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Abstract 
 

The Neves Corvo deposit stands out among the VHMS deposits of the Iberian Pyrite Belt 

(IPB) for its richness in terms of metal grades and total metal contents, and for its multi-

sourced regime of metal supply. Previous studies suggested that the metallogenesis of the tin 

and copper-rich ores in the deposit resulted from a long-lived magmatic-hydrothermal system. 

Hence, the understanding of the geology of zinc, indium and selenium within the overall 

context of the Neves Corvo ore-forming processes constitutes an unsolved challenge and an 

opportunity to assess the occurrence of indium and selenium in the deposit. 

This study focuses therefore on the zinciferous ores at the Neves Corvo deposit, and on the 

indium and selenium abundance, distribution and mineral allocation in the deposit. The aims 

of this study consisted in (1) characterizing the hydrothermal patterns and geochemical 

signatures related with the zinc-rich mineralization; (2) determining the textural, mineralogical, 

and geochemical features of the zinciferous ores; (3) assessing the abundance, distribution 

and mineral allocation of indium and selenium in the deposit; and finally (4) proposing an 

integrated metallogenetic model for the deposit.  

The Lombador orebody represents the largest and zinc-richest orebody in the deposit, 

comprising over 106.2 Mt of massive sulfides and a total amount of zinc resources of 73.5 Mt 

@ 5.86% Zn, which represent about 63% of the mine total zinc resources. Extensive log and 

petrographic characterization of selected drill holes indicate that the Lombador orebody 

immediate footwall sequence is characterized by a much more pronounced lateral and vertical 

variation of lithofacies than that commonly recognized in other areas of the deposit. This is 

though to result from variable paleomorphology of the basin where the mineralization 

developed. The Lombador orebody comprises a huge, stratabound stockwork system that 

extends across the entire length of the orebody, and that is better developed in the central and 

central-W sectors of the orebody, where the axis of the feeder system locates and 

chalcopyrite-rich veins dominate. As elsewhere in the IPB, the hydrothermal alteration pattern 

at the Lombador orebody comprises a chlorite-dominated innermost alteration zone (Type I 

alteration) that grades outwards into a K-sericite-dominated (Type IIa alteration) peripheral 

alteration zone. The Na-sericite-bearing alteration (Type IIb alteration) was only found in some 

coherent rhyolite lenses tectonically emplaced in a hanging wall position. Moreover, the 

intense footwall carbonatization was found to constitute a distinctive feature relative to the 

hydrothermal pattern recognized at the Corvo orebody. Microprobe analysis confirmed the 

occurrence of iron-rich ripidolite, donbassite, sericite and siderite as the main alteration-

related mineral phases. Also, the overall abundance of iron-rich chlorite, siderite, pyrite, iron-

rich sphalerite, arsenopyrite and, to a lesser extent, pyrrhotite in the Lombador ores indicate 
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that these formed by iron-rich, low pH, CO2-enriched, and high-temperature ore-forming 

solutions under moderate to strongly reduced conditions. However, although the chlorites from 

the Lombador feeder system are more aluminous than those reported in typical IPB stringer 

systems, its iron and aluminum contents, as well as its estimated average peak formation 

temperature do not reach values as high as the ones found in the Corvo copper-rich 

stockwork system. This implies less intense ore-forming conditions at the zinc-rich Lombador 

stockwork system than those at the copper-rich Corvo stockwork system.  

The petrography and geochemistry of the zinc-rich Lombador ores indicate that these have 

formed from a combination of prominent sub-seafloor replacement and episodic direct 

exhalation onto the seafloor. The mineralization develops around, and was controlled by, a 

NNW-SSE trending sub-vertical fault zone located in the central-W and south sectors of the 

orebody. Sub-seafloor replacement phenomena prevailed in this part of the orebody, and 

caused large scale enrichment in iron and depletion in silica and alkalis in Type I altered rocks 

due to intense chlorite and sulphide formation, and the enrichment in silica and alkalis towards 

the peripheral Type II altered zones. Contrastingly, the presence of banded, semi-massive, 

carbonate-rich zinciferous ores alternating with sediment-rich facies in the northernmost 

peripheral areas of the orebody indicates that part of the zinc-rich ores formed by episodic and 

tectonically triggered exhalation of ore fluids onto the seafloor. The same inference can be 

made for part of the zinc-rich ores from the remaining Neves Corvo orebodies as these exhibit 

similar ore petrographic and geochemical features. Factors such as a porous and chemically 

reactive footwall host sequence, temperature decrease, variations in the pH, mixing of fluids, 

and boiling should have promoted and controlled the extensive alteration and ore deposition. 

The investigation of the abundance and distribution of the ore metal contents, metal zonation, 

and ore petrographic and geochemical features suggest that the various Neves Corvo 

orebodies display distinct degrees of hydrothermal maturity, in close parallel with present-day 

submarine hydrothermal systems. The large predominance of zinc-rich ores over low grade 

copper ores at the Lombador orebody, coupled with ore-forming signatures that denounce a 

sustained, low to moderate temperature (<300 ºC) hydrothermal circulation regime, strongly 

suggest that this orebody is hydrothermally more immature than the remaining orebodies in 

the deposit. Local formation of high-temperature, copper-rich ores should have occurred 

during focused, short-lived pulses of higher temperature hydrothermal upflows. In turn, the 

high copper, tin, indium and selenium ore grades, abundance of copper-rich ores over zinc-

rich ones, and the well developed copper-rich ores at the Corvo (in particular) and Graça 

orebodies indicate that these orebodies represent hydrothermally more mature mineralization 

within the Neves Corvo hydrothermal field. The development of the high-temperature, copper-

rich ores in both these orebodies should have occurred through a massive influx of high-
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temperature (>300 ºC) copper-rich hydrothermal fluids and sustained, long-lived hydrothermal 

activity, and should have involved additional metal contributions of probable magmatic 

affiliation as previously indicated by their radiogenic isotopic signatures. 

The indium and selenium distribution, abundance and mineral allocation at the Neves Corvo 

deposit is complex, and resulted from the combined effects of long-lasting ore-forming 

processes and late tectono-metamorphic remobilization, specially in the most deformed 

domains. Indium and selenium are mainly associated to the copper-rich ores at the Neves 

Corvo deposit, in particular in the MCZ ores, which account for more than 60% of the 

estimated indium and selenium metal content in the deposit. This argues for the joint transport 

and co-precipitation of copper, indium and selenium from high-temperature, acidic, reduced, 

saline, copper-rich ore fluids. Also, the abundance, distribution and mineral allocation of both 

indium and selenium agree well with the degree of hydrothermal maturity shown by the 

various Neves Corvo orebodies. In addition, the zinc-rich ores may constitute as well a 

potential source for indium and selenium, in particular in ore zones affected by stronger 

tectono-metamorphic deformation, where significant indium and selenium enrichment occurs. 

Sphalerite, chalcopyrite and minor stannite are the main indium-carrier ore sulphides in the 

deposit, whereas galena constitutes the main selenium-carrier. Nevertheless, replacement of 

the early-formed low-temperature ore types, zone refining, recrystallization, annealing, and 

tectono-metamorphic remobilization were responsible for the occurrence of minor amounts of 

roquesite, naumanite, roquesite-sakuraiite intermediate phases, and unknown Bi-Se and Pb-

Bi-Se phases.  

Strontium, neodymium and lead isotope data indicate that the footwall rocks and, in particular, 

the PQ Group sequence constitute the main source of zinc and copper for the metal budget of 

the deposit. Nevertheless, some highly radiogenic lead and neodimium isotopic signatures, as 

well as the high indium and selenium abundances depicted by some of the copper-rich ore 

types, suggest that as tin and part of the copper metal contents in the Neves Corvo deposit, a 

significant fraction of the indium and selenium may have resulted from direct magmatic 

contributions. A sustained, long-lived, multi-stage and multi-sourced hydrothermal ore-forming 

system, developed within a highly dynamic rift basin environment, was envisaged to model the 

overall metallogenetic process at the Neves Corvo deposit. Nevertheless, further investigation 

is needed to fully understand the unique metal association, mineral assemblage and ore 

geochemistry of the Neves Corvo deposit , and to fully constrain its complex, multi-stage and 

multi-sourced metallogenesis.  
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Resumo 
 

O depósito de sulfuretos maciços de Neves Corvo destaca-se dos seus depósitos 

congéneres, quer na Faixa Piritosa Ibérica, quer noutras províncias metalogenéticas, pelos 

seus elevados teores e conteúdos em metais, e em particular estanho e cobre, bem como 

pelo regime multi-fonte de fornecimento de metais. A geração dos minérios de cassiterite e de 

sulfuretos maciços de cobre é interpretada como resultado de uma actividade magmático-

hidrotermal prolongada no tempo e em diferentes etapas da evolução metalogenética do 

depósito. Aliado às elevadas quantidades (>300.000 toneladas) e teores de estanho, 

enormes quantidades de sulfuretos maciços (>250 milhões de toneladas) e altos teores em 

cobre, o depósito de Neves Corvo possui igualmente enormes quantidades de zinco (>100 

milhões de toneladas), tornando este depósito num dos maiores recursos zincíferos ainda por 

explorar a nível mundial. Concentrações significativas em índio e selénio foram também 

reportadas nos minérios de estanho e cobre. Neste contexto, a geologia do zinco, índio e 

selénio em Neves Corvo constitui um desafio por resolver e uma oportunidade para avaliar a 

distribuição e alocação mineral do índio e selénio no depósito. 

Este estudo centra-se nos minérios zincíferos do jazigo de Neves Corvo, e na abundância, 

distribuição e alocação mineral do índio e selénio no depósito. Os principais objectivos do 

trabalho consistiram na (1) caracterização do padrão de alteração hidrotermal e assinatura 

geoquímica associada à mineralização de zinco; (2) caracterização petrográfica e geoquímica 

dos minérios de zinco; (3) caracterização da abundância, distribuição e alocação mineral do 

índio e selénio nos minérios de sulfuretos maciços; e (4) construção de um modelo 

metalogenético integrado para o depósito.  

O Lombador é a massa de sulfuretos com maior tonelagem (106.2 milhões de toneladas), 

teor e abundância total de zinco no depósito de Neves Corvo. Os recursos de zinco 

estimados no Lombador representam 63% do total de recursos zincíferos estimados no 

depósito de Neves Corvo, totalizando 73.5 milhões de toneladas e um teor médio de 5.86 

wt% Zn. A sequência de rochas encaixantes imediatamente a muro da massa do Lombador é 

claramente distinta da reportada noutras áreas do depósito. Esta variação lateral e vertical de 

fácies litológicas é interpretada como resultado de uma paleomorfologia muito variada da 

bacia, nesta região. O Lombador compreende um enorme sistema de stockwork que se 

estende ao longo do corpo de minério. Este é particularmente bem desenvolvido no sector 

centro e centro-oeste da massa, onde se localiza o eixo da zona de descarga, e onde 

predominam veios mineralizados ricos em calcopirite. Tal como em muitos outros depósitos 

na Faixa Piritosa Ibérica, o padrão de alteração hidrotermal no Lombador compreende uma 

zona de alteração central clorítica (alteração Tipo I), dominante em quase toda a extensão da 
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massa, que passa lateralmente a uma zona de alteração dominada por sericite potássica 

(alteração Tipo IIa). A presença de uma zona de alteração dominada por sericite com uma 

componente mais sódica (alteração Tipo IIb) foi apenas detectada em lentículas riolíticas 

tectonicamente transportadas para tecto da massa do Lombador. Em determinados domínios 

do sistema hidrotermal, a alteração carbonatada é bastante pronunciada, o que constitui uma 

característica diferenciadora relativamente a qualquer outra massa do depósito previamente 

investigada.  

A mineralogia associada às fácies de alteração é essencialmente dominada por ripidolite, 

moscovite, siderite e, localmente, donbassite. A ocorrência generalizada de ripidolite e 

siderite em conjunto com a predominância de pirite, esfalerite (rica em ferro), arsenopirite e 

pirrotite nos minérios do Lombador indica que estes minérios resultaram da descarga de 

fluídos quentes, muito ácidos, e enriquecidos em ferro e CO2 sob condições moderadas a 

fortemente redutoras. Sob estas condições, assiste-se a um processo de lixiviação intenso, 

com enriquecimento em FeO e metais base e remoção de álcalis (e elementos afins) nas 

zonas de alteração Tipo I, em resultado da formação de clorite e sulfuretos, enquanto se dá 

um enriquecimento em sílica e álcalis nas zonas de alteração Tipo II. Contudo, as condições 

térmicas e químicas que conduziram à formação da massa do Lombador não foram tão 

extremas como na massa do Corvo. Não obstante, foram comparativamente mais intensas 

que as condições de formação típicas para os restantes depósitos da Faixa Piritosa Ibérica.  

Os aspectos texturais e geoquímicos dos minérios da massa do Lombador permitiram 

reconhecer que estes resultaram da combinação de processos de substituição na sub-

superfície e da deposição em “brine pools” e/ou por “plume fallout”, associados a exalação 

direta e episódica no fundo do mar de fluídos carregados de metais. Estas características 

físicas e químicas da mineralização têm um forte significado metalogenético para o depósito, 

e são igualmente reconhecidas nos minérios zincíferos das restantes massas do depósito, o 

que sugere condições de formação muito semelhantes. Factores como a presença de rochas 

encaixantes porosas e quimicamente reactivas, variações na temperatura e pH do fluído, 

mistura de fluídos, e “boiling” terão promovido e controlado o processo de alteração e 

deposição de metais. A zonalidade metálica e distribuição dos diferentes tipos de minério na 

massa do Lombador encontra-se intimamente associada a uma zona de falha, sub-vertical e 

de orientação geral NNW-SSE localizada no sector sul e centro-oeste da massa. De uma 

forma geral, os minérios cupríferos predominam no sector sul e centro-oeste, enquanto para 

o sector centro-este e norte da massa verifica-se um incremento dos minérios de zinco e das 

características primárias do minério, tal como a presença de bandados de níveis de 

esfalerite(±galena) intercalados com níveis de pirite, siderite e níveis vulcaniclásticos/xistos 

finos. Pirite, esfalerite, calcopirite e galena constituem os principais sulfuretos identificados, e 
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arsenopirite, tetraedrite, tenantite, estanite, kesterite, ferroskesterite, bournonite, boulangerite, 

pirrotite, cobaltite, glaucodoto, cosalite, löllingite, naumanite, carrolite, mawsonite, iadite, 

sulfossais complexos de Bi-Se e Pb-Bi-Se, bismuto, ouro/electrum, roquesite, e roquesite-

sakuraiite constituem minerais acessórios e traço.  

Por analogia aos sistemas hidrotermais submarinos actuais, a abundância e distribuição dos 

metais, a zonação metálica, e as características petrográficas e geoquímicas dos minérios de 

Neves Corvo sugerem que as várias massas do depósito exibem diferentes graus de 

desenvolvimento hidrotermal. A predominância de minérios zincíferos, baixos teores em 

cobre, e de minérios cupríferos exibindo uma associação mineral e evidências de “zone 

refining” pouco evoluída na massa do Lombador indica que esta massa é hidrotermalmente 

mais imatura que as restantes massas do depósito de Neves Corvo. A actividade hidrotermal 

na massa do Lombador deverá assim ter sido dominada por condições prolongadas, 

sustentadas e de temperatura baixa a moderada (<300 ºC). Consequentemente, a génese 

dos minérios cupríferos terá resultado de fluxos pontuais de alta temperatura e ricos em 

cobre. O predomínio de minérios de cobre, os altos teores em cobre, estanho, índio e selénio, 

a presença de uma associação mineral complexa, e as fortes evidências de “zone refining” 

nos minérios cupríferos do Corvo (em particular) e da Graça indicam que estas massas são 

hidrotermalmente mais maduras, e que a génese dos minérios de cobre resultou de 

contribuições volumosas de fluídos quentes (>300 ºC) e ricos em cobre, associadas a um 

regime hidrotermal focado, prolongado e sustentado no tempo que incluiu provavelmente 

contribuição de fontes de metais externas, de origem magmática, a avaliar pelas suas 

assinaturas únicas de isótopos radiogénicos. 

A distribuição do índio e selénio em Neves Corvo é complexa, e resulta quer dos processos 

associados ao desenvolvimento hidrotermal (e.g., substituição, “zone refining”, 

recristalização), quer dos processos associados à deformação tectono-metamórfica (e.g., 

remobilização, recristalização, “annealing”) imposta sobre o depósito durante a orogenia 

Varisca, no Viseano Superior. Como em tantos outros depósitos, o índio e selénio em Neves 

Corvo ocorrem essencialmente associados aos minérios cupríferos, e em particular aos 

minérios do tipo MCZ. Estima-se que os minérios cupríferos contenham mais de 60% do 

conteúdo em metal de índio e selénio no depósito. O restante está essencialmente distribuído 

pelos minérios de zinco. A íntima associação geoquímica entre cobre, índio e selénio indica 

claramente que estes metais foram transportados e co-precipitaram a partir de fluídos 

quentes (>300 ºC), ácidos, redutores, salinos e ricos em cobre. Embora a presença de 

roquesite, naumanite ou sulfossais complexos de Bi-Se e Bi-Pb tenha sido confirmada, as 

análises de microssonda electrónica indicam que, dependendo do tipo de minério, esfalerite 

e/ou calcopirite constituem os principais minerais portadores de índio à escala do depósito e 
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que a galena é o principal portador de selénio à escala do depósito, independentemente do 

tipo de minério. 

As assinaturas isotópicas de estrôncio, neodímio e chumbo indicam que as rochas 

encaixantes da mineralização, em particular do Grupo Filito-Quartzítico, constituem a 

principal fonte dos metais dos diferentes tipos de minérios estudados. Contudo, a assinatura 

isotópica de chumbo exibida por alguns minérios cupríferos de Neves Corvo, bem como os 

teores elevados em índio e selénio exibidos por estes minérios, permitem inferir que, tal como 

sucede para o estanho e parte do cobre em Neves Corvo, quantidades significativas de índio 

e selénio terão igualmente resultado de contribuições magmáticas.  

Um modelo baseado num sistema hidrotermal sustentado, prolongado no tempo, multifásico 

e multi-fonte associado à presença de uma bacia muito compartimentada e dinâmica foi 

proposto para explicar o processo metalogenético em Neves Corvo. Estudos adicionais são 

necessários para melhor constranger este sistema, que é tão complexo. 
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1. Introduction 

 

Volcanogenic massive sulphide deposits are known to be important contributors of base 

metals, accounting for about 6%, 27% and 10% of the global metal copper, zinc and lead 

production, respectively (Singer, 1995; Barrie and Hannington, 1999; Franklin et al., 2005; 

Galley et al., 2007; Goodfellow and Lydon, 2007; Allen, 2010; Goodfellow and Peter, 2010; 

Piercey et al., 2010). In addition to base metals, volcanogenic massive sulphide deposits 

represent also a significant source of add-value trace elements such as silver, gold, cobalt, tin, 

tellurium, gallium, germanium, selenium and indium (e.g., Barrie and Hannington, 1999; 

Galley et al., 2007; Schwarz-Schampera, 2000; Schwarz-Shampera and Herzig, 2002). 

Because of the high abundance, the density of occurrence, and the huge size of the 

volcanogenic massive sulphide deposits, the Iberian Pyrite Belt constitutes one of the largest, 

richest, and most interesting metallogenetic provinces in the world, accounting for a 

remarkable estimated global metal resources of 21 million tonnes (Mt) of copper, 28 Mt of 

zinc, 13 Mt of lead, 96,250 tonnes of silver, and 2000 tonnes of gold (Barriga, 1990; Carvalho 

et al., 1999; Tornos et al., 2005; Tornos, 2006).  

In this overall framework, the Neves Corvo volcanic-hosted massive sulphide deposit stands 

out among the numerous Iberian Pyrite Belt deposits, as well as among other worldwide 

volcanogenic massive sulphide deposits, representing today one of the leading producers of 

copper and zinc concentrates in the European Union (Gurmendi, 2013). Although the Neves 

Corvo deposit shares many of the features recognized in typical Iberian Pyrite Belt massive 

sulphide deposits due to the similarity in the geological setting in terms of host rock sequence 

lithology, volcanology, geochemistry or overall low-sulphidation mineral assemblage (Relvas, 

2000; Relvas et al., 2002, 2006a; Rosa et al., 2010), it is also exceptional due to its major 

differences in metal contents and its multi-sourced regime of metal supply. In fact, the 

occurrence of notable abundances of massive cassiterite ores (above 300,000 metric tons) 

containing tin grades up to more than 60 wt% SnO2 in places, together with the huge 

stockwork and massive sulphide ore tonnage (in excess of 250 Mt), extremely high-grade 

copper(-tin)-rich ores (up to more than 41 wt% Cu), high copper metal contents, high copper-

zinc ratio, complex ore mineral assemblage, and distinct radiogenic isotopic signatures clearly 

express the exceptional character of the Neves Corvo deposit relative to typical Iberian Pyrite 

Belt massive sulphide deposits (Relvas, 2000; Relvas et al., 2001, 2006a; Munhá et al., 2005; 

Jorge et al., 2007). 

In addition to the unique massive cassiterite mineralization and the extremely high-grade 

cupriferous ores, the Neves Corvo deposit contains also huge amounts of zinc resources (in 
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excess of 100 Mt) that turn the deposit into one of the world largest undeveloped zinc 

resources (Charmichael, 2010; Somincor/Lundin Mining unpublished data, 2013). Finally, 

early studies on added-value trace ore elements have revealed high indium and selenium 

abundances associated to its tin and high-temperature cupriferous ores, and in ore sulphides 

such as sphalerite, chalcopyrite, stannoidite or stannite (e.g., Pinto et al., 1997; Serranti et al., 

1997, 2002; Relvas, 2000; Benzaazoua et al., 2002, 2003; Gaspar, 2002; Schwarz-

Schampera, 2000; Schwarz-Schampera and Herzig, 2002).  

Previous research performed at the Neves Corvo deposit provided some answers to 

metallogenic questions related with the cassiterite and the copper-rich massive sulphide 

mineralization, such as the high-temperature and acidic alteration patterns of the copper-rich 

feeder zones, the relevance of sub-seafloor replacement depositional mechanisms, the timing 

of the cassiterite and the copper-rich sulphide mineralization genesis, and the sources for tin 

and copper (Relvas, 2000; Relvas et al., 2001, 2006a; Munhá et al., 2005; Jorge et al., 2007). 

Consequently, on the basis of several lines of evidence, a huge, focused, long-lived, 

magmatic-hydrothermal genetic model was proposed for the formation of the Neves Corvo 

deposit (Relvas, 2000; Relvas et al., 2001, 2006a,b). 

Also, despite the extensive studies performed in the numerous Iberian Pyrite Belt deposits, 

there is a general lack of published studies addressing in detail the zinciferous mineralization 

and its ore mineralogy and geochemistry. Most studies conducted so far at this metallogenetic 

province have addressed and/or define key aspects related to (1) the ore-related hydrothermal 

patterns and its geochemical fingerprint (e.g., Plimer and Carvalho, 1982; Barriga, 1983; 

Relvas, 1991; Bernardino, 1993; Costa, 1996; Costa et al., 1997; Almodóvar et al., 1998; 

Tornos and Spiro, 1997; Tornos et al., 1998; Sánchez-España et al., 2000; Ruiz et al., 2002; 

Inverno et al., 2008; Fernandes, 2011; Fernandes et al., 2013); (2) the overall mineralization 

styles, sources of fluids, sulphur, metals, and genetic models (e.g., Munhá et al., 1986; 

Barriga, 1990; Kase et al., 1990; Sáez et al., 1996, 1999; Leistel et al., 1998b; Marcoux, 1998; 

Tornos et al., 1998, 2002, 2005; Tornos, 2006; Velasco et al., 1998; Carvalho et al., 1999; 

Tornos and Spiro, 1999; Sánchez-España et al., 2003; Tornos and Heinrich, 2008); (3) ore 

textural and mineral chemistry features (e.g., Marcoux et al., 1996; Pinto et al., 1997; 

Almodóvar et al., 1998; Leistel et al., 1998a; Pinto, 1999; Strauss et al., 2000; Gaspar, 2002; 

de Oliveira et al., 2011, 2013; Yesares et al., 2014, 2015), and (4) the occurrence of added-

value trace metals such as gold and indium (e.g., Strauss and Beck, 1990; Ferreira et al., 

1997; Serranti et al., 1997, 2002; Schwarz-Schampera, 2000; Benzaazoua et al., 2002, 2003; 

Schwarz-Schampera and Herzig, 2002; de Oliveira et al., 2011, 2013; Reiser et al., 2009a,b; 

Figueiredo et al., 2012).  
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It is widely acknowledged today that there is a need for a renewed focus on the exploitation of 

known metal occurrences in the Iberian Pyrite Belt and the potential recovery of critical metals 

as by-products due to the overall dependence and deficit in mineral and raw materials 

production of Europe (e.g., Moss et al., 2011). To understand the metallogeny of zinc in the 

context of the unique hydrothermal processes that formed the remarkable Neves Corvo 

deposit, coupled with the detailed study of the mineralogy, geochemistry and metallogenetic 

significance of the indium and selenium contained in its different sulphide ore types and ore 

minerals, therefore represent major and unsolved scientific challenges, which interest goes far 

beyond the scale of this particular deposit, as well as an opportunity to generate the data 

required for a detailed evaluation of the indium and selenium distribution and mineral 

allocation in the deposit with obvious consequences for the options of metal economic 

valorization at the mine.  

 

Direct magmatic-hydrothermal contributions to a large proportion of the world’s tin, wolfram, 

copper, nickel, gold and molybdenum resources are reasonably well established (e.g., Arndt 

et al., 2005; Barnes and Lightfoot, 2005; Candela and Piccoli, 2005; Cerny et al., 2005; 

Meinert et al., 2005; Simmons et al., 2005). However, although several lines of evidence (e.g., 

size and/or grade of the deposit, mass balance, complex metal assemblages, fluid inclusions) 

suggest that direct magmatic contributions may have been important to large and/or zinc-rich 

volcanogenic massive sulphide deposits such as Kidd Creek, Brunswick Nº12, Buchans, 

Hellyer and Neves Corvo, none of the evidences unequivocally indicate that magmatism may 

have contributed in fact to the overall zinc metal budget in these deposits, given for instance 

the geochemical behavior of zinc under hydrothermal conditions, which is preferentially 

leached relative to copper in a wide range of temperatures, pH and redox conditions as 

hydrothermal fluids interact with rocks (e.g., Goodfellow and Lydon, 2007; Large et al., 2005; 

Leach et al., 2005; Piercey et al., 2015). Also, the presence of clastic sedimentary and 

volcaniclastic footwall host rock sequences are important in the genesis of zinc-rich massive 

sulphide deposits, in particular in those containing high tonnages of zinc resources (Piercey et 

al., 2015). 

This study focuses therefore, for the first time, on the zinc-rich ores of the Neves Corvo 

deposit, the low-temperature end of its mineralization spectrum, and on the abundance, 

distribution and mineral allocation of indium and selenium within the different sulphide ore 

types of the currently mined orebodies at Neves Corvo. Elucidation on the characteristics of 

the hydrothermal alteration pattern, hydrothermal reworking and zone refining effects, ore 

mineral chemistry and geochemistry, controlling factors to the ore deposition, significance of 

the zinc, indium and selenium abundance and distribution in the deposit, and the identification 
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of potential metal sources is critical to understand the geology of zinc, indium and selenium in 

the deposit, as well as the overall metallogenetic processes that led to the formation of the 

Neves Corvo deposit. 

Hence, the major objectives defined for this study consist on: 

 

1) Investigation of the textural patterns and paragenetic relationships, ore mineral and 

host rock geochemistry and radiogenic isotopic signatures of the hydrothermal 

alteration halos related to the zinc-rich mineralization in order to constrain the physical 

and chemical ore-forming processes and to define the environments and mechanisms 

of ore deposition; 

 

2) Characterization of the zinc mineralization at the Neves Corvo deposit, in terms of ore 

mineralogy, geochemistry and isotopic signatures, and establishment of genetic 

criteria to interpret the zinc-rich mineralization abundance and distribution in the 

deposit; 

 

3) Assessment of the abundance, distribution and ore mineral allocation of indium and 

selenium in the different stockwork (stringer) and massive sulphide ore types at Neves 

Corvo and its metallogenetic significance; and finally 

 

4) Proposal of an integrated metallogenetic model for the Neves Corvo deposit. 

 

This study was developed under the scope of the ZHINC research project (PTDC/CTE-

GIX/114208/2009; Jorge M.R.S. Relvas, PI), in close collaboration with the Neves Corvo mine 

geology department, as well as with other project partners, namely the Department of Earth 

Science of the University of Toronto, Canada, the Helmholtz Institute Freiberg for Resource 

Technology and the Department of Earth Sciences, University of Geneva, Switzerland. 

 

As it will be shown throughout the following chapters, the geology, textures, mineralogy and 

geochemistry of the zinciferous mineralization, and indium and selenium abundance and 

distribution is mostly based on the Lombador orebody, the zinc-richest orebody at the Neves 

Corvo deposit, which accounts for approximately two thirds of total zinc resources in the 

deposit. Nonetheless, specific sampling of indium- and selenium-rich settings within zinc- and 

copper-rich ores from the Corvo, Neves, Graça and Zambujal orebodies was equally 

performed in order to have an overall characterization of the zinciferous mineralization 
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features in the deposit, as well as an overall assessment of the abundance, distribution and 

mineral association of indium and selenium. 

The thesis organization consists in 9 chapters. Chapter 1 is introductory, and provides the 

aims and significance of this study. Chapter 2 is dedicated to the geology of the Iberian Pyrite 

Belt in terms of its (1) lithostratigraphic domains, structural evolution and metamorphism; (2) 

general features of the massive sulphide deposits (size, grades, hydrothermal alteration, ore 

mineralogy); and (3) metallogenesis. It includes also a detailed description of the Neves Corvo 

local stratigraphic succession, orebodies size, metal zonation, ore types, hydrothermal 

alteration, and the previously proposed metallogenic model for its tin and copper 

mineralization. 

Chapter 3 includes a brief schematic description of the approach and methods adopted in this 

study. Chapter 4 presents detailed descriptions of the Lombador geological architecture in 

terms of the recognized lithological succession, hydrothermal alteration spatial distribution, 

petrographic features and geochemistry (mineral and whole rock). Chapter 5 presents a 

detailed description of the zinc-rich mineralization distribution and abundance at the deposit 

scale and at the Lombador orebody, and the textural, mineral and geochemical (mineral and 

whole rock) features of different ore types sampled from the various orebodies in the course of 

this study. The mineral resource estimates, distribution maps, and schematic cross sections 

presented in this chapter are based on the Somincor/Lundin Mining 2013 database. Chapter 6 

presents the spatial distribution, abundance and mineral allocation of indium and selenium. As 

in Chapter 5, detailed mineral resources, correlation matrixes, distribution maps and 

schematic cross sections presented are based on Somincor/Lundin Mining 2013 database. In 

Chapter 7 the strontium, neodymium and lead isotopic signatures related with the zinc-rich 

mineralization and indium- and selenium-rich settings are presented in order to constrain 

possible sources of fluids and metals. Chapter 8 provides a thorough discussion of the main 

outcomes of this study, in terms of sulphide deposition and conditions of mineralization, 

metallogenetic significance of the zinc, indium and selenium distribution in the Neves Corvo 

deposit, and constraints on metal sources. The final section of this chapter includes a 

proposal for an integrated metallogenetic model for the deposit. 

Finally, Chapter 9 presents the main conclusions of this study. 

 

Some of the interpretations made and conclusions achieved with this investigation may be of 

interest to other IPB deposits, namely the fact that, even in ores generally characterized by 

fairly low indium and selenium concentrations, significantly enhanced grades can be locally 

found in tectonically enriched zones, which may represent potentially economic indium and 
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selenium resources, and justify a selective exploitation strategy towards the production of 

indium- or selenium-rich copper and/or zinc concentrates in the future. 



Introduction 1 
 

P a g e  | 9 
	  

References 

 
Allen, C. (2010) – Getting Some Economics Back Into Economic Geology. Zinc2010 S.M. Archibald (Ed.), 
Proceedings of the Zinc2010 Meeting, Cork 2010, Irish Association for Economic Geology, p. 139. 
 
Almodóvar, G.R., Sáez, R., Pons, J.M., Maestre, A., Toscano, M., Pascual, E. (1998) – Geology and genesis of the 
Azanalcóllar massive sulphide deposits, Iberian Pyrite Belt, Spain. Mineralium Deposita, Vol. 33, pp. 111-136. 
 
Arndt, N.T., Lesher, C.M., Czamanske, G.K. (2005) – Mantle-Deroved Magmas and Magmatic Ni-Cu-(PGE) 
Deposits. Economic Geology 100th Anniversary Volume, pp. 5-23. 
 
Barnes, S. and Lightfoot, P.C. (2005) – Formation of Magmatic Nickel Sulfide Deposits and Processes Affecting 
Their Copper and Platinum Group Element Contents. Economy Geology 100th Anniversary, pp. 179-213. 
 
Barriga, F.J.A.S. (1983) – Hydrothermal Metamorphism and Ore Genesis at Aljustrel, Portugal. Ph.D. thesis 
(unpublished), University of Western Ontario, Canada, p. 368. 
 
Barriga, F.J.A.S. (1990) – Metallogenesis in the Iberian Pyrite Belt. In: Dallmeyer, R.D., Martinez Garcia, E. (eds), 
Pre-Mesozoic geology if Iberia, Springer-Verlag, Berlin Heidelberg, New York, pp. 369-379. 
 
Barrie, C.T. and Hannington, M.D. (1999) – Classification of Volcanic-AssociatedMassive Sulfide Deposits Based 
on Host-Rock Composition. In Barrie, C.T. and Hannington, M.D. (Eds), Volcanic-associated massive sulfide 
deposits – Processes and examples in modern and ancient settings: Reviews In Economic Geology, Vol. 8, pp. 1-
11. 
 
Benzaazoua, M., Marion, P., Liouville-Bourgeois, L., Joussemet, R., Houot, R., Franco, A., Pinto, A. (2002) – 
Mineralogical distribution of some minor and trace elements during laboratory flotation processing of Neves-Corvo 
ore (Portugal). International Journal of Mineral Processing, Vol. 66, pp. 163-181. 
 
Benzaazoua, M., Marion, P., Pinto, A., Migeon, H., Wagner, F.E. (2003) – Tin and indium mineralogy within 
selected samples from the Neves Corvo ore deposit (Portugal): a multidisciplinar study. Minerals Engineering, Vol. 
16, pp. 1291-1302. 
 
Bernardino, F. (1993) – Alteração Litogeoquímica numa Sondagem do Jazigo de Lagoa Salgada. Tese de 
Mestrado, Universidade de Lisboa, p. 144. 
 
Carvalho, D., Barriga, F.J.A.S., Munhá, J. (1999) – Bimodal Siliciclastic Systems – The case of the Iberian Pyrite 
Belt. In Barrie, C.T. and Hannington, M.D. (Eds), Volcanic-associated massive sulfide deposits – Processes and 
examples in modern and ancient settings: Reviews In Economic Geology, Vol. 8, pp. 323-332.  
 
Candela, P.A. and Piccoli, P.M. (2005) – Magmatic Processes in the Development of Porphyry-Type Ore Systems. 
Economic Geology 100th Anniversary Volume, pp. 25-37. 
 
Cerny, P., Blevin, P.L., Cuney, M., London, D. (2005) – Granite-Related Ore Deposits. Economy Geology 100th 
Anniversary Volume, pp. 337-370. 
 
Charmichael, B. (2010) – Zinc resource expansion at the Neves-Corvo Mine, Portugal. In: “Zinc2010”, S.M. 
Archibald (Ed.), Proceedings of the Zinc2010 Meeting, Cork 2010, Irish Association for Economic Geology, p. 139. 
 
Costa, I.M.S.R. (1996) – Efeitos mineralógicos e geoquímicos da alteração mineralizante em rochas vulcânicas 
félsicas de Rio Tinto (Faixa Piritosa Ibérica, Espanha). Tese de Mestrado, Universidade de Lisboa, p. 199. 
 
Costa, I.M.S.R., Relvas, J.M.R.S., Barriga, F.J.A.S. (1997) – Aspects of Ore-Zone Alteration in Rio Tinto (Iberian 
Pyrite Belt, Spain). Society of Economic Geologists, Neves-Corvo Field Conference, Lisbon, Portugal, May 11-14, 
1997, p. 104. 
 



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 
	  

10 | P a g e  
	  

de Oliveira, D.P.S, Matos, J.X., Rosa, C.J.P., Figueiredo, M.O., Silva, T.P:, Guimarães, F., Carvalho, J.R.S., Pinto, 
Á.M.M., Relvas, J.R.M.S., Reiser, F.K.M. (2011) – The Lagoa Salgada OreBody, Iberian Pyrite Belt. Economic 
Geology, Vol. 106, pp. 1111-1128. 
 
de Oliveira, D.P.S., Rosa, C.J.P., Guimarães, F.M.G., Matos, J.X., Pereira, Z., Frias, V.C.S:, Rosa, D.R.N., Castelo 
Branco, J.M. (2013) – Occurrence of gold(electrum) in the Lousal mine, Iberian Pyrite Bely, Portugal. Mineral 
deposit research for a high-tech world. Proceedings of the 12th Biennial SGA Meeting, 12–15 August 2013, 
Uppsala, Sweden, ISBN 978-91-7403-207-9, pp. 564-567. 
 
Fernandes, A. (2011) – Caracterização petrográfica, mineralógica e geoquímica do padrão de alteração 
hidrotermal a muro das massas de sulfuretos maciços do Lousal, Faixa Piritosa Ibérica. Tese de Mestrado, 
Universidade de Lisboa, p. 194. 
 
Fernandes, A., Relvas, J.M.R.S., Matos, J.X. (2013) – Hydrothermal alteration zonation in the massive sulfide-
hosting footwall sequence of Lousal, Iberian Pyrite Belt. Mineral deposit research for a high-tech world. 
Proceedings of the 12th Biennial SGA Meeting, 12–15 August 2013, Uppsala, Sweden, ISBN 978-91-7403-207-9, 
pp. 522-525. 
 
Ferreira, A., Bowles, F.W., Gaspar, O. (1997) – Mineralogical Studies of the Supergene Ag-Hg Alloys of the Lagoa 
Salgada Massive Sulphides (Iberian Pyrite Belt). Society of Economic Geologists, Neves-Corvo Field Conference, 
Lisbon, Portugal, May 11-14, 1997, p. 103. 
 
Figueiredo, M.O., Silva, T.P., de Oliveira, D.P.S., Rosa, R. (2012) – Indium-carrier minerals in polymetallic sulphide 
ore deposits: a crystal chemical insight into an indium binding state supported by X-ray absortion spectroscopy 
data. Minerals 2012, Vol. 2, pp. 426-434; doi:10.3390/min2040426. 
 
Franklin, J.M., Gibson, H.L., Jonasson, I.R., Galley, A.G. (2005) – Volcanogenic Massive Sulfide Deposits. 
Economic Geology 100th Anniversary Volume, pp 523-560. 
 
Galley, A. G., Hannington, M. D., and Jonasson, I. R. (2007) – Volcanogenic massive sulphide deposits, in 
Goodfellow, W. D., ed., Mineral Deposits of Canada: A Synthesis of Major Deposit-Types, District Metallogeny, the 
Evolution of Geological Provinces, and Exploration Methods: Geological Association of Canada, Mineral Deposits 
Division, Special Publication No. 5, pp. 141-161.  
 
Gaspar, O. (2002) – Mineralogy and Sulphide Mineral Chemistry of the Neves Corvo Ores, Portugal: Insight into 
their Genesis. The Canadian Mineralogist, Vol. 40, pp. 611-636. 
 
Goodfellow, W.D. and Lydon, J.W. (2007) – Sedimentary exhalative (SEDEX) deposits. In Goodfellow, W.D. (Ed.), 
Mineral Deposits of Canada: A Synthesis of Major Deposits Types, District Metallogeny, the Evolution of Geological 
Provinces and Exploration Methods: Geological Association of Canada, Mineral Deposits Division, Special 
Publication No. 5, pp. 163-183. 
 
Goodfellow, W.D. and Peter, J.M. (2010) – Shale-hosted zinc deposits of the Northern Hemisphere. Zinc2010 S.M. 
Archibald (Ed.), Proceedings of the Zinc2010 Meeting, Cork 2010, Irish Association for Economic Geology, p. 139. 
 
Gurmendi, A.C. (2013) – The Mineral Industry of Portugal. USGS 2011 Mineral Yearbook. Accessed at 
http://minerals.usgs.gov/minerals/pubs/country/2011/myb3-2011-po.pdf.  
 
Inverno, C.M.C., Solomon, M., Barton, M.D., Foden, J. (2008) – The Cu stockwork and massive sulfide ore of the 
Fetais volcanic-hosted massive sulfide deposits, Aljustrel, Iberian Pyrite Belt, Portugal: a mineralogical, fluid 
inclusion, and isotopic investigation. Economic Geology, Vol. 103, pp. 241-267. 
 
Jorge, R.C.G.S., Pinto, A.M.M., Tassinari, C.C.G., Relvas, J.M.R.S., Munhá, J. (2007) – VHMS metal sources in 
the Iberian Pyrite Belt: new insights from Pb isotope data. In: Andrew CJ et al. (eds) Digging deeper. Special 
Publication of the Irish Association for Economic Geology, pp. 1097-1100. 
 
Kase, K., Yamamoto, M., Nakamura, T., Mitsumo, C. (1990) – Ore mineralogy and sulfur isotope study of the 
massive sulfide deposit of Filon Norte, Tharsis Mine, Spain. Mineralium Deposita, Vol. 25, pp. 289-296. 



Introduction 1 
 

P a g e  | 11 
	  

 
Large, R.R., Bull, S.W., McGoldrick,P.J., Walters,S. (2005) – Stratiform and Strata-Bound Zn-Pb-Ag Deposits in 
Proterozoic Sedimentary Basins, Northern Australia. Economic Geology 100th Anniversary, pp. 931-963. 
 
Leach, D.L., Sangster, D.F., Kelley, K.D., Large, R.R., Garven, G., Allen, C.R., Gutzmer, J., Walters, S. (2005) – 
Sediment-Hosted Lead-Zinc Deposits: A Global Perspective. Economic Geology 100th Anniversary Volume, pp. 
561-607. 
 
Leistel, J.M., Marcoux, E., Deschamps, Y., Joubert, M. (1998a) – Anthithetic behavior of gold in the volcanogenic 
massive sulphide deposits of the Iberian Pyrite Belt. Mineralium Deposita, Vol. 33, pp. 82-97. 
 
Leistel, J.M., Marcoux, E., Thiéblemont, D., Quesada, C., Sánchez, A., Almodovár, G.R., Pascual, E., Sáez, R. 
(1998b) – The volcanic-hosted massive sulphide deposits of the Iberian Pyrite Belt. Review and preface to the 
Thematic Issue. Mineralium Deposita, Vol. 33, pp. 2-30. 
 
Marcoux, E. (1998) – Lead isotope systematics of the giant massive sulphide deposits in the Iberian Pyrite Belt. 
Mineralium Deposita, Vol. 33, pp. 45-58. 
 
Marcoux, E., Moëlo, Y., Leistel, J.M. (1996) – Bismuth and cobalt minerals as indicators of stringer zones to 
massive sulphide deposits, Iberian Pyrite Belt. Mineralium Deposita, Vol. 31, pp. 1-26. 
 
Meinert, L.D., Dipple, G.M., Nicolescu, S. (2005) – World Skarn Deposits. Economic Geology 100th Anniversary 
Volume, pp. 299-336. 
 
Moss, R.L., Tzimas, E., Kara, H., Willis, P., Kooroshy, J. (2011) – Assessing Rare Metals as Supply-Chain 
Bottlenecks in Low-Carbon Energy Technologies. JRC Scientific and Technical Reports, p. 164. 
 
Munhá, J., Barriga, F.J.A.S., and Kerrich, R. (1986) – High 18O ore-forming fluids in volcanic-hosted base metal 
massive sulfide deposits: genetic, 18O/16O, and D/H evidence from the Iberian Pyrite Belts; Crandon, Wisconsin; 
and Blue Hill, Main. Economic Geology, Vol. 81, pp. 530-552. 
 
Munhá, J., Relvas, J.M.R.S., Barriga, F.J.A.S., Conceição, P., Jorge, R.C.G.S., Mathur, R., Ruiz, J., Tassinari, 
C.C.G. (2005) – Os isotopes systematics in the Iberian Pyrite Belt. In: Mao J, Bierlein FP (eds) Mineral deposit 
research: meeting the global challenge. Springer, Berlin, pp 663-666. 
 
Piercey, S.J., Peter, J., Herrington, R. (2015) – Zinc-rich Volcanogenic Massive Sulphides (VMS) deposits. In: 
Archibald, S. and Piercey, S. (Eds.), Current Perspectives on Zinc Deposits, Irish Association for Economic 
Geology, pp. 37-57. 
 
Piercey, S.J., Peter, J.M., Goodfellow, W.D., Herrinton, R.M. (2010) – Zinc-rich Volcanic Massive Sulphide (VMS) 
Deposits. Zinc2010 S.M. Archibald (Ed.), Proceedings of the Zinc2010 Meeting, Cork 2010, Irish Association for 
Economic Geology, p. 139. 
 
Pinto, Á.M.M. (1999) – Estudo da textura, mineralogia e química mineral dos minérios da massa do Corvo do 
jazigo de Neves Corvo. Tese de Mestrado, Universidade de Lisboa, p. 312. 
 
Pinto, Á.M.M., Ferreira, A., Bowles, J.F.W., Gaspar, O. (1997) – Mineralogical and textural characterization of the 
Neves-Corvo ores. Metallogenetic implications. Society of Economic Geologists, Neves-Corvo Field Conference, 
Lisbon, Portugal, May 11-14, 1997, p. 90. 
 
Plimer, I.R. and Carvalho, D. (1982) – The Geochemistry of Hydrothermal Alteration at the Salgadinho Copper 
Deposit, Portugal. Mineralium Deposita, Vol. 17, pp. 193-211. 
 
Reiser, F.K.M., Rodrigues, C., de Oliveira, D.P.S., Rosa, D.R.N. (2009a) – High-tech elements availability for 
sustainable energy systems in the 21st century: The Iberian Pyrite Belt as a potential supplier. In: Proceedings on 
the Tenth Biennial SGA Meeting, Townsville, Australia, 2009. pp. 777-779. 
 



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 
	  

12 | P a g e  
	  

Reiser, F.K.M., Guimarães, F. Pinto, Á.M.M. Matos, J.X., Carvalho, J.R.S., de Oliveira, D.P.S., Rosa, D.R.N. 
(2009b) – Germanium-rich chalcopyrite from the Barrigão remobilised vein deposit, Iberian Pyrite Belt, Portugal. In: 
Smart Science for Exploration and Mining, Vol. 2, pp. 424-426. 
 
Relvas, J.M.R.S. (1991) – Estudo geológico e metalogenético da área de Gavião, Baixo Alentejo. Tese de 
Mestrado, Universidade de Lisboa, p. 248. 
 
Relvas, J.M.R.S. (2000) – Geology and Metallogenesis at the Neves Corvo deposits, Portugal. Unpublished Ph.D. 
thesis, University of Lisbon, p. 319. 
 
Relvas, J.M.R.S., Tassinari, C.C.G., Munhá, J., Barriga, F.J.A.S. (2001) – Multiple sources for ore-forming fluids in 
the Neves-Corvo VHMS deposit of the Iberian Pyrite Belt (Portugal): strontium, neodymium and lead isotope 
evidence. Mineralium Deposita, Vol. 36, pp. 416-427. 
 
Relvas, J.M.R.S., Barriga, F.J.A.S., Ferreira, A., Noiva, P., Pacheco, N., Barriga, G. (2006a) – Hydrothermal 
alteration and mineralization in the Neves-Corvo volcanic-hosted massive sulfide deposit, Portugal: I. Geology, 
mineralogy, and geochemistry. Economic Geology, Vol. 101, pp. 753-790. 
 
Relvas, J.M.R.S., Barriga, F.J.A.S., Longstaffe, F. (2006b) – Hydrothermal alteration and mineralization in the 
Neves-Corvo volcanic-hosted massive sulfide deposit, Portugal: II. Oxygen, hydrogen and carbon isotopes. 
Economic Geology, Vol. 101, pp. 791-804. 
 
Relvas, J.M.R.S., Barriga, F.J.A.S., Pinto, A., Ferreira, A., Pacheco, N., Noiva, P., Barriga, G., Baptista, R., 
Carvalho, D., Oliveira, V., Munhá, J., Hutchinson, R.W. (2002) – The Neves-Corvo Deposit, Iberian Pyrite Belt, 
Portugal: Impacts and Future, 25 years after the discovery. In: Goldfarb, R. and Nielsen, J. (eds), Integrated 
Methods for Discovery: Global Exploration in the 21st Century, Society of Economic Geologists Special Publication, 
Vol. 9, pp. 155-176.  
 
Rosa, C.J.P., McPhie, J., Relvas, J.M.R.S. (2010) – Type of volcanoes hosting the massive sulfide deposits of the 
Iberian Pyrite Belt. Journal of Volcanology and Geothermal Research, Vol. 194, pp. 107-126. 
 
Ruiz, C., Arribas, A., Arribas Jr., A. (2002) – Mineralogy and geochemistry of the Masa Valverde blind massive 
sulphide deposit, Iberian Pyrite Belt (Spain). Ore Geology Reviews, Vol. 19, pp.1-22. 
 
Sáez, R., Almodóvar, G.R., Pascual, E. (1996) – Geological constrains on massive sulphide genesis in the Iberian 
Pyrite belt. Ore Geology Reviews, Vol. 11, pp. 429-451. 
 
Sáez, R., Pascual, F, Toscano, M., Almodóvar, J.R. (1999) – The Iberian type of volcano-sedimentary massive 
sulfide deposits. Mineralium Deposita, Vol. 34, pp. 549-570. 
 
Sánchez-España, J. Velasco, F., Yusta, I. (2000) – Hydrothermal alteration of felsic volcanic rocks associated with 
massive sulphide deposition in the northern Iberian Pyrite Belt (SW Spain). Applied Geochemistry, Vol. 15, pp. 
1265-1290. 
 
Sánchez-España, J., Velasco, F., Boyce, A.J., Fallick, A.E. (2003) – Source and evolution of ore-forming 
hydrothermal fluids in the northern Iberian Pyrite Belt massive sulphide deposits (SW Spain): evidence from fluid 
inclusion and stable isotopes. Mineralium Deposita, Vol. 38, pp. 519-537. 
 
Serranti, S., Ferrini, V., Masi, U. (1997) – Micro-PIXE Analysis of Trace Elements in Ore Minerals from the Neves-
Corvo Deposit (Portugal): Preliminary Report. Society of Economic Geologists, Neves-Corvo Field Conference, 
Lisbon, Portugal, May 11-14, 1997, pp. 109. 
 
Serranti,S., Ferrini, V., Masi, U., Cabri, L.J. (2002) – Trace-element distribution in cassiterite and sulfides from 
rubané and massive ores of the Corvo deposit, Portugal. The Canadian Mineralogist, Vol. 40, pp. 815-835. 
 
Simmons, S.F., White, N.C., John, D. (2005) – Geological Characteristics of Epithermal Precious and Base Metal 
Deposits. Economic Geology 100th Anniversary Volume, pp. 485-522. 
 



Introduction 1 
 

P a g e  | 13 
	  

Singer, D.A. (1995) – World Class Base and Precious Metal Deposits – A Quantitative Analysis. Economic 
Geology, Vol. 90, pp. 88-104. 
 
Strauss, G.K. and Beck, J.S. (1990) – Gold mineralizations in the SW Iberian Pyrite Belt. Mineralium Deposita, Vol. 
25, pp. 237-245. 
 
Strauss, G.K., Roger, G., Lecolle, M., Lopera, E. (2000) – Geochemical and Geologic Study of the Volcano-
Sedimentary Sulfide Orebody of La Zarza, Huelva Province, Spain. Economic Geology, Vol. 76, pp. 1975-2000. 
 
Schwarz-Schampera, U. (2000) – Indium-Tin Association in Volcanogenic Massive Sulfide Deposits: Evidences 
from Active Seafloor Hydrothermal Systems and Ancient Massive Sulfide Deposits on Land. Ph.D. Thesis, TU 
Bergakademie Freiberg, Germany, p. 508. 
 
Schwarz-Schampera, U. and Herzig, P.M. (2002) – Indium: geology, mineralogy, and economics. Springer, 
Heidelberg, Germany, p. 257. 
 
Tornos, F. (2006) – Environment of formation and styles of volcanogenic massive sulfides: The Iberian Pyrite Belt. 
Ore Geology Reviews, Vol. 28, pp. 259-307. 
 
Tornos, F. and Heinrich, C.A. (2008) – Shale basins, sulfur-deficient ore brines and the formation of exhalative 
base metal deposits. Chemical Geology, Vol. 247, pp. 195-207. 
 
Tornos, F. and Spiro, B. (1997) – The carbonate-rich hydrothermal alteration related to the massive sulphides in 
the Iberian Pyrite Belt. Society of Economic Geologists, Neves-Corvo Field Conference, Lisbon, Portugal, May 11-
14, 1997, p. 82. 
 
Tornos, F. and Spiro, B. (1999) – The genesis of shale-hosted massive sulphides in the Iberian Pyrite Belt. In: 
Stanley, C. et al., (Eds), Mineral Deposits: Processes to Processing. Balkema, Rotterdam, pp. 605-985. 
 
Tornos, F., Clavijo, E.G., Spiro, B. (1998) – The Filon Norte orebody (Tharsis, Iberian Pyrite Belts): a proximal low-
temperature shale-hosted massive sulphide in a thin-skinned tectonic belt. Mineralium Deposita, Vol. 33, pp. 150-
169. 
 
Tornos, F., Casquet, C. Relvas, J.M.R.S. (2005) – Transpressional tectonics, lower crust decoupling and intrusion 
of deep mafic sills: A model for unusual metallogenesis of Sw Iberia. Ore Geology Reviews, Vol. 27, pp. 133-163. 
 
Tornos, F., Casquet, C., Relvas, J.M.R.S., Barriga, F.J.A.S, Sáez, R. (2002) – The relationship between ore 
deposits and oblique tectonics: the Sw Iberian Variscan Belt. In: Blundell DJ, Neubauer F and von Quadt A (Eds), 
The timing and Location of Major Ore Deposits in an Evolving Orogen, Geological Society, London, Special 
Publications, Vol. 204, pp. 179-198. 
 
Velasco, F., Sánchez-España, J., Boyce, A.J., Fallick, A.E., Sáez, R., Almodóvar, G.R. (1998) – A new sulphur 
isotopic study of some Iberian Pyrite Belt deposits: evidence of a textural control on sulphur isotope composition. 
Mineralium Deposita, Vol. 34, pp. 4-18. 
 
Yesares, L., Sáez, R., Nieto, J.M., Almodóvar, G.R., Cooper, S. (2014) – Supergene enrichment of precious metals 
by natural amalgamation in the Las Cruces weathering profile (Iberian Pyrite Belt, SW Spain). Ore Geology 
Reviews, Vol. 58, pp. 14-26. 
 
Yesares, L., Sáez, R., Nieto, J.M., Almodóvar, G.R., Gómez, C., Escobar, J. M. (2015) – The Las Cruces deposit, 
Iberian Pyrite Belt, Spain. Ore Geology Reviews, Vol. 66, pp. 25-46. 
	  

	  

	  



 



Introduction 1 
  

Regional Geology and Geotectonic Setting  2 
  

Sampling and Methods 3 
  

Hydrothermal Alteration Related to the Zinc-Rich 
Mineralization: the Lombador orebody architecture, 

hydrothermal alteration and geochemistry 4 
  

The Zinc-Rich Mineralization at the Neves Corvo 
Deposit: distribution, ore mineralogy and geochemical 

characterization 5 
  

Indium and Selenium in the Neves Corvo Ores: Spatial 
Relationships and Geochemical Affinities 6 

  
Isotope Geochemistry: strontium, neodymium and lead 

isotope systematics 7 
  

Discussion 	   8	  

	   	  

Conclusions 	   9	  

	  
	   	  



	  



Regional Geology and Geotectonic Setting 2 
 

P a g e  | 17 
	  

 
2. Regional Geology and Geotectonic Setting 

 
 

2.1. The Iberian Pyrite Belt: stratigraphy, structural 
evolution and massive sulphide deposits 

 

The Iberian Pyrite Belt (IPB) is located in the southern part of the Iberian Peninsula (Figure 1), 

being one of the five domains of the South Portuguese Zone (SPZ) (Oliveira, 1990). The latter 

is bounded to the SW by the Atlantic Ocean and to the north by the Ossa Morena Zone, and 

represents the most external domain of the Variscan Fold Belt, at the southern part of the 

Iberian Massif (Ribeiro et al., 1990; Silva et al., 1990; Dias and Ribeiro, 1995; Quesada, 1991, 

1998). The remaining geological domains of the SPZ comprise the Beja-Acebuches Ophiolite, 

Pulo do Lobo Antiform, Baixo Alentejo Flysch Group and the Southwest Portugal (Bordeira 

and Aljezur Antiforms) (Oliveira, 1990 and references therein).  

 

 
Figure 1. Schematic representation of the geological map of the South Portuguese Zone, and general location of 
selected massive sulphide deposits (adapted from Oliveira, 1990 and Carvalho et al., 1999 and references therein). 
AT – Aguas Tenidas; AL – Aljustrel; AZ – Aznalcollar; C – Concepcion; L – Lousal; LC – Las Cruces; LF – Los 
Frailes; LG – Salgadinho; LS – Lagoa Salgada; LZ – La Zarza; M – Migollas; NC – Neves Corvo; R – Romanera; 
RT – Rio Tinto; S – Sotiel; SG – Salgadinho; SD – São Domingos; ST – San Telmo; T – Tharsis; V – Masa 
Valverde; BAFG – Baixo Alentejo Flysch Group; IPB – Iberian Pyrite Belt; SW Portugal – Southwest Portugal. 
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The IPB is well known for hosting one of the largest base metal volcanic-hosted massive 

sulphide (VHMS) provinces worldwide (Table 1). It comprises more than 88 massive sulphide 

deposits distributed over an area approximately 250 km long and 20 to 70 km wide, between 

Grândola (Portugal) and Seville (Spain), adding up to more than 2500 million tones (Mt) of 

stockwork and massive sulphide ores (Leistel et al., 1998c; Carvalho et al., 1999; Tornos et 

al., 2005; Tornos, 2006). 

Historically, the mining activity in the IPB has been active since the Chalcolithic period, and 

the deposits have been exploited mainly for gold, silver and copper in supergene enrichment 

zones. During the 19th century and most of the 20th century numerous deposits have been 

exploited mainly for pyrite to produce sulfuric acid. Hundreds of small manganese 

occurrences are also known in the IPB, tens of them having been also object of exploitation 

during the same period (Barriga, 1990; Leistel et al., 1998a,c; Carvalho et al., 1999). The 

polymetallic potential of the province was highly catalyzed by the discovery of the Neves 

Corvo deposit in 1977.  

 

 

 
Table 1. Size and average metal grades of the Iberian Pyrite Belt in comparison to other volcanic-hosted massive 
sulphide provinces. Adapted from Relvas et al. (2002) and references therein. 
 

 
1 IPB average metal grades based on Tornos et al. (2005). 
2 Neves Corvo tonnage and average metal grades according to Somincor/Lundin Mining 2013 metal resources. 

 

VHMS Province Age n Giant deposits 
(>100 Mt) Size (Mt) Cu (%) Zn (%) Pb(%) Ag (ppm) Au (ppm)

Abitibi belt, Canada Archean 52 2 478 1.47 3.43 0.07 31.90 0.80

Archean Yilgarn and 
Pilbara blocks of 

Western Australia
Archean 6 61 1.79 3.89 0.35 39.30 0.60

Wiscosin district, United 
States Proterzoic 10 95 1.26 5.02 0.49 38.90 1.10

Skellefte district, 
Sweden Proterzoic 52 161 0.70 3.00 0.40 47.00 1.90

Norwegian Caledonides Cambrian-
Ordovician 38 133 1.41 1.53 0.05

Mount Read Volcanics 
Tasmania, Australia

Cambrian-
Permian 6 1 148 1.01 4.25 1.73 49.50 1.00

Paleozoic volcanic belts 
of continental Eastern 

Autralia

Cambrian-
Permian 12 105 1.34 4.02 1.45 33.50 2.90

Bathurst camp, New 
Brunswick, Canada

Ordovician-
Silurian 29 252 0.56 5.43 2.17 62.00 0.50

Buchans camp, 
Newfoundland, Canada

Ordovician-
Silurian 5 1 17 1.34 14.62 7.60 104.00 1.20

Southern Urals, Russia Upper Silurian-
Devonian >104 4 1028 1.64 1.09

Eastern Black Sea 
volcanic Belt, Turkey

Upper 
Cretaceous 5 98 1.56 1.2 0.06

Hokuroku basin, Japan Tertiary 20 94 2.07 4.44 1.14 91.90 0.70

Iberian Pyrite Belt1 Devonian-
Carboniferous 88 8 2500 0.85 1.13 0.53 38.50 0.80

Neves Corvo (Iberian 
Pyrite Belt)2 >250 2.48 3.33 0.78 54.00 0.45
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2.1.1. Stratigraphy 

 

The IPB is commonly divided into a southern and a northern branch (Oliveira, 1990) based on 

the general characteristics of their tectonic-stratigraphic successions (e.g., Tornos, 2006). It 

comprises two main stratigraphic units of Middle Devonian to Carboniferous age, namely 

(from base to top) the Phyllite-Quartzite Formation (PQ Group) and the Volcano-Sedimentary 

Complex (VSC). The latter is overlain by the Mértola Formation of Upper Visean age, which is 

the oldest unit of the Baixo Alentejo Flysch Group (BAFG) (Strauss, 1970; Schermerhorn, 

1970, 1971; Carvalho et al., 1976; Oliveira, 1983; 1990). In the southern branch, the 

autochthonous stratigraphic sequence PQ Group – VSC – BAFG is relatively preserved, 

whereas in the northern branch the PQ Group – VSC stratigraphic sequence is often overlaid 

by tectonically emplaced repetitions of rocks belonging to the PQ Group, and/or to the VSC 

sequence. 

 

The Phyllite-Quartzite Group (PQ Group) consists of a shallow, marine, terrigenous 

sedimentary sequence mainly composed of phyllite intercalated with quartzite, quartzwacks 

and shales with intercalations of limestones lenses and nodules towards the top (Oliveira, 

1990; Oliveira et al., 2004, 2013). In the southern branch of the IPB, the PQ Group is 

dominated by dark shale. The sandstone lithologies occur either intercalated with the shale, or 

forming a continuous and thick (30 m) level at the top of the sequence (Oliveira, 1990). In the 

northern branch thick sequences of shale and quartzite geometrically overlay the VSC as a 

consequence of low-angle thrusting towards SW. The total thickness of the PQ Group is 

known to exceed 1000 m (Moreno et al, 2006; base unknown) and the presence of fauna and 

palynomorphic data (Oliveira, 1990 and references therein; Oliveira et al., 2004, 2006, 2013; 

Pereira et al., 2004, 2007, 2010; Matos et al., 2014) indicate an Early Givetian to Late 

Strunian age. 

 

The Volcano-Sedimentary Complex (VSC) conformably overlies the PQ Group and consists of 

an interfingered sequence of volcanic and sedimentary rocks with a highly variable thickness 

that ranges from a few meters to more than 1000 m in places (Oliveira, 1990; Saéz et al., 

1996; Silva, 1997; Tornos, 2006). The VSC is host to the massive sulphide deposits as well as 

to numerous manganese occurrences. Fauna (Oliveira, 1983 and references therein), 

palynolomorph associations (Oliveira et al., 2004; Pereira et al., 2004, 2007) and U/Pb 

geochronology (e.g., Barrie et al., 2002) data collectively indicate a Late Strunian to Late 

Visean age for the VSC. The stratigraphic record shows major lateral facies variations that 
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include changes in the thickness and lithostratigraphic sequence in both branches of the IPB 

(Oliveira, 1990). Volumetrically, the volcanic rocks account for approximately 25% of the IPB 

lithostratigraphic record (Tornos, 2006), whereas the remaining 75% are dominated by 

sedimentary facies, which are mostly shale. The volcanic rocks are more abundant at the 

northern and eastern parts of the IPB, comprising stratigraphic intervals that range up to 500 

m thick (Soriano and Marti, 1999).  

The volcanism in the IPB is bimodal, comprising several episodes of intrusive and explosive 

activity. Felsic volcanic rocks (rhyolite, dacite) represent about 60 to 70% of the outcrops, the 

remaining areas exposed being mostly represented by mafic (basalts) volcanic rocks (Munhá, 

1983a; Mitjavila et al., 1997; Thiéblemont et al., 1998; Tornos, 2006). Occurrences of 

intermediate composition (andesites) are regionally subordinate, but are locally important in 

the northern branch of the IPB (Munhá, 1983a). Although closely associated, geochemical 

data (whole rock analysis, and Rb/Sr, Sm/Nd and Pb-Pb isotopes) indicate that the felsic and 

mafic volcanics are not related by fractional crystallization (Munhá, 1983a; Thiéblemont et al., 

1994, 1998; Mitjavila et al., 1997). 

The felsic volcanic rocks, which are particularly important due to their close association with 

the massive sulphide and manganese deposits (Barriga, 1983, 1990), display a calc-alkaline 

character and usually high silica contents (typically more than 70wt% SiO2; Munhá, 1983a; 

Thiéblemont et al., 1994, 1998, Mitjavila et al., 1997). The felsic units are considered to result 

from melting of a continental crust, induced by high geothermal gradients related to the crustal 

ascending of hot mafic magmas (Munhá, 1983a; Thiéblemont et al., 1994, 1998; Mitjavila et 

al., 1997; Carvalho et al., 1999). 

The mafic units comprise lavas and intrusions (doleritic) that represent approximately 20% to 

30% of the known occurrences of volcanic rocks in the IPB (Tornos, 2006), occurring near the 

base of the VSC in Spain, and near the top of the VSC in Portugal (Carvalho et al., 1999). 

Geochemical data indicate that the mafic lavas occurring at the base of the VSC sequence 

(lower mafic lavas – LML), and their intrusive counterparts (type A dolerite) are tholeiitic 

basalts and have geochemical characteristics transitional to arc tholeiites that are similar to 

basaltic eruptions during the initial stages of back-arc spreading. In contrast, the lavas 

occurring near the top of the VSC sequence (upper mafic lavas – UML) and their intrusive 

counterparts (type B dolerite) display geochemical characteristics of alkali basalts that are 

consistent with alkaline basalts of continental rift zones and ocean islands (Munhá, 1983a; 

Carvalho et al., 1999). 

The intermediate rocks constitute andesite flows and small intrusive sills occurring at various 

levels of the VSC sequence, and may have been derived from the tholeiitic basaltic magmas 

(Munhá, 1983a; Carvalho et al., 1999). 
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The sedimentary component of the VSC is mainly dominated by massive shale, but comprises 

also a wide range of rock types, such as siltstones, greywacke, quartzwacke, quartzite, 

siliceous chemical rocks (jasper and cherts, radiolarite), and minor lenses or nodules of 

limestone (Oliveira, 1983, 1990; Carvalho et al., 1999; Oliveira et al., 2006, 2013). Sediments 

represent 10 to 20% of the stratigraphic record in the northern branch of the IPB, and 60 to 

70% in the southern branch, particularly on the western side (Tornos, 2006). These are 

dominated by (dark) grey and black shale rich in organic matter (Tornos, 2006). The jasper 

and chert units are particularly abundant in the IPB. The importance of their relationship with 

both the exhalative hydrothermal activity and the massive sulphide mineralization in the 

province have been emphasized by many authors, namely for its meaning as an exploration 

tool (Carvalho, 1979; Barriga, 1990; Leistel et al., 1998c; Carvalho et al., 1999). These rocks 

are envisaged as early, low-temperature products of hydrothermal activity, underpin paleo-

seafloor positions, and may occur intercalated within the VSC either as laterally extensive 

layers, up to more than 10 meters thick, or as discontinuous lenses with variable thicknesses 

and lengths (up to several kilometers) (Barriga, 1983, 1990; Barriga and Oliveira, 1986; Mirão 

et al., 1997; Leistel et al., 1998c). 

 

The Baixo Alentejo Flysch Group (BAFG) constitutes a thick (>5 km) turbiditic sedimentary 

cover that conformably overlays the VSC. This unit comprises centimetric to metric intervals of 

greywackes that alternate with shale, siltstone and polylithic conglomerate levels (felsic and 

basic volcanics, quartzite, chert and shale) derived from the IPB and probably from the Ossa 

Morena Zone (Oliveira, 1983, 1990; Oliveira et al. 1979, 2006; 2013; Rodrigues et al., 2014). 

The Mértola Formation is Upper Visean in age, as indicated by its fossiliferous content, and 

corresponds to the base of the BAFG (e.g., Oliveira et al., 1990). 

 

2.1.2. Structural evolution and metamorphism  

 

The overall structure of the IPB is characterized by a SW folding and thrust displacement as 

outcome of a sinistral transpressive deformation regime over the Iberian Massif during the 

Hercynian orogeny. The more widely accepted model for the geodynamic evolution of the SPZ 

considers the geologic setting and characteristics of the IPB as the result of a NE oblique 

collision and partial obduction during pre-Famennian times, followed by a northward 

subduction and sinistral continent-continent collision during the Middle Carboniferous (Upper 

Visean to Middle Westphalian), between an Iberian autochthon block with Gondwanan affinity 

and an “exotic” terrane, currently represented by the South Portuguese Zone (Ribeiro et al., 

1990; Silva et al., 1990; Quesada, 1991; 1998; Dias and Ribeiro, 1995). During this time span 
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the SPZ underwent a transition from a passive, shallow-water, epicontinental marine margin 

characterized by detrital deposition, to a synoregenic foreland marine basin (Figure 2). 

Consequently, the structural evolution within each SPZ domain was differentiated and 

progressive, showing a northward-trending increase of the tectonic deformation and 

metamorphism grade (Silva et al., 1990). 

The earlier episodes of Hercynian deformation at the SPZ correspond to an extensional 

deformation regime, between the Upper Famennian and Middle Visean. Half graben 

structures filled with continental-derived material and bimodal volcanism were generated in a 

marine intracontinental rifting and crustal thinning setting, as well as low-angle overthrusts and 

slump folds resulting from synsedimentary faulting and associated soft-sediment deformation 

(Figure 2 – 3b,b’) (Munhá, 1983a; Oliveira, 1990; Silva et al., 1990; Oliveira et al., 2006, 

2013). 

From the Upper Visean onwards, the extensional regime was inverted into a southwestward 

sinistral transpressive regime in response to the reactivation of the oblique subduction and 

continental-continental collision (Figure 2 – 3c,c’). Under this compressive regime, the IPB 

volcanic activity stopped and a basin-filling stage has started, during which thick (>5 km) 

synorogenic turbiditic sediments (the BAFG unit) resulting from southward-propagating mass 

gravity flows, covered the previous units (Oliveira, 1990; Silva et al., 1990; Oliveira et al., 

2006, 2013). Two main episodes (pulses) of NW-SE folding with a SW vergence, and 

associated regional cleavage, relate to this compressional event in the IPB (Silva et al., 1990, 

1997). The first episode, which is coeval with the Mértola Formation deposition, is related to 

the gravity flows and thrust tectonics that led to the emplacement of the turbiditic cover. 

Recumbent folds were generated and nappe progression due to thin-skinned tectonics took 

place (Silva et al., 1990). The second folding episode has a regional expression and is 

characterized by refolding, thrusting, and reactivation and thickening of the previously 

generated structures (Oliveira, 1990; Silva et al., 1997; Oliveira et al., 2004 and references 

therein). 
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Figure 2. Schematic representation of the geotectonic setting of the South Portuguese Zone with emphasis on the 
Iberian Pyrite Belt (adapted from Oliveira, 1990; Silva et al., 1990; Dias and Ribeiro, 1995). 1 – The Ibero-
Armorican Arc Hercynian macrostructure in the Western Europe during the Carboniferous. 2 – Subdivision of the 
Iberian Massif (after Lotze, 1945) with the localization of the “exotic” Paleozoic terranes in the southern part of the 
Iberian Massif. 3 – Geotectonic evolution of the SPZ: a) Oblique collision and partial obduction during the Upper 
Devonian (pre-Famennian); b) and b’) – Subduction, collision and beginning of the intracontinental distension and 
crustal thinning in the foreland (IPB) during the Upper Famennian and Lower Carboniferous, which led to 
development of half-graben structures, volcanism and synsedimentary filling; c) and c’) – SW transpressive regime 
and associated thin-skinned deformation induced by subduction reactivation and generation of the arcuate belt 
during the Upper Visean to Middle Westphalian. Reactivation of previous structures may have occurred during this 
time span. RO – Rheic Ocean; MCO – Massif Central Ocean; BAO – Beja-Acebuches Ocean; MC – Massif 
Central; AM – Armorican Massif; OMZ – Ossa Morena Zone. 
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The Hercynian deformation regime in the IPB was accompanied by mostly isochemical 

regional low-grade metamorphism that overprinted an early, non-isochemical, regional 

hydrothermal alteration stage (also referred to as hydrothermal metamorphism by Munhá, 

1990). This early hydrothermal episode generated regionally wide conformable hydrothermal 

alteration that predates the ore-related hydrothermal alteration signatures and the formation of 

the massive sulphide mineralization, being responsible for the earlier hydrothermal products 

recognized in the province (e.g., silica-iron-manganese-rich exhalites) (Barriga, 1983, 1990; 

Munhá, 1990). The regional metamorphism was constrained based on mineral assemblage 

and geochemical data (including isotope geothermometry). Four metamorphic zones 

developed under low-grade thermal (≅200 – 450 ºC) and pressure (<2 kb) conditions have 

been defined (Munhá, 1990). The metamorphic grade shows a general increase to the north 

(Figure 3), from zeolite facies at the southernmost part of the SPZ (zone 1), dominant 

prehnite-pumpellyite facies at the IPB domain (zone 2), prehnite-pumpellyite/greenschist 

facies between the IPB and the Pulo do Lobo Formation (zone 3), and greenschist facies at 

the Polo do Lobo Formation (zone 4). Temperature estimations indicate approximately 200 ºC 

between zone 1 and 2, and 290 – 300 ºC between zone 2 and 3 (Munhá, 1983b, 1990).  

 

 

 

 
 
Figure 3. Schematic representation of the four metamorphic zones defined by Munhá (1990) for the South 
Portuguese Zone, and location of the Neves Corvo deposit (NC). . 
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2.1.3. General features of the IPB massive sulphide deposits  

 

Over the last two decades, the characteristics of the IPB massive sulphide deposits have 

been summarized by Barriga (1990), Saéz et al. (1996, 1999), Leistel et al. (1998c), Carvalho 

et al. (1999), Tornos et al. (2005), Tornos (2006), and Huston et al. (2011). The general 

features of the IPB massive sulphide deposits addressed in these works, such as morphology 

and size, local stratigraphy, ore-related hydrothermal alteration, ore mineralogy, mineralization 

style, and genetic models, are summarized below. 

Massive sulphide mineralization in the IPB has formed during the waning stages and/or 

shortly after the volcanic activity (Barriga, 1990), within a time span of no more than 6 Ma 

(Tornos et al., 2005; Tornos, 2006). The overall ore-related hydrothermal alteration patterns, 

mineral assemblages, geochemistry and isotopic signatures are consistent with mildly acid 

fluids, variable ore-forming temperatures (70 – 400 ºC) and low-sulphidation conditions 

(Carvalho et al., 1999; Relvas et al., 2002, 2006a; Tornos et al., 2002).  

 
2.1.3.1. Occurrences, size and ore grades 

 

The IPB hosts 82 known massive sulphide deposits, together with tens of other smaller 

occurrences of massive sulphide and stockwork mineralization (Tornos, 2006 and references 

therein). The size and high number of occurrences in an area of approximately 12,500 km2 

stand out among world VHMS provinces (see Table 1). Fourteen (22%) world-class (>32 Mt) 

massive sulphide deposits are known at the IPB (Laznika, 1999).  

The morphology of the IPB deposits is typical of volcanogenic massive sulphide deposits 

(e.g., Large, 1992), occurring as stratabound, stratiform and lensoidal orebodies, generally 

rooted by one or more feeder systems (stockwork zones). The size and ore grade of the IPB 

massive sulphide deposits is widely variable (Table 2), ranging from a few meters thick up to 

100 m thick, 4-5 km long and 1.5 km wide lenses (Saéz et al., 1996; Leistel et al., 1998c; 

Carvalho et al., 1999). Forty-four (over 50%) of the known occurrences exceed 1 Mt of 

massive sulphides, 17 range between 10-50 Mt, 12 between 50-100 Mt, and 8 exceed 100 Mt 

(e.g., Rio Tinto, Neves Corvo, Aljustrel, La Zarza, Aznalcóllar, Masa Valverde) (Tornos et al., 

2005; Tornos, 2006). Many deposits consist of several individual massive sulphide lenses 

distributed in clusters, but in some cases individual lenses can reach 170 Mt (e.g., La Zarza; 

Tornos 2006). 
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Table 2. Tonnages and ore grades of selected Iberian Pyrite Belt massive sulphide deposits. Data from Saéz et al. 
(1999 and references therein), Tornos (2006 and references therein) and Somincor/Lundin Mining 2013 
unpublished data. 
 

 
 

 

Despite the high tonnages, typical IPB massive sulphide deposits are essentially pyritic, with 

only local significant amounts of sphalerite, chalcopyrite and galena (e.g., Tornos et al., 2005). 

This fact is usually well expressed in deposits with more than 30 Mt, such as Concepción, La 

Romanera or Masa Valverde, where pyritic ore represent almost 90% of the ore types 

commonly described in the IPB deposits (barren pyrite, copper-rich ore, complex polymetallic 

ore) (e.g., Saéz et al., 1996, 1999). The “average IPB deposit” consists of 30.1 Mt of massive 

sulphides at 0.85% Cu, 1.13% Zn, 0.53% Pb, 38.5 g/t Ag, and 0.8 g/t Au (Tornos et al., 2005; 

Tornos, 2006). In addition, IPB deposits also show widely variable concentrations of trace 

metals, such as tin (<0.01 to 0.38%), cobalt (1 – 15260 ppm), cadmium (<2 – 2742 ppm), 

Location Deposit Mt Cu (%) Zn (%) Pb (%) Ag (ppm) Au (ppm)

Spain Vuelta Falsa 1.0 1.27 20.70 8.80 307 9.0
Spain Malagón 1.0 1.85 4.00 2.00
Spain Sierrecilla 1.0 1.50 12.00 5.00 500
Spain La Joya 1.2 0.50 0.23 0.69
Spain Castillo Buitrón 1.5 0.49 3.44 1.03 20
Spain San Platón 2.5 1.45 5.60 0.24 31 0.9
Spain Lomero-Poyatos 2.9 0.85 4.88 2.93 78 2.6
Spain Carpio 3.4 0.50 2.77 0.12
Portugal Lagoa Salgada 3.7 0.40 4.40 3.20 73 1.0
Spain San Telmo 4.0 1.20 12.00 0.40 60 0.8
Spain Cueva Mora 4.2 1.45 0.73 0.26
Spain Peña del Hierro 5.0 1.30 0.39 0.42
Spain Cantareras 6.0 0.65 1.30 0.85 35 0.7
Spain Almagrera 10.0 0.65 1.35 0.80 40 0.7
Portugal São Domingos 27.0 1.27 2.00 1.00
Spain La Romanera 34.0 0.42 2.30 1.18 44 0.8
Spain Aguas Teñidas Este 41.0 1.50 3.50 0.90 40 0.5
Spain Las Cruces 42.7 2.95 2.14 1.00 5 0.2
Portugal Lousal 50.0 0.70 1.40 0.80
Spain Concepción 55.9 0.57 0.48 0.19 7 0.2
Spain Tharsis 115 0.50 2.70 0.60 22 0.7
Spain Masa Velverde 120 0.50 1.30 0.60 38 0.8
Spain Sotiel-Migollas 133 0.70 2.76 1.24 14 0.1
Spain Aznalcollar-Los Friales 161 0.44 2.70 1.43 47 0.3
Spain La Zarza 171 1.20 2.40 1.00 45 1.8
Portugal Aljustrel 250 0.80 3.00 1.00 38 0.8
Portugal Neves Corvo >250 2.48 3.33 0.78 54 0.4
Spain Rio Tinto 500 0.39 0.34 0.12 22 0.4
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bismuth (<1 – 5629 ppm), indium (<1 – 495 ppm), selenium (1 – 1360 ppm), and gallium (5 – 

158 ppm) (Marcoux et al., 1996). 

Considering the base metal ratios, most IPB massive sulphide deposits (>80%), including all 

the giant deposits, fall into the Zn-Pb-Cu type (classification after Large, 1992). The IPB 

deposit copper-ratio (100Cu/(Cu+Zn); Solomon, 1976) typically ranges between 15 and 25 

(averages 18.5; Relvas, 2000; Relvas et al., 2006a), but deposits such as Concepción, Las 

Cruces, Rio Tinto and Neves Corvo, display significantly higher copper-ratios (≅50) (Figure 4). 

The high copper-ratio and metal contents (Cu, Zn and Sn) of the Neves Corvo deposit make it 

truly unique among its counterparts. 

 

 

 
Figure 4. Copper vs. zinc metal contents for selected Iberian Pyrite Belt massive sulphide ore deposits showing two 
distinct copper-ratio trends (adapted from Relvas, 2000).  
 

 
2.1.3.2. Hydrothermal alteration 

 

The ore-related footwall hydrothermal alteration pattern shown by the IPB massive sulphide 

deposits is classically zoned (cf., Franklin et al., 1981; Large, 1992). It comprises a copper-

rich and chlorite-dominated core, surrounded by a sericite-dominated alteration envelope, 

which grades outwards into a most subtler and paragonite-rich ultraperipheral halo. The 

hydrothermal alteration signatures can develop laterally to more than 1 km along strike (e.g., 

Aljustrel; Barriga 1983, 1990; Relvas, 1991), and extend up to several hundred meters (>400 

m) down into the footwall sequence (Saéz et al., 1996 and references therein; Tornos and 

Heinrich, 2008). Variably important silicification, sulphidization and carbonatization are 

commonly associated with either the chlorite-, or the sericite-rich zones (or both; Saéz et al., 
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1999), and zinc enrichment seems to be more common in the sericite-dominated stockwork 

zones (Tornos, 2006 and references therein). 

The morphology of the footwall hydrothermal alteration zones seem to be influenced by 

permeability contrasts controlled by lithological factors (sediments vs. volcanic rocks; coherent 

vs. volcaniclastic facies, etc.). Examples that range from essentially stratabound (e.g., 

Tharsis, Tornos et al., 1998; Sotiel-Migollas, Tornos, 2006 and references therein), to cone-

shaped morphologies (e.g., Feitais and Gavião at Aljustrel, Barriga, 1983 and Relvas, 1991, 

respectively; Aznalcóllar-Los Frailes, Almodóvar et al., 1998), to combinations of these end-

member situations (e.g., Rio Tinto, Tornos, 2006 and references therein; Neves Corvo, 

Relvas, 2000; Relvas et al., 2006a) have been described already. 

As we move away from the central zone of the stockwork there are significant changes in the 

ore-related hydrothermal mineral assemblage, as well as in the phyllosilicate compositions 

and their relative proportions. Hence, three distinct types of hydrothermal alteration are 

generally recognized in the IPB stockwork zones. Type I alteration is characterized by the 

dominant occurrence of chorite + quartz + sericite + pyrite (+ carbonate + chalcopyrite ± 

sphalerite ± galena) in the innermost and more intensely altered zones of the stockwork 

system. Type II alteration surrounds the chlorite-dominated core, and is characterized by the 

presence of abundant sericite + quartz + pyrite + chorite (+ carbonate + sphalerite ± 

chalcopyrite), and by partial to full replacement of igneous feldspars (e.g., Lousal; Fernandes, 

2011). Finally, Type III alteration (first described in Gavião, Aljustrel, by Relvas, 1991) 

corresponds to a weaker ultra-peripheral alteration zone characterized by the occurrence of a 

paragonite-rich phyllosilicate assemblage, by limited pyrite (± sphalerite) dissemination, by 

sericitization and silicification mostly restricted to veins, and by relative preservation of the 

feldspar phenocrysts. 

Less conspicuous hydrothermal alteration types and mineral assemblages have also been 

reported locally. For example, strong carbonatization has been reported in Tharsis (Tornos et 

al., 1998), silica-rich cores were recognized in Aguas Teñidas (Bobrowicz (1995), in Tornos, 

2006) and Masa Valverde (Ruíz et al., 2002), and the presence of pyrophyllite- and 

donbassite-bearing alteration mineral assemblages were recognized in the innermost zones of 

the Lagoa Salgada and Neves Corvo stockworks, respectively (Relvas et al., 1994; Relvas, 

2000; Relvas et al., 2006a). 

The existence of hydrothermal alteration affecting the hanging wall sequence is a common 

feature in many IPB deposits (Carvalho et al., 1999), especially in its northern domain (e.g., 

La Romanera and Concepción; Tornos, 2006 and references therein). The hanging wall 

alteration may affect volcanic rocks, phyllites and shales, jaspers and cherts, and can be 
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characterized by mineralogical and geochemical signatures that are similar, but often less 

intense, than those of their footwall counterparts.  

 
2.1.3.3. Ore mineralogy 

 

More than 60 different ore minerals and related gangue minerals occur in the IPB massive 

sulphide deposits, including many unusual ones, such as native gold, cassiterite, and a suite 

of complex bismuth and lead sulphosalts, cobalt and arsenium sulphides, copper-tin sulphides 

and selenides (Table 3). The overall ore sulphide mineralogy is similar in the stockwork and 

the massive sulphide ores (Marcoux et al., 1996; Leistel et al., 1998c and references therein), 

and chlorite, sericite, quartz and carbonates (siderite, ankerite) constitute the most common 

gangue minerals associated to both types of mineralization. Nevertheless, Marcoux et al. 

(1996) recognized a mineralogical zoning with respect to trace minerals (e.g., bismuth and 

lead sulphosalts) from the stockwork to the massive sulphide lens. Pyrite is the most abundant 

sulphide mineral, often representing more than 95% of the ore sulphide mineralogy (e.g., Filón 

Norte, Tharsis mine; Tornos and Spiro, 1997). Sphalerite, chalcopyrite, galena and 

arsenopyrite are commonly associated with pyrite, as well as minor amounts of tetrahedrite, 

tennantite, stannite, cassiterite, kesterite and pyrrothite, and numerous trace minerals (e.g., 

bismuth, bismuthinite, cosalite), either filling spaces between pyrite grains and/or replacing 

pyrite. 

It is worth mentioning that although it is relatively commom to find cassiterite occurring as 

small ovoid grains (3 – 32 µm) in sphalerite in many IPB deposits, especially in its south and 

central sectors (Marcoux et al., 1996; Saéz et al., 1999 and references therein), it is only at 

the Neves Corvo deposit that cassiterite occurs under the form of a primary and independent 

stringer and massive cassiterite mineralization, with tin grades that could range up to 60% Sn 

(Relvas, 2000; Relvas et al., 2002, 2006a). In addition, the occurrence of very rare indium and 

selenium sulphides such as roquesite (CuInS2) and junoite (Pb3Cu2Bi8(S,Se)16) have only 

been reported at the Neves Corvo deposit as well (Garcia de Miguel (1990) in Pinto, 1999; 

Pinto et al., 2013; this study). 

Texturally, the IPB massive sulphide ores are often featureless, fine-grained and 

recrystallized, with only minor amounts of interstitial minerals in a continuous aggregate of 

fine-grained pyrite. Nonetheless, banded, brecciated, framboidal and colloform textures, as 

well as syn-sedimentary structures, such as gradded-beding, slumping, cross lamination, are 

far from being rarely reported (e.g., Saéz et al., 1996, 1999; Gaspar, 1995; 2002; Pinto, 1999). 

The overall metal zonation within the IPB massive sulphide orebodies is similar to that found 

in most VHMS deposits (cf. Large, 1992), consisting of a basal, copper-rich innermost zone, 
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which grades upwards to a zinc-lead-rich zone that also develops towards the outermost 

areas of the mineralizing system. High zinc-lead grades in the lower parts of a massive 

sulphide lens have been only reported at the La Zarza deposit (Strauss et al., 1981). 

 
Table 3. Ore mineralogy of the stockwork and massive sulphide mineralization at the Iberian Pyrite Belt deposits. 
Data from Barriga (1983), Kase et al., (1990), Gaspar (1995, 2002), Marcoux et al., (1996), Almodóvar et al., 
(1998), Leistel et al., (1998b), Tornos et al., (1998), Carvalho et al., (1999), Pinto (1999), Ruiz et al., (2002), 
Inverno et al., (2008), de Oliveira et al., (2011). 
 

 
 

 
2.1.3.4. Environment of formation and mineralization styles 

 

The variation of the relative proportion between the volcanic and sedimentary rocks reported 

at the scale of the two branches of the IPB, can also be found at the scale of the host footwall 

and hanging wall successions of the individual deposits (e.g., Saéz et al., 1996, 1999; Tornos, 

2006), and is thought to significantly constrain the mineralization style and depositional 

models for the massive sulphide mineralization. 

mineral (composition) mineral (cont.) (composition)
pyrite FeS2 chalcocite Cu2S
spahlerite ZnS neodigenite Cu9S5

chlacopyrite FeCuS2 covelite CuS
galena PbS tetradymite Bi2Te2S
arsenopyrite FeAsS joseite Bi4TeS2

tetrahedrite (Cu,Fe,Ag,Zn)12Sb4S13 joseite-β Bi4Te2S
tennantite (Cu,Fe,Ag,Zn)12As4S13 laitakarite Bi4(Se,S)3

stannite Cu2FeSnS4 paraguanajuatite Bi2(Se,S)3

kesterite Cu2(Zn,Fe)SnS4 emplecite Cu1+BiS2

boulangerite Pb5Sb4S11 vinciennite* Cu10Fe4Sn(As,Sb)S16

bournonite PbCuSbS3 wittichenite Cu3BiS3

pyrrhotite Fe1-xS bismuthinite Bi2S3

cassiterite SnO2 bismuthinite-pekoite Bi2S3-PbCuBi11(S,Se)18

marcasite FeS2 gladite PbCuBi5S9

gudmundite FeSbS krupkaite PbCuBi3S6

mawsonite Cu6
1+Fe2

3+Sn4+S8 friedrichite Pb5Cu5Bi7S18

stannoidite Cu8(Fe,Zn)3Sn2S12 nuffeildite Pb2Cu(Bi,Sb,Pb)Bi2S7

meneghinite Pb13CuSb7S24 cosalite Pb2Bi2S5

bornite Cu5FeS4 galenobismutite PbBi2S4

freibergite (Ag,Cu,Fe,Zn)12(Sb,As)4S13 lillianite Pb3Bi2S6

cubanite CuFe2S3 gustavite PbAgBi3S6

mackinawite (Fe,Ni)1+xS kobellite Cu2Pb10(Bi,Sb)16S35

native bismuth Bi giessenite Pb28Cu2
1+(Bi,Sb)19S57

native silver Ag jaskoskiite Pb2+xCux(Sb,Bi)2-xS5

native gold Au miharaite PbCu4FeBiS6

electrum (Au,Ag) colusite Cu26V2(As, Sn, Sb)6S32 
cobaltite CoAsS junoite* Pb3Cu2Bi8(S,Se)16 
carrolite Cu(Co,Ni)2S4 roquesite* CuInS2
glaucodot (Co,Fe)AsS hematite Fe2O3

alloclasite (Co,Fe)AsS magnetite Fe3O4

enargite Cu3AsS4 rutile TiO2

* - only reported in Neves Corvo
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Shale-hosted massive sulphide deposits are dominant in the southern branch of the IPB, 

which includes the Tharsis, Masa Valverde, Las Cruces, Neves Corvo, Lousal, Aznalcóllar-

Los Frailes and Rio Tinto (Filón Sur) deposits. These deposits are generally characterized by 

large tonnages and low base metal contents. Neves Corvo and Las Cruces are relevant 

exceptions to this general rule due to their high copper and tin (in the case of Neves Corvo) 

grades. This group of deposits is characterized by footwall successions where volcanic rocks 

may be strongly subordinated (e.g., Tharsis, Lousal). Irrespective of the relative abundance of 

the volcanic and volcaniclastic rocks, shales, often with a significant carbonaceous fraction, 

always constitute a major component (about 70 %) of the overall footwall sequence (e.g., 

Sotiel-Migollas, Masa Valverde, Las Cruces, Neves Corvo). Sedimentary structures (e.g., 

lamination, slump folds, polylithic breccia-conglomerate levels) related with tectonically-

triggered mass flows are equally common features in this group, as well as ore-related 

carbonate-rich facies. Siderite-cemented sulphide breccias or pervasive ankerite-rich 

hydrothermal alteration zones were recognized in some deposits or particular orebodies (e.g., 

Tharsis, Masa Valverde, Migollas).  

Massive sulphide mineralization hosted by volcanic-dominated sequences are mostly 

represented by deposits located in the northern branch of the IPB, and include the La Zarza, 

La Romanera, San Platón, Concecpción, Aguas Teñidas Este, São Domingos and Aljustrel 

deposits. In the case of this group of deposits, sedimentary rocks (shale) are either absent or 

scarce (<20%) in their lithostratigraphic succession, occurring irregularly interbeded with the 

volcanic units. Relics of silicified or chloritized volcanic rocks are common in the massive 

sulphide ores, suggesting relevant sulphide-rock replacement processes. 

The absence of intercalated oxidic facies, sedimentary dilution of the ores, rubble mounds or 

visible chimney structures, and the abnormally large size of many deposits (Barriga and Fyfe, 

1988; Barriga, 1990; Tornos et al., 2002) are characteristics of the IPB VMS mineralization 

that reflect major depositional constraints. Several deposition models for the formation of the 

IPB massive sulphide deposits reflect local environmental constraints and associated 

dominant mineralization styles. These deposition models include: 

i. brine pool deposition (e.g., Tharsis; Tornos et al., 1998; Solomon et al., 2002); 

ii. sub-seafloor replacement of carbonaceous sediments (dark shale), which acted as 

both chemical traps and/or physical barrier to sulphide deposition (e.g., Aznalcóllar; 

Almodovár et al., 1998); 

iii. sub-seafloor replacement of volcanic (particularly vulcaniclastic facies) and 

sedimentary rocks underneath less permeable units and/or early formed hydrothermal 

products (e.g., Aljustrel; Barriga (1983), Relvas (1991)); and 
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iv. transitional situations between two or more of the above mentioned models (e.g., 

Neves Corvo; Relvas 2000; Relvas et al., 2006a). 

 
2.1.3.5. Genetic models and sources of fluids and metals 

 

Current models for the IPB metallogenesis favor a hybrid model, combining aspects of VHMS 

and sedimentary exhalative (SEDEX) deposits, given the geotectonic setting, deposits size, 

and relation with reduced sedimentary rocks, alteration patterns and isotopic signatures. 

The intracontinental extensional tectonic regime and crustal thinning during the Upper 

Fammenian and Lower Carboniferous favored the multiple-scale segmentation of the IPB and 

the emplacement of poorly fractionated felsic magmas in relatively shallow crustal levels due 

to partial melting of quartz-feldspathic basement rocks at the base of the crust (Munhá, 1983a; 

Oliveira, 1990; Silva et al., 1990; Mitjavila et al., 1997; Thiéblemont et al., 1998; Tornos et al., 

2002). Such geotectonic setting should have provided conditions for the development of 

second- and third-order basins within a regional marine foreland basin, as well as high 

regional geothermal gradients that promoted dewatering of the siliciclastic sediments, high 

hydrothermal circulation through the fault-bounded and strongly compartmented basins, metal 

leaching and generation of metal-rich brines in deep-seated aquifer-like reservoirs. The 

synvolcanic tectonic activity should also have favored lateral circulation, up flow of the deep 

metal-rich brines, mixing with cold seawater and focused discharge of the ore-bearing fluids 

by more superficial hydrothermal convection-cells. The formation and style of the deposits 

were subsequently constrained by more local factors related with the corresponding hosting 

environments (Tornos, 2006). 

The interpretation of the geochemical and isotopic signatures of the fluids involved in the IPB 

ore-forming processes indicates contributions of multiple origins. The role of modified 

seawater, variably equilibrated with the volcanic and sedimentary rocks has been 

acknowledged by several authors as the main contributor to the overall hydrothermal fluid 

budget, ground on the oxygen and hydrogen isotopic data yielded by mineral pairs (quartz, 

chorite, sericite) or whole-rock samples from several deposits (e.g., Las Cruces, Rio Tinto, 

Agua Teñidas Este, San Telmo, Neves Corvo, Aljustrel) (Barriga and Kerrich, 1984; Munhá et 

al., 1986; Barriga, 1990; Carvalho et al., 1999; Sáez et al., 1999; Tornos et al., 1998; Relvas, 

2000; Relvas et al., 2002, 2006b; Sánchez-España et al., 2003). Nonetheless, the 

participation of other fluids has also been invoked to explain the wide shifts in the δ18O (-3.1 to 

+12.6 per mil) and δD (-44.9 to +11 per mil) values relative to seawater observed in specific 

systems. Interpretations include minor magmatic contributions (< 15%; Munhá et al., 1986) or 

metamorphic fluid contributions along with seawater (Munhá et al., 1986; Sánchez-España et 
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al., 2003 and references therein), major contributions of magmatic fluids (Solomon et al. 2000 

in Sánchez-España et al., 2003), mixing of deep connate brines with seawater (Tornos, 2006; 

Tornos and Heinrich, 2008) and incorporation of magmatic and/or deep connate and/or 

metamorphic fluids into a seawater-dominated hydrothermal system (Relvas, 2000; Relvas et 

al., 2002, 2006b). Calculated formation temperatures using oxygen geothermometry range 

between 70 and 402 ºC (the highest value was reported at Neves Corvo; Relvas, 2000; 

Relvas et al., 2006b), but only occasionally exceed 270 ºC (Munhá et al., 1986; Tornos et al., 

1998; Relvas et al., 2002; Sánchez-España et al., 2003; Tornos, 2006; Inverno et al., 2008). 

With the exception of some data from Neves Corvo, there is a general consistency in heavy 

δ18Ofluid values, and the radiogenic isotopic signatures and metal ratios are quite homogenous 

throughout the whole province, suggesting a common and relatively homogeneous metal 

reservoir for the IPB deposits. It is now widely accepted that the PQ Group sequence (or an 

older basement) should have had a major role as metal source for the predominantly leached 

IPB metals (e.g., Jorge et al., 2007; Jorge, 2010). In fact, strontium (Tornos and Spiro, 1999; 

Relvas et al., 2001), neodymium (Relvas et al., 2001), lead (Marcoux, 1998; Tornos and 

Spiro, 1999; Relvas et al., 2001) and osmium (Mathur et al., 1999; Munhá et al., 2005) isotope 

systematics were interpreted as being compatible with mixing of modified seawater fluids with 

deep metal-rich brines chemically equilibrated with the siliciclastic sequence. The lead isotope 

compositions shown by the deposits and the host rocks (VSC and PQ Group) (Marcoux, 1998; 

Jorge et al., 2007; Jorge, 2010) display a clear regional homogeneous signature consistent 

with the derivation of metals from this host sequence. The presence of similar base metal 

ratios displayed between the IPB deposits and the PQ Group sequence (e.g., Tornos and 

Spiro, 1999; Tornos, 2006; Tornos and Heinrich, 2008; Jorge, 2010) are equally indicative of 

derivation of metals from the PQ Group. Thus, collectively, the data clearly favor a 

hydrothermal metal-leaching model for the genesis of the IPB deposits. 

Sulphur isotopic data suggests that metal-precipitation processes were mostly triggered by 

reaction of sulphur-poor deep fluids with (1) sulphur from bacterial reduction of seawater 

sulphate on the seafloor, or (2) leaching of the volcanic and siliciclastic host units, or (3) the 

combination of both, due to the wide range in δ34S (stockwork: -4.5 to +11.7 per mil, averaging 

+4.7 per mil; massive sulphides: -34 to +15 per mil, averaging ≅0 per mil) (Tornos et al., 1998; 

Velasco et al., 1998; Tornos, 2006). In the shale-hosted deposits, bacterial reduction of 

seawater sulphate should have prevailed, either by mixing the ore-fluids with the 

carbonaceous shale at the top of the host sequence, or by direct exhalation into an anoxic 

seawater environment. Conversely, in volcanic-hosted deposits, predominant leaching of the 

host rock units by shallow hydrothermal convection-cells and subsequent fluid mixing should 



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 

34 | P a g e  
	  

account for sulphur reduction, replacement of the host units and sub-seafloor precipitation of 

the sulphides. 

 

 

2.2. The Neves Corvo deposit: geology and metallogenesis 
 

2.2.1. Local stratigraphic succession 

 

The Neves Corvo deposit is located at the SE termination of the Rosário-Neves Corvo 

anticline in the Portuguese part of the IPB, about 20 km SE of the village of Castro Verde, 

Alentejo (Figure 5). 

 

 

 
Figure 5. A – Geological map of the South Portuguese Zone showing the location of the Neves Corvo deposit. B – 
Location of the village of Castro Verde and of the Neves Corvo mine in the Rosário-Neves Corvo anticline (adapted 
from Oliveira, 1990 and Carvalho et al., 1999 and references therein).  

 

 

The recognition of the local stratigraphic sequence (Figure 6), resulted from thorough 

palynostratigraphic studies (Oliveira et al., 1997, 2004; Pereira et al., 2004), coupled with 

underground and surface observations performed by the on-site mine geologists. The 

characterization of the local host successions was also highly complemented by detailed 

studies led by Rosa (2007) and Rosa et al. (2005, 2008) on the volcanic units. Together, 
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these studies have led to the understanding of a very complicated local lithostratigraphic 

sequence and to the reconstruction of the volcanic architecture at the Neves Corvo mine area. 

The overall stratigraphic sequence at Neves Corvo extends from the late Famennian (Upper 

Devonian) to the late Visean (Lower Carboniferous) and comprises an autochthonous and an 

allochthonous sequence, which enclose the three main lithostratigraphic units recognized in 

the IPB, namely the Phyllite-Quartzite Formation (PQ Group), the Volcanic-Sedimentary 

Complex (VSC) and the Baixo-Alentejo Flysch Group (BAFG; Mértola Formation). The 

autochthonous and allochthonous sequences are separated by major low-angle thrust faults 

that repeat sections of the VSC and Mértola Formation (Figure 6 and 7) as a consequence of 

the thin-skinned, synorogenic, NW-trending and SW-verging fold and thrust tectonics that 

characterizes this region (see section 2.1.2). Late orogenic sub-vertical faults predominantly 

represented by left-lateral faults with a N-S to N20E and N40E to N60E strike, and (less 

represented) right-lateral faults with a N30W to E-W strike disrupted the lithostratigraphic 

sequence as well as the massive sulphide orebodies (Figure 8; Carvalho and Ferreira, 1994). 

Regional metamorphism at the Neves Corvo area is low grade up to the prehnite-pumpellite 

facies (zone 2 of Munhá (1990)).  

 

 

 
Figure 6. Schematic representation of the tectono-stratigraphic sequence of the Neves Corvo mine area 
(reproduced from Oliveira et al., 2004 and references therein). 
 The results are discussed in terms of three main cross

sections (Fig. 3), selected to include the main boreholes
examined and corresponding localisation of the positive
palynological samples. These are the Graça–Corvo
(Fig. 4), the Lombador (Fig. 5) and the Lombador–
PM 2 (Fig. 6) sections, which together illustrate well the
existing lithostratigraphic units and their complex geo-
metric relationships. Reference is also made to other
palynological productive boreholes not shown in these
sections.

The description of the lithostratigraphic units follows
in general terms the terminology used by mine geolo-
gists, as shown in Fig. 2. However, the nomenclature of
some of these units appears confusing (i.e. ‘‘Tufo-
Brechoide’’ units, etc.) and in the present work new
terms are proposed (Table 1).

All units are a!ected by the Variscan deformation
expressed by syn-orogenic NW-trending and SW-verg-
ing folds with associated cleavage and thrusting, and late
orogenic NE-trending faults. Due to this deformation,
most of the units represented in Figs. 4, 5 and 6 are
probably modified with regard to thickness.

Stratigraphic sequence

The following units are currently identified, from base to
top.

Phyllite-Quartzite Formation (PQ)

This is the lowermost unit recognised in the mine area,
where it has also been termed as the Lançadoiras
Quartzites (Boogaard and Schermerhorn 1981). It is
composed of dark shale with intercalations of thin-
bedded siltstone and quartzite with a total thickness in
excess of 100 m (base not reached). These characteristics
are comparable to those of the widespread Phyllite-
Quartzite Formation of the Phyllite-Quartzite Group
(Schermerhorn 1971) which is known across the Iberian
Pyrite Belt.

At the top of the PQ Formation, which marks the
transition to the Lower VS Complex (see below), lime-
stone lenses up to few metres thick occur interbedded in
shale (boreholes SE22’, SD6, SD10, SJ17; Fig. 4).
Limestone lenses also outcrop underlying Monte Forno
da Cal basic and intermediate volcanics (Fig. 3).

Fig. 2 Tectono-stratigraphic sequence of the Neves Corvo mine
area (Oliveira et al. 1997a, 1997b)

424
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Figure 7. Local stratigraphy and structure of the Neves Corvo deposit: cross-section through the Graça and Corvo orebodies (reproduced from Oliveira et al., 2004 and 
references therein). 

Palynological assemblages recovered from dark
shales of the PQ Formation in boreholes SJ17, SD6,
SD10 and SD34 of the Graça–Corvo cross section
(Fig. 4) are assigned to the flexuosa-cornuta Biozone of
late Famennian age. The assemblages include abundant
species of Rugospora flexuosa (Fig. 7a) together with
Emphanisporites annulatus, Grandispora echinata and G.
cornuta (Fig. 7b). The same miospore assemblages were
found in other boreholes not shown in the sections,
namely NI18 near the Lombador cross section, SRC744
(Corvo underground) and CA1 (Algaré area, 3 km NW
of the Neves Corvo mine). Reworked Givetian and
Frasnian spores (Contagisporites optivus, Cristatisporites
triangulatus, Geminospora lemurata and Verrucosispor-
ites premnus) are well represented in all samples studied.

The limestone lenses intersected by boreholes were
not biostratigraphically studied. However, those from
Monte Forno da Cal yielded conodonts of the margin-
ifera Biozone which indicates a middle Famennian age
(Boogard and Schermerhorn 1981). Similar limestone
lenses at the same stratigraphic position are quite com-
mon in the Iberian Pyrite Belt.

Up to some 75-m-thick beds of shale and thin
quartzite occur intercalated in the Lower VS Complex,
and were labelled by mine geologists as the ‘‘nq’’ unit
(Figs. 2and 4). Palynomorph assemblages recovered
from these shales (boreholes SD6, SD10, Fig. 4), NF22
(Fig. 5) and also from boreholes not shown CA1
(Algaré), SO28 (Zambujal) and SRC744 (Corvo under-
ground) are identical to those found within the
PQ Formation, including remobilised Givetian and

Fig. 3 Detailed geological map of the Neves Corvo mine area
(modified from Leca et al. 1983)

Fig. 4 Graça–Corvo cross section (adapted from Carvalho and
Ferreira 1994 and Oliveira et al. 1997a, 1997b)

425
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The PQ Group in the Neves Corvo mine area shares many of its characteristics known 

elsewhere in the IPB (Oliveira et al., 2004). It is mostly composed by dark shale with 

intercalations of siltstone and quartzite towards the top of the sequence (Jorge, 2010). It has 

been drilled down to more than 100 meters in the area (base unknown; Oliveira et al., 2004). 

In some locations, lenses of shale and quartzite (the “nq” unit; up to 75 m thick) occur 

intercalated in the autochthonous VSC sequence due to tectonic repetition, namely within the 

Corvo Formation (Oliveira et al., 1997, 2004). Towards the top of the unit, fossiliferous 

limestone lenses (Monte do Forno da Cal microcrystalline limestones) occur interbedded with 

the shale, and so it does some basic to intermediate volcanic rocks comprising spilitic lavas, 

tuffs, breccias and dolerites, dated with the same age as the PQ dark shale (Oliveira et al., 

2004 and references therein). Miospore assemblages recovered from the PQ dark shale in 

drill holes made along Graça, Corvo and Lombador orebodies have yielded a Late Famennian 

age (Strunian; Oliveira et al., 2004).  

 

The VSC is divided into a Lower (autochthonous) and an Upper (allocthonous) sequence, and 

consists of a predominantly detrital sedimentary sequence dominated by grey to black shale 

that encloses several intercalations of predominantly extrusive volcanic facies, up to 600 

meters thick (Munhá et al., 1997; Oliveira et al., 1997, 2004; Rosa et al., 2008). Two altered 

basic units (b1 and b2) were reported to occur intercalated in the sequence (Oliveira et al., 

2004). Early interpretations of the volcanic sequence in the mine area led Oliveira et al. (1997) 

to distinguish 5 episodes of felsic volcanism (T0, T1, T2, T3 and T4), comprising volcanic 

facies such as coherent intrusive lava domes, quench-fragmented hyaloclastites, lava flows 

and tuff accumulations. Later on, based on biostratigraphic studies, Oliveira et al. (2004) were 

able to reassess the previously defined volcanic units, and simplified the mine stratigraphy as 

follows: T0 and T1 correspond to V1, T2 and T3 correspond to V2, and T4 correspond to V3. 

The “tufo-brechóide” units (TB0, TB1, TB2; pelites with interbedded carbonate nodules) and 

the gray and black shales with phosphate nodules (r’) were equally combined into 2 single 

units: the Corvo Formation and the Graça Formation, respectively.  

More recently, Rosa (2007) and Rosa et al. (2008) studied the physical volcanology at the 

Neves Corvo mine area and were able to recognize, characterize, log and map 14 distinct 

volcanic lithofacies based on composition, volcanic textures and mineralogical features. These 

facies were grouped into 3 main volcanic facies associations, namely the fiamme-rich facies 

association, the rhyolite facies association, and the dacite breccia facies association, which 

correlate well with the classification addressed by Oliveira et al. (2004) (see Table 4).  
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Table 4. Nomenclature simplification and correlation between the volcanic and sedimentary units at the Neves 
Corvo mine area.  
 

Oliveira et al. (1997) Oliveira et al. (2004) Rosa (2007); Rosa et al. (2008) 

T0 and T1 V1 Fiamme-rich facies association 

T2 and T3 V2 Rhyolite facies association 

T4 V3 Dacite breccia facies association 

TB0, TB1 and TB2 Corvo Formation  

r’ Graça Formation  

 

 

The Lower VSC sequence shows a total thickness of approximately 300 meters (Oliveira et 

al., 1997, 2004) and consists of two volcanic facies associations interbeded with non-volcanic 

sedimentary lithofacies, mainly black shale. The bottom part of the sequence comprises a 

rhyolitic fiamme-rich facies association, up to 70 meters thick, mainly made up of 

resedimented volcanic products mixed with sedimentary material (rhyolitic lava clasts, quartz 

and feldspar crystal fragments, chert, black shale) (Oliveira et al., 2004 and references 

therein; Rosa, 2007; Rosa et al., 2008). This unit conformably lies between the PQ Group and 

the Corvo Formation, a 40 meter-thick dark grey to black shale unit of late Famennian age, 

locally rich in carbonate nodules and small clasts of tuffites (Oliveira et al., 2004). 

Towards the upper part of the Lower VSC sequence, the Corvo Formation is unconformably 

overlaid by the Neves Formation. The later unit consists of black pyritic shale and thin-bedded 

siltstone, which is late Strunian in age and up to 100 meters thick (Oliveira et al., 2004). 

Interfingered with this detrital sequence is a rhyolitic volcanic package made up of coherent 

facies (3 – 10 m), jigsaw-fit to clast-rotated breccia facies (40 – 250 m) and resedimented 

facies (up to 20 m) (Rosa, 2007; Rosa et al., 2008). 

The massive sulphide orebodies at the Neves Corvo deposit are hosted on top of the Neves 

Formation, and lie in direct contact with either black shales, or felsic volcanic rocks. The 

mineralization is Late Strunian in age (ca. 359-360 Ma) as it has been well established both by 

palynological dating of the Neves Formation shales (Oliveira et al., 2004; Kaufmann, 2006; 

Rosa et al., 2008), and by geochronological dating of both the host volcanic rocks (high 

precision zircon U–Pb geochronology; Oliveira et al., 2013; Sola et al., 2015) and the massive 

sulphide ore (Re-Os in pyrite; Munhá et al., 2005).  

A discontinuous level of blue and grey, magnetitic and pyritic chert that grades laterally into 

hematitic red jasper often occurs on top of the mineralization, as a variably continuous 

horizon. This unit may comprise abundant siderite as well and it is called the JC unit, being 

interpreted as having a hydrothermal origin based on its geochemical and isotopic 

characteristics (Mirão et al., 1997; Relvas, 2000). This exhalative unit is sometimes 
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associated with chloritic and sericitic shale, and shows a variable thickness that ranges from a 

few centimeters to up to 3 meters (Mirão et al., 1997; Oliveira et al., 1997, 2004). 

The Upper VSC sequence is represented by a conformable sequence of sedimentary units of 

early to late Visean age, locally disrupted by thrust faults, which can reach a maximum 

thickness of 400 meters (Oliveira et al., 2004). At the base, the sequence consists of grey to 

black, siliceous and variably carbonaceous shale, and siliceous-phosphatic nodules lithofacies 

that constitute the Graça Formation, which occurs interbedded with a dacitic breccia facies 

association that can be up to 30 meters thick (Rosa, 2007; Rosa et al., 2008). This unit is 

overlain by 4 sedimentary lithofacies of Late Visean age and variable thickness and 

composition. These include, from bottom to top, (1) the Grandaços Formation, a black to 

siliceous shale rich in carbonate, (2) the “Borra de Vinho” Formation, a 10 to 40 meters of 

purple and green shale sequence, (3) the Godinho Formation, a 50 to 100 meters sequence 

of tuffite and grey siliceous shale with local chert lenses, and (4) the Brancanes Formation, a 

black pyritic and carbonaceous shale sequence (up to 50 m) with thin intercalations of graded 

siltstone and fine-grained greywacke. This unit grades upwards into the Mértola Formation 

(BAFG; Oliveira et al., 2004). 

 

The Mértola Formation comprises a thick synorogenic turbiditic sequence, consisting of metric 

alternations of greywacke and dark grey shale of late Visean age, as indicated by 

palynological data (Oliveira et al., 2004). In the mine area, and on surface, this unit occurs 

mainly on top of the VSC allochthonous sequence. However, at depth, as can be recognized 

in mine underground workings, it can unconformably overly the Neves Formation, the JC unit, 

or even the massive sulphide lenses.  

 

Based mostly on the palynostratigraphic information, Oliveira et al. (2004) identified 3 

stratigraphic hiatuses at the Neves Corvo sequence that, most probably, reflect the tectonic 

conditions prevailing in the IPB during the Carboniferous. These correspond to the early and 

middle Strunian (transition of Corvo to Neves Formation), entire Tournaisian (above the ore 

level), and part of the late Visean. 

 

2.2.2. Orebodies, metal zonation and ore types 

 

Seven massive sulphide orebodies have already been identified in the Neves Corvo mine 

area (±7 x 7 km), namely Neves, Corvo, Graça, Lombador, Zambujal, Semblana and Monte 

Branco (Figure 8), but current mining works only occur in 5 of these orebodies - Neves, Corvo, 

Graça, Lombador and Zambujal. Most orebodies lie on the north limb of the Rosário-Neves 
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Corvo antiform and are located at depths that range between 230 and more than 1000 meters 

below surface. The massive sulphide lenses occur on top of the Lower VSC sequence, either 

hosted by the Neves Formation, or directly over the volcanic rocks, and are generally rooted 

by a copper-rich stockwork zone (Carvalho and Ferreira, 1994; Relvas, 2000; Relvas et al., 

2002, 2006b; Rosa et al., 2005; lundingmining.com). Thin (seldom exceeding 1 meter thick) 

but laterally extensive zones of copper-rich massive sulphide mineralization, generally 

referred to as “bridges”, occur between some orebodies, connecting the massive sulphide 

lenses. These can represent important high-grade copper resources (e.g., Corvo-Graça 

bridge: 2 Mt @ 5,12% Cu; Somincor/Lundin Mining 2013 unpublished data). Table 5 

summarizes the general characteristics of the currently exploited orebodies, as well as 

estimates updated to 2013 of copper, copper-zinc, and zinc (plus zinc+lead) resources.  

 

 

 

 
 
Figure 8. Geological map of the Rosário-Neves Corvo anticline, showing the location of the seven orebodies 
currently known at the Neves Corvo mine lease (modified after Oliveira et al., 2004 and references therein).  
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Table 5. Ore tonnages, metal grades, and general characteristics of the currently mined orebodies at Neves Corvo. Copper, copper-zinc and zinc resources are updated to 
2013 (Somincor/Lundin Mining unpublished data). General characteristics of the orebodies after Carvalho and Ferreira (1994), Pinto (1999), Relvas (2000), Gaspar (2002), 
Relvas et al. (2002), and Carmichael (2010). 
 

Orebody Resources Tonnage 
(Mt) Cu (%) Zn (%) Pb (%) Sn (%) Ag 

(ppm)
Au 

(ppm) General characteristics

Lombador Copper 27.8 1.87 0.50 0.41 0.05 46 0.46

Copper-zinc 4.9 1.55 5.19 1.16 0.03 60 0.52

Zinc and  
zinc+lead 73.5 0.32 5.86 1.44 0.04 56 0.55

Zambujal Copper 8.4 2.64 0.48 0.17 0.03 28 0.64

Copper-zinc 0.9 11.30 7.88 0.44 0.03 60 0.23

Zinc and  
zinc+lead 5.4 0.31 4.81 0.99 0.07 43 0.34

Corvo Copper 38.8 6.85 0.49 0.15 0.34 42 0.27

Copper-zinc 1.2 12.29 6.65 0.29 0.54 70 0.25

Zinc and  
zinc+lead 10.6 0.30 7.30 1.42 0.03 74 0.46

Graça Copper 7.0 8.73 1.91 0.19 0.47 58 0.82

Copper-zinc 0.04 5.75 6.64 0.72 0.37 58 0.29

Zinc and  
zinc+lead 4.2 0.38 6.72 0.84 0.04 67 0.30

Neves Copper 34.3 2.76 0.72 0.29 0.17 55 0.43

Copper-zinc 5.1 3.69 5.17 0.78 0.31 73 0.42

Zinc and  
zinc+lead 23.7 0.36 4.80 0.98 0.08 64 0.34

Lies on the southern limb of the Rosario-Neves Corvo anticline, at depths below surface between 230 and 450 m, and dips 
to S at 10º to 70º. The maximum thickness is up to 80 m, and extends for about 500 m down dip and 700 m along strike.
The orebody is connected to the Corvo orebody by a thin continuous bridge of Cu-rich massive sulphide mineralization.
Massive and stockwork Cu ores represent 63% of the mineable ore types at the orebody. Although present, the Cu rubané
mineralization is not significant at the orebody (4098 tonnes @ 8.52% Cu). High-grade massive Cu-Sn and discrete
massive and stockwork cassiterite ores occur along a NE to SW trend, representing 3% of the mineable ore types at the
orebody. Actual extensions of the Cu mineralization are being carried out in the SE sector of the orebody, where the Cu
stockwork is rooted. A significant massive Zn ore zone occurs peripherally, towards the SW sector of the orebody. Total Zn
ores represent 37% of the mineable ore types at the orebody. Due to the high Cu grades, the Cu and Cu-Sn massive ores
from Graça were among the first exploited ores in the mine. Pre-production ore reserves included 4.8 Mt @ 11.7% Cu for
Cu ores, and 0.39 Mt @ 18.7% Cu and 1.2% Sn.

It is divided into a south and north lens, which lie respectively on the crest and northern limb of the Rosario-Neves Corvo
anticline, at depths below surface between 340 and 450 m. The southern lens is approximately subhorizontal, and the
northern lens dips up to 35º to the N-NE. The maximum thickness of the orebody is 55 m, and extends for about 700 m
down dip and 1200 m along strike. As the Corvo orebody, the Cu ores at Neves orebody constitute important Cu resources
for the mine (30%), and represent 58% of the mineable ore types at the orebody. Massive and stockwork Cu ores are
predominant in the northern lens, whereas massive zinc ores are predominant in the southern lens. Neves North is
underlined by a Cu stockwork that develops to the NE-E sector of the orebody, beyond the massive sulphide limits, and
towards the Lombador orebody.

Lies on the northern limb of the Rosario-Neves Corvo anticline, at depths below surface between 600 and 1000 m, and
dips to NE at 20º to 40º. The orebody has up to 150 m thickness, and extends for approximately 1100 m down dip and
1600 m along strike. It is divided into 3 sulphide lenses, Lombador North, Lombador South, and Lombador East due to the
presence of two subvertical faults of approximately NE-SW and N-S trends, although for bulk resources estimation it is
only divided into Lombador North and Lombador South. The total size is in excess of 150 Mt, and is the most zinc-rich
orebody at Neves Corvo representing 64% of the mine Zn resources.

Lies on the crest and SE end of the Rosario-Neves Corvo anticline, at depths below surface between 300 and 450 m, and
dips to N at 0º to 20º. The maximum thickness is about 53 m, and extends for approximately 600 m down dip and 550 m
along strike. The currently known total size is approximately of 15 Mt (of mineable ores), and the orebody is comprised by
a succession of tectonically stacked massive sulphide lenses due to thrust tectonics, which are folded to the SW on the W
and SW sectors of the orebody. On-going exploration works have discovered significant Cu- and Zn-rich mineralization. A
thin bridge of massive sulphide ore connects the orebody to Corvo. The Cu stockwork mineralization (FC) represents 42%
of the ore types defined in the orebody, and its mostly developed to the E and NE sectors of the orebody.

Lies on the northern limb of the Rosario-Neves Corvo anticline, at depths below surface between 230 and 800 m, and dips
to NE at 10º to 40º. The maximum thickness is about 95 m, and extends for approximately 1100 m down dip and 600 m
along strike. The total size is in excess of 50 Mt, and is the most Cu-rich orebody at Neves Corvo representing 31% of the
mine Cu resources. The orebody is overlain by a Cu-rich rubané ore, which constitutes an important high-grade Cu ore
type. Massive and stockwork cassiterite ores occur on the W sector of the orebody, distributed throughout a N-S structure,
the “Corvo tin corridor”. However, most of the Sn is closely associated to the Cu ores, occurring as fine-grained cassiterite
disseminations or Cu-Sn sulphosalts. Together, cassiterite and Cu-Sn represent about 5% of the mined ores at Corvo.
Massive and stockwork Zn mineralization develops laterally to the N, NE and SE areas of the orebody, representing 21%
of the mineable ore types at Corvo.
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In addition to a unique type of massive and stringer cassiterite mineralization, the Neves 

Corvo deposit has a prominent metal zonation (Carvalho and Ferreira, 1994; Relvas, 2000 

and references therein; Gaspar, 2002; Relvas et al., 2006a) (Figure 9). A very  well 

developed, but nevertheless classic, base metal zonation from copper to zinc (+lead) to iron 

can be recognized at the orebody scale, despite the effects of the Hercynian deformation, 

which may account in places for significant subversion of the primary metal distribution. This is 

for instance the case of the emplacement of distal copper-rich stockwork zones in a hanging 

wall position (e.g., the rubané ore at Corvo), or the generation of important ore shoots due to 

local tectono-metamorphic copper enrichment (e.g., secondary high-grade copper zones in 

both stockwork and massive sulphide ores). The higher copper grades locate usually at the 

innermost zones of the stockwork systems, and at the base of the massive sulphide lenses. 

Zinc and lead are strongly covariant and concentrate towards the peripheral zones of the 

mineralizing system, both vertically and laterally. Barren pyritic domains are often intercalated 

between the copper- and zinc (+lead)-rich zones, and are particularly abundant towards the 

peripheral zones. 

 
 

 
Figure 9. Plan view of the copper, zinc and tin metal distribution in the currently mined orebodies at Neves Corvo 
(Somincor/Lundin Mining 2013 unpublished data). The location of the MC3 ore is also shown. 
 

 

Tin occurs mostly associated to the copper-rich zones (Figure 9) either as fine-grained 

cassiterite disseminations or as copper-tin sulphosalts (e.g., stannite, kesterite, stannoidite, 

mawsonite). This type of tin mineralization represents about two-thirds of the total tin metal 
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content of the deposit. The remaining tin content occurs as a primary, high-grade (up to 60% 

Sn), stringer (“tin stockwork”) and massive cassiterite mineralization in tectonically controlled 

settings of the deposit, such as the “tin corridor” of the Corvo orebody (Relvas, 2000; Relvas 

et al., 2002, 2006a). 

 

Three main ore designations describe the main types of mineralization at Neves Corvo. 

Fissural ore (F) corresponds to stockwork mineralization, massive ore (M) corresponds to the 

massive sulphide mineralization, and rubané ore (R) corresponds to a distal stockwork 

mineralization tectonically transposed and emplaced in a hanging wall position. On the basis 

of the main metals exploited (Cu, Zn, Pb, Sn), the major types of mineralization are classified 

into several ore types in order to facilitate ore reserves estimation and selective exploitation. 

Table 6 summarizes the average metal grades and characteristics for the main types of ore 

mined at Neves Corvo.  

Copper ores are mainly represented by the fissural copper (FC) and massive copper (MC) ore 

types, which represent, respectively, approximately 25% and 22% of the currently mined ores, 

and 47% and 43%, respectively, of the estimated copper resources at Neves Corvo. The 

rubané copper (RC) ore type represents a residual portion of the currently mined ores (0.01%) 

and copper resources (0.02%). It is mainly known for its high copper grades (averaging 6.83% 

Cu) at the Corvo orebody.  

The massive copper-zinc (MCZ or 5C) and copper-tin (MS) ore types represent two additional 

types of copper-rich ores, which account for about 5% and 1% of the currently mined ores and 

for 9% and 1% of the estimated copper resources, respectively. In addition to copper, the 

MCZ ore represents also an additional source of zinc (about 9% of the estimated zinc 

resources).  

The copper-rich ores are also characterized by discrete occurrences of very high-grade ores 

referred to as MH and MC3 by the mine geologists. The MH ore is reported to occur in 

discrete levels of the MC ores, particularly at the Graça and Corvo orebodies. It is rich in 

deleterious metals (such as As, Sb, Hg), and the high copper content is given by the 

abundance of tetrahedrite-tennantite, which represents about 20% of the mineral assemblage 

(Pinto, 1999; Gaspar, 2002). The MC3 is a bornite-bearing ore, which displays an average 

copper grade above 20%, although it can reach 41% Cu (Pinto et al., 1997; Pinto, 1999; 

Gaspar, 2002). This ore type was first recognized at the Neves North orebody, and is reported 

to occur either between the stockwork and the massive sulphide ore, or in a hanging wall 

position in close association with sub-vertical fault zones. A restricted high-grade MC ore zone 

comprising a rather similar ore sulphide mineralogy to that found in the MC3 ore from Neves 
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has also been recently found during mining workings at the Lombador orebody (see Chapter 

5). 

The zinc ores are mainly represented by the massive zinc (MZ) ore, which accounts for 26% 

of the currently mined ores, and over 50% of the estimated zinc resources. A zinc-lead ore 

type referred to as MZP (or 5Z), usually displays higher zinc and lead grades than the MZ ore 

and the stockwork zinc (FZ) ores, and constitutes the remaining zinc resources at Neves 

Corvo. It represents 17% of the currently mined ores and about 34% of the zinc resources at 

Neves Corvo, respectively. The FZ ore on the other hand represents about 4% of the currently 

mined ores, and 7% of the estimated zinc resources. 

The stockwork and massive cassiterite (FT and MT) ores are presently exhausted. These 

unique ore types accounted for the bulk tin resources exploited in Neves Corvo, and occurred 

in restricted zones of the deposit in close association with N-NE sub-vertical early fault 

structures.  
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Table 6. Ore resources, metal grades and general characteristics of the main ores types mined at the Neves Corvo deposit. Tonnages and grades after Somincor/Lundin 
Mining 2013 database. General characteristics of the various ore types after Pinto et al. (1997), Pinto (1999), Relvas (2000), Gaspar (2002), Relvas et al. (2002, 2006a). 
 

  Ore Type  (main 
metal)

Tonnages 
(Mt) Cu (%) Zn (%) Pb (%) Sn (%) Ag 

(ppm)
Au 

(ppm) General characteristics

FZ/RZ Zn 9.3 1.43 4.75 1.56 0.13 60 0.41 Occurs mostly in the peripheral zones of the stockwork system, currently representing about 4% of the currently mined ores and 7% of the Zn resources. It
consists of a dense network of pyrite and pyrite + sphalerite-rich veins. As the FC ore type, the FZ develops a stratabound-like pattern in sediment-rich
lithofacies. Minor amounts of arsenopyrite, galena, chalcopyrite and cassiterite can also occur associated to either pyrite or sphalerite (or both). Apparently
the FZ ore type is best developed at the Lombador orebody, and several tectonically emplaced in a hanging wall position lenses of distal stockwork-like
mineralization (RZ ore type) displaying significant Zn grades (up to 7.1% Zn).

FC Cu 62.3 3.47 0.57 0.18 0.15 33 0.43 It is the most important copper-rich and mined stockwork ore type, currently representing 25% of the mineable ores and 47% of the Cu resources. In addition,
it comprises significant grades of economically important trace metals such as Co, Ag, Se, In and Au. The later is reported to occur at the Lombador, Corvo
and Graça stockworks. The FC ore occurs mostly in the inner and uppermost zones of the stockwork system, and consists of a dense network of pyrite and
pyrite + chalcopyrite-rich veins, which develops a stratabound-like pattern in sediment-rich lithofacies. Minor amounts of arsenopyrite, sphalerite, galena,
tetrahedrite, cassiterite, pyrrhotite, gloucodot, löllingite, alloclasite, aikinite, laitakarite, cosalite, lillianite, native bismuth and gold can occur associated. The
Se-rich sulphosalts are considered to be associated to a late stage Cu input into the system.

MC Cu 56.1 5.33 0.74 0.34 0.27 62 0.41 It is the most important copper-rich massive ore type, currently representing 22% of the mined ores and 43% of the Cu resources. It comprises significant
grades of economically important trace metals such as Ag, Se, In and Au. Generally it occurs in the base of the massive sulphide lenses, although it can also
occur in a hanging wall position or intercalated with other ore types as result of tectonic deformation. It consists of a chalcopyrite-rich groundmass replacing
earlier generations of pyrite and sphalerite. Accessory and minor minerals associated to this ore types includes stannite, tetrahedrite-tennantite, arsenopyrite,
bournonite, galena, pyrrhotite, cassiterite, bismutinite. Veins and veinlets of remobilized chalcopyrite intergrown with carbonates, sphalerite, tetrahedrite
and/or galena are relatively common due to late tectono-metamorphic effects.

MH Cu 14.50 5.65 0.22 2.70 97 Consists in a subtype of the MC ore with high contents in Zn, Hg, Ag, As, Sb, Sn, Co, Se, and In. It occurs in discrete levels intercalated in the MC ore,
particularly at the Graça and Corvo orebodies, and consists in alternated bands of sphalerite(+galena) with tetrahedrite-tennantite, chalcopyrite and pyrite
levels. Accessory to minor such as arsenopyrite, stannite, kesterite, bournonite, stannoidite, mawsonite tend to occur associated to this ore type.

MC3 
(bornite 

ore)

Cu 28.00 0.10 0.20 0.40 612 0.1 - 10 First intersected at the Neves northern lens, it occurs in discrete zones of several orebodies, closely associated with subvertical faults, and generally in a
hanging wall position although it can also occur at the base of the massive sulphide lenses. It consists in a type of MC ore with very high contents in Cu (>20
%), altghough in some places Cu grades can reach up to 41%, together with Sn, Bi, Co, Hg, Se, In, Ag and Au. It is mostly composed by chalcopyrite and
high-sulphidation mineral assemblages such as bornite, tennantite, mawsonite, and/or stanoidite, and other minor sulphides such as miharaite, carrolite,
vincienite, galena, colusite, stromeyerite, arsenopyrite, sphalerite, tetrahedrite, naumanite, and native gold. The ore is mostly banded and comprised by
centimetric levels of bornite intercalated with chalcopyrite, which constitutes the groundmass. It is interpreted as a late Cu input into the mineralizing system.

MCZ (or 
5C)

Cu+Zn 12.1 4.26 5.53 0.86 0.20 67 0.43 It consists in a banded, copper-zinc-rich ore, currently representing about 5% of the mined ores and 9% of the estimated copper resources. It shows
significant contents of As, Sb, Ag, Hg, Au, Bi, Se and In. Generally occurs at the base of the massive sulphide lenses showing zone refining features, but is
often intercalated with barren or zinc-rich zones or in a hanging wall position due to tectonic deformation. It consists mostly of pyrite, chalcopyrite, spahlerite,
tetrahedrite-tennantite, and accessory to minor arsenopyrite, cobaltite, galena, stannite, kesterite, bournonite, and cassiterite. 

MS Cu+Sn 1.63 12.99 2.08 1.65 Consists in a type of the MC ore that occurs mostly in the Corvo orebody. It is interpreted to result from physical mixing of massive chalcopyrite-rich ores with
cassiterite of variable size (millimetric to metric massive blocks). In addition to chalcopyrite and cassiterite, the ore mineral assemblage includes pyrite,
stannite, kesterite, stannoidite, mawsonite, sphalerite, bornite, galena, arsenopyrite, bournonite, meneghinite, betekhtinite, and pyrrhotite.

MZ Zn 64.8 0.35 4.79 0.44 0.05 50 0.41 It consists of a fine- to medium-grained, featureless to banded, pyrite-dominated ore, currently representing 26% of the mined ores and about 50% of the zinc
resources. Sphalerite interstitially fills pyrite grains or constitutes alternating bands of variable thickness of sphalerite + pyrite and sphalerite(±galena) + pyrite
levels which alternate with pyrite-rich levels. Primary structures such as monomileralic to polymineralic colloform growths or framboidal pyrite are often
present, and the sphalerite-dominated levels are typically boudinaged. Accessory arsenopirite, chalcopyrite, galena, and tetrahedrite are commonly present,
as well as minor pyrrhotite, meneghinite, and betekhtinite. 

MZP (or 
5Z)

Zn+Pb 43.3 0.31 7.57 2.56 0.05 74 0.60 It consists in a ore types with textural and mineralogical features to those of the MZ ore, but with higher galena contents (5 to 10%), as well as higher
average Zn, Pb, Ag and Au grades. Currently it represents about 17% of the mined ore types and 34% of the zinc resources.

R
ub

an
é RC Cu 0.026 6.83 0.09 0.16 0.30 36 0.01 It consists of a high-grade, banded, chalcopyrite-rich, stockwork-like mineralization set in a hanging wall position due to tectonic overthrust. It is mainly

reported at the Corvo orebody, and represents a very small portion (<1%) of the currently mined ore types and copper resources. Pyrite and sphalerite are
commonly associated to chalcopyrite, along with minor cassiterite, tetrahedrite-tennantite, stannite, kesterite, mawsonite and galena.

Fi
ss

ur
al

FT/RT Sn 0.40 1.94 0.38 4.74 Occur associated to major subvertical, N-NE trend, tectonic structures, and is mainly known in Corvo orebody (the Corvo tin corridor), although it is also
reported in discrete zones in the remaining orebodies. It consists of pyrite + quartz + cassiterite cross-cutting veins mostly confined to the uppermost levels of
the VSC succession. Accessory chalcopyrite, arsenopyrite, and minor stannite, loellingite, galena and sphalerite occur associated.

M
as

si
ve

MT Sn 0.026 7.04 0.72 13.37 As the FT ore, the MT ore occurs associated to major subvertical, N-NE trend, tectonic structures, and is mostly known in Corvo orebody (the Corvo tin
corridor), as well in discrete zones of the remaining orebodies (except at Lombador). It is hosted by the uppermost volcaniclastic and carbonaceous shale
units of the VSC sequence, and consists of variable reworked, meter-sized, massive cassiterite (± pyrite + quartz) lenses. Important volumes of chalcopyrite,
as well as accessory stannite, kesterite, arsenopyrite, tetrahedrite-tennantite, sphalerite, and minor bismuth occur associated.
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2.2.3. Hydrothermal alteration and metallogenic model 

 

Relvas (2000) and Relvas et al. (2001, 2002, 2006a,b) thoroughly described, characterized 

and interpreted the cassiterite and massive sulphide ore generation at the Neves Corvo 

deposit, based on a detailed study of the ore-forming processes recorded in the Corvo 

orebody. This section summarizes the main aspects of the metallogenic model proposed by 

these authors. 

At the Corvo orebody, the cassiterite and the sulphide ores relate to two spatially independent 

feeder systems and to two mineralizing episodes temporally independent: an early stage of 

stockwork and massive cassiterite deposition, and a subsequent ore-forming event 

responsible for the high-grade sulphide mineralization known in this deposit. 

The massive and stringer cassiterite ores were interpreted as having resulted from a sudden, 

short-lived episode of direct venting of a tin-bearing fluid into seawater and/or very near the 

seafloor within wet unlithified sediments, in close association with deep, sub-vertical, syn-

volcanic faults, which locate to the W of the massive sulphide feeder system – the so-called 

Corvo “tin corridor”. Textures and alteration mineralogy indicated minimal fluid-rock interaction 

during the ascent of the tin-bearing fluid. The oxygen isotope data yielded by quartz-

cassiterite pairs was strongly buffered by unmodified seawater (δ18Ofluid = -0.4 to 0.7 per mil; 

avg= 0.1 per mil), consistently with precipitation through disproportional fluid mixing in or very 

near the seawater column (plume fallout). 

The massive sulphide feeder system of the Corvo orebody occurs at the NE sector of the 

orebody and encompasses two highly chloritized and mineralized footwall zones, tectonically 

truncated 70 to 80 meters below the massive sulphide lens. The hydrothermal alteration 

pattern recognized by Relvas (2000) and Relvas et al. (2006b) is, in many aspects, similar to 

that of other IPB deposits, and, although rooted in a deep-seated stringer system, it exhibits 

predominant stratabound morphology as a result of lithological permeability contrasts on top 

of the footwall host succession. The stockwork system has a chlorite-dominated core that is 

surrounded by a sericite-dominated peripheral zone, which becomes richer in sodium 

outwards (higher paragonite molecule in the sericite). In contrast to most IPB deposits, the 

overall sulphide-related hydrothermal alteration signatures given by mineral assemblages, 

geochemistry and stable isotope data indicated that ore fluids in Neves Corvo were more 

acidic and reached higher temperatures than those recording typical IPB ore-forming 

conditions.  

Three main alteration facies have beed recognized based on predominant phyllossilicate 

assemblage, as follows (from the core outwards): (1) an aluminum-rich chlorite/donbassite 

alteration facies (Type I alteration); (2) a K-sericite alteration facies (Type IIa alteration); and 
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(3) a Na-sericite (high Na/Na+K ratio) alteration facies (Type IIb alteration). The alteration 

mineral assemblage associated to each facies consists of chlorite/donbassite-quartz-

sulphides (-sericite) in Type I alteration zone, K-sericite-quartz-sulphides(-chlorite) in Type IIa 

alteration zone, and Na-sericite-quartz-sulphides(-chlorite) in Type IIb alteration zone. The 

sulphide mineral assemblage is generally represented by pyrite, chalcopyrite and sphalerite, 

but both the sulphide total abundance, and the chalcopyrite proportion quickly decrease to the 

periphery. The sulphide assemblage is variably complemented by siderite and smithsonite in 

the innermost zones of the feeder system. Widespread sericitization and quartz generation, 

variably important carbonitization (siderite), and sulphide dissemination (pyrite ± chalcopyrite, 

sphalerite, galena, and seldom tetrahedrite, stannite) characterize the peripheral alteration 

zones. 

Oxygen and hydrogen isotope data were interpreted by Relvas (2000), Relvas et al (2006b), 

and Huston et al. (2011) as being consistent with a magmatic-hydrothermal system, although 

deep metamorphic fluid contributions into a seawater-dominated hydrothermal system could 

not be fully discarded, based on isotopic arguments. The oxygen isotopic compositions 

revealed higher temperatures (up to 402 ºC) and very heavy δ18Ofluid (up to 10 per mil) values 

in alteration zone I, both variables decreasing outwards in the peripheral alteration zones IIa/ 

IIb. This has been interpreted as dilution of a magmatic (and/or metamorphic) contribution by 

seawater from the inner core of the hydrothermal system towards its peripheral zones. 

The interpretations of the radiogenic signatures of the Neves Corvo ores given by lead 

(Marcoux, 1998, Relvas et al., 2001; Jorge et al., 2007), neodymium (Relvas et al., 2001) and 

osmium (Munhá et al., 2005) isotope systematics suggested that, in addition to the fluid and 

metal supplied by typical IPB sources, the ore-forming solutions at Neves Corvo required an 

additional external source, which could well have been a direct magmatic-hydrothermal 

contribution. Deep metamorphic fluids are envisaged as a less likely, alternative or 

complementary, possibility. The external contribution is particularly preserved in the cassiterite 

ores, as well as in the bornite-ores, which display high-sulphidation mineral assemblage (Pinto 

et al., 1999). Both ore types show a clear shift of their isotopic composition relative to the 

regionally homogeneous isotopic signatures displayed by typical IPB deposits and/or their 

volcanic and siliciclastic host rocks. 

Collectively, the ore-related textures, mineralogy, alteration patterns, mineralization style, ore 

geochemistry, unusual high copper and tin grades, and stable and radiogenic isotope data 

support a multi-sourced, magmatic-hydrothermal genetic model which comprises a direct 

magmatic contribution to the tin and part of the copper contents in the deposit. The model 

predicts a tin-enriched granitic sill emplaced at moderately shallow depths.  
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As it has been postulated for the whole province (Saez et al., 1999; Relvas, 2000; Tornos et 

al., 2006) leaching of the IPB siliciclastic metasediments should have led to the formation of a 

basinal brine, derived from modified seawater, metamorphic dewatering, or both. This metal-

rich ore-forming fluid (“IPB-ore fluid”) might have been trapped by a silica-rich barrier (P-T 

“window” of retrograde solubility of silica), and stored in deep-seated aquifers, with long 

residence times, which account for the observed regional-scale chemical and isotopic 

homogeneity. At Neves Corvo, magmatic heat might have favored these deep stratified fluid 

circulation regimes, further enhancing metal extraction and long-lasting interactions. In 

response to the granitic sill temperature decrease, magmatic brine-vapor separation takes 

place leading to chemical segregation of copper and tin into a vapor phase and hypersaline 

brine solution, respectively. In an early stage of the mineralizing system, tectonically controlled 

episodes of highly focused release and sudden ascent of the tin-rich magmatic brine into 

seawater triggered the immediate and massive precipitation of fine-grained cassiterite at or 

very near the seafloor. Almost coetaneous or shortly after, a large scale and long-lasting 

seawater-dominated hydrothermal convection cell system was finally set in the upper parts of 

the mineralizing system accounting to the subsequent massive sulphide ore generation. In 

time this hydrothermal system gradually incorporated contributions of the deep metal-rich 

solutions, the “IPB-ore fluid”, as well as contributions of the intrusion-derived copper-rich 

magmatic vapor and subordinated amounts of scavenged tin-rich brine. Tectonically controlled 

discharge of this multi-sourced, high-temperature and metal-rich fluid led to the generation of 

the (copper and tin-rich) massive sulphide ores at Neves Corvo. A significant component of 

sub-seafloor deposition, through open-space and push-apart sulphide precipitation, and/or 

silicate-sulphide replacement reactions, might have been favored by boiling and/or prolonged 

high-temperature hydrothermal activity. 
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3. Sampling and Methods 
 

3.1. The Approach 
 

The general approach adopted in this study is schematically illustrated in Figure 10. Detailed 

description of the methodology, sampling and methods used is given below. Further details on 

the selected samples and methods used are given in Appendix A1. 

 

 

 
 
Figure 10. Flow chart of the different steps used for the study of the zinciferous mineralization and indium and 
selenium distribution at the Neves Corvo deposit. 
 

 

The study of the zinciferous mineralization and indium and selenium abundance and 

distribution in the Neves Corvo deposit was based in a systematic drill core sampling 

campaign run at the giant, zinc-rich Lombador orebody, and a more specific and targeted 

sampling strategy at the Corvo, Graça, Zambujal and Neves orebodies, directed to settings 
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known to host zinc- and copper-zinc massive sulphide ores that are particularly rich in indium 

and selenium.  

Selection of the studied drill holes resorted to the Vulcan® 3D software available at 

Somincor/Lundin Mining, and took into consideration the spatial distribution of the drill holes, 

ore types intersected and metal grades, particularly copper, zinc, indium and selenium. At the 

Lombador orebody 16 drill holes were selected, distributed along 12 NE-SW cross sections 

that cover the south, central (E and W) and north sectors of the orebody (Figure 11 and Table 

7), in order to get a good representation of the orebody architecture, host lithofacies, ore-

related hydrothermal alteration facies, and ore types spatial distribution (stockwork and 

massive sulphide ores). In the remaining orebodies, a total of 15 drill holes were selected for 

study: 3 drill holes intersecting the Neves orebody, 5 drill holes intersecting the SW area of the 

Graça orebody, 2 drill holes intersecting the Zambujal orebody, and 5 drill holes intersecting 

the SE area of the Corvo orebody (Figure 11 and Table 7). 

 

 

 
Figure 11. Location of the drill holes selected for this study.  
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Table 7. Summary table of the studied drill holes, with the indication of the ore types intersected and sampled (ore-
type acronyms as in Table 6). 
 

Orebody Cross-section Drill hole Ore types intersected/sampled

-4 FL879  ME, MP, MZP, MZ, ME, MC, FC

-4.5 FL706 MZ, MZP, MCZ, MC

-4.5 FL720 MZ, MZP, MCZ, FC, RZ

-7 FL834 MC, MP, MZ, MZP, MCZ, FZ, RZ

-8 FL799 FC, MZP, MZ, MCZ, MC

-8 FL828 MC, MZP, MC

-9 FL784 MC, MCZ, MZP, MZ, FZ

-10 NF24A-1 FC, MCZ, MZ, MZP, FZ, FC

-10.5 FL743 MP, ME, MC, MCZ, MZ, FZ, RZ

-10.5 NG20 MC, ME, MZ, MCZ, MZP,FZ, FC

-11 FL911 MC, MCZ, MZ, MZP, FC, ME, FC

-8.25 NE32-1 MZ, MCZ, 5Z, FZ

-8 NE28A-2 FC, MZ, FC, FZ

-14.5 NI18B-1 FC, MC, MZ, ME, FZ

-17.75 NK22A-1 MC, ME, MC, MCZ, 5Z

-19 NL20-1 MZP, MZ, MC, MCZ, FZ
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Orebody Sector Cross-section Drill hole Ore types intersected/sampled

18 FZ552 MCZ, MZP

19.5 FZ846 MCZ, MZ

-2.75 FN456 MCZ, MZ, MZP

-4.25 FN988 MCZ

-13.5 FN557 MCZ

4090 FG541 MZP, MZ

4140 FG462 MZ

4040 FG589 MCZ, MZ, MZP

3990 FG484 MZ, MZP, MCZ

3990 FG471 MZ, MZP

10.5 FC567 MZ, MZP, MCZ

10.5 FC570 MZ

8.5 AC374 MZP, MZ

8.5 AC357 MZ, MZP

11.5 FC150 MZ, MZP
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Detailed logging of the Lombador host lithofacies, hydrothermal alteration facies and ore 

macro-textures were performed over 4660 m of core (Appendix A2). Sample selection was 

based on the spatial location, and the predominant hydrothermal alteration pattern, ore type, 

and metal grades (systematic drill core chemical assays performed at the mine). At the Corvo, 

Neves, Graça and Zambujal orebodies sample selection was ground on the ore type, ore 

macro-textures, base metal grades, and indium and selenium contents. A suite of over 300 

samples was collected and scanned (or photographed) for record and list. A total of 330 

polished thin and round sections were inspected for detailed petrographic study and 

refinement of the micro-textures, mineralogy and paragenesis. All samples were prepared for 

microscopic observation and whole rock geochemical characterization at the Department of 

Geology, University of Lisbon, Portugal. After detailed optical microscopic inspection under 

both reflected and transmitted light, a set of 50 samples representative of the different ore 

types were selected to yield quantitative estimates of the alteration gangue and ore sulphide 

mineralogy by means of point counting (1000 points per section) in order to characterize the 

various types of stockwork and massive sulphide ores (Chapter 4 and 5). 

During the final stages of this research, additional massive sulphide ore samples were 

collected during underground mine visits to the Lombador, Corvo and Zambujal orebodies. 

Polished thin sections of this sample sub-set (samples LS630 6B 07, C647 8B 02, Z780 5B 

04) were produced as well. The latter were optically studied under reflected light and 

submitted for quantitative (electron microprobe) and high-resolution images, compositional 

maps and semi-quantitative (scanning electron microscope) microanalysis at the Department 

of Earth Sciences, University of Toronto, Canada. However, unfortunately, this sub-set of ore 
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samples was not included in the sample set selected for whole rock analysis due to time 

constrains, which did not permit a full study of these three ore samples.  

 

3.2. Mineral geochemical analysis 

 

The electron microprobe analyses were carried out on 3 different facilities: (1) between May 

and June 2012, at the Department of Geology, University of Lisbon (FCUL), Portugal, using a 

JEOL JXA 8200 electron microprobe equipped with 4 tunable wavelength dispersive 

spectrometers; (2) in February 2013 and in June 2014, at the Department of Earth Sciences, 

University of Toronto (UT), Canada, using a Cameca SX-50/51 (DCI 1300 DLL) electron 

microprobe equipped with 3 tunable wavelength dispersive spectrometers; and (3) in February 

2014, at the Helmholtz Institute Freiberg for Resource Technology (HIF), Freiberg, Germany, 

using a JEOL JXA-8530F electron microprobe equipped with 5 tunable wavelength dispersive 

spectrometers. In all cases, the electron microprobe analytical programs were set according to 

the aims of our study, which included investigating the mineral chemistry of both the 

alteration-related gangue assemblages (e.g., chlorite, sericite, carbonates) and the ore 

mineralogy, and to assess the concentration and allocation of trace elements, with emphasis 

on the indium and selenium, in the different ore sulphide minerals. It was hoped that this could 

then be correlated with the interpreted paragenetic sequence, ore types and metal zonation. 

 

A total of 1085 electron microprobe analyses were preformed in over 30 samples 

representative of the main ore-related hydrothermal alteration facies recognized in the 

Lombador stockwork system resorting to the JEOL JXA 8200 microprobe installed at FCUL 

(Chapter 4 and Appendix A3). Mineral chemical composition characterization was mainly 

focused on the alteration-related gangue mineral assemblage (chlorite, sericite, carbonates), 

although several analyses were equally preformed on late tectono-metamorphic carbonates.  

The operation conditions used were beam energy of 15 keV, current of 25 nA and a beam 

diameter of 5 to 10 µm. The analyses were acquired using the following analyzing crystals: (1) 

TAP for Na Kα, Mg Kα and Al Kα; (2) PETJ for Ti Kα, Mn Kα, Cr Kα, Si Kα and Ca Kα; (3) 

PETH for K Kα; and (4) LIFH for Fe Kα, Ba Kα and Zn Kα. 

The standards used for calibration are given in Table 8. 
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Table 8. Elements, crystals and standards used for the different ore-related hydrothermal gangue minerals. 

Element Channel Crystal Standard
Chlorite

Ti 1 PETJ Rutile.ast
Mn 1 PETJ Bustamite.ast
Cr 1 PETJ Chromium Oxide.ast
Na 2 TAP Jadeite.ast
Mg 2 TAP Pyrope.ast
Al 2 TAP Almandine.ast
Si 3 PETJ Pyrope.ast
Ca 3 PETJ Bustamite.ast
Zn 3 LIF Sphalerite.ast
K 4 PETH Sanidine.ast

Fe 4 LIFH Almandine.ast

Micas
Cr 1 PETJ Chromium Oxide.ast
Ca 1 PETJ Apatite.ast
Ti 1 PETJ Rutile.ast

Mn 1 PETJ Bustamite.ast
Al 2 TAP Almandine.ast
Na 2 TAP Jadeite.ast
Mg 2 TAP Almandine.ast
Cl 3 PETJ Tugtupite.ast
Si 3 PETJ Pyrope.ast
Fe 4 LIFH Almandine.ast
K 4 PETH Sanidine.ast

Ba 4 LIFH Barite

Carbonates
Ca 1 PETJ Calcite.ast
Mg 2 TAP Almandine.ast
Mn 3 PETJ Bustamite.ast
Zn 4 LIFH Sphalerite.ast
Fe 4 LIFH Almandine.ast

 
 

Analyses with low (<98.5 wt%) and high (>101.5 wt%) totals or with obvious contamination by 

one or more neighbor minerals were discarded. 

 

A total of 1758 analysis were preformed to determine the composition of the major, accessory, 

minor and trace ore sulphide minerals (Appendix A4). These sulphide mineral compositions 

were acquired on 66 carefully selected ore samples, representative of the different ore types 

collected at the Lombador, Corvo (SE area), Neves, Graça (SW area) and Zambujal 

orebodies. Part of these analyses (about 15%) were preformed at the FCUL facilities at an 

early stage of this investigation, mainly aimed at the overall confirmation and general chemical 

characterization of the optically identified sulphide minerals observed in the stockwork ores 

sampled at the Lombador orebody. 

The remaining analyses were preformed at the facilities of the UT (about 50%) and of the HIF 

(about 35%) in 3 subsequent stages. An initial stage, at the UT, involved a systematic analysis 

of the ore sulphide mineral assemblages found at the various ore types and orebodies. The 

second stage was carried out at the HIF facilities. These analyses were mainly focused on ore 

sulphide mineral assemblages from both the indium- and selenium-bearing stockwork ores 

and massive sulphide ores, and involved the reanalysis of about 70% of the samples 

previously probed at the UT. A third and final stage of the microprobe analysis program was 

preformed at the UT facilities and focused exclusively on indium- and selenium-rich ore 

samples. 
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In order to optimize the working and analytical conditions (e.g., minimize analysis time and 

interferences, better analytical statistics and precision, lower detection limits), the following 

exigent procedures were adopted: (1) the polished thin and round sections were polished with 

high quality standards, carefully cleaned and uniformly carbon coated; (2) for analytical 

purposes, the ore sulphide minerals were divided into 3 main groups - the Fe-As-Co-bearing 

minerals (e.g., pyrite, arsenopyrite, cobaltite), the tin sulphides (e.g., stannite, kesterite, 

mawsonite), and the other sulphide minerals (e.g., chalcopyrite, sphalerite, galena); (3) only 

very well characterized standards were selected; (4) the most suitable crystal for each 

element analysis was carefully chosen, and the measurement order of the elements was 

arranged taking into account the relative ease of volatilization of the elements (e.g., As, In and 

Sb were always the first elements analyzed); and finally (5) for each set of probed samples, 

the beam was aligned at the beginning of each working session, and calibration of the 

standard X-ray intensities of the elements to be measured were run both at the beginning and 

at the end of each working session to check for reproducibility. 

Unknown and standard intensities were corrected for dead time. Standard intensities were 

corrected for standard drift over time. Interference corrections were applied to As-Pb, to S-Co, 

and to In-Sn. The matrix correction method was either ZAF, or Phi-Rho-Z. 

 

Twenty-one elements were selected for determination of the ore sulphide minerals 

composition. The operation conditions varied in-between the different microprobes used and 

the minimum detection limits (mean background + 3σ) and precision of the analytical results 

for the major and trace components varied accordingly. Reanalysis of the same sections and 

grains in the different microprobe facilities gave very consistent results with deviations for 

trace elements better that 2.4%.  

The detection limits for the 21 elements are as follows: 

 
Table 9. Selected elements and correspondent minimum detection limits and deviations considering the operation 
conditions selected for the determination of the ore sulphides composition. 
 

Element Detection Limit (wt%) Desviation (%)
S 0.019 0.2
Fe 0.021 0.8
Cu 0.031 0.5
Zn 0.017 0.3
Pb 0.089 2.4
AS 0.032 0.4
Ni 0.025 0.4
Sb 0.019 0.3
Sn 0.033 0.5
Co 0.007 0.1
Mn 0.009 0.1    

Element (cont.) Detection Limit (wt%) 
(cont.)

Desviation (%) (cont.)

Hg 0.091 1.3
Ag 0.030 0.5
Au 0.088 1.3
Bi 0.097 1.3
Ge 0.003 0
Se 0.038 0.4
In 0.018 0.3
Cd 0.034 0.7
Tl 0.059 1.8
Te 0.140 0.9  

 

 

The electron microprobe operation conditions at FCUL were beam energy of 15 keV, current 

of 25 nA and a beam diameter of 1 µm. Elements were acquired using the following analyzing 
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crystals: (1) TAP for Se Lα, As Lα and Ge Lα; (2) PETJ for Ag Lα, Bi Mα, Cd Lα, Mn Kα, Pb 

Mα, Sb Lα and Sn Lα; and (3) LIFH for Au Mα, Zn Kα, Cu Kα, Ni Kα, Co Kα, Fe Kα and Hg 

Mα. The on-peak counting time was 20 seconds for all measured elements (Co, S, Fe, Cu, Ni, 

Cd, Ag, Sn, Sb, Bi, Pb, Hg, Zn, Se, As, Ga and Ge), whereas the off-peak counting time was 

10 seconds. Indium was not measured due to the lack of a suitable standard. 

At the UT, the electron microprobe operating conditions used were beam energy of 25 keV, 

current of 50 nA, and beam diameter equal to 1 micron. Elements were acquired using the 

following analyzing crystals: (1) LiF for Fe Kα, Ni Kα, Cu Kα, Zn Kα, Hg Lα, Tl Lα, Te Lα, Co 

Kα, Ge Kα, As Kα, Bi Lα, Se Kα, Au Lα; and (2) PET for Ag Lα, Cd Lα, In Lα, Sn Lα, Sb Lα, S 

Kα, and Pb Mα. The on-peak counting time was 20 seconds for Fe, Ni, Cu, Pb, Sn, S; 40 

seconds for Au; 60 seconds for Ge, As, Bi, Se, Zn, Ag, Cd, In, Hg, Sb, Co; and 60 to 120 

seconds for Tl and Te. The off-peak counting time was 20 seconds for Fe, Ni, Cu, Pb, Sn and 

S; 40 seconds for Au; and 60 seconds for Ge, As, Bi, Se, Zn, Ag, Cd, In, Hg, Sb, Tl, Te and 

Co. 

Finally, the electron microprobe operating conditions used at the HIF were beam energy of 20 

KeV, current of 20 nA, and beam diameter equal to 1 micron. Elements were acquired using 

the following analyzing crystals: (1) TAP for Se Lα, As Lα and Ge Lα; (2) PETL for In Lα, Cd 

Lα, Ag Lα and Sn Lα; (3) PETH for Sb Lβ, Bi Mα, Pb Mα, S Kα and Hg Mα; and (4) LIFH for 

Zn Kα, Cu Kα, Ni Kα, Co Kα, Fe Kα, Tl Lα and Te Lα. The on-peak counting time was 10 

seconds for Co; 20 seconds for S; 30 seconds for Fe and Cu; 40 seconds for Ni, Cd, Ag, Sn, 

Sb, Bi, Pb, Hg and Zn; 60 seconds for Se, As, Ga and Ge; and 80 seconds for In. The off-

peak counting time was 5 seconds for Co; 10 seconds for S; 14 seconds for Fe and Cu; 20 

seconds for Ni, Cd, Ag, Sn, Sb, Bi, Pb, Hg and Zn; 30 seconds for Se, As, Ga and Ge; and 40 

seconds for In. 

The standards used for calibration at FCUL, UT and HIF facilities were as follows: 

 
Table 10. Elements, crystals and standards used for the different ore sulphide minerals measured at the FCUL 
facilities. 
 

Element Channel Crystal Standard
Zn 1 LIF Sphalerite.ast
Ni 1 LIF Pentlandite.ast
Sb 1 PETJ Stibnite.ast
Bi 1 PETJ Bismuth Selenid.ast
In 1 PETJ Cal-STD
Se 2 TAP Bismuth Selenid.ast
As 2 TAP Galium Arsenide.ast
Ge 2 TAP Cal-STD
Mn 3 PETJ Bustamite.ast
Sn 3 PETJ Cassiterite.ast
Ag 3 PETJ Ag_b_1
Pb 3 PETJ Galena.ast
Cd 3 PETJ CAL-STD
Cu 4 LIFH Cuprite.ast
Co 4 LIFH Skutterudite.ast
Fe 4 LIFH Pyrite.ast
Au 4 LIFH Au_b_1
S 4 PETH Pyrite.ast  
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Table 11. Elements, crystals and standards used for the different ore sulphide minerals measured at the UT 
facilities. 

 
 

Fe-As-Co-bearing sulphides

Element Channel Crystal Standard Element Channel Crystal Standard Element Channel Crystal Standard
Fe 1 LiF pyritesx1 Fe 1 LiF chalcopyritesx1 Fe 1 LiF cobaltitesx2 (Astimex)
Ni 1 LiF pentlasx1 Ni 1 LiF milleritePS45 Ni 1 LiF pentlasx1
Cu 1 LiF chalcopyritesx1 Cu 1 LiF chalcopyritesx1 Cu 1 LiF chalcopyritesx1
Zn 1 LiF sphalsx1 Zn 1 LiF sphalsx1 Zn 1 LiF sphalsx1
Hg 1 LiF cinnabsx1 Hg 1 LiF cinnabsx1 Hg 1 LiF cinnabsx1
Tl 1 LiF estimated Tl (Br,I)sx2 Tl 1 LiF estimated Tl (Br,I)sx2 Tl 1 LiF estimated Tl (Br,I)sx2
Co 1 LiF cobaltitesx2 (Astimex) Co 1 LiF cobaltitesx2 (Astimex) Co 1 LiF cobaltitesx2 (Astimex)
Ge 1 LiF Bi12GeO20sx2 Ge 1 LiF Bi12GeO20sx2 Ge 1 LiF Bi12GeO20sx2
As 1 LiF aspysx1 As 1 LiF aspysx1 As 1 LiF cobaltitesx2 (Astimex)
Bi 1 LiF AgBiS2sx2 Bi 1 LiF AgBiS2sx2 Bi 1 LiF AgBiS2sx2
Se 1 LiF ZnSesx2 Se 1 LiF ZnSesx2 Se 1 LiF Bi2Se3sx1
Pb 3 PET galenasx1 Pb 3 PET galenasx1 Pb 3 PET galenasx1
Ag 3 PET AgBiS2sx2 Ag 3 PET AgBiS2sx2 Ag 3 PET AgBiS2sx2
Cd 3 PET CdSsx1 Cd 3 PET CdSsx1 Cd 3 PET CdSsx1
In 3 PET In2Se3sx2 In 3 PET In2Se3sx2 In 3 PET In2Se3sx2
Sn 3 PET SnO2sx1 Sn 3 PET SnO2sx1 Sn 3 PET SnO2sx1
Mn 3 PET Bustmsx1 Mn 3 PET Bustmsx1 Mn 3 PET Bustmsx1
Sb 3 PET stibnsx1 Sb 3 PET stibnsx1 Sb 3 PET stibnsx1
S 3 PET pyritesx1 S 3 PET aspysx1 S 3 PET cobaltitesx2 (Astimex)

Au 1 LiF AuAg40sx2 Au 1 LiF AuAg40sx2 Au 1 LiF AuAg40sx2
Te 1 LiF HgTesx1 Te 1 LiF HgTesx1 Te 1 LiF HgTesx1

Other minerals 

Element Channel Crystal Standard Element Channel Crystal Standard Element Channel Crystal Standard
Fe 1 LiF chalcopyritesx1 Fe 1 LiF sphalFe5PS50/4 Fe 1 LiF sphalFe5PS50/4
Ni 1 LiF pentlasx1 Ni 1 LiF milleritePS45 Ni 1 LiF milleritePS45
Cu 1 LiF chalcopyritesx1 Cu 1 LiF Cu2FeSnS4-PS57 (stannite) Cu 1 LiF Cu2FeSnS4-PS57 (stannite)
Zn 1 LiF sphalsx1 Zn 1 LiF sphalFe5PS50/4 Zn 1 LiF sphalFe5PS50/4
Hg 1 LiF cinnabsx1 Hg 1 LiF cinnabsx1 Hg 1 LiF cinnabsx1
Tl 1 LiF estimated Tl (Br,I)sx2 Tl 1 LiF estimated Tl (Br,I)sx2 Tl 1 LiF estimated Tl (Br,I)sx2
Co 1 LiF cobaltitesx2 (Astimex) Co 1 LiF cobaltitesx2 (Astimex) Co 1 LiF cobaltitesx2 (Astimex)
Ge 1 LiF Bi12GeO20sx2 Ge 1 LiF Bi12GeO20sx2 Ge 1 LiF Bi12GeO20sx2
As 1 LiF aspysx1 As 1 LiF aspysx1 As 1 LiF aspysx1
Bi 1 LiF AgBiS2sx2 Bi 1 LiF AgBiS2sx2 Bi 1 LiF AgBiS2sx2
Se 1 LiF ZnSesx2 Se 1 LiF AgBiSe2/PS39 Se 1 LiF AgBiSe2/PS39
Pb 3 PET galenasx1 Pb 3 PET galenasx1 Pb 3 PET PbTe/PS39
Ag 3 PET AgBiS2sx2 Ag 3 PET Ag2Te/PS43 Ag 3 PET Ag2Te/PS43
Cd 3 PET CdSsx1 Cd 3 PET CdSsx1 Cd 3 PET CdSsx1
In 3 PET In2Se3sx2 In 3 PET In2Se3sx2 In 3 PET In2Se3sx2
Sn 3 PET SnO2sx1 Sn 3 PET Cu2FeSnS4-PS57 (stannite) Sn 3 PET Cu2FeSnS4-PS57 (stannite)
Mn 3 PET Bustmsx1 Mn 3 PET Bustmsx1 Mn 3 PET Bustmsx1
Sb 3 PET stibnsx1 Sb 3 PET stibnsx1 Sb 3 PET stibnsx1
S 3 PET chalcopyritesx1 S 3 PET sphalFe5PS50/4 S 3 PET sphalFe5PS50/4

Au 1 LiF AuAg40sx2 Au 1 LiF AuAg40sx2 Au 1 LiF AuAg40sx2
Te 1 LiF HgTesx1 Te 1 LiF HgTesx1 Te 1 LiF HgTesx1

Tin sulphides

Element Channel Crystal Standard
Fe 1 LiF Cu2FeSnS4-PS57 (stannite)
Ni 1 LiF milleritePS45
Cu 1 LiF Cu2FeSnS4-PS57 (stannite)
Zn 1 LiF sphalsx1
Hg 1 LiF cinnabsx1
Tl 1 LiF estimated Tl (Br,I)sx2
Co 1 LiF cobaltitesx2 (Astimex)
Ge 1 LiF Bi12GeO20sx2
As 1 LiF aspysx1
Bi 1 LiF AgBiS2sx2
Se 1 LiF AgBiSe2/PS39
Pb 3 PET galenasx1
Ag 3 PET Ag2Te/PS43
Cd 3 PET CdSsx1
In 3 PET In2Se3sx2
Sn 3 PET Cu2FeSnS4-PS57 (stannite)
Mn 3 PET Bustmsx1
Sb 3 PET stibnsx1

Stannite

ArsenopyritePyrite Cobaltite

Chalcopyrite Sphalerite Galena
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Table 12. Elements, crystals and standards used for the different ore sulphide minerals measured at the HIF 
facilities. 
 

 
Fe-As-Co-bearing sulphides Other minerals 

Chalcopyrite, Sphalerite, Galena
Element Channel Crystal Standard Element Channel Crystal Standard

Se 1 TAP BismuthSelenite_AST Se 1 TAP BismuthSelenite_AST
As 2 TAP Arsenopyrite_AST As 2 TAP Arsenopyrite_AST
Ge 2 TAP Germanium_AST Ge 2 TAP Germanium_AST
In 3 PETL Indiumphosphide_AST In 3 PETL Indiumphosphide_AST
Cd 3 PETL Cadmium_AST Cd 3 PETL Cadmium_AST
Ag 3 PETL Silver_AST Ag 3 PETL Silver_AST
Sn 3 PETL Tin_AST Sn 3 PETL Tin_AST
Sb 4 PETH Stibnite_AST Sb 4 PETH Stibnite_AST
Bi 4 PETH BismuthSelenite_AST Bi 4 PETH BismuthSelenite_AST
Pb 4 PETH Galena_AST Pb 4 PETH Galena_AST
S 4 PETH Sphalerite_AST S 4 PETH Sphalerite_AST

Hg 4 PETH Cinnabar_AST Hg 4 PETH Cinnabar_AST
Zn 5 LIFH Sphalerite_AST Zn 5 LIFH Sphalerite_AST
Cu 5 LIFH Cuprite_AST Cu 5 LIFH Cuprite_AST
Ni 5 LIFH Pentlandite_AST Ni 5 LIFH Pentlandite_AST
Co 5 LIFH Cobalt_AST Co 5 LIFH Cobalt_AST
Fe 5 LIFH Pentlandite_AST Fe 5 LIFH Pentlandite_AST
Tl 5 LIFH Thallium_AST Tl 5 LIFH Thallium_AST
Te 5 LIFH Tellurium_AST Te 5 LIFH Tellurium_AST

Pyrite, Arsenopyrite, Cobaltite

 
 

Again, most of the analyses with low (<98.5 wt%) and high (>101.5 wt%) totals or with obvious 

contamination of other mineral(s) were discarded. 

 

High-resolution images by means of secondary electrons (SE) or backscattered electrons 

(BSE), and semi-quantitative X-ray microanalysis by means of energy dispersive spectrometry 

(EDS) were preformed by scanning electron microscope (SEM) at the Department of Earth 

Sciences, University of Toronto (UT), Canada, in a set of 14 representative ore samples. The 

equipment used was a JEOL 6610LV scanning electron microscope (SEM), complemented 

with an EDS Oxford silicon drift detector (SDD) system capable of high-count rates and good 

energy resolution, and an Oxford INCA data acquisition software application. The use of this 

technique was particularly directed to the acquisition of high-resolution images of indium- and 

selenium-bearing ore mineral assemblages. Sample preparation involved carbon coating, and, 

for all the elements analyzed, the option for processing the X-ray spectra data was pin-point 

analysis. The acceleration voltage was set to 15 kV, and the automatic peak identification 

option was selected to minimize spurious peaks by adjusting the auto ID sensitivity. 

 

3.3. Whole rock analysis 
 

Whole rock compositions were determined at Activation Laboratories, Ltd. (ActLabs), Canada, 

using the analytical packages 4LITHORESEARCH + 4B-INAA + 4B1 for the less mineralized 

samples, and 4LITHORESEARCHQUANT + 4B-INAA + 4B1 for the highly mineralized 

stockwork and massive sulphide ore samples. The analyses were made on 82 selected ore 



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 

66 | P a g e  
	  

samples, which included 36 samples representative of the Lombador stockwork system and 

46 samples of the massive sulphide ores types. Sample selection was made taking into 

account ore type representativeness, local geologic features, ore mineralogy and texture, 

spatial distribution and indium and selenium contents. Accuracy of the analyses was 

monitored by ActLabs by means of adequate standards. The detection limits for the analytical 

methods adopted for each major and minor element are given in Table 13. 

 

 
Table 13. Detection limits and analytical methods adopted for the whole rock analysis. 

Detection Limit Analysis Method
SiO2 0.01 FUS-ICP
Al2O3 0.01 FUS-ICP
Fe2O3(T) 0.01 FUS-ICP
MnO 0.001 FUS-ICP
MgO 0.01 FUS-ICP
CaO 0.01 FUS-ICP
Na2O 0.01 FUS-ICP
K2O 0.01 FUS-ICP
TiO2 0.001 FUS-ICP
P2O5 0.01 FUS-ICP
S 0.01 IR
Cu 0.005 FUS-Na2O2

Zn 0.01 FUS-Na2O2

Pb 0.01 FUS-Na2O2

Ba 3 FUS-ICP
Y 0.5 FUS-MS
Zr 1 FUS-MS
Nb 0.2 FUS-MS
Rb 1 FUS-MS
Sr 2 FUS-ICP
Ag 0.3 TD-ICP
Au (ppb) 2 INAA
In 0.1 FUS-MS
Se 3 INAA
Ga 1 FUS-MS
Ge 0.5 FUS-MS
Mo 2 FUS-MS
As 0.5 INAA
Sb 0.2 INAA
Sn 1 FUS-MS
Bi 0.1 FUS-MS
Cd 0.5 TD-ICP
Co 1 FUS-MS
Ni 1 TD-ICP
Cr 5 INAA
Br 0.5 INAA
V 5 FUS-ICP
W 0.5 FUS-MS
Cs 0.1 FUS-MS
Ir (ppb) 5 INAA
Sc 0.1 INAA
Be 1 FUS-ICP
Hf 0.1 FUS-MS
Ta 0.01 FUS-MS
Tl 0.05 FUS-MS
Th 0.05 FUS-MS
U 0.01 FUS-MS
La 0.05 FUS-MS
Ce 0.05 FUS-MS
Pr 0.01 FUS-MS
Nd 0.05 FUS-MS
Sm 0.01 FUS-MS
Eu 0.005 FUS-MS
Gd 0.01 FUS-MS
Tb 0.01 FUS-MS
Dy 0.01 FUS-MS
Ho 0.01 FUS-MS
Er 0.01 FUS-MS
Tm 0.005 FUS-MS
Yb 0.01 FUS-MS
Lu 0.002 FUS-MS

Major elements 
(%):

Minor elements 
(ppm):  
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3.4. Mine mineral resources, distribution maps and cross sections, and ore types 

 

The overall characterization of the zinc-rich mineralization, indium and selenium spatial 

distribution, metal grades and whole-scale element correlations for the Neves Corvo deposit 

were ground on data provided by (or got in collaboration with) the mine geology Department of 

Somincor/Lundin Mining, which included the deposit zinc resource evaluation, ore types 

distribution maps and cross sections, metal grades, and correlation matrix tables for ore major 

and minor elements. The data is based on Somincor/Lundin Mining 2013 chemical database 

and 3D models of the orebodies, and makes use of the powerfull Leapfrog® and Vulcan® 3D 

mining softwares. The estimated zinc resources reported and presented in this study are 

based on mine block estimation (10 m x 10 m x 5 m) and cut-off grades of 3.0% for zinc. 

Finally, the ore types modeling/delineation depicted on the following chapters are also 

established on the basis of the cut-off grades of base metals and tin as indicated in Table 14 

(see Table 6 for ore types descriptions). 

 

 
Table 14. Ore-types and corresponding cut-offs grades at the Neves Corvo deposit. 

 

 
 

It is worth mentioning, however, that despite the huge chemical database (n = 419386), it was 

only from 2005 onwards that a large set of elements (Cu, Pb, Zn, S, Fe, Ag, Hg, Sn, As, Sb, 

Bi, Au, Se, In) started to be systematically analyzed. Therefore, information about possible 

add-value (e.g., Ag, Au, Se, In) or penalty (e.g., Hg, Sb) elements concentrations is some 

times absent, particularly on ore types considered not priority at the time, or old drill cores 

located in high-grade zinc zones. Due to their recent exploration, the Lombador and Zambujal 

orebodies benefit from a very complete chemical database.  

At the Somincor/Lundin Mining chemical laboratories, the ore samples (1 to 2 m of drill core) 

are analyzed using atomic absorption (AA) and X-ray fluorescence (XRF) methods, according 

to the following procedure: 

i. All samples are analyzed by XRF for Cu, Pb, S, Fe, As, Sn, Sb, Bi, Se and In; 

Ore type Geological modelling 
cut-oof grade Description Major ore mineral

FE Cu <0.7% and Zn <0.5% barren stockwork pyrite
FC Cu >0.7% copper stockwork chalcopyrite
FZ Zn >0.5% zinc stockwork sphalerite
MC Cu >0.7% massive copper chalcopyrite

MCZ Cu >0.7% or Zn >0.5% massive copper-zinc chalcopyrite and sphalerite
MZ Zn >0.5% massive zinc sphalerite

MZP Zn >0.5% and Pb >1% massive zinc-lead sphalerite and galena
MP Pb >1% massive lead galena
RC Cu >0.7% rubané copper chalcopyrite
RZ Zn >0.5% rubané zinc sphalerite
ME Cu< 0.7% and Zn<0.5% massive barren pyrite
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ii. Ag is analyzed by AA flame method and Hg by AA vapor; 

iii. Copper XRF concentrations between 2 to 10% are reanalyzed by AA, and XRF 

concentrations higher than 10% are reanalyzed by the electrogravimetric method plus 

AA; 

iv. Zinc XRF concentrations between 2.5 and 20% are reanalyzed by AA, and results 

higher than 20% are analyzed by the volumetric method. 

 

Detailed cross-sections displaying the vertical and lateral distribution profiles of the ore types, 

metal zoning and location of the drill holes along the Lombador, Corvo (SE area), Neves, 

Zambujal and Graça (SW area) orebodies are presented in Appendix 5. 

 

3.5. Isotopic analysis 

 

Strontium, neodymium and lead isotope systematics were determined on 27 stockwork and 

massive sulphide ore samples at the Department of Earth Sciences, University of Geneva, 

Switzerland, in collaboration with Professor Massimo Chiaradia, using a Thermo Neptune 

PLUS Multi-Collector ICP-MS in static mode. The technics used for each system, together 

with a brief description of the selected ore samples features (ore type; mineralogy; whole rock 

Sr, Nd, Pb contents) and an introductory note of the different isotopic systems used are given 

in Chapter 7. 
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4. Hydrothermal Alteration Related to the Zinc-rich Mineralization: the 
Lombador orebody architecture, hydrothermal alteration and 

geochemistry 
 

4.1. The Lombador orebody 
 

The Lombador orebody was discovered in 1988 following a deep drilling exploration program in the 

northern end of the Corvo and Neves orebodies (Pacheco and Ferreira, 1999). The orebody is 

oriented NW-SE and lies on the northern limb of the Rosário-Neves Corvo anticline at depths 

comprised between 600 and 1000 m below surface (Figure 12 and 13). The massive sulphide lens 

extends for approximately 1100 m down dip and 1600 m along strike, dips 20º to 40º NE, and is up 

to 150 m thick (Pacheco and Ferreira, 1999; Carmichael, 2010). It is commonly divided into 3 

sulphide lenses, Lombador North, Lombador South and Lombador East, and represents the 

largest and zinc-richest orebody of the Neves-Corvo deposit. Current estimation of the total 

mineral resources at the Lombador orebody indicates 106.2 Mt @ 0.78% Cu, 4.42% Zn, 1.16% Pb 

and 53.34 ppm Ag (Somincor/Lundin Mining 2013, unpublished data). The total tonnage of this 

particular orebody is not yet positively known. Charmichael (2010) estimates that it probably 

exceeds 150 Mt. 

 

 

 
Figure 12. Geological map of the Neves Corvo mine area (modified from Oliveira et al., 2004 and references therein). 
Geologic cross-sections A-B and C-D are represented in Figure 13. 
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Figure 13. Geologic cross-sections A-B and C-D represented in Figure 12 showing the general structure and 
lithostratigraphy of the Lombador orebody (modified from Oliveira et al., 2004 and references therein). 
 

 

4.1.1. Orebody architecture  
 

The architecture of the Lombador orebody was reconstructed on the basis of detailed logging of 16 

drill holes, which are represented in Figure 14. The discontinuities in the lithological sequence and 

in the hydrothermal alteration and mineralization patterns recognized in most of the 16 drill holes 

studied seem to be function of (1) extremely variable basin paleomorphology, controlled by syn-

sedimentary tectonic activity and related submarine erosion, (2) marked lithological contrasts that 

controlled the hydrothermal alteration and mineralization morphology and pattern, and (3) thin-

skinned tectonic pilling up effects, which frequently subvert the vertical stratigraphic sequence, 

both in the footwall and hanging wall successions, and puts in vertical contact laterally distant 

hydrothermal/mineralization zones. Detailed log descriptions of the 16 drill holes are given in 

Appendix 2. 
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Figure 14. Schematic representation of the stratigraphic succession, hydrothermal alteration facies and massive and stockwork 
ore types present in the studied drill holes. Note that drill hole FL799 log is sub-horizontal and therefore it is not represented in 
the figure. 
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The footwall sequence hosting the giant Lombador massive sulphide lens significantly 

changes from the southern to the northern sector of the orebody. 

In south and central sectors, the massive sulphide lens directly overlay the PQ Group 

sequence (e.g., drill hole FL720, FL834 or NE32-1) or a variably thick (±0.5 to >10 m) volcanic 

unit (e.g., drill hole FL879, FL743 or NE28A-2). The PQ Group comprises a sequence of 

alternate and variably thick intervals of quartzites, phyllites and quartz-rich siltstones and/or 

phyllites, which grade upwards either into the massive sulphide lens, or into the volcanic 

package. Not very often, the PQ sequence may also grade upward into a slightly altered and 

mineralized dark grey to black shale that seem to correspond to the Neves Formation (e.g., 

drill hole NF24A-1). The volcanic package is mainly dominated by coherent rhyolite facies that 

get thicker to the W, towards the Neves orebody. The volcaniclastic terms, when present, 

occur as thin (0.3 to 3.50 m) and highly mineralized levels on top of the volcanic package 

(e.g., drill hole FL706 or FL743).  

Thin (up to ±6 m), poorly altered and mineralized intervals of black shale (Neves Formation) 

also occur intercalated within the volcanic sequence (e.g., drill hole FL743). However, very 

often these shale intercalations are likely the result of tectonic shear (e.g., drill hole FL911). 

Shear structures are particularly abundant in the south and central-W areas of the orebody, 

where tectonic deformation was particularly intense and concentrated. 

In the northern sector of the orebody the massive sulphide lens overlay a thick (>50 m) VSC 

sequence, consisting of highly chloritized and silicified coherent rhyolite (up to ±20 m thick) 

that grades upward into a thick mineralized volcaniclastic sequence (up to ±18 m thick), with 

dark grey to black shale (2 to ±20 m thick; Neves Formation) interbedded intervals. The 

volcaniclastic facies comprise levels of semi-massive mineralization and polymictic breccia-

conglomerate (both quartz-rich and quartz-poor terms). Mass-flow with a northward sense of 

movement, synsedimetary deformation and graded bedding structures are recognized in the 

volcaniclastic levels, indicating that these rocks should have formed during alternating periods 

of high-energy mass-flows and quiet fine sedimentation.  

 

A huge, stratabound stockwork system consisting of a variably dense and thick (±1 to ±30 cm) 

network of mineralized veins and veinlets, directly underlies the Lombador massive sulphide 

orebody, down to 2-30 m into the footwall sequence and throughout the entire length of the 

massive sulphide lens. The stockwork system is mainly developed in the central sector of the 

orebody and displays a noticeably increase of the hydrothermal alteration, replacement and 

mineralization patterns towards the base of the massive sulphide orebody. Chloritization and 

sericitization are the main ore-related hydrothermal alteration facies recognized. These 

alteration facies are commonly associated to variably significant silicification and 
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carbonatization. In the more permeable, pouros and reactive facies of the footwall sequence 

(volcaniclastic, quartz-rich siltstones/phyllites and phyllite rocks), or near the base of the 

massive sulphide lens, the hydrothermal alteration and stockwork mineralization develop a 

marked stratabound pattern that consists of pervasive chlorite (or chlorite-siderite) and pyrite 

(± spahlerite) dissemination coupled with a dense network of roughly sub-parallel veins and 

veinlets that form thick (>1 m) semi-massive ore levels. Both the PQ and the VSC rocks are 

cross-cut by pyrite, pyrite ± chalcopyrite and/or pyrite-sphalerite veins and veinlets, as well as 

late tectono-metamorphic quartz or carbonate + chalcopyrite (± tetrahedrite, sphalerite, and 

galena) veins and veinlets that often re-open the ore-related mineralized veins. The density, 

thickness (≤5 cm) and number of mineralized veins progressively decrease either downward 

into the footwall sequence, or towards the periphery of the stockwork system. Chalcopyrite-

rich veins are predominant in the central-W sector of the orebody, where the axis of the feeder 

system is located, whereas sphalerite-rich veins are more abundant towards the central-E 

sector of the orebody. The occurrence of a second discharge zone was recognized in the 

northernmost part of the Lombador orebody. This discharge zone is deeply rooted (>1000 m) 

and consists of highly chloritized(+quartz)-altered volcanic rocks, cross-cut by pyrite and pyrite 

± chalcopyrite veins.  

 

Regarding the hanging wall sequence, the massive sulphide lens is directly overlain by the JC 

unit or by a thick VSC package (the upper VSC sequence). This VSC package is recognized 

in particular in the south and central-W sectors of the orebody. It comprises a thin 

discontinuous layer (up to 30 cm thick) of jasper and/or chert that grades upward into a 

sericitic greenish-grey to grey shale (<1 to  ±10 m) facies comprising intercalated metric thick 

(up to 8 m) intervals of purple shales. Sub-parallel millimetric to metric levels rich in 

disseminated pyrite and oxidized carbonate crystals (±1 mm) are commonly present in the 

sericitic shale. The VSC package encompasses interbedded volcanic (up to ≈100 m) and 

shale (up to ≈300 m) intervals of variable thickness. The volcanic rocks are characterized by 

metric-thick intercalations of clast-rotated breccias (predominant and often flattened), massive 

jigsaw-fit breccia and epiclastic mass-flow sediments variably altered to sericite and 

mineralized (pyrite disseminations). The sedimentary package is mainly composed of dark 

grey to black shale with local pyrite nodules and carbonaceous/graphite material that seem to 

correspond to the Neves Formation. In some drill holes it was also possible to recognize the 

Borra de Vinho Formation and the Mértola Formation (e.g., drill hole FL706 or NL20-1). 

Tectonically-disrupted, zinc-rich stringer and semi-massive sulphide lenses (up to 10 m thick) 

occur in several vertical positions of the upper VSC sequence, either interbedded with black 

shales of the Neves Formation, or with volcaniclastic facies, due to overthrust repetitions. 
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These lenses (usually referred to as rubané ore) mainly correspond to distal stockwork 

mineralization that was tectonically transported to a hanging wall position. 

 

Regional low-angle thrust faults and late strike-slip faulting are prominent throughout the 

Lombador orebody. Strain has been strongly portioned into the phyllosilicate-rich rocks in both 

the footwall and the hanging wall alteration zones. Moreover, tectonic deformation preferably 

underlines the base and top contacts of the massive sulphide lens, or occurs within it, 

especially in the zinc-rich ore zones (e.g., MZ and MZP ore types). Some copper- and zinc-

rich ore shoots are clearly related with tectono-metamorphic processes of remobilization, 

either ductile or fluid-assisted, associated to late tectonic events. However, as it will be shown 

in Chapter 5, primary metal zonation features were not fully obliterated and can be still 

recognized where preserved.  

As a general rule, the massive sulphide ores tend to be more massive and recrystallized 

towards the base, whereas more pristine, banded textures are more common towards the top 

and peripheral zones of the orebody. Nevertheless, at smaller scales, these characteristics 

can be totally or partially obscured by strong recrystallization, annealing and brecciation.  

In the south and central-W sectors of the orebody the ore is more massive, fine-grained, 

recrystallized and highly variable in texture. Banded (both primary and deformational) and 

sheared ore intercalations are common along the ore sequence. On the other hand, towards 

the central-E and northern sectors of the orebody, graded-bedding and synsedimentary 

textures are increasingly more common, the massive ores being very often characterized by 

banded pyrite-sphalerite(-galena) layers interbedded with pyritic layers in a carbonate 

(±quartz+chlorite) groundmass.  

 

4.1.2.  Petrographic characterization of the host sequence 

 
4.1.2.1. The Phyllite-Quartzite Group 

 

The PQ Group in the Lombador area comprise centimetric to metric layers of quartzites 

intercalated with millimetric to decimetric banded layers of quartz-rich siltstones and/or 

phyllites, which are dominant to the top of this detrital pile (Plate 1- A, B, C).  

The quartzite layers comprise variably recrystallized and roughly equigranular quartz grains 

(±100 – ±220 µm) that obscure the detrital nature of the grains (Plate 1- B, E). Nevertheless, 

towards the northern sector of the orebody, the quartz grains decrease in size and tend to 

appear more angular. The occurrence of detrital grains (≤100 µm) of zircon, sphene and minor 

rutile is relatively common (<1% vol.) in the quartz-rich groundmass. Zircon crystals, which are 
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the most abundant accessory detrital minerals, are usually surrounded by corroded halos due 

to alteration. Thin films  (<1000 µm) made up of chlorite, sericite and/or carbonate (?), after 

primary phyllosilicates (e.g., ilite, smectite, other clay minerals), fill the voids between the 

quartz grains. 

The quartz-rich siltstone and/or phyllite layers comprise variably thick intervals of poorly rolled 

inequigranular quartz grains (±20 – 100 µm), which are intergrowth with clay-like material 

(locally rich in organic matter) and/or chlorite and sericite (Plate 1- C, F). Minor amounts (<0.6 

% vol.) of muscovite grains (±40 µm) often occur disseminated in the rock matrix, particularly 

in the quartz-richer intervals.  

The phyllite layers comprise a fine chloritic-, sericitic- and carbonate-rich matrix, in which fine-

grained (±20 µm) framboidal to euhedral pyrite grains, needle-like rutile and other titanium 

and/or iron oxides (≤10 µm), which resulted from replacement of iron- and/or titanium-bearing 

detrital minerals, often occur (Plate1- D, G). 

The PQ Group sequence is variably affected by the ore-related hydrothermal alteration and 

stockwork mineralization. Anastomosed mineralized veins are frequently cut and/or re-open 

by late tectono-metamorphic veins filled by quartz, quartz–carbonate–sulphide and 

carbonate(±sulphide). In the quartzite layers, the hydrothermal alteration is mainly restricted to 

vein filling, whereas in the quartz-rich siltstones/phyllite and phyllite layers the hydrothermal 

alteration is more pervasive. The sulphide mineralogy in the mineralized veins is dominated by 

pyrite, along with accessory (≤5% vol.) sphalerite, chalcopyrite and arsenopyrite in variable 

proportions, and minor amounts of tetrahedrite, galena, and pyrrhotite (≤1% vol.). The ore-

related gangue minerals are mainly quartz, muscovite, chlorite and carbonates. 

 

 

 

 

 

 
Plate 1. Drill core samples and photomicrographs (in transmitted light, crossed nicols) illustrating the 
petrographic features of the PQ Group rocks from the Lombador footwall succession. A – Centimetric to metric 
layers of quartzite intercalated with millimetric to decimetric layers of quartz-rich siltstone and/or phyllite (drill 
hole NE28A-2; the arrow points to the top of the sequence). B – Banded quartzite with millimetric quartz-rich 
siltstone and phyllite intervals cut by veins filled with pyrite ± sphalerite (arrow). The latter are deformed and re-
opened by late tectono-metamorphic quartz veins. C – Quartz-rich siltstone interval cut by pyrite veinlets that 
grade upward into phyllite (white arrow). D – Phyllite interval cut by pyrite/chalcopyrite veins and veinlets. E – 
Variably recrystallized and roughly equigranular quartz grains in the quartzite layers. The matrix is cut by a 
quartz + pyrite ± sericite vein (arrow). The hydrothermal quartz (arrow) is clearly distinct from that of the rock 
matrix. F – Quartz-rich siltstone level cross-cut by a pyrite-dominated (Py) vein and by a late carbonate veinlet 
(arrow) that cross-cut both the host-rock and the mineralized vein. G – Phyllite level cross-cut by re-opened 
veins filled with pyrite + quartz + sericite (arrow). Late tectono-metamorphic vein filled with carbonate + 
chalcopyrite (Cpy) (arrow). 
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Plate 1 
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4.1.2.2. The Volcanic-Sedimentary Complex 

 

The coherent rhyolitic facies are the most representative volcanic rocks of the footwall 

sequence in the south and central sectors of the orebody, the thickness of the volcanic unit 

increasing towards the W area of the orebody. The volcaniclastic facies, which overlay the 

coherent rhyolite facies, are only locally present in these sectors of the orebody, together with 

thin intercalations of black shale. However, towards the northern sector of the orebody the 

thickness of the volcaniclastic facies and of the black shale unit (Neves Formation) 

progressively increase, becoming a prominent feature of the footwall sequence in that area of 

the orebody.  

The coherent rhyolite facies comprise grey-white to grey-green rocks (Plate 2- A, B, C). The 

hydrothermal alteration pattern ranges between moderately to strongly sericitized, and 

variable (from null to intense) chloritization, silicification and sulphide mineralization as a 

function of increasing proximity to the axis of the feeder system and to the base of the 

massive sulphide lens. The original texture is, in most cases, almost entirely replaced and 

recrystallizated. However, in less altered samples, primary quartz-porphyritic textures are still 

visible in scarce relic domains that were partially preserved from the effects of the 

hydrothermal alteration, recrystallization and tectonic deformation. Typically, the more 

preserved coherent rhyolitic relic domains comprise a quartz-porphyritic texture that consists 

in an evenly distributed rounded to subhedral quartz phenocrysts (5 – 10% vol.; 10 – >500 

µm), usually with undulose extinction, in a fine-grained groundmass that consists of a 

microcrystalline mosaic of quartz grains intergrown with variable amounts of sericite, chlorite, 

or both (Plate 2- E, F).  

The abundance of sulphide and carbonate minerals (mostly siderite) is equally variable, and 

the carbonates occur mainly as vein-filling minerals. 

The general mineral assemblage of the coherent rhyolite rocks consists of quartz + sericite + 

chlorite ± sulphides ± carbonates ± oxides + apatite. The amount of chlorite, sulphide and 

carbonate minerals generally increase towards the base of the massive sulphide lens. Chlorite 

generally dominates the alteration mineral assemblage both in the groundmass and in the 

mineralized veins in the central-W and northern sectors of the orebody, whereas sericite is 

more prominent in the southern sector. Minor amounts of donbassite and kaolinite occur 

intimately intergrown with sericite and chlorite in the south and central sector of the orebody. 

The sulphide mineralogy is dominated by pyrite, together with accessory sphalerite 

chalcopyrite, arsenopyrite, tetrahedrite, galena, stannite and pyrrhotite. These ore sulphide 

minerals occur disseminated in the rock matrix (mainly pyrite) or as vein-filling minerals (Plate 

2- A, B). The oxide mineralogy comprises anhedral to subhedral rutile (20 - ≥200 µm), and 
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fine-grained iron oxides and/or hydroxides (<10 µm) disseminated and/or intergrown with 

pyrite. Apatite occurs as disseminated basal or tabular sections (±100 µm), partially replaced 

by sericite or chlorite. Primary quartz grains in the rock matrix are often replaced by chlorite 

and/or sericite, as well as by the quartz-rich microcrystalline groundmass (Plate 2- E). 

Sericite and chlorite usually occur as fine-grained lamellar to fan-like grains (±20 µm). 

Nevertheless, coarser grains (±100 µm) are equally common due to recrystallization 

processes. Both sericite and chlorite occur intergrown with quartz and sulphide minerals, 

occupying intra- and inter-spaces, and/or as discontinuous rims in one or both sides of the 

mineralized vein. Carbonate minerals occur either as fine-grained anhedric grains in yellowish 

brown aggregates, or as recrystallized suhedric to euhedric coarse crystalls in colorless 

aggregates. 

Late tectono-metamorphic quartz–carbonate–sulphide, carbonate(±sulphide) and/or 

quartz(±sulphide) veins cross-cut and re-open the mineralized veins. The sulphide mineral 

assemblage is mainly composed by widely variable amounts of chalcopyrite, sphalerite (often 

with fine-grained chalcopyrite inclusions (≤20 µm) along the crystallographic directions 

possibly due to exsolution), tetrahedrite, galena, bournonite and minor stannite. Sphalerite 

frequently shows fine-grained (≤20 µm) inclusions of chalcopyrite.  

In the hanging wall sequence, the coherent rhyolite clasts that constitute the clast-rotated and 

massive jigsaw-fit breccias display a variably sericitized rock matrix (30 to 70% vol. of 

sericite). Randomly distributed and variably preserved quartz (predominant) and feldspar 

phenocrysts (±200 - ≥800 µm; 5 – 10 % vol.) can be recognized in less altered rocks or relic 

domains of the rock matrix in the more intensely altered rocks (Plate 2- C, G). Feldspar 

phenocrysts occur as anhedral to subhedral crystals, partly to fully replaced by fine-grained 

sericite and quartz. Variable amounts of pyrite disseminations are often present, particularly in 

the more intensely altered samples. Minor amounts of fine-grained and fan-like chlorite were 

equally recognized in some of the studied samples. Other mineral phases identified include 

trace amounts of rutile, zircon, apatite and monazite in the rock matrix.  

 

 

 
Plate 2. Drill core samples and photomicrographs (in transmitted light, crossed nicols) illustrating the 
petrographic characteristics of the coherent rhyolite facies occurring in the Lombador footwall succession. A – 
Coherent rhyolitic facies sequence cross-cut by mineralized veins in the central-W sector of the orebody (drill 
hole FL743; the arrow points to the top of the sequence). B – Coherent rhyolite sample cross-cut by pyrite-
dominated veins. C – Clast-rotated breccia in a hanging wall position comprising flattened, fine to coarse 
porphyritic rhyolite clasts (±1 mm a ±5 cm). D – Black shale of the Neves Formation showing a strong tectonic 
fabric. E – Partially “digested” quartz grain in a sericite-rich groundmass. F – Coherent rhyolite rock showing a 
micropoikilitik texture with rounded to subhedral quartz phenocrysts (arrow) distributed in the groundmass. G – 
Feldspar phenocrysts (arrow) variably replaced by sericite and quartz in a sericite-dominated groundmass. 
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Plate 2 
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In general, the Neves Formation black shales that occur in the central and northern sectors of 

the orebody are poorly mineralized and show a prominent tectonic fabric (Plate 2- D). These 

rocks consist of argillaceous shale with variably abundant graphitic intercalations and local 

pyrite veining and disseminations. Late tectono-metamorphic milky quartz veins and veinlets 

are common. 

 

The volcaniclastic facies recognized in the Lombador footwall sequence show widely variable 

lateral variations both in thickness and physical characteristics, which suggest strong basin 

paleotopographic control on the deposition of the these rocks.  

In the south and central sector of the orebody, the volcaniclastic facies are characterized by 

alternating thin laminated layers of fine-grained quartz (up to 1 mm thick), quartz-rich siltstone 

(up to 1 cm thick), quartz-poor siltstone (up to 3 cm thick) and very thin layers of mudstone. 

The alternating layers display an internally graded bedded structure with well sorted and rolled 

quartz grains (Plate 3- A, D). The laminated matrix is often cross-cut by chlorite and/or quartz 

+ pyrite veins and veinlets (Plate 3- E).  

In the northern sector, the volcaniclastic facies comprise a thick (±18 m) sequence, which 

display subaqueous gravity-driven features consistent with a northward sense of movement 

and alternating periods of high-energy mass-flows and fine-grained sedimentation. Soft-

sediment deformation features and syn-sedimentary mass transport are often recognized in 

the finer grained layers (Plate 3- C). The volcaniclastic facies are frequently graded bedded. 

This unit comprises ore-bearing polymictic breccia-conglomerate (10 - 20% vol.), quartz-rich 

(20 - 30% vol.) and quartz-poor (≤5% vol.) siltstone layers of variable thickness in a fine-

grained chlorite/sericite- (≤10 µm; 60 - 70% vol.), quartz- (≤10 µm; 20 - 30% vol.), carbonate- 

(10% vol.) and sulphide-rich (±5 - >1000 µm; 10% vol.) groundmass, which alternates with 

layers of semi-massive sulphide mineralization (1mm - >5 cm) (Plate 3- B, C) and 

unmineralized siltstone to mudstone intervals (<5 mm). Minor feldspar (±80 µm; ≤5% vol.) 

crystals are frequent in the quartz-rich layers.  

The graded bedded structure varies from poorly sorted and very coarse (±5 cm) to fine-

grained (±200 µm) polymictic breccia-conglomerate layers, to better-sorted and fine-grained 

quartz-rich (±20 - ±400 µm) and quartz-poor (±20 µm) siltstone layers (Plate 3- B, F – H).  

The composition of the breccia-conglomerate layers is widely variable in nature and shape, 

and comprises sulphide minerals (50 - 60% vol.), carbonaceous mudstone (20 - 30% vol.), 

volcaniclastic material (10% vol.), and coherent rhyolite (5 - 10% vol.) and siltstone to 

mudstone (5% vol.) clasts. The sulphide clasts show mineral assemblages and textures 

similar to the in-situ massive sulphide ores. The sulphide mineral assemblage is mainly 

represented by pyrite (60 - 70% vol.) and sphalerite (10 - 30% vol.), together with accessory 
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(<5% vol.) chalcopyrite, galena, and minor (<1% vol.) tetrahedrite and arsenopyrite. Pristine 

structures such as colloform monomineralic (pyrite) or polymineralic (pyrite-sphalerite, pyrite-

galena, pyrite-sphalerite-chalcopyrite) overgrowths, framboidal pyrite, as well as fractured 

anhedric to euhedric pyrite crystals filled with sphalerite and/or chalcopyrite and/or galena are 

common. 

Late tectono-metamorphic lenticular veins and veinlets filled with carbonate-chalcopyrite (± 

sphalerite, tetrahedrite) or simply chalcopyrite are common throughout the sequence. 

The ore-related alteration in the volcaniclastic facies is pervasive and chlorite-dominated. 

Nonetheless, widely variable in size (±50 – 200 µm) and roughly rounded patches of 

carbonates occur disseminated in the quartz-rich and siltstone layers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Plate 3. Drill core samples and photomicrographs (D – G in transmitted light, crossed nicols; H in reflected 
light) illustrating the petrographic characteristics of the volcaniclastic facies in the Lombador footwall 
succession. A – Sample representative of the volcaniclastic facies from the central sector of the orebody, 
showing a thin laminated texture with fine-grained quartz layers (arrow). B, C – Sample representative of the 
volcaniclastic facies from the northern sector of the orebody, showing a graded structure (arrow); ore-bearing 
layers of polymictic breccia-conglomerate (arrows) grade to better sorted fine-grained layers of variable 
thickness (B), and soft-sediment deformation features (C; arrows). D – Laminated texture displayed by the 
volcaniclastic facies in the central sector of the orebody, consisting of alternating layers of fine-grained quartz, 
quartz-rich siltstone and quartz-poor siltstone. Rounded carbonate patches (arrow) occur disseminated in the 
quartz-rich and quartz-poor siltstone layers. E – Banded siltstone-mudstone cross-cut by quartz veins and 
veinlets (arrow). Carbonate patches disseminated in the siltstone layers (arrow, upper right). F – Clast variety 
in the breccia-conglomerate: carbonaceous mudstone (arrow, lower center), volcaniclastic (arrow, upper 
center), fine-grained coherent rhyolite (arrow, right side) and sulphide minerals (arrow, center). G – Graded 
bedded structure displayed by the volcaniclastic facies in the northern sector of the orebody showing the 
variation from poorly to better sorted material in a fine-grained chlorite/sericite-, quartz- and carbonate-rich 
groundmass. Sulphide minerals occur associated to the poorly sorted layers. H – Pyrite-sphalerite clast and 
euhedral pyrite crystals in a carbonate-phyllosilicate groundmass (dark grey). Py – pyrite; Sp – sphalerite. 
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Plate 3 
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4.2. Hydrothermal Alteration Facies: spatial and textural relationships 
 

The logging and petrographic study of the ore-related hydrothermal alteration facies, coupled 

with the mineral chemistry of the alteration-related mineral assemblages and whole rock 

geochemical data enabled the recognition of three alteration zones at the Lombador orebody. 

These alteration zones were defined on the basis of the predominant phyllossilicate phases, 

textural features, mineral chemistry and whole rock geochemistry, and the nomenclature 

adopted follows that proposed by Barriga (1983) at the Feitais orebody (Aljustrel) and later 

developed and used by Relvas (1991, 2000) at the Gavião orebody (Aljustrel) and at the 

Corvo orebody (Neves Corvo), respectively (see Section 2.1.3.2). 

Given the distribution of the drill holes, the relative spatial proximity of the collected samples to 

the axis of the feeder zone and/or to the base of the massive sulphide lens, and the marked 

stratabound pattern of the ore-related hydrothermal alteration, the textural, mineralogical and 

geochemical signatures of the regional low temperature pre-mineralization hydrothermal stage 

(Stage 1) recognized and reported both in Neves Corvo (Relvas, 2000; Relvas et al., 2006a), 

and in other locations of the IPB (e.g., Barriga, 1983, 1990; Relvas, 1991), were overprinted 

by ore-related hydrothermal activity at the Lombador footwall sequence. Therefore, the 

textural, mineralogical and geochemical imprints related with the sulphide ore generation at 

the Lombador orebody reported in the following sections correspond to the main alteration 

and mineralization stages (Stages 2 and 3) recognized and defined at Neves Corvo by Relvas 

(2000) and Relvas et al. (2006a). As in the Corvo stockwork system, the ore-forming system 

at Lombador includes a main alteration and sulphide ore generation stage – Stage 2 – and a 

late metassomatic stage – Stage 3 – related with the waning of the hydrothermal activity, 

which resulted in prominent siderite-rich alteration (accompanied by some sericite) overprinted 

on previously chloritized rocks. This carbonatization stage is a prominent alteration feature at 

the Lombador orebody, being recognized all along an alteration lateral profile through the 

footwall sequence, and, in particular, in stockwork ore zones proximal to the axis of the feeder 

system. In addition, the alteration gangue mineral assemblage show a strong compositional 

chemical zonation related with the proximity to the feeder zone. 

The spatial distribution of the alteration facies recognized at the Lombador orebody is 

schematically represented in Figure 15, and the main ore-related paragenetic relationships 

have been summarized in Table 15. Detailed petrography of the hydrothermal alteration 

features is presented below. As it can be seen in Figure 15, chloritization is dominant in 

almost the entire length of the stockwork system, whereas sericitization is best developed in 

the peripheral areas (south and central-E sectors) of the system. In the central sector, metric 

intervals of ore-related massive carbonate alteration occur near the base of the massive 
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sulphide lens. As it will be discussed below, this constitutes a prominent feature of the ore-

related hydrothermal alteration at Lombador. 

 

 

 

 
 
Figure 15. Schematic representation in plan view (A) and cross section (B; current position) of the spatial 
distribution of the drill holes studied, and alteration facies recognized at the Lombador orebody. Chloritization (Type 
I alteration) is dominant in almost the entire length of the stockwork system. Sericitization (Type II alteration) is best 
developed in the south and central to central-E sectors. Prominent carbonate alteration occurs in the upper 
portions of the feeder system near the contact with the massive sulphide lens in the central sector of the orebody. 
 



Hydrothermal Alteration Related to the Zinc-rich Mineralization 4 
	  

P a g e  | 91 
	  

 

 

Table 15. Ore-related paragenetic relationships in the Lombador hydrothermal system. 
 

 
 

 

The ore-related hydrothermal alteration patterns and main mineral assemblages at the 

Lombador feeder system is in many aspects similar to those found in other VHMS deposits, 

either at the IPB (e.g., Fetais, Barriga, 1983; Gavião, Relvas, 1991; Aznalcóllar, Almodóvar et 

al., 1998; Aguas Teñidas Este, Sánchez-España et al., 2000, Masa Valverde, Ruiz et al., 

2002; Lousal, Fernandes, 2011), including Neves Corvo (Relvas 2000; Relvas et al., 2002, 

2006a), or elsewhere (e.g., Large, 1992; Large et al., 2001b; Franklin et al., 1981, 2005). 

However, the occurrence of prominent carbonate alteration in the central sector of the 

orebody constitutes a distinctive feature recognized in the stockwork system of Lombador that 

has never been reported so far at the Neves Corvo deposit.  

The hydrothermal alteration zonation at the Lombador orebody includes a proximal alteration 

facies that is markedly stratabound in shape and chlorite-dominated in mineral composition 

(Type I alteration). This alteration facies grades outwards into a K-sericite-dominated 

alteration zone (Type IIa alteration). A peripheral Na-sericite alteration facies (Type IIb 

alteration) was only found in a hanging wall position, which means that part of the peripheral 

Type II alteration zone is now represented by allochthonous packages of altered coherent 

volcanics together with stockwork and semi-massive sulphide lenses. Nevertheless, in the 

footwall sequence the occurrence of minor amounts of sodium-bearing sericites (Na/(Na+K) 

>0.33) in one of the selected drill holes (FL879) located in the south end of the orebody was 

positively identified by electron microprobe analysis. This indicates that the paragonitic 
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alteration facies should develop towards the S-SE area of the orebody, which is in good 

agreement with the alteration zonation reported by Relvas (2000) for the Corvo system. 

According to this author both the sericitic and paragonitic alteration zones develop to the NE 

and SW areas of the Corvo orebody. 

 

Type I alteration is dominant in almost the entire length of the stockwork system, but is best 

developed in the central-W sector of the orebody, where the innermost, copper-rich zone of 

the feeder system locates. Chloritization is also well developed in the northern sector of the 

orebody in close association with silicification. Intense chlorite-silica alteration, coupled with 

whole rock geochemical data indicate that a second, deeply rooted copper-rich discharge 

zone locates in the NE area of the orebody (see Figure 15 A and B). Moreover, the 

occurrence of a second feeder system in the northern sector of the Lombador orebody was 

corroborated by inspection of two additional drill holes located to the north of the study area 

(not included in this investigation). 

Chloritization is mainly pervasive and replaces both detritic (mostly quartz-rich 

siltstones/phyllites and phyllites) and volcanic rocks (Plate 4). The altered rocks grade from 

moderately chloritized (30 – 50% vol. chlorite) to almost monomineralic chlorite (over 90% vol. 

chlorite) as the result of partial to full digestion of the host rock (Plate 4- A to D, H to J). 

Alteration halos (up to 5 cm thick) on both sides of mineralized veins are relatively common 

features in both detrital and volcanic rocks (Plate 4- A). On the contrary, shale intercalations 

seem to show limited chloritization. Chlorite is typically fine-grained (<20 µm) and occurs as 

anhedral to euhedral crystals in aggregates that occupy intercrystalline spaces and/or 

pervasively replace the rock matrix and even the quartz grains (Plate 4- H to K). Coarser 

chlorite crystals (±100 µm) are also common and result from tectono-metamorphic 

recrystallization (Plate 4- I). Chlorite textural patterns include massive, patchy and vein-filling. 

Chlorite occurs associated to fine-grained quartz, sericite, pyrite and siderite. Locally, minor 

amounts of donbassite were positively identified by electron microprobe analysis. Donbassite 

occurs associated with chlorite either in the rock groundmass, or filling veins in highly 

mineralized stockwork domains close to the base of the massive sulphide lens. Highly 

chloritized rocks may also occur in hanging wall positions, corresponding to tectonically 

emplaced packages of stockwork and semi-massive zinc-rich ores (rubané ore). In there, 

chlorite usually occurs as oriented fine-grained anhedral to coarse lamellar and fan-like grains, 

in aggregates intimately intergrown with quartz, carbonates (siderite to ankerite) and ore 

sulphide minerals (mostly pyrite, pyrite-sphalerite) (Plate 4- M). 
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Type IIa footwall alteration is best developed in the south and central to central-E sectors of 

the orebody (Plate 5- A to C). In the detrital facies, sericite is mainly restricted to vein-filling 

(Plate 5- B and H), and occurs together with quartz, sulphide minerals (mainly pyrite, pyrite ± 

chalcopyrite, and/ or pyrite-sphalerite) and minor chlorite and siderite. In the coherent volcanic 

rocks, sericite occurs both in the rock groundmass and in the mineralized veins in association 

with the same mineral assemblage as the one described for the detrital facies. The altered 

volcanic rocks grade from moderately altered (30 – 40% vol.), in the south sector of the 

orebody (Plate 5 – A and F), to strongly (60 – 70% vol.) sericitized, in the central sector of the 

orebody (Plate 5- C and G). The sericitization and matrix replacement, together with 

silicification and sulphide dissemination (mostly pyrite) progressively increases towards the 

base of the massive sulphide lens, (Plate 5- A and C). Chlorite, siderite and minor amounts of 

donbassite also occur associated with sericite, either as vein-filling phases or in the rock 

matrix. Sericite is typically fine-grained (<10 µm) and occurs as anhedral to euhedral crystals 

in aggregates, occupying intercrystalline spaces and replacing feldspar phenocrysts, ore-

related chlorite (less frequently) and the rock groundmass. Textures range from semi-massive 

to massive, patchy, pseudo-breccia and vein filling (Plate 5- F and G).  

In the hanging wall allochthonous package, sericite alteration is mainly recognized in the 

coherent rhyolite facies (Plate 5- D and E). However, the alteration intensity is widely variable 

along the sequence (see Figure 14) due to multiple stacking of laterally equivalent sections 

and late tectono-metamorphic effects. In the less altered zones of the allochthonous 

sequences, Type IIb alteration is recognized, and consists in moderate (30 – 40%) 

sericitization, silicification and pyrite dissemination. Fan-like chlorite grains (≤40 µm) as well 

as feldspar phenocrysts and/or anhedral to subhedral quartz crystals that were variably 

altered to sericite (Plate 5- E and J) may also occur in the quartz-sericite-dominated matrix,. In 

domains characterized by stronger hydrothermal alteration, Type IIa alteration is predominant 

and characterized by widespread sericitization (up to 70% vol.) and variable dissemination of 

fine-grained pyrite. Minor amounts of chlorite are often recognized in close association with 

sericite in the rock matrix, as well as anhedral feldspar phenocrysts completely altered to 

sericite (Plate 5- D and I). The presence of variably altered (from partial to full) igneous 

feldspars in Type II alteration zones have also been reported in other works. For example, 

Costa (1996) reported the presence of occasional relics of igneous feldspar phenocrysts in 

partly mineralized and altered to sericite rhyolitic lavas in the Corta Atalaya stockwork system 

(Rio Tinto deposit), and Fernandes (2011) described the presence of relatively preserved 

igneous feldspars in representative samples of the Type IIb alteration zone in the Lousal 

stockwork system. Moreover, the presence of variably altered (from partial to full) feldspar 

phenocrysts or other primary igneous phases (e.g., biotite, apatite) either in sericitized or 
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chloritized rhyolitic rocks in stockwork zones have also been reported by Sánchez-España et 

al. (2000) at the Aguas Teñidas Este massive sulphide orebody. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Plate 4. Drill core samples and photomicrographs (in transmitted light, crossed nicols) illustrating the 
petrographic characteristics of the Type I alteration facies in the Lombador orebody. A – Intensely altered 
phyllite rock displaying chlorite alteration halos (arrows) on both sides of mineralized veins. B to D – Coherent 
rhyolite rocks showing partial to complete chloritization. The alteration increases (white arrow) towards the 
massive sulphides in B (see also H). E – Carbonate alteration halos (arrow) on both sides of mineralized veins 
that cut across a phyllite (see also L). F – Siderite-rich alteration developed in the central sector of the orebody. 
G – Pervasive sulphide alteration of a phyllite (arrow). H – Increasing replacement of the rock matrix and 
quartz-feldspar phenocrysts by chlorite and sulphides (from lower right to the upper left). Note the occurrence 
of sericite associated to the waning stage of hydrothermal activity (Stage 3). I – Intense fine-grained chlorite-
quartz alteration recognized in coherent rhyolite rock from the northern sector of the orebody. Note the 
presence of an intensely altered feldspar phenocryst (arrow, central left), as well as the coarser, recrystallized 
chlorite grains (arrow, bottom right). J – Volcanic rock intensely altered to chlorite overprinted by siderite-rich 
alteration associated to the waning stage (Stage 3) of the hydrothermal activity. Note the presence of 
recrystallized carbonates (arrow, upper center), as well as the presence of a late tectono-metamorphic vein 
filled with siderite (arrow, central bottom). Variable amounts of sulphide minerals such as chalcopyrite, 
sphalerite or galena complement the mineral assemblage K – Siderite-rich alteration developed in the upper 
portions of the PQ sequence, in the central-west sector of the orebody. Note that chlorite was overprinted by 
siderite and sericite during the Stage 3 of hydrothermal activity. L – Carbonate alteration halo (arrow) 
developed on both sides of a mineralized vein. M – Chlorite-carbonate alteration in the zinc-rich rubané ore. . 
Chl – chlorite; Ser – sericite; Qtz – quartz; Sid – siderite; Py – pyrite; Chl – Chalcopyrite; Sp – sphalerite. 
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The alteration facies above described are often interfingered, and/or complemented by 

variably significant silicification and carbonatization. Silicification is a common process 

affecting the coherent rhyolite facies, both in footwall and in hanging wall positions, and 

generally precedes chloritization and sericitization. In the PQ detrital facies, silicification is 

mainly restricted to vein filling. In the stockwork zone, silicification is mostly developed in the 

central and northern sectors of the orebody. In the southern sector, silicification is less 

intense. This type of alteration involves the replacement of the rock groundmass by fine-

grained (<10 µm) quartz.  

The carbonate alteration is very pronounced in the upper portions of the feeder system, and it 

is not exclusive of highly deformed settings characterized by strong tectono-metamorphic 

remobilization. Carbonates are dominated by siderite (mainly sideroplesite) and occur as 

halos (up to 1 cm) on both sides of mineralized veins (Plate 4- E and L), rounded patches of 

widely variable size (±20 to ≥400 µm) in the rock groundmass (Plate 4- J), and/or as a vein-

filling mineral either associated to Type I (generally) or Type II alteration zones. 

The most distinctive and prominent domains of siderite alteration occur in the central sector of 

the orebody, particularly in the central-W area, which is proximal to the innermost zone of the 

feeder system (e.g., drill holes FL834, NG20, NF24A-1). It comprises massive siderite 

intervals (up to 2 m thick) developed in the upper portions of the footwall sequence, 

particularly in the quartz-rich siltstone/phyllite and phyllite facies of the PQ Group sequence. In 

these domains siderite can represent more than 80% of the rock volume (Plate 4- F and K). 

Siderite occurs has anhedral to subhedral crystals (<5 - 500 µm) in coarse yellowish-brown, 

reddish-brown, or colorless aggregates (>1 mm) set in a fine to coarse-grained (±10 – >100 

µm) chlorite groundmass. Textural relationships indicate that the siderite-rich alteration 

overprints chloritization, and is often accompanied by variable amounts of sericite (Plate 4- K). 

Recrystallized siderite is very common (Plate 4. J). However, highly altered relic portions of 

quartz-rich siltsone and/or phyllite, and anhedral quartz, zircon or sphene(?) grains can still be 

recognized in the chlorite-siderite groundmass. Intensely mineralized zones occur within these 

siderite-rich domains. These comprise pyrite and sphalerite disseminations and pyrite, pyrite-

sphalerite and pyrite-chalcopyrite veins, which are often folded due to the Hercynian 

deformation. 

Carbonate alteration may also be common in the zinc-rich rubané ore (hanging wall 

allochtonous sequence; Plate 4- M). Carbonates occur associated to chlorite and quartz in the 

groundmass as rounded to lenticular patches (up to 400 µm) and/or as a vein-filling phase. 

Carbonate composition associated to the zinc-rich rubané ore (RZ) varies from siderite 

(mainly sideroplesite as in the rooted feeder zone) to ankerite.  
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Plate 5. Drill core samples and photomicrographs (in transmitted light, crossed nicols) illustrating the petrographic 
characteristics of the Type IIa and Type IIb alteration at the Lombador orebody. A and C – Coherent rhyolite rocks 
altered to sericite (Type IIa alteration) in the south (A) and central (C) footwall sequence. Note the increase of the 
silicification and sulphidization effects (white arrow) towards the base of the massive sulphide lens. B – Quartzite 
cross-cut by re-opened mineralized veins, filled with pyrite-quartz-sericite (see H). D –Type IIa alteration affecting 
a coherent rhyolite rock from the hanging wall volcanic sequence. Note the pyrite disseminations and the sericite-
rich groundmass, which replaces both feldspar and quartz phenocrysts in I. E –Type IIb alteration in a coherent 
rhyolite rock. Note the moderate sericitization, silicification and pyrite dissemination, as well as a subhedral 
feldspar phenocryst altered to sericite in J. F and G – Sericite alteration textures ranging from pseudo-breccia (F) 
to strong and massive replacement (G). H – Pyrite-quartz-sericite vein cutting across a quartzite rock from the 
southern sector of the orebody. Note that sericite (Type IIa alteration) is restricted to the vein (arrows). I – Typical 
texture and mineral assemblage associated to Type IIa alteration in a coherent rhyolite rock from the hanging wall 
sequence. J – Typical texture and mineral assemblage of Type IIb alteration in a coherent rhyolite rock from the 
hanging wall sequence. Qtz – quartz; Fdp – feldspar; Ser – sericite; Py – pyrite. 
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Plate 5 
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4.3. Hydrothermal Alteration Mineral Chemistry 
 

4.3.1. Introduction 

 

The chemical composition of ore-related chlorite, sericite and carbonates encountered in the 

altered footwall and hanging wall rocks of the Lombador orebody is reported and discussed in 

this section. As previously mentioned, the sampling strategy adopted in the study reported in 

this chapter aimed to characterize the ore-related hydrothermal alteration. Therefore, the 

corresponding sample suite was mostly collected in moderate to highly altered and 

mineralized stockwork ore zones, the mineral chemistry characterization here reported being 

directed to the alteration-related gangue mineral assemblage. Nevertheless, some analyses 

were also performed on late tectono-metamorphic mineral phases. Electron microprobe 

analysis covered 30 samples representative of the main ore-related hydrothermal alteration 

facies recognized in the Lombador orebody, in order to characterize the physico-chemical 

conditions of the hydrothermal processes ascribed to the sulphide ore generation. The 

analyses were made on a JEOL JXA 8200 microprobe at the Geology Department of the 

Faculty of Science, University of Lisbon, Portugal, and are shown in detailed in Appendix A3. 

 

4.3.2. Mineral Chemistry 

 
4.3.2.1. Chlorite 

 

Most ore-related chlorite (here designated as chlorite II) at the Lombador orebody (ca. 94%; n 

= 391) can be classified as ripidolite according to the nomenclature of Hey (1954), or as 

chamosite in accordance with Bayliss (1975) classification (Figure 16, Table 16). Only a small 

number of analyses correspond to brunsvigite (1% vol.; n = 6) and donbassite (5% vol.; n = 

21) compositions. It is worth noting that, irrespective of the ore type association (FC, FZ, FE, 

or RZ), our analyses of chlorite II cluster within a fairly restricted compositional range (Figure 

16) that clearly contrasts with the chemical composition of chlorite I analyzed by Relvas 

(2000) in relic groundmass domains found in samples representative of the outer and less 

altered zones of the Corvo ore-forming system, associated to the regional pre-mineralization 

hydrothermal alteration stage (Stage 1).  

The overall average composition of chlorite II at the Lombador stockwork system, according to 

the formula [R2+, R3+]612[Si8-x Rx
3+]4O20(OH)16 (Deer et at., 1996) is: 

• Ripidolite: 

[(Mg2.27 Fe2+
6.32 Mn0.03) (Al3.13 Cr0.01)]Σ=11.81 [Si5.23 Al2.76]Σ=8.00 O20 (OH,F)16 
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• Brunsvigite: 

[(Mg1.72 Fe2+
5.14 Mn0.02) (Al4.05 Cr0.01)]Σ=11.17 [Si5.73 Al2.23]Σ=8.00 O20 (OH,F)16 

 

 

 

 

 

 
Figure 16. Composition of chlorite II from the Lombador orebody, according to Hey (1954) classification, and 
discriminated by ore type. Chlorite I compositional field after Relvas (2000). FE – barren stockwork; FC – copper 
stockwork; FZ – zinc stockwork; RZ – zinc rubané ore. 
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Table 16. Electron microprobe analyses of chlorite II and donbassite from the Lombador stockwork system. 

average σ n min max average σ n min max average σ n min max
SiO2 24.10 0.69 391 22.55 26.85 27.29 0.75 6 26.16 28.28 37.72 1.15 21 35.53 40.09
TiO2 0.03 0.07 238 0.00 0.63 0.01 0.01 3 0.00 0.01 0.01 0.00 4 0.00 0.01
Al2O3 23.14 1.02 391 20.23 29.27 25.91 0.97 6 24.47 27.04 46.61 1.49 21 43.09 49.47
Cr2O3 0.07 0.02 391 0.01 0.18 0.08 0.02 6 0.05 0.11 0.06 0.06 21 0.01 0.28
FeO 35.14 2.23 391 27.36 39.98 30.60 2.63 6 27.59 33.49 0.94 0.70 21 0.15 2.74
MnO 0.18 0.10 389 0.00 0.44 0.15 0.06 6 0.03 0.20 0.02 0.02 15 0.00 0.07
MgO 6.79 1.19 391 3.99 10.36 5.26 1.09 6 4.27 6.83 0.37 0.26 21 0.07 1.00
CaO 0.03 0.03 370 0.00 0.46 0.02 0.01 5 0.01 0.03 0.06 0.04 20 0.01 0.15
Na2O 0.02 0.03 304 0.00 0.31 0.03 0.01 6 0.02 0.05 0.08 0.07 20 0.01 0.29
K2O 0.04 0.11 312 0.00 0.94 0.12 0.06 5 0.04 0.18 0.18 0.27 21 0.01 1.04
ZnO 0.17 0.17 237 0.00 1.20 0.04 0.03 2 0.02 0.06
Total 89.70 0.71 391 89.43 0.93 6 86.03 1.11 21

Number of ions on the basis of 28 oxygens
Si4+ 5.231 0.11 391 5.00 5.60 5.695 0.09 6 5.61 5.85 6.621 0.19 21 6.31 7.14
Al3+ 2.769 0.11 391 2.40 3.00 2.305 0.09 6 2.15 2.39 1.379 0.19 21 0.86 1.69
Total (IV) 8.000 0.00 391 8.00 8.00 8.000 0.00 6 8.00 8.00 8.000 0.00 21 8.00 8.00

Al3+ 3.150 0.19 391 2.66 4.37 4.068 0.18 6 3.79 4.25 8.264 0.11 21 8.04 8.44
Ti4+ 0.003 0.01 238 0.00 0.10 0.001 0.00 3 0.00 0.00 0.000 0.00 4 0.00 0.00
Cr3+ 0.012 0.00 391 0.00 0.03 0.013 0.00 6 0.01 0.02 0.008 0.01 21 0.00 0.04
Fe2+ 6.386 0.48 391 4.68 7.45 5.347 0.54 6 4.79 6.01 0.139 0.10 21 0.02 0.40
Mn2+ 0.032 0.02 389 0.00 0.08 0.026 0.01 6 0.01 0.04 0.002 0.00 15 0.00 0.01
Mg2+ 2.193 0.36 391 1.33 3.25 1.633 0.31 6 1.33 2.07 0.096 0.07 21 0.02 0.27
Ca2+ 0.006 0.01 370 0.00 0.11 0.003 0.00 5 0.00 0.01 0.010 0.01 20 0.00 0.03
Na+ 0.007 0.01 304 0.00 0.13 0.011 0.00 6 0.01 0.02 0.026 0.03 20 0.00 0.10
K+ 0.008 0.03 312 0.00 0.26 0.026 0.02 5 0.00 0.05 0.041 0.06 21 0.00 0.24
Zn+ 0.010 0.02 237 0.00 0.15 0.002 0.00 2 0.00 0.01
Total 11.808 0.11 391 11.14 12.05 11.130 0.13 6 10.94 11.32 8.587 0.09 21 8.37 8.77

Fe/(Fe+Mg+Mn) 0.74 0.06 0.61 0.84 0.76 0.05 0.70 0.81 0.57 0.10 0.45 0.85
Ca2++Na++K+ 0.02 0.04 0.00 0.30 0.04 0.02 0.01 0.07 0.08 0.08 0.02 0.32
Al/(Al+Mg+Fe) 0.41 0.02 0.37 0.51 0.48 0.02 0.45 0.49 0.98 0.02 0.94 1.00

Lombador stockwork system

Ripidolite DonbassiteBrunsvigite
Chlorite II
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Ripidolite has higher variability ranges and absolute contents of iron, magnesium, alkalis and 

calcium contents than brunsvigite (Table 16 and Figure 17). The overall Fe/(Fe+Mg+Mn) 

ratios and K++Na++Ca2+ values for ripidolite range between 0.61 and 0.84 (averages 0.74), 

and 0.0 to 0.30 (averages 0.02), respectively, whereas for brunsvigite the same variables 

range between 0.70 and 0.81 (averages 0.76), and 0.01 and 0.07 (averages 0.04), 

respectively. Both ripidolite and brunsvigite display a relatively weak compositional 

discrimination with respect to the type of alteration (Type I vs. Type IIa) (Figure 17). However, 

a much clear compositional variation can be correlated with its spatial distribution and ore type 

association. Ripidolite lowest Fe/(Fe+Mg+Mn) ratios and highest K++Na++Ca2+ values are 

mainly displayed by the barren stockwork (FE) ores located in the south sector of the orebody, 

and by the zinc-rich rubané (RZ) ore, which is distal stockwork mineralization tectonically 

emplaced into a hanging wall position. Conversely, the highest Fe/(Fe+Mg+Mn) ratios and 

lowest K++Na++Ca2+ values are displayed by copper stockwork ore (FC) samples, particularly 

those located in the central-W sector of the orebody. Regarding brunsvigite, which was only 

found in samples located in the south and central-E sector of the orebody, the highest 

Fe/(Fe+Mg+Mn) ratios and K++Na++Ca2+ values are displayed by a strongly chloritized FC ore 

sample (Type I alteration) located near the base of the massive sulphide lens, whereas the 

lowest values were found in a sericitized FE ore sample (Type IIa alteration) located in a 

deeper position in the footwall sequence. Nevertheless, overall, both ripidolite and brunsvigite 

show low alkalis (+Ca) content, consistently with the leaching environment that characterize 

the stockwork alteration zones associated to sulphide ore generation.  
 

 

 
Figure 17. Plot of Fe/(Fe+Mg+Mn) ratio vs. Ca2++Na++K+ value for the ore-related chlorites at the Lombador 
orebody as a function of the alteration type and position relative to the mineralization horizon.  
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Ore-related chlorite from the Lombador orebody not only compares to that of the Corvo 

orebody (Relvas, 2000), but also to chlorite II from the Feitais (Barriga, 1983) and Gavião 

(Relvas, 1991) orebodies, at the Aljustrel deposit, and to that of the Lousal deposit 

(Fernandes, 2011), in that they all plot within the compositional field of ripidolite (Figure 18), 

despite the fact that these deposits are located tens of kilometers apart. This regional 

compositional homogeneity was first noticed by Costa (1996) in Rio Tinto, Spain. 

Nevertheless, Figure 18 also shows that the Neves Corvo orebodies (Lombador and Corvo 

orebodies) display on average higher Fetotal/(Fe+Mg) ratios than the Lousal and the Aljustrel 

orebodies (Feitais and Gavião), which, as it will be discussed ahead, should reflect the 

unusual ore-forming conditions at Neves Corvo.  

 

 
Figure 18. Average composition of the ore-related chlorite from the Lombador, Corvo, Feitais, Gavião, and Lousal 
orebodies plot at the Hey (1954) diagram.  
 

The ore-related chlorite display a noteworthy compositional variation around the Lombador 

orebody as result of a prominent physico-chemical control on the chlorite composition related 

with the proximity to the axis of the feeder zone (Figure 19A and Table 17). Chlorite 

associated to the copper stockwork (FC) ore type displays higher Fe/(Fe+Mg+Mn) ratios, 

particularly in the central-W sector of the orebody, where it is located the innermost zone of 

the feeder system, relative to the remaining stockwork ore types (FE and FZ), including the 

zinc-rich rubané  ore (RZ). The latter yields the lowest average Fe/(Fe+Mg+Mn) ratio, which is 

consistent with its distal character. The Fe/(Fe+Mg+Mn) ratios in the FC ore type range from 
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0.74 to 0.84 (averages 0.80), whereas in the remaining ore types the ratio values are 

progressively lower ranging from 0.66 to 0.81 (averages 0.73) for the FE ore, 0.50 to 0.83 

(averages 0.72) for the FZ ore, and 0.61 to 0.76 (averages 0.70) for zinc-rich rubané ore (RZ), 

the stockwork to semi-massive sulphide ore tectonically emplaced into a hanging wall 

position. Nevertheless, some chlorite from the zinciferous stockwork ore (FZ) that occurs at 

the central-W sector of the orebody (sample FL911 146.15) shows Fe/(Fe+Mg+Mn) ratios 

similar to those of the FC ore types.  

 

 

 
 

 
Figure 19. A – Plot of Fe/(Fe+Mg+Mn) vs. Si4+ values for ore-related chlorite as a function of the orebody sector 
and ore typology. B – Plot of Fe/(Fe+Mg+Mn) vs. Zn+ contents for the ore-related chlorite associated to the different 
stockwork ore types. FE – barren stockwork; FC – copper stockwork; FZ – zinc stockwork; RZ – zinc rubané . 
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The physico-chemical control on the chlorite composition in function the proximity to the axis 

of the feeder zone is well expressed as well on the amount of zinc in the octahedral position of 

chlorite (Figure 19B). Although widely variable, the zinc content in chlorite progressively 

increases from the innermost and copper-dominated (FC; 0.00<ZnO<0.19) stockwork zones 

towards the peripheral zones of the feeder system, either dominated by barren (FE; 

0.01<ZnO<0.46) and/or zinc (FZ/RZ; 0.00<ZnO<1.20) stockwork ores (Table 17). Together, 

the chemical zonation depicted in Figure 19 clearly reflects a temperature-dependence cation 

solubility relative to the distance from the axis of the feeder system, as well as an increase of 

the iron activity in the hydrothermal fluid with the proximity to the axis of the feeder zone. 

Chlorite manganese contents on the other hand show a less well controlled variation around 

the stockwork system. Although chlorites associated to the FC ores yield a more constricted 

manganese abundance range (0.10<MnO<0.32) relative to those associated to FE 

(0.07<MnO<0.40) and FZ (0.04<MnO<0.44) stockwork ore types, the lowest manganese 

contents are yield by chlorites associated to the laterally distal RZ ore (0.00<MnO<0.09).  

The average composition of ore-related chlorite associated to each type of ore is as follows: 

 

i) Barren stockwork mineralization – FE 

• Ripidolite: 
[(Mg2.27 Fe2+

6.37 Mn0.04 Zn0.01) (Al3.11 Cr0.01)]Σ=11.84 [Si5.22 Al2.78]Σ=8.00 O20 (OH,F)16 
• Brunsvigite: 

[(Mg2.06 Fe2+
4.78 Mn0.03) (Al4.14 Cr0.01)]Σ=11.10 [Si5.67 Al2.32]Σ=8.00 O20 (OH,F)16 

 
ii) Copper stockwork ore – FC 

• Ripidolite: 
[(Mg1.71 Fe2+

6.92 Mn0.04) (Al3.09 Cr0.01)]Σ=11.82 [Si5.24 Al2.75]Σ=8.00 O20 (OH,F)16 

• Brunsvigite: 
[(Mg1.38 Fe2+

5.82 Mn0.03) (Al3.93 Cr0.01)]Σ=11.22 [Si5.67 Al2.33]Σ=8.00 O20 (OH,F)16 

 
iii) Zinc stockwork ore – FZ 

• Ripidolite: 
[(Mg2.35 Fe2+

6.12 Mn0.03 Zn0.02) (Al3.21 Cr0.01)]Σ=11.77 [Si5.25 Al2.75]Σ=8.00 O20 (OH,F)16 
• Brunsvigite: 

[(Mg1.96 Fe2+
4.81 Mn0.01 Zn0.01) (Al4.22 Cr0.01)]Σ=11.06 [Si5.63 Al2.36]Σ=8.00 O20 (OH,F)16 

 
iv) Zinc rubané  ore – RZ 

• Ripidolite: 
[(Mg2.50 Fe2+

5.91 Zn0.01) (Al3.27 Cr0.01)]Σ=11.74 [Si5.25 Al2.75]Σ=8.00 O20 (OH,F)16 
• Brunsvigite: 

[(Mg1.63 Fe2+
5.02) (Al4.25 Cr0.01)]Σ=10.94 [Si5.85 Al2.15]Σ=8.00 O20 (OH,F)16 

 



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 

108 | P a g e  
	  

 
Table 17. Electron microprobe analyses of Chlorite II from the Lombador stockwork, according to ore types. FE – barren stockwork ore; FC – copper stockwork ore; FZ – zinc 
stockwork ore; RZ – zinc rubané ore.  
 

Brunsvigite Brunsvigite Brunsvigite
average σ n min max average σ n min max average σ n min max average σ n min max average σ n min max

SiO2 24.08 0.66 186 22.55 26.85 27.96 23.75 0.80 55 22.68 25.62 26.82 0.58 3 26.16 27.16 24.33 0.92 88 22.69 26.62 27.02 24.44 0.60 61 23.24 26.65 28.28
TiO2 0.04 0.08 114 0.00 0.63 0.01 0.05 0.07 33 0.00 0.35 0.01 0.00 2 0.00 0.01 0.02 0.01 45 0.00 0.05 0.03 0.05 27 0.00 0.27
Al2O3 23.08 0.88 186 20.86 27.92 27.04 22.51 1.12 55 20.24 24.17 25.13 0.58 3 24.47 25.57 23.40 0.80 88 21.56 26.45 26.83 23.78 1.14 61 20.23 29.27 26.22
Cr2O3 0.07 0.02 184 0.01 0.15 0.10 0.07 0.03 55 0.01 0.13 0.06 0.01 3 0.05 0.07 0.07 0.02 88 0.02 0.12 0.10 0.08 0.03 61 0.03 0.18 0.11
FeO 35.14 2.00 186 27.36 39.95 28.19 37.53 1.03 55 34.42 39.98 32.93 0.64 3 32.24 33.49 33.81 3.36 88 24.79 39.62 27.59 32.85 1.69 61 28.56 35.58 29.01
MnO 0.20 0.08 186 0.07 0.40 0.19 0.26 0.03 55 0.18 0.32 0.18 0.01 3 0.18 0.20 0.18 0.11 88 0.04 0.44 0.10 0.04 0.02 46 0.00 0.09 0.03
MgO 7.04 1.04 186 4.74 9.21 6.83 5.21 0.44 55 3.99 7.12 4.37 0.10 3 4.27 4.46 7.33 2.29 88 4.24 13.95 6.32 7.82 1.13 61 5.34 10.36 5.29
CaO 0.03 0.02 176 0.00 0.28 0.03 0.03 0.02 49 0.00 0.07 0.01 0.01 2 0.01 0.02 0.03 0.02 77 0.00 0.06 0.02 0.03 0.06 53 0.00 0.46 0.02
Na2O 0.02 0.02 134 0.00 0.12 0.04 0.02 0.02 36 0.00 0.08 0.03 0.01 3 0.02 0.05 0.02 0.02 63 0.00 0.12 0.02 0.03 0.05 50 0.00 0.31 0.02
K2O 0.05 0.13 137 0.00 0.94 0.10 0.02 0.03 40 0.00 0.15 0.15 0.04 3 0.10 0.18 0.04 0.09 68 0.00 0.44 0.04 0.03 0.10 47 0.00 0.65
ZnO 0.13 0.08 115 0.01 0.46 0.02 0.03 0.07 11 0.00 0.19 0.13 0.09 78 0.00 0.60 0.06 0.44 0.28 31 0.10 1.20
Total 89.71 0.57 186 90.48 89.44 0.49 54 89.69 0.66 3 89.20 0.65 88 88.03 89.08 1.05 61 88.98

Number of ions on the basis of 28 oxygens 
Si4+ 5.215 0.105 186 5.002 5.599 5.676 5.242 0.156 55 5.024 5.497 5.668 0.051 3 5.609 5.701 5.254 0.109 88 5.058 5.563 5.634 5.253 0.097 61 5.087 5.580 5.854
Al3+ 2.785 0.105 186 2.401 2.998 2.324 2.758 0.156 55 2.503 2.976 2.332 0.051 3 2.299 2.391 2.746 0.109 88 2.437 2.942 2.366 2.747 0.097 61 2.420 2.913 2.146
Total (IV) 8.000 0.000 186 8.000 8.000 8.000 8.000 0.000 55 8.000 8.000 8.000 0.000 3 8.000 8.000 8.000 0.000 88 8.000 8.000 8.000 8.000 0.000 61 8.000 8.000 8.000

Al3+ 3.108 0.170 186 2.725 4.234 4.146 3.097 0.164 55 2.663 3.548 3.927 0.122 3 3.792 4.029 3.212 0.200 88 2.814 3.904 4.228 3.272 0.201 61 2.909 4.374 4.251
Ti4+ 0.004 0.011 114 0.000 0.102 0.002 0.005 0.009 33 0.000 0.057 0.001 0.001 3 0.000 0.001 0.001 0.002 45 0.000 0.009 0.000 0.002 0.006 27 0.000 0.044
Cr3+ 0.012 0.004 184 0.000 0.025 0.015 0.012 0.004 55 0.002 0.023 0.010 0.002 3 0.009 0.012 0.012 0.003 88 0.003 0.020 0.016 0.013 0.005 61 0.005 0.030 0.018
Fe2+ 6.371 0.428 186 4.684 7.153 4.786 6.929 0.221 55 6.208 7.447 5.821 0.173 3 5.662 6.006 6.120 0.704 88 4.300 7.329 4.812 5.909 0.379 61 5.002 6.718 5.022
Mn2+ 0.038 0.014 186 0.013 0.075 0.033 0.048 0.006 55 0.034 0.060 0.033 0.002 3 0.031 0.035 0.033 0.020 88 0.008 0.082 0.018 0.006 0.005 46 0.000 0.016 0.006
Mg2+ 2.273 0.320 186 1.559 2.924 2.066 1.716 0.146 55 1.326 2.393 1.378 0.046 3 1.335 1.426 2.351 0.683 88 1.398 4.324 1.964 2.502 0.343 61 1.641 3.246 1.633
Ca2+ 0.006 0.006 176 0.000 0.065 0.007 0.006 0.004 49 0.000 0.017 0.002 0.002 3 0.000 0.004 0.005 0.004 77 0.000 0.014 0.004 0.005 0.013 53 0.000 0.105 0.004
Na+ 0.006 0.007 134 0.000 0.048 0.016 0.006 0.007 36 0.000 0.034 0.012 0.006 3 0.007 0.018 0.006 0.008 63 0.000 0.050 0.007 0.010 0.018 50 0.000 0.125 0.009
K+ 0.010 0.031 137 0.000 0.260 0.026 0.004 0.007 40 0.000 0.042 0.040 0.012 3 0.027 0.048 0.009 0.022 68 0.000 0.119 0.010 0.007 0.024 47 0.000 0.174 0.000
Zn+ 0.010 0.012 115 0.000 0.049 0.003 0.001 0.006 11 0.000 0.032 0.000 0.000 3 0.000 0.000 0.018 0.017 78 0.000 0.098 0.010 0.011 0.027 31 0.000 0.152 0.000
Total 11.837 0.102 186 11.144 12.048 11.100 11.824 0.075 55 11.467 12.012 11.223 0.089 3 11.147 11.321 11.767 0.130 88 11.276 12.040 11.069 11.737 0.114 61 11.167 11.902 10.943

Fe/ 
(Fe+Mg+Mn) 0.73 0.04 0.66 0.81 0.70 0.80 0.02 0.74 0.84 0.80 0.00 0.80 0.81 0.72 0.08 0.50 0.83 0.71 0.70 0.04 61 0.61 0.76 0.75

Ca2++Na++K+ 0.02 0.04 0.00 0.29 0.05 0.02 0.01 0.00 0.07 0.05 0.01 0.04 0.07 0.02 0.03 0.00 0.16 0.02 0.02 0.04 61 0.00 0.30 0.01

Al/ 
(Al+Mg+Fe) 0.41 0.01 0.37 0.50 0.49 0.40 0.02 0.37 0.44 0.47 0.01 0.45 0.47 0.41 0.02 0.39 0.47 0.49 0.42 0.02 61 0.38 0.51 0.49

Ripidolite
RZ

Stockwork mineralization tectonically emplaced 
in a hanging wall position

Stockwork

Chlorite II

Ripidolite
FE

Ripidolite Brunsvigite
FC

Ripidolite
FZ
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The ore-related chlorite from the Lombador stockwork display Fe/(Fe+Mg+Mn) ratios that are 

comparable to those of the copper-rich stockwork of Corvo (Relvas, 2000; Relvas et al., 

2006a,b; Figure 20). However, in the Corvo orebody, the Fe/(Fe+Mg+Mn) ratios of chlorite 

reached higher maximum values, which is consistent with the higher temperature and low pH 

ore-forming conditions advocated for the cupriferous mineralization at Corvo. 

 

 

 
Figure 20. Plot Fe/(Fe+Mg+Mn) vs. Si4+ values for ore-related chlorite from the Lombador and Corvo stockwork 
ores. FE – barren stockwork; FC – copper stockwork; FZ – zinc stockwork; RZ – zinc rubané . 
 

 

Donbassite (Al-chlorite) has been positively identified and analyzed in some drill holes located 

in the south and central-W sectors of the orebody (e.g., drill holes FL879, FL720 and FL834), 

representing over 5% of the chlorite crystals analyzed. It occurs intergrown with quartz, 

sulphide minerals, ripidolite and minor sericite that fill mineralized veins close to the base of 

the massive sulphide lens (Figure 21), and, in some cases, it occurs intergrown with chlorite in 

the rock matrix in the periphery of the veins. However, the tendency for repeated re-opening 

of the mineralized veins by late tectono-metamorphic quartz- or carbonate-dominated veins 

and veinlets, as well as shearing in the vicinity of the base of the massive sulphide lenses, 

due to preferential strain accommodation by these altered and phyllosilicate-rich rocks, usually 

prevents us from observing the complete mineralogical suite above described.  
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The average composition of donbassite found in the Lombador stockwork system is as 

follows: Al8.26 (Si6.62 Al1.38)Σ=8 O20 (OH)6. 

 

 

 
Figure 21. High-contrast backscattered image of donbassite (Don) intergrown with ripidolite (Rip) in a mineralized 
vein near the base of the massive sulphide lens. Cpy – chalcopyrite; Py – pyrite; Sp – sphalerite. 
 

 

Donbassite found and analyzed in the different stockwork ore types are very similar, except 

for a slightly larger content in iron and magnesium in donbassite from the FE (0.70<FeO<2.74; 

0.34<MgO<0.73) and FZ (0.60<FeO<1.69; 0.25<MgO<1.00) stockwork ores, which perhaps is 

consist with their less intense ore-forming conditions relative to those of the cupriferous 

stockwork ore (0.15<FeO<2.62; 0.07<MgO<0.33) (Table 18).  
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Table 18. Electron microprobe analyses of donbassite from the different stockwork ore types at the Lombador 
orebody. FE – barren stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore. 
 

average σ n min max average σ n min max average σ n min max
SiO2 37.51 0.32 4 37.30 37.98 38.20 1.21 6 36.06 39.41 37.54 1.30 11 35.53 40.09
TiO2 0.01 1 0.01 0.01 0 0.00 0.00 3 0.00 0.01
Al2O3 46.80 0.97 4 45.59 47.69 46.01 0.68 6 45.04 46.80 46.87 1.91 11 43.09 49.47
Cr2O3 0.05 0.03 4 0.01 0.07 0.05 0.01 6 0.03 0.07 0.06 0.08 11 0.01 0.28
FeO 1.43 0.91 4 0.70 2.74 1.09 0.37 6 0.60 1.69 0.69 0.69 11 0.15 2.62
MnO 0.01 1 0.01 0.01 0.01 0.01 4 0.00 0.02 0.02 0.02 10 0.00 0.07
MgO 0.58 0.17 4 0.34 0.73 0.57 0.27 6 0.25 1.00 0.17 0.07 11 0.07 0.33
CaO 0.05 0.02 4 0.03 0.07 0.08 0.04 6 0.03 0.15 0.05 0.03 10 0.01 0.12
Na2O 0.07 0.07 4 0.03 0.18 0.09 0.10 6 0.03 0.29 0.08 0.06 10 0.01 0.23
K2O 0.06 0.04 4 0.03 0.12 0.07 0.07 6 0.01 0.19 0.29 0.33 11 0.04 1.04
ZnO
Total 86.56 0.51 4 86.17 1.28 6 85.76 1.17 11

Number of ions on the basis of 28 oxygens 
Si4+ 6.562 0.028 4 6.521 6.582 6.692 0.106 6 6.523 6.811 6.604 0.252 11 6.310 7.135
Al3+ 1.438 0.028 4 1.418 1.479 1.308 0.106 6 1.189 1.477 1.396 0.252 11 0.865 1.690
Total (IV) 8.000 0.000 4 8.000 8.000 8.000 0.000 6 8.000 8.000 8.000 0.000 11 8.000 8.000

Al3+ 8.212 0.128 4 8.040 8.343 8.196 0.080 6 8.089 8.310 8.320 0.087 11 8.176 8.444
Ti4+ 0.000 0.001 1 0.000 0.001 0.000 0.000 3 0.000 0.001
Cr3+ 0.007 0.004 4 0.002 0.010 0.007 0.001 6 0.005 0.009 0.009 0.011 11 0.001 0.040
Fe2+ 0.210 0.136 4 0.102 0.403 0.160 0.057 6 0.087 0.256 0.101 0.103 11 0.023 0.389
Mn2+ 0.000 0.001 1 0.000 0.002 0.001 0.001 4 0.000 0.004 0.003 0.003 10 0.000 0.010
Mg2+ 0.151 0.045 4 0.088 0.193 0.150 0.074 6 0.066 0.269 0.046 0.019 11 0.018 0.085
Ca2+ 0.010 0.004 4 0.005 0.014 0.015 0.008 6 0.006 0.027 0.008 0.007 10 0.000 0.024
Na+ 0.024 0.024 4 0.009 0.060 0.029 0.034 6 0.008 0.098 0.025 0.022 10 0.000 0.079
K+ 0.013 0.010 4 0.006 0.027 0.015 0.015 6 0.002 0.042 0.066 0.076 11 0.008 0.237
Zn+

Total 8.628 0.074 4 8.575 8.736 8.574 0.06 6 8.505 8.681 8.578 0.102 11 8.370 8.766

Fe/(Fe+Mg+Mn) 0.55 0.09 0.45 0.68 0.53 0.05 0.47 0.60 0.61 0.12 0.46 0.85
Ca2++Na++K+ 0.05 0.03 0.03 0.10 0.06 0.05 0.02 0.14 0.10 0.09 0.02 0.32
Al/(Al+Mg+Fe) 0.96 0.02 0.94 0.98 0.97 0.01 0.95 0.98 0.99 0.01 0.96 1.00

Donbassite
Stockwork

FE FZ FC

 
 

 

By comparing the aluminum content and Al/(Al+Mg+Fe) ratio of chlorite from the Lombador 

and Corvo stockworks with that of ore-related chlorite from other IPB deposits (Figure 22), it is 

possible to recognize that (1) there is no significant compositional distinction between 

donbassite from the Lombador and Corvo stockworks (Figure 22A), and that (2) both the 

Lombador and the Corvo iron-rich chlorites display higher aluminum values in the octahedral 

position (Al(VI)) and Al/(Al+Mg+Fe) ratios than those from other IPB stockwork systems (Figure 

22B). Similarly to what has been suggested by Relvas (2000) and Relvas et al. (2006a) for the 

Corvo orebody, the occurrence of donbassite in the Lombador stockwork system is interpreted 

as reflecting local low pH ore-forming conditions. However, although ripidolite from the 

Lombador feeder system is more aluminous than typical IPB deposits (e.g., Feitais, Gavião 

and Lousal), its iron and aluminum contents do not reach values as high as the ones found in 

the Corvo copper stockwork system (Relvas, 2000; Relvas et al., 2006a) (Figure 20 and 22B). 

These data are consistent with less severe ore-forming conditions at the Lombador system 

than those characterizing the Corvo orebody. 
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Figure 22. A – Plot of Al(VI) vs. Al/(Al+Mg+Fe) values for ore-related chlorite and donbassite from the Lombador and  
Corvo orebodies. B – Zoomed box inserted in A showing the higher Al(VI) vs. (Al/(Al+Mg+Fe) values for Corvo 
relative to Lombador and other IPB deposits (Feitais, Gavião and Lousal), which are interpreted as meaning that 
the ore-forming conditions at the Lombador stockwork system, as well as at the remaining typical IPB deposits, 
should have been less severe than those at the copper-rich Corvo stockwork system. Data from Barriga (1983), 
Relvas (1991, 2000) and Fernandes (2011). Lombador ores: FE – barren stockwork ore; FC – copper stockwork 
ore; FZ – zinc stockwork ore; RZ – zinc rubané ore. 
 

 

Estimated chlorite formation temperatures have been successfully used to estimate formation 

temperatures and/or to characterize the physico-chemical conditions for ore-formation in 

several IPB deposits, such as Masa San Dionisio, in Rio Tinto (Costa, 1996), Concepción, 

San Miguel, Aguas Teñidas Este, Cueva de la Mora and Masa Valverde, in the southern and 
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northern part of the Huelva Province (Sánchez-España et al., 2000; Ruiz et al., 2002), Corvo 

orebody, at Neves Corvo (Relvas, 2000), and Feitais orebody, at Aljustrel (Inverno et al., 

2008), as well as in other VHMS deposits worldwide, such as the copper deposits at the Mt. 

Lyell area in western Tasmania (Walshe and Solomon, 1981), the Kidd Creek deposit in 

Ontario, Canada (Koopman et al., 1999; Schwarz-Shampera, 2000), the Phelps-Dodge Cu-Zn 

deposit in Quebec, Canada (Kranidiotis and Maclean, 1987), and the Toyoha indium-rich 

epithermal vein-type deposit in Japan (Inoue et al., 2009). 

In their study on the Los Azufres (Mexico) active hydrothermal system, Cathelineau and Nieva 

(1985) noticed that the aluminum tetrahedral (AlIV) site occupancy in chlorite is strongly 

correlated with the formation temperature. Later on, based on empirical grounds, Kranidiotis 

and MacLean (1987) modified the Cathelineau and Nieva (1985) expression by calculating a 

corrected AlIV value (AlcIV), which takes into account the Fe/(Fe + Mg) ratio of both the chlorite 

and the host rock bulk composition. By comparing the various chlorite empirical 

geothermometers, Caritat et al. (1993) concluded that, although no single method was 

uniformly successful, overall the absolute differences between measured and calculated 

temperatures were smaller using the Kranidiotis and MacLean (1987) method comparatively 

to other empirical methods proposed (e.g., Cathelineau and Nieva, 1985; Cathelineau, 1988). 

In addition, Kranidiotis and MacLean (1987) argued that their function is applicable to 

aluminum-saturated environments, that is, chlorite associated with other aluminous minerals 

(e.g. sericite), which suits better to the Lombador setting.  

The Kranidiotis and MacLean (1987) method was applied to the extensive set of chlorite 

analyses performed in this study (n = 397), in order to estimate chlorite formation 

temperatures. The results, given in Table 19 and Figure 23, are in good agreement both with 

the alteration mineral assemblage recognized in the Lombador stockwork system, and with 

the formation temperature values previously indicated by chlorite geothermometry and stable 

isotope systematics for the Corvo central stockwork system (Relvas, 2000; Relvas et al., 

2006a,b). It can also be seen in Table 19 that the values estimated for the chlorites associated 

to the FC ore show a wider range of peak temperatures (294 – 393 ºC, average 370 ºC) 

relative to those yielded by the FE ore (324 – 389 ºC, average 367 ºC), FZ (319 – 389 ºC, 

average 362 ºC) and RZ ore (324 – 386 ºC, average 362 ºC) types. However, the 

temperatures calculated for the different stockwork ore types in the Lombador orebody do not 

reach values as high as the ones obtained for the copper-rich Corvo central stockwork 

system. In Figure 23, the plot of the calculated temperature values versus the aluminum 

content in the tetrahedral site of chlorite shows a dense cluster of data points that do not 

reflect so clearly the compositional zonation seen in Figures 19 and 22. Nonetheless, as 

expected, it is possible to recognize a general increase in temperature from the barren (FE) 
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and zinc-rich (FZ and RZ) ore types to the copper-rich (FC) ore type, which reflects the 

proximity to the axis of the feeder zone in good agreement with the alteration petrography and 

metal zonation pattern (see Chapter 5). The reasons for this clustering of the temperature 

values are two-fold: firstly, the stratabound hydrothermal pattern should reflect a prominent 

lateral flow regime, which could have favored relatively high-temperature ore-forming 

conditions over a wide area of base of the orebody, where most of the samples were 

collected; and, secondly, the existence of a second discharge zone (located in the northern 

part of the orebody), representing an additional heat source, should have provided additional 

conditions to support the maintenance of relatively high temperature ore-forming conditions 

over a wide lateral extension. Also, as it will be discussed in Chapter 8, the occurrence of a 

pre-mineralization cap rock (the JC Unit) should have prevented the heat loss provided by the 

feeder system. 

 

 
Table 19. Chlorite geothermometry for ore-related chlorite from the Lombador and Corvo stockwork systems. 

 
 Lombador (n = 397)  Corvo (Relvas, 2000) 
 Kranidiotis and MacLean (1987) 

 

Cathelineau (1988) Oxygen-isotopes 

 Average T (ºC) σ T (ºC) range Average T (ºC) σ T (ºC) range 

FC 370 17.0 294 - 393 386 41 257 - 402 
FE 367 11.1 324 - 389    
FZ 362 15.8 319 - 389    
RZ 362 11.0 324 - 386    

 

 

 
Figure 23. Plot of AlIV vs. temperature for ore-related chlorite from the Lombador stockwork system using the 
Kranidiotis and Maclean (1987) geothermometer. FE – barren stockwork ore; FC – copper stockwork ore; FZ – zinc 
stockwork ore; RZ – zinc rubané ore. 
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Ore-related chlorite from the Lombador orebody yielded formation temperatures that are in 

good agreement with the ore-forming temperatures estimated for numerous IPB deposits on 

the basis of chlorite geothermometers, stable isotope (oxygen and carbon) and fluid inclusion 

data (Table 20).  
 

 

Table 20. Summary table of estimated ore-forming temperatures for several IPB deposits. 

Deposit Orebody Method Average 
Temperature (ºC) σ Temperature (ºC) 

Range References

Chl (Cathelineau, 1988) 386 41
Chl (Kranidiotis and MacLean, 1987) 226 24
Oxygen Isotope (Qtz-phyl; Qtz-Cst) 346 182 - 402
Hydrogen Isotope (Chl and Ser) 195 - 343
Carbon and Oxygen Isotope (in
carbonates) 123 - 229

  Estação - 
Feitais

Oxygen Isotope 200 - 250 Munhá et al., 1986

Oxygen Isotope 259 - 402

Fluid inclusion 270 - 305
Chl (Cathelineau, 1998) 296 - 417
Chl (Kranidiotis and MacLean, 1987) 304 - 385
Oxygen Isotope (in quartz) 270 - 315
Carbon and Oxygen Isotope (in
carbonates) 271 - 315

Slagadinho 230 Munhá et al., 1986

Tharsis Filon Norte Oxygen isotope 100 - 250               
(carb. ore: 70 - 100)

Tornos et al., 1998

Chl (Walshe and Solomon, 1986) 293 - 316                   
(ms: 325)

Ruiz et al., 2002

Fluid inclusion 139 - 387 Toscano et al., 1997
Aznalcóllar, Los 
Frailes

Fluid inclusion 139 - 384 Almodóvar et al., 1998

Cerro 
Colorado

Oxygen Isotope 210 - 230 Munhá et al., 1986

Chl (Kranidiotis and MacLean, 1987) 250 - 300 Costa, 1996
Fluid inclusion 109 - 330 Nehlig et al., 1998

Chl (Cathelineau, 1998) 220 - 380

Fluid inclusion 130 - 280

Neves Corvo Corvo

Aljustrel
Fetais

Inverno and Solomon, 
2001

Inverno et al., 2008

Relvas, 2000; Rlevas el 
al., 2006a

Masa Valverde

Rio Tinto
San Dionisio

Concepción, San 
Miguel, Agua 
Teñidas Este, 
Cueva de la Mora

Sánchez-España et al., 
2000

 
    carb. ore – carbonate ore; Chl – chlorite; ms – massive sulphide ore 
 

In order to highlight the ore-forming conditions at the Lombador orebody, chlorite formation 

temperatures where estimated based on the ore-related chlorite chemical composition 

available in literature for some of the IPB deposits (e.g., Feitais and Gavião at Aljustrel; 

Concepción, Aguas Teñidas Este, San Dionisio at Rio Tinto) using the Kranidiotis and 

MacLean (1987) chlorite geothermometer. The results presented in Figure 29, show that the 

ore-related chlorites for both the Lombador and the Corvo orebodies at Neves Corvo show 

higher average estimated formation temperatures, as well as higher average aluminum 

content in the tetrahedral site (Al(IV)) relative to the ore-related chlorites coming from other IPB 

deposits. This temperature-compositional trend is consistent with the more acidic and warmer 

ore-forming conditions advocated for the Neves Corvo deposit by Relvas (2000). Extensive 

leaching should have led to the development of alteration assemblages almost composed by 

ripidolite ± donbassite within the innermost zones of the Neves Corvo stockwork system, 
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particularly in the Corvo central stockwork system (Relvas, 2000), and ultimately to a well-

defined chemical (and metal) zonation within the Lombador stockwork system.  

 
 

 
Figure 24. Comparison of estimated chlorite average formation temperatures for the Neves Corvo (Lombador and 
Corvo orebodies), Aljustrel (Gavião and Feitais orebodies), Lousal, Concepción, Aguas Teñidas Este and Rio Tinto 
(San Dionisio orebody) deposits, based on the Kranidiotis and MacLean (1987) chlorite geothermometer. 
 

 
4.3.2.2. Sericites 

 

The ore-related white micas at Lombador (sericite II) occur widespread in all alteration facies 

and ore types recognized. The term sericite is here used to designate fine-grained muscovite. 

As previously mentioned, in the stockwork zones underlying the Lombador massive sulphide 

lens sericite-dominated alteration is best developed in the south and central to central-E 

sectors of the orebody, as well as in the coherent rhyolite facies tectonically emplaced into a 

hanging wall position. Sericite occurs both in the vein-filling assemblage, and as groundmass 

or feldspar replacement phase.  

The chemical classification of sericite is based on the general chemical composition of the 

mica group expressed by the formula X2 Y2-6 O20 (OH, F)4 (Deer et al., 1996). Over 390 
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analyses (Appendix A3) were performed on 30 samples representative of the different 

hydrothermal alteration facies and ore types recognized both in the footwall, and in the 

hanging wall sequence. Figure 25 and Table 21 show that the ore-related sericite at 

Lombador consists essentially of illite with a strong phengitic component. It is characterized by 

high Si proportion in the tetrahedric position (2.96<Si:Al<5.19, averages 3.68), as well as 

widely variable proportions of Fe2++Mg2+ (0.04 to 0.67, averages 0.16) in the octahedral 

position, with a slight shift towards ideal muscovite composition.  

 
 

 
Figure 25. Plot of Si4+ vs. K+ showing the compositional variations in the ore-related (IIa or IIb) white mica 
compositions (based on Deer et al., 1996) as discriminated by ore type and position relative to the mineralization 
horizon. FE – barren stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore; RZ – zinc rubané ore. 
 

 

Similarly to what has been described in the Corvo stockwork system (Relvas, 2000; Relvas et 

al., 2006a), as well as in other IPB stockwork systems such as Gavião (Relvas, 1991) and 

Lousal, (Fernandes, 2011), sericite II from the Lombador orebody shows a noticeable 

compositional variation particularly expressed by its Na+/(Na++K+) ratio. Variations of the 

Na+/(Na++K+) ratio indicate the relative proportion of the paragonite end-member in the 

composition of sericite II (Table 21), which can be used to evaluate the proximity to the axis of 

the feeder zone, once it is known that this ratio tend to increase with the increasing distance to 

the axis of the ore-forming system (cf. Relvas, 1991; 2000; Relvas et al., 2006a). Sericite IIa 
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(0.02<Na+/(Na++K+)<0.30, averages 0.10; n = 349) was mainly found in FE, FC and FZ 

representative stockwork ore samples, particularly in those located in the south and central-E 

sector of the orebody, where Type IIa alteration tends to develop (see Figure 14 and 15). In 

the hanging wall sequence, sericite IIa was found in altered coherent rhyolite rocks, as well in 

some zinc-rich rubané ore samples. As it should be expected, the Na+/(Na++K+) values are 

lower in the footwall autochthonous sequence relative to the hanging wall allochthonous 

sequence once the later corresponds to laterally distal alteration facies. The Na+/(Na++K+) 

ratio for sericite IIa in the stockwork sequence range from 0.02 to 0.22 (averages 0.09; n = 

319), whereas in the tectonically emplaced zinc-rich rubané ore and altered coherent rhyolite 

rocks the Na+/(Na++K+) ratio range from 0.14 to 0.30 (averages 0.25; n = 32). Furthermore, 

this variation of the sericite composition, showing relative enrichment in sodium towards the 

more peripheral settings of the orebody, is particularly net regarding sericite IIb 

(0.34<Na+/(Na++K+)<0.84, averages 0.50; n = 41). Sericite IIb is mostly found in the zinc-rich 

RZ ore (e.g., FL834 121.60) and in the variably altered coherent rhyolite samples from the 

hanging wall allochthonous sequence. In the altered footwall sequence, sericite IIb (0.34< 

Na+/(Na++K+)<0.53) was positively identified in one sample of barren stockwork (FE) 

mineralization (FL879 171.40) located in the southernmost end of the Lombador orebody. This 

is consistent with Type IIb alteration being developed towards the S-SE area of the Lombador 

stockwork system. 

The overall average composition of sericite IIa and IIb from the Lombador stockwork system is 

the following: 

 

i) Stockwork 

• Sericte IIa: 

(Na0.14 K1.56)Σ=1.71 (Al3.87 Fe2+
0.07 Mg0.08)Σ=4.05 (Si6.28 Al1.71)Σ=8.00 O20 (OH)4 

• Sericite IIb 

(Na0.71 K0.98 Ca0.01)Σ=1.71 (Al3.92 Fe2+
0.04 Mg0.07)Σ=4.05 (Si6.27 Al1.73)Σ=8.00 O20 (OH)4 

 

ii) Stockwork mineralization and altered rocks tectonically emplaced in a hanging wall position 

• Sericite IIa 

(Na0.41 K1.27)Σ=1.68 (Al3.81 Fe2+
0.08 Mg0.13 Ti0.01)Σ=4.05 (Si6.35 Al1.64)Σ=8.00 O20 (OH)4 

• Sericite IIb 

(Na0.84 K0.83Ca0.01)Σ=1.69 (Al3.92 Fe2+
0.05 Mg0.07)Σ=4.05 (Si6.26 Al1.73)Σ=8.00 O20 (OH)4 
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Table 21. Summary table of the overall electron microprobe analyses of sericite IIa and IIb occurring in the Lombador stockwork system. 

 

average σ n min max average σ n min max average σ n min max average σ n min max
SiO2 47.66 0.71 319 45.14 50.02 49.17 1.66 3 47.26 50.28 48.24 1.41 32 46.03 52.00 48.44 0.94 38 46.65 50.47
TiO2 0.09 0.21 291 0.00 2.55 0.01 0.01 2 0.01 0.02 0.12 0.26 32 0.00 1.42 0.04 0.05 31 0.00 0.22
Al2O3 35.97 0.82 319 32.39 38.40 36.69 0.80 3 36.11 37.60 35.20 1.03 32 32.71 36.90 37.09 1.04 38 0.00 40.12
Cr2O3 0.06 0.03 317 0.00 0.14 0.08 0.03 3 0.04 0.11 0.06 0.02 32 0.02 0.11 0.06 0.03 37 0.02 0.11
FeO 0.63 0.31 319 0.24 2.96 0.39 0.05 3 0.35 0.45 0.80 0.57 32 0.26 2.76 0.42 0.28 38 0.02 1.51
MnO 0.02 0.01 169 0.00 0.06 0.02 0.02 3 0.01 0.04 0.02 0.02 17 0.00 0.06 0.02 0.01 17 0.00 0.05
MgO 0.45 0.15 319 0.14 1.41 0.26 0.05 3 0.21 0.30 0.67 0.32 32 0.41 1.81 0.38 0.14 38 0.00 0.73
CaO 0.05 0.03 308 0.00 0.18 0.09 0.05 3 0.05 0.14 0.05 0.03 31 0.01 0.18 0.09 0.04 38 0.03 0.16
Na2O 0.57 0.20 319 0.14 1.41 2.86 1.25 3 2.14 4.31 1.60 0.26 32 0.99 1.98 3.39 1.10 38 0.03 6.12
K2O 9.30 0.63 319 5.19 10.33 5.99 0.24 3 5.78 6.25 7.55 0.63 32 6.55 9.10 5.02 1.42 38 1.56 6.79
BaO 0.11 0.04 316 0.01 0.22 0.08 0.02 3 0.05 0.10 0.17 0.05 32 0.07 0.23 0.12 0.06 36 0.01 0.27
Total 94.92 0.82 319 95.56 0.46 3 94.30 0.66 32 94.94 0.86 38

Number of ions on the base of 22 oxygens
Si4+ 6.283 0.07 319 6.07 6.57 6.335 0.18 3 6.13 6.44 6.353 0.15 32 6.15 6.71 6.266 0.09 38 6.00 6.44
Al3+ 1.717 0.07 319 1.43 1.93 1.665 0.18 3 1.56 1.87 1.647 0.15 32 1.29 1.85 1.734 0.09 38 1.56 2.00
Total (IV) 8.000 0.00 319 8.00 8.00 8.000 0.00 3 8.00 8.00 8.000 0.00 32 8.00 8.00 8.000 0.00 38 1.56 8.00

Al3+ 3.872 0.064 319 3.502 4.159 3.908 0.029 3 3.874 3.929 3.816 0.075 32 3.608 3.936 3.920 0.056 38 3.808 4.035
Ti4+ 0.009 0.020 291 0.000 0.252 0.001 0.001 2 0.000 0.002 0.012 0.026 32 0.000 0.142 0.003 0.004 31 0.000 0.021
Cr3+ 0.006 0.003 317 0.000 0.015 0.008 0.003 3 0.004 0.011 0.006 0.003 32 0.002 0.011 0.006 0.003 37 0.000 0.012
Fe2+ 0.070 0.035 319 0.027 0.324 0.042 0.005 3 0.038 0.048 0.088 0.064 32 0.028 0.308 0.046 0.031 38 0.000 0.164
Mn2+ 0.002 0.002 169 0.000 0.007 0.002 0.002 3 0.001 0.005 0.002 0.002 17 0.000 0.007 0.001 0.001 17 0.000 0.006
Mg2+ 0.088 0.029 319 0.027 0.276 0.049 0.009 3 0.041 0.058 0.131 0.063 32 0.080 0.359 0.074 0.027 38 0.000 0.141
Total 4.048 0.033 319 3.994 4.227 4.010 0.040 3 3.966 4.042 4.055 0.073 32 3.934 4.290 4.050 0.035 38 0.023 4.138

Ca2+ 0.006 0.005 308 0.000 0.025 0.013 0.006 3 0.007 0.020 0.007 0.005 31 0.000 0.026 0.012 0.005 38 0.004 0.022
Na+ 0.146 0.051 319 0.036 0.357 0.716 0.318 3 0.532 1.083 0.410 0.067 32 0.252 0.504 0.847 0.269 38 0.004 1.511
K+ 1.565 0.109 319 0.881 1.756 0.984 0.033 3 0.955 1.021 1.268 0.106 32 1.102 1.527 0.830 0.240 38 0.251 1.140
Ba+ 0.002 316 0.000 0.011 0.004 0.001 3 0.003 0.005 0.000 32 0.000 0.000 0.001 0.002 38 0.000 0.005
Total 1.717 0.086 319 1.074 1.857 1.713 0.289 3 1.523 2.045 1.684 0.062 32 1.556 1.785 1.690 0.121 38 0.000 2.045

Al2O3/SiO2 0.75 0.02 0.65 0.82 0.75 0.04 0.72 0.80 0.73 0.04 0.63 0.79 0.77 0.03 0.72 0.84
Si/Al IV 3.66 0.19 3.14 4.60 3.84 0.49 3.27 4.14 3.86 0.49 3.33 5.19 3.63 0.25 3.00 4.14
Fe2++Mg2+ 0.16 0.05 0.05 0.43 0.09 0.01 0.08 0.11 0.22 0.12 0.11 0.67 0.12 0.05 0.06 0.28
Na+/(Na++K+) 0.09 0.03 0.02 0.22 0.41 0.11 0.34 0.53 0.24 0.04 0.14 0.30 0.50 0.15 0.34 0.84

Stockwork

Sericite IIa Sericite IIb Sericite IIa Sericite IIb

Stockwork mineralization and altered rhyolite tectonically emplaced in a 
hanging wall position
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Based on the Al2O3/SiO2 versus the Na+/(Na++K+) ratios (Figure 26, Tables 22 and 23) it is 

possible to highlight the compositional variation of the Lombador ore-related sericites as a 

function of the different ore types, alteration facies (I, IIa and IIb) and spatial position relative 

to the mineralization horizon. As chlorite, sericite composition is also laterally zoned relative to 

the axis of the feeder zone, reflecting the inward increase of alkalis depletion. The least 

altered, distal peripheral zones of the system show Type IIb alteration and are characterized 

by Na-bearing sericite, whereas K-sericite becomes dominant towards the internal zones of 

intense sericitization (Type IIa alteration zone), and co-exists with dominant chlorite in the 

innermost zone of the feeder system (Type I alteration zone). At the hanging wall, both the 

tectonically-displaced zinc-rich rubané (RZ) ore, and the altered coherent rhyolite rocks, 

display higher Na+/(Na++K+) ratios relative to the rooted barren (FE), copper (FC) or zinc (FZ) 

stockwork ores, as the former represent distal lateral equivalents of the authochonous 

sequence (Figure 26). In the RZ ore, the Na+/(Na++K+) ratios for sericite IIa (more proximal) 

and sericite IIb (more peripheral) range between 0.20 and 30 (averages 0.25; n = 8), and from 

0.33 to 0.73 (averages 0.45; n = 18), respectively, whereas in the altered coherent rhyolite 

rocks these ratios range from 0.14 to 0.30 (averages 0.24; n = 24), and from 0.34 to 0.84 

(averages 0.57; n = 18), respectively. As depicted in Table 21, the Na+/(Na++K+) ratios shown 

by the sericites IIa found in the rooted stockwork ores (0.02<Na+/(Na++K+)<0.22) are 

significantly lower that those from the hanging wall sequence, and, on average, the 

Na+/(Na++K+) ratios are similar (about 0.09; Table 22) between the different stockwork ore 

types. Interestingly, the lowest Na+/(Na++K+) ratios were mostly found in representative FZ ore 

samples, particularly in those located in the central-E sector of the orebody. Na-bearing 

sericite associated to Type IIa alteration in the footwall stockwork samples was only found in 

one sample of FE mineralization located in the southern sector of the orebody. Its 

Na+/(Na++K+) ratios range between 0.34 and 0.53 (averages 0.41), and indicate that the 

sodium-rich alteration facies (Type IIb alteration) should develop towards the S-SE area of the 

orebody. 

 

The overall sericite compositional trend presented in Figure 26 is in good agreement with the 

chemical zonation shown by ore-related chlorite (Figure 19), as well as with previous studies 

in other IPB deposits (e.g., Gavião, Relvas, 1991; Lousal, Fernandes, 2011), including the 

Corvo orebody (Relvas, 2000; Relvas et al., 2006a). Figure 26 shows that, regardless of the 

ore type or alteration zone considered, the range of Na+/(Na++K+) ratios for sericite IIa and for 

sericite IIb coming from the Lombador stockwork system fairly compare with those reported by 

Relvas (2000) and Relvas et al. (2006a) for the Corvo stockwork system. Nevertheless, it is 
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worth mentioning that there is a small shift of the Lombador data relative to the Corvo data 

towards slightly lower Al2O3/SiO2 ratios (in particular for those from the zinc-rich ore types), 

which could reflect less severe ore-forming conditions of the Lombador orebody relative to the 

Corvo orebody, in accordance with the indications provided by alteration petrography and 

chlorite composition. Notwithstanding this, the petrographic features and sericite chemical 

signatures of the distal alteration facies in the Lombador system (Type IIb alteration) do not 

compare with those described by Relvas (1991) for the more distal and weak alteration facies 

of the Gavião orebody (Type III alteration; Aljustrel deposit) with Na+/(Na++K+) ratios typically 

in excess of 0.50, which is consist with the overall characteristics of the Neves Corvo ore-

forming system relative to typical IPB deposits.  

 

 

 
Figure 26. Plot of Al2O3/SiO2 vs. Na+/Na++K+ for the Lombador and Corvo sericites IIa and sericite IIb showing a 
striking chemical zonation with proximity of the axis of the feeder zone. The ore-related sericite from the Lombador 
system was classified according to ore type and alteration facies (alteration type I, type IIa, and type IIb). FE – 
barren stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore; RZ – zinc rubané ore; Alt. rock – 
altered coherent rhyolite.  
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The overall average compositions of sericite IIa and sericite IIb from the Lombador system are 

the following: 

 

i) Stockwork 
 - Barren stockwork ore – FE 

• Sericte IIa: 
(Na0.15 K1.56)Σ=1.72 (Al3.87 Fe2+

0.07 Mg0.08)Σ=4.05 (Si6.26 Al1.73)Σ=8.00 O20 (OH) 
 

• Sericite IIb 
(Na0.71 K0.98 Ca0.01)Σ=1.71 (Al3.90 Fe2+

0.04 Mg0.05)Σ=4.01 (Si6.33 Al1.66)Σ=8.00 O20 (OH)4 
 
 - Copper stockwork ore – FC 

• Sericte IIa: 
(Na0.15 K1.55)Σ=1.70 (Al3.89 Fe2+

0.08 Mg0.07)Σ=4.06 (Si6.25 Al1.74)Σ=8.00 O20 (OH)4 
 
 - Zinc stockwork ore – FZ 

• Sericte IIa: 
(Na0.14 K1.57)Σ=1.72 (Al3.86 Fe2+

0.06 Mg0.09 Ti0.01)Σ=4.04 (Si6.30 Al1.69)Σ=8.00 O20 (OH)4 
 
ii) Stockwork mineralization and altered coherent rhyolite tectonically emplaced in a hanging 
wall position 
 - Zinc rubané ore – RZ 

• Sericite IIa 
(Na0.42 K1.25)Σ=1.69 (Al3.82 Fe2+

0.07 Mg0.10)Σ=4.02 (Si6.43 Al1.56)Σ=8.00 O20 (OH)4 
• Sericite IIb 

(Na0.76 K0.93 Ca0.01)Σ=1.69 (Al3.90 Fe2+
0.05 Mg0.08)Σ=4.05 (Si6.28 Al1.72)Σ=8.00 O20 (OH)4 

 
iii) Altered coherent rhyolite  

• Sericite IIa 
(Na0.40 K1.27)Σ=1.68 (Al3.81 Fe2+

0.09 Mg0.14)Σ=4.13 (Si6.32 Al1.67)Σ=8.00 O20 (OH)4 
• Sericite IIb 

(Na0.95 K0.72 Ca0.01)Σ=1.68 (Al3.93 Fe2+
0.04 Mg0.08)Σ=4.06 (Si6.24 Al1.76)Σ=8.00 O20 (OH)4 
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Table 22. Electron microprobe analyses of sericite IIa and sericite IIb from the Lombador stockwork. FE – barren stockwork ore; FC – copper stockwork ore; FZ – zinc 
stockwork ore. 

 

average σ n min max average σ n min max average σ n min max average σ n min max
SiO2 47.58 0.62 67 46.35 49.55 49.17 1.66 3 47.26 50.28 47.47 0.65 92 45.50 49.38 47.80 0.75 160 45.14 50.02
TiO2 0.11 0.24 57 0.00 1.60 0.01 0.01 2 0.01 0.02 0.06 0.08 81 0.00 0.48 0.11 0.25 153 0.00 2.55
Al2O3 36.14 0.74 67 34.35 37.67 36.69 0.80 3 36.11 37.60 36.31 0.80 92 33.40 38.40 35.71 0.77 160 32.39 37.49
Cr2O3 0.06 0.02 66 0.01 0.12 0.08 0.03 3 0.04 0.11 0.06 0.02 92 0.00 0.11 0.06 0.03 159 0.01 0.14
FeO 0.64 0.24 67 0.30 1.32 0.39 0.05 3 0.35 0.45 0.69 0.42 92 0.24 2.96 0.60 0.26 160 0.24 2.36
MnO 0.02 0.01 34 0.00 0.06 0.02 0.02 3 0.01 0.04 0.02 0.01 45 0.00 0.05 0.02 0.01 90 0.00 0.06
MgO 0.44 0.14 67 0.23 0.96 0.26 0.05 3 0.21 0.30 0.37 0.12 92 0.14 0.76 0.50 0.14 160 0.24 1.41
CaO 0.04 0.03 65 0.00 0.15 0.09 0.05 3 0.05 0.14 0.04 0.03 89 0.00 0.16 0.05 0.03 154 0.00 0.18
Na2O 0.59 0.24 67 0.24 1.41 2.86 1.25 3 2.14 4.31 0.59 0.17 92 0.32 1.07 0.55 0.20 160 0.14 1.37
K2O 9.33 0.55 67 7.94 10.07 5.99 0.24 3 5.78 6.25 9.23 0.77 92 5.19 10.31 9.34 0.55 160 7.31 10.33
BaO 0.11 0.04 67 0.03 0.21 0.08 0.02 3 0.05 0.10 0.12 0.04 91 0.02 0.22 0.10 0.04 158 0.01 0.21
Total 95.06 0.62 67 95.56 0.46 3 94.96 0.93 92 94.83 0.83 160

Number of ions on the base of 22 oxygens
Si4+ 6.266 0.057 67 6.108 6.437 6.335 0.179 3 6.129 6.442 6.256 0.065 92 6.067 6.463 6.306 0.065 160 6.093 6.572
Al3+ 1.734 0.057 67 1.563 1.892 1.665 0.179 3 1.558 1.871 1.744 0.065 92 1.537 1.933 1.694 0.065 160 1.428 1.907
Total (IV) 8.000 0.000 67 8.000 8.000 8.000 0.000 3 8.000 8.000 8.000 0.000 92 8.000 8.000 8.000 0.000 160 8.000 8.000

Al3+ 3.875 0.060 67 3.628 3.997 3.908 0.029 3 3.874 3.929 3.896 0.063 92 3.706 4.159 3.857 0.061 160 3.502 3.954
Ti4+ 0.011 0.023 57 0.000 0.160 0.001 0.001 2 0.000 0.002 0.006 0.008 81 0.000 0.049 0.011 0.024 153 0.000 0.252
Cr3+ 0.006 0.003 66 0.000 0.013 0.008 0.003 3 0.004 0.011 0.006 0.002 92 0.000 0.011 0.007 0.003 159 0.000 0.015
Fe2+ 0.071 0.027 67 0.034 0.147 0.042 0.005 3 0.038 0.048 0.076 0.046 92 0.027 0.324 0.066 0.029 160 0.027 0.265
Mn2+ 0.002 0.002 34 0.000 0.007 0.002 0.002 3 0.001 0.005 0.002 0.001 45 0.000 0.005 0.002 0.002 90 0.000 0.007
Mg2+ 0.087 0.029 67 0.045 0.191 0.049 0.009 3 0.041 0.058 0.072 0.023 92 0.027 0.149 0.099 0.028 160 0.048 0.276
Total 4.051 0.023 67 3.996 4.106 4.010 0.040 3 3.966 4.042 4.058 0.045 92 3.994 4.227 4.041 0.025 160 3.995 4.182

Ca2+ 0.005 0.005 65 0.000 0.021 0.013 0.006 3 0.007 0.020 0.006 0.004 89 0.000 0.022 0.007 0.005 154 0.000 0.025
Na+ 0.152 0.060 67 0.062 0.357 0.716 0.318 3 0.532 1.083 0.150 0.042 92 0.082 0.272 0.140 0.052 160 0.036 0.348
K+ 1.567 0.098 67 1.321 1.697 0.984 0.033 3 0.955 1.021 1.552 0.134 92 0.881 1.752 1.571 0.097 160 1.210 1.756
Ba+ 0.006 0.002 67 0.001 0.011 0.004 0.001 3 0.003 0.005 0.006 0.002 91 0.000 0.011 0.005 0.002 158 0.000 0.011
Total 1.724 0.070 67 1.470 1.828 1.713 0.289 3 1.523 2.045 1.708 0.118 92 1.074 1.857 1.719 0.069 160 1.489 1.842

Al2O3/SiO2 0.76 0.02 0.71 0.81 0.75 0.04 0.72 0.80 0.76 0.02 0.70 0.82 0.75 0.02 0.65 0.80
Si/Al IV 3.61 0.16 3.23 4.12 3.84 0.49 3.27 4.14 3.59 0.17 3.14 4.20 3.72 0.19 3.20 4.60
Fe2++Mg2+ 0.16 0.05 0.09 0.33 0.09 0.01 0.08 0.11 0.15 0.06 0.05 0.42 0.16 0.05 0.09 0.43
Na+/(Na++K+) 0.09 0.04 0.04 0.20 0.41 0.11 0.34 0.53 0.09 0.03 0.05 0.18 0.08 0.03 0.02 0.22

Sericite IIa Sericite IIb

FE
Sericite IIa

FC
Sericite IIa

FZ
Stockwork
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Table 23. Electron microprobe analyses of sericite IIa and sericite IIb from the hanging wall of the Lombador orebody (tectonically displaced, zinc-rich rubané (RZ) ore and 
altered coherent rhyolites). 
 

average σ n min max average σ n min max average σ n min max average σ n min max
SiO2 48.78 1.57 8 46.79 51.04 48.29 0.95 18 47.02 50.47 48.06 1.30 24 46.03 52.00 48.45 0.73 18 46.65 50.06
TiO2 0.04 0.03 8 0.00 0.12 0.03 0.03 16 0.00 0.11 0.15 0.29 24 0.01 1.42 0.05 0.06 14 0.00 0.22
Al2O3 34.65 0.95 8 33.21 36.11 36.69 0.88 18 0.00 38.15 35.38 0.99 24 32.71 36.90 37.54 1.03 18 0.00 40.12
Cr2O3 0.06 0.02 8 0.02 0.10 0.07 0.03 17 0.02 0.11 0.06 0.03 24 0.02 0.11 0.05 0.02 18 0.03 0.10
FeO 0.69 0.47 8 0.34 1.87 0.47 0.35 18 0.02 1.51 0.84 0.59 24 0.26 2.76 0.37 0.18 18 0.03 0.76
MnO 0.01 0.00 3 0.00 0.01 0.02 0.02 8 0.00 0.05 0.02 0.02 14 0.00 0.06 0.01 0.01 7 0.00 0.03
MgO 0.53 0.12 8 0.43 0.82 0.41 0.10 18 0.00 0.62 0.71 0.35 24 0.41 1.81 0.39 0.17 18 0.00 0.73
CaO 0.06 0.05 8 0.02 0.18 0.08 0.03 18 0.03 0.16 0.04 0.02 23 0.01 0.09 0.10 0.04 18 0.03 0.15
Na2O 1.66 0.18 8 1.31 1.98 2.99 0.77 18 0.03 5.30 1.59 0.28 24 0.99 1.96 3.80 1.23 18 0.03 6.12
K2O 7.44 0.35 8 7.04 7.90 5.59 1.09 18 2.19 6.83 7.59 0.69 24 6.55 9.10 4.39 1.53 18 1.56 6.61
BaO 0.18 0.03 8 0.15 0.23 0.15 0.06 18 0.04 0.27 0.16 0.05 24 0.07 0.23 0.10 0.06 16 0.01 0.21
Total 94.09 0.33 8 94.80 1.01 18 94.60 0.69 24 95.24 0.59 18

Number of ions on the base of 22 oxygens
Si4+ 6.436 0.164 8 6.249 6.680 6.281 0.068 18 6.145 6.422 6.325 0.131 24 6.151 6.708 6.238 0.094 18 6.002 6.364
Al3+ 1.564 0.164 8 1.320 1.751 1.719 0.068 18 1.578 1.855 1.675 0.131 24 1.292 1.849 1.762 0.094 18 1.636 1.998
Total (IV) 8.000 0.000 8 8.000 8.000 8.000 0.000 18 1.578 8.000 8.000 0.000 24 8.000 8.000 8.000 0.000 18 1.636 8.000

Al3+ 3.825 0.038 8 3.758 3.896 3.905 0.050 18 3.808 4.013 3.813 0.084 24 3.608 3.936 3.934 0.060 18 3.822 4.035
Ti4+ 0.004 0.003 8 0.000 0.012 0.003 0.003 16 0.000 0.011 0.015 0.029 24 0.001 0.142 0.005 0.005 14 0.000 0.021
Cr3+ 0.006 0.002 8 0.002 0.010 0.007 0.003 17 0.000 0.012 0.006 0.003 24 0.002 0.011 0.005 0.002 18 0.000 0.010
Fe2+ 0.076 0.053 8 0.038 0.209 0.052 0.039 18 0.000 0.164 0.092 0.066 24 0.028 0.308 0.040 0.020 18 0.003 0.082
Mn2+ 0.001 0.001 3 0.000 0.002 0.002 0.002 8 0.000 0.006 0.003 0.002 24 0.000 0.007 0.001 0.001 7 0.000 0.003
Mg2+ 0.104 0.025 8 0.084 0.164 0.079 0.019 18 0.000 0.119 0.140 0.069 24 0.080 0.359 0.075 0.032 18 0.000 0.141
Total 4.016 0.065 8 3.934 4.149 4.048 0.036 18 0.037 4.138 4.068 0.071 24 3.964 4.290 4.059 0.027 18 0.023 4.129

Ca2+ 0.008 0.007 8 0.003 0.026 0.011 0.005 18 0.005 0.022 0.006 0.003 24 0.000 0.012 0.013 0.005 18 0.004 0.021
Na+ 0.425 0.045 8 0.339 0.504 0.755 0.184 18 0.005 1.297 0.404 0.073 24 0.252 0.498 0.950 0.300 18 0.004 1.511
K+ 1.253 0.065 8 1.176 1.330 0.927 0.189 18 0.480 1.140 1.274 0.116 24 1.102 1.527 0.720 0.256 18 0.251 1.107
Ba+ 0.009 0.003 8 0.008 0.012 0.007 0.003 18 0.002 0.014 0.009 0.003 24 0.004 0.012 0.005 0.002 16 0.000 0.005
Total 1.685 0.055 8 1.610 1.785 1.694 0.075 18 0.000 1.799 1.684 0.064 24 1.556 1.782 1.683 0.127 18 0.000 1.882

Al2O3/SiO2 0.71 0.04 0.65 0.76 0.76 0.02 0.72 0.80 0.74 0.04 0.63 0.79 0.77 0.03 0.74 0.84
Si/Al IV 4.12 0.56 3.57 5.06 3.65 0.19 3.31 4.07 3.78 0.43 3.33 5.19 3.54 0.23 3.00 3.89
Fe2++Mg2+ 0.18 0.08 0.12 0.37 0.13 0.05 0.07 0.28 0.23 0.12 0.11 0.67 0.11 0.05 0.06 0.21
Na+/(Na++K+) 0.25 0.03 0.20 0.30 0.45 0.11 0.33 0.73 0.24 0.05 0.14 0.30 0.57 0.16 0.34 0.84

Sericite IIb

Stockwork mineralization tectonically emplaced in a hanging wall position Altered host rocks tectonically emplaced in a hanging wall position

Sericite IIa Sericite IIb

RZ
Sericite IIa
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4.3.2.3. Carbonates 

 

Carbonate minerals are relatively common alteration-related gangue minerals, together with 

chlorite, sericite and quartz, both in the footwall and in hanging wall sequences of the 

Lombador orebody. As previously mentioned, carbonate alteration occurs mostly in the vicinity 

of the base of the massive sulphide lens as rounded patches disseminated in the rock matrix, 

as continuous halos on both sides of the mineralized veins, as vein filling minerals, or as 

massive carbonate-rich levels in the upper levels of the PQ Group sequence, which is 

nevertheless dominated by siliciclastic facies (quartz-rich siltstone/phyllite and phyllite). 

Despite the common difficulties ascribed to the petrographic study of carbonate minerals, 

given the ease with which they undergo recrystallization and remobilization (also reported by 

Relvas (2000), or by Fernandes (2011) either associated to ore generation and/or to late 

tectono-metamorphic effects, electron microprobe analysis enabled the identification of two 

ore-related carbonate species: siderite and ankerite. These minerals, together with dolomite, 

may occur as well as vein-filling phases associated to late tectono-metamorphic veins and 

veinlets, where they are often accompanied by variable amounts of sulphide minerals, such as 

chalcopyrite, sphalerite, galena and tetrahedrite (see also Relvas, 2000; Relvas et al., 2006a; 

Fernandes, 2011).  

Over 270 electron microprobe analyses (Appendix A3) of carbonate minerals were performed 

on 21 samples representative of both the various stockwork ore types and main alteration 

facies in the Lombador footwall sequence, and the tectonically displaced zinc-rich rubané ore 

on top of the massive sulphide lens. The analyses were mainly directed to the ore-related 

carbonate generation.  

 

The ore-related carbonates (Table 24) consist mainly of siderite. The sideroplesite variety 

represents about 90% (n = 236) of the siderite compositions determined, and occurs 

associated to all types of ore and alteration facies. Another siderite variety positively identified 

by microprobe analysis, once again in all types of ore and alteration facies, was pistomesite, 

which represents about 6% of the ore-related carbonate analyses performed. Pure siderite 

represents only about 3% of the analyses made, occurring in stockwork samples coming from 

the central sector of the orebody. The remaining ore-related carbonate mineral analyzed was 

ankerite, which was only found in a zinc-rich rubané ore sample (FL784 121.60). No 

consistent compositional distinction has been found between the ore-related carbonate 

minerals as a function of their mode of occurrence - vein filling vs. groundmass replacement. 

The overall average compositions of the ore-related carbonate minerals analyzed are as 

follows: 
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• Siderite: (Fe2+
1.89 Mg0.09 Mn0.02) CO3  

• Sideroplesite: (Fe2+
1.45 Ca0.03 Mg0.46 Mn0.06) CO3  

• Pistomesite: (Fe2+
1.12 Ca0.03 Mg0.85 Mn0.03) CO3 

• Ankerite: (Ca2+
1.01 Mg0.84 Fe2+

0.18 Mn0.01) CO3 

 

 

Carbonate minerals related with the late tectono-metamorphic veins and veinlets mostly 

consist of ankerite, minor dolomite and minor siderite, including some sideroplesite (Table 25).  

 

The overall average compositions of the late tectono-metamorphic carbonate minerals are as 

follows: 

 

• Siderite: (Fe2+
1.84 Ca0.01 Mg0.10 Mn0.04) CO3  

• Sideroplesite: (Fe2+
1.46 Ca0.03 Mg0.54 Mn0.01) CO3  

• Ankerite: (Ca2+
1.02 Mg0.81 Fe2+

0.19 Mn0.03) CO3 

• Dolomite: (Ca2+
1.01 Mg0.89 Fe2+

0.12 Mn0.03) CO3 
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Table 24. Electron microprobe analyses of ore-related carbonate minerals from the Lombador stockwork system. 
 

average σ n min max average σ n min max average σ n min max average σ n min max average σ n min max
MgO 1.50 0.43 7 1.03 2.01 8.65 2.33 205 2.63 14.19 16.56 1.17 17 14.63 18.29 9.92 1.66 29 7.08 14.19 10.01 0.37 4 9.57 10.57
CaO 0.21 0.08 7 0.08 0.29 0.72 0.74 205 0.05 3.10 0.78 0.56 17 0.10 1.73 0.72 0.67 29 0.07 2.42 28.56 0.30 4 28.10 28.92
FeO 59.26 0.45 7 58.92 60.32 48.41 2.83 205 40.98 56.70 39.14 1.45 17 37.03 42.41 47.34 1.95 29 43.20 50.61 17.21 0.32 4 16.88 17.74
MnO 0.70 0.40 7 0.06 1.37 1.48 1.30 205 0.12 4.54 1.12 1.09 17 0.22 3.25 1.06 0.48 29 0.43 1.94 0.33 0.14 4 0.19 0.51
ZnO 0.07 0.04 7 0.01 0.13 0.15 0.24 186 0.00 1.42 0.08 0.04 14 0.01 0.16 0.11 0.08 28 0.03 0.36 0.13 0.03 4 0.09 0.18
CO2 38.27 0.20 7 37.96 38.65 40.60 1.03 205 38.92 50.33 42.33 0.38 17 41.89 43.34 40.85 0.84 29 39.66 42.59 43.76 0.45 4 43.40 44.52
Total 100.00 0.00 7 100.00 0.00 205 0.00 16 100.00 0.00 29 100.00 0.00 4

Number of ions on the basis of 2 ions
C 1.995 0.008 7 1.982 2.009 1.999 0.023 205 1.971 2.250 1.983 0.009 17 1.972 2.007 1.996 0.016 29 1.971 2.023 1.977 0.012 4 1.983 2.015
Mg 0.085 0.025 7 0.059 0.115 0.463 0.118 205 0.148 0.739 0.847 0.055 17 0.754 0.925 0.528 0.081 29 0.386 0.739 0.843 0.018 4 0.479 0.526
Ca 0.009 0.003 7 0.003 0.012 0.028 0.028 205 0.002 0.118 0.029 0.021 17 0.004 0.064 0.027 0.026 29 0.003 0.093 1.009 0.014 4 0.998 1.034
Fe 1.892 0.017 7 1.878 1.931 1.462 0.109 205 1.170 1.768 1.123 0.048 17 1.063 1.231 1.418 0.078 29 1.262 1.547 0.180 0.010 4 0.471 0.498
Mn 0.022 0.013 7 0.002 0.044 0.046 0.040 205 0.004 0.141 0.032 0.032 17 0.006 0.094 0.032 0.015 29 0.013 0.060 0.013 0.004 4 0.005 0.015
Zn 0.002 0.001 7 0.000 0.004 0.004 0.006 186 0.000 0.039 0.002 0.001 14 0.000 0.004 0.003 0.002 28 0.000 0.010 0.001 0.001 4 0.002 0.004

End-menber proportion
Mg(CO3) 3.13 0.91 2.15 4.21 18.09 4.87 5.51 29.69 34.65 2.44 30.60 38.26 20.76 3.48 14.82 29.69 37.12
Ca(CO3) 0.37 0.15 0.14 0.52 1.29 1.32 0.10 5.53 1.39 1.01 0.18 3.09 1.28 1.20 0.13 4.32 52.74 0.53 50.16 51.61
Fe(CO3) 95.56 0.73 95.01 97.27 78.06 4.56 66.09 91.43 63.11 2.33 59.70 68.39 76.34 3.15 69.66 81.61 10.90 0.52 27.21 28.60
Mn(CO3) 1.13 0.64 0.10 2.22 2.40 2.11 0.19 7.36 1.81 1.76 0.36 5.26 1.72 0.77 0.70 3.14 0.77 0.22 0.31 0.83
Zn(CO3) 0.11 0.06 0.02 0.20 0.21 0.35 0.00 2.18 0.13 0.07 0.00 0.24 0.17 0.12 0.00 0.56 0.05 0.05 0.14 0.27
Total 100.30 0.48 99.48 101.05 100.05 1.48 83.20 101.75 101.09 0.61 99.56 101.77 100.27 0.98 98.54 101.75 101.58 0.82 99.01 101.11

Mg/Fe 0.03 0.01 0.02 0.04 0.24 0.08 0.06 0.45 0.55 0.06 0.46 0.63 0.27 0.06 0.18 0.43 3.41 0.04 0.70 0.81

Ankerite

Siderite II

Stockwork

SideroplesiteSiderite Pistomesite Sideroplesite

Siderite II

Stockwork mineralization tectonically emplaced in a hanging wall position
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Table 25. Electron microprobe analyses of late tectono-metamorphic carbonate minerals from the Lombador orebody. 

 

average σ n min max average σ n min max average σ n min max average σ n min max
MgO 1.80 0.16 2 1.64 1.96 10.03 0.22 2 9.81 10.26 16.94 0.55 8 16.01 17.67 18.82 0.33 2 18.49 19.16
CaO 0.19 0.04 2 0.15 0.23 0.69 0.03 2 0.67 0.72 29.61 0.43 8 29.10 30.25 29.89 0.10 2 29.79 30.00
FeO 58.45 0.52 2 57.93 58.98 48.50 0.25 2 48.25 48.75 6.95 0.99 8 6.15 9.47 4.48 0.42 2 4.05 4.90
MnO 1.26 0.22 2 1.04 1.47 0.26 0.03 2 0.24 0.29 1.20 0.47 8 0.02 1.57 1.04 0.11 2 0.93 1.14
ZnO 0.09 0.01 2 0.08 0.10 0.04 0.00 1 0.04 0.04 0.03 0.03 6 0.00 0.10 0.05 0.01 2 0.04 0.06
CO2 38.90 0.07 2 38.83 38.96 40.49 0.04 2 40.45 40.53 45.27 0.13 8 45.06 45.44 45.72 0.10 2 45.62 45.82
Total 100.69 0.49 2 100.00 0.00 2 100.00 0.00 8 100.00 0.00 2

Number of ions on the basis of 2 ions
C 2.003 0.004 2 1.998 2.007 1.985 0.003 2 1.983 1.988 1.978 0.004 8 1.974 1.987 1.975 0.000 2 1.975 1.976
Mg 0.101 0.009 2 0.093 0.110 0.537 0.012 2 0.525 0.549 0.808 0.025 8 0.765 0.841 0.888 0.014 2 0.874 0.902
Ca 0.008 0.002 2 0.006 0.009 0.027 0.001 2 0.026 0.028 1.015 0.015 8 1.001 1.038 1.013 0.001 2 1.012 1.015
Fe 1.843 0.009 2 1.834 1.852 1.457 0.008 2 1.449 1.465 0.186 0.027 8 0.165 0.255 0.119 0.011 2 0.107 0.130
Mn 0.040 0.007 2 0.033 0.047 0.008 0.001 2 0.007 0.009 0.033 0.013 8 0.000 0.043 0.028 0.003 2 0.025 0.031
Zn 0.003 0.000 2 0.002 0.003 0.001 0.001 1 0.000 0.001 0.001 0.001 6 0.000 0.002 0.001 0.000 2 0.001 0.001

End-menber proportion
Mg(CO3) 3.77 0.34 3.43 4.11 20.99 0.47 20.52 21.45 35.44 1.14 33.49 36.96 39.38 0.70 38.68 40.08
Ca(CO3) 0.34 0.07 0.27 0.41 1.23 0.05 1.19 1.28 52.85 0.76 51.94 54.00 53.35 0.19 53.16 53.53
Fe(CO3) 94.26 0.84 93.41 95.10 78.21 0.41 77.80 78.62 11.21 1.60 9.91 15.26 7.22 0.68 6.54 7.90
Mn(CO3) 2.03 0.35 1.69 2.38 0.43 0.04 0.39 0.47 1.95 0.76 0.03 2.54 1.68 0.17 1.51 1.85
Zn(CO3) 0.14 0.01 0.12 0.15 0.03 0.03 0.00 0.06 0.05 0.05 0.00 0.15 0.07 0.01 0.06 0.09
Total 100.54 0.75 99.79 101.29 100.89 0.18 100.71 101.07 101.49 0.26 100.88 101.77 101.70 0.02 101.69 101.72

Mg/Fe 0.04 0.00 0.04 0.04 0.27 0.01 0.26 0.28 3.16 0.42 2.24 3.59 5.45 0.62 4.89 6.13

Late tectono-metamorphic veins
Siderite III

Siderite Sideroplesite Ankerite Dolomite
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The compositional variation ranges of both the ore-related and the late tectono-metamorphic 

carbonate minerals is presented in Figure 27. In the footwall stockwork zones, carbonate 

minerals from the more peripheral areas of the orebody (south and central-E) display 

magnesium contents that are commonly higher than those found in the central-W sector of the 

orebody. In addition, there is a compositional shift from a sideroplesite-dominated composition 

towards an ankerite-dominated composition in the carbonate minerals associated to ore 

samples coming from the south and central-E sectors of the orebody. This is particularly clear 

in the FZ ore samples.  

The occurrence of ore-related ankerites was only found in the zinc-rich rubané ore samples, 

and its subordinate occurrence associated to the ore-related alteration assemblage of the 

zinc-rich rubané ore suggests that the siderite-rich alteration halo could have graded outwards 

into an ankerite-rich halo, thus meaning that the composition of the ore-related carbonate 

minerals could have registered the chemical evolution of the mineralizing fluid both in time and 

space. The occurrence of zoned carbonate alteration halos have been reported for instance at 

several Australian SEDEX deposits (e.g., Large and McGoldrick, 1998, 1999; Large et al., 

2000, 2001c), as well as in some Canadian (e.g., Franklin et al., 1975; Hannington et al., 

1999; Koopman et al., 1999) VMS deposits. 

 

 
Figure 27. Plot of ore-related and late tectono-metamorphic compositional variations of the Lombador carbonate 
minerals as a function of their FeCO3 and MgCO3 contents and discriminated by ore type and orebody sector. Solid 
black circles indicate FeCO3 and MgCO3 ideal compositional intervals for ankerite, dolomite, and siderite (including 
its magnesium-bearing varieties - sideroplesite and pistomesite). FE – barren stockwork; FC – copper stockwork; 
FZ – zinc stockwork; RZ – zinc rubané. 
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Variable substitution of iron for magnesium and manganese is common in all the ore-related 

siderite crystals analyzed (Table 24 to 29). Pure siderite exhibits MgCO3 and MnCO3 contents 

up to 4.21 mol % and 2.22 mol %, respectively, whereas the sideroplesite variety exhibit 

widely variable but commonly very high MgCO3 (5.51 to 29.69 mol %, averages 18.09 mol %) 

and MnCO3 (0.19 to 7.36 mol %, averages 0.21 mol %) contents. Sideroplesite associated to 

the RZ ore display the highest MgCO3 contents detected (14.82 to 29.69 mol %, averages 

20.76 mol %), which is consistent with the decrease of the ore-forming temperature and iron 

activity in the mineralizing fluid over time and towards the peripheral zones of the stockwork 

system. In turn, its MnCO3 contents are lower (0.70 to 3.14 mol %, averages 1.72 mol %) 

relative to the remaining stockwork ore types (Table 26 to 29), which is consistent with the 

increasing distance to the core of the mineralization (see Large and McGoldrick, 1998, 1999). 

Variations in the MgCO3 and MnCO3 contents of pistomesite are not so wide, ranging from 

30.60 to 38.26 mol % (averages 34.65 mol %) and 0.36 to 5.26 mol % (averages 1.81 mol %), 

respectively. The highest MgCO3 content within pistomesite was found in the FC ore, whereas 

the highest MnCO3 content was found in the FZ ore. 

Substitution of calcium for iron is also more common in the sideroplesite variety. It appears to 

be limited to approximately 5.5 mol % CaCO3, and shows wide variations in both FC and FZ 

stockwork ores (Table 26 to 29). 

Finally, the zinc contents of the ore-related carbonates are on average fairly low (0.19 mol % 

ZnCO3), although occasionally higher contents have been found (up to 2.18 mol % ZnCO3), in 

particular in carbonates associated to the FZ ore type (Table 24 to 29). The occurrences of 

these high contents however seem be related with the presence of fine-grained sphalerite 

intergrown with the carbonate. Nonetheless, it is worth mentioning that on average the 

carbonates associated to the FC (0.14 mol % ZnCO3) ore show lower zinc contents that those 

in the FE (0.17 mol % ZnCO3), FZ (0.21 mol % ZnCO3) and RZ (0.18 mol % ZnCO3) ores. 

 

As in ore-related chlorite and sericite, the chemical composition of siderite II also reflects the 

chemical evolution of the mineralizing fluid in relation to the proximity of the axis of the feeder 

system. Despite some scattering, Figure 28 shows a rather positive correlation between the 

Fe/(Fe+Mg) ratios for ore-related chlorite-siderite pairs associated to the various ore types at 

the Lombador orebody. High Fe/(Fe+Mg) ratios correspond to chlorite-siderite pairs from the 

copper stockwork (FC) ore samples, particularly those located in the central-W sector of the 

orebody, whereas low Fe/Fe+Mg ratios correspond to the distal (tectonically displaced) zinc-

rich rubané (RZ) ore. Both the barren (FE) and the zinc (FZ) stockwork ores show 

intermediate Fe/(Fe+Mg) ratios for the chlorite-siderite pairs, in-between those of the FC and 
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the RZ ores, most probably reflecting a transitional situation between the two end-members of 

the Lombador stockwork mineralization. In addition, the chlorite-siderite pairs from the FE and 

FZ ores located in the periphery of the stockwork system (south and central-E sectors) show 

lower Fe/(Fe+Mg) ratios than those found in the central or central-W sector.  

Data from Relvas (2000) and Relvas et al. (2006a) show that the ore-related chlorite-siderite 

pairs from the Corvo copper stockwork ore have Fe/(Fe+Mg) ratios that are considerably 

higher than those depicted by the Lombador ores, in good agreement with Figures 20 and 22. 

Once again, the Fe/(Fe+Mg) ratios given by the Corvo chlorite-siderite pairs are indicative of 

ore-forming conditions that should have been more extreme at the Corvo system than at the 

Lombador system. 

 

 

 
Figure 28. Plot of the Fe/(Fe+Mg) values for ore-related siderites II and chlorites II from the Lombador system and 
from the Corvo copper-rich central stockwork (data from Relvas, 2000). It is apparent a positive correlation 
between the Fe/(Fe+Mg) ratios for ore-related chlorite-siderite pairs associated to each ore type in the Lombador 
stockwork system, as well as a clear chemical zonation that reflect the proximity to the feeder system. 
Nevertheless, the ore-related chlorite-siderite pairs from the Corvo copper stockwork ore display higher 
Fe/(Fe+Mg) ratios than those from the Lombador stockwork system. FE – barren stockwork ore; FC – copper 
stockwork ore; FZ – zinc stockwork ore; RZ – zinc rubané ore. 
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Table 26. Electron microprobe analyses of siderite associated to the barren stockwork mineralization (FE) at the Lombador orebody. 

 

average σ n min max average σ n min max average σ n min max
MgO 1.52 0.47 4 1.03 2.01 6.93 2.18 47 2.82 13.40 15.73 0.92 2 14.81 16.65
CaO 0.25 0.01 4 0.24 0.26 0.50 0.39 47 0.05 1.92 0.34 0.13 2 0.21 0.46
FeO 59.02 0.13 4 58.92 59.24 49.59 2.66 47 43.23 55.69 38.74 1.11 2 37.63 39.85
MnO 0.92 0.33 4 0.52 1.37 2.65 1.26 47 0.14 4.35 3.04 0.17 2 2.86 3.21
ZnO 0.07 0.04 4 0.01 0.11 0.13 0.22 40 0.00 1.09 0.10 0.00 1 0.10 0.10
CO2 38.22 0.16 4 37.96 38.36 40.22 0.49 47 39.37 41.55 42.11 0.20 2 41.92 42.31
Total 100.00 0.00 4 100.00 0.00 47 100.00 0.00 2

Number of ions on the basis of 2 ions
C 1.993 0.008 4 1.982 2.001 2.003 0.014 47 1.976 2.044 1.985 0.002 2 1.983 1.986
Mg 0.086 0.027 4 0.059 0.115 0.375 0.112 47 0.157 0.699 0.809 0.043 2 0.766 0.852
Ca 0.010 0.000 4 0.010 0.011 0.019 0.015 47 0.002 0.072 0.012 0.005 2 0.008 0.017
Fe 1.885 0.005 4 1.878 1.893 1.514 0.099 47 1.265 1.729 1.118 0.038 2 1.080 1.157
Mn 0.030 0.011 4 0.017 0.044 0.082 0.039 47 0.004 0.134 0.089 0.005 2 0.084 0.093
Zn 0.002 0.001 4 0.000 0.003 0.003 0.005 40 0.000 0.029 0.001 0.001 1 0.000 0.003

End-menber proportion
Mg(CO3) 3.17 0.98 2.15 4.21 14.49 4.55 5.90 28.02 32.91 1.92 30.98 34.83
Ca(CO3) 0.45 0.01 0.43 0.46 0.88 0.70 0.10 3.42 0.60 0.23 0.37 0.83
Fe(CO3) 95.18 0.20 95.01 95.53 79.97 4.29 69.70 89.80 62.46 1.79 60.67 64.25
Mn(CO3) 1.49 0.54 0.84 2.22 4.30 2.04 0.23 7.05 4.92 0.28 4.64 5.20
Zn(CO3) 0.10 0.06 0.02 0.17 0.17 0.32 0.00 1.68 0.08 0.08 0.00 0.15
Total 100.39 0.45 99.95 101.05 99.82 0.86 97.34 101.45 100.96 0.11 100.86 101.07

Mg/Fe 0.03 0.01 0.02 0.04 0.18 0.07 0.07 0.40 0.53 0.05 0.48 0.57

Siderite II

FE
Stockwork

PistomesiteSiderite Sideroplesite

 
 

 

 

 

 



Hydrothermal Alteration Related to the Zinc-rich Mineralization 4 
 

 

P a g e  | 133 
	  

 

 
Table 27. Electron microprobe analyses of siderite associated to the copper stockwork ore (FC) at the Lombador orebody. 

 

average σ n min max average σ n min max average σ n min max
MgO 1.68 0.29 2 1.39 1.97 9.66 2.09 51 4.98 13.74 16.78 1.01 7 15.00 18.29
CaO 0.08 0.00 2 0.08 0.08 0.85 1.02 51 0.06 3.10 0.90 0.29 7 0.48 1.43
FeO 59.76 0.56 2 59.20 60.32 47.40 3.19 51 42.72 54.86 39.51 1.32 7 37.80 42.41
MnO 0.26 0.20 2 0.06 0.46 1.00 1.30 51 0.14 4.54 0.47 0.46 7 0.22 1.59
ZnO 0.06 0.00 2 0.06 0.06 0.09 0.10 46 0.00 0.59 0.09 0.03 6 0.04 0.13
CO2 38.16 0.07 2 38.09 38.23 41.00 1.53 51 39.45 50.33 42.26 0.27 7 41.89 42.77
Total 100.00 0.00 2 100.00 0.00 51 100.00 0.00 7

Number of ions on the basis of 2 ions
C 1.991 0.000 2 1.990 1.991 2.001 0.038 51 1.974 2.250 1.980 0.004 7 1.975 1.984
Mg 0.096 0.016 2 0.079 0.112 0.514 0.105 51 0.275 0.715 0.858 0.047 7 0.776 0.925
Ca 0.003 0.000 2 0.003 0.003 0.032 0.038 51 0.002 0.118 0.033 0.011 7 0.018 0.053
Fe 1.910 0.022 2 1.888 1.931 1.419 0.121 51 1.170 1.703 1.134 0.045 7 1.073 1.231
Mn 0.008 0.006 2 0.002 0.015 0.031 0.040 51 0.004 0.141 0.014 0.013 7 0.006 0.047
Zn 0.002 0.000 2 0.002 0.002 0.002 0.003 46 0.000 0.016 0.002 0.001 6 0.000 0.003

End-menber proportion
Mg(CO3) 3.51 0.61 2.91 4.12 20.21 4.37 10.41 28.74 35.10 2.12 31.38 38.26
Ca(CO3) 0.14 0.00 0.14 0.14 1.52 1.82 0.11 5.53 1.60 0.51 0.86 2.56
Fe(CO3) 96.36 0.90 95.46 97.27 76.43 5.15 68.88 88.46 63.72 2.13 60.95 68.39
Mn(CO3) 0.42 0.32 0.10 0.75 1.62 2.11 0.23 7.36 0.77 0.75 0.36 2.58
Zn(CO3) 0.09 0.00 0.09 0.09 0.12 0.15 0.00 0.92 0.12 0.06 0.00 0.21
Total 100.54 0.03 100.51 100.56 99.92 2.49 83.20 101.63 101.30 0.23 100.99 101.62

Mg/Fe 0.04 0.01 0.03 0.04 0.27 0.07 0.12 0.41 0.55 0.05 0.46 0.63

Sideroplesite Pistomesite

FC
Siderite II

Siderite

Stockwork
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Table 28. Electron microprobe analyses of siderite associated to the zinc stockwork ore (FZ) at the Lombador orebody. 

 

Siderite

average σ n min max average σ n min max
MgO 1.05 8.53 2.09 79 2.63 14.13 16.58 1.26 7 14.63 18.06
CaO 0.29 0.78 0.66 79 0.09 2.91 0.79 0.76 7 0.10 1.73
FeO 59.21 48.71 2.58 79 40.98 56.70 38.88 1.56 7 37.03 41.15
MnO 0.67 1.28 1.14 79 0.12 4.49 1.21 1.00 7 0.26 3.25
ZnO 0.13 0.22 0.32 72 0.00 1.42 0.07 0.05 7 0.01 0.16
CO2 38.65 40.49 0.79 79 38.92 42.72 42.46 0.46 7 41.92 43.34
Total 100.00 100.00 0.00 79 100.00 0.00 7

Number of ions on the basis of 2 ions
C 2.009 1.997 0.015 79 1.971 2.026 1.986 0.013 7 1.972 2.007
Mg 0.060 0.458 0.107 79 0.148 0.735 0.847 0.061 7 0.754 0.917
Ca 0.012 0.030 0.025 79 0.003 0.110 0.029 0.028 7 0.004 0.064
Fe 1.885 1.473 0.099 79 1.195 1.768 1.114 0.051 7 1.063 1.192
Mn 0.022 0.039 0.035 79 0.004 0.137 0.035 0.029 7 0.008 0.094
Zn 0.004 0.005 0.008 72 0.000 0.039 0.002 0.001 7 0.000 0.004

End-menber proportion
Mg(CO3) 2.20 17.85 4.38 5.51 29.56 34.69 2.64 30.60 37.79
Ca(CO3) 0.52 1.39 1.18 0.16 5.20 1.42 1.35 0.18 3.09
Fe(CO3) 95.48 78.55 4.16 66.09 91.43 62.69 2.52 59.70 66.35
Mn(CO3) 1.09 2.07 1.85 0.19 7.27 1.96 1.62 0.42 5.26
Zn(CO3) 0.20 0.31 0.48 0.00 2.18 0.11 0.08 0.01 0.24
Total 99.48 100.18 0.91 98.36 101.74 100.87 0.83 99.56 101.77

Mg/Fe 0.02 0.23 0.07 0.06 0.45 0.56 0.06 0.46 0.63

PistomesiteSideroplesite

Stockwork
FZ

Siderite II
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Table 29. Electron microprobe analyses of siderite and ankerite associated to the zinc-rich rubané ore type (RZ) at the Lombador orebody. 

 

Pistomesite Ankerite

average σ n min max average σ n min max
MgO 9.92 1.66 29 7.08 14.19 16.86 10.01 0.37 4 9.57 10.57
CaO 0.72 0.67 29 0.07 2.42 0.13 28.56 0.30 4 28.10 28.92
FeO 47.34 1.95 29 43.20 50.61 40.03 17.21 0.32 4 16.88 17.74
MnO 1.06 0.48 29 0.43 1.94 1.06 0.33 0.14 4 0.19 0.51
ZnO 0.11 0.08 28 0.03 0.36 0.01 0.13 0.03 4 0.09 0.18
CO2 40.85 0.84 29 39.66 42.59 41.92 43.76 0.45 4 43.40 44.52
Total 100.00 0.00 29 100.00 100.00 0.00 4

Number of ions on the basis of 2 ions
C 1.996 0.016 29 1.971 2.023 1.972 1.977 0.012 4 1.983 2.015
Mg 0.528 0.081 29 0.386 0.739 0.866 0.843 0.018 4 0.479 0.526
Ca 0.027 0.026 29 0.003 0.093 0.005 1.009 0.014 4 0.998 1.034
Fe 1.418 0.078 29 1.262 1.547 1.154 0.180 0.010 4 0.471 0.498
Mn 0.032 0.015 29 0.013 0.060 0.031 0.013 0.004 4 0.005 0.015
Zn 0.003 0.002 28 0.000 0.010 0.000 0.001 0.001 4 0.002 0.004

End-menber proportion
Mg(CO3) 20.76 3.48 14.82 29.69 35.26 37.12
Ca(CO3) 1.28 1.20 0.13 4.32 0.23 52.74 0.53 50.16 51.61
Fe(CO3) 76.34 3.15 69.66 81.61 64.56 10.90 0.52 27.21 28.60
Mn(CO3) 1.72 0.77 0.70 3.14 1.72 0.77 0.22 0.31 0.83
Zn(CO3) 0.17 0.12 0.00 0.56 0.01 0.05 0.05 0.14 0.27
Total 100.27 0.98 98.54 101.75 101.77 101.58 0.82 99.01 101.11

Mg/Fe 0.27 0.06 0.18 0.43 0.55 3.41 0.04 0.70 0.81

RZ
Siderite II

Sideroplesite

Stockwork mineralization tectonically emplaced in a hanging wall position
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4.4. Hydrothermal Alteration Whole Rock Geochemistry 
 

4.4.1. Introduction 

 

Whole rock analyses were performed on 32 samples, very well constrained with respect to 

their host lithofacies, hydrothermal alteration facies, ore types, and spatial distribution. The 

sample set here considered includes variably altered and mineralized rocks pertaining both to 

the PG Group (11 samples) and to the CVS (21 samples). This section was thus organized as 

a function of these two host units. Multi-elemental diagrams were used to show the main 

geochemical changes ascribed to the ore-related alteration and mineralization effects.  

 

4.4.2. Phyllite-Quartzite Group  

 

The whole rock analytical results preformed on 11 samples representative of the different 

lithofacies that compose the Phyllite-Quartzite Group (PQ) at Lombador are present in Table 

24. In order to recognize and document any possible zonation around the Lombador orebody, 

as well as any kind of lithological control over the alteration and mineralization pattern, the 

selected samples included: 

i. Variably altered (Type I and Type IIa alteration) samples of phyllite (7 samples), 

siliceous phyllite (1 sample), and quartzite (2 samples); 

ii. Variably mineralized samples of barren (FE; 6 samples), copper (FC; 2 samples), and 

zinc (FZ; 2 samples) stockwork ores, collected in the south and central sectors of the 

orebody. 

 

In Table 30, the samples were classified and ordered according to their hydrothermal 

alteration facies (alteration type I and type IIa), ore type (FC, FZ and FC) and spatial 

distribution (south, central and north sector). 

 
4.4.2.1. Major Elements 

 

The lithological classification of siliciclastic sediments has a clear expression in the relative 

abundance of its major elements. For example, the average Al2O3 vs. SiO2 contents of three 

of the most abundant PQ lithotypes – quartzite, siliceous phyllite and phyllite – perfectly plot 

along a straight line, which reflect the quartz-phyllosilicate inverse co-variation typical of 

correlated coarse-grained (quartz-rich) and fine-grained (phyllosilicate-rich) detrital sediments 

(Figure 29; data from Jorge, 2010).  
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Table 30. Representative whole rock analyses of variably altered and mineralized rocks of the Phyllite-Quartzite 
Group sequence underneath the Lombador orebody. FE – barren stockwork ore; FC – copper stockwork ore; FZ – 
zinc stockwork ore. 
 

E E

Sample FL879 
162.70

FL720 
163.00

FL834 
193.30

FL834 
179.90

NG20 
944.20

NE32-1 
1177.30

FL720 
155.50

NF24A-1 
948.80

FL911 
113.80

NF24A-1 
944.00

NE32-1 
1229.7

Detection 
Limit

Analysis 
Method

Major Elements (%)
SiO2 59.00 42.20 41.84 45.18 61.95 2.46 9.58 23.75 40.85 19.30 58.28 0.01 FUS-ICP

Al2O3 7.92 9.36 12.23 16.27 4.35 2.11 7.53 10.04 9.54 15.17 15.47 0.01 FUS-ICP

Fe2O3(T) 19.08 29.44 29.78 21.24 20.57 55.95 47.32 31.04 26.54 35.93 15.30 0.01 FUS-ICP

MnO 0.01 0.02 0.31 0.14 0.08 0.53 0.02 0.10 0.10 0.53 0.05 0.001 FUS-ICP
MgO 0.08 0.16 3.58 2.63 2.04 3.78 0.09 1.81 2.60 5.53 2.19 0.01 FUS-ICP
CaO 0.06 0.08 0.20 0.13 0.15 0.61 0.07 0.06 0.65 0.51 0.16 0.01 FUS-ICP

Na2O 0.30 0.21 0.02 0.14 0.02 0.01 0.14 0.06 0.06 0.06 0.09 0.01 FUS-ICP

K2O 1.66 2.23 0.30 2.72 0.08 0.01 1.91 0.72 0.43 0.87 2.63 0.01 FUS-ICP

TiO2 0.47 0.59 0.69 0.80 0.22 0.20 0.07 0.52 0.47 0.18 0.92 0.001 FUS-ICP

P2O5 0.02 0.04 0.12 0.09 0.02 0.05 < 0.01 0.07 0.05 0.24 0.12 0.01 FUS-ICP

LOI 10.97 16.54 8.49 10.03 8.83 30.44 25.61 12.67 16.34 15.03 5.15 FUS-ICP
Total 99.58 100.90 97.56 99.38 98.32 96.15 92.34 80.84 97.63 93.35 100.40 0.01 FUS-ICP

S 13.10 18.50 1.93 4.71 7.75 14.20 39.40 14.70 6.33 1.95 2.30 0.01 IR
Cu 0.02 0.10 0.33 0.03 0.81 0.81 1.79 5.07 1.51 0.10 0.00 0.005 FUS-Na2O2

Zn 0.02 0.15 0.11 0.34 0.02 0.08 1.90 8.71 0.03 2.14 0.37 0.01 FUS-Na2O2

Pb 0.04 0.02 0.10 0.03 0.01 0.02 0.42 0.19 0.03 2.43 0.01 0.01 FUS-Na2O2

Minor Elements (ppm) 
Possibble Payable or Accountable Metals
Ag 2.5 4.3 7.6 1.4 3.8 7.5 31.3 36.6 15.6 33.5 1.0 0.3 TD-ICP
Au (ppb) 77.0 < 2 < 2 < 2 87.0 158.0 187.0 287.0 94.0 < 2 < 2 2 INAA
In < 0.1 0.4 4.1 0.4 8.9 9.7 19.9 18.2 7.7 0.3 0.5 0.1 FUS-MS
Se < 3 42.0 < 3 < 3 31.0 30.0 226.0 49.0 26.0 6.0 < 3 3 INAA
Ga 11.0 14.0 38.0 23.0 17.0 7.0 77.0 24.0 25.0 32.0 26.0 1 FUS-MS
Ge 2.0 1.5 2.6 1.3 2.1 0.9 1.1 3.1 3.4 3.0 1.4 0.5 FUS-MS
Mo < 2 < 2 < 2 < 2 < 2 4.0 2.0 2.0 < 2 < 2 < 2 2 FUS-MS
Σ 15.6 62.2 52.3 26.1 62.9 59.3 357.5 133.2 77.8 74.8 28.9

Possible Penalty Metals
As 433.0 339.0 1230.0 335.0 499.0 459.0 4660.0 2110.0 1130.0 1600.0 229.0 0.5 INAA
Sb 42.9 54.9 60.9 8.8 21.1 37.3 169.0 84.7 224.0 106.0 6.7 0.2 INAA
Sn 8 10 56 67 502 4060 270 168 157 153 227 1 FUS-MS
Bi 1.1 4.2 3.7 10.8 33.1 116.0 71.1 72.9 19.6 1.2 2.4 0.1 FUS-MS
Cd 1.0 4.4 3.3 8.5 1.0 1.7 37.2 190.0 1.7 55.6 10.5 0.5 TD-ICP
Co 32 85 307 26 180 424 411 1590 88 36 27 1 FUS-MS
Ni 40 37 56 29 26 16 9 27 38 12 44 1 TD-ICP
Cr 41 51 60 99 15 15 28 46 54 < 5 94 5 INAA
Br 10.3 < 0.5 20.6 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 0.5 INAA
Σ 609.3 585.5 1797.5 584.1 1277.2 5129.0 5655.3 4288.6 1712.3 1963.8 640.6

Other Minor Elements
Ba 251 365 47 430 12 6 332 133 61 114 445 3 FUS-ICP
Y 12.1 15.8 28.5 20.9 45.5 16.9 7.7 39.4 17.9 20.9 32.9 0.5 FUS-MS
Zr 234 210 289 148 223 224 58 316 78 91 370 1 FUS-MS
Nb 7.9 11.9 12.1 13.3 3.2 4.4 5.6 11.3 10.3 12.7 17.0 0.2 FUS-MS
Rb 75.0 97.0 13.0 109.0 3.0 < 1 83.0 36.0 20.0 42.0 106.0 1 FUS-MS
Sr 60 39 24 57 3 8 22 11 27 18 20 2 FUS-ICP
V 63 78 96 145 28 21 53 73 97 28 140 5 FUS-ICP
W 9.1 8.7 12.5 2.4 6.8 9.7 4.6 28.9 11.0 2.3 3.8 0.5 FUS-MS
Cs 2.5 4.1 0.7 4.5 0.2 < 0.1 2.1 0.9 0.9 1.3 3.5 0.1 FUS-MS
Ir (ppb) < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 5 INAA
Sc 5.0 8.2 10.9 14.5 4.2 3.2 3.0 9.2 9.9 11.7 13.7 0.1 INAA
Be < 1 1.0 < 1 2.0 < 1 < 1 1.0 < 1 < 1 < 1 2.0 1 FUS-ICP
Hf 5.5 5.3 7.5 3.9 5.1 5.4 2.1 7.7 2.2 3.5 8.7 0.1 FUS-MS
Ta 0.7 0.9 1.0 1.2 0.3 0.4 0.6 0.7 0.7 1.0 1.3 0.01 FUS-MS
Tl 2.4 9.5 1.1 10.0 0.2 0.2 3.7 1.3 2.9 3.8 1.7 0.05 FUS-MS
Th 7.9 9.3 11.2 12.2 3.3 4.0 4.5 10.0 8.1 7.1 14.1 0.05 FUS-MS
U 2.7 2.3 2.8 2.9 1.4 4.6 5.8 2.9 2.5 8.2 3.7 0.01 FUS-MS

Rare Earth Elements
La 13.30 13.00 46.10 43.30 51.60 22.80 12.90 26.90 36.90 16.60 40.60 0.05 FUS-MS
Ce 28.70 28.10 90.50 89.20 94.90 42.90 28.70 54.50 69.80 37.30 84.80 0.05 FUS-MS
Pr 3.06 2.98 11.00 9.48 10.80 4.79 3.33 6.30 8.29 4.56 9.27 0.01 FUS-MS
Nd 12.10 11.50 41.50 33.80 40.40 17.20 12.40 26.60 31.60 17.60 33.90 0.05 FUS-MS
Sm 2.53 2.33 8.05 6.64 8.26 3.46 2.44 5.90 5.97 5.35 7.29 0.01 FUS-MS
Eu 0.52 0.66 2.59 2.80 2.62 1.78 1.10 6.22 1.67 3.36 2.76 0.005 FUS-MS
Gd 2.12 2.39 6.80 4.71 8.38 3.04 1.34 7.22 4.18 5.36 5.91 0.01 FUS-MS
Tb 0.36 0.40 1.00 0.73 1.45 0.54 0.20 1.32 0.56 0.90 1.09 0.01 FUS-MS
Dy 2.04 2.50 5.53 4.07 8.59 3.00 1.27 7.51 3.19 4.33 6.20 0.01 FUS-MS
Ho 0.43 0.56 1.14 0.78 1.75 0.64 0.28 1.40 0.64 0.75 1.24 0.01 FUS-MS
Er 1.31 1.67 3.12 2.25 4.65 1.82 0.77 3.60 1.72 1.77 3.69 0.01 FUS-MS
Tm 0.21 0.28 0.49 0.35 0.67 0.25 0.12 0.54 0.27 0.25 0.56 0.005 FUS-MS
Yb 1.49 1.87 3.20 2.42 3.98 1.66 0.81 3.42 1.75 1.50 3.69 0.01 FUS-MS
Lu 0.26 0.31 0.51 0.39 0.57 0.26 0.12 0.53 0.27 0.23 0.59 0.002 FUS-MS

Stockwork

Central

FE

W

South

FE FZFC

Type I alterationType IIa alteration

W
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By plotting the variably altered and mineralized samples of the PQ group, from the Lombador 

footwall sequence, in a Al2O3 vs. SiO2 binary diagram (Figure 29), significant changes in the 

primary geochemical signature of these rocks become recognizable, due to hydrothermal 

alteration and mineralization effects. All samples show a general deviation from the primary 

IPB compositional trend displayed by unaltered quartzites, siliceous phyllites and phyllites, 

towards lower silica and alumina contents. Such shifts reflect the intensity of the hydrothermal 

alteration and mineralization underwent by each sample relative to its “averaged precursor”. 

The general decrease of the silica and alumina contents closely correlates with the degree of 

mineralization in individual samples as the relative abundance of sulphide minerals in the rock 

obviously determines the fraction represented by the quartz and phyllosilicate primary and 

secondary assemblages. Overall, the results are in good agreement with the petrographic and 

mineral chemistry data previously reported. 

 

 

 

 
Figure 29. Plot of Al2O3 vs. SiO2 contents for Type I and Type IIa altered and mineralized host rocks of the PQ 
Group from the Lombador stockwork system, and unaltered IPB phyllites, siliceous phyllites and quartzites (Jorge, 
2010). The Lombador stockwork ore samples display a general deviation from the primary compositional trend 
shown by unaltered IPB rocks due to the alteration and mineralization effects. Solid black symbols – average 
primary composition of three PQ lithotypes (data from Jorge, 2010). Dark (Type I alteration) and light (Type IIa 
alteration) grey equivalent symbols – altered and mineralized rocks from the Lombador footwall (stockwork hosted 
by PQ rocks). FE – barren stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore.  
 

 

Alkalis and calcium depletion occurring in the innermost zones of the stockwork systems is 

perhaps one of the most conspicuous aspects described in VHMS studies (e.g., Gemmell and 

Large, 1992; Gemmell and Fulton, 2001; Large et al., 2001b), and it has been reported as well 
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in several studies of IPB deposits (e.g., Barriga, 1983; Relvas, 1991; Relvas 2000; Relvas et 

al., 2006a; Fernandes, 2011). The Fe2O3(T) content of the altered samples reflects the 

abundance of either chlorite, or chlorite+siderite (e.g., sample NE31-1 1177.30) replacement, 

as well as the amount of sulphides present (mostly as pyrite). As depicted in Figure 30, there 

is a shift from the unaltered compositional trend towards higher Fe2O3(T) values and lower 

CaO+Na2O+K2O contents in the stockwork ore samples affected by Type I alteration or highly 

mineralized (e.g., FL720 155.50), relative to samples affected by Type IIa alteration. Two 

exceptions to this general behavior are represented by sample FL834 179.90 (FE ore), which 

includes relic domains of poorly altered quartz-rich siltstone/phyllite, and a sample of FZ ore 

(NE32-1 1229.7) located in the central-E sector of the orebody. The former reflects the 

presence of muscovite grains in a quartz-rich clay-like groundmass, whereas the latter reflects 

the increase of alkalis and calcium depletion from the periphery to the inner zone of the 

stockwork system. 

 

 

 

 
Figure 30. Plot of CaO+Na2O+K2O vs. Fe2O3(T) contents for Type I and Type IIa altered and mineralized host rocks 
of the PQ Group from the Lombador stockwork system, and unaltered IPB phyllites, siliceous phyllites and 
quartzites (Jorge, 2010). The Lombador stockwork ore samples display a general deviation from the primary 
compositional trend shown by unaltered IPB rocks due to chlorite (or chlorite+siderite) and sulphides precipitation. 
Solid black symbols – average primary composition of three PQ lithotypes (data from Jorge, 2010). Dark (Type I 
alteration) and light (Type IIa alteration) grey equivalent symbols – altered and mineralized rocks from the 
Lombador footwall (stockwork hosted by PQ rocks). FE – barren stockwork ore; FC – copper stockwork ore; FZ – 
zinc stockwork ore.  
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4.4.2.2. Minor Elements 

 

The hydrothermal mobility of trace elements such as barium (Ba), rubidium (Rb) and strontium 

(Sr) make their geochemical behavior a good criterion to evaluate the effects of the ore-

forming hydrothermal activity on the PQ rocks selected for whole rock analysis and, therefore, 

to characterize and distinguish the signatures of Type I and Type IIa hydrothermal alteration 

and mineralization effects in this metasedimentary unit.  

As depicted in Figure 31, at the Lombador stockwork, the PQ rocks affected either by Type I, 

or by Type IIa hydrothermal alteration show general shifts from their primary compositional 

trends that reflect variable enrichment in Fe2O3(T) and Cu+Zn+Pb, and variable loss in Ba, Rb 

and Sr. The extent of these effects – either the sulphide addition, or the leaching of those 

mobile trace elements – is consistent with the spatial distribution of the corresponding 

samples with respect to the zonation of the ore-forming system, and increases from its 

periphery (Type IIa alteration zone) to the axis of the Lombador feeder system (Type I 

alteration zone). 

Barium, Rb and Sr contents range from 6 to 445 ppm (averages 200 ppm), 3 to 109 ppm 

(averages 58.4 ppm) and 3 to 60 ppm (averages 26.3 ppm), respectively. Higher Ba, Rb and 

Sr contents are mainly found in Type IIa altered rocks representative of FE stockwork ores 

(samples FL879 162.7 and FL720 163.0), and in Type I altered rocks located in the peripheral 

zones of the orebody (FC or FZ stockwork ores; samples FL720 155.5 and NE32-1 1229.7, 

respectively). In the remaining stockwork ore samples affected by Type I alteration, 

irrespective of corresponding to FE, FC or FZ ores, the Ba, Rb and Sr contents are 

comparatively lower, particularly in samples coming from the central-W sector of the orebody 

(e.g., FL834 193.3, NG20 944.2, FL911 113.8). As pointed out for the major elements, sample 

FL 834 179.90 – a FE ore sample representative of the siliceous phyllite facies – represents 

an exception to this general geochemical behavior. In this particular sample, the occurrence of 

relic domains, consisting of muscovite grains in a clay-like groundmass variably rich in quartz, 

distributed over a strongly chloritized rock, seem to explain the high Ba (430 ppm), Rb (109 

ppm) and Sr (57 ppm) contents, despite its location in the central-W sector of the orebody, 

close to the inner zone of the feeder system. 
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Figure 31. Plots of (A) Ba vs. Fe2O3(T); (B) Rb vs. Fe2O3(T); (C) Sr vs. Fe2O3(T); (D) Ba vs. Cu+Zn+Pb; (E) Rb vs. 
Cu+Zn+Pb; and (F) Sr vs. Cu+Zn+Pb contents for Type I- and Type IIa-altered and mineralized host rocks of the 
PQ Group from the Lombador stockwork system, and unaltered IPB phyllites, siliceous phyllites and quartzites 
(data from Jorge, 2010). The Lombador stockwork samples display a general deviation from the unaltered PQ 
compositional trend due to chlorite (or chlorite+siderite) and sulphides replacement/precipitation. FE – barren 
stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore. 
 

 
4.4.2.3. Mass-balance analysis 

 

Mass-balance calculations based on major elements gains and losses in the variably altered 

and mineralized PQ rocks of the Lombador footwall sequence are presented in Table 31 and 

in Figures 32 and 33. The aim of this approach, which should be envisaged as having only a 



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 

142 | P a g e  
	  

relative and semi-quantitative meaning, is to support log and petrographic evidences for 

replacement processes related with the alteration and mineralization.  

The absolute mass transfer calculations were performed based in the single-precursor mass 

transfer technique (after Maclean and Barrett (1993), in GifKins et al., 2005) according to the 

relation: Δa = (Z0/ZaxCa)-C0, where Δa is the absolute mass change express in g/100g, Ca is 

the proportion of component in the altered rock (in wt%), C0 is the proportion of component in 

the precursor rock (in wt%), Za is the proportion of the immobile element in the altered rock, 

and Z0 is the proportion of the immobile element in the precursor rock. Based on the Δa values 

the relative mass change (Xa) was calculated as percent of gains and losses according to the 

relation: Xa = 100x(Δa/C0). Alumina was chosen as immobile monitor after inspections of 

bivariate plots to determine the least-mobile element to serve as the immobile monitor in mass 

change calculations. The use of alumina as immobile monitor was also chosen by Jorge 

(2010) to characterize the (unaltered) PQ Group rocks facies. According to this author the low 

TiO2 concentrations in these rocks, and the fact that zirconium and hafnium concentrations 

may be subverted by local concentrations of detrital grains (e.g., sphene, rutile, zircon), 

alumina constitutes the best oxide to monitor mass changes. 

As tabled in Table 31 and depicted in Figures 32 and 33, positive and negative net mass 

changes result mainly from SiO2 gains and losses, as well as prominent Fe2O3(T) addition. 

Large positive net mass changes are mostly seen in stockwork samples located in the 

peripheral sectors of the orebody (south and central-E), whereas both positive and negative 

net mass changes were obtained in samples collected closer to the axis of the feeder system 

(central-W sector). 

The sericite (Type IIa) altered samples display a relative SiO2 enrichment, whereas Type I 

altered samples show a general depletion in silica, particularly in samples located in the 

central-W sector of the orebody (e.g., FL834 193.30, NG20 944.20). In alteration zone IIa, the 

SiO2 enrichments (up to 183%) are accompanied by addition of Fe2O3(T), as well as an 

enrichment in K2O (up to 33%). Na2O3 enrichment (30%) could only be detected in the sample 

located in the southernmost end of the Lombador orebody (FL879 162.70), which is consistent 

with the petrographic and electron microprobe data and reinforces the inference that Type IIb 

alteration (Na-sericite facies) should develop towards the S-SE areas of the orebody. The 

enrichment and depletion of the remaining oxides are not very significant in terms of absolute 

mass changes. MnO (up to - 46%), MgO (up to - 86%, CaO (up to - 44%) and P2O5 (up to – 

61%) display a constant relative chemical depletion, whereas TiO2 shows relative enrichment 

(up to 37%). 

In alteration zone I, in addition to the overall SiO2 loss and prominent Fe2O3(T) enrichment, the 

chloritized samples also show a general enrichment in MgO and MnO, which represent in 
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average an increase of about 420% and 1450% of their initial concentration, respectively, 

being consistent with pervasive chloritization and prominent carbonatization. As would be 

expected, Na2O and K2O shown an overall depletion (up to -86 and -97%, respectively). 

Nonetheless, potassium enrichment occurs in one FC ore sample (FL720 155.50) located in 

the south sector of the orebody and near the base of the massive sulphide lens, which is 

consistent with the quartz-sulphide-chlorite-sericite dominated alteration assemblage 

recognized in the petrographic study. An enrichment of 4% in K2O is also displayed by sample 

FL834 179.90. However in this case the enrichment reflects an effect caused by the presence 

of muscovite grains in variably preserved relic domains. 

In some cases, CaO display opposite patterns of enrichment (up to 2048%) and depletion (up 

to -81%), which appear to be contradictory, particularly in samples from the same drill hole 

(e.g., drill hole FL834 and NF24A-1). Actually, this apparently contradictory behavior reflects 

both the lateral and vertical spatial distribution of the selected samples. As previously 

mentioned, prominent carbonate alteration occurs in the upper portions of the footwall 

sequence, forming siderite-rich levels that constitute over 80% of the rock volume, and can be 

locally up to 2 m thick. Calcium is accompanied by Fe2O3(T), MnO and MgO enrichments and, 

these effects are associated to a late-hydrothermal carbonatization overprinting stage (Stage 

3) recognized in the logging and petrographic study of the drill holes and samples located in 

central-W and E sectors of the orebody (see Figures 14 and 15). Therefore the opposite 

behavior recorded in samples of the same drill hole is only a reflection of the stratigraphic 

position where the samples were collected. Calcium-enriched samples show co-enrichment in 

Fe2O3(T), MnO and MgO because this carbonatization event is mainly represented by siderite 

under the form of the variety sideroplesite, which can contain fairly significant MgO (5.5 – 29.6 

mol%), MnO (0.2 – 7.3 mol%) and CaO (0.1 – 5.5 mol%) contents in its composition.  

In summary, the overall results are consistent with addition of iron, magnesium and 

manganese (+ calcium) and removal of silica and potassium (+ sodium) in the proximal Type I 

alteration zone, and addition of silica, iron andpotassium (+ sodium) and depletion of 

manganese, magnesium and calcium in the peripheral envelopes of the system (Type IIa 

alteration zone). 

Despite some scattering (see Table 31 and Figure 33), samples from alteration zone I show 

an overall mass gain due to significant Fe (98 g/100 g) addition, coupled with Mg (≅6 g/100 

g), Mn (≅1 g/ 100g) and Ca (≅1 g/100 g) enrichment. This reflects intense chlorite, sulphide 

and (late-stage) carbonate formation as the result of pervasive replacement and open-space 

filling. The net mass change for the Type IIa altered samples considered show an overall 

mass increase due to silica (72 g/100 g), iron (52 g/100 g) and, to a lesser extent, potassium 
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(1g /100g) addition, which reflect vein-controlled quartz-sulphide-sericite formation and 

sulphiditization (pyrite dissemination) of the rock matrix. 
 
 
Table 31. Absolute and relative mass changes in Type I- and Type II-altered PQ rocks in the footwall sequence of 
the Lombador orebody. 

 
 

 
Figure 32. Bar graph showing estimated absolute (A) and relative (B) mass changes of major elements for two PQ 
rock samples affected by Type IIa alteration at the southern sector of the Lombador stockwork system.  

Absolute mass change (g/100 g)
Sector Sample Alteration SiO2 Fe2O3(T) MnO MgO CaO Na2O K2O TiO2 P2O5 Net

south FL879 162.70 (FE) Type IIa 104 44 0.0 -1 -0.1 0.2 1 0.3 -0.1 147
south FL720 163.00 (FE) Type IIa 40 60 0.0 -1 -0.1 -0.1 1 0.4 0.0 101
south FL720 155.50 (FC) Type I -29 128 0.0 -1 -0.1 -0.2 2 -1 98
central-W FL911 113.80 (FC) Type I 35 52 0.2 4 1 -0.5 -3 0 0.0 90
central-W NF24A-1 948.80 (FC) Type I -6 59 0.2 2 -0.2 -1 -2 0 0.0 53
central-W NF24A-1 944.00 (FZ) Type I -29 43 1 6 0.4 -1 -3 -1 0.2 18
central-W FL834 179.90 (FE) Type I -25 13 0.1 1 0.1 -0.4 0.1 -0.1 0.0 -10
central-W FL834 193.30 (FE) Type I -87 4 0.0 0 -0.1 0.0 -0.3 -0.1 0.0 -83
central-W NG20 944.20 (FE) Type I -64 8 0.0 1 -0.1 0.0 -0.3 -0.1 0.0 -56
central-E NE32-1 1229.7 (FZ) Type I 24 14 0.0 2 -0.1 -1 -0.2 0.3 0.0 39
central-E NE32-1 1177.30 (FE) Type I -32 564 5 37 6 -1 -4 1 0.4 577

Relative mass change (%)

south FL879 162.70 (FE) Type IIa 183 572 -46 -86 -44 30 17 27 -61
south FL720 163.00 (FE) Type IIa 71 778 1 -76 -36 -23 33 37 -34
south FL720 155.50 (FC) Type I -52 1654 32 -83 -31 -36 42 -80
central-W FL911 113.80 (FC) Type I 62 677 370 279 406 -78 -75 6 -19
central-W NF24A-1 948.80 (FC) Type I -10 763 312 151 -56 -80 -60 12 7
central-W NF24A-1 944.00 (FZ) Type I -52 561 1403 407 150 -86 -68 -75 144
central-W FL834 179.90 (FE) Type I -36 195 240 125 211 -73 4 -15 -28
central-W FL834 193.30 (FE) Type I -92 251 30 135 -81 -93 -86 -49 -59
central-W NG20 944.20 (FE) Type I -68 582 -5 277 -60 -81 -90 -54 -81
central-E NE32-1 1229.7 (FZ) Type I 43 176 34 97 -23 -80 -5 29 19
central-E NE32-1 1177.30 (FE) Type I -56 7302 10685 2391 2048 -84 -97 99 265
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Figure 33. Bar graph showing estimated absolute (A) and relative (B, C) mass changes of major elements for nine 
PQ rock samples affected by Type I alteration, and located at the south, central-W and central-E sectors of the 
Lombador stockwork system. C – Enlargement of B for MgO, CaO, Na2O, K2O, TiO2 and P2O5. 
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4.4.2.4. Rare Earth Elements (REE) 

 

Chondrite-normalized REE patterns for the variably altered and mineralized PQ rocks from the 

Lombador stockwork are presented in Figure 32, together with the REE patterns for their 

unaltered precursors (data from Jorge, 2010). The most striking feature is the positive and 

negative shifts on the REE patterns relative to their precursors, and the general positive 

europium (Eu) anomaly displayed by Type I-altered stockwork ores, particularly when the host 

rock correspond to the phyllite facies (Figure 34A). Type IIa-altered samples (Figure 34B) 

display slight negative Eu anomalies similar to those of the unaltered IPB phyllite and a slight 

(but, nevertheless, clear) positive shift on the heavy REE that is similar to that of modern 

seawater. The one sample of altered quartz-rich siltstone/phyllite (Figure 34C) shows a REE 

pattern that is identical to that of the unaltered IPB siliceous phyllite, except for a slight 

depletion in heavy REE and the positive anomaly of Eu, which is consistent with the 

recognized alteration petrographic features and the major and minor element geochemical 

analysis (see previous sections). 

 

 

 
Figure 34. Chondrite-normalized REE patterns in Type I and Type IIa altered PQ Group stockwork rocks at the 
Lombador orebody and unaltered IPB PQ rocks (Jorge, 2010). A – Type I altered phyllites REE patterns. B – Type 
IIa altered phyllite REE patterns. C – Type I altered siliceous phyllites REE pattern. D – Type I altered quartzite 
REE patterns. FE – barren stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore. Chondrite values 
from Palmes and Jones (2003). 
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The overall REE geochemical patterns are in good agreement with the log, petrographic and 

mass-balance calculations previously presented. These indicate that significant mobility of 

REE should have occurred in the peripheral areas of the orebody, namely in the south (e.g., 

FL879 162.7, FL720 163.00, FL720 155.5) and central-E sectors (e.g. NE32-1 1177.3) (Figure 

34A, B), as well as in samples located deeper in the footwall stratigraphic sequence in the 

central-W sector of the orebody (e.g., FL834 193.30, NG20 944.20) (Figure 34D). The 

alteration effects on these samples are characterized by general REE depletion (leaching) in 

alteration zone Type IIa, and an increase in REE concentration in Type I-altered samples. 

Mobilization and reprecipitation of Eu2+, incorporated in the composition of newly formed 

hydrothermal sericite and chlorite, thus leading to positive Eu anomalies in the REE pattern is 

compatible with leaching from the host rocks, after acid breakdown of minerals such as 

muscovite and feldspars both laterally and at depth. Consistently, Type IIa alteration samples 

display Eu/Eu* ratios that are lower than 1 on average (ca., 0.8), whereas the samples 

affected by Type I alteration, have positive Eu anomalies in general (ca., 1.6), particularly the 

most altered/mineralized samples. This can be easily seen in Figure 35, which shows an 

increase in the Eu/Eu* ratios from the south and central-E peripheral areas towards the 

central-W sector of the stockwork system that is consistent with the release of REE from the 

peripheral areas of the stockwork system and reprecipitation in the vicinity of the axis of the 

feeder system. 

 

 

 
Figure 35. Spatial distribution of the Eu/Eu* ratios for the variably altered and mineralized PQ rocks that host the 
Lombador stockwork system. The highest Eu/Eu* ratios correspond to samples from the axis of the feeder zone 
(Central-W sector), relative to the peripheral south and central-E sectors. The Eu anomaly (Eu/Eu*) is here defined 
by using the expression of McLennan (1989): Eu/Eu* = Eun/(Smn x Gdn)0.5. The dash line represents the average 
Eu/Eu* ratio (ca., 0.74) for the unaltered PQ rocks (data from Jorge, 2010). 
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4.4.3. Volcano-Sedimentary Complex  

 

Whole rock analytical results for 21 samples representative of the variably altered and 

mineralized felsic volcanic rocks of the Volcano-Sedimentary Complex (CVS) are presented in 

Tables 32 and 33. In order to document any possible zonation around the Lombador orebody 

the volcanic rock samples analyzed include: 

i. Representative samples of the footwall (16) and hanging wall (6) sequence variably 

affected by Type I, Type IIa or Type IIb alteration; 

ii. According to their metal grades and position relative to the mineralization horizon, 

these variably mineralized samples could be classified as barren (FE, 4), copper (FC, 

7), and zinc (FZ, 4) stockwork ore, and as zinc-rich rubané ore (RZ, 2), and distribute 

over the south, central and northern sectors of the orebody. 

The data presented in Tables 26 and 27 were organized according to their type of 

hydrothermal alteration (I, IIa and IIb), spatial distribution (south, central and north sector) and 

ore type classification. 

 
4.4.3.1. Major Elements 

 
The major element abundances of the stockwork and hanging wall volcanic rocks are 

consistent with the log, alteration petrography and mineral chemical data addressed in 

previous sections. Similarly to what has been concluded concerning to the PQ rocks, the 

alkalis, calcium and iron abundances constitute the best indicators of the ore-related effects 

experience by the volcanic rocks. By plotting significant major element ratios it was possible to 

recognize compositional transformations on the volcanic rocks at the Lombador orebody 

related with the spatial distribution of the samples relative to the axis of the feeder system, 

consistently with the hydrothermal alteration zonation previously defined. 

Type I-altered samples display lower Na2O+K2O+CaO/Al2O3 vs. SiO2/Al2O3 ratios relative to 

those in the Type II alteration envelope (Figure 36). The Na2O+K2O+CaO/Al2O3 and 

SiO2/Al2O3 values in Type I-altered samples range from 0.01 to 0.32 (averaging 0.12) and 

from 1.2 to 9.9 (averaging 6.0), respectively, whereas in Type II-altered samples the same 

ratios range from 0.2 to 0.6 (averaging 0.3) and from 4.2 to 10.3 (averaging 6.8), respectively. 

As it would be expected, within the Type II envelope samples representative of Type IIa zone 

display lower Na2O+K2O+CaO/Al2O3 and SiO2/Al2O3 ratios (0.2 to 0.4 and 4.3 to 10.3, 

respectively) than those in Type IIb (0.3 to 0.6 and 5 to 7.7, respectively). The wide ranges 

obtained for these ratios are indicative of an overall mobility of these elements in the 

Lombador stockwork system. 
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Table 32. Whole rock analysis of variably altered and mineralized footwall coherent rhyolite and volcaniclastic rocks 
from the Lombador stockwork system. FE – barren stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork 
ore. AI – alteration index according to Ishikawa et al. (1976, in Large et al., 2001a). CCPI – chlorite-carbonate-
pyrite index (Large et al., 2001a). 
 

South

FC FE FC FZ FZ
FL879 
159.70

FL706 
200.25

FL799 
16.40

NG20 
914.00

NG20 
905.50

FL706 
200.90

FL784 
123.20

FL784 
127.60

FL743 
267.70

NE28A-2 
1081.10

NE28A-2 
1079.80

NI18B-1 
938.8

NK22A-1 
1153.6

NL20-1 
1175.30

NL20-1 
1116.30

Detection 
Limit

Analysis 
Method

Major Elements (%)
SiO2 34.76 27.14 69.11 66.96 47.81 55.54 51.22 18.68 32.15 42.41 13.53 69.79 63.21 72.29 47.58 0.01 FUS-ICP

Al2O3 8.24 2.98 11.10 6.53 4.88 6.47 15.80 15.10 5.41 14.25 2.27 7.23 7.98 7.30 5.24 0.01 FUS-ICP

Fe2O3(T) 30.40 38.16 6.70 13.02 19.88 19.50 20.61 42.34 23.58 31.96 51.12 16.13 18.81 13.72 21.90 0.01 FUS-ICP

MnO 0.04 0.02 0.05 0.01 0.04 0.06 0.08 0.16 0.04 0.15 0.05 0.05 0.12 0.12 0.04 0.001 FUS-ICP

MgO 0.22 0.07 0.59 0.10 0.15 0.74 2.11 3.24 0.10 2.76 0.45 2.10 2.17 1.76 0.38 0.01 FUS-ICP

CaO 0.25 0.01 0.43 0.23 0.04 0.12 0.22 0.16 0.02 0.08 0.04 0.23 0.30 0.04 0.45 0.01 FUS-ICP

Na2O 0.22 0.06 0.35 0.10 0.08 0.07 0.11 0.03 0.10 0.02 0.02 0.02 0.02 0.01 0.07 0.01 FUS-ICP

K2O 1.95 0.77 2.01 1.65 1.23 0.79 1.98 0.19 1.39 0.08 0.07 0.05 0.17 0.04 1.15 0.01 FUS-ICP

TiO2 0.05 0.03 0.09 0.07 0.06 0.05 0.74 0.54 0.07 0.67 0.02 0.06 0.09 0.10 0.27 0.001 FUS-ICP

P2O5 0.13 0.01 0.22 0.16 < 0.01 0.12 0.09 0.08 < 0.01 0.08 0.01 0.14 0.05 0.02 0.04 0.01 FUS-ICP

LOI 15.39 21.06 5.57 7.72 13.45 8.71 5.70 12.59 17.32 8.21 25.69 5.13 6.68 2.59 13.48 FUS-ICP

Total 91.66 90.30 96.23 96.55 87.61 92.18 98.65 93.12 80.17 100.70 93.28 100.90 99.59 98.00 90.61 0.01 FUS-ICP

S 19.30 33.30 3.52 9.99 15.40 10.40 2.64 10.70 19.70 4.41 39.30 3.14 4.57 0.27 16.20 0.01 IR

Cu 5.62 1.66 0.98 0.04 0.13 1.20 0.03 1.60 0.06 0.43 1.54 0.01 0.14 0.00 0.91 0.005 FUS-Na2O2

Zn 0.20 3.33 0.82 1.45 6.21 2.78 0.03 1.65 9.92 0.06 2.58 0.01 0.02 0.01 4.74 0.01 FUS-Na2O2

Pb 0.08 0.45 0.37 0.38 1.65 0.03 0.00 0.09 2.98 0.00 0.38 0.01 0.00 0.00 0.28 0.01 FUS-Na2O2

Minor Elements (ppm) 
Possibble Payable or Accountable Metals
Ag 27.2 29.8 19.2 6.5 28.6 9.7 1.2 33.3 59.8 3.3 18.4 0.6 0.8 < 0.3 25.1 0.3 TD-ICP

Au (ppb) 115 171 94 33 160 65 33 1050 2390 < 2 179 13 38 < 2 284 2 INAA

In 20.1 9.3 2.5 3.6 2.0 7.2 0.6 14.4 2.6 1.5 5.4 0.1 0.5 < 0.1 4.1 0.1 FUS-MS

Se 184.0 230.0 51.0 9.0 < 3 70.0 9.0 185.0 4.0 18.0 173.0 4.0 < 3 < 3 116.0 3 INAA

Ga 19.0 27.0 33.0 31.0 19.0 19.0 24.0 32.0 29.0 25.0 9.0 15.0 21.0 13.0 9.0 1 FUS-MS

Ge 1.8 1.2 3.0 2.3 4.1 2.9 3.6 3.7 2.3 2.8 1.2 1.4 2.5 3.0 1.9 0.5 FUS-MS

Mo < 2 < 2 4.0 < 2 < 2 3.0 < 2 < 2 5.0 < 2 < 2 < 2 < 2 < 2 2.0 2 FUS-MS

Σ 252.2 297.5 112.8 52.4 53.9 111.9 38.4 269.5 105.1 50.6 207.2 21.1 24.8 16.0 158.4

Possible Penalty Metals
As 531.0 643.0 853.0 667.0 23700.0 325.0 544.0 3010.0 40600.0 99.0 578.0 135.0 545.0 46.4 1550.0 0.5 INAA

Sb 147.0 342.0 26.8 67.1 404.0 90.5 14.8 156.0 764.0 24.1 196.0 4.1 14.2 2.3 182.0 0.2 INAA

Sn 107 55 53 170 937 33 128 345 > 1000 22 106 50 31 3 41 1 FUS-MS

Bi 15.9 34.9 142.0 1.8 7.0 24.3 6.5 502.0 5.6 9.9 34.6 3.9 4.7 0.2 9.4 0.1 FUS-MS

Cd 5.5 62.7 16.3 42.0 196.0 151.0 0.9 28.2 211.0 1.2 20.3 < 0.5 < 0.5 < 0.5 131.0 0.5 TD-ICP

Co 342 437 89 8 1 154 44 382 8 69 423 28 25 18 103 1 FUS-MS

Ni 3 11 11 3 7 7 43 47 13 27 3 2 17 8 28 1 TD-ICP

Cr < 5 < 5 < 5 6 < 5 < 5 88 51 22 74 < 5 < 5 < 5 < 5 38 5 INAA

Br < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 10.0 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 0.5 INAA

Σ 1151.4 1585.6 1191.1 964.9 25252.0 784.8 879.2 4521.2 41623.6 326.2 1360.9 223.0 636.9 77.9 2082.4

Other Minor Elements
Ba 293 129 330 215 169 123 283 27 195 14 12 14 31 11 152 3 FUS-ICP

Y 12.4 4.8 14.0 15.1 5.6 8.6 24.7 22.0 8.9 26.5 3.2 10.2 39.3 25.9 5.3 0.5 FUS-MS

Zr 44 24 72 55 35 50 116 92 47 127 13 57 54 52 50 1 FUS-MS

Nb 4.7 2.6 6.9 7.1 5.6 5.4 13.4 10.7 5.6 13.0 1.0 6.6 3.0 4.0 6.2 0.2 FUS-MS

Rb 82 45 88 75 62 35 92 9 69 3 3 3 7 3 63 1 FUS-MS

Sr 32 9 51 17 9 11 30 9 11 14 < 2 6 20 3 15 2 FUS-ICP

V < 5 32 18 15 16 28 149 121 62 112 < 5 9 35 12 57 5 FUS-ICP

W 5.2 1.2 1.9 5.8 5.7 1.7 9.3 18.4 4.8 5.1 3.9 1.2 1.3 7.6 2.2 0.5 FUS-MS

Cs 2.8 1.1 4.6 2.5 1.3 1.3 3.1 0.5 2.1 1.2 0.3 0.2 0.3 0.2 1.6 0.1 FUS-MS

Ir (ppb) < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 5 INAA

Sc 5.2 1.3 3.8 4.6 3.5 3.1 15.5 12.2 4.3 12.1 1.4 4.2 4.5 3.0 6.3 0.1 INAA

Be < 1 < 1 1.00 < 1 < 1 < 1 1.00 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 1 FUS-ICP

Hf 1.60 1.00 2.80 1.90 1.20 2.20 3.30 2.60 1.60 2.90 0.50 1.90 1.60 1.70 1.20 0.1 FUS-MS

Ta 0.49 0.29 0.86 0.61 0.40 0.77 1.10 0.81 0.45 3.21 0.13 0.61 0.37 0.50 0.38 0.01 FUS-MS

Tl 7.56 3.02 8.25 5.61 8.11 2.61 2.65 0.74 16.20 3.68 0.37 0.41 11.00 0.44 1.08 0.05 FUS-MS

Th 3.31 1.96 5.27 4.12 2.61 2.96 11.90 8.93 3.27 11.00 0.95 3.53 7.12 8.43 4.20 0.05 FUS-MS

U 2.44 3.35 4.20 5.26 2.50 3.43 2.60 2.10 5.34 4.29 1.27 2.41 2.69 2.71 1.08 0.01 FUS-MS

Rare Earth Elements
La 3.38 5.22 19.40 10.30 3.27 5.82 33.00 8.24 6.44 34.90 0.80 7.87 100.00 12.30 10.80 0.05 FUS-MS

Ce 8.41 11.70 47.90 24.00 7.30 14.30 67.20 18.20 12.90 70.80 1.95 18.00 194.00 26.20 21.60 0.05 FUS-MS

Pr 1.08 1.57 6.40 2.83 0.78 1.85 7.30 2.23 1.61 7.85 0.24 2.11 21.10 2.90 2.53 0.01 FUS-MS

Nd 4.56 6.17 27.30 10.90 2.96 7.65 27.30 10.20 5.99 28.00 1.12 8.06 81.10 11.50 9.23 0.05 FUS-MS

Sm 1.81 1.42 7.28 3.46 0.83 2.57 5.34 2.91 1.64 5.78 0.43 2.95 17.80 2.90 1.88 0.01 FUS-MS

Eu 0.52 0.68 5.78 2.41 1.25 0.59 2.26 1.29 2.00 1.01 0.17 1.54 3.71 0.46 0.40 0.005 FUS-MS

Gd 2.25 1.19 5.18 3.71 0.99 2.39 4.34 2.99 1.61 4.80 0.54 2.79 11.90 2.82 1.37 0.01 FUS-MS

Tb 0.43 0.20 0.71 0.63 0.20 0.40 0.71 0.58 0.31 0.82 0.10 0.49 1.62 0.57 0.19 0.01 FUS-MS

Dy 2.30 1.09 3.68 3.15 1.07 1.90 4.25 3.65 1.79 5.32 0.61 2.47 8.45 4.00 0.99 0.01 FUS-MS

Ho 0.41 0.20 0.58 0.53 0.20 0.31 0.87 0.77 0.29 1.03 0.11 0.38 1.47 0.85 0.20 0.01 FUS-MS

Er 1.04 0.54 1.45 1.23 0.51 0.81 2.55 2.27 0.78 2.91 0.28 0.84 3.85 2.38 0.61 0.01 FUS-MS

Tm 0.14 0.08 0.20 0.16 0.07 0.12 0.37 0.36 0.11 0.42 0.04 0.11 0.55 0.38 0.10 0.005 FUS-MS

Yb 0.90 0.53 1.28 0.96 0.48 0.80 2.48 2.33 0.73 2.77 0.26 0.64 3.59 2.46 0.64 0.01 FUS-MS

Lu 0.13 0.07 0.20 0.14 0.07 0.14 0.41 0.36 0.11 0.43 0.04 0.10 0.57 0.34 0.12 0.002 FUS-MS

Hydrothermal Alteration Geochemical Criteria
AI 82 92 77 84 92 89 93 95 93 97 90 90 88 97 75
CCPI 93 98 74 87 93 96 91 99 93 100 100 100 99 100 94

AI = 100 x ((MgO+K2O)/(Na2O+CaO+MgO+K2O)) CCPI = 100 x ((MgO+FeO)/(MgO+FeO+Na2O+K2O))

W E

FC FZ FC FE

W

South Central Central North

Stockwork
Type IIa Type I
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Table 33. Whole rock geochemical data for variably altered coherent rhyolite rocks from the Lombador stockwork 
system, tectonically emplaced into a hanging wall position, including two samples of zinc-rich rubané  ore (RZ) . AI 
– alteration index according to Ishikawa et al. (1976) in Large et al. (2001a). CCPI – chlorite-carbonate-pyrite index 
(Large et al., 2001a). 
 

NG20 
765.00

NE28A-2 
897.10

FL834 
59.80

FL911 
41.30 

FL720 -
54.20

FL834 
121.60

Detection 
Limit

Analysis 
Method

Major Elements (%)
SiO2 74.16 78.12 67.98 68.84 24.04 27.18 0.01 FUS-ICP

Al2O3 14.57 10.18 14.98 15.24 9.12 5.01 0.01 FUS-ICP

Fe2O3(T) 1.00 1.24 8.05 2.77 32.76 32.61 0.01 FUS-ICP

MnO 0.01 0.02 0.02 0.03 0.04 0.16 0.001 FUS-ICP

MgO 0.33 0.74 2.19 1.53 3.30 2.20 0.01 FUS-ICP

CaO 0.44 0.71 0.03 1.59 0.14 0.73 0.01 FUS-ICP

Na2O 2.02 1.81 0.15 0.40 0.05 0.27 0.01 FUS-ICP

K2O 2.20 3.52 2.85 3.93 0.11 0.51 0.01 FUS-ICP

TiO2 0.11 0.08 0.21 0.12 0.17 0.07 0.001 FUS-ICP

P2O5 0.22 0.23 0.04 0.25 0.10 0.17 0.01 FUS-ICP

LOI 1.84 1.78 3.53 3.91 16.25 19.75 FUS-ICP

Total 96.91 98.44 100.00 98.61 86.07 88.66 0.01 FUS-ICP

S 0.02 0.06 0.25 0.02 15.40 14.70 0.01 IR

Cu 0.00 0.00 0.01 0.00 0.17 0.15 0.005 FUS-Na2O2

Zn 0.00 0.01 0.01 0.01 6.54 4.32 0.01 FUS-Na2O2

Pb <3 0.00 <3 0.00 2.56 2.22 0.01 FUS-Na2O2

Minor Elements (ppm) 
Possibble Payable or Accountable Metals
Ag < 0.3 < 0.3 1.4 < 0.3 69.1 53.9 0.3 TD-ICP

Au (ppb) < 2 < 2 < 2 < 2 1200 684 2 INAA

In < 0.1 < 0.1 < 0.1 < 0.1 4.7 3.4 0.1 FUS-MS

Se < 3 < 3 < 3 < 3 < 3 < 3 3 INAA

Ga 21.00 16.00 37.00 26.00 21.00 11.00 1 FUS-MS

Ge 2.20 2.60 3.60 2.70 2.80 2.20 0.5 FUS-MS

Mo < 2 < 2 < 2 < 2 3.00 3.00 2 FUS-MS

Σ 23.2 18.6 42.0 28.7 101.8 74.2

Possible Penalty Metals
As 3.1 11.0 25.5 5.4 1490.0 1190.0 0.5 INAA

Sb 0.9 0.9 9.0 1.2 664.0 472.0 0.2 INAA

Sn 8 5 22 7 432 392 1 FUS-MS

Bi 0.2 0.1 1.3 0.4 34.7 24.2 0.1 FUS-MS

Cd < 0.5 < 0.5 < 0.5 < 0.5 169.0 119.0 0.5 TD-ICP

Co < 1 2 2 < 1 6 7 1 FUS-MS

Ni 1 3 6 2 16 12 1 TD-ICP

Cr < 5 < 5 13 < 5 54 < 5 5 INAA

Br 4.30 2.90 3.30 2.70 < 0.5 < 0.5 0.5 INAA

Σ 17.5 24.9 82.1 18.7 2865.7 2216.2

Other Minor Elements
Ba 409 735 375 568 23 161 3 FUS-ICP

Y 17.80 17.20 125.00 19.30 15.90 19.20 0.5 FUS-MS

Zr 92 69 504 99 83 43 1 FUS-MS

Nb 12.0 8.9 100.0 13.0 9.0 5.2 0.2 FUS-MS

Rb 107 136 134 182 5 28 1 FUS-MS

Sr 106 56 39 52 21 73 2 FUS-ICP

V 6 < 5 18 < 5 162 110 5 FUS-ICP

W 8.5 2.1 8.7 1.1 4.6 6.4 0.5 FUS-MS

Cs 3.5 3.9 4.3 6.4 0.9 1.9 0.1 FUS-MS

Ir (ppb) < 5 < 5 < 5 < 5 < 5 < 5 5 INAA

Sc 7.6 6.2 1.4 8.3 6.2 4.6 0.1 INAA

Be 3 2 6 4 < 1 1 1 FUS-ICP

Hf 3.40 2.70 16.70 3.80 2.80 1.40 0.1 FUS-MS

Ta 1.14 0.84 7.20 1.16 0.75 0.42 0.01 FUS-MS

Tl 1.37 1.08 3.89 2.43 1.61 4.34 0.05 FUS-MS

Th 7.65 5.48 22.50 7.31 7.15 3.75 0.05 FUS-MS

U 4.96 5.07 6.41 4.92 2.47 2.47 0.01 FUS-MS

Rare Earth Elements
La 19.00 12.10 81.70 17.10 17.30 16.80 0.05 FUS-MS

Ce 46.70 29.20 181.00 40.70 35.70 33.90 0.05 FUS-MS

Pr 5.50 4.00 21.20 5.42 4.66 4.62 0.01 FUS-MS

Nd 21.20 15.80 80.70 20.90 18.10 18.80 0.05 FUS-MS

Sm 6.15 5.28 19.90 6.64 4.47 5.48 0.01 FUS-MS

Eu 0.80 0.84 0.70 0.98 0.73 0.84 0.005 FUS-MS

Gd 5.27 5.85 19.90 6.97 3.53 4.59 0.01 FUS-MS

Tb 0.82 0.96 3.90 1.09 0.55 0.73 0.01 FUS-MS

Dy 3.85 4.28 23.50 4.66 3.13 3.58 0.01 FUS-MS

Ho 0.61 0.68 4.57 0.74 0.58 0.64 0.01 FUS-MS

Er 1.33 1.54 12.20 1.68 1.50 1.74 0.01 FUS-MS

Tm 0.19 0.20 1.72 0.23 0.22 0.25 0.005 FUS-MS

Yb 1.09 1.07 10.60 1.40 1.32 1.42 0.01 FUS-MS

Lu 0.16 0.16 1.41 0.19 0.19 0.21 0.002 FUS-MS

Hydrothermal Alteration Geochemical Criteria
AI 51 63 97 73 95 73
CCPI 5 11 128 46 100 98

AI = 100 x ((MgO+K2O)/(Na2O+CaO+MgO+K2O)) CCPI = 100 x ((MgO+FeO)/(MgO+FeO+Na2O+K2O))

Stockwork mineralization and altered volcanic rocks tectonically emplaced 
in a hanging wall position

RZ

Type IIb Type IIa Type I
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Figure 36 shows that silica and alkalis(+ calcium) leaching increased from the periphery 

towards the innermost zone of the feeder system. The lowest Na2O+K2O+CaO/Al2O3 vs. 

SiO2/Al2O3 ratios were given by a highly chloritized (>90%) FC ore sample (FL784 127.60), 

which was collected in the central-W sector of the orebody. Towards the outer zones of the 

feeder system these ratios gradually increase, progressing from an inner zone dominated by 

FC ores (chloritites) to an intermediate ore zone dominated either by chlorite- or sericite-

altered rocks (FE + FZ ± FC ores), and finally to poorly mineralized (S< 5%) and variably 

sericitized (30 to 70% vol. of sericite) coherent rhyolite rocks (e.g., sample FL911 4.30, 

NE28A-2 897.1).  

 

 

 
Figure 36. Plot of Na2O+K2O+CaO/Al2O3 and SiO2/Al2O3 ratios for variably altered and mineralized felsic volcanic 
rocks of the Lombador stockwork system, including altered coherent rhyolite rocks and a zinc-rich rubané ore 
sample tectonically emplaced into a hanging wall position (Type I, Type IIa and Type IIb alteration). FE – barren 
stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore; RZ – zinc-rich rubané ore. Blank symbols – 
altered coherent rhyolite rocks. 
 

 

By plotting the alkalis (+ calcium) vs. the iron, magnesium and manganese contents, the 

effects of the ore-forming hydrothermal alteration on the volcanic rocks can also be traced 

(Figure. 37).The Na2O+K2O+CaO/Al2O3 and the (Fe2O3(T)+MgO+MnO)/Al2O3 ratios inversely 

correlate, which is consistent with leaching of alkalis(+ calcium) towards the inner zone of the 

stockwork system, where chloritization (or chlorite+siderite) and sulphide formation become 

strongly dominant.  
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Figure 37. Plot of Na2O+K2O+CaO/Al2O3 vs. (Fe2O3(T)+MgO+MnO)/Al2O3 ratios for variably altered and mineralized 
felsic volcanic rocks of the Lombador stockwork system, including altered coherent rhyolite rocks and a zinc-rich 
rubané  ore sample tectonically emplaced into a hanging wall position (Type I, Type IIa and Type IIb alteration) . FE 
– barren stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore; RZ – zinc-rich rubané ore. Blank 
symbols – altered coherent rhyolite rocks. 
 

 

The hydrothermal alteration zonation recognized at the Lombador ore-forming system is 

clearly put in evidence by plotting the Alteration Index (AI) of Ishikawa et al. (1976, in Large et 

al., 2001a) against the sodium content of the corresponding samples (Figure 38). The 

compositional ranges given by hydrothermal altered volcanic rocks from the Gavião (Relvas, 

1991) and Corvo (Relvas, 2000) ore-forming systems have been used for comparison. These 

massive sulphide systems can be envisaged as representative of the hydrothermal alteration 

spectrum at the IPB. 

The AI is a ratio based on the alkalis, calcium and magnesium contents of the volcanic rocks 

in order to quantify the intensity of sericitization and chloritization, according to the following 

relation: 
 

AI=
100 × (K2O+MgO)

(K2O+MgO+Na2O+CaO)
 

 

The index values for unaltered rocks usually range between 20 and 60, whereas in 

hydrothermal altered rocks it ranges from 50 to 100 (Large et al., 2001a and references 

therein). 

At the Lombador orebody, the AI values range between 51 and 97 (averaging 85). As 

expected, the lower AI values, and consequently higher sodium contents, are displayed by 

samples representative of Type IIb alteration zone (NG20 765.00 and NE28A-2 879.10). 
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These are well within the range of AI and Na2O values displayed by samples representative of 

Type IIb alteration zones in other IPB deposits, and very close to the highest AI values shown 

by IPB unaltered volcanic rocks. These display an AI range (7 to ≅70) similar to that usually 

shown by unaltered felsic volcanic rocks worldwide. On the other end of this spectrum, the 

highest AI, and consequently lowest Na2O values, are displayed by samples coming from 

Type I alteration zone, particularly those located in the central-W sector of the orebody, which 

show AI values over 90 (e.g., FL784 127.60, FL743 267.70) and Na2O abundances lower than 

0.07 % (see Table 32). High AI (up to 97) values and low sodium (<0.07 %) abundances are 

also seen in Type I altered samples located in the northern sector of the orebody, as well as in 

samples representative of the zinc-rich rubané ore (e.g., FL720 54.20), which is in good 

agreement with the log and petrographic data that indicates a laterally extensive chlorite-

dominated stratabound alteration that follows the base of the Lombador orebody. Samples 

representative of Type IIa alteration zone display (intermediate) AI values, commonly ranging 

between 73 and 92.  

 

 
Figure 38. Plot of the AI vs. Na2O contents for variably altered and mineralized footwall and hanging wall volcanic 
rocks from the Lombador orebody, and comparison with other IPB ore-forming systems, such as the Gavião 
(Relvas, 1991) and Corvo (Relvas, 2000) orebodies. The compositional range for the IPB unaltered volcanic rocks 
(VSC) is also plotted for comparison. IPB unaltered VSC data from Munhá (1998, unpublished data) and Mitjavila 
et al., (1997). 
 

 

The Alteration Index, however, is not able to trace carbonate alteration, which in the case of 

the Lombador orebody is significant. Therefore, by combining the Ishikawa Alteration Index 

with the Chlorite-Carbonate-Pyrite Index (CCPI), Large et al., (2001a) defined what they have 

called the “Alteration Box Plot”, in order to represent graphically the combined effects of 
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chlorite, carbonate (siderite, ankerite) and sulphide (pyrite) formation on variably altered and 

mineralized volcanic rocks. The CCPI is based on the iron, magnesium and alkalis contents of 

the rocks according to the relation: 
 

CCPI=
100 × (MgO+FeO)

(MgO+FeO+Na2O+CaO)
 

 

where the FeO corresponds to the total iron content (FeO+Fe2O3) of the rock. Graphically 

unaltered and/or weakly altered samples should plot on the field of “least altered volcanic 

rocks” that varies according to their composition (rhyolite, dacite, andesite/basalt), whereas 

hydrothermal altered samples should define hydrothermal trends that reflect the main 

hydrothermal alteration mineral assemblage, as well as the spatial distribution (marginal to 

proximal) in relation to the axis of the feeder system. 

The distribution of the variably altered and mineralized volcanic rocks from the Lombador 

footwall and hanging wall sequences in the “Alteration Box Plot” is well illustrative of the 

hydrothermal zonation recognized in orebody. Figure 39 clearly depicts an overall 

hydrothermal compositional trend from moderately altered rhyolite samples representative of 

the peripheral Type IIb alteration zone, towards intensely altered and mineralized samples 

representative of the inner zone of the mineralizing system (Type I alteration). 

 

 
Figure 39. “Alteration Box Plot” for the variably altered and mineralized footwall and hanging wall volcanic rocks 
from the Lombador orebody. The distribution of the data points show a compositional hydrothermal trend (filled 
dash lined arrow) from the moderately altered peripheral Type IIb alteration zone, towards the intensely altered and 
mineralized Type I alteration zone. Note that the alteration trend depicted is noticeably compatible with a chlorite-
dominated footwall alteration zone. 
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Once more the compositional hydrothermal trends displayed by the Lombador altered and 

mineralized volcanic rocks are in good agreement with the log and petrographic data. The 

distribution of the data points follow both an intense sericite-chlorite-pyrite and chlorite-pyrite(-

sericite) alteration trend, as well as a chlorite-carbonate alteration trend. However, from a 

general standpoint, the alteration trend is noticeably compatible with that of chlorite-pyrite(-

sericite) (Trend 3 of Large et al. (2001) Alteration Box Plot), which indicates a chlorite-

dominated footwall alteration.  

 
4.4.3.2. Minor Elements 

 

The mobility of barium (Ba), rubidium (Rb) and strontium (Sr) on the variably altered and 

mineralized volcanic rocks of the Lombador footwall and hanging wall sequences is well 

expressed by Figure 40. Following what has been done for the PQ rocks, these lithophile 

elements were plotted against the iron (expressed as Fe2O3(T)) and the base metals contents 

(Cu+Zn+Pb) in order to put in evidence any compositional variation related with the 

hydrothermal alteration and mineralization process. The results show a clear chemical 

zonation from the peripheral to the innermost zones of the feeder system that reflects 

increasing alteration, chlorite and sulphide formation, and concomitant leaching of Ba, Rb and 

Sr, in good agreement with the alteration zones recognized. Nevertheless, the Ba, Rb and Sr 

contents are widely variable; particularly in the Type I-altered samples, which should reflect 

the overprint effects related with the waning stage (Stage 3) of hydrothermal activity at the 

Lombador system. 

Barium, Rb and Sr contents range from 11 to 735 ppm (averages 203 ppm), 3 to 182 ppm 

(averages 59 ppm), and 3 to 106 ppm (averages 29 ppm), respectively. As expected, higher 

Ba, Rb and Sr contents were found in samples of coherent volcanic rocks affected by Type IIb 

(NG20 765.0, NE28A-2 897.10) and Type IIa (FL834 59.80, FL911 41.30) alteration, occurring 

in the hanging wall sequence of the orebody, where feldspar phenocrysts were variably 

preserved and the rock matrix was mainly altered to sericite (30 to 70% vol.). In average, the 

volcanic rocks affected by Type IIb alteration possess Ba, Rb and Sr contents of 572 ppm, 

122 ppm and 81 ppm, respectively, well above the corresponding values in the whole set of 

altered rocks analyzed. 

In the footwall sequence, the higher Ba, Rb and Sr contents are displayed by Type IIa-altered 

samples, either corresponding to FC, or to FZ stockwork ores. The average Ba, Rb and Sr 

contents in these samples represent almost half of the contents shown by the Type IIb 

representative samples and it equals 227 ppm, 70.4 ppm and 24 ppm, respectively. 
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In alteration zone I, the highest Ba, Rb and Sr contents correspond to the barren stockwork 

samples: Ba (11 – 283 ppm), Rb (3 – 92 ppm) and Sr (3 – 30 ppm). The zinc stockwork 

samples possess lower and relatively homogeneous Ba (152 – 195 ppm), Rb (63 – 69 ppm) 

and Sr (11 – 15 ppm) contents. Type I-altered FC stockwork ore samples display the lowest 

Ba, Rb and Sr contents, particularly those samples highly altered to chlorite and/or strongly 

mineralized (e.g., FL784 127.60, NE28A-21079.80). In these samples, the Ba, Rb and Sr 

contents range from 12 to 123 ppm, 3 to 35 ppm and 9 to 14 ppm, respectively.  

 

 
Figure 40. Plots of (A) Ba vs. Fe2O3(T); (B) Rb vs. Fe2O3(T); (C) Sr vs. Fe2O3(T); (D) Ba vs. Cu+Zn+Pb; (E) Rb vs. 
Cu+Zn+Pb; and (F) Sr vs. Cu+Zn+Pb contents for Type I-, Type IIa- and Type IIb-altered and mineralized volcanic 
rocks from the Lombador footwall and hanging wall sequence showing a compositional zonation from the 
peripheral to the inner zones of the feeder system. FE – barren stockwork ore; FC – copper stockwork ore; FZ – 
zinc stockwork ore; RZ – zinc rubané ore. 
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4.4.3.3. Mass-balance analysis 

 

Mass-balance calculations based on major elements gains and losses in the variably altered 

and mineralized volcanic rock samples of the Lombador footwall and hanging wall sequence 

are presented in Table 28 and graphically depicted in Figures 41, 42 and 43. The aim of this 

approach is again to support, in a relative and semi-quantitative manner, log and petrographic 

evidences for replacement processes related with the alteration and mineralization. 

Again, for each oxide of each sample, the absolute mass transfer (Δa) calculation was based 

in the single-precursor mass transfer technique (after Maclean and Barrett (1993) in GifKins et 

al., 2005) according to the relation Δa = (Z0/ZaxCa)-C0, the relative mass change (Xa) was 

calculated according to the relation Xa = 100x(Δa/C0), and alumina was (again) chosen as 

immobile monitor for mass change calculations. 

 The precursor rock composition was approached to the average composition of 38 whole 

rock analyses of unaltered to poorly-altered rhyolite samples collected around the Neves 

Corvo mine lease (Munhá, 1998, unpublished data; see also Relvas, 2000; Relvas et al., 

2006a).  

Mass balance calculations presented in Table 34 and depicted in Figures 41 to 43 show 

positive and negative net mass changes in the Lombador volcanic rocks mainly as a function 

of silica gains and losses, and prominent iron addition.  

In the hanging wall sequence, the samples representative of the Type IIa and Type IIb 

hydrothermal alteration generally show net mass loss, with the exception of sample NE28-2 

879.10, which shows enrichment in SiO2 (25 g/100 g), as well as in K2O (2 g/100 g) (Figure 

41). Iron enrichment (3 g/ 100 g) is only displayed by one of the Type IIa-altered samples 

(FL834 59.80) due to the presence of pyrite disseminations and minor chlorite. The remaining 

oxides show small variations in the estimated absolute mass change values.  

In the footwall sequence, samples representing the Type IIa alteration display an overall 

positive net mass change (Figure 42), whereas Type I-altered samples show either positive, 

or negative net mass changes.  

The net mass changes in the Type IIa samples, which represent on average SiO2, Fe2O3(T) 

and K2O enrichments of about 40%, 1586% and 52%, respectively, are mainly the result of 

significant addition of SiO2 (up to 58 g/100 g), Fe2O3(T) (160 g/100 g) and, to a lesser extent, 

K2O (1 g/100 g). The remaining major oxides display consistent negative mass changes,, 

particularly Na2O (-82% to -91%, averaging -87%), MgO (-57% to -88%, averaging -76), CaO 

(-43% to -95%, averaging -63%) and TiO2 (-25% to -57%, averaging -40%). Although less 
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intensely, MnO also shows a general depletion pattern (except for sample NG20 905.50 FZ), 

and P2O5 is variably depleted and enriched. 

Mass changes in the chlorite-altered samples (Figure 43) reflect variable degrees of chlorite 

and sulphide formation, corresponding to the spatial distribution of the samples considered. 

Significant addition of SiO2 (up to 74%) is seen in samples representative of the south (FL706 

200.90) and northern (e.g., NI18B-1 938.8, NL20-1 1175.30) sectors, whereas prominent 

depletion of SiO2 (down to -78%) occurs primarily in samples representative of the central-W 

sector of the orebody (e.g., FL784 127.60) due to intense chloritization. This is consistent with 

the log and petrographic data, which enabled to recognize a major discharge zone in the 

central-W sector, and a secondary discharge zone in the northern sector of the Lombador 

orebody (see Figure 15). Both discharge zones show prominent chlorite alteration. However, 

in the northern sector, chloritization is accompanied by intense silicification.  

Silica gains and losses are accompanied and/or compensated by prominent Fe2O3(T) addition, 

which, in highly mineralized samples (e.g., NE28A-2 1079.80), can reach up to 284 g/100 g. 

Variably important patterns of enrichment and depletion of MgO (-85 to 133%) and MnO (-92 

to 269%) relative to the volcanic precursor are also associated to the Type I altered samples. 

An overall tendency for magnesium and manganese enrichment should reflect the overprint of 

carbonate alteration associated to the late-stage hydrothermal activity in the Lombador 

system (Stage 3).  

Potassium shows an overall depletion pattern (up to -96%). Samples FL743 267.70 and 

NL20-1 1116.30, which are representative of the FZ stockwork ore, are exceptions to this 

general behavior (up to 65% potassium enrichment), which conforms with their predominant 

chlorite-sericite-sulphide hydrothermal alteration. 

The remaining oxides show an overall depletion pattern. For example, Na2O depletion is 

consistent and remarkably high in all samples considered, averaging -96% of their estimated 

initial concentration, and CaO depletion (up to -94%) is more pronounced in samples 

representative of the central-W sector. Although both TiO2 and P2O5 mass changes are 

irrelevant in absolute terms, their relative net mass changes display either enrichment, or 

depletion patterns, which are interpreted as a function of variable intensity of the alteration 

and, in the case of TiO2, limited mobility during alteration. 

As would be expected, the two samples of zinc-rich rubané ore display huge enrichments in 

Fe2O3(T) (up to 2268%) and MgO (up to 253%). These reflect prominent chlorite-siderite-

sulphide alteration, and, as early mentioned, siderite is mainly composed by the sideroplesite 

variety. Limited enrichment in CaO (1 g/100 g) and MnO (0.3 g/100 g) in one of the samples 

(FL834 121.60) relates with the occurrence of some ankerite associated to the gangue 

alteration mineral assemblage. 
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Table 34. Absolute and relative mass changes in Type I and Type II altered volcanic rocks at the Lombador 
footwall and hanging wall sequence. 

 
 

 

In summary, the mass-balance exercise that has been made, involving the two units hosting 

the mineralization – the PQ Group and the VS Complex –, clearly conforms to hydrothermal 

alteration petrography, mineral chemistry and whole rock geochemistry of the Lombador ore-

forming system. Significant addition of Fe and Mg (± Mn) characterizes the Type I alteration 

zone, especially in the central-W sector of the orebody. Removal of Si (up to -78%), K (up to -

92%), Na (up to -99%) and Ca (up to -94%) is also prominent in this part of the stockwork 

system relative to the remaining sectors of the orebody (south, central-E and north). This is in 

good agreement with the log and petrographic data that pointed out to a main feeder zone in 

central-W sector of the orebody. Furthermore, the huge addition of Si (up to 54 g/100g) and 

Fe (up to 50 g/ 100g), coupled with variable but consistent depletion in K, Na and Ca that has 

Absolute mass change (g/100 g)
Sector Sample Alteration SiO2 Fe2O3(T) MnO MgO CaO Na2O K2O TiO2 P2O5 Net

Footwall
south FL879 159.70 (FC) Type IIa -19 44 0.0 -1.2 -0.4 -2 1 -0.1 0.0 22
south FL706 200.25 (FC) Type IIa 44 160 0.0 -1.3 -0.7 -2 1 -0.1 -0.2 201
central-W FL799 16.40 (FC) Type IIa 7 4 0.0 -0.9 -0.3 -2 0.3 -0.1 0.0 8
central-W NG20 914.00 (FZ) Type IIa 58 22 -0.1 -1.4 -0.3 -2 1 -0.1 0.1 78
central-W NG20 905.50 (FZ) Type IIa 52 49 0.0 -1.2 -0.7 -2 1 0.0 98
Hanging wall

NG20 765.00 Type IIb -8 -3 -0.1 -1.3 -0.4 0.5 -0.1 -0.1 0.0 -12
NE28A-2 897.10 Type IIb 25 -2 -0.1 -0.7 0.1 0.1 2 -0.1 0.1 25
FL834 59.80 Type IIa -15 3 -0.1 0.3 -0.8 -2 0.4 0.0 -0.2 -14
FL911 41.30 Type IIa -15 -1 -0.1 -0.3 0.5 -2 1 -0.1 0.0 -17

Footwall
south FL706 200.90 (FC) Type I 37 35 0.0 -0.1 -1 -2 -0.4 -0.1 0.0 69
central-W FL784 123.20 (FE) Type I -31 13 0.0 0.1 -1 -2 -0.4 0.4 -0.1 -21
central-W FL784 127.60 (FC) Type I -57 32 0.1 1 -1 -2 -2 0.3 -0.2 -28
central-W FL743 267.70 (FZ) Type I 3 52 0.0 -1 -1 -2 1 0.0 52
central-E NE28A-2 1081.10 (FC) Type I -35 25 0.1 1 -1 -2 -2 0.4 -0.1 -13
central-E NE28A-2 1079.80 (FC) Type I 3 284 0.2 1 -1 -2 -2 -0.1 -0.2 284
north NI18B-1 938.8 (FE) Type I 50 25 0.0 2 -0.4 -2 -2 -0.1 0.0 73
north NK22A-1 1153.6 (FE) Type I 28 27 0.1 2 -0.3 -2 -2 -0.1 -0.1 53
north NL20-1 1175.30 (FE) Type I 54 20 0.1 1 -1 -2 -2 0.0 -0.2 71
north NL20-1 1116.30 (FZ) Type I 43 50 0.0 -1 0.3 -2 1 0.5 -0.1 92
Hanging wall

FL720 -54.20 (RZ) Type I -39 42 0.0 3 -1 -2 -2 0.0 -0.1 2
FL834 121.60 (RZ) Type I -3 80 0.3 4 1 -1 -1 0.0 0.2 80

Relative mass change (%)
Footwall
south FL879 159.70 (FC) Type IIa -26 1242 -25 -79 -51 -84 52 -57 -8
south FL706 200.25 (FC) Type IIa 60 4559 -22 -81 -95 -88 66 -43 -80
central-W FL799 16.40 (FC) Type IIa 9 120 -33 -57 -37 -82 16 -46 16
central-W NG20 914.00 (FZ) Type IIa 80 625 -69 -88 -43 -91 62 -29 43
central-W NG20 905.50 (FZ) Type IIa 72 1382 27 -75 -87 -90 62 -25 0.0
Hanging wall

NG20 765.00 Type IIb -11 -75 -91 -82 -51 22 -3 -49 -12
NE28A-2 897.10 Type IIb 35 -56 -63 -42 13 4 122 -47 32
FL834 59.80 Type IIa -20 96 -84 17 -97 -94 22 -10 -84
FL911 41.30 Type IIa -21 -34 -71 -19 68 -85 66 -50 -4

Footwall
south FL706 200.90 (FC) Type I 51 997 53 -8 -70 -94 -22 -46 8
central-W FL784 123.20 (FE) Type I -43 375 -24 7 -78 -96 -20 206 -67
central-W FL784 127.60 (FC) Type I -78 920 66 72 -83 -99 -92 135 -69
central-W FL743 267.70 (FZ) Type I 4 1486 0 -85 -94 -89 65 -18 0.0
central-E NE28A-2 1081.10 (FC) Type I -48 716 65 56 -91 -99 -96 206 -67
central-E NE28A-2 1079.80 (FC) Type I 5 8094 269 59 -72 -95 -80 -54 -74
north NI18B-1 938.8 (FE) Type I 69 712 9 133 -49 -98 -96 -47 13
north NK22A-1 1153.6 (FE) Type I 39 758 129 118 -39 -99 -86 -30 -63
north NL20-1 1175.30 (FE) Type I 74 584 155 94 -91 -99 -96 -9 -84
north NL20-1 1116.30 (FZ) Type I 59 1421 15 -42 39 -92 41 236 -55
Hanging wall

FL720 -54.20 (RZ) Type I -54 1207 -27 191 -75 -97 -92 22 -36
FL834 121.60 (RZ) Type I -5 2268 392 253 135 -68 -35 -12 98
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been observed in extremely chloritized samples collected in the northern sector of the orebody 

strongly supports the presence of a second discharge zone in that area of the orebody.  

 

Samples representative of Type II alteration zone shown an overall mass increase ascribed to 

silica (up to 58 g/100 g), iron (160 g/100 g) and, to a lesser extent, potassium (1g /100g) 

addition. Mass-balance revealed that these mobile elements were mobilized from the outer 

Type IIb zone to the proximal Type IIa zone, which led to increasing silicification, sericitization 

and sulphidization towards the inner zones of the mineralizing system. This process is 

accompanied by variable patterns of depletion/enrichment in Mg, Na and Ca in Type IIb 

alteration zone, and to consistent depletion in these elements in Type IIa alteration zone. 

 

 

 
Figure 41. Bar graph showing estimated absolute (A) and relative (B) mass changes for major elements for Type 
IIa- and Type IIb-altered volcanic rocks from the Lombador hanging wall sequence. 
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Figure 42. Bar graph showing estimated absolute (A) and relative (B, C) mass changes for major elements for five 
Type IIa-altered volcanic rocks collected at the south and central-W sectors of the Lombador stockwork system. C 
– Enlargement of B for MgO, CaO, Na2O, K2O, TiO2 and P2O5 showing variable mass gains and losses. FC – 
copper stockwork; FZ – zinc stockwork. 
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Figure 43. Bar graph showing estimated absolute (A) and relative (B, C) mass changes for major elements for 
eleven Type I-altered volcanic rocks collected at the south, central-W, central-E and northern sectors of the 
Lombador stockwork system, and two samples of zinc-rich rubané ore from the hanging wall sequence. C – 
Enlargement of B for MgO, CaO, Na2O, K2O, TiO2 and P2O5 showing variable mass gains and losses. FE – barren 
stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore; RZ – zinc rubané ore. 
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4.4.3.4. Rare Earth Elements (REE) 

	  

Chondrite-normalized (Palme and Jones, 2003) REE patterns for the set of variably altered 

and mineralized volcanic rocks of the Lombador stockwork system and hanging wall 

sequence are depicted in Figure 44, together with the REE pattern of an unaltered IPB 

volcanic precursor for comparison. The latter was approached by the average composition of 

38 whole rock analyses of unaltered to “least-altered” rhyolite rocks from the Neves Corvo 

area (Munhá, 1998, unpublished data). The REE patterns were displayed separately 

according to their spatial position relative to the mineralized horizon (hanging wall and 

footwall), and degree of mineralization as indicated by their sulphur content (S < 15% and S > 

15%). 

Modifications on the REE patterns deriving from the ore-related hydrothermal alteration and 

mineralization effects are less expressive in the hanging wall sequence than in the footwall 

sequence. In the hanging wall sequence, both Type IIa- and Type IIb-altered samples display 

a REE pattern that is closely similar to that of the unaltered IPB felsic volcanic precursor, with 

respect to their overall slope and Eu anomaly (Figure 44A). Samples affected by Type IIa 

alteration show either a positive, or a negative REE pattern that should reflect variable (30 – 

70% vol.) sericitization, silicification, pyrite dissemination, and variable preservation of relics of 

feldspar phenocrysts as indicated by petrographic inspection.  

In the footwall sequence, variably mineralized Type I- and Type IIa-altered samples display 

widely variable REE patterns characterized by an overall depletion in light REE and an overall 

positive Eu anomaly. Figures 44B and C show that, in the Lombador footwall volcanic 

sequence, partial leaching of the more mobile light REE is particularly net in the most 

intensely altered (e.g., FL784 127.60, NL20-1 1175.30) and mineralized (e.g., NE28A-2 

1079.80) samples. Moreover, these patterns also show a REE profile converging towards the 

less-mobile heavy REE, which points out to significant mobility of the light REE in altered and 

mineralized zones of the inner stockwork system. On the other hand, the two samples of zinc-

rich rubané ore analyzed (Figure 44C) show a slight depletion in the REE contents, but 

nevertheless an overall REE pattern that is quite similar to that of the volcanic precursor, thus 

expressing less intense alteration and mineralization conditions in the more peripheral zones 

of the stockwork system.  

Europium, as it is usual in these systems, displays wide variations in its concentration as 

result of leaching of the host rocks at depth, in response to the acid breakdown of minerals 

such as feldspars and muscovite, by hot, reduced and acidic hydrothermal fluids, and its 

reprecipitation in altered/mineralized zones proximal to the axis of the feeder zone. The 
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Eu/Eu* values range from approximately 0.4 in the less altered and mineralized hanging wall 

rocks, to over 4 in the most intensely altered and mineralized footwall rocks.  
 

 
Figure 44. Chondrite-normalized REE patterns from Type IIb (A), Type IIa (B) and Type I (C) altered and 
mineralized volcanic rocks from the Lombador stockwork and hanging wall sequence. IPB unaltered volcanic rock 
from Munhá (1998; unpublished data). FE – barren stockwork; FC – copper stockwork; FZ – zinc stockwork; RZ – 
zinc-rich rubané. Chondrite values after Palmes and Jones (2003). 
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The Eu/Eu* ratios in the altered volcanic rocks from the Lombador stockwork system globally 

copy those of the PQ metasediments in equivalent spatial positions. Again, the Eu/Eu* ratios 

for the altered felsic volcanic rocks are particularly high in the central-W sector of the orebody 

(Figure 45), where the innermost zone of the feeder system locates. Furthermore, samples 

representative of the northern sector of the Lombador also display high Eu/Eu* values (up to 

1.6), reinforcing the log, mineral chemistry and whole rock geochemical data previously 

presented that point out to a second discharge zone in that particular area of the orebody. 

 

 

 
Figure 45. Spatial distribution of the Eu/Eu* ratios for the variably altered and mineralized footwall volcanic rocks 
that host the Lombador stockwork system. The Eu anomaly (Eu/Eu*) is here defined by using the expression of 
McLennan (1989): Eu/Eu* = Eun/(Smn x Gdn)0.5. The dash line represents the average Eu/Eu* value (ca., 0.4) for 
the unaltered IPB rhyolite rocks (Munhá, 1998; unpublished data). 
 
 

 

4.5. Summary 
 

Drill hole logging and alteration petrography, mineral chemistry and whole rock geochemistry 

were used to characterize the hydrothermal alteration signatures and zonation ascribed to the 

ore-forming system of Lombador. The results can be summarized as follows: 

 

a) The footwall sequence to the Lombador orebody has significant specificities relative to 

other areas of the Neves Corvo deposit, reflecting the variable paleomorphology of the 

basin, which was most probably controlled by syn-tectonic activity and related 

submarine erosion. In a considerable part of its extension, the massive sulphide lens 

directly overlay the PQ sequence, whereas in other areas, especially in the central-W 

and northern sectors of the orebody, the immediate footwall is composed by a variably 

thick VSC sequence. The VSC succession is mostly dominated by coherent rhyolite 

facies in the central and south sectors of the orebody, whereas in the northern sector 
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the VSC encloses a large component of detrital material (either volcanogenic, or 

sedimentary in origin), which may become dominant in places. The latter consists of 

volcaniclastic rocks interbedded with dark grey to black shale (Neves Formation) that 

exhibit graded-bedding, soft-sediment deformation, synsedimentary mass 

displacements, and polymithic breccia-conglomerate intercalations that collectively 

indicate subaqueous, gravity-driven deposition possibly triggered by fault activity. 

 

b) The Lombador orebody comprise a huge stockwork system, mostly stratabound in 

shape that extends across the entire length of the orebody, down to 2 to 30 m deep 

into the footwall sequence. The stockwork system is particularly developed in the 

central sector of the orebody. Chalcopyrite-rich veins are more abundant in the central-

W sector of the orebody, where the axis of the feeder system locates. Conversely, the 

sphalerite-rich veins are more abundant towards the central-E sector of the orebody. A 

second (minor ?) discharge zone was recognized in the northernmost part of the 

orebody on the basis of drill hole information and hydrothermal alteration petrographic 

and chemical signatures. 

 

c) The hydrothermal alteration pattern at the Lombador feeder zone is classically zoned, 

comprising a chlorite-dominated innermost alteration zone that grades outward into a 

sericite-dominated peripheral alteration zone. Chloritization (Type I alteration) occurs 

almost along the entire length of the stockwork system, while sericitization (Type IIa 

alteration) is mainly developed towards the south and central to central-E sectors of 

the orebody. Distal, Na-sericite-dominated alteration (Type IIb alteration) was only 

found in some samples of coherent rhyolite tectonically emplaced in a hanging wall 

position.  

 

d) In the footwall, chorite- and sericite-dominated alteration facies are often associated to 

variably significant silicification and carbonatization. Carbonatization is very 

pronounced in the upper portions of the feeder system and forms distinctive and 

prominent zones of siderite alteration in the central sector of the orebody, particularly 

in the central-W sector, where the innermost zone of the feeder system occurs. 

Textural relationships indicate that the siderite-rich alteration overprints chloritization, 

is often accompanied by variable amounts of sericite, and corresponds to a late 

hydrothermal stage that underpins the waning of the ore-forming system. 
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e) The alteration gangue mineral assemblage is dominated by iron-rich chlorite (mainly 

ripidolite – 94% vol.), sericite with a strong phengitic component and a small shift from 

ideal muscovite composition, and iron-rich carbonates (mainly sideroplesites – 90% 

vol.). Donbassite (5% vol.) was also positively identified as an alteration phase. 

Chlorite, sericite and Na-sericite show a prominent compositional zonation that reflects 

the relative proximity to the feeder zone. For example, chlorites in FC ores display 

higher Fe/(Fe+Mg+Mn) ratios relative to those of the RZ ores, and carbonates display 

higher MgCO3 contents in stockwork ore types located in the peripheral areas of the 

orebody (south and central-E), relative to those in the central-W sector of the orebody. 

In addition, chlorite from the Lombador feeder system is more aluminous than in 

typical IPB stringer systems. However, its iron and aluminum contents do not reach 

values as high as the ones found in the Corvo copper-rich stockwork system. 

Estimated chlorite formation temperatures have shown a general temperature increase 

(up to 393ºC) towards the copper-rich central-W sector, however these values do not 

reach the consistently high temperatures indicated by chlorite geo-thermometry and 

stable isotopes in the Corvo system. The hydrothermal alteration signatures in the 

Lombador orebody are, therefore, in good agreement with the comparatively lower pH 

and higher temperature conditions advocated for the Neves Corvo system relative to 

typical IPB deposits. Nevertheless, the alteration mineral chemistry indicate that the 

ore-forming conditions for the Lombador orebody were less severe than those 

characterizing the Corvo orebody, which is consistent with the overall Zn-rich nature of 

the former, and the overall Cu-rich nature of the later. 

 

f) Finally, the mass-balance exercise undertaken during this study has demonstrated a 

prominent addition of iron (+ magnesium) to the system, expressed by huge 

chloritization and sulphidization of the host rocks. Moreover, the most intensely altered 

and mineralized samples, collected at the innermost zones of the stockwork system 

(Type I alteration; central-W sector of the orebody), display significant silica depletion, 

in strong contrast with Type II-altered samples, which, in general, underwent silica 

addition.  
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5. The Zinc-Rich Mineralization at the Neves Corvo Deposit: 
distribution, abundance, ore mineralogy and geochemical 

characterization 
 

5.1. Introduction 
 

The characterization of the zinc-rich mineralization at the Neves Corvo deposit is presented in 

this chapter in terms of its spatial distribution, abundance, ore petrography and geochemistry. 

As will be apparent throughout the chapter, much attention was dedicated to the Lombador 

orebody and its ore types in order to constrain the environment of formation and 

mineralization style related to the genesis of the zincifereous mineralization at Neves Corvo.  

A suite of 283 ore samples was collected in the different orebodies already mined at the 

Neves Corvo deposit in order to provide a detailed knowledge of the spatial distribution of the 

various zinciferous ores, its textures, ore mineralogy and whole rock geochemistry. Direct 

reconnaissance of the ore features was based in selected drill holes rigorously located with 

respect to the known geological framework of each orebody and ore metal grades. As 

mentioned before (see Chapter 3) the study of the zinciferous mineralization included a 

systematic sampling campaign at the Lombador orebody which included all ore types, as well 

as a specific sampling program at Corvo (SE area), Neves, Graça (SW area) and Zambujal 

orebodies particularly directed to copper-zinc and zinc-rich massive sulphide ores in indium- 

and selenium-rich settings. The characterization of the ore types was based on detailed 

logging and sampling of approximately 4660 m of core. Sample selection was based on ore 

types, textures, ore grades (given by the mine chemical assays) and spatial distribution. The 

sample set includes 243 ore samples collected throughout the Lombador orebody and 40 

samples in the remaining orebodies. Detailed petrographic inspection was performed on 135 

polished sections and 195 polished thin sections, and electron microprobe and whole rock 

analysis were performed, respectively, on 66 and 65 representative stockwork and massive 

sulphide ore samples from the different orebodies. 

The zinc resources and distribution maps of the zinc-rich mineralization, metal grades and 

cross sections presented in the following sections were provided by the mine geology 

department of Somincor/Lundin Mining, taking into account the 2013 chemical database and 

3D models of the orebodies (by Leapfrog® and Vulcan® 3D software). Accordingly, the zinc 

resources reported above consider cut-off grades of 3.0% zinc, and the delineation of the 

mine ore types is established on the basis of the cut-off grades for copper, zinc and tin used 

by the on-site mine geologists as reported in Chapter 3, Table 14. 
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5.2. Distribution and abundance of the zinc-rich mineralization at the Neves 
Corvo deposit 

 

5.2.1. Introduction 

 

The extension of the zinc resources at Neves Corvo was initiated in 2005 in the Lombador 

orebody, having resulted in the addition of significant zinc resources to the overall high grade 

copper and tin resources previously defined at the deposit. In 2013, the total zinc resources 

included 117.5 Mt @ 0.33% Cu, 5.73% Zn and 1.28% Pb, and a total resource of 6.7 Mt of 

zinc metal (Table 29). Zinc represents about 47% of the mineral resources at Neves Corvo 

and is mainly represented by the fissural zinc (FZ), massive zinc (MZ) and massive zinc-lead 

(MZP) ore types. These represent, respectively, 8% (9.3 Mt @ 4.05% Zn), 55% (64.8 Mt @ 

4.79% Zn) and 37% (43.3 Mt @ 7.57% Zn) of the zinciferous ores in the mine. The massive 

copper-zinc (MCZ) ore type also constitutes an additional source of zinc (671 kton of Zn 

metal), and represents about 5% of the main mined sulphide ore types in the deposit. It is also 

of significance that the zinc resources represent a viable source of silver (59 g/tonne), 

selenium (39 g/tonne) and indium (45 g/tonne) (Table 35). The distribution, abundance and 

mineral allocation of indium and selenium are the main focus of the following chapter. 

 
Table 35. Neves Corvo zinc resources based on the main zinciferous ore types (Somincor/Lunding Mining 2013). 
(Mt – metric million tones) 
 

 
 

 

5.2.2. Spatial distribution and abundance 

 

The distribution of the zinc-rich mineralization for the currently mined orebodies at Neves 

Corvo is shown in Figure 46, in the context of the various base metal ore types exploited in 

the deposit. The main zinc (FZ, MZ, MZP) and zinc-rich (MCZ) ore types occur mostly in the 

Lombador orebody, and the MZ ore type constitute the most prominent zinciferous ore type in 

all orebodies. Although variable, the amount (tonnage) of FZ, MZ, MZP and MCZ ore types 

steadily decrease from the Lombador to the Neves, Corvo, Zambujal and Graça orebodies. 

Ore Type Mt   Cu (%) Zn (%) Pb (%) Sn (%) Ag 
(ppm)

Se 
(ppm)

In 
(ppm)

MZ 64.8 0.35 4.79 0.44 0.05 50 42 46
MZP 43.3 0.31 7.57 2.56 0.05 74 36 42
FZ 9.3 0.29 4.05 1.51 0.04 52 34 48

Total 117.5 0.33 5.73 1.28 0.05 59 39 45
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Figure 46. Distribution and abundance of the main mined base metal ore types at the Neves Corvo deposit for the 
Lombador, Neves, Corvo, Zambujal and Graça orebodies. The ore types tonnages are based on 2013 
Somincor/Lundin Mining data, and the copper and zinc-rich rubané ore types tonnages are included in the copper 
and zinc stockwork ores types. Due to their low copper and zinc contents, the barren ore varieties were not 
included, as well as the massive lead (MP) ore type. FC – copper stockwork ore; MC – massive copper ore; MCZ – 
massive copper-zinc ore; MZ – massive zinc ore; MZP – massive zinc-lead ore. 
 

 

 

At Lombador, the FZ, MZ, MZP and MCZ ores constitute 8% (8.6 Mt), 33% (34.8 Mt), 28% (30 

Mt) and 5% (4.9 Mt) of the main ores types existing in the orebody, respectively. The 

Lombador orebody embraces almost 70% (73.5 Mt) of the zinc resources at the Neves Corvo 

deposit. In terms of zinc, the Neves orebody is the second richer orebody (23.7 Mt of zinc 

resourses), and the FZ, MZ, MZP and MCZ ores types represent 1% (600 kton), 26% (16.6 

Mt), 10% (6.5 Mt) and 8% (5.1 Mt) of the main ore types present in the orebody, respectively. 

In the remaining orebodies, the zinc resources are comparatively smaller (Corvo: 10.6 Mt; 
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Zambujal: 5.4 Mt; Graça: 4.2 Mt). In either the Corvo or the Zambujal orebodies, the FZ ore 

type is subordinated, representing less than 0.1% (70 and 20 kton, respectively) of the main 

ores types occurrying in the orebody. The MZ, MZP and MCZ ores in these orebodies 

represent 13% (6.6 Mt), 8% (3.9 Mt) and 2% (1.2 Mt), and 26% (3.8 Mt), 11% (1.6 Mt) and 6% 

(900 kton), respectively. In the Graça orebody, the zinc-rich mineralization is only represented 

by massive sulphide ores, and the MZ and MZP ore types constitute respectively 27% (3 Mt) 

and 10% (1.2 Mt) of the main ore types present in the orebody. The MCZ ore is residual 

(<0.1%; 40 kton) and no FZ ore does occur. 

 

Within each orebody, the distribution of the zinc-rich mineralization also shows important 

features and trends that deserve mention. The Lombador southern lens shows larger tonnage 

and higher average zinc grade (50 Mt @ 5.19% Zn) than the northern lens (23.6 Mt @ 3.12% 

Zn) (Figure 47). In the former, the zinc and zinc-rich ores represent approximately 80% of the 

ore types recognized, whereas the same ores in the northern lens represent 66%. In addition, 

the MZP ore is predominant in the southern lens and the MZ ore dominates in the northern 

lens. Thick zinc-rich intersections can reach up to 86 m @ 7.6% Zn in the northern lens. 

Similarly, the southern lens of the Neves orebody also shows larger tonnage and higher 

average zinc grade (20.2 Mt @ 3.89% Zn) than its northern lens (3.5 Mt @ 1.15% Zn) (Figure 

47). The latter is particularly dominated by copper-rich ore types (FC and MC), which 

constitute 86% of the main ore types present in the orebody. The zinciferous mineralization 

represents less than 15% of the main ore types recognized (FZ and MCZ: 2% each; MZ and 

MZP: 5% each). In the southern lens, the MZ, MZP and MCZ ores represent respectively 

45%, 15% and 14% of the ores types. The zinc stockwork ore (FZ) is residual (<0.1%). 

With respect to the Corvo orebody, the zinc-rich mineralization is mostly predominant in the 

SE area of the orebody (Figure 47), and practically all the MZP ore defined occurs in that 

area. Zinc grades in the SE area can reach up to 20.6% in the MZ ore type, and zinc-rich 

sections can reach up to 37m @ 14% Zn. 

In the Zambujal orebody, the zinc-rich mineralization is relatively well distributed throughout 

the orebody’s lenght (Figure 47), and zinc grades can reach up to 17% Zn, particularly in the 

MZC ore types. The latter is mainly located in the southern area of the orebody and forms a 

NE-SW band near the middle area of the orebody.  

Finally, at the Graça orebody, the zinc-rich mineralization occurs predominantly in the SW 

area of the orebody (Figure 47). Zinc grades can reach up to 15% Zn in the MZ ore, and zinc-

rich sections can reach up to 8 m @ 12% Zn. 
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Figure 47. A – Plan view of the zinc grade distribution in the various orebodies currently mined at the Neves Corvo 
deposit . B – Plan view of the MZ ore type distribution throughout the different Neves Corvo orebodies with the 
location of the studied drill holes (green symbols). Zinc grades, ore types and contour limits are based on the cut-
off grades listed in Table 14 (Chapter 3), and on approximately 420,000 chemical assays from more than 680,000 
m of drill core. 
 

 

It is important to mention that some very high zinc grades are clearly an outcome of thickening 

effects of sphalerite-rich levels, accompanied by zinc enrichment due to tectono-metamorphic 

remobilization. As will be shown in the following section, the regional low-angle thrust faults 

and late faulting tectonics induced prominent ore-thrusting and remobilization processes that 

led to local secondary ore enrichments throughout all massive sulphide orebodies. In places, 

these processes were responsible for thickening of sphalerite-rich levels in a ductile way 

around pyrite levels, copper-enrichments in pyrite-sphalerite (MZ) or barren (ME) ores by 

chalcopyrite (± tetrahedrite) fracture-filling, and development of high-grade copper oreshoots 

in copper and copper-rich ore zones due to preferential ductile flow of chalcopyrite (± 

sphalerite, galena, tetrahedrite). These overprinting effects are particularly well seen along a 

NE-SW alignment between Corvo and Graça orebodies. Stacked distal copper-rich ores (RC 

ore) and late fault structures are particularly well represented in that area of the deposit. 

Nevertheless, at a larger scale, an overall primary metal zonation pattern can still be 

recognized. 
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5.3. The Lombador massive sulphide orebody 
 

5.3.1. Introduction 

 

The Lombador orebody is the largest and zinc-richest orebody at the Neves-Corvo deposit, 

comprising over 106 Mt of mineral resources at 0.78% Cu, 4.42% Zn, 1.16% Pb and 53.34 

ppm Ag (Table 36; Somincor/Lundin Mining, 2013; unpublished data). This resource places 

Lombador in the world-class category for zinc, lead and silver according to the contained 

metal classification of Singer (1995). The zinc ores (FZ, MZ and MZP) contain 73.5 Mt @ 

0.32% Cu, 5.86% Zn, 1.44% Pb and 56 ppm Ag, and represent 63% of the mine total zinc 

resources (117.3 Mt @ 5.73% Zn; Somincor/Lundin Mining, 2013; unpublished data). 

Nonetheless, it should be mentioned that the total size of this one orebody have not been fully 

delimited yet, and probably exceeds 150 Mt (Charmichael, 2010). 

At the Lombador orebody, a number of base metal massive and stockwork ore types can be 

distinguished. The spatial distribution and metal zonation pattern of the various ore types 

constituting the Lombador orebody is outlined below. Examples of the different ore types and 

their texture and mineralogy are given in Plates 6 to 8. The ore mineralogy characterized in 

the course of this study is summarized in Table 37. More detailed information with regard to 

the ore type spatial distribution and metal zoning in each cross section and drill hole selected 

for study is presented in Appendix 5. 

 

 
Table 36. Size and metal grade of the main ore types at the Lombador orebody (Somincor/Lundin Mining, 2013; 
unpublished data). The zinc-rich rubané ore type tonnage is included in the zinc stockwork ore type, and the barren 
and lead ore varieties are not presented due to their low copper and zinc contents. FC – copper stockwork ore; FZ 
– zinc stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive zinc ore; MZP – 
massive zinc-lead ore. 
 

 
 
 

5.3.2. Ore types and metal zonation 

 

Over 10 different ore types can be distinguished at the Lombador orebody. Massive sulphide 

ores are by far the most abundant and include lenticular to stratabound lenses, which vary 

Ore Type Tonnage 
(Mt) Cu (%) Zn (%) Pb (%) Sn (%) Ag (ppm) Au (ppm)

MC 14.8 1.86 0.51 0.64 0.05 65 0.44
MCZ 4.9 1.55 5.19 1.16 0.03 60 0.52
MZ 34.8 0.35 4.76 0.46 0.04 47 0.48
MZP 30.0 0.29 7.66 2.56 0.04 67 0.67
FC 13.1 1.89 0.49 0.16 0.05 25 0.48
FZ 8.6 0.29 4.06 1.55 0.04 52 0.36

Total 106.2 0.78 4.42 1.16 0.04 53 0.52
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from zinc-rich (MZ) to zinc-lead-rich (MZP or 5Z), copper-rich (MC), copper-zinc-rich (MCZ or 

5C), lead-rich (MP) and barren (ME) ores. The stockwork (or fissural) ores include Zn-rich 

(FZ), Cu-rich (FC) and barren (FE) ores. The so-called rubané ore is also identifiable at 

Lombador and is mostly constituted by zinc-rich distal stockwork to semi-massive 

mineralization (RZ). Copper-rich rubané ores are locally found. The distribution of some of 

these ore types in plan projection view is presented in Figure 48.  

 

 

 
Figure 48. Plan view of the distribution of some of the main ore types at the Lombador orebody (data from 
Somincor/Lundin Mining). 
 

 

As previously mentioned, the MZ ore is the most predominant ore type occurring both in the 

northern and southern areas of the orebody. The remaining ore types are, in general, more 

concentrated in the central and southern sectors of the orebody. Nevertheless, it is possible to 



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 

182 | P a g e  
	  

recognize that the zinciferous ores display a more peripheral distribution relative to the 

cupriferous ores, which are mainly located in the south and central-W sector of the orebody. 

However, in Figure 48 it can be seen that the FC ore type also occurs in the northernmost part 

of the orebody, which is in good agreement with the occurrence of a second discharge zone in 

that part of the orebody as indicated by the data presented in Chapter 4. 

By comparing the plan projection views, with the distribution of the ore types in cross-sections 

throughout the orebody (Figure 49), it is possible to underpin the extreme variability of its 

vertical and lateral geometry. It is apparent that the base metal (Cu, Zn, Pb) grades vary 

widely along the orebody and that the zinc and zinc-lead high-grade domains in the massive 

sulphide lenses are frequently intercalated and/or interfingered and followed upwards by a 

barren (pyritic) zone.  

 

 

 
Figure 49. Cross-sections along the various sectors of the Lombador orebody, displaying the vertical and lateral 
distribution of the different ore types and metal zonation. Metal zonation shows locally primary patterns, from 
copper-, to zinc-, to iron-rich zones, as well as secondary copper (and zinc) enrichments due to tectono-
metamorphic remobilization, particularly in the hanging wall settings. RZ – zinc rubané ore. 
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In addition, significant thrusting led also to both ductile and fluid-assisted remobilization 

processes that generated secondary enrichment phenomena that have often contributed to 

the disturbance of primary metal distribution relationships by forming (1) secondary copper (-

zinc)-rich domains over barren and/or zinc-rich ore zones; (2) thick ore levels that can reach 

up to 86 m @ 7.6% Zn due to thickening and zinc-grade enhancement of zinc ore zones 

(mostly in the central-E and northern sectors); and (3) tectonically emplaced zinc-rich fissural 

to semi-massive mineralization (RZ ore) in a hanging wall position (Figure 49). Nonetheless, 

an overall (primary) metal zonation pattern is still preserved, defined by an upward and lateral 

trend of copper to zinc(-lead) to iron enrichement, that closely follows the one classicaly 

described in most VHMS deposits (e.g., Large, 1992). This may indicate that the variability 

geometry depicted by the Lombador ore types results from multiple mineralizing events, 

overprinting tectono-metamorphic effects, or a combination of both. 

 

Plan projection view maps of the variation of copper, zinc and lead grades in both the 

stockwork and massive sulphide ores are given in Figure 50. These indicate that higher 

copper grades are mainly present in the central-W and southern sectors of the orebody, 

whereas high zinc and lead grades are preferentially distributed towards the periphery, 

namely to the E and N-NE zones of the orebody. This metal zonation is well expressed in all 

ore types, and, in particular, in the MC and MCZ massive sulphide ores. It is also possible to 

recognize that the higher copper grades displayed by the cupriferous ores (FC, MC and MCZ) 

occur essentially aligned along a major NNW-SSE deep sub-vertical fault located in the south 

and central-W sectors of the orebody. This strongly suggests a direct relationship between 

fault movement and focus discharge of high-temperature copper-rich hydrothermal fluids in 

this part of the orebody. The N-S oriented fault located in the eastern part of the orebody, on 

the other hand, seems to have controlled only the local basin paleomorphology. 

Log interpretations, whole-rock compositions, chlorite chemical compositions and estimated 

formation temperatures data presented in Chapter 4 are in good agreement with the data 

presented above and strikingly reflect the copper and zinc distribution patterns displayed in 

Figures 48 to 50. Collectively, the data reflect not only the vertical and lateral distribution of 

the major base metals associated to the metallogenetic process, but also the constrains on 

the mineralization system that lead to the formation of the Lombador orebody and, ultimately, 

to the formation of the zinciferous ores at Neves Corvo. Disturbances to this overall zonation 

pattern result mostly from secondary enrichments due to thrust tectonics and remobilization of 

ductile mineral phases (e.g., chalcopyrite, sphalerite, galena). Therefore, the two most 

influential parameters controlling grade zonation at Lombador are the distance to the central 

feeder zone, both lateral and vertical, and the deformational effects. The latter is 
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heterogeneous, with the most intense deformation occurring along the footwall and hanging 

wall contacts of the massive sulphide lens. 
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Figure 50. Copper, zinc and lead distribution within different ore types at the Lombador orebody (cf. 
Somincor/Lundin Mining database, 2013). 
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5.3.3. Petrographic characterization: ore mineralogy and textures 

 

5.3.3.1. Introduction 
 

The ore and gangue mineral assemblage found in the studied ore types of the different Neves 

Corvo orebodies are listed in Table 37. From a general standpoint, the ore mineralogy does 

not show significant differences between the orebodies and the ore types. However, the 

quantitative proportion of the different minerals is highly variable amongst the different ore 

types, and some mineral phases were only found in particular ore types and ore settings. 

 
Table 37. Summary table of the mineralogy identifyed during the course of this study.  

 

stockwork massive sulphide
Major Minerals:

Pyrite x x FeS2

Sphalerite x x ZnS
Chlacopyrite x x FeCuS2

Galena x x PbS
Accessory and minor minerals:

Arsenopyrite x x FeAsS
Tetrahedrite x x (Cu,Fe,Ag,Zn)12Sb4S13

Tennantite x (Cu,Fe,Ag,Zn)12As4S13

Stannite x Cu2FeSnS4

Kesterite x Cu2(Zn,Fe)SnS4

Ferrokesterite x Cu2(Fe,Zn)SnS4

Cobaltite x CoAsS
Glaucodot x (Co,Fe)AsS
Bournonite x PbCuSbS3

Boulangerite x Pb5Sb4S11

Löllingite x FeAs2

Cosalite x x CoAsS
Naumanite x Ag2Se
Idaite x Cu3FeS4 / Cu5FeS6

Mawsonite x Cu6
1+Fe2

3+Sn4+S8

Stannoidite Cu8(Fe,Zn)3Sn2S12 
Carrolite x Cu(Co,Ni)2S4

Covelite x CuS
Pyrrhotite x x Fe1-xS
Bismuth x x Bi
Gustavite x PbAgBi3S6

Junoite (?) x Pb3Cu2Bi8(S,Se)16 
Wittite (?) x Pb3Bi4(S,Se)9

Cannizzarite (?) x Pb46Bi54S127

Trace minerals:

Gold / Electrum x Au / (Au,Ag)
Roquesite x CuInS2
Unknown Bi-Se and Pb-
Bi-Se phases* x

Sakuraiite or roquesite-
sakuraiite phase* x (Cu,Zn,In,Fe,Sn)S or CuInS2 - 

(Cu,Zn,In,Fe,Sn)S

Quartz x x SiO2

Ripidolite x x (Mg,Fe3+,Mn,Zn)12(Si,Al)8O20(OH)16

Brunsvigite x (Mg,Fe3+,Mn,Zn)12(Si,Al)8O20(OH)16

Donbassite x Al8+x/3(Si8-xAlxO20(OH)6

Kaolinite x Al2Si2O5(OH)4

Sericite x x KAl2(Si3Al)O10(OH,F)2

Siderite x x Fe2+CO3

Ankerite x x Ca(Fe2+,Mg,Mn2+)(CO3)2

Dolomite x x CaMg(CO3)2

Rutile x x TiO2

Florencite x (Nd,Ce,La)Al3(PO4)2(OH)6

* identified by SEM; ** Theoretical composition based on Deer et al . (1996) and Anthony et al. (2003).

Minerals Mineralization Theoretical chemical 
composition**
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Pyrite, sphalerite, chalcopyrite and galena represent the main ore minerals. Arsenopyrite and 

tetrahedrite constitute the most common accessory minerals, together with variable amounts 

of tennantite, stannite, kesterite, ferrokesterite, bournonite, boulangerite, cassiterite, pyrrothite, 

cobaltite, glaucodot, cosalite, löllingite, naumanite, idaite, mawsonite, carrollite, gustavite, 

native bismuth, and seldom roquesite and gold/electrum. These two minerals occur in very 

fine-grained crystals (<5 µm) and, therefore, it was impossible to acquire their chemical 

composition by means of electron microprobe analysis (EPMA). Nevertheless, it was possible 

to positively identify with the microprobe the occurrence of fine-grained intergrowths of rare 

complex selenium-bearing lead-bismuth sulfosalts that seem to correspond to the 

compositions of junoite, selenium-rich cannizarrite and wittite. In addition, microprobe analysis 

and semi-quantitative X-ray microanalysis (SEM-EDS) also enabled to positively identify other 

selenium-bismuth and selenium-bearing lead-bismuth phases containing over 25 wt% Se, 

which remained unclassified, as well as fine-grained (usually <2 µm) indium-bearing phases, 

tentatively classified as sakuraiite and/or a sakuraiite-roquesite intermediate phases. The 

occurrences of gustavite and possible cannizarrite, wittite and sakuraiite and/or sakuraiite-

roquesite intermediate phases were only recently been reported at Neves Corvo (Carvalho et 

al., 2014, 2015), together with junoite (Pinto et al., 2013). Quartz, chlorite, sericite and 

carbonate minerals constitute the most common ore-related gangue minerals associated to 

the stockwork and massive sulphide mineralization, together with minor amounts of 

donbassite, rutile and florencite (a lanthanium- and cerium-rich aluminium phospate). 

As it will be emphazised below, the primary metallogenetic relationships among the ore 

minerals resulted from a complex combination of multi-stage ore-forming processes (e.g., 

hydrothermal alteration, mineral-rock and mineral-mineral replacement, ore zone refining), 

and were overprinted by significant tectono-metamorphic recristallyzation and remobilization 

effects (see Chapter 2). Therefore, these relationships had to be reconstructed and 

interpreted in order to understand the genesis of the zinciferous mineralization at Neves 

Corvo, as well as to characterize the distribution of the ore minerals and its trace metals 

contents. Nevertheless, to avoid overcomplicating the petrographic descriptions of the 

different ore types, only 3 major generations of the main and most common ore sulphide 

minerals (pyrite, sphalerite, chalcopyrite, galena, tetrahedrite, arsenopyrite) have been defined 

and used throughout the following sections of this chapter. Some comparisons between the 

different generations of ore sulphides and their trace element contents could be made with 

respect to the distribution of indium and selenium.  

Because the Lombador orebody is the zinc-richest orebody and considered to be 

representative of the zinc mineralization at Neves Corvo, most of the ore petrographic 

characterization was based on its ore samples. The ore petrographic study was directed to an 
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overall characterization of the texture, ore mineral assemblage, association and distribution of 

each ore type. From the mine standpoint, this knowledge was considered critical in order to 

generate useful data for a detailed estimation, in the near future, of the distribution, 

quantification and valorization of indium and selenium in the different ore types. This approach 

includes the massive zinc and zinc-rich ore samples collected at Corvo (SE area), Neves, 

Graça (SW area) and Zambujal orebodies. Particular characteristics of each individual 

orebody were, nevertheless, highlighted.  

In order to summarize the hydrothermal- and tectono-metamorphic-related effects in each 

type of mineralization (stockwork and massive sulphide) a resume of the main petrographic 

features and ore sulphide parageneses is given. 

 
5.3.3.2. Stockwork mineralization 

 

As reported in Chaper 4, the PQ Group or the VSC rocks either host the stockwork system 

directly underlying the Lombador massive sulphide orebody. The mineralization mainly 

consists of a stratifrom-shaped network of variably thick (±1 to ±30 cm) crosscutting sulphide 

veins hosted by sericite-quartz-, chlorite-sericite-quartz- and chlorite-altered rocks. The 

stockwork system extends across the entire length of the Lombador massive sulphide 

orebody, and the veins can be followed downwards between 2 to 30 m into the footwall 

sequence. Minor to accessory amounts of siderite (≤10% vol.; mostly sideroplesite in 

composition) are often associated to the chlorite and sericite altered rocks, and locally form 

massive (up to 2 m thick) siderite-dominated levels (≥80% vol.) in the upper parts of the 

footwall sequence, near the base of the massive sulphide orebody. The stockwork 

mineralization tends to develop a more stratabound-like pattern either in the more permeable 

facies (e.g., phyllite levels) of the footwall sequence, or near the base of the massive sulphide 

lens due to pervasive replacement. Intense pyrite, pyrite-sphalerite and pyrite-chalcopyrite 

disseminations are commonly found in these zones. In the more coherent facies (e.g., 

quartzite and massive rhyolite) the mineralization is more restricted to the filling of veins, 

although pyrite dissemination in the rock matrix is often seen, in particular in the vicinity of the 

mineralized veins. 

Several generations of the main and most common vein-filling ore sulphide mineral phases 

(pyrite, sphalerite, chalcopyrite and galena) were recognized in the different stockwork ore 

types. However, distinction between all the different generations of ore sulphides would be a 

meaningless exercise due to the complex succession of syn- and post-metallogenic events 

that affected these ores and rocks. Instead, the consideration of three major generations of 
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ore minerals revealed to be an appropriate and useful way of describing the main ore-forming 

stages and the main post-ore modification events in the deposit.  

 

The main and most voluminous generation of pyrite (Py II) is often recrystallized and 

brecciated, and occurs mostly as fine- to coarse-grained (±5 µm - >1 mm) and anhedral to 

euhedral crystals. Occasionally, a variably preserved and recrystallized early generation of 

pyritic colloform growths (Py I), sometimes comprising pyrite-quartz, pyrite-chalcopyrite and/or 

pyrite-galena(-chalcopyrite) alternating growths, as well as framboidal pyrite, are recognized in 

the upper levels of the stockwork system, particularly in the phyllite and volcaniclastic facies 

(Plate 6). 

With respect to sphalerite, chalcopyrite and galena, 3 different generations were recognized. 

Porous, anhedral, yellowish white to yellowish brown sphalerite crystals displaying fine-

grained (≤10 µm) inclusions of anhedral to suhedral cassiterite crystals, as well as very fine-

grained (<5 µm) inclusions of chalcopyrite were recognized in some of the stockwork samples 

collected in the upper levels of the stockwork system. This early generation of sphalerite (Sp 

I), which is more commonly found in the massive sulphide ore, is often partly replaced (or 

chemically re-equilibrated) by a predominant late generation of sphalerite (Sp II), which occurs 

as well crystallized anhedral crystals filling pyrite fractures (Plate 6). The occurrence of fine-

grained (<5 µm) chalcopyrite inclusions in sphalerite II is only found in stockwork samples 

located near the base of the massive sulphide lens, resulting from zone refining processes in 

the copper stockwork (FC) ore. A third generation of sphalerite (Sp III) occurs associated to 

late tectono-metamorphic veins and veinlets, generally complementing a mineral assemblage 

that is dominated by chalcopyrite and/or carbonate. In these late structures, sphalerite occurs 

as coarse grains, and occasionally displays variable amounts of chalcopyrite inclusions (>5 

µm) along its crystallographic directions. Stannite (usually ≤20 µm) often occurs in the 

sphalerite-gangue contacts.  

An early, generation of chalcopyrite (Cpy I) was seldom recognized in pyritic colloform 

overgrowths (Plate 6). The most abundant generation of chalcopyrite (Cpy II), however, 

occurs as anhedral crystals interstitially filling and overgrowing pyrite crystals and/or filling 

fractures in pyrite grains, together with sphalerite and minor to rare galena and tetrahedrite 

(Plate 6). Complex seleniferous lead-bismuth sulphosalts (see Section 5.4.4) were recognized 

as well, associated to this generation of chalcopyrite in some copper stockwork ore samples 

(Plate 6). A late, post-metallogenetic, generation of chalcopyrite (Cpy III) occurs associated to 

tectono-metamorphic veins and veinlets that usually reopen the ore-related mineralized veins. 

This late generation of chalcopyrite commonly occurs as coarse (>100 µm) anhedral crystals 

accompanied by variable amounts of (late) carbonates, quartz, sphalerite, galena and 
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tetrahedrite (Plate 6). Such as chalcopyrite, an early generation of galena (Gn I) can be 

recognized in the pyritic colloform growth structures (Plate 6). A subsequent generation of 

galena (Gn II) fills pyrite fractures, together with chalcopyrite and/or sphalerite. The last 

generation of galena (Gn III) occurs associated to chalcopyrite and/or sphalerite in late 

tectono-metamorphic veins and veinlets. Occasionally, bournonite and boulangerite 

complement the mineral assemblage present in these late veins and veinlets.  

 
a) Barren stockwork (FE) 

 

The barren stockwork exhibits a broad distribution throughout the feeder system. It is often 

intercalated between the copper- and the zinc-rich stockwork ore zones (FC and FZ ore types, 

respectively) in the inner and uppermost zones of the stockwork system. It consists of variably 

thick (±1 mm to ±10 cm, locally up to ±30 cm) crosscutting veins filled with pyrite-quartz, 

pyrite-quartz-sericite or simply pyrite, and variably intense pyrite dissemination in the rock 

matrix. The pyrite-bearing veins are often folded, reopened and overprinted by syn-

metallogenetic chalcopyrite-bearing veins, and/or late tectono-metamorphic quartz or quartz-

carbonate-chalcopyrite veinlets. Sericite occurs as a variably important vein-filling mineral and 

is often accompanied by minor amounts of chlorite, carbonates (mainly sideroplesite) and 

minor donbassite, which occurs mainly in the vicinity of the base of the massive sulphide lens. 

Minor amounts of chalcopyrite, sphalerite, galena, arsenopyrite and pyrrhotite (within pyrite) 

are often present as well. Tetrahedrite is also occasionally found. The barren stockwork 

mineralization is commonly associated either to quartz-sericite(±carbonate)-, or to quartz-

chlorite-sericite(±carbonate)-altered rocks. 

The mineralogical modal volumes are widely variable due to the diversity observed in the 

intensity of alteration and mineralization (Figure 51). As it would be expected, pyrite is the 

most common sulphide mineral, representing on average 54.8% of the ore-related mineral 

assemblage and 94% of the ore sulphide mineral assemblage in the FE samples studied. 

Sphalerite and chalcopyrite represent on average 1% and 1.8% of the ore-related mineral 

assemblage and 1% and 4% of the ore sulphide mineral phases, respectively. However, about 

60% of the chalcopyrite quantified in the FE ore type occurs associated to late, carbonate-

bearing tectono-metamorphic veins and veinlets. Regarding the remaining ore sulphides, 

arsenopyrite (0.2% vol.), galena (0.1% vol), tetrahedrite (<0.1% vol.) and pyrrothite (<0.1% 

vol.) constitute together about 0.4% of the ore-related mineral assemblage and 1% of the ore 

sulphide mineral phases. The ore-related alteration gangue mineral assemblage is dominated 

by quartz (14 to 40% vol.). Chlorite (3 to 8% vol.), sericite (1 to 10% vol.) and siderite (1 to 

40% vol.) constitute the remaining alteration gangue mineral assemblage.  
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Figure 51. A – Average modal volume of the ore-related mineral assemblage observed in the FE samples. B – 
Average modal volume of the ore sulphide mineral phases found. Other sulphide minerals include minute amounts 
of arsenopyrite, galena, tetrahedrite and pyrrhotite. The alteration gangue mineral assemblage is represented by 
quartz, chlorite and carbonates (mostly sideroplesite). Cpy – chalcopyrite; Py – pyrite; Sp – sphalerite. 
 

 
b) Copper stockwork mineralization (FC) 

 

As displayed in Figure 48, the copper stockwork mineralization is more prominent in the south 

and central-W sectors of the Lombador orebody and comprises variably thick (±1 mm to 10 

cm) pyrite-chalcopyrite-quartz-sericite and pyrite-chalcopyrite-quartz-chlorite(-sericite) veins 

that use to crosscut earlier pyrite- and pyrite-sphalerite-rich veins (Plate 6). In the northern 

sector, the FC ore features are poorly accessible due to the deep occurrence of this ore type, 

and because our sample set does not include drill cores located so far north. Nevertheless, 

the inspection of two drill holes enabled to recognize a network of pyrite and pyrite-

chalcopyrite veins and veinlets in choritized volcanic rocks. 

Minor amounts of donbassite and siderite often complement the vein-filling gangue mineral 

assemblage, particularly in the vicinity of the base of the massive sulphide lens. Sphalerite 

along with minor galena, arsenopyrite, cobaltite, tetrahedrite, complex seleniferous lead-

bismuth sulphosalts, native bismuth and gold/electrum complete the ore mineral assemblage. 

It is worth mentioning that up to 20% of the sphalerite found in the FC ore samples display 

inclusions of chalcopyrite with variable size (<1 to ±10 µm), shape and distribution due to zone 

refining processes (Plate 6- L). 

Complex seleniferous lead-bismuth sulphosalts were found in chlorite altered samples (Type I 

alteration) located in the central-W sector of the orebody (e.g., sample FL784 127.6 and NG20 

922.8), and comprise fine-grained intergrowths of cosalite, gustavite, galenobismutite, and 

probable junoite, wittite and cannizzarite. This mineral association appears to be associated to 

a late-metallogenetic copper input into the stockwork system, expressed by chalcopyrite(-
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sphalerite) veins and veinlets that crosscut, reopen and/or occupy pyrite, cobaltite and 

arsenopyrite fractures and/or spaces between these grains (Plate 6- L). Tetrahedrite is often 

intergrown with the seleniferous lead-bismuth sulphosalts. The occurrence of significant 

quantities of cobalt, bismuth, tellurium, selenium, anthimony and silver minerals (e.g., 

glaucodot, cobaltite, bismuthinite, rezbanyite, tetradymite, galenobismutite, josëite B), as well 

as gold, have also been previously reported in the Lombador stockwork ores (e.g., Pinto et al., 

1997; Gaspar, 2002), and Marcoux et al. (1996) reported the occurrence of complex lead-

bismuth sulphosalts in similar textural contexts in several IPB stockwork systems, including 

deposits such as Rio Tinto, Tharsis, Aznacóllar, Concepción, San Telmo and Aljustrel. 

Similarly to this study, Marcoux et al. (1996) interpreted this mineral assemblage as a 

signature of a late-metallogenetic copper input. 

Late tectono-metamorphic veinlets filled with quartz and/or carbonate-

chalcopyrite(±sphalerite, galena, tetrahedrite), or simply chalcopyrite ribbons frequently 

disturb the ore-related mineralized veins due to open-space filling or short-distance 

remobilization associated to tectonic deformation (Plate 6). 

The copper stockwork mineralization is commonly associated to quartz-sericite(-carbonate), 

quartz-chlorite-sericite(-carbonate), or intensely chloritized rocks. 

 

The mineralogical modal volumes observed in the FC ore samples (Figure 52) are again 

widely variable due to the variations on the intensity of alteration and mineralization. Pyrite is 

the most common sulphide mineral, representing on average 40% of the ore-related mineral 

assemblage and more than 77% of the sulphide mineral assemblage in the FC ore samples. 

Chalcopyrite is the second most common ore sulphide, together with sphalerite and, to a 

lesser extent, galena. These ore sulphides represent respectively 7%, 3% and 1% of the 

overall ore-related mineral assemblage found, and 12.8%, 6% and 2% of the ore sulphides 

occurrying in the FC ore. As expected, the amount of chalcopyrite associated to the late 

tectono-metamorphic veins and veinlets is widely variable, ranging from 5% to approximately 

40% in some stockwork samples. Arsenopyrite, cosalite, tetrahedrite, the complex 

seleniferous lead-bismuth sulphosalts and gold/electrum represent together about 1.2% of the 

ore mineral assemblage. In terms of their proportion in the total volume of ore sulphides found 

and identified in the FC ore samples studied, arsenopyrite (1% vol.), cosalite (0.6% vol.) and 

tetrahedrite (0.4% vol.) represent the most common sulphides of this group of minor ore 

mineral phases. The complex seleniferous lead-bismuth sulphosalts found (junoite, selenium-

rich cannizarrite and wittite) represent about 0.2% of the ore sulphide volume. However, due 

to the fine-grained, intimate intergrowths occurrence, and the very hard distinction of these 

mineral phases by means of microscopic inspection, it was not possible to quantify the 
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different seleniferous lead-bismuth sulphosalts found. Native bismuth and gold/electrum 

represent less than 0.1% of the ore sulphide volume. 

The ore-related alteration gangue mineral assemblage is dominated by chlorite (10 to 80% 

vol.). Quartz (4 to 50% vol.), sericite (5 to 15% vol.) and siderite (1 to ≅38% vol.) constitute the 

remaining alteration gangue mineral assemblage.  

 

 

 
 
Figure 52. A – Average modal volume of the ore-related mineral assemblage present in the FC ore samples. B – 
Average modal volume of the ore sulphide mineral phases found. Other sulphide minerals considered in A include 
cosalite, tetrahedrite, complex seleniferous lead-bismuth sulphosalts (gustavite and possible junoite, cannizzarite, 
wittite), native bismuth, and gold/electrum. The alteration gangue mineral assemblage is represented by quartz, 
chlorite and carbonates (mostly sideroplesite). Apy – arsenopyrite; Au/Au(Ag) – gold/electrum; Bi – native bismuth; 
Cbt – cobaltite; Cpy – chalcopyrite; Gn – galena; Pb-Bi sulp. – lead-bismuth sulphosalts; Py – pyrite; Sp – 
sphalerite. 
 

 

 

 
Plate 6. Hand specimen and photomicrographs (in reflected light) illustrating the petrographic characteristics of 
the FC and FZ stockwork ores from the Lombador orebody. A, B – Coherent rhyolite (A) and volcaniclastic (B) 
host rocks crosscut by pyrite-chalcopyrite mineralized veins and late tectono-metamorphic chalcopyrite-
carbonate and chalcopyrite veins and veinlets (yellow arrows). C – Example of FC ore hosted by a highly 
chloritized coherent volcanic rock. D – Example of a pyrite-chalcopyrite vein re-opened by a late tectono-
metamorphic carbonate-quartz-chalcopyrite vein. E – Example of a partialy recrystallized early generation 
pyrite-galena(-chalcopyrite) colloform structure. F – Example of FC ore hosted by a phyllitic rock highly altered 
to chlorite. G, H – Example of FZ ore comprising pyrite-sphalerite veins crosscutting a quartzite level of the PQ 
Group sequence (G), and sphalerite-siderite(-chlorite) veins crosscutting a volcanic rock highly altered to 
chlorite–carbonate (H, arrow). I – Example of subhedric to euhedric pyrite crystals interstitially filled with 
chalcopyrite, sphalerite and minor galena. J – Sphalerite-siderite(-chlorite) vein crosscutting a volcanic rock 
highly altered to chlorite-carbonate. K – Example of RZ ore comprising a semi-massive, coarse, pyrite-rich level 
intercalated with a carbonate-rich (dark levels) and fine-grained pyrite-rich levels. L – Example of late 
metallogenetic chalcopyrite(-sphalerite) veins, associated to complex seleniferous lead-bismuth sulphosalts, as 
well as pyrite, arsenopyrite and cobaltite, in a chloritized volcanic rock. Note that some sphalerite crystals 
display fine-grained inclusions of chalcopyrite due to zone refining. M – Example of a sphalerite-rich level in the 
RZ ore enclosing euhedral pyrite crystals, framboidal pyrite (arrow, center) and colloform pyrite-galena (arrow, 
upper left and bottom right) structures, widely variable in size and shape. Apy – arsenopyrite; Carb – 
carbonate; Cbt – cobaltite; Cpy – chalcopyrite; Gn – galena; Pb-Bi sulphosalts – complex seleniferous lead-
bismuth sulphosalts (gustavite, cosalite, galenobismutite), Py – pyrite; Qtz – quartz; Sp – sphalerite; Td – 
tetrahedrite. 
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Plate 6 
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c) Zinc stockwork mineralization (FZ) 

 

The zinc stockwork mineralization exhibits a relatively broad distribution throughout the 

feeder system, particularly in the central to central-E sector of the orebody, and comprise 

variably thick (±1 mm to 10 cm) pyrite-sphalerite-quartz-sericite(-chlorite) veins. In the 

central-W sector (e.g., FL743 301.70), the host rocks are highly chloritized, and the vein-

filling assemblage consists mainly of sphalerite-siderite(-chlorite) (Plate 6). Minor amounts 

of donbassite were positively identified in some FZ ore samples, and often complement 

the vein-filling gangue mineral assemblage, particularly in the vicinity of the base of the 

massive sulphide lens in the central sector of the orebody. The sulphide mineral 

assemblage is dominated by chalcopyrite, arsenopyrite, galena and tetrahedrite. 

The quantitative estimation of the alteration gangue mineralogy and ore sulphides in the 

FZ ore is presented in Figure 53A and B. Pyrite and sphalerite represent on average 26% 

and 8% of the ore-related total mineral assemblage, and 68% and 21% of the ore sulphide 

mineral assemblage, respectively. Nevertheless, both pyrite and sphalerite show a wide 

variation in its abundance, ranging from 2.4% to 60% and 0.4 to 45%, respectively. Up to 

22% of the sphalerite show anhedric fine-grained (<2 µm) chalcopyrite inclusions. 

Chalcopyrite represent on average 2% of the ore-related total mineral assemblage and 4% 

of the ore sulphide mineral assemblage. However, up to 50% of the chalcopyrite found in 

the FZ ore occurs associated to late tectono-metamorphic veinlets, together with sphalerite 

(up to 10%). All together, arsenopyrite, galena and tetrahedrite represent up to 2% of the 

ore-related total mineral assemblage, and 3%, 3% and 1% of the ore sulphide mineral 

assemblage respectively.  

Regarding the alteration gangue mineral assemblage, quartz (10 to 65%) and sericite (0.5 

to 60%) are usually the most representative alteration phases. These are followed by 

siderite (0.2 to 55%) and chlorite (5 to 40%). 

 

The zinc-rich rubané (RZ) ore type corresponds to zinc stockwork ore tectonically 

emplaced into a hanging wall position. It consists of metric (±1 to >10 m) lenses made up 

of interbedded thin bands of volcaniclastic rocks and/or siltstones (sometimes containing 

significant organic matter), which have been altered to chlorite-carbonate, carbonate-rich, 

pyrite- and pyrite–sphalerite-rich levels (Plate 6). The pyrite-rich levels often comprise 

metric-thick semi-massive intervals of coarse (±1 mm to >1 cm) brecciated or fragmental 

pyrite or pyrite aggregates. Carbonates (siderite to ankerite in composition), chlorite and 

accessory amounts of quartz occur finely intergrown with pyrite and sphalerite. Minor, but 

widely variable, amounts of chalcopyrite, galena, arsenopyrite, tetrahedrite and stannite 
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are occasionally present. Despite the strong tectonic fabric, it is possible to recognize 

textural features such as graded-bedding and sin-sedimentary deformation structures, 

indicative of a lateral, distal provenance, are relatively preserved in some of the 

overthrusted lenses (small scale tectonic nappes). 

 

 
Figure 53. Average modal volume of the ore-related mineral assemblage and ore sulphide mineral assemblage 
for the zinc stockwork (A and B) and zinc-rich rubané (C and D) ores, respectively. The alteration gangue 
mineral assemblage is represented by quartz, chlorite and carbonates (sideroplesite, pistomesite and 
ankerite). Apy – arsenopyrite; Bnn – bournonite; Cpy – chalcopyrite; Gn – galena; Py – pyrite; Sp – sphalerite; 
Stn – stannite; Td – tetrahedrite. 
 

 

As expected, the ore-related total mineral assemblage observed in the RZ samples show 

overall proportions that are similar to that of the authochonous zinc stockwork ore (Figure 

53C and D). Pyrite and sphalerite constitute the most common sulphide minerals, 

representing, respectively, 70% and 26% of the sulphide phases found in this type of ore. 

Moreover, approximately 5% of the sphalerite displays fine-grained (<10 µm) inclusions of 

chalcopyrite. These chalcopyrite inclusions represent 4% of the sulphide minerals found, 

but over 50% of chalcopyrite occurs associated to late tectono-metamorphic veinlets. Both 

galena (2%) and tetrahedrite (1%) show similar proportions to that of the FZ ore; however, 

as seen for the chalcopyrite, over 50% and 80% of the galena and tetrahedrite, 

respectively, occur in late tectono-metamorphic veinlets, where they are often associated 
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to chalcopyrite. Arsenopyrite and stannite represent less than 0.1% of the sulphide 

minerals found in these ores.  

The alteration gangue mineral assemblage is mainly composed by chlorite (up to 60%) 

and carbonates (up to 40%). As shown in Chapter 4, the carbonates in the RZ ore are 

represented by sideroplesite (85%), ankerite (12%) and pistomesite (3%). Finally, quartz 

can represent up to 20% of the gangue mineral assemblage. 

 
5.3.3.3. Massive sulphide mineralization 

 

Although primary textural features and relationships among the sulphide minerals in the 

massive sulphide ore were obscured either by the late hydrothermal ore-forming 

processes (e.g., zone refining), and/or subsequent tectono-metamorphic processes (e.g., 

brecciation, folding, recrystallization), some early hydrothermal assemblages and textures 

are still preserved in several ore types studied. Commonly, these include partly preserved 

and often recrystallized pristine structures such as growth patterns given by pyritic 

colloform accumulations or overgrowths (often polymineralic), framboidal pyrite and porous 

pyrite aggregates with sphalerite and galena dispersed nuclei, as well as by the presence 

of brecciated to banded semi-massive ore levels intergrown with carbonate, and/or with 

interbedded carbonate-rich levels, which are consistent with distal seafloor deposition and 

redepositional processes. These early features of the metallogenesis are usually present 

in the low-temperature ore types (ME, MP, MZ and MZP). 

Many of the minerals associated to the early stages of the ore generation (e.g., pyrite, 

arsenopyrite) are variably preserved in sphalerite- and chalcopyrite-dominated levels or 

groundmasses, whereas other ore minerals formed during subsequent tectono-

metamorphism stages are found filling veins, veinlets and/or fractures in pre-existing 

mineral phases (e.g., chalcopyrite, sphalerite, tetrahedrite, galena), or as very fine-grained 

blebs along the grains boundaries of recrystallized and annealed chalcopyrite and/or 

chalcopyrite-sphalerite (e.g., stannite, roquesite). Still, in situ replacement of one or more 

minerals by another is frequently recognized. Interstitial filling of pyrite by sphalerite, 

galena, chalcopyrite and, to a lesser extent, tetrahedrite is ubiquitous, and pyrite and 

arsenopyrite are most frequently replaced by sphalerite, galena and/or chalcopyrite. The 

later frequently replaces sphalerite in the copper-zinc ores.  

The textures produced as result of brittle and ductile tectonic accommodation and 

metamorphism are very common throughout the different ore types and orebodies, and 

strongly influenced the distribution of the ore mineral assemblages and mineral 

associations, as well as the chemical composition of most of the major ore sulphides (e.g., 
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chalcopyrite, sphalerite; see following section) and the distribution of indium and selenium 

in the Neves Corvo ores (Chapter 6) throughout recrystallization and precipitation of 

phases held in solid solution. 

 

As it will be emphazised ahead, pyrite is the most abundant sulphide mineral in the 

massive sulphide ore, representing in some cases over 90% of the ore mineral 

assemblage. Sphalerite, chalcopyrite, galena, arsenopyrite and tetrahedrite constitute the 

most common accessory ore sulphides. Depending on the ore type, the above ore 

sulphides are accompanied by minor to trace amounts of tennantite, carrollite, mawsonite, 

stannoidite, idaite, pyrrothite, cassiterite, stannite, kesterite, ferrokesterite, selenium-

bearing lead-bismuth sulphosalts, other unclassified selenium-bismuth and selenium-

bearing lead-bismuth phases, and roquesite. The ore-related gangue mineral assemblage 

is mainly composed by carbonates (siderite to ankerite in composition), quartz, chlorite, 

and rutile.  

An early generation of pyrite (Py I) is represented by pyrite framboids and porous pyritic 

colloform structures, which are frequently overgrowth by a subsequent generation of pyrite 

(Py II) that tends to occur as idiomorphic crystals, either individually or in aggregates. 

Coeval with the regional folding and metamorphism, brecciation and recrystallization of 

pyrite obliterated most of the pre-deformational features and led to the overall 

recrystallization of pyrite and the generation of coarse (>500 µm) subhedral to euhedral 

crystals. Similar processes were also experienced by arsenopyrite. Because of its early 

crystallization and brittleness, large broken euhedral crystals are common. A second 

generation of arsenopyrite, consisting of idiomorphic crystals, is also frequent, both in the 

zinc and zinc-lead ores, and  in the copper and copper-zinc ores.  

Porous, anhedral to subhedral (rare) sphalerite crystals, widely variable in size and shape, 

and enclosing fine-grained (≤10 µm) inclusions of cassiterite and chalcopyrite, are 

occasionally found in the sphalerite-dominated levels that characterize the massive zinc 

and zinc-lead ores types. This early generation of sphalerite (Sp I) is often partly 

recrystallized or overprinted by a late generation of sphalerite (Sp II), which is predominant 

and typically recrystallized and annealed, occuring as a mosaic of inequigranular (±20 - 

>200 µm) crystals with aproximatly 120º interfacial angles. As it will be shown ahead, this 

sphalerite generation is not visibly zoned. It has a rather homogeneous chemical 

composition throughout the various ore types and orebodies. Nevertheless, significant 

amounts of trace elements such as iron, copper, tin, mercury and indium were detected. 

On the other hand, in some of the early generation sphalerite crystals a residual primary 

growth zoning can still be recognized. An early generation of galena (Gn I) associated with 
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Sp I, was also found in dispersed nuclei within early, porous pyrite aggregates, as well as 

in pyrite colloform growths, together with chalcopyrite. Although less abundant, a late 

generation of sphalerite (Sp III) fills the late tectono-metamorphic crosscutting veins and 

veinlets. This late generation of sphalerite is commonly associated to an equally late 

tectono-metamorphic generation of chalcopyrite (Cpy III), tetrahedrite (Td III) and galena 

(Gn III), which underline the regional folding and metamorphism. 

At the Lombador orebody, the most abundant generation of chalcopyrite (Cpy II) occurs as 

a groundmass, especially in the copper and copper-zinc ores (MC and MCZ, respectively), 

where it fills fractures and intersticially contours pyrite and other brittle sulphide minerals 

and extensively replaces pyrite, arsenopyrite and sphalerite, and, locally, other sulphide 

minerals (e.g., carrollite, cobaltite or cobalt-bearing pyrite). As previously mentioned, an 

early generation of chalcopyrite (Cpy I) occurs associated to the pyritic colloform 

structures, whereas a late, post-metallogenetic generation of this sulphide occurs as a 

vein-filling mineral, contemporaneous of the regional tectono-metamorphism. This 

generation of chalcopyrite, ascribed to remobilization, is subbordinated in terms of total 

modal volume, and is commonly accompanied by (a late generation of) carbonate, 

sphalerite, tetrahedrite and galena. Moreover, in the copper-zinc ores it is common to 

observe chalcopyrite ribbons sub-parallel to the primary textural banding that are 

interpreted as being due to short distance remobilization. It will be shown below that these 

deformation-induced structures are locally important in terms of indium and selenium 

occurrence and distribution. The annealed chalcopyrite crystals often display extremely 

fine-grained (<5 µm) blebs of stannite, and seldom indium- and selenium-bearing mineral 

phases that should have largely resulted from compositional readjustments (chemical 

homogenization), redistribution and concentration of “impurities” held in solid solution 

through tectono-metamorphic remobilization and annealing processes.  

Prominent secondary copper enrichment due to deformation is common throughout the 

different ores and orebodies. Once the industrial classification of the various ore types is 

determined by cut-off grades, these secondary processes are often responsible for turning 

barren pyritic (ME) or pyrite-sphalerite (MZ) ores into copper-rich ores (MC or MCZ) due to 

the extensive formation of late chalcopyrite ribbons or chalcopyrite(-tetrahedrite)-bearing 

veins and veinlets. 

Regarding galena, the most abundant generation of galena (Gn II) is either 

contemporaneous, or slightly later than the main generation of sphalerite (Sp II), but 

generally preceeds that of chalcopyrite (Cpy II). It occurs as an allotriomorphic mineral 

phase, either as groundmass in massive lead-rich ores (MP), or underlining the borders of 

sphalerite, sphalerite-pyrite, sphalerite-chalcopyrite grains (generally recrystallized), in zinc 
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(MZ) and zinc-lead (MZP) ores. Furthermore, galena is also frequently seen displaying a 

cuspate shape, sub-parallel to the mineral banding, filling the interstices of annealed 

sphalerite grains in the MZ ore MZP ores due to ductile deformation and remobilization. As 

mentioned above, an early generation of galena (Gn I) occurs associated to early porous 

pyrite aggregates and/or pyrite colloform growths, whereas a later, post-metallogenetic 

generation of galena (Gn III) occurs as a filling mineral phase in late tectono-metamorphic 

vein and veinlets. 

Finally, tetrahedrite, despite its low modal volume, is a rather common ore sulphide and 

occurs in two different generations. The most voluminous generation of tetrahedrite (Td II) 

occurs as an allotriomorphic phase, in-between sphalerite and/or chalcopyrite grains, in 

the massive copper-zinc (MCZ) ores, particularly in those representative of the Corvo (SE 

area), Neves, and Zambujal orebodies, or interstitially filling pyrite grains in the various 

massive sulphide ore types studied. A late, post-metallogenetic generation of tetrahedrite 

(Td III) occurs as a vein-filling mineral, together with chalcopyrite (Cpy III), sphalerite (Sp 

III) and galena (Gn III), associated to tectono-metamorphic deformation and remobilization. 

Often, minor amounts of bournonite and boulangerite are associated with this generation 

of tetrahedrite.  

 

The extensive logging and sampling campaign made at the Lombador orebody permitted 

to draw a rather complete picture of the mineralization styles that characterize its ores. 

Overall, the ore textures recognized are indicative of two main mineralization styles – 

exhalative and replacive –, which certainly resulted from different depositional conditions 

ascribed to contrasting depositional settings and/or different precipitation mechanisms.  

At the Lombador orebody, sub-seafloor replacement processes, similar to the ones 

previously described at the Corvo orebody (Relvas, 2000; Relvas et al., 2006a), consisting 

of strong replacement of the pre-existing host rocks, upward increasing of the density of 

sulphide veins, and extensive zone refining, are only well developed in its central-W sector 

(Figure 54). There, the ore is usually massive, fine-grained, either poorly banded, or not 

banded at all, copper-rich, recrystallized and sheared. 

Contrastingly, in the central-E and northern sectors of the Lombador orebody, the 

mineralization is roughly to perfectly banded (Figure 54). Pyrite and pyrite-sphalerite(-

galena) bands cemented by a carbonate groundmass (mostly sideroplesite in composition) 

form mineralized bands that alternate with carbonate-rich intervals. The regularity of these 

banded ores is often disturbed by graded-bedded structures, poorly sorted and variably 

coarse-grained, polylithic breccia-conglomerate, ore-bearing polylithic (coherent volcanic, 

black shale, ore clasts) breccia-conglomerate, soft-sediment deformation features, and 
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synsedimentary mass displacement figures, which collectively speak for exhalation on the 

seafloor and distal deposition by plume fallout and/or brine pool, as well as redeposition of 

ore-bearing material, with fluid exhalation and mass displacement probably controlled by 

syn-volcanic fault activity. Similar textural features were equally recognized in the zinc-rich 

peripheral domains of the remaining orebodies of the Neves Corvo deposit (e.g., Corvo SE 

and Graça SW areas), which are mainly composed by MZ and MZP ores as well (see 

Figure 47). 

 

 

 
Figure 54. Schematic representation of the spacial distribution of predominant massive sulphide ore textures 
throughout the Lombador orebody; note the predominance of sub-seafloor replacement textures at the central-
W sector of the orebody, and textural evidence for direct exhalation on the seafloor and distal deposition by 
plume fallout and/or brine pool in its central-E and northern sectors. A – Banded MZ ore displaying ductile and 
brittle deformation. Note the development of pressure shadows filled by sphalerite+carbonate along pyritic 
boudins (upper arrow), and the occurrence of late (remobilized) chalcopyrite veins cross-cutting the banded 
texture (lower arrow). B – Massive, featureless, high-grade (>35 wt% Cu) MC ore zone replacing an intensely 
chloritized volcanic rock (arrow). C – Poorly banded, fine-grained massive sulphide ore displaying folded 
lenticular sphalerite-rich levels (arrows). D – Banded MZP ore from the top of the Lombador massive sulphide 
lens displaying continuous sphalerite-galena levels (arrow). E – Banded, carbonate-rich MZ ore located in the 
central-E sector of the orebody, displaying a well-developed lamination of pyrite, sphalerite and carbonate-rich 
levels and small-scale slumps (arrows). F – Poorly sorted ore-bearing polylithic breccia-conglomerate (arrows) 
level intercalated with a semi-massive ore level consisting of alternating pyrite, pyrite-sphalerite(-galena)-
carbonate and carbonate-dominated levels, resulting from redeposition of ore-bearing material and distal 
seafloor pyrite and sphalerite deposition by exhalation on the seafloor. 
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As a matter of fact, the banded textures are particularly visible in the zinciferous ores 

varieties (MZ, MZP, and MCZ), although recrystallization, annealing and 

shearing/brecciation tend to obscure the more pristine characteristics. As a general rule, 

the ore textures tend to be more massive and recrystallized towards the base, whereas 

mineral banding tends to be more common towards the top of the lenses. Typically, the 

banded texture consists in millimetric to centimetric sphalerite(-pyrite) or sphalerite-galena-

pyrite levels (usually ±1 mm to ±2 cm thick, but thicknesses can reach up over 20 cm), 

alternating with pyrite-rich levels (usually ±1 to ±20 cm thick, excepcionally, more than 50 

cm thick). The intervals that are richer in sphalerite (and galena) are commonly deformed 

and internally annealed, while pyritic levels are recrystallized, brecciated, and often 

boudinaged, with pyrite fractures commonly filled with galena, sphalerite, chalcopyrite, 

tetrahedrite, quartz and	   carbonates. Sphalerite, quartz and/or carbonates often fill 

pressure-shadows around idiomorphic (sometimes brecciated) pyrite grains. However, 

remnants of primary structures, such as monomineralic and/or polymineralic colloform 

overgrowths and framboidal pyrite, are still recognizable in places. 

 
a) Massive barren sulphides  

 

The massive pyritic ore type (ME) is often featureless, comprising only minor to trace 

amounts (<5% vol.) of interstitial sphalerite, chalcopyrite, stannite, galena, tetrahedrite and 

gangue minerals in a monotonous, fine- to coarse-grained, recrystallized, brecciated and 

often porous (up to 32% vol.) continuous aggregate of pyrite(-arsenopyrite). Nevertheless, 

partly recrystallized primary features such as porous colloform pyrite or, to a lesser extent, 

pyrite(-galena) and/or pyrite-sphalerite overgrowths, and framboidal pyrite aggregates can 

still be recognized in some ME samples (Plate 7- A to C). The gangue mineral assemblage 

is composed by quartz, accessory amounts of sideroplesite and, subordinately, by chlorite 

and rutile. Arsenopyrite occurs as recrystallized, frequently brecciated, anhedral to 

euhedric crystals (±20 to >500 µm) intimately intergrown and/or overgrowth by pyrite (Plate 

7- C and D). Arsenopyrite fractures are often filled by variable amounts of late 

chalcopyrite, tetrahedrite and/or stannite. Minor amounts of roquesite (up to 20µm) 

associated with stannite were recognized as well (e.g., sample FL720 104.45; Plate 7- D). 

Fine-grained, anhedral inclusions of pyrrhotite (≤40 µm) occur within pyrite, which, in turn, 

is often intergrown with chalcopyrite. Rutile needles (<20 µm), tendencially with 

idiomorphic shapes, are equally found in close association with pyrite. 

The pyritic matrix is frequently crosscut by late tectono-metamorphic carbonate or 

carbonate(-quartz)+chalcopyrite(± sphalerite, galena) veins and veinlets, and also thin 
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chalcopyrite ribbons. Minor amounts of tetrahedrite and/or bournonite often complement 

the mineral assemblage in these late veins and veinlets.  

 

Quantitative mineral estimates of the studied samples (Figure 55) show that pyrite is the 

most abundant ore sulphide phase, representing on average 74% of the mineral volume 

(modal volume of 50 to ≥96%). Arsenopyrite, chalcopyrite and sphalerite are considerably 

less abundant, representing on average 5%, 2% and 1 % of the mineral assemblage in the 

ME ore samples (modal volumes of 0.6 to 10%, 0.2 to 3% and 0.1 to 3.4%, respectively). 

However, about 70% and 50%, respectively, of the chalcopyrite and sphalerite found occur 

associated to late tectono-metamorphic veins and veinlets that crosscut the pyrite matrix. 

The remaining ore sulphides, which represent about 0.6% of the ore mineral assemblage, 

consist mainly of galena (0.2% vol.), tetrahedrite (0.2% vol.), stannite (0.1% vol.), 

pyrrhotite (0.1% vol.) and, to a lesser extent, bournonite (<0.1% vol.). Roquesite is rare, 

representing less than 0.1% by volume of the ore sulphide mineral assemblage. 

The gangue mineral phases are dominated by quartz (72% vol.), sideroplesite (26% vol.), 

chlorite (1.2% vol.) and rutile (0.8% vol.). 

 

 

 
Figure 55. A – Average modal volume of the ore mineral assemblage present in the massive barren sulphide 
ore samples studied from the Lombador orebody. B – Enlargement of the category “other sulphide minerals”, 
which represents less than 1% of ore mineral assemblage, and includes galena, tetrahedrite, stannite, minor 
pyrrhotite bournonite, and rare roquesite. The gangue mineral assemblage is represented by quartz, 
carbonates (mostly sideroplesite) and rutile. Apy – arsenopyrite; Bnn – bournonite; Cpy – chalcopyrite; Gn – 
galena; Py – pyrite; Po – pyrrhotite; Roq – roquesite; Sp – sphalerite; Stn – stannite; Td – tetrahedrite. 
 

 
b) Massive lead-rich ore type (MP) 

 

The massive lead-rich ore type (MP) is mainly characterized by a fine- to coarse-grained 

(±10 - >500 µm), recrystallized, often brecciated and porous, continuous aggregate of 

anhedral to idiomorphic pyrite crystals interstitially filled with galena (Plate 7- E to H).  
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Minor amounts of chalcopyrite, tetrahedrite, sphalerite, quartz and carbonates (mostly 

sideroplesite) also occur interstitially filling the pyrite crystals, as well as fractures in pyrite 

grains and/or late tectono-metamorphic veins and veinlets that crosscut the pyritic 

groundmass (Plate 7- E, G, H). Fine- to coarse-grained (±10 - ±400 µm), anhedral to 

euhedral arsenopyrite crystals, often in aggregates and partly brecciated, occur 

disseminated in the pyritic groundmass. Pristine textural features such as porous colloform 

structures comprising either concentric overgrowths of pyrite+galena, or simply pyrite, are  

frequently recognized, although variably recrystallized (Plate 7- F).  

Late, crosscutting tectono-metamorphic veins and veinlets filled with galena, 

carbonates(+quartz), chalcopyrite±galena are common in the MP ore samples. Variable 

amounts of tetrahedrite, sphalerite and, to a lesser extent, bournonite complement the 

mineral assemblage in these structures. Moreover, sphalerite frequently displays 

chalcopyrite inclusions of variable shape (rounded to lenticular) and size (<5 - ±10 µm) 

along its crystallographic directions. 

 

Quantitative estimation of the ore mineral assemblages occuring in the studied samples 

(Figure 56) closely reflects the petrographic features of this ore type. Pyrite and galena 

constitute the main ore mineral phases, representing on average about 85% and 7% of the 

ore mineral assemblage, respectively. Arsenopyrite and chalcopyrite are the most 

common accessory mineral phases, representing 3% and 1% of the ore mineral 

assemblage, respectively. Sphalerite, tetrahedrite and bournonite represent respectively 

about 0.8%, 0.4% and 0.1% of the estimated ore mineral assemblage. Almost all the 

chalcopyrite quantified (96%), plus 20% of the total sphalerite and 40% of the total 

tetrahedrite quantified occur associated to the late tectono-metamorphic veins and 

veinlets. Inversely, only about 5% of the total galena quantified in the MP ore is associated 

to the late tectono-metamorphic veins.  

Regarding the gangue mineral association, quartz represents about 62% of the gangue 

minerals recognized, whereas the carbonate minerals represent about 38% of this mineral 

association. 
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Figure 56. Average modal volume of the ore mineral assemblage present in the massive lead-rich sulphide ore 
samples representative of the Lombador orebody. The gangue mineral assemblage is represented by 
carbonates and quartz. Apy – arsenopyrite; Bnn – bournonite; Cpy – chalcopyrite; Gn – galena; Py – pyrite; Sp 
– sphalerite; Td – tetrahedrite. 
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Plate 7. Hand specimens and photomicrographs (in reflected light) illustrating the petrographic characteristics 
of the massive barren (ME) and lead-rich (MP) ore types from the Lombador orebody. A – Example of a ME 
ore sample displaying a featureless, monotonous, fine- to coarse-grained, recrystallized and porous 
aggregate of pyrite. B – Example of partly recrystallized, porous, colloform pyritic pristine structures. C – 
Example of a recrystallized, porous (black areas) pyritic matrix, intergrown with anhedral to euhedral 
arsenopyrite grains, brecciated and filled with late chalcopyrite, tetrahedrite and stannite. D – Enlargement of 
a section of the previous sample, showing recrystallized, porous pyrite±arsenopyrite-rich matrix interstitially 
filled with late chalcopyrite, tetrahedrite, stannite and roquesite. E – Example of a MP ore sample displaying a 
fine- to coarse-grained continuous aggregate of recrystallized pyrite interstitially filled with galena, and 
crosscut by late, tectono-metamorphic carbonate+chalcopyrite±galena+sphalerite and 
chalcopyrite±tetrahedrite±sphalerite veins and veinlets (arrows). F – Recrystallized, partly porous pyritic 
matrix interstitially filled with galena, locally showing partly recrystallized pristine colloform pyrite strcutures. F 
– Late chalcopyrite+galena+sphalerite+tetrahedrite veinlet crosscutting the recrystallized pyritic matrix. Note 
that sphalerite displays fine-grained chalcopyrite inclusions. H – Late chalcopyrite+galena±quartz veinlet 
crosscutting the pyritic matrix. Note the recrystallization of the pyrite grains, particularly in the contact with the 
late chalcopyrite. Apy – arsenopyrite; Cpy – chalcopyrite; Gn – galena; Py – pyrite; Qtz – quartz; Sp – 
sphalerite; Stn – Stannite; Td – tetrahedrite. 
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Plate 7 
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c) Massive zinc ore type (MZ) 

 

The massive zinc ore type (MZ) is typically characterized by a banded texture ascribed to 

mineral regular alternances (Plate 8 and 9). Pyrite-rich levels that alternate with sphalerite-

rich intervals characterize most MZ ore samples. The former consists of fine- to coarse-

grained (±10 - ≥500 µm), anhedral to euhedral pyrite crystals, which are commonly 

recrystallized, brecciated and interstitially filled with sphalerite. The sphalerite-rich bands 

are made of recrystallized, annealed, ribbon-like sphalerite grains, disposed as a mosaic 

of inequigranular (±20 - >200 µm) crystals with tendency to form 120º interfacial angles 

(Plate 8- A to D and F to H). In the latter levels, variable amounts of accessory galena, 

chalcopyrite and/or carbonate (siderite) often occur along the sphalerite grain boundaries 

forming blebs with variable shapes and sizes (<5 - ±100 µm) (Plate 8- C). Anhedral to 

euhedral pyrite (±5 - 100 µm) and subhedral to euhedral arsenopyrite (±10 - ±50 µm) 

crystals occur frequently scattered along the sphalerite-dominated levels, either as 

individual grains or in aggregates. 

An early generation of anhedral, porous, sphalerite crystals (Sp I; similar to those 

described in the stringer ores) are occasionally recognized in the sphalerite-dominated 

levels (Plate 8- C). These crystals tend to include fine-grained (≤10 µm) inclusions of 

cassiterite and chalcopyrite, but are generally recrystallized, at least in part, and replaced 

by the main and most abundant generation of sphalerite (Sp II). In addition, some of the 

early generation sphalerite grains are chemically zoned, showing occasional light brown, 

whitish to yellow brown and dark brown alternating internal reflections (Plate 8- C’). 

Conversely, the main generation of sphalerite grains shows no visible zonation, and tends 

to exhibit yellowish brown to red brown internal reflections. Despite these optical 

differences, both generations of sphalerite show, in general terms, minor variations in its 

trace element concentrations, which probably reflect chemical homogenization via 

recrystallization (see Section 5.4). 

Pristine structures, represented either by fine-grained colloform pyrite overgrowths, or by 

framboidal and porous pyrite aggregates with sphalerite and galena dispersed nuclei, are 

often recognized in the pyrite-dominated levels, despite the prominent recrystallization. It is 

worth mentioning that the porous pyrite aggregates represent up to 12% of the total 

volume of pyrite quantified, and the colloform structures commonly comprise concentric 

overgrowths of pyrite, pyrite+quartz, pyrite+galena, and pyrite+sphalerite (Plate 8- B). 

Occasionally, polyminerallic galena+chalcopyrite single rings and rare pyrite+tetrahedrite 

concentric overgrowths were recognized as well. Fine-grained (<20 µm) needle-shaped 

rutile crystals occur sometimes intergrown with pyrite.  
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Furthermore, late tectono-metamorphic veins and veinlets filled with carbonate, 

carbonate(-quartz)+chalcopyrite(±sphalerite, galena), or simply thin chalcopyrite, 

chalcopyrite±sphalerite(-galena, tetrahedrite) ribbons are common in the MZ ore samples, 

occuring roughly perpendicular to the banded texture (Plate 8- D, E). Anhedral blebs (<20 

µm) of chalcopyrite disposed along the crystallographic directions of sphalerite are 

relatively common, and bournonite and boulangerite often complement the mineral 

assemblage in the late tectono-metamorphic veins and veinlets, particularly in those where 

tetrahedrite also occurs. 

 

At the Lombador orebody, the MZ ore differs from the south and central-W to the central-E 

and northern sector of the orebody. In the former sectors, the MZ ore is more massive, 

fine-grained, recrystallized, and brecciated. The banded character is restricted to local 

sphalerite-rich levels (≤1 mm to ±1 cm) and/or thin lenses (Plate 8- A, D). Nevertheless, 

locally, thick (>5 cm) sphalerite-dominated levels are still recognizable, despite its 

tendency to accomodate ductile deformation. Coarse-grained (up to 1 cm) sphalerite 

porphyroblasts (Plate 8- F) distributed in a recrystallized and annealed sphalerite 

groundmass can be observed in places. By contrast, the MZ ore in both the central-E and 

the northern sectors is particularly banded (Plate 8- G to H). The banded texture consists 

mostly of interbedded pyrite- and sphalerite-rich levels intergrown with carbonates, which 

composition ranges from siderite (mainly sideroplesite) to ankerite (Plate 8- I, J). 

Furthermore, in the northern sector, some pyritic levels consist in brecciated or fragmental 

coarse pyrite, pyrite-sphalerite(-chalcopyrite, galena) clasts (not related with tectonic 

deformation), and carbonate-rich levels (up to ±5 cm) comprising colloform, framboidal to 

idiomorphic pyrite grains that are often interbedded with the pyrite- and pyrite-sphalerite-

dominated levels.  

 

The MZ ore in the remaining orebodies sampled (Corvo, Neves, Zambujal and Graça) is 

very similar to that of the Lombador orebody, both in terms of texture and ore mineralogy 

(Plate 9). Recrystallized, often brecciated, anhedral to euhedral pyrite crystals, as well as 

pristine overgrowths made up of porous colloform pyrite, are commonly filled by sphalerite 

and, locally, by variable amounts of chalcopyrite, galena and tetrahedrite. Subhedral to 

euhedral arsenopyrite crystals may be found intergrown with pyrite, in the sphalerite-rich 

levels. Other accessory to trace ore minerals include pyrrhotite, stannite, bournonite and, 

to a lesser extent, rutile. The gangue mineral assemblage includes carbonates, quartz and 

minor chlorite. As at Lombador, brecciated to banded semi-massive pyrite- and sphalerite-

galena-pyrite ore levels intergrown with carbonate and/or with interbedded carbonate-rich 
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levels were equally recognized throughout the MZ ore lens at the remaining orebodies, 

suggesting that exhalation on the seafloor and redeposition of ore-bearing material should 

have a been a rather common manifestation of distal mineralization within the whole 

Neves Corvo deposit. 

As described earlier for the MZ ore at Lombador, these pristine characteristics may be 

strongly obscured by tectonic deformation and recrystallization. Late tectono-metamorphic 

veins and veinlets filled with carbonate, carbonate(-quartz)+chalcopyrite(±sphalerite, 

galena), or simply with chalcopyrite, chalcopyrite±sphalerite(-galena, tetrahedrite) ribbons 

are extremely abundant. These late tectono-metamorphic features are recognized 

throughout the MZ ore lens of Corvo, Graça and Zambujal orebodies and, in particular, in 

the vicinity of the ore zones where the ductile and brittle deformation was predominantly 

accommodated (Plate 9- C, G, J, K). It should be emphazised that some of the drill holes 

specifically sampled for indium- and/or selenium-rich zinciferous ores (MZ and MZP) were 

collected in the vicinity of thrust faults, particularly at the Zambujal orebody. Actually, the 

Corvo, Graça and Zambujal orebodies seem to accommodated most of the regional 

tectono-metamorphic deformation in the deposit, as indicated by the detailed structural 

analysis made by the on-site geologists over the lifetime of the mine (see Figure 47 and 

Appendix A5). 

 

In terms of overall quantitative estimation (Figure 57), pyrite and sphalerite dominate the 

ore mineral assemblage of the MZ ore type, representing on average 64% and 24% of the 

modal volume, respectively. Nevertheless, both pyrite (23 to 97% vol.) and sphalerite (1.7 

to 75% vol.) show a wide range in their modal volumes, due to the combination of primary 

and secondary factors. These include, respectively, the spatial position of the MZ ore level 

relative to the feeder zone, and the overprinting effects of tectonic deformation that 

favoured boudinage of the pyrite-dominated levels and thickening of the sphalerite-

dominated levels. About 12% of the sphalerite quantified displays fine-grained (<10 µm) 

inclusions of chalcopyrite. Chalcopyrite represents on average 2% of the ore mineral 

assemblage, whereas galena and arsenopyrite represent about 1% each. All together, 

tetrahedrite (0.6% vol.), stannite (0.2% vol.), pyrrhotite (0.1% vol.), bournonite (0.1% vol.), 

boulangerite (<0.1% vol.) and cassiterite (<0.1% vol.) represent, approximately, 1% of the 

ore mineral assemblage. The modal volume of chalcopyrite and galena is also widely 

variable. The values for chalcopyrite range between 0.1 and 20% by volume, and between 

0.1 and 7% vol. for galena. The wide variation in the modal volume of these minerals 

should reflect effects of the tectonic deformation and preferential remobilization of the 

more ductile sulphides. Over 40% of the chalcopyrite and galena quantified in the studied 
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MZ ore samples occur associated to the late tectono-metamorphic veins and veinlets. 

Tetrahedrite, on the other hand, shows a more restricted variation in its modal volume (0.1 

to 1.5% vol.) relative to chalcopyrite or galena. Notwithstanding, over 70% of the 

tetrahedrite quantified occurs associated to the late tectono-metamorphic, chalcopyrite-

dominated ribbons that crosscut the MZ banded texture or fill pyrite fractures. 

The gangue mineral assemblage is dominated by carbonates (73.8% vol.), quartz (24% 

vol.), chlorite (1.4% vol.) and rutile (0.6% vol.). 

 

 

	    
Figure 57. A – Average modal volume of the ore mineral assemblage present in the massive zinc ore (MZ) 
samples studied (representative of the Lombador, Corvo (SE area), Neves, Zambujal and Graça (SW area) 
orebodies). B – Enlargement of the field corresponding to “other ore minerals”, which, in total, represents about 
1% of the ore mineral assemblage, and includes tetrahedrite, stannite, minor pyrrhotite, bournonite, cassiterite 
and rare boulangerite. The gangue mineral assemblage is represented by carbonates (sideroplesite to ankerite 
in composition), quartz, chlorite and rutile. Apy – arsenopyrite; Blg – boulangerite; Bnn – bournonite; Cpy – 
chalcopyrite; Cst – cassiterite; Gn – galena; Py – pyrite; Po – pyrrhotite; Sp – sphalerite; Stn – stannite; Td – 
tetrahedrite. 
 

 

At the Lombador orebody, the quantitative estimation of the MZ ore mineralogy, taken 

sector-by-sector, compare remarkably well with the overall petrographic characteristics 

above described. It can be seen in Figure 58 that the overall amount of pyrite in both the 

south and the central-W sectors of the Lombador orebody is more predominant than in the 

central-E and northern sectors, whereas the gangue minerals show the opposite 

behaviour. This is in good agreement with the more massive, fine-grained, pyritic character 

displayed by the MZ ore in the south and central-W sectors of the orebody relative to the 

predominantly banded and carbonate-rich MZ ore in the central-E and northern sectors of 

the orebody. Consentaneously, the overall amount of chalcopyrite, galena and 

tetrahedrite, which are often associated to the late tectono-metamorphic veins and 

veinlets, is higher in the south and central-W sectors of the orebody, than in its central-E 

and northern sectors, which is in accordance with both the primary metal zonation of the 
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orebody, and the more brittle accomodation of the tectonic deformation and consequent 

open-space filling in its south and central-W sectors, where the massive, pyritic ore facies 

dominate. 

 

 

 

	   
Figure 58. Average modal volume of the massive zinc ore (MZ) mineral assemblage present in the south (A), 
central-W (B), central-E (C) and northern (D) sectors of the Lombador orebody. The gangue mineral 
assemblage is represented by carbonates (sideroplesite to ankerite in composition), quartz, chlorite and rutile. 
Apy – arsenopyrite; Blg – boulangerite; Bnn – bournonite; Cpy – chalcopyrite; Cst – cassiterite; Gn – galena; 
Py – pyrite; Po – pyrrhotite; Sp – sphalerite; Stn – stannite; Td – tetrahedrite. 
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Plate 8. Hand speciment and photomicrographs (in reflected light) illustrating the petrographic characteristics 
of the massive zinc (MZ) ore type at the Lombador orebody. A – Example of a MZ ore sample from the south 
sector of the Lombador orebody displaying a poorly banded texture in a fine-grained and recrystallized 
groundmass of pyrite. B – Example of partly recrystallized, porous, colloform pyritic overgrowths. Note the 
development of idiomorphic pyrite grains in the sphalerite-dominated levels. C, C’ – Example of a 
recrystallized and annealed sphalerite-rich level, displaying a mosaic of grains with tendency to develop 120º 
interfacial angles, fine-grained blebs of chalcopyrite and allotriomorphic galena along grains boundaries, and 
partly replaced pyrite grains. Note the presence in these levels (C’) of remnants of a chemically zoned, and 
porous early generation of sphalerite grains (Sp I). D, E – Example of a banded MZ ore sample from the 
central-W sector of the Lombador orebody; the thin sphalerite-rich levels show clear signs of ductile and 
brittle deformation. Note the development of pressure shadows filled with sphalerite+carbonate along pyritic 
boudins (upper arrow), and the presence of late tectono-metamorphic, chalcopyrite-dominated veins 
crosscutting the banded texture (lower arrow). F – Example of a MZ ore sample displaying a thick, sphalerite-
rich level with ductile deformation. Note the presence of coarse-grained, sphalerite porphyroblasts (arrows) 
within the sphalerite-rich groundmass due to recrystallization. G, I – MZ ore sample from the central-E sector 
of the Lombador orebody, displaying a banded texture made up of alternating pyrite and sphalerite levels. 
Note the presence of carbonates (mainly sideroplesite in composition) intergrown with sphalerite (I). H, J. – 
Example of a MZ ore level in the northern sector of the Lombador orebody. Note the banded character and 
the presence of pyrite and sphalerite within a carbonate (mainly sideroplesite in composition) groundmass (J). 
Apy – arsenopyrite; Carb – carbonate; Cpy – chalcopyrite; Gn – galena; Py – pyrite; Sp – sphalerite; Td – 
tetrahedrite. 
 
Plate 9. Hand specimen and photomicrographs (in reflected light) illustrating the petrographic characteristics 
of the massive zinc (MZ) ore type at the Corvo (SE area), Graça (SW area) and Zambujal orebodies. A to D – 
Example of a MZ ore sample from the SE area of the Corvo orebody, displaying a poorly to well-banded 
texture of pyrite- and sphalerite-dominated levels. Note the intense ductile and brittle deformation on C. E to 
G – Example of MZ ore samples from the SW area of the Graça orebody, displaying a poorly to well-banded 
texture of pyrite- and sphalerite-dominated levels. Note the intense ductile and brittle deformation on G. H – 
Example of a MZ ore sample from the Zambujal orebody, displaying a featureless, recrystallized and pyrite-
dominated texture. I – Typical texture and ore mineralogy found in the sphalerite-dominated levels. As 
discussed in the text, the sphalerite also occurs recrystallized and annealed, displaying a mosaic of grains 
with tendency to develop 120º interfacial angles. Fine-grained blebs of chalcopyrite and allotriomorphic 
galena along grains boundaries and partly replaced pyrite grains are often recognizable. J – Late tectono-
metamorphic carbonate+chalcopyrite±tetrahedrite-galena veinlet crosscutting a pyrite-sphalerite level due to 
brittle deformation in a MZ ore sample from the Corvo (SE area) orebody. K – Example of a late tectono-
metamorphic carbonate±chalcopyrite veinlet crosscutting a sphalerite-dominated level due to brittle 
deformation in a MZ ore sample from the Graça (SW area) orebody. L – Representative ore texture and 
sulphide mineralogy found in a MZ ore sample from Zambujal orebody. Apy – arsenopyrite; Carb – 
carbonate; Cpy – chalcopyrite; Gn – galena; Py – pyrite; Sp – sphalerite; Td – tetrahedrite. 

 
 



The Zinc-Rich Mineralization at the Neves Corvo Deposit 5 
 

P a g e  | 217 
	  

 
Plate 8 
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Plate 9 
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d) Massive zinc-lead ore type (MZP or 5Z) 

 

The massive zinc-lead ore type (MZP or 5Z) is very similar to the MZ ore in terms of its ore 

mineral assemblage and textural patterns. However, the average lead content and relative 

proportion of galena is naturally higher in the MZP ore type than at the MZ ore type. 

Texturally, mineral banding is common in the MZP ore type, although locally poorly banded 

sections may also occur (Plate 10- A to I). The ore banded texture comprises alternated 

pyrite-rich and sphalerite-galena(-pyrite)-rich levels. In the MZP ore, the latter levels tend to be 

thicker than the sphalerite-rich levels in the MZ ore, often reaching up to 40 centimeters in 

thickness due to the effects of tectonic deformation. Pristine structures as those described in 

the MZ ore type, namely colloform pyrite and pyrite+galena, pyrite+sphalerite, 

pyrite+galena+chalcopyrite structures, framboidal or dispersed sphalerite and galena nuclei in 

pyrite, are also commonly observed in the MZP ore type, particularly in the pyrite-dominated 

levels. The pyritic levels also comprise fine- to coarse-grained (±10 - ≥500 µm), anhedral to 

euhedric, recrystallized and brecciated pyrite crystals interstitially filled with galena, sphalerite 

and tetrahedrite. These mineral phases occur frequently associated, and bournonite (usually 

≤50 µm) can be found intergrown with galena or tetrahedrite. Accessories, subhedral to 

euhedral, arsenopyrite crystals, often forming aggregates, occur intimately intergrown with 

pyrite and/or scattered in the sphalerite-galena-dominated levels. When intergrown with pyrite, 

the arsenopyrite crystals range in size between 10 to ±400 µm, and are frequently fractured, 

whereas in the sphalerite-galena-dominated levels the size of the arsenopyrite crystals ranges 

between ±5 to 100 µm, and are usually well-crystallized. Minor amounts of tetrahedrite and 

chalcopyrite are often associated with sphalerite, which interstitially fills pyrite grains. 

The sphalerite-galena(-pyrite) levels are commonly folded and internally annealed, but, again 

as in the MZ ore, an anhedral, porous, early generation of sphalerite crystals (Sp I) can be 

occasionally recognized within these levels. Galena occurs regularly dispersed throughout the 

sphalerite-rich levels asssuming cuspate shapes, and/or occurying as coarse sphalerite-

galena intergrowths that show equilibrium interfacial angles, often forming thin irregular and 

grossly continuous galena(-sphalerite) levels (Plate 10- J). Its size is widely variable, ranging 

from ±5 to 60 µm. Moreover, galena occurs remobilized into open spaces such as cleavage 

planes, fractures or pressure shadows. Minor amounts of chalcopyrite are equally found on 

grain boundaries of sphalerite crystals, which occur as a mosaic of inequigranular (±20 - >200 

µm), recrystallized and annealed crystals with roughly 120º interfacial angles (Plate 10- J). It is 

also worthnoting the occasional presence of porous, anhedral, early sphalerite grains with 

cassiterite and chalcopyrite inclusions in the sphalerite-galena-dominated levels, as well as 
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carbonates (mainly dominated by sidereplesite), quartz and, rarely, chlorite. Incomplete, thin 

rims of stannite are common in the contact between sphalerite and the carbonates.  

Late tectono-metamorphic carbonate, carbonate(-quartz)+chalcopyrite(± sphalerite, galena) 

veins and veinlets, or, simply, thin chalcopyrite, chalcopyrite±sphalerite(-galena, tetrahedrite), 

galena and/or tetrahedrite ribbons are common throughout the MZP ore levels (Plate 10- C, 

K). As seen for the MZ ore, these late features also tend to occur perpendicular to the banded 

texture, and anhedral, fine-grained blebs (<20 µm) of chalcopyrite occur along the 

crystallographic directions of sphalerite. Bournonite often complement the mineral 

assemblage in the late tectono-metamorphic veins and veinlets, particularly in those where 

tetrahedrite also occurs. 

As described for the MZ ore type in the Lombador orebody, the MZP ore also displays 

different features from the south and central-W sectors to the central-E and northern sectors 

of the orebody, although the variations observed are less noticeable than those displayed by 

the MZ ore (Plate 10- A to D). From the south and central-W sectors of the Lombador orebody 

to its central-E and northern sectors, the MZP ore type grades from a pyritic, massive, fine-

grained, recrystallized, grossly banded (±1 mm to ±5 cm) and brecciated variety of ore, to a 

banded ore, made up of alternations of pyrite- and sphalerite–galena–pyrite levels, intergrown 

with carbonate and/or with interbedded carbonate-rich levels. The increase of carbonate as a 

gangue phase is particularly visible in the northern sector.  

In the remaining orebodies sampled, namely Corvo (SE area), Neves, Graça (SW area) and 

Zambujal, the MZP ore is very similar to that of the Lombador orebody, either in terms of ore 

mineralogy, or texture (Plate 10- E to I, K to M). A perfect mineral banding alternates with local 

intercalations of poorly banded sections. The thicker sphalerite-galena-pyrite levels tend to 

exhibit significant folding, and are often crosscut by late tectono-metamorphic carbonate, 

carbonate-sulphide-bearing veins and veinlets, or sulphide (chalcopyrite, sphalerite, 

tetrahedrite, galena) ribbons, and brecciated to banded semi-massive pyrite- and sphalerite-

galena-pyrite alternations, intergrown with carbonate and/or with interbedded carbonate-rich 

levels. The more pristine structures, however, are again suggestive of direct exhalation on to 

the seafloor and redeposition of ore-bearing material.  

 

The overall quantitative estimates of the ore mineral assemblage in the MZP ore is presented 

in Figure 59. On average, pyrite represents 60% of the ore mineral assemblage modal volume 

(ranges from 25 to 86%). In turn, sphalerite (4 to 60%) and galena (0.1 to 13%) represent, on 

average, 23% and 5% of the modal volume of the ore mineral assemblage, respectively. The 

higher modal proportions for sphalerite and galena occur in the tectonically thickened 
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sphalerite-galena-dominated levels. Moreover, up to 8% of the sphalerite quantified display 

fine-grained inclusions of chalcopyrite. 

Regarding chalcopyrite, arsenopyrite, tetrahedrite, stannite, pyrrhotite, bournonite and 

cassiterite, these ore mineral phases represent on average 3%, 0.6%, 0.4%, 0.2%, 0.1%, 

0.1% and <0.1% of the ore mineral assemblage modal volume. Nevertheless, it is worth 

mentioning that both chalcopyrite and tetrahedrite modal proportions are widely variable, 

ranging from 0.1 to 17% and 0.1 to 2%, respectively. These wide ranges are due to variable 

remobilization effects ascribed to tectonic deformation. Chalcopyrite, tetrahedrite, galena and, 

to some extent, sphalerite, all behave in a ductile way under tectonic stress and low-grade 

metamorphic conditions (prehnite-pumpellyite facies; see Chapter 2). As a matter of fact, over 

95% of the chalcopyrite, 70% of tetrahedrite, 10% of the sphalerite and 30% of the galena 

quantified in the MZP ore occur associated to the late tectono-metamorphic veins or veinlets.  

The gangue mineral assemblage is dominated by carbonates (84% vol.). Quartz and chlorite 

represent 15.6% and 0.4% of the gangue mineral assemblage found, respectively. 

 

 

 

 
Figure 59. A – Average modal volume of the ore mineral assemblage present in the massive zinc-lead sulphide ore 
samples studied and representative of the Lombador, Corvo (SE area), Neves, Zambujal and Graça (SW area) 
orebodies. B – Enlargement of the field for “other ore minerals”, which represent about 1.4% of ore mineral 
assemblage, and include arsenopyrite, tetrahedrite, stannite, minor pyrrhotite, bournonite and cassiterite. The 
gangue mineral assemblage is represented by carbonates (sideroplesite to ankerite in composition), quartz and 
rare chlorite. Apy – arsenopyrite; Bnn – bournonite; Cpy – chalcopyrite; Cst – cassiterite; Gn – galena; Py – pyrite; 
Po – pyrrhotite; Sp – sphalerite; Stn – stannite; Td – tetrahedrite. 
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Plate 10. Hand specimen and photomicrographs (in reflected light) illustrating the petrographic characteristics 
of the MZP ore type in the different orebodies. A to D – Example of the MZP ore type textures found in the 
south (A), central-W (B, C) and northern (D) sector of the Lombador orebody. Note the grossly banded texture 
of the MZP ore from the south sector (A); the presence of a thick sphalerite-galena-dominated level in the 
central-W sector of the orebody (B), due to ductile and brittle deformation, and the well-defined banded texture 
and increase of carbonates intergrowth with the ore sulphides towards the peripheral and northern zones of the 
orebody (D). Late, tectono-metamorphic chalcopyrite veinlets (B, arrow) are often found in the MZP ore 
samples. E, F – Examples of the MZP ore from the SE area of the Corvo orebody. Note the brecciated to 
banded semi-massive pyrite- and pyrite-sphalerite-galena alternating ore levels (arrows), intimately intergown 
with a carbonate-rich groundmass  (see E, K). G, H – Example of the MZP ore from the SW area of the Graça 
orebody. Again, note the ore banded texture, as well as the ore sulphide and carbonate intergrowths, as seen 
in Lombador and Corvo orebodies. I – Example of the MZP ore from the Zambujal orebody. J – Example of the 
ore texture in the sphalerite-galena-dominated levels. Note the annealed texture of the sphalerite grains, and 
the cuspate shape of galena along the grains boundaries of sphalerite. K – Example of the mineralogy and ore 
texture in the MZP ore from Corvo (SE area) orebody. Note the carbonate-rich groundmass, and the presence 
of a tetrahedrite-dominated veinlet due to tectono-metamorphic deformation. L – Example of the ore 
mineralogy and texture found in the MZP ore from Graça (SW area) orebody. Note that the carbonates also 
occur intergrown with the sulphides. M – Example of the ore mineralogy and texture found in the MZP ore from 
the Zambujal orebody. Again, note the presence of carbonates intergrown with the ore sulphides. Apy – 
arsenopyrite; Carb – carbonate; Cpy – chalcopyrite; Gn – galena; Phyll – phyllosilicate; Py – pyrite; Sp – 
sphalerite; Td – tetrahedrite. 

 



The Zinc-Rich Mineralization at the Neves Corvo Deposit 5 
 

P a g e  | 225 
	  

 
Plate 10 
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Figure 60 shows that the average proportions of ore gangue minerals increase from the south 

and central-W sectors to the central-E and northern sectors of the Lombador orebody. The 

proportion of the remaining ore mineral phases is relatively constant, only displaying small 

variations in their quantified average modal proportions. Nevertheless, once more, the 

average proportions of chalcopyrite and tetrahedrite slightly increases to the south and 

central-W sectors of the orebody. As mentioned for the MZ ore type, such tendency seem to 

result from the combined effect of the primary metal zonation of the orebody, coupled with the 

more brittle nature of tectonic deformation in its south and central-W sectors, where the 

massive, pyritic ore facies dominate (copper remobilization enhancement by open-space 

filling).  

 

 

 

 
Figure 60. Average modal volume of the massive zinc-lead ore (MZP) mineral assemblage present in the south (A), 
central-W (B), central-E (C) and northern (D) sectors of the Lombador orebody. The gangue mineral assemblage is 
represented by carbonates (sideroplesite to ankerite in composition), quartz, rutile and chlorite. Apy – arsenopyrite; 
Bnn – bournonite; Cpy – chalcopyrite; Cst – cassiterite; Gn – galena; Py – pyrite; Po – pyrrhotite; Sp – sphalerite; 
Stn – stannite; Td – tetrahedrite. 
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e) Massive copper-zinc ore type (MCZ or 5C) 

 

The massive copper-zinc ore (MCZ or 5C) shows a large variety of mineral associations and 

proportions, as well as a diversity of textural patterns, ascribed both to syn-metallogenetic 

processes (e.g., recrystallization, zone refining), and to subsequent tectono-metamorphic 

overprinting effects (e.g., recrystalization, annealing, remobilization of soft mineral phases, 

folding and shearing).  

In general terms, the MCZ ore is characterized by a banded texture consisting in alternate 

pyrite-sphalerite(-chalcopyrite), sphalerite(-tetrahedrite±stannite) and chalcopyrite-sphalerite(-

tetrahedrite±galena) levels of widely variable thickness (±1 mm to >10 cm) and continuity, 

which varies from thin continuous layers, up to thick lenticular layers that are often 

boudinaged and folded (Plate 11 and 12). As expected, boudinage is particularly well 

developed in the pyrite-dominated levels due to the rigid behavior of pyrite, although this type 

of structures can also be observed in the sphalerite(-tetrahedrite±stannite)-rich levels (Plate 

11- F). This ore texture and mineral assemblage is particularly well developed in the MCZ 

ores representative of the Corvo, Neves, Graça and Zambujal orebodies (Plate 11- F, G, H, 

Plate 12). Furthermore, tennantite was positively identified (EPMA) in some MCZ ore samples 

from the Corvo and Zambujal orebodies, as well as in the MCZ ore samples from the Neves 

orebody (SEM). 

The MCZ ore at the Lombador orebody on the other hand appears to be a less mature type of 

ore than at the remaining orebodies studied. It usually consists in a grossly banded massive 

ore with irregular and often lenticular chalcopyrite-sphalerite(-galena±tetrahedrite) layers, 

intercalated with pyrite-sphalerite(-chalcopyrite) levels (Plate 11- A to D). Moreover, the 

chalcopyrite-sphalerite-dominated levels are usually less than 1 cm thick, whereas the pyrite-

sphalerite levels usually display centimetric levels (>5 cm) (Plate 11- A to C). The occurrence 

of tetrahedrite, stannite and galena is less conspicuous in the MCZ ore from Lombador than in 

the MCZ ores from the remaining orebodies, in particularly in the MCZ ore from the Corvo and 

Neves orebodies. 

 

Notwithstanding the differences above mentioned, typically the pyrite-dominated levels in the 

MCZ ores comprise fine- to coarse-grained (±10 - ±2000 µm), recrystallized, often brecciated 

and porous pyrite crystals interstitially filled with chalcopyrite, sphalerite or both. Locally, 

variable amounts of galena and tetrahedrite also fill the spaces between pyrite crystals and/or 

the fractures in pyrite. Anhedral inclusions of galena, sphalerite, chalcopyrite and/or pyrrhotite, 

forming atoll textures, are relatively frequent within pyrite. Subhedral to euhedral (±20 - 140 

µm) arsenopyrite crystals, usually in aggregates, occur intergrown with the pyrite. On the other 
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hand, the chalcopyrite-sphalerite-dominated levels comprise a recrystallized and annealed 

mosaic of inequigranular (±5 - >500 µm) sphalerite and chalcopyrite crystals that display a 

tendency to form 120º interfacial angles. Tetrahedrite (±5 - 200 µm), which is widely variable 

in terms of its proportions, is, together with galena, allotriomorphic and occurs between the 

sphalerite and chalcopyrite annealed grains. Galena is usually less abundant than 

tetrahedrite, and tends to occur as irregular cuspate shapes (≤1 - ±50 µm) along chalcopyrite, 

sphalerite and tetrahedrite grain boundaries. Galena, as well as tetrahedrite, may also 

interstitially fill fine- to medium-grained (±5 - ±100 µm) scattered pyrite crystals occurying in 

the chalcopyrite-sphalerite-dominated levels. The annealed texture is particularly visible in the 

sphalerite(-tetrahedrite±stannite) levels, as well as in variably thick (±100 µm - > 3 mm) 

chalcopyrite-rich ribbons that use to occur roughly parallel to the banded texture or sub-

perpendicular to the mineral banding as a result of ductile and/or brittle tectonic deformation 

(Plate 11- B, C, E, F, H; Plate 12- A, B, D to G, I). 

The ore mineral assemblage observed includes minor to trace amounts of cobaltite, 

glaucodot, löllingite, kesterite, ferrokesterite, cassiterite, unclassified selenium-bismuth and 

selenium-bearing lead-bismuth phases, roquesite and a mineral phase that seem to 

correspond to sakuraiite or a skuraiite-roquesite intermediate phase. The gangue mineral 

assemblage includes quartz, carbonates and, in minor amounts, chlorite.  

Despite the relatively restricted number of different minerals identified, the mineral proportions 

characteristic of the MCZ ore in each orebody significantly varies from one orebody to 

another. For instance, at the Corvo and Neves orebodies the MCZ ore samples studied 

display higher proportions of stannite, kesterite, ferrokesterite, tetrahedrite and cassiterite 

relative to the remaining orebodies, and, in particular, to the Lombador orebody. Tetrahedrite, 

on the other hand, is an important ore mineral phase in the MCZ ore samples of the Zambujal 

orebody (Plate 12- H). Some tendencies can, nevertheless, be drawn for the overall set of 

MCZ ore samples studied. Both cobaltite and glaucodot tend to occur in the pyrite-dominated 

levels as anhedral to subhedral crystals (10 - ±100 µm), which are often intergrown with 

arsenopyrite and/or partly fractured and replaced either by chalcopyrite, or galena. Very fine-

grained (<10 µm) grains and blebs of cobaltite, coupled with rare, fine-grained (≤10 µm) 

euhedral löllingite crystals (identified by means of SEM) can also occur between the triple 

junctions of chalcopyrite, chalcopyrite-sphalerite and/or chalcopyrite-tetrahedrite(-sphalerite) 

grains in the chalcopyrite-sphalerite-dominated levels, or in the remobilized chalcopyrite 

ribbons. In addition, anhedral to euhedral (±5 - ≤60 µm; occasionally up to 200 µm) cassiterite 

crystals, often forming small aggregates, occasionally occur intergrown with pyrite and/or 

arsenopyrite in the pyrite-dominated levels. Cassiterite crystals, with similar shape and size, 

have also been found within the chalcopyrite-sphalerite-dominated levels in the MCZ ore 
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samples of the Corvo, Neves and Graça orebodies. Nevertheless, the later are usually partly 

replaced by chalcopyrite. 

Stannite, kesterite and ferrokesterite tend to occur as blebs or films of variable size (≤1 - ±20 

µm) and shape in sphalerite, and/or at the sphalerite-chalcopyrite and/or sphalerite-gangue 

(usually sideroplesite) contacts  (Plate 11- G). Stannite (and possibly kesterite and 

ferrokesterite) also occurs as very fine-grained (≤1 µm) and intergranular blebs and films on 

the boundaries of chalcopyrite grains present in remobilized ribbons sub-parallel to the 

banded texture and/or grossly perpendicular to the mineral banding. Minor amounts of 

sphalerite can occasionally be seen associated to stannite. Although not so commonly, 

stannite also occurs associated to late, non-metallogenetic veinlets in the MCZ ore of the 

Corvo and Neves orebodies (Palte 11- C, Plate 12- G). This type of stannite occurrence, 

however, was not found in the MCZ ore samples from the Lombador or Zambujal orebodies. 

The selenium-bismuth and selenium-bearing lead-bismuth phases, and roquesite occur as 

fine-grained blebs associated to MCZ ore samples displaying strong recrystallization, 

annealing and secondary copper enrichments due to ductile deformation related to low-angle 

fault zones. It should be emphazised, however, that the unclassified selenium-bismuth and 

selenium-bearing lead-bismuth phases have only been found (by means of SEM) in one MCZ 

ore sample collected at the Zambujal orebody (FZ552 39.7 m). These minerals occur as 

anhedral, fine-grained (≤5 µm) blebs distributed along the grain boundaries of annealed 

chalcopyrite, in the chalcopyrite-tetrahedrite and/or chalcopyrite-tetrahedrite-sphalerite 

contacts, or within tetrahedrite as anhedral to euhedral inclusions of variable size (<1 - 10 

µm). Although less frequently, these complex mineral phases also occur along arsenopyrite 

crystallographic directions as needle-like grains.  

Most roquesite occurs associated to chalcopyrite-diseased sphalerite crystals, either 

associated to the chalcopyrite blebs within sphalerite, or in sphalerite-chalcopyrite grain 

boundaries, as anhedral to subhedral crystals of variable size (≤1 - ±10 µm).  

The sakuraiite or sakuraiite-roquesite intermediate mineral phase was also found within 

chalcopyrite-diseased sphalerite crystals as an anhedral, fine-grained (<10 µm) phase. The 

identification of this mineral phase was only possible by means of SEM and should reflect, as 

roquesite, an indium exsolution product from coexisting sphalerite and chalcopyrite (see 

Chapter 6). 

Late, tectono-metamorphic chalcopyrite+carbonate(-quartz)±sphalerite veins and veinlets, 

which crosscut the banded texture and comprise variable amounts of tetrahedrite, galena and, 

to a lesser extent, stannite are also common throughout the MCZ ore (Plate 11- B, F, E, H; 

Plate 12- A, E, F, G, I). 
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At the Lombador orebody, the MCZ ore is mainly present in its central-W sector, and occurs 

both in footwall, and in hanging wall geometric positions (see Figure 48). The textural and 

mineralogical features of the MCZ ore samples collected in this sector in footwall positions are 

indicative of very mature zone refining processes (Plate 11- A, D). Conversely, annealead 

chalcopyrite-rich groundmasses and variably thick, late tectono-metamorphic chalcopyrite-rich 

veins and veinlets ascribed to tectonic deformation are often recognized in the MCZ ore 

samples located in hanging wall positions (Plate11- B, C, E).  

In the remaining sectors of the Lombador orebody, the MCZ ore lenses are mainly restricted 

to hanging wall positions, and particularly intergrown with carbonates (mainly sideroplesite) in 

the northern sector. As for the MZ and MZP ores, the MCZ ore also grades from a massive, 

fine-grained, recrystallized, grossly banded and locally brecciated pyrite-sphalerite-dominated 

ore, with intervening thin lenticular sphalerite-chalcopyrite(-pyrite) levels (rarely up to 1 cm), in 

the south and central sectors of the orebody, to a poorly sorted, semi-massive fragmental ore, 

comprising variably large (±20 µm - >5 cm) clasts of pyrite, pyrite-sphalerite and pyrite-

sphalerite-chalcopyrite(-galena), as well as polylithic clasts (±3 mm - >5 cm) of coherent 

rhyolite, black shale, quartz and carbonate-rich mudstone in a carbonate(-chlorite)-rich 

groundmass, in the northern sector of the orebody. These textural aspects strongly suggest 

gravity-driven mass-flows. Nevertheless, pristine structures, such as colloform pyrite, 

framboidal pyrite and pyrite-chalcopyrite(-galena, sphalerite) overgrowths, were partially 

preserved in all MCZ ore samples studied.  

 

As mentioned, the MCZ ore samples in the remaining orebodies display the typical pyrite-

sphalerite-chalcopyrite, sphalerite(-tetrahedrite±stannite) and chalcopyrite-sphalerite(-

tetrahedrite±galena) banded texture. Prominent amounts of stannite, tetrahedrite and, to a 

lesser extent, tennantite occur associated to the chalcopyrite-sphalerite-dominated levels in 

the Corvo and Neves MCZ ore samples, whereas at the Zambujal orebody, tetrahedrite 

constitute an important accessory ore mineral phase of the MCZ ore. Stannite in the MCZ 

ores of Zambujal was only occasionally found as anhedral, fine-grained (<20 µm) blebs on 

chalcopyrite or chalcopyrite-sphalerite-tetrahedrite grain boundaries, and, occasionally, as 

exsolutions within sphalerite. The MCZ ore at the Graça orebody is similar to that described at 

the Corvo and Neves orebodies, except for the additional presence of tennantite in the the 

mineral assemblage. Cassiterite was only found in the Corvo, Neves and Graça MCZ ores, 

and the unclassified selenium-bismuth and selenium-bearing lead-bismuth phases found 

appear to be products of metastable solid solutions due to incomplete reequilibration during 

recrystallization and annealing processes ascribed to the tectono-metamorphism. In fact, all 

the MCZ ore samples studied in the Corvo, Neves, Graça and Zambujal orebodies were 
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collected in ore zones were the effects of ductile and brittle deformation were prominent. The 

tectonic and metamorphic remobilization processes subsequent to ore generation are likely to 

have had an important role in fostering exceptional enrichments in indium and selenium in 

these ore zones (see Chapter 6). Despite the differences on the ore sulphide mineral 

proportions, spectacular annealed chalcopyrite-sphalerite-tetrahedrite mottle patterns can be 

seen in the MCZ ore samples representative of these orebodies (Plate 12- H). Remnants and 

gohsts of pyrite can be found scattered in these chalcopyrite-sphalerite-tetrahedrite-rich zones 

(Plate 12- G). Relatively preserved, anhedral, variably sized (±10 - >1000µm) and porous 

grains of early generation sphalerite (Sp I) are equally recognizable, despite the intense 

replacement by chalcopyrite, tetrahedrite, stannite and/or combinations of these along its 

crystallographic directions. 

 

In terms of the overall ore mineral quantitative estimates (Figure 61), pyrite is the predominant 

ore sulphide in the MCZ ore, representing on average 55% of the ore mineral assemblage. 

Chalcopyrite and sphalerite constitute 20% and 17% of the ore mineral assemblage, 

respectively, and tetrahedrite and galena represent about 2% each. However, the proportions 

of these ore mineral phases are variable in the studied samples, particularly chalcopyrite and 

sphalerite. These can range from 5 to 55%, and from 10 to 44%, respectively. The MCZ ore of 

the Lombador orebody yielded the lowest estimates for chalcopyrite abundance, whereas the 

highest came from the MCZ ore samples collected at the Neves orebody.  

 

	   
Figure 61. A – Average modal volume of the ore mineral assemblage occurying in the massive copper-zinc ore 
(MCZ) samples representative of the Lombador, Corvo (SE area), Neves, Zambujal and Graça (SW area) 
orebodies. The gangue mineral assemblage is represented by carbonates and quartz. B – Enlargement of the field 
for “other ore minerals”, which represent about 2% of the total ore mineral assemblage. Apy – arsenopyrite; Cpy – 
chalcopyrite; Cst – cassiterite; Cbt – Cobaltite; Fe-Kst – ferrokesterite; Gn – galena; Kst – kesterite; Lgt – löllingite; 
Py – pyrite; Po – pyrrhotite; Roq – roquesite; Se-Pb-Bi – selenium-bearing lead-bismuth phase; Skt-Roq – 
sakuraiite or sakuraiite-roquesite phase; Sp – sphalerite; Td – tetrahedrite; Tn – tennantite.  
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About 22% of the chalcopyrite quantified occurs associated to late tectono-metamorphic veins 

and veinlets, as well as 8%, 6% and 10% of the sphalerite, tetrahedrite and galena quantified, 

respectively. Sphalerite, containing fine-grained chalcopyrite and stannite inclusions, 

represents about 28% and 18% of the sphalerite quantified, respectively. The remaining ore 

minerals represent about 0.2% for tennantite, 0.6% for stannite, 0.1% for ferroskesterite and 

kesterite, 0.2% for cassiterite, 0.4% for cobaltite, 0.2% for löllingite, 0.1% for pyrrhotite and 

less than 0.1% for roquesite and for the sakuraiite-roquesite, selenium-bismuth and selenium-

bearing lead-bismuth intermediate phases. The gangue mineral assemblage is dominated by 

carbonates (78% vol.; mostly sideroplesite), quartz (16% vol.) and chlorite (6% vol.). 

 

The MCZ ore at the Lombador orebody is dominated by pyrite (62% vol. on average; Figure 

62A), whereas chalcopyrite and sphalerite represent about 12% and 15% of the ore mineral 

assemblage, respectively. In the remaining orebodies (Figure 63), the pyrite proportion is 

approximately half of the ore mineral assemblage (52 to 57% vol.), and chalcopyrite and 

sphalerite represent up to 24% and 20% of the ore mineral assemblage, respectively. At the 

Lombador orebody galena, tetrahedrite, arsenopyrite, stannite, cobaltite and pyrrhotite 

represent, respectively, about 1%, 0.8%, 0.6%, 0.2%, 0.4% and 0.1% of the ore minerals 

found in the samples studied (Figure 62A). Both löllingite and roquesite constitute less than 

0.1% of the ore mineralogy. These minerals were found in a MCZ ore lens located in a 

hanging wall position in the central-W sector of the orebody. The proportions of chalcopyrite 

and sphalerite are higher in the central sector of the Lombador orebody (16% and 18% vol., 

respectively; Figure 62B to D) relative to its south (11% and 13% vol., respectively) and 

northern sectors, which is in good agreement with the distribution of the ore types (Figure 48 

and 49) and ore grades (Figure 50) for this orebody. The increase of chalcopyrite and 

sphalerite in the central sector is accompanied by a similar increase in arsenopyrite, 

tetrahedrite and cobaltite relative to the remaining sectors (Figure 62B to D). On the other 

hand, the proportion of gangue minerals is higher in the northern sector of the orebody, 

forming about 22% of the mineral assemblage, given the predominance of sideroplesite and 

chlorite as groundmass matrix (Figure 62B to D). In the remaining sectors of the orebody, the 

gangue minerals (sideroplesite and quartz) are mainly represented as vein-filling mineral 

phases associated to the late tectono-metamorphic veins and veinlets, where they occur 

together with remobilized sulphides, such as chalcopyrite and tetrahedrite. In fact, up to 40% 

of the chalcopyrite quantified occurs associated to the late tectono-metamorphic veins and 

veinlets or ribbons, as well as up to 10% of sphalerite and galena, and 45% of the tetrahedrite 

quantified. The proportion of these late veins, veinlets and ribbons is higher in the central 

sector of the orebody. 
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Figure 62. Average modal volume of the massive copper-zinc ore (MCZ) mineral assemblage occurring at the 
Lombador orebody as a whole (A), and in its south (B), central (C) and northern (D) sectors. The gangue mineral 
assemblage is represented by carbonates (mostly sideroplesite), quartz and chlorite. Apy – arsenopyrite; Cpy – 
chalcopyrite; Cbt – cobaltite; Gn – galena; Lgt – löllingite; Py – pyrite; Po – pyrrhotite; Roq – roquesite; Sp – 
sphalerite; Td – tetrahedrite. 
 

 

As previously mentioned, the proportions of chalcopyrite and sphalerite, as well as that of 

tetrahedrite, in the MCZ ore samples, are higher at the remaining orebodies than at the 

Lombador orebody (Figure 63). At the Corvo orebody (Figure 63A and B), pyrite, chalcopyrite 

and sphalerite represent on average 52%, 24% and 17% of the ore mineral assemblage 

modal volume, and tetrahedrite, galena and arsenopyrite, which represent the most common 

accessory sulphides, represent 2%, 1% and 1% of the ore mineral assemblage, respectively. 

Regarding the minor and trace ore minerals, stannite represents 0.8%, tennantite and 

cassiterite 0.4% each, kesterite, ferrokesterite, cobaltite, löllingite and pyrrhotite represent 

about 0,2%, and finally roquesite and the sakuraiite or sakuraiite-roquesite intermediate phase 

represent less that 0.1% of the ore mineralogy found. The gangue mineral assemblage 

represent about 0.4% of the mineralogy found. 

At the Neves orebody (Figure 63C and D), pyrite, chalcopyrite and sphalerite represent on 

average 54%, 22% and 18% of the ore mineral assemblage modal volume found in the MCZ 

ore samples studied.  
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Figure 63. Average modal volume of the massive copper-zinc ore (MCZ) mineral assemblage occurring at the 
Corvo (SE area; A and B), Neves (C and D), Graça (SW area; E and F) and Zambujal (G and H) orebodies. The 
gangue mineral assemblage consists of carbonates (mostly sideroplesite), quartz and chlorite. Apy – arsenopyrite; 
Cpy – chalcopyrite; Cst – cassiterite; Cbt – cobaltite; Fe-Kst – ferrokesterite; Gn – galena; Kst – kesterite; Lgt – 
löllingite; Py – pyrite; Po – pyrrhotite; Roq – roquesite; Se-Pb-Bi – selenium-bearing lead-bismuth phase; Skt-Roq – 
sakuraiite or sakuraiite-roquesite phase; Sp – sphalerite; Td – tetrahedrite; Tn – tennantite.  
 

Regarding the accessory and minor ore minerals, tetrahedrite represents about 1.6%, and 

galena and arsenopyrite represent each 1% of accessory sulphides, whereas stannite 

represents 0.4%, tennantite, kesterite, cobaltite, löllingite and cassiterite represent 0.2% each, 
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pyrrhotite and ferrokesterite represent about 0,1% of the ore minerals found. Roquesite and 

the sakuraiite or sakuraiite-roquesite intermediate phase represent less that 0.1% of the ore 

mineralogy found. The gangue minerals represent about 1% of the mineral assemblage. 

At the Graça orebody (Figure 63E and F) pyrite, chalcopyrite and sphalerite represent on 

average 54%, 21% and 20% of the ore mineral assemblage, respectively, whereas 

tetrahedrite, galena and arsenopyrite represent each about 1% of the ore mineral assemblage 

found. Concerning accessory and minor ore minerals, stannite represents 0.4%, tennantite, 

cobaltite and cassiterite represent about 0.2%, kesterite, ferrokesterite, löllingite and pyrrhotite 

represent about 0,1%, and, lastly, roquesite and the sakuraiite or sakuraiite-roquesite 

intermediate phase represent less that 0.1% of the ore mineralogy found. The gangue 

minerals represent about 1% of the mineral assemblage. 

Finally, at the Zambujal orebody (Figure 63G and H) pyrite, chalcopyrite and sphalerite 

represent on average 57%, 19% and 16% of the ore mineral assemblage found. Tetrahedrite 

represents on average 4%, and galena and arsenopyrite represent each about 1% of the ore 

mineral assemblage. Regarding the accessory and minor ore minerals, cobaltite represents 

about 0.4%, tennantite and löllingite about 0.2%, stannite, pyrrhotite and cassiterite about 1%, 

and kesterite less than 0.1% of the ore mineral assemblage modal volume. The unclassified 

selenium-bismuth and selenium-bearing lead-bismuth phases found represent about 0.1%, 

and the gangue minerals represent about 1% of the mineral assemblage. 

 
 

Plate 11. Hand specimen and photomicrographs (in reflected light) illustrating the petrographic characteristics 
of the MCZ ore from the Lombador and Corvo (SE area) orebodies. A to C – Example of the MCZ ore texture in 
the Lombador orebody. Note the roughly banded texture of the ore relative to the MCZ ore from Corvo (F), as 
well as the chalcopyrite-rich veins in B (arrow), and the chalcopyrite-rich groundmass in C due to tectonic 
deformation. D – Example of the ore texture and mineralogy found in a MCZ ore sample located in a footwall 
position at the Lombador orebody. Note the various generations of sphalerite, and the presence of arsenopyrite 
and cobaltite. E – Example of the chalcopyrite-rich groundmass found in tectonically-enriched MCZ ore 
samples located in a hanging wall position. F – Example of the MCZ ore from the Corvo orebody. Note the 
well-defined pyrite-sphalerite(-chalcopyrite), sphalerite(-tetrahedrite±stannite) and chalcopyrite-sphalerite(-
tetrahedrite±galena) banded texture and the late tectono-metamorphic chalcopyrite-rich veinlets crosscutting 
the banded texture. G, H – Example of the ore texture and mineral assemblage in the MCZ ore from the Corvo 
orebody.  Note the prominent amounts of stannite (and other tin sulphides) and tetrahedrite relative to the MCZ 
ore from Lombador. Apy – arsenopyrite; Carb – carbonate; Cbt – cobaltite; Cpy – chalcopyrite; Fe-Kste – 
ferrokesterite; Gn – galena; Kst – kesterite; Py – pyrite; Sp – sphalerite; Stn – stannite; Td – tetrahedrite. 
 
Plate 12. Hand specimen and photomicrographs (in reflected light) illustrating the petrographic characteristics 
of the MCZ ore from the Neves, Graça (SW area) and Zambujal orebodies. A, B – Example of MCZ ore from 
the Neves orebody. Note the chalcopyrite-rich veinlets and ribbons (arrows), as well as chalcopyrite-rich 
groudmass in B (central arrow) due to copper enrichment ascribed to tectono-metamorphic remobilization. C – 
Example of MCZ ore from the Graça orebody. D, E – Example of MCZ ore from the Zambujal orebody. Note 
the weel-defined pyrite-sphalerite(-chalcopyrite) and chalcopyrite-sphalerite(-tetrahedrite±galena) banded 
texture, as well as the presence of chalcopyrite-rich veinlets and ribbons (arrows), and chalcopyrite-rich 
groudmass in D (arrow). F, G – Example of the ore texture and mineral assemblage found in the MCZ ore 
samples from the Neves orebody. Note the presence of appreciable amounts of tetrahedrite and stannite, as 
well as the late tectono-metamorphic chalcopyrite-rich ribbons and stannite veinlets. H, I – Example of the ore 
texture and mineral assemblage in the MCZ ore samples from the Zambujal orebody. Note the remarkably 
annealed chalcopyrite-sphalerite-tetrahedrite mottle pattern on H, and the late generation of 
chalcopyrite±tetrahedrite veinlets crosscutting the banded texture due to deformation. Apy – arsenopyrite; Carb 
– carbonate; Cpy – chalcopyrite; Gn – galena; Py – pyrite; Sp – sphalerite; Stn – stannite; Td – tetrahedrite. 



The Zinc-Rich Mineralization at the Neves Corvo Deposit 5 
 

P a g e  | 237 
	  

 

Plate 11 
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Plate 12 
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f) Massive copper ore type (MC) 

 

Similarly to the MCZ ore type, the massive copper ore type (MC) occurs mainly at the 

central-W sector of the Lombador orebody (see Figure 48), both in a footwall, and in a 

hanging wall position. Typically, the MC ore consists of a massive, fine-grained, often 

brecciated, continuous aggregate of recrystallized, anhedral to euhedral pyrite crystals 

with variable size (±10 - >500 µm), which are interstitially filled and partially replaced by a 

chalcopyrite groundmass (Plate 13- A to E). Variable amounts of accessory, anhedral to 

subhedral (±10 - 200 µm) arsenopyrite crystals, frequently in aggregates partly brecciated, 

occur intergrown and overgrown by the pyrite aggregates. Besides chalcopyrite, variably 

abundant, anhedral (5 – 100 µm) sphalerite (usually chalcopyrite-diseased), galena and/or 

tetrahedrite do also occur, filling the fractures and/or interstitial spaces of the pyrite 

aggregates. Once again, late tectono-metamorphic veins and veinlets filled with 

carbonate/-quartz)+chalcopyrite(±sphalerite, tetrahedrite, galena) or, simply, chalcopyrite, 

and/or chalcopyrite(-tetrahedrite, sphalerite) ribbons are common throughout the MC ore, 

constituting a prominent feature of this type of ore at the Lombador orebody (Plate 13- B to 

F). In fact, some of the MC ore at the Lombador orebody actually result from the 

transformation of low-grade pyrite-dominated ore volumes into copper-rich ore shoots due 

to chalcopyrite(±tetrahedrite) enrichment (open-space filling) by tectono-metamorphic 

remobilization. This is particularly the case in the MC ore lenses lying in a hanging wall 

position, in the south and central sectors of the orebody. In the northern sector, the MC ore 

type is composed by a poorly sorted, semi-massive fragmental ore, consisting of variably 

sized (±20 µm - >5 cm) clasts of pyrite, pyrite-chalcopyrite and pyrite-sphalerite-

chalcopyrite(-galena) cemented by a carbonate(-chlorite)-rich groundmass (Plate 13- C, 

F). Polylithic clats (coherent rhyolite, black shale, carbonate-rich mudstone) are frequently 

distributed over the carbonate-dominated groundmass. Nevertheless, partly to fully 

recrystallized pristine structures, such as colloform pyrite or pyrite-chalcopyrite 

overgrowths are still recognizable. 

An extremely high-grade MC ore zone (>35% Cu, Somincor/Lundin Mining internal 

reports) was recently discovered during the underground mining works at the Lombador 

orebody, between levels 620 and 640 (Plate 13- H, I). Detailed petrographic inspection of 

a representative sample from this ore zone permitted to identify an ore mineral 

assemblage that, although not so rich in terms of mineralogical diversity, is rather similar to 

the one reported by Pinto et al. (1997) and Gaspar (2002) for the bornite-bearing ores at 

the Neves orebody (the MC3 ores). Unfortunately, due to time and logistics constraints, it 

was not possible to include a representative sample of this ore zone in the sample set 
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selected for whole rock analysis. Nevertheless, a detailed petrographic and micro-

analytical characterization (EPMA; SEM) was performed on representative polished 

sections. This high-grade copper zone is located at the central-W sector of the Lombador 

orebody, in close dependence to a NNW-SSE trendind sub-vertical fault. It consists of a 

massive, coarse-grained and roughly equigranular (100 - 160 µm) recrystallized and 

annealed mass of chalcopyrite-rich ore, with remnants of early pyrite (±5 - 140 µm) and 

carrollite (±50 - 200 µm) grains. Accessory amounts of anhedral tennantite (<1 - ±200 µm), 

galena (<1 - ±150 µm) with naumanite (±5 - ±50 µm) intergrowths, mawsonite (≤100 µm), 

stannoidite (≤ 100 µm) and idaite (≤80 µm) occur along the chalcopyrite grain boundaries. 

Complex myrmikitic intergrowths (up to 100 µm) comprising a worm-like mix of arsenic-

cobalt(-selenium) and antimony-arsenic(-indium) phases that tend to a cobaltite and 

tetrahedrite-tennantite composition, respectively, as well as plates (≤80 µm) of covelite, 

often exhibiting a rosette disposition, and trace amounts of anhedral to subhedral (≤50 µm) 

cassiterite crystals occur dispersed in the chalcopyrite groundmass. The myrmikitic 

intergrowths are frequently associated to pyrite, tennantite and/or covelite.  

Quartz, carbonate (mainly sideroplesite) and minor chlorite represent the most common 

gangue minerals found in the MC ore samples studied. Occasionally, it was also possible 

to recognize rutile intergrown with pyrite. 

 

In terms of the overall ore mineral quantitative estimates (Figure 64), pyrite is the 

predominant ore mineral, representing on average 65% of the ore mineral assemblage 

modal volume. Chalcopyrite and sphalerite represent, respectively, 17% and 8% of the ore 

minerals found, whereas galena and arsenopyrite represent 2% of the ore mineral 

assemblage. Once more, the proportion of chalcopyrite is widely variable, usually ranging 

between 10 and 56%, or over 88% in the special MC ore zone. In addition, up to 22% of 

the chalcopyrite quantified occurs associated to the late tectono-metamorphic veins and 

veinlets or chalcopyrite-dominated ribbons, whereas the amount of sphalerite, tetrahedrite 

and galena associated to these late structures reach up to 10%, 28% and 25%, 

respectively. 

Regarding the proportion of minor and trace ore minerals found in the MC ore samples 

studied, tetrahedrite is the most abundant phase, representing about 0.6% of the ore 

minerals found. Tin sulphides, tennantite, cobaltite, naumanite, covelite and cassiterite 

represent about 0.2% of the ore mineral assemblage, whereas carrollite and pyrrhotite 

represent about 0.1%. As mentioned, roquesite is relatively minor and represents less that 

0.1% of the ore mineralogy found. 
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Figure 64. A – Average modal volume of the ore mineral assemblage occurring in the massive copper (MC) 
ore at the Lombador orebody. The gangue mineral assemblage is represented by carbonates and quartz. B – 
Enlargement of the field for “other ore minerals”, which represent about 3% of the total ore mineral 
assemblage. Apy – arsenopyrite; Carr – carrollite; Cbt – Cobaltite; Cpy – chalcopyrite; Cst – cassiterite; Cv – 
covelite; Gn – galena; Id – idaite; Kst – kesterite; Lgt – löllingite; Mwt – mawsonite; Nmt – naumanite; Py – 
pyrite; Po – pyrrhotite; Roq – roquesite; Sp – sphalerite; Snt – stannoidite; Stn – stannite; Td – tetrahedrite; Tn 
– tennantite.  
 

 

By comparing, sector by sector, the MC ore mineral assemblage quantification estimates 

for the Lombador orebody (Figure 65), it becomes evident that the proportions of both 

chalcopyrite and sphalerite are higher in the central sector of the orebody, particularly in 

the central-W sector, where the innermost zone of the stockwork feeder system is located. 

This is also the setting where the above-described high-grade MC ore zone occurs, in 

which chalcopyrite can represent over 88% of the total ore mineral assemblage. 

Nevertheless, from an overall standpoint, even in this sector of the orebody pyrite 

represents on average about 62% of the ore mineral assemblage modal volume (Figure 

65B), whereas chalcopyrite and sphalerite represent about 20% and 7%, respectively. 

Galena represents about 3% of the ore minerals found, and arsenopyrite and tetrahedrite 

represent 1% each. It is worth mentioning at this point that in the MC ore type up to 30% of 

the chalcopyrite quantified, as well as 25% of the sphalerite and galena, and over 50% of 

the tetrahedrite occur associated to the late tectono-metamorphic veins and veinlets. The 

remaining ore minerals (stannite, cobaltite, pyrrhotite, mawsonite, carrolite, naumanite, 

roquesite) represent together about 2% of the ore mineral assemblage. Tennantite, 

stannoidite, mawsonite, idaite, naumanite, carrollite and covelite were only found in the 

high-grade MC ore zone, but each of these mineral phases represent about 0.2% of the 

estimated ore mineral assemblage modal volume. Stannite represents about 0.4%, and 

cassiterite, cobaltite and pyrrhotite about 0.2% of the estimated modal volume. Roquesite 

represents less than 0.1% of the ore mineral assemblage found. Finally, the gangue 
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mineral assemblage (carbonates and quartz) represents about 4% of the ore mineral 

assemblage.  

In the south, central-E and northern sectors (Figure 65A, C and D) the ore mineral 

assemblage is simpler. In the south sector, pyrite represents on average 82% of the ore 

mineral assemblage, whereas chalcopyrite, arsenopyrite, sphalerite and galena represent 

about 10%, 5%, 0.8 and 0.4% of the ore minerals found, respectively. Tetrahedrite and 

pyrrhotite represent 0.4 and 0.1% of the ore minerals, and the gangue minerals (mainly 

carbonates and quartz) about 1%. In terms of remobilized chalcopyrite, sphalerite and 

tetrahedrite proportions, up to 20% of the chalcopyrite quantified, and up to 10% of the 

sphalerite and tetrahedrite occur associated to the late tectono-metamorphic veins and 

veinlets. 

 

	  

	  
 
Figure 65. Average modal volume of the massive copper (MC) ore mineral assemblage occurring at the south 
(A), central-W (B), central-E (C) and north (D) sectors of the Lombador orebody. The gangue mineral 
assemblage is represented by carbonates (sideroplesite), quartz and chlorite. Apy – arsenopyrite; Carr – 
carrollite; Cbt – cobaltite; Cpy – chalcopyrite; Cst – cassiterite; Cv – covelite; Gn – galena; Id – idaite; Kst – 
kesterite; Lgt – löllingite; Mwt – mawsonite; Nmt – naumanite; Py – pyrite; Po – pyrrhotite; Roq – roquesite; Sp 
– sphalerite; Snt – stannoidite; Stn – stannite; Td – tetrahedrite; Tn – tennantite. 
 

 

In the central-E sector of the orebody, pyrite represents on average 67% of the ore mineral 

assemblage, and chalcopyrite, sphalerite and galena represent respectively 14%, 8% and 

2%. Arsenopyrite and tetrahedrite represent 1% and 0.4%, respectively, whereas stannite 
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and pyrrhotite represent about 0.2% of the ore minerals found. The gangue minerals 

(mainly carbonates) represent about 8%. The amounts of chalcopyrite, sphalerite and 

tetrahedrite associated to the late tectono-metamorphic veins and veinlets reached up to 

15%, 10% and 30%, respectively. 

Finally, in the northern sector of the orebody (Figure 65D), pyrite represents on average 

58% of the ore minerals found, and chalcopyrite, sphalerite and arsenopyrite about 8% 

and 12%, respectively. The remaining ore sulphides represent together less than 1% of 

the ore minerals (galena: 0.8%; tetrahedrite: 0.4%; stannite and pyrrhotite: 0.2%), and the 

gangue mineral assemblage (sideroplesite, quartz and chlorite) represent about 19% of 

the total mineral assemblage due to the carbonate-dominated groundmass that supports 

the poorly sorted, semi-massive, breccia-conglomerate-like MC ore levels in this part of 

the orebody. In terms of remobilized chalcopyrite and sphalerite proportions, up to 30% of 

the chalcopyrite, and 5% of the sphalerite and tetrahedrite occur associated to the late 

tectono-metamorphic veins and veinlets.  
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Plate 13. Hand specimen and photomicrographs (in reflected light) illustrating the petrographic characteristics 
of the MC ore at the Lombador orebody. A to C – Example of MC ore samples from the Lombador orebody, 
and located in the central-W (A, B) and northern (C) sectors of the orebody. Note the massive, fine-grained 
and pyritic character of the MC ore found in the central sector of the orebody and the semi-massive, breccia-
conglomerate-like ore of the MC sample representative of the northern sector of the orebody, as well as the 
presence of late crosscutting chalcopyrite-rich veins, veinlets and ribbons on B and C. D, E – Example of the 
ore texture and mineral assemblage commonly found in the MC ore from the Lombador orebody. Note the 
presence of recrystallized and partly brecciated pyrite and arsenopyrite grains, intersticially filled with 
chalcopyrite, and the presence of a crosscuting late tectono-metamorphic chalcopyrite±sphalerite-galena 
veinlet, which are particularly prominent in the MC ore samples collected in a hanging wall position (E). F – 
Example of the high-grade (>35 % Cu) MC ore sample from the recently discovered and already exploited 
copper-rich ore zone, between levels 620 and 640 at the Lombador orebody. H, I – Examples of the ore 
texture and mineral assemblage found in the high-grade MC ore zone from the Lombador orebody. Note that 
the mineral assemblage identified is rather similar to that reported for the bornite-bearing ores at the Neves 
orebody (MC3 ores). Apy – arsenopyrite; Carb – carbonate; Carr – carrolite; Cpy – chalcopyrite; Gn – galena; 
Id – idaite; Nm – naumanite; Mwt – mawsonite; Py – pyrite; Sp – sphalerite; Tn – tennantite; Td – tetrahedrite. 
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5.4. Ore sulphide mineral chemistry 
 

5.4.1. Introduction 

 

The aim of the electron microprobe program was to investigate the composition of the ore 

minerals related with the zinciferous mineralization, as well as to quantify indium and selenium 

concentrations of the various ore sulphide minerals investigated, particularly sphalerite, 

chalcopyrite and galena, which constitute, respectively, the predominant ore sulphide minerals 

in the zinc, copper and lead concentrates produced at the Neves Corvo mine. Electron 

microprobe analyses were carried out on a large subset of ore samples (n = 66), carefully 

selected from the overall set of samples collected during this study, and representative of the 

different ore types occurring at the Lombador, Corvo (SE area), Neves, Graça (SW area) and 

Zambujal orebodies. Due to the chemical complexity of the Neves Corvo ores and the long list 

of minerals previously described in their mineral assemblage (see Ferreira et al., 1997; Pinto 

et al., 1997, 2005; Pinto, 1999; Benzaazoua et al., 2002, 2003; Gaspar, 2002; Relvas et al., 

2006a), a large set of chemical elements has been considered for analysis (21 elements). As 

mentioned in Chapter 3, the electron microprobe analyses were performed resorting to three 

different facilities: (1) at the Department of Earth Sciences, University of Toronto (UT), 

Canada, using a Cameca SX-50/51 (DCI 1300 DLL); (2) at the Helmholtz Institute Freiberg for 

Resource Technology (HIF), Freiberg, Germany, using a JEOL JXA-8530F electron 

microprobe; and (3) at the Department of Geology, University of Lisbon (FCUL), Portugal, 

using a JEOL JXA 8200 electron microprobe. A total of 1758 analyses were executed, mostly 

to determine the composition of the major, accessory, minor and trace sulphide minerals 

identified. The results are here presented in terms of bulk average composition, as functions 

of the different ore types and orebodies represented by the data. The approach adopted and 

the analytical conditions used and summarized in Chapter 3 gave very consistent results, with 

deviations for trace elements better than 2.4%. The detection limits for the 21 elements 

analyzed are summarized in Table 9, and the individual electron microprobe analyses are 

given in Appendix A4. 

 

5.4.2. Major ore sulphide minerals 

 
5.4.2.1. Pyrite 

 

Pyrite is essentially stoichiometric throughout the different ore types studied. Nevertheless, it 

is rather common to measure significant contents of copper, zinc, lead and arsenic occur in 
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pyrite from all different ore types and orebodies (Table 38 and 39A-C; Figure 66 and 67). The 

enrichments in copper (up to 0.74 wt%), zinc (up to 0.95 wt%), lead (up to 0.99 wt%) and 

arsenic (up to 0.98 wt%) mostly relate to replacement processes or submicroscopic inclusions 

of chalcopyrite, sphalerite and galena, as well as intimate intergrowths as described in the 

previous Chapter. In addition, slight enrichments in antimony (up to 0.27 wt%) and mercury 

(up to 0.83 wt%) also reflect replacement processes or submicroscopic inclusions of 

tetrahedrite in pyrite. In general, the concentrations of these trace elements in pyrite 

composition, as well as of cobalt and selenium, are higher in massive sulphide ores (Figure 

66) and, in particular, in the massive copper (MC) ore. Moreover, significant concentrations in 

silver and gold were found in pyrite from the stockwork ores, and indium concentrations 

slightly above the detection limit were found in single pyrite grains from the massive zinc-lead 

(MZP) and lead-rich (MP) ore types. 

Notable concentrations in cobalt (up to 3.9 wt%) and selenium (up to 0.25 wt%) were found in 

single pyrite grains of the high-temperature massive copper (MC) and copper-zinc (MCZ) ores 

from the Lombador and Zambujal orebodies, as well as in the copper stockwork (FC) ores of 

the Lombador orebody (up to 0.13 wt% Se). In the remaining ore types, cobalt and selenium 

contents in single pyrite grains are comparatively low and more variable, ranging up to 0.14 

and 0.2 wt%, respectively. Detectable selenium concentrations in pyrite were also found in 

pyrite grains from the barren stockwork (FE) ore of Lombador (up to 0.11 wt% Se), and in the 

massive zinc (MZ) ore of the Zambujal orebody (up to 0.20 wt% Se), which are thought to 

reflect microinclusions of selenium-bearing galena or lead-bismuth mineral phases within 

pyrite, as selenium roughly tends to correlate with its lead and bismuth contents. In the zinc 

stockwork ore (FZ, taken together with the zinc-rich rubané ore – RZ), and in the massive 

zinc-lead (MZP), lead-rich (MP) and barren (ME) ores selenium concentration in pyrite grains 

is below the detection limit (0.04 wt%), whereas cobalt concentrations can reach up to 0.11 

wt%, 0.09 wt%, 0.03 wt% and 0.01 wt%, respectively.  

Elements such as nickel, tin, manganese, silver, gold, bismuth, germanium, indium and 

cadmium are usually below the detection limit, but may show local enrichments. For example, 

enrichments in gold (up to 0.18 wt%) and indium (up to 0.02 wt%) were found, respectively, in 

single pyrite grains from the FE and the MZP and MP ores at the Lombador orebody. The 

occurrence of gold associated to the barren stockwork ores and carried by pyrite is in good 

agreement with previous reports on the Neves Corvo ores (e.g., Gaspar, 2002; Pinto et al., 

2005). Detectable concentrations of indium (up to 0.07 wt% In) in pyrite grains from several 

massive ore types (copper, copper-tin, zinc, and tin) have also been previously reported at 

Neves Corvo by Schwarz-Schampera (2000).  
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Manganese concentrations in pyrite tend to be higher in both the zinc stockwork ore and the 

massive zinc ore types (up to 0.25 wt% and 0.81 wt%, respectively), whereas in the remaining 

ore types manganese content in pyrite grains is usually low (<0.1 wt%) or below the detection 

limit (0.01 wt%). These differences could reflect slightly more oxidizing ore-forming conditions 

during formation of the zinc-rich mineralization, relative to the high-temperature, copper-rich 

end of the mineralizing spectrum. 

Pyrite chemical formula based on its bulk average composition is Fe1.01S1.98, locally containing 

up to 0.08 atoms per formula unit (apfu) of Co, 0.03 apfu of As and Zn, 0.02 apfu of Cu and 

Mn, and 0.01 apfu of Pb. The averaged chemical formulas of pyrite separated by ore type are 

as follows: 

• FE: Fe1.01S2.00, with up to 0.01 apfu of Cu, Zn and As; 

• FC: Fe1.02S1.97, with up to 0.03 apfu of As and 0.02 apfu of Cu, Zn and Co; 

• FZ: Fe1.00(As0.01S1.98)1.99, with up to 0.01 apfu of Zn, Pb and Mn; 

• MC: (Fe1.02Co0.01)1.03S1.96, with up to 0.02 apfu As and 0.01 apfu of Cu, Zn and Pb; 

• MCZ: Fe1.02S1.97, with up to 0.02 apfu of As and 0.01 apfu of Cu, Zn, Pb and Co; 

• MZ: (Fe1.01Zn0.01)1.02S1.98, with up to 0.03 apfu of As, 0.02 apfu of Mn, and 0.01 apfu of 

Cu and Pb; 

• MZP: Fe1.002S1.98, with up to 0.01 apfu of Zn, Pb and As; 

• MP: Fe1.01S1.98, with up to 0.01 apfu of Zn and As; 

• ME: Fe1.02S1.97, with up to 0.01 apfu of Pb. 

 
Table 38. Average chemical composition of pyrite from the different ore types studied (values in wt%; n – number 
of analyses; Comp. – average bulk composition; avg. – average; FE – barren stockwork ore; FC – copper 
stockwork ore; FZ – zinc stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive 
zinc ore; MZP massive zinc-lead ore; MP massive lead ore; ME – massive barren ore; Skt – stockwork ore; MS – 
massive sulphide ore). 
 

Comp.
FE FC FZ Skt (avg.) MC MCZ MZ MZP MP ME MS (avg.)

n 269 75 36 26 137 42 35 28 14 8 5 132
S 52.38 53.22 51.86 53.04 52.83 51.59 51.87 52.51 52.13 51.79 51.69 51.93
Fe 46.66 46.68 46.73 46.58 46.67 46.62 46.86 46.62 46.66 46.28 46.50 46.66
Cu 0.11 0.16 0.12 0.09 0.12 0.10 0.15 0.08 0.05 0.07 0.04 0.11
Zn 0.17 0.06 0.18 0.22 0.14 0.14 0.17 0.30 0.26 0.04 0.03 0.21
Pb 0.25 0.14 0.19 0.22 0.18 0.21 0.22 0.28 0.30 0.37 0.21 0.26
As 0.27 0.17 0.38 0.26 0.24 0.33 0.27 0.35 0.20 0.23 0.08 0.29
Ni 0.04 0.04 0.05 0.04 0.04 0.03 0.06 0.04 0.04
Sb 0.06 0.05 0.08 0.06 0.05 0.06 0.09 0.04 0.07 0.04 0.06
Sn 0.04 0.04 0.04 0.04 0.04 0.05 0.04 0.06 0.04 0.04 0.04 0.04
Co 0.15 0.09 0.17 0.08 0.11 0.45 0.10 0.05 0.06 0.02 0.01 0.20
Mn 0.06 0.03 0.09 0.05 0.02 0.07 0.47 0.01 0.02 0.10
Hg 0.35 0.37 0.36 0.37 0.11 0.19 0.16
Ag 0.05 0.05 0.05 0.05 0.04 0.04
Au 0.18 0.18 0.18
Bi 0.24 0.11 0.11 0.31 0.31
Ge 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Se 0.09 0.08 0.07 0.07 0.07 0.13 0.13 0.11
In 0.02 0.02 0.02 0.02
Cd 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Total 101.16 101.41 99.89 101.20 101.45 99.71 100.47 101.17 99.85 98.94 98.69 100.85

Stockwork ore Massive sulphide ore
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Figure 66. Average bulk concentration of selected trace elements in pyrite from the stockwork (Skt) and massive 
sulphide (MS) ores studied. 
 

 
Figure 67. Average bulk concentration of selected trace elements in pyrite from the Lombador (A and B), Corvo 
(C), Graça (D) and Zambujal (E) orebodies. Note that pyrite analyses only include data from the MZ and MZP ores 
at the Corvo orebody, from the MCZ ore at the Graça orebody, and from the MCZ and MZ ores at the Zambujal 
orebody. 
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Table 39A. Average chemical composition of pyrite from different ore types at the Lombador orebody (values in wt%; σ – standard deviation; n – number of analyses; min – 
minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the detection limit; in percent); FE – barren 
stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive zinc ore). 
 

Lombador

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 53.22 0.32 75 52.30 53.77 100.0 S 51.86 0.78 36 50.04 52.71 100.0 S 53.04 0.49 26 52.21 54.07 100.0
Fe 46.68 0.35 75 45.99 47.33 100.0 Fe 46.73 0.75 36 45.55 48.51 100.0 Fe 46.58 0.44 26 45.48 47.13 100.0
Cu 0.16 0.19 10 0.04 0.70 13.3 Cu 0.12 0.10 22 0.03 0.43 61.1 Cu 0.09 0.05 10 0.03 0.18 38.5
Zn 0.06 0.05 34 0.03 0.32 45.3 Zn 0.18 0.24 20 0.02 0.95 55.6 Zn 0.22 0.16 22 0.05 0.56 84.6
Pb 0.14 0.04 18 0.09 0.24 24.0 Pb 0.19 0.12 3 0.10 0.35 8.3 Pb 0.22 0.13 15 0.05 0.53 57.7
As 0.17 0.15 38 0.03 0.57 50.7 As 0.38 0.29 16 0.03 0.98 44.4 As 0.26 0.21 23 0.02 0.77 88.5
Ni 0.04 0.02 20 0.03 0.11 26.7 Ni Ni 0.05 0.00 6 0.04 0.05 23.1
Sb 0.05 0.05 23 0.02 0.26 30.7 Sb Sb 0.08 0.05 12 0.02 0.17 46.2
Sn 0.04 0.01 10 0.04 0.07 13.3 Sn 0.04 0.00 1 0.04 0.04 2.8 Sn 0.04 0.01 2 0.03 0.05 7.7
Co 0.09 0.02 75 0.03 0.18 100.0 Co 0.17 0.19 35 0.01 1.03 97.2 Co 0.08 0.01 26 0.04 0.11 100.0
Mn 0.03 0.01 30 0.01 0.06 40.0 Mn Mn 0.09 0.08 15 0.01 0.25 57.7
Hg 0.37 0.20 34 0.10 0.83 45.3 Hg Hg 0.36 0.20 7 0.14 0.79 26.9
Ag 0.05 0.02 3 0.03 0.08 4.0 Ag Ag 0.05 0.02 5 0.03 0.08 19.2
Au 0.18 0.00 1 0.18 0.18 1.3 Au Au
Bi Bi 0.11 0.00 1 0.11 0.11 2.8 Bi
Ge 0.01 0.01 12 0.00 0.03 16.0 Ge Ge 0.01 0.01 3 0.00 0.02 11.5
Se 0.08 0.02 4 0.05 0.11 5.3 Se 0.07 0.03 13 0.04 0.13 36.1 Se
In In In
Cd 0.04 0.00 2 0.03 0.04 2.7 Cd 0.04 0.00 7 0.03 0.04 19.4 Cd 0.04 0.00 1 0.04 0.04 3.8
Total 101.41 Total 99.88 Total 101.20

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 51.59 0.60 42 50.23 53.10 100.0 S 52.12 0.90 21 48.43 52.84 100.0 S 52.30 2.08 17 48.69 57.93 100.0
Fe 46.62 1.19 42 43.01 48.15 100.0 Fe 46.43 0.71 21 43.79 47.13 100.0 Fe 46.32 1.47 17 42.37 47.73 100.0
Cu 0.10 0.10 22 0.03 0.42 52.4 Cu 0.13 0.11 14 0.03 0.38 66.7 Cu 0.06 0.02 5 0.03 0.08 29.4
Zn 0.14 0.14 23 0.02 0.58 54.8 Zn 0.14 0.20 13 0.02 0.76 61.9 Zn 0.22 0.20 13 0.02 0.65 76.5
Pb 0.21 0.10 10 0.10 0.37 23.8 Pb 0.25 0.19 7 0.12 0.71 33.3 Pb 0.32 0.23 11 0.09 0.80 64.7
As 0.33 0.31 28 0.00 0.94 66.7 As 0.20 0.21 12 0.03 0.66 57.1 As 0.39 0.31 13 0.05 0.91 76.5
Ni 0.04 0.01 8 0.03 0.05 19.0 Ni Ni
Sb 0.05 0.04 6 0.02 0.13 14.3 Sb 0.02 0.00 2 0.02 0.02 9.5 Sb 0.11 0.10 4 0.02 0.27 23.5
Sn 0.05 0.01 7 0.03 0.07 16.7 Sn 0.04 0.00 1 0.04 0.04 4.8 Sn 0.04 0.00 2 0.04 0.05 11.8
Co 0.45 1.10 30 0.01 3.89 71.4 Co 0.09 0.04 21 0.01 0.17 100.0 Co 0.06 0.03 11 0.01 0.10 64.7
Mn 0.02 0.01 4 0.01 0.03 9.5 Mn 0.07 0.00 1 0.07 0.07 4.8 Mn 0.47 0.34 2 0.13 0.81 11.8
Hg Hg Hg 0.26 0.00 1 0.26 0.26 5.9
Ag Ag 0.04 0.00 1 0.04 0.04 4.8 Ag
Au Au Au
Bi Bi 0.31 0.10 2 0.21 0.41 9.5 Bi
Ge Ge Ge 0.00 0.00 2 0.00 0.01 11.8
Se 0.07 0.03 4 0.04 0.12 9.5 Se 0.06 0.02 3 0.04 0.08 14.3 Se
In In In
Cd 0.04 0.00 7 0.03 0.04 16.7 Cd 0.04 0.00 7 0.04 0.05 33.3 Cd 0.04 0.00 2 0.04 0.04 11.8
Total 99.71 Total 99.93 Total 100.58

FZFCFE

MC MCZ MZ
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Table 39B. Average chemical composition of pyrite from different ore types at the Lombador, Corvo (SE area) and Graça (SW area) orebodies (values in wt%; σ – standard 
deviation; n – number of analyses; min – minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the 
detection limit; in percent); MCZ – massive copper-zinc ore; MZ – massive zinc ore; MZP massive zinc-lead ore; MP – massive lead-rich ore; ME – massive barren ore). 

 
Lombador

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 52.13 0.49 14 51.19 52.72 100.0 S 51.79 0.22 8 51.40 52.07 100.0 S 51.69 0.20 5 51.31 51.85 100.0
Fe 46.66 0.17 14 46.31 47.00 100.0 Fe 46.28 0.34 8 45.57 46.79 100.0 Fe 46.50 0.24 5 46.03 46.73 100.0
Cu 0.05 0.03 5 0.03 0.10 35.7 Cu 0.07 0.03 2 0.04 0.10 25.0 Cu 0.04 0.00 3 0.04 0.04 60.0
Zn 0.26 0.23 9 0.02 0.61 64.3 Zn 0.04 0.02 4 0.02 0.08 50.0 Zn 0.03 0.00 1 0.03 0.03 20.0
Pb 0.30 0.10 5 0.20 0.46 35.7 Pb 0.37 0.26 8 0.13 0.85 100.0 Pb 0.21 0.08 5 0.14 0.33 100.0
As 0.20 0.16 8 0.04 0.47 57.1 As 0.23 0.12 8 0.07 0.44 100.0 As 0.08 0.03 3 0.05 0.12 60.0
Ni 0.06 0.02 5 0.04 0.09 35.7 Ni Ni 0.04 0.01 5 0.03 0.06 100.0
Sb 0.04 0.00 2 0.04 0.04 14.3 Sb 0.07 0.06 7 0.02 0.21 87.5 Sb 0.04 0.01 4 0.03 0.05 80.0
Sn 0.04 0.00 4 0.04 0.04 28.6 Sn 0.04 0.00 2 0.04 0.04 25.0 Sn 0.04 0.00 1 0.04 0.04 20.0
Co 0.06 0.03 14 0.01 0.09 100.0 Co 0.02 0.01 2 0.01 0.03 25.0 Co 0.01 0.00 1 0.01 0.01 20.0
Mn Mn 0.01 0.00 1 0.01 0.01 12.5 Mn 0.02 0.01 4 0.01 0.02 80.0
Hg Hg Hg
Ag Ag Ag
Au Au Au
Bi Bi Bi
Ge 0.00 0.00 3 0.00 0.01 21.4 Ge Ge
Se Se Se
In 0.02 0.00 1 0.02 0.02 7.1 In 0.02 0.00 1 0.02 0.02 12.5 In
Cd 0.04 0.00 2 0.04 0.04 14.3 Cd Cd
Total 99.85 Total 98.94 Total 98.69

Corvo (SE area) Graça (SW area)

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 53.10 0.71 7 51.53 53.67 100.0 S 49.91 1.80 2 48.11 51.70 100.0 S 51.84 0.42 6 51.00 52.34 100.0
Fe 47.04 0.23 7 46.65 47.32 100.0 Fe 48.07 0.00 2 48.07 48.07 100.0 Fe 47.51 0.34 6 46.89 47.87 100.0
Cu 0.03 0.00 1 0.03 0.03 14.3 Cu 0.08 0.00 1 0.08 0.08 50.0 Cu 0.14 0.10 2 0.04 0.24 33.3
Zn 0.66 0.16 5 0.40 0.83 71.4 Zn 0.16 0.11 2 0.05 0.27 100.0 Zn 0.26 0.15 6 0.04 0.44 100.0
Pb 0.09 0.00 1 0.09 0.09 14.3 Pb 0.24 0.00 1 0.24 0.24 50.0 Pb 0.32 0.13 2 0.19 0.45 33.3
As 0.24 0.18 6 0.05 0.48 85.7 As 0.10 0.01 2 0.09 0.11 100.0 As 0.66 0.22 4 0.31 0.89 66.7
Ni Ni 0.03 0.00 1 0.03 0.03 50.0 Ni
Sb 0.02 0.00 1 0.02 0.02 14.3 Sb Sb 0.07 0.04 2 0.03 0.10 33.3
Sn 0.04 0.00 1 0.04 0.04 14.3 Sn 0.04 0.00 1 0.04 0.04 50.0 Sn 0.04 0.01 2 0.04 0.05 33.3
Co 0.01 0.00 1 0.01 0.01 14.3 Co Co 0.01 0.00 3 0.01 0.01 50.0
Mn Mn Mn
Hg 0.11 0.00 1 0.11 0.11 14.3 Hg Hg
Ag Ag Ag
Au Au Au
Bi Bi Bi
Ge 0.00 0.00 5 0.00 0.00 71.4 Ge Ge
Se Se Se
In In In
Cd Cd Cd
Total 101.34 Total 98.63 Total 100.84

MZP MP ME

MZ MZP MCZ
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Table 39C. Average chemical composition of pyrite from different ore types at the Zambujal orebody (values in wt%; σ – standard deviation; n – number of analyses; min – 
minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the detection limit; in percent); MCZ – massive 
copper-zinc ore; MZ – massive zinc ore). 

 
 

Zambujal

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq.
S 51.68 1.14 6 50.24 53.54 100.0 S 52.38 0.25 4 52.05 52.74 100
Fe 47.30 0.58 6 46.62 48.10 100.0 Fe 47.21 0.53 4 46.36 47.72 100
Cu 0.23 0.26 5 0.04 0.74 83.3 Cu 0.18 0.13 2 0.04 0.31 50
Zn 0.17 0.27 6 0.02 0.77 100.0 Zn 0.04 0.02 3 0.02 0.07 75
Pb 0.13 0.01 4 0.12 0.14 66.7 Pb 0.12 0.02 2 0.10 0.15 50
As 0.12 0.01 2 0.11 0.14 33.3 As 0.42 0.00 1 0.42 0.42 25
Ni Ni
Sb 0.13 0.00 1 0.13 0.13 16.7 Sb
Sn 0.03 0.00 1 0.03 0.03 16.7 Sn 0.12 0.00 1 0.12 0.12 25
Co 0.19 0.25 5 0.01 0.67 83.3 Co
Mn Mn
Hg 0.11 0.00 1 0.11 0.11 16.7 Hg
Ag Ag
Au Au
Bi Bi
Ge Ge
Se 0.18 0.04 4 0.14 0.25 66.7 Se 0.13 0.07 2 0.06 0.20 50
In In
Cd Cd
Total 100.28 Total 100.59

MCZ MZ
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5.4.2.2. Sphalerite 

 

In general, the variations in the trace element contents of sphalerite are relatively subtle. Also, 

because of the overall tectono-metamorphic recrystallization found in the ore samples studied, 

the use of the stannite-sphalerite and the galena-sphalerite geothermometers were not 

applied to estimate sphalerite formation temperatures (see Urabe, 1977; Nekrasov et al., 

1978; Shimizu and Shikazono, 1985; Bortnikov et al, 1995). Notwithstanding, reasonable 

concentrations of iron, copper, tin, mercury and indium in sphalerite enable some 

discrimination among the different ore types and orebodies studied (Table 40; Figures 68 and 

69), as well as among the different generations of sphalerite (Table 41). From an overall 

perspective, sphalerite in the massive sulphide ores displays higher concentrations in trace 

elements (e.g., Fe, Cu, Pb, As, Sn, Se, In, Cd), than that in the stockwork ores.  

The Neves Corvo sphalerite (≅99%) displays low iron contents (≤ 5.5 wt% Fe, or up to 9.5 

mole% FeS), although the ranges measured are considerably wide (0.2 to 5.5 wt%, averaging 

2.3 wt% Fe). This is consistent with the yellowish white to predominant yellowish brown and 

red brown internal reflections shown by sphalerite under reflected light microscopy. No 

obvious trend has been detected between the iron content of sphalerite and the different ore 

types and generations. In fact, some of the high-temperature trace element concentrations 

(e.g., Fe, In) found in Sp I (early sphalerite) should reflect the overprinting effects of the 

subsequent and predominant generation of sphalerite (Sp II) through chemical re-equilibration 

and recrystallization. The large concentrations of iron in sphalerite were measured in the 

copper stockwork ore and in the massive copper ore (FC and MC, respectively) of the 

Lombador orebody, in accordance with the higher formation temperatures of these types of 

ore. However, considerably high iron concentrations in sphalerite grains were also found in 

the low-temperature massive zinc (MZ) and lead-rich (MZP) ore types of both the Lombador 

and Corvo orebodies (Table 42A to C). In fact, some of the analyses yielded by single 

sphalerite grains in the MC, MZ and MZP ores gave iron concentrations that have reached the 

composition of marmatite (up to 11.5 wt% Fe).  

The maximum concentrations of copper in sphalerite reached up to 2.8 wt%. Copper in 

sphalerite is consistently higher in the massive copper-zinc (MCZ) ore type, where it averages 

0.48 wt% Cu (up to a maximum value of 1.86 wt%). However, copper in sphalerite reached 

also elevated concentrations in the MC (up to 2.7 wt% Cu) and in the MP (up to 2.83 wt% Cu) 

ore types at the Lombador orebody (Table 42A and B). In the low-temperature MZ and MZP 

ore types, the maximum copper concentrations in sphalerite are lower, reaching up to 1.53 

wt% (average 0.21 wt% Cu) and 1.76 wt% (average 0.22 wt% Cu), respectively. The notable 

maximum copper contents in sphalerite grains from the different ore types result from the 
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presence of micro-inclusions of chalcopyrite within sphalerite, which occur either as fine-

grained dispersed blebs, or as blebs oriented along the crystallographic directions of 

sphalerite (Figure 70).  

Tin contents in sphalerite from both the stockwork ores and the massive sulphide ores mostly 

fall below the detection limit (0.03 wt%), particularly in the barren stockwork (FE) and in the 

massive lead-rich (MP) ore types. In some cases, however, tin concentrations in sphalerite 

can reach significant values (up to 0.70 wt%, averaging 0.12 wt% Sn), which point to the 

presence of micro-inclusions, inferred to correspond to mineral phases belonging to the 

sphalerite-stannite solid solution series. In fact, variably sized blebs (≤1 - ±20 µm) or films of 

stannite to kesterite and ferrokesterite in composition tend to occur within sphalerite (Figure 

70), and/or in the contacts separating sphalerite and the gangue minerals (usually 

sideroplesite). Single sphalerite grains (over 12% of the sphalerite analyzed) in the zinc 

stockwork (FZ) and in the copper stockwork (FC) ore types display detectable tin contents (up 

to 0.10 wt%, averaging 0.06 wt% Sn, in FZ; up to 0.05 wt%, averaging 0.05 wt% Sn, in FC). In 

the massive sulphide ores, the tin contents in sphalerite are more frequent in the MZP ore 

type. Over 14% of the sphalerite grains in this type of ore show tin contents that can reach up 

to 0.70 wt%. The tin content displayed by sphalerite in the MC ore (over 7% of the grains 

analyzed) averages 0.30 wt% (max. up to 0.62 wt% Sn). In the remaining ore types, sphalerite 

with tin contents above the detection limit were only found in about 6% of the grains analyzed. 

Tin content in sphalerite from the MCZ ore reach up to 0.21 wt% Sn (average 0.08 wt% Sn), 

whereas in the MZ ore it reaches up to 0.17 wt% (average 0.09 wt% Sn).  

Significant mercury contents occur in sphalerite grains from the different stockwork ore types, 

in particularly in those from the FC ore type (0.11 to 0.82 wt%, average 0.41 wt%). In the 

remaining stockwork ores, mercury contents in sphalerite are lower than 0.40 wt%. In general, 

mercury concentrations in sphalerite grains from the massive sulphide ore types are also 

below 0.40 wt%, except for the MZP ore from the Lombador orebody, where single sphalerite 

grains can reach up to 0.53 wt% Hg. 

Indium concentrations in sphalerite reach up to 4.30 wt% (average 0.14 wt%). Sphalerite 

grains from the high-temperature, copper-rich ores (FC, MC and MZC) consistently display 

higher indium contents than those in the remaining ore types. For example, contents of up to 

1.73 wt% and 0.82 wt% In were found in sphalerite grains from the MC and MCZ ores, 

respectively (Table 42A to C). However, the highest indium concentrations in sphalerite were 

measured in a sample from the MP ore at Lombador (e.g., sample FL879 97.60; 1.39 to 4.30 

wt%, averaging 2.13 wt%). Although it was not possible to acquire high-contrast BSE images 

and semi-quantitative micro-analysis of these particular sphalerite grains, detailed microscopic 

inspection have shown oriented chalcopyrite blebs in these sphalerite grains, associated to 
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late chalcopyrite(±tetrahedrite) ribbons formed through remobilization and exsolution 

processes triggered by tectonic deformation. This circumstance suggests that the high indium 

contents detected in these sphalerite grains might also be due to the presence of micro and/or 

nano-inclusions of indium-bearing mineral phases (e.g., roquesite, roquesite-sakuraiite 

intermediate phases).  

Selenium contents above detection limit were detected in approximately 5% of the sphalerite 

grains analyzed. High selenium contents in sphalerite were mostly found in sphalerite grains 

from the massive sulphide ores types, particularly in those from the MCZ ore type (up to 

0.14wt% Se). Nevertheless, significant selenium concentrations were also found in some 

single sphalerite grains from zinc-rich ore types (e.g., up to 0.12 wt% in the MZ ore from 

Zambujal; Table 42C). In the stockwork ores, selenium-bearing sphalerite was only found in 

the FC ore type (up to 0.08 wt% Se; average 0.05 wt% Se).  

Cadmium concentrations in sphalerite grains are higher in the massive sulphide ores, and 

particularly in the MC ore type from the Lombador orebody. In the MC ore type, cadmium 

concentration reaches up to 0.58 wt%, whereas in the remaining ore types cadmium 

concentrations are consistently below 0.30 wt% (Table 40 and 42A to C; Figure 67). 

Concentrations of other trace elements (Pb, As, Ni, Sb,Co, Ag) in sphalerite are remarkably 

uniform and usually low (≤0.2 wt%) throughout the different ore types and generations. 

Sphalerite chemical formula based on its bulk average composition is: 

• (Zn0.96Fe0.04)1.00S1.00, locally containing up to 0.04 apfu of Cu and In, and 0.01 apfu of 

As, Sn, Mn, Hg and Mn.  

The averaged chemical formulas of sphalerite separated by generation are the following: 

• (Zn0.97Fe0.04Cu0.01)1.02S0.99, for the early generation of sphalerite (Sp I); 

• (Zn0.95Fe0.04)0.99S1.00, locally containing up to 0.04 apfu of Cu and 0.01 apfu of As, Sn, 

Mn, Hg, In and Cd, for the main and most abundant generation of sphalerite (Sp II); 

• (Zn0.96Fe0.04)1.00S0.95, locally containing up to 0.04 apfu of Cu and In, and 0.01 apfu of 

Sn, for the late, tectono-metamorphic generation sphalerite (Sp III). 

Finally, the averaged chemical formulas of sphalerite separated by ore type are as follows: 

• FE: (Zn0.97Fe0.02)0.99S1.01, with up to 0.01 apfu of Cu, Hg and Mn; 

• FC: (Zn0.96Fe0.04)1.00S0.99, with up to 0.03 apfu of Cu; 

• FZ: (Zn0.96Fe0.02)0.98S1.01, with up to 0.01 apfu of Cu and Hg; 

• MC: (Zn0.95Fe0.05Cu0.01)1.01S0.99, with up to 0.01 apfu Sn, In and Cd; 

• MCZ: (Zn0.96Fe0.04Cu0.01)1.01S1.00, with up to 0.01 apfu of In; 

• MZ: (Zn0.95Fe0.05)1.00S0.99, with up to 0.02 apfu Cu; 

• MZP: (Zn0.96Fe0.04)1.00S1.00, with up to 0.03 apfu Cu and 0.01 apfu As and Sn; 

• MP: (Zn0.89Fe0.05Cu0.02In0.02)0.98S1.00.	  
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Table 40. Average chemical composition of sphalerite from the different ore types studied (values in wt%; n – 
number of analyses; Comp. – average bulk composition; avg. – average; FE – barren stockwork ore; FC – copper 
stockwork ore; FZ – zinc stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive 
zinc ore; MZP massive zinc-lead ore; MP massive lead-rich ore; ME – massive barren ore; Skt – stockwork ore; 
MS – massive sulphide ore). 
 

Comp.
FE FC FZ Skt (avg.) MC MCZ MZ MZP MP MS (avg.)

n 595 29 119 64 212 40 120 155 64 4 383
S 32.79 33.25 32.54 33.39 32.83 32.37 32.65 32.77 33.00 33.27 32.74
Fe 2.35 1.37 2.30 1.31 1.96 2.69 2.13 3.15 2.18 3.10 2.62
Cu 0.32 0.31 0.22 0.13 0.22 0.39 0.48 0.21 0.22 1.45 0.36
Zn 64.06 64.98 64.27 65.00 64.54 63.56 63.84 63.57 64.46 59.83 63.76
Pb 0.13 0.12 0.12 0.12 0.12 0.12 0.20 0.12 0.14 0.13 0.14
As 0.10 0.04 0.04 0.06 0.05 0.09 0.10 0.06 0.13 0.09 0.10
Ni 0.04 0.04 0.03 0.04 0.04 0.04 0.04 0.04
Sb 0.05 0.03 0.04 0.04 0.03 0.05 0.13 0.03 0.04 0.06 0.06
Sn 0.12 0.05 0.06 0.05 0.30 0.08 0.09 0.18 0.14
Co 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Mn 0.03 0.05 0.02 0.03 0.04 0.01 0.01 0.02 0.02 0.02
Hg 0.21 0.34 0.41 0.50 0.38 0.15 0.17 0.15 0.16 0.15 0.16
Ag 0.04 0.05 0.04 0.04 0.04 0.04 0.04 0.03 0.05 0.04
Au 0.09 0.09 0.09
Bi 0.15 0.13 0.18 0.15
Ge 0.01 0.01 0.01 0.02 0.01 0.00 0.01 0.01 0.01
Se 0.06 0.05 0.05 0.07 0.06 0.06 0.04 0.06
In 0.14 0.05 0.05 0.19 0.15 0.03 0.15 2.13 0.17
Cd 0.14 0.09 0.13 0.07 0.11 0.20 0.20 0.15 0.12 0.12 0.16
Te
Total 100.86 100.69 100.34 100.90 100.62 100.16 100.27 100.64 101.13 100.42 100.74

Stockwork ore Massive sulphide ore

 
 

 
Figure 68. Average bulk concentration of selected trace elements in sphalerite from the stockwork (Skt) and the 
massive sulphide (MS) ores studied. 
 

Table 41. Average chemical composition of the different generations of sphalerite (values in wt%; σ – standard 
deviation; n – number of analyses; Abs. Freq. – absolute frequency (number of times a particular element occurs 
above the detection limit; in percent). 
 

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 32.55 1.44 10 29.15 35.09 100.0 32.83 0.66 548 29.44 35.44 100.0 32.34 0.81 37 30.87 34.10 100.0
Fe 2.02 1.14 10 1.06 4.82 100.0 2.36 1.55 548 0.38 11.51 100.0 2.33 1.24 37 0.22 4.84 100.0
Cu 0.52 0.49 7 0.05 1.53 70.0 0.31 0.36 379 0.03 2.72 69.2 0.38 0.55 31 0.03 2.83 83.8
Zn 64.61 2.88 10 57.09 69.46 100.0 64.05 1.80 548 48.80 68.35 100.0 63.94 2.17 37 57.77 67.34 100.0
Pb 0.11 0.00 1 0.11 0.11 10.0 0.14 0.10 64 0.09 0.66 11.7 0.11 0.02 9 0.09 0.16 24.3
As 0.21 0.00 1 0.21 0.21 10.0 0.10 0.08 44 0.03 0.42 8.0 0.09 0.05 2 0.04 0.14 5.4
Ni 0.04 0.01 32 0.03 0.07 5.8
Sb 0.45 0.00 1 0.45 0.45 10.0 0.04 0.05 45 0.02 0.33 8.2 0.04 0.02 5 0.02 0.07 13.5
Sn 0.04 0.00 1 0.04 0.04 10.0 0.10 0.12 34 0.03 0.70 6.2 0.31 0.22 3 0.12 0.62 8.1
Co 0.03 0.00 2 0.02 0.03 20.0 0.02 0.01 162 0.01 0.05 29.6 0.01 0.00 3 0.01 0.01 8.1
Mn 0.03 0.03 102 0.01 0.32 18.6 0.03 0.01 2 0.01 0.04 5.4
Hg 0.29 0.27 5 0.09 0.82 50.0 0.18 0.12 129 0.09 0.77 23.5 0.14 0.04 11 0.09 0.25 29.7
Ag 0.04 0.01 25 0.03 0.06 4.6 0.05 0.00 2 0.04 0.05 5.4
Au 0.09 0.00 1 0.09 0.09 0.2
Bi 0.15 0.02 2 0.13 0.18 0.4
Ge 0.00 0.00 1 0.00 0.00 10.0 0.01 0.01 52 0.00 0.05 9.5 0.00 0.00 2 0.00 0.00 5.4
Se 0.06 0.02 26 0.04 0.14 4.7 0.08 0.04 2 0.04 0.12 5.4
In 0.11 0.10 6 0.02 0.28 60.0 0.12 0.18 255 0.02 1.73 46.5 0.35 0.87 28 0.02 4.30 75.7
Cd 0.16 0.07 8 0.05 0.25 80.0 0.14 0.07 516 0.03 0.58 94.2 0.18 0.09 37 0.09 0.53 100.0
Te
Total 101.11 100.81 100.38

Sphalerite (I) Sphalerite (II) Sphalerite (III)
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Figure 69. Average concentration for selected trace elements in sphalerite from the Lombador (A and B), Corvo 
(C), Neves (D), Graça (E) and Zambujal (F) orebodies. The average concentration of the trace element in 
sphalerite at Lombador is also separated into stockwork (Skt) and massive sulphide (MS), and in the remaining 
orebodies the concentrations of the trace elements only include the massive ore types sampled (MCZ, MZ and 
MZP). Note also that the concentrations for sphalerite at the Neves orebody only accounts for the MCZ ore. 
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Figure 70. Photomicrographs of different textural aspects and inclusions found in the sphalerite grains analyzed. A 
– Early (Sp I) and main (Sp II) generation of sphalerite grains. Note the presence of variably sized chalcopyrite 
inclusions and cassiterite (Cst) inclusions within the early generation of sphalerite grains. B – Chalcopyrite (Cpy) 
and galena (Gn) blebs along sphalerite grain boundaries. C – Fine-grained chalcopyrite blebs along the 
crystallographic directions of sphalerite. D – Fine-grained blebs of stannite-kesterite composition (Stn-Kst) within 
sphalerite. Cpy – chalcopyrite; Td – tetrahedrite. 
 

 



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 
 

262 | P a g e  
	  

Table 42A. Average chemical composition of sphalerite from different ore types at the Lombador orebody (values in wt%; σ – standard deviation; n – number of analyses; min – 
minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the detection limit; in percent); FE – barren 
stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive zinc ore; MZP massive zinc-
lead ore; MP massive lead ore; ME – massive barren ore). 
 

Lombador

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 33.25 0.40 29 31.19 33.64 100.0 S 32.54 0.61 119 29.15 33.74 100.0 S 33.39 0.15 64 32.94 33.75 100.0
Fe 1.37 1.07 29 0.64 6.18 100.0 Fe 2.30 1.63 119 0.61 8.23 100.0 Fe 1.31 0.42 64 0.38 2.72 100.0
Cu 0.31 0.08 11 0.21 0.52 37.9 Cu 0.22 0.22 87 0.03 1.63 73.1 Cu 0.13 0.11 11 0.03 0.35 17.2
Zn 64.98 1.02 29 62.29 66.24 100.0 Zn 64.27 1.78 119 58.26 69.46 100.0 Zn 65.00 0.59 64 63.43 66.44 100.0
Pb 0.12 0.02 4 0.10 0.15 13.8 Pb 0.12 0.03 3 0.10 0.16 2.5 Pb 0.12 0.03 12 0.10 0.19 18.8
As 0.04 0.00 1 0.04 0.04 3.4 As 0.04 0.00 1 0.04 0.04 0.8 As 0.06 0.01 2 0.05 0.07 3.1
Ni 0.04 0.00 3 0.04 0.05 10.3 Ni 0.03 0.00 3 0.03 0.04 2.5 Ni 0.04 0.01 13 0.03 0.07 20.3
Sb 0.03 0.01 2 0.02 0.03 6.9 Sb 0.04 0.01 3 0.02 0.06 2.5 Sb 0.04 0.02 17 0.02 0.07 26.6
Sn Sn 0.05 0.01 2 0.04 0.05 1.7 Sn 0.06 0.02 8 0.04 0.10 12.5
Co 0.02 0.01 7 0.01 0.02 24.1 Co 0.02 0.01 54 0.01 0.05 45.4 Co 0.02 0.01 26 0.01 0.05 40.6
Mn 0.05 0.07 15 0.01 0.32 51.7 Mn 0.02 0.01 10 0.01 0.04 8.4 Mn 0.03 0.02 33 0.01 0.10 51.6
Hg 0.23 0.11 7 0.12 0.37 24.1 Hg 0.41 0.23 9 0.11 0.82 7.6 Hg 0.23 0.11 9 0.11 0.39 14.1
Ag 0.05 0.00 1 0.05 0.05 3.4 Ag 0.04 0.00 1 0.04 0.04 0.8 Ag 0.04 0.01 8 0.03 0.06 12.5
Au Au Au 0.09 0.00 1 0.09 0.09 1.6
Bi Bi Bi
Ge 0.01 0.01 4 0.01 0.03 13.8 Ge 0.01 0.01 7 0.00 0.02 5.9 Ge 0.02 0.01 15 0.00 0.04 23.4
Se Se 0.05 0.00 8 0.04 0.06 6.7 Se
In In 0.05 0.02 61 0.02 0.12 51.3 In
Cd 0.09 0.04 28 0.03 0.16 96.6 Cd 0.13 0.06 111 0.03 0.22 93.3 Cd 0.07 0.02 52 0.04 0.11 81.3
Te Te Te
Total 100.59 Total 100.34 Total 100.64

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 32.37 0.76 40 30.79 35.44 100.0 S 32.63 0.39 65 31.82 33.91 100.0 S 32.75 0.95 108 30.87 34.96 100.0
Fe 2.69 1.83 40 0.22 11.51 100.0 Fe 2.50 0.67 65 1.01 4.74 100.0 Fe 3.25 1.66 108 0.68 10.34 100.0
Cu 0.39 0.55 40 0.05 2.72 100.0 Cu 0.30 0.32 65 0.03 1.60 100.0 Cu 0.20 0.24 72 0.03 1.53 66.7
Zn 63.56 2.71 40 48.80 66.16 100.0 Zn 63.71 0.87 65 60.40 65.19 100.0 Zn 63.54 2.25 108 54.90 67.44 100.0
Pb 0.12 0.03 3 0.10 0.16 7.5 Pb 0.17 0.11 7 0.09 0.44 10.8 Pb 0.12 0.03 25 0.09 0.19 23.1
As 0.09 0.05 5 0.03 0.17 12.5 As 0.09 0.04 4 0.04 0.13 6.2 As 0.06 0.03 10 0.03 0.12 9.3
Ni Ni Ni 0.04 0.01 9 0.03 0.06 8.3
Sb 0.05 0.02 2 0.03 0.07 5.0 Sb 0.04 0.02 3 0.02 0.08 4.6 Sb 0.03 0.01 6 0.02 0.05 5.6
Sn 0.30 0.23 3 0.12 0.62 7.5 Sn 0.12 0.00 1 0.12 0.12 1.5 Sn 0.09 0.04 6 0.04 0.17 5.6
Co 0.02 0.01 10 0.01 0.05 25.0 Co 0.01 0.00 20 0.01 0.03 30.8 Co 0.02 0.01 28 0.01 0.04 25.9
Mn 0.01 0.00 1 0.01 0.01 2.5 Mn 0.01 0.00 2 0.01 0.01 3.1 Mn 0.02 0.01 20 0.01 0.06 18.5
Hg 0.15 0.06 4 0.09 0.25 10.0 Hg 0.12 0.02 7 0.10 0.16 10.8 Hg 0.15 0.07 31 0.09 0.38 28.7
Ag Ag 0.04 0.00 2 0.03 0.04 3.1 Ag 0.04 0.00 1 0.04 0.04 0.9
Au Au Au
Bi Bi Bi 0.13 0.00 1 0.13 0.13 0.9
Ge Ge 0.00 0.00 1 0.00 0.00 1.5 Ge 0.01 0.01 13 0.00 0.04 12.0
Se Se 0.08 0.04 6 0.04 0.14 9.2 Se
In 0.19 0.35 39 0.02 1.73 97.5 In 0.16 0.20 62 0.02 0.82 95.4 In 0.03 0.02 31 0.02 0.15 28.7
Cd 0.20 0.12 39 0.05 0.58 97.5 Cd 0.20 0.05 65 0.06 0.31 100.0 Cd 0.14 0.05 107 0.05 0.28 99.1
Te Te Te
Total 100.16 Total 100.18 Total 100.63

FE FC FZ

MZMCZMC
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Table 42B. Average chemical composition of sphalerite from different ore types at the Lombador, Neves and Corvo (SE area) orebodies (values in wt%; σ – standard deviation; 
n – number of analyses; min – minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the detection limit; 
in percent); MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive zinc ore; MZP massive zinc-lead ore; MP massive lead ore; ME – massive barren ore). 
 

Lombador Neves

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 32.81 0.81 38 30.68 33.90 100.0 S 33.27 0.49 4 32.81 34.10 100.0 S 32.32 0.31 13 31.52 32.77 100.0
Fe 2.42 1.21 38 1.02 5.35 100.0 Fe 3.10 0.60 4 2.19 3.79 100.0 Fe 1.77 0.52 13 0.88 2.36 100.0
Cu 0.19 0.39 19 0.03 1.76 50.0 Cu 1.45 0.80 4 0.89 2.83 100.0 Cu 0.92 0.30 13 0.47 1.43 100.0
Zn 64.57 1.14 38 61.00 66.45 100.0 Zn 59.83 1.20 4 57.77 60.70 100.0 Zn 64.41 0.77 13 62.64 65.62 100.0
Pb 0.11 0.01 11 0.10 0.12 28.9 Pb 0.13 0.00 1 0.13 0.13 25.0 Pb 0.10 0.00 1 0.10 0.10 7.7
As 0.13 0.08 8 0.05 0.32 21.1 As 0.09 0.05 2 0.04 0.14 50.0 As
Ni 0.05 0.00 1 0.05 0.05 2.6 Ni Ni
Sb 0.03 0.00 1 0.03 0.03 2.6 Sb 0.06 0.00 1 0.06 0.06 25.0 Sb 0.02 0.00 1 0.02 0.02 7.7
Sn 0.22 0.21 7 0.04 0.70 18.4 Sn Sn 0.09 0.07 4 0.05 0.21 30.8
Co 0.01 0.00 1 0.01 0.01 2.6 Co Co 0.02 0.01 5 0.01 0.03 38.5
Mn 0.02 0.01 14 0.01 0.05 36.8 Mn Mn
Hg 0.14 0.12 11 0.09 0.53 28.9 Hg 0.15 0.00 2 0.14 0.15 50.0 Hg 0.10 0.00 2 0.09 0.10 15.4
Ag 0.03 0.00 3 0.03 0.04 7.9 Ag 0.05 0.00 1 0.05 0.05 25.0 Ag
Au Au Au
Bi 0.18 0.00 1 0.18 0.18 2.6 Bi Bi
Ge 0.01 0.01 11 0.00 0.05 28.9 Ge Ge
Se Se 0.04 0.00 1 0.04 0.04 25.0 Se
In 0.09 0.15 8 0.02 0.50 21.1 In 2.13 1.25 4 1.39 4.30 100.0 In 0.18 0.08 13 0.10 0.32 100.0
Cd 0.13 0.06 37 0.06 0.24 97.4 Cd 0.12 0.01 4 0.11 0.13 100.0 Cd 0.13 0.01 13 0.11 0.15 100.0
Te Te Te
Total 101.15 Total 100.42 Total 100.05

Corvo (SE area)

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 32.94 0.41 6 32.04 33.21 100.0 S 32.99 0.23 25 32.49 33.40 100.0 S 33.12 0.49 11 32.31 33.83 100.0
Fe 1.16 0.17 6 0.94 1.43 100.0 Fe 3.10 1.86 25 0.76 5.47 100.0 Fe 2.70 2.83 11 1.07 10.45 100.0
Cu 0.59 0.12 6 0.39 0.73 100.0 Cu 0.17 0.17 19 0.04 0.73 76.0 Cu 0.30 0.17 8 0.03 0.62 72.7
Zn 65.58 0.44 6 64.70 66.06 100.0 Zn 63.45 1.97 25 60.55 66.05 100.0 Zn 62.89 3.55 11 53.07 65.39 100.0
Pb 0.14 0.00 1 0.14 0.14 16.7 Pb Pb 0.54 0.00 1 0.54 0.54 9.1
As As 0.05 0.00 1 0.05 0.05 4.0 As 0.15 0.15 4 0.04 0.42 36.4
Ni Ni Ni
Sb Sb 0.02 0.00 1 0.02 0.02 4.0 Sb 0.03 0.00 2 0.03 0.04 18.2
Sn 0.03 0.00 1 0.03 0.03 16.7 Sn 0.09 0.01 3 0.08 0.11 12.0 Sn
Co Co 0.01 0.00 1 0.01 0.01 4.0 Co 0.02 0.01 5 0.01 0.04 45.5
Mn Mn Mn 0.02 0.02 4 0.01 0.05 36.4
Hg 0.12 0.03 4 0.09 0.16 66.7 Hg 0.13 0.03 10 0.10 0.21 40.0 Hg 0.14 0.04 4 0.10 0.21 36.4
Ag Ag 0.04 0.00 1 0.04 0.04 4.0 Ag 0.03 0.00 4 0.03 0.03 36.4
Au Au Au
Bi Bi Bi
Ge Ge 0.00 0.00 1 0.00 0.00 4.0 Ge
Se Se Se
In 0.03 0.00 3 0.02 0.03 50.0 In 0.03 0.01 12 0.02 0.05 48.0 In 0.22 0.02 6 0.19 0.24 54.5
Cd Cd 0.13 0.03 25 0.09 0.20 100.0 Cd 0.09 0.03 10 0.05 0.14 90.9
Te Te Te
Total 100.58 Total 100.22 Total 100.27

MCZMZP MP

MZPMZMCZ
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Table 42C. Average chemical composition of sphalerite from different ore types at the Graça (SW area) and Zambujal orebodies (values in wt%; σ – standard deviation; n – 
number of analyses; min – minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the detection limit; in 
percent); MCZ – massive copper-zinc ore; MZ – massive zinc ore; MZP massive zinc-lead ore; MP massive lead ore; ME – massive barren ore). 
 

Graça (SW area)

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 32.87 0.42 13 32.26 33.55 100.0 S 32.90 0.49 12 32.35 33.92 100.0 S 33.35 0.18 10 33.07 33.66 100.0
Fe 1.92 0.59 13 1.14 3.23 100.0 Fe 3.74 1.13 12 1.71 5.34 100.0 Fe 1.12 0.33 10 0.63 1.82 100.0
Cu 0.62 0.55 13 0.08 1.86 100.0 Cu 0.23 0.36 10 0.03 1.28 83.3 Cu 0.21 0.16 5 0.04 0.49 50.0
Zn 63.39 1.00 13 61.06 64.62 100.0 Zn 62.81 1.25 12 61.35 65.17 100.0 Zn 65.24 0.31 10 64.78 65.74 100.0
Pb Pb Pb 0.13 0.02 2 0.11 0.14 20.0
As 0.11 0.06 2 0.05 0.18 15.4 As As 0.04 0.00 1 0.04 0.04 10.0
Ni Ni Ni 0.05 0.00 1 0.05 0.05 10.0
Sb Sb 0.02 0.00 1 0.02 0.02 8.3 Sb 0.03 0.00 2 0.02 0.03 20.0
Sn Sn Sn
Co Co 0.02 0.01 5 0.01 0.03 41.7 Co 0.03 0.00 1 0.03 0.03 10.0
Mn Mn Mn 0.02 0.01 3 0.01 0.04 30.0
Hg 0.14 0.02 4 0.12 0.18 30.8 Hg 0.11 0.02 2 0.10 0.13 16.7 Hg 0.19 0.12 4 0.10 0.39 40.0
Ag Ag 0.04 0.00 1 0.04 0.04 8.3 Ag 0.03 0.00 1 0.03 0.03 10.0
Au Au Au
Bi Bi Bi
Ge Ge 0.00 0.00 1 0.00 0.00 8.3 Ge 0.02 0.01 2 0.01 0.03 20.0
Se Se Se
In 0.08 0.03 13 0.04 0.12 100.0 In 0.03 0.01 4 0.03 0.04 33.3 In
Cd 0.21 0.06 13 0.12 0.26 100.0 Cd 0.16 0.03 12 0.12 0.22 100.0 Cd 0.11 0.07 8 0.04 0.22 80.0
Te Te Te
Total 99.34 Total 100.07 Total 100.58

Zambujal

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 32.72 0.72 23 31.37 35.09 100.0 S 32.39 0.38 10 31.43 32.82 100.0 S 33.49 0.09 5 33.35 33.63 100.0
Fe 1.67 0.86 23 0.86 4.82 100.0 Fe 1.43 0.46 10 0.70 2.10 100.0 Fe 1.32 0.48 5 0.85 2.07 100.0
Cu 0.61 0.35 23 0.14 1.53 100.0 Cu 0.32 0.37 10 0.07 1.15 100.0 Cu 0.20 0.00 1 0.20 0.20 20.0
Zn 63.66 1.58 23 57.09 64.83 100.0 Zn 65.04 0.84 10 63.52 66.27 100.0 Zn 65.49 0.77 5 64.31 66.25 100.0
Pb 0.38 0.28 2 0.09 0.66 8.7 Pb Pb 0.10 0.00 1 0.10 0.10 20.0
As 0.14 0.07 6 0.04 0.21 26.1 As As
Ni Ni Ni 0.03 0.00 2 0.03 0.03 40.0
Sb 0.15 0.17 6 0.02 0.45 26.1 Sb 0.02 0.00 1 0.02 0.02 10.0 Sb 0.05 0.02 2 0.03 0.06 40.0
Sn 0.04 0.00 1 0.04 0.04 4.3 Sn Sn 0.05 0.00 2 0.05 0.06 40.0
Co 0.02 0.01 2 0.01 0.03 8.7 Co Co 0.01 0.00 2 0.01 0.01 40.0
Mn Mn Mn 0.04 0.00 2 0.04 0.04 40.0
Hg 0.20 0.05 23 0.11 0.31 100.0 Hg 0.15 0.04 10 0.10 0.23 100.0 Hg 0.30 0.00 1 0.30 0.30 20.0
Ag 0.04 0.00 1 0.04 0.04 4.3 Ag 0.03 0.00 1 0.03 0.03 10.0 Ag 0.04 0.00 1 0.04 0.04 20.0
Au Au Au
Bi Bi Bi
Ge Ge Ge
Se 0.06 0.01 7 0.04 0.08 30.4 Se 0.06 0.03 5 0.04 0.12 50.0 Se 0.06 0.00 1 0.06 0.06 20.0
In 0.19 0.05 23 0.10 0.31 100.0 In 0.04 0.01 10 0.03 0.06 100.0 In
Cd 0.24 0.02 23 0.20 0.28 100.0 Cd 0.23 0.02 10 0.18 0.25 100.0 Cd 0.06 0.01 4 0.05 0.08 80.0
Te Te Te
Total 100.12 Total 99.70 Total 101.23

MCZ MZ MZP

MZMCZ MZP

 
 



The Zinc-Rich Mineralization at the Neves Corvo Deposit 5 
	  

 

P a g e  | 265 
	  

5.4.2.3. Chalcopyrite 

 

Chalcopyrite shows, in general, low concentrations (typically less than 0.15 wt%) for most 

trace elements. Nevertheless, detectable concentrations of zinc, lead, tin, indium and, to a 

lesser extent, selenium enable some discrimination among the different ore types and 

orebodies studied (Table 43; Figure 71 and 72), as well as among the different generations of 

chalcopyrite (Tables 43 and 44).  

Although significant gold concentrations (0.11 wt% Au) have been found in a single 

chalcopyrite grain from the MCZ ore at the Graça orebody, the gold contents in chalcopyrite 

are generally below the detection limit (0.09 wt%) in all ore types studied (Table 45A to C). 

The high gold concentration found should, in fact, reflect the presence of extremely fine-

grained (<5 µm) gold inclusions associated to chalcopyrite. The occurrence of very small gold 

grains, associated to chalcopyrite, in copper-rich ores was previously reported at the Neves 

Corvo deposit (e.g., Pinto et al., 1997, 2005; Gaspar, 2002).  

Detectable zinc contents in chalcopyrite grains from different ore types are relatively common. 

74% of the chalcopyrite grains analyzed exhibit zinc concentrations above the detection limit, 

reaching up to 0.90 wt% Zn (average 0.12 wt% Zn). However, there is no obvious relationship 

between the zinc content of chalcopyrite (as well as that of tin or indium), and the different ore 

types. Chalcopyrite grains in the FZ and MZ ores display on average the highest zinc contents 

(0.23 and 0.26 wt% Zn, respectively), whereas in the remaining ore types zinc concentration 

in chalcopyrite grains is usually lower than 0.1 wt%. Nevertheless, high zinc concentrations 

(up to 0.85 wt%) were found in single chalcopyrite grains from the FC, MC and MCZ ores, 

which seem to reflect the incorporation of ZnS into the chalcopyrite structure for higher 

formational temperatures. 

Lead concentrations above the detection limit (0.09 wt%) occur in about 12% of the 

chalcopyrite grains analyzed, and reaches up to 0.54 wt% (average 0.13 wt% Pb). 

Chalcopyrite from the FC ore type possess, on average, the highest lead contents (0.25 wt% 

Pb; ranging from 0.09 to 0.54 wt% Pb), whereas in the remaining ore types lead contents in 

chalcopyrite represent generally less than 0.15 wt% Pb (Table 43 and 45A to C).  

Traces of tin (0.03 to 0.44 wt%, averaging 0.08 wt% Sn) in chalcopyrite grains are also 

relatively common, occurring above detection limit in about 46% of the chalcopyrite grains 

analyzed. However, once again, there is no obvious compositional trend between the tin 

contents of chalcopyrite and the different ore types. Generally speaking, tin concentrations in 

chalcopyrite grains are higher in the massive sulphide ores, particularly in the massive zinc 

(MZ) ore type, where it can reach up to 0.41 wt% and occur in almost 95% of the chalcopyrite 

grains analyzed (Table 43 and 45A to C; Figure 71). Tin contents in chalcopyrite from the MC 
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and MCZ ore types are also notable. In these ore types, tin content in chalcopyrite grains 

reach up to 0.44 and 0.23 wt%, respectively, and occur in approximately 60% of the 

chalcopyrite grains analyzed. However, the higher tin concentrations (the same for zinc and 

lead) should reflect the presence of very fine-grained (<5 µm) blebs or films of stannite along 

the chalcopyrite grain boundaries (Figure 73). This is corroborated by the fact that over 65% 

of the chalcopyrite grains that fill ribbons and display visible (under the microscope) stannite 

or stannite±sphalerite blebs along the grain boundaries, show tin contents well above the 

detection limit (Table 44). 

Traces of indium above the detection limit (0.02 wt%) and ranging up to 0.15 wt% (average 

0.07 wt% In) were found in approximately 30% of the chalcopyrite grains analyzed, particularly 

in those from the massive copper (MC) and copper-zinc (MCZ) ore types. In these ore types, 

indium concentrations in chalcopyrite grains reach up to 0.15 and 0.12 wt%, respectively, and 

are found in over 40% of the grains analyzed. This could reflect chemical redistribution 

through recrystallization due to tectono-metamorphic effects. Notable indium concentrations in 

chalcopyrite were also found in the remaining ore types. Chalcopyrite from the massive zinc 

(MZ), lead-rich (MP) and barren (ME) ore types show indium concentrations of up to 0.12 wt% 

(averaging 0.06%, 0.10% and 0.09 wt% In, respectively), whereas in the massive zinc-lead 

(MZP) ore indium concentration in chalcopyrite grains is usually below the detection limit. The 

higher indium concentrations measured in chalcopyrite grains from low-temperature ore types 

were found in remobilized chalcopyrite grains that fill chalcopyrite ribbons and/or carbonate(-

quartz)+chalcopyrite(±sphalerite, tetrahedrite, galena) veins and veinlets. This is particularly 

clear in the MP and ME ores at Lombador, which show indium concentrations between 0.05 

and 0.12 wt% (averages about 0.10 wt% In) (Table 45B). As already mentioned, chalcopyrite 

in these ore types, as well as in the remaining low-temperature ore types (MZ and MZP), 

occurs mostly as a late, non-metallogenetic generation of chalcopyrite, which resulted from 

tectono-metamorphic remobilization. Therefore, the high indium concentrations found in these 

chalcopyrite grains  suggest once again the presence of extremely fine-grained (<5 µm) blebs 

and films of roquesite and/or sakuraiite or roquesite-sakuraiite intermediate phase distributed 

along the chalcopyrite grain boundaries (Figure 73). In the stockwork ore types, indium 

concentrations were only found in chalcopyrite grains from the copper stockwork (FC) ore (up 

to 0.03 wt%). However, over 85% of the chalcopyrite grains analyzed in these types of ore 

display indium contents below the detection limit.  

Selenium concentrations in chalcopyrite grains mostly fall below the detection limit. 

Concentrations above the detection limit (0.04 wt%) only occur in less than 10% of the grains 

analyzed, where they reach up to 0.11 wt% Se (average 0.07 wt% Se; Tables 45A and B). 

The chalcopyrite grains with higher selenium contents were found in the high-temperature 
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cupriferous ore types (FC, MC, MCZ), and, in particular, in the MCZ ore samples 

representative of the Zambujal orebody. There, selenium concentrations above the detection 

limit were found in over 60% of the chalcopyrite grains analyzed (Table 45C). Consistent 

selenium contents (0.06 wt% on average) were found in remobilized chalcopyrite grains 

occurring in the ME ore from the Lombador orebody, suggesting the presence of extremely 

fine-grained (<5 µm) inclusions of selenium-bearing mineral phases such as galena. A similar 

situation was demonstrated by means of SEM in some of the MCZ ore samples studied. 

Bismuth concentrations in chalcopyrite are generally below the detection limit as well (0.10 

wt%). Nevertheless, bismuth contents slightly above the detection limit (up to 0.13 wt%) were 

found in single chalcopyrite grains from the MC and MZP ores at the Lombador orebody. 

Concentrations of other trace elements in chalcopyrite are relatively uniform and usually below 

the detection limit or very low (<0.1 wt%) throughout the different ore types (Table 43 and 45A 

to C). Nevertheless, single chalcopyrite grains from the massive ores, particularly those from 

the MC and MCZ ore types, can display mercury contents up to 0.10 wt%, as well as arsenic 

contents up to 0.12 wt%. Single chalcopyrite grains from the copper stockwork ores at 

Lombador can also display considerable arsenic contents (up to 0.11 wt%). 

Chalcopyrite chemical formula calculated on the basis of its average bulk composition is: 

• Cu0.99Fe1.01S1.99, locally containing up to 0.05 apfu of Zn, 0.02 apfu of As and 0.01 apfu 

of Pb, Sb, Sn, Hg, Ag and In.  

The average chemical formula calculated for the main and most voluminous generation of 

chalcopyrite (Cpy II) is equal to that of its late tectono-metamorphic generation (Cpy III): 

Cu0.99Fe1.01S1.99. However, the main generation of chalcopyrite (Cpy II) can show up to 0.03 

apfu of Zn, 0.02 apfu of As and 0.01 apfu of Pb, Sn, Hg and In, whereas the late generation of 

chalcopyrite (Cpy III) have a somewhat different profile in terms of trace elements contained: 

0.05 apfu of Zn and 0.01 apfu of Sb, Sn and Ag.  

The averaged chemical formulas of chalcopyrite separated by ore type are as follows: 

• FE: Cu0.98Fe1.01S2.00, with up to 0.01 apfu of Zn and Hg; 

• FC: Cu1.00Fe1.02S1.98, with up to 0.01 apfu of Hg; 

• FZ: Cu0.98Fe1.01S2.00, with up to 0.03 apfu of Zn; 

• MC: Cu0.99Fe1.01S2.00, with up to 0.02 apfu of Zn and 0.01 apfu of Sn and In; 

• MCZ: Cu0.99Fe1.01S1.99, with up to 0.02 apfu of Zn and As, and 0.01 apfu of Pb; 

• MZ: Cu0.99Fe1.00S1.99, with up to 0.05 apfu of Zn and 0.01 apfu of Sb, Sn and Ag; 

• MZP: Cu0.99Fe1.01S1.99, with up to 0.01 apfu of Zn; 

• MP: Cu1.01Fe0.99S2.00; 

• ME: Cu0.99Fe1.01S2.00. 
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Table 43. Average chemical composition of chalcopyrite from the different ore types studied (values in wt%; n – 
number of analyses; Comp. – average bulk composition; avg. – average; FE – barren stockwork ore; FC – copper 
stockwork ore; FZ – zinc stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive 
zinc ore; MZP massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore; Skt – stockwork ore; MS – 
massive sulphide ore). 
 

Comp.
FE FC FZ Skt (avg.) MC MCZ MZ MZP MP ME MS (avg.)

n 381 25 90 28 143 63 108 19 20 5 18 233
S 34.61 35.08 34.31 35.10 34.60 34.56 34.68 34.49 34.46 34.75 34.74 34.62
Fe 30.61 30.87 30.63 30.81 30.71 30.58 30.58 30.36 30.64 29.87 30.69 30.56
Cu 34.20 34.14 34.22 33.91 34.15 34.20 34.29 34.19 34.17 34.57 34.01 34.23
Zn 0.13 0.10 0.12 0.28 0.15 0.11 0.10 0.26 0.11 0.09 0.05 0.11
Pb 0.13 0.13 0.25 0.13 0.16 0.13 0.12 0.14 0.10 0.10 0.12 0.12
As 0.08 0.11 0.11 0.04 0.07 0.15 0.06 0.08
Ni 0.04 0.04 0.04 0.06 0.04
Sb 0.03 0.03 0.03 0.04 0.03 0.04 0.02 0.03
Sn 0.08 0.07 0.06 0.06 0.06 0.08 0.07 0.16 0.07 0.03 0.06 0.08
Co 0.05 0.06 0.05 0.06 0.05 0.05 0.05 0.04 0.05 0.04 0.05
Mn 0.02 0.02 0.03 0.02 0.02
Hg 0.20 0.37 0.37 0.09 0.10 0.09 0.10
Ag 0.04 0.04 0.05 0.05 0.05 0.03 0.04 0.04
Au 0.11 0.11 0.11
Bi 0.12 0.13 0.10 0.12
Ge 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00
Se 0.06 0.04 0.06 0.05 0.05 0.07 0.04 0.06 0.06
In 0.07 0.02 0.02 0.09 0.06 0.06 0.02 0.10 0.09 0.07
Cd 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Total 100.65 100.67 100.03 100.92 100.62 100.19 100.43 99.86 99.86 99.50 100.00 100.43

Massive sulphide oreStockwork ore

 
 

 
Figure 71. Average bulk concentration of selected trace elements in chalcopyrite from the stockwork (Skt) and 
massive sulphide (MS) ores. 
 
Table 44. Average chemical composition of the different generations of chalcopyrite (values in wt%; σ – standard 
deviation; n – number of analyses; Abs. Freq. – absolute frequency (number of times a particular element occurs 
above the detection limit; in percent). 
 

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq.
S 34.55 0.55 276 32.19 36.33 100.0 34.78 0.64 105 32.17 36.19 100.0
Fe 30.62 0.43 276 27.06 32.68 100.0 30.61 0.62 105 28.33 32.94 100.0
Cu 34.21 0.46 276 30.60 37.40 100.0 34.17 0.46 105 31.84 35.27 100.0
Zn 0.12 0.13 211 0.02 0.89 76.4 0.14 0.16 71 0.02 0.77 67.6
Pb 0.15 0.11 21 0.03 0.54 7.6 0.12 0.02 25 0.09 0.17 23.8
As 0.08 0.04 11 0.03 0.16 4.0
Ni 0.05 0.01 5 0.03 0.06 1.8 0.03 0.00 1 0.03 0.03 1.0
Sb 0.03 0.01 10 0.02 0.05 3.6 0.03 0.02 6 0.02 0.07 5.7
Sn 0.07 0.05 105 0.03 0.44 38.0 0.09 0.08 69 0.03 0.41 65.7
Co 0.05 0.01 186 0.01 0.09 67.4 0.05 0.02 64 0.01 0.09 61.0
Mn 0.02 0.01 14 0.01 0.05 5.1 0.02 0.01 10 0.01 0.04 9.5
Hg 0.09 0.00 1 0.09 0.09 0.4 0.10 0.00 2 0.09 0.10 1.9
Ag 0.04 0.01 7 0.03 0.06 2.5 0.04 0.01 6 0.03 0.06 5.7
Au 0.11 0.00 1 0.11 0.11 0.4
Bi 0.13 0.00 1 0.13 0.13 0.4 0.10 0.00 1 0.10 0.10 1.0
Ge 0.01 0.00 44 0.00 0.02 15.9 0.01 0.00 27 0.00 0.02 25.7
Se 0.06 0.02 31 0.04 0.11 11.2 0.05 0.01 6 0.04 0.07 5.7
In 0.06 0.04 71 0.02 0.15 25.7 0.08 0.03 42 0.03 0.13 40.0
Cd 0.04 0.00 33 0.03 0.05 12.0 0.04 0.00 9 0.04 0.04 8.6
Total 100.51 100.44

Chalcopyrite (II) Chalcopyrite (III)
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Figure 72. Average concentration for selected trace elements in chalcopyrite from different ore types at the 
Lombador (A and B), Corvo (C), Neves (D), Graça (E) and Zambujal (F) orebodies. Note that the average 
concentration of the trace elements in chalcopyrite from the Corvo orebody refers to chalcopyrite from both the 
MCZ and MZ ores, whereas, at the Neves, Graça and Zambujal orebodies, it refers only to chalcopyrite from the 
MCZ ore. 
 

 

 

 



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 
 

270 | P a g e  
	  

 

 
 

Mineral phase S (wt%) Fe (wt%) Cu (wt%) Zn (wt%) Ag (wt%) In (wt%)
1 Roq-Sak ? 30.95 23.97 31.12 9.1 4.86

2 Roq-Sak ? 30.75 22.53 32.8 2.95 10.97

3 Roq-Sak ? 31.27 26.23 34.47 4.19 3.84

4 Roq 26.96 9.59 29.38 0.25 33.83  
 
Figure 73. High-resolution scanning electron microscopy (SEM-EDS) images of chalcopyrite grains (Cpy) 
containing micro-inclusions of sphalerite (Sp), stannite (Stn) roquesite (roq) and/or roquesite-sakuraiite (Roq-Sak) 
intermediate phase, coupled with semi-quantitative analyses of the indium-rich micro-inclusions, which were 
labeled to numbers in the photomicrographs. Note that sphalerite and stannite inclusions occur along the 
chalcopyrite grain boundaries,  forming geometric patterns (pseudo-hexagonal). Roquesite and/or roquesite-
sakuraiite micro-inclusions  tend to occur either along grain borders, or fractures. 
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Table 45A. Average chemical composition of chalcopyrite from different ore types at the Lombador orebody (values in wt%; σ – standard deviation; n – number of analyses; min 
– minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the detection limit; in percent); FE – barren 
stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive zinc ore). 
 

Lombador

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 35.08 0.14 25 34.70 35.35 100.0 S 34.31 0.29 90 33.86 35.28 100.0 S 35.10 0.17 28 34.82 35.41 100.0
Fe 30.87 0.15 25 30.50 31.28 100.0 Fe 30.63 0.14 90 30.13 31.04 100.0 Fe 30.81 0.36 28 29.91 31.57 100.0
Cu 34.14 0.14 25 33.96 34.51 100.0 Cu 34.22 0.21 90 33.44 34.58 100.0 Cu 33.91 0.39 28 33.00 34.60 100.0
Zn 0.10 0.10 15 0.02 0.46 60.0 Zn 0.12 0.14 84 0.02 0.85 93.3 Zn 0.23 0.21 23 0.02 0.89 82.1
Pb 0.13 0.01 5 0.11 0.15 20.0 Pb 0.25 0.21 3 0.09 0.54 3.3 Pb 0.13 0.03 3 0.09 0.16 10.7
As As 0.11 0.00 1 0.11 0.11 1.1 As
Ni 0.04 0.01 4 0.03 0.06 16.0 Ni 0.04 0.00 1 0.04 0.04 1.1 Ni 0.06 0.00 1 0.06 0.06 3.6
Sb 0.03 0.01 3 0.02 0.04 12.0 Sb 0.03 0.00 3 0.03 0.03 3.3 Sb 0.04 0.02 7 0.02 0.07 25.0
Sn 0.07 0.03 9 0.03 0.11 36.0 Sn 0.06 0.02 24 0.03 0.11 26.7 Sn 0.06 0.02 16 0.04 0.14 57.1
Co 0.06 0.02 25 0.03 0.09 100.0 Co 0.05 0.01 84 0.02 0.08 93.3 Co 0.06 0.02 28 0.03 0.09 100.0
Mn 0.02 0.01 8 0.01 0.04 32.0 Mn 0.03 0.01 3 0.01 0.04 3.3 Mn 0.02 0.01 13 0.01 0.05 46.4
Hg Hg Hg
Ag 0.04 0.01 4 0.03 0.05 16.0 Ag 0.05 0.01 2 0.04 0.06 2.2 Ag 0.05 0.01 5 0.04 0.06 17.9
Au Au Au
Bi Bi Bi
Ge 0.01 0.01 7 0.01 0.02 28.0 Ge 0.01 0.01 6 0.00 0.02 6.7 Ge 0.01 0.00 7 0.01 0.02 25.0
Se 0.04 0.00 2 0.04 0.04 8.0 Se 0.06 0.02 2 0.05 0.08 2.2 Se
In In 0.02 0.00 13 0.02 0.03 14.4 In
Cd 0.04 0.00 4 0.04 0.04 16.0 Cd 0.04 0.00 12 0.03 0.04 13.3 Cd 0.04 0.01 2 0.04 0.05 7.1
Total 100.67 Total 100.03 Total 100.52

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 34.56 0.60 63 32.36 36.19 100.0 S 34.35 0.45 45 33.66 36.28 100.0 S 33.97 1.36 12 32.17 36.33 100.0
Fe 30.58 0.63 63 27.06 32.12 100.0 Fe 30.67 0.32 45 29.84 31.14 100.0 Fe 30.78 1.52 12 28.18 32.94 100.0
Cu 34.20 0.75 63 30.60 37.40 100.0 Cu 34.07 0.53 45 31.67 34.85 100.0 Cu 34.19 0.20 12 33.74 34.61 100.0
Zn 0.11 0.11 42 0.02 0.60 66.7 Zn 0.10 0.11 42 0.02 0.57 93.3 Zn 0.22 0.24 7 0.02 0.77 58.3
Pb 0.13 0.03 7 0.09 0.18 11.1 Pb 0.14 0.10 7 0.03 0.38 15.6 Pb 0.14 0.03 4 0.09 0.17 33.3
As 0.04 0.00 1 0.04 0.04 1.6 As 0.07 0.04 4 0.03 0.12 8.9 As
Ni Ni Ni
Sb Sb 0.05 0.00 1 0.05 0.05 2.2 Sb 0.02 0.00 1 0.02 0.02 8.3
Sn 0.08 0.09 20 0.03 0.44 31.7 Sn 0.05 0.02 13 0.03 0.09 28.9 Sn 0.16 0.12 12 0.04 0.41 100.0
Co 0.05 0.02 39 0.01 0.09 61.9 Co 0.05 0.02 35 0.01 0.08 77.8 Co 0.04 0.01 4 0.03 0.06 33.3
Mn Mn Mn
Hg 0.09 0.00 1 0.09 0.09 1.6 Hg Hg
Ag 0.03 0.00 1 0.03 0.03 1.6 Ag 0.04 0.00 1 0.04 0.04 2.2 Ag
Au Au Au
Bi 0.13 0.00 1 0.13 0.13 1.6 Bi Bi
Ge 0.00 0.00 13 0.00 0.01 20.6 Ge 0.00 0.00 5 0.00 0.01 11.1 Ge 0.01 0.00 5 0.00 0.01 41.7
Se 0.05 0.01 12 0.04 0.06 19.0 Se 0.04 0.00 1 0.04 0.04 2.2 Se
In 0.09 0.05 28 0.02 0.15 44.4 In 0.06 0.04 13 0.02 0.12 28.9 In 0.04 0.02 5 0.02 0.06 41.7
Cd 0.04 0.00 9 0.03 0.04 14.3 Cd 0.04 0.00 7 0.04 0.04 15.6 Cd
Total 100.19 Total 99.73 Total 99.55

FE FC FZ

MC MCZ MZ
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Table 45B. Average chemical composition of chalcopyrite from different ore types at the Lombador, Corvo (SE area) and Neves orebodies (values in wt%; σ – standard 
deviation; n – number of analyses; min – minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the 
detection limit; in percent); MCZ – massive copper-zinc ore; MZ – massive zinc ore; MZP massive zinc-lead ore; MP massive lead ore; ME – massive barren ore). 

 
Lombador

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 34.46 0.43 20 34.08 35.78 100.0 S 34.75 0.20 5 34.47 35.00 100.0 S 34.74 0.67 18 33.95 36.17 100.0
Fe 30.64 0.23 20 30.02 31.03 100.0 Fe 29.87 0.07 5 29.80 29.98 100.0 Fe 30.69 0.61 18 29.34 31.43 100.0
Cu 34.17 0.35 20 33.26 34.92 100.0 Cu 34.57 0.20 5 34.34 34.77 100.0 Cu 34.01 0.39 18 33.19 34.82 100.0
Zn 0.11 0.08 18 0.04 0.30 90.0 Zn 0.09 0.00 1 0.09 0.09 20.0 Zn 0.05 0.01 9 0.03 0.06 50.0
Pb 0.10 0.02 3 0.09 0.13 15.0 Pb 0.10 0.00 2 0.10 0.10 40.0 Pb 0.12 0.02 8 0.09 0.16 44.4
As 0.06 0.00 1 0.06 0.06 5.0 As As
Ni Ni Ni
Sb Sb Sb
Sn 0.07 0.02 5 0.04 0.10 25.0 Sn 0.03 0.00 2 0.03 0.04 40.0 Sn 0.06 0.04 14 0.04 0.20 77.8
Co 0.05 0.01 14 0.03 0.07 70.0 Co Co 0.04 0.01 8 0.01 0.05 44.4
Mn Mn Mn
Hg Hg Hg 0.09 0.00 1 0.09 0.09 5.6
Ag Ag Ag
Au Au Au
Bi 0.10 0.00 1 0.10 0.10 5.0 Bi Bi
Ge 0.01 0.00 6 0.00 0.01 30.0 Ge Ge 0.00 0.00 5 0.00 0.01 27.8
Se 0.04 0.00 1 0.04 0.04 5.0 Se Se 0.06 0.00 2 0.06 0.07 11.1
In 0.02 0.00 1 0.02 0.02 5.0 In 0.10 0.03 5 0.05 0.12 100.0 In 0.09 0.02 11 0.05 0.12 61.1
Cd 0.04 0.00 5 0.03 0.04 25.0 Cd Cd 0.04 0.00 2 0.04 0.04 11.1
Total 99.86 Total 99.50 Total 100.00

Corvo (SE area) Neves

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 35.67 0.08 9 35.53 35.79 100.0 S 35.38 0.21 7 35.08 35.64 100.0 S 34.54 0.37 17 34.01 35.14 100.0
Fe 30.63 0.17 9 30.33 30.86 100.0 Fe 29.64 0.72 7 28.33 30.60 100.0 Fe 30.62 0.17 17 30.37 30.90 100.0
Cu 34.98 0.20 9 34.64 35.27 100.0 Cu 34.19 0.28 7 33.79 34.54 100.0 Cu 34.29 0.30 17 33.50 34.63 100.0
Zn 0.11 0.08 5 0.02 0.24 55.6 Zn 0.29 0.23 6 0.03 0.73 85.7 Zn 0.07 0.04 13 0.03 0.17 76.5
Pb Pb Pb
As As 0.15 0.01 2 0.14 0.16 28.6 As
Ni Ni Ni
Sb Sb Sb
Sn 0.07 0.02 4 0.05 0.09 44.4 Sn 0.17 0.12 6 0.04 0.34 85.7 Sn 0.05 0.01 14 0.03 0.07 82.4
Co 0.01 0.00 1 0.01 0.01 11.1 Co 0.01 0.00 1 0.01 0.01 14.3 Co 0.06 0.01 10 0.04 0.09 58.8
Mn Mn Mn
Hg 0.10 0.00 1 0.10 0.10 11.1 Hg Hg
Ag Ag Ag
Au Au Au
Bi Bi Bi
Ge 0.00 0.00 2 0.00 0.00 22.2 Ge 0.00 0.00 3 0.00 0.00 42.9 Ge 0.00 0.00 3 0.00 0.01 17.6
Se Se Se
In In 0.09 0.02 4 0.06 0.12 57.1 In 0.06 0.02 16 0.03 0.09 94.1
Cd Cd Cd 0.04 0.00 1 0.04 0.04 5.9
Total 101.58 Total 99.92 Total 99.74

MCZ MZ MCZ

MZP MP ME
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Table 45C. Average chemical composition of chalcopyrite from the MCZ ore at the Graça (SW area) and Zambujal orebodies (values in wt%; σ – standard deviation; n – umber 
of analyses; min – minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the detection limit; in percent); 
MCZ – massive copper-zinc ore). 

 
Graça (SW area) Zambujal

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq.
S 35.09 0.25 9 34.72 35.45 100.0 S 34.85 0.42 28 34.23 35.70 100.0
Fe 30.46 0.25 9 30.04 30.84 100.0 Fe 30.44 0.20 28 29.80 30.77 100.0
Cu 34.20 0.25 9 33.81 34.65 100.0 Cu 34.46 0.30 28 33.18 34.82 100.0
Zn 0.07 0.05 4 0.02 0.15 44.4 Zn 0.13 0.08 12 0.02 0.26 42.9
Pb 0.10 0.00 1 0.10 0.10 11.1 Pb 0.10 0.01 3 0.09 0.11 10.7
As 0.04 0.00 1 0.04 0.04 11.1 As 0.08 0.00 1 0.08 0.08 3.6
Ni Ni
Sb Sb 0.04 0.00 1 0.04 0.04 3.6
Sn 0.07 0.03 8 0.04 0.13 88.9 Sn 0.09 0.04 24 0.04 0.23 85.7
Co 0.01 0.00 1 0.01 0.01 11.1 Co
Mn Mn
Hg Hg
Ag Ag
Au 0.11 0.00 1 0.11 0.11 11.1 Au
Bi Bi
Ge 0.00 0.00 1 0.00 0.00 11.1 Ge 0.00 0.00 6 0.00 0.00 21.4
Se Se 0.07 0.02 17 0.04 0.11 60.7
In 0.03 0.01 3 0.02 0.05 33.3 In 0.06 0.02 12 0.03 0.10 42.9
Cd Cd
Total 100.18 Total 100.34

MCZ MCZ
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5.4.2.4. Galena 

 

Galena is essentially stoichiometric throughout the different ore types studied and generations 

identified. Notwithstanding, sometimes galena incorporates fairly reasonable concentrations of 

trace elements such as iron, copper and bismuth, and significant selenium (Table 46, 47 and 

48A to B; Figure 74 and 75).  

It is well known that galena is a common carrier for selenium as this element often substitutes 

sulphur in galena’s structure. The highest selenium concentrations measured in galena (up to 

15.6 wt%) were found in the high-temperature cupriferous ore types (FC, MC and MCZ). In 

these ore types more than 70% of the galena grains analyzed contain selenium 

concentrations above the detection limit, as it is the case of the high-grade (>35 wt% Cu) MC 

ore lens recently discovered and exploited at the central-W sector of the Lombador orebody 

(Figure 76). In the copper stockwork (FC) ore, 55% of the galena grains analyzed yielded 

selenium concentrations above detection limits, the maximum value being 3.8 wt% Se, 

measured in FC ore samples located at the central-W sector of the Lombador orebody. In the 

MCZ ore type, selenium concentrations in galena reached up to 4.9 wt% Se, in samples from 

the Zambujal orebody. In the remaining ore types studied, selenium concentrations in galena 

mostly fall below the detection limit. However, detectable selenium concentrations were 

punctually found in galena grains from the MZP (up to 0.31 wt% Se) or the FE (up to 0.47 wt% 

Se) ore types.  

Iron, copper and zinc are relatively common as trace elements in galena. On average, the iron 

concentration found in the galena grains is about 0.30 wt%, whereas copper and zinc average 

contents is about 0.22 and 0.16 wt%, respectively. However the concentration of these 

elements in the galena grains analyzed can reach up to 0.98 wt% Fe, 0.80 wt% Cu and 0.78 

wt% Zn, respectively.  

Detectable concentrations of arsenic (up to 0.68 wt%, averaging 0.22 wt% As) were measured 

in 10% of the galena grains analyzed. This is particularly true in galena from the MCZ and 

MZP ore types, and is though to result from very fine-grained arsenopyrite inclusions in the 

galena grains (Figure 76).  

Bismuth concentrations, averaging 0,62% Bi, were only found in galena grains from the high-

temperature cupriferous ores. Although bismuth concentrations in galena grains are more 

frequent in the MC ore, the highest bismuth concentration (up to 1.13 wt%) was found in a 

galena grain from a sample of MCZ ore. 
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Concentrations of other trace elements in galena are relatively uniform and usually low (<0.1 

wt%), or even below the detection limit, throughout the various ore types and different 

generations (Table 47 and 48).  

In general, galena accommodates very low indium content (cf., Schwarz-Schampera and 

Herzig, 2002). Indium concentrations barely above the detection limit (0.02 wt%) were found 

in a single galena grain associated to a tectono-metamorphic chalcopyrite(±tetrahedrite) 

veinlet in a sample from the MP ore at the Lombador orebody. The data strongly suggest the 

presence of extremely fine-grained (<5 µm) blebs and/or films of indium phases (e.g., 

roquesite and/or sakuraiite or roquesite-sakuraiite intermediate phases) along galena 

crystallographic directions, as it has been demonstrated for some late generation chalcopyrite 

grains.  

Galena chemical formula based on its average bulk composition is: 

• (Pb0.98Fe0.01Cu0.01)1.00(Se0.05S0.93)0.98, locally containing up to 0.03 apfu of Zn and As, 

0.02 apfu of Bi and 0.01 apfu of Mn, Hg and Ag.  

The chemical formula calculated for the main generation galena (Gl II) as well as the late 

generation of galena (Gl III) is, respectively: 

• (Pb0.98Fe0.01Cu0.01)1.00(Se0.05S0.93)0.98, locally containing up to 0.03 apfu of Zn and As, 

0.02 apfu of Bi, and 0.01 apfu of Mn, Hg and Ag. 

• (Pb1.00Fe0.01)1.01(As0.01S0.98)0.99, locally containing up to 0.01 apfu of Zn, Ag and Bi. 

Finally, the averaged chemical formulas of galena separated by ore type are as follows: 

• FE: (Pb1.00Zn0.01)1.01(Se0.01S0.96)0.97, with up to 0.01 apfu of Fe and Hg; 

• FC: (Pb0.98Fe0.01Zn0.01Bi0.01)1.01(Se0.04S0.95)0.99, with up to 0.01 apfu of Ag; 

• FZ: (Pb0.98Zn.01)0.99S1.01; 

• MC: (Pb0.97Fe0.01Cu0.01Ag0.01)1.00(Se0.17S0.81)0.98, with up to 0.01 apfu of Bi and Zn; 

• MCZ: (Pb0.98Fe0.01Cu0.01Zn0.01)1.02(Se0.03S1.99)1.02, with up to 0.02 apfu of As and 0.01 

apfu of Ag and Bi; 

• MZ: (Pb0.97Fe0.01)0.98S1.00, with up to 0.02 apfu of Zn and 0.01 apfu of As; 

• MZP: (Pb0.99Fe0.01Cu0.01Zn0.01)1.02(Se0.01S0.98)0.99, with up to 0.02 apfu of As and 0.01 

apfu of Mn and Hg; 

• MP: Pb0.99(As0.03S0.98)1.01. 
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Table 46. Average chemical composition of galena from the different ore types studied (values in wt%; n – number 
of analyses; Comp. – average bulk composition; avg. – average; FE – barren stockwork ore; FC – copper 
stockwork ore; FZ – zinc stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive 
zinc ore; MZP massive zinc-lead ore; MP massive lead ore; ME – massive barren ore; Skt – stockwork ore; MS – 
massive sulphide ore. 
 

Comp.
FE FC FZ Skt (avg.) MC MCZ MZ MZP MP MS (avg.)

n 120 6 20 4 30 26 25 8 26 5 90
S 12.94 12.72 12.69 13.57 12.81 10.77 12.83 13.54 13.10 13.13 12.39
Fe 0.30 0.10 0.30 0.04 0.24 0.54 0.38 0.31 0.33 0.41
Cu 0.22 0.06 0.06 0.37 0.29 0.33 0.04 0.33
Zn 0.16 0.33 0.19 0.44 0.26 0.13 0.19 0.48 0.20 0.02 0.20
Pb 85.13 85.18 84.79 85.28 84.93 82.75 84.76 84.77 85.34 85.66 84.40
As 0.22 0.22 0.27 0.25 0.65 0.30
Ni 0.05 0.05 0.05 0.05 0.03 0.03 0.10 0.05
Sb 0.06 0.05 0.05 0.05 0.06 0.06 0.05 0.06 0.06
Sn 0.06 0.06 0.06
Co 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.03 0.02
Mn 0.03 0.03 0.01 0.02 0.07 0.01 0.06
Hg 0.17 0.26 0.26 0.11 0.40 0.31
Ag 0.14 0.11 0.40 0.27 0.26 0.17 0.05 0.10 0.10 0.17
Bi 0.62 0.11 0.11 0.69 0.57 0.65
Ge 0.01 0.02 0.01 0.03 0.02 0.02 0.00 0.01 0.01 0.01 0.01
Se 1.00 0.46 2.09 1.52 6.32 1.49 0.14 3.35
In 0.02 0.02 0.02
Cd 0.07 0.08 0.06 0.07 0.08 0.08 0.09 0.06 0.07 0.08
Te
Total 101.20 99.41 100.66 99.52 100.67 101.98 101.09 99.71 100.57 99.76 102.87

Massive sulphide oreStockwork ore

 
 

 
Figure 74. Average bulk concentration of selected trace elements in galena from the stockwork (Skt) and massive 
sulphide (MS) ores. 
 
 
Table 47. Average chemical composition of different generations of galena (values in wt%; σ – standard deviation; 
n – number of analyses); Abs. Freq. – absolute frequency (number of times a particular element occurs above the 
detection limit; in percent); 
 

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq.
S 12.46 1.67 113 6.04 14.14 100.0 13.12 0.14 8 12.88 13.29 100.0
Fe 0.37 0.26 100 0.03 0.98 88.5 0.24 0.26 6 0.05 0.81 75.0
Cu 0.31 0.24 58 0.04 0.80 51.3 0.04 0.00 1 0.04 0.04 12.5
Zn 0.22 0.19 68 0.02 0.78 60.2 0.19 0.11 5 0.09 0.37 62.5
Pb 84.46 1.91 113 77.38 86.57 100.0 85.80 0.59 8 84.56 86.54 100.0
As 0.27 0.18 13 0.05 0.62 11.5 0.68 0.00 1 0.68 0.68 12.5
Ni 0.05 0.02 7 0.03 0.10 6.2
Sb 0.06 0.02 25 0.02 0.11 22.1 0.04 0.00 1 0.04 0.04 12.5
Sn 0.06 0.00 1 0.06 0.06 0.9
Co 0.02 0.02 26 0.01 0.10 23.0 0.01 0.00 1 0.01 0.01 12.5
Mn 0.05 0.05 8 0.01 0.17 7.1
Hg 0.29 0.22 10 0.11 0.71 8.8
Ag 0.19 0.14 78 0.03 0.59 69.0 0.14 0.08 3 0.06 0.25 37.5
Bi 0.63 0.37 26 0.11 1.13 23.0
Ge 0.01 0.01 66 0.00 0.04 58.4 0.01 0.01 6 0.01 0.03 75.0
Se 2.88 4.35 67 0.04 15.56 59.3
In 0.02 0.00 1 0.02 0.02 12.5
Cd 0.08 0.03 32 0.04 0.15 28.3 0.07 0.01 2 0.06 0.08 25.0
Te
Total 102.39 100.37

Galena (II) Galena (III)
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Figure 75. Average concentration for selected trace elements in galena from different ore types at the Lombador  
(A and B), Corvo (C), Graça (D) and Zambujal (D) orebodies. Note that the concentration of the trace element in 
galena includes grains from both the MZ and MZP ores at the Corvo orebody, from the MZP ore at Graça, and from 
the MCZ and MZP ores at Zambujal. 
 

 
Figure 76. Photomicrographs of galena (gn) intergrown with naumanite (Nmt) in the high-grade (>35 wt% Cu) MC 
ore at the central-W sector of the Lombador orebody, and presence of fine-grained arsenopyrite (Apy) grains within 
galena. Cpy – chalcopyrite; Py – pyrite; Td – tetrahedrite. 
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Table 48A. Average chemical composition of galena from different ore types at the Lombador orebody (values in wt%; σ – standard deviation; n – number of analyses; min – 
minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the detection limit; in percent); FE – barren 
stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive zinc ore; MZP massive zinc-
lead; MP massive lead ore; ME – massive barren ore). 
 

Lombador

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 12.72 0.45 6 12.18 13.21 100.0 S 12.69 0.65 20 11.35 13.55 100.0 S 13.57 0.10 4 13.41 13.67 100.0
Fe 0.10 0.05 6 0.04 0.20 100.0 Fe 0.30 0.20 20 0.05 0.66 100.0 Fe 0.04 0.01 2 0.04 0.05 50.0
Cu Cu 0.06 0.02 6 0.04 0.10 30.0 Cu 0.0
Zn 0.33 0.27 6 0.06 0.78 100.0 Zn 0.19 0.13 15 0.03 0.47 75.0 Zn 0.44 0.20 3 0.16 0.61 75.0
Pb 85.18 0.51 6 84.56 86.15 100.0 Pb 84.79 1.58 20 81.29 86.54 100.0 Pb 85.28 0.47 4 84.48 85.63 100.0
As As As
Ni 0.05 0.02 3 0.03 0.07 50.0 Ni Ni 0.05 0.00 1 0.05 0.05 25.0
Sb 0.05 0.00 1 0.05 0.05 16.7 Sb Sb 0.05 0.00 2 0.04 0.05 50.0
Sn Sn Sn
Co 0.02 0.01 2 0.01 0.02 33.3 Co 0.01 0.00 1 0.01 0.01 5.0 Co 0.0
Mn 0.03 0.01 2 0.02 0.04 33.3 Mn Mn 0.01 0.00 1 0.01 0.01 25.0
Hg 0.26 0.19 4 0.12 0.58 66.7 Hg Hg 0.0
Ag 0.11 0.02 5 0.07 0.14 83.3 Ag 0.40 0.18 6 0.03 0.59 30.0 Ag 0.0
Bi Bi 0.11 0.00 1 0.11 0.11 5.0 Bi 0.0
Ge 0.02 0.01 4 0.01 0.03 66.7 Ge 0.01 0.01 18 0.01 0.04 90.0 Ge 0.03 0.02 3 0.00 0.04 75.0
Se 0.46 0.01 6 0.45 0.47 100.0 Se 2.09 0.93 11 1.12 3.80 55.0 Se 0.0
In In In
Cd 0.08 0.00 1 0.08 0.08 16.7 Cd Cd 0.06 0.00 1 0.06 0.06 25.0
Te Te Te
Total 99.41 Total 100.66 Total 99.52

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 10.77 2.68 26 6.04 13.10 100.0 S 12.98 0.45 20 11.83 13.75 100.0 S 12.93 0.52 16 12.01 13.91 100.0
Fe 0.54 0.25 26 0.10 0.98 100.0 Fe 0.41 0.26 19 0.03 0.83 95.0 Fe 0.34 0.25 13 0.08 0.90 81.3
Cu 0.37 0.24 25 0.04 0.80 96.2 Cu 0.22 0.22 9 0.04 0.79 45.0 Cu 0.39 0.27 9 0.07 0.79 56.3
Zn 0.13 0.09 2 0.05 0.22 7.7 Zn 0.22 0.14 17 0.04 0.64 85.0 Zn 0.25 0.20 12 0.04 0.64 75.0
Pb 82.75 2.85 26 77.38 85.93 100.0 Pb 85.09 0.96 20 83.40 86.40 100.0 Pb 85.25 0.65 16 83.20 86.00 100.0
As As 0.23 0.00 1 0.23 0.23 5.0 As 0.32 0.20 3 0.14 0.60 18.8
Ni 0.03 0.00 1 0.03 0.03 3.8 Ni 0.03 0.00 1 0.03 0.03 5.0 Ni
Sb Sb Sb 0.07 0.03 8 0.03 0.11 50.0
Sn Sn Sn
Co 0.02 0.01 7 0.01 0.03 26.9 Co 0.02 0.01 6 0.01 0.04 30.0 Co 0.03 0.04 5 0.01 0.10 31.3
Mn Mn Mn 0.02 0.00 1 0.02 0.02 6.3
Hg Hg Hg 0.32 0.21 2 0.11 0.53 12.5
Ag 0.26 0.11 26 0.03 0.45 100.0 Ag 0.20 0.16 13 0.04 0.45 65.0 Ag 0.08 0.04 13 0.04 0.17 81.3
Bi 0.69 0.29 16 0.17 1.09 61.5 Bi 0.57 0.43 10 0.16 1.13 50.0 Bi
Ge 0.02 0.01 18 0.00 0.03 69.2 Ge 0.00 0.00 2 0.00 0.00 10.0 Ge 0.01 0.00 12 0.00 0.02 75.0
Se 6.32 6.00 22 0.40 15.56 84.6 Se 0.46 0.44 13 0.06 1.30 65.0 Se 0.17 0.10 5 0.05 0.31 31.3
In In In
Cd 0.08 0.02 7 0.06 0.11 26.9 Cd 0.06 0.02 4 0.04 0.09 20.0 Cd 0.06 0.02 5 0.05 0.09 31.3
Te Te Te
Total 101.98 Total 100.49 Total

FE FC FZ

MZMCZMC
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Table 48B. Average chemical composition of galena from different ore types at the Lombador, Corvo, Graça (SW area) and Zambujal orebodies (values in wt%; σ – standard 
deviation; n – number of analyses; min – minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the 
detection limit; in percent); MCZ – massive copper-zinc ore; MZ – massive zinc ore; MZP massive zinc-lead ore; MP massive lead ore). 
 

Lombador Corvo (SE area)

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 13.13 0.30 5 12.92 13.74 100.0 S 13.59 0.40 4 13.03 14.14 100.0 S 13.77 0.09 5 13.68 13.94 100.0
Fe Fe 0.43 0.25 4 0.05 0.66 100.0 Fe 0.23 0.06 4 0.14 0.30 80.0
Cu 0.04 0.00 1 0.04 0.04 20.0 Cu Cu 0.25 0.13 2 0.12 0.39 40.0
Zn 0.02 0.00 2 0.02 0.02 40.0 Zn Zn 0.12 0.02 4 0.10 0.15 80.0
Pb 85.66 0.21 5 85.40 85.99 100.0 Pb 84.23 0.30 4 83.87 84.69 100.0 Pb 84.51 0.47 5 83.93 85.14 100.0
As 0.65 0.03 2 0.62 0.68 40.0 As 0.23 0.00 1 0.23 0.23 25.0 As 0.21 0.08 3 0.10 0.30 60.0
Ni Ni Ni
Sb 0.06 0.01 3 0.04 0.07 60.0 Sb 0.06 0.02 4 0.03 0.08 100.0 Sb 0.06 0.00 3 0.06 0.06 60.0
Sn Sn Sn
Co Co Co
Mn 0.01 0.00 1 0.01 0.01 20.0 Mn Mn
Hg Hg 0.11 0.01 2 0.11 0.12 50.0 Hg
Ag 0.10 0.02 5 0.06 0.12 100.0 Ag 0.05 0.01 2 0.04 0.07 50.0 Ag 0.13 0.07 5 0.04 0.21 100.0
Bi Bi Bi
Ge 0.01 0.00 5 0.00 0.01 100.0 Ge 0.01 0.00 2 0.00 0.01 50.0 Ge 0.01 0.00 1 0.01 0.01 20.0
Se Se Se
In 0.02 0.00 1 0.02 0.02 20.0 In In
Cd 0.07 0.01 3 0.06 0.08 60.0 Cd 0.09 0.04 4 0.05 0.15 100.0 Cd 0.08 0.02 4 0.05 0.12 80.0
Te Te Te
Total 99.76 Total 98.81 Total 99.37

Graça (SW area) Zambujal

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 12.93 0.20 3 12.71 13.19 100.0 S 12.22 0.41 5 11.70 12.77 100.0 S 13.34 0.01 3 13.33 13.34 100.0
Fe 0.55 0.34 3 0.12 0.95 100.0 Fe 0.12 0.00 2 0.12 0.12 40.0 Fe 0.18 0.07 3 0.10 0.26 100.0
Cu Cu 0.42 0.15 5 0.23 0.69 100.0 Cu 0.11 0.06 2 0.05 0.17 66.7
Zn 0.06 0.01 2 0.05 0.07 66.7 Zn 0.10 0.07 5 0.03 0.23 100.0 Zn 0.09 0.00 1 0.09 0.09 33.3
Pb 86.11 0.34 3 85.75 86.57 100.0 Pb 83.45 0.30 5 83.24 84.05 100.0 Pb 86.01 0.30 3 85.71 86.42 100.0
As As 0.22 0.18 4 0.05 0.52 80.0 As
Ni Ni Ni 0.10 0.00 1 0.10 0.10 33.3
Sb 0.03 0.00 2 0.03 0.03 66.7 Sb 0.06 0.00 1 0.06 0.06 20.0 Sb 0.03 0.01 2 0.02 0.04 66.7
Sn 0.06 0.00 1 0.06 0.06 33.3 Sn Sn
Co 0.04 0.01 2 0.03 0.06 66.7 Co 0.01 0.00 1 0.01 0.01 20.0 Co 0.01 0.00 2 0.01 0.02 66.7
Mn 0.12 0.05 2 0.07 0.17 66.7 Mn Mn 0.03 0.00 1 0.03 0.03 33.3
Hg 0.26 0.00 1 0.26 0.26 33.3 Hg Hg 0.71 0.00 1 0.71 0.71 33.3
Ag Ag 0.11 0.03 5 0.09 0.16 100.0 Ag 0.04 0.00 1 0.04 0.04 33.3
Bi Bi Bi
Ge 0.00 0.00 1 0.00 0.00 33.3 Ge 0.00 0.00 3 0.00 0.01 60.0 Ge 0.03 0.00 3 0.03 0.03 100.0
Se 0.08 0.04 2 0.04 0.11 66.7 Se 4.16 0.37 5 3.87 4.88 100.0 Se 0.15 0.01 3 0.14 0.16 100.0
In In In
Cd 0.04 0.00 1 0.04 0.04 33.3 Cd 0.10 0.02 3 0.08 0.12 60.0 Cd 0.05 0.00 1 0.05 0.05 33.3
Te Te Te
Total 100.26 Total 100.96 Total 100.87

MP MZ MZP

MZP MCZ MZP
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5.4.3. Accessory and minor ore sulphide minerals 

 
5.4.3.1. Arsenopyrite 

 

Arsenopyrite is the main arsenic-bearing mineral and occurs widely distributed throughout the 

various ore types, but particularly in the massive sulphide ores (Table 49 and 50A to C; Figure 

77). In general, the iron content of the arsenopyrite grains analyzed is slightly higher than 

stoichiometric proportions, which is interpreted as an indication of intimate intergrowths with 

pyrite (up to 36.2 wt%, averaging 34.8 wt% Fe). Even though, detectable concentrations of 

cobalt (up to 3.15 wt%) and selenium (up to 0.93 wt%) could be measured in arsenopyrite 

grains from the various ore types. The arsenopyrite grains from the lower-temperature, zinc-

rich ore types tend to possess lower arsenic contents (≤43.8 wt%), whereas higher arsenic 

contents (≥44.2 and up to 48.1 wt%) are generally found in arsenopyrite grains from the high-

temperature cupriferous ore types.  

Significant contents of copper (up to 1 wt%), zinc (up to 1.56 wt%) and, to a lesser extent, 

lead (up to 0.85 wt%) and antimony (0.78 wt%) were often detected in arsenopyrite (Figure 

78). These high concentrations are an expression of replacement processes, which should 

have been responsible for micro-inclusions of chalcopyrite, sphalerite, galena and tetrahedrite, 

respectively, distributed along the crystallographic directions. It is worth mentioning also that 

some of the antimony content may result from the presence of micro-inclusions of gudmundite 

(FeSbS) in some arsenopyrite crystals. The former has been frequently reported in several 

works on the Neves Corvo ores (e.g., Pinto, 1999; Gaspar, 2002).  

Concentrations of other trace elements such as Ni, Sn, Ag, Bi, In are either very low, or even 

generally below the detection limit (<0.2 wt%; Table 49 and 50A to C). Nevertheless, 

detectable concentrations of some of these elements can punctually occur in individual 

arsenopyrite grains (e.g., Ni up to 0.27 wt%), and, in particular, in arsenopyrite from the 

massive sulphide ore types (Figure 73).  

Cobalt correlates negatively with iron. The highest cobalt concentrations (>1 wt%) were found 

in the high-temperature, cupriferous ore types (FC, MC and MCZ). This is particularly relevant 

in the massive copper-zinc (MCZ) ore, where cobalt contents above the detection limit could 

be found in 96% of the arsenopyrite grains analyzed (Table 50A to C). Although not so high, 

significant cobalt concentrations (up to 0.67 wt%, averaging 0.16 wt% Co) were consistently 

found as well in arsenopyrite grains from the MZ ore type (Table 50A to C). In fact, all 

arsenopyrite grains analyzed from the MZ ore samples yielded cobalt contents above the 

detection limit (0.01 wt%). In the remaining ore types, cobalt concentrations in arsenopyrite 

are either low (≤ 0.5 wt%) or below the detection limit.  
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Selenium concentrations are also higher in arsenopyrite grains from the high-temperature 

cupriferous ores (e.g., MC ore; Table 50A). Selenium contents in arsenopyrite grains from the 

copper stockwork (FC) ore tend to be very consistent (0.40 wt% Se on average; Table 50A). 

However, the maximum selenium contents were found in the massive sulphide ores types, 

and particularly in the massive copper-zinc (MCZ) ore type at the Zambujal orebody (up to 

0.75 wt% Se; Table 50C).  

Arsenopyrite chemical formula based on its average bulk composition is: 

• Fe1.01As0.96S1.00, locally containing up to 0.09 apfu of Co, 0.04 apfu of Zn, 0.03 apfu of 

Cu, 0.02 apfu of Se, and 0.01 apfu of Pb, Ni and Sb.  

The averaged chemical formulas of arsenopyrite separated by ore type are as follows: 

• FE: Fe1.01As0.92S1.06, with up to 0.01 apfu of Sb; 

• FC (Fe1.02Co0.01)1.03As0.94S1.02, with up to 0.02 Zn and Se: 

• FZ: (Fe1.02Co0.01)1.03As0.92S1.05, with up to 0.01 apfu of Zn; 

• MC: (Fe1.01Co0.02)1.03As1.01S0.95, with up to 0.02 apfu of Cu and se, and 0.01 apfu of Sb; 

• MCZ: (Fe1.01Co0.02)1.03As0.97S0.99, with up to 0.04 apfu of Zn, 0.03 apfu of Cu, 0.02 apfu 

of Se, and 0.01 apfu of Ni and Sb; 

• MZ: Fe1.02As0.94S1.02, with up to 0.02 apfu of Cu, Zn and Co, and 0.01 apfu of Sb; 

• MZP: (Fe1.02Zn0.01)1.03As1.01S0.96; 

• MP: (Fe0.99Co0.01)1.00As0.92S1.07, with up to 0.01 apfu of Pb; 

• ME: Fe1.01As0.94S1.04, with up to 0.01 apfu of Cu and Sb. 

 

 
Table 49. Average chemical composition of arsenopyrite from the different ore types studied (values in wt%; n – 
number of analyses; Comp. – average bulk composition; avg. – average; FE – barren stockwork ore; FC – copper 
stockwork ore; FZ – zinc stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive 
zinc ore; MZP massive zinc-lead ore; MP massive lead ore; ME – massive barren ore; Skt – stockwork ore; MS – 
massive sulphide ore). 
 

Comp.
FE FC FZ Skt (avg.) MC MCZ MZ MZP MP ME MS (avg.)

n 109 3 19 6 28 18 26 23 5 4 5 81
S 19.84 21.32 20.12 21.02 20.44 18.69 19.40 20.25 18.86 21.59 20.68 19.64
Fe 34.86 35.21 35.06 35.53 35.18 34.39 34.43 35.34 34.80 34.76 34.97 34.75
Cu 0.26 0.05 0.05 0.04 0.04 0.36 0.21 0.42 0.55 0.30
Zn 0.22 0.16 0.26 0.17 0.30 0.21 0.21 0.42 0.02 0.05 0.24
Pb 0.17 0.16 0.17 0.11 0.16 0.11 0.11 0.14 0.10 0.40 0.09 0.17
As 44.41 43.16 43.68 42.89 43.46 46.18 44.76 43.66 46.43 43.29 43.95 44.74
Ni 0.06 0.03 0.03 0.03 0.07 0.12 0.03 0.03 0.07
Sb 0.23 0.33 0.10 0.19 0.17 0.20 0.30 0.20 0.18 0.43 0.23 0.25
Sn 0.05 0.04 0.09 0.07 0.04 0.05 0.03 0.04
Co 0.41 0.05 0.45 0.22 0.36 0.72 0.68 0.16 0.09 0.21 0.02 0.43
Mn 0.03 0.03 0.03 0.03 0.01 0.03 0.03
Hg 0.17 0.13 0.18 0.21 0.17 0.12 0.19 0.16
Ag 0.05 0.06 0.05 0.05 0.04 0.08 0.04 0.05
Au
Bi
Se 0.26 0.40 0.40 0.24 0.28 0.11 0.11 0.22
In
Cd 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Te
Total 101.07 100.41 100.59 100.68 100.80 101.46 100.60 100.89 101.07 100.71 100.60 101.12

Stockwork ore Massive sulphide ores
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Figure 77. Average bulk concentration of selected trace elements in arsenopyrite from the stockwork (Skt) and 
massive sulphide (MS) ores. 
 

 

 

 
Figure 78. Photomicrograph of arsenopyrite grains. Note the occurrence of galena (Gn) inclusions within 
arsenopyrite. Cpy – chalcopyrite; Td – tetrahedrite. 
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Table 50A. Average chemical composition of arsenopyrite from different ore types at the Lombador orebody (values in wt%; σ – standard deviation; n – number of analyses; 
min – minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the detection limit; in percent); FE – barren 
stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive zinc ore). 
 

Lombador

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 21.32 0.17 3 21.10 21.50 100.0 S 20.12 0.62 19 19.13 21.07 100.0 S 21.02 0.53 6 20.07 21.74 100.0
Fe 35.21 0.36 3 34.94 35.72 100.0 Fe 35.06 0.77 19 33.39 36.06 100.0 Fe 35.53 0.69 6 34.08 36.13 100.0
Cu 0.05 0.00 1 0.05 0.05 33.3 Cu 0.05 0.01 3 0.04 0.05 15.8 Cu 0.04 0.00 1 0.04 0.04 16.7
Zn Zn 0.16 0.19 12 0.03 0.75 63.2 Zn 0.26 0.16 2 0.11 0.42 33.3
Pb 0.16 0.00 1 0.16 0.16 33.3 Pb 0.17 0.09 6 0.11 0.35 31.6 Pb 0.11 0.00 1 0.11 0.11 16.7
As 43.16 0.21 3 42.86 43.32 100.0 As 43.68 1.00 19 41.68 45.14 100.0 As 42.89 0.71 6 42.08 44.04 100.0
Ni Ni 0.03 0.00 2 0.03 0.03 10.5 Ni 0.03 0.00 2 0.03 0.03 33.3
Sb 0.33 0.18 3 0.12 0.57 100.0 Sb 0.10 0.10 9 0.03 0.35 47.4 Sb 0.19 0.06 6 0.12 0.31 100.0
Sn Sn 0.04 0.00 1 0.04 0.04 5.3 Sn 0.09 0.03 2 0.06 0.12 33.3
Co 0.05 0.01 3 0.05 0.06 100.0 Co 0.45 0.51 19 0.08 2.00 100.0 Co 0.22 0.20 6 0.06 0.59 100.0
Mn Mn 0.03 0.01 4 0.01 0.05 21.1 Mn 0.03 0.01 4 0.02 0.05 66.7
Hg 0.13 0.00 1 0.13 0.13 33.3 Hg 0.18 0.00 1 0.18 0.18 5.3 Hg 0.21 0.00 1 0.21 0.21 16.7
Ag Ag 0.06 0.03 3 0.04 0.10 15.8 Ag 0.05 0.02 2 0.04 0.07 33.3
Au Au Au
Bi Bi Bi
Se Se 0.40 0.22 10 0.05 0.82 52.6 Se
In In In
Cd Cd 0.04 0.01 3 0.04 0.05 15.8 Cd
Te Te Te
Total 100.41 Total 100.59 Total 100.68

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 18.69 0.80 18 17.82 21.24 100.0 S 19.25 0.93 16 17.40 20.95 100.0 S 20.12 0.76 12 18.61 20.93 100.0
Fe 34.39 0.80 18 33.15 36.21 100.0 Fe 34.48 0.72 16 33.07 35.25 100.0 Fe 35.20 0.32 12 34.49 35.52 100.0
Cu 0.36 0.33 13 0.04 0.94 72.2 Cu 0.14 0.10 7 0.03 0.33 43.8 Cu 0.05 0.00 1 0.05 0.05 8.3
Zn 0.30 0.27 14 0.02 0.85 77.8 Zn 0.24 0.39 13 0.03 1.56 81.3 Zn 0.31 0.29 11 0.05 0.97 91.7
Pb 0.11 0.01 5 0.10 0.13 27.8 Pb 0.11 0.00 1 0.11 0.11 6.3 Pb 0.14 0.00 1 0.14 0.14 8.3
As 46.18 0.89 18 43.85 47.28 100.0 As 45.38 1.45 16 42.82 48.13 100.0 As 43.99 1.10 12 42.58 46.63 100.0
Ni 0.07 0.00 2 0.07 0.07 11.1 Ni 0.03 0.00 1 0.03 0.03 6.3 Ni 0.03 0.00 2 0.03 0.03 16.7
Sb 0.20 0.16 8 0.04 0.57 44.4 Sb 0.28 0.22 8 0.03 0.68 50.0 Sb 0.21 0.13 10 0.07 0.55 83.3
Sn Sn 0.04 0.01 2 0.03 0.05 12.5 Sn
Co 0.72 0.65 15 0.07 1.99 83.3 Co 0.62 0.51 15 0.08 1.80 93.8 Co 0.17 0.16 12 0.07 0.53 100.0
Mn 0.01 0.00 1 0.01 0.01 5.6 Mn Mn 0.03 0.01 4 0.01 0.04 33.3
Hg 0.12 0.00 1 0.12 0.12 5.6 Hg Hg 0.19 0.00 1 0.19 0.19 8.3
Ag 0.04 0.00 1 0.04 0.04 5.6 Ag Ag 0.08 0.00 1 0.08 0.08 8.3
Au Au Au
Bi Bi Bi
Se 0.24 0.25 15 0.08 0.93 83.3 Se 0.18 0.08 11 0.09 0.36 68.8 Se 0.11 0.01 4 0.10 0.12 33.3
In In In
Cd 0.04 0.00 5 0.04 0.04 27.8 Cd 0.04 0.00 4 0.04 0.05 25.0 Cd 0.04 0.01 2 0.04 0.05 16.7
Te Te Te
Total 101.46 Total 100.80 Total 100.67

FZFCFE

MC MCZ MZ
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Table 50B. Average chemical composition of arsenopyrite from different ore types at the Lombador, Corvo (SE area), Neves and Graça (SW area) orebodies (values in wt%; σ 
– standard deviation; n – number of analyses; min – minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs 
above the detection limit; in percent); MCZ – massive copper-zinc ore; MZ – massive zinc ore; MZP massive zinc-lead ore; MP massive lead ore; ME – massive barren ore). 
 

Lombador

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 18.86 0.427 5 18.30 19.41 100.0 S 21.59 0.327 4 21.29 22.12 100.0 S 20.68 0.71 5 19.97 21.92 100.0
Fe 34.80 0.144 5 34.63 35.05 100.0 Fe 34.76 0.458 4 34.07 35.23 100.0 Fe 34.97 0.586 5 34.17 35.50 100.0
Cu Cu Cu 0.55 0 1 0.55 0.55 20.0
Zn 0.42 0.273 4 0.11 0.71 80.0 Zn 0.02 0.001 2 0.02 0.02 50.0 Zn 0.05 0 1 0.05 0.05 20.0
Pb 0.10 0 1 0.10 0.10 20.0 Pb 0.40 0.316 3 0.17 0.85 75.0 Pb 0.09 0 1 0.09 0.09 20.0
As 46.43 0.601 5 45.68 47.30 100.0 As 43.29 0.814 4 41.89 43.91 100.0 As 43.95 1.345 5 42.07 45.96 100.0
Ni 0.03 0 1 0.03 0.03 20.0 Ni Ni
Sb 0.18 0 1 0.18 0.18 20.0 Sb 0.43 0.17 3 0.26 0.66 75.0 Sb 0.23 0.28 5 0.04 0.78 100.0
Sn Sn Sn 0.03 0 1 0.03 0.03 20.0
Co 0.09 0.016 5 0.06 0.11 100.0 Co 0.21 0.157 4 0.02 0.46 100.0 Co 0.02 0.006 4 0.01 0.03 80.0
Mn Mn Mn
Hg Hg Hg
Ag Ag Ag 0.04 0 1 0.04 0.04 20.0
Au Au Au
Bi Bi Bi
Se 0.11 0.01 5 0.10 0.13 100.0 Se Se
In In In
Cd 0.04 0 1 0.04 0.04 20.0 Cd Cd
Te Te Te
Total 101.07 Total 100.71 Total 100.60

Corvo (SE area) Neves Graça (SW area)

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 20.22 0.57 6 19.44 21.27 100.0 S 19.68 0.42 4 18.98 20.07 100.0 S 20.39 0.36 3 19.98 20.85 100.0
Fe 35.49 0.48 6 34.65 36.06 100.0 Fe 34.70 0.40 4 34.26 35.13 100.0 Fe 34.88 0.53 3 34.39 35.62 100.0
Cu 0.78 0 1 0.78 0.78 16.7 Cu 0.45 0.35 4 0.15 1.03 100.0 Cu 0.03 0.00 1 0.03 0.03 33.3
Zn 0.10 0.077 6 0.03 0.25 100.0 Zn 0.03 0.00 1 0.03 0.03 25.0 Zn 0.13 0.11 2 0.02 0.25 66.7
Pb Pb 0.10 0.00 1 0.10 0.10 25.0 Pb 0.14 0.00 1 0.14 0.14 33.3
As 43.36 0.595 6 42.50 44.30 100.0 As 42.96 0.84 4 41.89 44.20 100.0 As 44.20 0.43 3 43.76 44.79 100.0
Ni 0.04 0 1 0.04 0.04 16.7 Ni Ni
Sb 0.30 0.194 4 0.05 0.57 66.7 Sb 0.43 0.16 4 0.26 0.61 100.0 Sb 0.16 0.04 3 0.10 0.21 100.0
Sn 0.05 0 1 0.05 0.05 16.7 Sn 0.06 0.00 1 0.06 0.06 25.0 Sn 0.03 0.00 1 0.03 0.03 33.3
Co 0.18 0.226 6 0.01 0.67 100.0 Co 0.81 0.40 4 0.30 1.20 100.0 Co 0.04 0.03 3 0.01 0.08 100.0
Mn 0.01 0 1 0.01 0.01 16.7 Mn Mn
Hg Hg Hg
Ag Ag Ag
Au Au Au
Bi Bi Bi
Se Se Se
In In In
Cd Cd Cd
Te Te Te
Total 100.53 Total 99.21 Total 100.01

MZP MP ME

MZ MCZ MCZ
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Table 50C. Average chemical composition of arsenopyrite from different ore types at the Graça (SW area) and Zambujal orebodies (values in wt%; σ – standard deviation; n – 
number of analyses; min – minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the detection limit; in 
percent); MCZ – massive copper-zinc ore; MZ – massive zinc ore). 
 

Graça (SW area) Zambujal

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq.
S 20.59 0.346 5 20.14 21.06 100.0 S 18.85 0.42 3 18.32 19.34 100.0
Fe 35.48 0.178 5 35.35 35.83 100.0 Fe 33.40 1.31 3 31.61 34.72 100.0
Cu Cu 0.12 0.03 3 0.10 0.16 100.0
Zn 0.08 0.043 4 0.03 0.15 80.0 Zn 0.04 0.00 1 0.04 0.04 33.3
Pb Pb 0.10 0.00 1 0.10 0.10 33.3
As 43.22 0.504 5 42.35 43.90 100.0 As 44.45 0.22 3 44.29 44.77 100.0
Ni 0.03 0 1 0.03 0.03 20.0 Ni 0.17 0.10 2 0.07 0.27 66.7
Sb 0.11 0.061 5 0.02 0.17 100.0 Sb 0.34 0.24 3 0.09 0.66 100.0
Sn Sn 0.04 0.00 2 0.04 0.05 66.7
Co 0.12 0.01 5 0.10 0.13 100.0 Co 1.47 1.23 3 0.23 3.15 100.0
Mn 0.04 0.025 2 0.01 0.06 40.0 Mn
Hg Hg
Ag Ag
Au Au
Bi Bi
Se Se 0.62 0.13 3 0.45 0.75 100.0
In In
Cd Cd
Te Te
Total 99.66 Total 99.59

MZ MCZ
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5.4.3.2. Cobalt-bearing sulphide minerals 

 

a) Cobaltite 

 

As already mentioned, cobaltite is a minor ore component occurring mainly as disseminated 

grains or granular aggregates, often intergrown with arsenopyrite in the cupriferous ores. 

Nevertheless, except for one cobaltite analysis executed in a sample from the MCZ ore at the 

Zambujal orebody, all the remaining analyses performed on cobaltite grains from massive 

cupriferous ores (MC and MCZ) were discarded due to intergrowths with other minerals (e.g., 

pyrite, chalcopyrite, galena or löllingite). Therefore, most of the data here presented refers to 

samples from the copper stockwork (FC) ores.  

Cobaltite is closely stoichiometric, although significant contents of iron (up to 4 wt%) and 

nickel (up to 2.6 wt%) could be detected in most samples (Table 51). On average, iron and 

nickel contents in the cobaltite grains are about 2.7 wt% and 0.4 wt%, respectively. Significant 

selenium concentrations (up to 0.61 wt%, averaging 0.32 wt% Se) were also found in about 

70% of the grains analyzed. The copper (up to 0.83 wt%), zinc (0.64 wt%) and, to a lesser 

extent, lead (0.1 wt%) contents, should reflect micro-inclusions of chalcopyrite, sphalerite and 

galena, respectively, either due to replacement, or to co-precipitation (especially in the case of 

sphalerite and galena). Concentrations on other trace elements are not significant, and are 

generally bellow the detection limit. 

The calculated chemical formula for cobaltite based on its average bulk composition is: 

(Co0.91Fe0.08Ni0.01)1.00As0.95S1.04, locally displaying up to 0.02 apfu of Cu and Zn and 0.01 apfu 

of Se. The averaged chemical formulas of cobaltite separated by ore type are as follows: 

• FC: (Co0.91Fe0.08Ni0.01)1.00As0.95S1.04; 

• MCZ: (Co0.88Fe0.05Ni0.02Cu0.01)0.96As0.88S1.15.	  
 
Table 51. Average chemical composition of cobaltite from the FC and MCZ ores from the Lombador and Zambujal 
orebodies, respectively (values in wt%; n – number of analyses; Comp. – average bulk composition; σ – standard 
deviation; min – minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a 
particular element occurs above the detection limit; in percent); FC – copper stockwork ore; MCZ – massive 
copper-zinc ore). 
 

Comp. Massive 
sulphide ore

MCZ
n 20 19 σ min max Abs. Freq. 1

S 20.22 20.07 1.06 18.80 22.87 100.0 23.01
Fe 2.77 2.77 0.83 1.49 4.07 100.0 1.57
Cu 0.21 0.21 0.28 0.03 0.83 36.8 0.50
Zn 0.26 0.26 0.22 0.02 0.64 36.8 0.08
Pb 0.10 0.10 0.00 0.10 0.10 5.3  
As 43.35 43.35 1.77 38.76 44.94 100.0 41.24
Ni 0.41 0.41 0.68 0.04 2.60 73.7 0.75
Sn 0.05 0.05 0.02 0.04 0.07 10.5 0.04
Co 32.59 32.59 1.93 28.87 35.03 100.0 32.27
Mn 0.03 0.03 0.01 0.02 0.04 21.1  
Hg 0.40 0.40 0.00 0.40 0.40 5.3  
Ag 0.04 0.04 0.00 0.04 0.04 5.3  
Se 0.32 0.32 0.13 0.12 0.61 73.7 0.19
Cd 0.05 0.05 0.01 0.04 0.07 21.1  
Total 100.80 100.65 99.66

Stockwork ore

FC
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b) Glaucodot 

 

Glaucodot, as cobaltite, is a minor ore component occurring mainly as granular aggregates 

intergrown with arsenopyrite and minor löllingite in the high-temperature cupriferous ores. 

Therefore, some of the analyses performed were rejected due to intimate intergrowths with 

arsenopyrite. 

Glaucodot is essentially stoichiometric (Table 52). Appreciable arsenic excess (up to 20.68 

wt%) may reflect intimate intergrowths with fine-grained löllingite grains, which were 

recognized by scanning electron microscopy (Figure 79). Nevertheless, significant selenium 

(up to 0.6 wt%, averaging 0.44 wt% Se) was detected in all the glaucodot grains analyzed, 

and bismuth (up to 0.56 wt%, averaging 0.35 wt% Bi) could be found in some individual 

glaucodot grains from the massive copper (MC) ore. With some punctual exceptions (e.g., 

zinc, up to 0.48 wt%; antimony, up to 0.19 wt%), the concentrations of other trace elements in 

glaucodot grains are generally below the detection limit.  

The calculated chemical formula for glaucodot based on its average bulk composition is: 

• (Co0.40Fe0.59)0.99As1.05S0.95, displaying up to 0.01 apfu of Zn and Se. 

The averaged chemical formulas of glaucodot separated by ore type are as follows: 

• FC: (Co0.37Fe0.65)1.02As0.97S1.00; 

• MC: (Co0.41Fe0.57)0.98As1.06(Se0.01S0.94)0.95. 

 

 
Table 52. Average chemical composition of glaucodot from the FC and MC ores at the Lombador orebody (values 
in wt%; n – number of analyses; Comp. – average bulk composition; σ – standard deviation; min – minimum value; 
max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the 
detection limit; in percent); FC – copper stockwork ore; MCZ – massive copper-zinc ore). 
 

Comp. Stockwork 
ore
FC

n 6 1 5 σ min max Abs. Freq.
S 18.32 19.81 18.02 1.98 15.69 20.68 100.0
Fe 20.37 22.52 19.14 4.60 12.62 25.17 100.0
Cu 0.05  0.05 0.00 0.05 0.05 20.0
Zn 0.26  0.26 0.22 0.05 0.48 40.0
Pb 0.14  0.14 0.00 0.14 0.14 20.0
As 47.10 44.56 47.61 1.13 46.26 49.40 100.0
Ni 0.08 0.08
Sb 0.16  0.16 0.03 0.13 0.19 40.0
Co 13.72 13.43 14.38 3.37 9.44 19.21 100.0
Bi 0.35  0.35 0.21 0.13 0.56 40.0
Se 0.44 0.17 0.50 0.06 0.41 0.60 100.0
Cd 0.04 0.04
Total 101.03 100.61 100.61

MC

Massive sulphide ore
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Figure 79. High-contrast backscattered image of glaucodot (Gdt) grains intergrown with löllingite (Löl), arsenopyrite 
(Apy) and pyrite (Py) grains. Cpy – chalcopyrite. 
 

 
c) Carrollite 

 

Carrollite is a minor ore component occurring only in the high-grade (>35 wt%) massive 

copper (MC) ore lens found in the central-W sector of the Lombador orebody. It occurs as 

variably preserved grains, in a chalcopyrite groundmass. 

The carrolite grains analyzed show significant concentrations of iron (up to 1.57 wt%, 

averaging 1.13 wt% Fe) and arsenic (up to 0.41 wt%), and a slight depletion in the sulphur 

contents (Table 53). Consistent selenium concentrations (≅0.2 wt%) were measured in all the 

carrollite grains analyzed, together with small amounts of antimony and tin (<0.1 wt%). The 

occurrence of pyrite, tennantite and galena inclusions within the carrolite grains (Figure 80) 

should account for, at least, part of these metals. 

Concentrations of other trace elements, including nickel (often found in carrollite; Anthony et 

al., 2003), are below the detection limit.  

The calculated chemical formula for carrolite based on its average bulk composition is: 

• Cu1.02(Co2.06Fe0.06)2.12(As0.01Se0.01S3.83)3.85. 
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Table 53. Average chemical composition of carrolite from the high-grade (<35 wt% Cu) MC ore at the Lombador 
orebody (values in wt%; n – number of analyses; σ – standard deviation; min – minimum value; max – maximum 
value; Absolute frequency – number of times a particular element occurs above the detection limit (in percent)). MC 
– massive copper ore 
 

average σ n min max Absolute 
Frequency

S 38.59 0.14 4 38.36 38.74 100.0
Fe 1.13 0.44 4 0.58 1.57 100.0
Cu 20.39 0.10 4 20.26 20.54 100.0
As 0.27 0.10 3 0.16 0.41 75.0
Ni
Sb 0.09 0.02 2 0.07 0.11 50.0
Sn 0.04 0.00 1 0.04 0.04 25.0
Co 38.22 0.49 4 37.66 38.82 100.0
Se 0.19 0.02 4 0.17 0.21 100.0
Total 98.93

MC
Massive sulphide ore

 
 

 
Figure 80. High-contrast backscattered image of carrolite (Carr) with remnants of pyrite grains, as well as fine-
grained inclusions of tennatite (Tn). Note also the presence of galena (Gn) along the grain boundaries or along the 
grains fractures/crystallographic directions. Apy – arsenopyrite; Cpy – chalcopyrite. 
 

 
5.4.3.3. Fahlore group minerals: tetrahedrite and tennantite 

 

The tetrahedrite and tennantite grains from the several ore types studied, and from the various 

tetrahedrite generations defined, display wide compositional ranges in terms of major (Cu, Sb, 

As) and trace (Fe, Zn, Ag) elements (Table 54 to 58 and Figure 82). Minor variations in other 

trace elements (e.g., Pb, Hg, Bi) also occur, and significant concentrations in selenium and 

indium could be found in single grains from the different ore types and orebodies.  

The compositional variations detected occur mostly in tetrahedrite, which is the most 

abundant fahlore group mineral found. There are, however, no consistent compositional 

correlations between the trace elements contents in the fahlore group minerals and the 

different ore types or generations. 
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a) Tetrahedrite 

 

Copper concentrations in tetrahedrite range between 30.95 and 39.07 wt% (averaging 35.5 

wt.% Cu). In general, the lowest copper contents (<37 wt.%) correlate with the higher silver 

contents (>1 wt.%). Silver range up to approximately 9 wt.% and was present in all 

tetrahedrite grains analyzed (Table 54 and 56A to C).  

The highest silver contents tend to occur in the high-temperature, cupriferous stockwork (FC) 

and massive sulphide (MC and MCZ) ore types, which range up to 6.27 wt.%, 8.92 wt.% and 

7.33 wt.%, respectively (Table 54). Tetrahedrite from the massive zinc (MZ) and barren (ME) 

ore types may also contain significant silver concentrations (up to 6.84 wt.%, and 4.93 wt.% 

respectively), but these values are commonly much lower than this (both ore types average 

approximately 4 wt.%). In the remaining zinciferous ore types – FZ and MZP – the silver 

contents can range up to 1.69 wt.% (averaging 1.53 wt.% Ag) and 3.22 wt.% (averaging 2.78 

wt.% Ag), respectively. Tetrahedrite grains from the massive lead-rich (MP) ore type at 

Lombador display silver concentrations that reach up to 6.35 wt.% Ag, and average 6.12 wt.% 

Ag. However, it should be mentioned that the higher silver contents in tetrahedrite from the 

MP ore and from the ME ore types were found in tetrahedrite grains associated either to late 

tectono-metamorphic chalcopyrite-dominated ribbons, or to ore-related carbonate(-

quartz)+chalcopyrite(±sphalerite, galena) veins and veinlets. Both generations of tetrahedrite 

show wide compositional ranges for silver (Table 55), but the late generation of tetrahedrite 

displays slightly higher average silver contents (3.50 wt% Ag) than the ore-related (and most 

abundant) generation of tetrahedrite (2.88 wt% Ag).  

Significantly, the silver contents in tetrahedrite show sharp differentiation between the various 

orebodies considered. Tetrahedrite grains from the various ore types studied at the Corvo 

orebody (SE area) display the highest average concentrations (4.62 wt% Ag). The silver 

contents in tetrahedrite from the Lombador and Graça (SW area) orebodies are very similar 

and average ca. 3.40 wt%, whereas at the Zambujal and Neves orebodies this value is 

significantly lower, averaging 1.80 wt% and 0.82 wt%, respectively (Table 56A to C; Figure 

82).  

Arsenic concentration in tetrahedrite can reach significant values due to the substitution of 

antimony for arsenic in the structure of this mineral. Arsenic contents in the tetrahedrite 

analyzed reach up to 7wt.% (average, 1.34 wt.% As). On average, tetrahedrite from the MCZ 

ore type displays the highest arsenic concentrations (2.67 wt.%), particularly those from the 

Zambujal orebody, which show highest average arsenic concentrations (≅4.5 wt%) (Table 56A 

to C). The remaining ore types display lower arsenic contents, which average about 1 wt%. 
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Nevertheless, punctually, high arsenic concentrations (up to 5.77 wt%) can be found as well in 

single tetrahedrite grains from the MZ ore at Lombador orebody.  

Iron concentration in the tetrahedrite grains range between 1.56 and 7 wt.% (averaging 3.47 

wt.% Fe). Generally, the lower iron concentrations correlate well with the higher zinc contents, 

which range up to approximately 6.6 wt% Fe and occur in all tetrahedrite grains analyzed. 

Tetrahedrite from the zinciferous (FZ, MZ, MZP) and copper-zinc (MCZ) ore types tend to 

display higher zinc concentrations (up to 6.27 wt%) relative to those in the remaining ore types 

(Table 56A to C). However, no obvious correlation was seen between the several ore types 

studied and the different generations of tetrahedrite with respect to their iron and zinc 

contents.  

Lead concentrations above detection limit in tetrahedrite grains were measured in about 12% 

of the grains analyzed, which on average display a lead content of about 0.46 wt%. 

Nevertheless, lead concentrations in single tetrahedrite grains can reach up to approximately 

1.9 wt%, particularly in those from the massive copper (MC) and copper-zinc (MCZ) ore at 

Lombador (Table 56A), which should reflect the presence of minute and fine-grained (<5 µm) 

galena or bournonite inclusions (Figure 81). As mentioned in the previous section (5.3.3.), 

both galena and bournonite can occur associated to tetrahedrite.  

Mercury concentrations in tetrahedrite grains from the different ore types sampled are usually 

low and relatively uniform (<0.30 wt.% on average), although high mercury concentrations (up 

to about 1 wt.%) can be found in single tetrahedrite grains from the massive barren (ME) ore. 

Like mercury, bismuth concentrations in tetrahedrite grains from the different ore types are low 

and relatively uniform (<0.2 wt.% on average). Nevertheless high bismuth concentrations (up 

to 1.25 wt.%) were also found in tetrahedrite grains from the FC ore at Lombador, and 

probably reflect the presence of fine-grained inclusions of native bismuth or bismuthinite. The 

later mineral is commonly described in tetrahedrite as an exsolution product (e.g., Ramdohr, 

1980). It has been previously identified in several IPB stockwork and massive sulphide ores, 

including Neves Corvo (e.g., Marcoux et al, 1996; Pinto et al, 1997, 2005; Pinto, 1999; 

Gaspar, 2002). 

Selenium concentrations above the detection limit (0.04 wt%) were found in about 22% of the 

tetrahedrite grains analyzed, and reach up to 0.25 wt% Se (averaging 0.1 wt%). From a 

general standpoint, tetrahedrite grains from the MCZ ore display selenium concentrations that 

are more consistent and uniform (0.05 to 0.14 wt%, averaging 0.09 wt% Se) than the ones in 

the remaining ore types (Table 54 and 56A to C). Almost 39% of the tetrahedrite grains 

analyzed from the MCZ ore displays measurable selenium contents, particularly those from 

the MCZ ore at Neves and Zambujal orebodies. Selenium contents in tetrahedrite from the 

MCZ ore at Lombador or Graça (SW area) are very low (below the detection limit). However, 
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in there, the highest selenium concentrations were preferentially found in tetrahedrite grains 

from the copper stockwork (FC; up to 0.14 wt% Se) and massive sulphide ore (MC; up to 0.25 

wt% Se) at Lombador (Table 56A). Selenium contents in tetrahedrite grains from these ore 

types occur respectively in about 16% and 23% of the grains analyzed. Significant selenium 

concentrations (up to 0.11 wt%, averaging 0.10 wt% Se) were found in tetrahedrite grains 

from the ME ore type at Lombador, which are associated to late tectono-metamorphic 

chalcopyrite-dominated ribbons. In the remaining ore types, selenium content in tetrahedrite is 

usually below the detection limit. Nevertheless selenium contents slightly above the detection 

limit were found in a single tetrahedrite grain from the MZ ore at the Lombador orebody. 

Concentrations of other trace elements in tetrahedrite throughout the different ore types are 

usually uniform (<0.1 wt%) and/or below the detection limit. Nevertheless, indium 

concentrations slightly above the detection limit (0.02 wt%) were found in single tetrahedrite 

grains (≅7% of the grains analyzed) from the MCZ ore at the Zambujal orebody, and MZ and 

ME ores at Lombador orebody. Indium concentrations range between 0.03 and 0.07 wt%, and 

tend to be higher in the tetrahedrite grains associated to the late chalcopyrite-dominated 

ribbons found in the MZ and ME ore types at Lombador. As it has been mentioned for 

chalcopyrite, the indium concentrations in tetrahedrite may reflect the presence of extremely 

fine-grained (<5µm) indium-bearing phases (roquesite or roquesite-sakuraiite intermediate 

phases) along the grain boundaries. It should be stressed at this stage that, irrespective of the 

presence or not of indium-bearing phases along the tetrahedrite grain borders, the indium 

contents found in the tetrahedrite grains analyzed are in good agreement with those reported 

by Gaspar (2002) for tetrahedrite from the MC ores at Neves Corvo (0.2 wt% In on average). 

The chemical formula calculated for tetrahedrite based on its bulk average composition is: 

• (Cu9.33Fe1.04Ag0.48Zn1.11Pb0.01Bi0.01Hg0.01Sn0.01Cd0.01)12.01(As0.21Sb3.71)3.92(Se0.01S13.06)13.07, 

with up to 0.04 apfu of Mn, 0.02 apfu of In, and 0.01 apfu of Co for some of the 

tetrahedrite grains analyzed. 

Considering the different generation tetrahedrites found, the calculated chemical formula for 

the most abundant generation of tetrahedrite is: 

• (Cu9.39Fe1.05Ag0.45Zn1.11Bi0.01Hg0.01Cd0.01)12.05(As0.24Sb3.66)3.90(Se0.01S13.03)13.04, with up to 

0.15 apfu of Pb, 0.01 apfu of Co, Mn and In, 

In turn, the chemical formula calculated based on the average composition of the late, 

tectono-metamorphic generation of tetrahedrite is: 

• (Cu9.20Fe1.01Ag0.55Zn1.14Pb0.01Hg0.02Sn0.02Cd0.01)11.94(As0.14Sb3.79)3.93S13.11, with up to 0.04 

apfu of Mn, 0.02 apfu of Bi, Se and In, and 0.01 apfu of Co. 
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Finally, the averaged chemical formulas of tetrahedrite separated by ore type are as follows: 

• FC: (Cu9.49Fe1.02Ag0.50Zn1.06Hg0.01Bi0.03Cd0.01)12.11(As0.08Sb3.80)3.88(Se0.01S12.99)13.00, with 

up to 0.01 apfu of Co and Mn; 

• FZ: (Cu9.63Ag0.24Zn1.40Hg0.01Mn0.01)11.60(As0.10Sb3.93)4.03S13.13, with up to 0.01 apfu of Co; 

• MC: (Cu9.19Fe1.25Ag0.56Zn1.02Pb0.01Hg0.02Sn0.01Cd0.01)12.07(As0.10Sb0.83)3.93(Se0.01S12.98)12.99, 

with up to 0.04 apfu of Mn, 0.02 apfu of Co and 0.02 apfu of Bi; 

• MCZ: (Cu9.49Fe0.95Ag0.29Zn1.09Pb0.01Bi0.01Hg0.01Sn0.01)11.96(As0.44Sb3.46)3.90(Se0.01S13.13)13.14, 

with up to 0.01 apfu of Co and Cd; 

• MZ:  (Cu9.24Fe1.02Ag0.62Zn1.12Hg0.01Sn0.02Cd0.01)12.04(As0.15Sb3.78)3.93S13.02, with up to 0.02 

apfu of Bi and 0.01 apfu of Pb, Se and In; 

• MZP: (Cu9.44Fe0.67Ag0.43Zn1.35Hg0.01Sn0.02)11.92(As0.09Sb3.75)3.84S13.23, with up to 0.01 apfu 

of Pb and Cd; 

• MP: (Cu8.75Fe1.32Ag0.96Zn0.71Hg0.01Sn0.02)11.77(As0.01Sb3.96)3.97S13.25, with up to 0.01 apfu 

of Pb and Cd; 

• ME: (Cu9.19Fe1.25Ag0.63Zn1.00Hg0.05In0.01Cd0.01)12.17(As0.01Sb3.91)3.92(Se0.01S12.89)12.90, with 

up to 0.01 apfu of Pb. 

 

 
Table 54. Average chemical composition of tetrahedrite from the different ore types studied (values in wt%; n – 
number of analyses; Comp. – average bulk composition; avg. – average; FE – barren stockwork ore; FC – copper 
stockwork ore; FZ – zinc stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive 
zinc ore; MZP massive zinc-lead ore; MP massive lead ore; ME – massive barren ore; Skt – stockwork ore; MS – 
massive sulphide ore). 
 

Comp.
FC FZ Skt (avg.) MC MCZ MZ MZP MP ME MS (avg.)

n 123 12 4 16 30 39 23 6 5 4 107
S 25.10 24.94 25.19 25.00 24.74 25.50 24.96 25.64 25.11 24.40 25.12
Fe 3.47 3.41 1.86 3.02 4.16 3.19 3.39 2.26 4.35 4.10 3.54
Cu 35.55 36.11 36.60 36.23 34.69 36.52 35.13 36.24 32.85 34.48 35.44
Zn 4.37 4.16 5.49 4.49 3.97 4.73 4.39 5.35 2.72 3.88 4.35
Pb 0.46 0.96 0.39 0.10 0.09 0.10 0.46
As 1.34 0.42 0.43 0.42 0.67 2.67 1.04 0.50 0.12 0.06 1.52
Sb 26.99 27.65 28.66 27.90 27.69 25.41 27.45 27.55 28.48 28.12 26.85
Sn 0.13 0.07 0.07 0.11 0.12 0.15 0.14 0.16 0.24 0.13
Co 0.02 0.02 0.02 0.01 0.02 0.01 0.02
Mn 0.05 0.04 0.04 0.07 0.07
Hg 0.25 0.28 0.40 0.31 0.23 0.21 0.26 0.19 0.25 0.56 0.24
Ag 3.08 3.20 1.53 2.78 3.59 1.84 3.99 2.78 6.12 4.00 3.13
Bi 0.32 0.72 0.72 0.15 0.22 0.15 0.19
Ge 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Se 0.10 0.13 0.13 0.13 0.09 0.05 0.10 0.10
In 0.05 0.03 0.05 0.06 0.05
Cd 0.07 0.09 0.09 0.09 0.06 0.06 0.04 0.05 0.07 0.07
Te
Total 101.36 101.23 100.14 101.22 101.27 100.99 101.17 100.71 100.17 101.29

Massive sulphide oreStockwor ore
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Table 55. Average chemical compositions of the two generations of tetrahedrite analyzed (values in wt%; n – 
number of analyses; σ – standard deviation; min – minimum value; max – maximum value; Absolute frequency – 
number of times a particular element occurs above the detection limit (in percent)). 
 

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq.
S 25.09 0.89 84 23.85 28.27 100.0 25.13 1.00 41 22.86 28.91 100.0
Fe 3.51 1.02 84 1.79 6.05 100.0 3.37 1.32 41 1.56 7.01 100.0
Cu 35.85 2.18 84 31.13 39.07 100.0 34.93 1.75 41 30.95 38.67 100.0
Zn 4.36 1.19 84 2.08 6.27 100.0 4.44 1.26 41 1.88 6.59 100.0
Pb 0.32 0.55 9 0.09 1.89 10.7 0.68 0.76 6 0.10 1.89 14.6
As 1.71 2.03 56 0.04 7.09 66.7 0.79 1.09 33 0.04 5.77 80.5
Sb 26.67 2.53 84 17.90 28.82 100.0 27.57 1.65 41 20.63 29.10 100.0
Sn 0.12 0.04 61 0.03 0.20 72.6 0.14 0.06 31 0.04 0.34 75.6
Co 0.02 0.01 20 0.01 0.05 23.8 0.02 0.01 6 0.01 0.05 14.6
Mn 0.04 0.00 1 0.04 0.04 1.2 0.05 0.04 5 0.01 0.13 12.2
Hg 0.21 0.11 57 0.09 0.52 67.9 0.31 0.22 29 0.09 0.95 70.7
Ag 2.88 2.50 84 0.05 8.92 100.0 3.50 1.80 41 0.12 6.94 100.0
Bi 0.33 0.32 26 0.10 1.25 31.0 0.17 0.07 3 0.10 0.27 7.3
Ge 0.00 0.00 4 0.00 0.01 4.8 0.00 0.00 6 0.00 0.01 14.6
Se 0.11 0.05 24 0.05 0.25 28.6 0.08 0.03 4 0.04 0.11 9.8
In 0.05 0.02 3 0.03 0.07 3.6 0.06 0.01 5 0.04 0.07 12.2
Cd 0.07 0.03 40 0.04 0.14 47.6 0.08 0.04 20 0.04 0.19 48.8
Te
Total 101.35 101.32

Tetrahedrite (III)Tetrahedrite (II)

 
 

 
 
 
 
 

 
 
Figure 81. Photomicrographs of tetrahedrite (Td) with fine-grained blades of sphalerite (Sp) along the grain 
boundaries, and micro-inclusions of galena (Gn), bournonite (Bnn) and arsenopyrite (Apy). 
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Figure 82. Average concentrations for selected trace elements in tetrahedrite from the Lombador (A and B), Corvo 
(C), Neves (D), Graça (E), and Zambujal (F) orebodies. Note that the average trace element contents in 
tetrahedrite includes data yielded by the MZ and MZP ores for the Corvo orebody, by the MCZ ore for the Neves 
and Graça orebodies, and by the MCZ and MZ ores for the Zambujal orebody. 
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Table 56A. Average chemical composition of tetrahedrite from different ore types at the Lombador orebody (values in wt%; σ – standard deviation; n – number of analyses; min 
– minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the detection limit; in percent); FE – barren 
stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive zinc ore; MZP – massive zinc-
lead ore). 
 

Lombador

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 24.94 0.66 12 24.26 26.56 100.0 S 25.19 0.07 4 25.11 25.30 100.0 S 24.74 1.02 30 23.61 28.91 100.0
Fe 3.41 1.49 12 1.85 5.76 100.0 Fe 1.86 0.31 4 1.56 2.38 100.0 Fe 4.16 1.06 30 2.70 7.01 100.0
Cu 36.11 1.81 12 33.81 38.18 100.0 Cu 36.60 0.28 4 36.29 36.89 100.0 Cu 34.69 1.37 30 30.95 36.33 100.0
Zn 4.16 1.72 12 1.88 6.09 100.0 Zn 5.49 0.28 4 5.18 5.84 100.0 Zn 3.97 1.10 30 2.13 6.20 100.0
Pb Pb Pb 0.96 0.80 4 0.13 1.89 13.3
As 0.42 0.33 10 0.04 0.91 83.3 As 0.43 0.04 4 0.38 0.47 100.0 As 0.67 0.33 21 0.24 1.68 70.0
Sb 27.65 0.64 12 26.03 28.64 100.0 Sb 28.66 0.26 4 28.41 29.08 100.0 Sb 27.69 1.06 30 24.32 28.63 100.0
Sn 0.07 0.04 3 0.04 0.13 25.0 Sn Sn 0.11 0.05 24 0.04 0.18 80.0
Co 0.02 0.00 5 0.01 0.02 41.7 Co Co 0.01 0.01 6 0.01 0.03 20.0
Mn 0.04 0.00 1 0.04 0.04 8.3 Mn Mn 0.07 0.06 2 0.01 0.13 6.7
Hg 0.28 0.14 4 0.12 0.49 33.3 Hg 0.40 0.00 1 0.40 0.40 25.0 Hg 0.23 0.13 24 0.09 0.52 80.0
Ag 3.20 2.56 12 0.55 6.27 100.0 Ag 1.53 0.14 4 1.35 1.69 100.0 Ag 3.59 1.84 30 1.66 8.92 100.0
Bi 0.72 0.39 7 0.13 1.25 58.3 Bi Bi 0.15 0.07 4 0.10 0.27 13.3
Ge Ge Ge 0.00 0.00 1 0.00 0.00 3.3
Se 0.13 0.00 2 0.13 0.14 16.7 Se Se 0.13 0.07 7 0.04 0.25 23.3
In In In
Cd 0.09 0.05 5 0.04 0.15 41.7 Cd Cd 0.09 0.04 21 0.04 0.19 70.0
Te Te Te
Total 101.23 Total 100.14 Total 101.27

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 24.42 0.25 9 24.07 24.72 100.0 S 25.14 0.86 13 24.34 26.79 100.0 S 25.74 0.18 2 25.56 25.91 100.0
Fe 3.24 0.52 9 2.45 4.06 100.0 Fe 3.52 1.30 13 1.79 5.12 100.0 Fe 2.26 0.05 2 2.22 2.31 100.0
Cu 36.13 2.91 9 32.44 39.07 100.0 Cu 36.83 0.79 13 35.79 38.67 100.0 Cu 36.34 0.55 2 35.79 36.89 100.0
Zn 4.90 1.00 9 3.66 6.27 100.0 Zn 4.15 1.46 13 2.23 6.18 100.0 Zn 5.42 0.23 2 5.20 5.65 100.0
Pb 0.10 0.00 1 0.10 0.10 11.1 Pb 0.11 0.00 1 0.11 0.11 7.7 Pb
As As 1.14 1.79 13 0.20 5.77 100.0 As 0.85 0.01 2 0.83 0.86 100.0
Sb 27.05 1.06 9 25.84 28.27 100.0 Sb 26.73 2.42 13 20.63 29.10 100.0 Sb 26.29 0.27 2 26.02 26.56 100.0
Sn 0.04 0.01 3 0.03 0.05 33.3 Sn 0.14 0.06 6 0.04 0.24 46.2 Sn 0.14 0.02 2 0.12 0.16 100.0
Co 0.02 0.01 5 0.01 0.05 55.6 Co 0.01 0.00 2 0.01 0.01 15.4 Co
Mn Mn Mn
Hg 0.12 0.01 4 0.11 0.13 44.4 Hg 0.17 0.02 3 0.15 0.19 23.1 Hg 0.22 0.00 1 0.22 0.22 50.0
Ag 3.26 3.33 9 0.25 7.33 100.0 Ag 2.54 0.86 13 1.25 3.76 100.0 Ag 3.00 0.22 2 2.77 3.22 100.0
Bi 0.26 0.05 9 0.16 0.34 100.0 Bi 0.11 0.02 3 0.10 0.14 23.1 Bi
Ge Ge 0.00 0.00 2 0.00 0.00 15.4 Ge 0.00 0.00 1 0.00 0.00 50.0
Se Se 0.05 0.00 1 0.05 0.05 7.7 Se
In In 0.05 0.01 5 0.04 0.07 38.5 In
Cd 0.06 0.01 8 0.04 0.09 88.9 Cd 0.06 0.02 10 0.04 0.09 76.9 Cd 0.04 0.00 1 0.04 0.04 50.0
Te Te Te
Total 99.61 Total 100.75 Total 100.31

MCFZFC

MCZ MZ MZP
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Table 56B. Average chemical composition of tetrahedrite from different ore types at the Lombador, Corvo (SE area), Neves and Graça (SW area) orebodies (values in wt%; σ – 
standard deviation; n – number of analyses; min – minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above 
the detection limit; in percent); MCZ – massive copper-zinc ore; MZ – massive zinc ore; MZP – massive zinc-lead ore, MP – massive lead ore; ME – massive barren ore). 
 

Lombador Corvo (SE area)

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 25.11 0.31 5 24.66 25.62 100.0 S 24.40 0.93 4 22.86 25.21 100.0 S 24.61 0.28 5 24.31 24.94 100.0
Fe 4.35 0.16 5 4.07 4.54 100.0 Fe 4.10 1.39 4 1.78 5.34 100.0 Fe 3.28 0.09 5 3.15 3.38 100.0
Cu 32.85 0.41 5 32.19 33.41 100.0 Cu 34.48 1.71 4 33.34 37.43 100.0 Cu 32.46 0.29 5 32.16 32.96 100.0
Zn 2.72 0.30 5 2.42 3.10 100.0 Zn 3.88 1.62 4 2.53 6.59 100.0 Zn 4.78 0.32 5 4.40 5.23 100.0
Pb 0.09 0.00 1 0.09 0.09 20.0 Pb 0.10 0.00 1 0.10 0.10 25.0 Pb 0.09 0.00 1 0.09 0.09 20.0
As 0.12 0.00 1 0.12 0.12 20.0 As 0.06 0.02 2 0.04 0.07 50.0 As
Sb 28.48 0.31 5 27.95 28.88 100.0 Sb 28.12 0.73 4 26.86 28.66 100.0 Sb 28.58 0.18 5 28.33 28.82 100.0
Sn 0.16 0.01 5 0.15 0.18 100.0 Sn 0.24 0.08 3 0.15 0.34 75.0 Sn 0.15 0.03 5 0.11 0.20 100.0
Co Co Co
Mn Mn Mn
Hg 0.25 0.11 3 0.09 0.35 60.0 Hg 0.56 0.24 4 0.32 0.95 100.0 Hg 0.26 0.07 5 0.14 0.35 100.0
Ag 6.12 0.15 5 5.91 6.35 100.0 Ag 4.00 1.21 4 1.95 4.93 100.0 Ag 6.18 0.58 5 5.15 6.84 100.0
Bi Bi Bi 0.16 0.05 2 0.12 0.21 40.0
Ge Ge 0.01 0.00 2 0.00 0.01 50.0 Ge
Se Se 0.10 0.00 2 0.10 0.11 50.0 Se
In In 0.06 0.01 2 0.05 0.07 50.0 In
Cd 0.05 0.01 3 0.04 0.06 60.0 Cd 0.07 0.04 3 0.04 0.13 75.0 Cd 0.05 0.01 3 0.04 0.06 60.0
Te Te Te
Total 100.29 Total 100.17 Total 100.61

Corvo (SE area) Neves Graça (SW area)

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 25.60 0.27 4 25.19 25.87 100.0 S 25.92 1.08 9 24.62 28.06 100.0 S 25.21 0.40 10 24.57 25.82 100.0
Fe 2.26 0.07 4 2.20 2.37 100.0 Fe 2.86 0.70 9 1.94 4.50 100.0 Fe 3.54 1.12 10 2.00 5.17 100.0
Cu 36.19 0.28 4 35.94 36.64 100.0 Cu 37.02 1.18 9 35.58 38.37 100.0 Cu 34.35 1.25 10 31.23 35.83 100.0
Zn 5.31 0.21 4 5.05 5.58 100.0 Zn 5.15 0.46 9 4.59 5.90 100.0 Zn 4.02 0.97 10 3.13 5.71 100.0
Pb Pb 0.14 0.00 3 0.14 0.15 33.3 Pb 1.89 0.00 1 1.89 1.89 10.0
As 0.26 0.21 3 0.10 0.56 75.0 As 1.74 1.28 9 0.36 4.58 100.0 As 0.68 0.41 10 0.14 1.25 100.0
Sb 28.18 0.45 4 27.48 28.59 100.0 Sb 26.26 1.62 9 22.68 28.36 100.0 Sb 27.88 0.45 10 27.21 28.63 100.0
Sn 0.14 0.01 4 0.13 0.15 100.0 Sn 0.13 0.02 9 0.11 0.16 100.0 Sn 0.15 0.01 10 0.13 0.18 100.0
Co Co 0.01 0.00 5 0.01 0.02 55.6 Co
Mn Mn Mn
Hg 0.18 0.04 4 0.15 0.24 100.0 Hg 0.17 0.05 5 0.10 0.24 55.6 Hg 0.28 0.24 10 0.10 0.75 100.0
Ag 2.68 0.35 4 2.18 3.12 100.0 Ag 0.82 0.80 9 0.11 2.03 100.0 Ag 3.40 1.73 10 1.85 6.94 100.0
Bi Bi 0.11 0.01 3 0.10 0.12 33.3 Bi
Ge Ge 0.00 0.00 4 0.00 0.01 44.4 Ge
Se Se 0.10 0.02 6 0.07 0.14 66.7 Se
In In In
Cd Cd Cd 0.04 0.00 2 0.04 0.05 20.0
Te Te Te
Total 100.81 Total 100.43 Total 101.44

MP ME MZ

MZP MCZ MCZ
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Table 56C. Average chemical composition of tetrahedrite from different ore types at the Zambujal orebody (values in wt%; σ – standard deviation; n – number of analyses; min 
– minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the detection limit; in percent); MCZ – massive 
copper-zinc ore; MZ – massive zinc ore). 
 

Zambujal

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq.
S 26.29 0.67 11 25.75 28.27 100.0 S 24.86 0.57 5 24.31 25.57 100.0
Fe 3.11 0.49 11 2.52 4.32 100.0 Fe 3.16 0.52 5 2.22 3.81 100.0
Cu 38.41 0.33 11 37.91 38.83 100.0 Cu 33.37 1.70 5 32.16 36.64 100.0
Zn 4.88 0.26 11 4.35 5.39 100.0 Zn 4.61 0.78 5 3.22 5.58 100.0
Pb 0.16 0.01 2 0.15 0.17 18.2 Pb
As 5.24 1.18 11 3.21 7.09 100.0 As 0.37 0.19 2 0.18 0.56 40.0
Sb 21.13 1.86 11 17.90 24.20 100.0 Sb 28.18 0.38 5 27.48 28.50 100.0
Sn 0.11 0.02 11 0.06 0.14 100.0 Sn 0.16 0.03 5 0.11 0.20 100.0
Co Co
Mn Mn
Hg 0.19 0.03 11 0.12 0.23 100.0 Hg 0.32 0.23 5 0.14 0.75 100.0
Ag 0.08 0.02 11 0.05 0.13 100.0 Ag 5.57 1.72 5 2.18 6.84 100.0
Bi Bi 0.21 0.00 1 0.21 0.21 20.0
Ge Ge
Se 0.08 0.02 9 0.05 0.13 81.8 Se
In 0.03 0.00 1 0.03 0.03 9.1 In
Cd 0.04 0.00 1 0.04 0.04 9.1 Cd 0.05 0.01 2 0.04 0.06 40.0
Te Te
Total 99.74 Total 100.85

MCZ MZ
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b) Tennantite 

 

As previously mentioned, tennantite was found in the high-grade MC ore at the Lombador 

orebody, as well as in the MCZ ores from the Corvo and Zambujal orebodies (Tables 57 and 

58). Although its chemical variability is not as pronounced as that of tetrahedrite, there are 

significant differences in terms of copper, iron, zinc, and antimony or mercury contents 

between tennantites from the MC and MCZ ore types, which can reflect variation of their ore 

forming conditions.  

Copper concentrations in tennantite grains range from 41.5 to 46.7 wt% (averaging 44.42 wt% 

Cu), the highest copper concentrations being yielded by tennantite grains from the MC ore at 

the Lombador orebody. In turn, iron concentrations reach up to 4.85 wt% (averaging 3 wt% 

Fe), being higher in the tennantite grains from the MCZ ores (4.3 wt% Fe on average), in 

particularly in the Corvo orebody (4.53 wt% Fe on average; the corresponding value at the 

Zambujal orebody falls to 3.73 wt% Fe). Tennantite from the MC ore show comparatively 

lower iron concentrations (about 1.75 wt% Fe on average). 

Zinc concentrations in the tennantite grains show a wide variation, ranging from 0.52 wt% to 

4.61 wt% Zn (averaging 2.36 wt% Zn). Similar to the iron contents, zinc concentration in 

tennantite grains from the MCZ ore are higher (about 4.33 wt% Zn on average) relative to the 

MC ore, where tennantite displays considerable lower zinc concentrations (about 0.6 wt% Zn 

on average).  

Antimony contents in tennantite reach up to 3.38 wt%, and are particularly high in tennantite 

grains from the MCZ ore at Zambujal. Tennantite grains from both the MC and the MCZ ores 

at the Lombador and Corvo orebodies, respectively, display much lower antimony 

concentrations (up to 0.45 wt% and 0.78 wt% Sb, respectively).  

Mercury concentrations are higher in tennantite grains from the MC ore (up to 2.15 wt%, 

averaging 1.72 wt% Hg) than in the MCZ ore (up to 0.14 wt%, averaging 0.11 wt% Hg). 

Detectable selenium concentrations (up to 0.20 wt%) were measured in about 70% of the 

tennantite grains analyzed, and particularly in those from the MCZ ore from Zambujal 

orebody, which show the highest contents found. Nevertheless, fairly consistent selenium 

contents (0.06 wt% to 0.13 wt% Se) were equally found in the MC ore from Lombador 

orebody. In the MCZ ore from the Corvo orebody, selenium concentrations above detection 

limit (0.04 wt%) were found in single tennantite grains.  

As selenium, consistent indium concentrations (up to 0.37 wt%) were found in tennantite 

grains from the high-grade MC ore at the Lombador orebody. However, indium concentration 

in tennnatite grains from the MCZ ore at both the Corvo and Zambujal orebodies is usually 

below the detection limit (0.02 wt%). Concentrations of other trace elements in tennantite tend 

to be uniform (about 0.2 wt%), but frequently below the detection limit. Nonetheless, 
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noticeable concentrations in cobalt (up to 0.31 wt%), silver (up to 0.44 wt%) and bismuth (up 

to 0.27 wt%) were detected in the MC ore at the Lombador orebody. 

The calculated chemical formula for tennantite based on its average bulk composition is: 

• (Cu10.49Ag0.02Zn0.54Fe0.79Co0.03Bi0.01Hg0.07In0.02)11.98(As3.67Sb0.11)3.78(Se0.02S13.22)13.24, 

locally displaying up to 0.01 apfu of Pb, Ni, Sn and Cd. 

The averaged chemical formulas of tennantite separated by ore type are as follows: 

• MC: 

(Cu11.06Ag0.04Zn0.14Fe0.47Pb0.01Co0.01Bi0.02Hg0.13In0.03)11.97(As3.74Sb0.05)13.79(Se0.02S13.21)13.2, 

with up to 0.01 apfu of Ni and Cd; 

• MCZ: (Cu9.85Ag0.01Zn0.98Fe1.15)11.99(As3.59Sb0.17)3.76(Se0.01S13.23)13.24, with up to 0.01 apfu 

of Pb, Sn and Hg. 

 

 

 
 
Table 57. Average chemical composition of tennantite found in different massive copper-rich ores. MC ore is 
representative of the Lombador orebody, whereas the MCZ ore is representative of the Corvo (SE area) and 
Zambujal orebodies (values in wt%; n – number of analyses; Comp. – average bulk composition; MC – massive 
copper ore; MCZ – massive copper-zinc ore). 
 

 
 

Comp. 
MC MCZ

n 17 9 8
S 28.27 27.95 28.63
Fe 2.96 1.75 4.33
Cu 44.42 46.36 42.24
Zn 2.36 0.61 4.33
Pb 0.14 0.13 0.16
As 18.33 18.48 18.17
Sb 0.87 0.43 1.37
Sn 0.05 0.05
Co 0.24 0.24
Mn
Hg 1.32 1.72 0.11
Ag 0.25 0.30 0.08
Bi 0.23 0.23
Ge
Se 0.11 0.11 0.13
In 0.26 0.26
Cd 0.05 0.05 0.04
Te
Total

Massive sulphide ore
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Table 58. Average chemical composition of tennantite from the MC and MCZ ore at the Lombador, Corvo (SE area) and Zambujal orebodies (values in wt%; σ – standard 
deviation; n – number of analyses; min – minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the 
detection limit; in percent); MC – massive copper ore; MCZ – massive copper-zinc ore). 
 
 

Lombador Corvo (SE area) Zambujal

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 27.95 0.17 9 27.67 28.18 100.0 S 28.53 0.25 6 28.05 28.85 100.0 S 28.95 0.04 2 28.91 29.00 33.3
Fe 1.75 0.33 9 1.27 2.28 100.0 Fe 4.53 0.28 6 4.14 4.85 100.0 Fe 3.73 0.12 2 3.61 3.86 33.3
Cu 46.36 0.27 9 45.89 46.69 100.0 Cu 42.00 0.37 6 41.55 42.52 100.0 Cu 42.96 0.13 2 42.84 43.09 33.3
Zn 0.61 0.11 9 0.52 0.83 100.0 Zn 4.30 0.25 6 3.89 4.61 100.0 Zn 4.41 0.12 2 4.29 4.53 33.3
Pb 0.13 0.01 3 0.11 0.14 33.3 Pb 0.16 0.00 1 0.16 0.16 16.7 Pb
As 18.48 0.21 9 18.03 18.70 100.0 As 18.52 0.18 6 18.19 18.73 100.0 As 17.13 0.11 2 17.01 17.24 33.3
Sb 0.43 0.01 9 0.42 0.46 100.0 Sb 0.72 0.03 6 0.67 0.78 100.0 Sb 3.32 0.06 2 3.25 3.38 33.3
Sn Sn 0.05 0.01 2 0.04 0.05 33.3 Sn
Co 0.24 0.04 9 0.21 0.31 100.0 Co Co
Mn Mn Mn
Hg 1.72 0.32 9 1.26 2.15 100.0 Hg 0.10 0.00 1 0.10 0.10 16.7 Hg 0.12 0.03 2 0.09 0.14 33.3
Ag 0.30 0.09 9 0.16 0.44 100.0 Ag 0.04 0.00 1 0.04 0.04 16.7 Ag 0.11 0.01 2 0.10 0.11 33.3
Bi 0.23 0.03 9 0.18 0.27 100.0 Bi Bi
Ge Ge Ge
Se 0.11 0.02 9 0.06 0.13 100.0 Se 0.04 0.00 1 0.04 0.04 16.7 Se 0.17 0.02 2 0.15 0.20 33.3
In 0.26 0.04 9 0.22 0.37 100.0 In In
Cd 0.05 0.01 3 0.04 0.06 33.3 Cd Cd 0.04 0.00 1 0.04 0.04 16.7
Te Te Te
Total 98.61 Total 98.99 Total 100.94

MC MCZ MCZ
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5.4.3.4. Tin-bearing sulphide minerals: stannite, ferrokesterite, kesterite, mawsonite and 

stannoidite 

 

Stannite, kesterite and ferrokesterite grains were found in several massive sulphide ore types 

(MC, MCZ, MZ, MZP, ME) studied at the Lombador, Corvo (SE area) Neves, Graça (SW 

area) and Zambujal orebodies, whereas stannoidite and mawsonite were only found in the 

high-grade (>35 wt% Cu) MC ore lens at the Lombador orebody.  

 
a) Stannite 

 

Stannite is the principal copper-tin sulphide found in several of the studied ore types. It 

deviates from its ideal chemical formula (Cu2FeSnS4) due to the incorporation of significant 

amounts of zinc (Tables 59 to 61; Figure 83), possibly ascribed to intergrowths with kesterite 

and/or ferrokesterite (Figure 84). Two generations of stannite have been defined and both of 

them possess noticeable zinc contents (Table 60). Zinc concentrations (1.56 to 4.27 wt%, 

averaging 2.67 wt% Zn) tend to correlate with iron, which contents range from 9.83 to 12.73 

wt% (averaging 11.38 wt% Fe). The Fe/(Fe+Zn) ratio in stannite ranges between 0.75 and 

0.90 (averaging 0.83), but show no obvious correlation with the ore types (Figure 83E). As a 

general tendency, lower Fe/(Fe+Zn) values (<0.83) can be found in stannite grains from the 

massive copper-zinc (MCZ) and zinc (MZ) ores, whereas higher Fe/(Fe+Zn) values (>0.83) 

are found in stannite grains from the massive zinc-lead (MZP) ore. Stannite grains from the 

massive barren (ME) ore display both low and high Fe/(Fe+Sn) values. The lack of an obvious 

Fe/(Fe+Zn) compositional trend related with the ore types in stannite should reflect the 

overprinting effects related with the tectono-metamorphic processes that followed the 

formation of the massive sulphide orebodies.  

Copper concentrations in the stannite grains range between 27.25 and 30.07 wt% (averaging 

28.91 wt% Cu), whereas tin concentrations range between 24.13 and 28.51 wt% (averaging 

26.79 wt% Sn). Stannite contains significant indium concentrations (0.10 to 3.21 wt%, 

averaging 0.99 wt% In), in particular in grains occurring in veinlets filled with remobilized 

stannite (late generation stannite), either in the MCZ ore from the Corvo orebody, or in the ME 

ore from the Lombador orebody. On average, stannite associated to late remobilization 

processes yields higher indium concentrations (1.34 wt% In) than the ore-related generation 

of stannite (0.70 wt% In) (Tables 60 and 61). Concentrations of other trace elements are 

generally below 0.1 wt%, although detectable contents in silver (up to 0.25 wt%), mercury (up 

to 0.18 wt%) and selenium (up to 0.17 wt%) can also be found in single stannite grains 

occurring in remobilized stannite veinlets. 
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The calculated chemical formula for stannite based on its average bulk composition is: 

• Cu1.97In0.04(Fe0.88Zn0.18)1.06Sn0.98S3.95, with up to 0.01 apfu of Sb and Ag. 

Considering the different generation stannites found, the calculated chemical formula for is: 

• Cu1.97In0.03(Fe0.89Zn0.17)1.06Sn0.99S3.94, with 0.06 apfu of In and 0.01 apfu of Ag and Se 

for stannite II; and 

• Cu1.97In0.05(Fe0.88Zn0.18)1.06Sn0.96S3.95, with up to 0.12 apfu of In and 0.01 apfu of Sb, Ag 

and Se for the late generation of stannite (Stn III). 

Finally, The averaged chemical formulas of stannite separated by ore type are as follows: 

• MC: Cu2.00In0.06(Fe0.90Zn0.16)1.06Sn0.95S3.94; 

• MCZ: Cu1.94In0.05(Fe0.85Zn0.20)1.05Sn0.98(Se0.01S3.97)3.98; 

• MZ: Cu1.97In0.02(Fe0.85Zn0.20)1.05Sn1.00S3.96; 

• MZP: Cu1.99In0.01(Fe0.94Zn0.11)1.05Sn1.01S3.95; 

• ME: Cu1.98In0.04(Fe0.91Zn0.16)1.07Sn0.97S3.93. 

 
Table 59. Average chemical composition of stannite from the different ore types studied (values in wt%; n – number 
of analyses; Comp. – average bulk composition; MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – 
massive zinc ore; MZP massive zinc-lead ore; ME – massive barren ore). 
 

Comp.
MC MCZ MZ MZP ME

n 44 1 13 8 2 20
S 29.22 29.11 29.27 29.24 29.50 29.16
Fe 11.38 11.54 10.95 10.98 12.22 11.72
Cu 28.91 29.25 28.41 28.85 29.44 29.19
Zn 2.67 2.46 2.95 2.95 1.73 2.48
Pb 0.12  0.12 0.10
As  
Sb 0.12  0.12
Sn 26.79 25.97 26.67 27.34 27.86 26.59
Co 0.02 0.01 0.01 0.03 0.02
Mn 0.01  0.01
Hg 0.13  0.12 0.11 0.14 0.13
Ag 0.12  0.03 0.13
Ge 0.00  0.00 0.00 0.00
Se 0.11 0.07 0.13 0.06
In 0.99 1.47 1.30 0.50 0.15 1.05
Cd 0.05  0.05 0.05
Total 100.65 99.87 99.95 100.09 101.13 100.72

Massive sulphide ore

 

 
Table 60. Average chemical compositions of the two generations of stannite (values in wt%; n – number of 
analyses; σ – standard deviation; min – minimum value; max – maximum value; Absolute frequency – number of 
times a particular element occurs above the detection limit (in percent)). 
 

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq.
S 29.19 0.29 27 28.70 30.01 100.0 29.27 0.61 19 27.43 30.33 100.0
Fe 11.47 0.69 27 9.91 12.58 100.0 11.37 0.75 19 9.83 12.73 100.0
Cu 28.95 0.67 27 27.87 30.07 100.0 28.88 0.58 19 27.25 29.68 100.0
Zn 2.56 0.53 27 1.56 3.55 100.0 2.75 0.68 19 1.85 4.27 100.0
Pb 0.12 0.02 2 0.10 0.14 7.4 0.11 0.00 2 0.11 0.12 10.5
As
Sb 0.07 0.00 1 0.07 0.07 3.7 0.12 0.04 2 0.07 0.16 10.5
Sn 27.09 0.58 27 25.97 28.51 100.0 26.39 1.03 19 24.13 28.45 100.0
Co 0.02 0.01 11 0.01 0.03 40.7 0.02 0.01 9 0.01 0.03 47.4
Mn 0.02 0.00 2 0.01 0.02 7.4 0.01 0.00 1 0.01 0.01 5.3
Hg 0.12 0.03 9 0.09 0.18 33.3 0.14 0.01 3 0.12 0.15 15.8
Ag 0.11 0.08 5 0.03 0.25 18.5 0.16 0.09 4 0.06 0.25 21.1
Ge 0.00 0.00 2 0.00 0.00 7.4 0.00 0.00 5 0.00 0.01 26.3
Se 0.10 0.04 9 0.04 0.17 33.3 0.13 0.04 7 0.07 0.17 36.8
In 0.70 0.48 27 0.10 1.66 100.0 1.34 0.93 19 0.11 3.21 100.0
Cd 0.05 0.00 1 0.05 0.05 3.7 0.05 0.02 3 0.04 0.08 15.8
Total 100.57 100.74

Stannite (II) Stannite (III)

 



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 
 

304 | P a g e  
	  

 
 
 
 
 

 
Figure 83. Average concentration for selected trace elements in stannite from the various massive sulphide (MS) 
ore types (A), and from the Lombador (B), Corvo (C), and Neves (D) orebodies. Note that the average 
concentration of the trace elements in stannite from the Lombador orebody comprise data from the MC, MZ, MZP 
and ME ores, whereas at the Corvo and Neves orebodies it only comprises data from the MZ and the MCZ ores, 
respectively. E – Fe/(Fe+Zn) ratios (apfu) for stannite from the various ore types. The Fe/(Fe+Zn) ratio for “ideal 
stannite” composition is plotted for comparison. 
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Figure 84. Photomicrographs (A and C) and high-contrast backscattered images (B and D) of stannite (Stn) 
intergrown with kesterite (Kst) (A and B), and along sphalerite (Sp) grain borders (C) in the contact with carbonates 
(Carb). Note also the presence of fine-grained inclusions of stannite within sphalerite. No major compositional 
differences between stannite II and stannite III have been detected by high-contrast backscattered imaging (D) in 
good agreement with the EPMA data. Apy – arsenopyrite; Cpy – chalcopyrite; Sp – sphalerite; Td – tetrahedrite. 
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Table 61. Average chemical composition of stannite from the MC, MZ, MZP and ME ores at the Lombador orebody, from the MZ ore at the Corvo orebody (SE area), and from 
the MCZ ore at the Neves orebody (values in wt%; σ – standard deviation; n – number of analyses; min – minimum value; max – maximum value; Abs. Freq. – absolute 
frequency (number of times a particular element occurs above the detection limit; in percent); MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive zinc 
ore; MZP  - massive zinc-lead ore; ME – massive barren ore). 
 

Lombador
MC

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 29.11 S 29.22 0.08 3 29.16 29.33 100.0 S 29.50 0.51 2 29.00 30.01 100.0 S 29.16 0.45 20 27.43 29.67 100.0
Fe 11.54 Fe 10.21 0.28 3 9.91 10.59 100.0 Fe 12.22 0.36 2 11.85 12.58 100.0 Fe 11.72 0.72 20 9.83 12.73 100.0
Cu 29.25 Cu 29.84 0.21 3 29.56 30.07 100.0 Cu 29.44 0.29 2 29.15 29.72 100.0 Cu 29.19 0.52 20 27.25 29.81 100.0
Zn 2.46 Zn 3.10 0.28 3 2.71 3.34 100.0 Zn 1.73 0.17 2 1.56 1.90 100.0 Zn 2.48 0.69 20 1.85 4.27 100.0
Pb  Pb Pb 0.10 0.00 1 0.10 0.10 50.0 Pb
As  As As As
Sb  Sb Sb Sb 0.12 0.04 2 0.07 0.16 10.0
Sn 25.97 Sn 27.17 0.23 3 26.93 27.49 100.0 Sn 27.86 0.37 2 27.49 28.23 100.0 Sn 26.59 1.15 20 24.13 28.51 100.0
Co 0.01 Co 0.03 0.00 2 0.03 0.03 66.7 Co Co 0.02 0.01 13 0.01 0.03 65.0
Mn  Mn Mn Mn 0.01 0.00 3 0.01 0.02 15.0
Hg  Hg 0.12 0.00 1 0.12 0.12 33.3 Hg 0.14 0.00 1 0.14 0.14 50.0 Hg 0.13 0.03 6 0.10 0.18 30.0
Ag  Ag Ag Ag 0.13 0.08 7 0.04 0.25 35.0
Ge  Ge Ge Ge 0.00 0.00 5 0.00 0.01 25.0
Se 0.07 Se Se Se 0.06 0.02 2 0.04 0.07 10.0
In 1.47 In 0.14 0.04 3 0.10 0.19 100.0 In 0.15 0.05 2 0.10 0.20 100.0 In 1.05 0.99 20 0.11 3.21 100.0
Cd  Cd 0.05 0.00 1 0.05 0.05 33.3 Cd Cd 0.05 0.02 3 0.04 0.08 15.0
Total 99.87 Total 99.88 Total 101.13 Total 100.72

MZ MZP ME

 
 

Corvo (SE area) Neves

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq.
S 29.26 0.32 5 28.70 29.60 100.0 S 29.27 0.57 13 28.71 30.33 100.0
Fe 11.44 0.10 5 11.28 11.55 100.0 Fe 10.95 0.15 13 10.58 11.12 100.0
Cu 28.26 0.60 5 27.87 29.46 100.0 Cu 28.41 0.23 13 27.95 28.82 100.0
Zn 2.86 0.48 5 2.37 3.55 100.0 Zn 2.95 0.15 13 2.63 3.14 100.0
Pb Pb 0.12 0.01 3 0.11 0.14 23.1
As As
Sb Sb
Sn 27.43 0.38 5 26.92 27.91 100.0 Sn 26.67 0.25 13 26.21 27.00 100.0
Co Co 0.01 0.00 2 0.01 0.01 15.4
Mn Mn
Hg 0.09 0.00 1 0.09 0.09 20.0 Hg 0.12 0.01 2 0.11 0.14 15.4
Ag 0.03 0.00 1 0.03 0.03 20.0 Ag
Ge 0.00 0.00 1 0.00 0.00 20.0 Ge 0.00 0.00 1 0.00 0.00 7.7
Se Se 0.13 0.04 13 0.07 0.17 100.0
In 0.72 0.35 5 0.17 1.12 100.0 In 1.30 0.20 13 0.98 1.66 100.0
Cd Cd
Total 100.10 Total 99.95

MZ MCZ
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b) Ferrokesterite 

 

Ferrokesterite has been found in the MCZ, MZ and MZP ore samples from the Lombador and 

Corvo orebodies (Tables 62 and 63; Figure 85). Copper (up to 30.07 wt%), tin (up to 28.25 

wt%), zinc (up to 6.96 wt%) and iron (up to 10.12 wt%) concentrations are relatively uniform 

the in ferrokesterite grains found throughout the different ore types. The Fe/(Fe+Zn) ratios 

range between 0.60 and 0.70, and, as for stannite, there is no obvious correlation between the 

ratio values and the various ore types (Figure 76). Measurable indium concentrations (up to 

0.35 wt%, averaging 0.20 wt% In) were found in all ferrokesterite grains analyzed, the highest 

indium content being found in a single ferrokesterite grain from the MZ ore at the Lombador 

orebody (Table 63). Concentrations of other trace elements are generally low (<0.1 wt%) or 

below the detection limit. Nevertheless, detectable mercury concentrations (up to 0.25 wt%) 

can be found in some individual ferrokesterite grains. 

The calculated chemical composition for ferrokesterite based on its average bulk composition 

is: 

• Cu1.98In0.01(Zn0.37Fe0.74)1.12Sn0.99S3.90. 

The averaged chemical formulas of ferrokesterite separated by ore type are as follows: 

• MCZ: Cu0.11In0.01(Zn0.37Fe0.75)1.11Sn0.98S3.90, with up to 0.01 apfu of Cd; 

• MZ: Cu1.95In0.01(Zn0.40Fe0.74)1.14Sn0.99S3.91, with up to 0.01 apfu of Hg and Cd; 

• MZP: Cu1.99(Zn0.34Fe0.72)1.06Sn1.05S3.89. 

 

 
Table 62. Average chemical composition of ferrokesterite from the different ore types studied (values in wt%; n – 
number of analyses; Comp. – average bulk composition; MCZ – massive copper-zinc ore; MZ – massive zinc ore; 
MZP massive zinc-lead ore). 
 

Comp.
MCZ MZ MZP

n 19 13 5 1
S 29.00 29.10 28.87 28.34
Fe 9.64 9.71 9.55 9.10
Cu 29.25 29.48 28.76 28.64
Zn 5.63 5.60 5.83 5.02
Pb  
As  
Sb  
Sn 27.16 27.09 27.12 28.25
Co 0.02 0.02 0.03  
Mn  
Hg 0.19 0.16 0.20 0.25
Ag 0.03 0.03 0.03  
Ge 0.00 0.00
Se  
In 0.20 0.21 0.19 0.06
Cd 0.08 0.08 0.09 0.12
Total 101.19 101.47 100.67 99.78

Massive sulphide ore
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Figure 85. Plot of the Fe/(Fe+Zn) ratios (apfu) for ferrokesterite from the various ore types. The Fe/(Fe+Zn) ratio for 
“ideal ferrokesterite” composition is plotted for comparison. 
 

 
Table 63. Average chemical composition of ferrokesterite from the MCZ, MZ, MZP ores at the Lombador orebody, 
and from the MZ ore at the Corvo orebody (SE area) (values in wt%; σ – standard deviation; n – number of 
analyses; min – minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a 
particular element occurs above the detection limit; in percent); MCZ – massive copper-zinc ore; MZ – massive 
zinc ore; MZP - massive zinc-lead ore). 
 
Lombador Corvo (SE area)

MZ

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq.
S 29.10 0.13 13 28.87 29.33 100.0 S 28.82 0.29 4 28.34 29.05 100.0 S 28.34 S 29.04
Fe 9.71 0.30 13 9.08 10.12 100.0 Fe 9.52 0.43 4 9.08 9.96 100.0 Fe 9.10 Fe 9.67
Cu 29.48 0.55 13 28.44 30.07 100.0 Cu 28.55 0.08 4 28.44 28.64 100.0 Cu 28.64 Cu 29.61
Zn 5.60 0.51 13 4.71 6.96 100.0 Zn 5.95 0.70 4 5.02 6.96 100.0 Zn 5.02 Zn 5.33
Pb Pb Pb  Pb  
As As As  As  
Sb Sb Sb  Sb  
Sn 27.09 0.32 13 26.24 27.49 100.0 Sn 27.03 0.74 4 26.24 28.25 100.0 Sn 28.25 Sn 27.47
Co 0.02 0.01 9 0.01 0.04 69.2 Co 0.02 0.01 2 0.01 0.04 50.0 Co  Co 0.04
Mn Mn Mn  Mn  
Hg 0.16 0.02 3 0.12 0.18 23.1 Hg 0.20 0.04 3 0.17 0.25 75.0 Hg 0.25 Hg  
Ag 0.03 0.00 1 0.03 0.03 7.7 Ag 0.03 0.00 1 0.03 0.03 25.0 Ag  Ag  
Ge Ge 0.00 0.00 1 0.00 0.00 25.0 Ge 0.00 Ge  
Se Se Se  Se  
In 0.21 0.09 13 0.06 0.35 100.0 In 0.19 0.13 4 0.06 0.35 100.0 In 0.06 In 0.20
Cd 0.08 0.02 11 0.05 0.13 84.6 Cd 0.10 0.02 4 0.07 0.13 100.0 Cd 0.12 Cd 0.05
Total 101.47 Total 100.43 Total 99.78 Total 101.41

MCZ MZ MZP

 
 

 
c) Kesterite 

 

Kesterite has been found in the MCZ ore at the Lombador orebody, as well as in the MZ ore at 

the Zambujal orebody. In both cases, their composition show iron (2.42 to 5.91 wt%, 

averaging 5.06 wt% Fe) and zinc (8.51 and 12.46 wt%, averaging 10.67 wt% Zn) 

concentrations that are in excess relative to the ideal chemical formula of kesterite 

(Cu2ZnSnS4) (Tables 64 and 65; Figure 86), which are a likely consequence of intimate 

intergrowths with stannite (Figure 84). The Fe/(Fe+Zn) ratios in kesterite range from 0.19 to 

0.44 (averaging 0.36), but, once again, show no obvious compositional relationship with the 

different ore types.  
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Copper and tin concentrations reach up to 31.07 wt% (averaging 29.34 wt% Cu) and 27.27 

wt% (averages 26.83 wt% Sn), respectively. Above detection limit concentrations of indium 

(up to 0.17 wt%, averaging 0.11 wt% In) can be found in over 90% of the kesterite grains 

analyzed (Table 65). As for stannite and ferroskesterite, concentrations of other trace 

elements are generally low (<0.1 wt%) or below the detection limit. Nevertheless, noticeable 

mercury (up to 0.15 wt%) and selenium (up to 0.33 wt%) concentrations can be found in 

single kesterite grains from the MZ ore at the Zambujal orebody (Table 65).  

The calculated chemical composition for kesterite based on its average bulk composition is: 

• Cu2.00(Zn0.71Fe0.39)1.10Sn1.005S3.91. 

The averaged chemical formulas of kesterite separated by ore type are as follows: 

• MCZ:  Cu2.00In0.01(Zn0.73Fe0.41)1.14Sn0.98S3.88; 

• MZ: Cu2.00(Zn0.69Fe0.36)1.05Sn0.98(Se0.01S3.95)3.96. 

 

 
Table 64. Average chemical composition of kesterite from the various ore types studied (values in wt%; n – number 
of analyses; Comp. – average bulk composition; MCZ – massive copper-zinc ore; MZ – massive zinc ore). 
 

Comp.
MCZ MZ

n 13 7 6
S 28.95 28.84 29.08
Fe 5.06 5.37 4.69
Cu 29.34 29.47 29.20
Zn 10.67 11.00 10.29
Pb 0.11 0.11
As 0.08 0.08
Sb
Sn 26.83 26.94 26.69
Co 0.02 0.02
Mn
Hg 0.13 0.13
Ag
Ge
Se 0.15 0.15
In 0.11 0.14 0.07
Cd 0.06 0.06
Total 101.51 101.78 100.55

M. sulphide ore

 
 

 
Figure 86. Plot of the Fe/(Fe+Zn) ratios (apfu) for kesterite from the MCZ and MZ ore types. The range of 
Fe/(Fe+Zn) ratios for “ideal kesterite” is plotted for comparison. 
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Table 65. Average chemical composition of kesterite from the MCZ ore at the Lombador and Corvo (SE area) 
orebodies, and from the MZ ore at the Zambujal orebody (values in wt%; σ – standard deviation; n – number of 
analyses; min – minimum value; max – maximum value; Abs. Freq. – absolute frequency (number of times a 
particular element occurs above the detection limit; in percent); MCZ – massive copper-zinc ore; MZ – massive 
zinc ore). 
 
Lombador Corvo (SE area) Zambujal

average σ n min max Abs. 
Freq. average σ n min max Abs. 

Freq. average σ n min max Abs. 
Freq.

S 28.85 0.11 3 28.70 28.94 100.0 S 28.83 0.10 4 28.73 28.94 100.0 S 29.08 0.43 6 28.32 29.68 100.0
Fe 5.53 0.38 3 4.99 5.80 100.0 Fe 5.25 0.32 4 4.99 5.80 100.0 Fe 4.69 1.27 6 2.42 5.91 100.0
Cu 29.49 0.13 3 29.36 29.67 100.0 Cu 29.44 0.13 4 29.36 29.67 100.0 Cu 29.20 1.36 6 27.11 31.07 100.0
Zn 10.78 0.70 3 10.25 11.77 100.0 Zn 11.16 0.52 4 10.32 11.77 100.0 Zn 10.29 1.42 6 8.51 12.46 100.0
Pb Pb Pb 0.11 0.00 1 0.11 0.11 16.7
As As As 0.08 0.02 2 0.06 0.10 33.3
Sb Sb Sb
Sn 26.99 0.17 3 26.83 27.23 100.0 Sn 26.91 0.19 4 26.78 27.23 100.0 Sn 26.69 0.56 6 25.61 27.27 100.0
Co 0.02 0.00 1 0.02 0.02 33.3 Co 0.02 0.00 1 0.02 0.02 25.0 Co
Mn Mn Mn
Hg Hg Hg 0.13 0.01 3 0.12 0.15 50.0
Ag Ag Ag
Ge Ge Ge
Se Se Se 0.15 0.09 5 0.08 0.33 83.3
In 0.15 0.02 3 0.12 0.17 100.0 In 0.13 0.01 4 0.12 0.15 100.0 In 0.07 0.03 5 0.04 0.13 83.3
Cd Cd Cd 0.06 0.03 3 0.04 0.10 50.0
Total 101.82 Total 101.75 Total 100.55

MCZ MCZ MZ

 
 

 
d) Mawsonite 

 

Mawsonite is a minor component occurring as discrete anhedral (≤100 µm) grains along 

chalcopyrite grain boundaries in the high-grade (>35 wt% Cu) MC ore lens located in the 

central-W sector of the Lombador orebody. 

Mawsonite is approximately stoichiometric (Table 66 and Figure 87), although detectable 

concentrations of selenium (up to 0.26 wt%, averaging 0.21 wt% Se) were found in the 

analyzed grains. Copper, iron and tin concentrations in mawsonite reach up to 42.51 wt% 

(averaging 42.2 wt% Cu), 14.81 wt% (averaging 13.61 wt% Fe) and 14.09 wt% (averaging 

13.73 wt% Sn), respectively. 

Concentrations of other trace elements (e.g., Ag, Zn, In) are generally below the detection 

limit. Nevertheless, it should be mentioned that mawsonite contains the highest germanium 

concentration found (up to 0.04 wt%) in the analyzed sulphide mineral assemblage. 

The calculated chemical formula for mawsonite based on its average bulk composition is: 

• Cu5.43Fe2.00Sn0.95(Se0.02S7.59). 
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Table 66. Average composition of mawsonite from the high-grade (>35 wt% Cu) MC ore lens found at the 
Lombador orebody (values in wt%; σ – standard deviation; n – number of analyses; min – minimum value; max – 
maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the detection 
limit; in percent); MC – massive copper). 
 

Average σ n min max Abs. 
Freq.

S 29.62 0.81 7 28.87 31.08 100.0
Fe 13.61 0.51 7 13.21 14.81 100.0
Cu 42.02 0.78 7 40.13 42.51 100.0
Zn
Pb
As 0.03 0.00 1 0.03 0.03 14.3
Ni
Sb
Sn 13.73 0.57 7 12.37 14.09 100.0
Co 0.02 0.03 7 0.01 0.09 100.0
Mn
Hg
Ag 0.04 0.00 1 0.04 0.04 14.3
Ge 0.02 0.01 7 0.01 0.04 100.0
Se 0.21 0.04 7 0.13 0.26 100.0
In
Cd
Total 99.31  

 

 
Figure 87. Average concentration for selected trace elements in the mawsonite grains found in the high-grade (>35 
wt% Cu) MC ore lens at the Lombador orebody. 
 

 
e) Stannoidite 

 

Stannoidite, like mawsonite, is a minor component occurring as discrete anhedral (≤100 µm) 

grains along chalcopyrite grain boundaries in the high-grade (>35 wt% Cu) MC ore lens at the 

Lombador orebody. However, only one acceptable microprobe analysis of stannoidite was 

executed (Table 67). The later shows slight iron depletion (9.52 wt%) and zinc excess (4.53 

wt%) relative to mawsonite ideal composition. Detectable selenium concentrations (0.13 wt%) 

could also be measured. Concentrations of other trace elements are below the detection limit. 

The chemical formula of the stannoidite analyzed is: 

• Cu7.49(Fe2.24Zn0.91)3.15Sn2.29(Se0.02S12.03). 

 

0 0.05 0.1 0.15 0.2 0.25 

Zn 
Pb 
As 
Ni 

Sb 
Co 
Mn 
Hg 
Ag 
Ge 
Se 
In 

Cd 

wt% 



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 
 

312 | P a g e  
	  

Table 67. Chemical composition of the stannoidite analyzed from the high-grade (>35 wt% Cu) MC ore lens at the 
Lombador orebody (MC – massive copper ore).  
 

MC

S 29.35
Fe 9.52
Cu 36.23
Zn 4.53
Pb  
As  
Ni  
Sb  
Sn 20.67
Co  
Mn  
Hg  
Ag  
Ge  
Se 0.13
In  
Cd  
Total 100.43  

 

 
5.4.3.5. Naumanite 

 

Naumanite is a minor ore component and occurs associated to galena in the high-grade (>35 

wt% Cu) MC ore lens occurring at the Lombador orebody. Naumanite is almost stoichiometric 

(Table 68), incorporating only minor amounts of iron (up to 0.36 wt%), copper (up to 0.60 

wt%), arsenic (0.79 wt%) and cadmium (up to 0.43 wt%). Zinc concentrations slightly above 

the detection limit (0.01 wt%) were also found in some naumanite grains. Concentrations of 

other trace elements (e.g., Pb, Te) are below the detection limit. 

The calculated chemical formula for naumanite based on its average bulk composition is: 

• (Ag1.99Cu0.01Fe0.01)2.01(Se0.91As0.02S0.05)0.98. 

 

 
Table 68. Average chemical composition of naumanite from the high-grade (>35 wt% Cu) MC ore lens at the 
Lombador orebody (values in wt%; σ – standard deviation; n – number of analyses; min – minimum value; max – 
maximum value; Abs. Freq. – absolute frequency (number of times a particular element occurs above the detection 
limit; in percent); MC – massive copper). 
 

average σ n min max Abs. 
Freq.

S 0.52 0.14 7 0.33 0.81 100.0
Fe 0.17 0.11 6 0.03 0.36 85.7
Cu 0.28 0.18 7 0.06 0.60 100.0
Zn 0.03 0.00 3 0.03 0.04 42.9
Pb
As 0.54 0.10 7 0.46 0.79 100.0
Ag 73.92 0.46 7 73.27 74.74 100.0
Se 24.81 0.47 7 24.21 25.56 100.0
Cd 0.36 0.06 7 0.28 0.43 100.0
Te
Total 100.63

Massive sulphide ore
MC
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5.4.3.6. Idaite 

 

Idaite is a minor ore component occurring as discrete anhedral (≤80 µm) grains along the 

chalcopyrite grain boundaries in the high-grade (>35 wt% Cu) MC ore lens located in the 

central-W sector of the Lombador orebody. 

Idaite chemical composition varies within the limits permitted by the fluctuations admitted in its 

copper and iron contents (Ottemann and Frenzel (1971) in Constantinou, 1975). The copper 

concentrations measured in the idaite grains range between 50.86 wt% and 55.96 wt%, 

whereas iron concentrations range between 9.91 wt% and 14.28 w%. Moreover, small 

amounts of zinc (up to 0.06 wt%), silver (0.03 wt%) and selenium (up to 0.10 wt%) could also 

be found in the analyzed grains (Table 69). Concentrations of other trace elements are 

generally below the detection limit. 

The chemical compositions of the idaite grains analyzed vary between the end-members 

represented by Cu4.96FeS6.02 and Cu3.02Fe0.92S4.05. 

 

 
Table 69. Chemical composition of idaite from the high-grade (>35 wt% Cu) MC ore lens at the central-W sector of 
the Lombador orebody (values in wt%; MC – massive copper ore). 
 

S 34.29 34.06 35.09
Fe 9.91 14.28 13.06
Cu 55.96 50.86 51.40
Zn  0.06  
Ag 0.03   
Se 0.10 0.05  
In    
Total 100.30 99.31 99.55

MC

Massive sulphide ore

 
 

 

5.4.4. Trace ore sulphides 

 
5.4.4.1. Lead-bismuth sulphosalts 

 

The microprobe analyses performed on the selenium-bearing lead-bismuth sulphosalts 

(Figure 88) enabled the identification of several mineral phases that include gustavite, 

cosalite, possible junoite, cannizzarite and wittite, and a number of other unclassified Pb-Bi(-

Cu,Ag,Se) intermediate compositions (Tables 70 to 75, and Figure 89). As previously 

described, the complex seleniferous lead-bismuth sulphosalts occur mainly in chlorite-altered 

copper stockwork (FC) ore samples located in the central-W sector of the Lombador orebody 

(Type I alteration zone). The referred sulphosalts are characterized by fine-grained 
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intergrowths of leafy crystals associated with tetrahedrite in late metallogenetic chalcopyrite(-

sphalerite) veins and veinlets that either cross-cut, re-open and/or re-fill pyrite, cobaltite and 

arsenopyrite fractures and/or spaces between these grains. The lead-bismuth sulphosalts 

were also found, by means of scanning electron microscopy, in one tectonically-enriched MCZ 

ore sample from the Zambujal orebody. These occur mainly as anhedral fine-grained (≤5 µm) 

blebs on the grain boundaries of annealed chalcopyrite, or in the contact between 

chalcopyrite-tetrahedrite and/or chalcopyrite-tetrahedrite-sphalerite, as well as within 

tetrahedrite as anhedral to euhedral inclusions of variable size (<1 - 10 µm). 

 

 

 
Figure 88. Photomicrograph of the mode of occurrence of the lead-bismuth sulphosalts found in some of the FC 
ore samples from the central-W sector of the Lombador orebody. Cpy – chalcopyrite; Gn – galena; Td – 
tetrahedrite. 
 

 
a) Gustavite 

 

Gustavite chemical composition (Table 70) slightly deviates from its ideal formula (PbAgBi3S6; 

Anthony et al., 2003) due to a small lead depletion (16.26 wt%) and iron (0.54 wt%), copper 

(0.50 wt%), arsenic (0.48 wt%) and antimony (1.86 wt%) relative enrichments, which suggest 

the presence of fine-intergrowths of tetrahedrite and/or other mineral phases (see 5.3.3.2). 

Despite the depletion in lead, the Pb/Bi ratio (0.31) and the silver content measured (8.17 

wt%) are within the compositional range reported for gustavite (Anthony et al., 2003). 

Selenium concentrations above the detection limit (0.15 wt%) were also measured in the 

gustative grain analyzed. Concentrations of other trace elements are below the detection limit. 

The chemical formula of the gustavite grain analyzed is: 

• Pb0.84(Ag0.81Cu0.08)0.89(Bi2.68Sb0.16)2.84(Se0.02S6.16)6.18. 
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Table 70. Chemical composition of gustavite found at the Lombador orebody FC ore (FC – copper stockwork ore). 
 

S 18.45
Fe 0.54
Cu 0.50
Zn  
Pb 16.26
As 0.48
Sb 1.86
Sn  
Co 0.04
Mn  
Ag 8.17
Au  
Bi 52.29
Se 0.15
In  
Cd  
Tl
Te
Total 98.78

FC

 
 

b) Cosalite 

 

As gustavite, the cosalite chemical composition (Table 71) also deviates from its ideal 

composition (Pb2Bi2S5; Anthony et al., 2003) due to bismuth depletion (35.89 wt%) and 

relative enrichments in copper (1.18 wt%), antimony (3.69 wt%), silver (1.87 wt%) and, to a 

lesser extent, zinc (0.72 wt%) and iron (0.12 wt%). Collectively, these compositional 

characteristics suggest the presence of fine-intergrowths of tetrahedrite in cosalite. 

Nevertheless, the lead concentration measured (37.42 wt%), as well as the Pb/Bi ratio (1.05) 

both fall within the compositional range admitted for cosalite (Anthony et al., 2003). Significant 

selenium concentrations (1.63 wt%) were also found in a single cosalite grain, but 

concentrations of other trace elements are below the detection limit. 

The calculated chemical formula is: 

• (Pb1.62Cu0.17Ag0.16Zn0.10)2.06(Bi1.54Sb0.27)1.82(Se0.19S4.93)5.12. 

 
Table 71. Chemical composition of cosalite based on a single analysis performed on the FC ore from the Lombador 
orebody (FC – copper stockwork ore). 
 

S 17.58
Fe 0.12
Cu 1.18
Zn 0.72
Pb 37.42
As  
Ni  
Sb 3.69
Sn  
Co 0.01
Mn  
Hg  
Ag 1.87
Au  
Bi 35.89
Ge  
Se 1.63
In  
Cd  
Tl
Te
Total 100.11

FC
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c) Junoite (?) 

 

Three analyses performed on the complex lead-bismuth sulphide assemblage display a 

composition that seem to correspond to junoite (Table 72). However, noticeable 

concentrations of trace elements such as silver (up to 1.36 wt%, averaging 0.52 wt% Ag), 

antimony (up to 0.89 wt%, averaging 0.87 wt% Sb) and, to a lesser extent, iron (up to 0.21 

wt%, averaging 0.14 wt% Fe), as well as the variably modified analytical totals deviate the 

grains composition from junoite ideal composition (Pb3Cu2Bi8(Se,S)16; Anthony et al., 2003). 

Nevertheless, the calculated Pb/Bi ratios obtained (0.31 to 0.38) are within the compositional 

range reported for junoite (Large and Mumme, 1975; Anthony et al., 2003), and the presence 

of junoite at Neves Corvo have already been reported by Pinto et al. (2013) in the MZP ore 

from the Zambujal orebody. The lead and copper concentrations are relatively uniform, 

ranging from 18.01 to 19.46 wt% (averages 18.55 wt% Pb) and from 2.85 to 3.35 wt% 

(averages 3.11 wt% Cu), respectively. Bismuth concentrations are more variable, ranging 

from about 50.79 to 58.50 wt% (averaging 53.52 wt% Bi). Concentrations on selenium are 

equally variable, ranging from 4.77 to 9.79 wt% (averaging 7.33 wt% Se). Concentrations on 

other trace elements are usually low (<0.1 wt%) or below the detection limit. Nevertheless 

significant mercury concentrations (up to 0.69 wt%) were found in single grain analysis, and 

together with the remaining trace elements (Sb, Ag, Fe) seem to reflect the presence of fine-

grained intergrowths of tetrahedrite and/or other lead-bismuth mineral phases with junoite. 

The calculated chemical formula for the junoite mineral phases is: 

• Pb2.87(Cu1.56Ag0.16)1.72(Bi8.18Sb0.15)8.33(Se2.99S12.92)15.90, locally displaying up to 0.01 apfu 

of Sn and Mn. 

 
Table 72. Average chemical composition of possible junoite from the FC ore at the Lombador orebody (values in 
wt%; σ – standard deviation; n – number of analyses; min – minimum value; max – maximum value; Abs. Freq. – 
absolute frequency (number of times a particular element occurs above the detection limit; in percent); FC – copper 
stockwork ore). 
 

average σ n min max Abs. 
Freq.

S 12.98 1.34 3 11.08 13.95 100.0
Fe 0.14 0.07 3 0.05 0.21 100.0
Cu 3.11 0.25 3 2.85 3.45 100.0
Zn 0.04 0.02 2 0.04 0.08 66.7
Pb 18.55 0.65 3 18.01 19.46 100.0
As  
Ni  
Sb 0.58 0.03 2 0.84 0.89 66.7
Sn  
Co 0.08 0.05 2 0.02 0.13 66.7
Mn 0.01 0.00 1 0.01 0.01 33.3
Hg 0.35 0.00 1 0.69 0.69 33.3
Ag 0.52 0.60 3 0.03 1.36 100.0
Bi 53.52 3.53 3 50.79 58.50 100.0
Se 7.33 2.05 3 4.77 9.79 100.0
In  
Cd 0.05 0.01 2 0.04 0.06 66.7
Tl
Te
Total 97.24

FC
Stockwork ore
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d) Selenium-bearing cannizzarite (?) 

 

Four electron microprobe analyses performed on the complex lead-bismuth sulphosalt 

assemblage display a composition that may correspond to the mineral cannizzarite 

(Pb46Bi54S127; Anthony et al., 2003) (Table 73). However, the presence of fairly significant 

concentrations of copper (up to 1.44 wt%, averaging 0.83 wt% Cu), silver (up to 1.76 wt%, 

averaging 1.10 wt% Ag), antimony (up to 0.78 wt%, averaging 0.47 wt% Sb) and, to a lesser 

extent, iron (up to 0.40 wt%, averaging 0.23 wt% Fe) and zinc (up to 0.15 wt%, averaging 0.10 

wt% Zn) represent shifts relative to the ideal composition of cannizzarite (Pb46Bi54S127; 

Anthony et al., 2003), and suggest the presence of fine-grained intergrowths of tetrahedrite 

(see Figure 88). Nevertheless, the measured lead (33.98 to 36.12 wt%, averaging 35.01 wt% 

Pb) and bismuth (43.01 to 44.42 wt%, averaging 43.70 wt% Bi) concentrations, as well as the 

calculated Pb/Bi ratios (0.78 to 0.85) are within the compositional range displayed by 

cannizzarite (Mozgova et al., 1985; Borodaev et al., 2000; Anthony et al., 2003). Selenium 

concentrations are variable, and range from 1.61 to 3.95 wt% (averaging 2.65 wt% Se), and 

concentrations on other trace elements are generally low (<0.1 wt%) or below the detection 

limit. 

The calculated chemical formula for the possible selenium-bearing cannizzarite is: 

• (Pb41.40Cu3.20Fe1.00Ag2.47Zn0.39)48.46(Bi51.23Sb0.95)52.18(Se8.27S117.70)125.98. 

 

 
Table 73. Average chemical composition of possible cannizzarite from the FC ore at the Lombador orebody (values 
in wt%; σ – standard deviation; n – number of analyses; min – minimum value; max – maximum value; Abs. Freq. – 
absolute frequency (number of times a particular element occurs above the detection limit; in percent); FC – copper 
stockwork). 
 

average σ n min max Abs. 
Freq.

S 15.43 1.15 4 14.02 16.78 100.0
Fe 0.23 0.12 4 0.07 0.40 100.0
Cu 0.83 0.47 4 0.15 1.44 100.0
Zn 0.10 0.04 4 0.06 0.15 100.0
Pb 35.01 1.03 4 33.98 36.12 100.0
As 0.05 0.09 4 0.00 0.21 100.0
Ni 0.00 0.00 4 0.00 0.01 100.0
Sb 0.47 0.19 4 0.26 0.78 100.0
Sn 0.00 0.00 4 0.00 0.00 100.0
Co 0.02 0.01 4 0.01 0.03 100.0
Mn
Hg 0.02 0.02 4 0.00 0.05 100.0
Ag 1.10 0.48 4 0.55 1.76 100.0
Au 0.01 0.01 2 0.00 0.01 50.0
Bi 43.70 0.52 4 43.01 44.42 100.0
Se 2.65 0.88 4 1.61 3.95 100.0
In 0.00 0.00 2 0.00 0.00 50.0
Cd 0.05 0.03 4 0.00 0.06 100.0
Tl
Te
Total 99.66

FC
Stockwork ore
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e) Wittite (?) 

 

The analyses performed on the complex lead-bismuth sulphide assemblage enabled the 

identification of a mineral phase close to wittite composition (Pb3Bi4(SeS)9; Anthony et al., 

2003), although fairly significant copper (1.09 wt%), silver (1.76 wt%) and antimony (0.96 

wt%) concentrations were measured as well (Table 74). The presence of these trace elements 

however deviate the composition of this mineral phase from wittite ideal composition. 

Nevertheless, the lead (32.96 wt%), bismuth (45.32 wt%), selenium (4.06 wt%), as well as the 

calculated Pb/Bi ratio (0.73) are within the compositional range displayed by cannizzarite 

(Nozgova et al., 1992; Anthony et al., 2003). Concentrations on other trace elements are 

below the detection limit. 

The calculated chemical formula of the wittite crystal analyzed is: 

• (Pb2.72Cu0.29Ag0.28Fe0.05Zn0.02)3.36(Bi3.70Sb0.13)3.84(Se0.88S7.91)8.79. 

 

 
Table 74. Chemical composition of possible wittite from the FC ore at the Lombador orebody (FC – copper 
stockwork ore). 
 

S 14.87
Fe 0.15
Cu 1.09
Zn 0.08
Pb 32.96
As  
Ni  
Sb 0.95
Sn  
Co 0.01
Mn  
Hg  
Ag 1.76
Au  
Bi 45.32
Ge  
Se 4.06
In  
Cd 0.08
Tl
Te
Total 101.33

FC

 
 

 
f) Unknown selenium-bearing lead-bismuth intermediate mineral phases 

 

Other selenium-bearing lead-bismuth mineral phases (Table 75) seem to include a number of 

phases with intermediate compositions, characterized by relatively uniform bismuth (40.25 to 

43.75 wt%) and sulphur (13.92 to 15.96 wt%) concentrations, and widely variable contents of 

lead (31 to 38.34 wt%), copper (0.71 to 2.21 wt%), antimony (0.68 to 5.65 wt%), silver (0.39 to 
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2.19 wt%) and selenium (1.04 to 4.44 wt%). Concentrations of other trace elements are 

generally low (<0.1 wt%) or below the detection limit. Noticeable iron concentrations (up to 

0.84 wt%) are found in almost all the grains analyzed, and fairly high zinc concentrations (up 

to 1.38 wt%) were found in a single grain. As mentioned above, the presence of detectable 

antimony, coupled with the iron and zinc contents and the optical inspection, is suggestive that 

some of these contents may result from fine-grained intergrowths of tetrahedrite and/or other 

mineral phases.  

The calculated Pb/Bi ratios range between 0.75 and 0.93. By projecting the unknown 

selenium-bearing lead-bismuth intermediate phases analysis (in terms of atomic proportion) in 

the Bi2S3-Cu2S-Pb2S2 system (Figure 89), one can see that most of these mineral phases plot 

near the compositional interval defined by wittite and cosalite. The remaining analyses plot 

relatively close to the compositional range set by the intermediate mineral phase with a 

chemical composition close to nuffieldite (Pb2Cu(Bi,Sb,Pn)Bi2S7; Anthony et al., 2003) but with 

chemical formula close to Cu4Pb11Bi16S37, reported by Marcoux et al. (1996).	   
 

 

 

Table 75. Chemical composition of the several unknown selenium-bearing lead-bismuth intermediate mineral 
phases found in FC ore samples from Lombador orebody. 
 

S 15.96 14.31 14.33 14.45 14.30 14.51 13.92
Fe 0.34 0.03 0.13   0.82 0.84
Cu 2.19 1.66 2.21 1.79 1.72 0.71 0.79
Zn 1.38 0.32   0.24 0.05 0.10
Pb 31.00 36.08 34.97 34.88 34.85 38.34 34.88
As        
Sb 5.65 1.24 2.62 2.61 2.74 0.68 0.91
Sn        
Co      0.01 0.02
Mn        
Hg 0.19       
Ag 0.39 1.03 1.12 1.28 1.30 1.74 2.19
Au        
Bi 41.50 42.68 40.25 40.76 40.34 41.20 43.75
Se 1.04 4.27 4.44 4.24 4.33 3.27 4.14
In        
Cd  0.07 0.08 0.05 0.06 0.04 0.06
Tl
Te
Total 99.64 101.69 100.14 100.05 99.89 101.37 101.59

FC
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Figure 89. Projection of the selenium-bearing lead-bismuth sulphosalt mineral assemblage studied (gustavite, 
cosalite, junoite (?), cannizzarite (?), wittite (?), unknown Pb-Bi phases) in the Bi2S3-Cu2S-(Bi,Sb)2S3 system. Ideal 
composition of lead-bismuth sulphosalts, as well as the compositional range for some phases are also projected for 
comparison. 1 – bismuthinite; 2 – pekoite; 3 – gladite; 4 krupkaite; 5 – linstromite; 6 – hammarite; 7 – friedrichite; 8 
– aikinite; 9 – nuffieldite; 10 and 10’ – cosalite; 11 – Se-cosalite; 12 – cannizzarite; 13 – wittite; 14 – compositional 
range of wittite; 15 – galenobismutite; 16 – gustavite; 17 – composition range of gustavite found in several IPB 
deposits; 18 – compositional range of the intermediate mineral phase with chemical formula close to 
Cu4Pb11Bi16S37 reported by Marcoux et al. (1996); 19 – junoite; 20 – junoite from Neves Corvo deposit; 21 – 
compositional range of junoite. 
 

 
5.4.4.2. Roquesite 

 

Roquesite is a relatively rare ore component, occurring mainly as submicroscopic grains (<10 

µm) in the massive sulphide copper (MC) and copper-zinc (MCZ) ore types, either in the 

dependence of the chalcopyrite grain boundaries, or within sphalerite grains with chalcopyrite 

disease as anhedral to subhedral grains. However, roquesite was also locally found in the 

massive barren (ME) ore at the Lombador orebody as anhedral grains (up to 20 µm) that are 

coarser grained and associated to widely variable proportions of stannite-chalcopyrite-

tetrahedrite-sphalerite that interstitially fill spaces between fractured and recrystallized pyrite 

crystals, as well as a recrystallized late generation of arsenopyrite crystals in the recrystallized 

pyritic groundmass. Due to its minute grain sizes, good electron microprobe analyses of 

roquesite grains were only possible in three cases at the ME ore from the Lombador orebody. 

Nevertheless, as it will be shown in the next chapter, scanning electron microscopy semi-

quantitative analyses performed on roquesite grains identified in the remaining ore types, and 
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in particularly in the MCZ ore at the Corvo orebody, provided semi-quantitative chemical 

compositions that are consistent with the microanalytical results. 

Roquesite is essentially stoichiometric (Table 76 and Figure 90). However, detectable 

concentrations in iron (up to 1.82 wt%, averaging 1.56 wt% Fe) and zinc (up to 1.07 wt%, 

averaging 0.71 wt% Zn) were found in the grains analyzed. Besides iron and zinc, the 

roquesite grains also show slight concentrations (<0.4 wt%) in antimony (up to 0.32 wt%), tin 

(up to 0.35 wt%), selenium (up to 0.17 wt%) and, to a lesser extent, cobalt (0.02 wt%) and 

cadmium (0.04 wt%). These metals occur slightly above the detection limit. It is interesting to 

notice that selenium concentrations in roquesite grains have also been reported by 

Hannington et al. (1999) and Schwarz-Schampera (2000) in roquesite grains from the 

chalcopyrite-rich stockwork and massive bornite ores at the Kidd Creek deposit, Ontario, 

Canada.  

The calculated chemical formula for the roquesite grains is:  

• Cu0.97In0.92Fe0.07Zn0.03S2.00, with up to 0.01 apfu of Sn and Se. 

 

 

Table 76. Average composition of roquesite from the ME ore at the Lombador orebody (values in wt%; σ – 
standard deviation; n – number of analyses; min – minimum value; max – maximum value; Abs. Freq. – absolute 
frequency (number of times a particular element occurs above the detection limit; in percent). 
 

average σ n min max Abs. 
Freq.

S 27.17 1.42 3 26.05 29.18 100.0
Fe 1.56 0.18 3 1.43 1.82 100.0
Cu 26.18 0.02 3 26.15 26.21 100.0
Zn 0.71 0.25 3 0.52 1.07 100.0
Sb 0.32 0.00 1 0.32 0.32 33.3
Sn 0.29 0.06 2 0.24 0.35 66.7
Co 0.01 0.00 2 0.01 0.02 66.7
Se 0.17 0.00 1 0.17 0.17 33.3
In 44.64 2.69 3 40.84 46.69 100.0
Cd 0.04 0.00 1 0.04 0.04 33.3
Total 101.10

Massive sulphide ore
ME

 
 
 

 
Figure 90. High-contrast backscattered image of roquesite (Rq) associated to stannite (Stn) in a groundmass 
dominated by arsenopyrite (Apy) and pyrite (Py), in a ME ore sample. Cpy – chalcopyrite. 
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5.5. Whole rock geochemistry 
 

5.5.1. Introduction 

 

A total of 65 ore samples representative of the various ore types and orebodies at the Neves 

Corvo deposit were selected for analysis of their major and minor element composition. The 

sample set comprises 16 mineralized (S ≥ 10 wt%) samples representative of various ore 

types occurring at the Lombador stockwork system, and 50 ore samples distributed 

throughout the Lombador, Corvo (SE area), Neves, Graça (SE area) and Zambujal massive 

sulphide orebodies (Table 77). All the analyzed samples correspond to drill cores. Some 

massive sulphide ore samples (LS630 3B 07, C647 8B 02, Z780 5B 04) collected during 

underground visits to the mine performed on a late stage of this study, were not included in 

the sample set selected for whole rock analysis due to time constrains. 

 

 
Table 77. Number of samples selected for whole rock geochemistry in each orebody per ore type. 

 

Orebody FE FC FZ MC MCZ MZ MZP MP ME Total
Lombador 3 7 6* 3 5 12 10 2 1 49
Corvo (SE area) 2 2 4
Neves 3 3
Graça (SW area) 2 2 4
Zambujal 3 1 1 5

Massive sulphide oreStockwork ore

 
*  – Including 2 samples representative of the zinc-rich stocwork mineralization tectonically emplaced into a hanging wall position (RZ) 

 

 

In this chapter, the chemical characterization of the different stockwork and massive sulphide 

ore types occurring in the various orebodies, as well as their correlations and interpretations, 

were ground on the full set of data available. Thus the data have been grouped and tabled in 

terms of average compositions and variation intervals in Tables 78, 80, and 82. The results for 

individual samples are presented in Appendix A6.  

The ore samples were analyzed at Activation Laboratories, Ltd (ActLabs), Canada. Major 

oxides, barium, strontium, vanadium and beryllium were analyzed by lithium 

metaborate/tetraborate fusion with subsequent analysis by ICP (FUS-ICP), and gold, 

selenium, arsenic, antimony, chromium, bromine and scandium were analyzed by 

instrumental neutron activation analysis (INAA). Sulphur was determined on a LECO analyzer 

(induction furnace coupled to infrared detectors), and copper, zinc and lead were analyzed by 

sodium peroxide fusion combined with ICP and ICP/MS (FUS-Na2O2). Silver and nickel were 

determined by total digestion followed by ICP analysis (TD-ICP), whereas the remaining 

elements (e.g., In, Ga, Ge, Mo, Sn, Bi, W, REE) were measured by lithium 
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metaborate/tetraborate fusion with subsequent analysis by ICP-MS (FUS-MS). Detection 

limits for indium and selenium are 0.1 ppm and 3 ppm, respectively. The analytical method 

used for each element, and the corresponding detection limits are tabled with the data. 

 

As previously emphasized, the sampling methodology in this study was as systematic as 

possible regarding the zinciferous ore types from the Lombador orebody, but followed a more 

surgical strategy at the remaining orebodies. Despite this asymmetry, the whole rock 

compositions obtained seem to be in good agreement with the mine data in terms of ore 

elements abundances for the different ore types and cooper and zinc resources within each 

orebody, and the characteristic metal zonation generally found both in fossil and in presently 

forming VHMS systems (e.g., Franklin et al., 1981; Koski et al., 1984; Auclair et al., 1987; 

Lydon, 1988; Large 1992; Hannington et al., 1986, 1999; Herzig and Hannington, 1995; 

Hannington and Scott, 1988; Ohmoto, 1996; Gemmell et al., 1998; Fouquet et al., 1998; 

Herzig et al., 1998; Petersen et al., 2000; Galley et al., 2007; Gibson et al., 2007; Kristall et 

al., 2011), including in the Neves Corvo system (e.g., Carvalho and Ferreira, 1994; Relvas, 

2000 and references therein; Gaspar, 2002; Relvas et al., 2006a), was clearly recognized out 

of our data as well. Hence, two main ore element associations were identified in the different 

ore types. A low-temperature polymetallic element suite (Zn, Pb, Ag, Au, Cd, Sn, Sb, As), 

which commonly display higher concentrations in the barren and zinc-rich ore types (FE, ME, 

FZ/RZ, MZ, MZP, MP), and a high-temperature element suite (Cu, Co, Bi, In, Se, ±Ag, ±Au) 

with generally higher concentrations in the copper-rich ore types (FC, MC, MCZ). However, 

some trace element signatures in the ores have been shifted from their “expected behavior” 

due to local scale mineralogical control, and/or syn- (e.g., zone refining, sulphide-sulphide 

replacements), and post-metallogenetic effects (e.g., remobilization, recrystallization, 

annealing due to tectono-metamorphic overprint). For instance, despite the overall copper, 

zinc and lead classical metal zonation (cf., Large, 1992), fairly high concentrations of elements 

with a general “zinc-affinity” in Neves Corvo, such as arsenic, antimony, gold and silver, were 

found in the cupriferous ores, whereas, in other cases, elements with a general “copper-

affinity” in Neves Corvo, such as indium, selenium or bismuth, could have been enriched in 

the zinciferous ores. In this section, the whole-rock geochemical data obtained in the course 

of this investigation was integrated with petrographic inspection and micro-analytical data so 

that the chemical signatures of the different ore types and orebodies could be interpreted as a 

function of the hydrothermal development (maturity) of the different orebodies, and of the 

complex redistribution/enrichment processes (e.g., indium and selenium) ascribed to strong 

overprinting effects associated to multiple events of hydrothermal reworking and subsequent 

tectono-metamorphism. 
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5.5.2. Stockwork ore 

 

The average composition and variation intervals for the major and minor elements of the 

barren (FE), copper (FC) and zinc (FZ) stockwork ore types, including those of the zinc-rich 

stockwork mineralization tectonically emplaced into a hanging wall position (RZ), are given in 

Table 78. 

The composition and variation intervals for the major oxides (SiO2, Al2O3, Fe2O3, MgO, Na2O, 

K2O) and for many minor elements (e.g., Ba, Rb, Sr) in the stockwork samples reflect the 

lithological nature of the host rock precursor (with variable preservation of relic domains), 

combined with the ore-related hydrothermal alteration and mineralization effects overprinted 

on those primary signatures.  

In terms of ore geochemistry, the composition of the different stockwork ore samples is 

consistent with the log and petrographic features recognized (Chapter 4), the ore distribution 

maps (Figure 48 to 50), the mineral chemical composition (Section 5.4.) and the spatial 

position relative to the axis of the feeder zone (Chapter 4). 

Copper, zinc and lead concentrations in the FE ore samples reach up to 0.81 wt% Cu 

(averaging 0.31 wt% Cu), 0.15 wt% Zn (averaging 0.09 wt% Zn) and 0.04 wt% Pb (averaging 

0.03 wt% Pb), whereas in the FC and FZ ore samples the concentration of these metals reach 

up to 5.62 wt% Cu (averaging 2.64 wt% Cu), 8.71 wt% Zn (averaging 3.02 wt% Zn) and 0.45 

wt% Pb (averaging 0.23 wt% Pb); and 0.91 wt% Cu (averaging 0.28 wt% Cu), 9.92 wt% Zn 

(averaging 5.58 wt% Zn) and 2.98 wt% Pb (averaging 1.32 wt% Pb), respectively. The 

relatively high average zinc content of the FC ore samples reflects the occurrence of 

significant sphalerite associated to pyrite and chalcopyrite. As reported in the previous 

chapter, sphalerite represents on average about 6% of the ore sulphides occurring in the FC 

ore samples, but locally can represent over 15% of the ore sulphides found. 

The copper and zinc contents of the RZ ore samples are fairly similar to those of the FZ ore 

samples. Nevertheless, the RZ ore samples show on average higher lead concentrations 

(2.39 wt%) than those representing the FZ ore type (Table 78 and Figure 91). The reasons for 

this are two fold: (1) the distal position in the hydrothermal system originally occupied by these 

ore samples, as the pristine lead to zinc ratio tends to increase outwards in the system; and 

(2) the lead enrichment due to preferential tectono-metamorphic remobilization of galena 

(which is more ductile) during the tectonic emplacement of the rubané ore package. 
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Table 78. Major and minor element concentrations of the different stockwork ores from the Lombador orebody (FE 
– barren stockwork ore; FC – copper stocwork ore; FZ – zinc stockwork ore; RZ – zinc rubané ore). 
 

avg.        
(n = 3) min max avg.        

(n = 7) min max avg.        
(n = 4) min max avg.        

(n = 2) min max Detection 
Limit

Analysis 
Method

Major Elements (%)
SiO2 34.55 2.46 59.00 26.14 9.58 55.54 48.63 32.15 66.96 25.61 24.04 27.18 0.01 FUS-ICP

Al2O3 6.46 2.11 9.36 7.52 2.27 15.10 5.52 4.88 6.53 7.07 5.01 9.12 0.01 FUS-ICP

Fe2O3(T) 34.82 19.08 55.95 37.13 19.50 51.12 19.60 13.02 23.58 32.69 32.61 32.76 0.01 FUS-ICP

MnO 0.19 0.01 0.53 0.06 0.02 0.16 0.03 0.01 0.04 0.10 0.04 0.16 0.001 FUS-ICP

MgO 1.34 0.08 3.78 0.95 0.07 3.24 0.18 0.10 0.38 2.75 2.20 3.30 0.01 FUS-ICP

CaO 0.25 0.06 0.61 0.10 0.01 0.25 0.19 0.02 0.45 0.44 0.14 0.73 0.01 FUS-ICP

Na2O 0.17 0.01 0.30 0.09 0.02 0.22 0.09 0.07 0.10 0.16 0.05 0.27 0.01 FUS-ICP

K2O 1.30 0.01 2.23 0.91 0.07 1.95 1.36 1.15 1.65 0.31 0.11 0.51 0.01 FUS-ICP

TiO2 0.42 0.20 0.59 0.18 0.02 0.54 0.12 0.06 0.27 0.12 0.07 0.17 0.001 FUS-ICP

P2O5 0.04 0.02 0.05 0.07 0.01 0.13 0.10 0.04 0.16 0.14 0.10 0.17 0.01 FUS-ICP

LOI 19.32 10.97 30.44 17.39 8.71 25.69 12.99 7.72 17.32 18.00 16.25 19.75 FUS-ICP

Total 98.86 90.54 88.79 87.37 0.01 FUS-ICP

S 15.27 13.10 18.50 23.87 10.40 39.40 15.32 9.99 19.70 15.05 14.70 15.40 0.01 IR

Cu 0.31 0.02 0.81 2.64 1.20 5.62 0.28 0.04 0.91 0.16 0.15 0.17 0.005 FUS-Na2O2

Zn 0.09 0.02 0.15 3.02 0.20 8.71 5.58 1.45 9.92 5.43 4.32 6.54 0.01 FUS-Na2O2

Pb 0.03 0.02 0.04 0.23 0.03 0.45 1.32 0.28 2.98 2.39 2.22 2.56 0.01 FUS-Na2O2

Minor Elements (ppm) 
Possible Payable or Accountable Metals
Ag 4.8 2.5 7.5 26.6 9.7 36.6 30.0 6.5 59.8 61.5 53.9 69.1 0.3 TD-ICP

Au (ppb) 118 <2 158 293 65 1050 717 33 2390 942 684 1200 2 INAA

In 5.1 0.4 9.7 13.5 5.4 20.1 3.1 2.0 4.1 4.1 3.4 4.7 0.1 FUS-MS

Se 36.0 30.0 42.0 159.6 49.0 230.0 43.0 4.0 116.0 3 INAA

Ga 10.7 7.0 14.0 29.6 9.0 77.0 22.0 9.0 31.0 16.0 11.0 21.0 1 FUS-MS

Ge 1.5 0.9 2.0 2.1 1.1 3.7 2.7 1.9 4.1 2.5 2.2 2.8 0.5 FUS-MS

Mo 4.0 <2 4.0 2.3 2.0 3.0 3.5 2.0 5.0 3.0 3.0 3.0 2 FUS-MS

Σ 62.1 234.0 104.9 2.4

Possible Penalty Metals
As 410.3 339.0 459.0 1693.9 325.0 4660.0 16629.3 667.0 40600.0 1340.0 1190.0 1490.0 0.5 INAA

Sb 45.0 37.3 54.9 169.3 84.7 342.0 354.3 67.1 764.0 568.0 472.0 664.0 0.2 INAA

Sn 1359 8 4060 155 33 345 557 41 1080 412 392 432 1 FUS-MS

Bi 40.4 1.1 116.0 108.0 15.9 502.0 6.0 1.8 9.4 29.5 24.2 34.7 0.1 FUS-MS

Cd 2.4 1.0 4.4 70.7 5.5 190.0 145.0 42.0 211.0 144.0 119.0 169.0 0.5 TD-ICP

Co 180.3 32.0 424.0 534.1 154.0 1590.0 30.0 1.0 103.0 6.5 6.0 7.0 1 FUS-MS

Ni 31.0 16.0 40.0 15.3 3.0 47.0 12.8 3.0 28.0 14.0 12.0 16.0 1 TD-ICP

Cr 35.7 15.0 51.0 41.7 28.0 51.0 22.0 6.0 38.0 54.0 54.0 54.0 5 INAA

Br 10.30 <0.5 10.30 0.5 INAA

Σ 2114.8 2787.8 17756.2 2568.0

Other Minor Elements
Ba 207.3 6.0 365.0 149.9 12.0 332.0 182.8 152.0 215.0 92.0 23.0 161.0 3 FUS-ICP

Y 14.9 12.1 16.9 14.0 3.2 39.4 8.7 5.3 15.1 17.6 15.9 19.2 0.5 FUS-MS

Zr 222.7 210.0 234.0 85.3 13.0 316.0 46.8 35.0 55.0 63.0 43.0 83.0 1 FUS-MS

Nb 8.1 4.4 11.9 5.9 1.0 11.3 6.1 5.6 7.1 7.1 5.2 9.0 0.2 FUS-MS

Rb 86 <1 97 42 3 83 67 62 75 17 5 28 1 FUS-MS

Sr 36 8 60 16 9 32 13 9 17 47 21 73 2 FUS-ICP

V 54 21 78 61 28 121 38 15 62 136 110 162 5 FUS-ICP

W 9.2 8.7 9.7 9.1 1.2 28.9 4.6 2.2 5.8 5.5 4.6 6.4 0.5 FUS-MS

Cs 3.3 2.5 4.1 1.3 0.3 2.8 1.9 1.3 2.5 1.4 0.9 1.9 0.1 FUS-MS

Sc 5.5 3.2 8.2 5.1 1.3 12.2 4.7 3.5 6.3 5.4 4.6 6.2 0.1 INAA

Hf 5.4 5.3 5.5 2.5 0.5 7.7 1.5 1.2 1.9 2.1 1.4 2.8 0.1 FUS-MS

Ta 0.7 0.4 0.9 0.5 0.1 0.8 0.5 0.4 0.6 0.6 0.4 0.8 0.01 FUS-MS

Tl 4.1 0.2 9.5 2.8 0.4 7.6 7.8 1.1 16.2 3.0 1.6 4.3 0.05 FUS-MS

Th 7.0 4.0 9.3 4.7 1.0 10.0 3.6 2.6 4.2 5.5 3.8 7.2 0.05 FUS-MS

U 3.2 2.3 4.6 3.0 1.3 5.8 3.5 1.1 5.3 2.5 2.5 2.5 0.01 FUS-MS

Rare Earth Elements
La 16.37 13.00 22.80 9.04 0.80 26.90 7.70 3.27 10.80 17.05 16.80 17.30 0.05 FUS-MS

Ce 33.23 28.10 42.90 19.68 1.95 54.50 16.45 7.30 24.00 34.80 33.90 35.70 0.05 FUS-MS

Pr 3.61 2.98 4.79 2.37 0.24 6.30 1.94 0.78 2.83 4.64 4.62 4.66 0.01 FUS-MS

Nd 13.60 11.50 17.20 9.81 1.12 26.60 7.27 2.96 10.90 18.45 18.10 18.80 0.05 FUS-MS

Sm 2.77 2.33 3.46 2.50 0.43 5.90 1.95 0.83 3.46 4.98 4.47 5.48 0.01 FUS-MS

Eu 0.99 0.52 1.78 1.51 0.17 6.22 1.51 0.40 2.41 0.79 0.73 0.84 0.005 FUS-MS

Gd 2.52 2.12 3.04 2.56 0.54 7.22 1.92 0.99 3.71 4.06 3.53 4.59 0.01 FUS-MS

Tb 0.43 0.36 0.54 0.46 0.10 1.32 0.33 0.19 0.63 0.64 0.55 0.73 0.01 FUS-MS

Dy 2.51 2.04 3.00 2.62 0.61 7.51 1.75 0.99 3.15 3.36 3.13 3.58 0.01 FUS-MS

Ho 0.54 0.43 0.64 0.50 0.11 1.40 0.31 0.20 0.53 0.61 0.58 0.64 0.01 FUS-MS

Er 1.60 1.31 1.82 1.33 0.28 3.60 0.78 0.51 1.23 1.62 1.50 1.74 0.01 FUS-MS

Tm 0.25 0.21 0.28 0.20 0.04 0.54 0.11 0.07 0.16 0.23 0.22 0.25 0.005 FUS-MS

Yb 1.67 1.49 1.87 1.29 0.26 3.42 0.70 0.48 0.96 1.37 1.32 1.42 0.01 FUS-MS

Lu 0.28 0.26 0.31 0.20 0.04 0.53 0.11 0.07 0.14 0.20 0.19 0.21 0.002 FUS-MS

Σ 80.37 54.06 42.84 92.79

FE FC FZ RZ
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Figure 91. Copper, zinc and lead average concentrations of the different stockwork ore types from the Lombador 
orebody.  
 

 

Trace element concentrations are fairly partitioned into the different stockwork ore types. The 

low-temperature element suite (Ag, As, Sb, Sn, Cd, Tl) generally displays higher 

concentrations in the FZ ore type and, to a lesser extent, FE ore type, whereas the high-

temperature element suite (In, Se, Bi, Ni, Co) displays higher concentrations in the FC ore 

type (Table 78 and Figure 92), as clearly demonstrated by the correlation matrix shown in 

Table 79. Nevertheless, fairly high concentrations in silver, arsenic and, to a lesser extent, 

cadmium, can also be locally found in particular FC ore samples due to the fact that these 

elements can be related with more than one mineralogical association (see Section 5.4.). 

Silver concentrations in the stockwork ore samples range from 2.5 to 69.1 ppm (averaging 

27.7 ppm). The lowest concentrations were found in the FE ore type (2.5 to 7.5 ppm, 

averaging 4.8 ppm Ag), whereas the highest concentrations were found in the zinciferous 

rubané (RZ) ore type (53.9 to 69.1, averaging 61.5 ppm Ag). In the FC and FZ ore type 

samples, the silver contents range between 9.7 and 36.6 ppm (averaging 26.6 ppm Ag), and 

6.5 and 59.8 ppm (averaging 30.0 ppm Ag), respectively, and are usually higher in samples 

located close to the base of the massive sulphide lens, particularly, in the FC ore samples. 

Silver occurs mainly associated to galena (up to 0.6 wt% Ag), tetrahedrite (up to 6.3 wt% Ag), 

and discrete complex lead-bismuth sulphosalts (up to 8.2 wt% Ag). Silver correlates well with 

zinc, lead and gold, as well as with cadmium and arsenic (Table 79). 

Gold concentrations, in the different stockwork ore samples studied, are generally low, 

ranging from less than 2 ppb to about 2.3 ppm (averaging 0.5 ppm Au). Despite the facts that 

fairly significant gold contents were found in the FE ore from the Neves orebody (Gaspar 

2002; Pinto et al., 2005), and that some gold is also known to occur associated with copper, 
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cobalt and bismuth in some VHMS deposits of the IPB (Leistel et al., 1998), in the Lombador 

stockwork system the lowest gold concentrations were found in the FE ore samples (<0.2 

ppm), whereas the highest gold concentrations were found in the FZ ore samples (33 ppb to 

2.3 ppm, averaging 0.7 ppm Au), particularly in a particular FZ ore sample collected at the 

central-W sector of the orebody. In the FC ore samples, gold concentrations reach up to 1 

ppm (averaging 0.3 ppm), the highest gold concentration being also measured in a FC ore 

sample from the central-W sector of the Lombador orebody. Finally, in the RZ ore samples, 

gold concentrations range between 684 ppb and 1.2 ppm (averaging 0.9 ppm Au). As earlier 

mentioned, gold was found in a single pyrite microprobe analysis (0.18 wt% Au), and it was 

recognized at the microscope under the form of very fine-grained native gold/electrum grains 

within arsenopyrite. At the Lombador stockwork system, gold correlates well with the low-

temperature element suite (Zn, Pb, Ag, As, Sb; Table 79).  

 

 

 

 
 

Figure 92. Average concentrations for selected minor elements in samples from the studied stockwork ore types at 
the Lombador orebody. FE – barren stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore; RZ – 
zinc-rich stockwork mineralization tectonically emplaced into a hanging wall position. 
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Table 79. Multi-element correlation matrix for selected major and minor elements in the studied stockwork ore 
samples from the Lombador stockwork system.  
 

Fe Cu Zn Pb Ag Au In Se Ga Ge Mo As Sb Sn Bi Cd Co Ni Tl
n 16 16 16 16 16 15 15 12 15 15 8 16 16 15 16 16 16 16 16

Fe 1
Cu 0.12 1
Zn -0.26 0.04 1
Pb -0.24 -0.38 0.73 1
Ag 0.03 0.04 0.74 0.83 1
Au 0.04 -0.30 0.58 0.69 0.71 1
In 0.27 0.84 -0.15 -0.44 0.01 -0.33 1
Se 0.34 0.40 -0.26 -0.26 0.17 -0.34 0.59 1
Ga 0.12 0.12 0.07 -0.01 0.19 0.07 0.49 0.40 1
Ge -0.51 -0.02 0.47 0.28 0.29 0.23 -0.11 -0.22 -0.06 1
Mo -0.29 -0.49 0.29 0.54 0.21 0.58 -0.53 -0.53 -0.42 -0.16 1
As -0.28 -0.24 0.66 0.66 0.43 0.66 -0.29 -0.31 0.14 0.32 0.70 1
Sb -0.11 -0.30 0.72 0.95 0.87 0.76 -0.38 -0.04 0.04 0.23 0.52 0.65 1
Sn 0.45 -0.15 -0.17 -0.04 -0.15 -0.05 -0.03 -0.32 -0.24 -0.22 0.73 0.09 -0.11 1
Bi 0.35 0.13 -0.14 -0.23 0.07 0.17 0.37 0.31 0.18 0.33 -0.20 -0.12 -0.16 0.13 1
Cd -0.42 -0.05 0.93 0.70 0.64 0.44 -0.23 -0.36 0.02 0.62 0.27 0.60 0.66 -0.14 -0.20 1
Co 0.24 0.75 0.25 -0.37 0.01 -0.25 0.67 0.16 0.12 0.00 -0.39 -0.22 -0.34 0.03 0.22 0.11 1
Ni -0.04 -0.07 -0.13 -0.22 -0.11 0.17 0.11 -0.03 -0.11 0.22 -0.04 -0.13 -0.24 -0.06 0.56 -0.19 0.17 1
Tl -0.51 -0.14 0.36 0.49 0.22 0.50 -0.31 -0.30 0.09 0.07 0.69 0.76 0.46 -0.27 -0.35 0.34 -0.35 -0.12 1  

 

 

Arsenic concentrations are widely variable, ranging from 325.0 ppm to about 4 wt% 

(averaging 5142.8 ppm As). As silver, the lowest arsenic concentrations were found in the FE 

ore samples (339.0 to 459.0 ppm, averaging 410.3 ppm As), but the highest arsenic 

concentrations were found in the FZ ore samples (667.0 ppm to about 4 wt%, averaging 1.7 

wt% As), particularly in FZ ore samples collected near the base of the massive sulphide lens 

in the central-W sector of the orebody. Arsenic concentrations in the FC ore samples range 

from 325.0 to 4660.0 ppm (averaging 1693.9 ppm As) and, although the highest concentration 

was found in a FC ore sample from the south sector of the orebody, arsenic concentrations 

are on average higher in the central-W sector of the orebody. In the RZ ore samples, the 

arsenic concentrations are relatively uniform (1190.0 to 1490.0 ppm, averaging 1340.0 ppm 

As). Arsenic correlates well with zinc, lead, gold, antimony and cadmium. 

Antimony concentrations range from 37.3 to 764.0 ppm (averaging 241.0 ppm Sb). The lowest 

antimony concentrations were found in the FE ore samples (37.3 to 54.9 ppm, averaging 45.0 

ppm Sb), whereas the highest concentrations were found in the zinciferous ores with higher 

zinc and lead concentrations, either in the FZ (67.10 to 764 ppm, averaging 354.28 ppm Sb) 

or in the RZ (472.0 to 664.0 ppm, averaging 568.0 ppm Sb) ore samples. In the FC ore 

samples, antimony concentrations range from 84.7 to 342.0 ppm (averaging 169.3 ppm Sb), 

and the highest values were mostly found in FC ore samples located in the periphery of the 

axis of the feeder zone, namely in the south and central-E sectors of the orebody. As 

expected, antimony correlates well with zinc, lead, silver, gold, arsenic and gold. 

Tin contents in the Lombador stockwork ore samples studied are generally low, although fairly 

high tin concentrations occur in individual samples of the barren and zinc stockwork ores. Tin 

concentrations range from 8.0 to 4060.0 ppm (averaging 513.4 ppm Sn). In general, the 
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lowest tin concentrations were found in the FC ore samples (33 to 345.0 ppm, averaging 

154.9 ppm Sn), whereas the highest tin concentrations are generally found in the FE ore 

samples (8 to 4060 ppm, averaging 1359.3 ppm Sn), particularly in a FE ore sample coming 

from the central-E sector of the orebody. In the FZ ore samples, tin concentrations range from 

41 to 1080.0 ppm (averaging 557.0 ppm Sn), the highest concentrations being found in FZ ore 

samples from the central-W sector of the orebody. Tin concentrations in the RZ ore are 

relatively uniform (392.0 to 432.0 ppm, averaging 412.0 ppm Sn). Looking at the samples from 

the Lombador stockwork system, tin correlates with iron and molybdenum and shows very 

little correlations with the remaining ore elements. 

Cadmium concentrations in the stockwork ore samples studied range from 1 to 211 ppm 

(averaging 85.6 ppm Cd). The lowest cadmium concentrations were found in the FE ore 

samples (1 to 4.4 ppm, averaging 2.8 ppm Cd), whereas the highest concentrations were 

found in both the FZ (42.0 to 211.0 ppm, averaging 145.0 ppm Cd) and RZ (119.0 to 169.0 

ppm, averaging 144.0 ppm Cd) ore samples, particularly in those with high zinc (and lead) 

contents. In the FC ore samples, cadmium concentrations range from 5.5 to 190.0 ppm 

(averaging 70.7 ppm Cd) and, as seen for the zinciferous stockwork ore, the highest 

concentrations were measured in FC ore samples with higher zinc contents. Cadmium 

correlates well with zinc, lead, silver, germanium, arsenic and antimony. 

Thallium concentrations in the stockwork ore samples studied is generally low (<5 ppm), 

ranging from 0.2 to 16.2 ppm (averaging 4.3 ppm Tl). The highest concentrations were found 

in the FZ (1 to 16.2 ppm, averaging 7.8 ppm Tl) ore samples, although some samples of the 

FE and FC ore types could locally reach up to 9.5 ppm Tl and 7.6 ppm Tl, respectively. In the 

RZ ore samples, thallium concentration is below 5 ppm. Thallium correlates well with arsenic, 

molybdenum and, to a lesser extent, with lead, antimony and zinc. 

As for thallium, the indium concentrations in the stockwork ore samples from the Lombador 

orebody are low (0.4 to 20.1 ppm, averaging 8.3 ppm In). The highest indium concentrations 

were found in the FC ore samples (5.4 to 20.1 ppm, averaging 13.5 ppm In), particularly in 

samples collected near the base of the massive sulphide lens both at the south and central-W 

sectors of the orebody. In the remaining stockwork ore samples the indium concentrations are 

generally below 5 ppm, although it can reach up to 10 ppm in the FE ore samples collected at 

the central sector of the orebody. In the stockwork ore samples from the Lombador orebody, 

the maximum indium contents occur associated to sphalerite (up to 0.12 wt% In) and, to a 

lesser extent, to chalcopyrite (up to 0.03 wt% In). However, the calculated correlation 

coefficients between indium and other elements (Table 79) closely reflect the overall 

correlation behavior of indium, either at the deposit scale, or at the scale of the individual 

orebodies (based on Somincor/Lundin Mining unpublished data; see Chapter 6). Indium 
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displays a significant correlation with copper (r = 0.84), as well as with selenium, cobalt and, to 

a lesser extent, bismuth (Table 79). No correlation exists between indium and zinc, although 

the higher indium abundances are more often found in zinc-bearing (>1 wt%) FC ore samples, 

and indium shows a moderate negative correlation with lead, antimony, arsenic and cadmium. 

Selenium concentrations, although widely variable (4 to 230 ppm, averaging 109.83 ppm Se), 

reach significant values in some stockwork ore samples. As for indium, selenium 

concentrations are higher in the FC ore samples (49 to 230 ppm, averaging 150.6 ppm Se), 

particularly in FC ore samples collected at the south and central-E sectors of the Lombador 

orebody, specially in the vicinity of the base of the massive sulphide lens. Nevertheless, high 

selenium contents (up to 185 ppm) were also found in FC ore samples from the central-W 

sector of the orebody. In the samples representing the remaining ore types, selenium 

concentrations are generally lower than 50 ppm (Table 78), reaching up to 42 ppm in the FE 

ore (averaging 36 ppm Se), and up to 116 ppm in the FZ ore samples (averaging 43 ppm Se). 

No detectable selenium was found in the RZ ore samples. Selenium occurs mainly associated 

to galena (up to 3.80 wt% Se), arsenopyrite (up to 0.82 wt% Se), cobaltite (up to 0.61 wt% 

Se), tetrahedrite (up to 0.14 wt% Se), and discrete complex lead-bismuth sulphosalts (up to 

9.79 wt% Se). Again, as seen for indium, the multi-elementar correlation coefficients 

calculated for selenium also reflect the overall correlation behavior of selenium, either at the 

deposit scale, or at the scale of the individual orebodies (all but the Zambujal orebody; 

Chapter 6). Selenium correlates well with copper, indium and, to a lesser extent, with bismuth 

and silver. Concerning selenium correlation with zinc and lead, the calculated correlation 

coefficients are negative (r = -26 for both Zn and Pb). 

Bismuth concentrations in the Lombador stockwork ore samples range from 1.1 to 502.0 ppm 

(averaging 60.0 ppm Bi), being higher in the FC ore samples (15.9 to 502.0 ppm, averaging 

154.9 ppm Bi), particularly in those coming from the central-W sector of the orebody. In 

contrast, the lowest bismuth concentrations were found in the FZ ore samples (1.8 to 9.4 ppm, 

averaging 6.0 ppm Bi), as well in the RZ ore samples (24.2 to 34.7 ppm, averaging 29.5 ppm 

Bi). Finally, in the FE ore samples, bismuth concentrations range from 1.1 to 116.0 ppm 

(averaging 40.4 ppm Bi). Bismuth correlates well with nickel, moderately with indium and 

selenium, and to a lesser extent, with copper, gold and cobalt. 

Nickel concentrations range from 3 to 47 ppm (averaging 17.4 ppm Ni) and, despite the fact 

that the highest nickel concentration has been found in a FC ore sample, nickel 

concentrations in the FE ore are uniformly higher (16.0 to 40.0 ppm, averaging 31.0 ppm Ni). 

In the zinciferous ores, nickel concentrations range from 3 to 28 ppm in the FZ ore samples 

(averaging 12.8 ppm Ni), and from 12.0 to 16.0 ppm in the RZ ore samples (averaging 14.0 

ppm Ni). In addition to bismuth, nickel displays a slight correlation with gold and indium. 
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Cobalt concentrations in the Lombador stockwork ore samples are widely variable, ranging 

from 1 to over 1590.0 ppm (averaging 275.8 ppm Co). The lowest cobalt concentrations were 

found in the zinciferous ores, particularly in the RZ ore samples (6 to 7 ppm, averaging 6.5 

ppm Co), whereas the highest concentrations were found in the FC ore samples (154.0 to 

1590.0 ppm, averaging 534.1 ppm Co). In the FZ ore samples, cobalt concentrations range 

from 1 to 103.0 ppm (averaging 30.0 ppm Co). Finally, in the FE ore samples, cobalt 

concentrations range from 32.0 to 424.0 ppm (averages 180.3 ppm Co). Cobalt correlates well 

with copper and indium, and moderately with zinc, bismuth, nickel and selenium. 

 

Although the highest ΣREE value (151.95 ppm) was yielded by a FC ore sample (see 

Appendix A6), both the FE and RZ ore samples display on average higher ΣREE values than 

the FC and FZ ore samples (Table 78). The RZ ore samples contain uniform ΣREE 

concentrations, ranging between 91.98 and 93.60 ppm. In the remaining stockwork ore types, 

the ΣREE concentrations range from 68.55 to 104.14 ppm in the FE ore samples (averaging 

80.37 ppm), 6.68 to 151.95 ppm in the FC ore samples (averaging 54.06 ppm), and from 20 to 

64.40 ppm in the FZ ore samples (averaging 42.84 ppm).  

As seen in Chapter 4, modifications on the REE concentrations and on their distribution 

patterns are mainly functions of the alteration/mineralization effects on the host rocks, which in 

turn reflect the proximity to the axis of the feeder zone and/or to the base of the massive 

sulphide lens. Both the general chondrite-normalized patterns and the Eu/Eu* values reflect 

the relative mobility of the REE (in particular that of the light REE) under severe hydrothermal 

alteration conditions, and suggest a vector of REE enrichment from the peripheral stockwork 

areas (south and central-E sectors) towards the axis of the feeder system (central-W sector).  

In fact, the calculated linear correlation coefficients between the REE and the different ore 

metals seem to reflect such effects and relative mobility (Figure 93). 

The REE correlate positively with copper and zinc, as well as with a number of other minor ore 

elements such as silver, tin, bismuth, cadmium, nickel, and indium. Conversely, the REE 

correlate negatively with lead, arsenic, antimony and selenium. 
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Figure 93. Correlation coefficients (r) between REE elements and selected major and minor elements for the whole 
set of ore samples collected at the Lombador stockwork system. 
 



The Zinc-Rich Mineralization at the Neves Corvo Deposit 5 
 

P a g e  | 333 
	  

5.5.3. Massive sulphide ores 

 

The average composition and variation intervals of the major and minor elements for the 

massive sulphide ore types sampled at the various orebodies studied at the Neves Corvo 

deposit are given in Tables 80, 82A and 82B. Once more, the chemical analyses for individual 

samples have been provided in Appendix A6. It is important to stress once more that despite 

the asymmetric sampling approach, the average composition and the range of the ore 

elements abundance in the studied samples seems to be in good agreement with the mine 

average ore grades estimates at several scales (ore types, orebody, copper or zinc 

resources). Nonetheless, it should also be taken into account that each analysis only 

represents the corresponding sample (or a fragment of it), which, as described, corresponds 

to a small window over a very heterogeneous and complex reality. The multi-scale metal 

zonation previously presented (see Figures 48 and 50) has been drawn (and understood) 

taking in consideration a huge universe of hundreds of thousands of ore analyzes that were 

put together in Somincor/Lundin geochemical database and managed with powerful software 

tools (see Section 5.3.2).  

 

As it has been recognized for the stockwork ores, the metal zonation in the massive sulphide 

ores is characterized by a low-temperature, polymetallic association of zinc, lead, silver, gold, 

arsenic, antimony, tin and, to a lesser extent, cadmium and tellurium, which are mainly 

affiliated to the MZ, MZP, MP and ME ores, and a high-temperature suite of copper, bismuth, 

cobalt, indium, selenium and, to a lesser extent, silver and gold, usually associated to the MC 

and MCZ ores. However, regardless of this general geochemical behavior, there are a number 

of situations where fairly high concentrations of elements belonging to the low-temperature 

element suite (As, Sb, Ag, Au, Sn, ± Cd, ± Tl) could be found in high-temperature ore types, 

and vice-versa (e.g., In, Se, Bi) in some zinc-rich ore settings. For instance, it will be shown 

ahead that zinc, lead and arsenic concentrations are higher in the MCZ ores from the 

Lombador (and Zambujal) orebody, whereas copper, bismuth, indium and selenium 

concentrations are higher in the MCZ ore from the Neves and Zambujal orebodies. Some 

differences on the concentrations of the ore major and minor elements were also noted 

between the MZ and MZP ores from the various orebodies. However, these differences are 

not so noticeable as those involving the MCZ ores. Fairly high concentrations of antimony, 

silver, tin and, to a lesser extent, cadmium and thallium occur in the MCZ ores from the Neves 

orebody. These reflect both the predominant ore mineralogy and the incorporation of different 

trace elements by zone refining replacement processes (“copper front advance”), as well as 



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 
	  

334 | P a g e  
	  

late enrichment and precipitation of substances held in solid solution during 

recrystallization/annealing of the major ore sulphides in response to tectono-metamorphism.  

The multi-scale geochemical zonation involving the copper-rich (MC, MCZ), zinc-(lead)-rich 

(MZ, MZP) and barren (ME) massive sulphide ores at the Neves Corvo deposit perfectly 

matches the petrographic observations, ore mineralogy and micro-analytical data (Section 

5.4) to indicate that the element partitioning between the different ore types and orebodies 

should reflect differences in the hydrothermal development (maturity) of the different 

orebodies, combined with the overprinting effects of the Hercynian deformation that led to 

significant redistribution and local enrichment of some trace elements. 

 
5.5.3.1. Lombador orebody  

 

In massive sulphide ore samples, except for the total iron, which is a major component of 

pyrite and of many other sulphide minerals, the abundances for the classic suite of major 

element oxides (SiO2, Al2O3, MnO, MgO, CaO, Na2O, K2O, TiO2, P2O3) are mainly a function 

of the relative proportion of the various gange minerals in each sample (Table 80).  

The highest silica contents were found in the MC ore samples (0. to 9.97 wt%, averaging 5.12 

wt% SiO2), whereas the lowest silica contents were found in the MZ ore samples (0.17 to 2.05 

wt%, averaging 0.78 wt% SiO2). In the remaining ore types, the silica content reach up to 4.28 

wt% in the MCZ ore samples (averaging 1.91 wt% SiO2), 3.61 wt% in the MZP ore samples 

(averaging 1.61 wt% SiO2), 3.16 wt% in the MP ore samples (averaging 1.89 wt% SiO2), and 

about 1 wt% in the ME ore sample. The highest MgO and CaO contents, on the other hand, 

were found in MZ ore samples (0.03 to 4.86 wt%, averaging 0.69 wt% MgO; and 0.02 to 1.57 

wt%, averaging 0.31 wt% CaO), reflecting both the intergrowth of carbonates-sulphides in MZ 

ore samples representative of the central-E and northern sectors of the orebody, and, to a 

lesser extent, the occurrence of late tectono-metamorphic veinlets filled with carbonates. 

Notable magnesium contents ascribed to intergrowths of carbonates-sulphides (up to 2.94 

wt% MgO) also occur in MZP ore samples from the northern sector of the orebody. In the 

remaining ore types, the MgO and CaO contents are either low, or below the detection limits 

(<0.2 wt%). 

The relative proportions of SiO2, Al2O3, MgO, CaO, K2O and Na2O are good indirect indicators 

of the relative proportions of quartz, carbonates (dominated by sideroplesite) and 

phyllosilicates (chlorite, donbassite and sericite) in the gange mineral assemblage. 

Additionally, some diagnostic ratios, such as SiO2/Al2O3 (between 0.8 and 1.3 in the 

phyllosilicate mineral assemblage; see Section 4.3), Al2O3/MgO (around 3.3 in ripidolite, 4.7 in 

brunsvigite, and 116.5 in donbassite; see Section 4.3), and Al2O3/Na2O+K2O (around 4.0 in 
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sericite; see Section 4.3), may give precious indications in this regard as well. In fact, some 

conclusions arise from the average values of these ratios for the various types of ore 

analyzed.  

 

 
Table 80. Major and minor element concentrations of the various massive sulphide ore types from the Lombador 
orebody (MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive zinc ore; MZP – massive lead-
zinc ore; MP – massive lead ore; ME – massive barren ore). 
 

ME
avg.      

(n = 3) min max avg.         
(n = 5) min max avg.      

(n = 12) min max avg.        
(n = 10) min max avg. (n = 

2) min max (n = 1) Detection 
Limit

Analysis 
Method

Major Elements (%)
SiO2 5.12 0.65 9.97 1.91 0.61 4.28 0.78 0.17 2.05 1.61 0.36 3.61 1.89 0.62 3.16 1.06 0.01 FUS-ICP

Al2O3 0.64 0.13 1.32 0.60 0.07 2.06 0.19 0.04 0.89 0.51 0.03 1.80 0.06 0.05 0.06 0.08 0.01 FUS-ICP

Fe2O3(T) 55.88 51.63 60.56 52.34 45.38 61.20 47.76 29.36 55.90 47.50 36.45 55.63 61.95 60.36 63.54 62.77 0.01 FUS-ICP

MnO 0.07 0.05 0.11 0.02 0.01 0.03 0.12 0.01 0.58 0.12 0.02 0.39 0.02 0.02 0.03 0.02 0.001 FUS-ICP

MgO 1.05 0.03 2.99 0.06 0.01 0.18 0.69 0.03 4.86 0.72 0.04 2.94 <0.01 < 0.01 0.01 FUS-ICP

CaO 0.14 0.14 0.14 0.09 0.06 0.10 0.31 0.02 1.57 0.17 0.01 0.60 0.03 0.02 0.03 0.04 0.01 FUS-ICP

Na2O 0.04 0.02 0.05 0.02 0.01 0.04 0.01 0.01 0.03 0.04 0.01 0.09 < 0.01 < 0.01 0.01 FUS-ICP

K2O 0.13 0.01 0.25 0.11 0.01 0.44 0.03 0.01 0.05 0.09 0.01 0.39 < 0.01 < 0.01 0.01 FUS-ICP

TiO2 0.02 0.00 0.04 0.01 0.00 0.03 0.01 0.00 0.03 0.01 0.00 0.03 0.00 0.00 0.00 0.00 0.001 FUS-ICP

P2O5 0.02 0.01 0.04 0.03 0.02 0.03 0.03 0.01 0.08 0.04 0.03 0.05 0.02 0.02 0.02 < 0.01 0.01 FUS-ICP

LOI 29.86 27.26 31.76 29.44 25.70 32.03 29.74 24.20 34.24 28.60 23.94 31.34 32.04 31.13 32.95 33.81 FUS-ICP

Total 87.64 84.57 79.66 79.40 95.98 97.78 0.01 FUS-ICP

S 44.63 41.50 48.50 46.60 42.20 50.20 44.69 32.40 50.60 40.81 16.10 49.60 50.35 49.90 50.80 49.50 0.01 IR

Cu 2.66 2.00 3.83 2.40 0.26 6.99 0.24 0.16 0.50 0.30 0.15 0.58 0.36 0.25 0.47 0.40 0.005 FUS-Na 2 O2

Zn 0.90 0.03 2.42 6.01 1.38 9.04 10.68 1.66 28.80 10.43 3.75 20.70 0.11 0.08 0.14 0.04 0.01 FUS-Na 2 O2

Pb 0.17 0.10 0.23 1.31 0.26 3.29 1.79 0.13 8.45 3.64 0.70 12.20 1.51 0.68 2.34 0.15 0.01 FUS-Na 2 O2

Minor Elements (ppm) 
Possible Payable or Accountable Metals
Ag 39.6 25.4 53.3 60.0 24.8 129.0 45.3 22.5 79.5 75.4 22.1 135.0 39.3 27.0 51.5 58.6 0.3 TD-ICP

Au (ppb) 422 163 583 445 182 538 517 148 1040 469 200 875 540 421 659 401 2 INAA

In 10.7 8.9 13.1 17.2 8.5 31.8 11.5 1.4 45.1 6.4 2.5 12.9 12.7 8.5 16.8 13.7 0.1 FUS-MS

Se 135.0 97.0 165.0 152.0 60.0 266.0 64.2 16.0 198.0 93.7 30.0 190.0 47.0 31.0 63.0 < 3 3 INAA

Ga 4.5 3.0 6.0 9.2 4.0 21.0 7.1 3.0 14.0 8.9 4.0 20.0 <1 < 1 1 FUS-MS

Ge 0.7 0.5 0.8 0.8 0.5 1.1 2.6 0.7 9.4 1.3 0.7 2.3 0.5 0.5 0.5 < 0.5 0.5 FUS-MS

Mo 4.3 3.0 6.0 5.0 2.0 8.0 4.1 2.0 7.0 4.8 2.0 8.0 5.0 2.0 8.0 4.0 2 FUS-MS

Σ 195.3 244.6 135.3 190.8 104.9 76.7

Possible Penalty Metals
As 6107.7 983.0 12700.0 8974.8 794.0 19100.0 5098.3 1520.0 14100.0 3019.0 1430.0 4920.0 4335.0 3930.0 4740.0 23300.0 0.5 INAA

Sb 367.3 206.0 450.0 540.8 165.0 1010.0 454.1 190.0 718.0 664.2 111.0 1890.0 378.0 252.0 504.0 791.0 0.2 INAA

Sn 993 309 1370 602 238 1170 589 310 981 596 84 1060 547 363 730 984 1 FUS-MS

Bi 193.1 71.4 376.0 218.7 25.8 652.0 59.6 17.3 153.0 99.1 4.6 296.0 86.7 86.0 87.4 51.1 0.1 FUS-MS

Cd 20.2 1.7 50.2 141.3 34.7 338.0 267.2 38.7 772.0 267.8 51.8 528.0 6.4 4.9 7.9 2.8 0.5 TD-ICP

Co 508 336 779 477 241 672 73 11 154 151 9 353 505 356 654 126 1 FUS-MS

Ni 19 4 32 22 10 45 10 3 19 11 4 23 43 41 45 17 1 TD-ICP

Cr 83 25 141 20 20 20 10 10 10 19 19 19 13 13 13 < 5 5 INAA

Br <0.5 35.1 7.3 62.8 <0.5 19.0 19.0 19.0 < 0.5 < 0.5 0.5 INAA

Σ 8291.3 11031.9 6561.4 4846.5 5913.6 25271.9

Other Minor Elements
Ba 18.3 8.0 39.0 25.6 5.0 82.0 19.3 4.0 68.0 13.2 3.0 65.0 6.0 6.0 6.0 6.0 3 FUS-ICP

Y 1.95 1.40 2.50 2.95 0.60 5.30 1.06 0.50 1.60 2.10 0.60 2.80 < 0.5 < 0.5 0.5 FUS-MS

Zr 5 2 10 9 1 28 5 1 10 5 2 11 2 2 2 2 1 FUS-MS

Nb 1.30 1.30 1.30 1.80 0.50 3.10 0.74 0.20 1.60 0.58 0.30 1.10 < 0.2 < 0.2 0.2 FUS-MS

Rb 14 14 14 8 1 22 2 1 2 6 1 17 < 1 < 1 1 FUS-MS

Sr 10 10 10 4 3 5 4 2 7 4 2 5 < 2 < 2 2 FUS-ICP

V 34 16 51 24 7 52 17 9 26 36 10 106 7 5 8 18 5 FUS-ICP

W 2.07 1.10 3.40 2.14 1.10 4.40 1.29 0.60 3.20 2.29 0.60 6.70 3.25 2.90 3.60 3.90 0.5 FUS-MS

Cs 0.70 0.70 0.70 0.30 0.10 0.50 0.20 0.10 0.30 0.30 0.10 0.50 < 0.1 < 0.1 0.1 FUS-MS

Sc 0.95 0.30 1.60 1.15 0.60 1.70 0.64 0.20 1.40 0.90 0.50 1.50 0.10 0.10 0.10 < 0.1 0.1 INAA

Hf 0.30 0.30 0.30 0.70 0.30 1.10 0.35 0.30 0.40 0.28 0.20 0.40 < 0.1 < 0.1 0.1 FUS-MS

Ta 0.08 0.07 0.08 0.15 0.03 0.28 0.05 0.02 0.09 0.09 0.01 0.40 0.01 0.01 0.01 < 0.01 0.01 FUS-MS

Tl 0.23 0.08 0.37 0.20 0.06 0.49 0.18 0.06 0.41 0.15 0.07 0.23 < 0.05 0.13 0.05 FUS-MS

Th 0.58 0.05 1.10 1.19 0.31 2.07 0.79 0.19 3.31 0.49 0.05 0.78 < 0.05 < 0.05 0.05 FUS-MS

U 1.05 0.61 1.35 1.94 0.30 4.20 0.69 0.19 3.01 0.45 0.08 1.45 0.50 0.27 0.73 0.59 0.01 FUS-MS

Rare Earth Elements
La 1.72 0.48 3.67 1.87 0.24 5.74 2.81 0.07 21.90 1.13 0.12 3.17 0.06 0.06 0.06 < 0.05 0.05 FUS-MS

Ce 3.25 0.72 6.90 4.06 0.27 12.40 9.77 0.15 86.20 1.72 0.11 6.72 0.15 0.12 0.17 0.09 0.05 FUS-MS

Pr 0.39 0.11 0.82 0.47 0.03 1.57 0.55 0.01 4.31 0.25 0.02 0.76 0.02 0.01 0.02 < 0.01 0.01 FUS-MS

Nd 1.38 0.46 3.21 1.71 0.08 5.99 1.87 0.11 14.30 1.09 0.10 2.96 0.09 0.09 0.09 < 0.05 0.05 FUS-MS

Sm 0.34 0.08 0.66 0.44 0.03 1.43 0.32 0.02 2.11 0.26 0.04 0.65 0.01 0.01 0.01 0.02 0.01 FUS-MS

Eu 0.20 0.03 0.36 0.22 0.02 0.68 0.18 0.01 1.02 0.22 0.02 0.91 0.02 0.02 0.02 0.02 0.005 FUS-MS

Gd 0.28 0.05 0.55 0.38 0.02 1.31 0.24 0.04 0.92 0.26 0.02 0.59 0.02 0.01 0.02 0.02 0.01 FUS-MS

Tb 0.05 0.02 0.07 0.08 0.02 0.19 0.04 0.01 0.11 0.05 0.01 0.09 <0.01 < 0.01 0.01 FUS-MS

Dy 0.26 0.07 0.41 0.28 0.03 1.05 0.13 0.03 0.51 0.23 0.02 0.49 0.02 0.02 0.02 0.02 0.01 FUS-MS

Ho 0.05 0.01 0.08 0.08 0.02 0.19 0.03 0.01 0.08 0.06 0.01 0.09 < 0.01 < 0.01 0.01 FUS-MS

Er 0.17 0.03 0.27 0.14 0.01 0.53 0.06 0.01 0.18 0.13 0.01 0.28 < 0.01 < 0.01 0.01 FUS-MS

Tm 0.03 0.03 0.04 0.03 0.01 0.08 0.01 0.01 0.03 0.03 0.01 0.06 < 0.005 < 0.005 0.005 FUS-MS

Yb 0.15 0.03 0.24 0.14 0.02 0.48 0.07 0.01 0.18 0.14 0.02 0.47 0.01 0.01 0.01 < 0.01 0.01 FUS-MS

Lu 0.02 0.01 0.03 0.03 0.00 0.08 0.01 0.00 0.03 0.02 0.002 0.077 <0.002 < 0.002 0.002 FUS-MS

Σ 8.28 9.92 16.09 5.58 0.38 0.17

MZ MZP MPMCZMC
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Except for the MZ and MZP ore types, all the other ore types have SiO2/Al2O3 ratios well 

above the ones given by the phyllosilicate minerals (MC = 8.0; MCZ = 3.2; MP = 31.5; ME = 

13.3), meaning that there is significant quartz in the gange mineral assemblage, either 

hydrothermal quartz, or late tectonic quartz (or, most likely, both). The low SiO2/Al2O3 ratios 

yielded by the MZ and MZP ore samples (0.3 and 0.9, respectively), which are very close or 

even lower than the corresponding ratio given by the phyllosilicate mineral assemblage (0.8 to 

1.3), speak for the lack of quartz in the gange mineral assemblage, which is consistent with its 

carbonate-rich nature recognized under the microscope. Furthermore, besides being iron-rich, 

these two ore types are the ones possessing the highest CaO and MgO contents analyzed, 

which corroborate the dominant sideroplesite composition of the carbonates in the gange 

mineral assemblage. 

The Al2O3/MgO ratios given by the various ore types cannot be directly compared with the 

corresponding ratios yielded by chlorite as the MgO content of each sample is a function not 

only of its chlorite proportions, but also of the amount of carbonate minerals in its gange 

mineral assemblage. However, the Al2O3/Na2O+K2O ratios should be much more diagnostic 

for the various ore types as this ratio is independent of the carbonate proportions. As a matter 

of fact, all the ore types show Al2O3/Na2O+K2O ratios that are very close to that of sericite (MC 

= 3.8; MCZ = 4.6; MZ = 4.8; MZP = 3.9; MP = 4.0; ME = 4.0). The small dispersion observed 

around the sericite value (ca. 4.0) is interpreted as being mainly a function of the relative 

proportions of sericite and chlorite/donbassite in the gange mineral assemblage as these 

phyllosilicates share among them the available aluminum.  

 

Copper, zinc, and lead concentrations in our ore sample set are widely variable. Naturally, 

copper concentrations are on average higher in the MC ore samples (ranging from 2 to 3.83 

wt%; averaging 2.66 wt% Cu). However, the highest copper content was found in a MCZ ore 

sample collected at the base of the massive sulphide lens in the southern sector of the 

orebody. The MCZ ore samples gave copper grades that range from 0.26 to 6.99 wt% 

(averaging 2.40 wt% Cu). In the remaining ore types copper concentrations are lower than 

0.60 wt% (Table 80 and Figure 94). 

Zinc concentrations are highest in the MZ and MZP ores, ranging respectively from 1.66 to 

28.80 wt% (averaging 10.68 wt% Zn), and from 3.75 to 20.70 wt% (averaging 10.43 wt% Zn), 

the higher zinc grades (>10 wt%) being usually associated to tectonically enriched settings. 

(e.g., FL743 205.50, FL834 166.00, FL748 48.20). High zinc concentrations were also found 

in MCZ ore samples (1.38 to 9.04 wt%, averages 6.01 wt% Zn). Once more, the higher grades 

occur in MCZ ore samples which zinc grades were enhanced during tectonic emplacement in 
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a hanging wall position (e.g., FL911 85.95). With few exceptions (e.g., up to 2.42 wt% Zn in a 

MC ore sample), the zinc contents are generally low in the remaining ore types (<0.30 wt%). 

As copper and zinc, lead concentrations in the massive sulphide ores from the Lombador 

orebody are widely variable. The highest lead concentrations were found in the MZP ore 

samples (0.70 to 12.20 wt%, averaging 3.64 wt% Pb), whereas the lowest concentrations 

(<0.20 wt%) were found in the MC and ME ore samples. In the MZ ore samples, lead grades 

range from 0.13 to 8.45 wt% (averaging 1.79 wt% Pb). The highest lead contents, however, 

were obtained in tectonically-enriched MZ ore samples (common thin ribbons of galena) 

collected either at the south sector, or at the central-W sector of the orebody . 

 
 

 
Figure 94. Average concentrations for the major ore metals (Cu, Zn, Pb) in samples from the various massive 
sulphide ore types at the Lombador orebody. 
 

 

In what concerns to the minor elements, it is particularly relevant the contents and distribution 

of the metals that might be payable or accountable components of the ore concentrates 

produced at the mine (Table 80 and Figure 95). In this regard, silver, which is already a 

valuable by-product at the Neves Corvo mine, and indium and selenium, which can possibly 

become payable metals in the future, obviously assume particular economic importance. The 

remaining minor elements (e.g., As, Sb, Sn, Au, Tl, V, W, Mo, Ga, Ba, Rb, Sr, Nd) display in 

general relatively low and uniform concentrations throughout the various ore types (Table 80). 

Exceptions are the significant arsenic content found in the ME ore sample analyzed (2.3 wt% 

As), and the relatively high cadmium contained in the MZ ore samples (38.7 to 772.0 ppm, 

averaging 267.2 ppm Cd), and in the MZP ore samples (51.8 to 528.0 ppm, averaging 267.8 

ppm Cd) (Figure 95). 

Silver concentrations range from 22.1 to 135.0 ppm (averaging 56.1 ppm Ag). The higher 

silver contents were found in the MZP ore samples (22.1 to 135.0 ppm, averaging 75.4 ppm 
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Ag), whereas the lower concentrations were found in the MC (25.4 to 53.3 ppm, averaging 

39.6 ppm Ag) and in the MP (27.0 to 51.5 ppm, averaging 39.3 ppm Ag) ore samples. In the 

MCZ ore samples, silver concentrations range from 24.8 to 129.0 ppm (averaging 60 ppm 

Ag), the highest value corresponding to a sample (FL911 85.95) that underwent secondary 

enrichment related to tectonic emplacement in a hanging wall position. Silver in the MZ ore 

samples range between 22.5 and 79.5 ppm (averaging 45.3 ppm Ag), the higher 

concentrations being generally found in samples coming from the central-W sector of the 

orebody. The only ME ore sample analyzed has 58.6 ppm Ag. Silver correlates well with 

antimony and lead, moderately with zinc, gold, tin, bismuth and cadmium, and displays a 

slightly negative correlation with copper (Table 81).  

Arsenic concentrations range from 794.0 ppm to 2.3 wt% (averaging 5652.6 ppm As). As 

mentioned above, arsenic concentrations are highest in the ME ore sample. In the remaining 

ore types, arsenic concentrations range from 983 ppm to 1.2 wt% in the MC ore samples 

(averaging 6107.7 ppm As), 794.0 ppm to 1.9 wt% in the MCZ ore samples (averaging 8974.8 

wt% As), 1520.0 ppm to 1.4 wt% in the MZ ore samples (averaging 5098.3 ppm As), and, 

finally, from 3930.0 to 4740.0 ppm in the MP ore samples (averaging 4335.0 ppm As). The 

highest arsenic concentration found in the MC ore occurs in a sample collected in the northern 

sector of the orebody, whereas in the MCZ ore it occurs in two samples (FL911 85.95 and 

NI18B-1 919.3) that display evidences of tectono-metamorphic deformation. Arsenic displays 

a moderate correlation with antimony, bismuth and indium. 

Antimony concentrations range from 111.0 to 1890.0 ppm (averaging 528.6 ppm Sb). The 

higher antimony concentrations were found in the MZP (111.0 to 1890.0 ppm, averaging 

664.2 ppm Sb) and MCZ (165.0 to 1010.0 ppm, averaging 540.8 ppm Sb) ore samples. In the 

remaining ore types, antimony concentrations range from 206.0 to 450.0 ppm in the MC ore 

samples (averaging 367.3 ppm Sb), 190.0 to 718.0 ppm in the MZ ore samples (averaging 

454.0 ppm Sb), 252.0 to 504.0 ppm in the MP ore samples (averaging 378.0 ppm Sb), and 

finally equals 791.0 ppm in the ME ore. As for silver and arsenic, the higher antimony 

concentrations found in the MCZ ore samples occur associated to tectono-metamorphic 

deformation. Antimony correlates well with silver, and show a slightly positive correlation with 

tin and bismuth.  

Tin concentrations in the massive sulphide ores of the Lombador orebody are fairly low (84 to 

1370 ppm, averaging about 640 ppm Sn) considering the remaining Neves Corvo orebodies 

(except Zambujal; see Table 82). Moreover, average tin concentrations are relatively uniform 

throughout the various massive sulphide ore types, ranging from 309 to 1370 ppm in the MC 

ore samples (averaging 993 ppm Sn), 238 to 1170 ppm in the MCZ ore samples (averaging 

602 ppm Sn), 310 to 981 ppm in the MZ ore samples (averaging 589 ppm Sn), 84 to 1060 
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ppm in the MZP ore (averaging 595 ppm Sn), 363 to 730 in the MP ore (averaging 546 ppm 

Sn), and 984 ppm in the ME ore sample analyzed. The higher tin concentrations found in the 

MC and MCZ ores occur in samples tectonically enriched in copper. From a general 

standpoint, tin correlates moderately with silver, indium and antimony, and show slightly 

positive correlations with zinc (Table 81A). These correlations increase if only the MZ and 

MZP ores are considered, together with that between tin and copper (Table 81B). No 

correlation was seen between tin and copper for the bulk of samples considered (Table 81A). 

Cadmium concentrations range from 1.7 to 772.0 ppm (averaging about 202.0 ppm Cd), the 

higher cadmium contents being found in the MZ and MZP ore samples, as mentioned before 

(Table 81 and Figure 93). Cadmium concentrations are particularly high in the ore samples 

representative of the carbonate-rich MZ and MZP ore zones (e.g., NE28A-2 1040.30, NF24A-

1 919.50). In the remaining ore types, cadmium concentrations are comparatively lower, 

ranging from 1.7 to 50.2 ppm in the MC ore samples (averaging 20.2 ppm Cd), 34.7 to 338.0 

ppm in the MCZ ore samples (averaging 141.3 ppm Cd) and 4.9 to 8.0 ppm in the MP ore 

samples (averaging 6.4 ppm Cd). In the ME ore sample, cadmium concentrations are low (2.8 

ppm Cd). Cadmium has a very high correlation coefficient with zinc (r = 0.94), correlates 

moderately with lead, silver, indium, gold and germanium, and displays a negative correlation 

with iron (r = -0.91) and copper. 

Thallium concentrations are considerably low, reaching up to values as low as 0.5 ppm 

(averaging 0.2 ppm Tl). Almost half of the analyzed ore samples display thallium 

concentrations below the detection limit (<0.05 ppm). Most of the higher concentrations in 

thallium were found in ore samples collected at the south, central-E and northern sectors of 

the orebody, especially regarding the MZ, MZP and MC ore samples. Instead, the higher 

thallium concentration found in the MCZ ore type corresponds to a sample collected at the 

base of the massive sulphide lens in the central-W sector of the orebody. Besides selenium, 

with which thallium shows a moderately positive correlation, this metal has no correlation or 

has moderately negative correlations with with most of the ore major (Cu, Zn, Pb) and minor 

elements (Ag, Sb, Sn, In). 

Indium concentrations are widely variable in the various massive sulphide ore types occurring 

at the Lombador orebody, ranging from 1.4 to 45.1 ppm in our sample set (averaging 11.0 

ppm In). Although the highest indium concentration was found in a MZ ore sample displaying 

strong evidences of ductile deformation (FL743 205.50; Plate 8), indium concentrations are 

usually higher and more uniform in both the MC and MCZ ores. In the MC ore samples, 

indium concentrations range from 9 to 13.1 ppm (averaging 10 ppm In), whereas in the MCZ 

ore samples it ranges between 8.5 and 31.8 ppm (averaging 17.2 ppm In). It should be 

mentioned however that the higher indium concentrations found in the MCZ ore type 
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correspond to samples (e.g., FL911 85.95, NG20 863.20) secondarily enriched in copper, 

coming from a MCZ ore lens tectonically emplaced in a hanging wall position (see Plate 11 

and Appendix A6). As it will be shown in the following chapter, high-resolution BSE images 

provided positive identification of extremely fine-grained (<5 µm) indium-bearing mineral 

phases (roquesite and roquesite-sakuraiite intermediate phase) along annealed chalcopyrite 

grain boundaries in samples coming from MC and MCZ ore lenses strongly deformed and 

tectonically emplaced in hanging wall positions. In the remaining ore types, indium 

concentrations range from 2.5 to 12.9 ppm in the MZP ore samples (averaging 6.4 ppm In), 

8.5 to 26.8 ppm in the MP ore samples (averaging 12.7 ppm In), and 13.7 ppm in the ME ore 

sample analyzed. Concentrations of indium in the MZ ores are widely variable, ranging from 

the lowest (1.4 ppm) to the highest (45.1 ppm) indium contents found. In contrast to what has 

been concluded for the stockwork ores, practically no correlation was detected between 

indium and copper in samples from the massive sulphide ores at the Lombador orebody. In 

these massive ores, indium correlates significantly with germanium (r = 0.75) and moderately 

(r < 0.50) with zinc, arsenic, tin, bismuth and cadmium (Table 81A). The correlation 

coefficients between indium and zinc, tin and cadmium, as well as for zinc and tin clearly 

increase for if only the zinciferous ores (MZ and MZP) are considered, which may indicate a 

metallogenetic relationship (Table 81B). 

Selenium concentrations are higher than those of indium and range from 16.0 to 266.0 ppm 

(averaging 96.0 ppm Se). The highest selenium concentrations were found in the cupriferous 

ores, particularly in the MCZ ore (60.0 to 266.0 ppm, averaging 152.0 ppm Se). Selenium 

concentrations in the MC ore range from 97.0 to 165.0 ppm (averaging 135.0 ppm Se). In 

contrast to indium, selenium concentrations tend to increase in MCZ ore samples located at 

the base of the massive sulphide lens (FL706 199.30, FL911 102.50), where zone refining 

processes are most significant. In the MZ and MZP ore samples, selenium concentrations 

range from 16.0 to 198.0 ppm (averaging 64.2 ppm Se) and from 30.0 to 190.0 ppm 

(averaging 93.7 ppm Se), respectively. The highest selenium concentrations were found in ore 

samples collected in peripheral zones of the orebody (samples FL720 152.75, NE28A-2 

1076.70), which is in good agreement with the metal distribution maps presented in chapter 6. 

However, very significant selenium concentrations (152.0 ppm) also occur associated with 

strongly deformed samples, such as FL743 205.50, which is an indium-rich MZ ore sample. 

Semi-quantitative SEM analysis in this particular sample indicated high selenium contents (up 

to 4 wt%) in galena grains filling fractures in pyrite or underlining sphalerite-carbonate 

contacts. In the MP ore samples, selenium concentrations range between 31 and 63 ppm 

(averaging 47 ppm Se), whereas in the ME ore sample it is below the detection limit (<3 ppm).  
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Contrastingly with indium, the element-element correlations for selenium are globally 

consistent with the distribution of selenium either at the deposit scale or at the scale of the 

various orebodies (Chapter 6). Selenium positively correlates with copper, cobalt and thallium, 

and shows no correlation either with zinc, or lead (Table 81). Moreover, selenium displays a 

negative correlation with arsenic, antimony or silver.  

Bismuth concentrations range from 4.6 to 652.0 ppm (averaging 109 ppm Bi), the highest 

values corresponding, in general, to the MC and MCZ ore samples. In the MC ore samples 

bismuth concentrations range from 71.4 to 376.0 ppm (averaging 193.0 ppm Bi). In the MCZ 

ore samples, bismuth significant concentrations were mainly found in samples displaying 

evidences of tectono-metamorphic deformation (e.g., NG20 858.80, NG20 863.20, FL911 

85.95). In the remaining ore types, bismuth concentrations range from 17.3 to 153.0 ppm in 

the MZ ore samples (averaging 60 ppm Bi), 4.6 to 296.0 ppm in the MZP ore samples 

(averaging 99.1 ppm Bi), and up to 87.4 ppm and 51.1 ppm in the MP and ME ores, 

respectively. Bismuth concentrations in the MP ore seem to be fairly uniform (Table 80). 

Bismuth correlates moderately with silver, indium, arsenic, cobalt, and, to a lesser extent, 

antimony and tin. No correlation was detected between bismuth and copper, zinc and lead. 

Nickel concentrations range from 3.0 to 45.0 ppm (averaging 15.4 ppm Ni). The highest 

concentrations were found in both the MCZ ore samples (10.0 to 45.0 ppm, averaging 22.4 

ppm Ni), and  in the MP ore samples (41 to 45 ppm, averaging 43 ppm Ni). As seen for many 

other minor elements, nickel concentrations in the MCZ ore samples studied are higher in 

those displaying evidences of secondary copper enrichment due to tectonic deformation. In 

the MC ore samples, nickel concentrations range from 4 to 32 ppm (averaging 19.33 ppm Ni), 

and in the MZ and MZP ores samples nickel concentrations are very similar, ranging from 3 to 

19 ppm (averages about 10.0 ppm Ni) and from 4.0 to 23.0 ppm (averaging 11.2 ppm Ni), 

respectively. In the ME ore nickel concentration equals 17.0 ppm. In terms of the calculated 

correlation coefficients, nickel correlates well with cobalt, and moderately with indium, tin, 

bismuth and silver. No correlation exists with copper (or lead), and nickel shows a negative 

correlation with zinc. 

Cobalt concentrations range from 9.0 to 779.0 ppm (averaging 225.0 ppm Co), and the 

highest concentrations were found in the MC ore samples (336 to 779 ppm, averaging 508 

ppm Co), in the MCZ ore samples (241.0 to 672.0 ppm, averaging 476.8 ppm Co), and MP 

ore samples (356.0 to 654.0 ppm, averaging 505.0 ppm Co). In the remaining ore types, 

cobalt concentrations range from 11.0 to 154.0 ppm in the MZ ore samples (averaging 72.5 

ppm Co), 9.0 to 353.0 ppm in the MZP ore samples (averaging 151.3 ppm Co), and up to 

126.0 ppm in the ME ore. Although there is no obvious correlation between high cobalt 

concentrations and effects of the tectono-metamorphic deformation, the highest cobalt 
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concentration was found in a MC ore sample with evidence of secondary copper enrichment. 

Besides nickel, cobalt correlates moderately with copper, indium, selenium and bismuth. The 

correlation coefficient between cobalt and zinc, lead or cadmium is negative. 

Gold concentrations range from 148 to about 1040 ppb (averaging 480 ppb Au). Despite the 

wide variation in its concentrations, the average gold contents are relatively uniform 

throughout the different ore types and reach close to 500 ppb in all ore types. In the MC ore 

gold concentrations range from 163 to 583 ppb (averaging 422 ppb Au), and in the remaining 

ore types it ranges from 182 to 538 ppb in the MCZ ore samples (averaging 445 ppb Au), 148 

to 1040 ppb in the MZ ore samples (averaging 517 ppb Au), 200 to 875 ppb in the MZP ore 

(averaging 469 ppb Au), 421 to 659 in the MP ore  (averages 540 ppb Au), and finally up to 

401 ppb in ME ore. In addition, the highest gold concentration was found in a single MZ ore 

sample representative of the central-E sector of the orebody (NE28A-2 1040.30). Gold 

correlates moderately with zinc, lead, silver and cadmium. The calculated correlation 

coefficients show a negative correlation between gold and copper. 

 

 

 
 

Figure 95. Average concentrations for selected trace elements in the different massive sulphide ore types, from the 
Lombador orebody. 
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Table 81A. Element correlation matrix for selected major and minor elements for the overall studied massive 
sulphide ore samples from the Lombador orebody. 
 

Fe Cu Zn Pb Ag Au In Se Ga Ge Mo As Sb Sn Bi Cd Co Ni Tl
n 32 32 32 32 32 32 32 24 28 22 26 32 32 32 32 32 32 32 20

Fe 1
Cu 0.08 1
Zn -0.93 -0.23 1
Pb -0.37 -0.30 0.32 1
Ag -0.24 -0.28 0.23 0.56 1
Au -0.09 -0.33 0.20 0.29 0.35 1
In -0.41 0.07 0.43 -0.25 -0.03 0.00 1
Se -0.06 0.56 0.02 -0.01 -0.25 -0.35 0.05 1
Ga -0.30 0.34 0.24 -0.02 -0.17 -0.32 0.11 0.43 1
Ge -0.62 -0.20 0.70 -0.01 -0.10 -0.06 0.75 0.05 0.08 1
Mo 0.25 -0.26 -0.19 0.41 0.38 -0.12 -0.02 -0.10 -0.31 -0.10 1
As 0.16 0.05 -0.17 -0.27 0.07 0.08 0.30 -0.24 -0.21 -0.02 -0.07 1
Sb -0.12 -0.19 0.12 0.22 0.73 0.07 -0.14 -0.34 -0.08 -0.15 0.24 0.27 1
Sn -0.08 0.00 0.12 -0.01 0.39 -0.01 0.36 0.05 -0.27 0.23 0.26 0.10 0.29 1
Bi -0.05 0.02 -0.11 -0.05 0.41 0.07 0.43 -0.10 -0.17 -0.09 0.08 0.40 0.17 0.21 1
Cd -0.91 -0.28 0.94 0.40 0.29 0.25 0.40 -0.04 0.21 0.55 -0.12 -0.18 0.12 0.13 -0.03 1
Co 0.41 0.51 -0.45 -0.31 -0.08 -0.01 0.21 0.41 0.20 -0.28 -0.02 0.04 -0.19 0.15 0.40 -0.43 1
Ni 0.38 -0.01 -0.37 -0.12 0.14 -0.04 0.26 -0.08 -0.05 -0.27 0.32 0.07 0.09 0.34 0.37 -0.24 0.60 1
Tl 0.30 0.03 -0.22 0.05 -0.29 0.08 -0.36 0.39 -0.12 -0.28 0.09 -0.24 -0.22 -0.02 -0.32 -0.20 -0.02 -0.09 1  

 
Table 81B. Element correlation matrix for selected major and minor elements for the studied MZ and MZP massive 
sulphide ore samples from the Lombador orebody. 
 

Fe Cu Zn Pb Ag Au In Se Ga Ge Mo As Sb Sn Bi Cd Co Ni Tl
n 21 21 21 21 21 21 21 21 14 21 14 15 21 21 21 21 21 21 21

Fe 1
Cu 0.02 1
Zn -0.93 0.02 1
Pb -0.27 -0.26 0.16 1
Ag -0.15 -0.06 0.12 0.54 1
Au -0.21 -0.45 0.26 0.33 0.41 1
In -0.69 -0.04 0.75 -0.31 -0.28 0.01 1
Se -0.30 0.28 0.29 0.42 -0.04 -0.33 0.16 1
Ga -0.24 0.07 0.26 -0.01 -0.22 -0.29 0.12 0.43 1
Ge -0.62 -0.01 0.70 -0.17 -0.25 -0.13 0.86 0.25 0.09 1
Mo 0.35 0.04 -0.23 0.43 0.27 -0.11 -0.35 0.29 -0.07 -0.05 1
As 0.15 -0.21 -0.10 -0.39 -0.19 0.14 0.15 -0.38 -0.25 0.13 -0.18 1
Sb -0.02 0.36 0.01 0.16 0.71 0.00 -0.31 -0.20 -0.06 -0.27 0.27 0.04 1
Sn -0.46 0.11 0.56 0.08 0.52 0.08 0.46 0.05 -0.16 0.45 -0.02 -0.14 0.37 1
Bi -0.09 -0.15 -0.07 -0.11 0.24 -0.01 0.16 0.12 -0.31 0.02 -0.42 0.23 0.01 0.19 1
Cd -0.91 -0.02 0.93 0.25 0.14 0.33 0.65 0.32 0.22 0.49 -0.23 -0.15 -0.02 0.46 -0.07 1
Co 0.08 -0.09 -0.07 -0.15 0.12 -0.08 0.06 0.40 0.20 -0.06 -0.11 0.11 -0.04 0.17 0.50 -0.04 1
Ni -0.04 0.37 -0.01 -0.15 0.08 -0.32 -0.07 0.14 0.12 -0.23 -0.23 -0.12 0.29 0.13 0.06 0.17 0.31 1
Tl 0.22 -0.35 -0.20 0.21 0.02 0.34 -0.33 0.26 0.04 -0.40 -0.05 0.21 0.22 -0.53 -0.09 -0.09 0.09 -0.23 1  

 

Most ore types at the Lombador orebody possess widely variable REE concentrations, which 

in some cases are below the detection limit, but most commonly are slightly above it (0.07 to 

131.33 ppm, averaging 9.5 ppm) (Table 80 and Appendix A6). In a first approach, the REE 

pattern profiles (Figures 96 and 97) tend to be relatively sub-parallel to the one displayed by 

the unaltered VSC and PQ Group sequence. However, in many samples, significant 

enrichments and/or depletions in REE, particularly in LREE such as lanthanum, cerium and 

neodymium, but also, although less expressively, in HREE, produced variable modifications 

on their REE patterns, which interpretations can be used to trace processes with particular 

signatures. Taken together with the log and petrographic data, it will be shown ahead that, 

from a general standpoint, the REE patterns obtained seem to reflect, in a variable way, the 

combined effects of (1) long-lasting fluid-rock interaction leading to complex ore-forming 

processes; (2) replacement of silicates by sulphides; (3) different mineralization styles 

(exhalative and replacive); and (4) tectono-metamorphic overprinting processes. 
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The MZ ore samples display the highest ΣREE concentrations found (16.09 ppm on average, 

ranging from 0.07 to 131.33 ppm), which represent on average almost twice the abundance of 

the REE concentrations found in the MC ore samples (8.28 ppm on average, ranging from 

2.08 to 17.17 ppm) and MCZ (9.92 ppm on average, ranging from 0.77 to 31.72 ppm) ore 

samples (Table 75). The MP and ME ore samples on the other hand display the lowest REE 

concentrations found (0.21 to 0.38 ppm, and 0.17 ppm, respectively). 

The high REE concentrations in the MZ ore samples are mainly due to the presence of fairly 

high lanthanum (up to 21.90 ppm), cerium (up to 86.20 ppm) and neodymium (up to 14.30 

ppm) concentrations, which are particularly abundant in a MZ ore sample (FL720 152.75) 

representative of the south sector of the orebody, and located above a MCZ ore level that 

displays the highest REE concentrations of the whole MCZ ore sample group (FL720 199. 30; 

see Appendix A2, A5 and A6). Furthermore, the REE concentrations in the MZ (and MZP) ore 

locally exceed those in the footwall host rocks, in particular in the ones located in the 

periphery (see Appendix A6.). Contrastingly, the highest REE concentrations in the MC and 

MZP ores were found in samples collected at the central-E sector of the orebody (NE28A-2 

1028.90, ΣREE = 17.17 ppm; NE28A-2 1076.70, ΣREE = 16.33). Again, lanthanum, cerium 

and neodymium display the highest concentrations found in these samples (Table 80 and 

Appendix A6). These differences and higher ΣREE values are mainly associated to above 

average proportions of gangue minerals in the corresponding samples, such as relics of host 

rocks, products of ore-related processes (chlorite, carbonate, florencite), and, to a lesser 

extent, late tectono-metamorphic veins and veinlets, which are denounced by comparatively 

higher silicium, aluminum, magnesium and/or calcium abundances, and lower sulphur 

contents, and argues strongly for a hydrothermal concentration of REE in the ore zones in 

good agreement with the observed depletion of REE in the altered, peripheral, footwall host 

rocks (Figures 35 and 45). 

 

Overall, the chondrite-normalized (Palme and Jones, 2003) REE patterns for the various ore 

types at the Lombador orebody display a variably positive europium anomaly, with the 

exception of one MZP ore sample (NE24A-1 919.50), which shows a fairly significant negative 

europium anomaly (Eu/Eu* = 0.3) and is representative of a banded, carbonate-bearing 

pyrite(±spahlerite) and sphalerite-galena(±pyrite) ore level, stratigraphically positioned in the 

upper part of the massive sulphide lens (Figures 96 and 97). In fact, by comparing the REE 

pattern of this particular ore sample with that of seawater (Figure 97A) one can recognize 

prominent similarities between the two REE patterns, which seem to reflect, as it will be 

further developed below, the signature of direct ore-fluid exhalation onto the seawater.  
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Furthermore, variably enriched HREE slopes denouncing the participation of a seawater-

derived ore-fluid variably equilibrated with the host rocks can also be recognized in other REE 

patterns representative of both MZ ore samples (FL784 87.10, NE28A-2 1040, NL20-1 

1085.70) and a MCZ ore sample (NI18B-1 919.30). Further inspection of the REE patterns, 

depicted in Figure 96 and 97, enables to recognize, as before mentioned, REE profiles that 

closely replicate that of the host rocks (e.g., FL706 199.30, FL911 102.50, NE28A-2 1076.70, 

NL20-1 1087.90, NK22A-1 1076.30), with the obvious exception of the positive europium 

anomalies, which meaning will be discussed ahead. Peculiar REE profiles, such as FL911 

85.95, NL20-1 1106.30, FL834 153.6, NF24A-1938.30, are interpreted as resulting from the 

combined effects of ore-forming (e.g., hydrothermal alteration, footwall leaching, sulphide 

formation and long-lasting hydrothermal reworking) and late tectono-metamorphic (e.g., 

remobilization, recrystallization, annealing) processes. Intermediate situations are obviously 

equally recognized (e.g., NI18B-1 919.30, FL834 166.00, FL743 205.50).  

The combined effects of the ore-forming processes and late tectono-metamorphic effects on 

the REE patterns are fairly common in samples collected not only at the Lombador orebody, 

but also, and probably even in a larger degree, at the remaining orebodies. Nevertheless, as 

shown earlier, both ductile and brittle deformation is widespread throughout the different ore 

types and orebodies, and strongly influenced the distribution of the main ore mineral phases 

and associated trace elements. For instance, Relvas (2000) and Relvas et al. (2006a) 

reported that at the mineralized level compression-induced tectono-metamorphic deformation 

led to the development of high-grade copper ore-shoots at the Corvo orebody, transforming 

for example low-grade marginal stockwork mineralization into high-grade banded copper ore 

(the rubané ore) due to tangential deformation and emplacement in a hanging wall position. 

The REE patterns depicted by these samples also suffered peculiar shifts. 

 

As previously mentioned, positive europium anomalies (calculated after McLennan 1989: 

Eu/Eu*=Eun/(SmnxGdn)0.5) are common throughout the different ore types. Europium 

anomalies range from 0.3 to 6.1 (averaging 2.4), and although the highest Eu/Eu* value was 

found in a MZ ore sample located in the northern part of the orebody (NL20-1 1085.70), the 

MZP ores show on average the highest europium anomalies (0.3 to 4.8, averaging 2.6). In 

fact, the low-temperature ore types tend to show higher positive europium anomalies (2.4 on 

average) relative to the high-temperature ores (2.1 on average), although fairly high europium 

anomalies can equally be found in single MC ore samples located in the northern sector of the 

orebody (Eu/Eu*= 4.3, NK22A-1 1076.3). This variation in the calculated europium anomalies 

can also be reproduced in ore samples representative of different ore types located in different 

stratigraphic positions (from base to top) along the same drill hole (e.g., drill holes FL911, 



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 
	  

346 | P a g e  
	  

FL720, FL799, FL784). These differences seem to mimic the behavior of europium in modern 

black smoker and white smoker hydrothermal fluids as shown for instance by Mills and 

Elderfield (1995) in their work on hydrothermal activity and geochemistry of metalliferous 

sediments from modern seafloor hydrothermal systems. Accordingly, high-temperature black 

smoker hydrothermal fluids tend to display slightly lower europium anomalies than low-

temperature white smokers. 

Negative to positive cerium anomalies (calculated after McLennan 1989: Ce/Ce*= 

Cen/(LanxPrn)0.5) can also be distinguished in several ore types (Figure 96 and 97). Despite the 

fact that some of the calculated cerium anomalies are close to one, and that some of the 

calculated values constitute apparent anomalies (e.g., NI18B-1 919.30, FL784 87.10, NG20 

896.20) according to the discrimination criteria of Bau and Dulski (1996; in Slack et al., 2007), 

the calculated cerium anomalies range from 0.6 to 2.1 (averaging 1). Negative cerium 

anomalies are usually displayed by ore samples representative of the low-temperature zinc-

rich ore types (e.g., FL834 166.00, FL879 137.40, NF24A-1 919.50), particularly the MZP ores 

(Figure 96B and 97A). However, the highest Ce/Ce* values are also shown by the low-

temperature ores, in particularly the MZ ores samples (e.g., FL720 152.75, NF24A-1 938.30, 

NI18B-1 914.70). 

Slight positive cerium anomalies are equally shown by the MCZ ores samples (Ce/Ce* up to 

1.3), particularly those located at the base of the massive sulphide lens (FL706 199.30, FL911 

102.50). In contrast, MCZ ore samples located in a hanging wall position (NG20 863.20, 

FL911 85.95) display slightly negative cerium anomalies (Figure 96A). In the MC ore samples, 

cerium anomalies range from 0.8 to 1.1, whereas in the MP ore samples, Ce/Ce* equals 1.2. 

The occurrence of such variable cerium anomalies in the different ore types, together with the 

europium anomalies, and log and petrographic data is here interpreted as a function of the 

mineralization styles recognized.  

The presence of a clear negative cerium and europium anomalies, followed by a HREE 

enrichment in one of the MZP ore samples (NF24A.1 919.50, Figure 97A), as well as 

intermediate situations displaying slightly negative to positive cerium anomalies but variably 

positive europium anomalies (e.g., FL720 152.75, NF24A-1 938.30, NK22A-1 1095.50, 

NI18B-1 914.70, NL20-1 1087.90) are good indicators of direct exhalation of the ore-forming 

hydrothermal fluids onto the seawater column, mixture and uptake of REE from seawater, and 

distal sulphide deposition by plume fallout and/or by brine pool. 

In turn, the development of a REE profile relatively sub-parallel to that of the IPB host rocks, 

nil to positive europium anomalies, and the lack of cerium anomalies (e.g., FL879 137.40, 

FL706 199.30, FL911 102.50, FL784 87.10, NE28A-2 1076.70) argue strongly for sub-
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seafloor replacement and massive mineralization of the host rocks. As it will be shown later in 

Chapter 7, the lead isotope data corroborates this interpretation. 

 
 

 
Figure 96. Chondrite-normalized REE patterns for the MCZ (A) and MZ (B) ore samples from the Lombador 
orebody. Note the sub-parallel pattern developed by two MCZ ore samples located in a footwall position (FL706 
199.30, FL911 102.50) and fairly undisturbed by the late tectono-metamorphic deformation effects, relative to the 
general profile displayed by the unaltered IPB VSC and PQ Group host rocks, in contrast with the ore samples 
affected by tectono-metamorphic effects (e.g., NG20 863.20, FL911 85.95, FL834 166.00, FL743 205.50, FL799 
52.70, NL20-1 1106.30), which show REE patterns with variably mixed signatures. Moreover, note the positive 
cerium anomaly and slope of the HREE of some ore samples (e.g., FL720 152-75, NI18B-1 919.30, NI18B 914.70, 
NL20-1 1085.70) converging to the seawater HREE profile and denunciating a direct exhalation of the 
hydrothermal fluid into the seawater column. Typical REE patterns for unaltered rocks from the VSC and PQ Group 
at the IPB were based on Munhá (1998; unpublished data, in Relvas, 2000) and Jorge (2010), respectively. 
Seawater REE pattern from Douville et al., (2002). 
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Figure 97. Chondrite-normalized REE patterns for the MZP (A) and MC, MP and ME (B) ore samples from the 
Lombador orebody. Note the relatively sub-parallel profile and slope depicted by some samples relative to the REE 
patterns of the host rocks (e.g., NE28A-2 1076.70, NL20-1 1087.90, NE28A-1 1028.90, NK22A-1 1076.30), in 
contrast to the peculiar REE profile depicted by samples with evidences of tectono-metamorphic overprinting (e.g., 
FL784 48.20, FL911 100.80, NG20 858.80, FL743 131.10). Moreover, the REE pattern depicted by sample NF24A-
1 919.50 that is sub-parallel to that of seawater, together with those of samples NK22A-1 1095.5 and NL20-1 
1087.90 despite the positive europium anomaly. Typical REE patterns for unaltered rocks from the VSC and PQ 
Group at the IPB were based on Munhá (1998; unpublished data, in Relvas, 2000) and Jorge (2010), respectively. 
Seawater REE pattern from Douville et al., (2002). 
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5.5.3.2. Corvo (SE area), Neves, Graça (SW area) and Zambujal orebodies 

 

By comparing the MCZ, MZ and MZP ores at the Corvo (SE area), Neves, Graça (SW area) 

and Zambujal orebodies with those at the Lombador orebody (Table 82A-B and Figure 98 to 

100), significant differences can be seen between the same ore types from the different 

orebodies, in particular in the MCZ ore in terms of ore major (Cu, Zn, Pb) and minor (Ag, Au, 

In, Se, As, Sb, Sn, Bi) element abundances. 

The concentrations of the major oxide elements (SiO2, Al2O3, Fe2O3(T), MnO, MgO, CaO, 

Na2O, K2O, TiO2, P2O3) in the different ore types and orebodies on the other hand are 

relatively similar (Table 82A-B), and seem to mainly reflect the amount of gangue minerals in 

the various ore samples studied, being either related to the ore-forming processes, or 

associated to the filling of late tectono-metamorphic veins and veinlets (see Subsection 

5.3.3.3). In general, the REE patterns are also consistent with ore precipitation from 

hydrothermal solutions evolved through fluid-rock interactions, although evidences for direct 

exhalation of the hydrothermal solutions on the seafloor are equally found. Significant 

exceptions are individual samples strongly affected by tectono-metamorphic overprinting 

effects, such as many indium- and/or selenium-rich ore samples from the Neves and Zambujal 

orebodies.  

 

In the MCZ ore samples from the Neves and Zambujal orebodies, copper concentrations are 

extremely high, ranging from 8.27 to 17.10 wt% (averaging 12.82 wt% Cu), and from 9.19 to 

26 wt% (averaging 15.56 wt% Cu), respectively. Zinc and lead concentrations, on the other 

hand, range from 0.42 to 7.18 wt% (averaging 4.07 wt% Zn), and 0.07 wt% to 0.23 wt% 

(averaging 0.13 wt% Pb) at the Neves orebody, and from 8.69 to 12.70 wt% (averaging 10.45 

wt% Zn) and 0.01 to 0.07 wt% (averaging 0.05 wt% Pb) at the Lombador orebody.  

Copper, zinc and lead concentrations in the MCZ ore sample from the Graça orebody are 1.48 

wt% Cu, 2.72 wt% Zn and 0.18 wt% Pb, respectively. Except for zinc and lead, the 

concentrations of the major ore elements in the MCZ ore sample analyzed are relatively close 

to those shown by the MCZ ore samples from the Lombador orebody. On average, however, 

these concentrations are higher in the MCZ ore samples from the Lombador orebody relative 

to the other orebodies (Figure 98). 

Silver concentrations in the MCZ ore at the Neves orebody were the highest found, ranging 

from 42.6 to 382.0 ppm (averaging 190.9 ppm Ag). In the MCZ ore from the Zambujal and 

Graça orebodies, silver concentrations are similar, ranging from 23.2 to 39.8 ppm in the MCZ 

ore from Zambujal (averaging (30.4 ppm Ag), and up to 49.7 ppm in the MCZ ore from Graça. 
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Table 82A. Major and minor element concentrations for the various zinciferous massive sulphide ore types from the 
Corvo (SE area), Neves, Graça (SW area) and Zambujal orebodies (MCZ – massive copper-zinc ore; MZ – 
massive zinc ore; MZP – massive lead-zinc ore; D.L. – detection limit; A.M. – analytical method. 
 

Graça Zambujal
avg.            

(n = 3) min max (n = 1) avg.         
(n = 3) min max avg.      

(n = 2) min max avg.      
(n = 2) min max (n =1)

Major Elements (%) D. L. A. M.
SiO2 0.36 0.09 0.89 1.95 1.39 0.23 2.16 0.26 0.14 0.37 0.16 0.14 0.17 0.89 0.01 FUS-ICP

Al2O3 0.10 0.04 0.19 0.44 1.03 0.17 1.84 0.19 0.08 0.29 0.07 0.06 0.08 0.80 0.01 FUS-ICP

Fe2O3(T) 45.20 38.95 49.09 56.14 37.56 28.60 43.59 37.65 34.00 41.29 44.02 39.74 48.29 60.99 0.01 FUS-ICP

MnO 0.02 0.01 0.04 0.03 0.01 0.01 0.02 0.04 0.03 0.06 0.03 0.02 0.04 0.02 0.001 FUS-ICP

MgO 0.13 0.06 0.18 0.06 0.17 0.03 0.33 0.23 0.18 0.28 0.27 0.23 0.31 0.16 0.01 FUS-ICP

CaO 0.18 0.09 0.32 0.23 0.09 0.09 0.09 0.23 0.13 0.32 0.42 0.31 0.53 < 0.01 0.01 FUS-ICP

Na2O 0.02 0.02 0.02 0.05 0.05 0.03 0.07 0.02 0.01 0.02 0.01 0.01 0.01 0.02 0.01 FUS-ICP

K2O 0.01 0.01 0.01 0.07 0.11 0.07 0.14 < 0.01 < 0.01 0.03 0.01 FUS-ICP

TiO2 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.00 0.00 0.00 < 0.001 0.00 0.001 FUS-ICP

P2O5 0.01 0.01 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.01 FUS-ICP

LOI 24.36 20.43 28.29 32.27 21.06 15.45 25.01 28.18 26.99 29.36 29.04 27.96 30.11 32.59 FUS-ICP

Total 70.37 91.24 61.36 66.78 74.00 95.37 0.01 FUS-ICP

S 42.77 39.70 45.70 49.80 32.73 15.30 42.20 44.75 43.50 46.00 46.05 45.80 46.30 50.80 0.01 IR

Cu 12.82 8.27 17.10 1.48 15.56 9.19 26.00 0.21 0.20 0.22 0.39 0.25 0.53 0.33 0.005 FUS-Na 2 O2

Zn 4.07 0.42 7.18 2.72 10.45 8.69 12.70 18.10 14.60 21.60 15.35 12.10 18.60 2.13 0.01 FUS-Na 2 O2

Pb 0.13 0.07 0.23 0.18 0.05 0.01 0.07 0.29 0.28 0.29 0.24 0.20 0.28 0.07 0.01 FUS-Na 2 O2

Minor Elements (ppm) 
Possible Payable or Accountable Metals
Ag 190.9 42.6 382.0 49.7 30.5 23.2 39.8 142.2 85.4 199.0 47.6 32.3 62.9 5.80 0.3 TD-ICP

Au (ppb) 1300 505 100 1900 534 393 675 84.00 2 INAA

In 62.2 52.0 76.2 13.6 50.8 32.2 79.7 16.5 9.8 23.1 25.9 15.9 35.9 3.80 0.1 FUS-MS

Se 295.0 118.0 589.0 < 3 974.7 374.0 1540.0 < 3 < 3 849.00 3 INAA

Ga 3.0 1.0 5.0 < 1 6.3 3.0 10.0 11.5 7.0 16.0 11.5 7.0 16.0 5.00 1 FUS-MS

Ge 2.5 0.5 4.4 < 0.5 0.9 0.5 1.2 1.4 1.4 1.4 < 0.5 < 0.5 0.5 FUS-MS

Mo 7.7 5.0 12.0 4.0 7.0 4.0 12.0 3.5 3.0 4.0 4.0 3.0 5.0 5.00 2 FUS-MS

Σ 562.5 67.8 1070.3 177.0 89.5 868.68
Possible Penalty Metals
As 4720.0 1120.0 7730.0 5790.0 8030.0 1840.0 19900.0 7890.0 1980.0 13800.0 5310.0 4500.0 6120.0 1130.0 0.5 INAA

Sb 9933.0 419.0 27900.0 302.0 5602.0 121.0 15800.0 561.0 545.0 577.0 213.0 167.0 259.0 73.9 0.2 INAA

Sn 10880 1510 29200 276 473 291 723 824 597 1050 785 430 1140 44.00 1 FUS-MS

Bi 541.0 189.0 1150.0 113.0 448.7 139.0 804.0 172.5 120.0 225.0 253.5 237.0 270.0 8.80 0.1 FUS-MS

Cd 966.7 463.0 1660.0 537.0 1240.7 712.0 1760.0 55.5 33.0 78.0 124.5 115.0 134.0 7.00 0.5 TD-ICP

Co 16 9 22 11 12 3 25 21 19 22 11 9 13 7.00 1 FUS-MS

Ni 88 17 129 67 188 78 286 425 378 472 282 198 366 68.10 1 TD-ICP

Cr <5 < 5 < 5 < 5 < 5 < 5 5 INAA

Br 12.10 12.10 12.10 < 0.5 9.80 9.80 9.80 <0.5 <0.5 < 0.5 0.5 INAA

Σ 27157.0 7095.8 16004.3 9948.0 6979.0 1338.8
Other Minor Elements
Ba 5.0 5.0 5.0 8.0 32.0 30.0 34.0 < 3 < 3 10.0 3 FUS-ICP

Y < 0.5 0.8 2.1 0.9 3.2 < 0.5 < 0.5 < 0.5 0.5 FUS-MS

Zr < 1 2.0 6.7 3.0 13.0 1.0 <1 2.0 < 1 < 1 1 FUS-MS

Nb 2.1 2.1 2.1 < 0.2 1.0 0.5 1.4 < 0.2 0.0 0.0 < 0.2 < 0.2 0.2 FUS-MS

Rb < 1 5.0 4.5 3.0 6.0 < 1 < 1 1.0 1 FUS-MS

Sr 2.0 2.0 2.0 4.0 7.3 2.0 10.0 < 2 3.0 3.0 3.0 < 2 2 FUS-ICP

V 25.3 16.0 43.0 < 5 26.3 10.0 45.0 13.0 9.0 17.0 11.5 6.0 17.0 22.0 5 FUS-ICP

W 31.8 2.1 61.5 3.9 0.6 0.7 0.8 0.5 1.0 < 0.5 0.5 FUS-MS

Cs 0.2 0.2 0.2 0.2 0.6 0.2 1.0 < 0.1 < 0.1 0.3 0.1 FUS-MS

Sc < 0.1 < 0.1 < 0.1 < 0.1 < 0.1 0.2 0.1 INAA

Hf 0.1 0.3 0.4 0.1 0.7 0.3 0.2 0.3 0.2 0.3 0.1 FUS-MS

Ta 0.0 0.1 0.1 0.0 0.2 0.5 0.3 0.7 0.0 0.1 0.01 FUS-MS

Tl 7.9 1.3 14.6 0.1 0.7 0.1 1.2 0.1 0.1 0.1 0.05 FUS-MS

Th 0.1 0.1 0.1 0.1 0.8 0.1 1.4 < 0.05 < 0.05 < 0.05 0.05 FUS-MS

U 2.5 0.0 5.1 0.3 7.1 1.9 10.3 0.1 0.1 0.1 < 0.01 2.6 0.01 FUS-MS

Rare Earth Elements
La 0.54 0.17 1.01 0.68 3.01 1.17 4.14 0.22 0.18 0.25 0.24 0.15 0.33 0.66 0.05 FUS-MS

Ce 0.96 0.26 1.49 1.26 5.14 2.40 7.04 0.41 0.39 0.43 0.43 0.32 0.54 1.59 0.05 FUS-MS

Pr 0.06 0.01 0.10 0.15 0.60 0.27 0.86 0.02 0.01 0.03 0.02 0.19 0.01 FUS-MS

Nd 0.32 0.29 0.34 0.42 2.21 0.89 2.96 0.23 0.21 0.25 0.29 0.27 0.30 0.48 0.05 FUS-MS

Sm 0.11 0.07 0.17 0.34 0.60 0.51 0.75 0.08 0.03 0.12 0.08 0.07 0.08 0.39 0.01 FUS-MS

Eu 0.04 0.03 0.06 0.10 0.16 0.12 0.18 0.07 0.06 0.07 0.08 0.06 0.10 0.06 0.005 FUS-MS

Gd 0.07 0.06 0.09 0.25 0.45 0.28 0.56 0.11 0.10 0.12 0.07 0.05 0.09 0.22 0.01 FUS-MS

Tb 0.01 0.04 0.07 0.01 0.13 < 0.01 0.01 0.01 0.01 0.01 0.01 FUS-MS

Dy 0.05 0.01 0.08 0.25 0.38 0.04 0.75 0.04 0.03 0.04 0.04 0.03 0.05 0.08 0.01 FUS-MS

Ho 0.01 0.05 0.10 0.07 0.13 < 0.01 < 0.01 0.02 0.01 FUS-MS

Er 0.04 0.03 0.04 0.15 0.19 0.02 0.37 0.02 0.02 0.02 0.03 0.02 0.03 0.09 0.01 FUS-MS

Tm 0.01 0.02 0.04 0.03 0.06 < 0.005 < 0.005 0.02 0.005 FUS-MS

Yb 0.03 0.01 0.05 0.20 0.21 0.03 0.38 0.03 0.02 0.03 0.04 0.03 0.04 0.16 0.01 FUS-MS

Lu 0.01 0.00 0.01 0.04 0.04 0.01 0.06 0.01 0.00 0.01 0.01 0.01 0.01 0.03 0.002 FUS-MS

Σ 2.26 3.95 13.21 1.21 1.32 4.00

Corvo (SE area) Graça (SW area)

MZMCZ
Neves Zambujal
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Table 82B. Major and minor element concentrations for the various zinciferous massive sulphide ore types from the 
Corvo (SE area), Graça (SW area) and Zambujal orebodies (MCZ – massive copper-zinc ore; MZ – massive zinc 
ore; MZP – massive lead-zinc ore; D.L. – detection limit; A.M. – analytical method. 
 

Zambujal

avg.        
(n = 2) min max avg.        

(n = 2) min max (n = 1)

Major Elements (%) D. L. A. M.
SiO2 2.68 0.60 4.76 0.23 0.11 0.34 0.50 0.01 FUS-ICP

Al2O3 1.05 0.21 1.89 0.11 0.06 0.16 0.38 0.01 FUS-ICP

Fe2O3(T) 38.62 35.98 41.25 45.27 38.95 51.58 57.14 0.01 FUS-ICP

MnO 0.04 0.03 0.05 0.10 0.04 0.17 0.03 0.001 FUS-ICP

MgO 0.26 0.13 0.39 0.50 0.29 0.70 0.27 0.01 FUS-ICP

CaO 0.38 0.38 0.38 0.09 0.04 0.14 0.33 0.01 FUS-ICP

Na2O 0.03 0.02 0.03 < 0.01 < 0.01 0.01 FUS-ICP

K2O 0.02 0.02 0.02 < 0.01 0.02 0.01 FUS-ICP

TiO2 0.08 0.08 0.08 < 0.001 0.00 0.001 FUS-ICP

P2O5 0.36 0.36 0.36 0.01 0.01 0.01 < 0.01 0.01 FUS-ICP

LOI 25.72 24.99 26.45 28.93 27.09 30.77 32.09 FUS-ICP

Total 69.23 75.23 90.77 0.01 FUS-ICP

S 42.25 40.30 44.20 41.90 40.10 43.70 49.00 0.01 IR

Cu 0.54 0.38 0.70 0.26 0.17 0.36 0.60 0.005 FUS-Na 2 O2

Zn 14.75 10.60 18.90 13.44 8.28 18.60 2.35 0.01 FUS-Na 2 O2

Pb 4.41 3.56 5.25 2.22 0.67 3.76 1.78 0.01 FUS-Na 2 O2

Minor Elements (ppm) 
Possible Payable or Accountable Metals
Ag 159.5 104.0 215.0 80.4 65.6 95.2 24.1 0.3 TD-ICP

Au (ppb) 858 306 1410 447 299 594 < 2 2 INAA

In 32.9 9.2 56.5 16.9 14.3 19.5 1.1 0.1 FUS-MS

Se < 3 0.0 0.0 < 3 2910.0 3 INAA

Ga 20.5 8.0 33.0 9.0 6.0 12.0 2.0 1 FUS-MS

Ge 1.2 0.9 1.4 0.7 0.7 0.7 < 0.5 0.5 FUS-MS

Mo 5.0 3.0 7.0 3.5 3.0 4.0 3.0 2 FUS-MS

Σ 219.9 110.9 2940.2

Possible Penalty Metals
As 5810.0 1970.0 9650.0 6580.0 3060.0 10100.0 2770.0 0.5 INAA

Sb 716.5 403.0 1030.0 346.0 251.0 441.0 146.0 0.2 INAA

Sn 972 613 1330 590 309 871 398 1 FUS-MS

Bi 658.0 186.0 1130.0 283.5 269.0 298.0 31.8 0.1 FUS-MS

Cd 110.0 54.0 166.0 115.5 91.0 140.0 430.0 0.5 TD-ICP

Co 21 19 23 8 4 11 19 1 FUS-MS

Ni 391 185 597 258 148 368 51 1 TD-ICP

Cr 33 33 33 < 5 < 5 5 INAA

Br < 0.5 < 0.5 < 0.5 0.5 INAA

Σ 8711.0 8180.5 3845.3

Other Minor Elements
Ba 4.0 4.0 4.0 < 3 6.0 3 FUS-ICP

Y 8.9 0.6 17.2 < 0.5 < 0.5 0.5 FUS-MS

Zr 13.0 6.0 20.0 < 1 4.0 1 FUS-MS

Nb 1.8 1.8 1.8 < 0.2 < 0.2 0.2 FUS-MS

Rb < 1 < 1 < 1 1 FUS-MS

Sr 14.0 14.0 14.0 < 2 3.0 2 FUS-ICP

V 115.5 8.0 223.0 17.0 7.0 27.0 29.0 5 FUS-ICP

W 3.6 3.6 3.6 0.6 0.5 0.6 < 0.5 0.5 FUS-MS

Cs 0.2 0.2 0.2 < 0.2 0.1 0.1 FUS-MS

Sc 1.5 0.6 2.4 0.7 0.7 0.7 < 0.1 0.1 INAA

Hf 0.5 0.3 0.7 0.2 0.2 0.2 0.1 0.1 FUS-MS

Ta 0.2 0.2 0.3 0.1 0.0 0.1 0.0 0.01 FUS-MS

Tl 0.1 0.1 0.1 0.1 0.1 0.1 1.4 0.05 FUS-MS

Th 1.2 1.2 1.2 0.1 0.1 0.1 0.8 0.05 FUS-MS

U 37.6 37.6 37.6 0.3 0.3 0.3 4.4 0.01 FUS-MS

Rare Earth Elements
La 7.03 0.75 13.30 0.37 0.16 0.58 2.47 0.05 FUS-MS

Ce 8.17 2.03 14.30 0.55 0.30 0.79 4.98 0.05 FUS-MS

Pr 1.47 0.16 2.78 0.08 0.08 0.08 0.58 0.01 FUS-MS

Nd 6.35 0.29 12.40 0.34 0.20 0.48 1.94 0.05 FUS-MS

Sm 1.66 0.23 3.09 0.09 0.06 0.12 0.36 0.01 FUS-MS

Eu 2.62 0.06 5.18 0.14 0.08 0.21 0.06 0.005 FUS-MS

Gd 1.58 0.13 3.03 0.08 0.05 0.10 0.16 0.01 FUS-MS

Tb 0.53 0.53 0.53 < 0.01 0.01 0.01 FUS-MS

Dy 1.64 0.08 3.20 0.04 0.04 0.04 0.07 0.01 FUS-MS

Ho 0.31 0.02 0.59 < 0.01 0.01 0.01 FUS-MS

Er 0.84 0.08 1.60 0.03 0.02 0.03 0.04 0.01 FUS-MS

Tm 0.11 0.01 0.21 0.01 0.01 0.01 0.01 0.005 FUS-MS

Yb 0.70 0.12 1.28 0.06 0.03 0.09 0.03 0.01 FUS-MS

Lu 0.11 0.03 0.19 0.02 0.01 0.04 0.01 0.002 FUS-MS

Σ 33.10 1.80 10.72

Corvo (SE area) Graça (SW area)
MZP
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Gold concentrations (1.3 ppm Au) were equally found in the MCZ ore from Neves. In the 

remaining orebodies, the gold concentrations in the MCZ ore samples studied are 

comparatively lower, reaching 505 ppb in the MCZ from Graça and 100 ppb in the MCZ ore 

from Zambujal.  

Indium concentrations in the MCZ ore samples, are higher and relatively homogeneous in the 

Neves orebody (52.0 to 76.2 ppm, averaging 62.2 ppm In), and in the Zambujal (32.0 to 79.7 

ppm, averaging 50.8 ppm In) orebody. In the MCZ ore at the Graça orebody, indium 

concentration is comparatively lower (13.6 ppm In), and closer to the average indium content 

displayed by the MCZ ores from the Lombador orebody (17.2 ppm In). 

Selenium is highly enriched in the MCZ of the Zambujal orebody, ranging from 374.0 ppm to 

1540.0 ppm (averaging 974.7 ppm Se). As it will be shown in the following chapter, most of 

the high selenium contents in the MCZ ore at the Zambujal orebody occurs as discrete 

selenium-bismuth and selenium-bearing lead-bismuth mineral phases, which may contain up 

to 25 wt% Se; in addition, selenium (up to 4.88 wt% Se) may also substitute for sulphur in 

galena (see Section 5.4.). In contrast, selenium concentrations in the MCZ ore at the Neves 

orebody range from 118.0 to 589.0 ppm (averaging 295.0 ppm). In turn, the MCZ ore at the 

Graça orebody  practically has no selenium at all (below the detection limit; <3 ppm).  

The MCZ ore samples from the Zambujal orebody display higher arsenic concentrations 

(1840.0 ppm to 1.99 wt%, averages 8030.0 ppm As) than those coming from the Neves and 

Graça orebodies, which display comparatively lower concentrations (1120.0 to 7730.0 ppm, 

averaging 4720 ppm As and 5790 ppm As, respectively).  

Antimony concentrations are higher in the MCZ ore from the Neves orebody, ranging from 419 

ppm to over 2.79 wt% (averaging 9933.0 ppm Sb), whereas in the MCZ ore samples from the 

Zambujal orebody antimony concentrations range from 121.0 ppm to 1.58 wt% (averaging 

5602.0 ppm Sb), and in the MCZ ore samples from the Graça orebody it reaches 302.0 ppm 

Sb. Such variation in the arsenic and antimony concentrations should relate with the 

proportion of tetrahedrite and tennantite occurring in the MCZ ore samples at each orebody. 

Contrastingly enough, the high arsenic and low antimony concentrations in the MCZ ore 

samples from the Lombador orebody are mainly associated to the presence of arsenopyrite, 

cobaltite and tetrahedrite. 

Tin concentrations are highest in the MCZ ore samples from the Neves orebody, ranging from 

1510 ppm to 2.9 wt% (averaging about 1 wt% Sn). At the Zambujal orebody, tin 

concentrations in the MCZ ore samples range from 291 to 723 ppm (averaging 473.3 ppm 

Sn), and at the Graça orebody it reaches 276 ppm. Again, such differences reflect the 

proportion of the tin-bearing ore minerals found (cassiterite, stannite, kesterite, ferrokesterite) 

in the MCZ ore samples at each orebody (Figure 62; see previous Section). The high tin 
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concentration found in one of the MCZ ore samples from Neves orebody (FN557 1.40) is 

particularly associated to the presence of cassiterite.  

Bismuth concentrations range from 189.0 to 1150.0 ppm in the MCZ ore samples from the 

Neves orebody (averaging 541.0 ppm Bi), 139.0 to 804.0 ppm in the MCZ ore samples from 

the Zambujal orebody (averaging 448.7 ppm Bi), and reaches 113.0 ppm in a single MCZ ore 

sample from the Graça orebody. 

Cadmium concentrations are also significant in the MCZ ore samples from the Neves orebody 

(463.0 to 1660.0 ppm, averaging 966.7 ppm Cd), and the Zambujal orebody (712.0 to 1760.0 

ppm, averages 1240.7 ppm Cd). At the Graça orebody, cadmium concentration in the MCZ 

ore sample studied reaches 537.0 ppm.  

 

 
Figure 98. Average concentration for selected major and minor elements in the MCZ ore samples from the 
Lombador, Neves, Graça (SW area) and Zambujal orebodies. 
 

Slight differences on the concentrations of other minor elements in the MCZ ore from the 

different orebodies may also be significant. For example, on average, barium concentrations 

in the MCZ ore samples from the Zambujal (32.0 ppm Ba) and the Lombador (25.6 ppm Ba) 

orebodies are higher than those in the MCZ ore samples from the Neves (up to 5.0 ppm Ba) 

and Graça (8.0 ppm Ba) orebodies. On the other hand, tungsten concentrations are higher in 

the MCZ from Neves (31.8 ppm) than in the remaining orebodies (<5 ppm) (Table 80 and 82; 

Figure 98). 
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In the MZ ore samples from the Corvo (SE area), Graça (SW area) and Zambujal orebodies, 

copper concentrations are, as expected, low and fairly uniform throughout the different 

orebodies (Table 82A and Figure 99), ranging respectively from 0.20 to 0.22 wt% (averaging 

0.21 wt% Cu), 0.25 wt% to 0.53 wt% (averaging 0.39 wt%) and up to 0.33 wt%. These copper 

concentrations are similar to those found in the MZ ore samples from the Lombador orebody. 

Zinc concentrations are more variable (Table 82A and Figure 99). Despite some local zinc 

enrichments ascribed to tectono-metamorphic remobilization, in general the zinc contents of 

the studied MZ ore samples do not deviate significantly from the estimated average zinc 

grades for the MZ ore in the corresponding orebody (Lombador: 4.76 % Zn; Corvo: 6% Zn; 

Graça: 6.06 % Zn; Zambujal: 4.21 % Zn; 2013 Somincor/Lindin mining unpublished data). 

Zinc concentrations in the MZ ore samples from the Corvo orebody range from 14.60 to 21.60 

wt% (averaging 18.10 wt% Zn), whereas at the Graça orebody it ranges from 12.10 to 18.60 

wt% (averaging 15.35 wt% Zn), and, finally, at the Zambujal orebody, it reaches up to 2.13 

wt%.  

The lead concentrations are low (<0.30 wt% Pb) and fairly uniform in the MZ ores from the 

Corvo (0.28 to 0.29 wt% Pb), Graça (0.20 to 0.28 wt% Pb) and Zambujal (0.07 wt%)  

orebodies. At the Lombador orebody, however, these concentrations are on average about 6 

times higher than these.  

Silver and gold concentrations are higher in the MZ ore samples from Corvo, ranging 

respectively from 85.4 to 199 ppm (averaging 142.2 ppm Ag), and up to 1.9 ppm Au (found in 

a single MZ ore sample). In the remaining orebodies, silver and gold concentrations are 

comparatively lower, particularly at the Zambujal orebody, where they reach 5.8 ppm and 84 

ppb, respectively. At the Graça orebody, silver concentrations range from 32.3 to 62.9 ppm 

(averaging 47.6 ppm Ag), whereas gold concentrations range from 393 to 675 ppb (averaging 

534 ppb Au). 

Indium concentrations are quite similar in the MZ ore samples from the Corvo and Graça 

orebodies, although slightly higher at the Graça orebody. At the Corvo orebody, indium 

concentrations in the MZ ore samples range from 9.8 to 23.1 ppm (averaging 16.5 ppm In), 

whereas at the Graça orebody indium concentrations range from 15.9 to 35.9 ppm (averaging 

25.9 ppm In). In the MZ ore sample collected at the Zambujal orebody, the indium 

concentration is comparatively lower (3.8 ppm). 

Selenium concentrations were only found in the MZ ore sample from the Zambujal orebody 

(849.0 ppm Se). In the MZ ore samples from the Corvo and Graça orebodies selenium 

concentrations are below the detection limit (<3 ppm). The high selenium concentration found 

in the MZ ore sample from the Zambujal orebody, which was located in the vicinity of a low-
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angle thrust fault, is more than 10 times the average selenium concentration found in the MZ 

ore samples from Lombador (Table 80). These high selenium concentrations are though to 

reflect the occurrence of selenium-bearing galena, although the possible occurrence of 

selenium-bearing lead-bismuth sulphosalts such as junoite (or others) may also explain the 

high selenium abundance.  

Arsenic and antimony concentrations are higher in the MZ ore samples from the Corvo 

orebody, ranging respectively from 1980.0 ppm to 1.3 wt% (averaging 7890.0 ppm As), and 

from 545.0 to 577.0 ppm (averaging 561.0 ppm Sb). The higher concentrations seem to reflect 

higher amounts of arsenopyrite and tetrahedrite in a single sample. In the MZ ore samples 

from the Graça orebody, arsenic and antimony concentrations range respectively from 4500.0 

to 6120.0 ppm (averaging 5310.0 ppm As), and from 167.0 to 259.0 ppm (averaging 213.0 

ppm Sb), whereas at the Zambujal orebody the arsenic and antimony concentrations reach up 

to 1130.0 ppm As and 73.9 ppm Sb, respectively.   

As for indium, the tin concentrations in the MZ ore samples from the Corvo and Graça 

orebodies are relatively similar. Tin ranges from 597 to 1050 ppm in the MZ ore samples from 

the Corvo orebody (averaging 824 ppm Sn), and from 430 to 1140 ppm in the MZ ore samples 

from the Graça orebody (averaging 785 ppm Sn). At the Zambujal orebody, the MZ ore 

sample studied displays 44 ppm Sn. Relative to the Lombador orebody, these abundances 

are within the range shown by tin in the MZ ores at Lombador (Table 80). 

The MZ ores from the Corvo and Graça orebodies display relatively high concentrations of 

bismuth and nickel. Bismuth concentrations in the MZ ore samples from the Corvo orebody 

range from 120.0 to 225.0 ppm (averaging 172.5 ppm Bi), whereas nickel ranges from 378.0 

to 472.0 ppm (averaging 425.0 ppm Ni). At the Graça orebody, bismuth concentrations in the 

MZ ore samples are relatively uniform (237.0 to 270.0 ppm, averaging 253.5 ppm Bi), 

whereas those of nickel are more variable (198 to 366 ppm, averaging 425 ppm Ni). Bismuth 

and nickel concentrations in the MZ ore sample from the Zambujal orebody are comparatively 

lower (8.8 ppm and 68 ppm, respectively) and closer to the concentrations found at the 

Lombador orebody (Table 80). 

Although low and relatively uniform, the cobalt concentrations in the MZ ore samples from the 

Corvo orebody are slightly higher (19 to 22 ppm, averaging 21 ppm Co) than those in the MZ 

ore samples from the Graça (9 to 13 ppm, averaging 11 ppm Co) and Zambujal (7 ppm Co) 

orebodies. These values are significantly lower (about 3 times) than those displayed by the 

MZ ores samples from the Lombador orebody (averaging 73 ppm Co), which comprise ore 

sulphides that are richer in cobalt such as pyrite (up to 0.10 wt% Co; Table 39A-C), 

arsenopyrite (up to 0.53 wt% Co; Table 50A-C), and, to a lesser extent, sphalerite (up to 0.04 

wt% Co; Table 42A-C) and galena (up to 0.10 wt% Co; Table 48A-B). 
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Cadmium concentrations in the MZ ore samples from the Corvo (33.0 to 78.0 ppm, averaging 

55.50 ppm Cd), Graça (115.0 to 134.0 ppm, averaging 124.5 ppm Cd) and Zambujal (7 ppm) 

orebodies are as low as those shown by the MZ ore from the Lombador orebody (averaging 

267.2 ppm Cd). 

Very low thallium concentrations were found in the MZ ore samples from the Corvo (0.05 

ppm) and Graça (0.08 ppm) orebodies. In the MZ ore sample from the Zambujal orebody, 

thallium concentration (0.13 ppm Tl) is very similar to that of the MZ ore samples from the 

Lombador orebody, which average 0.18 ppm Tl. 

The MZ ore samples from the Corvo, Graça and Zambujal orebodies show barium, uranium 

and tungsten concentrations that are commonly below their detection limits. Only one MZ ore 

sample from the Zambujal orebody has detectable barium (10 ppm) and uranium (2.6 ppm) 

concentrations. Furthermore, detectable concentrations for tungsten were only found in the 

MZ ore samples from the Corvo (0.7 ppm) and Graça (0.8 ppm) orebodies (Table 82). 

 

 
Figure 99. Average concentration for selected major and minor elements in the MZ ore samples from the 
Lombador, Neves, Graça (SW area) and Zambujal orebodies. 
 

Due to the similar ore mineral assemblage and textural patterns (see Section 5.3.3), the MZP 

ore samples display abundances in some of the ore major and minor elements that are 

relatively close to those of the MZ ore samples. 

As seen for the MZ ores, copper concentrations in the MZP ore samples from the Corvo (SE 

area), Graça (SW area) and Zambujal orebodies are low (<0.70 wt% Cu) and fairly uniform 
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throughout the different orebodies (Table 82B and Figure 100). The variations observed in the 

copper contents of the MZ ore samples mainly reflect the relative abundance of chalcopyrite 

associated to late tectono-metamorphic veins and veinlets, given that it represents about 95% 

of the chalcopyrite found in these ores. 

The MZP ore samples display a wide variation in their zinc contents, ranging from 10.60 to 

18.90 wt% in the MZP ore samples from the Corvo orebody (averaging 14.75 wt% Pb), 8.28 to 

18.60 wt% in the MZP ore samples from the Graça orebody (averaging 13.44 wt% Pb), and 

up to 2.35 wt% Pb in the MZP ore sample from the Zambujal orebody. 

Lead concentrations are fairly uniform in the MZP ore samples from the Corvo orebody (3.56 

to 5.25 wt%, averaging 4.41 wt% Pb), whereas in the MZP ore samples from the Graça 

orebody the lead concentrations are more variable (0.67 to 3.76 wt%, averaging 2.22 wt% 

Pb). At the Zambujal orebody, the lead concentrations in the MZP ore sample studied is 1.78 

wt% Pb. 

Again, as seen for the MZ ores, silver and gold concentrations are higher in the MZP ores 

from the Corvo orebody (104.0 to 215.0 ppm, averaging 159.5 ppm Ag; 306 ppb to 1.4 ppm, 

averaging 858 ppb Au). At the Graça orebody, silver and gold concentrations range from 65.6 

to 95.2 ppm (averaging 47.6 ppm Ag) and from 299 to 594 ppb (averaging 447 ppb Au), 

respectively. At the Zambujal orebody, silver reaches up to 24.1 ppm, and gold concentration 

is below the detection limit (<2 ppb).  

Although widely variable, indium concentrations are, on the other hand, higher in the MZP ore 

samples from the Corvo orebody (9.2 to 56.5 ppm, averaging 32.9 ppm In). The highest 

indium concentration was found in a brecciated to banded (pyrite- and pyrite-sphalerite-galena 

layers), to semi-massive, carbonate-rich ore sample (FC567 23.65), which has been 

interpreted as representative of distal seafloor deposition and redeposition of ore-bearing 

material. At the Graça orebody, indium concentrations in the MZP ore samples are fairly 

uniform (14.3 to 19.5 ppm, averaging 16.9 ppm In). In the MZP ore sample from the Zambujal 

orebody, indium concentration (1.1 ppm In) is similar to that of the MZ ore samples.  

Once more, quite high selenium concentrations (2910.0 ppm) were found in the MZP ore 

sample from the Zambujal orebody (Table 82B and Figure 90). This concentration is more 

than 30 times the average selenium concentration found in the MZP ores from the Lombador 

orebody, and although selenium-bearing lead-bismuth sulphosalts have been reported in the 

MZP ores from the Zambujal orebody (Pinto et al., 2013), the high selenium concentration in 

this single sample studied is more likely to reflect the occurrence of selenium-bearing galena 

due to its low bismuth contents (31.8 ppm). Selenium concentrations in the MZP ore samples 

from the remaining orebodies are below the detection limit.  
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Arsenic concentrations are similar in the MZP ore samples from the Corvo and Graça 

orebodies. Nevertheless, slightly higher arsenic concentrations were found in the MZP ore 

samples from Graça (3060.0 ppm to 1.01 wt%, averages 6580 ppm As) relative to those in the 

MZP ore samples from Corvo (1970.0 to 9650.0 ppm, averages 5810.0 ppm As). In the MZP 

ore sample from the Zambujal orebody arsenic concentration is 2770.0 ppm As. 

Antimony concentrations, on the other hand, are higher in the MZP ore samples from the 

Corvo orebody (403.0 to 1030.0 ppm, averaging 716.0 ppm Sb). At the Graça orebody, 

arsenic concentrations in the MZP ore samples are lower, ranging from 251 to 441 ppm 

(averaging 346.0 ppm As) and, at the Zambujal orebody, the antimony concentration obtained 

is 146.0 ppm Sb.  

Tin concentrations in the MZP ore samples from the Corvo orebody are higher (613 to 1330 

ppm, averaging 972 ppm Sn) than those in the MZP ore samples from the Graça orebody 

(309 to 871 ppm, averages 590 ppm Sn), which should reflect slightly higher amounts of 

dispersed fine-grained cassiterite grains within sphalerite, as well as stannite and/or kesterite 

grains. At the Zambujal orebody, tin concentration in the MZP ore sample is 398 ppm Sn. 

Moreover, the MZP ore samples from the Corvo orebody display higher concentrations in 

bismuth (186.0 to 1130.0 ppm, averaging 658.0 ppm) than those of the Graça (269.0 to 

2998.0 ppm, averaging 283.5 ppm) and Zambujal (31.8 ppm) orebodies. 

Nickel concentrations are relatively similar in the MZP ores from the Corvo (185 to 597 ppm, 

averaging 391 ppm Ni) and the Graça (148 to 368 ppm, averaging 258 ppm Ni) orebodies, but 

is significantly lower in the MZP ore sample from the Zambujal orebody (51 ppm), although 

not as low as the one found in the MZP ore samples from the Lombador orebody, which 

average 11 ppm. 

Following the behavior of the MZ ores, cobalt concentrations in the MZP ores from the Corvo 

(19 to 23 ppm, averaging 21 ppm Co), Graça (4 to 11 ppm, averaging 8 ppm Co) and 

Zambujal (19 ppm) orebodies are comparatively lower than those found in the MZP ores from 

the Lombador orebody, which average 151 ppm. Again, this should reflect higher cobalt 

contents in the pyrite (up to 0.09 wt% Co) and arsenopyrite (up to 0.11 wt% Co) compositions. 

Cadmium concentrations in the MZP ore samples from the Corvo and Zambujal orebodies are 

notably higher than those found in the corresponding MZ ores, whereas at the Graça orebody 

the cadmium concentrations in the MZP ores are similar to those found in its MZ ores. The 

highest cadmium concentration was found in the MZP ore sample from the Zambujal orebody 

(430.0 ppm). In the remaining orebodies, cadmium concentrations are comparatively lower 

and relatively uniform. At the Corvo orebody, cadmium concentrations in the MZP ore 

samples range from 54.0 to 166.0 ppm (averaging 110.0 ppm Cd), whereas at Graça it ranges 

from 91.0 to 140.0 ppm (averaging 115.5 ppm Cd). These cadmium concentrations are 
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considerably lower than that found in the MZP ore samples from the Lombador orebody 

(averages 267.8 ppm), whereas the cadmium concentration in the MZP from Zambujal, the 

highest cadmium concentration measured (430.0 ppm), is more consentaneous with the 

values found in the MZP ores from the central-W sector of the Lombador orebody, which 

average 358.8 ppm. 

Similarly to the MZ ores, very low thallium concentrations were found in the MZP ore samples 

from the Corvo (0.11 ppm Tl) and Graça (0.11 ppm Tl) orebodies. Furthermore, these values 

are similar to those found in the MZP ores from the Lombador orebody that averages 0.15 

ppm Tl. Conversely, in the MZP ore sample from the Zambujal orebody, thallium 

concentration is significantly higher, reaching 1.37 ppm Tl. 

Barium concentrations in the MZP ore samples from the Corvo and Zambujal orebodies are 

usually low and slightly above the detection limit (4.0 and 6.0 ppm, respectively). In the MZP 

ore samples from the Graça orebody, barium is below the detection limit (<3 ppm). Similarly, 

tungsten displays very low concentrations in the MZP ore samples from the Corvo (3.6 ppm) 

and Graça (0.6 ppm) orebodies, whereas in the MZP ore sample from the Zambujal orebody it 

is below the detection limit. Detectable uranium concentrations were only found in a single 

MZP ore sample at the Corvo orebody (37.6 ppm). In all the remaining MZP ore samples this 

metal is below detection limit (5.0 ppm).  

 

 

 
Figure 100. Average concentration for selected major and minor elements in the MZP ore samples from the 
Lombador, Neves, Graça (SW area) and Zambujal orebodies. 
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Samples representing the various ore types at the Corvo (SE area), Neves, Graça (SW area) 

and Zambujal orebodies display widely variable REE patterns (Figure 101) that reflect the 

combined effects of ore-forming (e.g., hydrothermal alteration, leaching of metals from the 

host rocks, formation of sulphides), and late tectono-metamorphic (e.g., remobilization, 

recrystallization, annealing) processes, as it described as well for the massive ore samples at 

the Lombador orebody. Widely variable and uncharacteristic REE profiles are mainly given by 

ore samples with clear textural evidences of secondary ore metal enrichments. As previously 

described (see Subsection 5.3.3.3.), these samples tend to be characterized by the 

occurrence of a late generation of veins and veinlets filled with carbonate-

chalcopyrite(±sphalerite, tetrahedrite, galena), chalcopyrite(±sphalerite, tetrahedrite) ribbons, 

as well as by folding and boudinage of the pyrite-dominated layers, and development of 

sphalerite-rich pressure shadows. These ore samples also tend to be richer in indium, and 

selenium (or both) relative to the preserved (or less deformed) counterparts, which can be 

either high-temperature MCZ ores, or low-temperature MZ and MZP ores.  

As it has been mentioned for the Lombador ores, ore samples from the Corvo, Graça, Neves 

and Zambujal orebodies that are relatively undisturbed by late tectono-metamorphic effects 

tend to display REE profiles that are similar to that depicted by the IPB host rocks (e.g., FZ846 

68.40, FC567 23.65). Intermediate situations tend to display REE profiles that reflect the 

combination of both ore-related and late tectono-metamorphic processes (e.g., FN988 35.80, 

FN456 45.30, FZ552 49.50). Moreover, REE patterns showing a general depletion of the 

LREE and enrichment of the HREE, as well as positive to negative europium anomalies and 

negative cerium anomalies were again recognized. The calculated europium anomalies range 

from 0.7 to 5.8, and, as it has been referred for the Lombador orebody, ore samples from the 

other orebodies also tend to exhibit larger europium anomalies in the low-temperature zinc-

rich ore types (3.0 on average). For the high-temperature MCZ ore samples, europium 

anomalies average 1.1. Although less variable and often close to one, the calculated cerium 

anomalies range from 0.6 to 1.2. Again, the lowest and highest calculated cerium anomalies 

were found in the low-temperature, zinc-rich ores (e.g., FC567 14.70, FC567 23.65; Figure 

101B and C). 

In addition, it is worth mentioning a MZP ore sample from the SE area of the Corvo orebody 

(FC567 23.65) that displays a prominent positive europium anomaly and a distinctive negative 

cerium anomaly, which is interpreted as an strong evidence of direct exhalation of ore-bearing 

hydrothermal fluids onto the seawater, consistently with its petrographic features.  

Again, the differences above mentioned argue for a (primary) hydrothermal concentration of 

REE in the ore zones as result of fluid/rock interactions and depletion of REE in the altered 

footwall lithologies. 
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Figure 101. Chondrite-normalized REE patterns for the MCZ (A), MZ (B) and MZP (C) ore samples from the Corvo 
(SE area), Neves, Graça (SW area) and Zambujal orebodies. Typical REE patterns for unaltered rocks from the 
VSC and PQ Group at the IPB were based on Munhá (1998; unpublished data, in Relvas, 2000) and Jorge (2010), 
respectively. Seawater REE pattern from Douville et al., (2002). 
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5.6. Summary 

 

a) The Lombador orebody, here considered as representative of the zinc mineralization 

at Neves Corvo, is the largest and zinc-richest orebody at the Neves Corvo deposit, 

comprising about 106 Mt of massive sulfides. The zinc resources consist of 73.5 Mt @ 

5.86% Zn, and represent about 63% of the mine total zinc resources. A number of 

stockwork and massive sulphide ore types can be distinguished at the orebody scale, 

and, together with cross-sections and ore and base metal distribution maps, it was 

possible to recognize a fairly preserved primary metal zonation that comprises a inner 

copper-rich zone that grades outward, both vertically and laterally, to a zinc- and zinc-

lead-rich zone and, finally, to a pyritic zone. However, the subsequent tectono-

metamorphic processes gave rise to secondary copper and zinc enrichments that are 

well represented in the different ore types studied, either at the Lombador or at the 

Corvo (SE area), Neves, Graça (SW area) and Zambujal orebodies. Nonetheless, 

similar pristine ore textural features were recognized in all the ore types studied from 

the various orebodies. 

 

b) At Lombador, high copper grades are mainly present in the central-W and south sector 

of the orebody, where copper ore types (FC, MC, MCZ) dominate. In contrast, high 

zinc and lead grades are preferentially distributed peripherally, towards the central-E, 

north and north-E zones of the orebody, where zinc and lead-rich ores (FZ, MZ, MZP, 

MP) are dominant. The distribution of the ore types and base metal ore grades show a 

pronounced control by a major NNW-SSE deep sub-vertical fault located along the 

south and central-west sector of the orebody, which indicates a strong tectonic control 

over the focusing of the discharge of the high-temperature copper-rich hydrothermal 

fluids in that area of the orebody, and is in good agreement with the acknowledged 

architecture and alteration zonation recognized by means of detailed alteration 

petrography, mineralogy and geochemistry. 

 

c) Detailed petrographic inspection of the ore mineral assemblages, coupled with 

extensive EPMA and SEM data, enabled to identify a number of ore sulphide minerals 

and generations in the various ore types and orebodies that include, for instance, 

minor and trace ore minerals such as roquesite and complex selenium-bearing lead-

bismuth sulphosalts, some of which reported for the first time at the Neves Corvo 

deposit. From a general standpoint, the main ore sulphide minerals are essentially 

stoichiometric, although significant differences in their trace element concentrations 
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could be found among the various orebodies, ore types and mineral generations. 

Nevertheless, recrystallization and annealing processes seem to have promoted the 

chemical homogenization of the ore sulphides through tectono-metamorphic 

overprinting effects. 

 

d) Two main mineralization styles were recognized based on the textural features of the 

Lombador ores. Prominent sub-seafloor replacement processes, which were 

particularly effective in sediment-rich host units, prevailed at the south and central-W 

sectors of the orebody, where footwall chloritization, copper-rich stockwork and 

massive sulfide mineralization are more developed. Sub-seafloor replacement 

processes progressed from strong replacement of the pre-existing rocks by alteration 

mineral assemblages, upward increasing of the density of sulfide veins, and, 

ultimately, silicate-sulfide and sulfide-sulfide (zone refining) substitution. Contrastingly, 

in the central-E and northern sectors of the orebody, the mineralization is roughly to 

perfectly banded. Pyrite and pyrite-sphalerite(-galena), cemented by a carbonate 

groundmass made up of sideroplesite to ankerite, form mineralized bands that 

alternate with carbonate levels. The regularity of this banded ores is often disturbed by 

graded-bedded structures, poorly sorted and variably coarse-grained polymithic 

breccia-conglomerate, ore-bearing polymithic breccia-conglomerate, soft-sediment 

deformation features, and synsedimentary mass displacement figures, which 

collectively speak for distal seafloor deposition by plume fallout and/or brine pool, with 

direct ore fluid exhalation onto the seawater probably controlled by syn-volcanic faults. 

Similar textural and mineralogical features were equally recognized in the peripheral, 

zinc-rich domains of the remaining orebodies. Chondrite-normalized REE patterns and 

calculated europium and cerium anomalies are consistent with the mineralizations 

styles recognized. 

 

e) Despite the overprinting tectono-metamorphic processes, which have strongly 

contributed to the redistribution and local enrichment of major and minor elements, by 

comparing the textural patterns, mineral proportions and whole rock geochemistry data 

it was possible to recognize, both at the deposit scale and at the orebody scale, a low-

temperature polymetallic element suite (Zn, Pb, Ag, Au, Cd, Sn, Sb, As), mainly 

associated to barren and zinc ores, and a high-temperature element suite (Cu, Co, Bi, 

In, Se, ±Ag, ±Au), mainly associated to the copper-rich ores. Moreover, the various 

orebodies at the Neves Corvo deposit are thought to have formed from hydrothermal 

systems with different developments (maturity). These differences are better reflected 
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in the MCZ ore type, which “intermediate” position in the zone refining process, favors 

the recognition of subtle signatures in terms of textural features, mineral proportions, 

and major and minor elements concentrations, which differentiate the various 

orebodies and depositional settings in order to their mineralization mechanisms and 

environments.  

 

f) In terms of their pristine signatures, the characteristics of the MZ and MZP ore types 

are, in general, relatively homogeneous amongst the different orebodies, and so it is 

for the copper-rich ores in the other end of the mineralizing spectrum. For these ore 

types, the main differences observed amongst the various orebodies are mainly a 

reflection of either the maturity of the ore-forming processes involved (e.g., sustained 

hydrothermal activity and reworking, pulsatile activity, multiple metal sourcing), or of 

the extent of the tectono-metamorphic overprinting (e.g., recrystallization, annealing, 

formation of late-stage mineral phases, metal redistribution). 
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6. Indium and Selenium in the Neves Corvo Ores: spatial 
relationships and geochemical affinities 

 

6.1. Introduction 
 

The characterization of indium and selenium abundance, distribution and mineral allocation at 

the Neves Corvo deposit is presented in this chapter. Mine mineral resources estimation, 

correlation matrix tables and plant views of the different ore elements distribution are also 

presented in order to support the characterization of indium and selenium abundance and 

distribution at Neves Corvo. The data presented below were based on the Somincor/Lundin 

Mining 2013 chemical database, which includes systematic data for 13 elements (Cu, Zn, Sn, 

Pb, Fe, Ag, Hg, As, Sb, Bi, Au, Se, In), given by tens to hundreds of thousands of ore 

samples. Moreover, all the interpretations benefited as well from the detailed knowledge of the 

orebodies owned by the on-site team of mine geologists.  

Since their discovery at Freiberg, Germany, in 1863, and at Fahlun, Sweden, in 1817, 

respectively, indium and selenium have been widely used by modern high-tech economies, in 

the manufacturing of a number of products such as portable computers, television screens, 

watches, infrared detectors, high-speed transistors, high-efficiency photovoltaic devices, light-

emitting diodes, fog- and frost-free windshields, colorant or decolorant agents, plastics, 

ceramics, metallurgical additives, human dietary supplements, shampoos, and agriculture 

(Jorgenson and George, 2005 and references therein; Butterman and Brown Jr., 2004 and 

references therein). The current average pricing for indium and selenium is about $550.00 and 

$47.00 USD per kilogram, respectively (MetalPrices, 2016a,b). 

Because there are no indium and selenium ores or deposits, the recovery of these trace 

elements result mainly from the exploitation of other metal resources. Indium is principally a 

byproduct of zinc mining and refining, although a small portion is also a byproduct of tin 

refining. According to the extensive work of Schwarz-Schampera (2000) and Schwarz-

Schampera and Herzig (2002), major sources of indium include tin, tungsten and polymetallic 

vein-type deposits, copper and tin porphyry deposits, epithermal deposits, skarn deposits, and 

sedimentary-exhalative (SEDEX) and volcanogenic massive sulphide deposits (VMS). SEDEX 

and VMS deposits represent the largest reserves and resources of indium worldwide 

(Schwarz-Schampera, 2000; Schwarz-Schampera and Herzig, 2002). Selenium on the other 

hand, is mainly a byproduct of copper mining and refining (over 90 %), although, to a lesser 

extent, it can also be a byproduct of lead refining (up to 10 %) (Butterman and Brown Jr., 

2004). In fact, world selenium reserves are only based on copper deposits (Butterman and 

Brown Jr., 2004). Nevertheless, fairly high selenium concentrations are also known to occur in 
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coal deposits, which generally contain between 0.5 to 12 ppm Se, or about 80 to 90 times the 

average selenium content for copper deposits (Butterman and Brown Jr., 2004; Anderson, 

2015). However, the recovery of selenium from coal deposits is not commercially viable. 

At the Neves Corvo deposit, indium (in particular) and selenium have been object of study and 

evaluation over the last 20 years, and significant concentrations on both these elements (In up 

to 2000 ppm; Se up to 3220 ppm) have been reported in whole rock chemical assays and 

mineral geochemistry (e.g., Somincor/Lundin Mining internal reports; Serranti et al., 1997, 

2002; Schwarz-Schampera, 2000; Benzaazoua et al, 2002, 2003; Gaspar, 2002; Schwarz-

Schampera and Herzig, 2002; Pinto et al., 2014; Carvalho et al., 2015). The studies on indium 

and selenium however were mainly focused in copper, copper-tin and cassiterite ore types 

given their exploitation, although some works also included some samples from the massive 

barren and zinc ores (e.g., Schwarz-Schampera, 2000). Only recently, due to the extension of 

the mine zinc resources and the need to add-value to the zinc concentrates, the study of 

indium and selenium was focused on the zinc-rich ores, particularly on high-grade indium and 

selenium settings (e.g., Somincor/Lundin Mining internal reports; Pinto et al., 2014). 

Although scarce, reports on the occurrence of fairly notable indium and selenium 

concentrations in other IPB deposits shown that indium and selenium is not restricted to 

Neves Corvo. For instance, Marcoux et al., (1996) reported the presence of indium and 

selenium concentrations up to 495 ppm and 1360 ppm, respectively, based on whole rock 

geochemistry assays of representative stockwork and massive sulphide ore samples from 

several IPB deposits such as Rio Tinto, Aznalcollar, Concepcion, Tharsis, and La Romanera. 

Gaspar (1996) also reported indium and selenium concentrations up to 40 ppm and 250 ppm, 

respectively, at the Aljustrel deposit (Feitais and Moinho orebodies), and more recently de 

Oliveira et al., (2011) reported indium and selenium concentration in whole rock analysis at 

the Lagoa Salgada deposit up 93.4 ppm (averaging about 30 ppm) and 146 ppm (averaging 

about 73 ppm), respectively, whereas Lima et al. (2013) reported sphalerite grains from 

banded sphalerite-rich ore zones in the same deposit containing up to 2.3 wt% indium. 

Although low, concentrations on indium (in particular) and selenium are also found at the 

Lousal deposit (up to 12 ppm In and 26 ppm Se; Fernandes, 2011), particularly within the 

Type I alteration zone, and within the pre-mineralization jasper unit – the JC Unit – of the 

Neves Corvo deposit (up to 62.5 ppm In and 144 ppm Se; Mirão, 1996). 

 

6.2. Indium and selenium distribution and abundance 
 

Indium and selenium distribution at the Neves Corvo deposit is complex, and seems to reflect 

the combined effects of ore-forming processes, including the redistribution associated with 
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long-lasting hydrothermal reworking and zone-refining, and the redistribution and 

concentration processes related to tectono-metamorphic remobilization and ore 

recrystallization. 

From an overall standpoint, both indium and selenium positively correlate with copper at the 

deposit scale (r = 0.44 and 0.55, respectively; Table 83), and on average high indium and 

selenium grades are mainly found in copper (FC, MC, RC) and copper-zinc (MCZ) ore types 

(Figure 102). No correlation is found between indium or selenium with either zinc (r = 0.05 and 

0.09, respectively) or lead (r = -0.02 and -0.01, respectively) at the deposit scale, although 

locally significant indium and selenium concentrations have been found and reported in zinc-

rich ores (In up to 250 ppm; Se up to 3220 ppm) (e.g., Somincor/Lundin Mining internal 

reports; Pinto et al., 2014). In addition to a slightly positive correlation with selenium at the 

deposit scale (r = 0.20) (Table 83), indium also displays a positive linear correlation with 

antimony (r = 0.40), tin (r = 0.19), arsenic (r = 0.15) and bismuth (r = 0.26). Selenium on the 

other hand, displays a slightly positive correlation with mercury (r = 0.25), arsenic (r = 0.11), 

antimony (r = 0.19) and bismuth (r = 0.26) (Table 83). 

 
Table 83. Correlation matrix for major and minor elements in the Neves Corvo deposit, based on Somincor/Lundin 
Mining 2013 chemical database. 
 

Cu Zn Sn Pb Fe Ag Hg As Sb Bi Au Se In
(n) 419386 419386 411810 419386 418430 83292 75052 412818 408631 409772 19391 150046 150046

Cu 1
Zn 0.10 1
Sn 0.14 -0.02 1
Pb -0.10 0.41 -0.04 1
Fe -0.05 0.08 -0.16 0.09 1
Ag 0.18 0.12 0.02 0.14 0.03 1
Hg 0.12 0.74 0.00 0.34 0.11 0.31 1
As 0.04 0.26 -0.04 0.17 0.09 0.17 0.35 1
Sb 0.21 0.11 0.02 0.05 -0.02 0.62 0.35 0.20 1
Bi 0.11 0.03 0.01 0.02 0.05 0.17 0.08 0.07 0.08 1
Au 0.11 0.02 -0.01 0.11 -0.01 0.26 0.06 0.29 0.17 0.22 1
Se 0.55 0.09 0.08 -0.01 0.06 0.02 0.25 0.11 0.19 0.26 0.00 1
In 0.44 0.05 0.19 -0.02 -0.06 0.18 -0.07 0.15 0.40 0.26 0.04 0.20 1  

 

By comparing the estimated average indium and selenium concentrations in the ore types 

currently mined at the Neves Corvo deposit (Figure 102), it is possible to recognize that 

selenium is mainly associated to copper ores, and usually displays higher average contents 

(up to 187 ppm) than indium in these ores. In the zinciferous ores, the average selenium 

contents are comparatively lower. On average, selenium concentrations are higher in the FZ 

ore (56 ppm) than in the massive sulphide ores (MZ = 42 ppm; MZP = 36 ppm). Indium also 

displays a closer association with the copper-rich ores, but has a less marked partitioning 

between the copper- and zinc-rich ore types. As mentioned before, indium is preferentially 

found in the copper-rich ores, and the MCZ ore type displays on average the highest indium 

concentrations (78 ppm). This trend also occurs at the scale of the individual orebodies, with 
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the exception of the Graça orebody, which displays on average higher indium (and selenium) 

concentrations in the FC ore (142 ppm In; 147 ppm Se). 

 

 
Figure 102. Indium and selenium average grades in the different stockwork and massive sulphide ore types mined 
at the Neves Corvo deposit. Dash lines represent the average indium and selenium grades at the Neves Corvo 
deposit. Data based on Sominicor/Lundin Mining 2013 unpublished data. FZ – zinc stockwork ore; FC – copper 
stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive zinc ore; MZP –massive 
zinc-lead ore; NC avg. – Neves Corvo average indium and selenium grade. 
 
 
In the zinc-rich ore types, the average indium concentration in the FZ ore is about 65 ppm, 

whereas in the MZ and MZP ore types are about 46 ppm and 42 ppm, respectively. This 

general partitioning of indium and selenium in the various ore types is indicative that both 

indium and selenium tend to preferentially follow copper. However, indium and, to a lesser 

extent, selenium also correlate positively with zinc in the high-temperature copper-rich ores 

(FC, MC, MCZ). This is well reflected in Table 84. For instance, for selenium, although this 

metal has higher correlation coefficients with copper (e.g., r = 0.66 for FC ore; and r = 0.72, for 

MCZ ore), the calculated correlation coefficients between selenium and zinc also show a 

positive correlation in these ore types, particularly in the MCZ ore (r = 0.42). Furthermore, 

selenium displays a slightly positive correlation with tin (r = 0.17), silver (r = 0.17), bismuth (r = 

0.29) and gold (r = 0.26) in the FC ore, whereas in the MCZ it displays a positive correlation 

with mercury (r = 0.71), arsenic (r = 0.34), antimony (r = 0.26) and bismuth (r = 0.32). In the 

MC ore, selenium correlates positively with mercury (r = 0.34), antimony (r = 0.14) and 

bismuth (r = 0.23), and in both the MC and MCZ ore types selenium and gold correlate 

negatively (r = -0.22 and r = -0.31, respectively). In the zinc-rich ore types, there is either a 

general absence of correlation, or a negative correlation between selenium and the different 

ore metals, except for the FZ ore type, where selenium displays a slight positive correlation 

with arsenic (r = 0.19) and indium (r = 0.13). 

Concerning indium, the calculated correlation coefficients between indium and copper support 

the inferences above mentioned, and are higher in the MC (r = 0.45) and MCZ (r = 0.42) ore 
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types. In the FC ore type the calculated correlation coefficient is slightly lower (r = 0.33). 

Furthermore, indium displays a positive correlation with arsenic in all ore types, and with tin 

(particularly in the MCZ ore: r = 0.33), silver (r = 0.33 in both the FC and MCZ ores), mercury 

(particularly in the MC ore: r = 0.21), antimony (particularly in the MC and MCZ ores: r = 0.50 

and 0.48, respectively), bismuth (particularly in the FC ore: r = 0.28), and gold in the FC ore (r 

= 0.25). In contrast to selenium, the highest calculated positive correlation coefficients 

between indium and zinc are seen in the MZ (r = 0.30) and MZP (r = 0.23) ore types, whereas 

in the copper-rich ore types indium and zinc correlation coefficients are comparatively lower 

(about twice as low), the highest correlation value being found in the MCZ ore (r = 0.16). In the 

massive zinc-rich ores, indium displays a low positive correlation with silver, particularly in the 

MZP ore: r = 0.14. 

There is a general lack of correlation between both selenium, and indium, with lead in the 

different ore types. Also, a negative correlation between these elements can be seen in the 

MCZ ore (r = -0.26 and r = -0.17, respectively). 

 
Table 84. Correlation coefficients between indium and selenium with major (Cu, Zn, Pb, Fe) and minor (Sn, Ag, Hg, 
As, Sb, Bi, Au) ore metals in the various ore types mined at the Neves Corvo deposit, based on Somincor/Lundin 
Mining 2013 chemical database. 
 

Cu Zn Sn Pb Fe Ag Hg As Sb Bi Au Se

(n) 4711

Se 0.45 -0.07 -0.04 0.05 0.12 0.00 0.00 0.19 -0.02 0.02 0.00 1
In 0.34 0.19 0.09 0.07 -0.18 0.00 0.00 0.13 0.05 0.15 0.00 0.20

(n) 45012

Se 0.66 0.18 0.17 0.02 0.06 0.17 0.29 0.05 0.13 0.29 0.26 1
In 0.33 0.14 0.15 0.05 0.05 0.33 0.18 0.14 0.25 0.28 0.25 0.17

(n) 21729

Se 0.49 0.10 0.04 -0.02 -0.18 -0.02 0.34 -0.03 0.14 0.23 -0.22 1
In 0.45 0.15 0.22 0.00 -0.22 0.18 0.21 0.16 0.50 0.17 0.07 0.21

(n) 8344

Se 0.72 0.42 -0.07 -0.26 -0.59 -0.07 0.71 0.34 0.26 0.32 -0.31 1
In 0.42 0.16 0.33 -0.17 -0.34 0.33 0.10 0.16 0.48 0.21 0.03 0.17

(n) 19087

Se 0.05 -0.13 -0.05 0.08 0.07 -0.16 0.09 -0.14 -0.18 -0.08 -0.04 1
In 0.04 0.30 0.00 -0.02 -0.27 0.12 -0.02 0.15 0.00 0.08 -0.09 -0.03

(n) 9540

Se -0.04 -0.08 0.01 -0.02 0.05 -0.14 0.13 -0.05 -0.13 -0.06 -0.02 1
In 0.10 0.23 -0.05 0.03 -0.21 0.14 -0.10 0.11 0.03 0.04 -0.27 -0.06MZP

FZ

FC

MC

MCZ

MZ

 
 

Although variable, similar general linear correlation trends can also be seen for each of the 

currently mined orebodies, with exception of the Zambujal orebody (Figure 103). In the latter, 

the correlations coefficients between indium and selenium with zinc (r = 0.42 and r = 0.17, 

respectively) are higher than in the remaining orebodies, which show a general tendency to 

display a lack of correlation between these elements. 

The highest indium and copper correlation coefficients are found in the Neves (r = 0.68) and 

Graça (r = 0.56) orebodies. The latter also displays a high selenium-copper correlation 

coefficient (r = 0.80), together with the Corvo orebody (r = 0.74) (Figure 103).  
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Figure 103. Correlation coefficients (r) between indium and selenium and a number of other ore metals in the 
different Neves Corvo orebodies based on Somincor/Lundin Mining 2013 chemical database (number of indium 
and selenium analysis: 39099 for Corvo; 51649 for Neves; 7459 for Graça; 23315 for Zambujal; 28624 for 
Lombador). 
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It is interesting to notice however that the lowest indium and copper correlation is found at the 

Corvo orebody (r = 0.38) despite the high copper grades and tonnage (Table 5 and 78; Figure 

46), and that both indium and selenium display positive correlations with tin at the Graça 

orebody (r = 0.53 and r = 0.48, respectively). A positive but comparatively lower correlation 

between indium and tin is seen at the Neves orebody (r = 0.31), whereas at the Corvo 

orebody these values are even lower (r = 0.13 and r = 0.18, respectively). At Lombador both 

indium and selenium display a moderately positive correlation with copper (r = 0.48 and r = 

0.36, respectively) at the orebody scale (Figure 103). 

Indium and selenium also show a positive correlation with silver in both Corvo (r = 0.22 and r 

= 0.15, respectively) and Neves (r = 0.26 and r = 0.11, respectively) orebodies. In the 

remaining mined orebodies, silver only correlates positively with indium, particularly at the 

Graça orebody (r = 0.22). Indium and selenium furthermore display a positive correlation with 

antimony and bismuth in all orebodies (Figure 103). However, the calculated correlation 

coefficients show that indium tends to correlate better with antimony, particularly at the Graça 

(r = 0.63) and Zambujal (r = 0.56) orebodies, whereas selenium tends to correlate slightly 

better than indium with bismuth, particularly at the Corvo orebody (r = 0.42). Fairly high 

correlation coefficients between indium and selenium with gold are found at the Graça 

orebody (r = 0.51 and r = 0.60, respectively). Although lower, positive correlations between 

indium and selenium with gold are also found at the Lombador orebody (r = 0.21 and r = 0.19, 

respectively). In the remaining orebodies, there are no significant correlations between these 

elements. 

 

The overall positive, but quite variable and generally expressed by low values, correlation of 

indium and selenium with copper, zinc and tin, reflect the highly variable distribution and 

abundance of indium and selenium either at the deposit, or at each orebody scale.. Based on 

Somincor/Lundin Mining 2013 chemical database, the estimated average indium 

concentrations in the Neves Corvo copper-rich ores (FC, MC, MCZ) is about 64 ppm (Table 

85), although locally indium can reach over 640 ppm in the FC ore, and over 2000 ppm in the 

MC or MCZ ores. Regarding selenium, the estimated average concentration in the copper-rich 

ores is about 71 ppm, although locally it can reach over 1900 ppm in the FC ore, and over 

1800 and 2450 ppm in the MC and MCZ ores, respectively. However, not all the copper-rich 

ore zones are indium- and/or selenium-rich.  

Regarding the zinc-rich ore types (FZ, MZ, MZP), the average estimated indium and selenium 

grades are comparatively lower, corresponding to 45 ppm and 38 ppm, respectively (Table 

85), although high indium (up to 400 ppm) and selenium (up to 3220 ppm) concentrations may 
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locally occur as well. As it will be shown below, it was found that these high-grade zones in 

barren and/or zinc-rich ore domains occur in close association with highly deformed settings.  

Inspection of Table 85 shows that, on average, the copper-rich ores at both the Graça and 

Neves orebodies display the highest indium average concentrations (about 80 and 78 ppm, 

respectively), whereas the copper-rich ores at Zambujal display the highest selenium average 

concentrations (about 175 ppm). Nevertheless, the copper-rich ores from both the Corvo and 

Neves orebodies also possess significantly high average selenium concentrations (123 and 

108 ppm, respectively). By comparison, the Lombador orebody displays on average the 

lowest indium and selenium concentrations found in both the copper-rich (54 and 46 ppm, 

respectively) and the zinc-rich ores (44 and 32 ppm, respectively) (Table 85). 

 
Table 85. Average major and minor ore elements concentrations for the copper (FC, MC, MCZ, RC) and zinc (FZ, 
MZ, MZP) resources at the Neves Corvo deposit based on Somincor/Lundin Mining 2013 mine block model 
estimations (Cu: 5x5x5 m; Zn: 10x10x5 m). 
 

 
 

Figure 104 depicts the distribution, at the deposit scale, of the copper, zinc, tin, indium and 

selenium concentrations both in the copper-rich, and in the zinc-rich ores of Neves Corvo. It 

can be seen that high-grade indium and selenium ore zones are in most cases associated to 

high-grade copper ore zones in the copper-rich ores (FC, MC, MCZ). However, in places, low-

grade indium and selenium ore zones are also equally associated to high-grade copper ore 

zones in the copper-rich ores. By comparison, in the zinc-rich ores (FZ, MZ, MZP) the high-

grade indium and selenium ore zones also tend to be associated to high-grade zinc ore 

zones, although this association is less prominent than in the copper-rich ores due to lower 

average indium and selenium concentrations in these ores. Nonetheless, this can be seen for 

instance in the SE and SW areas of Corvo and Neves orebodies, respectively, were higher 

indium and selenium concentrations occur. Also, in good agreement with the positive 

correlation between indium and tin at the Graça and Neves orebodies mentioned above, high-

grade indium ore zones at these orebodies occur in ore zones where the massive cassiterite 

and bornite ores were found (Figure 104).  

Cu (%)    Zn(%)    Pb (%)    Sn (%)    Ag 
(ppm)        

Hg 
(ppm)        

Au 
(ppm)        

As 
(ppm)        

Sb 
(ppm)        

Bi 
(ppm)        

Se 
(ppm)        

In 
(ppm)

Copper resources
Corvo 7.02 0.68 0.16 0.35 43 29 0.27 3268 643 101 123 70
Neves 2.88 1.30 0.35 0.18 57 28 0.42 6872 572 108 45 78
Graça 8.71 1.94 0.20 0.47 58 51 0.81 4658 1144 134 101 80
Zambujal 3.46 1.18 0.19 0.03 31 56 0.60 4210 456 119 175 74
Lombador 1.82 1.20 0.52 0.05 48 26 0.47 4483 486 142 46 54
Total 4.10 1.02 0.30 0.20 46 27 0.38 4513 565 108 71 64

Zinc resources
Corvo 0.30 7.30 1.42 0.03 74 138 0.46 5908 470 86 28 54
Neves 0.36 4.80 0.98 0.08 64 93 0.34 6727 542 71 49 42
Graça 0.38 6.72 0.84 0.04 67 96 0.30 8049 374 123 32 57
Zambujal 0.32 4.21 0.45 0.06 36 159 0.36 4690 298 30 91 45
Lombador 0.32 5.86 1.44 0.04 56 91 0.55 4731 464 75 32 44
Total 0.33 5.73 1.28 0.05 59 99 0.48 5357 469 75 38 45
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Figure 104. Plan view of the distribution of copper, zinc, tin, indium and selenium in the copper-rich (FC, MC, MCZ) and in the zinc-rich (FZ, MZ, MZP) ore types in the 
various Neves Corvo orebodies based on Somincor/Lundin Mining 2013 chemical database. White arrows indicate the location of the axis of the feeder zones, whereas 
orange arrows indicate ore zones with strong tectono-metamorphic deformation that are normally characterized by refolded recumbent folds and overthrusted copper 
stockwork mineralization (rubané ore). Note that the location of the cassiterite and bornite ore zones are also shown. C – Corvo orebody; G – Graça orebody; L – Lombador 
orebody; N – Neves orebody; Z – Zambujal orebody. 
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It should be emphasized that most high-grade copper, indium and selenium ore zones occur 

in areas associated either to the core of the various feeder systems at the Neves Corvo 

hydrothermal field, or to particularly deformed ore settings in the deposit. The latter areas 

often correspond to refolded recumbent folds of stockwork and/or massive sulphide ore levels, 

as well as to overthrusted lenses of copper (and/or zinc) stockwork ore (the rubané ore) into a 

hanging wall position. The metal correlation statistics coupled with the ore element distribution 

map presented in Figure 104 turn very clear that the high indium and selenium concentrations 

and distribution at Neves Corvo relate to a combination of metallogenetic processes and 

subsequent tectono-metamorphic events affecting the deposit. Whereas ore genetic factors 

account for primary indium and selenium enrichment processes, tectono-metamorphic 

deformation is responsible for overprinted secondary indium and selenium enrichment 

processes. At the Lombador orebody these two sets of factors were very well documented, 

due to the extensive sampling and logging campaign performed in this study, and the high 

quality analytical data for indium and selenium collected by Somincor/Lundin Mining since 

2005. 

 

6.2.1. Metallogenic fingerprint 

 

From a general standpoint, by comparing the correlation trends of indium and selenium with 

the remaining ore elements in the different ore types (Table 86 to 89) from the Lombador 

orebody it is possible to recognize that indium and selenium tend to correlate with two groups 

of elements, each of which ascribed to the high- and the low-temperature end of the massive 

sulphide mineralization spectrum. As presented in Chapter 5, copper, together with silver, 

bismuth and, to a lesser extent, gold are usually representative of the high-temperature group 

element suite, which tend to display higher concentrations in the proximal and innermost 

zones of the Lombador mineralization system, where chalcopyrite-rich ore types (FC, MC, 

MZC) dominate. In contrast, zinc, lead, arsenic, antimony, mercury, tin and, to a lesser extent, 

silver and gold are generally distributed towards the peripheral zones of the mineralizing 

system, where sphalerite-rich (FE, FZ, MZ, MZP), lead-rich (MP) and barren (ME) ore types 

dominate. 

It can be seen in Table 86 that the correlation between indium and selenium with copper 

positively increases from the FC (r = 0.43 and r = 0.33, respectively) to the MCZ (r = 0.55 and 

r = 0.60, respectively) ore type, together with silver and antimony. Although variable, indium 

and selenium also display a positive correlation with bismuth and gold, particularly in the FC 

ore (r = 0.58 and r = 0.66, r = 0.69 and r = 0.65, respectively). In the remaining copper-rich ore 

types, the correlation between indium and selenium with both bismuth and gold decreases 
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towards the MCZ ore types, and, in the case of gold, the correlation is negative in the MCZ 

ore (r = -0.17 and r = -0.17, respectively). Indium and selenium display a positive correlation 

with tin and mercury in the FC to the MCZ ores, but these are somewhat higher in the MC ore 

(r = 0.12 and r = 0.12, and r = 0.36 and r = 0.16, respectively). 

Regarding indium and selenium correlation with zinc, only in the MCZ ore the correlation 

between these ore elements is more consistent, although low (r = 0.15 and r = 0.14, 

respectively), due to the higher abundance of sphalerite relative to the FC or MC ore. 

 

 
Table 86. Correlation matrix for major and minor ore elements in the different copper-rich ore types at the 
Lombador orebody based on Somincor/Luning Mining 2013 chemical database. FC – copper stockwork ore; MC – 
massive copper ore; MCZ – massive copper-zinc ore. 
 

FC
Cu Zn Sn Pb Fe Ag Hg As Sb Bi Au Se In

(n) 4050 4050 4050 4050 4048 1756 1657 4048 4048 4048 252 3783 3783
Cu 1
Zn 0.06 1
Sn 0.14 -0.02 1
Pb 0.07 0.45 0.02 1
Fe 0.14 0.14 -0.01 0.13 1
Ag 0.34 0.31 0.12 0.30 0.07 1
Hg 0.12 0.42 0.05 0.31 0.10 0.27 1
As 0.12 0.13 0.05 0.19 0.11 0.24 0.10 1
Sb 0.34 0.12 0.12 0.15 -0.01 0.65 0.27 0.13 1
Bi 0.15 0.09 0.04 0.06 0.03 0.23 0.03 0.07 0.04 1
Au 0.14 0.13 0.02 0.16 -0.11 0.22 0.10 0.14 0.09 0.79 1
Se 0.33 0.10 0.05 0.10 0.04 0.27 0.06 0.05 0.21 0.66 0.65 1
In 0.43 0.07 0.06 0.01 -0.01 0.25 0.03 0.07 0.13 0.58 0.69 0.26 1  

 
MC

Cu Zn Sn Pb Fe Ag Hg As Sb Bi Au Se In
(n) 5421 5421 5421 5421 5421 2545 2299 5421 5421 5421 478 5037 5037

Cu 1
Zn -0.01 1
Sn 0.30 -0.10 1
Pb -0.01 0.02 -0.03 1
Fe -0.32 -0.09 -0.24 -0.03 1
Ag 0.31 -0.04 0.15 0.21 -0.14 1
Hg 0.50 0.34 0.18 0.04 -0.21 0.57 1
As 0.07 -0.10 0.00 0.15 0.29 0.15 0.15 1
Sb 0.59 -0.02 0.17 0.06 -0.18 0.65 0.78 0.18 1
Bi 0.09 0.00 0.08 0.17 0.14 0.17 0.01 0.16 0.10 1
Au -0.13 -0.10 -0.11 0.12 0.25 0.18 -0.01 0.15 0.06 0.29 1
Se 0.52 0.04 0.12 -0.02 -0.23 0.04 0.15 0.00 0.32 0.07 -0.01 1
In 0.50 0.01 0.12 0.02 -0.16 0.20 0.36 0.15 0.77 0.12 0.19 0.35 1  

 
MZC

Cu Zn Sn Pb Fe Ag Hg As Sb Bi Au Se In
(n) 1167 1167 1167 1167 1167 935 768 1167 1167 1167 237 1126 1126

Cu 1
Zn 0.15 1
Sn 0.10 0.10 1
Pb 0.09 0.34 0.12 1
Fe -0.36 -0.33 -0.11 -0.30 1
Ag 0.42 0.13 0.20 0.17 -0.25 1
Hg 0.19 0.81 0.06 0.37 -0.41 0.31 1
As -0.02 0.13 0.14 -0.07 0.13 0.04 -0.02 1
Sb 0.57 0.14 0.09 0.03 -0.29 0.76 0.27 0.09 1
Bi 0.18 0.06 0.07 0.07 0.19 0.23 0.01 0.03 0.07 1
Au -0.03 0.21 -0.17 0.16 0.23 -0.06 0.12 -0.08 -0.06 0.54 1
Se 0.60 0.14 0.03 0.05 -0.32 0.20 0.11 -0.07 0.41 0.09 -0.17 1
In 0.55 0.15 0.12 0.00 -0.27 0.59 0.16 0.10 0.84 0.14 -0.17 0.36 1  
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In good agreement with the overall deposit (Table 83 and 84; Figure 103), no significant 

correlation trend between indium and selenium with lead is seen in the copper-rich ores of the 

Lombador orebody, although a slightly positive correlation between selenium and lead is 

found in the FC ore (r = 0.10). This slightly positive correlation reflects the presence of the 

selenium-bearing complex lead-bismuth sulphosalts found (e.g., gustavite, cosalite, junoite ?) 

in several FC ore samples located in the central and central-W sector of the orebody, as 

reported in the previous chapter. Indium, selenium and iron on the other hand display an 

increasingly negative correlation from the FC to the MCZ ores (Table 86), in good agreement 

with the overall correlation between these elements shown in Table 83. 

 

In contrast to the high-temperature ore types, the correlation of indium and selenium with the 

remaining ore elements in the low-temperature ore types (Table 87 and 88) show that indium 

and selenium correlation with copper decreases from both the barren (FE; r = 0.13 and r = 

0.12, respectively) and zinc (FZ; r = 0.11 and r = 0.12, respectively) stockwork ores towards 

the zinc (MZ) and zinc-lead (MZP) massive ores, whereas the correlation between indium and 

zinc increases from the stockwork ores towards the MZ (r = 0.26) and MZP (r = 0.28) ores, 

together with that between indium and arsenic (r = 0.19 and r = 0.17, respectively). Selenium, 

on the other hand, shows a general lack of correlation with zinc in the low-temperature ores, 

except in the FZ ore type. In this ore type, selenium shows a small positive correlation with 

zinc (r = 0.12). 

A slightly positive correlation between indium and selenium with copper is also seen in the ME 

(r = 0.10) and MP (r = 0.19) ores, respectively, which should reflect the presence of late 

tectono-metamorphic chalcopyrite-dominated veins, veinlets and ribbons ascribed to 

remobilization. In addition to copper, indium also displays a fairly reasonable positive 

correlation with silver (r = 0.46), mercury (r = 0.26) and, to a lesser extent, arsenic (r = 0.10) in 

the MP ore, whereas selenium displays a slightly positive correlation with iron (r = 0.20) in the 

MP ore, and with lead (r = 0.11) in the ME ore. Similarly to the FC ore, indium and selenium 

display a positive correlation with bismuth and gold in the FE (r = 0.04 and r = 0.29, 

respectively) and FZ (r = 0.15 and r = 0.13, respectively) ores, and selenium positively 

correlates with lead (r = 0.24), silver (r = 0.14), mercury (r = 0.25) and antimony (r = 0.21) in 

the FE ore. Regarding the correlation between indium and selenium with tin, there is a general 

lack of correlation between these ore elements in the different low-temperature ore types. 
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Table 87. Correlation matrix for major and minor ore elements in the barren and zinc-rich stockwork and massive 
ore types at the Lombador orebody based on Somincor/Luning Mining 2013 chemical database. FE – barren 
stockwork ore; FZ – zinc stockwork ore; MZ – massive zinc ore; MZP – massive zinc-lead ore. 
 

FE
Cu Zn Sn Pb Fe Ag Hg As Sb Bi Au Se In

(n) 5145 5145 5142 5145 5145 432 429 5145 5142 5142 396 4347 4347
Cu 1
Zn 0.08 1
Sn 0.12 -0.01 1
Pb 0.06 0.26 0.02 1
Fe 0.22 0.10 0.11 0.13 1
Ag 0.33 0.20 -0.02 0.42 0.13 1
Hg -0.04 0.50 -0.07 0.38 0.04 0.39 1
As 0.16 0.06 0.07 0.19 0.18 0.27 0.08 1
Sb 0.16 0.06 0.01 0.24 0.21 0.70 0.48 0.29 1
Bi 0.20 0.08 0.01 0.06 0.10 0.14 0.05 0.10 0.06 1
Au 0.02 0.00 -0.01 0.08 0.05 0.55 0.29 0.74 0.37 0.09 1
Se 0.12 0.07 0.00 0.24 0.04 0.14 0.25 0.05 0.12 0.29 0.07 1
In 0.13 -0.06 0.00 -0.04 -0.06 0.00 -0.11 0.06 0.02 0.04 0.14 0.02 1  

 
FZ

Cu Zn Sn Pb Fe Ag Hg As Sb Bi Au Se In
(n) 1461 1461 1461 1461 1452 873 799 1452 1452 14552 349 1102 1102

Cu 1
Zn 0.10 1
Sn 0.08 0.09 1
Pb 0.04 0.74 0.03 1
Fe 0.25 0.41 0.14 0.32 1
Ag 0.19 0.70 0.07 0.74 0.42 1
Hg 0.03 0.69 0.10 0.46 0.55 0.58 1
As 0.11 0.22 0.07 0.25 0.11 0.31 0.03 1
Sb 0.12 0.58 0.09 0.54 0.46 0.70 0.70 0.25 1
Bi 0.29 0.03 0.02 0.03 0.08 0.15 -0.04 0.13 0.02 1
Au 0.13 0.64 -0.07 0.63 0.42 0.60 0.61 0.34 0.71 0.25 1
Se 0.12 0.12 -0.02 0.07 0.11 0.06 0.09 0.06 0.18 0.13 0.23 1
In 0.11 -0.05 -0.08 -0.11 -0.17 -0.25 -0.37 0.09 -0.17 0.15 0.37 0.05 1  

 
MZ

Cu Zn Sn Pb Fe Ag Hg As Sb Bi Au Se In
(n) 4445 4445 4445 4445 4445 2836 2412 4445 4445 4445 854 4164 4164

Cu 1
Zn -0.11 1
Sn 0.06 0.06 1
Pb 0.11 0.19 -0.02 1
Fe 0.08 -0.49 0.00 -0.12 1
Ag 0.08 0.33 -0.03 0.17 -0.24 1
Hg -0.14 0.89 0.06 0.12 -0.49 0.44 1
As 0.03 0.19 0.01 0.02 -0.07 0.24 0.18 1
Sb 0.17 0.13 0.00 0.36 -0.10 0.83 0.32 0.21 1
Bi 0.33 -0.02 -0.06 0.06 0.03 0.15 0.00 0.27 0.10 1
Au -0.12 0.42 -0.11 -0.01 -0.02 0.28 0.38 0.05 0.25 0.14 1
Se 0.09 -0.07 -0.04 0.05 -0.02 -0.01 0.02 -0.04 -0.01 0.00 -0.13 1
In 0.01 0.26 0.02 -0.02 -0.25 0.03 -0.02 0.19 0.04 0.04 0.03 -0.14 1  

 
MZP 

Cu Zn Sn Pb Fe Ag Hg As Sb Bi Au Se In
(n) 3696 3696 3696 3696 3696 2452 2107 3696 3696 3696 763 3549 3549

Cu 1
Zn -0.19 1
Sn 0.05 0.02 1
Pb -0.12 0.49 -0.01 1
Fe 0.14 -0.68 0.03 -0.49 1
Ag 0.04 0.55 -0.04 0.60 -0.45 1
Hg -0.19 0.75 0.05 0.46 -0.54 0.51 1
As 0.10 0.13 0.03 0.00 -0.02 0.10 0.07 1
Sb 0.13 0.10 0.00 0.17 -0.12 0.42 0.14 0.10 1
Bi 0.37 -0.06 -0.07 0.04 0.12 0.19 -0.03 0.22 -0.04 1
Au -0.17 0.18 -0.15 0.32 -0.10 0.29 0.20 -0.39 0.09 0.08 1
Se 0.03 -0.06 -0.03 -0.05 -0.06 -0.09 -0.02 0.03 -0.05 -0.02 -0.13 1
In 0.02 0.28 -0.05 0.05 -0.27 0.14 -0.03 0.17 0.08 -0.07 -0.13 -0.06 1  
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Table 88. Correlation matrix for major and minor ore elements in the massive lead-rich and barren ore types at the 
Lombador orebody based on Somincor/Luning Mining 2013 chemical database. MP – massive lead-rich ore; ME – 
massive barren ore. 
 

MP
Cu Zn Sn Pb Fe Ag Hg As Sb Bi Au Se In

(n) 327 327 327 327 327 13 13 327 327 327 21 317 317
Cu 1
Zn -0.02 1
Sn 0.09 -0.03 1
Pb -0.15 -0.06 -0.10 1
Fe 0.21 0.06 -0.06 -0.70 1
Ag -0.23 -0.21 0.55 0.19 -0.34 1
Hg -0.66 0.43 0.21 -0.08 -0.18 0.37 1
As 0.07 0.04 0.01 -0.10 0.26 0.33 0.30 1
Sb 0.06 0.06 0.00 -0.09 0.11 0.74 0.70 0.39 1
Bi 0.29 -0.02 -0.03 0.22 0.00 0.31 -0.10 -0.15 -0.21 1
Au 0.08 0.07 -0.33 -0.05 0.11 -1.00 -1.00 -0.17 0.11 0.24 1
Se 0.19 -0.03 0.04 -0.38 0.20 0.05 -0.02 0.02 0.03 -0.15 0.18 1
In 0.06 -0.02 0.08 -0.18 -0.03 0.46 0.26 0.10 0.06 -0.29 0.06 0.45 1  

 
ME

Cu Zn Sn Pb Fe Ag Hg As Sb Bi Au Se In
(n) 4954 4954 4954 4954 4951 399 390 4951 4951 4951 697 4533 4533

Cu 1
Zn 0.02 1
Sn 0.05 0.03 1
Pb 0.07 0.14 0.04 1
Fe 0.02 -0.08 -0.02 -0.03 1
Ag 0.06 0.03 0.39 0.29 0.06 1
Hg -0.20 0.58 0.26 0.18 0.04 0.35 1
As 0.04 0.02 0.18 0.12 0.12 0.26 0.15 1
Sb 0.06 0.02 0.14 0.21 0.08 0.71 0.36 0.36 1
Bi 0.33 0.00 0.03 0.12 0.10 0.09 -0.18 0.28 0.09 1
Au -0.24 -0.07 0.10 0.01 0.13 0.30 0.31 0.06 0.18 0.00 1
Se 0.07 0.00 -0.07 0.11 -0.02 0.03 -0.01 -0.12 -0.09 -0.07 -0.23 1
In 0.10 0.01 0.02 0.03 -0.21 0.05 -0.06 0.16 0.06 0.01 0.08 -0.03 1  

 

 

The distribution maps of major and minor ore elements for the different mined ore types at the 

Lombador orebody are in good agreement with the data and inferences above presented. 

Figures 105 to 108 show that higher indium and selenium concentrations tend to occur mainly 

in ore zones where the high-temperature element suite (Cu, Bi, Ag, ±Au) display higher 

concentrations in the different cupriferous ores (FC, MC, MCZ), and that these zones are 

mostly located in the central-W sector of the orebody. In contrast, the distribution of copper, 

zinc, indium and selenium concentrations in the zinc-rich ores (FZ, MZ, MZP; Figure 108) 

show that both indium and selenium display a lower and broader distribution of their 

concentrations, particularly in the zinc stockwork ores. In the massive zinc and the zinc-lead 

ore types, the higher indium (in particular) and selenium concentrations are spatially more 

restricted and locate mostly towards the central and central-E sector of the orebody. 

Furthermore, despite the fairly positive correlation trends between indium and selenium with 

some of the minor ore elements in the different low-temperature ore types (e.g., As, Hg, Sb), 

no association is seen for instance between high-grade indium and selenium ore zones with 

high-grade arsenic zones in the zinc-rich ores. In fact, based on Somincor/Lundin Mining 2013 

chemical database, fairly high arsenic concentrations (>0.6 wt%) tend to occur throughout the 

south and central sector of the Lombador orebody. 



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 

386 | P a g e  
	  

In addition to the close association between copper, indium and selenium, it is also possible to 

recognise that selenium shows a more peripheral distribution than indium. The latter shows 

higher concentrations (>100 ppm) towards the central-W sector of the orebody, in close 

dependence with a NNW-SSE trend sub-vertical fault structure. As seen in Chapter 4 and 5, 

highly chloritized and copper-rich ore zones were recognized in the central-W sector of the 

orebody, which underline the axis of the feeder zone.  

In conclusion, the ore distribution, petrographic and geochemical data, converge into 

indicating a strong metallogenetic link between copper, indium and selenium at the orebody 

scale that should be related with copper input into the mineralizing system and the joint 

transport and co-precipitation of indium and selenium in high-temperature (>300 ºC) copper-

rich mineralizing fluids. However, despite the commonly low indium and selenium 

concentrations in the zinc-rich ore types, the slightly positive correlation trend between indium 

and zinc in the MZ and MZP ores types, and selenium and zinc in the FZ ore, together with 

petrographic and geochemical data, is also suggestive of joint transport and co-precipitation of 

some indium and selenium with zinc in low-temperature (<300 ºC) zinc-rich mineralizing fluids. 

As it will be discussed ahead, a multi-sourced origin for these metals should possibly be 

envisaged. 
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Figure 105. Plan view of the distribution of major and minor ore elements concentrations in the FC ore at the Neves Corvo deposit, based on Somincor/Lundin Mining 2013 
chemical database. 



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 

388 | P a g e  
	  

 
 

 
 

Figure 106. Plan view of the distribution of major and minor ore elements concentrations in the MC ore at the Neves Corvo deposit, based on Somincor/Lundin Mining 2013 
chemical database. 
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Figure 107. Plan view of the distribution of major and minor ore elements concentrations in the MCZ ore at the Neves Corvo deposit, based on Somincor/Lundin Mining 2013 
chemical database. 
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Figure 108. Plan view of the distribution of major and minor ore elements concentrations in the FZ, MZ and MZP ore at the Neves Corvo deposit, based on Somincor/Lundin 
Mining 2013 chemical database. 
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6.2.2. Tectono-metamorphic overprint 

 

As described in Chapter 4 and 5, highly deformed settings, such as thrust fault zones or 

boudinage structures, were often recognized throughout the Lombador orebody. Shearing and 

tangential thrusting were particularly intense in the central-W sector of the orebody, resulting 

in a generalized pattern of brittle deformation for the most pyritic domains and of more ductile 

deformation at the more sphalerite- and chalcopyrite-rich ore zones. Evidence for prominent 

indium and selenium enrichment due to tectono-metamorphic deformation is relatively 

common throughout the orebody. Figure 109 schematically shows the distribution profile of 

indium and selenium concentrations along drill hole FL743 (see Figure 14 for location). By 

correlating the concentrations of indium and selenium with the ore-related log features 

recognized (hydrothermal alteration, ore types, faults, copper, zinc and lead grades) it can be 

seen that high indium and selenium concentrations occur either associated to copper-rich ore 

types located both in footwall (FC) and hanging wall positions (MC, MCZ), or associated to 

brittle and ductile deformation zones occurring at the MZ and MZP ore levels and at the zinc-

rich stockwork mineralization (RZ) tectonically emplaced in a hanging wall position. This 

pattern can be seen in several drill holes along the Lombador orebody, and clearly 

demonstrates that, in addition to a metallogenic control, both indium (in particular) and 

selenium underwent significant redistribution and reconcentration associated to tectono-

metamorphic deformation. In the example presented (Figure 109), indium and selenium 

concentrations in the tectonically deformed MZ and MZP ore zones reach up to 226 and 176 

ppm, respectively, which represent an enrichment of approximately 500% and 200% relative 

to the average indium (about 47 ppm) and selenium (about 36 ppm) abundances at the 

Lombador orebody. These significant enrichments are generally accompanied by an increase 

in the zinc concentrations and thickening of the sphalerite-rich levels (most often together with 

a slight enrichment in copper). In the MC and MCZ ore levels located in a hanging wall 

position the increase of indium and selenium relates with secondary copper enrichment. As 

described in Chapter 5, the accommodation of brittle and ductile tectono-metamorphic 

deformation by the different ore types influenced the distribution of the ore sulphide mineral 

assembalges, as well as the distribution of trace elements. In places, low-grade ore zones 

were often enriched in copper by means of the filling of fractures by a late generation of 

chalcopyrite (and tetrahedrite), which can represent up to 96% of the chalcopyrite found in 

these ore zones. 

 

Prominent evidences of the redistribution and reconcentration of indium and selenium 

associated to tectono-metamorphic deformation are consistently common in the remaining 
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Neves Corvo orebodies. In the Corvo and Graça orebodies, for instance, stacked copper-rich 

ore zones occur in a hanging wall position (the RC ore type), and low angle thrust faults are 

often recognized throughout the stockwork and massive sulphide ore lenses as well as 

subvertical shearing and lateral displacements. The copper enrichment associated with these 

tectonized settings is economically relevant as they often represent high-grade ore shoots. 

Recent mining works and the 3D modeling of the Zambujal orebody have also shown that the 

orebody has also suffered quite strong tectono-metamorphic deformation. As summarized in 

Table 5, the Zambujal orebody consists of a succession of stacked massive sulphide lenses 

folded to the W in its W and SW sectors (Figure 110). Complex geometric intercalations and 

variations of barren, zinc-rich, and copper-rich ore zones (and ore types) can be seen both 

vertically and laterally along the orebody as outcome of the low angle thrust tectonics and 

staking. The occurrence of copper and zinc stockwork mineralization overthrusted into a 

hanging wall position was also documented in the Zambujal orebody. In the massive sulphide 

lens, some of the ore zones classified as massive copper (MC) or copper-zinc (MCZ) ores are 

in fact the result of local enrichment of barren and/or low-grade MZ/MZP ore zones due to the 

presence of chalcopyrite-rich veins, veinlets and ribbons widely variable in thickness (1 mm to 

≥ 5 cm) (Figure 110). Copper, indium and selenium grades in these ore zones can reach up to 

about 21.8 wt%, 675 ppm and 1578 ppm, respectively, and therefore represent locally 

prominent and unusual high-grade base (and high-tech) metal ore zones. 

 

 

 

 



Indium and selenium distribution, abundance and mineral allocation 6 
 

P a g e  | 393 
	  

 
Figure 109. Schematic representation of drill hole FL743 intersecting the Lombador orebody, together with its, log, and indium, selenium, copper, zinc and lead concentration 
profiles. The estimated average indium and selenium concentrations at the Lombador orebody are also shown for comparison. Cross-section and copper, zinc, lead, indium 
and selenium concentrations based on Somincor/Lundin Mining 2013 chemical database. 
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Figure 110. Schematic representation of the Zambujal orebody structure and ore types distribution, together with an example of a MCZ ore sample highly enriched in copper 
(-indium, selenium) due to secondary tectono-metamorphic enrichment. Cross-sections from Somincor/Lundin Mining 2013 database. 
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The study of ore samples representative of these indium- and selenium-rich settings by 

means of scanning electron microscopy (SEM) imaging and semi-quantitative analysis 

enabled to positively identify indium minerals that seem to correspond to roquesite and 

roquesite-sakuraiite intermediate phases, as well as selenium-bearing galena and unknown 

selenium-bearing lead-bismuth and bismuth-selenium mineral phases (Figure 111). These ore 

mineral phases tend to occur as discrete, very fine-grained (<20 µm) and anhedral to 

subhedral grains in a number of textural circumstances and mineral associations that include 

chalcopyrite grain boundaries, chalcopyrite-sphalerite grain boundaries, and/or as inclusions 

in sphalerite grains with chalcopyrite disease. Moreover, some of the unknown selenium-

bearing lead-bismuth and bismuth-selenium mineral phases were also found within or as thin 

films along the grain boundary of tennatite and/or recrystallized to late generation arsenopyrite 

grains. Despite the fact that some of the spectra acquired show mix compositions between 2 

or more mineral phases due to the extremely fine-grained size of the indium- and selenium-

rich mineral phases, most of the semi-quantitative results show notable indium and selenium 

concentrations. 

 

SEM analysis have also permitted to recognize an overall compositional homogeneity within 

chalcopyrite and/or sphalerite grains, as well as a slight compositional zonation, in terms of 

arsenic and antimony contents, within some of the late generation tetrahedrite grains 

associated to chalcopyrite-dominated tectono-metamorphic veins, veinlets and ribbons. The 

overall compositional homogeneity of the chalcopyrite and sphalerite grains is in good 

agreement with the mineral geochemistry data presented in Chapter 5, and is indicative that 

most of the softer ore-forming sulphide minerals (including galena) appear to have 

accommodated most of the strain, in the form of plastic deformation, that have affected the 

deposit. As mentioned in the previous chapter, both chalcopyrite and sphalerite tend to occur 

as recrystallized and annealed grains with interfacial angles of about 120º in triple junctions, 

especially in the chalcopyrite- or sphalerite-dominated levels and/or veins, veinlets and 

ribbons. These textural features are consistent with an overall mineral chemical reequilibration 

and homogenization process that results from recrystallization and annealing during the 

Hercynian tectono-metamorphic deformation. Such readjustments seem have promoted the 

escape of mineral inclusions and/or segregations into the grain boundaries, accounting for the 

indium- and selenium-bearing mineral phases found in those postions, as well as the 

chalcopyrite and stannite-kesterite inclusions within sphalerite (Figure 70), or the stannite and 

sphalerite inclusions in chalcopyrite (Figure 73). The more brittle sulphide minerals, such as 

pyrite and arsenopyrite, on the other hand, tend to occur as zoned crystals due to their 

refractory behavior, despite their prominent overall recrystallization (Figure 112). 
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Mineral phase(s) S (wt%) Fe (wt%) Cu (wt%) Zn (wt%) Pb (wt%) Ag (wt%) Bi (wt%) Sb (wt%) Se (wt%) In (wt%)

1 Cpy+Roq mix 30.65 21.51 36.47 2.82 0.35 8.2
2 Cpy+Roq mix 31.11 22.47 37.04 2.2 0.3 6.89
3 Roq 27.18 3.6 28.4 40.82
4 Roq-Sak 29.66 10.96 26.1 14.1 19.28
5 Sp+Gn mix 23.46 14.48 18.28 27.24 15.73 0.82
6 Cpy+Roq+Gn mix 26.12 19.55 26.92 25.63 1.36 0.42
7 Roq-Sak 30.43 17.63 26.19 17.52 8.23
8 Gn 8.92 2.55 78.68 9.85

9 Unk. Pb-Bi sulph. or Cpy+Pb-Bi 
sulph. mix 7.48 4.68 6.42 22.27 0.32 37.3 21.54

10 Unk. Pb-Bi sulph. or Cpy+Pb-Bi 
sulph. mix 16.5 10.89 15.2 17.91 23.4 16.11

11 Unk. Pb-Bi sulph. or Cpy+Pb-Bi 
sulph. mix 15.23 10.11 14.81 19.07 24.39 16.39

12 Unk. Pb-Bi sulph. or Cpy+Pb-Bi 
sulph. mix 9.24 6.06 7.75 22.64 33.83 20.48

13 Pb-Bi sulph. (Jun ?) 15.08 3.5 8.15 19.65 49.56 4.06
14 Unk. Bi-Se sulph. 10.2 1.89 7.53 1.01 1.63 58.39 2.38 16.96  

 

Figure 111. Scanning electron microscopy high-contrast back-scattered electron images and semi-quantitative data 
for the indium-bearing phases, selenium-bearing galena, and unknown selenium-bearing lead-bismuth and 
bismuth-selenium mineral phases found. Cpy – chalcopyrite; Gn – galena; Roq – roquesite; Sak – sakuraiite; Sp – 
sphalerite. 
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Figure 112. High-contrast back-scattered electron images showing zoned pyrite (Py) and arsenopyrite (Apy) grains. 
 

 

6.3. Indium and selenium mineral allocation 
 

The quantitative (EPMA) and semi-quantitative (SEM) analyses performed on the different ore 

sulphides has enabled to identify fairly significant indium and selenium concentrations in 

several common ore-forming mineral phases (e.g., chalcopyrite, sphalerite, galena, stannite). 

In addition, roquesite and complex selenium-bearing lead-bismuth and bismuth-selenium 

sulphosalts were also positively recognized and analyzed, despite their small size and seldom 

occurrence. 

Although roquesite is the indium-richer ore sulphide found, indium is mainly allocated in 

sphalerite, chalcopyrite and, to a lesser extent, stannite. These ore minerals represent 

respectively about 58%, 22% and 9% of the volume of indium-bearing ore minerals found and 

analyzed, whereas roquesite represents only about 1% (Figure 113). The remaining indium-

bearing minerals, which together account for about 10% of the indium-bearing ore sulphide 

minerals found, include ferroskesterite (4 %), kesterite (2 %), tennantite (2 %) and tetrahedrite 

(2 %). Pyrite, galena and the roquesite-sakuraiite intermediate phase represent less than 0.1 

% of the volume of indium-bearing ore-forming minerals found and analyzed. 

Selenium, on the other hand, is a widely distributed trace element occurring in several ore-

forming sulphide minerals. Selenium is mainly allocated in galena, which represents about 21 

% of the volume of selenium-bearing minerals found and analyzed (Figure 114). Arsenopyrite 

(15 %), together with chalcopyrite (11 %), pyrite (10 %) and, to a lesser extent, tetrahedrite (8 

%) also constitute fairly important selenium-bearing ore minerals. Despite the fairly high 

selenium concentrations (up to 21.54 wt% Se), the complex lead-bismuth sulphosalts only 

represent about 5 % of the volume of indium-bearing minerals found and analyzed, whereas 
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stannite (5 %), cobaltite (4 %), tennantite (4 %), glaucodot (2 %), kesterite (2 %), mawsonite 

(2 %) and idaite (1 %) constitute a minor proportion of the selenium-bearing ore minerals 

analyzed. Naumanite is the selenium-richer ore sulphide found (up to about 25.6 wt% Se), but 

represents also a minor proportion (about 2 %) of the selenium-bearing ore sulphide minerals. 

Finally, roquesite (<0.1 %) and stannoidite (<0.1 %) represent a very small proportion of the 

selenium-bearing ore sulphides found.  

 

 

 
 

 
Figure 113. Frequency distribution (n = 498) of indium-bearing ore sulphides in the various ore types studied for an 
indium EPMA detection limit of 180 ppm. Cpy – chalcopyrite; Fe-Kst – ferrokesterite; Gn – galena; Kst – kesterite; 
Py – pyrite; Roq – roquesite; Roq-Sak – roquesite-sakuraiite intermediate phase; Sp – sphalerite; Stn – stannite; 
Td – tetrahedrite; Tn – tennantite. 
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Figure 114. Frequency distribution (n = 325) of selenium-bearing ore sulphides in the various ore types studied for 
a selenium EPMA detection limit of 380 ppm. Note that the lead-bismuth sulphosalts (Pb-Bi sulph.) include 
gustavite, cosalite, junoite (?), cannizzarite (?), wittite (?) and the unknown selenium-bearing lead-bismuth 
intermediate mineral phases reported in Chapter 5. Cbt – cobaltite; Cpy – chalcopyrite; Fe-Kst – ferrokesterite; Gdt 
– glaucodot; Gn – galena; Id – idaite; Kst – kesterite; Py – pyrite; Roq – roquesite; Sp – sphalerite; Snt – 
stannoidite; Stn – stannite; Td –tetrahedrite; Tn – tennantite. 
 
 
Figures 115 to 136 compare the distribution of indium and selenium in the various ore-forming 

sulphide minerals that constitute either the predominant ore minerals in the Neves Corvo zinc, 

copper and lead concentrates (i.e., sphalerite, chalcopyrite and galena, respectively), or the 

remaining ore minerals (e.g., pyrite, arsenopyrite, cobaltite, tetrahedrite, tennantite, stannite, 

complex lead-bismuth sulphosalts). It will be shown below that indium and selenium 

distribution is highly variable in the different ore sulphides, and that, as indicated in Chapter 5, 

high indium and selenium concentrations are mainly allocated to the ore-forming sulphides 

occurring in the high-temperature copper-rich ore types (FC, MC, MCZ). It was found also that 

late generation sphalerite and stannite grains tend to show higher indium concentrations 

relative to their main generation, whereas the main generation of chalcopyrite, galena or 
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tetrahedrite grains tend to shown higher indium and/or selenium concentrations relative to 

their late generations.  

Fairly high indium and, to a lesser extent, selenium concentrations were nevertheless also 

found in some sphalerite, chalcopyrite, galena, pyrite and stannite grains from the low-

temperature ore types. Therefore, the unequal distribution of indium and selenium 

concentrations in the different ore sulphide minerals presented in Figures 115 to 136 reflect, in 

addition to the metallogenic and tectono-metamorphic overprinting effects previously referred, 

the general partitioning behavior of indium and selenium in-between the different sulphide 

minerals as well. 

 

In terms of indium mineral allocation, Figures 113 to 121 show that, depending on the ore 

type, sphalerite and/or chalcopyrite are the most important indium host minerals, while 

stannite, ferrokesterite, kesterite, tennantinte and roquesite, which are much less abundant, 

are not so important indium carriers despite the elevated and fairly consistent indium 

concentrations found in these ore-forming sulphides. Pyrite and galena do not constitute 

significant indium-bearing ore sulphides given their generally low indium concentrations 

(pyrite: up to 226 ppm; galena: up to 240 ppm); in fact, significant indium concentrations in 

these sulphides were only found in single grains from the MZP and MP ores.  

Indium distribution in sphalerite (Figure 115) is characterized by the predominance of indium 

concentrations between 200 and 400 ppm, as well as by some notable occurrences of indium-

enriched (>4000 ppm) sphalerite. A cluster of sphalerite crystals with indium concentrations 

ranging between 800 and 1200 ppm can also be recognized. These indium-bearing sphalerite 

occurrences seem to correlate well with the different ore types and settings. The lowest 

indium concentrations (200 to 400 ppm) were mainly found in sphalerite grains from the FC 

and MZ ores (in particular), whereas the intermediate indium concentrations (800 and 1200 

ppm) were mainly found in the MCZ ores, in particular in the Graça, Neves and Zambujal 

orebodies. The highest indium concentrations (from 4000 ppm to about 4.3 wt%) were mostly 

found in MC, MCZ and MP ore zones strongly affected by tectono-metamorphic deformation 

and secondary copper enrichment, which suggest the occurrence of inclusions of sphalerite-

roquesite solid solutions due to exsolution cause by tectono-metamorphic deformation. 

Indium distribution in chalcopyrite (Figure 116) is also asymmetric, although apparently not so 

much as in sphalerite. On average, indium concentrations in chalcopyrite (about 660 ppm In) 

are 2 to 3 times lower than in sphalerite (about 1400 ppm In), and the asymmetric distribution 

reveals the predominance of indium concentrations between 200 and 300 ppm, as well as a 

rather uniform occurrence of chalcopyrite crystals with higher indium concentrations (up to 

1534 ppm). By comparison with sphalerite, most of the occurrences of lower indium 
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concentrations in chalcopyrite were found in copper-rich ores (FC, MC, MCZ), whereas the 

highest concentrations (>600 ppm) were mainly found in copper-rich (MC and MCZ) or zinc 

(MZ), lead (MP) and barren (ME) ores that underwent significant tectono-metamorphic 

deformation and secondary copper enrichment.  

 
 

 

 

 
Figure 115. Frequency distribution and variation range of indium concentrations in sphalerite as a function of ore 
types and generations. Dashed vertical lines represent the average indium concentration in sphalerite, and the 
diamond symbols represent the average indium concentration in the different ore types. FE – barren stockwork ore; 
FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; 
MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore; Sp – 
sphalerite. 
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Figure 116. Frequency distribution and variation range of indium concentrations in chalcopyrite as a function of ore 
types and generations. Dashed vertical lines represent the average indium concentration in chalcopyrite, and the 
diamond symbols represent the average indium concentration in the different ore types. FE – barren stockwork ore; 
FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; 
MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore; Cpy – 
chalcopyrite. 
 
 
Indium distribution in stannite (Figure 117) and ferrokesterite (Figure 118) seems to assume a 

J-shaped frequency distribution due to the predominance of indium-enriched occurrences 

(>5000 ppm and >3000 ppm, respectively), whereas in kesterite (Figure 119) indium 
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distribution seem to be bimodal and correlative with its occurrence in the MZ (400 to 700 ppm 

In) and MCZ (1200 to 1690 ppm In) ores. Although stannite and ferrokesterite from the ME ore 

show the highest indium concentrations found, most of the high indium concentrations were 

found in grains from the MCZ ores.  

 
 

 

 

 
Figure 117. Frequency distribution and variation range of indium concentrations in stannite as a function of ore 
types and generations. Dashed vertical lines represent the average indium concentration in stannite, and the 
diamond symbols represent the average indium concentration in the different ore types. FE – barren stockwork ore; 
FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; 
MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore; Stn – 
stannite. 
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Figure 118. Frequency distribution and variation range of indium concentrations in ferrokersterite as a function of 
ore types and generations. Dashed vertical lines represent the average indium concentration in ferrokersterite, and 
the diamond symbols represent the average indium concentration in the different ore types. FE – barren stockwork 
ore; FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc 
ore; MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore.  
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Figure 119. Frequency distribution and variation range of indium concentrations in kesterite as a function of ore 
types and generations. Dashed vertical lines represent the average indium concentration in kesterite, and the 
diamond symbols represent the average indium concentration in the different ore types. FE – barren stockwork ore; 
FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; 
MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore. 
 

 

On average, stannite shows an indium concentration of approximately 1.3 wt%, which 

represents about 10 times the average indium concentration found in sphalerite and about 20 

times that in chalcopyrite. In turn, indium concentration in ferrokesterite (about 4530 ppm) 

represents about 3 times that in sphalerite and 6 times that in chalcopyrite.  

In the fahlore group minerals found, indium concentrations in tetrahedrite (Figure 120) are 

substantially lower (about 5 times) than in tennantite (Figure 121). On average, tetrahedrite 

shows an indium concentration of about 520 ppm, whereas tennantite displays an indium 

concentration of about 2600 ppm. The frequency distribution depicted in Figure 120 and 121 

shows the predominance of indium concentrations between 400 and 680 ppm in tetrahedrite, 

and between 2200 and 2800 ppm in tennantite, although most of indium-enriched tennantite 

occurrences range between 2200 and 2300 ppm. Also, indium concentrations in tetrahedrite 

were mainly found in late generation tetrahedrite grains from MZ and ME ores, whereas in 
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tennantite indium concentrations were only found in grains from the very high-grade (>35 wt% 

Cu) massive copper (MC) ore. 

 

 

 

 

 
Figure 120. Frequency distribution and variation range of indium concentrations in tetrahedrite as a function of ore 
types and generations. Dashed vertical lines represent the average indium concentration in tetrahedrite, and the 
diamond symbols represent the average indium concentration in the different ore types. FE – barren stockwork ore; 
FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; 
MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore; Td – 
tetrahedrite. 
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Figure 121. Frequency distribution and variation range of indium concentrations in tennantite as a function of ore 
types and generations. Dashed vertical lines represent the average indium concentration in tennantite, and the 
diamond symbols represent the average indium concentration in the different ore types. FE – barren stockwork ore; 
FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; 
MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore. 
 

 

Finally, although roquesite is the main indium mineral phase found, its seldom and fine-

grained occurrence makes it a discrete indium-carrier ore sulphide despite its high indium 

concentration (40.8 to 46.6 wt%). The combination of EPMA and SEM data have shown that 

roquesite is mainly found in the MCZ ore, although fairly notable occurrences were also found 

in tectonically deformed ME ore samples (Figure 122). This means that replacement, zone 

refining and recrystallization processes, together with the coexistence of chalcopyrite, 

sphalerite and stannite are important for the occurrence of roquesite.  

The roquesite-sakuraiite intermediate phase found (up to about 8.5 wt% In) also represents a 

discrete indium-carrier mineral phase, and it was only found in the MCZ ore. 

 

 
Figure 122. Distribution of roquesite occurrences in the different ore types. Note that roquesite distribution takes 
into account the SEM semi-quantitative analysis performed. FE – barren stockwork ore; FE – barren stockwork ore; 
FC – copper stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc ore; MZ – massive zinc ore; 
MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore. 
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Figure 114 coupled with Figures 123 to 136 show that selenium distribution in the different 

ore-forming sulphide minerals is widely variable. Galena, which is the main and most common 

selenium-bearing ore sulphide found in the currently exploited ore types, shows a wide range 

of selenium contents (Figure 123). Selenium concentrations in galena display an asymmetric 

distribution that is characterized by notable occurrences of selenium-enriched (>1 wt%) grains 

mainly associated to very high-grade (>35 wt% Cu) MC ore, and a fairly uniform distribution of 

selenium-bearing grains towards lower selenium concentrations, including some cases of 

selenium-enriched galena (e.g., between 4500 and 4600 ppm) that correspond to grains 

coming from copper-rich ores (FC, MC, MCZ). 

 

 

 

 
 
Figure 123. Frequency distribution and variation range of selenium concentrations in galena as a function of ore 
types and generations. Dashed vertical lines represent the average selenium concentration in galena, and the 
diamond symbols represent the average selenium concentration in the different ore types. FE – barren stockwork 
ore; FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc 
ore; MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore. 
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On average, selenium concentration in galena (2.88 wt%) is approximately 50 times higher 

than in chalcopyrite (610 ppm) and sphalerite (590 ppm), 30 times higher than in pyrite (930 

ppm), tetrahedrite (1030 ppm), tennantite (about 1120 ppm), stannite (1050 ppm) or kesterite 

(1350 ppm), and 7 to 15 times higher than in arsenopyrite (2580 ppm), cobaltite (about 3100 

ppm), glaucodot (4410 ppm) and carrolite (1920 ppm). Moreover, although selenium 

concentrations in naumanite (24.8 wt% on average) are considerably higher than in galena, a 

single occurrence of naumanite was found in a high-grade MC ore zone. Complex lead-

bismuth and bismuth-selenium sulphosalts appear to be comparatively more important 

selenium-carrier ore sulphides. These were identified (Figure 124) both by EPMA and SEM 

analyses, particularly in FC ore samples collected in the innermost zones of the Lombador 

feeder system, as well as in MCZ ore samples coming from highly deformed settings. 

Nonetheless, their overall abundance is very limited.  

 

 

 

 
Figure 124. Frequency distribution and variation range of selenium concentrations in complex lead-bismuth and 
bismuth-selenium mineral phases as a function of ore types and generations. Note that the data include EPMA and 
SEM analyses. Dashed vertical line represents the average selenium concentration in these phases, and the 
diamond symbols represent the average selenium concentration in the different ore types. FE – barren stockwork 
ore; FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc 
ore; MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore. 

João Carvalho
Rectangle

João Carvalho
Rectangle

João Carvalho
Polygonal Line

João Carvalho
Polygonal Line



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 

410 | P a g e  
	  

EPMA and SEM data collected on these mineral phases both show a wide range for selenium 

concentrations with bimodal distribution. In the FC ore, the lead-bismuth sulphosalts found 

(e.g., gustavite, cosalite, junoite ?, cannizzarite ?, wittite ?) display selenium concentrations 

that range between 1500 ppm and 9.8 wt%, whereas in the MCZ ore the unknown lead-

bismuth and bismuth-selenium sulphosalts found display substantially higher concentrations 

that range from about 4 to 21.5 wt%.  

Although it represents an accessory ore-forming sulphide, arsenopyrite seems to be a 

relatively significant selenium-carrier mineral given its broad occurrence in the different ore 

types (see Chapter 5). Selenium distribution in arsenopyrite (Figure 125) is characterized by a 

notable cluster of arsenopyrite occurrences, which selenium concentrations range from 800 

to1400 ppm, as well as significant occurrences of selenium-enriched (>4000 to 9290 ppm) 

arsenopyrite occurrences that can be correlated with the various types of copper-rich ores 

(FC, MC, MCZ). In the zinc-rich ore types, arsenopyrite shows comparatively lower selenium 

concentrations (between 950 and 1250 ppm). 

 
 

 

 
Figure 125. Frequency distribution and variation range of selenium concentrations in arsenopyrite as a function of 
ore types and generations. Dashed vertical line represents the average selenium concentration in arsenopyrite, 
and the diamond symbols represent the average selenium concentration in the different ore types. FE – barren 
stockwork ore; FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive 
copper-zinc ore; MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive 
barren ore. 
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Despite their relatively discrete occurrence, several cobalt-bearing ore-forming sulphides may 

also show fairly prominent selenium abundances. Selenium distribution in these minerals is 

widespread. In cobaltite (Figure 126), selenium distribution is relatively uniform, ranging 

between 1200 and 6130 ppm (averaging 3100 ppm). Most of the highest selenium contents in 

cobaltite were found in the FC ore. On the other hand, and despite the low number of EPMA 

analyses and dispersed selenium concentration occurrences, glaucodot (Figure 127) show 

predominant selenium concentrations above 4000 ppm, particularly in the MC ores. In the FC 

ores, selenium concentrations in glaucodot are comparatively lower (about 1660 ppm). Finally, 

selenium concentrations in carrolite (Figure 128) show a dispersed distribution characterized 

by few occurrences between 1600 and 2130 ppm, mostly in the very high-grade (>35 wt% Cu) 

MC ore zone 

 

 

 

 
Figure 126. Frequency distribution and variation range of selenium concentrations in cobaltite as a function of ore 
types and generations. Dashed vertical line represents the average selenium concentration in cobaltite, and the 
diamond symbols represent the average selenium concentration in the different ore types. FE – barren stockwork 
ore; FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc 
ore; MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore.  
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Figure 127. Frequency distribution and variation range of selenium concentrations in glaucodot as a function of ore 
types and generations. Dashed vertical line represents the average selenium concentration in glaucodot, and the 
diamond symbols represent the average selenium concentration in the different ore types. FE – barren stockwork 
ore; FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc 
ore; MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore  
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Figure 128. Frequency distribution and variation range of selenium concentrations in carrolite. 

 

 

In the major ore-forming minerals, namely chalcopyrite (Figure 129), sphalerite (Figure 130) 

and pyrite (Figure 131), selenium distribution is characterized by the predominance of 

selenium concentrations between 400 and 500 ppm and a similar pattern. Also, these three 

major ore-forming minerals tend to show higher selenium concentrations in the massive 

copper-rich ore types, particularly in the MCZ ore, and selenium concentrations in pyrite tend 

to be higher than in chalcopyrite and sphalerite. Selenium concentration in pyrite reaches up 

to 2460 ppm (averaging 930 ppm), whereas in chalcopyrite and sphalerite it reaches up to 

1100 ppm (averaging 610 ppm) and 1400 ppm (averaging 590 ppm), respectively. It should be 

mentioned also that pyrite grains from the MZ ore in all but the Zambujal orebody shows no 

selenium concentrations or are below the detection limit. At the Zambujal orebody, however, 

pyrite tends to display higher selenium concentrations (about 1300 ppm on average) than 

sphalerite (about 620 ppm on average). 

Selenium distribution is slightly different among the different fahlore group minerals, although 

tetrahedrite and tennantite display, on average, similar selenium concentrations (about 1030 

and 1120 ppm, respectively). In tetrahedrite (Figure 132), selenium distribution is slightly 

skewed to the right, and shows the predominance of selenium concentrations between 700 

and 800 ppm. Nevertheless, although selenium concentrations extend up to about 2470 ppm, 

tetrahedrite seems to show a cluster of occurrences with fairly high selenium concentrations, 

between 1000 and 1300 ppm, that can be correlated with the copper-rich ores, particularly the 

MC and MCZ ore types. Moreover, the late generation of tetrahedrite in the ME ore, which 

occurs often associated with chalcopyrite veins, veinlets and ribbons, also display fairly high 

selenium concentrations (about 1000 ppm). Tennantite (Figure 133), on the other hand, 

shows a selenium distribution characterized by a cluster of tennantite occurrences with 

selenium concentrations between 1000 and 1300 ppm. These values correspond mainly to 
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tennantite grains that were found in the very high-grade (>35 wt% Cu) MC ore zone at the 

Lombador orebody. The highest selenium concentrations, however, were found in tennantite 

grains from the MCZ ore (up to about 1960 ppm) at the Zambujal orebody. 

 

 

 

 

 
Figure 129. Frequency distribution and variation range of selenium concentrations in chalcopyrite as a function of 
ore types and generations. Dashed vertical line represents the average selenium concentration in chalcopyrite, and 
the diamond symbols represent the average selenium concentration in the different ore types. FE – barren 
stockwork ore; FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive 
copper-zinc ore; MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive 
barren ore, Cpy – chalcopyrite. 
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Figure 130. Frequency distribution and variation range of selenium concentrations in sphalerite as a function of ore 
types and generations. Dashed vertical line represents the average selenium concentration in sphalerite, and the 
diamond symbols represent the average selenium concentration in the different ore types. FE – barren stockwork 
ore; FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc 
ore; MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore; Sp – 
sphalerite. 
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Figure 131. Frequency distribution and variation range of selenium concentrations in pyrite as a function of ore 
types and generations. Dashed vertical line represents the average selenium concentration in pyrite, and the 
diamond symbols represent the average selenium concentration in the different ore types. FE – barren stockwork 
ore; FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc 
ore; MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore.  
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Figure 132. Frequency distribution and variation range of selenium concentrations in tetrahedrite as a function of 
ore types and generations. Dashed vertical line represents the average selenium concentration in tetrahedrite, and 
the diamond symbols represent the average selenium concentration in the different ore types. FE – barren 
stockwork ore; FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive 
copper-zinc ore; MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive 
barren ore. 
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Figure 133. Frequency distribution and variation range of selenium concentrations in tennantite as a function of ore 
types and generations. Dashed vertical line represents the average selenium concentration in tennantite, and the 
diamond symbols represent the average selenium concentration in the different ore types. FE – barren stockwork 
ore; FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc 
ore; MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore. 
 

 

Selenium distribution in two of the most common tin-bearing ore sulphides found, namely 

stannite and kesterite, display distinct distribution shapes. Stannite (Figure 134) shows a 

bimodal distribution characterized by the predominance of stannite grains with selenium 

concentrations between 700 and 800 ppm, and 1300 and 1400 ppm. On average, the lowest 

selenium concentrations were found in stannite grains from the massive barren (ME; 

averaging 560 ppm) and copper (MC; averaging 740 ppm) ores, whereas the highest 

selenium concentrations were found in stannite from the massive copper-zinc (MCZ; 

averaging 1260 ppm) ores, particularly in those representative of the late generation (Stn III). 

By contrast, selenium concentrations in kesterite (Figure 135) show a uniform but wide 

selenium distribution that is characterized by the occurrence of single kesterite grains with 

selenium concentrations between 700 and 3262 ppm. These were only found in the massive 

zinc ore (MZ). As mentioned in Chapter 5, fairly high selenium concentrations were also found 

in mawsonite (1320 to 2560 ppm) and stannoidite (about 1350 ppm found in a single 
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analysis). By plotting the selenium concentrations of mawsonite (Figure 136), it can be seen 

that selenium distribution in mawsonite is characterized by the predominance of 

concentrations between 2300 and 2400 ppm.  

 

 

 

 

 
Figure 134. Frequency distribution and variation range of selenium concentrations in stannite as a function of ore 
types and generations. Dashed vertical line represents the average selenium concentration in stannite, and the 
diamond symbols represent the average selenium concentration in the different ore types. FE – barren stockwork 
ore; FZ – zinc stockwork ore; FC – copper stockwork ore; MC – massive copper ore; MCZ – massive copper-zinc 
ore; MZ – massive zinc ore; MZP – massive zinc-lead ore; MP – massive lead ore; ME – massive barren ore. Stn – 
stannite. 
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Figure 135. Frequency distribution and variation range of selenium concentrations in kesterite. 

 

 
Figure 136. Frequency distribution and variation range of selenium concentrations in mawsonite. 

 

 

6.4. Summary 
 

a) Indium and selenium spatial relationships and geochemical affinities at the Neves 

Corvo deposit are complex. It has been found that indium and selenium distribution, 

abundance and mineral allocation seem to have resulted from the combined effects of 

ore-forming and tectono-metamorphic processes. Based on an extremely large 

amount of analytical data provided by the huge database where from mine mineral 

resources are estimated, extensive correlation tables, and detailed ore element 

distribution maps it was possible to show that indium and selenium are mainly 

associated to the copper-rich ores, which indicates a metallogentic link between the 

high-temperature (>300 ºC) copper-rich mineralizing fluids and copper, indium and 
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selenium input into the mineralizing system. On average, the estimated indium and 

selenium abundances is about 64 ppm and 71 ppm, respectively, in the copper-rich 

ores, and 45 ppm and 38 ppm respectively, in the zinc-rich ores.  

 

b) Despite the commonly low indium and selenium concentrations in the zinc-rich ore 

types, there is also a weakly positive correlation trend between indium and zinc in the 

MZ and MZP ores types, and between selenium and zinc in the FZ ore, which might 

additionally suggest joint transport and co-precipitation of some indium and selenium 

with zinc from low-temperature (<300 ºC) zinc-rich mineralizing fluids. A multi-sourced 

origin for both indium and selenium should possibly be envisaged. 

 

c) Log, petrographic and mineral chemistry data, coupled with element distribution along 

cross-section profiles show that high indium and selenium concentrations are equally 

associated to ore zones that suffered prominent tectono-metamorphic deformation. 

These ore zones, which are widespread throughout all the Neves Corvo orebodies, 

seem to constitute important local indium- and selenium-rich ore settings given the 

significant enrichment observed relative to each orebody’s indium and selenium 

average background. In addition, the local remobilization of indium and selenium is 

often accompanied by an increase in zinc grades in the zinc-rich ore lenses, and/or 

secondary copper enrichments in otherwise low-grade zinc and barren ore zones.  

 

d) Depending on the ore types, sphalerite and/or chalcopyrite are the most important 

indium host minerals. These ore-forming minerals, which represent by far the dominant 

minerals in the zinc and copper concentrates, account, respectively, for 58% and 22% 

of the indium-bearing ore sulphides found. In addition, indium concentrations in 

sphalerite are highly variable, but, on average, are 2 to 3 times higher than 

chalcopyrite. Stannite, ferrokesterite, kesterite, tennantinte and roquesite, the latter 

representing the richest indium-bearing sulphide mineral found, constitute the 

remaining indium-carrier ore-forming minerals. All of them, on average, contain higher 

indium concentrations than sphalerite and chalcopyrite. However, due to their low 

abundance, these ore-forming sulphides do not represent important indium hosts. 

 

e) Selenium is widely distributed throughout the different ore-forming sulphides found. It 

is preferentially hosted in galena, which accounts for about 21% of the selenium-

bearing ore sulphides, although it can also be found in most of the remaining ore 

sulphides (e.g., arsenopyrite, chalcopyrite, pyrite, sphalerite, tetrahedrite), as well as in 
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complex lead-bismuth and bismuth-selenium sulphosalts, tennantite or tin and cobalt-

bearing sulphides. Selenium concentration in galena is, on average, approximately 50 

times higher than in chalcopyrite and sphalerite, 30 times higher than in pyrite or 

tetrahedrite, and about 7 to 15 times higher than in arsenopyrite (2580 ppm), cobaltite 

(about 3100 ppm) and glaucodot. Once more, although selenium concentrations in the 

complex lead-bismuth and bismuth-selenium sulphosalts found, as well as in 

naumanite, are considerably higher than in galena, their much smaller abundance 

does not allow these minerals to constitute significant selenium-carrier minerals in the 

deposit.  
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7. Isotope Geochemistry: strontium, neodymium and lead isotope 
systematics 

 

7.1. Introduction 
 

In order to constrain possible fluid and metal sources related with the zinc-rich mineralization 

at the Neves Corvo deposit, as well as to understand the metallogenetic significance of indium 

and selenium within the different ore types studied, strontium (Sr), neodymium (Nd) and lead 

(Pb) whole rock isotopic signatures were measured on 27 carefully selected ore samples, 

representative of the different ore types studied and of the various orebodies at Neves Corvo. 

Once more, the sample selection was performed taking the zinc-rich Lombador orebody, its 

feeder system and its massive sulphide ores as being representative of the zinc mineralization 

at the Neves Corvo deposit. Therefore, the majority of the ore samples analyzed for isotopes 

correspond to stockwork and massive sulphide ores from Lombador. The remaining samples 

in this sample set include the indium- and selenium-rich, copper-zinc- and zinc-rich massive 

sulphide ore types representative of the Corvo (SE area), Neves, Graça (SW area) and 

Zambujal orebodies. A schematic representation of the sample locations is given in Figure 

137.  

 
 

 
Figure 137. Schematic representation of the locations where the samples selected for strontium, neodymium and 
lead isotope systematics were collected in the different Neves Corvo orebodies. Note that at the Lombador orebody 
the cross-streaked areas represent the locations inferred for the axes of the feeder system, and the dashed lines 
divide the orebody sectors defined in this study.  
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Isotopic signatures can provide valuable information on the hydrothermal fluid isotopic 

characteristics and pathways, as well as evaluate, identify, or even exclude contributions of 

possible sources of ore metals and related trace metals. This is accomplished through the 

determination of the initial isotopic ratio at the time of mineralization and comparison with the 

isotopic ratio of possible sources of metals at the same period of time (e.g., Barrie et al., 1999; 

Huston et al., 2011).  

As seen in Chapter 2, previous stable and radiogenic isotopic studies at the Neves Corvo 

deposit have demonstrated a multi-sourced nature for the tin (cassiterite) and some copper-

rich ores (e.g., Marcoux, 1998; Relvas, 2000; Relvas et al., 2001, 2006a, b; Munhá et al., 

2005; Jorge et al., 2007). Accordingly, in addition to the contribution of seawater and deep, 

metal-rich, connate brines chemically equilibrated with the PQ Group sequence, direct 

magmatic contributions were interpreted to account for the tin in stockwork and massive 

cassiterite ores, as well as for part of the copper in the copper stockwork and massive 

sulphides ores (Relvas, 2000; Relvas et al., 2006a, b).  

Although magmatic contributions may have been important in giant deposits (e.g., Kidd Creek, 

Brunswick Nº12, Neves Corvo), direct magmatic contributions are however commonly 

excluded from zinc metallogenesis as leaching from the host rocks usually accounts for the 

zinc metal supply in a variety of ore deposit types due to the geochemical behavior (solubility, 

easiness to form metal complexes) of zinc in a wide range of physical and chemical conditions 

(e.g., temperature pH, oxi-redox) (e.g., Large 1992; Franklin et al., 2005; Large et al., 2005; 

Leach et al., 2005; Meinert et al., 2005; Robb, 2005; Goodfellow and Lydon, 2007; Meinert, 

2010; Borg, 2010; Piersey et al., 2015). 

Hence, strontium isotope systematics was used to determine the initial strontium isotope 

compositions of the hydrothermal imprint related to the zinc-rich feeder system of the 

Lombador orebody and determine possible sources of strontium, whereas neodymium and 

lead isotope systematics were used to indicate potential sources of zinc, indium and selenium 

for the different ore types studied at the Neves Corvo deposit. The results are compared to the 

known radiogenic isotopic compositions for the tin (cassiterite) and copper-rich ores from 

Corvo and Neves orebodies. 

 

7.2. Strontium isotopes 
 

7.2.1. Introduction 

 
The rubidium-strontium isotopic system is based on the growth of radiogenic 87Sr as result of 

decay of 87Rb to 87Sr. Given its geochemical properties, rubidium (Rb) and strontium (Sr) are 
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dispersed trace elements with concentrations easily detectable in common rocks, and 

therefore are among the most useful geochemical traces to document ore-related fluid 

circulation or timing of mineralization (e.g., Bickle and Teagle, 1992; Tornos and Spiro, 1997; 

Yang and Zhou, 2001; Tornos, 2006; Verna et al., 2005; Walshaw et al., 2006). The 

calculation of the initial 87Sr/86Sr ratio in hydrothermally altered rocks can provide important 

information on fluid-rock interaction and possible sources of strontium. Rubidium is a highly 

soluble alkali metal with an ionic radius similar to that of potassium (K+), allowing it to 

substitute for K+ in K-bearing minerals, whereas strontium is a relatively soluble alkaline earth 

element with an ionic radius sufficiently similar to that of calcium (Ca2+), which it can replace in 

Ca-bearing minerals. During fractional crystallization of magma, rubidium remains in the liquid 

phase, whereas strontium tends to be concentrated in the solid phase. Consequently, the 

Rb/Sr ratio is higher in the upper crust comparatively to the lower crust and mantle (White, 

2001; Dickin, 2005; Faure and Mensing, 2005).  

 

7.2.2. Samples and analytical techniques 

 

Strontium isotopic analyses were carried out on 10 samples representative of several 

stockwork and massive sulphide ore types from the Lombador orebody (Table 89). The 

stockwork samples are representative of the main ore-related alteration facies recognized, 

alteration facies (Types) spatial distribution, and footwall host rocks. The sample set includes 

variably altered samples of FZ (4 samples), FC (2 samples) and FE (1 sample) ores, hosted 

by phyllite and felsic (almost exclusively rhyolite) coherent volcanic and volcaniclastic rocks. 

The massive sulphide ore sample set, on the other hand, is comprised by 2 samples 

representative of the MCZ ore, and 1 sample representative of the MZ ore. Information 

relative to the sample location, host rock, hydrothermal alteration facies, Rb and Sr elemental 

concentrations and isotopic ratios, and petrographic observations is summarized in Table 89. 

 

As described in the previous chapters, detailed logging, petrographic inspection of the ore 

mineral assemblages, coupled with extensive EPMA and SEM data, have revealed that in the 

stockwork system underlying the massive sulphide lens of Lombador, Type IIa alteration is 

best developed in the south, and central to central-E sectors of the orebody, whereas Type I 

alteration is best developed in the central-W sector, although it is dominant towards the top of 

the footwall sequence throughout almost the entire length of the stockwork system. Type I and 

Type IIa alteration zones are often interfingered, and are complemented by silicification and 

carbonatization. Regarding the massive sulphide ore, detailed petrographic and EPMA data 

enabled the recognition of pyrite, sphalerite, galena, chalcopyrite, arsenopyrite, tetrahedrite, 
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stannite, kesterite, ferrokesterite, bournonite, boulangerite and pyrrothite, as well as accessory 

to minor (usually <10 % by volume) amounts of carbonates (mainly sideroplesite in 

composition), quartz, and minute chlorite and rutile. Ductile and brittle deformation features 

are conspicuous characteristics throughout the massive sulphide lenses. 

 

In the stockwork ore samples, rubidium concentrations range from 3 to 106 ppm (averaging 

50 ppm), whereas strontium concentrations range from 6 to 27 ppm (averaging 14 ppm). 

Regarding the massive sulphide ore samples, the rubidium concentrations range from 1 to 22 

ppm (averaging 8 ppm), whereas strontium concentrations are very low, ranging from 3 to 5 

ppm.	   The variations in rubidium and strontium concentrations should reflect (1) different 

proportions of gangue material relative to the sulphide fraction in the various samples (e.g., 

main alteration mineral assemblage and/or variably preserved rock/mineral relics), (2) high 

rubidium and strontium mobility, and/or (3) apparent enrichment or depletion effects resulting 

from mass loss or gains. 

 

The method used for strontium isotopic composition is described in Chiaradia et al. (2011), 

and involved the dissolution of a few tens of mg of powered ore samples with HNO3, followed 

by centrifugation of the solution and recovery of the supernatant, transference to Teflon vials, 

where it was dried down on a hot plate. The residue was redissolved in a few drops of 14 M 

HNO3 and dried down again, before strontium separation from the matrix using a Sr-Spec 

resin. The strontium separate was redissolved in 5 ml of ≅2% HNO3 solutions and ratios were 

measured using a Thermo Neptune PLUS Multi-Collector ICP-MS in static mode. The 
88Sr/86Sr (8.375209) ratio was used to monitor internal fractionation during the run. 

Interferences at masses 84 (84Kr), 86 (86Kr) and 87 (87Rb) were also corrected in-run by 

monitoring 83Kr and 85Rb. The SRM987 standard was used to check external reproducibility, 

which on the long-term (more than 100 measurements during one year) was 10 ppm. The 

internally corrected 87Sr/86Sr values were further corrected for external fractionation (due to a 

systematic difference between measured and a nominal standard ratio of the SRM987 of 
87Sr/86Sr = 0.710248) by a value of -0.039‰ per atomic mass unit (amu). 

 

7.2.3. Results: source of fluids, ore metals and fluid-rock interactions 

 

The determination of the initial 87Sr/86Sr ratios considering the average estimated age of the 

IPB deposits (about 350 Ma; Marcoux, 1998; Mathur et al, 1999; Oliveira et al., 2004; Munhá 

et al., 2005) shows a widely variable strontium isotopic composition (Table 89). Most of the 

calculated initial 87Sr/86Sr values however show anomalous values that are below the “basaltic 
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achondrite best initial” (BABI) 87Sr/86Sr ratio value of 0.69908, and therefore are meaningless 

for possible inferences on fluid sources as well as for mineralization age determination. These 

values were mostly found in FZ ore type samples and/or ore samples with evidences of late 

tectono-metamorphic deformation (e.g., carbonate or carbonate+chalcopyrite veins and 

veilets), and, as it will be further discussed below, seem to reflect strontium loss and/or 

rubidium gains due to ore-related hydrothermal alteration and tectono-metamorphic 

overprinting effects. The remaining 87Sr/86Sr(350 Ma) ratios yield values compatible with the 

derivation of strontium, as well as zinc and other metals, from both the VSC and PQ Group 

sequence (Figure 138). The ore strontium isotopic composition shift of some of the ore 

samples towards the seawater strontium isotopic composition at the time of the mineralization 

depicted in Figure 138 can be explained in terms of simple mixing and homogenization 

between a seawater-dominated hydrothermal fluid and both the volcanic and 

metasedimentary footwall host rocks. Such scenario would be favored by the lateral variability 

of the footwall host sequence present at the Lombador orebody (shale and felsic volcanic 

rocks of the VSC, and phyllite and quartzite of the PQ Group), and therefore extensive lateral 

and deep fluid circulation, primarily constrained by the host sequence porosity and 

permeability, would promote fluid-rock interactions and metal leaching from both the volcanic 

and metasedimentary footwall successions. This is consistent with the recognized stratabound 

pattern of the stockwork mineralization within the sedimentary facies (phyllite, quartz-rich 

phyllite, and volcaniclastic levels), as well as by the size and spatial distribution of the 

alteration facies in the Lombador feeder system (see Chapter 4 and Figures 14 and 15). 

Furthermore, this interpretation is in very good agreement with previous works on the 

assessment of the source of fluids and metals in the IPB deposits. For instance, Tornos and 

Spiro (1997) and Tornos (2006) suggested that strontium from the ankerites associated to the 

carbonate-rich alteration at Tharsis and Sotiel deposits was derived from the mixing of the 

siliciclastic PQ Group rocks or an older basement with seawater, and Relvas et al. (2001) 

concluded that neither the VS nor the contemporaneous seawater could have been the 

exclusive suppliers of Sr for the Neves Corvo sulphide and cassiterite ores. Strontium (as well 

as Nd) was also derived from an evolved crustal source. Recent works on the assessment of 

the base metal contents within the unaltered VSC and PQ Group host rocks are also 

consistent with the inference that these rocks should have been the main, if not exclusive, 

source of metals for the IPB deposits (e.g., Relvas, 2000; Tornos, 2006; Jorge et al., 2007; 

Jorge, 2010).  
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Table 89. Strontium isotope composition for the different stockwork and massive sulphide ore types from the Lombador orebody. 
 

Rb (ppm) Sr (ppm)

North Coherent 
Volcanic Type I FE NI18B-1 938.8 3 6 0.500 1.44680 0.71347 0.000014 0.706259 Highly altered and mineralized (Py dominated) coherent volcanic rock

Central-W Phyllite Type I FZ NF24A-1 944.00 42 18 2.333 6.75173 0.71538 0.000007 0.681702
Highly altered to Chl-Carb phyllite level, tectonically deformed and crosscut by Py, Py±Sp
and Sp veinlets; sample with low sulphide content (S ≤10 wt%); grades upward into a
shale level (FE; ±2 m) and massive sulphide ore

Central-W Volcanicla
stic Type I FZ FL743 267.70 69 11 6.273 18.15076 0.77430 0.000027 0.683242 Near the base of the massive sulphide ore; highly mineralized (S ≥ 10 wt%) by Py+Sp±Gn

and deformed

Central-W Coherent 
volcanic Type IIa FZ NG20 905.50 62 9 6.889 19.93369 0.73294 0.000052 0.633341 Highly altered and mineralized (S ≥ 10 wt%) and crosscut by thick mineralized veins;

located near the base of the massive sulphides 

Central-E Phyllite Type I FZ NE32-1 1229.7 106 20 5.300 15.33608 0.73826 0.000013 0.661597 Qtz-rich phyllite crosscut by Qtz(±Chl)+Py±Sp veins; Chl occurs (mainly) along the vein
boundaries, but also within the vein intergrown with Qtz and sulphides

South

C. 
Volcanic / 
Volcanicla

stic

Type IIa FC FL706 200.25 45 9 5.000 14.46800 0.76265 0.000019 0.690154 Highly altered and mineralized (Py±Sp±Cpy); grades upward into a MCZ ore; near a
possible thrust fault zone; rich in remobilized Cpy veinlets

Central W Phyllite Type I FC FL911 113.80 20 27 0.741 2.14341 0.72345 0.000008 0.712752 Phyllite with some Qtz grains disseminated within a Chl±Carb groundmass (mainly near
the mineralized veins); mineralized veins filled by Qtz(±Chl+Ser±Carb)+Py±Cpy

South MCZ FL706 199.30 22 5 4.400 12.73184 0.75640 0.000013 0.692643 In situ MZC ore (Py+Cpy+Sp dominated), with zone refining and tectonic deformation
evidences; gangue minerals (Qtz, Chl, Carb) represent less than 10 % vol.

North MCZ NI18B-1 919.3 2 3 0.667 1.92907 0.71707 0.000014 0.707444
Brecciated to banded, fine-grained semi-massive MCZ ore locally intergrown with
carbonates and redepositional ore clats; rich in remobilized Cpy ribbons; with evidences of
tectonic deformation; grades downward into a FE ore

South MZ FL720 152.75 1 4 0.250 0.72340 0.71898 0.000074 0.715374
Fine-grained, Py-dominated ore, with Sp(±Gn) interstitially filling Py grains; presence of
numerous Py colloform overgrowths, as well as local late (tectono-metamorphic)
Carb+Cpy+Sp±Gn veinlets; located above a thin MCZ ore lens

2σ 87Sr/86Sr(350 Ma) Observations87Rb/86Sr 87Sr/86Sr Sector Host 
Rock

Hydro. 
Alt.

Ore 
Type Sample Whole Rock Content Rb/Sr

 

 
The isotopic 87Rb/86Sr ratio of the whole rock Sr isotopic analysis was calculated based on the measured whole rock concentrations of Rb and Sr, through the following equation: 
87Rb/86Sr= (Rb/Sr)c × [(at. wt. Sr × ab 87Rb) / (at. wt. Rb × ab 86Sr)] (Faure and Mensing, 2005), where 87Rb/86Sr is the ratio of those isotopes in terms of numbers of atoms at the present time, 
(Rb/Sr)c is the ratio of the concentration of those elements, at. wt. is the atomic weight of Rb and Sr, and ab87Rb and ab86Sr is the isotopic abundance of 87Rb and 86Sr, respectively. 
 
Abbreviations: Carb – carbonate; Chl – chlorite; Cpy – chalcopyrite; Gn – galena; Py – pyrite, Ser – sericite; Sp – sphalerite; Td – tetrahedrite; Qtz – quartz 
 
 

 



Isotope Geochemistry 7 
 

P a g e  | 433 
	  

 
Figure 138. Initial 87Sr/86Sr isotopic range for several stockwork and massive sulphide ores from the Lombador 
orebody, showing the derivation of strontium from both IPB VSC and PQ Group host rocks by a seawater-
dominated fluid as expressed by the shift towards the contemporaneous seawater strontium isotopic composition. 
The initial strontium composition of the Corvo orebody sulphide ores is also plotted for comparison (Relvas et al., 
2001; see text). IPB VSC and PQ Group initial 87Sr/86Sr ratios are based on Mitjavila et al. (1997) and Jorge 
(2010) data, respectively. Seawater Sr isotopic composition is from Burke et al. (1982). 
 

 

The anomalously low 87Sr/86Sr(350 Ma) ratios seen in 6 of the 10 ore samples are interpreted as 

the result of cumulative effects. Although the effects associated with the tectono-

metamorphic events developed subsequently to the formation of the sulphide ores can be 

invoked to explain the anomalous initial 87Sr/86Sr ratios due to reset of the isotopic system 

through recrystallization and/or mobility of the chemical constituents of the rock/minerals 

either by the presence of an aqueous solution or by diffusion of ions (or both), the unusual 

thermal and chemical ore-forming conditions inferred for Neves Corvo (Relvas, 2000; Relvas 

et al., 2006a, b), as well as the laterally extensive, stratabound-like, ripidolite-dominated and 

donbassite-bearing hydrothermal alteration pattern and mineral assemblage recognized in 

the Lombador feeder system also seem to have strongly contributed to the disturbance of the 

Rb-Sr isotopic system. The effects of the hydrothermal alteration on the host rock 

composition, and consequently on the rubidium and strontium concentrations depicted in 

Figure 139, which reproduces part of the results seen in Chapter 4 and Figures 31, 33, 40, 

42 and 43, show huge depletions in rubidium, strontium and other elements (Na2O, K2O) that 

reflect the alteration intensity, the relative spatial position of the ore samples in relation to the 

axis of the feeder zone, as well as formation of chlorite and sulphide minerals. These effects 

occur particularly on samples representative of the innermost zones of the Lombador feeder 

system, that is the central-W sector of the orebody, where Type I alteration and copper 

stockwork mineralization is best developed. Samples representative of Type IIa alteration 

zones and/or with chlorite-sericite-rich alteration mineral assemblages (e.g., sample FL743 
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267.70), and collected in peripheral zones of the Lombador feeder system (e.g., NE32-1 

1229.7) show enrichments in rubidium due to the presence of ore-related K-rich sericite, but 

huge depletions in strontium. Thus, the lack of radiogenic initial 87Sr/86Sr values and the 

contrastingly high Rb/Sr ratios in these samples are suggestive of significant channeling of 

fluids within peripheral recharge zones, increasing potassium metasomatism and preferential 

relative depletion of strontium. Such development involve continuous interaction between 

increasingly altered rocks and evolved ore-bearing fluids, as well as variable fluid 

permeability within the altered rock during the early and final stages of the hydrothermal 

circulation throughout the feeder system. The architecture of the Lombador orebody and its 

hydrothermal alteration pattern and zonation is in good agreement with the proposed 

scenario. In addition, the presence of donbassite associated to the alteration mineral 

assemblage, coupled with chlorite chemical composition (high iron and aluminum contents) 

and estimated formation temperature (up to 393ºC), indicate low pH and high temperature 

ore-forming conditions that should have promoted extensive, large-scale leaching of metals. 

In summary, despite some meaningless 87Sr/86Sr(350 Ma) ratios, the strontium isotope data is 

consistent with the VSC and PQ Group rocks being the main source of zinc (and other 

metals) for the Lombador orebody, and consequently for the zinc-rich mineralization at the 

Neves Corvo deposit. Considerable mixing and homogenization between a seawater-

dominated fluid and the footwall host rocks were favored by extensive lateral fluid circulation 

in the laterally and vertically variable footwall sequence of the deposit, followed by focused 

discharge of metalliferous ore fluids. 

 

 
Figure 139. Bar graph showing the relative mass changes of selected major elements, and rubidium and 
strontium for the analyzed Lombador stockwork ore samples. Note that samples with Type IIa alteration or 
chlorite-sericite-rich alteration mineral assemblages show relative enrichment in rubidium associated to potassium 
metassomatism, whereas Type I-altered samples show a general depletion in both rubidium and strontium, as 
well as in potassium due to the formation of chlorite. All stockwork samples were depleted in sodium.  
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7.3. Neodymium isotopes 
 

7.3.1. Introduction 

 
In order to provide additional insights on possible sources of metals, samarium-neodymium 

isotope systematics were carried out on several stockwork and massive sulphide ore 

samples. The whole rock neodymium isotopic compositions of the different ore types were 

compared with the previously known neodymium isotope signatures of the IPB host rocks, 

and of the tin (cassiterite) and the high-temperature copper-rich feeder system of the Corvo 

orebody. In addition, the neodymium isotopic signatures of the different ore types were also 

compared with their indium and selenium contents in order to try to assess any possible link 

between these trace elements and the zinc metallogenesis at Neves Corvo. 

 

The samarium-neodymium isotope system is based on the growth of radiogenic 143Nd as 

result of decay of 147Sm to 143Nd. Samarium (Sm) and neodymium (Nd) belong to the light 

REEs, and their geochemical properties are in many ways opposite to that of the rubidium-

strontium system. Given their relatively identical ionic radius, samarium and neodymium tend 

to show similar geochemical behaviors. Consequently, there is no extreme partitioning 

between these elements both in rocks and minerals, which means that the Sm/Nd ratio can 

be considered resistant to most geochemical changes. Normally the Sm/Nd ratios range 

between 0.1 and 0.5. Nevertheless, during partial melting of silicate minerals, samarium 

tends to remain concentrated in the solid phase, whereas neodymium is preferentially 

concentrated in the liquid phase, and this behavior provides the base to discriminate 

magmatic rock originated from partial melting of the mantle or the crust. 

The samarium-neodymium system has often been applied to ore deposits in order to 

determine mineralization age and genesis (e.g., Johnson and McCulloch, 1995; Prior et al., 

1999; Barrie et al, 1999; Relvas et al., 2001; Pimentel and Silva, 2003; Walshaw et al., 

2006). The naturally restricted variation in Sm/Nd ratios however, imposes limitations to the 

calculation of reliable samarium-neodymium whole rock isochron ages comparatively to other 

methods (e.g., Rb-Sr, U-Pb). One advantage of the samarium-neodymium system is that 

neither samarium nor neodymium are particularly mobile, thus implying that this system is 

relatively insensitive to high water-rock interactions or metamorphism, and indicating that the 

initial isotopic composition of the system, converted to εNd value, has a petrogenetic 

significance (Rollinson, 1993; White, 2001; Pimentel and Silva, 2003; Dickin, 2005; Faure 

and Mensing, 2005). However, argues have been made that, under intense hydrothermal 
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conditions, or during diagenesis and low-grade metamorphism conditions, light REEs may be 

reasonably mobile, which would interfere with the samarium-neodymium isotopic system 

(Pimentel and Charley, 1990; MacLean and Barret, 1993; Dickin, 2005). Minerals that tend to 

admit light REEs into their crystal structure include common minerals, such as feldspars, 

monazite and apatite.  

 

7.3.2. Samples and analytical techniques 

 

Neodymium whole rock isotope analyses were carried out on 19 ore samples representative 

of several stockwork and massive sulphide ore types from either the Lombador orebody, or 

from some other Neves Corvo deposit orebodies (Table 90). 

The stockwork samples are representative of the different alteration facies and ore types 

recognized at the Lombador feeder system, and include, 4 samples representative of the FZ 

ore, 2 samples from the FC ore, and 1 sample from the FE ore types. A brief descriptive 

summary of the relative spatial position and petrographic features of the stockwork ore 

samples was given in Table 89 (rubidium-strontium systematics). Nevertheless, it should be 

mentioned here in addition that petrographic inspection enabled to identify zircon, monazite, 

apatite and florencite in the variably altered footwall host rock sequence of the Lombador 

orebody (see Chapter 4). The massive sulphide ore sample set includes 12 ore samples 

representative of the Lombador (8 samples), Corvo (1 sample), Neves (1 sample) and 

Zambujal (2 samples) orebodies, as well as of the MC, MCZ, MZ and MZP ore types. 

Moreover, the set of massive sulphide ore samples includes 2 carbonate-rich ore samples, 

namely NL20-1 1085.70 and FC567 23.65 that are representative of the northern sector of 

the Lombador orebody, and of the SE area of the Corvo orebody, respectively. As described 

in Chapter 5, recrystallization and annealing is common throughout the massive sulphide ore 

lenses, although relatively preserved pristine structures (e.g., monomineralic to polymineralic 

colloform overgrowths, framboidal pyrite) can still be recognized, especially in the low-

temperature ore types. 

 

The samarium and neodymium concentrations in the 19 ore samples are widely variable. In 

the stockwork ores, samarium concentrations range from 0.8 to about 7 ppm (averaging 4 

ppm), whereas neodymium concentrations range from about 3 to 34 ppm (averaging 15 

ppm). The Sm/Nd ratio ranges from about 0.19 to 0.37, and is usually higher in Type I-

altered ore samples. With respect to the massive sulphide ores, the samarium 

concentrations are very low, ranging from 0.06 to 3 ppm (averaging 0.6 ppm), and the 

neodymium concentrations range from 0.21 to 12.40 ppm (averaging 2 ppm). With the 
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exception of one MZ ore sample, which presents an anomalous Sm/Nd value (0.81; sample 

FZ846 76.60), the remaining ore samples show values within the Sm/Nd range of the IPB 

VSC (0.20 – 0.45) and PQ group (0.18 – 0.21) host rocks. The variations of the samarium 

and neodymium concentrations should reflect (1) different gangue-sulphide proportions and 

different contents in the host rocks, (2) REE mobility, and/or (3) apparent enrichment or 

depletion effects resulting from mass loss or gains. 

 

The isotopic compositions were measured on leachate (14M HNO3 + 6M HCl leaching at 

room temperature during 4 hours) and residual rock (HF + HNO3 digestion at 140°C) 

fractions due to the very low concentrations of Sm and Nd in some of the samples. The 

method is described in Chiaradia et al. (2011), and includes the separation of neodymium 

from the rock matrix using cascade columns with Sr-Spec, TRU-Spec and Ln-Spec resins 

according to a protocol modified from Pin et al. (1994). The neodymium separate was 

redissolved in 2% HNO3 solutions and ratios were measured using a Thermo Neptune PLUS 

Multi-Collector ICP-MS in static mode. 146Nd/144Nd = 0.7219 was used to monitor internal 

fractionation of the 143Nd/144Nd ratio. JNdi-1 (143Nd/144Nd = 0.512115; Tanaka et al., 2000) 

was used as a standard to control the long-term external reproducibility (10 ppm). 
143Nd/144Nd values were further corrected for external fractionation (due to a systematic 

difference between the measured and accepted standard ratio of JNdi-1) by a value of 

+0.047‰ amu. 144Sm interference on 144Nd was monitored on the mass 147Sm and corrected 

by using a 144Sm/147Sm value of 0.206700. 

 

7.3.3. Results: sources of fluids and ore metals 

 

The neodymium isotope compositions of the different ore types from the Lombador, Corvo 

(SE area), Neves and Zambujal orebodies are presented in Table 90. The results show a 

restricted 143Nd/144Nd compositional range from 0.511889 to 0.512674 for the different ore 

types, and are mostly within the known narrow neodymium isotopic compositional range for 

the non-altered IPB VSC (0.51237 – 0.51280; Mitjavila et al., 1997) and PQ Group (0.51197 

– 0.51208; Jorge, 2010) host rocks. 
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Table 90. Neodymium isotope composition for the different ore types from the Lombador, Corvo (SE area), Neves and Zambujal orebodies. 
 

Orebody Sector Host Rock / 
Ore Features

Strat. 
Position

Hidro. 
Alt.

Ore 
Type Sample Sm 

(ppm)
Nd 

(ppm) Sm/Nd 147Sm/144Nd 143Nd/144Nd 2σ ε(350 Ma) fraction Observations

Lombador North Coherent 
Volcanic FW Type I FE NI18-1  

938.80 3 8 0.37 0.2213 0.512655 0.00001 -0.78 leachate Highly altered and mineralized (Py dominated) coherent volcanic rock

Lombador South C. Volcanic / 
Volcaniclastic FW Type IIa FC FL706 

200.25 1 6 0.23 0.1392 0.512184 0.00001 -6.29 wr diss
Highly altered and mineralized by Py and Py±Cpy±Sp veins FC ore sample that grades 
upward into a MCZ ore zone; near a possible thrust fault zone; rich in remobilized Cpy 
veinlets

Lombador Central-W Phyllite FW Type I FC FL911 
113.80 6 32 0.19 0.1142 0.511984 0.00000 -9.07 wr diss Phyllite with some Qtz grains disseminated within a Chl±Carb groundmass (mainly

near the mineralized veins); mineralized veins filled by Qtz(±Chl+Ser±Carb)+Py±Cpy

Lombador Central-W Volcaniclastic FW Type I FZ FL743 
267.70 2 6 0.27 0.1656 0.512296 0.00001 -5.27 wr diss Near the base of the massive sulphide ore; highly mineralized (S ≥ 10 wt%) by

Py+Sp±Gn and deformed

Lombador Central-E Phyllite FW Type I FZ NE32-1 
1229.70 7 34 0.22 0.1300 0.512346 0.00001 -2.72 leachate Qtz-rich phyllite crosscut by Qtz(±Chl)+Py±Sp veins; Chl occurs (mainly) along the vein 

boundaries, but also within the vein intergrown with Qtz and sulphides

Lombador Central-W Coherent 
Volcanic FW Type IIa FZ NG20 

905.50 1 3 0.28 0.1696 0.512298 0.00001 -5.42 wr diss Highly altered and mineralized (S ≥ 10 wt%) and crosscut by thick mineralized veins;
located near the base of the massive sulphides 

Lombador Central-W Phyllite FW Type I FZ NF24A-1 
944.00 5 18 0.30 0.1838 0.512674 0.00001 1.28 leachate

Highly altered to Chl-Carb phyllite level, tectonically deformed and crosscut by Py,
Py±Sp and Sp veinlets; sample with low sulphide content (S ≤10 wt%); grades upward
into a shale level (FE; ±2 m) and massive sulphide ore

Lombador Central-W HW MC NG20 
858.80 0.1 0.5 0.17 0.1029 0.512146 0.00002 -5.41 wr diss

Massive, Fine-grained Py ore filled by Cpy and tectonically enrich in Cpy veins and 
veilets due to tectonic tectono-metamorphic deformation; located in a hanging wall 
position; Se-bearing

Lombador South MS base MCZ FL706 
199.30 1 6 0.24 0.1444 0.512164 0.00000 -6.91 wr diss In situ MZC ore (Py+Cpy+Sp dominated), with zone refining and tectonic deformation

evidences; gangue minerals (Qtz, Chl, Carb) represent less than 10 % vol.

Lombador Central-W MS base MCZ FL911 
102.50 0.2 1 0.21 0.1240 0.512074 0.00003 -7.76 wr diss

In situ MCZ ore that grades downward into a MC and upward into a MZP ore zone 
reflection therefore a primary metal zonation from Cu to Cu+Zn to Zn+Pb; displays 
evidences of zone refining and up to 3 generation Sp; presence of some late tectono-
metamorphic Carb and Carb+Cpy or simply Cpy ribbons due to deformation; In- and 
Se-poor  
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Table 90 (cont.). Neodymium isotope composition for the different ore types from the Lombador, Corvo (SE area), Neves and Zambujal orebodies. 

 
Orebody Sector Host Rock / 

Ore Features
Strat. 

Position
Hidro. 

Alt.
Ore 

Type Sample Sm 
(ppm)

Nd 
(ppm) Sm/Nd 147Sm/144Nd 143Nd/144Nd 2σ ε(350 Ma) fraction Observations

Lombador Central-W HW MCZ NG20 
863.20 0.1 0.3 0.26 0.1561 0.512194 0.00005 -6.85 wr diss

Tectonically enrich MCZ ore level, rich in lenticular Cpy(±Py+Sp±Gn)
levels (up to 10 cm) and thin Cpy veins and ribbons that are intercalated
with fine-grained Py levels interstitially filled by Sp; In- and Se-rich

Lombador North MCZ NI18B-1 
919.30 0.4 1 0.44 0.2634 0.512141 0.00005 -12.67 wr diss

Brecciated to banded, fine-grained semi-massive MCZ ore locally
intergrown with carbonates and redepositional ore clats; rich in
remobilized Cpy ribbons; with evidences of tectonic deformation; grades
downward into a FE ore

Zambujal MCZ FZ552 
39.70 1 3 0.18 0.1103 0.512047 0.00001 -7.68 wr diss

MCZ ore sample displaying spectacular annealed Cpy-Sp-Td(±Tn) mottle
texture and late Cpy+Td veinlets and ribbons, often with Se-bearing
complex Pb-Bi sulphosalts along Cpy grain baudaries, due to tectono-
metamorphic deformation; Se-rich

Neves MCZ FN988 
35.80 0.1 0.3 0.21 0.1245 0.511889 0.00010 -11.38 wr diss

MCZ ore sample rich in folded, recrystallized and annealed Cpy-Sp-
Td(±Tn) levels showing local zone refining features, and rich in Cpy(Td)
ribbons as well as Carb+Cpy±Td veinlets due to tectono-metamorphic
deformation; presence of Rq and other In intermediate phases, as well as
Se-bearing Gn along Cpy grains boundaries, and disseminated Cst
grains; enriched in In and Se

Lombador Central-W MZ NG20 
896.20 0.1 0.2 0.29 0.1728 0.512251 0.00005 -6.49 wr diss

Massive fine-grained MZ ore with Py(±Sp±Gn) levels intercalated with
annealed Sp(±Py±Gn) levels; sample with evidences of ductile
deformation and local late Carb-Cpy(-Sp,Td, Gn) veins and veinlets; In
and Se-poor

Lombador North Semi-massive 
ore MZ NL20-1 

1085.70 0.5 1 0.40 0.2409 0.511976 0.00002 -14.89 wr diss

Ore-bearing, carb-rich, polymithic breccia-conglomerate MZ ore, with a
clear distal seafloor deposition and redeposition character, comprising
alternated fine-grained Py±Sp levels intercalated with chaotic
Py+Carb(±Sp) levels; coherent, volcaniclastic and mono- to polymineralic
sulphide clats represent up to 10% vol.

Lombador Central-W MZ FL743 
205.50 0.2 1 0.34 0.2054 0.512481 0.00018 -3.44 leachate

Tectonically deformed in a ductile fashion MZ ore level, with intercalated
banded, recrystallized and annealed Sp(±Carb±Gn)-rich and Py(±Sp)
levels; presence of coarse (up to 1 cm) brown-red subeuhedral Sp
porphyroblasts within the Sp-dominated levels; with Se-bearing Gn;In-rich

Zambujal Grossely semi-
massive ore MZ FZ846 

76.60 0.4 0.5 0.81 0.4913 0.512187 0.00003 -21.95 wr diss
Semi-massive, recrystallized, fine-grained Py±Sp ore interstitially filled by
Carb; located in the vicinity of low-angle thrust faults; Se-rich

Corvo SE Semi-massive 
ore MZP FC567 

23.65 3 12 0.25 0.1507 0.512086 0.00000 -8.71 wr diss

Semi-massive, Carb-rich, banded (both primary and tectonic; but with
sedimentary features) MZ ore, with alternated Py(±Sp) and Py+Sp±Gn
levels intergrown and/or intercalated with Carb-dominated levels;
Presence of local Qtz and Chl (?) intergrown with the sulphides; presence
of local late Carb-Cpy(Cpy±Sp,Td) veins and veinlets, as well as Cpy
and/or Td ribbons  

 
εNd = [(143Nd/144Nd)s / (143Nd/144Nd)CHUR - 1] × 104; were s =  sample, CHUR = chondritic uniform reservoir; present day reference (143Nd/144Nd)CHUR = 0.512638, and 147Sm/144Nd = 0.1967. 
 
The isotopic 147Sm/144Nd ratio of the whole rock Nd isotopic analysis was calculated from the measured whole rock concentrations of Sm and Nd, by the following equation: 
147Sm/144Nd= (Sm/Nd)c × [(at. wt. Nd × ab 147Sm)/(at. wt. Sm × ab 144Nd)] (Faure and Mensing, 2005), where,147Sm/144Nd is the ratio of those isotopes in terms of numbers of atoms at the present 
time, (Sm/Nd)c is the ratio of the concentration of those elements, at. wt. is the atomic weight of Sm and Nd, and ab 147Sm and 144Nd is the isotopic abundance of 147Sm and 144Nd, respectively. 
 
Abbreviations: Carb – carbonate; Chl – chlorite; Cpy – chalcopyrite; FW – footwall; Gn – galena; HW –hanging wall; Py – pyrite, Ser – sericite; Sp – sphalerite; Td – tetrahedrite; Tn – tennantite; 
Qtz – quartz; wr diss – whole rock dissolution. 
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Given that the relationship between isotope and trace element ratios can be used as guide to 

characterize the trace element sources (Rollison, 1993), Figure 140 shows the Sm/Nd ratio 

and the neodymium isotope evolution of the several stockwork and massive sulphide ore 

types compared to that of the IPB host rocks and the tin (cassiterite) and high-temperature 

copper-rich stockwork ores from the Corvo orebody. Once corrected to the mineralization age 

(about 350 Ma), the calculated εNd(350 Ma) values for the studied stockwork and massive 

sulphide ores range from -21.95 to 1.28. With the exception of samples FZ846 76.60, NL20-1 

1085.70 and NI28B-1 919.30, that show unusual low εNd(350 Ma) values (-21.95, -14.89 and -

12.67, respectively) and fairly high Sm/Nd ratios (≥0.40), the remaining ore samples show 

initial εNd values and Sm/Nd ratios predominantly within the VSC (-1.91 to 4.06) and PQ 

Group (-8.91 to -7.11) εNd(350 Ma) and Sm/Nd (0.17 – 0.44) range, and demonstrate a clear 

crustal affinity that is consistent with the interaction of ore-related hydrothermal fluids with both 

the VSC and PQ Group host rocks, and consequent derivation of neodymium for the ores. 

The proximity of the data points to the seawater Sm/Nd ratio is also consistent with that 

seawater was an important contributor to the mineralization system, and is in good agreement 

with the strontium isotopic data. 

 

 

 
Figure 140. Sm/Nd vs. εNd(350 Ma) evolution diagram for the studied stockwork and massive sulphide ore types from 
the Neves Corvo deposit, and for the IPB PQ Group, VSC and copper-rich and cassiterite stockwork ores from the 
Corvo orebody at the time of mineralization. The linear array defined in the course of this study (dashed line) 
illustrates an important leaching trend in response to deep, large-scale fluid-rock interaction of a seawater-
dominated fluid with the VSC and PQ Group rocks, under variable rock porosity and permeability conditions. 
Seawater Sm/Nd ratio value (0.21) from Faure and Mensing (2005). Corvo tin and copper values and trends are 
from Relvas et al. (2001). 
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In terms of origin and mixing of fluids, the neodymium isotopic data depicted in Figure 140 is 

indicative of a ternary mixing system for the metallogenesis of zinc at the Neves Corvo 

deposit, comprising the seawater-dominated fluid, the IPB VSC, and the PQ Group host rocks. 

Moreover, the greater proximity of the data points to the initial εNd range shown by the PQ 

Group sequence relative to those of the VSC, suggests that the metasedimentary sequence 

was the main metal supplier to the zinc-rich mineralization at Neves Corvo. Fluid flows were 

probably influenced by deep, large-scale hydrothermal circulation, and variable rock porosity 

and permeability, judging by the data points scatter in relation to a possible mixing trend 

(Figure 140). The presence of outliers to this overall trend, given by samples with very low 

εNd(350 Ma) values and high Sm/Nd ratio values, is interpreted as being due to artifacts 

produced by the circulation of late, tectono-metamorphic fluids associated to a progressive 

deformation regime, where low-angle thrusting and folding combine transport of material and 

fluids with a distinct neodymium isotopic signature. In fact, as seen in Chapter 5, the chondrite 

normalized REE patterns exhibited by massive sulphide ore samples located in ore zones that 

show variable but prominent ductile tectono-metamorphic deformation usually express 

secondary ore metal grade enrichments. These samples are invariably associated with 

peculiar REE patterns (Figure 141; e.g., sample FL743 205.5, FZ552 39.70 or FZ552 76.60) 

that show depletion of either samarium, or neodymium that are difficult to explain just as a 

consequence of hydrothermal alteration or spatial position in relation to the axis of the feeder 

system.  

 
 

 
Figure 141. Reproduction of the chondrite-normalized REE profiles in Figure 96 and 101 (Chapter 5) for the 
different massive ore samples that suffered prominent secondary ore metal enrichments. Note the variable and 
irregular REE patterns due to the tectono-metamorphic effects, particularly on the REE profiles of the ore samples 
coming from the tectonically complex Zambujal orebody. (FZ846 76.60; FZ552 39.70). Stippled and streaked fields 
enclose the REE profiles of unaltered PQ Group (43 samples; Jorge, 2010) and VSC rocks (38 samples; Munhá 
(1983), unpublished data), respectively. Chondrite values from Palme and Jones (2003). 
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Although the samarium-neodymium isotopic system is usually considered to offer great 

resistance to resetting under high water-rock interactions or metamorphism (Faure and 

Mensing, 2005; Dickin 2005), the neodymium isotopic disturbances verified should reflect the 

overprinted effects related with local circulation of large volumes of late tectono-metamorphic 

fluids that enhanced the mobility of REE over distances exceeding tens to hundred of meters 

within ore zones located in the vicinity of low-angle thrust faults, resulting in REE fractionation 

and disturbance of the isotopic system. REE mobility associated to the late tectono-

methamorphic regional event has also been reported by Relvas (2000) on the tectonically-

enriched high copper grade ore-shoots of the Corvo orebody. 

 

By comparing the initial neodymium isotope compositions of the different ore types with the 

corresponding indium and selenium concentrations, as well as their copper and zinc contents 

(Table 91 and Figure 142), the results show that the initial neodymium isotope compositions of 

the indium and selenium-rich ores display no isotopic distinction relative to the remaining ore 

samples, either representative of the Lombador orebody or representative of the remaining 

orebodies. As pointed out in the previous chapter, higher indium and selenium concentrations 

tend to be preferentially found in copper-rich ores (Table 91), and in ores with clear signs of 

secondary metal enrichments (Figure 142). This is in good agreement with the general 

assessment of indium and selenium presented in Chapter 6. As indicated by log, petrographic 

and geochemical data, the distribution, abundance and mineral allocation of these metals is 

intimately related with primary ore-forming processes (indium-selenium main association to 

the copper input to the system) and subsequent metal reconcentration/reallocation due to late 

tectono-metamorphic recrystallization, annealing and remobilization that led to secondary 

enrichments.  

As previously mentioned, most of the ore samples analyzed for samarium-neodymium 

isotopes in the course of this study represent the zinc-rich ores from the Lombador orebody 

(see Table 91). The distribution of the data points in Figure 142 clearly show that for most of 

these samples their indium and selenium concentrations are below or very near the average 

indium (23 ppm) and selenium (72 ppm) contents shown by other IPB deposits (e.g., Tharsis, 

Aznalcollar, Concepcion, Rio Tinto, Sao Domingos; Marcoux et al., 1996), which reinforce the 

conclusion addressed in Chapter 6 that at the Neves Corvo deposit these metals go 

preferentially with copper and not with zinc. It is meaningful that the proximity of the data 

points to the region that corresponds to the initial εNd range of the metasedimentary 

sequence also suggests that a component of leaching processes should not be excluded from 

the indium and selenium budget in the deposit, particularly regarding its zinc-rich ores.  
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Table 91. Resume table of the Sm/Nd and εNd(350 Ma) values, and corresponding copper and zinc grades, Cu/Zn 
ratios and indium and selenium concentrations for the ore samples from the Lombador, Corvo (SE area), Neves 
and Zambujal orebodies analysed for samarium-neodymium isotopes. 
 

Orebody Ore 
Type Sample Sm/Nd εNd(350 Ma) Cu (%) Zn (%) Cu/Zn In 

(ppm)
Se 

(ppm)
Ores relatively unperturbed
Lombador FE NI18 B1 938.80 0.37 -0.78 0.01 0.01 0.38 0.1 4
Lombador FZ NF24A-1 944.00 0.30 1.28 0.10 2.14 0.05 0.3 6
Lombador FZ NE32-1 1229.70 0.22 -2.72 0.00 0.37 0.01 0.5 < 3
Lombador FZ NG20 905.50 0.28 -5.42 0.13 6.21 0.02 2 < 3
Lombador FZ FL743 267.70 0.27 -5.27 0.06 9.92 0.01 2.6 4
Lombador FC FL911 113.80 0.19 -9.07 1.51 0.03 45.35 7.7 26
Lombador FC FL706 200.25 0.23 -6.29 1.66 3.33 0.50 9.3 230
Lombador MCZ FL911 102.50 0.21 -7.76 0.82 5.63 0.15 8.5 219
Lombador MCZ FL706 199.30 0.24 -6.91 6.99 5.86 1.19 13.5 266
Lombador MZ NG20 896.20 0.29 -6.49 0.26 6.88 0.04 6.4 60
Lombador MZ NL20-1 1085.70 0.40 -14.89 0.19 7.91 0.02 8.3 17

Corvo MZP FC567 23.65 0.25 -8.71 0.70 10.60 0.07 56.5 < 3
Ores with clear tectono-metamorphic enrichment
Lombador MC NG20 858.80 0.17 -5.41 2.00 0.03 70.67 10.1 165
Lombador MCZ NG20 863.20 0.26 -6.85 0.26 1.38 0.19 17.5 117
Lombador MZ FL743 205.50 0.34 -3.44 0.26 28.80 0.01 45.1 152
Lombador MCZ NI18 B1 919.30 0.44 -12.67 3.27 8.16 0.40 14.6 98
Zambujal MCZ FZ552 39.70 0.18 -7.68 26.00 9.95 2.61 40.6 1540

Neves MCZ FN988 35.80 0.21 -11.38 17.10 7.18 2.38 58.5 589
Zambujal MZ FZ846 76.60 0.81 -21.95 0.33 2.13 0.15 3.8 849  

 

 
Figure 142. Indium (A) and selenium (B) concentrations vs. εNd(350 Ma) values for the ore samples from the 
Lombador, Corvo (SE area), Neves and Zambujal orebodies analysed for Sm-Nd isotopes. Dashed lines represent 
the average indium and selenium contents shown by typical IPB deposits after Marcoux et al., 1996. 
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7.4. Lead isotopes 

 

7.4.1. Introduction 

 

Lead-lead whole rock systematics was carried out on a large sample set representative of the 

different ore types studied in order to characterize the possible sources of zinc in the deposit, 

as well as to improve the understanding of its indium- and selenium-metallogenesis. 

The whole rock lead-lead isotope systematics is based on the decay of 238U, 235U and 232Th to 
206Pb, 207Pb and 208Pb, respectively. Uranium (U), thorium (Th) and lead (Pb) average 

concentration increases from ultramafic to felsic rocks, and, within minerals, uranium and 

thorium are mainly concentrated in accessory minerals such as uranitite, thorianite, zircon, 

monazite, apatite, and sphene. Lead, on the other hand, is a widely common metal in crustal 

rocks and ore deposits, and generally occurs either as galena, or as trace element in other 

sulphide or sulphosalt minerals (Tosdal et al., 1999; White, 2001; Dickin, 2005; Faure and 

Mensing, 2005). Once lead has a larger ionic radius relative to uranium and thorium, its 

geochemical behavior is different from the parent elements during processes such as partial 

melting, alteration or metamorphism. The contrasting geochemical behavior causes lead to be 

more soluble under events such as hydrothermal alteration (especially under moderate to high 

temperature conditions) and metamorphism, whereas uranium and thorium, due to their 

similar electron configurations, commonly share the same behavior during processes such as 

partial melting or fractional crystallization and act as incompatible elements concentrating in 

the liquid phase. However, in contact with aqueous solutions, uranium is more soluble than 

thorium and can be significantly fractionated, especially under oxidizing conditions.  

The wide distribution of lead in common rocks, the similarity of its geochemical behavior 

relative to other ore base metals (such as Cu and Zn) in hydrothermal systems, and the 

comparatively resistant behavior of the lead-lead whole rock method to resetting, makes the 

use of this isotopic system one of the most powerful tools to understand interactions between 

hydrothermal fluids and host rocks, identify sources of metals, or differentiate complex mixing 

processes. For instance, because the half-life of the 235U is much shorter than that of 238U or 
232Th, the limited production of 207Pb over time makes any variation in the 207Pb/204Pb ratio 

very significant. High ratios are indicative that lead should have derived from old or evolved 

crustal sources, whereas low ratios are indicative that lead should have derived from sources 

that were isolated from old radiogenic crust. Additionally, because the lead-lead whole rock 

method depends only on the isotopic compositions, time-integrated growth of radiogenic lead 

is practically negligible, meaning that present-day measured lead-lead isotopic ratios closely 

correspond to the lead isotope composition of the rock/mineral at the time mineralization 
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(Tosdal et al., 1999; Dickin, 2005; Faure and Mensing, 2005). Good examples of the lead-lead 

system properties applied to the study of ore deposits have been addressed by Carr et al. 

(1995), Marcoux (1998), Barrie et al. (1999), Pomiès et al. (1998), Tosdal et al. (1999), 

Chiaradia and Fontboté (2001) or Chiaradia et al. (2004, 2011).  

 

7.4.2. Samples and analytical techniques 

 

Whole rock lead isotope analyses were carried out on 27 samples representative of the 

different ore types from the Lombador, Corvo (SE area), Neves, Graça (SW area) and 

Zambujal orebodies (Table 92). Again, the sample set includes stockwork ore samples 

representative of the different alteration facies and ore types from the Lombador feeder 

system, and 20 ore samples representative of the different massive sulphide ore types studied 

from the Lombador (11 samples), Corvo (2 samples), Neves (1 sample), Graça (3 samples) 

and Zambujal (2 samples) orebodies. These include 1 MC sample ore, 7 MCZ ore samples, 8 

MZ ore samples, and 4 MZP ore samples. The general petrographic features of the different 

ore types represented in this sample set were thoroughly presented in Chapter 5 and briefly 

summarized in Tables 89 and 90. 

 

Thorium concentrations are below the detection limit (<0.05 ppm) in 10 massive sulphide ore 

samples. In the remaining 17 ore samples, thorium concentrations range from 0.05 to about 

14 ppm (averaging 3 ppm). The stockwork ores show higher thorium concentrations relative to 

the massive sulphide ores, ranging from 2 to 14 ppm (averaging 6 ppm). In the massive 

sulphide ores, thorium concentrations range from 0.05 to about 3 ppm (averaging 1 ppm). The 

differences in thorium concentrations between the stockwork and the massive sulphide ores 

should reflect the relatively immobile behavior of thorium, as well as the presence of thorium-

bearing minerals and/or the occurrence of clay-rich sediments in the footwall sequence. 

Uranium concentrations range from 0.07 to about 38 ppm (averaging 4 ppm) for 24 of the 27 

ore samples. The remaining samples, which are representative of massive sulphide ores, 

display uranium concentrations below the detection limit (<0.01 ppm). In the stockwork ores, 

uranium concentrations range from about 2 to 8 ppm (averaging 4 ppm), whereas in the 

massive sulphide ores, uranium concentrations are generally bellow 5 ppm, although it ranges 

from 0.07 to about 38 ppm (averaging 4 ppm). Uranium concentrations are usually higher in 

samples showing signs of secondary metal enrichments and located in ore zones with 

prominent ductile (and/or britle) deformation (e.g., sample FZ552 39.70, FN988 35.80, FL743 

205.5). On the other hand, in samples located at the base of the massive sulphide lens 

(sample FL706 199.30, FL911 102.50), where the transition from stockwork to massive 
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sulphide ore and the replacement processes are best represented, the uranium 

concentrations, although low (<5 ppm), may reflect inherited uranium as result of incomplete 

replacement of silicate material for sulphide minerals. The high uranium concentration found 

in a MZP ore sample (FC567 23.65) should reflect its semi-massive and carbonate-rich nature 

of the gangue, which is interpreted as resulting from distal deposition onto the seafloor. In 

such a case, the high uranium content may reflect co-precipitation of seawater uranium (as 

U6+) with the carbonate. The variation of the uranium concentrations among the different ore 

samples analysed (stockwork and massive sulphide ores) should reflect variably preserved 

relics of host rock, variable proportions of hydrothermal mineral assemblages, as well as 

secondary enrichments due to tectono-metamorphic effects. 

Lead concentrations in the selected samples range from 0.01 to 8.5 wt% (averaging 1.2 wt%). 

In the stockwork ores, lead concentrations range from 0.01 to about 3 wt% (averaging about 1 

wt%), whereas in the massive sulphide ores, lead concentrations range from 0.01 to 8.5% 

(averaging 1.2 wt%). As expected, most lead occurs as galena, but EPMA analysis (Chapter 

5) have also indicated fairly high average lead contents in other ore sulphide minerals, such 

as pyrite (0.25 wt%), sphalerite (0.13 wt%), chalcopyrite (0.13 wt%), arsenopyrite (0.17 wt%) 

or tetrahedrite (0.46 wt%). Lead is also found in selenium-bearing lead-bismuth sulphosalts 

(up to about 37 wt%). Detailed petrographic inspection of the host sequence indicate the 

presence of zircon, monazite and probable sphene in the metasedimentary succession, and 

feldspar, apatite and monazite in the coherent volcanic rocks.  

Although age-corrections may be meaningless in samples affected by low-grade 

metamorphism (Chiaradia and Fontboté, 2001), in an attempt to eliminate any “exogenous” 

uranium, thorium and lead, the concentrations of these elements were used to age correct the 

present-day measured lead isotope ratios given the late, tectono-metamorphic deformation 

and secondary ore metal enrichments recognized, which might have added or leached 

thorium, uranium and/or lead. Moreover, this procedure follows the approach taken by other 

works on the IPB lead-lead systematics (e.g., Marcoux, 1998; Relvas et al., 2001; Jorge et al., 

2007). Therefore, for samples with thorium and/or uranium concentrations below the whole 

rock detection limit, its present-day measured lead isotope ratio was assumed to correspond 

to the lead isotope composition at the time of mineralization. With the exception of three 

samples with high µ ratios, age corrections yield null to little changes on the lead isotope 

ratios. In these samples, the µ value is either null, or very low (with a maximum of 0.47), and 

the radiogenic enrichment corrections represent a difference of 0.14%, 0.01% and 0.07% 

relative to the corresponding 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios measured. In two 

stockwork samples the high µ values of 2.46 and 2.95 seem to suggest the presence of 

uranium- and thorium-bearing minerals such as those recognized in the petrographic 
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examination (apatite, zircon and/or monazite), and represent a radiogenic enrichment 

correction of 0.90%, 0.06% and 0.53% relative to the corresponding 206Pb/204Pb, 207Pb/204Pb 

and 208Pb/204Pb ratios measured, respectively. The high µ value of 6.17 yield by sample 

FZ552 39.70, which is representative of the MCZ ore at Zambujal, is suggestive of uranium 

gains, and represents a radiogenic enrichment correction of 1.87% and 0.12% relative to the 
206Pb/204Pb and 207Pb/204Pb ratios measured, respectively. 

 

The lead isotope compositions were measured on residual rock (HF + HNO3 digestion at 

140°C) fractions previously subjected to strong acid leaching (14M HNO3 + 6M HCl leaching) 

and separated from the leaches. The method, described in Chiaradia et al. (2011) involves the 

purification of lead purified through chromatography with an AG-MP1 anion exchange resin in 

a hydrobromic medium. Lead isotope ratios were measured on a Thermo TRITON mass 

spectrometer on Faraday cups in static mode, loaded onto rhenium filaments using the silica 

gel technique, and all samples and standards were measured at a pyrometer-controlled 

temperature of 1220 ºC. The isotope ratios were corrected for internal fractionation using 
204Tl/205Tl value of 0.418922 on long-term (May 2013 to Jan 2014) measurements of the 

SRM981 standard and using the standard values of Baker et al. (2004) for external 

fractionation corrections. 

 

7.4.3. Results: sources of ore metals 

 

The lead whole rock isotope compositions for the various ore samples analysed from the 

Lombador, Corvo (SE area), Neves, Graça (SW area) and Zambujal orebodies are shown in 

Table 92. The measured lead isotope compositions range from 18.151 to 18.380 for 
206Pb/204Pb, 15.573 to 15.657 for 207Pb/204Pb, and 38.036 to 38.348 for 208Pb/204Pb. After age-

corrections (t = 350 Ma), the lead isotope ratios range from 18.035 to 18.252 for 206Pb/204Pb, 

15.573 to 15.647 for 207Pb/204Pb, and 38.036 to 38.320 for 208Pb/204Pb, with average values of 

18.189±0.044, 15.636±0.017, and 38.248±0.064, respectively, and despite some dispersion of 

the data points (Figures 143 and 144), the lead isotope data reveal three important aspects: 
 

1) the age-corrected lead isotope compositions determined fall broadly within the overall 

regional IPB lead isotope compositional range reported by Marcoux (1998), which is 

based on the lead isotope compositions of 26 of the 88 massive sulphide deposits 

known in the IPB (Figure 143). This reveals a common metal source. Samples 

deviating from this general homogeneity are mostly found in stockwork and massive 

sulphide ores with low lead contents (<0.01% Pb) and/or with clear evidences of 

tectono-metamorphic deformation; these samples either yield low (NE32-1 1129.10, 
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NI18B 938.8, FZ552 39.70), or relatively high (FL911 113.30; NI18B-1 914.7) 
206Pb/204Pb ratios. Causes for this behavior are discussed further below. Nevertheless, 

from a general standpoint, the average 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios 

for the large majority of the ore samples analyzed during this study are similar to those 

shown by typical IPB deposits (18.184, 15.625 and 38.199; Marcoux, 1998), as well as 

by the IPB VSC (18.132, 15.607, 39.04; Marcoux, 1998) and PQ Group (18.09, 

15.616, 38. 415; Jorge 2010) host rocks; 
 

2) the new lead isotope results significantly extend the known IPB lead isotope 

compositional range on the 207Pb/204Pb ratio (Figure 143). The trend extension is given 

by the low-temperature zinc-rich ores varieties, namely the MZ and MZP ore types, 

which account for all the low 207Pb/204Pb values. The lowest 207Pb/204Pb value, yielded 

by a distal semi-massive MZP ore sample (FC567 23.65), plot well below the Stacey 

and Kramers (1975) average crustal growth curve. The remaining isotopic 

compositions representative of the several ore types analyzed plot either very near, or 

slightly above the Stacey and Kramers (1975) average crustal growth curve as it is 

common in typical IPB deposits; and 
 

3) the new lead isotope data revealed lead isotopic compositions that seem to have been 

controlled by the mineralization styles found. This possibility is supported by the 

isotopic evolution shown by the different ore types from the Lombador orebody, which 

ore textural and geochemistry features, and spatial relationships with the orebody 

architecture and metal distribution maps are well controlled (Chapter 4 and 5). Distal, 

carbonate-rich semi-massive to massive ores, usually displaying low copper (≤0.3 

wt%) and high zinc (>5 wt%) grades, and interpreted as having resulted from direct 

exhalation onto the seafloor, display lower 207Pb/204Pb ratios than both stockwork and 

massive sulphide ore samples collected in ore settings more proximal to the main 

feeder zone (central-W sector), and either representative of zinc- or copper-rich ores. 

These commonly display higher 207Pb/204Pb ratios, as well as a highly homogeneous 

isotopic composition, forming a tight cluster of data points. This curious isotopic 

homogeneity depicted in detail in Figure 144, and the extremely small variation ranges 

in terms of 206Pb/204Pb and 207Pb/204Pb ratios (less than 0.02 and 0.003, respectively) 

among the different ore types argue strongly for sustained hydrothermal reworking and 

chemical homogenization under moderate to high-temperature ore-forming conditions. 

This agrees well with the prominent sub-seafloor replacement and successive events 

of hydrothermal reworking in these parts of the mineralizing system. 
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Table 92. Lead isotopic composition for the various ore types analyzed from the Lombador, Corvo (SE area), Neves, Graça (SW area) and Zambujal orebodies. 
 

Orebody  Sector Host Rock/ 
Ore features

Strat. 
Position

Hidro. 
Alt.

Ore 
Type Sample Th 

(ppm)
U 

(ppm)
Pb 
(%)

206Pb/204Pb 2σ 207Pb/204Pb 2σ 208Pb/204Pb 2σ
206Pb/204Pb 

(350 Ma)

207Pb/204Pb 
(350 Ma)

208Pb/204Pb 
(350 Ma)

µ Observations

Lombador North Coherent 
Volcanic FW Type I FE NI18B-1 

938.8 3.53 2.41 0.01 18.28790 0.00091 15.64844 0.00090 38.31946 0.00245 18.15060 15.64109 38.25441 2.46 Highly altered and mineralized (Py dominated)
coherent volcanic rock

Lombador South C. Volcanic /  
Volcaniclastic FW Type IIa FC FL706 

200.25 1.96 3.35 0.4 18.18850 0.00048 15.64563 0.00049 38.28520 0.00152 18.18586 15.64549 38.28470 0.05

Highly altered and mineralized by Py and
Py±Cpy±Sp veins FC ore sample that grades
upward into a MCZ ore zone; near a possible
thrust fault zone; rich in remobilized Cpy veinlets

Lombador Central-
W Phyllite FW Type I FC FL911 

113.80 8.09 2.51 0.03 18.27857 0.00391 15.64461 0.00340 38.34761 0.00849 18.25226 15.64320 38.32018 0.47

Phyllite with some Qtz grains disseminated
within a Chl±Carb groundmass (mainly near the
mineralized veins); mineralized veins filled by
Qtz(±Chl+Ser±Carb)+Py±Cpy

Lombador Central-
W Phyllite FW Type I FZ NF24A-1 

944.00 7.06 8.15 2 18.19356 0.00043 15.64430 0.00053 38.27447 0.00170 18.19237 15.64424 38.27414 0.02
Near the base of the massive sulphide ore;
highly mineralized (S ≥ 10 wt%) by Py+Sp±Gn
and deformed

Lombador Central-
W Volcaniclastic FW Type I FZ FL743 

267.70 3.27 5.34 3 18.20038 0.00120 15.64337 0.00156 38.28541 0.00505 18.19975 15.64334 38.28528 0.01

Qtz-rich phyllite crosscut by Qtz(±Chl)+Py±Sp
veins; Chl occurs (mainly) along the vein
boundaries, but also within the vein intergrown
with Qtz and sulphides

Lombador Central-
W

Coherent 
Volcanic FW Type IIa FZ NG20 

905.50 2.61 2.5 2 18.19547 0.00099 15.64384 0.00124 38.28274 0.00402 18.19494 15.64382 38.28256 0.01
Highly altered and mineralized (S ≥ 10 wt%) and 
crosscut by thick mineralized veins; located near 
the base of the massive sulphides 

Lombador Central-E Phyllite FW Type I FZ NE32-1 
1229.7 14.1 3.68 0.01 18.25072 0.00066 15.64627 0.00062 38.30168 0.00168 18.08631 15.63747 38.09791 2.95

Highly altered to Chl-Carb phyllite level,
tectonically deformed and crosscut by Py,
Py±Sp and Sp veinlets; sample with low
sulphide content (S ≤10 wt%); grades upward
into a shale level (FE; ±2 m) and massive
sulphide ore

Lombador Central-
W HW MC NG20 

858.80 0.05 0.61 0.1 18.21954 0.00025 15.64585 0.00025 38.27703 0.00072 18.21728 15.64573 38.27697 0.04

Massive, Fine-grained Py ore filled by Cpy and
tectonically enrich in Cpy veins and veilets due
to tectonic tectono-metamorphic deformation;
located in a hanging wall position; Se-bearing

Lombador South MS base MCZ FL706 
199.30 2.07 4.2 0.3 18.19549 0.00039 15.64701 0.00042 38.28843 0.00122 18.18975 15.64670 38.28751 0.10

In situ MZC ore (Py+Cpy+Sp dominated), with
zone refining and tectonic deformation
evidences; gangue minerals (Qtz, Chl, Carb)
represent less than 10 % vol.

Lombador Central-
W HW MCZ NG20 

863.20 < 0.05 1.02 2 18.22410 0.00032 15.64505 0.00037 38.27664 0.00118 18.22390 15.64504 0.00

Tectonically enrich MCZ ore level, rich in
lenticular Cpy(±Py+Sp±Gn) levels (up to 10 cm)
and thin Cpy veins and ribbons that are
intercalated with fine-grained Py levels
interstitially filled by Sp; In- and Se-rich

Lombador Central-
W MS base MCZ FL911 

102.50 0.31 2.25 1 18.20575 0.00043 15.64586 0.00051 38.27866 0.00155 18.20478 15.64581 38.27862 0.02

In situ MCZ ore that grades downward into a
MC and upward into a MZP ore zone reflection
therefore a primary metal zonation from Cu to
Cu+Zn to Zn+Pb; displays evidences of zone
refining and up to 3 generation Sp; presence of
some late tectono-metamorphic Carb and
Carb+Cpy or simply Cpy ribbons due to
deformation; In- and Se-poor

Lombador North MCZ NI18B-1 
919.3 < 0.05 < 0.01 0.3 18.21996 0.00165 15.63558 0.00212 38.26325 0.00688

Brecciated to banded, fine-grained semi-
massive MCZ ore locally intergrown with
carbonates and redepositional ore clats; rich in
remobilized Cpy ribbons; with evidences of
tectonic deformation; grades downward into a
FE ore  
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Table 92 (cont.). Lead isotopic composition for the different ore types from Lombador, Corvo (SE area), Neves, Graça (SW area) and Zambujal orebodies. 
 

Orebody  Sector H. Rock/ 
Ore feat.

Strat. 
Position

Hidro. 
Alt.

Ore 
Type Sample Th 

(ppm)
U 

(ppm)
Pb 
(%)

206Pb/204Pb 2σ 207Pb/204Pb 2σ 208Pb/204Pb 2σ
206Pb/204Pb 

(350 Ma)

207Pb/204Pb 
(350 Ma)

208Pb/204Pb 
(350 Ma)

µ Observations

Lombador South MZ FL720 
152.75 3.31 0.64 8.45 18.15129 0.00563 15.59950 0.00724 38.13312 0.02356 18.15126 15.59950 38.13308 0.00

Fine-grained, Py dominated ore; Sp(±Gn±Cpy;≤1 % vol.)
interstitially fill Py grains; presence of late (tectono-
metamorphic) Carb+Cpy+Sp±Gn veinlets; Cpy occurs
mainly within Sp due to deformation/metamorphism

Lombador Centra-
Wl MZ FL743 

205.5 0.27 1.01 0.96 18.18642 0.00311 15.62041 0.00398 38.20777 0.01294 18.18605 15.62039 38.20774 0.01

Tectonically deformed in a ductile fashion MZ ore level,
with intercalated banded, recrystallized and annealed
Sp(±Carb±Gn)-rich and Py(±Sp) levels; presence of
coarse (up to 1 cm) brown-red subeuhedral Sp
porphyroblasts within the Sp-dominated levels; with Se-
bearing Gn; In-rich

Lombador Central MZ NG20 
896.20 < 0.05 0.22 1.92 18.19453 0.00036 15.64523 0.00044 38.28788 0.00139 18.19449 15.64523 0.00

Massive fine-grained MZ ore with Py(±Sp±Gn) levels
intercalated with annealed Sp(±Py±Gn) levels; sample
with evidences of ductile deformation and local late Carb-
Cpy(-Sp,Td, Gn) veins and veinlets; In and Se-poor

Lombador North MZ NI18B-1 
914.7 0.21 0.22 0.13 18.24507 0.00053 15.64496 0.00067 38.30607 0.00222 18.24447 15.64493 38.30589 0.01

Fine-grained, recrystallized, semi-massive MZ ore with
Py±Sp and thin Sp-dominated levels locally integrown
with Carb; presence of minor Apy within the Py±Sp
groundmass and also of local late Cpy(±Td) veins and
veinlets due to tectonic deformation; In- and Se-poor

Lombador North
Semi-

massive 
ore 

MZ NL20-1 
1085.70 0.19 3.01 1.62 18.18074 0.00417 15.60857 0.00534 38.17057 0.01738 18.18009 15.60854 38.17056 0.01

Ore-bearing, carb-rich, polymithic breccia-conglomerate
MZ ore, with a clear distal seafloor deposition and
redeposition character, comprising alternated fine-
grained Py±Sp levels intercalated with chaotic
Py+Carb(±Sp) levels; coherent, volcaniclastic and mono-
to polymineralic sulphide clats represent up to 10% vol.

Zambujal
Grossely 

semi-
massive 

MZ FZ846 
76.60 < 0.05 2.57 0.07 18.20556 0.00050 15.64321 0.00062 38.27626 0.00197 18.19235 15.64251 0.24

Semi-massive, recrystallized, fine-grained Py±Sp ore
interstitially filled by Carb; located in the vicinity of low-
angle thrust faults; Se-rich

Graça SW MZ FG589 
131.50 < 0.05 < 0.01 0.2 18.21643 0.00113 15.63961 0.00144 38.25533 0.00460

Fine-grained, recrystallized, banded (both primary and
tectonic) and Py-dominated MZ ore comprising
alternated Py(±Sp) and thin (<0.5 cm) Sp±Py levels;
presence of local Carb(-Cpy) and Cpy(-Sp, Td) veins and
veinlets; In- and Se-poor

Corvo SE MZ FC567 
14.70 < 0.05 0.07 0.28 18.20257 0.00249 15.63593 0.00318 38.24663 0.01022 18.20249 15.63593 0.00

Grossly banded (both primary and tectonic), comprising
alternated Py(±Sp) and Sp±Py levels; presence of Apy
within the Sp-rich levels and local late Cpy+Carb (and
Sp) veinlet due to tectonic deformation; In-bearing

Lombador South MZP FL720 
143.20 < 0.05 0.26 0.7 18.18867 0.00034 15.64515 0.00040 38.28497 0.00127 18.18854 15.64514 0.00

Fine-grained,recrystallized and Py dominated ore MZP
ore, with Sp±Gn interstitially filling Py grains; presence of
late Carb+Cpy±Sp veinlets due to tectonic deformation;
Se-bearing

Lombador Central-
W

Grossely 
semi-

massive 
MZP NG20 

877.30 < 0.05 0.38 2.38 18.20390 0.00128 15.64396 0.00156 38.28211 0.00509 18.20385 15.64395 0.00

Banded, fine-grained, recrystallized, grossly semi-
massive and Carb-bearing MZP ore sample comprising
intercalated Py±Sp and Sp(±Gn)±Carb+Qtz levels; In-
and Se-bearing

Graça SW
Grossely 

semi-
massive 

MZP FG589 
132.50 < 0.05 < 0.01 0.67 18.21403 0.00361 15.63306 0.00458 38.23469 0.01493

Grossly semi-massive and banded (primary and tectonic)
MZP ore, with lenticular Sp±Gn levels alternating with
Py(±Sp) levels and intergrown with Carb; with evidences
of tectonic deformation; In- and Se-poor

Corvo SE
Semi-

massive 
Ore

MZP FC567 
23.65 1.16 37.6 3.56 18.16017 0.00780 15.57312 0.01017 38.03634 0.03302 18.15647 15.57292 38.03630 0.07

Semi-massive, Carb-rich, banded (both primary and
tectonic; but with sedimentary features) MZ ore, with
alternated Py(±Sp) and Py+Sp±Gn levels intergrown
and/or intercalated with Carb-dominated levels; Presence 
of local Qtz and Chl (?) intergrown with the sulphides;
presence of local late Carb-Cpy(Cpy±Sp,Td) veins and
veinlets, as well as Cpy and/or Td ribbons  

 

(206Pb/204Pb)t1 = (206Pb/204Pb)t0+(238U/204Pb)(eλt0-eλt1); (207Pb/204Pb)t1 = (207Pb/204Pb)t0+(235U/204Pb)(eλ’t0-eλ’t1); (208Pb/204Pb)t1 = (208Pb/204Pb)t0+(232Th/204Pb)(eλ’’t0-eλ’’t1), were t0 = starting time, t1 = present 
time ; λ = decay constant of 238U; λ’ = decay constant of 235U; λ’’ = decay constant of 232Th; µ = 238U/204Pb x 137.88; 235U/204Pb = (U/Pb)c x ((ab 235U x Pb at. wt.)/(204 at.% x U at. wt.)); 204 at.% = 
1/(1+(206Pb/204Pb)+(207Pb/204Pb)+(208Pb/204Pb)) (Faure and Mensing, 2005). 
 
Abbreviations: Carb – carbonate; Chl – chlorite; Cpy – chalcopyrite; Gn – galena; Py – pyrite, Ser – sericite; Sp – sphalerite; Td – tetrahedrite; Tn – tennantite; Qtz – quartz. 
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Figure 143. 206Pb/204Pb vs. 207Pb/204Pb diagram showing the overall isotope compositional range (age corrected) 
for the different ore types sampled at the Lombador, Corvo (SE area), Neves, Graça (SW area) and Zambujal 
orebodies. A – Comparison of the new lead isotope compositions with those of typical IPB deposits (IPB MS), 
volcanic (IPB VSC) and metasedimentary (IPB PQ Group) host rocks, and copper-tin, cassiterite, and bornite ores 
of the Corvo and Neves orebodies. B – Enlargement of A showing the low 207Pb/204Pb ratios of the low-temperature 
MZ and MZP ore types along the IPB trend as result of ore fluids exhalation onto the seafloor and interaction with 
seawater. Note that these data points plot near the average 207Pb/204Pb ratio for marine manganese and 
ferromanganese nodules. The low 206Pb/204Pb ratios given by two Lombador stockwork ore samples and one MCZ 
ore sample from Zambujal are interpreted as isotopic disturbances. Note that the copper-tin and cassiterite ores 
from the Corvo orebody, and the bornite ores from the Neves orebody display independent and highly anomalous 
radiogenic trends. Data for the average crustal growth curve of Stacey and Kramers (1975) from Faure and 
Mensing (2005); IPB massive sulphide deposits from Marcoux (1998), Pomiès et al. (1998) and Ruiz et al. (2002); 
IPB VSC and PQ Group from Marcoux (1998) and Jorge (2010), respectively; Neves Corvo deposit from Marcoux 
(1998), Relvas et al. (2001) and Jorge et al. (2007); and for the marine manganese and ferromanganese nodules 
average 207Pb/204Pb ratio from Brevart et al. (1981), von Blanckenbur et al. (1996), Winter et al. (1997), Abouchani 
et al. (1999) and van de Flierdt et al. (2004), based on 120 analysis from the Pacific, Atlantic and Artic Ocean. 
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Figure 144. Lead isotope “evolution” of the different ore types analyzed from the Lombador orebody. The data 
suggest that the mineralization were formed progressively over time. Deep faults provided the fluid conduit to the 
discharge of zinc-rich metalliferous ore fluids by a series of pulses triggered by fault activity. Tectonically-controlled 
exhalation of hot, metal-rich ore fluids mixed with seawater and led to sulphide precipitation via plume fallout, brine 
pool, or a combination of both, and cause the development of banded, carbonate-rich zinciferous ores (a). Episodic 
mass flows and fine-grained sedimentation occur intercalated with the base metal precipitates due to fault activity 
and/or gravitational collapse episodes (b). Sustained, continuous, hydrothermal reworking, temperature increase, 
discharge of copper-rich fluids, sub-seafloor replacement, and zone refining led to isotopic homogenization (c). 
Variation in the isotopic composition caused by late stage, copper-rich and Bi-Se-Ag-bearing fluids input (d). 
Subsequent tectono-metamorphic overprinting effects should explain the isotopic disturbances in some ore 
samples. Data for the average marine manganese and ferromanganese 207Pb/204Pb ratio from Brevart et al. (1981), 
von Blanckenbur et al. (1996), Winter et al. (1997), Abouchani et al. (1999) and van de Flierdt et al. (2004), on the 
basis of 120 analysis of marine manganese and ferromanganese nodules from the Pacific, Atlantic and Artic 
Oceans. 
 

 

Three samples deviate from the general isotope homogeneity above described towards less 

radiogenic 206Pb/204Pb ratios (see Figure 143): one sample representative of the selenium-rich 

(1540 ppm) MCZ ore from the Zambujal orebody, and two samples representative of the 

Lombador feeder system – FZ (NE32-1 1129.10) and FE (NI18B 938.8) ore types. These 

signatures are interpreted as resulting from gain or loss of either uranium or lead (or both). In 

the case of the Zambujal MCZ sample, the variation in-between the measured and the age-

corrected lead isotope composition, coupled with the tectonically-controlled architecture of the 

orebody, argues strongly for isotopic disturbance ascribed to progressive deformation and 

combined transport of material and tectono-metamorphic fluids that promoted the introduction 

of uranium and secondary ore metal remobilization. Furthermore, the lead isotopic signature 

of the two samples from the Lombador feeder system seem to result from the combined 
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effects of hydrothermal alteration and progressive tectono-metamorphic overprinting. These 

samples are located in peripheral zones of the Lombador feeder system (particularly sample 

NE32-1 1229.7) and in the vicinity of possible thrust fault zones. Therefore, total dissolution, 

variable precipitation and/or recrystallization of uranium-, thorium- or lead-bearing mineral 

phases (such as apatite or monazite), and interaction with late, tectono-metamorphic fluids 

might explain the low 206Pb/204Pb values, and thus their anomalous behavior. 

 

The more radiogenic 206Pb/204Pb ratios displayed by one MZ ore sample (NI18B-1 914.7), and 

one FC ore sample (FL911 113.30) from the Lombador orebody depict radiogenic signatures 

that approach these samples from the 206Pb/204Pb values shown by the “anomalous” copper-

tin massive sulphide ores from the Corvo orebody, and the polymetallic complex and pyritic 

ores from the Neves orebody (Figure 143). The highly radiogenic 206Pb/204Pb ratio of the MZ 

ore sample is interpreted to result from isotopic disturbances cause by the late tectono-

metamorphic effects. This sample is located in the northern sector of the orebody, where 

prominent tectonic deformation accounted for significant thickening of the ore lens and zinc 

(+lead) grade enrichment. As mentioned in Chapter 5, drill hole intersections can reach over 

80 m @ 7.6% Zn in this area of the orebody. 

In turn, the 206Pb/204Pb radiogenic signature in the FC ore sample (FL911 113.30) should 

result instead from an ore-related, late stage copper-rich event. This sample is located in the 

central-W sector of the Lombador stockwork system, where the axis of the main feeder zone 

is located (see Figures 14 and 15 for location). Late stage, chalcopyrite-dominated veins, 

coupled with the occurrence of selenium-bearing lead-bismuth sulphosalts, such as gustavite, 

cosalite and probable junoite, wittite and cannizzarite were recognized in some FC ore 

samples located in this part of the orebody. As mentioned in Chapter 5, these textural 

characteristics and ore mineralogical assemblages are features recognized in the copper-rich 

uppermost zones of the feeder system and contiguous base of the massive sulphides lenses 

in other IPB deposits. Hence, additional leaching and/or supply and mixing of lead provided by 

a fault controlled, focused and high-temperature copper influx into the mineralizing system in a 

slightly different time could constitute an explanation for the more radiogenic 206Pb/204Pb ratio 

shown by this particular FC ore sample relative to the homogeneous cluster formed by several 

stockwork (FE, FC, FZ) and massive sulphide (MCZ, MZ, MZP) ore samples. The ore textural 

features argue strongly for the occurrence of replacement and zone refining processes 

associated to this late copper influx (see Plate 6). Nevertheless, this shift towards the more 

radiogenic isotopic trend defined by some copper-tin-rich massive and stockwork ores from 

the Corvo orebody might also reflect a mixing line with copper contributions from a magmatic-

hydrothermal source (cf. Relvas et al., 2001; 2006b). 
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By comparing the initial lead isotope signatures and the corresponding indium, selenium, 

copper and zinc concentrations for the different ore types from the Lombador, Corvo (SE 

area), Neves, Graça (SW area) and Zambujal orebodies in Table 93, no distinctive lead 

isotope signature can be attributed to the indium- and selenium-rich ore settings.  

 

 
Table 93. Initial lead isotope compositions and indium, selenium, copper and zinc concentrations for the different 
ore samples analyzed from the Lombador, Corvo (SE area), Neves, Graça (SW area) and Zambujal orebodies. 
 

Orebody Ore 
Type Sample

206Pb/204Pb 
(350 Ma)

207Pb/204Pb 
(350 Ma)

208Pb/204Pb 
(350 Ma)

Cu (%) Zn (%) Cu/Zn In (ppm) Se (ppm)

Ores relatively undisturbed
Lombador FE NI18B-1 938.8 18.15060 15.64109 38.25441 0.01 0.01 0.38 0.10 4.00
Lombador FC FL706 200.25 18.18586 15.64549 38.28470 1.66 3.33 0.50 9.30 230.00
Lombador FC FL911 113.80 18.25226 15.64320 38.32018 1.51 0.03 45.35 7.70 26.00
Lombador FZ NF24A-1 944.00 18.19237 15.64424 38.27414 0.10 2.14 0.05 0.30 6.00
Lombador FZ FL743 267.70 18.19975 15.64334 38.28528 0.06 9.92 0.01 2.60 4.00
Lombador FZ NG20 905.50 18.19494 15.64382 38.28256 0.13 2.14 0.06 2.00
Lombador FZ NE32-1 1229.7 18.08631 15.63747 38.09791 0.00 0.37 0.01 0.50
Lombador MCZ FL706 199.30 18.18975 15.64670 38.28751 6.99 5.86 1.19 13.50 266.00
Lombador MCZ FL911 102.50 18.20478 15.64581 38.27862 0.82 5.63 0.15 8.50 219.00

Graça MCZ FG484 100.30 18.21461 15.63953 38.25398 1.48 2.72 0.54 13.60
Lombador MZ FL720 152.75 18.15126 15.59950 38.13308 0.16 11.20 0.01 1.40 198.00
Lombador MZ NG20 896.20 18.19449 15.64523 38.28788 0.26 6.88 0.04 6.40 60.00
Lombador MZ NL20-1 1085.70 18.18009 15.60854 38.17056 0.19 7.91 0.02 8.30 17.00

Graça MZ FG589 131.50 18.21643 15.63961 38.25533 0.25 12.10 0.02 15.90
Corvo MZ FC567 14.70 18.20249 15.63593 38.24663 0.22 21.60 0.01 23.10

Lombador MZP FL720 143.20 18.18854 15.64514 38.28497 0.40 5.06 0.08 3.10 103.00
Lombador MZP NG20 877.30 18.20385 15.64395 38.28211 0.27 18.30 0.01 10.40 76.00

Graça MZP FG589 132.50 18.21403 15.63306 38.23469 0.36 8.28 0.04 14.30
Corvo MZP FC567 23.65 18.15647 15.57292 38.03630 0.70 10.60 0.07 56.50

Ores with clear tectono-metamorphic enrichment 
Lombador MC NG20 858.80 18.21728 15.64573 38.27697 2.00 0.03 70.67 10.10 165.00
Lombador MCZ NG20 863.20 18.22390 15.64504 38.27664 0.26 1.38 0.19 17.50 117.00
Lombador MCZ NI18B-1 919.3 18.21996 15.63558 38.26325 3.27 8.16 0.40 14.60 98.00
Zambujal MCZ FZ552 39.70 18.03542 15.63889 38.28305 26.00 9.95 2.61 40.60 1540.00

Neves MCZ FN988 35.80 18.21177 15.64071 38.25444 17.10 7.18 2.38 58.50 589.00
Lombador MZ FL743 205.5 18.18605 15.62039 38.20774 0.26 28.80 0.01 45.10 152.00
Lombador MZ NI18B-1 914.7 18.24447 15.64493 38.30589 0.24 7.98 0.03 9.20
Zambujal MZ FZ846 76.60 18.19235 15.64251 38.27626 0.33 2.13 0.15 3.80 849.00  

 

 

Most data points correspond to zinc-rich ores, either massive or stockwork, and plot above the 
207Pb/204Pb ratio value of 15.630, which is within the 207Pb/204Pb compositional range shown by 

the VSC rocks, and below or near the average indium (23 ppm) and selenium (72 ppm) 

contents shown by typical IPB deposits. As concluded for the neodymium isotopes, a 

component of leaching processes should not be excluded from the indium and selenium 

budget in the deposit, particularly regarding its zinc-rich ores. Again, high indium and selenium 

contents are preferentially found in ore samples characterized by secondary ore metal 

enrichment processes (Table 93 and Figure 145), which is in good agreement with the 

petrographic, mineral and whole rock geochemical data, metal distribution maps and ore 

element correlation matrix presented in Chapter 5 and 6.  
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Figure 145. Indium (A) and selenium (B) concentrations vs. initial 207Pb/204Pb for the zinc-rich ore types sampled. 
Higher concentrations correspond to samples with higher copper contents and with secondary enrichments due to 
tectono-metamorphic effects.  
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8. Discussion 
 

8.1. Introduction 
 

In this chapter, the data and observations previously presented are summarized, integrated, 

discussed and interpreted in order to provide answers to the research questions of this work. 

The discussion and interpretation of the results are therefore directed to the key geological 

and metallogenetic factors that have presided and controlled the sulphide deposition at the 

zinc-rich Lombador orebody, the possible significance of the zinc, indium and selenium 

abundance and distribution, and the most likely sources of metals at the Neves Corvo deposit. 

Comparisons with the features known to characterize the deposition and conditions of 

mineralization of the high-temperature copper-rich ores at Neves Corvo and/or at other IPB 

deposits are made, as well as with textural, mineralogical and geochemical features described 

for present-day submarine hydrothermal fields. Finally, in the last section of this chapter, an 

integrated metallogenic model for the Neves Corvo deposit was addressed. 

 

8.2. Sulphide deposition and conditions of mineralization at the zinc-rich 
Lombador orebody: environment of deposition, hydrothermal alteration 

patterns, styles of mineralization and mechanism of ore deposition 
 

8.2.1. Environment of ore deposition 

 

The study of the Neves Corvo mineralization host lithofacies provided constraints on its 

depositional environment. As reviewed in Chapter 2, the mineralization host succession 

comprises a sequence dominated by dark grey to black pyritic shale units with intervening 

thin-bedded siltstone levels that are intercalated with coherent volcanic and volcaniclastic 

units of predominant rhyolitic composition that record a submarine depositional environment of 

moderate water depth (1000-1500 m), below storm wave base (cf., Relvas, 2000; Oliveira et 

al., 2004; Relvas et al., 2006a; Rosa, 2007; Rosa et al., 2008). Moreover, the occurrence of 

(1) a N-S graben structure that hosts the massive cassiterite mineralization (the “tin corridor”; 

Relvas, 2000; Relvas et al., 2006a), (2) slide displacements of copper-rich massive sulphide 

lenses in several orebodies that locally resulted in the formation of some of the MS ores 

(Carvalho and Ferreira, 1994; Relvas, 2000; Relvas et al., 2006a), and (3) of unconformities 

and hiatuses in the deposit lithostratigraphic sequence that are associated to the existence of 

half graben structures that deepen eastwards and related block sliding and submarine erosion 

episodes (Oliveira et al., 2004), also argue strongly for a highly compartmented rift basin 
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environment characterized by extremely dynamic tectonic, volcanic and sedimentary activity. 

Abundant and thick (>100 m) black shale intervals intercalated with the volcanic facies in 

several areas of the deposit indicate strongly anoxic overall depositional conditions (cf., 

Oliveira et al., 1997, 2004). However, a combination of asymmetrical subsidence, uplift, and 

tilting of blocks, together with episodic volcanic activity and submarine mass flows occurring at 

several scales in the mine region was responsible for abrupt lithofacies changes.  

 

The reconstruction of the overall Lombador orebody architecture agrees well with the 

depositional environment above depicted. As shown in Chapter 4, the Lombador orebody 

immediate footwall sequence show lateral and vertical variations that contrast with the footwall 

lithostratigraphic sequence commonly reported for the other orebodies at the deposit, which 

consists in general of a more regular sequence of VSC rocks followed at depth by the PQ 

Group formation (Figures 6 and 7) (cf., Oliveira et al. 1997, 2004; Relvas, 2000; Relvas et al., 

2006a; Somincor/Lundin Mining geological logs). In fact, (1) the Lombador massive sulphide 

orebody directly overlays either the PQ Group sequence, or a variably thick VSC sequence 

that seem to correspond to the interbedded sequence of V2 volcanic rocks and the black shale 

units of the Neves Formation described by Oliveira et al. (1997, 2004); (2) there is a marked 

increase of sedimentary material towards the east and north sectors of the orebody; and (3) 

the V1 volcanic rocks and the Corvo Formation unit seem not to be represented around the 

Lombador orebody area. Collectively, these features argue for variable basin 

paleomorphology in the ore-forming hydrothermal field, particularly at the Lombador orebody 

area, as result of the basin segmentation, fault displacements, and related submarine mass 

flows and erosion episodes before, during, and/or after the sulphide formation. Perhaps one of 

the most convincing arguments for a tectono-sedimentary dynamic ore-forming depositional 

environment at the Lombador orebody area is the occurrence of intercalations of multiple, 

poorly to well sorted graded-bedded levels with ore-bearing, polymictic breccia-conglomerate 

levels in the volcaniclastic facies present in the northern sector of the orebody (see Sections 

4.1.2.2. and 5.3.3.3), which speak for subaqueous gravity-driven processes, erosion, and 

alternating periods of high-energy mass-flows and other periods of fine-grained sedimentation. 

Hence, the abrupt vertical and lateral footwall facies changes found at the Lombador orebody 

area are thought to result from this dynamic depositional environment setting, and justify as 

well the geometry (size, shape, position) and distribution of the ore-related hydrothermal 

alteration facies associated to the orebody and its mineralization styles. In addition, some of 

the discontinuities in the immediate footwall sequence, hydrothermal alteration patterns, and 

ore types/grades distribution should be attributed to and/or influenced by the late thin-skinned 

tectonics that took place from the Upper Visean onwards.  
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8.2.2. Hydrothermal alteration zonation, size and shape 

 

Despite the marked lateral and vertical variation of the footwall lithofacies, the hydrothermal 

alteration zonation underlying the zinc-rich Lombador orebody is in many aspects analogous 

to the high-temperature and copper-rich stockwork system of the Corvo orebody, as well as to 

many other IPB VMS deposits. As presented in Chapter 4, the different scales of approach 

(from drill hole to whole rock geochemistry) enabled to identify three different hydrothermal 

alteration zones – Type I, Type IIa and Type IIb –, which correspond to successively more 

distal alteration halos relative to the central zone of the mineralizing system. As depicted in 

Figure 15, Type I chloritic alteration is dominant in the innermost zones of the feeder system, 

grading outwards into a peripheral, K-sericite-dominated alteration zone (Type IIa alteration) 

that is mainly developed in the south and central-E sectors of the orebody. Type IIb alteration 

occurs in an outer peripheral halo, which was mostly recognized in altered coherent rhyolitic 

rocks tectonically emplaced in a hanging wall position. As shown in Figure 26, the 

identification of ore-related Na-sericites (Na+/(Na++K+) > 0.33) in footwall-altered host rocks 

intersected by one drill hole located in the south sector of the orebody enabled to infer that 

Type IIb alteration should also develop towards that sector. Similarly to what has been 

emphasized for the Corvo ore-forming system (Relvas, 2000; Relvas et al., 2006a), the subtle 

textural and/or chemical features attributed to the ultra-peripheral Type III alteration zone 

defined at the Aljustrel camp (Relvas, 1991) are not represented in our sample set. 

Presumably, this ultra-peripheral alteration zone should develop its effects further away from 

the mineralized zones sampled at Lombador, reflecting the comparatively more vigorous, 

long-lived, high-temperature and acidic hydrothermal system that led to the formation of the 

Neves Corvo deposit (cf., Relvas 2000; Relvas et al., 2006a). 

An important aspect of the Lombador hydrothermal alteration pattern is the occurrence of 

significant carbonatization. As established before, intense carbonate alteration at the 

Lombador orebody constitute a distinctive hydrothermal alteration feature relative to the Corvo 

stockwork system. Up to 2 m-thick massive siderite-rich levels occur in all alteration zones 

underlying the Lombador orebody, including Type I alteration zones proximal to the axis of the 

feeder system (Figure 15). The widespread carbonatization and its association to the various 

stockwork ore types, textures, parageneses, and variable chemistry clearly denounce an ore-

related hydrothermal origin for this type of alteration. It will be discussed ahead that the overall 

abundance and composition of the ore-related carbonates are also indicative of particular ore-

forming conditions that provide good constraints on particular ore-forming conditions 
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advocated for significant domains of the Neves Corvo hydrothermal field, as well as processes 

that may have favored the precipitation of metals from zinc-rich ore-forming solutions. 

 

The size and shape of the hydrothermal alteration pattern around the Lombador orebody 

seem to have been profoundly influenced by the marked lateral and vertical changes in the 

footwall lithofacies, which controlled significant differences in the primary permeability, 

porosity and composition of the various footwall host rocks units. As emphasized by several 

authors (e.g., Barriga, 1990; Large, 1992; Large et al., 2001b; Doyle and Allen, 2003; Franklin 

et al., 2005; Hannington, 2014), the primary porosity and permeability characteristics of the 

immediate footwall rocks constitute an important controlling factor on the hydrothermal 

alteration pattern size and shape, given that the extent of physical and chemical interactions 

between wall rocks and hydrothermal fluids depends primarily on differences in the 

permeability and porosity of the altered and mineralized host rocks. The upflow and diffusion 

of the mineralizing fluids is favored in strata composed by unconsolidated volcaniclastic and/or 

siliciclastic lithofacies, whereas in relatively impermeable rock units fluid circulation is mostly 

constricted to fractures. Thus, the overall occurrence and relative proportion of host units, 

consisting of quartz-rich siltstone alternating with phyllite directly below the Lombador 

orebody, favored the development of a prominent stratabound hydrothermal alteration pattern 

below and around the orebody, given the higher permeability, porosity and chemical reactivity 

of those rocks relative to the poorly permeable and less reactive nature either of the quartzite 

units, or of the felsic coherent volcanic rocks. Nevertheless, variably intense fracture-

controlled hydrothermal alteration also occurred in both the quartzite and the coherent 

volcanic units as it was widely shown in Chapter 4. 

 

Akin to many other IPB deposits, the ore-related mineral assemblage found at the Lombador 

orebdy is dominated by low sulphidation mineralogy. Ripidolite, sericite, and siderite constitute 

the main alteration minerals formed, whereas the ore sulphide mineral assemblage is primarily 

composed by pyrite, and accessory to minor amounts of sphalerite, chalcopyrite, arsenopyrite, 

galena, tetrahedrite and, to a lesser extent, pyrrhotite. Nonetheless, donbassite was also 

found as an alteration mineral phase associated to the different stockwork ore types (FE, FC, 

FZ), which indicates low pH and high-temperature ore-forming conditions and emphasizes the 

fact that the alteration conditions at Neves Corvo were unique in the general context of typical 

IPB deposits (see Section 4.3.2.1.). 

Field and geochemical data have also enabled to recognize the occurrence of two discharge 

zones at the Lombador orebody, which may have contributed to its shape and abnormally 

large size, and to the local enhancement of the mineralizing potential of the ore-forming 
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system as a whole. Although future mine exploration and exploitation works at the Lombador 

orebody may contribute to a better understanding of the hydrothermal system and/or metal 

zoning, and elucidate on the existence and exact location of additional secondary feeder 

zones, this study clearly indicates that the main feeder system to the Lombador mineralization 

developed in dependence to a major NNW-SSE trend fault zone located in the south and 

central-W sector of the orebody (Figure 50). The alteration-related mineral and whole rock 

geochemical data (Figures 19, 26, 27, 30, 31, 37 to 40), coupled with the major and minor ore 

elements distribution maps (Figures 50, 105 to 108), show that this structure clearly controlled 

the ore-forming process at the Lombador orebody. The data puts in evidence one of the most 

characteristic features of many VHMS and/or SEDEX deposits – the concentric zonation of 

minerals and ore elements around the axis of the feeder zone (cf., Large, 1992; Franklin et al., 

2005; Goodfellow and Lydon, 2007). This zonation is mainly controlled by distance to the 

center of fluid discharge, which causes variations on the ore facies and the mineral chemical 

composition due to the lateral variation of the ore-forming physical and chemical conditions 

(e.g., temperature, pH, Eh, W/R ratios, fluid mixing ratios). As shown, there is an overall 

decrease of the iron contents in both chlorite and altered host rocks, as well as in the high-

temperature element suite (e.g., Cu, Ag, Bi, In, Se) abundance away from the center of fluid 

discharge. In contrast, alkalis, calcium, barium, rubidium and strontium concentrations in 

sericite and/or in altered whole-rock composition, as well as the abundance of the low-

temperature element suite (e.g., Zn, Pb, As, Sb, Hg) progressively increase towards the 

peripheral zones of the system. As expected, this zonation is reflected in the abundance and 

distribution of the ore sulphide minerals, in particular chalcopyrite, sphalerite and galena, 

associated alteration minerals (chlorite, sericite, carbonates), and in the overall general 

distribution of the different ore types (Figures 48 and 49) around the orebody, despite the 

partially obliterating effects of the tectono-metamorphic overprint, which was responsible for 

quite significant redistribution of ore elements and formation of local secondary metal 

enrichments. 

 

8.2.3. Styles of mineralization: distinguishing sub-seafloor replacement from 

seafloor exhalation  

 

The overall log, hydrothermal alteration pattern, ore textures, and geochemical data presented 

in Chapters 4 and 5 indicate that the zinc-rich Lombador orebody has formed through a 

combination of sub-seafloor replacement and direct exhalation onto the seafloor. These 

physical and chemical features of the mineralization are quite distinctive in the orebody, and 

assume an important meaning regarding the genesis of the Neves Corvo deposit. In many 
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aspects, including some sulphide precipitation settings and mechanisms, the Lombador 

orebody depicts architectural, textural and mineralogical attributes that are quite similar to 

those recognized in SEDEX deposits. Such aspects include, (1) the sharp variability of the 

footwall lithofacies; (2) the fact that the main feeder zone is rooted in a syn-volcanic fault 

zone; (3) the stratabound hydrothermal alteration geometry and ore metal concentric spatial 

zonation; (4) both alteration and mineralization are mainly developed in sediment-rich facies; 

(5) it has low average copper (0.78 wt%) and high average zinc (4.42 wt%), lead (1.62 wt%) 

and silver (53 g/tonne) grades that are comparable to those of average SEDEX deposits (0.97 

wt% Cu, 6.7 wt% Zn, 3.2 wt% Pb, 63 g/tonne Ag; Goodfellow and Lyndon, 2007; (6) the ore 

sulphide mineralogy is dominated by pyrite and sphalerite; (7) it shows sediment and 

carbonate-rich interbedded ores, in particular towards the peripheral zones of the orebody;  

and finally (8) part of the massive sulphides seem to have precipitated on the seafloor (cf., 

Goodfellow and Lyndon, 2007).  

Given that different styles of mineralization can be found in VHMS deposits, and that these 

can produce similar mineral and geochemical imprints, distinction between different styles of 

mineralization is most often based on the combination of architectural and textural geological 

features (Tornos et al., 2015). Doyle and Allen (2003), and Tornos et al. (2015) have recently 

proposed several criteria to discriminate sub-seafloor replacement processes from seafloor 

accumulation in VHMS deposits based on the their own studies and a number of cases 

reviewed from the literature. Accordingly, Doyle and Allen (2003) proposed that (1) the 

presence of relics of host rocks in the ore; (2) the enclosure of mineralized horizons by rapidly 

emplaced volcanic or sedimentary facies; (3) the presence of replacement fronts between the 

deposit and the host lithofacies; (4) the discordance of the deposit(s) with the enclosing host 

lithofacies; and (5) the presence of strong hanging-wall alteration can be considered 

diagnostic of sub-seafloor replacement, in particular criteria 1 to 3. On the other hand, the 

occurrence of (1) sedimentary clastic sulphide textures; (2) sulphide chimney 

textures/structures; (3) exhalite horizons; (4) biota; (5) facies features indicating slow 

accumulation rate of the host rocks and/or occurrence of massive sulphides between units of 

rapid emplacement rate; and (6) asymmetric alteration patterns characterized by a strong 

footwall alteration and a much weaker hanging wall alteration can be considered diagnostic of 

seafloor deposition, in particular criteria 1 to 4. Similar principles were reported by Tornos et 

al. (2015) to characterize mineralization resulting from sub-seafloor replacement and 

exhalation on the seafloor. According to these authors, replacive mineralization is 

characterized by (1) the irregular geometry and distribution of sulphide bodies; (2) 

disseminated mineralization with presence of relict textures of the host rocks and gradation of 

massive to semi-massive sulphides; and (3) the occurrence of permeable, porous or reactive 
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footwall host rocks emplaced at high deposition rates. In addition, replacement zones are 

commonly associated with syn-volcanic faults. Regarding the mineralization resulting from 

direct exhalation onto the seafloor, Tornos et al. (2015) distinguished between mound style 

and stratiform exhalative mineralization. Accordingly, mound style mineralization is 

distinguished by (1) its mound- or lens-shaped morphology; (2) occurrence of chimney 

fragments and abundant sedimented sulphide breccias, cemented or not by younger 

hydrothermal products; (3) presence of a key marker ore horizon – exhalites; and (4) 

association to fine-grained clastic host rocks that have accumulated at slow sedimentation 

rates. In turn, the stratiform exhalative mineralization is distinguished by (1) its sheet-like 

morphology; (2) presence of fine-grained clastic host rocks that have accumulated at slow 

sedimentation rates; and (3) presence of local or extensive planar stratification; and (4) 

occurrence of laterally extensive graded-bedding textures in the massive sulphide ores. 

 
8.2.3.1. Sub-seafloor replacement  

 

In a number of IPB deposits, sub-seafloor replacement has been invoked as a major 

mechanism of sulphide deposition in order to explain their ore-related textural and/or 

geochemical features, as well as their huge tonnage. For instance, Barriga (1983) and Relvas 

(1991) reported striking textural and geochemical evidences for silicate-sulphide replacement 

and resultant chemical zonation and mineralization at the Feitais and Gavião orebodies 

respectively. The criteria then defined are now used as approaching vectors to the 

mineralization in numerous IPB ore-related studies. From the core of the hydrothermal system 

to its periphery these authors have identified a trend that goes from nearly complete 

obliteration of the host rock primary features, removal of alkalis and addition of iron via 

formation of chlorite + sericite + sulphides (± others), to silica and potassium enrichment 

envelopes consisting of variably pervasive and texturally destructive K-sericite + quartz + 

sulphides (± others), and finally to a sodium-enriched ultra-peripheral zone characterized by 

subtle non-destructive alteration (see Section 2.1.3.2). Furthermore, Barriga (1983) also 

suggested that the massive sulphides precipitated under a cover of pre-mineralization 

unconsolidated siliceous sediments that acted as a physicochemical barrier isolating the 

system, warming up, enhancing and maintaining the ore-forming conditions suitable for 

sulphide deposition over large periods of time, thus contributing to the metassomatic changes 

above mentioned. Other example where sub-seafloor replacement has been advocated 

includes the Aznalcóllar massive sulphide deposit. Based on textural and geometric 

relationships, Almodóvar et al. (1998) suggested that the massive sulphides were mostly 

formed by precipitation and replacement within the VSC organic-rich black shale, particularly 
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in the innermost ore zones of the feeder zone, where chloritization is dominant and obliterates 

most of the host rock features. Ore textures comprising framboidal to colloform pyrite, often 

replaced by other sulphides, were also found. 

Textural and geochemical evidences for sub-seafloor replacement involving (1) upward 

increase of sulphide dissemination and silicate-sulphide replacement of the volcanic and 

sedimentary footwall rocks, which grade into the massive sulphide lens; (2) obliteration of the 

host rocks primary textures and mineralogical features through variably intense chlorite and 

sericite formation; and (3) huge iron, magnesium and manganese mass enrichments and 

significant silica, alkalis and calcium mass depletions in the chlorite alteration facies, together 

with significant addition of silica and alkalis in the sericite alteration facies were also reported 

by Relvas (2000) and Relvas et al. (2006a) at the Corvo orebody. In fact, sub-seafloor 

replacement was stressed by these authors as having played a major role in the deposition of 

the Corvo massive sulphides ores, and factors like favorable reactive footwall host-rocks, 

boiling, existence of a pre-mineralization isolation cover (the JC Unit), and the pre-enrichment 

in iron of the host rocks seem to have favored the predominance of this mineralization style. 

 

At the Lombador orebody, whereas the appraisement of the hanging wall ore-related 

hydrothermal alteration cannot be determined due to the effects of the Upper Visean thin-

skinned tectonics on the deposit, the following recognized architectural, textural and 

geochemical features constitute unequivocal evidences for sub-seafloor replacement: 

1) the increasing density of alteration, sulphide veining and sulphide dissemination in the 

footwall host rocks towards the base of the massive sulphide orebody; this feature is 

particularly evident in the more reactive facies (volcaniclastic, quartz-rich 

siltstones/phyllites, phyllite) of the footwall sequence, where the hydrothermal 

alteration and stockwork mineralization have developed semi-massive ore levels and 

assumed a pronounced stratabound pattern (Figure 14); 

2) the laterally continuous, widespread and intense (up to 90% vol.) chloritization along 

all the strike length of the orebody (Figures 14 and 15); 

3) the occurrence of variably preserved relics of the PQ Group rocks and/or felsic 

coherent volcanic rocks found in highly altered and mineralized zones (Plates 4 to 6 

and Figure 54B); 

4) the fact that sub-seafloor replacement zones are mainly found around the NNW-SSE 

trend sub-vertical structure located in the south and central-W sectors of the orebody, 

where the high-temperature ore types are particularly well developed (Figure 48 to 50, 

54, and 105 to 107), indicating vent-proximal ore facies and more intense ore-forming 

conditions;  
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5) the high values of the Alteration Index (up to 97, averaging 85; Figure 38) and Chlorite-

Carbonate-Pyrite Index (up to ≅100, averaging 85; Figure 39), which indicate strong 

alkalis depletion, silica leaching and genesis of chlorite(-siderite)±sericite and pyrite 

(plus other sulphides) through breakdown of primary minerals (e.g., feldspars) and 

replacement of the volcanic rocks (cf. Large et al., 2001a);  

6) the overall prominent addition of iron to the mineralizing system demonstrated by the 

mass-balance profiles (Figures 32, 33, and 41 to 43), in particular in Type I-altered 

zones as summarized in Figure 146; removal (leaching) of silica and alkalis in Type I 

altered zones, expressed by formation of chlorite-rich rocks and strong dissemination 

of ore sulphides as result of pervasive infilling and silicate-sulphide replacement 

process of less stable minerals/rocks, was accompanied by significant gains in silica 

and alkalis towards the peripheral Type II alteration envelops, where strong 

silicification, sericitization (K-sericite to Na-sericite) and progressively less 

sulphiditization of the host rocks took place. 

 

Furthermore, the REE profiles (Figures 34, 44, 96, 97) depicted by the various ore types from 

the Lombador orebody are consistent with significant sub-seafloor replacement, given the 

fairly sub-parallel REE patterns shown by the ores relative to the unaltered host rocks and the 

notable positive europium anomalies. Because europium can exist in the 2+ valence state it is 

effectively transported in reduce acidic hydrothermal fluids, especially at elevated 

temperatures (Gifkins et al., 2005; Hannington, 2014 and references therein). Thus, europium 

can be enriched in ore-forming solutions together with ore-forming metals (Cu, Zn, Pb, Fe) 

through the dissolution and replacement of minerals and rocks, and be re-deposited within 

chlorite-rich and/or highly mineralized zones proximal to the core of the mineralizing system 

and consequently result in REE patterns with positive europium anomalies.  

 

Figure 144 depicts the lead isotope compositions of nine samples representative of the ore 

zones proximal to the axis of the Lombador feeder system, where silicate-sulphide and 

sulphide-sulphide replacement textures predominate. Although relatively homogeneous lead 

isotope compositions can be found at various scales in the IPB (deposit, district, province; 

Marcoux, 1998; Tosdal et al., 1999; Relvas et al., 2001), providing a convincing clue on the 

highly relevant role of metal leaching from the CVS and (specially) from the PQ Group rocks 

to the metal budget of typical IPB deposits, the remarkably narrow range of 206Pb/204Pb and 
207Pb/204Pb ratios shown by this cluster of nine samples suggest that sulphide deposition may 

have taken place in a fairly sustained isothermal and quite homogeneous ore-forming 

environment that facilitated replacement and strongly contributed to an even enhanced 
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isotopic homogenization. Estimated chlorite formation temperatures indicate peak ore-forming 

temperatures of up to 393 ºC. Thus, sub-seafloor replacement and sustained hydrothermal 

reworking might have contributed to enhance the notable isotopic homogeneity of these (9) 

samples. As it will be shown ahead, the lead isotopic signatures of a number of other (zinc-

rich) ore samples from the Lombador orebody, interpreted to have formed by lower 

temperature fluids directly venting onto the seafloor, heavily contrast with the above-described 

extreme homogeneity. 

 
 

 
Figure 146. Bar graph depicting the relative average mass changes in Type I, IIa and IIb altered stockwork ore 
zones in the Lombador orebody. Note that with the increasingly severe ore-forming conditions (temperature, 
acidity, lower oxygen fugacity), there is an increase in iron contents and a depletion in silica and alkalis contents 
towards Type I alteration zone (chlorite and ore sulphides formation); conversely, in Type II altered zones there is a 
progressive decrease in the amount of iron added and a general gain in silica and alkalis as result of less severe 
ore-forming conditions. 
 
 
Hence, the architectural, textural and geochemical features of the Lombador orebody above 

described strongly indicate significant sub-seafloor replacement processes in this orebody, 

similarly to what has been proposed for the Corvo orebody. This style of mineralization should 

have been predominant at the south and central to central-W sectors of the Lombador 

orebody, particularly the high-temperature copper-rich ores positioned at the base of the 

massive sulphide lens. Together with the presence of favorable lithofacies, factors like the 

isolation of the hydrothermal system and the occurrence of boiling may have effectively 

favored the pervasive infiltration, replacement and precipitation of ore sulphides in this part of 

the orebody. 
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8.2.3.2. Exhalation on the seafloor  

 

Although fluid inclusion data is lacking and the occurrence of diagnostic features such as 

sulphide chimneys textures/structures and/or biota have not been recognized in the sample 

set studied, the extensive stratabound chlorite-rich footwall alteration (Figure 15), the roughly 

to perfectly banded textures shown by the massive to semi-massive carbonate-rich zinciferous 

ores in the peripheral areas of the orebody (Figure 54 and Plates 8 and 10), as well as the 

presence of alternated polymitic breccia-conglomerate, semi-massive pyrite/pyrite-sphalerite 

ore and unmineralized siltstone/mudstone levels displaying synsedimentary structures 

(graded-bedding, soft-sediment deformation and shear) in the northern sector (Plate 3, 8, 10, 

and Figure 54F) constitute strong evidences for the deposition of sulphides onto the seafloor 

by vent exhalation and/or plume fallout. Moreover, because the sulphide clasts show 

indisputable primary ore-related textures and mineral assemblages (Plate 3, 8 and Figure 54) 

that mimic those of the in situ massive ores (Plate 8 and 10), the mixtures of massive sulphide 

clasts and polymitic rock fragments also provide evidences for the displacement and/or 

erosion of massive sulphides formed on the seafloor and/or in fairly shallow sub-seafloor 

levels, and the incorporation of host rock fragments of variable nature (e.g., coherent rhyolite, 

volcaniclastic, carbonaceous mudstone) by gravity mass flows. Collectively, these features 

represent clear indications of periods of high-energy mass-flows and fine-grained 

sedimentation that alternated and/or were contemporaneous with sulphide formation in 

specific settings of the hydrothermal vent field. Given the deposit architecture and the ore 

types/metals distribution maps presented (Figure 48, 50, and 105 to 108), both the mass-flows 

and the exhalation of the ore-bearing hydrothermal fluids onto the seafloor seem to have been 

triggered by fault movements. Ore textural features supporting an exhalative origin for the 

Lombador orebody have also ben presented by Inverno et al. (2007). According to these 

authors, the shale/sulphide layering, the sedimentary textures, as well as the textural features 

shown by pyrite as result of quenching and rapid crystal growth point to an opencast 

deposition of sulphides in a brine pool-like environment.  

Geochemically, the REE patterns and lead isotope compositions also provided convincing 

evidences for the direct exhalation of ore fluids onto the seafloor. As shown in Figures 96B 

and 97A, the REE patterns depicted by some samples representative of the low-temperature 

zinc-rich ores at the Lombador orebody are quite similar to that of seawater, in particular the 

REE pattern of sample NF24A-1 919.50 (Figure 97A), whereas most of the remaining ore 

samples, either representative of barren, or zinc- or copper-rich ores, display REE patterns 

that resemble those of the host rocks (Figures 96 and 97), with the obvious exception of the 

positive europium anomalies and the enrichment profile in HREE as result of chemical 
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interactions between a seawater-derived hydrothermal fluid and the host rocks. As stressed, 

sample NF24A-1 919.50 shows a REE pattern characterized by a negative europium and 

cerium anomaly, as well as an enrichment profile in the HREE that perfectly mimics the REE 

pattern of seawater and implies REE contributions from seawater. Similar interpretations can 

also be made for other zinciferous ore samples (FL720 152.75, NI18B-1 914.7, NF24A-1 

938.3, NK22A-1 1095.5, NL20-1 1087.90; Figures 96B and 97A), despite the slightly negative 

or positive cerium anomalies, as well as nil to positive europium anomalies shown.  

By comparing the REE patterns of these samples with those of seawater, black smoker 

hydrothermal fluids, and buoyant hydrothermal plumes, it can be easily recognized in Figure 

147 that the REE patterns shown by the selected low-temperature zinc-rich ore samples are 

quite similar to those of hydrothermal plumes.  

 
 

 

 
Figure 147. Comparison of REE patterns from selected low-temperature zinc-rich ores from the Lombador and 
Corvo (SE area) orebodies with the REE patterns depicted by seawater, black smoker hydrothermal fluids, and 
hydrothermal plumes. Note that the REE patterns are separated to facilitate their examination. Seawater, black 
smoker hydrothermal fluid and hydrothermal plume REE data from Douville et al., (2002), Mills and Elderfield 
(1995b), and Sherrell et al. (1999) and Edmonds and German (2004), respectively. 
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Such as the zinc-rich ores samples, the REE pattern of the hydrothermal plumes depict a REE 

profile marked by slight enrichments in LREE relative to HREE, and both negative to positive 

cerium and europium anomalies. Numerous studies on the uptake and fractionation of REE on 

suspended particulate material from hydrothermal plumes in active submarine hydrothermal 

fields at the Mid-Altlantic Ridge and East Pacific Ridge have established that the REE patterns 

shown by the plumes result from vented hydrothermal fluids and the ambient seawater as the 

plume rises, mixes, and disperses through the water column (cf., German et al., 1990; Mills 

and Elderfield, 1995a,b; Sherrell et al., 1999; Edmonds and German, 2004). As it can be 

verified in Figure 147, black smoker hydrothermal fluids commonly exhibit a distinct REE 

pattern that is characterized by a slight enrichment in LREE, significant positive europium 

anomaly, and no cerium anomaly. This pattern of vented metal-rich fluids is clearly distinct 

from that of seawater. The latter characteristically exhibits a marked negative cerium anomaly, 

a moderate negative europium anomaly, and a slight enrichment profile on the HREE. Thus, 

depending on the saturation of mixing, REE patterns with larger europium anomalies seem to 

reflect more vent fluid-influenced patterns, whereas seawater-like patterns with clear cerium 

anomalies seem to reflect more distal, dispersed, buoyant plumes (Edmonds and German, 

2004). 

As previously discussed, the REE patterns displayed by the various ore types from the 

Lombador orebody (Figures 96 and 97) are consistent with the extraction of REEs from both 

the VSC and PQ Group rocks by hot, reduce and acidic hydrothermal fluids, as well as with 

the uptake of REEs from seawater during fluid exhalation, mixing, and dispersion through the 

water column. This means that after leaching and chemical homogenization with the host 

rocks, direct exhalation of the ore solutions onto the ambient seawater led to modifications on 

the initial REE pattern of the hydrothermal metal-rich solution during transport through mixing 

and scavenging of REEs from seawater. Vent-proximal ores tend to show REE patterns with 

positive europium anomalies and profiles rather sub-parallel to those of the host rocks, 

whereas more vent-distal ores tend to show REE patterns with variable cerium and/or 

europium anomalies due to the variably larger influence of seawater. 

The same assumption can be made for the zinc-rich ores from the remaining Neves Corvo 

orebodies. As shown, milimetric to centimetric levels of alternated pyrite, sphalerite(-pyrite), 

sphalerite-galena-pyrite, and siderite were also found in both the Corvo and Graça zinc-rich 

ores (see Section 5.3.3.3; Plates 9 and 10) located in the SE and SW areas of these 

orebodies (Figure 47), respectively. Moreover, despite their widely variable profiles, the REE 

patterns shown by the low-temperature zinc-rich ores in these orebodies also depict some 

peculiarities that strongly argue for exhalation on the seafloor (Figure 101B and C). This is 
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particularly manifested in a MZP ore sample (FC567 23.65) from the Corvo orebody, which 

displays a REE pattern consistent with the mixing between a vented hydrothermal fluid and 

seawater. Comparison of this one REE pattern with those depicted by the zinc-rich ores from 

the Lombador orebody in Figure 147 strikingly shows identical REE patterns between the 

zinciferous ores of these two different Neves Corvo orebodies, as well as with those revealed 

by the hydrothermal plumes.  

The lead isotope compositions depicted in Figures 143 and 144 are in very good agreement 

with this interpretation, and likewise can be correlated with the ore textural features, as well as 

with the samples spatial location. As found, despite the ductile deformation effects and/or 

reworked character of some ore samples, the lead isotopic signature of the zinc-rich ores 

significantly extend the IPB regional lead isotope compositional range recognized by Marcoux 

(1998). In addition, there is a clear evolution from less radiogenic compositions set by 

samples located in more vent-distal areas of the orebodies (e.g., FC567 23.65, FL720 152.75, 

NL20-1 1085.7) towards more radiogenic compositions represented by samples located more 

vent-proximal, and either representative of zinc-rich, or copper-rich ore types. This is 

extremely well represented at the Lombador orebody (Figure 144), where the lowest 
207Pb/204Pb ratios are depicted by two samples located in the south and northern sectors of the 

orebody, and the highest 207Pb/204Pb ratios are mostly shown by samples located in the 

central to central-W sector of the orebody.  

In view of the limited production of 207Pb over the Earth lifetime, low 207Pb/204Pb ratios can be 

interpreted as a radiogenic lead isotopic evolution derived from an oceanic environment or 

derived from an insolated or recent times mantle source due to their low lead concentrations 

(<2 ppm), whereas elevated 207Pb/204Pb ratios are interpreted as a lead isotopic evolution 

derived from evolved crustal rocks due to their higher lead concentrations (>10 ppm) (Tosdal 

et al., 1999 and references therein). Therefore, taking into account the Neves Corvo 

environment of ore deposition and the ore textural features found in the zinc-rich ores, the 

lead isotopic compositional differences shown in Figures 143 and 144 argue for an evolution 

through a two-component mixture with strong contrast in lead concentrations. Hence, because 

the lead isotope composition of seawater is commonly considered to be almost the same as 

that of marine oxide manganese and ferromanganese nodules due to the short residence time 

of lead in the oceans and the nodules long-growth periods on the ocean floor (Brevart et al., 

1981; von Blanckenburg et al., 1996; Winter et al., 1997; Abouchami et al., 1999; van de 

Flierdt et al., 2004), by comparing of the 207Pb/204Pb ratios displayed by the MZ and MZP ore 

samples FC567 23.65, FL720 152.75, NL20-1 1085.7 and FL743 205.5 (207Pb/204Pb ratios of 

15.572, 15.599, 15.608 and 15.620, respectively) with those of marine oxide manganese and 

ferromanganese nodules it can be seen that the former plot very close to the average 
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207Pb/204Pb ratio shown by the marine nodules (15.611±0.05; ranges from 15.515 to 15.721) 

(Figures 143 and 144). This strongly suggests that the lead isotopic composition of the above 

mentioned zinciferous ore samples might have resulted from the mixture of vented ore-

bearing hydrothermal fluids with seawater. Consequently, despite the lack of fluid inclusion 

data these results support the hypothesis that part of the zinc-rich ores at Neves Corvo, 

namely at the north sector of the Lombador orebody, and at the SE and SW sectors of the 

Corvo and Graça orebodies, respectively, should have formed by direct exhalation on the 

seafloor, in good agreement with the ore textural features and REE patterns above discussed.  

 

The lack of consistent evidences of chimney textures/structures, rubble mounds or fragmental 

ores indicating collapse of chimneys and hydrothermal reworking of massive sulphides on the 

seafloor is shared by most of the IPB massive sulphide deposits, in particular with those for 

which the deposition of the massive sulphides on the seafloor is suggested, i.e., Tharsis 

(Tornos et al., 1998, 2008; Tornos and Spiro, 1999), Lousal (Tornos et al., 1998, 2008; 

Fernandes, 2011), Feitais orebody at Aljustrel (Inverno et al., 2008), and Rio Tinto (Nehlig et 

al., 1998) deposits. However, the occurrence of bedded semi-massive to massive ore facies, 

often carbonate-rich, containing an ore sulphide mineral assemblage mostly dominated by 

fine-grained pyrite and pyrite-sphalerite(-galena), together with the existence of sedimentary 

features such as interbedded shale-bearing levels, small-scale slumps, graded-bedding, 

and/or syn-sedimentary faulting represents common features. For instance, at the Tharsis 

massive sulphide deposit (115 Mt), which is envisaged as a typical example of shale-hosted, 

low-temperature and zinc-rich mineralization system formed in an anoxic environment by brine 

pool deposition (Tornos et al., 1998; Tornos, 2006), the occurrence of banded carbonate 

(fragmental to fine-grained pyrite levels alternating with siderite-rich levels) and complex 

(pyrite-rich milimetric levels alternating with sphalerite(-galena) levels with minor interstitial 

chalcopyrite) ore facies, as well as the presence of abundant framboidal and colloform pyrite 

overgrowths, and syn-sedimentary structures (graded-bedding, syn-sedimentary faulting, 

alternating layers of fragmental sulphides) are interpreted as distinctive evidences for the 

deposition of the massive sulphides on the seafloor (Tornos et al., 1998, 2008; Tornos and 

Spiro, 1999). Together with the footwall stratabound, chlorite-dominated hydrothermal 

alteration and absence of conspicuous alteration in the hanging wall, the textural and 

mineralogical features denoting deposition on the seafloor are also supported by carbon and 

sulphur isotopic data (Kase et al., 1990; Tornos et al., 1998, 2008; Tornos and Spiro, 1999). 

Another interesting feature of the Tharsis deposit is the fact that the 207Pb/204Pb ratios of the 

banded complex ores (15.597 to 15.602) are comparable to those shown by the marine oxide 

manganese and ferromanganese nodules, and consequently with the 207Pb/204Pb ratios 
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depicted by the zinc-rich ore samples from Neves Corvo. The low radiogenic signature shown 

by the Tharsis ores relative to other IPB deposits was firstly noticed by Marcoux (1998), and 

reinforces the hypothesis that part of the zinc-rich ores at Neves Corvo formed by direct 

exhalation onto the seafloor. 

 

8.2.4. Physical and chemical conditions of mineralization 

 
8.2.4.1. Redox and pH conditions 

 

The alteration and ore minerals found at the Lombador orebody, as well as at the Corvo (SE 

area), Neves, Zambujal and Graça (SW area) orebodies are interpreted to reflect primary 

hydrothermal relationships (metallogenetic), despite the general recrystallization and/or 

secondary metal enrichments assigned to tectono-metamorphic overprinting. Thus, 

collectively, the overall abundance of iron-rich chlorite (ripidolite), siderite, as well as pyrite, 

iron-rich sphalerite (up to 11.5 wt% Fe, averaging 2.40 wt% Fe), arsenopyrite and, to a lesser 

extent, pyrrhotite in the Lombador ores indicates predominant formation under moderately to 

strongly reduced conditions by iron-rich, low pH and high-temperature ore solutions. The low 

pH and high-temperature ore-forming conditions are particularly reinforced by the occurrence 

of donbassite associated to the various stockwork ore types (FE, FC, FZ) at the south and 

central-W sectors of the Lombador orebody (see Table 18). Donbassite is an aluminum-rich 

dioctahedral chlorite (Deer et al., 1996; Anthony et al., 2003) strongly depleted in iron, 

magnesium and other octahedral filling cations (e.g., Mn, Ca, Li, Zn), which mainly restricts its 

occurrence to aluminum-rich and strongly acidic environments (Baley and Lister, 1989). As 

emphasized by Relvas (2000) and Relvas et al., (2002, 2006a), the occurrence of donbassite 

as an ore-related alteration mineral phase is, therefore, a striking indication of very acidic ore-

forming conditions, and highlights the uniquely extensive leaching processes and sustained 

high-temperature ore-forming conditions at the Neves Corvo system relative to other IPB 

deposits. These relationships are well illustrated in Figure 22. Both Lombador and Corvo ore-

related chlorites display higher aluminum contents than those in typical IPB deposits. 

Nevertheless, the chlorites at the Lombador orebody are less aluminous and ferrous than 

those at the Corvo orebody, which is consistent with less severe ore-forming conditions at the 

Lombador system relative to the Corvo system, and agrees well with the estimated chlorite 

formation temperatures (Tables 19 and 20; Figure 23) and acquired Fe/(Fe+Mg+Mn) ratios 

(Figure 20). 

The relative oxygen fugacity presiding to the ore-forming conditions at different IPB systems 

can be compared on the basis of the manganese contents of the corresponding ore-related 
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chlorites. As illustrated in Figure 148, the ore-related chlorites at the Lombador orebody show 

lower manganese contents (0.18 wt% on average, up to 0.44 wt% MnO) relative to those in 

other IPB massive sulphide deposits, and are quite similar to those found at the Corvo 

stockwork system (0.16 wt% MnO on average). Barriga (1983) interpreted the marked 

increase in manganese contents in chlorites from the Feitais stockwork core and copper-rich 

massive ore (0.35 wt% on average) towards the peripheral zinc(-lead)-rich massive ore (0.60 

wt% on average) and top of the Jasper unit (1.88 on average wt%, but up to 5.33 MnO wt%) 

as indicating less reducing conditions towards the top of the sequence, whereas Relvas 

(1991) correlated the increasing manganese contents in chlorites from Type I (0.35 wt% on 

average), Type II (0.45 wt% on average), and Type III (0.90 wt% on average, but up to 1.35 

MnO wt%) alteration zones with the increasing distance to the axis of the feeder zone at the 

Gavião orebody. Hence, the low manganese contents and short-range variations depicted by 

the ore-related chlorites at the Lombador orebody, as well as at the Corvo orebody, argue 

strongly for highly reduced ore-forming conditions at the Neves Corvo mineralizing system. 

 
 

 
Figure 148. Comparison between the manganese contents in the ore-related chlorites from the Lombador, Corvo, 
Feitais and Gavião orebodies. 
 
 

The low manganese content of chlorite is also characteristic of the ore-related carbonates. 

Despite the wide variation in the manganese contents (0.06<MnO< 4.54 wt%) of the 

Lombador ore-related carbonates, these show on average fairly low manganese contents 

(1.40 wt%) and the predominance of measured manganese abundances below 1 wt%. By 

comparison, the ore-related siderites from the Corvo copper-rich stockwork system show 

slightly higher average manganese contents (1.50 wt %) and wider ranges (0.04<MnO<6.00 

wt%). With the exception of the Masa Valverde, Tharsis and Lousal massive sulphide 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 

1.2 

1.4 

1.6 

1.8 

2.0 

0 1 2 3 4 5 6 7 8 

M
nO

 (w
t%

) 

FC FE FZ RZ 

Neves Corvo Aljustrel 
to

p 
of

 th
e 

Ja
sp

er
 u

ni
t 

Lombador Corvo 

Feitais 
 
 

Gavião m
or

e 
ox

yd
iz

ed
 

co
nd

iti
on

s 

m
or

e 
re

du
ce

d 
co

nd
iti

on
s 



Zinc Metallogenesis, and Indium and Selenium Distribution at the Neves Corvo deposit, Iberian Pyrite Belt, Portugal 

480 | P a g e  
	  

deposits, where siderite has been described as the dominant ore-related carbonate (cf., Ruiz 

et al., 2002; Tornos et al., 1998, 2008; Fernandes, 2011, respectively), calcite, ankerite and 

dolomite are commonly reported as the main ore-related carbonate phases in a number of IPB 

deposits, such as Feitais (Barriga, 1983; Inverno et al., 2008), Rio Tinto (Costa, 1996), 

Concepción, Aguas Teñidas Este, San Miguel, San Telmo and Cueva de la Mora (Sánchez-

España et al., 2000). The ore-related carbonate mineralogy in Neves Corvo is in good 

agreement with a reduced ore-forming environment.  

The low manganese contents shown by chlorites associated to the zinc-rich rubané ore (RZ) 

relative to the remaining stockwork ores, and in clear contrast with the variation range 

observed either at the Feitais orebody, or at the Gavião orebody, may have resulted from the 

fact that the RZ ore is hosted by volcaniclastic and/or siltstones facies rich in organic matter 

(see Chapter 5). According to Calvert and Pedersen (1996), bottom sediments of anoxic 

basins or subsurface layers of anoxic sediments beneath surface oxic horizons are known to 

show manganese depletion due to the high solubility of manganese (in the form of Mn2+ ions) 

in oxygen-deficient environments. 

 

The overall abundance of siderite at the Lombador orebody suggests that these ore-forming 

fluids were enriched in CO2. Moreover, because the MZ and MZP ores from the Corvo, Neves, 

Zambujal and Graça orebodies share textural and mineralogical features that are similar to 

those of the MZ and MZP ores from the Lombador orebody (e.g., primary banding of pyrite, 

sphalerite(-galena) and siderite that leaves no doubt on the coeval precipitation of these 

minerals; see Section 5.3.3.3.), a CO2-enriched ore-forming fluid is considered likely to have 

been associated to the genesis of the zinc-rich ores in the deposit.  

The occurrence of a CO2-enriched hydrothermal solution has also been advocated for the 

giant (138.5 Mt) Kidd Creek massive sulphide deposit, Canada, by Hannington et al. (1997, 

1999a), based on the ore-related mineral assemblage and ore textural characteristics. The 

overall abundance of pyrite, sphalerite, arsenopyrite and pyrrhotite coeval with siderite in the 

Kidd Creek ores, and the occurrence of banded to finely laminated massive to semi-massive 

siderite-rich zinc ores in the deposit, led Hannington et al. (1999) to postulate that the ore-

forming fluids at Kidd Creek should have been enriched in CO2 as well. 

The source of CO2 in the Neves Corvo system cannot be positively determined due to the lack 

of isotopic data on the ore-related carbonates found. Nonetheless, the low δ13C signature (-

5.8 to -11.1 ‰) shown by the ore-related siderites at the Corvo orebody led Relvas (2000) and 

Relvas et al. (2006b) to suggested that the carbon for the ore-related siderites II was mostly 

derived from the ambient seawater, although the involvement of minor proportions of organic 

carbon from the footwall host sequence, and/or magmatic carbon resulting from degasing of 
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an underling magma body could not be completely discarded. Tornos et al. (1998, 2008) 

suggested that the carbon isotopic composition (δ13C ranging from -15.9 to -5.0 ‰) of the 

siderites and ankerites associated to the carbonate ore and altered footwall rocks at the 

Tharsis deposit was derived from the footwall shales rich in organic matter during 

hydrothermal fluid-rock interactions, which signature was variably diluted by ambient 

seawater. Thus, considering the overall features found in the zinc-rich ores of Lombador it is 

reasonable to expect that the ambient seawater at the time of the mineralization and the 

mineralization footwall host rocks may constitute suitable carbon sources for the ore-related 

carbonates. The occurrence of fossiliferous limestone lenses in the upper parts of the PQ 

Group sequence, as well as the presence of carbonate nodules within the Corvo and Neves 

Formations (Oliveira et al., 2004) might be meaningful in this context. Still, the participation of 

minor contributions of magmatic carbon cannot be entirely ruled out due to the overall 

framework that characterizes the Neves Corvo metallogenesis (cf., Relvas, 2000; Relvas el 

al., 2006a,b). Carbon isotope data are required to sustain further steps regarding the 

understanding of the carbon source(s) at the Neves Corvo system.  

 
8.2.4.2. Temperature of formation 

 
Chlorite formation temperatures estimated with the Kranidiotis and Maclean (1987) 

geothermometer gave, for the ore-related chlorites at the Lombador orebody, a temperature 

range of 294 to 393 ºC, which is in good agreement with the ore-forming temperatures 

previously proposed for the Neves Corvo deposit (Relvas, 2000; Relvas et al., 2006a), and 

indicate that the ore-related chlorites at this deposit formed at higher temperatures than those 

in other IPB deposits (Tables 19 and 20, Figure 24). The average chlorite formation 

temperature at the Lombador system - 364±14 ºC - is, nevertheless, slightly lower than the 

formation temperature estimated for the ore-related chlorites from the Corvo copper-rich 

stockwork system (about 386 ºC, reaching up to 402 ºC) (cf., Relvas, 2000; Relvas et al., 

2006a). As concluded before, these results agree well with the higher iron and aluminous 

contents depicted by the ore-related chlorites at Neves Corvo relative to those in other IPB 

deposits, and argue for lower interaction temperatures at the Lombador feeder system relative 

those described for the Corvo copper-rich feeder system.  

For the different stockwork ore types, it can also be seen in Figure 149 that the majority of the 

estimated temperatures for the FC ore are within the range of 380 ºC and 390 ºC, and that 

most of the higher estimated temperatures correspond to the central-W sector of the orebody, 

where the axis of the feeder zone locates. Towards the peripheral sectors of the orebody the 

estimated interaction temperatures are progressively lower.  
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Figure 149. Range and distribution of the estimated chlorite formation temperatures for the different stockwork ore 
types at the Lombador orebody on the basis of the Kranidiotis and Maclean (1987) geothermometer. Note that the 
temperature trends (arrows) for the different sectors of the orebody given by chlorites from the copper and zinc 
stockwork ores types are in good agreement with the log and geochemical features recognized. Lower estimated 
formation temperatures occur in the more peripheral sectors of the orebody, whereas higher estimated formation 
temperatures occur in the innermost sector of the orebody feeder system. FC – copper stocwork ore; FE – barren 
stockwork mineralization; FZ – zinc stockwork ore; RZ – rubané zinc ore. 
 

 

On the other hand, most of the estimated temperatures for the zinc (FZ and RZ) and barren 

(FE) stockwork ores fall between 350 ºC and 370 ºC, with a large majority corresponding to 

360 ºC. As for chlorite associated to the FC ore, chlorite associated to the FZ ore in the 

central-W sector of the orebody gave higher temperature than that in the central-E sector, 

where the temperature values are progressively lower. This data is clearly in good agreement 

with the log and geochemical data presented in Chapters 4 and 5. Despite this tendency for a 

slight drop in temperature towards the outer parts of the Lombador system, it is worth 

stressing the fairly high ore-forming interaction temperatures obtained across the entire length 

of the orebody, a fact that is quite consistent with the ore-related textural and mineralogical 

characteristics observed, in spite of the tectonic overprint and possible recrystallization effects 

(see Section 5.3.3.2). 
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The ore-forming temperatures estimated for the zinc ores at the Lombador orebody are higher 

than those indicated for the formation of sphalerite and/or zinc-rich ores in most massive 

sulphide deposits worldwide, although ore-forming temperatures above 350 ºC have been 

reported for a number of well studied zinc-rich VHMS and SEDEX deposits, such as the 

Hellyer, Sullivan, Red Dog, McArthur River (or HYC) deposits (cf., Large et al., 2005; Leach et 

al., 2005). As a matter of fact, the classic metallogenetic models for VHMS formation usually 

consider the zinc-rich ores as forming below temperatures of about 280 ºC, whereas the 

copper-rich ores most commonly form above 300 ºC, consistently with the larger solubility of 

zinc over copper under submarine hydrothermal conditions (cf., Large, 1992).  

The high temperature values (> 290 ºC) obtained for the ore-related chlorites at the zinc-rich 

Lombador orebody are very much consistent with the overall exceptional thermal 

characteristics of the remarkable Neves Corvo ore-forming system, and should reflect the 

convergence of a number of factors. These must provide a suitable explanation for higher 

than average heat gradients, and should be associated to variables such as: 

1) multiple and/or abnormally long periods of proximal volcanism (Rosa et al., 2008; 

2010), possibly due to shallower magma underplatting;  

2) additional heat sources, possibly related to the emplacement at depth of a tin-bearing 

granitic body in the Neves Corvo mine region, as proposed by a number of authors 

(e.g., Relvas, 2000; Relvas et al., 2001; 2006b; Huston et al., 2011);  

3) longer than average lifetime of the hydrothermal activity; 

4) better than average insulation of the ore-forming system.   

 

The importance of a pre-mineralization cap rock for the ore-forming conditions and generation 

of the massive sulphides at the IPB was firstly noticed by Barriga (1983) at the Feitais 

orebody, Aljustrel deposit, who suggested that the insulating barrier constituted by jaspers 

would greatly reduce the heat loss from the mineralizing feeder system to the ambient 

seawater, providing conditions for a larger residence time of the heat dissipated within the 

mineralization footwall host rocks, and favoring the establishment of a steady state convective 

ore-forming hydrothermal regime. Later on, Relvas (2000) and Relvas et al. (2006a) stressed 

that, relative to typical IPB deposits, factors such as (1) longer than average hydrothermal 

activity, (2) the occurrence of a rheological and compositional favorable host rock succession, 

and (3) the existence of a pre-mineralization siliceous insulating cover (the JC Unit) favored 

extensive sub-seafloor replacement phenomena and contributed for the unusual ore-forming 

conditions at the Neves Corvo deposit. Finally, more recently Piercey et al. (2015) also 

highlighted that the presence of semi-permeable cap rocks contribute to increase of the 

efficiency of the hydrothermal system by providing favorable thermal and chemical gradients 
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for the precipitation of sulphides, particularly in large deposits. Hence, the presence of a semi-

permeable pre-mineralization cover over the massive sulphide orebody, together with a highly 

reactive and feldspar-, muscovite-, clay-bearing volcanic and siliciclastic host succession 

could in fact have enhanced and contributed to the maintenance of moderate to high-

temperature, low pH, and reduced ore-forming conditions at the Neves Corvo deposit.  

As recognized by the log data (Section 4.1.1.; Figure 14), the Lombador massive sulphide 

orebody is directly overlaid by the JC Unit (hydrothermal exhalites: jaspers, cherts, carbonates 

and chloritic/sericitic shales). Hence, the presence of this cap rock could have contributed to 

the progressive self-sealing of the system and overall metal precipitation efficiency by 

reducing the interaction of hot, metal-rich hydrothermal fluids with seawater, and promoting 

more sustained, high-temperature, reduced and acidic conditions (due to the H+ release 

ascribed to feldspar breakdown).  

 

8.2.5. Mechanisms of ore precipitation 

 

Previous discussion on the (a) environment of ore deposition; (b) hydrothermal alteration 

pattern, size and shape; (c) styles of mineralization; and (d) physical and chemical conditions 

of mineralization at the Lombador orebody enabled to conclude that: 

1)  Massive sulphide deposition occurred below storm wave base, at water depths 

ranging between 1000 and 1500 m; 

2) The hydrothermal alteration pattern is distinctly stratabound, and Type I alteration 

follows the footwall contact along the entire length of the orebody. Important 

carbonatization is also associated to the main alteration facies, forming thick massive 

siderite-rich levels in Type I alteration zones proximal to the axis of the feeder zone; 

3) The Lombador orebody formed by a combination of sub-seafloor silicate-sulphide 

replacement and direct fluid exhalation onto the seafloor. Log data coupled with whole 

rock geochemistry have shown distinctive textural and geochemical evidences for both 

depositional mechanisms and prominent structural control. The mineralization system 

develops around a major NNW-SSE fault zone, and submarine mass-flows and 

exhalation of hydrothermal ore fluids seem to have been triggered by fault movements; 

4) The ore-forming conditions at the zinc-rich Lombador orebody are compatible with 

those advocated for the Neves Corvo deposit, and are characterized by moderately to 

strongly reduced conditions, low pH, and high-temperature ore solutions. These ore-

forming conditions however should not have been as extreme as those described for 

the formation of the copper-rich Corvo system. 
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Based on these findings, factors like temperature decrease, variations in the pH, mixing of 

fluids, and boiling are interpreted as having a major role in promoting and controlling the ore 

deposition.  

Temperature decrease, accompanied by changes in the pH of the mineralizing fluid, are 

perhaps the most obvious way of promoting the precipitation of metals from hydrothermal 

fluids, and their effects are well illustrated by the striking zonation patterns developed by both 

the alteration and ore mineral assemblage distribution and geochemical composition, as well 

as by the ore metals and ore types distribution maps at the Lombador orebody (and at the 

remaining orebodies). Mixing of fluids with contrasting temperature, pH, oxidation state and 

composition, such as hydrothermal fluids and ambient seawater, was also an important 

mechanism controlling the solubility of the different metals in the ore-forming solution, thus 

promoting metal precipitation mainly due to cooling and pH variation, particularly in the case of 

the banded, massive to semi-massive carbonate-rich zinciferous ores. Similar arguments are 

commonly used to explain the precipitation of sulphide minerals at the seafloor, either in 

modern VHMS systems (e.g., Hannington, 2014) or in SEDEX deposits (cf., Large et al., 

2005; Goodfellow and Lydon, 2007).  

It is worth mentioning the remarkable similarity among the textural and mineralogical features 

shown by many SEDEX ores and the banded zinc-rich ores, especially from the northern 

sector of the Lombador orebody. In most SEDEX depositional models the pyrite-sphalerite(-

galena)-carbonates(-other hydrothermal products) regularly layered appearance of the 

bedded ores results from focused discharge of hot, often oxidized and saline, metal-rich fluids 

along syn-sedimentary fault structures onto the floor of second-order basins. Precipitation of 

metals at or above the seafloor occur in response to brusque mixing with cold, variably 

oxidizing seawater either by plume fallout in the water column, or within the seawater-

saturated top meters of the host sequence. Depending on the salinity of the ore-forming 

solution, the vented hydrothermal solution can either form (1) a pool of sulphide-rich mud in 

the bottom parts of a stratified water column, if the salinity of the hydrothermal fluid is higher 

than that of seawater; (2) a buoyant hydrothermal plume, if the salinity of the hydrothermal 

fluid is lower than that of sweater; or (3) a combination of both if the salinity of the 

hydrothermal fluid is similar to that of seawater (cf., Large 1992 and references therein). 

Rigorous distinction between the above three situations for the zinciferous ores studied at 

Neves Corvo is not possible due to the lack of fluid inclusion data. In fact, either plume fallout, 

or brine pool deposition can produce similar textures, consisting of regular, graded-bedded, 

banded or alternating ore textures through the settling of sulphide particles. However, there is 

ample indirect evidence for moderate to high salinity ore fluids (2 – 24 wt% NaCl equivalent) in 

the IPB deposits in general (Sánchez-España et al., 2000; 2003; Solomon et al.; 2002, 2004, 
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and in Neves Corvo, in particular (e.g., Relvas et al., 2006a,b; Inverno et al., 2007), which 

would be compatible with the bottom fill brine pool model of McDouggall (1984) in Large, 

(1992). The latter model of sulphide deposition was suggested by Tornos et al. (2006, 2008) 

for a number of IPB massive sulphide deposits, including Neves Corvo, and is particularly 

acknowledged for the genesis of the Tharsis (115 Mt) massive sulphide deposit (see Tornos 

et al.1998, 2008; Tornos and Spiro, 1999).  

Although this study was not directed to provide direct evidences for fluid boiling, the 

widespread and pervasive carbonatization found in the Lombador feeder system (quartz-

carbonate join precipitation), together with the development of the mineralization around the 

NNW-SSE sub-vertical fault structure (fault-channeled fluid exhalation), and the relatively 

shallow water depth of the depositional setting, makes it plausible, or even likely, the 

occurrence of fairly important boiling processes during the genesis of the Lombador orebody. 

Boiling is an important mechanism for the precipitation of metals because it dramatically 

changes the prevailing physical and chemical conditions under which the metal-ligand is 

stable, and thus it will tend to increase the concentration of less volatile metals such as zinc 

into the liquid phase during phase separation (Robb, 2005; Hayashi and Nagaseki, 2007; 

Boyce et al., 2010; Hayashi, 2010). The spatial development of the mineralization around the 

NNW-SSE fault zone, as well as the ore textures indicating alternating periods of high-energy 

mass-flows, fine-grained sedimentation and sulphide accumulation leave little room for doubt 

that the discharge of the ore-bearing hydrothermal fluid was fault-focused and triggered by 

tectonic activity. Thus, the resulting rupture-related dilation caused by the fault movements 

would instantaneously reduce pressure and favor the occurrence of boiling, accompanied by 

rapid pH increase and temperature decrease. Moreover, the range of water depths envisaged 

for the Neves Corvo depositional environment, coupled with the estimated chlorite formation 

temperatures indicate that the boiling curve for a moderately saline ore fluid would have been 

crossed during its up flow path (Figure 149).  

The occurrence of boiling have also been invoked by Relvas (2000) and Relvas et al. (2006a) 

for the formation of the copper(-tin)-rich Corvo orebody on the basis of textural evidences 

found in the coherent volcanic facies. Other examples where boiling was suggested, either on 

the basis of textural, mineral and/or fluid inclusion data, include the deposits of Masa Valverde 

(Toscano et al., 1997); Aznalcóllar-Los Frailes (Almodóvar et al., 1998), Tharsis (Tornos et al., 

1998), or Concepción, San Miguel, Aguas Teñidas Este and San Telmo (Sánchez-España et 

al., 2000).  
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Figure 149. Schematic representation of the two-phase curve for seawater (solid line) separating the liquid stability 
field from that of vapor field, and the evolution of a hydrothermal fluid rising adiabatically in the crust. Because of 
the strong pressure dependency on boiling, a 350 ºC hydrothermal fluid rising in the crust would precipitate the ore 
metals on seafloor by intersecting the seafloor bottom in deep ocean environments. At shallower depths, the same 
ore-bearing hydrothermal fluid would boil before intersecting the seafloor bottom and metal precipitation would 
occur on the subseafloor (adapted from Robb, 2005 and references therein). The grey area corresponds to the 
depth interval predicted for ore deposition in Neves Corvo (NC). 
 

 

8.3. The zinc mineralization, and indium and selenium distribution and 
abundance at the Neves Corvo deposit: metallogenetic significance  

 

8.3.1. Distribution and abundance of the zinc-rich ores: possible significance and 

timing of the mineralization 

 

The predominance of zinc-rich, pyrite-sphalerite(-galena) ores at the Lombador orebody 

makes it the zinc-richer orebody at the Neves Corvo deposit. As presented in Chapter 5, more 

than one half (63 %; 73.5 Mt) of the total zinc resources estimated for the mine in 2013 (117.5 

Mt) occurs at the Lombador orebody (see Tables 35 and 36; Figure 46). The remaining zinc 

resources are distributed through the Neves (20 %; 23.7 Mt), Corvo (9 %; 10.6 Mt), Zambujal 

(4.5 %; 5.4 Mt), and Graça (3.5 %; 4.2 Mt) orebodies. In addition to zinc, the Lombador 

orebody also shows the highest average lead grades (1.16 %) in the deposit. The contained 

zinc and lead metal estimated for the Lombador orebody (4.7 and 1.2 Mt, respectively) 

surpasses the sum of all the remaining orebodies (3.5 and 0.7 Mt, respectively) (Table 94). 
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Table 94. Total tonnage, average ore grades and metal contained in the currently exploited Neves Corvo orebodies 
based on 2013 Somincor/Lundin Mining unpublished data. 
 

 
 

 

The copper resources (in excess of 128.5 Mt), on the other hand, are mainly distributed 

through the Corvo (31 %; 40 Mt) and Neves (31 %; 39.4 Mt) orebodies, although notable 

amounts of copper resources can also be found at the Lombador (25%; 32.7 Mt) orebody 

despite its low average copper grades (0.78 wt% on average). Notwithstanding the fact that a 

local high-grade (>35 wt% Cu) massive copper ore zone have been found at Lombador (see 

Section 5.3.3.3.), the significance of the copper resources at the Lombador orebody simply 

result from its huge size (106.2 Mt), accounting for about 0.8 Mt of copper metal contained in 

the orebody. The highest copper grades at Neves Corvo are found at the Corvo and Graça 

orebodies (Table 94). Both these massive sulphide orebodies show an average copper grade 

of 5.61 wt%, which is about seven times that of the Lombador orebody. However, the 

estimated amount of copper metal contained at the Corvo orebody (2.8 Mt) is considerably 

higher than that at the Graça orebody (0.6 Mt), and almost equals the sum of the estimated 

copper metal contained in all the remaining orebodies (3.0 Mt). Therefore, in terms of copper 

mineralization, the Corvo orebody and, to a lesser extend, the Graça orebody stand out in the 

Neves Corvo deposit. The Neves and Zambujal orebodies show an average copper grade of 

1.93 wt% and 2.30 wt%, respectively, which are nevertheless considerably higher (about 2.5 

times) than that of the Lombador orebody (Table 89). Furthermore, the amount of estimated 

copper metal contained in the Neves orebody is about 1.2 Mt, whereas in the Zambujal 

orebody it is about 0.3 Mt. 

At the macro-scale, the above ore metal grades and abundance variations, taken together 

with the ore textural and geochemical features described in Chapter 5, seem to indicate that 

the various orebodies can be envisaged as underpinning different time and/or spatial positions 

in the evolution of the overall Neves Corvo mineralizing system – in short, different 

“hydrothermal maturities”. The Lombador orebody displays the lowest copper ratio 

(100Cu/(Cu+Zn) = 15) of the various orebodies studied, whereas the Corvo and Graça 

orebodies yield the highest copper ratios (100Cu/(Cu+Zn) = 73 and 60, respectively). The 

    Cu (%)        Zn(%)        Pb (%)    Cu Zn Pb
Lombador 106.2 0.78 4.42 1.16 0.8 4.7 1.2

Neves 63.2 1.93 2.61 0.59 1.2 1.7 0.4

Corvo 50.6 5.61 2.07 0.42 2.8 1.0 0.2

Zambujal 14.7 2.30 2.52 0.49 0.3 0.4 0.1

Graça 11.3 5.61 3.72 0.44 0.6 0.4 0.0

Metal contained (Mt)Average ore gradesTonnage  
(Mt)Orebodies
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projection of the copper and zinc metal contents for each of the orebodies is well 

demonstrative of such differences (Figure 150).  

 
 
 

 
Figure 150. Copper vs. zinc metal contents for the various Neves Corvo orebodies clearly showing distinct copper-
ratio trends. Selected Iberian Pyrite Belt massive sulphide deposits are also projected for comparison, as well as 
the Feitais (F) and Gavião (G) orebodies from the Aljustrel deposit (adapted from Relvas, 2000).  
 
 
 
Moreover, the various Neves Corvo orebodies fall into significantly different positions in the 

Cu-Zn-Pb diagram (Figure 151). The Lombador orebody falls into the Zn-Pb-Cu type field, and 

very close to deposits such as Tharsis, Aljustrel or Aznallcolar-Los Frailes, which are copper-

poor (<0.80 wt% Cu) and zinc-rich (>2.70 wt% Zn). The Neves and Zambujal orebodies plot 

also on the Zn-Pb-Cu type field, but are clearly detached from the Lombador orebody. These 

orebodies fall close to the “average” Neves Corvo deposit taken as a whole. In turn, the Corvo 

orebody is noticeably shifted from the remaining Neves Corvo orebodies, as well as from its 

IPB counterparts, and plots into the Cu type field. The Graça orebody is equally isolated, and 

falls close to the transition between the Zn-Pb-Cu type and the Cu type deposits. These 

strikingly different metal abundances reinforce the idea of orebodies with distinct degrees of 

hydrothermal development (maturity) at the Neves Corvo deposit. Interestingly, the same 

relationships occur in the different Aljustrel orebodies (Feitais, Gavião, Moínho, São João, 

Estação), although they define a tighter variation spectrum (Figure 151). 
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Figure 151. Variation in copper, zinc, and lead relative abundances for the various Neves Corvo orebodies based 
on their average grades (Table 89); selected Iberian Pyrite Belts massive sulphide deposits, the different Aljustrel 
orebodies (square dash lines), were plotted for comparison (see text). Classification fields based on Large (1992). 
ATE – Aguas Tenidas E; AL – Aljustrel; AZ – Aznalcollar-Los Frailes; C – Concepcion; F – Feitais; G – Gavião; L – 
Lousal; LC – Las Cruces; LS – Lagoa Salgada; LZ – La Zarza; M –; NC – Neves Corvo; R – Romanera; RT – Rio 
Tinto; SM – Sotiel-Migollas; SD – São Domingos; ST – San Telmo; T – Tharsis; V – Masa Valverde. 
 
 
It is widely acknowledged today that the Neves Corvo mineralization is Latest Strunian in age 

as it has been well established by palynological dating of the Neves Formation shales, which 

directly host the massive sulphides (Oliveira et al., 2004). When Oliveira et al. (2004) 

published their article the absolute age interval to which the mineralization was ascribed was 

354.8 Ma to 354.0 Ma, corresponding to the LN biozone. However, shortly after, Kaufmann 

(2006) recalibrated the Devonian time scale based on very accurate U-Pb ID-TIMS 

geochronology, and attributed to the Latest Strunian the age of 362 Ma - 360 Ma, which is a 

bit older than previously thought. In their work of 2013, on the geology, palynostratigraphy and 

isotope geochronology of the volcanic-sedimentary complex at the Rosário-Neves Corvo 

anticline, Oliveira et al. (2013) have already adopted this new absolute age for the Latest 

Strunian (LN biozone) and, therefore, they attributed to the Neves Corvo mineralization an 

age of 359-360 Ma. So, it is now very well established that the age of the Neves Corvo 

mineralization is ca. 360 Ma, which corresponds to the Latest Strunian (biozone LN). This 

dating is in absolute accordance with the age obtained by Munhá et al. (2005) directly on the 

massive sulphides of Neves Corvo (Re-Os in pyrite), which gave 359 ±26 Ma. 

Very recently, this absolute age of the Neves Corvo mineralization was confirmed by Solá et 

al. (2015), who have dated the felsic volcanic rocks that directly host the mineralization (high-

precision zircon U-Pb geochronology) and obtained the interval 363-358 Ma for the 
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crystalization age of those rocks. The dating error intervals have a common intersection at the 

age generally agreed for the Neves Corvo deposit, i.e. around 360 Ma; however, the 

dispersion of the average ages obtained for the footwall volcanic rocks directly underneath 

each of the Neves Corvo orebodies suggest some diachronism in the volcanic activity (several 

pulses corresponding to different parts of the overall volcanic edifice), which would have 

favored migration over time of the ore-forming hidrothermal activity from one site to another 

inside the hydrothermal field, similarly to what is commonly observed in presently-active 

submarine hydrothermal systems in modern seafloor. 

 

 
Figure 152. Graphic representation of the zircon ages acquired by Solá et al. (2015) for five of the Neves Corvo 
orebodies (average age on the corresponding error bar). 
 

8.3.1.1. Hydrothermal maturity: comparison with modern analogues 

 

Since their discovery, present-day submarine hydrothermal systems have been object of 

numerous studies and helped to improve metallogenetic models for fossil VHMS deposits 

(Hannington et al., 2005). These systems occur in variable geologic settings (fast- to low 

spreading mid-ocean ridges, back-arc basins, submarine volcanic arcs), and a wide range of 

mineralization styles, sizes, ages, and ore textural, mineral and geochemical features have 

been recognized, even within the same hydrothermal field (cf., Von Damm, 1990; Hannington 

et al., 1991, 2005; Rona et al., 1993; Herzig and Hannington, 1995; Herzig, 1997; Herzig et 

al., 1998; Fouquet et al., 1998, 2010) that can be compared to those recognized in the various 

Neves Corvo orebodies in order to their relative hydrothermal development. 

Modern hydrothermal systems are characterized by widely variable periods of intermittent 

activity. Key features such as (1) mound size; (2) base metals abundance; (3) proportion of 

major high-temperature sulphides; (4) well-defined metal zonation; and (5) recrystallization 

and zone refining textural evolution have been used to distinguish mature from immature 

deposits, irrespective of the geologic setting (cf, Hannington et al., 1986, 1991, 2005; Herzig 

and Hannington, 1995; Schwarz-Shampera, 2000; Mozgova et al., 2005). For example, in 
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their work on gold-bearing seafloor VHMS deposits, Hannington et al. (1986, 1991) 

highlighted the fact that the deposits at the Southern Explorer Ridge, northern Pacific Ocean, 

are more mature than those on the 21º N East Pacific Rise due to the presence of large, 

copper- and zinc-rich chimney structures (up to >10 m long), and the occurrence of numerous 

massive sulphide spires that locally coalesce into larger edifices (e.g., Magic Mountain: 200 m 

in diameter) and show a well-defined metal zonation pattern. In contrast, the predominance of 

small (<5 m height), low-temperature, zinc-rich active chimneys over high-temperature, 

copper-rich ones, as well as the presence of few poorly zoned, large mounds undergoing 

sustained, low-temperature hydrothermal circulation at the 21º N East Pacific Rise deposits 

reflect a more immature hydrothermal development. On average, the latter comprises lower 

copper and higher zinc grades than the Southern Explorer Ridge deposits (Table 95).  

 
 
Table 95. Summary of fluid temperatures, size, average ore base metal grades, and geologic features reported for 
selected hydrothermal fields. Ba – barite; Bn – bornite; Cb – cubanite; Cpy chalcopyrite; Dg – digenite; Gn – 
galena; Mc – marcasite; Sp – sphalerite; Tn – tennantite. 
 

 
 

Similar evidences implying deposits (mounds) with different degrees of hydrothermal 

development have also been found at the TAG hydrothermal filed, Mid-Atlantic Ridge, and at 

Explorer 
Ridge (ER)

Southern 
ER dep.

<100 - 
306 8.45 9.03 0.10 48

Up to 60 occurrences of Cu, Fe,and Zn sulphides have been reported along
8 Km of the segment; deposits consist of large, mature massive sulphide
mounds, which locally form 2 large massive sulphide bodies up to about 200
m in diameter; presence of the classic metal zonation from Cu to Zn to Fe;
mineralogical composition very similar to that on land VMS deposits;
comprises amorphous silica, Mc, Sp, Cpy, Py, Ba, Gn, and traces of Ag-
bearing Pb-As sulphosalts, isocubanite

Hannington et al. (1986); 
Herzig and Hannington
(1995)

East Pacific 
Rise (EPR)

21ºN 
EPR 273 - 350 <3.8 1.01 16.3 0.12 6

To date, about more than 80 hydrothermal deposits occurrences have been
found in the 21ºN areas, but only 4 active vent site have been located; they
consist on high-temperature, black smokers chimneys of small height (5 m)
and relatively few large mounds undergoing sustained, low-temperature
hydrothermal circulation; presence of fine-grained, complex intergrowths of
sulphides (Py, Sp, Cpy, Po) and gangue (silica, barite, anhydrite) as result of
rapid quenching due to mixing with seawater; comprises Sp, Py, Mc, Po,
Cpy, ±Gn, ±sulphosalts.

Von Damm (1990);
Hannington et al. (1986,
1991) and refereces
therein; Herzig and
Hannington (1995) and
references therein;
Schwarz-Shampera 
(2000) and references
therein

TAG 
active 

mound
191 - 390 3.9 - 5 2.1 0.6 0.01 78

Active, zoned, large hydrothermal sulphide mound with about 200 m in
diameter and 35 m height, consisting on a black smoker high-temperature
central zone and a white smoker low-temperature peripheral zone; massive
sulphides show a variety of textures, which include massive, colloform,
granular, brecciated, and porous, in particular in the upper parts of the
mound; recrystallization of sulphides and zone refining is common; sulphide
mineralogy mineralogy includes Py, Cpy, Spy, Mc, Po, Cv, Gn, Bn, Dg.

MIR 290 - 350 12 5.2 0 70

Hydrothermal zone extended up to about 1 Km in diameter, consisting on
juxtaposed and superimposed inactive and zoned massive sulphide zones;
occurrence of chimneys with 5 to 25 m long and 3 m in diameter, with
massive Py-Cpy and Cpy-Sp zone showing ore textures indicative of
progressive recrystallization and zone refining; ore mineralogy similar to the
active mound.

Alvin 6.2 12.1 0.04 34

2 Km-long zone of discontinuous outcrop of 4 inactive mound-like structures
of massive sulphide zones up to 30 m height and with dimensions similar to
that of the active mound comprising chimney structures, layered
hydrothermal crusts, and sediments, and dense aggregates of massive
Py±Cpy(+Sp).

Vai Lili 250 - 340 2 10.3 26.7 0.24 28

Consists in a vigorously active hydrothermal field with numerous high-
temperature black smoker and low-temperature white smoker chimneys
located above a irregular massive sulphide mound with approximately 400 x
100 m and at least 15 height; the massive sulphide mound and stockwork
mineralization show classic mineralogical zonation; comprises Py, Cpy, Sp,
Bn, Tn, Cb, Gn, Pb-As sulphosalts; Cpy and Sp can be up to 2 mm in size,
and Sp comprise inclusions of Cpy and Tn, which together indicate
replacementand zone refining by more mature and high-temperature fluids. 

White 
Church 2.6 2.9 12 0.30 19

Inactive hydrothermal field, with approximately 200 x 300 m and at least 20
m height; mainly comprised by numerous Sp-Ba chimneys showing
horizontal layering; large massive slabs of Cpy+Py and hydrothermal
sediments also occur, and Cpy is usually recrystallized, which may indicate
some zone refining; comprises Py, Sp, Mc, Cpy, Po, Gn ±Tn, ±Bn, but the
ore mineralization is dominated by porous intergrowths of Sp and Ba.

Hine 
Hina 0.78 4.14 11.3 0.47 27

Active and currently low-temperature (40 ºC) hydrothermal field; comprises
strongly altered and brecciated stockwork volcanic rocks showing vein and
disseminated mineralization, layered massive Py+Cpy and Py-Mc slabs, as
well as inactive Ba-Sp chimneys; comprises Py, Sp, Cpy, Gn, Tn; Py grains
are recrystallized, euhedral to subhedral, and can reach up to 1 cm in size.

Valul Fa 
Ridge

Schwarz-Shampera 
(2000) and references
therein

Zn 
(%)

Pb 
(%)

Cu 
Ratio Comments References

Mid-Atlantic 
Ridge /        

TAG field                
(± 5 x 5 Km 

area)

Rona et al. (1993);
Hannington et al. (1998); 
Herzig et al., (1998);
Fouquet et al. (1998,
2010); Herzig and
Hannington (2000);
Petersen et al. (2000);
Rona (2005)

Ridge/ 
Hydrot. 

Field
Mound

Fluid 
temp. 
(ºC)

Size 
(Mt)

Cu 
(%)
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the Valu Fa Ridge in the Lau Basin, Indo-Australian Plate (Table 95). The former comprises a 

cluster of currently active and inactive sulphide mounds in an area slightly smaller (±5 x 5 km) 

than that of the Neves Corvo deposit (±7 x 7 km), which display different ages, sizes, and ore 

textural and geochemical features. For instance, the higher temperature hydrothermal activity 

at the TAG active mound is thought to have started at least at 20,000 to 50,000 years ago, 

with hydrothermal episodes occurring every 5000 to 6000 years. The current activity however 

appears to have restarted only at 60 to 80 years ago, and the intense hydrothermal black 

smoker discharge can reach up to 390 ºC (Herzig et al., 1998 and references therein; 

Petersen et al., 2000 and references therein). Petrographic and geochemical studies have 

also revealed a zoned mound with about 3.9 Mt of sulphide ore, as well as high copper (2.1 

wt%) and low zinc (0.6 wt%) grades (Fouquet et al., 1998; Herzig et al., 1998). Located about 

3 km east from the former, the MIR consists of a large (400 x 600 m), inactive, copper-rich (12 

wt%) massive sulphide mound with numerous standing and collapsed sulphide chimneys that 

reach up to 25 m long (Rona et al., 1993; Herzig et al, 1998). The age of this mound is 

estimated between 2000 and 102,000 years, and together with the Alvin mound is though to 

represent earlier mineralizing events. The Alvin (±50,000 years old) is located 5 km north of 

the TAG active mound, and consists in a chain of inactive and zinc-dominated (12.1 wt% Zn) 

massive sulphide deposits with mound-like features up to 30 m height.  

At the Vai Lili, White Church and Hine Hina hydrothermal vent fields (Table 90), Schwarz-

Schampera (2000) reported that the first site consists of a vigorously active, zoned field (400 x 

100 m) with numerous high-temperature, chalcopyrite-sphalerite-barite chimneys with exit 

temperatures of 334 ºC, as well as low-temperature, barite-sphalerite chimneys with exit 

temperatures of about 280 ºC. The occurrence of coarse-grained (2 mm) chalcopyrite and 

sphalerite grains, and sphalerite with chalcopyrite and tennantite “disease” is common, and is 

interpreted as indicative of major recrystallization and zone refining processes. The amount of 

sulphides is about 2 Mt. Similar textural and geochemical evidences denoting significant 

recrystallization and zone refining processes are also found at the Hine Hina vent (0.78 Mt). 

The latter is located 25 km south of Vai Lili, and comprises strongly altered volcanic rocks 

showing stockwork-like mineralization, layered massive pyrite-chacopyrite and pyrite-

marcasite slabs, and inactive barite-sphalerite chimneys. It exhibits high copper (4.14 wt%) 

and zinc (11.3 wt%) grades. In turn, the White Church (2.6 Mt) is an inactive field (200 x 300 

m) located 25 km north of Vai Lili that is mostly dominated by sphalerite-barite chimneys, 

although massive pyrite-chalcopyrite mineralization occurs at the base of the mound. The 

prevalence of sphalerite through the ores, sporadic chalcopyrite and tennantite occurrence, 

and the fine-grained ore textures are interpreted as evidences of incipient recrystallization and 

zone refining process. 
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The above distinctive petrographic and geochemical features exhibited by many modern 

hydrothermal vents show that significant variations can occur within a hydrothermal field in 

terms of age, size, and ore mineralogical and geochemical characteristics as a function of the 

hydrothermal development, despite the fact that the massive sulphide mounds share the 

same geologic setting, and/or in cases these are very close to each other. This is well 

illustrated in Figure 153 and Table 95, and can work as an indicator of the hydrothermal 

maturity grade. As it can be seen, high copper ratios are found in hydrothermal vents 

considered mature, and these plot above the vents considered more immature in the Cu-Zn-

Pb diagram, in good agreement with the petrographic and geochemical features recognized 

within each mound. Moreover, the different mounds at the TAG hydrothermal field show a 

wider variation spectrum in terms of their position in the diagram (from Cu-Zn to Cu type) than 

those at the Valu Fa Ridge, despite their proximity to each other (TAG field area: 5 x 5 km). 

Therefore, by analogy, the metal distribution shown by the Neves Corvo orebodies in Figure 

154 may also reflect hydrothermal systems with different maturities, although for a much 

larger integrated lifetime of the fossil system.  

 
 

 
Figure 153. Comparison between the variation in copper, zinc, and lead grades within the various Neves Corvo 
orebodies with that shown by present-day mature (Southern ER, TAG active mound, MIR, Vai Lili, Hine Hina) and 
immature (21º N EPR, White Church, Alvin) hydrothermal mounds. Classification fields based on (Large 1992). 
Data for present-day hydrothermal mounds from Table 95. NC – Neves Corvo deposit. 
 
 

Because it has been acknowledged that each of the Neves Corvo orebodies comprises an 

independent feeder system with one or more discharge zones within the feeder system (cf., 

Carvalho and Ferreira, 1994; Relvas, 2000; Gaspar, 2002; Relvas et al., 2006a; this study). 
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This means that the different feeder systems might have had separated or partially separated 

evolutions in time and space, which would be very much compatible with some diachronism in 

volcanic activity (prolonging in time the overall volcanism), pulsatile hydrothermal activity, 

variable extent of the hydrothermal reworking and, consequently, of the zone refining 

processes of metal segregation and, therefore, variable maturities of the sulphide products 

inside the overall ore-forming system (Figure 152). 

The Neves Corvo deposit, such as many present-day hydrothermal fields, comprises several 

massive sulphide orebodies (seven currently known) with different size and ore metal grades 

within an area of no more than 7 by 7 km. As discussed above, in modern systems, the 

different sizes and variable copper and zinc grades shown by the massive sulphide mounds 

reflect distinct fluid composition, temperature gradients, predominance of major ore mineral 

assemblages, duration of the hydrothermal reworking, fluid mixing patterns at the discharge 

zone, among other factors.  

It has been shown in Chapter 5 that the MCZ ores from the various orebodies at Neves Corvo 

display dissimilarities in terms of texture, ore mineral assemblage, and composition. This is an 

aspect of great importance because the MCZ ore can be regarded as the best representative 

of the zone refining processes once it records the copper replacement front upon the 

previously-formed zinc-rich mineralization. As a result, this type of ore encloses high 

concentrations of both high- and low-temperature element suites due to the hydrothermal 

replacement and reworking (zone refining) of low-temperature ore types by the high-

temperature, copper-rich mineralization. As shown in Figure 9 and along Chapters, 4, 5 and 6, 

the metal zonation within each of the orebodies is typical of the classic copper to zinc to iron 

zonation found in many VHMS deposits, and thus it can be interpreted as being a function of 

the ore metals solubilities at different temperatures, under hydrothermal circulation and 

reworking. Moreover, well illustrative ore textures (Plates 11 and 12) comprising features such 

as (1) early pyrite and sphalerite crystals partly to intensely replaced by chalcopyrite, (2) 

sphalerite with “chalcopyrite disease”, and (3) cassiterite crystals partly digested by 

chalcopyrite in MCZ ores from the Corvo, Neves and Graça orebodies argue strongly for the 

occurrence of significant replacement and zone refining processes in the various Neves Corvo 

orebodies. In this sense, the differences (ascribed to ore-forming processes) found in the 

various MCZ ores should reflect different grades of sustained and variably long hydrothermal 

reworking in each orebody. Figure 98 and Table 96 shows that the MCZ ore at the Lombador 

orebody displays on average the lowest copper, tin, selenium, and indium abundances by 

comparison with the remaining orebodies. On the contrary, the MCZ ore at the Neves, Corvo, 

Zambujal, and Graça orebodies comprise much higher copper (2 to 8 times), tin (10 to 18 

times; except Zambujal), selenium (1.5 to 14 times), and indium (about 2 times) abundances 
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than the MCZ ore at the Lombador orebody. This overall enrichment tendency occurs as well 

in the FC and MC ores from the different orebodies (Table 96), and the abundances of the 

remaining ore elements, in turn, do not discriminate the different orebodies (Figure 154). 

 
 
Table 96. Average ore elements concentrations for the massive copper-zinc (MCZ), copper (MC), and copper 
stockwork (FC) ore in the various Neves Corvo orebodies based on Somincor/Lundin Mining 2013 database. 
 

 
 

 
Figure 154. Average major and minor ore element concentrations for the copper resources in the various Neves 
Corvo orebodies based on Somincor/Lundin Mining 2013 database. 

  Ore Type  Orebody Cu (%) Zn (%) Pb (%) Sn (%) Ag 
(ppm)

Hg 
(ppm)

Au 
(ppm)

As 
(ppm)

Sb 
(ppm)

Bi 
(ppm)

Se 
(ppm) In (ppm)

Lombador 1.55 5.19 1.16 0.03 60 75 0.52 5806 573 185 44 51

Neves 3.69 5.17 0.78 0.31 73 82 0.42 8674 788 151 71 90

Corvo 12.29 6.65 0.29 0.54 70 119 0.25 5563 1642 165 233 114

Zambujal 11.30 7.88 0.44 0.03 60 370 0.23 14019 2663 313 649 109

Graça 5.75 6.64 0.72 0.37 58 96 0.29 5420 515 137 79 90

  Ore Type  Orebody Cu (%) Zn (%) Pb (%) Sn (%) Ag 
(ppm)

Hg 
(ppm)

Au 
(ppm)

As 
(ppm)

Sb 
(ppm)

Bi 
(ppm)

Se 
(ppm) In (ppm)

Lombador 1.89 0.49 0.16 0.05 25 12 0.48 2543 176 110 41 56

Neves 2.50 0.68 0.25 0.14 43 15 0.41 6446 373 78 37 81

Corvo 6.04 0.45 0.14 0.25 30 20 0.31 3133 524 73 122 67

Zambujal 2.30 0.38 0.09 0.03 20 11 0.75 2741 110 89 64 73

Graça 7.52 2.88 0.16 0.62 40 49 0.31 4514 1053 93 147 142

  Ore Type  Orebody Cu (%) Zn (%) Pb (%) Sn (%) Ag 
(ppm)

Hg 
(ppm)

Au 
(ppm)

As 
(ppm)

Sb 
(ppm)

Bi 
(ppm)

Se 
(ppm) In (ppm)

Lombador 1.86 0.51 0.64 0.05 65 23 0.44 5762 731 156 52 52

Neves 3.33 0.82 0.36 0.23 79 31 0.45 6958 909 151 52 65

Corvo 7.59 0.53 0.17 0.42 54 32 0.24 3252 688 122 116 70

Zambujal 3.61 0.75 0.39 0.04 49 57 0.34 4423 549 127 297 61

Graça 8.90 1.77 0.20 0.45 61 51 0.89 4675 1161 140 94 71

FC

MC

MCZ
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A further aspect of importance is the remarkable similarity between the copper-rich ores from 

the Corvo and the Graça orebodies, particularly in terms of copper and tin abundances (Table 

96 and Figure 154). The Neves orebody copper-rich ores also shows some resemblances 

with those from the Corvo and Graça orebodies, despite the lower copper and tin 

abundances. The high copper, selenium and indium abundances in the copper-rich ores from 

the Zambujal orebody on the other hand, often result from the strong tectono-metamorphic 

deformation and related recrystallization and segregation of mineral phases, as depicted in 

Figures 110 to 112. As the Lombador orebody, this one orebody also shows low tin 

abundances (0.03 wt%). 

 

The ore elements abundances and variations in the zinciferous ores are clearly less 

expressive in terms of hydrothermal development than those in the MCZ ore. As shown, the 

MZ and MZP ores exhibit similar ore element abundances through the different orebodies, 

although notable variations in the abundance of elements such as zinc, lead, arsenic, bismuth, 

and selenium (Figures 99 and 100). As concluded, these variations seem to mainly reflect 

different proportions of ore minerals within each sample studied, as well as local secondary 

enrichments through remobilization, recrystallization and/or precipitation (exsolution) of 

material held in solid solution due to the tectono-metamorphic overprinting (see Section 

5.3.3.3). Nevertheless, from a general standpoint the concentrations and variations found 

through the whole rock analyses (Tables 81 and 83) are in good agreement with the mine ore 

grades estimates for the MZ and MZP ores types within each of the Neves Corvo orebodies. 

From Table 97, it can be seen that the major differences between the MZ ores, or the MZP 

ores within each orebody result mainly from small variations in the abundance of elements 

such as zinc, lead, mercury, arsenic, bismuth, and selenium.  

 

 
Table 97. Average major and minor ore element concentrations for the massive zinc (MZ) and zinc-lead (MZP) ore 
types within the different Neves Corvo orebodies based on Somincor/Lundin Mining 2013 database.  
 

 

  Ore Type  Orebody Cu (%) Zn (%) Pb (%) Sn (%) Ag 
(ppm)

Hg 
(ppm)

Au 
(ppm)

As 
(ppm)

Sb 
(ppm)

Bi 
(ppm)

Se 
(ppm) In (ppm)

Lombador 0.35 4.76 0.46 0.04 47 77 0.48 4754 423 75 33 44

Neves 0.37 4.27 0.47 0.08 54 90 0.30 6241 494 68 55 46

Corvo 0.28 6.00 0.30 0.03 60 123 0.38 6270 435 83 30 55

Zambujal 0.32 4.21 0.45 0.06 36 159 0.36 4690 298 30 91 45

Graça 0.37 6.06 0.32 0.04 60 93 0.30 8277 352 120 33 58

  Ore Type  Orebody Cu (%) Zn (%) Pb (%) Sn (%) Ag 
(ppm)

Hg 
(ppm)

Au 
(ppm)

As 
(ppm)

Sb 
(ppm)

Bi 
(ppm)

Se 
(ppm) In (ppm)

Lombador 0.29 7.66 2.56 0.04 67 107 0.67 4528 554 72 30 42

Neves 0.36 6.24 2.26 0.08 90 105 0.42 7422 671 79 34 35

Corvo 0.33 9.49 3.31 0.04 99 164 0.62 5294 530 92 26 52

Zambujal 0.28 6.19 2.22 0.08 58 200 0.28 5706 453 33 179 42

Graça 0.40 8.47 2.20 0.03 84 104 0.29 7451 432 132 28 55

MZP

MZ
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The remaining ore elements show rather similar abundances between the different orebodies, 

and are in very good agreement with the average abundances estimated for the zinc 

resources in each orebody (Figure 155). Again, as it can be seen in Figure 155, the major 

differences between the estimated zinc resources for each of the orebodies result from 

variations in the zinc, lead, mercury, arsenic, bismuth, and selenium abundances. The 

average abundances in copper, tin, silver, gold, arsenic, antimony, and indium are fairly 

similar through the different orebodies.  

 
 

 
Figure 155. Average major and minor ore element concentrations for the zinc resources in the various Neves 
Corvo orebodies based on Somincor/Lundin Mining 2013 database. 
 
 
The several lines of evidence above discussed suggest therefore that the hydrothermal stage 

of evolution in each of the orebodies was different. The huge size, predominance of zinc 

resources, higher lead content, and low copper grades at the Lombador orebody implies that 

most of the hydrothermal activity in this one orebody was dominated by a sustained, low to 

moderate temperature (<300 ºC) hydrothermal circulation. The development of the high-

temperature, copper-rich ore zones should have occurred during focused, short-lived pulses 

of higher temperature hydrothermal upflows. 

In turn, the prevalence of copper resources and very high copper grades at the Corvo orebody 

requires a massive influx of high-temperature (>300 ºC) and copper-enriched hydrothermal 
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fluids for the formation of the copper-rich ores, in addition to a sustained, long-lived 

hydrothermal activity. The marked geochemical similarity of the copper ores from the Graça 

and Neves orebodies with those from the Corvo orebody suggests that both these orebodies 

should have had a similar hydrothermal evolution to that of the Corvo orebody, in particular 

the Graça orebody. Also, the possible involvement of additional metal sources may also 

explain the higher copper and tin abundances in these orebodies relative to the Lombador and 

Zambujal orebodies. The much higher proportion of copper resources (9.3 Mt) over the zinc 

resources (5.4 Mt) at the Zambujal orebody most probably reflects the secondary metal 

enrichment effects associated to the tectono-metamorphic deformation in this particular 

massive sulphide orebody. Nevertheless, the overall ore-related textures and geochemical 

features found suggest that significant pulses of high-temperature, copper-rich hydrothermal 

upflows should have occurred as well, together with a sustained, fairly prolonged, moderate to 

high-temperature hydrothermal activity. 

 
8.3.1.2. Timing of mineralization 

 

Although well-developed metal zonation patterns (CuàZnàFe) can be recognized within each 

orebody as reflex of the relative solubility of each metal with the increasing distance to the 

axis of the feeder zone, and/or the end product of hydrothermal reworking, the distribution and 

geometry of the ore types and metal zonation patterns (Figures 9, 47-50, 104, 110; Appendix 

A5), and, in particular, the ore-related textural relationships found also indicate that the zinc- 

and the copper-rich ores did not form contemporaneously. Instead, the zinc-rich ores seem to 

have formed in an early to intermediate phase of the main alteration and sulphide generation 

stage (Stage 2; Table 15), whereas the copper-rich ores seem to have formed in a 

subsequent and most evolved phase of the same stage, during which extensive zone refining 

mechanisms took place overprinting the zinc-rich ores, corresponding to the peak and late 

periods of the ore-related hydrothermal activity (Stages 2 and 3). Numerous ore-related 

textural features demonstrating the replacement of sphalerite, pyrite and other early-formed 

minerals (e.g., arsenopirite, cassiterite) by chalcopyrite were found in the different copper-rich 

ores studied (see Plates 6, 11-13). It should be emphasized as well that, in the zinc-rich ores 

(see Plate 8), there is also clear textural evidence for the overprinting of the early generation 

of sphalerite (Sp I) by a later and main generation of sphalerite (Sp II), testifying multiple 

mineralizing phases, sustained hydrothermal circulation and reworking, and temperature 

increase, likely caused by the progressive self-sealing of the massive sulphide body by the 

early-formed sulphide minerals. Figure 156 depicts in detail such textural relationships and the 

effects of replacement on the mineral phases formed earlier in the mineralizing process. This 
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explains why the earlier sphalerite-rich stockwork and massive ores have been mostly 

preserved only at the fringes of the feeder system and top of the massive sulphide ores, 

whereas the chalcopyrite-rich stockwork and massive sulphide ores occupy the innermost 

zones of the feeder system, as well as the base of the massive sulphide lens.  

 

 

 
Figure 156. Photomicrographs and high-resolution SEM images depicting the replacement of sphalerite, pyrite, 
arsenopyrite and cassiterite by chalcopyrite in the copper-rich ore types, and the replacement of the early 
generation of sphalerite (Sp I) by a later and main generation of sphalerite (Sp II) in the zinc-rich ores. Note that 
sphalerite often contains very fine-grained chalcopyrite inclusions as result of replacement. Apy – arsenopyrite; 
Carb – carbonates; Cpy – chalcopyrite; Cst – cassiterite; Gn – galena; Sp – sphalerite; Td – tetrahedrite. 
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The evidences of multiple mineralizing phases, sustained hydrothermal circulation and 

reworking, and late emplacement of the chalcopyrite-rich ores are given by the occurrence of 

relics of the early generation of sphalerite within the sphalerite-rich ores, as well as by the 

presence of remnants of ore mineral assemblages from the sphalerite-rich ores within the 

chalcopyrite-rich ores. Table 98 summarizes the paragenetic relationships found in the 

different ore types studied.  

 

 
Table 98. Paragenetic relationships found in the different ore types studied. 
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8.3.2. Significance of indium and selenium abundance, distribution and mineral 

allocation 

 
8.3.2.1. Ore-forming constraints 

 

Extensive log, ore petrographic and geochemical data enabled to recognize that indium and 

selenium spatial relationships and geochemical affinities at the Neves Corvo deposit resulted 

from the combined effects of ore-forming processes and late tectono-metamorphic 

overprinting processes. The close association of indium and selenium with the copper-rich 

ores at Neves Corvo, either at the deposit scale, or at each orebody scale, agrees well with 

the distribution of these elements in other ore deposits. Tables 99 and 100 show that in VHMS 

(and SEDEX) mineralization the concentrations of both indium and selenium are frequently 

higher in the copper-rich ores than in the zinc-rich ores, either in fossil, or in currently active 

systems, despite their variable distribution in individual deposits. As it has been mentioned in 

Chapter 5 and depicted in Figure 102, indium and selenium abundances are also usually 

higher in the massive sulphide mineralization, in particular at the base, than in the stockwork 

zone, again as both in fossil and in present-day deposits.  

The overall affinities of indium and selenium with the remaining ore metals at the Neves Corvo 

deposit do not deviate significantly from what happens in many other deposits (Table 101). 

This distribution behavior has been reported in detail by Huston et al. (1995b) and Schwarz-

Schampera (2000) in a number of fossil VHMS deposits such as Kidd Creek, Brunswick Nº12, 

Roseberry, Mt. Chalmers and Kuroko, the Rammelsberg SEDEX deposit, the Mount Pleasant 

granite-related tin-base metals and tungsten deposit, the Toyoha Pb-Zn-Ag epithermal 

deposit, or the Vai Lili active hydrothermal field. In the IPB, the overall indium and selenium 

distribution was firstly reported by Marcoux et al. (1996) for a number of deposits, which have 

revealed to be relatively uniform in terms of the geochemical zonation and mineral allocation 

of these elements, therefore suggesting quite similar ore-forming constraints.  

According to Auclair and Fouquet (1987), Huston et al. (1995b), Simon et al. (1997), Seward 

et al. (2000), Schwarz-Schampera (2000), Xiong (2003) and Wood and Samson (2006), the 

abundance, distribution, transport, and deposition of indium and selenium in hydrothermal ore-

forming systems are mainly functions of the maturity of the hydrothermal system, the 

prevailing physical and chemical ore-forming conditions, and the mechanisms of ore 

deposition. In hydrothermal ore-forming systems, indium and selenium tend to be 

preferentially transported as chloride (InClx3-X) and hydrogen (H2Se) aqueous complexes, 

respectively, by high-temperature (>300 ºC), reduced (log aO2 < -30), acidic (pH < 4), and 

copper-rich hydrothermal fluids. In contrast, under lower temperatures (25 to <300 ºC), 
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Table 99. Size, ore types/features, grades, and contained indium and selenium metal estimated for selected VHMS 
and SEDEX deposits. Bn – bornite; Chl – chlorite; Cpy – chalcopyrite; Gn – galena; Py – pyrite; Po – pyrrhotite; Sp 
– sphalerite; m – massive; min. – mineralization. 
 

 

 

Se In Ref.

Western Abitibi, Canada
kidd Creek 138.5 2.4 6.5 0.23 0.15 380* 95* 52742 13177 Hannington et al. (1999)

70 - 80 Zn-rich ores 0.75 14.40 0.53 0.18 39 30 2707 - 3093 2081 - 2379
58.5 - 68.5 Cu-rich ores 20.17 2.58 0.06 0.13 1236 259 36340 - 42551 7604 - 8904

Sphalerite Clats 0.24 25.40 0.42 0.20 61 29
Py argilite 0.45 13.81 1.35 0.31 3 19
massive Py 0.04 2.37 0.42 0.04 10 1
massive Py 3.01 2.55 0.08 0.05 79 80
massive Sp 0.13 17.94 2.62 0.54 47 33
massive Sp 1.46 27.73 0.56 0.12 52 23
Sp matrix 0.81 27.46 0.25 0.18 43 32
massive Sp-Po 1.34 19.02 0.37 0.06 100 61
massive Sp-Cpy 13.38 10.40 0.04 0.14 303 180
massive Cpy 22.07 1.34 0.00 0.18 278 256
massive Cpy 21.88 1.67 0.03 0.14 832 366
Bn ore 31.91 0.06 0.25 0.06 5170 171
Cu stringer 15.23 0.31 0.01 0.10 242 253
Cu stringer 16.54 1.72 0.01 0.14 592 326
Sp stringers 0.32 6.28 0.02 0.04 44 13
Sp stringer 1.22 7.03 0.03 0.13 48 11
Py stringers 1.10 1.28 0.01 0.04 10 60

Bathurst Mining Camp, New Brunswick, Canada
229 0.46 7.66 3.01 60 37 13740 8473

bedded Py min. (Py±Sp-Gn) 49
bedded Pb-Zn min. (Sp-Gn) 69
vent complex min. (Py-Po-Cpy) 25

Finlayson Lake District, Yukon, Canada
Wolverine 6.24 1.30 12.70 1.60 1100 6861
Kudz Ze Kayah 13 1.00 5.50 1.30 200 2600
GP4F 1.5 0.10 6.40 3.10 7 11

Iberian Pyrite Belt
Rio Tinto 500 0.39 0.34 0.12 42* 79* 21000 39563 Marcoux et al. (1996)

m. recrystallized Py ore 0.87 3.6 0.2 0.05 56 8
m. Py w/ polymetalic veins 2.05 5.6 3.65 0.35 103 50
m. Py w/ polymetalic veins 0.49 >20 >0.60 0.04 2
m. banded polymetalic ore >0.80 >20 >0.60 0.52 28 495
polymetalic stockwork ore >0.80 >20 >0.60 0.02 4
polymetalic stockwork ore 0.6 32.6 16.4 0.01 13 15
Py-Chl stockwork ore 1.05 0.8 0.05 0.01 33 27
Py-Chl stockwork ore 0.01 0.02 0.05 0.01 66
Py-Chl stockwork ore >0.80 0.96 0.05 0.01 65 12
Py-Chl stockwork ore >0.80 1.18 0.02 0.01 89 22
Py-Chl stockwork ore 0.24 0.46 0.15 0.01 7 4

Lagoa Salgada 3.7 0.40 4.40 3.20 73* 29* 268 108 de Oliveira et al. (2011)
massive sulphide ore 0.27 1.56 0.48 0.01 14
massive sulphide ore 3.74 0.02 20.70 0.00 14 1
massive sulphide ore 0.21 7.23 1.26 0.01 60 47
massive sulphide ore 0.31 6.23 4.97 0.01 17
massive sulphide ore 0.59 1.64 0.74 0.52 89 51
Chl stockwork 0.39 0.14 0.07 0.01 14 8
Chl stockwork 0.3 0.083 0.04 0.00 117 22
Chl stockwork 0.78 0.073 0.08 0.00 72 93
Chl stockwork 0.5 0.36 0.06 0.01 68 53
stockwork 0.72 0.2 0.05 0.00 9
stockwork 1.22 0.12 0.02 0.04 146 31

Tharsis 115 0.5 2.7 0.6 121* 3* 13915 345 Marcoux et al . (1996)
massive Py ore 0.37 0.67 0.1 0.01 52 5
massive fine-grained 0.78 0.03 0.04 0.02 12
massive polymetalic ore 0.1 1.76 7.65 0.06 35 1
massive polymetalic ore >0.80 0.07 0.41 385 4

Goslar, Harz Mountains, Lower Saxont, Germany
Rammelsberg 30 2 14 6 88* 50 2640 1500

Cp-Sp ore 32.4 30 0.09 0.03 130 293
Cpy ore 13.9 21 3.26 0.05 34 192
Cpy stockwork ore 27.9 25 0.18 0.02 100 177

* - Average grade estimated on the basis of the indium and selenium contents for each ore type

Brunswick Nº 
12

Large and Walsher 
(1999); Schwarz-

Schampera (2000)S
E

D
E

X

    Sn (%)    Se 
(ppm)        

In 
(ppm)

Contained metal (tonnes)

V
H

M
S

Schwarz-Schampera 
(2000); Goodfellow 
(2002); Lalonde and 

Beaudoin (2015)

Peter et al. (2007); Layton-
Matthews et al. (2013)

Deposit Size (Mt) Ore type/features     Cu (%)        Zn(%)        Pb (%)    
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Table 100. Mineralization types/features, grades, and indium and selenium contained metal estimated for selected 
modern hydrothermal fields. Anh – anhydrite; Ba – barite; Cpy – chalcopyrite; Gn – galena; Mac – marcasite; Py – 
pyrite; Sp – sphalerite; Tn – tennantite; min. – mineralization; C. metal (t) – contained metal in tonnes. 
 

 

 

 

 

 

 

Se In

Vai Lili avg. 12.69 27.27 0.21 4 106 8 213
(2 Mt) range 0.53 - 52.25 0.36 - 71.08 0.01 - 1 1 - 9.0 0.08 - 302

active Ba-Sp chimney avg. 0.65 48.45 0.59 1 0.4
range 0.53 - 0.74 44.60 - 55.14 0.24 - 0.85 0.00 - 1 0.08 - 0.65

active Ba-Sp(-Cpy) chimney avg. 5.46 47.70 0.16 72
range 0.92 - 22.56 33.56- 71.08 0.01 -0.52 0.16 - 133
avg. 18.66 38.58 0.30 5 185
range 1.59 - 52.25 27.56 - 48.20 0.02 - 1.00 1 - 9. 88 - 285
avg. 17.17 7.01 0.05 2.5 139
range 0.62 - 40.90 0.36 - 37.00 0.01 - 0.25 2 - 3.0 26 - 302

avg. 22.78 18.69 0.10 8 36

range 1.25 - 44.30 10.68 - 26.70 0.08 - 0.12 30 - 42

White Curch avg. 7.29 11.11 0.26 4 9 10 23
(2.6 Mt) range 0.1 - 30. 23 0.58 - 50.06 0.01 - 0.95 2 - 6.0 0.02 - 63

inactive Ba-Sp chimney avg. 0.37 7.37 0.37 3 0.03
range 0.12 - 0.16 2.16 - 12.84 0.05 - 0.95 2 - 4.0 0.02 - 0.04
avg. 9.43 30.50 0.03 4.5 0.3
range 0.10 - 22.10 0.58 - 50.06 0.01 - 0.08 4 - 5.0 0.04 - 0.5
avg. 29.92 0.81 0.01 5.5 34
range 29.65 - 30.23 0.65 - 1.12 5 - 6.0 16 - 63

Hine Hina avg. 1.24 7.16 0.47 47.5 0.34 37 0.26
(0.78 Mt) range 0.27 - 3.00 0.02 - 48.50 0.00 - 2.88 22 - 64 0.04 - 0.7

inactive Ba-Sp chimney avg. 1.36 24.42 1.19 40 0.05
range 0.3 - 2.41 0.33 - 48.50 0.02 - 2.88

layered Ba-Py-Cpy min avg. 0.38 0.14 0.01 43 0.37
range 0.27 - 0.50 0.11 - 0.16 0.00 - 0.01 22 - 64 0.04 - 0.7
avg. 1.73 0.33 0.06 53 0.56
range 0.28 - 3.10 0.02 - 0.81 0.02 - 0.10 40 - 60

Southern Explorer Ridge avg. 8.45 9.03 0.10 210
(Pacific Ocean) range 0.95 - 29.30 0.01 - 19.50 0.01 - 0.66 8.3 - 930

Fe min 1.96 0.08 0.01 100
avg. 3.20 17.70 0.03 12.8
range 0.95 - 5.14 15.90 - 19.50 0.02 - 0.03 8.3 - 21

Cu-Fe-Zn min avg. 17.62 1.22 0.66 496.6
range 3.05 - 21.30 0.01 - 2.42 160 - 930

ASHES, Axial Seamount avg. 8.92 27.69 395 6
range 0.45 - 38.70 0.48 - 52 24 - 1200 0.10 - 23
avg. 2.17 28.91 448 4.30
range 0.45 - 7.30 1.77 - 51.00 24 - 1100 0.5 - 10
avg. 15.66 26.47 342 8.70
range 0.79 - 38.70 0.48 - 52.00 32 - 1200 0.10 - 23

21º N, East Pacific Rise avg. 1.01 16.30 0.12 48
(Pacific Ocean) range 0.13 - 1.30 0.12 - 41.80 0.05 - 0.29 5 - 172

TAG TAG active mound avg. 2.40 0.40 0.01 14 1 55 4
(3.9 Mt) range 0.01 - 12.20 <0.01 - 4.10 0.00 - 0.04 <5 - 86 <0.05 - 15

porous massive Py-Sp min; 
massive Py breccia; nodular 
Py-SiO2 breccia - Kremlin 
area

4.60 0.70 0.02 16 4

avg. 2.33 0.80 0.01 24 1.10

range 1.10 - 3.70 0.30 - 1.30 14 - 34 0.3 - 2

Ref.
C. metal (t)

In (ppm)Ridge Field/ Vent Mineralization Cu (wt%) Zn (wt%) Pb (wt%) Se (ppm)

(massive granular Py and 
Cpy min; massive to 
nodular Py-SiO2-Anh 
breccia)

Juan de Fuca 
Ridge

Schwarz-Schampera 
(2000)

massive chimneys with Anh-
Sp-Cpy-Py/Mac

Hannington et al. 
(1986)

(Mid-Atlantic 
Ridge)

massive Py-Mac-Sp-Ba 
mineralization

Zn-Fe-Ba(-Cu)  
mineralization

Herzig et al. (1998); 
Fouquet et al. (1998)

massive Cpy-rich 
mineralization

Valu Fa Ridge    
(Lau Basin)

(Pacific Ocean)

active Cpy-Sp-Ba chimney 
(T = 334 ºC) and massive 
mineralization

stockwork with dissem Sp-
Ba  and Cpy-Py-Sp-Tn 
veins

active Ba-Sp(-Cpy) chimney 
(T = 285 ºC)

Schwarz-Schampera 
(2000)

Hannington et al. 
(1986)

massive Py-Cpy 
mineralization

massive layered Sp-Py-Ba 
mineralization
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Table 101. Indium and selenium ore metal affinities in selected fossil VHMS, granite-related and epithermal 
deposits, and in present-day hydrothermal fields. BS – black smoker; WS – white smoker. 
 

positive lack or negative positive lack or negative

Ancient deposits

Cu, Sn, Ag, 
As, Sb, Bi, Se

Zn, Pb, Hg, 
Au

Cu, Hg, As, 
Sb, Bi, In

Zn, Pb, Sn, 
Ag, Au this study

Cu, As, Co, 
Se, Bi, Au, Ni

Zn, Ag, Pb, 
Sn, Sb, Hg

Cu, As, Sb, 
Bi, In, Au, 

Co, Ni, 

Zn, Pb, Ag, 
Sn,  Hg

Hannington et al. 
(1999a); Schwarz-
Shampera (2000)

Zn, Ag, As, Bi, 
Se, Co, Ni

Cu, Pb, Au, 
Sn

Cu, Ag, Sb, 
Bi, In, Co

Zn, Pb, Au, 
As, Sn

Schwarz-Shampera 
(2000)

Present-day hydrothermal fields

Cu, Zn, Pb, 
Au,Ag, Sb, As Se Cu, Sb Zn, Pb, au, 

Ag, As, In
Herzig et al. (1998); 

Petersen et al. (2000)

Cu, Pb, Sn, 
Hg, Bi

Zn,  Au, Ag, 
As, Sb, Se, 

Co, Ni

Cu, Sn, Co, 
Bi

Zn, Pb, Au, 
Ag, As, Sb, 

Hg, In

Schwarz-Shampera 
(2000)

Finn vent              
(300 ºC, BS) Cu, Co, Se Zn, Pb, Sb, 

Hg, Ag, Au, As Cu, Co, In Zn, Pb, Sb, 
Hg, Ag, As

Roane vent             
(200 ºC, WS) Cu, Zn, Co Pb, Sb, Hg, 

Ag, Au, As

G
ra

ni
te

 S
n-

ba
se

 
m

et
al

 a
nd

 W

Cu, Ag, Au, 
As, Se

Zn, Pb, Sn, 
Bi, Co  

Cu, In, Bi, 
Co, Ni Zn, Pb, Sn Schwarz-Schampera 

(2000)

Pb
-Z

n-
Ag

 
Ep

ith
er

m
al

Cu, Zn, Sn Pb, Ag, Sb, 
Co, Ni

Schwarz-Schampera 
(2000)

Mount Pleasant           
(New Brunswick, Canada)

Toyoha mine        
(Hokkaido, Japan)

Mothra           
(Juan de Fuca 

Ridge)

Vai Lili, Hine Hina, White 
Chuche                              

(Valu Fa Ridge Field, Lau Basin)

TAG                                            
(Mid-Atlantic Ridge)

In Se

Kristall et al. (2011)

Ref.

VH
M

S

Maranfa J                               
( South Africa)

Kidd Creek                                 
(Western Abitibi, Canada)

Neves Corvo                    
(IPB) 

 

 
 
oxidizing, and moderate pH conditions (pH = 4 - 8) indium behaves more conservatively and 

is mostly transported as hydroxide complexes (InClOH+ and In(OH)3
0, in particular), whereas 

selenium is slightly more mobile and is preferentially transported either as a hydroxide 

complex (HSeO3
-; 200 ºC< T <300 ºC), or as an oxide (SeO3

-; T ≤100 ºC) under more alkaline 

conditions (pH >8). These pH and redox conditions are already out of the range admissible for 

massive sulphide formation in submarine hydrothermal systems. Nevertheless, the slightly 

higher mobility of selenium relative to indium for the whole spectrum of physico-chemical 

conditions postulated for VHMS formation may explain the more peripheral distribution of 

selenium relative to indium in the deposit, as highlighted in Chapter 6 (see Section 6.2.1.) and 

depicted in Figures 104 to 108. 

 

The overall positive correlation shown by both indium and selenium with copper at Neves 

Corvo clearly argues for the joint transport and co-precipitation of these ore metals from high-

temperature copper-rich hydrothermal fluids. This is unequivocally well established by the 

consistently higher indium and selenium grades found in the copper-rich ores relative to the 

zinc-rich ores (Tables 85, 96, 97), as well as by the ore elements distribution maps produced 

at the mine (Figures 104 to 108). On average, the estimated indium (64 ppm) and selenium 

(71 ppm) abundances in the copper ores are, respectively, about 1.5 and 1.8 times higher 
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than those in the zinc ores (45 and 38 ppm, respectively); copper correlates well with both 

indium and selenium, whereas zinc exhibits positive, but very low correlation factors with 

these metals; and the high-grade indium and selenium ore zones are mainly associated to the 

high-grade copper zones, which locate immediately above the feeder zone(s) of each of the 

Neves Corvo orebodies. As a whole, the copper resources comprise about 62% (8220 tonnes) 

and 68% (9190 tonnes) of the estimated total indium and selenium metal content in the 

deposit, respectively.  

The above considerations suggest a direct link between indium and selenium and the high-

temperature, reduced, acidic, and copper-rich ore-forming hydrothermal fluids that played a 

major role in the Neves Corvo metallogenesis, as evidenced by (1) the extremely high 

temperatures postulated for ore formation (up to 402 ºC), (2) the occurrence of iron-rich 

ripidolite with very high Fe/(Fe+Mg+Mn ratios (≥0.80), donbassite, and sericite with low alkalis 

contents (0.04<Na+/(Na++K+)<0.30, averages 0.10) as main alteration-related mineral phases, 

which speak for abnormally acid mineralizing fluids; (3) huge depletion in silica (up to -78%) 

and alkalis (AI and CCP index >80) in the innermost zones of the feeder systems; and lastly 

(4) high average copper grades and uniquely high maximum copper grades in several 

different settings of the deposit. Furthermore, the possible occurrence of important boiling 

phenomena at the Neves Corvo system also reinforces the connection between the indium, 

selenium and copper metallogenesis due to the highly volatile behavior of both indium and 

selenium. As copper, indium and selenium also tend to concentrate in the vapor phase. 

Indium and selenium only present a slightly positive correlation with zinc and tin at the deposit 

scale, or at each orebody scale (Tables 83 and 84; Figure 103), as well as with silver, arsenic, 

mercury, antimony, bismuth and gold. This is particularly seen in the massive copper-zinc 

(MCZ) ores, reflecting the importance of the effects of hydrothermal reworking (replacement, 

zone refining, conductive cooling) on the distribution of indium and selenium and on their 

mineral allocation (see Section 6.3).  

Hence, the higher abundances of indium and selenium in the massive copper-rich (MC, MCZ) 

ores relative to the remaining ore types at Neves Corvo, as well as the differences on the 

average indium and selenium contents between the different orebodies (Figure 102; Tables 

96 and 97) clearly relate with the temporal and spatial evolution of the ore-forming process, on 

the prevailing physico-chemical conditions in the different sectors of the host basin, and with a 

mineralogical control provided by the amount of suitable recipients for those metals (e.g., In-

bearing sphalerite and stannite; Se-bearing galena) which are cogenetic with chalcopyrite in 

these ore-mineral assemblages. In fact, Auclair et al. (1987) and Schwarz-Schampera (2000) 

argued that in active hydrothermal vents, high indium and selenium concentrations are almost 

always a function of the hydrothermal field/vent maturity, and as it can be seen in Table 100, 

more mature, copper-rich and/or chalcopyrite-sphalerite-bearing hydrothermal 
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vents/mineralizations typically present higher indium and selenium abundances. Mature 

chalcopyrite(-sphalerite)-rich precipitates can show 100 to 1000 times higher amounts of 

indium and selenium than immature sphalerite-barite precipitates (Table 100). Although on a 

smaller scale, very similar distribution patterns were described in small sections from black 

smoker chimneys at the Broken Spur vent (Mid-Altantic Ridge) and Mothra hydrothermal field 

(Juan de Fuca Ridge) by Butler and Nesbitt (1999) and Kristall et al. (2011). Like Schwarz-

Schampera (2000) and Schwarz-Schampera and Herzig (2002), these authors reported 

indium and selenium enrichment profiles from the sulphate-sphalerite-dominated outer walls 

towards the chalcopyrite-rich inner walls. Indium and selenium-rich chimneys characteristically 

exhibit coarse-grained chalcopyrite-dominated cores, high-temperature mineral assemblages 

consisting of chalcopyrite-sphalerite and/or chalcopyrite-pyrite(-galena) in the innermost 

zones. Processes such as replacement, zone refining, conductive cooling, and crystallization 

under sustained, high-temperature, acidic, and reduced conditions, without significant influx of 

unmodified seawater, strongly control the enrichment of indium and selenium within the 

hydrothermal edifices, and promote the incorporation of indium and selenium by the ore-

forming minerals, as well as the formation of indium and selenium mineral phases during the 

waning stages of the hydrothermal activity. Conversely, the lack of significant high-

temperature hydrothermal reworking, high-temperature mineral assemblages, and rapid 

crystallization processes due to rapid cooling by enhanced seawater-hydrothermal fluid mixing 

in porous, low-temperature, sulphate-sphalerite-pyrite-dominated precipitates contributes to 

the absence or low incorporation of indium and selenium by the ore mineral phases produced 

(Auclair et al., 1987; Butler and Nesbitt, 1999; Schwarz-Schampera, 2000; Schwarz-

Schampera and Herzig, 2002; Kristall et al. 2011).  

As already discussed, the Lombador orebody seems to represent the less mature 

hydrothermal system at the Neves Corvo deposit as can be inferred from its lower copper ratio 

as well as its lower indium and selenium grades relative to the remaining orebodies (Table 

102). The above constraints consistently explain the huge difference in terms of indium and 

selenium abundances between the cooper- and the zinc-rich ores at Neves Corvo, as well as 

to the overall lower abundance of indium and selenium at the Lombador orebody relative to 

the remaining orebodies. Moreover, they provide an equally consistent explanation for the 

generally higher indium and selenium concentrations in the major and most common 

accessory and minor ore sulphides found in the massive copper and copper-zinc ore types 

relative to the stockwork ores and/or the massive zinc-rich ores. Very high indium contents in 

sphalerite and stannite (0.19 wt% and 1.47 wt% on average, respectively) show that, from a 

crystallochemical standpoint, these are probably the most suitable ore minerals to allocate 

indium; however, significant indium enrichments only existed in the dependence of high-

temperature, copper-tin enriched hydrothermal fluids. 
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Table 102. Major and minor ore elements concentrations for the five orebodies currently exploited at the Neves 
Corvo deposit, based on Somincor/Lundin Mining 2013 unpublished data.  
 

 
 
 
Table 99 shows that the zinciferous mineralization at the Kidd Creek deposit also accounts for 

fairly notable amounts of indium (30 ppm) and selenium (39 ppm), and that this indium 

represents about 25% of the total indium metal content in the deposit, despite the much higher 

indium and selenium grades in the copper ores. Furthermore, according to Hannington et al. 

(1999a), most of the Kidd Creek massive sphalerite ore is thought to have formed at 

temperatures below 250 ºC and predominantly under low oxygen and sulphur fugacity 

conditions (close to the pyrite-pyrrhotite equilibrium), given the abundance of pyrite, pyrrhotite, 

arsenopyrite, high iron sphalerite and siderite.  

The above scenario also agrees well with the characteristics of the zinc ores at Neves Corvo. 

Despite the low average indium and selenium abundances and their low to none correlation 

with zinc, when taken as a whole the zinciferous ores also account for noteworthy amounts of 

indium and selenium at Neves Corvo, given the huge tonnage of these types of ore in the 

deposit. This is attested by the estimated indium and selenium contained metals in the 

zinciferous ores – about 5270 and 4422 tonnes, respectively – and argues strongly to the fact 

that there is a significant part of the indium and selenium in the deposit that should have co-

precipitated with zinc during the formation of the low-temperature ores, as concluded before in 

Chapters 6 and 7. Compared to other deposits, and taking into account the styles of 

mineralization and the physical and chemical depositional conditions above discussed for the 

zinc-rich mineralization, the occurrence of these amounts of indium and selenium associated 

in low concentrations to the zinc-rich ores agrees well with the known indium and selenium 

relative solubility relationships under such ore-forming conditions. It is widely acknowledged 

that, irrespective of the probable existence of additional metal sources to the exceptional 

Neves Corvo ore-forming system, most base metals in the deposit, and zinc plus lead in 

particular, must have been supplied by sustained, long-lived hydrothermal leaching from the 

footwall sequence (e.g., Relvas, 2000; Relvas et al., 2006ab), meaning that a fraction of the 

indium and selenium should have shared with the zinc, the lead and part of the copper the 

same leached sources, common to the other IPB deposits.  

  Orebody  Cu (%) Zn (%) Pb (%) Sn (%) Ag 
(ppm)

Hg 
(ppm)

Au 
(ppm)

As 
(ppm)

Sb 
(ppm)

Bi 
(ppm)

Se 
(ppm)

In 
(ppm)

Cu 
Ratio

Lombador 0.78 4.42 1.16 0.04 53 71 0.52 4654 471 96 36 47 15
Neves 1.93 2.61 0.59 0.14 60 53 0.39 6818 560 94 47 65 43
Corco 5.61 2.07 0.42 0.28 50 52 0.31 3822 606 98 103 67 73
Zambujal 2.30 2.52 0.49 0.04 35 98 0.50 4499 415 87 154 63 48
Graça 5.61 3.72 0.44 0.31 61 68 0.62 5919 858 130 75 72 60
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8.3.2.2. Mineralogical constraints 

 

Indium tends to be preferentially incorporated into sulphides belonging to the tetragonal 

system such as sphalerite, chalcopyrite, stannite, and tetrahedrite, in particular under high-

temperature conditions, which increases the structural miscibility of this group of sulphide 

minerals (Zabarina et al. (1961) in Moura et al. 2007). At lower-temperature, the referred 

miscibility progressively decreases down to nil, especially in chalcopyrite, stannite and 

tetrahedrite, and indium is mainly accommodated into sphalerite. These constraints agree well 

with the distribution of indium in the Neves Corvo deposit. Indium, copper, zinc, iron and tin 

have similar ionic radii (In+3 = 0.76 Å; Cu+2 = 0.69; Zn+2 = 0.74 Å, Fe+2 = 0.76 Å and Fe+3 = 

0.64; Sn+2 = 0.93 Å and Sn+4 = 0.0.69 Å). Accordingly, the main substitution mechanisms for 

indium in sulphide minerals include (1) 2Zn or 3Zn replacement by Cu+In or Cu+In+Fe in 

sphalerite, respectively; Fe+3 replacement by Cu+In in chalcopyrite, and (3) Cu+Sn 

replacement by (Fe, Zn)+In in the stannite group minerals (cf., Johan, 1988; Ohta, 1989; 

Bente and Doering, 1995; Schwarz-Shampera, 2000; Benzaazoua et al., 2003; Sinclair et al, 

2006; Moura et al., 2007; Cook et al. 2009). 

Selenium on the other hand seems to have no particular preference for a specific class of 

minerals. Selenium has been reported associated to sulphide, oxide, and telluride minerals 

and/or native elements in a variety of mineral assemblages (Simon and Essene, 1996). 

Selenium commonly occurs as a substitute for sulphur within the sulphide minerals lattice (cf., 

Large and Mumme, 1975; Healy and Petruk, 1992; Huston et al., 1995a,b; Marcoux et al., 

1996) in result of their fairly similar ionic radii (Se-2 = 0.198 Å; S-2 = 0.184 Å). As for indium, 

the entry of selenium into the sulphides lattice is favored by high-temperatures (Large and 

Mumme, 1975; Auclair et al., 1987; Huston et al., 1995a,b). 

The results presented in Sections 5.4 and 6.3 were summarized below in Table 103. These 

data show that almost all the ore sulphide minerals occurring in the high-temperature copper-

rich ores (FC, MC, MCZ), and in particular in the MCZ ore, yield higher concentrations of 

indium and selenium than the low-temperature, zinc-rich (FZ, MZ, MZP) or barren (MP and 

ME) ores. This indicates that the MCZ ores constitute the main sink of indium and selenium in 

the deposit. Nevertheless, high indium (in particular) and selenium concentrations were also 

found in late, tectonically-remobilized sulphide minerals, such as chalcopyrite, sphalerite, 

stannite, or tetrahedrite, particularly in zinc or barren ore types, thus indicating that 

deformation zones also constitute significant indium- and selenium-enriched settings.  

Hence, the overall distribution of indium and selenium clearly reflects preferential 

incorporation of these elements into the crystal lattices of the ore-forming sulphides under 

higher formation temperatures, coupled with processes like replacement of early mineral 
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assemblages, zone refining, recrystallization, annealing, and tectono-metamorphic 

remobilization, which contributed to the formation of indium and selenium mineral phases, 

such as roquesite, naumanite, roquesite-sakuraiite intermediate phase, and bismuth-selenium 

or bismuth-lead-selenium phases not identified yet.  

 

 
Table 103. Range (values in parenthesis) and average indium and selenium concentrations in the major ore 
sulphides found in Neves Corvo. Apy – arsenopyrite; Cbt – cobaltite; Cpy – chalcopyrite; Fe-Kst – ferrokesterite; 
Gdt – glaucodot; Gn – galena; Kst – kesterite; Stn – stannite; Td – tetrahedirte; Tn – tennantite. FE – barren 
stockwork ore; FC – copper stockwork ore; FZ – zinc stockwork ore; MC – massive copper ore; MCZ – massive 
copper-zinc ore; MZ – massive zinc ore; MZP massive zinc-lead ore; MP massive lead ore; ME – massive barren 
ore; Avg. – average; Stk – stockwork ore; MS – massive sulphide ore. 
 

FE FC FZ MC MCZ MZ MZP MP ME

Py Se 0.09 0.08 0.07 0.07 0.07 0.13 0.13 0.11
(0.04 - 0.25) (0.05 - 0.11) (0.04 - 0.13) (0.04 -0.13) (0.04 - 0.12) (0.04 - 0.25) (0.06 - 0.20) (0.04-0.25)

In 0.02 0.02 0.02 0.02

Sp Se 0.06 0.05 0.07 0.06 0.06 0.04 0.06
(0.04 - 0.14) (0.04 - 0.14) (0.04 - 0.12) (0.04 - 0.14)

In 0.14 0.05 0.19 0.15 0.03 0.15 2.13 0.17
(0.03 - 4.30) (0.02 - 1.73) (0.02 - 0.82) (0.02 - 0.15) (0.02 - 0.50) (1.39 - 4.30) (0.02 - 4.30)

Cpy Se 0.06 0.04 0.06 0.05 0.05 0.07 0.04 0.06 0.06
(0.04 - 0.11) (0.05 - 0.08) (0.04 - 0.08) (0.04 - 0.05) (0.04 - 0.11) (0.06 - 0.07) (0.04 - 0.11)

In 0.07 0.02 0.09 0.06 0.06 0.02 0.10 0.09 0.07
(0.02 - 0.15) (0.02 - 0.03) (0.02 - 0.15) (0.02 - 0.12) (0.02 - 0.12) (0.05 - 0.12) (0.05 - 0.12) (0.02 - 0.15)

Gn Se 1.00 0.46 2.09 1.52 6.32 1.49 0.14 3.35
(0.04 - 15-56) (0.45 - 0.47) (1.12 - 3.80) (0.45 - 3.80) (0.40 - 15.56) (0.06 - 4.88) (0.04 - 0.31) (0.04 - 15.56)

In 0.02 0.02 0.02

Apy Se 0.26 0.40 0.24 0.28 0.11 0.11 0.22
(0.05 - 0.93) (0.05 - 0.82) (0.08 - 0.93) (0.09 - 0.75) (0.10 - 0.12) (0.10 - 0.13) (0.08 - 0.93)

In

Gdt Se 0.44 0.17 0.50
(0.17 - 0.60) (0.41 - 0.60)

In

Td Se 0.10 0.13 0.13 0.09 0.05 0.10 0.10
(0.04 - 0.25) (0.13 - 0.14) (0.04 - 0.25) (0.05 - 0.13) (0.10 - 0.11) (0.04 - 0.25)

In 0.05 0.03 0.05 0.06 0.05
(0.03 - 0.07) (0.05 - 0.07) (0.03 - 0.07)

Tn Se 0.11 0.11 0.13 0.11
(0.04 - 0.20) (0.06 - 0.13) (0.04 - 0.20) (0.04 - 0.20)

In 0.26 0.26 0.26
(0.22 - 0.37) (0.22 - 0.37) (0.22 - 0.37)

Stn Se 0.11 0.07 0.13 0.06 0.11
(0.04 - 0.17 (0.07 - 0.17) (0.04 - 0.07) (0.04 - 0.17

In 0.99 1.47 1.30 0.50 0.15 1.05 0.99
(0.10 - 3.21) (0.98 - 1.66) (0.10 - 1.12) (0.10 - 0.20) (0.11 - 3.21) (0.10 - 3.21)

Fe-Kst Se  

In 0.20 0.21 0.19 0.06 0.20
(0.06 - 0.35) (0.06 - 0.35) (0.06 - 0.35) (0.06 - 0.35)

Kst Se 0.15
(0.08 - 0.33)

In 0.11 0.14 0.07 0.11
(0.08 - 0.17) (0.12 - 0.17) (0.04 - 0.13) (0.08 - 0.17)

Avg. Comp. Stockwork ore
Stk (avg.)

Massive sulphide ore
MS (avg.)

 
 

Detailed mineral chemistry of the most common ore sulphides found in the different ore types 

studied have shown that, depending on the ore types, sphalerite and/or chalcopyrite are the 

most important indium carriers, whereas selenium is always preferentially hosted in galena. 

Besides galena, pyrite, arsenopyrite, sphalerite and chalcopyrite constitute also fairly 

important selenium host minerals in the copper-rich ore types, whereas pyrite and 

arsenopyrite constitute important selenium host minerals in the zinc-rich ore types. Table 103 
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elucidates that, in the copper-rich ores, the indium share between coexisting sphalerite and 

chalcopyrite is asymmetrical; indium concentration in sphalerite is, on average, 2 to 3 times 

higher than in chalcopyrite. The higher values of the partition coefficient between these two 

minerals were found in the MCZ ores. When stannite co-exists with chalcopyrite and 

sphalerite in the same mineral assemblage, indium concentrations are about 9 times higher in 

stannite than in sphalerite, and 23 times higher in stannite than in chalcopyrite. In the MC 

ores, the partition coefficients are slightly lower, but the tendency remains (8 and 17 times, 

respectively). Although, as pointed out, the absolute values for primary indium concentrations 

in sulphide minerals found in the zinc-rich ores are significantly lower, the overall partitioning 

behavior above described is reasonably kept. However, the secondary enrichments 

associated to late, remobilized sulphide generations distort this relationship and enhance the 

partitioning coefficients between the coexisting phases.  

Regarding selenium, its partition coefficient can be extremely high, in particular in high-grade 

(>35 wt%) MC ores. Within this specific ore type, selenium concentration can be up to 129 

times higher in galena than in chalcopyrite, 87 times higher in galena than in pyrite, and 27 

times higher in galena than in arsenopyrite. In the remaining copper-rich ore types, selenium 

concentration is up to 33 times higher in galena than in chalcopyrite and pyrite in the FC ore, 

and up to 21 times higher in galena than in chalcopyrite and sphalerite in the MCZ ore. On 

average, selenium concentration is also 5 times higher in galena than in arsenopyrite in both 

the FC and MCZ ores, and about 12 times higher in galena than in pyrite in the MCZ ore. 

Within the zinc-rich ore types, and in particular within the MZP ore, selenium concentrations 

are 3 times higher in galena than in coexisting sphalerite. 

Although roquesite, naumanite, as well as the complex lead-bismuth and bismuth-selenium 

sulphosalts analyzed, being discrete indium and selenium phases, naturally constitute the 

indium- and selenium-richer ore phases found. Their low abundance and small size, however, 

imply that these ore sulphides do not represent important indium- and selenium-carriers at the 

deposit scale.  

The comparatively low, but fairly constant indium content of chalcopyrite (200 – 300 ppm; 

Figure 116), together with the occurrence of very fine-grained (usually <5 µm) blebs of 

roquesite and/or roquesite-sakuraiite intermediate phases along its grain borders (Figure 111), 

combine with its huge abundance in the deposit to justify that, despite its lower indium 

concentrations relative to sphalerite, chalcopyrite should constitute the most important indium-

carrier mineral phase at the deposit scale. This means that the copper-rich ores constitute the 

main source of indium in the deposit and that the copper concentrate represents indeed an 

industrial product that could be valorized for this important by-product. The MCZ ores, in 

particular, combine in a favorable way the two main factors controlling the indium abundance 
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in the deposit: favorable sourcing (indium-copper affinity), and favorable mineral allocation 

(indium-sphalerite affinity).  

In addition, some sphalerite-rich ores can also represent important indium resources, specially 

in tectonically deformed settings, where sphalerite shows fairly constant indium abundances 

between 200 and 400 ppm (Figure 115), in particular in zones were the copper grade is 

slightly higher (a sign of indium-enrichment due to tectono-metamorphic remobilization). This 

means that there is also potential for the recovery of indium from zinc-concentrates produced 

either out of particular ore types (MCZ ore), or out of particular settings in the deposit (sheared 

and highly deformed zinc-rich ores). Both situations however would need to be evaluated in 

terms of economic feasibility, as they would require specific mineral processing procedures, in 

the first case, and specific ore extraction procedures in the second case.  

Finally, galena is the main selenium-carrier at the deposit scale, either in the copper-, or in the 

zinc-rich ores. However, due to its lower market prices only the copper-rich ores have the 

potential for the economic recovery of selenium.  

 

8.4. Constraints on the sources of metals 
 

8.4.1. Base metal supply 

 

The complex geochemistry and metal assemblage of the Neves Corvo ores, coupled with its 

gigantism strongly argue for a multi-sourced ore-forming system. Several lines of evidences 

have been presented in Chapter 2 for a huge, focused, long-lived magmatic-hydrothermal 

system being responsible for the ore genesis at the Neves Corvo deposit. The occurrence of 

an independent massive and stringer cassiterite mineralization (about 426 ktonnes), the 

strong affinity of tin with copper in the massive copper-rich ores, the very high copper grades 

(frequently in excess of 20 wt%) and tonnages (>128.5 Mt of copper resources), and the 

highly radiogenic isotopic (Nd, Pb, Os) signatures of some ore types constitute, perhaps, the 

best signatures of such an ore-forming system. Hence, in addition to a major derivation of 

metals leached from the IPB footwall sequence, which include contributions from an evolved, 

deep-seated, seawater-derived, metal-rich brine equilibrated with the PQ metasediments, a 

direct magmatic contribution is envisaged to have been added to the Neves Corvo metal 

budget and to have contributed, in different moments of the metallogenetic evolution, to the tin 

contents of the deposit, as well as to part of its copper contents (cf., Relvas, 2000; Relvas et 

al., 2001, 2006a,b; Munhá et al., 2005; Jorge et al., 2007; Huston et al., 2011; see also 

Sections 2.2.2. and 2.2.3.). This is well demonstrated by the independent and distinct 

neodymium and lead isotopic trends shown by these ore types in Figures 140 and 143. 

Moreover, Relvas (2000) also estimated that a volume of about 4.7x1010 m3 of an average 
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“IPB ore fluid” and about 25 to 45 km3 of source rock would account for the entire zinc metal 

content in the deposit, whereas additional sources would have been required to account for its 

total copper metal content. 

In addition, significant co-enrichments of cooper and gold (up to 33 ppm) associated to a very 

constricted, high-grade copper (28 wt% Cu on average) ore type – the bornite ore (MC3; 

Table 6) – with elevated contents of tin (0.4 wt%), antimony (6214 ppm), bismuth (1397 ppm), 

indium (680 ppm) and selenium (640 ppm), coupled with a very specific high-sulphidation 

mineral assemblage (e.g., bornite, tennantite, mawsonite, stanoidite), and a separate highly 

radiogenic lead isotope signature, led some authors to suggest that additional late magmatic 

vapor contributions should have been related with the origin of this particularly “exotic” type of 

ore (Gaspar, 2002; Pinto et al., 2005; Jorge et al., 2007).  

 

It is widely acknowledged that leaching models positively account for the base metals supply 

in most VHMS deposits, and, in particular, for zinc. Therefore, the above-summarized overall 

metallogenetic model established for the Neves Corvo deposit raised the need of investigating 

whether or not the magmatic-hydrothermal contributions identified in the Neves Corvo copper-

rich and tin-rich ores have left some identifiable signature(s) in the zinc-rich ores of the deposit 

as well. 

The strontium, neodymium, and lead isotope systematics presented in Chapter 7 have yielded 

signatures that are compatible with the derivation of zinc from both the VSC and PQ Group 

host rocks. As depicted in Figure 138, the calculated initial 87Sr/86Sr isotopic range for the 

various stockwork and massive sulphide ores from the Lombador orebody show that the ore-

forming fluids equilibrated with the footwall sequence, and that modified seawater was an 

important component of the ore-forming hydrothermal solution, given the shift of some 

strontium isotopic data points towards contemporaneous seawater composition. The 

calculated initial εNd values and Sm/Nd ratios for the different ore types demonstrate as well a 

clear and close affinity of the mineralization with the underling host rock sequence, which is 

consistent with the interaction of the ore-forming fluids with the VSC and PQ Group sequence 

and consequent leaching of ore metals from these host rocks. Also, as stressed, the greater 

proximity of the data points to the initial εNd values and Sm/Nd ratios depicted by the PQ 

Group rocks points to the fact that these rocks constituted the main zinc and copper suppliers 

at the Lombador system.  

The lead isotope signatures found are also consistent with the derivation of the ore metals 

from both the VSC and the PQ Group rocks due to metal leaching (Figure 143). By plotting the 

lead isotope compositions of the different ore types on the uranogenic and thorogenic 

diagrams depicted below (Figure 157), it can be seen that both the zinc- and the copper-rich 

ores studied plot between the orogene and the upper crust lead evolution curves in the 
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uranogenic diagram, and between the orogene and the lower crust lead evolution curves in 

the thorogenic diagram. This undoubtedly indicates the predominance of crustal sources for 

the radiogenic lead contained in the different ore types studied, and adds our data to the large 

group of relatively homogeneous lead isotope signatures previously reported for numerous 

IPB massive sulphide deposits (cf., Marcoux, 1998; Pomiès et al., 1998; Ruiz et al., 2002). 

Therefore, as would be expected, and in contrast with the two distinct mixing arrays given by 

the cassiterite and the copper-tin ores from the Corvo orebody, as well as by the bornite ores 

from the Neves orebody, the lead isotopic data for the Neves Corvo zinciferous ores (mostly 

from the Lombador orebody) show no perceptible participation of a direct metal magmatic 

contribution to the zinc mineralization.  

The total zinc metal content in the Neves Corvo ores is about 8.3 Mt (Somincor/LundinMining 

2013 unpublished data). This total amount of zinc metal does not deviate much from that of 

the Aljustrel orebodies, which are considered typical examples of IPB massive sulphide 

mineralization, and contain about 7.5 Mt of zinc metal all together (see Table 2). This leaves 

little room for doubt regarding the ability of efficient, long-lived, sustained, hydrothermal 

activity to feed mineralizing systems with huge amounts of metals exclusively supplied by 

leaching of the IPB footwall sequence. 

Several studies have claimed the PQ Group as a potential main source of metals to the IPB 

massive sulphide deposits, mostly on the basis of the average Cu:Zn:Pb ratio of the massive 

sulphides, which closely compares with that of the PQ Group rocks (cf., Tornos and Spiro, 

1999; Relvas, 2000, Tornos, 2006; Tornos and Heinrich, 2008). Recent regional petrographic, 

geochemical, and isotopic studies of the PQ Group rocks performed by Jorge (2010) and 

Jorge et al. (2007) not only confirm those inferences, but undoubtedly demonstrate that the 

PQ Group constitute in fact the main source of metal in the IPB, and that the IPB massive 

sulphide deposits resulted from different metal extractions from the PQ Group rocks by an 

evolved, deeply circulated, saline, metal enriched hydrothermal brine – the “IPB ore fluid”. 

Moreover, mass balance estimates performed by Jorge (2010) have also shown that 

considering the average copper and zinc contents displayed by non-altered PQ Group rocks 

(about 35 and 96 ppm, respectively), and assuming a metal extraction efficiency of about 31% 

for copper (10.8 ppm) and 37% for zinc (35.5 ppm) over a rock volume of about 460 km3, a 

total of 12.5 Mt and 33.9 Mt of copper and zinc metal, respectively, could have been leached. 

This accounts for about 1861 Mt of massive sulphides, which embraces all the IPB deposits 

with tonnages above 30 Mt listed in Table 2, positively demonstrating the potential of the PQ 

rocks as a source for base metals. 
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Figure 157. Uranogenic (A) and thorogenic (B) diagrams showing the crustal affiliation of the lead isotope 
compositions for the different ore types from the Lombador, Corvo, Neves, Graça and Zambujal orebodies. Lead 
evolution curves according to the plumbotectonic model of Zartman and Doe (1981). Data for the IPB massive 
sulphide deposits from Marcoux (1998), Pomiès et al. (1998) and Casilda Ruiz et al. (2002); IPB VSC and PQ 
Group from Marcoux (1998) and Jorge (2010); and for the Neves Corvo deposit from Marcoux (1998), Relvas et al. 
(2001) and Jorge et al. (2007).  
 

8.4.2. Indium and selenium supply 

 

Several lines of evidences, either from fossil, or from modern seafloor hydrothermal systems, 

indicate that significant indium and selenium concentrations may result from hydrothermal 

leaching of host rocks, particularly when the mineralization results from sustained, long-lasting 

hydrothermal activity. A leaching model has been proposed by Hannington et al. (1997, 

1999a,b) to account for the zinc-rich ores at the Kidd Creek deposit. These authors argued 

that the predominant low-temperature pyrite and zinciferous ores, which account for more 

than one half (70 – 80 Mt) of the total ore reserves (138.5 Mt) and display an average indium 
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and selenium contents of 30 ppm (ranging up to 80 ppm) and 39 ppm (ranging up to 100 ppm) 

(see Table 99), respectively, were generated by a large, temporally continuous, and sustained 

hydrothermal system that supplied over 75% of the total metal input to the genesis of the 

deposit. This accounted for the formation of about 10 to 11.2 Mt of zinc metal in the deposit, 

and about 2081-2379 and 2707-3093 tonnes of indium and selenium metal, respectively. In 

addition to this, late pulses of copper-rich magmatic vapor contributions were interpreted as 

being responsible for the high-sulphidation bornite zone at this remarkable deposit 

(Hannington et al., 1999a,b). 

Layton-Matthews et al. (2008; 2013) have also proposed a leaching origin for the selenium at 

the Wolverine, Kudz Ze Kayah and GP4F VHMS deposits at Finlayson Lake District, Yukon, 

Canada. These authors consider that a magmatic selenium contribution, if any, should have 

been very minor in those deposits. The footwall sequence to the Wolverine deposit includes a 

felsic volcanic unit, and a voluminous carbonaceous black shale unit (51 m thick), which would 

explain the selenium-richness of its ores (1000 ppm on average), by opposition to the Kudz Ze 

Kayah (200 ppm on average) and GP4F (7 ppm on average) deposits, which are only hosted 

by the felsic volcanic unit. Moreover, the authors argue that the overall selenium content in the 

Wolverine deposit relates with the selenium content of the host rocks as well as with the 

temperature of the ore-forming fluids (>250 ºC). Fairly high indium contents (up to 0.2 wt%) 

were also reported in chalcopyrite, sphalerite and pyrite crystals from chalcopyrite- and 

sphalerite-dominated mineralization types in this deposit (Layton-Matthews et al., 2008). 

In their review on indium occurrences in present-day hydrothermal systems, Schwarz-

Shampera and Herzig (2002) also highlighted the fact that deposits located in sediment-

starved mid-ocean ridges show on average lower average indium contents (<10 ppm, ranging 

from 0.1 – 38 ppm) than those located in sediment-rich mid-ocean ridges. The latter show 

higher average indium contents (>50 ppm, ranging from 0.02 – 592 ppm). The same tendency 

was noticed by Layton-Mathews et al. (2013). High selenium contents are mostly associated 

to thick accumulations of sediments in mid-ocean ridges (up to 1000 ppm). 

The above considerations indicate that, although indium and selenium are magmatofile 

elements and thus are usually considered as magmatically derived metals (e.g., Hedenquist 

and Lowenstern, 1984; Huston et al., 1995a,b; Hannington et al., 1999a,b; Schwarz-

Schampera, 2000; Sinclair et al., 2006; Goodfellow and Lydon, 2007; Ishihara and Endo, 

2007; Layton-Matthews et al., 2013), their presence should not be considered as an obligatory 

consequence of a direct magmatic input. For example, Schwarz-Schampera (2000) and 

Schwarz-Schampera and Herzig (2002) emphasized the fact that, very often, indium-bearing 

volcanic- and sediment-hosted deposits are preferentially associated with porphyritic, felsic to 

intermediate volcanic rocks and/or fine-grained, reduced sedimentary sequences that display 

evidences of strong hydrothermal alteration such as silicification, sericitization and 
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chloritization. Deep penetration of modified water, facilitated by pull-apart-type structures, can 

account for extensive leaching of the footwall rock succession above the heat source, and the 

mobilization of indium from the altered volcanic, volcaniclastic and sedimentary rocks. The 

extensive data collected by these authors demonstrate also that indium concentration are 

higher in sedimentary rocks (0.55 ppm In) than in felsic (0.11 ppm In) or mafic (0.08 ppm In) 

rocks, whereas data from Li and Schoonmaker (2003), Butterman and Brown (2004) and 

Ketris and Yudovich (2009) indicate that selenium contents in crustal rocks show an average 

content of 0.6 ppm in sedimentary rocks, in particular in carbonaceous black shale (up to 1500 

ppm), 0.35 ppm in volcanic rocks, and 9.15 ppm in volcanic tuffs.  

There is very few data on the indium and selenium abundances in either the VSC or the PQ 

group rocks of the IPB. The limited data available indicates up to 0.2 ppm indium and 2.2 ppm 

selenium in the coherent felsic volcanic rocks (Munhá, 1983 unpublished data; Rosa, 2007), 

and up to 3 ppm selenium in the PQ Group rocks (Jorge, 2010). These abundances are quite 

similar to those reported in crustal igneous and sedimentary rocks, thus implying that in 

addition to the base metals (Fe, Cu, Zn, Pb), the PQ Group sequence may also constitute a 

potential source for indium and selenium in typical IPB deposits. The occurrence of interesting 

indium and selenium contents in some of the IPB deposits mentioned in Section 6.1. (see also 

Marcoux et al., 1996) constitutes perhaps the best evidence for the potential role of the PQ 

Group rocks as sources for indium and selenium. Maximum concentrations of 495 ppm of 

indium and 1360 ppm of selenium have been reported in deposits such as Rio Tinto, 

Aznalcollar, or Tharsis (Marcoux et al., 1996).  

 

At the Neves Corvo deposit, it comes out from both the neodymium and the lead isotope data 

(Figures 142 and 145) that, in addition to zinc (and other metals: Cu, Fe, Pb, Au), indium and 

selenium could have been sourced by leaching of the footwall sequence. Part of the overall 

indium and selenium contents found in the deposit might have followed the leached zinc and 

copper during the formation of the zinc-rich and the copper-rich ores, respectively. However, 

by plotting in Figure 158 the initial 207Pb/204Pb isotope signature of a single bornite ore sample 

from the Neves orebody versus its indium and selenium abundances, it can be seen that this 

copper-rich ore is clearly detached from the studied zinc- and copper-rich ores. Together with 

the lead isotopic signatures depicted by some of the copper-rich ores from the Neves Corvo 

orebody (Figures 143 and 157), this suggests that as tin and part of the copper contents in the 

deposit, a significant portion of its indium and selenium contents should have resulted from 

direct magmatic contributions as well. This may explain the unusually high indium and 

selenium abundances depicted by some copper-rich ores in the deposit. 
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Figure 158. Indium and selenium concentrations vs. initial 207Pb/204Pb for the different zinc- and copper-rich ore 
types studied, and for a single bornite ore sample. IPB average indium and selenium contents from Marcoux et al. 
(1996). Bornite ore indium and selenium contents from Pinto (personal communication; unpublished data). 
 
 

8.5. Integrated metallogenetic model for the Neves Corvo deposit 
 

Figures 159 A to D depict four cartoons that schematically illustrate the formation of the zinc-

rich ores within the general framework of the metallogenetic model proposed by Relvas (2000) 

and Relvas et al. (2006a, b) for the Neves Corvo deposit. These authors have addressed this 

complex ore-forming system based on their study of the tin and copper-rich mineralization at 

the Corvo orebody. Here, an attempt has been made to integrate in a single coherent model 

the metallogenetic signatures of both the Lombador and the Corvo orebodies, which are 

thought to represent different portions of the Neves Corvo overall mineralizing spectrum. The 

differences in the immediate footwall litostratigraphic sequences, the marked stratabound 

development of the Lombador stockwork system, the evolving hydrothermal convection 

regimes in the deposit region, and the relative influence of additional fluid and metal 

contributions of both deep basinal and magmatic origins are among the variables that have 

been equated in order to reach a larger (but still incomplete) picture of the Neves Corvo 

metallogenesis. 
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(1) The extensional tectonic regime established in the IPB during the Upper Famennian and 

Lower Carboniferous produced the fragmentation of the IPB basin. Within and around the 

Neves Corvo deposit region (Figure 159A), the basin paleomorphology is interpreted to be 

highly segmented and to correspond to a tectonically, volcanically, and sedimentary active rift 

environment, where fault-bounded, strongly compartmented second and third order basins 

developed, accounting for a combination of asymmetrical subsidence, uplift, and tilting of 

blocks, submarine erosion, and strong lateral and vertical lithostratigraphic variations. These 

basins accommodated the deposition of a carbonaceous dark grey to black pyritic shale 

sequence in a marine environment, below storm wave base, at water depths ranging between 

1000 to 1500 m, and prolonged felsic volcanism. The extensional regime also favored the 

formation of deep, sub-vertical fault structures, which may have been variably active and/or 

permeable (fracture density) at slightly different times. These deep structures allowed the 

ascent of magmas and the likely emplacement of a tin-bearing granitic body at depth. 

 

(2) Regional-scale high geothermal gradients are a major consequence of the IPB geotectonic 

setting. At the Neves Corvo area, an enhanced thermal regime ascribed to additional heat 

supply, associated with the emplacement of the tin-bearing granitic body, and its slow cooling 

history, may have contributed and enhanced the widespread convective circulation of both 

rock pore water and recharge seawater down through the stratigraphic succession (Figure 

159B). This enhanced thermal regime should have favored the circulation of seawater at 

shallow depths and promoted extensive low-temperature fluid upflow and diffuse exhalation, 

which resulted in the progressive seafloor isolation and consequent formation of a pre-

mineralization siliceous cap rock (represented in the deposit region by the JC Unit). At or near 

the seafloor, the semi-closure of the system by the pre-mineralization barrier of exhalites 

contributed to the progressive reduction of the overall heat loss by the system, and to the 

development of a steady-state, moderate-temperature and moderately evolved seawater-

dominated convective hydrothermal system that leached significant amounts of metals (Si, Fe, 

Zn, Pb, Au, ±Cu, ±Sn, ±In, ±Se) from the host sequence. The progressive isolation of the 

hydrothermal system enabled the generation of higher-temperature, semi-conformable 

alteration zones. At moderate depth, the crossing of the pressure-temperature conditions that 

correspond to reverse solubility of silica is underlined by strong stratabound silicification that 

contributes to isolate a deep hydrothermal reservoir. Large quantities of metals (Fe, Zn, Pb, 

Au, Cu, ±In, ±Se) were leached from the PQ Group rocks and/or from its underlying ensialic 

basement by evolved, deep-seated, saline, metal-rich brines – the “IPB ore fluid”. On top of 

the granitic cupola, as temperature decreases, supercritical magmatic brine-vapor separation 

takes place above the tin-bearing granitic body. Whereas tin(-Fe, Zn, Pb) is mainly 
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concentrated in the saline brine phase, copper(-Au?, In?, Se?) concentrates preferentially in 

the vapor phase. Subsequent, tectonic events associated with deep, sub-vertical fault 

structures cause the pulsative release of highly focused, tin-rich magmatic brines onto the 

seawater column and the consequent formation of the massive cassiterite ores.  

 

(3) The formation of the zinc-rich ores (FZ, MZ, MZP; Figure 159C) takes place in a 

subsequent ore-forming episode, which should have been active for a very long period of 

time, during which the venting activity should have underwent repeated pulses, and lateral 

migration within the hydrothermal field. At this stage, the overall system heat loss was greatly 

reduced due to the continuous isolation of the system and the longer residence time of the 

heat generated. Continuous hydrothermal reworking was favored by the steady state 

convective regime. This led to the establishment of a sustained, focused, moderate to high-

temperature convective hydrothermal system that more efficiently leached metals (Si, Fe, Zn, 

Pb, Au, ±Cu, ±In, ± Se) from the volcanic and metassedimentary host rock sequence. Again, 

the mineralizing episodes were triggered by tectonic events that most probably reactivated 

major rift faults, controlling the discharge of the ore-bearing fluids around those structures. 

Simultaneously, the tectonic activity also enabled the channeling of the deep-seated, hot, 

saline, metal-rich “IPB ore fluid” and favored its scavenging by the shallower seawater-

dominated hydrothermal convective system. This greatly enhanced the metal-leaching and 

metal-transport capacities of the seawater-dominated hydrothermal convective system due to 

the increase of the fluid temperature, salinity, reducing character, and acidity.  

At the Lombador area, the marked lateral and vertical changes in the footwall lithofacies 

favored the development of stratabound alteration, and stockwork and massive sulphide 

mineralization, as well as the formation of a chlorite-dominated hydrothermal alteration pattern 

that extends across the entire length of the orebody. Extensive sub-seafloor replacement and 

mineralization phenomena occurred in the feeder zones of both the Lombador and the Corvo 

orebody, resulting in the formation of stockwork and massive sulphide barren (FE, ME), zinc-

rich (MZ, MZP), and lead-rich (MP) ores. The prominent sub-seafloor replacement processes 

were favored by the presence of water-saturated, sediment-rich, reactive lithofacies, and by 

the sustained, moderate to high-temperature, reduced, and low pH ore-forming conditions. 

Probable boiling processes also favored extensive hydrothermal alteration and mineralization, 

as well as the increase of zinc concentration in the fluid phase. Episodically, fault-controlled 

breaching of the system cap rock caused the exhalation of hot, metal-rich (Fe, Zn, Pb, Au, 

±Cu, ±In, ± Se) hydrothermal solutions onto the seawater column, leading to formation of the 

banded, carbonate-rich zinciferous ores in the peripheral areas of the orebodies by plume 

fallout, in brine pool(s), or by a combination of both. The tectonic activity also causes the 

occurrence of mass flows composed by a mixture of massive sulphide and host rock debris 
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that alternate with periods of quiet sulphide deposition and fine sedimentation. The huge size 

of the Lombador orebody implies that some factors locally converged to the “capture” of the 

zinc-rich fluids over long periods of time, and to the precipitation and accumulation of the zinc-

rich ores, preferentially in this part of the Neves Corvo hydrothermal field. These factors might 

include favorable paleotopography, long-lasting low to moderate hydrothermal activity, higher 

fracture density, particularly anoxic bottom water conditions, enhanced biogenic activity, 

physical and or geochemical traps for metal precipitation and/or accumulation. 

 

(4) Later on, continuing hydrothermal activity (hydrothermal reworking) and pulsative 

discharge of high-temperature, copper-rich hydrothermal solutions resulted in geochemical 

evolution of the sulphide mineral assemblages by zone refining processes, and the formation 

of the copper-rich ores (FC, MC, MCZ) (Figure 159D). This led to the replacement of the early, 

zinc-rich ores along major replacement fronts (the MCZ ore) at the base of the sphalerite-rich 

ores, in particular at the Corvo, Neves and Graça orebodies. The well-defined ore metals 

zonation depicted by the orebodies, and the consequent overall distribution of the ore types 

suggest that the high-temperature copper-rich ore fluids did not vent onto the seafloor. 

However, it is possible that episodic venting onto the seafloor could have occurred as well, 

given, for instance, the presence of displaced and zoned copper-rich massive sulphide lenses 

piled up at the S-SW areas of both Corvo and Graça orebodies. Once more, the mineralizing 

episodes were triggered by the progressive tectonic regime in the IPB basin. The fault system 

was most probably reactivated, intensifying the fracture density and deepening local major rift 

faults, which facilitated the scavenging and discharge of the high-temperature, copper-rich ore 

fluids. At the Corvo orebody (and, inferentially, at the Graça and Neves orebodies), the 

deepening of the major sub-vertical fault structures that fed the stockwork system resulted in 

the uptake, channeling and scavenging of both the deep-seated “IPB ore fluid”, and large 

volumes of buoyant copper(-Au?, In?, Se?)-rich magmatic vapor, and subordinate volumes of 

tin-rich saline brine by the ore-forming seawater-dominated convective cells. These high-

temperature, reduced, acidic, saline, and metal-rich solutions episodically and variably mixed 

with the overlying, seawater-dominated hydrothermal convective system have enhanced not 

only its metal contents, but also its metal-leaching and metal-transport capacity. The focus 

and multiple discharges of large amounts of differently sourced metals towards the 

depositional sites resulted in the genesis of huge amounts of high-grade, copper (MC), 

copper-tin (MS), and copper-zinc (MCZ) ores at the orebody. Continuous high-temperature 

hydrothermal conditions enabled the occurrence of prolonged, sustained, and mature zone 

refining processes over long periods of waning hydrothermal activity. In turn, at the Lombador 

orebody, the formation of the high-temperature, copper-rich ores also occurred during 

focused, short-lived pulses of hot, copper-rich hydrothermal upflows, which were also 
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triggered by fault movements. However, the absence of huge volumes of high-grade, copper-

rich ores suggest that the hydrothermal solutions were, perhaps, mostly controlled by the 

seawater-dominated convective system, and that its metal budget would have included 

smaller or no amounts of additional metal-rich contributions from direct magmatic origin. Given 

the overall low copper and tin contents, the participation of magmatic admixtures seem to 

have not occurred at this orebody (and, possibly, at the Zambujal orebody), although the 

uptake of minor volumes of copper-rich magmatic vapor can not be entirely excluded from this 

particular system due, for instance, to the presence of some high-grade MC ore (>35 wt% Cu) 

with local expression only. The textural, mineralogical, and geochemical features depicted by 

the MCZ ore at the Lombador orebody also indicate that the zone refining processes were 

less prolonged, sustained and intensive than those described for the Corvo orebody. This 

resulted in a less mature hydrothermal development in the Lombador orebody relative to the 

remaining Neves Corvo orebodies.  

 

(5) The inversion of the tectonic regime from the Upper Visean onwards, caused extensive 

shearing and tangential thrusting and resulted in the formation of locally significant, secondary 

copper, indium and selenium redistribution, remobilization and enrichment in particularly 

deformed settings of the deposit. 
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Figure 159. A) Schematic representation of the highly compartmented and tectonically, volcanically, and sedimentary active environment of the IPB basin at the Neves Corvo 
region. Note the formation of deep, sub-vertical fault structures, the emplacement of a tin-bearing granitic body at moderate depth, and the formation of the VSC sequence. B) 
Schematic representation of the widespread convection regime at shallow depths, resulting in the isolation of the system and formation of a siliceous/exhalite cap rock (JC Unit), 
and also in the generation of higher-temperature, semi-conformable alteration zones at depth, which acted as a reservoir from which metals were leached by an evolved, saline, 
metal-rich solution – the “IPB ore fluid”. At the same time, magmatic brine-vapor separation takes place above the granitic body, forming a tin-rich brine and a copper-rich vapor 
phase. Subsequent, tectonic events caused the pulsative release of highly focused, tin-rich magmatic brines onto the seawater and the consequent formation of the cassiterite 
ores. 
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Figure 159. C) The continuous isolation of the system led to the establishment of a sustained, focused, moderate to high-temperature, seawater-dominated convective 
hydrothermal system that leached metals from the volcanic and meta-sedimentary host rock sequence. Subsequent mineralizing episodes enabled the scavenging of the deep, 
saline, metal-rich “IPB ore fluid” by the shallower seawater-dominated hydrothermal system, and the formation of the zinc-rich ores around the deep fault structures. Extensive 
sub-seafloor replacement and mineralization phenomena occurs, together with possible boiling. The marked footwall lithofacies changes at the Lombador orebody favored the 
development of a more pronounced stratabound alteration and mineralization than at the Corvo orebody. Episodic tectonic events caused the exhalation of metal-rich 
hydrothermal solutions onto the seawater column, and the formation of banded, carbonate-rich zinciferous ores, as well as the occurrence of mass flows composed by massive 
sulphide and host rocks debris. 
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Figure 159. D) Subsequent hydrothermal and tectonic activity caused the formation of the copper-rich ores. These replace the early, zinc-rich ores along major replacement 
fronts (MCZ ore), in particular at the Corvo, Neves and Graça orebodies. Episodic venting onto the seafloor could have occurred. At the Corvo orebody, the deepening of the 
sub-vertical fault structures result in the uptake of the “IPB ore fluid”, together with large volumes of buoyant copper-rich magmatic vapor and subordinate amounts of the tin-rich 
saline brine, which mixed with the overlying, seawater-dominated hydrothermal convective system. This led to sustained, long-lived, high-temperature, acidic and reduced 
conditions that resulted in the formation of huge amounts of high-grade, copper-rich ores. Continuous, high-temperature hydrothermal conditions enabled a well-developed zone 
refining process. At the Lombador orebody, the formation of the copper-rich ores occurred during focused, short-lived pulses of hot, copper-rich hydrothermal upflows. The 
hydrothermal solutions were possibly mainly controlled by the shallower seawater-dominated convective system, and additional metal-rich admixtures resulted only from the 
episodic uptake of large volumes of the hot, saline, metal-rich “IPB ore fluid”. No significant additional magmatic contributions are thought to have occurred, although its 
participation cannot be entirely excluded. The zone refining processes were less prolonged, sustained and intensive than those at Corvo, resulting in a less mature hydrothermal 
development relative to the remaining orebodies. 
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9. Conclusions 
 

The main conclusions of this study, based on the log data, petrography, mineral chemistry, 

whole-rock geochemistry, ore elements distribution maps and correlations, and strontium, 

neodymium and lead isotope geochemistry are as follows: 

 

1) The Lombador orebody is the largest (106.2 Mt) and zinc-richest (73.5 Mt @ 5.86% 

Zn) orebody at the Neves Corvo deposit (>250 Mt), accounting for about 63% of the 

mine total zinc resources. It is composed of a lens-shaped massive sulphide orebody 

underlined by a marked, stratabound, crosscutting zone of stringer and disseminated 

mineralization hosted by a footwall sequence of chorite(-carbonate, quartz)-sulphides 

and sericite-quartz-sulphides(-chlorite, carbonates) altered rocks of the VSC and the 

PQ Group units.  

 

2) The Lombador orebody immediate footwall sequence shows marked lateral and 

vertical lithofacies changes relative to other areas of the deposit. In a considerable part 

of its extension, the Lombador massive sulphide lens directly overlays the PQ Group 

sequence, whereas in other areas the immediate footwall consists of a variably thick 

VSC sequence composed by coherent rhyolite volcanic facies in the central and south 

sectors of the orebody, and a large component of detrital material, either volcanogenic, 

or sedimentary in origin, towards the northern sector, where they alternate with ore-

bearing levels. This is though to reflect a variable basin paleomorphology due to a 

highly compartmented and tectonically, volcanically, and sedimentary active rift basin 

environment in the Neves Corvo region, under which the massive cassiterite and 

sulphide base metal mineralization developed.  

 

3) The stratabound, crosscutting stringer and disseminated stockwork mineralization at 

the Lombador orebody develops across the entire length of the orebody, and down to 

between 2 and 30 m deep into the footwall sequence. Although two discharge zones 

have been found in the orebody, the main stockwork system develops in the central-W 

sector of the orebody, where the axis of the main feeder system locates and 

chalcopyrite-rich veins are more abundant.  

 

4) As in many other IPB massive sulphide deposits, the hydrothermal alteration pattern at 

the Lombador orebody comprises a chlorite-dominated innermost alteration zone 

(Type I alteration) that grades outwards into a K-sericite-dominated (Type IIa 
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alteration) peripheral alteration zone. The surrounding Na-sericite-bearing alteration 

(Type IIb alteration) was only found in some coherent rhyolite lenses tectonically 

emplaced in a hanging wall position. Chlorite extends almost along the entire length of 

the stockwork system, whereas sericite is mainly developed towards the south and 

central to central-E sectors of the orebody. These main alteration facies are often 

associated to silicification and carbonatization, and the latter constitutes an important 

alteration feature in the deposit. It forms prominent siderite-rich alteration zones (up to 

2m thick) in the upper portions of the feeder system, in particular in the central-W 

sector of the orebody. The occurrence of fairly important boiling phenomena should 

have contributed to the extensive carbonitization and chloritization found. 

 

5) Chemically, the chlorites from the Lombador feeder system are more aluminous than 

those reported in typical IPB stringer systems, and the estimated chlorite formation 

temperatures indicate average peak formation temperatures of 370 ºC for the copper-

rich stockworks ores, and about 362 ºC for the zinc-rich stockwork ores. However, its 

iron and aluminum contents, as well as its estimated formation temperatures do not 

reach values as high as the ones found in the Corvo copper-rich stockwork system. 

This indicates that the ore-forming conditions at the Lombador orebody stockwork 

system were less intense than those characterizing the copper-rich stockwork system 

of the Corvo orebody, the copper richest orebody at Neves Corvo. Also, the low 

manganese abundances depicted by the alteration-related chlorites at both the 

Lombador and the Corvo stockwork systems relative to other IPB deposits, together 

with the occurrence of donbassite and the overall abundance of siderite, pyrite, 

variably iron-enriched sphalerite, arsenopyrite and, to a lesser extent, pyrrhotite in the 

Neves Corvo ores collectively indicate that the massive sulphide ores at Neves Corvo 

formed predominantly under moderately to strongly reduced conditions by iron-rich, 

acidic and high-temperature ore solutions.  

 

6) Also, the abundance of siderite suggests that at least part of the ore-forming fluids 

were equally enriched in CO2, and factors such as a porous and chemically reactive 

footwall host sequence, temperature decrease, variations in the pH, mixing of fluids, 

and boiling seem to have promoted and controlled the extensive, stratabound chlorite-

dominated alteration and ore deposition. 

 

7) The main metassomatic changes produced in the Lombador immediate footwall rocks 

by the mineralizing fluid-rock interactions were large scale enrichment in iron and 
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depletion in silica and alkalis in Type I altered zones due to intense chloritization and 

sulphidization, and enrichment in silica and alkalis towards the peripheral Type II 

altered zones.  

 

8) The metal zonation, and consequent distribution of the various types of ore and related 

mineral assemblages at the Lombador orebody develop around a NNW-SSE sub-

vertical fault zone located in the central-W and south sectors of the orebody, which 

seem to have controlled the ore-forming processes and the mineralization styles in the 

orebody. As in the remaining Neves Corvo orebodies, copper-rich ores occur mostly 

within the innermost zone of the orebody, whereas zinc-rich and barren ores occur 

towards the top and peripheral zones of the orebody. Again, as in the remaining 

orebodies, significant thrusting and remobilization processes contributed to locally 

important secondary metal enrichments.  

 

9) Log and ore textural, mineral and geochemical data indicate that the zinc-rich 

mineralization at Neves Corvo formed by a combination of sub-seafloor replacement 

processes and episodic direct exhalation onto the seafloor. The copper-rich ores 

formed in a later phase of the evolution of the hydrothermal system, and overprinted 

the zinc-rich ores. Factors such as sustained, long-lived hydrothermal activity, 

occurrence of rheologically and compositionally favorable footwall host rocks, and the 

existence of a pre-mineralization insulating cap rock self-sealing the system 

contributed to extensive sub-seafloor replacement phenomena and unusually high 

temperature, acidic, reduced ore-forming conditions in the deposit. The discharge of 

the ore-forming solutions was tectonically triggered. 

 

10) By analogy with present-day submarine hydrothermal systems, the distinct 

petrographic and geochemical features shown by the copper-rich ores from the 

Lombador orebody relative to the remaining Neves Corvo orebodies, as well as its low 

copper ore grades and the predominance of zinc-rich ores indicate that the Lombador 

orebody is hydrothermally more immature than the remaining orebodies, and that the 

development of the high-temperature, copper-rich ore zones should have occurred 

during focused, short-lived pulses of higher temperature hydrothermal upflows and 

most of the hydrothermal activity was dominated by a sustained, low to moderate 

temperature (<300 ºC) hydrothermal circulation. In turn, the Corvo and Graça 

orebodies seem to be the most mature orebodies within the Neves Corvo 

hydrothermal field. These two orebodies show the highest copper ore grades and 
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copper ratios in the deposit, in particular the Corvo orebody, which implies massive 

influx of high-temperature (>300 ºC) copper-rich hydrothermal fluids and a sustained, 

long-lived hydrothermal activity. The amount of tin is equally higher in these two 

orebodies.  

 

11) As in many other deposits, indium and selenium are mainly associated to the copper-

rich ores at the Neves Corvo deposit, in particular in the MCZ ores, and their 

abundance, distribution and mineral allocation within the deposit, or at each orebody 

scale resulted from the combined effects of ore-forming processes and late tectono-

metamorphic deformation. The copper-rich ores account for more than 60% of the 

indium and selenium metal content in the deposit, which clearly indicates the joint 

transport and co-precipitation of copper, indium and selenium by high-temperature, 

acidic, reduced, saline, copper-rich ore fluids. Moreover, the abundance, distribution 

and mineral allocation of both indium and selenium in the different Neves Corvo 

orebodies agree well with the degree of hydrothermal “maturity” shown by each 

orebody. Nevertheless, in tectonized settings, the zinc-rich ores also account for 

significant amounts of indium and selenium in the deposit, which makes these 

particular zinc ores a potential source of indium and selenium in the deposit. In ore 

zones with prominent tectono-metamorphic deformation, the indium and/or selenium 

enrichment can be up to 500% relative to the estimated average concentration in the 

orebody. The replacement of early-formed low-temperature ore types, zone refining, 

recrystallization, annealing, and tectono-metamorphic remobilization contributed to the 

formation of indium and selenium mineral phases such as roquesite and naumanite, as 

well as to the formation of intermediate phases such as the roquesite-sakuraiite, or 

unknown bismuth-selenium and bismuth-lead-selenium phases.  

 

12) Depending on the ore type, sphalerite and/or chalcopyrite and, to a lesser extent, 

stannite constitute the main indium-carrier ore sulphides, whereas galena constitutes 

the main selenium-carrier mineral phase in all ore types. Hence, the indium contained 

in the copper- and zinc-rich ores should be recoverable from the copper concentrates, 

and, under certain circumstances, from some zinc concentrates as well. The 

occurrence of high indium and selenium concentrations in local tectono-metamorphic 

deformation zones within zinc and/or barren ore zones otherwise characterized by low 

indium and selenium grades may represent a potential economic source for indium 

and selenium, and justify a selective exploitation strategy towards the production of 

indium- or selenium-rich zinc concentrates in the future. 
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13) The strontium, neodymium and lead isotope data indicate that the footwall rocks and, 

in particular, the PQ Group sequence constitute the main source of zinc (plus other 

base metals), and of part of the indium and selenium for the zinc- and copper-rich ore 

types studied from the several Neves Corvo orebdies. However, the lead isotopic 

signature depicted by some of the copper-rich ore types at Neves Corvo, as well as 

their extremely high indium and selenium abundances suggest that as tin and part of 

the copper metal contents in the deposit, a significant fraction of the indium and 

selenium metal contents in the deposit may also resulted from direct magmatic 

contributions. Further investigation is needed to better understand the metal 

assemblage and ore types, and to fully constrain the complex, multi-stage and multi-

sourced metallogenesis at the Neves Corvo deposit. We suggest that, following Corvo 

and Lombador, also the Neves and Zambujal orebodies should be studied in terms of 

their alteration and ore mineral assemblages, geochemistry and isotopic signatures.  
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Appendix 
 
 
A1. Samples and methods resume table 
 
A2. Lombador log information 
 
A3. Electron microprobe analysis: hydrothermal alteration minerals 
A3.1. Hydrothermal alteration gangue mineral assemblage 
A3.1.1. Chlorite 
A3.1.2. Sericite 
A3.1.3. Siderite 
A3.1.4. Ankerite 
A3.2. Tectono-metamorphic carbonates 
 
A4. Electron microprobe analysis: ore sulphide minerals 
A4.1. Major ore sulphide minerals 
A4.1.1. Pyrite 
A4.1.2. Sphalerite 
A4.1.3. Chalcopyrite 
A4.1.4. Galena 
A4.2. Accessory, minor and trace ore sulphide minerals 
A4.2.1. Arsenopyrite 
A4.2.2. Cobaltite 
A4.2.3. Glaucodot 
A4.2.4. Carrolite 
A4.2.5. Tetrahedrite 
A4.2.6. Tennantite 
A4.2.7. Stannite 
A4.2.8. Ferrokesterite 
A4.2.9. Kesterite 
A4.2.10. Mawsonite 
A4.2.11. Naumanite 
A4.3. Accessory, minor and trace ore sulphide minerals 
A4.3.1. Junoite (?) 
A4.3.2. Selenium-bearing cannizzarite (?) 
A4.3.3. Roquesite 
 
A5. Mine cross sections 
A5.1. Lombador orebody 
A5.2. Corvo orebody 
A5.3. Neves orebody 
A5.4. Zambujal orebody 
A5.5. Graça orebody 
 
A6. Whole rock geochemistry analysis 
A6.1. Lombador orebody 
A6.1.1. Stockwork ore 
A6.1.2. Massive sulphide ore 
A6.2. Corvo (SE area) orebody 
A6.3. Neves orebody 
A6.4. Graça (SW area) orebody 
A6.5. Zambujal orebody 
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