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Zoning of laurite (RuS,)—erlichmanite (OsS,): implications for the origin
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Abstract: We have investigated several chromite deposits in the Mayari-Baracoa Ophiolite Belt (eastern Cuba) and in the
Dobromirtsi metamorphosed ultramafic (ophiolitic) massif (SE Bulgaria) with regard to zoning in platinum-group minerals (PGM)
of the laurite (RuS,)—erlichmanite (OsS,) solid solution series. We found several zoned laurite—erlichmanite grains all included in
unaltered chromite crystals. On the basis of internal ordering and compositional variations, three different patterns of zoning have
been distinguished: (i) grains with Os-poor (laurite) core and Os-rich rim (normal zoning), (ii) grains with Os-rich core and Os-poor
rim (reverse zoning) and (iii) grains made up of a complex intergrowth of Os-rich, Os-poor laurite and erlichmanite (oscillatory
zoning). The origin of zoning is interpreted mainly as a result of changes in f(S,), f{(O,) and to a lesser extent in melt temperature,
before PGM trapping in chromite. A possible case of heterogeneous physicochemical environment in which such changes can take
place is when chromite forms during magma mingling of silicate melts in the upper mantle. The preservation of laurite—erlichmanite
zoning is attributed to the low diffusion coefficient of Ru and Os in pyrite-type structures.
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Baracoa Ophiolite Belt, Dobromirtsi Ultramafic Massif.

1. Introduction

The platinum-group minerals (PGM) of the laurite (RuS,)—
erlichmanite (OsS,) solid solution series are the most
common PGMs in podiform chromite ores that are hosted
by mantle peridotites in ophiolite complexes. They repre-
sent 75% of the total PGM described in this type of ores
(based on our unpublished statistical analysis of literature).
They occur mainly as small (usually below 20 pm) mineral
inclusions in chromite, forming anhedral to euhedral crys-
tals, in single or composite grains, associated with other
PGMs, base-metal sulphides and/or silicates (Stockman &
Hlava, 1984; Legendre & Augé, 1986; Augé & Johan,
1988; Corrivaux & Laflamme, 1990; Torres-Ruiz et al.,
1996; Melcher et al., 1997; Garuti et al., 1999a, b; Ahmed
& Arai, 2003a, b; Gervilla et al,, 2005; among others).
Most authors agree that laurite—erlichmanite grains form at
high temperature from sulphur-undersaturated mafic
melts, before or coeval with the crystallization of chromite.
They may crystallize directly from the melt, acting as
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nuclei for chromite crystallization (Stockman & Hlava,
1984; Augé, 1985) or as the result of the reaction of pre-
viously formed Os-Ir-Ru alloys with sulphur, when fS,
increases in the melt (Bockrath er al., 2004). The Os-Ir-
Ru alloys may crystallize attached to chromite grain
boundaries (Bockrath et al., 2004; Mungall, 2005;
Ballhaus et al., 2006; Finnigan et al., 2008), also being
found commonly within chromite crystals. Growing chro-
mite tends to trap these PGMs, preventing any further
chemical exchange with the melt (Stockman & Hlava,
1984; Gauthier et al., 1990; Bockrath er al., 2004).
Because the composition of laurite—erlichmanite is
strongly influenced by sulphur fugacity and temperature
(Brenan & Andrews, 2001; Andrews & Brenan, 2002;
Bockrath et al., 2004), each individual, sealed inclusion
records valuable information on the thermodynamic con-
ditions prevailing during its crystallization (Augé & Johan,
1988; Nakagawa & Franco, 1997; Garuti et al., 1999a).
The identification of complex oscillatory zoning pat-
terns in laurite—erlichmanite crystals from two chromite
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deposits in the Mayari-Baracoa Ophiolitic Belt (eastern
Cuba), as well as other simple patterns made up of two
individuals: core + rim, in zoned grains from metamor-
phosed chromitites of the Dobromirtsi Ultramafic (ophio-
lite) Massif in the Rhodope Mountains (SE Bulgaria) is a
good opportunity to investigate the variations of the phy-
sico-chemical conditions that control the formation of these
PGMs during the crystallization of chromite. For this study,
we have selected only laurite—erlichmanite grains occurring
in unaltered, unfractured chromite crystals to make sure that
the primary features of the zoning patterns were not mod-
ified by late alteration processes. These features will be
compared with those of zoned laurite—erlichmanite grains
described in the literature Corrivaux & Laflamme, 1990;
Melcher et al., 1997; Garuti et al., 1999a; Gutierrez-
Narbona et al., 2003; Zaccarini et al., 2004; Gervilla
et al., 2005; Grieco et al., 2006).

2. Geological setting of the sampled areas

The samples were selected from two chromite ore bodies
(Monte Bueno and Caridad Mines) in Sagua de Tanamo
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District, eastern Cuba (Proenza et al., 1999; Gervilla et al.,
2005) and ten chromitite occurrences from the Dobromirtsi
Ultramafic Massif in SE Bulgaria (Tarkian et al, 1991;
Kerestedjian et al., 2006; Gonzalez-Jiménez et al., 2007).
The Sagua de Tanamo District is a small mining district,
located in the central part of the Late Cretaceous Mayari-
Baracoa Ophiolitic Belt (Marchesi et al., 2006; Proenza
et al., 2006), in an area with a complex structure charac-
terized by the imbrication of different tectonic sheets of
ophiolite-related, mainly serpentinized ultramafic rocks
(Fig. 1a). Ophiolite-related, ultramafic rocks are mainly
composed of serpentinized mantle tectonites made up of
harzburgite and minor dunite. Harzburgite contains anhe-
dral to amoeboid crystals of chrome spinel (< 2 vol%),
while dunite shows more abundant euhedral accessory
chromite crystals (> 2 vol%). The emplacement of the
ophiolite took place in the Maastrichtian to early Danian
(Iturralde-Vinent et al., 2006). This district contains 35
small deposits of both Al-rich (25 deposits) and Cr-rich
(10 deposits) chromite ore (Murashko & Lavandero, 1989;
Proenza et al., 1999, 2003). Chromitite bodies are rela-
tively small (but any of them contains more than 100,000
tons of chromite ore) and have irregular, tabular to
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Fig. 1. Geological maps of a portion of the Sagua de Tanamo district (a) and Dobromirtsi Ultramafic Massift (b) with the location of the

studied chromitites.
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lenticular shapes. They are concordant or subconcordant
with the foliation of the host serpentinized peridotites
(mantle harzburgites with dunite lenses hosting chromi-
tites; Proenza et al., 1999, 2003; Gervilla et al., 2005) and
are locally cut and rotated by normal faults. Chromitites
show massive textures, frequently grading to disseminate
towards the borders of the bodies; much less frequently
they have banded and disseminated textures.

The Dobromirtsi Ultramafic Massif is a small ultramafic
body (~11 kmz) located in the Borovitza lithotectonic unit
— the uppermost unit of the Variegated Complex — in the
Central Rhodopes (Ovtcharova et al., 2001). It is mainly
composed of serpentinized harzburgites and dunites, meta-
morphosed under amphibolite-facies conditions, which are
considered part of the mantle section of a dismembered
Paleozoic Ophiolite Complex (Ovtcharova et al., 2001)
(Fig. 1b). Almost 200 chromitite podiform bodies of vari-
able, but small size (only a few of them contain some tens
of thousands tons of ore) can be found in this massif
(Zhelyaskova-Panayotova, 2000). They are all concordant
to the metamorphic, mylonitic foliation of the host perido-
tites and concentrate in a single, dunite-rich horizon.
Chromitites are predominantly massive, grading to disse-
minated towards the borders of the bodies.

3. Analytical methods

Polished thin-sections were studied in reflected light, by
environmental scanning electron microscopy (ESEM) at
the Centro Andaluz de Medio Ambiente (University of
Granada-Junta de Andalucia) and field emission scanning
electron microscopy (FESEM) at the Centro de
Instrumentacion Cientifica (University of Granada), to
identify zoned laurite—erlichmanite grains. The larger
grains were later analyzed by electron microprobe at the
Serveis Cientificotécnics of the University of Barcelona
and at the Analysis and Mineral Characterisation
Laboratory of BRGM (Orléans, France). In both labora-
tories, analyses were obtained using CAMECA SX50
instruments, under the same operating conditions: accel-
erating voltage 25 kV, sample current 20 nA and beam
diameter 2 pm. The X-ray lines measured were Ko, for S,

Table 1. Zoned laurite-erlichmanite grains in the studied chromitites.
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Fe, Ni and Cr; La for Ru, Rh, Pd, Os, Ir and Pt; and L3 for
As. Pure metals were used as standards for Os, Ir, Ru, Rh,
Pt, Pd and Ni, Cr,0O5 for Cr, FeS, for Fe and S, Cu,S for Cu,
and GaAs for As. The following interferences
IrLo—CuKa, RuLp—RhLa, CuKBP—OsLo, were cor-
rected online. At BRGM, the RuLp—RhLa interference
was corrected considering that 100% Ru corresponds to
2.3% Rh.

A total of 10 zoned laurite—erlichmanite grains were
identified (all of them in unaltered chromite) in the studied
chromitites: six in the Monte Bueno Mine, one in the
Caridad Mine, and three in the Ultramafic Dobromirtsi
Massif. Due to the small size of the grains and very fine
scale of zoning, only three of the ten grains could be
analyzed with microprobe. Despite the effort to analyze
different zones of the grains with a maximum range of Os
and Ru-variation, the performed analyses show a slight
contamination as a consequence of mixing among the
different zones. As a result, no correction can be done in
this respect. Thus, the provided representative analyses
represent average composition of a portion of representa-
tive Os- and/or Ru rich zones that form the grains. Also,
raw PGM analyses showed moderate to significant con-
centrations of Fe and Cr due to excitation of the matrix,
because of the small size of the particle. These data were
corrected, by subtraction of Cr and the corresponding
proportion of Fe due to the chromite (determined from
the known Cr/Fe ratio, measured in the host chromite)
from the raw analytical data, and the atomic concentration
was calculated from the corrected analytical data (Augé,
1988). Since laurite could contain some amounts of Pt, Rh,
Ni and Fe (Cabri, 2002), for the calculation of the structural
formulae all these elements were also considered.

4. Patterns of zoning

Different zoned laurite—erlichmanite grains were found in
the chromite ore bodies of the Monte Bueno and Caridad
mines in the Sagua de Tanamo District (Table 1). The
grains from Monte Bueno Mine exhibit oscillatory zoning,
represented by alternating growth zones (parallel to grow-
ing crystal faces) of variable thickness and composition,

Attached Pattern of
Occurrence Locality Compositional zoning (core-rim) mineral zoning Fig./Anal.
Monte Sagua de Tanamo (Eastern Laurite/Os-laurite/laurite/irarsite/ Oscillatory 2a, 5/1-4
Bueno Cuba) laurite
Os-laurite/laurite/irarsite/laurite/ Oscillatory 2b
irarsite
Caridad Sagua de Tanamo (Eastern Os-laurite/laurite Cuproiridsite Oscillatory 4, 5/20-30
Cuba)
Dobromirtsi ~ Rhodopes (Southeastern Os-laurite/laurite PGE-rich mss Reverse 2c, 5/5-8
Bulgaria)
Os-laurite/laurite Reverse
Os-laurite/laurite Osmium Oscillatory 2d, 5/10-19




422

Laurite
RuS§,

Os-Laurite

Laurite

RUSEY

.“("_Js-Laurite

JM. Gonzalez-Jiménez, F. Gervilla, J.A. Proenza, T. Kerestedjian, T. Augé, L. Bailly

Os-Laurite

/" Laurite
RuS,

Osmium

Laurite

RuS, o

Os-Laurite

Fig. 2. Back-scattered images of zoned laurites included in chromite crystals. (a) and (b): Complex oscillatory zoned grains from the Monte
Bueno Mine. Note that alternating bands of Os-poor and Os-rich laurite in both grains are of variable thickness and commonly parallel to
crystal faces being interlayered or interrupted at the external boundary of the grains by irarsite. (c¢) and (d), Simple zoned grains from the
Dobromirtsi Ultramafic Massif showing reverse zoning patterns. In figure (d), an irregular Os-rich laurite core is surrounded by thin, growth-
related bands of laurite progressively poorer in Os content. Numbers indicate the analyses performed (Table 3).

that extend from Os-poor laurite to Os-rich laurite (Fig. 2a, b).
A clear trend is observed in the crystal shape depending on
composition, from octahedral in Os-rich zones to cub-
octahedral for the pure laurite zones. Another specific
feature of these laurite—erlichmanite grains is that at certain
growth zones (corner and edges) subhedral irarsite crystals
occur (Fig. 2a, b).

Another zoned grain from the Monte Bueno Mine is
described by Gervilla et al. (2005) (Table 2) who shows
that the core is made up of small, rounded (or corroded)
grains (Fig. 3a), evidencing either the simultaneous for-
mation of different nuclei of Os-rich laurite (or erlichma-
nite) or the effects of dissolution processes before the
crystallization of the alternating, external zones. In addi-
tion this grain also has an irarsite crystal growing on the
corner of a cub-octahedral individual.

Although a laurite—erlichmanite grain from the Caridad
Mine shows a simple pattern of zoning (Fig. 4), there are
some interesting features: i) it contains several drop-like to
subhedral inclusions of (Ni,Cu,Fe) sulphides (mainly mill-
erite, chalcocite and pentlandite), aligned along growth
zones of the host laurite; ii) the laurite crystal is intergrown
with an unknown PGE-rich monosultide solid solution
(mss) (associated with a grain of cuproiridsite), causing a
zone of compositional uniformity parallel to the assimila-
tion boundary.

Three primary zoned laurite grains were found in two of
the ten investigated chromitite bodies in the Dobromirtsi
Ultramafic Massif. Two of them exhibit simple patterns
of zoning (Fig. 2c) and the third one shows a corroded

Os-laurite core rimmed by thin laurite zones (Fig. 2d). This
photograph also shows a crystal of native Os attached to
the outermost laurite rim.

5. Chemical variations

The chemical composition of zoned grains of laurite—
erlichmanite from Sagua de Tanamo, Dobromirtsi and
those reported in the literature show that zoning is mainly
caused by changes in the Ru/(Ru+0s) ratio (from 0.99 to
0.27) with minor Ir variations (Fig. 5).

The only analyzed grain from Monte Bueno Mine (Fig. 2a)
shows a core of Os-poor laurite [(Rugg;Osg11lro0s
Rhg 01)2=1.03S1.97] surrounded by a zone of Os-rich laurite
[(Rug.610s0.36110.05RNg.01)x=1.0251.08] and an outermost
rim of Os-poor laurite [(RuggeOsg.10lrg.04RN003)
5-1.03(51.93A80.04)z=1.97] (Fig. 5; Table 3). In contrast,
the laurite grain from Caridad (Fig. 4) exhibits a simpler
pattern with a slightly Os enriched core [(Rug¢60s0.24
Irg.06Rhg 01)5—00852.02] and an Os poorer rim
[(Rug.720s0.181r0.08Rg.01Nig.01)5—0.99S2.01].  Note  that
whereas Ru contents do not vary significantly along the
profile of Fig. 4 (Table 3), Os depletion in the outer zone is
accompanied by a slight increase in Ir content.

The two zoned grains from Dobromirtsi show very
similar core to rim chemical variations (Fig. 5), having
Os-rich laurite cores and Os-poor laurite rims. These com-
positions vary from  (Rugg9O80.271r0.03F€0.03Rho.01)
$-1.0251.08 (core) to (Rug91080.071r0.02)x=1.0151.99 (rim)
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Table 2. Zoned laurite-erlichmanite from ophiolite and orogenic lherzolite massifs worldwide.

Compositional Attached Pattern of
Occurrence Locality zoning (core-rim) mineral zoning Fig. References
Monte Sagua de Tanamo Erlichmanite/laurite/ Irarsite Oscillatory 3a Gervilla et al. (2005)
Bueno (Eastern Cuba) Os-laurite
Victoria Mayari (Eastern Cuba) Erlichmanite/laurite/ Oscillatory 3f, 5 Gervilla et al. (2005)
Os-laurite
Nurali Southern Urals (Russia) Laurite-erlichmanite Reverse 2b,5 Zaccarini et al. (2004)
Erlichmanite-laurite Oscillatory Grieco et al. (2006)
Laurite-erlichmanite Normal
Erlichmanite/Ru-rich Reverse
erlichmanite
Laurite/Os-laurite Normal
Laurite/Os-laurite/ Oscillatory 3e, 5
erlichmanite/laurite
Ojén Spain Os-laurite/laurite Reverse Torres-Ruiz et al.
(1996)
Laurite/Os-laurite Normal
Os-laurite/laurite Normal 3¢, 5 Gutierrez-Narbona
et al. (2003)
Ray-Iz Polars Urals (Russia) Laurite/Os-laurite Os-Ir alloy ~ Normal 5 Garuti et al. (1999a, b)
Thetford Canada Os-laurite/laurite Os/Ir alloy ~ Reverse 3d, 5 Corrivaux & Laflamme
Mines (1990)
Kempirsai Kazakhstan Os-laurite/laurite Reverse Melcher et al. (1997)

(Fig. 2¢), and from (Rug.74080.221r0.05 Feo.03)s=1.0351.97
(core) to (Rug.06080.05Ir0.02F€0.02RN.01)5—1.0651.04 (rim)
(Fig. 2d). The osmium attached to the outermost rim of
the latter inclusion contains 78.71 wt% Os, 16.02 wt% Ir
and 3.92 wt% Ru on average.

Primary zoned laurite-erlichmanite grains with significant
core to rim variations grains are also described in other
podiform chromitites (Table 2; Fig. 5). Most of these grains
show simple patterns of zoning (e.g., Fig. 3b, c, d; Fig. 5):
Ray-1z [from (Ru; 00O080.02110.03)2=1.0551.95 t0 (Rug72080.14
Iro,07Rho 0Pto.01)5—0.978203; Garuti et al., 1999a]; Ojén
[from (Rug7; Iro.12 Rho 10080.00)2=1.02 (S1.70A80219)5=1.08
to (Rug 500s80.17110.13  Rhg.10)2=1.00(S1.80A80.20)£=2.005
Gutiérrez-Narbona et al., 2003]; Nurali [from (Rugga
0s0.13110.02F€0.01Ni0.01)2=1.0052.00 0 (Osg.90RUg.07
Nig 4Fe0.02)5-1.03(51.94A80,03) x—1.97 and from (OspoRug 26
Iro.02F€0.02Ni0.01)5-0.99S2.01 10 (Osg.54Rug 30Ir0.03F€0.01
Nig.o1)x—=009952.01; Zaccarini et al., 2004], and Thetford
Mines [from (Rug 5608032 Iro.08)5-0.9652.04 t0 (Rugez
050.20I10.08)5-0.8052.11; Corrivaux & Laflamme, 1990].
However, the most significant chemical variations in
oscillatory zoned laurite—erlichmanite grains included in
unaltered chromite are those reported by Grieco et al.
(2006) in chromitites from the Nurali ophiolite (Fig. 3e).
These authors describe an oscillatory zoned grain with
an Os—poor laurite core [(RU()_86OS0.091r0.04Rh0_01Feov()l
Nigo1)s=1.02S1.08] surrounded by alternating zones of
laurite with increasing amounts of Os, entering the com-
positional field of erlichmanite [up to (Osgg3Ru.43
Ir0_04RhO.01)2:1_1151.89]. The outermost rim of this grain
is again rich in Ru [(Rug 75050 .331r0.03Nio.01)s=1.1051.90]-
In addition to these primary patterns, Gervilla et al.
(2005) report an oscillatory zoned grain in an open

inclusion, located close to the border of a chromite crystal
from the Victoria Mine (Mayari District, eastern Cuba)
(Fig. 3f). This grain has a partly rounded core surrounded
by alternating growth zones. In spite of its textural
position, this grain does not show any evidence of late
alteration and its pattern of zoning could be considered
primary.

6. Discussion

There is a general consensus among researchers on the
primary, magmatic origin of PGMs occurring in sealed
inclusions in unaltered chromite. Thus the three basi-
cally different patterns of zoning described in laurite—
erlichmanite: i) grains with Os-poor (laurite) cores and
Os-rich rims, ii) grains with Os-rich cores and Os-poor
rims, and iii) grains with oscillatory patterns, must be
formed during crystallization of chromite. Because a
progressive increase in the Os content of laurite would
be expected on cooling as a consequence of both
decreasing temperature and increasing fS, (Stockman
& Hlava, 1984; Augé & Johan, 1988; Melcher er al.,
1997; Garuti et al., 1999a) we have termed the first
type of pattern normal and the second one reverse (see
Tables 1 and 2).

Two questions arise in our attempt to understand the
different patterns of zoning: i) how do chemistry and/or
thermodynamic conditions change to give rise to such
different patterns of zoning? and ii) why did zoning not
disappear by Os and Ru diffusion on cooling?
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Fig. 3. Different examples of zoned laurites included in unaltered
chromites from ophiolite and orogenic-lherzolite chromitites world-
wide. (a) Complex oscillatory zoned grain from Monte Bueno Mine
(Mayari-Baracoa belt, eastern Cuba) (Gervilla et al., 2005) showing
a core made up of small, rounded or corroded grains of erlichmanite
(E) surrounded by external bands of Os-poor laurite (L) interlayered
with thin bands of erlichmanite and/or Os-rich laurite (Os-L) finally
interrupted by the crystallization of an irarsite crystal. (b) Simple
zoned grain from Nurali, Russia (Zaccarini et al., 2004) showing a
normal pattern of zoning composed of a core of laurite and a rim of
erlichmanite. (¢) Simple zoned grain from Ojén, Spain (Gutierrez-
Narbona et al., 2003) showing a normal pattern of zoning, made up
of Os-poor laurite core gradding to Os-rich laurite edge. (d) Simple
(reverse zoning) zoned grain from Thetford Mines, Canada
(Corrrivaux & Laflamme, 1990) composed of an Os-rich laurite
core and an Os-poor laurite rim. (e) Complex oscillatory zoned
grain from Nurali, Russia (Grieco et al., 2006) showing a corroded
core of Os-poor laurite enveloped by Os-rich laurite intergrown with
a layer of erlichmanite. (f) Complex oscillatory zoned grain from
Victoria mine (Mayari-Baracoa belt, eastern Cuba) (Gervilla et al.,
2005) showing an Ru-rich erlichmanite core surrounded by alternat-
ing, growth-related bands of Os-poor and Os-rich laurite.
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Fig. 4. Back-scattered image and compositional profiles of a com-
posite grain from the Caridad Mine, made up of zoned laurite to
which one crystal of a PGE-rich mss and one grain of cuproiridsite
are associated. Note that the oscillatory zoned laurite grain has a Os-
rich laurite core surrounded by an Os-poor rim hosting several drop-
like to subhedral inclusions of Ni-Fe-Cu sulphides. The latter are
oriented according to the growth band of the host laurite.

6.1. Origin of zoning

Experimental results indicate that Os, Ir and Ru fractionate
into chromite and are later exsolved from the host chro-
mite to form PGM inclusions (Capobianco & Drake, 1990;
Capobianco et al., 1994; Righter et al., 2004); however,
empirical observations (Tredoux et al., 1995) along with
LA-ICP-MS analyses (Ballhaus & Sylvester, 2000) and
recent experimental data (Matveev & Ballhaus, 2002;
Sattari et al., 2002; Bockrath et al., 2004; Mungall, 2005;
Finnigan et al., 2008) show that the concentration of Os, Ir,



Zoning of laurite—erlichmanite in ophiolite chromitites

425

R

\.

i
7 /

S S

& & s

S S 3

OR S S >

S

O
o C
(7]
s
S
& I
9 S &
5 3
&£ g
K N

Os

Ir

Fig. 5. Ru-Os-Ir plots of the zoned laurite—erlichmanite grains from the investigated chromitites and from the ophiolite and orogenic-
lherzolite complexes worldwide. C: cores, R: rims. Arrows indicate compositional variation from cores to rims. References in the text.

and Ru in chromite is likely due to a physical trapping of
submicroscopic clusters of these PGE in their metallic
state, together with larger grains of PGM alloys and sul-
phides. Segregation of PGE clusters and PGMs from the
melt is caused by changes in fO,, fS, and temperature
(Stockman & Hlava, 1984; Amossé et al., 1990, 2000;
Mungall, 2002, 2005); thus, it would be expected that Os,
Ir and Ru metallic clusters and alloys form first, under high
temperature and low fS,, followed by sulphides of the
laurite—erlichmanite solid-solution series upon cooling
and increasing fS, (Augé & Johan, 1988; Garuti er al.,
1999a). However, Brenan & Andrews (2001) and
Bockrath et al. (2004) have shown that Os-Ir alloys can
form in equilibrium with Os-free laurite at 1200-1300 °C
and log fS, from —2 to —1.3. These results, in agreement
with thermodynamic data (Stockman & Hlava, 1984;
Wood, 1987; Barin, 1989), also prove that Os solubility
in laurite increases with decreasing temperature and/or
increasing fS,.

Because fS, tends to increase upon cooling, normal
patterns of zoning in laurite—erlichmanite grains would
record different steps of the crystallization history of
these PGM before their entrapment by chromite (Melcher
et al., 1997, Garuti et al., 1999a). Nevertheless a contin-
uous decrease in temperature and increase in fS, can
neither explain the reverse nor the oscillatory patterns of
zoning shown by some laurite—erlichmanite grains (Fig. 2,
3 and 4). To account for such chemical variations

(including increases in the arsenic concentration to form
irarsite), it is necessary to invoke a mechanism capable of
creating different fS, gradients in space and/or time, with
or without changes in temperature, and in a short time
before the PGM were trapped by chromite. Variable fS,
gradients could be generated during the crystallization of
chromite by magma mixing (Irvine, 1975, 1977; Arai &
Yurimoto, 1994; Zhou et al., 1996; Ballhaus, 1998;
Gervilla et al., 2005) or as a consequence of the segrega-
tion of a fluid phase from the parent silicate melt (Matveev
& Ballhaus, 2002).

Ballhaus (1998) has suggested that chromite crystalliza-
tion takes place in a hybrid magma formed during mingling
(before complete mixing) of two melts with different silica
activities in turbulent magma conduits to shallow litho-
sphere levels (Fig. 6-1a). Any batch of new melt injected
in the conduit will mingle turbulently with the pooled melt
because of the viscosity contrast of the two melts. This will
create chemical differences in each melt bubble crystal-
lizing variable proportions of chromite (Fig. 6-1b). In con-
trast Matveev & Ballhaus (2002) show that the formation of
ophiolite chromitites involves equilibration between an
olivine-chromite saturated basaltic melt and an aqueous
phase. Decompressing of a water-saturated basalt melt
induces the exsolution of a fluid phase (Shaw, 1972;
Bottinga & Weill, 1972; Ballhaus, 1998). Given the affinity
of a water-rich fluid to oxide surfaces, the segregated fluid
tend to use chromite microphenocrystals dispersed in the
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Table 3. Representative analyses of zoned laurites and associated minerals from the investigated chromitites.

No. analysis Mineral Os Ir Ru Pt Pd Rh Fe Cr Ni S As Total

Raw analyses (wt%)

1 Laurite 10.81 476 4719 0.00 0.00 030 0.56 1.66  0.11 33.74 0.00 99.13
2 Os-Laurite  33.44 449 2997 0.00 000 029 0.70 1.91 0.05  31.06 0.00 101.91
3 Laurite 10.15 460 46.09 0.00 0.00 1.65 064 2.01 0.10 3291 1.63 99.78
4 Irarsite 2.17  46.18 9.52  0.00 0.00 415 080 252 0.09 15.14 19.94 100.51
5 Os-Laurite  23.96 3.41 33.16 000 0.00 0.20 1.84 426 0.03 29.81 0.00 96.67
6 Os-Laurite  25.67 3.21 3539 000 0.00 033 094 199 0.05 32.18 0.00 99.76
7 Os-Laurite  25.46 3.13 3573 0.07 0.00 0.27 1.03 202 0.07 32.05 0.00 99.83
8 Laurite 7.54 220 4929 003 0.00 0.19 0.63 580 0.02 34.09 0.00 99.79
9 Laurite 9.47 351 4697 0.00 000 027 034 3.00 0.07 3430 0.00 97.93
10 Os-Laurite  21.50 5.07 39.15 000 0.00 024 092 1.63  0.06 3290 0.00 101.47
11 Os-Laurite  21.55 464 3870 0.00 000 025 0.86 140 0.10 32.82 0.00 100.32
12 Os-Laurite  22.05 476  38.63 0.00 000 026 0.85 1.29 0.07 33.19 0.00 101.10
13 Laurite 7.27 2.19 5243 004 0.00 033 053 1.17  0.07 35.88 0.00 99.91
14 Laurite 6.20 1.75 5475 0.00 0.00 032 0.51 1.23  0.01 35.62 0.00 100.39
15 Laurite 5.20 1.73 5546  0.01 0.00 035 072 144 023 34.89 1.68 101.71
16 Laurite 18.48 417 46,53  0.00 0.00 021 0.78 1.63 0.07 36.12 0.00 107.99
17 Osmium 78.58 15.85 291 0.00 0.00 0.09 1.42 240 0.09 0.02 0.00 101.36
18 Osmium 77.58 15.49 246 0.00 0.00 0.08 1.29 233  0.11 0.00 0.00 99.34
19 Osmium 76.60 16.05 629 002 0.00 0.11 1.29 232  0.06 0.02 0.00 102.76
20 Os-Laurite  21.14 505 3799 000 0.03 028 034 044 026 3347 0.00 99.00
21 Os-Laurite  23.47 519 3642 013 0.08 0.31 0.10 045 0.15 33.04 0.00 99.32
22 Os-Laurite  21.63 5.17 3694 016 0.00 0.16 0.19 039 0.18 3294 0.02 97.77
23 Os-Laurite  22.87 512 3622 0.14 0.00 041 045 042 0.11 33.15 0.03 98.90
24 Os-Laurite  23.71 536 3570 0.15 0.00 022 0.12 044 0.16 33.08 0.00 98.94
25 Os-Laurite  23.99 6.15 3487 033 0.00 042 037 050 012 33.62 0.03 100.39
26 Laurite 18.11 7.63 3826 023 0.21 040 007 057 016 33.85 0.09 99.56
27 Laurite 18.12 7.16 3748 000 022 026 040 064 0.12 33.73 0.00 98.11
28 Laurite 18.34 736 38.00 027 0.00 039 020 013 0.16 33.38 0.00 98.23
29 Laurite 18.47 734 3747 015 0.00 048 0.07 066 0.12 3374 0.00 98.49
30 Laurite 19.38 7.18  37.41 0.12 000 046 039 079 0.19 3328 0.02 99.19
Recalculated analyses (wt%)

1 Laurite 11.15 491 48.69 0.00 0.00 0.31 0.01 0.11 34.81 0.00

2 Os-Laurite  33.65 452 30.16 0.00 0.00 029 0.07 0.05 31.26 0.00

3 Laurite 10.45 474 4745  0.00 0.00 1.70  0.00 0.10  33.88 1.68

4 Irarsite 223 47.52 9.80 0.00 0.00 427 0.00 0.09 1558  20.52

5 Os-Laurite  26.04 3.71 36.03 0.00 0.00 022 1.58 0.03  32.39 0.00

6 Os-Laurite  26.30 329 3626 0.00 000 034 0.78 0.05 3297 0.00

7 Os-Laurite  26.08 3.21 36.60 0.07 0.00 028 0.87 0.07  32.83 0.00

8 Laurite 8.08 236 52.80 003 0.00 020 0.00 0.02  36.51 0.00

9 Laurite 10.01 3.71 49.66 0.00 0.00 029 0.00 0.07  36.26 0.00

10 Os-Laurite  21.57 5.09 3927 000 0.00 024 0.78 0.06  33.00 0.00

11 Os-Laurite  21.81 470  39.17 0.00 000 025 074 0.10 3322 0.00

12 Os-Laurite  22.12 477 3875 0.00 0.00 026 0.74 0.07  33.29 0.00

13 Laurite 7.37 222 5316 004 0.00 033 043 0.07  36.38 0.00

14 Laurite 6.26 1.77 5528 0.00 0.00 032 040 0.01 35.96 0.00

15 Laurite 5.19 1.73 5538  0.01 0.00 035 0.59 023  34.84 1.68

16 Laurite 17.40 393 4381 0.00 0.00 0.20 0.60 0.07  34.01 0.00

17 Osmium 79.58 16.05 295 0.00 0.00 0.09 1.22 0.09 0.02 0.00

18 Osmium 80.14 16.00 2.54  0.00 0.00 0.08 1.12 0.11 0.00 0.00

19 Osmium 76.42 16.01 628 0.02 0.00 0.11 1.08 0.06 0.02 0.00

20 Os-Laurite  21.52 5.15  38.68 0.00 0.03 028 0.00 0.27  34.07 0.00

21 Os-Laurite  23.76 525 36.87 0.13 0.08 032 0.00 0.15 3345 0.00

22 Os-Laurite  22.26 5.32  38.01 0.17 0.00 0.16  0.00 0.18  33.89 0.02

23 Os-Laurite  23.33 522 3694 0.14 0.00 041 0.00 0.11 33.81 0.03

24 Os-Laurite  24.10 545 3629 0.16 0.00 022 0.00 0.16  33.62 0.00

25 Os-Laurite  24.10 6.17 3504 033 0.00 043 0.00 0.12  33.78 0.03

26 Laurite 18.31 7.71 38.67 023  0.21 0.41 0.00 0.16  34.22 0.09

27 Laurite 18.67 7.37  38.61 0.00 022 026 0.00 0.12 3475 0.00

28 Laurite 18.73 7.52  38.82 027 0.00 039 0.00 0.16  34.10 0.00

29 Laurite 18.90 7.51 3832  0.15 0.00 049 0.00 0.12 3451 0.00

30 Laurite 19.77 732  38.16 012 0.00 047 0.00 0.19 3395 0.02
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Table 3. Continued

No. analysis Mineral Os Ir Ru Pt Pd Rh Fe Cr Ni S As Total
Atomis percentages

1 Laurite 3.54 1.54 2908 000 0.00 0.18 0.01 0.12 6553 0.00
2 Os-Laurite  11.97 1.59 20.18 0.00 0.00 0.19 0.08 0.06 6593 0.00
3 Laurite 3.34 1.50 2852 0.00 0.00 1.00 0.00 0.11 64.18 1.36
4 Irarsite 1.01  21.34 837 0.00 0.00 358 0.00 0.14 4193 23.64
5 Os-Laurite 8.81 124 2295 000 0.00 0.14 1.82 0.04  65.01 0.00
6 Os-Laurite 8.86 .10 2299 0.00 0.00 021 0.89 0.06  65.89 0.00
7 Os-Laurite 8.79 1.07 2322 002 0.00 0.17 1.00 0.08  65.65 0.00
8 Laurite 247 0.71 3040 001 0.00 0.12 0.00 0.02  66.27 0.00
9 Laurite 3.10 1.14 2893 0.00 0.00 0.16 0.00 0.07  66.59 0.00
10 Os-Laurite 7.20 1.68 2467 000 0.00 0.15 0.88 0.07 6535 0.00
11 Os-Laurite 7.26 1.55 2453 000 0.00 0.16 0.84 0.11  65.56 0.00
12 Os-Laurite 7.36 1.57 2427 000 000 016 0.83 0.08 6572 0.00
13 Laurite 2.25 0.67 3053 001 0.00 019 045 0.07  65.84 0.00
14 Laurite 1.91 0.53 31.78 0.00 0.00 0.18 042 0.01  65.16 0.00
15 Laurite 1.60 053 3203 000 0.00 020 0.62 023  63.50 1.31
16 Laurite 5.65 1.26 2676 0.00 0.00 0.12 0.66 0.07 6548 0.00
17 Osmium 75.25 15.02 525 000 0.00 016 393 0.28 0.11 0.00
18 Osmium 76.27  15.07 455 000 000 0.15 3.62 0.35 0.00 0.00
19 Osmium 70.57  14.63 1091 002 000 0.19 339 0.18 0.11 0.00
20 Os-Laurite 7.10 1.8 2403 000 002 017 0.00 029  66.71 0.00
21 Os-Laurite 7.97 1.74 2328 0.04 0.05 020 0.00 0.16  66.56 0.00
22 Os-Laurite 7.39 .75 2375 005 0.00 0.10 0.00 0.19  66.75 0.01
23 Os-Laurite 7.78 .72 2318 005 0.00 025 0.00 0.12  66.87 0.03
24 Os-Laurite 8.08 1.81 2289 0.05 0.00 0.14 0.00 0.18  66.85 0.00
25 Os-Laurite 8.08 205 2212 011 0.00 026 0.00 0.13 6722 0.02
26 Laurite 6.03 2.51 2396 0.07 012 025 0.00 0.17  66.81 0.08
27 Laurite 6.10 238 2375 000 0.13 0.16 0.00 0.13  67.35 0.00
28 Laurite 6.18 246 2411 009 0.00 024 0.00 0.17  66.75 0.00
29 Laurite 6.20 244 2368 005 0.00 030 0.00 0.13  67.20 0.00
30 Laurite 6.55 240 2379 0.04 0.00 029 0.00 020  66.71 0.02

Monte Bueno Mine: 1-4. Dobromirtsi: 5-19. Caridad Mine: 20-30.

melt as nucleation sites (Matveev & Ballhaus, 2002)
scavenging chromite from the melt (Fig. 6-2a).

In any of the two models, coalescence of chromite-rich
melt/fluid bubbles promoted by the existence of a turbulent
regime should lead to joint chromite forming larger crys-
tals (Fig. 6-1b, 6-2b). Such a regime can be caused by
periodic inputs of melt batches within a conduit, similar
to that proposed by Lago et al. (1982). The denser chro-
mite-bearing bubbles will be transported to the walls of the
conduits (Matveev & Ballhaus, 2002), like in the elutria-
tion cell described by Lago et al. (1982), promoting their
coalescence and partial solidification (note that the solid
wall-rock can be ~200 °C cooler than the melt). In both
models, each melt/fluid bubble will retain its own chemical
composition, fO, and f'S, until it coalesces with another
bubble. This may create the heterogeneous, variable envir-
onment necessary to form the different patterns of zoning
in laurite—erlichmanite grains.

Because Cr°" and Fe’' partition preferentially into
chromite, each chromite nucleus may create a reduced
boundary layer enveloping the nucleus and cause satura-
tion of the most oxidized PGE species (Os, Ru and very
probably Ir) in the melt/fluid (Mungall, 2002, 2005;
Ballhaus et al., 2006; Finnigan et al., 2008). Due to their

pronounced affinity to the chromite surface, these PGE
will crystallize on chromite surfaces, being fractionated
along with chromite (Ballhaus et al., 2006). Such physical
fractionation may take place in the form of extremely
small-sized metallic nuggets of Os, Ru and Ir (Ballhaus
et al., 2006) and/or submicroscopic grains (or clusters) of
Os-Ru alloys which would also incorporate Ir (Tredoux
et al., 1995; Gervilla et al., 2005) (Fig. 6-3). In this sce-
nario, the Os-, Ru-, Ir-metallic nuggets and submicro-
scopic Os-Ru-Ir alloys keep attached to chromite grain
boundaries (Bockrath et al., 2004; Mungall, 2005;
Ballhaus et al., 2006) in equilibrium with the closest sur-
rounding melt/fluid. Weak increases in fO, and fS,, as a
consequence of coalescence of Os-, Ir-, and Ru- and chro-
mite-bearing melt/fluid bubbles, can promote crystalliza-
tion of laurite directly from the melt/fluid or, more
probably, by reaction with the already formed Os-Ir-Ru
alloys (Bockrath et al., 2004) (Fig. 6-3). Crystallization of
laurite by alloy-melt reactions may also occur during hia-
tuses in chromite growth. Later PGM will be incorporated
into chromite grains if they begin to grow again during
fluctuations of the turbulent regime (Kinnaird et al., 2002).
The composition of laurite, as well as the local presence of
irarsite, will mainly depend on fS, conditions and As
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Fig. 6. Sketches showing different steps of chromite crystallization and platinum-group element fractionation to form platinum-group
minerals (PGM), from a basaltic melt. (1a) Crystallization of chromite from a hybrid magma. (1b) Chromite accumulation in each individual
bubble. (2a) Nucleation of exsolving fluid phase on dispersed chromite microphenocrystals. (2b) Coalescence of chromite-laden fluid
bubbles and chromite accumulation. (3) Precipitation of Os, Ru and Ir as extremely small-sized metallic nuggets and/or OsIrRu alloys from

the melt as a consequence of changing redox conditions in the periphery of growing chromite crystal. Note that laurite crystals also form close
to chromite boundaries. (4) Physical trapping of PGM by chromite.
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concentration. The latter will change during bubble coales-
cence. Progressive bubble coalescence and chromite
growth give rise to the formation of larger chromite crys-
tals, trapping the PGM attached to the edges of chromite
nuclei and preventing any further chemical exchange
between PGM and the surrounding melt/fluid (Fig. 6-4).

According to the above proposed model, Os-Ir-Ru
alloys, laurite—erlichmanite with different Ru/(Ru + Os)
ratios, and occasionally irarsite, may coexist at the same
time but in different zones of the chromite body (they
frequently coexist in a single sample) (Fig. 6-4). Note
that Os-Ir alloys only occur attached to Os-poor laurite
rims in reverse zoned grains, recording the equilibrium
temperature and fS, conditions determined experimentally
by Brenan & Andrews (2001).

The inclusions of Ni-Cu-Fe sulphides in the zoned laurite—
erlichmanite grain studied from Caridad (Fig. 4), and in
many other, non-zoned grains from the same deposit can
be interpreted as droplets of an immiscible sulphide melt
segregated from the hybrid silicate melt, and trapped by the
growing laurite—erlichmanite. This shows that fS, can sud-
denly increase during the crystallization of laurite—erlichma-
nite up to the level of sulphur saturation. This again supports
crystallization of laurite in an open environment liable to
rapid and sudden chemical and thermodynamic changes.

The origin of oscillatory zoned grains of laurite—erlich-
manite enveloped by zoned irarsite—hollingworthite and
vysotskite—braggite from the Penikat layered complex
(Finland) has been ascribed to rapid fluctuations in fS,
during their sequential crystallization from a melt in a
closed system (Barkov et al., 2004). However, while all
the grains studied by these authors show growth-related
zones parallel to crystal faces and always exhibit the same
crystallization order, many of the grains reported here
show rounded shapes and different crystallization
sequences. In addition, in some PGM assemblages laurite
overgrowths on late irarsite crystals and some laurite
grains contain inclusions of droplets of an immiscible Ni-
Cu-Fe sulphide melt. Barkov et al. (2004) did not explain
the origin of the assumed fluctuation in fS, in a closed
system. Similarly, Moreno et al. (1999) and Grieco et al.
(2006) interpret some zoning patterns as the result of sub-
solidus cooling or post-crystallization rearranging of Os
and Ru in the sealed inclusions. However, the growth
features (some of them forming part of complex oscillatory
patterns) in the zoned grains reported here suggest that the
formation of these patterns took place in an open rather
than a closed system. As a consequence, we consider that
zoning patterns in laurite—erlichmanite (with or without
irarsite) inclusions in fresh chromite from ophiolite chro-
mitites form in an open magmatic environment. This envir-
onment is characterized by growth processes, related to a
heterogeneous, variable chemical environment, created by
the turbulent regime generated by the intrusion of different
batches of melt.

The fact that irarsite only grows at corners and edges of
laurite—erlichmanite grains indicates that the supersatura-
tion of its components in the melt was too low for the
formation of its own nuclei. In this situation the laurite—
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erlichmanite surface and especially the corners and edges
(with their highest attachment force) acts as nucleation
seeds. However, even with the help of the laurite—erlich-
manite seed, irarsite components supersaturation keeps
low and reaches values required for the nucleation only
twice, after some abrupt events (marked by respective zone
boundaries in laurite—erlichmanite). On Fig. 2a, right
below the irarsite, there is a complete cub-octahedral epi-
tactic laurite individual. On Fig. 2b, the growth of irarsite
causes splitting of laurite—erlichmanite into three parallel
subindividuals, forming the so called inductive boundary.
This kinked boundary is typical for contemporary, concur-
rent growth of two species with comparable growth power.

6.2. Preservation of zoning

Laurite and erlichmanite have the same cubic Pa3, pyrite-
type structure and a complete solid-solution series exists
between the two end-members (Leonard et al., 1969;
Snetsinger, 1971; Harris, 1974; Begizov et al., 1976;
Bowles et al., 1983; Cabri, 2002). As laurite—erlichmanite
forms at a very high temperature (~1250 °C; Brenan &
Andrews, 2001), chemically homogeneous grains, equili-
brated by intracrystalline diffusion of Os and Ru on cool-
ing would be expected. Unfortunately, there are no
experimental data on diffusion coefficients of Os and Ru
in a pyrite-type structure. However, it is known that pyrite-
type structures have very strong covalent bonds, character-
ized by very high detachment energies (Vaughan & Craig,
1978). Considerable energy must be added to the system in
order to move the metal from one position to another. Thus,
intracrystalline diffusion would take place only on heating,
not on cooling, especially if the rate of cooling was rela-
tively fast (quenching effect).

In this scenario, we consider that each growth zone of a
laurite—erlichmanite crystal has a preserved composition in
equilibrium with the environment at the time of its forma-
tion. If there is no change in the environment during the
whole growth period, the crystal becomes compositionally
uniform. This is more probable for short growth periods
and could be the case for most laurite—erlichmanite crystals
reported in ophiolite chromitites. In contrast, if growth
lasts longer, some abrupt event will happen sooner or
later in the environment and zoning will appear.
Composition will change without any zonal boundary or
through a very fine scale zoning if the environment
changes very steadily, without abrupt events. Thus, the
patterns of zoning of laurite—erlichmanite described in
this paper can be interpreted as a consequence of primary
magmatic zoning, generated in a turbulent environment of
crystallization (with changes in fS,, fO, and temperature)
preserved in specific areas of the chromitite body. These
areas probably cooled faster than the rest of the body.
This might occur near the cooler peridotitic walls of the
chamber (or in small-sized chambers, like those of Monte
Bueno) where heat diffusion would create steep tempera-
ture gradients favouring the relatively fast cooling of PGM
and chromite.
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7. Concluding remarks

(1) On the basis of chemical zoning sequences, three
different patterns of zoning have been distinguished:
(i) grains with Os-poor laurite cores and Os-rich laur-
ite rims (normal zoning), (ii) grains with Os-rich laur-
ite cores and Os-poor laurite rims (reverse zoning) and
(iii) grains made up of alternating Os-rich, Os-poor
laurite and erlichmanite (oscillatory zoning).

(2) Zoning is interpreted mainly as the result of changes in
fS2, fO, and temperature of the melt before PGM
trapping in chromite.

(3) The environment capable of producing sharp changes
in physicochemical conditions can be obtained during
crystallization of chromite by magma mingling with
or without segregation of a fluid-rich fraction.

(4) Preservation of the zoning patterns is interpreted here
as a consequence of low diffusion rates of Ru and Os in
pyrite-type structures and relatively fast cooling rates.
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