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ABSTRAcT

The mineralogical disribution ofgold in 5amples from the Corvo orebody, in the Iberian Pyrite Belt ofPortugal, was deter-

Pined in adetailed study of a few hand samples of RT ("ruban6 tin") ore. In one sample,42Vo of thegold occurs invisibly in pyrite

! pynte tr, and arsenopyrite, with the balance assumed to be carried by cassiterite, which makes tp 56.5 wt.Vo o1 16s sample.
ExtraPolation ofthese results to a sample ofhigh-grade tin concenEate (68.99 wt.7o Sn) suggests that cassiterite in the conc€ntrate
contains about 149 ppb Au, representing 887o of the total gold in the concentrate. These results have implications on the
metallsgsny of the Neves{orvo volcanogenic massive sulfide deposit as well as on the metallurgical treatnent of the ores.

Keywords: Corvo, Neves{orvo, volcanogenic massive sulfide, Iberian }rite Bek, invisible gold, ore mineralogy, pyrite,
arsenoplrite, cassiterite, secondary-ion mass spectrometry (SMS), image analyses, metqllogeny, metallurgy, Portugal.

Sovuens

Nous avons d6lermin6 la distribution de I'or dans des 6chantillons de minerai provenant du gisement de Corvo, rtans la
ceintue ib6rique de pyrite, au Portugal, dans une 6tude ddtr;t'|6" de quelques 6chantillons de minerai stannitble RT. Dans un
&hant:d'lon,42vo de 1'or est pr6sent sous fonne invisible dans lapyrite de premibre g6n6ration, la pyrite de deuxidme g6n6ration,
et I'arsenopyrite, le reste 6tant incorpord dans la cassitdrite, qui constitue 56.57o (base pond6rale) de l'&hantillon. D'aprbs une
extrapolation de ces r6sultats au cas d'un dcha.ntillon du concentrd enrichi d'6tain (68.997o Sn, pff poids), lacassit6rite du concentr6
contiendrait environ 149 ppb Au, ce qui reprdsente 887o de 1'or pr6sent dens le concentr6. Ces r6sultats ont des implications
importantes pour la mdtallogenie du gisement de suliues massifs volcanog6niques de Neves{orvo, de m€me que pour le
traitement m6tallurgique du minsrai.

(fraduit par la R6daction)

Mots-cl6s: Corvo, Neves{orvo, sulfures massifs volcanog6niques, ceinture ibdrique de pyrite, or invisible, minf,ruua ds5
minerais, pyrite, arsenopyrite, cassit6rite, spectromdtrie de masse des ions secondaires (SMS), analyse d'images,
m€tallog6nie, m6tallurgie, Portugal.
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IrrnooucuoN

The Neves-Corvo volcanogenic massive sulfide
(VMS) deposit, discovered in 1977 in southern Portu-
gal, consists of a cluster of five polymetallic orebodies
(Neves, Neves-Norte, Lombadoro Corvo and Graga)
Iinked by thin bridges of massive cupriferous ores. The
deposit is one of some 80 sulfide deposis found to date
in the Iberian Pyrite Belt (IPB), shown in Figure l. The
IPB is a major geotectonic unit of the Iberian segment
of the Hercynian fold belt, containing an estimated total
of 1,300 M tonnes of sulJide reserves (ore mined + re-
serves) grading 0.92Vo Cu, 0.77Vo Pb,2.33Vo Zn,
0.58 g/t Au, and 29 elt AE (Leistel et al. 1994). Re-
sources of precious metals of the IPB are significant,
with an estimated 920 t Au and 49,400 t Ag (Leistel er
al. 1994, 1998b). The Neves{orvo deposit is one of
the largest deposits of the IPB, containing approximately
300 Mt of massive sulfides that are locallv verv rich in

copper and tin. It is currently the largest producer of Cu
and Sn in Europe, with 1.092 Mt Cu and 26,200 t Sn
produced from 1988 to 1997 (Real & Carvalho 1997).

ln this paper, we present and discuss the results of
limited bulk assays, microscopy, image analysis and
ion-microprobe analyses (SMS) of minerals in hand
samples of RT ("ruban6" tin) ore from the Corvo
orebody (Gaspar 1998), as well as from a sample of
high-grade tin concentrate.

Becrcnouo IunonvarroN

Most of the Corvo orebody is overlain by the so-
called "ruban6" ores (Figs. 2,3) rhat formed from sys-
tems of veins, consisting either of banded chalcopyrite
or cassiterite, both having developed within a deformed
shale horizon tlat was extensively altered to a fine-
grained quartz - chlorite assemblage. The cassiterite-
bearing veins encompass a number of types, both in
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Frc. 1. General geology of the Iberian Pyrite Belt and location of the Neves{orvo massive sulfide deposit, as well as the
Aljustel deposit (slightly modified from Carvalho et aI.1976).
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Hc. 2. Simplified block diagram of the Neves{orvo orebody
showing the different types of ore occurring in the deposit
(SOMINCOR" unpubl. report, 1.989).The rubanl ore con-
sists of thin-banded alternations of shales with lavers and
cross-cutfing veinlets of cassiterite and sulfides (mostly
chalcopyrite and pyite).The rubard has been tectonically
placed mainly at the top of the massive sulfides of the
Corvo orebody (see Fig. 3). Thepyritic sulfide ore consists
painly of pyrite and has Cu + Zn + Pb contents lower than
2%o.The complexmassive ore is a polymetallic base-metal
ore rich in sphalerite and with Cu contents lower than2%o.
The capriferous massive ore consists mainly of chalco-
pyite (>2Eo Crr) ald pyrite along with accessory sphalerite,
cassiterite, sulfides of Sn and terahedrite-tennantite. The
stringer a\d breccia ores consist of stockwork-type minsl'-
alization that locally can be rich in chalcopyite, (>2%o Ca)
or cassiterile (>17o Sn), and which cut across the black
shales or the felsic volcanic rocks of the foonvall.

increasing degree of complexity of their constituent
minerals and textural relationships. The veins show evi-
dence of repeated opening and limited movement that
resulted in extensive fracturing of their constituent min-
erals. Local shearing and the introduction oflater stages
of mineralization superimposed upon the earlier
cassiterite-rich assemblages were observed. Cassiterite

is an early phase, generally intergrown with quartz and
siderite or dolomite, The cassiterite crystals are euhedral
to subhedral and are commonly markedly elongate or
prismatic. Individual crystals range befween 15 pm and
2 mm in size, and are commonly fractured. Their color
in hansmittsd light varies between light reddish brown
and pale yellow, and both compositional 2sning and
signs of strong deformation are widespread (Gaspar
l99t). The iron content can vary either in the same or
between different crystals. Znning in cassiterite was
confirmed by Serranti (1998), who reported on I I
cassiterite grains with Fe contents rangrng from 0.25 to
2.19 wtVo FeO, as deterrnined by elechon-probe micro-
analyses. In addition, Serranti et al. (1997) reported re-
sults of trace-element analyses by micro-PIXE on
several ore minerals from the Corvo orebody and found
that cassiterite contains maximum values (in ppm) of
919 Cu, 136 Zn, 15 Gu 4l As, 394 In, 243 Sb, 261 Te,
98 Ta and 11,119 W. Two cassiterite crystals that show
no growth zoning were reporled by Neiva (1996) to
g6rtain 0.18 wt%o FeO (in a pale yelow crystal) and
1.93 wtToFeO (in a brown crystal). Significant amounts
of pyrite were introduced toward the waning stages of
cassiterite precipitation. A later period of mineralization,
connected to extensive fracturing, resuhed in complex
chalcopyrite - stannite - tetrahedrite - pyrite assem-
blages. Minor amounts of arsenopyrite, chalcopyrite,
sphalerite, galena and ldllingite have been observed spo-
radically within the ores. Signs of a reaction between
cassiterile crystals and later fluids carrying sulfides also
are observe4 in some cases producing a stannite halo.
Cassiterite is usually replac.ed by stannite. The so-called
cupriferous RC "ruban6" ore is characterized by alter-
nating bands of slate and laminalsd chalcopyrite that
shows recrystallization and strong deformation, with the
development of twins in some crystals.

Hennigh (1996), Hennigh & Hutchinson (1997) and
Relvas et al. (1997) assumed that the "ruban6" tin (RT)
and "ruban6" copper ores (RC) were displaced from
their original positions mninly because of gravity flow
by syntectonic mechanisms during the late stages of ore
deposition. However, detailed macro- and microtextural
studies of both ores and slates by one of us (O.C.G.)
suggest that the "ruban6" ores have also suffered both
shong deformation and sigaificant transport, mainly due
to later Hercynian tectonic activity. The original
smectite-rich sediments, as a result of both diagenesis
and low-grade metamorphism, have been altered to a
shale horizon that varies between dark olive green and
dark gray in colof, consisting mainly of quartz and a
chlorite, close in composition to chamosite. Small
amounts of fine-grained rutile are disseminated through-
out the shale, occurring as aggregates of tiny microm-
eter-sized grains elongate parallel to the bedding of the
shale. Dolomite may be present both as isolated grains
and narrow layers developed within the shale. Hydro-
thermal alteration ofthe shale can also be observed in
the immediate vicinity of mineralized fractures, which
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Frc.3. Corvo orebody cross-section (SOMINCOR, unpubl. report, 1996). Lithologic sequence: Mt2: greyrakes and shales of the

M6rtola Formation, RC: ruban6 copper ore, RT: ruband tin ore, ME: massive pyritic ores with lower base-metal contents, MC:
massive cupriferous ores, r'a: black pgitic shale, MT: massive dn ore, FT: stringer tin ore, n: black shale of the Neves
Formation, v: felsic volcanic rocks. All i6s samples studied were collected from the Corvo ruban6 tin ore S.T).

commonly occur close to the mineralized sulfide
veins.

There is some hformation published about the oc-
crurence or distribution of gold in the Neves-Norte and
Lombador orebodies (Ferreira et aI. l991,Yrnto et al.
1994,1995,1997), and none on the Corvo orebody. To
date, the exploitation of massive sulEde ores at Neves-
Corvo has been resfficted to the rich copper and tin ores
(see Table I for the definition of economic ore-types
based on their cut-off grades). Gold contents in these
massive cupriferous ores (MC ores) are mostly very low
(< 0.5 g/t). However, significant amounts of visible gold
were found for the fust time in the stringers of the zin-
ciferous massive MZ ores (Table 1) of the Lombador
orebody and in the lower part of the cupriferous mas-
sive MC ores that are located at the top of stringer ores
of Neves-Norte and Corvo orebodies. Brief descriptions
of these gold occurrences have recently been given by
Ferreira et al. (1997) and Pinto et aI. (1997). One of us
(Gaspar 1996) assumes fhat the mineralogical associa-
tions of gold described by these investigators (fables 2,
3) represent a paragenesis later than the massive

sulfides, related to reactivated NE-trending fauls. The
gold content in the zinciferous MZ massive sulfides has
noto to date, been systematically estimated, but it is
assumed by the mine personnel to be mostly lower than
I Elt.

The stringer ores of the Lombador orebody were
intersected by drilling in 1991. Fire assays ofdrill-core

TABLE 1. ORE TYPES ESTABLISHED AT THENEVES.CORVO MINE
ON TIIE BASIS OF CUT-OFF GRADES*

ORB TYPFS CUT4FF GRADBS

RT ?ubanC" mwithtin
FT Fiwal (cringrr) ore with tia
MS @prifqou roive $lffde oro witb dn
MC opriferow @ive sd.fide m
RC qprifqou'nrbmd" ors
FC sprifmwfswa/(stdngs)m
NV, roive srlfidc ore rich in zirc
ME roivo pyritic ore 7a <

S n > l %
S n > l %

C t > f / o , S n > l % o
At > //o, Sn < l%o

A t > / / o , S n < 7 o / o
C u > / / o , S t < l o / o

7^ > 3.3o/a
lo/o,Cu < T/o,Sa< l lo

";;vY ji;|jf;-;*^}=:'irvvvvVvjvvlwTvmffix/{f,=_:$-ff$
j-:-:-:-_-:KlR7X'x{-
- - - - - - - - - - - - - - \YYXY

:::l-:-rr=::-a{&-----:-':
\ ----.---:-----=*8

Y v Y v Y v,'; i\------a-------

ivi velui V; h{-::::::=su
Y v Y " Y " Y " j v l v ]

* Dda ftom SOMINCOR @d Olireinetal (197).
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TABLE 2. SIMMARY OF MINERAL ASSOCIATIONS
RICH IN ltr, Hg; Ag; Au, Te, Sn AND Sb, FOIJND BY DRILLING

IN STRINGER ORES AT THE I.OMBADOR OREBODY$

TABLE 3. MINERAL CHEMISTRY OF AN UNUSUAL PARAGENFSB
ASSOCIATED q'Til{BORNTTE INNEVES NORTE (MC ORES),

coRvo (Mc oRFS), AND GRACA (MC AND CIjPRTFEROUS MH ORES)*

Msin tri@ of el@€ds in tho stingo oe Chmiql omposition in tho r@cdon re of MC

Co Gbuodod [(Co,Fe)A!S] higbly aaed qydals qt"imog I a 27o/o Co,
udZ5o/o As
Cobatt'rte [CoAsS] oltzqy 3O.9 to 32.6% C^
Allwlarite* KCo,Fs)AsSl intagrm with mopyrite (O.4o/o Co)
@otaiil abow lgelo Co

Bi Ncire bimth u slelstal qystsb odaidrg virnully t@/o Bi
Bimdhinite t@iJb,Cu)1lS,Sb)..r1 ot'inrl.2-j.5o/o Sb znd 69-7Y/o
Bi
'RezSaqyits"* (CqAg;Co)*Pbr(BiHdrrS,o,J @d'in. 55-59/0 Bi
O.4YoHg, L.3o/oCo,0.7-1.3% Sb, md <l@ ppm Il
catenohimt'hinite [PbBtSJ idffititiat t! pyrile md obalt'rte odaiN
O4.5o/o A& 1.9-3%o Sb, 04.25o/o T e md 434*/o Bi

Bi, Te TetrsdymiE [BirTerS] orairo 35% Te md 59elo Bi
JosditeB [BiTerS] rcdairo 23o/o Te ul 730/0 Bi

Sb, AC Tetahedrite [(Cur.sAgo2)aoGqszor.Jru(SbsAror)a.osE] @ursi$
0.7 6- l. LsVo Bi\ 0.42-r.330/0 AE

Ia Spbalcite [(Zn Fe)S] outaim 0.78 r! L04% I4 ed 0.t9 tn 0.29/o Cd
Cuitaite [SnOr] orainr a.lrcut 0. I 8 /o In

Naire gold: awiaed witl mmopyrito (8Plo A4 ll.to/o Ag, 0347/o
Hg), with ob€ltits ed aedor57fur (E@lo Aa s-lEf/o A& 0.6_l.T/0119,
ad with tetraheddte and golffi ('l5o/o Ail,20-?2/o fu ud f5% Hg)

$ Sorc: SOMINCOR SA Ivlintral Scirc Ltd. (uK), Pino e, a/. (194, 1995,
I 997) and htqnal rcports. * Note that all@lasite ad gku@dot Ew iddiced by
their opical prcpotic. 'R€zbaryib" is midqed a minre.

intersections show contents of 15 g/t Au over 3 meters
with a value of 22.6 gltfor the cenfial one-meter of core,
and 94.5 g/t for the richest parr. Ia 1994, a one-meter
drill core intersection of the Neves-Norte cupriferous
massive ores (MC), Iocated at the top of stringer zones,
had assays up to l0 g/t Au, and as much as 33 g/t over
0.2 m of core. The gold occurs along with unusual min-
eral assemblages found in these two orebodies (Tables
2, 3). Recently, simi-lar gold mineralization has also been
found in the bridge of cupriferous ores that links the
Corvo and Graga orebodies.

Ore-microscope and electron-probe studies on these
unusual mineralogical associations (Tables 2,3) have
beenjointly carried out since 1994 by the mineralogicat
Iaboratory of SOMINCOR (Neves{orvo), Laborat6rio
do IGM (Pornrgal), Mineral Sciences Ltd (U.K.) and
Laboratoire de L'Environnement et Mindralureie
(LEM-CESD ENSG, Nancy, France), in the conrext of
the research project 'New Integrated Flowsheets for
Separation and Recovery of Minor Elements from
Sulfides - Brite-Euram tr Program" funded by the Eu-
ropean Union. The consortium has characterized a large
bornite-rich zone in the Neves-Norte orebodyo unusu-
ally enriched in Cu, Sn, Bi, Co, In, Hg, Se, Ag and Au,
which had never previously been found in any of the
ore deposits of the IPB (Table 3). Bornite occun, along
with tennantite, mawsonite and stannoidite, in addition
to abundant chalcopyrite. Other ore minerals include

Bomite

Mawnite

Itr-Bi-Hgtriched

T@adite

Vrcimite

Wittichqite

Mhmite

Cmollite

Cobdtie ptrito

GaI@ - Clausntralite

Gal@

Nnmie

StronEyqit€ (?)

ColNite

Gold

(CqAg)atsFqjzs..ro

Cq.F%"Sn,.rs*

(CqAgFe,ZDJIg;Itr)r,r.76(As,Sb'Bi)a.rS r3u
cofraitug 0.9 to z.V/o I4 < 8.0clo Bi md < l.P/o Hg

CurosFqrrSrb $(As,Sb,AB)@S".,
(Cu,Fgfu)E.dBir.rs2* codsim up to l.8plo Ag
(Cn Ag)a.@F%sPbMBLrS* ocaim up to 1.2.o/o Ag

Cu-r(Co,Ni,Fe)*Snt
(FeCo, CqN)r'@S,s, witb, s7 . 5o/o Cn

Pb@(S,Se)Dr.@

outairo aborl 14% Bi ud m mage of about 14% of the

cluatbrlits (PbSe) @npoD€dt

Agt-sq.

AgCUS

(CqAg)erV,lAcSD,Sb,Fo)&rsr u

Au gni6 (<10 pn) with wiable quatiti* of Ag

* Sus: SOMINCOR SAi Mnsal Scire Ltd. Cno, LEM4ESD, ENSG
(Fme), Iabomt6rio do IGM (Poru8al), Hdo et al. (1994, 1945, 1997).

miharaite, carrollite, vinciennite, galena, colusite,
stromeyerite, arsenopyrite, sphalerite, tehahedrite, and
naumannite (occurring as exsolution-induced blebs in
galena). Native gold occurs in naumannite, which is
associated with wittichenite, but the grains of gold are
too small for aaalysis by electron microprobe. However,
bulk analyses of the ores by fre assay show contents
between 0.2 and l0 ppm Au. Subhedral to euhedral
grains of quartz form the main portion of the main
gangue minerals. Carbonate, dolomite and low-iron
siderite veins cut across the stringer mineralization.

There is a clear similarity between the bornite zone
found at the Neves-Norte orebody and the bornite-rich
ores of the Kidd Creek deposit described by Hannington
et al. (1997). Also similar is the North Lyell section of
Mt. Lyell massive sulfide ores (Markham 1968), where
tennanti te, galena, copper sulf ides, mawsonite,
stromeyerite and wittichenite (?) are associated with
chalcopyrite-bornite ores. At Kidd Creek, as at Mt.
Lyell, Bi-Se sulfides are also common in the stringer
zones.

Marcoux & Leistel (1996) and Leistel et al. (1998a,
b) reviewed the mineralogy and geochemistry of many
Spanish VMS of the IPB and made some observations
on three Portuguese ore deposits. They reported that
these deposits generally contain from I to 1.5 g/t Au
(exceptionally up to 50 g/t), but with weaker Au grades
in the massive sulfides of the Portuguese deposits.
Grades of gold seldom exceed I glt n the Zn - Pb + Ag
massive sulfides of the Aljustrel deposit (Fig. l) and are
mostly S0.5 g1t in the cupriferous massive MC sulfide
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ores in Corvo, Graga and Neves-Norte orebodies (data
provided, respectively, by Pirites Alentejanas SA and
soMrNcoR sA).

Detailed mineralogical and geochemical studies of
IPB deposits in Spain led Leistel et al. (1998b) to de-
fine two types ofgold association: (a) an early higher-
temperature (>300"C) association of Au (with Co t Bi)
enriched in stockworks and zones of interaction at the
base of the sulfide mounds, and (b) a later, lower-tem-
perature (<280'C) generation of Au enriched in
polymetallic sulfides (7n + Ag t As + Tl t Hg) in a
distal position or beneatl massive sulfides. The gold is
reported to usually occur in the first association as small
(<10 p.m) grains of electrum associated with Bi miner-
als, as inclusions within cobaltite or alloclasite, or at-
tached to cobalt minerals in chalcopyrite. The Au in the
second association occurs as electrum and gold-bearing
needle-shaped arsenopyrite and pyrite within a
polymetallic association (predominanfl y Pb-Zn). Iristel
et al. (1998b) also briefly reported results oflaser-abla-
tion microprobe - inductively coupled plasma - mass
spectrometry (LAM-ICP-MS) of arsenopyrite with
gold contents ranging between l5 and 3,150 ppm (aver-
age 28O ppm) and between 200 and 500 ppb in pyrite
(done by Bob Nesbitt, Southampton; E. Marcoux, pers.
commun., April 1998).

Sarvpues

Eight of the samples studied are representative of the
tin-rich ores, seven of which were collected by the sec-
ond author between 1990 and 1992 from different loca-
tions in the Corvo orebody. One sample is a grab-sample
ofhigh-grade tin concentrate collected at the tin process-
ing plant in September 1997 from a shipping bin. Be-
cause the tin plant concentrates cassiterite from two
different types of ore (MS and RT), the sample collected
probably reprqsents a mixture of two ffierent types of
cassiterite.

Eight samples represent different forms of occur-
rence and mineralogical associations of the so-called
ruband ores that overlap the top of the Corvo massive
sulfides. Samples IGM#I, IGM#5, IGM#6 and IGM#7
were collected inthe ruban€ mrneralized horizon, which
mainly consists of a strongly chloritized shale with
banded intercalations of chalcopyrite and pyrite. How-
ever, in some places the shale is rich n bouditts or clus-
ters of centimeter-sized crystals of cassiterite that are
invariably recrystallized and strongly brecciated. No
direct quantitative correlation between cassiterite and
sulfides occurrences has, so far, been established.

In a broad sense, the samples IGM#I, IGM#5,
IGM#6 and IGM#7 represent different types of ruband
ores: sarnple IGM#I corresponds to a more abundant
fype showing pyrite along with chalcopyrite cutting
across the chloritic shale. A banded texture is only vis-
ible whenever the chalcopyrite content strongly in-
creases, allowing a more plastic deformation. Sample

IGM#5, which corresponds to a strongly deformed
shale, contains clasts of siderite and cassiterite in a ma-
trix of later chalcopyrite. Sample IGM#6 colresponds
to an advanced "lit-par-1it" replacement of the chloritic
shale by chalcopyrite. Samples IGM#7 and #8 are the
most representative of the so-called rubant tin ores
formed in chloritic shales with intercalations of
centimeter-sized boudins of cassiterite, mostly showing
a chloritic alteration in the contact with the shale. The
sulfides occur mostly as veinlets of second-generation
pyrite tr and chalcopyrite cufting across cassiterite. Re-
placement of cassiterite by later sulfides can be ob-
served. Samples IGM#2, IGM#3 and IGM#4 were
collected as discrete meter-size lenses enveloped by
cassiterite (Gaspar 1991, 1996). These lenses lie be-
tween the top of the cupriferous massive sulfides (MC)
of Corvo and in direct contact with the footwall of the
rubanl ore (Gaspar 1996). The cassiterite crystals may
show striking growth-zoning and strong brecciation.

ANaLvuceL MsrrIoDoLoGY

The hand samples were prepared as 2.5-cm-diam-
eter araldite (loaded with graphite) polished sections for
study by reflected microscopy and SIMS analyses of the
rollids minerals for gold. Some polished sections also
were examined by scanning electron microscopy
(SEIO.The high-grade tin concentrate was sieved into
plus and minus 250-mesh fractions for the polished sec-
tionso and splits were further ground to -200 mesh for
bulk assays. In addition, part of one hand sample was
crushed to -200 mesh for bulk assays. The assays were
done for Au and Ag using conventional Pb-collection-
scorification with atomic absorption spectrometry fin-
ish. Arsenic was measured by inductively coupled
plasma - atomic emission sPectrometry (ICP-AES) fol-
lowing aqua regia digestion of 200 mg samples in a
closed system (microwave pressure-digestion). Concen-
trations of Fe, Cu, Sn and Zn, in 100 mg samples, were
measured by ICP-AES following fusion with sodium
peroxide and digestion of the melt in nitric and hydro-
chloric acids. The zmount of sulfur was measured by
infrared absorption following sample combustion with
a Leco sulfur analyzer.

Quantitative image analysis was done using a MP-
SEM-IPS system at CANMET. The system consists of
a KONTRON-IBAS image analyzer integrated with a
IEOL 7 33 electron microprobe with wavelength-disper-
sion and energy-dispersion X-ray spectrometers. The
image analysis was performed using back-scattered
electron @SE) images acquired at 2O kY and 15 nA.
The brightness and contrast of a BSE image are related
to the average atomic number of the minerals in the sam-
ples. Discrimination among the minerals in the sample
was done solely on the basis of the gray level of the
BSE images. Two image-analysis programs were used
with these samples. The first progrtm determined the
quantities of pyrite, chalcopyrite, sphalerite, arseno-
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pyrite, srannite, cassiterite, and a group of the non-
sulfide gangue minerals comprising mainly quartz,
kyanite, feldspars, iron oxides and pyroxene. This im-
age analysis was performed with 49 back-scattered elec-
tron @SE) images of each polished section. The images
were acquired at mapffications of 60X and 200X for
the +250 and -250 mesh fractions of the Sn concentrate,
respectively, and the -200 mesh fraction of sample #8.
The second image analysis program searched for vis-
ible grains of gold in each of the two polished sections.
This program was run with a meander of 115 by I t5
fields acquired at a. magnification of 400X, with ap-
proximately I X 106 particles covered by this meander.
Each image is checked by the program to determine
whether it contains a grain with a gray level as bright as
gold or gold minerals. If the image does not have the
desired gray level, the sample stage is moved automati-
cally to the adjacent field, and the next image is ac-
quired. When the specified range of gray levels is
detected, the grain or grains having those gray levels
are scanned by the program with the electron beam and
a WDS dot map for gold is obtained for each grain to
determine if the grain contains gold, and if so, the coor-
dinates of the field, and the i-ages are stored. At the
end of the run, each of the recorded fields is manually
checked to veri$ the presence of gold. This search is
capable of finding grains of gold as small as -l pm.

The secondary-ion mass spectrometry (SMS) depth-
profile analyses were done on selected grains ofpyrite
and arsenopyrite using a Cameca IMS4f secondary ion
mass spectrometer with a double-focusing magnetic
sector. A Cs+ primary ion beam with impact energy of
14.5 kV was used, and negative secondary ions were
detected. All samples had previously been coated with
a thin film of carbon to prevent charging. The experi-
mental parameters and methodology were as outtined
in Cabri & McMahon (1995) and cenkin et al. (1998).
The minimum detection level (MDL), as determined on
implant standards, varied on different days as follows:
arsenopyrite (11,26, and 109 ppb Au) and pyrire (19,
49 and 134 ppb Au). Ion images were acquired frorn the
multichannel plate or fluorescent screen assembly us-
ing a Photometrics Series 200 CCD cqmera. All instru-
mental parameters remained identical to those used for
the quantitative analyses with the exception of the con-
trast aperture, which was reduced to 100 pm to improve
the Iateral resolution of the images.

OnpMntnnarocv

The eight hand samples studied have variable pro-
portions of ore minerals, but all are rich in cassiterite
and show layering of ore minerals, some of which are
deformed. Snite occurs in nvo generations; the earliest
(pynte D is the least abundant in some samples, occur-
ring as rounded spongy, colloform, and layered grains
of variable size with corroded borders (Frg. 4) replaced
by euhedral cubic to subhedral crystals ofpyrire tr (Figs.

5, 6). Arsenopyrite is relatively rare in some of the sam-
ples studied, but is fairly abundant in two samples that
are relatively chalcopyrite-poor (#3 and #8), as shown
in Figures 4 and 5. Arsenopyrite also occurs as remnant

FIG. 4. Back-scattered electron @SE) image showing banded
and deformed pyrite tr with isolated adedral grains of
arsenopyrite of variable size. The uppermost part of the
image shows the edge of a millimeter-wide layer of
cassiterite and some recrystallized pyrite tr at the lop left.
The location of spots amlyzed in arsenopyrite (Table 7)
are indicated by numbers (2: NC-ASP2,4: ASP4, 5: ASP5,
6: ASP6). The location ofspots analyzed in pyrilo (Table 6)
are likewise indicated by numbers (7 and 8 represent pyrite
tr, NC-PY7 and 8; 3, 9, 10, and I I represent pyrite I, NC-
PY3, 9, l0 and 11). Scale bar: 1 mm.

Fic. 5. BSE image partly overlapping Figure 4 showing vari-
ably-sized grains of arsenopyrite mostly concentrated in a
poorly defined layer separating the cassiterite layer, shown
at the top. Pyrite I is abundant" in places grading into pyrite
II. The location of some spots analyzed in arsenopyrite
(Iable 7) is given by numbers (2: NC-ASP2, 3: NC-ASP3,
and 5: NC-ASP5). The circle around a small inclusion of
arsenopyrite in the lower part of the image encapsulates a
grain of arsenopyrite included in pyrite II, for which ion
images are given in Figure 7. Scale bar: I mm.
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inclusions in pyrite tr (Fig. 5). In these two samples, the
arsenopyrite in some cases tends to occur in a zone be-
tween the cassilerite layer and the other sulfides (mainly
pyrite), forming a distinct layer of relatively fine-grained
crystals of arsenopyrite in one of the two samples. In
some samples, chalcopyrite is the most abundant min-
eral within the layers mineralized with sulfides, occur-
ring as large areas enclosing minerals such pyrite,
tetrahedrite - tennantite, sphalerite, galen4 arsenopyrite,
and stannite. Chalcopyrite also fills fractures in crystals
ofsecond-generation pyrite (pyrite tr), as shown in Fig-
ure 6o where it is closely associated with stannite. No
native gold or electrum was observed in any ofthe sam-
ples studied. The eight samples were examined to se-
lect those most suitable for SIMS analysis on the basis
of their sulfide mineralogy when compared to the min-
eralogy ofthe high-grade tin concentrate. Thus, the five
samples selected (#1, 2, 3,4, and 8) contain sparse
cha.lcopyrite, abundantpyrite and cassiterite, with a vari-
able content of arsenopyrite.

Bur-r Assevs AND IMAGE ANat-vsss

The results of the bulk assays are given in Table 4,
together with the calculated values for the tin-rich con-
cenhate (based on the weights of the plus and minus
250-mesh fractions). The concentrations of Au, Cu, S
and Zn are nearly identical, with Au slightly higher and
S slightly lower in the combined tin concentrate. On the
other hand, the concentration of Ag and As is substan-
tially higber in hand-sample #8, and that of Fe is mod-
erately higher, whereas that of Sn is obviously lower in
the hand sampleo even though it is a tin-rich sample. In

Flc. 6. BSE image showing a gradual change from pyrite I to
large crystals of pyrite II and replacement of the latter by
chalcopyrite and st2nnite. The location ofspots analyzelin
pyrite I (1, 2 and 4) (Iable 2, PYl, 2, and 4) may be seen.
A single spot-analysis was made of pyrite II (3: PY3,
Table 6). Arsenopyrite occurs as rarer isolated grains in the
top left, and fine-grained cassiterite is seen in the top right.
Scale bar: I mm).

general, therefore, the bulk chemistry of the wo sam-
ples is similar in terms of selected minor and trace ele-
ments. An unrelated Sn-rich (3l%o Sn) ruban6 sarnple
from Neves{orvo, analyzed by Activation Laborato-
ries Ltd., gave an identical value to sample #8 for Au
(130 ppb) s.16 a similar value for As (5700 ppb), in ad-
dition to l.6VoTa (M.D. Hannington, pers. commutr.,
May, 1998). Quantitative image analysis was done to
determine the modal weight percent of the minerals in
the two sieved fractions of the Sn concentrale and sam-
ple #8 (Table 5).

Rrsulrs or SMS ANervsBs

A total of 55 pyrite grains from five hand samples
and 23 arsenopyrite grains from three hand samples
were analyzed for trace concentrations of gold, in addi-
tion to two grains of chalcopyrite and one of stannite, in
which no gold was found. The pyrite grains were deter-
mined to be representative of either primary or second-
ary (recrystallized) generations prior to analysis on the
basis of their morphology in polished section. In gen-

TABLE 4. RESULTS OF BULK AI.IALYSES OF THREE SAMPLES
FROMNEVEgCORVO

EI@€@ Sn @nc.
(+250 msh)

3 0 c

Snm.
(-2s0 n6h)

1 1 8  g

Sn Coc. ssEple
#8

coEbimd 4zc

Au
Ac
Ag
s
Fe
Cu
Str
7a

C/r 0.08
El 6.6
% o .19
o/o 5.2O
o/o 5.44
Yo 0.15
Yo 6.5
o/o <0.13

o. ts l  0 . r3
4.167 9.7
0. 9 0.84
3.652 4.m
4.742 6.83
0.095 0.100

6t.94 4r,.4
<0.13  <  0 .13

0.16

o.26
2.96
4.15
0.059

69.6
< 0 .13

TABLE 5. RESULTS OF IMAGE ANALYSES OF
NEVES.CORVO TIN CONCENTRATE AND SAMPLE*A

(coRvo oREBoDY)

+250 E6h -250 m6h Sn mcemcim
(onbioed)

SaBpls
#8

$itsrite
pytitu
gangm*

mopyrite
stamite
chalopyrite
sphaleie

Totals

88.7 Yo
6.8
3 .5
0.8

88.9% 56.5 o/o

I  1 .0
29.5
2 .1

0 . 1
0 .1

100.0

89.9o/o
6.0
3 .6
0.3

0.2
0 .1

l@.1

0.1
0.2
0 .1

9.5

6.6
3 .5
o.7

0 . t
0 .1

9.9

i gegue: maiDly qutrt4 feldsptr, kyeitq Fe sides and pyroxen€.
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eral, for all 5amples, arsenopyrite shows concentrations
in the range from 0.036 to 2.719 dt Au, and pyrite I,
from 0.M8 toO.737 g/t Au, whereas pyrire tr had eirher
no gold detected or lower gold contents than in pyrite I
for all individual samples. The results for pyrite and
arsenopyrite are shown in Tables 6 and 7. In sample #1,
concentrations of gold in pyrite I ranged from 0.135 to
0.240 dt, and in pyrire tr, from <0.019 ro 0.M0 g/t. For
sample #2, concentrations of gold in pyrite I range from
0.082 to 0.289 gt, and in pyrite tr, gold was not de-
tected (<0.019 g/t). In sample #30 concentrations of gold
in pyrite tr range from 0.06 1 ta 0.152 g/t with no grains
of pyrite I found suitable for analysis. In sample #4,
concentrations of gold in pyrite I range from 0.048 to
0.267 g/t, and in pyrite II, from <0.019 ro 0.107 g/t.
Average concenffations ofgold for sample #8, on which
we carried out most analyses, are as follows: 1.117 Elt
(arsenopyrite), O.5M gt (pynte t), 0.070 glt (pyrite Q.
Average concentrations ofgold for all grains analyzed
for all samples are: 0.874 (arsenopyrite) and 0.183 g/r
(pyrite I and pyrite II). In cases where no Au counts were
recorded by SMS, the average value for gold in pyrite
was calculated by using one half the MDL, instead of
using a zero value. Ion images were taken to determine
the distribution of the gold in some grains of arseno-
pynte as well as near their contact with other minerals.
Figure 7 shows the distribution of gold along parallel
layers in one grain of arsenopyrite for which a depth-

TABLE 7. RESULTS OF SIMS ANALYSES OF ARSENOPYRITE GRAINS
FROM THE CORVO OREBODY

File No. Sanple Au ppn FileNo. Smple Au ppm

PY5=AsP
ASP_I
ASP_2
ASP_3
ASP-4
ASP*5
NC-ASP1
NC_ASP2
NC-ASP3
NC-ASP4
NC-ASP5
NC-ASP6

t@/I*4 0.200
IG\4#4 0.036
IGlf#4 0.084
IGtvl{Lt 0.245
I@IIH4 0.176
Ictdpr 0.386
IGM#8 0.468
IGvl#8 t.O52
IG\4#E r.397
IGMIA 12f,3
IGIVI#8 0.s73
IGI\{#E O.2t6

NC-ASP7 IGI\[#8 1.2t9
NC-ASPE IGvf#8 t.239
NC-ASP9 IG\t#8 2.7t9
NC-ASPIo IGIvr#8 0.732
ASPI IGIW#8 t.s43
ASP2 IG\'f#t 0.822
ASP3 IGI\41€ 1.613
ASP4 IGI\4#8 1.080
ASP5 IG\&A 1.660
ASP6 IGM#8 0.143
ASPT IGIVI#E 1.274

profile analysis gave 1.397 glt Au (NC-ASP3,Table7),
as also shown in Figure 5, where the grain is seen in
contact with pyrite. A small grain of arsenopyrite in-
cluded in a crystal of pyrite tr (Fie. 5) is separated by a
sharp contact (Frg. 8A).Figure 8B shows that the gold
is restricted to the arsenopyrite and is distributed het-
erogeneously in this case. Figure 9 shows evidence of
heterogeneously distributed gold in arsenopyrite in con-
tact with chalcopyrite. However, note that the arseno-
pynte at the contact with chalcopyrite has no gold for a
zone extending some l0 pm in width.

File Sample Gqq- Au Frle
atim ppm

TABLE 6. RESIILTS OF SIMS ANALYSES OF PYRITE GRAINS
FROMTHECORVO OREBODY

Smple Gw-
cion

Au
ppn

PY-2i IGIvt#r tr
PY-Z IGM#I I
PY*25 IGM#I I
PY_26 IGIVT,#I T
PY-27 IO\{#1 tr
PY-28 IGIVI#I I
PY_29 IGI\f#I I
PY-30 rcvt#l tr
PY-3I IGIV'#I I
PY_32 IGI\,I#I U
PY-33 IGI\I#2 tr
PY_34 IGM#2 I
PY_35 IG]![F2 I
PY_36 IG!ffT2 II
PY-i? l6rMZ I
PY_38 IG![F2 I
PY_39 IGI#2 I
PY-16 IGM#3 N
PY_I7 IGM#3 II
PY-18 IG!t43 tr
PY_19 IGM#3 tr
PY-20 IGIYI#3 tr
PY_zI IGT/#3 tr
PY-n tGM#r tr
PY-l IGII#4 II
PY-2 IGM#4 I
PY-3 lGlvIH4 I
PY-4 lclvt#4 tr

PY-6 IGM#4
PY.1 IGMII4
PY+ Iq\d#r
PY-9 IG\4PI
PY-IO IGIVT*T
PY-II lclvt#l
PY-12 IGI\'#4
PY_13 lGM#4
PY-14 IG\.{#4
PY-Is IGI\'TPI
NC-PY3 IGN{#8
NC-PY4 IG\,I#8
NC PY5 IGM#8
NC_PY6 IGV1#8
NC_PY? IGIVI#8
NC_PY8 IGI\I#8
NC-PYg IG\I#8
NC_PYIO IGVT#I
NC-PYII IGI\,I#8
PYl IGI\4JA
PY2 IG\4#8
PY3 Iq\4#8
PY4 IGTU#8
PY7 IGIU#8
PY8 IGM#8
PY9 IGMffi
PYIO IGM#8

0.021
0.135
o. l
NIL
0.0,m
0.240
0.166
NIL
o.zas
NIL
0.013
0.193
o.261
0.013
0.082
0.289
o.t42
o.120
0.061
0.078
0.057
0.152
0.068
0.100
0.019
0.054
0.048
0.u25

0.012
0.107
0.M7
o.267
o.172
0.012
o.162
0.t25
0.007
0.014
0.475
0.s19
0.s3'l
0.507
NIL
NIL
0.518
o.260
0.554
o.372
0.387
0.082
0.714
0.737
NIL
o.476
NIL

tr
tr
tr
I
I
tr
I
I
tr
tr
I
I
I
I
tr
tr

u
I
I
tr
I
tr Frc.7. Direct-ion image showing Au distribution as layen in a

grain of arsenopyrite (NC-ASP3, Table 3, Fig. 5). This
image and those in Figures 8 and 9 are 62.5 pm in diameter.
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FIc. 8. (A) Direcl-i6n image of S at the contact between pyrite tI (white) and a$enopyrite Gpy), which is included (see Fig. 5).
(B) Direct-ion image of Au for same area as in (A) showing Au in arsenopyrite only.

Aurouarno Snencn FoR VTsBLE Gor-D
AND Mtr.IERALoGICAL BAI-ANCE FoR GoLD

No gold grains were found by optical microscopy of
all the polished sections. AIso, the automated search for
gold by image analysis of the plus and minus 250-mesh
fractions of the Sn concentrate as well as of a polished
section of a representative (-200 mesh) subsample of
sample #8 did not locate any visible gold or gold-min-
eral gains. lnstead, a few small inclusions of an uni-
dentified Bi-Te-Se mineral (containing trace amounts
of As and Pd) were found included in cassiterite.

,{ minelnlegisal balance for gold was calculated for
the samples based on the SIMS analyses of pyrite I,
pyrite II, and arsenopyrite, and the bulk assays, assum-
ing these sulfides to be the only carriers ofgold, using
the modal proportions of the minerals determined by
image analysis. In addition, it was estimated that the
samples contain as much pyrite tr as pyrite I, on the basis
of optical observations. Thus, the calculated mineralogi-
cal balance for gold in the high-grade Sn concentrate
(Fig. l0) shows that arsenopyrite and pyrite account for
only l2Vo of the gold, and that the unaccounted portion
is significant (887o). For sample #8, which is higher in
As content and had the most sulfide grains analyzed by
SMS, invisible gold accounts f.or about42vo of the sam-
ple, distributed between arsenopyrite (l8.0Vo), pynte I
(2l.3Vo), and pyrite II (3.0Vo), leaving 57.7Vo unac-
counted for, as shown in Fieure ll.

Because there was no evidence of gold minerals rn
the samples studied, all the gold must reside invisibly in
minerals, eitler as structurally bound gold or as subsur-
face submicroscopic grains of gold or gold minerals. We
have determined in this study that gold occurs, in de-
creasing a.mounts, in arsenopyrite, pyrite I and pyrite tr,
and no gold was detected in two grains of chalcopyrite
and one of stannite. The deposition of chalcopyrite,
which is paragenetically later (Gaspar l99l), may also
have been responsible for remobilization of a small
amount of gold from arsenopyrite (Fig. 9). If no native
gold or electrum is present in these samples, and if
chalcopyrite and stannite are ruled out as potential car-
riers of gold, then one is Ieft to speculate on the possi-
bility of cassiterite being a carrier. Consideration of
cassiterite as a possible host for gold is thus considered,
though it is not known to be a carrier of gold (Cabri
1992), because it is the dominant mineral in the sam-
ples. Unpublished data (I. Seifert, pers. commun., 19
September, 1997) suggess that 14 ppm Au occurs in
Neves - Corvo cassiterite, as determined by LAM-ICP-
MS. Cassiterite has the rutile structure (P42/mmm).
M6l7er et al. (1988) discussed coupled substitutions such
as WG + 2 Fe3* = 3 Sn4. Serranti (1998) reported aver-
age contents of 1,839 ppm W by micro-PD(E analyses
(n = 11) and an average of l.Ol wt.Vo FeO by EPMA of
cassiterite from the Corvo deposit. It is therefore possi-
ble to speculate on the substitution of Au3* for Fe3*, as
is suggested for arsenopyrite (e.g., Johat et al. 1989).
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Ftc. 10. Pie diagram showing the distribution of Au in miner-
als of the high-grade Sn tin concentrate; we make use of
average results of all SIMS analyses of arsenopyrite (ASP)
and pyrite, and assume that half the pyrite is pyrite I (PY I
and half is pyrite II (PY tr). The unaccounted-for gold is
shown by UK.

elements such as As. The gold content of the high-grade
Sn concentrate is low (151 ppb), but similar to that of
hand sample #8 (130 ppb), suggesting that the gold is
concentraled in the Sn concentrate. However. the Au
contents of cassiterite obtained by LAM-ICP-MS (I.
Seifert, pers. commun., 1997) in preliminary studies
seem very high with respect to our results but, in any
case, were done on different samples. It may therefore
be worthwhile to perform a more extensive investiga-
tion to determine the cornplete mineralogical balance
because then options for recovery of the gold might be
considered. The results of such a study may have impli-
cations for other polymetallic base-metal deposits where
cassiterite is present, even though the quantities are
minor (e.9., Kidd Creek and Geco, Ontario).

For example, if the bulk of the gold resides invisibly
in specific sulfides such as pyrite and arsenopyrite, it
might be possible to break down the sulfides by roast-
ing, followed by cyanidation to recover the gold. This
procedure would have the advanrege of reducing the
amount of sulfur and arsenic in the feed to the furnace
for cassiterite reduction. On the other hand, cyanide
consumption may be high owing to residual sulfides,
and rates of gold dissolution may be low. These poten-
tial problems may be controlled by a pre-cyanidation
leach using lime and lead nitrate additions.

Another option might be to consider the smelting
practice itself. When using reverberatory furnaces for
smelting, the base of the furnace can slowly increase in
thickness. Thus in the smelting for other metals, a sig-
nificant part of the gold can slowly accumulate at the
base of the furnace with time. The gold can then be re-
covered in different ways. One option could be to break
up the fumace bottom when the furnace is scheduled
for major maintenance, crushing it and processing it
separately. Alternatively, intermittent runs could be

3,S
1E,ffi{

Fcs j''
iffi sls*

Ftc. I 1. Pie diagram showing the distribution of Au in miner-
als of sample #8; we make use of average results of SIMS
analyses of arsenopyrite (ASP), pyrite I @Y I and pynte tr
PY ID, and assume that the missing gold is in cassiterite
and that half the pyrite is pyrite I and half is pyrite tr.

scheduled so that the operating conditions of the fur-
nace are changed to melt part of the material accumu-
lated at the base and tap it out.

M e t allo g ene rtc implic artow

These analytical results are the frst to suggest the
possibility that cassiterite may be a carrier of gold in the
VMS of the Iberian tlrite Belt. The genesis and the kind
of occurrence of cassiterite have been a major problem
at Neves{orvo, which remnins to be solved. Recently,
Marcoux (1998) also concluded that the origin and the
original depositional context of the cassiterite still need
to be satisfactorily established. However, from isotopic
data, Marcoux (1998) has excluded a pre-Paleozoic ori-
gin for the cassiterite, 45suming that cassiterite deposi-
tion occurred only very soon after that of the massive
sulfides at Neves{orvo. The spatial distribution of the
tin mineralization in the different orebodies seems to be
confined by the major tectonic accidents that followed
the same N-NE trend (Richards & Ferreira 1992).How-
ever, systematis mineralogical and textural studies of
the different orebodies show different generations and
mineralogical associat ions for both t in carr iers:
cassiterite (213 of the total Sn content of the deposit)
and the tin sulfides (Gaspar 1991, 1996, Pinto et al.
1997).

Some controversy also exists concerning both the
genesis and the actual structural position of the rubani
ores. Therefore a comparison with results already pub-
lished for the stringer and massive sulfide ores cannot
be established. However, the cassiterite of the tin-rich
ruban6 ore @.T) is quite different to that observed in the
rich tin-bearing cupriferous massive ore (MS ore), in

ryt

1.@
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terms of grain size, crystal growth and mineral associa-
tion. The smaller crystals of cassiterite (<150 p,m) are
invariably associated with euhedral sphalerite in the MS
ores, whereas in the RT ore, sphalerite has noto so far,
been found close to the crystals of coarser cassiterite,
which are usually >200 pm in size (Gaspar 1991).

The colloform pynte I, which always shows higher
gold contents than the recrystallized pyrite tr (where not
affected by the later Hercynian deformation), always
occurs concordantly to the 56 foliation of the black
shale. Also, because no halo indicative of a reaction
between pyrite I and the sediment has ever been ob-
served, it may be assumed that both were formed
syngenetically, On the contrary, however, infiltration of
hydrothermal tin-rich fluids usually produced a halo at
the contact with the slates, which is suggestive of sig-
nificant carbonate metasomatism of the rocks.

CoNcr-usroNs

Study of a small number of samples from the Corvo
deposit, using a combination of quantitative methods of
analysis, has shown that arsenopyrite, pynte I and py-
rite II are gold carriers. This study has also shown that
these minerals account for up to about 42Va of the gold
in one sample of ruban6 tin-rich ore. The data also sug-
gest that cassiterite is the most likely carrier to account
for the missing balance of the gold in this sample. Ex-
trapolation of this approach to a high-$ade dn concen-
trate, in order to arrive at a mineralogical balance for
gold, suggests a similar deportment of the gold. In the
case of the tin concentrate, however, the calculated
mineralogical distribution of gold is numerically differ-
ent. More precise data can be obtained with a more com-
prehensive study.
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