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1 Introduction

Ruthenium stable isotope measurements by double
spike MC-ICPMS

Timo Hopp,* Mario Fischer-Gédde and Thorsten Kleine

We developed a hew technique for precise measurements of ruthenium (Ru) stable isotope compositions
by multiple-collector inductively coupled plasma mass spectrometry (MC-ICPMS). Instrumental mass bias
and potential isotope fractionation induced during the chemical purification of Ru were corrected using
a %®Ru-*Ru double spike added prior to sample digestion. The separation and purification of Ru from
natural samples is achieved by cation exchange chromatography followed by distillation of Ru as volatile
oxides. A series of analytical tests demonstrates that this method results in very pure Ru cuts and
accurate and reproducible Ru isotope measurements. The Ru isotope results are expressed relative to an
Alfa Aesar™ Ru standard solution as the permil deviations of the *°2Ru/°°Ru ratio (692/%°Ru). The external
reproducibility (2 s.d.) of the entire analytical procedure (including sample digestion, chemical
purification and isotope measurement) that has been determined using several doped terrestrial rock
standards is 0.05%, for 6'°2°°Ru. We obtained Ru stable isotope data for three different Ru standard
solutions and five chromitite samples from two different localities in the Shetland Ophiolite Complex and
from the Bushveld complex. All three standard solutions are isotopically distinct with §:°%°°Ru values up
to ca. 0.99,. The different chromitite samples also show different Ru stable isotope compositions with
6°2°°Ru values between ca. 0.2%, and ca. 0.7%, These natural Ru stable isotope variations can be
readily resolved using the %8Ru-1%'Ru double spike method presented here. Overall, these data show
that Ru stable isotopes hold promise as a tracer of a wide range of geochemical and cosmochemical
processes.

range observed for any element—make significant stable
isotope fractionations likely. Owing to its strong tendency to

Stable isotope variations have proven to be powerful and
versatile tools to investigate the nature and conditions of a wide
range of important geological processes.'” Until now, stable
isotope studies mainly utilized major elements (e.g., Fe, Si) or
elements that are enriched in the silicate portion of the Earth
(e.g., Ge, Zn, Ti).*® In contrast, only a few studies have investi-
gated the stable isotope compositions of siderophile
elements.”™ This is not surprising, given that these elements
are typically depleted in the accessible portion of the Earth,
making precise isotope measurements of natural samples
difficult. Nevertheless, the stable isotope composition of side-
rophile elements has great potential for a wide range of appli-
cations in geo- and cosmochemistry.

Ruthenium (Ru) is a promising element to investigate for
stable isotope variations. It is a highly siderophile element
(HSE) with seven naturally occurring isotopes (*°Ru, °*Ru, *’Ru,
100Ry, 'Ry, '°>Ru, '**Ru) and belongs to the platinum group
elements (PGEs). The highly siderophile character combined
with the large range of oxidation states (—2 to +8)">—the widest
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partition into metal, Ru is almost quantitatively incorporated
into the metallic core of planetary bodies. As such Ru is one of
the rarest metals in the silicate portion of the Earth and other
planetary bodies.”® Ruthenium mostly occurs as a metal phase
or as an alloy with other PGEs, but is also incorporated into
sulfides (e.g., laurite, pentlandite) and in chromites.** Although
Ru can exhibit a wide range in oxidation states, natural Ru
occurs as Ru® (in metals) and Ru*" (in sulfides).* The main
terrestrial deposits of Ru and other PGEs are related to large
intrusive complexes (e.g., Bushveld complex) and are often
associated with chromitite deposits." In these PGE deposits Ru
is enriched with a factor of up to 5000 compared to its abun-
dance in the Earth's mantle (~7 ppb).'**"” Such extreme
enrichments may have led to mass-dependent isotope frac-
tionations, which when documented may help to assess the
processes involved in the genesis of the ore deposits.

While Ru is strongly depleted in the Earth's mantle, it is
abundant in chondrites (~400 ppb to ~1 ppm Ru) and iron
meteorites (~2 to ~30 ppm Ru).'®2° Most iron meteorites are
thought to have formed by fractional crystallization of metallic
magma, a process that may have induced an isotopic fraction-
ation between solid and liquid metal.®* As such, Ru stable
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isotopes may be a useful tool to investigate the process of core
crystallization and cooling in planetary bodies. Likewise, in
chondritic meteorites Ru predominantly is hosted in refractory
inclusions and FeNi metal. At least some of these components
are thought to have formed by condensation and evaporation
within the solar nebula and so the Ru stable isotope composi-
tion of chondrite components may shed new light on the nature
of these processes.' Finally, although the Earth's mantle is
strongly depleted in Ru (and other HSE), the abundances of
these elements are still higher than expected on the basis of
experimentally determined metal-silicate partition coeffi-
cients.”” This overabundance is generally thought to reflect the
addition of a ‘late veneer’ of primitive meteoritic material to the
mantle after cessation of core formation.?®*?* Thus, the investi-
gation of mass-dependent Ru isotope variations, especially
when combined with nucleosynthetic Ru isotope studies, may
also help to assess the nature and origin of the late veneer.”®

Despite the wide range of possible applications, there have
been to our knowledge no previous attempts to determine Ru
stable isotope compositions. Instead, previous Ru isotope
studies were exclusively aimed at identifying nucleosynthetic Ru
isotope anomalies in meteorites. Such mass-independent
isotope anomalies arise through the heterogeneous distribution
of the distinct products of the s-, r- and p-processes of stellar
nucleosynthesis in the early solar nebula.*®*” In addition,
anomalies in **Ru and *’Ru could potentially arise through the
decay of now-extinct Tc.?**° However, evidence for live Tc in the
early solar system and corresponding radiogenic Ru isotope
anomalies remains elusive. Note that in studies of nucleosyn-
thetic and radiogenic Ru isotope anomalies the Ru isotope data
are internally normalized to a fixed **Ru/**'Ru ratio to correct for
instrumental and natural mass-dependent isotope variations. As
such, these data provide no information on the potential pres-
ence of mass-dependent Ru stable isotope variations.

To utilize Ru stable isotopes as a new tracer in the Earth and
planetary sciences, we have developed analytical methods for
the chemical purification of Ru from natural samples and
the precise Ru isotope measurements by double spike multi-
collector inductively coupled plasma mass spectrometry
(MC-ICPMS). Here we present the chemical purification proce-
dure for Ru, followed by a detailed description and evaluation of
the Ru double spike method. After evaluating the precision and
accuracy of this new method, we obtained Ru stable isotopic data
for different commercially available standard solutions and five
natural chromitite samples, with the ultimate goal to assess the
magnitude of naturally occurring Ru stable isotope variations.

2 Design and preparation of the
ruthenium double spike

The double spike technique is the method of choice for the
precise measurements of mass-dependent isotope variations.**
The approach of this technique was developed already in the
1960s,** but only recently this method has been applied to
a wide range of elements, mostly in combination with
MC-ICPMS.* 3336 The advantage of the double spike technique
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over the conventional standard-sample method is that, with
a single isotope measurement, the natural mass fractionation
(i.e., the quantity we are interested in) can be distinguished
from any mass-dependent isotope fractionation induced during
chemical purification and mass spectrometry. This technique,
therefore, is less susceptible to potential analytical artefacts
induced by different sample matrices and incomplete chemical
yields during the purification of the element of interest.
However, in the reduction of double spike data it is commonly
assumed that any isotopic difference between the sample and
the standard is purely mass-dependent. Thus, for samples
having mass-independent isotope anomalies, a separate isotope
measurement on an unspiked aliquot is necessary to ultimately
determine the true mass-dependent isotope fractionation. For
instance, nucleosynthetic Ru isotope anomalies exist in mete-
orites®**” and these, therefore, will have to be taken into account
when determining mass-dependent Ru isotope variations in
meteorites using a double spike. Note, however, that all samples
investigated in the present study are terrestrial samples for
which no nucleosynthetic isotope variations exist. Another
potential source of mass-independent Ru isotope variations are
chemical exchange reactions, which may have occurred in
nature or during the chemical purification of Ru prior to isotope
measurements. Such chemically induced mass-independent Ru
isotope fractionations were observed during solvent extraction
experiments using DC18C6 crown ether and are probably
related to the nuclear field shift effect leading to fractionation
between Ru isotopes with odd and even masses.*”*®* However,
a prior study on nucleosynthetic Ru anomalies in meteorites,
which applied the same Ru purification method as used in the
present study, did not find any evidence for nuclear field shift
effects on measured Ru isotope abundances.”” For Ru isotopic
data internally normalized to a fixed °°Ru/*°’Ru ratio, the
nuclear field shift effect would lead to large apparent anomalies
in '%*Ru/'*'Ru, but with one exception all meteorites and
terrestrial chromitites analysed so far have indistinguishable
104121.1/101}2u ratiOS.26'27'39

Ruthenium has seven stable isotopes (Fig. 1) and so there are
many different options for the design of a double spike. The
double spike approach requires the use of four different
isotopes, two of which are enriched in the double spike,
whereas the other two isotopes are used for the inversion of the
measured isotopic data to determine «, the natural mass frac-
tionation factor. To select the optimal double spike it is useful
to minimise the (theoretical) error on «; using this approach,
Rudge et al. (2009) created a list of double spike compositions
and their associated theoretical uncertainties on the deter-
mined « for all elements having more than four isotopes.*' This
list is based on the isotopic compositions of individual spikes
available from the Oak Ridge National Laboratory, USA. On this
basis, the optimal Ru double spike would be a **Ru-'"*Ru
double spike, where “°Ru, **Ru, ***Ru and '**Ru would be used
in the inversion. However, this error assessment does not take
into account potential difficulties in the measurement of
particular isotopes, as for instance the possible presence of
isobaric interferences. In the specific case of Ru, using the
isotopes °°Ru, **Ru, '®>Ru and '**Ru is not ideal, because all

This journal is © The Royal Society of Chemistry 2016
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Fig.1 Schematic bar diagram of Ru stable isotopes and possible isobaric interferences. Ruthenium consists of seven stable isotopes (°°Ru, °8Ru,
99Ru, 1Ry, 1Ry, 1°2Ru and 1°*Ru). The double spike method presented here uses only °®Ru, °°Ru, 1°*Ru and °°Ru and so only interferences on
%8Ru and °2Ru may be significant. Isotopic abundances according to IUPAC 40

four isotopes are affected by isobaric interferences from Mo, Zr
and Pd (Fig. 1). A further complicating factor is that the cup
configuration of the Neptune Plus MC-ICPMS at Miinster does
not allow the simultaneous measurement of Zr, Mo and Pd
interference monitors. We, therefore, selected another double
spike composition, namely a “*Ru-'"’Ru double spike with
%8Ru, *°Ru '*’Ru and '°’Ru used in the inversion. Of note, our
double spike setup does not use *°Ru and, hence, we do not
need to measure a Zr interference monitor. Moreover, we use
two Ru isotopes, ’Ru and '®'Ru, that are not affected by
isobaric interferences, and so overall potential isobaric inter-
ferences need to be considered only for *Ru and '°’Ru.
However, given the low abundance of '°*Pd (1.02%), the effect of
Pd interferences is expected to be very small (Fig. 1).

The °®Ru and '°'Ru single spikes (batch no. 193101 and
193491) were obtained from the Oak Ridge National Laboratory,
USA, as 10 mg each of fine powdered metal. The powders were
carefully weighed (note that the actual weight of the spikes is
not important because the concentrations of the individual
spikes are determined later relative to Ru standard solutions of
known concentrations) and transferred to Carius tubes for
digestion. After addition of aqua regia (6 ml 37% HCI1 + 2 ml 69%
HNO;), the spikes were digested inside the Carius tubes at 200
°C for 14 days. After complete digestion, the solutions were
carefully transferred into 60 ml Savillex™ beakers and repeat-
edly evaporated to dryness using concentrated HCI, and finally
re-dissolved in 6 M HCI. Aliquots of the two single spikes were
then used to determine their Ru isotopic compositions and
concentrations by isotope dilution using MC-ICPMS. After the
calibration, portions of the single spikes were mixed together to
yield a °®Ru-'"'Ru double spike containing the optimal
proportions of the single spikes for minimizing the error
propagation in the double spike inversion (47.87% °*Ru spike
and 52.13% '°'Ru spike; Fig. 2).** The double spike was equil-
ibrated for 48 h at 120 °C on a hot plate using 6 M HCI, dried
down several times in concentrated HCI and finally re-dissolved
in 6 M HCI. In the next step, small aliquot of the double spike
were then used to determine its concentration (by isotope

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Contour plot of the error propagation as a function of
proportion of °®Ru single spike in the *®Ru—1°*Ru double spike and the
double spike-to-sample ratio.® The ideal proportion of the °®Ru and
101Ru single spikes in the double spikes is 47.87% and 52.13%. The ideal
double spike-to-sample ratio, using the measured isotopic composi-
tion of the °®Ru—1°*Ru double spike, is 0.43. The contour line express
1% increase of the error on the natural fractionation coefficient
« relative to the minimum error.3*

dilution) and isotopic composition. The calibration of the
double spike is described in more detail below (Sect. 4.1).

3 Materials and methods
3.1 Chemicals and standard solutions

All laboratory work was performed in a class-10 000 clean room
environment using class-10 laminar flow hoods in the Institut
fiir Planetologie at the University of Miinster. Pre-cleaned
Savillex Teflon perfluoroalkoxy (PFA) vials and bottles were used
for all samples and solutions processed in this study. Merck
Millipore Emsure™ grade acids (69% HNOj;, 37% HCI) were
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distilled twice using Savillex™ DST-1000 Acid Purification
Systems and only Merck Suprapur™ H,0, and an Alfa Aesar™
CrO; powder (99.9% metal basis) were used as supplied without
further purification. The chemicals were diluted with Merck
Millipore Milli-Q™ water (18.2 MQ cm) as necessary.

There are no certified standard reference solutions for Ru
available for purchase. We, therefore, used three different Ru
standard solutions for this study: (1) an Alfa Aesar™ 1000 ppm
Ru plasma standard in 20% HCI (Lot # 61300952 - 965 ug g~
Ru), (2) a Merck Millipore Certipur™ 1000 ppm Ru ICP stan-
dard in 7% HCI (Lot # HC42234247 - 961 + 8 ug g~ ' Ru), and (3)
an Inorganic Ventures™ 1000 ppm Ru standard solution in
10% HCI (Lot # G2-RU01069 - 976 + 3 pg g * Ru).

3.2 Geological samples

To test the accuracy and reproducibility of the entire analytical
method, different geochemical reference materials from the
National Institute for Standards and Technology (NIST), USA,
were used. These included the basalts BHVO-2 and BCR-2 as
well as the peridotite UB-N. All three samples have very low Ru
contents and to test our analytical method we, therefore, doped
these samples with appropriate amounts of Ru from our stan-
dard solution prior to digestion of the samples.

To investigate the magnitude and direction of natural Ru
stable isotope variations, we applied our newly developed
method to four chromitite samples (C-1, C-3, HG-1, HG-2) from
the Shetland Ophiolite Complex (SOC).** The SOC consists of
serpentinised upper mantle material with a minimum age of
492 + 3 Ma, which was emplaced during the closure of the
Iapetus ocean at ~470 Ma.*»** Within the typical mantle
lithologies (dunites, harzburgites, pyroxenites) discontinuous
chromitite lenses of up to 2 m thickness occur.** Such podiform
chromitite deposits are common in ophiolite complexes and
show anomalous relative platinum group element (PGE)
abundances.**

We chose chromitite samples from two of the main deposits
within the SOC (C-Cliff and HG-Harold's Grave).”* The PGE
concentrations at Cliff show large variations in the total PGE
concentrations (0.18 to 58 ppm) accompanied by enrichments
in platinum (Pt), palladium (Pd) and rhodium (Rh).* In
contrast, the chromitites at Harold's Grave display smaller
variations in the total PGE concentrations (4.77 to 14.7 ppm)
and are relatively enriched in Ru and iridium (Ir) compared to Pt
and Pd.* The high enrichment and variability of the PGE
abundances, in particular Ru, in these two localities could
potentially have affected the Ru stable isotopic compositions of
the samples, making these samples ideal to test our newly
developed method and, at the same time, evaluate the magni-
tude of Ru isotope variations in natural samples.

In addition to these podiform PGE deposits we analysed the
certified reference material SARMS81, which is commercially
available from MINTEK Corporation, South Africa. This refer-
ence material is a representative rock powder of the UG2
chromitite layer from the Bushveld complex. The Bushveld
complex comprises the largest PGE and chromium (Cr) deposits
in the world.*® In contrast to the small-scale, podiform
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chromitite deposits of the SOC, the Bushveld complex is a large-
scale stratiform PGE deposit.”® These different formation
processes could have potentially led to Ru isotopic variations
between podiform and stratiform chromitite deposits.

3.3 Sample digestion and separation of ruthenium

All samples were weighed using Al foil and then transferred into
Carius tubes (CT) using a burette funnel. An appropriate
amount of the **Ru-"""Ru double spike was then weighed into
a 7 ml Savillex PFA beaker and together with 7.5 ml reverse agua
regia (5 ml HNO; + 2.5 ml HCI) also transferred into the CT. The
burette funnel was carefully rinsed with the acid to ensure
quantitative transfer of both the sample and spike into the
Carius tube. The Carius tube was sealed using a gas flame and
the sample-double spike mixture was then dissolved and
equilibrated at 220 °C for 48 h.*” In most natural samples, Ru
like other highly siderophile elements (HSE) is quantitatively
incorporated into metals and sulphides, which are completely
dissolved by the CT digestion. Thus, although silicates are not
fully dissolved, the entire sample Ru is released by the CT
digestion.

After digestion the sample solutions were transferred from
the Carius tubes into 50 ml centrifuge tubes and centrifuged for
20 min to remove silicate particles from the solution. The
solutions were then pipetted into 60 ml Savillex™ Teflon
beakers and evaporated at 100 °C on a hotplate. After drying, the
samples were re-dissolved in 10 ml 6 M HCI and evaporated at
120 °C. This procedure was repeated two or three times to
remove any residual HNO;. The samples were finally dissolved
in 10 ml 0.2 M HCI and placed on a hot plate at 120 °C over-
night. After cooling, the samples were loaded onto columns
filled with 10 ml BioRad™ AG50W-X8 (100-200 mesh) cation
exchange resin. The resin was batch cleaned in a PFA bottle
using 6 M HCl, 6 M HCIl-1 M HF and Milli-Q™ water. Prior
loading of sample solutions, resin and columns were further
cleaned using 40 ml 6 M HCI. The resin was then backwashed
with Milli-Q™ water and finally conditioned with 20 ml 0.2 M
HCL. On the cation exchange resin, Ru (and other elements like
Re, Ir, Pt, Rh, Pd and Mo) is not absorbed because it forms
negatively charged chloro-complexes, whereas most major
elements (Fe, Mg, etc.) are retained by the resin.'”***” Thus, the
cation exchange resin provides an effective means of separating
HSE from the major sample matrix. The samples were loaded
onto the column in two steps (2.5 ml and then 7.5 ml) and the
columns were rinsed with an additional 6.5 ml of 0.2 M HCI.
Ruthenium and other HSE were collected with the 7.5 ml
loading and the 6.5 ml rinsing step. The total recovery of Ru
from this column is >95%, as determined using a mixed HSE
standard solution containing typical matrix elements. For
natural samples the yield could in principle be somewhat lower,
because Ru may occur in different oxidation states and, hence,
may show different behaviour on the column. However, this
effect is minimised by the repeated treatment of the samples
with 6 M HCI enhancing the formation of Ru chloro-complexes.
The Ru cuts from the cation exchange column were dried and,
re-dissolved in one drop of concentrated HCI and two drops of

This journal is © The Royal Society of Chemistry 2016
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concentrated HNO; and dried down again at 80 °C.”” This step
was necessary to destroy organic compounds from the cation
resin and increase the Ru yields during the subsequent
distillation.

The Ru fractions from the cation exchange column were
further purified using a PFA distillation unit (Fig. 3), which
consists of four 30 ml and four 20 ml Savillex™ Teflon beakers
that are sealed with 33 mm impinge closures.”” A peristaltic
pump is connected to the 30 ml beakers (oxidation beaker),
which are placed on a hotplate and are connected to the 20 ml
beakers (reduction beaker) with four PFA tubes. The Ru cuts
from the cation column were re-dissolved in 8 ml of a 1:1
H,S0,-H,0 mixture and transferred into the oxidation beakers,
to which 3.6 ml of an aqueous CrO; solution was also added.>”*
The oxidation beakers are placed onto a hot plate and heated to
70 °C, 80 °C and 90 °C in intervals of 2 h each. In these beakers,
Ru is oxidised to volatile RuO, and transferred by an air flow
into the reduction beaker, which is filled with 10 ml of 3% H,0,,
ultimately resulting in the reduction of the Ru to RuO, (Fig. 3).
The only other element that is oxidised alongside Ru is Os in the
form of OsO,. However, the volatile Os is not reduced by H,O,,
and so the resulting Ru cut trapped in the H,0, is very pure.*®
After distillation, the Ru cut is dried slowly at 80 °C and then re-
dissolved in 2 ml of 0.28 M HNO;. To remove all residual H,0,,
the sample solutions were transferred into 7 ml Savillex™
beakers and dried down again at 80 °C. The samples were then
dissolved in 0.5 ml 0.28 M HNO; for the Ru isotope
measurements.

The total procedural blank, including the digestion of the
samples and the separation of Ru, is 41 £+ 17 pg (1 s.d., n = 3)
and, hence, insignificant given that more than 100 ng of Ru was
analysed for each sample. The yield of the entire procedure is
between 60 and 95%, as determined by distillation of pure Ru

Oxidation beaker Reduction
Peristaltic ___airflow beaker
pump
H,SO,-CrO
SO 10, |
sample solution 22 T
solution

Fig. 3 Schematic drawing of the PFA distillation unit. This unit consists
of impinge vials that are connected via PFA tubing. The sample is
placed inside the oxidation beaker with a solution of H,SO4-CrOs and
heated on a hot plate. The oxidised Ru forms volatile RuOg4, which is
transported via an airflow into the reduction beaker in which Ru is
reduced again to RuO,. Drawing reproduced with permission from
Savillex Corporation.
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standard solutions and by processing doped terrestrial rock
standards (Fig. 5). The lower yields most likely reflect Ru losses
during the distillation or during evaporation of the samples in
oxidising acids. The yields of the distillation may vary because
different sample matrices may affect the efficiency with which
Ru is oxidised; however, this effect is difficult to predict. Either
way, because the double spike is added before digestion of the
samples and spike-sample equilibration is achieved inside
sealed Carius tubes, the loss of some Ru does not compromise
the accuracy of the Ru isotopic data. This is evident from our
tests using doped terrestrial standard rock materials, which,
although they had variable yields, all gave the Ru isotope
composition of the standard used for the doping (see Sect. 4.2
below).

3.4 Mass spectrometry and data reduction

The Ru stable isotope measurements were conducted using the
ThermoScientific™ Neptune Plus MC-ICP-MS at the Institut fiir
Planetologie at the University of Miinster. The operating and
measurement conditions of this instrument are summarised in
Table 1. For the isotope measurements, the samples were dis-
solved in 0.28 M HNO; and introduced into the mass spec-
trometer using an ESI Apex-IR™ desolvator coupled with
a MicroMist™ glass nebuliser. The formation of oxides was
minimised through the addition of N, to the sample gases,
resulting in oxide formation rates—measured as Ce/CeO—of
<1%. Sample and standard solutions were typically measured at
concentrations of 200 ppb Ru; the resulting total ion beam
intensity was 2 x 10 '° A at an uptake rate of ~100 pul min’,
corresponding to a sensitivity of ~100 V ppm . During the Ru
isotope measurements ion beams at *°Ru, *’Mo, **Ru, *°Ru,
%Ry, '"'Ru, 'Ru, '"Ru and '°Pd were simultaneously
collected in a single cycle using Faraday cups connected to
amplifiers with 10"" Q feedback resistors for Ru isotopes and
10'* Q feedback resistors for Mo and Pd isotopes. Each

Table 1 Instrumental operating and measurement conditions

Instrument operating

conditions Neptune Plus (MS)
RF power 1300 W

Plasma gas flow rate 16 L min '
Interface cones - sampler Nickel

Interface cones - skimmer Nickel
Acceleration voltage 10 000 V

Low resolution mode
5-9 x 10~° mbar
9 Faraday detectors; all Pt

Instrumental resolution
Mass analyser pressure
Detector

Sample introduction system Apex IR

Sample uptake rate ~100 pl min ™"
Measurement parameters

Solution concentration 200 ppb

Typical sensitivity 100 V ppm "

Sample measurement time 50 x 4.2 s integrations
Washout time 30 min

Background measurement time 40 x 4.2 s integrations
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measurement comprised 50 x 4.2 s integrations of the ion
beams and consumed ~90 ng of Ru. Baselines were measured
on peak for 40 x 4.2 s on a solution blank prior to each sample
or standard analysis (Table 1). Between two successive analyses
a total washout time of ~30 min was necessary to clean the
introduction system and reduce background levels to <1 mV
for all Ru isotopes.

The measured raw datasets were processed off-line using the
double spike toolbox of Rudge et al. (2009),** which employs
MATLAB's non-linear equation solving routine for the iteration.
Interference corrections require the prior mass bias correction
of the isotope ratios involved, but for spiked samples the
magnitude of the instrumental mass fractionation factor
@ cannot be measured directly. We, therefore, first processed
the raw isotope data using the double spike toolbox to obtain
a first estimate of §3; this value was then used for the mass bias
correction of measured isotope ratios, followed by an interfer-
ence correction of isotope ratios affected by isobaric interfer-
ences from Mo or Pd isotopes. The mass bias correction was
then removed from the interference-corrected isotope ratios to
obtain interference-corrected raw beams. These raw beams were
then used in the double spike inversion, which returns a new
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estimate of (. This procedure is repeated until the § values
converge, which typically is the case after two iterations. This
method has been tested by the measurement of spiked Ru
standard solutions doped with varying amounts of Pd and Mo
(see Sect. 4.2 below).

The Ru stable isotope results are reported as the relative
deviations from the composition of the Alfa Aesar standard
solution as 6'°**°Ru:

6102/99Ru — (I02/99Rusample/102/99Rustandard o 1) % 1000.

4 Results and discussion
4.1 Calibration of the ruthenium double spike

For the preparation and calibration of the **Ru-'""Ru double
spike, the concentrations and isotopic compositions of the
single **Ru and '°'Ru spikes as well as the final **Ru-'""Ru
double spike were determined. All spike-standard mixtures
used in the calibration were equilibrated in closed Savillex
beakers with 6 M HCI on a hot plate at 120 °C. The use of 6 M
HCI suppressed the formation of volatile Ru oxides, which
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Fig.4 (a) Measured 6'°%°°Ru as a function of different sample—spike mixtures. The proportion of the mixtures is expressed as deviation from the
optimal amount of spike. Each point is the mean of four measurements with given error (2 s.d.). The measured §'°?°°Ru is insensitive to the
sample—spike ratio and even largely underspiked or overspiked samples provide accurate results. The grey horizontal bar indicates the mean 1%/

99Ru of all measured sample—spike mixtures with its associated uncertainty of +0.04%, (2 s.d.). (b) Long-term reproducibility of the

5102/99RU

measurements of the spiked Alfa Aesar standard solution over a period of one year. Measurements are from seven different sessions (Nov. 2014 -
Nov. 2015). The grey area represents the long-term reproducibility of spiked solution standards of +0.049, (2 s.d.).
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could have been lost before spike-standard equilibration was
achieved. The good agreement of the 6'°¥°°Ru values deter-
mined for different standard-double-spike mixtures (see below
and Fig. 4) demonstrates that complete spike-standard equili-
bration was obtained prior to any potential loss of volatile Ru
oxides from the mixtures.

The Ru concentrations of the single and the double spikes
were determined by isotope dilution using three different
standard solutions (Alfa Aesar, Merck Millipore Certipur, Inor-
ganic Ventures; see Sect. 3.1). The determined concentrations of
the *®Ru and ''Ru single spikes using three different sample-
spike ratios for each of the three standard solutions agree
within <1% (2 s.d.), indicating that the given Ru concentrations
of the standard solutions are accurate at the ~1% level. The
concentration of the double spike was determined using three
different mixtures of the double spike and the Alfa Aesar stan-
dard solution. Additionally, one standard-spike mixture each of
the other two standard solutions were also prepared. The Ru
concentration of the **Ru-""'Ru double spike stock solution
obtained from each of the five spike-standard mixtures agree
with each other and average at 68.53 £ 0.40 ppm (2 s.d.).

The Ru isotopic compositions measured for the Alfa Aesar™
Ru standard solution, the individual spikes and the **Ru-'*"Ru
double spike are summarised in Table 2. In this table, pub-
lished or recommended isotopic compositions for these mate-
rials are also given for comparison. In the absence of a certified
standard solution for Ru, we chose the Alfa Aesar™ standard
solution as the reference composition for the double spike
measurements, which was used for the determination of the
isotopic compositions of the “®Ru and "'Ru single spikes and
the °*Ru-"""Ru double spike (Table 2). The '*'Ru/*’Ru ratio
measured for the standard before and after each spike analysis
was used for the correction of instrumental mass fractionation
of the measured isotope ratios of the spike.

To test the accuracy of the double spike calibration we ana-
lysed nine Alfa Aesar standard-double spike mixtures covering
a wide range of spike-to-sample ratios of between 0.2 and 0.7.
The optimal spike-to-sample ratio for minimizing the error
propagation in the double spike inversion is ~0.43 (Fig. 2).*
The 6'°%°°Ru values obtained for the different spike-standard
mixtures all agree within 0.049, (2 s.d.) (Fig. 4a). Of note there is
no dependence of the measured §'°*°°Ru from the spike-to-
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sample ratio, as would be expected if the isotopic composition
measured for the double spike would deviate from its true value.
The constant 6'°°°Ru values obtained over a wide range of
spike-to-sample ratios, therefore, indicates that the calibration
of the double spike is accurate. The smallest scatter on
measured 6'°%°°Ru was obtained for spike-to-sample ratios
between 0.35 and 0.55 and all samples analysed in the present
study were, therefore, spiked such as to yield spike-to-sample
ratios between 0.40 and 0.45 (Fig. 4a).

4.2 Reproducibility of ruthenium double spike
measurements

The internal precision (2 s.e.) of each individual Ru double-
spike measurement of standards or samples is ca. £0.029,, for
6°%9°Ru. However, the 6'°*°Ru values obtained for the spiked
Alfa Aesar standard slightly vary between different sessions and
not always scatter around zero. These small offsets (<0.08 §*°%
99Ru) are probably caused by slightly different tuning settings of
the MC-ICPMS or non-exponential mass fractionation effects
not accounted for by the double spike correction. To account for
these small offsets between individual sessions, we employed
a standard-sample bracketing technique, in which the average
composition measured for the Alfa Aesar standard during one
session, ajifa hesar, i subtracted from each sample analysis in
the same session:

0" Rugample = —1000 X (ctgample — NI Aesar) X In(m102/mg9),
where m,,, and mo, are the atomic masses of '°’Ru and °°Ru.
Using this approach, the long-term reproducibility of the
measurements of spike standard solutions is 0.04%, (2 s.d.), as
determined from all measurements (n = 169) conducted during
the course of this study (Fig. 4b).

The long-term reproducibility of the optimally spiked Ru stan-
dard solution does not account for potential effects induced by the
chemical purification of Ru and by the presence of matrix elements
in the analysed Ru fraction. To evaluate such effects and, hence, to
arrive at a more appropriate estimate of the external reproducibility
of the Ru double spike method, we processed the rock standards
UB-N, BHVO-2 and BCR-2, which represent typical rock matrices,
through the entire analytical procedure (Carius tube digestion,
cation exchange chromatography, distillation). These three

Table 2 Isotopic compositions (in %) of natural Ru, °®Ru and *°*Ru single spikes and the 98Ru-11Ru double spike?

%Ru %Ru “Ru 109y B 2Ry 101Ry Atomic wt [amu]
Natural Ru*’ 5.54 (14)  1.87 (3) 12.76 (14)  12.60 (7)  17.06 (2) 31.55 (14) 18.62 (27) 101.07 (2)
Alfa Aesar Ru [this study]  5.5529 (9)  1.8797 (12)  12.7646 (7) 12.6002 (2) 17.0661 (9)  31.5390 (17) 18.5977 (23) 101.06314 (19)
%8Ru spike®’ 0.56 89.34 3.61 1.7 1.71 2.17 0.9 98.14650
98Ru spike [this study] 0.5350 (11) 89.4393 (4)  3.6880 (7)  1.6801 (12) 1.6515 (14) 2.1410(5)  0.8649 (9)  98.15215 (7)
101Ru spike®* 0.07 0.07 0.15 0.32 97.82 1.35 0.21 100.9035
*'Ru spike [this study] 0.0309 (21) 0.0171 (24)  0.1582(9)  0.3243 (7)  97.7937 (2)  1.44966 (7)  0.2260 (11)  100.91836 (12)
opt. “*Ru-"""Ru Ds** 0.30 42.78 1.81 0.98 51.85 1.74 0.54 99.59463
9Ru-'""Ru DS [this study] 0.2750 (2)  43.3635 (16) 1.8722(3)  0.9844 (4) 51.1766 (14) 1.7905 (9) 0.5379 (5) 99.57753 (5)

¢ Uncertainties are given in parentheses and refer to last significant digits.

This journal is © The Royal Society of Chemistry 2016
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samples have very low Ru concentrations of ca. 6.4 ppb (UB-N), 0.14
ppb (BHVO-2) and 0.03 ppb (BCR-2)."* Even for UB-N these
concentrations are too low for precise isotope measurements using
the sample masses of ~0.5 g typically processed with the method
described in the present study. Prior to digestion we, therefore,
added ~500 ng Ru from the Alfa Aesar™ standard solution to ~0.5
g of the rock powders, together with an appropriate amount of
double spike. Note that even in the case of UB-N—the sample with
the highest Ru content of the three investigated rock powders—
only ~3 ng of Ru would derive from the sample, compared to ~500
ng Ru from the standard solution. Thus, UB-N itself contributes
less than 1% of the total Ru analysed, meaning that only if the 6'°%
9Ru of UB-N would be more than 49, different from that of the
Alfa Aesar standard, would we be able to measure a resolvable Ru
isotope difference outside the uncertainty of the 6*°?°°Ru analyses.
That UB-N is characterised by such a large Ru isotope fractionation
is highly unlikely, however, and we, therefore, expect to measure
the Ru isotopic composition of the added standard solution. The
same holds for the other two doped terrestrial rock standards
(BHVO-2, BCR-2), given their much lower Ru concentrations
compared to UB-N. As a further test of our analytical protocol, we
processed an aliquot of the spiked Alfa Aesar solution standard
alongside the terrestrial rock powders through the entire proce-
dure. Taken together, these test make it possible to evaluate
potential effects of sample processing and sample matrix on
measured Ru isotope compositions; if such effects are present they
would manifest themselves in deviations from §'°”*°Ru = 0.
Moreover, these test also provide a robust estimate of the external
reproducibility of the Ru isotope measurements.

The 6'°*°°Ru values measured for the doped terrestrial
samples and the processed standard solution are all zero within
uncertainty (Fig. 5; Table 3) and the mean §'°?°°Ru of all the
measurements of the four samples is 0.00 + 0.05%, (2 s.d.; n =
20). Each sample was analysed five times and the reproducibility
of these five measurements was better than 0.059, (2 s.d.) for each
sample and is thus similar to the reproducibility obtained for the
measurement of unprocessed standard solutions (see Fig. 4b and
5). A reproducibility of 0.05%, (2 s.d.), therefore, provides a good
approximation of the external error of our analytical protocol.
Additionally, the varying yields of the four processed samples
(65 to 98%) show that even losses of up to 35% Ru do not
compromise the accuracy of the Ru isotopic data (Fig. 5, Table 3).

4.3 Effects of interferences on double spike measurements

The accuracy and precision of the Ru isotope measurements can
be compromised by the presence of isobaric interferences of
%Mo, **Mo, *°Mo, '*>Pd and '*'Pd on Ru isotopes (Fig. 1). Of
these, interferences from °*Mo, Mo and '*Pd as well as
potential interferences from °°Zr are inconsequential for the Ru
isotope measurements, because they do not directly interfere
with the Ru isotopes used in the double spike inversion (i.e.,
%8Ry, *Ru "'Ru and '*Ru). However, given the high natural
abundance of °®Mo combined with the low abundance of **Ru,
the presence of Mo in the analysed Ru fractions in particular may
have a significant effect on measured 6'°*°°Ru. Thus, to test
which amounts of Mo (and Pd) in the analysed Ru fractions are
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Fig. 5 Ruthenium isotopic composition of processed reference
materials and standard solutions plotted against the Ru yield of the
chemistry. Each point is the mean of five measurements with given
error (2 s.d.). Note that the varying Ru yields (65 to 98%) do not affect
the measurements. The external error of the entire procedure
(digestion, purification, measurement) is given by the error of the
results for all processed materials (2 s.d.) and is 0.05%, for 6192/99Ry
and represented by the grey area.

tolerable and can reliably be corrected without compromising the
accuracy and precision of measured 6'°*°°Ru values, we per-
formed a series of doping test, in which varying amounts of Mo
and Pd were added to the spiked Alfa Aesar Ru standard solution.

The Ru fractions obtained after cation exchange chroma-
tography and distillation typically have Mo/Ru and Pd/Ru of
<0.0005. We, therefore, doped the spiked Alfa Aesar standard
to yield Mo/Ru and Pd/Ru ratios between 0.00001 and 0.02; note
that the lower of these ratios are typical ratios obtained for
processed samples. Fig. 6 summarises the results of the doping
tests and illustrates that the presence of Mo and Pd does not
induce measureable offsets in 6*°**°Ru for Mo/Ru <0.0001 and
Pd/Ru <0.002 (Fig. 6). For larger amounts of Mo or Pd measured
6'%?°Ru values deviate from the true value. These offsets can
readily be corrected for Mo/Ru ratios up to ~0.0006 and for Pd/
Ru ratios up to ~0.02, but for higher Mo/Ru and Pd/Ru ratios
the interference correction becomes inaccurate (Fig. 6). Possible
reasons for these deviations include an improper correction for
instrumental mass bias and deviations in the isotopic compo-
sition of Mo and Pd used in the interference correction. Note,
however, that our chemical purification procedure results in
Mo/Ru and Pd/Ru ratios <0.0005, which is well within the
range of ratios for which the interference corrections are accu-
rate and precise. Thus, these interference corrections are
inconsequential for the precision and accuracy of the Ru
isotope measurements.

Other potential interferences that may affect the quality of
the Ru isotope measurements include Ar oxides (e.g., “°Ar,0"),
Ru hydrides, doubly charged Pt, and polyatomic Cr species (e.g.,
*0Cr°>Cr*). However, several observations and tests indicate that
these potential interferences have no measurable effect on the
Ru isotopic data. First, oxide rates (i.e., CeO/Ce) were always
<1%, minimising the formation of potential interferences of Ar
oxides on Ru masses. Note that the major Ar oxide in the Ru

This journal is © The Royal Society of Chemistry 2016
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Table 3 Ruthenium stable isotope data for processed standard solu-
tion (Alfa Aesar), doped terrestrial samples (BCR-2, BHVO-2, UB-N),
two Ru standard solutions (Merck Millipore, Inorganic Ventures) and
five chromitite samples. For samples with more than four measure-
ments (N) the mean 6'°%°°Ru (+2 s.d.) was calculated. Errors given for
means with <4 measurements (N) are the determined external
reproducibility on 6'°?/°°Ru of 0.05%, (2 s.d.). For concentrations the
relative uncertainties (2 s.d.) of measurements is <1%

Ruliterature

[ppm]

Rumeasured

6102/99Ru [ppm]

Sample N

Processed standard and reference materials
Alfa Aesar solution

#1 0.04

#2 0.01

#3 0.01

#4 —0.02

#5 0.05

Mean (£2s.d.) 5  0.02 + 0.05
Doped BCR-2

#1 0.00

#2 —0.03

#3 0.00

#4 —0.02

#5 —0.03
Mean (+2s.d.) 5  —0.02 £ 0.03
Doped BHVO-2

f1 0.04

#2 -0.01

#3 0.02

#4 —0.03

#5 0.00

Mean (+2s.d.) 5 0.01 + 0.05
Doped UB-N

#1 0.02

#2 0.02

#3 0.00

#4 —0.03

#5 —0.02
Mean (+2s.d.) 5  0.00 &+ 0.05
Standard solutions

Merck Millipore

#1 (Sep. 2015) 0.11

#2 (Sep. 2015) 0.12

#3 (Sep. 2015) 0.13

#4 (Nov. 2015) 0.11

#5 (Nov. 2015) 0.11

Mean (+2s.d.) 5 0.11 + 0.02
Inorganic Ventures

#1 (Sep. 2015) 0.90

#2 (Sep. 2015) 0.91

#3 (Sep. 2015) 0.91

#4 (Nov. 2015) 0.91

#5 (Nov. 2015) 0.90

Mean (+2s.d.) 5  0.91 4 0.01
Chromitites

Shetland Ophiolite

C-3

#1 (Sep. 2015) 0.20

#2 (Sep. 2015) 0.20

#3 (Sep. 2015) 0.21

#4 (Nov. 2015) 0.19

#5 (Nov. 2015) 0.21

Mean (+2s.d.) 5  0.20 + 0.02 18.5 20.0 (ref. 41)

This journal is © The Royal Society of Chemistry 2016

View Article Online

JAAS

Table 3 (Contd.)
RUmeasured Rujiterature

Sample N §'°Ru [ppm] [ppm]
C-1
#1 0.25
2 0.23
#3 0.24
Mean (+2s.d) 3  0.24 4+ 0.05 17.0 16.7 (ref. 41)
HG-1 0.67 1.94 2.36 (ref. 41)
HG-2 0.66 2.91 3.44 (ref. 41)
Mean (£2s.d.) 2  0.67 & 0.05
Bushveld complex
UG2
1 0.42
#2 0.43
Mean (+2s.d.) 2  0.43 4 0.05 0.67 0.64 — 0.79arMs1

mass range is “’Ar,"°0 at mass 96, but that *°Ru is not used in
the double spike inversion. Second, there is no detectable signal
on mass 105 (i.e., "*’RuH") during the measurement of a pure
Ru standard solution, indicating that there is no significant Ru
hydride formation beyond baseline levels. Third, our chemical
purification procedure efficiently separates Ru from all other
HSE, so that none of the analysed samples contains Pt and that,
therefore, no doubly charged Pt could have formed. Finally, we
assessed the effects of Cr contamination on measured Ru
isotope composition by measuring spike-standard mixtures
admixed with varying amounts of Cr. A prior study occasionally
observed a contamination of the final Ru cut with Cr from the
aqueous CrO; solution used for the distillation.”” We note,
however, that this contamination has only been observed when
purifying Ru by micro-distillation and seems to be absent when
using the larger PFA distillation unit employed in the present
study. Either way, our tests show that the possible presence of
Cr in the analysed Ru solutions has no effect on the measured
6'°2/°*Ru values, even for Cr/Ru ratios as high as ~1 (Fig. 7).

4.4 Natural ruthenium stable isotope variations

To assess the magnitude of Ru stable isotope variations, we
analysed two commercially available Ru standard solutions
from Merck Millipore™ and Inorganic Ventures™ (referred to
as M-1 and I-1), four chromitite samples (C-1, C-3, HG-1, HG-2)
from the Shetland Ophiolite Complex and one certified refer-
ence material (SARMS81) from the UG2 chromitite layer of the
Bushveld complex, South Africa.*"** The Ru standard solutions
were mixed with an appropriate amount of the double spike,
equilibrated on a hot plate at 120 °C using 6 M HCl and directly
measured without further processing. This equilibration
procedure is the same as used for the preparation of standard-
double spike mixtures for the calibration of the double spike;
this method produced reproducible results (see above and
Fig. 4), indicating that efficient spike-standard equilibration
was achieved. For the chromitites, about 50 to 500 mg of each
powder were spiked and digested inside Carius tubes and the
Ru was purified by cation exchange chromatography and
distillation (see above).
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The results for the standard solutions and chromitites are
summarized in Table 3 and shown in Fig. 8. The Ru concen-
trations obtained for the SOC chromitites vary substantially
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Fig. 8 Measured 6'°%/°°Ru of two standard solution (Merck, Inorganic
Ventures) and five chromitite samples from the Shetland Ophiolite
Complex and the Bushveld complex.*’#2 Error bars are given as the
external error of the method of +£0.05%, (2 s.d.). The grey vertical bar
represents the uncertainty on the §'°9°°Ru of the Alfa Aesar Ru
standard solution.
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from published values for the same samples, with deviations of
up to ~20% (Table 3). Note that we obtained both higher and
lower values compared to previous studies and so this offset
cannot reflect improper spike calibration. Instead, the variable
Ru concentrations determined on different splits of the same
samples most likely reflect the heterogeneous distribution of
PGE phases at the sampling scale, consistent with conclusions
of prior studies.*

The chromitite samples as well as the different standard
solutions exhibit variable Ru stable isotopic compositions, and
all have higher 6'°°°Ru values (up to ~0.9%,) and, hence, are
isotopically heavier than the Alfa Aesar™ standard solution. As
such these data demonstrate that naturally occurring Ru stable
isotope fractionation are on the order of at least ca. 19,; these
variations can readily be resolved using the analytical tech-
niques developed in the present study, given an external error of
only £0.05%, (2 s.d.). The different Ru stable isotope composi-
tions observed for the three investigated standard solutions
reflect either isotope fractionation induced by the chemical
processing necessary for the purification and enrichment of Ru
during production of the standard solutions, or, alternatively,
natural Ru isotope variations inherited from different starting
materials. Although the current data do not allow to distinguish
between these two possibilities, the latter option seems more
likely, given that the investigated chromitites show a similar
range in Ru stable isotope compositions (Fig. 8).

The four investigated SOC chromitites (C-1, C-3, HG-1, HG-2)
are all from podiform chromitite deposits of the Shetland
Ophiolite Complex. While the chromitites from one location
exhibit indistinguishable Ru stable isotopic signatures, the
samples from the Cliff (6'°*°°Ru = 0.22%,) and Harold's Grave
(6'°°Ru = 0.66%,) locations are different (Table 3; Fig. 8).
Thus, samples formed within the same large geological context
(the Shetland Ophiolite Complex) can have different Ru stable
isotopic compositions. The Cliff and Harold's Grave chromitites
probably derive from different magmas, as is evident from their
different PGE abundances, major element compositions and
petrology.*>** Moreover, the high variability of Ru concentra-
tions in the Cliff chromitites is attributed to the remobilization

This journal is © The Royal Society of Chemistry 2016
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of the PGEs during hydrothermal alteration by an As-rich
fluid.*>*° Thus, the different Ru stable isotopic compositions of
the Cliff and Harold's Grave chromitites may reflect differences
in composition of the source magmas, different magnitudes of
Ru enrichments and differences in the enrichment processes
(magmatic vs. magmatic and hydrothermal). Likewise, the UG2
sample derived from a stratiform chromitite deposit of the
Bushveld complex (UG2) has another a Ru isotopic composition
in between those of the two analysed podiform SOC chromi-
tites, which again probably reflects either different formation
processes or differences in magma compositions.*®

5 Conclusion

We have developed a method for the precise measurement of
mass-dependent Ru isotope variations by MC-ICPMS combined
with a **Ru-'""Ru double spike. This spike provides accurate
results over a wide range of spike-to-sample ratios and is
insensitive to the incomplete recovery of Ru from the analysed
samples. Our chemical purification procedure, which includes
cation exchange chromatography and distillation, results in
sufficiently clean Ru fractions with only very minor amounts of
Mo and Pd remaining in the final Ru cut. Isobaric interferences
from Mo and Pd are, therefore, small and, if present, can be
reliably corrected for. Repeated measurements of different Ru
standard solutions and terrestrial rock standards show that an
external precision of +0.05%, for 6'°*°°Ru can routinely be
obtained using the analytical method presented in this study.

The analyses of different commercially available Ru standard
solutions and chromitite samples from three different localities
show that natural Ru stable isotope variations of up to at least
ca. 19, (for 6*°¥°°Ru) exist. These variations can readily be
resolved using the analytical method presented here. Thus, Ru
stable isotopes hold promise as a tracer for a wide range of
processes, including the condensation of metal in the solar
nebula, the segregation and crystallization of metal cores in
asteroids and the terrestrial planets as well as the formation of
terrestrial PGE deposits.
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