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Introduction:  The first major phases to condense
from a gas of Solar composition are FeO-poor for-
sterite and Fe,Ni-metal [1]. TC varies with total ambi-
ent pressure. At p tot = 10-3 bar, Fe,Ni-metal starts to
condense at 1462 K and forsterite at 1444 K. At lower
pressure (ptot = 10-6 bar), Fe,Ni-metal is less refractory
than forsterite and starts to condense at 1210 K,
whereas forsterite at 1270 K [1]. Grains of metal con-
densate were described from carbonaceous chondrites.
They are enriched in Ni and Co relative to Fe, but have
approximately chondritic Co/Ni ratios [2, 3].

It was suggested that refractory forsterite (RF)
grains that occur in unequilibrated chondrites formed
by gas/solid condensation [4] or by crystallization in
silicate melt condensates [5, 6]. In first case, they
would be the silicate counterparts to metal conden-
sates. The purpose of our study is to predict concentra-
tions of Fe, Co and Ni of olivine in equilibrium with
primitive metal condensates. Partitioning of Fe, Co and
Ni was determined in experiments. We compare pre-
dicted composition of metal condensates with concen-
trations of Fe, Co and Ni in RF grains in order to re-
construct the conditions (p, T, fO2) during their forma-
tion.

Experimental background:  Fe,Co,Ni-metal alloys
were prepared with 5, 7.5, 10, 15, 20 and 36 wt.% Ni and
chondritic Co/Ni ratio. In addition, some experiments were
conducted with pure Fe, Co and Ni metals. These metals
were equilibrated with forsterite that was crystallized from a
CMAS silicate melt using metal loop technique. A subset of
experiments was conducted with Na2O-rich starting mix-
tures. The goal of addition of Na2O was to decrease the liq-
uidus temperature of the CMAS-Na system and isothermally
crystallize olivine during evaporation of Na. Ambient fO2 was
adjusted by mixing of CO and CO2 in a vertical tube furnace
at T between 1270 and 1450°C. Experiments were conducted
for approximately 100 h to ensure attainment of equilibrium
between metal and olivine. Concentrations of major and mi-
nor elements in olivine, glass and metal were determined by
EPMA. Minor and trace element concentrations of Fe, Co, Ni
and Ca in olivine were analyzed by high mass resolution
SIMS (m/Δm = 7500) using a Cameca 1270 ion microprobe
(Nancy). Meteoritical olivine grains were analyzed by laser
ablation inductively coupled mass spectrometry (Canberra).

Metal condensation calculations: The composi-
tion of metal alloys condensing from a gas of solar
composition was calculated by using vapor pressure
data for the pure metal species [NIST-JANAF data]. Ni
and Co content was calculated for 10–3 and 10–6 bar. In
all cases Ni and Co are more refractory than Fe so that

first condensates are enriched in Ni and Co compared
to Fe (relative to C1).

Activity models:  In order to calculate the concentrations
of Fe, Co and Ni in olivine coexisting with metal, activity
models for olivine and metal solid solutions are crucial pa-
rameters. For Fe and Ni in metal, we have adopted activity
data by [7]. Data for Co in Fe,Ni alloys (XCo ≈ 0) were taken
from [7] (Fe100, Fe 90Ni10) and from [8] (Ni100). For
0.1 < XNi < 0.36, we adopted the extrapolation by [9], who
suggested that the activity coefficient of Co in Fe,Ni-alloys
increases with increasing Ni up to Ni50 and decreases to-
wards Ni 100. Fe-, Co- and Ni-olivine was treated as regular
binary ionic solution with Mg2SiO4 with binary interaction
parameters adopted from [9] (and refs. therein).

Results: Concentrations of FeO in olivine run
products varied between ~10 down to <0.5 wt.%. Since
we have not used Co- and Ni-rich metals, concentra-
tions of these elements were low (down to 1 and
4 ppm) in experiments that were conducted at low fO2

(IW–3.5). Analytical uncertainties of Co and Ni in the
highly reduced experiments are in the range of ±5 and
±10% (2σ), respectively.
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Fe and Ni plot, within analytical uncertainty, along
straight lines in a diagram of the activities in the oli-
vine vs. the activities in the metal. This indicates that
the activity coefficients adequately model the non-
ideality of these elements in olivine and metal and that
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trace amounts of Ni and Co can be analyzed accurately
using high mass resolution SIMS.

For Co we observed a concave shape in the olivine
vs. metal activity diagram for most of our experiments.
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In order to exclude an analytical artifact, we have
analyzed the Co concentration in forsterite (fa2) from a
calc-silicate rock that contains 7.0±0.2 ppm Co (1σ,
B. Spettel, MPI Mainz, INAA). Using SIMS, we have
obtained a value of 6.9±0.3 ppm (1σ). One possible
explanation for the curvature could be an underestima-
tion of non-ideality of Co in Fe,Ni-alloys by [9]. If
ln(γCo) is higher (~0.65) at Ni~40, one would obtain a
linear relation between activities of CoO and Co.

Olivine/metal equilibration: The initial Ni con-
centrations in metal condensates are 24 (10–6 bar) and
20 wt.% (10–3 bar), respectively. They drop rapidly to
chondritic Fe/Co and Fe/Ni values towards lower T.

Partitioning data for Fe as function of T and fO2 can
be used from our experiments to estimate the concen-
tration of FeO in olivine in equilibrium with respective
metal condensates:
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For simplification, we do not consider the cross over of
the condensation temperatures of metal and olivine
between 10–6 and 10–3 bar.

One uncertainty in (1) is the activity of silica dur-
ing forsterite formation as well as extrapolation to
temperatures of <1000°C. Analyses of Si in the metal
alloys are part of future work to provide information
about the silica activity in the experimental charges. As
an approximation, we assume here that the silica activ-
ity was similar during formation of olivine condensates
and in our experiments. The oxygen fugacity was as-
sumed to be buffered by a solar gas [10]. To estimate
Co and Ni concentrations in olivine, we have used the
Fe/Co and Fe/Ni partitioning data by [9] and of our
study in combination with our Fe/FeO partitioning data
(1).
ptot = 10–6 bar:  The peak Ni concentration in metal

is reached at 1210 K (Fe0.73Co0.0084Ni0.241) and would
coexist with forsterite with ~0.16 wt.% FeO, ~0.3 ppm
Co and ~1 ppm Ni. At T = 1140 K (Fe0.93Co0.003Ni0.062),
Co and Ni concentrations in olivine reach a minimum
with ~0.12 and ~0.3 ppm, respectively. From 1140 K

downwards, concentrations of Ni and Co increase with
decreasing T.
ptot = 10–3 bar: At 1470 K condensing metal reaches

the peak Ni concentration with Fe0.73Co0.007Ni0.20. It
would coexist with forsterite with ~0.06 wt.% FeO,
~0.2 ppm Co and ~0.6 ppm Ni. At T = 1350 K, Co and
Ni concentrations in metal reach a minimum with
~0.08 and ~0.2 ppm, respectively.

Comparison with RF:  RF and more ferrous oli-
vine grains from a variety of unequilibrated meteorites
were analyzed for their Fe, Co and Ni inventory.

Olivine analyses (CC, UOC, RC*)
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The most magnesian olivine grains contain
~0.11 wt.% FeO, 0.2 ppm Co and 1 ppm Ni. No oli-
vine with <0.1 wt.% FeO was observed in our study.

Conclusions:  Using SIMS, concentrations in the
ppm-level can be analyzed with a high accuracy and
precision (±5–10%). This allows us to document the
Fe, Co and Ni metal silicate partitioning in experi-
ments with metal compositions and fO2 similar metal
condensates and solar nebular fO2, respectively. The
most Fe-poor RF grains could have been in equilib-
rium with early condensates at a low nebular pressure
(10–6 bar) and fO2 buffered by a solar gas. Their Fe, Co
and Ni contents are too high to have been formed in
equilibrium with metal condensates at higher ptot and
solar nebular fO2 (D/G = 1). Effects of higher D/G-
ratios (fO2) at variable ptot on the olivine to metal equi-
librium will be discussed.
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