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Abstract

We have performed metal solubility and olivine–melt partitioning experiments to understand the behaviour of iridium,

osmium and gold during crust–mantle differentiation. All experiments were performed metal-saturated, with molten gold added

to suppress nugget formation. Coexisting olivine and iron-bearing basalt glass produced in experiments at 1 bar (105 Pa), 1260–

1350 8C and fO2 of FMQ+0.6 to +5.4 were analysed by laser ablation ICPMS. Olivine–melt partition coefficients (Ds) for Ir

increase from ~0.4 at FMQ+5.4 to ~2 at FMQ+2.5, with the latter value being consistent with the behaviour of Ir in lavas that

have evolved by olivine fractionation. The increase in DIr with decreasing fO2 is consistent with an increase in the relative

proportion of Ir2+ in the melt, as it has an estimated ionic radius close to the bstrain-freeQ value for octahedral coordination in

olivine. Gold is highly incompatible in olivine (D =1�2�10�3 or less), consistent with its relatively large ionic radius in the

Au1+ oxidation state. This, together with our previous measurements of olivine–melt partitioning for Pt, Pd, Ru and Rh,

indicates that olivine-equilibrated melts will have depletions in Ir, Rh and Ru relative to Pt, Pd and Au, consistent with that

measured in primitive, sulfur-poor magmas. Our data provide an upper bound on Os solubility in silicate melt of 10 ppb at

FMQ+0.6, even though Os partition coefficients could not be measured. The solubility of Os, Ru and Ir in silicate melt is

comparable to the concentrations of these elements in primitive, sulfur-poor magmas, suggesting they could be metal-saturated.
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1. Introduction

Owing to their refractory nature, and unique geo-

chemical affinity, the highly siderophile elements

(HSEs) have found widespread use as tracers of pla-

netary differentiation and evolution. Their behaviour is

potentially complex, however, as it is not always clear
tters 237 (2005) 855–872
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which phases control HSE distribution, with such

information often derived empirically (e.g., [1–4]). In

mafic and ultramafic igneous systems, olivine is often

considered a host for Ir, Os and Ru [1–10]), whereas

Pt, Pd, Re and Au are considered to be excluded from

the olivine structure [1,3,11]. This behaviour has been

confirmed for Ru, Pt, Pd and Re by previous experi-

mental work [12,13]. Conflicting data exist for Os and

Ir, however, and it is now demonstrated that these

elements do not always behave compatibly during

olivine crystallisation [11,14–17]. Further, the abun-

dance of Os, Ir and Au in olivine separates can be

extremely low, and highly variable [18–20], suggest-

ing that element bconcentrationsQ may indeed be con-

trolled by variable amounts of inclusion phases (e.g.,

[21–23]). Accordingly, a detailed understanding of the

olivine–melt partitioning of Ir, Os and Au provides the

necessary data to evaluate the role of this mineral in

controlling the distribution of these elements during

melting and solidification.

In the work presented here, we have sought to

determine the abundances of Ir, Os and Au in olivine

and quenched basaltic melt from high temperature

experiments saturated in these metals. Concentration

data confirm that Ir is compatible in olivine relative to

silicate melt, and that Au is excluded from the olivine

structure. The very low abundance of Os in run-product

phases precludes an estimate of olivine–melt partition-

ing, but further affirms the conclusions of Borisov and

coworkers [21–23] that other carrier phases, such as

Os-bearing alloy, could be important in controlling Os-

behaviour in sulfide-undersaturated igneous systems.
2. Experimental techniques

2.1. General

Experiments were performed on samples consisting

of a synthetic basalt oxide mixture (corresponding to

the Ol+3.1 melt composition of Brenan et al. [12]) plus

a premelted bead consisting of gold plus iridium or

osmium, held in crucibles fabricated from San Carlos

olivine (SCO). To avoid contamination from other

noble metals, the basalt composition was not pre-

fused, and melt homogenisation occurred during the

initial isothermal soak that preceded the olivine growth

step (see below). Both iridium and osmium have much
higher melting temperature and low mutual solubility

with gold (summarized in [24]), so at run conditions the

bead consisted of iridium or osmium crystals sur-

rounded by molten gold. In previous reconnaissance

experiments, we found that gold preferentially wets Ir

and Os relative to silicate melt, so we employed this

technique to prevent the formation of Ir or Os nuggets

within the silicate melt, which are a well-known source

of analytical difficulty in experiments involving highly

siderophile elements [25–28]. Experiments were also

doped with a suite of trivalent elements (Sc, and rare

earth elements; REEs), so as to assess element parti-

tioning in the context of the Blundy/Wood/Beattie

elastic strain model.

2.2. Gas-mixing experiments

All experiments to measure Ir solubility and parti-

tioning were performed using a vertical tube furnace

modified for control of fO2 by gas mixing. Experi-

ment temperatures were monitored using a ceramic-

sheathed Pt–Pt10%Rh thermocouple calibrated

against the melting point of gold. Control of gas

mixtures was achieved using calibrated flow meters;

furnace fO2 was monitored using a Y-doped zirconia

oxygen probe (Australian Oxytrol Systems, Ltd.). We

did experiments using pure CO2, and mixtures of Air–

N2, N2–CO2 and CO–CO2, achieving a range in log

fO2 from �1.5 to �4.4, corresponding to DFMQ of

+5.4 to +1.4 at final run temperatures. Olivine cruci-

bles were suspended in the furnace from the hooked

end of a silica rod using a Pd wire hanger; since Pd is

largely immiscible with Ir nearly constant activity of

these metals is maintained during an experiment, even

if the hanger and melt come into contact. Experiments

were executed by withdrawing the glass rod to the top

of the furnace tube, then sealing the furnace and

commencing gas flow. After 20–30 min the sample

was lowered manually into the predetermined hot

spot, and remained there for the experiment duration.

The time–temperature history employed in experi-

ments was designed to promote the growth of large

olivine crystals from a melt whose Ir content was

homogeneous. To facilitate melt homogeneity, sam-

ples were first subject to an isothermal bsoakQ at 1400
8C, for durations of 48–128 h. After this step, olivine

growth was promoted by cooling to 1350 8C at 608/hr,
holding for one hour, then cooling at 18/hr to 1335 8C.
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At the end of the cooling step, experiments were

terminated by removing the bottom furnace seal and

plunging the sample into cold water.

The above-described experimental technique used

starting compositions in which the initial melt con-

tained negligible amounts of Ir. It is possible that

some olivine growth could occur during the early

part of the isothermal soak step, at a time when the

glass composition is still evolving. Therefore, it is

important to determine if olivine growth occurs after

the melt has reached the concentration now repre-

sented by the quenched glass. As a test for this, we

also did an experiment in which the melt initially

contained ~600 ppb Ir in solution. Given that metal

solubilities increase substantially with increasing fO2,

an elevated iridium concentration was accomplished

by first subjecting a sample to high fO2 conditions.

Experiment bIrAu revQ was initially soaked at 1400 8C
and log fO2 of �1.5 for 48 h, then the fO2 was

lowered to log fO2 of �3.1 and the experiment was

run with the same time–temperature history as other

forward experiments.

2.3. Evacuated silica tube experiments

Owing to the high volatility of Os, experiments

involving this element were vacuum-sealed in thick-

walled (10 mm OD, 4.1 mm ID) fused silica ampoules

along with an oxygen buffer consisting of powdered

nickel+nickel oxide (NNO). The olivine crucible was

placed on a thin (~1 mm) silica disk immediately

above the buffer assemblage. Experiments were done
Table 1

Summary of experiments

Expt. IDa PGE added Tsuperliq tsuperliq Tfinal

(h)

IrAu-1.5b Ir 1400 48 1340

IrAu-2.5 Ir 1399 128 1338

IrAu-3 Ir 1399 96 1338

IrAu revc Ir 1408 96 1347

IrAu-4.4 Ir 1400 94.5 1343

OsAuNNO5 Os 1400 40 1260

OsAuNNO6 Os 1350 112.5 1350

OsAuNNO7 Os 1350 74 1350

a All samples contained in San Carlos olivine crucibles. OsAuNNO5, 6 a

other samples hung by Pd wire with fO2 controlled by gas mixing.
b log fO2 with respect to the FMQ buffer, calculated at the final run tem
c Sample run for 48 h at 1400 8C, log fO2=�1.5, then rerun at log fO2
in a bottom-loading box furnace in which the silica

tube was placed upright in an alumina crucible on the

furnace hearthplate, and temperature was monitored

using a calibrated Pt–Pt10%Rh thermocouple located

immediately above the sample. Experiments were ter-

minated by lowering the furnace floor, then plunging

the sample into cold water. With this method, we did

isothermal soak experiments at 1350 8C, and an oli-

vine growth experiment similar to that described

above, terminating at 1230 8C, corresponding to log

fO2 values of �6.2 and �7.1, respectively, or

FMQ+0.6. A summary of all experiments is provided

in Table 1.
3. Analytical techniques

Run products were mounted in 1W polycarbonate

rounds and backfilled with epoxy. After setting, the

mount was ground with SiC, and polished with alu-

mina, then colloidal silica. Major element analysis

was performed using the Cameca SX50 electron

microprobe at the University of Toronto. Conditions

used to analyse run-product silicates were 15 kV

accelerating voltage and beam currents of 10 nA for

glass or 50 nA for olivine. Standards for analysis were

natural basalt (Si, Al, Mg, Fe, Ca), albite (Na), bus-

tamite (Mn), and pentlandite (Ni). The metal phase in

run products was analysed for Os, Ir, Pd, Fe, Ni and

Au using a 20 kV accelerating voltage and 30 nA

beam current. Standards for analysis were pure metals

(Os, Ir, Pd, Fe, Ni) or Au–Ag alloy (Au). For all
t total Log fO2 DFMQb Other dopants

(h)

65 �1.5 +5.4 Sc, Sm, Tb, Yb

145 �3.1 +3.8 Sc, Sm, Lu

113 �4.2 +2.7 Sc, Sm, Tb, Yb

113 �1.5, �3.1 +5.4, +3.8 Sc, Sm, Tb, Yb

111.5 �4.4 +2.5 Sc, La

65 �7.1 +0.6 Sc, Tb, Yb

112.5 �6.2 +0.6 None

74 �6.2 +0.6 None

nd 7 were run in evacuated silica tubes with Ni+NiO as a buffer, all

perature.

of �3.1 for the time and temperature specified.



Table 2

Summary of glass and olivine analyses

Expt. ID Phase na SiO2
b Al2O3 CaO MgO FeO NiO MnO Na2O Total Fe3+ /Fe2+, c KD Fe–Mgd

IrAu-1.5b Glass 15 47.37(0.3) 8.01(0.16) 6.22(0.12) 16.22(0.2) 19.66(0.28) 0.07(0.03) 0.18(0.03) 1.09(0.04) 98.82 0.99 0.29

Olivine 17 42.45(0.18) 0.08(0.02) 0.12(0.01) 51.18(0.27) 6.01(0.12) 0.44(0.01) 0.11(0.01) 0.02(0.01) 100.4

IrAu-2.5 Glass 18 47.03(0.26) 7.57(0.11) 6.79(0.1) 16.64(0.17) 20.04(0.24) 0.07(0.02) 0.2(0.04) 0.36(0.03) 98.7 0.56 0.33

Olivine 15 41.56(0.14) 0.08(0.01) 0.14(0.01) 48.49(0.33) 9(0.25) 0.4(0.03) 0.12(0.02) NA 99.81

IrAu-3 Glass 15 52.01(0.23) 9.7(0.1) 8.73(0.12) 15.79(0.17) 13.14(0.28) 0.07(0.03) 0.15(0.03) 0.6(0.04) 100.18 0.24 0.34

Olivine 16 41.37(0.21) 0.06(0.01) 0.19(0.03) 48.15(0.46) 9.09(0.55) 0.51(0.05) 0.1(0.01) 0.02(0.01) 99.48

IrAu rev Glass 17 47.68(0.4) 7.51(0.07) 6.71(0.13) 15.98(0.19) 20.21(0.28) 0.07(0.03) 0.19(0.03) 0.44(0.02) 98.95 0.42 0.31

Olivine 13 41.1(0.22) 0.07(0.01) 0.14(0.01) 47.17(0.35) 10.09(0.43) 0.42(0.02) 0.13(0.01) 0.02(0.01) 99.13

IrAu-4.4 Glass 16 52.47(0.32) 10(0.11) 8.79(0.09) 16.24(0.22) 11.78(0.25) 0.06(0.03) 0.15(0.03) 0.49(0.04) 99.98 0.21 0.35

Olivine 15 41.5(0.47) 0.06(0.03) 0.18(0.01) 48.62(0.68) 8.69(0.37) 0.42(0.02) 0.1(0.01) NA 99.58

OsAuNNO5 Glass 15 52.73(0.66) 13.27(0.09) 8.23(0.13) 10.86(0.11) 12.27(0.23) 0.53(0.03) 0.22(0.04) 0.34(0.04) 100.07e 0.08 0.30

Olivine 9 39.90(0.20) 0.08(0.02) 0.12(0.02) 42.09(0.63) 12.20(0.83) 4.51(0.37) 0.17(0.03) NA 99.13

OsAuNNO6 Glass 12 51.45(0.50) 10.28(0.13) 9.20(0.27) 16.49(0.18) 12.25(0.33) 0.37(0.04) 0.12(0.04) 0.13(0.04) 100.09

OsAuNNO7 Glass 12 51.21(0.54) 10.57(0.17) 9.49(0.15) 16.22(0.21) 11.59(0.23) 0.72(0.04) 0.10(0.03) 0.15(0.04) 100.31

a n =number of points analysed.
b Number in parentheses is the 1r error based on n analyses.
c Fe3+ /Fe2+ (molar) in melt calculated for T, fO2 of experiment using formulation of Kilinic et al. [30].
d Molar (Fe /Mg)olivine / (Fe /Mg)melt, equilibrium value is 0.280.32 [31].
e Analysis includes 1.60(0.15) wt.% TiO2.
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Table 3

Trace element concentrations (ppm) and olivine/melt partition coefficients

Expt. ID Log fO2 T Aua Phase or ratio n Scb La Sm Tb Yb Lu Au Ir Os

IrAu-1.5b �1.5 1340 Au93Ir1Pd6 Glass 3 74(1) – 17(0.4) 52(3) 82(2) – 12.3(0.3) 0.60(0.02) –

Olivine 1 9.0 – b0.02 0.21 1.27 – b0.01 0.26 –

Olivine /melt – 0.12 – b0.0012 0.0040 0.015 – b0.0008 0.43 –

IrAu-2.5 �3.1 1338 Au68Pd32 Glass 4 94(5) – 2.2(0.4) – – 102(4) 2.7(0.2) 0.079(0.006) –

Olivine 4 11.0(0.5) – 0.0013

(0.0008)

– – 2.2(0.1) b0.02 0.049(0.006) –

Olivine /melt – 0.12(0.01) – 0.00059

(0.00039)

– – 0.022

(0.001)

b0.0074 0.62(0.09) –

IrAu-3 �4.2 1338 Au91Ir1Pd8 Glass 3 107(2) – 2.2(0.1) 63(5) 119(3) – 2.13(0.03) 0.0025(0.0005) –

Olivine 3 10.5(0.5) – 0.0039c 0.191

(0.003)

1.49(0.07) – 0.0051

(0.0023)

0.0067(0.0012) –

Olivine/melt – 0.10(0.01) – 0.00018

(0.00001)

0.0030

(0.0003)

0.013

(0.001)

– 0.0024

(0.0011)

2.7(0.7) –

IrAu rev �3.1 1347 Au92Pd8 Glass 3 54(2) – 4.1(0.1) 51(4) 60(2) – 3.5(0.1) 0.035(0.009) –

Olivine 4 6.7(0.2) – 0.0015

(0.0004)

0.122

(0.002)

1.04(0.05) – 0.0025

(0.0006)

0.017(0.001) –

Olivine /melt – 0.12(0.01) – 0.00035

(0.00010)

0.0024

(0.0002)

0.017

(0.001)

– 0.00071

(0.00017)

0.49(0.13) –

IrAu-4.4 �4.4 1343 Au90Pd10 Glass 4 8(1) 0.36(0.05) – – – – 2(1) 0.0048(0.0022) –

Olivine 4 1.4(0.1) 0.00056 – – – – b0.004 0.0083(0.0029) –

Olivine /melt – 0.18(0.03) 0.0016

(0.0002)

– – – – b0.002 1.7(1.0) –

OsAuNNO5 �7.1 1260 Au95Ni5 Glass 5 160(7) – – 179(12) 210(14) – 0.86(0.16) – b0.0048

Olivine 1 15.4 – – 0.36 2.33 – 0.17 – b0.06

Olivine /melt – 0.096(0.004) – – 0.0020

(0.0001)

0.011

(0.001)

– b0.20 – –

OsAuNNO6 �6.2 1350 Au97Fe0.3Ni2.2 Glass 5 – – – – – – 1.9(0.1) – b0.010

OsAuNNO7 �6.2 1350 Au96Fe0.3Ni3.4 Glass 5 – – – – – – 2.1(0.1) – b0.010

a Atomic percent in Au melt (other elementsb0.1 at.%).
b Number in parentheses is the 1r error based on n analyses.
c Analyses with no standard deviation represent the lowest value of multiple determinations.
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analyses, raw count rates were converted to concen-

trations using a modified ZAF data reduction scheme.

A summary of the major element composition of glass

and olivine is provided in Table 2. The composition of

the Au melt is provided in Table 3, and the results of Ir

and Os analysis are discussed below.

Trace elements were determined using the laser

ablation ICP-MS facility in the Department of Geology

at the University of Maryland. This system employs a

frequency quintupled Nd:YAG laser operating at 213

nm, coupled to an Element 2 magnetic sector ICP-MS

(ThermoElectron), with He flushing the ablation cell to

enhance sensitivity [29]. Conditions for laser ablation

analyses (e.g., spot size, beam irradiance, repetition

rate) of the phases analyzed in this study were opti-

mized for each sample, depending on element concen-

tration and photon-coupling characteristics. Wherever

possible large spot sizes (e.g., ~150 Am) were used for

samples having the lowest concentrations of Ir and Os.

Factory-supplied time resolved software was utilized

for the acquisition of individual analyses. A typical

analysis involved ~20 s of background acquisition with

the ablation cell being flushed with He, followed by

laser ablation for 40–80 s, corresponding to a sampling

depth of ~40–80 Am (as measured in sample cross-

section). Analyses were collected in a sequence, with

the first and last three spectra acquired on standard

reference materials (SRM). When possible, 3 to 4

analyses were done on each phase. SRMs employed

include NIST 610 and 612 silicate glasses and bin
houseQ standard JB-sulfide, a NiS bead containing

380 ppm Ir and 360 ppm Os. Ablation yields in differ-

ent phases were corrected by referencing to the known

concentration of an element as determined previously

by electron microprobe analyses. Ca was used as the

reference element for silicate glass and Ni for olivine;

this method also provided precise Ni data for the

glasses that in turn provided a correction to ablation

yields when using the sulfide standard. As a check for

interfering isobars, element concentrations were deter-

mined using multiple isotopes, when possible. The

following isotopes were used to determine element

concentrations reported in this study: 45Sc, 159Tb,
173Yb, 175Lu, 189Os, 193Ir, 197Au.

We also did a series of calibration analyses for Ir

and Os on a variety of silicate glasses, olivines, sul-

fides, kamacites and taenites to evaluate the precision

and accuracy of the method used in this study.
Meteoritic samples, include co-existing kamacite,

taenite, and troilites from Canyon Diablo, taenite

from Nedagolla and Hoba, coexisting kamacite, tae-

nite and olivines from Milton and Eagle station and

kamacite from Coahuila, were analyzed. Other mate-

rials include steels NBS 809b and NIST 1158. These

analytical experiments provide data on background,

isobaric interferences and detection limits and also

demonstrated a lack of matrix dependency at the

level of precision of these analyses (F1r at circa

5% to 25%). The limits of detection for Os and Ir in

olivine and glass depend on the specific conditions

of analysis, and when optimised, can be as low as

100 ppt (3r above background). A summary of the

trace element content of glass and olivine and calcu-

lated olivine/melt partition coefficients is provided in

Table 3.
4. Results and discussion

4.1. Textural observations

The textural development of run-product phases

from an experiment done in the gas-mixing furnace is

portrayed in Fig. 1. Olivines produced in such experi-

ments are relatively large (100+Am), in some cases

blanternQ shaped, and generally euhedral, with occa-

sional glass inclusions. Olivine crystals extend from

the walls of the crucible, separated by a narrow septum,

or occur as isolated phenocrysts. Olivines produced in

the evacuated silica tube experiment are somewhat

smaller (25–60 Am), although the overall morphology

is similar. All experiments reported in this paper

remained saturated in Ir+Au or Os+Au as evidenced

by the presence of these phases in sectioned run-pro-

ducts. Iridium and osmium occur as subhedral crystals

completely immersed in a globule of quenched gold

melt. Ir crystals are typically 10–50 Am in diameter,

whereas Os crystals are in the 1–5 Am size range.

4.2. Alloy compositions

Electron microprobe analyses of Ir crystals in run

products show less than 0.1 wt.% Au, Fe, Ni or Pd,

indicating that the activity of Ir in our experiments

was unity. Os crystals were much more difficult to

analyse, owing to their very small size, and conse-



Fig. 1. a) Backscattered electron image of the sectioned olivine

crucible from experiment IrAu-2.5 showing the quenched Fe-bear-

ing silicate melt (=glass) and olivine phenocrysts (=new growth

olivine). Circular features correspond to areas ablated for ICP-MS

analysis. b) Secondary electron image showing a closeup of the

white rectangular region in a) containing the Ir–Au bead. High

relief, subhedral iridium crystals are immersed in quenched gold

melt. No iridium crystals were found isolated from the Au bead,

indicating preferential wetting of the iridium by the gold relative to

the silicate melt.
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quently all analyses contain some Au, which presum-

ably is derived from X-rays generated in the surround-

ing melt. The bcleanestQ Os analyses yielded ~5 wt.%

Au, so we assume that the activity of Os in our

experiments is also near unity. The quenched Au

melt contained minor abundances of Os, Ir, Fe and

Ni (1 wt.% or less), but variable, and somewhat ele-

vated abundances of Pd (to a maximum of 20 wt.% in

experiment IrAu-2.5a; Table 3) in samples run in the

gas-mixing furnace. In those experiments, the sample

was hung by a Pd wire attached to the olivine crucible,

so some Pd diffused into the crucible through the thin

selvage of melt present on the crucible surface, or

lining throughgoing cracks in the crucible wall.

4.3. Major element equilibrium

Electron microprobe analyses across individual

olivines reveal them to be homogeneous, as the
standard deviation in analyses are generally similar

to errors from counting statistics. Glass analyses from

analytical traverses both across and down the length

of a run-product reveal the same level homogeneity.

Such results are also confirmed by the reproducibility

of the minor element (Ca, Mn and Ni) content of

crystals and glasses measured by LA–ICP-MS. In

addition to phase homogeneity, phenocryst–melt

equilibrium appears to be achieved, as judged by

major and minor element partitioning systematics.

Using the formulation of Kilinc et al., [30], we

calculated the FeO and Fe2O3 abundances in run-

product glasses from the total FeO measured by

electron microprobe. The olivine–melt FeO–MgO

exchange coefficient was then calculated for coexist-

ing phenocryst–glass pairs (Table 2), and all values

are close to the canonical value of 0.30F0.02 deter-

mined by Roeder and Emslie [31]. Olivine–melt

partition coefficients for calcium are also in agree-

ment with the equilibrium value of 0.021 determined

by Jurewicz and Watson [32].

4.4. Trace element behaviour

4.4.1. Phase homogeneity

Examples of time-resolved ICP-MS spectra for

glass and olivine are provided in Fig. 2. In general,

both phases show a homogeneous distribution of Sc,

Tb, Yb and Lu, as judged by the uniform count rates

for these elements with ablation time (=depth into

sample). The light rare-earth elements La and Sm are

highly incompatible in olivine, and as a result are good

tracers of melt contamination in the olivine analyses.

Au concentrations in run-product glasses are uniform,

whereas Au abundances in olivines are very low (Fig.

2a), but in some cases show variation which correlates

with La or Sm. We attribute this heterogeneity to the

presence of a small amount of melt contamination in

the ablated area and reported concentrations are deter-

mined for only those olivine domains having the low-

est La or Sm contents. Partition coefficients for La and

Sm are based on the lowest concentration measured in

olivine crystals from a specific experiment. Phase

homogeneity for Ir was encountered over the range

of fO2 investigated (Fig. 2b,c), despite decreases in

metal content arising from reduced solubility at lower

fO2. Occasional Ir alloy inclusions were encountered,

but they occurred as short duration, high intensity
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aberrations in an otherwise uniform time-resolved pro-

file. Such features were easily avoided during the data

reduction procedure.

The silicate phases produced in Os-saturated

experiments yielded count rates for Os that were

usually at background values, corresponding to Os

concentrations in glass at or below 10 ppb and in

olivine below 60 ppb. As was the case for iridium,

the time-resolved spectra for Os-saturated glass sam-

ples was sometimes punctuated by discrete Os-rich

domains (Fig. 2d), but other areas of the same sample

were free of heterogeneities; minimum concentrations

reported in Table 3 are for only those portions of the

glass spectra with low and uniform count-rates. The

presence of Os-rich domains is similar to that reported
previously by Brenan et al. [12] for Os-saturated

glasses from gold-free experiments, although the

glasses from the present study contain far fewer Os

bspikesQ. Signal heterogeneity was also reported by

Ertel et al. [25,26] for Rh, Pt and Re-saturated glasses

equilibrated at low fO2, and this behaviour was inter-

preted to be due to the ablation of undissolved metal

micronuggets during sample analysis. Lindstrom and

Jones [28] also attributed the Ir heterogeneity in bulk

experimental run-products analysed by INAA as aris-

ing from small amounts of dispersed metal. Inasmuch

as the Os content of run-product glasses or olivine are

undetectable, olivine–melt partition coefficients for

this element cannot be determined. However, as dis-

cussed below, the low Os solubilities implied by our
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data have implications for possible Os hosts in natural

magmatic systems.

4.4.2. Trace element equilibrium

The generally homogeneous distribution of Sc,

REEs, Au and Ir within run product phases is an

important observation in support of phase equili-

brium. However, a concern arises because some stu-

dies have shown that metal-silicate melt equilibrium

can be sluggish (e.g., [25–27]), therefore it is impor-

tant to determine whether the metal content of the

melt has reached an equilibrium value such that oli-

vines sample a uniform reservoir during growth. The

lack of metal zonation in olivines certainly suggests

that melt metal contents were probably uniform dur-

ing growth, and we have also successfully reproduced

partition coefficients for Ir by synthesis paths invol-

ving large changes in melt metal content. Experiment

bIrAu revQ involved subjecting the melt to high fO2,

hence dissolving high Ir concentrations (~600 ppb

based on the results of IrAu-1.5b), then low fO2, in

which the melt metal content decreased to 35 ppb. The

two-stage experiment yielded similar melt metal con-

tents and identical partition coefficients as the forward

experiment done at lower fO2 (IrAu-2.5a; Table 3).

This result is also consistent with the findings of

Brenan et al. [12], who showed that Ru and Pd

partitioning could also be reproduced following

changes in fO2 in experiments of similar duration.

In addition to reproducibility by different synthesis

paths, Brenan et al. [12] found that partition coeffi-

cients for Rh and Pd are the same for experiments in

which the melt homogenisation step lasted from 24–

135 h, which overlaps with the homogenisation time-

scale of our experiments.

4.4.3. Comparison with previous metal solubility

determinations

Comparison of Ir, Au and Os solubilities measured

in our experiments with those determined previously

are provided in Fig. 3. With the exception of the work

on Ir solubility by Amosse et al. [33], which

employed an Fe-bearing basalt analogue, all previous

solubility determinations for these elements used an

Fe-free diopside–anorthite eutectic composition. Our

iridium solubilities are in good agreement with values

measured by Borisov and Palme [34] involving

experiments done at 1300 and 1480 8C (Fig. 3a),
although our results extrapolate to lower solubility

with decreasing fO2 (see discussion of this below).

Ir solubilities reported by O’Neill et al. [27] for

experiments done at 1400 8C are ~10� higher than

those measured in this study, or by Borisov and Palme

[34], although the solubility–fO2 trend is generally

similar. The origin of this difference is unclear,

although O’Neill et al. [27] used a stirred crucible

technique, whereas our experiments, and those of

Borisov and Palme [34], were static. Perhaps the

stirred crucible technique maintains small particles

in suspension, which are subsequently included in

the bulk analysis. Results reported by Amosse et al.

[33] for experiments run at 1430 8C show that Ir

solubility increases with decreasing fO2. Their expla-

nation for this apparently anomalous behaviour is that

Ir dissolves as a neutral complex in silicate melt, and

that this dissolved species reacts with oxygen to pro-

duce an oxide film on the Ir metal surface (so-called

passivation). This model predicts that the Ir solubility

should increase with decreasing fO2, then level off at a

value of ~10 ppm at log fO2 of �8 and below [35].

Despite the possibility of trapped Ir particles sampled

during bulk analysis, neither Borisov and Palme [34]

nor O’Neill et al. [27] measured Ir solubilities that

approach such high values in that fO2 range. The

reduction in solubility with decreasing fO2 measured

in this and previous studies imply that Ir is reacting

with oxygen to dissolve as a metal oxide species (cf.,

O’Neill et al. [27]). This type of solution behaviour

has now been documented for most of the highly

siderophile elements [21,25–27,36–38] in Fe-free sys-

tems, and some results have been confirmed for Fe-

bearing compositions (this study; [12]). The results of

Amosse et al. [33] imply a completely different solu-

tion mechanism, and given the general similarities

amongst previous studies in experiment design and

execution, the origin of this discrepancy is unclear.

Our Au solubility data show good agreement with

values determined by Borisov and Palme [38],

although in detail, some of our values appear to be

lower than their solubility–fO2 trend. This could

reflect that the molten Au in our experiments contains

some Pd (3–38 at.%), and we have not corrected our

solubilities to unit activity.

The Os solubilities ofV10 ppb we have measured

for melts coexisting with Os alloy are close to values

reported by Borisov and Walker [23] for experiments
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done over a similar range in fO2, at 1400 8C in which

samples were analysed by bulk techniques (Fig. 3c).

However, the latter results were obtained for melt

coexisting with Os5Ni95 alloy, so activity-corrected

glass concentrations will be 4–18 times higher

(depending on the solution model; Fig. 3c) for pure

Os. Relatively speaking, our maximum solubilities for

glass coexisting with OsN95 are lower than the satura-

tion values derived from the Borisov and Walker [23]

experiments. Although Os can be somewhat volatile

at the fO2 at which we did our experiments, sealing
the samples in fused silica ampoules has eliminated

volatility as a possible cause of the low solubilities we

have measured. This difference in Os solubility may

be a melt composition effect, or could possibly be an

analytical artifact. The diopside–anorthite eutectic

melt used by Borisov and Walker contains similar

Si, Al and Mg, but much lower Fe, and higher

amounts of both Ca and Ni compared to the composi-

tions produced in our study. It is conceivable that the

activity coefficient for Os is lower in the melt used by

Borisov and Walker [23] as a consequence of these
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compositional differences. Indeed, previous work has

shown that changes in melt composition may affect

the solubility of Pt [39] and Pd [40]. It is also possible

that the high values measured by Borisov and Walker

[23] are a consequence of glass contamination by Os-

rich inclusions. As described above, Os-saturated

glasses produced in this study contain Os-rich

domains, as observed during time-resolved analysis

(e.g., Figs. 2d and 3d of [12]). Inclusion of such

material in a bulk analysis obscure the low Os con-

centrations intrinsic to the glass, and overestimate the

Os solubility in such experiments. In conclusion, we

suggest that the maximum Os solubility measured in

our study is probably a better representation of Os

saturation levels in natural sulfur-free mafic melts,

given the close correspondence of our melts to natural

compositions. Further, we believe we have managed

to minimise the contribution of Os-rich material in

estimating solubilities.

4.4.4. Estimation of Ir and Au valence state from

solubility data

The above-described solubility–fO2 relations can

be used to estimate the valence state of Ir and Au in

molten silicate, which is useful for understanding

olivine–melt partitioning of these elements, as will

be discussed in Section 4.4.6. The reaction describing

the solution of metal (M) into silicate melt takes the

form:

Mmetal þ x=4O2 ¼ MOx=2;melt: ð1Þ

where MOx/2 represents the metal oxide species dis-

solved in the silicate melt, and x is the valence state of

M in solution. The equilibrium constant for this reac-

tion is:

Keq ¼
MOmelt

x=2

h i

Mmetal½ � fOx=4
2

ð2Þ

in which square brackets denote activity. For the pure

metal, [Mmetal]=1, and the activity of metal in the

melt can be related to its mole fraction (X) through the

activity coefficient (c). Taking the log of both sides

yields the expression:

logKeq ¼ logcmelt
M þ logXmelt

M � x

4
logfO2: ð3Þ
Assuming that the activity coefficient for metal in

the melt is a constant, then this value, log Keq and the

conversion between mole fraction and concentration

by weight (C) can be combined into a single constant,

to yield:

x

4
logfO2 ¼ constantþ logCmelt

M : ð4Þ

Thus the slope of a plot depicting log C as a

function of fO2 can be used to extract the valence

state. The Ir solubility data of O’Neill et al. [27]

yielded a slope of 0.5 in the oxidizing region (log

fO2 of �0.5 to �5) suggesting solution as Ir2+. Data

from Borisov and Palme [34] yielded variable slopes,

suggest the predominance of Ir3+ from log fO2 of

�0.7 to �4, then Ir1+ from log fO2 of �4 to �10.

O’Neill et al. [27] interpreted the lessening of slope in

the solubility vs. fO2 trend (Fig. 3a) at log fO2b�4 as

a result of sampling suspended microparticles during

bulk analysis. This effect has been evoked to explain

similar behaviour for Pt and Rh solubility [25], in

which melt heterogeneity was documented. Therefore,

we view the Ir1+ valence inferred by Borisov and

Palme [34] as possibly an artifact of inclusion sam-

pling at low fO2. The slope obtained in this study (0.8)

is similar to that determined by Borisov and Palme in

the oxidising region, and is consistent with a mixed

valence of at least 3+ and lower. Borisov and Palme

[38] calculated a slope of 0.25 from the Au solubility–

fO2 relation they obtained, consistent with Au dissol-

ving as a 1+species in the silicate melt. The Au

solubilities we measured are in accord with that result.

4.4.5. Olivine–melt partition coefficients

At log fO2 of �1.5 and �3.1, the partition coeffi-

cient for Ir is ~0.6, whereas the value increases to ~2

at log fO2 of �4 or less. This behaviour contrasts with

Sc, Tb and Yb, whose partition coefficients remain

constant with decreasing fO2 (Fig. 4a). Variation in

DIr with fO2 parallels that determined previously for

Rh and Ru [12], and indeed, partition coefficients for

Ir, Ru and Rh converge to similar values at the lowest

fO2 investigated. Partition coefficients for Au are

uniformly low (1�2�10�3 or less), with no apparent

change with fO2, although any relation is probably

obscured by the relatively low precision of these

measurements. The incompatibility of Au in olivine

that we have documented is consistent with the results
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of Righter et al. [13], who measured an olivine–melt

D for Au of 0.12 at log fO2 of –1.65 and 1300 8C.
Our previous work [12] and that of Righter et al. [13]

has shown that Pt, Pd and Re are moderately to

strongly incompatible in olivine (Fig. 4b), indicating

that olivine can fractionate the highly siderophile ele-

ments during melting and solidification.

In general, the partition coefficients we have mea-

sured are in reasonable agreement with values inferred

from natural samples. For example, based on correla-

tions between HSE abundance and MgO content of

komatiites, Brugmann et al. [1] estimated a value for
DIr of 1.8 and DAu of less than one. Somewhat lower

values for DIr of 0.8 and 0.35–0.5 in suites of primi-

tive, high MgO magmas, have been reported [3,4]. It

is important to note, however, that the accuracy of

partition coefficients for HSEs estimated from natural

samples can be compromised if discrete carrier

phases, such as Os–Ru–Ir alloy also co-precipitate

during olivine crystallization (as discussed below).

Thus, the reduction in Ir with decreasing MgO

observed in the Brugmann et al. study could be a

result of this effect. Also, the intrinsic Ir content of

olivine and bliquidQ compositions determined by

Puchtel and coworkers may be overestimated (to a

degree which is unknown), if analysed samples con-

tain included alloys.

4.4.6. Interpretation of the iridium and gold

partitioning data

It is now well-established that mineral–melt parti-

tioning of trace elements can be accurately modeled

with knowledge of elastic moduli for the host mineral,

the charge and ionic radius of the substituent ions,

along with partitioning data for the major element

these ions replace [41,42]. The basis for such models

is that the energetics of partitioning is dominated by

the amount of elastic strain associated with placing a

cation on a particular crystallographic site when the

radius of the cation differs from the optimal or bstrain-
freeQ radius for that site. Beattie [41] and Purton et al.

[43] demonstrated that olivine–melt partition coeffi-

cients for elements in VI-fold coordination adhere

well to the elastic strain model, with values decreasing

in proportion to their mismatch from the optimal

radius for the octahedral site (ro). In previous work

[12], we have shown that this model provides a

reasonable framework for understanding the olivine–

melt partitioning of Re, Ru, Rh, and Pd, although DPt

was much lower than predicted based on a 2+cation

charge. Despite this previous success, it is important

to note that the elastic strain model is unlikely to

provide a complete description of the olivine–melt

partitioning of HSEs, simply because the model impli-

citly assumes that bond formation involving substitu-

ent elements and oxygen is wholly ionic. This is not

the case for the HSEs in general, given the differences

in electronegativity between these elements and oxy-

gen is relatively small (~1), implying bonds that are

only 20–30% ionic [44]. In light of the predominantly
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covalent character of HSE–oxygen bonding, and the

involvement of d-shell electrons, it is also likely that

the energetics of partitioning could be influenced by

crystal field effects. For Au1+, which has a d10 outer

shell configuration, this effect may be minimal,

whereas it is possible that Ir2+, with a d7 outer shell

configuration, may achieve some measure of stability

(akin to Co2+) in octahedral coordination. Given a

partial ionic character of the HSE–oxygen bond, the

elastic strain model may provide a framework to

interpret the change in iridium partitioning with fO2

and the large fractionation of Ir from Au.

Accordingly, we use the Blundy–Wood version of

the elastic strain model, where the relation between

the partition coefficient, Di, for a particular cation of

radius ri, is expressed as:

Di ¼ Doexp � 4kENa ro=2 ro � rið Þ2
��

� 1=3 ro � rið Þ3
�
=RT

�
ð5Þ

in which Do is the value of the partition coefficient

corresponding to the optimal radius for substitution

into the olivine octahedral site, ro and E is the Young’s

modulus for the site. The optimal radius for the olivine

octahedral site, as calculated by Beattie [41] is 0.058

nm using the volume between bjust touchingQ spherical
oxygen atoms at the edges of an octahedron, and is the

value adopted here (cf. the value of 0.063 nm used by

Purton et al. [43]). The oxidation state of the HSEs in

silicate melts can be subject to some uncertainty, given

that such information is typically derived from the

variation in metal solubility with fO2 (as described

above). Not only is the interpretation of the solubi-

lity–fO2 relation highly dependent on the quality of the

solubility data, but the metals could be dissolved in

multiple valence states, which may change with fO2.

Based on the previous discussion, we have assumed

Ir2+ and Ir3+ as possible oxidation states over the fO2

range of our experiments. The ionic radius of Ir3+ in

VI-fold coordination is taken from Shannon and Pre-

witt [45,46], and that for Ir2+ is estimated by extra-

polating the Shannon and Prewitt [45,46] data

assuming a linear relation between ionic radius and

charge. The data obtained in our study are sufficient to

determine Do and E for 2+ and 3+ cations by regressing

a linearized form of Eq. (5) (note that data for La and

Sm partitioning are not used in these calculations, as
we consider these to be maximum quantities). These

values can in turn be used in combination with Eq. (5)

to calculate partitioning parabola for our experiments.

In Fig. 5 we compare the partition coefficient for Ir

corresponding to the ionic radius of both Ir2+ and Ir3+

with the predicted 2+ and 3+ partitioning relations. At

log fO2 of �1.5 and �3.1, both DIr3+ and DIr2+ fall

between the predicted values, whereas at log fO2 of

�4.2, DIr2+ is an excellent match with that calculated

for a 2+cation having the same ionic radius. In the

context of this model, the relatively large value of DIr

is a consequence of Ir2+ having an ionic radius close

to ro, which is the bstrain-freeQ value for octahedral

coordination. This result implies that Ir becomes more

compatible in olivine with decreasing fO2 because of

an increased proportion of Ir2+ in the melt. Our parti-

tioning data therefore suggests that Ir exists in mixed

2+ and 3+ valence states at high fO2. The high fO2

solubility data from Borisov and Palme [34], and that

obtained in this work, permit valence states of 3+ and

lower, consistent with the Ir partitioning systematics.

As outlined previously, Au solubility systematics

indicate the predominance of Au1+ in molten silicate,

which in VI-fold coordination has an ionic radius of

0.15 nm. The relation between Do and ionic charge

proposed by Wood and Blundy [47], combined with

values of Do for 2+ and 3+ cations measured in this

study, results in a Do for 1+ cations of ~0.25. An

estimate of E for 1+ cations in olivine can be derived

using Eq. (5) combined with previously published

data for olivine–melt partitioning [48], yielding a

value of ~110 GPa. The partition coefficient predicted

for Au1+ is ~10�15, which is a consequence of the

very large ionic radius of Au in this low oxidation

state. The partition coefficients we measured are

1�2�10�3 and less, so some values are not incon-

sistent with the very low D predicted for Au1+. It is

possible that the absolute partition coefficients of

1�2�10�3 we have measured reflect either some

contribution from melt to the olivine Au signal or the

presence of Au with a higher oxidation state in our

experimental system. As an example of the latter, the

ionic radius of Au3+ in VI-fold coordination is 0.99

nm [45,46], and the predicted partition coefficient is

~5�10�4, which is more similar to the values we

have measured. In either case, the Blundy–Wood

model accounts for the low partition coefficient for

Au as being due to the large difference in the size of
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the Au cation relative to the optimal value for octahe-

dral coordination.

4.4.7. Implications of the osmium solubility data

Minerals rich Os, Ir, and Ru, including laurite

(RuS2), and alloys such as rutheniridosmine (nomen-

clature of [49]), have been repeatedly observed as

inclusions in chromian spinel and ferromagnesian

silicates crystallized in rocks derived from mafic and

ultramafic magmas. The list of occurrences of laurite

and Os–Ir–Ru–rich alloys with this paragenesis is

extensive (e.g., ophiolites [50–53]; layered intrusions

[54–56]), with these phases nearly always being the

most abundant platinum-group minerals (PGM) pre-
sent. The common euhedral shape of Os–Ir–Ru

mineral inclusions, coupled with the occurrence of

chromian spinel, olivine and pyroxene included

within alloy grains (Heazlewood River Complex

[57]), suggests co-precipitation at magmatic condi-

tions. Such observations offer strong textural evidence

that laurite and/or alloy may be an early crystallizing

host for the PGEs during solidification of mafic and/or

ultramafic magmas [6,57].

Borisov and Palme [22] provided a comprehensive

summary of existing HSE solubility data, including an

assessment of the effects of T, fO2 and melt FeO

content. They showed that mantle-derived magmas

crystallizing at or below the FMQ buffer have HSE
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contents sufficient to be saturated in Ru+Ir-bearing

alloy. Data from our study provides an estimate of the

maximum Os concentrations in basaltic melts required

for saturation in osmium metal. The lowest solubility

we have measured (b10 ppb) corresponds to that

portion of a glass for which no heterogeneity in Os

content was encountered, and so we consider this

value as being closest to the intrinsic glass concentra-

tion limit. This maximum solubility is comparable to

those estimated for Ru and Ir at the same oxygen

fugacity [22], and given that there is extensive solid

solution in the Ru–Os–Ir system [24], it is plausible

that these elements will saturate as a multicomponent

alloy in natural magmas. However, owing to a very

limited database, there is still some uncertainty as to

how factors other than fO2, such as fS2, temperature

and melt composition, influence Os, Ir and Ru solu-

bility, so the inferences based on the existing experi-

mental solubility data should be viewed with caution.

The removal of an alloy containing Os, Ir and Ru

in a carrier phase like olivine could account for the

reduction of those elements with decreasing MgO, as

is typically observed in high MgO lava suites [1–4].

Many high MgO suites are also saturated in chromite,

which cannot only dissolve high concentrations of Ru

and Ir [13], but may also serve as a site of metal

saturation induced by local fO2 reduction by the pre-

ferential uptake of Fe3+ and Cr3+ into the chromite

structure [58,59]. If a magma is already close to

saturation, local reduction followed by metal entrap-

ment by chromite growth may also serve to remove

Ru, Os and Ir during differentiation. In terms of other

HSEs, Borisov and Palme [22] concluded that

although the solubilities of Au and Pd are too high

for metal saturation in primitive magmas, saturation in

Pt–Fe alloy is likely. The behaviour of Pt, Pd and Au

in sulfide-undersaturated primitive magmas is similar,

however, and all three elements increase in abundance

during progressive crystallization, as gauged by

decreasing melt MgO content [1–4]. Thus, these ele-

ments are incompatible in the crystallizing phase

assemblage. Clearly, the progressive increase in Pt

abundance during differentiation is inconsistent with

metal saturation and removal. Borisov and Palme [22]

have suggested that Pt metal formation in primitive

magmas may be inhibited by high fO2 in their source

regions, but the required value of FMQ+2 is at the

upper end of estimates for the source of komatiites
[60] and most terrestrial magmas [61]. Besides

increased fO2, other factors that have been shown to

enhance Pt solubility are melt depolymerization [39]

and increased fS2 [62]. The melt composition used in

the Pt solubility experiments on which the Borisov

and Palme conclusion is based [21] corresponds to the

diopside–anorthite eutectic, which has a non-bridging

oxygen/tetrahedrally coordinated cation ratio (NBO/

T) of ~1. For primitive, high MgO lavas of komatiite

composition, NBO/T is ~2, indicating such melts are

significantly less polymerized than those used in the

experiments. Although the sulfur fugacity at which

komatiites erupt is unknown, such magmas are clearly

sulfur-bearing, as base metal sulfides are a common

late-stage phase. Thus, it is possible that these factors

may serve to enhance Pt solubility sufficiently to

inhibit saturation.
5. Summary and conclusions

The results of our olivine–melt partitioning experi-

ments for iridium show an overall increase in parti-

tion coefficient with decreasing oxygen fugacity, and

that Ir becomes compatible in olivine at log fO2 of

�4.1. This increase in DIr is consistent with higher

levels of Ir2+ with decreasing fO2, as Ir in the 2+oxi-

dation state is close in size to the bstrain-freeQ radius
for partitioning onto the octahedral site in olivine.

The incompatibility of Au in the olivine structure is

consistent with the elastic strain model given the

large ionic radius of Au1+, relative to the optimal

strain-free radius. Combining this with our previous

results for Pt, Pd, Ru and Rh indicates that olivine-

equilibrated melts will have depletions in Ir, Rh and

Ru relative to Pt, Pd and Au. Such behaviour is

similar to that found for primitive, high MgO mag-

mas, which typically have Ir and Ru abundance

levels slightly less than values estimated for primitive

mantle, with Pt, Pd and Au being at or above primi-

tive mantle levels (e.g., [1–4]). We have also found

that the solubility of Os in silicate melt is very low,

similar to that for Ru and Ir, and close to the con-

centrations of these elements in primitive, sulfur-poor

lavas. The removal of an Os–Ru–Ir–bearing alloy

included in a mineral carrier phase like olivine or

chromite is a means of explaining the depletions of

these elements in more evolved compositions. How-
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ever, we consider this conclusion as tentative. A more

complete assessment of metal-saturation in natural

magmatic systems will require a better understanding

of the effects of factors like melt composition, T, and

fS2 on metal solubility in molten silicate.
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