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Abstract

Os equilibrium solubilities were determined at 1350 �C over a wide range of oxygen fugacities (�12 < log fO2 < �7) applying the
mechanically assisted equilibration technique (MAE) at 105 Pa (= 1 bar). Os concentrations in the glass samples were analysed using
ID-NTIMS. Additional LA-ICP-MS and SEM analyses were performed to detect, visualize and analyse the nature and chemistry of
‘‘nanonuggets.’’ Os solubilities determined range at a constant temperature of 1350 �C from 0.63 ± 0.04 to 37.4 ± 1.16 ppb depending
on oxygen fugacity. At the highest oxygen fugacities, Os3+ can be confirmed as the main oxidation state of Os. At low oxygen fugacities
(below log fO2 = �8), samples are contaminated by nanonuggets which, despite the MAE technique, were still not removed entirely from
the melt. However, the present results indicate that applying MAE technology does reduce the amount of nanonuggets present signif-
icantly, resulting in the lowest Os solubility results reported to date under these experimental conditions, and extending the experimen-
tally accessible range of fO2 for these studies to lower values. Calculated metal/silicate melt partition coefficients are therefore higher
compared to previous studies, making Os more siderophile. Neglecting the as yet unknown temperature dependence of the Os metal/sil-
icate melt partition coefficient, extrapolation of the obtained Os solubilities to conditions for core-mantle equilibrium, results in a
DFe liq;1=sil

Os ¼ 1:5� 105, while metallic alloy/silicate melt partition coefficients range from 1.4 · 106 to 8.6 · 107, in agreement with earlier
findings. Therefore Dmet=sil

Os remains too high by 2–4 orders of magnitude to explain the Os abundance in the Earth�s mantle as result of
core-mantle equilibrium during core formation.
� 2005 Elsevier Inc. All rights reserved.
1. Introduction

Despite the development of increasingly sophisticated
experimental and analytical methods in the last decade,
accretion and core formation in Earth and other terrestrial
planets is still a controversial subject in modern geochem-
istry. A debate remains between those supporting the fun-
damental idea of homogeneous accretion and core
formation (e.g., Walter and Thibault, 1995; Li and Agee,
0016-7037/$ - see front matter � 2005 Elsevier Inc. All rights reserved.
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1996; Righter and Drake, 1997; Righter et al., 1997; Gess-
mann and Rubie, 1998, 2000; Li and Agee, 2001; Chabot
and Agee, 2001, 2002), and others promoting the heteroge-
neous accretion and core formation idea (e.g., Wänke,
1981; O�Neill, 1991a,b; Ertel et al., 2001; Holzheid and
Grove, 2002) including a final stage which is generally ad-
dressed as the ‘‘late veneer.’’ One general point of agree-
ment in the meantime is the presence of at least one,
likely several, deep terrestrial giant magma ocean reservoirs
over a wide range of pressure (20–60 GPa, corresponding
to depths of 1200–1450 km), temperature (as high as
4000 K), and oxygen fugacity conditions (fO2 from IW-
0.5 to IW-2.4: Walter and Thibault, 1995; Li and Agee,
1996; Righter et al., 1997; Righter and Drake, 1997;
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Gessmann and Rubie, 1998, 2000; Li and Agee, 1996, 2001;
Chabot and Agee, 2001, 2002). A representative overview is
given in Walter et al. (2000).

Many discussions about accretion and core forming
processes centre around the so-called ‘‘siderophile ele-
ments,’’ and in particular, the highly siderophile elements
(HSE), which consist of Pt, Rh, Ru, Os, Pd, Ir, and, based
on their similar high metal/silicate melt partition coeffi-
cients (Dmet/sil � 104) and depletions in the Earth (around
1000), Re and Au. Their geochemical behaviour makes
them ideal indicators of core forming events, and their
present distribution between core and mantle should con-
tain information on the pressure, temperature and oxygen
fugacity conditions, as well as phase compositions present
during core formation (provided equilibrium was closely
approached in those processes).

Two striking features of the highly siderophile elements
have remained enigmatic for decades. First, their over-
abundances with respect to their large metal/silicate melt
partition coefficients at 105 Pa (= 1 bar), which should have
stripped them entirely into a newly formed metallic core,
leaving no measurable trace of them back in the residual
mantle. Second, their relative chondritic element ratios in
Earth�s upper mantle. The latter is especially surprising
considering their vastly different geochemical behaviour
at ambient pressures. These features of upper mantle
HSE abundance patterns must be addressed by any model
for accretion and core formation in the Earth.

Early partitioning experiments performed using the loop
technique (Borisov et al., 1994; Borisov and Palme, 1995,
1996, 1997) exhibited a consequence of the experimental
geochemistry of HSE which was unknown up to that time:
the formation of nanonuggets of HSE, and resultant ana-
lytical challenges. Those authors speculated on either a
lack of equilibrium between the metal loop and the silicate
melt, or the presence of metal particles, (at that time called
micronuggets) resulting in contamination of the analysed
glasses and leading to erroneously high HSE solubilities
using bulk analytical methods.

To improve the experimental results for siderophile ele-
ments in general, Dingwell et al. (1994) developed the
mechanically assisted equilibration technique (MAE tech-
nique). This method is derived from a standard technique
applied for melt homogenization in material and glass sci-
ence. The basic idea involves the stirring out of nanonug-
gets by forced convection. The attainment of equilibrium
under experimental conditions was also accelerated there-
by. Obtained sample masses up to 1 g of glass enabled par-
allel analysis by several analytical techniques, both bulk
(e.g., Instrumental Neutron Activation Analysis: INAA)
and spot-analytical (Laser Ablation-Inductively Coupled
Plasma-Mass Spectrometry: LA-ICP-MS) techniques,
resulting in the first proof of the presence of nanonuggets
in obtained LA-ICP-MS spectra (Ertel et al., 1999, 2001).
Performing time-series sampling, the actual attainment of
equilibrium can explicitly be demonstrated for each single
experimental condition resulting in very reliable, high-qual-
ity, but time-consuming experiments. Ertel et al. (2001)
demonstrated the presence of nanonuggets in Re-contain-
ing glass samples, and that steady state or homogeneity
of analyses is not sufficient proof of equilibrium as is often
inferred for the loop technique.

In such continuous studies, the mechanically assisted
equilibration technique, in combination with LA-ICP-MS
as a micro-analytical tool has greatly reduced the nanonug-
get influence in partitioning experiments concerning Pt, Rh
(Ertel et al., 1999; Fortenfant et al., 2002), and Re (Ertel
et al., 2001).

Borisov and Palme (1998) and Borisov and Walker
(2000) reported first results on the effect of oxygen fugacity
on the solubility of Os in silicate melt applying the loop
technique. Their results showed substantial scatter in the
data below an oxygen fugacity of log fO2 = �8, with no
dependence on fO2 below this value. This implies either
zero valency, or a substantial nanonugget contamination
problem. Given the successful results obtained for Pt, Rh
and Re in 1 bar solubility studies using the MAE tech-
nique, we decided to reinvestigate the effect of oxygen
fugacity on the solubility of Os in silicate melt as an at-
tempt to improve the existing data, especially those ob-
tained at low oxygen fugacity in the range
�12 < log fO2 < �7.

2. Experimental method

A thorough description of the MAE technique itself and
all experimentally necessary components as well as their
specifications is given elsewhere (Dingwell et al., 1994; Ertel
et al., 1996, 1997, 1999, 2001; Fortenfant et al., 2002), and
all experiments here were performed according to those
methods.

Briefly, the MAE technique requires a crucible and spin-
dle made of the metal of interest. Os metal, however, is
available commercially only as powder or in the form of
Os alloys (e.g., iridosmium) which are known to be very
brittle. A crucible and spindle made of pure Os was, based
on its very high melting point (3593 �C) and its toxicity (Os
may form toxic OsO4) during melting, commercially not
available, and was thus synthesized following Borisov
and Palme (1998).

For this purpose, a mixture of 95 wt% Ni and 5 wt% Os
was fused under very reducing conditions at 1650 �C for
about 30 min. This liquid alloy was used to pour both a
cylindrical crucible and a spindle head using Al2O3 moulds.
In this way, a crucible of 30 mm height, 25 mm diameter
and 2 mm wall thickness, which could hold approximately
30 g of silicate melt was manufactured. The head of the
spindle made was 10 mm in length and 5 mm in diameter.
This head was arc welded (under Ar) to a high purity
(99.95%) Ni rod of 150 mm length and 5 mm diameter.
During the experiment, care was taken to ensure that only
the head of the spindle was in contact with the silicate melt.

Prior to any use in experiments, crucible and spindle
compositions were determined using electron microprobe
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(EMP) techniques as described below to check both the
Ni–Os major element composition and homogeneity of
crucible and spindle by analyzing pieces of crucible and
spindle. Back scattered electron (BSE) images of the metal
pieces revealed a quench-texture composed of two different
phases. The two phases have been independently analysed
by EMP using a 5 lm point beam. The bulk compositions
of the Ni–Os alloy in crucible and spindle are given in
Table 1. At run temperatures (1350 �C), however, the metal
is believed to rehomogenize to a single, homogeneous phase.

A standard experiment consisted of loading the crucible
with approximately 30 g of prefused and homogenized
glass chips of AnDi eutectic composition, placing it in
the hot zone of a vertical high temperature muffle tube fur-
nace under controlled conditions of oxygen fugacity (e.g.,
for NiOs1 initial condition: log fO2 = �12, controlled by
CO–CO2 gas mixtures). Temperature was then raised to
run temperature (1350 �C) and kept constant within
±1 �C. Once the glass chips were completely molten, the
spindle was lowered into the melt and stirring was initiated.
Sampling was performed once a week. For safety reasons
and as protection against OsO4-containing fumes, sampling
of the experiment was performed wearing a gas mask
equipped with a corresponding filter (A3 type) and safety
glasses. As mentioned before, Os forms highly toxic OsO4

if oxygen would accidently enter the furnace during sam-
pling. After 5 weeks at log fO2 = �12, the oxygen fugacity
was increased in steps of 1 log-unit every 5 weeks.

At the beginning of NiOs1, oxygen fugacity was con-
strained by pure CO2 gas flowing through the muffle tube
of the furnace. Oxygen fugacity was permanently moni-
tored by an oxygen sensor directly placed below the cruci-
ble inside the hot spot of the muffle furnace. The emf (in
mV) of the oxygen sensor was measured using a high-pre-
cision voltmeter and recorded on a chart recorder. This al-
lowed us to reproducibly control and monitor our
experiments over extended periods of time. To protect
the entire laboratory against contamination with OsO4, a
monitoring system was connected to the voltmeter, inter-
rupting the heating program if the emf decreased by more
than 50 mV (corresponding to an increase of 0.06 log-units
Table 1
Chemical composition of the Ni–Os alloy of spindle and crucible

Ni (wt%) SD Os (wt%) SD

Crucible
Phase 1 92.4 1.3 7.6 1.1
Phase 2 96.9 0.5 3.1 1.4
Average 94.6 1 5.4 0.8

Spindle
Phase 1 93.4 0.6 6.6 0.7
Phase 2 97.4 1.5 2.6 0.6
Average 95.4 1.2 4.6 0.7

Elemental concentration determined by EMPA using a point beam of
5 lm diameter, a beam current of 15 nA, an acceleration voltage of
15 keV, and 20 s of counting time for both elements. Pure Ni and Os
metals were used as standards.
in fO2). No such incident was observed during the entire
performed experiments.

The starting material in all performed experiments cor-
responded to the 105 Pa (= 1 bar) Anorthite-Diopside
(AnDi) eutectic composition, synthesized from pA grade
SiO2, MgCO3, CaCO3 and Al2O3 powders. Starting oxide
components were intimately mixed together and subse-
quently fused in alumina crucibles in a high temperature
Naber� box furnace at 1450 �C for about 45 min in air.
The glass melt was quenched by removing the Al2O3 cruci-
ble from the furnace. The quenched glass was mechanically
separated from the Al2O3 crucible, stored in a desiccator
under vacuum, and used as starting material in all subse-
quent experiments after major element compositions had
been verified by EMP analysis.

In experiments NiOs1 and NiOs2, initial Os concentra-
tions were quite high, and equilibration periods, in conse-
quence, were quite extensive. To avoid this problem
likely due to a high oxygen concentration in the starting
material during the initial phase of the experiments, AnDi
starting material was produced under reducing conditions
(1450 �C, log fO2 = �10) to avoid oxygen exposure of spin-
dle and crucible, as a result high Os concentrations at the
beginning of each subsequent experiment.

3. Analytical techniques

EMP analyses were performed at the Bayerisches Geoin-
stitut (University of Bayreuth, Germany) using a CAME-
CA SX-50 electron microprobe equipped with four
wavelength-dispersive spectrometers applying a Pouchou
and Pichoir (1984) correction procedure. The major alloy
composition of the NiOs crucible and spindle was deter-
mined prior to any use by EMP analysis, using 15 nA cur-
rent on brass, 15 keV acceleration voltage, 20 s counting
time and a defocussed beam.

Major element (Si, Mg, Ca and Al) and Ni concentra-
tions in the glass samples were determined on a routine ba-
sis. Each analysis consisted of three measurements (which
were averaged) using an accelerating voltage of 20 kV, a
beam current of 30 nA for major elements and 50 nA for
Ni, and a counting time of 20 s for major elements and
100 s for Ni, respectively. Standards used were orthoclase
(Si), enstatite (Mg), wollastonite (Ca), MgAl2O4 spinel
(Al) and pure Ni. Major element concentrations of starting
materials are averages of line profiles consisting of 20
points each. The chemical compositions of all starting glass
materials used in the experiments are given in Table 2 as
determined by EMP.

Os concentrations were determined at the Institute de
Physique du Globe de Paris (IPGP, Paris) using Isotope
Dilution-Negative Thermal Ion Mass Spectrometry (ID-
NTIMS). The procedure used to perform the analyses is
similar to Birck et al. (1997). ID-NTIMS measurements
were carried out using a FINNIGAN MAT 262 mass spec-
trometer equipped with an electron multiplier with negative
ion capability.



Table 2
Starting material compositions for each experimental run (in wt %)

Experiment SiO2
a Al2O3

a CaOa MgOa

NiOs1 53.7 15.0 21.6 9.7
NiOs2 54.2 14.3 21.6 9.8
NiOs3 53.0 14.2 21.9 10.8
NiOs4 55.2 14.2 21.4 9.2

a EMP analyses were performed using 20 keV acceleration voltage,
50 nA current on brass, and 20 s counting time for each element.
Standards used were orthoclase (Si), MgAl2O4 spinel (Al), wollastonite
(Ca), enstatite (Mg). The precision of the measurement is �0.4%.
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At the beginning of the analytical procedure, Os is sep-
arated from the matrix by wet chemical treatment. The fi-
nal Os separate is evaporated to dryness as Os(Br)6

2�.
The residue is dissolved in 1 ll of HBr and loaded on a
Pt filament under a binocular microscope. Prior to the load
the Pt is preheated to 1200 �C in air to ensure clean surfac-
es. The load is then covered with a mixture of Ba(OH)2 and
NaOH. The filament is quickly heated in air until the sam-
ple starts to melt and immediately afterwards quenched to
a white layer. It is then inserted into the mass spectrometer
in which an adjustable leak of water vapor saturated O2

maintains a pressure of 2 · 10�7 torr in the source com-
partment. During slow heating to 800–850 �C, Os is emit-
ted as OsO3

� with yields of 3–20%. Only minor amounts
of OsO4

�, typically less than 1% of OsO3
�, are released.

When more than 0.5 ng have been separated, measure-
ments are performed in the static multiple collector mode.
The electron multiplier is run in the pulse counting mode
resulting in an analytical precision in the range of 0.1%
whereas the latter reaches 0.01% in the Faraday cup mode.

After correction of the contribution from the oxygen
isotope ratios, Os concentrations are obtained from stan-
dard isotope dilution calculations. Standard solutions for
Os were prepared from (NH4)2OsBr6, a stoichiometric sub-
stance, thermally stable up to at least 120 �C (in air).

As mentioned earlier, LA-ICP-MS as a spot analytical
tool, results, at present, in the most reliable results of par-
titioning experiments concerning HSE, based on its ability
to avoid or minimize the nanonugget influence during the
determination of elemental concentrations. Thus, LA-
ICP-MS analyses were attempted at the University of Bris-
tol (UK). The LA-ICP-MS system consisted of a
LUV266X laser (New Wave Research, USA) linked to a
PlasmaQuad3 with a supplement rotary pump attached
to its interface (Thermo Elemental, UK). Unfortunately,
existing standards for Os are based on NiS, which exhibit
already a very high Os background. Accurate determina-
tions of sub-ppm Os concentrations were therefore
extremely difficult, and finally proved to be below detection
limits. However, the presence of nanonuggets was able to
be detected even though quantitative results were not
obtainable (see Fig. 4). Until the advent of more advanced
Os standards with a lower Os background, reliable Os
determinations at sub-ppm levels cannot be obtained using
LA-ICP-MS.
To check the presence, nature and chemical composition
of nanonuggets in our glass samples, a Scanning Electron
Microscopy study (SEM) was initiated. The SEM appara-
tus used for this study performed at the Bayerisches Geoin-
stitut (BGI, University of Bayreuth) was a Field Emission
Gun Scanning Electron Microscope (FEG SEM) equipped
with both Back Scattered Electron (BSE) detector and
EDX system. Measuring conditions were 30 kV accelerat-
ing voltage and a magnification of up to 150·. Since Ertel
et al. (1999, 2001) reported that nanonuggets are predom-
inantly formed at extremely low fO2 conditions, the Os-
bearing glass samples obtained at log fO2 = �12 were
investigated.

4. Results and discussion

At 1350 �C, nine experiments regarding the fO2 depen-
dence of Ni and Os over a wide range of fO2

(�12 < log fO2 < �7) were performed using the MAE
method of Dingwell et al. (1994), starting from the lowest
fO2 condition and increasing fO2 during all subsequent
experiments. The rationale behind this is that, as observed
for other HSE (Ertel, 1996: Pt, Rh, Re and Ir), once having
established equilibrium conditions, subsequent equilibrium
solubilities are more easily obtainable in direction of higher
than lower fO2 conditions (Dingwell et al., 1994; Ertel,
1996). This strategy should help to speed up the total time
of the entire study. All experimental conditions together
with the raw ID-NTIMS analytical results are supplied in
Table 3.

4.1. Equilibrium solubilities of Ni

Ni equilibrium solubilities can be obtained using the
MAE technique of Dingwell et al. (1994) for equilibration
times of �400 h starting from a more reducing state and
increasing oxygen fugacity, corresponding to oxidation of
Ni. Since the equilibration period for Os was not known
at the beginning of this study, equilibration periods of
much more than 3 weeks (corresponding to 500 h or more)
were assumed. Under such extensive equilibration periods,
equilibrium solubilities for Ni were obtained under all
experimental conditions investigated in this study. In con-
sequence, Ni equilibrium solubilities were determined using
steady state results obtained after more than 400 h of run
duration—usually by using the last two analyses at the
end of each fO2 condition.

In general, Ni functions as an additional test element
since experimental data on the partitioning of Ni between
Ni metal and AnDi eutectic melt are already well estab-
lished (Dingwell et al., 1994; Holzheid et al., 1994). Agree-
ment between these data and the results of this study raises
confidence in the quality of the present experimental parti-
tioning data. For each fO2, the new equilibrium concentra-
tion for Ni and Os in the melt was calculated by averaging
the steady state values of Ni and Os at the end of each fO2

step, representing the true equilibrium concentrations of Ni



Table 3
Experimental conditions of performed experiments

Samplea # Timeb [h] emfc [mV] log fO2
d (sensor) Nie [ppm] rNi Osf [ppb] rOs

NiOs1 experiment (105 Pa, 1350 �C)—experimental conditions and results of EMPA and ID-NTIMS measurements
0 0 908.1 �12.0 12 15 1.84 0.004
1 118 909.0 �12.0 177 18 9.98 0.020
2 262 910.0 �12.0 171 35 4.83 0.010
3 482 909.0 �12.0 180 29 4.67 0.009

4-1 604 909.1 �12.0 187 25 5.31 0.011
4-2 604 909.1 �12.0 187 25 5.31 0.011
4-3 604 907.4 �11.9 187 25 7.18 0.014

NiOs2 experiment (105 Pa, 1350 �C)—experimental conditions and results of EMPA and ID-NTIMS measurements
0 0 904.5 �11.9 55 27 75.3 0.151
1 168 909.7 �12.0 169 28 78.5 0.157
2 332 911.5 �12.0 174 23 62.3 0.125
3 480 905.6 �11.9 176 21 49.3 0.098

4-1 619 911.0 �12.0 178 23 84.0 0.168
4-2 619 911.0 �12.0 178 23 19.1 0.038
5 789 911.4 �12.0 166 25 8.83 0.018
6 938 911.7 �12.0 165 28 9.55 0.019

NiOs3 experiment (105 Pa, 1350 �C)—experimental conditions and results of EMPA and ID-NTIMS measurements
0 0 842.3 �11.1 20 23 96.5 0.193

1-1 215 838.5 �11.1 258 29 292.0 0.584
1-2 215 838.5 �11.1 258 29 487.0 0.973
2 477 836.5 �11.1 394 37 122.6 0.245
3 814 838.3 �11.1 418 25 38.6 0.077

4-1 933 829.2 �11.0 424 28 97.3 0.194
4-2 933 829.2 �11.0 424 28 36.3 0.073

Samplea # Timeb emfc [mV] log fO2
d (sensor) Nie [ppm] rNi Osf [ppb] rOs

Total Rel.

NiOs4 experiment (105 Pa, 1350 �C)—experimental conditions and results of EMPA and ID-NTIMS measurements
0-1 0 0 800.0 �10.6 5 8 53.6 0.107
0-2 0 0 800.0 �10.6 5 8 11.31 0.023
1 210 210 839.5 �10.8 397 106 4.76 0.010

2-1 401 401 835.0 �11.0 396 33 23.49 0.047
2-2 396 33 10.38 0.021
3 551 551 841.0 �11.1 403 61 7.05 0.014

4-1 737 737 845.2 �11.2 400 33 21.60 0.043
4-2 19.44 0.039
4-3 32.77 0.066
5-1 883 883 846.5 �11.2 404 20 13.95 0.028
5-2 12.29 0.025
6-1 1052 1052 846.6 �11.2 398 21 70.75 0.142
6-2 62.9 0.126
6-3 27.74 0.055
7-1 1216 1216 846.7 �11.2 390 20 67.9 0.136
7-2 60.2 0.120
8 1388 1388 849.6 �11.2 405 29 79.3 0.159

9-1 1533 145 749.6 �10.0 1355 44 64.1 0.128
9-2 39.78 0.080

10-1 1648 260 741.3 �9.9 1487 272 53.1 0.106
10-2 24.83 0.050
11 2272 884 740.3 �9.9 1542 22 14.58 0.029
12 2272 884 737.4 �9.8 1538 43 43.20 0.086

13-1 2439 1051 750.5 �10.0 1584 37 9.46 0.019
13-2 1597 49 9.82 0.020
14 2612 1224 751.5 �10.0 1569 41 13.01 0.026

15-1 2775 1387 753.0 �10.0 1543 45 6.60 0.013
15-2 845.0 1.690
15-3 6.07 0.012
16-1 2943 168 683.5 �9.2 3938 591 7.90 0.016
16-2 23.75 0.048
17 3135 360 686.3 �9.2 4024 42 7.55 0.015
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Table 3 (continued)

Samplea # Timeb emfc [mV] log fO2
d (sensor) Nie [ppm] rNi Osf [ppb] rOs

Total Rel.

18-1 3303 528 684.1 �9.2 4056 59 3.82 0.008
18-2 3.51 0.007
19 3447 672 683.4 �9.2 4060 63 113.3 0.227

20-1 3620 845 684.5 �9.2 4078 38 5.97 0.012
20-2 4.23 0.008
21 3762 987 684.5 �9.2 4078 40 5.85 0.012

22 3980 218 604.5 �8.2 11094 1751 17.23 0.034
23 4144 382 604.3 �8.2 12067 262 1.09 0.002
24 4311 549 604.4 �8.2 11784 5406 0.91 0.002
25 4479 717 605.4 �8.2 11867 111 0.59 0.001
26 4649 887 604.0 �8.2 11929 226 0.67 0.001
27 4815 166 560.4 �7.6 19728 1835 0.64 0.001
28 4984 335 560.3 �7.6 21784 442 0.12 0.001
29 5175 526 559.6 �7.6 22196 201 2.52 0.005
30 5324 675 559.3 �7.6 22421 199 8.99 0.018

31-1 5415 766 560.3 �7.6 22289 188 1.87 0.004
32 5415 766 562.4 �7.7 22443 226 1.67 0.003
33 5603 954 560.2 �7.6 22131 176 1.71 0.003
34 5771 168 519.3 �7.1 37609 3838 1.02 0.002
35 5965 362 514.6 �7.1 33178 1320 3.17 0.006
36 6109 506 515.0 �7.1 38413 1306 6.18 0.012
37 6278 675 516.1 �7.1 40853 998 6.95 0.014
38 6445 842 512.7 �7.0 41615 358 0.95 0.002
39 6616 1013 514.4 �7.1 41435 207 2.14 0.004

Horizontal lines in Table 3 indicate termination of experiment or change of oxygen fugacity condition.
a Sample number.
b Time [tot] and Time [rel.] indicate absolute time in [hours] from start of experiment or relative time from last change of oxygen fugacity.
c emf in [mV] is voltage reading from voltmeter for measurement of oxygen fugacity.
d Log fO2 recalculated from emf measurements.
e Ni concentration in glass sample in [ppm] as measured by EMP; SD as indicated.
f Os concentration in glass sample in [ppb] as measured by ID-NTIMS analyses; SD of measurement as indicated.
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and Os. Obtained equilibrium values were then used to
calculate the solubility of Ni and Os in 105 Pa (= 1 bar)
AnDi eutectic melt at 1350 �C, using the following
equation:

½M�eq ¼
½M�silexp

½M�met
exp � cmet

M

; ð1Þ

where [M]eq is the equilibrium solubility of the element M
dissolved inside the silicate melt starting from a pure cruci-
ble and spindle made of M, ½M�silexp is the experimental con-
centration of the element M in silicate melt at equilibrium
conditions dissolved from the alloy of crucible and spindle,
½M�met

exp is the molar concentration of the element M in the
alloy, and cmet

M is the activity coefficient of M in the alloy.
The solubility of pure Ni in silicate melts was calculated

assuming ideal behaviour of Ni in the Ni–Os alloy (i.e.,
cmet
Ni ¼ 1). This assumption was made based on two
grounds: First, the Ni–Os alloy is very Ni-rich and consists
mainly of Ni (98.4 mol% Ni), while Os is only 1.6 mol%.
Second, Borisov and Walker (2000) demonstrated that
the non-ideality of Ni in Ni–Os alloy is not very large. Tak-
ing this assumption as granted, calculated equilibrium data
for Ni with cmet

Ni ¼ 1 for ideal behaviour are supplied in Ta-
ble 4 for all runs performed at oxygen fugacities ranging
from �12 < log fO2 < �7 (beside Os data assuming
cmet
Os ¼ 1, and cmet

Os ¼ 3:94; compare discussion below). Ob-
tained results for the equilibrium solubility of Ni in silicate
melt (recalculated to cmet

Ni ¼ 1) in dependence of applied
oxygen fugacity is graphically portrayed in Fig. 1, and
compared to literature results (Dingwell et al., 1994; Holz-
heid et al., 1994; Borisov and Palme, 1998; Borisov and
Walker, 2000).

Ni equilibrium solubilities plotted on a log solubility
versus log fO2 axis, increase linearly with increasing fO2

values. Results of the present study are in excellent agree-
ment with previously published results (Dingwell et al.,
1994; Holzheid et al., 1994; Borisov and Palme, 1998; Bori-
sov and Walker, 2000) as shown in Fig. 1. The slope
through the data points plotted on a log solubility versus
log fO2 plot corresponds to the redox state of the corre-
sponding element, and is 0.487 ± 0.008, corresponding to
a valence state of 1.948 ± 0.032, and hence nearly undistin-
guishable to the ideal value of Ni2+ found in earlier studies.
This slope is practically identical to 0.48 obtained by Bori-
sov and Walker (2000) for experiments with Ni–Os alloy of
comparable composition.

The excellent agreement between the Ni solubilities of
the present study and those obtained in experiments with
pure Ni as metallic phase confirms that the non-ideality of



Table 4
Equilibrium solubilities of pure Ni and Os in dependence of oxygen fugacity in AnDi 105 Pa eutectic melt composition at 105 Pa and 1350 �C

Runa log fO2
b (sensor) Experimental data Calculated solubilities assuming

Nic Osd cmet
Ni ¼ 1e cmet

Os ¼ 1f cmet
Os ¼ 3:94g

[ppm] SD [ppb] SD [ppm] SD [ppb] SD [ppb] SD

NiOs1 �12.0 185 3.03 5.6 0.94 188.5 3.08 325 53.4 82.4 13.5
NiOs2 �12.0 171 6.26 9.2 0.36 174.8 6.37 531 20.7 135 5.3
NiOs3 �11.0 422 2.83 37.4 1.16 429.4 2.88 2162 67 549 17.0
NiOs4 �11.2 398 5.50 13.1 0.83 404.6 5.60 758 48 192 12.2
NiOs4 �10.0 1,563 21.7 6.3 0.27 1,591 22.11 366 15.3 92.9 3.9
NiOs4 �9.2 4,074 7.8 5.3 0.79 4,145 7.93 309 45.9 78.4 15.3
NiOs4 �8.2 11,860 59.4 0.63 0.04 12,069 60.5 36.40 2.4 9.2 0.6
NiOs4 �7.6 22,321 125 1.75 0.09 22,714 127 101 5.1 25.6 1.3
NiOs4 �7.1 41,301 325 4.1 2.56 42,028 331 234 148 59.5 37.5

Calculations for Ni were performed assuming ideal behaviour of Ni in NiOs-alloy, so cmet
Ni ¼ 1. For Os, calculations were done for cmet

Os ¼ 1 (ideal
behaviour of Os in the Ni–Os alloy), and cmet

Os ¼ 3:94 (assuming similar behaviour for Os as Re in Ni–Re alloy).
a Run number of experiment.
b Applied oxygen fugacity calculated from sensor emf.
c Ni concentration in glass sample determined from EMPA in [ppm]; SD from averaging process.
d Os concentration in glass samples determined by ID-NTIMS in [ppb]; SD from averaging process.
e Ni solubility recalculated according to ideal behaviour and SD from footnote c.
f Os solubility recalculated assuming ideal behaviour and std. deviation from footnote d.
g Os solubility recalculated assuming similar behaviour for Os as Re in Ni–Re alloy.
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Ni ¼ 1 in AnDi eutectic melt determined at 105 Pa. Plot
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Ni in Ni–Os alloy is—as postulated by Borisov and Walk-
er (2000)—not very large, and validates the assumption of
ideal behaviour of Ni in Ni–Os alloy for calculation of Ni
equilibrium solubilities and partition coefficients in the
present study. This additionally lends credence to the
performed experiments and their results, and it can be
assumed that the solubility data for Os do reflect the true
oxygen fugacity dependent equilibrium solubility values.

4.2. Equilibrium solubilities of Os

It is unfortunate in light of the Ni–Os alloy employed
(�1.7 mol% Os), that thermodynamic data for the Ni–Os
binary system are still lacking. Thus, recalculations of the
experimentally determined solubilities of Os are not trivial.
However, Borisov and Walker (2000) noticed that both Re
and Os, having very high melting temperatures and the
identical, hexagonal structure, should behave chemically
similarly. Thus, the Ni–Os phase diagram should be very
similar to that of Ni–Re. Using this assumption, thermody-
namic data from Okamoto (1992) could be used to estimate
the activity coefficient of Os in the Ni–Os alloy. From
Okamoto (1992), the equation of the excess Gibbs energy
of mixing of the face-centered-cubic (fcc) phase of Ni–Re
alloy is:

DmixG
ex
Ni–ReðfccÞ ¼ XReð1�XReÞð17750 þ 41845XReÞ; ð2Þ

where XRe is the molar fraction of Re in the alloy. The Ni–
Os alloy used in the present study contains 1.7 mol% of Os.
For this Os content (X = 0.017), using Eq. (2), the activity
coefficient for Os is calculated to be 3.94 at 1350 �C (see
calculation procedure in Fortenfant et al., 2002). Based
on this assumption, the activity of Os in the Ni–Os alloy
may then lie between 0.017 (ideal behaviour) and 0.067
(assuming similar chemical behaviour of Ni–Re and Ni–
Os alloy). Both values were used to recalculate the experi-
mentally determined Os concentrations to solubilities of
pure metallic Os in AnDi eutectic melt under experimental
conditions as supplied in Table 3. Experimental conditions,
obtained raw solubilities of Ni and Os as well as results of
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the recalculation to pure Os metal conditions are shown in
Table 4. Values of Os solubilities calculated for cmet

Os ¼ 1
and cmet

Os ¼ 3:94 differ by approximately 0.6 log-units. For
further discussion, exclusively solubility values calculated
for cmet

Os ¼ 1 will be considered, keeping in mind that these
values represent only upper limits of the determined Os sol-
ubilities in respect to the nanonugget formation issue.

Results of raw Os solubilities as determined by ID-
NTIMS are, for comparison reasons with Borisov and
Palme (1998) and Borisov and Walker (2000), shown in
Fig. 2. Recalculations to conditions of cmet

Os ¼ 1, and a cor-
responding literature comparison are graphically displayed
in Fig. 3, while for more detailed discussion and compari-
son reasons, the fO2 range �5.5 < log fO2 < �8.5 is en-
larged in Fig. 4.

Os equilibrium solubilities were determined from raw
ID-NTIMS results (as shown in Table 3) by using steady
state results—usually the last two data points at maximum
run duration. Usual equilibration durations for Os were
originally assumed to be at least 500 h, while most data
are obtained for run durations of 800–1000 h. In the case
of the NiOs4 experiment (logfO2 = �11.2), equilibrium ob-
tained after 883 h was considered final due to a most prob-
able reoxidation event which increased the Os solubilities
after this period of time (comp Table 3). Analyses display-
ing serious nanonugget contamination due to extraordi-
nary high Os concentrations were excluded from the
concentration determination process as well. Os solubili-
ties, determined by ID-NTIMS, range from 0.63 ± 0.04
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Fig. 2. Oxygen fugacity (fO2) dependence of the solubility of Os in AnDi
eutectic melt determined at 105 Pa over oxygen fugacity range investigated
(�12 < log fO2 < �7). Os concentrations in glass samples as determined
from ID-NTIMS measurements (‘‘raw solubilities’’: uncorrected for alloy
composition) are plotted versus log fO2. Uncorrected data from Borisov
and Palme (1998); (INAA), and Borisov and Walker (2000): (both INAA
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discussion).

1,5

2

2,5

3

3,5

-9 -8,5 -8 -7,5 -7 -6,5 -6 -5,5 -5

This study    ID-NTIMS  1350˚C
B&W, 2000  INAA           1400˚C
B&W, 2000  ID-NTIMS  1400˚C

lo
g 

O
s 

(γ
O

s 
= 

1)

log fO
2

Os3+

Os4+

Fig. 4. Oxygen fugacity dependence of pure Os solubility in AnDi 105 Pa
eutectic melt at high temperatures for oxygen fugacities between 10�5 and
10�9 bars outside the range of dominating nanonugget contamination.
Comparison with Borisov and Walker (2000) INAA and ID-NTIMS data.
Regression lines with slopes corresponding to Os3+ (solid line) and Os4+

(dashed line) as indicated.



750 S.S. Fortenfant et al. 70 (2006) 742–756
up to 37.42 ± 1.16 ppb, corresponding to Os solubilities
recalculated for pure Os as crucible and spindle material
(cmet

Os ¼ 1) of 36.40 ± 2.37 to 2162 ± 67 ppb. Some analyses
reveal Os concentrations of up to 25,000 ppb, showing
clear evidence for excessive nanonugget contamination.

Fig. 2 shows a similar comparison of raw Os solubility
results (not corrected for cmet

Os ) in respect to applied oxygen
fugacity and indicated temperature as determined by ID-
NTIMS from experiments in the literature and the present
study—as already supplied in Borisov and Walker (2000).
Remarkably, results of the present study do plot either
on the lower limits of determined solubilities of previous
literature investigations, or clearly below previously deter-
mined Os solubilities (e.g., at fO2 conditions between
10�8.2 and 10�7.1 bars).

It should be noted that as metal solubilities depend on
alloy composition as well as on temperature, the results
of this kind of comparison are not unexpected as the Ni–
Os alloys used consisted of varying amounts of Os. Borisov
and Palme (1998) used Ni–Os alloys with Os mole fractions
of 0.034–0.029, while Ni–Os alloys of Borisov and Walker
(2000) contained 0.053–0.059 mol% Os. The Ni–Os alloy of
the present study contained only 0.017 mol% Os, which is
only a third to a half of Os concentrations previously used.
Furthermore, Borisov and Palme (1998) and Borisov and
Walker (2000) performed their loop experiments at
1400 �C in comparison to experiments of the present study
using the MAE method, performed at 1350 �C.

It is therefore remarkable, that the Os solubility data do
plot on the lower limits of previously determined investiga-
tions showing minimum nanonugget influence while a clear
solubility trend (admittedly only constrained by three data
points) can be obtained even further down to lower oxygen
fugacities using identical analytical technologies (ID-
NTIMS). This observation can only be explained by a
reduction of the nanonugget effect due to the difference in
applied experimental technology (MAE method versus
loop technique), and its cleaning effect due to forced con-
vection. This is an important observation with respect to
HSE partitioning experiments since the nanonugget effect
requires the most capable experimental technique to avoid
or reduce nanonugget formation or contamination coupled
with most advanced analytical techniques capable of avoid-
ing nanonugget contamination influence during elemental
concentration determinations.

Obtained solubility results for Os, as shown in Fig. 2,
were recalculated to cmet

Os ¼ 1 and plotted together with lit-
erature results recalculated to identical conditions. Results
are graphically portrayed in Fig. 3. For the present author,
Fig. 3 is an impressive demonstration of the problems exist-
ing with HSE partitioning experiments using bulk analyti-
cal technologies. Starting from relatively high fO2

conditions around log fO2 = �7, Os solubilities of the pres-
ent study decrease with decreasing fO2 as expected, assum-
ing a dissolution mechanism based on oxidized species
(Osn+) in the melt. This systematic decrease with decreasing
oxygen fugacity is both obvious in the present data set as
well as in Borisov and Walker (2000). Below a threshold
of around log fO2 = �8.3, no clear trend of elemental sol-
ubilities with further decreasing fO2 is visible any longer,
and the scatter of obtained data is significant allowing no
interpretation of obtained data at all. An improvement of
obtained data is visible in the Borisov and Walker (2000)
study applying ID-NTIMS techniques with respect to the
Borisov and Palme (1998) data using INAA techniques.
With this improvement, Borisov and Walker (2000) were
able to determine the oxidation state of Os in silicate melts
as discussed below.

Fig. 4 gives a more detailed view of the fO2 range be-
tween �5.5 < log fO2 < �9, indicating three data points
obtained at relatively high fO2 of the present study in com-
parison to results of Borisov and Walker (2000). It is nec-
essary to point out that Borisov and Walker (2000)
performed their experiments at 1400 �C while the present
study was performed at a slightly lower temperature of
1350 �C. A slight offset of the two data sets are most prob-
ably due to the difference in absolute temperature. Unfor-
tunately, only three data points of the present study seem
to be unaffected by the nanonugget influence, and can be
used to determine the oxidation state of Os inside the sili-
cate melt. A fit through the obtained three data points of
the present study results in a slope of 0.736 (r2 = 0.999),
corresponding to a valence state of Os of 2.94.

log½Os�silðppbÞ ¼ 0:736 � log fO2 þ 7:594 ðr2 ¼ 0:999Þ. ð3Þ

Based on this restricted data set, the main oxidation
state of Os in the melt is determined to be Os3+, while some
influence of higher or lower oxidation states (Os4+) cannot
be detected or confirmed. This is in agreement with findings
of Borisov and Walker (2000) proposing a main valence of
Os of 3+ in the silicate melt, with only minor influence of
Os4+.

As already mentioned, below a threshold around
log fO2 � �8.3, the observed trend of decreasing solubility
with decreasing fO2 disappears, equilibrium conditions be-
come more difficult to be detected, data start to scatter sig-
nificantly, and measured solubilities even seem to increase
with decreasing fO2 conditions (comp Fig. 2), if all data
of the present study are taken into consideration perform-
ing a regression. This is, of course, absurd since this would
imply a sudden change to an anionic dissolution mecha-
nism for Os. However, identical observations at low fO2

conditions were made by Ertel (1996) for Ir, Pt, Rh, and
by Ertel et al. (2001) for Re, and Borisov and Palme
(1997, 1998) and Borisov and Walker (2000), for Ir, Pt
and Os if bulk analytical INAA techniques for concentra-
tion determinations were used. This observation is, there-
fore, qualitatively in complete agreement with previous
studies.

As mentioned earlier, the original intension was to apply
LA-ICP-MS in this study to detect and avoid nanonugget
contamination in the measurements. However, since avail-
able standards for Os were fraught with difficulties sur-
rounding high background and low signal intensities,
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making LA-ICP-MSmeasurements on the observedOs con-
centration level impossible, ID-NTIMS analyses had to be
performed in lack of a more appropriate spot analytical
method. Nevertheless, the determination of Os equilibrium
solubilities at low fO2 conditions remains problematic,
and gets even worse with further decreasing fO2 conditions
visible in some increase of the solubility trend. In conse-
quence, data below log fO2 < �8 show a significant scatter
over one order of magnitude, similar to observations made
by Borisov and Palme (1998). Looking at the actual data
in Table 3, results of time series do still level out. However,
some results show suddenly orders of magnitude higher Os
concentrations, while some show Os concentrations about
50% lower than the average value. This is clear indication
for extensive nanonugget influence in the performed analy-
ses. Cross checks using LA-ICP-MS technique detected
clearly presence of nanonuggets without supplying any
quantitative useful information. In this respect, the true Os
equilibrium solubility stays hidden behind a contribution
to the concentration based on nanonuggets distributed over
the entire sample.

Based on these analytical results, it is clear that it is not
possible to prove that the MAE method removes nano-
nuggets completely. However, even if the MAE technique
cannot entirely remove all nanonuggets from the melt, it
is, on the basis of these results, clearly the best method
employed to date to reduce their presence. This is demon-
strated by (1) the more coherent trend between solubility
versus oxygen fugacity data, (2) less scatter in the mea-
sured absolute solubility values, (3) the extension of the
observed linear solubility trend with log fO2 down to low-
er fO2 values, and most importantly, (4) the extension of
tim
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Fig. 5. LA-ICP-MS signal (in raw counts) versus ablation duration in ms. for t
and, in consequence, a LA-ICP-MS ablation signal is expected to appear when t
analysis. However, Os signal remains below detection limit. After 37 s, Os con
signal with overlying spikes—as indicated with ‘‘Signal from Nanonuggets’’. Sig
resulted in 79 ppb.
the data set to lower absolute Os solubility levels. All this
is clearly demonstrated in Fig. 2. It should be noted in
addition, that all existing high-quality LA-ICP-MS stan-
dards used for analyses of HSE on the trace element level,
have been synthesized exclusively by the use of the above
mentioned MAE technique. It is indispensable for these
standards to be essentially nanonugget-free, with a con-
stant and homogeneous HSE concentration on the ppb-le-
vel. Nevertheless, in the absence of reliable Os standards
and more sophisticated microanalytical treatment of the
present data, we cannot entirely exclude nanonuggets here
and, as a result, the presented solubilities must be treated
as upper limits. Correspondingly, and importantly, the
determined Os metal/silicate melt partition coefficients re-
main lower limits.

4.3. Nanonugget investigations using LA-ICP-MS and SEM

analyses

The presence of nanonuggets in glass samples from met-
al/silicate melt partitioning experiments is now commonly
recognized (Borisov and Palme, 1997; Ertel et al., 1999,
2001). However, no visualization and/or identification
has yet been provided. In an attempt to visualize the nano-
nuggets, LA-ICP-MS analyses of some samples, and an
imaging study of some of the Os-bearing glass samples of
the present study was performed using a LEO Gemini
1530 Field Emission Gun Scanning Electron Microscope
(FEG SEM) of the Bayerisches Geoinstitut (University of
Bayreuth) equipped both with BSE and EDX detector.

Fig. 5 shows results representative for the LA-ICP-MS
analyses performed. The analytical procedure was identical
e (ms)
0 40000 50000 60000 70000

 Signal from 
Nanonuggets 

he isotopes 189Os and 190Os from analysis of sample NiOs4–8. Os ablation
he laser ablation is started (‘‘Laser Ablation initiated’’) at 15 s after start of
taining nanonuggets are hit and ablated by laser beam visible in a hill-like
nal continues until 58 s, and decays afterwards. Os analysis by ID-NTIMS
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to those described by Ertel et al. (1999, 2001), and derived
from procedures of Sylvester and Eggins (1997). After 15 s
of collection of background signal, the laser was focused
onto the sample (as indicated by ‘‘Laser ablation initiated’’
in Fig. 5), and the ablation spectrum was collected. As de-
scribed in Ertel et al. (1999, 2001), hills and spikes in LA-
ICP-MS spectra are direct experimental evidence for the
presence of nanometer sized particles, or nanonuggets.
The spectrum shows a smooth signal for 37 s after laser
ignition. After 37 s, the ablation spectra shows suddenly
a hill like structure with overlying spikes due to the abla-
tion of an sample area highly contaminated with nanonug-
gets of various size and concentration. Signal intensities,
effectively free of nanonuggets (like the signal up to 37 s
after laser ignition) would, of course, result in up to two or-
ders of magnitude smaller Os concentrations—even if the
shown ablation spectrum is clearly below detection limit.

To additionally visualize and potentially determine the
size and elemental composition of the nanonuggets detect-
Fig. 6. SEM image of sample NiOs1–5 with the image of a detected nanonugg
element metallic nanonugget (comp Fig. 7B) of approximately 200 nm size is vis
5 as shown in (A). Lines for Ca, Mg, Al, Si and Ni are indicated. The detection o
the elements mentioned. An origin as chipped off piece of crucible or spindle
however, technically not detectable under an EDX detector.
ed by LA-ICP-MS, SEM analyses with an EDX detector
were performed using magnifications of approximately
120· to 160·. In these analyses, bright, round spots of
approximately 100–200 nm were found as shown in
Fig. 6A, with a very scarce spatial distribution of 1–3 nano-
nuggets in a sample area of approximately 3 mm2. The
EDX detector determined reflections for the elements Si,
Ca, Al, Mg and Ni, as indicated in Fig. 7B. Based on these
determinations, a Ni/Si ratio of 0.07 was detected, which
indicates a slightly enrichment in Ni in respect to the origi-
nal ratio of 0.001 found in the starting glass sample as
determined by electron microprobe. The nanometer sized
‘‘nanonuggets’’ detected here can, therefore, only be char-
acterized as tiny, Ni-rich metallic particles. Whether these
nanonuggets contain Os as well is still unclear since Os can-
not be detected by EDX.

Ertel et al. (1999) estimated the average size of the par-
ticles to be approximately 0.05–0.2 lm. In consequence,
they were called nanonuggets since their size is of nanome-
et visible as bright, round spot in the lower part of image. A Ni-rich multi-
ible in the glass sample. (B) Corresponding EDX spectra of sample NiOs1-
f these lines in the nanonugget indicate a multi-component composition of
can be excluded since this would comprise only of Ni and Os which is,
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ter scale. Determined sizes of identified nanonuggets are in
excellent agreement with those estimations. However,
knowledge about their size does not include any informa-
tion about their origin. The determined mixture of Si, Al,
Ca, Mg and Ni (with or without traces of Os), however,
makes an origin as chipped-off pieces of crucible or spindle
unlikely since such pieces would mainly consist of Ni with-
out detectable amounts of Si, Al, Ca and Mg as detected
above. Results of the SEM analyses pinpoint in direction
of an origin as result of an exsolution process most likely
due to a change in oxygen fugacity, creating a kinetically
and thermodynamically stable exsolution phase in the melt.
Such phase would as well be hard to be stirred out of melts,
if once formed, since reprecipitation on Ni surfaces (even if
it is Ni–Os alloy) would be favoured for an identical phase
Table 5
Ni and Os concentrations in silicate and alloy phase at 1350 �C, and correspo

Experiment log fO2 Nia (glass) [ppm] Osa (glass) [ppb]

NiOs1 �12.0 184.7 5.618
NiOs2 �12.0 165.5 9.188
NiOs3 �11.0 422.0 37.419
NiOs4 �11.2 397.7 13.120
NiOs4 �10.0 1573 6.339
NiOs4 �9.2 4078 5.347
NiOs4 �8.2 11898 0.630
NiOs4 �7.6 22288 1.749
NiOs4 �7.1 41525 4.055

a Ni and Os concentrations in the glass phase determined by EMPA and ID
b Ni and Os concentration (in wt%) in the alloy phase determined by EMPA.

and silicate glass phase.
and not a mixture of all kinds of melt components (or
oxide phases). Dingwell et al. (1994) observed in Ni exper-
iments, that Ni spindle and crucible aggregated upon con-
tact. This mechanism would exclude any possibility for a
Ni nanonugget existing for any longer period of time.
5. Implications for core formation models

For existing models for accretion of the Earth, including
giant magma ocean scenarios during core formation (e.g.,
Li and Agee, 1996; Righter et al., 1997; Righter and Drake,
1997; Gessmann and Rubie, 1998, 2000; Li and Agee, 2001;
Chabot and Agee, 2001, 2002), partition coefficients of the
HSE between liquid metal and silicate melt at geochemically
relevant conditions are required. One major variable is the
oxygen fugacity dependence of the solubility, and as a re-
sult, the partition coefficient.

Metal/silicate melt partition coefficients for Ni were
recalculated as simple weight ratio of the Ni concentration
in the NiOs to the Ni concentration in the silicate glass (as
supplied in Table 5), and graphically portrayed in Fig. 7.
For comparison with previous studies, data from Borisov
and Palme (1998) and Borisov and Walker (2000) are sup-
plied together with a regression line for an oxidation state
of Ni of 2+. Results of the present study are in excellent
agreement with previous determinations of Dmet=sil

Ni , and
add additional credence to the quality and reliability of
the obtained values of Dmet=sil

Os .
Metal/silicate melt partition coefficients for Os can be

estimated using the solubility-fO2 equation that has been
obtained in the present study for log fO2 > �8 (Eq. (3)).
Conditions in the magma ocean were likely around 2500–
3000 K, and an oxygen fugacity about 2 log-units below
the iron-wüstite buffer (IW) corresponding to an absolute
oxygen fugacity of 10�4.2 bars at 3000 K, calculated using
the lO2 �T equation for the Fe-FeO system from O�Neill
and Pownceby (1993), and correcting for the melting of
Fe using the thermodynamic data from Swartzendruber
and Sundman (1983).

Using Eq. (3), the solubility of pure Os in the silicate li-
quid can be estimated to be 31.9 ppm at conditions relevant
nding metal/silicate partition coefficients for Ni and Os

Nib(alloy) [wt%] Osb (alloy) [wt%] Dmet=sil
Ni Dmet=sil

Os

94.6 5.4 5122 9,612,000
94.6 5.4 5716 5,877,000
94.6 5.4 2242 1,443,000
94.6 5.4 2379 4,116,000
94.6 5.4 601 8,519,000
94.6 5.4 232 10,099,000
94.6 5.4 80 85,714,000
94.6 5.4 42 30,875,000
94.6 5.4 23 13,317,000

-NTIMS, respectively.
Dmet=sil

Ni and Dmet=sil
Os calculated by dividing elemental concentrations in alloy
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for core formation (log fO2 = � 4.2). Of course, the tem-
perature dependence of Os solubility in silicate melt is to
date still unknown, and therefore this value cannot be
extrapolated to temperatures of 3000 K required for a deep
magma ocean model. The partition coefficient of a metal
element M between silicate melt and Fe-rich liquid,
DFe liq;1=sil

M , can be deduced from its solubility in melt,
[M]sil, at high temperature according to Eq. (4)

DFe liq;1=sil
M ¼ ½M�met

½M�sil
¼ 1

½M�sil � cFe liq;1�A
M

; ð4Þ

where cFe liq;1
M is the activity coefficient of M at infinite dilu-

tion in liquid Fe referred to a standard state of pure solid
metal M at the conditions of the experiment, and A is the
converting factor from molar fractions to weight fractions.
At infinite dilution in liquid Fe, the converting factor A is
equivalent to the ratio of the molar mass of Fe (55.8 g/mol)
to the molar mass of the element M. For Os, A is then
equal to 0.29. The activity coefficient of Os at infinite dilu-
tion in liquid metal is calculated as described in Fortenfant
et al. (2002). Using the excess Gibbs energy of mixing for
the binary Fe–Os system given in Swartzendruber and
Sundman (1983), the following expressions can be used
to calculate the activities of Os in liquid Fe referred to a
standard state of pure solid Os at the conditions of the
experiment

RT ln cFe liq;1
Os ¼ 16:782–0:00837 T ðin kJ=molÞ. ð5Þ

At 3000 K, and infinite dilution in liquid Fe (XOs fi 0),
cFe liq;1
Os calculated using Eq. (5) is 0.716. Using the estimat-
ed values of cFe liq;1

Os and the extrapolated solubility value
for Os of 31.9 ppm at an oxygen fugacity 2 log units below
IW, the liquid Fe/silicate melt partition coefficients for Os
calculated using Eq. (4) is DFe liq;1=sil

Os ¼ 1:5� 105. However,
it has to be mentioned that in our estimation of DFe liq;1=sil

Os ,
the dependence on temperature (even though that cFe liq;1

Os

was estimated for 3000 K), pressure, silicate or sulfide melt
composition has not been taken into account.

Borisov and Palme (1998) estimated their metal/silicate
melt partition coefficients for Os by dividing the amount
of Os in the alloy by the amount of Os in the silicate glass,
resulting in Dmet=sil

Os between 1.2 · 106 to 1.1 · 107. Similar
treatment of the Borisov and Walker (2000) data result in
values ranging from 1.0 · 106 to 4.3 · 107. Identical recal-
culations of the present study result in Dmet=sil

Os ranging from
1.4 · 106 to 8.6 · 107, and are, therefore, in good agreement
with previous findings. Results of these recalculations for
the present study are supplied in Table 5 and shown in
Fig. 8 together with an identical treatment of the Borisov
and Palme (1998) and Borisov and Walker (2000) data.
Regression lines representing either pure Os3+ or pure
Os4+ are additionally supplied. Remarkable is the good
agreement with the Borisov and Walker (2000) data using
identical analytical techniques for the determination of
the Os concentration (ID-NTIMS), while the present three
data points are situated on the upper limits of the data set
determined by Borisov and Walker (2000).
Starting from the highest fO2 conditions, Dmet=sil
Os in the

present study and Borisov and Walker (2000) increase with
decreasing fO2. From the slope of Dmet=sil

Os in dependence on
log fO2, both data sets favour predominantly Os3+ as main
species dissolved inside the silicate melt. Below a threshold
of log fO2 = �8.3, determined Dmet=sil

Os are dominated by the
nanonugget problem. This results in a termination of the
previously observed trend of Dmet=sil

Os with decreasing fO2,
while lowering the determined Dmet=sil

Os by about one order
of magnitude. This is accompanied by an increase of the
scatter in the obtained data by roughly one order of mag-
nitude, without showing any further evidence for a depen-
dence on fO2 whatsoever.

Extrapolation of the obtained data to core relevant fO2

conditions (Os3+, IW-2; 3000 K: under the assumptions
and neglections mentioned above) result in a DFe liq;1=sil

Os ¼
1:5� 105, and therefore slightly lower than the above
mentioned calculations. However, results of all studies
remain between 2 and 4 orders of magnitude higher in
comparison to values required for core-mantle equilibrium
(DFe liq;1=sil

Os ¼� 103).
Nevertheless, it should be emphasised that temperature,

in particular, is potentially a very important variable be-
side changes in pressure, silicate and sulfide melt composi-
tion, which could change the metal/silicate melt
partitioning of HSE (e.g., Walter et al., 2000) if very high
temperature conditions for magma ocean scenarios are as-
sumed. On the other hand, results from Borisov and
Palme (1997) showed that Pt solubility increases only
slightly with increasing NBO/T (increasing NBO/T from
�0.5 to �1.3 leads to an increase in the solubility of Pt
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of only �0.2 log-units), and Ertel et al. (in press) and
Holzheid et al. (2000) demonstrated, that pressure has
not the decreasing effect on metal/silicate melt partitioning
of Pt, as was expected.

Assuming, that Os exhibits a similar behaviour to that
of Pt in respect to pressure, temperature and melt compo-
sitional effects, the present data and data from previous
studies indicate, that high-pressure/high-temperature
core-mantle equilibrium during accretion of the Earth
cannot explain the absolute elemental depletions in the
Earth�s mantle. Moreover, in the hypothesis of such an
equilibrium core formation, given the relative abundance
ratios of the highly siderophile elements in the Earth�s
mantle of approximately unity, the partition coefficients
of those elements extrapolated from solubility studies
should all result in similar values. The Fe liquid/silicate
melt partition coefficients reported for Pt and Rh in
Fortenfant et al. (2002) are 4.4 · 108 for Pt and
1.6 · 106 for Rh, respectively. The partition coefficients
of Os, Pt and Rh are then orders of magnitude different,
which is not coherent with equilibrium core formation.
This observation was already observed and pointed out
by studies of Fleet and Stone (1991), Fleet et al. (1991),
and Walter et al. (2000).

In summary, the abundances and relative chondritic ele-
mental ratios observed for highly siderophile elements in
the Earth�s mantle are, though, more likely to be formed
by the accretion of a late veneer of chondritic material after
core formation had already ceased.

6. Conclusions

Os solubility results obtained in the present study con-
firm the very highly siderophile character of Os with a sol-
ubility of 234 ppb at 105 Pa (= 1 bar), 1350 �C and
log fO2 = �7. For an oxygen fugacity higher than 10�8

bars, the solubility of Os in melt increases with increasing
oxygen fugacity. This behaviour is in perfect agreement
with a valence state of 3+ for Os in the melt. For an oxygen
fugacity lower than 10�8 bars, nanonugget contamina-
tion—shown by LA-ICP-MS and SEM analyses—has
affected the analysis leading to an overestimation of the sol-
ubilities of Os in the melt. Even applying the MAE tech-
nique of Dingwell et al. (1994) was not sufficient to
circumvent or avoid the nanonugget formation and its
problems on concentration determinations entirely. How-
ever, the present data at high oxygen fugacities (above
log fO2 = �8) are about 0.7 log units below previous stud-
ies, using as well a bulk analytical technique, and extending
reliable equilibrium values of Os to even lower concentra-
tion levels. Equally critical is the analytical method chosen:
for HSE studies, spot analytical techniques like LA-ICP-
MS are preferable due to its ability to avoid nanonuggets
during concentration determinations. However, attempted
analyses failed based on the too high Os background signal
(already on ppb-level) of the existing Os standards for LA-
ICP-MS. Analytical improvements (either of LA-ICP-MS
sensitivity or development of a new microanalytical tech-
nique able to analyse sub-ppb concentrations of HSE are
now required if accurate solubility data for Os and other
HSE) are to be obtained. For more reliable extrapolations
of metal/silicate melt partition coefficients of Os to condi-
tions, relevant for core formation, the still unknown effects
of variables like temperature, pressure and as well melt
composition have to be investigated in future experiments
to enable a more thorough discussion about accretion sce-
narios for Earth and other terrestrial planets.
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