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ABSTRACT

The Aguablanca Ni–Cu–PGE ore deposit, in southwestern Iberia, has a magmatic origin, and has been reworked by later
skarn-related hydrothermal activity. Base-metal sulfides are associated with igneous cumulates displaying subvertical layering
consisting of gabbro, norite and dolerite, with fragments of pyroxenite and peridotite. These rocks show a pervasive retrograde
alteration with an early overprint of actinolite ± chlorite ± epidote ± albite ± serpentine, followed by later growth of talc ± chlorite
± carbonates. The base-metal sulfides are concentrated in two subvertical bodies and consist of pyrrhotite, pentlandite and
chalcopyrite, overprinted by fluid-deposited pyrite. The following types of mineralization have been recognized: 1) disseminated
ore (1 < Ni/Cu < 1.5), with sulfides occurring interstitially to the igneous silicates, 2) semimassive to massive ore (2 < Ni/Cu <
5), with net-textured to poikilitic sulfides, 3) breccia ore, consisting of fragments of unmineralized ultramafic rocks in a massive
sulfide matrix, 4) nodules of sulfides, 5) pyrrhotite veinlets, and 6) chalcopyrite veinlets. The PGE content and (Pt + Pd):(Ru + Ir
+ Os) ratio have their highest values in the Cu-rich disseminated ore and associated veinlets of chalcopyrite. The platinum-group
minerals (PGM) associated with the base-metal sulfides at Aguablanca include michenerite, merenskyite, moncheite, palladian
melonite and sperrylite. These mostly occur enclosed within sulfide minerals or close to contacts between them. The PGE tellurides
show an extensive substitution of Bi for Te, indicating temperatures of formation below 500°C. A PGE oxide assemblage has also
been discovered in samples from the surface gossan developed above the sulfides. The composition of the PGM and their asso-
ciation with magmatic base-metal sulfides suggest that they exsolved from the sulfides during subsolidus recrystallization, al-
though some remobilization may have occurred in areas of pervasive circulation of fluid.

Keywords: Ni–Cu sulfides, platinum-group minerals, PGE oxides, tellurides, magmatic ore, retrograde alteration, Variscan,
Aguablanca, Spain.

SOMMAIRE

Le gisement à Ni–Cu–EGP (éléments du groupe du platine) d’Aguablanca, dans le sud-ouest de la péninsule ibérique, possède
une origine magmatique, mais il a subi une activité hydrothermale liée à la formation de skarns. Les sulfures des métaux de base
sont associés aux cumulats ignés dont le litage est subvertical, les roches dominantes étant gabbro, norite et dolérite, avec des
fragments de pyroxénite et de péridotite. Ces roches font preuve d’une rétrogression répandue, d’abord à l’assemblage actinolite
± chlorite ± épidote ± albite ± serpentine, suivi de l’assemblage talc ± chlorite ± carbonates. Les sulfures des métaux de base sont
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concentrés dans deux accumulations subverticales de pyrrhotite, pentlandite et chalcopyrite, avec pyrite tardive hydrothermale.
Nous distinguons les types de minéralisation suivants: 1) minerai disséminé (1 < Ni/Cu < 1.5), les sulfures étant distribués de
façon interstitielle par rapport aux silicates ignés, 2) minerai semi-massif à massif (2 < Ni/Cu < 5), les sulfures définissant un
réseau ou des amas poecilitiques, 3) minerai bréchique, contenant des fragments de roches ultramafiques non minéralisées dans
une matrice de sulfures massifs, 4) des nodules de sulfures, 5) des veinules de pyrrhotite, et 6) des veinules de chalcopyrite. Les
teneurs en EGP et le rapport (Pt + Pd):(Ru + Ir + Os) atteignent leurs valeurs les plus élevées dans le minerai disséminé enrichi
en cuivre et dans les veinules de chalcopyrite qui lui sont associées. Parmi les minéraux du groupe du platine associés aux métaux
de base sont michenerite, merenskyite, monchéite, melonite palladifère et sperrylite. Ces minéraux se présentent surtout en
inclusions dans les sulfures ou près des contacts entre ces grains de sulfures. Les tellurures des EGP font preuve d’une substitution
importante du Bi pour le Te, indication d’une température de cristallisation inférieure à 500°C. Un assemblage d’oxydes des EGP
a de plus été découvert dans les chapeaux de fer en surface, développés aux dépens des amas de sulfures. La composition des
minéraux du groupe du platine et leur association avec les sulfures des métaux de base magmatiques font penser qu’ils se sont
formés par exsolution des sulfures au cours de la recristallisation subsolidus, quoiqu’une partie de la remobilisation est bien sûr
attribuable à la circulation répandue de fluides.

(Traduit par la Rédaction)

Mots-clés: sulfures de Ni–Cu, minéraux du groupe du platine, oxydes des éléments du groupe du platine, tellurures, minerai
magmatique, altération rétrograde, Varisque, Aguablanca, Espagne.

formerly Rio Tinto Minera S.A.) during a gold explora-
tion program. A regional exploration survey carried out
by Presur found a nickel anomaly related to a gossan
developed on altered gabbros. Short (less than 5 m) ver-
tical percussion drilling and long (up to 550 m) 45° dip
diamond coring were carried out by Atlantic Copper
S.A. to trace the downward extension of the observed
oxidized cap and to identify the extent of the sulfide
mineralization. Drilling to date has revealed the exist-
ence of two subvertical mineralized bodies containing
ore reserves of 31 Mt grading 0.6–0.7% Ni, 0.5–0.6%
Cu, 0.02% Co and 0.75 g/t Pt + Pd + Au. Since July
2001, Aguablanca is the property of Rio Narcea Gold
Mines S.A., which plans to start mining operations early
in 2004.

Previous investigators (Lunar et al. 1997, Casquet
et al. 1998a, Bomatí et al. 1999, Ortega et al. 1999,
2000, Tornos et al. 1999, 2001) presented geological,
mineralogical, geochemical and isotopic data on the
Aguablanca deposit based on the examination of a few
drill-core samples. Our aim in this paper is to present
the results of a more detailed examination of the exter-
nal and internal features of the deposit, taken from the
study of cores obtained from the extensive drilling car-
ried out by Atlantic Copper S.A. The data presented
below are based on information gained from vertical N–
S transverse sections (every 25 m) and horizontal sec-
tions (every 50 m) constructed using geological,
mineralogical and geochemical data from 30,000 m of
core, 6,000 analyses of samples for Cu, Ni and S, and
1,200 analyses of samples for Pt, Pd, Au and Co. Initial
mineralogical studies are presented, particularly for the
platinum-group minerals (PGM), and the data are inter-
preted to provide a genetic working hypothesis for the
deposit. It is expected that the imminent mining opera-
tions will provide an opportunity to gather further in-
formation, which will allow refinement of our current
understanding of the Aguablanca ores.

INTRODUCTION

There are a number of occurrences of platinum-
group-element (PGE) mineralization in the Iberian Pen-
insula, including Cabo Ortegal (Moreno et al. 2001),
Bragança (Bridges et al. 1993) and the Ronda Massif
(Gervilla & Leblanc 1990); these are associated with
concentrations of chromite. In contrast, the concentra-
tions of PGE in the Aguablanca deposit are associated
with massive and disseminated Ni–Cu sulfides that are
chromite-poor. The deposit, located at 37°57’51’’N and
6°11’41’’W, was discovered in 1993 (Lunar et al. 1997,
Ortega et al. 2000), and is the only one known in Iberia
of sufficient tonnage to be economically viable. The
sulfide mineralization, mainly composed of pyrrhotite,
pentlandite, chalcopyrite and pyrite, is associated with
the mafic and ultramafic rocks that form the Aguablanca
intrusion. Such Ni–Cu mineralization associated with
mafic intrusions is not common in Europe: known ex-
amples include in the Vammala, Hitura and Kotalahti
complexes in Finland (Frietsch et al. 1979, Häkli et al.
1979, Gervilla et al. 1998), Råna in Norway (Boyd &
Mathiesen 1979) and Ivrea–Verbano in Italy (Garuti &
Rinaldi 1986a, b, Garuti et al. 1986). However, the dis-
covery of Aguablanca has promoted one of the most
comprehensive and systematic reconnaissance programs
ever attempted in the Iberian Peninsula, carried out by
the owner company, Rio Narcea Gold Mines (Forrest
2003). By 2002, this exploration program had led to the
identification of more than 100 radiometric anomalies
similar to that at Aguablanca, one third of these targets
having favorable mafic to ultramafic intrusive rocks.
Thus the potential of southwestern Iberia will likely
modify the outlook of the nickel and PGE supply within
Europe in the near future.

The Aguablanca deposit was discovered by Presur –
Atlantic Copper S.A. (a joint venture between the Span-
ish State company Presur and Atlantic Copper S.A.,
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GEOLOGICAL FRAMEWORK

The Aguablanca deposit is located in the Ossa
Morena Zone of the Iberian Massif, the westernmost belt
of the European Variscan chain (Lunar et al. 2002). This
zone comprises a Precambrian basement deformed dur-
ing the Neoproterozoic Cadomian orogeny (620–480
Ma), and Cambrian to Lower Permian sequences af-
fected by the Late Paleozoic Variscan orogeny (390–
300 Ma) (Quesada 1992, Eguiluz et al. 2000, Valladares
et al. 2002, and references therein). At least three major
igneous events took place during the geodynamic evo-
lution of the area (Sánchez Carretero et al. 1990,
Quesada 1996, Eguiluz et al. 2000, Valladares et al.
2002, Sánchez-García et al. 2003). The Cadomian orog-
eny in the Ossa Morena Zone involved the generation
of a calc-alkaline volcanic arc in an Andean-type con-
tinental margin, with deposition of volcanosedimentary
sequences. The Variscan cycle began with an exten-
sional event accompanied by bimodal magmatism with
plutonic, subvolcanic and volcanic rocks of alkaline and
tholeiitic affinities. Finally, magmatism linked to the
Variscan orogeny was characterized by a large volume
of post-collisional calc-alkaline plutonic rocks.

The Aguablanca ore-bearing igneous body is a small
asymetrically zoned intrusion of tholeiitic affinity com-

posed of gabbroic rocks with ultramafic enclaves in the
northern part that grade into amphibole–biotite diorite
to the south. The intrusion was emplaced into a volca-
nic-sedimentary sequence with dominant K-rich rhy-
olitic units (the Bodonal–Cala Complex of 515 Ma,
Oschsner 1993, Ordoñez et al. 1998) grading toward the
top into Lower Cambrian terrigenous and carbonate se-
quences (Apalategui et al. 1990, Apalategui & Sánchez
Carretero 1991) (Fig. 1). The latter carbonate rocks crop
out along the northern border of the Aguablanca intru-
sion, where they are metamorphosed to skarns
(garnetites, calc-silicate rocks and marbles) along the
contact (Fig. 1). The country rocks are also affected by
a regional Variscan greenschist-facies metamorphism.
To the south, Aguablanca is intruded by the Santa Olalla
pluton (Fig. 1), a calc-alkaline intrusion composed of
tonalitic and granodioritic rocks.

The age of Aguablanca and its spatial and temporal
relationship to Santa Olalla are matters of debate. Until
the discovery of the Aguablanca sulfide deposit, both
the Aguablanca and Santa Olalla intrusions were con-
sidered to be part of the so-called Santa Olalla Plutonic
Complex, forming either two separate, although tempo-
rally related intrusions (Casquet 1980, Casquet et al.
1998a), or forming different facies of a single asym-
metrically zoned pluton (Eguiluz et al.1989, Bateman
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FIG. 1. Geological location of the Aguablanca Ni–Cu–PGE ore deposit. 1. Greywacke and slate (Riphean). 2. Slate and
metavolcanic rocks (Upper Riphean – Lower Cambrian, Bodonal–Cala complex). 3. Marble, limestones, skarn, hornfels and
garnetites (Upper Riphean – Lower Cambrian). 4. Limestone and slate (Lower Cambrian – Lower Ordovician). 5. Slate,
microconglomerate and greywacke (Devonian – Lower Carboniferous). 6. Granite. 7. Aguablanca gabbro and diorite. 8.
Santa Olalla tonalite. 9. Alkaline granite. 10. Fault. 11. Anticline. 12. Syncline. 13. Overturned anticline. 14. Aguablanca
mineralization. Based on Apalategui et al. (1990).
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et al. 1992). There is a general agreement that the Santa
Olalla pluton belongs to a group of calc-alkaline Paleo-
zoic intrusions cropping out in the region (Castro et al.
2002), and that its age is likely to be similar to those
determined for the other plutons (e.g., Burguillos del
Cerro, 338 Ma, U/Pb, Casquet et al. 1998b). These plu-
tons represent magmatism linked to the Variscan thick-
ening of the crust (Sánchez Carretero et al. 1990).

Preliminary studies of the geological features of the
sulfide deposit (Lunar et al. 1997, Ortega et al. 2001)
suggested that Aguablanca could be significantly older
than Santa Olalla and emplaced before the Variscan
episode of deformation. Definitive conclusions cannot
be drawn in the absence of radiometric dating. How-
ever, the possibility cannot be discarded that the
Aguablanca deposit is related to the Cambrian rifting
event documented in the region (Quesada 1996,
Sánchez-García et al. 2003). Thus the Aguablanca in-
trusion could be one of the rift-related laccolithic plu-
tons covered by the Lower Cambrian carbonate unit, and

commonly associated with skarns caused by the em-
placement of these plutons (Sánchez-García et al. 2003).
This geodynamic context would be more consistent with
observed relationships than one envisaging a Variscan
scenario, as many magmatic sulfide deposits elsewhere
in the world occur in rift environments [Lesher 2003,
e.g., Noril’sk: Distler & Kunilov (1994); the Duluth
Complex: Hauck et al. (1997); Pechenga: Lesher &
Keays (2002), Melezhik et al. (1994)].

THE AGUABLANCA ORE DEPOSIT

The host rocks

The sulfide mineralization is located at the northern
margin of the Aguablanca intrusion and is hosted by a
E–W-trending subvertical sheet 500 m wide, that thins
out laterally. This sheet consists of subvertical layers of
norite, gabbronorite, gabbro and dolerite (Figs. 2, 3) and
commonly includes igneous enclaves, centimetric in

FIG. 2. The Aguablanca intrusion (inset) and location of the outcrops of gossan over the
orebodies near the northern border of the intrusion. A–B, C–D and E–F refer to cross-
sections in Figures 3, 7A and 7B, respectively.
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size, of troctolite, olivine gabbro, pyroxenite, an-
orthosite and fine-grained norite and gabbro. The con-
tact with the country rocks is intrusive, and in detail both
banded and chilled margins have been observed. The
internal magmatic layers dip at 70–80%N, which is par-
allel to the bedding in the metasedimentary host se-
quence (Figs. 3, 4).

The mafic and ultramafic rocks show primary assem-
blages of silicates, with cumulus textures overprinted
by retrograde metamorphism and alteration. Both norite
and gabbro have a variable content of mafic minerals,
from about 95 to 20%, ranging from melagabbro and
melanorite to much more felsic lithologies. The miner-
alogy consists mostly of enstatite and augite as cumulus
phases, with coarse-grained intercumulus plagioclase.

In some rocks, the intercumulus matrix also includes
poikilitic hornblende and phlogopite. Disseminated sul-
fides occur interstitially to the silicate minerals, mostly
in the noritic units (Fig. 5A), usually being more abun-
dant (semi-massive to massive) in the melanorite and
melagabbronorite units. The peridotite and pyroxenite
enclaves preferentially occur within the more mafic
norite and gabbro layers, and consist of cumulus oliv-
ine and pyroxene with intercumulus plagioclase and
minor amphibole. Composite enclaves composed of two
layers of pyroxenite and peridotite forming cumulates
also have been observed, indicating the presence of a
layered ultramafic sequence. In addition, a continuous
layer of pyroxenite has been intersected at depth (more
than 700 m deep) during recent drilling (Rio Narcea,
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FIG. 3. Geology and outline of the orebodies (Ni > 0.08%) in north–south cross-section
747.200 (A–B in Fig. 2), showing the internal structure of the northern border of the
Aguablanca orebody and host rocks. Rock types are labeled with field terms, and the
drawing has been constructed from drill-hole information.
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FIG. 4. Geological features of the ore deposit in the horizontal plane at level 400 m, drawn
from drill-hole information.
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pers. commun.). The enclaves themselves lack sulfides,
although they are usually hosted by lithological units
containing massive sulfides (Fig. 5B) and are cross-cut
by chalcopyrite veinlets.

The igneous rocks show a pervasive retrograde al-
teration that can be locally very intense. The clino-
pyroxene is variably altered to actinolite–tremolite and
may be completely replaced (Figs. 5C, D). This alter-
ation is locally overprinted by talc–carbonate aggregates
(Fig. 5D). The orthopyroxene remains almost unaltered,
but is locally partially replaced by anthophyllite or can
be almost completely altered to talc. The core of plagio-
clase grains is mostly transformed to an epidote (or
zoisite) + albite + white mica + calcite assemblage. Both
pyroxene and plagioclase are locally cut by fractures in-
filled with talc ± chlorite ± carbonate. In addition, ag-
gregates of coarse chlorite and epidote develop in the
more leucocratic gabbros. Serpentinization is mostly
restricted to the ultramafic enclaves, in which olivine
and pyroxene show variable alteration, which becomes
more intense close to fractures. Serpentine is locally
overprinted by aggregates of chlorite + talc.

The sulfide ores

Sulfide mineralization occurs very close to the con-
tact with the metasedimentary country-rocks within two
subvertical bodies of differing size that dip 80°N and

that strike east–west (Figs. 3, 4). The orebodies consist
of sulfide-bearing norite, gabbronorite, gabbro and dol-
erite that grade progressively into sulfide-barren rocks.
The outline of the orebodies has been defined by a cut-
off grade of 0.08% Ni. Thus the northern orebody is
about 30 � 150 m thick and 200 m deep, whereas the
southern body, the main one, has an average thickness
of 60–100 m (N–S), is 450–500 m in length (E–W), and
extends to at least a depth of 700 m (Figs. 3, 4). In this
southern body, the sulfide mineralization thins out rap-
idly to the east, whereas the northwestern limit of the
body is marked by a southeasterly dipping planar dis-
continuity, probably a fault, at which the sulfide miner-
alization ends abruptly. Late faults cross-cut and
displace the ore at different depths, and intense micro-
fracturing is observed in different parts of the ore. A
gossan zone, up to 8–10 m thick, is developed where
oxidation has taken place.

The following types of mineralization have been rec-
ognized (Figs. 5, 6, 7):

1) Disseminated ore (1 < Ni/Cu < 1.5) consists of
sulfides occurring interstitially to the igneous silicates
(Figs. 5A, 6A). This is the dominant type of mineraliza-
tion in both orebodies (Fig. 7A).

2) Semi-massive to massive ore (2 < Ni/Cu < 5),
with sulfides making up to the 85% of the rock (Fig.
6B), develop net to poikilitic textures. This mineraliza-
tion is concentrated in elongate pods striking east–west
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and dipping 70°N in the core and northern part of the
southern orebody (Fig. 7A). This type of ore accounts
for 10–15% of the total reserves (1–1.5 � 106 m3 of
mineralized rocks).

3) Breccia ore (mineralized breccia in Tornos et al.
2001) consists of rounded fragments of unmineralized
pyroxenite and peridotite in a massive sulfide matrix
(Figs. 5B, 6C). The rounded shape of the fragments and
the lack of sharp contacts between them and the mas-
sive sulfide-bearing rocks suggest that these are
tectonomagmatic breccias formed when the igneous
rocks were still plastic and poorly consolidated. These
breccias have been observed mainly within pods of
massive sulfides in the southern orebody (Fig. 7A).

4) Nodules of sulfides (Fig. 6D), centimetric in size,
form disseminations occurring to the south, external to
the orebodies, along an east–west-trending band.

5) Pyrrhotite veinlets (Fig. 6E), with pyrite and mi-
nor pentlandite, cross-cut disseminated sulfides.

6) Chalcopyrite veinlets (Fig. 6F) cross-cut dissemi-
nated and massive mineralization, and fragments of
breccia.

The metal content of the deposit ranges from 0.08 to
7% Ni, 0.1 to 2.5% Cu, 0.01 to 0.09% Co, 0.1 to 0.8
ppm Pd and 0.1 to 0.8 ppm Pt. The highest contents of
Ni are located in the core and northern part of the main
body (Fig. 7B), in the areas of massive, semimassive
and breccia mineralization (see Fig. 7A for comparison).
Values higher than 1.2% Ni have been encountered also
in disseminated sulfides. Apart from the massive pods,
the highest contents of Cu are distributed in the south-
ern and deeper part of the southern body, where dis-
seminated chalcopyrite-rich mineralization is found.
The variation of the Ni:Cu ratio with the weight per-
centage of S in the deposit is shown in Figure 7C.

FIG. 5. Sulfide-mineralized igneous rocks. A. Norite with disseminated sulfides (sulf) that occur interstitially to clinopyroxene
(cpx), orthopyroxene (opx) and plagioclase (plg). B. Pyroxenite with cumulus pyroxene (px) and massive sulfides (sulf). C.
Altered gabbro with tremolite–actinolite (act) extensively replacing clinopyroxene. Chalcopyrite (cp) occurs along cleavage
planes of the amphibole. D. Basal section of amphibole (amp) overprinted by a talc–carbonate aggregate (tc+cc). Transmitted
light, crossed polars.
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SAMPLING AND ANALYTICAL METHODS

The mineralogy and microtextures of the sulfide ore
were investigated in polished samples (both blocks and
thin sections) from six drill cores dipping 45°S. Sulfides
were studied using reflected-light microscopy and ana-
lyzed quantitatively with an electron microprobe. We
used a JEOL Superprobe JXA–8900 M instrument, op-

erating at 20 kV and 50 nA at the Centro de Microscopía
Electrónica of the Universidad Complutense de Madrid.
The PGM were sought in twenty-six polished sections
from three drill cores, using scanning electron micros-
copy and energy-dispersion (EDX) analysis at the
School of Earth, Ocean and Planetary Sciences at the
University of Cardiff. The scanning electron microscope
used is a Cambridge Instruments S360 with a four-quad-

FIG. 6. Types of mineralization. A. Droplets of sulfides disseminated in a leucogabbro hosting fragments of ultramafic rocks. B.
Massive sulfides from a drill-core sample. C. Breccia ore exposed in an exploration gallery close to the surface. D. Nodules
of sulfides occurring to the south of the southern orebody. E. Disseminated ore cut by a veinlet with pyrrhotite and pyrite. F.
Chalcopyrite veinlets in a leucogabbro with disseminated sulfides. Scale bars in centimeters.
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rant back-scatter detector (4QBSC) and an Oxford In-
struments AN10,000 EDX analyzer, with an accelerat-
ing voltage of 20 kV. Selected grains of PGM larger
than 5 �m and having a good polished surface were
analyzed quantitatively using pure metals as standards.

Eight representative samples in which the PGM were
studied using the SEM were chosen for whole-rock
analysis for all six PGE, Au and As. These analyses
were carried out by Genalysis Laboratory Services Pty.
Ltd. (Australia). The precious metals were collected by
nickel sulfide fire assay, and the button was analyzed
by inductively coupled plasma – mass spectrometry
(ICP–MS). Analyses of samples for Au, Pd and Pt were
repeated for two samples by lead-collection fire assay
using new pots and ICP–MS analysis, and gave similar
results to the Ni sulfide fire assay. For the determina-
tion of As, the samples underwent multiacid digestion
(hydrofluoric, nitric, perchloric and hydrochloric acids)
and were analyzed by inductively coupled plasma –
optical (atomic) emission spectrometry. All the samples

analyzed yielded As contents below the detection limit
(5 ppm).

SULFIDE MINERALOGY AND TEXTURES

The Ni–Cu–Fe sulfides consist of pyrrhotite, pent-
landite, chalcopyrite and pyrite. Accessory minerals
accompanying these major sulfides include magnetite,
ilmenite, PGM (sperrylite, michenerite, merenskyite,
palladian melonite, irarsite), native gold, telluro-
bismuthite, hessite, volinskyite, marcasite and violarite.

The sulfide mineralogy is similar in the massive,
breccia and disseminated sulfide ores and in the nod-
ules, although there is variation in both the textures and
the relative abundances of each sulfide. The massive and
breccia ores are characterized by coarse equant anhedral
crystals of annealed hexagonal pyrrhotite with sparse
exsolution-induced flames of pentlandite, surrounded by
polycrystalline, chain-like aggregates of pentlandite
(Fig. 8A) and minor chalcopyrite. Magnetite and il-

FIG. 7. A. North–south section 745.275 (C–D in Fig. 2) of the orebodies showing the distribution of the massive and dissemi-
nated ores. B. North–south section 747.250 (E–F in Fig. 2) showing the distribution of Ni > 1.2 wt% and Cu > 0.6 wt%. C. Ni/
Cu versus wt% S. Curve calculated using data from 235 representative samples, each of them comprising 2 m of drill core.
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menite occur as euhedral crystals within the massive
sulfides.

The disseminated ore usually contains greater pro-
portions of chalcopyrite than the massive sulfides. Chal-
copyrite and pyrrhotite form nodules of millimetric to
centimetric size in which the two sulfides are distrib-
uted in separate, well-defined domains (Figs. 6A, 8B).
This type of texture has been observed in other mag-
matic Ni–Cu sulfide ores, such as at Noril’sk, where it
is interpreted as having been produced by in situ frac-
tionation of sulfide droplets (Distler & Kunilov 1994).
Pyrrhotite also occurs as irregularly shaped grains sur-
rounded by pentlandite and shows internal twinning as
curved lamellae corresponding to a monoclinic poly-
morph.

The nodules of sulfides occurring to the south of the
main orebody consist of irregular grains of pyrrhotite
surrounded by coarse pentlandite and anhedral chal-
copyrite, the latter being relatively abundant. They usu-
ally occur interstitially to the silicates. Several small
grains of bismuthite, galena and sulfoarsenides of the
cobaltite–gersdorffite series occur within pyrrhotite and
pentlandite.

The sulfide assemblage infilling veinlets is of two
types. The first type consists of an annealed pyrrhotite
and chain-like coarse-grained pentlandite. Veinlets of
the second type are filled with massive chalcopyrite with
minor pyrrhotite.

The magmatic sulfide assemblage described above
is overprinted by hypogene fluid-deposited pyrite, ex-
hibiting a wide variety of textures. It either replaces
pyrrhotite or cross-cuts magmatic sulfides and silicates.
It can be locally abundant (up to 10% of the sulfides),
and occurs notably in areas with strong microfracturing.
Textural features, cross-cutting relationships, and Co
and Ni content allow the identification of three main
generations of pyrite (Fig. 9; Martín Estévez et al.
2000):

1) Large euhedral crystals of early pyrite (Py1) are
present throughout the deposit, overprinting the pyrrho-
tite in all the ore types wherever it is present and ob-
servable even in the gabbros and country rocks barren
of Ni and Cu sulfides. Py1 usually occurs in the core of
anhedral grains of pyrrhotite, which are surrounded by
coarse-grained pentlandite (Fig. 9A). However, in many
cases, chain-like pentlandite appears to have nucleated
and grown on the faces of the euhedral pyrite (Fig. 9B),
thus indicating that this generation of pyrite formed very
early in the postmagmatic history of the deposit. Tex-
tural evidence of overgrowth and recrystallization of Py1
crystals has been observed in the pyrrhotite veinlets
(Figs. 6E, 9B).

2) Pyrite also forms single crystals or aggregates
nucleated on flames of pentlandite within hexagonal
pyrrhotite in the massive ore (Py2A, Fig. 9C) and rib-
bon-like crystals outlining the curved lamellae of mono-
clinic pyrrhotite in the disseminated ore (Py2B, Fig. 9D).
The latter is a rather atypical texture for pyrite, and has
been interpreted as the result of preferential nucleation
and growth of fluid-deposited pyrite on pre-existing
twin planes of the pyrrhotite (Martínez Estévez et al.
2000). Py2A and Py2B are commonly accompanied by
minor chalcopyrite.

3) Finally, pyrite replaces pyrrhotite as aggregates
of small cubic crystals (Py3A, Fig. 9E), replacing pla-
gioclase (Py3B, Fig. 9F) along grain boundaries, and
infilling late fractures (Py3C, Fig. 9G).

Postdating the bulk of the pyrite precipitation, an
assemblage of supergene sulfides was produced by the
alteration of the primary magmatic phases, notably in
fractured areas. This assemblage comprises violarite
replacing pentlandite along grain boundaries, and mar-
casite, in some cases as a fine intergrowth with pyrite,
replacing pyrrhotite. Only in the uppermost part of the
deposit, in the gossan, has an oxidized assemblage been

FIG. 8. A. Anhedral pyrrhotite surrounded by chain-like aggregates of pentlandite and containing pentlandite flames. Massive
ore. B. A droplet of chalcopyrite and pyrrhotite in the disseminated ore. See text for explanation. Symbols: po: pyrrhotite,
pn: pentlandite, cp: chalcopyrite. Reflected light, plane-polarized light, in air.
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developed, formed of garnierite, goethite, malachite and
platinum-group oxides.

Results of electron-microprobe analyses (Table 1)
show that pyrrhotite interstitial to silicates contains be-
tween 59.0 and 60.8 wt.% Fe, with Ni below 0.8 wt.%
and traces of Cu (<0.09 wt.%) and Co (<0.1 wt.%).
Coarse-grained pentlandite contains between 35.0 and
36.2 wt.% Ni and low Co contents (<0.7 wt%). This
composition is in agreement with the assemblage of

hexagonal pyrrhotite – monoclinic pyrrhotite – pentland-
ite of Misra & Fleet (1973). Chalcopyrite has a stoi-
chiometric composition, with only traces of Co. The
average metal content in the different textural types of
pyrite fits well with the stoichiometric values, and only
Py1 and Py2A contain metal slightly in excess. The main
differences between the different types of pyrite are in
the Ni and Co contents and Co/Ni values (Fig. 9). The
level of Co ranges from 0.02 to 0.45 wt.%, and that of

FIG. 9. Textural and geochemical features of pyrite. A. Large euhedral crystal of pyrite (Py1) overprinting pyrrhotite in the
massive ore. B. Detail of a euhedral grain of pyrite (Py1) in a pyrrhotite veinlet (see Fig. 6E). Subidiomorphic grains of early
pyrite are overgrown to form a single large euhedral crystal. C. Pyrite (Py2A) replacing hexagonal pyrrhotite around a rosette
of pentlandite. Massive ore. D. Ribbon-like aggregates of pyrite (Py2B) replacing monoclinic pyrrhotite along curved twin
lamellae; the remaining pentlandite is unreplaced. E. Mosaic of small subhedral crystals of pyrite (Py3A) replacing pyrrhotite
along grain boundaries. F. Pyrite (Py3B) replacing plagioclase at grain boundaries. G. Fractures infilled with pyrite (Py3C),
cross-cutting earlier aggregates of ribbon-like pyrite. Symbols: po: pyrrhotite, pn: pentlandite, cp: chalcopyrite, py: pyrite.
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Ni, from 0.03 to 2.81wt.%, with Co/Ni values below
0.2 in pyrite replacing pyrrhotite (Py2A,B and Py3A) and
plagioclase (Py3B), 0.7 for pyrite in late fractures (Py3C),
and 7.5 for large crystals of euhedral pyrite (Py1).

PLATINUM-GROUP MINERALS

PGM in the sulfide ores

Twenty-six polished sections (3 � 3 cm in size) were
examined using the SEM in order to characterize the
platinum-group minerals. Of these samples, eight are
from the disseminated ore, ten are massive sulfides (in-
cluding those occurring in the matrix of the breccia ore),
three contain massive sulfides with abundant pyrite Py1,
three are of chalcopyrite veinlets, one contains a veinlet
with pyrrhotite and pyrite Py1, and one contains a nod-
ule of sulfides external to the orebodies. Results are dis-
played in Tables 2 and 3 and Figures 10 to 14. PGM
were found to be abundant in these samples, with 217
grains identified. The average number of PGM grains
per polished section is variable in the different types of
ore: 15 grains per section in the massive ore with large
crystals of pyrite Py1, 10 grains per section in the mas-

sive sulfides, five grains per section in the disseminated
ore, one grain in the pyrrhotite veinlet, and one grain in
the sulfide nodule. In the chalcopyrite veinlets, the num-
ber of PGM grains ranges from 5 to 21 per section.
These PGM are mostly enclosed in sulfides, notably
pyrrhotite (74 grains) and pentlandite (53 grains), al-
though they are generally located close to the edges of
the sulfide grains (Figs. 10A, B, C). They also occur in
chalcopyrite (39 grains, of which 21 grains are found in
a single section of one chalcopyrite veinlet) and in lesser
quantities at the contacts between sulfides (12 grains),
between sulfides and silicates (19 grains), or enclosed
in silicates (17 grains) (Figs. 10D, E, G, H). The PGM
are notably absent within pyrite.

The distribution of the PGM by ore types is illus-
trated in Figure 11, which shows that the occurrence of
PGM at the contacts between two minerals is much
more common in the disseminated ore and in the mas-
sive ore with abundant pyrite Py1 than in the other ores.
The morphology of the PGM varies from euhedral to
subhedral and rounded or anhedral. The majority of
PGM grains are small, averaging about 4–10 �m and
rarely exceeding 15 �m, although exceptionally the
PGM are larger, with the largest grain measuring 47 �
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FIG. 10. Back-scattered electron images of platinum-group minerals. A. Melonite within pyrrhotite in the massive ore. B.
Subhedral moncheite in pyrrhotite in contact with pentlandite, massive ore. C. Subhedral sperrylite within chalcopyrite in the
disseminated ore. D. Irregularly shaped moncheite at the contact between pyrrhotite and pentlandite. E. Pt-bearing merenskyite
at the edge of pentlandite, massive ore. F. A composite grain of Pt-free merenskyite and michenerite within pyrrhotite,
massive ore. G. A composite grain of michenerite and tellurides in pentlandite at the contact with pyrrhotite. H. Detail of this
composite grain containing michenerite, volynskite and hessite. I. A composite PGM grain at the edge of pentlandite. J. Detail
of the composite grain, containing michenerite and tellurobismuthite. K. Subhedral grains of palladian melonite within
pyrrhotite, semimassive ore. L. Composite grain of palladian melonite with elongate grains of sperrylite, semimassive ore. M.
Subhedral irarsite (?) in chalcopyrite, disseminated ore. N. Euhedral crystal of gold within pyrrhotite close to the contact with
chalcopyrite, massive ore. Symbols: po: pyrrhotite, pn: pentlandite, cp: chalcopyrite, py: pyrite, sil: silicates, mel: melonite,
mon: moncheite, mer: merenskyite, mich: michenerite, sp: sperrylite, ir: irarsite, Au: gold, vol: volynskite, hes: hessite,
tb: tellurobismuthite.
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35 �m. The small size of the PGM grains severely lim-
its quantitative determinations. Nevertheless, quantita-
tive analyses were obtained for the larger grains, which
allowed the identification of several types of PGM
(Table 2). Traces of S, Fe and Cu detected in many PGM
may indicate some contamination from the host sulfides
owing to the size of the grains.

Although some arsenides and sulfarsenides such as
sperrylite (PtAs2) and Ir–Os–As–S-bearing phases are
found in the Aguablanca suite, Pt and Pd tellurides and
bismuthotellurides are dominant. These PGM comprise
michenerite, merenskyite, palladian bismuthian
melonite and moncheite. The Pd tellurides (michenerite,
palladian melonite and some of the merenskyite) are
more abundant (117 grains) than those containing both
Pd and Pt (61 grains of moncheite and Pt-bearing
merenskyite). The nodule of sulfides and the pyrrhotite
veinlet both contain only one grain of michenerite. Most
of the PGM occur as single grains, although the pres-
ence of composite grains is common. These are com-
posed of two or three phases of similar composition,
mostly michenerite + merenskyite and michenerite +
non-PGE tellurides. The latter include bismuth-, bis-
muth–silver- and silver-bearing tellurides such as
tellurobismuthite (Bi2Te3), volynskite (AgBiTe2) and
hessite (Ag2Te), which occur both associated with PGM
and as individual grains. Two grains of native gold also
were found spatially related to the PGM.

Michenerite is ubiquitous and abundant throughout
the deposit; it occurs as grains with rounded boundaries
and with irregular to elongate shapes. It is usually less
than 15 �m in size. The michenerite analyzed (Table 2)
shows Pt and Ag substituting for Pd, whereas Sb may
substitute for Bi. The presence of Ni and Fe may result
either from substitution for Pd or from slight contami-
nation from the host during analysis, owing to the small
size of the grains. Michenerite usually forms individual
crystals; however, it may occur as part of composite
grains (Figs. 10F to 10J). Two examples are included in
Table 2. In the first case, the composite grain consists
of michenerite of composition (Pd0.89Pt0.01Fe0.03Ni0.17
Ag0.01)�1.11 (Bi0.68Sb0.11) Te1.10 and merenskyite with

FIG. 11. Distribution of platinum-group minerals in their host
minerals in the massive ore without pyrite, in the dissemi-
nated ore and in the massive ore with abundant Py1 pyrite.
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been observed. In these PGM, extensive substitution of
Bi for Te increases from Pt-free merenskyite [e.g.,
(Pd0.90Fe0.11Ni0.02)�1.03 Bi0.22 Te1.72S0.03, anal. 7 in
Table 2] to Pt-bearing phases (merenskyite–moncheite)
[e.g., (Pd0.33Pt0.49Fe0.07Ni0.12)�1.01 Bi0.49Te1.5, anal. 13 in
Table 2]. According to the experimental results in the
system Pd–Bi–Te (Hoffman & MacLean 1976,
Makovicky 2002), the compositional data on
merenskyite from Aguablanca indicate closure tempera-
tures below 500°C (Fig. 13).

In addition to the substitution involving Pt and Pd,
merenskyite and moncheite also exhibit substitution of
Ni for Pd (Fig. 12), with maximum values for Pt-bear-
ing merenskyite (up to 4.4 wt.%; anal. 11 in Table 2).
Pt-free merenskyite usually occurs as isolated grains, but
in composite grains, it is invariably associated with
michenerite. In contrast, Pt-bearing merenskyite and
moncheite do not form composite grains, and only one
small grain (4.6 � 2 �m) shows two zones with differ-
ent Bi contents. However, whether this corresponds to
two separate phases is difficult to ascertain owing to the
small size of the grain.

Merenskyite also forms a solid-solution series with
melonite (NiTe2) (Cabri 1981, 2002, Daltry & Wilson
1997), and part of this series is found in Aguablanca as
palladian bismuthian melonite (Table 2, Fig. 12). The
melonite at Aguablanca occurs as small (usually less
than 5 �m) subhedral crystals in the unaltered massive
ore, enclosed either in pyrrhotite or in pentlandite
(Figs. 10A, K). As in the other PGM, substitution of Bi
for Te is also observed in melonite, although to a lesser
extent. The pure end-member of melonite, NiTe2, has
not been found, and Pd is replaced by Ni over the range
from (Ni0.65Pd0.23Fe0.17)�1.05 Bi0.18Te1.77 to (Ni0.50Pd0.47
Fe0.10)�1.07 Bi0.14Te1.76S0.03 (anal. 15 and 18 in Table 2),
close to the compositional field of merenskyite. No
traces of Pt have been detected in melonite. However,
in two grains of melonite, tiny inclusions of sperrylite
were observed. Melonite occasionally occurs in com-
posite grains with tellurobismuthite or with michenerite.

Sperrylite is not abundant in these samples (only 5%
of the total identified PGM grains), but it usually occurs
as euhedral grains that are larger than the other PGM
(15–30 �m, Fig. 10E). The grains are usually enclosed
in sulfides, mostly chalcopyrite, although they also oc-
cur within pyroxene, and have been found in both the
massive and the disseminated ores. Large crystals of
sperrylite are very homogeneous [e.g., (Pt1.02Fe0.02)�1.04
As1.91S0.05, anal. 19 in Table 2], and do not form com-
posite grains; only one example has been found, in-
cluded in melonite.

Apart from the major Pd- and Pt-bearing PGM, mi-
nor phases containing Os–Ir–As–S (two grains), Ir–As–
S (three grains) and Ir–Pt–As (13 grains) have been
located, but are too small for quantitative analysis. The
two former grains could be irarsite (Fig. 10M), whereas
the latter possibly correspond to an unidentified PGM
phase first reported by Stumpfl (1961), with the com-
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FIG. 12. Chemical composition of the tellurides at
Aguablanca in terms of the diagram PtTe2–PdTe2–NiTe2.
Numbers refer to compositions in Table 2.

the formula (Pd0.80Fe0.02Ni0.16)�0.98 Bi0.34 Te1.68 (anal. 1
and 6, Table 2). This grain is hosted by pentlandite in
disseminated ore. A composite grain of this type is il-
lustrated in Figure 10F and exemplifies the existence of
a partial solid-solution series between merenskyite and
michenerite observed in other deposits (e.g., Harney &
Merkle 1990). In the second example (Figs. 10G, H),
an irregularly shaped grain of michenerite [(Pd0.91Fe0.04
Ni0.05)�1 Bi0.92 Te1.08, anal. 2 in Table 2] occurs with
hessite (Ag1.96Te1.04) and volynskite [Ag0.94Fe0.08Ni0.01
(Bi0.99 Sb0.01) Te1.97] (anal. 4 and 5, Table 3) at the con-
tact between pentlandite and pyrrhotite in the dissemi-
nated ore.

Merenskyite is also a very abundant PGE telluride
at Aguablanca and exhibits variations in its composi-
tion. Many grains consist of Pt-free merenskyite, with
Ni up to 2.6 wt.% (anal. 5, 6, and 7 in Table 2; Fig. 12).
However, intermediate members of the solid-solution
series merenskyite–moncheite (PdTe2–PtTe2, Daltry &
Wilson 1997, Cabri 2002) are very common (anal. from
9 to 14 in Table 2; Figs. 10C, D, and 12). They account
for up to 36% of the PGM grains found in the massive
ore, being less abundant (16%) in the disseminated ore,
and they have not been found in the chalcopyrite vein-
lets. It is noteworthy that phases with a composition
close to the PtTe2 end-member have not been observed
so far. Both merenskyite and moncheite occur as
subhedral to subrounded grains, in some cases anhedral,
usually less than 10 �m across (Figs. 10B, D, and E).
However, some large grains up to 35 � 25 �m have
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position (Pt,Ir)As2. The Os–Ir–As–S phase occurs as
two rounded grains (the larger is 2.2 � 1.3 �m) en-
closed in chalcopyrite from the disseminated ore in the
deeper and southernmost part of the main mineralized
body. All the grains of the Ir–As–S and the Ir–Pt–As
phases (the largest is 1.9 � 1.9 �m) were found in a
single veinlet of chalcopyrite cross-cutting the massive
ore. The Ir sulfarsenides form groups and clusters within
chalcopyrite, whereas the Pt-bearing arsenides are situ-
ated in pyrrhotite within the chalcopyrite vein.

Two grains of native gold have been found in this
study. One of them is an idiomorphic crystal (9 � 9.6
�m, Fig. 10N) with the formula Au0.77 Ag0.18 Fe0.05
(anal. 6 in Table 3). It occurs in the massive ore within
a pyrrhotite grain with patches of chalcopyrite, very
close to the contact with plagioclase. The second grain
with rounded edges (5 � 6 �m) was also found in pyr-
rhotite from the massive ore, very close to a veinlet of
chalcopyrite. No quantitative analysis was obtained for
this grain, but Ag and traces of Fe were detected.

PGE oxides in the gossan

Five samples of gossan from the Aguablanca deposit
have been examined for PGM and found to contain Pd
bismuthotellurides and sperrylite ranging from 5 to 30
�m in diameter, mimicking the mode of occurrence of
the primary PGM. Other associated PGM are oxides,

possibly including hydroxides, as indicated by quanti-
tative analyses (Table 4). These oxides either surround
the Pd bismuthotellurides and sperrylite, form in patches
within them or, in some cases, completely replace them,
producing a pseudomorph of the precursor PGM. Pd–
Pt–Cu–Fe oxides (anal. 1 and 2, Table 4) occur as
mottled and zoned minerals with a euhedral outline,
probably representing the boundaries of the original
PGM surrounded by magnetite (Fig. 14A). A Pd–Cu
oxide (anal. 3 and 4, Table 4) replaces Pd bismu-
thotellurides, producing a mottled texture (Figs. 14B,
C) in a pseudomorph surrounded by Cu oxide. A zoned
Pt–Fe oxide (anal. 5 and 6, Table 4) has a euhedral
shape, is over 40 � 20 �m in size, and is located with
hematite (Figs. 14D, E).

Compositions 1–4, calculated as oxides, have totals
approaching 100%, whereas compositions 5 and 6 have
low totals. It is possible that these latter pertain to Pt–Fe
hydroxides. Low totals cannot be due to the small size
of the grains, which are relatively large (40 � 20 �m).
These PGM oxides and hydroxides contain traces of
SiO2 and Al2O3, which may have been introduced into
their structure during alteration of the earlier-formed
PGM. Traces of Te and Bi may be remnants from the
original PGM from which these minerals formed.

FIG. 13. Plot of tellurides at Aguablanca in the system Pd–Te–Bi. Solid lines correspond
to the composition of merenskyite at different temperatures, whereas the dashed lines
represent compositions of the coexisting liquid. After Hoffman & MacLean (1976).
Pd* = Pd + Pt + Fe + Ni. Numbers refer to compositions in Table 2.
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DISTRIBUTION OF PLATINUM-GROUP ELEMENTS

Eight representative whole-rock samples with a
known distribution of PGM were selected for the deter-
mination of their PGE content (Table 5). It is generally
assumed that the PGE concentrate within the sulfides,
as a sulfide melt plays a dominant role as a collector of
PGE in mafic–ultramafic magmas (Naldrett & Duke
1980, Barnes et al. 1997, Naldrett 1999, Farrow &
Lightfoot 2002). This association also is observed in
Aguablanca, where the mineralogical study of the ore
has shown that PGM are mostly located within the sul-
fides. Therefore, the PGE contents in the analyzed
samples have been recalculated to 100% sulfides and
normalized to chondrite. Results are displayed in
Figure 15.

The chondrite-normalized PGE diagrams show a
general positive slope, with low Os, Ir, Ru and Rh, a
negative anomaly in Ru, and some peaks in Pt and Pd.
This profile reflects the observed PGM mineralogy. In
the case of Au, the distribution is erratic. The highest
PGE contents are found in the sulfide fraction of the
disseminated ore, which is notably enriched in Pt and
Pd with respect to the other ores. This enrichment is
extreme in the disseminated sulfides (anal. 2 in Table 5)
from the Cu-rich area occurring in the southern and
deepest part of the southern orebody (Fig. 7B). The
chondrite-normalized PGE diagram for the massive ore
(anal. 3, Table 5) displays a kinked pattern, resulting
from negative anomalies in Ru and Pt. The negative Pt
anomaly is not in agreement with the observed PGM in
this and other samples of massive ore, which contain
abundant Pt-bearing tellurides. The massive sulfides
containing an overprint of abundant py1-type pyrite
(anal. 4 in Table 5) have a more marked enrichment in
Pd and Pt.

The (Pt + Pd) : (Ru + Ir + Os) ratio varies among the
ore types. The Cu-rich disseminated ore along the south-
ern border of the deposit (anal. 2, Table 5) shows a ratio

of 30.7, nine times the value of the other disseminated
sulfides (anal. 1, Table 5) and up to fifteen times the
value for the pyrite-poor massive ore (anal. 3, Table 5).
This Cu-rich ore consists of chalcopyrite, pyrrhotite and
pentlandite interstitial to the silicates, together display-
ing magmatic textures. These features strongly suggest
that the preferential concentration of Pd and Pt in the
Cu-rich ore is a primary magmatic feature. The massive
sulfides overprinted by abundant pyrite py1 (anal. 4,
Table 5) have a (Pt + Pd) : (Ru + Ir + Os) ratio between
that in the fractionated disseminated ore and that in the
unaltered massive ore. This ratio is unlikely to be a
magmatic feature, but rather it may reflect some
postmagmatic mobilization of Pd and Pt in certain lo-
calized areas. Such mobilization is indicated also by the
much higher proportion of PGM located at the contacts
between minerals, rather than enclosed within them, as
compared with those in the unaltered massive ore.

The two samples of chalcopyrite veinlets analyzed
have PGE patterns that are different from each other and
that broadly mimic the patterns in the ores that they cut.
In this sense, the veinlet that crosses the disseminated
ore at the southern border of the main orebody (anal. 6
in Table 5, Fig. 15) has an extreme enrichment in Pd,
resembling the Pd concentration observed in this area
(anal. 2 in Table 5, Fig. 15). In contrast, the other vein-
let of chalcopyrite (anal. 5 in Table 5, Fig. 15) has a
pattern similar to that in the massive sulfides that it
cross-cuts (anal. 3 in Table 5, Fig. 15), with the excep-
tion of a negative Pd anomaly and a dissimilar Au con-
tent. The chalcopyrite veinlet cross-cutting the Cu-rich
disseminated ore also displays a high (Pt + Pd) : (Ru +
Ir + Os) ratio, 48.4, almost fifteen times the ratio in the
chalcopyrite veinlet cross-cutting the massive ore (anal.
6 and 5, respectively, Table 5).

The nodules of sulfides display a positive PGE trend,
with progressively increasing values for Pt, Pd and Au,
respectively, as expected from the PGM observed in this
type of mineralization.
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DISCUSSION AND CONCLUSIONS: GENESIS

AND RETROGRADE EVOLUTION OF THE DEPOSIT

The structural, mineralogical, textural and geochemi-
cal features described above suggest that the
Aguablanca Ni–Cu–PGE ore is the result of a complex
evolution due to at least two major events: 1) magmatic
crystallization and subsolidus re-equilibration of a sul-
fide-rich immiscible melt or melts coexisting with a
mafic–ultramafic silicate magma, and 2) circulation of
hydrothermal fluids related to the development of skarns
in the carbonate host-rocks. In the following discussion
of these events, we will consider magmatic crystalliza-
tion of rocks and ores, and then the different processes

that took place during the postmagmatic evolution of
the deposit.

The magmatic stage

Massive ore is enriched in Ni, whereas the Ni con-
tent of disseminated ore is rather heterogeneous, with
no apparent relationship with the type of host rock. The
disseminated mineralization occurring in the southern-
most and deepest part of the deposit is characterized by
Cu and PGE contents (in 100% sulfides) higher than in
other areas with disseminated sulfides (Figs. 7A, B, 15).
In addition, the (Pt + Pd)/(Ru + Ir + Os) value is also
higher at the southern margin of the ore (Table 5), up to

FIG. 14. PGE oxides in the gossan, back-scattered electron
photomicrographs. A. Zoned Pd–Pt–Cu–Fe oxide sur-
rounded by magnetite (A: anal. 2, Table 4). B. Pd–Cu ox-
ides (O) replacing Pd bismuthotelluride (T) within an
euhedral crystal now forming a pseudomorph surrounded
by mottled Cu–Ni–Fe–Co oxides (C) to the left, very mot-
tled Cu–Ni–Fe–Co oxides (PC) containing traces of Pd to
the right, and silicates (S) below (A and B: anal. 3 and 4,
Table 4). C. Pd–Cu oxides (O) replacing bismuthotelluride
(T) in a pseudomorph surrounded by Cu oxide (C). D.
Euhedral Pt–Fe oxide (O) located with hematite (F). E.
Close-up of Pt–Fe oxide shown in photo D illustrating the
zoning (A and B: anal. 5 and 6, Table 4).
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nine times the value of the disseminated sulfides in the
northern mineralized body. Compared to the massive
ore, this Cu-rich disseminated mineralization is also
enriched in PGE, notably Pt and Pd, and the values of
(Pt + Pd)/(Ru + Ir + Os) are up to fifteen times the value
in the massive ore. Regarding the chalcopyrite veinlets,
they occur widely throughout the deposit, cross-cutting
most types of sulfide mineralization and silicate litholo-
gies. However, they show very different (Pt + Pd)/(Ru
+ Ir + Os) values, depending upon the type of ore they
cut, with higher values where they cross the Cu-rich
disseminated mineralization.

These geochemical features suggest that the deposit
is made up of ores with different degrees of fraction-
ation and that the more fractionated Cu- and PGE-rich
ores today lie along the southern margin of the southern
mineralized body. The fractional crystallization of sul-
fide melts is a very common process in magmatic sys-
tems and has been extensively discussed by Naldrett et
al. (1982, 1992, 1996, 1997) and Ebel & Naldrett (1996,
1997) for Noril’sk and Sudbury ore deposits. Accord-
ing to these authors, sulfide ore magmas differentiate
on cooling, crystallizing a Ni-rich monosulfide solid-
solution (mss) and concentrating Cu in the residual liq-
uid. This liquid tends to escape from the solidified ore
and forms chalcopyrite-bearing stringers adjacent to the
previously crystallized ore. The PGE also are fraction-
ated during this process: Os, Ir and Ru tend to remain in
the Ni-rich fraction, whereas Rh and notably Pd and Pt
are preferently concentrated within the Cu-rich fraction
(Li et al. 1996, Barnes et al. 1997).

The Aguablanca massive and semimassive ore may
thus represent a now re-equilibrated mss that crystal-
lized at high temperature. The disseminated ore, with a
lower Ni:Cu ratio (1–1.5) than that of the massive ore
(2–5), is likely to represent small amounts of sulfide
liquid that crystallized in situ while trapped in the crys-
tallizing silicate magma. Regarding the Cu-rich disse-
minated sulfides, they are likely to have crystallized
from a more fractionated sulfide liquid than the mas-
sive ore and the more typical disseminated ores, as indi-
cated by their respective (Pt + Pd)/(Ru + Ir + Os) values.
These Cu-rich disseminated ores are not likely to have
been formed by the crystallization of the Cu-rich frac-
tion remaining after the consolidation of the massive
ores because the liquidus temperature of the silicate
magma is higher than that of a fractionated sulfide liq-
uid, and thus it would be difficult for a fractionated sul-
fide liquid to disperse to form disseminated ore in the
solidified igneous rock. Such a Cu-rich ore, fraction-
ated from the massive Ni-rich ore, is more likely to be
injected in veins into the rocks surrounding the massive
ore. The disseminated sulfides occurring in the south-
ern part of the deposit thus likely crystallized from a
different, more evolved, initial sulfide liquid that was
richer in Cu and PGE than the sulfide magma that
formed other parts of the deposit. Therefore, the
Aguablanca sulfide mineralization may have formed by

the emplacement of more than one magma and from
different initial sulfide liquids with different degrees of
fractionation, and not by the fractionation of a single
sulfide melt. These sulfide liquids underwent fractional
crystallization, and as a result, the sulfide droplets show
separated Ni-rich and Cu-rich fractions (Fig. 8B), ex-
emplifying this process on a small scale. The chalcopy-
rite veinlets may represent residual liquids enriched in
Cu, Pd and Pt remaining after the consolidation of the
mss and injected along fractures and grain boundaries
in the solidified sulfide-rich silicate rocks. Their differ-
ent (Pt + Pd)/(Ru + Ir + Os) values as they cut across
different areas of sulfide ore may reflect their local ori-
gin from different initial sulfide liquids. Thus, the higher
values of this ratio would correspond to veinlets related
to the disseminated ore, richer in Cu, and with high val-
ues of (Pt + Pd)/(Ru + Ir + Os) (anal. 6 and 2, respec-
tively, Table 5).

The breccias are hosted by massive ore, and they are
likely to have formed at the magmatic stage. The pres-
ence of sulfides in the igneous matrix suggests that the
brecciation event was coeval with the sulfide saturation
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of the silicate magma and the subsequent crystalliza-
tion and gravity settling of the sulfide liquids. In this
sense, these magmatic breccias could be related to the
emplacement of the sulfide-bearing units of the
Aguablanca intrusion within the country rocks.

Postmagmatic evolution of the deposit

The postmagmatic evolution of the deposit involved
two types of process: 1) development of a subsolidus
re-equilibrated assemblage of sulfides, and 2) retrograde
alteration of the host rocks and deposition of pyrite by
skarn-related hydrothermal fluids. The timing of these
processes cannot be precisely established, although they
could have been partly coeval.

The pyrrhotite – pentlandite – chalcopyrite assem-
blage and textures, as they are observed now in the
Aguablanca deposit, are the result of subsolidus re-
equilibration during the cooling of the initially crystal-
lized original magmatic sulfide liquid, i.e., monosulfide
and intermediate solid-solutions (the mss and iss frac-
tions). The thermal conditions under which the
exsolution processes took place in Aguablanca can be
estimated from experimental work and other case stud-
ies (Kelly & Vaughan 1983, Hill 1984). Coarse crystals
of pentlandite surrounding pyrrhotite initially exsolved
within the pyrrhotite at temperatures in excess of 600°C
and migrated later toward the edges of pyrrhotite grains.
Diffusion rates were sufficiently rapid to allow segre-
gation of the pentlandite into polycrystalline veinlets
located on the edges of the pyrrhotite. Pentlandite show-
ing flame textures resulted from exsolution at lower tem-
peratures, down to 200°C. At these low temperatures,
the rates of diffusion are apparently insufficient for the
exsolving pentlandite to migrate to the grain boundaries
of the pyrrhotite. According to experimental data (Hill
1984), chalcopyrite surrounding pyrrhotite may have
been exsolved at temperatures of at least 600°C, together
with earlier pentlandite, whereas the lamellae of chal-
copyrite may correspond to late stages of exsolution,
between 300° and 100°C.

The precipitation of pyrite, notably abundant in ar-
eas of strong microfracturing, is due to the circulation
of postmagmatic fluids and took place during three dis-
tinct episodes (Py1, Py2 and Py3, Fig. 9) under progres-
sively decreasing temperature. These fluids could have
been produced during reactions that formed the skarns
developed at the expense of the Cambrian carbonate
host-rocks as a consequence of the emplacement of the
Aguablanca igneous body. The textural relationships
between the euhedral megacrysts of pyrite (Py1) and the
high-temperature exsolved pentlandite suggest that the
circulation of fluids started very early in the post-
magmatic history of the deposit and was broadly coeval
with the subsolidus recrystallization of sulfides and the
overall cooling of the deposit. Postmagmatic cooling
and fluid circulation also induced the retrograde alter-
ation of the igneous silicates in the mafic–ultramafic

sequence, resulting in two assemblages: an early one
with actinolite ± chlorite ± epidote ± albite ± serpentine
(the latter mineral is only present in the ultramafic
rocks), followed by talc ± chlorite ± carbonates.

Conditions of PGM formation

Within the context of this complex evolutionary his-
tory of the orebody, the conditions under which the
PGM assemblage developed can be deduced from the
current geochemical and textural features of the PGM.
As presented above, the platinum-group minerals at
Aguablanca mostly consist of bismuthotellurides, with
michenerite and Pd-rich members of the merenskyite–
moncheite solid-solution series as the main PGM. Ex-
perimental data in the Pd–Te–Bi system (Hoffman &
MacLean 1976, Makovicky 2002) indicate that
michenerite may crystallize only below 500°C, whereas
merenskyite is stable up to 740°C, although variations
in composition of the latter may modify this tempera-
ture. Thus, in the solid-solution series merenskyite–
moncheite, the substitution of Pd for Pt increases the
upper thermal limit of merenskyite, as moncheite can
form up to 1150°C (Cabri 1981), whereas the substitu-
tion of Te for Bi strongly produces the opposite effect
(Hoffman & MacLean 1976). At Aguablanca, the
merenskyite–moncheite compositions (Fig. 12) range
from Pt-free merenskyite to Pd-rich moncheite (Pt:Pd ≤
2), and no examples of end-member moncheite have
been found. This limited substitution of Pd for Pt indi-
cates that the merenskyite did not approach the upper
thermal limit of the solid-solution series during its for-
mation. In addition, extensive substitution of Te for Bi
is observed in these PGM, increasing from Pt-free
merenskyite to Pt-bearing phases, thus suggesting that
the effect of Pt could have been compensated by the
introduction of Bi in the structure of these PGM. A tem-
perature of crystallization of 400–450°C has been esti-
mated for merenskyite lacking Pt (Fig. 13). This
estimate is in agreement with the presence of
michenerite in the PGM assemblage, either as individual
crystals or as composite grains with other bismutho-
tellurides, as michenerite decomposes above 500°C
(Hoffman & MacLean 1976).

These relatively low temperatures of crystallization
indicate that the current PGM assemblage was gener-
ated during the retrograde evolution of the ore. Their
textural relationships with the sulfides suggest that the
PGM formed mostly as a result of subsolidus recrystal-
lization of the ore; the circulation of hydrothermal flu-
ids could have played a role only in restricted areas of
the deposit. In the massive ore, most of the PGM occur
enclosed within the magmatic sulfides (43% in pentlan-
dite, 38% in pyrrhotite and 10% in chalcopyrite), and
only 7% are located at the contact between minerals.
The PGM also occur mainly within the sulfides in the
disseminated ore, although up to 23% of the occurrences
at sulfide–silicate grain boundaries is probably due to
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the lower abundance of sulfides. In experimental stud-
ies on PGE solubility in base-metal sulfides, Makovicky
et al. (1986) have found that pyrrhotite may dissolve
substantial amounts of Pd and Pt at 900°C, but cooling
down to 500°C and lower temperatures causes a sharp
decrease in solubility, promoting the exsolution of PGE.
The observed distribution of the PGM, combined with
the experimental evidence, strongly suggest that the
assemblage of PGM occurring within the massive sul-
fides exsolved during the low-temperature re-equilibra-
tion of the magmatic sulfide phases. The occurrence of
Ni-bearing PGM (i.e., palladian melonite), restricted
only to the massive ore in which the exsolved pentlan-
dite is more abundant, further supports this hypothesis.

In addition, some redistribution of the PGM related
to the skarn processes in the nearby country-rocks and
circulation of hydrothermal fluid cannot be ruled out.
The occurrence of numerous bismuthotellurides of the
PGE at grain boundaries in areas of massive sulfides
with a high content of pyrite is significantly higher than
that observed in areas where pyrite is absent (Fig. 11).
This correlation suggests a migration of PGM to grain
boundaries linked to fluid circulation in channelized
areas in which pyrite was deposited. Nevertheless, PGM
mobilization, if it occurred, took place at a grain scale,
as most PGM remained within the sulfides where they
previously exsolved, notably in the massive ore. The
close association of the PGE bismuthotellurides with the
magmatic sulfides, even in the disseminated ore, pre-
cludes a larger-scale remobilization and precipitation of
PGE by hydrothermal fluids. This inference is further
supported by the lack of PGM included in pyrite formed
during any of the hydrothermal stages.

The PGM assemblage found in the gossan includes
PGE oxides. These types of PGM have been described
from both laterites and alluvial concentrations of PGE
and have been observed only relatively recently in as-
sociation with PGE-bearing layered and ophiolite com-
plexes (e.g., Nixon et al. 1990, Jedwab et al. 1993, Augé
& Legendre 1994, Prichard et al. 1994, Moreno et al.
1999). They are considered to be the product of low-
temperature alteration and surface weathering, either as
a result of in situ alteration of earlier PGM or as pre-
cipitations from solution. Augé & Legendre (1994) at-
tributed zoning in some of their PGE oxides to this
process of precipitation. In the Aguablanca samples, the
PGE oxides have been located in gossan samples taken
from above PGE–sulfide mineralization. Relics of ear-
lier, pre-gossan PGM surrounded by PGE oxides (or
enclosed by them within euhedral pseudomorphs) show
that the alteration of PGM to oxides occurred in situ by
replacement rather than direct precipitation.
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