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RESUMO

TESE DE DOUTORADO

Fernando Henrique Bucco Tallarico

A presente tese trata da geologia, caracterizagio de minérios e geocronologia U-Pb
SHRIMP dos depésitos cupro-auriferos de Igarapé Bahia, Breves e Cento e Dezoito, ¢
ainda da geologia e metalogénese do depdsito de Au-Pd-Pt de Serra Pelada. Os resultados
mostram que ocorreram no Cinturiio Cupro-Aurifero de Carajas ao menos dois eventos
metalogenéticos distintos, um no Neoarqueano (~2,57 Ga) representado pelo depésito de
Fe-oxido Cu-Au-(U-ETR) de Igarapé Bahia e outro no Paleoproterozéico (~1,88 Ga)
tipificado pelo depédsito de Cu-Au-(W-Bi-Sn) de Breves. Os resultados do depésito Cento e
Dezoito sugerem que este seja um depodsito hibrido derivado da superposic@io de eventos
neoarqueanos € paleoproterozdicos. A excepcional vocagio metalogenética da regifo
inicia-se no Arqueano com o desenvolvimento de um rift continental onde se deu a
acumulacgio de ferro, e possivelmente cobre, singenético. Neste ambiente ocorreu também a
formacdo de depositos de Pt-Pd associados a complexos maficos-ultramaficos. A precoce
cratonizagio da regifio e sua complexa histéria tectdnica, que registra multiplos eventos de
transtensdo associados a magmatismo, permitiram a formac3o ainda no Neoarqueno de
depositos do tipo Fe-0xido Cu-Au-(U-ETR). Durante o Paleoproterozdico a regifio
experimentou um novo episodio transtensional que permitiu o alojamento de diversos
granitos do tipo-A, aos quais se associam os depdsitos do tipo Cu-Au-(W-Bi-Sn). Desta
justaposi¢io de eventos resulta um quadro metalogenético complexo que inclui uma
diversidade de depdsitos minerais, alguns dos quais exéticos. Um exemplo € o depdsito
Serra Pelada que representa um caso nico na regifio de mineralizacdo de Au-Pd-Pt alojada
em rochas meta-sedimentares.
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THE CARAJAS COPPER-GOLD BELT, BRAZIL
ABSTRACT

Ph.D. THESIS

Fernando Henrique Bucco Tallarico
This research addresses the geology, ore assemblages and SHRIMP U-Pb geochronology of
the Igarapé Bahia, Breves and Cento e Dezoito copper-gold deposits, and the geology and
metallogenesis of the Serra Pelada Au-Pd-Pt deposit. The data indicate that two temporally
distinct metallogenetic events occurred in the Carajas Copper-Gold Belt, one Neoarchean
(~2.57 Ga) represented by the Igarapé Bahia Fe-oxide Cu-Au-(U-REE) deposit, and other
Paleoproterozoic (~1.88 (ia) represented by the Breves Cu-Au-(W-Bi-Sn) deposit. The
results suggest that Cento e Dezoito is possibly a hybrid deposit resulting from the interplay
of Neoachean and Paleoproterozic ore forming processes. The metallogenesis of the belt
initiates in the Archean with the development of a continental rift where syngenetic iron,
and possibly copper, were accumulated. This environment also favored the formation of Pt-
Pd deposits associated with layered mafic-ultramafic intrusions. The early cratonization and
the complex tectonic history of the Carajas Copper-Gold Belt, that includes multiple
transtensional events, allowed the formation of Fe-oxide Cu-Au-(U-REE) during the
Neoarchean. During the Paleoproterozoic the belt underwent other transtensional episode
that favored the ascent of several A-type granites to which Cu-Au-(W-Bi-Sn) deposits are
associated. The juxtaposition of these distinct metallogenetic events resulted in a complex

scenario that includes a vanety of ore deposits some of which exotic, as for example the
Serra Pelada Au-Pd-Pt deposit, a unique case of Au-Pd-Pt deposit hosted by meta-
sedimentary rocks.







“Where an ore deposit has been found, it can be expected to find others of similar type
under analogous conditions, because most ore deposits tend to occur gregariously”
Cotta (1859)
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1. Introducio

A Provincia Mineral de Carajas, localizada no sul do estado do Para (Fig. 1), € um dos
mais promissores distritos minerais da atualidade, motivo pelo qual vem recebendo, desde
a Ultima década, mvestimentos macigos das principais empresas de exploragio mineral do
mundo.

A presente tese de doutorado trata da geologia, caracterizacio de minérios e
geocronologia U-Pb SHRIMP II de trés depositos de Cu-Au de Carajas, que ocorrem em
situagdes estratigraficas diferenciadas. Foram selecionados os depdsitos de (i) Igarapé
Bahia que ¢ alojado por rochas meta-vulcanossedimentares; (ii) Breves que esta encaixado
em rochas meta-sedimentares; e (ii1) Cento e Dezoito que € hospedado em parte por rochas
intrusivas de composigdio tonalitica. O depdsito de Au-Pd-Pt de Serra Pelada também foi
abordado sucintamente. Esta selecdo objetivou a geragdo de dados que subsidiassem a
avaliaciio dos modelos genéticos existentes e a proposi¢cio de um modelo metalogenético

regional para os depdsitos de Cu-Au de Carajas.

2. Geologia regional e depésitos minerais associados

O Cinturdo Cupro-Aurifero de Carajas (Figura 1) situa-se na porgfo sudoeste do Craton
Amazbnico, sendo limitado a leste pela faixa de dobramentos Araguaia de idade
neoproterozdica, € a oeste por rochas supra-crustais paleoproterozdicas do Supergrupo
Uatumi (Docegeo 1988; Araijo e Maia 1991; Tassinari e Macambira 1999). A sul é
balizado pelo contato com o Bloco Rio Maria, uma unidade tectdnica mais antiga que inclui
tipicamente terrenos do tipo granito-greenstone (Docegeo 1988; Huhn et al. 1988). A norte
o cinturdio ¢ limitado principalmente pelo sistema de falhas transcorrentes Salobo-Cinzento,
sendo parcialmente coberto por sedimentos paleozoéicos e cenozdicos da Bacia Amazdnica
(Pinheiro e Holdsworth 1997).

O embasamento do cinturdo inclui principalmente gnaisses ¢ migmatitos integrantes do
Complexo Xingu e o ortogranulitos do Complexo Pium. Dados recentes de geocronologia

SHRIMP, conduzidos por Pidgeon et al. (2000), forneceram idades de 3002 = 14 Ma para ©

os nticleos, e 2859 + 9 Ma para as bordas de zircGes extraidos de edembergitos de facies




granulito que compde o Complexo Pium. Os resultados foram interpretados pelos autores
como representativos das idades de cristalizacdo ¢ metamorfismo, respectivamente. Estes
dados concordam com datacdes U-Pb convencionais, realizadas por Machado et al. (1991},
em zircOes extraidos de gnaisses e migmatitos do Complexo Xingu, que forneceram idade
de 2859 + 2 Ma para o metamorfismo e migmatizacio da assembléia de embasamento.

Regionalmente o padrio de deformacgio das rochas do embasamento define um
complexo sistema de falhas transcomrentes sub-verticais, com orienta¢io geral E-W,
denominado de Zona de Cisalhamento Itacaitnas. Este sistema de falhas representa um
classico exemplo de heranca tectdnica tendo sido reativado diversas vezes desde o
Arqueano até o Proterozdico (Pinheiro e Holdsworth 1997; Holdsworth e Pinheiro 2000).
Assim, o aqui definido Cinturfio Cupro-Aurifero de Carajas compreende um dominio
metalico da crosta continental, estruturalmente balizado pela Zona de Cisalhamento
Itacaiunas, onde ocorre uma excepcional concentrag@o de depositos de Cu-Au circunscritos
por rochas supra-crustais de idade arquena.

As seqiiéncias meta-vulcanossedimentares de Carajds, reunidas no Supergrupo
Itacaifinas, incluem rochas de grau metamorfico variado. Na porg¢do norte do cinturio
ocorrem rochas intensamente deformadas e metamorfisadas em facies anfibolito alto a
granulito do Grupo Igarapé Salobo, enquanto na sua porciio central ocorrem rochas muito
pouco deformadas ¢ de baixo grau metamorfico dos Grupos Grio Pard e Igarapé Bahia
(Docegeo 1988). A acumulagio destas seqiiéncias supra-crustais foi determinada por varios
autores em ~2.75 Ga (e.g. Wirth et al. 1986; Machado et al. 1991; Trendall et al. 1998). O
Grupo Grio Pard ¢ a unidade vulcanossedimentar dominante do cinturfo, incluindo rochas
meta-vulcdnicas com expressivas intercalacles de formacfo ferrifera bandada onde sdo
encontrados depositos gigantes de minério de ferro tais como o de Serra Norte, Serra Leste
e Serra de S3o Felix que totalizam recursos de 17,3 bilhdes de toneladas de minério com
teores da ordem de 66 % Fe (Tolbert et al. 1971). Segundo Gibbs et al. (1986) e Olszewski
et al. (1989), a estratigrafia, natureza geoquimica e assinatura isotépica Sm-Nd das rochas
do Grupo Grio Par4, indicam que esta seqiiéncia meta-vulcanossedimentar se formou em
ambiente de rift intra-continental durante o Arqueano.

As unidades anteriores s3o recobertas por uma sucessio de arenitos e siltitos,

depositados em ambiente marinho raso com incursdes fluviais, da Formac&o Aguas Claras




(Nogueira et al. 1994, 2000). A idade minima desta Formacio foi proposta por Dias et al,
(1996) em 2645 £ 12 Ma, obtida pelo método U-Pb convencional, em zircSes extraidos de
sill gabroico intrusivo na seqiiéncia sedimentar. Trendall et al. (1998) obtiveram uma idade
de 2681 + 5 Ma, pelo método U-Pb SHRIMP, em amostras de arenito contendo zircbes
supostamente sinvulcanicos. Com base nestes resultados, Trendall et al. (1998) inferiram
que a Formagiio Aguas Claras representaria a unidade de topo, derivada de acumulacio
continua, da “bacia Grao Pard” que teria durado menos que 100 Ma.

O Cinturdo Cupro-Aurifero de Carajés alojou diversos pulsos de magmatismo que
variam em idade e composi¢io. As intrusdes arqueanas compreendem granitos e dioritos da
Suite Plaqué (2736 & 24 Ma, Avelar et al. 1999), o Granito Planalto (2747 + 2 Ma, Huhn et
al. 1999a) ¢ o diorito Cristalino (2738 £ 6 Ma, Huhn et al. 1999b). Ocorrem também
granitos alcalinos neoarqueanos tais como o Granito “Old Salobo™ (2573 £ 2 Ma, Machado
et al. 1991) e o Granito Itacaiinas (2560 + 37 Ma, Souza et al. 1996). Durante o
Paleoproterozdico o cinturdo foi palco de novo episédio magmatico que compreendeu a
formacdo de varios plutons graniticos tais como o Granito Central de Carajas (1880 £ 2 Ma,
Machado et al. 1991) e o Granito Cigano (1883 + 3 Ma, Machado et al. 1991). Os ultimos
fazem parte do que € considerada uma das mais extensas provincias anorogénicas do
mundo (e.g. Santos et al. 2001), que se estende a oeste por vasta por¢iio do Craton
Amazdnico, merecendo destaque por hospedar expressivos depdsitos de estanho aos quais
associam-se ocorréncias menos significativas de F, Zr, ETR, Y e W (Issler ¢ Lima 1987;
Dall’ Agnol et al. 1993; Dall’Agnol et al. 1994).

Além dos depositos gigantes de ferro e manganés, ocorrem na regido varios
depositos de Cu-Au que coletivamente compde o Cinturdo Cupro-Aurifero de Carajas. Os
depdsitos mais comuns do cinturdo séo aqueles caracterizados pela associac@o metalica Fe-

oxido Cu-Au-(U-ETR), que tipicamente apresentam tonelagem de classe mundial (> 200

Mt). Os exemplos mais significativos deste grupo de depésitos séo: Salobo com recursos de
994 Mt @ 0,94 % Cu e 0,52 g/t Au (Farias e Saueressig 1982; Vieira et al 1988;
Lindenmayer 1990), Igarapé Bahia com recursos de 219 Mt @ 1.4 % Cu e 0,86 g/t Au
(Ferreira Filho 1985; Almada 1998; Tazava 1999; Soares et al. 1999; Tallarico 2000),
Sossego com recursos de 355 Mt @ 1,1 % Cu e 0,28 g/t Au (Cordeiro 1999; Lancaster et
al. 2000), Cristalino com recursos de 500 Mt @ 1,0 % Cu e 0,3 g/t Au (Huhn et al. 1999b)




e Cento ¢ Dezoito com recursos de 170 Mt @ 1,0 % Cu ¢ 0,3 g/t Au (Rigon et al. 2000). O
cinturo inclwi também um segundo conjunto de depdsitos cupro-auriferos que se
caracterizam por apresentar uma tonelagem menos expressiva (até 50 Mt) e pela associagio
metalica Cu-Au-(W-Bi-Sn). Exemplos deste grupo de depdsitos sdo: Aguas Claras com
recursos de 9,5 Mt de minério oxidado @ 2,43 g/t Au (Soares et al. 1994; Silva e Villas
1998), e Breves com recursos de 50 Mt @ 1,22% Cu, 0,75 g/t Au, 2.4 g/t Ag, 1200 gt W,
70 g/t Sn, 175 g/t Mo e 75 g/t Bi.

Igarapé Bahia ¢ um dos depdsitos mais intensamente estudados da classe Fe-6xido
Cu-Au-(U-ETR). A mineralizacio consiste de uma série de corpos de brecha, ricos em
calcopirita, que ocorrem no contato entre rochas meta-vulcdnicas e meta-sedimentares. O
fato da mineralizacfo ser hospedada em uma seqiiéncia meta-vulcanossedimentar motivou
alguns autores a relacionar sua génese a processos singenéticos (tipo Besshi) arquenos (e.g.
Ferreira Filho 1985; Almada 1999). Por outro lade, o diagndstico ennquecimento em U ¢
ETR, e a configuragdo circular dos corpos de minério, encorajou outros autores a propor
modelos hidrotermais-magmaticos, relacionados & intrus3o de granitos paleoproterozéicos
(e.g- Lindendenmayer et al. 1998), ou modelos multi-estagio envolvendo a superposigio de
processos arqueanos e paleoproterozdicos (Ribeiro 1989; Moungeot, 1996).
Alternativamente, as similaridades paragenéticas com o depdsito australiano de Olympic
Dam, levou uma série de autores a propor um modelo epigenético associado a um
componente magmatico alcalino de idade desconhecida (e.g. Huhn e Nascimento 1996,
Tallarico 1996; Tallarico et al. 1998; Oliveira et. al. 1998; Tazava 1999; Soares et al. 1999).
Esta controvérsia ndo se restringe ao depdsito de Igarapé Bahia, e de forma genérica
sintetiza a polémica em torno da génese dos depdsitos de Fe-6xido Cu-Au-(U-ETR) do
Cinturdo Cupro-Aurifero de Carajas.

Os depésitos do grupo Cu-Au-(W-Bi-Sn) sfo, até a presente data, muito mais
escassos. O exemplo mais conhecido ¢ o depdsito de Aguas Claras, que consiste de corpos
sulfetados tabulares hospedados em rochas sedimentares da Formagio Aguas Claras. As
relagbes de campo indicam claramente uma mineralizac3o de carater epigenético, alojada
em zonas tectonicamente ativas. A presenca de minerais como cassiterita e wolframita, e a

proximidade com o Granito Central de Carajas, serviram de argumento para relacionar a

mineralizacio ao magmatismo granitico de idade paleoproterozoica (e.g. Soares et al. 1994;




Siiva e Villas 1998), porém ainda nio foram reconhecidos no depdsito corpos graniticos
intrusivos. O segundo exemplo do grupo Cu-Au-(W-Bi-Sn) ¢ o depdsito de Breves que foi
recentemente descoberto pela Companhia Vale do Rio Doce. O depésite também &
hospedado em arenitos e siltitos da Formagio Aguas Claras, porém em Breves, a relagio
genética com corpos infrusives € Obvia, peis a mineralizagfo associa-se a um greisen
sittado na zona apical de um complexo granitico.

O cendrio exposto suscita alguns questionamentos. Quais sdo as idades das
mineralizagdes de Fe-dxido Cu-Au-(U-ETR) e Cu-Au-(W-Bi-Sn)? Existe algum vinculo
genético entre estes dois grupos de depdsitos, ou estes derivam de eventos metalogenéticos
distintos? Terna-se evidente que estas incertezas decorrem em parte da escassez de dados
geocronoldgicos robustos que permitam circunscrever as idades destas mineralizacdes. Esta
tese de doutorado vem preencher parte destas lacunas pois identifica os atributos geologicos
e determina as idades de depositos representativos dos grupos Fe-oxido Cu-Au-(U-ETR) e

Cu-Au-(W-Bi-5n), e finalmente propde um modelo metalogenético regional para o

Cinturio Cupro-Aurifero de Carajas.
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Figura 1. Mapa geol6gico simplificado do Cinturdo Cupro-Aurifero de Carajds mostrando a distribuiciio dos principais depésitos do tipo Fe-6xido Cu-Au-(U-ETR) e Cu-A:
{W-Bi-Sn). Encontram-se também representados os depdsitos gigantes de ferro, o depésito de Au-Pd-Pt de Serra Pelada e o depésito de Pd-Pt de Luanga.



3. Materiais e métodos

Os depdsitos estudados nesta tese foram visitados em duas etapas de campo. Os
trabalhos concentraram-se em produzir dados descritivos da geologia dos depésitos €
principalmente do(s) modo(s) de ocorréncia dos minérios de Cu-Au. Além da observacio
em superficie, retratada em mapas, foram descritos e amostrados varios furos de sondagem
rotativa que permitiram a construcio de segdes geoldgicas verticais.

As atividades de laboratdrio inicialmente concentraram-se na producio de dados
mineraldgicos e petrograficos, obtidos por meio de difragio de raios-x, microscopia 6tica €
eletr6nica e também microandlises qualitativas e quantitativa de minerais via
espectrometria dispersdo de energia e comprimento de onda, respectivamente. Estes dados
foram utilizados principalmente na caracterizago dos minérios, descricdo de suas
assembléias minerais ¢ diferentes paragéneses envolvidas, bem como determinacio dos
elementos ¢ minerais tragos associados. Também a caracterizagfio dos diferentes estilos de
alteragfio hidrotermal mereceu especial atencfio. Em seguida os equilibrios minerais e os
dados de termometria de clorita (Cathelineau 1988) foram utilizados para modelar os
pardmetros termodindmicos dos sistemas hidrotermais estudados, por meio de diagramas
petrogenéticos disponiveis na literatura.

A etapa seguinte envolveu a preparacio de amostra seguida de analises isotdpicas de
minerais selecionados. Foram extraidos ¢ concentradas amostras de calcopirita, carbonato e
magnetita para a produgio de dados Pb-Pb e Sr-Sr. Foram também produzidas amostras de

zircdo, monazita e xenotima para geocronologia U-Pb pelo método SHRIMP II, cujos

detalhes metodologicos encontram-se disponiveis no ANEXO 1.




4,

Resultados

4.1. Depdésito de Fe-oxido Cu-Au-(U-ETR) de Igarapé Bahia

Os resultados obtidos no depdsito de Igarapé Bahia estio expostos em tr8s artigos,

disponiveis em anexo € listados a seguir:

ANEXOQ 2: The [garapé Bahia Cu-Au mineralization, Carajds Province. Este artigo foi
publicado na Revista Brasileira de Geociéncias (RBG) e trata do modelo descritivo do

deposito, abordando a geologia e geoquimica de rochas e minerais.

ANEXO 3: The occurrence of ilvaite in the Igarapé Bahia Cu-Au deposit, Carajas
Province, Brazil. Trata-se de um artigo publicado na RBG, cujo texto descreve a
ocorréncia inédita do mineral ilvaita no Brasil. A ilvaita ¢ um mineral extremamente
raro ¢ a sua identificagdo no depdsito de Igarapé Bahia representa a primeira ocorréncia

documentada no Brasil e a 142 no mundo.

ANEXO 4: Geology and SHRIMP geochronology of the Igarapé Bahia Fe-oxide Cu-
Au-(U-REE)} mineralisation, Carajds copper-gold belt, Brazil: an Archean (2.57 Ga)
Olympic Dan-Type deposit. Trata-se de um manuscrito completo submetido e aprovado
pelo corpo editorial da revista Economic Geology, encontrando-se em fase final de
revisdo. O texto retoma os aspectos descritivos da geologia ¢ da geoquimica do
depdsito, porém focaliza principalmente os resultados geocronoldgicos obtidos via

SHRIMP e dados de ¥'Sr-*6Sr determinados em carbonato.

No depédsito de Fe-dxido Cu-Au-(U-ETR) de Igarapé Bahia foram datadas, pelo

método SHRIMP, as seguintes rochas: (a) rochas vulcanicas da lapa que representam a

encaixante imediata do minério, (b) o minério primério de Cu-Au e (c) diques de diabasio

que cortam o minério e suas rochas hospedeiras. Os resultados encontram-se resumidos na

Tabela 1.




Foram obtidos resultados inéditos e de grande relevincia metalogenética. A idade
07pp/2%ph de 2751 + 42 Ma para as rochas vulcinicas encaixantes, apesar da baixa
precisdio, concorda com o quadro geoldgico regional uma vez que o Grupo Igarapé Bahia
encontra-se circunscrito ao Grupo Grio Para que foi repetidamente datado em ~2.75 Ga
(e.g. Gibbs et al. 1986; Olszewski et al. 1989; Machado et al. 1991), devendo representar
uma variacio facioldgica desta bacia. A idade **’Pb/*®Pb de 2575 + 12 Ma obtida em
monazitas do minério claramente revela o carater epigenético da mineralizagio, que se
formou aproximadamente 176 Ma apds a acumulagio da seqiiéncia vulcanossedimentar
hospedeira. Finalmente a idade ““’Pb/2Pb méxima de 2579 + 7 Ma para os diques que
cortam a mineralizacio, estd de acordo com as idades SHRIMP obtidas para a
mineralizagio e rochas hospedeiras, e é compativel com as evidéncias de campo.

As razdes ¥'Sr-*%Sr obtidas em carbonato da matriz de brechas mineralizadas € de veios
sio altamente radiogénicas (0,7138 a 0,7553) e indicam derivacio a partir da crosta
continental. Os valores sio inconsistentes com a composic8o isotdpica da dgua do mar no
Arqueano (Veizer e Compstron 1976) e diferem da razdo #751-%Sr inicial das rochas meta-
vulednicas do Grupo Grao Para (0,7057 £ 0,0010) determinada por Gibbs et al. (1986). O
amplo intervalo de variaco e o carater altamente radiogénico das razdes #7Sr-%5Sr dos
carbonatos de Igarapé Bahia, sugerem derivac@o a partir de multiplas fontes crustais. Esta
interpreta¢dio € coerente com a origem epigenética da mineralizagdo conforme indicam os

resultados geocronolégicos.

Tabela 1. Resumo das idades “'Pb/*"Pb, pelo método SHRIMP, do depésito de Cu-Au-(U-ETR) de Igarapé
Bahia.
Amostra Rocha Idade Erro Evento Datado

(mineral datado) (Ma) (Ma)

UWA-B36A e UWA-B21D  Dique de Diabasioc 2579 +7 Idade maxima de intrusio do dique
{xenocristais de zirco)

UWA-B34 Brecha magnetitica 2575 £ 12 Atividade hidrothermal e deposicio do
{monazita) mineralizada a Cu-Au minério

UWA-B18C e UWA-B18D Rocha meta-vulcinica 2751 +42 Idade de cristalizagio
(zirc@o magimatico) encaixante
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4.2. Deposito de Cu-Au-(W-Bi-Sn) de Breves

Os resultados obtidos no deposito de Breves est@o descritos no manuscrito:

o ANEXO §5: Geological and SHRIMP Il U-Pb constraints on the age and origin of the
Breves Cu-Au-(W-Bi-Sn) deposit, Carajas, Brazil. Este manuscrito foi aceito para
publicagio no periédico Mineralium Deposita. O texto aborda os aspectos descritivos
da geologia e da geoquimica do depdsito e concentra-se em documentar um conjunto de

idades radiométricas que foram utilizadas para a elaboragio de um modelo genético.

No depésito de Breves foram datadas os seguintes litotipos: (a) granito, (b) episienito e
(c) veios tardios que cortam a mineralizacio e o complexo granitico subjacente. Os
resultados (Tabela 2) foram suficientes para circunscrever precisamente a idade de
formacdo do minério, uma vez que as idades do complexo granitico (1880 +9 Maa 1878 £
8 Ma) e dos veios que cortam o greisen (1872 + 7 Ma) sfo concordantes dentro o erro
analitico.

Estes resultados s&o extremamente relevantes e inéditos, pois esta é a primeira
mineralizagdo de Cu-Au de Carajas, que tem sua génese inquestionavelmente associada ao

magmatismo anorogénico paleoproterozéico.

Tabela 2. Resumo das idades **'Pb/*"Pb, pelo método SHRIMP, do depdsito de Cu-Au-(W-Bi-Sn) de

Breves.
Amostra Rocha Idade | Erro Evento datado
(mineral datado) (Ma) | (Ma)
UWA-B40A/B/C Veios cortando o graisen | 1872 +7 Atividade hidrotermal tardia /
(xenotima e monazita) idade minima de formagio de
minério
UWA-BOSA Granito 1878 +8 Cristalizagio magmatica
(zircdo)
UWA-B30A Episienito 1880 9 Cristalizagio magmatica
(zircio)
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4.3. Deposito de Cu-(Au) Cento e Dezoito

Os resultados obtidos no depdsito Cento e Dezoito estio sendo documentados no

manuscrito:

e ANEXO 6: Geologia e geocronologia SHRIMP II do depésito de Cu-Au Cento e
Dezoito, Carajds, Brasil. O texto inclui dados geoldgicos e geocronolégicos ineditos
referentes ao deposito Cento e Dezoito, que aparentemente trata-se de um depdsito com

caracteristicas hibridas.

No deposito Cento e Dezoito foram datadas as seguintes rochas: (a) tonalito que
representa a hospedeira imediata da mineralizacfio, (b) diques de composigdo dacitica a
riolitica que cortam o tonalito, (c) xenotima extraida de amostra composta de minério
macico de Cu-Au, e (d) xenotima extraida de veios de quartzo + calcopirita que cortam o
minério macigo. Os resultados geocronoldgicos encontram-se resumidos na Tabela 3.

Zircdes extraidos do tonalito encaixante forneceram uma idade **’Pb/"%Pb de 2743 + 3
Ma, que € cronocorrelata aos granitos e dioritos arqueanos da Suite Plaqué que foram
~ datados por varios autores em ~2,74 Ga (e.g. Huhn et al. 19992a). Resultados inéditos foram
obtidos nos diques de composicio dacitica e riolitica que forneceram idades 207pp2%pp de
2645 + 9 Ma e 2654 £ 9 Ma respectivamente. Este evento magmatico de ~2.65 Ga ¢
presentemente pouco conhecido na regifio de Carajas, tendo sido publicada apenas uma
unica idade de 2645 + 12 Ma em zircdes extraidos de um dique de gabro que corta a
Formaciio Aguas Claras (Dias et al. 1996).

Na tentativa de se circunscrever a idade da mineralizagfo foram preparadas duas
amostras para geocronologia. A primeira consiste de uma amostra composta de minério
macico de Cu-Au, rica em calcopirita em equilibrio com hematita, que foi britada e a partir
da qual foram concentrados cristais de xenotima. A segunda consiste de cristais de
xenotima, de veios quartzo + calcopirita que cortam o minério macigo, que foram extraidos
a partir de lamina delgada. As amostras forneceram idades *”’Pb/°°Pb Proterozéicas de
1869 £ 7 Ma e 1868 + 7 para minério maci¢o e veios respectivamente. Os resultados

indicam a atuag3o de um evento hidrotermal correlato ao observado no depdsito de Breves.
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Porém, dado o fato da amostra de minério maci¢o ter sido preparada pelo método

convencional de concentragio, os cristals datados podem derivar de veios portadores de

[¢]

Xenotima que cortam o minério. Assim, assume-se que no deposito de Cu-Au Cento
Dezoito foi determinada apenas a idade do dltimo episddio formador de minério, que €
representado pelos veios de quartzo + calcopirita + xenotima. O minério macigo que &
cortado pelos veios de quarto + calcopirita e se caracteriza pela associagdo Fe-éxido +

calcopirita ndo foi diretamente datado.

Tabela 3. Resumo das idades “"'Pb/*Pb, pelo método SHRIMP, do depésito de Cu-(Au) Cento e Dezoito.

Amostra Rocha Idade Erro Evento Datade
(mineral datado) (Ma) {Ma)
UWA-B35 Veios de quartzo + calcopirita 1868 +7 Alterac@o hidrotermal tardia
(xenotima}
UWA-B36D Minério macigo de Cu-Au 1869 £7 Alteragdo hidrotermal precoce
(xenotima)
UWA-B21A Digue de riolito 2654 =9 Idade de cristalizagZo

(zircio magmatico)

UWA-B21B Dique de dacito 2645 =9 Idade de cristalizagio
{zircdo magmatico)

UWA-B30C Tonalito 2743 +3 Idade de cristalizagio
(zircio magmatico)
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5. Modelo metalogenético regional

Os resultados obtidos no depdsito de Igarapé Bahia e Breves mostram que no Cinturdo
Cupro-Aurifero de Carajas ocorreram ao menos dois eventos metalogenéticos distintos. Os
eventos formadores de minéric de Cu-Au no Neoarqueno (~2,57 Ga) e no
Paleoproterozdico (~1,88 Ga) apresentam estilos de alterag@o hidrotermal, paragéneses,
associacdes metalicas e tonelagens muito distintas.

O evento metalogenético neoarqueano se caracteriza por gerar depdsitos de Cu-Au de
classe mundial (> 200 Mt) que apresentam as seguintes caracteristicas comuns: (a) intenso
Fe-metassomatismo levando a formacfio de fayalita, grunerita ¢/ou Fe-0xidos (magnetita ¢
hematita), (b) intensa carbonatacio com formacfio preferencialmente de siderita, (c)
paragéneses metalicas pobres em enxofre (calcopirita, bornita e calcocita primaria), (d)
sistemas hidrotermais relativamente pobres em quartzo, (¢) forte enriquecimento em
elementos terras raras leves, com concentracdes de La e Ce aproximadamente quatro
ordens de grandeza superiores aos valores condriticos, e (d) diagnostico enriquecimento em
U e Co (Tabela 4).

A idade *"Pb/ "Pb SHRIMP de 2575 + 12 Ma definida em cristais de monazita da
matriz das brechas mineralizadas de Igarapé Bahia é concordante dentro do erro analitico
com idades *Pb/°Pb convencionais obtidas em zircdo extraidos dos granitos
neoarqueanos Old Salobo (Machado et al. 1991) e Itacaiinas (Souza et al. 1996). Idades
equivalentes também foram obtidas utilizando-se o sistema Rb-Sr em amostras de rocha
total do Granito Itacaitinas (Montalvdo et al. 1984) ¢ do Complexo Granitico Estrela
(Barros e Barbey 1998), refletindo possivelmente a idade de resfriamento destas intrusdes.
Estes dados indicam que os processos hidrotermais que resultaram na formago do minério
de Igarapé Bahia sfo temporalmente relacionados a intrusfio dos granitos neoarqueanos de
Carajas (Tabela 5). A idade Rb-Sr de 2577 + 72 Ma determinada em amostra de rocha total
da lapa do minério de Igarapé Bahia por Ferreira Fitho (1985), fornece suporte adicional a
este modelo pois denota superposicao de atividade termal ~170 Ma apés a acurmnulagiio da
seqiiéncia vulcano-sedimentar. Dados recentes de Re-Os em amostras de molibdenita dos
depositos de Salobo {Requia e Fontboté 2001) e Serra Verde (Marschik et al. 2001)

comprovam que o evento metalogenetico de ~2,57 Ga tem expressdo regional.
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O sistema hidrotermal de Igarapé Bahia caracteriza-se pela alta salinidade, elevada
temperatura, baixa atividade de enxofre e alta fugacidade de oxigénio (ANEXOS 2 ¢ 4). Os
dados de isdtopos estaveis (Oliveira et al. 1998, Tazava 1999) e de inclusdes fluidas
{Ribeiro 1989, Lindenmayer et al. 1998) indicam participaciio importante de fluidos
magmaticos. Estas evidéncias concordam com os dados geocronoldgicos obtidos neste
trabalho os quais indicam que o minério de Igarapé Bahia é epigenctico e temporalmente
correlato a intrusio de granitos neoarquenos.

Os resultados geocronoldgicos obtidos no depdsito de Breves comprovam claramente a
existéncia de um segundo evento metalogenético no Cinturdo Cupro-Aurifero de Carajas.
Este evento caracteriza-se por gerar depositos de menor tonelagem (até 50 Mt) com
paragénses de minério enriquecidas em quartzo, relativamente redutoras, ricas em enxofe e
sem Oxidos de Fe, 4s quais se associam concentragdes sub-econdémicas de Bi, Sn e W
(Tabela 4). O conjunto de idades *’Pb/*Pb SHRIMP do complexo granitico de Breves
(1878 + 8 Ma e 1880 = 9 Ma) ¢ de veios tardi- a pds-mineraliza¢3o (1872 £ 7 Ma)
permitem correlacionar ¢ depdsito ao magmatismo anorogénico de ~1,88 (Ga que no se
restringiu somente a regifo de Carajas estendendo-se a oeste em uma vasta porgio do
Craton Amazénico.

Dada a evidéncia de dois eventos metalogenéticos distintos no Cinturdo Cupro-Aurifero
de Carajas, ha a possibilidade de existirem na regifio depdsitos hibridos resultantes da
superposi¢io de eventos neoarqueanos e paleoproterozédicos. O depdsito Cento e Dezoito €
um potencial exemplo, pois inclul atributos analogos aos do depodsito neoarqueano de
Igarapé Bahia, como a ocorréncia de minério macigo, relativamente oxidado e pobre em
enxofre, porém também portando vénulas com a associagiio quartzo + calcopirita +
xenotima, similar a do depésito paleoproterozéico de Breves. Além da idade *°’Pb/*%Pb
SHRIMP de 1868 + 7 da xenotima, extraida de veios de quarizo, a ocorréncia de
fragmentos de calcopirita + bomita + Fe-6xidos soldados por matrix rica em quartzo €
coerente com a sugestdo de um modelo multi-estagio para o deposito Cento e Dezoito.

O Cinturdo Cupro-Aurifero de Carajds experimentou um longa histéria tectdnica, que
registra varios episédios de reativagio com magmatismo associado (Figura 2). De acordo
com Pinheiro ¢ Holdsworth (1997) e Holdsworth € Pinheiro (2000), o primeiro evento

tectdnico foi uma transpressfio sinistral dictil desenvolvida em condigdes de alta
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temperatura, que teria ocorrido em ~2,8 Ga e afetando as rochas do embasamento
(Complexos Xingu e Pium). Em ~2,75 Ga a regifo foi submetida a um periodo de dilatago
que permitiu a acumulagio, em ambiente de rift, das seqiiéncias vulcanossedimentares do
Supergrupo Itacaiunas. Por volta de 2,65 Ga, o cinturfio participou de um episédio de
transtensio destral que provocou o abatimento das unidades anteriores e permitiu a
ascensfo passiva de diques de composicdio gabroica, riolitica e dacitica. Durante o
Neoarqueano (~2,57 Ga) a regido foi submetida a transtensao destral riiptil que condicionou
o alojamento de magmas graniticos alcalinos (e.g. Granito Old Salobo, Granito Itacaitnas).
No Paleoproterozoico (~1,88 Ga) novamente a regifio foi submetida a transtens@o riptil
sinistral que controlou a intrusdo de diversos batdlitos de granito tipo-A (e.g. Granito
Central de Carajas, Granito Cigano).

Um aspecto particular do Cinturio Cupro-Aurifero de Carajas é a auséncia de uma série
de depdsitos minerais que caracteristicamente associam-se aos terrenos arqueanos. Os
terrenos tipo greemsione arqueanos sao conhecidos por conter depositos do tipo VMS
(Barrie ¢ Hannington 1999, Large 1992; Slack 1993), depédsitos de niquel sulfetado
associados a komatiitos (Salomon e Groves 2000) e depdsitos orogénicos de ouro (Groves
1993; Goldfarb e Groves al. 2001). O quadro metalogenético distinto, aliado & auséncia de
derrames ultramaficos nas seqiiéncias meta-vulcanossedimentares, indicam que o Cinturdo
Cupro-Aurifero de Carajis é um terreno arqueano particular que néo compartilha as feicdes
geolégicas e metalogeneticas dos classicos terrenos tipo greenstone.

Os aspectos geoldgicos e geoquimicos das rochas do Grupo Grao Para (Gibbs et al.
1986) indicam que a regido de Carajas encontrava-se estabilizada no Neoarqueano quando
se deu a acumulagio em ambiente de rift intracontinental da pilha vulcanossedimentar. O
Cinturdo Cupro-Aurifero de Carajas experimentou no Neoarqueano uma evolugfio
geologica que denuncia crescente cratonizacdo, representando juntamente com as
seqiiéncias de Ventersdorp no Craton do Kaapvaal e Fortescue no Craton de Pilbara
(Nelson et al. 1999) raros exemplos onde o limite Arqueano-Proterozéico foi diacrénico.

Assim, enquanto nos terrenos tipo greenstone, predominantes no Arqueano, vigoravam
processos geoldgicos de formagiio de crosta continental juvenil, a regifo de Carajas
constituia um bloco crustal estabilizado que precocemente experimentava processos

ensialicos de rifteamento. O adelgacamento da crosta continental derivou possivelmente da
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interacdo desta com material mantélico ascendente e convectivo. Os magmas gerados nesta
etapa potencialmente se acumularam na base da crosta provocando underplating, tendo
também ascendido, através de falhas, aos niveis crustais rasos para originar cimaras
magmaticas diferenciadas, ou ainda se extravasado para compor as seqiiéncias
vulcanossedimentares do Supergrupo Itacaitinas (Figura 2).

A acumulacdo de seqiiéncias vulcanossedimentares de ambiente nft no
Neoarqueano (~2,75 Ga) introduz um metalotecto importante ao Cinturdo Cupro-Aurifero
de Carajas, pois estas sucessdes tem vocagdo para gerar concentracdes, nio
necessariamente econdmicas, de cobre. Dados recentes de Pb-Pb em calcopirita e ouro do
depoésito de Igarapé Bahia, produzidos por Toro (2002), indicam uma histéria prolongada
de acumulagio de cobre e ouro, que teria se iniciado em ~2,75 Ga durante a deposicdo das
segiiéncias vulcanossedimentares do Supergrupo Itacaitinas. E também neste ambiente que
ocorre significativa acumulaciio de ferro exalativo, que posteriormente deu origem aos
gigantes depésitos supergénicos de Carajas.

Qutro metalotecto importante é também adicionado ao cinturdo durante a evolugdo
do rift continental. As contrapartes plutdnicas das sucessdes vulcénicas cristalizam-se em
profundidade dando origem a corpos maficos-ultramaficos acamadados. O complexo
Luanga é o exemplo mais conhecido de Carajas, ¢ hospeda concentragdes econdmicas de
elementos do grupo da platina (EGP) associados a sulfetos e & cromita (Suita e Nilson
1988). A evidéncia reafirma o ambiente de rift continental, pois a precipitagdo tanto de
sulfetos quanto de cromita, as quais associam-se EGP, depende fundamentalmente de
processos de contaminacdo crustal (Naldrett 1989), motivo pelo qual todos os depdsitos
econémicos de EGP do mundo ocorrerem em ambiente continental.

A precoce estabilidade do Cinturio Cupro-Aurifero de Carajds e sua complexa
histéria tecténica, que registra multiplos eventos de transtenséo associados a magmatismo,
permitiu a formacio ainda no Neoarqueano de depdsitos de Cu-Au-(U-ETR), que em outras
partes do mundo caracteristicamente se associam a terrenos Proterozdicos (Hitzman et al.
1992). Em ~2,57 Ga magmas graniticos ascenderam a niveis crustais rasos ao longo de
zonas de dilatagdo de falhas reativadas. Em condig¢bes epicrustais desenvolveram-se
sistemas hidrotermais-magmaticos oriundos da persistente circulagfio e mistura de fluidos

magmaticos e metedricos, conforme denunciam os dados de inclusdes fluidas e isétopos
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estaveis (Ribeiro 1989; Lindenmayer et al. 1998; Oliveira et al. 1998; Tazava 1999). Tanto
os dados de Sr-Sr obtidos em carbonatos (ANEXO 4) quanto os dados de Pb-Pb obtidos em
magnetita, siderita e calcopirita (ANEXO 7) de Igarapé Bahia revelam razdes altamente
radiogénicas que necessariamente sugerem fontes com longa residéncia crustal. Portanto,
estas razdes concordam com o modelo proposto pois indicam que o Sr e o Pb incorporados
nestes sistemas hidrotermais derivam da crosta continental.

Eventualmente, os depositos de Fe-6xido Cu-Au-(U-ETR) de Carajas se
especializam em virtude de condicionantes locais em depositos proximais, como
possivelmente o do Sossego onde a relagio com corpos graniticos intrusivos € ¢bvia, € em
depdsitos distais e estruturalmente controlados, como o do Igarapé Bahia, onde esta relacdo
nio € tdo evidente.

O cobre ¢ o ouro acumulado nestes depdsitos pode simplesmente ter derivado dos
sistemas graniticos correspondentes, entretanto, € provavel que estes depdsitos tenham se
beneficiado do enriquecimento prévio destes metais ocorrido durante a formagio da
segiiéncias vulcanossedimentares do Supergrupo Itacaitinas (c¢f. Toro 2002). O fato dos
depositos de Fe-6xido Cu-Au-(U-ETR) de Carajas estarem circunscritos a seqiiéncias
vulcanossedimentares aparentemente reforca a hipotese. Um aspecto obscuro na génese
destes depositos € sua associacfio metalica. Elementos incompativeis como U e ETR, de
reconhecida filiagdo 4cida, coexistem com elementos como Co e Ni. O depdsito de Igarapé
Bahia inclui minerais como uraninita, monazita, cobaltita e siegenita associados ao
minério. O fato, aparentemente paradoxal, poderia estar relacionado ao underplating por
magmas maéficos ocorrido durante o desenvolvimento do rift. Este material baséltico
portador de elementos compativeis como Co e Ni ¢ alojado na base da crosta poderia
contaminar os posteriores pulsos magmaticos.

Durante o Paleoproterozodico (~1,88 Ga) a regido experimentou um novo episédio
tecténico de extensdo que permitiu o alojamento de diversos granitos anorogénicos, aos
quais associam-se os depositos do tipo Cu-Au-(W-Bi-Sn). Novamente parece ter havido
especializacio destes depdsitos em funcio de aspectos locais, dando origem a depésitos
proximais, como o de Breves, onde a rela¢dio com a fonte intrusiva € inquestionavel, e a
depoésitos distais como possivelmente o de Aguas Claras, onde a relacdo é obscura.

Diferentemente dos demais depésitos associados a granitos Proterozdicos no Craton
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Amazdnico que s3o mineralizados a Sn, os de Carajas sio distintamente enriquecidos em
Cu-Au, contendo Sn como subproduto. Tal diferenca pode novamente estar associada a
permanéncia de metalotectos. Assim, ¢ possivel que mais uma vez os magmas ascendentes
tenham incorporado metais n3o s6 das seqliéncias meta-vulcanossedimentares como
também dos depdsitos neoarqueanos.

Uma aspecto marcante da metalogénese regional é o aparente condicionante
estratigrafico. Enquanto os depdsitos paleoproterozéicos (~1,88 Ga) do tipo Cu-Au-(W-Bi-
Sn) de Carajas sdo encaixados em rochas meta-sedimentares da Formacdo Aguas Claras, os
depésitos neoarqueanos (~2,57 Ga) do tipo Fe-0xido Cu-Au-(U-ETR) sdo hospedados em
rochas meta-vulcanossedimentares do Supergrupo Itacaitinas. A julgar pela idade minima
de 2645 + 12 Ma para Formacio Aguas Claras, determinada por Dias et al. (1996), nio
haveria restriciio estratigrafica. Porém, salienta-se que esta a idade provém de
determinacdes em cristais de zircio extraidos de um dique de gabro que corta as rochas
meta-sedimentares. A exemplo dos diques basicos de Igarapé Bahia, onde concluiu-se que
os zircdes coletados representavam xenocristais, € possivel que a idade proposta como
minima para a Formagio Aguas Claras, retrate a idade de xenocristais incorporados durante
a ascensiio do dique. Assim, considera-se que a unidade estratigrafica em questéo nfo tenha
sido ainda precisamente datada. As evidéncias de campo sugerem que os depdsitos do
Cinturdo Cupro-Aurifero de Carajads possam ser subdivididos em depdsitos pré- e pds-
Aguas Claras (Figura 2).

Desta superposi¢dio de eventos resulta um quadro metalogenetico complexo que
inclui uma diversidade de depdsitos minerais, alguns dos quais bastante exdticos. Um
exemplo é o deposito de Serra Pelada (ANEXO 8) que representa um caso inico em
Carajas de mineraliza¢do de Au-Pd-Pd alojada em rochas meta-sedimentares. As relagdes
de campo e as caracteristicas do sistema hidrotermal indicam que a mineralizacdo &
epigenética, e provavelmente relacionada a fluidos salinos, oxidantes € acidos. Mais uma
vez a heranca e permanéncia de metalotectos parece ter influenciado a génese deste
depdsito, pois as solugdes hidrotermais foram capazes de coletar EGP de rochas maficas-
ultramaficas que ocorrem nas adjacéncias do depésito (Complexo Luanga) e deposita-los
nas rochas meta-sedimentares do Grupo Rio Fresco / Formagio Aguas Claras. A julgar pela

natureza das rochas encaixantes ¢é possivel que o depdsito de Serra Pelada seja
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paleoproterozdico estando incluido no comjunto pés-Aguas Claras. Todavia, existem
intimeras incertezas relacionadas & génese deste depdsito que vio desde a exata definigio
da natureza dos fluidos até a idade da mineralizagfo.

A despeito das intimeras incertezas ainda relacionadas a metalogénsese de Carajas, que
poderdo ser enderecadas em trabalhos futuros, a principal contribui¢io desta pesquisa foi a
identificacio de dois eventos metalogenéticos distintos no Cinturdo Cupro-Aurifero de
Carajas (Tabela 6). O reconhecimento de uma série de atributos geologicos, geoquimicos ¢
isotépicos distintivos entre os depdsitos neoarquenos (~2,57 Ga) de Fe-dxido Cu-Au-(U-
ETR) e paleoproterozdcos (~1,88 Ga) de Cu-Au-(W-Bi-Sn) de Carajas, ¢ ainda de um
provavel controle estratigafico que identifica estes depdsitos respectivamente como pré- e
p6s-Aguas Claras, ddo margem a interessantes desdobramentos prospectivos que vio desde
a selecio de areas baseada em critérios geoldgicos e/ou geofisicos até as assinaturas

geoquimicas esperadas em amostras de solo e sedimento de corrente.
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Claras e Breves.

Tabela 4. Quadro comparativo das altera

¢Oes hidrotermais e paragéneses de minério dos depésitos de Cu-Au de Salobo, Igarapé Bahia, Cento e Dezoito, Aguas

Depésito Salobo Igarapé Bahia Cento e Dezoito Aguas Claras Breves

Tipo Fe-éxido Cu-Au-(U-ETR) Fe-6xido Cu-Au~(U-ETR) Hibrido ? Cu-Au-{W-Bi-Sn) Cu-Au-(W-Bi-Sn)
Idade ~2.5 Ga ~2,57Ga ~1.87 Ga (fase tardia) ? ~1.88 Ga
Tonelagem 994 Mt 219 Mt 170 Mt 9.5 Mt 50 Mt

Teor 0,94%Cu; 0,52 g/t Au 1,4%Cu; 0,86 g/t Au 1,0%Cu; 0,3 g/t Au 2,43 g/t Au 1,22%Cu; 0,75g/tAu;

Rochas encaixantes

Alteracio Hidrotermal

Cu-Fe-sulfetos
{outros sulfetos)
Au-Ag

W-Bi-Sn

Oxidos ¢ silicatos de Fe
U-Th

F-Cl
ETR-P
Mo
As-Co

Ganga

Referéncias

Rochas meta-
vidcanossedimentares de alto
grau
Cloritizagio,
K-Fe-metassomatismo

Calcopirita + bornita +
calcocita
Au nativo

Grunerita, faialita, magnetita
Uraninita

Fluorita

Allanita e apatita

Molibdenita
Co-pentlandita, cobaltita,
saflorita
Biotita, almandina, quartzo,
clorita, grenalita

Lindenmayer 1990; Figueiredo

et al. 1994; Réquia e Xavier
1995; Réquia e Fontboté 2001

Rochas meta-

vulcanossedimentares dc

baixo grau
Cloritizagiio,
carbonataciio,
K-Fe-metassomatismo

Caleopirita £ bornita

Au nativo (~12% Ag),
hessita, muthmannita

Grunerita, magnetita
Uraninita, uranofano,
thorita, thorianita

Fluorita, escapolita,
ferropirosmalita
Allanita, parisita,
bastniisita, monagita,
apatita
Molibdenita
Cobaltita

Siderita, biotita, clorita,
stilpnomelano, turmalina

Este trabalho
(Anexos 2 a 4)

Diarito, riolito, dacite,
rochas meta~vitlcinicas

Cloritizagdio, carbonatagio,
K-Fe-metassomatismo

Calcopirita + bornita

Ag nativa

Magnetita + hematita
Thorita

Fluorita

Y-tritomita, Y-synchysita,
xenotima, monazita, apatita

Quartzo, clorita, biotita,
K-Feldspato, muscovita,
stilpnometano, albita, calcita
Este trabatho
(Anexa 0)

{minério supergénico) 24g/tAg; 1200g/W; 70g/t
Sn; 175g/tMo; 75g/eBi

Meta-arenitos, meta-siktitos Granito, meta-arenito

Silicificaglo, veios de quartzo, Graisen (quartzo +
cloritizagio, sericitizagiio, muscovita + ¢lorita) € veios
turmalinizagiio, caulinitizagio de quarizo
Calcopirita + pirita + pirrotita
(galena, csfalerita, tenantita)
Au nativo (~25% Ag)

Calcopirita + pirita +
pirrotita
Au nativo (~24% Ag)

Wolframita, ferbelita,

Ferberita, bismutinita, Bi
cassiterita, bismutinita, stanita

nativo, cassiterita
Rara magnetita + hematita -

- Fluorita

Apatita Monazita, xenotima

Arsenopirita Arsenopirita (~12% Co)
Abundante quartzo, clorita,

Abundante quartzo,
turmalina, sericita, caulinita

muscovita, clorita, turmalina

Soares et al. 1994,
Silva e Villas 1998

Este trabalho
{Anexo 5)
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Tabela 5. Resumo dos dados geocronologicos relacionados ao evento magmaético-hidrotermal neoarqueano (~2,57 Ga) no Cintwriio Cupro-Aurifero de Carajas.

Rocha Idade (Ma) Método  Material Evento Datado Referéneia
Datado

Minério de Cu-Au de Igarapé Bahia 2575+12  U-PH! monazita  alteragfo hidrotermal ¢ formacio de minério  Este trabalho (ANEXO 4)
Granito Old Salobo 2573+ 2 U-Ph’ zircio cristalizacio magmatica Machado et al. (1991)
Granito liacaninas 2560 +37  U-PV zirco crisializaglo magmatica Souza e.t al. (1996)
Gramito {tacaiinas 2480140 Rb-Sr  rochatotal idade de resfriamento da intrusio Montalvio et al. (1984)
Complexo Granitico Estrela 2527 +34 Rb-Sr rochatotal idade de resfriamento da intrusio Barros ¢ Burbey (1998)
Rocha meta-vulcénica encaixante do 2577+72  Rb-Sr  rochatotal atividade termal Ferreira Filho (1983)
minério de Igarapé Bahia
Minério de Cn-Au do depésiio Salobo ~2550 Re-Os  molibdenita atividade hidrotermal e formacio de minério  Réquia e Fontboté (2001)
Minério de Cu-Au do depdsito Serra Verde 2609+ 13 molibdenita atividade hidrotermal e formacio de minéric  Marschik et al (2001)

Re-Os

1: datagio U-Pb pelo método SHRIMP, 2: datagio U-Pb convencional.
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Axenitos e Siltitos

Formag:?io- Aguas C]aa,ra,'sq Cu-Au-(W-Bi-Sn) N
S S Idade Minima ~2.6 Ga (?) Distal - e.g. Aguas Claras
w S ﬁ Serra Pelada Au-(Pd-Py)
E 1% y —y I r
o w Cu-Au-(W-Bi-5n) ; Dique/Sill Basico )
B 2o Proximal - e.g. Breves ‘ I ~2.65Ga - Xenocristais (7) o A Meta-siltito Carbonoso e
& E ¥ - Marmore Dolomitico
o Grupo Rio Fresco
Seqliéncias Vulcanossedimentares
~2,75Ca
b Cromita e Sulfetos (Pr-Pd)
E] "
= ’ a ” vy
2 S Granitos Alcalinog Neoarqueanos Complexos Mé;:' co-Ullraméficos
By &.g. 01d Salobo, ltacaitnas e'gé 723333
%) * ~2,57 Ga THio LR
St
C]
k™
A Granitos tipo-A
Paleoproterozdico 4%~
c.g. Cer;t;a; c(:] Cigano Assembléia de Embasamento
~1, 8 Complexo Xingu ~2,8-2,9 Ga
Complexo Pium ~3,0 Ga

Pluma Mantélica

Figura 2. Sintese metalogenética regional do Cinturiio Cupro-Aurifero de Carajas, relacionando o controle estrulural na ascensio de magmas e formagio dos
depdsitos de Fe-6xido Cu-Au-(U-ETR) neoarqueanos ¢ Cu-Au-(W-Bi-Sn) paleoproterozoicos. Encontram-se também representados os depositos gigantes de
ferro, o deposito de P1-Pd de Luanga ¢ o deposito de Au-Pd-Pt de Serra Pelada para ilustrar o conceito de permanéncia de metais no cinturio.
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Tabela 6. Resumo dos principais atributos geologicos dos depésitos do tipo Fe-dxido Cu-Au-(U-ETR) e Cu-
Au-(W-.Bi-Sn) do Cinturdo Cupro-Aurifero de Carajas.

Tipoe de depdsito Fe-6xido Cu-Au-(U-ETR) Cu-Au~(W-Bi-Sn)
Idade ~2,57 Ga ~1,88 Ga
fO, Oxidado (magnetita + hematita) Reduzido (pirrotita)
arg Pobre em enxofre Enriquecido em enxofre
(calcopirta + bornita + calcocita primaria) {pirrotita + pirita + calcopirita)
Si0, Pobre em quartzo Abundantes veios de quartzo
Morfologia do Corpos tabulares de brecha Corpos tabulares em zonas de falha e
minério estruturaimente controlados ore shell (greisen) em zonas de clipula
Minerais de ETR Monazita abundante Xenotima abundante
Xenotima rara Monazita rara
F-Cl Sistema hidrotermal rico em F (fluorita} e Sistemna hidrotermal rico em F (fluorita)

CI (ferropirosmalita, escapolita, Cl-apatita)

Alteracdo Carbonatacfio (siderita), Cloritizaciio (Fe- Carbonataco incipiente {veios contendo
Hidrotermal clorita), Fe-metassomatismo (grunerita,  calcita), graisen (quartzo + muscovita
faialita, magnetita, hematita) clorita}, veios de guartzo com textura
em pente
Tonelagem Depositos maiores que 200 Mt até 1 bilhio Os depdsitos conhecidos nio
de toneladas ultrapassam 50 Mt
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O método SHRIMP

Sele¢do de amostras

Os depésitos de Igarape Bahia, Breves e Cento e Dezoito foram visitados e
documentados durante duas etapas de campo. Apods a primeira etapa de campo foram
conduzidos nos laboratérios da UNICAMP uma série de estudos de petrografia ¢
geoquimica mineral ¢ de rocha que tiveram como objetivo caracterizar as rochas
encaixantes e minérios dos depdsitos estudados. Estes estudos subsidiaram a selecio das
rochas e minerais adequados aos trabalhos de geocronologia. A segunda etapa de campo foi
conduzida como o propdsito especifico de coletar amostras para a geocronologia.

Através dos estudos petrograficos dos depositos concluiu-se que as rochas encaixantes e
minérios continham zircio ¢ ETR-fosfatos (monazita e xenotima) respectivamente. Estes
minerais sdo adequados & determinacio de 1dades radiométricas pelo método U-Th-Pb,
porém o reduzido tamanho dos cristais de monazita e Xenotima (< 50 um) nfo favorecia a
utilizacdo de espctrOmetros convencionais. Assim, optou-se pela utilizagdio da técnica
SHRIMP (Sensitive High Resolution Ion Microprobe) que permite a realizacio de analises
isotdpicas do sistema U-Th-Pb em areas de até 7 pm. A pesquisa contou portanto com um
estagio no Centre for Global Metallogeny da Universidade de Western Australia para a

condugio das anilises isotdpicas pelo método SHRIMP.

Preparacgdo de amostras para geocronologia SHRIMP

As amostras de zirc3o foram concentradas de forma tradicional uma vez que dispunha-
se de uma quantidade apreciavel de amostra original (> 20 kg) e os cristais de zircdo eram
relativamente abundantes e de tamanho razoavel. Apos o desmonte da amostra original, os
minerais pesados foram concentrados via bateia e posteriormente trabathados em separador
magnético para climinacdo de minerais como clorita e siderita que apresentam alta
susceptibilidade magnética. As fragdes nfo magnéticas foram ainda tratadas em iodeto de

metileno para a remogfo de fases indesejadas. Ocasionalmente foi necessario o tratamento

em acido nitrico para a remocfo de sulfetos. Os concentrados finais foram ento




examinados a0 estereomicroscopio para a selecdo e coleta dos cristais de zirc@io a serem
analisados. Os cristais selecionados foram montados, juntamente com os padrdes, numa
seclio polida de grios que seguiu para o SHRIMP. Todos as amostras de zircao desta
pesquisa € uma amostra de xenotima do minério de Cu-(Au) do depdsito Cento e Dezoito
(UWA-B36D) foram preparadas adotando esta rotina (Fig. 1A).

A concentraciio de xenotima e monazita, a partir de amostras de minério, revelou-se
inviavel adotando-se a mesma rota empregada nas amostras de zircio. O principal motivo
foi o reduzido tamanho dos cristais ETR-fosfato (< 50 pm) que néo apresentavam liberagdo
adequada mesmo quando as amostras eram reduzidas a fragdes granulomeétricas bastante
finas (-100#). A solucdo foi adotar uma rotina alternativa e Inédita de preparacéio de
amostras. Os cristais de ETR-fostatos foram identificados e selecionados em [&minas
delgadas e secOes polidas de minério utilizando-se o microscopio eletrénico de varredura
(MEV). Apés a selegfo dos cristais desejados, 4reas de aproximadamente 2 milimetros de
diametro foram recortadas das laminas e se¢des polidas utilizando-se uma pequena broca
diamantada {Figura 2A). Estes pequenos discos contendo os minerais de interesse foram
entio montados, juntamente com os padrdes, numa secdio polida que seguiu para o
SHRIMP. O procedimento € extremamente laborioso, porém permitiu o perfeito controle
petrografico dos cristais datados. Todas as amostras de monazita ¢ as demais amostras
xenotima desta pesquisa seguiram este procedimento de preparagéo.

As secdes polidas contendo graos ou discos recortados de laminas e/ou se¢Ges polidas,
foram cuidadosamente documentadas através de uma série de imagens Oticas e eletrfnicas.
Inicialmente foram preparados mapas das segGes polidas que foram utilizados na navegagio
tanto no MEV quanto no SHRIMP (Figuras 1B e 2B). Estes mapas consistem de mosaicos
de fotomicrografias produzidas em microscopio 6tico convencional utilizando-se um
aumento de 20x. Em seguida os mapas foram divididos em quadros que foram ampliados
por meio de fotomicrografias com luz transmitida ¢ refletida ou fotomosaicos no MEV com
a finalidade de se obter maior detalhe na navegacio (Figuras 1C e 2C).

A Ultima etapa na prepara¢fo das amostras foi a documentagdo dos gréos selecionados
para analise num MEV ambiental (com camara de baixo vacuo) utilizando-se detetores de

back-scattering electrons (BSE), secondary electrons (SE), e cathodoluminescence (CL). A

utilizacdo do MEV ambiental além de agilizar os trabalhos de microscopia pelo fato de




dispensar a metalizagdo das preparaces e n#o requerer estabelecimento de alto vacuo,
permitiu também a aquisi¢io de imagens de charge-induced contrast (CC). O CC ¢ uma
técnica recente e baseia-se no contraste de carga elétrica na superficie dos cristais
decorrente de imperfeicGes cristalograficas, zoneamentos guimicos e/ou microfraturas
(Griffin 2000). Este tipo de imagem somente pode ser obtido num MEV ambiental uma vez
que o contraste de carga que gera a imagem ¢ produzido pelas moléculas de H:O que
pressurizam a cdmara do microscopio.

As imagens de CL (Figura 1D) foram utilizadas para identificar zonas com diferentes
concentragdes de urénio. Zonas com teores muito elevados de urfnio sdo indesejaveis, pois
geralmente estdio fortemente metamictizadas havendo perda de chumbo. As imagens de
SE/CC foram extremamente tteis para se identificar microfraturas nos cristais (Figura 1E).
Estas também s&o regides que devem ser evitadas pois ha acumulo de chumbo comum,
indesejavel nos trabalhos de geocronologia. As imagens de BSE (Figura IF e 2D) foram
utilizadas para identificar zonagdes ou diferencas de composico nos cristais, que poderiam

ter algum significado geoldgico.

Andalises isotopicas pelo método SHRIMP

O SHRIMP ¢ uma microssonda idnica de alta resolucdo com a qual ¢ possivel se
dosar diferentes isétopos (¢f. Williams 1998). Na Figura 3 tem-se um diagrama
esquematico do equipamento ilustrando seus principais componentes. A fonte de excitagio
da amostra é um feixe de fons de oxigénio (feixe primério), que € focalizado na amostra por
uma série de lentes eletromagnéticas. Ao atingir a amostra o feixe primério tem um
diametro entre 7 € 20 um a depender do arranjo analitico, e um angulo de incidéncia de 45°
com a amostra. No sputtering pit, ou “sitio de analise”, atomos do mineral sob investigacio
sio extraidos, ionizados € acelerados em dirego 3 unidade de contagem, constituindo assim
um feixe de fons secundéario. Apds a extragfo, o feixe secundario passa por um analisador
eletrostatico que tem a funcfo de filtrar as diferentes particulas pela sua energia cinética,

uma vez que os isotopos mais pesados tem maior inéreia. A seguir os lons passam por um

campo magnético que influencia a ftrajetéria dos diferentes isdtopos. Os isétopos mais




pesados posicionam-se na parte externa do arco e os mais leves na sua porgdo intema.
Finalmente uma unidade de contagem faz a leitura dos diferentes isdtopos.

O fato do feixe de ions primédrio SHRIMP possuir um didmetro da ordem de
dezenas de um, possibilitou a realizagfio de analises com grande resolugdo espacial. Os
sitios de analise foram selecionados em zonas de alto contraste de CL, i.e., zonas com
concentragdes moderadas de urdnio, evitando-se portanto as porgdes metamictizadas onde
poderia ter havido perda de chumbo. As por¢des do cristal que apresentavam microfraturas
também foram evitadas pois potencialmente poderiam conter chumbo comum. Com isso a
qualidade dos dados analiticos foi otimizada. A grande resolucfo espacial também
possibilitou a realiza¢do de miiltiplas analises em um mesmo cristal, permitindo a
identificagdo de eventuais nucleos herdados (xenocristais) e bordas epitaxiais mais jovens
em cristais de zircdo. Outro beneficio foi a possibilidade de realizar datacles in situ de
diminutos cristais de monazita e xenotima nos discos extraidos das laminas e segDes
polidas.

O SHRIMP além de proporcionar grande resolu¢do espacial, possui também uma
resoluciio espectral da ordem de 5000, i.e., pode discriminar dois feixes de ions que diferem
entre si por 1:5000 unidades de massa atdmica, o que € suficiente para resolver a maioria
das interferéncias isobaricas. A sensibilidade da unidade de contagem ¢€ de
aproximadamente 20 cps/seg/ppm/nA, o que € excepcionalmente elevado em comparagio
com outros equipamentos similares. O beneficio da sensibilidade do equipamento se traduz
na estatistica de contagem que € otimizada. Como o erro associado 3 medida ¢é

u \ .
? (onde n = niumero de contagens), quanto maior a

aproximadamente igual a n
sensibilidade, maior € o numero de contagens ¢ por decorréncia menor o erro associado a
medida. Estas caracteristicas asseguraram a geracdo de uma acervo de dados
geocronolégicos de étima qualidade.

Apos a etapa analitica, os dados foram reduzidos e sua qualidade € testada. O
primeiro critério de qualidade adotado foi a concentraco de urénio, que em geral n3o pode
exceder 300 ppm para zircdes arqueanos. O segundo critério observado foi a discordancia
das razdes U/Pb em relacgdo a concdérdia, que no pode ser superior a 5%. O terceiro critério

foi a presenga de chumbo comum, diagnosticada pela intensidade do isétopo **Pb. A

quantidade de chumbo comum & expressa pela funcio f2060 (onde f206 =




200p8s il O Pbegr) que deve ser inferior a 1%. O dltimo critério de qualidade foi o MSWD
(mean square width distance) que é uma medida estatistica do alinhamento dos dados na
reta que intercepta a concérdia. O MSWD deve ser menor ou ignal a [1 +(2/f)'"*], onde f =
ntimero de analises — 2. De maneira geral, dados de qualidade internacional devem
apresentar um MSWD menor do que 2. Foram utilizados nos célculos das idades somente
as andlises que obedeciam estes critérios de qualidade. O resuitado foi a produgdio de um

conjunto de idades radiométricas de alta precisio com erros muito satisfatdrios,
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de elétrons retro-espathados. D: imagem de elétrons retro-espathados de detalhe do cristal selecionado para analise (os circulos indicam areas analisadas no
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THE IGARAPE BAHIA CU-AU MINERALIZATION, CARAJAS PROVINCE

FERNANDO HENRIQUE BUCCO TALLARICO!, CLAUDINEI GOUVEIA DE OLIVEIRA?
AND BERNARDINO RIBEIRO FIGUEIREDQ!

ABSTRACT

The Igarapé Bahja Cu-Au mineralization is hosted by an Archean, low-grade meiavolcano-sedimentary sequence, The

orebodies define an ellipsoidal structure and are associated with subvertical breccia units located at the conzact between twao distingt units of
the host sequence, Mineralized breccias include fragments of bath footwall and hanging wall, which are cemented by variable amounts of
chlorite, siderite, magnetite, chalcopyrite, K-bearing phases and minor U-REE-minerals, Quarsz diorite dikes that disrupt the host rocks show
a variety of textures, ranging from weakly altered granophyric terms to intensely venulated and brecciated rocks. Hydrothermal alteration of dikes
includes propylitization, potassification and local albitization. Based on ore petrology and geochemical data (major elements, REE, oxygen and
carbon stable isotopes) it is proposed that the progressive interaction of a hot saline and acid, deep-seated fluid with 2 low-temnperature less saline
and oxidizing meteoric soiutions is the most likely depositional mechanism of the Igarapé Bahia mineralization. The resemblance of the
alteration styles of mineralized breccias and dioritic dikes suggest that both have interacted with the same hydrothermal fluid. Thus, the dioritic
dikes could have been the source of heat and of magmatic fluids during the final stages of epicrustal emplacement.

Keywords: Caraids Province, [garapé Bahia, copper, gold, aranium, rare earth elements

INTRODUCTION  The Carajds Basin (Tmacailinas Supergroup) is
located in northern Brazil, on the eastern border of the Archean
Amazon Craton (Docegeo 1988) (Fig. 1). Basement rocks consist of
gneiss and migmatite of the Xingd Complex (ca. 2.8 Ga - Machado et
el 1991) and the E-W-trending orthogranulites of the Pium Complex
(ca. 3.0 Ga - Rodrigues ef el. 1992). The Carajds Basin includes
metavolcano-sedimentary rocks, of different metamorphic grades,
deposited during Late Archean time (ca. 2.75 Ga - Machado er al.
1991). Sandstone and siltstone of a marine environment (Aguas Cla-
ras Formation ~ Aradjo and Maia 1991), overlie these rocks. The
Carajas Basin was intruded by granitic magmas of distinct ages and
compositions. Archean intrusions include granites and diorites of the
Plagué Suite (ca. 2.74 Ga - Huhn er al. 1999) and younger alkaline
granites {ca. 2.5 Ga} such as the Estrela Complex (Barros er al. 1992)
and the Old Saiobo Granite (Machado er al. 1991}, Paleoproterozoic
intrusions (ca. 1.88 Ga - Machado er af. 1991) include several
anorogenic granitic plutons {e.g. Central Carajds Granite, Cigano
Granite).

A striking feature of the Carajds Basin is the large number of Cu-
Au mineralizations that are stratigraphically and tectonically related.
These are collectively known as the Carajds Copper-Gold Belt,
including the Igarapé Bahia Deposit. The proposed genetic models for

the Igarapé Bahia Deposit are: {a) syngenetic, volcanic-associated or
Besshi-type deposits {e.g. Ferreira Filho 1985, Almada 1998), (b}
hydrothermatl Fe-oxide Cu-Au~(U-REE) mineralization {e.g. Huhn
1996, Tallarico 1996, Tazava 1999), (c} epigenetic mineralization
related to anorogenic Proterozoic granitic plutons (2.g. Lindenmayer ef
al. 1998) and {d} multistage genesis involving remobilization of
primary Archean mineralization during Proterozoic time (e.g. Ribeiro
1989). '

The purpose of this work is to present the diagnostic geological
attributes, Le. the descriptive model (Barton 1993) of the Igarapé
Bahia primary mineralization. The present study inciudes the resuits of
fieldwork, petrography, geochemistry (including REE, oxygen and
carbon stable isotopes) and mineralogical investigation by XRD, SEM
and EMPA. Finally, the data are modelled to investigate the fluid
constraints 2nd discuss the genetic altemnatives.

GEQLOGY OF THE IGARAPE BAHIA DEPOSIT The
Igarapé Bahia Group  The Igarapé Bahia Deposit is hosted by
metavolcano-sedimentary rocks with very low-grade hydrothermal-
metamorphic assembiages (Igarapé Bahia Group). Ductile deformation
is absent and primary structures and textures are usually preserved.
Volcanic rocks including aphanitic, vesicular and microporphyritic
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Figure 1-Simplified geological map of the Carajds Copper-Gold Beir (based on Docegeo 1988, Araiijo and Maia 1991, Barros and Barbey 1998).
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varieties, and minor crystal tuffs and ironstones dominate the Jower
unit. The upper unit is composed of lithic tuffs, crystal wffs, laminated
epiclastics, ironstone, epiciastic conglomerates and sandstone (Fig. 2).

These rocks display extensive hydrothermal alteration. Primary
phases are completely replaced by a mixture of quartz and chlorite.
Siderite, chalcopyrite and magnetite occur either disseminated or in
veins. Veining of host rocks becomes progressively more intense
towards the Cu-Au minerzlization, eventually with jigsaw textures and
breceia development. Laminated epiclastic rocks exhibit stratabound
replacement textures with the development of cm-scate chalcopyrite
beds and nodules, both connected to stockwork vein systems. The
nodules bent the primary bedding and are also mansgressive with
respect to lamination,

Aguas Claras Formation The Igarapé Bahia Group is overlain
by sandstone of the Aguas Claras Formation. The contact between
them is characterized by normal faults. Occasionaily the sandstone
hosts massive chalcopyrite veins ranging from a few mmup to l-m
thick.

Quartz diorite dikes A set of fractures and normal faults control
the emplacement of guartz diorite dikes, which disrupt the
metavolcang-sedimentary rocks and the Aguas Claras sandstone.
Zones of intense alteration and v=i-:3z, where apophyses and congact
breccias are comumon, mark the ©  ict between dikes and the host
sequence. Chlorite-rich albitite: ... concentrations of almandine
neoblasts in the host rock locally i.der the apophyses.

Quartz diorite shows a granopi:yi«c texture with primary andesine
phenocrysts (An ~ 30 moi%) rimmed by coronas of quartz-albite
intergrowth. Matrix includes albite, quartz, and minor K-feldspar and
ilmenite. The dikes display hydrothermal alteration of varied intensity.
A continuum spectrum including weakly altered 1o intensely venulated

R

and brecciated rocks is observed, Primary plagioclase is converted to
albite + calcite + chiorite + epidote, and ilmenite is oxidized to rutile
+ magnetite. Secondary K-feldspar, biotite and muscovite are related
to potassic alteration. Quartz diorites also host sulfide minerals
(chalcopyrite and rare pyrite, galena, sphalerite and molybdenite)
either disseminated or in veins. Uraninite and REE-minerals
(monazite, apatite, xenotime, and parisite) are asscciated with the
alteration of the diorite dikes.

THE COPPER-GOLD MINERALIZATION The host
metavolcano-sedimentary sequence together with the Furo Trinta (FT),
Acampamento Sul (ACPS} and Acampamento Norte (ACPN)
Orebodies outcrop in a structural window surrounded by the Aguas
Claras Sandstone. The outcropping orebodies define a semicircular
structure at the surface. Although covered by a discordant layer of
sandstone, the Alemio (ALM) Orebody also integrates this steucture at
depth and is connected to the ACPN Orebody by way of normal faults
(Scares et al. 1999). The orebodies consist of steeply dipping (~75°)
Cu-Au-bearing breccias located at the contact zone between the upper
(hanging wall} and the fower (footwall) units of the host metavolcano-
sedimentary sequence. The orebodies dip outward and the strike is
concordant with bedding of host rocks.

Breccia types, hydrothermal alteration and veins The
Cu-Ay breccias are essentially polymictic, thus classification was
based on mairix mineralogy leading to the following groups: chlorite
breccias, siderite breccias and magnetite breccias. Angular fragments
ranging from a few mm to over 20 cm in diameter of both footwall and
hanging wall are cemented by variable amounts of hydrothermal
matrix. Chiorite breccias and siderite breccias exhibit the same matrix
mineralogy but the amounts of these specific minerals are distinct. The
matrix is fine-grained and includes Fe-chiorite, siderite, magnetite,
chalcopyrite, quartz and minor tourmaline.
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Magnetite breccias exhibit a granular matrix of evhedral magnetite
in association with Fe-chlorite, Cu-sulfides, siderite, grunerite, quartz,
K-feldspar, stilpromelane, biotite and minor tourmaline, muscovite
and fluorite. The association defines a distinctive Fe-(K)-metasomatic
zone. Magnetite is stoichiometric and constanty Ti-free.

At the ACPS and FT, mineralization is preferentially related to
siderite breccias, while at the ACPN and ALM, it is associated with
magnetite breceias. Chlorite breccias broadly occur at the margins of
all orebodies and are also mineralized,

Chioritization is the most common and widespread alteration
observed. Mg-chiorite (50>mg=>3Q) is typically associated with calcite,
dolomite and quartz in barren and distal altered host rocks, while Fe-
chlorite (30>mg>12) is paragenetic to siderite and magnetite in Cu-
Au-bearing breccias (ng = 100Mg/[Mg+Fe 1. ir cation per unit for-
mula). In this work chiorite thermometry (Cathelineau 1988) was
calculated for a variety of rocks. The calcuiated mean temperatures are:
321°C for altered metavolcanic rocks, 339°C for chlorite breccias,
321°C for magnetite breccias, 375°C for siderite breccias, 313°C for
altered quartz diorites and 369°C for chalcopyrite nodules from host
rocks.

Several vein types crosscut the breccias and the host rocks. Veins
are usually discordant to bedding and occasionaily exhibit comb
structures, The most frequent varieties are: (a) calcite + chalcopyrite =
fluorite + stilpnomelane, (b) ankerite + chalcopyrite + gold, (¢} siderite
+ calcite + quartz + chlorite + chalcopyrite, aad (d) ¢halcopyrite
biotite = K-feldspar + tourmaline + REE-minerals. Vein chronology is
unknown due to the recurrences asd unclear crosscuy relations.

Ore mineralogy Hypogene copper mineralization consists of
chalcopyrite and traces of chalcocite, digenite and covellite that occur
as rims on chalcopyrite in grain boundary driven oxidation reactions.
Magnetite breccias, unlike other breccias, include chalcopyrite
intergrown with bornite, indicating a relatively higher oxidation state
of the fluid. Traces of pyrite are observed as inclusions in chaleopyrite
as a function of local sulfur excess. The major copper mineralization
is juxtaposed to gold mineralization in all orebodies. Additional, sub-
economic copper concentration occurs in veins, nodules or
disseminated in marginal altered host rocks with negligible gold
content. Native gold occur as fine particles, usually between 5 to 20
mm, included in gangue minerals {quartz, siderite and chlorite),
chalcopyrite and occasionally in magnetite. Silver is a byproduct
occurring as hypogene Au-Ag alloy {(up to 12 wt% Ag), hessite
(Ag,Te) and argentite/acanthite (AgZS).

Supergene alteration and related ore types At the Igarapé
Bazhia Deposit weathering is responsible for the development of a thick
oxidized profile, where gold and copper are segregated and
reconcentrated leading to the formation of different ore-types. The
oxidized zone extends from surface to 150-m depth. It constitutes a
goid-bearing gossan (total reserves in December 1999 of 18.3 Mt =
1.97 gAu/t) from which approximately 11 t Au per year are tnined.
Total Au production is ce. 60 1 to the present. The gossanous transition
zome occurs from 150- to 200-m depth, where supergene solutions
have percolated and precipitated metals, originating a secondary Cu-
Au ore (9.5 Mt = 243 gAu/t, 3.83 wt% Cu). The hypogene Cu-{Au)
mineralization (219 Mt = 0.86 gAw't, 1.4 wi% Cu) occurs beneath
200-m depth.

Ore Geochemistry The mineralized breccias contain anomalous
concentrations of FeQ.. (25-64 wt%), Cu (0.5-11 wt%), U (28-380
ppm), Au (0.5-15 ppm), Ag (4-52 pom), Ba (26-200 ppm), F (390-
31000 ppm), P (900-6200 ppm) and REE, particularly La (260-2300
ppm) and Ce (450-4400 ppm). Breccias are also enriched in MnQ
{0.5-3 wt%), Ca0 (0.5-9 wt%), Mo (50-200 ppm) and Zn {130-450
ppm) refatively to host rocks. The intercorrelated behavior of all these
elements suggests a common metasomatic origin and reflects the
interplay of Fe-metasomatism, sulfidation, chloritization and carbonate
alteration. Traces of barite, fluorite, galena, altaite, sphalerite,
molybdenite, uraninite, apatite, monazite, xenotime, bastnisite and
parisite 23 inclusions in chalcopyrite and gangue minerals account for
the Ba, E Pb, Zn, Mo, U, REE and P enrichment. The high manganese
content is related to siderite, which contains up to 7 wt.% MnO.

The REE-distribution patterns of breccias are similar for different
types, and show a strong enrichment in LREE (Fig. 3). Distribution
patterns of the metavolcanic rocks, dioritic dikes and breccias show
equivalent shape, but the absolule concentrations are quite distinct,
Iron formations show a completely distinct pattern. REE minerais are
unequivocally related to hydrothermal activity. Thus, rather than
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refiecting petrologic information concerning the primary system(s),
REE patterns are suitable to monitor the intensity of the hydrothermal
alteration. The contrasting La/Lu ratios of host metavolcanic rocks
(70-250) and breccias (1000-2500) indicate the preferential
concentration of LREE by the hydrothermal solution(s). Additionally,
the simitarity between the distribution patterns of altered metavolcanic
rock, breccias and diorite dikes suggests that these rocks underwent a
common alteration process.

Stable isotope analyses were performed in calcite and siderite from
veins and matrix of mineralized breccias (Oliveira ¢f al. 1998), Carbon
isotopes yield a narrow range of §7°C (-9.3 to —5.8%.), while oxygen
isotopes presented a wider variation of 430 (0.7 10 9.4%q). The results
are piotted in Fig. 4, comparatively to other weli-known reservoirs.

DISCUSSION The results of chlorite geothermometry, that
vielded a range between 313-375°C for the Igarapé Bazhia
#ydrothermal system, are in accordance with previous fiuid inclusion
homogenization temperatures of Ribeiro (1989) and Lindeamayer ez
al. (1998). The equilibrium gold-hessite provides additional support
for this thermal range (Markham 1960).

According to the thermodynamic calculations of Mickucki and
Ridley (1993), the equilibrium siderite-magnetite~-chalcopyrite +
bornite, at 300°C and 2 kbar, indicates high 7O, {107 10 16™") and
fow agg (ag, ~ 107) for the Igarapé Bahia hydrothermal system. At
greenschist lemperatures and high CO, content, Fe-oxides equilibrate
with siderite instead of minnesctaite/greenalite, with grunerite being
stable only at upper greenschist and amphibolite temperatures (Frost
1979). Thus, the equilibrium siderite-magnetite (ACPS and FT)
indicates a distinctively high CO, content in the fluid in relation to
magrelite breccias, while the pair grunerite-magnetite (ALM and
ACPN) denotes relatively higher temperatures. The inferred CO
enrichment of fluid phases is supported by the fluid inclusion data of
Almada (1998) who reported aqueous, aquecus-carbonic and carbonic
compositions.

The calculated thermal range coupled with the high fO, of the
Igarapé Bahia hydrothermal system are consistent with Cu‘and Au
transport via Cl-complexes, which are active in acid, saline and
oxidizing fluids (Davidson and Large 1994), In high-temperature,
saline and acid solutions, REE and U are complexed preferentially by
chloride with or without the competition from fluoride, CO, _ or
phosphorous species depending on the relative abundance of the
ligands (Gieré 1996). These ions were clearly active in Igarapé Bahia
and promoted a selective concentration of LREE, only possible under
acid to neutral conditions (Gieré 1996).

The narrow range of negative values of d'°C together with the
indication of high fO,, denote a homogeneous deep-seated carbon
source from which carbonate minerals were precipitated with limited
pH variations. The wider range of d'*0 values is interpreted as
resulting from the mixture of deep-seated solutions with meteoric
fluids that respectively account for the high and low d*®C values. This
fluid mixing hypothesis is in agreement with previous fluid inclusion
studies of the Igarapé Bahia hydrothermal system that demonstrated
the existence of two distinct groups: {a) 150-430°C and up to 40%
NaCleq and (b) 100-150°C and ~10% NaCleq (e.g. Riberro 1989,
Linderimayer e al. 1998). Stable isotope and fluid inclusion data, both

10%
Cu-Au-breccias

g1
E quartz diorites
5 10
=2
2
10

La Ce Nd SmEu Gd Dy Ho Er Yb Lu

Figure 3-Chondrite normalized REE patterns of mineralized breccia, host
metavolcanic rocks and banded iron formations from the lgarapé Bahia
Deposit. Chondrite composition according 1o Evensen er al. (1978).
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suggest that the progressive interaction of a hot saline and acid
magmatic fluid with a low-temperature oxidizing and less saline
meteoric solutions is the most likely depositional mechanism of the
Igarapé Bahia ore. Persistent fluid mixing over a focused heat source
possibly triggered Cu, Au, U and REE deposition through fO, and
temperature decrease and pH increase.

At deposit scale, primary structures are preserved and ductile
elements such as lineation, foliation and satellite folds were not
observed. Brittle deformation is extensive and iacludes fractures and
normal faults. Map analysis together with the outward dip of the
bedding suggest that the structural framework of the Igarapé Bahia
Deposit resulted from pluton emplacement that caused roof uplifting
and lateral shouldering of wall rocks along faults. These brittle proces-
ses are typically related to near surface piutons (Paterson er af. 1991).
The resemblance of the alteration styles of mineralized breccias and
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Figure 4 - 87 C vs. 8'50 diagram showing the isotapic composition of siderite
and calcite from the Igarapé Bohia mineralization (IB), relative to
carbonatites (CB), the Olympic Dam mireralization (OD), freshwater
limestone { FWL} and marine limestone (ML). Fields for CB, QD. FWL and
ML after Oreskes and Einaudi (1992).
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dioritic dikes suggest thai both have interacted with the same
hydrothermal {luid. Thus, the dicritic dikes could have been the source
of heat and magmatic fluids during the latest stages of epicrustal
emplacement.

The origin of the stratabound morphology of the Igarapé Bahia
orebodies remains a matter of debate. One could speculate that it de-
rives from prirmary exhalative processes or from epigenetic stratabound
replacement and brecciation, The brecciation and veining of both
footwail and hanging wall, together with the presence of sub-economic
chalcopyrite concentrations in the Aguas Claras sandstone, suggest an
epigenetic origin.

The alteration styles, ore mineralogy and fluid composition of the
Igarapé Bahia Deposit are analogous to other intrusion-related
hydrothermal Fe-oxide-(Cu-Au-U-REE) deposits (Hitzman er al.
1992). On the other hand, the confinement of all known
mineralizations of the Carajds Copper-Gold Belt to the {tacaiiinas
metavolcano-sedimentary sequences suggests that primary processes
could have pre-concentrated metals. Thus, 2 mulii-stage genesis
involving the superpositicn of Archean exhalative processes and
further hydrothermal-magmatic activity seems plausible. Mellito
(1998} documented a similar process at Salobo, where Archean
syngenetic mineralization was reconcentrated during the Late Archean
time due 10 tectonic and magratic activity.

The compeosition of the dikes favors an Archean age for the
magmatic activity at Igarapé Bahia, since the dioritic magmatism in the
region is bracketed within the interval of 2.35 10 2.74 Ga, Additional
support is provided by the Rb-Sr bulk-rock age of 2,577 = 2 Ma of the
Igarapé Bahia host metavolcanic rocks (Ferreira Filho 1985). This age
is inconsistent with the minimum age of ca. 2.6 Ga of the overlying
Aguas Claras Sandstone (Dias ez gi. 1996), and may indicate thermal
resetting of the Sr isotopic system during the emplacement of Late
Archean {ca. 2.55 Ga) intrusions.
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ANEXO 3

The occurrence of ilvaite in the Igarapé Bahia Cu-Au deposit, Carajas Province, Brazil
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OCCURRENCE OF ILVAITE IN THE IGARAPE BAHIA Cu-Au DEPOSIT, CARAJAS

PROVINCE, BRAZIL

FERNANDO HENRIQUE BUCCO TALLARICO!

ABSTRACT This paper describes the first known ocourrence of the mineral ilvaite in Brazil. The mineral is sited in the matrix
of magnetite-rich breccias and stockwork veins of the Igarapé Bahia Cu-Au deposit. Electron microprobe analysis (EMPA) of
the Igarapé Bahia ilvaite reveals the following composition: Ca, , Fe Fe** Si, .,0,(OH) and X-ray diffraction (XRD) data
indicate a structure compatible with the monoclinic poiymorpgﬁ(ao=ﬁf032 k‘i“bgm@.sfo A, ©,=5.850 A and 0=90.254%). kt is
suggested that iivaite crystallized from hydrothermal solutions, at a temperature range of 300350"(2, under conditions of high
high fO, and low sulfur activity. The formation of {lvaite is tentatively related to the reaction magnetite + calcite -+ quartz + H,0

= fivaité + CO, + O,

Keywonds: ilvaite, Igarané Bahia, Cu-Au deposit, Carajés

INTRODUCTION  [Ilvaite was named after its discovery
locality, on the Ric Marina, Elba (Latin Ilva) Italy (Blackburn
& Dennen 1997). This rare Ca-Fe-silicate occurs typically as a
late stage mineral in Ca-Fe-Si-skarns related to the intrusion of
granodiorite, quartz diorite, monjograniteand granite (e.g.
Shannon 1918, Plimer & Ashley 1978, Gauthier & Albankis
1981, Gole 1981, Kwak 1983, Pesquera & Velasco 1986).
Ilvaite also occurs as a product of deuteric or hydrothermal
alteration of basalt, dolerite and quartz diorites (e.g. Baker
1953, Nashmd 1983, Barton & Van Bergen 1984, Wise &
Moller 1990). Less commonly, the mineral is related to low-

retrometamorphic reactions of ultramafic rocks (Agata &
Adachi 1995). Desborough & Amos (1961) report the occur-
rence of magmatic ilvaite related to the latest stages of gabbro
crystallization. This paper describes the mode of occurrence,
mineralogical association, chemical composition and crystal
structure of ilvaite from the Igarapé Bahia Cu-Au deposit,
which is the first reported occurrence of the mineral in Brazil.

GEOLOGICAL SETTING A remarkable feature of the
Carajas region is the clustering of a large number of world-
class (> 200 Mt) Fe-oxide Cu-Au-~(U-REE) deposits (e.g.
Salobo, Cristalino, Igarapé Bahia, Sossego) that are
collectively known as the Carajas Copper-Gold Belt. The
Igarapé Bahia deposit, with total reserves of 219 Mt @ 1.4%
Cu and 0.86 g/t Ay, is perhaps the best documented deposit of
the beit (e.g. Tallarico et /. 2000 and references therein).

A low-grade metavolcano-sedimentary sequence (Igarapé
Bahia/Grio Pard Group), which includes 1 variety of volcanic,
pyroclastic and epiclastic rocks and minor ironstones, hosts the
Igarapé Bahia mineralization. Sandstones that formed in a
shallow marine environment (Aguas Claras Formation) overlie

the former unit. A set of radial fractures and fanits contro] the
emplacement of quartz diorite and diabase dikes, which disrupt
the metavolcano-sedimentary rocks and the Aguas Claras
sandstone.

The ore bodies define an ellipsoidal structure at surface and
are associated sub-vertical breccia units. The ore-bearing with
breccias include fragments of both footwall and hanging wall
that are cemented by variable amounts of chlorite, siderite,
magnetite, chalcopyrite and minor uraninite and REE-
minerals.

OCCURRENCE OF ILVAITE Tivaite is a rare mineral in
the Fgarapé Bahia deposit, and was recognized in the matrix of
magnetite-rich breccias and veins that crosscut the former. The
magnetite breccia include angular fragments (up to 6 cm in
diameter) of banded iron formation and altered volcanic rocks.
These fragments are welded by a fine-grained isotropic matrix
that includes magnetite (8-33%), stilpnomelane (15-40%),
chlorite (1-17%), amphibole (5-13%), touwrmaline (1-3%),
quartz (}-23%), calcite (1-20%), sericite (1-6%}) and minor
amounts of biotite, apatite, monazite, uraninite, fluorite, epido-
te and fivaite. Matrix mineralogy also includes chalcopyrite (1-
20%) I equilibrium with bornite (1-6%), and traces of
cobaltite. Hessite (Ag Te) and native gold particles (3-50pm)
oceur in the matrix of magnetite breccias as inclusions in
gangue rminerals, chalcopyrite and bornite.

Stockwork veins, which range from a few millimeters up to
4cm width, crosscut the magnetite breccias. Vein mineralogy
includes calcite (40-50%), chalcopyrite (10-30%), magnetite
(5-15%), ilvaite (1-10%), quartz (5-10%), fluorite (up to 5%)
and tourmaline (up to 5%).

Thvaite occurs in both breceia matrix and veins as subhedral

1 Institnto de Geocigncias, Universidade Estackial de Campinas, Caixa Postal 6152, 13.083-970, Campinas, SP. Brazil. c-mail: fermando@ige.unicamp.br
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crystals ranging from 50um to 0.5cm. Ivaite frequently
contains inclusions of magnetite, suggesting that it originated
from the alteration of the later. Rare sheelite crystals alse occur
as inclusions in lvaite, with hermnatite commonly occurring as
tims on, or flling fractures in ilvaite.

X-RAY CRYSTALLOGRAPHY [vaite was examined in a
Philips-X"Pert X-ray diffractometer with a 6-8 goniometer.
Analytical conditions were: CuKo, radiation (graphite

monochremator), 40kV accelerating voltage, 55mA current,
°-75° angular range (20), 0.04° step size and 0.5 second/step
counting rate. The fifty-four measured X-ray reflections show
a very good agreement with the Powder Diffaction File (PDF)
- Set 25-149, for monoclinic ilvaite (Table 1). Least-square
refinement of the X-ray reflections, assuming monoclinic
constrains, yieid the following unit cell parameters: a, =
13.032 A, b,=8.810 A, ¢, = 5.850 A and o = 90.254°.

Table 1 - X-ray powder diffraction data of ilvaite from Igarapé Bahia.

Igarapé Bahia Ilvaite PDF 25-149 Igarapé Bahia Hvaite PDE 25-149
d (A) 1L d(d) i, d (A} 1, d (&) 11,
7,279 100 1.305 T 1,547 23 1,902 i7
6,494 47 6518 18 1,894 i7 1,896
4,870 8 4,887 10 - - 1,861 2
4,565 17 4,575 I6 - - 1,848 5
4,169 1¢ 4,172 6 1,855 i 1,846 4
3,389 32 3,984 33 - - 1,824 3
3,392 8 3,397 14 1,817 3 1,819 3
3,253 45 3,255 55 - - 1,768 5
- - 3,237 4 - - 1,760 5
3,089 14 3,091 18 1,742 14 1,744 20
- - 3,053 2 1,712 19 1,713 30
2,927 1 2,928 18 1,706 10 1,791 2
2,864 50 2,865 70 i,699 3 1,687 2
2,838 94 2,849 95 1,677 9 1,677 10
- - 2,340 } 1,672 28 1,673 13
- - 2,737 1% - - 1,671 15
- - 2,730 20 - - 1,649 2
- - 2,721 T0 1,631 18 1,633 19
2,713 98 2.714 - - 1,630 i0
2,674 82 2,676 160 - - 1,624 20
2614 21 2,617 35 - - 1,619 20
2,571 14 2,572 20 1,610 52 1,613 10
2,550 16 2,558 19 1,607 34 1,599 E
- - 2,552 1,575 § 1,578 5
2,495 20 2,496 19 . - 1,576
2,436 36 2,438 35 - - 1,565 3
- - 2,432 - - 1,562 é
2,384 1! 2,392 25 - - 1,545 3
- - 2,385 1,525 21 1,526 22
2,346 i6 2,343 3t 1,501 16 1,500 35
2,333 23 2,336 1,495 13 1,497
2,280 4 2,297 3 1,470 24 1,471 20
2,243 i 2,245 3 - - 1,469 25
2,201 13 2,203 2 1,464 36 1,463 60
2,182 23 2,178 35 - - 1,458 33
2,16% 47 2,171 55 1,426 13 1,426 i6
- - 2,128 i - - 1,423 12
- - 2,121 - - © 1,419 22
2,118 36 2,116 5 - - 1,413 3
2,108 34 2,109 1,389 3 1,389 4
2,084 I8 2,085 2 - - 1,379 2
1,963 23 1,963 35 - - 1,376 4
1,956 27 1,953 14 1,366 8 1,366 14
- - 1,947 17
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Table 2 — Representative microprobe analysis of ilvaite and
paragenetic chlorite from magnetite breccias of the Igarapé
Bahia Cu-Au deposit.

MINERAL CHEMISTRY Chemical analyses of minerals
were collected on a JEOL-JCXA-733 microprobe, with the
following analytical conditions: 15kV accelerating voltage,
15.16°A current and calibration using natural and synthetic

Tivaite (wi%) Chlorite (w1%) standards. EMPA data gf ilvait;revcg}s a near—stoichi_ometric
Core  Rim 1 7 3 ] composition, Ca,, Fe* Fe b 51%0]1308(01{)’ with low
5105 3902 29.47| 2479 22.94 2537 25.89|  mmanganese content (MnO~ lw ) (Table 2). Chiorite from
1i0, 008 001} 611 004 o012 004 thematrx of magnetite breccias is typically Fe™ -rich (FeO, 34-
ALO; 0.01 6.60] 1973 1504 1886  17.66 38wit%) and vields, through calculations of the Cathelineau
Fe,05 19.50 19550 000 0.00 000  0.00 (1988) geothermometer, a temperature range between 305-
FeO 3444 34.43] 3878 332 365 3418 336°C for the hydrothermal system.
MgO 0.11 G107 5.4% 3,17 6.6 9.68
Ca0 13,73 13.13} 001 3.42  0.08 1.59 DISCUSSION  According to Gustafson (1973}, at high fluid
M0 0.97 1ol 415 014 012 0.09 pressures, ilvaite is stable below approximately 470°C and over
Na,0 g.08 060 036 059 023 0.20 a wide range of fO,. The mode of occurrence of the Igarapé
K;0 4.00 600} 0.00 000 000 0.00 Bahia ilvaite, together with the temperature estimate given by
F 0.07 000} ma  ma  na n.2, chlorite-geothermometry, suggests that the mineral formed
a, 001 0021 ma  ma  ma  Ral ypder hydrothermal conditions at temperatures possibly
H;0 2.16 92.33 1;3;3 ;?gz ;g:g ; éﬁgf", between 300-350°C. The presence of coexisting magnetite and
Ta_";f_ ci 19({)}.:}13 3 00 0'0 " 0' 20 B-{) 0 3'99 chalcopyrite in equilibrium with bornite denotes an oxidized
gm . ’ ) ’ . ' ; and sulfur-poor hydrothermal system. The presence of
otal 10007 9992710067 9121 0880 10027 s . N A
¥ cations per 9 (0.0H) ¥ cations per 14 (0.0H) mgnctlte_mclusmns m ﬂva%te, coupled 'wzﬁl-the_occurrence of
g 198 XTI RN XY 753 paragenetic quartz and cal_c:lte, suggest that 11va}te could have
T 000 6600 001 000 041 0,00 formed through the reaction magnetite + calcite + quartz +
Al 0.00 0.00] 239 221 249 2.28 H,0 = ilvaite + CO, + O, (Barton and Bergen, 1984). The
Feo* 1.00 100 0,00 000 0,00 0,60 excess oxygen released from this reaction could be responsible
Fe? 1.96 1.96] 361 346 342 3.13 for the precipitation of hematite in fractures, or as rims on
Mg 8,61 0.01] 091 0396 110 1.5% ilvaite.
Ca 1.80 0.96] 000 046 6.01 .19
Mn 0.06 0.06)] 001 08F 001 0.01 Acknowledgments To the Companhia Vale do Rio Doce for
Na 0.00 0.00] 006 014  0.06 0.04 support during fieldwork and access to the EMPA and DRX
K 0.00 0.00) 000 080 000 0.90 laboratories. To FAPESP (Fundagio de Amparo a Pesquisa do
F 0.02 000 - - - - Estado de Sao Paulo) for grants #98/14401-5 and #99/63038-
Cl1 0.00 6.00] - - - - 0. I am thankful to the Multi User SEM laboratory (IG-
0H B.9% Log| 799 8.06 2.00 8.00 UNICAMP) funded by FAPESP grant #95/06401-7. To Dr.
T(PC)** - - 336.43 305.70 31190 314.63 Bernardino R. Figueiredo, Dr. David 1. Groves, and to the
* Fe,0; and H;0 caiculated from charge balance reviewers of RBG for their sugzestions to the original.
**Chlorite-geothermom eter (Cathelineau 1938}
n.4. - not analyzed
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ANEXO4

Geology and SHRIMP geochronology of the Igarapé Bahia Fe-oxide Cu-Au-(U-REE)
mineralisation, Carajas copper-gold belt, Brazil: an Archean (2.57 Ga) Olympic Dan-Type

deposit
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Abstract

A striking feature of the Carajas region is the clustering of a variety of Cu-Au deposits. The most
abundant in the belt are the world-class > 200 Mt) Fe-oxide Cu-Au-(U-REE) deposits, that, despite the
variety of host rocks and different orebody morphologies, share a series of diagnostic features, such as: {(a)
intense Fe-metasomatisim leading to the formation of grunerite, fayalite and/or Fe-oxides (magnetite and/or
hematite), (b) intense carbonate alteration (mainly siderite}, (¢) sulfur-poor ore paragenesis (chalcopyrite and
bornite), (d) quartz-deficient ore systems, {¢) extreme LREE enrichment, and (£} enrichment in U and Co, The
Igarapé Bahia is perhaps the best documented Fe-oxide Cu-Au-(U-REEY} deposit of the belt, containing about
219 Mt @ 1.4 % Cu and 0.86 g/t Au. The Cu-Au ore consist of steeply dipping breccia bodies that are hosted
by hydrothermaily altered metavolcano-sedimentary rocks.

SHRIMP II zircon dating of the host metavolcanic rocks gives a *’Pb/”®Pb age of 2751 * 42 Ma. This

result is sufficient to correlate the Igarapé Bahia volcano-sedimentary sequence to the Grio Pard volcanic




rocks that are consistently dated at ca. 2.75 Ga by various authors. The in situ SHRIMP 1I dating of monagzite,
from the matrix of ore-bearing magnetite breccias, gives a “’Pb/°®Pb age of 2575 + 12 Ma. The result
confirms the epigenetic nature of the mineralisation, and places it ~175 Ma after accumulation of the host
volcano-sedimentary sequence. The SHRIMP I dating of zircon xenocrysts recovered from crosscutting
diabase dikes indicate a2 maximum “Pb/**Pb age of 2579 + 7 Ma, consistent with field evidence and the
SHRIMP H ages of the ore and host rocks.

The 2575 = 12 Ma U-Pb in monazite SHRIMP II age of the lgarapé Bahia mineralisation is virtuaily
undistinguishable from the conventional *’Pb/***Pb ages, previously determined, on zircons from the Archean
A-type granites of the Carajas Belt, as for example the Old Salobo Granite and the Itacaiiinas Granite. These
data indicate that the mineralisation processes at Tgarapé Bahia were temporally related to the A-type Archean
granites of the Carajas Belt.

The styles of hydrothermal alteration, mineralogy and geochemistry of the Igarapé Bahia ore, as well as
fluid inclusion and stable isotope data, support its classification as a member of the world-class Olympic
Dam-type Fe-oxide Cu-Au-{U-REE)} deposit group, as previously argued by several authors. The SHRIMP 11
27pb/*%Pb age of 2575 * 12 Ma for hydrothermal monazite is important as it clearly defines Igarapé Bahia as

the first well-gstablished Archean example of an Olympic Dam-type deposit.

Introduction

The Carajas Belt is a highly mineralized province, with not only world-class iron and manganese
ores (Tolbert et al., 1971; Valarelli et al,, 1978; Gibbs and Wirth, 1990), but also a large number of Cu-Au
deposits, known collectively as the Carajds Copper-Gold Belt (Fig. 1). There appears to be two distinct types
of Cu-Au deposits in the Carajas region. The first group includes Cu-Au-(W-Bi-Sn) deposits that contain
quartz veins, and may ore may not have associated Fe-oxides, that are genetically related to the cooling of
Paleoproterozoic (ca. 1.88 Ga) A-type granites. Representative examples of this deposit-type are the Breves
(Taltarico et al. in press) and Aguas Claras deposits (Soares et al., 1994; Silva and Villas, 1998).

In addition to these, there are several world-class {> 200 Mt} Fe-oxide Cu-Au-{U-REE) deposits,

that, despite the variety of host rocks and different orebody morphologies, share a series of diagnostic

features, such as: (8) intense Fe-metasomatism leading to the formation of grunerite, fayalite and/or Fe-oxides




{magnetite and/or hematite), (b) intense carbonate alteration, (c) sulfur-poor ore paragenesis (chalcopyrite and
bornite), {(d) absence of quartz due to silica dissolution, (e} extreme LREE enrichment, and (f)} enrichment in
U and Co. The most significant Fe-oxide Cu-Au-(U-REE) deposits of the belt are Salobo (Farias and
Saueressig, 1982; Vieira et al., 1988; Lindenmayer, 1990), Sossego (Huhn and Nascimento, 1996; Cordeiro,
1999), Cristalino (Cordeiro, 1999; Huhn et al., 1999a), Cento e Dezoito (Rigon et al,, 2000} and Igarapé
Bahia (Ferrera Fitho, 1985; Ribeiro, 1989; Tallarico, 1996; Bocalon, 1997; Tallarico et al., 1998, Almada,
199%: Lindenmayer et al., 1998; Tazava, 1999).

Igarapé Bahia is the only gold deposit presently being mined in the region, and is perhaps the best
documented example of the Fe-oxide Cu-Au-(U-REE)-type of the Carajas Belt. The discovery of the deposit
began in 1974 when Rio Doce Mineraciio ¢ Geologia S.A. (Docegeo), the exploration branch of Companhia
Vale do Rio Doce (CVRD), located significant copper anomalies in stream sediment samples from the
igarapé Bahia River. During the 1980°s, several soil geochemistry surveys and subsequent drilling resulted in
the discovery of three outcropping orebodies: Acampamento Norte (ACPN), Acampamento Sul (ACPS) and
Furo Trinta (FT). The start-up of the mine was in 1991, with a processing capacity of 80,000 tonnes of ore per
month. In 1994, the nominal capacity of the plant was doubled. In 1996, the Alemdo orebody {(ALM) was
located, at a depth of 250 meters, through geological and geophysical modeling of an air-borne magnetic
anomaly followed by drilling (Barreira et al, 1999). Total resources of primary ore, including the four
orebodies, is of 219 Mt @ 1.4 % Cu and 0.86 g/t Au (Table 1). The original reserve of oxidized goid ore was
15 Mt of high-grade ore @ 5 g/t An and 14 Mt of low-grade ore @ 1.4 g/t Au. To date, total production of
gold is approximately 92 tonnes, derived exclusively from supergene-enriched ore in the oxidized zone.

Previous genetic interpretations for Igarapé Bahia include syngenetic VHMS (Besshi-type) models
{e.g., Ferreira Filho, 1983; Almada, 1999), epigenetic hydrothermal-magmatic models, with ore related to
Paleoproterozoic (ca. 1.88 Ga) granites (e.g., Lindenmayer et al., 1998), and multistage models that claim an
interplay of Archean and Proterozoic processes (e.g., Ribeiro, 1989; Mougeot, 1996). Alternatively,
similarities with the Austzalian Olympic Dam Deposit (Roberts and Hudson, 1983; Oreskes and Einaudi,
1990: Reeve et al., 1990) has encouraged several authors to propose an epigenetic hydrothermal model,

related to an alkaline magmatic component of unknown age (Huhn and Nascimento, 1996; Tallarico, 1996;

Talarico et al.; 1998; Oliveira et al., 1998; Tazava, 1999; Soares et al., 1999). Uncertainties in interpretation




relate partly to poor exposure of fresh rocks, but mainly due to the absence of robust geochronological data on
the ore and host rocks.

The aim of this paper is to provide a brief description of the geology and geochemistry of the Igarapé
Bahia deposit, and to put constraints on the age of the mineralisation via SHRIMP II geochronology, so that a

much better constrained genetic model can be formulated.

Regional Geology and Metallogeny

The Carajas region (Fig. 1) lies on the eastern portion of the Archean Amazonian Craton, being
limited to the east by the Neoproterozoic Araguaia Belt and to the west by overlying Proterozoic sequences
(Araitjo and Maia, 1991; Docegeo, 1988; Tassinari and Macambira, 1999). To the north, it is concealed by
Proterozoic and Cenozoic sedimentary rocks of the Amazon Basin (Pinheiro and Holdsworth, 1997). To the
south, it is in contact with the Rio Maria Block (Docegeo, 1988; Hulm et al., 1988), a relatively older, typical
granitoid-greenstone terrain that hosts lode-gold deposits, as for example the Sapucaia and Cumaru deposits
{Villas and Santos, 2001 and references therein).

Basement rocks consist of gneiss and migmatite of the Xingii Complex and the orthogranulites of the
Pium Complex that were metamorphosed at ca. 2.8 Ga (Machado et al., 1991; Rodrigues et al., 1992; Pidgeon
et al., 2000). According to Aradjo et al. (1988), the Pium Complex represents slabs of infracrustal rocks
uplified through deep shear zones, and could possibly represent the suture zone between the Rio Maria Block
and the Carajas Belt. In the Carajis Belt, the basement assemblage defines a broad, steeply-dipping, E-W-
trending ductile shear zone, named the Hacaitinas Shear Zome, that experienced multiple episodes of
reactivation during the Archean and Paleoproterozoic (Pinheiro and Holdsworth, 1997; Heldsworth and
Pinheiro, 2000).

The Carajés region includes one of the best preserved Archean vulcano-sedimentary successions in
the worid. These rocks, assembled under the Itacaitinas Supergroup, record different metamorphic grades,
ranging from virtually undeformed, low greenschist- facies rocks (Gréo Pard Group) in the innermost portions
of the belt, to intensely sheared amphibolite/granulite-facies rocks (Salobo Group) at the northern edge of the

Itacaiinas Shear Zone {Docegeo, 1988; Olszewski et al., 1989). Accumulation of the volcanic rocks was

determined by various authors to have cecurred at ca. 2.75 Ga {e.g., Machado et al., 1991; Trendell et al,,




1998). The Grdo Pard Group is the dominant volcano-sedimentary sequence in the Carajas Basin, and
includes low-grade metavolcanic rocks that host significant banded-iron formation. These contain the giant
iron deposits, such as Serra Norte, Serra Sul, Serra Leste and Serra de S3o Felix, that contain total resources
of 17.3 billion tornes @ 66% Fe (Tolbert et al., 1971; Gibbs and Wirth, 1990).

Sandstones and siltstones that formed in a shallow marine to fluvial environment (Aguas Claras
Formation - Nogueira et al., 1994; Nogueira et al., 2000), overlie the former units. A minimum age of 2645 +
12 Ma for the Aguas Claras Formation was determined by Dias et al. (1996) from conventional U-Pb analysis
of zircons from cross-cutting gabbro dikes. A SHRIMP I U-Pb age of 2681 + 5 Ma was determined by
Trendall et 21. (1998) from a sample of sandstone containing zircons apparently derived from syndepositional
volcanism. Based on this result, Trendall et al. (1998) inferred that the Aguas Claras Formation could
represent the uppermost unit of 2 continuous accumulation in the “Griio Pard Basin™, that lasted less than 100
million years.

The Carajés region has been intruded by granitic magmas of distinct ages and compositions.
Paleoproterozoic intrusions (ca. 1.88 Ga, Machado et al., 1991) inclede several anorogenic granitic plutons,
such as the Central Carajas and Cigano granites. The latter belong to the most extensive A-type Proterozoic
Province of the world (e.g., Santos et al. 2001), that covers thousands of square kilometers of the Amazonian
Craton. Archean intrusions include granitoids and diorites of the Plagué Suite (ca. 2.74 Ga — Huhn et al.
1999b) and younger alkaline granitoids (ca. 2.57 Ga), such as the Estrela Complex (Barros et al., 1992; Barros
et al., 1997; Barros and Barbey, 1998; Barros et al. 2001), the Old Salobo Granite (Machado et al., 1991) and
the Itacaitinas Granite (Souza et al., 1996). The Estrela Complex is the best documented example of the
Archean alkaline granitoids of the Carajas Belt. According to Barros et al. (1997), it consists of a E-W-
trending, heterogeneously sheared monzogranitic batholith, that bears a characteristic A-type geochemical
signature defined by high K;0+Na,O content, extremely high FeO/FeO+MgO ratio, and elevated Zr, Y and
Nb contents. Fabric analysis of the Estrela Complex indicates that magmatic activity was syntectonic to the
closure of the Carajas Basin (Barros and Barbey, 1998; Barros et al. 2001).

A striking feature of the Carajds region is the clustering of a variety of Cu-Au deposits. The most

abundant in the belt are Fe-oxide Cu-Au-(U-REE) deposits, that are hosted by a variety of rocks and have

different orebody morphologies, although most are near-vertical (> 75°) breccia bodies. The most significant




examples of this deposit-type are: Salebo with resources of 994 Mt @ 0.94 % Cu and 0.52 g/t Au (Farias and
Saueressig, 1982; Vieira et al., 1988; Lindenmayer, 1990), Igarapé Bahia with resources of 219 Mt @ 1.4 %
Cu and 0.86 g/t Au (Ferreira Filho, 1985; Almada, 1998; Tazava, 1999; Tallarico, 2000), Sossego with
resources of 355 Mt @ 1.1 % Cu and 0.28 g/t Au (Cordeiro, 1999; Lancaster et al., 2000), Cristalino with
resources of 500 Mt @ 1.0 % Cu and 0.3 g/t Au (Huhn et al,, 1999a) and Cento e Dezoito with resources of
170 Mt @ 1.0 % Cu and 0.3 g/t Au (Rigon et al., 2000).

A second style of Cu-An deposit is that characterized by a Cu-Au-{W-Bi-8n) association. This group
includes a smaller mumber of deposits, all of medium to small size, that appear to be genetically related to
Proterozoic A-type magmatism. Representative examples are the Aguas Claras Cu-Au-(W-8n) deposit with
resources of 9.5 Mt of oxidized ore @ 2.43 g/t Au (Soares et al., 1994; Silva and Villas, 1998), and the Breves
Cu-Au-(W-Bi-Sn) deposit with resources of 50 Mt of primary ore @ 1.22% Cu, 0.75 g/t Au, 2.4 g/t Ag, 1200
g/t W, 70 g/t Sn, 175 g/t Mo and 75 g/t Bi (Tallarico et al. in press).

The major question to be resolved in the Carajids Copper-Gold Belt is the relationship between the
relatively small (< 50 Mt) Paleoproterozoic (ca. 1.88 Ga) Cu-Au-(W-Bi-Sn) deposits (Tallarico et al, in press)
and the world-class (> 200 Mt) Fe-oxide Cu-Au-(U-REE) deposits. One possibility is that they are both
related to the ca. 1.88 Ga A-type granites, but a number of the features of the Fe-oxide Cu-Au-{U-REE)
deposits make this unlikely because these features are extremely rare or non-existent in the Cu-Au-(W-Bi-Sn)
deposit group. These features include: (a) intense Fe-metasomatism leading to the formation of fayalite,
grunerite, and/or Fe-oxides (magnetite and/or hematite), (b) the extent of carbonate alteration (mainly
siderite), at least in the lower temperature deposits, {¢) the S-deficient nature of ore sulfides (chalcopyrite,
bornite, and primary chalcocite), {(d) the quartz-deficient nature of the ore systems, (e) the extreme LREE
enrichment (approximately 10* x chondritic values), and () enrichment in U and Co. Given the evidence for
an alkaline association for Fe-oxide Cu-Au-(U-REE) deposits elsewhere in the world (e.g., Hitzman et al.,

1992; Oreskes and Hitzman, 1993; Campbel et al., 1998; Groves and Veilreicher, 2001), it is possible that the
iron-oxide Cu-Au-(U-REE) deposits of Carajés are related to 1.88 Ga magmatism, but to more alkaline rocks
than the A-type granites {e.g., Kerrich et al. 2000). The other interesting possibility is that they are related to

the ca. 2.57 Ga alkaline complexes of the Carajas Belt (e.g., Estrela Complex, Old Salobo Granite), in which

case they would represent the oldest known members of the iron-oxide Cu-Au-(U-REE) group worldwide.




This study tests these genetic alternatives via robust SHRIMP II geochronology of host rocks and ore-related

minerals at Igarapé Bahia, a typical member of the iron-oxide Cu-Au-{U-REE) deposit group.

Gegology of the Igarapé Bahia Fe-oxide Cu-Au-(U-REE) Deposit

The Igarapé Bahia deposit is hosted by a hydrothermally altered metavolcano-sedimentary sequence,
the Igarapé Bahia Group. The host sequence, together with the FT, ACPS and ACPN orebodies, crop out in a
small structural window within the overlying sandstones of the Aguas Claras Formation (Fig. 2). The
orebodies define a circular structure at surface, with a shape similar to that of an alkaline ring complex (Fig.
3). The ALM orebody is covered by a 250-m-thick discordant layer of sandstone, and is part of the ACPN
orebody which has been faulted out (Soares et al., 1999).

The orebodies consist of steeply dipping (~75°) breccia bodies that dip outwards in broad
concordance with the strike of the bedding of the host sequence. The ore-bearing breccias are sited at, or close
to, the contact Zone between two distinct units of the host sequence. The footwall is dominated by volcanic
and pyroclastic rocks intercalated with banded iron formations (BIF), whereas the hangingwall includes
mainly sedimentary and epiclastic rocks (Fig. 4A and B} and minor BIF and voleanic rocks. The mineratized
breccias include fragments of both footwall and hangingwall that are cemented by variable amounts of
hydrothermal matrix (Fig. 4C 1o F).

A set of radial fractures and faults controls the emplacement of quartz diorite and diabase dikes,
which disrupt the orebodies, the host volcano-sedimentary sequence, and the Aguas Claras sandstone. The
quartz diorite dikes display a variety of textures ranging from unaltered granophyric intergrowths to highly

altered, veined and/or brecciated rocks, whereas the diabase dikes are texturally monotonous and unaltered.

Supergene alteration and ore types
At Igarapé Bahia, weathering was responsible for the development of a 200-m-thick supergene profile
(Zang and Fyfe, 1993; Angélica, 1996), that initiated the dissolution, segregation and reprecipitation of gold

and copper, resulting in the formation of different ore-types (Table 1).
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The upper part of the profile includes a gold-bearing gossan that extends to a depth of approximately 150
meters. The gossan is formed mainly of goethite, hematite, gibbsite and kaolinite, and has traces of secondary
copper minerals and REE-rich phosphates (florencite, crandalite and rhabdophane).

From 150 to 200 meters there is a transitional zone, where copper-rich supergene solutions precipitated.
This copper-gold ore is composed of goethite and hematite, together with abundant secondary copper
minerals, such as native copper, chalcocite, digenite, cuprite, malachite, azurite, and pseudomalachite.

The primary copper-gold mineralisation occurs beneath 200 meters, and consists mainly of Fe-chlorite,

siderite and magnetite-rich breccias,

Hypogene hydrothermal alteration and breccia-types

The ore-bearing breccias of Igarap¢ Bahia are essentially polymictic. Thus their classification is
based on matrix mineralogy, leading to the folowing groups: (a) Fe-chlorite breccias, (b) siderite breccias,
and (¢} magnetite breccias. The rock fragments display angular to sub-rounded shapes, and diameters that
range from a few millimeters up to 20 cm. The fragment/matrix ratio is highly variable, apparently reflecting
different fluid/rock ratios.

Magnetite breccias exhibit a granular matrix of euhedral magnetite that is welded by Cu-sulfides
(chalcopyrite in equilibrium with bornite), together with minor grumerite, actinolite, minnesotaite, biotite
stilpnomelane, K-feldspar, tourmaline, fluorite, siderite, ankerite and wraninite. This mineral assemblage
defines a distinctive Fe-{K)-metasomatic zone,

Tron-chlorite breccias and siderite breccias include virtually the same matrix mineralogy, but the
percentage of specific minerals is distinct. The matrix is typically fine-grained and includes Fe-chlorite,
siderite, magnetite, chalcopyrite and minor tourmaline.

At the ACPS and FT orebodies, the mineralisation is hosted preferentially by siderite breccias,
whereas at the ACPN and ALM orebodies, it is associated with magnetite breccias. Iron-chlorite breccias
oceur at the margins of all orebodies and are also mineralized (Fig. 5).

Chloritization is the most widespread hydrothermal alteration type in the deposit. Chlorite
composition shows z diagnostic chemical trend based on the substitution reaction: Sipy™* + Mgvi™ ¢ Al +

Fey' (Zang & Fyfe, 1995). Mg-chlorite (50>mg>30) is typically associated with caicite and dolomite in




barren and weakly altered distal host rocks, whereas Fe-chlorite (30>mg>12} is associated with siderite,
chalcopyrite and magnetite in the mineralised breccias (Tallarico et al., 2000).

Scanning electron microscopy (SEM) investigation of breccias reveals the presence of the following
trace minerals: molybdenite, galena, cobaltite, hessite, altaite, cassiterite, ferberite, scheelite, uraninite,
parisite, bastndsite, allanite, monazite, apatite, and fluorite. The breccia matrix is known also to include
chloride-rich minerals such as ferropyrosmalite (Tazava, 1999) and escapolite (Althoff et al., 1994).

Several vein types crosscut the breccias bodies and the hest sequence. Veins are discordant to
bedding and rarely display comb structures. The most common vein-types are: (a) calcite + chalcopyrite
fluorite + stilpnomelane, (b} ankerite + chalcopyrite £ gold, (c) siderite t calicite + chlorite  chalcopyrite, and
(d) chalcopyrite + biotite = K-feldspar + tourmaline + REE-minerals. The vein chronology is unclear due to

poor exposure and equivocal relationships.

Primary copper-gold mineralisation

The primary copper mineralisation at Igarapé Bahia is related to the presence of xenomorphic and
poikiloblastic chalcopyrite in the matrix of breccias. Rarely, chalcopyrite is rimmed by chalcocite, digenite
and covellite due to sub-solidus oxidation reactions along grain boundaries. Magnetite breccias, unlike
siderite and Fe-chlorite breccias, have chalcopyrite intergrown with bornite, indicating relatively lower sulfur
activity and/or a higher oxidation state of the hydrothermal fluids (Beane and Titley, 1981; Mikucki and
Ridley, 1993). Rare pyrite occurs as inclusions in chalcopyrite in the more sulfur-rich assemblages.

The major copper mineralisation is juxtaposed against gold mineralisation in all breccia bodies.
Additional sub-economic copper concentrations are dissemninated, or in veins or nodules, in distal- altered
host rocks with negligible gold contents.

Chalcopyrite nodules are hosted by hangingwall laminated sedimentary rocks (Fig. 4A). The nodules
both bend the primary bedding and are also transgressive to it. They display a mineralogical zoning, with rims
enriched in euhedral Fe-chlorite in association with minor albite and quartz, whereas the cores contain
massive chalcopyrite, with inclusions of K-feldspar, cobaltite, thorite, monazite and apatite. Their epigenetic

pature is also indicated by the connection of the nodules to veins with the same mineralogy and zoning

pattern, that are both discordant and concordant to the sedimentary bedding (Fig. 4A and B). Rarely, rocks




from the hangingwall have stratabound replacement textures with chalcopyrite filling more porous and
permeable layer of the laminated rocks.

Native gold occurs in the matrix of breccias as fine-grained particles, normally between 5 and 20 pm
diameter, included in gangue minerails (quartz, siderite and chlorite), chaicopyrite and rarely magnetite. Sub-
economic concentrations of silver are associated with the gold particles, that can contain up to 12 wit% Ag, or

include tellurides (hessite - Ag,Te) and sulfides (argentite/acanthite — Ag,S).

Geochemistry

The mineralized breccias contain anomalous concentrations of FeOt (25-64 wi%), Cu (0.5-11 wt%),
U (28-380 ppm), Au (0.5-15 g/t), Ag (4-52 g/t), Ba (26-200 ppm), F (390-31,000 ppm), P (900-6,200 ppm}
and REE, particularly La (260-2,300 ppm) and Ce (450-4,400 ppm) (Fig. 6). The ore-bearing breccias are also
enriched in MnQ (0.5-3 wt%), Ca0 (0.5-9 wt%), Mo (50-200 ppm) and Zn (150-450 ppm) relative to the host
rocks (Tallarico et al, 2000). The positive correlation between these elements suggests a common
metasomatic origin and reflects the interplay of Fe-(K)-metasomatism, sulfidation, chloritization and
carbonate alteration. The occurrence of traces of barite, fluorite, galena, altaite, sphalerite, molybdenite,
urgninite, apatite, monazite, xenotime, bastnisite and parisite, as inclusions in chalcopyrite and gangue
miperals, accounts for the Ba, F, Pb, Zn, Mo, U, REE and P enrichments. The high manganese content is
related to siderite, which contains up to 7 wit% MnO.

Iron-chlorite breccias, siderite breccias and magnetite breccias show similar REE distribution
patterns (Fig. 7), that are typified by strong LREE enrichment (~10* chondritic values). Although the absolute
concentrations of REE are quite distinct, the distribution patterns of altered metavolcanic rocks, quartz diorite
dikes and mineralized breccias show equivalent shapes, while the BIF display a different pattern. The REE-
minerals of the Igarapé Bahia breccias are unequivocally related to hydrothermal alteration. Thus, the REE
distribution patterns can be used to monitor the intensity of the hydrothermal alteration. The contrasting
La/Lu ratios of the host metavolcanic rocks (70-250) and breccias (1,000-2,500) indicate that the
hydrothermal alteration selectively concentrated LREE. The positive correlation between La, Ce, P, Cu and
Au assures that minerals epriched in LREE (e.g., monazite) are clearly suitable for dating mineralization-

related alteration.
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Sampling and Analytical Procedures for SHRIMP 11 Analysis

The samples selected for SHRIMP II analyses are listed in Table 2. Bulk samples of representative
intersections of the host metavolcanic rocks from the footwall (UWA-B18C and UWA-B18D) and diabase
dikes (UWA-B21D and UWA-B36A) were collected, and zircons extracted. Zircons from the metavolcanic
rocks and from the diabase dikes were concentrated in an attempt to determine their crystallization ages.
Samples of hydrothermal monazite (UWA-B34) from the matrix of ore-bearing magpetite breccias were
prepared to constrain the age of ore formation.

The separation of zircon samples was carried out at the Universidade Federal de Ouro Preto, Brazil,
with final handpicking at the University of Western Australia. After identification of zircons in thin-section,
the samples were crushed and a <60# fraction collected, cleaned, and the final selection of zircons hand-
picked and mounted in epoxy resin together with chips of the 564 Ma CZ3 standard zircon (Pidgeon et al.,
1994; Nelson, 1997). Afier detailed photography and SEM imaging, the discs were cleaned and coated with
high-purity gold.

Uranium-Th-Pb isotope analyses of sectioned single zircons were carried out on the Sensitive High
Resolution JTon Microprobe (SHRIMP II) at Curtin University of Technology following the procedures
documented by Compston et al. {1986), Williams and Claesson {1987) and Smith et al. (1998). Data were
processed using the software package SQUID 1.00 (Ludwig, 2001a).

Monazite SHRIMP II analyses were performed in situ on discs and fragments of polished thin
sections that were mounted in epoxy mounts. The monazite analyses used two standards (VK 1, 438 Ma) both
within the same mount and a separate mount. Analytical and data reduction methods for monazite are
described by Foster et al. (2000) and Rasmussen et al. (in press).

The uncertainties in the radiogenic Pb isotope ratios are governed principally by ion-counting
precision in the isotopes of direct interest and also in 24pyy, which provides a measure of common Pb. As the
204ph, content indicated by the analyses of most of the sample zircons is similar to that obtained from the
standard zircon analyses, it is assumed that all the Pb came from the gold coat (ie. Broken Hill galena
composition). The data used for age determinations all gave very low common-Pb corrections and are

therefore insensitive to the choice of common-Pb composition. All analysis with higher levels of common Pb
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have other indications of isotopic disturbance, and the common Pb cannot be assumed to be original, so the
choice of composition is necessarily an estimate. The total Pb in each analysis was corrected fiom common
Pb by stripping initial **Pb, "Pb and “*Pb from the measured amounts, using the observed #9pb, and Pb
from the Broken Hill composition.

Ages are calculated using U decay constants from Jaffey et al. (1971). Unless otherwise stated, analytical
uncertainties given in the tables and shown in plots are 1o. The ages from pooled data are weighted means,
with uncertainties given as 95% confidence limits, Plots were prepared using ISOPLOT 2.49 (Ludwig,

2001Db).

SHRIMP I1 U-Pb Results
Host metavolcanic rocks: samples UWA-B18C and UWA-BI18D

Concentration of rock sample UWA-BI8D yielded only three zircons out of approximately 8 kg of
bulk rock. To test the efficiency of sample preparation techniques, and to increase the number of zircons, a
second bulk sample of host metavolcanic rock was prepared. Again the number of zircons was very limited,
with only six grains per 24 kg of crushed rock.

The rock samples display an isotropic fabric defined by abundant fine-grained chlorite associated
with minor albite and quartz. The primary mineralogy is obliterated by the intense chlorite alteration. The
abundance of chlorite and the limited amount of quartz indicate a mafic composition, which is confirmed by
previous geochemical investigations of the Igarapé Bahia metavolcanic rocks (e.g., Ferreira Filho, 1985).
Thus, the reduced number of zircons recovered is not unexpected, since mafic volcanic rock typically contain
Hmited zircons.

A total of 13 sites were analyzed from the nine zircon grains (Table 3). Only five analyses (C.1-1,
C.1-2, D.2-1, D2-2 ¢ C.6-1) were statistically coherent, yielding a *’Pb/"®Pb age of 2751 + 42 Ma, with 2
MSWD of 18 (Fig. 8). Among the rejected data, two are unquestionably inherited, with 2"Pb/*Pb ages of
~2864 (C.2-1 and D.1-1), consistent with previously reported ages for the Xingd Complex (e.g., Machado et
al. 1991). The remaining data were rejected because of high U content (C.4-1, C.4-2 and C.5-1) and

discordance >5% (C.3-1, D.3-1 and C.5-1).
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Diabase dikes: samples UWA-B364 and UWA-B2ID

Concentration of sample UWA-B36A vielded a limited quantity of zircons, 22 grains from
approximatety 31 kg of bulk rock. A second sample was prepared to overcome the limited material for
analysis. Sample UWA-B21D yielded 10 zircons out of 40 kg of crushed rock.

A total of 39 spots were analyzed from 32 grains, but no consistent data emerged from the data set.
Approximately half of the analyses, mostly from grains with higher U or high ***Pb, are > 5% discordant
(Table 4). The majority of the remainding data yield *’Pb/”®Pb ages that range from ~2889 to 2827 Ma.
Spots D.8-3 and A.11-1 yield younger *"Pb/*Pb ages of 2593 + 31 Ma and 2579 + 7 Ma, respectively. All
the analyzed grains display typical corrosion textures, indicating that zircon were not in equilibrium with the
host magma, and consequently are interpreted as inherited zircons. Thus, the *”Pb/”®Pb age of the youngest

xenocryst, 2579 = 7 Ma, is assumed to be the maximum age of ntrusion of the host dyke.

Copper-gold bearing magnetite breccia: Sample UWA-B34

Monazite grains were cut out of thin sections and mounted in epoxy, in order to guarantee high-quality
petrographic control on the dated grains. The selected monazite crystals are fine-grained (20 to 40 pm), and
occur in equilibrium with chacopyrite and magnetite in the matrix of mineralized breccia (Fig. 9).

A total of 18 spots were analyzed from 18 monazite grains from sample UWA-B34 (Table 5). Most of
the data fall in a tight cluster near 1o concordia, with the remainder trending towards the origin, denoting that
this is not a simple recent Pb-loss trend (Fig. 10). The main cluster of data appears to be significantly
reversely discordant. This is considered to be due to Pb/U calibration offsets because the standard was in a
separate mount, and minor defects in the Th- and U-related matrix corrections, once standards have up to 15%
Th, leading to a relatively large matrix correction. The tight grouping of the near-concordant data ciuster is
taken to indicate that the sample is concordant, and thus that the W7pp/2%ph data are reliable. Although not
highly precise, the Th/U data are also well grouped, consistent with the sample being well preserved.

By omitting five analyses that are discordant relative to the main cluster (4.3-1, 4.3-2, 5.1-1, 5.}1-2 and
7.1-1), a group of 13 analyses remains. Among these, there is one obvious young outlier (6.1-1) that yields a
W7ph2%pY age of 2519 + 19 Ma. Omitting this analysis gives a weighted mean *’Pb/”™Pb age of 2575 = 12

Ma (MSWD = 1.19, n = 12). Spot 2.3-1 is a marginal outlier, and, if rejected , the *"Pb/”™Pb age of the main
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cluster is 2572 £ 10 Ma (MSWD = (.97, n = 11). Given the number of analysis, and the apparent disturbances
of the isotopic system in ~33% of the data set, the rejection of analysis 2.3-1 is not justified, and thus a more

conservative Z"Pb/*%Pb age of 2575 + 12 Ma is assumed.

Strontium Isotopic Composition of Cafbouate Minerals

Eight samples of carbonate minerals from the Igarapé Bahia deposit were concentrated from the
matrix of ore-bearing siderite breccias and crosscutting veins to investigate their strontium isotopic
composition (Table 6} as a means of constraining fluid source. Preparation of carbonate samples and the
subsequent isotopic analysis were carried out at the University of Séo Paulo, Brazil. Prior to isotopic analysis,
X-ray powder diffraction analysis were performed at Companhia Vale do Rio Doce to determine the
carbonate specie(s) in each sample.

As the rubidium content of siderite and calcite is negligible, their ¥'Sr/*Sr ratios are assumed to be a
reasonable approximation of the initial ratio of the original hydrothermal system from which they crystallized.
Samples derived from non-metasomatised mantle (¢.g., MORB) have low ¥Sr/*Sr ratios (~0.702-0.705) as a
function of the fow Rb/Sr ratio of the source, whereas more differentiated crustal rocks have high ¥Sr/*°Sr
ratios (>0.706) due to the incompatible nature of rubidium. The strontium isotopic composition of seawater is
a balance between volcanism and continental sedimentation, and shows a composite patiern during geological
time (e.g., Faure and Powell, 1972; Veizer and Compston, 1976).

The ¥’St/*Sr ratios from the Igarapé Bahia carbonates are highly radiogenic and indicate a crustal
derivation (Table 6). These values are inconsistent with the isotopic composition of seawater at ~2.575 Ga
(Veizer and Compston 1976) and with the initial **Sr/*Sr ratios of the Gréio Pard metavolcanic rocks (0.7057
+ 0.0010) determined by Gibbs et al. (1986). This evidence clearly precludes seawater as a major component
of the hydrothermal system, as would be expected in syngenetic VHIMS models {e.g., Ferreira Filho, 1985;
Almada, 1999). The wide range of highly radiogenic *'Sr/*Sr ratios (0.714 to 0.755) of the Igarapé Bahia
carbonate minerals suggests multiple crustal sources, consistent with an epigenetic magmatic-hydrothermal
origin (Fig. 11). Hydrothermal calcite and tourmaline from the Salobo deposit also show similar *’Sr/%Sr
ratios (Mellito, 1998), suggesting that highly radiogenic strontium signatures are common to the Fe-oxide Cu-

Au deposits of the Carajds Belt.
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Deposit and Genetic Model for the Igarapé Bahia Fe-oxide Cu-Au-{U-REE) Mineralisation

The SHRIMP I results reported here are summarized in Table 7. The zircons extracted from the host
metavolcanic rocks yield a 207D/ 2%ply age of 2751 + 42 Ma. Although of very low precision, this result is
sufficient to correlate the Igarapé Bahia volcano-sedimentary sequence to the Grio Pard volcanic rocks that
are consistently dated at ca. 2.75 Ga by various authors (e.g., Gibbs et al., 1986; Wirth et al., 1986; Machado
et al., 1991). This result is not unexpected since the so called Igarapé Bahia Group occurs within the domains
of the Griio Pard Group, and possibly represents a distinct facies of the Gréo Paré Basin.

The positive correlation between the REE, P, Au and Cu, and the evidence of chalcopyrite in equilibrium
with REE-minerals in the mineralized breccias, confirms that monazite is genetically related to the
precipitation of copper and gold in the Igarapé Bahia deposit. Thus, the in situ dating of monazite, from the
matrix of ore-bearing magnetite breccias, unequivocally places constraints on the age of ore formation. The
SHRIMP 1 #"Pb/2®Pb age of 2575 + 12 Ma for hydrothermal monazite confirms the epigenetic nature of the
mineralisation, and places it ~175 Ma after accumulation of the host volcano-sedimentary sequence. The data
obtained from zircon xenocrysts recovered from the diabase indicate a maximum 2’Pb/”%Pb age of 2579 + 7
Ma for dike emplacement, consistent with field evidence and the SHRIMP 11 ages of the ore and host rocks
(Fig. 12).

The 2575 £ 12 Ma U-Pb in monazite SHRIMP I age of the Igarapé Bahia mineralisation is virtually
undistinguishable from the conventional **’Pb/”®Pb ages determined on zircons from the Archean A-type
granites of the Carajas Belt, as for example the Old Salobo Granite (2573 + 2 Ma, Machado et al. 1991) and
the Itacaiimas Granite (2560 + 37 Ma, Souza et al. 1996). Similar ages have been also obtained via the Rb-Sr
method in bulk samples of the Itacailinas Granite (2480 + 40 Ma, Montalvio ¢t al. 1984) and the Estrela
Complex (2527 + 34 Ma, Barros and Barbey 1998), and are possibly related to cooling of these alkaline
intrusions. These data indicate that the mineralisation processes at Igarapé Bahia were temporally related to
the A-type Archean granites of the Carajas Belt. The Rb-Sr bulk rock age of 2577 + 72 Ma for the Igarapé
Bahia host metavolcanic rocks, determined by Ferreira Filho (1985), provides an additional support to this
model since it indicates thermal resetting of strontium isotopes ~170 Ma after volcanic accumulation,

probably due to the emplacement of an A-type Archean granite or due to the associated mineralisation itself.
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The epigenetic nature of the Igarapé Bahia Cu-Au mineralisation is supported by field evidence that ]
includes: (a) the presence of fragments of both footwall and hangingwall in the breccias (Fig. 4C), and (b) the
presence of chalcopyrite-rich veins and nodules in the hangingwall rocks (Fig. 4A and B). Additionally, the
circular shape of the cluster of breccia bodies (Fig. 3) is similar to that of ring complexes associated with the
intrusion of alkaline magmas.

An epigenetic model also is compatible with the characteristics of the Igarapé Bahia hydrothermal
system. Chlorite thermometry of the mineralized breccia, determined by Tallarico et al. (2000), indicate a
high-temperature hydrothermal system {313-375°C), consistent with the fluid inclusion data of Ribeirc (1989)
and Lindenmayer et al. (1998). At these temperatures, the equilibrium assemblage of magnetite + chalcopyrite
+ bornite, typical of the Igarapé Bahia breccias, indicates highly oxidized (fO, ~10™ to 10™! atm) and S-poor
{agg ~10-3 atm) ore fluids (Mikucki and Ridley, 1993). The high-temperature and oxidized nature of the
Igarapé Bahia ore fluids is consistent with copper and goid transport via Ci-complexes (Figs. 13 and 14) in
acid and saline fluids (Davidson and Large 1994). High-temperature, saline and acid solutions can also
transport REE and U via Cl-complexes, with or without competing ligands such as fluoride, COyy or
phosphorous species, depending upen their relative abundance (Gieré 1996). Mineralogical and geochemical
data indicate that all of these ions were active In the Igarapé Bahia ore fluids, and probably promoted selective
concentration of LREE, U, Cu and Au.

The stable isotope data of Oliveira et al. (1998) and Tazava (1999), from calcite and siderite in the
matrix of mineralized breccias and crosscutting veins from the Igarapé Bahia deposit, vield a narrow range of '
negative values of 8°C (-9.3 to —5.8 %o) and a relatively wide variation of %0 (0.7 to 9.4 %o: Fig. 15). The
extremely negative 5"°C values, coupled with the oxidized nature of the Igarapé Bahia hydrothermal system,
denote a2 homogeneous deep-seated carbon source from which carbonate minerals were precipitated within a
limited pH range. The wider range of 50 values is interpreted as resulting from mixing of deep-seated
solutions (high of 5'%°) with meteoric fluids (low of §"*°). This fluid mixing hypothesis is consistent with
fluid inclusion studies of the Igarapé Bahia hydrothermal system that indicate the existence of two distinct
groups: {a) high-temperature (150-430°C) saline (up to 40% NaCl equivalent) inclusions, and (b) low-
temperature (100-150°C) and low-salinity (~10% NaCl equivalent) inclusions (Ribeiro, 1989; Lindenmayer et

al., 1998). Thus, stable isotope and fluid inclusion data both suggest that the progressive interaction of a high-

16




temperature, saline and acid magmatic fluid with low-temperature, oxidized and less saline meteoric solutions
is the most likely depositional mechanism for the Igarapé Bahia ore.

The mineralogy, geochemistry, stable isotope composition and thermodynamic data of the Igarapé
Bahia ore fluids are consistent with the geochronological evidence for an epigenetic mineralisation. The data
suggest that ore formation was related to the emplacement of a suite of Archean (~2.57 Ga) A-type granites,
with circulation and mixing of magmatic and meteoric fluids, through a set of ring fractures, triggering the
deposition of Cu, Au, U, and REE through fO, and temperature decrease and pH increase.

The strontium isotope composition of carbonate minerals from the matrix of mineralized breccias
and crosscutting veins in the Igarapé Bahia deposit also are consistent with an epigenetic magmatic-
hydrothermal model. The *7S1/**8r ratios are incompatible with the expected composition of seawater at ~2.57

Ga, and strongly suggest the contribution of multiple radiogenic crustal-sources.

Discussion

The previously proposed models relating Igarapé Bahia to syngenetic VHMS models (e.g., Ferreira
Filho, 1985; Almada, 1999} are negated by the new robust geochronological data. Additionally, the grade-
tonnage data of the Igarapé Bahia deposit (219 Mt of primary ore @ 1.4 % Cu and 0.86 g/t Au) would be
unusual for the VHEMS group, given that most deposits contain < 100 Mt ore (Large, 1992; Slack, 1993;
Barrie and Hannington, 1999). The ore paragenesis of the Igarapé Bahia deposit, characterized by the
association magnetite + chalcopyrite + bornite with significant amount of U (28-380 ppm), F (390-31,000
ppm), P (900-6,200 ppm), La (260-2,300 ppm) and Ce (450-4,400 ppm), is dramatically distinct from that of
VHMS deposits that normally lack significant concentrations of Fe-oxides, typically contain relatively
reduced ore sulfides (pyrite in equilibrium with pyrrhotite), and are not known to have anomalous
concentrations of U, F, P or REE (Large, 1992; Slack, 1993; Barrie and Hannington, 1999).

The SHRIMP 1I results Teported in this work, together with the mineralogical, geochemical and
thermodynamic data for the Igarapé Bahia ore, indicate an epigenetic hydrothermal-magmatic origin,
temporally related to the emplacement of Archean (~2.57 Ga) A-type granites of the Carajis Belt.

Iron-oxide Cu-Au-(U-REE) deposits have been recognized as a distinctive ore deposit-type during the

Jast decade (Hitzinan et al. 1992; Oreskes and Hitzman, 1993). Representative examples of this group include
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the Olympic Dam deposit with resources of 2,000 Mt @ 1.6 % Cu and 0.6 g/t Au (Roberts and Hudson, 1983;
Reeve et al., 1990; Hitzman et al. 1992; Cross et al., 1993; Oreskes and Hitziman, 1993) and the Ernest Henry
deposit with resources of 167 Mt @ 1.1 % Cu and 0.5 g/t Au (Williams, 1998). These structurally controlied
epigenetic deposits share a number of common features, such as: (1) high tonnage (> 100 Mt) and low copper
(< 2.0 %) and gold (< 0.8 g/t) grades, (2) abundance of magnetite and/or hematite, (3} oxidized and S-poor
ore paragenesis {chalcopyrite, bornite and/or chalcocite), (4) low SiO, content of the ore, and (5) metal
association of Fe-Cu-Au with anomalous LREE, U, P, and F (Hitzman et al,, 1992; Oreskes and Hitzman,
1993; Williams, 1998; Groves and Vielreicher, 2001). Ore fluids are typically high-temperature (260-600°C),
extremely saline (as much as 50 wt% NaCl equivalent), acid and oxidizing, with fO, increasing at shallow
levels (Hitzman et al., 1992; Oreskes and Hitzman, 1993; Davidson and Large, 1988). Fluid inclusion and
stable isotope data commoniy indicate the presence of two distinct fluids: (1) high-temperature saline
magmatic fluids, and (2) relatively low-temperature and less saline meteoric fluids (Oreskes and Einaudi,
1992: Oreskes and Hitzman, 1993; Gow et al., 1994; Haynes et al., 1995). Alternatively, connate basinal
brains, possibly related to older evaporites, have been suggested as a fluid source (e.g., Barton and Johnsen,
1996). Ore deposition is assumed to involve two main episodes of hydrothermal alteration: (1) early high-
temperature magnetite-bearing paragenesis related to magmatic fluids, and (2) late-stage, relatively low-
temperature paragenesis related to the mixing of magmatic with meteoric fluids, that may convert early
magnetite into hematite and trigger Cu-sulfide and gold deposition (Oreskes and Einaudi, 1992).

The styles of hydrothermal alteration, mineralogy and geochemistry of the Igarapé Bahia ore, as well as
the fluid inclusion and stable isotope data, support its classification as a member of the world-class Olympic
Dam-type Fe-oxide Cu-Au-(U-REE) deposit group, as previously argued by several authors (Huhn and
Nascimento, 1996; Tallarice, 1996; Tallarico et al,, 1998; Oliveira et al., 1998; Tazava, 1999; Soares et al.,
1999). The SHRIMP It *Pb/Pb age of 2575 + 12 Ma for hydrothermal monazite from the matrix of
mineralized breccia is important as it clearly defines Igarapé Bahia as the first well-established Archean
example of an Olympic Dam-type deposit in the world.

Severa] other Cu-Au deposits of the Carajas Belt, as for example Salobo, Sossego and Cristalino, share a
pumber of characteristics with the Igarapé Bahia, such as: (a) intense Fe-metasomatism resulting in the

formation of grunerite, fayalite and/or Fe-oxides (magnetite and/or hematite), (b) intense carbonate aiteration,
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(c) sulfur-poor and oxidized ore paragenesis (chalcopyrite and bornite), (d) absence of quartz due to silica
dissolution, {¢) extreme LREE enrichment and (f} diagnostic enrichment in U and Co. These features suggest
that all of these deposits are similar and are genetically related to the intrusion of Archean (ca. 2.57 Ga)

Estrela-type alkaline granites in the Carajés Belt.
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