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Abstract–We describe an analytical technique for measurements of Fe, Ni, Co, Mo, Ru, Rh, W, Re,
Os, Ir, Pt, and Au in bulk samples of iron meteorites. The technique involves EPMA (Fe, Ni, Co) and
LA-ICP-MS analyses of individual phases of iron meteorites, followed by calculation of bulk
compositions based on the abundances of these phases. We report, for the first time, a consistent set
of concentrations of Mo, Ru, Rh, Pd, W, Re, Os, Ir, Pt, and Au in the iron meteorites Arispe, Bennett
County, Grant, Cape of Good Hope, Cape York, Carbo, Chinga, Coahuila, Duchesne, Gibeon, Henbury,
Mundrabilla, Negrillos, Odessa, Sikhote-Alin, and Toluca and the Divnoe primitive achondrite. The
comparison of our LA-ICP-MS data for a number of iron meteorites with high-precision isotope
dilution and INAA data demonstrates the good precision and accuracy of our technique. 

The narrow ranges of variations of Mo and Pd concentrations within individual groups of iron
meteorites suggest that these elements can provide important insights into the evolution of parent
bodies of iron meteorites. Under certain assumptions, the Mo concentrations can be used to estimate
mass fractions of the metal-sulfide cores in the parent bodies of iron meteorites. It appears that a
range of Pd variations within a group of iron meteorites can serve as a useful indicator of S content
in the core of its parent body.

INTRODUCTION

There is now increasing evidence that the achondritic
parent planets may have formed and differentiated within 2–
4 Ma of the origin of the solar system (e.g., Lugmair and
Shukolyukov 1998; Srinivasan et al. 1999, 2000; Yin et al.
2002). Since then, many of these parent planets have been
disrupted, often leaving behind only fragments of their cores
in the form of iron meteorites. Based on some relatively
young Re-Os bulk isochron crystallization ages, iron
meteorites have been considered to be the products of
prolonged crystallization of asteroidal cores (e.g., Smoliar et
al. 1996). However, the presence of the decay products of
short-lived extinct nuclides such as 107Pd (half-life of 6.5 Ma;
Chen and Wasserburg 1996a; Chen et al. 2002) in some of
them, and the deficit in 182W in all groups of iron meteorites
compared to the bulk chondrites (due to the decay of 182Hf
with a half-life of 9 Ma; Horan et al. 1998; Yin and Jacobsen
2003), imply that their chemical compositions were
established just a few Ma after the birth of the solar system.
Therefore, chemical and isotopic studies of iron meteorites
can potentially provide new information on the early solar

system in addition to what has been learned from primitive
chondritic meteorites. 

Because the old metal-silicate segregation ages derived
from the extinct nuclide systems (Hf-W) and some of the
young crystallization ages derived from the long-lived Re-Pt-
Os system are relatively well-established (Smoliar et al. 1996;
Chen and Wasserburg 1996a; Shen et al. 1996; Chen et al.
2002; Yin and Jacobsen 2003; Walker et al. 1997; Cook et al.
2004), the difference between them likely is due to the more
complex nature of the metal-silicate fractionation and core
crystallization in parent planets of iron meteorites compared
to the one-step, closed-system model assumed in calculations
of Re-Os, Hf-W, and Pd-Ag crystallization ages. These
discordant ages potentially provide valuable insight into the
open system developments and timescales of formation of
mantles and cores in the parent planets of iron meteorites. To
make use of this information, we have initiated a study aiming
to model the trace element behavior during the early stages of
planetary evolution together with the isotopic evolution of
both long-lived (Re-Pt-Os) and extinct (Pd-Ag and Hf-W)
isotope systems. Ideally, we expect to establish reliable time
scales of the metal-silicate fractionation (in the Hf-W system,
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both elements are refractory, but Hf is lithophile and W is
siderophile) and the core crystallization (in the Re-Pt-Os
system, all elements are refractory siderophiles) in the parent
planets of iron meteorites as well as the timing of volatile
element depletion (in the Pd-Ag system, both elements are
siderophile, but Pd is refractory and Ag is volatile in the solar
nebula). For the purpose of such a study, we need high quality
elemental and isotopic data on Mo, Re, Os, Pt, Pd, Ag, W, and
other siderophile elements.

 The concentrations of Ni, Ga, Ge, Ir, and a few other
trace elements, along with the structure of iron meteorites, are
typically used to assign them to one of the chemical groups
(e.g., Lovering et al. 1952; Wasson 1967; Scott 1972; Wasson
et al. 1998; Wasson and Kallemeyn 2002). The improvements
in analytical techniques, mainly INAA, and the systematic
study of a large number of iron meteorites resulted in the
development of an extensive database on their chemical
compositions (e.g., Wasson et al. 1998; Wasson and
Richardson 2001; Wasson and Kallemeyn 2002), which has
been used in deciphering the origins of iron meteorites. Other
sources of high-quality data for trace elements are isotopic
studies of iron meteorites (Smoliar et al. 1996; Chen and
Wasserburg 1996a; Shen et al. 1996; Chen et al. 2002; Cook
et al. 2004). The quality of the analytical data on Mo, Re, Os,
Pt, Pd, Ag, W, and other siderophile elements varies
depending on the time and technique used to acquire the data.
Data on some of these (Os, Re, Pd, Ag) are already available
for a large number of iron meteorites, but for others (Mo, Ru,
Rh, Pt, W), they are either of low quality or even missing for
many samples of interest. Recently, it has been shown (Hirata
and Nesbitt 1997; McDonough et al. 1999; Campbell and
Humayun 1999a, b) that laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) can be successfully
used to measure a wide range of concentrations of trace
siderophile elements in Fe-Ni meteoritic metals. To create a
consistent database for our project, we started analyzing a
series of iron meteorites for PGEs, Mo, Re, W, and other trace
elements using our LA-ICP-MS system (Petaev and Jacobsen
2003a, b). 

Previous Work

Several research groups have already used the LA-ICP-
MS techniques to measure concentrations of trace elements in
iron meteorites. Because the main goal of these studies was to
measure partitioning of trace elements between different
phases of iron meteorites, essentially no data other than the
distribution coefficients of siderophile elements between low-
Ni (kamacite, bcc α-phase) and high-Ni (taenite, fcc γ-phase;
or plessite, α + γ) phases have been reported so far.

Hirata and Nesbitt (1997) were the first to use a high
sensitivity UV laser ablation system (266 nm Nd:YAG laser
coupled to a modified S-option VG Elemental PQ2 ICP-MS
instrument) for measurements of concentrations of PGEs (Ru,

Rh, Pd, Os, Ir, Pt) and Re in kamacite, taenite, and plessite of
the IAB iron meteorites Canyon Diablo, Landes, and Toluca.
The small spot sizes (10–15 µm) employed in the study
required an enhancement of elemental sensitivities that was
achieved by lowering the vacuum in the mass spectrometer
and by adding N2 gas to the carrier Ar gas. The IVB iron
Tlacotepec and the glass standards NIST 610 and P&H-
DHL8 were used for instrumental standardization. The matrix
effects on the ablation characteristics and signal intensities
were studied by measuring the intensities of Re and Os in a
number of iron meteorites with varying Ni contents (7–
34 wt%) and with the Re and Os concentrations previously
measured by isotope dilution. No significant matrix effects
were found. The results of the study were presented as
abundance ratios of PGEs and Re between kamacite and the
Ni-rich phases (taenite for Odessa and plessite for Canyon
Diablo). It was concluded that: 1) there is no significant
fractionation of Ru and Rh between kamacite and Ni-rich
phases; 2) the Ni-rich phases are enriched in Pd and Re and
depleted in Ir, Os, and Pt.

McDonough et al. (1999) used a VG Elemental PQ2+
mass spectrometer coupled with a deep UV 193 nm laser
ablation system to measure concentrations of Cu, W, PGEs,
Au, Re, Ga, and Ge in kamacite, taenite, and cohenite from
the iron meteorites Canyon Diablo (IAB), Toluca (IA),
Coahuila (IIA), Henbury (IIIA), Cape York (IIIA), and Hoba
(IVB). The analytical spot sizes varied from 70 to 150 µm. No
N2 was added to the carrier Ar gas. The standards used in the
study included NBS 908b (steel), NIST 610 and 612
(silicates), a sulfide standard doped with PGEs at 70 ppm
level, and various standard silicate rocks. To take into account
matrix effects, the concentrations of trace elements in
unknowns were calculated using major elements (dominant
matrix constituents) as internal standards. The concentrations
of major elements were measured by an electron microprobe.
The results of the study are reported in two plots as the
kamacite/taenite and kamacite/cohenite abundance ratios. It
was found that cohenite in Canyon Diablo is enriched in W
and Re and strongly depleted in all other trace elements
relative to kamacite. The kamacite/taenite ratios showed
significant variability among the meteorites studied; in
general, kamacite is depleted in Cu, W, Pd, Rh, Re, and Au,
with the other elements being equally partitioned between the
kamacite and taenite or only slightly depleted in the former. 

Campbell and Humayun (1999a, b) used a 266 nm
CETAC LSX-200 laser ablation system interfaced to a
Finnigan MAT Element ICP mass spectrometer to measure
concentrations of PGEs, Re, and Au in 17 iron meteorites on
a spatial scale of <20 µm. No N2 was added to the carrier Ar
gas. The Hoba ataxite (IVB) was used to standardize the LA-
ICP-MS analyses. The concentrations of PGEs in Hoba and
the IIA hexahedrite Filomena were measured by isotope
dilution ICP-MS before the LA-ICP-MS work. The isotope
dilution data for Hoba and Filomena were reported as
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enrichment factors (relative to CI) in a scatter plot; the LA-
ICP-MS analyses of these meteorites are listed in a table. The
authors reported data for nine iron meteorites (IIAB:
Coahuila, Filomena, Mount Joy and Negrillos; IIIAB: Cape
York, Charcas, Costilla Peak, Grant, and Henbury) in a Ru/Pt
ratio versus Pt concentration scatter plot. A LA-ICP-MS line
scan measured across a plessite field in the Grant IIIAB iron
shows clear M-shaped profiles of Pd, Ru, and, to a lesser
degree, Rh, which is typical of Ni distributions in plessite
fields. The concentrations of PGEs, Re, and Au in the low-
and high-Ni phases of eight iron meteorites (IAB: Canyon
Diablo, Odessa, Toluca; IIIAB: Cape York, Charcas, Costilla
Peak, Grant, and Henbury) and two pallasites (Glorietta
Mountain and Imilac) were measured to calculate average
taenite-kamacite distribution coefficients (Dt/k) of these
elements between the kamacite and a high-Ni phase,
presumably plessite. The average distribution coefficients
(Table 2 of Campbell and Humayun [1999a]) show
preferential partitioning of all elements in a high-Ni phase,
with the Dt/k values ranging from 1.31 (Os) to 4.13 (Pd).

SAMPLES 

Our choice of meteorites for this study is largely based on
two criteria: 1) the availability of Re-Os, W, and/or Pd-Ag
isotopic data on the samples of interest (or planned
measurements of W isotopes by our research group); and 2) the
coverage of rather large ranges of PGE concentrations exhibited
by a certain meteorite group. The following meteorites were
analyzed in this initial study: Arispe (IC), Bennett County (IIA),
Grant (IIIB), Cape of Good Hope (IVB), Cape York (IIIA),
Carbo (IID), Chinga (IVB An), Coahuila (IIA), Duchesne
(IVA), Gibeon (IVA), Henbury (IIIA), Mundrabilla (IIICD An),
Negrillos (IIA), Odessa (IA), Sikhote-Alin (IIB), and Toluca
(IA) irons and the Divnoe primitive achondrite. The latter is
chosen because of its origin as the residue of partial melting of
a primitive parent body (Petaev et al. 1994), its old Sm-Nd age
of 4.62 ± 0.07 Ga, and its 142Nd excess (ε142 = +6.7 ± 0.9), which
is the largest measured so far in any meteorite (Bogdanovski and
Jagoutz 1996).

ANALYTICAL TECHNIQUES

Before the LA-ICP-MS experiments, polished sections of
all meteorites were analyzed for Fe, Ni, Co, Cr, S, and P by
EMPA using the JEOL SuperProbe 733 electron microprobe
operated at a 15 KeV accelerating voltage and a 20 nA beam
current. The standards were pure metals, apatite (P), and Fe-
Ni alloys of known compositions. All Co analyses were
corrected for the interference of Fe Kβ on the Co Kα lines
using an empirically derived equation; the typical corrections
were ~0.1 wt%. Both focused (FBA, ~1 µm spots) and
defocused (DBA, ~50 µm spots) beam analyses were
performed on the kamacite, taenite, and plessite of

octahedrites. From 30 to 50 analyses were used to calculate
average compositions of the phases. Large, chemically zoned
plessite fields were probed along equally spaced traverses (5–
20 µm steps) using the FBA. These data were later used to
calculate average compositions of the areas analyzed by the
LA-ICP-MS. The hexahedrites and ataxites were analyzed by
the DBA; the typical deviations from the reported
concentrations of Ni were within the range of 0.1–0.3 wt%.
The abundances of taenite bands in the studied sections were
calculated from the BSE images using dPict32 software.

One of our laser ablation systems (NewWave-Merchantek
UP266) interfaced to a VG-PQ2+ ICP-MS was used to
measure concentrations of Ni, PGEs, Re, Mo, W, and Au in the
kamacite and plessite of the iron meteorites studied. The
desktop laser ablation system is based on a 266 nm Nd:YAG
laser capable of operating in continuous and pulse modes with
a pulse duration of 3–5 nsec and maximum output energy of
~3.3 mJ. The repetition rate can be varied from 1 to 20 Hz. The
built-in aperture wheel allows the beam diameter to be set
incrementally within the 5–160 µm range. The LA system
offers five different ablation patterns: 1) raster, 2) grid of spots,
3) line, 4) line of spots, and 5) single spot. The video system
controlled by the operating software allows imaging either in
reflected or in transmitted light on the sub-micron scale. 

Before making the LA-ICP-MS measurements, all
octahedrites were lightly etched with 0.5% nital to reveal
kamacite bars, taenite bands, and plessite fields. In the LA-
ICP-MS analyses we measured the following isotopes: 61Ni,
95Mo, 101Ru, 102Ru, 103Rh, 105Pd, 106Pd, 108Pd, 182W, 184W,
185Re, 187Re, 189Os, 192Os, 193Ir, 195Pt, and 197Au. Ni was used
as an internal standard. Before carrying out the analytical
work reported below, we explored the response of our LA-
ICP-MS system to different ablation and analytical conditions
using the Coahuila hexahedrite as a test sample. Following
Hirata and Nesbitt (1997), we added N2 gas to the Ar carrier
gas to increase count rates of Mo, Ru, Rh, Pd, W, Re, Os, Ir,
and Pt by a factor of 1.9–2.5. Setting the repetition rate to 20
Hz and the pulse energy output to 65% resulted in higher
count rates and more stable signals at spot sizes larger than 60
µm. At smaller spot sizes, better results were obtained at the
repetition rate of 10 Hz and 100% energy output. The results
of our experiments on Coahuila with 5 repetitions at each spot
size show that, at spot sizes larger than 30 µm, the standard
deviations (1σ) for all elements are within 8%; an increase in
spot sizes results in somewhat lower standard deviations.
Even at the 20 µm spots, the concentrations of all elements
but Mo and Pd can be measured with a standard deviation of
<20%. Further increase in analytical precision was achieved
by increasing dwell times for the elements with lower count
rates; the dwell times used in the analyses reported below are
10.24 msec for Ni, 20.48 msec for Ru, Rh, Re, Os, Ir, and Pt,
40.96 msec for Mo, W, and Au, and 81.92 msec for Pd. We
found that the precision of analyses of individual spots
(>40 µm) and line scans was essentially identical.
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The results reported below were obtained at a laser
repetition rate of 20 Hz and energy output of 65% (10–11 J/
cm2); the flow rates of the Ar carrier, auxiliary, cool, and N2
gases were 0.6–0.8, ~1.0, ~13.5, and 0.08 L/min, respectively.
The analyses of all iron meteorites were performed on 160-
µm spots to enhance the count rates of the less abundant
elements and to achieve better averaging of heterogeneous
plessite fields. Divnoe metal grains were analyzed with both
100 and 160 µm spots; no significant differences between
these analyses were found. All spectra were acquired using a
time-resolved analysis procedure; typically 30 time slices
(10–11 for the background and the rest for the signal) were
collected over the total acquision time of 60 sec. To correct
for the drift of the signal and the element/Ni ratios, a monitor
standard (Coahuila) was analyzed before and after each
sample, including the reference standards. At least three
consecutive experiments were performed on each phase in all
meteorites and standards. Following Campbell and Humayun
(1999a, b), we used the iron meteorites Filomena (IIA) and
Hoba (IVB) as the reference standards. When possible, we
used the concentrations of trace elements in the standards
determined by the isochron isotope dilution because this
analytical technique has much better precision and typically
uses larger samples than INAA. The compositions of the
Filomena and Hoba standards used in this study are listed in
Table 1 along with the sources of the data. All the data in
Table 1 are from literature sources except for the Pt
concentration in Hoba (31.84 ± 0.69 ppm), which was
measured in this study by LA-ICP-MS using Filomena and
Coahuila as the standards. The Pt concentration in Coahuila
was independently measured by the isotope dilution (Cook et
al. 2004).

The raw intensities of elements were first corrected for
the procedural blanks and then for interferences. First, the
intensities of 102Ru, 106Pd, 108Pd, 184W, 187Re, and 192Os were
corrected for the direct interferences from 102Pd, 106Cd, 108Cd,
184Os, 187Os, and 192Pt, respectively. In the dry plasma used
for laser ablation, oxide production is low, and therefore,
metal-oxide interferences are, in general, negligible, but Ni-,
Cu-, and Zn-argide interferences on the LPGEs can be
considerable. All the Ru, Rh, and Pd data were corrected for
argide interferences using the method described by Sylvester

(2001). In some runs, there was evidence for small argide
interferences on some of the isotopes of these elements, but in
others, no significant interferences were found. In general, the
elemental abundances reported here for Ru, Pd, W, Re, and
Os were chosen from the isotope of each element showing the
best calibration curve for a given analytical run (usually
102Ru, 106Pd, 182W, 185Re, 189Os). Instrumental drift was
corrected first by using Ni as an internal drift monitor (all
isotope ratios were referenced to 61Ni) and then standardized
by using the Ni concentration obtained for the same spots
from EMPA. The element/Ni isotope ratios were further
corrected for the drift by using an external drift monitor, the
Coahuila meteorite. The elemental concentrations were
calculated based on the measured element/Ni intensity ratios
in samples compared to the same element/Ni ratios in the
standards (Hoba, Cohuila and Filomena). The results reported
below in Tables 2 and 3 are based on this data reduction
procedure.

The measured chemical compositions of Ni-poor and Ni-
rich phases can be used to calculate the bulk chemical
compositions of iron meteorites if the proportions of these
phases are known. These can be either directly measured in
representative polished sections or calculated from the known
bulk Ni concentrations using the mass-balance of Ni: Xkam =
(Niple − Nibulk)/(Niple − Nikam) and Xple = 1 − Xkam. The bulk
compositions of all octahedritic meteorites, except for Toluca
and Duchesne, were calculated from the measured
concentrations of trace elements in kamacite and plessite, the
abundances of which were estimated from the bulk
concentrations of Ni measured either by wet chemistry or
INAA (Table 2). 

Obviously, the approaches outlined above ignore troilite
(which is depleted in siderophile elements) as well as the
accessory amounts of schreibersite and cohenite. Another
potential source of uncertainties lies in the chemical
heterogeneity of plessite fields, which typically show M-
shaped zoning in Ni, Co, and trace elements (Campbell and
Hymayun 1999a, b). Because the high-Ni and PGE-rich
taenite bands of a plessite field constitute a volumetrically
small portion of a meteorite (~0.9–3 vol% in the meteorite
sections studied), we analyzed the central portions of plessite
fields as representative samples of plessite. Comparison of

Table 1. Concentrations of Ni (wt%) and trace elements (ppm) in Hoba and Filomena.
Meteorite Nia Mob Ruc Rhc Pdd We Ref Osf Ira Ptg Auh

Filomena 5.63 7.20 15.20 2.86 1.91 2.52 0.202 1.039 3.6 25.34 0.610
Hoba 16.56 24.50 28.61 4.86 6.94 3.20 2.81 40.17 27 31.84 0.084

aWasson et al. 1998 (Filomena); Schaudy et al. 1972 (Hoba).
bSmales et al. 1967.
cCampbell et al. 2002.
dChen and Wasserburg 1996a, b; Pd conentraction in Filomena is assumed to be equal to that in Tocopilla.
eRasmussen et al. 1984 (Hoba); Wasson et al. 1998 (Filomena).
fSmoliar et al. 1996 (Hoba); Cook et al. 2004 (Filomena).
gCook et al. 2004 (Filomena); this study (Hoba).
hRasmussen et al. 1984 (Hoba); Wasson et al. 1998 (Filomena).
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our data with the precise ID data for a number of elements and
meteorites (see the Reproducibility and Accuracy of the LA-
ICP-MS Data section) shows that the large spot sizes used in
this study seem to result in good average compositions of
chemically and structurally heterogeneous plessite fields.

RESULTS AND DISCUSSION

The concentrations of PGEs, Re, W, Mo, and Au
measured in the plessite and/or kamacite of all the meteorites
studied are listed in Table 2 along with the bulk
concentrations calculated from these data. The corresponding
uncertainties are 2σ standard deviations of the mean. The
much smaller uncertainties of kamacite analyses reflect its
homogeneous composition; because of this, the differences
between the replicate analyses are mainly caused by counting
statistics, with the time-dependent effect making only a minor
contribution (Table 3). The larger uncertainties of plessite
analyses include both the counting statistics and the
compositional variations across zoned plessite fields.

No plessite fields large enough for the LA-ICP-MS
measurements were found in Toluca and Sikhote-Alin. The
bulk concentration of Ni in Sikhote-Alin of 5.87 wt%
(Wasson 1969) is very close to that in kamacite, so neglecting
the high-Ni phase introduces only a minor error. Therefore,
comparing our LA-ICP-MS data with those obtained by
different analytical techniques, we assume that the bulk
concentrations of PGEs, Re, Mo, W, and Au in Sikhote-Alin
are identical to those in its kamacite. On the contrary, Toluca
is known to contain about 20% of plessite in addition to
kamacite (Buchwald 1975), which is consistent with the bulk
Ni content (8.07 wt%; Wasson 1970) being much higher than
in kamacite (7.08 wt%). Therefore, to facilitate the
comparison of our LA-ICP-Ms data with the isotope dilution
and INAA data, the bulk concentrations of Pd, Re, Os, Pt, Ir,
and Au in Toluca were calculated based on the
concentrations of these elements measured in kamacite, the
average values of the plessite/kamacite distribution
coefficients calculated by us in the Odessa IAB iron, and the
modes of Toluca kamacite and plessite (Buchwald 1975).
Although both kamacite and plessite were analyzed in

Duchesne, the average Ni concentrations measured by us in
kamacite (7.04 wt%) and plessite (9.15 wt%) are lower than
the bulk Ni content of 9.32 wt% (Schaudy et al. 1972).
Because the kamacite and plessite are equally abundant in
Duchesne (Buchwald 1975), a few percent of a high-Ni phase
is necessary to account for the observed Ni deficit. An
obvious candidate for such a high-Ni phase are the taenite
bands, which are quite abundant in Duchesne (~2.8 vol% in
the section studied) but too thin to be analyzed by our LA-
ICP-MS technique. In the discussion below, we assume that
the measured average composition of plessite fields
represents the average composition of the meteorite. This
assumption is based on the fact that the cores of plessite
fields may retain chemical compositions of primary
homogeneous taenite crystals that have later exsolved into
fine-grained intergrowths of α- and γ-phases of plessite
during slow subsolidus cooling. This assumption will be
tested by the comparison of our LA-ICP-MS data with those
obtained by other techniques.

Although a number of iron meteorites were analyzed in
previous LA-ICP-MS studies (Hirata and Nesbitt 1997;
McDonough et al. 1999; Campbell and Humayun 1999a, b),
Table 2 lists, for the first time, relatively large body of LA-
ICP-MS data on bulk PGE concentrations of iron meteorites,
which provides a good basis for the quantitative comparison
of the LA-ICP-MS technique with other well-established
methods of trace element analysis such as INAA and isotope
dilution. In the discussion below, we first test our results
against well-characterized meteorites for reproducibility and
accuracy. Then, we briefly discuss the trace element patterns
in the studied meteorites and their implications for the origin
of iron meteorites.

Reproducibility and Accuracy of the LA-ICP-MS Data

The Coahuila hexahedrite provides a good test for the
internal reproducibility of our analytical technique because it
has been analyzed as a drift monitor standard in every run.
The accuracy of our data can be tested by comparing our
concentrations of Pd, Re, Os, Pt, Ir, and Au with either the
isotope dilution data or the INAA data.

Table 3. Concentrations of trace elements (ppm) in Coahuila.
Date Mo Ru Rh Pd W Re Os Ir Pt Au

13-Dec-02 6.35 19.92 3.03 1.63 2.82 1.26 9.46 14.37 30.58 0.539
16-Dec-02 6.68 18.88 2.92 1.62 2.99 1.17 9.08 14.35 30.50 0.514
17-Dec-02 6.82 20.54 3.18 1.83 2.86 1.27 9.92 15.33 31.81 0.444
26-Dec-02 6.70 21.06 2.89 1.70 2.90 1.20 9.50 14.76 29.49 0.477
27-Dec-02 6.76 18.91 2.86 1.69 2.77 1.12 9.45 14.35 28.93 0.470
Average 6.66 19.86 2.98 1.693 2.869 1.203 9.48 14.63 30.26 0.489
2σ 0.16 0.87 0.12 0.076 0.076 0.057 0.27 0.38 0.99 0.033
%Dev 2 4 4 4 3 5 3 3 3 7
Literaturea 5.90 25.40 2.99 1.77 3.55 1.23 10.14 16 32.17 0.52

aMo: Smales et al. 1967; Ru, Ir, Au: Pernicka and Wasson 1987; Rh: Ryan et al. 1990; Pd: Chen and Wasserburg 1996b; W: Scott 1978b; Re, Os, Pt: Cook et
al. 2004.
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Table 3 lists concentrations of PGEs, Re, Mo, W, and Au
in Coahuila obtained over a two-week time span. The
reproducibility of the analyses is better than 5% for all
elements except Au (7%), which has a relatively low
concentration. Our LA-ICP-MS data agree with
corresponding literature data (Chen and Wasserburg 1996b;
Cook et al. 2004; Pernicka and Wasson 1987; Ryan et al. 1990;
Scott 1978b; Smales et al. 1967) within 12%, except for W,
which is 19% lower than the old INAA value of Scott (1978b).

Fig. 1 compares our LA-ICP-MS and literature data for
Pd, Re, Os, Pt (isotope dilution), Ir, and Au (INAA) in bulk
samples of sixteen meteorites.

Our concentrations of Pd in 11 meteorites (Fig. 1a) agree
with the ID data (Chen and Wasserburg 1996a, b;
Mermelengas et al. 1979) within 9%, except for 15% and 24%

deviations for Carbo and Odessa, respectively, which have
much larger uncertainties compared to other meteorites
studied by Mermelengas et al. (1979).

 The LA-ICP-MS and isotope dilution data (Cook et al.
2004; Smoliar et al. 1996; Hirata and Masuda 1992) on Re
and Os in Bennett County, Cape York, Coahuila, Duchesne,
Gibeon, Grant, Henbury, Negrillos, Odessa, Sikhote-Alin,
and Toluca are compared in Figs. 1b and 1c. At Re
concentrations higher than ~300 ppb, our LA-ICP-MS data
agree with the isotope dilution data (Cook et al. 2004; Smoliar
et al. 1996) within 3% (Fig. 1b); at lower Os concentrations,
the discrepancy between the LA-ICP-MS and ID data varies
from 10 to 25%, except for 60% in Sikhote-Alin with very
low Os concentration of 7.5 ppb (Hirata and Masuda 1992).
Our Os data (Fig. 1c) agree with the ID data within 12%

Fig. 1. Comparison of our LA-ICP-MS data for Pd (a), Re (b), Os (c), Pt (d), Ir (e), and Au (f) with literature isotope dilution and INAA data.
All uncertainties are 2σ. The numbers on the plots designate the following meteorites: Arispe (1), Bennett County (2), Cape of Good Hope
(3), Cape York (4), Carbo (5), Chinga (6), Coahuila (7), Duchesne (8), Gibeon (10), Grant (11), Henbury (12), Mundrabilla (13), Negrillos
(14), Odessa (15), Sikhote-Alin (16), and Toluca (17). See text for the sources of literature data and discussion. 
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except for Grant (58%) and Sikhote-Alin (71%), which have
Os concentrations less than 100 ppb.

The Pt concentrations measured by us in Bennett County,
Coahuila, Cape York, Grant, and Negrillos are compared with
those measured by isotope dilution (Walker et al. 1997; Cook
et al. 2004) in Fig. 1d. The two data sets agree within 9%.

Our LA-ICP-MS data on Ir and Au are compared with the
INAA data (Scott 1977; 1978a, b; Pernicka and Wasson 1987;
Scott et al. 1973; Wasson 1969; Schaudy et al. 1972; Wasson
et al. 1998; Wasson and Wang 1986; Wasson and Quyang
1990) in Figs. 1e and 1f. Although the INAA technique is not
as precise as the isotope dilution, it has been used to analyze
essentially every iron meteorite with the precision of 3–5 rel%
for both Ir and Au (e.g., Wasson and Kallemeyn 2002). The
data plot along 1:1 lines in both diagrams (Figs. 1e and 1f), but
the scatter is somewhat larger than that exhibited by Pd, Re,
Os, and Pt (Figs. 1a–1d), with the largest deviations being ~20
rel% for Ir in Negrillos (Fig. 1e) and Au in Cape of Good Hope
(Fig. 1f). 50% of the LA-ICP-MS analyses of Ir agree with the
INAA data within 10%; for ~79% of analyses the deviations
are less than 15%. In the case of Au, ~69% of the LA-ICP-MS
data agree with the INAA analyses within 10%, and ~88% of
data deviate by less than 15%.

The good match between the LA-ICP-MS, isotope
dilution, and INAA data not only for homogeneous
hexahedrites and ataxites but for heterogeneous octahedrites
indicates that our LA-ICP-MS system can be successfully
used for accurate and reproducible analyses of iron meteorites.
It also supports the validity of our approach to calculating bulk
compositions of Fe, Ni metal of iron meteorites from chemical
compositions of kamacite and plessite. 

The comparison of our plessite data for Duchesne with
those measured by the isotope dilution and INAA techniques
on the bulk samples shows that our assumption on the
proximity of the average plessite composition to the bulk
composition of the meteorite seems to be correct. The
concentrations of the elements with high values of the
plessite/kamacite distribution coefficients, such as Pd and Au,
agree with the isotope dilution and INAA data within 2 and
6 rel%, respectively. The elements with no preferential
partitioning between kamacite and plessite, such as Os
(4 rel%) and Ir (0.5 rel%), also show excellent agreement
with the ID and INAA data; the somewhat larger deviation in
Re (12 rel%) from the isotope dilution data is probably due to
the low concentration (31 ppb; Table 2) and relatively high
analytical error (16 rel%) of Re in Duchesne. 

Trace Element Patterns

The CI-normalized concentrations of PGEs, Re, Mo, W,
and Au in the bulk samples of the meteorites studied by us are
plotted in the six panels of Fig. 2. All data are divided into
five groups—IAB-IIICD, IIAB, IIIAB, IVA, and IVB—
which are believed to represent petrogenetic associations

formed on individual parent bodies. The sixth group includes
metal of the Divnoe primitive achondrite and the Arispe IC
iron meteorite, which have remarkably similar HSE patterns.
Because the residual nature of the Divnoe primitive
achondrite is well-established (Petaev et al. 1994), the nearly
identical HSE patterns of Arispe and Divnoe metal suggest
that Arispe may be a residue of partial melting too, although
these two meteorites are not genetically related.

The HSE patterns of Figs. 2a–2e, with a few exceptions,
have similar shapes characteristic of igneous fractionation,
which is well-established at least in the IIAB and IIIAB iron
meteorites. Essentially all the patterns have two regions,
either concave or convex, separated by Pd, which shows a
very limited range of variations. Mo, which is on the far left
of the smaller region that includes LPGEs (Ru, Rh, Pd), is
another element that shows an even narrower range of
variations. The range of variations of Au, which borders the
larger region of HPGEs, Re, and W, is somewhat wider than
that of Pd. The LPGEs and HPGEs display similar behavior
during fractional crystallization (e.g., Figs. 2a and 2b), which
is generally consistent with experimentally determined solid/
liquid distribution coefficients, Ds/l, (e.g., Liu and Fleet
2001). The early differentiates are enriched in Re, Rh, and
HPGEs relative to Mo, Pd, and, to a lesser degree, Au, with
the HPGEs being enriched to a higher degree than the LPGEs.
The late differentiates show a complementary behavior, with
the HPGEs being depleted to a much higher degree than the
LPGEs. 

Implications to the Origin of Iron Meteorites 

The narrow ranges of Mo and Pd variations within
individual groups of igneous iron meteorites have important
implications for deciphering the origin of these meteorites.
Both elements are rather refractory; because of the highly
siderophile behavior, they are both expected to be completely
segregated into the metal-sulfide melts during metal-silicate
fractionation of their parent bodies. This makes them suitable
for estimating mass fractions of the cores in their parent
bodies. In principle, a variation of concentrations of any
refractory and highly siderophile element in a suite of iron
meteorites from the same parent body can be used to estimate
the mass fraction of the core in the parent body. A good
estimate of the initial concentration of an element in the core
melt is needed. This is, of course, easiest for elements that
show a very limited range of variations, and there are only
three such elements: Ni, Mo, and Pd. For this purpose, we
prefer Mo to Pd because of its highly refractory behavior and
smaller range of variations (Ds/l value close to 1) in all groups
of iron meteorites (Fig. 2). The Ds/l value of Ni is also close
to 1, but its complex non-ideal behavior, as shown by the Fe-
Ni-S phase diagram (Hsieh et al. 1987), makes it a less
desirable choice (that is, if we have concentration data of
equal quality for both elements). Assuming that the parent
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Fig. 2. Trace element patterns of the iron meteorites studied. The symbols with arrows indicate lower limits: a) group II irons: Bennett County
(IIAB), Coahuila (IIAB), Filomena (IIAB), Negrillos (IIAB), Sikhote-Alin (IIAB), and Carbo (IID); b) group IIIAB irons: Cape York, Grant,
and Henbury. A somewhat strange, asymmetric appearance of the HPGE pattern of Grant is due to the large uncertainties for Re, Os, and Ir
in this meteorite; c) group IVA irons: Duchesne and Gibeon; d) group IAB-IIICD irons: Mundrabilla (Anom), Odessa, and Toluca; e) group
IVB irons: Cape of Good Hope, Chinga (Anom), and Hoba; f) partial melting residues: Arispe (an IC iron) and metal of Divnoe (a primitive
achondrite). The trace element patterns of Mundrabilla (IIICD) and Chinga (IVB) clearly show the anomalous nature of these meteorites.
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bodies of iron meteorites initially contained the cosmic
inventory of refractory siderophiles, the enrichment factor of
Mo relative to the CI chondrites is simply reciprocal to the
mass fraction of the metal-sulfide core on a meteorite parent
body. Using the Mo enrichment factors from Figs. 2a–2e, one
can estimate the mass fractions of the cores of parent bodies
for different groups of iron meteorites: ~14% (IIA, IIB, and
IVA), ~16% for IIIAB, and ~4% for IVB. In contrast, the low
Mo enrichment factors in the IAB irons Odessa and Toluca,
2.34 and 2.92, respectively, point either to a much larger
fraction of Fe-Ni melt in their parental chondritic igneous
source (not an asteriodal core) or, more likely, to an inefficient
Mo extraction to the Fe-Ni melt during localized (impact?;
Wasson and Kallemeyn 2002) melting on their parent body.

The narrow ranges of Pd variations in the IIAB and
IIIAB iron meteorites are somewhat surprising given its
relatively low Ds/l value (~0.2) in S-poor systems (Liu and
Fleet 2001). However, in S-rich systems, the Ds/l value of Pd
may increase up to ~1 or even higher, depending upon the S
concentration in the melt. The Ds/l values of other elements
will also increase, so it may be possible to achieve a large

range of fractionation of other PGEs. To test this possibility,
we carried out a series of runs to model fractional
crystallization in systems with different S contents using our
FeNiSPIs code (see Appendix). While this code has many
options, the results discussed below are only for the case of
perfect fractional crystallization, with D values varying as a
function of the S content in the melt (and, therefore, as a
function of the degree of crystallization). Sulfur is treated as a
perfectly incompatible element, so its concentration in the
melt increases as crystallization proceeds.

The bulk composition of each system contained ~6.9–
7.6 wt% Ni and PGEs, Re, W, Mo, and Au concentrations of
10 × CI. The S content varied from ~2 wt% (Wasson 1999) to
17 wt% (Chabot and Drake 2000), and the Fe and Ni contents
were calculated from the mass-balance considerations
keeping the enrichment factors of Ni and trace elements
constant (10 × CI). The experimental Ds/l values for PGEs,
Re, W, Mo, and Au are from Liu et al. (1999) and Liu and
Fleet (2001). The PGEs patterns calculated for the systems
with 2.13, 5.99, 8.24, and 12.00 wt% S are shown in Figs. 3a–
3d. The comparison of modeling results with the HSE

Fig. 3. Calculated HSE patterns of metals fractionally crystallized in Fe-Ni-S systems. The numbers on the curves are the degrees of
crystallization. The concentrations of the major elements in the initial melts are listed in the legends, with the sums of Fe, Ni, and S being
100 wt%. In all systems, the enrichment factors for Ni and trace elements are 10× chondritic. As S content in the initial melt increases (from
[a] to [d]), the range of Pd variations decreases, making Pd a potential indicator of S content in the igneous source regions of iron meteorites.



Differentiation of metal-rich meteoritic parent bodies 1695

patterns of IIAB (Fig. 2a) and IIIAB (Fig. 2b) irons clearly
shows that the observed large ranges of Os fractionation
accompanied by the narrow ranges of Mo and Pd
fractionation can only be achieved in the igneous systems
with relatively high S contents of ~6–10 wt%. Although the
details of the calculated and measured HSE patterns do not
match very well (pointing to a more complicated history of
core crystallization on real meteorite parent bodies and/or to
problems with D values; for more detailed discussion, see
Chabot et al. [2003]), the general narrowing of the range of Pd
fractionation, as the S content in the system increases,
suggests that the variations in the Pd concentrations of iron
meteorites can be potentially used for estimating S contents in
the cores of iron meteorite parent bodies, which are still
poorly constrained (e.g., Wasson 1999).

CONCLUDING REMARKS

 The major conclusion of this paper is that we have
developed a LA-ICP-MS technique for precise and accurate
determination of highly siderophile elements such as Mo, Ru,
Rh, W, Re, Os, Ir, Pt, and Au in meteoritic Fe, Ni-metals on
the ppm and ppb levels. The technique has been used to
analyze a suite of meteorites that covers rather wide ranges of
concentrations of these elements. This is the first report of a
set of the Mo, Ru, Rh, W, Re, Os, Ir, Pt, and Au data measured
by an LA-ICP-MS technique that allows comparing it with
other analytical techniques frequently applied to iron
meteorites. The good match between the LA-ICP-MS, the
isotope dilution, and the INAA data, not only for
homogeneous hexahedrites and ataxites but for heterogeneous
octahedrites, clearly shows that our LA-ICP-MS system can
be used successfully for analyses of iron meteorites. It also
proves the validity of our approach to calculating bulk
compositions of Fe, Ni metal of iron meteorites from the
chemical compositions of kamacite and plessite. 

A consistent set of Mo and Pd concentrations obtained in
this study and the narrow ranges of their variations within
individual groups of iron meteorites suggest that these
elements can provide important insights into the evolution of
parent bodies of iron meteorites. Under certain assumptions,
the Mo concentrations can be used to estimate mass fractions
of the metal-sulfide cores in the parent bodies of iron
meteorites. It appears that a range of Pd variations within a
group of iron meteorites can serve as a useful indicator of S
content in the core of its parent body.
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APPENDIX: FeNiSPIs CODE FOR MODELING 
CRYSTALLIZATION OF Fe-Ni-S-P MELTS

Ever since Scott (1972) recognized the important role of
fractional crystallization in the formation of iron meteorites, a
number of models of core crystallization have been developed
(e.g. Scott 1972; Kracher and Wasson 1982; Jones and Drake
1983; Haack and Scott 1992; 1993; Scott et al. 1996; Ulf-
Møller 1998; Wasson 1999; Chabot and Drake 1999; 2000;
Liu and Fleet 2001; Chabot et al. 2003). Besides using
different Ds/l values, different models explore how the
chemical compositions of the magmatic iron meteorites are
affected by the presence of sulfur and phosphorus in the melt
(Kracher and Wasson 1982; Jones and Drake 1983; Chabot
and Drake 2000; Liu and Fleet 2001), by dendritic growth of
metal crystals (Narayan and Goldstein 1982; Haack and Scott
1992, 1993), by liquid immiscibility (Ulf-Møller 1998;
Chabot and Drake 2000), by  entrapment of sulfur-rich melt
(Haack and Scott 1993; Wasson 1999), and by the mixing in
the molten core (Chabot and Drake 1999).

We (Petaev and Jacobsen 2003b) have developed a new
code (FeNiSPIs = Fe, Ni, S, P, Isotopes) for modeling
crystallization of Fe-Ni-S-P melts that calculates partitioning
of Fe, Ni, S, P, Cr, Co, Ga, Ge, As, Mo, Ru, Rh, Pd, Ag, W, Re,
Os, Ir, Pt, and Au between the solid and liquid phases during
crystallization of a Fe-Ni-S-P-rich melt as well as radiogenic
isotope evolution (Re-Pt-Os, Pd-Ag, etc.) of the melt and solid
phases as a function of time and cooling rate. The input
parameters of the FeNiSPIs code include the bulk composition
of the system, the range of the degree of crystallization, the
increment in the degree of crystallization, and the values of
distribution coefficients (S, P-dependent), with the S- and P-

dependence parameterized according to the Jones and Malvin
(1990) formulation. Additional input parameters include the
mode of crystallization expressed as the fraction of crystals
isolated from the melt at each iteration (Fis), the fraction of the
melt trapped by growing crystals (Ftr), the age of the solar
system, and the initial isotopic ratios and decay constants for
the isotopic systems of interest. The addition of Fis allows us
to explore, if necessary, modes of crystallization intermediate
between the full equilibrium (Fis = 0) and the Rayleigh
fractional crystallization (Fis = 1). The addition of Ftr permits
us to explore more complicated models of crystallization of
asteroidal cores (e.g., Haack and Scott 1993; Wasson 1999)
that have been put forward to account for the presence of
troilite nodules in some iron meteorites. 

When necessary, the values of distribution coefficients
can be changed without changing the code. At each step,
FeNiSPIs calculates the equilibrium partitioning of all
elements, except Fe and S, between the residual liquid and the
solid metal. The concentrations of the Fe and S are calculated
by mass-balancing the amounts of these elements in the
system, assuming that all S resides in the melt. After
subtracting the appropriate portion of solid metal from the
bulk composition of the core, the process continues until
either the maximum crystallization degree specified or the
metal-troilite eutectic is reached. Once troilite becomes a
liquidus phase, the calculation is terminated because of the
lack of appropriate partitioning data for troilite. The code
outputs chemical compositions and the abundances of liquid
and solid phases for the values of crystallization degrees
specified as well as the isotopic ratios for appropriate isotope
systems as a function of time tied to crystallization degrees by
an assumed cooling rate.
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