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RESUMO

A presente pesquisa abordou os aspectos morfoldgicos, texturais e composicionais de
cristais de quartzo e cassiterita do Granito Mocambo e de corpos de greisens associados,
pertencentes a Suite Intrusiva Velho Guilherme, Provincia Carajés, e sua relagdo com a
mineralizacdo estanifera. O estudo foi realizado com auxilio de um microscopio eletrdnico de
varredura, utilizando imagens de catodoluminescencia, analises semiquantitativas por
espectroscopia por dispersdo de energia e por microssonda eletronica. Foram estudadas
diferentes facies e rochas greisenizadas do Granito Mocambo, onde foi possivel identificar
cinco tipos de quartzo, denominados de Qz1, Qz2, Qz3, Qz4 e Qz5. O Qz1 é considerado o
tipo precoce, de origem magmatica, presente em todas as facies, sendo menos frequente nos
greisens. Aparece como fenocristais anédricos a subarredondados luminescentes (cinza claro)
com grau de fraturamento variavel, bem como cristais finos a médios dispersos na matriz.
Nucleos luminescentes com zonamentos claro-escuro alternados ou reabsorvidos s&o comuns.
O Qz2 e posterior a0 Qz1 e pouco luminescente (cinza escuro); esta presente em todas as
facies, porem é pouco frequente no greisen. Ocorre geralmente como manchas irregulares
descontinuas ou preenchendo fraturas e veios que seccionam o Qz1, sugerindo processo de
intensa substituicdo. O Qz3 ndo apresenta luminescéncia. Ocorre praticamente em todas as
facies preenchendo fraturas que seccionam o Qz1 e Qz2. O Qz4 esta presente nas rochas mais
evoluidas e intensamente alteradas, no greisen e em veios ou cavidades intersticiais,
geralmente associado a cristais de cassiterita. Forma cristais euédricos a subédricos médios,
pouco fraturados, com zonamento claro-escuro bem definido e espessura variavel. O Qz5
ocorre seccionando e formando manchas irregulares sobre 0 Qz4, associando-se geralmante
com wolframita ou wolframita + cassiterita em veios de quartzo. Sao cristais anédricos, de
granulacdo média a grossa, pouco fraturados e luminescentes. Analises de microssonda
eletrébnica mostraram que o Qzl1 e Qz2 da facies sienogranito a monzogranito porfiritico
(SMGP), apresentaram maiores concentracfes de Ti (9 - 104 ppm) e menores de Al (10 - 149
ppm). Cristais de Qzl, Qz2 e Qz3 da facies aplito-alcali feldspato-granito (AAFG)
apresentaram contetudos menores de Ti (5 - 87 ppm), comparados aos valores dos quartzos do
SMGP, e valores de Al que chegam a 2065 ppm. Nos Qzl, Qz2 e Qz3 das rochas
greisenizadas, o Ti apresentou teores mais baixos (0 e 62 ppm) e o Al contetdos variaveis (0 -
167 ppm). Nos cristais de Qz4 das rochas greisenizadas mineralizadas em cassiterita, o Ti ndo
ultrapassou 20 ppm, enquanto o Al apresentou enriquecimento acentuado, ultrapassando 3000

ppm. Nos veios de quartzo mineralizados em wolframita ou wolframita + cassiterita,
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constituido basicamente por Qz5, as concentracdes de Ti e Al apresentaram, baixos valores,
com contelldos maximos de 7 e 77 ppm, respectivamente. A cassiterita é representada por
cristais finos a grossos, anédricos a subédricos, associados a clorita, muscovita, fengita e
siderofilita nas rochas greisenizadas ou comumente inclusas em cristais de wolframita em
veios de quartzo. Apresenta coloracdo castanho clara a avermelhada e cores de interferéncia
alta. Cristais mais desenvolvidos mostram zonamentos concéntricos. Analises realizadas por
ME mostraram que além de Sn, as cassiteritas apresentam concentracdes menores de Fe, Ti,
W, Nb e tragos de Mn. As concentragdes de Fe, Nb, Ti e W sdo maiores nas manchas mais
escuras, enquanto 0 Sn apresenta maior pureza nas partes mais claras dos cristais. Cassiteritas
associadas ao Qz5 (hidrotermal), estdo muitas vezes inclusas em cristais de wolframitas ou
sdo parcialmente substituidas por estas. O presente estudo mostrou que o quartzo foi um
excelente marcador da evolucdo magmatica e das alteracbes decorrentes dos processos
hidrotermais que atuaram no GM, no qual foi possivel distinguir uma geracdo magmatica e
quatro tipos hidrotermais. As imagens de CL indicam que a mineralizacdo estanifera esta
presente nas rochas mais evoluidas e alteradas hidrotermalmente, como nas rochas
greisenizadas e veios de quartzo, onde a cassiterita estd associada ao Qz4 ou Qz5 +
wolframita. O Qz5 sugere um possivel evento hidrotermal mineralizante de wolframita,

posterior ao que originou a cassiterita associada ao Qz4.

Palavras-chave: Provincia Carajas. MEV — Catodoluminescéncia. Quartzo. Alteracao

hidrotermal. Mineralizacdo estanifeta. Cassiterita.
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ABSTRACT

The present research deals with the morphological, compositional and textural aspects
of quartz and cassiterite crystals of the Mocambo Granite (MG) and of associated greisens
bodies, belonging to the Velho Guilherme Intrusive Suite, Carajas Province, and its relation
with the tin mineralization. The study was performed with the aid of scanning electron
microscope (SEM), using catodoluminescence (CL) images, semiquantitative analyzes by
energy dispersive spectroscopy (EDS) and by electronic microprobe (EM) analyzes. Different
facies and greisenized rocks of the MG were studied and it was possible to identify five types
of quartz, called Qz1, Qz2, Qz3, Qz4 and Qz5. The Qz1, considered the most earlier type and
of magmatic origin, can be found in all facies, being less frequent in the greisens. It appears as
anhedral phenocrysts to luminescent sub-rounded (light gray), with varying degree of
fracturing, as well as fine-to medium-grained crystals dispersed in the groundmass.
Luminescent nuclei with alternating or reasorbed alternating light-dark zonations are
common. Qz2 is posterior to Qz1 and not luminescent (dark gray); is present in all facies, but
is rare in the greisen. It usually occurs as irregular discontinuous stains or filling fractures and
shafts that section the Qz1, suggesting a process of intense replacement. The Qz3 does not
show luminescence. It occurs in almost all facies filling a fracture that cuts Qz1 and Qz2. The
Qz4 is present in the most evolved and intensely altered rocks, in the greisen and in veins or
interstitial cavities, usully associated with cassiterite crystals. It is represented by euhedral,
medium-greined, slightly fractured crystals, with well-defined light-dark zoning and variable
thickness. Qz5 occurs sectioning and forming irregular spots on Qz4, being associated
generally with wolframite or wolframite + cassiterite in quartz veins. They are slightly
fractured, luminescent, meduium-to-coarse greined anhedral crystals. Qz1 and Qz2 from
porphyritic syenogranite to monzogranite facies show high Ti concentration (9.5 - 104 ppm)
and low Al (10 - 149 ppm). Qz1, Qz2 and Qz3 crystals from the aplitic alkali-feldspar granite
facies presented slightly lower Ti contents (5 - 87 ppm) in comparison to SGMP quartz values
and Al values that reach 2065 ppm. In the Qz1, Qz2 and Qz3 of the greisenized rocks, the Ti
presented lower contents (0.0 and 62 ppm) and variable Al content (0 - 167 ppm). In the Qz4
crystals of the mineralized greisenized rocks in cassiterite, the Ti did not exceed 20 ppm,
while Al presented strong enrichment, exceeding 3000 ppm. In the mineralized quartz veins in
wolframite or wolframite + cassiterite, consisting mainly of Qz5, the Ti and Al concentrations
presented generally low values, with maximum contents of 7 and 77 ppm, respectively. The

cassiterite is occur as anhedral to subhedral fine-to coarse-grained crystals, anhedral to
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subhedral, associated to chlorite, muscovite, fengite and siderophyllite in gresenizeds rocks or
commonly included in wolframite crystals in quatz veins. Shows light brown to reddish color
and high colors of interference. More developed crystals show concentric zoning. Analyzes
carried throug ME showed that in addition to Sn, cassiterites have lower concentrations of Fe,
Ti, W, Nb and Mn traces. The concentrations of Fe, Nb, Ti and W are higher in the darker
spots, while Sn shows higher purity in the lighter parts of the crystals. Cassiterites associated
with Qz5 (hydrothermal) are often included in wolframite crystals or are partially substituted
by it. This study showed that quartz was an excellent marker of the magmatic evolution and
late alteration resulting from hydrothermal processes that operated in the Mocambo granite. It
was possible to distinguish one magmatic and four hydrothermal types of quartz. The CL
images indicate that the tin mineralization is present in the most evolved rocks and
hydrothermally altered as in greisenized rocks and quartz veins, where the cassiterite is
associated with Qz4 or Qz5 + wolframite. Qz5 suggests a possible mineralizing hydrothermal

event of wolframite, subsequent to the origin of the cassiterite associated with Qz4.

Keywords: Carajas Province. SEM- Cathodoluminescence. Quartz. Hydrothermal alteration.

Tin mineralization. Cassiterite.
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CAPITULO 1 INTRODUCAO

1.1 APRESENTACAO E JUSTIFICATIVA

Ao longo das ultimas décadas, rochas graniticas paleoproterozoicas do craton
Amazonico tém sido objeto de diversos estudos (Almeida et al. 2006, Bettencourt &
Dall’Agnol 1987, Carvalho 2017, Dall’Agnol et al. 1986, Dall’Agnol & Oliveira 2007,
Dall’Agnol et al. 1993, 1994, 19993, b, 2005, Lamardo et al. 2012, Lima et al. 2014, Oliveira
et al. 2009, 2010, Paiva Jr. et al. 2011, Teixeira 1999, Teixeira et al. 2002a, b, 2005).
Segundo Bettencourt & Dall’Agnol (1987), Costi et al. (2002) e Teixeira et al. (2002a), entre
essas variedades de granitos paleoproterozdicos um grande numero € portador de
mineralizacOes de estanho e, por vezes, outros metais raros (W, Nb, Ta, Li, etc.).

Segundo Abreu & Ramos (1974) e Teixeira et al. (2002a), na Provincia Carajas
ocorrem diversos corpos graniticos com greisens associados comumente mineralizados em
estanho. Por apresentarem caracteristicas petrograficas, geoquimicas e geocronologicas
similares, esses granitos foram reunidos em uma Unica suite denominada de Suite Intrusiva
Velho Guilherme (SIVG), e passaram a integrar a Provincia Estanifera do Sul do Para.

Os corpos da SIVG foram alvo de diversos estudos petrograficos, geoquimicos e
geocronologicos. Segundo Teixeira (1999), as rochas pertencentes a essa suite apresentam
composicBes sienograniticas a monzograniticas dominantes, com alcali feldspato-granitos
subordinados, todas afetadas por alteracbes tardi a poOs-magmaticas em diferentes
intensidades. Sdo rochas peraluminosas a metaluminosas com assinatura geoquimica de
ambiente intraplaca, assemelhando-se a tipicos granitos tipo-A2 (Eby 1992, Loiselle & Wones
1979, Pearce et al. 1984,Whalen et al.1987).

Estudos de quartzo através de microscopia eletrbnica de varredura-
catodoluminescéncia (MEV-CL) e microssonda eletrénica (ME) para fins petroldgicos e
metalogenéticos ainda sdo raros no cenario nacional. Lamardo et al. (2013) estudaram através
de MEV-CL os aspectos morfologicos e texturais de cristais de quartzo do Granito Ant6nio
Vicente pertencente a SIVG. Segundo os autores, o quartzo foi um excelente marcador da
evolucdo magmatica e das alteracGes hidrotermais que atuaram nesse macico. Lamarao et al.
(2014) utilizaram imagens de MEV-CL para identificar e correlacionar cristais de quartzo de
rochas plutdnicas e vulcénicas, estabelecer relagGes cronoldgicas entre diferentes eventos de
mineralizacdo em greisens estaniferos e em veios portadores de opala laranja e quartzo,

reafirmando a CL como importante ferramenta para estudos petrolégicos e metalogenéticos.



Com base no exposto acima, a presente pesquisa abordou os aspectos morfologicos,
texturais e composicionais de cristais de quartzo e cassiterita presentes no Granito Mocambo
(GM) e em um corpo de greisen associado a ele, ambos ja estudados sob o ponto de vista
petrografico, geoquimico e geocronolégico (Teixeira et al. 2002a, 2005). O objetivo principal,
além de caracterizar morfologica e quimicamente os cristais de quartzo e cassiterita, € mostrar
que cristais de quartzo podem revelar padrbes de crescimento, alteracdo e composicao,
caracteristicas essas capazes de fornecer informagdes petrolégicas e metalogenéticas
importantes (cf. Breiter et al. 2013, 2017, Jacamon & Larsen 2009, Muller et al. 2003, 2005).

A presente dissertacdo é composta por um capitulo introdutério (Capitulo 1), onde séo
abordados os principais aspectos geoldgicos da Provincia Carajas e da SIVG. Neste capitulo
sdo definidos também a problematica, objetivos e materiais e metodos utilizados. Os dados e
resultados obtidos s&o apresentados na forma de um artigo cientifico (Capitulo 2), intitulado:
“Magmatic-hydrothermal evolution of the Mocambo Granite, South Pard Tin Province: a
morphological and compositional study of quartz and cassiterite”. O artigo foi submetido
para publicacdo no periodoco Mineralogical Magazine. As conclusdes e consideracdes finais

sdo apresentadas no Capitulo 3, onde sdo integrados os resultados e interpretacdes obtidas.

1.2 LOCALIZACAO

O GM esté localizado a aproximadamente 30 km a sudeste da cidade de Sdo Félix do
Xingu (Figura 1), pertencendo a folha SB-22-Y-B (Folha Sao Félix do Xingu). O acesso pode
ser feito partindo da Regido Metropolitana de Belém via “Alga Viaria” pela PA-150, até a
cidade de Xinguara e, a partir dai, pela PA-279 até a cidade de S&o Félix do Xingu,
percorrendo um total de 1039 km. O acesso a area onde afloram as rochas do GM pode ser

feito por vicinais existentes na regido.



®
2
5 Rio Xingu
A S
Sao Félix do Xingu
.\ PA-279 na
j! 1' Ourilandiado Norte]
2] N I\
2
o‘,\'
®
1 ;%/\’\f\
w ZFE \\/\
! i

T T
51°30'0"W 51°0'0"W

55“0;0"W 50°0'0"W
1

Legenda

® Cidades

Rodovias e acessos
mmmmm Rios principais

Municipio de Sao Félix
do Xingu

Area onde aflora
o Granito Mocambo

1:750.000
0 5 10 20 30

Kilometers
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2 CONTEXTO GEOLOGICO REGIONAL

2.1 PROVINCIAS GEOCRONOLOGICAS DO CRATON AMAZONICO

Segundo Tassinari & Macambira (1999, 2004), o Craton Amazdnico é um dos maiores
cratons do mundo, ocorrendo no norte da América do sul. Apresenta uma area de 4.500.000
km?, abrangendo grande parte do Brasil, Guiana Francesa, Suriname, Venezuela, Colémbia e
Bolivia (Figura 2). E formado, no Brasil, pelos escudos das Guianas e Brasil Central,
separados pelas Bacias Paleozoicas do Amazonas e Solimdes. E limitado a leste, sul e sudeste
pelo Grupo Baixo Araguaia, Grupo Alto Paraguai, Cuiaba e Corumbd, respectivamente,
unidades estas formadas durante o Ciclo Orogénico Brasiliano (930-540 Ma, Pimentel &
Fuck 1992).

De acordo com a distribuicdo de idades, tendéncias estruturais e evidéncias geofisicas
distintas, o Craton Amazonico pode ser dividido em seis provincias geocronoldgicas
(Tassinari & Macambira 2004). Essas provincias sao representadas por um nicleo arqueano e
outros paleoproterozoicos e mesoproterozoicos. Segundo esses autores, foram definidas as
Provincias: Amazonia Central (>2,5 Ga); Maroni-Itacailnas (2,2-1,95 Ga); Ventuari-Tapajos
(1,95-1,80 Ga); Rio Negro-Juruena (1,88 - 1,55 Ga); Rondoniana-San Ignacio (1,55-1,3 Ga) e
Sunsas (1,3-1,1 Ga).

Nesse trabalho foram abordados apenas 0s aspectos geoldgicos regionais da Provincia
Amazonia Central, com énfase maior para a Provincia Estanifera do Sul do Para e SIVG, uma
vez que 0 GM esta inserido na mesma.

A Provincia Amazénia Central constitui a por¢do arqueana mais antiga e preservada
do Craton Amazonico; corresponde a uma crosta continental com idade > 2,5 Ga nao afetada
pela orogenia Transamazénica. Ela é separada em dois dominios pela Provincia Maroni-

Itacailnas, o Bloco Carajas e 0 Bloco Roraima (Tassinari & Macambira 2004).
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Figura 2- Provincias Geocronol6gicas do Craton Amazonico (Tassinari & Macambira 2004).

Segundo Santos et al. (2000), o Bloco Carajas é definido como uma provincia
independente denominada de Provincia Carajas. Esta provincia € formada principalmente por
unidades arqueanas, com auséncia de rochas geradas durante o Ciclo Transamazénico. E
limitada a leste, pelo Cinturdo neoproterozoico Araguaia a norte, pela provincia Maroni-
Itacailinas, a sul e a oeste é parcialmente coberta pelas sequéncias sedimentares fanerozoicas
da Bacia Parecis e pelas rochas vulcanicas paleoproterozoicas do Supergrupo Uatuma
(Tassinari & Macambira 2004).

Segundo Dall’Agnol et al. (2006), a Provincia Carajas é dividida em dois grandes
dominios, denominados de Terreno Granito-Greenstone de Rio Maria (TGGRM) ou Dominio



Rio Maria (Vasquez et al. 2008), com idades entre 2,98 e 2,86 Ga, e Bacia Carajas, com
idades de 2,76 a 2,55 Ga.

Segundo Dall’ Agnol et al. (1997, 2006), a area entre a regido de Xinguara e a porgao
Sul da Bacia Carajas teria sido afetada por eventos magmaticos e tectbnicos neoarqueanos que
moldaram a Bacia Carajas. Essa regido foi denominada informalmente de Dominio de
Transicédo e interpretada como uma possivel extensdo do Dominio Rio Maria. De acordo com
Vasquez et al. (2008) a Provincia Carajas é dividida em apenas dois dominios: Dominio
Carajés, a norte, e Dominio Rio Maria, a sul. No entanto, Feio & Dall’Agnol (2012),
admitiram a existéncia de um Subdominio de Transi¢do situado entre a Bacia Carajas e 0
Dominio Rio Maria, sugerindo a definicdo de um novo bloco arqueano distinto do Dominio
Rio Maria ¢ Dominio Carajas. Dall’Agnol et al. (2013), no entanto, dividiram a area que
representava o Subdominio de Transicdo em Dominio Sapucaia, ao sul e Dominio Canad dos

Carajas ao norte (Figura 3).

2.2 DOMINIO CANAA DOS CARAJAS (DCC)

O DCC (Figura 3) e caracterizado por rochas arqueanas e paleoproterozoicas, onde
predominam granitos stricto sensu em relacdo aos TTGs. E composto por gnaisses,
migmatitos, granitoides variados, rochas supracrustais e rochas maficas a ultraméaficas do
Complexo Xingl (Aradjo & Maia 1991, Cordeiro & Saueressig 1980, DOCEGEO 1988,
Medeiros Filho & Meireles 1985, Silva et al. 1974), com idades entre 2,85 e 2,97 Ga (Avelar
et al. 1999). Estudos mais recentes realizados por Melo et al. (2014) sugerem idade de 2,95
Ga para as rochas do Complexo Xingu na area do depdsito de Cu do Salobo.

Além das rochas do Complexo Xingu, o DCC apresenta uma grande ocorréncia de
granitoides formados durante o Mesoarequeano, tais como: 1) Granitoides sodicos
reperesentados pelo Tonalito Bacaba, com idade de 3,0 Ga (Moreto et al. 2011) e Complexo
Tonalitico Campina Verde, apresentando idades entre 2,87 a 2,85 Ga (Feio et al. 2013); 2)
Associacdo TTG representada pelo Trondhjemito Rio Verde, com idade de 2,92 e 2,86 (Feio
et al. 2013); 3) Granitos potassicos calcio-alcalinos, representados pelos granitos Serra
Dourada, com idade de cristalizacdo de 2,86 Ga (Moreto et al. 2011) e 2,83 Ga (Feio et al.
2013), Boa Sorte com idade entre 2,85 e 2,89 Ga (Rodrigues et al. 2014), Cruzaddo com idade
de 2,84 Ga e Bom Jesus, com idade de 2,83 Ga (Feio et al. 2013).
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As rochas neoarqueanas sdo representadas por sequéncias metavulcanossedimentares
com idade de 2,76 Ga, do Supergrupo Itacaiinas (Machado et al. 1991), mafica-ultraméficas e
granitoides variados. As rochas mafica-ultraméaficas sdo representadas pela suite Cateté
(Macambira & Vale 1997), Complexo Intrusivo Luanga (Jorge Jodo et al. 1982, Medeiros
Filho & Meireles 1985), Gabro Santa Inés (DOCEGEO 1988, Meireles et al. 1984, Pinheiro
1997) e Diopsidio-Norito Pium (Ricci & Carvalho 2006, Santos et al. 2012, 2013). Os



granitoides séo representados por: 1) Granitoides subalcalinos e sintectonicos do Complexo
Granitico Estrela, com idade de 2,76 Ga (Barros et al. 2001, 2009), Granito Serra do Rabo
com idade de 2,74 Ga (Barros et al. 2009, Sardinha 2002) e Granito lgarapé Gelado com
idade de 2,73 Ga (Barbosa 2004, Barros et al. 2009); 2) Granitos tipo A da Suite Planalto com
idades que variam entre 2,74 e 2,71 Ga (Feio et al.2012, Gomes 2003, Huhn et al. 1999,
Oliveira et al.2010, Sardinha et al. 2004); 3) Rochas charnoquiticas datadas de 2,75 Ga
(Gabriel et al. 2010); 4) Granitoides sodicos de assinatura toleitica da Suite Pedra Branca
(Feio et al. 2012), com idade de 2,76 Ga (Sardinha et al. 2004) e 2,75 Ga (Feio et al. 2013);
5) Granitos potéssicos da Suite Plaqué (Araujo et al. 1988, Jorge Jodo & Araujo 1992), com
idades em torno de 2,73 Ga (Avelar et al. 1999).

No DCC ocorrem, ainda, rochas sedimentares precambrianas da Formagdo Aguas
Claras (Nogueira et al. 1995) e granitos anorogénicos paleoproterozdicos da Suite Serra dos
Carajas, representados pelos macicos Central, Cigano, Pojuca e Rio Branco (Dall’ Agnol et al.
2006, Santos et al. 2013).

2.3 DOMINIO SAPUCAIA (DS)

O DS (Figura 3) é formado por rochas do tipo greenstone belt, anfibolitos e
granitoides diversos. Os greenstone belts sdo representados por rochas metaultramaficas do
Grupo Sapucaia (Costa et al. 1994, DOCEGEO 1988, Sousa et al. 2014).

De acordo com estudos petrograficos, geoquimicos e geocronolégicos os granitoides
foram divididos em seis grupos: 1) Granitoides sodicos e sanukitoides arqueanos
representados pelo Tonalito Sdo Carlos com idades em torno de 2,93 Ga (Silva et al. 2014); 2)
Associacoes do tipo TTG, representadas por uma estreita faixa NW-SE do Tonalito Caracol,
com idades em torno de 2,93 Ga (Leite et al. 2004); rochas afins do Tonalito Mariazinha
(Guimardes 2009), com idades em torno de 2,91 Ga (Almeida et al. 2011); rochas do
Trondhjemito Colorado com idade em torno de 2,87 (Silva et al. 2010, 2014); Trondhjemito
Agua Fria apresentando idade de 2,86 Ga (Leite 2001, Leite et al. 2004); 3) Granitoides de
alto-Mg representados pelas rochas de afinidade sanukitoide Agua Azul e Agua Limpa, com
idades em torno de 2,87 Ga (Gabriel et al. 2015, Gabriel & Oliveira 2014), e localmente por
rochas do Granodiorito Rio Maria (Leite 2001); 4) Leocogranodioritos-granitos de alto Ba-Sr,
representados principalmente pelo Leocogranodiorito Nova Canada (Santos 2014), com
idades em torno de 2,89 Ga (Oliveira et al. 2010); 5) Granitos calcio-alcalinos alto-K

representados pelo Granito Xinguara de 2,86 Ga (Almeida et al. 2013, Leite et al. 2004) e



Leucogranito Velha Canada com idade em torno de 2,74 Ga (Oliveira et al. 2010, Santos
2014); 6) Granitoides subalcalinos sintectonicos descritos na regido de Vila Jusara (Silva et

al. 2014), com termos tonaliticos a granodioriticos.

2.4 DOMINIO RIO MARIA (DRM)

O DRM (Vasquez et al. 2008) € formado por sequéncias metavulcanossedimentares do
tipo greenstone belts e granitoides arqueanos similares a associacdes tonaliticas
trondhjmiticas-granodioriticas (TTGs). Essas rochas sdo cortadas por granitos anorogénicos
paleoproterozoicos e diques associados (Figura 3).

O Supergrupo Andorinhas é a unidade mais antiga do DRM (Macambira 1992,
Pimentel & Machado 1994, Souza et al. 1997, 2001), sendo constituido por rochas
vulcanossedimentares representadas pelas unidades Sapucaia, Lagoa Seca, Babacu, Seringa,
Pedra Preta, entre outras. Essas rochas foram submetidas a metamorfismo de facies Xxisto-
verde a anfibolito. Apresentam composicGes predominantemente komatiiticas e basalto-
toleiticas, com idades que variam de 2,98 a 2,90 Ga.

Os granitoides arqueanos foram divididos, de acordo com estudos petrograficos,
geoquimicos e geocronoldgicos, em cinco grupos: 1) Rochas TTGs antigas com idades entre
2,98 e 2,92 Ga, representadas pelo Tonalito Arco Verde, Trondhjemito Mogno, Complexo
Tonalitico Caracol e Tonalito Mariazinha (Almeida et al. 2011, Althoff et al. 2000,
Guimardes et al. 2010, Leite et al. 2004); 2) Rochas sanukitoides com alto Mg pertencentes
ao Granodiorito Rio Maria, com idades em torno de 2,87 Ga (Althoff et al. 2000, Leite 2001,
Leite et al. 2004, Macambira & Lancelot 1996, Oliveira 2006, Oliveira et al. 2009); 3)
Leucogranodiorito-granitos representado pela Suite Guarantd, com idades em torno de 2,87
Ga (Almeida et al. 2011); 4) Rochas TTGs mais jovens representadas pelo Trondhjemito
Agua Fria com idade de 2,86 Ga (Leite et al. 2004, Pimentel & Machado 1994); 5)
Leucogranitos potassicos de afinidade célcio-alcalina, representados pelos granitoides
Xinguara e Mata Surrdo, com idades em torno de 2,86-2,87 Ga (Almeida et al. 2011, Leite et
al. 2004).

Durante o Paleoproterozoico, 0 Dominio Rio Maria foi palco de extenso magmatismo
granitico anorogénico representado pelos corpos graniticos das Suites Jamon (SJ), Serra dos
Carajas (SSC) e Velho Guilherme (SIVG) e por diques félsicos a maficos contemporaneos
(Almeida et al. 2006, Dall’Agnol et al. 2005, Oliveira 2001, 2006, Oliveira et al. 2009, 2010,
Teixeira 1999, Teixeira et al. 2002, 2005).
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2.4.1 Suite Intrusiva Velho Guilherme (SIVG)

Os principais depositos de Sn e W da Provincia Estanifera do Sul do Paré se associam
as rochas graniticas da SIVG, situada nos dominios da Provincia Carajas (Almeida et al.
1981, Teixeira 1999, Teixeira et al. 2002a, 2005).

Segundo Teixeira (1999), esta unidade estd representada na regido de Sdo Felix do
Xingu (Figura 4) por diversos corpos intrusivos félsicos, apresentando formas e dimensdes
variaveis, desde pequenos stocks arredondados até grandes batélitos ameboides afetados por
processos hidrotermais em diferentes intensidades.

A éarea de ocorréncia dos macicos da SIVG sofreu diversos eventos termo-tecténicos
testemunhados por transformacGes mineraldgicas e estruturais impressas em unidades
litoestratigraficas arqueanas do Dominio Rio Maria e do Cinturdo de Cisalhamento Itacaiinas
(Aradjo et al. 1988). Nesta area ocorrem, ainda, o Granito Parauari e rochas vulcanicas
paleoproterozoicas intermediarias e félsicas das Formagdes Sobreiro e Iriri (CPRM/DNPM
1997, Juliani & Fernandes 2010, Teixeira et al. 2005).

As rochas graniticas da SIVG sdo intrusivas em rochas arqueanas do DRM,
representadas por sequéncias metavulcanossedimentares do Grupo Tucuma, do Granodiorito
Rio Maria e do Cinturdo de Cisalhamento Itacaiunas, além do Granito Parauari e das
vulcanicas do Grupo Uatuma (Araujo et al. 1988, Medeiros et al. 1987, Lafon et al. 1991).

As idades geocronoldgicas desses granitos sdo similares as de outros granitos
anorogénicos da Provincia Carajas, levando diversos autores a considerar o intervalo entre
1,88 a 1,86 Ga como o de formacéo da SIVG (Avelar et al. 1994, Lafon et al. 1995, Machado
et al. 1991, Rodrigues et al. 1992).

Segundo Abreu & Ramos (1974), Dall’Agnol et al. (1993), Macambira & Lafon
(1995), Teixeira (1999), Teixeira et al. (2002) e Lamardo et al. (2012), as rochas pertencentes
a SIVG estudadas até o momento incluem os granitos Antonio Vicente, Benedita, Ubim/sul,
Serra da Queimada, Rio Xingu, Velho Guilherme, Mocambo e Bom Jardim (Figura 4). S&o
rochas peraluminosas a metaluminosas, de composicdo alcali feldspato-granitica,
sienogranitica e, subordinadamente, monzogranitica, afetadas por alteracfes tardi a pds-
magmaticas em diferentes intensidades. Quase sempre hospedam mineralizacdes de
cassiterita, fluorita, topazio, columbita-tantalita, molibdenita e wolframita. Apresentam
natureza anorogénica e exibem caracteristicas geoquimicas de granitos tipo A2 (Whallen et al.
1987; Eby 1992).
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Figura 4- (a) Esboco do Craton Amazonico com a localizacdo da area de estudo. (b) Mapa geoldgico
simplificado da Provincia Carajads com a distribuicdo dos granitos paleoproterozoicos anorogénicos.
Em vermelho, corpos graniticos pertencentes a SIVG. DRM=Dominio Rio Maria. BC=Bacia Carajas.
RX=Regido do Xingu. Modificado de Dall’ Agnol et al. (2005).

O Granito Antbnio Vicente, situado a norte de Sdo Félix do Xingu (Figura 4), possui
forma subcircular e é intrusivo a norte e nordeste em rochas do Complexo Xingu, do Grupo
S&o Sebastido e da Formacdo Sobreiro (Grupo Uatumad). A sudeste e a sul, corta rochas das
Formagdes Sobreiro e Iriri (Grupo Uatumd), e a oeste e noroeste, do Granito Parauari
(Teixeira 1999, Teixeira et al. 2002a). Foram identificados quatro dominios petrograficos
(Teixeira 1999): 1) biotita-anfibolio-sienogranito a monzogranito pouco afetado por
alteracOes tardi a pés-magmaticas; 2) anfibdlio-biotita-sienogranito; 3) biotita-monzogranito e

4) biotita-sienogranito com ocorréncia dos tipos alterados e intensamente alterados.
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O Granito Velho Guilherme aflora a sul da cidade de Tucumd, apresenta forma
circular e 4rea de exposicio de aproximadamente 80 km? E intrusivo em rochas
metavulcanossedimentares e metassedimentares do Grupo Tucumd. A noroeste corta rochas
pertencentes ao Granodiorito Rio Maria. Estudos petrogréficos identificaram trés facies: 1)
biotita-sienogranito  equigranular médio; 2) sienogranito  heterogranular e 3)
microssienogranitos. Evidéncias de campo indicam que o biotita-sienogranito equigranular é
seccionado pelo sienogranito heterogranular e que esse Ultimo € cortado pelos
microssienogranitos e veios hidrotermais com epidoto e quartzo. Estdo afetados, em diferentes
intensidades, por alteragdes pds-magmaticas (Teixeira 1999, Teixeira et al. 2002a).

O Granito Benedita ocorre proximo a borda sul e sudoeste do Granito Antonio
Vicente, a aproximadamente 45 km da cidade de Sdo Felix do Xingu. Apresenta forma
grosseiramente circular e possui dimensdes em torno de 25 km® E intrusivo em rochas
correlacionaveis ao Granito Parauari e em rochas vulcénicas félsicas da Formacéo Iriri;
encontra-se seccionado por um dique correlacionado ao Diabasio Cururu. Apresenta
composicao alcali feldspato-granito com variagdes na quantidade de biotita; possui coloracéo
vermelha a rosa esbranquicada, textura hipidiomdrfica heterogranular fina a media (Teixeira
1999).

O Granito Ubim/Sul aflora na borda sudoeste do Granito Antonio Vicente e a nordeste
do Granito Benedita. Apresenta forma circular, com dimensdes de 4,5 km?. E intrusivo em
rochas granitoides ao Granito Parauari e faz contato com rochas vulcanicas félsicas do Grupo
Uatumd (Teixeira op.cit). E formado por rochas hololeucocraticas com texturas
hipidiomérfica e heterogranular, granulacdo média a grossa e coloracdo rosa a rosa
esbranquicada. Segundo Teixeira & Andrade (1992) as facies presentes sdo representadas por
biotita-sienogranito com clorita e biotita-monzogranito.

O Granito Rio Xingu (Melo 2017, Teixeira 1999) é descrito como um pequeno stock
de forma aproximadamente circular, apresentando cerca de 1km? e aflorando a 3 km a norte
da cidade de S&o Felix do Xingu. E intrusivo nas rochas vulcanicas andesiticas da Formacao
Sobreiro, unidade basal do Grupo Uatumd. Apresenta composicdes sienogranitica e,
subordinadamente, alcali feldspato-granitica, de natureza hololeucocratica. Possui textura
porfiritica, caracterizada pela presenca de fenocristais médios a grossos de quartzo e
feldspatos. Apresenta uma matriz heterogranular fina composta basicamente de quartzo,

feldspato potassico e plagioclasio.
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O Granito Bom Jardim (Lamar&o et al. 2012), corresponde a uma intrusdo de forma
subcircular situada na margem direita do Rio Xingu, a sul da cidade se S&o Félix do Xingu em
uma érea de aproximadamente 200 km?. Aflora geralmente como blocos ao longo de colinas e
drenagens. E intrusivo em rochas andesiticas da Formagao Sobreiro e rioliticas da Formagéo
Iriri ou Santa Rosa (Juliani & Fernandes 2010) do Grupo Uatuma. Apresenta composicoes
que variam de monzograniticas a sienograniticas alteradas em diferentes intensidades. Foram
identificadas quatro variedades: 1) biotita-monzogranito, 2) biotita-leucomonzogranito, 3)
biotita-sienogranito e 4) rochas greisenizadas.

O Granito Serra da Queimada (CPRM/DNPM 1997; Pinho 2005), ocorre a
aproximadamente 30 km a N-NE da cidade de Sdo Félix do Xingu, apresenta forma eliptica
com o didmetro maior na direcdo E-W e abrange uma érea de 20 km E intrusivo em rochas
supracrustais do Grupo S&o Félix. Apresenta composi¢fes que variam de sienogranito a
monzogranito. Com base em estudos mineralogicos e texturais preliminares, foram
identificados biotita-monzogranitos e biotita-sienogranitos.

Por fim, o Granito Mocambo (GM), objeto deste trabalho, foi estudado por Teixeira
(1999) e Teixeira et al. (2002a, 2005). Esta situado a 21 km a sudeste da cidade de Sao Félix
do Xingu e € representado por um corpo principal, com forma irregular alongada na direcédo
NW-SE e aproximadamente 7 km?, e trés satélites menores (Figura 5). O corpo principal é
intrusivo discordantemente em rochas metassedimentares e metavulcanicas maficas do Grupo
Séo Félix e em rochas andesiticas da Formacéo Sobreiro. Dos trés corpos menores, dois estéo
localizados a sudeste do corpo principal, um apresentando formato aproximadamente circular
e 0 outro alongado na direcdo SE-SW, sendo intrusivos nas rochas metassedimentares e
metavulcanicas méaficas do Grupo S&o Félix. O terceiro corpo esté localizado a noroeste do
corpo principal, apresenta forma circular e é intrusivo em rochas andesiticas da Formacao
Sobreiro.

O GM é uma cupula intensamente afetada por alteracdes pds-magmaticas. Suas rochas
resultam da interacdo do granito original com fluidos residuais ricos em volateis (Teixeira et
al. 2002a, 2005). Apresenta composi¢fes sienograniticas a monzograniticas com ocorréncia
local de alcali feldspato-granitos. Com base em estudos petrograficos (Teixeira 1999), foram
definidas trés facies: 1) sienogranito a monzogranito-porfiritico, 2) sienogranito com
muscovita e 3) aplito-alcali feldspato-granito. Além dessas variedades foi encontrado um

corpo de siderofilita-clorita-muscovita-quartzo greisen associado a essas rochas.
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Figura 5- Mapa geol6gico do Granito Mocambo e rochas adjacentes (Modificado de Teixeira 1999).

Segundo Teixeira et al. (2002a), embora apresente concentracdes econdmicas de
estanho, 0s processos atuantes no estagio pds-magmatico no GM e nos outros corpos da
Provincia Estanifera do Sul do Pard ndo propiciaram a formacdo de depositos de classe
mundial. A cassiterita presente no GM forma depdsitos secundarios em placeres, sendo
extraida em garimpos manuais e semi-mecanizados (Figura 6). De acordo com Teixeira
(1999), a cristalizacdo fracionada foi o principal processo petrogenéetico que controlou a
evolugdo do GM e dos demais granitoides da SIVG.
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Figura 6- A e B) Atividade garimpeira nas areas de ocorréncia do GM. C) Fragmentos de rochas
contendo cassiterita (partes escuras). D) Agregado de cristais de cassiterira.
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3 MEV - CL EM CRISTAIS DE QUARTZO

Imagens de MEV-CL em cristais de quartzo sdo capazes de revelar zonas de
crescimento, padrdes de alteracdo, forma dos gréos e diferentes geracdes de quartzo néao
identificAveis por microscopia oOtica convencional e imagens de elétrons secundérios (ES) e
elétrons retroespalhados (ERE).

O primeiro relato sobre CL em cristais de quartzo foi feito por Goldstein (1907).
Segundo Muiller (2000), durante os Gltimos 30 anos a utilizagdo de CL em cristais de quartzo
tem crescido em extensdo e diversidade, com importantes contribuicbes desta metodologia
como ferramenta petrolégica (Marshall 1988, Pagel et al. 2000, Remond 1977, Remond et al.
1992, Smith & Stenstrom 1965).

Mdller et al. (2000) estudaram cristais de quartzo por CL do granito estanifero
Schellerhau, Alemanha, e idealizaram um esquema de 9 texturas primarias que podem se

desenvolver em um fenocristal de quartzo magmatico (Figura?).

Figura 7- Esquema de crescimento de texturas primarias em fenocristal de quartzo magmatico (1 a 5
mm) obtido por MEV-CL (Miller et al. 2000): 1- nucleagdo de quartzo hexagonal-p ou romboédrico-
a. 2- superficie de reabsor¢do. 3- crescimento esqueletal. 4- zonamento em degraus (50-1000 pm). 5-
zoneamento oscilatério (2-20 pm). 6- crescimento impedido. 7- inclusdo (aprisionamento) de fuséo ou
uma bolha. 8- crescimento impedido causado por fenocristal adjacente. 9- borda anedral de quartzo
(final da cristalizacéo).
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Alem das fei¢cbes morfoldgico-texturais observadas por MEV-CL, cristais de quartzo
podem incorporar em sua estrutura certos elementos-traco como Ti e Al, considerados
ativadores de CL, possibilitando informacGes quanto aos processos petrogenéticos e
hidrotermais envolvidos em sua formacdo (Breiter & Muller 2009, Breiter et al. 2013, 2017,
Jacamon & Larsen 2009, Muller et al. 2003, 2005 Rusk et al. 2008).

Rusk & Reed (2002), utilizando imagens de MEV-CL em veios de quartzo
hidrotermal dos depositos de cobre poérfiro de Butte, Montana, identificaram cristais de
quartzo luminescentes com microfraturas e cristais zonados pouco luminescentes,
respectivamente associados a molibdenita e a pirita. Essa diferenca nas texturas do quartzo foi
explicada pela variacdo da solubilidade de silica nas diferentes zonas de pressdo e
temperatura, ocasionadas durante o processo de mineralizagéo.

Rusk et al. (2008) estudaram por CL e analises de LA-ICP-MS a relagdo entre os
elementos-traco e as texturas de quartzo hidrotermal de diferentes depdsitos minerais. Nos
quartzos de baixa temperatura, o Al apresentou comportamento bimodal (<50 ppm e 2000-
4000 ppm) e o Ti ficou abaixo do limite de deteccdo. Naqueles formados a altas temperaturas,
entretanto, o Al apresentou teores de 80 a 400 ppm e o Ti de 10 a 170 ppm. No entanto,
alguns cristais de quartzo do depdsito de Cu porfiro (alta temperatura) de Grasberg
(Indonésia) apresentaram concentragdes muito altas de Al (1200 ppm) e Ti (467 ppm).

Jacamon & Larsen (2009) analisaram por MEV-CL e LA-ICP-MS cristais de quartzo
do granito charnoquitico Kleivan, Noruega, e demonstraram que a razdo Ge/Ti do quartzo
pode ser utilizada como indice da evolugdo magmatica de sistemas graniticos, uma vez que Ti
e Ge apresentam caracteristicas compativeis e incompativeis, respectivamente. As rochas
charnoquiticas apresentaram razes Ge/Ti menores quando comparadas as das rochas mais
evoluidas (aplitos). A temperatura de cristalizacdo do quartzo variou de 850 °C durante a
formacdo dos charnockitos, a 645 °C nos aplitos e pegmatitos graniticos, indicando que a
evolucdo de Ti e Ge em cristais de quartzo pode ser usada como um geotermémetro igneo.

Larsen et al. (2009) estudaram as texturas de cristais de quartzo do Granito Drammen,
Noruega, cristalizados durante a transicdo magmatico-hidrotermal e identificaram quatro
geracOes de quartzo originadas a partir da interacdo de fluidos hidrotermais com o quartzo
inalterado.

Breiter et al. (2013) analisaram por meio de LA-ICP-MS, cristais de quartzo de
granitoides geoquimicamente diferentes do Macigo Bohemian (Republica Tcheca). Os valores

encontrados para o Al (13-1148 ppm) e Ti (0,7-165 ppm) no quartzo magmatico desse macigo
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excedem aqueles encontrados em quartzos magmaticos publicados mundialmente. O quartzo
dos granitos fortemente fracionados difere dos outros granitos menos fracionados no que diz
respeito a geoquimica do magma parental e na sequéncia de cristalizacdo dos minerais. Os
autores sugerem também que o teor de Al em cristais de quartzo esta relacionado com o teor
de agua ou fluor presente no sistema durante a cristalizacao.

Lamardo et al. (2013) mostraram que o quartzo foi um excelente marcador da
evolucdo magmaética e das alteragdes hidrotermais que atuaram no Granito Anténio Vicente,
Provincia Estanifera do Sul do Para, e em greisens associados. Cinco tipos de quartzo foram
identificados, sendo um magmatico e quatro hidrotermais. A mineralizacdo estanifera
acompanha as rochas mais evoluidas e alteradas hidrotermalmente e os greisens, ocorrendo
associada ou inclusa nos quartzos hidrotermais.

Vasyukova et al. (2013), por meio de analises de ME-CL, estudaram diferentes
texturas em cristais de quartzo de varios depositos porfiriticos ao redor do mundo.
Propuseram que a diversidade dos padrbes internos das texturas reflete o historico da
cristalizacdo in situ, e os teores de Ti marcam 0s processos de exsolucdo que ocorreram
durante a cristalizacdo e resfriamento continuo apds a colocagdo dos magmas.

Lamardo et al. (2014) utilizando imagens de MEV-CL, correlacionaram cristais de
quartzo de diferentes unidades vulcanicas e pluténicas da Provincia Aurifera do Tapajos. Os
autores estabeleceram, ainda, relaces cronoldgicas entre diferentes eventos de mineralizagédo
em greisens da Provincia Estanifera de Pitinga, Amazonas, e em arenitos do Grupo Serra
Grande, Bacia do Parnaiba, portadores de veios de opala laranja e quartzo.

Sotero et al, (2015) estudaram cristais de quartzo magmatico e hidrotermal do
depdsito de ouro Séo Jorge, Provincia Aurifera do Tapajos, por MEV-CL e estabeleceram
uma relagdo cronoldgica entre a evolugdo morfoldgico-textural do quartzo e os processos de
alteracdo e mineralizacdo da rocha.

Breiter et al. (2017), por meio de LA-ICP-MS, analisaram os valores de Al, Ti, Ge/Ti
e Al/Ti em quartzos do depdsito Cinovec(Republica Tcheca) e observaram que os valores
tracos desses elementos em cristais de quartzo refletem o grau de fracionamento do magma
parental a partir do qual o quartzo primario cristalizou. Do Biotita Granito ao Zinwaldita
Granito mais novo analisados pelos autores, 0 quartzo mostra aumento dos valores de Al (de
136 - 176 ppm para 240 - 280 ppm), e diminuicdo dos teores de Ti (de 16-54 a 6-14 ppm). O

quartzo dos greisens € empobrecido em ambos os elementos medidos (26-59 ppm de Al, 0,5-
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1,6 ppm de Ti,), com exce¢do dos quartzos zonados que preenchem vesiculas, que apresentam

forte enriequecimento em Al (> 1000 ppm) e Ti muito baixo (<1 ppm).
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4 OBJETIVOS

O presente trabalho teve como objetivo principal descrever e definir um padrdo
morfoldgico, textural e composicional dos cristais de quartzo existentes no GM e sua relagédo
com a mineralizagdo estanifera. Entre os objetivos especificos destacam-se:

- Mostrar os tipos de quartzo caracteristicos do estdgio magmatico-hidrotermal do GM,;

- Mostrar as transformacgfes impostas aos mesmos pelos processos hidrotermais que atuaram
na SIVG,;

- Definir as variagdes composicionais existentes entre e dentro dos cristais de quartzo
magmatico e hidrotermal;

- Mostrar a relagéo entre os tipos de quartzo presentes no GM e a mineralizacdo de estanho;

- Definir as variagdes composicionais existentes em cristais de cassiterita;

- Mostrar a importancia desse tipo de pesquisa como ferramenta auxiliar em estudos

petrologicos e metalogenéticos.
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5 MATERIAIS E METODOS
5.1 PESQUISA BIBLIOGRAFICA

Consistiu no levantamento bibliogréafico referente a geologia da regido estudada e
trabalhos que utilizaram MEV-CL-ME no estudo de quartzo e mineralizagGes associadas. Esta
etapa se desenvolveu até o final da pesquisa. Foram consultados também, artigos e livros
sobre MEV, CL e ME, bem como sobre o0s aspectos texturais, morfolégicos e composicionais
de quartzo.

5.2 AMOSTRAGEM

Uma etapa de campo, visando a complementacdo da amostragem diponivel no acervo
do Grupo de Pesquisa Petrologia de Granitoides (GPPG), foi realizada no periodo de 04 a 13
de julho de 2016, com coleta de novas amostras do GM e amostras representativas da
mineralizacdo de estanho associada. Foram visitados sete novos pontos nas areas de

ocorréncia do corpo (Figura 8).
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Figura 8- Mapa de amostragem apresentando os pontos visitados durante a viagem de campo do
presente trabalho (em verde) e aqueles coletados por Teixeira (1999) (em azul).

5.3 REVISAO PETROGRAFICA

Foi realizada uma revisdo da petrografia microscépica utilizando-se laminas do acervo
e aquelas confeccionadas apds viagem de campo, abordando os aspectos mineraldgicos e
texturais. A proporcdo modal dos minerais foi calculada como auxilio de um contador
eletronico de pontos Stageledge, da marca Endeeper. Posteriormente essas informagdes foram
tratadas no diagrama QAP (Le Maitre et al. 2002, Streckeisen 1976). Em seguida, cristais de
quartzo foram selecionados e fotografados. Essa etapa, realizada no Laboratério de
Microanalises do IG-UFPA, foi de fundamental importancia para os estudos morfoldgico,

textural e composicional desse mineral por meio de MEV-CL-ME.
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5.4 ESTUDOS DE MEV- ME

Apods a revisdo petrogréfica e selecdo de amostras representativas, foi efetuado o
imageamento de quartzo por MEV-CL em laminas e sec¢des polidas, levando em consideragéo
as fei¢Oes identificadas durante a petrografia e os aspectos morfologicos e texturais de quartzo
em artigos de referéncia nessa temética. Foi utilizado o MEV LEO-ZEISS 1430 com sistema
Mono-CL 3 da GATAN do Laboratério de Microanalises do IG-UFPA.

Laminas e se¢des polidas foram metalizadas durante 30s com uma fina camada de
ouro. As condigdes de operacdo para 0 imageamento de quartzo em CL foram: corrente do
feixe de elétrons = 90 pa, aceleracédo de voltagem de 10 KV e distancia de trabalho de 13 mm.

A etapa seguinte consistiu na realizacdo de analises quimicas pontuais por meio de
ME em cristais de quartzo com o intuito de identificar variagdes composicionais relacionadas
a zoneamentos, alteracdes e outras feicdes previamente identificadas por meio de MEV-CL.
Além do quartzo, cristais de cassiterita também foram analisados por mapeamento quimico
qualitativo e analises quimicas pontuais quantitativas no Laboratério de Microanalises do 1G-
UFPA, através de uma microssonda JEOL, modelo JXA-8230. As condicdes de operacao sao
apresentadas na Tabela 1. No quartzo, as analises quantitativas envolveram o0s seguintes
elementos, padrdes e cristais analisadores: Al — ortoclasio — TAP, Si— SiO, — PETJ, Ti— TiO,
— LIFH. Na cassiterita foram utilizados: Nb — Nb — TAP, Ta — Ta — TAP, Sn — cassiterita —
PETJ, Si — SiO, — PET]J, Fe — Fe3O4 — LIF, Mn — rodonita — LIF, Ti— TiO, — PETH, Mo — Mo
— PETH, W — W — PETH. Todas as amostras analisadas foram previamente metalizadas com
carbono.

Tabela 1- CondicGes de operacdo durante as analises.

Quartzo QNT Cassiterita QNT Cassiterita
MAP
Voltagem de aceleracdo constante (kV) 20 15 15
Corrente do feixe de elétrons (nA) 80 20 20
Diametro do feixe de elétrons (um) 1 5 1
Correcdo dos efeitos de matriz Phi-Rho-Z
ZAF -
(Armstrong)
Tempo de contagem no pico () Si: 10/ Al: 800/ Ti: Sn: 10/ Si, Fe, Mn, Ti, i
800 Mo, W: 60/ Nb: 80

. ) N Sn: 5/ 8Si, Fe, Mn, Ti,
Tempo de contagem no background (s)  Si: 5/ Al: 400/ Ti: 400 Mo, W: 30 / Nb: 40 -
Tempo de espera por passo (msec) - - 25
Pixels por érea (px) - - 1550 x 1250

Tamanho do pixel (um) - - 0.86 x 0.86
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Abstract: Quartz and cassiterite crystals from granites, greisens and veins of the Mocambo
Granite (MG), Carajads Province, were studied using scanning electron microscopy
cathodoluminescence (SEM-CL) and electron microprobe (EMP) analysis. Five types of
quartz were identified, denominated Qz1 (magmatic), Qz2, Qz3, Qz4 and Qz5
(hydrothermal). In the less evolved rocks, represented by porphyritic syenogranites to
monzogranites (PSMG), Qz1 predominates and occurs as luminescent anhedral to subrounded
crystals with different degrees of fracturing, as well as fine to medium-grained crystals
dispersed in the matrix. Low luminescence Qz2 occurs later than Qz1 and generally as
discontinuous irregular spots or filling the fractures and veins that cut through Qz1. Qz3 is
black with no luminescence, and results from a continuous alteration, dissolution and
recrystallization process, filling the fractures that crosscut Qz1 and Qz2. Predominantly
euhedral to subhedral, Qz4 exhibits well-defined zoning and a later alteration and
crystallization stage than the previous quartz crystals. It typically occurs in association with
cassiterite mineralization in evolved hydrothermalized rocks and in greisen bodies. Found in
mineralized veins containing wolframite and smaller amounts of cassiterite, Qz5 is a uniform
dark grey color in CL and likely represents the last hydrothermal event, formed by the
continuous percolation of fluids that crosscut and consumed Qz4. Qz1 and Qz2 crystals of
PSMG display high Ti (9.5 - 104 ppm) and low Al concentrations (10 - 149 ppm). Qz1, Qz2
and Qz3 crystals of aplite-alkali-feldspar-granites (AAFG) exhibit slightly lower Ti levels (5 -
87 ppm) when compared to SMGP quartzes, with Al values reaching 2065 ppm. Qz1, Qz2
and Qz3 from greisenized rocks show lower Ti (0.0 and 62 ppm) and variable Al
concentrations (0 - 167 ppm). Qz4 from greisenized rocks mineralized in cassiterite exhibit
marked Al enrichment, exceeding 3000 ppm, whereas Ti content was no higher than 20 ppm.
In Qz5, present in quartz veins mineralized in wolframite or wolframite + cassiterite, Ti and
Al concentrations are generally low, with maximum values of 7 and 77 ppm, respectively.
Cassiterite forms fine to coarse-grained anhedral to subhedral crystals associated with
chlorite, muscovite, phengite and siderophyllite in greisenized rocks. It is light to reddish
brown, with characteristic interference colors, and the more developed crystals exhibit
concentric zoning. In addition to Sn, it also contains low levels of Fe, Ti, W, and Nb, and
trace amounts of Mn. The dark areas of internal zoning are Fe and Ti-enriched, whereas the
light areas are depleted in these elements, with inversely proportional Sn values. Cassiterites
associated with Qz5 form inclusions in wolframite crystals or are partially replaced by these
crystals, reinforcing the hypothesis that cassiterite and wolframite likely precipitated from late
hydrothermal processes at different times.

Keywords: Carajas Province, SEM-CL images quartz textures, hydrothermal alteration, Tin
mineralization, cassiterite.
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1. INTRODUCTION

Morphological and textural studies of quartz by scanning electron microscopy
cathodoluminescence (SEM-CL) and compositional analysis using an electron microprobe
(EMPA) and laser ablation inductively coupled plasma mass spectroscopy (LA-ICP-MS)
have become important geological tools in identifying different quartz generations from a
same magmatic body and revealing the evolution and crystallization conditions of magmas,
mixing processes, deformation stages, zoning patterns and intracrystalline defects, as well as
detecting and characterizing hydrothermal quartz and its possible relationship with associated
mineralizations (D’Lemos et al. 1997; Muller et al. 2000, 2003, 2005; Rusk & Reed 2002;
Rusk et al. 2006, 2008; Wiebe et al. 2007; Breiter & Muller 2009; Larsen et al. 2009;
Vasyukova et al. 2013; Lamardo et al. 2013, 2014; Sotero et al. 2015; Breiter et al. 2013,
2017).

Rusk & Reed (2002) used SEM-CL images and data on fluid inclusions of
hydrothermal quartz veins from the porphyry copper deposits in Butte, Montana, and
identified luminescent quartz crystals containing microfractures associated with molybdenite,
and low luminescence zoned crystals associated with pyrite. The difference in quartz textures
was explained by the variation in silica solubility in the different temperature and pressure
zones during mineralization.

Rusk et al. (2008) investigated the relationship between the trace elements and
textures of hydrothermal quartz from different mineral deposits using cathodoluminescence
(CL) and LA-ICP-MS. In low-temperature quartz, Al showed bimodal behavior (<50 ppm and
2000-4000 ppm) and Ti was below the detection limit. In quartz formed at high temperatures,
Al and Ti concentrations ranged from 80 to 400 ppm and 10 to 170 ppm, respectively.
However, some quartz crystals from the porphyry Cu deposit in Grasberg, Indonesia,
displayed very high Al (1200 ppm) and Ti concentrations (467 ppm).

Jacamon & Larsen (2009) analyzed quartz crystals from charnockitic granite in
Kleivan, Norway, by SEM-CL and LA-ICP-MS and found that the Ge/Ti ratio of quartz can
be used as an indicator of the magmatic evolution of granite systems, since the two chemical
elements exhibit compatible and incompatible characteristics, respectively. The charnockites
showed lower Ge/Ti ratios when compared to more evolved rocks (aplites). The
crystallization temperature of quartz varied from 850 °C during charnockite formation to 645
°C in granitic aplites and pegmatites, indicating that the evolution of Ti and Ge in quartz

crystals during magma cooling can be used as a geothermometer for igneous systems.
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Larsen et al. (2009) studied the texture of quartz crystals in the magmatic-
hydrothermal transition of Drammen granite (Norway) and identified four quartz generations
that originated from the interaction between hydrothermal fluids and unaltered quartz.

Breiter et al. (2013) used LA-ICP-MS to analyze quartz crystals from geochemically
different granitoids from the Bohemian Massif (Czech Republic) and found higher Al (13-
1148 ppm) and Ti values (0.7-165 ppm) in magmatic quartz than those reported in
international studies. Quartz from highly fractionated granites differs from its less
fractionated counterparts in terms of the geochemistry of parental magma and the order of
mineral crystallization. The authors suggest that the Al content of quartz crystals is related to
the amount of water and fluorine present during crystallization.

Lamardo et al. (2013) showed that quartz is an excellent marker of the magmatic
evolution and hydrothermal changes that acted on Antonio Vicente granite of the Tin
Province of Southern Para state and associated greisens. Five quartz types were identified:
one magmatic and four hydrothermal. Tin mineralization is related to more evolved and
hydrothermally altered rocks and greisens, occurring in association with or included in
hydrothermal quartz.

Vasyukova et al. (2013) used SEM-CL to study different quartz textures from several
porphyritic deposits around the world. They suggested that the different internal patterns of
textures reflect in situ crystallization history, and Ti concentrations demonstrate the
exsolution processes that occur during crystallization and continuous cooling after magma
emplacement.

Lamardo et al. (2014) correlated quartz crystals from different volcanic and plutonic
units from the Tapajoés Gold Province via SEM-CL images. The authors also established
chronological relationships between different mineralization events in greisens of the Pitinga
Tin Province (Amazonas state, Brazil), and in sandstones of the Serra Grande Group
(Parnaiba Basin, Brazil), which carry veins of orange opal and quartz.

Sotero et al. (2015) studied magmatic and hydrothermal quartz from the Sdo Jorge
gold deposit in the Tapajos Gold Province by SEM-CL and established a chronological
relationship between the morphological and textural evolution of quartz and rock alteration
and mineralization processes.

Breiter et al. (2017) used LA-ICP-MS to analyze Al, Ti, Ge/Ti and Al/Ti values in

quartz from the Cinovec deposit (Czech Republic) and found that levels of these elements in
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quartz crystals reflect the degree of fractionation of parental magma from which the primary
quartz crystallized. From biotite granite to younger zinnwaldite granite, quartz is
characterized by an increase in Al (136 - 176 ppm to 240 - 280 ppm) and Ge content (0.8 —
1.2to 1.1 — 1.7 ppm) and a decline in Ti values (16-54 to 6-14 ppm). Quartz from greisens is
rich in all the elements measured (26-59 ppm of Al, 0.5-1.6 ppm of Ti, 2-13 ppm of Li, 0.8-
1.6 ppm of Ge), except for zoned quartz filling vesicles, which is rich in Al (> 1000 ppm) and
Li (~ 100 ppm), and contains very low levels of Ti (<1 ppm).

Based on these examples, this study aimed to demonstrate the morphological, textural
and compositional evolution of quartz crystals from the Mocambo Granite (MG) and correlate
them with the intensity of the hydrothermal alteration and mineralizations present in its
different rocks and greisen bodies, in addition to characterizing the morphology and

composition of cassiterite crystals.

2. REGIONAL GEOLOGICAL CONTEXT

The Carajas Mineral Province, considered the most preserved Archean nucleus of the
Amazonian Craton (Almeida et al. 1981), is divided into two large tectonic domains (Santos
et al. 2003; Vasquez et al. 2008): the Mesoarchean Rio Maria Domain, which is the most
widely studied, and the Mesoarchean to Neoarchean Carajds Domain, which is less
geologically known.

The Rio Maria Domain, where the MG is located, is formed by greenstone belts and
Archean tonalite-trondhjemite-granodiorite (TTG) associations. These greenstone belts
consist of predominantly komatiitic and basaltic-tholeiitic metavolcano-sedimentary
sequences of the Andorinhas Supergroup (Pimentel & Machado 1994; Souza et al. 1997,
2001). The Archean granitoids were divided into five groups: 1-older TTG rocks aged
between 2.98 and 2.92 Ga., represented by the Arco Verde Tonalite, Mogno Trondhjemite,
Caracol Tonalitic Complex and Mariazinha Tonalite (Althoff et al. 2000; Leite et al. 2004;
Guimardes et al. 2010; Almeida et al. 2011); 2- high-Mg sanukitoids represented by Rio
Maria granodiorite, with an approximate age of 2.87 Ga (Macambira & Lancelot 1996;
Althoff et al. 2000; Leite et al. 2004; Oliveira et al. 2009); 3-leucogranodiorite-granites from
the Guarantd Suite, at around 2.87 Ga (Almeida et al. 2013); 4- younger TTG rocks
represented by the Agua Fria Trondhjemite, with an age of 2.86 Ga (Pimentel & Machado

1994; Leite et al. 2004); 5- potassic leucogranites of calc-alkaline affinity from the Xinguara
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and Mata Surrdo granitoids, with approximate ages of 2.86-2.87 Ga (Leite et al. 2004;
Almeida et al. 2013).

During the Paleoproterozoic, the Rio Maria Domain underwent extensive anorogenic
magmatism (Figure 1), represented by the Jamon (JS), Serra dos Carajas (SCS) and Velho
Guilherme Intrusive (VGIS) Suites and contemporary felsic to mafic dykes (Dall’Agnol et al.
2005, 2006; Almeida et al. 2006; Oliveira et al. 2009, 2010). In the Séo Félix do Xingu
region, in the eastern portion of the Rio Maria Domain, anorogenic magmatism is represented
by VGIS granites formed by the Antonio Vicente, Benedita, Ubim/sul, Serra da Queimada,
Rio Xingu, Velho Guilherme, Bom Jardim and Mocambo plutons, mineralized in cassiterite,
fluorite, topaz, columbite-tantalite, molybdenite and wolframite. Alkali feldspar granites and
syenogranites predominate, with subordinate peraluminous to metaluminous monzogranites
affected by late- to post-magmatic alterations of varying intensities (Dall’Agnol et al. 1993;
Teixeira et al. 2002a, 2005; Lamaré&o et al. 2012).
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Figure 1- (a) Schematic map of the Amazonian Craton showing the location of the study area. (b)
Simplified geological map of the Carajas Province showing the distribution of anorogenic
Paleoproterozoic granites. In red are the granite bodies belonging to the VGIS and the location of the
Mocambo Granite, the object of this study (in bold type). RMD=Rio Maria Domain. CB=Carajas
Basin. XR=Xingu Region. Modified from Dall’ Agnol et al. (2005).

3. MOCAMBO GRANITE

The Mocambo Granite (MG), is part of the Velho Guilherme Intrusive Suite (VGIS),
and is composed of syenogranites to monzogranites, with subordinate alkali feldspar granites.
According to Teixeira et al. (2005), the MG is a highly fractionated pluton affected by late to

post-magmatic processes and contains mineralizations of cassiterite, wolframite, topaz,
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fluorite, sphalerite, wolframoixiolite, yttrofluorite and yttrocerite. It consists of a main body
and three smaller satellites (Figure 2), and intrudes into mafic metasedimentary and
metavulcanic rocks of the S8o Félix group as well as volcanic rocks of the Sobreiro
Formation (Uatum& Group) (Abreu & Ramos 1974; CPRM/DNPM 1997; Juliani & Fernandes
2010). Fractional crystallization was the main petrogenetic process that controlled the

evolution of the GM and the remaining VGIS granites (Teixeira 1999).
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Figure 2- Geological map of the Mocambo Granite and adjacent rocks (modified from Teixeira 1999),
showing new sampling points visited during field work and the samples collected by Teixeira (1999).

4. PETROGRAPHIC AND COMPOSITIONAL ASPECTS

Based on petrographic studies (Teixeira 1999), the following facies were identified: 1-

Porphyrytic syenogranite to monzogranite (PSMG); 2- Muscovite-bearing syenogranite
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(MvSG); 3-Aplitic alkali feldspar granite (AAFG), siderophyllite-chlorite-muscovite-quartz
greisen body (SCMQGs) associated with these rocks.

The samples corresponding to each facies of the MG were plotted in the QAPF diagram
(Figure 3) and their main petrographic characteristics are listed in Table 1. The rocks are
predominantly syenogranitic to monzogranitic, with less frequent alkali feldspar granites and

to quartz-enriched granitoids.

Q

[ ] PSMG
O MvSG
Quartz-rich >< AARS
granitoid . MG-01C
O
@ MG-02
- X MG-04
O
ONN |
Monzogranite Granodiorite

Figure 3- QAPF diagram (Streckeisen 1976) showing the modal composition of the MG samples, with
the new samples analyzed highlighted in red. Modified from Teixeira (1999).

The PSMG are pink to whitish grey, hololeucocratic (5-10% mafic), medium-to
coarse-grained, with a porphyritic texture and fine to medium-grained matrix (Figure 4A).
They are composed primarily of quartz, K-feldspar and oligoclase, with biotite as the main
mafic mineral (Figure 4B). K-feldspar and quartz phenocrysts are predominantly subhedral
(Figure 4C). The accessory minerals are zircon, monazite, allanite, fluorite and topaz, and
secondary minerals include sericite, muscovite, chlorite, fluorite, epitote, topaz, carbonate and
K-feldspar associated with the partial replacement of plagioclase, as well as albite and clay

minerals associated with the alteration of primary K-feldspar.
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The MvSG are whitish grey in color, medium-grained, with hypidiomorphic texture
and tend to be equigranular (Figure 4D). They are composed essentially of quartz, Na-
oligoclase, K-feldspar, and <1 % biotite (Figure 4E). The accessory phases are represented by
zircon, fluorite, monazite, columbite-tantalite, thorite, sphalerite, allanite, topaz and
cassiterite, and the secondary minerals are sericite, muscovite, chlorite, topaz and perthitic
microcline associated with the replacement of primary plagioclase; albite and clay minerals
are related to the alteration of potassium feldspar.

According to Teixeira (1999), AAFG are hololeucocratic, white to greenish grey,
medium-grained, and tend to be porphyritic (Figure 4F). Their primary components are quartz
and K-feldspar, with zircon, thorite, columbite, sphalerite, fluorite, monazite and allanite. and
rutile as accessories. The late to post-magmatic phases are represented by sericite, muscovite
and albite. Some local type of AAFG was identified consisting primarily of quartz and
sodium plagioclase, with muscovite as the varietal mineral (Figures 4G, H). The secondary
minerals are sericite, perthitic K-feldspar and muscovite from the alteration of plagioclase. K-
feldspar is rare and represented by clay-rich perthites.

The rocks that form SCMQGs and those exhibiting greisenization vary in color from
light to dark greenish grey and are fine to coarse-grained, with a hypidiomorphic
heterogranular texture (Figures 4 1, J). They are primarily composed of quartz, muscovite,
chlorite, sericite and, in accordance with Teixeira (1999), may also contain siderophyllite

(Figures 4L, M). The accessory phases are zircon, monazite, allanite, columbite-tantalite,
thorite, sphalerite, aschamalmite (PbgBiSg), albite, fluorite and cassiterite, the last also

occurring in quartz veins associated with highly altered wolframite and/or replaced by it
(Figures 4N, O, P).
Table 1 depicts the mineralogical characteristics and mineralizations present in the

facies and variations of MG rocks.
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Table 1: Mineralogical characteristics in the main granitic facies and greisens of the MG

(modified from Teixeira 1999).

Granitic Essential Varietal Acessor Secondar Mineralization
Facies (% modal) (% modal) y y [/ occurrence
Sericite, muscovite,
Quartz (25 to 49), . Zircon, monazite,  chlorite, fluorite, Topaz
plagioclase (9 - Biotite . . . - -
PSMG 21), K-feldspar (<1 - 3) columbite- epidote, microcline,  and fluorite /
’ (8 - 32) P tantalite, allanite,  albite, topaz, clay  disseminated
minerals
Zircon, rutile, Sericite, muscovite,
Quartz (32 to 50), monazite, fluorite,  chlorite, fluorite, N
; . . Cassiterite
MVSG plagioclase (2 - Biotita columbite- carbonate, and fluorite/
17), K-feldspar (<1-1) tantalite, thorite, ~ microcline, albite, disseminated
(6 to 26) allanita, sphalerite,  topaz, cassiterite,
cassiterite clay minerals
Zircon, rutile, . .
Quartz (47) thorite. columbite Sericite, muscovite,
AAFG K-feldspar / L ..~ perthitic microcline, Absent
. sphalerite, fluorite, h .
Albite (30-40) . .~ albite, clay minerals
monazite, allanite
SCMQGs Z'rcir;hf::il:gnb'te' Sericite, muscovite,
and Quartz, . ”’ . fengite, chlorite, iterite/
reisenized siderophyllite mongzne, a an]te, siderophyllite (.:aSS't?me
g L thorite, sphalerite, e disseminated
rocks muscovite aschamalmite quartz, albite
L cassiterite
cassiterite
- . Cassiterite and
Quartz veins Quartz Sericite, muscovite, wolframite

fengite, chlorite

disseminated

(PSMG)=Porphyrytic syenogranite to monzogranite; 2- Muscovite-bearing syenogranite
(MvSG); 3-Aplitic alkali feldspar granite (AAFG), siderophyllite-chlorite-muscovite-quartz

greisen bodies (SCMQGs).
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! 74 it s 2000 pm o 1000 pm
Figure 4- Textural and mineralogical aspects of MG rocks. A, B, C) Porphyritic syenogranite to
monzogranite (PSMG) with inequigranular texture (B) and quartz phenocrysts (C). D, E) Muscovite-
bearing syenogranite (MvSG) with intense muscovitization and sericitization (E). F) Aplite-alkali-
feldspar-granite (AAFG) described by Teixeira (1999). G, H) AAFG variation (G) with intense
alteration of albite crystals to sericite and muscovite (H). 1) SCMQG described by Teixeira (1999). J,
L, M) Greisenized rock (J) showing complete feldspar alteration to sericite (L, M). N) Quartz vein
containing wolframite and cassiterite. O) Cassiterite (Cst) partially altered to wolframite (WIf). P)
Cassiterite included in a wolframite crystal. O and P parallel polarizer. Acronyms in accordance with
Whitney & Evans (2010).
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5. METHODOLOGY

Eleven polished sections of the different granitic facies and greisens of the MG were
used. The CL images were obtained using a LEO-ZEISS 1430 scanning electron microscope,
with a Gatan MonoCL 3 system, under the following conditions: electron beam current = 90
pa, constant acceleration voltage = 10 KV and working distance = 13 mm. The polished
sections were coated 30s with a thin gold film. Quantitative chemical analyses and chemical
mapping by wavelength dispersive spectroscopy (WDS) were performed using a JEOL JXA-
8230 electron microprobe fitted with 5 WDS spectrometers. The operating conditions are
presented in Table 2. The following elements, standards and analyzer crystals were used for
quartz: Al — orthoclase — TAP, Si — SiO, — PETJ, Ti — TiO, — LIFH; and for cassiterite: Nb —
Nb — TAP, Ta—Ta— TAP, Sn — cassiterite — PETJ, Si — SiO, — PETJ, Fe — Fe304 — LIF, Mn —
rhodonite — LIF, Ti — TiO, — PETH, Mo — Mo — PETH, W — W — PETH. All the samples
analyzed were previously submitted to carbon-coated.

Table 2- Operating conditions of the electron microprobe (EMP). QNT= quantitative analysis;
MAP= mapping.

Quartz ONT Cassiterite QNT Cassiterite MAP
Voltage (kV) 20 15 15
Beam current (nA) 80 20 20
Beam diameter (um) 1 5 1
Matrix correction method Phi-Rho-Z (Armstrong) ZAF -
Peak counting time (s) Si: 10/ Al: 800/ Ti: Sn: 10/ Si, Fe, Mn, Ti,
800 Mo, W: 60/ Nb: 80
L . . Sn: 5/Si, Fe, Mn, Ti, Mo,
Background counting time (s)  Si: 5/ Al: 400/ Ti: 400 W- 30/ Nb: 40
Dwell time (msec) - - 25
Pixels by area (px) - - 1550 x 1250
Pixel size (um) - - 0.86 x 0.86

6. RESULTS
6.1 MORPHOLOGICAL-TEXTURAL VARIATION OF QUARTZ

Based on the morphological and textural aspects analyzed by CL, five types of quartz
were identified in the MG rocks and associated greisens:
- Qz1: of magmatic origin and considered the earlier type, it is present in all the facies and is
less frequent in mineralized greisen. Occurs as luminescent anhedral to subrounded crystals
(light grey) with different degrees of fracturing, as well as fine to medium-grained crystals

dispersed in the matrix.
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- Qz2: exhibits low luminescence (dark grey) and is later than Qz1; present all the facies, but
less frequent in the mineralized greisens. Generally occurs as discontinuous irregular spots or
filling the fractures and veins that crosscut Qz1, suggesting intense substitution (Figures 5B,
C and D);

- Qz3: Black with no luminescence. Occurs in practically all the facies filling the fractures
that crosscut Qz1 and Qz2 (Figures 5C, D). Qz2 and Qz3 originating from the interaction
between hydrothermal fluids and magmatic Qz1 (cf. Rusk & Reed 2002; Larsen et al. 2009;
Lamardo et al. 2013, 2014; Sotero et al. 2015).

- Qz4: Present in the most evolved and intensely altered rocks, greisen bodies and veins or
interstitial cavities, generally associated with cassiterite crystals. It forms medium-grained
euhedral to subhedral crystals, with little fractionation, well-defined light to dark zoning and
variable thickness (Figures 5E, F, G, H).

- Qz5: Crosscuts Qz4 and forms irregular patches (Figure 5F, G, H), generally associated with
wolframite or wolframite + cassiterite in quartz veins. The luminescent anhedral crystals are
medium to coarse-grained with little fractionation, reflecting the absence or weak presence of

CL activators (Figure 5I).



Figure 5- SEM-CL images showing the quartz types and their morphological and textural evolution in the MG. A) magmatic quartz (Qz1) with weak zoning.
B) Zoned Qz1 with small spots of Qz2. C) Zoned and luminescent Qz1 reabsorbed by Qz2 and crosscut by Qz3. D) Luminescent Qz1 crosscut by dark grey
Qz2; Black Qz3 crosscutting Qz1 and Qz2. E) Hydrothermal euhedral Qz4, with well-defined dark grey zoning associated with cassiterite (Cst). F) Cassiterite
associated with Qz4 and Qz5. G, H) Qz5 crosscutting Qz4 (G) or occurring on it as spots. 1) Qz5 homogeneous with low luminescence, generally associated

with wolframite (WIf) or wolframite + cassiterite.

8¢
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6.2 COMPOSITIONAL VARIATION OF QUARTZ CRYSTALS

A total of 146 EMP analyses were performed on quartz crystals from the PSMG,
AAFG, greisenized rocks and mineralized veins of the MG (Table 3). Ti, Al, K and Fe were
analyzed; however, K and Fe levels were very low and therefore disregarded.

Quartz crystals from less the evolved (PSMG) AAFG and and greisenized rocks (GR)
showed higher average Ti and lower Al concentrations when compared to those from
greisenized rocks mineralized in cassiterite (GRSn). On the other hand, quartz crystals from
veins mineralized in wolframite or wolframite + cassiterite (VWSn) exhibited the lowest Ti
and Al levels (Figure 6).

In PSMG quartz crystals, Ti and Al content ranged from 10 to 104 ppm and 11 to 149
ppm, respectively, whereas those from AAFG showed respective Ti and Al concentrations
between 5 and 87 ppm and 0 and 604 ppm, with two anomalous Al values that exceeded 2000
ppm. The GR quartz crystals displayed slightly lower Ti concentrations (0 — 62 ppm), with Al
ranging from 0 and 168 ppm. Typical Ti levels in GRSn were very low, not exceeding 20
ppm, while Al content was above 500 ppm and even surpassed 3700 ppm. The maximum Ti

and Al concentrations in VWSn quartz were 7 and 77 ppm, respectively (Table 3).
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Figure 6- Scatterplot depicting the compositional variation of Ti and Al in quartz crystals from MG
rocks. Highlighted are Ti enrichment in quartz from less evolved rocks (red contour) and Al
enrichment in quartz from rocks mineralized in cassiterite (blue contour). SMGP — Porphyritic
syenogranite to monzogranite. AAFG — Aplite - alkali - feldspar - granite. GR — Greisenized rock.
GRSn — Greisenized rock mineralized in cassiterite. VWSn — Veins mineralized in wolframitea+
cassiterite.

In general, Qz1 showed higher Ti concentrations in relation to other quartz types and
varying Al levels, especially in phenocrysts with alternating light and dark zones. There is a
clear relationship between luminescent and dark zones with higher Ti and Al concentrations,
respectively (Figure 7A). Qz2 displayed fluctuating Al levels (20 to 140 ppm) and a slight
decline in Ti content, with a maximum value of 50 ppm (Figure 7B, C). Qz3 is extremely Ti
and Al depleted, with values almost always below the limit of detection (Figure 7 C). Al
values were elevated and highly variable in Qz4, with very low Al concentrations, although
the dark zones were depleted in both these elements, similarly to Qz3 and Qz5 (Figure D).
Qz5 was Ti and Al-poor, at times exhibiting slight Al-enrichment, albeit not exceeding 130

ppm (Figure 7 E, F).
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Table 3- Ti and Al concentrations (ppm) in quartz crystals from PSMG (MG-01-C), AAFG (MG-04),
GR (MG-05B4), GRSn (MG-SN-03) and VWSn (MG-SN-06).

Amostra Al ppm Ti ppm Amostra Al ppm Ti ppm Amostra Al ppm Ti ppm
MG-01-C_1-1 77 61 MG-05-B4_1-6 165 62 MG-SN-03_4-5 897 7
MG-01-C_1-2 77 61 MG-05-B4_1-7 168 40 MG-SN-03_4-6 103 7
MG-01-C_1-3 20 10 MG-05-B4_1-8 47 11 MG-SN-03_4-7 1104 4
MG-01-C_1-4 37 37 MG-05-B4_1-9 nd 40 MG-SN-03_4-8 2547 10
MG-01-C_1-5 149 51 MG-05-B4_1-10 86 19 MG-SN-03_4-9 275 nd
MG-01-C_1-6 29 51 MG-05-B4_1-11 67 22 MG-SN-03_4-10 nd nd
MG-01-C_2-1 14 86 MG-05-B4_1-12 nd 18 MG-SN-03_4-11 nd nd
MG-01-C_2-2 46 104 MG-05-B4_1-13 14 16 MG-SN-03_4-12 nd nd
MG-01-C_2-3 61 16 MG-05-B4_1-14 31 33 MG-SN-03_4-13 1161 6
MG-01-C_2-4 26 48 MG-05-B4_1-15 nd nd MG-SN-03_4-14 514 nd
MG-01-C_2-5 24 10 MG-05-B4_1-16 nd 7 MG-SN-03_4-15 20 nd
MG-01-C_2-6 11 11 MG-05-B4_1-17 nd 4 MG-SN-03_5-1 2745 nd
MG-01-C_2-7 118 100 MG-05-B4_1-18 31 nd MG-SN-03_5-2 1726 17
MG-01-C_3-1 126 13 MG-05-B4_1-19 nd nd MG-SN-03_5-3 nd nd
MG-01-C_3-2 41 50 MG-05-B4_1-20 47 33 MG-SN-03_5-4 nd nd
MG-01-C_3-3 12 103 MG-05-B4_1-21 29 12 MG-SN-03_5-5 nd nd
MG-01-C_3-4 89 12 MG-05-B4_1-22 8 26 MG-SN-03_5-6 1329 nd
MG-01-C_3-5 23 56 MG-05-B4_1-23 165 46 MG-SN-03_5-7 nd nd
MG-01-C_3-6 28 54 MG-05-B4_1-24 27 42 MG-SN-03_5-8 nd 2
MG-04_1-1 166 7 MG-05-B4_1-25 47 56 MG-SN-03_5-9 998 4
MG-04_1-2 491 16 MG-SN-03_1-1 nd 5 MG-SN-03_5-10 27 10
MG-04_1-3 533 13 MG-SN-03_1-2 197 1 MG-SN-03_5-11 2053 20
MG-04_1-4 2037 16 MG-SN-03_1-3 nd nd MG-SN-03_5-12 nd nd
MG-04_1-5 218 19 MG-SN-03_1-4 721 nd MG-SN-03_5-13 1354 nd
MG-04_2-1 51 5 MG-SN-03_1-5 nd nd MG-SN-03_5-14 nd nd
MG-04_2-2 32 17 MG-SN-03_1-6 nd nd MG-SN-03_5-15 1667 nd
MG-04_2-3 234 nd MG-SN-03_1-7 683 4 MG-SN-03_5-16 nd nd
MG-04_2-4 102 5 MG-SN-03_1-8 826 nd MG-SN-03_5-17 73 nd
MG-04_2-5 95 7 MG-SN-03_2-1 nd nd MG-SN-03_5-18 2235 nd
MG-04_2-6 74 7 MG-SN-03_2-2 3090 nd MG-SN-06_1-1 129 nd
MG-04_3-1 35 16 MG-SN-03_2-3 nd nd MG-SN-06_1-2 24 nd
MG-04_3-2 nd nd MG-SN-03_2-4 178 4 MG-SN-06_1-3 4 2
MG-04_3-3 nd 15 MG-SN-03_2-5 452 5 MG-SN-06_1-4 nd 7
MG-04_3-4 492 20 MG-SN-03_2-6 112 nd MG-SN-06_1-5 47 nd
MG-04_3-5 nd nd MG-SN-03_2-7 16 nd MG-SN-06_1-6 nd nd
MG-04_4-1 69 19 MG-SN-03_2-8 nd nd MG-SN-06_1-7 66 nd
MG-04_4-2 24 50 MG-SN-03_3-1 nd nd MG-SN-06_1-8 nd nd
MG-04_4-3 34 49 MG-SN-03_3-2 1304 nd MG-SN-06_2-1 nd nd
MG-04_4-4 53 87 MG-SN-03_3-3 14 10 MG-SN-06_2-2 nd 2
MG-04_4-5 38 38 MG-SN-03_3-4 743 nd MG-SN-06_2-3 nd nd
MG-04_4-6 76 9 MG-SN-03_3-5 279 8 MG-SN-06_2-4 nd nd
MG-04_4-7 nd 45 MG-SN-03_3-6 nd nd MG-SN-06_2-5 nd nd
MG-04_4-8 46 7 MG-SN-03_3-7 305 nd MG-SN-06_2-6 nd nd
MG-04_5-1 604 48 MG-SN-03_3-8 nd 8 MG-SN-06_2-7 nd nd
MG-04_5-2 2065 16 MG-SN-03_3-9 1335 nd MG-SN-06_2-8 nd nd

MG-05-B4_1-1 147 14 MG-SN-03_3-10 2314 nd MG-SN-06_2-9 77 5

MG-05-B4_1-2 147 2 MG-SN-03_4-1 305 2

MG-05-B4_1-3 nd 6 MG-SN-03_4-2 3733 2

MG-05-B4_1-4 nd nd MG-SN-03_4-3 29 1

MG-05-B4_1-5 29 28 MG-SN-03_4-4 16 nd

SMGP - Porphyritic syenogranite to monzogranite; AAFG=aplitic-alkali-feldspar-granite;

GR=Greisenized rock; GRSn=Cassiterite-bearing greisenized rock. VWSn=Cassiterite-bearing quartz
vein. nd= not detected.
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6.3 TEXTURAL AND COMPOSITIONAL VARIATION OF CASSITERITE

Cassiterite is a common phase in the greisenized rocks and quartz veins studied here.
It forms fine to coarse-grained anhedral to subhedral crystals associated with chlorite,
muscovite, phengite (Fernandes et al. 2006) and siderophyllite (Figure 8) or is typically
included in wolframite crystals and quartz veins. Its colours varies from light to dark or
reddish brown, often with characteristic interference colors. More developed crystals are
common in greisenized rocks, with well-defined concentric zoning. By contrast, cassiterite
crystals in veins associated with wolframite are frequently more fragmented, with no zoning.

e

{A ~ _',‘ . - 4 ﬂ&;\ MG SN-QZ B _& % ,, : + MG-SN-02 \c ‘6\ S @ N ..- MG-S-OZ

Figure 8- Textural aspects of cassiterite (Cst) under an optical microscope. parallel polarizer- A, C, E
and G. Crossed polarizer — B, D, F, H and I. A and B) Light brown, slightly zoned twinned crystals
associated with phengite (Ph). C and D- Light brown cassiterite associated with phengite and Qz4. E
and F) Dark brown, zoned cassiterite concentrate, with high interference colors. G and H)- Zoned
cassiterite concentrates associated with Qz4 in the interstices. ) Fractured and altered cassiterite
associated with Qz5 and wolframite (WIf).

In addition to Sn, levels of Fe, Ti, Nb and W were analyzed in the cassiterite crystals,
with no significant variation in mean values, except for Ti, which showed slight enrichment in
samples without wolframite. W and Fe enrichment was slightly higher in cassiterite

associated with wolframite-bearing quartz veins, and mean Nb levels showed no significant
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variation. The mean Sn concentration was around 98.5 %, with the highest values observed in
sample GM-SN-02 (average of 99.1%). The Mn, Mo and Ta levels were close to zero (Table
4).

Table 4- Mean values for cassiterite analyses (per sample). Oxides in wt % and elements in atoms per
formula unit (apfu), calculated based on 2 oxygen atoms per formula unit. The samples in which
wolframite is associated with cassiterite are shown in bold. FeO* = total iron. nd= not detected.

MG-2-A1 MG-2-B1 MG-2-B2 MG-SN-6 MG-SN-2  MG-SN-3  MG-SN-5

S0, 0,012 0,007 0,017 0,013 0,008 0,006 0,006
Sno, 98,447 98,689 99,122 98,189 99,187 98,494 98,695
Tio, 0,027 0,070 0,013 0,014 0,080 0,508 0,973
FeO * 0,374 0,596 0,457 0,689 0,367 0,292 0,312
Nb,Os 0,100 0,118 0,093 0,102 nd 0,269 nd
WO, 0,270 0,421 0,092 0,265 0,019 0,075 0,073
MnO 0,007 0,012 0,010 0,012 0,004 0,003 0,006
MoO, 0,001 0,002 0,001 nd 0,002 0,000 nd
Ta,05 nd nd nd nd nd nd nd
Total 99,238 99,914 99,805 99,284 99,667 99,647 100,065
Si nd nd nd nd nd nd nd
Sn 0,991 0,986 0,992 0,988 0,994 0,983 0,978
Ti 0,001 0,001 nd nd 0,002 0,010 0,018
Fe?* 0,008 0,012 0,010 0,015 0,008 0,006 0,006
Nb 0,001 0,001 0,001 0,001 nd 0,003 nd
w 0,002 0,003 0,001 0,002 nd nd nd
Mn nd nd nd nd nd nd nd
Mo nd nd nd nd nd nd nd
Total 1,003 1,005 1,004 1,006 1,004 1,002 1,003

A comparison of the cassiterite crystal regions analyzed by EMP under parallel
polarizer demonstrates that the light brown zones exhibit higher Sn and lower Ti, W and Nb
concentrations than the dark brown and orange zones. The dark brown zones and fractures
are W-enriched (Figure 9). Compositional maps, also obtained by EMP analysis of zoned
cassiterite, indicate that Ti and Fe distribution accompanies zoning in these crystals (Figure

10).



Figure 9- MAP analyses of cassiterite crystals. (Al and B1l) BSE images with their respective parallel

compositional variation of the different zones.
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Figure 10- Qualitative compositional map of zoned cassiterite crystals. A) CL image of cassiterite
concentrate with the mapped area outlined. B) Compositional map for Fe. C) Compositional map for
Ti. The light colored zones are enriched and dark zones are depleted.

7. DISCUSSIONS
7.1 MORPHOLOGICAL-TEXTURAL VARIATION OF QUARTZ

The CL images made it possible to identify 5 different types of quartz in the MG as
well as the chronological order of the magmatic-hydrothermal processes involved in its
evolution.

At the onset of hydrothermal processes, deuteric fluids percolated through the rocks of

the MG, interacting with the magmatic luminescent Qz1 and forming dark grey Qz2,
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primarily along the edges of the magmatic crystals (Figure 11, stage 1), chaging their
chemical composition. This gave rise to the darker colored Qz3, which fills the fractures in
Qz1 and, occasionally, Qz2 (Figure 11, stage 2). These alteration, dissolution and
recrystallization processes were also described in previous studies (cf. Rusk & Reed 2002;
Larsen et al. 2009; Lamaréo et al. 2013, 2014, Sotero et al. 2015). Qz4 represents a later
alteration and crystallization stage than the other quartz types (Figure 11, stage 3) and is
commonly associated with cassiterite mineralization in evolved and hydrothermal rocks and
the greisen body. The Qz4 crystals are predominantly euhedral to subhedral, with the well-
defined light to dark-colored zoning typical of hydrothermal origins (cf. Rusk & Reed 2002;
Rusk et al. 2008; Lamardo et al. 2013, 2014, Sotero et al. 2015; Breiter et al. 2017). Qz5
represents the last hydrothermal event, formed by the continuous percolation of fluids that
crosscut and consumed Qz4 (Figure 11, stage 4). It is homogeneous with largely dark coloring
and present in veins mineralized in woflramite, which may contain a small amount of
cassiterite. Additionally, the constant presence of cassiterite inclusions in the wolframite and
partial cassiterite alteration to wolframite (see Figures 40, P) suggest that wolframite is

younger than cassiterite and that Qz 5, the wolframite host, is therefore the youngest quartz

type.

Stage 1 Stage 2
Magmatic unaltered Qz1 interacting Dissolution and fracture of Qz1,
with deuteric fluids and forming Qz 2. forming Qz2 and Qz3.
Qz
Qz1 — | Qz — ﬁi% —>
Qz2 -
Qz2 Qz3 ‘}ZQ/
Stage 3 Stage 4
Recrystallization and formation of zoning. Continuous percolation of hydrothermal
Formation of Qz4 fluids, reacting with Qz4 to form Qz5

Figure 11- Schematic diagram of quartz evolution in CL images. Stage 1 — Magmatic luminescent Qz1
reacts with hydrothermal fluids and forms darker Qz2, which typically occurs along the edges of Qz1.
Stage 2 — Dissolution and fracture of Qz1, with the fractures filled by dark-colored Qz3 and intense
formation of Qz2 and Qz3. Stage 3 — Continued hydrothermal alteration, recrystallization and
formation of zoned Qz4 crystals. Stage 4 — Continuous percolation of hydrothermal fluids, reacting
with and consuming Qz4 to form dark grey Qz5.
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7.2 VARIATION IN Ti AND Al CONCENTRATIONS

The difference in Ti and Al concentrations in the quartz types reflects the petrogenetic
and hydrothermal processes involved in their formation. Several studies (Rusk et al. 2006,
2008; Larsen et al. 2009; Breiter et al. 2017) have shown that the intensity of quartz
luminescence is directly related to its Ti concentration and crystallization temperature. Quartz
formed at high temperatures tend to be Ti-enriched and display greater luminescence, whereas
low-temperature quartz tends to be Ti-depleted and less luminescent. In the MG samples, the
highest Ti levels (10 to 104 ppm) were found in Qz1 (magmatic) from PSMG, formed at
higher temperatures. At low temperatures, and based on the action of hydrothermal fluids,
Qz1 becomes Ti-depleted and replaced by low-temperature Qz2, Qz3, Qz4 and Qz5. The Al
content varied from 11 to 149 ppm for PSMG quartz and 0 to 604 ppm for AAFG, with two
analyses providing values > 2000 ppm (Table 2). In greisen mineralized in cassiterite, quartz
crystals showed significant Al enrichment, with some values > 3000 ppm, where Ti was < 20
ppm (Table 2). The lowest Al and Ti concentrations were recorded in quartz veins containing
wolframite (Table 3).

Breiter et al. (2013) studied magmatic quartz crystals from Variscan granites with
different geochemical signatures and found that quartz from the highly fractionated and
mineralized A- and S-type granites were Al-rich and Ti-poor in relation to quartz from other
granite types. Quartz Al concentrations increased as a function of water and fluorine levels
(Breiter et al. 2013), and were also governed by the aluminum saturation index of the magma.
As such, Al remains constant during the crystallization of metaluminous magma and increases
under peraluminous conditions (Jacamon & Larsen 2009).

The Ti and Al concentrations in magmatic quartz from the MG reflect their
availability in intraplate parental magma with considerable crustal contributions (Teixeira et
al. 2005). The Al and Ti values in zoned quartz and quartz mineralized in cassiterite from the
MG are consistent with those described by Rusk et al. (2008) in low-temperature
hydrothermal deposits (100° to 300° C), where Al levels were high and Ti below the limit of
detection. According to Rusk et al. (2008), the Al content of hydrothermal quartz reflects its
solubility in hydrothermal fluids, which is highly dependent on pH, and fluctuation can result
in sulfide mineralization. The Al and Ti concentrations in typically hydrothermal Qz4 from
the MG is also similar to those reported in quartz crystals from vesicles in the greisens and
veins of the Cinovec deposit (Czech Republic), which show significant Al enrichment and
low Ti levels (Breiter et al. 2017).
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Variations in Al content seem to be more complex in the MG, since Qz4 is Al-rich
while Qz3 and Qz5 are depleted in this element. The compositional similarities between Qz3
and Qz5 suggest they may have been formed by chemically similar hydrothermal fluids.

7.3 COMPOSITIONAL VARIATION OF CASSITERITE

The Sn, Fewt, Ti, Nb and W concentrations in cassiterite crystals varied according to
the color of the zone analyzed.

The values obtained are consistent with those found in zoned cassiterite from other
deposits (Costi et al. 2000; Souza & Botelho 2009), where lighter zones are more Sn-
enriched. As reported by Moller et al. (1988), Neiva (1996), and Murciego et al. (1997), the
entry of Fe, Ti, Nb and W into the cassiterite structure can be summarized by the following
equations: 2Sn** + 0% — Ti*" + Fe** + OH e 3(Sn, Ti)*" < 2(Nb,Ta)** + Fe?* , where the
coupled substitution of Sn by Fe and Ti, and Sn and Ti by Nb and Ta occurs. In turn, W may
participate in Sn and Fe substitution, forming molecular wolframite represented by the
equation 2(Sn, Ti)*" < W°® + Fe?*. The low Mn levels found in MG samples may also have
entered the cassiterite structure along with Fe.

Happala (1997) and Costi et al. (2000) demonstrated the relationship between Nb,Os,
Ta,0s, FeO and TiO, concentrations and cassiterite formation, indicating that magmatic or
high-temperature cassiterite is rich in Nb,Os + Ta,Os and FeO, whereas low-temperature
hydrothermal cassiterite is TiO, enriched.

Souza & Botelho (2009) studied the chemical composition and oxygen isotopes of
cassiterite and wolframites from greisens of the Bom Futuro Sn deposit (Rondbnia state,
Brazil). The results indicated that cassiterite contained Sn, Nb, Ta, Fe, Ti and W; the isotropic
data demonstrated that both cassiterite and wolframite precipitated in magmatic hydrothermal
fluid at 420 to 460 °C.

The Sn+Ti+W — Nb — Fe+Mn diagram (Figure 12) shows the varying concentrations
in MG cassiterite. Cassiterite in the quartz veins and greisens of the MG showed fluctuating
Ti, W and Fe levels, with low Nb content and Ta values below the limit of detection,
suggesting that a magmatic origin is unlikely. Moreover, the slight Ti and W enrichment and
association of cassiterite with both Qz4 and Qz5 indicates that the origin of the material is

probably hydrothermal.
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Nb

10
Sn/10+Ti+W Fe+Mn

Figure 12- Composition of MG cassiterites in terms of Sn/10+Ti+W, Nb and Fe+Mn (apfu), calculated
using the values from Table 3.

8. CONCLUSIONS

The rocks comprising the MG are the result of interaction between the original granite
and volatile-rich residual fluids, responsible for late to post-magmatic alterations of different
intensities. Morphological and compositional analyses demonstrated that quartz is an
excellent marker of the magmatic evolution and alteration caused by the hydrothermal process
at play in the MG, where one magmatic (Qz1) and four hydrothermal quartzes (Qz2, Qz3 Qz4
and Qz5) were identified.

The highest Ti concentrations were observed in Qzl, particularly in less evolved
rocks. As the alteration processes intensified, transforming Qz1 into the other quartz types, Ti
levels declined to below the limit of detection in Qz3, Qz4 and Qz5. Al concentrations varied
in the oldest quartz types (Qz1 and Qz2), with the lowest values found in Qz3 and Qz5 and
considerable enrichment in Qz4, present in the interstices of cassiterite concentrates in
greisenized rocks.

The CL images indicate that tin mineralization occurs in the most evolved and
hydrothermally altered rocks, such as greisenized rocks and quartz veins, where cassiterite is
associated with Qz4 or Qz5 + wolframite. The images of Qz5 suggest the presence of a
mineralizing hydrothermal event in wolframite after the event that gave rise to the cassiterite,

predominantly associated with Qz4.
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In addition to Sn, cassiterites exhibited lower Fe, Ti, W, and Nb concentrations and
trace amounts of Mn; Ta was below the limit of detection. Fe, Nb, Ti and W levels were
higher in the dark zones, whereas Sn content was highest in the lightest parts of the crystals.
The dark areas of internal zoning in the most developed crystals were Fe and Ti-enriched,
whereas the light areas were depleted in these elements, with inversely proportional Sn
values. These elements (Fe, Nb, Ti and W) replaced Sn and entered the cassiterite structure
through coupled substitutions.

Cassiterites associated with Qz5 often occur as inclusions in wolframite crystals or
partially replaced by them, reinforcing the hypothesis that wolframite precipitation likely

occurred through later hydrothermal processes than those that formed cassiterite.
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CAPITULO 3 CONCLUSOES E CONSIDERACOES FINAIS

O Granito Mocambo é representado por um pluton principal de aproximadamente 7
km?’ e trés satélites menores, intrusivos em rochas metassedimentares e metavulcanica maficas
do Grupo S&o Félix e em rochas andesiticas da Formacao Sobreiro. Apresentam composices
sienograniticas a monzograniticas com alcali feldspato-granitos subordinados. Trés facies
petrogréficas foram identificadas: 1- Sienogranito a mozogranito porfiritico (SMGP); 2-
Sienogranito com muscovita (SGMVv); 3- Aplito-alcali feldspato-granito (AAFG), além de um
Siderofilita-clorita-muscovita-quartzo greisen (SCMQGS) e rochas greisenizadas associadas.

As rochas que compdem o GM resultam da interacdo do granito original com fluidos
residuais ricos em volateis, responsaveis por alteracdes tardi a p6s-magmaticas em diferentes
intensidades. O estudo morfolégico e composicional do quartzo mostrou que este mineral foi
um excelente marcador da evolucdo magmatica e das alteracdes decorrentes dos processos
hidrotermais que atuaram no GM, no qual foi possivel distinguir uma geracdo de quarzo
magmatico (Qz1) e quatro tipos hidrotermais (Qz2, Qz3 Qz4 e Qz5).

A partir dos resultados foi possivel concluir que os cristais de quartzo das rochas
menos evoluidas (SMGP), representados pela predominancia do Qz1, apresentaram maiores
concentracdes de Ti e, a medida em que o0s processos de alteragdes se intensificaram e
transformaram o Qz1 nos demais tipos, as concentracdes de Ti se empobreceram até ficarem
abaixo do limite de detec¢do no Qz3, Qz4 e Qz5. As concentracBes de Al variaram nos tipos
mais precoces (Qz1 e Qz2), apresentaram as mais baixas concentracdes no Qz3 e Qz5 e se
enriquecem fortemente no Qz4, presente em intrersticios de concentrados de cassiterita de
rochas greisenizadas.

As imagens de CL indicaram que a mineralizacdo estanifera esta presente nas rochas
mais evoluidas e alteradas hidrotermalmente, onde a cassiterita esta associada ao Qz4 ou Qz5
+ wolframita. O Qz5 sugere um possivel evento hidrotermal mineralizante de wolframita
posterior ao que deu origem a cassiterita associada ao Qz4. Essa interpretacdo é devido a sua
relacdo textural com o Qz4, ocorrendo muitas vezes como manchas ou intersectando este. As
cassiteritas apresentaram concentracdes de Sn, Fe, Ti, W, Nb e tracos de Mn, enquanto o Ta
ficou abaixo do limite de deteccdo. As concentracdes de Fe, Nb, Ti e W sdo mais elevadas nas
zonas escuras € 0 Sn apresenta uma maior concentracdo nas partes mais claras dos cristais. Os
zonamentos internos apresentaram enriquecimento principalmente de Fe e Ti nas zonas

escuras e empobrecimento destes nas zonas claras, com valores inversamente proporcionais
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para 0 Sn. Tais elementos (Fe, Nb, Ti e W) substituem o Sn e entram na estrutura da
cassiterita através de substituicGes acopladas.

As cassiteritas associadas ao Qz5 ocorrem, muitas vezes, como inclusdes em cristais
de wolframitas, reforcando a hipétese de que a precipitacdo da wolframita provavelmente
ocorreu a partir de processos hidrotermais posteriores aos que originaram a cassiterita. Apesar
das evidéncias observadas neste estudo, seria interessante a realizacdo de estudos futuros
envolvendo isétopos de oxigénio e inclusbes fuidas, os quais poderiam complementar as

informacdes que foram apresentadas no presente trabalho.
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