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ABSTRACT

Osmium-rich Pt group element (PGE) alloys occur worldwide in association with chromite in
ultramafic (peridotite) complexes. It has been suggested that these Os-rich aloys formed under extreme
P-T conditionsin the lowermost mantle, before the metallic core of the Earth formed, or later, in the outer
core, and have been transported to the upper mantle as xenoliths in deep-rooted mantle plumes.

Our investigation of syn- and pregenetic inclusions (including silicate and chromite) found in
Os-rich alloys from peridotites in northern California and southwest Oregon yield no evidence that
these alloys formed under extreme P-T conditions. Instead these inclusions point to a hydrous mag-
matic origin in the shallow upper mantle, most likely in an arc-environment. Indeed, the common
occurrence of Os-rich PGE aloys as primary inclusionsin massive (commonly podiform), chromite
deposits and, conversely, the occurrence of chromite, olivine, pyroxene, laurite, and siliceous
(boninitic) melt inclusionsin Os-rich PGE alloys suggest a common origin for all these minerals.

Integrating our observationswith recent experimental work and with observed field relations, we
find support for amodel in which massive chromite deposits, olivine, laurite, and Os-rich PGE al-
loys form in a single magmatic process. In an arc-environment, H,O-rich fluids and siliceous melts
(e.g., boninites) are produced in the mantle wedge above the descending and dehydrating plate.
Large differences in interfacial energy between the precipitated chromite and PGE alloys, and the
hydrous fluid(s) and siliceous melt(s), cause a strong concentration of chromite and PGE alloysin
the hydrous fluid(s). This general scenario is capable of simultaneously explaining all key observa-
tions, including: (1) the formation of massive chromite deposits; (2) nodular chromite textures; (3)
Os-rich PGE alloys, laurite, olivine, and pyroxene as common inclusions in massive chromite; (4)
inclusions of chromite, olivine, pyroxene, and hydrated siliceousinclusions (the current study) in the
Os-rich PGE aloys; and (5) a similar range of variation in *¥’Og/*%Qs ratios among Os-rich PGE

alloys and massive chromite deposits from individual ultramafic bodies world-wide.

INTRODUCTION

Material from the deep regions of the Earth’s mantleis ex-
tremely scarce. This scarcity limits our efforts to explore in
detail the chemistry and mineralogy of mantle phases below
thetransition zone. It has been argued that certaininclusionsin
diamonds (e.g., Harte and Harris 1994; Stachel et al. 2000a,
2000b; Brenker et al. 2002) and probably also a suite of small
xenolithsfrom Malaita(Collerson et al. 2001) may indeed origi-
nate in the transition zone or from the lower mantle. These two
occurrences might be the only known examples of minerals
that have preserved their chemical (and perhaps structural) in-
formation during ascent from the deep mantle. However, al-
ready decades ago it was proposed that rocks called
“josephinite” from the Josephine ophiolite in southwest Or-
egon and northern California, which contain ahigh proportion
of Ni-rich FeNi metal (awaurite), might have originated from
the outer core of the Earth or the core-mantle boundary region
and was transported up to the surface of the Earth as xenoliths
in deep-rooted mantle plumes (Bird and Weathers 1975, 1979;
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Bird et al. 1979). This idea was abandoned by the vast major-
ity of researchers as it became clear that Ni-rich FeNi metal is
easily formed under the reducing conditions prevailing during
serpentinization of ophiolites (e.g., Chamberlain et al. 1965;
Dick 1974; Eckstrand 1975; Dick and Gillete 1976; Sleep et
al. 2003). A case also was made that mantle-derived Os- and
Ir-rich PGE alloys (osmiridium and iridosmine), occurring in
chromite-rich placers in southwest Oregon and northern Cali-
fornia, but not otherwise related to josephinite, either are pri-
mordial materialsthat have survived since the formation of the
Earth, or formed as the result of melting in one of three alter-
native scenarios: (1) inthelower mantlein the early Earth when
mantle temperatures were higher than at present; (2) in the
mantle at depths greater than 2900 km before that region was
occupied by the core; or (3) in the outer core (Bird and Bassett
1980). Theseinferences were based on petrol ogic observations
of complex PGE alloy intergrowths suggesting that these al-
loys crystallized from a melt, a hypothesized phase change ar-
gued to reflect pressure release as the alloys were transported
to the upper mantle, and extremely high estimated melting tem-
peratures (>3000 °C at deep mantle pressures) inferred by ex-
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trapolating binary phase diagrams (Os-Ir, Os-Ru, and Ir-Ru) to
an assumed bulk composition of theinitial melt combined with
apressure correction corresponding to lower mantle/outer core
conditions (Bird and Bassett 1980). Scenarios 1 and 2 imply
that the alloys formed early in the evolution of the Earth. All
three scenariosrequire that the Os-rich PGE alloys subsequently
weretransported upward in the convecting mantle, e.g., by deep-
rooted mantle plumes, and incorporated into depleted mantle
lithosphere, now exposed as obducted ophiolites or peridotite
bodies (Bird and Bassett 1980).

Osmium-rich PGE alloys occur world wide in association
with peridotites as crystals enclosed in massive, podiform
chromite (e.g., Stockman and Hlava 1984; Talkington et al.
1984; Melcher et al. 1997; Bai et al. 2000) or as detrital grains
in chromite-rich placers produced by mechanical erosion of
peridotite outcrops (Cabri et al. 1996). Most studies of these
Os-rich PGE alloys have concluded that they formed by pre-
cipitation during the earliest stages of magma chamber crys-
tallization in the lithospheric upper mantle (Stockman and Hlava
1984; Barneset al. 1985; Tornroos and VVuorelainen 1987; Auge
and Johan 1988; Hagen et al. 1990; Johan et al. 1990; M cElduff
and Stumpfl 1990; Nilsson 1990; Peck and Keays 1990; Peck
et al. 1992; Fleet and Stone 1991; Leblanc 1991; Slansky et al.
1991; Cabri et al. 1996; Nakagawa and Franco 1997; Amossé et
al. 2000; Brenan and Andrews 2001; Malitch and Thalhammer
2002; Ballhaus 1998; Matveev and Ballhaus 2002). Evidence
for amagmatic origin of these peridotite-derived Os-rich PGE
alloys comes from their association with podiform chromite
and the common observation of inclusions with typical upper
mantle mineralogy and chemistry, including chromite, olivine,
pyroxene, and sulfides; notably laurite, but also chalcopyrite,
bornite, and pentlandite (Hagen et al. 1990; Slansky et al. 1991;
Cabri et al. 1996; Malitch and Thalhammer 2002; Malitch et
al. 2002; Peck et al. 1992). Furthermore, well-defined
exsolution patterns are observed in the PGE alloys, which can
only form under high (i.e., mantl€) temperatures.

Experimental and theoretical studies offer constraints onthe
temperature as well asthe O and S fugacities during precipita-
tion of these Os-rich PGE alloys and PGE-rich sulfides from
silicate melts under upper mantle conditions (Stockman and
Hlava 1984; Peck and Keays 1990; Peck et al. 1992; Nakagawa
and Franco 1997; Rehkamper et al. 1999; Amosse et al. 2000;
Brenan and Andrews 2001; Ballhaus 1995, 1998; Matveev and
Ballhaus 2002). However, because of their intimate associa-
tion with massive chromite deposits, any viable model for the
formation of Os-rich PGE alloys will also have to address the
formation of the chromite, including the question of how Cr is
being concentrated from levels of 300-500 ppm in primitive
mantle melts (Talkington et al. 1984; Matveev and Ballhaus
2002) to morethan 50 wt% in massive chromite deposits. Pref-
erentially, such a genetic model should also be able to explain
the characteristic nodular textures of some undeformed
chromitite deposits, aswell asthe presence of the different types
of inclusions observed in the massive chromite and in the as-
sociated Os-rich PGE alloys.

Here we present a study of several syn- and pregenetic in-
clusions of chromite and silicates found in Os-rich PGE aloys
collected from the Port Orford black sand (chromite-rich) placer
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deposits. We have examined these inclusions with avariety of
analytical techniquesin an attempt to further establish their en-
vironment of formation. We discuss our results in light of the
various models proposed for the formation of the Os-rich PGE
aloys and recent models for formation of podiform chromite.

SAMPLESAND ANALYTICAL PROCEDURES

The samples studied here are millimeter-sized iridosmine and osmiridium
grains collected from the black sand placer deposits near Port Orford, on the
Pacific coast of Oregon (Bird and Bassett 1980; Bird et al. 1999; Meibom and
Frei 2002; Meibom et al. 2002). These grains are derived from peridotite-bear-
ing ophiolites in the Klamath and Siskiyou Mountains in northern California
and southwestern Oregon, where they are known to occur in association with
podiform chromite deposits (Stockman and Hlava 1984). Iridosmine is an Os-
rich PGE alloy, which typically has a chemical composition in the range 55-90
wt% Os, 20-45 wt% Ir, and 0-10 wt% Ru. Osmiridium has 2040 wt% Os, 80—
55 wt% Ir, and 0—10 wt% Ru (Harris and Cabri 1973). Recently, the nomencla-
ture of PGE alloys was modified and Os-rich (iridosmine) alloys are now simply
referred to as osmium, and Ir-rich (osmiridium) alloys are referred to as “iri-
dium” (Harris and Cabri 1991). The grains from Port Orford most likely were
transported to the Pacific coast viaone of several riversthat drain several peri-
dotite bodies in southwest Oregon, including the Rogue River, Sixes River, and
Elk River. Thelargest of these peridotite bodiesisthe Josephine ophiolite, which
covers an area of more than 800 km2. The Josephine ophiolite consists mainly
of harzburgite overlain by scarce cumulate ultramafics, gabbro, diorite, sheeted
dikes, and pillow lavas (Harper 1984). The harzburgitic peridotite section con-
tains numerous massive, tectonized chromite deposits (Ramp 1961; Stockman
and Hlava 1984). The lavas and dikes are chemically distinct from mid-ocean-
ridge-basalt (MORB) but have affinities to island-arc, supra-subduction
magmatism (Harper 1984). The Josephine ophiolite, along with alarge fraction
of ophiolitesin this region, formed at one or more back-arc spreading centers
that devel oped behind the magmatic arc complexes along the north Pacific rim,
i.e., inasupra-subduction setting (Harper 1984; Harper et a. 1990; Coleman 2000).

We have surveyed more than 100 iridosmine and osmiridium grains col-
lected in placer deposits near Port Orford. Samples were made available from
the Cornell University mineral collection (labeled Port Orford Oregon 22-8) by
J.M. Bird, and from the Yal e Peabody Museum (labeled Y PM MIN.1.182) by E.
Faller. These grains were mounted in epoxy and polished down to a 1 microme-
ter finish using diamond suspensions. The epoxy mounts were studied with a
reflected light optical microscope to search for non-metal inclusions. Inclusions
were subsequently imaged in back-scattered electron mode on a JEOL JSM-
5600LV electron microscope at the Stanford University.

The composition of the host metal grains were analyzed on a Cameca SX
50 at the Stanford University electron microprobe utilizing the Lo lines for Os,
Ir, Ru, Pt, and Re. Analytical conditionsincluded an accelerating voltage of 25
kV, abeam current of ~30 nA, and a spot size of ~2 micrometer on the sample.
Pure metals were used as standards. A correction was made for the Os L3 inter-
ference on the ReLo. peak.

Non-meta inclusions were anayzed with a JEOL 8900 microprobe at the Uni-
versity of Cologne. Analytical conditionswere20kV acceleration voltageand an~2mA
beam current. Natural aswell as synthetic silicate standards were used for cdibration.

Subsequently, threeinclusions (two silicate and one chromite) were removed
from their host PGE alloy and crushed between two glass slides to produce
small fragments transparent to high-energy electrons and therefore suitable for
TEM work. TEM analyses were performed on a Philips CM12 transmission
electron microscope with an acceleration voltage of 120 kV at the Technical
University Darmstadt. Analytical TEM work involved selective area electron
diffraction (SAED) and energy dispersive X-ray analysis (EDX) techniques.
Chemical compositions were corrected using experimental determined k-fac-
tors applying the method of van Capellen and Doukhan (1994). Dark-field im-
aging aswell as higher resolution lattice fringe el ectron micrographs were used
to study structural details and to test for features related to phase transforma-
tions, such as twins or antiphase domains.

RESULTS

Evidence for a negative crystal shape in host phasesis of-
ten used to argue for syn-genetic growth of an inclusion. For
example, this diagnostic feature is frequently used to distin-
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guish between the pre-, syn-, and post-genetic origins of inclu-
sionsin diamond (e.g., Stachel et al. 2000a).

In the present study, we focus mainly on three of the inves-
tigated PGE grains (Table 1) in which we observed inclusions
of chromite and silicates. In one case, we found evidence for
several syn-genetic inclusions in an Os-rich PGE alloy. These
inclusions consist of enstatite and glassy material and show
typical pseudo-euhedral grain shapes (Fig. 1). Typically, the
facets of al inclusions within the same host alloy are aligned
exactly parallel (Fig. 1). Osmium- and Ir-rich PGE aloyscrys-
tallize either in the hcp (Os-rich, hexagonal closest packed) or
in fcc (Ir-rich, face-centered cubic) structure. This is consis-
tent with the shape of the inclusions, which indicate hexagonal
or cubic symmetries.

Silicate inclusions

Enstatiteisthe primary principal in these syngenetic inclu-
sions, which are characterized by alarge number of voids (Fig.
2a), suggestive of ahigh fluid content of the trapped melt. The
low total (<98 wt%) of each measurement is most likely dueto
a high water content (Table 2). A complex intergrowth of at
least two different phases can be recognized using back-scat-
tered electron (BSE) imaging (Figs. 2a and 2b). The micro-
structure shows a clear relation to the shape of the inclusions
(Fig. 2). The orientation of the phasesis always perpendicul ar
to the rim of theinclusion (Fig. 2a). In another inclusion (Fig.
2b), it can be seen that phases closer to therim are smaller and
their sizeincreases toward the inner part of theinclusion. Both
features indicate that the microstructure-forming process, i.e.,
crystallization from a melt, occurred after trapping within the
PGE alloy. Due to the small grain size (less than 2 um), the
resolution of the electron microprobe was not adequate to iden-
tify these mineral phases based on their composition alone (see
Table 2). For this reason, two syn-genetic inclusions were pre-
pared for TEM investigation.

The only crystalline mineral phase found was enstatite
(Table 3). The majority of the enstatite belong to space group
Pbca (ortho-enstatite). However, a minor amount of clino-
enstatite |lamellae bel onging to the P2,/c space group occursin
all ortho-enstatite crystals. Typically, the lamellae occur as sets
containing an even number. In some cases we found partial
dislocations at the tip of the clino-enstatite, which connect the
lamellae with the ortho-enstatite host (Fig. 3). The second phase
found inthesilicate inclusionsis amorphous. The composition
of this amorphous phase (Table 3) does not correspond to that
of any known mineral. It seemslikely that the amorphous ma-
terial represents a quenched and, therefore, glassy phase.

The high porosity and compositional heterogeneity of these
silicate inclusions make it difficult to estimate precisely the
composition of the original, trapped melt. However, we attempt

TABLE 1. EPMA analyses of the chemical composition of the three
host PGE alloys included in this study

Wt% Grain 1 Grain 2 Grain 3

Os 32.1 56.5 45.8

Ir 63.8 36.8 39.6

Pt 1.9 1.8 0.74

Ru 1.2 4.3 14.1

Sum 99 99.4 100.24
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FIGURE 1. Reflected-light image of trapped melt inclusionsin Os-
rich PGE alloys (white). The facets of three syngenetic inclusions are
aligned exactly parallel. Only the upper leftinclusionisstill filled. The
other two inclusions were likely lost during the preparation process.
The pseudo-euhedral shape suggests a negative crystal within the
hexagonal or cubic symmetry of the host PGE alloy.

20 pm 20 um

FIGURE 2. BSE images of trapped melt inclusionsin Os-rich PGE
alloy. (a) A bubbleislocated in the middle of the glass-orthopyroxene
intergrowth. The arrangement of the darker and lighter gray arraysin
the solid part of the inclusion suggest growth of at least one phase
perpendicular to therim of theinclusion. (b) A second inclusion with a
high proportion of pore space. Again the phases seem to be aligned
perpendicular to therim of theinclusion. The size of the phasesincrease
from rim to the center of theinclusion. Both features areindicative for
growthin situ, after the melt wastrapped in the PGE aloy. The numbers
correspond to the compositions listed in Table 2.

to infer the bulk composition of the trapped melt from mea-
surement of avery fine-grained inclusions that did not display
larger crystals (measurement P5; Table 2). We have also calcu-
| ated an average composition based on all measured data points
(Table 2), each of which might include measurements of either
predominantly glass or orthopyroxene, respectively. The esti-
mated composition of the melt has been compared with litera-
ture dataon different melt compositions encountered in different
tectonic settings in the mantle. Our best estimate, the mean of
all measurements, for the composition of the trapped melt is
very similar to boninitic melts (Table 2).

For comparison, two boninitic melt compositions from the
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TABLE 2. EPMA analyses of the chemical composition of the trapped melt
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Sample P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Mean Boninite-Trl Boninite-Tr2

Na,O 0.99 0.19 0.10 048 045 0.14 0.12 0.48 0.47 0.43 0.38 0.70 0.59

K,O 0.02 0.00 0.02 0.00 0.03 0.06 0.04 0.24 0.31 0.14 0.08 0.10 0.08

Sio, 47.44  49.02 4831 55.01 55.00 52.98 5151 56.43 55.42  53.93 52.50 52.40 52.00

FeO 3.94 5.53 6.05 3.83 3.98 2.11 2.57 1.74 1.61 1.80 3.31 8.40 9.14

NiO 0.22 0.23 0.21 000 0.00 0.28 0.08 0.16 0.06 0.14 0.14 n.d. n.d.

TiO, 0.06 0.05 0.11 0.08 0.09 0.07 0.08 0.08 0.09 0.10 0.08 0.30 0.23

Al,O3 14.74 11.95 11.04 1453 14.68 9.25 6.36 14.02 15.16 10.42 12.21 11.70 11.81

MnO 0.06 0.07 0.10 0.12 011 0.15 0.17 0.12 0.10 0.15 0.12 n.d. n.d.

cao 7.14 1198 1350 890 9.21 395 18.93 8.05 8.37 1295 10.30 10.70 9.82

MgO 9.84 16.52 17.71 15.30 1495 27.72 14.17 12.56 9.15 15.38 15.33 15.80 16.33

Cr,0; 0.00 0.02 0.06 0.03 0.02 0.08 0.07 0.01 0.02 0.06 0.04 n.d. n.d.

Sum 84.45 9555 97.19 98.28 98.51 96.79 94.09 93.88 90.75  95.51 94.50 100.10 100.00
2% H,0

Na 0.16 0.03 0.01 0.06 0.06 0.02 0.02 0.07 0.07 0.06 0.06

K 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.03 0.01 0.01

Si 3.85 3.64 356 384 383 373 3.90 4.04 4.09 3.91 3.84

Fe 0.27 0.34 037 022 023 0.12 0.16 0.10 0.10 0.11 0.20

Ni 0.01 0.01 0.01 0.00 0.00 0.02 0.00 0.01 0.00 0.01 0.01

Ti 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00

Al 1.41 1.04 096 119 121 0.77 0.57 1.18 1.32 0.89 1.05

Mn 0.00 0.00 0.01 001 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Ca 0.62 0.95 1.07 067 0.69 0.30 1.54 0.62 0.66 1.01 0.81

Mg 1.19 1.83 195 159 155 291 1.60 1.34 1.01 1.66 1.66

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Sum 7.52 7.85 7.96 7.59 7.59 7.89 7.82 7.40 7.29 7.68 7.66

Notes.: Due to the small grain size the measurements (P1 to P10) always include orthopyroxene and residual melt, but in different amounts. Boninite-
Trl, Boninite-Tr2 are examples for boninitic melt compositions from the Troodos ophiolite (Sobolev and Chaussidon 1996).

FIGURE 3. (a) Bright-field electron micrograph of (100) lattice
fringes of orthoenstatite with lamellae of clinoenstatite. (b) Detail of
(a) showing the shear mechanism, which produces two clinoenstatite
lamellae from one orthoenstatite lamella. The required partial
dislocation isindicated by symbol and arrow.

TABLE 3. EDX-TEM analyses of glass and enstatite

Glass Glass Glass Enstatite

Mol% cation
Na 3.22 2.77 2.55 1.30
Mg 0.69 1.06 0.00 49.60
Al 25.08 25.69 21.73 1.90
Si 59.98 59.76 66.29 44.30
K 0.59 0.51 0.72 0.20
Ca 9.68 9.74 8.27 1.80
Fe 0.80 0.47 0.44 0.80
Sum 100.04 100.00 100.00 99.90

Wt% oxides
Na,O 1.77 1.52 1.39 0.81
MgO 0.49 0.76 0.00 40.26
AlL,Os 22.68 23.25 19.44 1.95
SiO, 63.92 63.74 69.89 53.60
K,O 0.49 0.43 0.60 0.19
CaO 9.63 9.70 8.14 2.03
FeO 1.02 0.60 0.55 1.16
Sum 100.00 100.00 100.00 100.00

MNote. Cations were normalized to 100%.

Troodosophiolitearegivenin Table 2 (Sobolev and Chaussidon
1996). The similarity between the average composition of the
inclusion and the boninitic melts is also consistent with the
proposed high water content, as boninitic melts are the most
H,O-rich melts from the mantle of the earth (Falloon and
Danyushevsky 2000; Sobolev and Chaussidon 1996).

Liquidus temperature of the silicate inclusions

Two approaches were taken to estimate the liquidus tem-
perature of the silicate inclusions and, therefore, constrain the
temperature at which the PGE alloy formed. In the first ap-
proach we calculated liquidus temperatures and crystallization
sequences at pressures up to 2 GPausing the program MELTS
release 1.1.0, 1999 (Ghiorso and Sack 1995; Asimow and
Ghiorso 1998) (Table 5). In the second approach, we summa-
rized experimental data on the formation of boninitic melts
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TABLE 4. EDX-TEM analyses of chromite inclusion from PGE alloy

PGE PGE PGE PGE c.r. Cc.r. Ol.m. l.m. l.m. l.m. l.m.

Crl Cr2 Cr3 Cr4 TP SR 01-35 4-4 5-17a 5-17b 5-55

wt% oxide
FeO 14.76 16.76 16.12 18.56 17.13 14.21 33.72 33.34 33.44 33.53 33.58
MgO 14.00 6.83 8.71 5.79 13.03 14.09 10.54 10.76 10.60 10.72 10.68
Al,O4 12.23 6.35 7.85 5.93 7.96 7.51 5.32 5.38 5.25 5.37 5.31
Cr,0; 59.01 70.05 67.32 69.72 60.97 63.83 35.79 36.33 35.45 36.34 36.23
TiO, <1.00 <1.00 <1.00 <1.00 0.35 0.2 10.79 10.86 11.12 10.73 10.65
MnO <1.00 <1.00 <1.00 <1.00 0.55 0.62 0.77 0.74 0.75 0.79 0.75
Cation calculated for 4 oxygen atoms

Fe 0.39 0.48 0.45 0.54 0.47 0.39 1.00 0.98 0.99 0.99 0.99
Mg 0.66 0.35 0.44 0.30 0.64 0.68 0.56 0.57 0.56 0.56 0.56
Mn <0.01 <0.01 <0.01 <0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Al 0.46 0.26 0.31 0.24 0.31 0.29 0.22 0.22 0.22 0.22 0.22
Cr 1.48 1.91 1.80 1.92 1.59 1.65 1.00 1.01 1.00 1.01 1.01
Ti <0.01 <0.01 <0.01 <0.01 0.01 0.01 0.29 0.29 0.30 0.29 0.28
Sum 3.00 3.00 3.00 3.00 3.04 3.04 3.09 3.09 3.09 3.09 3.080
Cr/(Cr+Al) 0.76 0.88 0.85 0.89 0.84 0.85 0.82 0.82 0.82 0.82 0.82
Amax 4.5 GPa 5.8 GPa 5.4 GPa 6 GPa 5.3 GPa 5.4 GPa - - - - -

MNote: Cations were calculated for 4 O atoms. For comparison two chromite compositions from the port Orford ophiolite (country rocks = c.r.) (Stock-
man and Hlava 1984) and four from the unusual occurrence in association with typical lower mantle/transition zone phases in diamonds from the

Juina area (lower mantle = l.m.) (Kaminsky et al. 2000) are given.

(Falloon and Danyushevsky 2000; Umino and Kushiro 1989;
Van der Laan et al. 1989), and compared our calcul ations and
extrapolations from the experimental data with the model of
Matveev and Ballhaus (2002).

Calculationsusing MELTS. For our calculations, we used
both the representative analysis P5 and the average composi-
tion of all measurements. Each measured point represents vari-
able contents of residual melt plus orthopyroxene. The
difference in calculated liquidus temperatures using different
melt compositions is small, however, compared with the ef-
fects of pressure and water content. Assuming pressures of 0.2,
0.5, 1, 1.5, and 2 GPa, we obtained liquidus temperatures be-
tween 1390 and 1667 °C (Table 4). Linear extrapolation to-
ward higher pressure shows an increase in the liquidus
temperature of around 140 °C/GPa. Conversely, a high water
content will decrease the cal culated temperature substantially.
Assuming 5 or 10 wt% H.,O, we calculated aliquidus tempera-
ture between 1270 (10 wt% H,0O, 0.2 GPa) and 1519 °C (5
wt% H,O, 2 GPa). Because the pressure of formation and H,O
content of silicate melt inclusion are largely unconstrained, we
can only estimate a minimum liquidus temperature of more
than 1250 °C. The first mineral phase to crystallize from such
ameltiseither enstatite with low concentrations of Ca, Fe, and
Al, which isin good agreement with our measurements (Table
3), or olivine. At very low pressures (<0.5 GPa) or high fluid
contents, olivine will be the first phase to crystallize.

Experimental data. Large experimental data sets relevant
to the formation of high-Ca boninites are available in the lit-
erature (Falloon and Danyushevsky 2000; Umino and Kushiro
1989; Van der Laan et al. 1989). In our second approach to
estimate realistic liquidus temperatures of the trapped boninitic
melt in the PGE alloy, wefirst summarized these data and then
extrapolated these obtained values to the conditions proposed
by Matveev and Ballhaus (2002).

The result of the experimental work shows some disagree-
ment with regard to the formation temperature of high-Ca
boninite magmas. Falloon and Danyushevsky (2000) reported
temperatures of 1430-1480 °C at 1.5 GPa and 1-2 wt% H,O

for the petrogenesis of this rock type. They found that the
liquidus temperature decreased with increasing H,O-content.
Theliquidus depression wasfound to be (in °C): 74.403° (H,O
wit%6)%32, corresponding to 95 and 167 °C for 2 and 10 wt%
H,0, respectively. In contrast Umino and Kushiro (1989) and
Van der Laan et al. (1989) suggested temperatures between 1130
and 1260 °C in the pressure range of 0.3 to 1.8 GPa, and water
contents ranging from 1 to 20 wt%.

Comparison of predicted conditions, calculation, and
experimental data. Matveew and Ballhaus (2002) proposed
that podiform chromites are formed closeto the Moho at apres-
sure of 0.2 GPa and temperatures around 1250-1150 °C. The
water content in their experiment was about 4 wt%. Boninitic
melts can be considered an end-member melt compositionin a
supra-subduction setting as their formation requires the high-
est formation temperatures and high H,O concentrations
(Falloon and Danyushevsky 2000).

Under the same conditions, i.e., a high water content (> 4
wt% H,0) in the trapped melt and low pressure (0.2 GPa), our
calculated liquid temperatures range from 1270 to 1320 °C.

To comparethe experimental dataof Falloon and Danyushesky
(2000), we must extrapolate their data to the same conditions.
The effect of reducing the pressure from 1.5 to 0.2 GPa on the
liquidusis estimated from comparison with our calculated val-
ues (Table4) to be 100-120 °C. The extrapolated liquidus tem-
perature at these conditions (0.2 GPa, 4 wt% H,O) from the
experimental data of Falloon and Danyushevsky (2000) are
1270 to 1350 °C, and will decrease further if an even higher
water content is assumed.

The data of Umino and Kushiro (1989) and Van der Laan et
al. (1989) cover the conditions proposed by Matveev and
Ballhaus (2002). Their data show a slightly lower temperature
range for the liquidus, from 1130 to 1260 °C.

In summary, the liquidus temperatures inferred for the
trapped melt inclusions (Fig. 1 and Table 2) from our calcula-
tions (1270 to 1320 °C), the extrapolated data of Falloon and
Danyushevsky (2000) (1270 to 1350 °C), and the experimen-
tal data of Umino and Kushiro (1989) and Van der Laan et al.
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(1989) (1130 to 1260 °C) are very similar to those proposed by
Matveev and Ballhaus (2002). The lack of olivinein the stud-
ied inclusions is a puzzling observation, because olivine will
be on the liquidus under these conditions, but is not found in
the trapped melt inclusions. However, in general, olivine is a
relatively common type of inclusion in Os-rich PGE alloys
(Capri et al. 1996). Thus, we proposethat the PGE alloysformed
during a process similar to that proposed by Matveev and
Ballhaus (2002), but probably under slightly higher pressures
and temperatures. If the boninitic melt released its water be-
fore the temperature dropped to the liquidus temperature,
orthopyroxene is the solid phase on the liquidus (Table 5).

Enstatite polymor phs

Our calculations of theliquidustemperatures for the trapped
melt indicate that enstatite crystallize either in the OEn struc-
ture (Pbca space group) or in the HTClen structure (the C2/c
space group) (Fig. 4). In the latter case, the observation that
the enstatite now occurs mainly in the Pbca ortho-enstatite
structure gives some hints about the cooling history of the in-
clusion. Brearley and Jones (1993) showed experimentally that
high temperature C2/c clino-enstatite will transform completely
to ortho-enstatite if the cooling rate is smaller than a few de-
grees per hour. The paired clino-enstatite |lamellae that occur
in smaller amounts in the ortho-enstatite belong to the P2,/c
structure. Thisfeature is not surprising because neither the HP
clino-enstatite nor the HT clino-enstatite structure are quench-
able as the phase transformation to the LP/LTClen structure
requires only slight and “energetically inexpensive” distortion
of the crystal structure. The transformation to the P2,/c struc-
ture will produce antiphase domains due to aloss of atransla-
tion symmetry element. The absence of antiphase domainsin
the LP/LTClen lamellae indicates that the observed clino-
enstatite |lamellae are not arelict of an HTClen or HPClen pre-
cursor. Therefore, the most reasonable explanation for the
existence of paired clino-enstatite |lamellae without antiphase
domains (Fig. 3) is shearing of the ortho-enstatite precursor
paralel (100) (e.g., Muller 1974). This model is further sup-
ported by the observation of partial dislocations at the tip of
the paired lamellae.

The stability field of LP/LT clino-enstatite provides a lower
limit (>570 °C at 1 GPa; >800 °C at 7.5 GPa, Fig. 4) (UImer and
Stalder 2001; Shimobayashi and Kitamura 1991; Arlt et al. 2000)
on the ortho-enstatite crystallization temperature, which is well
below our calculated crystalizationtemperature (Table5). Anupper
limit for the temperature and pressure of formation cannot be ob-
tained because, as discussed above, apossible HTClen or HPClen
precursor phase can transform completely to ortho-enstatite with-
out leaving any traces of its precursor.

Chromiteinclusions

Our petrographic inspection of the mounted and polished
iridosmine grains show that a significant fraction (~1-3%) of
the studied grains contain chromiteinclusions or have chromite
attached to their surfaces. We observed chromiteinclusions both
as angular crystal fragments and as rounded to subrounded
objects (Fig. 5a). The composition of the chromite inclusions
fall within the range of Feys 0sMJos07Al0405Cr52:0, (See
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FIGURE 4. Pressure vs. temperature phase diagram of enstatite
modified after Shimobayashi and Kitamura (1991), Arlt et a. (2000),
and Ulmer and Stalder (2001). Phase boundaries of the enstatite
polymorphsare given asbold lines. The upper stability limit of chromite
with a Cr/(Cr + Al) ratio of 0.76 is indicated by athin dashed curve.
Shield geotherm and ocean geotherm after Clark and Ringwood (1964)
are given as dotted lines. Additionally, the calculated liquidus
temperatures (Table 4) for different pressures at dry condition (filled
triangles) and 10 wt% H,O content (open circles) are plotted. The
calculated liquidus temperatures fall above the different geotherms.

TABLES. Calculated liquidus temperatures and crystallization of

the first phase
Dry 5% H,O 10% H,O

Liquidus First Liquidus First Liquidus  First
P(GPa) 7(°C) phase 7(°C) phase 7(°C) phase
Mean P1-P10
0.2 1390 olivine 1319 olivine 1289  olivine
0.5 1437 opx 1339 olivine 1308  olivine
1.0 1518 opx 1350 opx 1335  olivine
1.5 1589 opx 1432 opx 1360 opx
2.0 1653 opx 1498 opx 1384 opx
Melt P5
0.2 1381 opx 1320 olivine 1270  olivine
0.5 1435 opx 1331 olivine 1288  olivine
1.0 1516 opx 1378 opx 1305  olivine
15 1601 opx 1447 opx 1344 opx
2.0 1667 opx 1519 opx 1399 opx

MNotes: The calculations were done using the program Melts (Release
1.1.0, 23 Nov. 1999) (Ghiorso and Sack 1995; Asimow and Ghiorso 1998).

Tableb), i.e., similar to the composition to the massive chromite
depositsin, e.g., the Josephine peridotite (Stockman and Hlava
1984). Selected area electron diffraction patterns were mea-
sured for several orientations of one of these chromite inclu-
sions. They can beindexed and simulated by applying the space
group as well as lattice parameters of “normal” chromite (Fig.
6). There are no indications of phase transformations, such as
twinning or antiphase domains.

For the purpose of evaluating apotential high P-T origin of
the Os-rich PGE alloys, it is useful to constrain the pressure
maximum for the formation of the chromite inclusions. With
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FIGURE 5. BSE images of Os-rich alloy studied in thiswork. (a) A
large rounded chromite inclusion islocated in the middle of the grain.
(b) FeNi metal filling acrack inthe PGE alloy; metal also can befound
aong the rim of the inclusion. (c) Growth textures in Os-rich PGE
aloy. These oscillating radial textures probably indicate multiple stages
of (over-) growth. A small negative crystal shape inclusion or void is
located in the lower part of the image.

increasing pressure, i.e., increasing depth in the mantle,
chromite reacts with enstatite to form Cr-rich garnet and oliv-
ine (Doroshev et a. 1997; Girnis and Brey 1999; Brey and
Girnis 1999). However, a high Cr-content in chromite will ex-
tend its stability toward higher pressures. The upper stability
limit of pure chromiteis 9.5 GPaat 1000 °C and 8 GPaat 1600
°C (Doroshev et a. 1997). In the pure Fe,Mg,Al,Cr-system,
the Cr/(Cr + Al) ratio of spinel in equilibrium with garnet can
be used as a thermo-barometer (Girnis and Brey 1999). How-
ever, in the absence of garnet, we will only be able to estimate
a maximum pressure of formation of the chromite for a spe-
cific Cr/(Cr +Al) ratio. The Cr/(Cr + Al) ratio measured in our
samplerange from 0.76 t0 0.89 (Table 5). If we assumethat all
chromite grains formed in the same depth region the lowest
value of 0.76 limits the pressure of formation to 4.5 GPa, well
within the uppermost part of the upper mantle (Fig. 7). De-
pending on the exact temperature of formation, the maximum
pressure of formation for chromite can be even lower.

In one rare case from the Juina area, Brazil, chromite grains
werefound in association with typical lower mantleand transition
zone mineral phases (Kaminsky et al. 2001). In this case the un-
usual high amount of Ti probably stabilize chromitetoward higher
pressures. In contrast, the chromite grainsfound in the PGE aloys
presented here show compositions very similar to chromites col-
lected from the placer deposits (Table 4).

Fe-Ni metal

In some chromite inclusions, cracks are partly filled with
FeNi metal. These cracks most likely formed during | ate-stage

1737

FIGURE 6. Selected area electron diffraction (SAED) pattern of
chromiteviewed along the 112 (a) and 011 zone axes (b), respectively.
The SAED patterns are consistent with the normal chromite structure.
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FIGURE 7. Pressure vs. temperature diagram of reaction curves of
chromite + enstatite — garnet + olivinefor different Cr/(Cr + Al) ratios
in chromite; modified after Girnisand Brey (1999). Each reaction curve
defines an upper pressure limit of the stability of Cr-rich spinel in the
mantle of the earth, depending on itsrespective Cr/(Cr +Al) ratio. The
bold lines for Cr/(Cr + Al) ratios of 0.76, 0.85, and 0.89 represent
compositions of chromite found in this work.

fracturing at low pressure and clearly postdate the formation
of the PGE alloys. FeNi metal forms under the reducing condi-
tions prevailing during serpentinization of peridotite (Cham-
berlain et al. 1965; Dick 1974; Eckstrand 1975; Sleep et al.
2003). Such a secondary mechanism is very likely to have
formed the FeNi we observe. Stockman and Hlava (1984) made
similar observations of FeNi partly filling in cracks of some
chromitites from the Josephine ophiolite.

DiIscussiON

If, as suggested by Bird and Bassett (1980), the Os- and Ir-
rich PGE alloys were formed in the lower-most mantle or in
the outer core region and were subsequently transported to the
upper mantle as xenoliths in deep-rooted mantle plumes, it is
to be expected that their inclusions would have mineralogic
and, perhaps, also crystallographic properties consistent with
a deep mantle origin. It would not be surprising if such inclu-
sions were similar to those identified in diamonds from Sao
Luiz (e.g., Harte and Harris 1994), Guinea (e.g., Stachel et al.
2000a; Brenker et al. 2002), or Juina (e.g., Kaminsky et al.
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2001), whichincludeferroan periclase, low Ni-enstatite (former
Mg-silicate perovskite), walstromite (former Ca-silicate
perovskite), and majoritic garnet. However, none of these phases
have been reported in Os- and Ir-rich PGE alloys, whereastypi-
cal upper mantle minerals, such as chromite, olivine, pyrox-
ene, and laurite are frequently observed (Hagen et al. 1990;
Slansky et al. 1991; Cabri et al. 1996; Malitch and Thalhammer
2002; Malitch et al. 2002; Peck et al. 1992).

Monosulfide solid solutions are believed to be the major
carrier of PGEsin the upper mantle (Alard et a. 2000). During
partial melting, a certain fraction (depending on the degree of
partial melting) of these sulfides are dissolved in the silicate
melt, which easily saturate in PGE thereby permitting the pre-
cipitation of aPGE aloy (Ballhaus 1995; Matveev and Ballhaus
2002; Brenan and Andrews 2001). Recent experimental work
has established the stability limits and determined the compo-
sition of laurite, (Ru,0s,I1)S,, and RuOslr aloys in equilib-
rium with mafic magmas as afunction of temperature and sulfur
fugacity (Brenan and Andrews 2001). Laurite and RuOslr al-
loy are stable phases at chromian-spinel-based liquidus tem-
peratures (i.e., T < 1300 °C) in the absence of an immiscible
sulfide liquid. These results provide confirmation of the view
that Os-rich PGE alloys can form as early cumulates during
crystallization of primitive magmas under typical upper mantle
or lower crustal magmatic conditions (e.g., Talkington et al.
1984; Peck et al. 1990, 1992; Cabri et al. 1996; Matveev and
Ballhaus 2002).

The intimate association of the Os-rich PGE alloys with
chromite, both as host phase and as inclusion, strongly sug-
gests that the formation of these alloys must be understood
within amodel that also explains the precipitation of massive
chromite deposits and the remarkable nodular textures, which
characterize many undeformed chromite deposits. Recently,
Ballhaus (1998) and Matveev and Ballhaus (2002) have con-
ducted a set of innovative experimentsin which they were able
to achieve rapid and effective concentration of chromite and,
at the same time, account for the nodular textures that are ob-
served in natural settings. These experiments were conducted
at temperatures from 1200 to 1150 °C and pressures from 1
atm to 0.4 GPa, and took advantage of slow mixing or immis-
cibility between basalts of different composition and between
basalt and hydrous fluids.

In the second set of experiments (Matveev and Ballhaus
2002), strong immiscibility was achieved between an olivine-
chromite normative melt and ahydrousfluid. Upon olivineand
chromite precipitation, chromite would collect in the hydrous
liquid droplets, whileolivine collected in the basaltic melt. This
fractionation isdriven by different interfacial energies between
chromite and hydrous fluid and basaltic melt, respectively.
These findings suggest that exolution of a hydrous fluid from
an olivine-chromite saturated melt will result in a strong con-
centration of chromite in the hydrous fluid. Subsequent set-
tling and annealing of such chromite-rich droplets cause the
formation of chromite depositswith nodular textures. Matveev
and Ballhaus (2002) furthermore demonstrated that precipitated
PGE-rich metallic alloyswill concentrate with the chromitein
the hydrous fluid phase.

The experiments described above (Brenan and Andrews
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2001; Ballhaus 1998; Matveev and Ballhaus 2002) are rel evant
to the conditions encountered in an arc environment. In a su-
pra-subduction setting, dehydration of the downgoing slab will
release immiscible hydrous fluids and form boninitic meltsin
the overlying mantle. Thus, the proposed mechanism for
chromite concentration (Matveev and Ballhaus 2002) can be at
work in an arc environment in the presence of hydrous fluids
where simultaneous precipitation of Os-rich PGE alloys and
laurite, olivine, and chromite, and the concentration of chromite,
PGE dloy, and laurite in immiscible hydrous liquids is pos-
sible. This model can explain all key observations, including
(1) the formation of massive chromite deposits; (2) nodular
chromite textures; (3) Os-rich PGE aloys, laurite, olivine, and
pyroxene as fairly common inclusionsin chromite (Stockman
and Hlava1984, Talkington et al. 1984; Bai et a. 2000; M el cher
et a. 1997), and (4) inclusions of chromite, olivine, pyroxene
(Hagen et al. 1990; Slansky et al. 1991; Cabri et al. 1996;
Malitch and Thalhammer 2002; Malitch et al. 2002; Peck et al.
1992), and hydrated siliceous melt inclusions (the present study)
in the Os-rich PGE alloys.

OSISOTOPIC COMPOSITIONS OF Os-RICH PGE
ALLOYSAND CHROMITITES

Bird et al. (1999) reported radiogenic ¥0g/*¥¥0s ratios in
two Os-rich PGE alloysfrom Port Orford, similar to those stud-
ied here. The excesses of radiogenic *¥*Os measured in these
two alloys were similar to those measured previously in Ha-
waiian and Siberian basalts by Brandon et al. (1998). Brandon
et al. (1998) argued that coupled enrichment in *¥0s/*%0s and
1B70g/*80s in the Hawaiian and Siberian basalts is a signature
of the present day outer core. In thismodel, the outer core was
proposed to have evolved to radiogenic Os isotopic composi-
tionsasaresult of inner core formation that led to fractionated
(i.e., higher than chondritic) Re/Os and Pt/Os elemental ratios
intheouter core. Within the context of the Brandon et al. model,
Bird et al. (1999) used their data to argue in favor of an outer-
core origin of the Os-rich PGE alloys, as originally proposed
by Bird and Bassett (1980).

Meibom and Frei (2002) presented ¥*0s/*¥80s and ¥’0g/
®QOsratioson alarger set of Os-rich PGE alloysfrom northern
California and southwest Oregon. This larger data set demon-
strated that an outer-core origin of the radiogenic Osin the Os-
rich PGE alloys requires that the inner core grew to its present
size extremely early in the evolution of the Earth; within sev-
eral hundred million years after accretion. Thisis not arealis-
tic constraint, because such early core formation would result
in amuch larger size for the present day inner core, even if the
assumed heat flux across the core-mantle boundary istaken to
be its estimated present day minimum (i.e., 3 TW) (Labrosse
et al. 2001). Geophysica modeling suggests that, even with
theminimum hest flux acrossthe core-mantle boundary, theinner
core could not have started to form earlier than about 2.5-3 Ga,
and would have continued to grow until the present day.

As an alternative to an outer-core origin, it was suggested
that radiogenic Osisotopic compositions similar to those mea-
sured in the Hawaiian and Siberian basalts could result from
common upper mantle processes. Smith (2003) has argued that
“wet-spot” compositions formed by fluid metasomatism, e.g.,
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at convergent margins, can produce arange of radiogenic #0s/
#80s and ¥’0g/*®0s ratios, similar to those measured in the
Hawaiian and Siberian basalts (Brandon et a. 1998) and in the
Os-rich PGE alloys (Bird et al. 1999; Meibom and Frei 2002),
on atime scale of about 2 Gy. Alternatively, the observed range
of ¥0g/*¥0s and ¥"0g/*¥¥0s ratios in these samples could be
generated from depleted upper mantle lithologies on a shorter
time scale (150-200 My) by partitioning of PGESs into pyrox-
enites precipitated from Mg-rich melts (Smith 2003; Meibom
et al. in preparation). Both of these scenarios provide arealis-
tic alternative to the outer core as the source of the radiogenic
Os in the Os-rich PGE alloys and are broadly consistent with
the constraints presented above in terms of the chemistry of
the silicate and chromite inclusions.

Finally, Meibom et al. (2002) reported ¥’Os/*¥Os ratios for
more than 700 Os-rich PGE alloys from northern California
and southwest Oregon. This data set forms abroad, essentially
Gaussian distribution centered around a ¥’0Os/*®Qs ratio of
about 0.1245 (atypical upper mantle value) and span 6—7 Yos
units (calculated relative to the average *¥’0s/*®Q0s ratio of
0.1245). The Gaussian shape of the *¥’0g/*¥Qs distribution is,
in al likelihood, a signature of random mixing processes be-
tween depleted (unradiogenic) and enriched (radiogenic) do-
mains during partial melting in the upper mantle (Meibom et
al. 2002). A similar variation in ®¥’0g/*¥0s was reported by
Hattori and Hart (1991) among Os-rich PGE alloys and laurite
samples derived from individual ultramafic rocks around the
world. Importantly, recent Osisotopic analyses of chromitefrom
various peridotite bodies around the world (Walker et al. 2002)
showed similar variation in *¥’Og/*¥0s among chromites from
a single locality. This finding is consistent with the general
formation model discussed above, in which chromite and Os-
rich PGE aloys form in the same process with Os supplied
from a very heterogeneous upper mantle by partial-melting
events. Although we have not, at this point, systematically
measured ¥’0g/*¥0s on chromites derived from the peridotite
bodies in northern California and southwest Oregon, we pre-
dict that they will show similar *¥’Og/*¥Qs variation and, pro-
vided the number of chromite analyses become large enough,
will form a Gaussian distribution similar to that observed for
the Os-rich PGE alloys (Meibom et al. 2002). We also predict
that occasional enrichments in #0s/'%8Q0s, similar to those
measured in Os-rich PGE alloys, will befound in these chromite
samples.
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