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- ABSTRACT -

Josefine A.M. Nanne — The stable osmium isotope system.

This PhD thesis reports the development and application of a new geochemical tool; stable isotopes of osmium
(Os) and their mass-dependent fractionation. Osmium is of interest because it holds some very specific
characteristics (e.g. highly siderophile, refractory, chalcophile under mantle conditions) that makes it of interest
for examining key processes in geo- and cosmo- sciences. Previous studies have explored the abundance of Os,
the radiogenic Os isotopes, and mass-independent Os anomalies. However, no previous study has explored the
stable isotopes of Os in a mass-dependent manner. The first objective of this thesis, which will be presented in
chapter 2, was to develop a method that is capable of resolving variations in Os stable isotopes. After a method
was developed that has been shown to provide high precision and reproducible stable Os isotope compositions,
it was applied to various rock types to examine key and current questions within geosciences. Specifically, focus
was put on examining the abundance of highly siderophile elements in the Earth’s mantle and an attempt was
made to unravel the processes associated with metal core crystallization. To this end, the stable Os isotope
composition of chondrites, Earth’s mantle samples, and iron meteorites have been constrained. The outcome
of these studies is presented in chapters 3 and 4. Chondrite data show that the bulk solar nebula composition
holds a homogeneous composition. Earth’s mantle samples are on average similar to chondrites, which is
consistent with the late veneer model for Earth’s highly siderophile element budget. Iron meteorites yield
significant stable Os isotope variation, showing that planetary core solidification generates significant stable Os
isotope variability. The latter provides new insights in the crystallization history of planetary cores, showing the

strong potential of mass-dependent Os isotopes as a new geochemical tool.
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INTRODUCTION CHAPTER 1

PREFACE

Recent years have seen rapid advances in stable isotope geochemistry, with more and more elements being
investigated. The novel elements, as well as the more traditional (C-H-O-N-S), have provided a wealth of
information that has led to a better understanding of many bio-, geo-, and cosmo-logical processes. In this

thesis, the potential of osmium stable isotopes to examine questions in geo- and cosmo-chemistry is explored.

This chapter provides general background information about the main research areas of this thesis: stable
isotope geochemistry and the element osmium. Subsequently, the contribution of this thesis to these research
areas is outlined with discussion of the various objectives that will be addressed. Finally, the relevance of each
chapter to the overall research goals of this thesis will be explained and the contributions of co-authors are

clarified.
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INTRODUCTION CHAPTER 1

1. RESEARCH AREAS

1.1 STABLE ISOTOPES
1.1.1 History and Current Stage of Research

Stable isotope geochemistry found its origin in the 1930-40’s when the first instruments capable of detecting
individual isotopes were developed. The first elements analysed were the light isotopes; H, C, N, O, and S, for
which variations in stable isotope compositions are large and, as such, easier to detect. They are referred to as
“traditional” stable isotopes. With time, techniques and instruments have seen dramatic advances, in
particular since the advent of multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS;
Halliday et al., 1995), allowing for the detection of ever smaller isotope variations. This has led to a significant
expansion of the field of stable isotope research (Figure 1-1) as changes in isotope composition even for some
of the heaviest elements could be observed (e.g., U - Stirling et al., 2007; Tl - Rehkdmper and Halliday, 1999).
Discoveries of natural mass-dependent isotope fractionation in these so-called “non-traditional” stable
isotopes, benefiting from their different geochemical behaviour, have provided new, unique ways by which to
examine geo-, cosmo-, and bio-chemical processes. Recently, the current stage of research for a large range of
non-traditional elements has been reviewed in a publication of RIMG by Teng et al. (2017) and was previously

summarized by Johnson et al. (2004).

Ill He
Li |Be B|C|N|O|F Ne
Na | Mg Al |Si|P|[S |Cl|Ar
K |Ca Sc|Ti|V |[Cr Mn|Fe|Co|Ni|Cu|Zn|Ga|Ge | As| Se|Br | Kr
Rb | Sr Y | Zr Nb/Mo|Tc |[Ru|Rh|Pd|Ag|Cd|In|Sn|Sb|Te| | | Xe
Cs |Ba Lu | Hf |Ta| W Re|Os| Ir [Pt [Au|Hg| Tl | Pb | Bi |Po| At Rn
Fr |Ra Lr | Rf [ Db| Sg | Bh | Hs | Mt |Uun|{Uuu|Uub Uug

La|Ce| Pr|Nd|Pm|Sm|Eu|Gd|Tb|Dy|Ho| Er | Tm|Yb

Ac|Th | Pa| U|Np|Pu|Am|Cm|Bk| cf | Es|Fm|Md| No
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INTRODUCTION CHAPTER 1

1.1.2 Theoretical Background

Isotope fractionation refers to the difference in isotope composition between various compounds or phases
that can result from equilibrium or non-equilibrium (“kinetic”) processes. The theoretical background behind
equilibrium, mass-dependent, stable isotope fractionation was established by Bigeleisen and Mayer (1947) and
Urey (1947). The theory predicts that the extent of isotope fractionation is proportional to the isotopic mass
difference and it shows that fractionation arises from differences in vibrational energy levels of constituent
atoms. As such, fractionation is driven by changes in the bonding environment with the heavier isotopes
preferring stiffer bonds related to an high force constant. Chemical reactions or phase changes cause a change
in the bonding environment which, consequently, results in preferential partitioning of heavy isotopes relative
to light isotopes between specific environments. Parameters controlling the type of bonding are, for example,
the oxidation or coordination state where the isotopically heavier species are, generally, associated with a
lower coordination and higher oxidation states of the element of interest (e.g., Schauble, 2004). This
dependency is used to place constraints on the conditions under which processes have taken place. Kinetic
fractionation refers to processes where the effective transport is unidirectional due to differences in reaction
or transport rate. Common processes that show this behaviour are diffusion, evaporation, and condensation.
The reaction rate or rate of change, and hence the degree to which isotopes are fractionated, is controlled by

physical parameters such as temperature, pressure, and oxygen fugacity.

1.1.3 Determination of Mass-dependent Isotope Compositions

Isotope measurements are performed by mass-spectrometry and, consequently, are subject to instrumental
mass fractionation. This induced fractionation should be corrected in order to derive the natural fractionation.
The most commonly used correction method is sample-standard (smp-std) bracketing (ssb), whereby
measurements of unknown samples are intercalated with measurements of a reference standard. The stable
isotope composition is then calculated as the difference between the measured isotope ratio of the sample
and that of the average of the bracketing standards. The assumption made here is that instrumental mass bias
is identical for sample and standard. However, the presence of residual chemical matrices in samples can lead
to inaccurate results. To quantify the uncertainty, additional analyses are required which is time consuming.
Doping samples with an element that exhibits similar mass bias behaviour to the element of interest is another
method that can correct for instrumental mass fractionation. The assumption made in this case is that the
doped element fractionates in an identical manner to the element of interest, with the extent of isotope
fractionation depending purely on isotope mass. In the case of radiogenic isotopes, the ratio of two stable non-
radiogenic isotopes can be used to correct for instrumental mass fractionation. However, this approach uses a
constant stable isotope ratio and, consequently, corrects for both natural and induced stable isotope
fractionation. In order to avoid this and resolve natural stable isotope fractionation from instrumental mass
fractionation effects, the double spike (DS) technique can be employed (Dodson, 1963). The key advantage of

this technique is that the isotope ratios of a measurement are used to constrain instrumental mass bias
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INTRODUCTION CHAPTER 1

explicitly for the sample examined. The DS method is, therefore, more robust to variable instrumental
conditions and does not rely on assumptions of similar fractionation behaviour which, in the case of residual
matrix effects, is especially hard to assess by smp-std bracketing. Furthermore, the DS method does not
require the presence of a well-established isotope ratio, and if the DS is added prior to sample digestion, any
fractionation taking place during digestion and chemical separation can be corrected for. This is impossible
using the other two methods and a 100% vyield or no fractionation has to be assumed. The DS technique is,
therefore, ideally suited and commonly used to study non-traditional stable isotope systems (e.g., Siebert et

al., 2001; Millet et al., 2012; Creech et al., 2013; Hopp et al., 2016).

The technique works as follows, the sample is mixed with a tracer enriched in two isotopes of an element in a
known ratio; the double spike. Complete spike-sample equilibration is required. By assuming that the sample
and standard of reference are related to each other by mass-dependent fractionation following an exponential
law, it is possible to calculate the instrumental mass bias from mass spectrometry data, thereby deriving the
natural fraction (Figure 1-2). Parameters required to accomplish the calculations are (1) the measured sample-
DS mixture composition; (2) the composition of the reference standard and double spike; (3) the natural
logarithm of the ratio of the isotopic masses. These parameters are taken as input values for a non-linear
equation that can be resolved by iterative methods (e.g., Rudge et al., 2009). As the equation contains three

unknowns, three isotope ratios are required to resolve the unknown parameters.
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1.1.4 Notation of Stable Isotope Compositions

The magnitude of mass-dependent isotope fractionation is often limited and as such is reported, most
commonly, in parts per thousand, or per mil (%o). The variation of a sample is expressed relative to a standard

of reference following an equation of this format:

I
37 Osgqg = (—=_—1) 1000
standard
, where R is the isotopic ratio of interest for the sample measured and the standard solution used for

reference, and i and j are the isotopic masses used in this ratio.

1.2 THE ELEMENT OSMIUM
1.2.1 Discovery of Osmium

The element osmium (Os) was discovered by S Tennant in 1803 and is named after the Greek “Osme” meaning
odour. With time, Os was found to comprise seven naturally occurring isotopes, 1#*0s, 180s, 1870s, 1880s, 189Q0s,
19005, 19205, with relative isotopic abundances of 0.02%, 1.59%, 1.96%, 13.24%, 16.15%, 26.26%, 40.78% (de
Laeter et al., 2003). The six major isotopes of osmium were first reported by Aston in 1931 (Aston, 1931) and
the rare isotope, ¥%0Os, was discovered by Nier in 1937 (Nier, 1937). Two Os isotopes are radiogenic, *¥’Os
isotope which is formed by beta decay of *¥’Re (t1/2= 41.6 Ga; Smoliar et al., 1996; Selby et al., 2007) and %¢0s
which is produced from Pt via alpha emission (ti2= 449.4 Ga; Walker et al., 1997). Recently, the potential
alpha decay of '¥0s to 8°W has been discussed (Peters et al., 2014; Cook et al., 2015).

1.2.2 Characteristics of Osmium

Osmium is a Group VIII transition element and one of the Platinum Group Elements (PGE; Ru, Rh, Pd, Os, Ir and
Pt). The PGE tend to exist in metallic state or bond with chalcogens (S, Se, Te) or pnictogens (P, As, Sb, Bi).
Following the Goldschmidt element geochemical characteristic classification, osmium is a highly siderophile
element (HSE). This means that Os has a strong tendency to partition into metallic iron relative to silicate
phases, the hydrosphere, or the atmosphere. The HSE are highly refractory, which for Os is reflected in a
melting point of 3306 K and a 50% condensation temperature of 1812 K (at 10 atm; Lodders, 2003). Osmium
also displays chalcophile behaviour, and tends to strongly partition into sulphide melts and sulphide minerals.
During mantle melting it behaves as a compatible element — primarily due to its affinity for sulphide — and is,
therefore, preferentially retained in the melting residue, i.e., in the mantle relative to the crust. Osmium can
form compounds with variable oxidation states of +8, +6, +4, +3, +2, 0, and -2. In natural geological systems, it

is most stable as 0, and +4.
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1.2.3 Determination of Osmium Isotope Ratios

The first osmium isotopic measurements were accomplished in the 1980’s and focused on the ¥’Re-!¥7QOs
isotope system (e.g., Allegre and Luck, 1980; Luck et al., 1980). Techniques utilized included secondary ion
mass spectrometry (SIMS) and resonance ionization mass spectrometry (RIMS). Inductively coupled plasma
mass spectrometry (ICPMS) also proved to be an ideal technique to efficiently ionize Os (e.g., Russ et al., 1987)
and became more common after optimizing the introduction system (e.g., Pearson and Woodland, 2000;
Schoenberg et al., 2000). The high ionization potentials of Os (8.7 eV) prevents formation of positively charged
metallic ions at the temperatures typically attainable by thermal ionization mass spectrometry. In 1991, the
discovery was made that Os could be very efficiently ionised in the form of oxide anions, OsOs’, by negative
thermal ionization mass spectrometry (N-TIMS; Creaser et al., 1991; Volkening et al., 1991). This technique
significantly improved measurement precision and allowed for a larger range of materials to be investigated. In
parallel, analytical improvements were made in the digestion techniques, with important implications for the
full chemical equilibration between spike and sample (e.g., Shirey and Walker, 1998), and advances in chemical
separation techniques (Cohen and Waters, 1996; Birck et al., 1997). These advances were of particular interest
for utilizing the Pt-Os decay system as variations in radiogenic ¥°Os are substantially smaller than for

radiogenic #70Os.

1.2.4 Use of Osmium in Geoscience

The highly siderophile characteristic of Os has made it a key tracer of planetary accretion and differentiation
processes. Another key aspect of Os are the decay systems, Re-Os and Pt-Os, which have been utilized as
geochronometers and source tracers for studying geological and cosmological processes. To give a better idea
of the wide variety of topics for which Os data has been key, a few of the numerous studies will be outlined

below.

Experimental studies have shown that fractionation between Re-Os and Pt-Os takes place during metal-silicate
segregation (e.g., Brenan et al.,, 2005; Brenan and McDonough, 2009). This behaviour has been used to
understand the HSE abundance of the Earth’s mantle (e.g., Brenan and McDonough, 2009; Maier et al., 2009).
One important hypothesis to originate from these studies is the “Late Veneer” hypothesis (Kimura et al.,
1974), which will be addressed in Chapter 3. This hypothesis originates from the observation that the HSE
abundance of the Earth’s mantle is inconsistent with experimentally determined metal-silicate differentiation
coefficients. Key observations that support the hypothesis are a similar #Re-1¥70s and °°Pt -18¢Qs isotopic
evolution for chondrites as for the Earth’s primitive upper mantle (e.g., Meisel et al., 2001; Brandon et al.,
2006). Fractionation, of Re and Pt relative to Os, also takes place during fractional crystallization of a metallic
core. As a result, the 87Re-1870s and °°Pt -180s decay systems have been utilized for dating the crystallization
of asteroidal cores (e.g., Hirt et al., 1963; Smoliar et al., 1996; Cook et al., 2004; McCoy et al., 2011). A further

process that fractionates Re from Os is mantle melting, with Os being highly compatible whereas Re is
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behaving incompatible. Mantle melting is one of the dominant processes governing the distribution of these
elements between the Earth’s crust and mantle (Burton et al., 2002). Pearson et al. (2007) showed that mantle
depletion events are related to peaks in the generation of continental crust, which supports models of
continental growth that result from large-scale mantle melting events. Other studies have shown that
additional Os isotopic evidence for ancient melting events can be derived from single sulphide grains (Burton
et al., 2000; Harvey, 2005). This is because sulphides, which have a strong control on the osmium budget of
mantle rocks (e.g., Lorand and Luguet, 2016), can be effectively shielded from diffusion processes by their
silicate hosts (Burton et al., 1999). In addition to mantle melting and melt extraction processes, recycling of
oceanic crust and/or lithosphere following subduction contributes greatly to the chemical heterogeneity of the
mantle. Previous studies have examined the behaviour of the Re-Os system during subduction (Brandon et al.,
1996; Suzuki et al., 2011), and the implications for crustal recycling (Dale et al., 2007). Contrary to previously
assumptions of Os immobility, it seems that under oxidizing conditions Os behaves as a mobile element and as
such can be transferred in to the mantle wedge (Brandon et al., 1996; Suzuki et al., 2011). Another observation
that is in contrast with the generally assumed immobile and compatible behaviour of Os, is the mobilization of
Os during metasomatism as a result of chemical reaction of melt or fluid percolation through the mantle (e.g.,
Handler et al., 1999; Biichl et al., 2002). It is evident that, in order to interpret variations in abundance and
more precise use of the Re-Os decay system, a better understanding of the behaviour of osmium during Earth
processes is required. This understanding, moreover, is essential for obtaining a primitive signature of the
silicate portion of Earth. Apart from the radiogenic isotopes, some studies have focussed on mass-independent
stable isotopic anomalies (e.g., Yokoyama et al., 2007). Contrary to other isotope systems (e.g., Mo —Dauphas
et al., 2002; Burkhardt et al., 2011; Ru —Chen et al., 2010), no anomalies are observed on a bulk rock scale.
However, acid leachates and residues of chondrites have been shown to preserve Os isotope anomalies hosted
in presolar grains and of nucleosynthetic origin (Yokoyama et al., 2007; Reisberg et al., 2009; Yokoyama et al.,

2010).

In this thesis, the focus is placed on the application of stable Os isotopes to high-temperature processes. It
must, however, be noted that Os is also an interesting element for examining a multitude of low-temperature
geological processes. For example, radiogenic Os isotopes have been used to trace anthropogenic inputs to
costal sediments (e.g., Esser and Turekian, 1993) and provide an excellent record of palaeo-oceanographic
changes (e.g., Burton et al., 1999; Peucker-Ehrenbrink and Ravizza, 2000; Cohen, 2004). This has led, amongst
others, to a better understanding of ocean circulation (e.g., Du Vivier et al., 2014), volcanism (e.g., Ravizza and
Peucker-Ehrenbrink, 2003), and continental weathering (e.g., Ravizza et al., 2001) through time. In industry, Os
is used as a biosensor for food quality control (e.g., Antiochia et al., 2013) and for clinical diagnostic
procedures (e.g., Jeon et al., 2013). Furthermore, it is used as a catalyst in chemical processes and for the
production of very hard alloys. Understanding the formation of ore deposits is, therefore, of high economic

interest and as such intensively studied (e.g., Barnes and Ripley, 2016).
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2. THESIS OBJECTIVES

The main aim of this thesis has been to explore the potential that stable osmium isotopes hold to investigate

geo- and cosmological processes. In order to do this, the first objective that had to be realised was to:

(1) Develop analytical techniques capable of resolving variations in stable osmium isotope compositions.

Considering the relatively large mass difference (~¥2%) between the abundant heavy and light Os isotopes,
coupled with the capacity of this element to possess various redox states, osmium has the potential to exhibit
significant stable isotope variations. The high mass of Os isotopes means that isotope variations will be limited,
even more so when investigating high-temperature processes. That it is still worthwhile to do so, is shown by
the observation of mass-dependent stable isotope fractionation for other high-mass elements. Using the
different technical developments, outlined above, to our advantage, it is now possible to measure and resolve

variations of the magnitude that might exist in the natural environment.

With the development of this new method for measuring Os stable isotopes, the next step was to actually
explore the potential of this novel system. In this thesis, focus has been placed on two key high-temperature
processes in geo- and cosmo-sciences, i.e., planetary differentiation and subsequent core evolution. More

specifically, this thesis has addressed:

(2) The origin of the highly siderophile element (HSE) budget of the Earth’s mantle.

(3) The processes associated with the crystallization of planetary, metallic cores.

The highly siderophile characteristic of Os, combined with its refractory and immobile behaviour, makes it a
powerful element for the investigation of these processes. A more detailed reasoning for the investigation of

these topics is provided in the relevant chapters.

3. THESIS OUTLINE

This thesis comprises three research chapters each representing an individual study that addresses one of the
objectives described above. A final chapter summarizes the main conclusions and returns to the overall
objectives of this thesis. The following sections provide a synopsis of Chapter 2-5 and describe how they relate
to the overall thesis research aims. In case of co-authors, their contributions will be clarified. Other support

that was provided along the way has been acknowledged at the end of each chapter.

Chapter 2 — The first data chapter outlines the work that has been accomplished to set-up the methodology
that enables osmium stable isotope measurements at high precision. This involved combining state-of-the-art
chemical and analytical techniques specifically for the measurement of osmium stable isotopes. Various tests
will be discussed that were accomplished to demonstrate the robustness of the method against any potential
sources of inaccuracy, using various reference solutions and geological materials. These analyses were also

used to assess the reproducibility, precision, and accuracy that can be achieved for these Os isotope

11| Page



INTRODUCTION | CHAPTER 1

measurements. Finally, the first stable Os isotope data for geological materials are presented and an estimate

of the upper mantle value of the Earth is provided.

An adjusted version of this chapter has been published in Journal of Analytical Atomic Spectrometry. Co-
authors are; M.-A. Millet, K.W. Burton, C.W. Dale, G.M. Nowell., and H.M. Williams. After publication, an
addendum has been added to this chapter that resolves the lower 80s/'®0s data. Together with Marc-Alban
Millet and Helen Williams | formulated the Os double spike. Chris Dale provided assistance during the first
chemical and analytical procedures, and Geoff Nowell gave guidance during analytical work. The calculations
for the optimal double spike composition as well as for the double spike calibration were performed by Marc-
Alban Millet. All sample processing, analyses, data filtering and processing were accomplished by myself, in
parts in collaboration with Marc-Alban Millet. | wrote the manuscript in its entirety and compiled figures,

which was subsequently improved by comments of all co-authors.

Chapter 3 — Chapter 3 presents the first ever study to utilize stable Os isotopes and relates to the second
objective of this study; investigation of the HSE budget of the Earth’s mantle. To this end, a diverse range of
chondrites, primitive meteorites that are thought to resemble building blocks of planetary bodies, and a suite
of different terrestrial mantle samples have been characterized in terms of their stable Os isotope
composition. Since we are dealing with a newly developed method, extra attention was paid to assess data
quality. Subsequently, the behaviour of stable Os isotopes within the different groups is discussed. Finally, the

implications for the origin of Earth’s HSE abundance will be addressed.

The aim is to submit an adjusted version of this chapter to Geochimica et Cosmochimica Acta. Co-authors on
this paper will be; M.-A. Millet, K.W. Burton, C.W. Dale, J. Harvey, H.M. Williams. | have been involved in all
sample processing, data collection and data processing. Marc-Alban Millet has arranged meteoritic material
from the Field Museum, Chicago, and was involved in processing and analysing some of the chondrite samples.
Jason Harvey provided terrestrial sample materials and Kevin Burton some chondrite samples. All co-authors
have contributed to data interpretation. The chapter was written and figures were compiled by myself, which

subsequently was improved by constructive comments of all co-authors.

Chapter 4 — In Chapter 4, the stable osmium isotope compositions of magmatic iron meteorites, Fe-Ni alloys
that sample the cores of differentiated planetary bodies, are presented. It is shown that iron meteorites
possess resolvable variations in their Os stable isotope composition. By modelling the potential effect of metal
fractional crystallization on the stable Os isotope composition, arguments are provided for mixing of early and
late crystallized components during solidification of planetary cores. In order to publish this data chapter as a

journal paper, more data will need to be obtained.

Chapter 5 - In the final chapter, Chapter 5, all work presented in this thesis will be summarized. The main
conclusions are highlighted and discussed in the context of the main objectives of this study. Where more
research is thought to be required, this will be discussed and suggestions will be made to improve the current

stage of research. Furthermore, potentially rewarding future research topics will be considered.
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ABSTRACT

Osmium stable isotopes provide a new, potentially powerful tool with which to investigate a diverse range of
geological processes including planetary formation, ore-genesis and weathering. In this paper, we present a new
technique for high precision measurement of osmium (Os) stable isotope ratios by both Multiple- Collector
Inductively Coupled Plasma Mass Spectrometry (MC-ICP-MS) and Negative ion Thermal lonisation Mass
Spectrometry (N-TIMS). We use a #0s-'%0s double spike, composed of 61% #0s and 39% **°Os, to correct for
mass dependent fractionation resulting from sample preparation and isotope measurement, with the ideal spike
to sample ratio being 55 : 45. Isotope ratios are expressed as §'°°0Os which is the per mil deviation in the
measured °°0s/1880s ratio relative to isotope reference material DROsS. Repeated analyses of double spiked
DROsS for both MC-ICP-MS (n = 80 cycles) and N-TIMS (n = 280 cycles) show that an internal precision of 0.01-
0.02%o on §%%0s (2 se) can be attained, with a long-term reproducibility of 0.02%o and 0.03%o (2 sd; n =91 and
83, respectively). The better reproducibility on MC-ICP-MS than on N-TIMS is, predominantly, due to
measurement at higher beam intensities (11-18 V with consumption of ~200 ng natural Os vs. 2-18 V with
consumption of 2.3—45 ng natural Os, respectively). In addition to stable isotope compositions, our method
allows for simultaneous measurement of 870s/%%80s and 1#0s/#80s ratios with a precision of <40 ppm (2 se; 80
cycles for MC-ICP-MS and 280 cycles for N-TIMS) and an external reproducibility of 123—-268 ppm and 234-361
ppm (2 sd; n =91 for MC-ICP-MS and n = 83 for N-TIMS), respectively. We demonstrate that a similar precision
and reproducibility can be obtained for other pure Os solutions as well as for geological materials. Furthermore,
with a range of analytical tests we evaluate and demonstrate the robustness of our method with regards to
residual matrix effects and interference correction, signal intensity and on-peak zero on MC-ICP-MS, and the
effect of oxygen corrections and isobaric interference on N-TIMS. Finally, we report the first Os stable isotope
compositions for geological reference materials, including mantle peridotites and chromitites, and one ordinary

chondrite.
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1. INTRODUCTION

Osmium (Os) has two radiogenic isotopes (3%¢0s and #70s) and five naturally occurring stable isotopes: 1#0s,
1880, 18905, 19905, and °20s, with relative abundances of 0.02 %, 13.21 %, 16.11 %, 26.21 %, and 40.74 %,
respectively. Osmium is a refractory and highly siderophile (Fe-loving) element and is, therefore, of considerable
interest in the study of planetary differentiation and formation of Earth’s metallic core. It is also a chalcophile (S-
loving) element, and strongly partitions into sulphides. Consequently, Os behaves compatibly during mantle
melting, where sulphide remains as a residual phase in the source. Taking advantage of the chemical properties
of Os and the differences in behaviour between Re, Pt and Os, the ¥’Re-'#70s and *°Pt-1%0s decay systems have
become important chronometers and tracers in both high and low-temperature geochemistry (e.g., Shirey and
Walker, 1998; Carlson, 2005). More specifically, these radiogenic isotope systems have been used to study early
solar system dynamics (e.g., Meisel et al., 1996; Walker et al., 2002, planetary differentiation processes (e.g.,
Brandon et al., 1998; Walker, 2009), mantle heterogeneity (e.g., Snow and Reisberg, 1995; Meibom et al., 2002),
crustal growth and recycling (e.g., Brandon et al.,, 1996; Dale et al., 2007; Pearson et al., 2007), economic
mineralization in ore deposits (e.g., Stein et al., 1998), and the nature of weathering processes associated with
brief climatic excursions (e.g., Pegram et al., 1992; Peucker-Ehrenbrink and Ravizza, 2000; Burton, 2006).
However, despite the potential to use stable Os isotopes to investigate these same processes, thus far this system

remains unexplored.

A potential limitation for the use of Os stable isotopes in geochemistry is the small range of natural
variation expected for high-mass elements. This is compounded by the very low abundance of Os in most
terrestrial samples. However, recent advances in mass spectrometry and development of new techniques for
stable isotope measurement have led to the discovery of significant and systematic stable isotope fractionation
for high-mass stable isotope systems in both high and low-temperature environments (Rehkamper et al., 2002;
Nielsen et al., 2006a; Nielsen et al., 2006b; Stirling et al., 2007; Brennecka et al., 2010; Creech et al., 2013; Creech
et al., 2014). This suggests that Os stable isotope variations may be measurable if a suitable high precision

analytical method can be developed.

Additional complications that must be addressed in order to successfully measure Os stable isotopes
include the non-quantitative recovery of Os during sample processing (typically 60-80 %; Shen et al., 1996; Birck
et al., 1997) and instrumental mass bias (MC-ICP-MS) or mass fractionation (N-TIMS) during measurement. Such
fractionation can be overcome by the use of a double spike (DS; Dodson, 1963). This approach has been shown
to reliably account for mass-dependent stable isotope fractionation that can occur during all steps of sample
processing (i.e., digestion, chemical separation and mass spectrometry; Galer, 1999; Millet et al., 2012; Creech

et al., 2013).

In this paper, we present a new method for measurement of high-precision stable Os isotope ratios
using a 880s-1%°0s double spike by both plasma source (MC-ICP-MS) and negative thermal ionisation mass
spectrometry (N-TIMS). Method development on both machines allows for analysis of sample materials over a

broad range of Os concentrations (>1 ppb) at precisions of 0.01-0.02%o. in §'°°Os (2 se; 80 cycles for MC-ICP-MS
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and 280 cycles for N-TIMS). In addition, we show that the method allows for simultaneous collection of stable
isotopes and radiogenic isotope ratios, 870s/*¥80s and 80s/'880s, at a precision of <40 ppm (2 se; 80 cycles for
MC-ICP-MS and 280 cycles for N-TIMS). We show the robustness, precision and accuracy of our method through
a range of analytical tests and repeated measurements of pure Os solutions and geological materials. Finally,

data is presented for a variety of geological materials.

2. OSMIUM DOUBLE SPIKE METHODOLOGY

2.1 OSMIUM DOUBLE SPIKE DESIGN

The double spike (DS) approach requires four stable isotopes that are related to each other by mass-dependent
stable isotope fractionation. For Os we can use 1#80s, 180s, 1%°0s, and °20s. Departures from mass-dependent
fractionation, either due to cosmogenic effects or nucleosynthetic anomalies, have not been detected in
terrestrial samples but have been reported for extra-terrestrial materials. Components of carbonaceous
chondrites display mass independent Os isotopic anomalies although homogeneity is shown at the bulk
meteoritic scale (e.g., Brandon et al., 2005, Yokoyama et al., 2007, Yokoyama et al., 2010). Mass independent
anomalies at the bulk rock scale have been shown for iron meteorites (e.g., Wittig et al., 2013) which should be

considered when analysing such meteorites.

The DS deconvolution used in this study is based on the geometric iterative resolution method of Siebert
et al. (2001). Measurements were also double checked using an algebraic resolution method used by Millet and
Dauphas (2014) and Millet et al. (2016) which yielded identical results. Regardless of the approach, the DS

deconvolution consists of resolving the following non-linear equation:
Y p QY [ Y z1n

where Rm, Rstandard and Rspike are the measured, standard and spike isotope ratios; in is the atomic weight of the
normalising isotope (180s); ix is the atomic weight of one of the three other isotopes used to resolve the equation
which in our method are ¥0s, 1°°0Os and '°20s; f is the relative proportion of %80s originating from the spike in
the sample—spike mixture; a is the natural and B the processing and instrumental exponential fractionation
factors. In this study, the Durham Romil Osmium Standard (DROsS; Luguet et al., 2008; Nowell et al., 2008) has
been used as standard. All Os stable isotope compositions are thus reported relative to DROsS, as the per mil

deviation (%o) of the *°°0s/*%80s ratios, here after reported as §'°°Os:

, /0
1 7 /0 ———— p zpmmm

/0

22| Page



METHOD DEVELOPMENT CHAPTER 2

100 ]
)
a 911%o

80 { 2
S
& 5
g 60 1 2
w )
c w
e N
p 8
l®) 40 i c
8 2
c ®
S 20 1 &
(&)
© 0.009%o
—

Ok R L L 4

0 20 40 60 80 100
sample fraction (%)

Radiogenic isotopes ¥¢0s and #70s are not used in the DS deconvolution. Consequently, the spike proportion,
and the geological and analytical fractionation factors resolved within the DS deconvolution can be used to
calculate the *¥0s/1#80s and '870s/*¥80s ratios. Osmium concentrations were determined by performing isotope

dilution calculations (see addendum).

The analytical uncertainty on double spike measurements is highly dependent on spike composition and
sample-spike mixing proportions. To establish the optimal composition and proportions for Os, we have
modelled the internal precision of a typical MC-ICP-MS measurement following the model of Millet and Dauphas
(2014) which takes into account the errors associated to Johnson noise and counting statistics (see Millet and
Dauphas, 2014 for more details). This error model differs from that of Rudge et al. (2009) in that i) errors on the
natural fractionation factor (alpha) are calculated on the basis of a constant intensity for the most abundant
isotope in the natural Os-DS mixture, rather than calculated based on a constant total Os ion beam and; ii)
determination of errors is done through Monte Carlo modelling. In our model, the maximum intensity for the
most abundant isotope was set at 6 V. A measurement i