GEOCHEMISTRY AND RESONANCE IONIZATION

OF PLATINUM-GROUP ELEMENTS

Thesis by

Joel David Blum

In Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philosophy

California Institute of Technology

Pasadena, California

1990

(Submitted May 23, 1990)



il

ACKNOWLEDGEMENTS

I thank Professor G.J. Wasserburg for having the insight to steer me in the right directions
and for sharing with me his infectious enthusiasm for science. He has tutored me in the
principles of scientific experimentation and interpretation, and has taught me the art of
effectively communicating the results of my research. Professors E.M. Stolper, G.R.
Rossman, D.S. Burnett, T.J. Ahrens and G.A. Blake are thanked for their continued interest
and helpful comments on my research, and willingness to let me use their laboratory facilities.
Drs. 1.D. Hutcheon, J.T. Armstrong, D.A. Papanastassiou, J.R. Beckett, G.S. Mattioli, A.E.
Blum, M.J. Pellin and D.M. Gruen taught me a wide variety of experimental techniques and
spent countless hours discussing all aspects of my research. I thank my fellow graduate
students for companionship and for creating an environment highly conducive to scholarship.
Finally, I thank my wife Cynthia for her continuous support (both spiritual and financial) and

our daughter Hazel Claire for making the last year so rewarding.



iii
ABSTRACT

Experimental studies were conducted with the goals of 1) determining the origin of Pt-
group element (PGE) alloys and associated mineral assemblages in refractory inclusions from
meteorites and 2) developing a new ultrasensitive method for the in situ chemical and isotopic
analysis of PGE. A general review of the geochemistry and cosmochemistry of the PGE is
given, and specific research contributions are presented within the context of this broad
framework.

An important step toward understanding the cosmochemistry of the PGE is the
determination of the origin of PGE-rich metallic phases (most commonly eRu-Fe) that are
found in Ca, Al-rich refractory inclusions (CAI) in C3V meteorites. These metals occur
along with yNi-Fe metals, Ni-Fe sulfides and Fe oxides in multiphase opaque assemblages.
Laboratory experiments were used to show that the mineral assemblages and textures observed
in opaque assemblages could be produced by sulfidation and oxidation of once homogeneous
Ni-Fe-PGE metals. Phase equilibria, partitioning and diffusion kinetics were studied in the
Ni-Fe-Ru system in order to quantify the conditions of opaque assemblage formation. Phase
boundaries and tie lines in the Ni-Fe-Ru system were determined at 1273, 1073 and 873K
using an experimental technique that allowed the investigation of a large portion of the Ni-Fe-
Ru system with a single experiment at each temperature by establishing a concentration
gradient within which local equilibrium between coexisting phases was maintained. A wide
miscibility gap was found to be present at each temperature, separating a hexagonal
close-packed eRu-Fe phase from a face-centered cubic yNi-Fe phase. Phase equilibria
determined here for the Ni-Fe-Ru system, and phase equilibria from the literature for the
Ni-Fe-S and Ni-Fe-O systems, were compared with analyses of minerals from opaque

assemblages to estimate the temperature and chemical conditions of opaque assemblage
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formation. It was determined that opaque assemblages equilibrated at a temperature of
~ 770K, a sulfur fugacity 10 times higher than an equilibrium solar gas, and an oxygen
fugacity 10° times higher than an equilibrium solar gas.

Diffusion rates between yNi-Fe and eRu-Fe metal play a critical role in determining the
time (with respect to CAI petrogenesis) and duration of the opaque assemblage equilibration
process. The diffusion coefficient for Ru in Ni (D}!) was determined as an analog for the Ni-
Fe-Ru system by the thin-film diffusion method in the temperature range of 1073 to 1673K
and is given by the expression:

DR (cm? sec”) = 5.0(£0.7) x 107 exp(-2.3(£0.1) x 10" erg mole’/RT)
where R is the gas constant and T is the temperature in K. Based on the rates of dissolution
and exsolution of metallic phases in the Ni-Fe-Ru system it is suggested that opaque
assemblages equilibrated after the melting and crystallization of host CAI during a
metamorphic event of = 10° years duration. It is inferred that opaque assemblages originated
as immiscible metallic liquid droplets in the CAI silicate liquid. The bulk compositions of
PGE in these precursor alloys reflects an early stage of condensation from the solar nebula
and the partitioning of V between the precursor alloys and CAI silicate liquid reflects the
reducing nebular conditions under which CAI were melted. The individual mineral phases
now observed in opaque assemblages do not preserve an independent history prior to CAI
melting and crystallization, but instead provide important information on the post-accretionary
history of C3V meteorites and allow the quantification of the temperature, sulfur fugacity and
oxygen fugacity of cooling planetary environments. This contrasts with previous models that
called upon the formation of opaque assemblages by aggregation of phases that formed
independently under highly variable conditions in the solar nebula prior to the crystallization

of CAI
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Analytical studies were carried out on PGE-rich phases from meteorites and the products
of synthetic experiments using traditional electron microprobe x-ray analytical techniques.
The concentrations of PGE in common minerals from meteorites and terrestrial rocks are far
below the ~ 100 ppm detection limit of the electron microprobe. This has limited the scope
of analytical studies to the very few cases where PGE are unusually enriched. To study the
distribution of PGE in common minerals will require an in situ analytical technique with much
lower detection limits than any methods currently in use. To overcome this limitation,
resonance ionization of sputtered atoms was investigated for use as an ultrasensitive in situ
analytical technique for the analysis of PGE. The mass spectrometric analysis of Os and Re
was investigated using a pulsed primary Ar* ion beam to provide sputtered atoms for
resonance ionization mass spectrometry. An ionization scheme for Os that utilizes three
resonant energy levels (including an autoionizing energy level) was investigated and found to
have superior sensitivity and selectivity compared to nonresonant and one and two energy
level resonant ionization schemes. An elemental selectivity for Os over Re of =10° was
demonstrated. It was found that detuning the ionizing laser from the autoionizing energy level
to an arbitrary region in the ionization continuum resulted in a five-fold decrease in signal
intensity and a ten-fold decrease in elemental selectivity. Osmium concentrations in synthetic
metals and iron meteorites were measured to demonstrate the analytical capabilities of the
technique. A linear correlation between Os* signal intensity and the known Os concentration
was observed over a range of nearly 10* in Os concentration with an accuracy of ~+10%, a
minimum detection limit of 7 parts per billion atomic, and a useful yield of 1%. Resonance
ionization of sputtered atoms samples the dominant neutral-fraction of sputtered atoms and
utilizes multiphoton resonance ionization to achieve high sensitivity and to eliminate atomic

and molecular interferences. Matrix effects should be small compared to secondary ion mass
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spectrometry because ionization occurs in the gas phase and is largely independent of the
physical properties of the matrix material. Resonance ionization of sputtered atoms can be
applied to in situ chemical analysis of most high ionization potential elements (including all of
the PGE) in a wide range of natural and synthetic materials. The high useful yield and
elemental selectivity of this method should eventually allow the in sizu measurement of Os
isotope ratios in some natural samples and in sample extracts enriched in PGE by fire assay
fusion.

Phase equilibria and diffusion experiments have provided the basis for a reinterpretation of
the origin of opaque assemblages in CAI and have yielded quantitative information on
conditions in the primitive solar nebula and cooling planetary environments. Development of
the method of resonance ionization of sputtered atoms for the analysis of Os has shown that
this technique has wide applications in geochemistry and will for the first time allow in situ
studies of the distribution of PGE at the low concentration levels at which they occur in

common minerals.
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PREFACE
This thesis draws together the results and implications of the research projects that I have
completed in the course of my doctoral work. The six chapters represent a general review of
the geochemistry and resonance ionization of Pt-group elements, and include reference to my
research as well as the research of others. Appendices I through VI are original research
articles addressing the details of the specific experiments that I have completed and their

implications.
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CHAPTER 1. INTRODUCTION

The Pt-group elements (PGE: Ru, Rh, Pd, Os, Ir and Pt) include the six group VIII
transition metals that lie in the second and third rows of the periodic table below Fe, Co and
Ni (Fig. 1.1). In their metallic form, the PGE (along with their periodic table neighbors Mo,
W and Re) are among the most refractory materials known, and yield important information
on high temperature solar nebular processes. Re is a group VII transition metal that has many
chemical similarities to the PGE (particularly under reducing conditions) and will, therefore,
be included with them in many of the following discussions. The PGE are generally
classified as siderophile elements because they tend to associate with the common transition
elements Ni, Co and Fe in iron meteorites and presumably in the earth’s core. However, at
the elevated sulfur fugacities prevalent in the earth’s crust and upper mantle the PGE also
become concentrated into sulfides, and are useful as tracers of the separation of metallic
and/or sulfide phases during geologic processes.

The PGE are of considerable economic importance and have a wide range of industrial
uses. They are "noble” metals in the sense that the massive metal resists oxidation and are
used as corrosion-resistent coatings, in dental applications, and in jewelry. When finely
divided, the PGE are chemically reactive and are used as catalysts in the chemical and
petroleum refining industries and in automotive exhaust systems. The high melting
temperatures of the PGE also make them widely useful in high temperature electronic and
industrial applications. World demand for the PGE exceeded 2.5x10° g in 1987 (Loebenstein,
1989).

PGE are mined primarily from magmatic sulfide ore deposits associated with mafic and

ultramafic igneous rocks. Minor production of PGE also comes from alluvial deposits
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Fig. 1. Periodic table of the elements with Groups listed at the top of each column. The
platinum-group elements are in the second and third rows of Group VIIIB and are designated
by thick solid lines. The other refractory siderophile elements are designated by thin double

lines.
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derived from the weathering of mafic and ultramafic igneous rocks and concentration of native
alloys from them. Detailed statistics on the supply and demand for PGE can be found in
Loebenstein (1989). Approximately 48% of PGE production comes from the Republic of
South Africa (primarily from the Merensky Reef in the Bushveld Complex), ~43% of
production comes from the U.S.S.R. (primarily from the Noril’sk-Talnakh region of Siberia)
and ~5% of production comes from Canada (primarily from the Sudbury District)
(Loebenstein, 1989; Naldrett, 1981). Mining of the J-M Reef in the Stillwater Complex of
Montana, U.S.A., began in 1977 but is not yet a major source of PGE. The J-M Reef grades
as high in Pt and four times as high in Pd as the Merensky Reef over a mining width twice as
great but has a more complex structure due to extensive faulting.

Methods of isolating, separating and analyzing the PGE are presented in a series of papers
published by Beamish and coworkers, mainly in the journal Talanta. The papers provide the
basis for the book, The Analytical Chemistry of the Noble Metals (Beamish, 1966). Two
subsequent books (Beamish and Van Loon, 1972, 1977) provide updated information on
analytical methodologies. Crockett and Cabri (1981) provide a brief review of the various
analytical techniques for the PGE. Cabri (1988) summarized the status of in sirw microbeam
analytical techniques for the PGE.

By studying the distribution and chemical behavior of the PGE in geological materials,
several important problems in geochemistry can uniquely be addressed including 1) the
condensation of refractory solids from the solar nebula, 2) the mechanisms by which trace
metals are concentrated during magmatic differentiation and planetary metamorphism and 3)
core formation in planetesimals, the moon and the earth. Numerous analytical and

petrographic studies of the PGE have been carried out in order to address each of these
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problem areas. However, due to a lack of diffusion, phase equilibria and partitioning data in
PGE-rich systems and the severe limitations of available analytical methods, there are still
many basic unanswered questions in PGE geochemistry.

In this thesis, a few key research areas where chosen in which experimental data could
potentially elucidate uncertain, yet important, aspects of the geochemistry of PGE.
Experimental studies were used to address specific problems including 1) the origin of PGE-
rich alloys which occur in meteorites and have been proposed to be the earliest nebular
condensates, 2) the behavior of PGE-rich alloys during planetary metamorphism and 3) the
role of PGE-rich phases and chromite in the partitioning of PGE during mantle partial melting
and crustal magmatic differentiation.

Analytical studies were carried out on PGE-rich phases from meteorites and the products
of synthetic experiments using traditional electron microprobe x-ray analytical techniques.
The high detection limits for PGE (~ 100 ppm) relative to the concentrations usually observed
in typical rocks (<6 ppb) have, however, limited the scope of analytical studies to the very
few cases where PGE are unusually enriched. To study the behavior of PGE during the more
common geologic processes that largely control their terrestrial distribution will require an in
situ analytical technique with much lower detection limits than any methods currently in use.
To overcome this limitation, resonance ionization of sputtered atoms was investigated for use
as a new ultrasensitive in situ analytical technique for the analysis of PGE in natural samples
and experimentally synthesized phases.

Details of specific research projects completed during my thesis studies are presented as
original research articles in Appendices I through VI. Appendix I presents diffusion, phase

equilibria and PGE partitioning experiments in the Ni-Fe-Ru system. This work demonstrates
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that PGE-rich metallic phases can be formed by subsolidus exsolution reactions from an
initially homogeneous Ni-Fe-PGE metal. Appendices II and III present analytical studies of
PGE-rich metallic phases from refractory meteorite inclusions. The conditions under which
the inclusions and their host meteorites were melted and subsequently metamorphosed are
quantified by comparison with experimental data from the Ni-Fe-Ru, Ni-Fe-O-V and Ni-Fe-S
systems. Appendix IV presents a preliminary experimental investigation of the solubility and
diffusion of the PGE in iron sulfide and chromite at magmatic temperatures, and a discussion
of the possible importance of these phases in the terrestrial fractionation of PGE.

Appendices V and VI diverge from the theme of PGE geochemistry to the theme of PGE
analytical chemistry. They describe the development of resonance ionization of sputtered
atoms as a new method for in situ analysis of the PGE. It is demonstrated that this method is
capable of quantitative PGE analyses at concentrations many orders of magnitude lower than
the minimum detection limits of the electron microprobe. With this method we now have the
potential to explore many aspects of PGE geochemistry that were previously inaccessible to
analytical study. Appendix VI also includes a discussion of the application of resonance
ionization of sputtered atoms as a new type of highly efficient and elementally selective ion
source for an isotope ratio mass spectrometer.

The chapters of this thesis represent a general review of the geochemistry and resonance
ionization of PGE emphasizing those areas in which I have made a contribution. Chapter 2
draws together some basic information on the chemistry and natural abundances of PGE.
Chapter 3 summarizes the cosmochemistry of PGE and Chapter 4 discusses the geochemical
behavior of PGE in refractory meteorite inclusions. Chapter 5 considers the available data on

the terrestrial fractionation of PGE and the applications of the Re-Os geochronometer.
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Finally, Chapter 6 reviews the use of resonance ionization of sputtered atoms for the chemical

and isotopic analysis of PGE.
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CHAPTER 2. CHEMISTRY AND NATURAL ABUNDANCES

This chapter summarizes some of the basic features of Pt-group element chemistry, and
presents data on their cosmic and terrestrial abundances. It is not meant to be a
comprehensive review, but rather to provide background information and references that are
pertinent to the specific discussions of PGE geochemistry in the chapters and appendices that
follow. PGE have a remarkable tendency to form their own alloy and sulfide phases in nature
rather than dissolving as trace constituents in major minerals. These PGE alloys and
compounds typically occur as minute particles (<1 pum) containing two or more of the PGE
and variable amounts of Fe and Ni. The binary phase equilibria of pairs of PGE and of each
PGE with Fe and Ni are reviewed below and provide a basis for understanding the separation
of PGE into the variety of phases observed in nature. Clues to the concentration mechanisms
for PGE in meteorites and terrestrial rocks come from consideration of basic chemical

stability data, as well as meteoritic and terrestrial abundance patterns.

2.1 ALLOYS

Among the elements, the most notable feature of the PGE is their high melting
temperatures, which range from 3045°C for Os to 1554°C for Pd (Table 2.1). Os is the third
most refractory element following only W (3410°C) and Re (3170°C). As can be seen on
Table 2.1, the melting and boiling points as well as the hardness of the PGE decrease with
increasing atomic number along both the second and third rows of the periodic table. Thus,
Ru and Os are the most refractory and the hardest, whereas Pd and Pt are the least refractory
and the softest.

The binary phase equilibria for pairs of PGE have been determined to varying degrees of

completeness. A compilation of all available binary phase diagrams is provided by Massalski
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Table 2.1 Some chemical properties of the PGE and Re.

Ru Rh Pd Os Ir Pt Re

Atomic
number 44 45 46 76 77 78 75

Atomic
wt (AMU) 101.1 102.9 106.4 190.2 192.2 195.1 186.2

Melting
point (°C) 2310 1963 1554 3045 2447 1772 3170

Boiling
point (°C) 4080 3700 2900 5020 4500 3800 5630

Crystal
structure HCP FCC FCC HCP FCC FCC HCP

Atomic
radius(A) 133 135 138 134 136 137 137

Valence
electrons 4d475s 4d%5s 4d°  5d%s® 5d’6s® 5d°%6s 5d%6s®
Oxidation 234 134 24 234 123 24 2,3,4
states 6,8 5 6,8 4.6 5,6,7
Ionization

pot. (eV) 74 75 8.3 86 90 90 79

Density
(g/cm’) 125 124 120 226 227 215 210
Hardness 200- 100- 40- 300- 200- 40- ~250

(vickers) 350 120 42 670 240 42

HCP=hexagonal close-packed, FCC=face-centered cubic.
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(1986). Many of the PGE pairs have only been studied at temperatures close to their melting
points, and there are no studies of PGE systems containing three or more components.
Nevertheless, it is clear that the crystal structures of the metals play a dominant role in the
phase equilibria, and rules relating the binary mixing properties to crystal structure can be
stated. Ru and Os (which lie below Fe on the periodic table) and Re (which lies below Mn)
have a hexagonal close-packed structure, whereas Rh, Pd, Ir and Pt (which lie below Co and
Ni) have a face-centered cubic structure (Table 2.1). The common crystal structure between
Ru, Os and Re results in a complete solid solution between these elements at near-liquidus
temperatures; the behavior at lower temperatures has not been determined experimentally.
Similarly, complete solid solution at high temperature is observed in binary mixtures of the
elements Rh, Pd, Ir and Pt. Miscibility gaps are known to occur in each of these binary
systems at temperatures below ~ 1000°C. The Pt-Ir phase diagram is shown in Fig. 2.1 as a
general example of phase equilibria between two PGE with the same crystal structure.

Binary mixtures between the hexagonal close-packed and face-centered cubic PGE display
limited solid solution and always have a miscibility gap that extends from lower temperatures
(< 1000°C) up to the liquidus. The solubilities of each of the end-member elements in the
other element of the binary pair vary from <5% in the Os-Pd system to >30% in the Os-Ir
system. The Pt-Ru phase diagram is shown in Fig. 2.2 as an example of phase equilibria
between two PGE with differing crystal structure. No ordered intermetallic compounds are
known in any of the binary PGE systems.

Binary phase equilibria in PGE-Fe and PGE-Ni systems have been determined to varying
degrees of completeness and are compiled by Massalski (1986). Although some of the binary

phase diagrams are unknown or only poorly constrained, they too appear to obey simple rules
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Fig. 2.1 Pt-Ir phase diagram as compiled by Massalski (1986). The following notation is
used in Figs. 2.1 through 2.7. Dashed lines are used for uncertain or speculative phase
boundaries, liquid phases are designated by L, complete solid solutions are designated by
(A,B) and terminal solid solutions are designated by (A) or (B). Ordered phases are

designated by AxBy and Greek letters are used to designate high- and low-temperature forms.
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Fig. 2.2 Pt-Ru phase diagram compiled by Massalski (1986). Nomenclature as in Fig. 2.1.
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based upon the crystal structures of the various PGE. The crystal structure of

Fe is face-centered cubic at T>912°C and body centered cubic at T<912°C. The crystal
structyre of Ni is face-centered cubic. The hexagonal close-packed PGE (Ru, Os and Re)
display limited solid solution and miscibility gaps at all temperatures when alloyed with either
Fe or Ni. The Fe-Ru and Ni-Ru diagrams are shown in Figs. 2.3 and 2.4 as examples of the
forms of these binary diagrams.

The face-centered cubic PGE (Rh, Pd, Ir and Pt) display complete solid solution with both
Fe and Ni at high temperatures and develop miscibility gaps only at temperatures below 600
to 1300°C for alloys with Fe, and temperatures below 200 to 700°C for alloys with Ni. The
only ordered intermetallic phases reported are in the Fe-Pd (FePd, FePd,), Fe-Pt (Fe,Pt, FePt,
FePt;) and Ni-Pt (Ni;Pt, NiPt) systems. The Fe-Pt and Ni-Pt diagrams are shown in Figs. 2.5
and 2.6 as examples of the general forms of these diagrams.

Naturally occurring PGE alloys usually also contain both Fe and Ni and therefore Fe-Ni-
PGE ternary systems must be considered. The Fe-Ni binary, which bounds these ternary
systems, is shown in Fig. 2.7 for reference. Fe and Ni display complete solid solution at
high temperatures and develop miscibility gaps and intermetallic compounds at lower
temperatures. Ternary Fe-Ni-PGE phase equilibria have been studied previously only in the
Fe-Ni-Pt system and then only at 600°C (Stevens er al., 1978). As can be seen in Fig. 2.8, a
continuous tetragonal solid solution forms between the ordered phases FePt and NiPt, and
cubic solid solutions extend from the ordered phases Fe,Pt and FePt, toward more Ni rich
compositions. Disordered face-centered cubic and body-centered cubic solid solutions are also
observed (Fig. 2.8). Ternary phase equilibria in the Fe-Ni-Ru system were determined in this
study between 600 to 1000°C and are discussed in detail in App. I. The 600°C section is

shown in Fig. 2.9 for comparison with the Fe-Ni-Pt system. Whereas the traditional phase
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Fig. 2.3 Fe-Ru phase diagram compiled by Massalski (1986). Nomenclature as in Fig. 2.1.
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Fig. 2.4 Ni-Ru phase diagram compiled by Massalski (1986). Nomenclature as in Fig. 2.1.
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Fig. 2.5 Fe-Pt phase diagram compiled by Massalski (1986). Nomenclature as in Fig. 2.1.

Note the existence of three ordered phases.
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Fig. 2.6 Ni-Pt phase diagram compiled by Massalski (1986). Nomenclature as in Fig. 2.1.

Note the existence of two ordered phases.
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Fig. 2.7 Fe-Ni phase diagram compiled by Massalski (1986). Nomenclature as in Fig. 2.1.

Note the existence of three ordered phases.
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Fig. 2.8 Fe-Ni-Pt phase diagram at 600°C from Stevens ez al. (1978). All solid solution
fields are labeled. Tetragonal and cubic fields are ordered phases whereas face-centered cubic
(fcc) and base-centered cubic (bec) fields are disordered phases. Unlabeled fields are two and

three phase regions.
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Fig 2.9 Ni-Fe-Ru phase diagram at 600°C from App. I. Hexagonal close-packed eRu-Fe and
face-centered cubic yNi-Fe solid solutions fields are labeled. Two-phase (2¢) and three-phase

(3¢) regions are designated. Tie-lines are drawn in two-phase regions.
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equilibria methodology used in the study of the Fe-Ni-Pt system required the preparation and

annealing of many different alloy compositions, a large portion of the Ni-Fe-Ru system was
investigated in this study with a single experiment at each temperature by establishing a
concentration gradient within which local equilibrium between coexisting phases was
maintained. A wide miscibility gap is present in the Fe-Ni-Ru system at each temperature
studied and separates a hexagonal close-packed Ru-Fe phase from a face-centered cubic Ni-Fe

phase.

2.2 SULFIDES

The sulfur fugacity (f5,) of a given geologic environment has a strong influence on the
chemical behavior of the PGE and determines whether they exist as alloy or sulfide minerals.
Therefore, it is important to summarize the thermodynamic data for metal-sulfide stabilities of
PGE. Metal-sulfide stability curves were calculated as a function of temperature using
thermodynamic data from Barton and Skinner (1979), Svendsen (1979), Hultgren er al. (1973)
and Mills (1974). The curves are plotted on a log f5, versus 1/T diagram in Figure 2.10.

The f5, necessary to form a PGE sulfide is considerably higher than needed to form FeS and
increases in the order Ru=Pt=Ir=0s. There are insufficient data to include Rh and Pd within
this ordering.

A wide variety of PGE sulfide compounds have been synthesized and are listed on Table
2.2. The experimental data are reported in the materials science and chemistry literature and
have been compiled in several binary phase diagram reference volumes (Hansen and Anderko,
1958; Elliot, 1965; Shunk, 1969; Moffatt, 1979). Naturally occurring sulfide minerals
include laurite (RuS,; Leonard ef al., 1969), prassoite (Rh,,S,s; Geller, 1962), vysotskite

(PdS; Cabri er al., 1978), erlichmanite (OsS,; Snetsinger, 1971), xingzhongite [(Ir,Cu)S;
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Fig. 2.10 Plot of log fS, versus reciprocal temperature with metal-sulfide stability curves for
Fe, Ru, Pt, Ir and Os. Calculated using data from Barton and Skinner (1979), Svendsen

(1979), Hultgren et al. (1973) and Mills (1974).
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Table 2.2 Synthetic oxide and sulfide compounds of the PGE and Re.

Ru Rh Pd Os Ir Pt Re

Oxide formed by RuO, Rh,0, PAO OsO, IrO, PtO, Re0O,
heating in air

Other known oxides Ru,0O, RhO, - 0s,0, Ir,0; PtO ReO,
Ru,O; Rh,0q 0sO, IrO, Pt,0, ReO,
RuO, 0s0,
RuO,
Known sulfides RuS, Rh,;S;PdS OsS, IrS Pt;S ReS,
Rh,S, Pd,S Ir,S, PtS Re.S,
Rh,S; Pd,S, IrS; PiS;
RhS, PdS Ir,S,

RhS, PdS, IrS,
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Peng et al., 1978], braggite [(Pt,Pd)S; Cabri er al., 1978], cooperite (PtS,; Cabri er al.,
1978), and malanite [(Pt,Ir),CuS,; Peng er al., 1978]. Naturally occurring alloys, tellurides
and arsenides are also observed for many of the PGE; a comprehensive glossary of the

chemical and mineralogical properties of these minerals is given by Cabri (1981).

2.3 OXIDES

The PGE display a wide range of oxidation states in their chemical compounds (Table
2.1). In Table 2.2 the oxide compound that forms by heating each metal in air is given as
well as other known oxides. OsO,, which forms by the oxidation of Os metal powder in air
at room temperature, is by far the most volatile of the PGE oxides. It forms a colorless solid
which melts at 40°C and boils at 101°C. It has a characteristic chlorine-like odor and is
extremely toxic (McLaughlin, 1946; Sax, 1968). It is reduced to a black dioxide when it
comes in contact with organic matter and can cause severe damage to the eyes and respiratory
system. In contrast, Pt can be heated in air to its melting point with only a slight loss of Pt as
the volatile PtO,.

Several PGE-bearing spinel compounds that contain PGE as major cations have been
synthesized at high temperatures under very oxidizing conditions, and are reported in the
materials science literature (Krutzsch and Kemmler-Sack, 1983; Greenwood, 1968; Muller
and Roy, 1969, 1971). Most of the compounds combine one or two first row transition
metals with a PGE. Spinels synthesized with the X**Y**,0, structure include (Ni,Ru)Fe,O,,
(Mg,Ru)Fe,0,, RuCo,0, and IrCo,0,. Spinels synthesized with the X**,Y** O, structure
(inverse spinels) include Mg,PdO,, Mg,PtO,, Cd,PtO, and Zn,PtO,.

Recently, Capobianco and Drake (1990) crystallized geologically important MgAlLO,

spinels at 1450°C in an air atmosphere in the presence of silicate liquid and Ru, Rh and Pd.
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Approximately 0.4% Rh and 0.8% Ru dissolved in the spinel phase but Pd solubility was

below the 25 ppm detection limit. The finding that PGE are soluble in MgAl,O, under highly
oxidizing conditions is not surprising considering the variety of PGE spinel compounds that
are known to be stable under these conditions.

A key question that remains is whether or not PGE are soluble in geologically important
spinels under the much more reducing conditions that prevail during magmatic processes in
the crust and upper mantle. This would help to resolve debates over the role of Cr-rich spinel
in the partitioning of PGE during mantle partial melting and magmatic crystallization (e.g.,
Talkington et al., 1984; Auge, 1988). Preliminary experiments designed to test the solubility
and mobility of PGE in Cr-rich spinels under geologically realistic conditions are reported in
App. IV.

All of the PGE form halogen complexes in one or more oxidation states with F, Cl, Br
and I (Cotton and Wilkinson, 1980). The most interesting are the hexaflourides, of which
only that of Pd is yet unknown. They are prepared by flourination of the metals at elevated
temperatures. The hexaflourides decrease in stability in the order Re=Os=Ir=Pt=Ru=Rh,
dissociating into flourine and lower flourides (Cotton and Wilkinson, 1980). It has been
suggested that IrF is an important volatile species in magmatic systems, and that it is
responsible for the 10* enrichments of Ir (with respect to magma) in airborne particulate
matter from some Hawaiian volcanic eruptions (Zoller ef al., 1983). Flourine-rich volcanic
gases collected from Merapi volcano are enriched in Re by a factor of 10° (Symonds er al.,
1987), suggesting that volatile flourides may be capable of concentrating Re and other PGE in
addition to Ir in magmatic systems.

The aqueous solution chemistry of each PGE is dominated by the tendency to form stable

complex ions in preference to simple cationic species. Since this study is concerned
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exclusively with the high temperature behavior of PGE, the details of PGE complexes will not
be discussed. There is an extensive literature on the low temperature chemistry of PGE
complexes which has been reviewed by Griffith (1967), Hartley (1973) and Crockett (1981).
The limited data on the marine chemistry of PGE has recently been reviewed by Goldberg er

al.(1988).

2.4 PARTITION COEFFICIENTS

Very little is known about the partitioning of PGE between mineral phases under conditions
relevant to geochemical systems. Partitioning of PGE as a function of temperature, f0, and
/5, is not well understood. Analyses of iron meteorites, magmatic sulfides and chromitites has
established that the PGE are compatible with metallic iron, iron-sulfides and chromite relative
to silicate liquids. However, experimental studies have been so limited in scope that they
have done little more than to confirm these general observations.

The partitioning of Ir and Re between iron metal containing 22% S and basaltic glass was
measured by Jones and Drake (1986) at 1270°C and log fo, = -13. The silicate/metal
partition coefficient (Dg,,) for Ir was determined to be 5x10* to 5x10° and Dy, for Re was
determined to be 5x10? to 5x10°. It is not known how much these values vary for the other
PGE or the effect of S content, temperature or f0,. Silicate/sulfide partition coefficients for
PGE have not been studied experimentally; empirical estimates based on the study of ore
deposits range from 10 (Ross and Keays, 1979) to 10° (Campbell and Barnes, 1984).

A study of the partitioning of Ru, Rh and Pd between MgAl,O, spinel and a
CaO+MgO+ Al,0,+Si0, liquid in an air atmosphere at 1450°C has yielded silicate/spinel
partition coefficients of 0.04, 0.01 and > 50, respectively (Capobianco and Drake, 1990). It

is not clear whether these experiments, which were run under highly oxidizing conditions, are
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directly relevant to partitioning under the much more reducing conditions prevalent in the
crust and upper mantle. They do, however, suggest that spinel compatibility might play a
role in the fractionation of PGE during magmatic processes.

The partitioning of Os and Re was measured between chromian diopsidic pyroxene and a
Fe-free basaltic liquid contained in a Pt crucible in an air atmosphere (Watson et al., 1987).
Silicate melt/pyroxene partition coefficients of ~ 10 and ~ 20 were determined for Os and Re,
respectively. However, due to the oxidizing conditions and presence of Pt metal, the

relevance of this experiment to equilibrium or to natural conditions is questionable.

2.5 COSMIC ABUNDANCES AND CONDENSATION TEMPERATURES

The concentrations of most PGE and Re have been measured in C1 chondrite meteorites
using neutron activation analysis. Rh has not been measured but has been estimated based on
analyses of H-chondrites assuming that the relative abundances of the PGE are constant in H-
chondrites and C1 chondrites. The first measurements of the PGE (except Rh) were made by
Crockett er al. (1967), and the first measurements of Re were made by Morgan and Lovering
(1967). The original values, averages compiled by Cameron (1972), averages compiled by
Anders and Grevesse (1989), and estimates based on abundances in the solar photosphere
(Anders and Grevesse, 1989) all agree to ~ +15%. The average cosmic abundances of each
of the PGE relative to Si are given in Table 2.3 and vary by a factor of five from 0.344 Rh
atoms/10° Si to 1.86 Ru atoms/10° Si.

Following the approach of Larimer (1967), Scott (1972) first calculated the temperatures at
which each of the PGE (and other refractory metals) become stable solid phases relative to an
equilibrium gas of solar composition at a total pressure of 10* atm (Table 2.3). Grossman

(1973) repeated the calculation for a few of the PGE at a total pressure of 10° atm
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Table 2.3 Cosmic abundances and nebular condensation temperatures (in K) for the PGE and
Re.

Ru Rh Pd Os Ir Pt Re

Cosmic abundance
(atoms/10° Si) [1] 1.86 0.344 1.39 0.675 0.661 1.34 0.0517

Condensation temp pure
metals (P; =10 atm) [2] 1540 1285 940 1840 1550 1325 1775

Condensation temp pure
metals (P =107 atm) [3] 1613 1346 1050 1917 1636 1415 1838

50% condensation temp
into alloy with complete
solid solution

(Pr =107 atm) [3] 1642 1475 1415 1897 1683 1490 1905

[1] Anders and Grevesse (1989); [2] Scott (1972); [3] Palme and Wlotzka (1976).
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and Palme and Wlotzka (1976) repeated the calculation for all of the PGE under these

conditions (Table 2.3). Palme and Wlotzka (1976) also calculated the condensation
temperature for each of the PGE for 50% condensation of each element into an alloy
containing 13 metals assuming ideal solid solution (Table 2.3). The 50% condensation
temperatures for the PGE range from ~ 1900°C for Os to ~ 1400°C for Pd, following a
trend similar to the relative melting and boiling temperatures of the PGE given in Table 2.1.

The compositions of possible condensate alloys are discussed further in Chapter 3.

2.6 METEORITIC AND TERRESTRIAL ABUNDANCES

Average abundances of PGE (and Re) in several types of meteoritic and terrestrial
materials are given along with the sources of data in Table 2.4. In many cases averages were
taken from review papers in which all available data were compiled. When such sources
were not available, data were taken from analytical studies in which the maximum number of
PGE were analyzed. C1 chondrites were included because they are the best estimates of the
PGE content of the bulk earth. Ca, Al-rich refractory inclusions from C3 meteorites (CAI)
were included because they may be representative of high-temperature nebular condensates.
The PGE contents of samples of iron meteorites vary by as much as 10* within meteorite
groups (e.g., Scott and Wasson, 1975; Pernicka and Wasson, 1987). This variation has been
attributed to fractional crystallization of metallic iron during the crystallization of the cores of
asteroid size bodies (Scott, 1972). The average values for IIIAB iron meteorites given in
Table 2.4 are an estimate of the bulk composition of the metallic parent melt from which the
IIIAB iron meteorites crystallized that was calculated using a fractional crystallization model
(Willis, 1980; Willis and Goldstein, 1982).

Abundances of the PGE in terrestrial rocks are not well known because the concentrations
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Table 2.4 Average PGE (and Re) concentrations in some representative rock-types in ppb.

Rock-type Ru Rh Pd Os Ir Pt Re
C1 chondrite [1] 710 130 560 490 480 990 37
CAI [2] 10450 1240 1160 6920 7510 10740 780
IITAB Fe-meteorite’ [3,4] 710 - 450 530 530 1100 48
Spinel lherzolite

xenoliths [5] - -- 5.5 33 34 - 0.17
Ophiolite complexes

Peridotites [6,7] 6.1 3.0 6.7 5.1 3.8 9.1 2.4

Chromitites [8] 180 11 4.8 -- 91 17 -
Komatiites [6,9] -- -- 8.6 1.6 1.2 14 1.1
Oceanic basalts [6,10] -- - <1.8 <0.025<0.037-- 0.93
Continental basalts [6] - -- 8.3 - 0.092 -- -
Granitic rocks [6,7] -- -- <04 <0.060.03 <05 0.6
K-T boundary sed. [11] -- -- 110 46 57 131 2.1

(3 mm basal clay layer)

-- indicates no data available.

based on model-dependent calculation.

[1] Anders and Grevesse (1989); [2] Mason and Taylor, 1982; [3] Willis (1980); [4] Willis
and Goldstein, 1982; [5] Morgan (1986); [6] Crockett (1981); [7] Morgan and Lovering
(1967); [8] Page et al. (1982); [9] Walker er al. (1988); [10] Hertogen er al. (1980) [11] Kyte
et al. (1985).
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in almost all rocks are very low and thus difficult to measure. Pd and Ir are the most
commonly analyzed PGE in terrestrial samples because these elements are the most sensitive
of the PGE to neutron activation analysis. Os and Re have also been analyzed in a variety of
rocks because of interest in Re-Os isotope systematics. The concentrations of Ru, Rh and Pt
in many rock-types are largely unknown. An exception to the general lack of data on PGE
concentrations are mafic/ultramafic layered intrusions such as the Stillwater Complex which
host PGE ore deposits and have been extensively analyzed for all of the PGE. The
concentrations of PGE in layered intrusions is discussed in section 5.4.

The data from Table 2.4 were normalized to C1 chondrite values and plotted on Figs. 2.11
for comparison. The PGE are plotted in the order of decreasing melting temperature, which
seems to correlate with their behavior during terrestrial fractionation. Re is plotted last (after
Pd) because it behaves much more similarly to Pd than it does to Os during terrestrial
fractionation.

The concentrations in CAI of the highly refractory elements Os, Ir, Ru, Rh, Pt and Re are
10 to 20 x chondritic (Fig. 2.11). Pd is considerably lower at ~2 x chondritic, reflecting its
lower condensation temperature. The estimated group IIIAB iron meteorite parent liquid is
approximately chondritic in composition indicating that all of the PGE partition strongly into
metallic liquids during core formation on planetesimals preserving chondritic ratios (Fig.
2113

The normalized concentrations of each of the PGE (and Re) in spinel lherzolite xenoliths
and ophiolitic peridotites are relatively constant at ~ 10 x chondritic (Fig. 2.11). This
suggests that the sub-continental and sub-oceanic upper mantle has approximately the same
PGE (and Re) content. Komatiites, which are generally believed to be magmas produced by

high degrees of partial melting in the mantle, also have ~ 107 x chondritic concentrations but
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Fig. 2.11 Average concentrations of PGE and Re from Table 2.4 normalized to C1 chondrite
concentrations in representative meteoritic and terrestrial materials. The PGE are plotted in
order of decreasing melting point. Re is plotted after Pd because it behaves more similarly to
Pd than any of the other PGE during terrestrial fractionation. Lines connecting the elements
are dashed where data for a particular element are unavailable. Arrows () attached to
symbols designate maximum values. Data sources are given in Table 2.4. See text for

discussion.
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are slightly depleted in Os and Ir relative to Pd and Re. The depletion of Os and Ir relative
to Pd and Re is far more pronounced in magmas formed by lower degrees of mantle partial
melting including continental basalts, oceanic basalts and granitic rocks (Fig. 2.11).
Chromitites from ophiolitic complexes have a pattern that is complementary to crustal rocks
with large enrichments in Ir and Ru relative to Pt and Pd (Fig. 2.11). The patterns suggest
that Os, Ir and Ru are compatible in the mantle in chromitites, whereas Rh, Pt, Pd and Re are
less compatible and are extracted from the mantle to a much greater extent during crust
formation.

Since the initial discovery of high concentrations of Ir in Cretaceous-Tertiary (K-T)
boundary sediments and the proposition that the massive terminal Cretaceous extinctions
resulted from an asteroidal impact (Alvarez er al., 1980), many workers have investigated the
relative concentrations of PGE in K-T boundary sediments. The measured concentrations of
Os, Ir, Pt and Re in a basal clay layer 0 to 0.3 cm above the K-T boundary from Caravaca,
Spain, are plotted on Fig. 2.11; relative concentrations from other K-T boundary sections are
very similar. The flat chondrite normalized pattern is similar to patterns in C1 chondrites, Fe
meteorites and mantle peridotites but distinct from the steeply sloped patterns of crustal
materials including continental and oceanic basalts. Although this does not resolve the dispute
over whether the PGE were derived from asteroids (Alvarez et al., 1980) or the earth’s
mantle (Officer and Drake, 1985), it does argue against an origin from basaltic volcanics or

crustal sediments.



45
CHAPTER 3. COSMOCHEMISTRY

3.1 REFRACTORY METEORITE INCLUSIONS

The solid bodies that we now observe in the solar system are generally believed to have
formed by complex processes that, in many cases, involved material which passed through a
high temperature gaseous phase in part of the solar nebula. As the nebula cooled,
condensation progressed from the most refractory to the least refractory materials. Lord
(1965) first pointed out that with a knowledge of the relative abundances of elements in the
solar system and equilibrium thermodynamic data, both the type of condensing phases and the
order of condensation could be determined. The calculations of Lord (1965) showed that
high-temperature solid condensates would include refractory Ca, Al and Ti compounds. The
more comprehensive equilibrium calculations of Grossman (1972) demonstrated that the
chemistry and mineralogy expected from high-temperature solid condensates from a gas of
solar composition closely resembled the Ca, Al-rich refractory inclusions (CAI) from C3V
meteorites. While Grossman (1972) considered CAI and their mineral constituents to be the
result of condensation from a vapor, it is now generally agreed that this model is not tenable.
However, the major element bulk chemistry of CAI are consistent with the idea of Lord
(1965) and Grossman (1972) that they are comprised of early condensate material.

Extensive petrologic, trace element and isotopic studies have since been carried out on CAI
from Allende and other carbonaceous chondrites and have provided important clues into the
details of how they formed (¢f. Grossman, 1980; MacPherson er al., 1988). These
investigations have demonstrated that many CAI have undergone melting, recrystallization and
metamorphic alteration in the nebula or in planetary bodies, but the basic premise that the

starting materials for CAI condensed from the early solar nebula has survived detailed
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scrutiny. Although the condensate origin for CAI has become a well accepted hypothesis, it
must be remembered that the thermodynamic equilibrium between a nebular gas and
condensed phases is equivalent for partial condensation and partial evaporation (Kurat et al.,
1975; Hashimoto er al., 1979). Therefore, an origin for CAI as volatilization residues of
chondritic material is a viable alternative to condensation.

Trace element analyses of CAI have demonstrated that they are enriched relative to cosmic
proportions in the elements that are most refractory in a gas of solar composition. Reflecting
this trend is a 10 to 20 x enrichment of the PGE in CAI (with the exception of the less
refractory PGE Pd) relative to C1 chondrites (Grossman and Ganapathy, 1976; Mason and
Taylor, 1982; Fig. 2.11). This is consistent with the high condensation temperatures of all of
the PGE (except Pd) in a gas of solar composition (Table 2.3).

An important observation is that although the PGE (except Pd) are uniformly enriched in
most CAI, they are highly fractionated into a variety of compositions of um-sized alloy
grains, each containing only a few of the PGE. These PGE alloys most commonly occur in
10-1000 pm multiphase opaque assemblages which also contain Ni-Fe alloys, sulfides and
oxides. PGE alloys are also sometimes found as small (0.5-5 pm) grains isolated in the
silicate phases of CAI (Wark, 1986; Bischoff and Palme, 1987).

The pattern of PGE fractionation in CAI is demonstrated by the neutron activation data of
Bischoff and Palme (1987) for a bulk CAI and individual opaque assemblages separated from
the same CAI. The data were normalized to C1 chondrites and are plotted on Fig. 3.1. Two
large (20-50 um) opaque assemblages that were each mechanically separated have highly
fractionated PGE patterns with ~ 10* x chondritic W, Re Os and Ir, but only ~ 10° x
chondritic Mo, Ru and Pt. However, when an aggregate of five "tiny" opaque assemblages

along with adhering silicate material were analyzed together, they averaged out to a flat
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Fig. 3.1 Chondrite normalized concentrations of refractory elements in one bulk sample, one
aggregate of five opaque assemblages and two mechanically separated opaque assemblages

from Allende CAI A37 (data from Bischoff and Palme, 1987). See text for discussion.
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chondritic pattern (at somewhat lower concentration due to dilution by silicate). This
indicates that some opaque assemblages have abundance patterns that are complimentary to the
patterns of the two individual opaque assemblages on Fig. 3.1. Finally, when the bulk CAI
was analyzed the contributions from all of the opaque assemblages in it averaged to a
relatively "flat" chondrite normalized pattern at the 10 to 20 x chondritic level (Fig. 3.1).
Any explanation for the origin of PGE-rich alloys in CAI must explain why such
compositionally diverse grains tend to average to a composition for each bulk CAI that is
uniformly enriched in PGE relative to chondritic.

Owing in part to the extremely refractory nature of the PGE alloys observed, early
workers suggested that the individual metal grains in opaque assemblages were the oldest solid
materials in the Solar System and had formed either as condensates in expanding supernova
envelopes (outside the Solar System) or as the earliest high-temperature nebular condensates
(El Goresy et al., 1978). The opaque assemblages in which PGE alloys are found were also
assumed to be exotic and to have formed by condensation of metals, sulfides and oxides from
the solar nebula before the crystallization of host CAI (El Goresy et al., 1978; Armstrong er
al., 1985, 1987). If this were the case it would require a wide range in temperature, fo, and
/5, in the solar nebula, and that the nebula was turbulent enough to mix together grains
formed under highly variable conditions.

It was implied that PGE-rich alloys in opaque assemblages might have an extraordinary
isotopic composition, as they would reflect a single pre-solar stellar source. To test this
possibility, Hutcheon et al. (1987) measured Ru isotope ratios of PGE alloys from opaque
assemblages and isolated PGE alloy grains to a precision of +8°/,. using the ion microprobe.
Poths et al. (1987) measured Ru isotopes in magnetic and nonmagnetic fractions of refractory

meteorite inclusions to a precision of +1°/,. by thermal ionization mass spectrometry. In
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both studies Ru was found to be isotopically normal within the resolution of each of the
analytical techniques, suggesting that PGE alloys are not composed of isotopically exotic
material from extra-solar sources, but instead contain the normal solar mixture of isotopic
abundances homogenized from various nucleosynthetic sources.

As a result of the exotic history originally proposed for opaque assemblages, they are often
referred to in the literature as "Fremdlinge,” which is German for strangers or foreigners.
The term "Fremdlinge" carries an inappropriate genetic connotation. Instead, I will refer to

these multiphase objects by the simple descriptive name "opaque assemblages."

3.2 KINETICS OF GRAIN CONDENSATION
Several workers have considered the question of whether the PGE in CAI could have
condensed directly from the solar nebula. For the purpose of this discussion one must
differentiate between condensation of the individual metallic phases in opaque assemblages,
condensation of each opaque assemblages as a single precursor alloy, and condensation of the
bulk PGE content of entire CAI. Palme and Wlotzka (1976) assumed that individual metallic
phases in opaque assemblages condensed directly from the nebula and used the kinetic theory
of gases to calculate whether um-sized PGE alloy grains, such as those rich in Os which are
often observed in opaque assemblages, could grow by condensation from a nebular gas in a
reasonable time period. Based on the number density and mean velocity of Os atoms in the
nebula at a total pressure of 10 atm and at a temperature of 2000K, they derived the
following expression for the minimum time needed to grow a cluster of N atoms (7y):
N
n(sec) = (2.5x10") (ng)" f 0> dn; = (7.5x10) (ny,)" (N)*?

nio
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where n,, is the Os atom density in atoms/cm’ in the original nebular gas and n;° is the
number of Os atoms in the first Os cluster formed (n°< <N).

From this expression one can calculate that at least 10° years are needed to grow a typical
1 um grain of Os (10" atoms) in the nebula. It would take approximately the same amount of
time to condense these 10" Os atoms into a 5 um alloy grain containing 1% Os. At a total
nebular pressure of 10* atm, n, is 10° atoms/cm® and, therefore, for each 1uym Os grain that
condensed a 10* m* volume of nebular gas would have to be entirely depleted of Os.

One can use the timescale necessary to grow Os grains by condensation to explore whether
the metallic phases in opaque assemblages were more likely to have formed in the solar
nebula or in a supernova envelope. Estimates for the "cooling time" for various portions of
the solar nebula are very uncertain but are generally much shorter than the calculated 10°
years. For instance, cooling between 1500K and 1700K is believed to have occurred in a
time on the order of 1 year (Cameron, 1962; Larimer and Anders, 1967). Supernovae,
however, cool at even faster rates and because of their low density are much less appropriate
environments for condensation of PGE than the solar nebula. According to the grain growth
equation of Palme and Wlotzka (1976) and the supernova density and thermal history
suggested by Lattimer ef al. (1978), an average Os atom will have only 107 collisions with
another Os atom during the entire cooling history of a supernova envelope (Anders, 1987).
Abundant elements such as Mg or Al can yield pm-sized condensates in the few months
available for condensation (Lattimer et al., 1978), but rare elements such as the PGE cannot.

If the PGE alloys observed in opaque assemblages did form by condensation from the solar
nebula, it must have been under conditions highly conducive to nucleation and at low
supersaturation, so that atoms could chose their preferred condensation sites and form a

variety of PGE-rich phases rather than forming a single alloy (Blander and Katz, 1967). As
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pointed out by Anders (1987), it is difficult to imagine how the required high temperatures
were sustained in the nebula for so long (> 10° years), and it is even more difficult to see
how the nebular composition could have been regulated to maintain low supersaturation. If
the condensate grains contained only 10° Os atoms, the equation above indicates that
condensation could take place on a ~ 1 year timescale. In this case, the observed

1 um PGE-rich alloy grains would have had to form out of billions of tiny particles by some
secondary collection process. Therefore, it would be the bulk PGE content of CAI that
reflects the nebular condensation process rather than the individual metallic phases or bulk

opaque assemblages that are presently observed in CAL

3.3 COMPOSITION OF CONDENSATE ALLOYS

Palme and Wlotzka (1976) calculated the composition of a single homogeneous equilibrium
condensate alloy as a function of temperature at a total nebular pressure of 10~ atm. The
result of this calculation is shown graphically on Figs. 3.2 and 3.3 (modified from Palme and
Wilotzka, 1976). The fractions of each element condensed as a function of temperature are
plotted on Fig. 3.2 for condensation of 13 siderophile metals into an alloy containing all 13
metals, assuming ideal solid solution. The temperatures at which 50% of each metal is
condensed (see Table 2.3) decreases in the order:

W=Re=0s=Ir=Mo=Ru=Pt=Rh=Co=Ni=Fe=Pd=Cr.

The total condensate composition is shown as a function of temperature in Fig. 3.3. The
initial equilibrium condensate is an alloy of mostly Os, W and Re. As the temperature
decreases, significant fractions of the other metals condense in the condensation order given
above. Once a solid alloy has condensed, each metal will dissolve in the grain at a

composition level that balances the partial pressure of each element in the nebular gas. Since
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Fig. 3.2 Calculated condensation curves for Mo, Ir, Ru, Rh, Pt, Ni, Fe, and Au condensing
from a solar gas with total pressure of 10° atm into an alloy of 13 metals (Os, Re, W, Mo,
Ir, Ru, Rh, Pt, Ni, Fe, Co, Pd and Au). Ideal solid solution was assumed for all metals.

Modified from Palme and Wlotzka (1976). See text for discussion.
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Fig. 3.3 The condensation curves from Fig. 3.2 renormalized to weight fractions. The
composition of an alloy in equilibrium with a solar gas at a given temperature can be read

from this diagram. Modified from Palme and Wlotzka (1976). See text for discussion.
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Fe and Ni are highly abundant elements, they have high partial pressures in the nebula.
Therefore, even a small fraction condensed leads to substantial concentrations of Fe and Ni in
even the highest temperature condensates. As the temperature decreases, the concentration of
Fe and Ni in the refractory alloys increases until the alloys are nearly 100% Fe+Ni, at a
temperature just above the condensation temperature of pure Fe. Thus, the amount of Fe+ Ni
relative to PGE in a condensate alloy indicates the temperature at which it ceased to be in
equilibrium with the solar nebula. As can be seen on Fig. 3.2, at all temperatures below
1466K W, Re, Mo and all of the PGE (except Pd) are fully condensed and would be found in
a condensate alloy in cosmic relative abundances. Since Pd condenses at a lower temperature
than Fe and Ni it will be depleted relative to cosmic abundances in all high temperature
condensates. At temperatures above ~ 1500K depletions of Rh and Pt relative to their cosmic
abundances would be observed, and at temperatures above ~ 1600K depletions of Ru would
also be observed.

The average abundances of all of the PGE in bulk CAI are plotted on Fig. 2.11 normalized
to C1 chondrites and show that Pd is depleted by a factor of ~ 10 relative to the other PGE
and Rh and Pt are depleted by a factor of ~2. The depletion of Pt by a factor of ~2 is also
illustrated on the bulk CAI pattern from Fig. 3.1. Thus, the relative abundances of PGE in
bulk CAI are consistent with alloy condensation at a temperature = 1500K but < 1600K.
However, to explain the highly variable refractory siderophile patterns in individual opaque
assemblages by condensation is far more difficult. Fegley and Palme (1985) attempted to do
this by calculating the abundance patterns of condensate alloys at f0,’s more oxidizing than an
equilibrium solar gas. Fig. 3.4 shows the relative abundances of W, Re, Os, Ir, Mo, Ru and
Pt in a condensate alloy at 1600K for increasing values of H,O/H, (which corresponds to

increasing f0,). The pattern on the far left is for a solar gas and shows depletions in Pt and
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Fig. 3.4 The calculated ratios of W, Re, Ir, Mo, Ru, and Pt to Os in a condensate alloy in
equilibrium with a solar gas at 1600K (from Fegley and Palme, 1985). The assumptions
made in this calculation are the same as in Figs 3.2 and 3.3 except that the calculation is

repeated at increasingly higher values of fO,. See text for discussion.
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Ru at 1600K similar to those calculated by Palme and Wlotzka (1976; Fig. 3.3). With

increasing H,O/H, (and fo,) depletions in Mo and W develop as a result of the greater
stability of Mo and W oxides relative to the PGE oxides (Fig. 3.4). Fegley and Palme (1985)
matched the compositions of calculated condensate alloys to the compositions of some opaque
assemblages that display depletions in W and Mo relative to cosmic values. This was done by
allowing both the temperature of removal of the alloy from the nebular gas and the H,O/H,
ratio of the nebular gas to vary during condensation. They argued that the non-solar
refractory siderophile patterns that are sometimes observed for opaque assemblages were the
result of condensation at f0,’s 10° to 10* times more oxidizing than an equilibrium solar gas.
For example, to match the refractory siderophile element composition of the LEO-1 opaque
assemblage reported by Palme er al. (1982), Fegley and Palme required condensation to cease
at 1620K and for the nebular gas H,O/H, ratio to be considerably higher than solar value of
2x107? (Fig. 3.5). The depletions of the less refractory elements Ru and Pt are roughly
matched in Fig. 3.5 by ending condensation at a temperature high enough that they have not
fully condensed. The depletions in W and Mo are roughly matched in Fig. 3.5 by
condensation under oxidizing conditions which results in W and Mo remaining in the vapor
phase as volatile oxides.

Although the model of Fegley and Palme (1985) successfully reproduces refractory
siderophile abundance patterns of individual opaque assemblages, there are alternate
explanations for these non-solar patterns which include 1) redistribution of W and Mo as
gaseous hydroxides during low-temperature alteration (e.g., Beckett er al., 1988) and 2)
redistribution of W, Mo, Ru and Pt (which form sulfides at lower fS,’s than Re, Os or Ir) by
low-temperature sulfidation of alloys during planetary metamorphism (App. III). Each of the

alternate explanations could result in W, Mo, Ru and Pt redistribution from individual opaque
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Fig. 3.5 Measured and calculated relative refractory siderophile element abundances in an
opaque assemblage from the Leoville meteorite (LEO-1) (from Fegley and Palme, 1985).

Solid lines connect the neutron activation analyses of the opaque assemblage from Palme et
al. (1982). Dashed lines connect points calculated for an alloy condensed from the nebula

under non-solar oxidizing conditions at 1620K. See text for discussion.
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assemblages to other portions of a CAI. This provides an explanation for the highly
fractionated non-chondritic refractory siderophile compositions of individual opaque
assemblages while maintaining compositions of bulk CAI that are uniformly enriched relative
to chondritic values.

Serious difficulties arise when one looks beyond the relative refractory siderophile
abundances of individual opaque assemblages and attempts to explain the bulk composition of
opaque assemblages or the metallic phases within them by alloy condensation. Palme and
Wilotzka (1976) pointed out that for a condensate alloy to contain several tens of percent Fe
and several percent Pt (as is observed in most opaque assemblages) the temperature interval
for the removal of the opaque assemblage alloys from the nebula would have to fall in the
very narrow temperature interval of 1462 to 1466K, at the point on Fig. 3.3 where the
refractory siderophile contents begin to fall dramatically with temperature.

In App. III, the composition of opaque assemblages and the metallic phases within them
are compared with the range of alloy compositions that could theoretically be produced by
nebular condensation. Wark (1986) gives the compositions of refractory siderophile-rich
alloys that occur as isolated grains in CAI unassociated with opaque assemblages. Whereas
the relative proportions of the refractory siderophile elements can be reproduced by
condensation calculations (Palme and Wlotzka, 1976; Fegley and Palme, 1985) the ratio of
Ni:Fe and the ratio of (Ni+Fe):(refractory siderophiles) cannot be produced by direct
condensation.

The Ni/(Ni+Fe) ratio can only reach a maximum of 0.20 in alloy condensates, and only at
the highest condensation temperatures (Palme and Wlotzka, 1976; Kelly and Larimer, 1978;
Grossman et al., 1979). This maximum Ni/(Ni+Fe) ratio of 0.20 is lower than 1) the bulk

Ni/(Ni+Fe) ratio of ~0.40 most commonly observed for bulk opaque assemblages, 2) the
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Ni/(Ni+Fe) ratio of 0.67 most commonly observed in alloys from opaque assemblages, and
3) the Ni/(Ni+Fe) ratio of most of the isolated alloy grains which ranges from 0.10 to 0.67
(Wark, 1986). With decreasing temperature, the Ni/(Ni+Fe) ratio is expected to decrease
from 0.20 to the cosmic value of 0.06 at temperatures below the condensation temperature of
pure Fe.

The concentration of each refractory siderophile element in a condensing alloy is expected
to drop rapidly from the 1 to 10% level at high temperatures to the 10 ppm level below the
condensation temperature of Fe (Fig. 3.3). Therefore, even the unusually Fe-rich alloys from
opaque assemblages in the Leoville meteorite (described in App. III), which have nearly
cosmic Ni/(Ni+Fe), could not have formed by condensation. The low condensation
temperature necessary to produce the cosmic Ni/(Ni+ Fe) refractory siderophile contents
would result in an alloy with only ~ 10 ppm of each PGE, much lower than the 1 to 5%
levels observed. It appears that the only way the composition of metal from the Leoville
opaque assemblages could have formed by condensation is if it represents a mixture of alloys
formed during two intervals of condensation; i.e., a mixture of a high-temperature condensate

(high refractory siderophiles) and a lower-temperature condensate (low Ni/(Ni+ Fe)).

3.4 CONDENSATE ALLOYS DURING METEORITE PETROGENESIS

Sharp phase boundaries are found between metallic Ni-Fe phases and PGE-Fe phases in
opaque assemblages in CAI. Following a report of such contacts between Pt-rich metal and
Ni-rich metal by El Goresy er al. (1978), Arrhenius and Raub (1978) calculated the
constraints that these contacts placed on the cooling history of CAI. Arrhenius and Raub
assumed that these metals were early nebular condensates and that they had been aggregated

before the melting of refractory inclusions, as suggested by El Goresy er al. (1978). Using
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the diffusion coefficient for Pt in Ni, Arrhenius and Raub (1978) calculated that the sharp

phase boundaries could not have existed at CAI liquidus or condensation temperatures
(1600-1700K) for more than a fraction of a second, and could not have existed at 900K for
more than one day without developing measurable diffusion gradients due to the dissolution of
Pt in the yNi-Fe phase. They concluded that CAI must have melted and recrystallized during
extremely short thermal pulses.

Recent studies of opaque assemblages in CAI (Armstrong ef al., 1985, 1987) have not
confirmed the original report (El Goresy er al., 1978) of Pt-rich metallic phases in contact
with Ni-Fe-rich metallic phases (as a rule, Pt-rich metallic phases are surrounded by sulfide);
however, the approach taken by Arrhenius and Raub (1978) is still useful and can be used to
interpret the commonly observed boundaries between eRu-Fe and yNi-Fe in opaque
assemblages. Using diffusion coefficients for Ru in Ni as a function of temperature from
App. I as a simplified analog for the diffusion of Ru in Ni-Fe in opaque assemblages, I have
calculated isothermal survival times for sharp boundaries between eRu-Fe grains and
surrounding yNi-Fe. Details of the calculations are given in App. IIl. The main conclusion
is that once eRu-Fe and yNi-Fe are juxtaposed, the sharp metallic phase boundaries observed
between these phase can only be maintained for <4 seconds at 1673K, <28 seconds at
1473K or <2 weeks at 873K. This result is similar to that of Arrhenius and Raub (1978) and
suggests that if eRu-Fe and yNi-Fe formed separately by condensation and were later
juxtaposed, the host CAI must have melted and cooled during extremely short thermal pulses.

It has been inferred based on experimental studies that during the melting and
crystallization of the silicate minerals in CAI that host opaque assemblages, a maximum
temperature between 1700 and 1550K was reached (Stolper, 1982), and crystallization

occurred during slow cooling at a rate of 0.5-20Khr (Stolper and Paque, 1986). For even
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the lowest maximum temperature and fastest cooling rate considered plausible, nearly
complete homogenization of eRu-Fe and yNi-Fe would have occurred. Therefore, if eRu-Fe
and yNi-Fe alloys in opaque assemblages had formed by nebular condensation, the sharp
contacts between them would not have survived melting and crystallization of the host CAI.
In summary, each of the arguments that have been discussed in this chapter to test the
proposed nebular (or supernova) condensation origin for PGE-rich alloys in CAI have argued
to the negative. The kinetics of PGE grain condensation require unreasonably long durations
of time at high temperatures, the compositions of calculated alloy condensates do not
correspond to observed compositions of opaque assemblages or the metallic phases within
them, and sharp boundaries observed between eRu-Fe and yNi-Fe phases could not have
survived the cooling history of the host CAI minerals. In the following chapter an alternative
scenario for the origin of PGE-rich metallic phases in opaque assemblages from CAI will be

proposed.

3.5 RE-OS COSMOCHRONOMETER

Before concluding this chapter on the cosmochemistry of PGE, a short review of the use
of the "*’Re-"¥Os isotopic pair for the determination of the age of r-process (rapid neutron
capture) nuclei is appropriate. This isotopic pair is useful in cosmochemistry because the 42
£ halflife of '¥Re is considerably longer than the age of the solar system but only several
times longer than the estimated age of the galaxy. '*'Re is produced during nucleosynthesis
by the r-process, whereas '¥Os and '*Qs are produced by the s-process (slow neutron
capture). Therefore, the '"¥Re-'¥Os pair is free from the uncertainties of the r-process
production rates, which must be estimated for most other isotopic pairs. It is a relatively

straightforward problem to calculate the time between the formation of the Galaxy and the
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formation of the Solar System for the limiting cases of sudden and steady-state
nucleosynthesis if one knows 1) the ratio of '¥Os to '*Os produced during nucleosynthesis, 2)
the decay rate of '¥Re, and 3) the Re/Os and **’Os/**Os ratios at the time of formation of the
Solar System (Clayton, 1964). Luck and Allegre (1983) most recently determined parameters
2 and 3 above from isotopic measurements of meteorites, and estimated parameter 1 from the
neutron capture cross-sections of '’Os and 'Os as a function of temperature after including
the contributions from a ~9.8 keV excited state of '¥Os. Based on these data Luck and
Allegre calculated the extreme limits on the age of the Galaxy as 10.6 and 16.8 &£ for sudden
and steady-state nucleosynthesis, respectively. Yokai et al. (1983) pointed out that there are
additional uncertainties in this calculation because at the extreme temperatures of a stellar
environment 1) the 8 decay rate of "*’Re may be substantially greater than in the laboratory,
2) '¥Re may be produced from '*’Os by electron capture, and 3) there may be previously
unrecognized s-process branchings in the W-Os region. Nevertheless, a treatment of these
additional factors by Yokai er al. (1983) results in an age for the Galaxy of 11 to 15 £, in

agreement with previous results but with somewhat greater uncertainty.
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CHAPTER 4. GEOCHEMISTRY OF PT-GROUP ELEMENTS IN CAI

Pt-group elements in Ca, Al-rich refractory inclusions (CAI) are highly concentrated into
metallic phases which occur along with sulfides and oxides in multiphase opaque assemblages.
The opaque assemblages occur as inclusions in the major silicate minerals including melilite,
fassaite and anorthite. Based on the extremely high melting and condensation temperatures of
the PGE, many workers have assumed that PGE-rich metals found in CAI are primordial in
origin and formed by high temperature condensation in supernovae or in the solar nebular
(e.g., El Goresy et al., 1978; Blander et al., 1980; Armstrong er al., 1985). However, as
discussed in the previous chapter, direct condensation from a supernova or the solar nebular
does not appear to be a likely explanation for the origin of these PGE-rich metallic phases.

Since little was known previously about subsolidus phase equilibria or diffusion kinetics in
PGE-rich metallic systems it was difficult to assess the plausibility of forming PGE-rich
metallic phases by processes other than condensation. To test whether PGE-rich metallic
phases observed in CAI could have formed by subsolidus reactions I have 1) conducted
diffusion and phase equilibria studies in Ni-Fe-PGE systems, and 2) performed detailed
analytical studies of PGE-rich phases in CAI for comparison with the experimental results.
The experimental methods and results are presented in App. 1, and the analytical data for
PGE-rich phases in opaque assemblages are presented in App. IIl. In this chapter, I will first
describe the opaque assemblages from CAI that were studied in App. III and provide
reproductions of scanning electron micrographs that are of higher quality than was possible in
published articles. The reader should note that I will not reiterate the contents of App. I, II
and IIT but will instead summarize the predicted geochemical behavior of PGE during the
multistage evolution of CAI based on the model for the origin of opaque assemblages

- developed in App. II and III. The constraints that this model places on the conditions under
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which CAI were melted and subsequently equilibrated will be reviewed, and previous models

will be compared with the model presented here.

4.1 DESCRIPTION OF OPAQUE ASSEMBLAGES

Opaque assemblages in CAI are generally spheroidal, 10-1000 ym in diameter and
consist primarily of yNi-Fe, magnetite (Fe;O,), pentlandite [(Fe,Ni),S,], pyrrhotite (Fe,.,S)
and apatite [Cay(PO,), (F,OH,Cl)]. They also contain minor amounts of phases rich in
refractory siderophile elements which include Pt-group element-rich metallic phases (most
commonly eRu-Fe), molybdenite (MoS,) and scheelite-powellite solid solution [Ca(W,Mo)O,].
Five opaque assemblages from Type B CAI in C3V chondrites were chosen for detailed
study. Type B inclusions contain melilite, fassaite, anorthite and spinel as the major mineral
phases (e.g., Grossman, 1980). They are from Allende samples JIM (Brandstitter and Kurat,
1983), USNM 5241 ("WILLY" and "F3"; Armstrong et al., 1985) and EGG3 (Meeker er al.,
1983), and from Leoville sample UNM 575 (Kracher ez al., 1985).

The individual opaque assemblages will be referred to as "JIM-OA1," "WILLY," "F3,"
"EGG3-0A1" and "LEQOS575-OA1" respectively. The Allende meteorite belongs to the
"oxidized subgroup” of C3V meteorites, which generally contains Ni-rich yNi-Fe alloys,
whereas the Leoville meteorite belongs to the "reduced subgroup,” which generally contains
Fe-rich v and o Ni-Fe alloys (McSween, 1977). The «, € and +y designations for the metallic
solid solution fields in the Ni-Fe-Ru-rich system are based on compositional data rather than
direct determination of crystal structure.

JIM-OAL1 has a cross-sectional diameter of ~30 um and consists of the phases yNi-Fe,
pyrrhotite, eRu-Fe, apatite, molybdenite and magnetite in order of decreasing abundance.

The eRu-Fe phase occurs within yNi-Fe, pyrrhotite and magnetite, but not within apatite or
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molybdenite (Fig. 4.1). Typically, eRu-Fe grains within yNi-Fe range in size from 0.3 to 1.0
um, whereas those within pyrrhotite range from 0.1 to 0.3 um. One unusually large (3 X5
pm) eRu-Fe grain occurs in JIM-OA1 adjacent to yNi-Fe, pyrrhotite and magnetite (Fig. 4.1).

Willy has a cross-sectional diameter of ~ 150 um and consists of the phases magnetite,
yNi-Fe, pyrrhotite, scheelite, apatite, eRu-Fe and molybdenite in order of decreasing
abundance (Armstrong et al., 1985). Magnetite and yNi-Fe are the two main phases and each
account for ~45% of the cross-sectional area. eRu-Fe grains are typically ~1 pm in
diameter and occur surrounded by yNi-Fe and magnetite. A portion of Willy which shows
the magnetite outer rim and intergrown magnetite, yNi-Fe, pyrrhotite and eRu-Fe is shown in
Fig. 4.2.

F3 has a cross-sectional diameter of ~30 um and consists of the phases magnetite, yNi-
Fe, apatite and eRu-Fe in order of decreasing abundance (Fig. 4.3). eRu-Fe grains are
typically ~1 pm in diameter and occur in contact with both yNi-Fe and magnetite.

EGG3-0OA1 has an irregular shape and is 5 X 15 pm in cross-section (Fig. 4.4). The Ni-
rich mineralogy of EGG3-OAl is typical of opaque assemblages in the CAI EGG3 and
consists of very Ni-rich yNi-Fe, heazlewoodite (Ni,S,), apatite, molybdenite and eRu-Fe.

LEO575-0OA1 has a cross-sectional diameter of about 15 pm and has a Fe-rich mineralogy
typical of opaque assemblages from the Leoville meteorite. It consists of the phases V-rich
magnetite, aFe (kamacite), eRu-Fe and yNi-Fe (taenite) (Fig. 4.5). The eRu-Fe and yNi-Fe
phases occur as ~ 1 pm wide lamellae in the oFe phase and V-rich magnetite occurs as a

partial rim around all of the metallic phases.
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Fig. 4.1 Scanning electron microscope backscattered electron image of JIM-OAl. ru = eRu-
Fe, ni = yNi-Fe, po = pyrrhotite, mo = molybdenite, ap = apatite and mt = magnetite.

Scale bar is 10 pm.
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Fig. 4.2 Scanning electron microscope backscattered electron image of Willy. ru = eRu-Fe,

ni = yNi-Fe, po = pyrrhotite and mt = magnetite. Scale bar is 10 ym.
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Fig. 4.3 Scanning electron microscope backscattered electron image of F3. ru = eRu-Fe, ni

= yNi-Fe, ap = apatite and mt = magnetite. Scale bar is 10 ym.
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Fig. 4.4 Scanning electron microscope backscattered electron image of EGG3-OAl. ru =
eRu-Fe, ni = yNi-Fe, hz = heazlewoodite, mo = molybdenite, ap = apatite and mt =

magnetite. Scale bar is 1 pum.
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Fig. 4.5 Scanning electron microscope backscattered electron image of LEO-OAl. ru =

eRu-Fe, ni = yNi-Fe, fe = aFe (kamacite) and mt = magnetite. Scale bar is 1 um.
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4.2 CONDENSATION AND MELTING IN THE NEBULA

Condensation calculations presented by Palme and Wlotzka (1976) and discussed in the
previous chapter indicate that in a nebular environment the PGE would most likely condense
along with Fe and Ni as alloys. Unless the alloys were removed from the nebular gas at a
temperature above 1466K, the composition of the alloy would be predominantly FeyNi, with
the PGE homogeneously dissolved at ppm concentration levels. These alloys would contain
approximately chondritic proportions of all of the PGE (except Pd) and would condense in the
same temperature interval as the refractory silicate and oxide phases from which CAI were
formed (Grossman, 1972). Subsequent to condensation, many CAI melted in the solar nebula
forming rounded silicate droplets that slowly cooled and crystallized. Comparisons of CAI
silicate mineral textures, crystallization sequences, and major element zoning patterns indicate
that maximum temperatures of about 1670 to 1770K were reached, and that cooling during
crystallization proceeded at a relatively slow rate of about 0.5 to 20K per hour (Stolper and
Paque, 1986). Spinel would have been the only major phase in CAI not to have completely
melted under these conditions (Stolper, 1982). The fO, in the solar nebula during the
crystallization of CALI is believed to have been very reducing and has been quantified from the
Ti**/Ti*" ratios in fassaites (Beckett er al., 1988) and the fO, calculated for an equilibrium
solar gas composition (Grossman, 1972). At the estimated temperature and fO, during CAI
melting, an immiscible Fe-Ni liquid phase would be expected to separate from the silicate
liquid. This immiscibility can be predicted because the fO, was far more reducing than the
iron-wiistite buffer, and has also been demonstrated experimentally in solar furnace
experiments in which Allende meteorite powders were melted under reducing conditions and
Fe-rich metal droplets were formed by reduction (King, 1983).

During the stage when CAI were partially molten, Fe and Ni would form the major



82

constituents of molten alloys. All other elements that are siderophile at a reducing ambient
fO, would be expected to partition strongly into the metallic liquid. If opaque assemblages
acquired their bulk compositions from precursor metal droplets, then one would expect
opaque assemblages to be enriched in all of the siderophile elements. Consistent with this
idea is the observation that refractory siderophiles such as PGE, Mo, W and Re are highly
concentrated in opaque assemblages from CAI to ~ 10* x chondritic values. The
concentration of refractory siderophiles into metal droplets in CAI is somewhat analogous to
planetary core formation on a smaller scale. Silicate/metal partition coefficients (Dg,) have
been determined experimentally for a few refractory siderophile elements as a function of fO,
and are known to decrease linearly with decreasing fO, on a plot of log fO, versus log Dy,
(Schmitt er al., 1989). Although experiments have not been performed at fO,’s as low as a
solar gas, extrapolation of data from higher fO,’s indicates that values of Dg,, are < 10™ for
Ir and Re (Jones and Drake, 1986) as well as for W and Mo (Schmitt ef al., 1989). The low
D, values for the four elements that have been studied are consistent with the extreme
concentration of PGE, Re, Mo and W into opaque assemblages in CAI.

Elements that are only moderately siderophile (such as V) would partition more equally
between metal droplets and silicate melt at fO,’s close to that of a solar gas. Based on
thermodynamic data one can estimate the partition coefficient for V between silicate and metal
liquids. To a first order, partitioning of V between alloy and silicate at conditions of CAI
melting would be determined by the reaction V + 20, = VO. The equilibrium constant can
be calculated for the V/VO reaction from thermodynamic data (Chase et al., 1985). By
fixing the fO, equal to that of a solar gas, a silicate/metal partition coefficient of 20 for V at
1600K is calculated (App. III).

Two opaque assemblages from CAI have been analyzed by analytical SEM in detail to
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determine total V concentrations (Armstrong ef al., 1987), and one bulk opaque assemblage
has been analyzed for V by neutron activation (Grossman ef al., 1986). If these three opaque
assemblages originated as alloys, their initial V contents would have been 1.1, 2.6 and 5.5
wt% respectively. The V content of the host CAI silicate minerals (and spinel) has not been
determined, but the average bulk CAI V content is ~620 ppm (Wiénke ef al., 1974). We can
estimate the V content of the host silicates by difference using the estimate of Armstrong et
al. (1985), which suggests that opaque assemblages originally comprised about 0.1 wt% of
CAI. In this case, the average silicate host concentration of V is ~590 ppm and the apparent
silicate/metal partition coefficient for V in CAI is 20 to 100, in agreement with the prediction
of 20 calculated above. Thus, the partitioning behavior of V and refractory siderophiles is
consistent with silicate-metal equilibration in CAI at an fO, equal to an equilibrium solar gas.
During cooling of CAI, Ni-Fe metal droplets and spinel would be the first phases to
crystallize. The common occurrence of opaque assemblages in embayments in spinel (Fig.
4.6) suggests that some spinel crystallized after the formation of metallic droplets. Many CAI
have coarse-grained melilite rims that have very few inclusions of spinel or opaque
assemblages. If crystallization proceeded from the outside of CAI inward, advancing melilite
crystal faces might have pushed early crystallized spinel and metal toward the center of the
inclusion where melilite, fassaite and anorthite subsequently crystallized around them,
resulting in the textures observed in CAI. If CAI continued to cool at a solar gas fO, V
dissolved in the metallic phase would be expected to oxidize and diffuse out of the metal due
to the difference in the slopes of the V/VO buffer and the solar gas curve (App. IIl). This
may explain the observations of Armstrong e al. (1985, 1989) that many opaque assemblages
have rims of V-rich fassaite (Fig. 4.6) and that V is often highly enriched in spinels in the

vicinity of opaque assemblages.
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Fig. 4.6 Scanning electron microscope backscattered electron image of F3 (large bright
object) and a smaller unnamed opaque assemblage both of which occur in embayments in a
spinel (sp) crystal. A vanadium-rich fassaite (vfs) rim can be seen surrounding F3. vfs rims
a common feature of opaque assemblages and suggests that vanadium was oxidized from the
opaque assemblage metal and reacted with surrounding fassaite to form the vfs rim. Scale bar

is 10 pm.
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As indicated above, many compositional and textural aspects of opaque assemblages can be
explained if they formed from metallic Ni-Fe droplets. However, since most opaque
assemblages observed in CAI contain Ni-Fe oxides, Ni-Fe sulfides and PGE-rich metals in
addition to Ni-Fe metals, previous workers have assumed the opaque assemblages formed
independently from host CAI and acquired their bulk compositions by accretion of grains in
the solar nebula prior to the melting of CAI. Contrary to this scenario is the thermodynamic
prediction that during the melting and crystallization of CAI the low fO, and fS, of the solar
nebula would not have allowed the stabilization of any of the oxides or sulfides observed in
opaque assemblages. Preexisting sulfur would have been vaporized into the nebular gas and
preexisting Fe-oxides would have been reduced to metallic iron. Additionally, the various
metallic phases would have been homogenized by solid state diffusion as discussed in Chapter
3. However, if one is to argue that opaque assemblages originated as metallic droplets during
CAI melting, it must be demonstrated that the complex metal-oxide-sulfide mineralogy that
now characterizes opaque assemblages can be formed by the reequilibration of metallic

droplets.

4.3 EXSOLUTION OF METALLIC PHASES

To form a data base with which to compare experimental phase equilibria, detailed
analyses were made of coexisting metal, oxide and sulfide phases from the five opaque
assemblages contained within CAI that were described above. The compositions of coexisting
phases are tabulated in App. III. Particular emphasis was placed on the determination of the
origin of refractory PGE-rich alloys because it has previously been argued that these phases
provide evidence for the primitive nature of opaque assemblages, since it was supposed that

they could form only by extremely high temperature condensation processes (El Goresy ez al.,
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1978; Blander et al., 1980; Armstrong et al., 1985).

To address the problem of whether PGE-rich alloys could be formed by a process other
than condensation, homogeneous Ni-Fe-PGE alloys were synthesized and then annealed at
subsolidus temperatures under both oxidizing and reducing conditions (App. I). Even in the
most preliminary experiments (App. II) PGE-rich metal of the appropriate composition
formed by exsolution, and the intergrown textures of PGE-rich metal, Ni-Fe metal and
magnetite that are characteristic of opaque assemblages were reproduced experimentally (Fig.
4.7). More refined experiments allowed the determination of phase boundaries and tie-lines
in the Ni-Fe-Ru phase diagram as a function of temperature as well as the partitioning
behavior of Ir and Pt between phases in this system (App. I). Isothermal sections of the Ni-
Fe-Ru phase diagram at 1070K, 870K and 770K are shown in Fig. 4.8 with the compositions
of metallic phases from the five opaque assemblages studied projected onto this plane for
comparison. Metallic phases in the opaque assemblage from the Leoville meteorite appear to
have exsolved at a temperature of ~ 870 K, and that metallic phases in four opaque
assemblages from the Allende meteorite exsolved at a temperature of ~770 K (Fig. 4.8; App.
I10).

Diffusion rates determined for Ru diffusion in Ni (App. I) were used to calculate the
timescale for diffusion limited exsolution of PGE-rich metallic phases from a homogeneous
alloy. The calculation is presented in App. III and indicates that = 10° years would be needed
for diffusion-limited exsolution of the observed eRu-Fe grains from surrounding yNi-Fe at a

temperature of 770 K (App. III).

4.4 OXIDATION AND SULFIDATION OF METALS

Phase compositions of coexisting Ni-Fe metal and Ni-Fe sulfide can also be used to
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Fig. 4.7 Scanning electron microscope backscattered electron image of an experimental run-
product from the experiments described in App. I. mt = magnetite, ni = yNi-Fe and ru =
eRu-Fe. Note the striking similarity in texture between this sample and the opaque

assemblage Willy shown in Fig. 4.2. Both images display a mt rim surrounding intergrown

mt, ni and ru. Scale bar is 10 uym.
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Fig. 4.8 Compositional regions of metallic phases in opaque assemblages from App. III

plotted on isothermal sections of the Ni-Fe-Ru plane along with phase equilibria from App. I.
at a) 1073K, b) 873K and c) 773K. Phase boundaries and tie-lines are solid near regions
where there is experimental data; dashed phase boundaries and tie lines are estimated or
schematic. The 773K diagram is speculative and is intended to be diagrammatic only. Two-
and three-phase regions are denoted by 2¢ and 3¢ respectively and three-phase regions are
also stippled. Single-phase solid-solution regions include face-centered cubic yNi-Fe,
hexagonal close-packed eRu-Fe and base-centered cubic aFe. Asterisks represent bulk alloy
compositions for each opaque assemblage estimated from point-counting. The oxidation
arrow in (c) connects the approximate total bulk compositions (including alloys, sulfides and
oxides) of JIM-OA1, WILLY and F3 (diamond) with the approximate bulk alloy

compositions.
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calculate a temperature of equilibration using phase equilibria data from the literature.

Several different Ni-Fe-S phase assemblages are observed in opaque assemblages. For each
mineral assemblage the coexisting mineral compositions are consistent with tie lines and phase
boundaries in the experimental system and suggest equilibration at ~770 K (App. III),
consistent with the results from the Ni-Fe-Ru system. The fS, of equilibration of Ni-Fe metal
with Ni-Fe sulfides of the compositions observed in opaque assemblages can be calculated
from the reactions Fe + '4S,= FeS and 3Ni + S, = Ni,S, assuming ideal solution in the
alloys and sulfides. The fS, calculated for both Fe-rich and Ni-rich assemblages are identical
and about one log unit above the equilibrium solar gas fS, at 770 K (Fig. 4.9; App. III). The
position of the Mo/MoS, stability curve below, and the Ru/RuS, and Pt/PtS stability curves
above the estimated conditions of equilibration are consistent with the phase assemblages
observed in opaque assemblages. Mo occurs exclusively as a sulfide, whereas Ru and Pt
occur exclusively as metals. In contrast, highly metamorphosed C4 to C6 chondrites which
experienced higher temperatures and fS,’s than the C3 chondrites studied here, contain PGE
as (Ru,Os,Ir)S, and PtS phases, rather than PGE-rich metals (Geiger and Bischoff, 1989).

The fO, for the equilibration of opaque assemblages can be calculated from the
compositions of coexisting Ni-Fe metal and magnetite from the reaction 3Fe + 20, = Fe,0,
again assuming ideal solution in the alloys and oxides. This treatment indicates that the fO, of
equilibration was six log units above the solar gas curve at 770 K (Fig. 4.10; App. III).

It has been argued in this chapter that the phases in opaque assemblages from CAI are the
expected results of exsolution, oxidation and sulfidation of homogeneous liquid metallic
droplets formed by immiscibility in CAI silicate liquid. In addition to CAI, chondritic
meteorites contain olivine chondrules, which in turn also contain opaque assemblages with

identical Ni-Fe metal, oxide and sulfide phases as opaque assemblages from CAI (App. III).
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Fig. 4.9 Plot of logarithm of fS, versus reciprocal temperature for equilibria relevant to
opaque assemblage origin. Solar gas curve is from Fuchs and Blander (1977). Stability
curves are calculated from thermodynamic data compiled by Barton and Skinner (1979) except
for the Ru/RuS, curve, which is from Svendsen (1979). The curve labeled Ni-Fe alloy/Ni-Fe
sulfide is broken into four segments (A-D) based on Ni-Fe-S phase equilibria from the
compilation of Hsieh er al. (1982) at T=973K and from Misra and Fleet (1973) at T <873K.
For each line segment, a different alloy assemblage of sulfides may be in equilibrium with Ni-
Fe alloy: A: FeS, Ni-S melt; B: FeS, Ni,S,, Ni-S melt; C: FeS, Ni,S,; and D: FeS, Ni,S,,
(Fe,Ni),Ss. The position of the Ni alloy/Ni-Fe sulfide curve is calculated from the
compositions of phases in opaque assemblages (see text). Region I is the fO, - T space for

equilibration of opaque assemblages determined in App. III.
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Fig. 4.10 Plot of the logarithm of fO, versus reciprocal temperature for equilibria relevant to
opaque assemblage origin. The solar gas curve is at P, = 10° atm (Grossman, 1972) and the
V/VO and Ni/NiO curves are calculated from thermodynamic data (Chase ez al., 1985).
Curve (a) is Fe/Fe;O,, curve (b) is NigFe,;/Fe,0,, and curve (c) is NigFe,s/Fe,O, (McMahon
and Haggerty, 1980). Lines (a), (b) and (c) end at the highest temperature at which the alloys
are stable with magnetite. Region I is the fO, - T space for partitioning of V between alloy
and silicate liquids as calculated in App. III. Region II is the fO, - T space for the
crystallization of fassaite in CAI based on reactions involving Ti**/Ti*" ratios in fassaites
(Beckett er al., 1988). Region III is the fO, - T space determined in App. III for equilibration

of opaque assemblages.
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Fig. 4.11 Scanning electron microscope backscattered electron image of an opaque
assemblage from an Allende olivine chondrule. ni = yNi-Fe, pn = pentlandite, ap = apatite

and mt = magnetite. Scale bar is 100 ym.
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A secondary electron image of an opaque assemblage from an olivine chondrule is shown in
Fig. 4.11. The only major difference is the lack of refractory siderophile-rich phases in
opaque assemblages from olivine chondrules. Identical compositions of Ni-Fe metal, sulfides,
oxides and apatite are observed (App. III). Therefore, the opaque assemblages in olivine
chondrules record identical temperature, fS, and fO, equilibration conditions as those in CAI,
suggesting that equilibration occurred after CAI and chondrules had accreted on planetesimal
bodies. The conditions of prolonged heating (= 10° years) at 770K under oxidizing and
sulfidizing conditions required to produce opaque assemblages are unlikely to have occurred
in the solar nebula. They would instead be more plausible during metamorphism on a
planetesimal body where trapped volatiles could produce the necessary fO, and fS,. The in
situ decay of *Al could have provided an ample heat source if opaque assemblage
equilibration occurred during an early metamorphic event on a parent body. The interiors of
bodies only a few km in radius could reach temperatures in excess of 770K if they had *Al
abundances similar to the value of (**Al/7Al), = 5x10° measured in some CAI (e.g., Lee er
al., 1977). Alternatively, very shallow burial in larger bodies could provide an adequate

thermal environment for equilibration (¢f. Mashamichi er al., 1981).

4.5 COMPARISON WITH PREVIOUS MODELS

Previous studies of the chemical compositions, mineralogy and textural relationships of
opaque assemblages have led most workers to concur that opaque assemblages formed before
the host CAI, and to agree on the following scenario for their origin and evolution (e.g.,
Armstrong et al., 1985, 1987, Bischoff and Palme, 1987). 1) Condensation of um-sized
Ru,Os-rich grains at very high temperature in a supernova or in a hot part of the solar nebula.

2) Condensation of Ni-Fe metal followed by condensation of magnetite and Fe-Ni sulfides, or
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reaction of Ni-Fe metal in the nebula to form magnetite and Fe-Ni sulfides. 3) Aggregation
of these and other phases in the solar nebula to form opaque assemblages. 4) Mixture of
opaque assemblages with proto-CAI silicates before (or during) a brief high-temperature

(~ 1700K) event, during which the silicate portion of the CAI melted or partially melted,
followed by rapid cooling.

The high-temperature CAI melting event was postulated to have been so brief, and cooling
so rapid, that the delicate textures and mineral intergrowths in opaque assemblages were
preserved as they existed before CAI melting. According to this model, the phase
assemblages in opaque assemblages look through the CAI melting event and record highly
sulfidizing and oxidizing conditions during condensation very early in the history of the solar
nebula. Since some silicate minerals in the host CAI preserve evidence for crystallization
under reducing conditions in the solar nebula (Beckett er al., 1988), this view of opaque
assemblage origin implies that the condensing nebula was heterogeneous, with local variations
in temperature of hundreds of degrees and in fO, of many orders of magnitude. It further
implies turbulence within the nebula capable of mixing the various phases formed under these
conditions.

The new model proposed in this chapter and in App. II and III contrasts markedly with the
previous model. The two models are compared in cartoon form in Fig. 4.12. The new
model suggests that all of the siderophile elements condensed as alloys under reducing solar
gas conditions in contrast to the previous idea that each phase condensing in its own
microenvironment at variable fO, and fO, and then aggregating in the nebula to form opaque
assemblages. After aggregation of alloys with proto-CAl silicates, the silicate melting event
resulted in the formation of immiscible metallic liquid droplets which scavenged siderophile

elements (e.g., PGE, Re, W and Mo) from the silicate melt. The complex mineralogy that
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Fig. 4.12 Cartoon depicting models for the multistage origin proposed for opaque
assemblages by previous authors (e.g., Armstrong er al., 1985; Bischoff and Palme, 1987)

contrasted with the new model proposed in this study. See text for discussion.
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now characterizes opaque assemblages is believed to have formed from these proto-opaque
assemblage alloy droplets by sulfidation, oxidation, and exsolution. This could have occurred
during metamorphism for = 10° yr at 770K and at an fS, one log unit above, and an fO, six
log units above, a solar gas composition. The two-stage evolution proposed in the new
model, which includes homogeneous alloy formation at high temperature followed by
reequilibration and redistribution of elements during metamorphic reactions at lower
temperature, provides a general explanation of the approximately solar refractory siderophile
element ratios in all CAI in spite of the highly fractionated compositions of individual opaque
assemblages and the mineral phases found within them.

The alternative scenario for the origin of opaque assemblages, which suggests that they
formed in the solar nebula before CAI melting and were subsequently captured in the CAI and
rapidly cooled (Armstrong ez al., 1985, 1987; Bischoff and Palme, 1987), is considered by
this author to be unlikely because the low temperature mineral assemblages could not have
survived melting and subsequent cooling of the bulk CAI for any plausible cooling rates. The
previous model also does not provide an explanation for the solar refractory siderophile
element ratios in CAIL

The conditions that were estimated for the temperature, fS, and fO, of equilibration for
opaque assemblages from both CAI and chondrules are very similar and suggest that these
two components of C3V meteorites share a common, late low-temperature history, perhaps on
a planetesimal body. Studies of opaque assemblages may therefore provide quantitative

constraints on the post-accretionary equilibration conditions of C3V meteorites.
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CHAPTER 5. TERRESTRIAL FRACTIONATION

The geochemical behavior of Pt-group elements is strongly influenced by the presence or
absence of metallic iron. During planetary differentiation core-forming metallic iron liquid is
believed to remove virtually all of the PGE in a planet to the planet’s core. A small
proportion of the PGE, however, remains in the silicate fraction of the planet where the
geochemical behavior becomes much more complex and poorly understood. At the sulfur and
oxygen fugacities prevalent in the earth’s crust and upper mantle a metallic iron phase is
absent, and sulfides and oxides become important in fractionating the PGE with respect to one
another.

The general trends of terrestrial PGE fractionation were introduced in section 2.6. The
average concentrations of PGE and Re in representative terrestrial materials were given in
Table 2.4 and are plotted relative to C1 chondrite concentrations on Fig. 5.1. Ratios are
plotted in order of decreasing melting temperature for the PGE, with Re following Pd. Fig.
5.1 includes ophiolitic peridotites and spinel lherzolite xenoliths as samples of suboceanic and
subcontinental mantle respectively. The average patterns for these two rock-types are
virtually flat at the 107 x chondritic level. The data for oceanic basalts and granitic rocks are
included as samples of the differentiated oceanic and continental crust. These crustal patterns
have steep positive slopes. Relative to the mantle samples, Os and Ru are depleted by a
factor of ~ 100, Pt and Pd are depleted by a factor of ~ 10, and Re is enriched by a factor of
~2. Because of the low concentrations of PGE and Re in crustal rocks and the small mass of
the crust relative to the mantle (< 1%) crustal extraction from the mantle does not
significantly effect mantle PGE contents. The data for ophiolitic chromitites are also included
since these samples may represent a residuum of a high degree of mantle partial melting. The

pattern has a steep negative slope which is complementary to the crustal samples. Ir and Ru
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Fig. 5.1 Average concentrations of PGE and Re from Table 2.4 normalized to C1 chondrite
concentrations in representative terrestrial materials. Data sources are given on Table 2.4.
The PGE are plotted in order of decreasing melting temperature. Re is plotted after Pd
because it behaves more similarly to Pd during terrestrial fractionation than any of the other
PGE. Lines connecting the elements are dashed where data for a particular element are
unavailable. Arrows (4) connected to data points designate maximum values. See text for

discussion.
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are enriched relative to the mantle samples by a factor of 20, Rh is enriched by a factor of
10, and Pt and Pd are approximately equal to mantle values. Re concentrations have not been
measured in ophiolitic chromitites.

It is well known that some of the PGE can become highly concentrated into trace phases in
peridotites. However, the solubility of PGE in major silicate and oxide phases and the
mechanisms by which they are concentrated into trace phases in the mantle and crust are not
well understood. It is important to investigate the mechanisms which result in the tremendous
fractionations of this chemically similar group of elements so that the PGE can be used as
petrogenetic indicators and as a tool for mineral deposit exploration. A fundamental problem
in PGE geochemistry is the role of Os-Ir-Ru alloys in the fractionation of PGE. These alloys
occur as inclusions in chromite crystals in virtually all PGE-rich rocks. Although their origin
has been widely debated, no previous experimental studies have been undertaken to clarify
their origin.

In App. IV a preliminary experimental investigation designed to determine the origin of
Os-Ir-Ru alloy inclusions in chromites and their role in PGE fractionation is presented. This
chapter is largely a summary of the literature on terrestrial PGE fractionation with some
discussion of the results of the experiments presented in App. IV. The geochemical behavior
of the PGE are explored during the processes of core formation, mantle partial melting, and
the magmatic differentiation of layered mafic-ultramafic intrusions. The final section of this

chapter summarizes the application of the Re-Os geochronometer.

5.1 CORE FORMATION
The most direct evidence that we have for the behavior of PGE during core formation in

planetary bodies comes from the study of iron meteorites. These samples are widely believed



110

to be the product of melting and gravitational segregation of metallic Fe in asteroid size
bodies. Wasson and colleagues (e.g., Scott and Wasson, 1975) have classified about 500 iron
meteorites into 12 chemical groups (each believed to be from a separate parent body) based
on their Ga, Ge, Ir and Ni contents. Chemical fractionations between groups are generally
believed to have occurred in the solar nebula (Scott, 1972; Kelly and Larimer, 1977), whereas
chemical variations within most groups reflect fractional crystallization of molten metal during
the solidification of the cores of planetary bodies (Scott, 1972). PGE are enriched in early
crystallizing Fe-Ni metal to ~ 100 x chondritic and the concentrations decrease by ~ 10* with
decreasing Ni content in magmatic groups (Pernicka and Wasson, 1987). The PGE content of
the parental metallic liquids from which each iron meteorite group crystallized can be roughly
estimated using a fractional crystallization model and estimates of the liquid metal/solid metal
partition coefficients for the PGE (Willis and Goldstein, 1982). For example, the PGE
pattern for the estimated parental liquid from which the group IIIAB iron meteorites
crystallized is plotted on Fig. 2.11 (Willis, 1980). The PGE occur in chondritic proportions
at 1 to 2 x C1 chondrite values consistent with an origin by removal of virtually all of the
PGE into cores of approximately chondritic composition parent bodies.

The partitioning of Ir and Re between iron metal containing 22% S and basaltic glass was
measured at 1270°C and log fO, = -13 by Jones and Drake (1986). The silicate/metal
partition coefficients (Dgy,,) for Ir and Re are ~5x10° and ~5x10™ respectively. Under these
conditions, equilibration between the mantle and core of a planet would result in nearly
complete removal of Ir and Re (and presumably the rest of the PGE) to the core.

In most models for core formation in the earth it is assumed that the earth has a chondritic
bulk composition. The earth’s composition may have been established by 1) homogeneous

accretion of chondritic material or 2) heterogeneous accretion of a mixture of refractory-rich
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and refractory-poor material that condensed from the nebula at various temperatures. Recent
accretionary models suggest that the earth accreted from km-sized planetesimals containing
roughly chondritic abundances of the elements (e.g., Stevenson, 1981).

If core formation in the earth was a simple equilibrium process, one would expect the
earth’s mantle to have concentrations of "highly siderophile” elements (PGE and Re) at the
10* to 10”° x chondritic level based on the available partitioning data. Many workers have
argued that the siderophile element content of the upper mantle is well represented by spinel
lherzolite xenoliths (e.g., Jagoutz ez al., 1979). Spinel lherzolite xenoliths have "highly
siderophile” element contents of ~ 10 x chondritic in conflict with much lower
concentrations expected for mantle-core equilibration. As a result, many models have been
developed to explain the high concentrations of "highly siderophile” elements in the mantle.
The models must also explain the partitioning of the "moderately siderophile" elements (e.g.,
Co, Ni and Mo) which, according to partitioning data (Jones and Drake, 1986), should be
depleted by 107 to 10™ x chondritic by equilibrium core formation but are instead 0.1 to 0.2
x chondritic in spinel lherzolite xenoliths (Jagoutz et al., 1979).

The proposed models have been reviewed by Jones and Drake (1986) and can be classified
into four categories 1) incomplete core formation leaving a small quantity of metal in the
mantle to be subsequently oxidized (Jones and Drake, 1986), 2) equilibration between mantle
silicates and an Fe-S-O metallic liquid (rather than Fe-S liquids as in the partitioning
experiments) (Brett, 1984), 3) heterogeneous accretion involving a late "veneer’ of chondritic
material that did not separate to the core (e.g. Kimura er al., 1974; Chou, 1978) and 4)
establishment of highly siderophile element concentrations by partitioning at megabar
pressures, perhaps at the core-mantle boundary (¢f. Ringwood, 1977). It must be emphasized

that partitioning data are limited to only a narrow range of pressure, temperature, fO,, and f5,.
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Considering the data that do exist, none of the first three models quantitatively predicts the
"highly” and "moderately” siderophile element abundances inferred for the upper mantle
(Jones and Drake, 1986). The fourth model is presently untestable because high pressure
partition coefficients are entirely unknown. Recently Schmitt er al. (1989) suggested a model
of late accretion of a volatile-rich chondritic ‘veneer’ followed by removal of a sulfide liquid
to the core. They suggest that sulfide removal may be capable of depleting the highly
siderophile elements but not the moderately siderophile elements. This is an interesting
explanation of the observations, but more experimental data on the partitioning of siderophiles
between metal, sulfide and silicate are needed to test the model.

Most investigators accept the idea that the relatively constant PGE content of spinel
lherzolite xenoliths are representative of the bulk upper mantle, but this assumption may not
be entirely valid. Garnet lherzolite PGE abundances are much more highly variable and
appear to have been affected by introduction of S-bearing metasomatic fluids (Mitchell and
Keays, 1981). Neutron activation studies of phases separated from garnet and spinel
lherzolite xenoliths indicate that intergranular sulfides contain the bulk of the PGE in these
rocks (Mitchell and Keays, 1981; Jagoutz er al., 1979). Since these sulfides would be
intergranular liquids under mantle conditions, the PGE may have considerable mobility. It is
also possible that the intergranular sulfides could have originated by liquid immiscibility from
sulfide-saturated basic magmas. Partial melts of undepleted mantle are probably sulfide-
saturated as indicated by the ubiquitous presence of sulfides in mantle xenoliths. Since the
solubility of S decreases with decreasing pressure (Wendlandt, 1982), melts migrating through
the mantle could deposit intergranular sulfides genetically unrelated to the host lherzolites.
This could conceivably lead to large-scale redistributions of PGE within the mantle during

successive melting and metasomatic episodes and may be responsible for the highly variable
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PGE contents in garnet lherzolites. Although spinel lherzolite xenoliths are presently our best
estimate of the siderophile content of the upper mantle, much more work needs to be done to
fully understand the mobility of mantle sulfides and their influence on PGE distributions in the

mantle.

5.2 ORIGIN OF THE MOON

Determination of the PGE content of the lunar mantle is a more difficult exercise than for
the earth’s mantle because there are no lunar mantle samples available. Estimates of mantle
abundances have been surmised from the study of volcanic rocks presumably derived from the
moon’s mantle. This is not a straightforward exercise in the case of PGE because of the vital
importance of trace phases and fo0, and fS, to their partitioning behavior. If one could
estimate with some confidence the bulk PGE contents of the mantles of the earth and moon,
then in principle one could gain insight into whether or not they formed from the same
material. However, the difficulty in interpreting lunar mantle PGE abundances based on the
study of lunar volcanic rocks has led to considerable controversy concerning the origin of the
moon (¢f. Delano and Ringwood, 1978; Anders, 1978).

Some workers have compared the low PGE content of volcanic rocks from the moon with
the high PGE content of mantle xenoliths from the earth and concluded that the mantles of the
moon and earth have highly contrasting abundances of PGE (Newsom and Taylor, 1989).
This is a rather tenuous approach considering the complexities and magnitude of PGE
partitioning during crustal genesis. Drake (1987) estimated the Ir and Re contents of the
moon’s mantle from Ir and Re concentrations in lunar basalts by attempting to correct for the
fractionations observed between mantle xenoliths and basalts on earth. While this is a better

approach than that of Newsom and Taylor (1989), it is still unreliable because the partitioning
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of PGE during partial melting depends on intensive variables such as fo, and fs, and the
presence or absence of certain phases in the residuum (discussed below) which are unlikely to
be the same in the moon and earth.

In summary, the data are insufficient for a reliable estimation of the PGE contents in the
bulk mantle of the moon. Therefore, tests of whether the moon originated from the earth’s
mantle, based on comparisons between terrestrial and lunar PGE contents, are premature.
Even if the PGE contents of the mantles of the moon and earth were precisely known, the
comparison would be inconclusive since the relative PGE contents could easily be changed by
further core formation or further accretion of Sun-orbiting debris after the formation of the

moon (Stevenson, 1987).

5.3 MANTLE PARTIAL MELTING

The representative analytical data for PGE in terrestrial mantle and crustal rocks presented
in Table 2.4 and Fig. 5.1 suggest that Os, Ir and Ru behave as highly compatible elements
whereas Rh, Pd, Pt and Re behave as only slightly compatible elements during mantle partial
melting. While this idea has become generally accepted, the reason for this behavior and the
phase(s) that accommodate these elements in the mantle are the subject of debate. Suggested
host phases for Os, Ir and Ru include olivine, FeS, Os-Ir-Ru alloys and chromite. Brugmann
et al. (1987), citing experimentally determined partition coefficients of Malvin er al. (1986),
argued that olivine is the host phase for Os, Ir and Ru during fractionation of komatiites
which do not contain sulfides or spinel. The compatibility of Os, Ir and Ru in olivine has
been drawn into question by the work of Capobianco and Drake (1990), who showed the
results of Malvin ez al. (1986) to be invalid based on further analyses of the experimental run-

products.
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Unlike the komatiites studied by Brugmann et al. (1987), mantle peridotites contain spinel
and sulfide, and these phases dominate the partitioning of PGE (Mitchell and Keays, 1981).
Most workers have attributed the highly fractionated PGE patterns of mantle-derived melts to
the presence of an Os-Ir-Ru-rich alloy in the mantle source region (Bird and Basset, 1980;
Keays, 1982; Campbell and Barnes, 1984; Barnes et al., 1985). Given this assumption,
Keays (1982) suggested that mantle partial melts were saturated with Ir. The ubiquitous
presence of Os-Ir-Ru-rich alloys in ophiolitic peridotites has been cited as evidence in favor of
this hypothesis. A role for spinel in the fractionation of PGE has largely been discounted due
to the lack of conclusive evidence that PGE are compatible in the spinel structure. However,
the widespread occurrence of Os-Ir-Ru-rich alloys as inclusions in Cr-rich spinels from
ophiolitic peridotites and layered intrusions suggests that chromite plays some role in the
fractionation of PGE. The relationship between Or-Ir-Ru-rich alloys and chromites is
unquestionably one of the least understood aspects of PGE geochemistry.

In several early studies it was proposed that Os, Ir and Ru could be accommodated in solid
solution in the chromite lattice at magmatic temperatures (e.g., Gijbels et al., 1974; Morgan
et al., 1976; Naldrett and Cabri, 1976). More recently, petrographic studies have identified
discrete 1 to 20 um diameter inclusions of alloys and sulfides in chromite from nearly every
major ophiolite and layered intrusion (e.g., Talkington ef al., 1984; Auge, 1988). Alloy
compositions range from ~80% Ir to ~80% Os with Ru contents up to ~50% (Legendre
and Auge, 1986; Talkington and Lipin, 1986). These compositions correspond to the
minerals osmiridium, iridosmine and rutheniridosmine according to the nomenclature of
Harris and Cabri, (1973). Sulfide compositions span the solid solution between laurite and
erlichmanite (Ru,Os)S, with up to ~20% Ir (Legendre and Auge, 1986; Talkington and

Lipin, 1986). Several petrographic features of the inclusions have been used to argue that
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they did not form by exsolution from chromite including: 1) euhedral and anhedral habits, 2)

non-crystallographic orientation, and 3) compositional diversity. Based on these types of
features, virtually every petrographic investigator has suggested that alloys and sulfides
precipitate directly from magmatic liquids creating nucleation sites for chromite crystals,
which crystallize around the small particles and mechanically remove them to chromitite
layers (e.g., Talkington er al., 1984; Auge, 1988).

I have experimentally studied several aspects of the origin of Ir-rich alloys in chromite.
The details of this preliminary investigation are presented in App. IV. In summary, the
solubility of Ir in FeS liquid in equilibrium with Ir metal at 1250°C was determined to be
~4%. The solubility of Ir in synthetic and natural chromites in equilibrium with Ir metal at
1450°C was investigated and found to be below the electron microprobe detection limit of
~80 ppm. It was, however, demonstrated that Ir is mobile in chromite at magmatic
temperatures and probably diffuses though chromite at a rate similar to the diffusion of major
cations (App. IV).

If Ir-rich alloys were stable in mantle peridotites, the high solubility of Ir in FeS indicates
that Ir concentrations in coexisting FeS liquid should be ~4%. The concentration of Ir in
sulfides from spinel lherzolite xenoliths are many orders of magnitude lower at <10 ppm
(Jagoutz er al., 1979). Additionally, recent experimental data on the solubility of Ir in
basaltic melt (Amosse er al., 1990) indicates that melts saturated with Ir at f0,’s and f5,’s in
the range estimated for mantle partial melting would have concentrations of ~ 100 ppb, which
is over three orders of magnitude higher than observed in basalts (<0.04 ppb; Table 2.4).
The high Ir solubilities in FeS liquid and basalt suggest that Ir-rich alloys would not be stable
in mantle peridotites which contain FeS liquid or have had a silicate liquid fraction removed

by partial melting. Instead, one would predict that Ir resides in the mantle dissolved in FeS
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liquid or another major phase. Mitchell and Keays (1981) analyzed mineral separates from
mantle xenoliths for Ir and Pd and found that spinel was enriched in PGE relative to olivine,
clinopyroxene and orthopyroxene but that 60 to 80% of the PGE of the xenoliths was
contained in the minor intergranular FeS component. It is unclear how much of the 20 to
40% of the PGE that reside in the major phases is dissolved in them or is due to inclusions of
sulfides or other trace phases in the major phases.

Silicate/sulfide partition coefficients for PGE have not been determined experimentally and
estimates in the literature vary widely from 10 (Ross and Keays, 1979) to 10° (Campbell and
Barnes, 1984). If the positively sloped PGE patterns for oceanic basalts (Fig. 5.1) were
controlled by simple silicate/sulfide partitioning during mantle partial melting then Os, Ir and
Ru would have to be much more compatible than Rh, Pt and Pd in FeS liquid. This is not
consistent with the patterns that would be expected from the relative thermodynamic stabilities
of PGE sulfides which decrease in the order Ru=Pt=Ir=0s (Fig. 2.10). This pattern is also
not consistent with the more chalcophile nature of Rh, Pt and Pd compared to Os, Ir and Ru
in layered intrusions such as the Stillwater Complex (see section 5.4). Instead, an additional
residual phase in the mantle other than FeS, in which Os, Ir and Ru are more compatible than
Rh, Pt and Pd seems to be indicated.

In spite of the textural arguments made in favor of Os-Ir-Ru alloy inclusions having
formed as liquidus phases and having been trapped by crystallizing chromite, the limited
experimental data summarized in App. IV suggest that these alloys would not be stable in the
presence of either FeS or basaltic liquid at magmatic temperatures, even if trapped in
chromite crystals. The stability of Os-Ir-Ru alloys in the presence of chromite at magmatic
temperatures is still unknown, but the apparent mobility of Ir in chromite and the ability of Ir

and Ru to substitute into compounds with the spinel structure under highly oxidizing
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conditions (e.g., Krutzsch and Kemmler-Sack, 1983; Capobianco and Drake, 1990) suggests

that ppm level solubility of Os, Ir and Ru in the chromite structure at high temperatures is at
least plausible. It has been suggested by several authors that Ir, Os and Ru substitute for Cr’*
in the spinel lattice (Agiorgitis and Wolf, 1978; Morgan et al., 1976). The solubility of these
elements in chromite is presently unknown but almost certainly decreases with temperature.
Thus, it is possible that exsolution is responsible for forming Os-Ir-Ru alloys during cooling
of magmatic chromite after it crystallized with ppm level concentrations of Os-Ir-Ru in solid
solution. This would provide an explanation for the fractionation of Os-Ir-Ru from Rh-Pt-Pd
during the process of mantle partial melting without having to resort to a metallic Os-Ir-Ru
alloy phase in the mantle. The possible compatibility of Os, Ir and Ru in chromite suggests
that the presence or absence of spinel (in addition to FeS) in the mantle of the earth and the
moon could play a major role in determining the PGE abundances of crustal rocks formed by

partial melting.

5.4 MAGMATIC CRYSTALLIZATION

The magmatic process that results in the concentration of PGE from parental magmas with
<100 ppb total PGE into ~1 m thick PGE-rich sulfide and chromite horizons with > 10 ppm
total PGE is a remarkable feature of layered intrusions. The PGE-rich sulfide and chromite
layers concentrate trace elements from very large volumes of magma. The mechanisms by
which Rh, Pt and Pd are collected by immiscible iron-sulfide liquids has been extensively
studied and was recently reviewed by Naldrett ez al. (1987). The concentration mechanism
for Os, Ir and Ru has not been given much attention, but there is clearly a link with the
crystallization of chromite. As stated by Naldrett er al. (1987) "these metals [Os, Ir and Ru]

may well have been scavenged by chromite in an as yet not-understood way."
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The Stillwater Complex in Montana provides a good example for discussion of the
fractionation of PGE in layered mafic-ultramafic intrusions. The principles are the same in
other intrusions such as the Bushveld Complex in South Africa, the Great Dyke in Zimbabwe
and the Bird River Sill in Manitoba. Average PGE (and Re) abundances for several different
rock-types from the Stillwater Complex are given in Table 5.1 (along with data sources) and
plotted normalized to C1 chondrite values in Fig. 5.2. Basal norites are believed to be the
best estimates of the parental magma composition of the Stillwater Complex. The PGE
contents of the Stillwater basal norites are also virtually the same as the chilled margin rocks
from the Bushveld complex (¢f. Naldrett er al., 1987). Comparison of Fig. 5.2 with Fig. 5.1
shows that the steep positively sloped PGE pattern for the basal norites is very similar to the
patterns for basalts and granites, except that the norites are enriched in all of the PGE by a
factor of ~10. The Re content of the basal norites is unknown, but based on the patterns for
basalts and granites their chondrite normalized Re content is probably somewhat higher than
the Pd content. Equilibration and settling of immiscible iron-sulfide into a ~2 m layer called
the "J-M Reef" resulted in 10' to > 10? enrichments in PGE, while retaining the steep positive
slope (Fig. 5.2). Crystallization and settling of chromitite layers that do not have high
concentrations of accompanying iron-sulfide (chromitites B-K) resulted in ~ 107 enrichments
of Os, Ir and Ru, but <10’ enrichments in Rh, Pt and Pd, resulting in an overall flat PGE
pattern (Fig. 5.2). Re is not enriched in the J-M Reef sulfides or in the chromitites
suggesting that it is more compatible with silicate liquid than with sulfide or chromite. The
pattern for the A chromitite is more complex because it also contains considerable
concentrations of iron-sulfide. Chromite has enriched this layer in Os, Ir and Ru, and iron-
sulfide has enriched this layer in Rh, Pt and Pt. The resulting pattern is enriched in all of the

PGE by > 107 compared to the basal norites (Fig. 5.2). In summary, all of the PGE appear
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Table 5.1 Average PGE (and Re) concentrations in some representative rock-types from the
Stillwater Complex, Montana, USA (in ppb).

Rock-type Ru Rh Pd Os Ir Pt Re
Stillwater Complex
Basal zone [1,2] - <6.0 45 0.82 090 21 -
J-M Reef [3,4] 50 150 17300 22 19 5000 6.5
B-K Chromitites [1,2] 199 62 66 48 36 89 0.65
A Chromitites [1] 510 93 8130 -- 303 4100 -

-- indicates no data available.
[1] Page et al. (1976); [2] Lambert er al. (1989); [3] Barnes et al. (1985); [4] Martin (1989).
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Fig. 5.2 Average concentrations of PGE normalized to C1 chondrites from various layers of
the Stillwater Complex, Montana, USA. Data sources are given on Table 5.1. Data are

plotted in the same order as in Fig. 5.1. See text for discussion.
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to be compatible in iron-sulfide, but Rh, Pt and Pd are more compatible than Os, Ir and Ru.
In contrast, only Os, Ir and Ru appear to be compatible in chromite.

As in the case of ophiolitic peridotites, Os-Ir-Ru-rich alloy and sulfide phases are found
included in chromite crystals from layered intrusions. The most common Os-Ir-Ru mineral
found in layered intrusions is laurite-erlichmanite solid solution (Ru,Os,Ir)S, (e.g., Talkington
and Lipin, 1986), although Os-Ir-Ru alloys have also been observed (e.g., Cabri and
Laflamme, 1988). Extensive subsolidus exsolution and reequilibration of Rh, Pd and Pt-rich
sulfides and alloys is known to have taken place in sulfide-rich horizons such as the J-M Reef.
It is likely that preexisting Os-Ir-Ru alloys would have been sulfidized during cooling or
metamorphism to form laurite at the high ambient fS,’s. Therefore, the origin of laurite
inclusions in chromite from layered intrusions is basically the same problem as the origin of
Os-Ir-Ru alloys in ophiolitic chromites that was discussed in section 5.3.

During the growth and settling of chromite crystals at magmatic temperatures, Cr and Os-
Ir-Ru were efficiently scavenged from large volumes of magma. Most workers have
concluded that laurite and Os-Ir-Ru alloys crystallized directly from the silicate magma
providing nucleation sites for chromite crystals which grew around them and then settled into
chromitite layers. However, as discussed in App. IV and section 5.3 this mechanism does not
seem likely. Instead, it is possible that Os, Ir and Ru were accommodated in solid solution as
oxides in the chromite lattice and later exsolved as Os-Ir-Ru alloys or laurite at subsolidus

temperatures.

5.5 RE-OS GEOCHRONOMETER
'¥Re decays to '*Os by B emission with a halflife of ~40 Z. The usefulness of this

isotopic system as a geochronometer has long been recognized (e.g., Herr er al., 1961) but
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due to the analytical difficulties in measuring Os isotope ratios it has not been widely utilized.
Hirt ef al. (1963) first determined the '®Re halflife to be 43 +5 &£ by measuring '¥’Os in
molybdenites of known age which contain abundant Re but no common Os. A more accurate
determination of the '¥Re halflife was determined by Luck and Allegre (1983) from analyses
of iron meteorites. Fractionations of Re and Os are observed between iron meteorite groups;
when Qs is used as a reference isotope and '*’Os/'*Os is plotted versus '*'Re/'*Os, a linear
array is established. From the slope of this line and the age of chondritic and achondritic
meteorites determined by the Rb-Sr and U-Pb isotopic systems a halflife of 45.6 +1.2 £ was
calculated (Luck and Allegre, 1983). A direct laboratory measurement of the *Re halflife
suggests that it has a significantly lower value of 42.3 +1.3 &£ (Lindner er al., 1989). This
has caused considerable confusion because if the laboratory value is accepted, the age of iron
meteorites based on the data of Luck and Allegre (1983) is 4.17 +0.16 &, suggesting that
iron meteorites are 0.38 +0.16 &£ younger than chondrites. This conflicts with iron
meteorite ages inferred from the 'Ag-'"Pd system (Kaiser and Wasserburg, 1983; Chen and
Wasserburg, 1990) that suggest a much shorter timescale between late nucleosynthesis and
iron meteorite formation.

Under the reducing conditions of iron and chondritic meteorite genesis, both Re and Os
behave as siderophile elements and partition strongly into the metallic phase. Magmatic
crystallization of metallic liquids results in fractionations in the Re/Os ratio which range from
0.05 to 0.2 in both the IIAB and IIIAB iron meteorite groups (Pernicka and Wasson, 1987).
Under the more oxidizing conditions of terrestrial magmatism Re behaves more like a
lithophile element and Os more like a siderophile element, resulting in dramatic fractionations
in the Re/Os ratio (Fig. 5.1). The Re/Os ratio of mantle peridotite xenoliths is a nearly

chondritic value of ~0.08, whereas the Re/Os ratio of basalts is ~35 (Hertogen er al.,
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1980). The fractionation arises because Re concentrations of basalts generated by partial
melting are close to peridotite values (~ 1 ppb) but Os concentrations are lower than
peridotites by more than a factor of 10° (~0.03 ppb) (Table 2.4).

The Re/Os fractionation results in enormous variations in the '¥Os/**Os ratio between the
mantle (~ 1.0) and average continental crust (~30) (Palmer and Turekian, 1986). Allegre
and Luck (1980) measured the '¥’Os/**QOs ratio of osmiridium alloys from alluvial deposits
associated with ultramafic rocks of known age. They found that these data define a straight
line when plotted against age, implying that the mantle source region for all of the
osmiridiums has a present Re/Os ratio of 0.085 (the same ratio measured in peridotites) and
has changed through time only as a result of the decay of "¥Re. The Os isotopic composition
at the time of crystallization of the Stillwater intrusion is also consistent with the osmiridium
mantle evolution trend (Martin, 1989; Lambert et al., 1989). Some mantle peridotite
xenoliths have lower than predicted *’Os/**Os suggesting that parts of the sub-continental
mantle may have been depleted in Re relative to Os at least 2 £ ago (Walker er al., 1989).
Future studies of Os isotopes from a variety of mantle-derived rocks will test whether there is
mantle heterogeneity with respect to the time integrated Re/Os ratio due to processes such as
1) Re depletion from partial melt extraction, 2) radiogenic Os introduction from subduction of
oceanic crust, and 3) heterogeneity remaining from incomplete core formation or meteoritic
input to the mantle.

The Re-Os isotopic system may prove useful as a geochronometer in certain geological
situations where other isotopic systems are inappropriate. For example, iron meteorites,
Alaska-type ultramafics, chromitites and sulfides often lack sufficient concentrations or exhibit
sufficient fractionations of Rb-Sr, Sm-Nd, K-Ar or U-Pb for dating. Each of these rock-types

has high concentrations of Re and Os and is a potential candidate for dating using the Re-Os
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system. Basic studies to determine the concentrations, fractionations and mobility of Re and
Os in these types of rocks must be done to determine the feasibility of utilizing the Re-Os
system. A recent study of Re-Os systematics in organic-rich black shales indicates that Re is
concentrated in black shales by reduction from seawater, and that Re/Os ratios vary enough to
allow isochron dating (Ravizza and Turekian, 1989). The data indicate that some mobility of
Re and/or Os occurs during diagenesis but that the disturbance is less than that which affects
the U-Th-Pb and Rb-Sr systems, and may be small enough to allow direct dating of

depositional ages.
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CHAPTER 6. RESONANCE IONIZATION OF SPUTTERED ATOMS

Geochemical studies of the distribution of Pt-group elements in rocks and minerals have
been primarily limited to bulk chemical methods. Radiochemical neutron activation has
played the dominant role in establishing the geochemical data base for PGE because it is the
only method capable of measuring the sub-ppba (parts per billion atomic) concentrations of
PGE that occur in most geological materials (Crockett and Cabri, 1981). The distribution of
the PGE among the major rock-forming minerals and their influence on the fractionation of
PGE during magmatic processes is virtually unknown and is an important analytical goal in
geochemistry. Attempts to determine the concentrations of PGE in minerals using bulk
analyses of mineral separates have been ambiguous because of the prevalence of PGE-rich
sulfide inclusions and interstitial sulfides (Mitchell and Keays, 1981). Only in unusual cases,
where PGE are highly concentrated into sulfides in ore deposits, have in situ analytical
techniques such as electron microprobe x-ray analysis, synchrotron x-ray fluorescence or
particle-induced x-ray emission of PGE been possible (Cabri, 1988). The measurement of the
isotopic composition of small quantities of Os is also an important analytical goal in
geochemistry because of the geochemical applications of the radioactive decay of '*'Re to
'¥0s (section 5.5).

Resonance ionization mass spectrometry (RIMS) is a newly developing field in chemistry
and physics (Hurst and Payne, 1988) that may provide the basis for a new method of
ultrasensitive in situ geochemical analysis. RIMS has already been successfully utilized for
isotopic analysis of Re, Os and Kr in geological materials following chemical separation (e.g.,
Walker er al., 1988; Thonnard ef al., 1987). Several research groups have coupled RIMS

with primary ion beam sputtering for use as an in siru analytical technique. They have
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achieved ultrasensitive detection of impurities such as Fe, In and Si in synthetic industrial
materials (Pellin er al., 1988; Parks et al., 1988; Pappas ez al., 1989).

The purpose of this work was to investigate the potential application of resonance
ionization coupled with ion sputtering (or resonance ionization of sputtered atoms) as a new
tool in analytical geochemistry. This method holds great promise and should eventually allow
the in situ measurement of extremely low concentrations of PGE in most minerals, and the
measurement of Os isotope ratios on very small sample sizes. The experimental work was
carried out at Argonne National Laboratory using a modified version of the SARISA (surface
analysis by resonance ionization of atoms) apparatus developed by Pellin er al. (1988). A
detailed description of the apparatus and the ionization schemes that were evaluated for Os
and Re are given in App. V. The analytical procedures and capabilities of the technique for
quantitative analyses of Os are given in App. VI. In this chapter a general introduction to
resonance ionization of sputtered atoms is given, some highlights of the experimental results
presented in Apps. V and VI are summarized, and the future applications of this technique for

in situ PGE analysis and Os isotope ratio measurement are discussed.

6.1 TRADITIONAL IONIZATION TECHNIQUES

The mass spectrometric analysis of matter is a three step process of ionization, mass
separation and ion detection. The methods of mass separation and detection are common to
all elements and have been extensively developed. A recent review of mass spectrometry is
provided by Duckworth er al. (1986). The limitation for elements that are presently difficult
to analyze by mass spectrometry (such as the PGE) is in the ionization step. My work has
emphasized the development of a new laser-based method for the ionization of PGE, which

can be coupled with traditional mass separation and detection systems. The ionization of
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solids is itself a two part process which involves vaporizing the species to be analyzed and
then removing or adding an electron to produce a charged particle that can be manipulated by
electromagnetic fields.

Most isotope ratio measurements of solids are done by thermal ionization, in which the
sample is deposited onto a refractory metal filament and heated in the mass spectrometer
producing a cloud of vaporized ions and neutrals. By loading samples onto filaments along
with a variety of materials such as silica gel and graphite (e.g., Cameron ez al., 1969), most
elements can now be ionized efficiently by thermal ionization. Some elements, however,
evaporate from the filament almost entirely as neutral species and thus cannot be analyzed by
thermal ionization. Several of the PGE (including Os) fall into this category. Due to the
failure of thermal ionization for Os analysis, a wide variety of alternate methods have been
evaluated for Os ionization including electron bombardment of volatile OsO, molecules (Herr
et al., 1961), laser ablation (Simmons, 1983), inductively coupled plasma ionization (Russ et
al., 1987), accelerator mass spectrometry (Teng et al., 1987) and secondary ionization (Luck
and Allegre, 1983).

The most successful Os ionization method has been secondary ionization, in which a
focused beam of energetic primary ions (usually O) is used to bombard the sample and
sputter material from it as both ions and neutral atoms. The ratio of sputtered ions to neutrals
is difficult to predict a priori, and is a complex function of the primary ion used for
sputtering, the element being analyzed, the matrix or substrate from which the element is
being sputtered, and surface properties such as the extent of oxygen coverage (e.g.,
Benninghoven, 1975; Williams, 1983). Elements with low ionization energies generally form
secondary ions with high efficiency, allowing the ultrasensitive in situ analyses for which

secondary ionization mass spectrometry has been so successful. Some elements, particularly



130

those with high ionization energies (including PGE), are sputtered predominantly as neutrals
thus precluding the use of secondary ionization for ultrasensitive analyses. Although the
ionization efficiency for Os is quite low with secondary ionization (<10, App. V), this is
still the most efficient of the available methods and has been used extensively to measure the
isotopic composition of Os after chemical separation from geologic materials (e.g., Luck and
Allegre, 1983). The low ionization efficiency necessitates large sample sizes (> 1 ng of Os)
and limits the precision (< +1%) due to ion counting statistics. Due to the isobaric
interference between '¥Os and '¥Re, lengthy chemical separation procedures are required to

quantitatively separate Re from Os prior to analysis by secondary ionization.

6.2 LASER RESONANCE IONIZATION

Resonance ionization is a multistep photon absorption process in which the final state is the
ionization continuum of the atom. The individual photons that are used generally do not have
sufficient energy to ionize atoms. Instead, their wavelengths are tuned to excite electronic
energy levels that are characteristic for each element. First a photon excites an atom from its
ground state to a resonant energy level. Then additional photons excite the atom further to
other energy levels or to the ionization continuum. Ionization schemes ranging from one to
three stepwise resonances have been utilized for this process. In general, the greater the
number of resonant steps that are involved in an ionization scheme, the greater the elemental
selectivity. To demonstrate the wide applicability of resonance ionization, Hurst e al. (1979)
compiled a list of the simplest resonance ionization scheme that could be utilized for each
element using either one or two lasers. They assumed that the fundamental wavelength of
tunable dye lasers, which have sufficient power to saturate photoionization, is 380-750 nm

(5.25-1.65 eV). They further assumed that dye lasers can be frequency doubled over the
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wavelength range of 217-360 nm (5.71-3.44 eV). The five ionization schemes that they
considered are given in Fig. 6.1 and are numbered 1-5 in order of increasing complexity.
Using tabulated values for the energy levels of each element they showed that 57 elements
could be ionized with one laser, 44 elements could be resonantly ionized with two lasers and
only two elements (He and Ne) could not be ionized by these simple schemes (Fig. 6.2).

In order to saturate the resonance ionization levels a high power density on the order of
10®* Wem? in the ultraviolet region is usually required (Hurst and Payne, 1988). Therefore,
continuous wave lasers, which have maximum ultraviolet power densities of ~10° Wem™ in a
1 mm spot, cannot be used efficiently. Ionization must instead be achieved by pulsed lasers.
Pulsed lasers can produce =1 Jem? per ~ 10 nsec pulse resulting in a = 10° Wem™ power
density in a 1 mm diameter spot. Modern pulsed lasers operate at maximum repetition rates
of 30 Hz (Nd-YAG lasers) to 200 Hz (excimer lasers).

Walker and Fassett (1986) were the first to demonstrate that photons from a pulsed dye
laser could be used to enhance the ionization of Os in a mass spectrometer. They thermally
vaporized neutral Os atoms from a filament and resonantly ionized them by shining a laser
through the atomic vapor cloud. Walker and Fassett used a 10 Hz Nd-YAG laser, which
resulted in a 107 efficiency for the detection of Os atoms loaded onto the filament due to the
large differences in the duty cycle of the laser versus the continuously heated filament. To
help alleviate this problem they minimized the size of the filament and thermally pulsed it as
quickly as possible in synchronization with the laser. Because thermal diffusion in the
filament limited the narrowness of the vaporization pulse width, this approach only improved
the ionization efficiency by a factor of 10°. With the duty cycle mismatch reduced to 107 for
the pulsed experiment, and a mass spectrometer transmission efficiency of ~ 10?2, Walker and

Fassett detected 1 out of each 10" Os atoms that were vaporized.
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Fig. 6.1 Classification of resonance ionization schemes using either one or two tunable dye
lasers from Hurst er al. (1979). The vertical scale is in arbitrary units of energy. The
hachured region indicates the ionization continuum. Wide arrows indicate resonant transitions
and narrow arrows indicate ionization to an arbitrary position in the ionization continuum. «,
and w, designate the frequencies of the dye lasers; 2w indicates that the dye laser fundamental
is frequency doubled; and the two arrows in scheme 5 without a resonant transition between

them indicates a two photon absorption process.
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Fig. 6.2 Periodic table of the elements indicating the simplest resonance ionization scheme
possible using two dye lasers (from Hurst er al., 1979). The definition of the ionization
schemes (1-5) is given in Fig. 6.1. It was assumed that the fundamental wavelength of
tunable dye lasers is 380-750 nm and the dye lasers can be frequency doubled over the

wavelength range 217-360 nm (Hurst ez al., 1979).
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6.3 RESONANCE IONIZATION COUPLED WITH SPUTTERING

The resonance ionization method that I have investigated, utilizes a primary ion beam to
sputter neutral atoms instead of a filament to thermally vaporize them. In principle, this
method should be capable of much higher efficiency than thermal vaporization. The major
advantage is that by utilizing electrostatic deflection the ion beam can be precisely pulsed to
more closely match the duty cycles of vaporization and ionization. The method has the added
advantage that the element being analyzed does not have to be chemically separated from the
geologic sample and loaded onto a filament for analysis. Instead, analyses can be made
directly on sample specimens (in situ) or on chemically concentrated solid fractions.

A schematic diagram of the resonance ionization of sputtered atoms apparatus is shown in
Fig. 6.3. It consists of three main subunits: a pulsed primary ion source, three tunable dye
lasers pumped by a pulsed XeCl excimer laser and an energy- and angle- refocusing time-of-
flight mass spectrometer. A 5 keV primary Ar* ion beam with an average current of 2.0 pA
and a diameter of ~70 um is used for sputtering. During analyses, the primary ion beam is
chopped into pulses of 200 nsec width by electrostatic deflection at a 40 to 200 Hz repetition
rate. The sputtering rate in the 40 Hz pulsed mode is ~ 10 minutes per monolayer of target.
Sputtered species fill a volume above the target during and after the arrival of the primary
Ar* ion pulse. Approximately 300 nsec after the end of each primary ion pulse, a XeCl
excimer laser is fired producing a ~ 10 nsec ultraviolet pulse which is used to pump the three
tunable dye lasers to produce three beams of light. The three laser beams are spatially and
temporally overlapped in a volume that extends from about 0.5 to 1.5 mm above the target
surface and has a diameter of ~1 mm (Fig. 6.4). Photoionization of sputtered neutral Os
atoms occurs within this volume. The time delay between the end of the primary ion pulse

and the laser firing is precisely adjusted to maximize the number of sputtered atoms in the
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Fig. 6.3 Schematic diagram of the laser resonance ionization of sputtered atoms apparatus
used in this study. The wavelength and energy per pulse are given for the XeCl excimer
pump laser as is the partitioning of the energy to the three dye lasers for ionization scheme E.
The type of dye used for each tunable dye laser in scheme E is given as well as the
fundamental or frequency doubled energy produced by each dye laser. The components of

the primary ion gun and time-of-flight mass spectrometer are labeled.
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Fig. 6.4 Schematic diagram of the photoionization region in the apparatus used in this study.
Neutral Os atoms are sputtered during the 200 nsec primary Ar~ ion pulse. Approximately
300 nsec after the end of each primary ion pulse the lasers are fired producing Os* photoions
in the region 0.5 to 1.5 mm from the sample. The ions are accelerated into the mass

spectrometer for detection.
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ionization volume, which depends on the velocity distribution of the sputtered atoms of
interest. Positively charged Os* photoions are accelerated away from the target and are
focussed in the time-of-flight mass spectrometer by a series of einzel lenses, deflection plates,
and two hemispherical resistive disk analyzers. Ions are detected with a chevron-type
microchannel plate electron multiplier and arrival times are recorded in 5 nsec windows by a
pulse-counting system at low signal levels or by a transient charge digitizer at higher signal

levels.

6.4 MULTIPHOTON IONIZATION SCHEMES

One of the most powerful features of resonance ionization is that the ionization process can
be elementally selective. In principle this should allow the in situ isotopic analysis of both
parent and daughter isotopes (such as "*’Re and '¥'Os) without chemical separation, and reduce
isobaric and molecular interferences in trace element analyses to levels that will allow
ultrasensitive measurements. Walker and Fassett (1986) demonstrated that they could load
equal amounts of Re and Os onto a single filament and consecutively analyze Re and then Os
with an ionization selectivity of 10° for each element with respect to the other. Re was first
ionized with a single unfocused laser beam (~3 mm diameter) tuned to excite Re from the
ground state to a single resonance level and then to the ionization continuum. The laser was
then tuned to ionize Os from a thermally excited state (containing ~ 8% of the Os atoms) to a
single resonance and then to the ionization continuum. Fassett and Walker found that if the
laser beam was tightly focused there was a broadening of resonant transitions and a large
increase in nonresonance background, both of which degraded elemental selectivity.

In the experiments reported here, resonance ionization of sputtered atoms was used to

analyze samples with equal amounts of Re and Os dissolved in the same Fe-Ni matrix. Since
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Re and Os are vaporized simultaneously and with the same efficiency, it is possible to
quantitatively evaluate the selectivity of various resonance ionization schemes. Five different
classes of ionization schemes (designated A-E) were studied and are shown in Fig. 6.5.
Scheme C is equivalent to scheme 1 on Fig. 6.1, scheme D is equivalent to scheme 4 on Fig.
6.1 and scheme E utilizes three lasers and is therefore more complex that any of the
ionization schemes on Fig 6.1 from Hurst er al. (1979). Measurements of the selectivity of
Os ionization relative to Re are reported on Fig. 6.6 for each of the ionization schemes (A-E)
that I investigated. Under the experimental conditions reported in App. V the single-
resonance two-photon Os ionization scheme (scheme C), which is similar to that used by
Walker and Fassett (1986), was found to be ~30 x more selective for Os than for Re.
Scheme D was ~ 100 x more selective for Os than for Re. By utilizing three resonance
energy levels (scheme E) a maximum selectivity for Os relative to Re of > 10° was
demonstrated. The final resonance energy level in this three level scheme (E) is at an energy
higher than the ionization potential and is therefore autoionizing. The autoionizing energy
level was found by scanning the ionizing laser energy from the ionization potential up in
energy while monitoring the signal intensity. Utilization of this previously unknown
autoionizing energy level enhanced the signal intensity 10 x relative to scheme C and 5 x

relative to scheme D.

6.5 ANALYTICAL CAPABILITIES

To test the efficiency and quantitative capabilities of resonance ionization of sputtered
atoms for PGE analyses, synthetic metal standards and metallic phases from iron meteorites
that have known Os concentrations were analyzed. The analytical procedures and

experimental results are given in App. VI. When the Os* signal intensity is plotted versus
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Fig. 6.5 Generalized ionization schemes evaluated for Os. Asterisks denote broadband

excimer radiation. I.P. indicates the ionization potential for Os.
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Fig. 6.6 Relative selectivity for ionization of Os compared to Re measured as the logarithm

of the ratio of the observed to the true ***Os*/**Re * ratio for ionization schemes A-E.
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the known Os concentration of the samples, which range from 0.3 to 1000 ppma, the data
form a linear array of slope one (Fig. 6.7). The accuracy is +10% and is well represented
by the reproducibilty of replicate analyses. The useful yield (defined here as the ratio of ions
detected to atoms sputtered) and the detection limit are two parameters frequently used to
characterize an analytical technique. The useful yield is determined from the ratio of Os™
ions detected per laser shot to the number of Os atoms sputtered from the sample per primary
ion pulse. When the number of Os counts per laser shot is divided by the number of atoms
sputtered per primary ion pulse a useful yield of ~1% is calculated (App. VI). This useful
yield is 10° higher than pulsed thermal vaporization resonance ionization (Walker and Fassett,
1986) and =107 higher than secondary ion mass spectrometry (App. V).

The Os™ ion yield and the average background count rate were used to calculate the
detection limit for in situ chemical analysis of Os from Poisson statistics at the 95%
confidence level (App. VI). Following the approximation derived by Ziebold (1967) the
detection limit for Os for this experiment is 38 ppba for a 125 sec analysis and 7 ppba for a
3600 sec analysis. Utilization of a 200 Hz excimer laser (which are now commercially
available) should lower the detection limit to ~2 ppba (App. VI). For comparison, the
detection limit for PGE commonly quoted for electron microprobe x-ray analysis is ~ 100
ppma with a spatial resolution of ~ 10 um (Crocket and Cabri, 1981). Accelerator mass
spectrometry has been used to measure Os, Ir and Pt concentrations in iron meteorites with a
detection limit of <1 to 6 ppba, but with spatial resolution of =1 mm which is inadequate
for most in situ applications (Teng et al., 1987; Rasmussen er al., 1989). Particle-induced x-
ray emission and synchrotron x-ray fluorescence have been used for analysis of Ru, Rh, Pd
and Pt with detection limits in the range of 1-20 ppma and a spatial resolution of <10 ym

(Cabri, 1988). Finally, secondary ion mass spectrometry has recently been applied to the
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Fig. 6.7 Logarithmic plot of normalized Os* signal intensity in ppma versus Os concentration
determined gravimetrically for synthetic samples or by radiochemical neutron activation for
iron meteorite samples by Pernicka and Wasson (1987) and Davis (1977). Circles are
synthetic metal standards and triangles and diamonds are iron meteorites. Signal intensities
were normalized to the 1000 ppma standard. The minimum detection limit of 7 ppba is

calculated for a 3600 sec analysis.
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analysis of Pd, Rh, Ir and Pt with detection limits in the range of 30-200 ppba and a spatial

resolution of 60 um (Chryssoulis e al., 1989).

Resonance ionization of sputtered atoms samples the large neutral fraction of atoms that
are sputtered, rather than the much smaller secondary ion fraction sampled by secondary ion
mass spectrometry. Matrix-dependent variations in sensitivity should be smaller for
photoionization than for sputter-initiated secondary ionization because ionization occurs in the
gas phase and is largely independent of the physical properties of the sample. Variations in
relative ion yield of several orders of magnitude are common for secondary ion mass
spectrometry (e.g. Williams, 1983) but appear to be much less than a factor of 10 for
resonance ionization of sputtered atoms (Parks er al., 1988). The yield of photoions using
resonance ionization of sputtered atoms should depend only on 1) the sputtering rate of the
sample, 2) the relative sputter yield of neutral atoms, ions and molecules, and 3) the extent of

surface segregation and/or contamination during an analysis.

6.6 POTENTIAL APPLICATIONS

The high useful yield and elemental selectivity of resonance ionization of sputtered atoms
allows chemical and isotopic analyses to be made on small numbers of Os (or other PGE)
atoms without the need for chemical separation. As discussed in App. V, the time-of-flight
mass spectrometer used in these experiments is adequate for concentration measurements but
not appropriate for high precision (< +1%) isotope ratio measurements of Os due to its low
mass resolution. Resonance ionization of sputtered atoms can, in principle, be coupled with a
magnetic sector, quadrupole, or high resolution time-of-flight mass spectrometer for high
precision isotope measurements. In this case, the precision of Os measurements would be

limited primarily by ion counting statistics. Os occurs in geological materials dissolved at low
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concentrations in sulfides, silicates, and spinels and as a major constituent in pm-sized PGE-
rich sulfides and alloys. Os measurements of geochemical interest can be grouped into the
following categories: 1) in situ chemical analyses of Os (and other PGE) at low (sub-ppma)
concentrations, 2) in situ isotopic analyses of Os at low concentrations, 3) in situ isotopic
analyses of Os in um-sized PGE-rich sulfides and alloys, and 4) isotopic analyses of Os
chemically concentrated from geological materials.

Simple counting statistics can be used to calculate the approximate precision of Os
concentration and "*’Os/'®*Qs isotope ratio measurements that are potentially possible using
this method. In App. VI a useful yield of 1% is demonstrated, which corresponds to 0.069
Os* counts per laser shot per ppma of Os in a sample. The experiments reported here were
run at a 40 Hz repetition rate, but excimer lasers are available which operate at repetition
rates of up to 200 Hz. For a 1 hour analysis at 200 Hz one can calculate that there would be
5x10* Os* counts per ppma of Os in a sample. Based on the calculated count rates and
counting statistics, it should be possible to measure Os concentrations in siru with a precision
of +10% down to 2 ppba, and with a precision of +1% down to 200 ppba. These detection
limits will allow the investigation of Os partitioning and solubilities in mineral phases from
iron meteorites, terrestrial mafic and ultramafic rocks, and in phases synthesized in laboratory
experiments.

Most geological applications of Os isotope studies require the measurement of '*’Os/'*Qs
ratios with < +1% precision (Allegre and Luck, 1980). My calculations indicate that this
should be possible for in situ measurements of samples with =15 ppma Os. This is a
considerably higher concentration than needed for Os concentration measurements because

¥0s and '*Qs are minor isotopes (~ 1.6% abundance) of Os. As a result, in situ Os isotope
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investigations will be limited to materials that are enriched in Os such as iron meteorites and
Ni-Fe sulfides in peridotites and mafic-ultramafic layered intrusions.

Os is a major constituent in PGE-rich alloys and sulfides that are commonly found as
inclusions in spinels associated with ophiolites and layered mafic-ultramafic intrusions. These
inclusions range in size from 1 to 20 ym in diameter and have Os concentrations of up to
~20% (e.g., Stockman and Hlava, 1984; Talkington et al., 1984). Although the primary
Ar"* ion beam used in the resonance ionization of sputtered atoms apparatus has a ~70 um
fwhm diameter, small inclusions can still be analyzed for '®’Os/'*Os with a precision of
< +1% if they have high Os concentrations. For example, a 1um diameter inclusion with
5% Os or a Suym diameter inclusion with 0.2% Os should be adequate for such an analysis.
Thus, the Os isotope systematics of PGE-rich alloys and sulfides from most ophiolites and
layered mafic-ultramafic intrusives should be amenable to in situ Os isotope studies.

Finally, resonance ionization of sputtered atoms can be used to measure the isotopic
composition of extremely small samples of Os that have been chemically concentrated from
geological materials. Following separation of Os from rocks by acid dissolution and
distillation (¢f. Luck and Allegre, 1983), samples with as little as 10™"* grams of Os could
theoretically be used for '*’Os/**Os ratio measurements with < +1% precision if they were
deposited as thin films onto a substrate for sputtering. Chemical separation of Os would
allow Os isotope analyses of mg-size samples of virtually all rock-types including felsic
crustal rocks which have Os concentrations as low as ~0.01 ppba (Table 2.4). Os can quite
easily be concentrated by a factor of ~ 10 from bulk rocks into NiS or Ni metal by fire assay
fusion (Hoffman er al., 1978). Alternatively, Os can be concentrated by ~ 10* by NiS fire
assay fusion followed by acid dissolution and filtration of acid insoluble residues (Teng er al.,

1987). These residues could then be sputtered directly or fused with NiS or Ni metal for
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sputtering. Fire assay concentration of Os would allow Os isotopic analysis of ultramafic
rocks which generally contain 1 to 10 ppba Os.

It has been shown that resonance ionization of sputtered atoms can be used for quantitative
analysis of trace levels of Os in metallic phases with a spatial resolution of ~70 pum. This
technique can be adapted to trace analysis of most high ionization potential elements
(including all of the PGE) in a wide variety of natural and synthetic materials by determining
the appropriate ionization scheme for each element and tuning the dye laser wavelengths
accordingly. To obtain multielement analyses in a single spot, dye laser wavelengths will
have to be rapidly tuned to the ionization scheme for each element. The high useful yield and
elemental selectivity of resonance ionization of sputtered atoms should eventually allow in situ
measurement of PGE concentrations down to 2 ppba and the in situ measurement of Os

isotope ratios down to concentrations of ~ 15 ppma without chemical separation.
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Abstract—The diffusion coefficient for Ru in Ni (DE) was determined by the thin-film diffusion method in the tem-
perature range of 1073 to 1673 K and is given by the expression:

DY (em® sec™') = 5.0 (20.7)- 107 exp{—2.3 (£0.1) 10" erg mole™'/RT]

where R is the gas constant and 7T is the temperature in K. Phase boundaries and tie lines in a Ni-Fe-Ru-rich system
were determined a1 1273, 1073 and 873 K. A wide miscibility gap is present at each temperature, separating a close-
packed hexagonal eRu-Fe phase from a face-centered cubic yNi-Fe phase. The partitioning behavior of Pt and Ir
between phases in a Ni-Fe-Ru-rich system and V between phases in a Ni-Fe-O-nich system was determined at 873 K.
P1 partitions preferentially into the yNi-Fe phase, whereas Ir prefers the ¢Ru-Fe phase. V panitions strongly into Fe
oxides relative to yNi-Fe. The experimental results have applications in the ficlds of meteoritics, ore-deposit geology

and matenals science.
INTRODUCTION

METALLIC PHASES CONTAINING high concentrations of the
Pt-group elements (PGEs) Ru, Rh, Os, Ir and Pt occur as-
sociated with metallic Ni-Fe phases in refractory inclusions
in C3V chondritic meteorites (e.g. PALME and WLOTZKA,
1976) and in terrestrial ultramafic rocks (LEGENDRE and
AUGE, 1986; MOCHALOV et al., 1985). Studies of PGE-rich
alloys in meteorites have played an important role in the
formulation of recent theories of the early condensation and
chemical and thermal evolution of the solar nebula (ARM-
STRONG ef al., 1985; BISCHOFF and PALME, 1987; BLUM er
al., 1988). In addition, the extent of interdiffusion between
PGE-rich phases and Ni-Fe phases has been used to constrain
the thermal histories of meteorites in which these phases occur
(ARRHENIUS and RAUB, 1978; BLUM er al, 1988). Studies
of PGE-rich alloys in terrestrial ultramafic rocks have con-
tributed to the understanding of the behavior of PGEs in
silicate systems and to the thermal and chemical history of
certain PGE-rich ore deposits (DISTLER er al,, 1986). The
behavior of PGE-rich alloys is also of interest in the field of
super-alloy development and coatings technology because the
addition of PGEs to Ni-rich alloys reduces oxidation and
corrosion at high temperatures without adversely affecting
other mechanical properties (¢/. CORTI er al., 1980).

In this study, we describe a series of experiments designed
primarily to constrain phase equilibria in Ni-Fe-Ru-rich sys-
tems at temperatures of 1273, 1073 and 873 K and to de-
termine the rate of Ru diffusion in Ni as a function of tem-
perature. We also investigated Pt and Ir partitioning between
phases in a Ni-Fe-Ru-rich system and V partitioning between
phases in a Ni-Fe-O-rich system at 873 K. Phase equilibria
and partitioning was investigated by analyzing alloys within
a macroscopic compositional gradient. This procedure as-
sumes local equilibrium on a microscopic scale between co-
existing phases. Provided that local equilibrium is achieved,
large portions of compositional space can be investigated from
a single experiment at each temperature. Diffusion studies

* Also: Lunatic Asylum of the Charies Arms Laboratory.
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were done by the thin-film method (¢f CRANK, 1975). The
diffusion of Ru in Ni was chosen for study because it provides
a good analogue for the more compositionally complex Ni-
Fe-Ru-rich alloy system found in refractory inclusions in
meteorites. In a companion paper (BLUM er al., 1989), we
present analyses of PGE-rich alloys in meteorites and utilize
the experimental data presented here to constrain models for
the origin of opaque assemblages in chondritic meteorites.
The data presented here may also be of value in the study of
PGE-rich alloys in terrestrial ultramafic rocks and in materials
science research. Preliminary results have been published
previously (BLUM er al., 1988).

EXPERIMENTAL METHODS

Diffusion experiments

Thin-film diffusion experiments were conducted to determine the
diffusion coefficient for Ru in Ni (DE®) as a function of temperature.
A flat surface of a 5 mm thick disk of polycrystalline >99.6% purity
Ni metal was polished with diamond paste. The sample was lightly
etched electrolytically with a 30% HQC solution, and a ~1 gm layer
of Ni was electroplated onto the surface 10 enhance the surface adhe-
sion of Ru. A % um layer of Ru was electroplated onto the surface
from a sulfamate solution (WEISBURG, 1988) and the sample was
then cut into several pieces. For the experiments at 1073 and 1273
K, samples were sealed into evacuated silica tubes with >99.999%
purity graphite, and for the experiments at 1473 and 1673 K, samples
were placed in alumina crucibles suspended by Pt wire. The sample
containers were plunged into the hot regions of furnaces at 1073,
1273, 1473 and 1673 K, annealed for times indicated on Fig. | (rang-
ing from 20 minutes to 5.7 days) and then quenched in water. The
experiments at 1273 and 1073 K were carried out in a horizontal
tube Lindberg SB furnace open to the ambient atmosphere; the
graphite included in the silica tubes prevented the oxidation of the
samples. The experiments at 1673 and 1473 K were carried out in a
wvertical tube Deltech VT-31 furnace. To prevent oxidation of the
samples, the oxygen fugacity (/o,) was maintained 2 log units more
reducing than the Fe-Fe,_,O buffer by a flowing CO-CO, gas mixture
containing 6 volume% CO,. Temperatures were monitored with a
PyP1IORh adjacent to the sample. The thermocouples
were calibrated at the melting point of Au (1337 K) and found to be
accurate within +2 K. After quenching, each silica tube experiment
was checked with a spark coil to ensure that it had remained under
vacuum before the sample was removed from the silica tube. All
samples were then cut in half, and each half was polished with dia-
mond paste perpendicular to the oniginal electroplated surface; one
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take place only via the gas phase. Pieces of alloy (1) were also sealed
into evacuated silica tubes with >99.999% purity graphite to prevent
oxidation. The samples were annealed in a Lindberg SB furnace at
1273, 1073 and 873 K for 1, 40 and 105 days, respectively, and then
quenched in water. Samples were prepared for analysis following the
procedure outlined above for the diffusion experiments.

Quantitarive analyses

Experimental starting materials and run products were investigated
by secondary and back-scattered electron imaging using a JEOL JSM
35 analytical scanning electron microscope (SEM), quantitative
analyses were made using a TN 5500 energy dispersive analyzer system
(EDS) on the SEM and a wavelength dispersive system (WDS) on a
JEOL 733 electron microprobe. All analyses were made at 15 keV
accelerating voltage with a beam current of 75 pA on the SEM and
50 nA on the electron probe, except for C analyses which were made
at 60 nA.

Peak deconvolution and background subtraction procedures were
employed following SCHAMBER €1 a/. (1980). Pure metals were used
as standards and dawa were reduced using the ZAF correction pro-
cedure (¢f ARMSTRONG, 1984). The analytical accuracy was deter-
mined from analyses of secondary standards to be about +5% of the
values reported for EDS analyses and about +3% of the values reported
for WDS analyses. Detection limits were about 0.1 atom% for EDS
analyses and about 0.0] atom% for WDS analyses, except for C anal-
yses which had a detection limit of about 0.4 atom%. EDS analyses
of low concentrations close to the detection limit (0.1 t0 0.3%) have
higher errors of up to £25% of the values reported.

The size of the X-ray production region was calculated using the
Monte Cario simulation method of JOY (1984) as modified by ARM-
STRONG (1988). The calculation was performed for average com-

484 J.D. Blum er al
\0* 1073 %
= 492 1 10% sec
Eq (o
Tk
. : | Dy 391202010 M omd sec”!
0 5 ) 15 20 F2)
. 273r
= 8 1.85110%sec
S )
5
26020151072 om? gec”
2 X i . :
0 ) 50 T 00 125
T wez3n
- 166 110% sec
S s (c)
~
! *:281£0.2 110 2 omdsec!
i 0 P V|
_ sk
= 1 i
.‘;:.. (d)
~ 6
DR - 44010210 cm? sec”
5 v —— 1 1 s A I i
o 100 200 300 400
g ¥73x 0
— 1.20 110" sec
&
= (e}
il Sy
-~ D:" :36(40.2)110-0cm? soc!
&) " A i i " i A
0 100 200 300 400
xl (pm’z

RG. 1. Diffusion profiles for Ru-Ni thin-film experiments. The
natural logarithm of the Ru concentration in atom% ([Ru)) is plotted
against the square of the distance from the Ru-Ni diffusion interface
Analytical uncertainties are approximately equal to the symbol size.
The temperature and duration of annealing are given for each ex-
periment. The diffusion coefficients (DE’) and associated errors are
calculated from the slope of the lines fitted to the data.

half was Ccoated for Ru analysis and the other half was Pd-coated
for C analysis.

Phase equilibria and partitioning experimenis

Homogeneous alloys were synthesized from fine-grained metallic
powders of Ni, Fe, Ru, PLlrandVof>9999‘lvp|mty For each
composition, pure metals were weighed in appropriate ratios and
homogenized by shaking in plastic containers with a SPEX vibrational
muxer. The powders were then placed in alumina crucibles suspended
by Pt wire, and plunged into a Deltech VT-31 furnace at 1823 K
with the same gas mixture as in the diffusion experiments, 10 prevent
the oxidation of the samples. The powders melted within a few min-
utes and were kept molten for at least two hours. The temperature
was reduced 10 1673 K (which is below the solidus for all of the
alioys) for at least one hour to allow the alloys to crystallize, and they
were then quenched in water. The crystalline alloys were annealed
using the same gas mixture at 1673 K for at least an additional 24
hours 10 assure homogeneity, and they were again quenched in water.
Starting materials for experiments were obtained by cutting each
alloy into ~2 mm cubes using a diamond saw. The above procedure
was used 10 synthesize the following alloy compositions given in atom
percent: (1) Nig JFey; o0Rux 0Pt 55 (2) Niw [Fex dRuys oPY slrs o; and
(3) Nig; sFeyn:Vos.

Homogeneous mixtures of Ni and NiO powder (Ni-NiO buffer)
were placed in silica tubing with one end closed and the other end
collapsed 10 ~1 mm. Pieces of each alloy were individually sealed
into larger diameter evacuated silica tubes along with a Ni-NiO-bear-
ing silica tube so that interaction between alloys and the buffer could

positions of both the yNi-Fe phase and the ¢Ru-Fe phase. The di-
ameter of the region (which was nearly sphenical) in which 99.9% of
the X-rays were produced for EDS analyses on the SEM was found
10 vary from 0.5 to 0.7 um for the elements Si, Fe, Co, Ni, Ru, Re.
Os, Ir and P1. The diameter of the X-ray producuon region for WDS
analyses on the electron probe was approximately disk-shaped, with
a diameter of about 2.5 t0 2.7 um and a depth of 0.5 to 0.7 ym
because of the ~2 um diameter electron beam.

Quantitative analyses of phase equilibria and partitioning expen-
ment run products were made using the EDS on the SEM in order
to take advantage of the small X-ray production region when ana-
lyzing small phases. Quantitative analyses of the diffusion experiments
were made using the WDS on the electron probe because of the
necessity of measuring Ru concentrations as low as ~0.01 atom%.
Concentrations of Ru and Ni were measured at | um intervals in a
linear profile perpendicular to the diffusion interface by automatically
stepping the stage. The individual analyses overlap since the X-ray
production region was about 2.7 um in diameter.

Homogeneity of starting materials for the diffusion and phase
equilibria experiments was determined by backscattered electron im-
aging and by EDS-SEM analyses along profiles at | um spacings.
Starting materials and experimental run products were checked for
the presence of impurities, including C, Si, Cr, Fe and Co. In all
cases, concentrations were below the WDS-electron microprobe de-
tection limits. Although these impurities were not present, the ana-
Iytical total for WDS-electron microprobe analyses of the Ni substrate
used in the diffusion experiments ranged from 96 1o 98%, suggesting
that the Ni contained 2 to 4% of an undetected impurity, which was
probably oxygen.

EXPERIMENTAL RESULTS

Diffusion coefficients

Thin-film diffusion experiments were used to determine
the value of D}, at each of the four annealing temperatures
by plotting the natural logarithm of the Ru concentration
versus the square of the distance from the Ru-Ni diffusion
interface (Fig. la—¢). These plots yield approximately linear

ys; the slopes of lines fitted 1o these data are equal to
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(4D%!1)”", following the thin-film diffusion approximation
(¢f CRANK, 1975). D! increases with temperature from 3.9
(£0.2)- 107" cm? sec™ at 1073 K 10 3.6 (£0.2)- 107" cm?
sec™' at 1673 K (Fig. 1a—e). Two experiments were conducted
at 1273 K with different annealing times (1.66-10° and
1.85-10* seconds) as a test of the reproducibility of the
method. The calculated value of D}, for the longer annealing
time was 2.8 (£0.2) - 10~ cm® sec™’, in close agreement with
the value of 2.6 (£0.1)-107"? cm’ sec™ obtained for the
shorter annealing time (Fig. Ib, ¢).

The four analyses closest to the interface (from 3 to 6 mi-
crons) on the 1473 and 1673 K profiles (Fig. 1d, ¢) deviate
from linearity and were excluded from the linear regressions.
The deviation from linearity may be due to more rapid dif-
fusion in a surface layer at the higher temperatures, resulting
from high porosities or organic or oxide impurities typical
of electroplated deposits. Alternatively, the nonlinearity could
be caused by evaporation of Ni from the sample surface dur-
ing annealing in the gas-mixing furnace. In either case, by
excluding the data points near the interfaces for the 1473
and 1673 K experiments, we believe that we have avoided
the problem and determined accurate values for DEY.

The experimentally determined values of —In DE* are
plotied versus 10*/T in Fig. 2. The equation of the line fitted
to these data yields D}, (cm® sec™') = 5.0 (£0.7)-107°
exp(—2.3- 10'*/RT), where R is the gas constant, T is the
temperature in K, and the activation energy is 2.3 (20.1)- 10"
erg mole™'. The activation energy determined here for Ru
diffusion in Ni is similar to the activation energy for Pt dif-
fusion in Ni (1.8- 10" erg mole™'; KUBASCHEWSKI and
EBERT, 1944). The linearity of the data shown in Fig. 2 sup-
ports our procedure of excluding anomalous near-surface data
points in the higher temperature experiments and suggests
that a single diffusion mechanism dominates at each tem-
perature. The diffusion mechanism is probably lattice dif-
fusion, which has been shown to dominate over grain-
boundary diffusion in alloys at temperatures above about
900 K (¢ff SHEWMON, 1963).

Phase equilibria and partition coefficients

Phase equilibrium experiments were performed in two
ways: Ni-Fe-Ru-Pt = Ir alloys were annealed with graphite
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FIG. 2. The variation of the diffusion coefficient for Ru in Ni
(DE?) with temperature (7) in K. The natural logarithm of D&’ is
plotied against 10*/7; uncertainties are smaller than the symbol size.
An expression for DE* as a function of T was calculated from the
equation for the line fitted 1o the data and is given in the text.

(“graphite experiments”™) or with Ni-NiO (“Ni-NiO experi-
ments”). Run products from graphite experiments either re-
mained as homogeneous alloys or exsolved into two coexisting
phases, depending on the annealing temperature. Run prod-
ucts from Ni-NiO experiments are more complicated because
of partial oxidation of the initially homogeneous alloys under
the oxidizing conditions imposed by the Ni-NiO buffer. In
each of these samples, oxidation of the original alloys pro-
duced a rind of Fe-rich oxide surrounding a zone of Fe-rich
oxide intergrown with Ni-Fe-Ru-Pt = Ir alloys (Fig. 3). Near
regions where the Fe-rich oxide formed, the alloys were en-
riched in Ni-Ru-Pt = Ir because these elements are excluded
from the oxide. A compositional gradient was thus established
in the alloy from the zone of oxide-alloy intergrowths ex-
tending inward from this zone; where the composition be-
came sufficiently enriched in Ni and Ru, a ¢Ru-Fe and yNi-
Fe phase exsolved. The a, ¢ and 4 designations used in this
paper for the metallic solid-solution fields in the Ni-Fe-Ru-
rich system are based on compositional data rather than direct
determination of crystal structure.

The graphite experiments provide information about phase
equilibria based on the presence or absence of multiple phases
and the compositions of coexisting phases in the run products.
In addition, if the ¢Ru-Fe phase produced in the Ni-NiO
experiments is assumed to be in local equilibrium with the
~Ni-Fe phase with which it is in contact (within 2 to 3 gm),
then the compositions of coexisting phases in the Ni-NiO
experiments also constrain the phase diagram. Analyses of
coexisting phases in both sets of experiments with alloy com-
position Nii JFess o0Ruzg 0Pt ¢ are listed in Table 1. The data
are projected from Pt onto the Ni-Fe-Ru plane and shown
as isothermal sections at 1273, 1073 and 873 K in Fig 4. At
1273 K (Fig. 4a), the alloy composition falls in a one-phase
region, and, therefore, exsolution occurred only in the Ni-
NiO experiment. At 1073 K (Fig. 4b) and 873 K (Fig. 4¢),
exsolution occurred in both types of experiments, and the
results from the graphite and Ni-NiO experiments are in close
agreement, supporting our assumption of local equilibrium
on a 2 to 3 um scale in each of the Ni-NiO experiments. The
binary joins of the diagrams in Fig. 4a—d were taken from
previously determined binary diagram compilations for Ni-
Ru (NAasH, 1986), Ru-Fe (SWARTZENDRUBER and SUNDMAN,
1983) and Ni-Fe (KUBASCHEWSKI, 1983). Also plotied on
the 1273 K diagram (Fig. 4a) are results of experiments on
12 of the 25 alloy compositions in the Ni-Fe-Ru system stud-
ied by AKOPYAN er al. (1974). The exact compositions of
exsolved phases were not determined in that study, but the
presence or absence of exsolution in all of the alloy com-
positions throughout the diagram is generally consistent with
our experiments.

The consistency of our data with the Ni-Ru binary system
(NasH, 1986) at each temperature and with the ternary data
of AKOPYAN e al. (1974) at 1273 K suggests that the presence
of 1.6% Pt in our samples does not have a major effect on
the phase relations. Moreover, when the exsolved phases from
the Ir-bearing experiments described below are projected from
Ir + Pt onto the Ni-Fe-Ru plane, phase boundaries and tie
lines are nearly identical to those for the Ir-free experiments,
showing that the addition of 5% Ir to the Ni-Fe-Ru system
also does not significantly affect phase relations.
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Table 1. Analyses ng
phases ir
partition
Ir
Starting -
Alloy
1273 R
Thu-Fe la  3.4% 12.8% 0.32 -
2a «7 0.31 -
3a O.4é -
s 0.42 -
Sa 0.30 -
?: o2 -
&a 0.32 -
YNi-Fe -
1073 x
cRu-Fe
YNi-Fe &
873 &
cRu-Fe -
25KU %4800 8873 1.80 CIT -
PIG. 3. SEM images of experimental run products used to determine 4
phase equilibria in the Ni-Fe-Ru system at (a) 1273 K and (b) 873 -
K. White regions are the eRu-Fe phase, gray regions are the yNi-Fe T
phase and dark regions (including the right edge of each image) are .
Fe-rich oxide. Scale bars are 10 and | microns in (a) and (b) respec- YNi-Fe .
tvely. :
At each temperature studied (Fig. 4a—), the data define >
two solvi bounding a large miscibility gap that separates a
close-packed bexagonal (cph) ¢Ru-Fe phase (SWARTZEN-
DRUBER and SUNDMAN, 1983) from a face-centered cubic )
(fcc) yNi-Fe phase (KUBASCHEWSKI, 1983). In the Fe-poor o eE Rey B Y 8
part of the system, tie lines are approximately parallel to the L
Ru-Ni edge of the triangle, and there is no significant change ThaFe 2 o2es 1276 s 8.00
in their orientation with temperature. With decreasing tem- s e Eam e
perature, the two-phase region expands, with the ¢Ru-Fe and » A By R 1
+Ni-Fe phases moving closer to the binaries. An exception Be 25.36 20.59 46.29 ) 8,95
1o this trend is the near overlap in compositions for a few of YNi-Fe 16 26,90 63.43  4.66 2,31 4.92
the analyses of the eRu-Fe phase at 1073 and 873 K. However, © s N us o
this is probably due to an analytical contribution to analyses ol e il -
of the ¢Ru-Fe phase by the surrounding yNi-Fe phase in the ™ 3.4 W 5.3 a7 As
873 K experiments. Alloys annealed at 1273 and 1073 K Wote: * (ndicates experiments amnesled with
developed lamellac and grains of eRu-Fe that were sufficiently b gy Pymptssorsped e g
large (1 um) to casily analyze by SEM (Fig. 3a). The much e L e e o
slower diffusion rates at 873 K resulted in narrow (=0.8 um) were norsalized to 1003, = indicates u‘:m.

0.12 detection limit. Analytice] umcertain-

exsolution lamellae (Fig. 3b). Although care was taken to ties are 252 of the values reported.
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Fe e

FIG. 4. Isothermal sections (in atom%) projected from Pt onto the Ni-Fe-Ru plane. Asterisks represent the starting
alloy compositions used in the experiments. Circles are analyses of the experimental run products; open circles are
experiments run with a Ni-NiO buffer and filled circles are experiments run with graphite. Solid tie lines connect
analyses of adjacent phases (within 2-3 um). Inverted triangles are phase boundanies from compilations of the Ni-Fe
(KUBASCHEWSKI, 1983), Ru-Fe (SWARTZENDRUBER and SUNDMAN, 1983) and Ni-Ru (NAsH, 1986) phase diagrams.
Squares are alloy compositions studied by AKOPYAN ef al (1974) for which exsolution into two phases was either
observed 10 occur (filled squares) or not occur (open squares). Phase boundaries and tie lines are solid near regions
where there is experimental data; dashed phase boundaries and tie lines are estimated or schematic. The 773 K diagram
is speculative and intended to be diagramatic only. Single-phase solid-solution regions include a foc yNi-Fe phase, a
cph eRu-Fe phase and a bee aFe phase. Two-phase and three-phase regions are denoted by 2¢ and 3¢ respectively and

analyze the centers of only the widest lamellae (~0.8 ym),
we cannot rule out the possibility that these analyses contain
an analytical contribution from the surrounding yNi-Fe, es-
pecially since the lamellae are almost certainly not perpen-
dicular to the polished surface and the X-ray production re-
gion penetrated 0.5 10 0.7 um into the sample. Analyses of
4Ni-Fe in the 873 K experiments are more reliable since
lamellae are sometimes separated by 2 1 um, allowing analysis
without analytical contribution from the adjacent eRu-Fe la-
mellae.

We studied the partitioning of Pt and Ir between coexisting
€¢Ru-Fe and yNi-Fe in the 873 K Ni-NiO experiments with
alloy composition Niy ;Fex«RusoPt, slrso. The composi-
tions of eRu-Fe and yNi-Fe in this experiment are listed in
Tabie 1. Pt concentrations are lower and Ir concentrations
higher in éRu-Fe compared with yNi-Fe, and there are only

small variations in Pt and Ir concentrations within each phase
(Fig. 5). By taking the average Pt and Ir concentration for
the ¢Ru-Fe phase and the yNi-Fe phase, we calculate (eRu-
Fe)/(yNi-Fe) partition coefficients for Pt (K™) and Ir (K™)
between these two phases of 0.16 and 1.6, respectively. Al-
though pure Pt and Ir both have fcc crystal structures, P is
more compatible with fcc 4 Ni-Fe, whereas Ir is more com-
patible with cph eRu-Fe.

Experiments with alloy composition Nig, sFess Vo< an-
nealed with Ni-NiO were used to constrain the partitioning
of V between yNi-Fe and Fe-oxide at 873 K. The alloy was
partially oxidized and developed Fe-V oxide rims and inter-
growths similar to the Fe-rich oxides in the Ni-NiO experi-
ments described above. Near regions where Fe-V oxide
formed, the removal of Fe and V from the alloy resulted in
Ni-enriched alloys that contained no detectable V (<0.1%).



171

488 J. D. Blum er al.

s b
)
©
%Ir gL il
&
& a -
1 L S e s
2 24 26 28 30
% Fe

FIG. 5. The concentration of (a) Pt and (b) Ir plotted against Fe
(in atom%) for the parutioning experiment at 873 K. Triangles are
concentrations in the fcc 4 Ni-Fe phase, and circles are concentrations
in the cph eRu-Fe phase. Tie lines connect analyses of adjacent phases
(within 2-3 um).

INTERPRETATION OF THE Ni-Fe-Ru
PHASE DIAGRAMS

Experimental data projected onto the Ni-Fe-Ru plane from
Pt are plotted in Fig. 4 (a—), along with phase boundaries in
the three binary systems: Ni-Ru, Ni-Fe and Ru-Fe. The com-
plete isothermal section at 1273 K (Fig. 4a) can reasonably
be constructed using our data, the results of AKOPYAN ef al.
(1974) and available data in the literature for the bounding
binary systems. Guided by the topology of the 1273 K dia-
gram, we have constructed isothermal sections at 1073 and
873 K (Fig. 4b, c) by extrapolating our experimental data for
these temperatures and data from the bounding binary sys-
tems into compositional space not yet investigated. The dia-
gram at 773 K (Fig. 4d) is based on trends observed with
decreasing temperature in our higher temperature experi-
ments and on limited binary data, and, therefore, is only
speculative. In each isothermal section, there is a large mis-
cibility gap, where a cph eRu-Fe phase coexists with a fcc
«Ni-Fe phase. The miscibility gap expands with decreasing
temperature as the ¢eRu-Fe phase becomes poorer in Ni and
the yNi-Fe phase becomes poorer in Ru. The Fe content of
eRu-Fe and yNi-Fe phases connected by equilibrium tie lines
is approximately equal for bulk compositions with <70% Fe.
At 1273 and 1073 K, the two-phase region extends contin-
uously from the Ru-Ni to the Ru-Fe binary. At ~920 K,
there is an invariant point in the Ru-Fe binary; and below
this temperature, a three-phase region develops in the Ni-Fe-
Ru ternary, in which a body centered cubic (bec) aFe phase,
a fcc yNi-Fe phase and a cph eRu-Fe phase coexist. At ~790
K, FeNi; becomes stable in the Ni-Fe binary (KUBAS-
CHEWSKI, 1983), and two narrow three-phase regions may
develop, in which eRu-Fe, NijFe and yNi-Fe coexist.

OCONCLUSIONS
DR was determined by the thin-film diffusion method in
the temperature range of 1073 to 1673 K and is given by the
expression:
D} (cm® sec™) = 5.0 (£0.7)
+107% exp[—2.3 (£0.1)- 10" erg mole™'/RT]

where R is the gas constant and 7 is the temperature in K.
Phase boundaries and tie lines in a Ni-Fe-Ru-rich system
were determined at 1273, 1073 and 873 K. A wide miscibility
gap is present at each temperature, separating a cph ¢Ru-Fe
phase from a fcc yNi-Fe phase. The partitioning behavior of
Pt and Ir between phases in a Ni-Fe-Ru-rich system and V
between phases in a Ni-Fe-O-rich system was determined at
873 K. P1 partitions preferentially into the yNi-Fe phase,
whereas Ir prefers the eRu-Fe phase. V partitions strongly
into Fe oxides relative to yNi-Fe.

Whereas traditional methods of phase equilibria in Ni-Fe-
PGE systems require the preparation and annealing of many
different alloy compositions (e.g. STEVENS et al., 1978), we
were able to investigate a large portion of a Ni-Fe-Ru-rich
system with a single experiment at each temperature by es-
tablishing a concentration gradient within which local equi-
librium between coexisting phases was maintained. This
method has similarities with the study of phase equilibria at
disequilibrium planar interfaces (e.g. PINNEL and BENNETT,
1979), in that it makes a wide compositional field available
for study within a single sample.

The experimental results presented here have direct ap-
plications to the origin and thermal history of PGE-rich alloys
in meteorites and are utilized for this purpose in a companion
paper (BLUM er al., 1989). The data may also be useful in
the study of certain PGE ore deposits and in materials science
research.
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‘Domestic’ origin of opaque assemblages in
refractory inclusions in meteorites

Joel D. Blum, G. J. Wasserburg, Ian D. Hutcheon, John R. Beckett & Edward M. Stolper

Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, California 91125, USA

Experimental studies indicate that opaque assemblages rich in refractory siderophile elements were formed within host
calcium- and aluminium-rich inclusions (CAls) by exsolution, oxidation and sulphidization of homogeneous alloys, rather
than by aggregation of materials in the solar nebula before the formation of CAls. These opaque assemblages are thus
not the oldest known solid materials, as was once thought, and they do not constrain processes in the early solar nebula
before CAI formation. Instead, the assemblages record the changing oxygen fugacity experienced by CAls during slow

cooling in nebular and/ or planelary environments.

CALCIUM- and aluminium-rich inclusions (CAls) in C2 and
C3 chondritic meteorites are generally believed to be representa-
tive of the earliest solids formed in the primitive solar nebula’~.
They are enriched relative to cosmic proportions in the elements
that are most refractory in a gas of solar composition. Reflecting
this trend is an enrichment ( ~ 20xC1 chondrite) in the refractory
siderophile elements (Ru, Os, Re, Pt, Ir, W and Mo)**, which
are concentrated in multi-phase opaque assemblages®®. The
bulk chemistry of these assemblages has strong affinities with
the calculated earliest condensates from a hot portion of the
solar nebula®®'*. Extensive investigations have shown that many
of the assemblages are composed of discrete micrometre-sized
refractory siderophile metal nuggets surrounded by Ni-Fe metal,
V-rich magnetite and Fe-Ni sulphides with associated molyb-
denite, molybdate, tungstate and phosphate® ">, The opaque
assemblages are typically spheroidal and 1-1,000 pm in
diameter. They occur as inclusions in all of the major silicate
phases of CAls, are sometimes found in embayments in spinel,
and are often rimmed by a thin (<20 um) rind of V-rich
fassaite®'""'? (see Fig. 1). In addition to the opaque assemblages
described above, there exist other small (0.5-3.0 um) refractory
siderophile metal nuggets not associated with Ni-Fe metal,
magnetite or sulphide’”'®'**". The net refractory siderophile
element content of CAls is controlled by the combination of
these smaller objects and the opaque assemblages described
here. We will focus here on the origin of the opaque assemblages.

Owing in par to the presumption that refractory siderophile
metal nuggets formed either as condensates in expanding super-
nova envelopes (outside the Solar System) or as the earliest
high-temperature nebular condensates, early workers postulated
that the opaque assemblages were exotic and formed before
CAIs""®. As a result, the opaque assemblages are often referred
to by the genetic name “Fremdlinge™®®, which is German for
strangers or foreigners. We prefer to refer to the objects, pre-
viously called “Fremdlinge”, by the simple descriptive name
“‘opague assemblages™.

Recent studies of the chemical compositions, mineralogy and
textural relationships of opaque assemblages have led most
workers to concur that opaque assemblages formed before the
host CAls, and to on the following scenario for their
origin and evolution''""*: (1) condensation of Ru,Os-rich nug-
gets at very high temperature (~1,500-2,000 K) in a supernova
envelope or in a hot part of the solar nebula; (2) condensation
of Ni-Fe metal followed either by oxidation of Fe and reaction
with V in a nebular gas to produce V-rich magnetite or by direct
condensation of V-rich magnetite; (3) aggregation of Ru,Os-rich
nuggets, Ni-Fe metal, V-rich magnetite and associated phases
in the nebula at low temperature (~870K) to form opaque

Fig.1 Backscattered-electron images of opague assemblages from
CAls. a, Two opaque assemblages (round bright objects) which
occur in embayments in a spinel crystal in Allende sample USNM
5241. The surrounding silicate is melilite and the rim around the
larger opaque assemblage is V-rich fassaite. b, An opaque assem-
blage in Allende JIM analysed in this study, which includes Ru,Os-
rich nuggets, Ni-Fe metal, V-rich magnetite and sulphides. Scale
bars, 10 um.

assemblages; and (4) mixture of opaque assemblages with proto-
CAl material before (or during) a brief high-temperature
(~1,700 K) event, during which the silicate portion of the host
CAI melted or partially melted, followed by rapid cooling. The
high-temperature CAl melting event was postulated to have
been so brief, and cooling so rapid, that the delicate textures
and mineral intergrowths in opaque assemblages were preserved
as they existed before CAI melting. Thus, opaque assemblages
have been inferred to record conditions in the solar nebula
before CAI crystallization, providing important constraints on
the temperature, composition and degree of mixing in the early
nebulalll»l!.lf‘

To test experimentally models for the formation of opaque
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Fig.2 Summary of the results of Ru-Ni thin-film diffusion expen-

ments at four different temperatures, yielding a reliable estimate
of the diffusion coefficient ( DR) as a function of temperature (T),
based on the fitted line. The equation of the line is DY® = 0.003
exp(—2.3x10'?/RT); the activation energy thus determined is
(2.3=0.1)x 10" erg mol ™', and R is the gas constant in c.g.s. units.

assemblages, we have determined the diffusion coefficient for
Ru in Ni (DXY) as a function of temperature, studied phase
equilibria in the system Ni-Fe-Ru-0O, and studied the partition-
ing of minor amounts of P1, Ir and V between coexisting phases
in systems dominated by Ni, Fe, Ru and O. Based on our
expenments, we propose a new model for the origin of opague
assemblages that is in sharp contrast with the prevailing
scenario''"'?. We suggest that opaque assemblages originated
as homogeneous metallic droplets in CAlI silicate liquids and
that, after crystallization and subsequent cooling to a tem-
perature of <870 K, these once homogeneous alloys exsolved
into immiscible metallic phases as they were partially oxidized
and sulphidized to form the multi-phase opaque assemblages
now observed in CAls. The possibility that some refractory
siderophile metal nuggets in opaque assemblages might have
formed by exsolution was suggested previously®'*', but this
view was subsequently rejected by most workers in favour of
the formation of these nuggets as primary condensates®'!-13-1%,
and has therefore received little serious attention until now. The
implications of our model are that opaque assemblages do not
constrain the high-temperature thermal histories of CAls or
conditions in the solar nebula before CAI melting, as suggested
previously. Instead, they provide important constraints on the
low-temperature thermal histories of CAls and on the changing
oxygen fugacity (fo,) in cooling nebular and/or planetary
environments.

Experiments and analyses

Thin-film diffusion experiments were conducted by electroplat-
ing a 0.3-pm film of Ru onto a slab of polycrystalline Ni. Pieces
of this material were annealed at 1,673, 1,473,1,273and 1,073 K
in evacuated silica tubes with graphite for times ranging from
0.3 to 137 h. The samples were sectioned and Ru concentration
([Ru]) profiles measured at 1-pm intervals perpendicular to the
interface, using a JEOL 733 electron microprobe following pro-
cedures given in ref. 11. The value of D\ was determined at
each temperature (T) from the approximately linear slope of
—In[Ru] versus the square of the distance, following the thin-
film approximation'®. The values of DY’ determined in this way
are shown plotted against 1/ T in Fig. 2 and yield the expression
for DR*(T) given in the Fig. 2 legend.

To study Ni-Fe-Ru-O phase equilibria and Pt and Ir par-
titioning, we first produced a powdered metal mixture with the
composition NiggFe,Pt; (in atomic proportions). To aliquots
of this mixture, we added 10% Ru, 20% Ru, 10% Ru+5% Ir,
and 20% Ru+5% Ir. The powders were melted and homogen-
ized. Pieces of this material were then sealed in evacuated silica

Fig. 3 Secondary-electron images comparing a typical experi-
mental run product (a) and a portion of the opaque assemblage
“Willy™'! from Allende USNM 5241 (b). Note the textural and
chemical similarities, which include: (1) a magnetite rim and
intergrowths; (2) Ni-Fe metal with dissolved Pt and Ir; and (3)
Ru = (Os, Ir)-rich nuggets. Scale bars, 10 um.

tubes with a Ni-NiO buffer and annealed at 1,273 and 1,073 K
for 1 and 9 days respectively. Reaction of oxygen with each of
the synthetic alloys produced an outer rind of magnetite and a
zone of magnetite (or in some instances wiistite) intergrown
with Ni-Fe-Pt-Ru( £ Ir) alloys just inside the rind (Fig. 3). The
removal of Fe from metal to form magnetite produced metal
enriched in Ni, Pt, Ru, £Ir near regions where magnetite had
formed, because these metals have very low solubilities in mag-
netite. A compositional gradient was thus established, and where
the metal composition became sufficiently enriched in Ni and
Ru, a Ru-rich metallic phase (nuggets) exsolved. Coexisting
Ru-rich nuggets and Ni-Fe-rich metals in synthetic samples
were analysed using 2 JEOL JSM 35 analytical scanning electron
microscope (ASEM ) following procedures given in ref. 11. Only
exsolved nuggets larger than the ~0.8-um X-ray interaction
volume were analysed, to minimize interference from surround-
ing phases. Pt was concentrated in the Ni-Fe metal, whereas Ir
partitioned into both the Ni-Fe metal and the exsolved Ru-rich
nuggets. The positions of phase boundaries and tie-lines at 1,273
and 1,073 K in the Ni-Fe-Ru phase diagram were determined
by analysing the compositions of coexisting Ru-rich nuggets
and Ni-Fe metals and assuming local equilibrium on a 2-3-um
scale. The experimentally determined 1,273- and 1,073-K phase
diagrams, and the 873-K diagram inferred from the three binary
systems, are shown projected from the Pt apex in Fig. 4.

To study V partitioning between Ni-Fe metal and magnetite,
we dissolved V into Ni-Fe under f,, conditions one log unit
more oxidizing than the solar gas curve (Fig. 5) to form a
NiygFeg, V, alloy. We annealed this alloy under the same experi-
mental conditions as the Ni-Fe-Pi-Ru(zIr) alloys. Essentially
all of the V initially in the metal alloy partitioned into the
magnetite rim and intergrowths, resulting in V-free (<0.1%)
Ni-Fe metal and V-rich magnetite.

To compare the experimental run products with naturally
occurring opaque assemblages in CAls, three opaque assem-
blages from Allende sample JIM'’ (Fig. 1b), Allende USNM
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Fig. 4 Isothermal sections for the sub-solidus phase diagram in the Ni-Fe-Ru system (projected from Pt). Experimentally determined phase
boundaries {including data from the three binary systems'®***°) are shown as dark solid lines; dark dashed lines are phase boundaries
extrapolated into compositional regions not yet investigated. Phase diagrams are incomplete (denoted by “?”) in the Fe-rich region at 1,273
and 1,073 K, where several constructions are possible. Single-phase regions are shaded. Tie-lines are shown in two-phase regions as light solid
lines; they were determined experimentally where they connect solid phase boundanes and were estimated where they connect dashed phase
boundaries. For comparison, analyses of metal phases (open symbols) from three opaque assemblages in CAls (Allende JIM (O), Allende
USNM 5241 “Willy"" (O) and Leoville UNM 575 (4) are shown. The rectangular region near the Ni-Fe edge of the triangle encloses 42
analyses of Ni-Fe metal from both Allende opaque assemblages. The approximate bulk metal composition of the two Allende opaque
assemblages (@) and the Leoville opaque assemblage (A) are also shown.

5241 (“Willy”)"! (Fig. 3b) and Leoville UNM 575 were
studied. Each comprises mostly Ni-Fe metal, V-rich magnetite
and Ru,Os-rich nuggets. The opague assemblage from Leoville
UNM 575 hasa 2x10-um Ru,Os-rich lamella rather than discrete
nuggets. Most Ru,Os-rich nuggets in the two Allende opaque
assemblages are 0.1-1 pm in diameter, allowing no more than
a single analysis of the largest nuggets. One unusually large
3x5-pum Ru,Os-rich nugget was found in the opaque assemblage
from Allende JIM and four non-overlapping analyses were made
on this nugget. Compositions of Ru,Os-rich nuggets and the
lamella, and adjacent Ni-Fe metal, were measured by ASEM
and bulk opaque-assemblage metal compositions were calcu-
lated from point-counts. Pt occurs only in the Ni-Fe metal;
Ru,Os and Re occur almost entirely in the Ru,Os-rich nuggets;
and Ir occurs in both Ni-Fe metal and Ru,Os-rich nuggets. We
have represented the sum of the three chemically similar
hexagonal-close-packed noble metals (Ru+Os+ Re) as the Ru
apex in Fig. 4, so that the compositions of Ru,Os-rich nuggets
from opaque assemblages can be compared with the Ni-Fe-Ru
phase diagrams. The compositions of Ru,Os-rich nuggets from
the two Allende opaque assemblages (open circles and squares)
spread along a linear trend of constant Ni concentration with
variable proportions of Ru and Fe, whereas the Ni-Fe metal
(open rectangle) has a fairly constant NigFe;; composition.
The Ru,Os-rich nugget compositions are lower in Ni than the
composition that would be predicted to be in equilibrium with
Ni-Fe metal at 1,073 K based on our experimentally determined
phase boundaries in the 1,073-K diagram (Fig. 4). However,
inspection of the 1,273- and 1,073-K diagrams shows that equili-
brium nugget compositions contain progressively less Ni with
decreasing temperature. Based on this trend and the inferred
873-K diagram, we suggest that Ru,Os-rich nuggets equilibrated
with Ni-Fe metal at <873 K. The nearly constant Ni-Fe metal
composition could not have been in equilibrium with most of
the Ru,Os-rich nugget compositions. We attribute this to
homogenization of Ni-Fe metal after equilibration with Ru,Os-
rich nuggets, as discussed below.

A good test of the applicability of the inferred phase diagram
is the composition of the two coexisting metals in the opaque
assemblage from the Leoville CAI, because the bulk metal
composition is extremely Ni-poor and lies close to the previously
determined Fe-Ru binary system'®. If the two metal phases were
once in equilibrium, their compositions should plot at the ends
of a tie-line crossing the bulk metal composition at a particular
temperature. As can be seen in Fig. 4, the Leoville opaque

assemblage metal compositions (open triangles) agree closely
with equilibrium at 873 K.

Diffusion constraints

Arrhenius and Raub®® first pointed out that the existence of
sharp contacts between Ru,Os-rich or Pt-rich nuggets and Ni-Fe
metal in opaque assemblages provides an important constraint
on the cooling history of opaque assemblages and host CAls.
This argument was largely ignored, however, because D&Y was
not known® and although DY, was known, the existence of
primary contacts between Pi-rich nuggets and Ni-Fe metal has
never been confirmed’'. The expression for D2 (T) determined
here now permits a calculation of the initial cooling rate (rg)
required to preserve contacts between Ru,Os-rich nuggets and
Ni-Fe metal. Using the maximum Ru concentrations in Ni-Fe
metal measured 0.5 and 1.0 um from Ru,Os-rich nuggets, and
the equation for diffusion from a 1-um-diameter sphere'®, we
first calculated the value for the time integral of DX (T) (or
7(x)) that would produce the observed gradients®’. Equating
this to the approximation for 7(o) given by Kaiser and Wasser-
burg® (r(c0) = D(T,)RT}3/ Er,, where R is the gas constant and
E is the activation energy), and assuming that the maximum
temperature of melting (7,) was~ 1,700 K, we calculate ry=
10° K h™'. Although this r, is possible for CAls in a radiative
environment™, it is unreasonably rapid in light of experimental
studies of textures and phase chemistries of the silicate portion
of CAls, which imply much slower cooling (r,=0.5-20K h™';
refs 23-27). On the other hand, we calculate from Dy(T) that
the diffusion of Ru in Ni is sufficiently rapid for exsolution of
typical 1-pm Ru,Os-rich nuggets (at 10-pum spacings) to occur
on a reasonable timescale of about 10 days or 10 years, depend-
ing on whether exsolution began at 1,073 or 873 K.

Origin of opaque assemblages

In our phase equilibrium and partitioning experiments, we began
with homogeneous Ni-Fe-V alloys and produced V-rich mag-
netite as rims and intergrowths within V-poor Ni-Fe metal. We
also began with Ni-Fe-Pt-Ru( £ Ir) alloys and produced mag-
netite as rims and intergrowths within Ni-Fe metal enriched in
Ni and Ru. Ru-rich nuggets were produced by exsolution, and
we observed that most Pt remained in the Ni-Fe phase, whereas
Ir partitioned into both phases. The textures and mineral chemis-
tries that we produced in the laboratory show & remarkable
resemblance to natural opaque assemblages (Fig. 3), and lead
us to suggest 2 new model for their origin. Following previous
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workers, we assume that proto-CAls are refractory, early nebular
condensates or evaporative residues. We propose that when the
silicate portions of CAls melted, refractory siderophile elements
which had previously condensed as refractory metal alloys**"
partitioned into homogeneous metallic droplets: At the tem-
perature of CAIl melting (~ 1,700 K), Ni-Fe metal would occur
as molten droplets, consistent with the spheroidal shapes of
many opaque assemblages. At this temperature, the only solid
phase in most CAls would be spinel*. Subsequent crystallization
of spinel could result in the occurrence of opague assemblages
in embayments in spinel crystals (Fig. 1a). As CAls cooled from
~1,700 t0o~1,500K, the metallic droplets crystallized as
homogeneous alloys and silicate minerals crystallized around
them. At the still lower sub-solidus temperature of =870 K, the
homogeneous alloys exsolved into immiscible metallic phases
(such as Ru,Os-rich nuggets and Ni-Fe metal) as they were
partially oxidized and sulphidized to form magnetite and associ-
ated phases, completing the formation of opaque assemblages.

An important requirement of this model is that there must be
a substantial change in f, during the formation of the opaque
assemblages within the host CAls. This change is required to
explain several basic features of the opaque assemblages, includ-
ing the oxidation of Ni-Fe metal to magnetite and the initial
partitioning of substantial amounts of V into the metal phase
at high temperature, followed by subsequent oxidation and
diffusion into magnetite. In the remaining discussion, we address
the origin of some of the detailed characteristics of opaque
assemblages in the context of this model.

Ru,Os-rich nuggets

Ru,Os-rich nuggets from individual opaque assemblages show
a large variability in (Ru+ Os+ Re)/Fe ratios. The compositions
spread along the inferred 873-K phase boundary in the Ni-Fe-
Ru diagram (Fig. 4). This behaviour is consistent with the
exsolution of the Ru,Os-rich nuggets in stages during the
removal of Fe from Ni-Fe metal to form magnetite and Fe
sulphide, so that a variety of nugget compositions formed as
the bulk metal composition became more Ni-rich. If the Ru,Os-
rich nuggets were the product of simple equilibrium exsolution,
there would be a single nugget composition falling on a common
tie-line crossing the bulk metal composition. Only one Ru,Os-
rich nugget was large enough to permit multiple analyses; analy-
ses of four separate areas indicate that this nugget is hetero-
geneous in composition®’. It is possible that all nuggets are some-
what zoned, and we expect that the edges of each nugget have
a constant composition in equilibrium with adjacent Nig,Fe,;.

Ni-Fe metal

The Ni-Fe metal compositions of opaque assemblages in most
Allende CAls are fairly constant (Nig,Fe,, ), in contrast to the
variable compositions of Ru,Os-rich nuggets. We consider
Nig,Fe,; to reflect the Ni-Fe metal composition in equilibrium

Fig.5 Plot of log f. versus 1/ T with relevant equilibrium curves.
The conditions of equilibrium for opaque assembiages (OA) are
from ref. 11 and this work; the solar gas curve is a1 P=10" bar*';
the V/V,;0, curve is calculated from thermodynamic data®’; the
Nig-Fe,y/Fe 0, curve is from ref. 30, the fassaite crystallization
conditions are based on Ti** — Ti*" (ref. 36); the open circle gives
the experimental conditions for synthesis of the Ni-Fe-V alloy
used as starting material in our V partitioning experiments

with magnetite at the f; of the Iocal'CAl environment, and
thus to be the endpoint of the oxidation process. We suggest
that the Ni-Fe metal homogenized during oxidation and
exsolution, whereas the isolated Ru,Os-rich nuggets were kineti-
cally inhibited from re-equilibrating with each other. This is
consistent with the lower value of Dy at 873 K determined here
(~2x10""%cm?® s™'), compared to the value of DY, ¢, at 873K
determined by Hirano er al*® (~3x 107 "“cm? s™*). We note that
Nig,Fes; alloy also coexists with magnetite and sulphide in
opaque spheroids in olivine-rich chondrules from Allende®-*,
suggesting that both chondrules and CAls in this meteorite
were exposed to the same ambient f, and that the opaque
assemblages in the chondrules also represent an oxidation
endpoint.

There is 2 substantial discrepancy between the predictions of
equilibrium condensation from a cooling gas of solar composi-
tion and the composition of Ni-Fe metal observed in Allende,
as models predict 2 maximum Ni content of about NiyFeg;.
whereas Nig,Fe,, is observed®'~. This discrepancy can be partly
accounted for by the enrichment of opaque-assemblage metal
in Ni caused by the removal of Fe during oxidation. But adding
the Fe contribution from magnetite and Fe sulphide in Allende
opaque assemblages back into the bulk metal composition only
brings the composition back to 2 minimum Ni content of about
Ni;;Feg;, which is still somewhat more Ni-rich than the Ni, Feg,
condensate composition. If metal condensation occurred under
conditions more oxidizing than a solar gas, condensation of
more Ni-rich metal is theoretically possible"’.

V-rich phases

The V-rich fassaite rims that frequently surround opaque assem-
blages can also be understood in the context of our model. We
suggest that metallic V was present in molten Ni-Fe alloy
droplets at high temperature, in contrast to previous models
that assume that V was always present as V,0,, which is the
oxidized form of V known to occur in silicate and oxide
phases'"'%. In our view, metallic V condensed from the solar
nebula either as a metal, or as an oxide which was subsequently
reduced during the melting of CAls. Consider 2 plot of log fo.
versus 1/ T that includes both the solar gas curve (at P=10"?
bar) and the equilibrium curve for the reaction 2V+30,=V,0,
(Fig. 5). The two curves cross at 7=1,770 K and log fo,= - 15,
so that for 721,770 K metallic V is stable at the fo_ of a solar
gas. A detailed calculation of the log fo, versus 1/ T curve along
which an opaque-assemblage alloy with metallic V would be in
equilibrium with a CAl silicate liquid containing oxidized V,
indicates that this curve would be displaced somewhat to the
right of the V/V,0, curve. The shift would lower the temperature
at which V would be stable in a Ni-Fe metal droplet immersed
in CALl silicate liquid at lhefoz of a solar gas to ~ 1,670 K. This
calculation uses available estimates of V activities in metal®
and silicate™, V concentrations in opaque assemblages and bulk
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CAIs"', and an estimate of the fraction of atoms in CAls once
contained in opaque assemblages''. As CAls cooled along the
solar gas curve, V in refractory siderophile alloys would be
expected to oxidize progressively and diffuse out of the metal
because of the difference in the slopes of the solar gas and
V/V,0, curves (Fig. 5). The oxidized V could have diffused into
surrounding fassaite, resulting in the V-rich fassaite rims. The
oxidized V in the silicates may have been present as VO rather
than V,0, at high temperatures. But as the V/VO curve is only
~ 1 log unit more reducing than the V/V,0, curve, the change
in speciation would not significantly affect the above argument.

All of these phases in opaque assemblages cannot be produced
simply by cooling of a solar gas, because the NigFe;; metal
and V-rich magnetite must have equilibrated at an fo, that is
~6 log units more oxidizing than the solar gas curve at a
temperature of <870 K (Fig. 5). The deviation from the solar
gas curve that led to the formation of V-rich magnetite at ~870 K
could also have influenced the oxidation of V at intermediate
temperatures. Nevertheless, in the context of our model for the
origin and evolution of opaque assemblages, the fo, of the early
high-temperature solar nebula must have been at least as reduc-
ing as the solar gas curve during CAl m:lting because of the
necessity for V to occur in the alloy. This f_ is consistent with
estimates of the f,, during CAl crystallization based on Ti** —
Ti*" in fassaites*>* (Fig. 5). In these reducing conditions, the
siderophile elements Mo, W and P would also have been in a
reduced state in the opaque-assemblage alloy. By the time CAls
cooled 1o ~870 K, however, the f,, must have deviated from
the solar gas curve and increased dramatically to form the V-rich
magnetite and possibly the molybdate, tungstate and phosphate
found in opaque assemblages.

Other phases

In addition to the coexistence of Ru,Os-rich nuggets and Ni-Fe
metal, there are other mtergrown phases in opaque assemblages
that indicate equilibrium at <870 K (for example, NigFe,;-
Fe,O,-FeNiS, Fe-FeS-MoS, and Fe-Fe,0,-FeAl,0,)".
Although we have not explored diffusion within these phases
experimentally, we consider it unlikely that intergrowths of these
phases could have survived CAI melting and slow cooling.
Instead, we also interpret these assemblages as the products of
low-temperature re-equilibration.

Our model for opaque assemblages predicts that the refractory
siderophiles that are soluble in Ni-Fe metal at low temperature
(such as P1 and Ir) should occur dissolved in Ni-Fe metal in
opaque assemblages. This is generally the case, but occasionally
Pt,Ir-rich nuggets are observed in sulphide-rich opaque assem-
blages. It has been shown'"'? that these nuggets formed during
low-temperature sulphidization of Ni-Fe-Pt-Ir metal.

The occurrences of small (0.5-3 um) refractory siderophile
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metal nuggets in silicate or oxide phases in CAls with no
associated Ni-Fe metal, magnetite or sulphide™®'**7 are not
specifically addressed by our model. These nuggets may be either
primary condensate grains that did not come in contact with
Ni-Fe metal droplets, remnants of digested opaque assemblages,
or metals precipitated directly from the CAI silicate liguid.

Finally, it should be noted that isotopic studies of opaque
assemblages and isolated refractory siderophile metal nuggets
have found no evidence of large isotopic anomalies in any of
the elements studied (Mg, Fe, Ru, Mo, W)*. These results
suggest that opaque assemblages, including Ru,Os-rich nuggets,
were most probably formed within the solar nebula rather than
outside the Solar System.

Conclusion

We have reproduced the basic assemblage of Ru,Os-rich nug-
gets, Ni-Fe metal and V-rich magnetite, characteristic of opaque
assemblages, by oxidation of a homogeneous alloy at low tem-
perature in the laboratory. We infer that opaque assemblages
originated in CAI silicate liquid as homogeneous, probably
molten, metal alloy droplets which imcluded the elements Ru,
Os, Re, P1, Ir, W, Mo, P and V in the reduced state. The
proto-CAl material most plausibly represents refractory early
nebular condensates or evaporative residues. We propose that
the complex mineralogy that now characterizes opaque assem-
blages formed from the alloy droplets by exsolution during
progressive oxidation and sulphidization. This process probably
occurred during the slow cooling of CAls at a temperature of
=870 K. The alternative scenanio, that opaque assemblages
formed in the solar nebula before CAl melting and were sub-
sequently captured in the CAIs®''"'*"_is not tenable because
the low-temperature mineral assemblages could not have sur-
vived the CAl melting event for any plausible cooling rate. In
our view, opaque assemblages do not contain much information
on the high-temperature thermal histories of CAls or record an
independent history before CAI formation; they are not
‘foreigners’ to CAls in the sense implied by the name “Frem-
dlinge™. Instead, they are ‘domestic’ and provide equally impor-
tant constraints on the lower-temperature thermal histories of
CAls and on the changing oxygen fugacity in cooling nebular
and/or planetary environments.
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Orrigin of opaque assemblages in C3V meteorites:
Implications for nebular and planetary processes
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Abstract—Mineral phases from opaque assemblages (OAs) in Ca, Al-rich refractory inclusions (CAls), chondrules and
matrix 1o C3V meteorites were chemically analyzed and compared with experimentally determined phase equilibria
and parutioning data in the Ni-Fe-Ru, Ni-Fe-S and Ni-Fe-O systems 10 estimate the temperature, sulfur fugacity
(%) and oxygen fugacity (fo,) of OA formation. The kinetics of dissolution and exsolution of metallic phases in the
Ni-Fe-Ru system were used to constrain the thermal history of OAs that occur in CAls. Based on this work, we suggest
that OAs formed afier the crystallization of host CAls by exsolution, sulfidation and oxidation of precursor alloys at
low temperatures (~770 K) and higher than solar gas f;, and fo,. Our model contrasts with previous models that call
upon the formation of CAl OAs by aggregation of previously formed phases in the solar nebula prior 1o the crystallization
of CAls. Opaque assemblages in CAls and chondrules probably oniginated as homogeneous alloys during melting of
the silicate portions of CAls and chondrules. The compositions of these precursor alloys refiect high-temperature and
low-/o, conditions in the early solar nebula. The similarities in the temperature, f;, and /o, of equilibration for OAs
that occur in CAls, chondrules and matrix suggest that these three components of C3V meteontes share a common,
late low-temperature history. The mineral phases in OAs do not preserve an independent history prior to CAI and
chondrule melting and crystallization, but instead provide important information on the post-accretionary history of

0016-7037/89/33.00 + .00

C3V meteorites and allow us to quantify the temperature, f5, and fo, of cooling planetary environments.

INTRODUCTION

C3V CHONDRITIC METEORITES consist predominantly of re-
fractory Ca,Al-rich inclusions (CAls) and olivine-pyroxene
chondrules (and mineral fragments), embedded in a fine-
grained silicate matrix. CAls are particularly important to
our understanding of nebular processes because they are
widely believed 1o be representative of refractory materials
formed by condensation early in the history of the primitive
solar nebula (¢f. GROSSMAN, 1980). Olivine-pyroxene chon-
drules are less refractory than CAls and are believed to be
mixtures of materials condensed from the nebula (RUBIN
and WASSON, 1987). The origin of the matrix is uncertain,
but compositional similarities with chondrules suggest an or-
igin involving nebular condensation (RUBIN and WASSON,
1987) and/or alteration of preexisting chondrules (HOUSLEY
and CIRLIN, 1983). Although CAls, chondrules and matrix
in C3V chondrites are quite different in bulk composition,
they all contain similar multiphase assemblages of alloys,
sulfides and oxides that we term opague assemblages (OAs).

Opaque assemblages in CAls and chondrules are generally
spheroidal, 10 to 1000 um in diameter and consist primarily
of yNi-Fe, magnetite (Fe;0,), pentlandite [(Fe,Ni)S;], pyr-
rhotite (Fe,-,S) and Ca-phosphate [Ca3(PO.); or Cas(PO.):
(F,OH,Q1)) (Figs. 1-4). CAl OAs (previously called “Frem-
dlinge”; e.g. EL GORESY er al., 1978) additionally contain
phases rich in refractory siderophile elements (Figs. 1-3), in-
cluding Pi-group element-rich metallic phases (most com-
monly ¢Ru-Fe), molybdenite (MoS;) and scheelite-powellite
solid solution [Ca(W,Mo0)O,], reflecting the large bulkchem-
ical enrichments in refractory elements in CAls compared
to chondrules. Matrix OAs are generally irregular in shape,
510 25 um across and consist mainly of yNi-Fe and pent-

*® Also: Lunatic Asylum of the Charies Arms Laboratory.
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landite with minor pyrrhotite, magnetite and Ca-phosphate
(Fig. 5).

The major mineral phases and textural relationships in
OAs from CAls, chondrules and matrix have many similar-
ities, suggesting that they could have formed by similar pro-
cesses. However, several diverse scenarios have been proposed
in the literature for the formation of these three types of OAs:

Opague assemblages in CAls have been hypothesized by
most recent workers to have formed by the nebular conden-
sation of Pi-group element-rich metallic phases, Ni-Fe alloys,
sulfides and oxides that were mechanically mixed at low tem-
perature (<1000 K) in the solar nebula. Subsequently, OAs
are believed to have been incorporated into proto-CAl ma-
terial before (or during) a brief high temperature (~ 1700 K)
event, during which the silicate portion of the host CAls par-
tially melted and crystallized (ARMSTRONG er al., 1985a,
1987; BiSCHOFF and PALME, 1987). According to this model,
the phase assemblages in CAl OAs look through the CAl
melting event and record highly sulfidizing and oxidizing
conditions during condensation very early in the history of
the solar nebula. Since some silicate minerals in the host
CAIs preserve evidence for crystallization under reducing
conditions in the solar nebula (BECKETT er al., 1988), this
view of CAl OA origin implies that the condensing nebula
was heterogeneous, with local variations in temperature of
hundreds of degrees and in oxygen fugacity (fo,) of many
orders of magnitude. It further implies turbulence within the
pebula capable of mixing the various phases formed under
these conditions. An alternative hypothesis is that the phase
assemblages within CAl OAs are not relicts of nebular con-
densation and instead evolved during a low temperature re-
equilibration event(s) after CAl crystallization (BLUM er al.,
1988).

Opagque assemblages in chondrules have been proposed to
have formed either by sulfidation and oxidation of Ni-Fe
alloys in chondrules (HAGGERTY and MCMAHON, 1979) or
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by crystallization from metallic-sulfide-oxide liquids that
formed immiscible droplets in crystallizing chondrule melts
(HAGGERTY and MCMAHON, 1979; MCMAHON and HAG-
GERTY, 1980). MCMAHON and HAGGERTY (1980) suggested
that during chondrule crystallization the nebula either had
much higher than solar gas fs, and fo, levels, or that chon-
drules were somehow isolated from the nebular gas, allowing
the stabilization of immiscible metallic-sulfide-oxide liquids.

Opague assemblages in matrix have been proposed to have
formed by alteration of alloys that formed by direct conden-
sation from the nebula (RUBIN and GROSSMAN, 1985) or by
alteration of alloys from preexisting chondrules (HOUSLEY
and CIRLIN, 1983). It has been suggested that this alteration
process included the exsolution of (Fe,NijP from Ni-Fe-P
alloys during cooling, which reacted with Ca and O, to form
Ca-phosphate, while the remaining Ni-Fe alloy was sulfidized
to form pentlandite (RAMBALDI and RaJAN, 1982; RUBIN
and GROSSMAN, 1985).

To provide a basis for testing models for the formation of
OAs in CAls, chondrules and matrix, we report in a com-
panion paper (BLUM et al., 1989) the results of experiments
on phase equilibria, minor element partitioning and diffusion
in Ni-Fe-Ru-rich systems, chosen as simplified analogues for
some of the assemblages observed in CAI OAs. In this paper,
we present analyses of meteoritic OAs, which are used in
conjunction with phase equilibria and diffusion data of our
own (BLUM et al., 1989) and from the literature to further
develop the hypothesis for the origin of OAs in CAls recently
proposed by BLUM er al. (1988). We extend our model to
OAs in chondrules and matrix and place quantitative con-
straints on the conditions recorded by the observed phase
assemblages and on the thermal histories of OAs. We will
make the case that OAs in CAls, chondrules and matrix could
all have formed from homogeneous alloys of different original
compositions that initially experienced high temperature re-
ducing conditions and subsequently reequilibrated under
conditions of much lower temperature and much higher f,

DESCRIPTION OF OPAQUE ASSEMBLAGES STUDIED

Five OAs from Type B CAls (GROSSMAN, 1980) in C3V chondrites
were chosen for study. They are from Allende samples JIM (BRAND-
STATTER and KURAT, 1983), USNM 5241 (“WILLY™ and “F3";
ARMSTRONG et al,, 1985a) and EGG3 (MEEKER er al,, 1983), and
from Leoville sample UNM 575 (KRACHER er al., 1985). We will
refer 1o the individual OAs from CAls as “JIM-OA1,” “WILLY,”
“F3," “EGG3-0A1" and “LE0575-0OA 1", respectively. The Allende
meteorite belongs to the “oxidized subgroup™ of C3V meteorites,
which generally contains Ni-rich Ni-Fe alloys. whereas the Leoville
meteonite belongs to the “reduced ,” which generally contains
Fe-rich Ni-Fe alloys (MCSWEEN, 1977). The a, ¢« and vy designations
used in this paper for the metallic solid-solution fields in the Ni-Fe-
Ru-rich system are based on compositional data rather than direct
determination of crystal structure.

JIM-OA| has a cross-sectional diameter of ~30 um and consists
of the phases Ni-Fe, pyrrhotite, eRu-Fe, molybdenite
and magnetite in order of decreasing abundance (Fig. 1). The ¢Ru-
Fe phase occurs within yNi-Fe, pyrrhotite and magnetite, but not
within Ca-phosphate or molybdenite. Typically, eRu-Fe grains within
+Ni-Fe range in size from 0.3 to 1.0 um, whereas those within pyr-
rhotite range from 0.1 10 0.3 um. One unusually large (3+ 5 um) eRu-
Fe grain occurs in JIM-OA | adjacent to yNi-Fe, pyrrhotite and mag-
netite (Fig. 1). Detailed descriptions of WILLY and F3 can be found
in ARMSTRONG e al. (1985a). EGG3-OA| has an irregular shape

FIG. 1. SEM image of CAl OA JIM-OA1: ru = éRu-Fe, ni = yNi-
Fe, po = pyrrhotite, mo = molybdenite, ap = apatite and mt
= magnetite. Scale bar is 10 microns.

and is 5+ 15 um in cross-section. The mineralogy of EGG3-OAl 1s
typical of OAs in EGG3 (ARMSTRONG er al., 1985b) and consists of
very Ni-rich yNi-Fe, heazlewoodite (NiyS;), Ca-phosphate, molyb-
denite and eRu-Fe. LE0S75-OA1 has a cross-sectional diameter of
about 15 um and consists of the phases V-rich magnetite, aFe (kam-
acite), eRu-Fe and yNi-Fe (taenite) (Fig. 3). The ¢Ru-Fe and yNi-
Fe phases occur as ~1 gm wide lamellae in the aFe phase, and V-
rich magnetite occurs as a partial rim around all of the metallic phases.
We have studied OAs from olivine-pyroxene chondrules and in-
terstitial matrix in many Allende samples. The chondrule OAs that
we studied are spheroidal, range in size from 10 to 300 ym and
consist of a variety of combinations of yNi-Fe, magnetite, pentiandite,
pyrrhotite and Ca-phosphate. The largest chondrule OA that we en-
countered is shown in Fig 4. It contains yNi-Fe, magnetite, pent-
landite and Ca-phosphate, and is surrounded by much smaller OAs
that contain either 4 Ni-Fe and magnetite or yNi-Fe, magnetite and
pentlandite (Fig. 4). Descriptions of many Allende chondrule OAs
can be found in HAGGERTY and MCMAHON (1979), who studied
OAs from over 1000 Allende chondrules, and in HOUSLEY and QIRLIN
(1983). Aliende matrix OAs that we studied occur as irregular grains
and veins 5 to 25 um across and consist primarily of ¥Ni-Fe and
pentlandite (Fig. 5) or pentlandite only. Occasionally, we encountered
small (<! um) regions of Ca-phosphate or magnetite associated with
the matrix OAs. RUBIN and GROSSMAN (1985) reported 5 to 10 um
grains of Ca-phosphate occurring as rims on pentlandite and PECK
(1983) reported magnetite grains adhering to oivine in Allende matrix.

ANALYSES OF OPAQUE ASSEMBLAGES

We analyzed metallic and sulfide phases from CAls, chon-
drules and matrix OAs described above by analytical scanning
electron microscope (SEM), following procedures given in
BLUM er al. (1989). Analyses are given in Tables | and 2
and are reported in atom% throughout this paper unless noted
otherwise.

CAI O4s

We mainly concentrated on analyzing metallic phases in
CAl OAs (Table 1). Sulfide compositions have been given
by ARMSTRONG er al. (1985a, 1987) for several of the OAs
that we studied; analyses of sulfides in OAs that have not
been previously studied are given in Table 2. Our analyses
of magnetite from each OA indicate that Ni contents are
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PIG. 2. SEM image of CAl OA F3 (large, round object), surrounded
by V-rich fassaite (vfs) and occurring in an embayment in a spinel
(sp) crystal. The surrounding host phase is melilite. Scale bar 1s 10
microns

SKU X780

=<0.5% and V contents range from 0.1 to ~12%, consistent
with the data of ARMSTRONG et al. (1985a).

The 4Ni-Fe and ¢Ru-Fe phases contain concentrations
measurable by SEM (Z0.1%) of the elements Ni, Fe, Co, Ru,
Os, Re, Ir and P1. We measured Ru, Os and Re concentrations
in yNi-Fe 0.5 and 1.0 um from eRu-Fe grains in each OA to
determine whether these metallic phase boundaries were
compositionally sharp within the resolution of our analyses,
which has been calculated to be 0.5 to 0.7 um (BLUM et al.
1989). Ru, Os and Re concentrations do not increase toward
the boundaries and show the same degree of variability as
concentrations measured far from boundaries, indicating that
they are sharp within the analytical resolution. Most ¢Ru-Fe
grains are so small that they can only be analyzed at their
center. The large ¢éRu-Fe grain in JIM-OA | was analyzed in
nine nonoverlapping regions and is compositionally heter-
ogeneous (Table 1, analyses | 1a-i). The large eRu-Fe lamella

{ 8U CIT
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PG. 3. SEM image of CAI OA LE0575-OA1: fe = aFe; other
abbreviations as in Fig. 1. Scale bar is | micron.

PIG. 4. SEM image of an Allende chondrule OA: pn = pentlandite;
other abbreviations as in Fig. 1. Scale bar is 100 microns.

in LE0O575-OA 1 was analyzed in six nonoverlapping regions
and is homogeneous (Table 1, analyses 1-6).
Compositional data for metallic phases in CAl OAs are
shown in Fig. 6a, where analyses for Ni, Fe and Ru are nor-
malized to 100% and plotted in the Ni-Fe-Ru plane. This
representation is used to depict the compositions of metallic
phases in CAl OAs because Ni, Fe and Ru comprise 295%
of the composition of ¥Ni-Fe and aFe, and ~65 to 90% of
the composition of eRu-Fe, and because the phase equilibria
of compositions near this plane have been studied experi-
mentally (BLum er al, 1989). An alternative approach,
which attempts to account for the influence on phase relations
of those components not in the Ni-Fe-Ru system, is to group
elements that are chemically similar; i.e. Ni and Co are com-
bined at the Ni apex, and Ru, Re and Os are combined at
the Ru apex (Fig. 6b). This approach groups elements that
have the same crystal structures, form complete solid solu-
tions, have similar melting temperatures, and partition sim-

FIG. 5. SEM image of an Allende matrix OA. Abbreviations as in

Fig. 1. Scale bar is 10 microns



181

546 J.D. Blum er al.

Tasble |. Aoalyses in stos percent of coexisting metallic
phases in opaque assemblages from CAls.

Fe  Co i Ru e Os Ikt
JIN-0AlL 1 37.46 0.40 5.49 45.77 - 8.19  2.68 -
“hu-Fe 2 41.52 0.67 4&.81 43.88 - 6.18  2.96 -
3 14.40 0.8  6.59 41.33 5.87 30.23 0.66 -
4 I0.46 0.37  &.53 51,17 3.53 28.48 1.47 -
5 14.64 0.80 5.B1 45.50 2.34 26.92 - -
6 18.27 - 4,45 47.36 1,32 28.62 - -
7 871 - 7.82 53.48 2.35 24.58 2.26 -
s 2.1 - S.21 49.51 1.18 20,33  l.66 -
9 33.03 0.43 6.25 48.10 -  10.}4 2.0 -
10 17.52 - 7.23 4378 2,63 27.43 1.4 -
T lla 42.06 0.62 3.86 46.05 -  4.02 3.2 -
b 40.29 0.4 4.24 &7.12 - 4,83 .04 -
c 38.43 0.37  4.08 48.87 - 5.06  3.19 -
d 41.38 0.70 4,27 &b.42 - 373 50 -
e 47.48 0.57 .27 35.26 - 1.60  4.83 -
£ 49.13 0.58 7.18 37.55 - 1.93 363 -
g 51.30 1.8 6.3 32.8% - 193 5.75 -
b 46.3C 1.50 5.60 40.35 = 1.67  4.39 -
4 41.91 1.18 4.6 44.30 0.3 4.61 3.03 -
JIN-0A1 1 38.20 0.88 57.40 1.45 = - 1.09 ©.95
YNi-Fe 2 38.11 1.32 57.09 1.45 - - 1.09 0.95
3 3.52 1.52 $9.03 C.71 0.9 - 1.19 o0.85
& 35.91 1.57 5B.64 0.71 0.71 - 1.28 1.18
S 34.90 1.50 60.80 0.4 0.16 = 1,08 1.16
6 36.83 1.29 58.68 0.96 0.12 - 1.04  1.09
7 37.1&4 1.62 57.74 1.3 - - 1,23 0.95
& 37.43 1.33 ST.07 1.6 - 0.35 1.05 l.1i
9 37.98 1.33 $6.78 1.7 - 0.27  1.07 1.1}
10 36.% 1.4% SB.46  1.00 C.15 - 1.14 1.15
11 38.16 0.98 56.96  1.25 0.3 - 119 1.10
12 36.39 1.52 58.94 0.6l 0.3z - .10 1.11
13 37.20 1.26 58.20 1.0z O0.12 - 1.10 1.01
MILLY I 30.0C 1.19  6.51 35.47 5.29 20.8& 0.69 -
Thu-Fe 2 43.55 1.12  6.39 32,38 0.73 1377 2.0 -
3 42.66 0.84 7.90 31.59 1. 14.08  1.95 -
& 45.29 .78 6.67 32.39 1. .20 -
WILLY 1 35.62 2.16 61.23 0.33 0.20 ~ 0.31 0.13
FRi-Fe 2 36.14 1.87 61.3% 0.2} Q.16 - 0.2 0.10
3 35.97 1.96 61.37 0.18 .12 0.28 - 0.1
4 36.61 2.48 60.62 - - 0.12 0.17
S 35.32 2.3 61.98 - - 0.21 0.15
6 35.76 2.27 61.41 0.28 - 0,10 0.1& -
7 35.39 2.40 61.08 O0.42 0.16 ©.15 0.18 0.23
8 35.27 1.9 62.16 0.37 - = c.24 -
9 36.37 2.45 60.39 0.33 - 0.15 0.12 0.2
10 35.33 2.21 61.92 - 0.1 0.24 C.16
11 36.39 2.2] 60.45 0.26 0.28 - 0,40 -
12 35.32 2.21 62.26 - - - c.21 -
13 35.03 1.98 62.44 0.33 0.2 -
F1 1 40.19 0.47 7.14 28.81 -  20.64 2.75 -
TRu-Fe 2 34.41 0.87 6.47 26.4)1 1.88 28.20 1.7¢ -
| £ 1 35.53 1.87 61.05 0.60 - 0.80 0.16
TNi-Fe 2 35.67 2.38 60.43  0.61 - - 0.78 0.12
3 35.64 1.96 60.82 0.7 - - 0.86 -
EGCI-0Al | 1.83 0.38 &.07 €0.17 2.56 28.62 2.37 -
Tho-Fe  *2  3.66 .79  &.72 60.82 2.63 27.38 - -
EGGI-0Al | 14.21 1.45 83.02 0.3 - - 0.5! 0.45
Fhi-Fe 2 14.42 1.93 82.58 - - - 0.33
3 14.01 1.88 82,99 - - - 0.45 0.31
& 13.90 1.63 B2.38 0.48 0.15 - 0.46 0.35
LEOSTS 1 69.29 -~  4.54 18.27 0.23 4.97 2.70 -
—OAL 2 71.41 - 4.22 1675 - 476 2.80 -
Thu-Fe 3 72.08 - 413 15.51 0.32 5.10  2.47 0.39
& 70.82 - 4.5 16.12 0.20 5.20 2.42 0.70
5 71.49 - 4.1 15.85 0.29 5.74 2.09 0.40
& 68.74 - 5.00 18.16 0.55 4.48 3.07 -
LEOS?S 1 72.50 0.28 10.40 8.5 0.88 1.76 .61 2.06
<oA1 2 72.90 - 12.63  7.67 0.32 1.76  2.25 2.48
YRi-Fe 3 73.80 - 10.46 8.5) 0.48 2.33 2.83 1.57
& 75.61 - 10.02 7.04 0.3 1.85 2.91 2.19
LEOSTS 1 92.47 0.29 2.96 1.26 - 0.47 ©0.75 1.80
—OA! 2 92.01 0.56 2.77 1.11 0.2% - 172 1.58
aFe 3 93,06 0.52 2.57 .06 - - 1.21 1.60
4 9l.4a 0.6 3.35 1.4l - - 1.59 1.57
5 92.6k 0.45 2.69 0.84 0.19 - 1.71 1.69
6 92.05 0.4l 3.0 1.27 ~ - 1.69 1.54

Note: - indicates below 0.1I detection limit. V¥, Si, P, §,
Ti, Cr, Bh snd Mo were anslyred but were below detection
limits. Analytical totals ranged from 96 to 104 percent and
were normslized to 100I. * indicates that composition was
pormslized to exclude partial smalysis of surrounding yNi-Fe.
1 Analyses lla-i represent mon-overlapping snalysis of one
large grain of cRu-Fe. Analyticsl uncertainties are about 251
of the values reported.

ilarly between phases in OAs. Greater than 95% of the com-
position of each major metallic phase is accounted for on the
(Ni + Co)-Fe<(Ru + Re + Os) diagram (Fig. 6b). Pt and Ir

are excluded by both treatments, but these are minor con-
stituents in the metallic phases, do not mimic the behavior
of any of the major elements in the metallic phases, and, in
any case, appear to have little influence on phase equilibria
in the Ni-Fe-Ru system at the concentrations found in OAs
(BLUM et al., 1989). The resulting compositional regions in
Figs. 6a and b are very similar; for convenience, Fig. 6a will
be used for comparison with the Ni-Fe-Ru phase diagram in
the following section.

To evaluate the relationship between the concentrations
of Ru, Os and Ir and the Fe content of eRu-Fe grains and
lamellae, we have plotted them versus Fe for JIM-OA1 and
LE0575-OA1 (Fig. 7). Ru concentrations in eRu-Fe grains
in JIM-OA1 (Fig. 7, open circles) are relatively insensitive to
variations in Fe, whereas Os displays a negative, and Ir a
positive, correlation with Fe. The yNi-Fe phase in JIM-OA |
(Fig. 7, asterisk) has a restricted compositional range. Each
of the three phases from LE0575-0A1 (Fig. 7, filled circles)
have distinct concentrations of Ru and Os.

The partitioning of Pt and Ir between ¢Ru-Fe and yNi-Fe
can be evaluated for the CAI OAs that we analyzed. Pt and
Ir concentrations of yNi-Fe are nearly constant for each OA
studied; Ir concentrations are somewhat variable in ¢Ru-Fe
from each OA (Table 1). The (eRu-Fe)/(yNi-Fe) partition
coefficients (K’ for element /) were calculated for Pt and Ir
in each CAI OA using the average Pt and Ir concentrations,
except for the Pt content of eRu-Fe, which was below the
0.1% detection limit, allowing us only to calculate an upper
limit for K™ JIM-OA1 (K™ < 0.1, K* = 2.4); WILLY (K™
=07, K" =22); F3(K™ < 0.2, K" = 2.5); EGG3-0AI1 (K™
=< 0.1, K = 2.4); and LE0575-0A1 (K™ < 0.1, K" = 0.9).
These K™ and K" values are similar to those determined
experimentally at 873 K by BLUM er al. (1989) (K™ = 0.16
and K" = 1.6). In both the OAs and the experiments of BLUM
et al. (1989), Pt partitions preferentially into face-centered
cubic (fcc) yNi-Fe, whereas Ir partitions preferentially into
close-packed hexagonal (cph) eRu-Fe.

Chondrule OAs

Qur analyses of metallic phases and sulfides from Allende
chondrule OAs are given in Table 2 to augment the extensive
analytical data of HAGGERTY and MCMAHON (1979). Chon-
drule OAs are texturally similar to CAl OAs and are com-
prised of the same major mineral phases. The compositions
of yNi-Fe, pyrrhotite and pentlandite are similar in most
chondrule and CAI OAs (Tables 1 and 2; HAGGERTY and
MCMAHON, 1979; ARMSTRONG er al., 1985a, 1987). Re-
fractory siderophile element-rich phases, which are common
in CAI OAs, have never been reported in chondrule OAs.
Refractory siderophile and V abundances in yNi-Fe, sulfides
and oxides from chondrule OAs are <0.1%. The refractory
siderophile contents of bulk OAs from chondrules have not
been determined, but the refractory siderophile contents of
whole chondrules are approximately chondritic (RUBIN and
WASSON, 1987).

Marrix OAs

We analyzed yNi-Fe + pentlandite assemblages in matrix
OAs, and give analyses in Table 2; major element analyses
of phases in matrix OAs have not previously been published.
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Table 2. Analyses in stos percent of
coexisting YNi-Fe and sulfides in
opague assemblages.

S Fe Co Ni
Matrix OAs
YNi-Fe le - 32.22 1.71 &6.07
2a = 31.93 1.77 6.30
3a  0.17 31.%7 l.44 66.82
ba o 31.97 1.58 66.45
Pentlandite b 47.53 36.42 0.49 15.5%
2b  45.03 37.72 0.65 16.60
Ib  45.63 34.82 0.68 18.87
&b 49.44 34079 0.55 15.23
Chondrule OAs
YNi-Fe ls - 28.07 1.09 70.84
2 - 31.53 1.61 66.86
Pent landite 16 45.86 32.27 1.14 20.73
2 47.15 36.51 0.60 15.74
Pyrrhotite 2c  51.75 4&B.25 - -
3 50.57 &6.82 - =
JI¥-0Al
Pyrrhotite 1 51.86 4&B.14& - -
50.17 4&6.63 - 0.35
3 49.78 4&7.47 - 0.20
YNi-Fe (see Table 1)
EGG3-0A1
&41.92  0.66 - 5l.a2

Reazlewoodite 1
2 41.25 0.30 0.18 57.52
3 39.09 0.92 0.31 59.32
YNi-Fe (see Table 1)

Note: a and b represent analyses of adjacent
phases within & single OA. - indicates below
0.1 detection limit. Analytical totals ranged
froe 96 to 1041 and were norsalized to 100%.
Aralytical uncertainties are abour 25 of the
values reported.

Concentrations of refractory siderophile elements in all matrix
QA phases that we analyzed are <0.1%, and we did not ob-
serve any discrete refractory siderophile element-rich phases.
As in the case of chondrules, the bulk matrix refractory si-
derophile contents are approximately chondritic (RUBIN and
WASSON, 1987).

CONDITIONS OF OPAQUE ASSEMBLAGE
FORMATION AS INDICATED BY PHASE EQUILIBRIA

Ni-Fe-Ru system

Phase boundaries and equilibrium tie lines in Ni-Fe-Ru-
rich systems at 1073, 873 and 773 K were estimated based
on experimental data by BLUM e a!. (1989) and are plotted
in Fig 8 along with compositional regions for metallic phases
from CAl OAs from the data in Fig 6a; similar compositional
regions result if Fig. 6b is used to represent the CAI OA data.
In each of the CAI OAs studied, 4Ni-Fe compositions fall in
narrow ranges (Fig. 8). Based on the phase diagram, we would
expect the composition of eRu-Fe in equilibrium with the
4Ni-Fe to fall in a similarly narrow compositional range
joined by tie lines to the yNi-Fe. This is observed for the Ni-
poor aFe and ¢Ru-Fe that coexist in LE0575-OA1 and the
Fe-poor yNi-Fe and ¢Ru-Fe that coexist in EGG3-0Al,
which can be approximated by tie lines at ~870 K in the
Fe-Ru binary and at ~770 K in the Ni-Ru binary, respec-
tively (Fig. 8b, c). In contrast, the narrow compositional range
of yNi-Fe in JIM-OA1, WILLY and F3 is in contact with
€Ru-Fe that spans a broad range roughly parallel to the Ru-
Fe side of the ternary diagram at ~5 to 10% Ni (Fig. 8).
These eRu-Fe compositions cannot represent equilibrium,
but the orientation of the compositional trend parallel to the

edge of the two-phase region at ~770 K suggests that their
compositions were controlled by equilibration with yNi-Fe
at this temperature (Fig. 8c).

In the experiments of BLUM er al. (1989), initially ho-
mogeneous Ni-Fe-Ru-rich alloys were annealed at high fo,;
Ni enrichment was observed in alloys at the outer edges of
experimental charges where they were exposed to O,, due to
depletion of the alloys in Fe as Fe-rich oxides formed. This
process resulted in the exsolution of eRu-Fe grains that span
a compositional range similar to that of ¢Ru-Fe grains in
natural CAl OAs. In general, Fe oxidation or sulfidation will
result in bulk alloy compositions that lie along a trend radial
to the Fe apex. If exsolution accompanies Fe depletion, each
stage of exsolution will produce coexisting eRu-Fe and yNi-

Ni+Co

IG. 6. Chemical compositions of metallic phases in the five CAI
‘OAs studied, normalized and plotied on the a) Ni-Fe-Ru triangle
and b) on the (Ni + Co)}-Fe{Ru + Os + Re) triangle. Open circles
are from JIM-OA . filled circles are from LE0OS75-OA 1, tnangles are
from WILLY, squares are from F3 and inveried triangles are from
EGG3-OAl. Insets show enlargements of the yNi-Fe field for JIM-
OA1, WILLY and F3.
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F1G. 7. Concentration of a) Ru, b) Os and ¢) Ir plotted against Fe
for metallic phases in the two CAl OAs studied for which there is a
large vanation in Fe content. Open circles represent concentrations
in eRu-Fe from JIM-OA |, asterisks represent the average concentra-
tions of yNi-Fe from JIM-OA |, and filled circies represent concen-
trations in the three metalhic phases from LE0S75-OA1.

Fe phases that are progressively lower in Fe (a2 schematic path
for an ininally Fe-rich alloy is depicted with an arrow in Fig.
8c). If the process goes to completion, the final, homogeneous
«Ni-Fe and ¢Ru-Fe phases will be those in equilibrium with
magnetite at the fo, of the environment in which the oxi-
dation occurred (and/or in equilibrium with Ni-Fe sulfide at
the f5, of this environment). If, as in the experiments of BLUM
et al. (1989), the process does not go to completion, a gra-
dient in eRu-Fe and yNi-Fe compositions, reflecting a gra-
dient in fo, (and/or f;,) from the outside to the center of the
alloy, is expected. To generate the widest range of eRu-Fe
compositions observed in CAl OAs by this kind of process,
their exsolution must have begun from a bulk alloy com-
position at least as Fe-rich as NigFeg.

The wide range of ¢Ru-Fe compositions in natural CAl
OAs could have evolved by exsolution during oxidation (or
sulfidation) as in the experiments of BLUM er al. (1989).
However, if this were the case, we would also expect a wide
range of complementary yNi-Fe phase compositions (ranging
from NigFeq to Nig;Fey; in the case of JIM-OA1), but this
is not observed. Instead, as pointed out earlier, ¥Ni-Fe in
contact with eRu-Fe covering the full range of observed com-
positions display a very restricted compositional range around
Nig;Fes;. One possibility is that the yNi-Fe was homogenized
subsequent to exsolution, whereas the ¢Ru-Fe grains were
kinetically inhibited from reequilibrating with surrounding
Ni-Fe. This would require that interdiffusion in fec yNi-Fe
is much faster than in cph ¢Ru-Fe. In order to account for
the homogenization of the yNi-Fe over the ~ 10 ym radius
of JIM-OA1, while retaining non-equilibrium eRu-Fe com-
positions over the ~ 1 um radius of ¢Ru-Fe grains, the ratio
of interdiffusion constants (5,/D,) must be 10° or higher.
The determination of D, /D, at 773 K could, therefore, provide
an important test of our model. Although the appropriate
diffusion data are not available for this test, diffusion in the

Ni-Fe system has been studied at low temperatures and may
be somewhat analogous. DEAN and GOLDSTEIN (1986) stud-
ied interdiffusion in foc 4 Ni-Fe and body-centered cubic (bec)
aNi-Fe and found that at 773 K, D,/D, = 5 - 107, suggesting
that differences in crystal structure can account for large dif-
ferences in D at low temperature. In addition, both the pos-
sible presence of low concentrations of P in CAl OA Ni-Fe
alloys and the importance of grain-boundary diffusion at
lower temperatures (DEAN and GOLDSTEIN, 1986) may have
enhanced the rate of homogenization of yNi-Fe compared
to eRu-Fe.

The bulk compositions of alloys in the five CAI OAs that
we studied were estimated by point-counting (Fig. 8). The
bulk compositions enter two-phase (or three-phase) regions
in the Ni-Fe-Ru diagram at <870 K (Fig. 8b). The compo-
sitional range of eRu-Fe grains from JIM-OA |, WILLY and
F3 fall in a linear trend with constant Ni content along an
estimated two-phase boundary at ~770 K (Fig. 8c). The yNi-
Fe phase from JIM-OA1, WILLY and F3 (Figs. 6a and 8¢)
also lies near a two-phase boundary estimated for ~770 K.
A lower temperature limit of 740 K can be inferred because
the yNi-Fe compositions in these OAs would be expected to
exsolve into two phases (yNi-Fe and FeNi,) below 740 K
according to a recent compilation of the Fe-Ni binary system
(KUBASCHEWSKI, 1983), suggesting that equilibration oc-
curred at >740 K. The coexisting ¢Ru-Fe and yNi-Fe in
EGG3-0OA1 are close in composition to the Ni-Ru binary
and indicate equilibration at ~770 K (Fig. 8c).

LE0575-OA1 contains three distinct metallic phases (Fig.
8). The aFe and ¢Ru-Fe compositions fall very close to the
Ru-Fe binary and indicate equilibration temperatures of
~870 K. The coexisting yNi-Fe is more difficult to interpret
because the composition does not lie near one of the binaries,
but we have inferred from binary data that a three-phase
region exists in that region at temperatures of <870 K, and
the 4 Ni-Fe phase along with the aFe and ¢Ru-Fe phases may
define a three-phase triangle at ~870 K (BLUM er al., 1989;
Fig. 8b).

Ni-Fe-S system

A schematic representation of the S-poor portion of the
Ni-Fe-S phase diagram at 773 K is given in Fig. 92 based on
the data of MISRA and FLEET (1973) and KUBASCHEWSKI
(1983); the approximate positions of the pentlandite + pyr-
rhotite + yNi-Fe three-phase region at 773 and 558 K are
given in Fig. 9b. Pentlandite is a stable phase only below 883
K (Misra and FLEET, 1973). With decreasing temperature,
the compositions of pentlandite and yNi-Fe coexisting with
pyrrhotite become progressively lower in Ni, varying from
20 to 14% Ni in pentlandite and 64 to 27% Ni in yNi-Fe as
temperature varies from 873 to 558 K (Fig. 9b; MisRa and
FLEET, 1973).

Four assemblages in the Ni-Fe-S system occur in OAs (Fig.
9a): the assemblage yNi-Fe + heazlewoodite occurs in CAl
OAs from EGG3; the assemblages pyrrhotite + yNi-Fe and
pyrrhotite + pentlandite + 4Ni-Fe are common in both CAl
and chondrule OAs; and the assemblage pentlandite + yNi-
Fe is sometimes found in CAl and chondrule OAs and is the
exclusive assemblage in matrix OAs. For any given assem-
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FiG. 8. Compositional regions of metallic phases in CAl OAs from
Fig. 6a plotied on isothermal sections of the Ni-Fe-Ru plane along
with phase equilibria from BLUM er al. (1989) at a) 1073 K, b) 873

blage, the compositions of individual phases in all OAs studied
from CAls, chondrules and matrix are similar (Fig. 9b). The
¥Ni-Fe and pentlandite compositions vary systematically
depending on the assemblage, consistent with general trends
of tie lines on the Ni-Fe-S phase diagram (Fig. 9a). The com-
position of yNi-Fe coexisting with pentlandite and pyrrhotite
suggests equilibration at ~770 K, but the composition of
pentlandite in this assemblage suggests equilibrium at ~560
K (Misra and FLEET, 1973). One possibility is that the closure
temperature for yNi-Fe equilibration with pentlandite and
pyrrhotite was ~770 K in the OAs, but pentlandite and pyr-
rhotite continued to react and reequilibrate upon cooling to
~560 K.

The variety of sulfide phases present in OAs gives an in-
dication of the f, during equilibration. Stability curves for
Mo, Fe, Ni-Fe, Ru and Pt sulfides are shown in Fig. 10, as
is the equilibrium solar gas curve. The curve labeled Ni-Fe
alloy/Ni-Fe sulfide shows the conditions under which OA
sulfide and alloys could coexist; it is calculated from the re-
action Fe + 1S, — FeS, assuming ideal solution in the alloy
and sulfide and an alloy composition of Nig-Fe;s. The con-
ditions of equilibration between Nig:Fe,: and NiS;, calcu-
lated from the reaction 3Ni + S; = Ni;S;, falls within 0.2
log units of the curve shown. Thus the f;, of equilibrium for
the assemblage Ni;-Fes;-FeS (found in most CAl and chon-
drule OAs) and the assemblage NigsFe,«-Ni;S; (found in CAl
OA EGG3-0A1) are nearly identical. The f;, and tempera-
ture constraints (discussed above) are combined and shown
as region 1 in Fig. 10. The position of region | with respect
to the Mo/MoS, Ru/RuS; and Pt/PiS curves is consistent
with the observation that Mo in CAl OAs occurs as MoS;,
whereas Ru and Pt occur in metallic phases but not as sulfides.
The fs, of equilibration is higher than the f, of a solar gas at
temperatures above about 700 K.

Ni-Fe-0 system

The conditions of fo, and temperature at which Ni-Fe
alloys are in equilibrium with Ni-poor magnetite for several
alloy compositions relevant to OAs are shown in Fig. 11,
based on MCMAHON and HAGGERTY (1980). Curve (a) shows
the conditions of equilibrium for aFe metal and Fe,O,, and
curves (b) and (c) show the conditions of equilibrium for
Nig-Fes; and NigsFe, s alloy with Fe;0,.

Magnetites from CAl OAs (ARMSTRONG er al., 1985a,
1987) and chondrule OAs (HAGGERTY and MCMAHON,
1979) contain S0.5% Ni, and those that are low in V (S0.1%)
are therefore close in composition to Fe;O,. From Fig. 11,
we see that the Nig,Fes; alloy that occurs in most CAI OAs,

K and ¢) 773 K. Phase boundaries and tie-lines are solid near regions
where there is experimental data; dashed phase boundaries and tie
lines are estimated or schematic. The 773 K diagram is speculative
and is intended to be diagramatic only. Two- and three-phase regions
are denoted by 2¢ and 3¢ respectively and three-phase regions are
also stippled. Single-phase solid-solution regions include foc yNi-Fe,
cph eRu-Fe and bee aFe. Asterisks represent bulk alloy compositions
for each OA estimated from point-counting. The oxidation arrow in
(c) connects the approximate total bulk compositions (including al-
loys, sulfides and oxides) of JIM-OA1, WILLY and F3 (diamond)
with the approximate bulk alloy compositions.
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FIG. 9. a) A schematic representation of the sulfur-poor portion
of the Ni-Fe-S phase diagram at 773 K and b) the position of the
pentlandite + pyrrhotite + yNi-Fe three-phase region at two tem-
peratures from our interpretation of the data of Misra and FLEET
(1973) and KUBASCHEWSK! (1983). The intersections of phase fields
within the Ni-Fe binary contrast somewhat with those of MisrA and
FLEET (1973) because these authors assumed the Ni-Fe binary phase
relations of OWEN and Liu (1949) that have been shown to be in-
complete (see compilation by KUBASCHEWSK!, 1983). mss = mono-
sulfide solid solution, po = pyrrhotite, pn = pentlandite, ml = mil-
lerite, gs = godlevskite and hz = heazlewoodite. In (a), dark lines on
the Ni-Fe binary indicate ranges of Ni-Fe solid solutions, dark stippled
regions indicate ranges of monosulfide and pentlandite solid solution
and tie lines are shown in two-phase regions. The compositions of
sulfides and yNi-Fe from OAs were normalized to exclude Co and
are shown in (b) for comparison; ovals are from matrix OAs (Table
2), squares are from chondrule OAs (Table 2; HAGGERTY and
MCMAHON, 1979), circles are from CAI OA JIM-OA| (Tables | and
2), inverted triangles are from CAI OA EGG3-OA1 (Tables | and
2), triangles are from CA] OA WILLY (ARMSTRONG er al., 1985a;
Table 1), and diamonds are from CAl OA ZELDA (ARMSTRONG &1
al., 1987). Open symbols are individual analyses, and filled symbols
within elliptical regions represent the mean and range of multiple
analyses. Insets show enlargements of the yNi-Fe, pentlandite and
pyrrhotite fields.

and in all chondrule and matrix OAs in Allende, would be
in equilibrium with Fe;O, only along curve (b) (at temper-
atures below ~ 1100 K). The aFe alloy in CAI LE0575-OA1
(=53% Ni) equilibrates with Fe;O, along curve (a) (tempera-

10YT(K")

FIG. 10. Plot of the logarithm of f, versus T for equilibria relevant
to OA onigin. Solar gas curve is from FUCHS and BLANDER (1977).
Buffer curves are calculated from thermodynamic data compiled by
BARTON and SKINNER (1979) except for the Ru/RuS; curve, which
is from SVENDSEN (1979). The curve labeled Ni-Fe alloy/Ni-Fe sulfide
is broken into four segments (A-D) based on Ni-Fe-S phase equilibna
from the compilation of HSIEH er a/ (1982) at T2 973 K and from
Misra and FLEET (1973) at T < 873 K. For each line segment, a
different assemblage of sulfides may be in equilibrium with Ni-Fe
alloy: A: FeS, Ni-S melt; B: FeS, Ni;S;, Ni-S melt; C: FeS, Ni;S;;
and D: FeS, Ni,S;, (Fe,Ni)S;. The position of the Ni-Fe alloy/Ni-
Fe sulfide curve is calculated from the reactions Fe + %S; — FeS
and 3Ni + §; = Ni,S; (see text). Region | is the fo, — Tmror
equilibration of CAl, chondrule and matrix OAs determined in this
study; the region brackets the Ni-Fe alloy/Ni-Fe sulfide curve to dis-
play the approximate uncertainties due to non-ideal solution, com-
positional vanability of phases and thermodynamic parameters.

1097 (k™"
FIG. 11. Plot of the logarithm of fo, versus T for equilibria relevant

10 OA origin. The solar gas curve is at P = 10”* bar (GROSSMAN,
1972) and the V/VO and Ni/NiO curves are calculated from ther-
modynamic data (CHASE et al., 1985). Curve (a) is Fe/Fe;0,, curve
(b) is Nig,Feyy/FeyO,, and curve (c) is NigFe,s/Fes0, (MCMAHON
and HAGGERTY, 1980). Lines a, b and ¢ end at the highest temper-
atures at which the alloys are stable with magnetite (MCMAHON and
HAGGERTY, 1980). Region [ is the fo, — T space for partitioning of
V between alloy and silicate liquids as calculated in the text. Region
11 is the o, — T space for crystallization of fassaite in CAls based on
reactions involving Ti**/Ti** ratios in fassaites (BECKETT and
GROSSMAN, 1986). Region 111 is the fo, — 7 space determined in this
study for equilibration of CAl, chondrule and matrix OAs. The sizes
of regions 1, 11 and 1] display the approximate uncertainties due to
non-ideal solution, compositional variability of phases and ther-
modynamic parameters.
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tures below ~870 K), and the NigsFe,s alloy in CAI EGG3-
OAl equilibrates with Fe,O, along curve (c) (temperatures
below ~1330 K). If Fe-rich Ni-Fe alloys are exposed to an
Jo, more oxidizing than the Fe-Fe;0, buffer at 870 K [curve
(a)), magnetite will form, enriching the remaining alloy in
Ni as demonstrated by BRETT (1967) and MCMAHON and
HAGGERTY (1980). If log fo, were ~1 unit more oxidizing
than the Fe-Fe,;0, buffer [ie. on curve (b)], magnetite for-
mation would proceed until the alloy was enriched in Ni to
the NigFe;; alloy composition. If log fo, were ~ 1.5 units
more oxidizing than the Fe-Fe;0, buffer [curve (c)], oxidation
would proceed until the NigFe;s alloy composition was
reached. It is clear that oxidation of an initially Fe-rich alloy
within a small range of oxygen fugacity near the Fe-Fe,0,
buffer can result in large variation in Ni-Fe alloy composi-
tions.

Magnetites from CAl OAs sometimes contain up to 12%
V as V,0; (ARMSTRONG ef al., 1987) which coexists with
Ni-Fe alloys that contain =0.1% V. This can be explained
by the experiments of BLUM er al. (1989) which showed
that, while 0.5% V can dissolve in Ni-Fe alloys at f,'s slightly
lower than the Fe-FeO buffer, when these alloys are exposed
to fo,'s above the Fe-FeO buffer, V will oxidize from the alloy
and partition strongly into magnetite rims as they form.

ALLOY DIFFUSION IN CAl OPAQUE ASSEMBLAGES
Preservation of sharp phase boundaries

ARRHENIUS and RAUB (1978) showed that the reported
existence of sharp boundaries between Pi-rich metallic phases
and Ni-Fe-rich metallic phases (EL GORESY er al,, 1978) in
CAl OAs could provide important constraints on the cooling
history of these OAs and their host CAls if Pt-rich phases
were carly nebular condensates that aggregated with Ni-Fe-
rich phases before the melting of CAls, as suggested by EL
GORESY et al. (1978). Using the diffusion coefficient (D) for
Pt in Ni, ARRHENIUS and RAUB (1978) calculated that the
sharp phase boundaries could not have existed at CAI liquidus
or condensation temperatures (1600-1700 K) for more than
a fraction of a second or at 900 K for more than one day
without developing measurable diffusion gradients due to the
dissolution of Pt in the Ni-Fe phase. They concluded that
CAls must have formed during extremely short thermal
pulses.

Recent studies of CAI OAs (ARMSTRONG er al., 1985a,
1987) have not confirmed the original report (EL GORESY er
al., 1978) of Pi-rich metallic phases in contact with Ni-Fe-
rich metallic phases (as a rule, Pi-rich metallic phases are
surrounded by sulfide); however, the approach taken by AR-
RHENIUS and RAUB (1978) is potentially powerful and can
be used to interpret the commonly observed boundaries be-
tween eRu-Fe and yNi-Fe in CAl OAs that we have described
above. Using the recent determination by BLUM er al. (1989)
of the diffusion coefficient for Ru in yNi as a function of
temperature [DRY(T)] as a simplified analog for the diffusion
of Ru in yNi-Fe in CAl OAs, we have calculated isothermal
survival times for sharp boundaries between ¢Ru-Fe grains
and surrounding yNi-Fe. Using the equation for radial dif-
fusion from a sphere (¢ff CRANK, 1975), we first calculated

the maximum Ru gradient in yNi-Fe that could be hidden
within the ~0.7 um resolution of our analyses. This gradient
corresponds to a Ru concentration of ~0.5% at a distance
of 0.5 um from a typical 1.0 um diameter eRu-Fe grain and
avalue of Dt = 2.5 X 107'° cm?. Using D}¥(T) and the radial
diffusion equation, we calculate that Ru(+Os + Re) gradients
would be detectable in our analyses if | um eRu-Fe spheres
were suddenly juxtaposed against Ni and held isothermally
for 24 seconds at 1673 K, 228 seconds at 1473 K or 22
weeks at 873 K; a result similar to that of ARRHENIUS and
RAUB (1978).

Another approach to this problem is to calculate the cooling
rate (ro) required to form Ru(+Os + Re) gradients that would
be detectable in our analyses, rather than calculating the 1s0-
thermal diffusion times. In this calculation, we replace Dr
with [;° D{(t)dt = D{(To)RT}/Er,, where R is the gas constant,
E is the activation energy, T, is the maximum temperature
and r, is the cooling rate (KAISER and WASSERBURG, 1983).
For the identical Ru(+Os + Re) gradient used in the iso-
thermal case, the integral is equal 10 2.5 X 107'° cm?, and
we can calculate r, for any given T,. During CAI melting,
the value of 7, reached was probably ~1700 K (STOLPER,
1982), for which we calculate r, 2 10° K hr™'. For a T, of
1550 K (which is a reasonable lower limit), we calculate ry
2 10* K hr™'. Although these cooling rates are possible for
CAls in a radiative environment (¢f MACPHERSON et al.,
1984), they are at odds with inferences based on experimental
studies of the silicate portion of Type B CAls, which imply
much slower cooling at 7o =~ 0.5-20 K hr™' (STOLPER and
PAQUE, 1986). Even the lowest T, (1550 K) and highest r,
(200 K hr™') values considered plausible by STOLPER and
PAQUE (1986) for Type B CAls would produce nearly com-
plete homogenization of | um ¢Ru-Fe grains in yNi-Fe. We
therefore consider it unlikely that sharp boundaries between
eRu-Fe and yNi-Fe could have survived the crystallization
of CAls.

Exsolution of eRu-Fe grains

Although sharp boundaries between eRu-Fe and yNi-Fe
in CAls would be difficult to preserve during CAI melting,
they could instead have formed by exsolution of eRu-Fe from
Ni-Fe-Ru alloys during cooling of CAls below the solidus, as
suggested by BLUM er al. (1988). Using the diffusion coeffi-
cient for lattice diffusion of Ru in Ni (D}Y) from BLUM et
al. (1989), we can estimate the time scale necessary for exso-
lution of eRu-Fe from a homogeneous Ni-Fe-Ru(+0Os+Re)
alloy at various temperatures. We have applied the treatment
of diffusion-limited exsolution given by Ham (1958) for this
purpose. We assume that at 1 = 0, eRu-Fe nuclei capable of
growth were present in Ni-Fe-Ru alloy and that the nuclei
were separated by a constant spacing of 24, where A is the
radius of influence of each nucleus. We further assume growth
of spherical grains by diffusion of Ru(+Os + Re), thus de-
creasing the average concentration (¢) of Ru(+Os + Re) in
the surrounding yNi-Fe with time. The initial concentration
of Ru(+0s + Re) in the Ni-Fe-Ru alloy is ¢, the Ru(+0s
+ Re) concentration in yNi-Fe in equilibrium with exsolved
€Ru-Fe is ¢/, and the Ru(+0s + Re) concentration in exsolved
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eRu-Fe is ¢;. The exsolved fraction at any given time is defined
as Y(1) = (co — €)/{co — ¢'). HAM (1958) showed that for Y(/)
> W

- C;I!Ai
3“:0 — cr)ltl "

We calculated the time necessary for diffusion-limited exso-
lution of eRu-Fe grains in CAIl OAs, using the value for
DEY(T) and estimating A, ¢, ¢, ¢’ and ¢,. We use the maxi-
mum value of 4 = 4 um from the spacings between ¢Ru-Fe
grains in JIM-OAl, WILLY and F3. The other parameter
values are estimated from our analyses of metallic phases
and estimates of bulk alloy compositions for JIM-OAI,
WILLY and F3, and are given in Table 3. The calculated
exsolution times are given in Table 4. It was shown above
that exsolution was initiated below 870 K and probably oc-
curred at ~770 K. According to our calculation, exsolution
would require 2 10° years a1 773 K.

We also calculated the cooling rate (ro) if the diffusion-
limited exsolution process described above occurred during
continuous cooling rather than isothermally. We have cal-
culated r, for the CAl OAs JIM-OA1, WILLY and F3 using
data given in Table 3. We use the equations given by Ham
(1958), replacing Dr with the approximation for [5 DXt)d!
from KAISER and WASSERBURG (1983) given above. Values
for r, were calculated at temperatures for the onset of exso-
lution (T) equal to 873, 773 and 673 K (see Table 4). If
exsolution began at 773 K, a cooling rate of SI0* K hr' is
required. The formation of eRu-Fe grains by exsolution
(controlled by lattice diffusion) is thus kinetically feasible with
thermal metamorphism at constant temperature (~770 K)
for at least 10° years or during slow cooling at rates less than
107* K hr' through the 770 K temperature range. If the
grain size of yNi-Fe was very small relative to the spacing of
¢Ru-Fe nuclei, grain-boundary diffusion could have played
an important role in the diffusion-limited exsolution process
below about 900 K (SHEWMON, 1963). We consider this un-
likely, but if it were the case, the thermal metamorphism
time scale could have been shorter and/or cooling rates faster
than the values we have calculated based on lattice diffusion
rates.

Y()=1- Zexp(%‘); where ¢

ORIGIN OF OPAQUE ASSEMBLAGES

We showed above that phase assemblages in all Allende
OAs, whether from CAls, chondrules or matrix, appear to
have equilibrated at temperatures of ~770 K or lower, and
at similar, relatively high levels of f;, and fo, (Figs. 8-11).
We also showed that it is unlikely that CAI OAs are preserved
aggregates of phases formed before the crystallization of their
host CAls and chondrules. Based on these observations, we
propose the following model for the origin of OAs. Following

Table 3. Ru(+Os+Re) concentrations
in atos percent used im
diffusion-limited exsolu-
tion calculation. See text
for explanation.

£ gy @ =y |
JIm=0Al 1.30 44 0.3 59 O.7¢
WILLY 0.49 1.7 0.3 % 0.8¢
3 0.63 3.3 0.3 53 0.88

Tadle 4. Isothermal giffusion times (t) and cocling rates (1)
calculated based on diffuston-limited exsolution wodel.
See text for explanation.

t (yr) [ x wr7i)

Y® W T oA T T * T
Deem?) 873 % 73K 673 K 873k MIKk &M X

JIm-0a1  2#30°0 . S=107  3a10% 9210™ S5s=107% e=i070
wILLY s=107% 10 20=107  10=30* 3:107 1=)07¢  2w1C70
3 a0 7 9=102  S=10% 55107 3x107% 4xj0”?

previous workers, we assume that proto-CAl, proto-chondrule
and proto-matrix material formed as condensates (or evap-
orative residues) in the solar nebula. When the silicate por-
uons of CAls and chondrules melted or partially melted under
highly reducing conditions, siderophile elements that had
previously condensed as alloys and/or oxides partitioned into
molten, proto-OA alloy droplets. As CAls and chondrules
cooled, the alloy droplets crystallized 1o homogeneous solids
which were included in the major silicate minerals (+ spinel)
as they crystallized. At still lower temperatures of ~770 K.
the homogeneous, proto-OA alloys exsolved into immiscible
metallic phases as Fe was removed from them by partial ox-
idation and sulfidation, thus completing the formation of
CAI and chondrule QOAs. Uncertainty concerning the origin
of the silicate portion of the matrix material prevents us from
proposing a detailed model for matrix OAs, but we note that
the common assemblage of pentlandite surrounding yNi-Fe
in matrix OAs is consistent with the reequilibration of yNi-
Fe at conditions of temperature, f;, and fo, similar to those
experienced by CAl and chondrule OAs.

Nebular condensation

QOur model contrasts with the suggestions of many previous
workers that the metallic phases in CAl OAs are the direct
products of equilibrium condensation from a gas of solar
composition (e.g. PALME and WLOTZKA, 1976; BLANDER er
al., 1980; ARMSTRONG et al., 1985a). Neither the composi-
tions of individual eRu-Fe grains and 4Ni-Fe nor the bulk
alloy compositions of CAI OAs that we studied are close 10
calculated condensates. Alloys condensed between 1700 and
1500 K are predicted 10 have about | to 10% of each refractory
siderophile element and relatively low Ni (0.1-3%) and Fe
(0.3-20%) concentrations (PALME and WLOTZKA, 1976). The
ratio of Ni/(Ni + Fe) could only reach a maximum of 0.20
in these very high-temperature condensates (PALME and
WLOTZKA, 1976; KELLY and LARIMER, 1977; GROSSMAN
et al., 1979), far lower than the value of 0.67 in alloys in
most CAl, chondrule and matrix OAs. Below about 1460 K,
refractory siderophile concentrations are predicted to drop
rapidly to the 10 ppm level, and Ni/(Ni + Fe) is predicted
to rapidly approach the cosmic value of ~0.06 (GROSSMAN,
1972; PALME and WLOTZKA, 1976). To condense alloys with
refractory siderophile contents close to those of CAI OA bulk
alloy compositions, PALME and WLOTZKA (1976) argued that
the temperature interval for the condensation of these grains
would have to be in the very narrow range of 1462 to 1466
K, but even these condensates would be far 100 poor in Ni
to match observed OA alloy compositions. BISCHOFF and
PALME (1987) suggested that yNi-Fe in CAl OAs condensed
along with magnetite directly from the nebula at an fo, far
higher than a solar gas 1o account for the high values of Ni/
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(Ni + Fe) observed; although alloys with high Ni/(Ni + Fe)
could condense under these conditions, we deem it unlikely
that magnetite (or Fe sulfide) could have survived CAl melting
without being converted to metallic Fe under the very re-
ducing solar gas conditions of CAl melting.

The model proposed here for OAs suggests that all of the
Ni and Fe currently in alloys, oxides and sulfides in each OA
was originally in a homogeneous, proto-OA alloy. According
to this view, it is the Ni and Fe contents of the bulk OA
(rather than the present bulk alloy composition) that give us
an estimate of the proto-OA alloy compositions. Our model
does not require that proto-OA alloy compositions were con-
trolled by condensation processes, but it is interesting to con-
sider whether this could be the case. The majority of CAl,
chondrule and matrix OAs [Ni/(Ni + Fe) = 0.25 to0 0.50]
could have originated as condensate alloys [Ni/(Ni + Fe)
< 0.20] that were oxidized and/or sulfidized, provided that
some Fe was lost from the bulk OAs to neighboring spinel
and silicates. Even EGG3-OA 1 [Ni/(Ni + Fe) = 0.90] could
have formed in this way if a large enough amount of Fe was
lost to the surroundings. We have found petrographic evi-
dence for the loss of Fe from OAs in both CAls and chon-
drules. As shown by ARMSTRONG et al. (1987), most spinels
are enriched in Fe within ~100 um of CAl OAs with Fe
concentration gradients increasing toward OAs, and as shown
by Hua er al. (1988), olivine is someumes enriched in Fe
adjacent to OAs in chondrules.

LE0575-0A1 [Ni/(Ni + Fe) =~ 0.05 to 0.06] and other
OAs from meteorites of the C3V *reduced subgroup™ cannot
have formed from alloys whose compositions approximate
a nebular condensate by the simple scenario of oxidation
and/or sulfidation with subsequent loss of Fe. The bulk Ni/
(Ni + Fe) ratio of LEQ575-OA1 could match lower temper-
ature condensates (<1400 K), but such condensates would
contain <100 ppm total refractory siderophiles (PALME and
WLOTZKA, 1976), whereas LE0O575-OA | has a total refractory
siderophile content of about 10%. Possibly, the LE0575-0A1
bulk composition represents a mixture of alloys formed dur-
ing two intervals of condensation; i.e. a mixture of a high-
temperature condensate (high refractory siderophiles) and a
lower-temperature condensate [low Ni/(Ni + Fe)].

Constraints on fo, during CAI and chondrule melting
and crystallization

CAls and chondrules are widely believed to have melted
and recrystallized in the nebula subsequent to condensation.
The composition of the cooling solar gas defines nearly a
straight line on a plot of log fo, versus 1/T (“solar gas™ curve,
Fig. 11). Studies of Ti**/Ti** in fassaites in CAls (STOLPER
et al., 1982; BECKETT and GROSSMAN, 1986) indicate that
fassaites in most CAls crystallized in a narrow range of log
Jo, within about one unit of the solar gas curve (see Fig. 11).
Fassaites are believed to preserve a record of the fo, during
CAI crystallization, whereas the compositions of other phases
such as magnetite, hibonite and melilite have been reset by
highly oxidized subsolidus conditions (BECKETT er al,, 1988).

JOHNSON (1986) studied chondrules from C2 and un-
equilibrated ordinary chondrites and suggested that the lowest
Fe content of the cores of olivines and pyroxenes could be

used to calculate limiting fo, values for chondrule crystalli-
zation. Following the arguments given by JOHNSON (1986),
we calculate that the low Fe contents of the cores of some
olivines and pyroxenes from Allende chondrules (<1% fay-
alite, <1% ferrosilite; RUBIN and WASSON, 1987) could in-
dicate original crystallization at an fo, within ~2 orders of
magnitude of the solar gas curve, with subsequent sub-solidus
addition of Fe to the rims under more oxidizing conditions.

Melting of the silicate portions of CAls and chondrules at
a solar gas f,, would result in the partitioning of siderophile
elements, originally condensed as either alloys or oxides, into
immiscible alloy liquids. The estimated maximum temper-
ature experienced during CAI melting is 1700 to 1800 K; the
only major phase expected not to have completely melted is
spinel (STOLPER, 1982). At temperatures of 1700 to 1725 K,
most Ni-Fe alloys would melt (KUBASCHEWSKI, 1983) and
the presence of dissolved P (MASSALSKI, 1986) or other ele-
ments could cause them to melt at even lower temperatures.
During cooling, Ni-Fe alloy droplets and spinel would be the
first phases to crystallize. The common occurrence of CAl
OAs in embayments in spinel (Fig. 2) suggests that some
spinel crystallized after the formation of proto-OA alloys.
Many Type B CAls have coarse-grained melilite rims that
have very few inclusions of spinel and OAs. If crystallization
proceeded from the outside of CAls inward, advancing mel-
ilite crystal faces might have pushed early crystallized spinel
and proto-OAs toward the center of the inclusion where mel-
ilite, fassaite and anorthite subsequently crystallized around
them, resulting in textures observed in many CAls. Chon-
drules are believed to have crystallized from maximum tem-
peratures of 1670 to 1870 K (HEwINs, 1983), indicating that
olivine and pyroxene in chondrules probably crystallized be-
fore or simultaneously with chondrule proto-OA alloy Liquids.

During the stage when CAls and chondrules were partially
molten, Fe and Ni, if present, would form the major con-
stituents of molten alloys. All other elements that are side-
rophile at the very reducing ambient fo, would be expected
to partition strongly into the alloy liquid. As expected, com-
mon siderophiles, such as Co and P, are abundant in OAs
from both CAls and chondrules. Refractory siderophiles such
as Mo, W, Re, Ru, Os, Pt and Ir occur in much higher con-
centrations in CAI OAs than in OAs from chondrules or
matrix, reflecting the large enrichment of refractory sidero-
philes in the parental material for CAls compared to the pa-
rental material for chondrules and matrix. Although it is ex-
pected that each individual proto-OA alloy droplet was ho-
mogeneous, compositional differences between alloy droplets
within a given CAI or chondrule, inherited from alloys present
in the initial unmelted proto-CAl and proto-chondrule ag-
gregates, were probably preserved.

The partitioning of V between proto-OA alloys and silicate
melt may be particularly sensitive to fo, for values of /o, near
those of a solar gas because the V-VO buffer curve crosses
the solar gas curve at a temperature near the range of CAl
and chondrule melting (Fig. 11). If OAs originated as molten
alloy droplets in silicate liquid, then we can estimate the /o,
required to explain the observed partitioning of V between
OAs and enclosing silicates. Since we require an estimate of
the V content of the proposed precursor OA alloy droplets,
we restrict our attention to CAl OAs due to insufficient data
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on V contents of chondrule or matrix OAs. Most V is cur-
rently present in CAI OAs as V,0; in magnetite in concen-
trations ranging up to 12% V (ARMSTRONG et al., 1987).
Two CAl OAs have been analyzed by SEM in detail to de-
termine total V concentrations (ARMSTRONG et al., 1987),
and one bulk CAl OA has been analyzed by neutron acti-
vation (GROSSMAN & al., 1986). If these three OAs originated
as alloys, the initial V content would have been 1.1, 2.6 and
5.5 wt%, respectively; we will use the average of 3.1 w1% in
our calculations. The V content of the host CAl silicate min-
erals (and spinel) has not been determined, but the average
bulk CAl V content is ~620 ppm (WANKE er al., 1974). We
can estimate the V content of the host silicates (and spinel)
by difference using the estimate of ARMSTRONG et al. (1985a),
which suggests that OAs originally comprised about 0.] w1%
of CAls. In this case, the average silicate (and spinel) host
concentration of V would be about 590 ppm (note that most
of the V in CAls is in the silicate + spinel fraction). Parti-
tioning between alloy and silicate at conditions of CAl melting
would be determined by the reactions V + 40, = VO and
2V + %0, = V,0;. Although our calculation is based on
VO, the presence of dissolved V;0, would not greatly affect
the following discussion. The equilibrium constant (K') can
be calculated for the V/VO reaction from thermodynamic
data (CHASE et al., 1985), vielding:

o X318

KD = FoXTrE

= exp(50995 T~' - 9.72)

where v/ is the activity coefficient (of i in j), X7 is the mole
fraction (of 7 in j) and T is the temperature in K. Lacking
data on activity coefficients, we assume that their ratio is
unity. We further assume that the fraction of the total V in
CAls that is now associated with OAs (X$*') was once in a
proto-OA alloy in the metallic state and that the remaining
V in CAls (X$4') was in the coexisting silicate melt. For any
measured partitioning behavior, the equation can be solved
for fo,, yielding an equilibration line on a plot of log /o,
versus 1/T. The line defined by the estimated average value
of X948 /X5* = 0.05 is plotted in Fig. 11 bounded by dashed
curves calculated for XT8'/XV* greater and smaller than the
average value by a factor of 3, which is a reasonable estimate
of the accuracy of the value chosen for the ratio of V in OAs
versus the silicate + spinel fraction of CAls. The line for the
average XU5'/X$* value is displaced 3 log fo, units above the
pure V-VO buffer, which is shown for reference. In the tem-
perature range of 1550 to 1700 K, the inferred log /o, from
V partitioning lies within one unit of the solar gas curve. This
result is consistent with a proto-OA alloy in equilibrium with
a silicate melt and a gas of solar composition at the temper-
ature of CAl partial melting and with fo, estimates of
BECKETT and GROSSMAN (1986) from Ti**/Ti** in CAl fas-
saite (Fig. 11). If CAls cooled along the solar gas curve (Fig.
11), V would oxidize progressively and diffuse out of the
alloy into surrounding silicate (or spinel). This process may
explain the observations of ARMSTRONG er al. (1985a, 1987)
that many CAl OAs have rims ($20 um) of V-rich fassaite
(Fig. 2) and that V is often highly enriched in spinels in the
vicinity of OAs.

Opague assemblage equilibration

According to our model, the final equilibration of OAs in
CAls, chondrules and matrix occurred during metamorphism
or slow cooling under sulfidizing/oxidizing conditions. In an
earlier section, we quantified the temperature, f;, and fo, for
the formation of OA phase assemblages by comparison with
experimentally determined phase equilibria. In general,
equilibration conditions for OAs from CAls, chondrules and
matrix are similar even though relative modal abundances
of alloy, sulfide and oxide sometimes vary widely in adjacent
OAs within single CAls or chondrules. One possible expla-
nation for this is that sulfidizing and oxidizing gases gained
access to proto-OA alloys selectively via cracks. In the re-
mainder of this section, we speculate upon the origin of Ca-
phosphate (present in most CAl chondrule and matnix OAs)
and scheelite-powellite [Ca(W ,Mo)O,; present in some CAl
OAs] within the context of our model, and then discuss the
possible environment for OA equilibration.

At the fo, and f, of a solar gas, P, W and Mo are highly
siderophile and would partition into a Ni-Fe alloy liquid if
it was present. These elements are soluble in solid yNi-Fe at
high temperatures, but at lower temperatures (<1000 K) and
high enough concentrations, they would probably exsolve
into phases such as (Fe,Ni)P, Fe;W and Fe;Mo (¢f Mas-
SALSKI, 1986). This type of concentration by exsolution would
facilitate reaction of P, W and Mo with O; and a volatile
species of Ca (HASHIMOTO and WooD, 1986) to form Ca-
phosphate and scheelite-powellite under oxidizing conditions
at low temperature. This view contrasts with that of BISCHOFF
and PALME (1987), who suggested that scheelite-powellite
condensed under extremely oxidizing conditions ( fo, > 4 log
units above a solar gas) and from a gas with high nonsolar
partial pressures of Ca and/or W and Mo in the solar nebula
at temperatures of > 1672 K before the formation of OAs or
CAls.

C3V meteorites are generally believed 10 have been brought
together as accretionary breccias that were buried within
planetesimal bodies (¢f KRACHER er al., 1985). Since OAs
in CAls, chondrules and matrix from C3V meteorites all
equilibrated at similar temperature, f, and fo,, one possi-
bility is that the equilibration occurred afier these three major
components had accreted into a common parent body. The
slow cooling rates of 107 K hr™' required to account for
observed alloy exsolution in CAl OAs are consistent with
such an environment, as are the sulfidizing and oxidizing
conditions that we infer (HOUSLEY and CIRLIN, 1983). The
in situ decay of *Al provides an ample heat source if OA
equilibration occurred during an early metamorphic event
on a parent body. The interiors of bodies only a few km in
radius could reach temperatures in excess of 770 K for (**Al/
TAl) = 5-107%, or, alternatively, very shallow burial in larger
bodies could provide an adequate thermal environment for
equilibration (¢f MASHAMICHI ef al., 1981).

Distribution of refractory siderophiles in CAls

The refractory siderophile elements Ru, Os, Re, Irand Pt
are, in general, uniformly enriched to ~20X chondritic in
bulk coarse-grained CAls, whereas W and Mo are also en-
riched but sometimes not to this extent (GROSSMAN, 1973;
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FEGLEY and PALME, 1985). The major host of the refractory
siderophile elements in CAls are OAs and in some cases re-
fractory metal nuggets (RMNs; WARK, 1986). Refractory
metal nuggets are small (0.5-5 um) alloy grains which are
distinguishable from the larger multiphase OAs. They usually
occur in CAls that do not contain OAs (WARK, 1986), but
they are also occasionally found in OA-bearing CAls (EL
GORESY et al., 1978; BISCHOFF and PALME, 1987). The com-
position of some RMNs could plausibly have been produced
by direct nebular condensation (PALME and WLOTZKA, 1976;
WARK, 1986). The preservation of condensate RMN com-
positions in some CAls could reflect (1) the fact that some
CAls were never melted; (2) that some CAI melting events
were of sufficiently short duration that RMNs did not have
time to dissolve in proto-OA alloy droplets; or (3) that the
host CAls contained so little Ni + Fe that molten alloy drop-
lets did not form during CAI melting. RMNs that are relicts
of condensation might be expected to display a range of con-
centration of refractory siderophile elements due to the dif-
ferent volatilities of these elements; such a correlation appears
to have been observed in the CAl studied by WARK (1986).
Alternatively, RMNs could be remnants of OAs from which
sulfide and oxide phases were removed by secondary pro-
cesses.

The relative proportions of refractory siderophile elements
in bulk coarse-grained CAls suggest a role for nebular con-
densation (PALME and WLOTZKA, 1976; FEGLEY and PALME,
1985), yet the relative proportions of these elements in in-
dividual OAs and RMNs from single CAls are sometimes
highly variable (BISCHOFF and PALME, 1987). We prefer to
explain these variations by processes that occurred during
melting and equilibration of the CAls rather than by a process
that sampled diverse grains formed under variable conditions
in the nebula, and averaged them to approximately chondritic
ratios for each CAlL

CONCLUSIONS

We have shown by comparison of OA phase compositions
with experimentally determined phase equilibria and parti-
tioning behavior that alloy, sulfide and oxide assemblages in
OAs from CAls, chondrules and matrix could have been pro-
duced by the exposure of homogeneous alloys to high values
of f, and fo, at low temperature. We infer that CAI and
chondrule OAs originated at low fo, in CAl and chondrule
silicate liquids as homogeneous Ni-Fe alloy droplets that
contained other siderophile elements (e.g. P, Co, V, W, Mo,
Re, Ru, Os, Pt and Ir) in the reduced state. The complex
mineralogy that now characterizes OAs formed from these
proto-OA alloy droplets by sulfidation, oxidation, and exso-
lution. This occurred during slow cooling (510~ K hr™') or
metamorphism for 10° yr at ~770 K and at an f;, one log
unit above, and an fo, six log units above, a solar gas com-
position. The two-stage evolution proposed here, which in-
cludes homogeneous alloy formation at high temperature
followed by reequilibration at lower temperature, provides a
general explanation of the approximately solar refractory
element ratios in bulk CAls, chondrules and matrix, as well
as the complex compeositions of individual phases now ob-
served in OAs.

We consider alternative scenarios for the origin of CAl
OAs, which suggest that they formed in the solar nebula before
CAI melting and were subsequently captured in the CAls
and rapidly cooled (ARMSTRONG et al., 1985a, 1987; BISCH-
OFF and PALME, 1987), to be unlikely because the low tem-
perature mineral assemblages could not have survived melting
and subsequent cooling of the bulk CAI for any plausible
cooling rates. The scenario for the origin of OAs in chondrules
that suggests they formed by crystallization of metallic-oxide-
sulfide liquid droplets (HAGGERTY and MCMAHON, 1979;
McMAaHON and HAGGERTY, 1980) is not likely because sulfur
would probably have been vaporized and Fe oxide reduced
to metallic Fe under the relatively reducing conditions of
chondrule melting in the nebula. On the other hand, the
scenario of origin by oxidation of preexisting alloys (HAG-
GERTY and MCMAHON, 1979) is consistent with our findings.
Similarly, a scenario proposed for the origin of OAs in matrix
involving alteration of alloys (HOUSLEY and CIRLIN, 1983;
RUBIN and GROSSMAN, 1985) is supported by our findings.

The conditions that we estimate for the temperature,
% and fo, of equilibration for CAI, chondrule and matrix
OAs are very similar and suggest that these three components
of C3V meteorites share a common, late low-temperature
history, perhaps on a planetesimal body. Studies of OAs may
therefore provide quantitative constraints on the post-accre-
tionary equilibration conditions of C3V meteorites.
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APPENDIX IV. PRELIMINARY EXPERIMENTAL INVESTIGATION OF THE

ORIGIN OF IR-RICH ALLOYS IN CHROMITE

INTRODUCTION

Chromite-rich rocks worldwide share the common feature of high concentrations of three
of the PGE (Ir, Os and Ru) whether they occur in ophiolitic sequences or in layered
intrusions. While it has been well documented that Ir, Os and Ru are strongly concentrated
by the mineral chromite in most ultramafic occurrences (e.g., Crocket, 1981), the reason for
this association has not been well established. Interest in the origin of Ir, Os and Ru in
chromite has increased as chromitites have become PGE mineral exploration targets (e.g.,
Constantinides et al., 1980; Page er al., 1986; Naldrett and von Gruenewaldt, 1989).

In several early studies it was proposed that Ir, Os and Ru could be accommodated in solid
solution in the chromite lattice at magmatic temperatures (e.g., Gijbels er al., 1974; Morgan
et al., 1976; Naldrett and Cabri, 1976). More recently petrographic studies have identified
discrete 1 to 20 um diameter inclusions of Ir-Os-Ru alloys and sulfides in chromite from
nearly every major ophiolite and layered intrusion (e.g., Talkington e al., 1984; Auge,
1988). Alloy compositions range from ~80% Ir to ~80% Os with Ru contents up to ~50%
(Legendre and Auge, 1986; Talkington and Lipin, 1986) (all concentrations given in this
Appendix are in weight fractions). These compositions correspond to the minerals
osmiridium, iridosmine and rutheniridosmine according to the nomenclature of Harris and
Cabri, (1973). Sulfide compositions span the solid solution between laurite and erlichmanite
(Ru,0s)S, with up to ~20% Ir (Legendre and Auge, 1986; Talkington and Lipin, 1986).

If the high Os, Ir and Ru contents of chromites were established by partitioning of PGE

between chromite and silicate liquid, then the Os-Ir-Ru alloy and sulfide inclusions must have
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formed by exsolution from originally homogeneous chromite crystals. However, several
petrographic features of these inclusions have been used to argue against exsolution from
chromite including: 1) euhedral and anhedral habits, 2) non-crystallographic orientation, and
3) compositional diversity. Based on these types of features, virtually every petrographic
investigator has suggested that Ir-Os-Ru alloys and sulfides precipitate directly from magmatic
liquids creating nucleation sites for chromite crystals, which crystallize around the small
particles and mechanically remove them to chromitite layers (e.g., Talkington er al., 1984,
1986; Auge, 1988). Although Ir-Os-Ru-rich inclusions are observed as both alloys and
sulfides, the discussion in this Appendix will concentrate on the relationship between alloys
and chromite because most ophiolites and layered intrusions have cooled slowly, allowing the
subsolidus reequilibration of alloys to sulfides or vice versa, depending on the ambient f5,
(Stockman and Hlava, 1984; Legendre and Johan, 1981).

The origin of Ir-Os-Ru-rich inclusions in chromite is important to the understanding of
PGE fractionation during mantle partial melting and crustal magmatic differentiation.
Experimental data reported herein and in the literature will be used to discuss the plausibility
of the two competing hypotheses for the origin of the inclusions, i.e., 1) solid solution of Ir-
Os-Ru in chromite followed by exsolution of alloys or 2) crystallization of Ir-Os-Ru alloys
from silicate liquid followed by chromite nucleation and growth. It will be argued that the
available data suggest that the first alternative is more plausible than the second. However,
interpretation of the experiments reported here are somewhat ambiguous and a conclusive test

of these hypotheses must await further experimentation.
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EXPERIMENTAL METHODS
PGE-FeS liquid

Synthetic pyrrhotite (Fe, xS) was prepared by weighing pieces of pure Fe rod and S
powder and sealing them in an evacuated silica glass tube. The tube was heated to 600°C for
24 hours to react the S and Fe. The FeS was then melted at 1250°C for 5 minutes and
annealed at 1000°C for 24 hours to homogenize the sample. The sample tube was quenched
in water and the sample was ground in an agate mortar under ethyl alcohol. A 50:50 mixture
of Fe, .S with Ir wire and a 50:50 mixture of Fe, .S with Pt wire were sealed in evacuated
silica tubes. The samples were melted in a vertical quench furnace at 1300°C for 1 hour and
quenched into liquid nitrogen. They were then cut with a diamond saw, mounted in epoxy,
polished with diamond paste, and carbon coated for electron beam analysis.
PGE-chromite

Synthetic chromite (FeCr,O,) was prepared by weighing and grinding pure FeO and Cr,0O,
powder in an agate mortar under ethyl alcohol. The powdered mixture was pressed into a 10
mm diameter pellet using polyvinyl alcohol as a binding agent and hung by a 100 ym
diameter Pt wire at 1500°C in a vertical quench gas-mixing furnace. The fo, was maintained
midway between the iron-wiistite and wiistite-magnetite buffers using a flowing gas mixture of
CO and CO,. The pellet was quenched in distilled water and dried in an oven at 100°C. The
grinding and annealing process were then repeated to increase homogeneity. Natural
chromite (Fe,Mg)(Cr,Al,Fe),0, from the G-zone chromitite of the Stillwater Complex,
Montana (for compositional data see Talkington er al., 1986), was prepared by crushing the
chromitite, handpicking chromite grains with minimum adhering silicate, and then grinding
the chromite in an agate mortar under ethyl alcohol.

Pure Ir and Pt powders were weighed and added to splits of the synthetic and natural
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chromite powders at the 1% level. The grain size of both the Ir and Pt was 0.3 to 2 um.

The samples were ground in an agate mortar under ethyl alcohol for 1 hour to evenly disperse
the PGE and they were then split, diluted with pure chromite and reground to produce
samples that contained 100, 500 and 1000 ppm of both Ir and Pt. These will be referred to as
the "100 ppm,” "500 ppm," and "1000 ppm" samples. Doped and undoped powders were
pressed into pellets with a 3 mm diameter and 1 mm thickness. The pellets were hung with
25 pm diameter Pt wire in a vertical quench furnace at an fo, midway between the iron-
wiistite and wiistite-magnetite buffers and annealed for 2 weeks at 1450°C. The fo, was
chosen because it corresponds to the intrinsic fO, measured for chromitite samples from the
Stillwater and Bushveld Complexes by Elliot er al. (1982). The pellets and Pt hanging wires
were quenched, dried, cut into sections with a diamond saw, mounted in epoxy, polished with
diamond paste and carbon coated for electron beam analysis.
Electron beam analysis

Quantitative analyses were made with an energy dispersive detector on a Camscan electron
microscope (SEM) and wavelength dispersive detectors on a JEOL electron microprobe
(EMP). Pure metals were used for standards, except for Fe, S which was used as the
standard for S. All analyses were made at an accelerating voltage of 20 KeV with counting
times of 100 sec. A beam current of 0.1 nAmp was used for energy dispersive analyses and a
beam current of 500 nAmp was used for wavelength dispersive analyses. X-ray lines used for
analyses were L, for Pt and Ir, and K, for Fe, Cr and S. The ZAF correction procedure was

used for quantification of X-ray intensities.
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EXPERIMENTAL RESULTS

PGE-FeS

SEM analyses of the PGE-FeS experiments indicate that both Ir and Pt are soluble in
saturated FeS melt at the percent level but that in each case an interstitial metallic phase
exsolves at grain boundaries upon quenching. In the Ir-FeS experiment, analyses of rastered
areas (which included both FeS and the interstitial metallic grains that exsolved upon
quenching) indicate that 3.9% Ir dissolved in the FeS liquid. The bulk of the Ir remained in
the adjacent Ir wire. The quenched FeS retained 3.6% Ir and the intergranular metal grains,
which range in size from 0.1 to 0.5 ym, are 88% Ir and 12% Fe.

In the Pt-FeS experiment, analyses of rastered areas (which included both FeS and the
interstitial metallic grains that exsolved upon quenching) indicate that 14.9% Pt dissolved in
the FeS liquid. As in the case of Ir, the bulk of the Pt remained in the attached Pt wire. The
quenched FeS in this experiment retained only 0.3% Pt and the intergranular Pt metal grains
were much larger, ranging in size from 1 to 5 um. The composition of the exsolved metallic
phase was 87% Pt and 13% Fe.

PGE-Chromite

The PGE-chromite experiments were designed to test whether the solubility of Ir in
chromite was above or below the minimum detection limit for EMP analysis. Thus, the first
problem was to determine the minimum detection limit for Ir and Pt in a chromite matrix.
Synthetic and natural chromite samples that were not annealed were analyzed for Ir and Pt in
15 individual spots. The mean count rates correspond to concentrations of 105 +53 ppm Ir
and 66 +51 ppm Pt (all uncertainties are given as +10). These values are considered
background intensities for a chromite with no Ir or Pt and were subtracted from all chromite

analyses. The typical uncertainty of the individual analyses due to counting statistics is +45
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ppm. Analyses of a secondary standard which contains 325 ppm Ir and 325 ppm Pt in a Ni
matrix were used to calculate the detection limit from Poisson statistics at the 95% confidence
level following the approximation of Ziebold (1967). The detection limit calculated for Ir is
81 ppm and for Pt is 110 ppm.

The three synthetic and three natural chromites that were annealed with Pt and Ir powder
dispersed within them were next analyzed by EMP. The analyzed spots were verified not to
contain metal grains using the backscattered electron detector on the EMP. The mean
concentrations for 21 analyses from the six samples (after background and ZAF corrections)
are 18 +42 ppm Ir and 17 +47 ppm Pt. These mean values are well below the minimum
detection limits. Each of the six samples were also analyzed in two to four separate areas (in
the interiors of the pellets) in a 400x400 pum raster pattern which included both chromite and
the dispersed Ir and Pt grains. The mean of seven analyses of the two "100 ppm" samples
are 114 +38 ppm Ir and 132 +77 ppm Pt [(Ir/(Pt+1Ir)= 0.46]; the mean of five analyses of
the two "500 ppm" samples are 236 +45 ppm Ir and 297 + 125 ppm Pt [(Ir/(Pt+Ir)= 0.44];
and the mean of five analyses of the two "1000 ppm" samples are 642 + 106 ppm Ir and 764
+68 ppm Pt [(Ir/(Pt+Ir)= 0.46].

The concentrations of Ir and Pt in the "500 and 1000 ppm" samples are lower than
expected indicating that either the homogenization and dilution procedure was not quantitative
or that Ir and Pt were lost from the samples during annealing either by diffusion into the Pt
hanging wires or by volatilization. The Pt hanging wires were analyzed to see if they had
gained Ir during annealing. Unfortunately, the sample pellets fell out of the Pt wire loops
during quenching making it impossible to match the wires with individual samples. Two
pieces of Pt wire that had not been annealed and eleven random pieces of Pt hanging wire

from the experimental runs were analyzed. Both unannealed Pt wires analyzed contain
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0.786% Fe and 0.070% Ir. The mean concentrations of the Pt hanging wire are 15.3 +2.2%

Fe and 0.248 +0.071% Ir. The mass of Pt hanging wire used for each sample was ~ 1 mg
and the mass of each sample was ~25 mg. Thus, the mean Ir added to the Pt hanging wire
corresponds to an average of 70 ppm Ir from each of the 10 samples annealed. If most of
the Ir was contributed by the four "500 and 1000 ppm" samples, as much as 175 ppm Ir
could have been lost from each of these samples. This could at least partially explain the 200
to 350 ppm apparent loss of Ir from the "500 and 1000 ppm" samples. However, there were
nearly equal losses of Ir and Pt which suggests that Pt was also lost from the sample to the
hanging wire or both metals were volatilized during annealing.

The SEM was used to determine the Ir/(Ir+Pt) content of the individual metal grains in
the samples after annealing. Each of the Ir and Pt alloy grains gained ~ 10% Fe from the
surrounding chromite. Many of the grains were smaller than the ~ 1 um x-ray interaction
volume and thus also contain Fe and Cr in the analyses from the surrounding chromite.
However, this does not effect the determination of the Ir/(Ir+Pt) ratio in the alloys. The
natural chromite samples recrystallized during annealing (perhaps due to the presence of
~2% interstitial silicate glass that may have acted as a flux) and formed dense pellets which
formed smooth surfaces when polished. The synthetic chromite samples remained porous
after annealing and these samples (plus all of the unannealed samples) formed pitted surfaces
when polished with only 10-20 um diameter islands of well polished material.

The Ir and Pt grains were evenly dispersed throughout the chromite in the unannealed
starting materials and no metal grains were observed adhering to one another. The sizes of
30 Ir grains that were measured with the SEM in unannealed samples ranged from 0.3 to 2.0
pm and averaged 0.8 um, and the sizes of 25 Pt grains ranged from 0.3 to 1.5 pm and

averaged 0.7 um. The average spacings of Ir and Pt grains were calculated assuming a
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0.75 pm grain size and are 130, 42 and 35 pm in the "100 ppm,” "500 ppm" and "1000
ppm" samples respectively. Ir and Pt form a complete solid solution at 1450°C and thus the
expected equilibrium condition would be a single metallic phase with a Ir/(Ir +Pt) ratio of
~0.5.

The Ir/(Ir+Pt) ratio of the metal grains after annealing yields information about the
mobility of Ir and/or Pt in chromite at elevated temperatures. The Ir/(Ir+Pt) ratios for each
grain analysis determined by SEM and the raster analyses determined by EMP are plotted of
Fig. 1. The mean Ir/(Ir+Pt) ratios (X,, n=number of analyses) of metal grains in the "100,
500 and 1000 ppm" Stillwater chromite samples are X,,=0.38 +0.23, X,,=0.42 +0.16, and
X,s= 0.43 +0.09, respectively. The mean Ir/(Ir+Pt) ratios of metal grains in the "100, 500
and 1000 ppm" synthetic chromite are X,;=0.10 +£0.06, X;5=0.40 +0.17, and X,= 0.45
+0.11, respectively. With the exception of the "100 ppm synthetic sample," a definite
pattern emerges. The mean Ir/(Ir +Pt) ratios are close to the bulk ratios determined from the
raster analyses, and the standard deviations decrease systematically with increasing Ir and Pt
concentration (and thus the decrease in distance between metal grains). This pattern is
consistent with a process whereby Ir and/or Pt diffused through the chromite causing Pt grains
to gain Ir, and/or Ir grains to gain Pt. It is not clear whether the diffusion mechanism is
dominantly grain boundary or lattice diffusion.

A very rough approximation of the diffusion coefficient (D) for Ir (and/or Pt) in chromite
can be calculated from the data. Ir and Pt grains in the "500 ppm" and "1000 ppm" samples
in which grains were on average 42 and 35 pm apart have Ir/(Ir+Pt) close to 0.5 and thus
have almost completely equilibrated. All of the Pt grains in the "100 ppm" samples have
gained some Ir, but some have gained only a few percent. This suggests that the diffusion

distance is greater than the 130 pm average distance between grains in the "100 ppm" samples
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Fig. 1 Ir/(Ir+Pt) ratio from SEM spot analyses of alloy grains (open circles) and EMP

raster analyses (400x400 um) of chromite with included alloy grains (solid bars) in chromite
samples annealed with Ir and Pt powder. "100 ppm, 500 ppm and 1000 ppm" indicate the
concentration of Ir and Pt powder mixed into the chromite starting material. The dashed line
indicates Ir=Pt which is the expected equilibrium condition. Raster analyses indicate that
roughly equal concentrations of Ir and Pt are present in all of the bulk materials. The scatter
in the 100 ppm raster analyses is probably due to poor counting statistics since the ~ 100 ppm
measured concentrations are only slightly higher than the 80 ppm detection limit. Note that in
the Stillwater chromite the higher the concentration of metal grains (and thus the closer their
spacings) the closer the alloy compositions are to Ir=Pt. The reason for the lack of Ir-rich

alloys in the "100 ppm" synthetic sample is uncertain. See text for further discussion.
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and approximately equal to the maximum spacings between grains. A reasonable guess at this
maximum distance based on observations of the unannealed samples is twice the average grain
spacing, which is ~260 um. Following a rough approximation that the characteristic
diffusion distance (X) is equal to +/(Dt), a value of D =6x10"° cm?®/sec is calculated for Ir
and/or Pt diffusion in chromite at 1450°C. This calculation is intended only as an order of
magnitude estimate. As indicated above, the diffusion mechanism is unknown.

Freer and O’Reilly (1980) studied Fe-Mg interdiffusion in pressed spinel powders between
800 and 1034°C in FeAl,0,-MgAl,O, and Fe,GeO,-Mg,GeO, couples as a function of
composition. When their data are extrapolated to 1450°C, the interdiffusion rates in each
system vary by several orders of magnitude depending on composition. With a Fe content of
~25%, the Fe-Mg interdiffusion rates in both couples are equal to the diffusion rate for Ir
(and/or Pt) in FeCr,0O, that was estimated above. This comparison is intended only to point
out that Ir (and/or Pt) mobility in sintered spinel is within the range of values measured for
major cation diffusion in sintered spinels.

The lack of identifiable metal grains rich in Ir in the "100 ppm" synthetic sample is
difficult to understand. Three possible explanations are 1) the Ir grains (which have greater
hardness than Pt) are plucked from the polished surface during polishing, 2) the Ir grains are
smaller than ~0.1 pm and were thus not identifiable with the SEM, or 3) the Ir grains have
dissolved in the chromite at a concentration level below the ~ 80 ppm detection limit of the
EMP. The first explanation seems unlikely because the Ir/(Ir+Pt) ratio was 0.3 to 0.7 in the
raster analyses, and because the lack of Ir grains is not observed in any of the unannealed
samples, or in the annealed "500 ppm" or "1000 ppm" samples. The second explanation also
seems unlikely because the Ir grains in the starting materials were all larger than 0.3 pm and

easily identifiable with the SEM. Annealing should have the opposite effect of increasing
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grain sizes in order to lower the surface free energy of the system. Thus, the third
explanation which calls upon the dissolution of Ir in chromite at the <80 ppm level seems to
be the most likely. If this is the case, the solubility of Ir in the Stillwater chromite is
probably lower than in the synthetic chromite. Additional experiments will clearly be

necessary to draw firm conclusions concerning the solubility of Ir in chromite.

DISCUSSION

From the limited experimental data available we can gain some insight into the question of
whether Ir-Os-Ru alloys in chromites originated by 1) exsolution from chromite or 2)
crystallization from silicate liquids followed by chromite nucleation and growth. In the
following discussion the stability of Ir-Os-Ru metallic phases coexisting with FeS liquid,
chromite and silicate liquid will be considered.
PGE-sulfide

During magmatic crystallization of layered intrusions and the partial melting of mantle
peridotite there is abundant evidence for sulfur oversaturation and the formation of immiscible
FeS liquids (e.g., Naldrett er al., 1979; Mitchell and Keays, 1981). The high affinity of three
of the PGE (Pd, Pt and Rh) for sulfides results in their strong partitioning into sulfide liquids
and removal from the silicate fraction of a magma. This results in the formation of Pd, Pt
and Rh-rich sulfide layers (commonly known as reefs) in layered intrusions such as the
Bushveld and Stillwater Complexes. Similarly, Pd, Pt and Rh-rich sulfides are found in some
mantle peridotite xenoliths and discrete Pd and Pt sulfides have even been observed (Mitchell
and Keays, 1981). The other three PGE (Ir, Os and Ru) also have high affinities for sulfur
relative to silicate liquid, but are concentrated both in sulfide and in chromite in layered

intrusions and in peridotites (e.g., Mitchell and Keays, 1981; Page and Talkington, 1984;
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Naldrett et al., 1987).

The presence of an immiscible FeS liquid phase has a strong effect on the partitioning of
PGE. All of the PGE, including Ir, Os and Ru, have strong chalcophile affinities and
dissolve in FeS in the presence of PGE alloys. The solubility of Ir in FeS liquid was
determined in this study to be 3.9%. The solubility of Ru in solid FeS at 900°C has been
determined to be 3.6 wt% in the presence of either RuS, or Ru metal (Makovicky et al.,
1986). Therefore, if Ir-Os-Ru alloys or sulfides coexisted with the FeS sulfides in peridotites
or layered intrusions, the equilibrium concentration of these elements in the sulfides would be
expected to be ~4%, several orders of magnitude higher than the ~ 10 ppm total PGE
concentrations observed in magmatic sulfides from peridotite xenoliths and layered intrusions.
This strongly suggests that Ir-Os-Ru-rich alloys were not present in the mantle during partial
melting and were also not present in layered intrusions during magmatic crystallization.
PGE-chromite

If Ir partitions into chromite during chromite crystallization, then the solubility of Ir in
chromite at magmatic temperatures must be at least as high as the bulk concentration of Ir in
chromites which contain Ir-Os-Ru alloy and sulfide inclusions. Estimates of the Ir content of
chromitites that contain Ir-Os-Ru alloys indicate that the total Ir content of chromite crystals
and their inclusions do not exceed ~1 ppm. This has been determined in two ways: 1) from
the composition, size and frequency of occurrence of inclusions (e.g., Cocherie er al., 1989)
and 2) from the bulk Ir content of chromite crystals plus inclusions (e.g., Stockman and
Hlava, 1984; Page er al., 1986). Experiments reported above suggest that the Ir solubility in
chromite at magmatic temperatures is below ~ 80 ppm but that Ir can diffuse through
chromite either by grain boundary or lattice diffusion. This result does not provide the

necessary test of whether the solubility of Ir in chromite is =1 ppm. It does, however,
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suggest that if Ir-Os-Ru alloys were trapped within chromite crystals as has been suggested,

they might be able to diffuse into surrounding interstitial FeS liquid at magmatic temperatures.
For example, using the diffusion coefficient for Ir in chromite estimated above, it would take
only ~ % year for Ir to diffuse out of a typical 1 mm chromite grain, or ~50 years to diffuse
out of a 1 cm grain. The mobility of Ir in chromite also suggests that if chromite were
supersaturated with Ir at magmatic temperatures, Ir-Os-Ru alloys might be able to form by a
diffusive exsolution mechanism at subsolidus temperatures. However, if the Ir diffusion
mechanism is strictly grain boundary diffusion, one could argue that Ir-Os-Ru alloy inclusions
in single chromite crystals might be isolated from surrounding phases.
PGE-silicate melts

Another test of the two hypotheses for the origin of Ir-Os-Ru alloy inclusions in chromite
could come from a knowledge of the solubility of these elements in saturated silicate liquids.
If Ir-Os-Ru alloys precipitate directly from silicate liquids as has been proposed, they must be
saturated with Ir-Os-Ru. Investigations of the bulk composition of chilled margins from the
Bushveld Complex and basal norites from the and Stillwater Complex give an indication of
the PGE content of layered intrusion parental magmas. Estimates of Ir contents range from
0.1 to 0.4 ppb, while Ru contents range from 1 to 6 ppb (Davies and Tredoux, 1985; Page er
al., 1976). For comparison, the Ir and Os contents of basalts and granites that have been
analyzed for PGE range from 0.001 to 0.4 ppb (Crockett, 1981; Morgan and Lovering, 1967;
Hertogen er al., 1980).

Amosse e al. (1990) measured the solubility of Ir in a basaltic liquid at 1430°C as a
function of fo, and 8, and report that the solubility is ~ 100 ppb within the range of
reasonable fo, and f5, conditions for mantle partial melting and the crystallization of layered

intrusions. Although the data available on Ir-Os-Ru concentrations and solubilities in silicate
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magmas is very limited and the nature of the dissolved PGE species is unknown, the low
concentrations of Ir (by two orders of magnitude) relative to the apparent saturation level
make it appear unlikely that silicate liquids became oversaturated with Ir (or Os and Ru) and
precipitated Ir-Os-Ru alloys as liquidus phases.
Origin of Ir-rich alloys in chromite

In spite of textural arguments made in favor of Ir-Os-Ru alloys having formed as liquidus
phases and having been trapped by crystallizing chromite, the limited experimental data
summarized above suggest that these alloys would not be stable in the presence of either FeS
or basaltic liquid at magmatic temperatures, perhaps even if trapped in chromite crystals. The
stability of Ir-Os-Ru in the presence of chromite at magmatic temperatures and fO,’s is still
unknown, but the apparent mobility of Ir in chromite and the ability of Ir and Ru to form
compounds with the spinel structure under highly oxidizing conditions (e.g., Krutzch and
Kemmler-Sack, 1983; Capobianco and Drake, 1990) suggests that sub-ppm level solubility of
Ir-Os-Ru in the chromite structure at high temperatures is at least plausible. It has been
suggested by several authors that Ir, Os and Ru substitute for Cr** in the spinel lattice
(Agiorgitis and Wolf, 1978; Morgan er al., 1976). The solubility of these elements in
chromite is presently unknown but almost certainly decreases with temperature. Thus, it is
possible that exsolution is responsible for forming Ir-Os-Ru alloys during cooling of magmatic
chromite after it crystallized with sub-ppm concentrations of Ir-Os-Ru in solid solution.
Alteration and metamorphism of most peridotites and layered intrusions is indicative of slow
cooling and may allow time for diffusion controlled exsolution. The textural features of Ir-
Os-Ru alloy and sulfide inclusions in chromite that have been used by many authors to argue
against the origin of these inclusions by exsolution are inherently inconclusive, particularly

since it is likely that extensive subsolidus reequilibration has taken place.



207
REFERENCES

Agioritis G. and Wolf R. (1978) Aspects of osmium, ruthenium and iridium contents in some
Greek chromites. Chem. Geol. 23, 267-272.

Amossé J., Allibert M., Fischer W. and Peboule M. (1990) Experimental study of the
solubility of platinum and iridium in basic silicate melts - Implications for the
differentiation of platinum-group elements during magmatic processes. Chem. Geol.
81, 45-53.

Auge T. (1988) Platinum-group minerals in the Tiebaghi and Vourinos ophiolitic complexes:
genetic implications. Can. Mineral. 26, 177-192.

Capobianco C.J. and Drake M.J. (1990) Partitioning of ruthenium, rhodium and palladium
between spinel and silicate melt. Geochim. Cosmochim. Acta 54, 869-874.

Cocherie A., Auge T. and Meyer G. (1989) Geochemistry of the platinum-group elements in
various types of spinels from the Vourinos ophiolitic complex, Greece. Chem. Geol.
77, 27-39.

Constantinides C.C., Kingston G.A. and Fisher P.C. (1980) The occurrence of platinum
group minerals in the chromitites of the Kokkinorotsos chrome mine, Cyprus. In
Proc. Int. Ophiolite Symp. Cyprus (ed. Panayiotou A.), pp 93-101. Geol. Surv. Dep.,
Nicosia.

Crockett J.H. (1981) Geochemistry of the platinum-group elements. In Platinum-group
elements: Mineralogy, geology, recovery (ed. Cabri, L.J.) Canad. Inst. Mining
Metall. Spec. Vol. 23, pp. 47-64.

Davies G. and Tredoux M. (1985) The platinum group element and gold contents of the
marginal rocks and sills of the Bushveld Complex. Econ. Geol. 80, 838-848.

Elliott W.C., Grandstaff D.E., Ulmer G.C., Buntin T. and Gold D.P. (1982) An intrinsic
oxygen fugacity study of platinum-carbon associations in layered intrusions. Econ.
Geol. 77, 1493-1510.

Freer R. and O’Reilly W. (1980) The diffusion of Fe?* ions in spinels with relevance to the
process of maghemitization. Mineral. Mag. 43, 889-899.

Gijbels R.H., Millard H.T., Desborough G.A. and Bartel A.J. (1974) Osmium, ruthenium,
iridium and uranium in silicates and chromite from the eastern Bushveld Complex,
South Africa. Geochim. Cosmochim. Acta 38, 319-337.

Harris D.C. and Cabri L.J. (1973) The nomenclature of the natural alloys of osmium, iridium
and ruthenium based on new compositional data of alloys from world-wide
occurrences. Can. Mineral. 12, 104-112.



208

Hertogen J., Janssens M.-J. and Palme H. (1980) Trace elements in ocean ridge basalt
glasses: implications for fractionations during mantle evolution and petrogenesis.
Geochim. Cosmochim. Acta 44, 2125-2143.

Krutzch B. and Kemmler-Sack S. (1983) Sauerstoff-spinelle mit ruthenium und iridium. Maz.
Sci. Bull. 18, 647-652.

Legendre O. and Auge T. (1986) Mineralogy of platinum-group-mineral inclusions in
chromitites from different ophiolitic complexes. In Metallogeny of Basic and
Ultrabasic Rocks (eds. Gallagher M.J., Ixer R.A., Neary C.R. and Prichard H.M.),
pp 361-372. Inst. Mining Metall., London.

Legendre O. and Johan Z. (1981) Mineralogie des platinoides dans les chromites massives de
series ophiolitiques. France, Centre National Recherche Scientifique, Rap. Ann.
d’Activite, Juillet 1981, 32-33.

Makovicky M., Makovicky E. and Rose-Hansen J. (1986) Experimental studies on the
solubility and distribution of platinum group elements in base-metal sulphides in
platinum deposits. In Merallogeny of basic and ultrabasic rocks. (eds. Gallagher M.J.,
Ixer R.A., Neary C.R. and Prichard H.M.), pp 415-425. Inst. Mining Metall.,
London.

Mitchell R.H. and Keays R.R. (1981) Abundance and distribution of Au,Pd, and Ir in some
spinel and garnet lherzolites: Implication for the nature and origin of precious metal-
rich intergranular components in the upper mantle. Geochim. Cosmochim. Acta 45,
2425-2442.

Morgan J.W., Ganapathy R., Higuchi H. and Krahenbuhl U. (1976) Volatile and siderophile
trace elements in anorthositic rocks from Fiskenaesset, West Greenland: comparison
with lunar and meteoritic analogues. Geochim. Cosmochim. Acta 40, 861-888.

Morgan J.W. and Lovering J.F. (1967) Rhenium and Osmium abundances in some igneous
and metamorphic rocks. Earth Planet. Sci. Lett. 3, 219-224.

Naldrett A.J. and Cabri L.J. (1976) Ultramafic and related mafic rocks: Their classification
and genesis with special reference to the concentration of nickel sulfides and platinum-
group elements. Econ. Geol. 71, 1131-1158.

Naldrett A.J., Cameron G., von Gruenewaldt G. and Sharpe M.R. (1987) The formation of
stratiform PGE deposits in layered intrusions. In Origins of igneous layering. (ed.
Parsons 1.), pp. 313-397, Reidel Publishing Company.

Naldrett A.J., Hoffman E.L., Green A.H., Chou C.L. and Naldrett S.R. (1979) The
composition of Ni-sulfide ores, with particular reference to their content of PGE and
Au. Can. Mineral. 17, 403415.

Naldrett A.J. and von Gruenewaldt G. (1989) Association of platinum-group elements with



209
chromite in layered intrusions and ophiolite complexes. Econ. Geol. 84, 180-187.

Page N.J., Rowe J.J. and Haffty J. (1976) Platinum metals in the Stillwater Complex,
Montana. Econ. Geol. 71, 1352-1263.

Page N.J., Singer D.A., Moring B.C., Carlson C.A., McDade J.M. and Wilson S.A. (1986)
Platinum-group element resources in podiform chromitites from California and
Oregon. Econ. Geol. 81, 1261-1271.

Page N.J. and Talkington R.W. (1984) Palladium, platinum, ruthenium and iridium in
peridotites and chromitites from ophiolite complexes in Newfoundland. Can. Mineral.
22, 137-149.

Stockman H.W. and Hlava P.F. (1984) Platinum-group minerals in alpine chromitites from
southwestern Oregon. Econ. Geol. 79, 491-508.

Talkington R.W. and Lipin B.R. (1986) Platinum-group minerals in chromite seams of the
Stillwater complex, Montana. Econ. Geol. 81, 1179-1186.

Talkington R.W., Watkinson D.H., Whittaker P.J. and Jones P.C. (1984) Platinum-group
minerals and other solid inclusions in chromite of ophiolitic complexes: occurrence
and petrological significance. TMPM Tschermaks Min. Petr. Mitt. 32, 285-301.

Talkington R.W., Watkinson D.H., Whittaker P.J. and Jones P.C. (1986) Platinum-group
element bearing minerals and other solid inclusions in chromite of mafic and
ultramafic complexes: Chemical compositions and comparisons. In Metallogeny of
basic and ultrabasic rocks (regional presentations) (eds. Carter B., Chowdhury
M.K.R., Jankovic S., Marakushev A.A., Morten L., Onikhimovsky V.V, Raade G.,
Rocci G. and Augustithis S.S.), pp 223-249. Theophrastus Publishing, Athens.

Zeibold T.O. (1967) Precision and sensitivity in electron microprobe analysis. Anal. Chem.
39, 858-861.



210

Reprinted from Analytical Chemistry, 1990, 62, 209.
Copyright © 1990 by the Anene.u Chemical Society and reprinted by permission of the copyright owner.

Resonance lonization Mass Spectrometry of Sputtered

Osmium and Rhenium Atoms

Joel D. Blum,*' M. J. Pellin, W. F. Calaway, C. E. Young. and D. M. Gruen
Materials Science, Chemistry, and Chemical Technology Divisions, Argonne National Laboratory,

Argonne, Illinois 60439

I. D. Hutcheon and G. J. Wasserburg

Lunatic Asylum of the Charles Arms Laboratory, Division of Geological and Planetary Sciences, California Institute of

Technology, Pasadena, California 91125

The mass spectrometric analysis of Os and Re was investi-
gated by use of a puised primary Ar” lon beam lo provide
sputtered atoms for resonance ionization mass spectrometry.
A useful yleid of 10~* and a detection Bmit of & ppb were
demonstrated for Os concentration measurement. In siu
measurements of Os concentration are obtainable by this
method at the sub-part-per-million level in conducting and
semiconducting materials with a full width at hall maximum
beam diameter of ~70 um. An lonization scheme for Os that
utlizes three resonant energy levels (including an sutolonizing
energy level) was investigated and found to have superior
sensitivity and selectivity compared to nonresonant and one
and two energy level resonant lonization schemes. An ele-
mental selectivity for Os over Re of =10° was demonstrated.
It was found that detuning the lonizing laser from the au-
tolonizing energy level to an arbitrary region in the lonization
continuum resulled in 2 5-fold decrease in signal intensity and
& 10-foild decrease In elemental selectivity.

INTRODUCTION

The mass spectrometric analysis of small quantities of Os
and Re is an important analytical goal in geochemistry with
two main applications: (1) the in situ measurement of Os and
Re concentrations at very low levels in geologic materials and
in phases synthesized in laboratory experiments; (2) the
measurement of Os isotope ratios both in situ and on small
samples of Os chemically separated from geclogic materials.
In both instances the number of Os and Re atoms available
for measurement is quite low. Therefore, it is of interest to
develop a mass spectrometric measurement technique with
a high ratio of ions detected to atoms present in the ion source
(useful yield). The technique must also be able to discriminate
against molecular interferences in the case of concentration
measurements and discriminate between *¥0Os and *"Re atoms
in the case of Os isotope ratio measurements.

At Argonne National Laboratory we have developed a
resonance ionization mass spectrometer for ultrasensitive
surface analysis of semiconductors with monolayer depth
resolution. Surface analysis by resonance ionization of
sputtered atoms (SARISA) has a high useful yield (210%) and
a demonstrated sensitivity at the parts-per-billion (ppb) level
for Fe concentration measurements in a Si matrix (1-3). It
employs a pulsed primary ion beam to create a cloud of
sputtered neutrals that efficiently fill the ionizing volume of

'Aul.bor:lwhomm eneeshouldu:P
! Present address: W lanetary
California Institute of Technology, Pasadena, CA 91125,

pulsed lasers and an energy and angular refocusing time-of-
flight mass spectrometer to maximize photoion detection.
SARISA appears to be well suited for in situ determinations
of Os and Re concentrations.

A major obstacle that must be addressed in order to dem-
onstrate the utility of resonance ionization of sputtered atoms
for Os and Re analyses is the identification of suitable ioni-
zation schemes for these elements. To this end, we have
investigated a series of multiphoton ionization schemes for
Os and Re with the goal of maximizing the Os photoion yield
and minimizing the isobaric interference between Os and Re
at mass 187. In this study we have evaluated the useful yield,
detection limit, and selectivity of SARISA for the measure-
ment of Os concentrations. This information is also important
in evaluating the potential of the SARISA photoion source
as a prototype of an elementally selective and highly efficient
ion source for an isotope ratio mass spectrometer.

EXPERIMENTAL SECTION

Apparatus. The experiments were performed by use of the
SARISA apparatus, described in detail by Pellin et al. (2). The
instrument consists of three main subunits: a pulsed primary ion
source, three pulsed tunable lasers, and an energy and angular
refocusing time-of-flight mass spectrometer (Figure 1).

A mass analyzed 5 keV Ar* sputtering beam with a current of
2.0 A and a full width at half maximum (fwhm) diameter of ~70
wm is produced by a Colutron ion gun. During analyses, the
primary ion beam is chopped into pulses of 200 ns width by
electrostatic deflection and is synchronized with the lasers op-
erating at a 40-Hz repetition rate. The Ar* ion pulses strike the
target in a chamber pumped to the low 107 Torr pressure range.
The sputtering rate in the pulsed mode is ~10 min per monolaver
of target. Spuuendmﬁlhvolumeubowthemgetdmng
and after the arrival of the primary ion pulse. During sputtering,
the target is held at a 1.5-kV potential; incoming Ar* ions are
decelerated to 3.5 keV and positive secondary ions produced by
sputtering are accelerated to 1.5 keV. The secondary ions are
not transmitted through the mass spectrometer which is designed
to accept ions with 1.0 % 0.1 keV energy.

Three hundred nanoseconds after the end of each ion pulse
a XeCl excimer laser is fired producing a ~10-ns, 250-mJ UV pulse
wththndmdthofOStonnmcenmdlbomamsm The
excimer output is split into three beams which either are used
to pump tunable dye lasers (loaded with Rhodamine,
urDCMdye)or.formuxpenmenu.mtocmnddmcﬂymm
the ionization region. When necessary, the visible fundamental
dye laser output is frequency doubled in a nonlinear crystal to
produce UV pulses. The laser beams are spatislly and temporally
overlapped in a volume that extends from about 0.5 to 1.5 mm
above the target surface and has a diameter of ~1 mm. Pho-
toionization of sputtered neutrals occurs within this volume and
the photoions are accelerated away from the target and into the
mass spectrometer. The target potential is lowered at the be-
ginning of each laser shot, so that ions produced by photoionization
are transmitted through the mass spectrometer, and is then

0003-2700/90/0362-0209802.50/0 © 1990 American Chemical Society
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Figure 1. Schematic dagram of the SARISA experimental apparatus
from Peliin et al. (2).
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switched back to 1.5 kV before the arrival of the next primary
mpuhewqmmpmthedmmdmuwwdmdm
ions.

The photoion beam is focussed and shaped in the time-of-flight
mass spectrometer by a series of einzel lenses, deflection plates,
and two hemispherical energy analyzers, after which it strikes a
chevron-type microchannel plate electron multiplier (Figure 1).
The resulting electron pulse is measured by a transient charge
digitizer at high signal levels or by a pulse-counting system at lower
signal levels. The maximum jon transmission of the mass spec-
trometer is ~70% (3).

Samples. Four samples of metallic solid solutions were used

1 contains 95.2% Ni, 2.5% Os, and 2.3% Re. Synthetic sample
2 contains 99.8% Ni, 0.1% Os, and 0.1% Re. The meteorites are
which are essentially comprised of a homogeneous mixture of
94.2% Fe, 54% Ni, and 0.4% Co with many other metals in-
cluding Os, Re, Ir, Pt, and Au as parts-per-million level trace
impurities. Radiochemical neutron activation analyses by
Pernicka and Wasson (5) indicate that the Negrillos meteorite
contains 25 ppm Os and 1.4 ppm Re (£12%) and that the Coa-
huila meteorite contains 3.4 ppm Os and 0.4 ppm Re (£12%).
All concentrations are given in atomic proportions.
Ionization Schemes. Osmium was ionized by five different
schemes to evaluate their relative sensitivities and selectivities.
Rhenium was ionized by only the two simplest schemes. The
ionization schemes all originate from the ground electronic state
and can be grouped into five general types designated A through
E (Figure 2). Wemmnuhngth-mhnmmlnd
energy as inverse centimeters in vacuum. Scheme A is
nonresonant and requires the simultaneous absorption of two (in
the case of Re) or three (in the case of Os) photons from the
broad-band 307.9-nm excimer laser to reach the ionization con-
tinuum. Scheme B uses one ~240- or ~300-nm UV photon from
a dye laser (),) to raise Os or Re atoms to a resonant energy level
(E,) and one 307.9-nm excimer photon to ionize the atoms.
Scheme C uses one ~240- or ~300-nm UV photon from a dye
laser (),) to raise atoms to a resonant energy level (E,) and one
additional photon (when ~240-nm photons are used) or two
additional photons (when ~300-nm photons are used) of the same
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Figure 2. Generalized ionization schemes evaluated for Os (A-E) and
Re (A-B). Asterisks denote broad-band excimer radiation.

Table 1. Resonant Energy Levels Evaluated in this Study*®

energy level, cm™
ionization scheme E, E, Ey

By, 41557

41313
Bos 41876

41726

41232

41225

40362

34365
C b
D 41726 58175

41232 56729

40362 56222

34365 55402
E 34365 55402 71032

*E, and E, levels are from ref 18. *Same as By,

energy to ionize them. Scheme D uses one ~240- or ~300-nm
UV photon (,) from a dye laser to raise atoms to s first resonant
energy level (E;), one ~480- or ~600-nm visible photon (A;) from
a second dye laser to raise atoms to a second resonant energy level
(E,), and a second visible photon ();) from the second dye laser
to produce photoions. In schemes A through D atoms are raised
to an arbitrary energy above the ionization continuum by the
ionizing photon. Scheme E is the same as scheme D except that
the ionizing photon ()A,) is generated from a dye laser tuned to
reach an autoionizing resonant energy level (E,) above the ion-
ization potential (IP). The specific energy levels evaluated for
each scheme are given in Table L

Scheme E was found to be most favorable for Os ionization
(following criteria discussed below) and will therefore be described
in more detail (Figure 3). UV photons from the first dye laser
are tuned to 290.906 nm to populate the E, level [E, = 34365 cm™;
angular momentum quantum number (J) = 5] from the ground
state (J = 4). Visible photons at 475.216 nm then pump atoms
ﬁumE,totheE,lvnl(E,-ﬁBMcm“;J-S). Finally, the

dyuhnerumdm[nmpnwmﬁm&mthem
(269000 cm™) to the most favorable autoionizing E, energy
(Ey= 1)032@“)thntcnuldbemdbymnm¢thethml
dye laser across the 635 to 665-nm region.

The energy needed per pulse to saturate sach of the three levels
was investigated by monitoring the Os* signal in the mass
spectrometer while sequentially placing a series of partially
transmitting filters into each of the laser beams separately. The

important parameter for saturation is the energy density, which
elnbecuutrouedby!.hcuu.:hape and position of the laser
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Figure 4. Relative Os signal intensity as a function of iaser energy per
puise for ionization scheme E as each of the three laser beams was
attenuated separately, while the other two beams were heid at full
energy. Error bars are inciuded where estimated uncertainty exceeds
symbol size. Saturation was not reached for A, at @8 maximum energy
d~1nu1m(m)ulmr-d-diuk,n~o.5nwm
(circles) and A, at ~ 1.5 mJ/puise (triangles).

beams as well as by the amount of incoming energy. By tightly
focusing the laser beams, we were able to saturate each of the three
energy levels, but in this configuration only a small portion of
the cloud of sputtered atoms was ionized. Under normal operating
conditions, we defocused the lasers to a diameter of ~1 mm in
order to access a large portion of the cloud of sputtered atoms.
With two of the three laser beams kept at full energy and one
beam attenuated, E, was found not to be completely saturated
with a maximum energy of ~1 mJ/pulse for A, E, was saturated
at an energy of ~0.5 mJ/pulse for Ay, and E; was saturated at
an energy of ~1.5 mJ/pulse for Ay (Figure 4). Subsequent
experiments were run with an energy of ~1 mdJ/pulse, ~2
mJ /pulse, and ~4 nJ/puhelt A,,l..lndk.,ncpachve!y
Rhenium atoms were ionized by schemes A and B only (Figure
2). In scheme B (Figure 3), UV photons at 240.560 nm populated
the E, level (E, = 41557 cm™; J = ¥/,) from the ground state (J
= 8/,). The broad-band 307.9-nm excimer photons then raised
the atoms from the excited energy level to the IP (263530 em™).
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RESULTS AND DISCUSSION

Sensitivity and Selectivity of Ionization Schemes.
Synthetic sample 1 was used to investigate the relative sen-
sitivity and selectivity of the ionization schemes for Os. We
will use the Os* signal intensity for nonresonant ionization
by scheme A as a reference value and discuss the Os* signal
levels for the resonant schemes relative to this value (Figure
5). lonization by scheme B was ~3 times more efficient than
scheme A, showing the enhancement of ionization probability
from the addition of a resonant step to the broad-band
307.9-nm laser beam. The ionization energy in scheme A
significantly overshoots the IP, whereas the ionization energy
in scheme B places the atom only slightly above the IP (Figure
2). The increased ionization of scheme B over A suggests that
the broad-band laser in scheme B overlaps an autoionizing
resonance or that the ionization cross section in the continuum
decreases at energies much higher than the IP.

Ionization by scheme C was ~50% less efficient than by
scheme A. This probably arises because the ~1 mJ/pulse
UV dye laser does not have enough energy to saturate the
ionization process. In scheme D the addition of a second
resonance level allows the ionization step to be pumped by
the visible dye laser fundamentals which have higher energy
(~2 mJ/puhe) than the frequency doubled UV pulses. The
increase in energy more nearly saturates the ionization step
and results in 8 ~50% higher efficiency than by scheme C
{(about the same efficiency as scheme A). Scheme E is identical
with scheme D except that the visible ionizing photons are
tuned to match an autoionizing energy level, producing a signal
enhancement of a factor of ~5 over scheme D and suggesting
that the ionization step is only saturated at the autoionizing
resonance. Similar ionization enhancements have been ob-
served for Gd (6) and U (7) when dye lasers were tuned to
match autoionizing energy levels.

The in situ measurement of the isotopic composition of Os
in samples that also contain Re would require that the *'Re
peak (62.6% abundance isotope) be suppressed to eliminate
isobaric interference with the *¥Qs peak (~1.6% abundance
isotope). As a measure of the selectivity of each Os* ionization
scheme, we measured the ¥20s*/'®Re* ratio without cor-
rection for instrumental fractionation (to an accuracy of ~
10%) for each scheme and normalized it to the true ratio of
these stable isotopes in the synthetic sample calculated from
the Os and Re concentrations and natural isotopic abundances.
Since there was some variability in the ®0s* /"®Re* ratio for
different energy levels following a given ionization scheme,
we have plotted in Figure € the ¥20Os*/®Re* ratio for the
energy levels with the maximum selectivity for each scheme.
Nonresonant ionization by 307.9-nm photons (scheme A) was
slightly more efficient for Re than for Os and showed a ~30%
Re enhancement. The addition of an Os resonant step to the
excimer photons (scheme B) enhanced Os ionization by as
much as 3-fold. For resonance ionization using narrow band
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selectivity and scheme E for Os has high selectivity.

dye lasers only, Os was enhanced relative to Re by as much
as 33 for single resonance (scheme C), 10? for double resonance
(scheme D), and 210 for triple resonance (scheme E). A signal
intensity versus time-of-flight spectrum is shown in Figure
7a for resonance ionization of Re (mass 185 and 187) using
ionization scheme B. The low selectivity of scheme B for Re
is illustrated by the presence of nonresonantly ionized Os
which is visible at masses 188 to 192. A similar spectrum is
shown in Figure 7b for resonance ionization of Os from the
same sample by ionization scheme E. The extremely high
selectivity of scheme E for Os is illustrated by the complete
absence of Re at mass 185 and 187. An Os selectivity similar
to that of scheme E was reported for thermal vaporization
RIMS using a two-photon single resonance scheme similar to
scheme C, except that the transition originated from the ~8%
populated thermally excited a®D, state (Figure 3) rather than
the ground state (8).

Os Concentration Measurement. Synthetic sample 2 and
the two iron meteorite specimens were used to investigate the
ability to measure Os concentrations quantitatively. Time-
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Figure 8. A time-of-fight spectrum collected with charge digitization
for an Os analysis of the Negrillos iron meteorite using ionization
scheme E. The peaks at 0-10 us are due to nonresonant ionization
of the major constituents in the sample (Fe, Ni, Co, and their oxides)
and the peaks beginning at ~ 15 us are due to resonant ionization of
the 25 ppm Os. Inset shows counts per 5-ns channels across the
Os peaks for a 125-5 pulse-counting experiment in which only /¢ of
a monolayer of material was removed from a 100-um spot.

Table II. Pulse Counting Data for 125-s Os Analyses of
Samples

sample Os conc, ppm 0s* counts counts per ppm
synth 2 1000 346 000 346
Negrillos 25 6480 259
Coahuila 3.4 1120 329
mean 311% 53 (2¢,)

of-flight spectra were collected for 125 s (5000 laser shots) with
a fwhm mass resolution at mass 187 (M/AM) of ~250, which
adequately resolved the peaks for the purpose of concentration
measurement. Mass resolution can be increased to ~400 using
an aperture positioned in the photoion path, but only at the
cost of a loss in signal intensity by a factor of ~10.

A time-of-flight spectrum of the Negrillos meteorite col-
lected with charge digitization is shown as an example in
Figure 8. The peaks at 0 to 10 us are due to nonresonant
ionization of the major constituents in the sample (Fe, Ni, Co,
and their oxides), and the peaks beginning at ~15 us are due
to resonant ionization of the 25 ppm Os. Because of the low
concentration of Os a pulse counting system was also used to
measure the Os peaks. The ion signal is recorded by dividing
arrival times into 5-ns channels. The Os mass spectrum is
shown as an inset in Figure 8 in which counts per 5-ns channels
for a 125-s analysis are plotted. The small peak at 15 us is
1%(0s which is present at 0.40 ppm.

A background of 16 counts per 125 s across masses 186 to
192 was determined by detuning the UV laser 12 cm™ from
the center of the E, resonance level and repeating the ex-
periment. The absence of interferences resonant with the UV
laser frequency was verified by measuring a background of
18 counts per 125 s across these masses on stainless steel (Fe,
Ni, Cr alloy) with the lasers tuned for Os analysis. This
background intensity is assumed to represent the instrumental
background for a sample containing no Os and was subtracted
from the total counts measured for each sample to determine
the net Os* counts.

The Os* counts summed over the major isotopes (masses
186 to 192) are given in Table II for three samples which have
Os concentrations known to £12% (5). The data demonstate
that for Os concentrations between ~3 and 1000 ppm the
measured Os* intensity is linearly proportional to the Os
concentration in each sample. The ratio of Os* intensity to
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Os concentration (relative ion vield) is constant to within
~20% for all three samples and the data define a linear
calibration curve whose slope, 311 % 53 (20,) Os* counts per
ppm Os, can be used to determine Os concentrations in sam-
ples of similar bulk composition.

The mean relative ion yield and background count rate were
used to calculate the minimum detection limit for Os in
metallic Ni-Fe phases. Following the treatment of Ziebold
(9) we calculate from Poisson statistics that the detection limit
for Os at the 95% confidence level is 41 ppb for a 125-s
analysis and 7.7 ppb for a 3600-s analysis. We note that a
3600-s analysis would consume only ca. six monolayers of the
sample.

Variations in the relative ion yield due to matrix effects
should depend primarily on the sputtering rate of the sample
as long as the dominant sputtered species are neutral atoms.
Therefore, sputtering rates must be determined for each target
material analvzed. Considerable data exist for pure elements
which indicate variations of up to a factor of ~3 (10).
Sputtering rates of most multielement matrix materials are
unknown and will have to be measured. If large populations
of ions or molecules are produced during sputtering, the
population of sputtered neutral atoms available for pho-
toionization will be diminished and will cause shifts in the
relative ion yield.

Useful Yield. The useful yield is defined as the ratio of
ions detected to atoms present in the ion source. The useful
yield is determined from the ratio of Os* ions detected per
laser shot to the number of Os atoms sputtered from the
sample per primary ion pulse. The mean relative Os* ion yield
corresponds to 0.062 count per ppm per laser shot. The
amount of target material sputtered per primary ion pulse can
be estimated from the sputter yield of pure Fe and Os under
bombardment by 3.5-keV Ar* ions, which for both Fe and Os
is 2.5 atoms per Ar* ion (J0). With a primary ion current of
~2.0 uA and a pulse width of 0.20 s, 2.5 X 10° ions strike
the target per pulse and, therefore, approximately 6.3 x 10¢
Fe atoms are sputtered per pulse. Assuming that trace levels
of Os are sputtered at the same rate as the Fe matrix, 6.3 Os
atoms will be sputtered during each pulse per ppm of Os in
the sample. Dividing the mean Os* counts per laser shot by
the number of sputtered Os atoms per primary ion pulse gives
a useful vield of 10°2. The Os mass spectrum for the 25 ppm
Os sample shown in Figure 8 was collected during 5000 pri-
mary ion pulses (125 s) by sputtering 7.8 X 10° Os atoms (*/;
of a monolayer in a 100-um spot) and detecting 6.5 X 10° Os*
ions.

The useful vield of the experiment described here appears
to be considerably higher than that reported for other mass
spectrometric techmques for Os analysis. However, in making
such a comparison one must consider that the typical oper-
ating conditions (for instance, the mass resolution and the
required sample preparation) of the various techniques differ
markedly. The useful yield for resonance ionization mass
spectrometry of chemically separated Os vaporized from a
thermally pulsed filament has been reported at ~107 (8) and
the useful yield of inductively coupled plasma mass spec-
trometry of chemically separated Os has been reported at 107
to 107 (11). We have determined the useful yield for Os
analysis by secondary ion mass spectrometry to be ~10™ using
the Caltech Cameca IMS 3-F ionprobe with a O~ primary ion
beam and a metallic Os target. Osmium analyses have also
previously been made by thermal ionization of oxide species
(12, 13), secondary ion mass spectrometry (14, 15), accelerator
mass spectrometry (16), and laser ablation mass spectrometry
(17), but useful yields have been been reported.

Applications. In situ Os and Re concentrations can now
be measured at the sub-part-per-million level in conducting
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and semiconducting materials with a fwhm beam diameter
of ~70 um using SARISA. The linear dependence of the Os*
signal on Os concentration allows the use of synthetic and
well-characterized natural standards for quantitative analysis.
Minor changes in the experimental configuration should allow
analyses of most high [P elements including all of the Pt-group
elements. These measurements may be applied to geochemical
studies related to chemical fractionation and diffusion in
metallic and sulfide phases in meteorites and terrestrial rocks
and ore deposits as well as in phases synthesized in laboratory
experiments.

The SARISA apparatus used in this study uses a low-res-
olution mass spectrometer (see mass spectra in Figures 7 and
8) and is therefore not appropriate for Os isotope ratio
measurement. However, the high useful yield and selectivity
for Os demonstrated here suggest that the SARISA photoion
source may be superior to thermal vaporization as the ion
source for Os isotope ratio measurements by resonance ion-
ization. An important issue that remains to be resolved is
whether the pulsed photoion source described here can be
coupled with a mass spectrometer with sufficient mass resc-
lution and abundance sensitivity for the measurement of Os
isotopic ratios with <1% precision. If this can be accom-
plished. it will be possible to measure the isotopic composition
of Os using much smaller sample sizes than needed for thermal
vaporization resonance ionization. If measurements can be
precisely calibrated by using standards, in situ isotopic
analyses may eventually be possible.
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In situ measurement of osmium concentrations in iron meteorites
by resonance ionization of sputtered atoms
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Abstract—Resonance ionization of sputiered atoms followed by time-of-flight mass spectrometry was
used for in situ quantitative measurement of Os with a spatial resolution of ~70 gm. Osmium concen-
trations in synthetic metals and iron meteorites were measured to demonstrate the analytical capabilities
of the technique. A linear correlation between Os™* signal intensity and the known Os concentration was
observed over a range of nearly 10 in Os concentration with an accuracy of ~ %10%, a minimum
detection limit of 7 parts per billion atomic, and a useful yield of 1%. Resonance ionization of sputtered
atoms samples the dominant neutral-fraction of sputtered atoms and utilizes multiphoton resonance
ionization to achieve high sensitivity and 1o eliminate atomic and molecular interferences. Matrix effects
should be small compared to secondary ion mass spectrometry because ionization occurs in the gas phase
and is largely independent of the physical properties of the matrix material. Resonance ionization of
sputtered atoms can be applied to in situ chemical analysis of most high ionization-potential elements
(including all of the Pigroup elements) in a wide range of natural and synthetic matenals. The high
useful yield and elemental selectivity of this method should eventually allow the in situ measurement of
Os isotope ratios in some natural samples and in sample extracts enriched in Pi-group elements by fire

assay fusion.

INTRODUCTION

ADVANCES IN THE understanding of trace element geochem-
istry are ofien limited by the sensitivity and spatial resolution
of available analytical techniques. Resonance ionization mass
spectrometry (RIMS) is developing as an analytical method
with important applications in isotope geochemistry (e.g.,
WALKER et al., 1988; THONNARD et al., 1987) and may pro-
vide the basis for a new method of in situ trace element and
isotopic analysis. We have recently established a RIMS tech-
nique that takes advantage of the high efficiency and ele-
mental selectivity of multiphoton ionization, allowing in situ
detection of sub-part per million atomic (ppma) concentra-
tions of Os (BLUM et al., 1990). The experiments, which cou-
ple RIMS with ion sputtering, were carmed out using the
SARISA (surface analysis by resonance ionization of sputiered
atoms) apparatus developed at Argonne National Laboratory
(PELLIN et al., 1988). Several other groups have used a similar
approach to achieve ultrasensitive detection of impurities in
synthetic materials (PARKS et al., 1988; PaPPas et al., 1989).

Geochemical studies of the platinum group elements (PGE:
Ru, Rh, Pd, Os, Ir, P1), which are present in most rocks and
minerals at the sub-ppma level, have been mostly limited to
bulk chemical methods such as radiochemical peutron ac-
tivation analysis or isotope dilution. Electron microprobe X-

* Present address: Lunatic Asylum of the Charles Arms Laboratory,
Division of Geological and Planetary Sciences, California Institute
of Technology, Pasadena, CA 91125, USA.

875

ray analysis is the most widely used in sizu analyncal tech-
nique in geochemistry, but the detection limits for PGE
(~ 100 ppma; CROCKET and CABRI, 1981) are not low enough
for most applications. Interest in the distnibution of PGE at
low concentrations in sulfide ore minerals and in meteorite
phases has led to the recent evaluation of several new tech-
niques for in situ measurement of these precious metals. Ac-
celerator mass spectrometry has been used to measure Os,
Ir, and Pt concentrations in iron meteorites with a detection
bimit of <1 to 6 ppba, but with a spatial resolution of only
~ | mm (TENG et al., 1987; RASMUSSEN et al., 1989). Parucle-
induced X-ray emission and synchroton X-ray fluorescence
have been used for analysis of Ru, Rh, Pd, and Pt with de-
tection limits in the range of 1-20 ppma and a spatial reso-
lution of <10 um (CaBRI e1 al., 1988). Finally, secondary ion
mass spectrometry has recently been applied to the analysis
of Pd, Rh, Ir, and Pt with detection limits in the range of
20-300 ppba (CHRYSSOULIS et al., 1990).

The measurement of the isotopic composition of small
quantities of Os has long been recognized as an important
analytical goal in geochemistry because of the geochemical
applications of the radicactive decay of '*’Re to '¥'Os (halflife
= 4.2 X 10" a; LINDNER et al., 1989). The high ionization
potential (IP) of Os (8.6 eV; 69,000 cm™') precludes the use
of conventional thermal ionization mass spectrometry. Os-
mium isotope ratios have been measured by electron impact
ionization mass spectrometry of the volatile OsO, species
using “large™ ug samples of Os (HERR et al., 1967). Secondary
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ion mass spectrometry (SIMS) has been used successfully to
measure Os and Re isotopic ratios to a precision of ~1%
after chemical separation of =1 ng of Os (LUCK and ALLEGRE,
1983). Several other methods including accelerator mass
spectrometry (TENG et al., 1987), laser ablation mass spec-
trometry (SIMMONS, 1983), and inductively coupled plasma
mass spectrometry (RUSS et al., 1987) have been explored
for Os isotopic measurements but presently either require
larger sample sizes or have inferior precision of SIMS.

Resonance ionization mass spectrometry following pulsed
thermal vaporization has recently been shown 10 have similar
capabilities as SIMS with respect to sample size and precision
for Os and Re isotope ratic measurements (WALKER and
FASSETT, 1986). This technique, however, is limited by the
low Os ionization efficiency due to the large mismatch be-
tween the duration of the ionizing laser pulse and the thermal
vaporization pulse. By closely matching the duty cycle be-
tween a pulsed primary ion beam and ionizing lasers, reso-
nance ionization of sputtered atoms has the potential for an
~ 10® increase in ionization efficiency compared to thermal
vaporization RIMS and an ~ 107 increase compared to SIMS
(BLUM et al., 1990).

In this study we report our progress toward examining the
capabilities of resonance ionization of sputtered atoms for
quantitative geochemical analysis of one of the PGE (Os) in
natural matenals. Synthetic metals were used to establish a
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calibration curve for Os, and a suite of iron meteorites with
known bulk Os concentrations were analyzed to test the lin-
earity of the Os” signal with concentration. We will exhibit
data which show that resonance ionization of sputtered atoms
can be easily calibrated and may be used for in situ chemical
analyses of PGE in a wide range of natural and synthetic
materials. We also discuss the potential of this technique for
the high efficiency measurement of Os isotope ratios.

EXPERIMENTAL METHODS

Samples

Synthetic and meteoritic sampies of metallic solid solutions were
analyzed The synthetic samples consist of Os and Re dissolved in a
Ni matrix. They were produced by weighing metallic powders and
then melting. crystallizing. and annealing the metals in alumina cru-
cibles in a vertical-quench controlled-atmosphere furnace (BLUM et
al., 1989). The synthetic samples were not onginally intended for use
as analytical standards, and some have weighing uncerainties intro-
duced during sample preparation that could readily be reduced. The
synthetic sample used as a standard in this study contains 1000 ppma
Os and Re (+4%). Two other synthetic samples that were analyzed
contain Os and Re at the 100 ppma (£25%) and 10 ppma (£35%)
levels. The meteoritic samples are the metallic Fe-Ni kamacite phase
from three type [IAB iron meteorites whuch contain kamacite as the
only metallic phase, one type LAB and one type LIIAB iron meteorite,
both of which contain two Fe-Ni metallic phases (kamacite and tae-
nite). and one pallasite which also contains kamacite and taenite.
Samples were cut into wafers, polished with diamond paste and
mounted onto stainless steel stubs with conducting epoxy. The bulk

Tabie 1. Analyucal data for Os analyses of synthetic and meteontic sampies.

'‘Os conc.  'Os conc. Os conc. ‘SARISA Os 'Net Os°

Sampic gav. ppma  RNAA ppmaz [D ppma conc. ppma  counts (329)

SYNTHETICS

(session 1)

Ni-Os-Re 1000 - - 1000 204210
(+0.04)

Ni-Os-Re 100 - - &3 L7&10*
(£0.18)

Ni-Os-Re 10 - - 125 25610
(£028)

METEORITES

(session 2)

Ni-Os-Re 1000 - - 1000 3.46x10°
(£0.24)

Negniios - 253 148 187 6.48x10°
(£0.20)

Eagie Staion - 450 - 485 1.68x10°
(£025)

Coahuila - 34 - 319 L.11x10°
(£0.04)

Narth Chile - 034 038 0.40 1.40x10°
(2026)

METEORITES

(session 3)

Ni-Os-Re 1000 - - 1000 1.46x10°
(£0.12)

Henbury - 488 3% 4.00 58210°
(20.92)

Eagle Station - 450 - 401 S.86x10°
(£058)

Caoyon Dablo - 0.65 061 0.60 885210
(£1.70)

“SARISA Os concentration normaized 0 1000 ppma standard.
"Mean of pet Os” counts per 125 sec analyses for either 2 or 4 analyses

(background subtracted).
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concentration of Os in the meteoritic samples has been previously
determined by radiochemical neutron acuvation analysis (RNAA)
with a reporied precision of = 12% for the iron meteontes (PERNICKA
and WASSON, 1987) and = 14% for the pallasite (Davis. 1977). Com-
parison of these RNAA data with previous RNAA and isotope dilution
(ID) determinations indicates general agreement within ~ =20%
(PERNIKA and WASSON, 1987, and references therein). The only sig-
nificant discrepancy is for NEGRILLOS where the ID value of HERR
et al. (1961) is ~40% lower than the RNAA value of PERNICKA and
WASSON (1987). The names of each of the sampies analyzed and the
Os concentrations in ppma determined by RNAA and ID are given
in Tabie 1.

Apparatus

The expenments were performed using the SARISA apparatus
(PELLIN et al., 1988; BLum et al.. 1990) which consisis of three main
subunits: a pulsed pnmary jon source, three pulsed tunable lasers,
and an energy and angular refocusing time-of-flight mass spectrom-
eter. A mass analyzed S keV Ar® sputiering beam with an average
current of 2.0 uA and a full width at half maximum (fwhm) diameter
of ~70 um 1s produced by a Colutron 100 gun. Dunng analyses. the
primary ion beam is chopped into pulses of 200 nsec wadth by elec-
trostatic deflection at a 40 Hz repetiuon rate. The Ar® ions strike the
target in an ultra-high vacuum chamber pumped 10 a base pressure
of 5§ % 10" " 1orr and operated at a pressure of ~1 X 10~* 1orr dunng
analyses The sputienng rate in the 40 Hz pulsed mode is ~ 10 min
per monolaver of target. Sputicred species fill a volume above the
target during and afier the arrival of the primany ion pulse. Duning
sputiering. the target is held at a 1.5 kV potential; incoming Ar” ions
are decelerated 10 3.5 ke'V and positive secondary ions produced by
sputiering are accelerated to 1.5 keV. The unwanted secondary ions
are not transmitied through the mass spectrometer, wiuch 1s designed
10 accept ions with 1.0 = 0.] keV energy.

Approximately 300 nsec afier the end of each primary iop pulse
a XeCl excimer laser is fired producing an ~ 10 nsec. 200 mJ ultra-
violet (UV) pulse with 8 bandwidth of 0.3 10 0.5 nm centered about
307.9 nm. The excimer output is spiil into three beams which are
used 10 pump three tunable dve lasers (loaded with Rhodamine 590,
Coumann 480, and DCM dves. respectively) 1o produce three beams
of visible hght The Rhodamine dye laser’s visible hight output 15
frequency doubled in a non-linear crystal 1o produce UV pulses. The
three laser beams are spatially and temporally overlapped in a volume
that extends from about 0.5 10 1.5 mm above the target surface and
has a diameter of ~1 mm. Photoionizauon of sputiered neutral Os
atoms occurs within this volume following a three energy level res-
onance ionization scheme which utilizes resonant energy levels for
Os at 34365 and 55402 cm™' and an autoionizing resonance energy
level at 71032 cm™' (Fig. 1). Thus ionization scheme has an elemental
selectivity for Os relative 10 Re and other PGE of >10° (BLUM et al.,
1990). The ume delay between the end of the pnmary ion pulse and
the laser fining is precisely adjusted 1o maximize the number of sput-
tered atoms in the ionization volume. which depends on the velocity
distnbution of the sputtered atoms of interest. Positively charged Os*
photoions are acceierated away from the target and are focussed 1n
thcume-d—ﬂaﬂn..mmbynmofmlhnd&

mduﬂvﬂﬁmmtmdedinSmwindanbylein;‘
sysiem at bow signal levels (<10 counts per laser shot) or by a transient
charge digitizer a1 higher signal levels (> 10 counts per laser shot).

Anahvical procedure

Prior 10 each analysis a 2.0 A direct current Ar* beam was rastered
across the sampie for 2 min in a 2.5 X 2.5 mm patiern 10 remove
~40 monolayers of the target and expose a clean surface for analysis.
Each analysis consisted of summing the counts in each S nsec channel
for a period of 125 sec a1 a repetition rate of 40 Hz (5000 pulses).
The 1000 ppma sampie gave a Os* count rate high enough 10 saturate
the pulse-counting system forthemonnhmdlm(hm'rhﬂv-
fore, this sampie was analyzed using both transient charge digitization
and pulse-counting. It was first analyzed by charge digitization with
a normal primary ion pulse width of 200 nsec and was then analyzed
with a shoner pulse width of 20 nsec. The integrated Os” signals
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FIG. 1. Energy level diagram for Os resonance ionization scheme.
Resonant energy levels (E,, E;, E,) and the ionization potenual (1.P.)
are given as cm ™’ in vacuum, and laser wavelengths are given as nm
in air. Electronic configurauon and angular momentum quantum
numbers (J) are also given.

were used to calculate a conversion factor for the reducuon in pulse
width. The 1000 ppma sample was then analyzed with the pulse-
counting system and a 20 nsec primary ion pulse. and the count rate
was multiplied by the conversion factor 1o give the equivalent count
rate with a 200 nsec pnmary ion pulse wadth. All other sampies were
analyzed with the pulse<counting system and a 200 nsec primary 1on
pulse wadth.

For Os isotopes, unit mass resolution corresponded to a difference
in photoion amival time of approximately 120 nsec (24 channels)
Since the mass spectrometer was operated at low mass resolving power
(M/AM ~ 250. a1 fwhm). neighboring Os isotopes were mot fully
resolved and the total 1on signal was measured by summing the total
number of counts in the channels between 185.5 and 192.5.
The net Os” intensity for each sample was calculated by subtracung
the average background intensity from the total. Each sample was
analyzed at least rwice and the total number of counts were averaged.
The background was determined by collecting analyses in several
ways: 1) the UV dye laser was detuned 12 cm™' from the center of
the first resonant energy level and an average of 16 counts per 125
sec were measured, 2) the UV dye laser beam was blocked and an
average of 15 counts per 125 sec were measured: and 3) all three of
the laser beams were blocked and an average of 4 counts per 125 sec
were measured. The absence of interferences resonant with the UV
frequency was verified by analyzing stainless steel for Os and recording
only 18 counts per 125 sec. The background data indicate that con-
tributions 10 the background signal are from two sources: | ) electronic
poise and/or secondary ions which contribute ~4 counts per 125
sec, and 2) photoions produced by nonresonant jonization and/or
Iaser ablation from the visible dye laser beams which contribute ~ 12
counts per 125 sec. For the experiments reported here, the average
background of 16 counts per 125 sec is assumed to represent instru-
mental background for a sample containing no Os. The background
correction is only significant for analyses of sasmples containing sub-
ppma Os concentrations.

EXPERIMENTAL RESULTS
Analytical data

The analytical data for synthetic and meteoritic samples
are given in Table 1, divided into three groups which represent
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separate analysis sessions. The net Os” intensity (counts per
S000 laser pulses) for each sample is also given in Table 1.
The number of ions detected per ppma of Os varied by about
a factor of 2 between the three analysis sessions as indicated
by the variation in the Os* intensity per 5000 pulses for the
1000 ppma Os standard (Table 1). This was probably due 10
the fact that the first resonant transition was not saturated
with respect 10 laser power (BLUM et al., 1990) and therefore
the photoion production was sensitive 1o variations in the
laser power caused by dye degradation and by variations in
laser beam alignment. To compensate for these variations in
degree of ionization the 1000 ppma synthetic Os sample was
analyzed at the start of each analysis session and used as an
internal standard.

The calibration curve shown in Fig. 2 is a line of slope |
determined from the measured Os* intensity for the 1000
ppma standard. The relative Os™ intensities for the three syn-
thetic samples are plotted versus the Os concentrations de-
termined during sample synthesis (Fig. 2). It is evident that
the three data points fall along the line of slope 1, indicating
that the measured Os™ intensity is proportional to the Os
concentrations of the synthetic metals. Errors due 10 counting
statistics are small for all three synthetic samples (< +2%
2¢), and the best indicator of the analytical precision is pro-
vided by the reproducibility of replicate analyses. The van-
ation in the net Os* intensity for replicate analyses of the
synthetic metals suggests a measurement precision of
~ +10% (20) for Os concentrations between 10 and 1000
ppma. The accuracy of the SARISA measurements is more
difficult 1o assess since we have no independent determination
of the Os concentration or homogeneity in the synthetic met-
als. The dara for the 100 ppma and 10 ppma samples lie ~2¢
below and ~4¢ above the calibration curve, respectively, but
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F1G. 2. Loganthmic plot of normalized Os* signal intensity in ppma
versus Os concentration determined gravimetrically for synthetic
samples or by RNAA for meteorite samples (PERNICKA and WASSON,
1987; Davis, 1977). Circles are synthetic metals analyzed during
analysis session |; triangles are meteorites analyzed during session 2;
and diamonds are meteorites analyzed during session 3. Signal in-
tensities for each analysis session were normalized (o the 1000 ppma
synthetic standard. The minimum detection limit of 7 ppba is cal-
culated for a 3600 sec analysis.

within the weighing uncertainties introduced during sample
preparation.

The capability of SARISA for quantitative elemental anal-
ysis of natural matenals was investigated by measuring the
Os abundances in Fe-Ni metal from five iron meteorites and
one pallasite. The net Os* intensity and calculated Os abun-
dances in ppma (normalized to the standard) are given in
Table 1, and the data are plotied versus the RNAA Os abun-
dances of PERNICKA and WASSON (1987) and Davis (1977)
in Fig. 2. Except for NEGRILLOS, none of the data lic more
than 2¢ away from the slope | calibration curve, indicating
excellent agreement between the Os concentrations measured
here and those determined by RNAA. The close agreement
between the SARISA analyses and the RNAA data suggests
that 1) the linear relationship between measured Os* intensity
and Os content extends to concentrations at least as low as
0.3 ppma, and 2) the accuracy is well represented by the
reproducibility of replicate analyses and is ~ +10% for Os
concentrations between 0.3 and 1000 ppma. The Os con-
centration in NEGRILLOS determined with SARISA is ~20%
lower than the value reported by PERNICKA and WASSON
(1987) and ~20% higher than a previous determination by
HERR et al. (1961). The vanation between the thre¥ analytical
methods may be due to the heterogeneous distribution of Os
in NEGRILLOS metal rather than to major errors in the mea-
surements.

In three of the meteorites we analyzed (Canyon Diablo,
Henbury, and Eagle Station), the metal is not homogeneous
and consists of kamacite with taenite lamellae. Since we have
compared the SARISA data for kamacite with bulk Os con-
centrations for these three meteorites, it is necessary 1o con-
sider the effect of Os partitioning between kamacite and
taenite. The mass fraction of taenite in Canyon Diablo and
Henbury has been measured and is very low (<2%; Ras
MUSSEN et al., 1988, 1989). Mass balance calculations indicate
that the taenite/kamacite partitioning ratio is probably <5
since the reduction in the Os concentrations of kamacite
compared to bulk meteorite is less than the £10% analytical
uncertainty.

Useful yield and detection limit

The useful yield (defined here as the ratio of ions detected
10 atoms sputiered) and the detection limit are two parameters
frequently used to charactenize an analytical technique. Since
these parameters measure two different aspects of a technique,
both cannot always be optimized in a single experiment. With
SARISA, for example, the useful yield can be maximized by
using a narrow primary ion pulse (~200 nsec) and low pri-
mary ion current (~2 uA) which in turn allows a small spot
size of <100 um. This procedure reduces the volume filled
by sputtered atoms and thus maximizes both the ionization
probability and the transmission of photoions through the
mass spectrometer. In contrast, the detection limit can be
optimized by using a wider primary ion pulse (~ | usec) and
higher primary ion current (and spot size) to increase the
sputtering rate so that the maximum number of atoms of a
trace constituent are sputtered from the sample and fill the
photoionization volume.

A primary goal of the present experiment was to determine
if we could achieve a high useful yield (and high spatial res-
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olution) for high ionization potential elements such as Os.
Accordingly, a narrow pulse width and low current of Ar*
primary jons were used, and no attempt was made to obtain
the best possible detection limit for Os. For some applications
maximum useful yield and high spatial resolution are not as
important as the optimization of detection Limits. In one such
case it was possible 1o detect In in a Si matrix at the pars
per trillion atomic level by using a wide primary ion pulse
(5.6 usec), a high ion current (~ 100 xA), and a large spot
size (3000 um) (PAPPAS et al., 1989).

The useful yield is determined from the ratio of Os” ions
detected per laser shot to the number of Os atoms sputtered
from the sample per primary ion pulse. The Os® ion yield
per ppma for analysis session 2 (Table 1) corresponds to 0.069
counts per ppma per laser shot. The amount of target matenal
sputiered per primary ion pulse can be estimated from the
sputter yield of pure Fe and Os under bombardment by 3.5
keV Ar* ions, which for both Fe and Os is 2.5 atoms per Ar*
ion (MATSUNAMI et al., 1984). With a primary ion current
of ~2.0 uA and a pulse width of 0.20 usec, 2.5 X 10* ions
strike the target per pulse and, therefore, approximately 6.3
X 10° Fe atoms are sputtered. We assume that trace levels
of Os are sputtered at the same rate as the Fe matrix, which
is the expected equilibrium condition (LAM and WIEDERISCH,
1987). In this case, 6.3 Os atoms will be sputtered per ppma
of Os in the sample during a single primary ion pulse. Dividing
the Os counts per laser shot by the number of sputtered Os
atoms per primary ion pulse gives a useful yield of 1%. For
example, the Os mass spectrum for the 0.34 ppma Os North
Chile sample was collected during 5000 primary ion pulses
(125 sec) by sputtering 1.1 X 10* Os atoms (s of 2 monolayer
in a 100 uym spot) and detecting 140 Os” ions.

The Os” ion yield for analysis session 2 (Table 1) and the
average background count rate (16 counts per 125 sec) were
used 1o calculate the detection limit for Os from Poisson
staustics at the 95% confidence level. Following the approx-
imation derived by ZIEBOLD (1967) we calculate that the de-
tection limit for Os for this experiment is 38 parts per billion
atomic (ppba) for a 125 sec analysis and 7 ppba for a 3600
sec analysis. Increasing the UV dye laser power to saturate
the first resonant transition would increase the Os® signal
and reduce the minimum detection limit. For fully saturated
transitions the useful yield would be expected 10 increase 10
~ 5%, as was achieved for Fe analyses using SARISA (PELLIN
et al., 1988), and the minimum detection himit should be
reduced 10 ~2 ppba.

DISCUSSION

Resonance ionization of sputtered atoms samples the large
peutral fraction of atoms that are sputiered, rather than the
much smaller secondary ion fraction sampled by secondary
#on mass spectrometry. Matrix-dependent variations in sen-
sitivity should be smaller for photoionization than for sputter-
initiated secondary ionization because ionization occurs in
the gas phase and is largely independent of the physical prop-
erties of the sample. Variations in relative ion yield of several
orders of magnitude are common for secondary ion mass
spectrometry (e.g., WILLIAMS, 1983) but appear to be much
less than a factor of 10 for resonance ionization of sputtered

atoms (PARKS et al., 1988). The yield of photoions using
SARISA should depend only on 1) the sputtering rate of the
sample, 2) the relative sputter yield of neutral atoms, ions,
and molecules, and 3) the extent of surface segregation and/
or contamination during an analysis.

The Ar® ion sputter yields for most elements have been
measured as a function of projectile energy and vary by up
to a factor of ~3 a1 3.5 keV (MATSUNAMI et al., 1984). Sputier
yields for more complex multiclement matrices are largely
unknown and will have 10 be determined by weight loss or
by profilometry of sputiered craters. We have used nonres-
onant excimer laser ionization 1o saturate the ionization of
atoms and molecules in order 1o gain a qualitative under-
standing of the ratio of sputtered atoms to sputiered mole-
cules. For samples of Fe-Ni metal, sulfides, and oxides, we
have found that molecules make up <10% of the total sput-
tered species.

The relative yield of sputiered secondary ions is strongly
affected by surface properties such as the extent of oxygen
coverage (e.g., HUSINSKY et al., 1987). Secondary ion yields
can be higher than 10% for low ionization potenual elements
but are generally much lower than 10% for high ionization
potential elements under ultra-high vacuum conditions
(BENNINGHOVEN, 1975). Therefore, the vield of sputtered
molecules and secondary ions will not significantly deplete
the population of sputtered neutral atoms of Os (or other
PGE) that are available for photoionization.

The high useful yield and elemental selectivity of resonance
ionization of sputtered atoms allows chemical and 1sotopic
analyses to be made on small numbers of Os (or other PGE)
atoms without the need for chemical separation. As discussed
by BLUM et al. (1990), the time-of-flight mass spectrometer
used in these experiments is adequate for concentration
measurements but not appropriate for high precision (< =1%)
isotope ratio measurements of Os due 10 its low mass reso-
lution. Resonance ionization of sputtered atoms can, in prin-
ciple, be coupled with a2 magnetic sector, quadrupole, or high
resolution time-of-flight mass spectrometer for high precision
isotope measurements. In this case, the precision of Os mea-
surements would be limited primarily by ion counting sta-
tistics. Osmium occurs in geological maternials dissolved at
low concentrations in sulfides, silicates, and spinels and as a
major constituent in um-sized PGE-nch sulfides and alloys.
Osmium measurements of geochemical interest can be
prouped into the following categones: 1) inm situ chemical
analyses of Os (and other PGE) at low (sub-ppma) concen-
trations, 2) in sifu isotopic analyses of Os at low concentra-
tions, 3) in situ isotopic analyses of Os in um-sized PGE-rich
sulfides and alloys, and 4) isotopic analyses of Os chemically
concentrated from geological materials.

We can use simple counting statistics to calculate the ap-
proximate precision of Os concentration and '*’Os/"%Os iso-
tope ratio measurements that are potentially possible using
this method. In an earlier section we demonstrated a useful
yield of 1%, which corresponds to 0.069 Os* counts per laser
shot per ppma of Os in a sample. The experiments reported
bere were run at a 40 Hz repetition rate, but XeCl excimer
lasers are available which operate at repetition rates of up to
200 Hz. For a | b analysis at 200 Hz we calculate that there
would be 5 X 10 Os* counts per ppma of Os in a sample.
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Based on the calculated count rates and counting statistics,
we expect 1o be able to measure Os concentrations in sifu
with a precision of = 10% down to 2 ppba. and with a precision
of =1% down to 200 ppba. These detection limits will allow
the investigation of Os partivoning and solubilities in mineral
phases from iron meteorites, terrestrial mafic and ultramafic
rocks, and in phases synthesized in laboratory experiments.

Most geological applications of Os isotope studies require
the measurement of '*’Os/'*Os ratios with < + |% precision
(ALLEGRE and LUCK, 1980). Our calculations indicate that
this should be possible for in sifu measurements of samples
with =15 ppma Os. This is a considerably higher concentra-
tion than needed for Os concentration measurements because
"W0Os and "0s are minor isotopes (~1.6% abundance) of
Os. As a result, in situ Os isotope investigations will be limited
10 materials that are enriched in Os such as iron meteorites
and Ni-Fe sulfides in peridotites and mafic-ultramafic intru-
sions.

Osmium is a major constituent in PGE-rich alloys and
sulfides that are commonly found as inclusions in spinels
associated with ophiolites and layered mafic-ultramafic in-
trusions. These inclusions range in size from | to 20 um in
diameter and have Os concentrations of up to ~20% (e.g.,
STOCKMAN and HLAVA, 1984; TALKINGTON et al., 1984).
Although the primary Ar” jon beam used in our apparatus
has a ~70 ym fwhm diameter, small inclusions can still be
analyzed for '*’Os/'*Os with a precision of < 1% if they
have high Os concentrations. For example, a | um diameter
inclusion with 5% Os or a § um diameter inclusion with 0.2%
Os should be adequate for such an analysis. Thus, the Os
isotope systematics of PGE-nich alloys and sulfides from most
ophiolites and layered mafic-ultramafic intrusives should be
amenabile to in situ Os isotope studies.

Finally, resonance ionization of sputtered atoms can be
used 1o measure the isotopic composition of extremely small
samples of Os that have been chemically concentrated from
geological matenals. Following separation of Os from rocks
by acid dissolution and distillation (cf. LUCK and ALLEGRE,
1983), samples with as little as 10™'* g of Os could theoretically
be used for '*’Os/'*Os ratio measurements with < =1% pre-
cision if they were deposited a¥ thin films onto a substrate
for spurtering. Chemical separation of Os would allow Os
i1sotope analyses of mg-size samples of virtually all rock-types
including felsic crustal rocks which have Os concentrations
as low as ~0.01 ppba (MORGAN and LOVERING, 1967).

Osmium can quite easily be concentrated by a factor of
~10 from bulk rocks into NiS or Ni metal by fire assay
fusion (HOFFMAN et al., 1978). Alternatively, Os can be con-
centrated by ~ 10 by NiS fire assay fusion followed by acid
dissolution and filtration of acid insoluble residues (TENG et
al., 1987). These residues could then be sputtered directly or
fused with NiS or Ni metal for sputtering Fire assay con-
centration of Os would allow Os isotopic analysis of ultramafic
rocks which generally contain | to 10 ppba Os.

We have shown that resonance ionization of sputtered at-
oms can be used for quantitative analysis of trace levels of
Os in Ni-rich and Fe-rich metal with a spatial resolution of
~70 um. This technique can be adapted to trace analysis of
most high ionization potential elements (including all of the
PGE) in a wide variety of natural and synthetic materials by

determining the appropriate ionization scheme for each ele-
ment and tuning the dye laser wavelengths accordingly. To
obtain multielement analyses in a single spot, dye laser wave-
lengths will have 1o be rapidly tuned to the ionization scheme
for cach element. The high useful yield and elemental selec-
tivity of resonance ionization of sputtered atoms should
eventually allow in siru measurement of Os isotope ratios
down to concentrations of ~ |5 ppma without chemical sep-
aration.
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