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RESUMO

O Brasil central hospeda suites graniticas com idades paleo-mesoproterozoicas,
localizadas principalmente nas regides centro-norte e nordeste do Estado de Goias. Estas
suites graniticas apresentam assinatura petrografica e geoquimica similares a de
magmatismo tipo-A, com um alto contedo de &lcalis, Sn, W, F, Rb, Th, Y, Nb, Ga e
ETR, sendo ainda responsaveis por formar juntas a tdo famosa Provincia Estanifera de
Goias. O macigo granitico Pedra Branca € o principal corpo intrusivo mineralizado do
sistema magmatico rico em Sn (xW, ETR) da Provincia Estanifera de Goias. A Faixa
Placha é o principal local de concentragdo de minério do maci¢o granitico Pedra Branca.
Os cristais de cassiterita sdo euédricos a subédricos, zonados, fraturados, contém
inclus@es de ilmenite, rutilo, tantalita e magnetita. O pleocroismo varia de amarelo palido
a marrom escuro, onde nas cores mais fracas apresenta-se um alto contetido de SnO: e
baixo FeOrwtal. A cassiterita da Faixa Placha tem contetdos de SnO: entre 96-100% em
peso, enquanto a soma dos elementos tracos tem contetdo inferior a 4% em peso. Os
cristais de wolframita sdo relativamente raros e estdo disseminados nos greisens,
apresentando um contetdo de WO3 entre 71.5 e 74.5% em peso e possuem inclusdes ou
exsolucdes de nidbio-tantalatos. A wolframita é formada por uma solugéo sélida, cujos
membros finais sdo representados por ferberite (FeWO4) and hiibnerite (MnWOQO4). Os
resultados de is6topos estaveis de oxigénio de quartzo (50 = 9.4 -10.4%o) e cassiterita
(5180 = 2.6 - 2.9 %o) apresentam variagdes sutis em suas respectivas composigdes,
indicando equilibrio isotdpico com um ambiente hidrotermal comum. No entanto,
diferengas significativas nos valores de 50 entre quartzo-cassiterita revelam assinaturas
de fracionamento isotdpico mineral durante a ascencao do sistema hidrotermal. O interval
geotermomeétrico calculado de 406 °C a 498 °C é interpretado como o intervalo de
temperatura de cristalizacio do minério durante a evolugdo do sistema
magmatico/hidrotermal Pedra Branca. O estudo das inclusdes fluidas mostrou que em
temperature ambiente (25 °C), os cristais de quartzo e cassiterita hospedam inclusdes de
fluidos aquosos monofasicas e bifasicas, classificadas como pseudo-primarias e
secundarias. Os dados microtermométricos revelaram um sistema de fluido aquoso com
salinidade e densidade reduzidas, aprisionado sob temperatura baixa a moderada (100 °C
— 270 °C). Durante o Neoproterozoico (0,75 — 0,50 Ga), a tectdnica transpressiva ligada

a Orogenia Brasiliana/Pan-Africana ocasionou diferentes niveis de deformacdo em todas



as litologias. Falhas e fraturas de tragdo greisenizadas por minério ligado a Faixa Placha
(exogreisen), bem como alguns corpos lenticulares de greisen ligados a Zona da Bacia
(endogreisen) foram submetidos a deformacgdo milonitica direcional. Os conjuntos de
estruturas da Faixa Placha foram reativados em regime ductil-raptil, com geracdo local
de dobras centimétricas e cortes de tensao, além de achatamento e fragmentacéo parcial

sobre a assembléia mineral.

PALAVRAS-CHAVE: CASSITERITA, WOLFRAMITA, FAIXA PLACHA,
GREISEN, PROVINCIA ESTANIFERA DE GOIAS



ABSTRACT

Central Brazil hosts granitic suites with Paleo-Mesoproterozoic ages, located mainly in
the north-central and northeastern regions of the State of Goias. These granitic suites have
a petrographic and geochemical signature similar to A-type magmatism, with a high
content of alkalis, Sn, W, F, Rb, Th, Y, Nb, Ga and REE, being also responsible for
forming together the famous Goias Tin Province. The Pedra Branca granitic massif is the
main mineralized intrusive body of the Sn-rich (W, REE) magmatic system of the Goias
Tin Province. The Faixa Placha is the main ore concentration site in the Pedra Branca
granitic massif. Cassiterite crystals are zoned, fractured, contain ilmenite, rutile, tantalite
and magnetite inclusions. Pleochroism varies from pale yellow to dark brown, where in
the weaker colors it presentes a high content of SnO2 and low FeOuta. The cassiterite
from the Placha shear fault has SnO. contents between 96-100 wt.%, while the sum of
trace elements has a content of less than 4 wt.%. Wolframite crystals are relatively rare
and are widespread in greisens, have a WO3 content between 71.5 and 74.5 wt.% and
have inclusions or exsolutions of niobium-tantalates. Wolframite is formed by a solid
solution, whose final members are represented by ferberite (FeWOs) and hibnerite
(MnWOy). The results of stable oxygen isotopes of quartz (580 = 9.4 -10.4%.) and
cassiterite (8'80 = 2.6 - 2.9 %o) show subtle variations in their respective compositions,
indicating isotopic equilibrium with a common hydrothermal environment. However,
significant differences in 5'80 values between quartz-cassiterite reveal mineral isotopic
fractionation signatures during the rise of the hydrothermal system. The calculated
geothermometric range from 406 °C to 498 °C is interpreted as the temperature range of
ore crystallization during the evolution of the Pedra Branca magmatic/hydrothermal
system. The study of fluid inclusions showed that at room temperature (25 °C), quartz
and cassiterite crystals host monophasic and biphasic aqueous fluid inclusions, classified
as pseudo-primary and secondary. Microthermometric data revealed an aqueous fluid
system with reduced salinity and density, trapped at low to moderate temperature (100 °C
— 270 °C). During the Neoproterozoic (0.75 — 0.50 Ga), the transpressive tectonics linked
to the Brasiliano/Pan-African Orogeny caused different levels of deformation in all
lithologies. Faults and tensile fractures greisenized by ore linked to the Placha Belt
(exogreisen), as well as some lenticular greisen bodies linked to the Basin Zone

(endogreisen) were subjected to directional mylonitic deformation. The sets of structures



of the Placha Belt were reactivated in a ductile-brittle regime, with local generation of
centimetric folds and stress shears, in addition to flattening and partial fragmentation over

the mineral assemblage.

KEY-WORDS: CASSITERITE, WOLFRAMITE, FAIXA PLACHA, GREISEN,
GOIAS TIN PROVINCE
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CAPITULO 1 - INTRODUCAO

1 INTRODUCAO
1.1 - APRESENTACAO E JUSTIFICATIVA

O macico granitico Pedra Branca é o principal representante da conhecida
Provincia Estanifera de Goias, a qual agrupa um conjunto de macicos graniticos e
pegmatitos do Paleo-meso proterozdico, mineralizados em Sn (= W, ETR, In), intrusivos
em rochas da Suite Aurumina (Arqueano/Proterozdico Inferior) e da Formacgéo Tincuzal
(Paleoproterozdico), e recobertos por rochas dos Grupos Araxd, Serra da Mesa e Arai, de
idade mesoproterozdica (Padilha & Laguna 1984, Marini & Botelho 1986, Pimentel et al.
1991). A Provincia Estanifera de Goias foi subdividida em quatro subprovincias por
Marini & Botelho (1986): Rio Tocantins, Rio Parand, Pirenopolis-Goianésia e Ipameri.
A Unica subprovincia a ser discutida neste trabalho é a do Rio Parand, por conter o Granito
Pedra Branca no qual se encontra a mineralizacdo estudada.

As chamadas Zona da Bacia e Faixa Placha sdo as principais areas mineralizadas
no macico Pedra Branca. A Faixa Placha, objeto dessa pesquisa, € uma zona de falha que
ocorre dentro do corpo granitico Pedra Branca, possui uma orientacdo NE/SW e € um dos
depdsitos primarios mais importantes da regido (Botelho e Rossi, 1988). Os estudos
relativos a quimica-mineral da cassiterita e wolframita, bem como sobre os fluidos
hidrotermais relacionados a génese deste depdsito, sdo discretos ou inexistem. Avancar
nessas questdes torna-se importante quanto a compreensdo de processos de substituicdo
e intercrescimento do mineral-minério, natureza composicional e até isotdpica do fluido
hidrotermal, pois possibilitam uma melhor compreensdo do evento metalogenético
gerador da mineralizagéo.

A presente pesquisa é apresentada ao Programa de Pds-Graduagdo em Geologia
da Universidade de Brasilia na forma de dissertacdo de mestrado como requisito para
obtencéo de titulo de Mestre em Geologia. O trabalho tem como foco o estudo do depdsito
de estanho da Faixa Placha, localizado no maci¢o granitico Pedra Branca, Estado de
Goiés.

A dissertacdo apresenta-se estruturada em forma de trés capitulos. O capitulo 1
contém informagdes gerais da pesquisa: apresentacao do trabalho, localizacdo da area de
estudo, objetivos, metodologia e o contexto geoldgico regional. O capitulo 2, trata do



15

artigo intitulado: Mineral chemistry and oxygen isotope data of cassiterite and wolframite
from Pedra Branca Granite Massif, Central Brazil. Este trabalho apresenta dados de
geologia, petrografia, quimica mineral, inclusGes fluidas e isétopos de oxigénio do
depdsito de estanho da Faixa Placha. Ja o capitulo 3, contempla discussao e concluséo

obtidas por esta pesquisa.

1.2 - OBJETIVOS

Este trabalho visa a caracterizacdo quimica do mineral-minério (cassiterita e
wolframita) que ocorre no depdsito da Faixa Placha, utilizando-se como métodos a
petrografia, quimica mineral, is6topos estaveis (50'®) e inclusdes fluidas.

Para tornar isso possivel, buscou-se as seguintes etapas:

1) Caracterizacdo petrografica (petrografia convencional e eletronica) da
cassiterita, wolframita e minerais associados, identificando feicdes de
intercrescimento, substituicbes e micro-inclusoes;

2) Analises de microssonda eletrdnica, a fim de quantificar as variagdes quimicas
e suas influéncias da cor, transparéncia e pureza do minério;

3) Caracterizacdo do fluido hidrotermal, através de estudo de inclusdes fluidas e
microtermometria em cassiterita e quartzo, a fim de estabelecer as condi¢fes
fisico-quimicas minimas para a génese dessa mineralizacao;

4) Tratamento de dados de is6topos estaveis (80'%), a fim de estabelecer
temperatura de fracionamento isotépico (aplicando pares minerais em

equilibrio, quartzo-cassiterita) e natureza do fluido hidrotermal.

1.3 - LOCALIZACAO

A area de estudo situa-se a margem esquerda do Rio Parand, a 24km NW da cidade
de Nova Roma (Figura 1). A referida area pode ser acessada a partir de Brasilia, pela BR-
020 (Brasilia-Fortaleza) até a cidade de Alvorada do Norte. Entdo, segue-se pela GO-116,

passando por laciara e Nova Roma, de onde pode-se acessar 0 macigo granitico Pedra
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Branca, através de estrada ndo pavimentada. Todo o percurso possui aproximadamente
402km que é feito até a cidade de Nova Roma atraves de estradas pavimentadas. Também
servem como alternativa para acessar a area de estudo as estradas GO-114 e GO-118.

NOVA ROMA

[ Faixa Placha Rodovias

MAPA DE LOCALIZACAO E ACESSO

2 A . f Jlova Roma/GO P

8480000.000
8480000.000

8400000.000
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F
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Go-138.

8320000.000
—
R o4y
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T P RN y 9 0 10 20km
: AT S !
x e : [ S—
3asilia /DF . Sistema de Cj(.?Ol‘dc‘lvlf-}daS Universal -
: e 5= - — ™y UTM WGS84
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Figura 1: Mapa esquematico de localizagéo e acesso a area de estudo.

1.4 — MATERIAIS E METODOS

Esta pesquisa foi desenvolvida nas seguintes etapas de trabalho:

1) Pesquisa bibliografica;
2) Atividade de campo;
3) Analises laboratoriais; e

4) Tratamento e interpretagé@o das informacodes obtidas.

1.4.1- Pesquisa Bibliogréafica

Na etapa de pesquisa bibliografica foram coletadas informagGes a respeito do

estado de conhecimento geoldgico da Provincia Estanifera de Goias, além de mapas
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geoldgicos e imagens de satélite da regido nordeste do Estado de Goias. Foram também
coletadas informac@es bibliogréficas sobre as caracteristicas geoldgicas, geoquimicas,
mineraldgicas, geocronoldgicas e metalogenéticas de outras provincias estaniferas no
Brasil e no mundo com o objetivo de municiar a pesquisa de informacdes cientificas

atualizadas.

1.4.2— Atividade de Campo

A grande parte do material utilizado para o desenvolvimento dessa pesquisa ja
estava sob a guarda dos professores orientadores da pesquisa. Parte das analises quimicas
e isotopicas também ja haviam sido realizadas. Entretanto, uma etapa de campo foi
realizada no periodo de 5 a 9 de julho de 2021, com o objetivo de reconhecimento das
novas frentes de lavra e de testemunhos de sondagem. Nessa etapa, foi realizado o
reconhecimento geoldgico da Faixa Placha, acompanhado de coleta de amostras de
minério, com o intuito de compreender as relacdes de campo entre rocha hospedeira e a
mineralizacdo, bem como o reconhecimento geoldgico da area em torno ao deposito de

estanho do granito Pedra Branca.

1.4.3— Analises laboratoriais

A etapa de pesquisa laboratorial demandou uma maior carga de tempo, as
amostras coletadas durante a etapa de campo foram entdo identificadas e selecionadas
para serem submetidas as seguintes analises:

e As anélises petrogréficas foram realizadas em laminas de amostras previamente
adquiridas de furos de sondagem e cavas proximas a garimpos na Faixa Placha.

O estudo petrografico dos minerais de interesse foi feito no laboratério de

microscopia do Instituto de Geociéncias (IG-UnB) em microscopio petrografico

de luz transmitida e refletida modelo OLYMPQOS BX60 com objetivas de 4x, 10x,
20x, 50x e 100x. Para esse estudo foram utilizadas laminas polidas devidamente
preparadas sendo elas PBER 1A, PBER 2A, PBER 2C, PBER 2E, PBER 1G,

PBER 2G, NBPB 180C, IM-1, IM-2, IM-3, IM-4, IM-5, IM-6A e IM-6B. As

fotomicrografias foram tiradas utilizando camera modelo QIMAGING

MicroPublisher 5.0 RTV acoplada ao microscépio.
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Investigacdo por microscopia eletrénica de varredura (MEV) em laminas delgadas
polidas de rochas, foi realizada no laboratorio de microscopia eletrénica do
Instituto de Geociéncias da Universidade de Brasilia (IG-UnB). Utilizou-se o
equipamento da marca FEI, modelo Quanta 2003D. Para a obten¢éo das imagens
por elétrons retroespalhados (backscattered electrons ou BSE) utilizou-se
aceleracdo de voltagem de 20 kV, distancia de trabalho de 15 mm e tempo de
contagem de 30”. As micro-analises foram realizadas através de detector EDS
(Energy Dispersive Spectrometer) marca Oxford, acoplado ao MEV, cujas
andlises foram processadas por analizador multicanal Q500 utilizando software
préprio;

Investigacdo por microssonda eletrénica sobre cassiterita e wolframita foram
realizadas em laminas polidas. As analises foram realizadas no laboratorio de
microssonda eletronica do Instituto de Geociéncias da Universidade de Brasilia
(IG-UnB). Utilizou-se o equipamento da marca JEOL, modelo Superprobe JXA-
8230, acoplado com 5 espectrometros e detector EDS (Energy Dispersive
spectrometer). Para a obtencdo de imagens por elétrons retroespalhados
(backscattered electrons ou BSE) utilizou-se aceleragéo de voltagem variando de
15Kv a 20 Kv. Para cada canal analizado condicdes especificas foram utilizadas.
As analises pontuais em WDS — Dispersao por Comprimento de Onda (Fava,
2000) foram feitas operando com 20 Kv e 20 nA. As laminas foram preparadas,
metalizadas com um filme de carbono (250 A) e analisadas no laboratério de
Microssonda Eletrénica no 1G-UnB. Os resultados séo apresentados em forma de
Oxido e normalizados para elementos isolados caso necessario. Os elementos
analisados para os 6xidos (cassiterita e wolframita) foram Ca, Fe, Mn, Nb, Sn, Ta,
W, Ti, U, Ine Pb.

Anélises de is6topos estaveis de oxigénio em minerais (cassiterita e quartzo)
foram realizadas no laboratorio da Scottish Universities Research & Reactor
Center, na Escocia, sob a supervisdo do Prof. A.E. Fallick, as quais objetivaram
caracterizar a temperatura e a natureza dos fluidos responsaveis pela
mineralizacdo de estanho. Tais anélises foram realizadas em amostras minerais
puras (~ 30 mg) empregando métodos de dilui¢do e posterior extracéo e leitura do
conteudo isotdpico, segundo o procedimento adotado por Fallick et al. (1993).
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e O estudo de inclusdes fluidas foi realizado em laminas bipolidas (~1mm de espessura)
de amostras de quartzo e cassiterita provenientes de veios/vénulas em greisens
encontrados na Faixa Placha. A metodologia de estudo dividiu-se em duas etapas:
petrografia convencional e obtencao de dados microtermomeétricos. As inclusdes fluidas
sdo descritas em termos de sua morfologia, modo de ocorréncia, composicdo e de
condi¢des minimas de temperatura para o aprisionamento. A petrografia convencional
foi realizada em temperatura ambiente (25 °C) com auxilio de microscopio
petrografico (Olympus BX51) de luz transmitida, com a descri¢do baseada em modo de
ocorréncia, relacdo espacial e temporal, morfologia, nimero de fases, propor¢do de
fases, natureza dos fluidos e quanto ao mineral hospedeiro. Para a divisdo dos tipos de
inclusbes fluidas foram respeitados os critérios de Shepherd et al. (1985), Roedder
(1984) e Van den Kerkhof & Hein (2001). Os dados microtermométricos foram
adquiridos utilizando uma platina de resfriamento e aquecimento LTS420 da LINKAM,
com intervalo de temperatura entre -200 e 420 °C, acoplada a um microscopio
petrografico com objetivas de longa distancia com aumento de 10 a 50x. A calibracdo
da platina foi realizada com inclusdes fluidas sintéticas de H.O-NaCl, aplicando taxas
de velocidade de 5 a 15° C/min, com uma precisdo estimada de +0,2 °C para o
congelamento (+25° a -100 °C) e +2 °C para 0 aquecimento (até 420 °C).

e Finalmente, na etapa de tratamento e interpretacdo das informacGes obtidas,
buscou-se integrar todas as informacdes adquiridas nas etapas anteriores, ilustrar
e tratar por meio de graficos e diagramas especificos, cujas interpretacfes estao
materializadas nesse documento de Dissertacdo de Mestrado. Na oportunidade,
também foi elaborado um artigo cientifico versado na lingua inglesa e submetido

a periadico de circulacdo internacional (capitulo 2).

1.5 - CONTEXTO GEOLOGICO REGIONAL

A area de estudo esta localizada na Provincia Tocantins (Figura 2), definida por
Almeida et al., (1981) como uma unidade geotectonica de direcdo geral N-S. Essa
unidade é produto da convergéncia e colisdo de trés paleo-continentes durante o
Neoproterozdico na porcdo oeste do supercontinente Gondwana, representados pelos
cratons Amazonico, Sao Francisco e Paranapanema (Brito Neves et al. 2014, Pimentel &
Fuck 1992, Fuck et al. 2014). A Provincia Tocantins aglutina diferentes blocos tectono-

estratigraficos, justapostos sob uma arquitetura tectébnica complexa, limitada por falhas
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de cavalgamento regionais, nappes, lineamentos transcorrentes e cinturdes de
cisalhamento (Pimentel & Fuck 1992, Strieder & Suita 1999, Valeriano et al. 2008,
Matteini et al. 2010, Brito Neves et al. 2014, Fuck et al. 2014, Pimentel 2016), integrando
0 sistema Brasiliano/Pan-Africano, durante o Neoproterozdico, momento em que,

segundo Unrug (1992), amalgamou-se o0 supercontinente.

Coberturas fanerozébicas O(’0

m Provincias Tocantins e Mantiqueira

Créatons sin-brasilianos

Figura 2: Esboco tect6nico do Brasil Central, com destaque para a Provincia Tocantins (simplificado de
Almeida et al., 1981).

A Provincia Tocantins apresenta aproximadamente 2.000 km de extenséo
e até 800 km de largura. De acordo com Pimentel et al., (1991) e Pimentel & Fuck (1992),
a Provincia Estrutural Tocantins engloba as faixas dobradas Araguaia e Paraguai, alcadas
na margem do Craton Amazonico, e a Faixa Brasilia firmada na margem do Craton Sao

Francisco, onde o Arco magmatico de Goias esta localizado. Estdo ainda inseridos na
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Provincia Tocantins, o terreno arqueano de Crixas-Goids e os complexos maficos-

ultramaficos acamadados (Fuck et al., 1994).

Segundo Uhlein et al., (2012), a Faixa Brasilia compreende um cinturdo de rochas
neoproterozédicas dobradas, situadas na borda ocidental do Craton Séo Francisco (Figura
3). Apresentando dire¢do N-S e com mais de 1000 km de extensdo, a Faixa Brasilia esta
presente nos Estados de Minas Gerais, Goids e Tocantins, além do Distrito Federal
(Almeida, 1967). Esta faixa, foi subdividida por Fuck et al., (1994), em duas zonas

estruturais que, de leste para oeste, foram denominadas de: externa e interna.

A zona externa da Faixa Brasilia compreende as unidades metassedimentares
representadas pelos grupos Paranoa e Canastra e as formacgdes Vazante e Ibia, além de
porcdes de seus embasamentos que se encontram estruturadas em um cinturdo de dobras
e empurrdes de antepais (Fuck, 1994). Ja a zona interna, integra as unidades aloctones de
micaxistos e rochas associadas que sdo atribuidas ao Grupo Araxd, contendo ainda areas
de embasamento expostas entre as faixas de xistos (Fuck, 1994). Pimentel et al., (2000),
descreve esse embasamento como sendo composto por rochas da Formagdo Ticunzal,
Suite Aurumina, Suite Pedra Branca, Grupo Arai e Serra da Mesa.
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Figura 3: Mapa geoldgico esquematico da Faixa Brasilia e de seu embasamento, com detalhe para a
localizacdo da Provincia Estanifera de Goias. (Fuck et al. 1993).

1.5.1 - LITOESTRATIGRAFIA

A Faixa Placha esté inserida na parte central do macico Pedra Branca que, por sua

vez, faz parte da Provincia Estanifera de Goias. O maci¢o Granitico Pedra Branca aflora
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na zona externa da Faixa Brasilia, mesmo local em que 0 embasamento granito-gnaissico
se expOe. As rochas deste embasamento sdo em grande parte, granitos peraluminosos da

Suite Aurumina.

Os eventos que conceberam o macico Pedra Branca correspondem a um
magmatismo intraplaca mais jovem que os eventos formadores da Suite Aurumina, e sdo
representados por intrusdes subvulcanicas graniticas tipo A e por um extenso vulcanismo

de rifte nos dominios conhecidos como Grupo Arai.

1.5.1.1 - Provincia Estanifera de Goias
A Provincia Estanifera de Goias (PEG), definida por Marini & Botelho (1986), é

constituida por granitos estaniferos com idades paleo-mesoproterozoicas expostos por
uma ampla area do norte-nordeste do Estado de Goiés. Segundo Marini & Botelho (1986),
esta provincia esta subdividida em quatro subprovincias, sendo elas: Rio Tocantins, Rio
Parand, Pirendpolis-Goianésia e Ipameri. As subprovincias do Rio Parana e do Rio

Tocantins se destacam por apresentar maior potencial para mineralizacdes de estanho.

Estas subprovincias sdo formadas em sua maioria por granitos do tipo A
mineralizados a Sn, subdivididos em duas suites, denominadas Pedra Branca e Serra
Dourada. Pimentel & Botelho (2001) definiram a idade da suite Pedra Branca em 1,74

Ga - 1,77 Ga, enquanto a suite Serra Dourada tem 1,58 Ga.

A subprovincia do Rio Parand abriga o macico granitico Pedra Branca (que
hospeda a faixa Placha), além dos macicos graniticos Mocambo, Mangabeira, Mendes,
Sucuri, Soledade, Teresinha e Sdo Domingos. Por abrigar a area de estudo, esta provincia
tera suas unidades geoldgicas discutidas em detalhe, sendo elas a Suite Aurumina,

Formacdo Ticunzal Grupo Arai e Suite Pedra Branca.

Os macigos da subprovincia do Rio Parand apresentam caracteristicas de granitos
anorogénicos e com feicbes geoquimicas de granitos do tipo A, sugerindo um
magmatismo pluténico acido que ocorreu em dois momentos distintos (1770 Ma e
1600Ma), que também se associa a um vulcanismo bimodal (1770 Ma) expressado pela
existéncia de riolitos/dacitos e basaltos, intercalados com rochas sedimentares da base do
Grupo Arai, que podem conter conglomerados com seixos de granitos e rochas vulcanicas
(Botelho et al., 1993, Botelho et al., 1994, Faria, 1995).
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Aos dois eventos de geracdo de granitos anteriormente descritos, Botelho (1992),
classificou como sendo pertencentes a duas familias de granitos que apresentam

caracteristicas geocronologicas e geoquimicas distintas, e as denominou de gl e g2.

Com idades de 1770 Ma, os granitos g1 séo potassicos, possuem afinidade alcalina
e sua evolugdo magmatica é representada pela incompatibilidade de Nb e Th, além de um
alto contelde de Zr, Y e ETR. Os granitos g2 tem teores mais elevados de Li, F, Rb, Sn,
Ta e Th; razdo MgO/TiO; igual a 1 e natureza metaluminosa a peralcalina, além de

apresentar idades proximas a 1600 Ma.

No Macico Pedra Branca, a rocha predominante é o biotita-granito porfiritico de
coloracdo rosea (gl), com restrito facies representado por leucogranito de granulacéo
média-grossa a lisiderofilita/zinwaldita, subordinada (g2). J& no Macico Mangabeira, o
litotipo predominante é o biotita-granito de cor rosa, porfiritico a equigranular (g1) com

facies de leucogranito a topazio-albita-granito (g2) subordinado (Moura, 1993).

As mineralizagdes de estanho na Subprovincia Parand estdo relacionadas ao
evento formador de granitos g2, onde a cassiterita ocorre nas clpulas e fraturas
greisenizadas (como é o caso dos Macicos Mangabeira e Pedra Branca), zonas de
albitizacdo (Macigo Sucuri) e zonas miloniticas greisenizadas no contato com as rochas

do Complexo Granito-Gnaissico (Macigo Mocambo) (Botelho, 1997).

No Macico Pedra Branca, as mineralizagbes de estanho ocorrem em granitos
greisenizados e em veios de quartzo em duas principais areas, denominadas Zona da
Bacia e Faixa Placha. Na Zona da Bacia a cassiterita ocorre em forma de “buchos” em
quartzo-muscovita-greisens, enquanto na Faixa Placha a principal associacdo se da com
muscovita-protolitionita-quartzo-greisens de cor verde escuro a negra, onde a cassiterita

ocorre na forma de pequenas concentracdes ou disseminada.

A Faixa Placha corresponde a uma zona de falhas e fraturas fortemente deformada
e cataclasada de orientagcdo N30-40E; 70-80NW, com extensdo de 4km e uma espessura
que varia entre 20 e 150 metros, podendo chegar a 10 metros ao atingir uma profundidade
de 100 metros. A Faixa Placha se configura como a principal area mineralizada do Macigo
Pedra Branca. A mineralizacdo existente neste local € pré-tecténica. Em sua parte central
(cerca de ¥4 de sua extensdo), uma reserva de 15kt de Sn foi bloqueada. Segundo Botelho
e Rossi (1988), a rocha dominante que contém a mineralizacdo é um topazio-Li-

siderofilita-quartzo-greisen, que é comumente chamado de “greisen preto”.
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1.5.1.2 — Suite Aurumina
Botelho et al., (1999), classificam a Suite Aurumina como sendo composta por

granitos do tipo S, peraluminosos, e que datam do Paleoproterozdico (2,12-2,17 Ga — U-
Pb). Esta suite esta inserida no contexto geoldgico da subprovincia Parand e aflora mais
intensamente na porgdo nordeste do Estado de Goias, na regido de Teresina de Goias e
Cavalcante, estendendo-se até os municipios de Nova Roma e Monte Alegre de Goias
(Botelho et al., 1999).

O componente metassedimentar da fonte que produziu a Suite Aurumina pode
estar relacionado a mesma fonte que gerou as rochas de 2.2 — 2.4 Ga no Dominio Almas-

Diandpolis ou para material mais antigo e desconhecido (Cuadros et al., 2017a).

Esses granitos peraluminosos foram reconhecidos como a rocha encaixante do
depdsito de ouro de Aurumina e de algumas outras ocorréncias, tais como a de Sn-Ta de
Porto Real e dos pegmatitos e greisens também mineralizados a Sn-Ta de Monte Alegre
de Goias (Botelho et al., 1999). Por hospedar também Sn, esses granitos integram a
Provincia Estanifera de Goias e podem apresentar ainda urénio, como registrado na regiao
de Campos Belos. Em geral, as rochas que comp&em a Suite Aurumina sdo 0s muscovita
monzogranitos, muscovita-biotita monzogranitos, tonalitos, biotita sienogranitos e
leucogranitos e pegmatitos contendo turmalina, exibindo coloragdo cinza, granulagéo

média a grossa, foliacdo proeminente e enclaves grafitosos (Botelho et al., 1999).

Caracteristicas composicionais da Suite Aurumina e plutons metaluminosos
contemporaneos maficos a intermediarios associados, sugerem uma origem por processos
de hibridizacdo de fonte caracterizados por reacdo entre rochas metassedimentares e
derretimentos basalticos que teriam ocorrido em profundidades rasas (pressdo < 5 kbar)
(Cuadros et al., 2017a).

Os granitos de mais antigos (~2,17 Ga.) desta Suite, sdo intrusdes concordantes a
foliagdo das rochas metassedimentares da Formacgdo Ticunzal (Botelho et al. 1999,
Dardenne & Schobbenhaus 2001), enquanto as que apresentam menor idade (~2,12 Ga)
sdo intrusBes discordantes tanto com a Formacgéo Ticunzal, quanto com os milonitos de

granitos mais antigos (Moura & Silva 2005).

Botelho et al., (1999), ao considerarem idades, caracteristicas quimicas e relagdes

de contato da Formacéo Ticunzal com a Suite Aurumina, supdem que esta Gltima tenha
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sido formada a partir de um magmatismo sin-colisional transamazénico, ou seja uma suite

sin-tectonica com derivacgdo de fuséo crustal.

1.5.1.3 — Formacéo Ticunzal
A Formacdo Ticunzal foi pela primeira vez descrita nos arredores do Rio Preto,

oeste de Cavalcante, Campos Belos e Monte Alegre de Goias (Marini et al., 1978; Danni
e Fuck, 1981) apesar de também ter sido encontrada em Colinas do Sul e Teresina de
Goias (Fuck et al., 1988). Sua distribuicdo no contexto da Faixa Brasilia ainda gera
discussdo mas, Botelho et al., (2002) e Botelho & Portela (2005) discorrem sobre sua

presenca em uma vasta area do Estado de Goias e Sudeste de Tocantins.

A Formacdo Ticunzal se caracteriza por um espesso pacote de rochas
metassedimentares, contendo em sua maioria xistos grafitosos e paragnaisses, com finas
camadas de metarcdseos e quartzitos micaceos que se distribuem por uma enorme parte

da area centro-leste do Estado de Goias.

Segundo Cuadros et al., (2017b), os sedimentos que deram origem a Formacéo
Ticunzal foram provavelmente derivados das rochas tonaliticas/granodioriticas do
Terreno Almas-Diandpolis na porcdo mais ao norte da zona externa da Faixa Brasilia,
com possiveis menores contribui¢des de unidades mafico-ultramaficas do Grupo Riachdo

do Ouro pertencente ao mesmo dominio.

As rochas mais abundantes sdo os xistos grafitosos, normalmente associados com
biotita-fengita-quartzo xisto, granada-mica xisto e biotita gneiss. A presenca de grande
quantidade de grafita é uma caracteristica marcante e sugere um ambiente de
sedimentacdo marinho restrito de aguas quentes e salgadas com alta atividade biologica.
De acordo com Alvarenga et al., (2007), as assembléias mineral6gicas que pertencem a
esta formacéo com grafita e fenoblastos de granada, indicam um metamorfismo da facies
anfibolito, embora também apresente retrometamorfismo na facies xisto verde. Nas
bordas de intrusbes das Suites Pedra Branca e Aurumina um metamorfismo de contato

pode ser observado, o que da origem a auréolas com andaluzita.

A sedimentacdo da Formacdo Ticunzal ocorreu entre 2.16 e 2.19 Ga com base em
geocronologia U-Pb e relagdes de campo com a intrusiva Suite Aurumina. Essa

sedimentacdo de curta duracdo teria sido resultado de uma desestabiliza¢do tectdnica
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precoce, que foi acompanhada pelo magmatismo e metamorfismo Aurumina (Cuadros et
al., 2017b).

Os xistos da Formacao Ticunzal foram identificados por Padilha e Laguna (1981)
em afloramentos dos macigos graniticos Pedra Branca, Mocambo, Mendes e Mangabeira.
No entanto, Botelho (1992) delimitou a ocorréncia desta formacao ao nordeste da cidade
de Monte Alegre de Goids como sendo a encaixante de pegmatitos estaniferos. Para
Botelho (1992), o que antes era chamado de Formacdo Ticunzal, na area em que se
encontram 0Ss macigos graniticos, na verdade sdo zonas de milonito a grafita
correspondentes a Suite Aurumina. Desta forma, a Formacdo Ticunzal ndo estaria
localizada entre as encaixantes dos macicos graniticos do setor central da Subprovincia

Parana.

1.5.1.4 — Grupo Arai
O Grupo Arai segundo Dyer (1970), localiza-se na porg¢do setentrional da Chapada

dos Veadeiros — GO, e é caracterizado por uma sequéncia metassedimentar apresentando
intercalacBes de rochas vulcanicas na base, e teve seu nome herdado do povoado situado

a 30km a noroeste de Cavalcante.

Este Grupo é historicamente interpretado como uma sequéncia rift-pés-rift que
estd depositada sobre um embasamento cristalino paleoproterozéico, e foi classificado
por Tanikazi et al., (2015) em quatro tectonossequéncias, pré rift (Formacdo Agua
Morna), rift (Formacdo Arraias), transicdo (Formacdo Caldas) e poés-rifte (Formagéo
Trairas). Esta classificacdo se deu gracas a aplicacdo do método de tratos de sistema

tectdnico que é proposto por Prosser (1993).

De acordo com Martins-Ferreira (2018a), o Grupo Arai estd restrito aos
sedimentos do rifte e estd dividido em duas formagbes, Agua Morna e Arraias. A
Formac&o Arraias esté ainda subdividida em cinco membros, Prata, Cubiculos, Buracéo,

Mutum e Ventura.

A Formagc&o Agua Morna é composta principalmente por depésitos fluviais de rio
entrelacado que s&o interpretados como tendo sido depositados em uma bacia
intracontinental rasa por subsidéncia anterior a falha do rifte. A ocorréncia ou a falta desta

formagé&o no registro sedimentar pode revelar a dindmica dos estagios pré-rift, bem como
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rift, uma vez que sua deposicéo evita as areas abobadadas e sua preservacao e favorecida

nos grabens (Martins-Ferreira, 2018b).

A Formacéo Arraias é constituida exclusivamente por sedimentacdo continental,
lacustre, fluvial e edlica com grande variagdo lateral de espessura e facies. O litotipo mais
comum dessa Formacdo é o paraconglomerado intercalado com quartzito (Martins-
Ferreira, 2018b).

O vulcanismo que gerou as rochas do grupo Arai comp8e um conjunto bimodal,
tipico de ambiente continental e, as lavas félsicas apresentam semelhanga com os granitos
da Suite Pedra Branca (pbl), com assinatura de magmatismo intraplaca. Os basaltos do
Grupo Arai, tem composi¢do quimica de basaltos toleiticos continentais, mesmo estando

contaminados por sedimentos ricos em silica da bacia Arai (CPRM, 2007).

Pimentel et al., (1991) dataram basaltos, riolitos e ignimbritos da Formacéo
Arraias e obtiveram uma idade média de 1771 + 2 Ma (U-Pb em zircdo). A este
vulcanismo, relaciona-se os granitos da geragdo gl da Subprovincia Parand (Botelho
1986; Botelho 1992). Silva et al., (2021) obtiveram a idade de 1783 + 17 Ma (Periodo
Estatiano) para a cristalizacdo do magmatismo basaltico que deu origem as rochas do

Grupo Arai, com frequéncia substancial de zircdo herdado do Riaciano (2221 + 14 Ma).

De acordo com Fuck et al., (1988), as relagdes de contato existentes entre as
rochas do Grupo Arai com as rochas da Formacao Ticunzal, Suite Aurumina e os granitos
gl da Provincia Estanifera de Goias sdo erosivas, enquanto que, com as unidades

superiores do Grupo Paranoa o contato e de inconformidade angular e erosiva.

As rochas do Grupo Arai apresentam metamorfismo que varia de
anguimetamorfismo a facies xisto verde baixo, no qual ainda podem ser reconhecidas

estruturas primarias (Dardenne, 2000).

1.5.1.5 — Suite Pedra Branca
Segundo Marini & Botelho (1986), o termo Suite Pedra Branca (Figura 4),

foi utilizado pela primeira vez no nordeste do Estado de Goiéas para se referir aos
granitos que anteriormente eram conhecidos como granitos estaniferos de Goias, bem
como, granitos tipo A gl e g2 (Botelho, 1992) e Suite Parana (Lacerda Filho et al., 1999).
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Figura 4: Mapa geoldgico simplificado do Macico Pedra Branca. (Botelho, 1992).

Os granitos tipo A com idades paleo e mesoproterozoicas pertencentes ao Estado
de Goias constituem diversas intrusdes ao longo das areas centro-norte e nordeste do
Estado, situando-se na por¢do norte da Provincia Estanifera de Goiés que, por sua vez,
estd subdivida em Subprovincia Tocantins, a oeste, e Subprovincia Parand, a leste (Marini
& Botelho, 1986).

A evolucdo dos trabalhos realizados dentro da Provincia Estanifera de Goias,
evidencia que € muito provavel haver a existéncia de mais de dois eventos geradores de
granitos do tipo A naregido. A partir de datacdo em monazita por Teixeira (2002), a idade
de 1,74 Ga para granitos g2 do Macico Pedra Branca foi obtida. Desta forma, os granitos
g1 e g2 abordados por Botelho et al., (1993), e em alguns outros trabalhos como Botelho
& Moura, 1998; Liverton & Botelho (1999); Pimentel et al., (2000); Pimentel & Botelho
(2001) e Lenharo et al., (2002), passaram a ser chamados de granitos pbl e pb2, incluidos

na Suite Pedra Branca que possui idades entre 1,74 Ga e 1,77 Ga.

Esta Suite esta representada no nordeste do Estado de Goiés pelos Macicgos Pedra
Branca, Mocambo, Mangabeira, Serra dos Mendes, Sucuri e Soledade. Diques
porfiriticos (que podem ter dezenas de metros de extensdo) e menores intrusdes de
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granitos tipo A correspondentes a Suite Pedra Branca também foram encontrados nos

terrenos pertencentes a Suite Aurumina.

Granitos - PP4ypb1
Os granitos que foram denominados pbl dominam o contexto da Suite Pedra

Branca, e séo representados pela maior parte do Maci¢o Pedra Branca e quase que a
totalidade dos Macicos Soledade, Mocambo e Sucuri. Os diques porfiriticos contendo
quartzo azul que sdo encontrados as margens da estrada que liga a GO-118 a Nova Roma
passando pelo povoado de Aurumina também sdo atribuidos a essa litofacies (PP4ypb1).
Essa litofacies foi ainda subdividida por Botelho (1992) e Botelho et al., (1993), em
granitos gla, glb e gic.

Os granitos g1 possuem composicao de biotita granito, onde os granitos glb sdo
rapakiviticos e granofiricos, as vezes denominados de Granofiro Soledade por Aradjo e
Alves (1977) por serem pertencentes normalmente ao Maci¢o Soledade. Esse granito é
caracterizado por cor escura e textura porfiritica, apresentando fenocristais de microclinio
e quartzo azul, sendo este, 0 maior representante de granito Rapakivi da Suite Pedra
Branca. Lenharo et al., (2002), aponta o Macico Soledade como sendo portador de
estruturas e texturas analogas as mesmas presentes em viborgitos, o que corrobora as
teorias de que os granitos intraplacas da Provincia Estanifera de Goias sejam semelhantes

a granitos da Série Rapakivi.

Os granitos PP4ypbl dos Macicos Sucuri e Folha Cavalcante, dispdem de cor
cinza e uma granulacdo que varia de media a grossa. Quando estdo presentes nos outros
macicos, 0s granitos exibem coloracdo que varia de rosa a vermelha, porfiriticos, com
megacristais de feldspato potassico, podendo conter quartzo azulado e uma matriz de

granulagdo muito grossa.

Granitos - PP4ypb2
Segundo Botelho & Moura (1998), estes granitos sdo de extrema importancia pois

possuem associacdo aos depdsitos mais importantes de Sn, sendo desta forma,
considerados reponsaveis pelos processos mineralizadores que originaram os depdsitos

de Sn mais importantes da Subprovincia Parana.
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Os granitos pb2 séo encontrados em maior quantidade no Macico Pedra Branca,
na porcao que compreende a Folha Nova Roma, onde séo representados por leucogranitos
com mica litinifera (muito evoluidos porém ainda classificados como granitos tipo A) e
biotita granitos equigranulares de coloracao rosea. Quando no Macigo Sucuri, 0s granitos
pb2 associam-se a pequenos depdsitos de estanho mas ndo sdo cartografaveis em escala

de mapeamento.

A Faixa Placha constitui-se, atualmente, no deposito primario de cassiterita mais
importante do Macico Pedra Branca e também esta relacionada ao evento pb2. A zona
central da faixa com cerca de 20m de largura, orientada N45E, com mergulho de 50 a 60
NW, possui a concentracdo mais importante de cassiterita, hospedada em topazio — Li-
siderofilita — quartzo greisen de cor escura, que contrasta com faixas claras amareladas,

fracamente mineralizadas.

Devem ainda ser ressaltados os teores de indio na cassiterita da Faixa Placha, em
torno de 1500 ppm em média, que pode ser recuperado como subproduto na metalurgia.
Merece ainda destaque a presenca de esfalerita e estanita ricas em indio (Botelho e Moura,
1998). Ao contrério de outras zonas mineralizadas do Macico Pedra Branca, 0s greisens
da Faixa Placha estdo desenvolvidos sobre biotita granito pbl, mas considera-se que sua
origem esta relacionada a fluidos derivados do leucogranito pb2, mais evoluido e

aflorante nas proximidades da zona mineralizada.
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Abstract The Pedra Branca granite polyphasic is the main Sn (W, REE) mineralized
magmatic system in the central Brazil. It hosts cassiterite and wolframite encapsulated in
greisen bodies and veins-veinlets distributed in two sectors called the Bacia zone and
Faixa Placha. The cassiterite has SnO2 = 96-100 wt.%, FeOrotal, TiO2 and WO3z are main
impurities present, while Ta2Os, Nb2Os, 1n203 and UO> appear as trace elements. The
wolframite has WOz = 71.5 to 74.5 wt.%, followed by FeOrotar = 14.3 — 17.4 wt.% and
MnO = 6.3 — 9.9 wt.%, as well as Sn, Ca, Ti, Ta, Nb, Pb, In and U as trace elements.
Oxygen isotope data from quartz (8*30 = 9.4 -10.4%o) and cassiterite (5'%0 = 2.6 - 2.9
%o) revealed isotopic fractionation during the rise of the hydrothermal system at the
temperature between 406° to 498°C. However, fluid inclusions data revealed aqueous
fluid system with lowered salinity and density, trapped under low to moderate
temperature (100° — 270° C), indicating hydrothermal/magmatic vs meteoric mixing
fluids during greisenization. The higher content of cassiterite (Sn >> W), as well as high
content of ilmenite, magnetite, and hematite, indicated oxidizing environment during the
greisenization and ore formation at the Pedra Branca cupula zone.

Keywords: Pedra Branca granite, cassiterite, wolframite, greisen, Goias Tin Province

INTRODUCTION. The central Brazil hosts Paleo-Mesoproterozoic granitic suites,
located mainly in the central-north and northeast regions of the State of Goiés (Fig. 1A,
1B), which have Sn (£W, Nb-Ta, REE) mineralization and make up the so-called Goias
Tin Province (Marini & Botelho 1986). In general, these granite suites have petrographic
and geochemical signatures similar to A-type magmatism, with a high content in alkalis,
Sn, W, F, Rb, Th, Y, Nb, Ga and REE, and often contain records of late to post-magmatic
transformations, such as microclinitization, albitization and greisenization (Botelho &
Marini 1984, Marini & Botelho 1986, Botelho 1992, Botelho et al.1993, Lenharo et al.
2002).

The Pedra Branca granite polyphasic is the main unity of the Sn (xW, REE)
mineralized magmatic system of the Goias Tin Province. It was discovered in 1973 during
a regional mineral prospecting stage carried out by the Rio Doce Geology and Mining
Company (DOCEGEOQ), but the local was subsequently invaded by small prospectors,
known as “garimpeiros” in Brazil (Jacobi 2003). The Sn (W) concentrations occur in
paleo-alluvium, greisenized granitic cupula named Bacia zone (endogreisen) and along
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of a greisenized NE-SW fracture/fault zone named Faixa Placha (exogreisen). Previous
geological surveys estimate about 15,000 t/Sn in just 1.5 km in length from the Faixa
Placha, which have about 5 km in length. In this place, cassiterite occurs associated with
wolframite, scheelite, arsenopyrite, chalcopyrite, sphalerite, pyrite, galena, chalcocite,
stannite and covellite (Padilha & Laguna 1981, Botelho & Marini 1984, Botelho & Rossi
1988, Botelho & Moura 1998). Despite the mineral diversity found in this deposit,
investigations into the chemical composition, the stable isotopes and the contents of the
fluid inclusions in the ore minerals, are still limited or nonexistent (e.g., Botelho & Marini
1985, Sparrenberger & Tassinari 1999, Botelho & Moura 1998).

In this paper we present a study on the chemical composition and oxygen isotopes
(5180) of cassiterite, wolframite and quartz found in the Faixa Placha. Identifying thus
ion substitutions mechanisms responsible for zonation and mineral intergrowth features,
as well as the temperature and the nature of the fluids, in order to aid in the understanding
of the metallogenic processes responsible for mineralization at the within the Pedra
Branca granitic massif.
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Figure 1 A) Geological map of Central Brazil indicating the Goiés Tin Province location (adapted from Fuck et al.,
2014). B) Geological map of the Goiés Tin Province with highlighted study &rea (Modified from Alvarenga et al. 2000).
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ANALYTICAL PROCEDURES. The conventional petrography, electron microscopy
(SEM/EDS) and electron microprobe (EPMA) investigations were carried out at the
University of Brasilia. The samples studied are in polished rock thin sections covered by
a carbon film.

For SEM/EDS microanalysis technique a FEIQUANTA 450 model was used,
which has a high-performance EDAX Octane EDS/SDD spectrometer system, Chroma
C2L cathodoluminescence imaging system for use in scanning electron microscopes
(SEMs), and an EDAX DigiView electron backscatter diffraction (EBSD) camera. The
Imaging was acquired at a focal distance of 10 mm for 10-20 s of clock time, with probe
between 0.1-0.2 nm, beam current of 400-500 pA° and accelerating voltage of 20 kV. For
EPMA microanalysis technique a JEOL JXA-8230 microanalyzer with five coupled
wavelength dispersive spectrometers (WDS) was used. The analytical conditions
consisted of accelerating voltage of 20 kV, beam current of 40 nA, beam diameter of 1—
2 um, and counting times of 15 and 10 s for peak and background positions, respectively.
The data reduction was performed with ZAF program applying the specific standards of
cassiterite and wolframite.

The stable isotope (580) study was carried out at the Isotope Geoscience Units of
the Scottish Universities Environmental Research Centre Laboratories in Glasgow,
Scotland, under the supervision of Professor A. E. Fallick. The nearly pure crystals
samples were handpicked from selected specimens from the greisen. The oxygen isotope
analyses were applied on cassiterite and quartz. Approximately 1 mg of oxygen bearing
samples reacted with chlorine trifluoride (CIF3) using laser heating fluorination
techniques (Fallick et al. 1993, Macaulay et al. 2000). The precision of determinations
from laboratory replicate analysis is 0.2%o for 880 relative to Vienna Standard Mean
Ocean Water (V-SMOW).

The fluid inclusions study was carried out at the Geoscience Institute of the
University of Brasilia using double-polished sections (~1mm thick) from samples of
mineralized veins and greisens. The conventional petrography was performed at room
temperature (£ 25 °C) with the aid of an Olympus petrographic microscope (model BX51)
applying the criteria of

. Microthermometric data were acquired using a cooling stage and LTS420
heating from LINKAM, with a temperature range between -200 and 420 °C, coupled to a
petrographic microscope with long-distance objectives with magnification from 10x to
50x. Platinum calibration was performed with H.O-NaCl synthetic fluid inclusions,
applying speed rates from 5 to 15 °C/min, with an estimated accuracy of + 0.2 °C for the
freezing (+25 ° to -100 °C) and + 2 °C for heating (up to 420 °C).

GEOLOGICAL SETTING. A large part of central Brazil lies within of an important
regional geotectonic unit named Tocantins Province (Almeida et al., 1981), which brings
together different tectonostratigraphic domains and sub-domains that were amalgamated
through thrust, nappe, and strike-slip mega-faults, under a complex tectonic architecture,
occurred during the Neoproterozoic convergences and collisions between paleo-
continents linked to Brasiliano/Pan-African Orogeny (Uhlein et al., 2012; Fuck et al.,
2014; Brito Neves et al.,2014; Pimentel 2016; Valeriano, 2017; Fuck et al., 2017). The
Paleo-Mesoproterozoic granitic suites from the Goias Tin Province lies within of Brasilia
Belt external domain, mainly distributed in the south part of the Cavalcante-Natividade
Block (Fig. 1A). In this geological setting, the Goias Tin Province brings together a set
of Sn (W, Nb-Ta, REE) specialized A-type granitic bodies, distributed in two sub-
provinces, named as follows (Fig. 1B): 1) Tocantins subprovince to the west (Serra
Dourada, Serra do Encosto e Serra da Mesa granitic massifs) intrusive in Archean-
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Paleoproterozoic granite-gneiss complex and Paleoproterozoic paragneiss and schists
from Ticunzal Formation; and 2) Parand subprovince to the east (Pedra Branca,
Mocambo, Mangabeira, Mendes, Sucuri, Soledade, Teresinha e Sdo Domingos granitic
massifs) intrusive in Archean-Paleoproterozoic Ticunzal Formation and Aurumina Suite,
as well as in Paleo-Mesoproterozoic volcano-sedimentary rocks from Arai and Serra da
Mesa Groups (Marini & Botelho 1986, Botelho & Rossi 1988, Botelho & Moura 1998,
Teixeira & Botelho 1999, Marini 1992, Lenharo et al. 2002).

Initially, these A-type granitic bodies were subdivided in two geochemical and
geochronological sub-suites, defined as g1 and g2 (Botelho 1992). Subsequently, these
sub-suites were grouped into the Pedra Branca Intrusive Suite, with the terms g1 and g2
being replaced by the terms pbl and pb2, respectively (CPRM 2007). The older pbl suite
(aged between 1,77- 1,74 Ga, Pimentel et al. 1991, Teixeira 2002) show peraluminous,
K-high and alkaline geochemical affinities, with high Zr, Y, and REE content, and can
host topaz, Li-siderofilite, quartz or Li-fengite greisens. On the other hand, the pb2 suite
(aged between 1.58-1.57 Ga, Pimentel et al. 1991, Botelho & Pimentel 1993, Sparrenberg
& Tassinari 1999) show metaluminous to peraluminous and sub-alkaline geochemical
affinities, low K/Na and FeOt/Mg ratio, high content in SiO2, Al2Os3, Li, Sr and Ta, and
host fengite, quartz and topaz greisen (Teixeira & Botelho 2002).

The Pedra Branca granite massif (Fig. 1B), represents the type-area for the
homonymous intrusive suite (CPRM 2007) and is one of the granitic bodies with the
greatest economic potential of the Goias Tin Province. It is inserted in the Rio Parana
subprovince and out prominently in remote sensing products through its semi-circular
shape with about 90 km? of outcropping area and 1000 m altitude over a pediplanized
region around 500 m. It was emplaced during the late Paleoproterozoic (Statherian
period), intrusive in the following Archean-Paleoproterozoic units: paragneisses, shales,
and peraluminous granites from Ticunzal Formation and Auruminas Suite (> 2.15 Ga),
respectively, as well as quartz-diorite to granodiorite Nova Roma (2.14 Ga). However,
the Pedra Branca granitic plutonism occurred relatively close to voluminous
Paleoproterozoic bimodal volcanism inserted in the Arai Group base, linked to early
stages of the Arai intracontinental rift evolution. Subsequently, the Neoproterozoic
Brasiliano/Pan-African Orogeny favored lithostratigraphic inversion, accompanied by
different deformation stages (foliation, shear zone, faults, fractures) under low-grade
metamorphic, which affected the various lithologies (Pimentel et al. 1991, Botelho 1992,
Alvarenga et al. 2000, CPRM 2007, Tanizaki et al. 2015, Martins-Ferreira 2019, Silva et
al. 2021).

LOCAL GEOLOGY. According to Botelho (1992), five magmatic phases, associated
to pbl and pb2 terms, are recognized in the Pedra Branca granite massif (Fig. 2). The pbl
term (1.77 Ga) gathers the less evolved magmatic phases, represented by the following
petrographic types: pblb — coarse-grained porphyritic pink biotite granite; and pblc -
coarse-grained porphyritic to inequigranular pink biotite granite. On the other hand, the
pb2 term (1.74 Ga) brings together the more evolved/fractionated magmatic phases: pb2b
- partially albitized coarse-grained inequigranular pink biotite granite; pb2c - albitized
medium-grained equigranular pink biotite granite; and pb2d — albitized and greisenized
Li-mica leucogranite. Additionally, the pb2 term also associates metric porphyritc dykes,
as well as wide and irregular greisen aureole surrounding pb2d petrographic type.

In this place, the Sn (W) mineralization is linked to most evolved magmatic
phase from pb2 term, represented by Li-mica leucogranite or pb2d petrographic type,
associated to greisen bodies, distributed in the main greisen sector named “Bacia zone”
and along of the “Faixa Placha” (Fig. 2). The Bacia zone hosts several irregular greisen



37

bodies and presents a concave geomorphology (Fig. 3A), formed from partial erosion of
the granitic cupola, which favored the concentration and distribution of ore to the drainage
network located below of the Pedra Branca massif, thus contributing to the discovery of
this mineral deposit (e.g., Jacobi 2003). On the other hand, the Faixa Placha (exogreisen)
is a NE-SW linear and subvertical structure formed by greisenized tensile fractures/faults
sets (Fig. 3B), probably generated or reopened during the intrusion of the pb2 magmatic
phase. However, during to Brasiliano/Pan-African Orogeny, that structure was then
reactivated under ductile-brittle regime and with sinistral cinematic, favoring flattening,
fragmentation, and partial mylonitic deformation on the lithologies. Lenticular greisen
bodies, quartz veins-veinlets, greisen-filled tensile fractures/fissures and tension gashes
also are observed in that structure (Figs. 3C and 3D).

The Placha shear fault is the main ore concentration site in the Pedra Branca
granite massif. In this place, the greisenized granite has around Sn = 50 ppm, which
gradually increases towards the Placha shear fault zone, reaching around Sn = 2,000 ppm
(Botelho 1984, Botelho & Rossi 1988). Geophysical investigations indicate highest U,
Th and magnetic anomalies with a depth around 350 m (Carvalhédo et al. 2020), as well
as, geochemical investigations point to high REE-Y concentrations in this place (Costa et
al. 2020).

Along the Faixa Placha, cassiterite (£ wolframite) crystals occurs disseminated or
in centimetric to metric podiform-shaped aggregates, frequently associated with fluorite,
arsenopyrite, chalcopyrite, ilmenite, magnetite, hematite, scheelite, sphalerite, pyrite,
galena, chalcocite, stannite and covellite, encapsulated in topaz-mica-quartz greisen,
mica-quartz greisen and mica greisen bodies or in quartz veins-veinlets (Botelho 1984,
Botelho & Marini 1985; Botelho & Rossi 1988). Additionally, mineral chemical studies
indicate anomalous contents of indium (In = 1,500 ppm) in cassiterite, sphalerite and
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stannite, which can be extracted in metallurgical treatment, adding thus economic value
to the deposit (Botelho & Moura 1998).

13°33°

LEGEND
Arai Group

Metasedimentary sequence

Metavolcanic rocks (rhyolite to dacite)
“basin zone” Pedra Branca Massif
(1.77 -1.74 Ga)

pb2 suite (1.74 Ga)

Main greisen zone (Sn-W ore deposits)

O\o Porphyritic dikes

- Albitized and greisenized Li-mica leucogranite (pb2d)
- Albitized equigranular pink biotite granite (pb2c)

Partially albitized coarse-grained pinkish gray biotite
granite (pb2b)

pbl suite (1.77 Ga)

Coarse-grained equigranular to porphyritic pink
biotite granite (pblc)

Placha
sshear fault zone[SS4

Coarse-grained porphyritic pink biotite granite (pb1b)

Nova Roma quartz-diorite
(2.14 Ga)
- Quartz-diorite and granodiorite association

Ticunzal Formation and Aurumina Suite
(>2,15 Ga)
Paragneisses, graphite shales and peraluminous granites
Symbols
A
" Fault L N Geological section
B

_— Inferred contact

Drainage
13°41°
46°58’ 46°05°
meters geologial section main greisen sector Faixa Placha B
900 A (NW-SE) Bacia zone
700
500 __J

0 2 km
_ 1
scale

Figure 2: Geological map of the Pedra Branca polyphasic granite massif and one A-B geological section, indicating the
Bacia zone and the Faixa Placha ore sites (Modified from Botelho 1992 and Botelho & Rossi 1988).
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Figure 3: General aspects of ore-sites in the Pedra Branca polyphasic granite: A) Panoramic view of the Bacia zone;
B) Partial view of the mining front in the Faixa Placha. Observe the NE-SW tensile fractures/faults sets, as well as the
lenticular greisen body; C) Drill-cores set from Faixa Placha ore site showing the greisenization on the coarse-grained
pink porphyritic biotite granite (pblb petrographic type); D) greisen-filled tensile fracture/fissure sets in the Faixa
Placha.

MINERAL CHEMISTRY DATA. This information was obtained from samples
encapsuled in greisen bodies, whose results are presented below.

Cassiterite. The euhedral to subhedral cassiterite crystals are zoned, slightly to
moderately fractured containing micro-inclusions of ilmenite, rutile, tantalite and
magnetite. Pleochroism is weak in lighter varieties and medium to strong in darker
varieties. In general, its typical zoning is marked by alternating bands of pale yellow,
orange, red to dark brown. In the greisen zones, fissures and intensely shear fractures, the
cassiterite crystals occur broken and sometimes stretched (Fig. 4).

The cassiterite has SnO2 contents between 96-100 wt. %, while the sum of the
other elements analyzed has content below 4 wt.% (Table 1). FeOotal, TiO2 and WOs3 are
main impurities present in the cassiterite structure, while Ta;Os, Nb2Os, In203z and UO>
appear as trace elements. The colors of lesser intensity, ranging from dark yellow, light
red to light brown, have higher contents in SnO. and lower in FeOtota, TiO2, Ta20s,
Nb20s, WOs3, In.03 and UO>. On the other hand, the chemical composition of the zones
whose colors vary from red, dark red to dark brown, have a lowered SnO, content
accompanied by a relative increase FeOxota, TiO2, WOz in the other analyzed element.
These geochemical characteristics corroborate with what is already known in the
literature regarding to the chemical composition of zoned cassiterites from other deposits
(e.g.; Giuliani 1987, Neiva 1996, Murciego et al. 1997, Costi et al. 2000, Souza & Botelho
2009, Nascimento & Souza 2017).
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Figure 4: Photomicrographs under parallel nicols (N//) of cassiterite (Cst) and wolframite (WIf) from

greisen. A-B) Note the typical zoning and partially fracturing of cassiterite crystals, as well as the tabular
wolframite crystals associated. C-D) Cassiterite crystals broken and streched from Faixa Placha ore-site.

Chemical variations in zoned cassiterites have been attributed to physicochemical
parameters changes (pressure, temperature, fO2, pH, Eh) during the nucleation and crystal
growth in the magmatic hydrothermal fluid evolution (e.g., Neiva 1996, Murciego et
al.1997, Moller et al. 1988, Neiva 2008, Souza & Botelho 2009, Nascimento & Souza
2017). According to these authors, the replacement of Sn by Fe + Ti impurities can be
described by 2Sn*" + 0O?* «» Ti*" + Fe®" + OH-, which was responsible for oscillation in
the colors (zoning) of the cassiterite and can be illustrated through the Sn vs Fe+Ti
correlation diagram (Fig. 5A). However, other coupled substitutions described by 3(Sn,
Ti)* < 2(Nb, Ta)>* + (Fe, Mn)?* and 2(Sn, Ti)** « (W, Mn)®* + Fe?* may also occur
involving the other elements or geochemical impurities identified, which can be observed
through the Sn+Ti vs Fe+Mn+W+Nb+Ta correlation diagram (Fig. 5B).

In general, the darker zones have more Ti than the lighter zone, indicating the
effective substitute Sn** « Ti*" associated with higher content of inclusions or
exsolutions of titanium oxide minerals (rutile, ilmenite). According to Neiva (1996), the
mechanism of incorporation of Fe, Mn, W, Nb and Ta in the Ti-darker zones can be
explained by equations 2(Nb, Ta)*" + (Fe, Mn)?* < 3Ti*" and W®" + Fe?* «» 2Ti*". The
regular decrease in Ti as Fe+Mn+Nb+Ta increases also indicate that the mechanism (Nb,
Ta)>* + Fe* « 2Ti*" might have operate. On the other hand, the increase of W+Mn+Fe
in Ti-rich darker zones indicate the formation of a species of molecular wolframite in
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these sites, explained by equation 2 Ti*" < (W, Mn)®* + Fe?* (Moller et al. 1988, Neiva
2008).

The irregular anomalous contents (100-700 ppm) of In and U in the cassiterite
structure are also associated with Fe-Ti darker zones, indicating the important mechanism
of substitution of Sn by Fe+Ti on the coupled incorporation of other chemical impurities,
as suggested by the equation 2(Sn, Ti)** < (Nb, Ta)>* + (Fe, In)** or 2(Sn, Ti) ** < U*
+ 2Fe?",

Table 1: Electron micropobre analysis data on cassiterite crystals. Compositions of oxides in percent by
weight and of elements in atoms by formula unit, calculates on the basis of 2 oxygens. The symbol (-)
represents values below the detection limit.

Analysis| sno, | Feo | Tio, | Mno | wo, | Ta0s | Nb,Os | PoO | In0, | UO, I\A?tT{;')‘
1 9905 | 026 | 02 0 002 | 005 | o002 | o001 0 0.02 99.63
2 9819 | 017 | 017 0 026 | 005 | 053 0 002 | o001 99.4
3 | o848 | 005 | 02 | oo | oes 0 012 | o001 0 0 99.51
4 | 9624 | 056 | 033 0 06 | 015 2 0 003 | 004 99.59
5 | o758 | 1 056 | 003 0 005 | 006 | 0.06 0 0.04 99.6
6 | 9878 | 031 | 038 0 0 003 | 0.09 0 0.01 0 99.6
7 9824 | 046 | 055 | 002 0 0.06 0 0 0.03 0 99.36

9702 | 027 | o5 | 003 | o009 01 | o063 0 0.03 0 99.48
9 9729 | 035 | 059 | 004 | 094 | 015 | o6 | oo | oos 0 10001
10 99 | 032 | o016 0 0 0 0 0 0.01 0 99.49
11 | 9935 | 023 | 017 0 0 0 0 002 | 002 | 003 99.82
12 | 9877 | 007 | 015 | 001 | o062 0 0 0 0.04 0 99.66
13 | 9857 | 002 | o018 0 063 | 012 0 001 | 005 0 99.58
14 | 9898 | 014 | 007 | 002 | 075 | 009 | 011 | 007 | o006 0 100.29
15 | 9901 | o006 | 013 0 03 | 009 | oo1 | ooz 0 0 99.61
16 | 9897 | o1 | o6 0 05 | 009 0 0.05 0 0 99.87
17 | 9865 | 007 | 011 | 005 | 07 | 003 0 0 0.02 0 99.63
18 | 9966 | 003 | 007 | 002 0 01 | 017 0 0 0 100.05
19 | 9844 | 007 | 026 | 002 | 027 | 007 | 02 0 0 0.01 99.34
20 | 9964 | 01 | o005 0 004 | 009 | 009 0 0 0 10001
21 98.5 1 025 | 008 | 015 | 009 | o022 0 0 0 10029
22 | 9831 | 033 | o021 0 048 | 013 | 073 0 0 0 99.89

Analysis Sn F Ti Mn W Ta Nb Pb In U -(raor;rﬁh
1 0993 | 0005 | 0003 | o 0 0 0 0 0 0 1.001
2 0986 | 0003 | 0003 | o |[o002 | o | o005 | o 0 0 0.999
3 | 099 | 0001 [ 0003 | o |[o004a| o | o000z | o 0 0 0.998
4 | 0957 | 0010 [ 0006 [ o | 0003 | 0001 | 0020 | o 0 0 0.998
5 | 0979 | o019 | 0ooo | 000t [ o o | o001 | o 0 0 1010
6 | 098 | 0006 | 0.006 | O 0 o | o001 | o 0 0 1.003
7 0986 | 0009 | 0009 | o 0 0 0 0 0 0 1.004

0972 | 0005 | 0008 | 0001 | 0005 | 0001 | 0006 | o 0 0 0.999
9 0969 | 0007 | 0010 | 0001 | 0005 | 0001 | 0006 | o 0 0 0.999
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10 0.994 0.006 0.003 0 0 0 0 0 0 0 1.003
11 0.995 0.004 0.003 0 0 0 0 0 0 0 1.002
12 0.991 0.001 0.003 0 0.004 0 0 0 0 0 0.999
13 0.990 0 0.003 0 0.004 0.001 0 0 0 0 0.998
14 0.988 0.003 0.001 0 0.004 0.001 0.001 0 0.00 0 0.999
15 0.994 0.001 0.002 0 0.002 0.001 0 0 0 0 1.000
16 0.991 0.002 0.003 0 0.003 0.001 0 0 0 0.999
17 0.991 0.001 0.002 0.001 0.004 0 0 0 0 0 0.999
18 0.995 0.001 0.001 0 0 0.001 0.002 0 0 0 1.000
19 0.989 0.001 0.004 0 0.002 0 0.002 0 0 0 0.999
20 0.996 0.002 0.001 0 0 0.001 0.001 0 0 0 1.000
21 0.981 0.019 0.004 0.002 0.001 0.001 0.002 0 0 0 1.009
22 0.982 0.006 0.004 0 0.001 0.001 0.007 0 0 0 1.001
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Figure 5: Atomic correlation diagrams applied to greisen cassiterites from the Faixa Placha. A) Sn vs
Fe+Ti; and B): Sn+Ti vs Fe+Mn+W+Nb+Ta.

Wolframite. Wolframite crystals are relatively rarer and are disseminated in greisen. It
has opaque euhedral to subhedral tabular shape with wide range of size (500 - 5000um)
and host several micro-inclusions or exsolutions of niobium-tantalates and ilmenite (Fig.
6 A-B). The chemical analyzes revealed that the wolframite has WO3 content from 71.5
to 74.5 wt.%, followed by FeOrotal = 14.3 — 17.4 wt.% and MnO = 6.3 — 9.9 wt.%, as well
as Sn, Ca, Ti, Ta, Nb, Pb, In and U as trace elements (Table 2). Wolframite is formed by
a complete solid solution, whose final members are represented by ferberite (FeWO4)
and hiibnerite (MNnWO4), and its structural formula can be expressed by AWOQO4, where A
= Fe, Mn (Hsu 1976, Waychunas 1991, Macavei & Schulz 1993). The FeOtotal COntent is
almost twice the MnO content in wolframite from Placha shear fault, revealing the trend
towards the ferbertite field (Table 2 and Fig. 7C). Thus, defining a composition based on
(Feo,61-0,74 — Mo 27.0.42) WO4, with Nb2Os appearing as the main impurity (content = 0.2
- 2.2% wt.%), while Ta20s, SnOz, In,03 and UO> present contents below 0.2 wt.% (Table
2 and Fig.7D).
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Scanning electron microscopy (SEM) investigation revealed niobium-tantalate
species as inclusions or exsolution in the wolframite (Fig. 6 C-D). The Nb and Ta
incorporation like a kind of solid solution in the wolframite structure may result from
coupled substitutions, expressed by the equation Fe?*+ W8 « Fe®* + (Nb, Ta)®*, which
can favor zoning on (Fe,Mn)(W,Nb,Ta)O4 mineral specie (Polya 1988, Tindle & Webb
1989, Neiva 2008). This mechanism of substitution favors to the decrease W®* vs (Nb +
Ta)>* increases, with the electrostatic charge deficiency resulting in the iron oxidation
Fe?* « Fe** (Neiva 2008, Souza & Botelho 2009, Nascimento & Souza 2017). This
mechanism can be observed by regular decrease in W followed by Nb+Ta increases at
the wolframite structure from Placha shear fault (Table 2). On the other hand, the decrease
W5 is also flowed by Sn**, In®*, and U** irregular increases, which may be also linked to
accidental micro-inclusions or as result of 2Fe?*+ W®* « 2(Fe, In)** + (Sn, U)** coupled
substitutions. Additionally, the high calculated Fe?* values (Table 2) suggests that the
wolframite from Placha shear fault precipitated under reduced hydrothermal conditions.

Pl % il TS v

assmica-quartz greisen
E

R ‘ —
* Imica-quartz greisen

Figure 6: A-B: Photomicrography of wolframite crystals under parallel nicols (N//), showing their occurrence in the
Faixa Placha. C-D: Scanning eléctron microscope (SEM) analysis in wolframite crystals, showing niobium-tantalates
species as inclusions or exsolutions.
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Table 2: Electron micropobre analysis data on wolframite crystals. Compositions of oxides in percent by
weight and of elements in atoms by formula unit, calculates on the basis of 4 oxygens. The symbol (-)

represents values below the detection limit.

Analysis | SnO, | CaO | FeO | TiO, | MnO | WO, | Ta,05 | Nb,Os | PbO | In,0, | YO I\A?tTOAA)')-
1 007 | 008 | 1744 | 005 | 630 | 7281 | 01 | 113 |002 | .., 003 | 9806
2 023 | 006 | 1443 | 004 | 943 | 7L55 | 011 | 228 | 002 | ;46 005 | 9826
3 0 | 004 | 1547 | 002 | 906 | 7424 | 006 | 029 0 | 003 0 %9.21
4 0 | 001 | 1499 | 001 | 921 | 7321 | 007 | 078 0 . 0.07 | 9835
5 0 002 | 1527 | 005 | 873 | 73.73 0 045 0 0 0 98.25
6 0 | 002 |1691| o | 743 | 7362 | 006 | 078 | © . 0 98.82
7 0 | 005 | 1491 | 002 | 918 | 7376 | 005 | 057 | 002 | .. 0 | 9859
8 004 | 005 | 1441 | 0 | 987 | 718 | 017 | 171 | 0 | . 0 98.06
9 072 | 007 | 1531 | 005 | 894 | 71.85 | 018 | 1.83 0 | 503 0.06 [ 99.04
10 002 | 003 | 1563 | 007 | 921 | 7367 | oa1 | 102 | O | .. 005 | 9983

Analysis | Sn Ca Fe Ti Mn w Ta Nb Pb n v —(raOprAuIS
1 0001 | 0.004 | 0.745 | 0.002 | 0273 | 0.966 | 0001 | 0026 | 0 0 2.018
2 0.005 | 0.003 | 0613 | 0.001 | 0.406 | 0.942 | 0.001 | 0.052 | 0 0 2.023
3 0 0 |o0657| © 039 | 0977 | 001 | 0007 | 0 0 2041
4 0 O | 064l | O | 0401 | 097 | 0001 | 0018 | 0 0 2031
5 0 | 0002 | 0654 | 0002 | 0378 | 0979 0 0.01 0 0 0 2.025
6 0 0.001 | 0.719 0 032 | 0971 | 0001 | 0.018 0 0 0 2.03
7 0 | 0003|0636 | O |0397 0976 | 0001 | 0013 | 0 0 2.026
8 0 |0003|0615| 0 | 0427 | 095 | 0002 | 0.04 0 0 0 2.037
9 0014 | 0.003 | 0,647 | 0.002 | 0382 | 094 | 0002 | 0042 | 0 0 2.032
10 0 | 0002 | 0.657 | 0.003 | 0392 | 096 | 0001 | 0023 | 0 0 2.038
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Figure 7: A) Photomicrography of wolfamite crystals; B) Fe-W-Mn atomic correlation diagram applied to
wolframite; C) point analysis by electron microprobe in wolframite crystals, showing the variation in FeO(total)
and MnO contents (wt. %). D) point analysis in wolframite crystaks indicating the variations in the contents of
In,03, UO2, Ta20s, SnO; and Nb2Os (wt. %).

OXIGEN ISOTOPE DATA (8'20). This information also was obtained from quartz and
cassiterite crystals, with a size between 0.5 and 1 cm, under association paragenetic
encapsuled in greisen bodies. The selected samples were close to the ideal purity for the
isotopic study (i.e., without any apparent inclusions or intergrowths). The results
presented below have uncertainty around 0.2%o (Table 3).

Table 3: Mineral samples from greisen with their respective 6180 isotope values and calculated values for
crystallization temperatures.

Mineral Pair Temperature (°C)
Sample Mineral | 80 (%o)
(G-1202111 | cassiterite 2.7 cassiterite + quartz 413 - 484
G-1202112 | cassiterite 2.9
G-1202113 | cassiterite 2.6 cassiterite + quartz 427 - 498
G-1202114 | quartz 9.4
G-1202115 quartz 9.7 cassiterite + quartz 406 - 477
G-1202116 | quartz 10.4

Quartz (580 = 9.4 -10.4%o) and cassiterite (830 = 2.6 - 2.9 %o) have subtle
variations in their respective isotopic compositions, indicating isotopic equilibrium with
a common hydrothermal environment. However, significant differences %0 values
between quartz - cassiterite reveal the mineral isotopic fractionation signatures during the
rise of the hydrothermal system (Alderton1989, Burnham C.W. 1997, Taylor Jr. 1997).
In general, cassiterite from Sn-W hydrothermal deposits typically record low 580 values
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(80 < 10 %o), which have been attributed to the mixing between meteoric fluids
(isotopically light) and magmatic fluids (Kelly & Rye 1979, Jackson & Helgeson 1985,
Sun & Eadington 1987, Taylor & Wall 1993, Heinrich et al. 1996). On the other hand,
quartz often records higher 5'80 values (§'80 ~ 10 %) due to its low sensitivity to isotopic
changes in the hydrothermal system (Clayton et al. 1972, Taylor Jr. 1997, Sharp et al.
2016).

The 80 values obtained in paragenetic mineral associations have also been
commonly applied in the geothermometric characterization of hydrothermal systems
(e.g., Zhang et al. 1994, Crowe et al. 2001, Faure & Mensing 2004, Mering et al. 2018).
We used &80 data from quartz-cassiterite pair in the geothermometric study of the Pedra
Branca hydrothermal system. The geothermometric calculations were made based on the
fractionation curve given by 1000 Ina = A x 10°/T? + B x 10° /T + C (Zhang et al. 1994)
and 1000 Ino. = 3.38 x 10° /T?— 3.40 (Clayton etal. 1972), applied to the quartz-
cassiterite-water system at the 250°-500° C. We then obtained the geothermometric range
calculated from 406° to 498°C (Table 3), which we interpret as the temperature range for
ore crystallization during the evolution of the Pedra Branca magmatic/hydrothermal
system. This isotopic temperature range has also been recorded in other Sn-W deposits
around the world linked to the of granitic magmas evolution (e.g., Strauch et al. 1994,
Linnen & Williams-Jones 1995, Bettencourt et al. 2005, Macey & Harris 2006, Yang et
al. 2019, Li et al. 2021).

FLUID INCLUSION DATA. This information was obtained on quartz and cassiterite
crystals from quartz vein encapsulated in greisen bodies at the Faixa Placha. The results
are presented and discussed below.

The quartz and cassiterite crystals often occur broken and stretched in this site,
but quartz still exhibits strong recrystallization features (Fig. 8 A-B). They host, at 25°C
room temperature, monophasic and biphasic aqueous fluid inclusions, ranked by us as
pseudo-primary and secondary types (Fig. 8 C-F). The pseudo-primary type occurs
isolated or in small groups, display irregular, elongated, and sub-rounded shapes, with 5
to 60 pm in size. On the other hand, the secondary type form trails along healed
microfractures, with elongated and rounded shapes, but with a size below 5 um, thus
making it impossible to obtain microthermometric data in the equipment used.

The biphasic (H20iiqtH20gas) pseudo-primary type has gas phase volume
(Vg/Viotal) estimated between 5 and 20%, while the monophasic pseudo-primary type can
have a liquid or gas phase filling the entire cavity (Fig. 8 C-F)). Microthermometric
analysis (ranging between -70° and 300° C) revealed the following data:

e in cassiterite - the melting first occurs at the eutectic temperature (Te) between -
36.4° and -22.3° C. Although Te measurements have normally limited accuracy,
this microthermometric range obtained suggests the presence Na, K, Mg, Fe ions
in this aqueous solution (Shepherd et al. 1985, Bodnar & Vityk 1994, Bodnar
1993). The melting ice temperature (Tmi) occurred between -10.4° and -8.2° C
(Fig. 9A), indicating a calculated salinity from 14 to 12 wt.% NaCl eqv. (Fig. 9B),
applying equation proposed by Bodnar (1993). Finishing with the total
homogenization temperature (Tht), which vary from 255° to 270° C (Fig. 9C),
marked by contraction of the gas phase until blending into the liquid phase (Lig.
+ Gas — Liq.). We use the calculated salinity versus Tht obtained to calculate the
fluid density between 0.87e 0.92 g/cm? (Fig. 9D), applying Baker 2003);

e inquartz - the Te occurs between -26.4° and -21.6° C, suggesting also the presence
Na and K ions, as well as SOs and CO3z molecules in this aqueous solution
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(Shepherd et al. 1985, Bodnar & Vityk 1994, Bodnar 1993). The Tmi occurred
between -6.8° and -5.1° C (Fig. 9A), indicating a calculated salinity between 10.2
and 7.9 wt.% NaCl eqv. (Fig. 9B), also applying Bodnar (1993). The Tht ranged
from 108° to 214° C (Fig. 9C), also measured upon phase change Liq. + Gas —
Lig. The calculated density varied from (Fig. 9D, also applying Baker 2003).
These microthermometric data reveal an aqueous fluid system with lowered
salinity and density, trapped under low to moderate temperature (100° — 270° C).
However, the pseudoprimary fluid inclusions studied show different salinity and Tht
values, clearly noted in the salinity vs Tht diagram (Fig. 9E), indicating different intervals
of fluid trapping between quartz and cassiterite crystals. Contrary to oxygen isotope data
that revealed temperatures above 400° C, the fluid inclusion data presented here suggest
some degree of mixing between hydrothermal/magmatic and meteoric fluids during
greisenization, favoring to the fluid rebalancing. On the other hand, the flattening and
mineral recrystallization features also suggest that some volume of this fluid was trapped
during the Faixa Placha reactivation phase, linked to Brasiliano/Pan-African Orogeny.

) Analysis fields

Figure 8: A) Morphological aspects and distribution of fluid inclusions in quartz and cassiterite crystals. A)
General aspect of the sample with emphasis on the fields of analysis. B) Cassiterite with demarcated
fragmentation. C) Biphasic and monophasic pseudoprimary fluid inclusions in cassiterite. D) Sketch of fluid
inclusions in cassiterite. E) Biphasic and monophasic pseudoprimary fluid inclusions in quartz. F) Sketch of fluid
inclusions in quartz.
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Figure 9: Histograms and dot plots for microthermometric data obtained for primary inclusions. A) Ice
melting temperature. B) Calculated salinities for ice melt temperature. D) Total homogenization
temperature. E) Total homogenization temperature versus salinity with demarcation of density fields
generated by the equation of state by Zhang and Frantz (1987), obtained by Wilkinson (2001) from Brown
(1989). (F) Mixture between hydrothermal/magmatic and meteoric fluids during greisenization showing
the fields of magmatic and meteoric fluids presented by Karimpour (2015) after Kesler (2005).
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FINAL COMMENTS. Sn + (W, Nb, Ta) deposits are normally associated to late
magmatic-hydrothermal system linked to highly fractionated granites rich in volatiles
(Taylor Jr.1979, Lehmann 1982, Strong. 1985, Taylor & Wall 1992, Marignac & Cuney
1991, Burnham 1997, Audtat et al. 2000). Its genesis requires specific physical-chemical
parameters (temperature, pressure, pH, Eh, fO2) controlling the metal extraction, transport
and precipitation phases during to magmatic evolution. In this context, pegmatite,
greisen, breccias, veins-veinlets appear as the main ore deposition sites (Groves &
McCarthy 1978, Pollard & Taylor 1986, Stemprok 1987, Heinrich 1990, Wood & Samson
1998, Cerny & Ercit 2005).

Greisen results from complex metasomatic process that normally occurs in the
granitic cupula zone, linked to fluid phase exsolved from the residual melt at the final-
stage magmatic evolution. Its genesis requires saline fluids, temperature = 200-500°C,
depth = 2-5 km, neutral to alkaline (pH = 6 - 8 or pH > 8) environment, F-CI halogen
complexes action for metals transport, Fe-micas and feldspar leaching followed by quartz,
F-Li micas, fluorite, topaz, tourmaline, and Ca-Fe carbonates precipitation (Shcherba
1970, Burt 1981, Stemprok 1987, Pollard et al. 1988, Hedenquist & Lowenstern 1994).
The high-fluid pressure can lead to subvertical tensile fractures/fissures bodies
propagation at the granitic cupula zone, favoring to hydrothermal re-circulation
convective process, pressure and temperature relaxation and ore deposition sites
formation (Plimer 1987, Pirajano 1992, Launay et al. 2021). However, the cassiterite +
wolframite content (Sn > W, Sn = W, Sn < W) in these sites, in addition to the physical-
chemical parameters mentioned above, it also depends on some geological conditions,
such as: complexing element-type in metal transport, fluid-rock interaction rate, Sn-wW
different partition coefficients in magmatic fractionation (Manning & Henderson 1984,
Jackson & Helgeson 1985, Heinrich 1990).

The oxygen isotope (5'20) data obtained on quartz-cassiterite from greisen of the
Perdra Branca granite massif, suggest that this metasomatic metallic (Sn, W)
accumulation formed at a temperature between 406° and 498°C. On the other hand, the
significant differences 580 values between quartz-cassiterite point to an important
isotopic fractionation process during greisenization, which is linked to the lowering of
temperature and the interaction between fluids from different sources (e.g., Taylor Jr.
1974, Taylor & Wall 1993, Zhang et al. 1994). Therefore, progressive changes in
physical-chemical parameters (mainly temperature, pH, Eh, fO2) on the metasomatic
system favored zoning and mineral exsolution, with different types of substitution
controlling the entry of Fe, Ti, Mn, Nb, Ta, U, and In in the cassiterite and wolframite
structures. According to Hsu (1976) and Ivanova (1988), Fe-rich wolframite is stable
under oxidizing conditions at the temperatures above 400°C. Therefore, it is possible that
the Nb-Ta minerals included in wolframite are exsolution generated during the lowering
of the temperature.

The growth and zoning of cassiterite crystals had 2Sn** + O?* « Ti* + Fe3* +
OH-" as the main replacement mechanism, followed by entry of Nb, Ta, and In impurities,
according to 2(Sn, Ti)** « (Nb, Ta)®* + (Fe, In)** equation, under an oxidizing
environment. However, some oscillations in the oxidizing environment (Fe** < Fe?"),
linked to hydrothermal re-circulation convective, would have favored the entry of W, Mn,
and U impurities, according to 2(Sn,Ti)*" « (W, Mn)®" + Fe?* or 2(Sn, Ti) ** < U*" +
2Fe?* equations.

U anomalous contents identified in cassiterite crystals from some granite-
pegmatites of the Parana subprovince (Goias Tin Province) allowed to obtain U-Pb ages
between 1.535 Ma and 1.470 Ma (Sparrenberger & Tasinari 1999). The U content
identified in cassiterite from the Pedra Branca greisen could also be a good opportunity
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in the future help in geochronological studies on the time ore-formation (e.g., Yuan et al.
2011, Li et al. 2016, Neymark et al. 2018).

The Sn (W) greisen bodies are linked to highly fractionated Li-mica leucogranite
magmatic phase (1,77- 1,74 Ga) or pb2d petrographic type of the Pedra Branca polyphasic
granite (Botelho 1992). In these greisen bodies, the higher content of cassiterite in relation
to wolframite (Sn >> W), as well as high content of ilmenite, magnetite, and hematite,
indicate the predominance of oxidizing environment during the greisenization phase and
ore formation at the cupula zone. On the other hand, during to Neoproterozoic (0,75 —
0,50 Ga), the transpressive tectonic linked to Brasiliano/Pan-African Orogeny printed
different deformational stages over all lithologies. Greisenized tensile faults/fractures
fillet by ore linked to Faixa Placha (exogreisen), as well as some greisen lenticular bodies
linked to Bacia zone (endogreisen), were then subjected to directional mylonitic
deformation. Faixa Placha structures sets were reactivated under a ductile-ruptile regime,
with local generation of centimetric folds and tension gash, as well as flattening and
partial fragmentation over the mineral assemblage. It served also as a conduit for some
volume of the aqueous chloride fluid re-circulation at temperature below 300° C.

Therefore, two timing can be registered on the Sn (W) mineralization in the
Pedra Branca polyphasic granite (Fig. 10): 1-Paleoproterozoic greisenization, linked to
hydrothermal phase exsolved during to final-stage magmatic evolution of the highly
fractionated Li-mica leucogranite pulse. In this metallogenetic framework, hydrothermal
re-circulation convective process at the cupula granitic zone favored to greisenization and
filling dilated sites, marked by Bacia zone endogreisen and Faixa Placha exogreisen
formations. Metals extraction, transport, and precipitation from complex metasomatic
process took place under the predominance of oxidizing conditions at temperature
between 400° and 500° C. However, fluid inclusions data point to some degree of fluid
mixing (hydrothermal/magmatic vs meteoric) during to greisenization, leading to fluid
rebalancing by lowering salinity and temperature. The presence of fluorite-topaz greisen
and aqueous chloride solutions suggest that F- and Cl-complex acted in the Sn(xW)
transport. Temperature lowering, pH, Eh, fO2 variations, and fluid mixture controlled ore
precipitation (e.g., Groves & McCarthy 1978, Taylor & Wall 1992, Pirajano 1992, Gao
et al. 2019, Lehmann 2021); and 2-During to Neoproterozoic deformation, linked to
Brasiliano/Pan-African Orogeny, all lithologies are deformed in different stages.
Particularly, the old greisenized tensile structures filled by ore associated to Faixa Placha
become reactivated under rutile-ductile deformation regime in a sinistral cinematic,
leading to fluid re-circulation, flattening and partial fragmentation over the mineral
assemblage, with the fluid inclusions data point to thermal conditions below 300° C.
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Figure 10: Proposed metallogenetic model for the Pedra Branca massif greisens.

Advances in geochronological investigations are still necessary for the timing
mineralization from greisen in the Pedra Branca polyphasic granite. For example: U-Th-
Pb method applied on cassiterite and/or monazite towards of the Paleoproterozoic
mineralization combined with the Ar-Ar method applied on Li-micas from Faixa Placha
towards of the Neoproterozoic tectono-thermal cooling timing.
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