C DT,

CENTRO DE DESENVOLVIMENTO
DA TECNOLOGIA NUCLEAR

%00 ArDf
VNiVERSiDAD

D SALAMANCA
1218 ~2018

COMISSAO NACIONAL DE ENERGIA NUCLEAR-CNEN

CENTRO DE DESENVOLVIMENTO
DA TECNOLOGIA NUCLEAR - CDTN

Programa de Pos-Graduagao em Ciéncia

e Tecnologia das Radiagdes, Minerais e Materiais

UNIVERSIDAD DE SALAMANCA — USAL

ESCUELA DE DOCTORADO “STUDII SALAMANTINI”

Programa de Doctorado en Geologia

Frederico Sousa Guimaraes

[
cnhen

Comissao Nacional
de Energia Nuclear

VNiVERSiDAD
P SALAMANCA

CAMPUS DE EXCELENCIA INTERNACIONAL

CARACTERIZACAO GEOQUIMICA, GEOCRONOLOGICA, E DOS

FLUIDOS DAS OCORRENCIAS DE METAIS RAROS

(ETR, SN, BI, U E TH) NOS MACICOS DA MINA DE SANTA BARBARA,

PROVINCIA ESTANIFERA DE RONDONIA, BRASIL

Orientadores / Diretores:

Prof. Francisco Javier Rios (CDTN-BR)
Prof. Clemente Récio Hernandez (USAL-ES)
Prof. Alexandre Raphael Cabral (UFMG-BR)



Frederico Sousa Guimaraes

CARACTERIZACAO GEOQUIMICA, GEOCRONOLOGICA, E DOS
FLUIDOS DAS OCORRENCIAS DE METAIS RAROS

(ETR, Sn, Bi, U e Th) NOS MACICOS DA MINA SANTA BARBARA,
PROVINCIA ESTANIFERA DE RONDONIA, BRASIL

Tese de Doutorado apresentada ao programa
de Po6s-Graduacdo em Ciéncia e Tecnologia
das Radiag6es, Minerais e Materiais do Centro
de Desenvolvimento da Tecnologia Nuclear
como requisito final para obtencdo do titulo de
Doutor em Ciéncia e Tecnologia das
Radiagdes, Minerais e Materiais;

Tese de Doutorado apresentada a Escuela de
Doctorado da Universidad de Salamanca
como requisito final para obtencao do titulo de
Doctor en Geologia.

Belo Horizonte, Minas Gerais

Junho de 2021






Agradecimentos

Agradeco primeiramente a meus pais, que foram os primeiros e mais importantes responsaveis pela
minha educacdo, seriedade e compromisso, e sem o incentivo dos quais eu jamais poderia ter
seguido por esses caminhos. A Erika, pela nossa partilha dos casos de laboratério, de revisdo de
artigos e de experimentos fracassados; e pelo constante incentivo. A Talita, por ser forte o bastante
para conseguir suportar as dificuldades e a distancia, e ainda sobrar carinho e compreensao. Esses

anos teriam sido bem mais dificeis sem vocés.

Aos meus orientadores, Dr. Francisco Javier Rios, Dr. Clemente Récio Hernandez e Dr. Alexandre

Raphael Cabral, pelo inestimavel auxilio, discussdes académicas e dedicagao.

Ao gerente geral de geologia da CSN, Henrile Meirelles, pelo interesse em viabilizar etapas de campo,
publicacBes e parcerias. Aos colegas da ERSA/CSN: Moisés, Carlos, Roberto, Curicdo, Para, Pequeno,
Alexandre, Wander, Ronaldo e todos que participaram do trabalho de campo em Rondénia, da coleta

de amostras, da pescaria, e da busca de afloramentos escondidos na floresta amazonica.

Aos pos-doutorandos do LCMM do CDTN, Lucas, Lucilia e Monica, pelo enorme apoio e participacdo
em diversas etapas do trabalho. A Anna, por ndo me odiar (eu acho) apesar de toda a pressdo
colocada sobre seu excelente trabalho. A Camila, Nilo, Tinhago, Jefferson, Ariela, Natélia, Franco,
Leo, e todos os demais colegas do Laboratério com os quais ao longo desses quatro anos pude
compartilhar cafés, artigos e risadas. Ao Furquim, Ana Claudia, Simone e Rodrigo por todo bom
humor a disponibilidade imediata de resolver qualquer problema. A todos os demais do prédio 8, aos

funcionarios e professores da pds-graduagado do CDTN por estes anos de companhia e aprendizado.

Aos professores com os quais estabelecemos proveitosas discussGes académicas, Dr. Jorge Silva
Bettencourt, Dr. Herminio Nalini Jr., Dr. Kazuo Fuzikawa. Aos técnicos, analistas e professores que
participaram conosco de diversas parcerias: Dr. Bernd Lehmann, Dr. Rongging Zhang, Dr. Luis Garcia,
Marcio Flores, Ramon Aranda, Dr. Tércio Pedrosa, Rafael Lopes, Breno Moreira, Dra. Glaucia

Queiroga, Marco Paulo Castro, Dr. Renato Moraes, José Vinicius Martins e Dr. Ryan Mathur.

Aos amigos Gonzalo, Judit, Christian, Laura, Wendy e Brow, por me receber na Espanha como um dos
seus, me levar nas rutas de senderismo, ir ao mordisco, assistir ao Intermédio, e me ensinar muito

sobre Educacion Social.

Aos amigos dentro e fora do CDTN, da Geologia, do CSA, do Dorotéia. A todos aqueles que me
ajudaram, se preocuparam comigo ou de alguma forma estiveram presentes, ainda que em

pensamento, meu mais sincero obrigado.



“THE FIRST PRINCIPLE IS THAT YOU MUST NOT FOOL

YOURSELF. AND YOU ARE THE EASIEST PERSON TO FOOL.”

RICHARD P. FEYNMAN



Resumo

Este trabalho tem como objetivo a caracterizacdo litolégica, geoquimica, geocronoldgica e de fluidos
relacionados aos granitos, granitos greisenizados, veios, greisens e demais ocorréncias de ETR,
metais raros, Sn, e seus minerais portadores, na regido do Macico Santa Bdarbara na Provincia
Estanifera de Rondoénia (PER). A PER é uma provincia metalogenética do Craton Amazdénico cuja
mineralizagdo estd hospedada numa série de suites intrusivas graniticas evoluidas, especializadas
geoquimicamente, com afinidade rapakivi, tipo-A, peraluminosos a peralcalinos. Essas suites estao
relacionadas a mineralizagcdes de Sn com Nb, Ta, W, Be e metais base associados, além de possiveis
ocorréncias de elementos terras raras (ETR), Bi, U e Th. Na mais jovem dessas suites, chamada suite
dos Granitos Ultimos de Ronddnia (ca. 995 Ma), a mineralizacdo ocorre na forma de greisen
acamadado, veios, stockworks, e placers associados. Para este trabalho, foram amostradas rochas na
regido dos macicos Santa Barbara, Potosi, 14 de abril e Duduca, com énfase no primeiro, onde ha
atualmente uma mina em atividade que explota cassiterita em aluvido e em greisen intemperizado
fridvel. Resultados petrograficos permitem inferir similaridade microestrutural e mineralégica entre
os macicos. Os macicos graniticos sdo compostos de microclina, albita, quartzo e mica escura. A mica
primaria ocorre em agregados em formas irregulares ou de coroas, e é pobre em Li—F e rica em Ti—
High Field Strength Elements (HFSE). Uma variedade de mica intersticial aos grdos magmaticos é
interpretada como tardi-magmatica, e é rica em Li—F-Ti—HFSE. Ja os greisens dos macigos consistem
em rochas pobres em ETR (10 a 20% do teor dos granitos) e ricas em Li, F, Sn, Nb, Ta, formados a
partir do autometassomatismo por H' do granito por fluidos tardi-magmaticos. Esses fluidos
demonstradamente coexistem com melts de bismuto metalico. A mica do estdgio greisen é rica em
Li—F e pobre em Ti—HFSE, e ocorre como grossos cristais nos greisens ou como pseudomorfos de
feldspatos nos granitos parcialmente greisenizados. Zonagao composicional em larga escala nas
micas do granito e baixo teor de HFSE na mica do greisen suportam a hipdtese de que a mica é
portadora e reservatério de HFSE nos granitos, podendo libera-los durante hidrotermalismo,
formando minerais-minério. Apds a greisenizac¢do, o fluido encontra-se rico em K—Na—ETR devido a
dissolucdo de feldspato e minerais de ETR, porém empobrecido em Ce devido a sua baixa
solubilidade em fluidos oxidados. Esse fluido pode causar feldspatizacdo pds-greisenizacdo dos
granitos adjacentes ao greisen, aumentando em até oito vezes seu teor de ETR com excec¢do do Ce.
Os minerais primarios de ETR no granito sdo monazita, xenotima e bastnasita-Ce, enquanto o aporte
tardio de ETR pelo metassomatismo forma principalmente bastnasita-La. Embora alguns trabalhos
tenham apontado um intervalo de 20 a 30 Myr entre cristalizagdo magmadtica e alteragdes pos-
magmaticas associadas a mineralizagdo, datacdo U—Pb direta em cassiterita revela idades

indistinguiveis da de cristalizagdo magmatica do granito, dentro da resolu¢do temporal do método.



Abstract

This work aims to characterize the lithology, geochemistry, geochronology and the fluids related to
granites, greisenized granites, greisens and other occurrences of rare earth elements (REE), rare
metals and tin in the region of the Santa Barbara massif, in the Rondénia Tin Province (RTP). The RTP
is a metallogenetic province of the Amazonian Craton that includes Sn mineralizations and associated
Nb, Ta, W and possible occurrences of REE, Bi, U and Th. These are hosted in a series of evolved
granitic suites with rapakivi, A-type, peraluminous to peralkaline, geochemically specialized
signatures. In the youngest of these suites, dubbed “Younger Granites of Rond6nia” (ca. 995 Ma),
mineralization occurs as bedded cupola greisen, vein, stockwork, and associated placers. For this
work, samples were collected in the area of the Santa Barbara, Potos, 14 de Abril and Duduca
massifs, focusing on the first one, where cassiterite is currently mined from alluvial sands and
weathered, friable greisen. Petrographic results allow inferring similarity between the fabrics and
mineralogy between the massifs. Essential mineralogy of the granites in the area is quartz,
microcline, albite and dark mica. Primary dark mica occurs as crown- or irregularly-shaped
aggregates, which are poor in Li—F-poor and rich in Ti-High Field Strength Elements (HFSE). Another
variety of mica, which is interstitial to other grains of the magmatic fabric, is Li—F—Ti—HFSE-rich and
interpreted as late-magmatic. The greisen rocks in the massif consist in REE-poor (only 10-20% the
REE content of granite), Li-F-Sn—Nb-Ta-rich rocks formed after metasomatic H" overprint of granite
due to late-magmatic fluids. These fluids have demonstrably coexisted with metallic-Bi melts. Mica
formed at the greisen stage is rich in Li—F and poor in Ti—-HFSE, occurring as coarse crystals in greisen,
and pseudomorphs after feldspar in partially greisenized granites. A large-scale zoning in the granite
mica and the low content of HFSE in greisen mica support the hypothesis that mica is a carrier and
reservoir of rare metals in such granites, that can be released and form ore minerals during
greisenization. After greisenization the fluid is rich in K-Na—REE due to the leaching of feldspar and
REE minerals; it is however poor in Ce due to its low solubility in oxidized fluids. This fluid is
responsible for causing post-greisenization feldspathization in granites neighboring greisen, which
increases its REE content (except Ce) by up to eight-fold. Primary REE minerals in granite are
monazite, xenotime and bastnasite-Ce; post-greisenization intake of REE in granite due to
metasomatism forms bastnasite-La. While previous works had pointed a time span of 20-30 Myr
between early magmatic crystallization of granite and late-stage mineralization-related hydrothermal
alterations, direct U-Pb dating on cassiterite reveals ages which are indistinguishable from granite

crystallization ages, within the temporal resolution of the methods.
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1. Introducao

A regido do Craton Amazoénico detém grandes polos de extracdo mineral associada a intrusdes
graniticas, como a Provincia Mineral de Carajas, a Provincia Estanifera do Pitinga (PEP), AM, e a
Provincia Estanifera de Rondonia (PER), RO. Essas duas ultimas, somadas, detém cerca de 95% da
producdo brasileira de estanho. A PER localiza-se na por¢ao sudoeste do craton e é responsdvel por

4400-7000 t/ano de metal (ANM, 2020).

O contexto geoldgico da PER contém diversas provincias geocronoldgicas com idades entre 1,8 e 1,0
Ga. que representam um multiorégeno. Notadamente, as ocorréncias de estanho estdo associadas a
uma série de suites intrusivas rapakivi de que se encaixaram entre 1,60 e 0,97 Ga (BETTENCOURT et
al., 1999). A mineralizagdo primaria ocorre na forma de corpos tabulares de greisens nas cupulas de
granitos tipo-A evoluidos, além de veios e stockworks (BETTENCOURT et al., 2016; SPARRENBERGER,
2003).

A Mina de Santa Barbara é uma das principais e mais antigas em atividade na PER, atualmente
operada pela empresa Estanho Rondénia S/A (ERSA). Embora tenha sido historicamente pioneira na
lavra de rocha dura, a mina concentra a maior parte de sua exploracdo nas aluvides que
concentraram cassiterita em depdsitos pldcer. Recentemente, as lavras na mineralizacdo primaria,

em rocha fridvel, foram retomadas, com teores mais altos que nas aluvides.

O depdsito Santa Barbara consiste num testemunho raro de endogreisen acamadado contido,
econOémico e preservado, sobre o qual SPARRENBERGER (2003) produziu um completo e detalhado
trabalho, principalmente do ponto de vista da petrogénese e da metalogénese do estanho. Além do
macico Santa Barbara, existem também outros corpos graniticos na area da mina que, por questdes
de exploracdo, sdo menos conhecidos que o corpo principal, e carecem de estudos. Além disso, hoje
em dia torna-se necessario o escrutinio dos granitos evoluidos sob outro paradigma, ja que a
evolucdo das tecnologias e modificagdes nos mercados mundiais transformaram os Elementos Terras
Raras (ETR) e o litio (Li) em importantes recursos estratégicos. Os greisens, sabe-se hoje, tem
potencial reconhecido como fontes ndo-tradicionais desses recursos estratégicos, tanto no cendrio
nacional quanto internacional —e.g. SANTANA (2013); HE et al. (2017), JANDOVA; DVORAK; VU
(2010). Além disso, esses litotipos também abrigam sabidamente ocorréncias de outros metais, como
Nb, Ta, W e até Bi, U, Th e outros. Alguns desses ja sdo explorados em greisens como subprodutos da

extragdo de cassiterita.

E sob essa dptica que se fundamentam as bases para este trabalho.
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1.1. Localizacdo e Vias de acesso

A Mina Santa Barbara é acessivel através no municipio de Itapua do Oeste (RO), a 115 km a sudeste
de Porto Velho (RO), a partir da BR-364 (Figura 1). A partir de Itapua do Oeste, percorre-se por cerca
de a RO-452 por cerca de 10 km até a entrada da FLONA Jamari e depois mais cerca de 7 km até a
mina, que é disposta sobre o maci¢o Santa Barbara. Os demais macicos na vizinhanga (Duduca, Serra
da Onga, Serra dos Macacos, Potosi, Serra dos Bois) sdo acessiveis através de percursos de carro

seguidos de incursdes na floresta.

" Porto Velho

Itapuad do oeste

- < — Mina Santa Barbara

FLONA
REINE

Figura 1: Localizagdo e vias de acesso da Mina Santa Barbara a partir de Porto Velho
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2. Greisenizacao

2.1. Greisens: rochas “cozidas no proprio caldo”
A medida que um magma granitico se resfria e cristaliza, o0 melt residual se torna progressivamente
enriquecido em volateis e elementos que sdo incompativeis com os sélidos que estdo se formando.
Assumindo um sistema fechado, esses elementos serdo essencialmente elementos presentes no
magma original que deu origem ao corpo em formacgdo. Eventualmente, esses fluidos e volateis se
tornaram imisciveis no magma, marcando a transi¢ao ignea-hidrotermal, que é gradativa (LEHMANN,
2020). Os fluidos tenderdo a se distribuir nos intersticios dos graos em formacao e a migrar para cima
dentro do corpo granitico conforme a porosidade do sistema evolui, com a progressdo da
cristalizacdo (LEHMANN, 2020; POLLARD; TAYLOR, 1986). Dependendo dos elementos envolvidos e
de suas fugacidades, a interagao desses fluidos com o material rochoso em formagdo I3 presente
pode induzir um autometassomatismo no préprio material. Nas palavras de Pirajno, (2009), a rocha
“cozinha no proprio caldo”. Durante esse processo, podem ocorrer diversos ciclos de alteracao,
motivados principalmente pela mudanca das atividades de F, Na*, K" e H" (PIRAJNO, 2009; POLLARD,
1983). Dessa forma, porcbes superiores do corpo acumulem maior concentracdo de fluidos
progressivamente mais ricos em F, B, Li, Sn, W, U, Mo, Be e Bi, o que desenvolve uma alteragdo
proeminentemente zonada, com as mais tardias ocorrendo mais no topo do corpo granitico

(POLLARD, 1983; POLLARD; PICHAVANT; CHARQY, 1987).

Num primeiro momento, ainda no estdgio magmatico, essa alteragdo tipicamente envolve um alcali-
metassomatismo. Por exemplo, a presenca de fldor no sistema desloca o equilibrio de K—Na no fluido
de forma a favorecer a decomposicdo da albita e formacdo da microclina (microclinizagdo ou K-
feldspatizacdo), aumentando a quantidade de sddio no fluido. Posteriormente, com o fluido agora
bastante enriquecido em Na atingindo porg¢des mais superiores do corpo, € comum a ocorréncia de
albitizac3o. Mais acima, com a diminui¢do da raz3o alcalis/H* no fluido, e progressivo aumento de no
teor de F, ocorre a greisenizacdo, que é tipicamente um estagio de H'-metassomatismo (PIRAINO,

2009).

Esse metassomatismo afeta o granito principalmente pela substituicio do feldspato e da mica
original de proveniéncia magmatica por quartzo, mica litinifera (‘zinnwaldita’, ver discussdo abaixo) e
uma paragénese especifica contendo fluorita (CaF,), a depender do teor de Ca, criolita (NasAlF¢), a
depender do teor de élcalis —.como em Pitinga, ver COSTI et al. (2005)— e topazio (Al,SiO4(OH, F),), a
depender do teor de Al —como em Rondénia. Sendo assim forma-se em geral na clipula do sistema
(Figura 2) uma rocha similar ao granito, porém sem feldspato (endogreisen), tipicamente um mica-

quartzo greisen ou um topazio-mica-quartzo greisen (PIRAJNO, 2009). Por se comportarem como
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sistemas geoldgicos praticamente fechados, os endogreisens — e por extensdo, o greisen Santa
Barbara (SPARRENBERGER, 2003); — sdo verdadeiros laboratdrios geoldgicos para o estudo de

evolucao fluidal e interagdes fluido-rocha.

Ao atingir as bordas do corpo, os fluidos hidrotermais podem proporcionar mudangas nas
encaixantes que tipicamente dependem da quimica dessas rochas, similarmente ao skarnitos e
hornfels, chamados exogreisens (Figura 2), cuja paragénese depende do tipo de rocha

metassomatizada (Tabela 1).

Alguns greisens envolvem fluidos com altas concentragdes de boro e mais baixas concentragées de
fldor (POLLARD; PICHAVANT,; CHAROQY, 1987). Devido ao baixo teor de fldor e litio, é mais rara a
ocorréncia de topazio, fluorita e Li-mica. Nesses sistemas, a turmalina é o principal mineral
decorrente da greisenizacdo, e ela costuma ser encontrada em grandes agregados macicos. O alto
teor de boro favorece solubilidade de maior quantidade de agua (LEHMANN, 2020), que ao sofrer
exsolucdo a partir do magma, gera grande pressao hidraulica, o que favorece a mineralizacdo na
forma de brechas, veios e stockwork, em oposicdo a tendéncia a formar cupulas mineralizadas

macicas nos F-greisen (POLLARD; PICHAVANT; CHARQY, 1987).
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Figura 2: Diagrama esquematico de uma intrusdo granitica que sofreu metassomatismo potdssico, sédico e
greisenizacdo, mostrando o zoneamento resultante do processo até a formacdo de endogreisen e possivel
abertura do sistema para percolagdo dos fluidos greisenizantes na encaixante, produzindo exogreisens.
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Tabela 1: relagdo da rocha encaixante precursora com a assembleia mineral produzida no caso de formagao de
exogreisen (PIRAJNO, 2009)

Rocha Precursora Assembleia exogreisen
Plagioclasio granito Clorita, fluorita, quartzo, Li-Fe siderofilita
Biotita-pertita granito Clorita, siderofilita-protolitionita, quartzo

Biotita granito . . . - e -
Sericita, fluorita, siderofilita-protolitionita, quartzo, criolita

albitizado
. Fluorita, criolita, siderofilita-zinnwaldita-lepidolita, topazio,
Albitito o
montmorillonita
Microclinito Li-siderofilita-protolitionita, clorita, quartzo, caulinita

Posteriormente a greisenizacdo, alcalis e silica que foram removidos da rocha para o fluido
(principalmente pela desestabilizacdo dos feldspatos) podem ocasionar novas etapas de albitizacdo,
microclinizacdo, silicificacdo, argilizacdo, dentre outras (PIRAJNO, 2009; POLLARD, 1983). A sequéncia
de alteragbes hidrotermais decorrentes de fluidos altamente especializados pode ser resumida como

consta na Figura 3.

A ocorréncia de greisens é bastante distribuida pelo mundo, com exemplos econémicos na Africa do
Sul (fase félsica do Bushveld), Alemanha (Sn, Erzgebirge), Inglaterra (Sn-W, Cornualha), Portugal (Sn-
W, Panasqueira), Bolivia (Sn-W-Bi-Ag-Pb-Zn, Bolivian Tin Belt, Potosi), Tasmania (Sn-Zn-Pb-Sb-F,
TFBS), Canada (Sn-W-U, East Kemptville), Namibia (Sn-W, Brandberg West Greisen), Russia (Mo-W-
W-Be-Bi, Kalguta Greisen) e Brasil (Sn-Nb-Ta, Provincias Estaniferas do Pitinga, Goids e Ronddnia)
(AHLFELD; SCHNEIDER-SCHERBINA, 1964; BETTENCOURT et al.,, 2016; DALL'AGNOL et al., 1999;
HALTER; WILLIAMS-JONES; KONTAK, 1996; LEHMANN, 1990; PIRAJNO, 2009; SANTANA, 2013;
STEMPROK, 1987). Podem ocorrer tanto em contextos intracratonicos (como nos exemplos
brasileiros), como em ambientes relacionados a orogénese (em geral em contextos tardi a pds-

orogénicos).

2.1. Condicdes geoquimicas para formacao de greisens e mineralizagdes associadas
A greisenizagdo é um processo associado a magmas ditos “geoquimicamente especializados”, termo
usado para se referir a magmas muito fracionados, ricos em volateis e em alguns elementos

metadlicos incompativeis raros supracitados, com afinidade geoquimica bem especifica (LEHMANN,

2020; PIRAJNO, 2009).
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A cristalizacdo fracionada e diferenciagdo magmatica tém um papel claro no enriquecimento da fase
fluida em metais incompativeis e voldteis. Embora alguns autores (e.g. LEHMANN, 1982) advoguem
gue esses processos ja seriam suficientes para especializar o magma, outros (e.g. POLLARD, 1983)
defendem que seria necessaria uma “heranca geoquimica”, ou seja, que o magma deveria ser

proveniente da fusdo parcial de rochas ja naturalmente portadoras de teores anémalos desses

GRANITIC MELT

K-FELDSPAR-RICH GRANITE
+Na +F -RICH MELT

!

1

H Na-RICH GRANITE (ALBITISATION)

* WITH HIGH F-CONTENT
+AQUEOQUS PHASE

!

GREISEN
(QUARTZ+MUSCOQVITE)

v

SILICIFICATION
ALBITISATION II
MICROCLINISATION I

LATE-MAGMATIC

POST-MAGMATIC

Figura 3: Sequéncia de processos tardi- a pés-magmaticos que usualmente ocorrem em sistemas do
tipo greisen (PIRAJNO, 2009; modificado de POLLARD, 1983).
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Figura 4: relagdo entre elementos mineralizados em granito e o estado de oxidagdo desses granitos, medido
baseado nos teores de ilmenita e magnetita. Adaptado de ISHIHARA (1981).

elementos, que seriam entdo herdados. Sendo assim, a fonte do magma pode ser, também, um fator
importante para a greisenizacdo. Um dos argumentos que suportam a ideia de heranca geoquimica é

o conceito de sobreposicdo temporal ou étagement temporel (ROUTHIER, 1967).

Outros fatores geoquimicos também controlam a greisenizagdo e as mineralizacGes associadas com
granitos. ISHIHARA (1981) demonstrou haver uma grande correlagdo, para os granitos japoneses, no

estado de oxidacdo deles com as mineralizagGes associadas (Figura 4). A série dos magnetita-
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granitos, do tipo |, oxidados, tende a desenvolver mineralizagcbes de ouro, prata, cobre, chumbo,
zinco e molibdénio; enquanto os ilmenita-granitos, em geral do tipo S, reduzidos, tende a
desenvolver mineralizagbes de tungsténio, estanho, berilio, fllor e depdsitos pegmatiticos. Essa é

uma afinidade que tende a se manter em granitos de todo o mundo.

No caso do estanho, a explicacdo para essa afinidade diz respeito a como a compatibilidade do
elemento varia de acordo com seu estado de oxidacdo. Em magmas oxidados, com altas razbes
Fe+3/Fe+2, o Sn assume valéncia 4+, com a qual se torna relativamente compativel com minerais
substituindo o Ti** ou Fe*. Sendo assim, ele é incorporado nos minerais formadores de rocha como
titanita, magnetita, anfibdlios e biotita. Em magmas com baixos teores de Fe**/Fe*?, portanto
reduzidos, a forma preferencial seria Sn*?, bastante incompativel, que por consequéncia se acumula
progressivamente no fluido, sendo responsavel pela especializacdo geoquimica do fluido (PIRAJNO,
2009). Sendo a cassiterita um mineral de Sn™, um aumento da fO, atua de forma a favorecer a
precipitacdo de cassiterita (HALTER; WILLIAMS-JONES; KONTAK, 1996; PIRAJINO, 2009). Detalhes
acerca das reag0es que ocorrem durante a greisenizagdo e fatores que favorecem a decomposigao e

formacao dos minerais serdo discutidos em se¢des posteriores.

2.2. Reagdes quimicas da greisenizagao
A reacdo mais marcante da greisenizacdo é a decomposicdo dos feldspatos. Todas as variedades de
feldspatos s3o afetadas, principalmente devido ao aumento da atividade de CI', F'e H no fluido e a
grande perda de alcalis sofrida durante os estagios anteriores de albitizacdo e microclinizagdo. As
reacBes de desestabilizacdo envolvem principalmente a perda de éalcalis e/ ou célcio dos feldspatos.
No caso dos feldspatos calcicos, forma-se prontamente fluorita e topazio caso haja fldor suficiente no

fluido pela reacdo:

()  CaAl,Si,O4 + 3HF — CaF, + Al,Si0,(F,0H), + Si0, + H,0

anortite fluorite topazio =+ quartz

Outros silicatos calcicos podem passar por reacdo similar, e.g. anfibdlios e titanita (BURT, 1981). A
formagdo de quartzo pode ser imediata, ou pode haver migra¢do da silica no meio aquoso, a

depender de sua solubilidade nas condi¢des termodinamicas do sistema em questao.

Para os demais feldspatos a reacdo é similar porém Na e K liberados podem se solubilizar no fluido
(principalmente na presenca de CI) ou, principalmente no caso do K, participar do proximo estagio
de reacdo, a formagdo de mica litinifera. A formagdo de mica se dd inicialmente pela substituicdo
pseudomorfica dos feldspatos e das micas igneas originais apds sua desestabilizagdo. Com o

progresso da greiseniza¢ao o carater pseudomorfico pode ser perdido e as texturas reestabilizadas. A
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composicdo da mica formada depende de vdarios fatores, mas o nome ndo-IMA ‘zinnwaldita’ é
frequentemente usado como termo petrografico para descrever mica escura, litinifera,
predominantemente trioctaédrica, quimicamente préxima a juncao entre a polilitionita e a
siderofilita. As reacbes tipicas da formacao da mica a partir de feldspatos ou de mica previamente

presente encontram-se abaixo (respectivamente reagdes I, lll e IV; ver PIRAJINO, 2009):

() 3(KAISiz0g) + 2H' - KAl3(Siz049)(OH), + 2K* + 6Si0,

microclina muscovita

() 3K(Fe,Mg, Ti)AlSi;0,0(0H), + 20H* - KAl5(Siz0,0)(0H), + 2K* + 6Si0, + 12H,0

biotita muscovita +9(Fe*?, Mg™2Tit%)

(IV) 3K (Fe, Mg, Ti)AlSi3 0, (OH), + 2HCL —» KAl5(Si30,,)(OH), + 3Fe,05 + 6Si0, + 2KCl + 3H,

biotita muscovita

E importante ressaltar que, em granitos “convencionais”, micas e feldspatos sd3o os principais
carreadores de metais raros (EUGSTER, 1985; SHCHERBA, 1970), o que ocorre em geral como tragos.
Este é o caso, por exemplo, de Nb, W, Mo, Sn, ETRL e Ti. Com a desestabilizacdo desses minerais,
principalmente sob altas atividades de F e Cl, esses metais podem se solubilizar no fluido,
enriqguecendo-o em metais raros que posteriormente serdo importantes para a formacdo dos
depdsitos minerais. Isso é evidenciado pela formagdo de alguns minerais, como éxidos e sulfetos, ao
longo das clivagens e fraturas das micas que foram alteradas pela greisenizacdo. limenita e éxidos de
titanio sdo exemplos comuns (PIRAJINO, 2009). Por esse motivo, € comum que o teor de metais raros
na mica do greisen seja mais baixo que seu contelido na mica ignea, granitica, como observado por
diversos autores (BREITER et al., 2017, 2019; JOHAN; STRNAD; JOHAN, 2012; LEGROS et al., 2018;
PIRAJNO, 2009).

As proximas reacOes de grande importancia sdo as reagdes de precipitacdo dos minerais minério. O
principal metal em depdsitos de greisen é o Sn, que como mencionado anteriormente, é
transportado preferencialmente na valéncia 2+. Esse transporte ocorre em condi¢des redutoras na
presenca de teores altos de HCl ou HF, formando o complexo SnCl*, SnOH" ou SnF* (EADINGTON,
1983; LEHMANN, 1990; PATTERSON; OHMOTO; SOLOMON, 1981). Sendo, assim, é possivel concluir
trés mecanismos para a precipitacdo da cassiterita: um aumento da oxida¢do, forcando a
transformacg3o de Sn** para Sn**; um aumento do pH, o que reduziria as atividades de HCl e HF no

fluido, desestabilizando o complexo de Sn; ou ainda um consumo de Cl e F, que teria um efeito
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similar (EUGSTER, 1985; HEINRICH, 1990; PIRAJNO, 2009). Isso pode ser representado por uma de
duas reagdes (HALTER; WILLIAMS-JONES; KONTAK, 1996):

(V)  (SnCD* + H,0 + 0,50, —» Sn0, + 2H* + Cl~
(Vi)  (SnF)* +H,0+ 0,50, » Sn0, + 2H* + F~

Observando as reacdes | a IV é possivel perceber que todas elas consomem H*, HCl ou HF e portanto,

deslocam o equilibrio da reac¢ao no sentido de produzir cassiterita.

A adicdo de outros elementos no sistema também pode favorecer ou desfavorecer o desempenho de
algumas reacgdes. Por exemplo, o tungsténio é um elemento comumente concentrado em greisens
estaniferos (ISHIHARA, 1981; PIRAJNO, 2009) e um de seus principais minerais-minérios é a scheelita
(Caw0Q,). Altos teores de fllor ou altas razdes Fe/Ca, ambas situacbes comuns em greisens,

favorecem a desestabilizacdo da scheelita com formagdo de wolframita e fluorita (BURT, 1981):

(VII)  CaWO, + FeO + 2HF — FeWO, + CaF, + H,0

Essa reacao, por sua vez, também consome HF e consequentemente também motiva precipitacdo de
cassiterita. A consequéncia dessa situacdo descrita é que a greisenizagdo é um processo que
lentamente enriquece o fluido de metais raros a partir da destruicdo dos minerais que originalmente
os portavam (micas e feldspatos), ao mesmo tempo que esse fluido caminha progressivamente em

direcdo as condi¢Ges fisico-quimicas que forcam a precipitacdo desses metais.
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3. Justificativa

A demanda global por ETR e metais raros (Nb, Ta, W, Li) tem sido crescente e fortemente motivada
nos ultimos anos pelos avancos tecnoldgicos. A oferta desses elementos constitui fator critico para
quase todas as industrias de alta tecnologia, j4 que sdo componentes essenciais de circuitos
eletrénicos de computadores e smartphones, lampadas, lentes, catalizadores, imas, dopantes em
ceramicos, aditivos para ligas metalicas leves, além de baterias e lasers. Apresentam participacao na
industria médica, como componentes de tubos de raios-X, contrastes para ressonancia magnética,
detectores de PET-scans e outros. Além disso, o aceno global no sentido de energias renovaveis,

como edlica e solar, indica um aumento ainda maior na demanda de ETRs e Li nas proximas décadas.

O maior interesse na producdo de Li mundial estda nos pegmatitos litiniferos com espoduménio e
petalita, porém estudos tem sido feitos no sentido de aproveitamento do Li da zinnwaldita de
greisens como subproduto da producdo de estanho (JANDOVA; DVORAK; VU, 2010). J4 producdo de
ETRs passou por 3 grandes fases. A primeira fase, da década de 50 a meados da década de 60,
representou a exploracdo nos depdsitos de placer em areias monaziticas, durante a qual india e
Brasil foram os maiores produtores. Na segunda fase, os EUA ganharam espaco através da
exploracdo de Mountain Pass. Desde meados da década de 80, a China cresceu em producdo
atingindo praticamente o monopélio desses recursos ja desde a década de 90, e restringiu a compra
deles através de cotas de importacdo. Dessa forma, diversos paises como Canada, Austrdlia e EUA

sinalizaram retomar o desenvolvimento da exploracdo, extracdo e beneficiamento dos ETR.

Nesse sentido, o Brasil conta atualmente com a segunda maior reserva de ETR do mundo (CPRM,
2015) e inclui reservas potenciais em rochas alcalinas e carbonatiticas, como Araxd, Cataldo, Morro
do Ferro e Pitinga. A maior parte dessas reservas, assim como no mundo, é composta de ETR leves,
gue sdo menos criticos e possuem menor valor agregado. Trabalhos na Provincia Estanifera de
Rondonia e de Goids-Tocantins ja apontam presenca de minerais de ETR e enriquecimento em ETRL e
itrio nas rochas primarias (e.g.: FRANKE, 1990; SANTANA, 2013; SANTANA; WALL; BOTELHO, 2015b;
SPARRENBERGER, 2003; TEIXEIRA; BOTELHO, 2006). Além disso, alguns trabalhos realizados no Brasil
e no mundo em granitos evoluidos detectaram um grande potencial dessas rochas como precursores
de saprolitos portadores de argilas iGnicas com ETR adsorvido — notadamente os pesados, cuja
demanda é mais critica (HE et al.,, 2017; SANTANA; WALL; BOTELHO, 2015a; WANG et al., 2015;
ZAPATA; BOTELHO, 2018).

Nessa linha, os macicos de granitos evoluidos localizados na Provincia Estanifera de RondOnia
despontam como promissores para o estudo de minerais de ETR e ja figuram no Informe de Recursos

Minerais Estratégicos da CPRM como “Depdsitos ou Ocorréncias conhecidos” de ETR.
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4. Objetivos

Esse trabalho tem como objetivo caracterizar as ocorréncias de metais raros, ETR, U e Th com
respeito a sua localizagdo, mineralogia, quimica, microestruturas e litologia hospedeira procurando-
se determinar paragénese e processos de formacdo dessas ocorréncias. Dessa forma, é importante
definir as etapas da evolucdo granitica nas quais eles se formaram, e ainda esclarecer quais eram as
condigdes fisico-quimicas prevalentes nessas etapas. Finalmente, pretende-se estabelecer

associacdes entre essas etapas e os processos de mineralizacdo em estanho.

A abrangéncia desse trabalho inclui principalmente o macico Santa Barbara, mas também foram
amostrados outros alvos como Duduca, Potosi, Serra dos Bois, Serra dos Macacos e Serra da Onca.

Dentro do contexto desse objetivo geral, serdo desenvolvidos os seguintes objetivos especificos:

- Descricdo, identificacdo e quimica mineral dos minerais de —ou portadores de— Sn, W, Li, Nb, Ta,
ETR, Bi, U e Th, determinacdo do seu modo de ocorréncia e das facies que os contém, buscando

estabelecer suas origens, condi¢cGes de formacdo e paragénese;

- Detalhamento da quimica mineral das variedades de mica através de quantificacdo in situ de
elementos traco e metais raros; estabelecimento de correlagées entre os dados de microquimica

mineral das micas com a evolugdo dos granitos e as ocorréncias de Sn—ETR—Metais raros—U-Th;

- Discriminacdo da composicdo isotdpica das micas litiniferas e da cassiterita, a fim de estabelecer
relacbes genéticas e de proveniéncia do magma e dos fluidos envolvidos, bem como documentar a
temperatura do fluido durante a transicdo magmatico-hidrotermal. Para este objetivo, as parcerias
desenvolvidas com laboratérios europeus, particularmente com o laboratério de geologia isotdpica
da rede NUCLEUS, na Universidad de Salamanca, motivando a realizacdo de estadgio Sanduiche em

regime de cotutela.

- Estudar as relagdes entre Sn e Bi, documentada em varios greisens, incluindo as relagdes entre

melts e fluidos mineralizadores.

- Aquisicdo de dados de elementos traco e geocronoldgicos em cassiterita com o intuito de obter
diversos parametros, como: (a) proveniéncia, no caso da cassiterita placer; e (b) idade da
mineralizacdo —que pode ser comparada com as idades dos macicos graniticos a fim de retracar a

cronologia dos eventos.

- Identificacdo e estudo de facies magmaticas ou hidrotermais enriquecidas em ETR e possiveis
candidatos para prospeccdo desses elementos; estudos da distribuicdo quimica e mineralégica dos

ETR e proposicdo de possiveis géneses para essas facies.
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5. Metodologias

5.1. Pesquisa Bibliografica regional e global
Como parte da elaboracdao deste projeto de tese e das disciplinas cursadas no CDTN, foram
consultados artigos, teses, dissertacGes, relatdrios e mapas referentes ao craton Amazbnico e a
Provincia Estanifera de Ronddnia, com foco especial na suite Granitos Ultimos de Ronddnia e no
macico Santa Bdrbara, sobre greisens estaniferos no estado de Goias, Portugal (Panasqueira),
Alemanha (Erzgebirge) e China (Piaotang, Gaosong), e ainda sobre evolugdo e diferenciacdo de
granitos mineralizados a estanho e greisens. A partir da pesquisa bibliografica foram elaborados

textos ou semindrios sobre o tema, que hoje integram as secdes de revisao desde trabalho.

5.2.Trabalho de campo e amostragem
Uma campanha de campo de 20 dias foi realizada na PER com o objetivo de fazer um
reconhecimento do minério atualmente explotado, as litologias aflorantes na Mina Santa Barbara e
nos corpos adjacentes. Foram coletadas amostras, registradas fotos e descreveu-se estruturas e
feicbes presentes. Dois testemunhos obtidos em sondagens na Serra dos Macacos foram
recuperados e descritos durante o campo. Uma parcela de cada furo (cerca de 5 metros) foi
selecionada e amostrada. Foram 48 pontos de superficie e coletadas 100 amostras, além dos

testemunhos.

5.3. Preparagao de amostras e laminagao
Para separac¢ao mineral de graos de mica e cassiterita, a britagem foi feita em britador de mandibulas
de aco e a moagem em moinho de disco vertical de tungsténio. O peneiramento foi feito em peneiras
de nylon. O processo de separagdo mineral que consistiu na esteira magnética e separador
magnético Frantz, capaz de produzir uma aliquota quase 100% pura de mica, para andlises isotdpicas
de deutério e oxigénio. A separac¢do da fracdo ndao-magnética por liquido denso (bromoférmio ou
tetrabrometano) concentra topazio, fluorita e nidbio-tantalatos, dos quais a cassiterita pode ser
facilmente diferenciada utilizando a lupa. A cassiterita foi catada para elaborag¢do de se¢Ges polidas.
Outra parte foi enviada para analises de isétopos de estanho. Todas essas etapas foram realizadas no
CDTN e na Universidad de Salamanca pelo doutorando e equipe do laboratério. A elaboragdo das

se¢Oes polidas foi feita na Universidade Técnica de Clausthal (TU-Clausthal), por terceiros.

Laminas delgadas polidas e espessas bipolidas foram preparadas para petrografia, petrografia de

inclusGes fluidas e andlises de quimica mineral. Algumas foram feitas por laminadores terceirizados,
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enquanto outras foram elaboradas no préprio CDTN pelo doutorando e demais membros do

laboratério. Um total de 56 laminas e se¢Ges polidas foram elaboradas.

5.4. Andlises de rocha total

Andlises de rocha total foram feitas no Bureau Veritas Minerals Vancouver e custeadas pelo colega e
coautor Prof. Dr. Bernd Lehmann da TU-Clausthal. Oxidos de elementos maiores e elementos trago
foram determinados via ICP-ES e ICP-MS respectivamente, depois de fusdo com borato de litio.
Elementos calcéfilos e outros metais traco (Mo, Cu, Pb, Zn, Ni, As, Cd, Sb, Bi, Ag, Au, Hg, Tl, Se) foram
determinados via ICP-ES/MS depois de dissolucdo em agua régia. Rubidio foi determinado via ICP-MS
no CDTN, apds dissolucdo multiacida, jd que os teores de Rb ultrapassaram o limite maximo de

guantificacdo da metodologia utilizada no BV Minerals.

5.5. Petrografia
A petrografia de luz transmitida e refletida foi executada no CDTN, no Laboratério de Inclusdes
Fluidas e Metalogénese. O registro fotomicrogréafico foi feito utilizando microscépio Leica e o
software LAS. A petrografia convencional foi auxiliada por microscopia eletronica de varredura, que
foi feita com um microscépio Carl Zeiss Sigma VP field-emission, no Laboratério de Microscopia

Eletronica do CDTN.

5.6. Microssonda Eletronica

A microssonda eletronica consiste num equipamento similar ao microscépio eletrénico de varredura,
no sentido que opera a partir da emissdao de um feixe de elétrons acelerado com tensao de alguns
quilovolts que é incidido sobre a amostra apds passar por uma série de lentes eletronicas. Quando a
amostra interage com o feixe, uma série de fendmenos fisicos decorre, como a emissao de elétrons
retroespalhados e secundarios, que sdo usados no imageamento; catodoluminescéncia, com
aplicagGes em geocronologia, e também, a emissdo de raios-X caracteristicos. Este ultimo fendbmeno
€ 0 que concerne a microssonda, que é equipada com detectores de raios-X. Como cada elemento os
emite em frequéncias ligeiramente diferentes e em intensidade proporcional a sua concentracdo na
amostra, sua contagem permite determinar semi-quantitiva (EDS) e quantitativamente (WDS) os

elementos quimicos presentes na amostra e suas concentra¢des (POTTS et al., 2012).

A colimacdo do feixe de elétrons em uma area muito reduzida (tipicamente, alguns microns de
didametro) permite andlises minerais praticamente pontuais, permitindo estudo da variacdo interna
da quimica dos minerais e a identificacdo de espécimes muito reduzidos ou pouco diagndsticos ao

microscopio Optico. Os limites de quantificacdo de microssondas eletrbnicas esta tipicamente na
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faixa de 0,1 a 0,5%, embora calibragGes especificas e condicdes adequadas sejam capazes de reduzir

esses valores até 100 ppm ou menos.

Os minerais aqui analisados em microssonda foram mica, minerais de ETR e minerais de bismuto. As
analises em mica foram realizadas no Laboratdrio de Microanalises do Centro de Microscopia da
UFMG, em microssonda Jeol JXA-8900. Condi¢cGes de operacdo, elementos analisados, materiais de
referéncia e tempos de andlise encontram-se expostos no artigo sobre quimica mineral da mica

(capitulo 8).

As analises em minerais de ETR foram realizadas no mesmo equipamento, a 20 kV e 25 nA, com feixe
de largura de cerca de 5 microns. Os elementos analisados foram (com padrdes, linhas analisadas e
tempos de contagem no pico entre parénteses): F (CaF,, Ka, 10 s), Cl (cloroapatita, Ka, 20 s) P,0Os
(LuPQ,, Ka, 10 s), SO; (BaSO,, Ka, 10 s), SiO, (SiO,, Ka, 10 s), CaO (apatita, Ka, 10 s), BaO (BaSO,, La,
10 s), SrO (estroncianita, La, 20 s), MgO (MgO, Ka, 10 s), MnO (MnO, Ka, 20 s), FeO (magnetita, Ka,
10 s), Al,O; (Al,03, Ka, 10 s), PbO (crocoita, Ma, 20 s), TiO,, (TiO,, Ka, 20 s), ThO, (ThSiO,, Ma, 20 s),
U0, (UO,, Ma, 20 s), La,0s (LaPO,, La, 20 s), Ce,05 (CePO,, La, 30 s), Pr,0; (PrPO,, LB, 20 s), Nd,0s
(NdPQ,, La, 10 s), Sm,0; (Ca-Al-silicato sintético, La, 20 s), Dy,0; (DyPQ,, LB, 20 s), Y,03 (YPO,, La, 20
s), Ho,0; (Ca-Al-silicato sintético, LB, 20 s), Er,O; (ErPQ,, La, 20 s), Yb,03 (YbPO,, La, 10 s), Lu,0O;
(LuPO4, Ma, 10 s). Tempos de contagem de background foram metade do valor do tempo de

contagem no pico.

As analises de minerais de bismuto foram realizadas na UFOP, no Laboratério de Microscopia e
Microanadlises usando um aparelho JEOL JXA-8230 Superprobe. Condi¢des de operagdo, elementos
analisados, materiais de referéncia e tempos de analise encontram-se expostos no artigo sobre

quimica mineral da mica (capitulo 10).

5.7. LA-ICP-MS

O ICP-MS é um equipamento de espectrometria de massas (MS) cuja analise é realizada sobre
material ionizado —i.e., plasma— produzido a partir de indugdo eletromagnética (ICP). A amostra, apds
transformada em plasma, é conduzida até o espectrOmetro que utiliza uma dentre varias
metodologias de separacdo de isétopos, em geral baseando-se na razdo massa/carga dos ions
(LONGERICH; DIEGOR, 2001) e apods separados os ions incidem sobre um detector, que pode ser
Unico ou multicoletor. Os mecanismos mais comuns de separag¢do sdo quadruplo, setor magnético e
tempo-de-voo. A utilizagdo de um feixe de laser permite a introducdo direta de amostras sdlidas
através da ablagdo (LA), e permite andlises em lamina de minerais individuais com resoluc¢do espacial
de algumas dezenas de micrometros (JACKSON, 2001). Embora seja menos espacialmente resoluta

que as analises de microssonda, a técnica permite quantificacdo isotépica com limites de detecgdo
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de partes por milhdo (ppm), ou sob certas condi¢cdes e com as calibra¢des apropriadas, partes por

bilhdo (ppb).

Para aplicagdo da técnica, sdo necessarios dois procedimentos de calibracdo: O primeiro deles é um
padrdo externo, conhecido, homogéneo e certificado, e que contenha os elementos que se quer
analisar na amostra. O segundo deles é uma forma de padroniza¢do interna, ou seja, é preciso ao
menos um elemento da amostra analisada, preferencialmente um com distribuicdo homogénea e
presente em quantidades maiores, tenha sua concentracao previamente conhecida. Além disso, é
comum a utilizacdo de amostras ou padrdes conhecidos e certificados, analisados seguindo a mesma

calibracdo da amostra, como controles de qualidade para atestar a confiabilidade das andlises.

Foram feitas andlises de LA-ICP-MS em mica para quantificacdo de elementos traco e litio, bem como

em cassiterita para determinacao de elementos traco e calculo de idades U-Pb.

As andlises de LA-ICP-MS em mica foram feitas no Laboratério de Quimica do Instituto de
Geociéncias da Universidade de Sdo Paulo, usando um Laser Nd:YAG New Wave UP-213 acoplado a
um Thermo Scientific ICAP Q ICP-MS. Condi¢Ges analiticas, isétopos analisados, tempo de integral,
materiais de referéncia, controle de qualidade e padrdes de correcdo encontram-se disponiveis no

artigo sobre quimica mineral de micas (capitulo 8).

As analises de LA-ICP-MS em cassiterita foram feitas pelo colega e coautor Prof. Dr. Rongqging Zhang,
da Universidade de Nanjing (China), no State Key Laboratory for Mineral Deposits Research. O
sistema instrumentar consiste num ICP-MS ThermoFischer iCAP Qc acoplado a um laser ArF ASI
RESOlution LR 193 nm. Condi¢Ges analiticas, isdtopos analisados, tempo de integral, materiais de
referéncia, controle de qualidade e padrdes de corre¢do encontram-se disponiveis no artigo sobre

datacgdo de cassiterita (capitulo 9).

5.8. Analises de isétopos estaveis e parcerias no exterior
Isdtopos sdo atomos de um mesmo elemento, porém com massas ligeiramente diferentes entre si.
Apesar de serem quimicamente muito similares entre si, processos relacionados a cinética quimica
podem ocorrer a taxas ligeiramente diferentes devido a pequena diferenga de massa. Isso resulta em
isotopos diferentes apresentarem coeficientes de particao também ligeiramente diferentes entre si,
dependendo do processo envolvido, de sua taxa de ocorréncia, temperatura, dentre outros. Dai

derivam duas consequéncias:

(1) repositérios e fontes geoldgicas diferentes —e.g. crosta, manto, oceanos, atmosfera—
fornecerdao materiais com abundancias isotdpicas relativas diferentes, ou seja, fontes diferentes

possuem assinaturas isotépicas diferentes;
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(2) duas amostras de material, ainda que provenientes de uma mesma fonte, se submetidas
a diferentes processos geoldgicos operando a diferentes temperaturas, terdo abundancias isotdpicas
relativas ligeiramente diferentes entre si, ou seja, processos geoldgicos diferentes fracionam

isdtopos de forma diferente.

As andlises isotdpicas buscam observar pequenas diferencas na abundancia de isétopos e relacionar
essas diferencas a parametros geoldgicos. Por esse motivo, sdo ferramentas geologicamente
imprescindiveis na determinacdo da proveniéncia dos materiais geoldgicos, sejam sdlidos ou fluidos;
na reconstrucao dos processos geoldgicos pelos quais esse material passou e nas condicdes fisico-
guimicas dominantes durante esse processo; no esclarecimento de possiveis misturas de materiais

de fontes com assinaturas isotdpicas diferentes, dentre outras aplicagdes.

As analises geoldgicas de isdtopos estdveis abrangem uma série de sistemas isotdpicos diferentes,
gue podem ser analisados sob diversos equipamentos analiticos dependendo do tipo de material, do
tipo de andlise a ser executada e do tipo de informacdo que se espera obter. Tipicamente, as analises
mais comuns envolvem O, H, S e C, devido a serem frequentes na maioria das classes minerais
conhecidas, em fluidos mineralizantes das mais diversas origens, e na suas geralmente conhecidas
relacbes de dependéncia entre fracionamento e temperatura. No entanto, diversas técnicas
isotépicas menos usuais podem prover informacdes geoldgicas uteis, como Sr, Fe, Mo, Zn, Cu, B, Sn e

até mesmo gases nobres.

Neste trabalho, aliquotas de mica, quartzo e cassiterita foram enviadas para andlise isotdpica de
deutério e oxigénio (em mica); e oxigénio (em cassiterita e quartzo); no laboratdrio de geologia
isotépica da Universidade de Salamanca (Espanha), da rede Nucleus, e nos laboratdrios de geologia
isotépica do SUERC (Escdcia). Amostras de cassiterita foram enviadas para andlises de isétopos de

estanho no laboratério de geologia isotdpica da Juniata College (Estados Unidos).

Analises de isétopos de O permitem determinar a temperatura de formagao dos cristais baseado no
fracionamento isotépico relativo entre dois minerais em equilibrio (ALDERTON, 1989); em conjungdo

com andlises de deutério, permite estimativas sobre proveniéncia fluidal.

As analises de isdtopos de Sn tem como principal finalidade até o momento as anadlises forenses (e.g.
YAMAZAKI et al., 2013), embora alguns trabalhos mais recentes tenham comec¢ado a abordar a
questdo dos isotopos de estanho como reflexo da proveniéncia e evolugdo magmatica (e.g.
BADULLOVICH et al., 2017). Por exemplo, a cristalizacdo de 6xidos de Fe-Ti, como ilmenita, em

5'*?Sn da fase liguida, ocasionando em

condi¢des de disponibilidade de Sn™ no melt, reduz o
fracionamento isotépico. Se o Sn estiver disponivel como Sn*?, durante a cristalizagdo de ilmenita,

esse fracionamento n3o ocorreria.
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Essas andlises seriam feitas pelos respectivos laboratérios através de parcerias estabelecidas pelo
aluno e orientadores, fazendo parte do estagio Sanduiche realizado pelo aluno na Universidad de
Salamanca (USAL) e do acordo de cooperacdo entre o CDTN e a USAL. O financiamento para andlises
isotépicas seria em parte custeado pelo colega e coautor Prof. Dr. Bernd Lehmann. O restante dos
custos analiticos seria custeado pelos préprios laboratdrios em regime de parceria académica ou por

verbas nacionais destinadas para custeio de andlises.

Devido a alta demanda dos laboratérios envolvidos, dificuldades na obtencdo de financiamento
préprio nacional no custeio das andlises isotdpicas e por fim as restricdes devido a pandemia de
COVID-19, ndo serd possivel, neste momento, apresentar resultados e interpretacdes isotdpicas

significativas.
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6. Geologia Regional

6.1. O craton amazonico

A darea de estudo inclui-se no contexto do craton amazonico, que se localiza na porg¢do norte do
continente sul americano, particularmente na porc¢do sudoeste do crdton. A partir do trabalhos
pioneiros de SUSZCZYNSKI (1970) e AMARAL (1974) e mapeamentos geoldgicos regionais sucessivos
de ISOTTA et al. (1978), LEAL et al. (1978), LITHERLAND et al. (1986), estabeleceu-se que o craton é
dividido pela bacia Amazonica em dois escudos (o escudo das Guianas e o escudo Guaporé/Brasil
Central), mas suas principais feicdes estruturais tem direcdo aproximada NNW-SSE e apresentam boa
continuidade entre as metades norte e sul. Posteriormente, dados cronolégicos permitiram a divisdo
do craton em seis provincias geocronoldgicas subparalelas (Figura 5a) consistindo em uma série de
faixas moveis que se sucederam, via de regra, de NE para SW, estabelecendo arcos magmaticos
continentais (TASSINARI, 1996; TASSINARI; MACAMBIRA, 1999). Essas provincias registram uma
extensa e variada histéria geoldgica que se inicia no arqueano e segue ao neoproterozdico (CORDANI
et al., 1979), atingindo a estabilidade tectonica por volta de 1.0 Ga (TASSINARI et al., 2000). A
compartimentac¢do das provincias foi feita baseando-se principalmente na idade dos terrenos
metamarficos de cada regido que se agrupam de forma coerente ao serem obtidas por diferentes
métodos e em diferentes litologias (TASSINARI et al., 2000), e tem sido refinada ao longo dos anos
(CORDANI et al., 1979; SANTOS et al., 2008; SCANDOLARA et al., 2013a; TASSINARI, 1996; TASSINARI;
MACAMBIRA, 1999). Neste trabalho, foi adotada uma adaptacdo do autor (Figura 5), baseada
principalmente nos limites estabelecidos por TASSINARI & MACAMBIRA (1999) e SANTOS (2008).

A Provincia Amazonica Central (PAC) representa terrenos arqueanos e abriga a Provincia Mineral dos
Carajas, a mais importante provincia metalogenética no Brasil. A Provincia Maroni-ltacaiunas (PMI)
consiste em paleomicrocontinentes arqueanos amalgamados por orogenias paleoproterozdicas
(TASSINARI; MACAMBIRA, 1999). Entre o paleoproterozoico superior e o0 mesoproterozoico inferior,
o bloco contendo a PMI e a PAC foi acrescido de terrenos juvenis que representam crosta continental
e sucessivos arcos magmaticos gerados por eventos de subducgdo e colisdo continental
(BETTENCOURT et al., 1999; TASSINARI, 1996; TASSINARI; MACAMBIRA, 1999). Esses terrenos
formam as provincias Ventuari-Tapajés (PVT) e Rio Negro- Juruena (PRNJ), além de parte da Provincia
Rondoniana-San Ignacio (PRSI). O restante da PRSI e a Provincia Sunsas (PS) formaram-se apds
retrabalhamentos neoproterozdicos da crosta continental preexistente (BETTENCOURT et al., 1999,

2010; TASSINARI; MACAMBIRA, 1999).
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Cada provincia pode abrigar um ou multiplos eventos orogénicos o que leva a uma divisdo das
provincias em terrenos ou orogenos — termo usado /ato sensu na bibliografia da area (e.g.
BETTENCOURT et al., 1999; PAYOLLA et al., 2002; SPARRENBERGER et al., 2002; TASSINARI et al.,
2000; TASSINARI; MACAMBIRA, 1999).

A porgao sudoeste do craton, que contém a Provincia Estanifera de Rondobnia, abrange
principalmente a PRNJ e subordinadamente a PRSI (Figura 5) De fato, nesta regido, a borda entre
essas duas provincias ndo é brusca, e sim estende-se ao longo de uma larga faixa de cisalhamento

relacionado a orogenia Rondoniana.
6.2. Geologia da Provincia Estanifera de Ronddnia

6.2.1. Associagdes metamorficas do embasamento
O embasamento da PER e adjacéncias é constituido principalmente por rochas PRNJ cujo
metamorfismo atingiu grau anfibolito a granulito. A unidade dominante é o Complexo Jamari,
constituida de gnaisses ortoderivados, charnoquitos, granulitos, anfibolitos e granitos de anatexia
(ISOTTA et al., 1978). As rochas ortoderivadas sdo interpretadas como metapluténicas devido a

feicGes como presenga de enclaves; e as mais antigas apresentam quimica condizente com as de



30

suites calcio-alcalinas, enquanto as mais novas sdo condizentes com suites intra-placa tipo-A
(PAYOLLA et al., 2002; SCANDOLARA et al., 2013a). Sendo assim, a evolugdo do terreno Jamari é
interpretada como resultante do metamorfismo de grau anfibolito alto a granulito (750 — 800°C, 7 -8
kbar) de um arco magmatico relacionado a subduccdo e posteriormente continental (SCANDOLARA

et al., 2013a).

PAYOLLA et al. (2002) definiu cinco associagées litolégicas predominantes no embasamento da PER:
A associacdo Gnaisse Tonalitico (1750 Ma.) e a associacdo Granulito Enderbitico (ou gnaisse
enderbitico de SCANDOLARA et al.,, 2013a; 1730 Ma.) tém afinidade célcio alcalina relacionada a
margens continentais ativas, cardter metaluminoso e de médio a alto potdssio. A primeira aflora na
regido central da PER, contendo granada-gnaisse, gnaisse migmatitico bandado e gnaisse cinza com
enclaves de anfibolito. S30 as rochas encaixantes dos Granitos Ultimos de Rondénia. A segunda
aflora no sul da PER, préximo a Ariguemes, e contém gnaisse enderbitico de facies granulito verde a
cinza, homogénea a bandada, fraca a fortemente foliada, com faixas rompidas de granulito mafico

interpretadas como intrusGes anfiboliticas deformadas.

A associacao Paragnaisse corresponde a metamorfismo e anatexia em facies anfibolito alto a
granulito de sedimentos cujas fontes teriam idades entre 1670 Ma e 1808 Ma e portanto poderiam
indicar retrabalhamento da PVT e da propria PRNJ (TASSINARI; MACAMBIRA, 1999). As rochas
consistem em leucognaisses, augen gnaisses e migmatitos peraluminosos intrudidos por diques

maficos (PAYOLLA et al., 2002).

A associagdo Augen Gnaisse Granitico a Charnoquitico (1570 a 1530 Ma) é temporalmente
relacionada a suite Serra da Providéncia (BETTENCOURT et al., 1999). Trés litotipos integram a
associagao: granitos rosados, charnoquitos e granitos acinzentados, com ou sem megacristais. Esses
megacristais por vezes exibem texturas rapakivi. Por ultimo, a associacdo granulito charnoquitico e
gnaisse granitico fino (1430 a 1420 Ma) inclui rochas metamorficas de facies anfibolito a granulito,
bandadas, quartzo-feldspaticas que afloram no sul da PER. Xendlitos suportam a hipdtese de a
associacdo ser ortoderivada. Essas duas Ultimas associagOes possuem potdssio alto a ultra-alto, sdo
metaluminosas e enriquecidas em ferro. Apresentam assinatura tipo-A e intra-placa (PAYOLLA et al.,

2002).

SCANDOLARA et al (2013a), ao definirem as rochas do complexo Jamari, descreveram litotipos muito
similares as duas primeiras associacbes de PAYOLLA et al. (2002), porém definiu também outras

associacGes que ndo sdo imediatamente correlaciondveis as cinco originais. Sdo elas:

Gnaisse granodioritico bandado, branco a cinza claro, com plagioclasio, K-feldspato localmente

pertitico, quartzo, hornblenda, biotita, opacos, clinopiroxénio, apatita, magnetita e ilmenita. Gnaisse
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charnoenderbitico bandado, cinza escuro, médio a grosso, contendo ortopiroxenio, plagioclasio,
hornblenda, biotita, granada, clinopiroxénio, K-feldspato, ilmenita e magnetita, com abundantes
enclaves de diorito fino. Dioritos (ou anfibolitos) com plagioclasio, clinopiroxénio e hornblenda, com

biotita, 6xidos de Fe-Ti, carbonatos e granada minoritdrios.

6.2.2. Suites Intrusivas
A porgdo sudoeste do craton amazoénico apresenta uma série de intrusdes graniticas com idades que
ocupam todo o mesoproterozdico, de ca. 1600 Ma a ca. 980 Ma (ISOTTA et al., 1978; LEAL et al.,
1978)(Figura 6). Essas intrusdes se encaixaram nas rochas da PRNJ e PRSI, tem predominantemente
carater subalcalino metaluminoso a peraluminoso, afinidade intraplaca e do tipo A. As idades em que
se posicionaram sdo, em sua maioria, aproximadamente contemporaneas aos evento orogénicos da
regido (BETTENCOURT et al., 1999; TASSINARI; MACAMBIRA, 1999). Sdo por isso interpretados, ao
menos em parte, como representantes do magmatismo rapakivi intraplaca tardio relacionado aos
estagios orogénicos extensionais de seus respectivos orégenos (BETTENCOURT et al., 1999), sejam

pré-colisionais (i.e. rifte) ou pds-colisionais (BETTENCOURT et al., 2010).

Embora a presenca de granitos rapakivi no sudeste do craton amazbnico ja tivesse sido
documentada, foi a partir dos trabalhos de ISOTTA et al. (1978) que se reconheceu uma ampla
ocorréncia de granitos anorogénicos rapakivi na PER. A partir dai foram delimitadas suites
magmaticas, culminando no trabalho de BETTENCOURT et al. (1999) que estabeleceu um total de
sete (Figura 6). Uma oitava suite, chamada Rio Crespo, foi definida por PAYOLLA et al. (2001) e
BETTENCOURT et al. (2006), temporalmente posicionada entre a Suite Serra da Providéncia e a Suite
Santo Antdnio, é composta de gnaisse granitico fino e corresponde a magmatismo intraplaca tipo A

em estagio rifte pré-evento Rondoniano-San Ignacio (BETTENCOURT et al., 2010).

A suite Serra da Providéncia (1606-1532 Ma.) estad relacionada ao regime orogénico Rio Negro-
Juruena e inclui o batdlito Serra da Providéncia, a sudeste da PER, descrito por LEAL et al. (1978) e
diversos corpos satélite, como o macico Unido (1532 Ma.) e o charnoquito Ouro Preto (ca. 1560 Ma.).
Litologicamente inclui granitos, gabronoritos, charnoquitos e mangeritos. Os granitos constituem 4
facies que incluem tanto monzogranitos como sienogranitos equigranulares a porfiriticos, sdo
ferroan, célcio-alcalinos a alcalino-calcicos e apresentam alto Nb, Ta, REE, Rb, com afinidade tipo A,
levemente oxidados e portadores de magnetita (SCANDOLARA et al., 2013b). O intervalo de tempo
do posicionamento da suite foi relativamente longo comparado com as demais que a sucederam

(BETTENCOURT et al., 1999).
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Figura 6: Mapa geoldgico simplificado da Provincia Estanifera de Rondonia destacando as suites intrusivas e as
principais atividades minerais; modificado de BETTENCOURT et al. (2016)

As suites Santo Ant6nio e Teot6nio (1406 e 1387 Ma. respectivamente) correspondem a duas suites
de um mesmo episddio magmatico e compdem, juntas, o macigo Santo Antonio (ISOTTA et al., 1978;
LEAL et al.,, 1978; PAYOLLA, 1994), a noroeste da PER. Estdo associadas ao desenvolvimento do
estagio rifte da PRSI (BETTENCOURT et al.,, 2010). As duas suites se distinguem por termos
petroldgicos e geoquimicos que permitem afirmar que ndo possuem relacdo magmatica
(BETTENCOURT et al., 1999). RelacGes de campo permitem sugerir uma idade mais antiga para a
suite Teotbnio, embora suas idades geocronoldgicas sobreponham-se dentro do erro. A suite Santo
Antonio contém mormente biotita monzogranitos e sienogranitos seriados a localmente porfiriticos e
biotita monzogranitos equigranulares, e minoritariamente hornblenda biotita quartzo monzonito
finos, e diques de monzogranitos, monzodioritos e diabasio sin-plutonismo (PAYOLLA, 1994). A suite
Teotdnio é minoritaria no batélito e é composta principalmente por alcali-feldspato granito grosso
macico, alcali-feldspato granito médio bandado e quartzo alcali-feldspato sienito rosa de granulagdo

grossa a média.

A suite Alto Candeias presumidamente intrudiu ao longo de um periodo de tempo relativamente
curto devido a pequena variagdo de idades encontradas em analises geocronoldgicas (1346 a 1338
Ma., BETTENCOURT et al., 1999; 1357 a 1336 Ma., SANTOS JR., 2015). Foi inicialmente descrita por
LOBATO et al. (1967) e posteriormente por LEAL et al. (1978), ISOTTA et al. (1978), BETTENCOURT et
al. (1999) e BETTENCOURT et al. (2010), ocorrendo na por¢do sudoeste da PER. Largamente
composta de granitos e piterlitos porfiriticos médio a grossos e subordinadamente charnoquitos,
sienitos, aplitos e granitos equigranulares médio a finos. Originalmente a mineraliza¢do foi atribuida

como sendo relacionada ao posicionamento tardio dos Granitos ultimos de Rond6nia, mas
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recentemente interpretou-se que o evento mineralizador foi contemporaneo ao evento que deu

origem a suite S3o Lourengo-Caripunas.

A suite Sdo Lourengo-Caripunas (ca. 1310 Ma.) consiste em variedades comuns de granitos rapakivi,
como piterlitos e wiborgitos com facies porfiriticas e equigranulares associadas e félsicas
subvulcanicas. Aflora em corpos na regido de Sdo Lourengo (ISOTTA et al., 1978; LEAL et al., 1978) e
Caripunas (BETTENCOURT; KAEDEI, 1984). Corresponde a um estdgio pds-colisional do
desenvolvimento da PRNJ (BETTENCOURT et al., 2010).

A suite Santa Clara originalmente integrava o que KLOOSTERMAN (1968) chamou de Younger
Granites of Rondénia (Granitos Ultimos de Ronddnia), no centro-leste da PER. Porém depois
mostrou-se que ela se tratava de duas suites diferentes separadas quimica, petrolégica e
cronologicamente (BETTENCOURT et al., 1999). Sendo assim manteve-se a suite dos Granitos Ultimos
de Rondonia (995-975 Ma), e foi definida a suite Santa Clara (ca. 1080 Ma), na qual foram incluidos
os corpos Santa Clara, Oriente Velho, Oriente Novo e Manteiga. A suite Santa Clara apresenta uma
subsuite com afinidade alcalina e outra com afinidade subalcalina. A primeira contém dlcali-feldspato
sienitos, microsienitos e microgranitos, microgranitos peralcalinos e feldspato quartzo porfiritos. A
segunda contém predominantemente quartzo monzonitos, monzogranitos e sienogranitos
porfiriticos grossos e em menor quantidade sienogranito equigranular, mica-litinifera albita granitos

e alcali-feldspato granitos (BETTENCOURT et al., 1999; LEITE JUNIOR, 2002).

Por Ultimo, a suite Granitos Ultimos de Ronddnia foi, como supracitado, definida por KLOOSTERMAN
(1968), mas desde entdo alguns dos corpos associados foram reclassificados para a suite Santa Clara.
Permaneceram na suite os corpos Sdo Carlos, Pedra Branca, Massangana, Santa Barbara, Bom
Futuro, Duduca e Potosi. Também apresenta duas subsuites, na qual a dominante ¢é
caracteristicamente subsolvus, subalcalina, contendo sienogranitos e alcali-feldspato granitos
porfiriticos a equigranulares, sienogranitos equigranulares e subordinadamente topazio mica-
litinifera albita granito e topdzio quartzo feldspato porfiritos. A suite alcalina, minoritaria, € composta
de alcali-feldspato sienito, microsienito e microgranito e feldspato quartzo porfiritos. Relagdes de

campo mostram que a suite alcalina é a mais jovem (BETTENCOURT et al., 1999).

As trés Ultimas suites sdo aquelas consideradas de maior importancia do ponto de vista de
mineraliza¢des polimetalicas (Sn + W + Nb + Ta + Be + metais base), embora ocorréncias minerais de
cassiterita existam em quase todas as suites (AMORIM, 1999; BETTENCOURT et al., 2016; CASTRO,
2016; ISOTTA et al., 1978; SANTOS JR., 2015) (Figura 6).



34

6.3. Geologia da Mina Santa Barbara
A Mina Santa Barbara é uma mina de Sn (Nb, Ta) atualmente em atividade operada pela ERSA, cuja
atividade encontra-se atualmente restrita ao macico Santa Bdarbara e mineralizagdes associadas.
Alguns alvos préximos, como Serra da Onga, Duduca, 14 de abril, Potosi também ja foram explorados
economicamente e estudados academicamente no passado, ainda que em menor intensidade

(Figura 7).

As rochas aflorantes na regido estudada s3o essencialmente granitos da suite Granitos Ultimos de
Rondonia, seus greisens associados e o embasamento gnaissico da Provincia Rio Negro-Juruena. No
macico Santa Barbara, os afloramentos ocorrem na forma de lajedos expostos, pequenos morros, e
ainda como cortes abertos durante a atividade minerdria. Nos corpos mais distantes, os
afloramentos se dao essencialmente na forma de lajedos aproximadamente planos ou de morros de
pequena altitude mas grande proeminéncia. Os afloramentos sdo marcados pela auséncia de

vegetacdo, sendo possivel mapear a maioria deles por imagens de satélites ou fotos aéreas.

Durante épocas de exploragdo de rocha dura, as sondagens permitiam a obtencdo de uma malha de
amostras a diversas profundidades e com comparativamente menos intemperismo, resultando em
alguns trabalhos que descreveram com detalhe a faciologia dos corpos —e.g.: o exogreisen de Potosi
(YOKOI et al., 1987), o endogreisen taboquinha e o granito Santa Barbara hospedeiro (FRANKE, 1990;
SPARRENBERGER, 2003; SPARRENBERGER et al., 2002).

Nos tempos recentes, no entanto, a abordagem mineral envolvia a explotacdo das aluvides
adjacentes ao greisen taboquinha, devido a maior facilidade e menor custo relacionado ao desmonte
e separagao do material. O processo de beneficiamento na mina é exclusivamente fisico, consistindo
na desagregac¢do e deslamagem do minério, que é inserido em colunas espirais que fracionam os
minerais por densidade. Sendo assim, columbita-tantalita, que também possuem densidades

elevadas, também sao separadas e sdao subprodutos da mina.

Recentemente, a exploragdo foi retomada nas facies mais fridveis do greisen, aproveitando-se das
porgdes fridveis dele. Em algumas dessas porg¢des, alguns minerais de bismuto, como a bismutinita,

foram detectados nos concentrados, e a operagao estuda formas de melhor aproveita-lo.
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Figura 7: Mapa dos principais corpos graniticos na regido Mina Santa Barbara. (A) Mapa geoldgico e de
afloramentos destacando a Mina Santa Barbara e operagGes minerais passadas. Baseado em dados cedidos
pela ERSA. (B) Detalhe dos corpos e veios na regido do macico Duduca. (C) Mapa faciolégico do macico Santa
Barbara, modificado de SPARRENBERGER (2003) e BETTENCOURT et al. (2005)
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6.3.1. Faciologia do Macico Santa Barbara
A faciologia do Macico Santa Barbara (Figura 7C) foi definida por FRANKE (1990) e posteriormente
expandida e refinada por SPARRENBERGER (2003).

A facies Serra Azul, com grande abrangéncia areal, ocorre nas por¢des mais externas do macico.
Trata-se de um biotita granito rosa, médio, equigranular e homogéneo, gradando para mais grosso e
inequigranular com poérfiros de feldspato potassico a medida que se afasta para a borda do corpo.
Composta de microclina pertitica, albita-oligoclasio, duas geracdes de quartzo, mica e como

acessorios topazio, monazita, zircao e fluorita.

A facies Serra do Cicero é a facies imediatamente adjacente a associacdo de facies Santa Barbara, se
trata de sienogranito com mineralogia similar a da facies Serra Azul e coloracdo rosada. Distingue-se
das demais facies por apresentar distinta e bem marcada textura porfiritica e ser metaluminoso — os
granitos das demais facies sdao fracamente peraluminosos. Os megacristais podem ser de microclina

subédrica a anédrica, pertitica ou mesopertitica, as vezes ovoides e sobrecrescidos por plagioclasio.

Por ultimo, associacdo de facies Santa Barbara contém duas facies: as facies Santa Barbara fina e
média. A facies média é rosada e contém megacristais de feldspato em menor quantidade que a
facies Serra do Cicero. Cassiterita € um mineral acessorio. A facies fina esta estreitamente ligada a
mineralizagdo, é mais homogénea e equigranular, pode ser localmente microporfiritica. Tem cor

rosada a branca e a mica possui inclusées de columbita-tantalita e minerais de ETR.

Modalmente a associagdo de facies Santa Barbara e a facies Serra Azul correspondem a alcali-

feldspato granitos. Relagdes de contato permite estabelecer contemporaneidade entre elas.

Segundo Franke (1990), os eventos tardi a pos-magmaticos de alteragdo e metassomatismo estdo
registrados em texturas de albitiza¢ao, microclinizagao, silicificagdo e greisenizagdao que ocorrem em
todas as facies magmaticas do complexo granitico. Segundo Sparrenberger (2003), os hidrotermalitos
produzidos pela greisenizagdo pervasiva e albitizagdo estdo restritas a drea do pit da mina, sendo a
primeira manifestada como topazio siderofilita quartzo greisen cinza, médio a fino, sub-horizontal

tabular gradando a granito greisenizado; e a segunda como granito albitizado salmao.

Além da greisenizacdo pervasiva e da albitizacdo, que pertencem ao estagio tardi-
magmatico/transicional, ainda sdo registradas uma segunda fase de greiseniza¢do, na forma de
stockworks; uma primeira fase de silicificacdo, durante a qual se formaram veios de quartzo e
cassiterita; uma etapa de muscovitizagdo, registrada pela presenca de veios de greisen verde, uma
segunda etapa de silicificacdo, na qual ocorrem os veios de quartzo estéreis, e por ultimo, a formacdo

de stockwork argiloso/caulinitico num estagio de argilizacdo (SPARRENBERGER, 2003).
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7. Geologia e Petrografia

7.1. Macico Santa Barbara

7.1.1. Facies Serra Azul
O granito da facies Serra Azul apresenta coloracdo rosa claro a quase branco, ficando fortemente
alaranjado onde muito intemperizado. E predominantemente equigranular, com algumas porcdes
porfiriticas, e a granulacdo varia de fina a grossa em escala de afloramento (Figura 8A, B). Os
afloramentos em geral sdo cortados por duas familias de diaclases subverticais (Figura 8C): a primeira
tem orientacdo consistentemente N-S, e a segunda tem azimute aproximado E-W, porém com
expressiva variagdo (Figura 8D). Essas diaclases podem conter preenchimento, seja na forma de veios
(em geral de quartzo com ou sem presenca de mica) (Figura 8E) ou de inje¢Ges graniticas com

granulacdo contrastante com a da rocha original (Figura 8F).

Petrograficamente consiste em K-feldspato, quartzo, mica e albita (Figura 9A). O K-feldspato ocorre
como grandes cristais, as vezes ovoides, xenomorficos, pertiticos a mesopertiticos, as vezes com
geminacdo de Carlsbad, com diversas inclusdes de elementos da matriz. O K-feldspato registra em
suas texturas os eventos de albitizacdo e de microclinizagdo (Figura 9B-D), através de
sobrecrescimentos de K-feldspatos e coroas trocadas, além de formacdo de albita a partir das

pertitas.

A albita ocorre nas pertitas; como graos individuais ripiformes euédricos a subédricos, as vezes
incluso no K-feldspato; e como albita secundaria nas texturas de albitizacdo. Apresenta geminacdo

polissintética e forte sericitizacdo.

A mica é esverdeada, castanha ou levemente dourada e apresenta forte pleocroismo, chegando
proximo ao incolor; com cor de interferéncia de segunda ordem. Comumente ocorre como graos
anédricos posicionados nos intersticios dos graos da matriz (Figura 9E), mas também pode ocorrer
como grandes agregados de palhetas de mica em varias orientagdes, dispostos como uma “coroa”
(Figura 9F). Em ambos os casos a mica apresenta inclusdes de opaco como rutilo e ilmenita, mas as
coroas dispGe uma gama de inclusdes variadas: zircdo, fluorita, topazio, niobio-tantalatos e minerais
de ETR (ver secdo 7.3) sdo alguns desses exemplos. Esses minerais também estdo presentes na
matriz, mas sdo muito menos frequentes. O zircdo incluso nas micas apresenta a distinta
caracteristica de possuir cor de interferéncia branco a amarela, de primeira ordem, diferentemente
do menos abundante zircdo da matriz, cuja cor de interferéncia é tradicionalmente de segunda

ordem.
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Figura 8: Caracteristicas macroscopicas da facies Serra Azul A: textura macroscdpica do granito. B: granulacédo
seriada em amostras de um mesmo afloramento. C e D: Fotografia e estereograma mostrando as duas
principais familias de diaclases presentes. E: ocorréncia de veios de quartzo acompanhando as diaclases. F:

injecdo de granito fino acompanhando as diaclases.
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Figura 9: Caracteristicas petrografica do granito Serra Azul. A: Fotomicrografia de luz transmitida, nicdis
paralelos, representativa da mineralogia essencial da rocha, constituida de K-feldspato pertitico, plagioclasio,
quartzo e siderofilita. B: Fotomicrografia de luz transmitida, nicéis cruzados e placa acesséria inserida; de uma
textura de coroas trocadas, indicativa de albitizagdo. As setas grossas indicam a textura. C e D: Fotomicrografia,
luz transmitida, nicdis cruzados e placa acessoria inserida; e diagrama de possivel textura de K-feldspatizagao.
E: Fotomicrografia de luz transmitida e nicdis paralelos de siderofilita intersticial aos graos da matriz e em
contato com fluorita. F: Fotomicrografia de luz transmitida e nicéis paralelos de coroa de siderofilita cloritizada
com inclusdes de fluorita, rutilo, ilmenita, zircio e monazita. Ab = albita; Fl = fluorita; Kfs = K-feldspato; Spy =
siderofilita; Rt = Rutilo; llm = ilmenita; Zrn = zircdo, Qz = quartzo.
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7.1.2. Facies Serra do Cicero
O granito da facies Serra do Cicero ocorrem nas proximidades da associacdo de facies Santa Barbara
é marcado pela sua coloracdo rosada a alaranjada e proeminente caracteristica inequigranular
porfiritica (Figura 10A-B), com alguns megacristais com varios cm de didmetro. Embora a granulacédo
seja variavel em escala de afloramento, em geral apresenta pdrfiros (>5mm) imersos numa matriz
fina (ca. 200 um). K-feldspato é o pdrfiro mais comum, e contém diversas inclusGes do material da

matriz, porém quartzo (Figura 10C) e minoritariamente plagioclasio também podem ocorrer.

A rocha consiste essencialmente de quartzo, K-feldspato, plagiocldsio e mica. O K-feldspato é
presente como grossos graos anédricos mas levemente ovdides, pertiticos a mesoperiticos, com

inclusGes de quartzo, mica e plagioclasio. Apresentam aspecto “turvo”, com baixa transparéncia.

A mica apresenta cores que variam do verde ao marrom e é pleocrdica. O pleocroismo as vezes
chega préximo ao incolor. As porcdes verdes mais intensas acusam ocorréncia de cloritizacdo. Essas
porcdes ndo costumam ser pleocrdicas. A mica varia bastante em tamanho mas apresenta formatos
sempre irregulares, interdigitados, como que preenchendo espacos entre grdaos da matriz (Figura

10D). Apresenta-se com inclusdes de minerais como rutilo e ilmenita.

O plagioclasio comumente apresenta em amostras de mao coloracdo esverdeada, que é decorrente
da sua substituicdo por mica clara, que ocorre do centro para as bordas (Figura 10E-F). Assim como
nas demais fdcies, nos contatos entre grdos adjacentes de K-feldspato por vezes se observa

crescimento de albita secundaria em textura de coroas trocadas (Figura 10E-F).

7.1.3. Associacdo de Facies Santa Barbara
A Associagdo de Facies Santa Barbara consiste em granitos finos a médios, relativamente
equigranulares, podendo localmente ser microporfiriticos, com baixo teor de poérfiros, com cor cinza,

branca, ou levemente rosada (Figura 11A-B).

Afloramentos dessa associagdo apresentam-se afetados por diversos processos tardios que se
manifestam, principalmente, na forma de venulagGes e veios. Diversas diaclases subverticais estdao
presentes, com mesmas orientacdes que as presentes na Facies Serra Azul. Algumas sdo cerradas,
outras sdo preenchidas por injecdes de granito ou ainda por veios de quartzo-topazio-siderofilita.
Nestes veios, siderofilita ocorre na borda e o interior é preenchido por quartzo e topazio (Figura 11B-

C) (ver item 7.1.4).

Vénulas de material caulinitico de cor branca também s3do presentes e cortam os veios de quartzo

(Figura 11B). S3o predominantemente sub-horizontais, embora alguns sejam inclinados.
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Os minerais essenciais sdo K-feldspato, albita, quartzo e mica (Figura 11, Figura 12A-E). O K-feldspato
ocorre como graos grossos, anédricos, pertiticos, ligeiramente ovoides, com aspecto turvo (Figura
12B). Em alguns graos as pertitas sdo bem desenvolvidas, chegando a haver predominio de albita
sobre microclina, que pode representar uma textura de albitizacdo, assim como as coroas trocadas
nos contatos entre graos de microclina (Figura 12C). A albita ocorre como pertita, nas texturas de
albitizacdo, como graos subédricos ou euédricos, ripiformes, com geminagdo polissintética (Figura

12A-C). O quartzo é granular de granulacdo relativamente variavel.

A siderofilita apresenta cor marrom com pleocroismo a bege ou quase incolor, com cor de
interferéncia de segunda ordem. Frequentemente apresenta manchas ou “patches” de mica clara,
nao-pleocrdica em seu interior (Figura 12D), com cor de interferéncia mais baixa, chegando a laranja
ou cinza primeira ordem em algumas ocasides. A mica pode ocorrer em granulagdo mais fina, em
geral em posicionamento intersticial aos demais grdos da matriz (Figura 12D), mas também ocorre
em grandes agregados com cristais em dire¢des variadas, as vezes sobre ou intercrescidas (Figura

12E).

Diversas inclusGes, como de zircdo, ilmenita, rutilo, niobio-tantalatos, cassiterita e minerais de ETR
ocorrem principalmente contidos na siderofilita, especialmente naquelas que ocorrem como

agregados (Figura 12E). Cassiterita isolada ou associada a columbita também ocorre (Figura 12B e F

respectivamente).

Figura 11: Caracteristicas macroscopicas da associacdo de facies Santa Barbara. Nas trés imagens observa-se a
textura macroscépica da rocha. B: Fino veio de quartzo com borda de siderofilita (vertical) cortado por fino veio
caulinitico (horizontal). C: veio de quartzo com borda de siderofilita.
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Figura 12: Fotomicrografias das caracteristicas do granito da associacdo de facies Santa Barbara. A-B: Luz
transmitida, nicdis cruzados e paralelos respectivamente, mostrando a textura tipica da rocha, com ripas de
albita, grdos irregulares de K-feldspato e quartzo. C: Luz transmitida, nicdis cruzados, de graos de K-feldspato
mesopertiticos com coroas trocadas (CT). Nicdis cruzados. D: Luz transmitida, nicdis paralelos, de siderofilita
com proeminente caracteristica intergranular e manchas de cor clara sem pleocroismo. E: Luz transmitida,
nicdis paralelos, de agregados irregulares de siderofilita. F: Luz transmitida, nicdis paralelos, de graos
piramidais de cassiterita sobrecrescendo columbita. Ab = albita; Col = columbita; Cst = cassiterita; Kfs =

Kfeldspato; Spy = siderofilita; Qz = quartzo.
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7.1.4. Greisens
Os greisens do macico Santa Barbara apresentam duas ocorréncias principais: a associada a veios e a

macica tabular. As duas variedades de greisens sao similares, exceto pela forma de ocorréncia.

Os greisens relacionados a veios consistem em halos de greisenizagdo no granito representada pela
reducdo total ou parcial no teor de feldspatos e aumento no de siderofilita e quartzo,
principalmente, presente ao redor de determinados veios (Figura 13A-B). Correspondem aos
supracitados veios verticais de quartzo e siderofilita, em que a siderofilita se posiciona na parede do
veio (Figura 11B-C, Figura 13C). Podem ou ndo conter cassiterita (Figura 13C-D), e o halo de
greisenizacdo é mais frequente naqueles que a contém. A medida que se distancia do veio a
greisenizacdo perde intensidade até que a rocha assuma seu carater granitico original, o que pode
variar de 1 até 10cm de distancia do veio. O principal hospedeiro dessa ocorréncia é a associa¢do de

facies Santa Barbara.

Ja o greisen tabular ocorre na cupula granitica. Devido a este fato, aparece a profundidades menores
gue o granito, e por isso esta fortemente intemperizado. Dessa forma, exposicdes preservadas in situ
do greisen tabular ndo foram amostradas. Foram descritos afloramentos de greisens intemperizado,
que adquirem coloragdo castanha (Figura 13E) e blocos de greisen livres de intemperismo (Figura
13F). Consistem em rochas de coloragdo branca a cinza, isotrdpica, com predominio de quartzo,
siderofilita, topazio e alguma fluorita, com ou sem cassiterita (Figura 13G). O greisen intemperizado

adquire a cor pelo intemperismo da siderofilita, mica rica em ferro.

7.2.Macico Duduca

7.2.1. Granito Preservado
O granito preservado é a ocorréncia arealmente dominante dos granitos amostrados no macigo.
Consiste em granitos relativamente homogéneos, com alguma varia¢do gradual de granulometria em
escala de afloramento, tipicamente equigranulares e localmente porfiriticos (Figura 14A-B). Suas
cores predominantes sdo branca, laranja a rosa, em tons coloridos mais fortes onde intemperizado.
Os afloramentos sdo extensos, identificaveis em fotos aéreas e imagens de satélite como clareiras na

vegetacdo (Figura 14C).

Os afloramentos podem ser cortados por duas familias de diaclases subverticais (Figura 14D) cujas
direcbes sdo aproximadamente similares aos do macico Santa Barbara (Figura 14E). Algumas delas
apresentam preenchimento, formando veios de quartzo, veios de quartzo e siderofilita, ou injecGes

de granito mais fino ou mais grosso que a encaixante (Figura 14F). Os veios de quartzo e siderofilita
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Santa Barbara. A: Veio de Quartzo + Siderofilita + Cassiterita (em
vermelho no inserto) com halo de greisenizagao (em amarelo no inserto). B: Veio de quartzo com halo de
greiseniza¢do. C: Veio de quartzo, siderofilita e cassiterita. D: Veio de quartzo e cassiterita. E: Greisen
inteperizado. F: Greisen preservado. G: Fotomicrografia de luz transmitida, nicdis paralelos, mostrando a
textura do greisen preservado. Spy = siderofilita. Qz = quartzo.
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podem apresentar borda de quartzo com parte central de mica, ou o contrario —i.e. borda de mica e
parte interior de quartzo. Nos arredores de alguns veios, os granitos apresentam texturas de
greisenizacdo, principalmente nos afloramentos geograficamente préximos dos greisens. Essas

ocasides serdo discutidas em seg¢do posterior (7.2.2).

Mineralogicamente consistem em granitos com K-feldspato pertitico, plagiocldsio, quartzo e
siderofilita (Figura 15A-B). Minerais acessérios incluem topdazio, cassiterita, zircdo, rutilo, niobio-

tantalatos e minerais de ETR.

O K-feldspato costuma consistir os grdaos de maior tamanho, tanto nas porg¢des porfiriticas quanto
nas nao-porfiriticas. Sdo em geral xenomorficos a hipidiomérficos, aproximadamente ovoides, com
contatos bem irregulares devido ao formato dos grdos adjacentes. Podem ser geminados segundo a
lei de Carlsbad, suas pertitas variam de muito proeminentes (mesopertitas) a quase ausentes (Figura
15C-D). Em lamina, o K-feldspato sempre apresenta aspecto “sujo” ou “turvo” (Figura 15A-D). O
plagiocldsio apresenta usualmente tamanhos menores que o K-feldspato e uma tendéncia maior a
ser idiomdrfico ou hipidiomorfico, formando ripas bem definidas. O plagioclasio ocorre também nas
pertitas ou como ripas inclusas na mica, quatzo ou K-feldspato. Quando o granito esta
intemperizado, o plagiocldsio pode apresentar forte sericitizacdo, que em geral progride do nucleo

para a borda.

O quartzo é xenomodrfico e apresenta tamanhos variados. Nos granitos porfiriticos ou
inequigranulares, pode compor os pdrfiros. De um modo geral seus contatos sao irregulares, as vezes

lobados. Alguns graos apresentam extingao ondulante.

A siderofilita é pouco abundante quando comparada com os minerais anteriormente citados. Sua cor
pode variar de marrom a verde e o pleocroismo é forte, variando até quase incolor em alguns casos.
Sua principal ocorréncia é como preenchimento intersticial dos demais graos da matriz, o que resulta
em formatos e tamanhos muito irregulares (Figura 15E). Hd também uma importante ocorréncia
como agregados de mica grossa, alinhada em diversas dire¢des, as vezes formando “coroas” (Figura
15F). Esses agregados apresentam em seu interior topazio, fluorita, zircao, quartzo, rutilo, ilmenita,
columbita e minerais de ETR. Algumas palhetas de mica apresentam cores mais intensas nas bordas e

ao longo dos tragos de clivagem, tendo cores mais moderadas no interior.

Cassiterita tem ocorréncia restrita e rara como mineral acessério, ocorrendo como pequenos graos

intersticiais (ver mais em se¢do especifica).
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Figura 14: Caracteristicas dos granitos preservados do macico Duduca.A-B: Caracteristica tipica da rocha, em
granulacdo média e fina respectivamente. C: Imagem de satélite mostrando a presenca de clareiras (setas) que
demarca a presenca de afloramentos. D: As duas familias de diaclases observadas nos afloramentos. E:
Estereograma das duas familias de diaclases. F: diaclase preenchida por inje¢cdo de granito fino.
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Figura 15: Fotomicrografias dos granitos preservados do macico Duduca. A-B: Textura tipica dos granitos, com
mineralogia essencial quartzo, albita, K-feldspato e siderofilita. Luz transmitida, nicois paralelos e cruzados
respectivamente. C-D: K-feldspato mesopertitico e sem pertita, respectivamente. Luz transmitida, nicdis
cruzados. E-F: Duas variedades de ocorréncia de siderofilita, variedade intergranular e como agregados em
coroa, respectivamente. Luz transmitida, nicdis paralelos. Ab = albita. Lfs = K-feldspato; Spy = siderofilita; Qz =

quartzo.
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7.2.2. Granito Greisenizado
A ocorréncia dos granitos greisenizados estd comumente relacionada a proximidade espacial aos
corpos mapeados de greisen, e ocorre como halos centimétricos a decacentimétricos ao redor dos

veios de quartzo ou de quartzo e siderofilita, com ou sem cassiterita e topdzio associados.

A olho nu se identifica os granitos greisenizados como rochas com textura similar a granitica, com
reduzido teor de feldspato e alto teor de mica, com grdos de feldspato mosqueados ou preenchidos
por mica (Figura 16 A-B). Essas feicOes sdo gradacionais: apresentam-se mais proeminentes na
porcdo mais proximal dos halos e vdo se atenuando até ocorrer a prevaléncia do granito preservado
na porgdo distal. A intensidade e extensdo em que estas caracteristicas ocorrem variam de veio para
veio, podendo em alguns ocorrer, na por¢do mais proximal, greisens pleno, com total auséncia de

feldspato (Figura 16C, ver item 7.2.3).
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Figura 16: sequéncia de granitos greisenizados relacionados a veio. De A a C as amostras exibem progressiva
diminuicdo no teor de feldspato e aumento no de quartzo e mica. Na figura A, ha ainda expressivo teor de
feldspato. Na figura B, apenas alguns relictos sdo observados (em branco, indicado pelas setas grossas). Em C,

ndo ha qualquer feldspato.

Petrograficamente, observa-se que de um modo geral os granitos greisenizados preservam a textura
granitica. O maior teor de mica se da devido a agregados de palhetas euédricas a subédricas de
siderofilita que ocorrem como manchas esporadicas dentro dos grdos de feldspatos, sejam de albita
ou microclina (Figura 17A-B). Em certas porgdes, o plagiocldsio é ausente ou quase totalmente
ausente, e agregados ripiformes de mica sdo observados na matriz da rocha, bem como espalhados
como manchas dentro da microclina (Figura 17C-D). Nos agregados maiores e ripiformes, observa-se
na porg¢do central dos agregados um conjunto de graos de outros minerais, como fluorita, topazio,

quartzo e zircdo, dentre outros (Figura 17D).
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Em outras por¢oes, o teor de feldspato é ainda menor; o plagioclasio é total ou quase totalmente
ausente a microclina apresenta-se em baixos teores. A siderofilita € o mineral dominante da rocha e
apresenta contatos reativos com a microclina, substituindo-a a partir das bordas (Figura 17E-F).
Frequentemente, a siderofilita apresenta em seu interior manchas de mica de cor mais clara, nao

pleocréica, e com cor de interferéncia mais baixa (Figura 17E-F).

Os minerais acessoérios sdo fluorita, zircdo, topazio, columbita, rutilo, minerais de ETR e cassiterita,
sendo a cassiterita rara e ndo mais abundante que nos granitos ndo-greisenizados. Esses minerais
ocorrem preferencialmente como inclusGes na mica, embora columbita também ocorra em cristais
grossos tabulares na matriz da rocha. O rutilo pode ocorrer em duas formas, ambas inclusas na mica:
Ccomo graos grossos com cor escura ou ainda como pequenos graos alongados dispostos ao longo das

clivagens da mica. Nesse ultimo caso, sdo mais claros e apresentam tons esverdeados/azulados.

7.2.3. Greisens
Os greisens sdo observados em dois tipos de ocorréncia principais: a primeira é como corpos
mapedveis de greisen aflorantes, presumivelmente greisens de cupula granitica; enquanto a segunda

€ associada a veios.

Nesse segundo caso, tém ocorréncia similar aos granitos greisenizados, ou seja, ocorre ao redor de
veios de quartzo e quartzo com siderofilita que cortam afloramentos graniticos préoximos aos corpos
mapeados de greisens (Figura 16C). Distinguem-se dos granitos greisenizados por exibirem total

auséncia de feldspato e conteidos maiores de mica.

Os corpos mapeados de greisen ndo apresentam exposigdes muito extensas. Em geral, a vegetacgdo é
presente e densa nos afloramentos de greisen, ao contrario das clareiras que ocorrem nos lajedos
graniticos (Figura 18A-B). Sdo expostos na forma matacbes, alguns rolados, alguns aflorantes,
decimétricos a decamétricos. A rocha é homogénea, macica e isotrdpica, contendo mica escura e
quartzo em proporg¢des variaveis, resultando em rochas de coloragdo clara a escura (Figura 18C-E).
Os afloramentos apresentam forte intemperismo, tornando a rocha fridavel. Por vezes, o

intemperismo se manifesta na rocha com cores de alteragdo castanho escuro (Figura 18E).

Petrograficamente consistem essencialmente em mica e quartzo (Figura 19). Topazio, cassiterita,
columbita, fluorita e minerais de ETR ocorrem como acessérios. O quartzo pode ser anédrico

granular, como no granito; ou prismatico subédrico a euédrico, envolto por cristal de quartzo
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Figura 17: Fotomicrografias dos granitos greisenizados do macico Duduca. A-B: K-feldspato mosqueado de
siderofilita. Luz transmitida, nicdis cruzados. Duas diferentes magnificagées. C-D: Agregados de siderofilita em
ripas, inclusas em K-feldspato e em meio a matriz, respectivamente. No centro do agregado mostrado em D ha
agregados granulares de topazio, fluorita e quartzo. Luz transmitida, nicdis paralelos. E-F: Agregado de

siderofilita com presenga de mica incolor. Luz transmitida, nicdis paralelos e cruzados respectivamente. Kfs = K-

feldspato; Fl = fluorita; Spy = siderofilita; Tpz = topazio; Qz = quartzo.
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Figura 18: Greisens do macico Duduca. A-B: Afloramento de greisens na forma de matacdes em meio a mata,
alguns aflorantes, alguns rolados. C-E: Fotografia de detalhe da textura dos greisens, em teor crescente de
siderofilita. Na imagem E, observa-se alteracdo castanha da siderofilita, muito comum nos geisens
intemperizados.

¥
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anédrico ou mica (Figura 19A). A mica ndo é orientada preferencialmente e a textura geral é

tipicamente granular (Figura 19A-D).

Os greisens com maior teor de mica foram também aqueles em que se observou maior teor de
cassiterita e minerais de ETR. A cassiterita ocorre em geral dentro da mica, sem acompanhar sua
direcdo de clivagem, em formas prismaticas curtas, em geral geminadas ou agregadas (ver se¢do

especifica sobre caracterizagdo da cassiterita).

Columbita ocorre em abundancia em cristais tabulares grossos, e outros niobio-tantalatos podem
ocorrer eventualmente. Topazio é em geral anédrico e de dificil distingdo do quartzo, devido a suas
caracteristicas 6pticas muito similares. Dessa forma, é possivel que o teor de topazio seja super ou

subestimado. A fluorita ocorre em cristais anédricos grossos ou euédricos mais finos.

As porg¢des mais intemperizadas, com cor castanha em amostra de mao, mostram intemperismo da

mica formando 6xidos de ferro e justificando a cor avermelhada (Figura 19D).
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Figura 19: Fotomicrografias em luz transmitida e nicdis paralelos das texturas dos greisens do maci¢o Duduca
com diferentes proporg¢des de siderofilita e tamanho de grdo. A: Cristais prismaticos de quartzo inclusos na
siderofilita. B: Agregados granulares de topazio e fluorita em meio a siderofilita. C: Greisen com predominancia
de mica. D: Intemperismo da siderofilita produzindo oxidos de ferro, relacionado as cores de alteragdo
castanhas observadas na petrografia macroscopica (Figura 18E). Fl = fluorita; Ox = agregados finos de oxi-
hidréxidos de ferro finos; Qz = quartzo; Spy = siderofilita; Tpz = topazio; Zrn = zirc3do.

7.3. Minerais acessorios, de metais raros, e de ETR
Os principais minerais acessdrios observados nas rochas foram topazio, fluorita, rutilo, ilmenita,

columbita, zircdo, cassiterita e minerais de ETR.

Como mostrado em se¢Bes anteriores, os minerais acessorios dos granitos e greisens raramente
ocorrem dispersos na matriz da rocha, sendo sua forma principal de ocorréncia como inclusdes
dentro da siderofilita, particularmente dos agregados micdceos. Esses agregados podem ser
ripiformes (Figura 17C-D), em forma de coroas, (Figura 9F, Figura 15F) ou ainda sem geometria
especifica (Figura 12E, Figura 17E-F). Nos casos raros em que ocorrem minerais na matriz da rocha,
ele costuma ter ocorréncia diferente de quando é observado incluso na mica. Por exemplo, a fluorita
dispersa na matriz é anédrica, pode apresentar coloragdo roxa e apresenta as 3 diregGes de clivagens
proeminentes (Figura 9E). Ja a fluorita inclusa na mica é incolor, tem habito cubico ou ovalado, e suas
clivagens mostram-se mais sutis (Figura 9F). No caso do zircdo, os grdos encontrados na matriz

apresentam cor de interferéncia de segunda ordem (Figura 20A), como tipico do mineral,
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Figura 20: Minerais acessorios e suas texturas comuns. A: Fotomicrografia em luz transmitida e nicdis cruzados
de zircdo posicionado na matriz da rocha com cor de interferéncia de segunda ordem. B: Fotomicrografia em
luz transmitida e nicdis cruzados de zircdo incluso em agregado de siderofilita com cor de interferéncia de
primeira ordem. C: Imagem BSE de agregado de mica com inclusdes. Em laranja se ressalta o sinal EDS do
titanio, mostrando pequenas inclusGes aciculares de rutilo acompanhando as clivagens da siderofilita. D:
Imagem BSE de rutilo interdigitado a agregado de siderofilita. E: Imagem BSE de columbita tabular inclusa em
agregado de siderofilita. F: Imagem BSE de ocorréncia simultanea de zircdo, bastasita e columbita inclusos na
siderofilita. No inserto, uma ampliacdo da bastnasita. Bst = bastnasita; Col = columbita; IIm = ilmenita; Kfs = K-
feldspato; Mon = monazita; Qz = Quartzo; Rt = Rutile; Spy = siderofilita; Zrn = zircao;
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enquanto que os inclusos na mica apresentam, anomalamente, cor de interferéncia branco a

amarelo de primeira ordem (Figura 20B).

Rutilo e ilmenita sdo observados quase que exclusivamente inclusos na mica, e particularmente o
rutilo tende a ter cristais alinhados na direcdo da clivagem de seu hospedeiro (Figura 20C). Em alguns
casos o rutilo apresenta-se em textura interdigitada com a mica hospedeira (Figura 20D). Columbita
ocorre em hdbitos tabulares (Figura 20E) e pode estar associada a cassiterita (Figura 12F). A

cassiterita serd descrita em secao posterior especifica.

Topdzio apresenta dificil distincdo ao microscdpio, devido a suas caracteristicas dpticas similares ao
quartzo, mas é facilmente identificado no MEV. Fluorita e topazio costumam ocorrer associados
entre si como aglomerados inclusdes no centro dos agregados ripiformes (Figura 17D). De um modo
geral, os minerais acessdrios que ocorrem como inclusdes dentro da mica ocorrem espacialmente

associados entre si, incluindo os de ETR (Figura 20F).

Os minerais de ETR sdo descritos com mais profundidade em capitulo especifico (ver item 11).
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8. Quimica mineral das Micas (artigo 1)
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8.1. Abstract

The tin-greisens of the Rondonia Tin Province, Brazil, are related with the intrusion of a 995-975 Ma
evolved rapakivi granite suite interpreted as post-collisional with respect to the Grenvillian orogeny
during assembly of Rodinia. Lithium-iron mica (‘zinnwaldite’) is the main mineral in late- to post-
magmatic and ore stages of such greisens, and has the potential of being a recorder of the
mineralization processes. We provide bulk rock geochemistry of granite, greisen, and greisenized
granite, coupled with in-situ major and trace element analyses in mica. Trace element and Li
contents in mica were assessed via LA-ICP-MS analysis to avoid interference from ore-mineral
inclusions. There is a large-scale zoning (hundreds of meters) of the composition of magmatic mica
within the massif. Within 200 m of greisen zones, the mica composition in granite becomes similar to
hydrothermal greisen mica, i.e. mica composition is suggested as a proximity indicator for greisen.
Mica records the evolution of the system from magmatic to hydrothermal. Early-magmatic mica is Li,
Rb and F poor and Mg, Ti and Fe rich, as opposed to greisen mica. Rare metals (e.g. Sn, Ta, W) display
complex behavior, as their content in mica increases from magmatic to transitional stages, but
decreases from transitional to ore (greisen and vein) stages. This can be explained by a complex

interaction between enrichment of metals in the fluid, crystallization order of HFSE-bearing minerals,
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a decrease in the acceptance of HFSE in mica due to Ti depletion, and a change in the system from
melt-dominated to fluid-dominated. Depletion of rare metals in mica can be an important factor for
mineralization, since binding these metals to silicates reduces the amount of ore minerals. In granite,
up to 86% of Sn is bound to mica, while in greisen, up to 95% of it is available to form cassiterite.
Niobium behaves differently than other rare metals, likely due to its very high initial partition
coefficient in mica and its lower solubility in fluids when compared to Sn and Ta. As such, changes in
the Nb/Sn ratio in mica can be used as a proxy for the rock/fluid ratios. Mica pseudomorphs after
feldspar in greisenized granite have anomalously high Sr contents inherited from their albite

precursor.

Keywords: Greisen; Zinnwaldite; Lithium; Tin; Cassiterite; Pathfinders; Rare metals; Rare earth

elements; Rondonia Tin Province

8.2. Introduction

Greisens are coarse-grained mica-quartz rocks that result from the hydrothermal alteration of granite
and/or its country rocks by an evolved F- or B-rich fluid (Lehmann, 2020; Pollard et al.,, 1987;
Shcherba, 1970). Greisens are economically important as hosts of rare metal deposits, containing a

metal assemblage of Sn-W-Nb-Ta-Li-Cs-Be (Pollard and Taylor, 1986).

Most of the tin production in Brazil is from greisens and their derived placers in the Pitinga Tin
Province and Rondonia Tin Province, both in the Amazonian Craton, northern Brazil (Bettencourt et
al., 2005; DNPM, 2014). In Rondonia, the Grenvillian-age Santa Bdrbara deposit is known for being a
confined endogreisen (Bettencourt et al., 2016; Sparrenberger, 2003; Sparrenberger et al., 2002).

An endogreisen occurs when the greisenized rock is the source granite itself (Pirajno, 1982; Wright
and Kwak, 1989). The main endogreisenization reactions involve decomposition of feldspar and

formation of quartz, mica, fluorite, topaz, and apatite (Pollard, 1983; Shcherba, 1970).

Greisen mica can span a wide compositional range, but the non-IMA name “zinnwaldite” is often
used for dark, lithian, trioctahedral mica near the polylithionite-siderophyllite join (Rieder et al.,
1999). Greisen mica hosts a large variety of greisen-related elements, e.g. Li, Rb, F, Sn, W and Nb, and
it has been suggested as a non-conventional source for lithium carbonate due to the increasing
importance of Li as a resource (Jandova et al., 2010). Since the chemistry of greisen mica likely
responds to changes in fluid composition, its major and trace element contents are an important
proxy for understanding the evolution of granites, magmatic fractionation, and magmatic-to-
hydrothermal transition (Borges et al., 2003; Breiter et al., 2019, 2017; Codeco et al., 2020; Johan et
al., 2012; Legros et al., 2018, 2016; Lowell and Ahl, 2000).
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Mineral chemistry analyses of Li-mica are analytically challenging due to low specific X-ray energy of
Li for wavelength-dispersive electron microprobe analysis (Hovington et al., 2016); and mineral
inclusions in mica concentrate bulk analysis (Rieder, 1970; Stone et al., 1997). A series of estimates of
Li based on the content of other elements have been suggested (e.g. the Si, Mg, Rb and F-based
estimates of Tindle and Webb, 1990; Tischendorf et al., 1997), and widely used in the literature
(Borges et al., 2003; Colombo et al., 2010; Legros et al., 2018; Li et al., 2015; Lowell and Ahl, 2000;
Nascimento and Souza, 2017; Sparrenberger, 2003). These provide good approximations, but rely on
previous knowledge about the mica chemistry, sometimes provide contradictory results, and are
prone to large errors (Breiter et al., 2017; Legros et al., 2018, 2016; Thiergartner, 2010; Xie et al.,
2015).

More recently, Li-mica mineral chemistry has been assessed via LA-ICP-MS (Breiter et al., 2019, 2017
Codeco et al., 2020; Johan et al., 2012; Legros et al., 2018, 2016), which has shown to be adequate in
assessing both Li and trace elements in mica while avoiding some of the problems of competing
techniques. However, such data is not available for the Brazilian tin greisens, for which only
microprobe or concentrate chemical analyses are available (e.g. Borges et al., 2003; Lowell and Ahl,

2000).

In this work, we present whole-rock analyses coupled with EPMA and LA-ICP-MS data of mica from
the Santa Barbara region in the Rondonia Tin Province. We observed texturally and compositionally
different generations of mica from diverse stages of evolution of the ore system and recorded the
changes in composition between them. A discussion of the implications of these changes for tin
mineralization is presented. The composition of granitic mica is investigated as a proxy for distance

to greisen, and its potential as prospective and exploratory tool is evaluated.

8.3. The Rondonia Tin Province

The Rondonia Tin Province (RTP) is the second largest Sn province in Brazil. The province is in the
southwestern Amazonian Craton, which is composed of a succession of SW-verging, subparallel
accretionary belts (Fig. 1A), with ages spanning from the Archean to the Neoproterozoic (Santos et
al., 2008; Scandolara et al.,, 2013; Tassinari et al., 2000; Tassinari and Macambira, 1999). The
emplacement of Sn-bearing rocks of the RTP occurred repeatedly during the development of the Rio
Negro — Juruena, Rondonian — San Ignacio and Sunsas geochronological provinces, which spans from

the Paleoproterozoic to the Neoproterozoic (Bettencourt et al., 1999; Tassinari et al., 2000).

The Rio Negro — Juruena is a 1.80-to-1.55-Ga province, often divided into the northern Rio Negro and
southern Rondonia — Juruena provinces (Fig. 1A). It consists mainly of orthoderived, amphibolite-to-

granulite facies metamorphic rocks, charnockites, granulites, amphibolites and anatectic granites
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(Isotta et al., 1978). The tectonic context of the province has been interpreted either as a subduction-
related magmatic arc, accreted island arcs or a continental collision belt (see Bettencourt et al., 1999

and references therein for discussion).
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Fig. 1. (A): Tectono-structural map of the Amazonian Craton and location of the Rondonia Tin Province.
Modified from Santos (2008), Tassinari & Macambira (1999). (B): Geological map of the Rondonia Tin Province.
According to Santos et al. (2008): [1]: Part of the 1.45-1.10 Ga Sunsas Province. [2]: Divided into Rio Negro
(north) and Rondénia-Juruena (south) provinces. [3]: Alternatively interpreted as a 2.03-1.88 Ga province
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The Rondonian — San Ignacio and Sunsas provinces are formed by the reworking of the Rio Negro —
Juruena crust as a continental orogenic belt (Tassinari, 1996). The 1.3 — 1.5 Ga Rondonian — San
Ignacio province consists of amphibolite to granulite facies granite-gneiss-migmatitic-granulitic
terranes accreted to the west of the Rio Negro — Juruena province. The Sunsds belt consists of
metasedimentary and metavolcano-sedimentary rocks of Grenvillian (1.20 to 0.95 Ga) age

(Bettencourt et al., 1999; Cawood and Pisarevsky, 2017; Tassinari and Macambira, 1999).

The Sn-bearing granitoids intruded in the 1.78-1.63 Ga Jamari and Roosevelt — Juruena metamorphic
complexes (Scandolara et al., 2013) as at least seven intrusive suites with ages of 1606-975 Ma (Fig.
1B, Bettencourt, 2006; Bettencourt et al., 1999; Payolla et al., 2001). These suites display
geochemical signatures of subalkaline, metaluminous to peraluminous, evolved rapakivi suites

(Bettencourt et al., 2010, 1999; Tassinari and Macambira, 1999).

There are Sn + W, Nb + Ta, Be, Zn, Cu, Pb and topaz occurrences related to all seven suites (Amorim,
1999; Bettencourt et al., 2016; Isotta et al., 1978; Santos Jr., 2015), but the three youngest suites are
the most economically important: S3o Lourengo-Caripunas suite (ca. 1310 Ma.), Santa Clara suite (ca.
1080 Ma.) and Younger Granites of Rondonia (YGR, 995-975 Ma) (Bettencourt et al., 1999). The last
two suites correspond to the intracratonic magmatism of the Sunsas orogeny (Bettencourt et al.,
2016), which is the Amazonian manifestation of the Grenvillian orogeny during the assembly of

Rodinia (Cawood and Pisarevsky, 2017).

Tin mineralization in the RTP is related to late- to post-magmatic hydrothermal processes,
particularly albitization, silicification and greisenization (Bettencourt et al., 2005; Sparrenberger,
2003). Mineralization styles can vary from tabular and cupola greisens (Santa Barbara deposit), to
greisen or pegmatite pods and pockets (Bom Futuro deposit) and even stockwork, lode and
disseminated occurrences (Oriente Novo deposit) (Bettencourt et al., 2016). Greisenization at the
Santa Barbara deposit is mostly confined to the host granite — i.e. an endogreisen, which offers one
of the best opportunities to study fluid evolution and interaction closest to its origin (Pollard et al.,

1988).

8.4.Study Area and Samples

The study area of this work is the Santa Barbara mine region, which includes the Santa Barbara
massif and a few other neighboring granitic bodies, such as the Duduca, 14 de Abril, Potosi and
Jacundda massifs (Fig. 2). Mining at the Santa Barbara mine is done mostly on alluvial sediments and

on weathered greisen rock of the Santa Barbara massif.
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The Santa Barbara massif consists of three porphyritic subsolvus granite facies (Fig. 2C): an early, less
differentiated metaluminous syenogranite with TiO,> 0.01 wt%, Sr > 25 ppm and Zr > 250 ppm; 993 +
5 Ma U-Pb monazite TIMS age; a peraluminous syenogranite with TiO, = 0.01 wt%, Sr = 15 ppm, and
Zr = 200 ppm, 989 t 13 Ma U-Pb monazite TIMS; and a central albite-microcline tin-granite with TiO,
< 0.01 wt%, Sr < 15 ppm and Zr < 200 ppm, 978 + 13 Ma U-Pb SHRIMP (Bettencourt et al., 2005;
Sparrenberger, 2003; Sparrenberger et al., 2002). Errors are given as 20. A particular feature of these

rocks is the elevated fluorine content of 0.95 + 0.29 wt% F (n = 16) (Sparrenberger, 2003).

The rocks collected for the present work are samples from outcrops in the Santa Barbara and Duduca
massifs, and include granites and greisens which were selected as the least weathered possible.

Several granitic samples show signs of greisenization reactions and are dubbed greisenized granite.

e Granite samples are pink, orange or white, equigranular to inequigranular, sometimes
porphyritic, and can grade from fine- to coarse-grained at the outcrop scale (Fig. 3A). Mineralogy
consists of K-feldspar, plagioclase, quartz and dark mica. K-feldspar forms perthitic, xenomorphic,
sometimes ovoid grains, up to a few centimeters across, that rarely are Carlsbad-twinned.
Plagioclase is close to albite composition, smaller in size than K-feldspar (up to 1 cm across), and
very often idiomorphic to hipidiomorphic, in slab-like crystals. Quartz occurs in various sizes and is
xenomorphic. Mica is mostly interstitial to matrix grains (Fig. 3B). Accessory minerals are topaz,
fluorite, zircon, rutile, ilmenite, columbite, REE minerals, such as monazite and bastnasite and,
rarely, cassiterite. Accessory minerals are found almost exclusively as minute inclusions in mica
grains. Sometimes, mica occurs as garland- or crown-shaped poikilitic aggregates that contain
inclusions of accessory (e.g. zircon, fluorite, and monazite) and matrix minerals (e.g. quartz and
feldspars; Fig. 3C), particularly in the granite outcrops more distal to the greisen. In the more
proximal parts, granites sometimes show textures indicative of albitization and K-feldspathization,
such as swapped-rim texture. Two families of subvertical diaclases crosscut almost all outcrops.

Such diaclases sometimes show quartz veinlets, quartz + dark mica veins, or aplites.

e Greisen are grey to black, coarse-grained, granular, homogeneous, massive, isotropic rocks
containing essentially dark mica and quartz in varying proportions (Fig. 3D-E). Greisen can be
distinguished by their complete or almost complete absence of feldspar. Quartz can be
xenomorphic or prismatic. Mica occurs as flakes with no preferential orientation, millimeters to
centimeters across. Topaz, cassiterite, columbite, fluorite and REE minerals occur as accessories
(Fig. 3E). Cassiterite is the most abundant ore mineral. It is found either bordering mica crystals or
partially included in them. Crystals have short prismatic forms, which often appear in aggregates

or twins, hundreds of micrometers across (Fig. 3F). Other accessory minerals occur disseminated
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in the matrix or as inclusions in mica. Columbite occurs as coarse, tabular crystals, as do other Nb-

tantalates. Fluorite can occur as coarse anhedral grains or euhedral, finer crystals.

e  Greisenized granite occurs as halos around greisens and around quartz + dark mica %
cassiterite veins that crosscut the granite (Fig. 3G). Greisenized granite is not completely feldspar-
free as greisens are, but has higher mica and quartz content than non-altered granite. Feldspars in
greisenized granite are ‘spotted’ — i.e. they have been partially replaced by medium-grained dark
mica aggregates, resulting in mica specks or spots (Fig. 3G) and slabs of mica pseudomorphic after

albite (Fig. 3H). The core of these slabs often contains a paragenesis of quartz + topaz + fluorite.

Columbite occurs in coarse, tabular crystals and is more abundant than cassiterite (Fig. 3l).

Fig. 3: Petrographic overview of the samples studied. (A), (D) and (G): Hand specimens. (B), (C), (E), (F) and (H):
Photomicrographs in transmitted light. (B) with crossed polars, all others in plane light. (1): BSE image. (A):
Granite sample of the outcrop 013. (B): Typical mineralogy and texture in granites of outcrop 006 (C) Garland-
like poikilitic mica aggregates found in early, less differentiated granites, such as sample 013A. (D): Greisen
(sample 007E). (E) Typical mineralogy and texture in greisens (sample 007E). (F): Twinned intergrown cassiterite
crystals in greisen mica, sample 029BM. (G) Greisenized granite surrounding quartz-mica vein. (H) slab-like
aggregates of mica with fluorite, quartz and topaz (center), found in greisenized granites (sample 030B). (I)
Columbite crystal included in mica in greisenized granites (sample 030B). Abbreviations: Ab — Albite. Col —
Columbite. Cs — Cassiterite. FI — Fluorite. Ilm — limenite. Kfs — K-feldspar. Spy — Siderophyllite. Tpz — Topaz. Qz —
Quartz.
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8.5. Methods

A total of 34 samples were cut into polished thin sections for optical and SEM petrography and for

microanalysis.

Whole-rock analyses were performed at Bureau Veritas Minerals Vancouver. Major oxides were
determined via ICP-ES and most trace elements (i.e. Be, Co, Cs, Sc, Ni, Ba, Ga, Cs, Hf, Nb, Tb, Sn, Sr,
Ta, Th, U, V, W, Zr and REE) via ICP-MS, after lithium-borate fusion. Chalcophile and other trace
metals (viz. Mo, Cu, Pb, Zn, Ni, As, Cd, Sb, Bi, Ag, Au, Hg, Tl, Se) were determined via ICP-ES/MS after
aqua regia dissolution. Lithium content was determined via ICP-ES after sodium peroxide fusion.
Rubidium was determined through ICP-MS at the Nuclear Technology Development Center, Brazil,

after multiacid dissolution.

Major elements in mica were analyzed with the JEOL JXA-8900 electron microprobe at the
Microanalyses Laboratory of the Microscopy Center in UFMG, Belo Horizonte, Brazil. Operating
conditions were 15 kV accelerating voltage, a current of 20 nA, and a fully focused beam. The
following elements were analyzed, with standards, lines and counting times in parenthesis: Na
(jadeite, Ka, 10s), Si (jadeite, Ka, 10s), Ba (BaSO,, La, 10s), Cl (chloroapatite, Ka, 20s), Al (jadeite, Ka,
10s), Rb (RbAs, La, 30s), Ti (rutile, Ka, 30s), K (sanidine, Ka, 20s), F (fluorite, Ka, 60s), Mn (rodonite,
Ka, 20s), Ca (fluorite, Ka, 20s), Mg (MgO, Ka, 20s), Fe (FeAs,, Ka, 20s), Cs (pollucite, La, 30s), Zn (ZnS,
Ka, 10s) and P (chloroapatite, Ka, 10s). Background count times were half the peak time, except for

fluorine, in which background count is equal to peak time.

Trace elements and lithium in mica were analyzed via LA-ICP-MS in the Chemistry Lab, NAP-
Geoanalitica, of the Geosciences Institute at USP, Sdo Paulo, Brazil. A Nd:YAG New Wave UP-213
laser was used, with a spot diameter of 40 um, rate of 15 Hz, and an optimal fluence between 3 and
4 J/cm?. The ablated material was carried to the coupled Thermo Scientific ICAP Q ICP-MS. A 60-
second background reading time preceded 60 second of data acquisition. Acquisition was made in
raster (line-scan) mode, at a 2 um/s speed. The placement of the line scan was chosen in a way to be

as close as possible to the matching EPMA spot, while also avoiding inclusions and chemical zoning.

The chemical homogeneity of the ablated volume can be attested by the ‘flatness’ of the
corresponding cps profile. If chemical homogeneity of the ablated volume cannot be attested, it

means that equivalence between EPMA and LA-ICP-MS analysis cannot be assumed.

In about 10% of the analyses, ablated inclusions produced visible cps peaks in the corresponding
element, which were dealt with accordingly, either by discarding the sample or by excluding the peak

from the integration.
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Analyzed isotopes in LA-ICP-MS (with integration times and average detection limits in parenthesis)
were: 'Li (16,7 ms, 1.3 ppm), Al (16,7 ms, 1.2 ppm), 2Si (16,7 ms, 720 ppm), **Sc (25 ms, 0.25 ppm),
*Ti (16,7 ms, 4.2 ppm), *Ti (16,7 ms, 3.4 ppm), ®Ga (16,7 ms, 0.13 ppm), "*Ge (16,7 ms, 1.4 ppm),
®Rb (16,7 ms, 0.2 ppm), %Sr (16,7 ms, 0.08 ppm), ©Nb (16,7 ms, 0.07 ppm), **’In (25 ms, 0.09 ppm),
1851 (16,7 ms, 0.97 ppm), **°La (16,7 ms, 0.07 ppm), **°Ce (16,7 ms, 0.07 ppm), ***Pr (16,7 ms, 0.06
ppm), *3Nd (16,7 ms, 0.50 ppm), **’Sm (16,7 ms, 0.42 ppm), ***Eu (25 ms, 0.12 ppm), **’Gd (25 ms,
0.38 ppm), **°Tb (25 ms, 0.06 ppm), **'Dy (25 ms, 0.34 ppm), ***Ho (25 ms, 0.06 ppm), *°Er (25 ms,
0.19 ppm), ***Tm (25 ms,0.06 ppm), *"*Yb (25 ms, 0.38 ppm), *’°Lu (25 ms,0.06), **'Ta (16,7 ms, 0.06),
82\ (16,7 ms, 0.3 ppm) and 2Tl (25 ms, 0.11 ppm). The software Sills was used to convert the
obtained cps profiles into ppm data (Guillong et al., 2008) by using NIST-610 as a reference material.
Aluminum-27 was used to correct for equipment drift and also as an internal standard to correct for
differences between ablation behavior of samples and NIST-610. Additionally, NIST-612 and BHVO-2
standards were analyzed before and after sessions to assess analytical quality. Analyzed values on

reference materials were within a 20% deviation of the certified values for all elements.

Unless stated otherwise, the notation ppm — parts per million — refers to mass/mass proportions, i.e.
is equivalent to pg/g. Mica apfu formulas were calculated based on 22 total charges using the
software Mica+ (Yavuz, 2003a, 2003b), from EPMA and the Li content obtained via LA-ICP-MS. For
crystals not analyzed via ICP-MS, the Li content was estimated based on EPMA fluorine analysis, as

per the equation of Tischendorf et al. (1997). For details, see discussion.

8.6. Whole-rock analyses

Eight least weathered samples of granite, greisenized granite and greisen were chosen for whole-
rock analysis. One of the greisenized granite samples (006A) shows only incipient signs of
greisenization, while the other (030B) shows macroscopically visible replacement of plagioclase by
mica (i.e. spotted feldspar, see Fig. 3G). The granitic sample 030D corresponds to fresh, non-
greisenized granite from the same outcrop as the strongly greisenized sample 030B. The three
greisen samples can be ranked from the lowest mica content (029BF), intermediate mica content

(007E) to the highest mica content (029BM).

Whole rock analyses are compiled in Table 1. When plotted in classification diagrams (Dall’Agnol and
de Oliveira, 2007; Frost et al., 2001; Whalen et al., 1987), the granite samples show an A-type,
peraluminous, alkali-rich, ferroan chemical signature (Fig. 4A-D). The FeO/(FeO + MgO) ratio is close
to 1 for all samples. The A/CNK index —i.e. molar Al,03/(CaO + Na,O + K,0) —is >1 and since CaO = 0
for all samples, A/CNK index is nearly identical to the A/NK index. Ratios of K/Na are between 1.5 and

2. Many of the diagrams, created for igneous rocks, are inadequate for classification of metasomatic
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Table 1: Whole rock content and alumina indexes for the analyzed samples. LOI: Loss on ignition.
TOT/C: Total carbon. TOT/S: Total sulfur

Sample 013A 019A 030D 006A 030B 007E 029BF 029BM
Type Granite Granite Granite Gr. Gr. Gr. Gr. Greisen Greisen Greisen
wt%

SiO2 73.63 74.32 75.09 75.3 74.53 71.79 85.53 63.76
Al03 12.82 12.55 12.66 13.06 13.24 16.22 5.3 13.6

Fe203(y 2.75 2.64 2.27 2.12 3.94 6.59 5.41 13.07
MgO 0.08 0.03 0.02 0.03 0.01 0.01 <0.01 0.04
Ca0 0.40 0.75 0.73 0.24 0.02 0.02 0.06 0.02
Naz0 291 3.12 3.07 2.71 0.08 0.05 0.03 0.07
K20 5.78 5.22 4.77 4.65 6.41 2.96 2.14 6.08
TiO2 0.21 0.12 0.07 0.04 0.04 0.01 0.04 0.16
P20s 0.07 0.02 0.02 0.02 0.03 0.02 0.01 0.02
MnO 0.06 0.11 0.07 0.09 0.22 0.39 0.28 0.68
Cr203 0.006 0.015 0.008 0.005 0.006 0.002 0.005 0.003
Li20 0.007 0.017 0.037 0.086 0.215 0.243 0.307 1.036
LOI 1.0 0.9 1.0 1.1 1.3 1.8 1.0 2.0

TOT/C 0.05 0.03 0.03 0.06 0.03 0.02 0.03 0.05

TOT/S <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
Sum 99.78 99.79 99.83 99.32 99.87 99.83 99.87 99.46

A/CNK 1.12 1.09 1.16 1.35 1.87 491 2.19 2.03
A/NK 1.16 1.16 1.24 1.38 1.87 4.94 2.24 2.03
ppm

Ba 395 101 42 22 53 20 13 19
Sc 6 4 5 5 6 12 7 27
Be 8 10 7 8 3 5 3 21
Co 1.3 1.9 1.4 0.9 1.4 1.2 1.5 1.1
Cs 41 3.6 9.2 8.9 33.6 23.6 34.8 94.5
Ga 27.5 29.6 31.3 38.5 38.4 51.4 284 76.3
Hf 12.9 10.8 8.5 7.7 6.4 4.0 6.1 6.4
Nb 74.0 97.9 93.1 109.7 121.1 64.4 83.9 314
Rb 286 227 658 610 1275 1441 933 3429
Sn 15 13 20 520 41 263 102 2443
Sr 39.8 15.5 9.3 6.4 2.4 31 1.2 0.6
Ta 4.8 6.9 14.4 21.4 18.7 45 13.3 63.1
Th 48.5 55.8 49.6 56.9 46.7 10.7 28.3 18.4
U 8.8 15.8 14.7 24.1 4.9 9.6 4.0 3.7
\% <8 <8 <8 <8 <8 <8 <8 <8
w 43 4.7 21.7 25.2 7.8 176.7 46.8 53.2
Ir 405 274 166 113 93.9 26.5 88.9 84.1
La 129 130.2 77.6 1155 28.2 13.6 12.4 9.8
Ce 246 252 152.6 354 88 15.4 43.2 325
Pr 27.2 28.42 19.62 320 7.25 3.56 3.93 3.03
Nd 90.1 92.7 67.5 1059 21.3 10.4 11.7 10.2
Sm 15.6 18.3 14.7 247 4.38 2.50 3.08 3.46
Eu 1.39 0.7 0.33 3.31 0.06 0.09 0.03 0.03
Gd 13.3 18.2 14.9 187 3.78 2.53 2.54 3.34
Tb 2.31 3.46 2.89 30.6 0.99 0.5 0.66 0.96
Dy 14.7 23.2 21.1 160 7.78 3.39 4.84 6.82
Y 98.1 167 150 610 25.1 20.7 13.9 9.6
Ho 3.23 5.35 4.69 26.1 1.69 0.81 1.06 1.35
Er 10.7 18.2 16.3 72.8 6.19 2.96 3.87 4.49
Tm 1.71 3.05 2.72 11.1 1.16 0.56 0.72 0.81
Yb 11.9 20.7 18.8 74.4 8.68 4.48 5.76 5.77
Lu 1.80 3.11 2.83 9.58 1.26 0.68 0.86 0.78
Mo 6.6 10.0 6.8 2.1 39 10.8 15.5 2.2
Cu 20.6 6.8 5.0 34.3 6.0 13.5 8.0 5.2
Pb 239 36.2 329 47.4 11.8 28.2 11.9 48
Zn 62 63 99 97 113 253 200 567
Ni 3.6 7.4 4.8 2.9 4.7 3.6 4.5 1.9
As 0.8 1.5 1.4 <0.5 0.9 <0.5 1.2 0.7
Cd <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sb 0.6 0.2 0.6 0.7 0.3 0.2 0.8 0.2
Bi 0.5 <0.1 3.8 2.3 0.5 78.2 8 56.6
Ag 0.2 <0.1 0.1 0.2 0.1 0.4 0.1 <0.1
Au (ppb) 39 6.1 7.2 0.5 221 12.4 3.4 4.6
Hg <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Tl 0.2 0.3 0.8 1.5 3.5 5.3 41 11.2
Se <0.5 <0.5 <0.5 2.3 <0.5 <0.5 <0.5 <0.5

Gr. Gr.: greisenized granite. A/CNK = molar Al,0; / (CaO+Na,0+K,0). A/CN = molar Al,0; / (CaO+Na,0)
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Fig. 4: Whole-rock composition and classification diagrams. (A): A-type / 1&S-type differentiation diagram from
Whalen et al. (1987). (B) Ferroan/Magnesian classification diagram (Frost et al., 2001). (C) MALI vs. silica
diagram (Frost et al., 2001). (D) Reduced A-type and oxidized A-type classification diagram (Dall’Agnol and de
Oliveira, 2007). (E) Trace-element spidergram with abundances normalized to Bulk Continental Crust of Rudnick
and Gao (Rudnick and Gao, 2003). (F) REE normalized to Bulk Continental Crust (Rudnick and Gao, 2003). (G)
and (H): Rare metal contents in ppm. Samples 006A and 030B are greisenized granite. Note: diagrams A-D are
constructed for acid magmatic rocks. Therefore, they cannot be used to classify metassomatic rocks, like
greisens. Greisen and greisenized samples are plotted on the classification diagrams as a way of showing
chemical changes brought by greisenization, not for classificatory purposes.
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rocks, e.g. greisens. Greisen samples are plotted in those diagrams only to provide a chemical

comparison between them and granite (Fig. 4A-C).

The trace-element spidergram normalized to the continental crust (Fig. 4E) shows that granite has
higher contents in most trace elements, viz. Ba, Zr, Hf, Sr, Th and REE, while greisen has higher

contents of Rb, Sn, W and Ta. Niobium contents are comparable.

Rare earth element profiles, normalized to the continental crust (Fig. 4F), show a flat seagull pattern.
Granites tend to be slightly richer in REE than greisen. Greisenized granite sample 030B lies between
granite and greisen, but total REE content on sample 006A reaches 4300 ppm. This is likely related to

the large number of accessory REE-bearing inclusions on mica.
All samples have negative Eu anomalies, and the greisen samples have a negative Y anomaly.

Rare metal contents tends to correlate positively between themselves and increase from granite to
greisen, reaching up to 2400 ppm Sn. Niobium behaves differently, having nearly constant content in
all rock types, between 74 and 121 ppm Nb. Only one sample, 029BM, has an anomalous content of

314 ppm Nb (Fig. 4G-H).

8.1. Mica Chemistry

Analyzed mica is divided in two major groups: trioctahedral and dioctahedral micas. Dioctahedral
mica in the Santa Barbara area is muscovite (Fig. 5A) and ferroan-muscovite (‘phengite’) with low F
and Li content. Compositional intervals are 0.1-1.6 wt% F (0.02-0.35 F apfu); 0-0.8 wt% Li,O (0-0.21 Li
apfu), 41.9-50.8 wt% SiO, (3.0-3.4 Si apfu), 23.8-39.4 wt% Al,0; (0.58-0.99 Al" apfu, 1.32-2.05 Al
apfu), 1.2-9.86 wt% FeO (0.07-0.57 Fe apfu), 0-0.15 wt% TiO, (0-0.01 Ti apfu), 0-0.4 wt% MnO (0-0.04
Mn apfu), 0-1.7 wt% MgO (0-0.17 Mg apfu), 7.5-10.5 wt% K,0 (0.6-0.9 K apfu), 0-0.3 wt% Na,O (0-
0.03 Na pafu), 0.0-0.05 wt% Rb,0 (0-0.002 Rb apfu) (see Table 2 for details).

Trioctahedral mica in the Santa Barbara area varies from siderophyllite to more F- rich lithian-
siderophyllite (Fig. 5A-B). The ranges of composition are: 33.6-44.6 wt% SiO, (2.7-3.2 Si apfu), 16.3-
23.5 wt% Al,0; (0.8-1.3 AlY apfu, 0.36-1.06 Al" apfu), 14.4-31.1 wt% FeO (0.9-2.1 Fe apfu), 0-3.9 wt%
TiO, (0-0.24 Ti apfu), 0.3-1.8 wt% MnO (0.02-0.12 Mn apfu), 7.9-10.4 wt% K,0 (0.81-0.98 K apfu), O-
0.3 wt% Na,0 (0-0.04 Na pfu), 0 a 0.67 wt% Rb,0 (0-0.03 Rb apfu), 0.5-4.6 wt% F (0.1-1.0 F apfu), 0.2-
2.2 wt% Li,O (0.05-0.63 Li apfu). Magnesium contents are typically below 0.6 wt% MgO (0-0.07 Mg
apfu), but a few granitic samples reach up to 1.8 wt% (up to 0.2 Mg apfu) (for details refer to Table
2).
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70

Table 2: Representative EPMA analyses in oxide weight % and APFU estimates of di and trioctahedral mica of different settings.
Greisenized Granite

Qutcrop
Type
IMA
#
AlLO3
Si0:
TiO=
FeO
MnO
MgO
Zn0
Li20 (M)
Li,0 (Si)
Li20 (F)
Ca0
ZDMO
K20
BaO
Rb20
Cs20
F
Cl
OH*
Total %

apfu

AlQV)
si

Al(VT)
Ti
Fe (1)
Mn
Mg
Zn
—Lm**
M-site

Ca
Na
K
Ba
Rb
Cs
I-site

Cl
OH*

mgli
feal

013

Ga Ga

S S

7 8
16.85 | 16.25
34.75 | 36.04
281 | 3.00
28.90 | 28.27
034 | 0.34
1.67 | 1.80
0.18 | <0.07
0.20 | 0.16
042 | 0.79
0.12 | 0.16
<0.02 | 0.03
0.09 | 0.16
9.40 | 9.39
<0.09 | <0.09
<0.03 | <0.03
<0.02 | <0.02
0.78 | 0.94
0.75 | 0.81
6.02 | 592
99.42 | 99.75
1.22 | 1.143
2.78 | 2.857
0.368 | 0.375
0.169 | 0.179
1933 | 1.874
0.023 | 0.023
0.199 | 0.213
0.011 | BD.L
0.064 | 0.052
2,756 | 2,716
B.D.L | 0.003
0.014 | 0.025
0.959 | 0.95
B.D.L | BD.L
BD.L | BD.L
BD.L | BD.L
0.973 | 0.978
0.197 | 0.236
0.102 | 0.109
1.701 | 1.655
0.135| 0.161
1.757 | 1.701

Granite
018
1
S Fe-M
2 14
19.36 23.84
35.53 50.75
2.38 0.07
27.19 9.86
0.48 <0.03
0.62 1.73
0.09 <0.07
N.A. N.A.
0.65 5.01
0.38 0.40
<0.02 0.37
0.24 0.09
947 9.99
<0.09 <0.09
<0.03 <0.03
<0.02 <0.02
1.59 1.64
0.39 <0.01
5.64 6.93
99.95 | 101.72
1.225 0.577
2.775 3.423
0.558 1.318
0.14 0.004
1.776 0.556
0.032 B.D.L
0.072 0.174
0.005 B.D.L
0.119 0.108
2,697 2,160
B.D.L 0.027
0.036 0.012
0.944 0.86
B.D.L B.D.L
B.D.L BD.L
B.D.L BD.L
0.98 0.899
0.393 0.35
0.052 B.D.L
1.555 1.649
-0.047 | 0.066
1.39 -0.757

026
I
Li-S
11
19.30
38.30
1.51
23.62
0.77
042
0.14
N.A.
1.44
0.98
<0.02
0.17
9.74
<0.09
0.17
0.04
2.83
0.03
490
99.41

1.085
2915

0.647
0.086
1.504
0.05

0.048
0.008
0.299
2,634

B.D.L
0.025
0.946
B.D.L
0.008
0.001
0.98

0.682
0.004
1.315

-0.251
0.993

006
I 1
Li-S Li-S
7 12
20.38 20.88
39.23 40.67
1.07 0.89
21.87 19.16
1.06 1.13
0.14 0.10
0.17 0.13
1.33 N.A.
1.71 2.12
1.22 161
<0.02 <0.02
0.19 0.12
9.59 9.93
<0.09 <0.09
0.21 0.24
<0.02 0.03
3.24 3.83
0.02 0.05
468 426
99.61 99.40
1.071 1.014
2929 2.986
0.723 0.793
0.06 0.049
1.366 1.177
0.067 0.07
0.016 0.011
0.009 0.007
0.398 0.474
2,630 2,574
B.D.L B.D.L
0.028 0.017
0914 0.93
B.D.L B.D.L
0.01 0.011
B.D.L 0.001
0.952 0.959
0.765 0.89
0.003 0.006
1.232 1.104
-0.383 | -0.463
0.77 0.503

027
I
Li-S
9
21.80
43.02
<0.03
17.33
0.86
0.07
<0.07
N.A.
2.79
1.86
<0.02
0.06
10.14
<0.09
0.10
<0.02
4.19
<0.01
418
99.88

0.927
3.073

0.909
B.D.L
1.035
0.052
0.007
B.D.L
0.535
2,538

B.D.L
0.008
0.924
B.D.L
0.005
B.D.L
0.937

0.947
B.D.L
1.053

-0.527
0.178

=z

34.03
48.92
<0.03
291
0.04
0.07
0.11
0.07
4.49
<0.02
<0.02
0.08
9.61
<0.09
<0.03
0.03
<0.25
<0.01
842
100.33

0.781
3.219

1.858
B.D.L
0.16
0.002
0.007
0.005
0.019
2,046

B.D.L
0.01
0.807
B.D.L
BD.L
0.001
0.818

B.D.L
B.D.L
1.955

-0.012
-1.696

030
I P
Li-S Li-S
9 1
2151 | 21.60
40.67 | 42.48
1.32 <0.03
19.35 | 16.58
0.86 1.36
0.06 <0.01
<0.07 0.11
0.90 1.48
2.12 2.64
1.14 1.09
<0.02 | <0.02
0.10 0.13
10.03 9.88
<0.09 | <0.09
0.19 0.17
0.04 0.05
3.11 3.03
0.07 0.02
483 5.04
99.44 | 98.28
0.988 | 0.899
3.012 | 3.101
0.89 0.959
0.074 | BD.L
1.199 | 1.012
0.054 | 0.084
0.007 | BD.L
B.D.L | 0.006
0.266 | 0.432
2,490 | 2,487
B.D.L | BD.L
0.014 | 0.018
0.948 0.92
B.D.L | BD.L
0.009 | 0.008
0.001 | 0.002
0.972 | 0.948
0.729 0.7
0.009 | 0.002
1.262 | 1.298
-0.26 | -0.432
0.436 | 0.137

Li-S

21.61
44.46
0.06
15.72
0.97
<0.01
0.14
1.72
3.21
1.72
0.03
0.10
10.05
<0.09
0.24
<0.02
4.00
0.02
438
99.75

0.841
3.159

0.969
0.003
0.934
0.058
B.D.L
0.007
0.488
2,452

0.002
0.014
0911
B.D.L
0.011
BD.L
0.938

0.899
0.002
1.098

-0.487
0.027

006
Gs Gs
Li-S Li-S
2 12
21.76 | 21.97
40.99 | 40.85
<0.03 | <0.03
19.08 | 19.06
1.07 1.16
0.03 0.04
0.11 0.24
1.66 1.73
221 2.17
1.44 1.81
<0.02 0.03
0.14 0.18
9.87 9.95
0.10 <0.09
0.23 0.15
0.05 <0.02
3.59 412
0.03 0.02
447 4.09
99.56 | 99.93
0986 | 1.029
3.014 | 2971
0.9 0.854
B.D.L B.D.L
1173 | 1.159
0.067 | 0.071
0.003 | 0.004
0.006 | 0.013
0412 | 0.504
2,555 | 2,592
B.D.L | 0.002
0.02 0.025
0926 | 0923
0.003 B.D.L
0.011 | 0.007
0.002 B.D.L
0962 | 0957
0.835 | 0.948
0.004 | 0.002
1161 | 1.049
-0.409 | -0.499
0.34 0.377

32.87
48.71
<0.03
4.09
<0.03
0.14
0.08
N.A.
443
N.A.
0.03
0.04
10.27
0.19
<0.03
<0.02
<0.25
0.02
8.36
100.87

0.772
3.228

1.795
B.D.L
0.227
B.D.L
0.014
0.004
0.003
2,039

0.002
0.005
0.868
0.005
B.D.L
B.D.L
0.88

B.D.L
0.002
1.956

0.01
-1.568

Greisen

029B
Gs
Li-S
15
21.65
41.81
0.44
17.54
1.16
0.03
0.23
1.99
2.45
1.90
<0.02
0.16
9.93
<0.09
0.35
<0.02
4.24
0.02
4.07
99.92

0.994
3.006

0.84
0.024
1.055
0.071
0.003
0.012
0.573
2,566

B.D.L
0.022
0911
B.D.L
0.016
BD.L
0.949

0.965
0.002
1.033

-0.57
0.309

Gs
Li-S
21,1

21.49
43.37
0.09
16.83
1.18
0.03
0.19
1.89
2.90
1.86
<0.02
0.19
9.90
<0.09
0.29
<0.02
4.19
0.02
417
100.10

0.905
3.095

0.903
0.005
1.005
0.071
0.003
0.01

0.526
2,513

B.D.L
0.026
0.901
B.D.L
0.013
B.D.L
0.94

0.946
0.002
1.051

-0.523
0.177

029A
Gs Gs
Li-S Li-S
4 12
2123 | 21.69
42.08 | 4295
0.55 <0.03
16.74 | 16.71
0.97 1.09
0.10 0.02
<0.07 | <0.07
N.A. N.A.
2.52 2.77
1.60 2.05
0.04 <0.02
0.13 0.15
9.87 10.32
<0.09 | <0.09
0.26 0.14
<0.02 | <0.02
3.82 4.45
<0.01 | <0.01
432 3.96
98.07 | 99.80
0.925 | 0.937
3.075 | 3.063
0.904 | 0.887
0.03 B.D.L
1.023 | 0.997
0.06 0.066
0.011 | 0.002
B.D.L B.D.L
0.470 | 0.589
2,498 | 2,541
0.003 B.D.L
0.018 | 0.021
0.92 0.939
B.D.L B.D.L
0.012 | 0.006
BD.L B.D.L
0.953 | 0.966
0.883 | 1.004
B.D.L B.D.L
1.115 | 0.996
-0.459 | -0.587
0.209 | 0.176

Below detection limit.

Not analyzed. B.D.L.

content measured via LA-ICP-MS. Li,O (Si)

Totals corrected for F, Cl and OH equivalence. N.A.

Li,O (M)

0.177*F-%* of

leo =

ion

Content estimated by the equat

Tischendorf et al. (1997). For explanation see text.

Li,O (F)

0.287*Si0,-9.552 of Tindle and Webb (1990)
te occupancy. ** calculated based on Li,O (M) if available and Li,O (F) elsewhere.

i20 =

L

ion

Content estimated by the equat

-Sl

. *estimated based on full A

Ferroan Muscovite.

te. Fe-M:

Isen

Muscovi

ite. M

iderophyll

: Lithian s
ial. P

: Siderophyllite. L

IMA name. S

IMA

Gre

Pseudomorphs. Gs

Intersti

Garland. I:
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Type
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Dioctahedral mica occurs as late replacement of mica and feldspar, and is not texturally related to
greisenization or to greisen-related minerals. It is likely due to a late event of muscovitization
identified in the literature (Bettencourt et al., 2005; Sparrenberger, 2003). In this work, attention will

be focused henceforth on the trioctahedral mica.

Trioctahedral mica displays a negative Sr versus Rb correlation (Fig. 5C). Rare-metal contents are
positively correlated, while Sn and Li are negatively correlated (Fig. 5D-E). Titanium correlates with Fe

and Mg and inversely correlates with Si and Al (e.g. Fig. 5F-G).

Granitic mica grades from Ti-, Mg- and Fe-rich siderophyllite, at distances greater than 600m of the
greisen; to Li- and F-rich lithian-siderophyllite, at distances of smaller than 200 m of the greisen. This
defines a zoning of the granite mica composition within the massif, based on the distance to the

greisen (Fig. 5B).

Tin and other rare-metal contents are generally lower in greisen mica than in granite mica (Table 3).
Bulk crust-normalized mica REE spidergrams show profiles with a marked negative Eu anomaly on all

samples (Fig. 6).

Trace and rare-earth element content allows subdividing mica from granite into two groups (Table 3).
In granites, mica in poikilitic, garland-shaped aggregates (Fig. 3C) is texturally and chemically
different from interstitial mica (Fig. 3B). When compared to interstitial granite mica, these
aggregates are very poor in Li, Rb and F (see Table 3, average 0.2 wt.% Li,0, 0.15 wt.% F and 1470
ppm Rb) and poor in Sn and W (see Fig. 5D-E, average 155 and 24 ppm respectively), but enriched in
Ti and REE, particularly Yttrium (average 2% wt. TiO,, 500 ppm TREE, 190 ppm Y). Garland mica show
relatively flat REE profiles with no Ce anomaly and positive Y anomaly, in contrast to interstitial mica

(Fig. 6A).

Mica in greisenized granite also occurs in two different chemical and textural groups (see Table 3).
One population is texturally and chemically similar to granitic interstitial mica. A second population
consists of slab-like aggregates of mica crystals (Fig. 3H), that shows very low Sn, Nb, Ta, W (see Fig.
5D-E; average 85, 21, 4 and 2 ppm, respectively), Ge and Sc and unusually high Sr (see Fig. 5C,
average of 21 ppm, with up to 54 ppm Sr).
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Table 3: Representative LA-ICP-MS analyses and estimates of Li content in mica samples, in ppm
Greisenized granite

Type
Sample
IMA*
Li
Al
S
T
T
Ga
Ge
Rb
Sr
Nb
In
Sn
Ta
W
T
Sc
Y
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Yb
Ho
Er
m
Lu

*IMA classification name. S: Siderophyllite. Li-S: Lithian siderophyllite. M: Muscovite. Fe-M: Ferroan Muscovite.

Granite
Garland Interstitial
7 8 3 12.1
S S Li-S Li-S
928 756 6349 7799
89175 85999 109074 | 112620
168106 | 153666 | 187106 | 205743
12254 12632 3493 5267
13357 13870 3747 5714
126 127 167 142
12 11 11 10
1464 1217 7069 7704
6.99 15.02 0.66 0.59
560 553 336 245
1.48 2.37 3.36 3.43
97 227 517 200
18 17 71 32
1 5 19 16
7 7 27 23
95 84 85 64
187.02 235.40 0.08 0.61
58.83 71.75 <0.04 <0.06
93.89 120.03 <0.07 0.41
11.54 15.33 <0.04 <0.05
45.6 61.9 <0.5 <0.5
12.1 15.1 <0.4 <0.3
1.1 1.3 <0.1 <0.1
16.1 18.8 <0.3 <0.3
2.31 3.13 <0.05 0.06
15.5 21.4 <0.2 0.6
11.2 15.0 <0.3 0.5
3.37 4,78 <0.05 0.09
10.3 15.3 <0.05 0.3
1.64 2.33 <0.05 0.10
1.71 2.28 <0.04 0.08

7
Li-S
6166
107856
202753
5213
5781
163
9
7153
5.48
542
5.55
265
77
12
23
58
35.26
25.25
5.06
6.07
22.1
5.2
<0.1
5.1
1.01
6.9
5.0
1.42
4.4
0.68
0.73

Interstitial
8 9
Li-S Li-S
5999 4156
107274 113837
184381 174259
1981 2733
2253 3082
143 138
9 8
7779 5171
0.16 1.52
240 328
6.14 3.04
362 209
133 56
16 15
23 17
56 59
24.88 20.44
15.78 16.43
2.37 45.85
3.81 2.11
14.6 5.6
3.5 2.2
<0.05 <0.05
4.2 3.2
0.76 1.16
5.5 9.8
4.5 7.3
1.16 2.00
3.5 6.3
0.61 1.07
0.65 0.72

10
Li-S
6960
116007
212205
28
32
154
5
5946
1.16
21
0.55
95
3
1
26
22
2.35
20.19
30.35
2.44
4.9
<0.5
<0.05
0.4
0.08
<0.3
<0.3
0.08
<0.1
<0.04
<0.05

Slab-like
15 1
Li-S Li-S
7951 6903
114366 | 114313
267961 | 247015
35 44
35 41
138 145
3 4
5731 5781
54.68 38.77
11 26
0.59 0.82
72 76
2 5
1 3
25 26
16 18
5.38 11.42
29.36 18.09
38.10 64.99
3.36 4.32
6.8 10.8
1.0 2.2
<0.1 <0.05
0.9 1.5
0.12 0.31
0.8 2.1
7951 2.2
114366 0.38
267961 1.2
35 0.20
35 0.27

9
Li-S
3638
110238
168598
344
387
135
4
4293
1.20
57
3.56
145
12
10
12
28
27.83
90.50
22.34
23.10
80.0
16.5
0.2
8.5
1.21
7.7
5.1
1.34
43
0.70
0.77

2
Li-S
7680
115160
208056
205
218
132
5
6318
0.15
129
3.03
232
54
16
18
40
0.67
2.96
0.78
0.81
3.6
0.4
<0.1
<0.4
0.07
<0.3
<0.3
<0.06
<0.1
<0.05
<0.05

12
Li-S
8011
116271
201620
31
31
152
4
6559
1.44
38
2.90
135
7
8
20
38
2.65
18.15
4.82
5.22
16.7
3.3
<0.1
1.2
0.17
1.1
0.5
0.17
0.3
0.08
0.08

Greisen

4.1
Li-S
8174
114525
198967
62
71
128
5
5891
0.16
69
2.63
226
14
14
18
33
0.83
2.78
0.72
0.91
2.4
0.6
<0.1
<0.4
<0.06
<0.4
<0.4
<0.06
<0.2
<0.06
<0.06

15
Li-S
9212
114578
202276
638
667
116
5
7415
<0.07
95
4,33
202
12
22
23
49
<0.06
<0.08
<0.04
<0.07
<0.6
<0.4
<0.1
<0.4
<0.07
<0.4
<0.4
<0.05
<0.2
<0.07
<0.05

12
Li-S
9096
116853
212028
487
520
124
5
7181
0.24
102
4,00
201
14
17
23
34
0.07
<0.07
0.14
<0.06
<0.3
<0.4
<0.1
<0.2
<0.07
<0.2
<0.4
<0.06
<0.1
<0.06
<0.06

21.1
Li-S
8756
113731
201679
534
564
126
5
6906
0.13
95
3.49
157
12
14
22
31
<0.08
<0.09
<0.10
<0.08
<0.7
<0.5
<0.1
<0.5
<0.07
<0.3
<0.5
<0.11
<0.2
<0.05
<0.08
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8.2. Discussion

8.2.1. Changes in rock chemistry and mineralogy

Normative essential mineralogical content of samples was calculated based on whole-rock analyses
and mica composition. The calculation is based on allocating the most predictable elements to the

observed essential mineralogy. As such, accessory minerals contents are not calculated.

The Na,0 and CaO contents were assigned to albite and anorthite. Iron content was ascribed to mica,
in the proportion obtained via mica chemistry for that sample. After determining plagioclase and
mica content, remaining K,0O was attributed to K-feldspar. The remaining excess alumina was
interpreted as coming from topaz, and excess silica after that, from quartz. The estimated
mineralogical results are coherent with petrographical observations and visual modal estimations,

and are presented in Table 4.

The mineral abundances (in wt. %) of the granite samples are 9-11 % mica, 52-57 % feldspar, <1 %
topaz and 33-37 % quartz. In greisenized samples, these contents are 9-19 % mica, 28-47 % feldspar,
4-7 % topaz and 40-46 % quartz. In greisen samples, the calculated mica and quartz contents are
larger (33-65 % and 35-72 %, respectively), topaz may reach up to 15 % and feldspar is absent (<1%).

These observations are in line with visual and microscopic estimates.

The samples 030B and 030D provide insights into the greisenization process. The two samples come
from the same outcrop, but 030B was collected from the first few cm of a greisenization halo along a
mica—quartz—cassiterite vein (Fig. 3G). Sample 030D was collected several meters from the vein, and
shows no chemical or textural sign of greisenization. Sample 030D is compositionally and
mineralogically very similar to fresh granite samples 013A and 019A, with an estimated plagioclase
content of 30 %, which in 030B is <1 % (Table 4). This is paired with an increase in the content of
quartz (from 37 to 46 %), mica (from 11 to 19 %), and topaz (from <1 to 7 %). K-feldspar content is
similar. This suggests that the metasomatic reactions consumed plagioclase more readily than K-

feldspar, which is in line with literature (Stemprok, 1987).

The Rb/Sr ratio of granites is 50-500 times higher than the crustal values (Fig. 7, Table 1). The
hydrothermal overprint increases this ratio even further to 5000-50000 the crustal values. This is
because Rb content is controlled by mica, and Sr content by feldspar (Fig. 7A, Table 4). Rare metals
content in whole-rock, especially Sn, W and Ta, increases during the process. Niobium content does
not change significantly between rock types, except for one greisen sample with >300 ppm Nb (Fig.

4G-H).
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Table 4: Mineralogical content from samples, in wt. % and some chemical parameters. Calculations were based on whole-rock analyses and proofed via petrographical observations. For

explanation, see text.

013A
019A
030D
006A
0308B
007E
029BF
029BM

Granite
Granite
Granite
Gr. Gr.
Gr. Gr.
Greisen
Greisen
Greisen

Gr. Gr.: greisenized granite.

Quartz

33
34
37
40
46
51
72
35

Mica

Topaz

<1
<1
<1
4
7
15
<1
<1

Anorthite

Albite

25
27
26
23
1
<1
<1
<1

Ab + An

27
30
30
24
<1
<1
<1
<1

K-feldspar

30
27
22
22
27
<1
<1
<1

Feldspar (t)

57
57
52
47
28
<1
<1
<1

Nb/Ta

15.4
14.2
6.5
5.1
5.0
1.4
6.3
5.0

Zr/Hf

314
25.3
19.5
14.6
14.7
6.6
14.6
131

Y/Ho

30.4
31.6
32.0
23.3
14.9
25.6
131
7.1
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The Nb/Ta, Zr/Hf, Th/U, Y/Ho ratios for the less differentiated granite samples are close to crustal
averages (Rudnick and Gao, 2003). Magmatic differentiation and hydrothermal overprint produce
large discrepancies from crustal values (Fig. 7B, Table 1). This non-charge and radius controlled
behavior is typical of fluid-rich settings (Bau, 1996). Between sample 030D and its greisenized
variant, 030B, the Nb/Ta ratios are nearly identical (6.46 and 6.47 respectivelly), but the Rb/Sr ratio
has changed from 75 to 417, the Zr/Hf ratio has changed from 19 to 15, and the Y/Ho ratio has
changed from 32 to 15.
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Fig. 7: (A) Whole-rock Rb/Sr ratio vs percentage of mica in the rock, in weight. The dashed line corresponds to
the Rb/Sr ratio of the bulk continental crust (Rudnick and Gao, 2003). (B) Whole-rock Rb/Sr versus Nb/Ta ratios
of the samples compared to the bulk continental crust (Rudnick and Gao, 2003).
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8.2.2. Lithium estimates vs. lithium analyses in mica

Lithium is an analytically challenging element in minerals, due to its low molar mass and low specific
X-ray energy, and cannot be routinely quantified via electron probe microanalysis, one of the most
widespread techniques for non-destructive in-situ microanalysis for mineral chemistry (Hovington et
al.,, 2016). While wet-chemistry can quantify Li, bulk analysis does not account for overgrowths,
intergrowths, inclusions, zoning, and presence of multiple generations of the same mineral.
Moreover, it is not possible to calculate Li from formula stoichiometry because of the complex

substitution mechanisms in mica and presence of vacancies.

Greisen mica — often called zinnwaldite — is Li-rich, sometimes reaching up to a few wt% Li. Some
authors (e.g. Tindle and Webb, 1990; Tischendorf et al., 1999, 1997) have observed an empirical
correlation between Li and other elements — such as Si, Mg, Rb and F — in mica from various
geological settings. These papers have proposed empirical mathematical curves that allow estimating

Li content from the content of these elements.

The Si-based estimations for trioctahedral Mg-poor mica are often used by some workers as a
method for determining Li concentration in greisen-mica both worldwide (e.g. Colombo et al., 2010;
Legros et al., 2018; Li et al., 2015) and in Brazil (Borges et al., 2003), including in the RTP (Lowell and
Ahl, 2000; Nascimento and Souza, 2017; Sparrenberger, 2003). However, works that coupled LA-ICP-
MS and EPMA have reported differences between in-situ Li analyses and Si-based estimates of Li
content using the Tindle & Webb (1990) equation or that from Tischendorf et al. (1997) (e.g. Breiter
et al.,, 2017; Thiergartner, 2010; Xie et al., 2015), or results that are inconsistent with current
knowledge about mica miscibility (e.g. Legros et al., 2018, 2016). In the present work, the Si-based
estimation has systematically overestimated Li content by nearly 20 % when compared to the LA-ICP-

MS data (Fig. 8A).

One of the theoretical explanations for the empirically-observed positive correlation between Si and
Li is based on the annite-trilithionite substitution (Rieder et al., 1999). It consists in the exchange of
3Fe™ <> 2Li* + AP* in the octahedral site, whose charge-deficiency is compensated by the coupled
substitution of AI** <> Si*" in the tetrahedral site. A perfectly trioctahedral mica would therefore
incorporate Li by addition of Si** to the tetrahedral site (Fig. 8C). The mica analyzed in this work is not

perfectly trioctahedral, due to the presence of vacancies (Fig. 8C-D).
Vacancies can be present in the mica structure as a result of the substitution annite-muscovite: 3R*
&> 2A17 + 0. The siderophyllite-muscovite substitution is more complex and involves 2R* <> Al*® +

O substitution in the octahedral site, charge-balanced by the coupled substitution of Al”® <> Si** in

the tetrahedral site.
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Fig. 8: (A): Comparison between mica Li,O content measured by LA-ICP-MS versus Li,O content estimated
through the equation Li,O =0.287*Si0, — 9.552 (Tischendorf et al., 1997). The line represents 1:1 ratio i.e., if the
estimate and the measurement were identical. (B): Comparison between mica Li,O content measured by LA-
ICP-MS versus Li,O content estimated through the equation Li,0 = 0.177*F"%% (Tindle and Webb, 1990). The
line represents 1:1 ratio i.e., if the estimate and the measurement were identical. (C) and (D): apfu plots of R*
+ Al (IV) x Li + Al (VI)+ Si and R + Al (total) x Li + Si, respectively. The upper line corresponds to trioctahedral
mica and the lower one to dioctahedral mica. Note the direction of the substitutions annite — trilithionite and
siderophyllite — muscovite.

Therefore, lithian-siderophyllite mica has two mechanisms that increase Si content: one via the
addition of Li (annite-trilithionite) and the other via addition of vacancies (siderophyllite-muscovite).
This is one hypothesis of why Si-based Li estimates are prone to overestimation: the equation cannot

differentiate Si added due to incorporation of Li from Si and due to vacancies in the octahedral site.

For the mica analyzed here, the F-based estimate for trioctahedral mica of Tischendorf et al. (1997)
produced much more consistent values than the Si-based ones, with a distribution centered around
the 1:1 line (Fig. 8B). The empirically observed Li-F correlation is not explained by any
crystallographic argument, and is most likely the result of geochemical affinities and partition

coefficients of these two elements in evolved-granite settings and in greisen-related fluids.

8.2.3. Evolution of the mica composition

Greisen systems transition gradually from magmatic to hydrothermal (Lehmann, 2020). In the Santa

Barbara area, early-stage mica is richer in compatible M cations like Fe, Mg and Ti, and trace
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elements like Sr, Nb, Ge and Sc, while late-stage mica is richer in incompatible elements such as Li, Rb
and F (Fig. 9A-B, see early-magmatic and late-stage elements in Table 5). The Nb/Sn ratio in mica also

decreases from the early magmatic to late- and post-magmatic stages (Fig. 9D).
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Fig. 9: Average mica compositional trends over different settings. (A) FeO, TiO, and MgO. (B) Li, Rb, F (C) Rare
metals. (D) Nb/Sn ratio and Sr content. Values are in ppm except for (A), which is in weight %. (E) Nb/Sn ratio
versus TiO, content in mica samples.
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Table 5: Trends of behavior of elements based on setting of mica occurrence. Values are averages of textural types from one or more samples. Early-magmatic, transitional and late stage-

ekements refer to elements which are enriched in mica formed at that stage.

Early magmatic-stage Transitional-stage Late-stage
Type
FeO TiO> MgO Nb Ge Sc Nb/Sn Sr Ta Sn w Li Rb F
Garland 295 212 1.64 619 14 92 45 9 32 155 4 827 1471 6300
t

Granite ageregates
Interstitial 23.38 1.43 0.32 306 9 73 0.9 15 58 345 19 5776 6423 28700
Interstitial 19.50 0.54 0.10 354 9 61 13 2 68 273 14 6187 6860 36000

Greisenized

granite Slab-like 1710  <0.01  <0.01 21 4 20 0.25 21 4 85 2 7091 5899 35800

aggregates
Greisen Greisen 17.27 0.13 0.03 80 5 36 0.4 0.5 16 195 18 6889 6273 36000

Oxides are shown in weight %. Elements are shown in ppm.
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This produces a spatial zoning of the composition of mica within the massif at the hundred-meter
scale (Fig. 5B), with later granite facies, closer to the greisen, hosting magmatic mica compositionally
similar to greisen mica. This type of zoning is also found in tin granites elsewhere, such as in the
Erzgebirge (Breiter et al., 2019). Garland mica, which occurs in the earliest granite facies, is the
earliest mica to form and has the largest contents of these early-stage elements and the lowest
contents of late-stage elements (Fig. 9, Table 5). It crystallized in a purely magmatic setting over

other previously formed minerals, which forms the poikilitic aggregates (Fig. 3C).

Interstitial micas in granites and greisenized granites are very similar to each other with respect to
major and trace element content and can be interpreted as cogenetic (Table 5). Their interstitial
texture and higher content of Li, F and Rb when compared to garland mica (average 5780, 6420 and
28700 ppm, respectively) suggests their late-magmatic/transitional-stage crystallization on the
interstices between phenocrysts and matrix. Since the transitional stage is a continuous process, the
composition of mica is between the composition of garland and greisen mica for most elements (Fig.
9, Table 5). The contents of Sn, Ta and W, however, are higher in interstitial mica than in both the
early-stage mica and the late-stage mica (see ‘transitional stage’ elements in Fig. 9). This variety also
show negative Ce anomaly and on average 10 times lower total REE content than garland mica, being

overall more similar to the greisen mica pattern (Fig. 6).

In the metasomatic stage, the fluid is very rich in incompatible elements and, largely due to the
elevated activities of H" and F, greisenization reactions occur (Pollard, 1983; Pollard et al., 1987).
These reactions form Li-F-rich, Fe-Ti-rare-metal-poor mica during dissolution of feldspar and
previously formed mica (greisen-mica in Table 5 and Fig. 9). Since this previous mica is rich in rare
metals, alteration to rare-metal-poor greisen mica provides metals to the fluid, which can then form
specific oxide minerals (Eugster, 1985; Shcherba, 1970; Taylor, 1979), which tend to occur spatially

associated with greisen mica (e.g. cassiterite and columbite, Fig. 3F, I).

In the greisens, hydrothermal overprint is enough to completely destroy feldspar and reequilibrate
textures and compositions of mica (Fig. 5, Table 2, Table 3). In the partially greisenized granites, some
original igneous textures and compositions are preserved and superimposed by the greisenization
textures. This is evidenced by remaining feldspar partially replaced by mica, producing ‘spotted

feldspars’ (Fig. 3G) and slab-like aggregates (Fig. 3H).

It is suggested that these spots and slabs are the product of pseudomorphic substitution of
previously existing albite feldspar. The cores of those slabs contain the paragenesis of quartz + topaz
+ fluorite (Fig. 3H), which are the expected products of greisenization of an anorthite component

(Burt, 1981; Schwartz and Surjono, 1990).
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The pseudomorphic mica is chemically very different from interstitial mica that coexists in the same
rock (Table 5, Fig. 9). The former has the lowest contents of ‘early stage’ elements such as Ti (<0.01
wt%), Mg (<0.01 wt%), Nb (average 21 ppm) and Sc (average 20 ppm; Table 5; Fig. 9) among all

varieties, suggesting late formation by an evolved greisenizing fluid.

An exception is Sr: its content in mica decreases from the early-stage to the greisen stage, but
pseudomorphic mica replacements have very high Sr content (Fig. 9D, Table 5, avg. 21 ppm Sr). This

is also evidence of replacement over a substrate that was previously Sr-rich, such as albite feldspar.

8.2.4. Rare metal content in mica

Mica is often considered a rare-metal (Sn, Nb, Ta, W) repository in evolved granites (Eugster, 1985;
Pirajno, 2009 and references therein; Shcherba, 1970). Previous works have attempted to quantify
the rare metal content in mica from the Brazilian tin greisens, but only microprobe or concentrate
analyses are available (e.g. Borges et al., 2003; Lowell and Ahl, 2000). Mica in the Santa Barbara rocks
was shown to host inclusions of Ti, Nb, Ta, F, Sn and REE minerals (Fig. 3C, F, 1), which would

compromise bulk analyses of those elements.

Older works on greisen mica — that relied solely on concentrate wet chemistry — tend to report rare
metal contents in mica that are positively correlated to rare metal contents in whole rock (e.g.
Shcherba, 1970) or to “greisen-related” elements such as Li, Rb and F (du Bray, 1994; Stone et al.,
1988). Some of these works attribute problems during determination of Nb or Sn content in mica to

the presence of inclusions of columbite and cassiterite (e.g. see Rieder, 1970; Stone et al., 1997).

In this work, we have observed magmatic and transitional stage mica that has higher rare metals
content than greisen mica (Fig. 9). While it seems at first counterintuitive that rare metals content in
mica is lower in more evolved rock facies, a similar behavior has been predicted or recorded in Sn-
ore-related Li-mica by several authors (e.g. Breiter et al., 2019, 2017; Johan et al., 2012; Legros et al.,
2018; Pirajno, 2009 and references therein). General agreement in these works is that greisen mica is
sometimes poor in rare metals because, in the greisen, those metals are partitioned to oxide phases
— e.g. wolframite, scheelite, cassiterite and columbite. This partitioning can be a key factor in
determining ore grade, since rare metals bound to mica decrease the amount of ore minerals (Fig.

10). The causes of this partitioning, however, are disputed.

Some authors have argued that this is a matter of crystallization order: early crystallizing mica can
incorporate metals from the fluid, while mica formed at a later stage would be metal-poor since
most metals would have already been sequestered by oxides (Breiter et al., 2019). It should be noted

that there are also arguments that suggest that formation of Li—F-mica generally precedes oxide
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formation. High fugacities of F, Li* and HF and low pH favors solubility of Sn, Nb and Ta (Eadington,
1983; Heinrich, 1990; Linnen, 1998; Patterson et al., 1981), so before the formation of Li-F minerals,
these metals tend to be dissolved. It is suggested by these authors that the oxides would form after
mica consumes the Li and F and the pH is neutralized by the destruction of feldspar. This also

explains why cassiterite and columbite-tantalite are spatially related to Li-F-mica.
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Other authors argue that in Li-poor, Ti-rich biotites — i.e. annite and siderophyllite — large-radius,
high-charge ions like Nb, Ta, W and Sn can be more easily accommodated into the mineral structure.
As the mica gets richer in Li and poorer in Fe and Ti, i.e. ‘zinnwaldite’, these metals are less accepted
into the mica structure and then form oxides (Johan et al., 2012). A decrease in temperature can also
reduce acceptance of larger ions. Therefore, rare metal acceptance in mica structure reduces as the

system evolves from magmatic to hydrothermal.

These arguments would also explain why, for some elements — viz. Ta, Sn, W — there is an initial rise
in content during the evolution of the system and then a sharp drop in later stages (Fig. 9C,
transitional-stage elements of Table 5). There is a dispute going on between the increasing rare-
metal content in the melt/fluid —evidenced by increasing rare metal content in whole-rock (Fig. 4H)—
and the decreasing mineral/liquid partition coefficient of these elements. We propose that, initially,
the buildup of these metals increases their content in mica as well, but as the content of Ti drops and

Li rises, less rare metal can be incorporated.

The Nb content in mica decreases from magmatic to hydrothermal stages (Fig. 9C). This is likely due
to the higher mica/fluid partition coefficient and lower solubility of Nb in fluids and melts when

compared to other rare metals (Codeco et al., 2020; Linnen, 1998). Other authors have also reported
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early-stage magmatic mica of tin granites to be enriched in Nb but depleted in Sn and W (Legros et

al., 2018; Wu et al., 2017).

Early-magmatic garland mica has no Ce anomaly, while interstitial and greisen mica shows a negative
Ce anomaly. Slab-like pseudomorphs show a positive Ce anomaly (Fig. 6). Since Ce is a redox-
sensitive REE (Tostevin et al., 2016), this could be evidence of changes in oxidation state of the fluid

during such processes.

Changes in oxidation state are generally considered an important factor in formation of tin deposits,
as they preferably form in reduced ilmenite-series granite (Ishihara, 1981). Due to theoretical (e.g.
Heinrich, 1990; Jackson and Helgeson, 1985) and experimental works (e.g. Eugster, 1985; Kovalenko
et al., 1986), it is generally thought that a reduced magma keeps Sn in the divalent state, which
partitions to the fluid phases complexed with CI', F, or OH (Eadington, 1983; Lehmann, 1990 and
references therein; Patterson et al., 1981 and references therein), as opposed to tetravalent tin,
which gets bound in early-forming silicates. Later, an increase in the oxygen fugacity of the system
favors Sn*%-to-Sn** oxidation and cassiterite precipitation (Eugster, 1985; Halter et al., 1996; Heinrich,

1990).

8.3. Conclusions

The evolution of the greisenization process is well recorded in confined endogreisens such as the
Santa Bdrbara deposit of the Rondonia Tin Province. The unaltered rocks consist of an A-type-affinity,
post-orogenic granite suite. The primary tin mineralization occurs in mica—quartz—cassiterite veins

that crosscut the granite and in greisens.

The magmatic-hydrothermal transition is recorded in trioctahedral mica, whose composition grades
from magmatic siderophyllite in granite to a Li-, Rb- and F-rich, Fe-, Ti-, Sr- and rare metal poor
hydrothermal lithian siderophyllite in greisen. Rare metal content in mica follows a complex pattern
which depends on rare metal content of the fluid — which increases from magmatic to hydrothermal
setting— and acceptance of these metals in the mica structure — which decreases due to enrichment
in Li and depletion in Ti. The Nb/Sn ratio of micas is suggested as a tracer of fluid/rock ratios and
therefore a pathfinder of greisenization. This is likely due to higher solubility of Sn when compared to

Nb, and to the high partition coefficient of Nb in mica.

Changes in the sign of the Ce anomaly between early-magmatic, transitional and hydrothermal mica
could result from changing oxidation states of the system (Fig. 6). Change in oxidation state and
increase in pH are considered as at least partially responsible for cassiterite precipitation in greisen

systems.
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Garland aggregate mica is the earliest to form. Its niobium content is high due to its low solubility

and very high mica/fluid partition coefficient for that element.

Greisenized granites record an intermediate stage between unaltered granite and greisen:
Plagioclase is more vulnerable to greisenization and is consumed first, leading to formation of
spotted-feldspar mica, which is poor in rare metals and rich in Sr. Therefore, in greisenized granites,
two mica generations can be distinguished: the late-magmatic mica; and mica pseudomorphs after
feldspar. Greisen rock on the other hand shows a single mica generation, due to reequilibration of

textures and compositions of any preexisting igneous mica.

Major element contents in granitic mica are dependent on the spatial proximity to greisen and
therefore it is suggested that they can be used as a possible proximity indicator for greisens at the

hundred-meter scale.
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9.1. Abstract

The Mesoproterozoic Ronddnia Tin Province of the Amazonian Craton records a protracted history of about
600 Myr of successive rare-metal granite intrusions and hosts the youngest known event of tin-granite
emplacement of the craton — a rare-metal granite suite known as the Younger Granites of Rondonia intrusive
Suite (YGR). The ~1-Ga YGR suite is currently interpreted as intracratonic magmatism resulting from a
Grenvillian-age orogeny during the assembly of Rodinia. The Santa Barbara massif is a tin-granite system of the
YGR suite that hosts Sn—Nb—Ta—W-bearing endogreisen and stockwork, as well as important placer deposits.
The Santa Barbara mine produces about 800-1000 t Sn/year from placers and weathered greisen, and
represents about 20 % of the tin mine output of the Ronddnia Tin Province. Here, we report LA-ICP-MS
cassiterite U-Pb ages of 989 + 3 and 987 + 6 Ma for the Santa Barbara greisen and cassiterite-quartz vein
system, respectively. Alluvial cassiterite from placer mining has an U-Pb age of 995 + 4 Ma, which is, within
uncertainty, indistinguishable from those of primary cassiterites. These ages agree well with the previously
published zircon and monazite U-Pb ages for the Santa Barbara granite (978 + 13 and 989 + 13 Ma), which
indicate a coeval relationship between hydrothermal tin mineralization and granite magmatism. The previously
suggested 20-30-Myr time span between granite magmatism and hydrothermal tin mineralization, which was

based on mica K—Ar and Ar—Ar age data, is likely due to younger thermal disturbance of the isotopic systems.
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9.2. Introduction

Rare-metal mineral systems are spatio-temporally and chemically related to highly fractionated
granitic magmas and their late-magmatic hydrothermal fluids (Taylor, 1979; Pollard and Taylor, 1986;
Lehmann, 1990). Precisely constraining the timing of granite emplacement and hydrothermal
mineralization is critical to the understanding of rare-metal mineralization. Typically, granite
crystallization ages are determined from zircon U-Pb and whole-rock Rb—Sr dating, while the ore-
forming event is usually constrained by mica K—Ar and Ar—Ar ages as well as Sm—Nd ages obtained
from hydrothermal minerals such as fluorite, scheelite and tourmaline (Yin et al., 2002; Li et al., 2004;
Bettencourt et al., 2005a; Romer et al., 2007; Gigoux et al., 2015; Liang et al., 2016; Seifert and
Pavlova, 2016; Nascimento and Souza, 2017). However, the Rb—Sr, Sm—Nd, K—Ar and Ar—Ar systems
can be disturbed by tectonic and/or hydrothermal overprint due to their relatively low closure
temperature (Romer et al., 2007; Zhang et al., 2017b). Another difficulty is the common occurrence
of radiation-damaged (metamict) zircon due to its high U and Th contents in highly evolved rare-

metal granites (Davis and Krogh, 2001; Sparrenberger et al., 2002).

Recent analytical advances have allowed U-Pb dating of low-U ore minerals, such as cassiterite and
columbite-tantalite to robustly constrain the timing of rare metal deposits. Cassiterite is the main ore
mineral of tin deposits, and its closure temperature for the U-Pb isotopic system is estimated to be
higher than both the solidus temperature of granite and the ore-forming temperature of
hydrothermal tin deposits (Zhang et al., 2011; Neymark et al., 2021). Cassiterite U-Pb dating has
proved to be a robust method, having been successfully applied to precisely date tin mineralization
events (Bastos Neto et al., 2014; Zhang et al., 2017b; Zhang et al., 2017a; Guo et al., 2018a; Guo et
al.,, 2018b; Neymark et al., 2018; Chen et al., 2019; Lehmann et al., 2020; Moscati and Neymark,
2020; Denholm et al., 2021).

About 85% of the present-day global Sn production comes from only two regions (Lehmann, 2020):
Southeast Asia (Indonesia, South China and Myanmar) and South America (Peru, Bolivia and Brazil).
In Brazil, 95% of the Sn is mined from tin deposits in the Amazonian Craton (Fig. 1), which hosts a
multitude of tin granite suites emplaced over several hundred million years (Fig. 2). The youngest
suite, referred to as the “Younger Granites of Rondonia” suite (YGR), displays zircon U—Pb ages of
995-974 Ma (TIMS; Bettencourt et al., 1999). The YGR suite is temporally and spatially related to
economically important tabular and cupola greisens, pegmatite pods and pockets, stockwork, lode
and disseminated Sn—Nb-Ta—-W mineralization, as well as placers (Bettencourt et al.,, 2016). The
current tin mine production of the Ronddnia Tin Province is about 4000 t Sn, of which 20% are from

placer and weathered greisen mining of the Santa Barbara district.
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Previous geochronological work established a time gap of ca. 30 Myr between granite emplacement
(zircon U-Pb ages) and hydrothermal tin mineralization (mica K—Ar and Ar—Ar ages) in the YGR suite

(Leite Jr et al., 2001; Bettencourt et al., 2005a). Given that there are no known rare-metal granite
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intrusions in the Amazonian Craton younger than the YGR, this time span has been explained by a
long-lived or multistage thermal evolution, in which the magmatic and hydrothermal stages of the
YGR suite are tens of millions of years apart from each other (Sparrenberger et al., 2002; Bettencourt

et al., 2005a; Bettencourt et al., 2016).

In this work, we present in situ U-Pb ages for cassiterite that comes from greisen, quartz-mica vein
systems and alluvial placer mining within the area of the Santa Barbara massif, an intrusion belonging
to the YGR. Our goal is to constrain the age of tin mineralization in the context of the Grenvillian
orogeny in the Amazonian Craton, and compare the timing of cassiterite formation with granite
crystallization. Moreover, trace-element data for cassiterite of different provenance are presented

and implications of these data as a provenance and prospection tool are evaluated.
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Fig. 2. Geochronological summary of rare-metal granitic suites of the Amazonian Craton based on age of
emplacement. Data points with question marks have undefined error bars (missing from source). Data points
otherwise without error bars means deviation <8Ma. Deviations are expressed as 2. YGR = Younger Granites
of Ronddnia intrusive suite. Sources: (1) Teixeira et al. (2002); (2) Bastos Neto et al. (2014), (3) Neymark et al.
(2018); (4) Lenharo (1998), as reported by Lenharo et al. (2002); (5) Bettencourt et al. (1999); (6) Lehmann et
al., unpublished data. (7) Verschure & Bon (1972), as reported by Bettencourt et al. (1999); (8) Teixeira (1990),
as reported by Bettencourt et al. (1999); (9) Priem et al. (1989). Abbreviations: WR = whole rock; Cst =
cassiterite; Zrn = zircon.

9.3. Geological Background
The Amazonian Craton consists of a succession of accretionary belts with SW vergence, the ages of
which span a time range from the Archean to the Neoproterozoic. Since the pioneering works of
Suszczynski  (1970) and Amaral (1974), several models have been proposed for the

compartmentation of the Amazonian Craton, comprising a series of NNW-SSE-trending, subparallel,
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chronotectonic provinces (Fig. 1) (Tassinari and Macambira, 1999; Tassinari et al., 2000; Santos et al.,
2008; Scandolara et al., 2013). This compartmentation is the result of a complex geological history of
continental growth, which is also genetically related to a multitude of economically important
mineral provinces that host deposits of precious, rare and base metals. Deposits related to granitic
magmatism have an exceptional economic significance, such as the world-class iron-oxide—copper—
gold (I0CG) deposits of the Carajas mineral province, the Alta Floresta gold province and the Pitinga
and Rondonia tin provinces (Dall’Agnol et al., 1999; Tallarico et al., 2005; Costi et al., 2009; Dall’Agnol
et al., 2009; Bettencourt et al., 2016; De Assis et al., 2017).

The tin provinces of the Amazonian Craton record one of the most protracted successions of evolved,
rare-metal granite magmatism. Their ages populate an almost continuous interval from the late
Paleoproterozoic to the early Neoproterozoic, with ten well known granitic suites emplaced over
nearly 900 Myr (Fig. 2). These provinces supply 95% of the Sn production of Brazil (ANM, 2019; ANM,
2020), which is the sixth largest global tin producer (USGS, 2021). They have an annual tin mine
production between 14,000 and 19,000 t Sn (5% of the world’s total), with reserves of 400,000 t Sn,

mostly in the ~1.8-Ga Pitinga Tin Province.

The Rondonia Tin Province (RTP) is the second largest Brazilian producer, supplying 4,500-7,000 t
Sn/year (ANM, 2019; ANM, 2020). The mineralization of the RTP is found in seven rare-metal granite
suites (Bettencourt et al., 1999), which were emplaced over the course of 600 Myr in an area of
90,000 km? (Figs. 1B and 3). Each suite comprises several plutons. For that reason, the RTP has its tin
mineralization spread over several small, relatively low-grade (600-1000 ppm Sn) placers and
weathered rocks mineable by hydraulic methods. However, they sum into substantial total reserves

of 170,000 t Sn (ANM, 2019; ANM, 2020; USGS, 2021).

The most fertile suite of the RTP is the Younger Granites of Rondonia suite (YGR), which crystallized
between 995 and 974 Ma (Fig. 3A, zircon U-Pb ages, Bettencourt et al., 1999). The suite is thought to
represent intracratonic magmatism of the 1.25-1.0-Ga Sunsas Orogeny (Santos et al., 2008;
Bettencourt et al., 2016). This is the equivalent of the Grenvillian Orogeny in the paleocontinent of
Amazonia, representing its collision with Laurentia during the assembly of Rodinia (Santos et al.,
2008; Cawood and Pisarevsky, 2017). The main deformation phase of the Sunsas Orogeny predates
the main stage of the Grenville Orogeny and therefore the former has been interpreted as an early,
strike-slip oblique collision phase between the two paleocontinents (Tohver et al., 2005; D’Agrella-

Filho et al., 2016).

The YGR suite occurs as a series of 5-50-km-wide granitic massifs (e.g., Pedra Branca, Sdo Carlos,

Massangana, Santa Maria, Caritianas, Bom Futuro, Santa Barbara massifs), most of which host Sn
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deposits (Fig. 1B). The primary Sn—Nb—Ta—W mineralization of the YGR is thought to result from late-
to post-magmatic greisenization and veining (Bettencourt et al., 1999; Bettencourt et al., 2005b). The
massifs are cogenetic and coeval, but they show different mineralization styles (Bettencourt et al.,
2016). For instance, the Bom Futuro massif (Fig. 1B) hosts cassiterite in greisen and pegmatite
pockets and pods, stockwork, and a ring-shaped vein swarm (Lowell and Ahl, 2000; Souza and
Botelho, 2009), whereas the deposit at the Santa Barbara massif is characterized as an endogreisen
and, as such, its mineralization is restricted to the granitic intrusion itself, and host rocks are largely
unaffected. The endogreisen mineralization of the Santa Barbara deposit includes cupola greisen and
guartz-mica-cassiterite veins, with spatially associated placer deposits (Sparrenberger, 2003;
Bettencourt et al., 2005b). Mining occurs both in the placers and the strongly weathered primary

deposits.

Hafnium isotopic data for zircon from the Massangana, S3o Carlos and Caritianas massifs, coeval with
the Santa Barbara massif (Fig. 1b), indicate mantle-derived magmas with a considerable crustal
contribution (Debowski et al., 2019). Paired §'®0 data for cassiterite and wolframite from the Bom

Futuro massif yielded formation temperatures between 420 and 460°C (Souza and Botelho, 2009).
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Fig. 3: Geochronological summary of the rare-metal massifs from the Younger Granites of Rondénia (A) Ages of
the different massifs of the YGR suite. (B) Ages for different units of the Santa Barbara massif. Deviations are
expressed as 26. Sources: (1) Bettencourt et al. (1999); (2) Debowski et al. (2019) (3) Priem et al. (1971); (4)
Priem et al. (1989); (5) Sparrenberger et al. (2002); (6) Leite Jr et al. (2001) as reported by Sparrenberger et al.
(2002); (7) Bettencourt et al. (2005a) as reported by Bettencourt et al. (2016); Abbreviations: Mnz= Monazite;
WR = whole-rock; Znw = Zinnwaldite (greisen mica); Zrn = Zircon.
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9.3.1. The Santa Barbara massif
The Santa Barbara massif is one of the fertile granitic intrusions of the YGR, the annual production of
which is 800-1000 t Sn. Production at Santa Barbara is developed as an open pit in placer and greisen
deposits. Greisen is friable due to the strong tropical weathering, which exempts the need for
blasting and reduces the cost of crushing. On-site ore concentration is purely mechanic, relying on

mineral jigs and rougher spirals, and allows mining of low-grade ore at about 0.1 % Sn.

The massif is divided into three units (Sparrenberger et al., 2002; Sparrenberger, 2003; Bettencourt
et al., 2005b): (1) an early, metaluminous, fine- to medium-grained, porphyritic syenogranite (993 + 5
Ma, monazite U-Pb age); (2) a peraluminous, medium- to coarse-grained, porphyritic syenogranite
(989 * 13 Ma, monazite U-Pb age); and (3) a late, tin-bearing, porphyritic albite-microcline granite

(978 £ 13 Ma, zircon U-Pb age) (Fig. 3B).

All three units have similar major-element composition and an A-type, alkali-rich, ilmenite-series,
ferroan chemical signature with CaO < 1 wt. %. Contents of trace elements, such as Rb, Ba, Sr, Li, Ce,
Th, Zr, and the Rb/Sr ratio allow distinguishing between the less and the more differentiated units

(Sparrenberger, 2003; Guimaraes et al., 2021).

Major minerals of the granite are quartz, albite, microcline, and dark mica; pyroxene and amphibole
are rare (Sparrenberger, 2003; Bettencourt et al., 2005b). Phenocrysts are mainly microcline, but

albite phenocrysts can also be found. Seriate fabric is frequently observed.

Dark-mica composition grades from Fe—Ti—rare-metal-rich siderophyllite in barren granite to F-Rb-
rich, rare-metal-poor, lithian-siderophyllite (‘zinnwaldite’) in greisen and greisenized granite. A
zoning pattern of the igneous-mica composition, attaining hundreds of meters, can be traced within
the massif (Guimardes et al., 2021). The accessory mineralogy includes topaz, cassiterite, fluorite,
zircon, Nb-tantalate minerals, and a variety of oxides and fluorocarbonates of REE. Evolved facies

may show albitization, microclinization and incipient greisenization fabrics.

Mineralization occurs disseminated in massive, tabular quartz-topaz-zinnwaldite cupola greisens.
Quartz-mica proportions vary from as much as 72% quartz and 28% mica to 35% quartz and 65%
mica (Guimaraes et al., 2021). There are also quartz-zinnwaldite-cassiterite veins that crosscut the
host granite. The granite that hosts these veins is greisenized in centimeter- to meter-wide halos

around the veins. These halos also bear disseminated cassiterite.

Estimated oxygen—deuterium isotopic compositions for the Sn-bearing fluid of cassiterite-quartz
veins are consistent with a magmatic origin (Bettencourt et al., 2005b). The isotopic compositions

estimated for the greisen mica—H,0 pair suggest a meteoric-water component at the late-magmatic
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to hydrothermal stage. Oxygen isotopic equilibrium temperatures indicate that greisen and

cassiterite-quartz veins formed at about 500°C and 415°C, respectively (Bettencourt et al., 2005b).

Given that the greisenization at Santa Bdrbara and the RTP is marked by the replacement of the
magmatic mica and feldspar by greisen mica, some works have attempted to constrain the age of the
mineralization through K—Ar (961 + 19 Ma) and Ar—Ar (959 + 4 Ma) dating of zinnwaldite (Leite Jr et
al., 2001; Bettencourt et al., 2005a). When compared to the ca. 990-Ma magmatic monazite (Fig. 3B),
such mica ages have been used to define a 20—-30-Myr time span between granite crystallization and

tin mineralization (Bettencourt et al., 2005a; Bettencourt et al., 2016).

9.4.Samples and Methods
Three samples were collected at the Santa Barbara deposit for cassiterite U-Pb dating. Sample V1
comes from the greisenization halo around quartz-mica-cassiterite veins (Fig. 4A—C). Sample PER029b
is from the high-grade quartz-zinnwaldite greisen (Fig. 4D, E). Sample CASBO1 is alluvial cassiterite,
recovered from a heavy-mineral concentrate that represents the spatially associated placer deposit
(Fig. 4F). The first two ore samples were crushed to separate cassiterite in the size range between
100 and 1000 um. The greisen-disseminated cassiterite, thereafter referred to as greisen cassiterite,
has dark color and often exhibits crystal faces and growth zones. Most of the grains contain
micrometric or submicrometric inclusions of complex Nb-tantalate minerals. Some grains have
numerous inclusions, resulting in a prominent poikilitic fabric (Fig. 5A, B). The vein cassiterite and the
alluvial cassiterite are generally lighter in color and optically zoned, with comparatively less Nb-
tantalate inclusions, but gangue mineral inclusions (e.g., mica, quartz, K-feldspar and topaz) are

larger, up to 100 um across, and more abundant than in the greisen cassiterite (Fig. 5C, D).

Based on optical microscopy, backscattered-electron (BSE) and cathodoluminescence (CL) imaging,
cassiterite domains without any obvious mineral inclusion and overprint, such as fissures and
alteration, were selected for U-Pb geochronology and trace-element composition by Laser Ablation
Inductively Coupled Plasma Mass Spectroscopy (LA-ICP—MS) at the State Key Laboratory for Mineral
Deposits Research, Nanjing University, China. The instrumental system consists of a ThermoFisher
iCAP Qc ICP—-MS, coupled with an ASI RESOlution LR 193-nm ArF laser. The laser-ablation cell is large
(155 x 105 mm), allowing the analysis of 20 epoxy mounts at each turn. About 99% of the material
ablated was washed out in less than 1.5 s due to its two-volume laser-ablation cell. Cassiterite grains
were analyzed using a laser energy density of 3.9 J/cm?, a spot size of 67 um, and a repetition rate of
6 Hz. The reference materials used are as follows: NIST SRM 614 for trace elements and **’Pb/**°Pb
ratios; Cligga Head cassiterite, Cornwall, SW England, for 238 /°%pp ratios (TIMS U-Pb age of 285.14 +

0.25 Ma, Tapster and Bright, 2020); Yankee cassiterite, from a quartz vein in the Mole granite, New
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Fig. 4. Different ore types from Santa Barbara Massif, Ronddnia Tin Province (A) Quartz-mica-cassiterite vein,
with greisenization halo in granite. (B) Close-up of vein and greisenization halo from A. (C) Centimetric
cassiterite in quartz vein. (D) High grade quartz-zinnwaldite greisen. (E) Plane-polarized light photomicrography
of greisen-hosted cassiterite, spatially associated with zinnwaldite. (F) Cassiterite-bearing placer sands.
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Fig. 5. Example crystals of cassiterite from the Santa Barbara massif, Rondoénia Tin Province. (A) and (B)
Cassiterite from disseminated greisen setting. Reflected and transmitted light microscopy, respectively, of
granular, dark-colored, poiquilitic cassiterite grains, with “rough” appearance where inclusions are present. (C)
and (D) Cassiterite grains from the vein setting. Reflected and transmitted light microscopy, respectively, of
light-colored, “smooth” grains.
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England, eastern Australia, for validation of U-Pb isotopic determinations (TIMS U-Pb age of 246.48
+0.51 Ma, Carr et al., 2020).

The reference materials NIST SRM 614 and Cligga Head cassiterite were analyzed twice, every 12 and
6 sample measurements, respectively. Each spot analysis incorporated a background acquisition of
approximately 20 s, followed by 40 s of sample data acquisition. Isotopes were measured in time-
resolved mode. For U-Pb dating and trace-elemental analysis, dwell times for each mass scan were 8
ms for 2°4Pb, 15 ms for *®Pb and 208Pb, 20 ms for 238U, 22Th and 207Pb, and 8 ms for all other
elements. Internal standardization for calibrating trace elements in cassiterite used **®Sn. Raw-data
reduction was performed off-line by the software ICPMSDataCal (Liu et al., 2010; Lin et al., 2016).
Data uncertainties for isotopic ratios in cassiterite samples are 1 o (Li et al., 2016). The software
Isoplot 4.0 was employed to calculate U-Pb ages and weighted **Pb/***U mean ages (20), and draw
Concordia diagrams (Ludwig, 2003). Tera—Wasserburg U-Pb plots were prepared with all spots for
each sample. The detailed analytical procedure can be found in Li et al. (2016) and Zhang et al.
(2017b; 2017a); for correction procedures of isotopic ratios, readers are referred to Chew et al.

(2014) and Roberts et al. (2017).

9.5. Results

The Santa Barbara cassiterite has Pb and U contents in the range from 0.4 to 3.3 ppm, and from 0.3
to 277 ppm, respectively (see all analyses and standards in App. Table Al). Its Th content is generally
below 1 ppm, and a few spots have a content over 10 ppm which may result from mineral inclusions.
Placer and vein cassiterite have lower contents of all trace elements when compared to greisen
cassiterite, and these contents are spread over broad ranges, which overlap each other (Fig. 6A-C).
Greisen cassiterite has a narrower compositional range. The greisen cassiterite has a
(Nb+Ta)/(Fe+Mn) atom ratio mostly close to 2, while the alluvial cassiterite and vein cassiterite have

ratios that spread below 2 (Fig. 6D).

Thirteen spots on the vein cassiterite yielded a Tera—Wasserburg lower-intercept age of 986.7 &+ 6.2
Ma (20) (Fig. 7A). Twenty-seven spots on the greisen cassiterite gave a Tera—Wasserburg lower-
intercept age of 989.0 = 3.3 Ma (Fig. 7B). An indistinguishable age was obtained from 30 spots on
the alluvial cassiterite (995.2 == 4.4 Ma, Fig. 7C). Data reduction and standard analyses are available

as Tables A2—-A4.
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9.6. Discussion

9.6.1. Timing of mineralization
Previous works constrained the age of magmatic emplacement of the Santa Barbara granite using
zircon U-Pb dating and whole-rock Rb—Sr dating of early and late granite (Fig. 3B, and references
therein). However, metamict zircon is commonly reported in rare-metal granitic rocks, a
consequence of incorporation of high U content into zircon and its relatively old age (Bettencourt et
al.,, 1999; Zhang et al., 2017a). Whole-rock Rb-Sr dating in the RTP and the YGR has consistently
resulted in ages 20-50 Myr younger than zircon U-Pb ages (Figs. 2, 3). Some emphasis has thus been
given to monazite U-Pb dating, which temporally constrained the Santa Barbara granite
crystallization at 993 + 5 and 989 + 13 Ma (20, Sparrenberger et al., 2002; Bettencourt et al., 2016).
These ages are coeval with those for the YGR suite, e.g., zircon U-Pb ages of 995 + 5 and 991 + 14 Ma

for the Pedra Branca and Massangana massifs, respectively (Figs. 1B, 3A and 3B).

The only previously available U-Pb cassiterite age for the RTP is a 999 + 10 Ma (20) age from
Neymark et al. (2018), obtained from detrital cassiterite of an unknown primary source. Thus, the
best constrained mineralization ages for the Santa Barbara Sn mineralization were considered to be
961 + 19 Ma (greisen mica K—Ar, 20, Leite Jr et al., 2001) and 959 + 4 Ma (greisen mica Ar/Ar plateau
ages, 20, Bettencourt et al., 2005a), suggesting a time span of ca. 20-30 Myr between granite
emplacement and Sn mineralization. Given that the YGR is the youngest known rare-metal granite
suite in the Amazonian craton (hence its name; see Fig. 2), this time span has been explained by
invoking a multistage or long-lived thermal event in the YGR suite, in which post-magmatic
hydrothermal activity could be tens of Myr apart from granite intrusion (Bettencourt et al., 2005a).
However, theses ages could also simply represent a thermal overprint on earlier Sn mineralization, as

implied by the relatively low closure temperatures of the K=Ar and Ar—Ar systems in mica.

Most of the K—Ar and Ar—Ar thermal reset observed in the Amazonian Craton can be attributed to the
Rondonian-San Ignacio (1400-1200 Ma) and the Sunsas (1200-1000 Ma) collisional events (Cordani et
al., 2010). The waning stages of the Sunsas collision and subsequent attempted continental break-up
are recorded as dolerite dykes swarms and K—Ar/Ar—Ar-age resets between 1000 and 950 Ma
(Teixeira, 1978; Teixeira, 1990; Tassinari, 1996; Elming et al., 2009; Cordani et al., 2010; Lima et al.,
2019).

The low content of U and the high closure temperature of the U-Pb system in cassiterite make this
geochronometer refractory to both late thermal disturbances and metamictization (Zhang et al.,
2011; Zhang et al., 2017b; Zhang et al., 2017a; Guo et al., 2018a; Guo et al., 2018b; Neymark et al.,
2018; Chen et al., 2019; Moscati and Neymark, 2020). The U-Pb cassiterite ages record the timing of
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the Sn-ore mineral itself. The alleged time span between granite crystallization and Sn mineralization
is contradicted by the ages obtained for the vein cassiterite and greisen cassiterite (986.7 = 6.2 Ma
and 989.0 £ 3.3 Ma, respectively), which overlap those of granite crystallization (Fig. 8). Therefore,

the time span between granite crystallization and Sn mineralization should lie within the temporal

resolution of the method.

The ages for placer cassiterite obtained in this work (995.2 *+ 4.4 Ma, 20) are indistinguishable from
those of the greisen cassiterite and vein cassiterite (Fig. 8). Consequently, the placer cassiterite is
coeval with, and probably originated from, the YGR-hosted greisen and vein deposits. This age is also
indistinguishable from the Neymark et al.’s (2018) detrital cassiterite age, which suggests the primary
source of their cassiterite likely belongs to the YGR. The cassiterite U-Pb geochronometer is
impervious to tropical weathering and subaqueous transport, and can be used as a provenance tool

for sediments.

(A) Available ages, Santa Barbara massif (data source in Fig 3B)
Granite crystallization Mineralization
(U-Pb Mnz) (Ar-Ar Znw)
—0— —0—
(B) U-Pb ages for mineralization
Vein cassiterite, this work ——
Greisen cassiterite, this work -0
Alluvial cassiterite, this work -0
Alluvial cassiterite, Neymark et al. (2018) ——O————
] ] ] ] | | ] ] ] ] ]

1050 1000 950 Ma

Fig 8: Summary of the crystallization and Sn-mineralization ages of the Santa Barbara massif, Rond6nia Tin
Province, from the literature (see Fig. 3 for references and details), compared to the cassiterite U—Pb
mineralization age (from this work and from Neymark et al., 2018). Error bars for cassiterite ages are 20.

9.6.2. Trace elements and provenance of placer cassiterite
The trace-element contents of vein cassiterite and alluvial cassiterite are mostly within the granite-
related field in the Guo et al.’s (2018a) Fe-vs.-W diagram (Fig. 6A). The greisen cassiterite tends to
have higher Fe contents, which are comparable to those reported for greisen cassiterite elsewhere

(Anwar and El-Dahhar, 1981; Moller et al., 1988; Jiang et al., 2004; Souza and Botelho, 2009).

The main trace-element incorporation mechanism in cassiterite involves the coupled substitution

3Sn#+ ¢ 2(Nb, Ta)5+ + (Fe, Mn)2+ (Mdéller et al., 1988). An atomic (Nb+Ta)/(Fe+Mn) ratio way below
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2 for the placer and vein cassiterite (Fig. 6D) indicates excess Fe + Mn. Excess Fe can be explained by
the incorporation of W via the substitution 3Sn#+ < W6+ + 2Fe3+ or direct substitution of Sn*+ + 02

< 2Fe3* + OH- (Moller et al., 1988).

Chemical and petrographic similarities suggest that most of the cassiterite from the placer
population originated from vein deposits. This is in line with field observations of proximity between
vein and placer deposits, and grain-size similarity—i.e., cassiterite grains from vein and placer deposits
are consistently coarser than the greisen cassiterite. A relevant implication for prospecting is that
identification of an alluvial domain in which its cassiterite grains have narrow (Nb+Ta)/(Fe+Mn) ratios

would characterize greisen cassiterite and, consequently, proximity to a greisen source.

9.7. Conclusions
Constraining precise crystallization and mineralization ages for tin granites is not trivial. Mica K-Ar
and Ar—Ar dating, Sm—Nd dating, and whole-rock Rb—Sr dating may be disturbed by later thermal
events due to the relatively low closure temperatures of these systems, and even zircon U-Pb dating
may yield questionable data owing to high U content of zircon, which results in distinctly metamict
grains. This is the case of the YGR suite of the Rondé6nia Tin Province, for which previous
geochronological data suggested a time gap of ca. 30 Ma between granite crystallization and Sn
mineralization. This gap was initially interpreted as suggesting a long-lived or multi-stage magmatic
history during emplacement of the YGR, in which early magmatism and late-stage hydrothermal
activity would be separated by tens of Myr. However, our cassiterite U-Pb ages for the Santa Barbara
massif overlap within error with the monazite U-Pb ages reported by Sparrenberger et al. (2002).
Therefore, the time gap between granitic magmatism and hydrothermal mineralization lies within
the temporal resolution of the methods, and no long-lived process needs to be invoked. The time gap
previously observed is likely a result of a late disturbance of the K—Ar and Ar—Ar isotopic systems,
which were used to determine radiometric ages. Combining trace element analysis and U-Pb dating
of cassiterite is useful for constraining the mineralization history of a granite system and the

provenance of alluvial cassiterite, and as tools for prospecting.
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10. Melts de bismuto em veios de cassiterita-quartzo (artigo 3)

Este capitulo consiste em um artigo publicado na revista Terra Nova
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10.1. Abstract

Native bismuth in the form of metallic melt has been considered instrumental to the formation of
some metallic ore deposits via a mechanism dubbed the “Liquid Bismuth Collector Model”. Here, we
provide, for the petrographical documentation of trail-forming, um-sized blebs of native bismuth in
cassiterite—quartz veins from the Santa Barbara greisen Sn deposit in the Rondonia tin province of
northern Brazil. These inclusions suggest the trapping of a Bi melt that took place during vein

formation, in a mechanism similar to the entrapment of fluid inclusions.

10.2. Introduction

Bismuth is a common trace element in a number of metalliferous deposits and typically occurs as
bismuthinite, native bismuth or complex sulfosalts in granite-related magmatic-hydrothermal
systems with Au and/or Sn—W mineralization (e.g.: Ahlfeld, 1931; Sillitoe, 1993; Thompson et al.,
1999; Lang and Baker, 2001). Native bismuth has a low melting point (271°C), above which Bi may be
found as a liquid, molten metal, if the sulfur fugacity is low enough (Douglas et al., 2000), which is
referred in the literature as ‘Bi melt’ (e.g., Ciobanu et al., 2005; Ciobanu et al., 2010; Tooth et al.,
2011; Cockerton and Tomkins, 2012).
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There has been an increasing amount of evidence that Bi melts can be enriched in Se, Te, S, Au, Ag
and other metals due to its interaction with metal-bearing aqueous fluids thereby mediating the
formation of economically important ore deposits, such as gold. This hypothesis, known as the
“Liquid Bismuth Collector Model” (Douglas et al., 2000), has been advanced by some workers.
Ciobanu et al. (2005), for example, outlined the principles of melts in the system Bi-Te. It was
subsequently shown through model and experimental approaches that Bi melts could form through
immiscible separation from aqueous fluids during fluid—rock interaction, and that such melts can
scavenge large concentrations of gold even if the parental fluid is undersaturated with respect to it
(Tooth et al., 2008, 2011). Gold-collecting Bi melts are mineralogically expressed by the coexistence
of maldonite (Au,Bi) with native bismuth (Ciobanu et al.,, 2005; Ciobanu et al, 2010), which

represents the eutectic assemblage at 241°C in the Au-Bi system (Nathans and Leider, 1962).

If Bi melt exists in hydrothermal systems, such melts should be traceable as inclusions of Bi melt of
primary or pseudosecondary nature in ore and gangue vein minerals. Small trails of bismuth
inclusions in arsenopyrite are documented from the polymetallic Cobalt district, Canada (Marshall,
2008), but the available documentation does not allow characterization of those inclusions as
primary or secondary in origin. The term ‘melt inclusion’ is commonly applied to describe inclusions
of silicate melt interpreted as valid samples of the original magma (Roedder, 1984). In this paper, ‘Bi-
melt inclusion’ invokes the definition of ‘melt’ of Ciobanu et al. (2005) —i.e. molten, metal-rich Bi; and

not that of Roedder, (1984).

Native bismuth is often found in spatial association with cassiterite (Ahlfeld, 1931; Ramdohr, 1950;
Leube and Stumpfl, 1963), a major source of which are greisen deposits. Kurguzova et al. (2014)
recorded Bi-rich aqueous fluid inclusions in greisen systems, where Bi occurs as either a chloride
complex or a free ion. Greisen mineralization involves interaction of fluids and/or melts that are late
in the evolution of granitic magmas (Shcherba, 1970; Pollard et al., 1987; Webster et al., 1997;
Assadzadeh et al., 2017). The relatively high contents of Bi and the fluid- and/or melt-rich
environment of greisen deposits makes them promising sites for recording the interaction of ore
minerals and Bi melts. Here, we document for the first time primary fluid-inclusion-like trails of Bi-

melt inclusions from cassiterite—quartz greisen veins.

10.3. Sample material and methods
Our samples come from the Santa Barbara deposit in the Ronddénia tin province (RTP), northern

Brazil, characterized by A-type, metaluminous to peraluminous granitic rocks of the 0.99-Ga Santa

Barbara batholith (Bettencourt et al., 2016).
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The Santa Barbara mine exploits cassiterite mainly from placer deposits, but primary mineralization
occurs as tabular and cupola-shaped quartz—lithian-siderophyllite—topaz—fluorite greisens, as well as
in quartz—lithian-siderophyllite—cassiterite—topaz veins in highly evolved alkali feldspar granite.
Quartz, topaz and cassiterite are located within the veins, whereas siderophyllite occurs along the
vein contact with the wall rock. The host rock, which is strongly metasomatized to greisen near the

contact of the vein, grades to unaltered granite away from the veins.

A 5-cm-thick quartz vein that crosscuts the host granite was sampled where cassiterite was found
(Fig. 1A). Thick— and thin—polished sections were prepared from cassiterite-bearing vein material for
both reflected- and transmitted-light petrography. Backscattered-electron images were obtained
with a Carl Zeiss Sigma VP field-emission scanning electron microscope at the Centro de
Desenvolvimento da Tecnologia Nuclear, CDTN, Minas Gerais, Brazil. Quantitative analyses by
wavelength-dispersive spectrometry (WDS) were carried out at the Universidade Federal de Ouro
Preto (UFOP) using a JEOL JXA-8230 Superprobe. Operation conditions were 20 kV acceleration
voltage and 20 nA current, and the electron beam was fully focused. Counting times at peak position
were 10 seconds for each element, and half peak-position time for background counting. The
elements analyzed for were as follows (reference materials and X-ray lines in parenthesis): Si (Quartz,
Ka), Se (pure metal, La), As (InAs, La), Mg (olivine, Ka), Te (Ag,Tes, La), Sb (InSb, La), Cl (meionite,

Ka), S (pyrite, Ka), Cu (pure metal, Ka) and Bi (pure metal, Ma).

10.4. Results

Cassiterite occurs in quartz veins as anhedral crystals, up to a few millimetres across, in the
interstices of coarse vein quartz. The crystals are zoned; alternating colorless and orange-brown
growth bands (Fig. 1B) and twinning is common. Some bands are strongly pleochroic. Niobium and Ta
were revealed by reconnaissance energy-dispersive spectrometry (EDS). Cassiterite grains host small
blebs of native bismuth, 5-10 um across, that occur in the vicinity of larger bismuth inclusions, ~25
pum across. Both types of inclusions are restricted to the colorless sections of cassiterite, without

preferential orientation (Fig. 1C).

Bismuth inclusions are also present in quartz as planar arrays that crosscut the host vein quartz (Fig.
1 D-H). Five larger trails, numbered 1 to 5, were found, spanning 200 to 1000 um in length with
inclusions of about 5 um across; the largest inclusions reach 10 um. Trails 1, 4 and 5 are truncated by
the borders of their host crystal. On the other hand, trails 2 and 3 each start and end on the inside of
their own host crystals. Several other trails with lengths of < 100 um and inclusion size of < 5 um

were also found.
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Fig. 1. A. Photograph of a slab from a cassiterite (Cst)—quartz (Qz) vein, the margin of which has siderophyllite
(Syp). B. Transmitted-light photomicrograph of a zoned cassiterite crystal, typical of the vein shown in A. C.
Transmitted-light photomicrograph of a domain of a cassiterite crystal, in which bismuth blebs (thin arrows)
and larger inclusions of native bismuth (thick arrows) are restricted to the whitish domain. D—F. Transmitted-
light photomicrographs of vein quartz and details of its inclusion-bearing domains. Cassiterite hosts inclusions
of native bismuth (black arrows, E), whereas trails of bismuth blebs occur in vein quartz (F-H; image F is
rotated 90°, plane-polarised light, crossed polars).
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Fluid inclusions coexist with bismuth inclusions in the same array (Fig. 2). The fluid inclusions are
biphasic (liquid + gas) and, within a trail, they usually have a roughly constant gas:liquid volume
ratios. For instance, in trail 1 this ratio is about 0.3, while for trail 3 it is <0.05. Inclusion shape varies,

and can be described as drop-like, rectangular, triangular or irregular.

Bismuth blebs are nearly rounded, and the larger blebs display hexagonal shapes (Fig. 2F, G). Under
reflected light, the blebs are whitish yellow in color. Most blebs consist of native bismuth. Some
blebs are multiphase (Fig. 3), and electron-microprobe analysis of such phases was tentatively carried
out (WDS, Table 1). Analytical results yielded SiO,, which were ignored in stoichiometric calculations,

since they represent the enclosing quartz.

The native-bismuth component is nearly pure Bi and generally occupies 70-100% of the bleb area
(Fig 3A—E.). Although rarely observed, some blebs have native bismuth as minor component (~30%
area, Fig. 3F). Other phases that coexist with native bismuth are sulfide—selenide—telluride minerals
of bismuth (Tables 2 and 3). Their general formula is Bi,X,,, where X is a chalcogen (S, Se, Te). At least
three chemical groups are distinguished: BgXs — BisXs, BiisXs and BisX,. An additional occurrence
containing Cu approaches CuBi;Xs. The latter consists in a minor component of composite blebs in
most trails. Composite, multiphase blebs account for approximately one third of the blebs examined

in this study. Only a few three-phase blebs were found (Fig. 3D).

Some microcracks protruding from bismuth blebs are worthy of consideration. They are partially
filled with native bismuth. These bismuth-filled microcracks can be observed in quartz-hosted trails

of bismuth blebs (Fig 3E—F), and in cassiterite-hosted bismuth inclusions (Fig. 4).

10.5. Discussion
The blebs and inclusions studied have ratios Bi:X>1. This is, according to Ciobanu et al. (2005, 2010),
empirically related to reduced fluid environments, while more oxidized Cu—Zn—Pb—Au-bearing ores of
Larga, Romania, and the magnetite-bearing Cu—Au skarns of El Valle, Spain, host Bi chalcogenides

where Bi:X<1 (Cook and Ciobanu, 2004; Cepedal et al., 2006).

The Bi—S—Se-Te system has a wide spectrum of phases with varying atomic proportions between
them, the most common of which have a Bi:X ratio of 2:3, 1:1 or 4:3 (Cook et al., 2007). However,
numerous other minerals with different proportions, such as hedleyite (7:3) and baksanite (6:5), plus
several unnamed phases —e.g. 2:1, 3:4, 3:2, 5:3 and even 13:8, 26:29, 32:39, are documented, either
in natural systems or as products of synthesis experiments. Additionally, there is a known
interchangeable isostructural replacement of Bi for Te (dubbed “disorder” by Bayliss, 1991). Question

has also been raised if electron-probe microanalyses, in the literature, of non-stoichiometric
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Fig. 2. Transmitted-light photomicrographs trails of bismuth blebs (black). Fluid inclusions are arrowed; some
are displayed in insets. Scale bars in each inset are 5 um. See Figure 1 for trail location. From A to E the same
trail of bismuth blebs, Trail 1, is photographed at different depths to illustrate the planar arrangement of such
trails. F-G. Bismuth blebs in Trail 3, at two different depths, have hexagonal shapes. Qz = quartz.
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Table 1. Results of electron-microprobe (WDS) analysis, in mass percentage, of bismuth blebs in quartz-hosted trails and as inclusions in
cassiterite. A and B are cassiterite grains.

Trail/  Inclusion

Crystal  number Phase Si02 Se Te Sb cl S Cu Bi Total
06-1 Bi6X5 1.89 0.44 0.90 <0.04 <0.02 10.07 <0.15 86.04 99.37

01_z1 Bi6X5 1.91 0.33 1.03 <0.04 <0.02 10.30 <0.15 85.22 98.83

01_z2 Bi6X5 0.95 0.38 1.04 <0.04 <0.02 10.38 <0.15 85.43 98.18

2 01-1 Bi 0.47 0.02 <0.06 <0.04 0.08 0.03 <0.15 100.10 100.72
01-3 Bi 0.52 <0.09 <0.06 <0.04 0.06 <0.03 <0.15 100.75 101.35

01-5 Bi 2.85 <0.09 <0.06 <0.04 0.10 0.67 <0.15 98.00 101.72

01-7 Bi6X5 0.82 0.37 1.03 <0.04 <0.02 10.23 <0.15 85.21 97.69

09_02-1 CuBi4X5 2.54 0.28 0.08 <0.04 0.06 14.64 5.64 76.16 99.41

3 09-1 Bi 3.09 <0.09 <0.06 <0.04 0.10 <0.03 <0.15 99.65 102.86
B-2 CuBi4X5 11.77 0.44 0.38 <0.04 0.03 14.61 3.85 70.17 101.27

A-1 Bi 0.20 <0.09 <0.06 <0.04 0.02 <0.03 <0.15 100.92 101.17

D-1 Bi 0.17 <0.09 <0.06 <0.04 0.03 <0.03 <0.15 100.89 101.10

4 D-2 Bi 0.29 <0.09 <0.06 <0.04 0.03 <0.03 <0.15 97.36 97.75
C-1 Bi 0.38 <0.09 <0.06 <0.04 0.05 <0.03 <0.15 100.52 100.99

B-3 Bi3X2 7.07 1.18 7.30 0.05 <0.02 5.82 0.19 78.75 100.39

3 Bil5X8 <0.14 2.24 11.54 0.07 <0.02 2.87 <0.15 81.57 98.52

4 Bil5X8 <0.14 2.06 12.02 0.10 <0.02 3.08 <0.15 82.00 99.31

A 5 Bi <0.14 <0.09 <0.06 <0.04 0.04 <0.03 <0.15 99.80 99.95
6 Bi <0.14 <0.09 <0.06 <0.04 0.05 <0.03 <0.15 100.28 100.54

C-3 Bi <0.14 <0.09 <0.06 <0.04 0.11 <0.03 <0.15 99.57 99.81

c-2 Bi3X2 <0.14 2.41 4.93 <0.04 <0.02 6.63 <0.15 84.31 98.33

B-3 Bi <0.14 <0.09 <0.06 <0.04 0.04 <0.03 <0.15 99.26 99.39

B B-2 Bi3X2 <0.14 1.80 8.32 0.04 <0.02 5.68 <0.15 83.77 99.72
A-1 Bi <0.14 <0.09 <0.06 <0.04 0.05 <0.03 <0.15 99.48 99.68

A-3 Bi <0.14 <0.09 0.06 <0.04 0.05 <0.03 <0.15 99.12 99.25

Measurements for As and Mg were carried out, but their contents were below the detection limit of 0.20% for As and 0.05% for Mg.
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Table 2. Results of electron-microprobhe (WDS) analysis, in apfu, of bismuth blebs in quartz-hosted trails and as inclusions in cassiterite. A and B

are cassiterite grains

Phase msa. apfu Trail Inclusion Se Te b cl < Cu Bi
calculation number
01-1 0.000 b.d.l. b.d.l. 0.004 0.002 b.d.l. 0.99
2 01-3 b.d.l. b.d.l. b.d.l. 0.003 b.d.l. b.d.l. 0.99
01-5 b.d.l. b.d.l. b.d.l. 0.005 0.043 b.d.l. 0.95
3 09-1 b.d.l. b.d.l. b.d.l 0.006 b.d.l. b.d.l 0.99
A-1 b.d.l. b.d.l. b.d.l 0.001 b.d.l. b.d.l 0.99
4 D-1 b.d.l. b.d.l. b.d.l 0.002 b.d.l. b.d.l 0.99
Bi D-2 b.d.l. b.d.l. b.d.l 0.002 b.d.l. b.d.l 0.99
2=1 Cc-1 b.d.l. b.d.l. b.d.l 0.003 b.d.l. b.d.l 0.99
5 b.d.l. b.d.l. b.d.l. 0.002 b.d.l. b.d.l. 0.99
A 6 b.d.l. b.d.l. b.d.l. 0.003 b.d.l. b.d.l. 0.99
C-3 b.d.l. b.d.l. b.d.l 0.006 b.d.l. b.d.l 0.99
B B-3 b.d.l. b.d.l. b.d.l 0.003 b.d.l. b.d.l 0.99
A-1 b.d.l. b.d.l. b.d.l 0.003 b.d.l. b.d.l 0.99
A-3 b.d.l. 0.001 b.d.l. 0.003 b.d.l. b.d.l. 0.99
BiisXs A 3 1.090 3.476 0.022 b.d.l. 3.435 b.d.l. 15.00
(S, Se, Te)s=g A 4 0.965 3.482 0.031 b.d.l. 3.554 b.d.l. 14.51
. 4 B-3 0.118 0.451 0.003 b.d.l. 1.431 0.024 2.97
s mmm_wwwwum R Cc-2 0.221  0.280 b.d.l. b.d.l. 1.499 b.d.l. 2.92
B-2 0.172 0.492 0.003 b.d.l. 1.336 b.d.l. 3.02
06-1 0.085 0.108 b.d.l. b.d.l. 4.806 b.d.l. 6.30
BigXs 5 01_z1  0.063 0.121 b.d.l. b.d.l. 4.816 b.d.l. 6.11
(S, Se, Te);=s 01_z2 0.072 0.121 b.d.l. b.d.l. 4.807 b.d.l. 6.07
01-7 0.070 0.122 b.d.l. b.d.l. 4.808 b.d.l. 6.15
CuBisXs 3 09_02-1 0.038 0.007 b.d.l. 0.019 4.955 0.963 3.95
(S, Se, Te)s=s 4 B-2 0.060 0.032 b.d.l. 0.009 4.907 0.652 3.62




119

Table 3. Summary of bismuth minerals that occur as trail-forming blebs and cassiterite-hosted

inclusions
Empirical
Compositional range Occurrence
formulae
Trails1-5
Bi Bio.95-1.0050-0.05 ]
Grains Aand B
BisXs Bis,g6-5,04(S3.85-3.855€0.05-0.07T€0.09-0.10) 5= i
Trail 2
or BigXs Bi.07-6.30(54.81-4.825€0.06-0.09 T€0.11-0.12)s=5
BijsXs Bi14.51-15.00(53.44-3.555€0.97-1.00 T €3.47.3.48) 3-8 Grain A
Trail 4
BisX, Bi2.92-3.02(5134-1.505€0.12-0.22T€0.28-0.49) 5= ]
Grain B
Trails3 -4
Cuo,e6-1BiaXs | Cuo 65-096Bi3.62-3.96(S4.91-4.965€0.04-0.06 1€0.01-0.03)s=5 .
Grains Aand B

tsumoite — ideally BiTe — could be explained by minor substitution between Bi and Te, or rather as
actual discrete minerals with near 1:1 stoichiometry such as BigTe; and BigTes, known from previous
works (Cook et al., 2007). Some of the occurrences recorded here do not correspond to any known
species from the Bi-S-Se-Te system (Fig. 5), but for the above-mentioned reasons, identifying
phases a few um across based on WDS-derived stoichiometric data alone is incautious and will not be
done. Conclusive phase determinations, however, are not instrumental to the main points argued

here.

The trail-forming blebs and cassiterite-hosted inclusions of native bismuth can be interpreted as
mineral inclusions in the traditional sense: preexisting solids that were enclosed by quartz and
cassiterite during their formation. However, they can also be interpreted as ‘fluid’ or ‘melt’ inclusions
— i.e., originating from the entrapment of liquid phases by the host crystal, either during its growth

(primary or pseudosecondary inclusions), or following it (secondary inclusions).

The low melting point of bismuth —271°C — implies that Bi should be in the liquid state under a wide
range of hydrothermal or late-magmatic conditions. It is unlikely that the cassiterite-quartz veins
would form at a temperature below that of the melting point of bismuth because similar cassiterite—
quartz veins of the Santa Barbara deposit yielded trapping temperatures of up to 370°C for primary
fluid inclusions (Bettencourt et al., 2005). Any bismuth at those temperatures would be molten and,

therefore, could not have been enclosed as solids —i.e., mineral inclusions.
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Fig. 3. BSE images of trails of bismuth blebs. The letter X is a chalcogen element (Table 3). A. Overview of Trail
4, the location of which is shown in Figure 1. B. Detail of the area indicated in A depicting: a hexagonal bleb of
native bismuth (C), and a composite bleb of native bismuth, CuBi,Xs and BizX, (D). E. Composite bleb of native
bismuth and Bi3X,, from which bismuth seems to have leaked into microcraks (thick arrow). F. Hexagonal bleb
of BigXs and native bismuth from Trail 2 (Fig. 1). This bleb is exceptional because the sulfide—selenide—telluride
phase is predominant. Qz = Quartz.

Cook et al. (2007):
® Minerals
o Unnamed species

This study:

Cst Qz

O 0O Native Bi

O O Bi,X;

@ B Bi.X,

| Bi.X,

@ CuBi,X,

X = chalcogen
(Table 3)

arad y . . N , ) . .

Fig. 4. BSE image of cassiterite-hosted inclusion of Fig. 5. Triangular diagram of Bi vs. Te vs. S+Se for trail-
native bismuth (Bi) with minor sulfide—telluride— forming blebs (squares) and cassiterite-hosted inclusions
selenide phase. The letter X stands for a chalcogen (circles) of bismuth. For comparison, known minerals
element (Table 3). Thick arrows point to protrusions and crystalline phases of the Bi—-S-Se-Te system are
of native bismuth into immediately adjacent plotted (Cook et al., 2007).

microcracks.

Some of the trail-forming bismuth blebs and cassiterite-hosted bismuth inclusions attest to a liquid-
state ’leaking’ —or ‘decrepitation’, in the fluid-inclusion jargon (Roedder, 1984), into immediately
adjacent microcracks (Fig. 3). This point is particularly relevant: like water, liquid bismuth expands
during crystallisation, a phenomenon that may naturally decrepitate the inclusions in the final stages
of cooling. In addition, the disposition of the bismuth blebs as trails closely resembles the planar
arrays of secondary or pseudo-secondary fluid inclusions (Roedder, 1984). Such fluid-inclusion-like

trails or arrays are difficult to explain by the mineral-inclusion hypothesis.
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Inclusion petrography allows classifying trails of bismuth blebs as pseudosecondary, formed during
the growth of their host quartz —e.g. trails 1, 2, 3 and 5 of Fig. 1— or secondary, formed during some
later fracture of their host quartz — viz., Trail 4. Aqueous fluid inclusions also cohabit the trails of Bi
blebs. While it would be tempting to assume coevality of the fluid and Bi inclusions, careful
examination shows that these fluid inclusions belong to secondary assemblages that crosscut the Bi

trails.

A Bi-melt origin for the cassiterite-hosted bismuth inclusions is harder to attest. It could also be that
they are sensu stricto mineral inclusions —i.e. they were captured in the solid state by the growth of
their host crystal. However, their compositional similarity with trail-forming bismuth blebs in vein
quartz and the decrepitation-like microstructures (Fig. 3E and 4) suggest they were also trapped in
the liquid state. Since their occurrence is limited by the zoning of cassiterite crystals, they might be
primary inclusions. Additionally, the stout pyramidal habit of the cassiterite crystals points to
elevated temperature of formation (Ahlfeld, 1958; Ahlfeld and Schneider-Scherbina, 1964), at which

Bi should be in the liquid state.

Information on how the melt was present and transported at the system and how it interacted with
vein-forming fluids cannot be retrieved from petrographic observations alone. It seems implausible
that high-density metallic melts would be kept in suspension for long in the low-density, quartz-
forming fluid, unless the latter had a colloidal, gel-like nature. Such a “silicothermal” fluid has
recently been observed in natural systems (Prokofiev et al., 2016, and references therein).
Alternatively, separation of an immiscible Bi melt, as demonstrated by Tooth et al., (2011), could
have taken place at a late stage of formation of the host quartz to allow the melt to be readily

trapped and preserved as inclusions.

The point to be stressed is the existence of Bi melts in cassiterite—quartz veins. This observation
reinforces the long-noticed spatial association of Bi and tin greisens (e.g., Ahlfeld, 1931), provides
empirical support and expands the applicability of the “Liquid Bismuth Collector Model” (Douglas et
al., 2000; Ciobanu et al., 2005).

10.6. Conclusion
The existence of Bi melt has been speculated and considered instrumental to the formation of some
metalliferous deposits, but not convincingly observed in nature. The petrographic observation of
trail-forming blebs of native bismuth in hydrothermal quartz and cassiterite from the Santa Barbara
tin deposit provides robust evidence for the presence of Bi melts. Such bismuth melt testifies to a

temperature of >250°C and reduced conditions at low sulfur fugacity.
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11. Ocorréncia de teores andmalos de ETR e anomalia de Ce em

granito feldspatizado (Artigo 4)

Este capitulo consiste em resultados e interpretacdes realizados pelo bolsista que futuramente
integrardo um trabalho mais extenso, a ser elaborado em parceria com outros bolsistas do
laboratério e a com empresa responsavel pela area. Dessa forma, ficam aqui provisioriamente

organizados na forma de artigo.

Origin of anomalous REE content and Ce-depleted bastnasite-La in

feldspathized rare metal granite, Rondénia Tin Province, Brazil

Frederico Sousa Guimardes, Monica Elizetti Freitas, Francisco Javier Rios, , Alexandre Raphael

Cabral, Clemente Récio Hernandez, Henrile Meireles

11.1. Abstract

Rare-earth elements and Li are materials of rising importance for technological and ‘green’
applications, and are the subject of growing interest as possible byproducts of rare metal exploration
in evolved granites. At the Grenville-age Santa Barbara deposit, Rondonia Tin Province, Brazil, rare
metals are mined from greisen rock which is depleted in REE in relation to their corresponding
unaltered granite. However, some feldspathized granites have anomalous REE content of up to 4300
ppm and negative Ce anomaly. In these rocks, REE are bound to monazite, bastnasite-Ce and
bastnasite-La. The first two occur as inclusions in mica and feldspar and have flat LREE profile similar
to fresh granite. The latter occurs as fine grained filaments and flakes which overgrow zircon and
other REE minerals, and also fill holes near the contacts between feldspar and mica. Petrographic and
EPMA data suggest monazite and bastndsite-Ce are the original magmatic REE minerals in granite.
Formation of bastndasite-La can be explained by metasomatism of the granite by a feldspathizing fluid
rich in Na—K—REE, owning to the breakdown of feldspars and monazite during greisenization of a
neighboring granite. The low Ce content of the fluid is interpreted to be due to its oxidizing

conditions, which prompted precipitation of cerianite.

11.2. Introduction

Tin granites are the main global source of Sn, and their occurrence is spatially, chemically and

temporally related to highly evolved granitic magmas and late-magmatic alteration by metal-rich
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residual hydrothermal fluids (Shcherba, 1970; Taylor, 1979; Pollard and Taylor, 1986). These granites
often host anomalous contents of HFSE, lithophile and volatiles e.g. Rb, Cs, Li, Th, U, rare-earth
elements (REE), Nb, Ta, W, Be, B and F. Minerals such as ilmenite, columbite-tantalite, wolframite-

scheelite are common byproducts of cassiterite mining.

The growing demand for technological materials —viz. green electronics and renewable energy
industries— presses for new potential sources of REE and Li. While tin granites cannot compete with
conventional REE and Li deposits in terms of grade, the extraction of high-technology byproducts
from cassiterite concentrate may not only be economically viable but also environmentally
responsible. For example, zinnwaldite from tin-granite and their micaceous tailings has been
proposed as a non-conventional source of Li-carbonate (Jandova et al., 2010; Siame and Pascoe,
2011; Martin et al., 2017; Rentsch et al., 2018); and recent works suggested tin granites as potential
sources of LREE phosphates and fluorocarbonates, and as precursors to ion-adsorbed HREE-bearing
clays (Santana et al., 2015; Wang et al., 2015; He et al., 2017; Zapata and Botelho, 2018). Among
other possible byproducts, fluorotopaz is a cheap raw material for low-temperature production of
high-purity mullite for advanced ceramics (Miao, 1999; Monteiro et al., 2004; Pyzik et al., 2008;
Abdullayev et al., 2020). For those reasons, evaluating the occurrence, origin and content of these

non-conventional resources on rare metal granites is of increasing importance.

In this work, we evaluate a hydrothermalized granite sample from the Santa Barbara deposit,
Rondonia Tin Province, Brazil. The REE content of this sample is several times higher than in adjacent
granite, but its Ce content is similar. Mineralogy, distribution and mineral chemistry of REE in this
sample are assessed and compared with neighboring fresh granite and greisen. A tentative model is
proposed to explain the anomalous REE content, the negative Ce anomaly, and the differences in

mineral chemistry.

11.3. Geological background
The tin granites and associated placers of the Pitinga and the Rondonia tin provinces of the
Amazonian Craton are the two largest tin producers in Brazil. The Amazonian craton is composed of
Archean to Neoproterozoic provinces (Fig. 1A) that were accreted together through successive SW-
verging belts (Tassinari and Macambira, 1999; Tassinari et al., 2000; Santos et al., 2008; Scandolara et
al., 2013). In the Pitinga Tin Province (PTP), peralkaline cryolite-bearing tin granite emplacement is
related to a single granite suite, the 1822 + 22 Ma Madeira Suite (zircon U-Pb ages, Bastos Neto et
al., 2014). The Rondonia Tin Province (RTP) on the other hand hosts seven well known metaluminous
to peraluminous topaz-bearing tin granite suites (Fig. 1B) with ages ranging from 1600 to 970 Ma

(Bettencourt et al., 1999).
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Fig. 1: (A): Tectono-structural map of the Amazonian Craton and location of the Ronddnia Tin Province.
Modified from Santos (2008), Tassinari & Macambira (1999). (B): Geological map of the Rondénia Tin Province.
According to Santos et al. (2008): [1]: Part of the 1.45-1.10 Ga Sunsds Province. [2]: Divided into Rio Negro
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(Tapajos-Parima Province)(Santos et al., 2008).
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The youngest and most fertile suite of the RTP is the Younger Granites of Rondonia (YGR), the zircon
U—Pb crystallization ages of which are 995-974 Ma. The suite comprises several cogenetic fertile
granitic massifs — e.g., Pedra Branca, S3ao Carlos, Massangana, Santa Maria, Caritianas, Bom Futuro,
Santa Barbara massifs; which host Sn mineralization in different styles, such as pegmatite pods and
pockets, vein swarm and stockwork in the Bom Futuro massif (Lowell and Ahl, 2000; Souza and
Botelho, 2009) but cupola endogreisen and cassiterite-bearing veins in the Santa Barbara massif

(Sparrenberger, 2003; Bettencourt et al., 2005b).

11.3.1.Santa Barbara massif
The Santa Barbara massif consists in granites with an A-type, alkali-rich, ilmenite-series, ferroan
chemical signature. Trace element chemistry, petrography and field criteria led to the distinction of
three subunits (Sparrenberger et al., 2002; Sparrenberger, 2003; Bettencourt et al., 2005b): 1) an
early, metaluminous, fine- to medium-grained, porphyritic syenogranite (993 + 5 Ma, monazite U-Pb
age); (2) a peraluminous, medium- to coarse-grained, porphyritic syenogranite (989 * 13 Ma,
monazite U-Pb age); and (3) a late, tin-bearing, porphyritic albite—microcline granite (978 + 13 Ma,

zircon U-Pb age) (Fig. 2).
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Fig. 2: Lithological map of the study area, Santa Barbara Massif, Rond6nia Tin Province, Brazil. The location of
sample 006 is marked.

8,977,500

Pyroxenes and amphiboles are conspicuously rare in all units and CaO contents are lower than one
percent. The accessory mineralogy includes topaz, ilmenite, cassiterite, fluorite, zircon, Nb-tantalate

minerals, monazite, xenotime and REE fluorocarbonates.
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Unit 3 is the main host of the Sn mineralization, which occurs as cupola greisens, cassiterite-bearing
veins crosscutting the granite, and spatially associated placers currently mined for cassiterite, the
byproducts of which are ilmenite and columbite-tantalite. The greisens of Santa Barbara are feldspar-
poor rocks significantly depleted in Na and Ca (< 0.1 wt.% CaO + Na,0), U (Th/U ratios as high as 9.5)
and REEs (10% the REE content of fresh granite), but rich in Li, Sn, Nb, W and Ta— up to 4200, 2400,
300, 176 and 63 ppm respectively (Guimardes et al., 2021). Mica K—Ar/Ar—Ar ages suggested a 20-30
Ma timespan between granite intrusion and greisen formation (Leite Jr et al., 2001; Bettencourt et
al., 2005a), but recent cassiterite U-Pb ages indicate coevality between these two events (Guimaraes

et al., submitted data).

Granite spatially close to greisen and cassiterite-bearing veins shows different degrees of
hydrothermal albitization, microclinization and greisenization (Sparrenberger, 2003; Guimaraes et al.,
2021). Some hydrothermally altered granite display major chemical and mineralogical changes, i.e.
large scale replacement of feldspar by mica and low Ca and Na contents similar to greisen. For other
granites the alteration is more elusive, as essential mineralogy and major elements content are
preserved. In those cases alteration can be identified by microfabrics and anomalously high contents
of certain trace elements, such U, Sn, Rb, Li and REE. For example, one sample studied by Guimaraes

et al. (2021), consisted in feldspathized granite with a highly anomalous total REE content of 4300

ppm (Fig. 3).

100

Fig. 3: REE content of fresh granite, greisen,
and hydrothermalized granite 006A from the
Santa Barbara Massif, Rond6nia Tin Province,
Brazil (adapted from Guimaraes et al., 2021).
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11.4. Samples and Methods

Granite and greisen were collected from outcrops in the vicinity of the mining pit, and their
petrography, whole-rock chemistry and mica composition were analyzed. Detailed sample
description and bulk-rock analysis methodology of the samples were published by Guimaraes et al

(2021). This work focuses on sample 006A from that work.
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The composition of REE minerals in thin sections was assessed with the JEOL JXA-8900 electron
microprobe at the Microanalyses Laboratory of the Microscopy Center in UFMG, Belo Horizonte,

Brazil. Operating conditions were 20 kV and 25 nA, with a beam width of 5 um.

The following elements were analyzed, with standards, lines and counting times in parenthesis: F
(CaF,, Ka, 10 s), Cl (chloroapatite, Ka, 20 s), P,Os (LuPO,, Ka, 10 s), SO; (BaSO,, Ka, 10 s), SiO, (SiO,,
Ka, 10 s), CaO (apatite, Ka, 10 s), BaO (BaSQ,, La, 10 s), SrO (strontianite, La, 20 s), MgO (MgO, Ka, 10
s), MnO (MnO, Ka, 20 s), FeO (magnetite, Ka, 10 s), Al,03 (Al,O3, Ka, 10 s), PbO (crocoite, Ma, 20 s),
TiO,, (TiO,, Ka, 20 s), ThO, (ThSiO,, Ma, 20 s), UO, (UO,, Ma, 20 s), La,0; (LaPO,, La, 20 s), Ce,03
(CePQ,, La, 30 s), Pr,0; (PrPQy,, LB, 20 s), Nd,O5; (NdPQ,, La, 10 s), Sm,0; (synthetic silicate, La, 20 s),
Dy,0; (DyPQ,, LB, 20 s), Y,0; (YPO,, La, 20 s), Ho,0; (synthetic silicate, LB, 20 s), Er,O5 (ErPQO,, La, 20
s), Yb,03 (YbPO,, La, 10 s), Lu,03 (LuPO,4, Ma, 10 s).

11.5. Results

11.5.1.Sample description
The granite outcrop 006 occurs in the vicinity of the greisen currently being mined at the Santa
Barbara mine (Fig. 2). It consists in white to pink, fine-grained, weathered granite from subunit 3. The
outcrop is cut by three sets of veins, related to post-magmatic alteration stages described by
Sparrenberger (2003): (1) a subvertical set consisting in lithian-siderophyllite-bordered cassiterite-
bearing quartz veins. Veins are 3-4 mm to tenths of centimeters wide. Granite within 10-20 cm of
these veins is greisenized i.e. feldspar is partially substituted by Li—F-mica with a specific trace-
element signature (Guimaraes et al., 2021); (2) narrow, mm-wide mica stockwork; and (3) mm-wide

clay stockwork related to the late argilization stage (Fig. 4A-B).

The sample 006A was taken from a part of the outcrop in which no macroscopic alteration fabrics, no
veins, and no feldspar substitution by mica were identified. Main mineralogy is quartz (40%),
microcline (24%), albite (23%), lithian siderophyllite (9%) and topaz (4%). Mica is often interstitial to
quartz and feldspars (Fig. 4C), but can also occur as large crystals or aggregates. Accessory minerals
are zircon, ilmenite, rutile, monazite, xenotime, bastnasite, fluorite, cassiterite and niobium-

tantalates, which occur mainly as minute inclusions in mica (Fig. 4D).

Whole-rock analyses showed that granite major element content was preserved — e.g. Na,0 + CaO
content of 3%, while in greisenized granite and greisen is <0.1% (Guimardes et al., 2021). However,
hydrothermal alteration can be inferred from micropetrography and from trace element chemistry —
e.g. albitization and microclinization fabrics (Fig. 4E-F); anomalous contents of U and total REE; and a

strong negative Ce anomaly (Fig. 3).
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- - SR N Pk 3 h
Fig. 4: Characteristics of granite sample 006A. (A) and (B) are outcrop photographs. (C) and (D) are transmitted
plane-polarized light photomicrographs. (E) and (F) are transmitted, cross-polarized light photomicrographs
with gypsum accessory plate inserted. (A) Light orange granite cut by subvertical quartz-cassiterite veins
bordered by lithian-siderophyllite (black). (B) Stockwork of clay-mineral veinlets (white) related to the late
argilization stage. (C) General fabric of the granite, containing K-feldspar, turbid albite, interstitial zinnwaldite
and rare cassiterite grains. (D) Larger mica aggregates containing several inclusions of accessory minerals,
including monazite, zircon, fluorite, rutile, ilmenite, columbite-tantalite and bastnasite (red arrows). (E)
Swapped-rims albitization texture. (F) Microclinized albite grains. Abbreviations: Ab = albite, Cst = cassiterite,
Kfs = microcline, Qz = quartz, Znw = Zinnwaldite.
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11.5.2.Rare earth mineralogy and mineral chemistry

Phosphates

Monazite is the most abundant REE mineral in fresh granites of the Santa Barbara massif, occurring
as anhedral to subhedral inclusions in zinnwaldite (Fig. 5A). In hydrothermalized granites, a finer-
grained anhedral monazite often occurs associated with zircon and other accessory minerals (Fig.
5B). Monazite is rarer in greisen than in granite. When it occurs, it can display intense alteration and
overgrowth by iron oxides, complex REE phases and florencite (Fig. 5C). The occurrence of xenotime

is very similar to monazite, but less abundant.

Il Monazite M Florencite
W Fe-oxides [Clay
[CJQuartz [JBastnaesite
[JComplex Y-bearing phase

Fig. 5: Monazite grains. (A): BSE image of monazite inclusions in zinnwaldite. (B) BSE image of fine-grained
monazite overgrowing zircon grains. (C) Monazite grains with full liberation (left), bearing REE inclusions
(center) or intergrown with Fe-oxides (right). The black bar near each crystal is 100-um long.

Fluorocarbonates

Bastnasite is the most abundant REE mineral in the fresh granites in Santa Barbara after monazite. It
generally occurs as granular, anhedral inclusions in zinnwaldite, sometimes related to other minerals
also included in mica, such as zircon, columbite and monazite (Fig. 6A-B). It can also occur as

filamentous, flaky or fibrous masses that fill holes and grain interstices in the contact between
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zinnwaldite and feldspar, sometimes in a fine-grained assemblage containing quartz, clay minerals

and feldspar (Fig. 6C-F).

Bastnasite is zoned and its REE contents vary within the same grain. The massive, granular grains
tend to be bastnasite-Ce (0.21-0.59 apfu Ce and 0.11-0.29 apfu La) while bastnasite-La (0.01-0.36
apfu Ce and 0.17-0.75 apfu La) tends to be related to fine-grained, fibrous crystals that occur

alongside holes and interstices (Fig. 6D, E, F, G, |).

For the Ce-dominant group, the Ce x La contents are dispersed while for the La-dominant group, they
are inversely correlated (Fig. 7A). The Th/U ratio varies between 2 and 300 for the Ce group and
between 0 and 55 for the La group (Fig. 7B). The La-rich member tends to have a higher content of
other LREE —e.g. 0.04-0.11 apfu Pr in the La-rich member versus 0.02-0.06 apfu in the Ce-rich (Fig.
7C). The contents of Ca and Th are higher for bastnasite-Ce and positively correlated to each other

(Fig. 7D).

Oxides and APS

Cerianite is an uncommon REE mineral in the fresh granites of the Santa Barbara massif. However, it
can be found in greisens and on weathered surfaces and saprolites. In either case, it generally
overgrows or intergrows other REE minerals (such as bastnasite and monazite), manganese oxides

and clay minerals (Fig. 5C, 6J).

Florencite is an LREE aluminum-phosphate-sulfate, which occurs only in hydrothermally altered

granites and greisens, as overgrowths in other REE minerals, such as monazite (Fig. 5C).
11.6. Discussions

11.6.1. Mineral identification and apfu calculations
The REE fluorocarbonates are minerals of complex identification and structure (Zeug et al., 2021).
They are often understood as polysomatic layers of bastnasite (REECO3;F) and synchisite
(CaREE(CO3),F) components (Capitani, 2019), resulting in structural formulas which approach
Ca,REE,(CO3)xs,Fy, or (CaCOs)*(REE COsF), such as bastndsite (Ce(COs)F; x=0, y=1), parisite
(Ca(REE),(COs)sF,; x=1, y=2), Roentgenite (Ca,(REE);(CO3)sF;; x=2, y=3). However, the similar radii of
Ca* and REE™ also allow their direct substitution in the mineral structure, which generates a net

charge of -1. This can be balanced by a coupled substitution of REE* by Th** (Zeug et al., 2021).

In this work, the low Ca contents and the positive correlation of Ca and Sr with Th suggest a
Bastnasite composition in which Ca is only present substituting for REE*. The F content and the

analytical totals of analyses are in agreement with a bastnasite composition.
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Fig. 6: Bastnadsite MEV and MLA maps. (A)-(C): BSE images. (D)-(F): BSE image (top) and EDS element map
(bottom. Blue = Ce. Green = La). (G) to (J): MLA maps. (A) and (B): Granular inclusions of bastnésite on mica. (C):
Filamentous bastnasite overgrowths in zircon. (D): Bastnésite inclusion in zinnwaldite, with lower Ce proportion
near holes (green color). (E) and (F): Flaky or filamentous bastnasite crystals filling holes and interstices
between albite and zinnwaldite. Notice how the finer, flakier grains are La-predominant (green) while the
coarser, more massive grains are Ce-predominant (blue). (G): Highly liberated bastnasite-Ce grains with
inclusions of a complex silicate REE phase. (H): Bastnasite as minute inclusions on zinnwaldite. (I) Overgrowths
of cerianite over bastnéasite-La and bastnasite-Ce Intergrowths. (J): Overgrowths of Cerianite and Mn-oxides.
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Fig. 7: Composition of bastnésite in atoms per formula unit (apfu). (A): La vs. Ce. (B): Th vs. Th/U ratio (C): Ce vs.
Pr. (D): Ca vs. Th.

For this reason, apfu were calculated based on the bastnasite unit formula, normalized to 1 cation
per formula unit, which includes REE™ Ca*?, Th** and U™. Since CO; content can’t be determined via
EPMA, its content was estimated based on the ‘missing mass’ needed to reach 100 wt. % and on

charge balance.

The F-containing site can also be occupied by minor Cl and OH’, however, hydroxylbastnasite is very
rare in nature since it strongly favours F (Gysi and Williams-Jones, 2015). As such, a fluid with as little
as 2.5% F will form fluorobastndesite in which this anion site is > 90% occupied by F (Hsu, 1992).
Given the high F content in the Santa Barbara granite (Sparrenberger, 2003; Bettencourt et al., 2016;
Guimaraes et al., 2021), it is unlikely that OH" will be a relevant component of the Santa Barbara’s

bastnasite.

11.6.2. Source of REE content of sample O06A
The hydrothermalized granite sample 006A analyzed by Guimardes et al. (2021) has REE contents of
4300 ppm, which is approximately 8 times higher than fresh granite and 40 times higher than greisen
(Fig. 3). The sample has a very strong Ce anomaly (CeN/(LaN x PrN)®> = 0.13), due to its Ce content

being close to the Ce content of fresh granite. This suggests that a candidate hydrothermal fluid that
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altered granite 006A was rich in REE but Ce-depleted, which caused a large intake of REE into the

rock, but almost no Ce intake.

In magmatic environments, REE except for Eu tend to be found mostly as +3 cations with similar ionic
radius. As such, magmatic processes generally aren’t selective for specific REE (Henderson, 1983).
This is also the case for U and Th*™, which have similar geochemical behaviors under magmatic
conditions, conserving the Th/U ratio (Bau, 1996). However, under oxidizing hydrothermal and even
supergenic conditions, Ce* can be converted to Ce™ which is highly insoluble and precipitates as
cerianite (Ce0,), while the other REE remain mostly in solution (Braun et al., 1990). The REE profile of
the fluid will be a mirror-image of the REE profile of precipitated cerianite, viz. the well-documented
negative Ce anomaly in seawater due to Ce being incorporated as cerianite into seafloor manganese
nodules (e.g. Piper, 1974; de Baar et al., 1988). Uranium has the opposite behavior: due to the high
solubility of U®" in oxidized aqueous fluids even at low temperatures, oxidized fluids can significantly
alter the Th/U ratio of geological materials by preferentially leaching U over Th (Frondel, 1958; Bau,
1996; Liu et al., 2019). It is likely that the high U and REE contents of sample 006A can be explained
due to alteration by an oxidized aqueous fluid which could solubilize REE* and U*® but was poor in

Ce, due to redox-precipitated Ce* as cerianite.

This begs the question of what is the source of that U and REE, i.e. where were they leached from by
the fluid. A candidate would be an oxidized rock depleted in REE and U, such as the Santa Barbara

greisens.

11.6.3. Bastndsite varieties
F-carbonates are strongly LREE-selective (Williams-Jones and Wood, 1992) and bastnéasite-Ce is much
more common in nature than bastnasite-La. It has been proposed that this is simply a result of Ce
being two times more abundant in the continental crust than La (Hsu, 1992). Therefore, bastnasite
that displays a flat crust-normalized REE profile is bastnasite-Ce (Rudnick and Gao, 2003). In order to
form, bastnasite-La may require a process which fractions La and Ce in different magnitudes, such as
oxidation to REE™, which is strongly Ce-selective. For example, alteration of bastnasite-Ce, monazite
and fluocerite-Ce in oxidizing environments is known to produce bastnasite-La and cerianite (Styles

and Young, 1983).

In this work, both bastnasite-Ce and -La varieties were observed in sample 006A. The La-dominated
group has a lower content of impurities (Ca, Fe, Th, and U) and a lower Th/U ratio. The REE profiles of
bastnasite-Ce normalized for the bulk continental crust are relatively flat in the LREE region and
average Ce anomaly is 1.06 (Fig. 8A, B); which reinforces the suggestion that Ce predominance is

simply a matter of relative crustal abundance. This REE profile is consistent with the profiles of
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monazite and the non-altered granite, which have flat crust-normalized LREE profiles and Ce
anomalies close to 1 (Fig. 8A, B). In contrast, bastndsite-La has a strongly negative Ce anomaly,
ranging from 0.01 to 0.6, and a mean of 0.18. This is similar to the negative Ce anomaly registered for

the altered granite sample 006A, which is 0.13 (Fig. 8B, C).

The groups also differ regarding fabric. Bastnasite-Ce forms bulkier, massive crystals, while
bastnasite-La overgrows it as fine grained filaments or flakes. The fine grained filaments are also
often related to holes or cavities in mica, feldspar, bastnasite-Ce, and in the contacts between them.
These fabrics suggest a later formation of bastnasite-La when compared to bastnasite-Ce and to the

magmatic components of the rock.

The different fabrics and compositions suggest that bastnasite-La was formed by a different process
than bastnasite-Ce. We propose formation of bastnasite-La is related to the Ce-depleted, REE-rich
fluid that metasomatized granite 006A. In that case, Bastnasite-La would be expected to have a REE
profile which is a complementary, mirror-image of the REE profile of cerianite, which seems to be the

case (Fig. 8D).
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11.6.4. Model of formation of REE minerals in granite 006A
This model for the alteration of granite 006A assumes an initial condition of a relatively homogenous
granite mass in the late-magmatic stage (Fig. 9A), with a major and trace-element composition
similar to the ‘fresh granite’ samples of Guimardes et al. (2021). The assumption of an initially
chemically homogenous rock is reasonable, given the chemical similarity between granite samples at
the Santa Bdarbara deposit which are several hundred meters apart, and the fact that our working

model will encompass only a small scale of a few tenths of meters (Fig. 2).

In the first alteration stage, late-magmatic fluids exsolve from the crystallizing rock, migrate into the
granite cupola and cause greisenization reactions, which are characterized mainly by replacement of
feldspar and magmatic mica by quartz, zinnwaldite (lithium-mica) and topaz, which enriches the fluid
with K and Na (Pirajno, 2009 and references therein). The content of HFSE in the greisen mica is
orders of magnitude lower than in granite mica, so these exsolved metals tend to precipitate as ore
minerals (Guimardes et al., 2021). At this stage, the whole-rock REE and U content have been
demonstrably reduced by a factor of ~8 and ~3, respectively (Fig. 3), which means REE and U were
leached by the fluid during alteration (Fig. 9B). This is suggested to have occurred due to leaching of
magmatic monazite during greisenization, which is evidenced by its substitution by iron oxides,

complex REE phases, and florencite (Fig. 5C).

This alteration is understood as having an oxidizing character due to the slight positive Ce anomaly
found in some greisens, the presence of APS and iron oxide in altered monazite, the selective
leaching of U over Th, and the occurrence of spatially associated cerianite (Fig. 6l, J). Formation of
cerianite is highly selective for Ce, which depletes the fluid in this element while keeping the content

of other LREE virtually constant (Braun et al., 1990).

The resulting alteration fluid is therefore rich in REE, U, Na and K from the leaching of monazite,
albite and microcline, and poor in Ce due to cerianite formation (Fig. 9C). The high alkali content of
post-greisenization fluids is known to cause feldspathization (albitization, microclinization) in
surrounding granites when interacting with them (Shcherba, 1970; Pollard, 1983; Pollard and Taylor,
1986; Stemprok, 1987). Post-greisenization alteration is commonly recorded in the granites
surrounding the Santa Barbara greisen (Sparrenberger, 2003; Bettencourt et al., 2005b), and several

superimposed overprints are recorded in the outcrop of granite 006 (Fig. 4A-B).

We propose granite 006 was subject to the post-greisenization overprint caused by this Na—K—-U—
REE-rich, Ce-depleted fluid (Fig. 9D), which caused pervasive feldspathization (Fig. 4E, F) and

formation of fine grained bastn&site-La with very low Ce content and very low Th/U ratio (Fig. 7). This
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variety precipitated in empty, fluid-rich spaces near the contact of F-bearing mica and neoformed

feldspar, and also as overgrowths over previously present bastnasite-Ce (Fig. 6).

Geological model REE profiles
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Fig. 9: Simplified geological model of the REE alteration at the Santa Barbara massif, Rondénia Tin Province,
Brazil (left), and corresponding REE profile of rocks and fluids at each step. (A): crystallization of homogeneous
granite with flat REE profiles due to LREE being incorporated mostly in bastnasite-Ce (bst-Ce) and monazite
(mnz). (B) Greisenization leaches elements out of the granite producing REE—-K—Na-depleted greisens. (C) REE-
K—Na-rich fluid migrates and precipitates cerianite due to oxidation, changing REE profile of fluid. (D) REE—K-—
Na-rich feldspathizes granite and forms Ce-poor bastnasite-La (bst-La). Granite REE content increases eightfold
with almost no change in Ce content. Fluid compositions are qualitative. Mineral intervals are only shown for
LREE due to the low content and high quantification limit for HREE in bastn&site and monazite.
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11.7. Conclusions
Late to post-magmatic hydrothermal alteration at Santa Barbara massif, Rondonia Tin Province,
Brazil, produces greisen rock which is depleted in REE when compared to the precursor granite. As a
consequence, the resulting fluid is rich in REE and alkalis, and in the case of oxidized fluids, Ce will
partition out of the fluid due to highly insoluble tetravalent Ce precipitating as cerianite. This fluid
may then metasomatize neighboring granite producing feldspathization and increased REE content.
This is recorded in a heavily hydrothermalized outcrop 006A in which feldspathization fabrics are
widespread and REE contents may reach 4300 ppm. This represents REE enrichment by a factor of ~8
when compared to fresh granite. The Ce content of granite 006A, however, is similar to fresh granite,

indicating almost no Ce intake during metasomatism.

The REE mineralogy of granite 006A includes monazite and bastnasite-Ce that have flat REE profiles
consistent with the fresh granite profile, suggesting that they are the original magmatic and late-
magmatic REE minerals of the fresh rock. It also includes a second variety of bastnasite-La, which is
late in relation to monazite and bastnasite-Ce, overgrowing previous minerals and filling holes as
fine-grained filaments or flakes. This variety is Ce-depleted and has a high Th/U ratio, suggesting it

formed during metasomatism by the feldspathizing fluid.
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12. Resumo Evolutivo e Paragenético

Os dados coletados nesse trabalho permitem uma expansao do modelo paragenético e evolutivo do
macico com base em dados atualizados de quimica mineral de micas (item 8), idades U-Pb em

cassiterita (item 9) e mineralogia de ETR (item 11), que se encontram sintetizados na Figura 21.

O primeiro estagio da formacdo do granito Santa Bdarbara consiste na cristalizacdo de magma
granitico evoluido da suite Granitos Ultimos de Rondénia em contexto pds-colisional da orogenia
Sunsas, ca. 995 Ma (fig. 3 do item 9). A cristalizacdo do magma resultou na formacdo dos minerais e
da trama ignea do granito, i.e. quartzo, feldspatos, mica escura pobre em Li e F, sobretudo na forma
de agregados grandes em formato de coroa ou guirlanda pobre em Li e F (‘garland’, fig. 3C do item
8). Também se formam nesse estagio os minerais acessorios ilmenita, zircio, monazita, xenotima,
fluorita e columbita-tantalita, com carater granular e inclusos na mica ‘garland’ (Figura 20). Topazio
provavelmente ndo é um mineral comum nesse estdgio dado o cardter metaluminoso das facies
graniticas precoces no macico Santa Barbara (tabela 4 do item 8). Fluorita € um mineral presente
como acessorio em virtualmente todas as etapas dado que todo excesso de F em cada etapa tenderia

rapidamente a reagir com Ca devido a baixissima solubilidade do CaF, em fluidos aquosos.

A transicdo do estdgio magmatico para o estagio hidrotermal em sistemas graniticos evoluidos é
tipicamente gradativa, com um estagio transicional. Com a progressao da cristaliza¢do, evolugdo da
composicdo do liquido magmatico e exsolugdo de fluidos aquosos (Fig. 9A do item 11), alteragdes
automestassomaticas pré-greisenizagao tem lugar, como microclinizagdo e albitizagdo. Mica formada
nesse estagio ja apresenta teores elevados de Li e F (‘zinnwaldita’), porém ainda apresentam teores
elevados de Ti e metais raros (fig. 9 do item 8). Ela se forma nos intersticios da trama magmatica,
dado que a maioria dos minerais ja se cristalizou (Figura 9E, Fig. 3B do item 8). O excesso de Al do
liqguido granitico peraluminoso pode se manifestar como quantidades acessdrias de fluorotopazio
(tabela 4 do item 8). Ocorre também neoformacdo de minerais de ETR, incluindo monazita e

bastnasite-Ce, como agregados finos sobrecrescendo os minerais acessérios (Figs. 5B, 6B do item 11).

Posteriormente, ocorre a etapa hidrotermal pds-magmatica, dominada pela greisenizacdo e
responsavel pela economicidade do depdsito para cassiterita. O intervalo temporal entre
cristalizacdo magmatica e greisenizacdo/mineralizacdo é objeto de controvérsia em depdsitos
similares do mundo, porém estudos recentes utilizando datacdo U-Pb em cassiterita de greisens tém
mostrado que esse intervalo deve ser menor do que previamente se pensava. Para o macigo Santa
Barbara, a idade U—-Pb de cassiterita de greisen e veios se demonstrou indistinguivel das idades U-Pb

de cristalizagdo magmatica do granito, dentro da resolugdo do método (Fig. 8 do item 9).
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Durante a etapa hidrotermal franca, as reagdes dominantes sdo dissolu¢cdo de diversos minerais
magmaticos, sobretudo micas e feldspatos, com lixiviacdo de K e Na para o fluido (Fig. 9B do item
11); neoformacdo de mica litinifera pobre em Ti e HFSE (fig. 9 do item 8); e precipitacdo do Ca, Al, Si,
HFSE e F excedente como topazio, fluorita, minerais-minério e quartzo (tabela 4 do item 8). Além da
alteracdo in situ, a exsolucao de fluidos pode produzir faturamento hidraulico do macico com
formacao de veios em ‘estilo greisen’, contendo quartzo, mica litinifera, topazio, cassiterita, fluorita e
columbita-tantalita, nos quais foram observados melt inclusions de bismuto (item 10). Esses veios
greisenizam parcialmente os granitos que os hospedam, produzindo halos de alteracdo nos quais se
observa feldspato mosqueado, pseudomorficamente substituido parcial ou totalmente (Fig. 3G-H do

item 8) por mica litinifera com assinatura quimica especifica (fig. 9 do item 8).

Foi observado que o fluido responsavel pela greisenizacado lixivia também ETR, dado que o conteudo
desses elementos nos greisens é cerca de 8 vezes menor que nos granitos (Fig. 9B do item 11).
Monazita, xenotima e mesmo zircdo sdo lixiviados, produzindo fases complexas de ETR (ndo
estudadas neste trabalho) e florencita. O carater oxidante do fluido é particularmente eficaz em
lixiviar U, produzindo greisens com razdo Th/U alta; o carater oxidante também favorece
precipitacdo de cerianita, que pode ocorrer em momento ainda incerto e resulta num fluido rico em

ETR porém pobre em Ce (Fig. 9C do item 11)

Por fim, este fluido rico em Na—K—ETR pode migrar e ter contato com uma porg¢ao ainda fresca do
granito, provocando feldspatizacdo (Fig. 9D do item 11). AlteragOes ciclicas de greisenizagado-
feldspatizacdo sdo comuns em sistemas do tipo (Figura 3). Essa alteragcdo por fluidos pds-

greisenizacdo é responsavel pelo enriqguecimento em ETR observado em algumas facies graniticas.

Alteragdes posteriores documentadas no macigo Santa Bdrbara, como argilizagdo, muscovitizagdo e
intemperismo, ndo foram abordadas em detalhe nesse trabalho, mas encontram-se bem descritas e

documentadas em outras produgdes.
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Figura 21: Quadro paragenético tentativo do Macico Santa Barbara elaborado a partir de dados deste trabalho
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13. Conclusoes

Durante este trabalho foram executados trabalhos de campo, revisdo bibliogréfica, coleta de
amostras, elaboracdo de laminas, petrografia e aplicacdo de diversas técnicas analiticas no
entendimento do Macico Santa Barbara e ocorréncias minerais associadas. Um estagio de pesquisa
no exterior, visando obter dados isotdpicos, também foi executado. Com isso, puderam-se elaborar
publicacdes cientificas em revistas internacionais revisadas por pares, e avancar o estado do
conhecimento sobre mineralizacdes estaniferas e associadas em granitos evoluidos. Abaixo se

ressalta de forma resumida as principais conclusdes do trabalho:

e E possivel identificar diversas geracdes de mica no macico Santa Barbara com base em sua
guimica mineral e trama. Essas geracOes registram diferentes episédios da evolucdo do
macico, desde cristalizacdo magmatica precoce até as fases tardias e hidrotermais.

e A mica é o principal portador de Li nos greisens, e pode ter importancia econémica na
producdo de carbonato de Li.

e A mica é também o principal portador de metais raros nas facies magmaticas, porém é
empobrecida nesses elementos nas fases hidrotermais; com menos metais confinados nos
silicatos, uma quantidade maior deles esta disponivel para formar minerais-minério.

e Embora ndo tenha importancia econémica no macico, Bi é um metal que esta intimamente
associado a modelos de génese de alguns depdsitos, como de Au; observacGes feitas neste
trabalho permitem avangar a compreensao desses modelos, que tem relevancia abrangente.

e A mineralizacdo estanifera no macico estd associada principalmente a formacdo de
cassiterita em estagio greisen. Datacdo U-Pb da cassiterita revela que ndo ha intervalo
significativo de tempo entre mineralizacdo e cristalizacdo magmatica.

e |dades de obtidas por métodos Rb—Sr, Sm—Nd, Ar—Ar e K—-Ar em greisens podem nao
registrar a idade de mineralizagdo no macico.

e A idade e o teor de elementos trago da cassiterita, sobretudo Nb+Ta e Fe+Mn, podem ser
usados como um guia prospectivo e de proveniéncia.

e Os principais minerais de ETR dos granitos sao bastndsita-Ce, monazita e xenotima. Essas
fases sdo lixiviadas e alteradas no estagio greisen, formando fases complexas de ETR,
cerianita e minerais APS, como florencita.

e Os ETR lixiviados na greisenizagdo sao mobilizados e podem se depositar em rochas alteradas
em estdagio hidrotermal pds-greisen; essas rochas acabam concentrando elevados teores de
ETR, sobretudo na forma de bastnésite-La de baixo Ce.

e Granitos que sofreram alteragdo pds-greiseniza¢do sao candidatos a prospecc¢do de ETR.
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