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ABSTRACT

Like almost every deposit in the Iberian Pyrite Belt, the Neves—Corvo deposit, in Portugal, has its own mineralogical charac-
teristics. Thisis especially true for the large variety of mineral associations containing copper and tin that have been observed in
the three orebodies exploited so far. Associated with the copper-rich massive lenses, unusual sphalerite + tetrahedrite-tennantite
and bornite-rich discrete ore horizons have been found. Both types of ore show mineral associations similar to those described for
the “tetrahedrite front” and the “bornite zone” in the Kidd Creek deposit of Ontario. The Neves—Corvo deposit is, aso, the only
one so far in the Portuguese sector of |berian Pyrite Belt in which alarge variety of Cu, As, Sn, Co, Bi, Te(Se) and Ag sulfosalts
has been observed in stringer ores. Cassiterite occurs aslarge meter-sized discrete massive lenses cross-cut by chalcopyriteveins,
centimetric lenses in the rubané ores, stringers ores at the base of massive sulfides, and centimetric clasts of cassiterite in the
middle of the tin-bearing copper-rich massive sulfides. In the copper-rich and polymetallic massive ores with low contents of tin,
cassiterite mainly occurs as clusters formed by fine-grained cassiterite intergrown with sphalerite and phyllosilicates. The
geotectonic complexity and the scarcity of the existing geological data on the structural features of the deposit have so far not
alowed the paleogeographic reconstruction of the environment of formation. However, on the basis of both the stratigraphy of
the different types of ore and the textural and compositional features of the sulfides, the Sn and Cu enrichments exhibited by the
polymetallic massive ores from Neves—Corvo deposit are a result of multiple metallogenetic events that took place at different
times, under different thermochemical constraints. Hence the ores are ascribed to the following events: 1) deposition of the tin-
rich ores, 2) protracted formation of the polymetallic massive sulfide ores, which constitute about 86% of the total Neves— Corvo
resources, and 3) late anomal ous Cu-enrichment, confined to discrete zones of the polymetallic massive sulfides and to zones of
interaction, leading to ore enriched in bornite and in sphalerite — tetrahedrite-tennantite.
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SOMMAIRE

Comme pour presque tous|es gisements de la Ceinture Pyriteuse | bérique, |e gisement de Neves—Corvo, au Portugal, possede
des traits minéralogiques qui lui sont propres. En particulier, il faut signaler la grande diversité d’ associations de minéraux
contenant du cuivre et de |’ étain dans les trois zones minéralisées expl oitées jusqu’ @ maintenant. Associés aux lentilles massives
cupriféres, on trouve des horizons minéralisés inhabituels a sphalérite + tétraédrite—tennantite et a bornite. Les deux types de
minerai possedent des associations de minéraux semblables a celles du “front de tétraédrite” et de la “zone a bornite” a Kidd
Creek, en Ontario. Le gisement de Neves-Corvo, de plus, est le seul du secteur portuguais de la Ceinture de Pyrite Ibérique &
montrer unesi grande variété de sulfoselsaCu, As, Sn, Co, Bi, Te (Se) et Ag dansle minerai en filaments (stringer). Lacassitérite
se présente en lentilles massives de dimensions métriques, recoupées par des veines de chalcopyrite, en lentilles centimétriques
dansleminerai rubané, en minerai filamenteux alabase des zones de sulfures massifs, et sous forme de fragments centimétriques
au sein d’ amas de sulfures massifs riches en cuivre et porteurs d’ étain. Dans les minerais polymétalliques riches en cuivre ayant
defaiblesteneursen étain, la cassitérite se trouve surtout en groupements de grains fins en intercroissance avec lasphalérite et les
phyllosilicates. La complexité géotectonique et la rareté des données géologiques a propos du contexte structural du gisement
n’ ont pas permis jusgqu’ @ maintenant d’ en reconstruire la paléogéographie du milieu de formation. Toutefois, alalumiére de la
stratigraphie des différents types de minerai, des textures et des compositions des divers minéraux sulfurés, il semble évident que
lesenrichissements en étain et en cuivre subis par [es minerais massifs polymétalliques aNeves-Corvo résulteraient d’ événements
métall ogéniques multiples mais distincts. Ces événements auraient impliqué 1) la déposition de minerais riches en étain, 2) une
longue période de formation du minerai sulfuré polymétallique massif, qui constitue environ 86% du minerai a Neves-Corvo, et
3) un enrichissement en Cu tardif le long de zones spécifiques dans le minerai polymétallique massif et aussi dans les zones
d'interaction a bornite et a sphalérite + tétraédrite — tennantite.

(Traduit par la Rédaction)

Mots-clés: pétrologie di minerai, composition des minéraux, sulfures, genése des minerais, Neves-Corvo, gisement de sulfures
massifs dans un héte volcanique, Ceinture Pyriteuse 1bérique, Portugal.
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INTRODUCTION

Mineraogical studies of the oresfrom Neves—Corvo,
Portugal, took place in two main phases. From 1979 to
1988, at the time of the technical feasibility and evalu-
ation studies of the Corvo and Graga orebodies, ore mi-
croscopy studies were made to define the mineral
assemblages and textures of the various types of ore.
The second phase began in 1988, at the time ore pro-
duction started. They aimed to provide the know-how
needed both in the optimization of ore-dressing pro-
cesses and the feasibility of recovering precious and
high-tech metals. The semiquantitative mineralogical
methods were first used to optimize the concentration
processes of the massive sulfide ores of the Aljustrel
deposit, aso in the Iberian Pyrite Belt (Gaspar 1984);
they were further developed for the processing of the
Neves—Corvo ores (Gaspar 1994, 1995, 1997, Gaspar
& Pinto 1991, 1993). The chemical laboratory at the
mine also provided the bulk composition of thousands
of ore samples from drill cores and mine stopes.

Over the last twenty years, alarge amount of infor-
mation both on ore mineralogy and chemical composi-
tion of the sulfides from Neves—Corvo was produced,
and asignificant part of the ore-microscopy results have
already been published (Gaspar 1991, 1996, Gaspar &
Pinto 1991, 1993, Gaspar et al. 1998, Pinto et al. 1994,
1997, Ferreiraet al. 1997). Most of the data on the com-
position of sulfides published here were obtained between
1992 and 1995 in the context of ajoint Brite-EuRam |1
project on “New Integrated Flowsheets for Separation
and Recovery of Minor Elements from Sulphides”
funded by the European Union. John F.W. Bowles used
a Cambridge Microscan 9 electron microprobe to per-
form most of the analyses during the progress of thetwo
phases of the mineralogical studies (Mineral Sciences
Ltd., Chesham, U. K., unpubl. reports). Alvaro Pinto and
John F.W. Bowles used a CAMECA 55 electron micro-
probe at the Laboratério do Instituto Geoldgico e
Mineiro (IGM, Porto) to characterize minerals in pecu-
liar associations that occur in the bornite-rich massive
cupriferous ores (Pinto et al. 1994; IGM, Mineral Sci-
ences and SOMINCOR, unpubl. reports). Philippe
Marion and Benzaazoua Mostafa of the Laboratoire
Environnement et Minéralurgie (LEM-GESD, ENSG,
Nancy, France) have also provided analytical data, ob-
tained with a CAMECA SX-50 electron microprobe
and with an ion microprobe (SIMS Dynamique) at the
Laboratoire d' Analyse des Matériaux, Centre Univer-
sitaire, Luxembourg (Mostafa 1995; LEM, unpubl. re-
ports).

Although most the compositional data have been
obtained on sulfide samples studied by ore microscopy,
they were obtained at different times, by different re-
searchers, and at different laboratories. This fact made
it impossible to achieve the desired integration of the
data obtained by both studies in the timetable imposed
for the accomplishment of the EurRam Project. Al-
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though the technological definition of ore types estab-
lished by the SOMINCOR geologists at the mine could
be used as a toal in the interpretation of the sulfide
stratigraphy within each orebody, difficulties arise
whenever a comparison with ore types from VMS de-
posits in the Iberian Pyrite Belt and elsewhere is at-
tempted.

In the present work, an attempt ismade: 1) to achieve
amineralogical characterization of the ore types as de-
fined by the geologists at the mine through a exhaustive
review of all published and unpublished mineralogical
data, 2) for each generation of agiven sulfide, to define
the allocation of the trace elements, taking into account
the type of ore in which the sulfide occurs, and thus 3)
to contribute to a better understanding of the genesis of
the Neves-Corvo ores through a comparison with the
mineralogy and mineral chemistry datafrom other VM S
deposits, mainly those in the Iberian Pyrite Belt (1PB)
and at Kidd Creek, Ontario.

THE NEves—Corvo DerosiT

Neves—Corvo isthe only volcanogenic massive sul-
fide deposit in the IPB currently in operation in Portu-
ga. The deposit, discovered in 1977 (Leca 1990, Leca
et al. 1983, 1985, Carvalho 1991, Gomes 1991), con-
sists of five polymetallic orebodies that in places show
unusually high copper and tin contents. The orebodies
occur at the top either of felsic volcanic rocks or black
shales, on both flanks of an open southwest-plunging
asymmetrical anticline (Oliveira et al. 1997). Recent
data (Carvalho et al. 1997, Pinto 1999) indicate that the
deposit contains in excess 270 million tonnes of mas-
sive sulfides, and estimated total resources for the
orebodies are 42 Mt of copper ores at 7.6% Cu (includ-
ing 4.3 Mt of tin ores at 2.7% Sn), 47 Mt of zinc ores at
6.2% Zn, 1.9 Mt of tin ores at 2.67% of Sn, and 180 Mt
of pyritic ores at 0.5% Cu and 0.2% Zn. The latest as-
sessments of the Lombador and Zambujal orebodies
indicate that the total resources will increase in future,
and will exceed 300 Mt of ore.

Although all the orebodies contain significant Zn, so
far the deposit has been exploited only for copper and
tin ores, from the Neves Norte, Corvo and Graga
orebodies. The mineis currently the largest producer of
these metals in Europe, with 1,092 Mt tonnes Cu and
26,200 tonnes Sn produced from 1988 to 1997 (Real &
Carvalho 1997).

Like amost every deposit in the IPB, Neves-Corvo
has its own mineralogical characteristics. Thisis espe-
cialy true for the large variety of both copper and tin
mineralsin the three orebodiesthat have been exploited.
Associated with discrete copper-rich massive lenses,
unusual sphalerite + tetrahedrite—tennantite + stannite—
késterite ore horizons showing high contents of Zn, As,
Sb, Sn, Ag and Hg have been found, mainly at Graga
and, more sparsely, at Corvo. The deposit is, so far, the
only one in the Portuguese sector of IPB where alarge
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variety of Cu, As, Sn, Co, Bi, Te (Se) and Ag sulfosalts,
along with Au, has been observed in stringer ores simi-
lar to the ones found by Marcoux & Leistel (1996) and
Marcoux et al. (1996) in the Spanish sector. For thefirst
timein the IPB, alarge zone enriched in bornite, along
with Cu-Sn, Bi, In, Se, Ag sulfides and gold, was also
found in 1993 in the Neves Norte orebody (Pinto et al.
1994).

The large contents of tin, mainly observed in the
Corvo and Graca orebodies, reflects the occurrence of a
complex suite of mineral associations formed by cas-
siteriteand tin sulfides. Cassiterite occurs aslarge meter-
sized discrete massive lenses cross-cut by chalcopyrite
veins, as centimetric lensesin therubané ores, in string-
ers ores at the base of massive sulfides, and as centi-
metric clasts of cassiterite in the middle of the
tin-bearing copper-rich massive sulfides. In the Cu-rich
massive ores with contents of tin lessthan 1%, cassiter-
ite mainly occurs as clusters formed by fine-grained
cassiterite (mostly <150 pm) intergrown with sphaler-
iteand phyllosilicates. In such ore, stannite and késterite
are the most widespread tin sulfides, occurring as are-
placement both of cassiterite and sphalerite.

The generaly verticaly stacked lenses of massive
Cu-rich ores have copper contents, mineralogical asso-
ciations and textures that do not conform to those ob-
served in Cu enrichments solely due to the so-called
metal zone-refining process.

THE GeoLocicaL CONTEXT

The Iberian Pyrite Belt, amajor geotectonic unit of
the Iberian segment of the Hercynian fold belt, extends
in an approximately E-W-trending arc through south-
ern Portugal and Spain for about 230 km, over awidth
ranging from 35 to 50 km. The IPB corresponds to an
area of Devonian—Carboniferous vol canic and sedimen-
tary rocks containing a large number of volcanic-rock-
hosted massive sulfides (VHMS) that have been mined
sincethetransition from Neolithic to Chalcolithic times
(Rothenberg & Blanco-Freijeiro 1982, Gaspar 1996).
The volcanic rocks of the IPB are a heterogeneous as-
semblage of felsic to mafic volcanic and volcaniclastic
rocks, mainly rhyodacite and basaltic pillow lavas, with
lesser volumes of andesitic rocks (Schermerhorn 1975b,
Routhier et al. 1980, Leistel et al. 1994, Mitjavillaet al.
1991, Carvalho et al. 1999). Regional metamorphic
gradein the IPB in general increases from zeolitefacies
in the south through prehnite-pumpellyite to greenschist
faciesin the north (Schermerhorn 1975a, Munha 1983,
1990).

The tectonic setting of the IPB has been a matter of
great controversy, and several models have been pro-
posed: an accretionary prism related to anorth- or north-
east-dipping zone of subduction located southwest of
the South Portuguese Zone (Carvalho 1972, Bard et al.
1973, Thiéblemont et al. 1994, Carvalho et al. 1999),
an intracontinental back-ark basin (Munha 1983,
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Ribeiro & Silva 1983), or azone of northeastward sub-
duction starting in the Late Devonian followed by ob-
lique continental collision during Famenian to Middle
Westphalian times (Ribeiro et al. 1990, Quesada 1991,
Silvaet al. 1990, Dias & Ribeiro 1995, Mitjavillaet al.
1991). Palynological dating of hanging-wall rocksindi-
cates a Strunian age (i.e., latest Devonian, transitional
to Carboniferous) for the Neves-Corvo deposit (Pereira
et al. 1996).

DescRriPTION OF THE OREBODIES

Mineralization at Neves—Corvo led to five lens-
shaped bodies of massive sulfides, namely Neves,
Corvo, Graga, Lombador and Zambujal (Fig. 1). Recent
assessments of reserves indicate that the orebodies are
not linked only by thin strips of mineralized rocks, as
formerly assumed. Actualy, the orebodies form an al-
most continuous complex volume of mineralized rock
showing a large spectrum in both style of mineraliza-
tion and geological structure (A. Ferreira, pers.
commun., 2001). The orebodies are distributed on both
flanks of an open, asymmetrical anticline that plunges
to the southeast; they are located at depths of 230 to
about 1000 m below surface. Asaresult of the Hercynian
orogeny, the five orebodies are now composed of block-
faulted compartments that are mostly formed of repli-
cates of vertically stacked lenses. Disruption and
tectonic deformation of both the ore lenses and
stockworks have been observed. All these facts render
rather difficult a reconstruction of the original paleo-
geography of the deposit.

The Corvo orebody measures 1100 by 600 m, with a
maximum thickness of 95 m. It is located on the north-
eastern flank of the anticline, with a NE-SW elonga-
tion, and it dips 25 to 30° to the northeast. The depth
below the surface varies from 230 to 1100 m along dip.
Vertically stacked lenses of massive cupriferous ores
having alens of barren pyrite at the top mainly make up
the orebody. In 1986, during extensive underground
drilling and underground mapping aimed at an evalua-
tion of copper ore reserves, large massive lenses of cas-
siterite were found at the northern end of a corridor
along a N-S lineament. The assay data also show that
the Cu, Sn and Zn contents successively decrease from
the first basal cupriferous oresto the lenslocated at the
top. The Corvo orebody is aso characterized by a hori-
zon (the rubané unit) located at the top of the massive
sulfides, consisting of chloritic shales, interbedded with
sulfides, cassiterite, jasper and carbonates. Most of the
polymetallic (Cu, Zn) massive sulfide ores that have
high Zn contents have been developed laterally at the
southern end of the orebody, with the exception of small
lenses that occur interspersed with barren pyrite at the
top of cupriferous ore. At the base of Corvo, massive
cassiterite and stringer ores with adistinct style of min-
eralization have also been observed (Figs. 2, 3).
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Fic. 1. Plan of the Neves—Corvo mine |ease-area showing the distribution of copper, tin
and zinc ores in the five orebodies that form the deposit. Source: SOMINCOR,

Geological Department (2001).

The Graga orebody islocated on the S-SW flank of
the main anticline, and dips 70° in the upper part, be-
coming subhorizontal at depth. The massive sulfides
extend over alength of 700 by 500 m in width, with a
maximum thickness of 80 m, at depths of 250 to 425 m
below the surface. Asat Corvo, three vertically stacked
lenses formed by cupriferous ores with massive pyrite
at their top have been observed at Graga. The lenses of
massive pyrite with low Cu and Zn contents constitute
about 90% of the ore. The three lenses have a decreas-
ing Cu content from the base to the top of the orebody

(Fig. 4). Cassiterite is present only as fine dissemina-
tions in the massive cupriferous sulfides, and its distri-
bution seems confined to a corridor that showsthe same
strike as the occurrence of cassiterite in the Corvo
orebody. Significant lenses of polymetallic massive sul-
fide have been developed laterally to the southwest of
the massive cupriferous ores, on strike with the
polymetallic massive sulfides at Corvo. The cuprifer-
ous massive sulfide ore of Graga has the highest aver-
age Cu grade of al the orebodies (Fig. 5). Assays show
that in some places, the cupriferous massive ore also
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Fic. 2. Cross-section of the Corvo orebody showing the vertical and lateral distribution of the different types of ore: rubané
copper ore (RC type), barren pyrite (ME type), massive copper ore (MC type), massive zinc ore (MZ type) and fissure-bound
copper ore (FC type). Source: SOMINCOR, Geological Department (2001).

contains unusual contents of Zn, As, Sb, Hg, Ag and
Sn. These unusual cupriferous massive sulfides corre-
spond to a cupriferous subtype of ore, which can be
found locally in the Corvo orebody aswell. Stringer ores
in the Graga massive ores have only a limited expres-
sion at the base of the ore in the southwestern sector of
the orebody. Minor late N-S subvertical faults are the
extension of faults observed at the surface. Minor E-W
faults contain veins of carbonates, quartz and chal copy-
rite.

Neves was initially assumed to be a single 700 X
1200 m subhorizontal orebody with a thickness up to
55 m, located on the crest of the main anticline and elon-
gate in a NNW-SSE direction, dipping 5 to 15° to the
northeast in its northern part (Fig. 6). Chemical analyti-
cal results and logging of drill cores have shown that
the orebody actually consists of two linked bodies,
Neves Norte and Neves Sul. Neves Norte consists of
cupriferous massive sulfides and massive pyrite with
low copper and zinc contents, showing the same kind of
metal zonation as at Corvo and Graga. At the base of

the copper-rich sulfide mounds, interaction zones of
stringer ores with massive sulfides contain a zone rich
in bornite along with chalcopyrite, carrollite, and cop-
per-rich tennantite, in addition to Cu-Sn, Bi, In, Se, Ag
sulfides and gold. The same association of mineralswas
later found to occur both at Corvo and Graga (Pinto et
al. 1994, 1995, 1997, Pinto 1999). Neves Sul consists
of zinc-rich polymetallic ores with minor amounts of
massive cupriferous ores and tin ores. Although they
contain much less copper, the ores display the same
pattern of base-metal zonation as already described for
the Neves Norte, Corvo and Graga orebodies, with cop-
per at the base and zinc and pyrite at the top of the ore
lenses (Gaspar & Pinto 1991). Massive pyrite consti-
tutes only 30% of the Neves Sul orebody.

Lombador and Zambujal are the least known
orebodies. Lombador occurs on the northeastern flank
of the anticline, at a depth of 500 m, and extends as a
1300 X 650 mlensin aNW-SE direction, with athick-
ness of up to 100 m. It consists mostly of polymetallic
massive sulfides rich in zinc. Zambujal has a dlight E—
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Fic. 3. Cross-section of the Corvo orebody showing at its northeastern end the distribution of the varioustin ores (MT, RT and
FT types) in relation to the copper-rich ores (MC and RC types). Mt2: greywakes and shales of the Mértola Formation; r' n:
black pyritic shale; n: black shales of Neves Formation; av: felsic Mt2 volcanic rocks. Taken from Cabri et al. (1998).

W elongation and is located at a depth of 300 to 450 m
at the southeastern end of the anticline. The dimensions
are 550 X 600 m along dip, with a maximum thickness
of 50 m. From the first reports on the drill core, it was
considered as mainly formed of massive pyrite ores
(60%) and polymetallic ores with very low copper and
zinc contents. However, the latest drilling has shown
that some rich cupriferous massive ores also occur.

ORE TYPES AND METAL ZONATION

As aresult of the early assessment of the Neves—
Corvo deposit, four different types of ore were recog-
nized: massive sulfides, fissural, rubané and brecciaores
(Albouy et al. 1981, Lecaet al. 1983). Thefissural type
corresponds to stringer ore occurring either in black
shales or in felsic volcanic footwall rocks. They can
extend for up to 50 m below the massive sulfides, and
many appear as sulfide layers subparallel to the contact
of themain lens of massive sulfide. Therubané ore, best
developed in the hanging wall of the massive sulfide
lens at Corvo, consists of chloritic shales interbedded
with sulfides (mainly chalcopyrite), cassiterite, jasper
and carbonates. The breccia ores consist of decimeter-

to meter-size clasts of felsic rocks interspersed with
thick sulfideintervals. The breccia ores were once con-
sidered to be of epiclastic origin (Albouy et al. 1981,
Leca et al. 1983), but they currently are regarded by
some mine geologists as fissura ores.

Although the occurrence of metal-zoning patterns
was recognized from the very beginning, the scarcity of
information concerning both the original form of the
orebodies and how they have been disrupted by
Hercynian deformation led SOMINCOR geologists to
create an alternative subdivision of the ore types to that
first proposed. Taking mostly into account the contents
of Cu, Zn, Pb and Sn, a technological classification of
the ore types has been established to facilitate the esti-
mation of reserves and the exploitation of the copper-
and tin-rich ores (Richards & Sides 1991, Carvalho &
Ferreira 1993, Carvalho et al. 1997).

Theletter M in front of abbreviationsindicates mas-
sive sulfide mineralization, to distinguish it from the
copper and tin ore occurring both in the rubané (R) and
fissural (F) types recognized in some of the deposits.
To arrive at avalid estimate of reserves, these techno-
logical definitions of ore type have been used asabasis
for geological interpretation of the sulfide stratigraphy
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FiG. 4. Transverse section 6 from Graga showing significant polymetallic massive sulfide lenses (MZ ore type) that have been
developed laterally to the southwest of both the massive pyritic ore (ME type) and the cupriferous massive ores (MC type).
Discrete lenses of the MH subtype occur locally on the middle of MC ores, mostly close to later faults. After Richards &

Ferreira (1992).

within each orebody. Solely on the basis of the main
metal present of economic interest, there are four types
of massive ores, namely: massive sulfides with high
copper content (MC), massive cassiterite ores (MT),
massive sulfideswith high copper and tin contents (M S),
massive sulfides with high zinc content (MZ), as well
as massive pyrite with low contents both of copper and
zinc (ME). To facilitate the estimation of ore reserves
and a selective exploitation of the copper and tin ores
for each type, cut-off grades of these metals have been
established (Table 1).

MINERALOGY AND GEOCHEMISTRY OF THE ORES
The copper-rich massive sulfide ores (MC type)

The ores from Neves-Corvo show alarge variety of
mineralogical associations that differ according to the
type of ore in which they usually occur (Table 2). The
Cu-rich massive sulfide ores (MC type) mostly consist
of massive chal copyrite, with pyrite as the second most
voluminous sulfide. In some places, the amount of chal-
copyrite may even exceed the optimum proportion of
Cu in the copper concentrates treated at the plant. The
|ater massive chalcopyriteisthe most abundant mineral;
it replaces the original massive sulfide ores, mainly

formed of pyrite and sphalerite. Pyritein relics of primi-
tive ore shows fine-grained, colloform and annealed
crystals intergrown with chalcopyrite and sphalerite
(Fig. 7). Sphalerite commonly shows edivence of chal-
copyrite disease and, in some cases, has been com-
pletely replaced by chalcopyrite. Hydrothermal leaching
of sphalerite, as described by Eldridge et al. (1983), is
commonly observed, resulting in a mgjor loss of Fe,
dropping from about 6% down to 0.6%. Some of the
leached crystals of sphalerite show mostly in their core
a strong red coloration, probably due to high contents
of Hg (up to 1,800 ppm). Cassiterite in massive copper
ores occurs as fine euhedral to subhedral crystals that
are invariably intergrown with sphalerite (Fig. 8). The
intergrown cassiterite and sphalerite commonly occur
along with rutilein amatrix of phyllosilicates that form
lenses or discontinuous layers in the massive chal copy-
rite. The size of the cassiterite crystals has not allowed
afull study of trace-element concentrations. However,
ore microscopy studies have shown without question
that thiskind of cassiterite was formed at the sametime
as the zinc-rich polymetallic ores and before the mas-
sive chalcopyrite. Remobilized chal copyrite also occurs
intergrown with pyrite, tennantite, tetrahedrite and Cu—
Sn sulfides, forming bands.



618

S33°E

X=3 800
=3 200

Y

THE CANADIAN MINERALOGIST

N33°W

3 300
X=3 700
=3 400

Y:
Y:

] JASPERS AND CARBONATES

[ ] BARREN PWRITE

ACIDIC VOLCANICS

MASSIVE COPPER ORE

FISSURAL COPPER ORE (STOCKWORK) \

FAULT

FISSURAL COPPER ORE <2% Cu (STOCKWORK)

Fic. 5. Longitudinal section 3, Neves Norte deposit. The bornite-rich MC ores are located in the northwestern part of the
transverse section. Centimeter-size lumps occur along with Cu-Sn, Co, Bi, In, Se, Ag sulfides and gold wherever the fissure-
bound copper-rich ores (FC) underlie the copper-rich massive sulfides (MC). ME: barren pyrite; MC: massive copper ore;
FC: copper-rich fissure-bound ore; FEC: fissure-bound ore with <2% Cu. Source: SOMINCOR, Geologica Department

(2001).

As the copper-rich massive ores (MC) are mainly a
result of the intensive replacement of the original
polymetallic massive ores by chalcopyrite, the data on
bulk compositions obviously vary depending on the
extent of replacement. Bulk compositions of MC ores,
provided in 1991 by SOMINCOR, indicate average
contents of 10.5% Cu, 1.5% Zn, 0.5% Sn, 41 ppm Hg,
50 ppm Ag, 829 ppm Sb and 2,933 ppm As, and the
gold contents are mostly close to 0.5 g/t in the copper-
rich massive sulfide ores from Corvo, Graga and Neves
Norte orebodies. Chalcopyrite from the MC ore could
have significant contents of Sn, Hg and In. Although
chalcopyrite could carry up to 1,800 ppm indium, sig-
nificant amounts could also occur in sphalerite, stannite,
késterite, cassiterite, tetrahedrite and tennantite as well.
Pyrite in some cases shows high Co and Se contents.
The higher Co contents could reach up to 10% in the
core of some pyrite crystals, with a strong decrease to-
ward the rim. Similar enrichmentsin Co were observed
in euhedral crystals of arsenopyrite as well. Sphalerite
is present in severa generations, and with large varia-
tions in trace-element concentrations. Where partly
replaced by chalcopyrite, it commonly shows a consid-

erable decreasein Fe. Some sphal erite crystal s observed
under the microscope are almost transparent. Available
data on the mineral chemistry of the Neves—Corvo ores
shows that pyrite, chalcopyrite, sphalerite, tetrahedrite,
tennantite, cassiterite and copper—tin sulfides have dif-
ferent trace-element signatures according the type of ore
(Table 3).

The tin-bearing cupriferous massive ore (MStype)

The tin-bearing cupriferous massive ore (MS type)
that occurs mostly in the Corvo orebody actually corre-
sponds to a subtype of the massive copper-rich ore
(MC). The two ores differ only by the fact that the MS
ore has higher copper and tin contents. The enrichment
in Sn shown by the MS ore is mainly a result of the
widespread occurrence of tin sulfides and the inclusion
of millimetric to centimetric clasts of cassiterite similar
to that occurring in large lenses both at the top and bot-
tom of the MC massive cupriferous ores (Fig. 3). Tinis
mostly carried by cassiterite, but stannite, késterite,
stannoidite and mawsonite are present in variable pro-
portions. For the most part, the tin sulfides result from
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the replacement of both from cassiterite and sphalerite.
Because the MS ore is a subtype of the MC ore, fine-
grained euhedral crystals of cassiterite intergrown with
sphalerite, as aready described for the MC ore, have
been observed as well. Galena, arsenopyrite, 6llingite,
bournonite, meneghinite, betekhtinite, rutile, pyrrhotite,
hematite, and magnetite occur as minor mineralsin MS
ores. Continuous bands of sphalerite replaced by
késterite (Fig. 9) and exsolution-related lamellae of
mawsonite in stannoidite and blebs of chalcopyrite at
the contact of késterite with stannoidite are widespread.

Average bulk-compositions for the MS ores ex-
ploited in 1991 show average contents of 15.2% Cu,
1.2% Zn, 1.8% Sn, 50 ppm Hg, 57 ppm Ag, 789 ppm
Sh and 2,057 ppm As. Data on the composition of chal-
copyrite, sphalerite, tennantite, cassiterite, mawsonite
and stannoidite occurring in MS ores are provided in
Table 3.

Copper-rich massive sulfides with high contents
in Zn, Hg, Ag, As, Sb and Sh (MH type)

The Graga and Corvo orebodies mainly consist of
discrete lenses with distinct compositions: massive py-

TABLE 1. RESERVES OF THE DIFFERENT TYPES OF ORE
IN THE NEVES-CORVO DEPOSIT, ESTABLISHED ON THE BASIS
OF CUT-OFF GRADES BY MINE GEOLOGISTS

Ore types Cut-off Average ore
grade grade Teserves

MC  massive sulfides with Cu >2%, 5.71%Cu, 1.25% Zn, 15.24
high copper content Sn<1% 0.21% Sn

FC cupriferous Cu >2%, 3.96% Cu, 0.74% Zn, 1248
stringer ore S$n<1% 0.14% Sn

RC  rubané with Cu>2%, 6.18% Cu, 0.39% Zn, 593
copper-rich ore Sn<1% 0.16%Sn

MS  massive sulfides Cu>7%, 12.99% Cu, 2.08% Zn, 1.63
with high copper Sn 1% 1.65% Sn
and tin contents

MT massive cassiterite Sn>5% 7.04% Cu, 0.72% Zn, 0.029
ores 13.37% Sn

RT cassiterite ore in the Sn 1% 1.94% Cu, 0.38% Zn, 0.40
rubané + 4.74% Sn

FT tin ore in stringer ore

MZ massive sulfides Zn 3.3%, 0.50% Cu, 6.42% Zn, 41.68
with high zinc content Cu<2% 0.08% Sn

RZ zinciferous ore in Zn>33%, 0.40% Cu, 3.85% Zn, 8.67
rubané + Cu <2% 0.04% Sn

FZ  zinciferous stringer
ore

ME massive pyrite with — Cu 2%, Zn% <3%, 180.00
contents both of Sn 1%
copper and zine

Total ore reserves 266.059

Reserves expressed in Mt. Sources: SOMINCOR and Pinto (1999).
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rite with low contentsin Cu, Zn and Sn (ME ore), mas-
sive copper-rich sulfides (MC ore) and tin-bearing mas-
sive copper-rich ore (MS ore). However, in both
orebodies, particularly at Graca, the ore lenses classi-
fied as belonging to the MC ore themsel ves show a pe-
culiar stratigraphy involving intercalated horizons with
high contents of Zn, Hg, Ag, Sb and As. Mine geolo-
gists classified them as belonging to a subtype of the
MC ore, the so-called MH type. In thistype of ore, mil-
limetric bands of sphalerite intergrown with interstitial
galena invariably show a strong mylonitization. They
occur in a matrix of deformation-induced millimetric
bands of tetrahedrite-tennantite, stannite—késterite and
chalcopyrite. Scarce centimetric concentrations of al-
most pure tetrahedrite—tennantite have been observed
close to sphalerite-rich banded ores (Fig. 10). Replace-
ments of sphalerite by tetrahedrite, tennantite, stannite,
késterite and chalcopyrite in this sequence are com-
monly observed (Figs. 11, 12, 13).

In 1991, MH ores formed 23% of the total amount
of 1.3 Mt of the MC + MH + MS ores extracted
(SOMINCOR, unpubl. report). For standard economic
concentrates of copper obtained mostly from the jointly
processed MC + MS + MH oresin 1991, SOMINCOR
indicated contents of 14.9 to 22.0% Cu, 0.1 to 0.3% Pb,
0.1to 4.0% Zn, 45 to 100 ppm Ag, <0.5 ppm Au, 1,000
to 3,000 ppm As, 400 to 15 ppm Sb, 0 to 300 ppm Bi,
40 to 75 ppm Hg, 5 to 100 ppm Ni, 200 to 300 ppm Co,

TABLE 2. ORE MINERALOGY OF MASSIVE SULFIDES
AND STRINGER ORES, NEVES-CORVO DEPOSIT

Massive sulfides rich in Cu, Cu+S8n, and Zn

Pyrite, chalcopyrite, sphalerite, tetrahedrite, tennantite, cassiterite, késterite
{Cu,(Zn,Fe)SnS,], stannite [Cu,FeSnS,], galena, mawsonite [CucFe,SnS,], stannoidite
{Cuy(Fe,Zn),Sn,S, ], arsenopyrite, l6llingite, cobaltite, betekhtinite [Cu,o(Fe,Pb)S],
boumomte [PbCuSbS,], meneghinite [Pb,;CuSb,S,,], cosalite [Pb,Bi,(S,Se)s],
ti [HgSe], tetradymite [Bi,Te,S], coloradoite {HgTe], gudmundite [FeSbS],
chalcostibite [CuSbS,], pyrrhotite, hematite, magnetite, rutile

Massive ores rich in Cu+Zn and bornite

Pyrite, chalcopyrite, sphalerite, bornite, enargite, mawsonite, tennantite, tetrahedrite,
galena, arsenopyrite, l6llingite, cobaltite, carrollite [Cu(Co,Ni),S,], glaucodot
[(Co,Fe)AsS], skutterudite [CoAs, ], pyrrhotite, vinciennite [Cu,,Fe,Sn(As,Sb)S,¢],
miharaite [(Cu,Ag),FePbBiS,], wittichenite [Cu,BiS,], aikinite [PbCuBiS,], colusite
[CuyVa{As,Sn,Sb)eS5,), betekhtinite, kobellite [Pb,,Cu,(Bi,Sb);Se], chalcostibite,
galena—clausthalite solid solution, naumannite [Ag,Se], cosalite, paraguanajuatite
[Bix(Se,S)], laitakarite [Bi(Se,S), tiemannite, bohdanowiczite [AgBiSe,],
tetradymite, coloradoite, stromeyerite [AgCuS), roquesite [CulnS,], argentian gold

Cu- and Au-rich stringer ores

Pyrite, chalcopyrite, tetrahedrite, cassiterite, sphalerite, galena, arsenopyrite, lollingite,

késterite alloclasite  [(Co,Fe)AsS], glaucodot native bismuth, aikinite,
lenot hinite [PbBi,S,], bi ite [(Bi,Pb,Cu),(S,Sb);], “rezbanyite”
[(Cu,Ag,Co), 3Pb,o(Bi,Hg),3S,,], joséite-B [Bi,Te,S], tetradymite, laitakarite,

argentian gold

Data from Garcia Miguel (1990), Gaspar (1991, 1996, 1998), Gaspar & Pinto (1991),
Pinto et al. (1994), Marcoux ef al. (1996a), Marcoux & Leistel (1996), and
unpublished reports by O.C. Gaspar (IGM, Portugal), JF.W. Bowles (Mineral
Sciences, Ltd.), SOMINCOR, SA and P. Marion (LEM, Orléans).
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TABLE 3. TRACE-ELEMENT CONCENTRATIONS IN MINERALS MAKING UP DIFFERENT TYPES OF ORE AT NEVES CORVO

Mineral Cu Zn Pb Fe As Sb Sn Cd In Hg Ag Co Ni Bi Se Te Ta Ga Ti W OreType
Pyrite 4,400 2,900 403 3,900 1,800 <9 100,000 675 14 25 26 MC,MS
7,900 2,200 7,200 15,3001,500 800 200 400 300 1,600 MH
Chalcopyrite 800 1,960 800 5,600 200 1,800 6,800 700 230 954 45 21 84 68 MC
178 819 434 325 MS
11,200 800 540 2,300 3,500 400 400 1,800 380 1,200 MH
500 3,400 900 MC3
400 400 800 400 MT
Sphalerite 20,900 65,000 1,400 8,500 1,500 500 1,300 100 700 1,600 200 MC, MS
10,400 12,700 17,0001,800 1,000 4,300 8,800 MH
7,000 19,700 2,400 2,90012,5001,800 100 MC3
5,900 14,8001,300 400 10,000 7,800 800 1,000 900 1,600 300 RC
8,100 20,500 2,500 2,800 1,000 MT
19,700 2,90010,450 FZ
Tetrahedrite 28,000 824 45,600 4,784 139 2,100 3,20014,2004,300 400 1,201 MC
1,500 2,66052,500 MH
42,000 28,400 2,400 13,600 8,800 MC3
47,3001,100 30,600 5,700 1,500 600 4,400 500 9,500 FC
13,300 11,500 FZ
Tennantite 46,200 67,000 10,5001,300 139 1,500 2,000 500 400 MC, MS
100 600 1,500 MH
10,900 21,700 11,100 27,00010,000 4,100 57,300 MC3
Cassiterite 919 136 18 41 145 1,400 91 2,500 MS
1,200 MH
3,300 1,800 MC3
3,000 1,900 RC
916 136 30 25000 6 243 3,700 2,700 261 16,000 15 4,500 16,000MT, RT
Stannite— 43,800 325 9,700 4,000 700 2,800 2,700 340 23 1,457 MC
késterite 16,2001,340 300 MH
3,830 3,900 MT
Mawsonite 40,000 MS
400 300 MC3
Stannoidite 10,800 3,200 MS
600 186 MH
Galena 2,400 100 700 200 700 650 1,100 MH
Arsenopyrite 1,200 3,100 800 29,300 500 200 300 600 MH

The values in ppm correspond to the highest value found for each trace element

. Data compiled from Tables 5, 6, 7 and 8, J. Bowles (Mineral Science Ltd.,

unpubl. reports), Mostafa (1995), and P. Marion (pers. commun., 1995). ni = not indicated.

2,000 to 7,000 ppm Sn, 100 to 500 ppm Se, 10 to 80
ppm Cd, and 200 to 400 ppm In.

Systematic studies by ore microscopy and electron-
microprobe analysis were carried out on 56 samples
collected from drill-core samples with the highest con-
tents both in Hg and Ag. Analytical data provided by
SOMINCOR showed that in the samples, the maximum
levels of Hg and Ag found were 818 and 857 ppm, re-
spectively. Typica bulk-compositions of the MH ore
reveal, on average, 37.02% S, 14.5% Cu, 0.22% Pb,
5.65% Zn, 20.97% Fe, 2.70% Sn, 1.27% As, 2.68% Sh,
131 ppm Bi, 97 ppm Ag, 248 ppm Hg, 545 ppm In,

1,230 ppm Co, 14 ppm Ni, 293 ppm Se, 136 ppm Cd,
and up to 7 ppm Te. On average, the samples studied
contain about 27% chalcopyrite, 25% sphalerite, 20%
tetrahedrite—tennantite, 19% pyrite, 2% (stannite—
késterite) + stannoidite + mawsonite, 1% arsenopyrite,
1% galena and 5% enargite + bournonite + gangue.
Although in some samples the composition of the min-
erals may be consistent over 10 cm of the drill core,
differences were observed in most of the samples, espe-
cialy in the tetrahedrite-tennantite and stannite—
késterite series. A continuous spectrum between theend
members in both series was identified, with tennantite
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Fic. 6. The MC oretype, Corvo orebody.
Chalcopyrite (yellow) replaces fine-
grained pyrite. Colloform pyrite is
commonly intergrown with fine-grained
tetrahedrite (light grey) and sphalerite
(dark grey). Coarse-grained sphalerite
commonly shows the so-called chal-
copyrite disease. In some cases,
sphalerite is completely replaced by
chalcopyrite. Scale: 20 mm = 360 pm.

Fic. 7. TheMC oretype, Corvo orebody.
Fine-grained euhedral to subhedral
crystalsof cassiterite (mostly <150 pum)
form an intergrowth with sphalerite
(lighter grey) in a matrix of later chal-
copyrite. Ore-microscopy studies have
shown that this cassiterite — sphalerite
assemblage is formed during the depo-
sition of the polymetallic massive sul-
fides. Scale: 20 mm = 360 pm.

Fic. 8. Tin-bearing MC ore, Corvo
orebody. Discontinuous band of
sphalerite (grey) replaced by késterite
(olive grey) cuts across cataclastic
intergrowthsof pyritewith chalcopyrite.
Scale: 20 mm = 360 pwm.
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preferentially associated with késterite, whereas tetra-
hedrite tendsto occur with stannite (Table 4). Thesefour
minerals mostly occur in close association and are com-
monly intergrown, in alternating layers with sphalerite
and chalcopyrite. Mass balances using data obtained
both by systematic ore microscopy and electron-probe
micro-analysis led to the identification of the mineral-
ogical sites of Ag and Hg. It appears that the tetrahe-
drite-tennantite series may be responsible for about 34%
of the Hg, whereas the sphalerite contains about 26%,
and the stannite + késterite, about 5%. Sphalerite and
stannite—késterite contain insignificant amounts of sil-
ver. Tetrahedrite and tennantite are by far the most im-
portant hosts for silver (~90%). Galena, where present
in appreciable quantities, also can be a significant car-
rier. Bournonite and Fe-rich enargite contain 580 to 990
ppm and 289 to 300 ppm Hg, respectively (Table 5).
Values from 0.01 to 1.69% Cd were measured in
sphalerite, with an average of 0.27%. Some Cd was
found in tetrahedrite aswell, but asystematic analytical
study focused on this element was not carried out.

In the context of the Project Brite-EuRam |1, further
studies were carried out on 103 samples classified as
belonging to the MC and MS types of ore. The sam-
pling was carried out by SOMINCOR on selected drill
cores and stopes at Corvo and Graga orebodies, and
mostly aimed at explaining the occurrences of high As

TABLE 4. DISTRIBUTION OF THE TETRAHEDRITE-TENNANTITE
END MEMBERS IN THE GRACA MH ORE, IN RELATION WITH
THE OCCURRENCE OF STANNITE AND KESTERITE

Sample Tetrahedrite Tennantite Stannite ~ Késterite Sp Cep
As/(As+Sb) Zn/(Zn+Fe)
200 A 0.93 0.82 x x
200B 0.40 0.41 X
220A 0.73 x
220B 0.05 x X
220C 0.02 0.28 x
221 A 0.01 x
221B 031 x
221C 0.98 x
221D 0.99 x
221E 0.99 x X
221LF 0.03
221G 0.98 x
222A 0.93 0.82 x %
222B 0.93 0.80 x
222C 0.24 x
236 A 035 x %
236B 0.03 x
330 0.95 x x
335A 0.99 0.91 x x
3358 0.45 x
320 A 0.08
320B 0.33
320C 0.90 x x
331A 0.08 x
331B 0.21

The data were obtained by electron-probe microanalysis of 25 samples (J. Bowles,
Mineral Science Ltd., unpubl. report). Sp: sphalerite, Ccp: chalcopyrite.
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contents along some horizons of the MC and MS ores.
Although the majority of the samples were indicated as
belonging to the MC and MS ores, they actualy re-
semblein many aspects the mineralogical compositions
and ore textures observed in the MH ores. However,
systematic ore microscopy and anaytical studies indi-
cated that most of the samples contain unusual amounts
of arsenopyrite, 16llingite, alloclasite and skutterudite as
accessory minerals, which so far have not been identi-
fied in typical MH ore. The euhedra crystals of Asand
As—Co sulfides commonly occupy open spaces filled
with quartz and carbonates as well. Although most of
the ores are laminated and brecciated, the relict textures
observed in the As—Co-rich ores are similar to the ones
observed in the stringer ores found beneath of the cop-
per-rich massive sulfides. Because the samples were
systematically collected at appropriate levels in the
stratigraphy, it was possible to assumethat they arerep-
resentative of transition zones located beneath the typi-
ca MC, MS or MH ores and that they could occur on
the top of the fissural oresrich in Asand Co (FC type)
aswell.

Interms of both the mineral assemblages and chemi-
cal composition, the MH ore shows agreat resemblance
to the “tetrahedrite front” in the Kidd Creek deposit, in
Ontario, as described by Hannington et al. (19992, b).
These authors showed that the “tetrahedrite front” isthe
result of the replacement of the primitive polymetallic
suite of oresenrichedin Zn, Ag, Pb, Cd, Sn, Sh, As, Hg
ores by alater higher-temperature copper-rich stite.

The bornite-bearing MC massive sulfide ore
with high contentsin Cu, S, Bi, Co, Hg, Sg, In, Ag
and Au (MC3 type)

In 1993, drill holes at Neves Norte intersected a
bornite-bearing cupriferous massive ore located at the
top of mineral assemblages with unusually high con-
tents of Cu, Sn, Bi, Co, Hg, Se, Ag and Au. The enve-
lope of this mineralogical association is MC ore in

TABLE 5. MINERALOGY AND MINERAL CARRIERS OF Ag AND Hg
IN MH ORES FROM THE GRACA OREBODY

Carriers Hg Ag
Sphalerite 170 to 1000 (630) bdl
Tennantite 360 to 600 (490) 200 to 1040 (500)
Tetrahedrite 328 to 2660 (1140) 1020 to 52500
Stannite 660 to 1340 (1000) bdl
Keésterite 630 to 740 (690) bt
Stannoidite 420 to 600 (510) low Ag values
Mawsonite 180 bdl
Galena 420 to 700 (550) up to 650
Bournonite 580 to 990 (790) up to 1600
Enargite 280 to 300 (790) up to 2300

Concentrations in ppm established by electron-probe microanalysis by John Bowles
(Mineral Science Ltd., unpubl. report). The average is shown in parentheses; n = 56.
Below the detection limit: bdl.
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Fic. 9. The MH ore type, Graca orebody.
Centimeter-size concentrations of
almost pure tetrahedrite-tennantite
(bluish grey) are intercalated in banded
ores rich in sphalerite (dark grey) +
chalcopyrite. Length of the sample:
35cm.

Fic.10. TheMH oretype, Gragaorebody.
Cataclastic sphalerite (bl) isreplaced by
chalcopyrite (cp). The later Cu-rich
fluidsalsoled to the replacement of spha-
lerite by késterite (kt). Other symbol: pi:
pyrite. Scale: 20 mm = 720 pm.

Fic. 11. MH ore type, Graca orebody.
Cataclastic sphalerite (dark grey) is
mostly replaced by tetrahedrite (bluish
grey). In the middle of the photo, a
veinlet contains arsenopyrite crystals
(white) and chalcopyrite + tetrahedrite
intergrowths. Scale: 20 mm = 360 pum.
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contact with jasper at the roof and with copper-rich
stringer ores (FC type) at the bottom. The geologists at
the mine classified the bornite-rich asaM C3 type. Simi-
lar complex associations of minerals have been found
associated with the tin-bearing cupriferous massive ores
(MStype) at Neves Norte and at the top of stringer ores
(RC type) in the Corvo and Graga orebodies (Pinto
1999). Since the MC3 ore has been observed as discrete
zones, no figure has so far been presented by SOMIN-
COR for the tonnage of this type of ore.

TheMC3 oreismainly formed of centimetric pieces
of bornite that occur along with tennantite, mawsonite
and stannoidite in a matrix mainly formed by massive
chalcopyrite. Associated with these mineras, a rather
unusua suite of ore minerals including miharaite,
carrollite, vinciennite, galena, colusite, stromeyerite,
arsenopyrite, sphalerite, tetrahedrite, and naumannite
(occurring as exsolution-induced blebs in galena) have
been observed at a microscopic scale. Native gold was
observed in naumannite, which is associated with
wittichenite, but the gold grains are too small for analy-
sis by electron microprobe (Pinto et al. 1994, 1997,
SOMINCOR, unpubl. reports). The main gangue min-
erd is subhedral to euhedral quartz. Dolomite and sid-
erite veins cut across the stringer zone. Geological
evidence at the mine stopes, as links to old faults, and
the ore microscopy studies of al the four bornite-rich
mineral ogical associations so far observed, have shown
that they arelater than the MC and the MS oresin which
they occur.

The MC3 ore (n = 64) contains, on average, 28.0%
Cu, 0.2% Ph, 0.1% Zn, 27.5% Fe, 0.4% Sn, 8,427 ppm
As, 6,214 ppm Sb, 1,397 ppm Bi, 612 ppm Ag, 177 ppm

TABLE 6. AVERAGE EMPIRICAL FORMULA AND TRACE-ELEMENT
CONCENTRATIONS IN THE ACCESSORY MINERALS THAT OCCUR IN
THE BORNITE-RICH MC3 ORE AT NEVES NORTE

Bornite (Cu,Ag), g3F€) 9754 10, contains 3300 ppm Ag, 4900 ppm Se and 1400
ppm Bi

Carrollite Cuy {Co,Ni,Fe); 468, 47, contains 8600 ppm Ni and 4800 ppm Fe

Mawsonite  Cus gsFe, 1, 0535, contains 400 ppm As and 300 ppm In

Tennantite  (Cu,Ag,Fe,Zn Hg In),, ,«(As,Sb,Bi), ;8,3 contains 3200 ppm Ag,
21,700 ppm Fe, 12,900 ppm Zn, 7150 ppm Hg, 27,400 ppm In,
10,500 ppm Sb and 46,450 ppm Bi

Vinciennite  Cu,ps;F€; 5 S0,55(AS,Sb,Ag) 505,572, coOntains 46,600 ppm As, 1700
ppm Sb and 500 ppm Ag

Wittichenite (Cu,Fe,Ag), o,Bi, ;S,5, contains 46,600 ppm As, 1700 ppm Sb and
500 ppm Ag

Miharaite Pby66{Cu, Ag)4 00F €0.06Bi 1 025606 CONtains 4400 ppm Feand 17,100 ppm

g

Selenian Pby5(S,S€)y.00, CONtains 72,500 ppm Se, 7250 ppm Bi, 1350 ppm Fe,

galena 4550 ppm Ag and 5250 ppm Cu

Galena PbS, contains about 14% Bi and an average of about 14% of the
clausthalite (PbSe) component

Naumannite  Ag, ¢5S€q4,, contains 300 ppm Bi

Stromeyerite AgCuS (tentatively identified)
Colusite (Cu,AR)16.83 V1 56(AS,S1,Sb,Fe) 5,85, o0, contains 14,800 ppm Ag,
36,800 ppm Fe, 21,000 ppm V, 59,400 ppm As and 1900 ppm Sb

Gold Grains (<10 um in diameter) with variable proportions of Ag

Data from: Pinto ef al. (1994) and J. Bowles (Mineral Science Ltd., unpubl.reports).
The bornite-rich zone includes in addition the following minerals: chalcopyrite,
sphalerite, tetrahedrite, arsenopyrite, cobaltite, pyrite, stannoidite and stannite.
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Hg, and gold between 0.1 and 10 ppm. Theln content is
high as well. Both ore microscopy and electron-probe
micro-analyses systematically carried out on 36 polished
sections of drill core show that the main carrier of in-
dium is mawsonite (up to 4.0% In), followed by
tennantite (up to 2.7% In). Chalcopyrite contains sig-
nificant In contents (up to 900 ppm) at the rim of crys-
tals where in contact with mawsonite. Tennantite also
contains up to 8.0% Bi and up to 1.0% Hg. Pyrite could
contain up to 7.5% Co; wittichenite and miharaite con-
tain 1.8 and 1.2% Ag, respectively; galena contains
about 14% Bi and an average of about 14% of the
clausthalite (PbSe) component (Table 6). A 1-m drill-
core intersection of the Neves Norte MC3 ore, located
at thetop of stringer zones, assayed up to 10 g/t Au, and
as much as 33 g/t over 0.2 m of core.

There is a clear similarity between the mineral as-
semblage described in the MC bornite-rich ores from
Neves Norte orebody and the bornite zone at Kidd
Creek. Re-equilibration textures of the oreslike the ones
described by Hannington et al. (1999b) for the Kidd
Creek deposit have been systematically observed in the
MC3 ores from Neves—Corvo (Figs. 14, 15). Bornite
also is present in the North Lyell section of Mt. Lyell
massive sulfide ores, in Australia (Markham 1968);
tennantite, galena, copper sulfides, mawsonite, strom-
eyerite and wittichenite (?) are associated with chal-
copyrite-bornite ores. At Kidd Creek, as at Mt. Lyell,
Bi—Se sulfides are also common in the stringer zones
(Markham 1968, Hannington et al. 1999b).

The copper-rich stringer ore (FC type)

In the Corvo orebody, a broad continuous zone of
copper-rich stringer ores (FC ore) extends for some 400
m at the bottom of the MC ore. The FC zone shows, as
all the other types of ore, strong evidence of deforma-
tion. It is mainly formed by pyrite, chalcopyrite, and
sphalerite, along with minor galena, arsenopyrite,
16llingite, alloclasite, glaucodot, stannite, tetrahedrite—
tennantite, pyrrhotite, aikinite, laitakarite, native bis-
muth and gold. Bulk chemical analyses carried out by
SOMINCOR on 25 samples of drill core indicate aver-
age contents of 3.70% Cu, 1,40% Zn, 0.48% Pb, 33%
Fe, 5.14% As, 433 ppm Sn, 842 ppm Sb, 144 ppm Bi,
42 ppm Se, 58 ppm In, 97 ppm Ni, 241 ppm Co, 6 ppm
Te, 37 ppm Cd, 9 ppm Ni, 7 ppm Tl, 13 ppm Ge, 71
ppm Ag, 15 ppm Hg and 4.3 ppm Au. Positive correla-
tionsamong levelsof Cu, In, Sn, Bi, Se, Teand Ag, and
among levelsof Auand Sn, As, Sb, Ni, Hgand Tl, were
found. Indium contents in sphalerite may attain 1.0%.

Drilling assessment carried out in 1991 by SOMIN-
COR documented important concentrations of gold
alongwith Co, Bi, Te, Sb and Ag mineralsin the stringer
ores of the Lombador ore body. Bulk analyses of the 16
drill-core samples revealed average concentrations of
6.61% Cu, 0.29% Pb, 0.57% Zn, 0.08 ppm Sn, 67 ppm
Ag, 22 ppm Hg, 7,455 ppm As, 666 ppm Sb, 8,423 ppm
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Bi, 30 ppm Ni, 623 ppm Co, 50 ppm Te, 258 ppm In,
239 ppm Se, 17 ppm Cd, and 17ppm Au.

Ore microscopy and el ectron-probe micro-analyses
indicate a complex association of minerals that carry
those elements (Table 7). Cobaltite, glaucodot,
aloclasite, native bismuth, bismuthinite, “rezbanyite”,
galenobismutite, tetradymite, joséite-B and gold are all
associated with pyrite and arsenopyrite in these ores.
Tetrahedrite, galena, sphalerite, cassiterite, stannite,
késterite and pyrrhotite occur as accessory minerals
(Pinto et al. 1997). Gold similar to that found in
Lombador was|ater found in some stringersfrom Corvo
and Graga as well.

The mineralogy and the mineral chemistry of the
stringer ores indicate similarities with the stockworks
and interaction zones of Spanish depositsin IPB; these
zones, containing chalcopyrite, Cu, Bi, Te, (Se)
sulfosalts and gold, were deposited from late-stage high-
temperature (>300°C) copper-bearing fluids (Marcoux
et al. 1996, Leistel et al. 1998b).

The rubané ore (RC type)
The so-called cupriferous rubané ore (RC type) oc-

cursmainly at the top of the Corvo orebody and is char-
acterized by alternating bands of slate and laminated

TABLE 7. MINERAL CARRIERS OF Co, Bi, In, Cd, Hg, Ag, Au, Te, Sn
AND Sb IN THE FC STRINGER ORES FROM THE LOMBADOR OREBODY

Elements Mineral carriers
Zn Sphalerite, (Zn,Fe)S, contains 1.44 to 1.97% Fe; 1900 to 2900 ppm Cd,
(In,Cd)  0.78 tol .04% In
Sn Cassiterite, SnO,, contains about 0.18% In
Co Glaucodot, (Co,Fe)AsS, as highly zoned crystals, contains 8 to 27% Co,
and 25% As
Cobaltite, CoAsS, contains 30.9 to 32.6% Co, 600 ppm Te
Alloclasite, (Co,Fe)AsS, contains about 19% Co
Arsenopyrite contains 0.4% Co
Bi Native bismuth, skeletal crystals containing virtually 100% Bi
Bismuthinite, (Bi,Pb,Cu), 44(S,Sb); 5, contains 1.2 to 3.5% Sb and 69 to
79% Bi
“Rezbanyite”, (Cu,Ag,Co), ;Pb, 5(Bi,Hg), 35,0, contains 55 to 59% Bi,
0.4% Hg, 1.3% Co, 0.7 to 1.3% Sb and <100 ppm In
Galenobismutite, PbBi,S,, interstitial to pyrite or cobaltite (or both)
contains 0 to 0.5% Ag, 1.9 to 3% Sb, 0 to 0.25% Te and 43 to 49% Bi
Bi, Te Tetradymite, Bi,Te,S, contains 35% Te and 59% Bi
Joséite-B, Bi,Te,S, contains 23% Te and 73% Bi
Sb, Ag Tetrahedrite, (CussAgy2)zi0(FeosZNy )51 5(Sbs sAS; 1)p40S12s, CONLAINS
0.76 to 1.15% Bi and 0.42 to 1.33% Ag
Au, Ag  First generation: a) associated with galenobismutite and “rezbanyite” as

inclusions in arsenopyrite: 87% Au, 12% Ag and 0.3 to 0.7% Hg; b) in
cobaltite: 80% Au, 5 t018% Ag; 0.6% to 1.7% Hg

Second-generation inclusions in chalcopyrite, associated with tetrahedrite
and galena invading shattered pyrite: 80% Au, 5 to 18% Agand 0.6 to
5% Hg

Source: Pinto et al. (1997). EMP analyses by J. Bowles, A. Pinto and P. Marion
(unpubl. reports). “Rezbanyite”: a mixture of sulfosalts, e.g., cosalite, krupkaite and
hammarite, shown in quotation marks to indicate that it is not an IMA-approved term.
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TABLE 8. TRACE-ELEMENT CONCENTRATIONS IN CASSITERITE

FROM MT AND RT ORE TYPES
Element 1 2 3 4 5
Fe 2,500 to 2,500 to ng 5,130 to up to
6,400 ppm 21,900 ppm 8,783 ppm 25,000
(MT,RT)  (MT,RT) (FT) MT)
Cu ng up to 919 ng ng ng
ppm (MT, RT)
Zn ng up to136 ng ng up to
ppm (MT, RT) 60 ppm
MT)
As <10ppm upto4l ppm 5,700 ppm ng ng
(MT, RT) (RT)
Sb up to 240 up to 243 ng ng ng
ppm ppm
(MT,RT)  (MT,RT)
Ba upto 117 ng ng ng ng
ppm
Ga ng up to 41 ng ng ng
ppm (MT, RT)
Nb <10 to 220 ng ng 70 to 210 up to
ppm (MT, RT) ppm (FT) 80 ppm
MT)
Te ng up to 261 ng ng ng
ppm (MT, RT)
Ta <1 to 4 ppm 161098 16,000 ppm 287 to 4,095 up to
(MT, RT) ppm (RT) ppm (FT) 100 ppm
(MT, RT) (MT)
Zr <10 to 94 ng ng ng ng
ppm (MT, RT)
Cr upto 110 ng ng ng ng
ppm (MT, RT)
Ti <100 to 12,100 ng ng 299 to up to
ppm 1,438 ppm 4,500
(MT, RT) (FT) ppm (MT)
v up to 340 ppm ng ng ng up to
(MT, RT) 500 ppm
MT)
w <120 to 3,000 18to ng upto 2,538 up to
Ppm 111,190 ppm (FT) 16,000
(MT, RT) ppm ppm
(MT, RT) (MT)
Sc up to 182 ng ng ng ng
ppm (MT, RT)
U up to 37.6 ng ng ng ng
ppm (MT, RT)
Au ng ng 130 ppb ng ng
In ng up to 394 ng ng up to
ppm (MT, RT) 3,000 ppm
(MT)

ng: not given. Column 1: Hennig & Hutchinson (1997), data acquired by neutron
activation, ICP, ICP-MS). Column 2: Serranti (1998), Serranti ez al. (1998), data
acquired by EPMA and micro-PIXE. Column 3: Cabri et al. (1998), dataacquired by
SIMS. Column 4: Relvas (2000), data acquired by EPMA. Column 5: Jiang et al.
(2000), data acquired by EPMA.
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Fic.12. MH oretype, Gragaorebody. The
reaction of the later Cu-rich fluids with
a sphalerite crystal gives place to the
formation both of chalcopyrite disease
and tetrahedrite disease. bl: sphalerite,
tt: tetrahedrite, cp: chalcopyrite and pi:
pyrite. Scale: 20 mm =40 pm.

Fic. 13. Thebornite-bearing MC oretype,
Neves Norte orebody. Complex inter-
growths and solid solutions like bornite
(bo) — chalcopyrite (cp), tennantite (tt)
— mawsonite (mw), and galena (gl) —
naumannite (mn) and galena— wittichi-
tinite (wt) are commonly observed.
These complex mineralogical associa-
tions are very similar to the ones noted
in the bornite zone of the Kidd Creek
deposit, Ontario, as described by
Hannington et al. (1999).

Fic.14. Thebornite-bearing MC oretype,
Neves Norte orebody. See the caption
for Figure 13.
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chalcopyrite that under the microscope shows signs of
strong deformation and recrystallization, with develop-
ment of twinning in some crystals. Pyrite and sphalerite
commonly occur along with accessory cassiterite, arse-
nopyrite, tetrahedrite-tennantite, and minor stannite—
késterite, mawsonite and galena. Small amounts of
fine-grained rutile of hydrothermal origin are dissemi-
nated throughout the shale as aggregates of tiny
micrometric grains elongate paralel to the foliation of
the shale. Siderite may be present both asisolated grains
and narrow layers developed within the shale. Hydro-
thermal chloritic alteration of the shale can also be ob-
served in the immediate vicinity of mineralized
fractures, commonly occur close to the sulfide veins.
Geologists at the mine consider these ores as former
stringer copper ores.

The polymetallic massive sulfide ores (MZ, ME types)

A total amount of about 47 Mt is estimated for the
reserves of the polymetallic ores, which have average
contents of 5.98 Zn%, 0.47% Cu, 1.21% Pb and 60 ppm
Ag (Table9). The polymetallic massive sulfideores(MZ
type) constitute about 38 Mt of the total reserves and
occur a Neves and Lombador orebodies as duplicate
thin lenses (~20 m thick) that show a continuous hori-
zontal devel opment. The remaining of the total reserves
is mostly located at the southeastern and southwestern
borders of the Corvo and Graga orebodies, respectively.

The MZ ore type mainly consists of pristine fine-
grained colloform, porous or euhedral pyritethat iscom-
monly intergrowth with chalcopyrite, sphalerite, galena
and tetrahedrite. Euhedral crystals of arsenopyrite,
bournonite, meneghinite, betekhtinite, pyrrhotite as
small inclusionsin pyrite, magnetite and rutile occur as
accessory minerals. Geopetal, turbidity, slumping, re-
working, banded and brecciation textures are recurrent
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features observed in this massive pyrite ore (Gaspar &
Pinto 1991). Owing to lower-greenschist-grade meta-
morphism, signs of recrystallization, annealing and
remobilization of the ductile sulfides abound. Recrys-
tallized sphalerite forms ribbon-like compositional
bands with interstitial galena (Fig. 16). Sphalerite gen-
eraly is replaced by later chalcopyrite, giving rise to
the “chalcopyrite disease” texture. Porous and almost
transparent sphalerite, attributed to Feloss as aresult of
“hydrothermal leaching”, like that described by Eldridge
et al. (1983) in the Kuroko ores, is commonly observed
as well. The textures and mineral composition of the
MZ ore are very similar to the ones observed in most of
the subeconomic polymetallic massive sulfide deposits
of the IPB (Gaspar & Pinto 1991).

Stringers and rubané ores containing more than 3.3%
Zn and less than 2% Cu have been classified as FZ and
RT ore types, respectively. Both ore types constitute
about 18% of the total resources estimated for the zinc-
rich ores from Neves—Corvo.

TABLE 9. RESOURCES AND AVERAGE CONTENTS OF Cu, Pb, Zn
AND Ag IN THE POLYMETALLIC ORES (MZ, RZ AND FT ORE TYPES)

Orebody Resources Zn Cu Pb Ag

Mt % % % git
Corvo 5.768 6.65 0.32 1.07 62
Graga 3.090 6.90 0.68 111 77
Zambujal 5.270 4.80 0.40 0.90 30
Neves 21.366 5.03 0.53 1.02 56
Lombador 11.283 7.73 0.44 1.80 75
Total reserves
and average grades 46.777 598 0.47 121 60

Reference: Pinto (1999).

Fic. 15. MZ ore type, Corvo orebody.
Owing to deformation and lower-
greenschist-grade metamorphism,
recrystallization, annealing and
remobilization of theductilesulfidesare
commonly observed. Recrystallized
sphalerite (dark grey) formsribbon-like
compositional bands with interstitial
galena. Partly recrystallized pyrite (pale
yellow) is intergrown with interstitial
tetrahedrite (light grey). Scale: 20 mm
=360 pm.
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The lenses of ME ore represents about 68% of the
total resources estimated for all massive sulfides occur-
ring at Neves—Corvo (Table 1) and have average con-
tents of <3.3 % Zn, <2% Cu, and <1% Sn. The ME ores
is very similar to the MZ ores in terms both of their
qualitative mineralogical composition and textural pat-
terns. Thetwo different designations of such similar ores
results only from the fact that the ore classification es-
tablished by SOMINCOR at the mine has been mostly
based on the cut-off grades established both for valu-
able and deleterious metals. MZ ores with contents up
to 3% Zn occur in every orebody (Fig. 17). The
polymetallic massive ores are assumed to correspond to
a pristine vol canogenic massive sulfide ore not affected
by the later mineralization responsible for the high cop-
per contents. In fact, a continuum of mineral composi-
tionsand textures of the oresthat constitute Neves Norte
and Neves Sul has been established between the differ-
ent orebodies (Gaspar & Pinto 1991).

Although it is assumed by some authors that the
deposition of the massive sulfides from Neves—Corvo
is not a result from venting of hydrothermal fluids on
the sea floor (Relvas 2000), mineral textures similar to
the ones described in recent deposits have been com-
monly observed both in the MZ and ME ores (Figs. 18,
19).

At Neves Norte, the FE stringer ores mainly consist
of quartz, pyrite and arsenopyrite, along with minor
galena, sphalerite, chalcopyrite, stannite and tetrahe-
drite, and have average contents of 0.02% Cu, 0.32%
Pb, 0.06% Zn, 3.58% As, 894 ppm Sbh, 700 ppm Sn, 78
ppm Bi, 19 ppm Ag and 11 ppm Hg. In some samples
of the FE ores, erratic high gold contents attain 4 g/t
(SOMINCOR, internal report). Electron-microprobe
and SIMS analyses of six samples of FE ore show that
arsenopyrite is the main carrier of gold. Gold contents
up to 1,000 ppm, determined in the core of one arse-
nopyrite crystal, decrease to 50 ppm toward therim (A.
Pinto, P. Marion and A. Ferreira, unpubl. report). Par-
ticles of free gold were not found.

THE OccurreNCE OF HigH TiN CONTENTS

Neves—Corvo contains in excess of 300,000 tonnes
of tin allocated to the several types of ore, with Sn grad-
ing from 400 ppm up to some 60.0%, depending on ore
type. These Sn values are quite unique, considering both
the range (6 ppm to 0.77%) and average contents (395
ppm) found in 78 samples from different types of min-
eraization collected in 25 Spanish deposits of the IPB
(Leistel et al. 1994). At Aljustrel, as in other volcano-
genic massive sulfide deposits in the Portuguese sector
of IPB, bulk samples of ore seldom contain more than
500 ppm Sn, and ore microscopy studies have shown
that Sn gradeisessentially linked with fine-grained cas-
siterite (crystals mostly <10 wm) included in sphal erite.
Tin can aso occurs as stannite that usually formsarim
at the contact of sphalerite with chalcopyrite, or less
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frequently as blebsin sphalerite. Cassiteriteasan inclu-
sion in sphalerite has not yet been found in the copper-
rich massive sulfides (MC and MS types) from
Neves—-Corvo. The unusually large contents of tin
mainly observed in the Corvo and Graga orebodies re-
flects the occurrence of a complex suite of mineral as-
sociations formed by cassiterite and Cu—Sn sulfides.

The massive cassiterite ore lenses (MT type)
and the tin-bearing rubané ore (RT type)

The present spatial distribution of the tin mineral-
ization in the various orebodies, according to Richards
& Ferreira (1992), is controlled by the major tectonic
discontinuities that follow the same N-NE trend. Mas-
sive cassiterite cross-cut by chalcopyrite veins occurs
as meter-sized discrete lenses (MT ore) and has been
mostly found in discordant contact both at the base and
top of the cupriferous massive sulfide ores at Corvo.
Most of the Corvo orebody is overlain by the so-called
rubané ore that is made up of veins, consisting either of
banded chalcopyrite (RC ore) or cassiterite (RT ore),
both developed within a deformed shale horizon that
was extensively altered to a fine-grained quartz—chlo-
rite assemblage. The cassiterite-bearing veins encom-
pass a number of types, both in increasing degree of
complexity of their constituent minerals and textural
relationships. The veins show evidence of repeated
opening and limited movement that resulted in exten-
sivefracturing of their constituent minerals. Local shear-
ing and the introduction of later styles of mineralization
superimposed upon the earlier cassiterite-rich assem-
blages were observed. In the rubané ore (RT), cassiter-
iteis an early phase, generally intergrown with quartz
and siderite or dolomite. A significant amount of pyrite
was introduced toward the waning stages of cassiterite
precipitation (Fig. 20). Later veins of pyrite along with
chalcopyrite cut across and partly replace cassiterite
(Fig. 21). The cassiterite crystals from the massive
lenses are euhedral to subhedral and are commonly
markedly elongate or prismatic. Individual crystals
range between 150 wm and 2 mm in size, generally
showing growth banding and fracturing. In the massive
cassiterite ores (MT type), alater period of mineraliza-
tion, linked to extensive fracturing, resulted in complex
chal copyrite — stannite— sphal erite — pyrite assemblages
(Fig. 22). Minor amounts of arsenopyrite, chalcopyrite,
sphalerite, galenaand [6llingite have been observed spo-
radically within the ores. Signs of a reaction between
cassiterite crystals and later fluids carrying sulfides
are also observed, in some cases producing a halo of
stannite.

The FT ores occur astin-rich stringers at the base of
massive sulfides and in the middle both of the tin-bear-
ing copper-rich massive sulfide ore (MS) and tin-poor
(<1.0% Sn) copper-rich massive ores (MC ore). A di-
rect spatial relationship either with the MT ore or with
the RT orewasnot found at the mine, although thetrace-
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element signatures indicate some resemblance of the
three types of ore. The cassiterite in both the MT and
RT oresis different from that observed in the tin-poor
cupriferous massive ore (MC), in terms of grain size,
growth habit and mineralogical association. Either in
MT or in RT ores, cassiterite has not, so far, been found
in association with sphalerite. The color of cassiterite
fromMT, RT and FT oresin transmitted light under the
microscope varies between light reddish brown and pale
yellow, and both compositional zoning and evidence of
strong deformation have been observed. Strong zoning
of minor and trace elementsin cassiterite was confirmed
by Serranti (1998), who reported on 11 cassiterite grains
ranging in Fe content from 0.25 to 2.19 wt% FeO, as
determined by electron-probe micro-analysis. Two cas-
siterite crystals from RT samples that show no growth
zoning were analyzed by Neiva (1996); 0.18 wt% FeO
was found in a pale yellow crystal, and 1.93 wt% FeO
inabrown crystal. Hennigh & Hutchinson (1997) found
that 90% of all cassiterite samples contain between
0.25% and 0.60% Fe, and that unlike the contents of Sc,
Ti, V and Cr, which decrease from stockwork varieties
of ore to massive ore, there is no consistent trend in Fe
content from one ore type to another. Serranti et al.
(1997), Hennigh (1996) and Hennigh & Hutchinson
(1997), Cabri et al. (1998), Relvas (2000), Jiang et al.
(2000) aso reported trace-element data for several ore
minerals from the massive sulfide lenses at Corvo. All
the cassiterite shows low concentrations of Ti, Nb, Ta,
Asand V. In most cases, the cassiterite from massive
tin lenses exhibits high contents of W (up to 1.6%) and
Fe (up to 2.5% FeO), with both elements decreasing in
content from the center to the rim of crystals, following
the pattern of zonal growth (Table 7). Analytical data
published by Cabri et al. (1998) for a Sn-rich (31% Sn)
rubané sample from Neves—Corvo gave 130 ppb Au and
5,700 ppb As, in addition to 1.6% Ta.

The paragenesis, grain size and composition of the
cassiteritefound inthe MC ores, which in fact arerelics
of the pristine polymetallic ores (MZ type), are very
similar to those of cassiterite found both in the massive
sulfides from the Aljustrel deposit (Gaspar 1984, 1996)
and the cassiterite found in the Kidd Creek deposit
which, as proposed by Hannington et al. (19993, b),
belongs to a low-temperature, polymetallic suite en-
riched in Zn and Sn.

Electron-probe micro-analyses of cassiterite from
MC orescarried out by J. Bowles (Mineral SciencelLtd.,
unpubl. reports) have shown that they contain between
200 and 1,400 ppm In, whereas indium contents up to
3,000 ppm were found both by J. Bowles and Jiang et
al. (2000) in cassiterite both from the MT and RT ores.

THE OccurreNce oF GoLD
The gold potential of the |PB depositsis significant,

with geological resources of gold estimated at 920t from
about 1,700 Mt of massive sulfides. Marcoux et al.
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(1996) and Leistel et al. (19984, b) reviewed the miner-
alogy and geochemistry of many Spanish VMS of the
IPB and made some observations on three Portuguese
ore deposits. They reported that these deposits gener-
ally containfrom 1to 1.5 g/t Au (exceptionally up to 50
g/t), but with lower Au gradesin the massive sulfides of
the Portuguese deposits. Marcoux et al. (1996) indicated
that stockworks and interaction zones at the base of the
massive sulfides in the IPB contain both an early Co
stage with cobalt sulfarsenides, and a later high-tem-
perature (>300°C) Cu-Bi—Te-Se) stage with chal copy-
rite and Pb—Cu-Bi sulfosalts. Detailed mineralogical
and geochemical studies of IPB deposits in Spain led
Leistel et al. (1998b) to define two types of gold asso-
ciation: (a) an early higher-temperature (>300°C) asso-
ciation of Au (with Co £ Bi) enriched in stockworks
and zones of interaction at the base of the sulfide
mounds, and (b) a later, lower-temperature (<280°C)
generation of Au enriched in polymetallic sulfides (Zn
+ Ag £ As+ Tl £ Hg) in adistal position or beneath
massive sulfides. In the first association, gold mostly
occurs as small (<10 pm) grains of Au-Ag alloy asso-
ciated with Bi minerals, as inclusions within cobaltite
or aloclasite, or attached to cobalt mineralsin chal copy-
rite. The Au in the second association occurs as Au-Ag
alloy and gold-bearing needle-shaped arsenopyrite and
pyrite within a polymetallic association (predominantly
Pb—Zn). Leistel et al. (1998) reported results of laser-
ablation microprobe — inductively coupled plasma —
mass spectrometry (LAM—ICP-MS); gold contents
range between 15 and 3,150 ppm (average 280 ppm) in
arsenopyrite, and between 200 and 500 ppb in pyrite
(analyses done by R.W. Nesbhitt, in Cabri et al. 1998).
Grades of gold seldom exceed 1 g/tintheZn—Pb +
Ag massive sulfides at Aljustrel (Pirites Alentegjanas,
SA, unpubl. report), and most are 0.5 g/t in the cuprifer-
ous massive sulfide MC ores from Corvo, Graga and
Neves Norte orebodies (SOMINCOR). There is some
information published about the occurrence or distribu-
tion of gold in the Neves Norte and L ombador orebodies
(Ferreira et al. 1997). The gold content in the Neves—
Corvo zinc-rich massive ore (MZ type) has not, to date,
been systematically estimated, but from fire-assay data,
itisassumed by the mine geol ogiststo be predominantly
lower than 1 g/t. Fire assays of drill-core intersections
of stringer FC ores from the Lombador orebody reveal
contents of 15 g/t Au over 3 meterswith avalue of 22.6
g/t for the central one-meter of core, and 94.5 g/t for the
richest part. A one-meter drill-core intersection of the
Neves Norte bornite-rich MC3 ore, located at the top of
stringer zones, gives assays of up to 10 g/t Au, and as
much as 33 g/t over 0.2 m of core (Ferreiraet al. 1997,
Pinto et al. 1994, 1995, 1997). Thegoldin MC3 and FC
ores from Neves Norte and Lombador, respectively,
occurs along with unusual assemblages of minerals
(Tables 6, 7). Remarkable contents of gold, up to 4 g/t,
have been found in FE stringer ore from Neves—Corvo
that mainly consist of quartz, arsenopyrite and pyrite;
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Fic.16. MEoretype, Corvo orebody. The
ore is mostly formed by bands of fine-
grained sphalerite in amatrix of porous
pyrite that in some places carry small
grains of galena (at bottom of the
figure). Scale: 20 mm = 720 pm.

Fic. 17. Minera textures similar to the
ones described for the recent submarine
(seafloor) deposits have been com-
monly observed bothintheMZ and ME
ores from Neves—Corvo. Banded inter-
growths of chalcopyrite (yellow) and
tetrahedrite (bluish grey) in amatrix of
colloform pyrite, similar to the ones
observed in modern submarine sulfide
deposits at the East Pacific Rise (21°N)
by Oudin (1981).

10

Fic. 18. Mineral textures similar to the
ones described for the recent submarine
(seafloor) deposits have been com-
monly observed bothintheMZ and ME
ores from Neves—Corvo. Concentric
zonation of melnikovite — pyrite and
chalcopyrite in a matrix of porous
colloform pyrite very similar to that
observed in sulfide deposits in Cyprus
(Oudin & Constantinou 1994). Scale:
20 mm = 360 pm.
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casgiterike

Fic. 19. MT ore type, Corvo orebody. A
large meter-sized lens of massive
cassiterite located at the top of alens of
massive MC cupriferous ore. At the top
of theMT lens, the chloritic schist (xcl)
and the tin ore (RT) both form the
rubané unit.

Fic. 20. RT ore type, Corvo orebody. In
the rubané tin ore, the cassiterite as an
early phase forms bandsin the chloritic
schist and generally occurs intergrown
with pyrite, quartz and siderite or
dolomite. Scale: 20 mm = 720 pum.

Fic.21. MT oretype. Asaresult of alater
period of mineralization, related to
extensive fracturing, cassiterite is
replaced by complex chalcopyrite —
stannite — sphalerite — pyrite assem-
blages. Scale: 20 mm = 180 p.m.
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the “invisible gold” is mainly carried by arsenopyrite,
although pyrite could carry some gold as well (up to
1,000 ppm). Free gold has not been observed.

No direct quantitative correlation between cassiter-
ite and sulfides occurrences has so far been established.
The first results obtained on gold occurrence in the
rubané and massive tin ores (MT and MR) were pre-
sented and discussed by Cabri et al. (1998) on the basis
of bulk assays, ore microscopy, image analysis, LAM—
ICP-MS and ion-microprobe analyses (SIMS) of min-
eralsin hand samples from massive and rubanétin ores
(MT and RT), as well as from a sample of high-grade
tin concentrate. Because cassiterite from two different
types of ore (MSand RT) is used to prepare thetin con-
centrate, that sample (collected in September 1997)
probably represents a mixture of two different genera-
tions of cassiterite.

For all samples, arsenopyrite that occurs as isolated
grains shows concentrations in the range from 0.036 to
2.719 g/t Au, and recrystallized pyrite, from 0.048 to
0.737 g/t Au, whereas syngenetic colloform pyrite had
either no gold detected or lower contents than the re-
crystallized crystals of pyrite. Average concentrations
of gold for samples from massive lenses (MT ore) are
1.117 g/t in arsenopyrite and 0.070 to 0.504 g/t in pyrite
in tin concentrates from MS and RT. No grains of gold
were found by optical microscopy. A few small inclu-
sions of an unidentified Bi—Te-Se mineral (containing
trace amounts of As and Pd) were found included in
cassiterite. A SIMS analysis of chalcopyrite and stan-
nite that cut across cassiterite in the samples of RT ore
shows that they do not carry gold. In the high-grade Sn
concentrates, mineralogical balancesfor gold show that
arsenopyrite and pyrite account for only 12% of the gold
and that the unaccounted portion is significant (88%).
In MT ores, which are richer in As, “invisible gold”
accounts for about 42% of the sample, distributed be-
tween arsenopyrite (18.0%), colloform pyrite (21.3%),
and recrystallized pyrite (3.0%), leaving 57.7% unac-
counted for.

No native gold or Au-Ag alloy is present in the
samples studied. Because cassiterite is the dominant
mineral, Cabri et al. (1998) considered cassiterite as a
possible host for gold and suggested that up to 14 ppm
Au occurs in Neves—Corvo cassiterite. Mineralogical
balances, admittedly carried out with limited data, sug-
gest that up to about 42% of the gold may be accounted
for by arsenopyrite and pyrite for RT and MT ores in
the Corvo deposit. Cabri et al. (1998) also assumed that
the missing gold occurs in the cassiterite structure, so
that the cassiterite from massive lenses could contain
about 133 ppb Au (57% of the total Au) and a similar
content of about 149 ppb Au in cassiterite of the high-
grade Sn concentrate (88% of the total Au). These ana-
lytical results are the first to suggest the possibility that
cassiterite may be agold carrier in the VM S deposits of
the Iberian Pyrite Belt.
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At Neves—Corvo, gold occurs both in a distal posi-
tion in MZ ore from all orebodies (<1 g/t according to
SOMINCOR) and in FC stringer ore from Corvo (<4 o/
t, according to A. Ferreira, P. Marion and A. Pinto,
unpubl. report). Significant gold contents have so far
only been observed in FC ores from Lombador and in
bornite-rich cupriferous massive MC3 ores from Neves
Norte. The geochemical, mineralogical and spatial as-
sociations of gold observed in MZ and Fe ore are simi-
lar to those in the low-temperature facies with a
polymetallic (Zn+ Ag+ Tl + Hg) signature, as proposed
by Leistel et al. (199843, b) for the Spanish depositsin
the IPB. The paragenesis, mineral chemistry and spatial
distribution of the gold-rich mineral associations ob-
served in the stringer FC ore from Lombador (Table 6)
and in the bornite-rich cupriferous massive ores (MC3
type) from Neves Norte (Table 7) are similar, respec-
tively, to the early Co stage with cobalt sulfarsenides
and Bi sulfides, and to the later-stage assemblages at
the base of the massive sulfides, deposited from high-
temperature (>300°C) fluidsrich in Cu, Bi, Te and Se,
along with large amounts of chalcopyrite with Pb—Cu—
Bi sulfosalts, as proposed by Marcoux et al. (1996).

Discussion AND CONCLUSIONS

The geotectonic complexity and scarcity of geologi-
cal data on the Neves—Corvo deposit and its surround-
ings have not so far allowed a complete understanding
of the structure of the deposit, nor the paleogeographic
environment in which it formed. Hence the establish-
ment a consistent metallogenetic model embracing all
Neves—Corvo ores remains a difficult task. There is
some controversy concerning both the genesis and the
geological structure of the tin- and copper-rich oresin
the Neves-Corvo deposit, particularly those at the Neves
Norte, Corvo and Graga orebodies. The thin-skinned
style of late Hercynian deformation played amajor part
in determining the present geological structure of the
deposit, and the location and metamorphism of the tin-
rich and copper-rich ore. In addition, tectonism during
ore deposition was important. Textures due to brittle
tectonic deformation are commonly developed in all ore
types and are syngenetic, and also arose during later
events. Synsedimentary folds (mainly involving sphaler-
ite in fine-grained porous pyrite), geopetal, reworking
and clastic textures have been widely observed in the
massive sulfide ores. Banded and remobilization tex-
tures mainly involving chalcopyrite + tetrahedrite—
tennantite, tin sulfides and sphalerite + galena are
common in the cupriferous massive ores.

Mainly on the basis of trace elements found in cas-
siterite from different varieties of tin ores (Table 8),
Hennigh (1996), Hennigh & Hutchinson (1997), Relvas
(2000) and Jiang et al. (2000) suggested that the cas-
siterite from MT and RT ores formed from magmatic
fluids related to a high-level intrusive body of tin-rich
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granite. Recently, data on oxygen and hydrogen isotope
data were published by Relvas (2000), Relvas et al.
(2000), and Munhaet al. (2000) in support of thisinfer-
ence. On the basis of both ore petrology studies of the
different types of ore and the information provided by
SOMINCOR geologists, Gaspar (1991) concluded that
the cassiterite from MT and RT ores predates all other
occurrences of cassiterite at Neves—Corvo.

The highest Cu contents have been observed in the
bornite-rich MC ores, along with high contents in Sn,
Bi, Co, Hg, Se, In, Ag (MC3 subtype ore), with an av-
erage content of 28% Cu, in the MC tin-bearing cuprif-
erous massive ores (MS subtype ore with an average
content of 15.2% Cu), and in MC massive cupriferous
ores with high contents in Zn, Hg, Ag, Sb, Asand Sn
(MH subtype orewith an average content of 14.5% Cu).
The MC3 and MH ores are located at the top or not far
from stringer-type ores that are structuraly linked to
NNE faults.The large variety of Cu, As, Sn Co, Bi, Te
(Se) and Ag sulfosalts at Neves-Corvo issimilar to that
encountered in stringer ores of the Spanish sector re-
ported by Marcoux & Moélo (1993), Marcoux & Leistel
(1996), Marcoux et al. (1996) and Leistel et al. (1998a).

Ore petrology and mineral chemistry studies indi-
catethat: 1) The cassiterite occurringin MT and RT ores
and, to some extent, in MS ores, issimilar, whereas the
cassiterite from MC ore shows adifferent mineral asso-
ciation, texture and trace-element composition. Cassiter-
itein MT and RT oresisrelatively enriched in Fe, W,
Ti, Sc and In, and contains erratic but substantial con-
centrations of Ta, Nb and Zr. 2) The bornite-rich MC3
oresfrom Neves Norte (Table 6) are remarkably similar
to those of the bornite zone at Kidd Creek, and the min-
eralogical associations and geochemistry of theMH ores
(Tables 2, 4, 5) are similar to the tetrahedrite front at
that deposit, as described by Hannington et al. (1999b).
3) The geochemical and mineralogical characteristics
and gold associations observed both in the stringers (FC
type) and in the MC3 ore type from Neves Norte are
similar to those observed in the gold-bearing stringers
and transition zones in some deposits in the Spanish
sector of the IPB (Marcoux & Leistel 1996, Marcoux et
al. 1996), which are attributed to a late high-tempera-
ture (>300°C) Cu-Bi—(Te-Se) stage. Gold (content
<1 g/t) also occursin FE and MZ ores, which are simi-
lar to the typical polymetallic ores from the low-tem-
perature facies with (Zn + Ag + Tl + Hg) signatures
proposed Leistel et al. (1998b).

Macro- and micro-scale research so far suggests the
following sequence of events: a) deposition of the tin-
rich ores (MT, RT and FT types); b) protracted forma-
tion of the polymetallic massive sulfide ores, mainly the
MZ and ME type, responsible for about 86% of the to-
tal Neves—Corvo resources, asin most of the depositsin
the Iberian Pyrite Belt, and c) a later anomalous Cu-
enrichment confined to discrete zones of the poly-
metallic massive sulfides (MC and MS type), that also
gave rise to interaction zones like the bornite-rich ores
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(MC3 type) and oresrich in chalcopyrite — sphalerite —
tetrahedrite-tennantite, and enriched in Zn, Hg, Ag, Sb
and As (MH type).

ACKNOWLEDGEMENTS

The manuscript is offered for inclusion in this spe-
cial collection in recognition of the part that L ouis Cabri
has played in advancing our knowledge of precious
metal mineralization and extraction. | am deeply grate-
ful to SOMINCOR, SA for the permission to publish
data acquired in the context of studies of the genesis
and mineralogy applied to the processing of VMS ores
in the IPB. | am aso very grateful to Dr. John F.W.
Bowles, with whom | have been working over the last
twenty years on applied mineralogy of Aljustrel, Neves—
Corvo and Lagoa Salgada ores. Thanksto hisinsight as
amineralogist, and particularly to his expertise in the
field of electron-probe micro-analysis, our knowledge
on mineral chemistry of the oresfrom Portuguese VM S
in IPB has been largely improved. The careful editorial
suggestions of Robert F. Martin and the pertinent com-
ments made by the reviewers Eric Marcoux and Mark
Hannington made up a significant impact on the paper.
To Mike Solomon, | am deeply grateful for al encou-
ragements and comments during the writing of the paper.

REFERENCES

ALBOuY, L., CoNDE, L.N., FOGLERINI, F., LECA, X, MORIKIS,
A., CALLIER, L., CARVALHO, P. & Songy, J.C. (1981): Le
gisement de sulfures massifs polymétalliques de Neves-
Corvo (Baixo Alentejo, sud Portugal). Chron. Rech.
Miniéres 49(460), 5-27.

BARD, J.P., CAPDEVILLA, R., MATTE, P. & RIBEIRO, A. (1973):
Geotectonic model for thelberian Variscan Orogen. Nature
241, 50-52.

CaBRI, L.J.,, GAsPAR, O.C., LASTRA, R. & McMaHoN, G.
(1998): Distribution of gold in tin-rich samples from the
Corvo orebody, Portugal. Can. Mineral. 36, 1347-1360.

CARVALHO, D. (1972): The metallogenic consequences of plate
tectonics and the Upper Paleozoic evolution of southern
Portugdl . Est. Not. Trab. SFM (Porto) 20, 297-320.

(1991): A case history of the Neves-Corvo massive
sulfide deposit, Portugal, and implications for future
discoveries. Econ. Geol., Monogr. 8, 83-99.

, BARRIGA, F.J.S. & MUNHA, J. (1999): Bimodal-
siliciclastic systems—the case of the Iberian Pyrite Belt. In
Volcanic-associated Massive Sulfide Deposits: Processes
and Examplesin Modern and Ancient Settings(C.T. Barrie
& M.D. Hannington, eds.). Rev. Econ. Geol. 8, 375-408.

CARVALHO, P. & FERREIRA, A. (1993): Geologia de Neves—
Corvo: estado actual do conhecimento. Simpésio de
Sulfuretos Polimetalicos da Faixa Piritosa I bérica (Evora,
Portugal). APIMINERAL 33, 7-8.



634

, PacHECO, N., BELIZ, A. & FERREIRA, A. (1997):
Ultimos desenvolvimentos em prospecco realizados pela
SOMINCOR. In Simpésio Sobre Los Sulfuros Polime-
télicos de La Faja Piritica Ibérica (Huelva). Boletin
Geol6gico y Minero (Madrid) 107, 48-52.

Dias, R. & RIBEIRO, A. (1995). The Ibero-Armorican Arc: a
collision effect against anirregular continent? Tectonophys.
246, 113-128.

ELbRIDGE, C.S., BARTON, P.B., JR. & OHmoTO, H. (1983):
Mineral textures and their bearing in the formation of
Kuroko orebodies. Econ. Geol., Monogr. 5, 241-281.

FERREIRA, A., PINTO, A. & BowLEs, J.F.W. (1997): The
occurrence of gold in the Neves Corvo ore deposit,
Portugal . In Abstracts and Program, SEG Field Conference
(Lisbon) (F.JA.S. Barriga, ed.)., 91.

GAsPAR, O.C. (1984): Microscopy applied to beneficiation of
Aljustrel ores. Est. Not. Trab., SF.M. XXVI(1-4), 49-61.

(1991): Paragenesis of the Neves—Corvo volcano-
genic massive sulfides. Com., Serv. Geol. Portugal 77,
27-52.

(1994): Ore microscopy — an indispensable tool for
beneficiation of massive sulfides of the |berian Pyrite Belt.
In Process Mineralogy X1l (W. Petruk & A.R. Rule, eds.).
TMS Publication, Warrendale, Pennsylvania (241-257).

(1995): Definition of mineral textural types aiming
at the beneficiation of Aljustrel and Neves—Corvo massive
sulfides. In Process Mineralogy X!l (R.D. Hagni, ed.).
TMS Publication, Warrendale, Pennsylvania (61-69).

(1996): Microscopia e petrologia de minérios
aplicadas a génese, exploragdo e mineralurgia dos
sulfuretos macigosdosjazigosde Aljustrel e Neves-Corvo.
Est. Not. e Trabalhos, IGM (Porto) 3, 3-195.

(1997): Oremicroscopy applied to the beneficiation
of volcanogenic massive sulfide ores. Explor. Mining Geol.
4, 335-348.

(1998): Histéria da mineragdo dos depésitos de
sulfuretos macicgos vulcanogénicos da Faixa Piritosa
Ibérica. Bol. Minas, IGM (Lisboa) 35(4), 401-414.

, BOWLES, J., FERREIRA, J., FERREIRA, A. & NELSON,
P. (1998): Tetrahedrite/tennantite rich massive sulfides of
Neves-Corvo deposit (IPB). Int. Mineral. Assoc., 17" Gen.
Meeting (Toronto), A118 (abstr.),

& PINTO, A. (1991): The ore textures of the Neves—
Corvo volcanogenic massive sulfidesand their implications
for ore beneficiation. Mineral. Mag. 55, 417-422.

& (1993): Neves—Corvo, a Kuroko type
deposit in the Iberian Pyrite Belt. Resource Geology 17,
249-262.

THE CANADIAN MINERALOGIST

GomEs, A.A.R. (1991): Contributed remarks on “ Discovery of
concealed massive- sulphide bodies at Neves—Corvo,
southern Portugal — a case history”. Trans. Inst. Mining
Metall. B 45, 46.

HANNINGTON, M.D., BLEEKER, W. & KJARSGAARD, |. (19994):
Sulfide mineralogy, geochemistry, and ore genesis of the
Kidd Creek deposit. I. North, Central and South orebodies.
Econ. Geol., Monogr. 10, 163-224.

& (1999b): Sulfide minera-
logy, geochemlstry, and ore genesis of the Kidd Creek
deposit. 1. The bornite zone. Econ. Geol., Monogr. 10,
225-266.

HENNIGH, Q.T. (1996): Geology of the Tin-Rich Orebodies of
the Corvo Deposit, Neves Corvo, Baixo Alentejo, Portugal .
Ph.D. thesis, Colorado School of Mines, Golden, Colorado.

& HutcHINsoN, R.H. (1997): Geology of tin-rich
ore of the Corvo orebody, Neves—Corvo deposit, Portugal.
In Geology and VMS Deposits of the Iberian Pyrite Belt.
Neves Corvo Field Conf. (F.JA.S. Barriga& D. Carvalho,
eds.). Soc. Econ. Geol., Guidebook Series 27, 96.

JANG, S-A., YU, J-M., ZHANG, W.-L. & WANG, R.-C. (2000):
Tin mineralisation in the giant Neves Corvo massive
sulfide deposit, Iberian Pyrite Belt: cassiterite compositions
and genetic implications. In Program and Abstracts,
Volcanic Environments and Massive Sulfide Deposits (B.
Gemmell. & J.Pongratz, eds.). Hobart, Australia(103-104).

Leca, X. (1990): Discovery of concealed massive-sulphide
bodies at Neves—Corvo, southern Portugal —acase history.
Trans. Inst. Mining Metall. 99 B, 139-152.

, ALBOUY, L. & Picor, P. (1985): Caractéristiques
principales du gisement de Neves—Corvo (Portugal).
Chron. Rech. Miniéres 481, 53-58.

, RIBEIRO, A., OLIVEIRA, J.T., SiLVA, J.B., ALBOUY,

L., CARVALHO, P. & MERINO, H. (1983): Cadre géologique

des minéralisations de Neves—Corvo, Baixo Alentejo,
Portugal. Lithostratigraphie, pal éogeographie et téctonique.
BRGM, Mém. 121, 79.

LeIsTEL, JM., BonijoLy, D., BrRaux, C, FREYSSINET, P.,
KOSAKEVITCH, A., LECA, X., LESCUYER, J.L., MARCOUX, E.,
MiLEsl, J.P., PIANTONE, P., SoBsoL, F., TEGYEY, M.,
THIEBLEMONT, D. & VIALLEFOND, L. (1994): The massive
sulfide deposits of the South Iberian Pyrite Province:
geological setting and exploration criteria. (X. Leca & J.-
M. Leistel, eds.). Documents BRGM 234, 1-236.

, MARcoux, E., DEsCHAMPS, Y. & JOUBERT, M.

(1998b): Antithetic behaviour of gold in the volcanogenic

massive sulfide deposits of the |berian Pyrite Belt. Mineral.
Deposita 33, 82-97.

, THIEBLEMONT, D., QUESADA, C., SANCHEZ,

A. ALMODOVAR G R., PascuAaL, E. & SAez, R. (1998a): The



MINERALOGY OF THE NEVES—CORVO Sn—Cu ORES, PORTUGAL

volcanic-hosted massive sulfide deposits of the Iberian Py-
rite Belt. Review and preface to the Thematic issue. Min-
eral. Deposita 33, 2-30.

MAaRrcoux, E. & LEISTEL, J.M. (1996): Mineralogy and
geochemistry of massive sulfide deposits: Iberian Pyrite
Belt. Bol. Geol. y Minero. 107(3), 117-126.

& MoELo, Y. (1993): Comparative mineralogy of
massive and stringer sulfide ore depositsin southern Spain.
In Current Research in Geology Applied to Ore Deposits
(P. Fenoll Hach-Ali, J. Torres-Ruiz & F. Gervilla, eds.).
publisher, city (343-344).

& LeistEL, JM. (1996): Bismuth and
cobalt m|nera|s as indicator of stringer zones to massive
sulfide deposits, Iberian Pyrite Belt. Mineral. Deposita 31,
1-26.

MARKHAM, N.L. (1968): Some genetic aspects of the Mt. Lyell
mineralization. Mineral. Deposita 3, 199-221.

MiTaaviLLA, J.,, MARTI, J. & SoriANO, C. (1991): Magmatic
evolution and tectonic setting of the Iberian Pyrite Belt
volcanism. J. Petrol. 38, 727-755.

MosTAFA, B. (1995): Caractérisation physico-chimique et
minéralogique de produits miniers sulfurés en vue de la
réduction de leur toxicité et de leur valorisation. Thése de
doctorat, INPL, Ecole Normale Supérieure de Géologie,
Nancy, France.

MuUNHA, J. (1983): Hercynian magmatism in the Iberian Pyrite
Belt. In The Carboniferous in Portugal (M.J. Lemos de
Sousa & J.T. Oliveira, eds.). Serv. Geol. Portugal, Mem.
29, 39-81.

(1990): Metamorphic evolution of the South
Portuguese/ Pulo do Lobo zone. In Pre-Mesozoic Geology
of Iberia (R.D. Dalmeyer & E. Martinez Garcia, eds.).
Springer-Verlag, Berlin, Germany (363-368).

, RELvAS, JM.R.S,, TAssINARI, C.C.G. & BARRIGA,
F.J.S. (2000): Strontium, neodymium and lead isotopic
evidence for multisource ore-forming fluids in the Neves
Corvo deposit, Portugal. In Program and abstracts,
Volcanic Environments and Massive Sulfide Deposits (B.
Gemmell & J. Pongratz, eds.). Hobart, Australia (137-138).

Neiva, A.M.R. (1996): Geochemistry of cassiterite and its
inclusions and exsolution products from tin and tungsten
depositsin Portugal. Can. Mineral. 34, 745-768.

OLIVEIRA, J.T., PacHECO, N., CARVALHO, P. & FERREIRA, A.
(1997): The Neves Corvo mine and the Paleozoic geology
of southwest Portugal. In Geology and VHM S Deposits of
the Iberian Pyrite Belt (F.J.R.S. Barriga, ed.). Soc. Econ.
Geol., Guidebook Ser. 27, 31-54.

Oupin, E. (1981): Etude minéralogique et géochimique des
dépots de sulfures sous-marin actuels de la ride East-
Pacifique (21°N). Doc. BRGM 5, Orléans, France.

635

& CoNsTANTINOU, G. (1994): Black smoker chim-

ney fragments in Cyprus sulphide deposits. Nature 308,

349-353.

PEREIRA, Z., SAEZ, R., PONS, J.M., OLIVEIRA, J.T. & MORENO,
C. (1996): Edad devoénica de las mineralizaciones de
Aznalcdllar (Faja Piritica Ibérica) en base a painologia.
Geogaceta 20(7), 1609-1612.

PinTO, A. (1999): Estudo da textura, mineralogia e quimica
mineral dos minérios da massa de Corvo do jazigo de
Neves Corvo. Master’s thesis, Univ. of Lisbon. Lisbon,
Portugal .

, BowLEs, JF.W. & GAsSPAR, O.C. (1994): The

mineral chemistry and textures of wittichenite, miharaite,

carrolite, mawsonite and In-Bi—Hg tennantite from Neves—
Corvo (Portugal). Int. Mineral Assoc., 16" Gen. Meeting
(Pisa), 83 (abstr.).

, FERREIRA, A. & BowLEs, J.F.W. (1995): Caracter-
izagdo de mineraisraros do jazigo de Neves—-Corvo e sauas
implicacbes metalogenéticas. In 1V Congresso Nacional de
Geologia. Mem. Univ. Porto 4, 665-670.

& GASPAR, O.C. (1997):

Mlneralogl cal and textural characterization of the Neves—
Corvo ores. Metallogenetic implications. In Abstracts and
Program, Soc. Econ. Geol., Field Conference, 90 (abstr.).

QUESADA, C. (1991): Geological constraints on the Palagozoic
tectonic evolution of tectonostratigraphic terrains in the
Iberian Massif. Tectonophys. 185, 225-245.

ReAL, R. & CaRvALHO, P. (1997): Geommincor: successful
scientific—industrial interaction in the geological investig-
ation of the Neves Corvo mineral deposits. In Abstractsand
Program, Soc. Econ. Geol., Field Conference, 84 (abstr.).

RELvAs, JM.R.S. (2000): Geology And Metallogenesis at the
Neves Corvo Deposit, Portugal. Ph.D. thesis, Univ. of
Lisbon, Lisbon, Portugal.

, BARRIGA, F.J.S., FERREIRA, A. & Noiva, P.C.

(2000a): Ore geology, hydrothermal alteration and

replacement ore-forming mechanisms in the Corvo
orebody, Neves Corvo, Portugal. In Program and Abstracts,
Volcanic Environments and Massive Sulfide Deposits (B.
Gemmell & J. Pongratz, eds.). Hobart, Australia (167-168).

& LONGSTAFFE, F. (2000b): Tin and base

metal supply inthe Neves Corvo deposit: implicationsfrom

ore geochemistry and oxygen, hydrogen and carbon isotope
systematics. In Program and Abstracts, Volcanic Environ-
ments and Massive Sulfide Deposits (B. Gemmell & J.
Pongratz, eds.). Hobart, Australia (169-170).

RIBEIRO, A., QUESADA, C. & DALLMEYER, R.D. (1990):
Geodynamic evolution of the Iberian Massif. In Pre-
Mesozoic Geology of Iberia (R.D. Dallmeyer & E.
Martinez Garcia, eds.). Springer-Verlag, Berlin, Germany
(397-410).



636

& SiLvA, J.B. (1983): Structure of South Portuguese
Zone. The Carboniferous of Portugal (M.J.L. Sousa& J.T.
Oliveira, eds.). Serv. Geol. Portugal, Mem. 29, 91-97.

RicHARDS, D.G. & FERREIRA, A.V.M.M. (1992): Metal zoning
in Graga orebody, Neves-Corvo. Mineral Indust. Int.,
March issue, 5-8.

& SipEs, E.J. (1991): Evolution of ore-reserve
estimation strategy and methodology at Neves-Corvo
copper tin mine, Portugal. Trans. Inst. Mining Metall. 100
B, 192-208.

ROTHENBERG, B. & BLANCO-FREIEIRO, A. (1982): Sudies in
Ancient Mining and Metallurgy in South-west Spain.
Thames and Hudson, Ltd., London, U.K.

ROUTHIER, P., AYE, F., BOYER, C., LECOLLE, M., PicoT, P. &
ROGER, G. (1980): Laceinture sud-ibérique aamas sulfurés
dans sa partie espagnole médiane.. Tableau géologique et
métallogénique. Synthése sur le type amas sulfurés
volcano-sédimentaires. BRGM, Mém. 94.

SCHERMERHORN, L.J.G. (19754): Pumpellyite-facies meta-
morphism in the Spanish Pyrite Belt. Petrology 1, 71-86.

(1975b): Spilites, regional metamorphism and
subduction in the Iberian Pyrite Belt, some comments.
Geol. Mijnb. 54, 23-35.

THE CANADIAN MINERALOGIST

(1982): Framework and evolution of Hercynian min-
eraization in the Iberian Meseta. Serv. Geol. Portugal,
Comun. 68, 91-140.

SERRANTI, S. (1998): Le mineralizzazioni “ rubané’ e massiva
del giacimento a Cu-Sn di Corvo (Neves-Corvo),
Portogallo: studio metallografico e geochimico, impli-
cazioni genetiche e applicazione di techniche di analisi
d'immagine. Ph.D. thesis, Univ. degli Studi di Roma“La
Sapienza’, Roma, Italy.

, FERRINI, V. & MAsI, U. (1997): Micro-PIXE
analyses of trace elements in ores from the Neves-Corvo
deposit (Portugal): preliminary report. In Abstracts and
Program, Soc. Econ. Geal., Field Conference, 109 (abstr.).

SiLva, JB., OLIVEIRA, JT. & RIBEIRO, A. (1990): Structural
outline of the South Portuguese Zone. In Pre-Mesozoic
Geology of Iberia(R.D. Dallmeyer & E. Martinez Garcia,
eds.). Springer-Verlag, Berlin, Germany (348-362).

THIEBLEMONT, D., MARCOUX, E., TEGYEY, M. & LEISTEL, JM.
(1994): Genése de la province pyriteuse sud-ibérique dans
un paléo-prisme d'accrétion? Arguments pétrologiques.
Bull. Soc. Géol. France 165, 407-423.

Received December 22, 2000, revised manuscript accepted
December 15, 2001.



