikely outcome if significant Ru isotope
heterogeneities would exist at the sampling scale. For Mo
the situation is less clear, however, because large Mo iso-
tope variations exist among different carbonaceous chon-
drites (Burkhardt et al., 2011) and perhaps even between
different splits of a given carbonaceous chondrite. For
instance, for Allende e92Mo anomalies ranging from �3.4
(Burkhardt et al., 2011), between �1.2 and �3.5
(Dauphas et al., 2002a,b), and �0.8 (Becker and Walker,
2003) have been reported. The origin of these variations is
unclear at present, but given that Allende contains abun-
dant CAI—some of which display large Mo isotope anoma-
lies of up to �20 e92Mo (Burkhardt et al., 2011)—it is
possible that they reflect sample heterogeneity. In this case
it would be difficult to determine the true Mo isotopic com-
position of bulk Allende and it would also be difficult to
assess whether bulk Allende (or other CV chondrites) plots
on the Mo-Ru correlation line. Cleary, combined Mo and
Ru isotopic data on the very same samples and ideally on
aliquots of the same sample solution are needed to address
this issue.

The third possible reason why some samples plot off the
Mo–Ru correlation line is that this is the result of nebular
or parent body processes on presolar phases (Burkhardt
et al., 2012a). Because the carbonaceous chondrites display
near-constant Ru isotope anomalies (e100Ru � –1)
although they have variable Mo isotope compositions
(e92Mo ranging from �1.7 to �6.4; Burkhardt et al.,
2011), one possibility is that nebular or parent body pro-
cesses acting on presolar components in carbonaceous
chondrites resulted in the release and preferential loss of
isotopically anomalous Mo, imparting Mo isotopic hetero-
geneity on an initially more homogeneous reservoir. It is
noteworthy that the CM chondrite Murchison plots fur-
thest away from the Mo-Ru correlation line and has formed
under more oxidized conditions than most other chon-
drites. Thus, one possibility is that these conditions facili-
tated the formation of volatile Mo oxides, which may
have been partly lost. If the removed Mo was isotopically
anomalous—because it was partly released from presolar
components—then the remaining Mo would display an iso-
tope composition which is complementary to that of the
removed Mo (Burkhardt et al., 2012a). Since Mo forms
volatile oxides much more readily than Ru (Fegley and
Palme, 1985), this process could impart Mo isotope hetero-
geneity without significantly affecting the Ru isotope com-
position. This would also be consistent with the light Mo
stable isotope composition of CM chondrites compared
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to other chondrites, which might reflect the loss of isotopi-
cally light Mo oxides during nebular processes (Burkhardt
et al., 2014).

Clearly, more work is needed to assess the significance of
any deviation of bulk meteorites from the Mo-Ru correla-
tion line. Most of all this will require combined Mo and
Ru isotope analyses on the same solution aliquots, espe-
cially in the case of primitive chondrites. Moreover, to
assess the potential effect of nebular and parent body pro-
cesses on Mo and Ru isotopes, a comprehensive set of sam-
ples formed under different nebular conditions as well as
samples characterized by different degrees of parent body
alteration must be analyzed. If such analyses would verify
that (some) carbonaceous chondrites plot off the Mo-Ru
correlation line, then this would be one of the most direct
evidence that secondary processes imparted isotopic hetero-
geneity on an initially more homogeneous reservoir.
Obtaining such data would, therefore, be an important task
for future studies.

4.6. Implications for the late veneer

The Ru isotope data provide constraints on the source of
bodies that may have accreted to the Earth as a late veneer
after the completion of core formation. Previous studies
have used Os isotope data, relative highly siderophile ele-
ment (HSE) and chalcogen element abundances to constrain
the composition of the late veneer (Brandon et al., 2000,
2006; Meisel et al., 2001; Walker et al., 2002; Horan et al.,
2003; Becker et al., 2006; Fischer-Gödde et al., 2010,
2011). Collectively, these studies show that no group of
meteorites can account for all the chemical characteristics
of the late-accreted material. For instance, whereas Os iso-
tope systematics are most consistent with a ordinary- or
enstatite chondrite-like late veneer, relative abundances of
Se, Te and S suggest a carbonaceous chondrite-like compo-
sition (Wang and Becker, 2013). In addition, superchon-
dritic Pd/Ir and Ru/Ir ratios of the Earth’s primitive
upper mantle are not easily explained by a late veneer com-
posed entirely of known groups of chondrites (Becker et al.,
2006). One possibility to account for these observations
would be that the late veneer predominantly consists of car-
bonaceous chondrite-like material with a minor proportion
of differentiated, iron meteorite-like material
(Fischer-Gödde and Becker, 2012; Wang and Becker, 2013).

The Ru isotope systematics of meteorites can shed new
light on the origin of the late veneer and can potentially
be used to identify a genetic link between the late veneer
and specific groups of meteorites. Almost the entire Ru in
Earth’s mantle is thought to derive from the late veneer,
and thus only meteorites (or a combination thereof) having
a terrestrial Ru isotope composition (i.e., e100Ru � 0) are
potential sources of the late veneer (Dauphas et al., 2004).
However, all meteorites investigated in the present study
(except possibly the IAB irons and enstatite chondrites)
exhibit nucleosynthetic Ru isotope anomalies and, there-
fore, cannot be the source of the late veneer (Fig. 9).
Moreover, since all meteorites are characterized by a deficit
in s-process Ru relative to the Earth’s mantle, a combina-
tion of different meteorites also does not yield the terrestrial
Ru isotope composition. Only the IAB irons and the EL
chondrites show no clearly resolved Ru isotope anomalies,
but the chemical composition of these meteorite groups
makes them unlikely sources of the late veneer.
Combined, these results suggest that no group of meteorites
nor a combination thereof are viable sources of the late
veneer. However, a more detailed study of Ru isotopes in
a more comprehensive set of chondrites is needed to thor-
oughly assess the role of known meteorites as potential
sources of the late veneer. If, in analogy to Mo, all carbona-
ceous chondrites were characterized by a deficit in s-process
Ru compared to the Earth’s mantle, then the late veneer
must derive from a population of bodies distinct from the
meteorite parent bodies. One possibility would then be that
the late veneer derived from material in the inner solar sys-
tem, similar to the material constituting the main building
blocks of the Earth.

5. CONCLUSIONS

Correlated Ru isotope anomalies in iron meteorites and
bulk ordinary, enstatite and carbonaceous chondrites
reflect variable deficits in s-process Ru in meteorite parent
bodies compared to the Earth. While the Ru isotope data
are consistent with widespread s-process heterogeneity,
not all the Ru isotope anomalies are caused by variable
abundances of presolar components. Our new combined
Ru and Pt isotope data for iron meteorites show that sec-
ondary neutron capture resulting from cosmic ray exposure
can also lead to Ru isotope shifts, and that the magnitude
of these shifts can be quantified by measuring Pt isotopes
in the same sample. After correction of cosmic ray effects,
the remaining Ru isotope anomalies in iron meteorites are
of nucleosynthetic origin and indicate variable deficits in
s-process Ru in iron meteorite parent bodies. For primitive
chondrites neutron capture effects on Ru isotopes are
insignificant, given their much shorter cosmic ray exposure
times compared to iron meteorites. However, the interpre-
tation of Ru isotope data of chondrites can be compro-
mised by incomplete digestion of acid-resistant presolar
phases, as demonstrated here for the chondrites Allende
and Murchison. Employing a complete digestion technique
is, therefore, mandatory for Ru isotope analyses of primi-
tive chondrites, as previously demonstrated for Os
(Brandon et al., 2005; Yokoyama et al., 2007).

Large internal Ru isotope variations in the Allende
chondrite (CV3) reflect variable proportions of s-process
Ru in the individual leach fractions, with an isotopic com-
position as measured in presolar SiC grains. Because the
s-process Ru is already released by relatively mild leaching
with HF, it probably does not reside in SiC grains, but
either is hosted in an unidentified, acid-soluble presolar car-
rier or has been released from more resistant carriers (e.g.,
SiC) and incorporated into more soluble phases by parent
body or nebular processes. Either way, the same carrier
(or one with the same s-process composition) is heteroge-
neously distributed at the bulk planetary scale, as is evident
from the observation that in eiRu-e100Ru plots all bulk
meteorites as well as the Earth’s mantle fall on the mixing
lines defined by the Allende leachates.



M. Fischer-Gödde et al. / Geochimica et Cosmochimica Acta 168 (2015) 151–171 169
Our new Ru isotope data confirm that ordinary and
enstatite chondrites as well as most iron meteorites exhibit
correlated Ru and Mo isotope anomalies, consistent with
the heterogeneous distribution of a common s-process car-
rier (Dauphas et al., 2004; Burkhardt et al., 2011).
However, some carbonaceous chondrites and possibly also
some iron meteorites (IID+IVB) appear to deviate from the
Ru–Mo correlation line. This may reflect unaccounted cos-
mic ray-induced effects on Mo isotopes in iron meteorites,
sample heterogeneity caused by the presence of chondrite
components with large Mo and Ru isotope anomalies in
carbonaceous chondrites, or solar nebula and/or
parent-body processes that acted to modify the initial pop-
ulation of presolar components in (at least some) carbona-
ceous chondrites. Distinguishing between these possibilities
will require combined Mo and Ru isotope data for mete-
orites obtained for the same sample solution.

The Ru isotope results indicate that meteorites do not
appear to represent the material delivered to the Earth’s
mantle as a late veneer, but additional analyses of a more
comprehensive suite of especially carbonaceous chondrites
are necessary to firmly arrive at this conclusion. If con-
firmed by future studies, then the late veneer must derive
from a different population of small bodies than known
meteorites and in this case might simply represent the mate-
rial left over from the main stages of terrestrial planet
formation.
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