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Upper mantle peridotite xenolith present in basalt
from the Yangyuan locale, China. Two stages of Earth’s
accretional history are recorded in mantle peridotites
like this one. The moderately siderophile elements are
present in abundances consistent with high pressure
and temperature partitioning between metal and
silicate, such as may have occurred at the bases of
magma oceans over the course of the final 10-20%

of Earth’s accretion. The highly siderophile elements
are in chondritic relative abundance and were likely
emplaced in the mantle by a final approximately 0.5%
of Earth’s accretion.
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SIDEROPHILE ELEMENTS
IN TRACING PLANETARY

FORMATION
AND EVOLUTION

. ABSTRACT

The siderophile, or iron-loving elements have many applications in the Earth and
planetary sciences. In primitive meteorites, differences in the relative abundances
of these elements are likely due to both nebular and parent body processes.
In addition, some siderophile elements are also characterised by isotopically
distinctive nucleosynthetic signatures. Thus, the relative abundances and isotopic
compositions of these elements can be used to trace the genetics of primary
planetary building blocks. Although these elements are largely concentrated in
the metallic cores of differentiated planetary bodies, their absolute and relative
abundances, as well as their isotopic compositions can also reveal important
information regarding conditions of core formation and the chemical evolution
of the silicate portions of the planetary bodies. The lithophile-siderophile nature
of the radiogenic ¥2Hf-'82W system allow it to be used to place chronologic
constraints on planetary core formation. The differing incompatibilities of the
two elements in silicate systems further mean that the system can also be used
to study early differentiation processes and subsequent efficiency of mixing in
the silicate portions of differentiated bodies, including Earth.
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The abundances of siderophile elements in the terrestrial mantle are used
to assess primary and secondary melting processes, and resulting metasomatic
interactions. In addition, the Re-Os isotope system can, in some instances, be
used to place chronologic constraints on when these processes occurred. The
abundances of siderophile elements, and '®’Os/'%80s and '80s/'#Os ratios in
the mantle sources of ocean island basalts can be used to place constraints on the
age of recycled materials, and in some instances, the types of recycled materials
present in these mantle domains.



n INTRODUCTION

The siderophile, or Fe-loving elements, were defined by Goldschmidt as those
elements with a tendency to partition into metallic iron relative to the silicate
Earth, the hydrosphere, or the atmosphere (Goldschmidt, 1937). Some of the
siderophile elements are also chalcophile, and tend to strongly partition into
sulphide melts and some sulphide minerals. Here, I provide an overview of
siderophile elements in geochemical and cosmochemical systems, focusing on
what I consider to be some of the more important and interesting applications
of these elements to Earth and planetary science. There is, of course, no hope of
covering all applications related to this extensive group of elements, or of even
discussing all of these elements. Most of the focus will be on so-called highly
siderophile elements (to be defined later), with some forays to moderately sidero-
phile elements. Although slightly siderophile elements, such as Mn, V and Cr, are
not unloved, they will largely be ignored here, due to space limitations, as well
as my lack of expertise regarding them. Siderophile elements have been used to
learn some important details about the origin of the Earth and Moon, and how
our planet ended up the way it did. However, ambiguities in how siderophile
element data are interpreted have also provided us with some “mysteries” that
we will likely debate for years to come.

As has become a tradition in Geochemical Perspectives, I begin by explaining
how I managed to wind up in a career focused on geochemical research that has
been largely centred on the generation and interpretation of siderophile element
data. At the outset, I must admit that my entry into the world of siderophile
elements did not occur as a result of a geochemical epiphany, or careful plan-
ning. I simply blundered into this suite of elements as an unlikely outcome of the
transition from my dissertation project to a postdoctoral project.

My doctoral dissertation project at the State University of New York at
Stony Brook involved the study of strictly lithophile trace elements, including Sr,
Nd and O isotopes, in granites and granitic pegmatites of the Black Hills, South
Dakota. My advisor, Jim Papike, who had moved to the Black Hills at the beginning
of my Ph.D. project, was directing much of his research energies towards these
granitic rocks at the time. The original research plan for my Ph.D. project was to
determine rare earth element (REE) and some other trace element concentrations
in minerals and bulk samples (whatever that means when working with pegma-
tites) of these rocks. To do this, I was to utilise the instrumental neutron activation
analysis (INAA) technique at a distant facility. For this work, I drove off to the
northwestern portion of the U.S. to work with J.C. Laul at the Battelle Northwest
Laboratory in Richland, Washington, and spent 6 months generating data. The
ultimate goal of the project was to model mineral-melt and mineral-fluid evolu-
tion in a complexly-zoned, granitic pegmatite. This seemed like a good idea at the
time, yet, despite the popularity of leucogranites in kitchen countertop culture,
they can have a dark side. Although they are composed of alluring minerals
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and textures, some of the granites and granitic pegmatites I worked on proved
to be surprisingly challenging with respect to determining the concentrations
of REE. To make a long story short, the quite low REE abundances in many of
the rocks and minerals of interest, coupled with very high abundances of some
elements that can swamp the signals of the REE when conducting INAA (like Ta
and U), led to problems obtaining accurate data. I eventually returned to Stony
Brook without the primary data needed for my dissertation. After discussing the
analytical problems I had with Stony Brook professor Gil Hanson, he suggested
that I could gather the data I needed by the more painful isotope dilution method,
using his thermal ionisation mass spectrometry (TIMS) lab. Isotope dilution of
these elements involves quite a bit of chemistry, as it requires dissolution of the
rock or mineral, adding precisely determined amounts of enriched isotopes to the
solution, and separating the REE through a series of cation exchange columns.
I accepted the challenge, and over the next few years became inculcated in the
joys and frustrations of chemistry labs and TIMS. The project eventually wended
its way to completion in late 1984.

As the defense date of my dissertation neared, I began to look for gainful
employment to follow my graduate career. Like many soon to be freshly minted
Ph.D/s, I was naturally looking to extend this same line of research of granites
into a sixty year research career. This seemed like a good idea at the time. The
rocks I was working on proved to be very interesting, and there was much left to
learn from them about crustal evolution, and even about processes that can create
economically viable mineral deposits (Walker et al., 1986). But how and where
to find a follow-on research home that would allow me to continue this work?

Sometimes jobs can be found where you least expect them. As a result of
working in Gil Hanson’s lab, I became particularly well versed in the care and
feeding of mass spectrometers built by the U.S. National Bureau of Standards
(NBS), which has subsequently been renamed the National Institute of Standards
and Technology (NIST). We had two such mass spectrometers at Stony Brook.
These were not commercial mass spectrometers. The NBS would build and sell
you a mass spectrometer..., but only if you were nice to them and convinced them
the mass spectrometer would be put to good use. Younger readers are reminded
that, at that time in the early 1980’s, commercially made thermal ionisation mass
spectrometers were still relatively rare, and most labs that did TIMS work (e.g,
Caltech, MIT, Carnegie) utilised custom-built mass spectrometers, or commercial
concoctions that operated with mixed success. The mere mention of the word
Nuclide may still bring smiles to some faces, and looks of abject horror to others.

Towards the end of my graduate career it was decided that the smaller of
the two Stony Brook mass spectrometers should have a beam valve installed.
This would permit preservation of the vacuum in the flight tube while changing
samples. Only one sample could be put into these instruments at a time, so main-
taining the flight tube and collector can at vacuum, while changing a sample,
would lead to much shorter pump down times, greater efficiency, and more
data! The machining and welding for this was to be done at the NBS, so the



necessary parts were hoisted into a van, and fellow graduate student Jay Banner
(now a professor at the University of Texas) and I drove them down to the NBS
in Gaithersburg, Maryland for the modifications. While there we received a tour
that was akin to a James Bond briefing by Q. We got to see some of the newer
versions of their mass spectrometers. One that was particularly intriguing was
introduced as a resonance ionisation mass spectrometer (RIMS). It consisted of a rela-
tively small TIMS combined with a tunable dye laser, which was, in turn, pumped
by a Nd-YAG laser (pulsed at a very slow 10 Hz!). This was not laser ablation. The
idea was to chemically separate and purify the element or elements of interest
from matrix, just like with normal TIMS. The separated material was loaded onto
a filament as with TIMS, however, for this measurement technique, the heat of
the filament was used to atomise, rather than ionise the element. The laser light
could be used to selectively photo-ionise atomic species of certain elements from
the gas cloud in the source region of the mass spectrometer. The element-se-
lective photo-ionisation would then take you from the atomised ground state
to an excited state, then on to ionisation, whereby the mass spectrometer could
do the rest with high voltage acceleration, focusing, and magnetic separation.
The specificity of resonance ionisation would either allow you to do a bit less
chemistry on the samples, e.g, to selectively photo-ionise elements in order to
eliminate isobaric interferences from other elements present in the separate, or
to ionise elements that were not amenable to efficient thermal ionisation. It was
pointed out to me that there was currently no one at the NBS working full time
on the experimental instrument, and that I might want to apply for a National
Research Council postdoctoral fellowship to do this. Although this didn’t sound
much like a follow up to a degree in geochemistry, the mass spectrometer was
shiny, had flashing lights and looked really neat, so I applied and the proposal
was selected for funding,.

As I recall, my proposal primarily promised to use the new instrument to
make more REE measurements on granites using simplified chemical separation
methods, but also included a short section on measuring the siderophile elements
Re and Os. I had included these two elements because they were on the list of
elements that allegedly could be photo-ionised and analysed by RIMS. This
was potentially handy because the very high first ionisation potentials of both
elements made them unsuitable for standard TIMS measurements, using a hot
filament for ionisation. I had read the pioneering applications of the ¥"Re-187Os
isotopic system in several seminal papers published by Jean-Marc Luck and Claude
Allegre, of the University of Paris, a few years earlier (e.g., Allegre and Luck, 1980;
Luck et al., 1980; Luck and Allegre, 1983). This radiogenic isotope system seemed
very exciting, with promising applications in cosmochemistry and geochemistry.
Luck and Allegre accomplished their remarkable measurements by chemically
separating Re and Os from a geological or cosmochemical matrix, highly puri-
fying the elements in a chemistry laboratory, then using a secondary ion mass
spectrometer (SIMS) to sputter the purified fractions in the mass spectrometer,
which led to ionisation of a small fraction of each element. The methodology
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for doing this was exacting, suffered from very low ion yields in the mass spec-
trometer, and achieved relatively poor precision (ca. £0.5 %). Maybe I could do
better with RIMS.

I moved to Gaithersburg in January 1985 and began work on the new
instrument. It was decided that I would first tackle the Re-Os isotope system,
because Re and Os were perfect targets for photo-ionisation, and this might make
a splash in the mass spectrometry world. I planned to conquer the system after
maybe a few months of work. I then expected to get back to the more important
measurements of the REE.

Development of the mass spectrometry was surprisingly straightforward.
With help from my NBS mentor, Jack Fassett, I was able to make nearly state-of-
the-art isotope ratio measurements of these two elements after just a few months
of methods development, using the six inch radius of curvature RIMS mass spec-
trometer (Fig. 1.1). State-of-the-art, of course, was still only about +0.5 to 1 %
precision, and I never did top the precision of the Paris group’s technique using
RIMS. Fortunately, such low precision is not a problem for some applications of
this isotope system. Unlike for Nd isotope applications, for example, where the
ability to make measurements at the parts per 10,000 level is critical, the atomic
abundance of ¥’Os present in different rocks and minerals vary by more than
1000 %. Consequently, measurement precision of +1 % was not necessarily a
major handicap. Due to the selectivity of the photo-ionisation schemes used,

Figure 1.1 Resonance ionsation mass spectrometer, circa 1986, used for initial Re and Os
measurements by the author at the U.S. National Bureau of Standards (now
NIST). Note the trace of the pulsing laser light.



I could alternately measure the isotopic compositions of Re and Os loaded onto
the same filament, simply by turning a dial on the side of the dye laser! The
technique was far from perfect, but it worked. Among the requirements was that
tiny, custom Ta filaments had to be hand-crafted for each analysis. Eventually we
even learned to pulse the temperature of the filament to crudely coincide with the
pulse rate of the laser, gaining us a modicum of improved efficiency. Refinement
of equipment and methods led to the publication of a paper in Analytical Chemistry
(Walker and Fassett, 1986), partially fulfilling my contractual obligation to the
project. This meant I could move on to geologic applications!

Unfortunately, getting a viable chemistry to work for the Re-Os system
proved to be much more elusive than development of the mass spectrometry.
At that time I didn’t understand that Os was easily volatilised from oxidising
solutions, so the initial spikes I made (in nitric acid!) suffered rapid Os loss.
Before I knew it, most of my two year postdoc had evaporated, along with the Os.
I became sufficiently frustrated with the limited progress that I ultimately humbly
contacted Jean-Marc Luck, who at the time was working on Os at Yale with Karl
Turekian. He generously provided me with a manuscript that detailed his chemical
procedures. I ended up copying some parts of his methods, and adapted others for
the RIMS method (Walker, 1988), and was beginning to obtain some reasonable
numbers on USGS standard rock powders by the time my first postdoc ended.

By this time, I had applied for a number of assistant professor positions.
Mapping out many failures with a virtually unknown isotope system and no
geologically relevant results, however, was not a good strategy for acquiring a
faculty position in the geosciences. I even have some humorous interview stories
from this period. For example, one institution sent me a nice letter (yes, it was
paper back then) that stated their department was very interested in my work
and would soon be inviting me for an interview. I was told that I should prepare
a talk for the interview. About a week later I received another letter that said the
instrumentation I was using was very expensive, so they had changed their minds
and decided not to invite me for an interview after all. I ultimately did interview
for a number of faculty jobs, but selling myself based on the (theoretical) promise
of good things to come did not get me a job. Fortunately, during my final few
months as an NBS postdoc I was invited to give a talk at the nearby Carnegie
Institution of Washington’s Department of Terrestrial Magnetism (DTM). I spoke
about the RIMS technique and reviewed what I thought were some potentially
exciting future applications of the Re-Os system. The talk interested staff scien-
tists Rick Carlson and Steve Shirey to a sufficient degree that they convinced DTM’s
then Director, George Wetherill, to hire me for a follow-on two year postdoc.
This turned out well for all of us. Both Rick and Steve had great ideas for initial
applications of the system, while I had the means to make the measurements.
While continuing to use the mass spectrometer at NBS, I was able to produce
the first Re-Os isochron for a terrestrial igneous system, the 2.7 Ga Pyke Hill
komatiites, in collaboration with Steve and Ole Stecher (Walker et al., 1988). I also
generated the first Re-Os isotopic data for mantle xenoliths, in this case from
the Kaapvaal Craton, South Africa, in collaboration with Rick, Steve and Joe Boyd.
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For this study we found that the Os isotopic compositions of the xenoliths were
quite variable and were able to correlate Os isotopic compositions with proxies
for melt depletion. This led to the conclusion that some of the xenoliths had been
depleted in Re, along with melt, more than 3 Ga ago (Walker et al., 1989). This
in turn demonstrated that portions of the subcontinental lithospheric mantle
(SCLM) underlying the Kaapvaal Craton formed at about the same time as the
overlying Archean crust, strengthening the then nascent concept of long-lived
lithospheric keels to continents. It also means that SCLM is commonly isolated
from the convecting upper mantle for long periods of time. This study has led to
considerable efforts by numerous labs around the world to date melt depletion in
SCLM using Os isotopes. I'll come back to this topic in a later section.

At around the same time, I received a phone call from a guy with a British
accent (with maybe a bit of Australian mixed in) who introduced himself as John
Morgan (Fig. 1.2). He worked at the U.S. Geological Survey in Reston, Virginia,
about 40 km away, and invited himself to visit the RIMS lab at the NBS. When he
arrived, he made me aware that he had been working on Re, Os and some other
siderophile elements in terrestrial and extraterrestrial rocks for “donkey’s years”
(one of his favourite terms). He had been making these measurements by neutron
activation analysis (both instrumental and radiochemical), since the early 1960,
when he completed his Ph.D. dissertation at the Australian National University.
During the early stages of his career, he care-
fully documented the trace element behaviours 4
of Re and Os in terrestrial rocks and meteorites
(Morgan and Lovering, 1967a,b), and subse-
quently was heavily involved in the analyses of
Apollo samples (e.g, Morgan et al., 1972, 1974).

Figure 1.2 John Morgan was an innovator and
major player in the development of the
Re-Os isotope system, and the study of
siderophile elements in general. He is 1
shown here in laboratory attire at the Q
U.S.G.S in Reston, VA in the early 1990’s.

F;hoto provided by Richard Markey.

As later became obvious to me, John had been planning a range of impor-
tant applications of the Re-Os isotope system to geological and cosmochemical
problems since the time of his dissertation, and was waiting for an analytical
method to come along that would allow him to make the isotopic measurements
he knew should be made. He proposed that we collaborate and begin work on
meteorites to build on the published results of Luck and Allegre. We also agreed
to do some work on one or two platinum group element (PGE)-rich systems that
might be viewed as practical applications by his U.S.G.S. management, given that
I was still looking for long-term employment. The deal was that he would do the



chemical separations and I would do the mass spectrometry. He used a different
chemical processing method from mine. Instead of acid digestion, he used an
alkaline fusion method, which had somewhat higher blanks, but completely
dissolved a wider range of materials than my method (Morgan and Walker, 1989).

At the time John introduced himself to me, I thought iron meteorites were
possibly the least interesting topic one could think of, and that chondrites were
not far behind on the list of sleeper topics. Nevertheless, I agreed to this arrange-
ment. Together with my wife Mary Horan (also a U.S.G.S. employee at the time)
we were able to quickly produce some papers that seem primitive by today’s
standards, but nonetheless laid the groundwork for future applications of the
Re-Os system and other siderophile elements to issues of planetary differentia-
tion and late stages of planetary accretion (e.g., Walker and Morgan, 1989; Horan
et al., 1992).

Collaborating with John Morgan was highly beneficial for me, as my career
research targets have forever after closely followed those promoted by him. It
even turned out that his constant mantra, that lunar breccias are the key to
understanding practically everything, really was true. Over the next few years we
also turned out papers examining the Re-Os isotopic systematics of rocks from
the Stillwater Complex, Montana, in collaboration with David Lambert (Lambert
et al., 1989), and the Sudbury Igneous Complex, Ontario, in collaboration with
Tony Naldrett (Walker et al., 1991). The Stillwater Complex turns out to have
had a heterogeneous, but mantle-dominated Os isotopic composition when it
formed. By contrast, in our study of Sudbury ores, we discovered that the initial
Os isotopic composition of the complex was highly radiogenic, indicating that
probably all of the PGE, as well as the Cu and Ni mined from the complex were
concentrated from a crustal melt, rather than extracted from the mantle, or the
meteoritic impactor that generated the complex.

After my Carnegie postdoc, I spent an additional two years working at
the U.S5.G.S., where I continued to collaborate with John and Mary on the Re-Os
isotope system. Just before my temporary position at the U.S.G.S. ended in 1990,
I saw an advertisement for an assistant professor job at the nearby University of
Maryland (UMd), and applied. Although UMd was only about 10 km from where
I lived, it was a place I had never previously visited. I was soon invited over for
an interview, presumably because I was such a cheap date. I must not have done
too poorly in the interview, because I was eventually hired by the Department
of Geology, and still work there.

In order to dislodge me from their lab at NBS, where, after 5 years I was
still conducting my mass spectrometric measurements, the Mass Spectrometry
group there gave me the guts of their oldest, 12 inch radius of curvature, 68°
sector TIMS. As part of my university start-up, I had the instrument upgraded
with relatively modern electronics and some laser ports. The instrument was
shipped the short distance to the UMd in the summer of 1990. Plans were made
to turn it into a RIMS capable instrument via the acquisition of a laser system.
My new UMd colleague Erik Krogstad and I also planned to do Nd, Sr and Pb
isotopic measurements, and maybe some REE isotope dilution measurements
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with this instrument in a non-RIMS mode. We decided to name this mass spec-
trometer Bobcat I for reasons that centre on the near theft of a stuffed bobcat
during a geological field trip (Fig. 1.3a). We also submitted an instrumentation
request to the National Science Foundation (NSF) for a laser system, as well as
a new-generation, multi-collector TIMS.

Soon after the move to UMd, rumours began to circulate that Re and Os
could be analysed as negatively-charged oxide species, eliminating the need for
an expensive set of lasers. In 1991, Rob Creaser published his now famous paper
detailing the negative thermal ionisation mass spectrometric (NTIMS) method
for high sensitivity and high precision measurement of Re, Os and Ir (Creaser
et al., 1991). A few more papers on this topic from Klaus Heumann's group in
Germany quickly followed (e.g, Volkening et al., 1991; Walczyk et al., 1991). At this
point, my plans for building a RIMS instrument were terminated. The NTIMS
technique was clearly superior with respect to both sensitivity and absolute preci-
sion, although it required a higher level of chemical purification of Os. I sent a
letter to the NSF and asked them to forget about my request for a laser system,
although we asked that the request for the multi-collector TIMS remain active.
Fortunately, the TIMS proposal was subsequently funded. I quickly learned that
my old NBS mass spectrometer had a “Frankenstein” switch (Fig. 1.3b), which
when flipped, converted the instrument from positive to negative ion usage. We
were almost immediately off and running with a far better mass spectrometric

Figure 1.3 (a) The Bobcat 1 NBS mass spectrometer at the University of Maryland was
turned into a negative thermal ionisation mass spectrometer by flipping two
switches and adding an oxygen leak valve. (b) “Frankenstein” switch used to
reverse magnet polarity on NBS mass spectrometers.



technique than either RIMS or SIMS. In 1992, with NSF and UMd combined
funding, we added a VG Sector 54 TIMS to the lab. I have lived in a largely negative
ion world ever since. The Bobcat I mass spectrometer lived long and prospered
at UMd. In 24 years of action, this 1966 vintage mass spectrometer churned out
nearly 15,000 Re, Os, Sr, Pb, Ru and Mo isotopic measurements. In 22 years of
action, the VG produced an equivalent number of analyses. Both were donated
to other institutions in 2014.

I need to add a few additional words about chemical digestions and sepa-
rations for siderophile elements. As with many scientific advances, chemical
separation methods for siderophile elements can be traced back many decades.
As noted above, my initial Re-Os chemistry was based mainly on the chemical
separation methods handed down to me from Jean-Marc Luck. This consisted of
a more or less standard acid dissolution of a rock using hydrofluoric, and hydro-
chloric acids, but with a reductant added to maintain Os in a reduced form. Once
the rock matrix was broken down, presumably leading to the equilibration of
sample with isotopic spikes, we then added strong oxidants to the solution and
distilled the Os out of the pot solution in large glass stills (Fig. 1.4). Most practi-
tioners of Os distillation at the time used chromic acid as the oxidant, but all the
chromic acid I could get my hands on had rather high background concentrations
of Re that I could not purify from the solution. This one problem cost me several
months. Ultimately, my main contribution to this technique was finding that ceric
sulphate could also be used as an oxidant for Os, and that it could be purified of
Re and Os by boiling it in concentrated sulphuric acid at about 270 °C. This is a
rather exciting process that is not for the faint of heart.

My hybrid chemical method for Re-Os ultimately worked well for some
rocks, such as the Pyke Hill komatiites, but appeared not to achieve sample-spike
equilibration for other types of rocks. This was very troubling, especially after
the advent of the NTIMS method for isotopic measurement. For the chemical
separation method I was pursuing, I now had a much better mass spectrometric
method than chemistry. The alkaline fusion method of John Morgan’s worked
well, and enabled us to produce a number of papers, but it had blanks that were
too high for some samples.

After going through the literature on the dissolution of noble metals, it
became apparent that a high temperature oxidative digestion might be necessary
to drive the Os of the sample and spike to the same valence (+8 is most desirable).
This led to an analytical paradox. Osmium tetroxide is very volatile, so any oxida-
tive, open-system digestion done at high temperatures would lead to the loss of
the Os I wanted to capture and analyse. I conducted experiments with radioactive
910s during my NBS postdoc that convinced me early on that Os tetroxide can
pass through Teflon, so even closed Teflon bombs would not work if the Os was
oxidised. Fortunately, I recalled that my colleague at the NBS, Bob Kelly, had
been conducting oxidative digestion of fuel oils using aqua regia in sealed Pyrex
vessels called Carius tubes. We discussed the application of the Carius tube to Os
measurements and he thought digestion with aqua regia would be just the thing.
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Figure 1.4 Osmium purifications were originally accomplished by the author using a
glass distillation apparatus. The volatile Os tetroxide was generated by mixing
dissolved rock with ceric sulphate, then distilling through a water-cooled
condenser. Osmium gas was trapped and reduced in an ethanol-hydrochloric
acid mixture, chilled by ice. Photo shows mass production set-up in two hoods
at the NBS, with 4 stills operating at one time, circa 1987.

In 1860 Georg Ludwig Carius invented a sealable tube to dissolve all sorts
of stuff in acids, including noble metals. The technique had been updated specifi-
cally for noble metals at the NBS by Gordon et al. (1944) and Wichers et al. (1944).
So, in collaboration with Steve Shirey at DTM, in 1993 I had some tubes fabricated
and added sample powder to them. We also added spikes and aqua regia to the
tubes. We wanted to retain osmium tetroxide that might quickly form with the
addition of the aqua regia, so we naively added the acids and spikes to the tubes
with the tubes sitting in a liquid nitrogen bath, thinking this would keep the Os
really cold and stable. Although details are hazy, we then probably went off and
had some coffee and doughnuts to congratulate ourselves on a job well done.
We eventually took the tubes to the glass shop at UMd where the glass blower,
Mike Trembly, sealed the tubes at their narrow end. It turns out that while we
were enjoying coffee and doughnuts, the liquid nitrogen was trying its utmost
to freeze all the oxygen from the atmosphere above the state of Maryland into
the tubes. Upon removal of the tubes from the liquid nitrogen and sealing the
tubes, the oxygen quickly thawed, expanded, and caused the tubes to explode.
Mike expressed his extreme displeasure with our project, as the glass and aqua
regia flew around in his lab, and decided to train us to seal the tubes in our own
laboratories. Thereafter, we wisely switched to a higher temperature, ethanol-dry



ice slurry for cooling the tubes. Steve and I published a short paper on the method
(Shirey and Walker, 1995), and since then, this digestion method has been used
by many labs around the world. The ease of our technique was greatly improved
via the adaptation of liquid-liquid extraction methods to quickly and efficiently
separate Os from the other rock components (Cohen and Waters, 1996; Birck et
al., 1997), as well as the brilliant micro-distillation final clean-up step reported
by Birck et al. (1997). Rehkdamper and Halliday (1997) subsequently developed
a nice column chemistry to separate the PGE and Re from one another, which
could be added to the back end of our Re-Os chemistry.

Since the early 1990’s, my laboratory group at the UMd has focused most of
its efforts on the measurement of the Re-Os and Pt-Os systems, and the meas-
urement of abundances of other HSE in geological and cosmochemical materials.
More recently, we have added W, Ru and Mo isotopes to the measurements we
make using NTIMS.
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E OVERVIEW OF SIDEROPHILE ELEMENTS

Most siderophile elements that accompany us here on top of the silicate Earth are
in very low abundance. This is both bad and good, although mainly good. On
the negative side, although the Earth is relatively rich in Au, ~98 % of it resides
in the core. Thus, if you like objects made of Au, its highly siderophile nature is
bad because the paucity of Au that is accessible to humans makes it relatively
precious. Also, from an analytical standpoint, the low abundances of many of the
siderophile elements, in common rocks, have made them challenging to measure.
Further, in addition to low abundance, some are just downright ornery to measure
by standard techniques. As discussed above, Os played a minimal early role in the
application of isotope geochemistry to geological and cosmochemical problems,
because it could not be measured by the conventional positive thermal ionisation
mass spectrometric techniques employed in the 1950’s through 1980’s by isotope
geochemists.

On the positive side, the preferential sequestration of siderophile elements
into planetary cores makes them wonderful elements for examining a variety of
global-scale issues, including primary planetary accretion, planetary differen-
tiation, late stage planetary accretion, and mantle geodynamics. They are also
valuable for examining smaller scale processes, such as melt depletion and melt-
rock interactions in the mantle. Of course some siderophile elements, such as
Au, W, Pt and Pd, are also considered to be valuable commodities by humans, so
their abundances, and the potentially diagnostic relative abundances and isotopic
compositions of fellow siderophile elements, can even serve as useful prospecting
tools (e.g., Walker et al., 2007).

The siderophile elements comprise a geochemically complex group of
elements. There are several aspects of these elements that need to be recognised
(Table 2.1). First, they are not all equally siderophile. Quoting from Morgan et al.
(1981), “the siderophile elements are somewhat analogous to the occupants of Animal
Farm (Orwell, 1954) in that some are more siderophile than others...”. I was never
quite sure which siderophile elements John considered to be the oppressor-class
elements, equivalent to the pigs of Orwell’s Animal Farm, but I suspect the
vaunted Os was one. At any rate, siderophile elements are often divided into
subgroups commonly termed slightly siderophile (SSE: Mn, V, Cr), moderately
siderophile (MSE: Ga, P, W, Co, Ag, Ni, Sb, As, Ge, Mo), and highly siderophile
(HSE: Re, Os, Ir, Ru, Pt, Rh, Au, Pd) (Fig. 2.1). As the terms suggest, an element
is classified as a SSE, MSE or HSE, depending on how strongly it preferentially
partitions into metal relative to silicate melt, under 1 bar experimental condi-
tions. The Dmetalisilicate yalyes (concentration ratios of the element between the
two phases at equilibrium) for HSE are typically >10,000, whereas MSE D values
range from ~3 to 1000, and D values for SSE hover just above 1. These D values
cannot be uniquely defined, even for 1 bar conditions, because in addition to



their sensitivity to pressure and temperature conditions, they are also strongly
controlled by fO,, and in some cases fS,. In Table 2.1, I provide a range of D
values appropriate for 1 bar systems that have been experimentally examined.

Relevant data for moderately and highly siderophile elements. 50 % conden-
sation temperatures (T¢) in K, at 10° bar total pressure from Lodders (2003);
abundances in Bulk Silicate Earth (BSE), estimated uncertainties, and C1

chondrite (in ppb) from Anders and Grevesse (1989) (MSE for C1), McDonough

Table 2.1 .14 sun (1995) (MSE for BSE), Arevalo and McDonough (2008) (W for BSE),
Fischer-Godde et al. (2010) (HSE for C1) and Fischer-Gédde et al. (2011) (HSE
for BSE); metal-silicate D values for 1 atm. conditions at fO, between IW-1
and IW-2 from cited references.

SO(Z; Te BSE + C1 |[BSE/C1| =+ |Metalisilicatery fO, ref.
MSE
W 1789 13 10 93 0.14 | 1.00 2-600 IW1-Iw2 a
Mo 1590 50 20 900 | 0.056 | 0.022 35-65 IW1-IW2 b
Ni 1353 | 1960 | 196 |10500| 0.19 | 0.02 16-27 IW1-Iw2 b
Co 1352 | 105 11 500 | 0.21 | 0.02 15-23 IW1-Iw2 b
Ag 996 8.0 2.4 200 | 0.040 | 0.01 4-110 W1 C
Ga 968 4.0 0.4 9.2 0.43 | 0.05 3-30 IW1-Iw2 a
Ge 883 1.1 0.2 31 0.035 | 0.005 | 400-800 | IW1-IW2 d
HSE
Re 1821 | 0.35 | 0.06 | 37.3 [0.0094(0.0016| >8 x 10° IW-1 e
Os 1812 | 3.9 0.5 450 |0.0087/0.0011| 6x10'° IW-1 e
Ir 1603 | 3.5 0.4 424 10.0083(0.0009| >1x 10" IW-2 e
Ru 1551 7.0 0.9 631 [0.0111/0.0014| 2x 10" IW-2 e
Pt 1408 | 7.6 1.3 864 |0.0088(0.0015| 7x 10™ IW-2 e
Rh 1392 | 1.2 | 05 | 130 |0.0092{0.0037| 5x10' IW-2 e
Pd 1324 | 71 1.3 563 |0.0126(0.0023| 2x 107 IW-2 e
Au 1060 | 1.7 0.7 149 |0.0114/0.0047| 3x 107 IW-2 e

a Schmitt et al. (1989)

b Righter (2011)
¢ Wheeler et al. (2011)
d Capobianco et al. (1999)

e Walter et al. (2000)
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Figure 2.1 Abundances of moderately and highly siderophile elements in the bulk sili-
cate Earth (BSE) normalised to CI chondrite abundances. Concentrations and
uncertainties are from Table 2.1. For each category of siderophile nature, the
elements are arranged from left to right from most to least refractory, based
on their 50 % condensation temperatures (Lodders, 2003) (Table 2.1).

Second, the MSE and HSE range from moderately volatile to highly refrac-
tory, with 50 % condensation temperatures as low as ~883 K (Ge), to >1800 K (Re
and Os) (Lodders and Fegley, 1998; Lodders, 2003). This means that the elements
can be significantly fractionated from one another in cosmochemical settings as
a result of condensation and/or evaporation processes (Grossman, 1972).

Third, like most minor and trace elements, the partitioning behaviours
of the siderophile elements vary as functions of the composition of the system,
as well as pressure and temperature conditions. For most siderophile elements,
increasing temperatures and pressures leads to decreases in D™etal/silicate yayes,
As will be discussed below, these changes have been well studied for most MSE
(e.g, Li and Agee, 1996), but because of analytical and experimental issues, the
partitioning characteristics of the HSE are much more difficult to determine and
are, therefore, more highly debated (e.g., Cottrell and Walker, 2006; Mann et al.,
2012; Bennett et al., 2014; MEdard et al., 2015; Brenan et al., 2016).

Finally, most of the siderophile elements occur in nature as multivalent
species with, in some instances, wildly different geochemical characteristics. For
example, although a highly refractory element under reducing conditions, Re in
the form of ReO4 under highly oxidising conditions (boiling point of ~260 °C),
can be lost from subaerial volcanic systems as a gaseous phase (¢.g., Krdhenbiihl
et al.,, 1992; Bennett et al., 2000; Lassiter, 2003). Valence can also be important
with regard to solubility in low temperature aqueous systems. For example, Mo
can range from highly soluble, to relatively insoluble, depending on the oxidation



state of the system. In sum, despite the general tendency towards siderophile
behaviour, this group of elements spans a broad range of geochemical charac-
teristics, over a large spectrum of conditions.

In addition to serving as a very useful set of elements whose absolute
and relative abundances can be used to study cosmochemical- and geochemical
problems, some of the MSE and HSE are also actors in several radiogenic isotope
systems. These include the long-lived ¥"Re-1%"Os (t, = 42 Ga) and 'Pt-18¢Os
(tx, = 450 Ga) systems, as well as several short-lived **Tc-"Ru (t; = 0.21 Ma),
BTe-%Ru (ty, = 4.1 Ma), *’Tc-""Mo (ty, = 2.6 Ma), 197Pd-1"7Ag (t,, = 9 Ma), ®Fe-ONi
(ty = 3.5 Ma) and 82Hf-182W (t, = 8.9 Ma) systems (Table 2.2). Some relevant
parameters and definitions of terms for the Re-Os, Pt-Os and Hf-W systems (with
applications discussed below) are provided in Table 2.3. For the Hf-W system, the
parent isotope Hf is a lithophile, not siderophile element. The systems with Tc as
the parent isotope are currently not utilised. This stems from the fact that Tc is
an element with no stable isotopes, and there is currently only limited evidence
that the short-lived isotopes of Tc were extant in our earliest solar system. In
order to discern possible effects in the isotopic compositions of the daughter
elements, we need to know which early solar system materials may have been
characterised by high Tc/Ru and Tc/Mo ratios. Our predictive abilities, however,
are not very good with regard to Tc. Most prior workers have assumed that Tc
behaves in a manner that is very similar to Re, which it sits directly above in the
periodic table. Consequently, we and others originally assumed solid metal-liquid
metal fractionation would lead to sizable fractionations between Tc and Ru or Mo
(Dauphas et al., 2002; Becker and Walker, 2003), as it does with respect to Re/Ru
and Re/Mo. In Lazar et al. (2004), however, we experimentally discovered that
Tc has a Dsolid metalfliquid metal ya]ye that is similar to the D values for Ru and Mo.
Thus, even if Tc were present in early-formed metal systems, it would not have
been strongly fractionated from its daughter elements. It seems likely that very
high precision measurements of Mo and Ru will be required if we are ever to
observe the effects of Tc decay in early solar system materials.

There is considerable history relating to the analysis and application of
siderophile elements. High quality concentration measurements for some of
these elements go back at least as far as the 1960’s, so there is a long history of
applications to geological and cosmochemical systems (Bate and Huizenga, 1963;
Hirt et al., 1963a,b; Fouché and Smales, 1967a,b; Morgan and Lovering, 1967a,b).
This is especially true for Re and Os, and to a limited degree, even with respect
to application of the ¥"Re-¥7Os isotope system (e.g, Hirt et al., 1963a,b; Herr
et al., 1967; Riley and Delong, 1970). Note too that some of the HSE, most notably
Au and Ir, can be measured to high precision with great sensitivity by neutron
activation analysis (e.g, Vincent and Crocket, 1960; DEGRAZIA and Haskins,
1964). Consequently, the basics of the geochemical behaviours of some of the
siderophile elements were largely worked out using these methods by the time I
entered the field (e.g, Morgan and Lovering, 1967a; Barnes et al., 1985).
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Decay schemes, decay constants and associated half-lives for radiogenic isotope

Vel 2.2 systems involving a siderophile element.

A (@) ty,
187Re — 18705 + B~ 1.67E-11 41.6 Ga
190pt — 18605 + o 1.54E-12 450 Ga
1824f — 182\ + 28~ 7.79E-08 8.9 Ma
197pd — 107Ag + B~ 7.70E-08 9 Ma
60Fe — 6ONj + B~ 1.98E-07 3.5Ma
PTc — PRu + B~ 3.30E-06 0.21 Ma
%Tc — %Ru + B~ 1.69E-07 4.1 Ma
Tc — Mo + B~ 2.67E-07 2.6 Ma

Although INAA is still used for analysis of siderophile and other elements
(e.g., Korotev et al., 2009; Wasson et al., 2013), the advent of inductively-coupled
plasma mass spectrometry (ICP-MS) in the 1980’s has led to massive growth in
the number of siderophile element data available for terrestrial and planetary
materials. The capability of the plasma to ionise all of the siderophile elements
with great efficiency has made analysis of most siderophile elements practical.
This can be achieved through sample dissolution, followed by chemical purifi-
cation and injection of elements of interest into the mass spectrometer (e.g,, Lee
and Halliday, 1995a; Plessen and Erzinger, 1998; Pearson and Woodland, 2000;
Schoenberg et al., 2000), or by using laser beams to directly ablate material from
solids for injection into the mass spectrometer. The latter method of laser ablation
allows in situ chemical and isotopic analysis of materials with sufficiently high
concentrations of siderophile elements (e.g, Campbell and Humayun, 1999; Alard
et al., 2000). In addition, because of the ability of ICP-MS to precisely measure
isotopic ratios, the isotope dilution method is now commonly applied to most
non-monoisotopic siderophile elements. Alas, nature failed us when creating
the monoisotopic Au and Rh, but even these elements can be measured well by
ICP-MS techniques through comparisons with other siderophile elements (e.g.,
Fischer-Godde et al., 2010).

Given that some of the discussion that is to follow involves Os isotopes,
and includes references to some early Os isotope applications, this is a good place
to note that all studies before 1994 reported Os isotopic compositions in terms of
1870s/1860s ratios. This was convenient for those of us who like simplicity because
the modern chondritic (and mantle) ratio is ~1. However, in Walker et al. (1994)
we began to conduct isotopic analyses of materials with very high Pt/Os ratios
from Noril’sk, Russia. Some of these samples were enriched in both ¥7Os and
1860, relative to mantle-derived rocks with chondritic ratios. The enrichments



Isotopic information relating to '8’Re-'870Os, '90Pt-'860s and '82Hf-'82W isotope
systems. Isotopic data for Os, Pt and Re are from Walker (2012), Morgan et al.
(2002), and Gramlich et al. (1973), respectively. Ratios used for fractionation
corrections for Os and Pt measurements are shown in italics. * '80s and

Table 2.3 18605 are produced by radioactive decay of '®’Re and '°°Pt, respectively, so
their relative abundances, as well as the atomic weight of Os vary in nature.
Variation in '87Re/'80s among bulk chondrites is large (Fischer-Gédde et al.,
2010). The ratio listed is used by convention to facilitate comparison between
different studies when calculating model ages and vy values.
Isotopic Measured 20 Isotope Percentage Atomic
Ratio Ratio uncertainty P composition Weight
18405/1880s 0.0013037 4 18405 0.0173 % 190.240
18605/1880s 0.119850 4 18605 1.5935 %
1870s/'880s 0.113787 9 8705 1.5129 %
18905/1880s 1.219710 20 18805 13.296 %
19005/1880s 1.983736 30 18905 16.217 %
19205/1880s 3.08271 19005 26.376 %
19205 40.988 %
190pt/195pt 0.0003821 10 190pt 0.01292 % 195.080
192pt/195pt 0.023719 21 192pt 0.80168 %
194pt/195pt 0.9744 194pt 32.934 %
196pt/195pt 0.746024 38 195pt 33.799 %
198pt/195pt 0.214149 4 196pt 25215 %
198pt 7.240 %
185Re/'87Re 0.59738 39 85Re 37.398 % 186.207
87Re 62.602 %
Solar System Initial 8’0s/'8%0s; (from Archer et al., 2014)
0.09517
Average Chondritic '87Re/'80s (from Shirey and Walker, 1998)
0.40186

Chondritic Evolution:
1870)5/188Q, = 187Q5/1880s; +187Re/1880)s,0, (€N4-568 X 10E9) _ ght)
Yos(t) = {[(18705/1Sgossample(t))/(18705/1 Ssoschon(t))] - 1} x 100

Tima = 1/Ax In{[(*87Os/"880scpon — 18705/ 18805 sampie) / (187 Re/ 18805 chon — 87Re/ 18805 sampie)] + 1}

18705/1 Ssossample(EA) - 18705/1 88055amp\e _ 187Re/188055ample (eAt _ 1)

Tro = 1/A x In{[("870s/1880s¢0n — T8705/1EngSsamme(EA))/187Re/18805m0n] + 1}
where: 1870s/"880sg,mple(ea) is ratio calculated for eruption age

MmW = {[(182\/\//1 84Wsamp\e)/(182W/184Wstandard)] - 1} x 1 000 000
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in 180Os were the result of the decay of "Pt. Consequently, we made the switch
to reporting 187Os/¥80Os, a ratio in which the denominator is not modified by
radioactive decay. Although this change met with some opposition, most other
labs soon followed. This was not a big deal because most labs, like ours, had
previously been measuring ¥’Os/¥0Os, then converting to ¥70s/180Os by multi-
plying the measured ¥70Os/'¥80s ratio by an assumed '®Os/!#8Os ratio of ~0.12.
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SIDEROPHILE ELEMENTS IN CHONDRITES
AND IRON METEORITES

3.1 Chondrites

It is nearly impossible to discuss siderophile elements in major planetary bodies
like the Earth, Moon and Mars without first discussing the general behaviour
of these elements in meteoritic systems. A good place to start is with chondritic
meteorites. Chondrites are often described as cosmic aggregates. This is because
they consist of a variety of distinct components that may not have been made in
the same place (Shu et al., 1997), were probably not all made at the same time
(Amelin et al., 2002), and in some cases were not even made from the same
starting materials (Dauphas ef al., 2002; Brandon et al., 2005). These components
can include chondrules, after which chondrites are named, refractory inclusions,
metal, organics, and silicate-rich matrix. Chondrites are divided into three major
classes, ordinary, enstatite and carbonaceous, plus some rare suites such as the
Rumeruti, or R chondrites. The major classes are subdivided into different groups.
These classes and groups are discriminated based on major element compositions
(e.g, Krot et al., 2003). Introductory meteoritics teaches us that the carbonaceous
chondrites, in particular the CI group, have chemical compositions most similar
to the composition of the Sun’s photosphere (Anders and Grevesse, 1989).

When discussing siderophile elements in chondrites, it is important to
recognise that no chondrites are pristine examples of their parent bodies on the
day they formed. All chondrites have experienced the effects of thermal metamor-
phism and/or aqueous alteration that occurred at some point(s) in the history of
their respective parent bodies. Most studies assume these modifications occurred
very early in solar system history, soon after parent body formation. In addition,
many chondrites show the effects of shock resulting from impacts. Shock effects
include heating and recrystallisation, and can occur at any time in solar system
history. Finally, most chondrites, including falls, have been subtly or not so subtly
modified by alteration processes that occur in space, or on the surface of the
Earth. The effects of parent body modification, including shock, and terrestrial
alteration on siderophile elements are still only partially understood. This means
that before certain siderophile element characteristics can be attributed to nebular
processes, they must first be considered within the context of modifications that
may postdate the formation of their parent bodies (e.g,, Brearley, 2003).

Siderophile element data for chondrites began to proliferate during the
1960’s (e.g., Bate and Huizenga, 1963; Fouché and Smales, 1967a,b; Morgan and
Lovering, 1967b; Tandon and Wasson, 1968). Siderophile elements for which
data were commonly reported at that time included Re, Os, Ir, Au, Pd, Ni, Ga,
Ge. The data for these elements showed that absolute and relative siderophile
element abundances varied moderately for bulk meteorites among the major
chondrite classes, and even among some of the groups (Takahashi et al., 1978;
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Wolf et al., 1980; Hertogen et al., 1983; Morgan, 1985). Thus, there is no one “chon-
dritic” composition for siderophile elements. The differences are particularly well
established when considering the ¥"Re-87Os isotopic system.

Allegre and Luck (1980) and Morgan (1985) were among the first to note the
utility of constraining the long-term Re/Os ratio of planetary materials through
the use of Os isotopes. The Re/Os ratio of a specific chondrite over 4.57 Ga of solar
system history can be precisely defined by its '87Os/188Os isotopic ratio today, in
most instances, even for conditions in which the Re/Os ratio has been modified by
recent processes. A compilation of published data for bulk samples of chondrites
shows an approximately 10 % range in ¥7Os/!¥QOs ratios (Fig. 3.1a). Some of this
variation likely reflects chemical and isotopic heterogeneity among chondrite
components, coupled with the heterogeneous distribution of these components
within the meteorite. Most measurements of Os isotopic compositions, as well as
siderophile element abundances, are for relatively small pieces of chondrite that
are typically of only a few hundred milligrams, at most. The bulk sample data
reported by many studies are, therefore, probably not very representative of true
bulk compositions, due to the inherent petrologic heterogeneity that is common
in primitive meteorites. In support of this claim, elemental abundances, and to
a lesser extent, isotopic heterogeneity of siderophile elements among multiple
pieces of the same meteorite is well documented (e.g, Horan et al., 2003; Fischer-
Godde et al., 2010).
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Figure 3.1  (a) Ru/Ir versus Pd/Ir of bulk samples of chondrites. (b) '870s/'80s versus Pd/Ir.
Note that there is considerable overlap of data between the chondrite classes,
but on average, carbonaceous chondrites are offset to lower Pd/Ir, Ru/Ir and
'8705/1880s ratios, compared with ordinary and enstatite chondrites. Enstatite
chondrites are characterised by generally higher Pd/Ir than ordinary chondrites.
The few R chondrites for which there are data range to much higher Ru/Ir ratios
than other chondrites. Data are from Walker et al. (2002a), Horan et al. (2003),
Brandon et al. (2005), Fischer-Godde et al. (2010) and Van Acken et al. (2011).

Despite issues with representative sampling, there are broad differences in
1870s/1880s ratios among the chondrite classes (Fig. 3.1a). For example, carbona-
ceous chondrites have, on average, ¥7Os/'88Os ratios ~2 % lower than ordinary
and enstatite chondrites (Walker et al., 2002a; Fischer-Godde et al., 2010). The
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lower Re/Os ratios implied by the isotopic data are also evident in the measured
Re/Os ratios of chondrites, although evidence for open-system behaviour of Re or
Os long after formation makes the elemental ratio less diagnostic than the isotopic
ratio (Walker et al., 2002a). As with Re/Os, there are some broad differences in the
ratios of other HSE among chondrite classes and groups (Fig. 3.1a,b). For example,
enstatite chondrites average higher Pd/Ir, and range to higher Ru/Ir, compared to
ordinary and carbonaceous chondrites (Horan et al., 2003; Fischer-Gddde et al.,
2010; Van Acken et al., 2011). When the HSE Rh and Au are added to the array
considered, differences between groups can potentially be better discriminated
(Tagle and Berlin 2008; Fischer-Godde et al., 2010), but these elements cannot
be measured by isotope dilution, and one must be careful when blending data
obtained by different methods.

If these variations in the relative abundances of the HSE are the result
of nebular processes, such as condensation or evaporation, they may provide
important information regarding the thermal regime and the stability of different
presolar phases present in the protosolar nebula, as recorded in primitive mete-
orites that formed at diverse distances from the proto-Sun. Alternately, if they
were generated on a parent body, they may record more localised processes,
such as selective aqueous transport and deposition of certain HSE. In order to
examine this further, it is necessary to consider chondritic components. Progress
has been made identifying the carriers of HSE and their fractionations in prim-
itive meteorites. The origins of some of the fractionations are, however, still
poorly understood. For example, Horan et al. (2009) reported that non-magnetic
fractions of relatively low thermal metamorphic grade H-chondrites (ordinary
chondrites that are rich in metal) are characterised by bulk chondrite-normal-
ised hump-shaped HSE patterns, when the HSE are plotted from left to right, in
order of decreasing 50 % condensation temperatures (Fig. 3.2a). The metal and
non-magnetic fractions evidently incorporated distinct HSE-rich components
that formed separately, and remained out of equilibrium with each other. Metal
in these meteorites contains ~80 % of the HSE present in the bulk meteortie, but
even the metal grains are characterised by moderate variations in HSE concentra-
tions. The metal grains likely formed under conditions at which Pd behaved like
the more refractory HSE. Non-magnetic (metal free) fractions, by contrast, have
fractionated HSE patterns and abundances that are too high to be in equilibrium
with metal, suggesting the presence of highly refractory carrier phases that are
well-dispersed in chondrules and matrix. These carrier phases may represent
residues of high degrees of melting of metal or high temperature condensates. The
cause of the fractionations among the HSE is unknown. Evaporation or conden-
sation effects alone could not produce the pattern shape of the non-magnetic
fractions, although they could potentially lead to depletion of the comparatively
volatile Pd, relative to the other HSE. Aqueous alteration on the parent body of
these meteorites appears to have been minimal, and Re-Os isotopic systematics
indicates that the fractionations occurred very early in Solar System history.
Consequently, fluid-rock interaction is probably not the causal process either.
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Figure 3.2 (a) Highly siderophile element patterns for coarse metal, fine metal and
non-magnetic fractions of the separated components from the H 3.8 chon-
drite Ochansk, normalised to the composition of the bulk sample of Ochansk
(modified from Horan et al., 2009). HSE are plotted from left to right in order
of decreasing 50 % condensation temperature. (b) Highly siderophile element
patterns for Group 1 calcium aluminum-rich inclusions separated from the
Allende CV3 carbonaceous chondrite normalised to the CI chondrite Orgueil
(data from Horan et al., 2003). Bulk Allende is shown for comparison. Note
the major depletion in Pd. Data are from Archer et al. (2014).

The HSE in the bulk H chondrites studied are largely sited in metal grains,
and so it is the metal phases with relatively unfractionated HSE abundances
that primarily define the HSE characteristics of bulk samples. Nevertheless, it is
easy to imagine that by sorting of distinct HSE carrier phases, prior to chondrite
accretion, modest differences in HSE ratios could be produced in bulk samples.
In this case, Re/Os and Pd/Ir would be most affected, consistent with variations
in these ratios observed among bulk chondrites (e.g, Fig. 3.1a,b). The observations
for the H chondrite components cannot, however, account for variations in Ru/
Ir among bulk chondrites.

As part of an M.S. degree thesis, my student Greg Archer examined the
HSE characteristics of chondrules, matrix and calcium aluminum-rich inclu-
sions (CAI) from the CV3 carbonaceous chondrite Allende (Archer et al., 2014).
This meteorite contains essentially no metal. In contrast to the H-chondrites,
the only components examined that are characterised by strongly-fractionated
HSE abundances (compared to CI chondrites in this case), are the CAls, which
show substantial depletions in Pd, the most volatile of the HSE examined (Fig.
3.2b). The Pd depletions most likely reflect condensation or evaporation processes
that fractionated the more volatile HSE from the others. This interpretation is
consistent with prior studies of HSE in CAls (e.g, Mason and Taylor, 1982) which
showed that Au, an even more volatile HSE than Pd, is also strongly depleted
relative to the more refractory HSE. Despite the comparatively fractionated and
high HSE abundances in the CAlIs, the relative abundances of HSE in Allende
matrix and chondrules, with only a few exceptions, are essentially unfractionated.
The study by Archer et al. (2014) was unable to identify the Pd-rich phase or
phases that must be present to counter the deficiencies in Pd present in the CAls.
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Both Horan et al. (2009) and Archer et al. (2014) also examined the Re-Os
isotopic systematics of the chondrite components studied. In the case of the
H-chondrites, some of the non-magnetic fractions appear to have gained modest
amounts of Re (or lost Os), long after initial formation of the component. The
open system behaviour may reflect a process that occurred on the parent body,
or even on the Earth, although all of the meteorites examined by both studies
were observed falls. In the case of Allende CAls, Archer et al. (2014), as with
Becker et al. (2001a), reported what appears to be a resetting of the Re-Os isotopic
systematics of some Allende CAls at ~1.6 Ga. This may be due to the aqueous
mobilisation of Re as a result of impact heating in the parent body at about that
time. This putative event, however, does not seem to have affected the isotopic
systematics of bulk samples of Allende. They are generally well-behaved, plotting
on or very near primordial Re-Os reference isochrons (Becker et al., 2001a; Walker
et al., 2002a; Fischer-Godde et al., 2010; Archer et al., 2014). Despite this evidence
for minor late stage mobility of HSE, it is important to recognise that these effects
were dwarfed by the much larger primordial fractionations that occurred between
HSE components in metal and non-magnetic fractions.

The study of MSE in chondrites has commonly focused on the distributions
of these elements between metals and silicate matrix, and what this can reveal
about thermal conditions in the parent bodies. For example, Kong and Ebihara
(1996) studied the concentrations of the MSE W and Mo in metals present in
equilibrated and non-equilibrated ordinary chondrites. They found that mete-
orites that are considered to be unequilibrated, based on petrological consider-
ations, tend to have less W and Mo concentrated in the metal phases, compared
to equilibrated meteorites in which metals contain a substantially greater share
of the W and Mo. Further, they observed that W/Mo ratios remained constant in
metals present in equilibrated chondrites. Based on this Kong and Ebihara (1996)
concluded that the Mo and W concentrations of at least some ordinary chon-
drite metals were initially established during melting and reduction of precursor
materials that were eventually accreted to the parent bodies. Once the parent
bodies formed, subsequent metamorphism led to the diffusive transport of Mo
and W from the non-metal phases (mostly pyroxenes) into the surrounding the
metals. Similarly, Humayun and Campbell (2002) also noted the extraction of
W into metal with increasing metamorphic grade in H chondrites. Studies by
both Humayun and Campbell (2002) and Kong and Ebihara (1996), concluded
that equilibration of W was complete at a relatively low metamorphic grade (H4).

Other components in ordinary chondrites also show multistage histories
for siderophile elements. For example, Grossman and Wasson (1985) examined
both HSE and MSE in metal extracted from chondrules, and observed that they
were strongly fractionated in a manner consistent with volatility control. Conse-
quently, that study concluded that most metal in the chondrules examined formed
in the solar nebula before chondrule formation.
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Temperature-time evolution paths for chondritic meteorites of different
thermal metamorphic grade from the same parent body can potentially be used
to constrain the thermal structure, and possibly the source of heat present in
that parent body, yet the thermal structures and cooling histories of chondritic
parent bodies are still debated (e.g, Rubin, 2004; Amelin et al.,, 2005; Harrison
and Grimm, 2010; Henke et al., 2012; Ganguly et al., 2013; Scott et al., 2014). For
instance, the H chondrites experienced a large range of thermal-metamorphic
conditions with isotopic closure ages obtained from different chronologic systems
(e.g., Rb-Sr, K-Ar, U-Pb) recording diverse temperature versus time paths for
individual meteorites (Wasserburg et al., 1969; Gopel et al., 1994; Trieloff et al.,
2003; Bouvier et al., 2007). An “onion-shell” structure of increasing temperature
with depth (heated by 2°Al decay) has been proposed by some to account for
variable metamorphic grades and cooling rates of ordinary chondrites (e.g,, Pellas
and Storzer, 1981). Impact-induced heating has also been proposed to have been
responsible for thermal metamorphism and even minor partial melting in at least
some ordinary chondrites (e.g, Rubin, 2004; Hutson et al., 2007). Hybrid models
that may include cooling in an onion-shell body, but that also require impact
mixing and variable cooling within a rubble pile, have also been proposed (e.g,
Davison et al., 2012; Scott et al., 2014).

The 2Hf-182W isotopic compositions of metals present in chondrites can
be used to obtain model closure ages. Closure ages following peak metamor-
phic conditions can also be obtained from internal isochrons generated by plot-
ting 182W/4W versus 18OH/184W for separates of phases with different magnetic
susceptibilities (Lee and Halliday, 2000; Kleine et al., 2008). In such cases, the
slopes of the resulting trends can provide the ®2Hf/"8Hf at the time of system
closure, and by inferring the '82Hf/!8Hf at the time of solar system formation, an
absolute closure age can be determined by comparison to decay models for 82Hf
(see Kleine et al., 2008 for a detailed overview of the application).

The H chondrites are particularly appropriate for ¥2Hf-'82W isotopic
study of thermal chronology as it relates to metal-silicate equilibration. Several
prior studies have investigated this system in H chondrites in order to advance
constraints on the thermal history of the parent body (e.g, Lee and Halliday,
2000; Kleine et al., 2008). For example, Kleine et al. (2008) reported what were
interpreted to be isochrons when plotting "¥?W/'W versus 18'Hf/'8W for
metal and non-magnetic fractions separated from individual H chondrites. The
slope-derived ages ranged from 4566.0 + 0.5 Ma for St. Marguerite (H4), to
4562.8 + 1.0 Ma for Richardton (H5), to 4559.2 + 1.0 Ma for Kernouvé (H6). The
decrease in age with increasing metamorphic grade was interpreted to indicate
an inverse correlation between petrologic type and cooling rates. Kleine et al.
(2008), and later Henke et al. (2012) fit their data to calculated temperature versus
time cooling rate curves that included data for 2Pb-2Pb, “°Ar-*Ar and ***Pu
systems reported by other studies. They concluded that the collective results
were most consistent with an onion-shell structure of a parent body heated by
26A1 decay.
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Many questions remain regarding siderophile elements in chondritic mete-
orites. Although siderophile elements are strongly fractionated from solar relative
abundances in some chondrite components, variations between bulk samples of
different classes are comparatively minor. Evidently, the accretion of chondritic
parent bodies did a pretty good job of blending materials that were quite different
in terms of absolute and relative abundances of siderophile elements to achieve
roughly common compositions. Nevertheless, whether the differences in sidero-
phile element characteristics between chondrites from different classes reflect
differences in the materials from which they were built, or the process involved
during the construction of their constituent parts remains poorly understood.

3.2 Iron Meteorites

Iron meteorites, not surprisingly, are fabulous repositories of siderophile elements,
and were among the first materials to be studied for the relative and absolute
abundances of their siderophile elements. Some iron meteorites represent metal
derived from asteroidal cores. Other iron meteorites likely represent something
else, although just what, remains debated. The samples of an individual aster-
oidal core are pretty easy to spot, because when grouped with meteorites with
similar chemical and textural characteristics, they form compositional trends
that can usually be well described by simple solid metal-liquid metal fraction-
ation processes (e.g., Pernicka and Wasson, 1987). These meteorites are termed
“magmatic irons”. Traditionally, magmatic irons have been placed into different
groups, connoted by Roman numerals and a letter or two, such as IIAB, IIIAB, IVA
and IVB, based mainly on the abundances of siderophile elements Ga, Ir and Ni.
There is some logic in the arcane terminology. The higher the Roman numeral,
the more volatile depleted (e.g, lower Ga and Ge) the system is interpreted to
have been when it formed (e.g, Schaudy et al., 1972).

Iron meteorites were also among the first materials interrogated for Re-Os
isotopic systematics (e.g, Hirt et al., 1963b; Luck et al., 1980). This is because both
elements are in comparatively high abundance in many, although not all, iron
meteorites. It is also because the system is one of the few radiogenic systems
that can be directly applied to determine the ages of asteroidal core crystallisa-
tion. When John Morgan, Mary Horan and I produced early iron isochrons (e.g.,
Walker and Morgan, 1989; Horan et al., 1992; Morgan et al., 1992), we imagined
that we would ultimately be able to discern differences in crystallisation ages
that spanned tens, to possibly hundreds of Ma. Our early work did not have the
resolution to do this, but it led us to keep trying to improve our methods.

For his Ph.D. dissertation, my student Michael Smoliar conducted a very
careful study of the Re-Os isotopic systematics of iron meteorites from the ITAB,
IIIAB, IVA and IVB groups, for which he generated the most precise isochrons yet
achieved. For this work, he was able to get higher precision isotopic data using
our new multi-collector Sector 54 mass spectrometer. He also developed a mixed
Re-Os spike which led to some analytical improvements. In order to convert the
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slopes of the isochrons to meaningful crystallisation ages for each group, Michael
needed a more precisely defined decay constant for '8/Re than existed at the time.
To generate this, he assumed that the Re-Os age of group IIIAB magmatic irons
was the same as that of angrite meteorites, which was already well determined
by the Pb-Pb method by Lugmair and Galer (1992). He made this assumption
based on the observation that the systematics of the short-lived 3*Mn-5Cr system
for both IITAB irons (Hutcheon et al., 1992) and angrites (Nyquist et al., 1994)
were very similar. Using this bootstrapping method, Michael precisely defined
the decay constant of '®"Re to be 1.666 x 10 yr'l, a value that still appears to be
accurate to this day! In Smoliar et al. (1996), we reported an isochron age for group
IIAB irons of 4537 + 8 Ma, with a precision of better than +0.2 %! This is pretty
good for a long lived radiogenic isotope system that a few years before couldn’t
be used to generate isochron ages with uncertainties of less than a few percent.

Most subsequent Re-Os isochron studies of iron meteorites have reported
crystallisation within the first ~50 Ma of solar system history (e.g., Shen et al.,
1996; Horan et al., 1998; Cook et al., 2004; Walker et al., 2008; McCoy et al., 2011).
Unfortunately, we now know that crystallisation ages with uncertainties of +8-20
Ma are of limited utility with regard to understanding the chronological sequence
of planetesimal formation, melting, differentiation and crystallisation, given that
many such bodies evidently underwent some or all of these processes well within
the first 10 Ma of solar system history (e.g., Lugmair and Galer, 1992; Lugmair and
Shukolyukov, 1998; Srinivasan et al., 1999; Misawa et al., 2005; Baker et al., 2012).

One semi-alternative to Re-Os chronology of iron meteorites is the appli-
cation of the "82Hf-182W system (Lee and Halliday, 1995b; Harper and Jacobsen,
1996; Horan et al., 1998). This system is very useful for determining the ages of
metal-silicate segregation because the parent element Hf is strongly lithophile,
while the daughter element W is moderately siderophile. As with chondritic
metals discussed above, this means that as W is removed to metal, a result of
metal-silicate equilibration, the metal records the isotopic composition of W at
the time when continued diffusive exchange of W from silicates to metal ceases.
At this point, the '8W isotopic composition of the metal is frozen in.

A major problem applying the 82Hf-182W system to the chronology of early
solar system metals has been post-formation changes in the isotopic composition
of W resulting from cosmic ray exposure (CRE) induced burnout and production
of isotopes of W and associated elements (e.g., Ta). To circumvent this problem
one must either work with metals that were minimally exposed to cosmic rays,
or utilise a neutron fluence monitor that can be applied to correct for exposure
effects (e.g, Markowski et al., 2006). Recently, it has been shown that isotopes
of the HSE Pt and Os can serve as sensitive neutron dosimeters (Walker, 2012;
Kruijer et al., 2013; Wittig et al., 2013; Qin et al., 2015). These elements are easily
extracted and purified for measurement in tandem with W isotopic measure-
ment. In the case of Os and W, both elements can be measured by negative
thermal ionisation mass spectrometry (N-TIMS) using similar protocols. Kruijer
et al. (2013) showed that the CRE effect-free isotopic composition of W can be
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obtained for iron meteorite groups by plotting $?W/*W versus 1°Pt/'Pt (or
1890s/1880s) for samples from a group that were variably affected by CRE, then
using the intersection of the resulting linear trend with the terrestrial 1%°Pt/1%Pt
to define the CRE-free 82W/"¥4W for the group.

By combining data from the University of Muenster and ETH Zurich,
together with data that my postdoc Mathieu Touboul produced at UMd, Kruijer
et al. (2014a) reported the CRE corrected W isotope results for five groups of
magmatic iron meteorites (Fig. 3.3). These are the most precise Hf-W model ages
yet produced for iron meteorites. When coupled with the most recent determina-
tion of the initial "82W/!¥4W for the solar system (determined from CAls; Kruijer
et al., 2014b), the magmatic iron groups give model ages of 0.7 to 3 Ma, following
CAI formation. These young ages and the differences between the ages of the
different groups are similar to earlier Hf-W results for magmatic irons (e.g., Horan
et al., 1998; Kleine et al., 2005; Markowski et al., 2006; Scherstén et al., 2006; Qin
et al., 2008), but more accurate and precise. The model age uncertainties for this
study are <+0.9 Ma.
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Figure 3.3  Model '82W metal segregation ages relative to calcium aluminum rich inclusions
(in Ma) for the major magmatic iron meteorite groups plotted versus estimated
S (in wt. %) of parental melts to each group. All ages are calculated based
on two stage evolution models, and cosmic ray exposure-corrected isotopic
compositions. Data are from Kruijer et al. (2014a).

The Hf-W results show that the parent bodies of the magmatic irons
accreted, heated, partially or wholly melted, and differentiated into cores and
mantles within a period of <3 Ma of solar system formation. Because of the
brevity of this time interval, Kruijjer et al. (2014a) concluded that the most likely
heating mechanism was 2°Al. Further, based on thermal modelling, the study
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also proposed that the parent bodies of these iron meteorite groups all formed
within only ~0.5 Ma of CAI formation. This means the magmatic iron meteor-
ites likely provide the earliest record of chemical and isotopic characteristics of
differentiated bulk planetesimals.

Noting an apparent negative correlation between model segregation ages
and estimated initial S content for four of the five groups (Fig. 3.3), Kruijer et al.
(2014a) concluded that the timing of core segregation was strongly affected by
the volatile content, especially S, of the parent body. Further, the study specu-
lated that the W model ages reflect a mixture of W initially isolated as a result of
relatively low temperature melting and segregation of FeS (non-radiogenic), and
nearly pure Fe melt later produced at higher temperatures from the now high
Hf/W (and more radiogenic) mantle of the body. The IID group does not fit the
correlation (Fig. 3.3). Kruijer et al. (2014a) called on the sequential core formation
model of Wasson and Huber (2006) to explain the offset from the trend. Wasson
and Huber (2006) suggested that, although relatively S-poor, the meteorites from
this group formed on a comparatively volatile-rich IID parent body. Consistent
with this, Kruijer et al. (2014a) proposed that segregation of an initial FeS-rich
core removed most S and W from the system, which led to a residual body charac-
terised by high Hf/W. A second, P-rich metal melt (immiscible with the FeS-rich
core) subsequently segregated to form a denser, chemically separate inner core
that was enriched in ¥2W, due to the period of growth in the high Hf/W mantle.
By this account, the IID group irons sample only the P-rich inner core.

The sharp-eyed reader will note that the “well-defined” Re-Os isochron
age for the group IIAB irons we reported in Smoliar et al. (1996), and mentioned
above was 4537 + 8 Ma, whereas the 182W model age is within 1 Ma of CAI forma-
tion, say ~4.567 Ma. This means the Re-Os and ¥?W ages differ by about 30 Ma.
This could reflect slow cooling of the sampled core, given that the Re-Os age
should reflect when crystallisation occurred, while the W model age presum-
ably dates the age of metal-silicate segregation. The 30 Ma difference seems a
bit long for the core of a small body to cool, but this remains an unknown. The
result may also suggest the Re-Os system remained open to elemental migration
for a few tens of millions of years after crystallisation.

So called “non-magmatic” irons have their own stories to tell. Non-mag-
matic irons differ from magmatic irons in that within-group concentration vari-
ations of elements that do not strongly partition between liquid and solid metal,
such as Ni and Ga, are much larger than can be explained by crystal-liquid
fractionation process. Instead, some studies (e.g, Wasson and Kallemeyn, 2002)
attribute the formation of these irons to sizable impacts onto a chondritic body,
resulting in metal segregation and accumulation in the base of a large crater. The
large variations in the abundances of these elements can result from the variable
mixing of solids and liquids produced by the impact. Some of these meteorites
also have younger Hf-W model ages than the magmatic irons (e.g,, Scherstén et
al., 2006; Schulz et al., 2012). For example, Schulz et al. (2012) concluded that the
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non-magmatic IAB irons segregated from silicate approximately 5 Ma after CAIL
This is a bit later than the magmatic irons, and may mean that their source of
heat was impacts rather than 2°Al.

Dating metal-silicate segregation using siderophile elements is not the only
important application of these elements in metal-hosting systems. Modelling the
solid metal-liquid metal crystallisation of magmatic iron meteorite systems using
siderophile elements is among the most satisfying of trace element modelling
tasks! The chief hindrance to successful modelling of these elements is the lack
of knowledge of appropriate solid metal-liquid metal distribution coefficients to
apply. Towards this end, much experimental work has been directed towards
understanding siderophile element partitioning between solid and liquid metal
(e.g, Jones and Drake, 1986; Jones, 1994; Chabot, 2004). Yet, it turns out there
are some interesting complexities that make modelling the elements deliciously
complex. Probably the most important complexity is the concentrations of the
elements S, P and C in the systems to be modelled. These elements are important
because they exert a considerable effect on siderophile element partitioning (e.g,
Malvin et al., 1986; Chabot and Jones, 2003; Chabot, 2004). Thus, their changing
abundances in a chemically evolving system must be modelled along with the
siderophile element abundances. But it’s even better than that! Although S has
a major effect on siderophile element partitioning, and was present in signifi-
cant abundance in most iron meteorite systems, it is difficult to determine the
S contents of the initial states of the systems. This is because S is highly incom-
patible in crystallising solid metal, and may leave little trace of its presence in
the meteorites one may wish to model. So how do we know the initial S contents
of the iron meteorite systems we wish to study? Paradoxically, the S contents
of magmatic iron systems have been estimated in some studies by examining
the behaviour of siderophile elements compared to expectations derived from
experiments (e.g, Chabot, 2004; Walker et al., 2008).

Despite limitations in the modelling, the siderophile elements of some
iron meteorite groups can be well modelled by making educated guesses about
S contents and appropriate distribution coefficients (e.g, Wasson and Richardson,
2001). Perhaps the least problematic group to model is the IVB system. Meteorites
from this group show little evidence for significant initial S, P or C. Despite the
apparent chemical simplicity, the chondrite normalised HSE patterns for iron
meteorites from this group are are strongly depleted in the most volatile HSE,
Pd and Au, and look like no other major iron meteorite groups that we know
(Fig. 3.4a). In our study of this group (Walker et al., 2008) we showed that most
HSE abundances can be accounted for through trace element modelling with only
modest increases in S and P contents throughout the crystallisation sequence.
Perhaps of greatest note resulting from this study was the conclusion that the
starting metal liquid had relative abundances of HSE that were significantly
fractionated from chondritic abundances (Fig. 3.4b).
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Figure 3.4 (a) CI chondrite normalised concentrations of HSE for IVB iron meteorites
reported by Walker et al. (2008). Meteorites Cape of Good Hope and Warburton
Range are highlighted as the least and most fractionated (lowest and highest
Ni contents) IVB irons, respectively. Note the major depletions in volatile HSE Pd
and especially Au. (b) Cl chondrite normalised concentrations of HSE calculated
for the initial melts in the IVA and IVB iron meteorite groups. Data are from
McCoy et al. (2011) and Walker et al. (2008). For comparison, the HSE pattern
for the EL6 chondrite Yilmia is shown (Horan et al., 2003). Note that the relative
abundances of the HSE for the IVA initial melt are only modestly fractionated
compared with the EL6 chondrite Yilmia, which is the chondrite with the most
similar pattern shape. By contrast, the calculated initial melt concentrations
of HSE for the group IVB irons are much more highly fractionated and much
higher than for any bulk chondrite.

The fractionated parental melt concentrations of HSE in the group IVB
iron meteorites are difficult to explain. If it is assumed the parent body was char-
acterised by chondritic overall relative abundances of HSE, a core segregating
in this body should also be characterised by chondritic relative abundances, as
it presumably concentrates >99 % of the HSE present in the bulk parent body.
One possible way to achieve non-chondritic relative abundances of HSE in the
initial melt is by a hit and run impact of a body into the primary parent body of
the system (e.g, Asphaug et al., 2006; Yang et al., 2007). This could lead to sepa-
ration of liquid metal, with fractionated HSE, from a partially crystallised core,
as well as the mixing of metal from the impactor with the impacted body. This
could also lead to some of the observed depletions in the more volatile HSE Pd,
and especially Au. Consistent with this interpretation, a subsequent study of the
metallographic cooling history of IVB irons concluded that this group originated
in a disrupted parent body that was stripped of its silicate mantle, most likely by
a hit and run impact (Yang et al., 2010).

In contrast to the IVB iron meteorite system, the IVA system was somewhat
more S rich when it began to crystallise (Chabot, 2004). In McCoy et al. (2011),
we were able to successfully model most HSE and some MSE for this group
by assuming a modest initial S content (3 wt. %). The results of the model are
difficult to tell from the actual measurements (Fig. 3.5a,b). The most fractionated,
highest Ni meteorites in the group, such as Chinautla, are characterised by major
depletions in Re, Os and Ru. The least fractionated, lowest Ni meteorites from
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the group, such as Jamestown, are characterised by generally flat, chondrite
normalised HSE patterns (Fig. 3.5b). As a consequence, the calculated initial
relative abundances of HSE for the parental melt to this group are much more
chondrite-like compared to the group IVB irons (Fig. 3.4b). Nevertheless, metal-
lographic cooling rates for iron meteorites from this group also su