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Abstract

We have performed partitioning experiments to assess the role of olivine in controlling the behavior of rhenium and
the platinum group elements (PGEs) during basalt petrogenesis. Olivines were crystallized from an iron-bearing basalt
at 1 bar (10° Pa) and log fO, of —2.6, —4.9 and —7.4 (FMQ +4.3, +2 and —0.5, respectively). In situ analyses of
olivine and glass by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) reveal a homogeneous
distribution of Ru, Rh, Pd, Re, and Pt, but significant Os heterogeneity at the um scale. This latter behavior arises
from the presence of undissolved Os micronuggets suspended in the melt, and included in olivine crystals. Olivine—
melt partition coefficients (Ds) for Re and the PGEs follow the order: Dry > Dry > Dpg ~ Dre ~ Dp¢. With decreasing
fO3, Rh and Ru become more compatible, with maximum partition coefficients of ~2.6 and ~ 2, respectively, at log
SO, of —4.9. In contrast, D values for Pd become smaller with decreasing fO,, to a value of ~0.006 at log fO, of
—7.4. Olivine-melt partitioning of Rh, Ru, Pd, Re and Pt derived from our experiments is confirmed by the behavior
of these elements in lavas that have evolved by olivine fractionation. An elastic strain model predicts the olivine-melt
partitioning of these elements, excepting our measured value of Dp¢, which is much lower. The fO, dependence on
partitioning implies that at higher fO, some portion of PGEs exist in higher valence states than predicted from their
solubility.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Rhenium and the platinum group elements
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to magmatic processes, this problem is particu-
larly acute, and although it is now well established
that sulfide or alloy phases concentrate Re and
the PGEs [1-6], the effect of primary liquidus
minerals on their behavior remains obscure.

In mafic and ultramafic igneous systems, olivine
is often considered a host for the IPGEs (iridium-
PGEs: Ir, Os, Ru [1,3,7-13]). Conflicting data ex-
ist, however, and it is now demonstrated that Os
and Ir do not always behave compatibly during
olivine crystallization [2,14-16], and that the
abundance of elements like Os and Ir in olivine
separates can be extremely low and highly vari-
able [17-19] — the latter suggesting that Os and Ir
‘concentrations’ may indeed be controlled by var-
iable amounts of Os+Ir-rich inclusion phases.
Whereas the IPGEs are compatible in olivine dur-
ing mantle melting, Re and the PPGE (the pala-
dium-PGEs: Pt, Rh, Pd) are incompatible
[2,7,21].

Primitive mafic and ultramafic magmas from
different tectonic settings are characterized by
subchondritic IPGE/PPGE ratios [3], and super-
chondritic Re/Os values [22]. The latter feature is
long-lived in crustal rocks and produces large dif-
ferences in the Os isotopic composition of crustal
and mantle rocks. Undepleted peridotites have
near-chondritic relative abundances of Re and
the PGEs [23], implying that the IPGEs are
more compatible than Re and the PPGEs during
partial melting. Accordingly, a detailed under-
standing of the relative olivine-melt partitioning
of Re and the PGEs could shed significant light
on the origin of the fractionation of these ele-
ments. To address this issue, we have performed
olivine-silicate melt partitioning experiments for
Re and the PGEs at oxygen fugacities approach-
ing those of natural magmas.

2. Experimental techniques

Experiments were performed using a vertical
tube furnace modified for control of fO, by gas
mixing. Experiment temperatures were monitored
using a ceramic-sheathed Pt-Pt10%Rh thermo-
couple calibrated against the melting point of
gold. Control of gas mixtures was achieved using

calibrated flow meters and furnace fO, was
checked using the iron content of palladium coex-
isting with magnetite as a sliding redox sensor [24]
and confirmed with a Y-doped zirconia oxygen
probe (Australian Oxytrol Systems). We did ex-
periments using pure CO;, and two different CO-
CO, mixtures, corresponding to log fO, of —2.6,
—4.9 and —7.4 (FMQ +4.3, +2 and —0.5, respec-
tively). These values are generally consistent with
those calculated from the gas flow rates using the
method of [25]. However, the theoretical log fO,
of pure CO; at the conditions of our experiments
is —3.3, and the higher value recorded in situ is
probably the result of impurities in the gas phase.

Samples consisted of a synthetic basalt oxide
mixture (modeled after the 401 diabase of [26])
plus Re or PGE metal added as a bead or pow-
der, and the melt-metal mixture was held in open
crucibles fabricated by drilling and coring single
megacrysts of San Carlos olivine (SCO; 6.5 mm
ODX2.5 mm IDX9 mm high and 5 mm hole
depth). So as to maximize the concentration of
Re and PGEs in run-product phases, only one
or two metals were added to an experiment. Ol-
ivine crucibles were suspended in the furnace from
the hooked end of a silica rod using a metal wire
hanger wrapped around the top of the crucible,
and up to three samples could be run together
using multiple hooks fused to the end of the
rod. Because the wire hanger invariably came
into contact with the melt during an experiment,
it was important to ensure that this communica-
tion did not result in substantial changes in the
activity of metals within the melt, as a conse-
quence of alloying. Hangers made from Rh or
Pt30%Rh wire were used for experiments contain-
ing those metals, whereas palladium was chosen
for samples containing Ru, Os and Re. Since Pd is
largely immiscible with Ru and Os (~ 3-9 wt% of
Pd dissolves in Ru or Os, and vice versa) nearly
constant activity of these metals is maintained
during an experiment. The extent of Pd—Re solid
solution is somewhat greater (~16 wt% Re dis-
solves in Pd) however, so Re was added as a Re-
Pd mixture that had been first annealed at 1400°C
and log fO; of —9.6 for 48 h.

Experiments were executed by withdrawing the
glass rod to the top of the furnace tube, then
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sealing the furnace and commencing gas flow.
After 20-30 min the sample was slowly lowered
into the predetermined hot spot, and remained
there for the experiment duration. The time-tem-
perature history employed in experiments was de-
signed to promote the growth of large olivine
crystals from a melt whose Re or PGE content
was homogeneous. To facilitate melt homogenei-
ty, samples were first subject to an isothermal
‘soak’ at 1400°C, for durations of 24-192 h. After
this, olivine growth was promoted by cooling to
1350°C at 60°/h, holding for 1 h, then cooling at
1°/h to 1335°C. Inasmuch as the trace element
content of the olivine is largely acquired during
growth (as opposed to much slower exchange by
isothermal volume diffusion), the experiment was
terminated at the end of the cooling step, which
involved removing the bottom furnace seal and
plunging the sample into an ice/water mixture.
The above-described experimental technique
used starting compositions in which the initial
melt contained negligible amounts of Re and
PGEs. As a test for olivine-melt equilibrium, we
also did some experiments in which the melt ini-
tially contained appreciable quantities of these el-
ements. Given that metal solubilities increase sub-
stantially with increasing fO,, high metal contents

were accomplished by first subjecting melts to
high-fO, conditions. Experiment OIl+3+1.1 was
initially soaked at 1400°C and log fO, of —2.6
for 96 h, then the fO, was lowered to log fO, of
—4.9 and the experiment was run with the same
time—temperature history as other forward experi-
ments. As a variation on this technique, experi-
ment revl used a glass that was first presaturated
in Os and Pd at 1400°C, log fO, of —2.6 for 72 h.
This glass was then extracted from the olivine
crucible, ground, and packed in a fresh crucible
with Os metal and hung with a Pd wire, then
rerun as in forward experiments at log fO, of
—4.9. A summary of experiments is provided in
Table 1.

3. Analytical techniques
3.1. Major elements

Run products were mounted in 2.54 cm diam-
eter polycarbonate rounds and backfilled with ep-
oxy. After setting, the mount was ground with
SiC, and polished with alumina, then colloidal
silica. Major element analysis was performed us-
ing the Cameca SX50 electron microprobe at the

Table 1

Summary of experiments

Expt. ID PGE added Holder? Tiuperliq Isupertiq (1) Ttinal log fO» AFMQP
Ol+3.1 Rh SCO(Rh) 1400 24 1335 —2.6 4.3
Ol+3.3¢c Rh SCO(Rh) 1395 72 1334 —2.6 43
Ol+1.1 Rh SCO(Rh) 1399 120 1336 —4.9 2.0
Ol+3.15 Pt/30%Rh SCO(Pt/Rh) 1398 72 1335 —2.6 43
Ol+3.4b Ru SCO(Pd) 1398 135 1335 —2.6 4.3
Ol+1.3 Ru SCO(Pd) 1398 96 1335 —4.9 2.0
Ol+3+1.1¢ Ru SCO(Pd) 1400 192 1335 —2.6/—4.9 4.3/2.0
Ol-1.2a Os SCO(Pd) 1397 135 1334 —7.4 —0.5
Ol-1.3a Os SCO(Pd) 1402 72 1339 —7.4 —0.5
Ol+1.2a Os SCO(Pd) 1399 120 1334 —4.9 2.0
rev1d Os SCO(Pd) 1399 121 1334 —4.9 2.0
Ol-1.2b Pd-Re® SCO(Pd) 1397 135 1334 —7.4 —0.5
0Ol-1.3b Pd-Re SCO(Pd) 1402 72 1339 —-7.4 —0.5

2 SCO refers to San Carlos olivine crucible, metal in parentheses is the wire used to hang the crucible.

b

log fO, with respect to the FMQ buffer, calculated at the final run temperature.

¢ Sample run for 96 h at 1400°C, log fO, of —2.6, then log fO, of —4.9 for additional 96 h before cooling step.
d Starting material was Os and Pd-saturated glass synthesized at 1400°C, log fO, of —2.6 for 72 h.

¢ Metal added was a pre-annealed Pd—Re mixture.
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Table 2

Summary of glass analyses

K4 Fe-Mg°

0.36
0.34
0.34
0.36
0.34
0.35
0.31

Fe3+/Fe2tb

0.55
0.56
0.16
0.55
0.56

0.17

Al,O4 CaO MgO FeO MnO Na,O Total

SiO;

Expt. ID n*
0Ol+3.1

99.61

0.76(0.08)
0.91(0.08)
0.33(0.06)
0.52(0.06)
0.54(0.07)
0.56(0.08)

10.64(0.22) 0.068(0.029)
14.66(0.24) 0.104(0.03)
11.62(0.21) 0.146(0.025)
15.41(0.28) 0.151(0.031)
12.61(0.23) 0.104(0.048)
12.72(0.21) 0.052(0.031)
14.59(0.25) 0.168(0.031)
8.64(0.11) 0.091(0.025)

12.23(0.17) 0.149(0.035)
10.52(0.2)  0.104(0.027)

13.33(0.15) 0.164(0.033)
10.25(0.22) 0.113(0.04)

15.76(0.15)
15.39(0.15)
15.65(0.07)
15.92(0.11)
15.63(0.18)
15.47(0.10)
15.8(0.15)

9.81(0.12)

10.71(0.12)
9.94(0.08)

51.79(0.2)
49.02(0.24)
51.46(0.26)
50.12(0.18)
50.81(0.3)

53.33(0.21)
51.53(0.17)
54.18(0.2)

52.32(0.16)
52.53(0.22)
51.47(0.21)
53.55(0.26)
52.19(0.27)

16
16
17
15
16
15
15

98.58

8.31(0.13)
9.09(0.1)

Ol+3.3c

98.92
99.32

10.62(0.08)
9.07(0.09)

Ol+1.1

8.07(0.1)
9.08(0.09)

0Ol+3.15

99.11

10.24(0.08)
9.44(0.08)

Ol+3.4b

J M.

100.35

8.64(0.10)
7.81(0.1)
9.98(0.09)
9.29(0.1)

Ol+1.3

0.17
0.05

99.64
100.43

0.31(0.05)
0.35(0.06)
0.56(0.07)
0.66(0.07)
0.71(0.06)
0.5(0.06)

9.41(0.08)

Ol+3+1.1

Brenan

0.34
0.35
0.35

0.05
0.17

99.95
99.34

15.64(0.12)
15.07(0.09)
15.28(0.13)
14.9(0.1)

9.49(0.11)

11.43(0.09)
10.27(0.12)
10.74(0.08)
9.75(0.07)
10.8(0.1)

16
16
8

Ol-1.2a
Ol+1.2a
revl

Ol-1.3a
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0.35
0.34
0.33

0.17
0.05
0.05

99.05

8.71(0.12)
9.81(0.1)

17
16

16

100.27

15.19(0.13)
14.83(0.13)

0Ol-1.2b
0Ol-1.3b

99.68

0.43(0.07)

12.12(0.2)  0.107(0.038)

9.57(0.12)

10.35(0.1)

number of points analyzed.
b Fe’t/Fe?t (molar) in melt calculated for T, fO, of experiment [28].

n=

a

¢ Molar (Fe**/Mg)ojivine/(Fe?t IMg)mei, equilibrium value is 0.28-0.33 [29].

University of Toronto. Two different electron
beam conditions were used to analyze run-prod-
uct silicates: 15 kV, 10 nA for glass and 20 kV, 50
nA for olivine. Standards for glass analyses were
natural basalt (Si, Al, Mg, Fe, Ca), albite (Na),
and bustamite (Mn), whereas olivine analyses
used natural basalt (Al), bustamite (Ca, Mn),
pentlandite (Ni) and synthetic olivine (Si, Mg,
Fe). For all analyses, raw count rates were con-
verted to concentrations using a modified ZAF
data reduction scheme. Summaries of the major
element composition of glass and olivine are pro-
vided in Tables 2 and 3, respectively.

3.2. Trace elements

Trace elements were determined using the laser
ablation inductively coupled plasma mass spec-
trometry (LA-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 (UP213 from New
Wave Research), coupled to an Element 2 (Ther-
mo Finnigan MAT) magnetic sector [CP-MS. The
ablation cell was flushed with He to enhance sen-
sitivity [27]. Laser spot sizes ranged from ~ 80 to
~ 120 um, with a 6 Hz laser repetition rate. A
typical time-resolved analysis involved ~20 s of
background acquisition with the ablation cell
being flushed with He, followed by laser ablation
for 40 s, corresponding to a sampling depth of
~40 um (as measured in sample cross-section).
A series of analyses were collected for each experi-
ment run product, with the first and last three
acquired on standards. Typically, four or more
analyses were done on each phase. Standards em-
ployed were NIST 610 and 612 and ‘in-house’
standard JB-sulfide (a PGE-bearing NiS bead).
The time-resolved spectra were processed off-line
using a spreadsheet program to apply the back-
ground subtraction and calculation of absolute
trace element abundances (modified version of
LAMTRACE by Simon E. Jackson). Variations
in ablation yields were corrected by reference to
Ca, Mn or Ni concentrations measured by elec-
tron microprobe. The following isotopes were
used to determine element concentrations re-
ported in this study: ''Ru, !Rh, '°Pd, '®Re,
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Table 3
Summary of olivine analyses
Expt. ID n SiO, Al,O4 CaO MgO FeO MnO NiO Total
SCO*# 21 40.84(0.28) 0.03(0.01) 0.09(0.02) 49.65(0.77) 9.18(0.93)  0.14(0.02) 0.41(0.03) 100.34
Ol+3.1 15 40.87(0.23) - 0.19(0.01) 51.18(0.28) 5.93(0.05)  0.05(0.01) 0.35(0.01) 98.56
Ol+3.3¢ 15 40.8(0.18) - 0.17(0.01) 50.1(0.24) 7.63(0.16)  0.07(0.01) 0.379(0.009) 99.15
Ol+1.1 17 40.8(0.1) - 0.18(0.01) 49.19(0.3) 9.21(0.54)  0.1(0.01) 0.355(0.016) 99.83
Ol1+3.15 15 40.47(0.34) 0.05(0.01) 0.17(0.01) 49.31(0.43) 8.16(0.13)  0.11(0.01) 0.6(0.018) 98.85
Ol+3.4b 15 41.1(0.2) - 0.18(0.01) 50.9(0.29) 6.54(0.31)  0.07(0.01) 0.392(0.012) 99.18
Ol+1.3 13 40.04(0.13) 0.04(0.01) 0.19(0.01) 47.84(0.12)  10.36(0.13)  0.11(0.01) 0.459(0.014) 99.01
Ol+3+1.1 15 40.46(0.21) 0.05(0.01) 0.16(0.01) 48.3(0.3) 10.44(0.31)  0.12(0.02) 0.368(0.013) 99.87
Ol-1.2a 15 41.01(0.27) - 0.2(0.01) 50.11(0.48) 8.56(0.44)  0.07(0.01) 0.336(0.027)  100.29
Ol-1.3a 15 40.3(0.17) 0.04(0.01) 0.21(0.01) 46.94(0.14)  12.13(0.22)  0.13(0.01) 0.302(0.009)  100.05
Ol+1.2a 18 40.95(0.15) - 0.2(0.01) 49.36(0.36) 8.95(0.42)  0.08(0.01) 0.38(0.018) 99.93
revl 18 40.5(0.21) - 0.2(0.01) 48.01(0.4) 11.14(0.44)  0.12(0.01) 0.354(0.016)  100.32
0Ol-1.2b 15 40.72(0.26) - 0.21(0.01) 48.91(0.33)  10.35(0.2) 0.09(0.01) 0.245(0.006)  100.52
Ol-1.3b 15 40.22(0.16) - 0.22(0.01) 47.58(0.37)  11.81(0.43)  0.08(0.01) 0.219(0.008)  100.12

4 Average of n different fragments from a mineral separate made from the San Carlos olivine used for the sample crucibles.

19205 194pt. Minimum detection limits for re-
ported concentrations are calculated based on
26 above the background count rate. As a check
for interfering isobars, element concentrations
were determined using multiple isotopes, when
possible. A summary of the trace element content
of glass and olivine is provided in Table 4.

4. Results and discussion
4.1. Textural observations

Olivine and metal alloy are the only crystalline
phases present in the partitioning experiments. Ol-
ivines are relatively large (> 100 pum) and gener-
ally euhedral, with occasional glass inclusions
(Fig. 1). In most cases, olivine crystals extend
from the walls of the crucible, separated from
the wall by a narrow septum, but isolated pheno-
crysts were also observed. The occurrence of met-
al alloy in all run products ensures that a constant
Re and/or PGE activity was maintained over the
course of an experiment.

4.2. Major element equilibrium
Electron microprobe analyses across individual

olivines reveal them to be homogeneous, as the
standard deviations of analyses are generally sim-

ilar to errors from counting statistics. Olivine
compositions are also signficantly shifted in com-
position from the San Carlos olivine used as a
container material (Table 3). Glass analyses
from analytical traverses both across and down

Table 4
Trace element concentrations (ppm) and olivine/melt parti-
tion coefficients

Element Expt. ID Olivine Glass D(Olivine/melt)

Ru Ol+34b  4.07(0.40)  6.06(0.47) 0.67(0.08)
Ol+1.3 0.33(0.03)  0.15(0.06) 2.19(0.89)
Ol+3+1.1 0.21(0.07)  0.15(0.06) 1.40(0.73)

Rh Ol1+3.1 7.74(0.13) 4.00(0.22) 1.94(0.11)
Ol+3.3¢c  6.43(0.37)  3.90(0.08) 1.65(0.10)
Ol+1.1 1.13(0.08)  0.44(0.01) 2.59(0.19)
Ol+3.15  2.99(0.19)  2.12(0.05) 1.41(0.10)

Pd Ol+3.4b  1.39(0.16)  64.9(1.6)  0.021(0.003)
Ol+1.3 0.23(0.07)  22.6(0.4)  0.010(0.003)
Ol+3+1.1 0.41(0.05) 32.6(0.4) 0.013(0.002)
Ol-1.2a  0.024(0.007) 3.48(0.11) 0.0069(0.0020)
Ol-1.3a  0.016(0.005) 3.37(0.08) 0.0047(0.0015)
Ol+1.2a  031(0.02) 21.4(0.6)  0.014(0.001)
revl 0.23(0.08)  19.6(0.4)  0.012(0.004)
Ol-1.2b  0.024(0.002) 3.22(0.01) 0.0075(0.0006)
Ol-1.3b  0.022(0.003) 3.62(0.02) 0.0061(0.0008)

Re Ol-1.2b <0.002 2.43(1.21) < 0.00082
Ol-1.3b <0.002 1.98(0.87) < 0.0010

Os Ol-1.2a <0.011 <0.010 -
Ol-1.3a <0.021 <0.010 -
Ol+1.2a <0.013 <0.006 -
revl <0.010 <0.010 -

Pt Ol+3.15  <0.003 0.35(0.02) <0.009
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epoxy

olivine

s

glass

SCO
crucible

Fig. 1. Reflected light photomicrograph of a portion of a sectioned and polished olivine crucible showing olivine and glass (ex-
periment Ol+1.3). The dark, circular features are pits produced during laser ablation, cracks in olivine crucible were created dur-
ing sample quenching. Newly grown euhedral olivines, having different Mg# compared to the SCO crucible, are projecting out-

ward from the crucible walls.

the length of a run product reveal the same level
of homogeneity as for olivines. This is also con-
firmed by the reproducibility of the minor element
(Mn and Ni) content of crystals and glasses mea-
sured by LA-ICP-MS. In addition to phase
homogeneity, phenocryst-melt equilibrium ap-
pears to be achieved, as judged by major and
minor element partitioning systematics. Using
the formulation of Klinic et al. [28], we calculated
the FeO and Fe,O; abundances in run-product
glasses from the total FeO measured by electron
microprobe. The olivine—melt FeO-MgO ex-
change coefficient was then calculated for coexist-
ing phenocryst—glass pairs (Table 2). The resulting
range of 0.31-0.36 (average of 0.34£0.01) is
somewhat elevated relative to the canonical value
of 0.30£0.02 [29], reflecting uncertainty in the
calculated ferric—ferrous ratio. Olivine-melt parti-
tion coefficients for calcium are in agreement with
the equilibrium value of 0.021 [30].

4.3. Trace element behavior

4.3.1. Phase homogeneity

Examples of time-resolved ICP-MS spectra for
glass and olivine are provided in Figs. 2 and 3,
respectively (olivine spectra for Pt and Re are not
shown as these elements are at background lev-
els). In general, both glasses and olivines show a
homogeneous distribution of Re and PGEs, as

judged by the uniform count rates for these ele-
ments with ablation time (=depth into sample).
This result is true over the range of fO, investi-
gated, despite decreases in metal content arising
from reduced solubility at lower fO,. The higher
variation in time-resolved count rates in analyses
from lower fO, experiments is the result of lower
analytical precision arising from reduced signal
intensity (e.g. Fig. 2A,E). Occasional alloy inclu-
sions were encountered in analyses from runs con-
taining Ru, Rh, Pd, Re and Pt, but they occurred
as short-duration, high-intensity aberrations in an
otherwise uniform time-resolved profile. Such fea-
tures were avoided during the data reduction pro-
cedure.

Re and Os display some level of heterogeneity
in run products. For the case of rhenium,
although individual analyses show uniform time-
resolved spectra (Fig. 2D), there is nearly a three-
fold variation in the Re concentrations from dif-
ferent analysis spots. This probably reflects the
presence of minor concentration gradients in the
melt as a consequence of the volatility of Re at
the 7—fO, conditions of our experiments [31]. A
similar level of heterogeneity is present in both
Re-doped experiments, despite their different du-
rations, which likely reflects the development of a
steady-state gradient, inasmuch as both samples
are saturated in Re alloy. Experiments containing
osmium show a different sort of inhomogeneity.
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Fig. 2. Examples of LA-ICP-MS time-resolved spectra obtained from run-product glasses. In each case, instrument background
is collected for 15-20 s, followed by laser ablation of the sample. Count rates corresponding to zero have been changed to one
for the purposes of plotting on a log scale. Note the intensity variation in the spectra for osmium (panel E), which is due to the
presence of micronuggets.
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Fig. 3. LA-ICP-MS time-resolved spectra obtained from run-product olivines. Spectra for platinum and rhenium are not shown,
as they are indistinguishable from background. As in Fig. 2E, the osmium spectrum in panel D shows intensity variation due to
the presence of micronuggets. See the caption to Fig. 2 and the text for more details.

Although the signal intensity is relatively low,
time-resolved spectra of both glass and olivine
(Figs. 2E and 3D) show marked variations in
Os content with time. This result was observed
for phases produced at both fO;s investigated
(and similar behavior was seen for Ir in separate
reconnaissance experiments). These spectra bear a
striking similarity to those reported by Ertel et al.
[32,33] for Rh, Pt and Re-saturated glasses equil-
ibrated at low fO,, with their interpretation being
that the glasses contain undissolved alloy micro-
nuggets. In addition to the observed intensity var-
iations in time-resolved spectra, support for the
occurrence of PGE alloy micronuggets stems
from the results of detailed solubility studies in

which melt Pt and Rh concentrations appear to
‘bottom out’ at low levels (i.e. ~ 100 ppb [32]),
despite further reduction in the fO, of an experi-
ment. It has thus been concluded that, although
the intrinsic content of these elements in glass
may further decrease, this effect is masked by
the persistent presence of finely dispersed alloy
particles (i.e. micronuggets). For the case of our
partitioning experiments, the inhomogeneity ob-
served in the spectra for olivine presumably re-
flects Os-alloy particles present in the melt and
subsequently trapped by the growing olivine crys-
tal. Inasmuch as there are clearly no constant in-
tensity portions to the time-resolved spectra for
Os, the intrinsic glass or olivine concentrations
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of this element cannot be determined with confi-
dence. Osmium concentrations reported in Table
4 correspond to the lowest apparent values (based
on integrating the entire time-resolved spectra) of
the spots measured, which places an upper bound
on the intrinsic concentration for those phases.

4.3.2. Trace element equilibrium

The generally homogeneous distribution of Re
and PGEs (except Os) within run products is a
fundamental observation in support of phase
equilibrium. However, a concern in these experi-
ments is whether the PGE metal content of the
melt has reached an equilibrium value such that
olivines sample a uniform reservoir during
growth. This concern arises because some studies
show that metal-silicate melt equilibrium can be
sluggish [4,32,33]. The lack of metal zonation in
olivines is evidence of uniform metal content in
the melt during growth. This is also supported by
the reproduced partition coefficients for Ru and
Pd by synthesis paths involving large changes in
melt metal content (Fig. 4). Experiments in which
the melt was first subject to high fO,, hence dis-
solving high metal concentrations (Ol+3+1.1 and
revl), then low fO,, in which the melt metal con-
tent decreased by >10X, yielded similar melt
metal contents (Table 4) and identical partition
coefficients as the forward experiment done at
lower fO, (Ol+1.3). In addition to reproducibility
by different synthesis paths, we have also found
that partition coefficients for Rh and Pd are the
same for experiments in which the melt homoge-
nization step lasted from 24 to 135 h (Fig. 4).
Importantly, there is excellent agreement between
the metal contents of melts produced in our ex-
periments with those from previous solubility
studies done at similar temperature and fO,, but
involving Fe-free compositions (Table 5). The
only exception to this is that we determined a
maximum Os solubility of ~ 10 ppb, compared
to the range of 40-200 ppb reported for previous
experiments at 1400°C for samples analyzed by
bulk techniques [34]. The discrepency could be
the result of the higher temperatures employed
in the latter experiments, or micronuggets
sampled during bulk analysis. As a final note,
we have also found that rhodium solubility

10' T
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Fig. 4. Olivine-melt partition coefficients for Rh and Pd as a
function of time spent at 1400°C (the melt homogenization
step). Results are for experiments at the log fO, values indi-
cated. Error bars are * 1o, and based on the variation in el-
ement concentration for separate analysis spots. In some
cases, the symbol size is larger than the error bar.

changes in a manner consistent with its activity
in coexisting alloy. For experiments done at log
fO, of —2.6, the Rh content of glass coexisting
with pure Rh is ~4 ppm, whereas we measured
~2 ppm Rh in the glass coexisting with Pt-Rh
alloy containing 45 mol% (30 wt%) Rh. Assuming
unit activity coefficients, the predicted solubility is
~ 1.8 ppm, which is in excellent agreement with
the measured value.

4.3.3. Olivine-melt partition coefficients

At log fO, of —2.6 and —4.9, Rh is the most
compatible of the elements investigated, with
D-values of 1.4-2.6. With decreasing fO,, Rh par-
tition coeflicients increase slightly (Fig. 5). At log
SO, of —2.6, Ru is weakly incompatible in olivine
(Dry ~0.5), but becomes compatible at log fO, of
—4.9 (Dry ~2; Fig. 5). Pt is undetectable in oliv-
ines from the single high-fO, experiment done
with this element, yielding a maximum Dp; of
~0.01. Similarly, Re was below detection in ol-
ivine from both Re-bearing experiments, yielding
Dge <0.001. Partition coefficients for Pd progres-
sively decreased with decreasing fO,, ranging
from ~0.03 at log fO, of —2.6 to ~0.005 at
log fO, of —7.4 (Fig. 5). Thus, Pt, Re and Pd
are moderately to strongly incompatible in oliv-
ine.
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Table 5
Comparison of Re and PGE solubility data
Experiment ID log fO, Metal® Glass (ppm) Solubility (ppm) T(°C)® Reference
Ol+3.1 —2.6 Rhjoo 4.00(0.22) 2.35 1300 32
Ol+3.3¢c —2.6 Rhjgo 3.90(0.08) 2.35 1300 32
Ol+1.1 —4.9 Rhy 0.44(0.01) 0.13 1300 32
Ol+3.15 —2.6 Rhjg 2.12(0.05) 2.35 1300 32
Pty 0.35(0.02) 0.56 1300 32
Ol+3.4b —-2.6 Rugy 6.06(0.47) 9.74 1300 41
Pdso 64.9(1.6) 59.6 1350 38
Ol+1.3 —4.9 Rugy 0.15(0.06) 0.20 1300 41
Pdsgo 22.6(0.4) 14.2 1350 38
Ol+3+1.1 —4.9 Rugy 0.15(0.06) 0.20 1300 41
Pdgy 32.6(0.4) 14.2 1350 38
Ol-1.2a —7.4 Osg7 <0.010 0.04-0.2 1400 34
Pdyg 3.48(0.11) 3.8 1350 38
Ol-1.3a —-7.4 Osg7 <0.010 0.04-0.2 1400 34
Pdye 3.37(0.08) 3.8 1350 38
Ol+1.2a —4.9 Osg7 < 0.006 0.04-0.2 1400 34
Pdys 21.4(0.6) 14.2 1350 38
revl —4.9 Osgy7 <0.010 0.04-0.2 1400 34
Pdye 19.6(0.4) 14.2 1350 38
Ol-1.2b —-7.4 Reog 2.43(1.21) 3.7 1400 33
Pdsgs 3.22(0.01) 3.8 1350 38
Ol-1.3b —7.4 Reos 1.98(0.87) 3.7 1400 33
Pdgy 3.62(0.02) 3.8 1350 38

4 Composition of metal added (Rh or PtRh alloy), or resulting immiscible pairs based on the binary phase diagram. All compo-

sitions in wt%.
® Temperature at which solubility measurements were made.

In general, the partition coefficients we have
measured are in very good agreement with values
inferred from natural samples and other labora-
tory experiments. For example, based on correla-
tions between PGE abundance and MgO content
of komatiites, both Brugmann et al. [7] and Puch-
tel and Humayun [9] concluded that Ru is com-
patible in olivine (Dgry, = 1.7-1.8), whereas Pt and
Pd are incompatible. Puchtel and Humayun [9]
estimated values for Dp, of 0.08 and Dpy of
0.03. Similar behavior for Pd was documented
by Barnes and Picard [1] for olivine—phyric ba-
salts from Cape Smith, Quebec. This latter study
also estimated a Dgy of ~2, although it was sug-
gested that small amounts of sulfide fractionation
may have contributed to the compatibility of this
element. Consistent with our maximum value for
Dg. of ~0.001, Righter et al. [21] report an oliv-
ine-melt Dg. of <0.005, although their experi-
ments were for conditions ~ 100X more oxidiz-
ing (NNO) than those in this study. Similarly,

Walker et al. [15] estimated Dgr. of 0.13 based
on the composition of olivine separates and whole
rocks for komatiites of Gorgona Island (Colom-
bia).
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Fig. 5. Olivine-melt partition coefficients for Pd, Ru and Rh
as a function of oxygen fugacity.
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4.3.4. Origin of the variation in partition
coefficients for Re and the PGEs

It is now well-established that mineral-melt
partitioning 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 [35,36].
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 par-
ticular crystallographic site when the radius of the
cation differs from the optimal radius for that site.
Beattie [35] and Purton et al. [37] demonstrated
that olivine—melt partition coefficients for ele-
ments in VI-fold coordination adhere well to the
elastic strain model, with values decreasing in pro-
portion to their mismatch from the optimal radius
for the octahedral site (r,). We apply the Blundy
and Wood [36] version of the elastic strain model
to provide a framework for understanding the
large variation in olivine—melt partition coeffi-
cients measured in this study. We recognize that
there are several potential shortcomings to this
exercise. First, the elastic strain model implicitly
assumes that bond formation involving substitu-
ent cations is ionic and that ‘crystal-field effects
are minimal. For Re and the PGEs, this latter
assumption may not be fully justified, given
d-shell electrons are involved in bonding. In addi-
tion, the oxidation states of Re and the PGEs at
the temperature and fO, of our experiments have
been estimated indirectly, using the variation in
metal solubility with fO; in silicate melt. Based
on such trends, at the fO, of our experiments
Pd is predominantly in the univalent state [38],
Ir, Rh, Pt are divalent [4,32,39,40], Ru and Os
are trivalent [34,41], whereas Re is hexavalent
[33]. With the exception of Re®", Ru’* and
Pt?>*, such oxidation states are unusually low [4],
making the estimate of ionic radius difficult, as
compounds containing Pd!*, Ir>*, Rh>', and
Os3* in octahedral coordination have not, to
our knowledge, been characterized. We have esti-
mated values by extrapolating data from Shannon
and Prewitt [42,43], assuming a linear relation be-
tween ionic radius and charge.

According to the Blundy—Wood model, the re-

lation between the partition coefficient, D;, for a
particular cation of radius r;, is expressed as:

D; = D, exp(—4REN,(ro/2(ro—r;)?
—1/3(ro—r;)*/RT) (1)

in which D, is the value of the partition coefficient
corresponding to the optimal radius for substitu-
tion into the olivine octahedral site, r,, and E is
the Young’s modulus for the site. The optimal
radius for the olivine octahedral site was calcu-
lated by Beattie [35] to be 0.058 nm using the
volume between ‘just touching’ spherical oxygen
atoms at the edges of an octahedron, and is the
value adopted here (note this estimate is some-
what lower than the value of 0.063 nm used by
Purton et al. [37]). Wood and Blundy [44] have
shown that D, varies systematically with cation
charge, with the functional form being:

InD, = 6.95X10°(Z.—Z,)*/&'rs (2)

where Z; and Z, correspond to the charges on the
substituting trace cation and the major cation oc-
cupying the site, respectively, € is the dielectric
constant of the mineral, and rg is the radius of
the strained zone around the trace substituent cat-
ion. This model thus allows one to predict the
partition coefficient for a particular element given
the cation radius and values of D, and E for that
particular cation charge. The data obtained in our
study are only sufficient to determine D, for 2+
cations, so to obtain values of D, for cations hav-
ing other charges, we have fit the functional form
of Eq. 2 to values of D, regressed from olivine—
melt partitioning data of previous work using Eq.
1, and results are shown in Fig. 6. With the fit
parameters derived from those data, we can thus
predict the value of D, for a particular cation
charge based on the value of D, regressed from
our divalent partitioning data. Values of E for 1+,
3+ and 4+ cations were regressed from previously
published olivine-melt partitioning data [35,45,46]
using Eq. 1.

A comparison between measured partition co-
efficients and those calculated using the Blundy-
Wood model is shown in Fig. 7. Partition coeffi-
cients for Rh, Pt and Ru determined at log fO, of
—2.6 plot significantly below the model curves for
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Fig. 6. D, as a function of cation charge determined by re-
gressing the experimental data of Beattie ([35]; experiments
B7-L2), Brenan et al. ([45]; experiment B/S) and Kennedy et
al. ([46]; experiment PO49) using Eq. 1. All values of D,
were normalized to D2*, then fit to a single curve having the
form of Eq. 2 (solid curve).

di- and trivalent cations, whereas those measured
at log fO; of —4.9 are in good agreement with the
theoretical predictions. The partition coefficient
for Pd is higher than anticipated by the Blundy—
Wood model for 1+ cations at log fO, of —2.6
and —4.9, but at —7.4, experimental and model
values are in very good agreement. Due to a lack
of data to constrain the value of E for 6+ cations,
we have not calculated a partitioning curve for
comparison to our Re partitioning results. How-
ever, the trend of decreasing D-value with increas-
ing cation charge is clear from the position of the
model 4+ curve, and consistent with the overall
incompatibility of Re in olivine.

The general correspondence between our parti-
tioning data for Rh, Ru and Pd at log fO; of less
than —2.6 and the values predicted from the elas-
tic strain model suggests that our choice of va-
lence states for these elements is correct for those
conditions. At log fO, of —2.6, the sense of devi-
ation between measured and modeled partition
coefficients is consistent with higher valence states
than that assumed for metal solubility data. The
reduction in Pd partition coefficient with decreas-
ing fO, is reasonable if Pd is predominantly 2+
(which would be most compatible in the olivine
structure) at log fO, of —2.6 and mostly 1+ at log
fO, of —7.4. This change in oxidation state was

previously suggested by Borisov et al. [38] as a
means to best model their solubility data,
although Pd!* is considered to be the dominant
oxidation state over the fO, range we investi-
gated. If Rh and Ru have higher valence than
2+ and 3+, respectively, at log fO, of —2.6,
then it is expected that partition coefficients for
these elements would fall below the model 2+ and
3+ curves, as higher valence states are less com-
patible, as demonstrated by the elastic strain mod-
eling. The very low partition coefficient for Pt is
surprising, as the Pt solubility data of Ertel et al.
[32] are adequately modeled assuming Pt>* as the
dominant oxidation state, although these authors
also suggested some Pt** could be present at the
highest fO,s investigated (log fO, of —0.69 and
0), which has been confirmed spectroscopically
[47]. As such, we expected Dp; to be about 1/3
DRy, given the larger ionic radius of Pt in the
2+ oxidation state. The incompatibility of Pt in
olivine that we have documented suggests that
valence states higher than 2+ are present at log
SO, of —2.6. If we assume an ionic radius corre-
sponding to Pt** in VI-fold coordination we ob-
tain good correspondence between the measured
value of Dp; and that predicted for 4+ cations
(Fig. 7), thus supporting this contention. The
presence of abundant Pt micronuggets found in
the glass produced in reconnaissance experiments
done at lower fO, precludes the measurement of
Pt partition coefficients at those conditions. Thus,
information bearing on the extent to which the
compatibility of Pt increases with decreasing fO,
awaits future work.

Given the predictive capability of the elastic
strain model for Ru, Rh and Pd partitioning, it
is useful to speculate on the behavior of the other
PGEs for which we were unable to measure par-
tition coefficients: Os and Ir. The major caveat
for these predictions is that the primary valence
state for these elements is accurately predicted by
the metal solubility measurements described pre-
viously. In VI-fold coordination, we estimate that
trivalent Os has the same ionic radius as Ru
(0.068 nm), so that Do~ Dgry. Divalent Ir has
an estimated ionic radius of 0.074 nm, which is
larger than Rh (0.072 nm), and based on the trend
in ionic radius with D, we predict that partition
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Fig. 7. Comparison of olivine-melt partition coefficients pre-
dicted using the lattice-strain model of Blundy and Wood
([36]; dashed curves) and those measured in this study at log
1O, of (A) —2.6, (B) —4.9 and (C) —7.4. Ionic radii are for
VI-fold coordination and the indicated cation charge.

coefficients will obey the relation: Dgy~ 1.2Dy,.
Thus, both Os and Ir are predicted to be compat-
ible in olivine, with partition coefficients of ~2
estimated for each, based on values of Dg, and
DRy measured in this study. Brugmann et al. [7]
and Puchtel and Humayen [9] estimated values for
Dos of 1.2 and 1.8 and for Dy, of 0.8 and 1.8,
respectively, in komatiites, which are similar to
the values derived in this study. Hart and Ravizza
[13] calculated a Dgs of 20 from olivine separates
combined with a whole-rock lava composition,
which suggests a much higher degree of compat-
ibility than we have inferred. In contrast, both
Walker et al. [16] and Burton et al. [20] suggested
that Os is incompatible in olivine, with Do of
< 0.1, as determined from mineral separate—
whole-rock relations. Given this disparity between
our estimate for Dos and values derived from
some natural samples, we view our estimated val-
ue with caution, and direct measurements of Dgs
are a high priority for future research.

4.4. Implications for Re and PGE behavior during
melting

The partitioning of PGEs between other ferro-
magnesian silicates and silicate melt is poorly
known, with the exception of the Dgs of 0.08
measured for clinopyroxene [48] at high, but un-
buffered fO,. Previous work has shown that
spinel-structured minerals (spinel, magnetite)
have large partition coefficients for Rh and Ru
(Drurn > 100), and exclude Pd [24,49]. Similar
behavior has been inferred for chromite [9].
Such partitioning is similar to olivine, although
less extreme in the extent of fractionation. Parti-
tion coefficients for the PGEs between immiscible
silicate and sulfide melt (e.g. [50,51] are uniformly
high (10°-10%), with no systematic variation in
values between the IPGEs and the PPGEs [51].
Thus, we may anticipate that, for the case of melt-
ing of a sulfide-free mantle source, liquids will be
slightly depleted, relative to the source, in Os, Ir,
Ru and Rh, and show moderate relative enrich-
ments in Pt and Pd. Higher degrees of melting will
result in smaller relative fractionation of Pt and
Pd from the other PGEs. Such behavior is similar
to that found for komatiites, which typically have
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Os, Ir and Ru abundance levels slightly less than
values estimated for primitive mantle, with Pt and
Pd being at or above primitive mantle levels (e.g.
[7,9]). In contrast to komatiites, PGE abundances
in mid-ocean ridge basalts (MORB) and ocean
island basalts (OIB) are depleted 10- to 100-fold
relative to upper mantle samples (e.g. [3,22,52]),
indicating that these elements are uniformly com-
patible during melting or crystallization. Given
mantle sulfur abundances in the range of 150-
330 ppm [53], combined with the relatively low
degrees of melting inferred for MORB and OIB
(circa < 15%), it is likely that such magmas are
sulfide-saturated in their source [54]. Such mag-
mas still show a small to moderate fractionation
of Os, Ir, Ru and Rh relative to Pt and Pd, which
could be controlled by olivine (and possibly chro-
mite) in the source, or result from low-pressure
olivine fractionation.

In addition to the incompatibility of Re in ol-
ivine reported in this study, similar behavior has
been documented for orthopyroxene and clinopy-
roxene, with Dg, ranging from 0.04 [48] to 0.3-0.4
[21]. In contrast, Righter and Hauri [55] found
that Re was moderately compatible in garnet,
with Dg, ranging from 1.4 to 4.8. During melting
of a sulfide-free mantle source, we would there-
fore expect Re to be moderately to strongly en-
riched in the melt, relative to Os, with the extent
of enrichment dependent on the amount of resid-
ual garnet. Sattari et al. [56] measured a Dg. of
4% 10* for sulfidesilicate melt partitioning, which
is at least three times lower than values measured
for Os in the same experiments. Therefore, melts
generated in the presence of residual sulfide will
also have higher Re/Os than their source. The
high Re/Os ratio in MORB and OIB, relative to
likely mantle source rocks, and the low '370s/
13805 in peridotites [57] demonstrates that Re is
more incompatible than Os during melting of the
upper mantle, in agreement with behavior pre-
dicted from experimental studies.

5. Summary and conclusions

This study demonstrates the utility of employ-
ing LA-ICP-MS to characterize the mineral-melt

partitioning behavior of the highly siderophile no-
ble metals. Owing to the generally low solubility
of these elements in silicate melts, it is necessary
to conduct experiments at metal saturation levels,
making it essential that time-resolved analytical
techniques be used to avoid inclusion phases.
We have shown that olivine has a strong prefer-
ence for Ru and Rh relative to Pt, Pd and Re,
results which are consistent with the behavior of
these elements in natural samples. The elastic
strain models developed by Beattie [35] and
Blundy and Wood [36] account for most of this
behavior, except for Pt, which is more incompat-
ible than predicted. The observed variation in ol-
ivine—melt partition coefficients for Rh, Ru and
Pd with fO, can be accounted for by some change
in the predominant valence state of these ele-
ments, with higher values than predicted from
solubility measurements present at the highest
fOs,s. Measured and predicted partitioning behav-
ior for phases likely to be residual during mantle
melting is consistent with the sense of fractiona-
tion of Re and the PGEs in mantle-derived mag-
mas and peridotite residua, suggesting that oliv-
ine-melt partitioning exerts a strong control on
siderophile element fractionation in natural mag-
matic systems.
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