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Abstract The Mayarı́-Baracoa ophiolitic belt in eastern
Cuba hosts abundant chromite deposits of historical
economic importance. Among these deposits, the
chemistry of chromite ore is very variable, ranging from
high Al (Cr#=0.43–0.55) to high Cr (Cr#=0.60–0.83)
compositions. Platinum-group element (PGE) contents
are also variable (from 33 ppb to 1.88 ppm) and corre-
late positively with the Cr# of the ore. Bulk PGE
abundances correlate negatively with the Pd/Ir ratio
showing that chromite concentrates mainly Os, Ir and
Ru which gives rise to the characteristic negatively

sloped, chrondrite-normalized PGE patterns in many
chromitites. This is consistent with the mineralogy of
PGEs, which is dominated by members of the laurite–
erlichmanite solid solution series (RuS2–OsS2), with
minor amounts of irarsite (IrAsS), Os–Ir alloys, Ru–Os–
Ir–Fe–Ni alloys, Ni–Rh–As, and sulfides of Ir, Os, Rh,
Cu, Ni, and/or Pd. Measured 187Os/188Os ratios (from
0.1304 to 0.1230) are among the lower values reported
for podiform chromitites. The 187Os/188Os ratios de-
crease with increasing whole-rock PGE contents and
Cr# of chromite. Furthermore, cOs values of all but one
of the chromitite samples are negative indicating a
subchondiritc mantle source. cOs decrease with
increasing bulk Os content and decreasing 187Re/188Os
ratios. These mineralogical and geochemical features are
interpreted in terms of chromite crystallization from
melts varying in composition from back-arc basalts (Al-
rich chromite) to boninites (Cr-rich chromite) in a su-
prasubduction zone setting. Chromite crystallization
occurs as a consequence of magma mixing and assimi-
lation of preexisting gabbro sills at the mantle–crust
transition zone. Cr#, PGE abundances, and bulk Os
isotopic composition of chromitites are determined by
the combined effects of mantle source heterogeneity, the
degree of partial melting, the extent of melt-rock inter-
actions, and the local sulfur fugacity. Small-scale (lm to
cm) chemical and isotopic heterogeneities in the plati-
num-group minerals are controlled by the mechanism(s)
of chromite crystallization in a heterogeneous environ-
ment created by the turbulent regime generated by suc-
cessive inputs of different batches of melt.

Introduction

The importance of platinum-group elements (PGE) and
the Re–Os isotopic system as petrogenetic indicators has
greatly increased in the last decade. The concentration of
PGEs in igneous rocks is sensitive to the degree of
partial melting, the nature of the source rock, and to the
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sulfur content of the partial melt. However, the behavior
of the noble metals and their isotopic evolution during
the formation of chromite deposits in ophiolitic com-
plexes is not fully understood. With the exception of a
few deposits, such as the Acoje block in the Philippines
(Bacuta et al. 1990), the Vourinos Complex in Greece
(Konstantopoulou and Economou 1991), and the Shet-
land Complex in Scotland (Prichard et al. 1996), where
chromitite is enriched in Pt and Pd relative to the more
refractory PGE (Os, Ir, and Ru) due to late magmatic or
hydrothermal processes, ophiolitic chromitites generally
concentrate Os, Ir, and Ru, and are highly depleted in Pt
and Pd (e.g., Leblanc 1991, 1995; Prichard et al. 1996;
Zhou et al. 1998, 2001; Ahmed and Arai 2002). The
mineralogy of the PGE reflects this distribution. Os–Ir
alloys and members of the laurite–erlichmanite (RuS2–
OsS2) solid solution series are the more abundant plat-
inum-group minerals (PGM) in chromitites, and almost
always occur as inclusions in the chromite. This suggests
that crystallization of PGM takes place concurrent with,
and closely linked to, the crystallization of chromite.
However, there is no general agreement on the forma-
tion of PGM or the crystallization mechanism(s) of
chromite (see Stockman and Hlava 1984; Barnes et al.
1988; Arai and Yurimoto 1994; Zhou et al. 1996; Bédard
and Hébert 1998; Proenza et al. 1999; Edwards et al.
2000; Matveev and Ballhaus 2002; Mungall 2002).

Osmium isotopic data indicate that most ophiolitic
chromitites exhibit highly variable, but broadly chon-
dritic 187Os/188Os compositions (e.g., Walker et al. 2002;
Büchl et al. 2004a; Meibom et al. 2002). A similar degree
of Os isotopic heterogeneity has been observed in ultra-
mafic complexes worldwide (Hattori and Hart 1991;
Malitch 2004; Büchl et al. 2004b) and in abyssal peri-
dotites or xenoliths (e.g., Brandon et al. 2000; Burton
et al. 1999; Esperança et al. 1999; Handler et al. 1997;
Hassler and Shimizu 1998; Parkinson et al. 1998; Schiano
et al. 1997a). Ancient partial melting events, recycling of
oceanic crust, metasomatism, as well as melt and fluid
percolation have been invoked in order to explain the
observed level of upper mantle Os isotopic heterogeneity
(e.g., Alard et al. 2000, 2002; Aulbach et al. 2004; Becker
et al. 2001; Brandon et al. 1996; Büchl et al. 2004a, b;
Burton et al. 1999; Chesley et al. 2004; Gannoun et al.
2004; Luguet et al. 2001; McInnes et al. 1999; Meibom
et al. 2002; Pearson et al. 2004; Peslier et al. 2000; Reis-
berg and Lorand 1995; Reisberg et al. 1991, 2004;
Schmidt et al. 2000), which provide a strong manifesta-
tion of ‘‘The Statistical Upper Mantle Assemblage’’
(SUMA) concept (Meibom and Anderson 2003). Alter-
natively, Os isotopic data from ophiolite chromitites
have been used to infer a time-integrated value of the
depleted MORB mantle (Walker et al. 2002).

In this paper, we present geochemical and mineral-
ogical data obtained from a set of chromite deposits
from the Mayarı́-Baracoa Ophiolitic Belt in eastern
Cuba. The mineral chemistry of these chromitites range
from high Al to high Cr compositions and their PGE
abundances vary within a wide range (Proenza et al.

1999). Furthermore, the Cr# [Cr/(Cr+Al)] of individual
chromite samples correlate positively with their bulk
PGE concentrations. Therefore, the chromite deposits
from the Mayarı́-Baracoa Ophiolitic Belt offer a unique
opportunity for an integrated mineralogical and geo-
chemical study that can improve our understanding of
the mechanism(s) that control PGE abundances and
isotopic variations at different length and time scales in
the upper mantle.

Geology: the Mayarı́-Baracoa ophiolitic belt

The geology of the northern part of Cuba is character-
ized by the presence of the Northern Cuban Ophiolitic
Belt that includes a set of allochthonous massifs (Iturr-
alde-Vinent 1996) distributed along more than 1,000 km
(Fig. 1). In the easternmost part of this belt, the Moa-
Baracoa massif (to the east) and the Mayarı́-Cristal
massif (to the west) crop out, and constitute the so-
called ‘‘Mayarı́-Baracoa belt’’ (Proenza et al. 1999).
These massifs are of Upper Cretaceous age (�88–
91 Ma) (Iturralde-Vinent et al. 2005). They extend over
similar areas (1,200 and 1,500 km2, respectively) but
exhibit different lithospheric sections (Fig. 1).

The Moa-Baracoa massif is ca. 2.5 km thick and
consists of a lower unit of mantle tectonites overlain by
a thin crustal section (500 m) made up of layered
gabbros (gabbro, troctolite, and gabbronorite), pil-
lowed basalts, and radiolarites. This sequence is, in
some places, tectonically inverted, with a volcanosedi-
mentary unit overlain by gabbro and/or mantle ultra-
mafics. Mantle tectonites are partly serpentinized,
highly depleted harzburgites, and minor dunites (Mar-
chesi et al. 2005). At the mantle–crust transition zone,
these ultramafic rocks become rich in plagioclase and
clinopyroxene, and contain thick (up to 20 m), tabular
gabbroic bodies parallel to the foliation of the host
peridotite and chromite deposits (Proenza et al. 1999).
Different generations of gabbro, pegmatitic gabbro,
and microgabbro dikes cut through all the rock types
described above (Thayer 1942; Guild 1947; Proenza
et al. 1999; Marchesi et al. 2005). Peridotite and gabbro
of Moa-Baracoa massif are in tectonic contact with the
volcanic rocks of Morel Formation (Fig. 1) of Turo-
nian–Coniacian age (88–91 Ma) (Iturralde-Vinent et al.
2005). They mainly consist of pillowed basalts of
back-arc geochemical affinity (Proenza et al. 2005)
interbedded with cherts, hyaloclastites, and minor tu-
ffaceous rocks. Marchesi et al. (2005) have suggested
that cumulate gabbros from Moa-Baracoa massif
crystallized from a parental, mantle-derived magma
from which the remaining liquid was subsequently
extracted and rose to the upper crust where it formed
the Morel volcanics.

The Mayarı́-Cristal massif shows a thick unit
(>5 km) of partly serpentinized peridotites with tec-
tonite structure, topped by few hundred meters of
massive diabase. Peridotite consists of highly depleted
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(free of clinopyroxene) harzburgite evolving to ortho-
pyroxene-rich compositions towards the top of the
section (Marchesi et al. 2005). Harzburgite contains
sub-concordant, less than 1 m thick dunite layers,
concordant chromitite bodies surrounded by dunite
envelopes, and several generations of cross-cutting
dikes of websterites (few centimeters to a few tens of
centimeters in thickness), mainly in the lower half of
the section. In the upper part, harzburgite contains
rare, small chromitite bodies and is cut by abundant,
micro-gabbro dikes up to 20 m thick. The latter are
frequently zoned and display a decrease in grain size
from core to rim. In the easternmost part of the massif
(Sagua de Tánamo region), the peridotite slab becomes
very thin (<1 km) and overlies with thrust contact
highly fractured melanges consisting of different types
of ophiolitic rocks mixed with arc-related volcanic and
sedimentary rocks of Cretaceous age. The arc-related
volcanics are represented by the Téneme formation
(Fig. 1). These volcanics mainly consist of basalts and
basaltic andesites and have been interpreted as low-Ti
island arc tholeiites with boninitic affinities (Proenza
et al. 2005).

Chromite deposits

A total of 174 chromite deposits of variable size have
been described from within the Mayarı́-Baracoa belt
(Murashko and Lavandero 1989; Lavaut et al. 1994).
These deposits were grouped by Proenza et al. (1999)
into three mining districts, according to the composition
of chromite ore: (1) the Moa-Baracoa district; (2) the
Sagua de Tánamo district, and (3) the Mayarı́ district.

The Moa-Baracoa district comprises the whole Moa-
Baracoa massif and has the largest chromite deposits of
the region (Table 1). Some of these deposits are still
being actively mined, e.g., Mercedita and, more spo-
radically, Amores and Los Naranjos. All these deposits
contain Al-rich chromite (Cr#=0.43–0.54, Table 1) and
are located in the upper part of the mantle sequence,
within the mantle–crust transition zone. The ore bodies
have tabular to lenticular shapes, show variably thick
dunite envelopes, and are conform with the foliation of
the host peridotite. Most chromitites contain concor-
dant, tabular bodies of gabbro, rare dunite layers, and
are cut by several generations of pegmatitic gabbro dikes

Fig. 1 Geological map of the Mayarı́-Baracoa ophiolitic belt
(MBOB) in eastern Cuba showing the distribution of the chromite
deposits sampled: 1 Mercedita, 2 Piloto, 3 Yarei, 4 Amores, 5 Cayo
Guam, 6 Los Naranjos, 7 Blas, 8 Potosı́; 9 Rupertina I, 10

Rupertina II, 11 Cernı́calo, 12 Negro Viejo, 13 Albertina, 14
Tibera, 15 Caridad, 16Monte Bueno, 17Guarina, 18 Prudencio, 19
Casimba, 20 Caledonia, 21 Estrella de Mayarı́, 22 Juanita, 23
Estrella and 24 Victoria
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(Guild 1947; Proenza et al. 1999, 2001). Chromite tex-
ture is mainly massive but some bodies show dissemi-
nated-, nodular-, or antinodular-textured ores at their
rims (Table 1). Interstitial silicate minerals are mainly
olivine, serpentine, and chlorite. Near the included
gabbros the interstitial silicates are plagioclase and
clinopyroxene or their alteration products (fine-grained
tremolite, chlorite, epidote, and serpentine).

The Sagua de Tánamo district groups a set of 35
small deposits located in the easternmost part of the
Mayarı́-Cristal massif (Proenza et al. 1999, 2003). The
chemistry of their chromite ore is highly variable,
ranging in composition from Al-rich (Cr#=0.46) at
Rupertina I, to Cr-rich (Cr#=0.71) at Guarina (Ta-
ble 1). These deposits are concordant and subconcor-
dant with the foliation of the enclosing peridotites and
exhibit variably thick dunite envelopes. Primary chro-
mite textures are typically massive, disseminated, and
banded. Intergranular silicates are olivine, serpentine,
and chlorite, but in chromitites from this district inter-
stitial amphiboles (edenite) are ubiquitous. The Mayarı́
district is located in the western part of the Mayarı́-
Cristal massif and includes medium- to small-sized
deposits of chromite rich in Cr2O3 (Cr#>0.69; Table 1).
Chromitite bodies are pod-like in shape, most of them
are located deep in the mantle sequence of the massif
(the deeper in the mantle section, the higher the Cr2O3

content) and always occur concordant to the foliation of
the host peridotite. They frequently exhibit a zoned
structure showing massive chromitite in the center and

either nodular or disseminated ore at the rims. Chro-
mitite bodies are frequently cut by websterite dikes.
With the exception of the Prudencio mine, olivine and
their alteration products (serpentine and chlorite) are the
only silicate phases interstitial to chromite. At the Pru-
dencio mine the interstitial silicates are orthopyroxene
and clinopyroxene.

Samples and analytical methods

Because PGE abundances in chromite ores from the
Mayarı́-Baracoa ophiolitic belt are strongly dependent
on the chromite/olivine ratio (Proenza et al. 1999), only
massive (chromite>85 vol%) chromitite samples have
been selected for this study. The set of samples includes
nine massive chromitites already reported by Proenza
et al. (1999). Among these, samples NV-1, RU-1, and
SI-2, previously ascribed to Negro Viejo, Rupertina, and
Santa Isabel mines in the Sagua de Tánamo District,
have been re-considered to belong, respectively, to
Cernicalo, Rupertina I, and Caridad mines, based on
more accurate information from local miners.

Fifty-six selected polished sections (at least one pol-
ished section from each of the analyzed samples) of
chromitites from the Mayarı́-Baracoa belt were carefully
studied under the ore microscope, SEM, and FESEM in
an effort to localize and identify the PGM grains and/or
assemblages. Chromite was analyzed by electron
microprobe at the Serveis Cientifico-Técnics of the

Table 1 Textural and chemical data of the studied chromitites

Mining district Mines Chromitite texture #Cr N PGE n Pd/Ir

Moa-Baracoa Merceditaa Massive, disseminated 0.45 302 87.36 20 0.64
Pilotob Massive, nodular 0.43 53 33.50 2 0.46
Yareib Massive, nodular 0.44 53 40.00 1 0.67
Amoresb Massive, disseminated 0.45 57 44.40 1 0.42
Cayo Guama Massive, layered, disseminated 0.50 90 75.00 2 1.29
Los Naranjosb Massive, antinodular 0.51 65 107.00 1 0.17
Blasc Massive 0.52 12 34.00 1 1.20
Potosı́b Massive 0.54 8 88.30 1 0.13

Sagua de Tánamo Rupertina Ic Massive 0.46 8 18.30 1 0.71
Rupertina IIc Massive 0.52 24 82.00 1 0.38
Cernı́caloc Massive 0.55 40 164.75 2 0.23
Negro Viejoc Massive, disseminated 0.60 34 197.00 1 0.04
Albertinac Massive 0.63 44 259.00 1 0.08
Tiberac Massive, disseminated 0.64 70 198.00 1 0.13
Caridadc Layered, massive 0.66 42 1884.17 3 0.03
Monte Buenoc Massive 0.69 12 793.00 1 0.02
Guarinac Massive 0.71 17 392.00 2 0.11

Mayarı́ Prudencioc Massive 0.69 19 88.00 1 0.28
Casimbab Massive, disseminated, nodular 0.72 45 227.20 3 0.15
Caledoniab Massive, nodular 0.72 25 108.00 1 0.46
Estrella de Mayarı́b Massive, disseminated 0.76 16 104.00 1 0.25
Juanitac Massive, nodular 0.74 50 335.00 1 0.06
Estrellac Massive 0.83 32 716.00 2 0.07
Victoriac Massive 0.78 12 918.50 2 0.04

#Cr Average Cr/(Cr+Al) ratio of chromite, N number of spot microprobe analyses averaged, EGP average content of total PGE in
chromitite samples, n number of samples averaged
aMines with more than 1,000,000 tons of chromite ore
bMines with 100,000 to 1,000,000 tons of chromite ore
cMines with less than 100,000 tons of chromite ore
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University of Barcelona, under the conditions described
by Proenza et al. (1999, 2001). PGM grains larger than
2 lm across were also analyzed by the same electron
microprobe under 25 kV and 20 nA, with a beam
diameter of 2 lm. Pure metals were used as standards
for Os, Ir, Ru, Rh, Pt, Pd, and Ni as well as Cr2O3 for
Cr, Fe2O3 for Fe, Cu2S for Cu, and GaAs for As. The X-
ray lines used were Ka for S, Fe, Ni, and Cr; Kb for Cu;
and La for As, Os, Ir, Ru, Rh, Pt, and Pd. The following
interferences RuLb fi RhLa, IrLa fi CuKa,
RhLb fi PdLa, RuLb fi PdLa, CuKb fi OsLa,
and RhLa fi PtLa were online corrected.

The samples collected for this study were analyzed at
Genalysis Ltd. (Maddington, Western Australia) by
ICP-MS after nickel sulfide fire assay collection follow-
ing the method described by Chan and Finch (2001). In
this method, 25 g of sample is fused with a flux con-
taining borax, soda ash, silica, nickel oxide, and sulfur.
Fusion was performed at 1,200�C to ensure all chromite
grains are completely fused and all PGE are collected by
the nickel sulfide. The nickel sulfide button is dissolved
with hydrochloric acid at about 100�C. The undissolved
PGE and gold sulfides are then collected on a cellulose
nitrate membrane filter and later digested with aqua
regia in sealed borosilicate test tubes. The resultant
solution is diluted with 10% v/v nitric acid and thor-
oughly mixed. The final solution is analyzed by a Perkin
Elmer/Sciex Elan 6000 ICP-MS. Six calibrating standard
solutions are used and all standards and samples are
spiked with two internal standards for drift monitoring.
Internationally certified reference material (South Afri-
can Reference Material SARM-7) and in-house stan-
dards are used in any analysis batch. The PGE isotopes
measured are 99Ru, 101Ru, 102Ru, 103Rh, 105Pd, 106Pd,
108Pd, 189Os, 193Ir, 195Pt, and 196Pt. The results are cor-
rected for interferences produced by Ni and Cu argides.
Detection limits are 1 ppb for Rh, and 2 ppb for Os, Ir,
Ru, Pt, and Pd.

Re–Os isotopic analyses were performed on a number
of representative chromite separates from different dis-
tricts. Chromitite samples were crushed in a steel mortar
and sieved to <300 lm grain size. Subsequently, the
crushed and sieved samples were passed over a heavy
liquid (density of 3.3 g/cm3) where most of the associ-
ated and adhering silicates were removed from the bulk
chromites. Finally, the samples were passed over a
Frantz isodynamic magnetic seperator to final purifica-
tion purposes. Ca. 600–800 g of so treated chromite
concentrates were then sealed into carius tubes and
dissolved during 48 h in inversed aqua regia. Os was
distilled directly into HBr following the technique of
Naegler and Frei (1997), and subsequently a 185Re spike
was added to the remaining sample solution. Re was
recovered by liquid separation following the method of
Cohen and Waters (1996). Final purification of Os
fractions was achieved by applying the minidistillation
procedure of Roy-Barman and Allègre (1995). Os
isotopic analyses were performed on the VG Sector
54 solid-source negative thermal ionization mass

spectrometer at the University of Copenhagen, using a
multicollector static routine. 189Os/188Os=1.21978 was
used for in-run fractionation corrections. Samples were
loaded in 1.5 ll 8 N HBr onto high purity Pt filaments
and 0.5 ll of a saturated Ba(OH)2 solution was added as
an ionization activator and analyzed at temperatures
>800�C. Repeated analyses of 1 ng loads of the Uni-
versity of Maryland Johnson Matthey reference solution
yielded an external reproducibility of ±0.07% (2r;
n=15) of the ratio 187Os/188Os=0.11377 using
189Os/188Os=0–1.21978 for in-run fractionation correc-
tions. Repeated multidynamic analyses of 50 ng loads
of the University of Maryland Johnson Matthey refer-
ence solution using 189Os/188Os=1.21978 for in-run
fractionation corrections yielded an external long-
term precision of ±50 ppm (2rm) of the ratio
187Os/188Os=0.113789 (n=29).

Isotope dilution analyses of Re were performed for
those samples for which Os concentrations were mea-
sured by INAA and ICP-MS. Analyses were done on the
Perkin Elmer ELAN5000 quadrupole ICP mass spec-
trometer at the Geological survey of Denmark and
Greenland (GEUS). Mass fractionation corrections were
achieved by tracing the 191Ir/194Ir ratio from an iridium
standard solution added to the sample solutions before
the aspiration into the plasma. Procedural blanks for Os
remained below 1.2 pg, and Re total blanks ranged be-
tween 3 and 6 pg. These blank levels are insignificant for
the computation of the final concentrations, judged from
the sample signal intensities, and therefore no blank
corrections were applied to the reported data. Correc-
tion for in situ 187Re decay was done on the basis of the
Re and Os concentrations using a decay constant
kRe=1.666·10�11 year�1 (Smoliar et al. 1996) (Table 4).
The remainder of the Os isotopic data in Table 4 has no
corresponding Re and Os concentrations associated with
them and therefore have to be considered maximum
values (i.e., they are not necessarily equal to the initial
187Os/188Os at 90 Ma).

Platinum-group elements

The average total PGE content of the studied chromite
deposits from the Moa-Baracoa district is very low,
mainly below 100 ppb (Table 1). Nevertheless, the PGE
abundances in a single chromite deposit (Mercedita
mine) vary from 32.4 to 165.9 ppb total PGE (Table 2),
showing that PGE distribution is not homogeneous,
probably due to the random occurrence of PGM inclu-
sions in the chromite, i.e., a nugget effect. Chondrite-
normalized PGE patterns plot between 0.002 and 0.1
times the chondritic values and show either irregular
shapes (with Ir negative anomalies relative to Os and
Ru) or relatively flat patterns from Os to Ru, followed
by smooth negative slopes from Ru to Pt (Fig. 2). The
abundances are among the lowest described in ophiolitic
chromitites worldwide (e.g., Leblanc 1991). They over-
lap the values of other Al-rich chromitites (Cr#<0.6)
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from the Poum massif in New Caledonia (Leblanc 1995),
from the Sartohay block of the Dalabute ophiolite
(Zhou et al. 2001), and from the mantle–crust transition
zone of the Oman ophiolite (Prichard et al. 1996; Ahmed
and Arai 2002). The Pd/Ir ratios vary from 0.13 to 1.29
(Table 1).

In the Sagua de Tánamo district, the total average
PGE concentration of the nine studied chromitites varies
from 18 to 1,884 ppb (Table 1), with the lower values
(from 18.3 to 168 ppb) characterizing the Al-rich chro-
mitites and the higher values (from 197 to 1884 ppb)

characterizing the Cr-rich chromitites (Cr#>0.6). The
samples from the Caridad mine (Table 2) show the
highest PGE abundances of the Mayarı́-Baracoa belt,
but similar to previous descriptions of samples from the
Mercedite mine, the PGE distribution is very inhomo-
geneous. These samples also have high Rh and Pt
abundances (up to 134 ppb Rh and 235 ppb Pt). Most
chondrite-normalized patterns show a nearly flat or a
gently positive slope from Os to Ru followed by a var-
iably negative slope from Ru to Pd (Fig. 2b). However,
one sample from Caridad (SI-2) shows a positive

Table 2 Platinum-group
elements of chromitite samples
from the studied mines (in ppb)

Mine Sample Os Ir Ru Rh Pt Pd PGE

Mercedita MD-1 15 6.6 25 2.2 5 2 55.8
MD-2 13 5.6 35 4.5 30 5 93.1
MD-4 21 10 62 7.5 5 10 115.5
MD-5 19 6.9 39 1.8 12 5 83.7
MD-6 18 7.2 43 2.6 5 2 77.8
MD-7 10 5.9 41 3.4 5 2 67.3
MD-8 20 8.7 30 1 5 2 66.7
MD-9 22 7.3 35 5.6 17 3 89.9
MD-10 17 5.6 26 4.5 5 3 58.1
MD-11 15 6.6 58 2.3 13 6 100.9
MD-12 17 7.9 49 3.3 20 7 104.2
MD-13 15 5.9 56 3.4 5 2 87.3
MD-14 13 6.2 53 0.1 5 2 80
MD-30 17 7.3 33 3.5 23 5 88.8
MD-31 48 15 93 2.9 5 2 165.9
MD-32 35 15 51 3.1 5 2 111.1
G-15-27 25 14 46 7.4 17 5.1 114.3
L2-8 7 6.4 10 2 5 2 32.4
L6-1 13 12 48 2.4 5 16 96.4
L3-9 6 3.5 15 0.4 24 9 57.9

Piloto CP2-1 5 6 8 2 6 3 30
CP2-3 7 7 11 2 7 3 37

Yarei CY1-1 5 6 16 2 7 4 40
Amores AM-9 11 4.8 20 1.6 5 2 44.4
Cayo Guam CG-8 13 9.9 40 5.1 22 10 100

NS-4 5 7 11 2 14 11 50
Los Naranjos LN-2 19 29 34 8 12 5 107
Blas Blas-200 4 5 10 2 7 6 34
Potosı́ P-2 18 15 45 3.3 5 2 88.3
Rupertina I RU-1 3 2.8 5 0.5 5 2 18.3
Rupertina II R-100 15 16 31 4 10 6 82
Cernicalo C-3 58 32 114 10 4 6 224

NV-1 17 19 55 4.5 5 5 105.5
Negro Viejo NV-100 58 46 81 4 6 2 197
Albertina A-100 69 51 126 6 3 4 259
Tibera Ti-03 40 46 85 10 11 6 198
Caridad SI-100 529 1015 1787 134 235 13 3713

SI-103 245 362 609 52 129 5 1402
SI-2 110 210 120 42.5 43 12 537.5

Monte Bueno MB-1 146 204 356 53 29 5 793
Guarina G-1 48 45 111 21 42 7 274

G-2 112 121 209 33 27 8 510
Prudencio PRU-200 9 25 34 9 11 7 88
Casimba CS-6 99 55 61 2.2 8 2 227.2

CS-100 39 47 63 8 8 6 171
CS-200 21 28 37 9 5 8 108

Caledonia CL-3 19 24 25 6.8 10 11 95.8
Estrella de Mayarı́ EM-1B 18 24 46 5 5 6 104
Juanita J-4 97 107 111 9 11 6 335
Estrella ES-4-1 14 104 117 22 35 6 298

ES-Av 61 417 289 57 310 32 1134
Victoria V-1 40 134 181 32 34 8 421

V-3 277 394 668 45 32 7 1416
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anomaly in Ir relative to Os and Ru. Three samples from
Cernicalo (C-3), Albertina (A-100), and Negro Viejo
(NV-100) show a negative anomaly in Ir. Figure 2b also
shows that chondrite-normalized Pt and Pd values vary
within one order of magnitude (between 0.004 and 0.04)
but the normalized Os, Ir, and Ru abundances are much
more variable, spanning almost three orders of magni-
tude (from 0.005 to 3). This explains the strong variation
among Pd/Ir ratios observed in the chromitites from this
district (from 0.71 at Rupertina I to 0.02 at Monte Bu-
eno; Table 1) and may indicate that various Os–Ir–Ru
metal alloys and sulfides may dominate the refractory
side of the PGE elemental budgets. The PGE abun-
dances (especially those of Os, Ir, and Ru) and Pd/Ir
ratios in the chromitites from the Sagua de Tánamo
district overlap (and slightly extend over) the entire
range of PGE contents described in the literature for
ophiolitic chromitites (e.g., Leblanc 1991, 1995; Prichard
et al. 1996; Zhou et al. 1998, 2001; Ahmed and Arai
2002, and references therein) with the exception of the
high Pt and Pd chromitites from Greece (Konstanto-
poulou and Economou 1991), Philippines (Bacuta et al.
1990), and the Shetland islands, Scotland (Prichard et al.
1996).

In the seven studied deposits of Cr-rich chromite
from the Mayarı́ district, the average total PGE con-
centrations vary from 88 to 919 ppb and the Pd/Ir ratios
from 0.46 to 0.04 (Table 1); i.e., chondrite-normalized
PGE patterns are all enriched in Os, Ir, and Ru, relative
to Rh, Pt, and Pd (Fig. 2c). Nevertheless, the patterns
from Os to Ru are quite variable, generally characterized
by a positive slope, sometimes with positive Ir anomalies
superimposed on them. In addition, some samples from
Prudencio (PRU-200), Casimba (CS-100 y CS-200),
Caledonia (CL-3), and Estrella de Mayarı́ (EM-1B)
show small positive Pd anomalies relative to Pt, and one
sample from La Estrella (ES-av) is rich in Pt (310 ppb
Pt; Table 2). Both PGE values and Pd/Ir ratios of the
chromitites from the Mayarı́ district are similar to most
Cr-rich ophiolitic chromitites described worldwide (e.g.,
Leblanc 1991, 1995; Prichard et al. 1996; Zhou et al.
1998; Ahmed and Arai 2002 and references therein).

Taken together, the chromite deposits from the Ma-
yarı́-Baracoa belt show a relatively good positive cor-
relation between bulk-rock PGE concentration and the
Cr# of chromite (Fig. 3b), similar to that described by
Ahmed and Arai (2002) in chromitites from the Oman
ophiolite. A similar increase in PGE concentration with
increasing Cr# of chromite has previously been reported
by Crocket (1979), Economou-Eliopoulos (1986), and
Leblanc (1991, 1995). In addition, Fig. 3a reveals that
the Pd/Ir ratio falls with increasing bulk PGE contents.

Platinum-group minerals

Platinum-group minerals in the studied chromitites are
distributed heterogeneously. The PGM were observed in
19 out of 56 sections investigated. Consistent with
whole-rock PGE abundances, PGMs are rare in Al-rich
chromitites, whereas in Cr-rich chromitites they are
ubiquitous. Surprisingly, however, no PGMs were found
in samples from Estrella and Caridad, although these
samples are rich in bulk PGE.

Most of the 44 PGM grains identified occur in
chromite as single or composite inclusions (Fig. 4a–h),
although five PGMs were observed in the silicate matrix
of strongly fractured chromite or attached to chromite
along fractures. The latter grains exhibit an irregular
shape and porous texture (Fig. 5g, h). Their grain size is
usually below 10 lm, although few larger grains reach
up to 33 lm across (Fig. 4h). Of the identified grains,
�68% belong to the laurite–erlichmanite solid solution
series (RuS2–OsS2), �9% correspond to irarsite (IrAsS),
�9% to Os–Ir alloys, �5% to Ru–Os–Ir–Fe–Ni alloys,
and �11% to other mineral phases, including an un-
known NiRhAs (Fig. 5h; Table 3) and different sulfides
of Ir, Os, Rh, Cu, Ni, and/or Pd. The latter were not
analyzed quantitatively because of their small grain size,
<1 lm.

The minerals of the laurite–erlichmanite series occur
as individual grains or associated with other PGMs as
well as with pentlandite, clinopyroxene, and amphibole
in composite inclusions (Fig. 4). Compositions (Table 3)
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Fig. 2 Chondrite-normalized
PGE patterns of chromitites
from the three mining districts
studied. Open circles Al-rich
chromitites (Cr#<0.6); black
circles Cr-rich chromitites
(Cr#>0.6). C denotes the three
analyzed samples from the
Caridad Mine
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correspond to Os-rich laurite with the ratio Ru/
(Os+Ir+Ru) varying from 0.51 to 0.90. Only one
analysis of a zoned grain from Victoria mine plots within
the erlichmanite field (Ru/(Os+Ir+Ru)=0.41) (Fig. 6;
Table 3). Laurite from the three mining districts has
similar compositions (except for a slight Ir enrichment in
laurite from Mayarı́), irrespective of the Cr# of the host
chromite (Fig. 6). The average formula is (Ru0.73O-
s0.20Ir0.07)R=1S2, with Os and Ir concentrations varying
from 6 to 35 wt% (19 wt% on average) and 2–14 wt%
(6.5 wt% on average), respectively. This compositional
range is very similar to that described by Ahmed and
Arai (2003) in chromitites from the Oman ophiolite.
Ahmed and Arai (2003) also did not observe significant
differences in the composition of laurite between Al-rich
and Cr-rich chromitites. Nevertheless, in contrast to the
homogeneous composition of laurite from the Oman
chromitites, some grains from Monte Bueno and Vic-
toria mines exhibit either an irregular zoning or a
complex internal structure (Fig. 4g, h). The grain from
Figs. 4h and 7 shows a core of Ru-rich erlichma-
nite [(Os0.55Ru0.41Ir0.05Rh0.01)R=1.02(S1.97As0.02)R=1.99]

surrounded by a thin band of Os-poor laurite
[(Ru0.87Os0.12Ir0.04Rh0.01)R=1.04(S1.92As0.04)R=1.96] and
Os-rich laurite [(Ru0.74Os0.25Ir0.02Rh0.01)R=1.02(S1.94
As0.04)R=1.98] at the rim. In the grain from Fig. 4g, the
different internal zones of the laurite grain are too small
for reliable quantitative analysis. However, EDS analy-
ses obtained with FESEM revealed that core is com-
posed of various rounded nuclei of Os-rich laurite (or
erlichmanite), in a matrix of Os-poor laurite, and sur-
rounded by Os-rich laurite.

Irarsite occurs as subhedral grains attached to laurite
crystals (Fig. 4f, g). Its composition is characterized by a
significant depletion in As [As/(S+As)=0.31–0.44],
with variable Ir, Ru, Os, and Rh contents. The
composition of the analyzed grains range between
(Ir0.74Ru0.13Rh0.08Os0.02)R=0.97As0.89S1.14 and (Ir0.51
Os0.22Ru0.17Rh0.10)R=1.00As0.62S1.38. Similarly, the iden-
tified Os–Ir alloys are in contact with laurite (Fig. 4e) or
with Os-bearing sulfides (Fig. 4d). One of the analyzed
grains corresponds to osmiridium (Os0.81Ir0.18Ru0.01)
and the other to iridosmine (Ir0.81Os0.17Ru0.02) (Fig. 6).

The Ru–Os–Ir–Fe–Ni alloys occur in close associa-
tion with the serpentinized matrix and show a very
irregular shape and porous texture (Fig. 5g, h). Their
atomic proportions of Ru, Os, and Ir are very similar to
those of laurite (Fig. 6), and one grain located in the
serpentinized matrix of highly fractured chromitites
from the Mercedita mine still retains substantial
amounts of sulfur (from 21.75 to 24.80 wt% S).

Together with PGMs, chromite usually exhibits a
great variety of inclusions of base metal sulfides [pent-
landite (Fe,Ni)9S8, millerite (NiS), heazlewoodite
(Ni3S2), godlevskite (Ni7S6), chalcopyrite (CuFeS2), and
bornite (Cu5FeS4)], minor Ni arsenides [maucherite
(Ni11As8) and orcelite (Ni5-xAs2)] and sulfarsenides
[gersdorffite (NiAsS)]), and rare Fe–Ni alloys [awaruite
(Ni2.5Fe)] (Fig. 5a–f). Some small millerite and, more
rarely, pentlandite crystals included in chromite are
typically euhedral, suggesting a primary, magmatic ori-
gin (Fig. 5a, b). In contrast, heazlewoodite and god-
levskite occur replacing pentlandite (Fig. 5c), and Ni
arsenides and sulfarsenides are located in fractured and/
or partly altered chromite (Fig. 5e). Awaruite exhibits a
fine-grained porous texture, is locally associated to
orcelite and, like Ru–Os–Ir–Fe–Ni alloys, always occur
in contact with the serpentinized matrix of the chromite
(Fig. 5d, f).

Os isotopes

Measured 187Os/188Os ratios of the chromites from the
different deposits studied in the Mayarı́-Baracoa
ophiolitic belt vary from 0.1230 to 0.1304 (Table 4) with
an average of 0.1259±0.0019 (2r). This is slightly lower,
but within error of the carbonaceous chondrite ratio of
0.1269 at 90 Ma, the presumed age of the ophiolite
complex.
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The different chromite districts exhibit different, but
overlapping 187Os/188Os variations. The Moa-Baracoa
district: 0.1234–0.1304 with an average of
0.1271±0.0021 (2r), the Sagua de Tánamo district:
0.1240–0.1264 with an average of 0.1255±0.0010 (2r),
and the Mayarı́ district: 0.1230–0.1259 with an average
of 0.1243±0.0011 (2r).

Initial 187Os/188Os isotopic ratios (assuming an age of
90 Ma) have been computed for those samples for which

Re and Os concentrations are available. Together with
the respective cOs values they are also contained in
Table 4.

Measured, uncorrected Os isotopic data exhibit a
good negative correlation with total PGE abundances
and, to a lesser extent, with the Cr# of chromite (Fig. 8a,
b). In other words, PGE-poor, Al-rich chromites have
systematically more radiogenic Os isotopic compositions
than PGE-rich, Cr-rich chromites. Accordingly, the

Fig. 4 Backscattered images of
platinum-group minerals and
associated silicates identified as
inclusions in chromite grains. a
Subhedral laurite grain in
chromite from Negro Viejo
Mine; b subhedral laurite grain
associated to amphibole from
Albertina Mine; c composite
inclusion in chromite from
Casimba Mine, made up of
laurite, clinopyroxene (Cpx)
and amphibole (amph); d
iridosmine associated to an
unidentified OsCuFe sulfide
attached to a subhedral grain of
clinopyroxene (cpx); e
composite inclusion in chromite
from Negro Viejo Mine, made
up of laurite, osmiridium and
clinopyroxene (Cpx); f
euhedral, partly zoned laurite
grain with two subhedral
irarsite crystals attached to their
corners, included in chromite
from Monte Bueno; g
irregularly zoned laurite grain
included in chromite from
Monte Bueno showing a
subhedral irarsite crystal
attached; h oscillatory zoned
laurite grain partially included
in chromite from Victoria Mine
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187Os/188Os ratios of the chromites from the three min-
ing districts vary within different ranges. The
187Os/188Os ratios obtained in the chromites from Moa-
Baracoa are much less radiogenic than comparable Al-
rich chromites from the mantle–crust transition zone of
the similarly old Oman ophiolite (187Os/188Os=0.1364;

Ahmed et al. 2002) and Troodos ophiolite
(187Os/188Os=0.1284±0.0021 2r; Büchl et al. 2004a).
The values obtained in the Mayarı́ chromites overlap
those of chromite from the �400 Ma old Main Ore Field
of the Kempirsai massif (Melcher et al. 1999) and are
consistent with estimates for abyssal peridotites

Fig. 5 Backscattered images of
base-metal sulfides, arsenides and
alloys, and platinum-group
minerals: a and b euhedral
millerite grains included in
chromite from Caridad and
Monte Bueno Mines; c
pentlandite partly transformed to
heazlewoodite both included in
an open inclusion in chromite
from Caridad Mine; d porous
awaruite associated to serpentine
within chromite from Caridad
Mine; e composite inclusion of
maucherite and millerite
associated with serpentine, in
partly altered chromite from
Victoria Mine (lighter areas in
chromite correspond to
ferritchromite); f orcelite
associated to awaruite, both
interstitial to partly altered
chromite from Monte Bueno
Mine; g and h porous
RuOsIrFeNi alloys associated to
unknown RhNiAs (in h) located
at the borders of fractured
chromite from Monte Bueno

598



(187Os/188Os=0.1247; Snow and Reisberg 1995; Walker
et al. 2002). In the Sagua de Tánamo districts, the
measured and time-corrected 187Os/188Os ratios are
intermediate between those of Moa-Baracoa and Mayarı́
chromitites. Al-rich chromites from this district exhibit
187Os/188Os=0.1262–0.1264, whereas those rich in Cr
show 187Os/188Os=0.1240–0.1262.

The average value of measured 187Os/188Os of podi-
form chromites from worldwide locations
(187Os/188Os=0.12809±0.00085 2r; Walker et al. 2002),
if compared to our data set, emphasizes the peculiarly
unradiogenic, subchondritic to chondritic 187Os/188Os
compositions measured for chromites from the eastern
Cuban ophiolite. Only three of the chromite samples

analyzed by Walker et al. (2002) (Cr93-33 from Kem-
pirsai, Kazakhstan; TG-2 from Lizard, England; and
Alb 16 from Kukes-Kalamash, Albania) plot below the
trend lines in Fig. 8c, d. The subchondritic composition
of Os of chromite from the Mayarı́-Baracoa ophiolite is
clearly indicated by the time-corrected Os compositions,
reflected by their cOs values. With the exception of one
sample (a duplicate of sample CG-8) from the Moa-
Baracoa massif; samples from this location are also
characterized by the most radiogenic 187Os/188Os ratios
and the highest Re concentrations; Table 4), cOs values
are consistently negative and average �0.8±0.8 (1r).
These values indicate the predominantly subchondritic
nature of Os in eastern Cuban chromitites. The average

Table 3 Representative compositions of laurite in chromitite samples from the investigated mining districts

Sample/grain Fe Cr Ni Ru Rh Pd Os Ir Pt S As Total Ru apfu Os apfu Ir apfu Rh apfu S apfu As apfu

G15-20/1 0.72 0.71 1.05 58.17 0.90 0.32 0.30 0.54 0.05 36.44 0.51 99.77 1.00 0.00 0.00 0.02 1.97 0.01
G15-27/1 0.70 0.96 NA 24.79 NA NA 34.09 9.38 NA 30.54 NA 100.46 0.52 0.38 0.10 0.00 2.00 NA
NV-100/3 0.41 0.77 0.14 51.27 0.14 0.02 6.65 4.74 0.04 35.28 0.00 99.52 0.91 0.06 0.04 0.00 1.98 0.00
A-2chr/2 0.65 1.69 0.06 44.23 0.15 0.08 14.15 4.88 0.19 33.99 0.00 100.12 0.82 0.14 0.05 0.00 1.99 0.00
MB-1/12 0.65 1.75 0.03 32.16 0.01 0.10 28.74 3.25 0.70 31.37 0.00 98.96 0.65 0.31 0.03 0.00 2.00 0.00
V-1/3 0.18 0.36 0.13 18.82 0.37 0.22 47.65 4.10 0.00 28.64 0.57 101.37 0.41 0.55 0.05 0.01 1.97 0.02
V-1/3 0.03 0.41 0.05 35.37 0.66 0.17 28.60 3.47 0.24 32.64 1.17 103.04 0.67 0.29 0.03 0.01 1.96 0.03
V-1/3 0.30 0.60 0.00 41.07 1.03 0.05 17.59 4.54 0.29 33.17 1.64 100.47 0.77 0.17 0.04 0.02 1.95 0.04
CS-101/1 0.73 2.22 0.17 45.04 0.22 0.00 10.58 6.39 0.00 34.00 0.00 99.38 0.84 0.10 0.06 0.00 1.99 0.00
CS-101/5 0.34 1.49 0.10 38.64 0.31 0.18 15.88 8.90 0.70 32.95 0.00 99.67 0.74 0.16 0.09 0.01 2.00 0.00
CL-5/1 0.38 1.28 NA 47.84 NA NA 7.03 8.43 NA 35.29 NA 100.25 0.86 0.07 0.08 0.00 2.00 NA

Moa-Baracoa district: samples G15-20 and G15-27; Sagua de Tánamo district: NV-100, A-2chr and MB-1; Mayarı́ district: V-1, CS-101
and CL-5
NA not analyzed

Table 4 Cr#, PGE, Re, Os concentration and Os isotopic data of selected chromite samples from the Mayari-Baracoa ophiolite

Sample Mining district 187Os/188Os Cr# PGE Re (ppt) Os (ppb) 187Re/188Os Age 187Os/188Osi cOs TMa (Ma)

G12-24 Moa-Baracoa 0.12719 0.45
G15-15 Moa-Baracoa 0.12343 0.45
G-15-19 Moa-Baracoa 0.12506 0.45
L2-1 Moa-Baracoa 0.12760 0.45
AM-4 Moa-Baracoa 0.12626 0.45
CG-8 Moa-Baracoa 0.12906 0.47 100.0 5318 13 1.9668 0.09 0.12512 �0.24 90
CG-8 Moa-Baracoa 0.12885 0.47 100.0 1769 13 0.6541 0.09 0.12754 1.15 503
CG-9 Moa-Baracoa 0.13043 0.52
NS-4 Moa-Baracoa 0.12737 0.49 50.0 940 5 0.9037 0.09 0.12556 �0.32 77
LN-2 Moa-Baracoa 0.12588 0.50 107.0 566 19 0.1432 0.09 0.12559 �0.59 196
R-100 Sagua de Tánamo 0.12644 0.52 82.0 94 15 0.0301 0.09 0.12638 �0.01 46
C-ANT Sagua de Tánamo 0.12621 0.55 105.5 299 17 0.0847 0.09 0.12604 �0.26 96
NV-100 Sagua de Tánamo 0.12477 0.61 197.0 214 58 0.0178 0.09 0.12473 �1.32 305
A3A Sagua de Tánamo 0.12618 0.69
TI-1 Sagua de Tánamo 0.12611 0.61
MB-1 Sagua de Tánamo 0.12396 0.69 793.0 125 146 0.0041 0.09 0.12395 �1.94 416
G-1 Sagua de Tánamo 0.12465 0.71 274.0 153 48 0.0153 0.09 0.12462 �1.41 321
CA-BB Mayarı́ 0.12592 0.74 48.5 195 8 0.1172 0.09 0.12568 �0.53 169
CS-100 Mayarı́ 0.12475 0.74 171.0 380 39 0.0468 0.09 0.12466 �1.37 333
CS-2 Mayarı́ 0.12302 0.74
EM-5 Mayarı́ 0.12390 0.76
J-4 Mayarı́ 0.12526 0.75 335.0 216 97 0.0107 0.09 0.12524 �0.93 225
J-5 Mayarı́ 0.12524 0.75
V-3 Mayarı́ 0.12305 0.78 1416.0 700 277 0.0121 0.09 0.12303 �2.67 564

cOs is calculated using the parameters from Shirey and Walker (1998) and k for 187Re=1.666·10�11a�1 (Smoliar et al. 1996). Uncer-
tainties are ±5% or better for Re and 187Re/188Os, better than ±0.2% for Os and 187Os/188Os, and better than 0.7% for calculated
187Os/188Osi and cOs units
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initial 187Os/188Os ratio of 0.1252±0.0009 (1r) is higher,
but within error identical to that of the typical upper
mantle value of 0.1245 at ca. 160 Ma (the age of the
Josephine ophiolite) computed by Meibom et al. (2002)
based on a very large data set of PGE alloys from the
Josephine ophiolite in NW California/SW Oregon.

The Os isotopic composition of chromites from single
deposits is not homogeneous. Thus, in three samples
from Casimba Mine (CA-BB, CS-100, and CS-2), mea-
sured 187Os/188Os ratios range from 0.1230 to 0.1259; in
four samples from Mercedita, this ratio ranges from
0.1234 to 0.1276, and in three samples from Cayo
Guam, it ranges from 0.1289 to 0.1304.

Os isotope model ages of chromites (Table 4) range
between 46 and 564 Ma and thus shows that in the
young ophiolitic mantle (90 Ma) ancient Os isotopic
heterogeneities can survive in the Earths upper mantle.
This confirms previous studies by Meibom and Frei
(2002), Meibom et al. (2002), and Büchl et al. (2004b)
and suggests that the mantle sections of the Mayarı́-
Baracoa ophiolite represent fragments of depleted upper
mantle, in which Re was depleted as far back as 564 Ma
by melt extraction processes.

In addition, our data are correlated in the respective
Os versus cOs and Re/Os versus cOs diagrams of
Fig. 8c, d (trend lines plotted), indicating that the Os
isotopic variation in the chromites from the Mayarı́-
Baracoa ophiolite can be explained by mixing of Os
components derived from a low Re/Os and one from a
high Re/Os source, of which the former seems to be Os
rich and of a particularly depleted nature. Alterna-
tively, the negative correlation noted for the entire suite
of samples may be related to the melt depletion histo-
ries of mantle domains sampled. Higher degrees of
melting would tend to decrease Re/Os, and conse-
quently cOs with time, while increasing Os concentra-
tion in the residue. A slight negative correlation was
also observed for chromite data from worldwide loca-
tions, different in ages and tectonic settings (Walker
et al. 2002).

Discussion

Nature of parental melts of chromitites

Platinum-group element enrichment with increasing
Cr# of chromite (Fig. 2) supports a close genetic link
between PGE abundances and the nature of the
parental melts. According to the experimental results
by Maurel and Maurel (1982) and Maurel (1984, in
Augé 1987) and the empiric data by Arai (1992), Pro-
enza et al. (1999) conclude that Al-rich chromitites
formed from MORB like, probably back-arc basin
basalts, and that Cr-rich chromitites formed from
boninites or high-Mg andesites. This is in agreement
with the described abundances of PGE in the different
types of chromitites as MORB-like melts generate by
moderate degrees of melting concentrating low
amounts of PGE, whereas boninitic melts form by
extensive hydrous melting thus promoting the concen-
tration of higher amounts of PGE in the melt (e.g.,
Hamlyn et al. 1985; Duncan and Green 1987).

Ir

RuRu

MB ST M
Os

Ru

Fig. 6 Composition of laurite (black squares), Ru–Os–Ir–Fe–Ni
alloys (open squares) and Os–Ir alloys (open circles) analyzed in
chromitites from the investigated mining districts (MB Moa
Baracoa district, ST Sagua de Tánamo district, M Mayarı́ district),
plotted in the diagram Os–Ru–Ir (atomic proportions)

Fig. 7 X-ray images showing
the distribution of Os and Ru in
the laurite grain shown in
Fig. 4f
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Concentration and fractionation of PGE

Correlations between bulk PGE, Cr#, Pd/Ir, and
187Os/188Os or cOs values, respectively (Figs. 3, 8),
strongly suggest that chromite formation and PGE
concentration and fractionation are closely linked
through a general mechanism (Stockman and Hlava
1984; Mungall 2002; Brenker et al. 2003). The formation
of large volumes of nearly monomineralic chromite
rocks can be achieved by mixing of two different kinds
of melts (an olivine-spinel saturated melt and a differ-
entiated or silicic melt) (Irvine 1975, 1977; Arai and
Yurimoto 1994; Zhou et al. 1994, 1996) by the assimi-
lation of mafic rocks (gabbro and/or pyroxenites) (Bé-
dard and Hébert 1998) or by water unmixing from the
basaltic melt (Matveev and Ballhaus 2002). Matveev and
Ballhaus (2002) show that during water unmixing in the
system basalt–water at 1,150–1,200�C and 0.5 GPa
hydrostatic pressure, chromite segregate to the fluid
phase because interfacial energy between chromite and
fluid was lower than between chromite and basalt.
Nevertheless, Bédard and Hébert (1998) maintain that
water unmixing can be a consequence of the mixing or
assimilation processes if the melts and/or the assimilated
rocks are rich in water. The concordant tabular bodies
of gabbros occurring included in the Al-rich chromitites
of the Moa-Baracoa district show evidences of replace-
ment/assimilation by the host chromitite (Proenza et al.
1999).

The systematic enrichment of Os, Ir, and Ru relative
to Rh, Pt, and Pd in the chondritic-normalized patterns
(Fig. 2) evidences that during the formation of the
studied chromitites only Os, Ir, and Ru could be effec-
tively concentrated in chromite. The mechanism
responsible for this concentration also prevented any
significant enrichment in Rh, Pt, and Pd. As a conse-
quence, the higher the PGE content in the melt the lower
the Pd/Ir ratio in the crystallizing chromitites. Although
Os, Ir, and Ru fractionation into chromite could be
caused by their high partition coefficient between chro-
mite and melt (Capobianco and Drake 1990; Righter
et al. 2004), LA-ICP-MS (Ballhaus and Sylvester 2000)
and experimental data (Matveev and Ballhaus 2002;
Sattari et al. 2002) have shown that the concentration of
Os, Ir, and Ru take place by the physical trapping of
submicroscopic clusters of these PGE in the metallic
state together with larger grains of alloys and sulfides, by
the crystallizing chromite. According to Mungall (2002),
such a concentration is promoted by small changes in
the fO2 conditions of the parental melt. Local reduction
of the melt around the crystallizing chromite (by pref-
erential partitioning of Fe3+ and Cr3+ into the oxide)
causes a saturation of Os and Ru in the melt, enabling
the formation of submicroscopic grains of PGE alloys.
In such a scenario, laurite may form as a consequence of
faint, local increases in fO2 and fS2 (Brenan and An-
drews 2001) which could be produced during the mixing
between differentiated and primitive melts. During
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coarsening and coalescence of chromite nuclei, the alloy
micronuggets and laurite grains were trapped in chro-
mite grains (Stockman and Hlava 1984; Tredoux et al.
1995; Mungall 2002).

Origin of PGM assemblages

Brenan and Andrews (2001) and Andrews and Brenan
(2002) experimental results show that laurite can be
formed in equilibrium with Os–Ir alloys at 1,200–
1,300�C and log fS2 from �2 to �1.3. Under these
conditions it is nearly stoichiometric (RuS2) with very
low contents of Os and Ir. These results also show that
Os solubility in laurite increases with decreasing tem-
perature or increasing fS2. In natural systems either
laurite crystallizes directly from the melt, or the already
formed Os, Ir, and Ru alloys and metallic Ru react with
the dissolved sulfur to form Os-poor laurite, when the
above conditions of temperature and fS2 are reached
(Brenan and Andrews 2001; Bockrath et al. 2004). With
decreasing temperature, fS2 increases, and laurite pro-
gressively accommodates more Os prior to its entrap-
ment in chromite. At this moment, the chromite
envelope prevents any exchange of Os with the melt.
Thus, the composition of laurite grains included in
chromite records the thermodynamic and physico-
chemical conditions prevailing during its entrapment.

The investigated PGM assemblages in the chromitites
from the Mayarı́-Baracoa ophiolitic belt are dominated
by Os-rich laurite often associated with tiny grains of
Ru-poor Os–Ir alloys (e.g., Fig. 4e). These assemblages
formed at temperatures somewhat lower (and slightly
higher fS2) than those defined by Brenan and Andrews
(2001) for the stability of laurite (1,100–1,200�C; Fig. 9).
The crystallization of laurite scavenged Ru from the
melt (or Ru from Ru-bearing alloys) and, with
decreasing temperature and increasing fS2, Os progres-
sively incorporated into the laurite lattice because the
partition coefficient of Os between laurite and silicate
melt significantly increase with falling temperature
(Brenan and Andrews 2001; Andrews and Brenan 2002).
However, the heterogeneous internal structure and
oscillatory zoning of some euhedral grains of laurite
shows that erlichmanite was, locally, the first phase to be
formed. In these grains, erlichmanite is surrounded by
Os-poor laurite which is enveloped by alternating zones
of laurite with variable Os contents (Figs. 4g, h, 7).
Irarsite is always attached to the outer envelope of lau-
rite, showing that arsenic activity began to control the
crystallization of mineral phases later, after the crystal-
lization of laurite. These patterns of zoning indicate that
either temperature or fS2 had to be very variable before
entrapment of laurite grains by crystallizing chromite.
As sudden oscillations in temperature (up to 100�C;
Fig. 9) in the upper mantle are highly improbable, the
described zoning of laurite grains had to be caused by
changes in fS2 as occurs in the Kempirsai chromite de-
posit (Melcher et al. 1997). The origin of such changes

could be due to variations in the chemistry of the melt
promoted by the influx of new batches of primitive melt
into the conduit that host an already differentiated melt
and by the turbulent regime generated during the mixing
process. This interpretation supports the models of
chromite crystallization based on the mixing of two
melts (Arai and Yurimoto 1994; Zhou et al. 1996) or on
the assimilation of preexisting basic rocks (Bédard and
Hébert 1998).

The presence of euhedral, primary inclusions of mil-
lerite in chromite (Fig. 5a, b) further support the above
interpretation as it would crystallize under relatively
high fS2 (Fig. 9) coeval with the early crystallization of
erlichmanite nuclei or bands in the zoned laurites. In
contrast, most inclusions of base metals sulfide, arse-
nide, and sulfarsenide in chromite would correspond to
late phases crystallized after the formation of PGM
assemblages when temperature dropped and both fS2
and arsenic activity increased further (Fig. 9; Melcher
et al. 1997; Garuti et al. 1999). Later, during serpenti-
nization, Fe–Ni sulfides (pentlandite and millerite) be-
come progressively impoverished in S (godlevskite and
heazlewoodite) up to the formation of metal alloys
(awaruite) (Eckstrand 1975; Frost 1985). Similarly, ser-
pentinization processes promote partial loss of As from
Ni arsenides, giving rise to assemblages containing orc-
elite (Oen et al. 1980). This would explain the association
of the latter mineral with awaruite (Fig. 5f).

The porous texture of Ru–Os–Ir–Fe–Ni alloys, their
location in open fractures surrounded by serpentinized
olivine, their atomic proportions of Ru, Os, and Ir
similar to laurite, and the fact that some analyzed grains
still retain some sulfur indicate that they are generated
by the desulfurization and volume reduction of primary
laurite during serpentinization, as proposed by Stock-
man and Hlava (1984) and Garuti and Zaccarini (1997).
Iron and Ni were supplied by the serpentinization of
olivine.

Interpretation of Os isotopic data

Several facts can be stated by considering the Os isotopic
data as a whole:

1. Measured 187Os/188Os ratios of chromites from the
Mayarı́-Baracoa ophiolitic belt vary substantially
from 0.1230 to 0.1304. Such a scatter is comparable
with that observed in similarly old ophiolites (i.e.,
Semail, Elistratova, Troodos, St. Elena) where
Walker et al. (2002) report values between 0.1254 and
0.1348.

2. The average initial Os isotopic composition is
0.1252±0.0009 (1r) corresponding to a cOs value of
�0.8±0.8, and is thus much lower than the average
value of +1.8 for the above localities (calculated
from Table 2 in Walker et al. 2002).

3. Our average initial Os isotopic composition is 0.4%
more radiogenic than the average value calculated for
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abyssal peridotites (0.1247; Snow and Reisberg 1995)
and slightly more radiogenic than the average
187Os/188Os ratio of the typical upper mantle (Mei-
bom et al. 2002).

4. 187Os/188Os ratios fall with rising Cr# of chromite
and bulk PGE contents. In addition, cOs decrease
with increasing Os concentration.

5. Single chromite deposits are heterogeneous in terms
of Os isotopic composition.

Clearly, the most important feature shown by our
chromite data is the fact that the eastern Cuban ophio-
lite shows Os isotopic signatures that point to a depleted
source, unlike the similarly old ophiolites of Troodos
(Walker et al. 2002; Büchl et al. 2004a, b) and Semail
(Ahmed et al. 2002; Walker et al. 2002), where supra-
chondritic values prevail. However, in case of the
Troodos ophiolite, Büchl et al. (2004a, b) have shown
that both supra- and subchondritic Os isotopic values
are common, and these authors have argued that the
large range in Os isotopic values is a typical feature of
mantle peridotites from above subduction zones.
Thereby, subchondritic values would reflect old partial
melting events and melt percolation events, whereas
suprachondritic 187Os/188Os ratios would necessitate the
addition of radiogenic Os during melt percolation,

ultimately associated with the dehydration phase of
subducted oceanic crust. Chromites from the eastern
Cuba ophiolite show a remarkable consistency in sub-
chondritic (negative cOs) values, which is a peculiarity
among ophiolite chromitites analyzed from all over the
world (e.g., Walker et al. 2002). It attests a rather simple
melting scenario in which the share of recycled and
subducted old altered oceanic crust to explain the
addition of radiogenic Os seems less important. Conse-
quently, the isotopic heterogeneity observed in the
eastern Cuba ophiolite chromitites appears primarily to
be the result of previous partial melting events and,
secondarily, the mobilization and addition of more
radiogenic Os from the subducting slab. According to
Walker et al. (2002), based on the study of chromites
from different ophiolites around the world, addition of
radiogenic Os to the parental melts of chromitites is
highly improbable. The least radiogenic Os isotopic
compositions in this study were analyzed on the Cr-rich
chromites from the Mayarı́ district, formed from bon-
initic to high-Mg andesites in an arc environment, and
the average composition is comparable to that of abyssal
peridotites. In contrast, and taking into account the
negative correlation of 187Os/188Os ratios with Cr# of
chromite and PGE abundances, this feature is most
probably related with the partial melting history of the
mantle wedge. Assuming that boninitic melts form by
hydrous melting of highly depleted mantle (Duncan and
Green 1987), it is expected that the mantle source of
such melts should exhibit high Cr and PGE as well as
low Re/Os ratios and, with time, low cOs values. This is
because melts generated by such hydrous melting
(Duncan and Green 1987) and extensive hydrous melts/
rock reactions would scavenge most Cr and PGE
(including Os) from the residue (Büchl et al. 2004a,
2004b). Chromites formed from these melts should
concentrate most Os, Ir, and Ru, thereby inheriting the
isotopic signature of the mantle source. In contrast,
chromitites formed from melts generated by lower de-
grees of melting, or by melting of less depleted mantle
should exhibit higher Re/Os ratios and cOs values with
time, thus explaining the linear negative correlation be-
tween cOs and Os and the positive one between cOs and
187Re/188Os.

The relative enrichment in radiogenic Os in the Al-
rich chromites could be enhanced by the assimilation of
gabbro sills with a significant seawater isotopic com-
ponent (Hart et al. 1999; Blusztajn et al. 2000). Al-
though no Os isotopic data are available from the
gabbro sills of the mantle–crust transition zone in the
Mayarı́-Baracoa ophiolite belt, some sporadically high
187Os/188Os ratios (e.g., sample CG-9) could be ex-
plained by assimilation of gabbroic rocks. An alterna-
tive explanation of these sporadic radiogenic
187Os/188Os ratios could be the reaction of the partial
melts with orthopyroxenite veins, which are usually
enriched in radiogenic Os (Büchl et al. 2004b). Some of
these veins have been observed in Cayo Guam and
Potosı́ mines.
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The ranges in measured 187Os/188Os ratios observed
in Casimba, Mercedita and Cayo Guam deposits are
similar to those observed in other ophiolitic chromitites
worldwide (Walker et al. 2002; Büchl et al. 2004a). At
small scale, the Os isotopic composition of chromites is
controlled by the mechanism of chromite crystallization
as well as by the Os content and the Os isotopic signa-
ture of both the percolating melt and the host peridotite.
In the proposed magma-mixing model, each new batch
of primitive melt would be characterized by a particular
Os concentration and a defined 187Os/188Os ratio. The
turbulent regime generated by the influx of each and
every of such batches of melt further contributes to the
creation of complex and heterogeneous precipitation
environments for the crystallization of chromites. The
PGMs (the main Os reservoir in chromitites) are likely
to form from the same heterogeneous, hybrid melt
(Brenan and Andrews 2001; Matveev and Ballhaus 2002;
Brenker et al. 2003) and are trapped at different stages of
chromite growth (Stockman and Hlava 1984; Mungall
2002). Therefore, any isotopic equilibration with the
melt after entrapment is prevented, and it should be
possible to observe small Os isotopic heterogeneities
even at the scale of single chromite grains. Although no
Os isotopic analyses of the PGM are available in the
studied chromite deposits, the oscillatory zoning ob-
served in some laurite grains evidences a heterogeneous
genetic environment characterized by variable fS2 as a
consequence of the input of successive batches of new
magma and the turbulent regime generated by the influx
of melt. Thus, different laurite crystals should inherit the
Os isotopic signatures of the different incoming melts,
giving rise to significant heterogeneous Os isotopic
compositions in single deposits, and even in single
samples, as Malitch et al. (2003) and Malitch (2004)
show in chromitites from Kraubath and Hochgrössen
(Eastern Alps).

Tectonic implications

More recent interpretations for the genesis of ophiolitic
chromitites suggest suprasubduction-zone settings
(Robert 1988; Arai and Abe 1994; Arai and Yurimoto
1995; Robinson et al. 1997; Schiano et al. 1997b; Zhou
and Robinson 1997; Zhou et al. 1998; Proenza et al.
1999; Edwards et al. 2000) as the main geotectonic
environment. Experimental work partially supports this
scenario; Matveev and Ballhaus (2002) conclude that
ophiolitic chromite deposits would form only in the
presence of water-rich, primitive melts saturated in
olivine and chromite. Such conditions are most likely
prevailing in suprasubduction-zone environments.

Proenza et al. (1999) interpreted the chromitite bodies
from Mayarı́-Baracoa ophiolitic belt as formed in a su-
prasubdution zone environment. As discussed before,
the melts in equilibrium with the Cr-rich chromitites are
of boninitic affinity, whereas those in equilibrium with
the Al-rich chromitites are close to the composition of

back-arc basin basalts (BABB). According to Zhou and
Robinson (1997) Cr-rich chromitites, like those from the
Mayarı́ district, form beneath island arc mantle, while
Al-rich chromitites, like those from the Moa-Baracoa
district, form in nascent spreading centers, such as back-
arc basin.

In the small Sagua de Tánamo district, chromitite
shows a large compositional variation. According to
Malpas et al. (1997), the close association of high-Cr and
high-Al chromitites, hosted by harzburgite and lherzolite,
respectively, suggest a formation in a fore-arc environ-
ment. However, all of the Sagua de Tanamo chromitites
are hosted by depleted harburgites. Alternatively,
these chromitites could be formed in a ‘‘transitional’’
geotectonic environment: from a ‘‘juvenile island arc’’
(primitive island arc) to a nascent back arc basin. In
eastern Cuba, the juvenile arc is represented by Téneme
volcanics, and the back arc basin byMorel volcanic rocks
(Proenza et al. 2005; Marchesi et al. 2005).

In summary, the formation of chromitites in the
Moa-Baracoa ophiolitic belt can be explained in terms
of a multistage process (Fig. 10) associated with an
intra-oceanic subduction zone developed within the
Caribbean region during Upper Cretaceous (Iturralde-

Fig. 10 Cartoon showing three possible stages of chromitite
formation in the Mayarı́-Baracoa ophiolitic belt (see text for
discussion)
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Vinent et al. 2005; Proenza et al. 2005). At this time,
north-eastward-directed subduction occurred beneath
the Proto-Caribbean region, consuming the Farallon
plate (e.g., Pindell and Barrett 1990). In the first stage,
Cr-rich chromitites (Mayarı́ district) formed in the deep
mantle section, beneath a juvenile island arc, from
boninitic magma. Later, in the second stage, the Sagua
de Tánamo chromitites (Cr- and Al-rich) formed in a
‘‘transitional’’ geotectonic environment: a juvenile island
arc evolves to a nascent back arc basin. The chemistry of
the different chromite deposits records such a transition
by showing a progressive evolution from Cr-rich to Al-
rich compositions. Thus, although the different chromite
deposits now coexist in a small area, their formation
took place successively in time. Finally, in the third stage
Al-rich chromitites (Moa-Baracoa district) precipitated
from tholeiitic magmas (BABB), assimilating gabbro
sills, in the mantle–crust transition zone, beneath a more
evolved back arc basin.
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Roy-Barman M, Allègre CJ (1995) 187Os/186Os in oceanic island
basalts; tracing oceanic crust recycling in the mantle. Earth
Planet Sci Lett 129:145–161

Sattari P, Brenan JM, Horn I, McDonough WF (2002) Experi-
mental constraints in the sulfide- and chromite-silicate melt
partitioning behaviour of rhenium and platinum-group ele-
ments. Econ Geol 97:385–398

Schiano P, Birck J-L, Allegre CJ (1997a) Osmium–strontium–
neodymium–lead isotopic covatiations in mid-ocean ridge ba-
salt glasses and the heterogeneity of the upper mantle. Earth
Planet Sci Lett 150:363–379

Schiano P, Clocchiatti R, Lorand JP, Massare D, Deloule E,
Chaussidon M (1997b) Primitive basaltic melts included in
podiform chromites from the Oman ophiolite. Earth Planet Sci
Lett 146:489–497

Schmidt G, Palme H, Kratz K-L, Kurat G (2000) Are highly sid-
erophile elements (PGE, Re, and Au) fractionated in the upper
mantle of the Earth? New results on peridotites from Zabargad.
Chem Geol 163:167–188

Shirey SB, Walker RJ (1998) Re–Os isotopes in cosmochemistry
and high-temperature geochemistry. Annu Rev Earth Planet Sci
26:423–500

Smoliar MI, Walker RJ, Morgan JW (1996) Re–Os ages of group
IIA, IIIA, IVA, and IVB iron meteorites. Science 271:1099–
1102

Snow JE, Reisberg L (1995) Os isotopic systematic of the MORB
mantle; results from altered abyssal peridotites. Earth Planet Sci
Lett 133:411–421

Stockman HW, Hlava PF (1984) Platinum-group minerals in Al-
pine chromitites from southwestern Oregon. Econ Geol 79:491–
508

Thayer TP (1942) Chrome resources of Cuba. US Geol Surv Bull
93-A:1–74

Tredoux M, Lindsay NM, Davies G, MacDonald L (1995) The
fractionation of platinum-group elements in magmatic system,
with the suggestion of a novel casual mechanism. S Afr J Geol
98:157–167

Walker RJ, Prichard HM, Ishiwatari A, Pimentel M (2002) The
osmium isotopic composition of the convecting upper mantle
deduced from ophiolite chromites. Geochim Cosmochim Acta
66:329–345

Zhou MF, Robinson PT (1997) Origin and tectonic environment of
podiform chromite deposits. Econ Geol 92:259–262

Zhou MF, Robinson PT, Bai WJ (1994) Formation of podiforme
chromites by melt-rock interaction in the upper mantle. Miner
Deposita 29:98–101

Zhou MF, Robinson PT, Malpas J, Zijin L (1996) Podiform chr-
omites in the Luobusa Ophiolite (Southern Tibet): implications
for mel–rock interaction and chromite segregation in the upper
mantle. J Petrol 37:3–21

Zhou MF, Sun M, Keays RR, Kerrich RW (1998) Controls on
platinum-group elemental distributions of podiform
chromitites: a case study of high-Cr and high-Al chromitites
from Chinese orogenic belts. Geochim Cosmochim Acta
62:677–688

Zhou MF, Robinson PT, Malpas J, Aitchison J, Sun M, Bai WJ,
Hu XF, Yang JS (2001) Melt/mantle interaction and
melts evolution in the Sartohay high-Al chromite deposits
of the Salabute ophiolite (NW China). J Asian Earth Sci
19:517–534

607


	Sec1
	Sec2
	Sec3
	Fig1
	Sec4
	Tab1
	Sec5
	Tab2
	Sec6
	Fig2
	Sec7
	Fig3
	Fig4
	Fig5
	Tab3
	Tab4
	Sec8
	Sec9
	Fig6
	Fig7
	Sec10
	Fig8
	Sec11
	Sec12
	Fig9
	Sec13
	Fig10
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51
	CR52
	CR53
	CR54
	CR55
	CR56
	CR57
	CR58
	CR59
	CR60
	CR61
	CR62
	CR63
	CR64
	CR65
	CR66
	CR67
	CR68
	CR69
	CR70
	CR71
	CR72
	CR73
	CR74
	CR75
	CR76
	CR77
	CR78
	CR79
	CR80
	CR81
	CR82
	CR83
	CR84
	CR85
	CR86
	CR87
	CR88
	CR89
	CR90
	CR91
	CR103
	CR92
	CR93
	CR94
	CR95
	CR96
	CR97
	CR98
	CR99
	CR100
	CR101
	CR102

