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Abstract

We report analyses of 14 group IVA iron meteorites, and the ungrouped but possibly related, Elephant Moraine (EET)
83230, for siderophile elements by laser ablation ICP-MS and isotope dilution. EET was also analyzed for oxygen isotopic
composition and metallographic structure, and Fuzzy Creek, currently the IVA with the highest Ni concentration, was ana-
lyzed for metallographic structure. Highly siderophile elements (HSE) Re, Os and Ir concentrations vary by nearly three
orders of magnitude over the entire range of IVA irons, while Ru, Pt and Pd vary by less than factors of five. Chondrite nor-
malized abundances of HSE form nested patterns consistent with progressive crystal–liquid fractionation. Attempts to collec-
tively model the HSE abundances resulting from fractional crystallization achieved best results for 3 wt.% S, compared to 0.5
or 9 wt.% S. Consistent with prior studies, concentrations of HSE and other refractory siderophile elements estimated for the
bulk IVA core and its parent body are in generally chondritic proportions. Projected abundances of Pd and Au, relative to
more refractory HSE, are slightly elevated and modestly differ from L/LL chondrites, which some have linked with group
IVA, based on oxygen isotope similarities.

Abundance trends for the moderately volatile and siderophile element Ga cannot be adequately modeled for any S con-
centration, the cause of which remains enigmatic. Further, concentrations of some moderately volatile and siderophile ele-
ments indicate marked, progressive depletions in the IVA system. However, if the IVA core began crystallization with
�3 wt.% S, depletions of more volatile elements cannot be explained as a result of prior volatilization/condensation processes.
The initial IVA core had an approximately chondritic Ni/Co ratio, but a fractionated Fe/Ni ratio of �10, indicates an Fe-
depleted core. This composition is most easily accounted for by assuming that the surrounding silicate shell was enriched
in iron, consistent with an oxidized parent body. The depletions in Ga may reflect decreased siderophilic behavior in a rela-
tively oxidized body, and more favorable partitioning into the silicate portion of the parent body.

Phosphate inclusions in EET show D17O values within the range measured for silicates in IVA iron meteorites. EET has a
typical ataxitic microstructure with precipitates of kamacite within a matrix of plessite. Chemical and isotopic evidence for a
genetic relation between EET and group IVA is strong, but the high Ni content and the newly determined, rapid cooling rate
of this meteorite show that it should continue to be classified as ungrouped. Previously reported metallographic cooling rates
for IVA iron meteorites have been interpreted to indicate an inwardly crystallizing, �150 km radius metallic body with little
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or no silicate mantle. Hence, the IVA group was likely formed as a mass of molten metal separated from a much larger parent
body that was broken apart by a large impact. Given the apparent genetic relation with IVA, EET was most likely generated
via crystal–liquid fractionation in another, smaller body spawned from the same initial liquid during the impact event that
generated the IVA body.
Published by Elsevier Ltd.
1. INTRODUCTION

With nearly 70 members, IVA is the third largest group
of iron meteorites. IVA iron meteorites are characterized
by a Widmanstätten pattern kamacite bandwidth of
0.23–0.43 mm (Buchwald, 1975), and belong to the fine
octahedrite (Of) structural class. The Ni content of the
group varies from �7.45 (Jamestown) to �12.4 (Fuzzy
Creek) wt.% Ni, consistent with substantial crystal–liquid
fractionation of metal in the parent body (Wasson and
Richardson, 2001). The iron meteorites of this group differ
from most other iron groups by their depletion in volatile
siderophile elements (e.g., Ga, Ge) coupled with compara-
tively modest Ni contents. About half the members of the
group have seen moderate to heavy shock, and a few mem-
bers of the group contain silicates. It has been argued that
the silicates were introduced via a high temperature impact
(Wasson et al., 2006).

Almost since the recognition of the group, significant
debate has ensued about their origin. Depletion in volatile
siderophile elements may have been caused by pre-
accretionary processes, such as nebular evaporation/
condensation, acting on precursor materials (e.g., Sears,
1978). Alternately, the depletions in the IVA irons may
have resulted from processes that occurred in the parent
body prior to core formation, such as oxidation/reduction
reactions, or impact volatilization (Wasson and Richard-
son, 2001; Ruzicka and Hutson, 2006; Wasson et al., 2006).

Like magmatic iron groups IIAB, IIIAB and IVB, which
are generally accepted to have formed via crystal–liquid
fractionation of asteroidal cores, group IVA irons exhibit
element–element trends broadly consistent with fractional
crystallization (Scott, 1972; Wasson and Richardson,
2001). However, although it is generally agreed that frac-
tional crystallization played an important role, a quantita-
tive understanding of the collective processes that led to
the formation of the IVA suite remains elusive. One of
the more vexing issues with respect to IVA formation is
the initial S content of the system. Sulfur, and to a lesser
extent P, play important roles in controlling the partition-
ing of siderophile elements between solid and liquid metal.
Some studies have estimated that the initial S content of the
IVA system was �0.5 to 3 wt.%, based on inter-element
variations of elements such as Ir–Au (Willis and Goldstein,
1982; Jones and Drake, 1983; Wasson and Richardson,
2001; Chabot, 2004; Wasson et al., 2006). Ga and Ge
variations, however, cannot be easily reconciled with such
low initial S. The behavior of these two volatile, moderately
siderophile elements is more consistent with considerably
higher initial S (e.g., �9 wt.%; Chabot, 2004). In an attempt
to develop a model that could account for all of the
chemical characteristics of the IVA suite, Scott et al.
(1996) considered dendritic crystallization of metal, coupled
with the trapping of melt, during which S was concentrated
in the liquid during fractional crystallization. This would
have resulted in variable, progressive changes in the parti-
tion coefficients for siderophile elements, and could success-
fully account for some of the observed chemical variations.
However, their model also failed to adequately account for
Ga–Ge variations. Wasson and Richardson (2001) success-
fully modeled Ir, Au and As variations by appealing to frac-
tional crystallization of a relatively low S system (0.5 wt.%),
coupled with variable incorporation of trapped melt, but
they did not rigorously consider the problematic Ga or
Ge contents in their model.

The incomplete understanding of the chemical crystalli-
zation history of IVA irons is accompanied by continuing
debate about the physical history of the IVA core. Numer-
ous studies have noted the large apparent range of metallo-
graphic cooling rates among IVA irons, which is
inconsistent with a slowly cooled core, mantled by appre-
ciable silicate rock or regolith (Goldstein and Short, 1967;
Rasmussen et al., 1995; Haack et al., 1996; Yang et al.,
2008). The variations in cooling rates have been accounted
for in several ways. For example, Haack et al. (1996) inter-
preted the different cooling rates to be the result of an im-
pact-generated breakup and reassembly of a crystallizing
core. The proposed scrambling and reassembly of partially
differentiated metal into a new core could potentially
account for the differential cooling rates, yet does not well
account for the good correlation between cooling rate and
extent of chemical fractionation. Wasson et al. (2006) spec-
ulated that the methodology to constrain metallographic
cooling rates may be flawed, and that IVA cooling rates
were actually generally constant. Yang et al. (2008) con-
cluded that the IVA irons cooled below 650 �C at highly
variable rates of 100–6600 K/Myr, where cooling rate de-
creased with increasing Ni content. To account for this they
proposed inward crystallization of a metallic body of radius
150 ± 50 km with <1 km of silicate mantle. They deter-
mined that such a body may have formed from a differen-
tiated protoplanet that was stripped of much of its silicate
mantle via a grazing impact (e.g., Asphaug et al., 2006),
and broken into several smaller bodies, one of which was
molten metal with a very thin silicate mantle. Goldstein
et al. (2009a,b), subsequently provided two additional cool-
ing rate measures which support the variation of metallo-
graphic cooling rates with Ni content: cloudy taenite
high-Ni particle dimensions, and tetrataenite bandwidth.

A major objective of this study is to constrain the origin
and evolution of the IVA parent body from the onset of
crystallization through subsolidus cooling, using both
chemical trends and metallographic data. As part of this
study, we also consider the possible genetic linkage between
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group IVA irons and the currently ungrouped iron, Ele-
phant Moraine (EET) 83230 (hereafter referred to as
EET), an ataxite with precipitates of kamacite within a ma-
trix of plessite, using new composition and oxygen isotope
data. It has been previously suggested that EET is geneti-
cally linked to IVA, although its Ni content is much higher
than any known IVA iron, and it contains large sized iron
phosphates. If it is a member of chemical group IVA, it is
important because it is much more chemically evolved than
any other recognized IVA. Finally, in order to further con-
sider crystallization and post-crystallization processes, we
report new metallographic cooling rates for both EET
and Fuzzy Creek. Fuzzy Creek is currently the IVA iron
with the highest Ni content, and the only IVA sample which
does not have a Widmanstätten pattern.

2. ANALYTICAL METHODS

2.1. Oxygen isotopic analysis

Phosphates from the ungrouped iron meteorite EET
were analyzed for oxygen isotopes in order to examine a
possible genetic relation with the IVA irons. The method
of in situ, spot analysis for oxygen isotopes with an ultravi-
olet (UV) laser (Wiechert and Hoefs, 1995; Rumble et al.,
1997) and purified fluorine (Asprey, 1976) was chosen in or-
der to conserve the meteorite. Analysis of the phosphate
mineral apatite for 16O–17O–18O by in situ UV laser fluori-
nation has been previously demonstrated by Jones et al.
(1999), albeit with non-stoichiometric oxygen yields, and
d18O values more widely dispersed than in analyses of sili-
cate or oxide minerals by the same method. The d17O and
d18O data obtained by UV laser fluorination of terrestrial
apatite samples scattered parallel to and on either side of
the terrestrial fraction line (TFL) (Jones et al., 1999). De-
spite scatter in d18O values, it is commonly observed in
the analysis of oxygen isotopes that mass-dependent errors
and kinetic isotope fractionation effects associated with
non-stoichiometric yields of oxygen are self-canceling in
relation to measured values of D17O (Rumble et al.,
2007). This is important here, as it is the D17O that is used
to assess genetic affinities.

A thin slice was cut from EET measuring approximately
1.5 � 1.5 cm. It contained four inclusions of Fe-phosphate
1–2 mm in diameter that were entirely surrounded by metal.
The sample was placed in a reaction chamber together with
polished billets of Gore Mountain garnet (USNM 107144)
and San Carlos olivine (USNM 136718), evacuated, and
fluorinated repeatedly with purified F2 for 5 days until
spontaneous fluorination reactions had ceased and blank
O2 was no longer measurable. Repeated pre-fluorination
of samples prior to analysis by in situ UV laser fluorination
is required to eliminate H2O and organic contaminants ab-
sorbed along grain boundaries.

On the day of analysis, the Fe-phosphate, Gore Moun-
tain garnet and San Carlos olivine were analyzed. The two
reference materials were analyzed both before and after the
analysis of EET. San Carlos olivine gave d18O and D17O
values of +5.22 ± 0.04& and �0.02 ± 0.03&, respectively.
Previous UV laser fluorination analyses for San Carlos
olivine were, for USNM 136718, d18O = +5.23 ± 0.15&,
and for Harvard 131265, d18O = +5.19 ± 0.08&, in good
agreement with values obtained in the present study (Rum-
ble et al., 1997). Gore Mountain garnet (USNM 107144)
analyzed on the same day as EET phosphate gave a puz-
zling range of d18O values, from +5.35 to +6.20, compared
to previous UV laser fluorination values of +6.02 ± 0.14&

(Rumble et al., 1997). The same analyses of Gore
Mountain, however, gave the expected value of D17O =
+0.01 ± 0.06&, so we have high confidence in the reported
D17O for EET. Both reference materials, San Carlos olivine
and Gore Mountain garnet, lie on the TFL.

2.2. 187Re–187Os and highly siderophile element analysis of

bulk samples

Pieces of 13 IVA iron meteorites were obtained from the
Smithsonian Institution National Museum of Natural His-
tory (see Electronic Annex for museum sample numbers)
and sawn into small chunks (0.11–0.44 g) appropriate for
bulk analysis of HSE via isotope dilution (Re, Os, Ir, Ru,
Pt and Pd). A piece of an additional IVA iron meteorite,
Muonionalusta, was obtained from J. Blichert-Toft. EET
83230 was also obtained from the Smithsonian and ana-
lyzed as part of this analytical campaign. Prior to dissolu-
tion, each meteorite piece was mechanically cleaned by
polishing with a fresh piece of carborundum, and examined
using a binocular microscope to verify the absence of rust
and/or inclusions.

The chemical-separation and mass spectrometric tech-
niques used in this study for Re–Os isotopic analysis and
isotope dilution analysis of Ir, Ru, Pt and Pd have been pre-
viously published (Shirey and Walker, 1995; Rehkämper
et al., 1997; Cook et al., 2004; Becker et al., 2006; Walker
et al., 2008). A brief description follows with additional de-
tails provided in the Electronic Annex. At least two bulk
chunks of most IVA irons were analyzed. For one chunk,
the polished metal, a mixed spike consisting of 185Re and
190Os, separate spikes consisting of 191Ir, 104Ru, 198Pt and
110Pd, approximately 6 g of concentrated HNO3 and 3 g
of concentrated HCl, were frozen into quartz or Pyrexe

Carius tubes, sealed and heated at 240 �C for more than
24 h to obtain complete sample-spike equilibration. For
the second chunk, samples were processed in the same
way, but only the mixed Re–Os spike and an individual
194Pt spike were added in order to optimize the measure-
ment for the 190Pt–186Os isotope system (not reported here).
Osmium was purified using a carbon tetrachloride (CCl4)
solvent extraction technique (Cohen and Waters, 1996) fol-
low by microdistillation purification (Birck et al., 1997).
The Os total processing blank was 3 ± 2 pg (n = 7), and
was inconsequential for all samples.

Rhenium, Ir, Ru, Pt and Pd were separated and purified
from the residual acid using anion exchange columns. The
Re, Ir, Ru, Pt and Pd blanks for this procedure averaged
2 ± 1, 4 ± 1, 9 ± 3, 300 ± 100 and 60 ± 20 pg, respectively,
with the uncertainties defining the range (n = 2). All analy-
ses are blank corrected. The blanks comprised <1% of the
total element analyzed and had negligible impact on analyt-
ical uncertainties.
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Osmium was analyzed via negative thermal ionization
mass spectrometry (Creaser et al., 1991) using procedures
previously discussed (Cook et al., 2004). For the levels of
Os extracted from the IVA iron meteorites (>20 ng), exter-
nal reproducibility in the 187Os/188Os ratio was ±0.05% (2r)
or better, based on repeated analyses of comparable quan-
tities of a standard, as well as duplicate analyses (separate
dissolutions of the meteorite) for all samples. For samples
from which <10 ng of Os were separated for analysis
(Chinautla and EET), external reproducibility in
187Os/188Os was ±0.1% (2r)

Rhenium, Ir, Ru, Pt and Pd analyses were conducted
using a Nu Plasma multi-collector inductively-coupled plas-
ma mass spectrometer (MC-ICP-MS) and a Cetac Ariduse

desolvating nebulizer. All analyses were accomplished using
static, multiple Faraday bucket collection. Salient ratios
were measured to better than ±0.1% (2r). The reported
187Re/188Os ratio 2r uncertainties include the combined
uncertainty in the isotopic measurements and blank
corrections. The Os and Re blank corrections introduced
maximum uncertainties of ±0.1% for all samples. The max-
imum analytical uncertainties in 187Re/188Os were ±0.15%
for most samples. Most of the first round IVA irons were
not optimally spiked for isotopic measurement. Conse-
quently, these samples were not included in the isochron
set used in the regression.

Prior studies have shown that the variance about the
mean for multiple chunks of iron taken from the same piece
for HSE is 62% (Walker et al., 2008). This level of repro-
ducibility includes minor variations resulting from analyti-
cal methods (weighing spikes and samples, mass
spectrometric uncertainties including error magnification
resulting from non-ideal spiking), as well as sample hetero-
geneity. Comparisons of the new data with published data
are provided in the Electronic Annex Table EA1. There is
considerable variability in the literature data, so the new
data are in good agreement with the results of some studies,
and as much as 20% different in comparison to other stud-
ies. For the modeling conducted here, relative differences in
the concentrations of the HSE among IVA irons are consid-
erably more important than absolute abundances, so sys-
tematic differences between the new and prior studies has
little impact on this study.

2.3. Laser ablation ICP-MS

In situ chemical analyses of each sample analyzed for
bulk HSE were conducted in order to obtain complemen-
tary bulk HSE data by another method, as well as data
for a large range of other elements (including the monoiso-
topic HSE Rh and Au, which cannot be determined by iso-
tope dilution). These analyses were carried out using a
Thermo-Finnigan Element 2 coupled to a laser ablation sys-
tem with a photon wavelength of 213 nm (UP213, New
Wave Research). The mass spectrometer was operated in
a dynamic peak hopping mode with mass/charge position-
ing achieved by a combination of magnet current shifts and
voltage offsets (Hamester et al., 1999). Details regarding the
analytical system and mode of operation for iron meteorites
have been recently published (Walker et al., 2008) and are
only briefly reviewed here. Additional details are provided
in the Electronic Annex. A comparison of the new data
with published results is presented in Table EA2.

Each analysis sequence consisted of five standard refer-
ence materials (SRM) run before and after the data acqui-
sition of three separate samples. Analyses of these SRMs
provided multi-sample calibration curves used for deter-
mining element concentrations and for constraining instru-
ment drift. The laser sampling involved the analyses of four
separate, adjacent line traces (�0.8 mm long) produced
using a �100 lm diameter beam. All data were processed
using the LAMTRACE (Achterbergh et al., 2001) software,
which determines element concentrations based on ratios of
background-subtracted count rates for samples and stan-
dards, known concentrations in the standards and the
known concentration of an internal standard in the un-
knowns. In all cases, the internal standard for the IVA anal-
yses was Pt, as determined by isotope dilution, and was
used as an input for 194Pt. Platinum is particularly useful
in this role because its concentration varied little across
the IVA suite. From this, concentrations of V, Cr, Mn,
Cu, Zn, Ga, Ge, As, Mo, Ru, Rh, Pd, W, Re, Os, Ir and
Au were determined. The detection limits used in this study
were set at the background count rate plus three times the
standard deviation of the background. For many elements,
the standard deviation reflected spatial heterogeneities asso-
ciated with trace phases, and analyses of cross-cutting tae-
nite and kamacite bands.

Determining the magnitude of elemental heterogeneity
between taenite and kamacite is important here because
non-representative sampling of taenite and kamacite, in
the small chunks of iron dissolved for bulk analysis of
HSE, could lead to incorrect assumptions regarding the
bulk compositions that are modeled. Consequently, some
irons with relatively coarse taenite and kamacite were ana-
lyzed and are reported separately from the bulk in Table
EA3. For some elements, differences in concentrations be-
tween the two phases were large; for other elements, differ-
ences were minor or not resolvable (Fig. EA1). Because of
the likelihood of spatial overlap none of these analyses can
be considered to represent pure end member compositions
of either kamacite or taenite.

2.4. Metallography and cooling rates

Samples of Fuzzy Creek and EET were examined by
optical microscopy and scanning electron microscopy after
standard metallographic polishing. Each sample was etched
with 2% nital for various times so that the cloudy zone, if
present, plessite and other features would be visible in the
SEM. The SEM studies were accomplished using a ZEISS
Supra 55VP field emission SEM at Sandia National Labo-
ratories. The SEM data were obtained at 5 kV in order to
maximize the measurement of surface detail. Each sample
was also examined for shock effects evidenced in the micro-
structure by optical microscopy and SEM, and the shock le-
vel was estimated. The bulk chemical compositions of
Fuzzy Creek and EET were measured using an electron
probe microanalyzer. Both meteorites have a fine micro-
structure which is representative at the sub mm level.



Table 1
Oxygen isotope analyses of phosphate in EET 83230 by ultraviolet
laser fluorination.

Sample D17O d17O d18O

Grain A, spot 1 1.147 2.1 1.81
Grain A, spot 2 1.115 0.16 �1.81
Grain D, combined 2 spots 1.138 3.68 4.82
Average values 1.134 1.98 1.61
Standard deviation ±0.017 ±1.76 ±3.32

Fig. 1. Oxygen isotope data for iron phosphate inclusions in EET
83230 obtained by UV laser fluorination. Also included for
comparison are data for silicates from IVA irons reported by
Clayton and Mayeda (1996), and for bronzite and tridymite from
IVA irons analyzed with UV laser fluorination by Wang et al.
(2004).
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Multiple quantitative line scans were taken in 1–5 lm steps
across the three phases in Fuzzy Creek, and the fine plessite
in EET, and the Fe, Co, Ni and P contents averaged.

Thin sections of Fuzzy Creek and EET were examined
using the scanning transmission electron microscope
(STEM). The iron meteorite samples were thinned for the
TEM using a dual beam FEI DB-235 focused ion beam
(FIB)/SEM instruments at Sandia National Laboratories.
The samples had a thickness of 50–100 nm and were
approximately 10 lm in length and 5 lm in width. Thin sec-
tions were cut perpendicular to kamacite–taenite interfaces
in EET from the polished and etched meteorite sample sur-
face. Using this methodology, the kamacite–taenite inter-
face is oriented perpendicular to the surface of the thin
section, the ideal geometry for measuring Ni concentration
gradients which are necessary for an accurate cooling rate
determination. Thin sections of selected kamacite–taenite
interface regions in EET and taenite regions cut at random
orientations with respect to kamacite/taenite interfaces in
Fuzzy Creek were analyzed using a FEI Tecnai F30ST field
emission transmission – STEM at Sandia National Labora-
tories, operated at 300 kV. Quantitative Ni gradients in tae-
nite 0.5–2 lm in length were measured in a direction normal
to kamacite–taenite interfaces using the stored EDS X-ray
scan data. The X-ray data in each pixel were converted to
composition using the Cliff–Lorimer method (Cliff and
Lorimer, 1975) with X-ray spatial resolution of 2–4 nm.

Samples of Fuzzy Creek and EET were also prepared for
electron backscatter diffraction (EBSD) investigation. This
technique allows for the identification of various phases
(kamacite and taenite) and the determination of orientation
relations with respect to each other. Successful application
of EBSD requires that the sample surface be clean and rel-
atively flat and free of preparation induced damage. Mete-
orite samples were polished using standard metallographic
polishing procedures followed by a two-step vibratory pol-
ishing procedure. The first vibratory polishing was per-
formed using 0.1 lm Al2O3 for 4 h followed by a second
vibratory polishing step using 0.04 lm SiO2 for 2–4 h that
produces both a mechanical polishing effect, but also acts
as a chemical polish, which produces very smooth surfaces.
Both steps were carried out on napped cloth. This proce-
dure produced samples that had minimal surface relief be-
tween the kamacite and taenite, and were free of
specimen preparation induced damage. EBSD studies of
kamacite and taenite in meteoritic metal were accomplished
using a ZEISS Supra 55VP SEM outfitted with an EBSD
unit from HKL Technology, with Channel 5 software. Ori-
entation maps of fcc and bcc regions of Fuzzy Creek and
EET were made using a beam voltage of 20 kV, a beam cur-
rent of about 1–2 nA, and a spot size of less than 2 nm in
diameter. The sample was tilted 70� from the horizontal
for orientation mapping.

In order to measure the cooling rates of Fuzzy Creek
and EET, information about the nucleation process of the
kamacite, the nucleation temperature, the effect of impinge-
ment by adjacent kamacite plates, the Fe–Ni and Fe–Ni–P
phase diagrams, and the interdiffusion coefficients which
control the growth of the Widmanstätten pattern are
needed (Yang et al., 2008). The Ni profile matching method
(Goldstein and Ogilvie, 1965) was used to obtain a cooling
rate for individual measured taenite zoning profiles. The
measured Ni composition versus distance profile across tae-
nite adjacent to a kamacite platelet is compared to Ni pro-
files calculated for several assumed cooling rates. A match
between the observed and calculated profiles allows a cool-
ing rate to be determined for each meteorite (Yang and
Goldstein, 2006).

3. RESULTS

3.1. Oxygen isotopes

Phosphate inclusions from EET are characterized by a
wide range in d18O, from �1.8& to +4.8& (Table 1). Wide
variations in d18O commonly accompany non-stoichiome-
tric yields of oxygen owing to isotope fractionation between
incompletely fluorinated, oxygen-bearing reaction prod-
ucts. In the case of phosphates, the guilty co-reaction prod-
uct of O2 is POF3. Oxygen isotope fractionation between O2

and POF3, however is mass-dependent and, thus, has little
or no impact on D17O values (Jones et al., 1999).

The analyses of iron phosphate inclusions in EET show
mutually consistent values of D17O, averaging +1.134 ±
0.017& (1r) (Table 1). This value is well within the range



Table 2
Osmium isotopic and HSE + Ni composition data for IVA irons. Samples are listed in order of descending Re concentration. Nickel
concentrations are in wt.%, HSE are in ng/g. D187Os – per mil deviation from isochrons.

Sample IS Wt. (g) Ni Re Os Ir Ru Pt Pd 187Os/188Os 187Re/188Os D187Os

IVA irons

Jamestown
p

0.24 74.5 379.5 4245.1 3450 4770 6648 2902 0.12939 0.4308 �0.5p
0.18 377.9 4229.0 6452 0.12950 0.4307 0.6

Maria Elena (1935) 0.21 75.5 348.4 3777.6 3190 4703 6621 3242 0.13011 0.4445 �4.1p
0.16 342.5 3762.9 6491 0.13008 0.4387 0.2

Yanhuitlan 0.19 75.1 345.9 3795.0 3193 4743 6656 3026 0.12977 0.4393 �3.3p
0.12 343.4 3791.9 6650 0.12978 0.4365 �1.1

La Grange 0.25 75.7 285.3 2983.1 2656 4361 6414 3430 0.13146 0.4611 �3.6p
0.23 284.7 3013.3 6251 0.13139 0.4554 0.1

Gibeon 0.20 77.8 272.9 2809.9 2560 4320 6088 3619 0.13215 0.4681 �2.3p
0.18 269.9 2797.2 6222 0.13218 0.4652 0.4

Charlotte 0.11 80.4 204.1 1954.5 1941 3862 5922 4437 0.13465 0.5036 �5.1p
0.21 200.2 1944.2 5787 0.13466 0.4966 0.4

Muonionalusta
p

0.24 84.8 114.5 1090.9 1146 2754 4462 6471 0.13546 0.5064 0.8
Bushman Land

p
0.24 87.6 111.0 958.55 1170 3085 5062 5663 0.13943 0.5590 �0.9p
0.27 112.0 966.39 4968 0.13950 0.5591 �0.3

Steinbach
p

0.33 94 71.44 542.01 783 2846 4708 6626 0.14552 0.6365 �0.9p
0.14 73.42 557.30 4717 0.14564 0.6362 0.5

New Westville
p

0.45 94.1 43.76 319.46 493 2047 3650 6394 0.14755 0.6617 �0.4p
0.25 43.62 318.29 3560 0.14760 0.6620 �0.1

Duchesne 0.44 92.8 36.32 248.77 395 1995 3193 7813 0.14882 0.6812 �2.9p
0.18 34.81 247.92 3222 0.14894 0.6784 0.5
0.17 34.64 246.14 3182 0.14871 0.6800 �3.1

Duel Hill (1854) 0.44 104.5 33.70 246.36 378.9 1695 3158 7673 0.14887 0.6843 �4.9p
0.25 34.32 244.32 2965 0.14890 0.6788 �0.3p
0.23 34.33 245.04 2971 0.14889 0.6769 1.2

Fuzzy Creek 0.32 111.3 16.91 135.84 204.0 1469 2566 8142 0.14230 0.6009 �5.1p
0.30 16.61 133.80 2485 0.14265 0.5995 �0.5

Chinautla
p

0.29 95.4 8.605 47.662 2396 0.16423 0.8741 �0.5
0.26 8.503 47.299 127.8 1429 2490 5207 0.16418 0.8703 2.0

EET 83230 0.21 163 8.686 63.460 95.40 1053 1616 9820 0.14643 0.6611 �11.1
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of values measured in IVA iron meteorites for silicates of
+1.02& to +1.26&, as reported by Clayton and Mayeda
(1996), and for bronzite and tridymite of +1.07& to
+1.26&, as reported by Wang et al. (2004) (Fig. 1).

3.2. 187Re–187Os and highly siderophile elements

Rhenium–Os isotopic, and bulk HSE concentration data
for the IVA iron meteorites are provided in Table 2. Dupli-
cate isotope dilution analyses of separate meteorite chunks
in most instances generally provide very similar Re/Os ratios
and Os isotopic compositions, within analytical uncertain-
ties. The greatest total deviation in 187Os/188Os and
187Re/188Os from the average for duplicate or triplicate anal-
yses of each sample was no more than 0.12% (Fuzzy Creek)
and 0.89% (EET), respectively. Absolute concentrations of
Re and Os in duplicate or triplicate analyses of samples var-
ied from the average a maximum of 2.1% (Duchesne) and
1.4% (Steinbach), respectively. Duplicate or triplicate analy-
ses of Pt also suggest reproducibility of no worse than�±3%
(for EET). Further discussion of analytical reproducibility
and a comparison of data with published results are pro-
vided in the Electronic Annex Table EA1.

The new results are indicative of minimal heterogeneities
with respect to HSE within bulk samples, on the mm scale
sampled by different chunks. Heterogeneities resulting from
the sampling of widely separated chunks of the meteorite
(e.g., pieces from different museum collections) cannot be
assessed here.

The moderate fractionation of Re from Os during
crystallization of the IVA suite led to a range in 187Re/188Os
from 0.431 (Jamestown) to 0.983 (Chinautla), and a
corresponding range in 187Os/188Os from 0.1294 to
0.1642. A regression of 187Os/188Os versus 187Re/188Os data
for 14 IVA irons (and five duplicate analyses) gives a slope
of 0.07858 ± 0.00030 (2r), and an initial 187Os/188Os =
0.09559 ± 0.00017 using ISOPLOT (Ludwig, 2003)
(Fig. 2). Application of a k for 187Re = 1.666 � 10�11 yr�1

(Smoliar et al., 1996) yields an age of 4540 ± 17 Ma
(MSWD = 1.8). This age is significantly older than the pre-
viously reported Re–Os isochron age of 4464 ± 26 Ma, and
the intercept is correspondingly lower compared with the
value of 0.09584 ± 23, reported for 10 IVA iron meteorites
(Smoliar et al., 1996). That study recognized considerable
variance of data about the isochron they reported and
eliminated data for three samples that would have been
consistent with an older age. The new isochron age is sim-
ilar to the Re–Os ages of other iron meteorite groups (Luck
et al., 1980; Horan et al., 1992, 1998; Shen et al., 1996;
Smoliar et al., 1996; Cook et al., 2004; Walker et al., 2008).



Fig. 2. 187Re/188Os versus 187Os/188Os for group IVA iron mete-
orites. Symbol size in lower figure is larger than analytical
uncertainties. Upper diagram shows D values (per mil deviation
of isotopic data from isochrons) versus 187Re/188Os, calculated
relative to the IVA isochron. Error bars represent the total
analytical uncertainty (2r) due to the isotopic measurements and
the blank corrections. MSDW is the mean square weighted
deviates, a measure of scatter about the regression. The currently
ungrouped iron EET 83230 is shown separately.
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Fig. 3. CI chondrite normalized abundances of HSE for IVA irons.
Elements are plotted from left to right in order of decreasing 50%
condensation temperature. Data for all HSE except Au were
obtained by isotope dilution analysis of bulk samples. Gold data
were obtained by laser ablation ICP-MS. Normalizations were
achieved using Re, Os, Ir, Ru, Pt, Pd data for the CI chondrite
Orgueil from Horan et al. (2003), and Au from Anders and
Grevesse (1989). For the IVA irons, Ni contents generally decrease
along with Re, Os and Ru. Nickel contents (in wt.%) are shown
from top to bottom for Jamestown, Bushman Land, Fuzzy Creek
and EET 83230. Currently ungrouped EET 83230 is shown as the
open diamond. The IVA with the lowest Os concentration,
Chinautla, is highlighted for comparison.
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For our suite of bulk samples, Os concentrations vary by
as much as three orders of magnitude over the entire range
of IVA irons, while Ru, Pt and Pd vary by less than factors
of five. Chondrite normalized HSE patterns form generally
nested patterns that show large variations in Re and Ir, in
addition to Os (Fig. 3). The pattern shapes for evolved
(high Ni) IVA irons are distinct compared to typical pat-
terns for other magmatic iron groups (Pernicka and Was-
son, 1987; Wasson, 1999; Petaev and Jacobsen, 2004;
Walker et al., 2008), yet the overall trend towards greatly
diminished Re, Os and Ru concentrations with increasing
level of fractionation (e.g., Ni) is also present in the group
IIAB and IIIAB iron meteorite suites (e.g., Cook et al.,
2005). Abundances of Pd (and Au) increase with increasing
level of fractionation, indicating that they were the only
incompatible elements among the group of HSE measured.

Plots of Re, Os, Ru and Pt versus Ir for all IVA irons
give highly-correlated linear trends (Fig. 4a). Linear regres-
sions for all IVA data (including duplicate analyses) and
associated uncertainties of these trends were calculated
using the ISOPLOT program (Table 3). Plots of Pd, Au
and Ga versus Ir do not form linear trends. Both Pd and
Au versus Ir plots define curved trends (Fig. 4b). Gallium
versus Ir defines an irregular trend that shows relatively lit-
tle progressive change in Ga with major changes in Ir.

The Re–Os isotopic datum for EET plots slightly below
the IVA isochron (Fig. 2). The HSE pattern for this iron is
similar to that of Chinautla (Fig. 3), which has been previ-
ously classified as IVA, albeit anomalous because it plots
well to the high Ni side of the nominal Ni versus Ga trend
for IVA irons (Schaudy et al., 1972). On a plot of Ni versus
Ga, EET plots along a trend with Chinautla and Fuzzy
Creek, albeit much further from main IVA irons (Scott
et al., 1996). On plots of Ir versus other HSE, EET plots
close to the linear trends for Re, Os, Ru and Pt (Fig. 4a),
yet plots above the curved IVA trends defined for Pd and
Au, and well below the trend for Ga (Fig. 4b).

3.3. Bulk composition via laser ablation ICP-MS

Bulk compositional data for the IVA meteorites and
EET, determined by laser ablation are reported in Table
4. Most differences between isotope dilution data for
HSE, determined on relatively large bulk samples, are with-
in analytical uncertainties of the averaged laser ablation
data for each element. Minor differences outside of cited
uncertainties likely reflect concentration variations on a mi-
cro scale revealed by the in situ analyses, compared to the
averaging achieved by bulk analysis. This conclusion is sup-
ported by the minor differences that are also noted for
duplicate analyses of bulk samples analyzed by isotope dilu-
tion (Table 2). Fig. 5 is a plot of the averaged element
abundances in individual IVA irons, normalized to CI
chondrites, with element order established by decreasing
50% condensation temperatures from left to right. While
reinforcing the fractionation observed in the HSE patterns,
these data also highlight the significant volatile element
depletions observed in IVA irons. The refractory elements
in the IVA core are in roughly chondritic proportions
and, as previously observed, there is a marked and
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Fig. 4. Logarithmic plot of the concentration of Ir (in ng/g) versus other HSE concentrations, as well as the volatile moderately siderophile
element Ga (also in ng/g). (a) Rhenium, Os, Ru and Pt data for all IVA irons plot along well-correlated linear trends. Results of regressions
are provided in Table 3. (b) Palladium and Au data plot along curved arrays, consistent with D values that change in a non-linear manner
relative to Ir. Gallium data show a steep increase in concentration with decrease in Ir, then a gradual decline. Data for the currently
ungrouped iron EET 83230 are shown as diamonds.

Table 3
Linear regressions and uncertainties (2r) of log–log plots of HSE
concentration data versus Ir. Regressions do not include data for
EET 83230. MSWD, mean squared weighted deviates.

Element Slope 2r MSWD

Re 1.098 0.035 0.28
Os 1.268 0.056 3.5
Ru 0.435 0.033 1.5
Pt 0.343 0.025 1.3

1 For interpretation of color in this figure, the reader is referred
to the web version of this article.
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progressive depletion in moderately volatile elements that
follows a relative scale of half-mass condensation tempera-
tures for a given nebular environment, with Ge being >2 or-
ders of magnitude depleted relative to the refractory
elements.

In addition to the differences in some elements between
kamacite and taenite domains noted above, we also ob-
served minor domains, as the laser beam advanced along
tracks where phosphides and high Cr and Mo (oxide or
phosphate?) phases were encountered; these heterogeneities
reflect phases that are likely <20 lm across (with size esti-
mate based on 3 s or less transient signals during ablation
that reveal 1–2 order of magnitude sharp increases in signal
intensity). Plots showing the relative partitioning of ele-
ments between kamacite (low Ni phase) and taenite (higher
Ni phase) for several elements in various IVA irons are pro-
vided in the Electronic Annex Fig. EA1. Again, it is impor-
tant to note that because of spatial overlap of the laser
beam, end member compositions of each phase were likely
rarely obtained. Important for this study is the fact that,
although HSE distributions between kamacite and taenite
are typically resolvable, they are not so large as to cause
major biases in bulk composition data as a result of prefer-
ential sampling of one phase versus the other.

3.4. Metallography

3.4.1. Fuzzy Creek (IVA)

Fuzzy Creek has a recrystallized-reheated microstruc-
ture (Fig. 6) and lacks the expected fine octahedral structure
of the IVA irons. The kamacite matrix shows a recrystal-
lized structure with a grain size of 5–20 lm. Taenite grains,
which are 2–10 lm in size are distributed on grain bound-
aries and kamacite triple junctions together with a smaller
number of schreibersite grains (�0.5 vol %) 1–2 lm in size.
Some of the taenite regions contain small kamacite precip-
itates while other taenite regions do not.

The bulk composition of Fuzzy Creek, obtained from
line scans obtained with the electron probe microanalyzer,
and accounting for the wt.% P present in small phosphides,
is 12.4 wt.% Ni, 86.2 wt.% Fe, 0.49 wt.% Co and 0.18 wt.%
P. Nickel and Fe contents determined by laser ablation
ICP-MS are, respectively, 1.1 wt.% lower and 2.1 wt.%
higher (Table 4). These differences could reflect analytical
differences, or minor differences in bulk composition among
different pieces of the meteorite analyzed. For the purposes
here, the differences are not considered important. The
average Ni content of the kamacite and phosphide phases
are: 6.9 ± 0.1 and 37 wt.%, respectively. Taenite regions
are not chemically homogeneous at the spatial resolution
of the electron probe microanalyzer of 1 lm, and vary from
22 to 32 wt.% Ni with an average Ni content of
26.2 ± 2.8 wt.% (Yang et al., 2011).

The crystal structure of the kamacite and the taenite re-
gions at kamacite–kamacite grain boundaries can be ob-
served using EBSD. Fig. 7a shows the bcc kamacite
grains of different orientation (color)1 that dominate the
microstructure. There is also a large amount of bcc material
of differing orientation within the taenite regions at the
kamacite/kamacite grain boundaries. The bcc structure is
observed in the taenite regions as both bcc kamacite and
as bcc martensite, a2. The bcc martensite forms on cooling
of the taenite with Ni contents less than about 28 wt.%.
Fig. 7b shows the fcc taenite which has a Ni content greater
than about 28 wt.% Ni. It appears from the orientation
maps that there are fcc taenite regions with Ni contents
above 28 wt.% and other taenite regions with fine scale



Table 4
Mean compositions of IVA irons determined by laser ablation ICP-MS analysis.

Jamestown Maria Elena (1935) Yanhuitlan La Grange Gibeon Charlotte Bushman Land

V 0.19 0.78 0.46 0.61 0.32 0.25 –
Mn 0.56 2.3 0.52 2.3 0.74 4 0.43
Fe % 92.2 91.9 91.9 91.7 91.8 90.1 90.3
Co 3870 4230 3990 4130 3860 4955 4160
Ni % 7.5 7.7 7.7 7.9 7.8 9.4 9.3
Cu 134 149 151 148 170 175 126
Ga 1.8 2.01 1.9 2.09 2.4 2.37 2.18
Ge 0.095 0.1 0.12 0.12 0.12 0.16 0.14
As 2.3 3.03 2.5 3.8 3.8 6.2 8
Mo 4.1 5.7 4.9 5.6 4.7 6.7 6.9
Ru 4.8 5.0 4.66 4.1 4.5 4.3 3.15
Rh 0.8 0.88 0.86 0.8 0.69 0.87 0.79
Pd 2.6 2.7 2.78 2.65 3.1 3.9 5.6
W 0.7 0.52 0.7 0.51 0.6 0.57 0.46
Re 0.39 0.37 0.34 0.289 0.31 0.209 0.106
Os 4.1 3.8 3.8 3.2 2.69 1.95 0.97
Ir 3.36 3.3 3.2 2.79 2.53 2.00 1.13
Pt 6.34 6.5 6.6 6.3 6.31 5.9 5.0
Au 0.66 0.58 0.82 0.69 0.98 1.04 2.04

Muonionalusta Steinbach New Westville Duel Hill (1854) Fuzzy Creek Chinautla EET 83230

V 0.2 – – – 0.11 – 0.3
Mn – 0.48 0.37 0.34 0.61 2.04 0.6
Fe % 90.2 90.2 89.9 88.8 88.3 90.7 84.6
Co 3760 3895 4280 4630 4030 4095 4700
Ni % 8.4 9.4 9.7 10.8 11.3 8.9 13.6
Cu 115 131 126 137 146 131 247
Ga 2.1 2.2 2.2 2.0 2.3 2.22 1.15
Ge – 0.14 0.15 0.14 0.13 0.18 0.069
As – 13 12 13 15.3 14 16
Mo 7.1 6.0 7.1 6.4 4.6 7.8 2.54
Ru 3.2 2.8 2.21 1.88 1.43 1.8 1.1
Rh 0.79 0.95 0.72 0.67 0.47 0.63 0.42
Pd 6.6 5.4 6.4 7.1 6.8 6.4 7.5
W 0.37 0.51 0.34 0.30 0.24 0.39 0.54
Re 0.11 0.07 0.042 0.032 0.021 0.008 0.007
Os 1.03 0.56 0.31 0.23 0.13 0.05 0.063
Ir 1.14 0.78 0.49 0.39 0.21 0.132 0.071
Pt 3.8 4.54 3.6 3.1 2.53 2.47 0.91
Au 1.74 2.3 2.86 2.9 3.1 2.28 3.1

– Concentration data are below detection limit.
See Electronic Annex for standard deviation values of analyzed samples.

Fig. 5. CI chondrite normalized plot of elemental data for IVA irons and EET 83230 obtained by laser ablation analysis. Elements are
arranged from left to right in the order of their 50% condensation temperatures.
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Fig. 6. Reflected light photograph of the Fuzzy Creek microstruc-
ture. K, kamacite; T, taenite; and Ph, phosphide. Arrows point to
phosphides present at kamacite/kamacite grain boundaries. Field
of view is 80 � 70 lm.
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bcc martensite and bcc kamacite precipitates. The taenite
containing 31–33 wt.% Ni, as measured by the electron
microprobe, has a Kurdjumov–Sachs {110}bcc//{11 1}fcc
orientation relationship with the adjacent recrystallized
kamacite which contains �7 wt.% Ni.

The taenite regions were observed in more detail in the
STEM using thin sections of Fuzzy Creek. Fig. 8a shows
a STEM dark field image of a 4 � 4 lm taenite region con-
taining kamacite precipitates. A quantitative X-ray scan
showing the Ni and Fe chemical variation in a 1 lm2 area
of the taenite region (Fig. 8a) is shown in Fig. 8b. The tae-
nite–martensite regions have about 25–27 wt.% Ni in their
centers (light green) with increasing Ni to >35 wt.% at the
interfaces (red) with kamacite, which contains �7 wt.% Ni
(dark blue). Fig. 8c shows a quantitative “M” shaped Ni
profile across the taenite in a kamacite/taenite/kamacite re-
gion in Fig. 8b.

One cooling rate measurement for Fuzzy Creek was ob-
tained by modeling the nucleation and growth process of a
kamacite precipitate which formed inside a taenite grain
Fig. 7. EBSD analysis of Fuzzy Creek. (a) Bcc polycrystals. Kamacite wi
taenite regions. (b) Fcc poly-crystals �31–33 wt.% Ni. Curved black arro
boundaries during reheating of the Fuzzy Creek meteorite. Curved white
taenite (now bcc martensite) from the formation of the Widmanstätten pa
during final cooling.
during slow cooling from the reheating temperature
(Fig. 8a–c). We chose the initial composition of the taenite
particle as the average taenite composition of 24.5 wt.% Ni
for the specific taenite region in Fig. 8a. We assume that P is
saturated in taenite, since the bulk P content is 0.18 wt.%
and phosphide is prevalent in the meteorite. Therefore,
kamacite nucleates by mechanism II (c! c + Ph.!
a + c + Ph.) according to Yang and Goldstein (2005),
and the nucleation temperature for the kamacite precipi-
tates is about 520 �C (793 K) (Yang and Goldstein, 2006).
The Fe–Ni and Fe–Ni–P phase diagrams, and the interdif-
fusion coefficients, which control the growth of the
Widmanstätten pattern, are given by Yang et al. (2008).
The simulated result using the taenite profile matching
method (Goldstein and Ogilvie, 1965) and the measured
results (Fig. 8c) match for a given cooling rate at 0.5 K/yr
(500,000 K/Myr) (Fig. 8c).

3.4.2. EET 83230

Clarke (1989) described remarkable mm-sized crystals of
nearly pure iron phosphate (Fe3(PO4)2, sarcopside or graf-
tonite) in EET which are rimmed by troilite. EET has a typ-
ical microstructure of an unshocked ataxite, similar to that
of an unshocked IVB iron, with precipitates of kamacite
within a matrix of plessite (Fig. 9a). No cloudy zone is ob-
served in taenite at high magnification in the SEM, and no
apparent post shock or reheating event changes are ob-
served in the microstructure.

The kamacite/taenite interface was observed in more de-
tail using the STEM to determine if a cloudy zone structure
is present and if there are any features which indicate a
shock or reheating event. Fig. 9b shows a STEM photo of
a FIB thin section containing a kamacite plate in a matrix
of plessite in EET. The FIB section was cut normal to a
kamacite/taenite boundary on the polished surface of the
sample. The Ni and Fe chemical variation in a 1 lm2 area
of this microstructure (scan area 1 in Fig. 9b) is shown in
Fig. 9c. A Ni composition profile normal to the kamacite/
taenite interface is shown in Fig. 9d. The Ni profile is similar
th �7 wt.% Ni, fine scale martensite �24–28 wt.% Ni within Type 2
w points to Type 1 taenite particles formed on kamacite/kamacite
arrow points to Type 2 taenite regions containing residual high Ni
ttern, and high Ni taenite formed at the reheating temperature and
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Fig. 8. Detailed microstructure of a Type 2 taenite region in Fuzzy
Creek. (a) STEM photo of a 1 � 1 lm region of a Type 2 taenite
region at a kamacite grain boundary containing kamacite precip-
itates. (b) Nickel and Fe chemical variation in a 1 lm2 area of the
microstructure shown in (a). (c) Nickel variation across a kamacite/
taenite/kamacite area of a Type 2 taenite region in Fuzzy Creek.
The position of the profile is shown in (b). The cooling rate of
0.5 K/yr matches the measured Ni profile.

Group IVA irons: New constraints on crystallization and cooling 6831
to that observed for IVB irons with a maximum Ni content
at the kamacite/taenite interface of close to 50 wt.% (Yang
et al., 2010). There is no evidence from the Ni X-ray scans
or Ni composition profiles that EET has been shocked or re-
heated. In addition, no high-Ni particles or remnants of
cloudy zone were observed in this X-ray map or in X-ray
maps with an X-ray spatial resolution as small as 2 nm.

A metallographic cooling rate for EET was measured
using the taenite profile matching method (Goldstein and
Ogilvie, 1965). The bulk P in metal is critical to the cooling
rate measurement since the bulk Ni and P content of the
metal determines the reaction path to form kamacite and
the nucleation temperature. If the phosphate in EET
formed after kamacite formed, the P content in the metal
was 0.23 wt.% and the kamacite nucleation temperature,
according to the Fe–Ni–P phase diagram, was 585 �C
(858 K). Cooling rate calculations indicate that there is no
match between calculated and measured Ni profiles for a
series of possible cooling rates for a nucleation temperature
of 585 �C. It is probable that phosphate formed before the
cooling temperature reached 585 �C and depleted the P con-
tent of the metal. The formation of phosphate will continue
to consume some or most of the P in the metal as cooling
continues from 585 �C. If all the available P diffuses to
phosphate before kamacite forms, the P content will de-
crease to the solubility limit in kamacite and taenite at
low temperatures. We measured a residual of 0.02 wt.% P
in the plessite of EET. Assuming that the measured residual
P (0.02 wt.%) in the metal was the P content when kamacite
formed, the nucleation temperature was �400 �C (673 K).
No match is found for that P content between calculated
and measured Ni profiles for a series of possible cooling
rates. Therefore, the P content of the metal, when kamacite
nucleation occurred, was between 0.23 and 0.02 wt.%. In
order to obtain a cooling rate, we assumed that the bulk
P was 0.09, 0.07 or 0.05 wt.% P. An excellent match be-
tween calculated and measured Ni profiles occurs at a P
content of �0.07 wt.% in the metal. We calculate that the
kamacite nucleated at �475 �C (748 K), and the measured
cooling rate is 10,000 ± 3000 K/Myr (Fig. 9d).
4. DISCUSSION

4.1. Cooling histories of Fuzzy Creek and EET 83230

4.1.1. Fuzzy Creek

A meteorite with the bulk chemical composition of Fuz-
zy Creek (12.4 wt.% Ni and 0.18 wt.% P), would be ex-
pected to form a Widmanstätten pattern if the cooling
process after crystallization was continuous. However,
there is a lack of any microstructural or chemical remnants
of a typical IVA Widmanstätten pattern in Fuzzy Creek.
Our microstructural observations (optical, SEM, EBSD
and STEM) are consistent with the conclusions of Yang
et al. (2011) that Fuzzy Creek was heated at temperatures
above 650 �C where kamacite was completely converted
to taenite and recrystallized so that new taenite grains up
to 10 lm in size were formed with diverse orientations.
Kamacite formed below 650 �C at taenite grain boundaries
and equilibration of kamacite, taenite and phosphide
continued until �510 �C (Yang et al., 2011). Below that
temperature, Ni gradients grew and kamacite precipitated
in taenite grains below 500 �C.

The “M” shaped Ni profile across the taenite in Fig. 8c is
consistent with a process in which cooling below 510 �C
took place after the initial reheating which eliminated the
initial Widmanstätten microstructure of the meteorite.
The Fuzzy Creek cooling rate measurement of 0.5 K/yr
(500,000 K/Myr) (Fig. 8c) has a significant error since we
were not able to measure the orientation of the kamacite/
taenite interface with the direction of the Ni profile, and
we were only able to obtain one useful Ni profile due to
the lack of other appropriate analysis areas. We estimate
the error in this measurement as an order of magnitude,
yielding a range of allowable cooling rates from 0.05 to
5 K/yr (5 � 104–5 � 106 K/Myr).
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Fig. 9. Microstructure of EET 83230. (a) Microstructure observed by SEM. A kamacite plate is shown in a plessite microstructure. (b) STEM
dark field image of a FIB thin section containing a kamacite plate in a matrix of plessite. Two kamacite/taenite interfaces are observed in the
section. (c) Nickel and Fe chemical variation in a 1 lm2 area of region 1 in (b). (d) Nickel profile across the kamacite/taenite interface obtained
from the white area in the Ni X-ray area scan of (c). Calculated Ni profiles for cooling rates of 8000, 10,000 and 13,000 K/Myr are plotted
across the Ni profile in (d). There is an excellent match with the measured Ni profile yielding a cooling rate of 10,000 K/Myr.

6832 T.J. McCoy et al. / Geochimica et Cosmochimica Acta 75 (2011) 6821–6843
Our investigation of the microstructure of Fuzzy Creek
indicates that the meteorite was reheated, probably after
Widmanstätten pattern formation, in the core of the IVA
parent body. As suggested by Yang et al. (2011), it is
plausible that impact reheating occurred during the major
impact that shattered the parent IVA metallic body. Such
an impact probably occurred soon after the slow cooling
of the IVA core.

4.1.2. EET 83230

EET has a typical microstructure of an ataxite, similar
to that of a IVB iron, with precipitates of kamacite within
a matrix of plessite (Fig. 9a). Unlike irons with an ataxite
microstructure, large sized iron phosphates are present in
the microstructure, which apparently formed due to higher
oxygen fugacity. In addition, unlike unshocked ataxite ir-
ons, such as in the IVB chemical group (Goldstein et al.,
2009a,b), no cloudy zone is observed in taenite within the
resolution limits of the STEM (<�2 nm).

For low shocked IVA irons at similar cooling rates, high
Ni particle sizes of 25 ± 5 nm in the cloudy zone micro-
structure are measured (Goldstein et al., 2009a,b). No high
Ni particles, within the limits of resolution of the STEM
(�<2 nm), were observed in EET. Metallographic cooling
rates exceeding 10,000 �C/Myr are deemed necessary for
high Ni particle sizes to be smaller than 10 nm (Goldstein
et al., 2009a,b). EET has the largest metallographic cooling
rate of any unshocked or reheated iron measured to date,
10,000 ± 3000 �C/Myr (Fig. 9d). Nevertheless, the lack of
any cloudy zone microstructure, in a situation with no evi-
dence of shock at the submicroscopic region as observed by
STEM, remains to be explained.

The error in the metallographic cooling rate measure-
ment of EET is probably larger than ±30% obtained from
the profile matching method, because we were only able to
obtain one useful Ni profile due to the lack of other appro-
priate analysis areas. Nevertheless, the cooling rate of EET
is orders of magnitude faster than would be expected if this
meteorite formed in the core of the IVA parent body.

4.2. Classification of EET 83230

The analyses of D17O in iron phosphate inclusions in
EET lie within the range of values measured for silicates
in IVA iron meteorites (Clayton and Mayeda, 1996; Wang
et al., 2004). This provides evidence to suggest that EET
formed from materials genetically similar to those melted
to form the IVA irons. The HSE pattern of EET is also
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similar to some in the IVA iron suite, however, the much
higher Ni content, coupled with the large difference in cool-
ing rate compared with other evolved IVA irons, probably
mean that it did not form from the same magma.

The most likely explanation for these apparently contra-
dictory characteristics is that the meteorite formed in a sec-
ond parent body. The hit and run impact model of Asphaug
et al. (2006) invoked for IVA irons by Ruzicka and Hutson
(2006) and Yang et al. (2008), allows for several molten
metallic bodies to be formed as part of the same impact
onto a larger body, thus, irons from different offspring
bodies could have very similar chemical/isotopic composi-
tions, but different cooling histories. For this scenario,
EET could have been derived from an independent, much
smaller body, having a much faster cooling rate. A similar
case for crystallization in genetically related, but distinct
parent bodies has previously been made for Fuzzy Creek
(Yang et al., 2007), and for Maria Elena (1935), which dis-
plays a Widmanstätten pattern when viewed by eye, but has
been severely reheated with the formation of rounded tae-
nite regions at kamacite/taenite boundaries. Because of
possible minor differences in volatile components, such as
S, in secondary metallic bodies, similar, but not necessarily
identical crystallization paths would be expected for ele-
ments like HSE. Consequently, the good but not perfect
fit of the HSE data for EET compared to the IVA irons
can be explained.

4.3. 187Re–187Os isotopic constraints

The Re–Os isotopic systematics of the IVA irons define a
generally well-constrained isochron. The goodness of fit of
the data to a primordial isochron limits possible open-sys-
tem behavior of Re and Os, and likely the other HSE, to
no more than a few tens of Ma subsequent to crystallization.
This supports the assumption that the relative HSE abun-
dances of these iron meteorites were set by primary mag-
matic processes in a core. The initial 187Os/188Os ratio for
the isochron is similar to prior estimates for the initial ratio
for the solar system (Shen et al., 1996; Smoliar et al., 1996).
The Re–Os age of the IVA isochron, within regression
uncertainties, is a minimum of 10 Ma younger than the for-
mation of the first solids in the solar system at �4.567 Ga
(e.g., Amelin et al., 2002). A recent U–Pb isotope study of
troilites from the IVA iron Muonionalusta, however, re-
ported an older isochron age of 4.5635 ± 0.0005 Ga, indi-
cating crystallization �3 Ma subsequent to the formation
of the first solids in the solar system (Blichert-Toft et al.,
2010). The latter age is also consistent with model 182W ages
that suggest very early segregation of metal from silicate in
the IVA parent body (e.g., Horan et al., 1998; Burkhardt
et al., 2009). The disagreement between Re–Os and U–Pb
ages of �0.5% may reflect uncertainties in the 187Re decay
constant (not included in the regression uncertainty). How-
ever, two independent determinations of the 187Re decay
constant differ by only as much as 0.2% (Smoliar et al.,
1996; Selby et al., 2007). Selby et al. (2007) based their deter-
mination on a cross calibration of Re–Os and U–Pb ages for
terrestrial materials. Collectively, these results suggest that
uncertainty in the decay constant and cross calibration
errors between Re–Os and U–Pb are less than can account
for the age differential. The difference in ages may also result
from crystallization over an extended period of time, as sug-
gested by the diversity in cooling rates. Muonionalusta
likely cooled rapidly, comparable to the cooling rate of sim-
ilarly evolved Gibeon, whereas some of the most chemically
evolved IVA irons with high Re/Os, such as Chinautla may
have taken more than 10 Myr to cool sufficiently to become
closed to Re–Os transport. Slow cooling of the more evolved
portions of the core could lead to generation of a composite
IVA isochron with a slightly shallower (younger) slope than
would be consistent if all samples crystallized essentially
simultaneously.

The only meteorite examined here that plots resolvedly
off (below) the IVA isochron is the ungrouped iron EET.
We speculate that this reflects minor open-system behavior
of Re–Os at least 100 Ma subsequent to crystallization,
rather than late crystallization, which would be inconsistent
with its rapid cooling rate.

4.4. Crystallization models

Modeling of high precision data for the HSE has proven
useful in demonstrating their coherent nature during crys-
tallization of the cores of planetesimals, because of their
generally high abundances and predictable relative behav-
iors resulting from magmatic processes (Pernicka and
Wasson, 1987; Chabot, 2004; Petaev and Jacobsen, 2004).
A recent HSE study of the IVB magmatic iron meteorites
revealed closed-system behavior for the Re–Os isotopic sys-
tem, and well-behaved differentiation systematics for all of
the HSE, given low (<1 wt.%) S and P contents in the
parental melt to the IVB system (Walker et al., 2008).

The IVA irons likely began to crystallize from a single,
molten mass of iron. Information about the chemical
composition of the parent body and the segregated parental
metal, as well as the nature of the crystallization process
involved (such as liquid–solid mixing) can, therefore, poten-
tially be gleaned via modeling the HSE. In addition to the
HSE, the moderately siderophile element (MSE) Ga, an-
other diagnostic trace element, is modeled in order to gen-
erate an internally consistent database for IVA irons within
the broad sequence of the presumed crystal–liquid fraction-
ation that created them.

Walker et al. (2008) discussed the power of specifically
modeling the HSE as a group. Nevertheless, modeling
HSE in a dynamic, complex magmatic system can be chal-
lenging, given the presence of even small quantities of S and
P in iron systems, which reduce the tendency of the liquid to
host HSE and MSE. Further, increases in S, and to a lesser
extent P, in the liquid are a likely consequence of core crys-
tallization processes, because both are highly incompatible
in solid metal. Thus, solid metal–liquid metal D values of
most HSE and MSE typically increase as S and P contents
increase in the liquid (e.g., Jones and Drake, 1983; Jones
and Malvin, 1990; Chabot and Jones, 2003). Modeling of
siderophile elements, therefore, requires estimates of the
initial S and P content of the system, as well as an under-
standing of how D values change as crystallization proceeds
(Chabot, 2004).
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As discussed for modeling the IVB system (Walker et al.,
2008), our modeling of the IVA system begins with Re and
Os. In brief, this element pair provides a uniquely powerful
initial constraint on the chemical composition and pro-
cesses involved in the formation of iron meteorite systems.
This stems from three factors. First, for this study, Re and
Os are precisely measured and the 187Re–187Os isotopic sys-
tematics of the IVA system requires that abundances of Re
and Os have not been modified significantly by processes
subsequent to initial crystallization. Second, there is evi-
dence that for this iron group, the initial Re/Os of the
IVA iron core was within, or nearly within the range of
chondritic meteorites, if it is assumed the parent body
had a bulk chondritic composition (see below). Third, be-
cause of the linearity of Ir versus Re and Os (as well as
Ru and Pt) on logarithmic plots (Fig. 4a), precise, internally
consistent relative D values (concentration ratio between
solid metal and liquid metal) for Re and Os can be obtained
for every increment of crystallization, applying the slopes of
those regression lines, coupled with D values for Ir that are
appropriate for the S and P content of the liquid modeled
and using:

Slope of correlation ¼ ½DðHSEÞ � 1�=½DðIrÞ � 1� ð1Þ

Iridium was the reference element used here for deter-
mining absolute D values of Re, Os, Pt and Ru by the slope
method, because it is the best experimentally studied of the
HSE (see Walker et al. (2008) for further discussion of this
approach towards modeling). The DIr values used here were
calculated from the parameterization of Chabot and Jones
(2003). Tracking of the compositional evolution of the solid
and liquid is done at 0.1% increments of crystallization,
along with accounting for the progressive changes in S
and P contents of the liquid metal. For all calculations, a
constant D value for S of 0.001 was applied. Small changes
in DP, and resulting changes in the concentration of P were
calculated using the appropriate S concentration of the li-
quid and the parameterization for DP (Chabot and Jones,
2003).

Based on cooling rate considerations, Yang et al. (2008)
concluded that early formed IVA irons likely crystallized
within the first 10% of fractional crystallization of the
IVA parent melt. Consequently, for our modeling, the Re
concentration of the hypothesized initial melt was chosen
so that the first precipitating solids would have concentra-
tions as similar as possible to that of the least fractionated
(highest Re) IVA iron meteorite, Jamestown. The Os con-
centration was iteratively fitted by adjusting Re/Os to lie
within the range of chondritic meteorites (0.082–0.092;
Walker et al., 2002). Here we justify the assumption of a
chondritic ratio for systems containing lower S (e.g.,
63 wt.%), based on a mass balance argument. The least
evolved IVA meteorites, such as Jamestown, have relatively
high HSE concentrations (e.g., �380 ng/g Re). If solid me-
tal–liquid metal DRe values for S contents �3% or lower are
applied (D 6 2.1), parental melt concentrations necessary
to form Jamestown would have to be P190 ng/g. Given
that the average Re concentration in chondrites is
�60 ng/g (Walker et al., 2002), this minimum liquid
concentration would be consistent with virtually 100%
extraction efficiency of HSE into metal in a metal-silicate
system in which the metal comprises �30% of the mass of
the system, or >65% extraction efficiency into a core com-
prising �20% of the mass of the system. The case becomes
stronger for systems with <1 wt.% S where the smaller D

values would require high efficiency extraction into a core
comprising lower proportions of metal. For higher initial
S, this constraint is lifted because of the higher D values
and greater possible fractionation of Re/Os in initial precip-
itates, although the ratio could not have been more than
�10% higher than chondritic, even with 9 wt.% S.

The application of DIr values calculated for 0.5, 3 and
9 wt.% initial S (and 0.1 wt.% P for each S content), define
our Models A, B and C, with initial D values for Re at 1.6,
2.1 and 4.2, respectively, and for Os at 1.7, 2.3 and 4.6,
respectively (slope derived DRe values compared to values
directly determined using the parameterization of Chabot
and Jones (2003) are provided in the Electronic Annex
Fig. EA2). One implication of the models is that with high-
er initial S contents (e.g., P1 wt.%) the higher D values re-
quire increasingly lower levels of fractional crystallization
to produce most of the diversity of HSE concentrations in
the IVA suite. Lower starting S requires considerably more
extensive crystal–liquid fractionation to achieve the range
of HSE concentrations observed. Models that require lim-
ited levels of fractional crystallization become problematic
when considering the wide range of cooling rates deter-
mined for group IVA.

Model solid and liquid evolution tracks for plots of Re
concentration versus Re/Os, together with the data for
IVA irons, are shown in Fig. 10a–f. Model A assumes the
lowest initial S content, and therefore, is characterized by
the lowest D values for Re and Os. This model results in
the most limited spread between liquid and solid tracks
on plots of Re versus Re/Os. Our model was chosen to have
an initial liquid with Re/Os at the high end of the chondritic
range (Fig. 10a and b). The Re concentration was chosen to
allow formation of Jamestown within the first 2% of crys-
tallization of the body, albeit forming as a 40:60 mixture
of initial solid and trapped liquid. For this model it is not
possible to use a higher initial Re/Os in the parental melt
because increasing the ratio, without decreasing Re, would
move the solid and liquid tracks so that Jamestown would
plot to the left of the mixing line between the initial melt
and solid compositions. For this model, a IVA iron meteor-
ite with an intermediate Re concentration, such as Bush-
man Land, would be produced after �80% crystallization.
Irons with lower Re would require >80% crystallization.
However, our inability to calculate appropriate D values,
and the sensitivity of the calculations to D values at such
high extents of crystallization precludes meaningful model-
ing to higher percentages of crystallization. Overall, this
model does not fit the IVA data very well. The limited
spread between liquid and solid tracks does not allow some
of the IVA data to plot between the two tracks, regardless
of the starting composition. For example, using Jamestown
to constrain the highest initial Re permissible for the suite,
several IVA irons with high to moderate Re plot substan-
tially to the right of the solid track. IVA iron compositions
in this region of the diagram cannot be achieved by either
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Fig. 10. Fractional crystallization models for Re (in ng/g) versus Re/Os calculated for three sets of starting parameters (Models A, B and C)
discussed in the text. Each model is defined by the S and P concentrations assumed for the initial melt. D(Re) and D(Os) were determined
relative to D(Ir) via the slope method discussed in the text. The method used to select the initial parameters is also discussed in the text. The
black circles are the data for the IVA irons reported by this study. Where duplicate analyses were determined, the symbols shown are averages.
Shown for comparison are liquid (red) and solid (blue) evolution tracks, as discussed in the text. The partially filled diamond symbol
represents the starting liquid composition. The green star represents the composition of the first solid to form. Open squares with crosses along
the liquid and solid tracks correspond to increments of 20% fractional crystallization. Mixing curves (dotted) connect the equilibrium solids
and liquids at each of these fractions. The range of Re/Os ratios within which most bulk chondrites plot is shown in the stippled areas. a.
Model A with initial S of 0.5 wt.%. (b) Expanded scale view of high Re portion of (a). (c) Model B with initial S of 3 wt.%. (d) expanded scale
view of high Re portion of (c). (e) Model C with initial S of 9 wt.%. (f) Expanded scale view of high Re portion of (e). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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fractional crystallization or by trapping of liquids in earlier
formed solids (see Walker et al. (2008) for details of solid–
liquid mixing). Because of this, we discount the possibility
of such low initial S.

Model B (Fig. 10c and d) employs a starting liquid com-
position with Re/Os in the range of chondrites, and James-
town forming after �22% crystallization, as approximately
a 70:30 mixture of solid and trapped equilibrium liquid.
Choosing initial Re and Os concentrations to crystallize
Jamestown earlier in the sequence (e.g., after substantially
less fractional crystallization), the initial liquid would have
to have slightly suprachondritic Re/Os. For example, a
starting liquid with Re/Os of �0.095 and �200 ng/g Re
would be required for Jamestown to form within the first



Table 5
Bulk distribution coefficients (D values) for modeling fractional
crystallization using two models (B and C) discussed in the text.

BI B80 CI C60

IrC&J 1.99 9.95 3.85 51.4
Re 2.09 10.8 4.12 56.3
Os 2.25 12.3 4.61 64.9
Ru 1.43 4.90 2.24 22.9
Pt 1.34 4.07 1.98 18.3
PdC&J 0.458 0.658 0.531 0.951
AuC&J 0.280 0.541 0.367 1.06
GaC&J 0.906 2.13 1.29 5.13

I, 80 and 60 subscripts refer to values calculated for the inception of
crystallization and after 80% (for Model B) and 60% (for Model C)
crystallization. C&J – derived from Chabot and Jones (2003)
parameterization. Other values obtained from slopes relative to Ir
(Table 3).
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5% of crystallization. This is plausible given the possibility
of modest fractionation of Re/Os during incomplete metal
segregation combined with the higher D values accompany-
ing the higher S content. Most other IVA irons examined
here fit along either the solid track, or between it and the
liquid track. A relatively low Re sample like Duchesne
would have formed after >70% fractional crystallization,
and Chinautla, with the highest Re/Os of the suite exam-
ined, would require >80% fractional crystallization. Fuzzy
Creek plots to the left of the liquid track. Its Re–Os elemen-
tal systematics could be accounted for only as the result of
mixing variable proportions of a highly fractionated liquid
(formed after �80% fractional crystallization) with small
proportions of a nearly equally evolved solid (formed after
�70% fractional crystallization) (Fig. 10d). Based solely
upon Re–Os data, Model B is judged to be acceptable for
the IVA data. Fuzzy Creek shows no petrologic evidence
(high abundances of sulfides and/or phosphides) for such
high percentages of a liquid component, although that
could owe to the small size of these meteorites and unrepre-
sentative sampling. Perhaps some evidence for significant
melt trapping in evolved IVA irons comes from Steinbach,
which is large enough and fine-grained enough to provide a
representative mode. Modal analyses of �18 cm2 of Stein-
bach (Scott et al., 1996) reveals 6.6 vol % troilite, consistent
with inclusion of a significant, S-rich trapped melt
component.

Model C requires a similarly high amount of fractional
crystallization to generate Jamestown in order to maintain
the Re/Os of the initial liquid within the range of chon-
drites. In this case, the Re/Os of the parental melt can be
raised as much as 6% above the chondritic range (0.098).
The model shown uses a Re/Os at the upper end of the
chondritic range for the parental melt (Fig. 10e and f)
and is consistent with the formation of Jamestown after
�15% fractional crystallization. The compositions of most
other IVA irons are consistent with formation as solids,
or mixtures of solids and liquids after anywhere from
�20% to nearly 60% fractional crystallization, with Fuzzy
Creek and EET again plotting slightly to the left of the li-
quid track. As with Model B, their compositions can be ac-
counted for by liquid–solid mixing. Thus, Model C also can
successfully account for the Re–Os systematics of the IVA
irons.

Given the problems inherent with Model A, only Mod-
els B and C are further considered with respect to Pt, Ru,
Pd, Au and the volatile siderophile Ga. Table 5 provides
initial D values for each element, as well as D values after
80% and 60% fractional crystallization for Models B and
C, respectively. Due to their generally similar metal parti-
tioning behavior to Ir, appropriate D values for Pt and
Ru were calculated for every increment of crystallization
relative to DIr using Eq. (1) from above. Because of their
very different and non-linear behaviors relative to the other
HSE, Pd and Au were modeled using D values obtained
from the parameterization of Chabot and Jones (2003).

The concentration of Pt was iteratively established next
for Models B and C, after Re and Os. Platinum concentra-
tions were chosen to achieve starting melt concentrations
with chondritic Pt/Os (between 1.7 and 2.0; Horan et al.,
2003), and to match the liquid and solid tracks to the
IVA data to be as consistent as possible with the Re–Os
portion of the models. The remaining element concentra-
tions were chosen to crystallize solid metal bearing the com-
position of Jamestown after 15–25% fractional
crystallization (where possible), to be consistent with chon-
dritic Re, Os and Pt model results.

Model B and C results for Pt versus Pt/Os are very sim-
ilar to those of Re versus Re/Os (Fig. 11a–d). For Model B,
most IVA meteorite compositions plot between the solid
and liquid tracks, with Chinautla requiring �80% fractional
crystallization, similar to Re–Os model results. Fuzzy
Creek plots between the liquid and solid tracks, and thus,
the relative proportions of solid and liquid estimated by
the Re–Os and Pt–Os models are not consistent.

Internally consistent (relative to Re) estimates of the Ir
and Ru contents of the parental liquids are iteratively deter-
mined for results from Models B and C in plots of Ir versus
Re and Ir versus Ru (Electronic Annex Fig. EA3a–d). Both
models are consistent with Re–Os and Pt–Os results, but
provide little additional discrimination between the initial
S contents. Significant differences show up, however, in
the amounts of fractional crystallization (i.e., 30–40%) re-
quired to generate a lower Ni iron, like Jamestown.

Problems are apparent for Model C in plots of Ir versus
Pd, and Ir versus Au (Fig. 12a–d). For both element pairs
Model C fails to capture the IVA irons with higher Ni con-
tents between solid and liquid tracks. Thus, unless other
factors controlled the behavior of these elements, or the
parameterization of Chabot and Jones (2003) is consider-
ably in error, Model C fails to account for the range of
compositions present in IVA irons. The success of Model
B, compared to Model C, to account for all of the HSE is
best illustrated in models of evolution of residual liquids
as fractional crystallization progresses (Fig. 13a and b).
Model B better describes the Au and Pd variations ob-
served in the IVA suite, compared to Model C.

These findings support a model IVA core with an initial
S content of �3 wt.% (Model B), instead of 0.5 wt.% (Mod-
el A) as proposed by Wasson and Richardson (2001) and
Wasson et al. (2006), which was based on fitting a quadratic



Fig. 11. Fractional crystallization model for Pt (in ng/g) versus Pt/Os calculated for Models B and C discussed in the text. Symbols are the
same as for Fig. 10. (a and b) The range of Pt/Os ratios within which most bulk chondrites plot is shown in the stippled areas. (a) Model B
with initial S of 3 wt.%. (b) Expanded scale view of high Pt portion of (a). (c) Model C with initial S of 9 wt.%. (d) Expanded scale view of high
Pt portion of (c).
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equation to Ir–Au and Ir–As, where S was the independent
variable. Their fit, however, does not well reproduce exper-
imental data (see Chabot, 2004). Our conclusion of an ini-
tial S content of 3 wt.% is in good agreement with studies
by Scott et al. (1996) and Chabot (2004), who based their
conclusions primarily on Ir–Au correlations, coupled with
experimental data.

As noted by previous studies (Scott et al., 1996; Chabot,
2004), the Ir versus Ga trend (or Au versus Ga trend) is
more consistent with the higher initial S content of Model
C. However, neither model provides a particularly good
fit for the data. For Model B (Fig. 14a), many of the IVA
data plot outside of the liquid and solid tracks, regardless
of the initial melt composition chosen. For Model C, an ini-
tial liquid composition can be chosen such that almost all
IVA data plot between liquid and solid tracks. Although
Model C superficially appears to better account for the
IVA Ga data compared to Model B, on close inspection
it too inadequately accounts for the changes in concentra-
tions. The HSE define regular, progressive changes in con-
centrations on element–element plots (Fig. 4a–b). In
contrast, early formed IVA irons are characterized by rela-
tively sharp increases in Ga, up to a maximum concentra-
tion at Gibeon for our suite. Concentrations then
generally decrease slightly with decreasing Ir (Fig. 14a).
This observation is not consistent with a gradual change
in DGa as a result of progressive changes in S and P. Such
changes in concentrations could occur as a result of an
abrupt increase of the solid–liquid D value for Ga that in
turn could conceivably result from either the initiation of
crystallization of a Ga-rich phase at the point of transition,
or a sudden change (increase) in the S content of the liquid.
It could also occur as a result of the loss of Ga due to post-
crystallization heating of the more evolved IVA irons. None
of these options, however, appears to be viable for the IVA
system. We are not aware of an appropriate Ga-rich phase
whose appearance would lead to an abrupt change in D va-
lue. A sudden increase in S content of the melt would likely
have an even greater effect on the HSE, which is not ob-
served. Finally, there is considerable evidence that some
IVA irons experienced substantial reheating after initial
crystallization (e.g., Goldstein et al., 2009a,b). Reheating
could possibly lead to volatile loss of Ga, although the
reheating temperatures are most likely below 1000 �C,
and there is no correlation between the trends and reheating
history of the IVA suite. Consequently, we must continue
to ascribe changes in Ga to a process that remains uniden-
tified in order to account for its behavior. Although Ge is
not discussed here, Ge trends in IVA irons lead to similar
reasoning as for Ga.

4.5. IVA core composition and parent body characteristics

Chondrite normalized abundances of refractory through
moderately volatile elements (Fig. 5) show effects of at least
two distinct processes. First we will consider the refractory
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the higher initial S, leads to less variation in the concentrations of Pd and Au than are actually observed for IVA irons (Fig. 3). Note too that
Model C requires an HSE pattern for the initial melt that is more fractionated relative to chondritic, than that for Model B. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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elements on the left side of Fig. 5. As discussed above,
much of the great variance in abundances among some
HSE (Re, Os, Ir) can be attributed to, and successfully
modeled as the result of solid metal–liquid metal partition-
ing in the IVA core. Further, our calculated HSE concen-
trations for the parental melt to the IVA irons (Table 6)
are similar to what would be expected for a planetary body
with a core that comprises 20–30% of the mass of the body,
and that has virtually quantitatively concentrated the HSE
from the entire body. For example, the abundances are gen-
erally comparable to those proposed for Earth’s core
(McDonough, 2003; Table 6).

Based on similarities in D17O between IVA silicates and
L and LL chondrites (Clayton and Mayeda, 1996), both
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Table 6
Calculated initial concentrations for Models B and C discussed in the text (in ng/g). Also provided are estimates for Earth’s core, and our
model core for an L/LL chondrite-like parent body.

Re Os Ir Ru Pt Pd Au

Model B 295 3250 2700 3900 5900 4500 1320
Model C 178 1960 1700 2600 3800 4000 1290
Earth 230 2800 2600 4000 5700 3100 500
L/LL core 200 2600 2450 3800 5300 2800 800
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Ruzicka and Hutson (2006) and Wasson et al. (2006) devel-
oped models for the generation of the IVA parental melt on
an L/LL chondrite like parent body, despite some major
chemical differences between IVA and L/LL chondrites.
With respect to HSE, the IVA parental compositions are
broadly similar to the absolute concentrations we calculate
for a core that might form in a body with a bulk composi-
tion similar to an L or LL chondrite, assuming the mass
fraction of the core is 20% of the entire parent body, and
using the average L chondrite composition of Wasson
and Kallemeyn (1988) for the bulk body (Table 6). In detail,
however, the projected IVA core is modestly enriched in the
most volatile HSE, Pd and Au, relative to the L chondrite
model core (Fig. 15). Thus, the putative HSE compositions
for the IVA parental melt are not a very good fit to L/LL-
like materials. We do note, however, that because of the
greater uncertainties in relative D values for Pd and Au,
compared to other HSE in our models, the differences in
Pd and Au are not sufficiently compelling to abandon at-
tempts to chemically link IVA with L/LL chondrites.

Based on the compositions of the least differentiated of
the IVA irons (Fig. 5) and an assumption of solid metal–li-
quid metal D values of �1, the relative abundances of the
refractory MSE W, Mo, Fe, Co, Ni are in approximately
chondritic relative proportions and at the same level as
the HSE. These data are consistent with derivation of the
IVA irons from a parent body with largely unfractionated,
highly through moderately refractory elements.

The Fe content of the IVA core can be evaluated by
comparison to ratios of key siderophile elements in bulk
chondrites. The least evolved IVA irons (e.g., Jamestown,
Maria Elena (1935) and Yanhuitlan) have values for Fe/
Ni of 10, Ni/Co of 19, and Ni/Ir of 4.3 � 104. Average
chondritic ratios for Fe/Ni, Ni/Co and Ni/Ir are
17.4 ± 0.5 (1r), 20.4 ± 0.6 and 2.3(±0.4) � 104, respectively
(Wasson and Kallemeyn, 1988). Thus, as has been noted by
prior studies (e.g., Scott et al., 1996) the IVA system is char-
acterized by a moderate depletion in Fe relative to Ni and
Co. The depletion in Fe, assuming a planetary body with
a chondritic Fe/Ni, requires that the remaining complement
of Fe partitioned into the silicate fraction of the body.

The IVA irons also have relatively low P contents, with
the least evolved IVA irons having �0.02 wt.% P (Yang et
al., 2008; Goldstein et al., 2009a,b). A low P content for the
initial IVA core composition would not be predicted by
assuming a chondritic Ni/P ratio (12 ± 2; Wasson and
Kallemeyn, 1988). Instead a core with 0.6 wt.% P would
be required to be consistent with the Ni content. Assuming
the IVA parent body had a chondritic Ni/P, then the IVA
core composition with low Fe/Ni and high Ni/P could
imply an Fe- and P-depleted core that was (originally) sur-
rounded by a silicate shell with a complementary enrich-
ment in Fe and P. Enrichments in Fe and P in the silicate
shell may be achieved via appealing to a relatively oxidized
fO2 accompanying IVA core formation. It is also possible
that phosphorous, along with other volatile elements was
lost due to volatilization, as might occur during impact
(Wasson et al., 2006). This possibility will be considered
further below.

It has long been known that the IVA group is depleted
in some moderately volatile, siderophile elements, such as
Ga and Ge (Schaudy et al., 1972). Models that seek to
explain the nature, timing and loss of a volatile component
from the IVA body are faced with multiple problems.
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Fig. 15. Plot of calculated initial concentrations of HSE for our
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Fig. 16. Chondrite normalized abundance pattern for the moder-
ately volatile elements in the IVA irons versus their 50% mass
condensation temperature (Lodders, 2003). With decreasing con-
densation temperature, the volatile abundances decrease markedly.
An extrapolation of the IVA iron data to the much lower
condensation temperature for S leads to a prediction that its
abundance in the IVA core would be <1 lg/g. This result would be
at odds with our modeling of the HSE data. If there is 3 wt.% S in
the IVA core, then the depletion trend noted for the moderately
volatile elements is only slightly affected by volatile depletion, and
instead is mostly due to the partitioning of these elements into the
silicate shell of the IVA body.
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Chondritic proportions of refractory elements in the IVA
core provide a reference frame for the apparent progressive
depletion in moderately volatile elements, which appear to
follow a depletion trend predicted for a nebular environ-
ment (Fig. 16). Notably, in IVA irons Ga is an order of
magnitude and Ge is >2 orders of magnitude more depleted
than in chondrites. If these elements were wholly extracted
into the IVA core, their concentrations would be enriched
over a putative parent bulk composition. It is a challenge
for any model to explain the Ga and Ge depletions in
IVA irons, while also envisaging a IVA core with 3 wt.%
S, or even �0.5 wt.% S, as estimated by Wasson et al.
(2006), given that S is a more volatile element. If a conven-
tional nebular depletion model is invoked to explain the Ga
and Ge depletions, then a simple extrapolation of this mod-
el predicts a volatile depleted core having �1 ppm S
(Fig. 16). Thus, there is an apparent conflict between the
Ga–Ge depletion models and a model suggesting the IVA
core has between 0.5 and 3 wt.% S.

One way to account for depletions in moderately volatile
elements is via loss through impact volatilization. For
example, in their model for producing the IVA irons from
an L–LL chondrite-like parent, Wasson et al. (2006) argued
that metallic Fe was produced from the dissociation of FeO
and FeS by impact heating and reduction by C, at or near
the surface of the parent body. In addition, Ga and Ge were
partially volatilized and lost from the melt at this time. The
resulting metallic liquid eventually drained to the center of
the body to form a core. Wasson et al. (2006) recognized
that the production of metal on a relatively small body
via impact heating is a volume limited process. They sug-
gested that the total volume of melting of chondritic mate-
rial by this process was �5 km3. Consequently, they argued
for a relatively small parent body (�10–20 km radius) with
a small core. If the highly variable cooling rates discussed
above are accurate, however, the IVA parent body would
have to have been considerably larger, e.g., the �150 km ra-
dius body suggested by Yang et al. (2008). For such a large
body the impact melting hypothesis of Wasson et al. (2006)
loses viability.

As an alternative to loss through volatilization, we pres-
ent a model that allows for a IVA core with 3 wt.% S and
low Ga and Ge contents. The model is consistent with the
prior proposal that the IVA body was assembled from
materials having a composition comparable to either an
ordinary chondrite (H, L or LL all provide satisfactory fits
given existing constraints) with a mild depletion in moder-
ately volatile elements (enough to satisfy the S in the core
argument) or an Earth-like composition, given its inventory
of moderately depleted volatile elements. Following
accretion, the IVA parent body experiences metal-silicate
segregation under oxidized conditions, with Ga and Ge
partitioned mostly into the silicate shell. The significant
constraints for this model are the observation that IVA
irons have low Fe/Ni and high Ni/P values relative to chon-
drites. A prediction of this model is that the silicate shell of
the IVA body is enriched in P, Ga and Ge (along with Mn,
Cr and V), a composition that is comparable to that pre-
dicted by Wasson and Richardson (2001), although they
considered that only a minor fraction of Ga and Ge was
partitioned into the silicate shell.

The most contentious aspect of this model is the parti-
tioning of Ge between the silicate and metallic phases.
There is a significant body of literature demonstrating that
Ga can range from lithophile or siderophile depending on
the P–T–Xi–fO2 conditions (Schmidt et al., 1989; Kong
and Ebihara, 1996; Capobianco et al., 1999; Jaeger and
Drake, 2000; Righter and Drake, 2000; Holzapfel et al.,
2001; Liu and Fleet, 2001), but the data for Ge present a
less definitive perspective with most findings revealing that
it behaves as a siderophile element under most conditions.
Experimental investigations reveal that there is a strong
bulk compositional dependency on the oxidation states of
Ga and Ge in the silicate melts, with Jana and Walker
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(1999) observing that under oxidizing conditions Ge be-
comes less siderophile, and so too Fe, Co, W and P. Core
formation on the Earth, which is likely to have occurred un-
der more reducing conditions, resulted in Ga being almost
fully lithophile, whereas �90% of the planetary budget of
Ge partitioned into the Earth’s core (McDonough, 2003).
Overall the marked depletion in Ga and Ge observed in
IVA irons may be the result of a combination of factors
involving volatilization and oxidation.
5. CONCLUSIONS

(1) New metallographic cooling rates of 500,000 K/Myr
and 10,000 ± 3000 K/Myr were determined for Fuz-
zy Creek and EET 83230, respectively. Chemical
and oxygen isotopic evidence indicate a genetic rela-
tion between the high Ni EET and group IVA, but
the cooling rate for EET is much faster than for
any IVA, and especially IVA irons with high Ni.
Prior cooling rate data for other IVA irons have
led to the suggestion that the IVA group crystallized
in a secondary parent body that was deficient in sili-
cate mantle, and formed when a primary parent body
was shattered via a large impact. EET most likely
crystallized in a smaller secondary parent body that
sampled the same core of the primary parent body
of the IVA group.

(2) A regression of 187Os/188Os versus 187Re/188Os data
for IVA irons gives an age of 4540 ± 17 Ma. This
age is consistent with early solar system formation,
and implies that the HSE remained closed systems
after initial crystallization.

(3) We have modeled fractional crystallization using new
highly siderophile element data, assuming initial S
abundances of 0.5, 3 and 9 wt.%. Given our assumed
initial elemental ratios and D values, our attempts to
model Re and Os abundances resulting from frac-
tional crystallization of a melt with 0.5 wt.% S were
unsuccessful, suggesting that higher S concentrations
were present in the initial IVA proto-body melt.
Models employing either 3 or 9 wt.% S can explain
Re, Os, Pt and Ru abundances, while only 3 wt.% S
initial melts can successfully be used to model Pd
and Au. Abundances of the volatile siderophile Ga
cannot be adequately modeled at either S concentra-
tion, suggesting that some as yet unidentified mecha-
nism is needed to account for its behavior.

(4) The overall depletion in Fe, P, Ga and Ge in IVA
irons may result from sequestration of these elements
into the mantle of the primary parent body during
differentiation under relatively oxidizing conditions,
or volatilization or some combination of these.
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