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Resumo

Anélises estruturais, petrograficas e de inclusdes fluidas sdo apresentadas para 0s veios
quartzo auriferos da mina Morro do Ouro, Cinturdo Ribeira, sudeste do Brasil. A
mineralizacdo de ouro em veios de quartzo esti hospedada em rochas metassedimentares de
baixo grau metamdrfico de idade calimiana, que também apresenta uma mineralizacdo
aurifera singenética. Dois sistemas de veios de quartzo auriferos estdo presentes: (i) veios NW
extensionais subverticais e (ii) veios NE subverticais paralelos ao plano axial da dobras
apertadas. Os veios mineralizados sdo adjacentes a uma falha principal de alto angulo, cujas
relacdes estruturais indicam orientagdo desfavoravel para reativagéo friccional. Os veios NW
apresentam inclusdes fluidas dos sistemas CO,-CH; e H,O-CO,-CH4-NaCl-CaCl, com
salinidades variaveis (4 a 52% em peso NaCl equivalente), que apresentam evidéncias de
aprisionamento envolvendo os processos de imiscibilidade de fluidos e mistura de fluidos
com composig¢Oes contrastantes. Os veios NE apresentam inclusdes fluidas do sistema H,O-
CO,-CH4-N,-NaCl-CaCl, com salinidades variaveis (5 a 45% em peso NaCl equivalente). O
aprisionamento dos fluidos ocorreu em temperaturas entre 225 e 240°C para o0s veios NW, e
aproximadamente 208°C para os veios NE, envolvendo processos de imiscibilidade e mistura
de fluidos de composigdes distintas. Os veios extensionais NW foram formados sob flutuagédo
de pressdo com valores litostaticos a supralitostaticos (125-240 MPa) durante o estagio de
fraturamento pré-sismico. Os veios subverticais NE precipitaram dominantemente sob
condigcbes de pressdo proximas a valores hidrostaticos (10-70 MPa), posteriormente a
redistribuicdo de fluidos de diferentes reservatdrios ao longo da zona de ruptura sismica. Os
fluidos hidrotermais foram provavelmente enriquecidos em ouro devido a interacdo com as
rochas encaixantes e a precipitacdo do minério é atribuida a mudancas nas propriedades
fisico-quimicas em resposta & imiscibilidade de fluidos aliada & mistura de fluidos com
salinidades fortemente contrastantes. Estes processos ocorreram como consequéncia de
flutuagdes ciclicas na pressdo de fluidos, bem como de variagdes no regime de esforcos

tectdnicos associados a episodios de atividade sismica em zonas de falha.

Palavras-chave: veios quartzo auriferos; comportamento falha-valvula; flutuagdo de

pressdo; imiscibilidade de fluidos; mistura de fluidos, deposicéo de ouro.



Abstract

Fluid inclusion, petrographic and structural analyses are presented for auriferous veins
from the Morro do Ouro Mine, Ribeira Belt, southeastern Brazil. The wvein-type Au
mineralization at the mine is restricted to structurally-controlled domains in a low-grade
Calymmian metassedimentary sequence that host also syngenetic Au mineralization. Two
auriferous quartz vein systems are present: (i) NW-trending subvertical extensional veins and
(if) ENE-trending subvertical veins parallel to the axial surface of tight folds. The mineralized
veins are adjacent to a major dextral transcurrent fault zone and their structural relationships
indicate that this fault is severely misoriented for frictional reactivation. The NW-trending
veins present a fluid inclusion assemblage dominated by CO,-CHj, inclusions and H,O-CO,-
CH4-N2-NaCl-CaCl; inclusions of highly contrasting salinities (4 to 52 wt. % NaCl
equivalent) and the NE-trending veins present fluid inclusion assemblage dominated by H,O-
CO,-CH4-N,-NaCl-CaCl; inclusions of contrasting salinities (4 to 45 wt. % NaCl equivalent).
The entrapment of fluids occurred at temperatures between 225 and 240°C in NW-trending
veins and approximately 208°C in NE-trending veins, involving processes of fluid
immiscibility and mixing between fluids of contrasting compositions. NW-trending
extensional veins were formed dominantly under pressure fluctuating between near-lithostatic
to strongly supralithostatic values (125-240 MPa) during pre-seismic failure stages. ENE-
trending veins precipitated dominantly under near-hydrostatic pressure conditions (10-70
MPa), following discharge of fluids from different reservoirs along the ruptured zone after
earthquake rupture stages. The hydrothermal fluids were probably enriched in gold through
interaction with the host rocks and its precipitation is attributed to changes of
physicochemical properties due to fluid immiscibility and mixing between fluids of highly
contrasting salinites, as a consequence of cyclic fluctuations in the values of fluid pressure

and tectonic stresses accompanying episodes of seismogenic fault activity.

Keywords: auriferous veins; fault-valve behavior; pressure fluctuation; fluid immiscibility;

fluid mixing; gold deposition.
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1. Introducéo

1.1. Da organizagéo desta dissertagéo

A apresentacdo de dissertacBes de mestrado e doutorado na forma de artigos cientificos é
pratica recente e tem sido cada vez mais utilizada nas geociéncias brasileiras, implicando em
algumas adaptacdes quanto & forma com relacdo ao modelo tradicional.

O desenvolvimento principal deste trabalho encontra-se em um artigo cientifico submetido
a periddico internacional, e que por ser redigido em lingua estrangeira foi apresentado como
anexo ao final do texto.

O capitulo inicial é constituido por uma breve apresentagdo sobre o tema abordado,
seguida da justificativa para a escolha da &rea de estudo e dos objetivos do trabalho. O segundo
capitulo descreve os métodos utilizados, bem como uma pequena revisdo sobre a aplicagdo dos
mesmos na definicdo de modelos genéticos de depdsitos minerais. Os dois capitulos seguintes
compdem as discussoes sobre os dados produzidos e as conclusdes finais sobre o trabalho.

Anexo ao texto é apresentado o artigo mencionado juntamente com um trabalho resumido,
de aspectos referentes a pesquisa, apresentados em eventos cientificos durante o decorrer do

projeto.

1.2. Apresentacgdo ao tema

Sistemas de veios hidrotermais comumente formam depdsitos minerais de importancia
econdmica. A formacdo extensiva de veios e mineralizagdo em sistemas de falhas com fluxo de
fluidos significativo envolvem frequentemente variacGes ciclicas no regime de esforcos
tectdnicos e na pressdo de fluidos associadas a eventos sismicos ciclicos, cujo processo €
amplamente conhecido como comportamento falha-valvula (e.g. Cox et al., 1986; Sibson et al.,
1975;Sibson et al., 1988; Boullier & Robert, 1992; Robert et al., 1995; Sibson & Scott, 1998).

O comportamento falha-vélvula tem sido descrito para sistemas de falhas reversas de alto
angulo em regimes de esfor¢os com orientagdo desfavoréavel para reativagao friccional (Boullier
& Robert, 1992; Cox, 1995; Robert et al., 1995; Henderson & MacCaig, 1996).

Casos nos quais este comportamento foi descrito em sistemas de falhas com regimes de

esforcos favoravelmente orientados para reativagdo da falha sdo mais raros e mostram grandes



mudancgas nos regimes de pressdo de fluidos (e.g., Nguyen et al., 1998; Kolb et al., 2004;
Faleiros et al., 2007).

Desta forma, a analise estrutural detalhada juntamente com a quantificagdo da presséo de
fluidos a partir de estudos de inclusdes fluidas é fundamental para o entendimento da formacéo

de depdsitos hidrotermais em regimes tectonicos com alto fluxo de fluidos.

1.3. A escolha da &rea de estudo

A regido do Vale do Ribeira é conhecida como uma importante provincia metalogenética,
principalmente por apresentar importantes depositos de metais base. Dentre seus depésitos
auriferos, a mina Morro do Ouro constitui-se em sua principal jazida, sendo a Unica que foi
explotada de maneira rudimentar por meio de galerias subterraneas de 1885 a 1942 (Paiva &
Morgental, 1980).

A existéncia de ouro nesta regido é conhecida desde o século XVI, quando bandeirantes
exploravam exclusivamente depésitos aluviais do rio Ribeira de lguape e seus principais
afluentes da margem esquerda (Perrota, 1996). Na década de 1970 alguns projetos de
reconhecimento geoquimico regional foram desenvolvidos pela CPRM — Servico Geoldgico do
Brasil (Addas & Vinha, 1975; Morgental et al., 1975; Morgental et al., 1978), os quais indicaram
anomalias significantes de Cu, Pb e Zn, que motivaram novas pesquisas locais em busca de
depositos de ouro e sulfetos associados. Estas investigacdes levaram & descoberta de vérias
ocorréncias minerais (Addas & Pinto, 1979; Addas et al., 1979; Pinto et al., 1979; Alegri et al.,
1980; Borin Jr. et al., 1980; Paiva & Morgental, 1980; Macedo et al., 1981; Morgental et al.,
1981; Silva, 1982; Borin Jr., 1983; Lopes Jr. et al., 1995). No entanto, a jazida Morro do Ouro
ndo foi alvo de estudos geoldgicos de detalhe até 1980, quando Paiva & Morgental (1980)
realizaram mapeamento de detalhe nas galerias subterraneas da mina Morro do Ouro. Segundo
estes autores, a quantidade de minério explotada na mina até 1940 variou em torno de 10,000 t
com um teor médio de 5g/t de ouro.

Atualmente a mina Morro do Ouro esta desativada, e sua area encontra-se transformada em
Parque Natural Municipal. Como nenhuma investigacdo geoldgica foi realizada apds a década de
1980, o estdgio atual de conhecimento sobre os aspectos relacionados & génese dos corpos
mineralizados permanece obscuro. Embora a area da mina Morro do Ouro ndo possa ser

explorada economicamente, um estudo sobre a génese desta jazida é de grande importancia, visto



que a partir deste modelo € possivel avaliar a possibilidade da ocorréncia de depdsitos

semelhantes em &reas com caracteristicas geoldgico-estruturais similares.

1.4. Objetivos

No presente trabalho serdo analisados os veios de quartzo auriferos encaixados na
sequiéncia metassedimentar de idade calimiana (Weber et al., 2004), visando: 1) definir a
geometria geral e o controle estrutural dos veios auriferos, bem como suas relagbes com as
estruturas locais e regionais e investigar os regimes de esforgos associados. 2) determinar a
composic¢do dos fluidos envolvidas na formagdo dos veios por meio de estudos de inclusdes
fluidas.3) correlacionar os dados estruturais e de inclusfes fluidas para a investigacdo da
dindmica dos fluidos e dos processos relacionados a mineralizacdo de ouro da jazida Morro do
Ouro. Os resultados obtidos no presente estudo contribuem para o entendimento da formagéo de
depositos auriferos em regides de regimes de alto fluxo de fluidos relacionados a processos de

falhamento sismico.

1.5. Contexto Geoldgico

A mina Morro do Ouro esta localizada no Cinturdo Ribeira, um largo segmento crustal
paralelo & linha costeira do sudeste, que representa um segmento do Sistema Orogénico
Mantiqueira (Brito Neves et al., 1999). O Cinturdo Ribeira (Fig. 1a) é definido como um cinturéo
orogeénico de cerca de 2.500 km de extensdo, cortado por um sistema de zonas de cisalhamento
transcorrentes destrais, associado as colisdes obliquas entre os cratons Sdo Francisco, Congo,
Luis Alves e Paranapanema durante o neoproterozoico (Campanha & Sadowski, 1999; Faleiros
etal., 2011a).

O Cinturdo Ribeira compreende um segmento crustal que foi amalgamado, deformado e
metamorfizado durante a Orogenia Brasiliano/Pan-Africana (Neoproterozoico) (Heilbron et al.,
2004; Faleiros et al., 2011a; U-Pb zircon data from Weber et al., 2004; Siga Junior et al., 2009,
2011a, 2011b; Campanha et al., 20084, b).

Diversos mapeamentos foram realizados na regido denominada Vale do Ribeira. Entre eles
podem-se citar os trabalhos de escala regional (Campanha et al., 1988) e em escala de semi-
detalhe (MMAJJICA, 1981, 1982, 1983; Campanha et al., 1985; Vasconcelos et al., 1999).



Dentre os principais trabalhos de &mbito regional e geotectonico destacam-se os trabalhos
de Ebert et al. (1988), Fiori (1990, 1993), Campanha (1991), Daitx (1996), Fasshinder (1996),
Hackspacher et al. (1997), Campanha & Sadowski (1999), Campos Neto (2000), Heilbron et al.
(2004) e Faleiros (2008).

A porcdo meridional do Cinturdo Ribeira compreende, de norte para sul, os terrenos
compostos Apiai, Curitiba e Luis Alves, limitados pelas zonas de cisalhamento Lancinha e Serra
do Azeite (Faleiros, 2008). O Terreno Apiai compreende sequéncias de rochas supracrustais de
baixo a médio grau metamorfico, originalmente designadas como Grupo Acungui e,
posteriormente, elevadas a categoria de supergrupo (Campanha, 1991; Campanha & Sadowski,
1999).

A mineralizacdo na mina Morro do Ouro ocorre principalmente em veios de quartzo
hospedados em rochas metassedimentares de facies xisto verde da Formagdo Agua Clara (ca.
1450-1500 Ma; Weber et al., 2004), uma das principais unidades do Terreno Apiai.

Na é&rea da mina (Figura 1b) as rochas compreendem predominantemente filito, mica-xisto
fino e subordinadamente quartzito e marga. O filito é constituido pela paragénese
sericita+quartzo+chlorita, apresentando acamamento sedimentar preservado. O mica-xisto
constitui-se  pela paragénese granadatbiotitatmuscovita+quartzo, indicando condi¢des
metamorficas de fécies xisto verde alto (Faleiros, 2009).

Estas rochas ocorrem intercaladas com lentes pouco espessas de metachert, o qual é
composto principalmente por quartzo e sulfetos de ferro subordinados. A espessura destas lentes
varia desde laminacfes até niveis que alcancam 2,5 m, com espessura média de 1, 25 m.
Andlises quimicas feita por Paiva & Morgental (1980) no metachert revelaram quantidades
andmalas de Cu (1500), Ag (2 ppm), Fe (~20%). Estas lentes de quartzito também apresentam-se
mineralizadas em Au (2,01 g/t), sendo comumente denominadas como “minério limonitico”, e
interpretadas como uma mineralizagdo singenética (Paiva & Morgental, 1980).

Com relagdo as mineralizagBes presentes na mina Morro do Ouro, foram realizadas
rarissimas publicacdes, sendo a principal o relatorio “Prospecto — Ouro nas Regibes Auriferas
dos Agudos Grandes e Morro do Ouro - Vale do Ribeira”, de autoria de Paiva & Morgental
(1980), que resultou de projeto executado com o objetivo de avaliar as reservas da mineralizagdo

aurifera, buscando avaliar o potencial desta jazida para fins de retomada dos trabalhos de lavra.
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2. Métodos

Abaixo sdo apresentados os procedimentos utilizados para atingir os objetivos, bem como

uma descricdo sucinta sobre a aplicacdo de cada método.

2.1. Andlise Estrutural

Os levantamentos e analises de estruturas tectdnicas envolveram os métodos e técnicas
convencionais, com identificacdo e medidas de atitudes de folia¢Ges, lineagdes e dobras.

Primeiramente foram realizadas a compilacdo e integracdo de produtos cartogréficos
incluindo dados estruturais, pontos de descricdo de afloramentos, amostras e ensaios
anteriormente realizados, sendo posteriormente realizado o levantamento geoldgico-estrutural
dentro das galerias da mina Morro do Ouro, além de perfis detalhados em regifes selecionadas
no entorno da mina.

Os dados coletados foram tratados em mapas, perfis e estereogramas, conforme métodos
usuais, com hierarquizacdo dos elementos estruturais a partir de critérios de superposigdo e

estilo.

2.2. Estudos de Inclusdes Fluidas

Este estudo foi realizado em amostras de veios de quartzo mineralizados localizados na
mina Morro do Ouro. As amostras foram analisadas pelo método microtermométrico e pela
espectroscopia laser Raman. Os dados de temperatura de aprisionamento obtidos pelo método

microtermomeétrico foram tratados estatisticamente pelo método de Loucks (2000).

2.2.1. Fundamentos tedéricos do método

As inclusdes fluidas ocorrem devido ao aprisionamento de fases fluidas em cavidades ou
irregularidades na superficie dos cristais em determinados processos geoldgicos. Os fluidos
podem ficar retidos nestas irregularidades por processos de cristalizacdo, recristalizagédo ou
cicatrizagdo de fraturas, constituindo, desse modo, verdadeiros registros das solugdes presentes

em alguma etapa da evolucéo geoldgica (Roedder 1982, 1984).



A aplicacdo deste método no estudo de depositos minerais permite definir as caracteristicas dos
fluidos mineralizadores, como as composigdes, densidades e salinidades, bem como das
condigdes fisico-quimicas (P e T) do ambiente de deposicdo, além de proporcionar um maior
entendimento dos proprios processos de deposicdo (Roedder, 1982).

Assim, a partir da caracterizagdo dos fluidos de diferentes geragdes, podem ser estabelecidas
relacdes entre as mineralizagdes e as solucdes responsaveis pela sua formacéo, e entre estas e 0s
principais eventos geoldgicos da &rea, proporcionando, adicionalmente, uma pesquisa mais

consciente das extensdes de um dado depdsito.

2.2.2. Método Analitico

Foram preparadas 9 se¢des bipolidas, com espessuras de 100 um, de amostras de veios de
quartzo e selecionadas para estudos microtermométricos.

Os dados microtermométricos foram obtidos em uma platina de resfriamento/aquecimento
CHAIXMECA MTM 85 acoplada em um microscopio convencional, que permite o resfriamento
da amostra até -180 °C e aquecimento até 600 °C. Com o microscopio petrogréafico acoplado a
platina, foram visualizadas e medidas as temperaturas de mudanca das fases presentes nas
inclusdes, durante os processos de resfriamento e aquecimento. Essa atividade foi realizada no
Laboratério de Inclusdes Fluidas do Instituto de Geociéncias da Universidade de S&o Paulo e
contou com a orientacdo da Dra. Rosa Maria da Silveira Bello, responséavel pelo laboratorio.

Foram realizadas andlises qualitativas e semi-quantitativas por espectroscopia laser Raman
em fases volateis de inclusbes fluidas carbdnicas e aquocarbénicas individuais, utilizando o
equipamento LABRAM-HR 800 Horiba/Jobin Yvon Raman acoplado com um laser HeNe
(20mW ), no laboratério de Espectroscopia Raman, Departamento de Metalurgia e Engenharia
de Materiais, Universidade Federal de Minas Gerais, com orientagdo da Dra. Maria Sylvia Silva
Dantas e do Prof. Dr. Kazuo Fuzikawa.

O tratamento dos dados microtermométricos foi realizado com a utilizagdo do pacote de
programas FLUIDS (Bakker, 2003) e CLATHRATES (Bakker, 1997), usando as equacdes de
estado de Duschek et al. (1990) e Span & Wagner (1996) para a composi¢do e densidade de
inclusdes ricas em COy; Duan et al. (1992a,b) para densidade e salinidade da fase aquosa de
inclusdes aquocarbonicas; Zhang & Frantz (1987) para densidade e composicéo total e Oakes et

al. (1990) para proporgao volumétrica de inclusdes essencialmente aquosas.



A combinacdo dos dados de microtermometria e espectroscopia Raman permitiu o célculo
da porcentagem de CH, presente na fase carbonica, com base no método grafico discutido por
Shepherd et al. (1985).

As condigdes de P e T de aprisionamento das inclusdes fluidas foram calculadas pelo
método estatistico de Loucks (2000), pelo método de interseccdo de isocoras (Roedder, 1984) e
pela média dos valores minimos de temperatura de aprisionamento obtidos na microtermometria.

As temperaturas de aprisionamento calculadas pelo método de Loucks (2000) foram
obtidas a partir de uma regressdo linear da distribuicdo da frequéncia das temperaturas de

aprisionamento obtidas pelo método microtermométrico.

3. Discussoes

3.1. Comportamento falha-valvula e formacéo de veios de quartzo-auriferos

O comportamento falha-valvula é esperado em sistemas de falhas orientadas
desfavoravelmente para reativagdo friccional (Sibson et al.,, 1988; Sibson, 2001), e as
mineralizagdes mesotermais formadas por este processo em regimes de alto fluxo de fluidos tem
sido frequentemente associadas com falhas reversas de alto angulo (e.g., Boullier & Robert,
1992; Robert et al., 1995; Henderson & MacCaig, 1996). Discussdes sobre as condigdes
particulares nas quais o processo falha-valvula € especialmente favorecido foram feitas por
Sibson (1990), Robert et al. (1995), Cox (1995), Henderson & MacCaig (1996) e Faleiros et al.
(2007).

Neste modelo, eventos sismicos seriam desencadeados por um aumento na pressdo de
fluidos no interior e entorno de zonas de cisalhamento causando ruptura na zona de falha.

Os veios extensionais neste ambiente sdo formados em zonas de dilatacdo durante estagio
pré-sismico (Sibson et al., 1988), seguido por um fraturamento hidraulico, quando a presséo de
fluidos frequentemente atinge ou excede a presséo litostatica (e.g., Cox et al., 1995; Robert et
al., 1995). Quando a presséo de fluidos ultrapassa a resisténcia ao cisalhamento das rochas, uma
ruptura sismicamente ativada ocorre ao longo da zona de falha principal, gerando uma zona
fraturada com alta permeabilidade e uma queda abrupta na pressdo de fluidos.
Consequentemente, os fluidos dispersos no entorno da falha migram para a zona fraturada (zonas

de menor presséo) formando veios de preenchimento ou veios extensionais (Sibson et al., 1988).



Valores de pressdo sublitostatica a hidrostatica sdo comuns nestes tipos de veios (e.g.,
Robert et al., 1995). Os veios extensionais geralmente ndo ocorrem em sistemas de falhas
favoravelmente orientados para reativagéo friccional. No entanto, Kolbi et al. (2004) descrevem
um caso no qual veios de preenchimento auriferos sdo formados sob regime de flutuacdo de
pressdo em um sistema de falha favoravelmente orientado na mina de ouro Hutti, India. Outro
exemplo de mineralizago aurifera associado ao comportamento falha-valvula em zonas de
cisalhamento otimamente orientadas é descrito por Nguyen et al. (1998) na mina de ouro
Revenge, Australia.

A mina Morro do Ouro estd localizada a aproximadamente 600 metros da falha de
Carumbé, uma falha transcorrente de direcdo NE. O éangulo entre o esfor¢o principal o1
interpretado a partir das orientagdes dos veios extensionais e esta falha é maior que 60°,
sugerindo que a mesma é severamente desorientada para reativagdo friccional. Falhas
mesoscopicas associadas com direcdo NE sdo comuns na &rea da mina, sendo geralmente
preenchidas por veios de quartzo auriferos, sugerindo a possibilidade de uma influéncia ativa da
Falha de Carumbé na formacédo dos veios mineralizados, o que é corroborado pela quantificagéo
do regime de pressdo que caracteriza estes veios, bem como pelo fato dos veios extensionais
serem subverticais, indicando, portanto, um regime de esforcos transcorrente (c; € oz horizontais).

O estudo de inclusdes fluidas revelou que existem diferencas composicionais, de presséo
de fluidos e de temperatura entre os fluidos que formaram os veios extensionais NW e dos veios
subverticais NE. Tal fato sugere que os veios foram formados durante eventos tectonicos
ciclicos.

Desta forma, os veios extensionais NW, caracterizados por texturas de crescimento
elongadas a fibrosas seriam formados sob flutuagcdo de pressdo variando entre litostatica a
fortemente supralitostatica (125-240 Mpa e 235°C), devido & descarga de fluidos durante o
estagio pré-sismico.

Os veios NE foram cristalizados em condi¢es de pressdo hidrostatica (10-70 MPa e
208°C) e apresentam estrutura macica. Considerando o regime de presséo observado e o fato de
que os veios ENE preencheram fraturas preexistentes com orientagdo paralela ao plano axial das
dobras apertadas (D,), bem como as falhas mesoscopicas verticais com diregdo NE, estes veios
foram interpretados como resultado da descarga de fluidos na zona fraturada posteriormente a
ruptura sismica.

Estudos inclusdes fluidas em veios de preenchimento de falhas de diferentes locais

apresentam flutuagdo da pressdo de fluidos com valores litostaticos a hidrostaticos (Parry &
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Bruhn, 1990; Parry et al., 1991; Robert et al., 1995; Henderson and MacCaig, 1996; Montomoli
et al., 2001; Faleiros et al., 2007). As maiores variagdes foram observadas em falhas reversas de
alto angulo, nas quais foi quantificada flutuacdo de pressdo da ordem de 200-350 MPa e de 200-
500 MPa para a mina Sigma, Quebec (Robert et al., 1995) e Pireneus Centrais, Franca
(Henderson & MacCaig, 1996), respectivamente. Flutuacbes menos expressivas foram
observadas em veios formados em ambientes tectonicos diferentes. Montomoli et al. (2001)
descreve flutuagBes de pressdo em torno de 100-150 MPa em veios associados com a nappe
Tuscan no nordeste dos Apeninos, Italia. Faleiros et al. (2007) quantificaram flutuacGes de
pressdo entre 83 a 125 MPa para veios paralelos e de 30-43 para veios extensionais associados a
zona de cisalhamento transcorrente Ribeira, Cinturdo Ribeira, Brasil. Parry & Bruhn (1990) e
Parry et al. (1991) citam flutuagOes de pressdo entre 5 e 116 MPa em rochas com alteragéo
hidrotermal relacionadas a falhas normais em Utah e Nevada, America do Norte.

Os veios auriferos da mina Morro do Ouro apresentam flutuacéo de pressdo entre 45 e 115
MPa (veios extensionais NW) e entre 10 e 56 MPa (veios ENE).

Embora os veios extensionais tenham sido predominantemente formados sob presséo de
fluidos litostatica a supralitostatica, 0s mesmos apresentam um grupo subordinado de inclusdes
fluidas aprisionadas sob presséo de fluidos hidrostatica (~55; Fig. 11, Anexo I). Assim como 0s
veios ENE, que sdo dominantemente formados sob pressdo de fluidos hidrostatica, apresentam
grupos subordinados de inclusbes fluidas formados sob condigbes de pressdo de fluidos
litostatica (> 110 MPa) e subhidrostatica (< 10 MPa) (Fig. 11, Anexo I).

Estas evidéncias sdo coerentes com as condigdes especificas relacionadas ao
comportamento falha-valvula e sdo semelhantes a vérios estudos descritos em sistemas de falha
reversa de alto angulo (e.g., Boullier & Robert, 1992; Robert et al., 1995; Henderson &
MacCaig, 1996).

A mistura de fluidos de composigdes contrastantes sugere que fluidos de diferentes
reservatorios foram drenados para a zona de ruptura. Os processos de mistura e imiscibilidade de
fluidos observados no presente trabalho sdo amplamente relacionados ao comportamento falha-
valvula, e foram discutidos em varios estudos (e.g., Dugdale & Hagemann, 2001; Faleiros et al.,
2007).



11

3.2. Imiscibilidade, mistura de fluidos e deposic¢éo do ouro

Os mecanismos envolvidos na precipitagdo do ouro a partir de fluidos hidrotermais
mineralizados geralmente estdo relacionados a mudangas nas condicfes fisico-quimicas do
fluido no local onde ocorre a deposicdo do minéerio. Mudangas quimicas no fluido associadas as
variacOes de pressdo e temperatura podem resultar de varios processos geoldgicos, tais como: (1)
resfriamento adiabatico e condutivo do fluido mineralizado; (2) interagdo entre o fluido e as
rochas encaixantes; (3) imiscibilidade de fluidos em resposta a queda de presséo do fluido e (4)
mistura de um ou mais fluidos de composicdes diferentes (Mikucki, 1998)

A imiscibidade de fluidos (e consequente diminuigéo da solubilidade do ouro) tem sido
interpretada como um importante mecanismo de deposicdo do ouro em sistemas hidrotermais
(Brown, 1986; Seward, 1989; Dugdale & Hagemann, 2001). No entanto, a precipitagdo de ouro
devido a separagdo de fases somente ocorreré caso as condigdes cairem abaixo da curva solvus
para a composi¢do do fluido em questéo, o que pode ser associado a advecgdo do fluido para
niveis crustais mais rasos (Spooner et al., 1985), pela queda abrupta na pressdo devido a
mecanismos de falha-valvula (Cox et al., 1995; Robert et al., 1995), pela expansdo do solvus
devido a interagdes do fluido com rochas encaixantes grafitosas ou pela mistura com fluidos
ricos em CH, (Naden & Shepherd, 1989). Mikucki & Groves (1990a) também sugerem que a
deposicdo do ouro a partir de fluidos hidrotermais devido a imiscibilidade de fluidos depende da
composicdo inicial do fluido e de como a magnitude e taxas relativas do pH, mys, fOo, e da
temperatura variam durante o processo. Neste contexto, as mudangas na mys, durante a
separacgdo de fases geralmente ocasionariam a precipitagcdo do ouro, enquanto a perda de calor, o
aumento na fO, e no pH durante o inicio da separagdo de fases atuariam na diminuicdo da
precipitacéo de ouro.

De acordo com Naden & Shepherd (1989) a imiscibilidade de fluidos é iniciada em
resposta a uma pequena interacdo fluido-rocha grafitosa, devido a restrita solubilidade do metano
em fluidos salinos. Assim, a imiscibilidade e consequente deposi¢do do ouro seriam favorecidas
pelas reagdes entre o fluido com rochas encaixantes grafitosas, resultando em um enriquecimento
de metano no fluido. Estes autores também sugerem que o sistema H,O-CH,4-NaCl apresenta um
amplo campo subsolvus, o que indicaria que um fluido com apenas pequena porcentagem de
metano poderia gerar imiscibilidade significante em um amplas condic¢fes geoldgicas.

As inclusdes do tipo I, 1l e 111, as quais foram aprisionadas em condigdes subsolvus, sdo

observadas em todos os veios auriferos analisados. A presenca de ouro livre nos veios indica que
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a precipitacdo do minério foi concomitante ao crescimento dos mesmos, portanto a
imiscibilidade e a mistura de fluidos podem ser consideradas como importantes mecanismos na
deposi¢do do ouro nesta jazida.

Considerando os aspectos mais significantes do processo de ruptura sismica e sua
influencia na dindmica do fluido durante a formacgéo da mineralizag&o, a flutuagéo de pressao
durante ruptura na zona de falha parece ter um papel essencial nos processos de mistura e
imiscibilidade dos fluidos, como observado em vaérios estudos (e.g., Dugdale & Hagemann,
2001; Faleiros et al., 2007).

Segundo Hagemann et al. (1994), fluidos hidrotermais de vérias origens (e.g., metedricos,
basinais, metamdrficos ou magmaéticos) podem estar presentes em niveis crustais rasos. A
origem dos fluidos envolvidos na génese da mineralizacdo da mina Morro do Ouro ainda néo €
muito clara, e mais estudos nesta area sdo necessarios. No entanto, a presenca de fluidos com
salinidade muito alta sugere a influéncia de um fluido magmaético, o qual pode estar associado ao

stock granitico presente a aproximadamente 600 metros da area da mina (Figura 1b).

4. Conclusodes

A andlise dos veios auriferos da mina Morro do Ouro, Cinturdo Ribeira, apresenta
evidéncias que os veios mineralizados podem estar relacionados ao mecanismo de falha-vélvula
como sugerido pelos dados estruturais e de inclus@es fluidas.

Os dados estruturais sugerem que este deposito € controlado principalmente pela geometria
da falha, uma vez que estdo localizados a uma zona de cisalhamento transcorrente, a qual é
considerada orientada desfavoravelmente para reativacgao friccional.

Os veios extensionais NW foram formados sob pressdo de fluidos litostatica a
supralitostatica (125-240 MPa a 235°C) provavelmente durante o estagio de fraturamento pré-
sismico. Por outro lado, os veios NE foram formados sob presséo de fluidos proxima a valores
hidrostaticos (10-70 MPa e 208°C) por uma descarga de fluidos na zona fraturada
posteriormente aos episodios de ruptura sismica.

Os veios NW apresentam inclusdes fluidas dos sistemas CO,-CH, e H,0-CO,-CH,4-NaCl-
CaCl, com salinidades variaveis (4 a 52% em peso NaCl equivalente), que apresentam
evidéncias de aprisionamento envolvendo os processos de imiscibilidade de fluidos e mistura de

fluidos com composicGes contrastantes. Os veios NE apresentam predominantemente inclusdes
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fluidas do sistema H,0-CO,-CH4-N,-NaCl-CaCl, com salinidades variaveis (5 a 45% em peso
NaCl equivalente).

Os fluidos hidrotermais provavelmente foram enriquecidos em ouro devido a interagdes
com as rochas encaixantes, sendo a precipitacdo deste minério atribuida as mudancas fisico-
quimicas nas propriedades dos fluidos decorrentes da imiscibilidade e da mistura de fluidos.
Estes processos, por sua vez, ocorreram como conseqiiéncia de flutuaces ciclicas na pressdo de
fluidos e no regime tectdnico associados com episodios de atividade sismica relacionados a

falhas.
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Abstract

Fluid inclusion, petrographic and structural analyses are presented for auriferous
veins from the Morro do Ouro Mine, Ribeira Belt, southeastern Brazil. The vein-type
Au mineralization at the mine is restricted to structurally-controlled domains in a low-
grade Calymmian metassedimentary sequence that host also syngenetic Au
mineralization. Two auriferous quartz vein systems are present: (i) NW-trending
subvertical extensional veins and (ii) ENE-trending subvertical veins parallel to the
axial surface of tight folds. The mineralized veins are adjacent to a major dextral
transcurrent fault zone and their structural relationships indicate that this fault is
severely misoriented for frictional reactivation. The NW-trending veins present a fluid
inclusion assemblage dominated by CO,-CH, inclusions and H,O-CO,-CH,-N,-NaCl-
CaCl; inclusions of highly contrasting salinities (4 to 52 wt. % NaCl equivalent) and the
NE-trending veins present fluid inclusion assemblage dominated by H,O-CO,-CH,4-N»-
NaCl-CaCl; inclusions of contrasting salinities (4 to 45 wt. % NaCl equivalent). The
entrapment of fluids occurred at temperatures between 225° and 240°C in NW-trending
veins and approximately 208°C in NE-trending veins, involving processes of fluid
immiscibility and mixing between fluids of contrasting compositions. NW-trending
extensional veins were formed dominantly under pressure fluctuating between near-
lithostatic to strongly supralithostatic values (125-240 MPa) during pre-seismic failure
stages. ENE-trending veins precipitated dominantly under near-hydrostatic pressure
conditions (10-70 MPa), following discharge of fluids from different reservoirs along
the ruptured zone after earthquake rupture stages. The hydrothermal fluids were
probably enriched in gold through interaction with the host rocks and its precipitation is
attributed to changes of physicochemical properties due to fluid immiscibility and
mixing between fluids of highly contrasting salinites, as a consequence of cyclic
fluctuations in the values of fluid pressure and tectonic stresses accompanying episodes
of seismogenic fault activity.

Keywords: auriferous veins; fault-valve behavior; pressure fluctuation; fluid
immiscibility; fluid mixing; gold deposition.
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1. Introducéo

Extensive veining and gold mineralization in high-fluid flux fault systems
generally involves coupled cyclic variations in tectonic stress and fluid pressure
correlated with earthquake cycles, the called fault-valve behavior (e.g., Cox et al., 1986;
Sibson et al., 1988; Boullier and Robert, 1992; Robert et al., 1995; Sibson and Scott,
1998), where the fluids have a fundamental role during all the process. The fault-valve
behavior has been described typically for high-angle reverse fault systems that are
unfavourably oriented for frictional reactivation (Boullier and Robert, 1992; Cox, 1995;
Robert et al., 1995; Henderson and MacCaig, 1996). Cases where this behavior was
described for fault systems in stress fields favorably oriented for fault reactivation are
more rare and with profound changes on the fluid pressure regimes (e.g., Nguyen et al.,
1998; Kolb et al., 2004; Faleiros et al., 2007). Detailed structural analysis combined
with the quantification of fluid pressure regimes through fluid inclusion analysis, which
is the only way to quantify fluid pressure transient on exhumed tectonic settings (e.g.,
Robert et al., 1995), are fundamental to understanding the formation of hydrothermal
mineral deposits in high-fluid flux tectonic settings.

The Southern Ribeira Belt, SE Brazil, is known as an important metallogenic
province, mainly for its major base metal and non-metallic mineral deposits. In this
context, the Morro do Ouro Mine area is the most important and the only gold deposit
which was exploited in a rough way as underground mining. Nevertheless, the Morro do
Ouro were not subject to detailed geological studies until 1980, when Paiva and
Morgental (1980) mapped the open galleries of the underground mine. According to
these authors, the average content of exploited ore at the Morro do Ouro Mine until
1940 was approximately 10,000 tons with an average content of 5 g/ton.

Nowadays, the Morro do Ouro mining remains inactive. As no further investigations
were made after 1980, the current state of knowledge about the aspects related to ore
genesis at this deposit remains unclear.

This contribution examines auriferous quartz veins hosted by a Calymmian
metassedimentary sequence, and has the aim to define the general geometry and the

structural controls of the auriferous quartz veins and their relationships to local and
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regional structures, as well as to determine the composition of the fluids involved on the
vein development through fluid inclusions studies. The results obtained from this work
contribute to our understanding of the development of orogenic gold deposits in regions

of high-fluid flux regimes and seismic faulting processes.

2. Geological setting

The Morro do Ouro Mine is located in the Ribeira Belt, a geotectonic feature
that extends along the southeastern coast of Brazil and represents a segment of the
Mantiqueira Orogen System (Brito Neves et al., 1999). The Ribeira Belt (Fig. 1a) is a
2500 km-long deformation province, cutted by a regional dextral transcurrent shear
zone system, associated with the oblique collision between the S&o Francisco, Congo,
Luis Alves and Paranapanema cratons during the Neoproterozoic (Campanha and
Sadowski, 1999; Faleiros et al., 2011a). The Morro do Ouro Mine (Fig. 1b) is
positioned at the Apiai Terrane (Faleiros et al., 2011a), which is part of the southern
portion of the Ribeira Belt, and it is known as an important metallogenic province,

mainly for its major base metallic and non-metallic mineral deposits.

2.1. Lithostratigraphy

The Apiai Terrane is a composite terrane that was formed by the collage of
Calymmian (ca. 1450-1500 Ma), Tonian (ca. 900-1000 Ma) and Ediacaran (ca. 630-580
Ma) terranes during the Brasiliano-Pan African Orogeny (Heilbron et al., 2004; Faleiros
et al., 2011a; U-Pb zircon data from Weber et al., 2004; Siga Junior et al., 2009, 20114,
2011b; Campanha et al., 2008a, b). It includes remnants of back-arc basin assemblages,
carbonate shelf deposits, turbidite with flysch-like slump deposits, and deeper water
assemblages associated with mafic magmatism (e.g., Campanha and Sadowski, 1999;
Siga Junior et al., 2009, 2011a, 2011b; Faleiros et al., 2011b). Rhyacian and Statherian
basement rocks occur in the cores of broad antiforms (Cury et al., 2002). Regionally the
metasedimentary rocks of the Apiai Terrane underwent a Barrovian metamorphism
varying from lower greenschist to middle amphibolites facies, with clockwise P-T paths
and peak pressures of approximately 8 kbar (Faleiros et al., 2010).

The mineralization of the Morro do Ouro Mine occurs mainly in quartz veins hosted in

greenschist facies metasedimentary rocks of the Agua Clara Formation (ca. 1450-
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1500Ma; Weber et al., 2004), one of the major units from the Apiai Terrane. In the mine
district the rocks consist dominantly of phyllite, mica schist, subordinate quartzite and
marble. Granitic rocks occur at about 550-600 meters of the mine area. Carbonate rocks
do not occur at the underground galleries, although lenses of carbonate rocks have been
observed outside the galleries, in the surrounding area of the Mine.

The phyllite is composed by the assemblage sericite + quartz + chlorite and displays
well-preserved sedimentary bedding. The mica schist is primarily composed of garnet +
biotite + muscovite + quartz, indicating upper greenschist facies metamorphic
conditions. These rocks are interbedded with scattered lenses composed of
microcrystalline quartz grains and minor Fe-sulfide contents, which is interpreted as a
metachert. Chemical analysis carried out by Paiva and Morgental (1980) in metachert
have revealed anomalous Cu (1500 ppm), Ag (2 ppm) and Fe (~ 20%) accumulations.
These metachert lenses are also mineralized in Au (2, 01 g/ton) and were commonly
called “limonitic ore” and interpreted as a syngenetic mineralization (Paiva and
Morgental, 1980).
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2.2. Structural setting

According to Campanha and Sadowski (1999) three main deformational phases
can be recognized in the Apiai Terrane: (1) a NE-trending thrust system with vergence
to SE that generated a bedding-parallel foliation and several interlayer folds; (2) a
second deformation episode that produced open to isoclinal folds with upright axial
surfaces and NE-trending subhorizontal fold axes and (3) a late transcurrent shear
system dominated by NE to ENE-trending dextral shear zones that was superposed over
the two previous systems.

The Morro do Ouro Mine area presents mineralized quartz veins developed
mainly at the hinge zone of a major antiform structure (Fig. 1b). Mesoscopic tight to
isoclinal folds with subhorizontal SW-plunging axis were described in outcrops. The
folded surface is characterized by a schistosity S; that are subparallel to the sedimentary
bedding (So), indicating that the folds were associated with a D, phase. In stereoplots
the poles to S;//S, distribute along a great circle girdle (Fig. 2b), suggesting cylindrical
folding along an approximate axis 220/15 concordant to the B, fold axis and the L,
intersection lineations observed in field (Fig. 2d).

The Morro do Ouro Mine district is at a distance of about 600-700 meters of the
Carumbe Fault, a major dextral transcurrent shear zone. Associated mesoscopic NE-
trending brittle faults are common, and generally are filled by auriferous quartz veins,
within the mine area.

I n the Apiai and Morro do Ouro areas the structural trends, including S1//So and
fold axes, show a deflection from near NS to NE when aproaching the Carumbé fault
(Fig. 1b). The Carumbeé fault itself shows a deflection in its strike from ENE to NE

close to the Morro do Ouro District.
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3. Auriferous quartz veins

Two auriferous quartz veins systems occur in the Morro do Ouro Mine district :
(1) ENE-trending subvertical veins parallel to the axial surface of the D, folds (a-b
plane) and (2) NW-trending subvertical extensional veins perpendicular to the D, fold
axial-plane (a-c plane) (Fig. 2e). The two types of auriferous quartz veins comprises
tabular bodies with 15-100 cm-thick, extending laterally to 3-10 m. Quartz represents
almost the totality of the veins, whereas sulfide-rich domains occur primarily close to
the walls of veins or filling microfractures. The most common sulfides are chalcopyrite
and pyrite (Fig. 3a-b). Fe-oxide and Fe-hydroxide, such as hematite and goethite, also
fill fractures.

According to the classification discussed by Bons (2000), three main original
growth microstructures may occur: blocky, (Fig.3c-d), elongated blocky and fibrous
(Fig.3e-f). The NW-trending extensional veins are dominated by elongated block and
fibrous microstructures and the orientation of mineral elongation, perpendicular to the
vein walls, indicates that these veins occupy true extension fractures. The ENE-trending
veins are dominated by block microstructure. Restricted recrystallization and
intracrystalline deformation structures, such as weak undulose extinction and bulging
recrystallization microstructures (cf., Stipp et al., 2002) limited to some grain

boundaries occur in some veins (Fig.3c-f).
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Fig.3. Photomicrographs of quartz veins. (a) Fractures filled with chalcopyrite and

hematite, sample MO16. (b) Sulfide-rich domains with pyrite. (c-d) Blocky
microstructure in NE-trending veins, sample MO2B and MO1B. (e) Fibrous quartz
alternated with recrystallized domains, sample MO11. (f) Fibrous quartz with very fine-
grained recrystallized grains developed along boundaries, sample MO13 (a-b — reflected
light; c,d,e,f - crossed polarized light).

4. Fluid inclusion in auriferous quartz veins

Fluid inclusion petrography was carried out on 100 pm-thick double-polished
sections of auriferous quartz veins, from which 9 samples with vein-growth
microstructures and weak ductile deformation were chosen for microthermometric

measurements.
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4.1. Compositional types of fluid inclusion

Three types of fluid inclusions of size in the range of 5-30 pm were identified in
quartz from auriferous veins based on phases observed at room temperature and
components identified from heating-freezing experiments and Raman spectroscopy

analyses.

NW-trending veins

Type | (COz-rich inclusions): monophase (liquid CO;) inclusions with rounded

or negative crystal shapes.
Type Il (H20-CO; inclusions): rounded or irregular-shaped inclusions containing two
phases (liquid H;O-rich phase, and liquid or vapor CO,-rich phase) or three phases
(liquid H2O-rich phase, liquid CO,-rich phase and CO,-rich vapor). CO, volumetric
proportion comprises about 10 to 95% of total inclusion.

Type I (H,O0-CO,-salt inclusions): multiphase inclusions of rounded or
irregular shapes containing a liquid aqueous phase, a CO, or CH, vapor phase (5-10%
of total inclusions), and one or more daughter crystals (halite) with cubic shape. This
type of inclusion was considered as essentially aqueous, due to the low proportion of

volatile compounds (CO; or CHy).

NE-trending veins

Type | (COz-rich inclusions): monophase (liquid CO>) inclusions with rounded
shape (sample MO16).
Type 1l (H,O-CO; inclusions): irregular-shaped inclusions containing three phases
(liquid HyO-rich phase, liquid CO,-rich phase and CO,-rich vapor) or multiphase
inclusions containing a liquid aqueous phase, a CO, or CH4 vapor phase (10-90% of
total inclusions), and one or more daughter crystals with cubic shape CO..

Type 1l (H,0-CO»-salt inclusions): multiphase inclusions of irregular shapes
containing a liquid aqueous phase, a CO, or CH, vapor phase (5-10% of total

inclusions), and one or more daughter crystals (halite) with cubic shape.
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4.2. Modes of occurrence of fluid inclusions

The investigated samples of NW-trending veins are rich in intragranular trails,
and clustered fluid inclusions. Fluid inclusions of the types I, 1, 11 generally coexist
forming irregular three-dimensional clusters within single quartz grains (Fig. 4c). Type |
inclusions occur mainly as mature negative crystal inclusions along intragranular trails
(Fig. 4b).

Type Il inclusions presented mainly rounded or regular shapes clustered (Fig.
4d) or in trails. Type 111 commonly presented irregular shapes, and as well as Type | and
Il inclusions, they occur in intragranular trails.

NE-trending veins presented dominantly fluid inclusions of the types Il and Il with
irregular shapes, isolated or randomly distributed. Intragranular trails are rare in these

veins. Type | inclusions were only observed in sample MO16, with rounded shapes.
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Fig.4. Photomicrographs of fluid inclusion types. (a) Cluster of associated Type | (CO,—
rich) and Type Il (H,O0-COy) inclusions from NW-trending vein, sample MOOQ9. (b)
Trails of Type | inclusions in NW-trending vein, sample MO11. (c) Cluster of
associated Type I, Il and Il inclusions within a single quartz crystal from NW-trending
vein from NW-trending vein, sample MO15. (d) Type Il inclusions from NE-trending
vein, sample MO2B.
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5. Fluid inclusion microthermometry

Microthermometric analyses was carried out at the Fluid Inclusion Laboratory of
the Geosciences Institute, University of S&o Paulo (Brazil), using a CHAIXMECA
MTM 85 heating-cooling stage. The stage was calibrated to the Merck MSP standard
for high temperatures and Merck Signotherm standard for low temperatures.

Microthermometric data processing were carried out with the computer software
packages FLUIDS (Bakker, 2003) and CLATHRATES (Bakker, 1997), using equations
of state by Duschek et al. (1990) and Span & Wagner (1996) for composition and
density of COz-rich inclusions; Duan et al. (1992a,b) for bulk fluid properties, density
and salinity of the aqueous phase of H,O-CO; inclusions; Zhang & Frantz (1987) for
bulk fluid properties and density and Oakes et al. (1990) for volumetric proportion of
essentially aqueous inclusions.

Laser-Raman spectroscopic analyses were performed with a LABRAM-HR 800
Horiba/Jobin Yvon Raman Spectrometer equipped with a HeNe laser, using 20mW of
laser power, at the Raman Spectroscopy Laboratory, Department of Metallurgical and
Materials Engineering, Federal University of Minas Gerais (Brazil). The carbonic-rich
phase of each inclusion analyzed was scanned for the characteristic peaks of CO,
(~1388 cm™), CH4 (~2914 cm'), N, (~2330 cm™), and the whole inclusions for the
presence of graphite or other solid carbon phases. CH, proportion was calculated
graphically according to Shepherd et al. (1985).

A summary of microthermometric results is shown in Table 1, which also

presents the abbreviations for phase transition temperatures used in the text.

NW-trending veins

Type | (CO2-rich inclusions)

Type | inclusions show a large variation in T,CO- related to variable amounts of
CH,4. Two subtypes of fluid inclusion (la and Ib) were defined based on these variations.
TmCO; ranges between -58 and -56,6 °C for type la (Fig. 6a) against -60,9 to -58,0 °C
for type Ib inclusions (Fig. 6h). Types la and Ib inclusions homogenize into the liquid
state between 8,5 and 28,8°C and from -33,9 to 26,7°C, respectively (Fig. 6b,i). ThCO-
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values indicate CO,-CH,4 densities from 0,63 to 0,87 g/cm3 for Type la inclusions and
from 0,084 to 0,92 for Type Ib inclusions (Table 2). Type Ib inclusions show CH,
proportions between 7 and 26 mol%.

Type 1l (H,0-CO; inclusions)

Type Il inclusions also display a large variation in T,CO; related to variable
amounts of CH,, conform detected by Raman spectroscopy analysis (Fig. 5), and two
subtypes (lla, 11b) were defined based on CH,4 and N; contents. T,CO; ranges from -
59,1 to -56,6°C for type lla against -59,8 to -58,0 °C for type Ilb inclusions (Fig. 6a, h).
ThCO, values (-3,7 to 30,1°C to liquid state) for Type lla inclusions, with pure CO,,
indicate CO, densities from 0,012 to 0,81 g/cm®. Type Ilb inclusions show T,CO,
values between -4,2 to 27,6°C (to liquid state) (Fig. 6i), indicating densities of 0,03 to
0,99 g/cm® and CH, proportion between 7 and 26 mol%. Clathrate dissociation from
Type lla inclusions occurs mainly in the presence of liquid and vapor CO; in the range
of -13,3 to 7,8 °C (Fig. 6c), corresponding to salinities of 3 and 29 wt.% equivalent
NaCl. Eutetic melting (Te) and Tmice values vary between -79 to 63,9°C and -20,3 to -
9,4°C (Fig. 6d,e), respectively. Total homogenization by halite dissolution occurs in the
interval of 224 to 392°C (Fig. 69), related to salinities between 26 and 46 wt.%
equivalent NaCl.

Type 1lb inclusions show clathrate dissociation values ranging from -12,3 to
25,3°C (Fig. 6j), corresponding to salinities of 4 and 29 wt.% equivalent NaCl. Tg and
Tmice range between -74,9 and 62,3°C and from -22,9 to -4,8°C (Fig. 6k,l),
respectively. Halite dissolution occurs at 248°C to 333°C, related to salinity of 26 to 50
wt.% equivalent NaCl.

Raman spectroscopy analysis (Fig. 5) shows CH, and N, proportions in the
ranges of 16-87 and 3-37 mol%, respectively.

Total homogenization (Th) for Type Ila and I1b inclusions occurs by expansion
of the aqueous-rich phase between 200 and 410°C and 276 to 371°C respectively, and
by expansion of the carbonic-rich phase between 218 and 566°C and 247 to 471°C (Fig.
6f, m) respectively.



Table 1

Summary of the microthermometric fluid inclusion data from NW- and NE-trending veins.

Vein Type ) ) Salinity
Type of Fluid Mode of T.,.CO, T,CO, T,CI Te Tmice Th DCO,-CH,
) ] 5 (wt.% NaCl n
inclusion System occurrence o) o) ) o) o) o) (g/ecm”) .
equivalent)
. 8,5to
Type la CO, Trail -58 to -56,6 28.8 _ _ _ _ 0,63t00,87 _ 39
) -33,9to 0,084 to
Type Ib CO,-CH, Trail -60,9 to -58 _ _ _ _ _ 93
26,7 0,92
H,0-CO,- ) 59,1to- -3,7to -133to -79to- -20to-  200to 31029
Type lla Trail,cluster 0,01t0 0,81 . 82
NaCl-CaCl, 56,6 29 7.8 63,9 10 410 (L) 26 t0 46
218 to
NW 566 (V)
H,0-CO,- .
) 42to0 -12,3t0 -749to -23to0- 276 to 41029
Type llb CH,4-NaCl- Trail,cluster  -59,8 to -58 0,03t0 0,99 . 28
cacl 27,6 25,3 62,3 -10 371 (L) 26 t0 50
ol 247 to
471 (V)
Type 1 HzO'(COz' .
. -13,3to -855t0 -37to- 97 to 458 1to 30
CH,)-NaCl-  Trail,cluster _ B _ - 66
25,3 -62,4 0,2 (L) 26 t0 52
Caclz

*Salinity calculated by Tm Clathrate; **Calculated by halite dissolution.
TmCO,, melting of the carbonic phase; T,CO,, homogenization temperature of the carbonic phase to the liquid (L) or vapor state (V); TnCl, clathrate melting temperature;
Tmice, ice melting temperature; Tg, eutetic melting temperature; Ty, total homogenization temperature; DCO,-CH,4, CO,-CH, density. n refers to number of individual fluid

inclusions used for microthermometric analysis.



Table 1

Cont.
Vein Type ) ) Salinity (wt.%
Type of Fluid Mode of T.,.CO, T,CO, T,CI Te Tmice Th DCO,-CH, NaCl
al n
inclusion System occurrence o) o) ) o) o) o) (g/cm®) .
equivalent)
. -57,9 to - 16,2 to
Type la CO, isolated _ _ _ _ 2
57,3 26,3
0,1to
Type Ib CO,-CH, Isolated -60,8 to -58 o5 _ _ _ 0,48t00,54 _ 24
H,0-CO,- Randomly -57,9 to - 16,2to  -5,3to 422 5to
Type lla o 48,3 -10,6 0,10 to 0,67 7,8 to 28* 6
NaCl-CaCl, distributed 57,3 26,3 29,8 439,8 (V)
NE H,0-CO,-
Randomly 0,1to -155to -70,5to -31,1to 251 to 0,06 to 0,70
Type llb CH,4-NaCl- o -59,1 to -58 5,6 to 29* 55
distributed 25,2 11,6 -30,5 -6,5 399 (V)
CaC|2
Type I H,0-(CO 10910
e - -
w 2 2 _ 03t -792t0 -43to- 318 (L)
CH,)-NaCl- isolated _ _ _ 26 to 44,5** 46
9,3 -30,5 1,6 229to
CaC|2
345**

*Salinity calculated by Tm Clathrate; **Calculated by halite dissolution.

TmCO,, melting of the carbonic phase; T,CO,, homogenization temperature of the carbonic phase to the liquid (L) or vapor state (V); T,Cl, clathrate melting temperature;
Tmice, ice melting temperature; Tg, eutetic melting temperature; Ty, total homogenization temperature; DCO,-CH,, CO,-CH, density. n refers to number of individual fluid

inclusions used for microthermometric analysis.
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Type 111 (H,0-CO,-salt inclusions)

Type I inclusions showed the double freezing phenomena (Roedder, 1984)
during microthermometric analysis, which indicate clathrate formation (and therefore
the presence of volatile compounds), although clathrate dissociation have been observed
only in a few inclusions (values of -13,3 to 25,5°C) (Fig. 6n). Traces of CO, and CH,
were also detected by Raman spectroscopy (Fig.5, sample MO-13), however few
measurements were made due to the small size of inclusions and the volatile proportion
cannot be quantified. Thus, this type of inclusions was considered as essentially
aqueous. Type Il inclusions show Tg and Tmice values between -85,5 and -62,3 °C and
from -37 to -0,2°C, (Fig. 60, p), respectively. Total homogenization occurs by halite
dissolution in the interval of 215 to 419°C (Fig. 6r), corresponding to salinities between
26 and 52 wt.% equivalent NaCl. Homogenization of the aqueous phase (to the liquid)
occurs in the range of 97 to 458°C (Fig. 6q).

NE-trending veins
Type | (CO2-rich inclusions)

TmCO; ranges between -59,1 and -58°C for type Ib (Fig. 6h). Type Ilb inclusions
show ThCO; values between 0,1 to 22,9 °C (to liquid state) (Fig. 6t).

Type 1l (H,0-CO; inclusions)

Type Il inclusions also display a large variation in T,CO; related to variable
amounts of CH, and two subtypes (lla, 11b) were defined based on CH, and N, contents.
TmCO; ranges from -57,9 to -57,3°C for type lla against -60,8 to -58,0 °C for type llb
inclusions. ThCO; values (16,2 to 26,3°C to liquid state) for Type lla inclusions, with
pure CO,, indicate CO, densities from 0,10 to 0,67 g/cm3. Type 1lb inclusions show
ThCO, values between 0,1 to 25,2 °C (to liquid state) (Fig. 6t), indicating densities of
0,06 to 0,70 g/cm®. Clathrate dissociation from Type Ila inclusions occurs mainly in the
presence of liquid and vapor CO in the range of -5,3 to 29,8 °C . Eutetic melting (Tg)
and Tmice values -48,3°C and -10,6°C, respectively.
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Fig.5. Representative Raman spectra obtained on selected Type Il and Il inclusions.

Type lIb inclusions show clathrate dissociation values ranging from -15,5 to
11,6°C (Fig. 6u), corresponding to salinities of 5 and 29 wt.% equivalent NaCl. Te and
Tmice range between -70,5 and -30,5°C and from -31,1 to -6,5°C (Fig. 6v),

respectively.



Fig. 6. Histograms showing microthermometric data obtained on Type I, II and III fluid inclusions from the Morro do Ouro Mine gold-quartz veins.
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Total homogenization (Th) for Type Ila occurs by expansion of the carbonic-rich phase
between 422,5 and 439,8°C and for Type Ilb by expansion of the carbonic-rich phase
between 251 and 399°C (Fig. 6x).

Type 111 (H,0-CO,-salt inclusions)

Type I inclusions showed the double freezing phenomena (Roedder, 1984)
during microthermometric analysis, although clathrate dissociation have been observed
only in a few inclusions (values of -0,3 to 9,3°C) (Fig. 6w). Type Il inclusions show Tg
and Tmice values between -79,2 and -30,5 °C and from -43 to -1,6°C, (Fig. 6y, 2),
respectively. Total homogenization occurs by halite dissolution in the interval of 229 to
385°C corresponding to salinities between 26 and 45 wt.% equivalent NaCl.
Homogenization of the aqueous phase (to the liquid) occurs in the range of 109 to
318°C (Fig. 6a’).

Type Il and Il inclusions which showed Trice values lower than the stable
eutectic point of pure H,O-NaCl system (—21.8 °C) we calculated salinities equivalent

to CaCl, weight percent between 27 and 29.
6. Interpretation of fluid inclusion data

The fluid inclusion assemblage formed by types I, Il and Il inclusions within
auriferous quartz veins represents the main episode of fluid circulation and entrapment.
The abundance of these inclusions with a random three-dimensional distribution and
well preserved original growth microstructures is good evidence that they are primary
fluid inclusions (i.e. trapped at the time of vein formation), which have not been
destroyed during the low-temperature deformation event occurred in the quartz-vein
system, represented by weak undulose extinction and restricted bulging recrystallization
microstructures (Faleitos et al., 2007).

Effects of post-entrapment modifications in CO,-bearing inclusions can be
qualitatively investigated using plots of CO, volumetric ratio (\coy) versus density and
salinity (e.g., Faleiros et al., 2007). Fig. 7a shows a bimodal distribution of CO,-rich
phase density at around of the values 0.1 and 0.99 g/cm®, independently of the Vco..

Fig. 7b shows a small variation of CO,-rich phase density at around of the values
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0.1 and 0.2 g/lcm?®, also independently of the Vco,. These facts indicate that selective
H,O-loss (Crawford & Hollister, 1986; Bakker & Jansen, 1990; Hollister, 1990;
Johnson & Hollister, 1995; Faleiros et al., 2010) cannot be responsible for the variation
of Vco,. Corroborate this interpretation the fact that most of the Type | (carbonic)
inclusions present the highest densities, and the absence of positive correlation between
Vco, and salinity (Fig. 7c, d), once strain-induced H,O-loss must lead to enrichment in

components such as NaCl and CaCl; (Hollister, 1990).
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Disregarding post-entrapment modifications of fluid inclusions, the occurrence
of H,O-CO; inclusions with highly variable CO, volumetric proportion in the same
assemblage may be explained by two mechanisms: entrapment of two unmixed fluids
from a parental homogeneous fluid (fluid immiscibility) (e.g., Ramboz et al., 1982;

Diamond, 1990), or entrapment of two mechanically mixed fluids (e.g., Anderson et al.,
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1992). Ramboz et al. (1982) proposed two main criteria that can be used, and is

generally accepted, to test the possible occurrence of fluid immiscibility:

(1) The different types of inclusions must occur in the same regions of the same sample,
and there must be good evidence of their contemporaneous trapping. Types I, 1l and Ill
fluid inclusions coexist forming individual populations in single grains as primary

clusters or trails (see Fig. 4c), meeting this criterion.

(2) The different types of inclusions must homogenize within the same range of
temperature by opposite modes, one to the liquid and the other to the vapor phase,
reflecting contrasting densities. Types Il and Il fluid inclusions exhibit the same
homogenization temperatures for both liquid- and vapor-rich fluid inclusions (Figs. 8a,

b), attending this criterion.
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According to this test, the primary fluid inclusions from the Morro do Ouro
auriferous veins satisfy all the three Ramboz’s et al. (1982) criteria for fluid
immiscibility. Thus, we conclude that Types I, Il and I1I inclusions represent immiscible
fluids derived from unmixing of a homogeneous H>O-CO,-CH4-N2-NaCl-CaCl,
parental fluid. However, examining the microthermometric data in detail, fluid
immiscibility alone cannot explain the observed variations in the values of density,
salinity, and composition of fluid inclusions.

Types Il inclusions show a positive correlation between T,,CO, and T,CO, (Fig.

9c, d), indicating that the variation of T,CO- is strongly influenced by the CH,4 content.
This can indicate a heterogeneous mixing between two fluids with different contents of
CHy, or heterogeneous exchanges between fluids and surrounding rocks.
Type | inclusions show a narrow variation of T,CO, related to a large variation of
ThCO; (9a, b), which can be explained in terms of pressure fluctuation during fluid
entrapment (Dugdale & Hagemann, 2001; Faleiros et al., 2007). Pressure fluctuation
also can explain the trends of bimodal distribution of CO, density for largely variable
CO; volumetric proportions of the Type Il inclusions (Fig. 7a) (e.g., Faleiros et al.,
2007; Saunite et al., 2011).
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Types Il and 111 fluid inclusions with high salinities are common in the studied
auriferous quartz veins and generally the dissolution of their daughter minerals occurs
in a restricted temperature (Ts) range, although with a certain dispersion. Fig. 10a
display two trends of variation of Ts relative to Th: (i) the majority of inclusions follows
approximately the line where Ts = Th, which is expected for the entrapment of an
originally saturated boiling solution (Ramboz et al., 1982); (ii) a second trend, defined
by few inclusions, is characterized by largely variable values of Ts to constant values of
Th, which indicates heterogeneous trapping of daughter halite crystals in a solution
previous saturated with respect to NaCl (e.g., Ramboz et al., 1982; Cloke & Kesler,
1979).
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As the extensive salinity variation observed in coexisting fluid inclusions from
the Morro do Ouro auriferous veins cannot be explained by variations related to fluid
immiscibility alone (Anderson et al., 1992; Bodnar & Vityk, 1994), two other

possibilities should be considered: (1) mechanical mixing between fluids of different
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salinities (Anderson et al., 1992), and (2) heterogeneous exchanges between fluids and
surrounding rocks.

Fig. 10c shows three characteristic trends, which can be explained by (a) fluid
mixing of large salinity variation at constant temperatures; (b) fluid mixing between a
slightly saline, cold fluid, and a highly saline hot fluid (the inverse path could be
explained as the dilution of a more primitive high salinity hot fluid with the percolation
of a slightly saline meteoric fluid); (c) post-entrapment modifications with selective
H,O-loss. As tendencies (a) and (b) are well defined, and there are no other evidences
to prove significant post-trapping modifications, we interpret the variation in salinity as
the result from mechanical mixing between fluids of different salinities.

Fig. 10b shows a main trend which can be explained by fluid mixing,
demonstrating that the mixture has occurred in both NE- and NW-trending veins,
although in the NE-trending veins the dilution of a high salinity hot fluid with the

percolation of a slightly saline fluid seems to be the case.
7. P-T entrapment conditions

Fluid inclusions isochores were calculated based on equations by Duan et al.

(1992a,b) for CO,-rich fluid inclusions, Bakker (1999) for H,O-CO, and Zhang &
Frantz (1987) for essentially aqueous inclusions, with the ISOC computer software
(Bakker, 2003). Estimations of lithostatic and hydrostatic pressure gradients (Fig. 12) to
use as reference were calculated based on possible geothermal gradients of 30°C/km
and 40°C/km, average rock density of 2.7 g/cm® and water density of 1.0 g/cm®.
Table 2 presents the calculated P-T entrapment conditions for the fluid inclusion
assemblage composed of types I, Il and 11 inclusions. These conditions were calculated
using the average lower Ty values, the Loucks’ (2000) statistical procedure and the
isochore intersection method (Roedder, 1984).

The Tyap estimation was obtained through linear regression of Ty, frequency
distribution, as presented in Loucks (2000). We obtained entrapment conditions of 240
*+ 4°C and 62 to 111 MPa (MO-09), 226 + 4°C and 51 to 140 MPa (MO-14), 208 *
12°C and 10 to 66 MPa (MO-01B) and 235 + 11°C (MO-11). Ty errors correspond to
standard deviations of the regression trend to its abscissa intercept at log RCF = 0

(retro-cumulative frequency) at the 95% confidence interval (Fig.11).
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Isochore intersections within or near the average lower Th fields provide

entrapment conditions of 262 + 15°C and 90 to 130 MPa (M0O-09), 279 + 13°C and 130
to 180 MPa (MO-14), 231 + 13°C and 64 to 78 MPa (MO-01B).
Considering the average trapping temperatures of samples from NW-trending veins
(235°C) and ENE-trending veins (208°C) calculated by the Loucks (2000) statistical
procedure and the calculated isochores, we considered pressure conditions of 125-240
MPa (MO-03), 70-115 MPa (MO-15) and 60-70 MPa (MO-16) for samples without
independent temperature estimations.

As can be observed in Fig. 12, most of samples shown significant pressure
variation (from 10 to 240 MPa of pressure variation in individual samples). Once there
is no evidence for significant post-trapping modifications or for a different fluid
inclusion assemblage trapped in a distinct stage, we interpret that this pressure variation

resulted from fluid pressure fluctuation during vein crystallization.
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trend to its abscissa intercept at log RCF = 0 (Loucks, 2000).



Table 2

Calculated P-T conditions of the fluid inclusion assemblages.

sample MU Tos  MIUME Aol Tap(Olechore Pro(MPaischoe  fiae’ B fluat
method (MPa)

MO09 200 76 235+15 262+15 90 to 130 24044 62 t0 111 53**

MO14 197 95 229+17 279+13 130to 180 22614 51 to 140 89**

MO13 149,4 52 195

MO1B 196 59 208+21 231+13 64 t0 78 208+12 10 to 66 56**

MO03 276,3 141 235+15 125 to 240 115

MO11 212 5 235+15 235+11

MO15 300,9 89 235+15 70to 115 45

MO16 208+15 60 to 70 10

**Tirap aNd Py,p estimated according to Loucks’ (2000) statistical method. Ty,, entrapment temperature; Py, entrapment pressure.
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Fig. 12. P-T diagram with isochores for fluid inclusions trapped under subsolvus conditions. Vertical black rectangle correspond to pressure fluctuations at entrapment temperatures
estimated from Loucks’ (2000) method. Grey vertical boxes are the average lower Th values obtained from microthermometric data.
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8. Discussion

8.1. Fault-valve behavior and formation of auriferous quartz veins

The fault-valve behavior is expected to operate in fault systems unfavorably
oriented for frictional reactivation (Sibson et al., 1988; Sibson, 2001), and mesothermal
gold mineralization formed by this process in high-fluid flux regimes has been
frequently associated with high-angle reverse faults (e.g., Boullier and Robert, 1992;
Robert et al., 1995; Henderson and MacCaig, 1996). Extensional veins in this
environment are formed within dilatant zones during pre-seismic stages (Sibson et al.,
1988), following hydraulic fracturing, and the fluid pressure often reaches or exceeds
the lithostatic pressure (e.g., Cox et al., 1995; Robert et al., 1995). When the fluid
pressure overcomes the time-dependent fault shear strength, shear failure occurs along
the main fault zone causing fracture permeability and a sudden drop of the fluid
pressure. As a consequence, the surrounding fluids migrate to the opened fault zone
forming fault-fill or shear veins (Sibson et al., 1988). It is expected sublithostatic to
hydrostatic values of fluid pressure during the formation of fault-fill and shear veins
(e.g., Robert et al., 1995). Extensional veins cannot be formed in fault systems
favorably oriented for frictional reactivation because reshear will always occur first
(Sibson, 2001). Nevertheless, Kolb et al. (2004) describe laminated fault-fill auriferous
veins formed under regimes of fluctuating fluid pressure and stress for a favorably
oriented fault system at the Hutti Gold Mine, India. Another example of gold
mineralization associated with fault-valve process in optimally oriented shear zones is
described by Nguyen et al. (1998) for the Revenge Gold Mine, Australia.

The Morro do Ouro Mine district is at a distance of about 600-700 meters of the
Carumbe Fault, a major NE-trending transcurrent fault zone that is severely misoriented
for frictional reactivation (angle between o; and the fault higher than 60°). The vein
geometric arrangement suggests subhorizontal NW maximum compression (c1) and
subhorizontal NE least compressive stress (o3), which is probably associated with a
strike-slip regime (ov=02).

The presence of mesoscopic NE-trending brittle faults, sometimes filled by
auriferous quartz veins, within the mine area raises the possibility of an active influence
of the Carumbé Fault on the formation of the mineralized veins. This is corroborated by

the quantified fluid pressure regimes and by the fact that extensional veins are
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subvertical and indicate horizontal 61 and o3, a transcurrent-related stress field. NW-
trending extensional veins, where elongated blocky and fibrous growth microstructures
indicate that fill true extensional fractures, were dominantly formed under near-
lithostatic to supralithostatic values of fluid pressures (125-240 MPa at 235°C). ENE-
trending veins present blocky microstructure crystallized dominantly under near-
hydrostatic values of fluid pressure (55-80 MPa at 208°C). Considering the fluid
pressure regimes and the fact that ENE-trending veins fill fractures that are parallel to
the axial surface of tight D, folds, which is a region of lower resistance of rocks, and
also mesoscopic NE-treding brittle faults, these veins should have been formed by fluid
discharge to the ruptured zone following episodes of seismic failure. Fluid inclusion
studies have revealed that fluid composition from both ENE-trending veins and NW-
trending extensional veins are similar, and thus they should have been formed in
cyclical events.

Fluid inclusion studies performed on fault-related veins of different settings
generally recognized fluid pressure fluctuating between near-lithostatic and near-
hydrostatic values (Parry and Bruhn, 1990; Parry et al., 1991; Robert et al., 1995;
Henderson and MacCaig, 1996; Montomoli et al., 2001; Faleiros et al., 2007). The
highest variations for individual settings were observed on high-angle reverse faults,
where pressure fluctuation of the order of 200-350 MPa and 200-500 MPa was
quantified for the Sigma Mine, Quebec (Robert et al., 1995) and the Central Pyrenees,
France (Henderson and MacCaig, 1996), respectively. Less expressive pressure
fluctuations were observed for veins formed in other tectonic settings. Montomoli et al.
(2001) recognized pressure fluctuation up to 100-150 MPa for veins associated with the
Tuscan Nappe in the Northern Apennines, Italy. Faleiros et al. (2007) quantified
pressure fluctuation of 83-125 MPa for foliation-parallel veins and of 30-43 MPa for
extensional veins associated with a major dextral transcurrent shear zone in the Ribeira
Belt, SE Brazil. Parry and Bruhn (1990) and Parry et al. (1991) recognized pressure
fluctuation of 5-126 MPa in hydrothermally altered footwall rocks from normal faults in
Utah and Nevada, North America. The auriferous veins present at the Morro do Ouro
Mine district record pressure fluctuation between 85 and 105 MPa (NW-trending
extensional veins) and from 10 to 56 MPa (ENE-trending veins). Although formed
dominantly under near-lithostatic to supralithostatic values of fluid pressures (125-240
MPa), the NW-trending extensional veins show a subordinated group of fluid inclusions

trapped under near-hydrostatic pressure conditions (~55 MPa; Fig. 11). Also the ENE-
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trending veins, formed dominantly under near-hydrostatic values of fluid pressures (55—
80 MPa), display subordinated groups of fluid inclusions trapped under near-lithostatic
(up to 110 MPa) and subhydrostatic (10 MPa) pressure conditions (Fig. 13).

The evidence described for the auriferous veins from the Morro do Ouro Mine
fulfills all the predicted conditions for the fault-valve process and is generally similar to
observations of natural cases described for high-angle reverse faults (e.g., Boullier and
Robert, 1992; Robert et al., 1995; Henderson and MacCaig, 1996). The mixing of fluids
of highly contrasting compositions suggests that fluids of different reservoirs were
drained to the mineralized area. Fluid immiscibility and fluid mixing processes are also
expected to operate as a consequence of the fault-valve behavior, and have been
observed in natural examples (e.g., Dugdale and Hagemann, 2001; Montomoli et al.,
2001; Faleiros et al., 2007).

8.2. Fluid immiscibility, fluid mixing and gold precipitation

The mechanisms involved in gold precipitation from hydrothermal ore fluids
generally include changes in physicochemical conditions of the fluid at the site of ore
deposition. Changes in ore fluid chemistry associated with pressure or temperature
variations can result from several geological processes, as well as: (1) adiabatic and
conductive cooling of the ore fluids (Mikucki, 1998), (2) interaction between ore fluids
and their surrounding host rocks; (3) phase separation (i.e., fluid immiscibility) in
response to pressure decrease during the rise or throttling of the ore fluid (Brown, 1986;
Seward, 1989; Dugdale and Hagemann, 2001); or (4) by the mixing of two or more
different fluids (Anderson et al., 1992; Mikucki, 1998).

Fluid immiscibility has been interpreted to be an important mechanism for gold
precipitation in hydrothermal systems (Brown, 1986; Seward, 1989; Dugdale and
Hagemann, 2001). However, gold deposition via phase separation will only take place if
ambient conditions fall below those of the solvus for the fluid compositions in question,
which can be related to advection of the fluid to higher crustal levels (Spooner et al.,
1985), a catastrophic drop in P due to fault-valve mechanisms (Cox et al., 1995; Robert
et al., 1995) or by expansion of the solvus due to interaction of the fluid with graphitic
host rocks or mixing with CHy-rich fluids (Naden and Shepherd, 1989). Mikucki and
Groves (1990) suggested that gold deposition from a hydrothermal ore fluid by fluid

immiscibility processes will depend on the initial fluid compositions and the magnitude
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and relative rates at which pH, m}s, fO, and temperature vary during the event. So
that, the change in mYs during phase separation will generally support gold
precipitation, whereas heat loss, increase in fO, and pH during initial phase separation
act to O, restrain gold deposition.

Robert et al. (1995) proposed that the homogeneous fluid trapping may be triggered by
fluctuations in fluid pressure between lithostatic and lower values during vein
development. Robert and Kelly (1987) also suggest that gold precipitation may be
induced by a decrease in pressure which also caused fluid immiscibility or by chemical
changes in the liquid phase resulting from the fluid immiscibility itself.

According to Naden and Shepherd (1989) fluid immiscibility is initiated in
response to a very little fluid-rock interaction due to the restricted solubility of methane
in aqueous brines. Therefore, fluid immiscibility and precipitation of gold could be
favored by wall-rock reactions with graphite that produced methane as one of the
volatile species. These authors also suggested that the system H,O-CH,4-NaCl presents
an extensive two-phase field, which indicates that fluids containing more than a few
mole per cent methane could produce significant unmixing over a wide range of
geological conditions.

Types I, 1l and 111 inclusions trapped under subsolvus conditions occurs in all the
analyzed auriferous quartz veins from the Morro do Ouro Mine. The presence of free
gold within the veins indicates that the gold precipitation was concomitant with the vein
growth. Hence, fluid immiscibility can be proposed as important mechanism in gold
precipitation in both types of veins.

Considering the most significant aspects of seismic failure behavior and the
effect it has on fluid dynamics during mineralization, pressure variations due to fault
rupture should have a key role in fluid mixing and fluid immiscibility, as observed in
some natural cases (e.g., Dugdale and Hagemann, 2001; Faleiros et al., 2007). The
abrupt decrease in fluid pressure attendant upon failure may cause the high-salinity hot
fluid at near-lithostatic pressures to migrate into the lower pressure dilatants zone. As a
result, this fluid influx could lead to efficient mixing of highly contrasting salinities
fluids of different reservoirs allowing a critical condition for gold deposition. According
to Hagemann et al. (1994) in the higher crustal level, hydrothermal fluids from a
number of sources (e.g., meteoric, marine, basinal fluids and deep-seated metamorphic
or magmatic fluids) could have been present. Considerations about the origin of fluids

involved on mineralization of the Morro do Ouro Mine district remain unclear and more
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studies on this subject are required. However, the presence of a highly saline fluid raises
the possibility of the influence of a magmatic fluid, which could be associated with the

granitic stock present at approximately 550-600 meters of the mine area (Figure 1b).

9. Conclusions

The analysis of the auriferous veins from the Morro do Ouro deposit,
southeastern Brazil, provides good evidence that gold-quartz veins could be related to
fault-valve action as suggested by the structural and fluid inclusion data.

Structural data suggest that this deposit has been controlled principally by fault
geometry, once the mineralized veins are adjacent to a major dextral transcurrent fault
zone which is considered severely misoriented for frictional reactivation.

NW-trending extensional veins were dominantly formed under near-lithostatic to
supralithostatic values of fluid pressures (125-240 MPa at 235°C) during pre-seismic
failure stages, whereas, ENE-trending veins precipitated under near-hydrostatic values
of fluid pressure (10-70 MPa at 208°C) by fluid discharge to the ruptured zone
following episodes of seismic failure.

The NW-trending veins present a fluid inclusion assemblage dominated by CO,-
CHy inclusions and H,O-CO,-CH4-N,-NaCl-CacCl, inclusions of highly contrasting
salinities (4 to 52 wt. % NaCl equivalent) and the NE-trending veins present fluid
inclusion assemblage dominated by H,0-CO,-CH4-N,-NaCl-CaCl, inclusions of
contrasting salinities (4 to 45 wt. % NaCl equivalent). The entrapment of fluids
occurred at temperatures between 225 and 240°C in NW-trending veins and
approximately  208°C in NE-trending veins, which records evidences of fluid
immiscibility and mixing between fluids of highly contrasting compositions.

The hydrothermal fluids were probably enriched in gold through interaction with
the host rocks and its precipitation is attributed to changes of physicochemical
properties due to fluid immiscibility and mixing between fluids of highly contrasting
salinites, as a consequence of cyclic fluctuations in the fluid pressure and tectonic

stresses accompanying episodes of seismogenic fault activity.
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A jazida Morro do Ouro posiciona-se regionalmente no Terreno Apiai (Fig. 1),
porcdo meridional do Cinturdo Ribeira, que compreende sequéncias de rochas supracrustais
de baixo a médio grau metamdrfico com orientacdo geral NE. A mineralizacdo da mina
Morro do Ouro ocorre principalmente em veios de quartzo hospedados em rochas
metassedimentares de baixo grau da Sequéncia Morro do Ouro, atualmente considerada

como integrante da Formac&o Agua Clara de idade calimiana (ca. 1450-1500 Ma).
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Figura 1: Mapa tectonico simplificado mostrando as relagdes entre o fragmento cratonico
Luis Alves (Terreno Luis Alves) e os terrenos Apiai, Curitiba e Paranagud integrantes do
Citurao Ribeira (extraido de Faleiros & Costa, 2009). O retangulo na regido central do
mapa corresponde a Folha Apiai 1:100.000.



O atual estdgio de conhecimento acerca dos diversos aspectos metalogenéticos
relacionados & jazida do Morro do Ouro ainda é insuficiente para caracterizar 0s processos
geoldgicos responsdveis pela formagdo de seus corpos de minério. Desta forma, a
caracterizacao estrutural dos veios auriferos juntamente com a caracterizacdo da natureza dos
fluidos por meio do estudo de inclusdes fluidas proporciona uma oportunidade de avaliacdo
sobre a formag&o destes veios e a génese da mineralizagdo aurifera.

Ocorrem duas familias de veios mineralizados em ouro: (i) veios extensionais com
atitude média de N4OW/75NE e (ii) veios paralelos & xistosidade principal (S;) com atitude
media de N30E/75NW. Macroscopicamente 0s veios apresentam-se indeformados ou
localmente com feigGes de boudinagem. Microscopicamente os veios sdo pouco deformados,
apresentando extingdo ondulante e recristalizagdo dindmica incipiente pelo processo de
bulging recrystallization. Este processo € evidenciado pela formagdo de gréos
neocristalizados muito finos preferencialmente ao longo dos contatos ou jungBes triplices
entre grdos maiores ou ao longo de microfraturas ou bandas de cisalhamento. Além de
quartzo, que representa aproximadamente 99% em volume dos veios, ocorrem pequenos
conteuidos de sulfetos como pirita, calcopirita e pirrotita, e também ouro livre.

Nos cristais de quartzo foram observados trés tipos composicionais de inclusdes
fluidas: (1) inclusdes monofasicas ricas em CO; e outros componentes volateis, apresentando
densidades entre 0,65 e 0,97 g/cm?; (1) inclusdes aquocarbdnicas bifasicas a trifasicas com
salinidades baixas a altas (1,1 a 29 % em peso do NaCl eq.) e densidade da fase volétil entre
0,61 e 0,92 g/cm?; e (111) incluses aquosas multifasicas com sélidos de saturacéo (sistema
H,0O-NaCl-CacCl,) e salinidades muito altas (31 a 50 % em peso do NaCl eq.).

A integracdo dos dados microtermométricos indica trés processos dominantes: (i)
flutuacdo de pressao, (ii) imiscibilidade de fluidos e (iii) mistura de fluidos.

Nos diagramas TfCO, X ThCO, para as amostras de veios extensionais, os dados
microtermométricos indicam uma tendéncia & correlacdo positiva para um numero
consideravel de inclusdes sugerindo, desta forma, que a variagdo na ThCO,, em muitos
casos, estd condicionada a variagdo da composi¢do da fase volatil (Fig. 2e). No entanto,
outras inclusdes apresentam TfCO; relativamente constantes e variagdes em ThCO,. Os veios
paralelos apresentam certa dispersédo (Fig. 2a e b), entretanto observa-se que para uma
pequena faixa de variagdo de TfCO,, ocorrem grandes variagdes em ThCO,. Dugdale e
Hagemann (2001) discutem relagdes semelhantes como sendo decorrentes de flutuagOes de
pressdo. O diagrama dCO, x VCO,/Vt (Fig. 2g) mostra inclusdes com densidades bastante

varigveis para volumes constantes de CO; (e.g., inclusdes com VCO,/Vt de 10 e 100% da



amostra MOO03). Como ndo existem evidéncias de que estas variacdes de densidade estdo
associadas a modificagcbes pos-aprisionamento, interpretamos que sdo decorrentes de
flutuacdo de pressdo durante o aprisionamento.

Foram observadas IFs com grandes variagfes na proporcdo volumétrica entre as fases,
inclusive as referentes aos termos extremos do sistema, sugerindo o processo de
imiscibilidade. Este processo pode ser confirmado pelos diagramas Thy., x Vcoa/Vt (Fig. 2d e
h), nos quais observa-se que os termos extremos do sistema apresentam tipos distintos de
homogeneizacdo, embora huma mesma faixa de temperatura. Tais caracteristicas estdo de
acordo com os critérios sugeridos por Ramboz et al, (1982) para testar a possivel ocorréncia
de imiscibilidade de fluidos. Nesses casos, valores proximos aos das Th minimas referentes a
esses termos extremos sdo 0s mais representativos das temperaturas reais de formacao das
inclusdes (Roedder 1984). Desse modo, a temperatura de aprisionamento das inclusdes
primarias e, por conseguinte, para a formacdo das mineralizagbes auriferas esta situada entre
250 a 350°C (Fig. 2d e h).

Os processos de misturas de fluidos, associados a imiscibilidade, sdo sugeridos pelas
dispersbes dos pontos observadas em varios diagramas, sendo também caracterizados pelas

grandes variagOes nas salinidades.
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Figura 2: Diagramas. a), b), e) e f) Temperatura de fusdo de CO, versus temperatura de
homogeneizagdo de COy, c) e g) Densidade de CO2 versus Vco,/Vt; d) e h)Temperatura de

homogeneizacgéo total versus Vco,/Vt .

Diversos modelos de desenvolvimento de veios associados a zonas de cisalhamento
sdo discutidos na literatura. Dentre estes destacam-se os modelos de bombeamento sismico

(Sibson et al., 1975), e o de comportamento falha-valvula (Sibson et al., 1988, Robert et al.,



1995). Ambos os modelos relacionam a geracdo de veios ao longo de uma zona de
cisalnamento com uma ciclicidade na variagdo da presséo de fluidos (flutuagdo de presséo)
acoplada a variagdo no esforgo tectdnico correlacionada a eventos sismicos.

A auséncia de evidéncias de modificacbes posteriores ao aprisionamento das
inclusdes, aliado as grandes variacBes de densidades em todos os grupos identificados,
indicam grandes variagdes de pressdo que sdo compativeis com a interpretacdo de processos
de desenvolvimento ciclico de veios como mecanismo responsavel pelo transporte e

redistribuicdo de fluidos durante a ativacéo sismica de zonas de cisalhamento.
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