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RESUMO

O prospecto Rio Vermelho esté localizado no setor oriental da Provincia Mineral de Carajés, perto do
contato com os metassedimentos da Faixa Araguaia. A mineralizacao esté localizada em uma zona de splay
da Falha de Carajéas, préxima do dep6sito IOCG do Cristalino (Huhn et al., 1999). O minério é hospedado
por granitoides arqueanos deformados e afetados por alteragdes hidrotermais de varios estagios controladas
por estruturas NNW-SSE. O levantamento geoldgico de superficie-subsuperficie e petrografia detalhada,
juntamente com analises de quimica mineral, permitiram a identificacdo de diferentes estagios hidrotermais.
A alteracdo hidrotermal comeca com um sistema sodico com albita e quartzo substituindo o feldspato
original. A alteracdo sodica é melhor preservada em &reas distais. A potassificacdo, representada pela
cristalizagdo do microclinio juntamente com o quartzo, sobrepde a paragénese da albita e ocorre proximal
a zona de minério. A cloritizacdo ocorre em dois momentos diferentes, pré e sin-mineralizacdo. A pré-
mineralizagcdo é caracterizada por clorita lamelar associada a epidoto e quartzo. A sin-mineralizagdo é
marcada por clorita fibro-radial, enriquecido em Fe-Al e Mn, e associada com 6xidos de ferro e sulfetos de
cobre que preenche veios e brechas. Antes da fase de mineralizacao, a silicificagdo marca o inicio da fase
de brechagdo que produz veios de quartzo. O estagio de mineralizagdo de cobre, com 0 minério preenchendo
brechas dominado por calcopirita, com bornita subordinada, ocorre associado a 6xidos de ferro, com
abundante hematita e magnetita subordinada. A sericitizagcdo com epidoto e carbonato é um processo pés-
mineralizacdo e caracteriza a Ultima fase de alteracdo hidrotermal. O hidrotermalismo que comega com
fases sddicas, termina com sericita, parece marcar uma variacdo na temperatura entre 600 a 250 °C. A
transicdo de alteracdo sodica e potéssica de alta temperatura para baixa temperatura na zona do minério em
um ambiente ddctil-raptil sugerem uma entrada de agua metedrica no sistema. A hematita derivada da
transformacao de magnetita indica fluidos extremamente oxidados e sugere uma temperatura de deposi¢ao
<350° C durante a formagdo do minério. As caracteristicas hidrotermais da mineralizacdo de cobre do
Prospecto Rio Vermelho sugerem um IOCG superficial dominado por hematita. Sua posicao regional nas
bordas da Faixa Araguaia, mas ndo afetada pelos processos neoproterozdicos, abre uma nova area de

exploracéo na parte mais oriental do Dominio Carajas.

Palavras-Chave: Rio Vermelho; IOCG; Provincia Carajas; Mineralizacao de Cobre.



ABSTRACT

The Rio Vermelho prospect is located in the eastern sector of the Carajas Mineral Province, near to the
contact with the metassediments of the Araguaia Fold Belt. The mineralization is located in a horse splay
zone of the Carajés Fault, near to the Cristalino IOCG deposit (Huhn et al. 1999). The ore is hosted by
archean deformed granitoids affected by multi-stages hydrothermal alteration controlled by a NNW-SSE
structures. Geological surface and subsurface survey and detailed petrography coupled with mineral
chemistry analyzes allowed the identification of different hydrothermal stages. The hydrothermal alteration
starts with a sodic system with albite and quartz substituting the original feldspars. The sodic alteration is
preserved in distal areas. Potassification, represented by the crystallization of microcline together with
quartz, overprints the albite paragenesis and occurs proximal to the ore zone. Chloritization occurs in two
different moments, pre- and syn-mineralization. The pre-mineralization is characterized by lamellar chlorite
associated with epidote and quartz. The syn-mineralization is marked by fibro-radial chlorite, enriched in
Fe-Al and Mn, and associated with iron oxide and copper sulfides filling veins and breccias. Before the
mineralization stage, silicification marks the beginning of the brecciacion phase producing quartz veins.
The copper mineralization stage, with ore filling breccias dominated by chalcopyrite with subordinate
bornite, occurs associated with iron oxides, with abundant hematite and subordinate magnetite.
Sericitization with epidote and carbonate is a post-mineralization process and characterizes the last
hydrothermal alteration phase. The hydrothermalism starting with sodic phases and ending with sericite
marks a temperature ranging from 600 to 250°C. The transition from high temperature sodic and potassic
alteration to low temperature in the ore zone in a ductil-ruptil environment, suggest an input of oxidized
meteoric water. The hematite derived from magnetite transformation indicates extremely oxidized fluids
and suggests a depositional temperature < 350° during the ore formation. The hydrothermal characteristics
of the copper mineralization of the Rio Vermelho Prospect suggest a shallow IOCG type dominated by
hematite. Its regional position at the borders of the Araguaia Fold Belt, but not affected by the

Neoproterozoic processes, opens a new area for exploration in the easternmost part of the Carajas Domain.

Keywords: Rio Vermelho; IOCG; Carajas Province; Copper Mineralization.



Estrutura da Dissertacéo

A presente dissertacdo contém um capitulo introdutdrio que mostra a localizagao da area de estudos,
enfatizando a importancia do trabalho, seus objetivos gerais e a metodologia utilizada. O capitulo seguinte
aborda a geologia regional da Provincia Carajas para o entendimento do arcabouco tectono-estratigrafico
da regido em questdo. Uma revisdo do modelo de depositos IOCG segue como capitulo que antecede o
artigo “HYDROTHERMAL CHARACTERIZATION OF THE RIO VERMELHO PROSPECT: A NEW
IOCG MINERALIZATION IN THE CARAJAS PROVINCE” submetido ao periédico Journal of South
American Earth Science, que contém uma sumarizacdo de todo o trabalho executado com suas
interpretacdes e conclusdes. A dissertacdo é encerrada com um capitulo final abordando as conclusées

acerca do trabalho executado.
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1. INTRODUCAO

A Provincia Mineral de Carajas (PMC) € uma das mais importantes provincias metalogenéticas
globais, contendo grande parte das reservas mundiais de ferro, dep6sitos de niquel, ouro, platina, paladio,
manganés, além das importantes reservas de cobre ja identificadas. As minas de Cobre do Sossego (245 Mt
@ 1.1% Cu and 0.28 g/t Au, Lancaster et al., 2000) e Salobo (789 Mt @ 0,96% Cu e 0,52g/t Au; Souza &
Vieira 2000), bem como uma série de depdsitos de cobre de classe mundial como Cristalino, Igarapé-Bahia,
Furnas entre outros, somam reservas aproximadas de 4.000 Mt de minério, fato que torna a Provincia
Mineral de Carajas um dos ambientes mais prospectivos para este metal no continente. Estudos recentes
acerca destes depdsitos de Cu vem acarretando sua incorporacao gradativamente na classe de depdsitos tipo
IOCG (Iron-Oxide-Copper-Gold) que é um dos estilos de mineralizagdo mais importantes no cenério de
exploracdo mineral da atualidade, principalmente devido a possibilidade de grande tonelagem e expressivo
teor de metais envolvidos nos depdsitos encontrados.

No contexto das novas descobertas minerais de Carajas encontra-se a area de interesse do presente
trabalho, denominada Prospecto Rio Vermelho, situado na porcéao leste da Provincia Mineral de Carajés,
em zona de splay da Falha Carajas, proximo ao Deposito Cristalino que contém 500 Mt @ 1.0% Cu, 0.3
g/t Au (Huhn et al.,1999), conforme observado na figura 1. A geologia da regido marca o contato entre
duas importantes unidades tectbnicas, 0 embasamento da Provincia Carajas com 0s metassedimentos da
Faixa Paraguai-Araguaia, um local onde ainda nédo haviam sido encontradas, até 0 momento, mineralizagdes
de Cobre, principalmente do tipo I0OCG. O entendimento do sistema hidrotermal e da mineralizagdo de
cobre do Prospecto Rio Vermelho pode, assim, abrir uma nova perspectiva de pesquisa para a regido leste
da Provincia Mineral de Carajés, um fato novo dentro da complexa historia das mineraliza¢des que ocorrem

na regiao.

1.1 Objetivos

Os objetivos propostos para este trabalho foram a caracterizacdo do hidrotermalismo que atuou na
regido do Prospecto Rio Vermelho, estabelecendo uma correlagio com a mineralizagcdo de cobre;
caracterizacdo da mineralogia de minério e sua associacdo com a alteracdo hidrotermal, através de
petrografia, imagens de MEV (Microscopio Eletronicode Varredura) e analises de microssonda em
minerais; comparacdo do ambiente gerador da mineralizacdo com os de depdsitos ja conhecidos da

Provincia Mineral de Carajés permitindo uma classificacdo apropriada quanto ao estilo de mineralizag&o.



1.2 Localizacéo

O Prospecto Rio Vermelho, esta localizado na porcdo extremo leste da Provincia Mineral de
Carajés, junto a Vila Rio Vermelho, divisa dos municipios de Curionopolis e Xinguara, regido sul do Estado
do Para (Fig.1). O acesso a area se da a partir da localidade de Parauapebas pela rodovia PA-275 em trecho
asfaltico de 65Km até o municipio de Eldorado dos Carajas. A partir dai, segue-se pela BR-155, sentido sul
em trecho de 50Km, até a Vila Rio Vermelho, onde esté situada a &rea do presente trabalho. O acesso local
é feito através de estradas vicinais trafegaveis o ano todo.
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Figura 1: Mapa de localizagdo do Prospecto Rio Vermelho.

1.3 Metodologia

Na area do Prospecto Rio Vermelho foi realizado um mapeamento geoldgico, complementado com
informacdes de furos de sondagem exploratoria executados pela Empresa Codelco do Brasil Mineracéo
Ltda. As amostras de rocha oriundas de testemunhos de sondagem foram laminadas em secdes
delgada/polidas para estudos petrograficos que foram realizados com microscopios de luz transmitida e
refletida. Os estudos de microscopia eletrénica de varredura (MEV) deram suporte a uma caracterizacao de
maior detalhe para definicdo da paragénese hidrotermal e da mineralogia de minério. O equipamento
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utilizado foi um JEOL 6610-LV Scanning Microscope do Laboratério de Geologia Isotopica da
Universidade Federal do Rio Grande do Sul, equipado com detector de espectrdmetro de dispersdo de
energia Bruker Nano XFlash 5030 (EDS), sob condic6es de voltagem de aceleracéo de 20kV e corrente de
feixe de 20nA. Anélises de microssonda eletronica foram realizadas em fases de cloritas pré-selecionadas
nos estudos petrogréficos e de MEV. Estas analises foram realizadas no Departamento de Ciéncias
Geoldgicas e Engenharia Geologica da Queen’s University em Kingston no Canada, em microssonda JEOL
PC-EPMA versdo 1.11.2.0 totalmente automatizada. As analises foram realizadas com tensdo operacional
de 15kV e corrente de 10 nA.
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2. CONTEXTO GEOLOGICO REGIONAL

A Provincia Mineral de Carajas é dividida em dois segmentos distintos, sul e norte, denominados
como Dominio Rio Maria a sul (Vasquez et al. 2008) e Dominio Carajas a norte (Vasquez et al. 2008),
conforme observado na figura 2A. Os Terrenos Granito-Greenstone do Dominio Rio Maria do segmento
sul sdo formados por sequéncias vulcano-sedimentares, tipo Greenstone Belt, com intrusdes graniticas
associadas. O Dominio Carajés, onde estd inserido o Prospecto Rio Vermelho, no segmento norte, é
representado pelos complexos Xingu (Silva et al. 1974) e Pium (Araujo et al. 1988; DOCEGEO 1988) no
seu embasamento, e pelo Gnaisse Estrela, Suite Plaqué e as sequencias vulcano-sedimentares do
Supergrupo lItacaitinas (DOCEGEO, 1988) no topo. O embasamento do Dominio Carajas é formado por
terrenos granito-gnaissicos tipo tonalito-trondhjemito-granodiorito (TTG), por vezes migmatitizados, do
Complexo Xingu e por granulitos do Complexo Pium, ambos de idade arqueana (Fig. 2B).

As rochas do Complexo Pium ocorrem como corpos alongados de orientacdo aproximada E-W e
representariam fragmentos de crosta inferior, encaixados ao longo de zonas de cisalhamento (Aradjo et al.
1988). A idade de 3.000 Ma, obtida em datacdo Pb-Pb em rocha total (Rodrigues et al. 1992), foi
interpretada como a idade de cristalizacéo do protolito igneo dos granulitos. A datagdo U-Pb em zircdes de
rochas do Complexo Xingu forneceu idade de 2.860 Ma, sugerida como idade da migmatitizacdo (Machado
et al. 1991). Os granitos arqueanos deformados, que incluem a Suite Plaqué (Araljo et al. 1988), o
Complexo Estrela (Barros et al. 2001), de 2.700 Ma de idade, 0 Granito Planalto (2747 +2 Ma, Pb—Pb em
zircdo; Huhn et al. 1999), o Diorito Cristalino (2.738 =6 Ma, Pb—Pb em zircdo; Huhn et al. 1999), o granito
Old Salobo (2.573 +2 Ma, U—Pb em zircdo; Machado et al. 1991) e o Granito Itacailinas (2.560 +37 Ma,
Pb—Pb em zircdo; Souza et al. 1996), sdo intrusivos no Complexo Xingu e no Supergrupo ltacaitnas, e
marcam importantes eventos magmaticos arqueanos na Provincia Mineral de Carajas.

O Supergrupo Itacaiunas (Fig. 2B) engloba sequéncias vulcano-sedimentares com diferentes graus
metamorficos e deformacionais, como os grupos Igarapé Salobo, Grao-Paré, Igarapé Bahia, Igarapé Pojuca
e Buritirama. E comum a presenca de vulcanismo bésico predominante na base, com intercalacdes de rochas
sedimentares quimicas, formando as unidades supracrustais do Supergrupo. Estas unidades supracrustais
sdo sobrepostas discordantemente por arenitos e siltitos, de ambiente fluvial a marinho raso, inseridos no
Grupo Rio Fresco (DOCEGEO 1988) com idade de 2.681 £5 Ma (U—Pb em zircdo por SHRIMP; Trendall
et al.1998) ou na Formacao Aguas Claras (Aradjo & Maia 1991; Nogueira & Truckenbrodt 1994; Nogueira
et al. 2000).

O Grupo Grao-Para é a unidade que possui 0s mais expressivos depositos de ferro da Provincia
enquanto o Grupo Buritirama detém as principais mineralizacdo de manganés. Os demais grupos possuem
mineralizagdo de ouro e sulfetos de metais base, sendo o cobre um dos mais importantes. Além das
sequencias vulcano-sedimentares, 0 Supergrupo Itacaiinas também apresenta intrusGes maéfico-
ultraméficas, tais como Complexo Luanga (2.763 +£6 Ma, U-Pb em zircdo; Machado et al. 1991), Vermelho

e Onga—Puma, que apresentam mineralizagdes de Pt-Pd além de depositos de niquel. Diques e sills de gabro
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relacionados a estas intrusdes foram datados e forneceram idades entre 2.760 e 2.650 Ma (Pb-Pb em zirc&o,
Dias et al. 1996; Galarza & Macambira 2002; Pimentel et al. 2003). Intrusbes gabroéicas, com idades de
cristalizacdo em torno de 2.760 Ma (U-Pb em zircdo), foram consideradas cogenéticas com as rochas
metavulcénicas dos grupos lgarapé Salobo e Pojuca (Pimentel et al. 2003; Marschik et al. 2005).
Intrusdes graniticas anorogénicas de idade paleoproterozdica, do tipo A intra-placa, alcalinos a sub-
alcalinos, tendo como exemplos os granitos Central de Carajas, Young Salobo, Pojuca, Cigano e Breves
(com idades em torno de 1.880 Ma, U-Pb em zircdo); Machado et al. 1991; Dall’ Agnol et al. 1994; Tallarico
et al. 2004) encerram 0s eventos magmaticos que atuaram de forma mais expressiva sobre a Provincia

Mineral de Carajas.
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Figura 2: A-Craton Amazonico com os Dominios Carajés (CD) e Rio Maria (RMD); B—Mapa Geologico Regional
do Dominio Carajas (modificado de Vasquez et al., 2008). Quadrado em vermelho destacando a &rea de estudos

que representa a figura 2 do artigo submetido (capitulo 4).

A leste, as rochas da Provincia Mineral de Carajés s@o recobertas por metassedimentos pertencentes
ao Cinturdo Araguaia (Fig. 2B) de idade neoproterozoéica (Moura & Gaudette 1993a), mais especificamente
relacionados a Formacdo Couto Magalhdes que é representada basicamente por filitos, arddsias,
metarcadsios e metacalcarios que estariam depositados no topo do Grupo Tocantins. Corpos gabroicos da
Suite Xambica, com idade (U-Pb em zircdo) de 820 Ma (Gorayeb et al. 2004), cortam as rochas supracitadas
na forma de diques, sills e pequenos stocks. O cinturdo Araguaia teria sua evolucéo associada a uma fase
rift inicial com magmatismo alcalino associado, seguido por posterior inversdo tectdnica, com
metamorfismo e deformacdo associada em graus variaveis promovendo na por¢do oeste 0 empurrao destas
rochas no sentido NW sobre as rochas do Craton Amazdnico.

Coberturas detrito-coluvionares e extensas zonas de crostas lateriticas ocorrem de maneira
abundante sobre amplas areas do Cinturdo Itacaitnas, com melhor desenvolvimento sobre regies planas

que apresentam grande variacdo do regime freatico.
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Estruturas transcorrentes com dezenas de quildmetros compde a compartimentagdo tectono-
estrutural em formato de sigmoide da Provincia Carajés (Fig. 2B). Estas estruturas também s&o os principais
corredores hidrotermais que afetaram o conjunto de rochas da regido. Aradjo et al., (1988) propuseram um
modelo transtensional-transpressional, sugerindo que a estrutura sigmoidal de Carajas se formou durante
evento de transtensdo destral, o que levou a formagdo da bacia que controlou o desenvolvimento dos
sistemas de falhas Carajas e Cinzento, os principais corredores estruturais da regido. A transpressdo sinistral
no sistema de cisalhamento Carajas causou uma inversao tectonica da bacia em uma estrutura em flor
positiva. J& Pinheiro e Holdsworth (1997) e Domingos (2009) propuseram um modelo baseado em
reativacao tectdnica. O modelo sugere uma bacia intracratbnica formada por transposicao sinistral regional
gue sobrepbe as rochas do embasamento, intensamente deformadas e metamorfizadas (alta T) de idade
2.850 Ma. Os sistemas de Transcorréncia Carajas e Cinzento foram formados ao mesmo tempo, no entanto,
varias fases de reativacdo sinistral e destral foram consideradas a partir de 2.700 Ma (Pinheiro e
Holdsworth, 1997; Domingos, 2009). Evento de extensédo crustal ocorreu em torno de 1.880 Ma (Pinheiro
e Holdsworth, 1997), permitindo a colocacdo da Suite Intrusiva Serra dos Carajas, bem como de outros

granitos anorogénicos de idade similar associados e esse evento.

3. DEPOSITOS TIPO IRON-OXIDE-COPPER-GOLD (IOCG)

Os depositos hidrotermais do tipo IOCG (Iron-Oxide-Copper-Gold) foram primeiramente referidos
por Hitzman et al. 1992, onde o autor chamou a atencdo para esta classe de depdsitos de origem hidrotermal,
ricos em oxidos de ferro, em geral com sulfetos de cobre e ferro associados. Segundo Groves et al. 2010,
em um trabalho de revisdo, classificou os depdsitos tipo IOCG sensu stricto como magmatico-hidrotermais
que contem cobre e ouro, estruturalmente controlados, em geral com volumes significativos de brecha,
alteracdo de borda sédica ou sodico-calcica em escala regional, e com mineralizagdo caracterizada pela
abundancia de 6xidos de Fe-Ti e/ou silicatos de ferro em associa¢do intima com sulfetos de Fe-Cu. Ainda,
dentre as caracteristicas citadas por Groves et al. 2010 como pontos comuns na formacdo deste tipo
especifico de depdsitos estdo os enriquecimentos em elementos terras raras leves nos fluidos hidrotermais
que formaram os depdsitos, os baixos contetdos de enxofre e as relagdes temporais (ndo espaciais) com
intrusGes magmaticas.

Em relacdo a economicidade, os maiores depdsitos do tipo IOCG conhecidos sdo: Salobo,
Cristalino, Sossego e Alemao na Provincia Carajas; Olympic Dam (no Craton de Gawler) e Hernest Henry
(no Distrito de Cloncurry), ambos na Austrélia e Candel&ria—Punta del Cobre no Chile; todos com reservas
minerais superando 100Mt (Williams et al. 2005)0 que os torna parte importante das reservais mundiais de
cobre.

Tectonicamente a maior parte dos depositos do tipo IOCG estdo localizados sobre margens de areas
cratdnicas arqueanas e paleo a mesoproterozoicas, como no Craton Amazoénico no Brasil e no Créton de
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Gawler na Austrélia, marcando faixas de idade preferenciais pré-cambrianas para 0s maiores depositos
deste tipo (Fig. 3). Estes depositos teriam sido formados em periodos onde os supercontinentes ja estavam
aglutinados e de forma preferencial sobre regides de bordas dos mesmos. A ocorréncia em menor escala de
depositos de idade fanerozoica como os da costa do Chile e Peru marcam um contraste em relacdo ao
ambiente de formacdo quando comparados aos seus andlogos pré-cambrianos. Neste caso especifico, 0s
depositos tipo IOCG estdo associados a um periodos de dispersdo e remobilizacdo continental, em

ambientes de arco ativo e ndo a um periodo de estabilidade tectdnica como os de margens cratonicas.

0 40 80 120
T — OV T T T [\)I/B T T - 80
[

Kiruna,
Malberget

- 70

; x )
_ . K\ — ,/%9
® 1 £ 4 & "'\ g ]\Ay - 40
c - ,/ Carajas Gp 4 : Kh tri
\¢ 7\ (Salobo, Ly '
op |- \Y e )(.J Cristalino etc) ‘y J/’\ x x L /0 (_ 4 20
4
\ \_& ~ Emest Hen
- S ry,
3 A\ 0

Stana

T = ] [/ o° 5 0
( ~ @) . \\ S2°Th
Candelaria " A Oj / /7 ‘(F:ennﬁnt \J
: ' i) ree o
20 Manto Verde™~| Q >4 O'OKIEP, ) O { —-20
El Romeral —;A C / Vergenoeg ¥ ——PALABORA KD
o >

40t

Olympic Dam, Prominent Hill o -0
I [ 1 1 1 | | | | } : ;
-120 -60 40 0 40 30 50

[__] Neoproterozoic/Phanerozoic [_| Paleo-Mesoproterozoic [JJJll] Archean

® |0OCG sensu stricto deposits A Iron (P,F,REE) deposits X Skams

Figura 3: Distribuicdo geografica de depdsitos com recursos superiores a 100 Mt agrupados como I0CG,
depositos de 6xido de Fe (P, F, REE) e depositos tipo skarns. A distribuicdo dos depoésitos é apresentada
em relacdo a posicdo dos Cratons Arqueanos e Paleo-Mesoproterozdicos apresentados por Artemieva e
Mooney (2001). Mapa extraido de Groves et al. 2010.

Os principais depositos tipo I0CG ilustram grande diversidade geoldgica como um todo, pois
ocorrem em uma ampla gama de rochas hospedeiras como granitoides, rochas vulcanicas basicas a
intermediarias, siliciclasticas entre as mais comuns. Williams et al. 2005 descrevem que a idade das rochas
hospedeiras pode ser muito similar a idade da mineralizacao (Olympic Dam, Candelaria, Punta-del-Cobre)
ou em outros casos pode representar um hiato (Salobo, Ernest Henry), de modo que a formagdo do minério

também poderia se relacionar com um evento geoldgico em muito separado do evento que formou as rochas
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encaixantes. A mineralizagdo é interpretada como formada em uma ampla faixa de profundidade, desde 10
km (Ernest Henry) até proximo da superficie (Olympic Dam).

Os depositos tipo IOCG mostram algumas diferencas importantes quando comparados a outros
tipos de depositos hidrotermais, uma delas com relacdo ao seu magmatismo associado. Apesar da
comprovada existéncia de magmatismo félsico associado a este tipo de depdsitos (comumente granitos do
tipo A de afinidade alcalina a subalcalina), ja sdo conhecidos dados petrograficos, geoquimicos e isotopicos
gue indicam participacdo de magmas basico-ultrabasicos derivados do manto, a maior parte de afinidade
alcalina, na formacdo dos depositos. Groves et al 2010 indicam que em estagios cratbnicos, ocorre
espessamento da crosta com consequente espessamento do manto litosférico metassomatizado, o que em
presenca de pequenos graus de fusdo parcial poderia gerar magmas basicos-ultrabasicos de afinidade

alcalina enriquecidos em volateis e em cobre e ouro (Fig. 4A e B).
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Figura 4: A—Perfil esquematico indicando o ambiente tectonico e litosférico de formag&o de depdsitos tipo
IOCG, em cratons pré-cambrianos e em posigdes de extensdo em arcos magmaticos. Os depositos tipo
IOCG sdo formados em margens de crosta continental cratonizada acima da litosfera do manto
metasomatizada, normalmente com idade Arqueana. (Figura modificada de Groves & Bierlein, 2007). B—
Perfil esquematico de detalhe com modelo para a génese dos depdsitos tipo IOCG, onde com baixos graus
de fusdo parcial do manto litosférico metasomatizado é possivel produzir magmas basicos-ultrabasicos,

com provavel afinidade alcalina e enriquecidos em volateis, Cu e Au. (Extraido de Groves et al.2010).

O enriquecimentos em Fe, Cu, Au, P, Co, Ni, Ba, As, Mo e elementos terras raras leves em
depositos tipo IOCG, bem como de outros elementos como U e Ag (Olympic Dam na Australia e Candeléaria
no Chile) mostram a diversidade de metais e elementos tracos que ocorrem neste tipo de depdsito. Esta
grande diversidade provavelmente esteja relacionada ao envolvimento de magmas ultrabasicos a basicos
do manto (no caso de elementos como Ni e Co) e associados a lixiviagdo de metais em grandes volumes de

material crustal (no caso de elementos como U e Zn, por exemplo), Hitzman & Valenta, 2005.
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Esse tipo particular de depositos é estruturalmente controlado, em geral situado sobre grandes zonas
de falha, zonas de cisalhamento, interseccGes de estruturas, ou contatos tecténicos, que atuam como
condutos para percolagdo dos fluidos hidrotermais mineralizantes. As rochas encaixantes e vicinais a
mineralizacdo apresentam alteracdo hidrotermal intensa como caracteristica marcante dos depositos tipo
IOCG. Segundo Williams et al. 2005, nas zonas mineralizadas, as condi¢des variaveis de pressao e
temperatura indicadas por zonas de alteracdo e pela mineralizagao séo refletidas em uma gama de depdsitos
gue variam desde aqueles cujo 6xido de Fe dominante é magnetita e a alteracdo é caracterizada por minerais
como biotita, feldspato-K, e anfibdlio para os sistemas dominados por hematita com sericita e clorita
representando as principais fases de alteracdo silicatica. Na porcao distal das zonas mineralizadas, e em
geral nas mais profundas, desenvolve-se uma alteracao sédica a sddico-calcica que é mais extensa quando
comparada as alteragdes proximais (Hitzman, et al. 1992). As alteragdes sodico e/ou sodico-célcicas
costumam preceder a formacao das zonas mineralizadas, conforme indicam varios trabalhos executados na
Provincia Carajas como por exemplo de Monteiro et al. 2008a que descreve as altera¢Ges regionais sodicas
precursoras nos corpos Pista, Sequeirinho e Baiano da Mina Sossego, e que evoluem para alteracdes calcio-
sodicas acompanhadas da precipitacdo de magnetita e apatita. Alteracdes com carbonatos tendem a ser
posteriores as fases mineralizadas com éxidos de ferro e sulfetos de cobre. A oscilagcdo nas condicfes de
fO,-fS2-(T) durante a mineralizagdo pode produzir depositos que variam desde tipos pobres em pirita, com
associacOes de minerais de Cu como calcopirita, bornita e calcocita (Salobo, Brasil) até tipos em que a
pirita e a calcopirita sdo os sulfetos dominantes (Ernest Henry, Australia).

Todos os modelos genéticos para sistemas IOCG indicam a participacdo de solugdes altamente
salinas, pobres em sulfetos, e fluidos oxidados para explicar os abundantes 6xidos de Fe e abaixa sulfetacéo.
Porém, as fontes dos fluidos, as estruturas e os traps para a mineralizagdo podem ser distintos para cada
deposito. Evidéncias obtidas em inclusdes fluidas sugerem que solugdes com alta salinidade, comumente
com um componente carbdnico, estariam sempre envolvidas na génese dos depdsitos tipo IOCG (Williams
et al. 2005). No entanto, as fontes de agua, CO,, metais, enxofre e da propria salinidade néo seriam restritas,
sendo possivel que esses componentes tenham origens diferentes na composicdo do fluido. Barton &
Johnson 2004, defendem que para cada fonte de fluido, seja ela de origem magmatica, metamoérfica ou
bacinal, existird uma geometria da alteragdo, das zonas mineralizadas e uma paragénese de alteracdo
hidrotermal distinta, conforme indicado na figura 5. Esta afirmacé&o evidencia a enorme gama possivel de
depositos tipo I0CG com caracteristicas distintas, porém, sempre matendo o preceito basico do
enriquecimento em 6Oxidos de ferro e baixo enxofre.

A diversidade das caracteristicas que participam da formacéo dos depositos tipo IOCG e 0s seus
sistemas complexos representa um desafio continuo na busca do seu conhecimento e entendimento. Embora
exista um amplo acordo sobre o que geralmente constitui essa familia de depdsitos, ha pouco consenso
sobre as caracteristicas dos sistemas geoldgicos e dos processos que os formam, fato que torna o estudo

deste tipo de dep6sitos algo realmente necessario e desafiador.
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Figura 5: Desenho esquematico identificando as possiveis fontes de fluidos formadores dos depositos tipo

IOCG, com a geometria das alteracdes e corpos mineralizados que poderiam ser formados para cada fonte.

Extraido de Barton & Johnson, 2000.
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HIGHLIGHTS
¢ New IOCG mineralization characterized in the eastern border of the Carajas Province;
e Copper mineralization associated to iron oxides;
e Chlorite generation in two phases: pre- and syn-mineralization;

e Shallow IOCG dominated by hematite;

ABSTRACT

The Rio Vermelho prospect is located in the eastern sector of the Carajas Mineral Province, near to the
contact with the metassediments of the Araguaia Fold Belt. The mineralization is located in a horse splay
zone of the Carajas Fault, near to the Cristalino IOCG deposit (Huhn et al. 1999). The ore is hosted by
archean deformed granitoids affected by multi-stages hydrothermal alteration controlled by a NNW-SSE
structures. Geological surface and subsurface survey and detailed petrography coupled with mineral
chemistry analyzes allowed the identification of different hydrothermal stages. The hydrothermal
alteration starts with a sodic system with albite and quartz substituting the original feldspars. The sodic
alteration is preserved in distal areas. Potassification, represented by the crystallization of microcline
together with quartz, overprints the albite paragenesis and occurs proximal to the ore zone. Chloritization

occurs in two different moments, pre- and syn-mineralization. The pre-mineralization is characterized by
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lamellar chlorite associated with epidote and quartz. The syn-mineralization is marked by fibro-radial
chlorite, enriched in Fe-Al and Mn, and associated with iron oxide and copper sulfides filling veins and
breccias. Before the mineralization stage, silicification marks the beginning of the brecciacion phase
producing quartz veins. The copper mineralization stage, with ore filling breccias dominated by
chalcopyrite with subordinate bornite, occurs associated with iron oxides, with abundant hematite and
subordinate magnetite. Sericitization with epidote and carbonate is a post-mineralization process and
characterizes the last hydrothermal alteration phase. The hydrothermalism starting with sodic phases and
ending with sericite marks a temperature ranging from 600 to 250°C. The transition from high
temperature sodic and potassic alteration to low temperature in the ore zone in a ductil-ruptil
environment, suggest an input of oxidized meteoric water. The hematite derived from magnetite
transformation indicates extremely oxidized fluids and suggests a depositional temperature < 350° during
the ore formation. The hydrothermal characteristics of the copper mineralization of the Rio Vermelho
Prospect suggest a shallow IOCG type dominated by hematite. Its regional position at the borders of the
Araguaia Fold Belt, but not affected by the Neoproterozoic processes, opens a new area for exploration in

the easternmost part of the Carajas Domain.

KEYWORDS

Rio Vermelho; IOCG; Carajas Province; Copper Mineralization.

1. INTRODUCTION

The Carajas Mineral Province is one of the most important global metallogenetic province
containing iron ore deposits and gold, platinum, palladium, manganese and important copper reserves. In
the last years, the new copper deposits have been grouped in a particular class, the IOCG (Iron Oxide-
Copper-Gold) (Grainger et al., 2008, Xavier et al., 2012), one of the most important mineralization styles
in today's exploration scenario due to the possibility of hosting large tonnage and expressive metal
content. Several world class deposits have been discovered in Carajas, like the well known Salobo,
Sossego, Cristalino, Alvo 118 and others. The entire province sums approximately 4000 Mton of copper
ore, a fact that makes Carajas Province the most prospective environment for this metal in the country. In
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this context, the recent discovery of the Rio VVermelho copper mineralization, 25km east of the giant
Cristalino Deposit that hosts 500 Mt @ 1.0% Cu, 0.3 g/tAu (Huhn et al., 1999), and at the extreme eastern
border of the Carajas Domain where no other IOCG prospect have been previously described, represents

an important finding and an excellent target to be explored although still requiring further studies.

The main objective of this work is to characterize this new identified mineralization, describing
the hydrothermalism processes and the copper ore mineralization of the Rio Vermelho Prospect based on
a detailed geological and petrographic study. A detailed geological survey together with petrography and
mineral chemistry analyzes provide a novel data collection allowing comparisons to other Cu deposits of
the Province. The better understanding of the Rio Vermelho copper mineralization system provides
important prospecting information for the Carajas Mineral Province amplifying the geological knowledge

of the region and extending the exploration to its eastern part.

2. REGIONAL GEOLOGIC CONTEXT

The Carajas Mineral Province is located in the southeast Amazonian Craton and is part of the
Central Amazon Province. It was formed and tectonically stabilized in the Archean and is divided into
two distinct segments: the south, named as Rio Maria Granite-Greenstone Domain, and north,
represented by the Carajas Domain (Vasquez et al., 2008), where the Cu mineralization occur, including
the Rio Vermelho mineralization (Fig. 1A). The Rio Maria Granite-Greenstone is formed by volcano-
sedimentary Greenstone Belt sequences and granitic intrusions. The Carajas Domain is constituted by
basement rocks of the Xingu (Silva et al., 1974) and Pium Complexes (Aradjo et al., 1988, DOCEGEO
1988), covered by the supracrustal rocks of the Itacaiinas Supergroup and intruded by several granitic

bodies (Fig.1B).

The Xingu Complex has a variety of lithologies and structures and hosts the studied
mineralization. The Complex was denominated by Silva et al., (1974) as a group of
polymorphic/polydeformed granodioritic rocks occurring in a large region in the southern part of the

Amazon Craton. It is also constituted by tonalitic to granodioritic gneisses with local deformed granitic
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rocks.The Pium Complex lithologies form generally elongated bodies with approximate orientation E-W
and represent fragments of lower crust, embedded along big shear zones (Araujo et al., 1988). The 2858 +
9 Ma Pb-Pb dating obtained in total rock (Pidgeon et al., 2000) is interpreted as the age of crystallization
from the granulite igneous protolith. U-Pb zircon dating of the Xingu Complex (basement from the
Carajas Domain) provided an age of 2859 + 2 Ma, suggested as the age of the migmatization (Machado et

al., 1991).

The Itacaitinas Supergroup (DOCEGEO, 1988) includes all volcano-sedimentary sequences from
the Carajas Domain showing different metamorphic and deformation conditions — lgarapé Salobo, Grao-
Para Group, Igarapé Bahia, lgarapé Pojuca, Buritirama group and mafic-ultramafic intrusions. It is
common the presence of expressive basic volcanism in the base of the supracrustal units of the
Supergroup, with intercalations of sedimentary chemical rocks.The Itacaiunas Supergroup covers the

Xingl and Pium basement rocks from the Carajas Domain.
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Figure 1. A — Amazonian Craton showing the Carajas (CD) and Rio Maria (RMD) Domains; B —
Geological Map of the Carajas Domain (modified from Vasquez et al., 2008). Inset showing the position

of the studied area to be detailed in figure 2.

The Gréao-Para Group hosts the most expressive iron deposits while the Buritirama Group holds
the main manganese mineralization. The other groups have gold and base metal sulphides mineralization.
The mafic-ultramafic intrusions of the Itacaitinas Supergroup, such as Luanga Complex (2763 + 6 Ma, U-

Pb in zircon, Machado et al., 1991), Vermelho and Onga-Puma, contains Pt-Pd and nickel deposits
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(Ferreira Filho et al., 2007). Dykes and gabbroic sills related to these intrusions were dated and provided
ages ranging from 2.76 to 2.65 Ga (Dias et al., 1996; Galarza & Macambira 2002; Pimentel et al., 2003).
Some gabbroic intrusions, especially those crystallized at ~ 2.76 Ga, were considered to be cogenetic with

metavolcanic rocks of the lIgarapé Salobo-Pojuca Group (Pimentel et al., 2003; Marschik et al., 2005).

The Itacaiunas Supergroup units are overlapped discordantly by sandstones and siltstones, from
fluvial to shallow marine environments from the Rio Fresco Group (DOCEGEO 1988) or Aguas Claras
Formation (Araujo & Maia 1991; Nogueira & Truckenbrodt 1994; Nogueira et al., 2000). The age of
2681 + 5Ma (SHRIMP U-Pb zircon, Trendall et al., 1998) was obtained from sandstone detritic zircons

interpreted as apparently derived from a syn-depositional volcanism, defining the basin depositional age.

Deformed archean granitoids, which includes the Plaqué Suite (Aradjo et al., 1988), Estrela
Complex (2.7-Ga), Planalto Granite (2747 + 2 Ma, Pb-Pb in zircon, Huhn et al., 1999), Diorito Cristalino
(2738 £6 Ma, Pb—Pb in zircon; Huhn et al., 1999), Old Salobo (2573 £2 Ma, U-Pb in zircon; Machado et
al., 1991) and Granito Itacaitnas (2560 =37Ma, Pb—Pb in zircon; Souza et al., 1996) are all intrusive in
the Xingu Complex and in the Itacaitnas Supergroup, and mark important Archean magmatic events with

associated copper mineralization in the Carajas Mineral Province.

Paleoproterozoic type A intra-platealkaline to sub-alkaline anorogenic granitic intrusions , likethe
Carajas Central Granite, Young Salobo, Pojuca, Cigano and Breves (~ 1.88 Ga; Machado et al., 1991,
Dall'Agnol et al., 1994; Tallarico et al., 2004) are considered the last magmatic event on the Carajas

Mineral Province. This magmatic event is related to the second expressive pulse of copper mineralization.

In the extreme east, the Carajas Province is covered by metassediments of the Couto Magalhdes
Formation from the Neoproterozoic Araguaia Belt (Moura & Gaudette 1993a), a NW-verging thrust belt
over the Amazonian Craton. The rocks are phyllites, metagrawakess, metasiltstones and metacalcareous.
The metassediments are crosscut by gabbroic dikes, sills and small stocks from the Xambioa Suite (820
Ma; Gorayeb et al., 2004). The regional structures in the Carajas domain are characterized by E-W and

ESE-WNW trends. The shear zones mark the contact between the metavolcano-sedimentary units of the
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Itacaitinas Supergroup (ca. 2.73—2.76 Ga) and Mesoarchean basement rocks (ca. 3.0-2.83 Ga; Machado

et al., 1991; Pidgeon et al., 2000; Feio, 2011; Moreto et al., 20114, b).

Araujo et al., (1988) proposed a transtensional-transpressional model suggesting that the Carajas
sigmoidal structure was formed during dextral transtension that led the formation of a pull-apart basin
developing then the Carajas and Cinzento fault systems. Sinistral transpression in the Carajas shear

system caused a tectonic inversion of the basin in a positive flower structure.

Pinheiro and Holdsworth (1997) and Domingos (2009) proposed a model based in a tectonic
reactivation. The model suggests an intracratonic basin formed owing a regional sinistral traspression that
overlays the intensely deformed and metamorphosed (high-T) basement rocks aged ca. 2.85 Ga. Under
regional brittle dextral transtension around 2.8 to 2.7 Ga, the volcanic-sedimentary rocks deposited within
the Carajas sigmoidal structure during a tectonic subsidence. The Carajas and Cinzento strike-slip fault
systems were formed at the same time, however several phases of sinistral and dextral reactivation were
considered to have occurred since ca. 2.7 Ga (Pinheiro and Holdsworth, 1997; Domingos, 2009). A
crustal extension took place around 1.8 Ga allowing the emplacement of the Serra dos Carajas Intrusive

Suiteand other anorogenic granites.

3. THE 10CG DEPOSITS FROM CARAJAS

The I0CG deposits are characterized by expressive iron oxide concentrations, more than iron
sulfides, associated with copper sulfides. Several world-class IOCG deposits (>100Mt) have been
discovered in the Carajas Mineral Province since 70’s. Deposits like the Sossego (245 Mt @ 1.1% Cu and
0.28 g/t Au, Lancaster et al., 2000); Salobo (789 Mt @ 0,96% Cu and 0,52g/t Au; Souza & Vieira 2000);
Cristalino (500 Mt @ 1,0% Cu and 0,3g/t Au; Huhn et al., 1999), Igarapé Bahia—Alemao (219 Mt @
1,4% Cu and 0,869/t Au; Tallarico et al., 2005), Gameleira (100 Mt @ 0,7% Cu; Rigon et al., 2000) and
Alvo 118 (70 Mt @ 1,0% Cu and 0,3 g/t Au; Rigon et al., 2000) exemplify the important regional I0CG

discoveries.
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The I0OCG deposits from the Carajas Province show major similarities with other well know
IOCG deposits worldwide such as: (i) association with shear zones; (ii) intrusive suits vicinity; (iii)
variable host rocks (volcano-sedimentary sequences, granites, basement gneisses, mafic-ultramafic rocks;
(iv) strong hydrothermal alteration, that are pervasive and widespread; (v) strong Fe- and LREE-
enrichement, commonly associated to anomalous Co and U (Grainger et al., 2008); (vi) wide range of
crystallization temperature and salinity conditions suggesting fluid mixing (Monteiro et al.,
2008a).Widespread sodic and calcic hydrothermal zones, another common characteristic of thelOCG
deposits, have also been identified and described in the Carajas Province, mainly represented by scapolite
and albite (Sousa 2007, Monteiro et al., 2007). Boron isotopes in the mineralization fluids (Xavier et al.,
2006, 2008) suggest participation of marine evaporates, similar to other world-class IOCG provinces.
Volcanogenic metallogenetic models were also proposed (Lindenmayer 1990, Villas & Santos 2001,
Dreher 2004, Dreher et al., 2008) for some deposits like the Salobo and Igarapé-Bahia, however the
characteristics of these deposits were considered more similar to those expected for the IOCGs (Grainger
et al., 2008).

Xavier et al., (2012) divide the IOCG deposits from the Carajas Province in two sectors, northern
and southern, both controlled by kilometric shear zones systems. The Cinzento shear zone in the northern
sector hosts deposits like the Salobo and GT46. The southern sector, controlled by the Carajas strike-slip
shear zone, hosts the Alvo 118, Sossego, and Cristalino deposits, together with several other satellite
deposits (e.g., Visconde, Castanha, Bacaba, Jatoba, Bacuri).

In the Carajas Mineral Province, the genesis of the IOCG deposits have been related to three
different granitic generation episodes that occurred at 2.76 Ga (Galarza et al., 2003), 2.57Ga (Réquia et

al., 2003, Tallarico et al., 2005, Grainger et al., 2008) and 1.88 Ga (Pimentel et al., 2003), respectively.

4. METHODOLOGY

Geological mapping at the Rio Vermelho Prospect have been carried out and complemented with
information from detailed drill core logging. Detailed petrographic survey were performed in samples (12
thin sections) from a selected drill core. The petrographic studies were performed under transmitted and
reflected light microscope. Scanning Electron Microscope (SEM) studies gave support to a more detailed
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characterization of the hydrothermal paragenesis and the ore assemblages. The instrument used to support
the petrographic studies was a JEOL 6610-LV equipped with a Bruker Nano XFlash 5030 energy
dispersive spectrometer (EDS) detector at the Laboratoério de Geologia Isotdpica da Universidade Federal
do Rio Grande do Sul. Microprobe analyzes were carried out only for chlorites at the Department of
Geological Sciences and Geological Engineering of the Queen's University on a fully automated JEOL
PC-EPMA version 1.11.2.0 instrument. The wavelength dispersive analyses were performed at an

operating voltage of 15kV and a beam current of 10 nA.

5. RESULTS
5.1 GEOLOGICAL CONTEXT FROM THE RIO VERMELHO PROSPECT

The region marks an important contact between two distinct groups: the Xingu Complex,
basement of the Carajas Province (western part) and the Couto Magalhdes Formation, part of Araguaia
Fold Belt (eastern area) (Fig. 1). Deformed granites in the western portion and metasedimentary rocks in
the eastern portion of the study area (Fig. 2) dominate the geology of the Rio Vermelho Prospect. The
terrain morphology is plain and the rocks are extensively covered by laterite duricrust associated to
colluvial/alluvial soils. The Xingu Complex is represented by the deformed granites and minor
structurally controlled intrusive diorites and metagabbros and will be described in further detail
considering are the host rocks of the mineralization. The Couto Magalhdes Formation are locally
represented by siltstones and pelites with subordinate quartzites. The entire sedimentary sequence were
metamorphosed under low-grade conditions and present foliation oriented in N20-40E directions,
plunging gently (15 - 30°) to southeast. Vasquez et al., (2008) considers that the low angle foliation
results from a thrust of the Araguaia fold belt over the rocks of the Carajas Domain. Quartz veins parallel
to the main foliation locally occurs. Younger mafic intrusions, represented by gabros and pyroxenites
occur, in the southern part of the area crosscutting both the Xingu Complex and the Couto Magalhaes
Formation rocks (Fig. 2). These mafic rocks occur like intrusive dikes, oriented N-S, with magmatic
texture and original minerals completely preserved. Sulfides represented by pyrrhotite and pyrite occur in

trace concentrations and are related to the magmatic event.
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Figure 2. Geological map and schematic geological section of the Rio Vermelho Prospect. (modified from

Codelco 2015).

5.2 HOST ROCKS

In the Rio Vermelho Prospect, the copper mineralization is hosted by strongly hydrotermalized
deformed granitic rocks controlled by NW-SE structures that constitute an important regional corridor
where the mineralization fluids have percolated. This regional structure hosts other important copper
occurrences like the Cristalino, Alvo 118 and Sossego deposits (Fig. 1).

The granites dominate the western part of the area and are generally granodiorites deformed in
ductil/ruptil regime, composed essentially by quartz-plagioclase-biotite-K_feldspar-chlorite. The regional
foliation that affects the granitoids is a tectonic SC type, generally oriented N70-80W. Quartz veins

follow a NNW-SSE direction that is the same of the hydrothermal breccia bodies that occurs inside the
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granite. The breccias are characterized by quartz and granite fragments with chlorite-hematite-quartz-
magnetite-epidote infill with common presence of sulfide box works. The hydrothermal events that affect
these rocks include pervasive sodic alteration with albite precipitation followed by potassification with K-
feldspar and brecciation with chlorite-hematite-quartz-magnetite-epidote cement and sulfides remains.
Intrusive diorites and metagabbros are very usual in the area and are correlated to the Xingu
Complex. These rocks occur as dykes following the two main structures, one NW-SE and another NE-
SW. The dykes show deformed borders and original textures preserved in the center of the bodies. The
main hydrothermal assemblage is represented by albite and actinolite in a stockwork followed by quartz

and magnetite. The presence of sulfides (pyrite and chalcopyrite) along the veins is common.

5.3 HYDROTHERMAL ALTERATION ZONES

The hydrothermal alteration on the Rio Vermelho Prospect is more intense along the NNW-SSE
structures that control the regional fluid corridor. The hydrothermal zones are vertical and controlled by
ruptil-ductil shear zones where breccias occur. Albitization (sodic alteration) is considered a distal
hydrothermal halo followed by potassification (k-feldspar) that is more proximal to the copper ore
mineralization. In the copper ore zone, a chloritization associated with iron oxide occurs simultaneously
to the ore deposition as matrix and infill of a breccia system. The spatial relationship of the different
hydrothermal alteration zones with the ore is well represented in figure 3 that exhibits the geological

vertical variation along a drill core.
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Figure 3. Main hydrothermal alteration sequences observed in granitic host rocks of the Rio Vermelho
Prospect (drill hole I1). A - Albitized zone (ab+qtz) in white color cutted by potassic halo in red color
with kf+ab+qtz; B - Pervasive potassic zone (kf+ab+qtz) cutted by chl and gtz stockwork veinlets; C -
Pervasive chloritization with chl+ep with recrystallized milky gtz from the original granite; D -
Hydrothermal breccia with gtz clasts and infill of chl+mt+hm+msk+ep with cpy. Initial silicification is
represented by the gtz clasts at the breccia; E - Hydrothermal breccia with chl+hm+mt+msk matrix
crosscutted by gtz+cpy+bn vein; F - Pervasive chloritization with intense presence of se+ep+cbh phase. (ab
= albite; kf = potassic feldspar; chl = chlorite; qtz = quartz; ep = epidote; hm = hematite; msk =

musketovite; mt = magnetite; cpy = chalcopyrite; bn = bornite; se = sericite; cb = carbonate)

The first stage of hydrothermal alteration is a sodic alteration characterized by an albitization,
represented by white xenomorphic to hipidiomorphic coarse-grained albite associated with quartz that
occur substituting original feldspars of the host rock (Fig. 4A). This type of alteration occurs regionally in
the granites. In the diorites, the sodic alteration is represented by actinolite that occurs together with
magnetite-quartz filling a stockwork vein system. The second stage of hydrothermal alteration is a
potassification represented by the crystallization of medium to fine grained microcline with quartz and
albite (Fig. 4B). This phase occurs as alteration fronts over the first albitization phase. Intense reddish
color of the granite (Fig. 3B) characterizes this type of alteration and occurs due the precipitation of a fine
hematite “dust” over the grains. The potassification occurs at the margins and near to the central main

halo where the ore zone is hosted.

R o\l 3 o P .
2 mm g B . aYe P < » N 2 M

30



Figure 4. A — quartz plus albite formation on center and chlorite in the right border; B — microcline with
quartz crystallization over pre-existying quartz-albite; C — intense quartz formation with posterior
epidote-chlorite over microline-albite; D — chlorite fibroradial over recrystallized quartz; E —
recrystallized quartz with lamellar chlorite crosscutted by fibroradial chlorite with opaque minerals; F —
detail from transformation of magnetite to hematite; G — hematite with bornite inclusions and
chalcopyrite with hematite inclusions; H — last phase epidote and sericite over pre-existing plagioclase.
(ab = albite; mc = microcline; chl = chlorite; gtz = quartz; ep = epidote; opq = opaques; hm = hematite;

mt = magnetite; cpy = chalcopyrite; bn = bornite; se = sericite)

The next stage of hydrothermal alteration is a chloritization, but the it occurs in two different
episodes, one pre-mineralization and other syn-mineralization. The first stage of chloritization begins
with chlorite I-epidote-quartz in a stockwork and advances to a more pervasive chloritization (Fig. 4C). In
this first moment, chlorite | occurs as lamellar grains with epidote and quartz. The second episode of
chloritization is easy to be identified owing to the presence of fibro-radial crystals (chlorite 11) (Fig. 4D).
This second episode differs from the first in style and association. The fibro-radial chlorite occurs with
iron oxide and copper sulfides filling veins and breccias (Figs. 5A, 5B and 5D). Silicification is an
important stage of alteration because provokes an intense fracturing of the host rock opening significant
conduits to the ore fluids. Quartz occurs in veinlets and veins that are not abundant in distal zones but
start to be very commom when more proximal to the ore zones. Quartz occurs as medium grained
completely recrystallized minerals and is correlated to the first stage of brecciation (Fig. 4D). Areas more
intensively silicified are the best sites for subsequently ore formation.

Iron oxide formation is characterized by hematite-musketovite with subordinate magnetite that
occurs associated to fibro-radial chlorite and epidote in breccias and veins (Fig. 4E). The transformation
of magnetite to hematite is showed in Figure 4F. The copper mineralization, represented by major
chalcopyrite and minor bornite, takes place simultaneously to this stage and are normally associated to the
iron oxide paragenesis (Fig. 4G). The mineralization occurs disseminated in veins, veinlets and in
breccias always associated to chlorite and iron oxides or quartz. Chalcopyrite is the earliest sulfide and is
followed by subsequent precipitation of minor bornite (Fig. 5A). Accessory minerals observed using
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Scanning Electron Microscope (SEM) are molybdenite and galena that occur associated to recrystallized

quartz grains (Figs. 5A and 5C).
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Figure 5. A — quartz (with molibdenite inclusions) grains croscutted by chlorite plus hematite with
chalcopyrite and bornite; B — intense fibrous hematite with cpy and bn cutting pre-existing chlorite and
guartz; C — cpy with bornite and galena inclusions; D — quartz cutted by strong chlorite and hematite halo
with chalcopyrite and bornite. (chl = chlorite; gtz = quartz; hm = hematite; cpy = chalcopyrite; bn =

bornite; gal = galena; mo = molibdenite)

The last hydrothermal alteration episode in the Rio Vermelho Prospect is the sericitization. Is a

post-mineralization stage and is represented by pervasive sericite formation replacing plagioclase and

chlorite grains (Fig. 4H). Epidote and subordinated carbonate veins occur during this late alteration stage.
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5.4 MINERAL CHEMISTRY (Electron Microprobe Analysis -EMA)

Chlorite is an important hydrothermal mineral in the Rio Vermelho Prospect considering it
is correlated to distinct hydrothermal alteration stages of the Rio Vermelho Prospect.
Representative analyzes from the two different chlorite phases identified in the petrography were
obtained by electron microprobe (EMA). The chlorite I, from the pre-mineralization stage, is
represented by light green lamellar crystals (Fig. 6A) that occurs associated with epidote and
recrystallized quartz in veinlets, narrow veins and hydrothermal fronts. The chlorite Il, from the
mineralization stage, is green fibro-radial crystals (Fig. 6B) and occurs associated to iron oxide

minerals and sulfides like infill in breccias.

100pm Queen's 10/31/2017
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Figure 6. A — Backscattering image showing typical lamellar chlorite analyzed by microprobe
from the Rio Vermelho Prospect pre-mineralization chloritization stage; B — Backscattering image
showing fibroradial chlorite analyzed by microprobe from the Rio Vermelho Prospect syn-

mineralization chloritization stage. (chl = chlorite)

The general formula used to calculate chlorites in this work is based on 14 equivalent oxygen
- (Mg,Al,Fe)as (Si,Al)a O10 (OH)s ou (Mg,Al,Fe,Mn, Ti)a-s (Si,Al)a (O,OH,F,Cl)1.

Table | shows examples of two average composition, representatives of chlorite | (lamellar)
and Il (fibro-radial), and their respectively formula. Both types of chlorite are classified as

ripidolites.
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Table I: Representative microprobe analyses of lamellar and fibro-radial chlorites from the Rio
Vermelho Prospect.

sit | AV | am (A | Tt | ver | Eer | M | M | car [Ba | Net | k0| B | cr |12

cations

Lamelar Chlorite 2,732 | 1,268 | 1,29 | 2,558 | 0,003 | 0,001 |3,008| 0,076 | 1,602 | 0,001 0 0,003 | 0,004 0 0,008 | 9,981
Fibroradial Chlorite 2,644 | 1,356 | 1,405 | 2,761 | 0,003 0 3,751 | 0,172 0,63 | 0,003 0 0,011 | 0,005 | 0,109 | 0,007 | 9,965

Lamelar Ripidolite (Fes,008 Mg1,602 Al1,200 Mno,o76 Tio,003)s,979 (Siz,73 Al1,268)4 (O, OH, Cl)14

Fibroradial Ripidolite (Fes,751 Al1,40s Mgo,630 Mo 172 Tio,003)s,961 (Siz,e44 Al13s6)4 (O, OH, F, Cl)14

The main differences observed indicate that lamellar chlorite | tends to have higher Si values than the
fibro-radial chlorite 11, whereas this last type is more aluminous for both Al'Y and AIY!, a fact that can be
visualized in the Si versus Al™ diagram in Figure 7A. There is a positive correlation between Fe and Al
in the fibro-radial chlorite 11, while this correlation is erratic or inexistent for the lamellar chlorite I (Fig.
7B). Mg and Al indicate an opposite correlation, with decrease of Mg and increase of Al in the fibro-
radial chlorite 11, while the correlation is also erratic or nonexistent in lamellar chlorite I (Fig. 7C). The
erratic behavior or non-correlation of Al with Fe and Mg in lamellar chlorite indicates that Al variations
in this type of chlorite are possibly related to substitutions between Al'Y and Si at the tetrahedral site. The
correlations between Mg and Fe in the two types of chlorite indicate an increase of Fe and decrease of Mg
with the increase of Al (Fig. 7D) and the consequent negative correlation between Fe and Mg in both
types of chlorite. Radial chlorite 1l tends to have more aluminous and iron rich compositions and less

magnesium than lamellar chlorite 1.
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Figure 7. Chemical diagrams for lamellar and fibro-radial ripidolites. A — Si'V x Al ™ diagram; B — Fe"! x

Al ™ diagram; C — Mg"' x Al ™ diagram; D — Mg"! x Fe! diagram

6. DISCUSSION

The studies performed at the Rio Vermelho Prospect allow the characterization the
hydrothermalism stages that affected the Xingu Complex lithologies and their relationship with the
copper mineralization. Hydrothermal zones are strongly controlled by NNW-SSE structures that are the
main pathways for the fluid transportation and best sites for the ore deposition (Fig. 2). The copper
mineralization and the NNW-SSE structures related to the Carajas System are not affected by the late
NNE-SSW structures related to the Neoproterozoic Araguaia Belt.

The entire hydrothermal alteration history at the Rio Vermelho Prospect is summarized in Figure
8. It starts with albitization (sodic alteration), followed by potassification, chloritization and silicification

as pre-mineralization stages. During the copper ore depositional period, iron oxide formation is the most
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prominent alteration product and is coeval to a second chloritization stage. Late sericitization ends the
hydrothermal alteration processes. The ore mineralogy from the Rio Vermelho Prospect, characterized by
detailed petrography and Scanning Electron Microscope (SEM) studies, indicates an assemblage with

chalcopyrite-bornite-musketovite-hematite and minor magnetite.

RIO VERMELHO PROSPECT - HYDROTHERMAL STAGES

Pre-Mineralization Mineralization Post-Mineralization

Alteration - Albitization Potassification Chloritization Silicification Iron Oxide Formation Sericitization
Quartz
Albite
Microcline
Epidote
Actinolite *
Chlorite 1
Chlorite 2
Musketovite
Magnetite
Hematite
Chalcopyrite
Bornite
Galena
Molibdenite

Sericite
Carbonate =

* restricted to diorites
Figure 8. Mineral associations related to the different hydrothermal alteration processes and pre- syn- and

post-mineralization stages from the Rio Vermelho Prospect.

The evolution of the hydrothermal assemblages starting with albitization, passing to
potassification and finishing with sericitization (Figs. 8 and 9) show clear evidences of decreasing in
temperature, salinity and ph conditions. Distal and wide albitic zones are a typical feature of IOCG
systems (Hitzman, 2000) and also suggest initial temperatures between 400-600°C (Pollard, 1983). The
chloritization after a potassic alteration (k-feldspar), occurring pre- to syn-mineralization, denotes a
reduction in the fluid salinity owing to the crystallization of chlorite (Fig. 9). The microprobe analysis
from the two chlorite phases indicates that the lamellar chlorite, related to the pre-mineralization stage, is
enriched in Mg and Si when compared to the second stage represented by fibroradial chlorite crystals.
The fibroradial chlorite, related to syn-mineralization processes, is relatively enriched in Fe, Al and shows
positive correlation between Al and Fe plus a slight increase of Mn. These features may be related to the
greater amount of sulfide phases associated to this period of chlorite formation. In addition, during the
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crystallization of the Fe-rich radial chlorite that occurs in equilibrium with the deposition of the ore, the
ore paragenesis shows a substantial enrichment in Fe (hematite>>magnetite), suggesting high Fe
availability and relatively high fO,. The temperature of the ore deposition can be inferred by the coeval
hydrothermal paragenesis that suggests crystallization between 300 — 350°C, with increasing fO-

considering magnetite is in the first stages of mineralization and changes to hematite in the last stages.
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Figure 9. Schematic hydrothermal alteration evolution and associated estimated conditions (salinity, fO2,

T) from the Rio Vermelho Prospect mineralization (modified from Augusto et al. 2008).

The ore paragenesis, chalcopyrite-bornite-musketovite-hematite with subordinate magnetite, is
considered to have precipitated in highly oxidized conditions. The high fO, conditions are similar to the
reported for the Alvo 118 Deposit (Torresi, 2011; Fig. 10), an important IOCG example from the Carajas
Mineral Province. The increase in fO conditions, evidenced by the formation of iron oxides (early
magnetite and later hematite), and the decrease in temperature in the ore zone in a ductil-ruptil

environment, suggest the input of oxidized meteoric water. The hydrolytic stage with sericite is a post-ore
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deposition feature and is possible related to an increase of meteoric water contribution in the

hydrothermal fluid. This last episode suggests maximum 300° C temperature (Inoue, 1995) indicating that

Rio Vermelho Prospect hydrothermal system has possible ranged in temperature between 600° C and

250°.
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Rio Vermelho Prospect formation.
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7. CONCLUSIONS

The Rio Vermelho Prospect can be classified as an IOCG mineralization type considering the
characteristics of its ore and hydrothermal alteration assemblages. The voluminous alkali-rich alteration
(sodic and potassic types), followed by chloritization, silicification and iron oxide formation associated to
the copper mineralization hosted in breccias and veins/veinlets and later sericitization are similar to
certain examples of IOCG deposits from the Carajas area and other important provinces around the world.
Radial chlorites (enriched in Fe-Al-Mn) associated to the ore paragenesis indicates Fe increase, another

common characteristic of IOCG deposits (Hitzman, 2000).

The hydrothermal paragenesis with iron ore minerals (musketovite-hematite and minor
magnetite) associated to the copper mineralization (chalcopyrite-bornite) is dominated by hematite
suggesting a depositional temperature < 350° with ore fluids extremely oxidized similar to most IOCG
deposits. The ore stage is strongly controlled by structures that produce the hydrothermal breccias. The
development of host rock fracturing possible has favored late influx of channeled meteoric water in the
ore fluid. The meteoric water input resulted in hydrothermal fluid cooling and caused precipitation of

sericite-epidote-carbonate as the last stage of hydrothermal alteration.

The 10CG mineralization of the Rio Vermelho Prospect is controlled by NNW-SSE structures
related to a horse splay from the Carajas Fault System at the extreme eastern area of the Carajas Domain.
The identification of this new IOCG prospect near to the border of the Carajas Domain and not affected
by the younger NNE-SSW structures of the Araguaia Fold Belt, is a significant finding that can open new
areas for exploration in the Province. The hydrothermal characteristics of the copper mineralization of the

Rio Vermelho Prospect allow its classification as a shallow IOCG type dominated by hematite.
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5. CONCLUSOES

Os dados obtidos durante a execucdo do presente trabalho, com base a geologia da area, as relacdes
com outras mineralizacdes da Provincia Carajas, a caracterizacdo das associacfes de minério e das
assembléias hidrotermais permitem interpretar a area e o Prospecto Rio Vermelho como integrante do grupo
de depdsitos do tipo 10CG..

O volume expressivo de alteracdo sodica, seu carater mais regional e precursor, a alteracdo
potéssica envelopando as zonas de minério, seguida de cloritizacdo, silicificacdo e formacéao de 6xidos de
ferro associados a mineralizacdo de cobre hospedada em brechas e veios, com sericitizagdo tardia, sdo
caracteristicas similares a dos depésitos tipo IOCG da Provincia Carajéas e de outras provincias minerais
mundiais.

A fase de geracdo de clorita radial (enriquecidas em Fe-Al-Mn), e que seguiu a formacéo de clorita

precoce da matriz, esta associada a paragénese do minério e indica o aumento do Fe no sistema, outra
caracteristica comum dos depositos IOCG (Hitzman, 2000).
A paragénese hidrotermal com minerais de ferro na forma de 6xidos (musketovita-hematita e magnetita
subordinada) associada a mineralizacao de cobre (calcopirita-bornita) tem a hematita dominante, sugerindo
uma temperatura de deposicao inferior a 350°, com fluidos oxidados semelhantes a uma parcela importante
dentro do grupo dos depositos tipo I0CG.

O estagio de mineralizacdo tem forte controle nas estruturas que produzem brechas hidrotermais.
O desenvolvimento de fraturas nas rochas hospedeiras favoreceu a entrada de agua metedrica dirigida para
a regido mineralizada. O influxo de agua metedrica contribuiu com o resfriamento das solucGes
hidrotermais e sua diluicdo acelerando reequilibrios com a formacéo de epidoto-carbonato, e sericita como
Gltimo estagio de alteracdo hidrotermal de mais baixa T. A formagdo de zonas de alteragdo hidrotermal
inicia com a estabilizacdo de zonas sodicas distais, passando a zonas potassicas proximais, posteriormente
brechadas com a formacdo de clorita, epidoto, magnetita, musketovita, hematita e a geracdo da
mineralizacdo de cobre. Essa sequéncia indica que a variagdo de temperatura entre as fases iniciais de
formacdo de minerais de alteracdo (pré-mineralizacdo) e as fases finais tardias (pds-mineralizacdo) foi
possivelmente entre 600°C e 300°C.

A mineralizagéo do tipo IOCG do Prospecto Rio Vermelho é controlada por estruturas NNW-SSE
relacionadas ao splay do Sistema de Falhas Carajas na area extremo leste do Dominio Carajas. A
identificacdo deste novo prospecto do tipo IOCG préximo a borda do Dominio Carajas, nao afetado por
estruturas NNE-SSW mais jovens da Faixa Araguaia, é uma descoberta significativa que abre novas areas
alvo para a exploragdo mineral na Provincia Carajés. As caracteristicas hidrotermais da mineralizacao de
cobre do Prospecto Rio Vermelho permitem classificd-lo como um deposito tipo I0CG superficial (raso)

com dominio de hematita.
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