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Resumo

Ouro Preto é o simbolo da corrida do ouro que comegou no final do século XVII, levando ao estabelecimento da
provincia de Minas Gerais. Uma das inimeras minas subterrneas de Ouro Preto € a historica mina do Veloso,
localizada no flanco sul do anticlinal de Mariana, com um fildo aurifero de quartzo amplamente brechado e
hospedado em itabirito. O fildo brechado apresenta concentracfes locais de material goethitico em trama boxwork e
corta em baixo angulo a foliacdo do itabirito encaixante. Minerais de sulfeto estdo geralmente ausentes, mas
arsenopirita e pirita podem ser observados esporadicamente em bolsGes ricos em goethita. Analises quantitativas por
microssonda eletrdnica do material goethitico e anélises quimicas de rocha total mostram As entre os elementos
menores. O elemento também foi encontrado como escorodita, um mineral arsenato de ferro hidratado que ocorre
localmente no material goethitico. Ouro em gréos livres foi observado por microscopia de luz refletida em se¢éo
polida do material goethitico. Andlises quantitativas de microssonda eletrdnica mostraram que o ouro € pobre em Ag,
cuja quantidade varia de <0,03% a 11,2%. Turmalina, um mineral imperceptivel a vista desarmada no deposito de
Veloso, foi recuperada em concentrado de minerais pesados. O mineral ocorre principalmente como cristais
euédricos independentes e, notavelmente, como inclusdes em grdos de ouro, indicando uma ligacdo espacial, e
possivelmente genética, entre turmalina e a mineralizacdo de ouro. A turmalina é essencialmente dravita, mas alguns
cristais zonados tém bordas ricas em schorlita. Medic¢des in situ para isétopos de B produziram um espectro de
valores de 51'B entre -21 e -9 %o. Esta faixa é semelhante a obtida na turmalina do depdsito de Passagem de Mariana,
0 depésito aurifero melhor documentado da regido. A jazida de ouro do Veloso esta hospedada no Itabirito Caug,
unidade estratigrafica que é capa da jazida de Passagem de Mariana. Assim como Veloso, Passagem também se
localizada no anticlinal de Mariana; ao contrario do Veloso, a turmalina é abundante em Passagem. O menor valor de
8B, -21 %o, encontrado em Veloso sugere que o boro ndo foi exclusivamente proveniente de rochas
metassedimentares clasticas circundantes, mas também de evaporito ndo-marinho, lixiviado por fluido que levou a
formacdo da mineralizacdo aurifera na borda sudeste do Quadrilatero Ferrifero durante a orogenia Brasiliana em ca.
500 Ma. Todas as linhas de evidéncia mineral6gica indicam que o veio de Veloso originalmente tinha arsenopirita,
turmalina e ouro argentifero. A brechacdo do fildo de quartzo aurifero com turmalina—arsenopirita e a percolacéo de
solucbes aquosas de baixa temperatura levaram a: (i) oxidacdo da arsenopirita em goethita contendo As e,
subordinadamente, escorodita; (ii) lixiviagdo de Ag do ouro argentifero para formar ouro essencialmente puro; (iii)

ou mesmo dissolugdo do ouro argentifero e reprecipitagdo como ouro pobre em Ag.

Palavras-chave: Isétopos de B turmalina; Depdsito de ouro Veloso; Supergrupo Minas; Anticlinal de Mariana;

Quadrilatero Ferrifero; Minas Gerais
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Abstract

Ouro Preto is the symbol of the gold rush that started at the end of the seventeenth century, leading to the
establishment of the province of Minas Gerais. One of the numerous underground workings of Ouro Preto is the
historical Veloso mine, located in the southern flank of the Mariana anticline, which has an itabirite-hosted
auriferous quartz lode that is widely brecciated. The brecciated lode has local concentrations of goethitic material
showing boxwork fabric and truncates at low angle the foliation of the host itabirite. Sulfide minerals are generally
absent, but arsenopyrite and pyrite can sporadically be observed in goethite-rich pockets. Quantitative electron-probe
microanalyses of the goethitic material and whole-rock chemical analyses yielded As as a minor constituent. Arsenic
has also been found as scorodite, a hydrous iron-arsenate mineral that locally occurs in the goethitic material. Gold
was identified as free grains by reflected-light microscopy on polished sections of the goethitic material. Quantitative
electron-probe microanalyses showed that the gold is poor in Ag, the amount of which varies from <0.03% to 11.2%.
Tourmaline, an elusive mineral in the Veloso deposit, was recovered from a heavy-mineral concentrate. The mineral
mostly occurs as single euhedral crystals and, notably, as inclusions in gold grains, indicating a spatial and likely
genetical link between tourmaline and gold mineralisation. Tourmaline is essentially dravite, but some zoned crystals
have schorl-rich rims. In situ measurements for B isotopes yielded a wide range of 6B values, from -21 to -9%o..
This range is similar to that obtained from tourmaline of the Passagem de Mariana deposit, the best documented
auriferous lode deposit in the region. The Veloso gold deposit is hosted in the Caué Itabirite, a stratigraphic unit that
is the hanging-wall of the Passagem de Mariana deposit. Like Veloso, Passagem is also located in the Mariana
anticline; unlike Veloso, tourmaline is abundant at Passagem. The lowest tourmaline 5B value of -21%o, found at
Veloso, suggests that the boron was not exclusively sourced from surrounding clastic metasedimentary rocks, but
also from non-marine evaporite leached by fluid that was conducive to auriferous lode formation in the south-eastern
edge of the Quadrilatero Ferrifero during the Brasiliano orogeny at ca. 500 Ma. All lines of mineralogical evidence
indicate that the Veloso lode originally had arsenopyrite, tourmaline and argentiferous gold. Brecciation of the
tourmaline—arsenopyrite-bearing, auriferous quartz lode and percolation of low-temperature aqueous solutions led to:
(i) oxidation of arsenopyrite to As-bearing goethite and minor scorodite; (ii) Ag leaching from argentiferous gold to

form essentially pure gold; (iii) or even dissolution of argentiferous gold and reprecitation of gold poor in Ag.

Keywords: Tourmaline B isotopes; Veloso gold deposit; Minas Supergroup; Mariana anticline; Quadrilatero

Ferrifero; Minas Gerais
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CAPITULO 1
INTRODUCAO

1.1- APRESENTACAO

Este trabalho é uma sintese do estudo realizado na antiga lavra aurifera subterrdnea da mina
Veloso, localizada no distrito de Ouro Preto, Minas Gerais, na forma de dissertacdo de mestrado. Este
trabalho foi desenvolvido entre maio de 2018 e outubro de 2020 sob orientagdo da Profa. Dra. Glaucia
Nascimento Queiroga e coorientacdo do Prof. Dr. Alexandre Raphael Cabral.

A viabilizacdo financeira deste projeto se deve a Universidade Técnica de Clausthal, Alemanha,
através do Prof. Dr. Bernd Lehmann, que arcou com varios dos custos das analises, a orientadora Glaucia
Queiroga por ceder algumas horas de analise na microssonda, ao professor Cristiano Lana pelas analises
de is6topos de B e a FAPEMIG pela bolsa de estudos a mim concedida, sem a qual ndo seria possivel a

realizacdo deste trabalho.
1.2- NATUREZA DO PROBLEMA E JUSTIFICATIVAS

O Quadrilatero Ferrifero tem despertado interesse econémico e cientifico ha mais de trés séculos.
Sendo uma importante area de exploracdo de minério de ferro as rochas da regido também séo fonte de
outros importantes minerais minério, como 0 ouro. Muito embora o interesse pelos depésitos da regido
seja alto, devido & alta complexidade geoldgica e estrutural da regido os processos de mineralizagdo que

teriam concentrado o ouro, sobretudo nas rochas do supergrupo Minas, ainda sdo pouco entendidos.

Na regido do Anticlinal de Mariana, estrutura que hospeda importantes depdsitos de ouro
associados ao Supergrupo Minas na porcao sudeste do Quadrilatero Ferrifero e onde se localiza o depdsito
da mina do Veloso (objeto do presente estudo), com excecdo do depésito da mina da Passagem de
Mariana, que tem sido investigado em detalhe (e.g., Eschwege 1833; Ferrand 1894; Hussak 1898;
Fleischer & Routhier 1973; Ladeira 1988; Duarte 1991; Chauvet et al. 2001; Vial et al. 2007; Cabral &

Zeh 2015; Trumbull et al. 2019), pouco se sabe sobre 0s outros dep6sitos da regido de Ouro Preto.

Esta pesquisa além da importancia cientifica no que tange a génese e composicdo da

mineralizacdo aurifera de um importante depdsito e que vai auxiliar na caracterizagdo do fluido

5



Pimenta, J. S. Caracterizagdo de fildo aurifero hospedado em itabirito: geologia, geoquimica e mineralogia.......

hidrotermal que teria dado origem as mineralizages da regido, tem também uma importancia histérica e
social visto que a area de estudo é ponto turistico local e remonta & época da corrida ao ouro nas terras que
se tornaram conhecidas como provincia das Minas Gerais, mais precisamente na antiga Vila Rica, hoje
Ouro Preto.

O depdsito aurifero foco deste trabalho foi lavrado pelo método de cava subterranea por escravos
cerca de 300 anos atras, tendo permanecido inacessivel por muitos anos (Ferreira 2017). A partir de 2009,
iniciou-se processo de revitalizagdo da mina Veloso através de iniciativa privada envolvendo a

comunidade do bairro S&o Cristovéo, tendo sido aberta & visitacdo em 2014.

Apesar de ter merecido a atencdo de von Eschwege (1833) e Lacourt (1937), o deposito
permanece pouco estudado. Sendo assim, a investigagdo do que resta do seu fildo aurifero, no que tange a
geologia, geoquimica e mineralogia, caracterizara o tipo de deposito e sua relevancia no contexto histérico

e geoldgico da corrida ao ouro das Minas Gerais.

Alguns autores incluem o depdsito entre aqueles do tipo jacutinga (Fig. 1 apud Galbiatti et al.
2007), sugerindo que o ouro extraido da mina Veloso continha paladio na forma de ouro preto. Outros

autores, entretanto, citam Veloso como fildo aurifero contendo sulfeto (Vial et al. 2007).

Assim, os estudos e analises deste trabalho vdo auxiliar no entendimento da génese, idade e
estruturacdo do hidrotermalismo da regido e da concentracdo, caracterizacdo e correlagdo da

mineralizagéo.

Como a éarea estd aberta ao turismo por tratar-se de patriménio econdémico-histérico-social, 0s
resultados da investigacdo de mestrado proverdo conhecimento para divulgacdo cientifico-geoldgica,
através de material informativo a comunidade local e a turistas; além de servir como referéncia para

trabalhos futuros na regiéo.
1.3- OBJETIVOS

O objetivo deste trabalho é a caracterizacdo geoldgica, geoquimica e mineraldgica do fildo
aurifero da mina Veloso através de trabalho de mapeamento, anélise petrogréfica, analises de quimica de
rocha total e mineral. N&o ha registro sobre a mineralogia do fildo e a composi¢do quimica do seu ouro.
Seu enguadramento no contexto do zoneamento redox do anticlinal de Mariana (Cabral et al. 2013), a

partir de Vial et al. (2007), pode ser questiondvel. Com o trabalho de caracterizagdo aqui proposto,
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intenciona-se também entender a ocorréncia mineral da mina Veloso no contexto do cinturdo Au—Pd-Pt,
que caracteriza os depositos do tipo jacutinga. Havendo caracterizado o deposito e entendendo melhor o
seu contexto geoldgico/geoquimico em relacdo as rochas hospedeiras e a outros depdsitos da regido,
objetiva-se ainda caracterizar melhor o fluido hidrotermal que teria dado origem a este e, possivelmente, a
outros depdsitos da regido. A caracterizacdo do fluido hidrotermal sera respaldada por anélises de is6topos
de B em turmalinas associadas ao deposito, dados que também serdo usados na comparacdo do deposito
da mina do Veloso com o da mina da Passagem de Mariana, depésito mais bem estudado da regido.

1.4- LOCALIZACAO

A mineralizacdo a qual se refere este estudo estd situada na mina Veloso ou “Mina Du Veloso”,

como € mais conhecida, ou ainda “Mina do Du”.

O acesso a Ouro Preto por Belo Horizonte se faz pela BR-040 sentido Rio de Janeiro por
aproximadamente 27 km até a saida para a BR-356 sentido Vitoria e nesta Gltima por aproximadamente 70

km até Ouro Preto, totalizando cerca de 97 km (Figura 1.1).
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Figura 1. 1 - Vias de acesso para Mina Du Veloso. Imagem de satélite Google Earth.
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A mina Veloso é aberta ao turismo e localiza-se dentro do centro urbano de Ouro Preto - MG, no
bairro S&o Cristovao, proximo a rodoviaria (Figura 1.2).

Legenda

® Campus UFOP

® Mina Du Veloso

® Rodoviaria de Ouro Preto

Figura 1. 2 - Localizagdo da Mina Du Veloso em Ouro Preto/MG. Mapa disponibilizado pelo aplicativo Google Earth.

1.5- METODOS UTILIZADOS

1.5.1. Levantamento bibliogréafico e de material cartografico

Estudo de publicacbes, teses, relatérios, mapas e outros documentos que auxiliaram no
entendimento do alvo de trabalho, tanto localmente como regionalmente. Este estudo abrangeu litologia,

quimica e mineralogia de rocha e seus métodos analiticos.
1.5.2. Trabalho de campo

Visitas a mina tiveram o intuito tanto de amostragem do veio mineralizado, para caracterizagéo
quimico-mineraldgica do depdsito, como de producdo de mapa geoldgico de subsuperficie da mina Veloso

na escala de 1:100.

As amostras coletadas serviram para confeccao de secdes delgadas e espessas polidas para analise
de petrografia de luz transmitida e refletida; para determinacdo de composi¢do quimica de rocha total do

veio mineralizado; e para separacdo de minerais pesados (Tabela 1.1).
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O mapeamento geoldgico seguiu um método de projecdo tradicionalmente empregado nas minas
subterraneas de ouro de Minas Gerais. O método consiste na projecéo tangencial de pontos de elementos
geoldgicos, como contatos litoldgicos, em um plano horizontal usando o caimento de lineagdes
proeminentes observadas nas rochas como angulo de rebatimento (D. S. Vial, comunicacdo pessoal,
2019). O plano de projecéo utilizado foi o de 2 m acima do piso, que foi usado como referéncia.

Tabela 1.1 - Amostras coletadas e respectivas analises.

AMOSTRA ANALISE
VEL-P Secdo polida
VEL-04 Concentrado de minerais pesados; Laminas
VEL-05 Quimica de rocha total
VEL-06 Concentrado de minerais pesados
VEL-08 Quimica de rocha total; Secdo polida

1.5.3. Petrografia

A petrografia foi analisada através de trés se¢Ges espessas polidas (amostras VEL-Pa, VEL-Pb e
VEL-08a) e duas se¢Oes delgadas polidas (amostras VEL-04a e VEL-04b) do fildo brechado, em
microscopia de luz refletida para todos os casos e também em microscopia de luz transmitida para as
secOes delgadas polidas. Duas se¢Bes polidas espessas foram preparadas na Universidade do Porto,
Portugal, e cedidas pelo Professor Alexandre Lima; e uma foi preparada no Centro de Desenvolvimento
Mineral (VALE S.A., Santa Luzia, Minas Gerais). As duas se¢es polidas delgadas foram preparadas no
Laborat6rio Geoldgico de Processamento de Amostras (LGPA) da UERJ em colaboragdo com o Professor
Miguel Tupinambd. As fotomicrografias foram obtidas em cdmera Zeiss modelo AxioCam HRc acoplada
em microscopio 6tico Leica DM LP no Laboratério de Microscopia e Microanalises do DEGEO/EM. As

abreviages minerais seguiram a padronizagao internacional proposta por Whitney & Evans (2010).

1.5.4. Métodos analiticos

Gréos de ouro foram encontrados em secdo polida (VEL-Pa) e livres no concentrado de minerais
pesados (VEL-06), de onde foram manualmente catados e imersos em resina. Eles tiveram sua

composicao quimica determinada em microssonda eletronica e foram imageados por MEV.
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Grdos de turmalina foram identificados em concentrado mineral pesado de amostra do fildo. Apos
catacdo e polimento em resina, 0 mineral teve sua composi¢do quimica determinada por microssonda
eletronica. Em sessdo analitica de Laser Ablation com ICP-MS acoplado foi feita dosagem de is6topos de
B. A combinacdo de quimica mineral de turmalina e is6topos de B tem por objetivo auxiliar no

entendimento da origem do B no fluido que depositou turmalina no fildo.

O apoio laboratorial se deve ao DEGEO/EM/UFOP pelas anélises quimicas e imagens de elétrons
retroespalhados feito no Laboratorio de Microscopia e Microanalises do DEGEO/EM e pela composicdo
isotopica do B em turmalina realizada no Laboratério de Geoquimica Isotépica da UFOP; ao Laboratério
Geoldgico de Processamento de Amostras (LGPA) da UERJ pela separacdo de minerais pesados realizado
em colaboragdo com o Prof. Dr. Miguel Tupinamba; e ao laboratorio do Canada (Bureal Veritas) pelas

guimicas de rocha total.
1.5.4.1. Quimica de Rocha Total

Trés amostras do fildo brechado (VEL-05, VEL-08a e VEL-08b) foram manualmente moidas em
pildo de &gata e subsequentemente submetidas para analises quimicas de rocha total no laborat6rio Bureau
Veritas Commaodities Canada Ltd. As concentragdes de elementos principais e tragos foram determinadas
por uma combinacdo de técnicas de ICP — OES e ICP — MS, digestdo em agua-régia e fusdo de borato de
litio. Um analisador de carbono-enxofre infravermelho Leco foi usado para medir os contetdos de

carbono organico total (TOC) e enxofre total (TS).
1.5.4.2. Concentrado de Minerais Pesados

Uma das amostras coletadas do fildo, VEL 04, foi processada para concentrar minerais pesados no
Laboratério Geoldgico de Preparacdo de Amostras, localizado na Universidade Estadual do Rio de Janeiro
(UERJ). A amostra foi triturada utilizando um britador de mandibulas e os minerais pesados foram entéo
concentrados por meio de uma mesa Wilfley. A separacdo posterior foi realizada através de uma coluna de
liquido pesado de iodeto de metileno, seguida por um separador isomagnético de Frantz da fracdo <177
pm. Os grdos de turmalina, identificados nas fracbes magnéticas de 0,3 e 0,4-A, foram colhidos
manualmente e incluidos em resina para analise em microssonda eletrénica por wavelength-dispersive

spectrometry (WDS).

A amostra VEL-06 também foi triturada para concentragdo de minerais pesados. Seu material

triturado foi submetido a um concentrador de gravidade Knelson, localizado no Centro de
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Desenvolvimento da Tecnologia Nuclear (CDTN, Belo Horizonte). Apo6s a remocao da fracdo magnética,
uma aliquota foi posteriormente concentrada por separacao de liquido pesado (bromoférmio). Os gréos de
ouro foram entdo colhidos manualmente do concentrado, primeiro para imagem de elétrons
retroespalhados e energy-dispersive spectrometry (EDS) e, em seguida, embutidos em resina e polidos

para analise em microssonda eletronica.
1.5.4.3. Microssonda Eletronica
- Quimica mineral do ouro

As microandlises do ouro foram feitas com a microssonda eletronica JXA-8230 JEOL no
Laboratério de Microscopia e Microanalises (LMIc) da Universidade Federal de Ouro Preto. O feixe de
elétron foi definido como 20 kV, 40 nA, 2 um e as corre¢Bes de matriz comum ZAF foram aplicadas. Os
tempos de contagem nos picos/background foram 10/5 s para todos os elementos. Os erros analiticos
foram entre 0.16 e 0.75%. O ouro foi caracterizado por algumas analises de nucleo e borda. A Tabela 1.2

sumariza 0s aspectos principais das andlises, assim como o0s elementos analisados e os padrdes

correspondentes.
Tabela 1.2 - Aspectos gerais dos elementos maiores para 0 ouro.
Elementos | Linha energética | Espectrémetro | Cristal Padréo
Au Mo 2 TAP Gold(Au)
Se La 2 TAP Se
As La 2 TAP Indium_Arsenide(InAs)
Te La 3 PETH Silver_Telluride(Ag2Te3)
Sh La 3 PETH Indium_Antimonide(InSb)
Co Ka 3 LIFH Co
Ag La 3 PETH Silver_Telluride(Ag2Te3)
Fe Ka 3 LIFH Magnetite
S Ka 3 PETH Pyrite(FeS2)
Cu Ka 4 LIF Cu
Sn La 4 PETJ Sn0O2
Ni Ka 4 LIF Ni
Cd La 4 PETJ Cds
Bi Ma 4 PETJ Bi
Hg Ma 4 PETJ Mercury_Sulphide(HgS)
Pd La 5 PETL Pd
Mn Ka 5 LIFL Mn
Mo La 5 PETL Mo
Pt Mo 5 PETL Pt
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Os limites inferiores médios de deteccdo por elemento sdo (em porcentagem de massa, %): 0,36%
Au; 0,06% Se; 0,15% As; 0,04% Te; 0,03% Sb; 0,05% Co; 0,04% Cd; 0,03% Ag; 0,05% Fe; 0,01% S;
0,14% Bi; 0,30% Hg; 0,05% Cu; 0,05% Ni; 0,04% Sn; 0,03% Pd; 0,04% Mn; 0,04% Mo e 0,10% Pt.

- Quimica mineral da goethita

As microanalises da goethita foram feitas com a microssonda eletrénica JXA-8230 JEOL no
Laboratério de Microscopia e Microanalises (LMIc) da Universidade Federal de Ouro Preto. O feixe de
elétron foi definido como 15 kV, 20 nA, 2 um e as corre¢Bes de matriz comum ZAF foram aplicadas. Os
tempos de contagem nos picos/background foram 10/5 s para a maioria dos elementos (Si, Al, Mg, Fe, Cr,
Ca, Ti, K, Mn), mas de 40/20 s para As e de 30/15 s para Zn, P e Ni. Os erros analiticos foram entre 0.21 e
0.97%. A goethita foi caracterizada por algumas analises de nucleo e borda e por alguns perfis
transgranulares. A Tabela 1.3 sumariza os aspectos principais das andlises, assim como os elementos

analisados e os padr@es correspondentes.

Tabela 1.3 - Aspectos gerais dos elementos maiores para a goethita.

Elementos | Linha energética | Espectrémetro | Cristal Padréo

Si Ka 2 TAP Quartz

Al Ka 2 TAP Corundum
As La 2 TAP Indium_Arsenide(InAs)
Mg Ka 2 TAP Olivine
Zn Ka 3 LIFH Gahnite
Fe Ka 3 LIFH Magnetite
Cr Ka 3 LIFH Chromite
Ca Ka 4 PETJ Diopside

P Ka 4 PETJ Fluor-Apatite
Ti Ka 5 PETL Rutile

Ni Ka 5 LIFL Ni

K Ka 5 PETL Microcline
Mn Ka 5 LIFL Mn

O teor total de ferro obtido pela microssonda foi considerado como FeO. Os limites inferiores
médios de deteccdo por elemento sdo (em porcentagem de massa de Oxido, %): 0,07% SiO; 0,04% Al.Os;
0,11% As;0s; 0,05% MgO; 0,15% ZnO; 0,10% FeO; 0,07% Cr.0s; 0,05% CaO; 0,07% P.Os; 0,04%
TiO.; 0,08% NiO; 0,02% K0 e 0,07% MnO.

- Quimica mineral da turmalina
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As microanélises da turmalina foram feitas com a microssonda eletrénica JXA-8230 JEOL no
Laboratério de Microscopia e Microanélises (LMIc) da Universidade Federal de Ouro Preto. O feixe de
elétron foi definido como 15 kV, 20 nA, 5 um e as corre¢es de matriz comum ZAF foram aplicadas. Os
tempos de contagem nos picos/background foram 10/5 s para a maioria dos elementos (Na, F, Si, Al, Mg,
Fe, Ca, P, K, Mn), mas de 30/15 s para Cl, Cr e Ti. Os erros analiticos foram entre 0.21 e 1.03%. A
turmalina foi caracterizada por algumas analises de nucleo e borda e por alguns perfis transgranulares. A

Tabela 1.4 sumariza os aspectos principais das analises, assim como os elementos analisados e os padrdes

correspondentes.
Tabela 1.4 - Aspectos gerais dos elementos maiores para a turmalina.
Elementos | Linha energética | Espectrémetro | Cristal Padréo
Na Ka 1 TAPH Anorthoclase
F Ka 1 TAPH CaF2
Si Ka 2 TAP Quartz
Al Ka 2 TAP Corundum
Mg Ka 2 TAP Olivine
Fe Ka 3 LIFH Magnetite
Cl Ka 3 PETH Scapolite(Meionite)
Cr Ka 3 LIFH Chromite
Ca Ka 4 PETJ Diopside
P Ka 4 PETJ Fluor-Apatite
Ti Ka 5 PETL Rutile
K Ka 5 PETL Microcline
Mn Ka 5 LIFL Mn

As férmulas minerais foram calculadas com base em 15 cations para os sitios tetraédricos e
octaédricos e trés boros por formula unitaria. O teor total de ferro obtido pela microssonda foi considerado
como FeO. Os limites inferiores médios de deteccdo por elemento sdo (em porcentagem de massa, %):
0,07% Si; 0,06% Al; 0,03% Ti; 0,06% Fe; 0,06% Cr; 0,05% Mn; 0,05% Mg; 0,04% Ca; 0,04% Na; 0,02%
Ke0,13% F.

1.5.4.4. Microscépio Eletronico de Varredura (MEV)

As imagens em microscopio eletrénico de varredura foram realizadas no Laboratério de
Microscopia e Microandlises (LMic) da Universidade Federal de Ouro Preto (UFOP) e no Centro de
Desenvolvimento Mineral (VALE S.A., Santa Luzia, Minas Gerais). Nos dois aparelhos de MEV foi feito

imageamento por elétrons retroespalhados e foi utilizado o detector de EDS para as analises quimicas.
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Com condigdes analiticas que incluem voltagem de aceleracdo de 20 kV, distancia de 10 mm e tamanho
do feixe de 100 um, podendo variar de acordo com a necessidade. No segundo o MEV as condicdes
analiticas foram voltagem de aceleracéo de 15 kV, distancia de 10,9 mm e tamanho do feixe varidvel, mas
entre 10 um e 50 pm.

1.5.4.5. Is6topos de Boro

Sempre que possivel, os pontos de microssonda eletrdnica foram analisados para isétopos B por
meio de um multi-coletor ICP-MS Thermo-Scientific Neptune Plus acoplado a um sistema de ablacéo a
laser Photon Machines 193 Excimer na UFOP. A fluéncia do laser foi de 5,29 J.cm? a uma taxa de
repeticdo de 15 Hz. As amostras foram submetidas & ablagdo em atmosfera de He (0,8 L/min), que
continha uma célula de ablagéo Helix. As medicdes dos isotopos B foram realizadas em duas sesses nas
mesmas condic¢Oes analiticas. Durante a primeira sessdo, 18 pontos analiticos tinham um didmetro de 25
um e 17 tinham um didmetro de 40 um, para os quais o desvio padrdo médio foi de 1,27 %o 5''B. Para a
segunda sessdo, foram medidos 30 pontos de 20 um de didmetro, para 0s quais o desvio padrdo médio foi
de 0,27 %o 6'B.

A qualidade dos dados foi testada usando material de referéncia dravita (# 108796, 5''B = -6,6 +
0,1 %o; Dyar et al. 2001; Leeman & Tonarini 2001). Os materiais de referéncia externos foram elbaite (#
98144, 5!'B = -10,4 £ 0,2 %o; Dyar et al. 2001; Leeman & Tonarini 2001) e schorl (B4, !B = -8,7 £ 0,2
%o; Tonarini et al. 2003). Turmalina schorl (# 112566, 81'B = -12,5 + 0,1 %o; Dyar et al. 2001; Leeman &
Tonarini 2001) foi empregada como calibrante. O fator de correcdo aplicado para calcular os valores de
118 /19B variou de 0,8841 a 0,8610.
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CAPITULO 2
GEOLOGIA REGIONAL

2.1- INTRODUCAO A GEOLOGIA REGIONAL

A érea de estudo se localiza na porgdo sudeste do Quadrilatero Ferrifero, no flanco sul do
anticlinal de Mariana (Figura 2.1). O fildo aurifero da mina Veloso estd encaixado em itabirito da

formacao ferrifera Itabira (Harder & Chamberlin 1915), ou Itabirito Caué do Grupo Itabira (Dorr 1969).

'LITOESTRATIGRAFIA
f Canga, laterita, bauxita e
: aluvides

ﬁ Formagiio Gandarela

- Formagiio Caue
E l Grupo Caraga (Indiviso)

-] Supergrupo Rio das Velhas
{indiviso)
DEPOSITOS E OCORRENCIAS

I Veloso

@ Paldceo Velho
@ Taquaral

@ Bom Jesus das Flores

@ Morro Redondo
Q"’
»
Passag

@ ssagem
@ Mata Cavalo
@ Santana
@ Rocinha

Y 7 Eixodo anticlinal 0 1 2 3km
4 RN it @ Anténio Pereira

Figura 2. 1 - Mapa simplificado representando o Anticlinal de Mariana com destaque para as principais minas de ouro da regido
(compilado de Barbosa 1969 e Ladeira 1991 in Cavalcanti 2003).

2.2- ESTRATIGRAFIA REGIONAL

A litoestratigrafia da regido do Anticlinal de Mariana ¢ composta por rochas do Supergrupo Rio
das Velhas, que aflora no centro do anticlinal, e do Supergrupo Minas, que aflora nas bordas do anticlinal
(ver Figura 2.1).
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2.2.1. Supergrupo Rio das Velhas

O Supergrupo Rio das Velhas é composto por uma sequéncia de rochas metavulcanicas e
metassedimentares Arqueanas, tipicas de greenstone belt, tendo suas maiores exposi¢des de rocha no
Quadrilatero Ferrifero relacionadas as areas de anticlinais. O supergrupo esta subdividido em dois grupos
principais, 0 Grupo Nova Lima na base e o Grupo Maquiné no topo (Dorr 1969; Alkmim & Marshak
1998; Farina et al. 2016).

2.2.1.1 - Grupo Nova Lima

Este grupo concentra os maiores depoésitos de ouro do Quadrilatero Ferrifero. Baltazar &
Zucchetti (2007) propuseram a subdivisdo do grupo em seis associagdes de litofacies sedimentares, que
formam quatro ciclos sedimentares (Farina et al. 2016). As associagdes sdo, da base para o topo, de: 1)
rochas vulcanicas mafica-ultraméficas, havendo intercalagdes de formagdes ferriferas bandadas (FFB); 2)
sedimentos vulcénicos-quimicos, havendo intercalagdes de FFB; 3) sedimentos clastico-quimicos, com
intercalacGes de FFB menos expressivas; 4) vulcanoclastica com quatro litofacies — brechas monomiticas
e polimiticas, grauvaca conglomerado, grauvaca arenito e grauvaca argilito; 5) rochas ressedimentadas,
incluindo trés sequéncias de grauvaca argilito metamorfisadas, ora em facies Xisto-verde, ora em féacies
anfibolito (mais ao sul); 6) arenito com estratificacdo cruzada de médio a grande porte, arenito com
marcas de onda, arenito com estratificagdo cruzada tipo espinha de peixe e arenito siltoso — todos estes

representado litofacies costeira.

2.2.1.2 - Grupo Maquiné

O Grupo Maquiné compreende uma associacao clastica composta por conglomerado e arenito,
com uma espessura aproximada de 2000 m (Dorr 1969; Farina et al. 2016). O grupo esta ainda

subdividido em duas formacOes: Palmital e Casa Forte. A Formacdo Casa Forte, no topo, é geralmente

mais quartzosa e menos sericitica e filitica do que a Formacédo Palmital (Dorr 1969).
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2.2.2. Supergrupo Minas

O Supergrupo Minas (Figura 2.2), onde esta estratigraficamente localizada a area de estudo, é uma
sequéncia metassedimentar Arqueana a Paleoproterozoica, que aflora nas maiores altitudes da regido,
correspondendo as principais serras que formam o Quadrilatero Ferrifero. Repousando sobre
embasamento granito-gndissico e rochas Arqueanas metavulcanicas e metassedimentares do Supergrupo
Rio das Velhas através de discordancia angular e erosiva, o Supergrupo Minas esta subdividido em quatro
grupos: Caraga, Itabira, Piracicaba e Sabara (Dorr 1969; Alkmim & Marshak 1998).

Quadrilatero Ferrifero

Sabara Gr. (2125 + 4 Ma, maximum depositional age)
Chlorite schist, biotite-muscovite schist, graywacke,
quartzite, metadiamictite, metaconglomerate

abara
Gr.

IS

Unconformity|

3 Piracicaba Gr.

O Predominantly metasiliciclastic rocks;
§ y 4 locally itabirite and dolomite

[ C Cercadinho Fm. (C)

Uneerionmmiy (2680 + 24 Ma, maximum depositional age)

Gandarela Fm. (2420 + 19 Ma, diagenetic age)
brt = barite

Itabira Gr.

Caué Itabirite (2655 + 6 Ma, depositional age)

Itabirite, dolomitic itabirite, amphibolitic itabirite; hematite (hem) orebodies
Vv v v = metavolcanic rocks
Batatal Fm.

Sericitic phyllite, carbonaceous phyllite, dolomite, metachert
Auriferous, tourmaline-rich (tur) quartz lodes

Moeda Fm.

Metaconglomerate, locally pyritiferous, quartzite

Minas Sg.

Caraga Gr.

Unconformity}

II\

Archean greenstone rocks,
iron formation, metasiliciclastic rocks

Rio das
Velhas Sg

&
<

Archean gneissic and granitic rocks

/
4+ °

Figura 2. 2 - Coluna litoestratigrdfica esquemdtica do Quadrildtero Ferrifero com destaque para o Supergrupo Minas (Retirado
de Cabral et al. 2013, adaptado de Harder & Chamberlin 1915, Von Freyberg 1934, Lacourt 1938, Dorr 1969, Pires 1983, Alkmim
& Marshak 1998, Vial et al. 2007).

2.2.2.1 - Grupo Caraga

O Grupo Caraca tem grande expressdo lateral e pequena espessura, e esta subdividido em duas

formacdes: Moeda e Batatal. O grupo tem contato concordante e gradacional com o Grupo Itabira,
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sobreposto, e contato discordante angular e erosivo com as rochas do Supergrupo Rio das Velhas,
sotopostas.

A Formacdo Moeda é composta em sua grande parte por quartzito e, em menor quantidade, por
metaconglomerado basal piritifero, localmente auriferos. S&o encontrados principalmente na por¢do oeste
do Quadrilatero Ferrifero (Dorr 1969; Renger et al. 1994; Koglin et al. 2012; Farina et al. 2016). A
Formacdo Batatal esté lateralmente interdigitada com metasedimentos da Formacdo Moeda, e consiste de
filito sericitico, metachert, filito grafitoso e itabirito (Dorr 1969; Farina et al. 2016).

2.2.2.2 - Grupo ltabira

O Grupo Itabira estd interconectado com a Formacdo Batatal na sua base em um contato
gradacional. A separacdo entre eles é possivel por ser composto predominantemente por sedimentos
quimicos enquanto a Formagdo Batatal é predominantemente composta por sedimentos clésticos (Dorr
1969). A sedimentacdo do Grupo Itabira tem aproximadamente 350m de espessura na base da sequéncia
(Formagdo Caué), sobreposta por sequéncia carbondtica, localmente com estromatdlito, de
aproximadamente 600 m de espessura (Formacdo Gandarela) (Dorr 1969; Babinski et al. 1995; Machado
et al. 1996; Farina et al. 2016).

Do ponto de vista econémico, o Grupo Itabira é importante, especialmente a Formacgdo Caué,

devido aos dep6sitos minério de hematita de alto teor (Dorr 1969; Rosiere et al. 2008).

Segundo Dorr (1969), a Formagdo Caué é composta de itabirito, itabirito dolomitico e itabirito
anfibolitico; a Formagdo Gandarela tem predominantemente dolomito, havendo também filito dolomitico,

itabirito e filito. O contato entre as duas formacdes € transicional.
2.2.2.3 - Grupo Piracicaba
O Grupo Piracicaba se sobrepbe ao Grupo Itabira numa discordancia predominantemente

tectdnica, mas erosiva na porcdo oeste do Quadrilatero Ferrifero (Dorr 1969). As rochas do grupo variam

desde sedimentares clasticas, em sua maioria, até quartzito, filito, filito grafitoso e conglomerado fino.
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O Grupo pode ser dividido em quatro formacdes, da base para o topo, Cercadinho, Fecho do
Funil, Tabodes e Barreiro. A formacao Cercadinho consiste em uma intercalagdo de quartzito ferruginoso,
quartzito, filito ferruginoso e filito. A formacdo Fecho do Funil consiste em filito dolomitico, dolomita
argilosa e silicosa, e filito, localmente siltoso. A formacdo Tabobes consiste em quartzitos finos e a
formacé&o Barreiro consiste em xistos, filitos e filitos grafitosos.

2.2.2.4 - Grupo Sabara

No topo do Supergrupo Minas, o Grupo Sabara € 0 menos espesso dos grupos e se sobrepde ao
Grupo Piracicaba na forma de discordancia erosiva em algumas partes do QF ou transicional em outras. O
grupo é composto por metapelitos, grauvacas, conglomerados liticos e diamictitos, sendo interpretado
como um deposito de leque submarino, marcando a inversdo da margem passiva (Dorr 1969; Alkmim &
Marshak 1998; Farina et al. 2016).

2.3- GEOLOGIA ESTRUTURAL

2.3.1 — Quadrilatero Ferrifero

A tectonica associada ao Quadrilatero Ferrifero (QF) é bastante controversa. Sua ampla gama de
estruturas demonstra uma complexa histéria de deformagdo, complexidades estas que geraram ao longo

dos anos de estudo da regido diferentes interpretacdes das mesmas.

Dorr (1969) identificou trés eventos deformacionais na regido, e em estudos seguintes, outros
autores também indicaram a existéncia de carater polifasico em sua deformacéo (Chemale et al. 1994,
Alkmim & Marshak 1998; Baltazar & Zucchetti 2007; Endo 1997).

De acordo com Chemale et al. (1994) o modelo de evolucéo tectdnica do QF é composto por dois
eventos. O primeiro estaria relacionado ao ciclo Transamazonico do paleoproterozdico e seria resultado de
um evento extensional de diregdo principal WNW-ESE. Neste momento teriam surgido as principais
estruturas (mega sinclinais) que comp8em o QF e tanto as rochas supracrustais quanto infracrustais teriam
sido afetadas. O segundo evento estaria relacionado & orogénese Brasiliana neoproterozdica, com esforgos

compressionais que geraram estruturas para W. Neste trabalho foram reconhecidas, para este evento, trés
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fases de deformagdo. Na fase D1 as rochas teriam se deformado sobre um regime ddctil de facies
metamorfica de xisto verde a anfibolito, com o desenvolvimento de zonas de cisalhamento relacionada a
empurrdes, falhas de rasgamento e zonas transcorrentes conjugadas. A fase D2 se desenvolveu sob
condicbes de facies xisto verde e a ela é associada a formagdo de dobras mesoscopicas e clivagem
espagada subvertical. A fase D3 também se desenvolveu sob condi¢es de facies xisto verde e gerou
estruturas com atitude N-S que foram interpretadas como sendo resultado de reativacdo de rampas

frontais.

Segundo Alkmim & Marshak (1998), a deformagdo do QF foi gerada principalmente por trés
eventos. O primeiro é devido a um cinturdo de empurrdes em uma orogenia colisional ha
aproximadamente 2,1Ga (Transamazonico), gerando frentes de empurrbes e dobramentos com vergéncia
para NW. O segundo evento seria fruto do colapso gravitacional dessa orogenia em 2,095Ga, tendo gerado
uma estrutura de domos e quilhas das rochas supracrustais. Essa tensdo extencional gerada no colapso da
estrutura pode estar relacionada & deposi¢do do Grupo Itacolomi. O Gltimo evento teria ocorrido no
Neoproterozdico, onde a orogenia Brasiliana, através da colisdo continental que gerou o paleocontinente
Gondwana, teria reativado estruturas ja existentes, gerando empurrdes de vergéncia para W e dobramento

associado.

Segundo Baltazar & Zucchetti (2007), através da analise de litofacies, quatro fases de deformacéo
(D1 a D4) podem ser associadas aos trés eventos considerados na evolugéo estrutural do QF. As fases D1
e D2 sdo atribuidas ao primeiro evento, Arqueano e compressivo. D1 apresenta transporte de N para S e é
composta por falhas de empurrdo mergulhando para N, dobras abertas vergendo para S, acamamento com
direcdo NE com S1 plano axial associado, milonitizado nas zonas de alta deformagéo. D2 apresenta
transporte de NE para SW e é composta por falhas de empurrdo de direcdo NW, dobras apertadas a
isoclinais com vergéncia para SW associados com foliacdo S2 plano axial de dobras definidas por SO e/ou
S1 que evolui para foliagdo transposta e milonitica. Em alguns locais as estruturas da segunda geragdo
truncam e deslocam as estruturas da primeira. Ao segundo evento de idade transamazOnica e carater
extensional, sdo atribuidas as estruturas D3, relacionadas a sedimentacdo das rochas do Supergrupo
Minas, depositadas em ambiente intracratdnico durante a abertura de uma bacia (Chemale et al, 1994) e
com transporte de WNW para ESE. A principal estrutura dessa fase s@o os sinclinais regionais da Serra da
Moeda, Curral, Dom Bosco e Santa Rita (e o sinclinal Gandarela, provavelmente), que ddo o formato

quadrangular ao Quadrilatero Ferrifero. O evento final Neoproterozoico, gerador das estruturas D4, é
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atribuido a orogénese brasiliana e é resultado de um sistema de dobras e cavalgamentos de E para W. A
este evento sdo atribuidas zonas de cisalhamento de direcdo NS, lineacdo de estiramento mergulhando
para ESE, dobras apertadas a isoclinais vergendo para W e foliagdo SC indicando movimento reverso de
topo para W.

Segundo Endo (1997) e Endo et al. (2005) a evolugdo tectdnica do QF, também se relaciona a trés
eventos principais de deformagéo, E1 e E2 do transamazonico e E3 do brasiliano. No Neo-Arqueano
teriam ocorrido trés eventos tectono-deformacionais relacionados ao ciclo orogénico Jequié, de carater
direcional, em regime transpressional e segundo um plano de fluxo de orientacdo N-S. O ciclo do
transamazonico é subdividido em dois eventos deformacionais, ambos em regime transpressional e com
direcdo de fluxo N-S. O primeiro evento do transamaz6nico (E1), chamado de orogénese Minas, por sua
vez é subdividido em dois eventos tectnicos; 1) é de natureza compressional com transporte NE-SW, se
caracteriza pela inversdo da bacia Minas e por intensa atividade magmatica com colocac¢do de platons,
com dobramentos regionais, intrusdes graniticas e reativacdo de estruturas com metamorfismo em facies
anfibolito; 2) é de natureza distensiva com transporte NW-SE, é responsavel pela formacdo de
megassinclinais e estruturas doémicas, da Nappe Curral de S-N e deposi¢cdo do Grupo Itacolomi. O
segundo evento do transamazoénico (E2), chamado de orogénese Itacolomi, tem seus esfor¢os segundo
NW-SE e também é subdividido em dois; 1) plano de fluxo N-S e transpresséo sinistral, vergéncia de
estruturas para N-NW, gerou inversdo na por¢do SE do sinclinal do Curral; 2) regime de extensdo pos-
orogénica com vergéncia para SSE, colapso orogénico associado aos descolamentos normais NW-SE,
origem da Nappe Ouro Preto. O ciclo brasiliano (E3), do neoproterozoéico, teve uma atua¢do maior na
porcdo leste do QF e pode ser dividido em duas fases transpressivas; 1) movimento dextral com
dobramentos e cavalgamentos com vergéncia para W na porcao E e para NW na por¢do S-SE do QF,
inversdo do sinclinal Moeda, clivagem de crenulagdo com vergéncia para E; 2) movimento sinistral com

transporte para NNW, clivagem espacada E-W, reativacdo de estruturas.

2.3.2 - Anticlinal de Mariana

O Anticlinal de Mariana possui aproximadamente 5 Km de largura por mais de 10 Km de
extensdo ao longo da direco do eixo. E caracterizado pela Serra de Ouro Preto no flanco sul e pela Serra

de Antonio Pereira no flanco norte. A andlise estrutural do anticlinal de Mariana evidencia uma
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deformacdo polifasica pelos modelos geotectdnicos propostos para o Quadrilatero Ferrifero e discutidos

na secdo anterior.

As principais estruturas observadas na regido sdo, acamamento, foliagdo metamorfica principal,
clivagem e lineacéo de crenulagdo, lineacdo mineral, dobras, falhas, veios e boudins (Cavalcanti 2003). O
acamamento normalmente é paralelo a foliacdo metamorfica principal. As dobras sdo observadas em
diversas escalas, desde grandes proporcoes, representada pelo proprio anticlinal, até microdobras,
representadas pelas crenulagdes. Os veios podem ocorrer associados a planos de cisalhamento, fraturas,
boudinage e dobras (Nalini 1993). Os boudins parecem ser a principal estrutura a qual se associam as

mineralizagdes.

Para Nalini (1993) a estruturagdo da regido do anticlinal ocorreu através de dois eventos
principais, o primeiro de carater extensional e o segundo de carater compressional. O primeiro evento,
extensional, é atribuido ao ciclo transamazonico e é responsavel pela formagdo das grandes estruturas do
Quadrilatero Ferrifero, aqui incluido o Anticlinal de Mariana. Assim, 0 regime de extensdo seria
responsavel pelo arqueamento das sequéncias metassedimentares do Supergrupo Rio das Velhas e
Supergrupo Minas e a consequente formacgdo de altos estruturais relativos do embasamento,
caracterizando os anticlinais (essa estruturacdo foi o que Alkmim & Marshak (1998) chamaram de
estrutura em domos e quilhas) (Figura 2.3). A topografia do embasamento gerada pelo evento extensional
vai, entdo, refletir no condicionamento dos falhamentos e estruturas relacionadas ao evento compressional
gue ocorreu posteriormente. O que pode ser evidenciado ao se analisar diversas estruturas do anticlinal,

como falhas curvas e dobras com variacdo de vergéncia ao longo do anticlinal.

O metamorfismo sofrido pelas rochas do anticlinal de Mariana se constitui em um grau
metamorfico, reconhecido pela paragénese mineral, maior que o observado para a regido do quadrilatero
ferrifero como um todo, que é da facies xisto-verde (Cavalcanti 2003). Isso indica que as deformacoes
sofridas pelas rochas do anticlinal experimentaram a deformacdo sob um regime de mais alta pressdo

quando comparada a regido do entorno, o que corrobora com o proposto por Nalini (1993).
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Figura 2. 3 - Esquema de evolugdo tecténica da regido do Anticlinal de Mariana e Sinclinal Dom Bosco. A - representa o estdgio
indeformado; B - representa o evento extencional; C - representa o evento compressional. 1) Complexos metamorficos; 2)
Supergrupo Rio das Velhas; 3) Supergrupo Minas; 4) Movimento relativo de oeste para leste; 5) Movimento relativo de leste para
oeste. (retirado de Nalini 1993).

O segundo evento, compressional, pode ser dividido em trés fases deformacionais (ainda segundo
Nalini 1993) e é atribuido ao Brasiliano. A primeira fase é inicialmente ductil, passando a raptil-ddctil
progressivamente, e possui alta magnitude de esforgos, com transporte tectonico de leste para oeste. Nesta
fase, as dobras nucleadas no evento extensional, foram amplificadas, e, progressivamente, invertidas e
rompidas, através de dobramentos e cavalgamentos, com destaque para a Falha do funddo e a da Agua
Quente. Falhamentos de empurrdo dessa fase apresentam um padrdo arqueado na regido do anticlinal de
Mariana, o que remete a arrastes laterais diferenciais contra um alto do embasamento pré-existente. A

segunda fase se caracteriza por deformacdes de menor magnitude, com natureza ductil-raptil. E
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responsavel por uma segunda geracdo de dobras, com falhas direcionais e lineacdo de interseccdo de
direcdo EW, e clivagem espacgada. A terceira fase do evento compressional tem comportamento ductil-
raptil, como a segunda, e é responsavel por uma terceira geracao de dobras e microdobras, com dire¢do de
eixo aproximadamente NS e clivagem plano axial de mesma direcéo e vergéncia para W. Ha ainda, nesta
fase, a constituicdo de falhas direcionais conjugadas e possivel reativacéo de falhas pré-existentes.

Nalini (1993) conclui que o flanco nordeste do anticlinal de Mariana corresponderia a uma rampa
obliqua com movimentos sinistrais, enquanto o flanco sul corresponderia a uma rampa lateral de empurrao
com movimentos reversos dextrais, em sua maioria. A regido do periclinal estaria associada a uma rampa
frontal de empurrdo. As alterndncias entre empurrdes e falhas do tipo “wrench” ocorreriam como

principais condicionantes para a estruturagdo da regido do anticlinal de Mariana.
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CAPITULO 3
DEPOSITOS DE OURO NO SUPERGRUPO MINAS

3.1- INTRODUCAO

As mineralizagdes auriferas que ocorrem no Quadrilatero Ferrifero tém sido separadas em seis
tipos principais de ocorréncias considerando-se diversos estudos (e.g. Eschwege 1833; Henwood 1871;
Harder & Chamberlin 1915; Ladeira 1988; Lobato et al 1998, 2016; Chauvet et al 2001; Cabral & Koglin
2014). S&o elas (i) depobsitos de ouro orogénico associados ao greenstone belt Rio das Velhas; (ii)
depositos de ouro associados as rochas metassedimentares da base do Supergrupo Minas; (iii) depdsitos
associados aos itabiritos da Fm Caué onde o Au ocorre associado a Pd e Pt; (iv) depdsitos hospedados em
metaconglomerados da Fm Moeda; (v) depésitos auriferos aluvionares; e (vi) depoésitos auriferos em
bacias terciarias. Os depo6sitos de interesse para este estudo sdo os depdsitos dos tipos (ii) e (iii), que serdo
apresentados em detalhe na secdo a seguir.

Existem varios estudos para as ocorréncias de ouro no Supergrupo Minas, incluindo as
mineralizagdes que ocorrem na regido do Anticlinal de Mariana (Fleischer & Routhier 1973; Duarte 1991;
Cavalcanti 1999, 2003; Chauvet et al. 2001; Liders et al. 2005; Vial et al. 2007; Galbiatti et al. 2007;
Cabral et al. 2009; Cabral et al. 2013; Cabral & Zeh 2015; Cabral et al. 2015; Costa 2012; Oliveira et al.
2017; entre outros). As relagBes quimicas-mineraldgicas-estruturais entre os depdsitos, assim como a

idade do hidrotermalismo e sua génese sdo temas complexos e ainda abertos ao debate cientifico.

Através de estudos desenvolvidos na mina de Passagem de Mariana alguns autores (Chauvet et al
2001; Vial et al. 2007) sugerem que os depositos auriferos da regido do Anticlinal de Mariana seriam do
tipo ouro orogénico (ou mesotermal), seguindo a definicdo de Groves et al. (1998). Mas Chauvet et al.
(2001) acrescenta que os depdsitos da regido de Ouro Preto difeririam do modelo tradicional de zona de

cisalhamento, pois teriam se formado durante colapso tecténico orogénico tardio.

O veio mineralizado, foco deste estudo, esta hospedado no itabirito Caué (Dorr 1969). Desde 0s
relatos de Eschwege (1833) e Lacourt (1937), ndo ha documentacéo publicada que caracterize o dep6sito

do Veloso. Alguns autores incluem o depésito entre aqueles do tipo jacutinga (Fig. 1 apud Galbiatti et al.
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2007), sugerindo que o ouro extraido da mina Veloso continha palddio na forma de ouro preto —
ocorréncia do tipo (iii). Outros autores, entretanto, citam Veloso como fildo aurifero contendo sulfeto —
ocorréncia do tipo (ii) (Vial et al. 2007).

3.2- REVISAO BIBLIOGRAFICA

A primeira citacdo a mina do Veloso é encontrada ja no trabalho de Eschwege (1833). Segundo
este a grande lavra do Veloso ja teria produzido alguns milhdes de cruzados até aquele momento e

figurava entre as lavras da regido que gozavam de maior fama.

Sobre a geologia ele diz:

“A tapanhoacanga cobre, como se fosse uma capa, o xisto hematitico (itabirito) subjacente, cujas
camadas paralelas de quartzo aurifero sdo aqui e ali trabalhadas pelos mineiros. O itabirito repousa
sobre o quartzo-itacolomito, com o seu quartzo aurifero e as carvoeiras. Como substratum se

apresenta o xisto argiloso desprovido de ouro” (Eschwege 1833, Vol 2, p 7)

O termo “carvoeira” faz referéncia aos turmalinitos que ocorrem associados & mineralizagdo na
regido e que foram amplamente lavrados devido a sua grande concentracdo de ouro, ja observada por
Eschwege (1833). PorgBes preservadas podem ser observadas ainda hoje na mina da Passagem de

Mariana.

Outra citacdo ao dep6sito da mina do Veloso pode ser encontrada no trabalho de Lacourt (1937)
em que este sugere que a mineralizacdo na mina do Veloso teria ocorrido de duas formas principais. A
primeira seria na forma de camadas de quartzo aurifero no contato do quartzito com o filito cinza,
enquanto a segunda seria na forma de veios de quartzo aurifero encaixados no itabirito com eventuais
intercalacGes de filito decomposto. Lacourt (1937) ainda observou o faturamento do fildo e aponta que
este teria facilitado a oxidacdo dos sulfetos, onde a arsenopirita predominaria sobre a pirita, ocasionando

em liberacéo de parte do ouro.

A mina do Veloso foi também alvo de estudo recente (Cabral et al. 2020; Apéndice F) em trabalho

desenvolvido em paralelo & pesquisa aqui apresentada. O estudo apresenta dados de datagdo de rocha
26



Contribuices as Ciéncias da Terra - 2018

intrusiva aflorante no interior da mina, hospedada pelo itabirito e definida pelos autores como sendo de
composicao hibrida. Foi obtida uma idade de cristalizacdo em torno de 620 Ma pelo método de U-Pb em

zircdo.

No Quadrilatero Ferrifero as mineralizagbes auriferas hospedadas nas rochas do Supergrupo
Minas se dividem sobretudo entre dois tipos de depdsitos. O primeiro tipo se distribui principalmente na
regido do Anticlinal de Mariana e se caracteriza pela associacdo de sulfetos e, por vezes, turmalina a
mineralizag&o. O segundo tipo se distribui principalmente ao longo da borda leste, onde serdo encontradas

as ocorréncias que caracterizardo, em sua maioria, os depdsitos do tipo jacutinga.

3.2.1 - Mineralizagdes auriferas associadas a sulfetos

Veios auriferos sdo comuns no anticlinal de Mariana principalmente na unidade
estratigraficamente abaixo da Formagdo Caué, como é o caso da mina da Passagem de Mariana, na qual o
fildo aurifero estd encaixado em rochas da Formagdo Batatal (e.g. Fleischer & Routhier 1973; Oliveira
1998; Vial et al. 2007).

Fleischer & Routhier (1973) destacaram o fato de que as mineraliza¢bes de ouro no entorno da
mina da Passagem de Mariana ocorreriam com composi¢do similar, encaixadas na mesma posi¢do
estratigrafica e de forma concordante. Adiciona-se a isso o fato de que a alta concentracdo do boro
presente nos turmalinitos, com os quais 0 ouro e outros elementos minério estdo associados, seria anterior
as fases de deformacdo e metamorfismo, e por isso pertenceria a um estagio sedimentar. Segundo 0s
autores, a constituicdo do boro nas mineralizacGes seria de origem singenética e quimicamente relacionada
a rocha encaixante. A maior concentracao de quartzo na base da zona mineralizada enquanto ha um maior
predominio de dolomitos no topo também reforcaria a ideia de consanguinidade entre rocha encaixante e
minerais recristalizados através de uma interacdo fluido-rocha. A ideia de que a mineralizagcdo associada
ao veio aurifero estaria geneticamente vinculada a composicdo da rocha encaixante também foi
posteriormente observada por outros estudos na regido (e.g. Chauvet et al. 1994b; Chauvet et al. 2001,
Cabral et al. 2013). Enquanto Fleischer & Routhier (1973) consideram uma origem singenética para o
veio, a maioria dos outros autores considera uma origem epigenética (Vial et al. 2007 e referéncias neste

citadas)
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Através de estudo realizado em depositos de ouro no Supergrupo Rio das Velhas (SGRDV) no
Quadrilatero Ferrifero, Lobato et al. (1998) sugerem que o transporte do ouro teria sido preferencialmente
por meio de complexos de S e que por isso as rochas ricas em ferro (itabiritos) teriam agido como
armadilhas quimicas favoraveis a deposicao do ouro, sendo a concentracdo deste diretamente proporcional
a concentracdo de sulfetos. Vial et al. (2007), em estudo realizado na mina da Passagem de Mariana,
sugere que a interpretacdo sugerida por Lobato et al. (1998) para 0 SGRDV também se aplicaria as
ocorréncias auriferas do Supergrupo Minas, tendo em vista que o ouro é principalmente encontrado em
fraturas e como inclusdes em sulfetos (especialmente arsenopirita). Ainda segundo Vial et al (2007) a
mineralizagdo seria resultado da circulagéo de fluidos hidrotermais de baixa salinidade e ricos em CO- ao
longo de falhas de empurrdo paralelas ao acamamento, que estariam relacionadas ao evento orogénico

transamazonico.

Contrapondo a ideia de que a mineralizagdo estaria associada ao evento transamazonico alguns
trabalhos (Chauvet et al. 1994a; Chauvet et al. 1994b; Chauvet et al. 2001; Cabral & Zeh 2015) sugerem
gue os veios auriferos teriam se formado pelo preenchimento de fraturas geradas na fase de colapso
tectonico tardi-orogénico relacionado a orogenia brasiliana, ou seja, a concentragdo de ouro seria sin a
tardi-Brasiliana. Observou-se também (Chauvet et al. 1994b; Chauvet et al. 2001) que 0s veios seriam na
verdade subcondordantes a rocha encaixante e ndo paralelos, como proposto por alguns trabalhos
anteriores (e.g. Fleischer & Routhier 1973; Vial et al. 2007). Esta observagdo contribuiu na atribuicéo da

concentracao de ouro a uma fase tardia relacionada ao Brasiliano.

No estudo de Chauvet et al. (2001) os corpos de minério foram identificados como sendo
compostos principalmente por quartzo, dolomito, sulfetos e turmalina, com uma menor associagdo mineral
de micas brancas (muscovita ou paragonita) e siderita. O sulfeto mais comum seria a arsenopirita e esta
teria um enriquecimento relativo de S na ocorréncia do veio em relacdo a da matriz; as turmalinas do veio
teriam composicdo semelhante as turmalinas de borda; e foi observado ainda que os minerais de ouro
ocorreriam normalmente associados a minerais ricos em Bi. Ainda neste trabalho foi proposto que o
evento hidrotermal teria sido um processo continuo subdividido em trés fases. Essas trés fases
envolveriam fraturas com morfologia e paragénese mineral distintas que seriam resultado de diferentes
condicdes de pressdo e temperatura quando do preenchimento dessas fraturas. O ouro nativo teria se

concentrado na terceira fase através de estruturas em microstockwork, que por vezes se utilizariam de
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fraturas surgidas nas fases anteriores, e em condi¢des de pressdo e temperatura proximas de 2 kbars e
300°C.

Cavalcanti (1999) propde que a mineralizacdo teria ocorrido em dois estagios. O primeiro seria
responsavel pela formagdo dos corpos de turmalinitos e quartzo-sulfetos e o segundo por veios sulfetados
bandados. O primeiro em um dominio raptil e o segundo em um dominio ductil-raptil, ambos integrando
um unico sistema hidrotermal. Em Cavalcanti (2003), através do estudo dos turmalinitos, é proposto que
as mineralizagfes auriferas no flanco sul do Anticlinal de Mariana, estariam relacionadas principalmente
aos turmalinitos sulfetados, aos veios de quartzo-turmalina-sulfeto e aos veios de quartzo-carbonato-
turmalina-sulfeto, sendo a arsenopirita o principal mineral minério. As encaixantes seriam as rochas que
bordeiam o anticlinal, ou seja, rochas do topo do SGRDV e da base do Supergrupo Minas; e as relagdes
texturais indicariam que a mineralizagéo € posterior aos eventos deformacionais que geraram estruturas
como foliag¢&o, dobras e crenulagBes no turmalinito, mas contemporaneas a estruturas como falhas normais
e boudins. Para Nalini (1993) as estruturas as quais as mineraliza¢Ges mais aparecem associadas seriam 0s

boudins.

Tendo em vista a ocorréncia do ouro associado a presenga de turmalina no flanco sul do Anticlinal
de Mariana, como sugerido por Cavalcanti (2003), vale destacar que as turmalinas podem incorporar uma
grande diversidade de elementos quimicos em sua estrutura, dependendo do percurso metalogenético e
mineral6gico sofrido pela rocha, podendo atuar como importantes indicadores petrogenéticos (e.g. de
Oliveira et al. 2002).

Cabral et al. (2013), estudando os depdsitos do entorno do Anticlinal de Mariana, interpretam que
h& uma distribuicdo regional na forma de um zoneamento redox de sulfato-hematita-sulfeto, representado
respectivamente por depdsitos de barita, depésitos auriferos ricos em hematita e depositos auriferos com
turmalina e sulfetos (Figura 3.1). A sulfetacdo seria pds-orogénica e teria ocorrido pela reducdo do sulfato,
sendo atribuida ao colapso do Brasiliano. Tem-se ainda que as turmalinas associadas aos depdsitos
auriferos da regido, identificadas como dravitas, tém alto contetdo de Fe férrico (de Oliveira et al. 2002),
0 que indicaria que o fluido tardi-orogénico que originou as mineraliza¢fes estava relativamente oxidado.
A proximidade da ocorréncia de veios de barita e de pirita sugere uma redugdo termoquimica do sulfato.
Cabral & Koglin (2012) registrou ainda que razoes de Co/Ni do fluido hidrotermal, de onde as

mineralizagdes se originaram, sdo semelhantes as esperadas para a crosta continental superior. Cabral &
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Zeh (2015) sugerem que teria havido uma interacdo fluido-rocha na constituigdo quimica das

mineralizagdes.
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Figura 3. 1 - Mapa geoldgico do Anticlinal de Mariana com destaque para os depdsitos minerais. Modificado de Cabral et al.

(2013).

3.2.2 - Mineralizagdes auriferas do tipo jacutinga

Veios auriferos hospedados em itabirito sdo, por defini¢do, designados como jacutinga (Hussak

1906). Tais veios sdo caracteristicamente desprovidos de sulfetos. Estudos de datacdo e génese tém
determinado idade tardi-Brasiliana (Cabral et al. 2015; Oliveira et al. 2017). Segundo estudos de Cabral et
al. (2015) e Galbiatti et al. (2007), veios de jacutinga ocorrem truncando a foliagdo tectbnica do itabirito

encaixante. Regionalmente, depoésitos de jacutinga estdo normalmente distribuidos ao longo de
lineamentos correspondentes as falhas de empurrdo da borda leste do Quadrilatero Ferrifero (Cabral et al.

2009), que foram originadas durante o evento Brasiliano (Chemale et al. 1994; Alkmin & Marshak 1998).
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A distribuicdo dos depdsitos de jacutinga no Quadrilatero Ferrifero e Itabira define a parte meridional de
um cinturdo Au-Pd-Pt de direcdo aproximadamente N-S (Cabral et al. 2009, e referéncias neste citadas)
(Figura 3.2).

Llders et al. (2005), estudando inclusdes fluidas em veios do tipo Jacutinga, concluiram que as
caracteristicas isotopicas do Pb, advindo do Au, hematita e inclusdes fluidas hospedadas em hematita,
concordam com duas diferentes fontes litologicas para o chumbo do paleoproterozdico ou do arqueano e
reflete contrastes de profundidade da percolacdo do fluido durante a orogenia Brasiliana. O fluido que
transportou Au e Pb para os veios jacutinga pode ter carregado uma assinatura isotépica do Pb de fontes
de rochas diferentes daquelas do Au e do Pd. ProporcOes de cétions e de halégenos indicariam que 0s
fluidos formadores dos minérios vieram de evaporitos e interagiram com as rochas do embasamento

cristalino.
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3.2.3 - Idade das mineralizagbes

Chauvet et al. (2001) analisando biotitas contidas nas bordas de veios mineralizados e muscovita
extraida de uma amostra do veio aurifero, ambos pelo método de datacdo “°Ar/**Ar, obtiveram idades
entre 485 e 490 Ma. Este intervalo foi interpretado como sendo a idade do evento hidrotermal que teria

originado o veio.

Para Vial et al. (2007), através de estudo realizado na mina da Passagem de Mariana, o fato dos
veios auriferos de quartzo cortarem a foliacdo, ainda que com baixo angulo, é um indicativo de que a
mineralizagdo aurifera seria posterior a formagdo do Anticlinal de Mariana, mas teria ocorrido ainda

durante a orogenia transamazénica com uma idade entre 2.124 e 2.04 Ga.

Uma datacdo de monazita por U-Pb realizada em veio do tipo jacutinga no distrito de Itabira
indicou uma idade de 495.6 + 2.2 Ma, Brasiliano tardio, para o hidrotermalismo (Cabral et al. 2015). Estes
veios ocorrem truncando a foliacdo e encaixados em falhas de empurrdo da borda leste do Quadrilétero
Ferrifero, que sdo relacionadas ao Brasiliano. Esta idade foi refor¢ada pelo trabalho de Cabral & Zeh
(2015) que encontrou uma idade de 496.3 + 2.0 Ma em datagdo U-Pb em xenotimas do depdsito de

Passagem de Mariana.

Goncalves et al. (2019), em trabalho focado no estudo do hidrotermalismo ao longo do ordgeno
Aracuai, dataram a idade de cristalizacdo de monazita, rutilo e xenotima pelo método U-Pb de diversos
depositos obtendo como resultado idades variaveis entre 515 a 495 Ma para a circulacdo de fluido
hidrotermal. Entre os depdésitos amostrados no anticlinal de Mariana de quartzo/carbonato com topazio, o
dep6sito de Bocaina obteve idade de 493 + 9 Ma e o de Antdnio Pereira de 495 + 9 Ma, ambas as idades

foram obtidas em rutilos.
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CAPITULO 4

TOURMALINE IN THE AURIFEROUS QUARTZ LODE OF THE
VELOSO DEPOSIT, QUADRILATERO FERRIFERO OF MINAS GERAIS,
BRAZIL: MAJOR ELEMENTS, BORON ISOTOPES AND
METALLOGENIC IMPLICATIONS!?3

Abstract

Tourmaline, an elusive mineral in the auriferous quartz lode of the historical Veloso deposit in Ouro Preto,
Brazil, was recovered from a heavy-mineral concentrate from the brecciated lode that characterises the
gold deposit. The mineral mostly occurs independently as euhedral crystals and, notably, as inclusions in
gold grains, suggesting a genetic link between hydrothermal tourmaline and gold mineralisation.
Tourmaline is essentially Mg-rich dravite, but some zoned crystals have schorl rims. In-situ measurements
for B isotopes yielded a wide range in 6*'B values from -21 to -9%o. This range is similar to that obtained
from tourmaline of the Passagem de Mariana deposit, the best documented auriferous lode deposit in the
region. The Veloso gold deposit is hosted in the Caué Itabirite, a stratigraphic unit that is the hanging-wall
of the Passagem de Mariana deposit. Like Veloso, Passagem is also located in the Mariana anticline;
unlike Veloso, tourmaline is abundant at Passagem. The lowest 8B value of -21%., found at Veloso,
suggests that the tourmaline B was not exclusively sourced from surrounding clastic metasedimentary
rocks, but also possibly from metamorphic equivalents of non-marine evaporite, which would have been
leached during auriferous lode formation at the south-eastern edge of the Quadrilatero Ferrifero during the
Brasiliano orogeny at ca. 500 Ma. The Veloso lode displays pervasive cataclastic overprint and oxidation

of arsenopyrite to As-bearing goethite, features that differ from conventional orogenic lode-gold deposits.

Keywords: Tourmaline B isotopes; Veloso gold deposit; Mariana anticline; Quadrilatero Ferrifero;

Minas Gerais.

1 Authors: Jalia S. Pimenta, Alexandre R. Cabral, Glaucia Queiroga, Cristiano Lana, Miguel Tupinambd, Armin Zeh, Rogério
Kwitko-Ribeiro
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Eduardo Evangelista Ferreira, for permission to assess and sample the underground workings.
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4.1- INTRODUCTION

Ouro Preto is the symbol of the gold rush in Brazil, which started at the end of the seventeenth
century, to the highlands of a region that became known as Minas Gerais — i.e., the province of the general
mines. The gold deposits of the Ouro Preto area are thought to either differ from conventional
mesothermal gold deposits in that they formed during late-orogenic collapse tectonics, as advanced by
Chauvet et al. (2001), or represent orogenic gold deposits, as proposed for the Passagem de Mariana lode
by Vial et al. (2007), following the definition by Groves et al. (1998). However, apart from one large gold
deposit, the Passagem de Mariana lode, which has been investigated in detail (Eschwege 1833; Ferrand
1894; Hussak 1898; Derby 1911; Fleischer and Routhier 1973; Ladeira 1988; Chauvet et al. 2001; Vial et
al. 2007; Cabral and Zeh 2015; Trumbull et al. 2019), and cited in classical textbooks (e.g., Lindgren
1933, Emmons 1940), little is known about other gold deposits in the Ouro Preto area, situated in the

Mariana anticline.

Veloso is one of the numerous underground workings for gold in the Ouro Preto area (Eschwege
1833, Lacourt 1937), dating back to the first half of the nineteenth century. The Veloso deposit has again
become accessible and it is currently a tourist site in the town of Ouro Preto. In the course of detailed
underground mapping, we recovered tourmaline from the Veloso auriferous quartz lode, where tourmaline
is not obvious to the naked eye. In contrast, tourmaline is abundant at Passagem de Mariana, for which a
tourmaline B-isotope study has recently been published (Trumbull et al. 2019). Tourmaline B-isotope
compositions are useful in distinguishing among different B reservoirs and, therefore, can assist in
constraining provenance of fluids that formed hydrothermal ore deposits (e.g., Slack et al. 1993; Trumbull
et al. 2011; Mercadier et al. 2012). Here, we provide background information on the Veloso auriferous
lode, focussing on its tourmaline component, for which we present major-element and B-isotope
compositions. Our data are compared with those from the Passagem de Mariana lode and then discussed in

the geological context of the Mariana anticline.

4.2- GEOLOGICAL SETTING

The historical Veloso gold deposit is located in the south-eastern portion of the Quadriltero
Ferrifero, on the southern flank of the Mariana anticline (Figure 4.1). The Mariana anticline is
approximately 5 km wide and comprises two ridges, Serra de Ouro Preto and Serra de Antdnio Pereira, on

the southern and northern flanks, respectively.
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The core of the Mariana anticline encompasses rocks of the Rio das Velhas Supergroup, an
Archaean greenstone-belt sequence, whereas the fold flanks have rocks of the Minas Supergroup, which
unconformably rests on the former (Dorr 1969). The Minas Supergroup is a dominantly clastic
metasedimentary sequence with an economically important chemical metasedimentary unit, the Itabira
iron formation of Harder and Chamberlin (1915), or the Caué Itabirite of Dorr (1969), which hosts world-
class iron-ore deposits. This unit also hosts the Veloso lode. Stratigraphic units of the Minas Supergroup
that are pertinent to this study are the Caraga Group, the Itabira Group and the Piracicaba Group (Figure
4.2).
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Figura 4. 1 - Geological map of the Mariana anticline with emphasis on the mineral deposits (Cabral et al. 2013). Stars locate the
main deposits in the region, which are divided into barite deposits (blue), hematite-rich auriferous deposits (red and yellow), and
sulfide auriferous deposits (yellow). Veloso, the study area, is classified as a sulfide-bearing auriferous deposit.

The basal unit of the Caraca Group has quartzite and minor metaconglomerate in its lowermost
part, making up the Moeda Formation, which is locally interfingered with predominantly sericitic phyllite

of the Batatal Formation (Wallace 1965; Dorr 1969). The latter, which also contains dolomitic
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intercalations (Fleischer and Routhier 1973), grades into the chemical sedimentary rocks of the Itabira
Group, consisting mainly of itabirite and dolomitic rocks. Itabirite is a metamorphosed iron formation of
alternating bands rich in hematite and/or magnetite and in gangue minerals, mostly quartz. The itabirite
unit passes gradually into the overlying dolomitic rocks of the Gandarela Formation. The depositional age
of the Itabira Group is disputed. A Pb—Pb isochron age of 2.42 Ga for dolomitic rocks was proposed as the

depositional age of the Itabira Group (Babinski et al. 1995), whereas an U-Pb zircon age of 2.65 Ga for an

itabirite-hosted metavolcanic layer was interpreted to reflect volcanism coeval with the deposition of Fe-

rich sediments (Cabral et al. 2012c). The Itabira Group is overlain by the Piracicaba Group over an erosive

unconformity. The basal unit of the Piracicaba Group, the Cercadinho Formation, has ferruginous

quartzite and phyllite (Dorr 1969).
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Figura 4. 2 - Schematic lithostratigraphic column of the Quadrildtero Ferrifero with emphasis on the Caraga and Itabira groups of
the Minas Supergroup (Cabral et al. 2013, based on previous works —i.e., Harder and Chamberlin 1915, von Freyberg 1934,
Lacourt 1938, Dorr 1969, Pires 1983, Alkmim and Marshak 1998, Vial et al. 2007). Age constraints on the Caué Itabirite and the
Gandarela Formation are from Cabral et al. (2012c) and Babinski et al. (1995), respectively, and the reference to palaeosols is

from Cabral et al. (2020).

38



Contribuices as Ciéncias da Terra - 2018

The Mariana anticline has been considered to result from two major tectonic events (Nalini 1993;
Chemale et al. 1994; Alkmim and Marshak 1998): an early event, corresponding to the ~2.0-Ga
Transamazonian orogeny, which was responsible for the regional folds and emplacement of gneissic
domes of the Quadrilatero Ferrifero; and a late compressional event of thrust-and-fold tectonics, attributed
to the ~0.6-Ga Brasiliano orogeny. While Nalini (1993) and Chemale et al. (1994) have envisaged an
extensional setting for the Transamazonian orogeny, Alkmim and Marshak (1998) have advanced that the
Transamazonian orogeny evolved from a compressional regime to an extensional setting of tectonic
collapse. On the other hand, some authors have favoured that the main phase of regional folding and dome
emplacement took place during the Brasiliano orogeny (Hippertt and Davis 2000). The aforementioned
models illustrate that the tectonic evolution of the Quadrilatero Ferrifero is not consensual, but most
authors agree that the pervasive foliation in the supracrustal rocks, particularly in the eastern part of the
Quadrilatero Ferrifero, resulted from the Brasiliano overprint (e.g., Chemale et al. 1994; Alkmim and
Marshak 1998; Rosiére et al. 2001).

A variety of mineral deposits occur in the Mariana anticline. Their distribution shows a redox
sulfate—hematite—sulfide zoning (Figure 4.1), given by barite deposits, hematite-rich gold deposits, and
tourmaline—sulfide auriferous deposits, respectively (Cabral et al. 2013). The latter is typified by the
Passagem de Mariana deposit, within the Batatal Formation of the Caraga Group (Fleischer and Routhier
1973; Vial et al. 2007). Passagem de Mariana is a quartz-lode deposit with carbonate minerals and
ubiquitous tourmaline, and minor sulfide minerals, the most abundant of which is arsenopyrite; other
sulfide minerals are pyrite, pyrrhotite, chalcopyrite, galena, I6llingite, berthierite and maldonite (Vial et al.
2007). Graphite is present within the quartz lode (Oberthiir and Weiser 2008; Cabral and Zeh 2015). The
lode-hosted sulfide minerals and graphite define Passagem de Mariana as a reduced member of the redox
zoning of mineral deposits in the Mariana anticline. It is appropriate to remark that the oxidised
counterpart consists of barite veins that cut the foliation of the host rock at low angle. This low-angle
cross-cutting relationship between veins and host rocks is also observed in the Passagem de Mariana lode
(Chauvet et al. 2001; Vial et al. 2007; Cabral et al. 2013), as well as in the Veloso lode (this study).
Chauvet et al. (2001) have suggested that the Passagem de Mariana deposit formed in response to the
tectonic collapse of the Brasiliano orogeny, which is recorded in “°Ar—3°Ar ages between 490 and 485 Ma
for white mica in the tourmaline-rich auriferous quartz lode of Passagem de Mariana, and in biotite from
the wall rock. A different view is found in Vial et al. (2007), who have temporally associated the
Passagem de Mariana deposit with the Transamazonian orogeny, indicating that the auriferous

mineralisation formed between 2.12 and 2.04 Ga. Recent data, nevertheless, have favoured a late
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Brasiliano age — i.e., a Concordia U-Pb age of 496.3 + 2.0 Ma for xenotime crystals in a tourmaline
pocket in the auriferous quartz lode of Passagem de Mariana (Cabral and Zeh 2015).

4.3- GEOLOGY OF THE AURIFEROUS LODE OF VELOSO VS. PASSAGEM DE
MARIANA

The Veloso deposit is located in the town of Ouro Preto, about 100 km southeast of Belo
Horizonte, the capital of Minas Gerais. Veloso is one of numerous underground workings that mined gold
after the gold-rush peak, which focussed on alluvial gold in the eighteenth century (Eschwege 1833). It is
located on the southern flank of the Mariana anticline, along which sites of gold mineralisation occur
within rocks of the Caraga and Itabira groups (e.g., Chauvet et al. 2001; Vial et al. 2007; Cabral et al.
2013). The Veloso auriferous lode is hosted in itabirite of the Caué Itabirite (Figure 4.3). The main adit
strikes S—N for approximately 200 m, from the mine entrance to the currently accessible part. The host
rock has a pervasive foliation, which gently dips towards ESE (~165°/26°). The foliation is defined by the
planar arrangement of specular-hematite-rich bands that alternate with quartz-rich bands. The auriferous
mineralisation occurs as a quartz lode that is subconcordant with the host itabirite, truncating it at low
angle. Where the main adit intercepts the quartz lode, the latter was mined along its strike, approximately
E-W (Figure 4.3). The auriferous quartz lode of Veloso pinches out laterally, reaching approximately 1
meter in thickness (Figure 4.4a), the projection equivalent of which is 2 m (Figure 4.3). The quartz lode is
extensively brecciated and oxidised (Figure 4.4b). Auriferous pockets are conspicuously brecciated due to
concentrations of goethite, the aggregates of which show boxwork fabrics. Sulfide minerals are generally
absent, but arsenopyrite and pyrite can sporadically be observed in goethite-rich pockets, with and without
scorodite. Linear elements in the host itabirite, such as mineral lineation and fold axis, tend to be parallel

to the dip direction of the itabirite foliation.

Tourmaline was not noticed in the lode during the underground mapping, but recovered from a
heavy-mineral concentrate of a goethite-rich pocket of the brecciated lode (sample VEL-04). However,
tourmaline was known from the early open-cast workings, where the mineral was recognised in the
“carvoeira” underneath the itabirite sequence (Eschwege 1833). Eschwege (1833) defined the so-called
“carvoeira” as friable tourmalinite containing manganese oxide — i.e., “ein miirbes Schorlgestein mit
Mangan”, Eschwege 1833, p. 291. Eschwege (1833) further remarked that gold was sometimes so
abundant that it became visible in the black mass of “carvoeira”. “Carvoeira” is no longer accessible at

Veloso.
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Regarding the Passagem de Mariana lode, three types of tourmaline occurrence have been
described (Cavalcanti 2003; Cavalcanti and Xavier 2006; Vial et al. 2007; Trumbull et al. 2019): (i)
tourmalinisation halo, (ii) tourmaline in vein quartz, (iii) tourmalinite (up to 80 vol% tourmaline;
Trumbull et al. 2019). The association of gold with high concentrations of tourmaline has been recognised
in the Passagem de Mariana mine by many authors (e.g., Eschwege 1833, Fleischer and Routhier 1973,
Cavalcanti 2003). The Passagem de Mariana lode occurs within the Batatal Formation (Fleischer and
Routhier 1973; Vial et al. 2007), whereas the Veloso deposit is hosted in the overlying itabirite unit
(Figure 4.2). The accessible part of the Passagem de Mariana deposit is the Funddo orebody, where the
auriferous lode is within a grey banded calcareous rock (Vial et al., 2007); also referred to as ferruginous

dolomite by Fleischer and Routhier (1973). Compared to the “carvoeira” of the Passagem de Mariana
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deposit, tourmaline is rare in the Veloso lode, where the mineral has only been observed in a heavy-
mineral concentrate. The spatial connection of tourmaline with gold is highlighted by the finding of
tourmaline inclusions in gold grains (Figure 4.5). Such a spatial association makes the study of the
composition and origin of tourmaline relevant to the understanding of gold mineralisation in the Mariana
anticline.

Figura 4. 5 - Backscattered-electron images of two gold grains (white), recovered from a heavy-mineral concentrate of the
brecciated quartz lode. The upper gold grain, which partially exposes a tourmaline (Tur) inclusion, has a domain of goethite—
kaolinite (Gth+KIn) coating with a scorodite-like mineral (arrow), while the lower gold grain is partially coated with goethite (Gth)

44- MATERIALS AND METHODS

Geological mapping of the underground mine was carried out at the scale of 1:100. The mapping
followed a projection method, traditionally employed in the underground gold mines of Minas Gerais. The
method consists in tangentially projecting points of geological elements, such as lithological contacts,
using the plunge of the prominent lineation observed in the rocks, onto a horizontal plane (D. S. Vial,
personal communication, 2019). The projection plane was set at 2 m above the floor, which is used as

reference.

One of the samples collected from the lode, VEL 04, was processed to concentrate heavy minerals

at the Laboratério Geoldgico de Preparagdo de Amostras, located at the Universidade Estadual do Rio de
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Janeiro (UERJ). The sample was comminuted utilising a jaw crusher. Its heavy minerals were then
concentrated by means of a Wilfley table. Further separation was performed through a heavy-liquid
column of methylene iodide, followed by a Frantz isomagnetic separator of the <177-um fraction.
Tourmaline grains, identified in the 0.3- and 0.4-A magnetic fractions, were manually picked and
embedded in resin for electron-probe microanalysis by wavelength-dispersive spectrometry (WDS), using
a JXA-8230 JEOL electron microprobe, housed at the Microscopy and Microanalysis Laboratory (LMic),
Universidade Federal de Ouro Preto (UFOP). The instrument was operated at 15 kV and 20 nA, with an
electron-beam diameter of 5 um, applying the ZAF matrix correction. Measuring times on peak and
background positions were 10 and 5 seconds (s), respectively, for all elements (see below), but 30 and 15 s
for CI, Cr and Ti. Reference materials used for calibration were as follows: anorthoclase (Na), CaF (F),
quartz (Si), corundum (Al), olivine (Mg), magnetite (Fe), scapolite (ClI), chromite (Cr), diopside (Ca),
fluor-apatite (P), rutile (Ti), microcline (K) and Mn (Mn); X-ray lines were Ko for all elements. Analytical
errors are between 0.2 and 1.0%. Average lower limits of detection per element are (in mass percentage,
%): 0.07% Si, 0.06% Al, 0.03% Ti, 0.06% Fe, 0.06% Cr, 0.05% Mn, 0.05% Mg, 0.04% Ca, 0.04% Na,
0.02% K and 0.13% F. Total Fe content is expressed as FeO. Calculation of tourmaline formulae, in atoms
per formula unit (apfu), is based on 15 cations for the tetrahedral and octahedral sites, whereas contents of

B,0O; were calculated for B = 3 apfu, according to stoichiometric constraints.

Where possible, the electron-microprobe spot sites were analysed for B isotopes by means of a
Thermo-Scientific Neptune Plus multi-collector ICP—MS, coupled to a Photon Machines 193 Excimer
laser-ablation system at UFOP. The method is detailed in Albert et al. (2018) and only a summary is
provided here. Laser fluence was 5.29 J.cm™ at a repetition rate of 15 Hz. Samples were ablated in a He
atmosphere (0.8 L/min), which had a Helix ablation cell. Measurements for B isotopes were carried out in
two sessions under the same analytical conditions. During the first session, 18 analytical spots had a
diameter of 25 um, but 40 um for 17 analytical spots, for which the average standard deviation was
1.27%o 81B. For the second session, 30 spots of 20-um diameter were measured, for which the average

standard deviation was 0.27%o &B.

Data quality was tested using reference material dravite (#108796, 6*'B = -6.6 + 0.1%o; Dyar et al.
2001; Leeman and Tonarini 2001). External reference materials were elbaite (#98144, 6''B = -10.4 +
0.2%o; Dyar et al. 2001; Leeman and Tonarini 2001) and schorl (B4, 5B = -8.7 + 0.2%o; Tonarini et al.
2003). Tourmaline schorl (#112566, 511B = -12.5 + 0.1%o; Dyar et al. 2001; Leeman and Tonarini 2001)

was employed as calibrant. The correction factor applied to calculate the values of 'B/'°B varied from
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0.8841 to 0.8610. A more detailed description of the reference materials for B isotope analysis can be
found in Supplementary Table 1 (Apéndice A).

Sample VEL-06 was also crushed for concentrating heavy minerals. Its comminuted material was
put through a Knelson gravity concentrator, housed at Centro de Desenvolvimento da Tecnologia Nuclear
(CDTN, Belo Horizonte). After removing the magnetic fraction, an aliquot was further concentrated by
heavy-liquid separation (bromoform). Gold grains were then manually picked from the concentrate, first
for backscattered-electron imaging and energy-dispersive spectrometry (EDS), and then embedded in
resin and polished for electron-probe microanalysis. The JXA-8230 JEOL electron microprobe of the
LMlIc, UFOP was employed in the WDS mode to analyse gold grains at 20 kV and 40 nA, with an
electron-beam diameter of 2 um. Counting times on peak and background positions were 10 and 5 s,
respectively, for all elements. Their X-lines and reference materials, in parentheses, are as follows: Ka for
O (magnetite), Co (pure metal), Fe (magnetite), S (pyrite), Cu, Ni and Mn (pure metals); La for Se (pure
metal), As (indium arsenide), Ag and Te (silver telluride), Sb (indium antimonide), Cd (cadmium sulfide),
Sn (tin oxide), Pd and Mo (pure metals); and Mo for Au, Bi and Pt (pure metals), and Hg (mercury
sulfide). The ZAF method was applied for matrix correction. Analytical errors are between 0.16 and
0.75%. Average lower limits of detection per element are: 0.27% O, 0.36% Au, 0.06% Se, 0.15% As,
0.04% Te, 0.03% Sh, 0.05% Co, 0.04% Cd, 0.03% Ag, 0.05% Fe, 0.01% S, 0.14% Bi, 0.30% Hg, 0.05%
Cu, 0.05% Ni, 0.04% Sn, 0.03% Pd, 0.04% Mn, 0.04% Mo and 0.10% Pt.

Goethite composition was also determined by WDS using the aforementioned electron
microprobe, under conditions of 15 kV and 20 nA, with an electron-beam diameter of 2 um. Counting
times on peak and background positions were 10 and 5 s, respectively, for most elements (Si, Al, Mg, Fe,
Cr, Ca, Ti, K, Mn), but 40 and 20 s for As and 30 and 15 s for Zn, P and Ni. Their X-lines and reference
materials, in parentheses, are as follows: Ka for Si (quartz), Al (corundum), Mg (olivine), Zn (gahnite), Fe
(magnetite), Cr (chromite), Ca (diopside), P (fluor-apatite), Ti (rutile), Ni (Ni), K (microcline) and Mn
(Mn); and Lo for As (indium arsenide). The ZAF method was applied for matrix correction. Analytical
errors are between 0.21 and 0.97%. Average lower limits of detection are: 0.07% SiO2, 0.04% Al»Os,
0.11% As;0s, 0.05% MgO, 0.15% Zn0, 0.10% FeO, 0.07% Cr,03, 0.05% CaO, 0.07% P,0s, 0.04% TiO,,
0.08% NiO, 0.02% K0 and 0.07% MnO. Total iron is reported as FeO.
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45- RESULTS

4.5.1 - Tourmaline classification and major-element variations

Seventy-five electron-microprobe analyses were performed on 38 tourmaline grains, some of
which are illustrated in Figure 4.6. All tourmaline grains are documented in Supplementary Figure 1
(Apéndice C). Average values are 32.3% Al;O3, 7.9% MgO, 4.7% FeO, 1.9% Na,O and 0.5% CaO (Table
4.1 and Supplementary Table 2, Apéndice B). Most microanalyses correspond to dravite, but some plot in
the compositional fields of schorl and Mg-foitite in Figure 4.7. Such Fe-rich compositions mainly
represent rims on dravite cores. In general, tourmaline grains show no compositional zoning. Where
found, grain zoning occurs on sections parallel to the c-axis. All microanalyses form an array along the
dravite—-Mg-foitite compositional trend in the plot Al vs. X-site vacancy (Figure 4.8). The rims compose
an array along the schorl-dravite trend, while core compositions of grains with and without rims are
roughly parallel to the AIO(Mg(OH)).1 exchange vector, from a dravite-rich composition towards the

"oxy-dravite"—povondraite trend, on which they cluster at about 6.4 apfu Al (Figure 4.9).

Ve Electron-microprobe
spot

Figura 4. 6 - Backscattered-electron image of tourmaline (dark grey), embedded in resin (black). White stars represent electron-
microprobe spots. Circles mark laser-ablation spots of multi-collector-ICP—MS analyses for B isotopes. Numbers correspond to
individual analysis in Table 4.1 and Supplementary Table 2 (Apéndice B). All grains analysed in this study are documented in
Supplementary Figure 1 (Apéndice C).
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4.5.2- Boron-isotope composition

Sixty-five spot analyses performed on 35 tourmaline grains (Supplementary Figure 1, Apéndice
C) gave 3B values between -21%o and -9%o (Table 4.1 and Supplementary Table 2, Apéndice B). The
5B data have an average value of -14%o, with 89% of the data are between -10%o and -16%o 6*'B. The
data reveal no obvious correlation between tourmaline chemical composition and §''B values (Figure
4.10). Considering the 5''B analyses carried out on zoned grains, a tendency towards more negative values
at the grain rim is noticed (see values for rim and core in Supplementary Table 2, Apéndice B). The
maximum core-rim difference of 8B values is 6%o in a single zoned grain of tourmaline (grain 50;

Supplementary Table 2, Apéndice B).
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Table 4.1 Representative boron-isotope compositions by LA-ICP-MS and electron-microprobe analyses of tourmaline from the Veloso lode

Spot number 5% 6* 8 19* 20* 24* 44 64* 65* 72 74 79 23* 1.27* 1.33* 2.03* 2.05*
OB (%o) -10.02 -10.82 -9.51 -15.88 -15.39 -17.42 -11.29 -19.08 -14.04 -1291 -8.81 -14.25 - -12.50 -14.92 -15.03 -15.35
+SDOYB(%o) 1.27 127 127 027 027 027 127 127 127 127 127 027 - 127 1.8 027 0.27
B203 (%) 10.59 10.52 10.62 10.35 10.67 10.49 1056 10.57 10.59 10.56 10.71 10.14 10.63 - - - -
SiO; 37.08 36.82 37.04 36.33 37.34 36.87 36.84 37.08 36.86 37.07 37.45 3549 37.04 - - - -
Al,O3 3245 32.10 32.66 30.85 32.79 31.48 3237 3290 32.38 3251 3292 3048 3231 - - - -
TiO; 051 050 042 095 039 097 048 011 040 0.18 047 083 051 - - - -
FeO (total) 391 393 364 871 397 691 397 445 388 431 404 9.78 394 - - - -
Cr;03 <0.06 <0.06 <0.06 <0.06 0.07 0.21 <0.06 <0.06 <0.06 0.07 <0.06 0.12 0.09 - - - -
MnO <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 - - - -
MgO 833 836 854 582 839 675 834 776 859 804 836 487 8.69 - - - -
CaO 057 061 056 028 045 025 057 019 054 021 055 043 0.60 - - - -
Na,O 1.79 1.94 1.91 2.37 1.78 2.37 1.98 1.54 2.01 1.59 1.96 1.90 1.82 - - - -
K20 <0.02 <0.02 <0.02 0.03 <0.02 0.05 <0.02 <0.02 <0.02 <0.02 <0.02 0.17 <0.02 - - - -
F 026 039 015 <013 023 019 027 <013 0.15 0.18 017 <0.13 0.21 - - - -
95.49 95.16 9553 95.69 96.09 96.55 95.37 94.62 9540 94.69 96.61 94.20 95.83 - - - -
F-O 0.11 0.16 0.06 0.00 010 0.08 011 0.01 0.06 0.07 0.07 0.00 0.09 - - - -
Total 95.38 95.00 95.47 95.69 95.99 96.47 9526 94.61 95.34 94.62 96.54 94.20 95.74 - - - -
apfu
Si 6.085 6.085 6.063 6.099 6.081 6.107 6.066 6.096 6.051 6.104 6.078 6.085 6.055 - - - -
Al 6.276 6.251 6.302 6.104 6.294 6.146 6.280 6.376 6.264 6.308 6.296 6.161 6.226 - - - -
Mg 2.039 2.059 2.084 1.455 2037 1.668 2.048 1902 2.103 1.973 2.022 1.245 2.118 - - - -
Fe 0.537 0.543 0.498 1.222 0.541 0.958 0.547 0.612 0.533 0.593 0.548 1.402 0.538 - - - -
Cr 0.010 0.027 0.009 0.016 0.011 - - - -
Ti 0.063 0.063 0.052 0.120 0.047 0.121 0.059 0.014 0.049 0.022 0.057 0.107 0.063 - - - -
Ca 0.100 0.108 0.099 0.051 0.079 0.043 0.100 0.033 0.095 0.037 0.096 0.079 0.106 - - - -
Na 0.570 0.623 0.605 0.772 0.563 0.762 0.632 0.491 0.638 0.508 0.616 0.632 0.575 - - - -
K 0.007 0.010 0.038 - - - -

Ca/(Ca+Na) 015 015 014 006 012 005 014 006 013 0.07 014 011 0.16 - - - -
Mg/(Mg+Fe) 079 079 081 054 079 064 079 076 080 077 079 047 0.80 - - - -
XI(X+Na) 037 030 033 018 039 019 030 049 029 047 032 028 0.36 - - - -
X 033 027 030 017 036 0.18 027 048 027 046 029 0.25 0.32 - - - -

SD of 1.27%. and 0.27%o. stands for average standard deviation of the first and second sessions, respectively. Asterisks correspond to analytical spots shown in Figure 6.
Total Fe content is expressed as FeO. Atoms per formula unit (apfu) is based on 15 cations for the tetrahedral and octahedral sites. B2Os is calculated for B = 3 apfu, according to
stoichiometric constraints.
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Figura 4. 10 - Diagram of Mg/(Mg+Fe) vs. 611B values for tourmaline from the Veloso lode (Table 4.1 and Supplementary Table 2,

Apéndice B). Dashed lines connect rim and core microanalyses of a single grain. For symbol explanation, see Figure 4.7.

4.5.3- Chemical composition of gold

Gold occurs as free grains in the heavy-mineral concentrate of sample VEL-06, which represents

the brecciated lode. Quantitative electron-probe microanalysis showed that Ag is the main alloying

component, varying from 0.3 to 11.2%, and averaging 6.0% (Table 4.2). Backscattered-electron imaging

of gold grains indicates minerals that are spatially associated with the gold (Figure 4.5). The minerals are

either on the surface of, or included within, gold and consist of goethite, kaolinite, tourmaline, muscovite,

scorodite and an As-bearing, florencite-like phase.

Table 4.2 Electron-microprobe analyses of gold grains from the Veloso lode

Gold grain 1 2 3 4 5 6 7 8 8 8 9 9
Spot location - - - - - - - Rim Core Rim Rim  Core
Au (%) 95.07 95.09 94.83 94.09 94.24 98.92 93.88 92.56 93.51 91.87 88.27 89.40
Ag 438 498 404 545 541 033 587 691 607 731 11.18 9.89
S 0.01 002 0.03 <001 <0.01 0.01 <0.01 <001 <001 0.01 0.01 <0.01
Fe <0.05 <0.05 0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Cd 0.06 005 <0.04 008 009 005 010 009 0.07 010 0.09 0.09
Sb <0.03 0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
Hg <0.30 <0.30 <0.30 <0.30 0.30 <0.30 <0.30 <0.30 <0.30 <0.30 <0.30 <0.30
Bi 036 040 035 026 036 036 030 036 038 039 037 034
Total 99.94 100.65 99.38 99.99 100.45 99.99 100.41 100.25 100.51 99.97 100.24 99.96

Measurements for the following elements were performed, but their concentrations are below the minimum limit of detection: O
(<0.27%), Mn (<0.04%), Co (<0.05%), Ni (<0.05%), Cu (<0.05%), As (<0.15%), Se (<0.06%), Mo (<0.04%), Sn (<0.04%), Te
(<0.04%), Pt (<0.10%) and Pd (<0.03%).
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4.5.5- Chemical composition of goethite

Quartz and subordinate goethite are the main constituents of the Veloso lode. Boxwork fabrics characterise
goethite pockets. Quantitative electron-probe microanalysis of the goethitic material yielded As, Al and P as minor
constituents (Table 4.3). In particular, As contents are in the range from 0.8 to 6.3% As,Os; it has also been found as
scorodite, a hydrous Fe-sulfate mineral that locally occurs in the goethitic material, as well as in a florencite-like

mineral. Aluminium and P contents are between 0.1 and 4.1% Al,O3, and 0.3 and 2.6 P,0s.

Table 4.3 Electron-microprobe analyses of goethite from the Veloso lode

Spot number 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Fe;O3 (%) 79.33 76.99 77.06 79.82 77.84 75.83 79.20 76.74 76.74 76.90 72.13 75.25 71.89 71.35

AlLO3 0.27 046 100 023 078 126 007 062 045 114 406 173 274 231
SiO» 043 044 027 049 031 022 058 030 037 026 0.22 024 014 0.15
P20s 098 263 054 093 118 147 042 241 165 044 045 032 025 0.28
K20 <0.02 <0.02 0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
CaO 0.07 <0.05 0.13 <0.05 <0.05 0.08 <0.05 0.05 0.11 <0.05 0.07 <0.05 0.17 <0.05
MnO <0.07 <0.07 <0.07 <0.07 <0.07 0.08 0.08 <0.07 0.09 <0.07 <0.07 <0.07 <0.07 <0.07
As20s 137 078 241 115 237 267 085 090 222 328 349 371 587 631
Total 82.44 81.29 8142 82.62 82.48 81.61 81.20 81.02 81.64 82.03 80.42 81.26 81.06 80.40

Measurements for the following elements were performed, but their concentrations are below the minimum limit of detection: MgO
(<0.05%), TiO2 (<0.04%), Cr203 (<0.07%), NiO (<0.08%), ZnO (<0.15%). Total Fe content is expressed as Fe20s.

4.6- DISCUSSION

4.6.1- Goethite-rich pockets in brecciated quartz lode

The Veloso lode is highly oxidised, as expressed by goethite-rich pockets that typically have
boxwork fabrics. Little is preserved from the primary sulfide mineralogy, apart from rarely observed
arsenopyrite and pyrite. Although the presence of sulfide is not obvious, the goethitic material is
arseniferous, indicating that part of the goethite could have been formed from the oxidation of
arsenopyrite. The finding of tourmaline in goethite-rich pocket and the characterisation of tourmaline as
dravite connect the Veloso lode with the arsenopyrite—tourmaline quartz lode of Passagem de Mariana
(Figure 4.7; e.g., Cavalcanti 2003, Garda et al. 2009), which is hosted in reduced rocks of the Caraga
Group (Fleischer and Routhier 1973; Vial et al. 2007). Reduced rocks refer to the presence of graphite,
carbonaceous matter and sulfide minerals in the Caraca Group. The Veloso deposit is regarded as a
secondary, oxidised equivalent of the Passagem arsenopyrite-tourmaline assemblage, but hosted in

itabirite and lacking abundant tourmaline.
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The Veloso quartz lode is pervasively brecciated. Breccias are particularly conspicuous in
goethite-rich pockets. It is thus likely that oxidised aqueous solutions percolated through the breccias and
interacted with arsenopyrite to form arseniferous goethite and scorodite. Quartz-lode brecciation and
secondary overprint distinguish Veloso from Passagem de Mariana. The brittle rupturing that affected
Veloso is an indication of late- to post-orogenic timing, perhaps in an orogenic collapse setting, as
envisaged by Chauvet et al. (2001). Alternatively, Veloso may represent a brittle overprint on an orogenic
lode-gold deposit. Lacourt (1937) noted that post-tectonic cataclastic deformation affected the auriferous
lodes of the Ouro Preto area, indicating that “fracturing facilitated the oxidation of sulfides (arsenopyrite
predominating over pyrite), liberating part of the gold” (Lacourt 1937, p. 92). Here, it is instructive to
draw attention to the microfracturing overprint on the Passagem de Mariana lode (Chauvet et al. 2001).
Although it lacks the cataclastic aspect of the Veloso lode, Passagem de Mariana records the occurrence of
microfractures, where gold, maldonite and aurostibite occur in vein arsenopyrite (Chauvet et al. 2001).
The occurrence is so outstanding microscopically that led Oberthir and Weiser (2008) to state that the

Passagem de Mariana has an epithermal-like overprint on an otherwise mesothermal (orogenic) gold lode.

4.6.2- Tourmaline and B isotopes

Although tourmaline as tourmalinisation halo and tourmalinite has not been found at Veloso,
Passagem de Mariana and Veloso show a similar range in tourmaline B-isotope composition, with mean
81'B of -13%o and -14%., respectively (Figure 4.11). Furthermore, both deposits are located in the same
structure — i.e., the southern flank of the Mariana anticline (Figure 4.1). These lines of evidence suggest a
common origin of B in the lode-forming fluids of both deposits.

Passagem de Mariana
16 (Trumbull et al. 2019)
Mean = -13.0%o
SD = 1.6%o

1214 N =49

B Passagem de Mariana
u Veloso

Veloso (this study)
8- Mean =-13.8%o
SD = 2.3%o

N =65

Frequency

=22 -20 - -14 -12 -10
5"'B (%o)

Figura 4. 11 - Frequency histograms of B-isotope ratios of the Veloso tourmaline (this study), in comparison with tourmaline from
Passagem de Mariana lode (Trumbull et al. 2019).

52



Contribuices as Ciéncias da Terra - 2018

An essential factor for the formation of tourmaline is the availability of B in the system. Boron
can originate from different sources in the crust and 3*'B values can help to resolve its origin. Boron-
isotope data from the Veloso lode have a minimum value of -21 £ 0.3%o 3B and a maximum of -9 +
1.3%o 5B, with an average value of -14%. 8''B (Figure 4.11). This range rules out a marine origin for the
tourmaline B. Considering the metasedimentary sequence and the range of 3B values obtained from
tourmaline in the Mariana anticline during this and previous studies (Figure 4.12; Cabral et al. 2017
Trumbull et al. 2019), it is apparent that most of the B is sourced from clastic metasedimentary rocks,
particularly those containing white mica (e.g., Albert et al. 2018). Analyses for tourmaline in Minas
Gerais show average 5!'B values of approximately -5%o in the Espinhago region, north of the Quadrilatero
Ferrifero (Serro and Diamantina), whereas tourmaline from the Quadrilatero Ferrifero have significantly
lower average values of approximately -14%o (Figure 4.12). The lightest 6'B values obtained in the
deposits of the Quadrilatero Ferrifero are beyond those known from all clastic metasedimentary rocks

(Figure 4.12), suggesting that an additional reservoir was involved.

Assuming that all tourmaline B originated from clays that have a maximum content of 2000 ppm
B, as clay-adsorbed and -substituted B, Plimer (1988) estimated that the resulting metamorphic rock
would contain 4% by volume of tourmaline, which is much less than observed in massive tourmalinite,
which has above 15% tourmaline (e.g., Slack et al. 1984; Cavalcanti and Xavier 2006). It thus seems
reasonable to consider that the massive tourmalinite, such as that in the Passagem de Mariana lode and
that previously described by in the Veloso deposit by Eschwege (1833), does not only contain B derived
from in-situ metamorphic transformation of surrounding metapelitic rocks, but also from distinct, perhaps
more remote sources. A suitable source should conciliate extremely negative §''B values and locally high
B concentrations. It also needs to be taken into account that B isotopic fractionation can occur under
greenschist-facies metamorphic conditions, which affected the Mariana anticline (Herz 1978). As the
Passagem de Mariana lode and the Veloso lode truncate the foliation of the host rock at low angle, both
lodes likely formed after the metamorphic peak that attained temperature of about 500°C (Chauvet et al.
2001). Under such a temperature, the isotopic fractionation of B between tourmaline and aqueous fluid is
about -2%o0 (Meyer et al. 2008). Therefore, simple isotopic fractionation caused by metamorphic overprint
cannot explain the most negative 3!!B values measured at Veloso (Figure 4.12). A significant
intragranular difference in 8B values of up to 6%o has been recorded for zoned tourmaline from the
Veloso mine, whereby the rims tend to have more negative 5''B values compared to the cores. This
observation contradicts Rayleigh fractionation that would result in a progressive increase in 5''B values

from core to rim (e.g., Meyer et al. 2008; Pal et al. 2010). The tendency of decreasing §''B values from
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core to rim in a few zoned crystals and the total range of 3!!B values, between -21%o and -9%o, suggest
that the fluid system from which the tourmaline crystals precipitated experienced temporal fluctuation in
respect of boron-isotope composition.

Global reservoir

Modern seawater :l
Continental crust

MORB + Mantle 1

Continental rocks |
Granites [ S-type | I-type |
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Figura 4. 12 - Comparison of B-isotope values of different B reservoirs with those found in tourmaline from Minas Gerais (Cabral
et al. 2012a; Cabral et al. 2011; Cabral et al. 2012b; Trumbull et al. 2019). Data compilation for global reservoirs, continental and
marine rocks is from Trumbull et al. (2019).

Extremely negative 5B values are known from non-marine, borate-rich evaporitic rocks (Figure
4.12; Slack et al. 1989, 1993; Palmer and Slack 1989; Palmer and Helvaci 1997). Presently, there is no
direct evidence for the existence of meta-evaporitic rocks in the Minas Supergroup, but some indirect
evidence, for example, the study of Zhelezinskaia et al. (2014), applying multiple S isotopes to the Batatal
Formation, the unit in which the Passagem de Mariana lode is hosted (Fundéo orebody, Vial et al. 2007);
and the study of Cabral et al. (2020) that analysed tourmaline from metamorphic rocks of the Cercadinho
Formation on the base of Piracicaba Group above the Itabire iron formation (Figure 4.2). The results of the
former study suggest that at least part of the carbonate rocks of the Batatal Formation were deposited in an
evaporitic environment containing sulfate, which was considered by those authors to have a marine origin.
The study of Cabral et al. (2020) points out the possibility that the Cercadinho Formation contains a
metamorphosed palaeosol that represents lateritic weathering residues with an overprint by B-rich
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evaporitic fluids of continental origin. In this context, it should be noted that dissolution of preexisting
borate minerals in a clay—sulfate (gypsum) matrix, coupled with substantial loss of B from the system, is
known to produce secondary borate with very light 8''B value — e.g., -24%o (Palmer and Helvaci 1997).
Henry et al. (2008) showed that the composition of tourmaline formed from B-rich evaporitic fluids
follows the povondraite—‘oxy-dravite’ trend. This trend is not strictly followed by the Veloso tourmalines,
which offset from the trend roughly along the AIO(Mg(OH)).1 exchange vector (Figure 4.9). This offset
does not necessarily disprove a meta-evaporitic origin of the B needed to form the Veloso tourmaline, but
may result from a different redox state during tourmaline formation. We note that the “evaporitic trend” of
Henry et al. (2008) was derived from tourmaline formed under highly oxidised conditions, whereas the
Veloso tourmaline likely crystallised in a reduced milieu, as deduced from arsenopyrite relicts in goethite-
rich pockets. At Passagem, reduced conditions are indicated by sulfide minerals closely associated with
tourmaline and by the presence of graphite within the quartz lode (Oberthir and Weiser 2008; Cabral and
Zeh 2015). Graphite, however, has not been observed in the Veloso lode. It is pertinent to point out that
evaporitic rocks are easily erased from the geological record by deformational and metamorphic processes
(e.g., Slack et al. 1993; Warren 2016).

Apart from the extremely negative 5!'B values found in tourmaline, there is additional evidence
suggesting the pre-existence of a non-marine evaporitic reservoir in the Quadrilatero Ferrifero. A first-
order indicator is sulfate, which occurs as barite veins in dolomitic rocks of the Itabira Group around the
Mariana anticline (Figure 4.1). The past existence of sulfate in an evaporitic environment is suggested by
the S-isotope data obtained from the Batatal Formation (Zhelezinskaia et al. 2014), but there is hitherto no
genetic link between the Batatal Formation and the dolomite-hosted barite veins. The barite veins and the
tourmaline-bearing auriferous lodes of Veloso and Passagem de Mariana cut both the penetrative foliation
of their host rocks at low angle (von Freyberg 1934; Cabral et al. 2013; this study), suggesting a common
structural setting. Another indicator is the presence of sulfate-rich fluid inclusions trapped in itabirite-
hosted hematite—quartz veins. Such fluid inclusions have low CI/Br ratios (~100, mass; Boiron et al.
1999), which point to Br enrichment after interaction with halite (Boiron et al. 1999; Luders et al. 2005).
According to Boiron et al. (1999), the Br enrichment resulted from the leaching of sulfate—clay layers.
Those authors also recorded very high B content, up to 6233 ppm, in the fluid inclusions of the hematite—
quartz veins, where tourmaline was not reported (Boiron et al. 1999). Very low B/Li ratios, as determined
by Boiron et al. (1999), further suggest that evaporitic sulfate—clay leaching occurred in a non-marine
evaporitic setting (Vengosh et al. 1992), rather than in a marine environment. It seems that the late
tectonic hydrothermal leaching of sulfate-bearing metapelitic layers from originally continental evaporitic
deposits is the best explanation for the very light 3*'B value in the Veloso tourmaline.

55



Pimenta, J. S. Caracterizagdo de fildo aurifero hospedado em itabirito: geologia, geoquimica e mineralogia.......

It should be noted that recent work has expanded the range of 3B values for clastic
(meta)sedimentary rocks to -25%o. and 10%., averaging around -8%. (Trumbull et al. 2020). Although this
new range encompasses the 5!!B values obtained for the Veloso tourmaline, there are lines of evidence for
evaporitic settings within the Batatal Formation and the Cercadinho Formation — i.e., stratigraphically
above and below the itabirite-hosted Veloso lode —, paving the ground for interpreting an evaporitic
contribution for the B in the Veloso tourmaline.

Finally, it is worth noticing that the elusive occurrence of tourmaline in the Veloso lode is not
fortuitous; on the contrary, the mineral is spatially associated with gold (Figure 4.5). It is relevant to
highlight here that the occurrence of tourmaline intergrowth with gold is known from the eastern
Quadrilatero Ferrifero — e.g.,at the Ouro Fino gold deposit within the Moeda Formation (Koglin et al.
2012), and at the Cata Preta gold deposit within the Cercadinho Formation (Cabral et al. 2017). The
currently accessible underground workings of Veloso should be viewed as the tourmaline-poor part of a
lode system that contained abundant tourmaline — i.e., “carvoeira” — beneath the itabirite sequence
(Eschwege 1833). While B sourced from clastic metasedimentary rocks can explain the 3B range
between -15%o and -9%., it is difficult to reconcile an ordinary clastic reservoir with 8*'B values lower
than approximately -15%o (Trumbull et al. 2019). Although derivation from low &B from clastic
metasediments cannot be excluded, a non-marine evaporitic source not only accounts for the extremely
low 8B values, but also for the occurrence of abundant tourmaline (Fleischer and Routhier 1973), barite
deposits in the Mariana anticline (Figure 4.1), and the S-isotope data from the Batatal Formation
(Zhelezinskaia et al. 2014). Even where present as an elusive mineral, tourmaline was nonetheless
metaphorically recorded as profuse by Eschwege (1833), when the Veloso “carvoeira” was mined for

gold.

4.7- CONCLUSIONS

The finding of tourmaline in goethite-rich pockets, where arsenopyrite relicts are occasionally
observed, and its characterisation as dravite connect the Veloso lode with the arsenopyrite—tourmaline
(dravite) quartz lode of Passagem de Mariana, a historically and economically relevant gold deposit in the
Mariana anticline. Similar signatures of tourmaline B isotopes at Veloso and at Passagem de Mariana
suggest a common origin of B in the lode-forming fluids. The Veloso tourmaline, like that from Passagem
de Mariana, has low values of 5!!B, in the range from -21 to -9%.. The extremely low 3B values,
together with other lines of geological and geochemical evidence, are best viewed as B originated from

non-marine evaporitic rocks perhaps mixed with such from metapelitic lithologies.
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CAPITULO5
RESULTADOS ADICIONAIS

Os dados apresentados neste capitulo se referem a dados obtidos durante o desenvolvimento deste
trabalho que ou ndo constam no manuscrito apresentado no Capitulo 4 ou ndo foram apresentados na sua
totalidade. Sdo dados importantes e que complementam o estudo de caracterizacdo do depdsito aurifero da

mina do Veloso e do fluido hidrotermal que teria dado origem ao depdsito.

5.1- MAPEAMENTO DA MINA

O adito principal da mina do Veloso se estende por cerca de 200 m para norte a partir da boca da
mina. Por quase toda a sua extensdo a rocha aflorante é o itabirito que alterna entre variedades como
itabirito bandado, laminado, ocre e transposto (com laminas transpostas, exibindo dobras sem raiz). O
mapeamento ndo distinguiu entre as variedades petrograficas de itabirito, havendo, no entanto, a
predominancia das variedades laminada e transposta na porcao adjacente ao fildo representada no mapa da
Figura 4.3. Foi observado ainda a presenca de camadas de filito de espessura até 30 cm intercaladas com o
itabirito, uma das quais esta representada no mapa da Figura 4.3 e no perfil da Figura 4.4a; assim como a
ocorréncia de rocha branca, decimétrica, friavel e untosa, concordante a foliacdo do itabirito encaixante, a

qual mereceu estudo especifico apresentado no Apéndice F.

No ponto onde a galeria encontra o veio principal o desenvolvimento segue a dire¢do deste, para E—
SE, onde foi desenvolvido um mapa de detalhe na escala de 1:100 (Figura 4.3). No mapa também é
possivel observar uma falha de dire¢do NNE-SSW, subvertical e preenchida por quartzo, que corta o veio
principal. O perfil da Figura 4.4a, que representa a disposi¢do do veio a aproximadamente 4 m a sul em
planta da &rea mapeada, salienta boudinage deste. Detalhes do mapeamento sdo encontrados no Capitulo
4.

O fildo aurifero da mina Veloso esta encaixado em itabirito, rocha que caracteriza o Itabirito Caué
(Dorr 1969). O fildo é composto primordialmente por quartzo e goethita, com rara presenga de sulfeto e

escorodita. Este encontra-se brechado e oxidado (Figura 5.1), com as porc¢des de maior concentracdo de
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material goethitico em trama boxwork (Figura 5.2), as quais a mineralizagdo encontra-se espacialmente

associada.

Figura 5. 1 - Fotografia do fildo aurifero da mina Veloso (centro, onde se encontra o martelo de escala). Visada para NE.

Figura 5. 2 - Fotografia de material goethitico formando boxwork acima da cabega do martelo de escala, no fildo aurifero.
Visada para E. (Foto: Armin Zeh)
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O itabirito no interior da mina possui estruturas como boudins, dobras em kink, dobras sem raiz e
dobra em bainha (Figura 5.3). O itabirito encaixante mergulha em baixo &ngulo para SSE — i.e., média das
medidas de foliacdo é 169°/27° (Figura 5.4) - e elementos lineares como lineagdo mineral e eixo de dobras

tendem a ficar paralelos a direcdo de maximo declive.

Figura 5. 3 - Fotografia mostrando ntcleo de dobra em bainha em itabirito. Visada para NE.

o [L] foliagdes.txt (poles to lines) n=36

Density
28.41 Lineations
25.25 Maximum density: 28.4 %
200 at 169.1/27.5
18.94 Grid detail: Low
15.78 Counting method:

Fisher Distribution

Equal-area
Lower hemisphere

Figura 5. 4 - Estereograma das linhas de maior caimento da foliagdo (hemisfério inferior) do itabirito na mina do Veloso.
Software Stereonet.

59



Pimenta, J. S. Caracterizagdo de fildo aurifero hospedado em itabirito: geologia, geoquimica e mineralogia.......

5.2- PETROGRAFIA DO FILAO

Observagdes petrograficas de duas laminas e trés sec¢bes polidas do fildo, por luz transmitida e
refletida, respectivamente, confirmaram predominancia de goethita e quartzo, e ainda revelaram a
presenca de ouro (Figura 5.5), arsenopirita, turmalina e relictos de pirita (Figura 5.6), principalmente
tramas boxwork de goethita. Na borda da trama boxwork frequentemente a goethita assume aspecto
botrioidal. O contato intergranular entre goethita e quartzo muitas vezes é sinuoso (Figura 5.6), indicando

dissolucéo de borda no quartzo.

Figura 5. 5 - Fotomicrografia de luz refletida de amostra do filGo (VEL-Pa) Ouro (amarelo) ocorre associado a goethita (cinza) em
trama boxwork. Ganga de quartzo (cinza escuro) em meio a goethita denota aspecto brechado.

Figura 5. 6 - Fotomicrografia de luz refletida de amostra do fildo (VEL-08a), na qual pirita (creme) ocorre em ganga (quartzo,
cinza escuro), cujo contato com goethita coloforme (cinza claro) é sinuoso. Nota-se pseudomorfo de goethita a partir de provdvel
pirita.
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5.3- QUIMICA DE ROCHA TOTAL

Trés amostras do fildo foram usadas para analises de quimica de rocha total, VEL-05, VEL-08a e
VEL-08Db, e todas retornaram valores de mais de 90% SiO; e Fe,Os (total), somados, em sua composigao.
Os valores completos para as trés amostras estdo listados na Tabela 5.1. Conteildos de As variam de 3708
a 4935 ppm, enquanto Au alcanc¢a 1,1 ppm. Conteudos de Bi estdo entre 2,3 e 18 ppm, ao passo gue Sh
fica entre 16 e 48 ppm, chegando Se a 5,4 ppm. Tais valores de As, Au, Bi, Sb e Se (Figura 5.7),

representam anomalias positivas em relagdo a crosta continental superior (CCS, Rudnick & Gao 2003).

Tabela 5.1 Andlises de quimica de rocha total do fildo do Veloso

VEL-5 VEL-08a VEL-08b VEL-5 VEL-08a VEL-08b
SiO2 (wt.%) 42.81 84.02 67.43 Pb 62 4.6 8.5
Al2O3 1.41 0.24 0.39 Rb 2.8 0.2 <0.1
Fe203 48.33 13.25 28.41 Sb 37 16 48
MgO <0.01 <0.01 <0.01 Sc 10 3 6
CaO 0.03 <0.01 0.01 Se <0.5 1.9 5.4
Na20 <0.01 <0.01 <0.01 Sn <1 <1 <1
K20 0.06 <0.01 <0.01 Sr 0.9 1.1 0.8
TiO2 0.03 <0.01 <0.01 Ta <0.1 <0.1 <0.1
P20s 0.37 0.09 0.11 Th 0.7 <0.2 <0.2
MnO 0.06 0.01 0.01 TI <0.1 <0.1 <0.1
Cr203 0.002 <0.002 <0.002 U 16 0.3 0.7
LOI 6.8 2.4 3.6 \% 17 <8 <8
Sum 99.92 99.93 99.88 w 3.5 <0.5 1.7
Total C 0.05 0.02 0.03 Zn 39 9 9
Total S <0.02 0.10 0.07 Zr 14 1.6 18
Ag (ppm) <0.1 <0.1 0.1 Y 73 13 15
As 4935 3277 3708
Au (ppb) 104 1138 58 La 15.8 5.6 4.7
Ba (ppm) 10 6 2 Ce 34.9 7.8 8.5
Bi 2.3 4.0 18 Pr 5.13 0.96 1.09
Be 3 1 <1 Nd 24.6 3.9 4.9
Cd 1.0 <0.1 <0.1 Sm 6.38 0.76 1.04
Co 14 0.5 0.7 Eu 2.82 0.28 0.39
Cs <0.1 <0.1 <0.1 Gd 8.49 1.12 1.58
Cu 144 141 313 Tb 1.40 0.16 0.23
Ga 1.0 <0.5 <0.5 Dy 8.80 1.09 1.44
Hf 0.2 <0.1 <0.1 Ho 2.12 0.26 0.38
Hg 0.07 0.11 0.23 Er 6.49 0.86 1.12
Mo 1.6 0.3 0.8 ™m 1.01 0.11 0.16
Nb 0.3 0.5 0.3 Yb 6.29 0.68 1.01
Ni 44 2.9 4.1 Lu 1.04 0.15 0.18
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As amostras do fildo exibem distribuicdo de elementos terras raras (ETR), em relacdo a PAAS
(Post-Archaean Australian Shale, McLennan 1989), na qual ha empobrecimento relativo em ETR leves -
todas as amostras tém razédo (La/Yb)n < 1 (onde n indica normalizagdo a PAAS), assim como anomalias
positivas de Y (Figura 5.8). Nota-se que uma amostra (VEL-05) possui anomalia positiva de Eu, apesar do
contetdo relativamente elevado de Al,Os. As outras duas amostras apresentam “corcundas™ entre Sm e
Th, semelhantes a forma concava que caracteriza efeito tetrad (Bau 1996).

10°
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Mn Fe Co Ni Cu Zn As Se Y Mo Ag Cd Sb Au Hg Pb Bi

—t—\EL-5 -—w—VEL-082 -—o— VEL-08b

Figura 5. 7 - Valores de quimica de rocha total de metais das amostras do Veloso normalizados pelos da crosta continental
superior (CCS, Rudinick & Gao 2003).
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Figura 5. 8 - Elementos terras raras (Rare Earth Elements, REE) das amostras do Veloso normalizados por PAAS (Post-Archaean
australian Shale; McLennan 1989).
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5.4- QUIMICA DO OURO

O ouro foi encontrado e analisado em sec¢do polida de amostra do veio (VEL-Pa) e como gréos
livres que foram isolados de concentrado de minerais pesados (amostra VEL-06) (Apéndice D). Em secéo
polida o metal ocorre em gréos de até 20 um e em filetes de espessura menor que 1 um (Figura 5.9), onde
foram analisados 41 pontos por microssonda eletrénica em grdos com tamanho minimo de 5 um. Entre os
grdos livres foram analisados 40 pontos em 11 gréos. A separacdo e andlise de gréos livres teve por
objetivo avaliar a possivel interferéncia da matrix goethitica nas microanalises in situ na se¢do polida. Os
resultados da quimica mineral dos gréos de ouro in situ retornaram valores de Fe entre 0,8 e 10,9%, o que
ndo foi observado nas analises realizadas em grdos livres, onde os valores de Fe ndo chegaram a
ultrapassar o limite de deteccgdo de 0,05%. As microanalises nos gréos de ouro livre mostraram que 0 ouro
é pobre em prata, com valores de Au entre 87,7% e 98,9%, com Ag entre 0,3% e 11,2% (média de 5,9%)
(Figura 5.10). Enquanto o Bi aparece em porcentagem média de 0,27% associado ao ouro, Pd e Pt
encontram-se abaixo do limite de deteccdo (respectivamente 0,03% e 0,10%). Imagens de elétrons
retroespalhados de grdos de ouro livre, combinadas com EDS, indicaram minerais espacialmente
associados ao ouro, como goethita, caulinita, turmalina, muscovita, escorodita e As-fluorencita (Figura
4.5).

Figura 5. 9 - Imagens de elétrons retroespalhados de ouro (branco) em em matriz goethitica (cinza). O metal ocorre em gréos e
filetes. Os ultimos seguem ora paralelos ora, em alto dngulo a banda goethitica.
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Figura 5. 10 — Grdfico de porcentagem Au vs. Ag obtidos para os gréos de ouro livre.

55- QUIMICA DA GOETHITA

Material goethitico é onipresente no fildo quartzoso (Figura 5.11 a,b) e comumente se apresenta
em trama boxwork (Figura 5.11a). Microanalises quantitativas por microssonda eletrénica no material
goethitico indicam conteldos variaveis de As, entre 0.6 e 6.8%, com uma microanalise chegando a 16,2%
(Apéndice E). Arsénio também pode ser encontrado como escorodita, um mineral de arsenato de Fe
hidratado que ocorre localmente associado ao material goethitico. Em algumas porg¢des, especialmente na
borda de dominios boxwork, onde a goethita se apresenta com habito coloforme (Figura 5.11b), ha valores

andmalos para Ca e Mg.

Figura 5. 11 - Imagens de elétrons retroespalhados de goethita (cinza claro) do filéo aurifero. (a) O mineral ocorre como vénulas
ao derredor de dominios de agregados compactos, estes tltimos também de material goethitico. (b) Goethita forma bandas
coloformes envolvendo canga ganga de quartzo, que aparece como fragmento anguloso cinza escuro.
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CAPITULO 6
DISCUSSOES E CONCLUSAO

O fildo aurifero da mina do Veloso é composto essencialmente de quartzo e goethita. A Gltima
comumente ocorre em trama boxwork, que indica oxidacdo da mineralogia priméaria de sulfeto. Raras
ocorréncias de pirita e arsenopirita foram observadas no fildo. Observagdes microscopicas em rocha e
concentrado de minerais pesados levaram a identificagdo de ouro, turmalina, muscovita, caulinita. As
analises de quimica de rocha total e pontuais de goethita indicaram altos teores de As, que somados a
presenca, mesmo que escassa, de arsenopirita e escorodita, sugerem que a mineralogia primaria do fildo
continha sulfeto, principalmente arsenopirita. A identificagdo de turmalina e sua caracterizagdo como
dravita, e a presenca de arsenopirita aproximam o dep6sito da mina do Veloso ao depoésito de Passagem de
Mariana (e.g., Fleischer & Routhier 1973; Cavalcanti 2003; Vial et al. 2007; Garda et al. 2009). O
deposito do Veloso seria, entdo, equivalente oxidado da associacdo mineral arsenopirita—turmalina da

mina da Passagem, mas hospedado em itabirito e sem turmalina abundante.

Algumas observaces, como a auséncia de hematita especular, ouro desprovido de Pd — i.e.,
abaixo do limite de deteccdo (<0.03% Pd) — e a presenca de pirita e arsenopirita no fildo, descartam a
possibilidade de o depésito ser classificado como jacutinga, ainda que esteja hospedado em itabirito. Ao
contrario, Veloso parece estar geneticamente ligado a mina da Passagem. Outras linhas de evidéncia
corroboram tal ligagdo, como a localizacdo tectono-estrutural, ambos os depdsitos estdo na aba sul do
anticlinal de Mariana, truncando em baixo angulo a foliacdo da rocha encaixante; e intervalos semelhantes
de 6B em turmalina — i.e., média de -13%o para Passagem de Mariana e de -14%o para o Veloso. Estes
altimos sugerem origem comum para 0 B presente nos fluidos formadores dos fildes de ambos os

depositos.

O elemento B pode advir de diferentes fontes na crosta, que podem ser discriminadas atraves dos
valores de 3B de turmalina. Os dados de §''B do fildo do Veloso tém valor minimo de -21,3 + 0,3%o 5''B
e maximo de -8,9 + 1,3%o 5B (Figura 4.11). Estes valores descartam uma origem marinha para o B da
turmalina e reforcam uma proveniéncia de rochas metassedimentares clésticas (Figura 4.12). H& ainda que
se considerar a possibilidade de contribuigdo granitica na origem do B (e.g. Zheng et al. 2019; Sunde et al.
2020). Turmalinitos tem sido descritos associados a borda do Complexo Bacdo com B isotopicamente

leve, cuja ocorréncia foi atribuida ao metamorfismo em facies anfibolito alto de muscovitas e/ou cloritas
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(Albert et al. 2018). Zheng et al. (2019) relacionam as turmalinas de granitos como pertencentes a serie
schorlitica, o que afastaria a hipotese de origem granitica para o B das turmalinas do Veloso e de
Passagem de Mariana que sdo predominantemente dravitas. Sobretuto, os valores mais negativos obtidos
no Veloso extrapolam aqueles esperados para o B advindo de metassedimentos clasticos e de granitos, o

que sugere que um reservatdrio adicional estaria envolvido.

Considerando a turmalinizagdo associada ao depdsito da mina da Passagem (Cavalcanti 2003;
Cavalcanti & Xavier 2006; Vial et al. 2007; Trumbull et al. 2019), assim como aquela observada por
Eschwege (1833) na antiga lavra a céu aberto do Veloso e os dados deste estudo, uma fonte de B deve

conciliar valores de 8''B extremamente negativos a concentracdes localmente altas de B.

Valores extremamente negativos de §''B sdo conhecidos de rochas evaporiticas ndo marinhas ricas
em borato (Figura 4.12; Slack et al. 1989, 1993; Palmer & Slack 1989; Palmer & Helvaci 1997).
Atualmente, ndo ha evidéncia direta da existéncia de rochas evaporiticas no Supergrupo Minas, mas
alguma evidéncia indireta (Capitulo 4). E pertinente ndo perder de vista que sedimentos evaporiticos s&o
facilmente apagados do registro geoldgico por processos deformacionais e metamérficos (e.g., Slack et al.
1993; Warren 2016).

Além dos valores extremamente negativos de 3B encontrados na turmalina, ha linhas de
evidéncia adicional que sugerem um reservatério evaporitico ndo marinho no Quadrilatero Ferrifero. Um
indicador de primeira ordem é sulfato, que ocorre como veios de barita em rochas dolomiticas do Grupo
Itabira ao redor do anticlinal de Mariana (Figura 4.1). Os veios de barita e os fildes auriferos com
turmalina de Veloso e Passagem de Mariana cortam a foliacdo penetrativa de suas rochas hospedeiras em
baixo angulo (von Freyberg 1934; Cabral et al. 2013; este estudo), sugerindo uma configuracéo estrutural
comum. Outro indicador € a presenca de inclusdes fluidas ricas em sulfato e em B aprisionadas em veios
de quartzo—hematita hospedados em itabirito (Boiron et al. 1999; Luders et al. 2005; ver Capitulo 4 para
mais detalhes). A partir da interpretagdo do diagrama de ETR sugere-se que a anomalia positiva de Y
representa fracionamento de Y de Ho no fluido hidrotermal (Bau 1996), no qual o Y talvez tenha sido
transportado como F complexo (Bau & Dulski 1995), sugerindo um fluido relativamente &cido. O carater
acido do fluido encontra suporte nos dados de Boiron et al. (1999), onde os veios de quartzo e hematita
possuem pH baixo e alto contetdo de B em inclusdes fluidas. No diagrama de ETR também é possivel
observar anomalia positiva de Eu, o que sugere que o fildo de quartzo e sulfeto teria se formado a
temperatura de pelo menos 250 °C (Bau & Dulski 1995). Bismuto ocorre como subproduto na mina da

Passagem de Mariana (e.g., Chauvet et al. 2001; Vial et al. 2007) e o depdsito da mina do Veloso também
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esta enriquecido neste metal. Vale destacar que a T>250 °C o metal Bi poderia ter sido transportado na
fase liquida (melt) e Bi (nativo) foi descrito na mina da Passagem de Mariana (Vial et al. 2007; Oberthur
& Weiser 2008).

E importante notar que a elusiva ocorréncia de turmalina no veio do Veloso nio é fortuita; pelo
contrario, o mineral est4 espacialmente associado ao ouro (Figura 4.5). A turmalina estd diretamente
relacionada a mineralizacdo e concentracdo do ouro, tendo sido o intercrescimento de ouro e turmalina ja

observado em outros depositos da regido (Koglin et al. 2012; Cabral et al. 2017).

O ouro do Veloso é relativamente pobre em Ag. A alta concentracdo de Au, que chega a valores
de 98,9%, incluso em material goethitico, aponta para enriquecimento supergénico do ouro a partir da
oxidag&o da arsenopirita e fracionamento da Ag em relagdo ao elemento Au em condi¢Bes supergénicas
(Deshorough 1970; Freyssinet et al. 1989; Krupp & Weiser 1992). Vale destacar que 0 ouro ocorre como
grdos e como filetes que, por vezes, cortam banda coloforme de goethita (Figura 5.9). Estas linhas de
evidéncia indicam que, além do ouro primario rico em Ag (Figura 5.10), ha ouro secundério, supergénico,

pobre em Ag.

Foi desenvolvido, em paralelo a pesquisa aqui apresentada, um estudo sobre rocha exposta na
mina do Veloso (Cabral et al. 2020; Apéndice F). A rocha em questdo se trata de um leito branco,
decimétrico, friavel e untoso, concordante a foliagdo do itabirito encaixante, que os autores definiram
como rocha intrusiva de composicdo hibrida. Datacdo U—Pb de zircdo extraido do leito aponta para idade
de cristalizacdo no Neoproterozdico, em torno de 620 Ma. Considerando que a rocha intrusiva esta contida
no depdsito da mina do Veloso e sua ocorréncia dista cerca de 30 m em planta do fildo aurifero, foco deste
estudo, alguns aspectos devem ser enfatizados. A cristalizacdo da rocha intrusiva ocorreu em torno de 620
Ma, mas a rocha apresenta-se foliada. Ou seja, a rocha intrusiva sofreu deformacdo ductil, atribuido a
orogenia Brasiliana, junto com o pacote de itabirito encaixante (Cabral et al. 2020). O fildo aurifero da
mina do Veloso corta a foliacdo (ddctil) do itabirito encaixante, ainda que em baixo angulo. Assim, o fildo
aurifero é mais jovem que 620 Ma. A idade obtida em xenotima para a sobreposicdo hidrotermal da mina
da passagem de Mariana é de 496,3 £ 2,0 Ma (Cabral & Zeh 2015), interpretada como fase de colapso da
orogenia Brasiliana (Chauvet et al., 2001). A brechacdo do fildo do Veloso, assim como a falha
subvertical preenchida por veio de quartzo que o corta (Figura 4.3), parece ser tardia em relacdo a
sobreposicdo hidrotermal da mina da Passagem — i.e., mais jovem que ca. 500 Ma, em condicdes crustais
francamente rupteis. Nota-se que fildo amplamente brechado como o do Veloso ndo tem sido descrito na

mina da Passagem.
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Em concluséo, os estudos na mina do Veloso demonstraram que a sobreposi¢do hidrotermal
responsavel pela mineralizacdo aurifera seria semelhante aquela da mina da Passagem de Mariana. No
entanto, o veio da mina do Veloso fora brechado em fase de deformacao ruptil tardi- e/ou pés-Brasiliana.
A brechacdo permitiu a percolacdo de fluidos metedricos, tendo oxidado a mineralizagdo priméria de
sulfeto. Esta oxidagdo também fora responsavel pela formacdo de ouro secundério, supergénico
depositado ao longo de fissuras em goethita. A descoberta de turmalina em bolsGes ricos em goethita,
onde relictos de arsenopirita sdo ocasionalmente observados, e sua caracterizagdo como dravita é um
importante fator que conecta o veio de Veloso ao veio de quartzo com arsenopirita—turmalina (dravita) da
mina da Passagem de Mariana. Assinaturas semelhantes de §!!B para ambos os depésitos sugerem uma
origem comum de B nos fluidos formadores dos filGes. A turmalina do Veloso, assim como a da Passagem
de Mariana, tem baixos valores de §''B, na faixa de -21 a -9 %o. Os valores extremamente baixos de 5B,
juntamente com outras linhas de evidéncia geoldgica e geoquimica, adequam-se melhor ao B originado de

rochas evaporiticas ndo marinhas.
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Measurements for tourmaline boron isotopes
First round of analysis - 07th of June 2019

Spot EM spot* Spotsize B (mV) UB/°B SE** UB/B L5 SUB <+ l¢
Reference material Schorl 20 2.227 4516 0.003 3.995 0.070 -12.14 0.70
Reference material Schorl 20 2.238 4511 0.004 3990 0.084 -1324 0.84
Reference material Schorl 20 2.194 4516 0.004 3.995 0.097 -12.09 0.97
Reference material Dravite 20 2.587 4541 0.004 4.014 0.088 -7.23 0.88
Reference material Dravite 20 2.589 4544 0.004 4.017 0.088 -6.64 0.88
Reference material Dravite 20 2.648 4543 0.006 4.016 0.131 -6.81 1.31
1.01 1 Sample 20 1.922 4528 0.006 4.003 0.140 -10.04 1.40
1.02 2 Sample 20 1.871 4525 0.005 4.000 0.118 -10.74 1.18
1.03 64 Sample 20 1.386 4.487 0.007 3966 0.166 -19.08 1.66
1.04 65 Sample 20 1.412 4510 0.006 3987 0.124 -14.04 124
1.05 70 Sample 20 1.637 4504 0.006 3982 0.128 -1528 1.28
1.06 3 Sample 20 2.018 4526 0.005 4.001 0.108 -1058 1.08
1.07 4 Sample 20 1.964 4528 0.007 4.003 0.157 -10.00 1.57
1.08 9 Sample 20 1.983 4519 0.005 3.995 0.121 -1195 1.21
1.09 10 Sample 20 1.705 4528 0.005 4.003 0.103 -10.11 1.03
1.10 66 Sample 20 2.103 4524 0.007 4.000 0.145 -10.88 1.45
111 72 Sample 20 2.079 4515 0.005 3991 0.109 -1291 1.09
1.12 5 Sample 20 2.124 4528 0.006 4.003 0.129 -10.02 1.29
1.13 6 Sample 20 2.187 4524 0.005 4.000 0.117 -10.82 1.17
1.14 8 Sample 20 2.184 4530 0.006 4.005 0.127 -951 1.27
1.15 7 Sample 20 2.061 4515 0.006 3992 0.143 -12.83 143
1.16 74 Sample 20 2.035 4534 0.006 4.008 0.128 -8.81 1.28
1.17 15 Sample 20 2.355 4525 0.006 4.001 0.142 -10.64 1.42
1.18 44 Sample 20 2.416 4522 0.006 3.998 0.132 -11.29 1.32
Reference material Dravite 20 2.589 4544 0.004 4017 0.088 -6.60 0.88
Reference material Dravite 20 2.596 4546 0.005 4.019 0.103 -6.12 1.03
Reference material Dravite 20 2.641 4542 0.004 4.015 0.097 -7.03 0.97
Reference material Schorl 20 2.228 4514 0.005 3.993 0.104 -12.47 1.04
Reference material Schorl 20 2.166 4516 0.008 3.994 0.171 -1215 1.71
Reference material Schorl 20 2.258 4517 0.007 3.996 0.154 -11.90 1.54
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Spot  EM spot* Spotsize 1B (mV) MB/B SE** UB/B 4 1B .
Reference material Schorl 40 5.396 4515 0.006 3.996 0.134 -1187 134
Reference material Schorl 40 5.529 4509 0.010 3990 0.231 -1321 231
Reference material Schorl 40 5.509 4513 0.007 3.993 0.159 -1253 159
Reference material Dravite 40 6.247 4546 0.007 4.015 0.157 -7.01 1.57
Reference material Dravite 40 6.273 4550 0.005 4.018 0.100 -6.27 1.00
Reference material Dravite 40 6.458 4552 0.005 4.020 0.113 -5.81 1.13
1.19 11 Sample 40 5.405 4518 0.008 3990 0.171 -1324 171
1.20 16 Sample 40 5.490 4519 0.006 3.990 0.134 -13.26 1.34
1.21 45 Sample 40 5.185 4522 0.005 3993 0.105 -1256 1.05
1.22 17 Sample 40 5.637 4518 0.005 3989 0.112 -1350 1.12
1.23 26 Sample 40 4.651 4507 0.006 3979 0.124 -1594 124
1.24 Sample 40 5.616 4517 0.005 3988 0.112 -1385 1.12
1.25 Sample 40 5.761 4522 0.006 3.992 0.126 -12.86 1.26
1.26 Sample 40 5.485 4516 0.004 3986 0.093 -14.16 0.93
1.27 Sample 40 5.282 4524 0.004 3993 0.095 -1250 0.95
1.28 Sample 40 5.611 4523 0.006 3.992 0.122 -12.88 1.22
1.29 Sample 40 5.299 4527 0.004 3995 0.099 -1212 0.99
1.30 Sample 40 5.551 4521 0.007 3989 0.162 -1343 1.62
1.31 Sample 40 5.552 4528 0.007 3995 0.146 -11.95 1.46
1.32 Sample 40 5.310 4524 0.005 3992 0.102 -12.83 1.02
1.33 Sample 40 5.068 4515 0.008 3983 0.185 -14.92 1.85
1.34 Sample 40 5.062 4521 0.005 3988 0.113 -13.74 1.13
1.35 Sample 40 4.945 4527 0.005 3.993 0.109 -1241 1.09
Reference material Dravite 40 6.022 4552 0.004 4015 0.087 -7.13 0.87
Reference material Dravite 40 6.103 4555 0.005 4.017 0.107 -6.54 1.07
Reference material Dravite 40 6.036 4552 0.004 4.015 0.089 -7.17 0.89
Reference material Schorl 40 5.217 4519 0.004 3992 0.088 -12.71 0.88
Reference material Schorl 40 5.350 4524 0.004 399 0.088 -11.81 0.88
Reference material Schorl 40 5.508 4518 0.005 3991 0.110 -13.05 1.10
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Second round of analysis - 6th of December 2019

Spot EM spot* Spotsize B (mV) UB/%B SE** UB/AB L5 §UB  + 1o
Reference material ~ Schorl 20 0.696 4594 0.002 3991 0.043 -1290 0.43
Reference material ~ Schorl 20 0.716 4598 0.002 3.994 0.044 -12.32 044
Reference material ~ Schorl 20 0.697 4600 0.002 3995 0.043 -12.06 0.43
Reference material ~ Dravite 20 0.709 4633 0.002 4.016 0.042 -6.94 0.42
Reference material ~ Dravite 20 0.703 4635 0.002 4.017 0.043 -6.70 0.43
Reference material ~ Dravite 20 0.739 4.637 0.002 4.017 0.042 -6.49 0.42
Reference material ~ Elbaite 20 0.622 4620 0.002 4.002 0.042 -10.30 0.42
Reference material ~ Elbaite 20 0.653 4619 0.002 4.000 0.043 -10.70 0.43
Reference material ~ Elbaite 20 0.667 4618 0.002 3999 0.044 -11.01 0.44
Reference material B4 (Schorl) 20 0.555 4626 0.002 4.006 0.042 -9.42 0.42
Reference material B4 (Schorl) 20 0.578 4626 0.002 4.005 0.044 -9.64 0.44
Reference material B4 (Schorl) 20 0.566 4.627 0.002 4.005 0.043 -953 043
2.01 20 Sample 20 0.470 4600 0.002 3981 0.043 -1539 0.43
2.02 24 Sample 20 0.546 4592 0.002 3973 0.043 -17.42 0.43
2.03 Sample 20 0.527 4603 0.002 3983 0.043 -15.03 043
2.04 19 Sample 20 0.477 4600 0.002 3979 0.043 -15.88 0.43
2.05 Sample 20 0.491 4603 0.002 3982 0.043 -1535 0.43
2.06 Sample 20 0.579 4605 0.002 3.982 0.041 -1513 0.41
Reference material B4 (Schorl) 20 0.562 4637 0.002 4.009 0.042 -854 042
Reference material B4 (Schorl) 20 0.557 4.636 0.002 4.008 0.042 -8.89 0.42
Reference material B4 (Schorl) 20 0.557 4638 0.002 4.009 0.043 -857 043
Reference material ~ Elbaite 20 0.589 4630 0.002 4.002 0.043 -10.37 0.43
Reference material ~ Elbaite 20 0.586 4631 0.002 4.002 0.042 -10.38 0.42
Reference material ~ Elbaite 20 0.595 4634 0.002 4.004 0.042 -9.88 0.42
Reference material ~ Dravite 20 0.650 4652 0.002 4.018 0.042 -6.24 0.42
Reference material ~ Dravite 20 0.655 4.651 0.002 4.018 0.042 -6.44 0.42
Reference material ~ Dravite 20 0.670 4652 0.002 4.017 0.043 -6.48 0.43
Reference material ~ Schorl 20 0.641 4.614 0.002 3.992 0.042 -12.83 0.42
Reference material ~ Schorl 20 0.649 4617 0.002 3.994 0.042 -1231 0.42
Reference material ~ Schorl 20 0.634 4619 0.002 3.995 0.042 -11.92 0.42
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Spot  EM spot* Spotsize B (mV) B/®B SE** UB/B 15 slB .
Reference material ~ Schorl 20 0.639 4620 0.001 3.993 0.018 -1254 0.18
Reference material ~ Schorl 20 0.598 4621 0.001 3.994 0.017 -1238 0.17
Reference material ~ Schorl 20 0.609 4620 0.001 3.993 0.021 -1254 0.21
Reference material Dravite 20 0.663 4654 0.001 4.017 0.019 -6.55 0.19
Reference material ~Dravite 20 0.661 4655 0.001 4.017 0.020 -6.46 0.20
Reference material Dravite 20 0.706 4656 0.001 4.018 0.019 -6.33 0.19
Reference material ~ Elbaite 20 0.534 4.636 0.001 4.000 0.019 -10.69 0.19
Reference material  Elbaite 20 0.534 4638 0.001 4.002 0.021 -1030 0.21
Reference material ~ Elbaite 20 0.551 4639 0.001 4.003 0.022 -10.01 0.22
2.07 78 Sample 20 0.418 4620 0.001 3.986 0.023 -1433 0.23
2.08 79 Sample 20 0.438 4620 0.001 3.986 0.026 -14.25 0.26
2.09 76 Sample 20 0.434 4621 0.001 3.987 0.025 -14.05 0.25
2.10 Sample 20 0.441 4621 0.001 3.986 0.026 -1426 0.26
2.11 Sample 20 0.445 4619 0.001 3.984 0.023 -1478 0.23
2.12 Sample 20 0.471 4617 0.001 3.982 0.021 -1514 0.21
2.13 Sample 20 0.427 4618 0.001 3.983 0.019 -1511 0.19
2.14 25 Sample 20 0.452 4618 0.001 3.982 0.022 -1521 0.22
2.15 Sample 20 0.454 4617 0.001 3.981 0.020 -1545 0.20
2.16 29 Sample 20 0.455 4616 0.001 3.980 0.021 -1561 0.21
2.17 Sample 20 0.476 4616 0.001 3.980 0.025 -1565 0.25
2.18 Sample 20 0.484 4621 0.001 3.984 0.022 -1468 0.22
Reference material ~ Elbaite 20 0.549 4639 0.001 4.000 0.020 -10.85 0.20
Reference material ~ Elbaite 20 0.547 4.642 0.001 4.002 0.022 -10.33 0.22
Reference material ~ Elbaite 20 0.549 4642 0.001 4.002 0.020 -10.40 0.20
Reference material Dravite 20 0.618 4662 0.001 4.018 0.019 -6.22 0.19
Reference material Dravite 20 0.621 4661 0.001 4.017 0.018 -6.48 0.18
Reference material ~Dravite 20 0.644 4663 0.001 4.019 0.020 -6.12 0.20
Reference material ~ Schorl 20 0.579 4629 0.001 3994 0.021 -12.37 021
Reference material ~ Schorl 20 0.570 4629 0.001 3.994 0.019 -1235 0.19
Reference material ~ Schorl 20 0.536 4630 0.001 3995 0.020 -12.12 0.20
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Spot EM spot* Spotsize B (mV) U1B/°B SE** UB/B s sUB .
Reference material ~ Schorl 20 0.551 4631 0.001 3.993 0.017 -1258 0.17
Reference material ~ Schorl 20 0.555 4632 0.001 3993 0.019 -1255 0.19
Reference material ~ Schorl 20 0.550 4.632 0.001 3.993 0.019 -1239 0.19
Reference material Dravite 20 0.604 4668 0.001 4.020 0.021 -5.84 0.21
Reference material ~Dravite 20 0.658 4.664 0.001 4.017 0.020 -6.68 0.20
Reference material ~Dravite 20 0.648 4662 0.001 4.015 0.017 -7.17 0.17
Reference material ~ Elbaite 20 0.518 4.644 0.001 4.000 0.021 -10.86 0.21
Reference material  Elbaite 20 0.512 4644 0.001 3999 0.020 -1095 0.20
Reference material ~ Elbaite 20 0.532 4.643 0.001 3.999 0.022 -11.09 0.22
2.19 Sample 20 0.447 4621 0.001 3980 0.021 -1580 0.21
2.20 Sample 20 0.432 4620 0.001 3.979 0.019 -16.05 0.19
221 Sample 20 0.463 4624 0.001 3982 0.020 -1535 0.20
2.22 Sample 20 0.476 4626 0.001 3984 0.023 -1485 0.23
2.23 Sample 20 0.468 4628 0.001 3.985 0.022 -1442 022
2.24 Sample 20 0.470 4596 0.001 3.958 0.024 -21.27 0.24
2.25 Sample 20 0.439 4618 0.001 3976 0.028 -16.64 0.28
2.26 Sample 20 0.438 4625 0.001 3982 0.023 -1521 0.23
2.27 Sample 20 0.413 4623 0.001 3.980 0.022 -1562 0.22
2.28 Sample 20 0.441 4630 0.001 3.987 0.022 -1409 0.22
2.29 Sample 20 0.439 4629 0.001 3986 0.021 -1428 0.21
2.30 Sample 20 0.413 4631 0.001 3987 0.021 -1395 0.21
Reference material ~ Elbaite 20 0.471 4648 0.001 4.002 0.022 -1034 0.22
Reference material ~ Elbaite 20 0.475 4.647 0.001 4.001 0.018 -10.42 0.18
Reference material ~ Elbaite 20 0.528 4645 0.001 4.000 0.021 -1084 0.21
Reference material ~Dravite 20 0.590 4664 0.001 4.016 0.019 -6.84 0.19
Reference material Dravite 20 0.598 4.667 0.001 4.018 0.020 -6.36 0.20
Reference material ~Dravite 20 0.592 4.667 0.001 4.018 0.021 -6.31 0.21
Reference material ~ Schorl 20 0.563 4.633 0.001 3.993 0.020 -12.44 0.20
Reference material ~ Schorl 20 0.587 4633 0.001 3993 0.021 -1259 0.21
Reference material ~ Schorl 20 0.542 4.635 0.001 3.994 0.020 -12.19 0.20

* Electron-microprobe reference for coincident spots (see Supplementary Table 2 and Supplementary Figure 1)

** Internal precision (standard error of the mean)
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Apéndice B

Supplementary Table 2
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Spot number 1 2 3 4 5 6 7 8 9 10 11 15 16 17 19 20 24 25
Grain 1 1 2 2 3 3 4 4 5 5 6 8 8 9 10 10 12 13
Spot location  Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Rim Core  Rim Core
B (%o) -10.0 -10.74 -10.58 -10.00 -10.02 -10.82 -12.83 -9.51 -11.95 -10.11 -13.24 -10.64 -13.26 -13.50 -15.88 -15.39 -17.42 -15.21
5"B (SD) 14 1.18 1.08 157 1.29 117 1.43 1.27 121 1.03 171 1.42 1.34 112 043 043 043 022
B,03 (Wt%) 10.50 10.63 10.57 10.54 10.59 10.52 10.65 10.62 10.56 10.55 10.64 10.50 10.56 1063 10.35 10.67 1049 10.63
SiO; 36.92 37.14 36.85 36.94 37.08 36.82 37.79 37.04 37.08 36.92 37.28 36.79 36.88 37.06 36.33 37.34 36.87 37.12
Al,O3 32.30 32.65 32.19 32.33 32.45 32.10 32.20 32.66 32.90 32.19 33.09 3177 32.29 3258 3085 3279 3148 3213
TiO, 0.47 0.42 0.50 0.41 0.51 0.50 0.49 0.42 0.23 0.50 0.10 0.49 0.47 052 095 039 097 059
FeO (total) 381 3.97 4.17 412 391 3.93 411 3.64 4.76 432 427 3.99 4.07 407 871 397 691 421
Cr,0; <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 007 021 <0.06
MnO <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <005 <0.05 <0.05
MgO 8.11 8.36 8.42 8.18 8.33 8.36 8.27 8.54 7.46 8.19 7.96 8.50 8.35 838 582 839 675 859
CaO 0.57 0.54 0.66 0.50 0.57 0.61 0.62 0.56 0.20 0.51 0.17 0.69 0.53 066 028 045 025 064
Na,O 1.76 1.92 2.01 1.78 1.79 1.94 1.97 1.91 1.61 1.99 1.53 1.91 1.97 179 237 178 237 1.85
K20 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.03 <002 005 <0.02
F 0.23 0.23 0.24 0.16 0.26 0.39 0.18 0.15 0.15 0.19 <0.13 0.31 0.23 018 <013 023 019 029
94.66 95.85 95.59 94.96 95.49 95.16 96.26 95.53 94.94 95.37 95.04 94.95 95.34 95.88 9569 96.09 96.55 96.04
F-O 0.10 0.10 0.10 0.07 0.11 0.16 0.07 0.06 0.06 0.08 0.00 0.13 0.10 008 000 010 008 0.12
Total 94.56 95.75 95.49 94.89 95.38 95.00 96.19 95.47 94.87 95.28 95.04 94.81 95.24 95.80 9569 95.99 96.47 9592
apfu
Si 6.112 6.075 6.061 6.090 6.085 6.085 6.171 6.063 6.104 6.082 6.092 6.090 6.071 6.059 6.099 6.081 6.107 6.068
Al 6.301 6.293 6.240 6.281 6.276 6.251 6.197 6.302 6.383 6.251 6.372 6.199 6.263 6.278 6.104 6.294 6.146 6.190
Mg 2.001 2.038 2.064 2.010 2.039 2.059 2.012 2.084 1.830 2.010 1.940 2.098 2.048 2.043 1455 2.037 1668 2.094
Fe 0.527 0.543 0.574 0.568 0.537 0.543 0.560 0.498 0.655 0.594 0.584 0.552 0.560 0557 1222 0541 0958 0.575
Cr 0.010 0.027
Ti 0.058 0.051 0.061 0.051 0.063 0.063 0.060 0.052 0.028 0.062 0.012 0.061 0.058 0.064 0.120 0.047 0.121 0.073
Ca 0.100 0.094 0.116 0.088 0.100 0.108 0.108 0.099 0.035 0.091 0.030 0.123 0.093 0.116 0.051 0.079 0.043 0.113
Na 0.565 0.609 0.641 0.570 0.570 0.623 0.622 0.605 0.513 0.637 0.485 0.612 0.628 0566 0.772 0.563 0.762 0.586
K 0.007 0.010
Cal/(Ca+Na) 0.15 0.13 0.15 0.13 0.15 0.15 0.15 0.14 0.06 0.12 0.06 0.17 0.13 017 006 012 0.05 0.16
Mg/(Mg+Fe) 0.79 0.79 0.78 0.78 0.79 0.79 0.78 0.81 0.74 0.77 0.77 0.79 0.79 079 054 079 064 078
X/(X+Na) 0.37 0.33 0.28 0.38 0.37 0.30 0.30 0.33 0.47 0.30 0.50 0.30 0.31 036 018 039 019 034
X 0.33 0.30 0.24 0.34 0.33 0.27 0.27 0.30 0.45 0.27 0.49 0.27 0.28 032 017 036 018 0.30

Chemical data are from boron-isotope compositions by LA-ICP-MS and electron-microprobe analyses of tourmaline from the Veloso lode. Total Fe content is expressed as FeO. Formula calculation in atoms
per formula unit (apfu) is based on 15 cations for the tetrahedral and octahedral sites. B203 is calculated for B = 3 apfu, according to stoichiometric constraints.
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Spot number 26 29 44 45 64 65 66 70 72 74 76 78 79 12 13 14 18 22
Grain 13 15 21 21 30 30 31 33 34 35 36 37 37 6 7 7 9 11
Spot location Rim  Core Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Core  Core Rim Unzoned Unzoned Unzoned Unzoned Unzoned
1B (%) -15.94 -15.61 -11.29 -12.56 -19.08 -14.04 -10.88 -15.28 -12.91 -8.81 -14.05 -1433 -14.25 - - - - -
5B (SD) 124 021 1.32 1.05 1.66 1.24 1.45 1.28 1.09 128 025 023 0.26 - - - - -
B,03 (Wt%) 10.32  10.52 10.56 10.62 10.57 10.59 10.60 10.56 10.56 10.71 1037 10.22 10.14 10.67 10.58 10.54 10.64 10.66
SiO, 36.91 36.62 36.84 37.05 37.08 36.86 37.06 36.79 37.07 3745 3596 3575 3549 37.45 36.88 36.86 37.14 37.31
Al,03 31.09 3232 32.37 33.35 32.90 32.38 32.61 32.32 32,51 3292 3185 30.69 3048 33.20 32.32 32.32 32.45 31.82
TiO, 0.64 052 0.48 0.10 0.11 0.40 0.46 0.46 0.18 047 059 092 083 0.17 0.52 0.48 0.46 0.83
FeO (total) 9.78  3.86 3.97 4.10 4.45 3.88 4.02 4.26 431 404 663 913 978 3.95 3.95 3.84 3.88 442
Cr03 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 0.07 <0.06 <0.06 012 0.2 <0.06 <0.06 <0.06 <0.06 <0.06
MnO <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
MgO 460 835 8.34 7.87 7.76 8.59 8.25 8.30 8.04 836 672 531 487 8.07 8.47 8.34 8.63 8.64
CaO 037 070 0.57 0.26 0.19 0.54 0.61 0.45 0.21 055 045 044 043 0.23 0.61 0.62 0.61 0.74
Na,O 1.97 1.80 1.98 1.52 1.54 2.01 1.93 1.95 1.59 196 205 207 1.90 1.72 1.93 1.98 1.98 1.90
K0 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.17 <0.02 <0.02 <0.02 <0.02 <0.02
F 0.28 018 0.27 0.17 <0.13 0.15 0.26 0.27 0.18 017 020 016 <0.13 <0.13 0.28 0.22 0.16 0.18
95.97 94.87 95.37 95.04 94.62 95.40 95.79 95.35 94.69 96.61 94.83 94.81 94.20 95.46 95.54 95.21 95.94 96.50
F-O 012  0.07 0.11 0.07 0.01 0.06 0.11 0.11 0.07 0.07 009 0.07 0.00 0.00 0.12 0.09 0.07 0.08
Total 95.85 94.80 95.26 94.97 94.61 95.34 95.68 95.24 94.62 96.54 9474 9474 94.20 95.46 95.42 95.11 95.87 96.43
apfu
Si 6.217 6.051 6.066 6.068 6.096 6.051 6.076 6.053 6.104 6.078 6.027 6.083 6.085 6.103 6.060 6.078 6.066 6.082
Al 6.171 6.294 6.280 6.437 6.376 6.264 6.300 6.267 6.308 6.296 6.292 6.154 6.161 6.377 6.258 6.281 6.246 6.114
Mg 1.154 2.057 2.048 1.921 1.902 2.103 2.016 2.037 1.973 2,022 1679 1346 1.245 1.962 2.075 2.051 2.102 2.100
Fe 1.378 0.533 0.547 0.561 0.612 0.533 0.551 0.586 0.593 0548 0.929 1298 1.402 0.538 0.543 0.530 0.530 0.603
Cr 0.009 0.016 0.016
Ti 0.081 0.065 0.059 0.013 0.014 0.049 0.056 0.057 0.022 0.057 0.074 0.118 0.107 0.021 0.065 0.060 0.056 0.102
Ca 0.067 0.123 0.100 0.046 0.033 0.095 0.107 0.078 0.037 0.096 0.081 0.080 0.079 0.041 0.108 0.109 0.107 0.129
Na 0.644 0576 0.632 0.481 0.491 0.638 0.613 0.622 0.508 0.616 0.667 0.682 0.632 0.542 0.614 0.633 0.625 0.600
K 0.038
Cal/(Ca+Na) 009 0.8 0.14 0.09 0.06 0.13 0.15 0.11 0.07 014 011 010 011 0.07 0.15 0.15 0.15 0.18
Mg/(Mg+Fe) 046  0.79 0.79 0.77 0.76 0.80 0.79 0.78 0.77 079 064 051 047 0.78 0.79 0.79 0.80 0.78
X/(X+Na) 031 034 0.30 0.50 0.49 0.29 0.31 0.33 0.47 032 027 026 028 0.43 0.31 0.29 0.30 0.31
X 029  0.30 0.27 0.47 0.48 0.27 0.28 0.30 0.46 029 025 024 0.25 0.42 0.28 0.26 0.27 0.27
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Spot number 23 27 28 30 31 32 33 34 35 36 37 38 39 40 41 46 47 48 52
Grain 12 14 14 15 15 16 16 17 17 18 18 19 19 20 20 22 22 23 24
Spot location Core Core Rim Rim Rim Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned
1B (%) - - - - - - - - - - - - - - - - - - -
5B (SD) - - - - - - - - - - - - - - - - - - -
B,03 (Wt%) 10.63 10.57 10.16 10.25 10.40 10.69 10.51 10.66 10.65 10.45 10.58 10.62 10.63 10.67 10.63 10.60 10.57 10.65 10.60
SiO, 37.04 36.87 3574 3581 3641 37.32 36.80 37.44 37.44 36.24 37.55 37.21 37.32 37.29 37.00 36.87 37.01 37.44 37.15
Al,03 3231 3213 3040 31.23 31.69 32.97 32.34 32,57 33.298 31.04 31.69 33.15 32.38 32.28 3231 3281 3241 32.32 33.10
TiO, 051 057 112 079 0.60 0.46 0.42 0.21 0.1 0.66 0.51 0.12 0.42 0.50 0.55 0.44 0.46 0.48 0.12
FeO (total) 394 397 1051 7.98 739 4.17 4.16 4.17 4.118 4.71 3.95 4.40 3.87 4.12 4.20 391 3.85 4.02 3.89
Cr03 0.09 0.7 017 0.09 0.07 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06
MnO <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
MgO 869 855 432 576 6.28 8.22 8.05 8.36 7.827 8.65 8.55 7.78 8.52 8.69 8.55 8.29 8.35 8.49 8.03
CaO 060 059 035 047 038 0.54 0.52 0.31 0.213 0.68 0.46 0.18 0.50 0.65 0.84 0.57 0.60 0.55 0.20
Na,O 182 192 212 197 205 1.90 1.84 1.88 1.513 2.05 2.09 1.52 1.87 1.98 1.76 1.86 1.84 1.86 1.50
K0 <0.02 <0.02 0.05 <0.02 0.03 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
F 021 017 <013 0.18 <0.13 0.18 0.17 0.21 <0.13 0.24 0.36 <0.13 0.32 0.42 0.30 0.19 0.21 0.21 <0.13
95.83 9541 9493 9452 95.29 96.45 94.81 95.81 95.15 94.70 95.75 95.04 95.82 96.58 96.13 95.55 95.30 96.01 94.61
F-O 0.09 0.07 000 0.07 0.00 0.08 0.07 0.09 0.00 0.10 0.15 0.02 0.13 0.18 0.13 0.08 0.09 0.09 0.01
Total 95.74 9534 9493 94.44 9529 96.37 94.74 95.72 95.15 94.60 95.59 95.02 95.68 96.41 96.01 95.47 95.22 95.92 94.60
apfu
Si 6.055 6.062 6.118 6.073 6.085 6.068 6.085 6.108 6.113 6.030 6.167 6.090 6.103 6.073 6.050 6.045 6.085 6.110 6.092
Al 6.226 6.226 6.133 6.241 6.243 6.316 6.302 6.263 6.407 6.086 6.134 6.394 6.240 6.195 6.226 6.339 6.281 6.217 6.397
Mg 2118 2.095 1.101 1.456 1.564 1.993 1.985 2.034 1.905 2.146 2.093 1.899 2.076 2.110 2.084 2.025 2.048 2.065 1.964
Fe 0.538 0.546 1.504 1.131 1.033 0.566 0.575 0.569 0.562 0.655 0.542 0.602 0.529 0.561 0.574 0.536 0.530 0.549 0.534
Cr 0.011 0.010 0.023 0.012 0.010
Ti 0.063 0.071 0.144 0.100 0.075 0.056 0.053 0.025 0.012 0.082 0.063 0.015 0.052 0.061 0.067 0.055 0.056 0.059 0.014
Ca 0.106 0.104 0.063 0.086 0.068 0.094 0.092 0.055 0.037 0.120 0.082 0.031 0.088 0.113 0.146 0.101 0.106 0.096 0.035
Na 0.575 0.611 0.705 0.647 0.664 0.598 0.591 0.593 0.479 0.661 0.666 0.483 0.593 0.624 0.559 0.592 0.586 0.589 0.476
K 0.011 0.005
Cal/(Ca+Na) 016 015 008 012 0.09 0.14 0.13 0.08 0.07 0.15 0.11 0.06 0.13 0.15 021 0.15 0.15 0.14 0.07
Mg/(Mg+Fe) 080 079 042 056 0.60 0.78 0.78 0.78 0.77 0.77 0.79 0.76 0.80 0.79 0.78 0.79 0.79 0.79 0.79
X/(X+Na) 036 032 024 029 0.28 0.34 0.35 0.37 0.50 0.25 0.27 0.50 0.35 0.30 0.35 0.34 0.34 0.35 0.51
X 032 028 022 027 0.26 0.31 0.32 0.35 0.48 0.22 0.25 0.49 0.32 0.26 0.30 0.31 0.31 0.32 0.49
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Spot number 53 54 55 56 57 58 59 60 61 62 63 67 68 69 71 73 75
Grain 24 25 25 26 26 27 27 28 28 29 29 31 32 32 33 34 35
Spot location  Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned
1B (%) - - - - - - - - - - - - - - - - -
5B (SD) - - - - - - - - - - - - - - - - -
B,03 (Wt%) 10.70 10.55 10.54 10.57 10.61 10.64 10.70 10.53 10.73 10.62 10.57 10.68 10.58 10.60 10.55 10.61 10.71
SiO, 37.42 36.83 36.63 36.97 37.47 37.29 37.70 36.80 37.58 37.22 37.12 37.26 36.96 36.84 36.37 36.98 37.26
Al,03 33.45 32.15 32.27 32.00 32.72 33.25 33.32 32.12 32.94 3311 32.36 32.87 32.68 32.73 32.59 32.90 32.82
TiO, 0.15 0.44 0.42 0.51 0.23 0.20 0.19 0.50 0.50 0.11 0.18 0.50 0.48 0.46 0.50 0.49 0.48
FeO (total) 4.03 3.92 4.05 4.16 434 4.46 4.50 4.04 3.92 4.60 461 4.13 3.94 3.93 4.05 3.83 3.77
Cry0; <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 0.07 <0.06
MnO <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
MgO 8.07 8.52 8.45 8.51 7.86 7.66 7.69 8.33 8.40 7.67 7.99 8.24 8.18 8.34 8.36 8.20 8.67
CaO 0.19 0.56 0.56 0.52 0.24 0.20 0.19 0.53 0.66 0.18 0.34 0.70 0.53 0.59 0.66 0.64 0.64
Na;O 1.50 1.92 2.00 1.96 1.71 1.64 1.57 1.90 1.78 1.52 1.84 1.97 1.87 1.75 1.91 1.80 1.87
K0 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.03 <0.02 <0.02 <0.02 <0.02 <0.02
F <0.13 <0.13 0.18 0.21 0.20 0.20 <0.13 0.26 0.28 <0.13 0.17 0.32 0.23 0.33 0.25 0.22 0.27
95.60 94.99 95.10 95.41 95.37 95.53 95.87 95.01 96.77 95.06 95.17 96.70 95.45 95.57 95.23 95.74 96.48
F-O 0.04 0.05 0.08 0.09 0.08 0.08 0.00 0.11 0.12 0.01 0.07 0.14 0.09 0.14 0.10 0.09 0.11
Total 95.55 94.94 95.02 95.32 95.29 95.44 95.87 94.90 96.65 95.05 95.10 96.56 95.36 95.43 95.13 95.65 96.36
apfu
Si 6.078 6.069 6.041 6.079 6.139 6.095 6.124 6.077 6.090 6.094 6.108 6.068 6.070 6.040 5.995 6.059 6.050
Al 6.404 6.243 6.272 6.201 6.318 6.405 6.379 6.252 6.290 6.389 6.275 6.308 6.326 6.325 6.330 6.353 6.281
Mg 1.953 2.094 2.077 2.085 1.920 1.866 1.862 2.051 2.029 1.873 1.960 2.001 2.004 2.039 2.054 2.004 2.099
Fe 0.547 0.540 0.558 0.572 0.595 0.609 0.611 0.558 0.531 0.630 0.634 0.562 0.541 0.539 0.559 0.524 0.511
Cr 0.009
Ti 0.018 0.054 0.052 0.063 0.028 0.025 0.024 0.062 0.060 0.014 0.023 0.061 0.059 0.056 0.062 0.060 0.059
Ca 0.034 0.099 0.099 0.092 0.042 0.035 0.033 0.094 0.115 0.031 0.060 0.122 0.094 0.103 0.117 0.112 0.111
Na 0.471 0.612 0.640 0.625 0.542 0.518 0.495 0.608 0.558 0.484 0.585 0.621 0.597 0.558 0.610 0.572 0.590
K 0.007
Cal/(Ca+Na) 0.07 0.14 0.13 0.13 0.07 0.06 0.06 0.13 0.17 0.06 0.09 0.16 0.14 0.16 0.16 0.16 0.16
Mg/(Mg+Fe) 0.78 0.80 0.79 0.78 0.76 0.75 0.75 0.79 0.79 0.75 0.76 0.78 0.79 0.79 0.79 0.79 0.80
X/(X+Na) 0.51 0.32 0.29 0.31 0.43 0.46 0.49 0.33 0.37 0.50 0.38 0.29 0.34 0.38 0.31 0.36 0.34
X 0.50 0.29 0.26 0.28 0.42 0.45 0.47 0.30 0.33 0.49 0.36 0.25 0.31 0.34 0.27 0.32 0.30
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Spot number 77 81 82 1.24 1.25 1.26 1.27 1.28 1.29 1.30 131 1.32 1.33 1.34 1.35 2.03 2.05 2.06

Grain 36 38 38 39 40 4 3 41 42 2 43 1 30 44 45 12 10 11

Spot location Rim Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned Unzoned  Core Rim  Unzoned

1B (%) - - - -13.85 -12.86 -14.16 -12.50 -12.88 -12.12 -13.43 -11.95 -12.83 -14.92 -13.74 -12.41 -15.03 -15.35 -15.13

5B (SD) - - - 112 1.26 0.93 0.95 1.22 0.99 1.62 1.46 1.02 1.85 113 1.09 0.43 0.43 0.41

B,03 (Wt%) 10.39 10.56 10.57 - - - - - - - - - - - - - - -

SiO; 36.37 36.91 37.18 - - - - - - - - - - - - - - -

Al,03 31.59 31.88 32.35 - - - - - - - - - - - - - - -

TiO;, 0.59 0.42 0.24 - - - - - - - - - - - - - - -

FeO (total) 7.63 4.06 417 - - - - - - - - - - - - - - .

Cr,04 <0.06 0.14 0.11 - - - - - - - - - - - - - - -

MnO <0.05 <0.05 <0.05 - - - - - - - - - - - - - - .

MgO 6.21 8.68 8.20 - - - - - - - - - - - - - - -

CaO 0.33 0.35 0.26 - - - - - - - - - - - - - - ;

Na,O 2.03 2.07 1.76 - - - - - - - - - - - - - - -

K20 <0.02 <0.02 <0.02 - - - - - - - - - - - - - - i,

F 0.22 0.44 0.18 - - - - - - - - - - - - - - -
95.36 95.49 95.03 - - - - - - - - - - - - - - -

F-O 0.09 0.18 0.07 - - - - - - - - - - - - - - .

Total 95.27 95.31 94.95 - - - - - - - - - - - - - - -

apfu - - - - - - - - - - - - - R R

Si 6.084 6.076 6.115 - - - - - - - - - - - - - - -

Al 6.227 6.184 6.270 - - - - - - - - - - - - - - -

Mg 1.549 2.129 2.012 - - - - - - - - - - - - - - -

Fe 1.067 0.559 0.573 - - - - - - - - - - - - - - -

Cr 0.018 0.015 - - - - - - - - - - - - - - -

Ti 0.074 0.052 0.029 - - - - - - - - - - - - - - .

Ca 0.060 0.061 0.047 - - - - - - - - - - - - - - -

Na 0.658 0.662 0.562 - - - - - - - - - - - - - - -

Ca/(Ca+Na) 0.08 0.08 0.08 - - - - - - - - - - - - R R R

Mg/(Mg+Fe) 0.59 0.79 0.78 - - - - - - - - - - - - B, B, _

X/(X+Na) 0.30 0.30 0.41 - - - - - - - - - - - - - - -

X 0.28 0.28 0.39 - - - - - - - - - - - - - - i
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Spot number 210 211 212 213 215 217 218 2.19 2.20 2.21 2.22 223 224 225 226 227 2.28 2.29 2.30
Grain 36 37 14 10 15 46 46 47 48 48 49 49 50 50 50 50 51 51 51
Spot location Core  Core Rim  Core Rim Rim  Core Unzoned Unzoned Unzoned Unzoned Unzoned Rim Rim  Core  Core Unzoned Unzoned Unzoned
1B (%) -1426 -14.78 -1514 -1511 -1545 -15.65 -14.68 -15.80 -16.05 -15.35 -14.85 -14.42 -2127 -16.64 -1521 -15.62 -14.09 -14.28 -13.95
5B (SD) 026 023 021 019 020 025 022 0.21 0.19 0.20 0.23 022 024 028 023 022 0.22 0.21 0.21

B,0; (Wt%)
SiO,

Al 203
TIOZ

FeO (total)
Cr,04
MnO

MgO

CaO

Na,O

Kzo

F

F-O

Total

apfu

Si

Al

Mg

Fe

Cr

Ti

Ca

Na

K
Ca/(Ca+Na)
Mg/(Mg+Fe)
X/(X+Na)
X

90



Contribuicdes as Ciéncias da Terra - 2018

Apéndice C

Supplementary Figure 1
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Supplementary Figure 1. Backscattered-electron images of tourmaline (dark grey), embedded in resin (black). White stars represent electron-microprobe spots. Circles mark
laser-ablation spots of multi-collector—ICP—MS analyses for B isotopes. Numbers correspond to individual analysis in Supplementary Table 2
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Apéndice D

Tabela quimica mineral ouro
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Contribuices as Ciéncias da Terra - 2018

Spot number 1.1 1.2 13 1.4 1.5 1.6 1.7 1.8 2.1 2.2 2.3 24 2.5 2.6 2.7 2.8 2.9 2.10 2.11 2.12 2.13 2.14
Grain 1 1 1 2 2 2 3 4 5 5 5 5 5 5 6 6 6 7 7 7 8 8
(6] <0.27 <027 <027 <0.27 <027 <027 <027 <0.27 <027 <027 <027 <027 <027 <027 <027 <0.27 <027 <027 <027 <0.27 <027 <0.27
Au 95.07 94.96 9519 95.09 9457 9476 94.83 94.81 9436 94.17 9409 9416 9296 93.95 93.06 9424 9336 93.34 9418 9394 9892 95.66
Se <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <006 <006 <006 <0.06 <0.06 <0.06 <006 <006 <0.06 <0.06 <0.06
As <0.15 <0.15 <015 <015 <015 <015 <015 <015 <015 <015 <015 <015 <015 <015 <015 <015 <0.15 <015 <0.15 <015 <015 <0.15
Te <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 0.05 <0.04 <0.04 <0.04 0.05 <0.04 <0.04 <0.04 <004 <0.04 <0.04 <0.04 <004 <0.04 <0.04
Sh <0.03 <0.03 <0.03 0.03 <0.03 <0.03 <0.03 <003 <0.03 <0.03 <003 <003 <003 <003 <003 <003 <003 <003 <003 <003 <0.03 <0.03
Co <0.05 <0.05 <005 <005 <0.05 <005 <005 <005 <0.05 <005 <005 <005 <005 <005 <005 <005 <0.05 <005 <005 <0.05 <0.05 <0.05
Cd 0.06 0.06 0.07 0.05 0.08 0.07 <0.04 0.07 0.08 0.09 0.08 0.09 0.07 0.05 0.05 0.09 0.06 0.11 0.08 0.08 0.05 <0.04
Ag 4.38 4.96 5.08 4.98 481 4.64 4.04 473 5.37 5.27 5.45 5.53 6.43 5.29 6.37 541 5.49 5.86 5.75 0.63 0.33 4.04
Fe <0.05 <0.05 <005 <005 <0.05 <0.05 005 <0.05 <0.05 <005 <005 <0.05 <0.05 <005 <005 <005 <0.05 <005 <005 <0.05 <0.05 <0.05
S 0.01 0.01 0.01 0.02 0.02 0.04 0.03 0.02 <0.01 0.02 <0.01 <0.01 0.01 0.01 0.02 <0.01 0.01 <0.01 0.01 <0.01 0.01 0.02
Bi 0.36 0.44 0.33 0.40 0.35 0.37 0.35 0.36 0.36 0.35 0.26 0.31 0.32 0.34 0.29 0.36 0.32 0.28 0.35 0.45 0.36 0.38
Hg <0.30 <030 <030 <030 <030 <030 <030 <030 <030 <030 <030 <030 <030 <030 <0.30 030 <030 <030 <0.30 <030 <0.30 <0.30
Cu <0.05 <0.05 <005 <0.05 <0.05 <005 <005 <0.05 <0.05 <005 <005 <0.05 <0.05 <005 <005 <0.05 <0.05 <005 <005 <0.05 <0.05 <0.05
Ni <0.05 <0.05 <005 <0.05 <0.05 <0.05 <005 <0.05 <0.05 <0.05 <005 <0.05 <0.05 <005 <005 <0.05 <0.05 <005 <005 <0.05 <0.05 <0.05
Sn <0.04 <0.04 <0.04 <0.04 <0.04 <004 <004 <0.04 <0.04 <004 <004 <0.04 <0.04 <004 <004 <0.04 <0.04 <004 <004 <0.04 <0.04 <0.04
Pd <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <003 <0.03 <0.03 <003 <003 <003 <0.03 <003 <003 <003 <0.03 <003 <003 <0.03 <0.03 <0.03
Mn <0.04 <0.04 <0.04 <0.04 <0.04 <004 <004 <0.04 <0.04 <004 <004 <0.04 <0.04 <004 <004 <0.04 <0.04 <004 <004 <0.04 <0.04 <0.04
Mo <0.04 <0.04 <0.04 <0.04 <0.04 <004 <004 <0.04 <0.04 <004 <004 <0.04 <0.04 <004 <004 <0.04 <0.04 <004 <004 <0.04 <0.04 <0.04
Pt <010 <0.10 <0.10 <0.10 <010 <010 <010 <010 <010 <010 <010 <010 <010 <010 <010 <010 <010 <010 <010 <010 <0.10 <0.10
Total 99.94 100.52 100.79 100.65 99.92 99.95 99.38 100.14 100.51 100.21 99.99 100.35 100.00 99.84 100.07 100.45 99.59 99.80 100.60 100.32 99.99 100.44

Spot numbers starting with 1 and 2 refer to the two polished sections made for free gold grains and the one starting with 3 refers to the polished section of the lode sample in which the gold was found in the middle
of the goethitic matrix.
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Spot number 2.15 2.16 2.17 2.18 2.19 2.20 2.21 2.22 2.23 2.24 2.25 2.26 2.27 2.28 2.29 2.30 2.31 2.32 2.33 2.34 3.1

Grain 8 8 9 9 9 9 9 10 10 10 10 10 10 10 10 10 11 11 11 11
(6] <0.27 <027 <027 <0.27 <027 <027 <027 <0.27 <027 <027 <027 <027 <027 <027 <027 <0.27 <027 <027 <027 <0.27 -
Au 9465 94.79 93.88 93.71 9405 9332 9273 9256 93.11 93.33 9351 9351 9325 9319 93.04 9187 87.66 89.40 8834 8827 97.16
Se <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <006 <0.06 <0.06 <0.06 <006 <006 <0.06 <0.06 <0.07
As <0.15 <0.15 <0.15 <015 <015 <015 <015 <015 <015 <015 <015 <015 <015 <015 <015 <015 <015 <015 <015 <015 <0.12
Te <0.04 <0.04 <004 <0.04 <0.04 <0.04 <004 <0.04 <0.04 <004 <004 <004 <0.04 <004 <004 <0.04 <0.04 <0.04 <004 <0.04 <0.04
Sh <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <003 <0.03 <0.03 <003 <003 <003 <003 <003 <003 <003 <0.03 <003 <003 <0.03 <0.03
Co <0.05 <0.05 <005 <005 <0.05 <0.05 <005 <0.05 <0.05 <005 <005 <005 <0.05 <005 <005 <005 <0.05 <005 <005 <0.05 <0.05
Cd 0.08 0.06 0.10 0.08 0.08 0.08 0.08 0.09 0.08 0.08 0.07 0.06 0.09 0.10 0.06 0.10 0.15 0.09 0.08 0.09 <0.06
Ag 4.60 4.40 5.87 5.74 5.61 5.55 5.54 6.91 5.96 6.17 6.07 6.36 6.38 6.19 7.03 7.31 10.98 9.89 1026 11.18 <0.03
Fe <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <005 <0.05 <0.05 <0.05 <005 <005 <0.05 <005 <005 <0.05 <0.05 <0.05 <005 <0.05 2.29
S 0.02 0.02 <0.01 <0.01 <001 <001 <0.01 <0.01 <001 <001 <0.01 <0.01 0.01 0.02 <0.01 0.01 <0.01 <0.01 0.01 0.01 0.02
Bi 0.47 0.47 0.30 0.37 0.39 0.41 0.35 0.36 0.32 0.38 0.38 0.36 0.32 0.37 0.38 0.39 0.36 0.34 0.42 0.37 0.19
Hg <0.30 <0.30 <0.30 <0.30 <0.30 030 <030 <030 <030 <030 <030 <030 <030 <030 <030 <0.30 0.30 <030 <0.30 <0.30 0.46
Cu <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <005 <0.05 <0.05 <0.05 <005 <005 <0.05 <005 <005 <0.05 <0.05 <0.05 <005 <0.05 <0.12
Ni <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <005 <0.05 <0.05 <005 <005 <005 <0.05 <005 <005 <0.05 <0.05 <0.05 <005 <0.05 <011
Sn <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <004 <0.04 <0.04 <0.04 <004 <0.04 <0.04 <004 <004 <0.04 <0.04 <0.04 <004 <0.04 <0.09
Pd <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <003 <0.03 <0.03 <0.03 <003 <003 <0.03 <003 <003 <003 <0.03 <0.03 <003 <0.03 <0.03
Mn <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <004 <0.04 <0.04 <004 <004 <0.04 <0.04 <004 <004 <0.04 <0.04 <0.04 <004 <0.04 <0.04
Mo <0.04 0.05 <0.04 <0.04 <0.04 0.06 <0.04 <0.04 <004 <0.04 <0.04 <0.04 <004 <0.04 0.04 <0.04 <0.04 <0.04 <004 <0.04 <0.04
Pt <0.10 <0.10 <0.10 <0.10 <010 <0.10 <010 <010 <010 <010 <010 <010 <010 <010 <010 <010 <010 <0.10 <010 <0.10 <0.10
Total 99.99 100.00 100.41 100.10 100.30 99.85 98.99 100.25 99.81 100.14 100.51 100.64 100.37 100.21 100.76 99.97 99.53 99.96 99.40 100.24 100.21
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Spot number 3.2 3.3 3.4 3.5 3.6 3.9 3.10 3.11 3.13 3.14 3.15 3.16 3.17 3.18 3.19 3.20 3.21 3.22 3.23 3.24 3.26

Grain
(@] - - - - - - - - - - - - - - - - - - - - -
Au 97.66 97.60 98,57 9530 9879 97.71 96.70 92.61 96.07 93.04 93.99 9426 9452 9395 9350 9358 93.02 9328 95.83 96.98 94.92
Se <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <007 <0.07 <0.07 <0.07 <007 <0.07 <0.07 <007 <007 <0.07 <0.07 <0.07 <007 <0.07 <0.07
As <0.12 <0.12 <012 <0.12 <012 <012 <012 <012 <0.12 <012 <012 <012 <012 <012 <012 <012 <0.12 0.18 <0.12 <0.12 <0.12
Te <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <004 <0.04 <0.04 <0.04 <0.04 <004 <0.04 <0.04 <0.04 <0.04 <004 <004 <0.04 <0.04 <0.04
Sh <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <003 <0.03 <0.03 <0.03 <003 <0.03 <0.03 <003 <003 <0.03 <0.03 <0.03 <003 <0.03 <0.03
Co <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <005 <0.05 <0.05 <005 <005 <0.05 <0.05 <005 <005 <0.05 <0.05 <0.05 <005 <0.05 <0.05
Cd <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <006 <0.06 <0.06 <0.06 <006 <0.06 <0.06 0.07 <0.06 <0.06 <0.06
Ag <0.03 0.29 <0.03 0.06 0.45 <0.03 0.04 <0.03 <0.03 4.47 4.42 3.42 3.22 3.05 4.00 391 3.93 0.51 0.79 0.51 2.06
Fe 2.03 1.66 1.81 4.44 0.80 1.17 1.77 6.81 4.10 2.55 1.53 2.44 2.23 2.81 2.56 2.55 2.16 5.43 3.04 1.87 2.32
S 0.01 <0.01 <0.01 0.01 0.02 0.02 0.03 0.04 0.01 0.03 <0.01 <0.01 0.02 0.02 0.03 0.03 <0.01 0.01 0.02 0.02 <0.01
Bi <0.14 0.20 0.27 019 <0.14 <0.14 0.17 <014 <0.14 0.17 024 020 0.14 <0.14 0.15 <0.14 025 <0.14 0.20 0.25 0.18
Hg 0.68 0.65 <045 <045 0.45 0.47 045 <045 <045 <0.45 0.65 0.51 0.45 0.78 0.47 0.50 0.61 059 <045 <045 <0.45
Cu <0.12 <012 <012 <012 <012 <012 <012 <012 <012 <012 <012 <0.12 <012 <012 <012 <012 <012 <012 <012 <0.12 <0.12
Ni <0.11 <011 <011 <011 <011 <011 <011 <011 <011 <011 <011 <011 <011 <011 <011 <011 <011 <011 <011 <011 <011
Sn <0.09 <0.09 <0.09 <0.09 <0.09 <0.09 <009 <0.09 <0.09 0.09 <0.09 <0.09 <0.09 <009 <009 <0.09 <0.09 <0.09 <009 <0.09 <0.09
Pd <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <003 <0.03 <0.03 <0.03 <0.03 <003 <003 <0.03 <0.03 <0.03 <003 <003 <003 <0.03 <0.03
Mn <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <004 <0.04 <0.04 <0.04 <004 <0.04 <0.04 <004 <004 <0.04 <0.04 <0.04 <004 <0.04 <0.04
Mo <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <004 <0.04 <0.04 <0.04 <0.04 <004 <004 <0.04 <0.04 <0.04 <004 <004 <004 <0.04 0.09
Pt <0.10 <0.10 <0.10 <010 <0.10 <010 <010 <0.10 <010 <010 <010 <010 <010 <010 <010 <010 <010 <010 <0.10 <0.10 <0.10
Total 100.54 100.56 101.24 100.42 100.71 99.65 99.32 100.06 100.71 100.88 101.00 100.97 100.72 100.78 100.76 100.74 100.27 100.31 100.15 100.12 100.09
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Spot number 3.28 3.29 3.30 3.31 3.32 3.33 3.34 3.35 3.36 3.37 3.38 3.39 3.40 3.42 3.43

Grain
(@] - - - - - - - - - - - - - - -
Au 9340 9545 9420 9436 9431 9335 88.70 88.07 94.67 9390 9295 9782 96.83 9558 95.95
Se <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <007 <0.07 <0.07
As <0.12 <0.12 <012 <0.12 <012 <0.12 0.21 025 <0.12 <012 <012 <012 <012 <0.12 0.23
Te <0.04 <0.04 <004 <0.04 <004 <0.04 <004 <0.04 <004 <0.04 <004 <0.04 <004 <0.04 <0.04
Sh <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <003 <0.03 <003 <0.03 <0.03 <003 <0.03
Co <0.05 <0.05 <0.05 <005 <0.05 <005 <0.05 <005 <005 <0.05 <005 <0.05 <0.05 <005 <0.05
Cd <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <006 <0.06 <006 <0.06 <0.06 <0.06 <0.06
Ag 4.30 321 4.06 421 3.69 3.28 <0.03 <0.03 111 147 494 <0.03 <0.03 0.03 0.63
Fe 1.95 1.29 1.95 1.40 1.90 2.97 9.74 10.98 341 2.01 2.32 2.29 2.86 3.72 2.56
S 0.01 0.01 0.02 0.02 0.01 0.02 0.03 0.03 <0.01 <001 <0.01 0.03 0.02 0.02 0.02
Bi 0.19 <0.14 0.25 0.26 0.16 0.16 <0.14 0.21 0.30 0.22 <0.14 0.19 <0.14 0.19 <0.14
Hg <045 <045 <045 <045 <0.45 047 <045 <045 048 <045 <045 <045 <045 0.58 0.54
Cu <0.12 <0.12 <012 <012 <012 <012 <012 <012 <012 <012 <012 <012 <012 <012 <0.12
Ni <0.11 <011 <011 <011 <011 <011 <011 <011 <011 <011 <011 <011 <011 <011 <011
Sn <0.09 <0.09 <0.09 <009 <0.09 <009 <0.09 <009 <0.09 <009 <0.09 <009 <0.09 <009 <0.09
Pd <0.03 <0.03 <0.03 <0.03 <003 <0.03 <003 <0.03 <003 <0.03 <003 <0.03 <003 <0.03 <0.03
Mn <0.04 <0.04 <0.04 <004 <0.04 <004 <0.04 <004 <0.04 <004 <0.04 <0.04 <0.04 <0.04 <0.04
Mo 0.05 <0.04 <0.04 <0.04 <0.04 <0.04 0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 0.04 <0.04
Pt <0.10 <010 <010 <010 <010 <010 <010 <010 <010 <010 <010 <010 <010 <0.10 <0.10
Total 100.30 100.34 100.98 100.77 100.48 100.37 99.33 99.68 100.14 100.98 100.51 100.65 100.43 100.20 100.11
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Apéndice E

Tabela quimica mineral goethita
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Spot number 1.1 1.2 13 14 15 1.6 1.7 1.8 19 110 111 112 113 114 115 116 117 118 119 120 121 122
SiO2 030 043 057 039 044 035 045 033 038 027 041 042 049 036 040 031 036 049 039 040 047 028
Al20s3 077 027 015 052 046 048 027 058 020 100 032 028 023 073 030 078 028 009 025 031 007 048
As20s5 129 137 117 073 078 134 155 084 112 241 135 129 115 204 147 237 139 071 138 144 068 133
MgO <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
ZnO <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15
Fe203 76.36 7933 79.79 76.50 76.99 77.85 79.34 78.02 79.07 7706 7778 79.77 79.82 76.14 79.75 7784 7873 8011 79.20 80.20 8172 76.58
Cr20s <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07
CaO <0.05 0.07 <0.05 <0.05 <0.05 <0.05 0.05 0.05 <0.05 013 0.09 <0.05 <0.05 0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.06 0.06
P20s 221 098 088 243 263 222 09% 253 08 054 072 08 093 079 077 118 08 071 082 079 068 214
TiO2 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04
NiO <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08
K20 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.03 <0.02 <0.02 0.02 0.02 <0.02 <0.02 <0.02 <0.02 <002 <002 <0.02 <0.02 <0.02 <0.02 <0.02
MnO <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 0.09 <0.07 010 <0.07 0.08 0.08 <0.07 007 009 <007 <007 <0.07 <0.07 0.08 <0.07 0.09
Total 80.92 8244 8257 8057 8129 8224 8275 8235 8173 8142 80.76 8273 82.62 80.18 8278 8248 81.60 8210 82.05 83.21 83.67 80.96

Total Fe content is expressed as Fe203. Spot numbers starting with 1 and 2 refer to the two polished sections made of VVeloso lode samples.
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Spot number 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144
SiO2 050 040 022 058 069 050 031 036 030 037 033 038 044 031 045 043 056 040 037 044 040 037
Al203 013 025 126 007 009 017 043 049 062 045 116 110 025 059 021 035 010 038 036 037 044 040
As20s 056 145 267 08 113 092 19 161 090 222 278 234 158 070 09 156 067 217 238 222 171 125
MgO <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Zn0O <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <015 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15
Fe20s 80.69 80.19 7583 79.20 79.12 78.69 78.04 7890 76.74 76.74 76.66 7761 77.03 7725 7832 8034 8148 7729 7582 7725 7790 79.17
Cr203 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07
CaO <0.05 <0.05 0.08 <0.05 <0.05 <005 0.08 0.08 005 011 014 010 0.07 <0.05 <0.05 <0.05 0.06 <0.05 <0.05 <0.05 <0.05 <0.05
P20s 100 086 147 042 031 093 200 09 241 165 109 068 09 247 107 09 089 093 091 091 086 0.93
TiO2 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04
NiO <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08
K20 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 0.04 <0.02 <0.02 0.02 <0.02 <0.02 <0.02
MnO <0.07 <0.07 0.08 008 <0.07 <007 0.08 <0.07 <0.07 0.09 <0.07 <007 010 008 008 011 <007 0.08 <0.07 010 <0.07 <0.07
Total 82.89 8315 8161 8120 8133 8120 8289 8232 81.02 81.64 8216 8221 8041 8140 81.08 83.80 83.76 8124 7986 8129 8131 8213
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Spot number 145 146 147 148 149 150 151 152 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 29 210 211 212 213 214
SiO2 033 108 048 038 039 040 101 066 033 036 052 061 172 026 031 051 034 022 042 040 022 040
Al203 080 100 058 063 045 055 120 025 006 105 028 011 021 114 3.06 253 236 406 159 024 469 0.77
As20s 206 160 254 194 327 297 253 100 167 214 157 08 159 328 38 363 309 349 1628 254 335 257
MgO <0.05 0.10 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Zn0O <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <015 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15
Fe20s 76.07 69.22 79.29 7831 78.90 79.68 7859 7839 79.62 7704 7883 7981 7783 76.90 77.28 7956 80.90 7213 6720 7710 7097 77.98
Cr203 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07
CaO <0.05 486 010 006 <005 010 038 <005 0.09 014 008 0.07 008 <005 029 027 <005 0.07 032 011 <0.05 <0.05
P20s 081 021 060 09 049 059 055 08 074 092 093 120 094 044 047 055 076 045 022 082 052 051
TiO2 <0.04 0.06 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04
NiO <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08
K20 <0.02 016 0.02 <0.02 0.04 0.03 014 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
MnO <0.07 0.09 0.09 <0.07 <0.07 <007 0.10 <0.07 <0.07 010 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07
Total 80.07 78.38 83.70 8226 83.53 84.30 8451 8114 8250 81.76 8222 82.65 8236 8203 8526 87.04 8744 8042 86.02 8121 79.75 8223
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ﬁﬁr(:]tber 215 216 217 218 219 220 221 222 223 224 225 226 227 228 229 230 231 232 233 23 235
SiO2 029 032 024 014 036 021 029 029 009 015 022 025 044 044 020 024 020 0.09 011 027 010
Al203 279 220 173 274 183 157 121 141 145 231 199 092 016 238 045 563 052 476 296 030 239
As20s5 297 329 371 587 332 368 320 361 68 631 463 272 163 265 370 324 206 318 264 219 266
MgO <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
ZnO <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 <0.15 0.5 <0.15
Fe203 80.80 79.97 7525 71.89 7850 8040 80.06 8050 73.42 7135 7431 7808 78.71 7825 76.70 7440 7828 71.61 7518 78.60 76.59
Cr20s <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07
CaO <0.05 <0.05 <0.05 017 030 016 025 021 <0.05 <0.05 0.08 008 008 014 011 006 <005 <0.05 0.09 0.08 <0.05
P20s 072 077 032 025 038 041 045 039 017 028 044 043 091 071 054 052 065 029 054 073 049
TiO2 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 0.06
NiO <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08 <0.08
K20 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02
MnO <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07 0.09 <0.07 <0.07 <0.07 <0.07 <0.07 <0.07
Total 87.57 86.54 8126 81.06 84.69 8642 8546 86.42 82.00 8040 8166 8248 81.93 8458 8180 84.08 81.72 79.93 8152 8231 8229
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Cabral et al. (2020) —
Fist evidence for Neoproterozoic magmatism in the
Quadrilatero Ferrifero of Minas Gerais, Brazil, and
geotectonic implications
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ARTICLE INFO ABSTRACT

Keywords:

Neoproterozoic magmatism
Quadrilatero Ferrifero
Minas Gerais

Zircon geochronology

Hf isotopes

A decimetre-thick, deeply weathered sill intrusive in the Itabira iron formation and exposed at the historical
Veloso underground mine in Ouro Preto, Minas Gerais, contains three populations of magmatic zircon grains: (i)
xenocrysts with Archaean Pb-Pb and Hf model ages; (ii) xenocrysts of Palaeoproterozoic crystallisation ages of
ca. 2200 Ma, with superchondritic eHf; 5 g, values between 1.5 and 11.6; (iii) autocrysts and overgrowths formed
at ca. 620 Ma, with eHf g5 ga values between —17.6 and 11.5 (mean = 1.5 + 6.9, n = 15). Furthermore, there is
evidence for zircon age reset at ca. 565 Ma. The three magmatic zircon populations indicate that the sill
emplaced during the Neoproterozoic and probed different magmatic sources at depth, comprising anatectically
reworked Palaeoproterozoic and Archaean felsic rocks. Variable Hf-isotope compositions of zircon rims and
whole-rock geochemical data additionally suggest a hybrid origin for the sill magma. Our results provide the first
evidence that the southern edge of the Quadrilatero Ferrifero is underlain not only by Archaean, but also by
juvenile Palaeoproterozoic rocks, similar to those exposed in the adjacent Mineiro belt, and that the latter
became accreted to the Sao Francisco craton prior to lower crustal anatexis during an early extension at ca. 620
Ma.

1. Introduction whole-rock isochron age of 2.01 + 0.07 Ga (sillimanite-garnet-musco-

vite schist; Marshak et al., 1997), and authigenic rutile of ca. 2.2 Ga in

The Quadrilatero Ferrifero of Minas Gerais is a world-class mineral
province, famous for its deposits of gold and iron ore. The province
comprises the southernmost part of the Sao Francisco craton
(Almeida, 1977), consisting of greenstone belts and felsic magmatic
rocks that span formation ages from ca. 3.2 to ca. 2.8 Ga (e.g., Lana et al.,
2013), and the supracrustal rocks of the Minas Supergroup (Dorr, 1969).
Its margins were affected by two tectono-metamorphic overprints, one
during a Palaeoproterozoic orogeny at about 2.0 Ga, the other during
the Brasiliano event at ca. 0.6 Ga. The Palaeoproterozoic orogeny, also
known as the Minas orogeny (Teixeira et al., 2015), is marginally
recorded in the Quadrilatero Ferrifero by radiometric dating of a variety
of rocks and minerals: the ca. 2.18-Ga protolith age of the Sitio Largo
amphibolite (Cabral and Zeh, 2015a), a Sm-Nd garnet-muscovite

quartzite of the Moeda Formation (Zeh et al., 2018). However, the age
interval of the Palaeoproterozoic orogeny is widespread in the Mineiro
belt, which limits the Quadrilatero Ferrifero to the south and west
(Teixeira and Figueiredo, 1991; Noce et al., 2000; Avila et al., 2010,
2014; Cardoso et al., 2019). This belt encompasses juvenile and crustal
rocks that crystallised between 2.47 and 2.12 Ga (Avila et al., 2010;
Teixeira et al., 2015; Barbosa et al., 2019), and metasedimentary rocks
deposited mainly after 2.07 Ga and locally intruded by granodioritic
dykes at 1.86 Ga (Cabral et al., 2019). Conversely, Brasiliano-related
magmatism of Neoproterozoic age has not been recorded in the Mine-
iro belt (Teixeira et al., 2015).

In the Quadrilatero Ferrifero, Neoproterozoic ages are known from:
(i) isotopic resetting of minerals in gneiss and igneous rocks, yielding
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Rb-Sr and K-Ar ages between 550 and 450 Ma (Herz, 1970; Cordani
et al., 1980; Noce, 2000); (ii) hydrothermal minerals from veins, such as
biotite, muscovite, xenotime, monazite and rutile; the Ar-Ar ages of
biotite and muscovite, and the U-Pb ages of xenotime, monazite and
rutile vary from 520 to 485 Ma (Chauvet et al., 2001; Cabral and Zeh,
2015b; Martins et al., 2016; Goncalves et al., 2019); (iii) metamorphic
zircon and rutile ages of 500 Ma in the Sitio Largo amphibolite (Cabral
and Zeh, 2015a). The final stage of the Brasiliano event (550-500 Ma)
was a collisional orogeny that contributed to the assembly of West
Gondwana (Brito Neves and Cordani, 1991; Alkmim et al., 2001; Cor-
dani et al., 2003). Its collisional nature left little room for intracratonic
accretion of juvenile material.

Currently, there is no evidence of any sill- or dyke-forming mag-
matism related to the Neoproterozoic—-Cambrian Brasiliano event in the
Quadrilatero Ferrifero. Here, we present the first record of such a sill in
the Quadrilatero Ferrifero and provide evidence about its magmatic
source(s), based on detailed backscattered-electron (BSE) imaging in
combination with in situ U-Th-Pb and Hf-isotope analyses of zircon
grains. Finally, we discuss the implications of our finding for the
tectono-metamorphic evolution of the Quadrilatero Ferrifero.

2. Geological setting

Decimetre-thick layers of whitish, clayish material, resembling
deeply weathered volcanic rock, were found within the Caué Itabirite
(Dorr, 1969), or Itabira iron formation (Harder and Chamberlin, 1915).
The term itabirite refers to a laminated to banded, metamorphosed rock
that is composed essentially of quartz and hematite, and locally magne-
tite (Dorr, 1969). The itabirite unit is a banded iron formation, the
deposition of which is constrained at 2.65 Ga by U-Pb zircon dating
(Cabral et al., 2012). This depositional age, however, is not consensual
because it contradicts a Pb—Pb isochron age of 2.42 Ga for the overlying
dolomitic rocks of the Gandarela Formation (Babinski et al., 1995). Given
the mobility of Pb under diagenetic conditions under which dolomitisa-
tion evolves (e.g., Warren, 2000), the 2.42-Ga age records, at best, the
time of late diagenesis. The Itabira iron formation grades downwards into
the Batatal Formation, a pelitic unit. The latter has either interfingering
or intergradational contacts with the basal Moeda Formation, which
contains quartzite and minor metaconglomerate. Deposition of the
Moeda clastic sediments occurred between 2.68 and 2.62 Ga ago, based
on U-Pb dating of detrital zircon (Koglin et al., 2014; Zeh et al., 2018 —see
discussion therein on younger ages, which perhaps reflect Pb loss from
detrital zircon). The depositional age of the Moeda Formation is further
constrained by cross-cutting pegmatite dykes whose maximum crystal-
lisation age is estimated at 2.61 Ga (Noce et al., 1998). The depositional
timing of the Moeda Formation probably overlapped that of the Itabira
iron formation (Cabral et al., 2012). For a different view on the maximum
depositional age of the Moeda Formation, readers are referred to
Hartmann et al. (2006) and Dopico et al. (2017). The Moeda Formation,
at the base of which is a Witwatersrand-like metaconglomerate
(Minter et al., 1990), rests unconformably on rocks of the Archaean Rio
das Velhas greenstone belt (Dorr, 1969; Baltazar and Zucchetti, 2007).

The Itabira iron formation grades upward into dolomitic rocks of the
Gandarela Formation, which is disconformably overlain by dominantly
clastic metasedimentary rocks of the Piracicaba Group
(Harder and Chamberlin, 1915; Dorr, 1969). The uppermost unit of the
Piracicaba Group, the Sabara Formation (Gair, 1958), was raised to
group category (Renger et al., 1994). The Sabara Group, originally
regarded as a eugeosynclinal (Dorr, 1969; Barbosa, 1979), is now
thought to represent a foreland basin during the Palaeoproterozoic
orogeny (Alkmim and Marshak, 1998; Reis et al., 2002), for which the
maximum depositional age is ca. 2.12 Ga (U-Pb dating of detrital zircon,
Machado et al., 1992).

All the aforementioned units, from the Moeda Formation at the base
to the Sabara Group at the top, comprise the Minas Supergroup. This
supergroup records overprints from two major orogenic events: the

Journal of South American Earth Sciences 104 (2020) 102844

~2.1-Ga Palaeoproterozoic event, also known as the Minas orogeny
(Teixeira et al., 2015); and the ~0.6-Ga Brasiliano event. The former left
an aureole-like overprint on the Sabara Group - i.e., a sillimani-
te-garnet-muscovite schist with a Sm-Nd age of 2.01 + 0.07 Ga
(Marshak et al., 1997). Mafic magmatism related to the Palae-
oproterozoic event in the Quadrilatero Ferrifero is expressed as the Sitio
Largo amphibolite (Fig. 1; Cabral and Zeh, 2015a), which rests on the
Itabira iron formation over an unconformity (Reeves, 1966). Magmatic
zircon cores from this 400-m-thick amphibolite, interpreted as a meta-
volcanic sequence, yielded a minimum U-Pb age of 2.18 Ga for the
protolith crystallisation, whereas both metamorphic zircon rims and
rutile gave U-Pb ages of ca. 500 Ma for the amphibolite-facies meta-
morphic overprint (Cabral and Zeh, 2015a). Regional synclines, such as
the Dom Bosco syncline (Fig. 1), can be understood as keels resulting
from the Palaeoproterozoic emplacement of Archaean domes - e.g., the
Bacao dome (Alkmim and Marshak, 1998) — or as their reactivation
during the Palaeoproterozoic event (Cutts et al., 2019). Alternatively,
dome emplacement and regional synclines could have evolved during
the Brasiliano shortening event (Hippertt and Davis, 2000).

Away from the aureole-like overprint along the contact with gran-
itic—gneissic domes, greenschist-facies mineral assemblages trace an
eastward increase of metamorphic grade in the supracrustal rocks of the
Minas Supergroup (Herz, 1978), from grunerite and cummingtonite
zones to actinolite and tremolite-anthophyllite zones in the eastern
Quadrilatero Ferrifero (Pires, 1995). The latter two metamorphic zones
cover the eastern high-strain domain (Rosiere et al., 2001), which is
characterised by west-verging thrust and strike-slip faults, such as the
Fazendao front and the Engenho fault, respectively (Fig. 1). The
west-verging tectonic overprint generated tight to isoclinal folds and
penetrative fabrics that have been ascribed to the Brasiliano event - i.e.,
phyllitic cleavage, mylonitic foliation, stretching lineation (Chemale
et al., 1994; Alkmim and Marshak, 1998). The Brasiliano overprint on
the Quadrilatero Ferrifero rocks is defined by the isotopic resetting of
pre-existing minerals between 550 and 450 Ma ago (Herz, 1970; Cordani
et al., 1980; Noce, 2000), as well as by newly formed minerals in hy-
drothermal veins between 520 and 485 Ma ago (Chauvet et al., 2001;
Cabral and Zeh, 2015b; Martins et al., 2016).

3. Sample material and sample-site geology

Three samples of whitish rock that looks like weathered volcanic
material were collected from a historical underground gold mine,
known as Veloso (Velozo — Eschwege, 1833). The Veloso mine is
located on the southern limb of the Mariana anticline, the core of
which comprises basement rocks of the Minas Supergroup - i.e., the
Rio das Velhas Supergroup and the Bacao dome. The mine adit was
driven into itabirite, the characteristic rock of the Itabira iron forma-
tion (Caué Itabirite). The adit exposes three whitish layers that run
parallel to the host itabirite. The whitish layers are a decimetre in
thickness (Fig. 2), except at a fold hinge where its thickness attains
about 1 m. The whitish rock is unctuous and friable, and shows
phyllitic cleavage. The latter is prominently developed as densely
spaced axial-plane cleavage in a hinge domain of an isoclinal fold. The
host itabirite has a penetrative tectonic foliation that is defined by the
planar arrangement of platy hematite.

4. Methods
4.1. Chemical analysis

Weathered-rock samples were dried overnight at ~60 °C and then
ground in an agate mill. Aliquots for whole-rock chemical analyses were
submitted to Bureau Veritas Commodities Canada Ltd., Vancouver.
Major- and trace-element concentrations were determined by a combi-
nation of ICP-OES and ICP-MS techniques, aqua-regia digestion and
lithium-borate fusion. A Leco infrared carbon-sulfur analyzer was used
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Fig. 1. Geological overview of the Quadrilatero Ferrifero (adapted from Harder and Chamberlin, 1915; Dorr, 1969; Rosiere et al., 2001). The study area is a historic
underground gold mine, Veloso, in Ouro Preto. Metamorphic zones, based on the distribution of amphibole minerals in itabirite (Pires, 1995), are as follows: Gru —
grunerite; Cum — cummingtonite; Act — actinolite; Tr-Act — tremolite-actinolite. The Palaeoproterozoic Mineiro belt, a Palaeoproterozoic accretionary terrane, is

located south of the Engenho fault and west of the Congonhas lineament.

to measure contents of total organic carbon (TOC) and total sulfur (TS).
Whole-rock chemical results are reported in Electronic Supplementary
Table S1.

4.2. Heavy-mineral concentration

One sample, VEL-02, of approximately 5 kg was selected for heavy-
mineral concentration. In order to avoid cross-contamination, no
crusher was used to disaggregate the sample; due to its friability, a slurry
was manually prepared and then sieved, employing disposable sieves, to
obtain a grain-size fraction between 50 pm and 250 pm. Subsequently,
heavy minerals were concentrated by means of a Wilfley table. The
heavy-mineral concentrate was then put through a column of heavy
liquid (bromoform) and a Frantz isomagnetic separator. Zircon grains
were recovered by hand picking under ethanol, mounted in epoxy,
ground to expose their central parts, and polished for backscattered-
electron (BSE) imaging.

4.3. Measurements for U-Th—Pb isotopes

Measurements for U, Th and Pb isotopes were carried out with a
ThermoScientific Element 2 sector field-inductively coupled plas-
ma-mass spectrometer (SF-ICP-MS), coupled to a Resolution M-50
(Resonetics) 193-nm ArF excimer laser (ComPexPro 102F, Coherent)
system at the Goethe-University Frankfurt, Germany, following the
method described in Gerdes and Zeh (2006, 2009). Data were acquired
with 20- and 21-s measurements for background and sample ablation,
respectively. Laser spot size was 26 pm for unknowns and primary
reference material (zircon GJ1), as well as secondary reference materials
(zircon BB, Plesovice and OG1). Ablation was performed in a He stream
(0.33 L/min), which was mixed directly after the ablation cell with Ny
and Ar, 0.006 L/min and 0.89 L/min, respectively, prior to introduction
into the Ar plasma of the SF-ICP-MS. Signal was tuned for maximum
sensitivity for Pb and U while keeping oxide production, monitored as
254y0/2%8U, below 0.3%. The sensitivity achieved was in the range of
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Fig. 2. Photograph looking E of a decimeter-thick, whitish layer of clayish,
unctuous and friable material. The whitish layer, exposed along the main adit to
the auriferous lode of the historic Veloso deposit (Eschwege, 1833), is hosted in
itabirite of the Itabira iron formation (Caué Itabirite). This layer provided
sample VEL-02 from which zircon grains were recovered.

9400 cps(pg/g) ! for 2%8U with a 33-pm spot size, at 5.5 Hz and about
3.5-J/cm? laser energy. The typical penetration depth was about 15 pm
(spot-size dependent). Raw data were corrected offline for background
signal, common Pb, laser-induced elemental fractionation, instrumental
mass discrimination, and time-dependent elemental fractionation of
Pb/U wusing an in-house MS Excel© spreadsheet program
(Gerdes and Zeh, 2006, 2009). A common-Pb correction was carried out
based on the interference- and background-corrected 2°*Pb signal,
which mainly results from 2°*Hg in the carrier gas, and a model Pb
composition (Stacey and Kramers, 1975). Calculated common-2%*Pb
contents in samples were mostly <0.4% of the total 2°°Pb, but in rare
cases exceeded 3%. Laser-induced elemental fractionation and instru-
mental mass discrimination were corrected by normalisation to the
reference zircon GJ-1 (Jackson et al., 2004), as well as inter-elemental
fractionation (206Pb*/238U) during sample ablation. Corrected drift
during analytical sessions was between 2 and 5%. Reported un-
certainties (20) of the ratio were propagated by quadratic addition of the
external reproducibility (2 SD), obtained from the reference zircon GJ-1
(for results, see Electronic Supplementary Table S2), and from the
within-run precision of each analysis (2 SE; standard error).

For the ratio 2°7Pb/2%Pb, we used a 2’Pb-signal-dependent uncer-
tainty propagation (Gerdes and Zeh, 2009). The ratio 2°7Pb/*°U is
derived from the normalised and error-propagated ratios 2°7Pb,/2°6pb*
and 2°6pb* /238U, assuming a natural abundance ratio of 238U/23%U =
137.88 and the uncertainty derived by quadratic addition of the prop-
agated uncertainties of both ratios. Analytical results are presented in
Table S2. Accuracy was verified by analyses of three secondary reference
materials, which yielded Concordia ages for the BB zircon of 559.0 +
4.9 Ma (MSWDc g, = 0.16, Probabilityc .z = 0.98, n = 14; C.+E. =
concordance and equivalence), the Plesovice zircon of 337.6 + 2.7
(MSWDc, g, = 0.29, Probabilityc g = 0.99, n = 11), and the OG1 zircon
of 3465 + 8 Ma (MSWDc g = 0.37, Probabilityc g = 0.99, n = 12), in
agreement with the quoted LA-ICP-MS values of 562 + 9 Ma for the BB
zircon (2°°Pb/238U; Santos et al., 2017), with the quoted TIMS values of
337 + 0.37 Ma for the Plesovice zircon (Slama et al., 2008), and the OG1
zircon (3465.4 + 0.6 Ma, Stern et al., 2009). Data were plotted using the
software ISOPLOT (Ludwig, 2001).

4.4. Measurements for Lu-Hf isotopes

Measurements for Lu and Hf isotopes were performed with a
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Thermo-Finnigan NEPTUNE multicollector ICP-MS at the Goethe-
University Frankfurt, coupled to the same laser as described in the
U-Pb method (see section above). Analytical results are shown in
Electronic Supplementary Table S3. Quoted uncertainties are quadratic
additions of the within-run precision of each analysis and the repro-
ducibility of the reference material zircon GJ1. Accuracy and external
reproducibility of the method were verified by repeated analyses of
reference materials, the zircon GJ-1 and Temora2, which yielded
176H£/177Hf of 0.282000 + 0.000034 (2SD, n = 40), and of 0.282676 +
0.000036 (n = 40), respectively (Table S3), values that are within the
range of solution mode data of Woodhead and Hergt (2005), and Gerdes
and Zeh (2006).

For calculation of the epsilon Hf (eHf;), the chondritic uniform
reservoir (CHUR) was employed as recommended by Bouvier et al.
(2008; Y76Lu/Y77Hf and 176Hf/Y77Hf of 0.0336 and 0.282785, respec-
tively), and a decay constant of 1.867 x 1071 (Scherer et al., 2001).
Initial 7°Hf/'77Hf, and eHf, for all zircon domains analysed here were
calculated using their respective 2°Pb/2°°Pb ages. Depleted-mantle
(DM) hafnium model ages (Tpy) were obtained with DM values of
176Hf/177Hf = 0.283294 and 7®Lu/Y77Hf of 0.03933 (Blichert-Toft and
Puchtel, 2010), which correspond to a straight DM-evolution line of
eHf(today) = +18 and eHf(45586a) = 0. Model ages were calculated
considering the 7%Lu/!””Hf value of each spot for the time since zircon
crystallisation, and 1761,u/V77Hf = 0.0113 for the average continental
crust (mean of Taylor and McLennan, 1985; Wedepohl, 1995).

5. Results
5.1. Petrography and whole-rock geochemistry

The whitish, itabirite-hosted, sill-like layers are made up of quartz
and kaolinite-like material (Fig. 3a and b), and subordinate amounts of
ilmenite (5-10 modal %) and martitic hematite (10-15 modal %).
Ilmenite is disseminated in the rock matrix, whereas martitic hematite
occurs as porphyroclasts (Fig. 3c). The adjective martitic refers to he-
matite pseudomorphs after magnetite. Quartz occurs as trails in
pressure-shadow domains around porphyroclasts of martitic hematite
and as ribbons in the rock matrix. Such trails and ribbons of quartz and
partially altered biotite define the foliation in the massive, fine-grained,
kaolinite-like matrix (Fig. 3a and b). Tourmaline is a rarely observed,
but remarkable mineral in the whitish rock, suggesting that the sill was
affected by a tourmaline-forming hydrothermal overprint, which might
have caused a substantial change in the primary chemical composition
of the sill.

Compositionally, the whitish rock has SiO5 and Al,O3 contents be-
tween approximately 48 and 54 wt%, and between 22 and 25 wt%,
respectively (n = 3, Table S1). The SiOy and Al,O3 contents do not
correspond to those on a HyO-free basis —i.e., LOI values are between 8.3
and 9.7 wt%. Its TiO, values are essentially constant at 4.2 wt%. The
relatively high Fe contents, expressed as total FeoO3 between 9.5 and
12.1 wt%, contrast with generally low abundances of MgO, CaO, NayO
and K,0. One sample of the whitish rock has maximum values of 0.1 wt
% MgO and 0.9 wt% K30. Whole-rock Zr and V contents vary between
394 and 428 ppm, and 188 and 256 ppm, respectively.

5.2. Zircon

About 100 zircon grains were recovered from one of the whitish
layers, sample VEL-02. The grains show a wide range of sizes, from
approximately 50 to 250 pm in length. Their shapes are either stubby or
elongated. Under the microscope, most crystals appear euhedral and all
show slightly rounded edges. Internal microstructures, as revealed by
BSE images, are variable. About one fifth of the zircon grains exhibit, if
any, weak oscillatory zoning (grains a426, a450, a453; Fig. 4), whereas
about four fifths of the grains have large rounded cores, with or without
oscillatory zoning. Such cores are surrounded by relatively thin rims,
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Fig. 3. Photomicrographs of a sill-like, whitish layer hosted in itabirite (Fig. 2).
(a) Opaque porphyroclasts are surrounded by foliation-forming opaque plate-
lets in a transparent matrix. Arrows indicate altered biotite (transmitted, plane-
polarised light). (b) Same field of view as in a, under crossed polars: recrys-
tallised quartz (Qz) occurs in pressure-shadow domains on the opaque por-
phyroclasts and as ribbons that define the tectonic foliation in the kaolinite
(Kln) matrix. (c) Same field of view as in a, under reflected light: the opaque
porphyroclasts consist of coarse- and fine-grained hematite (Hem) after
magnetite, whereas the opaque platelets are ilmenite (Ilm).
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1-20 pm in width, which appear brighter or darker than the cores in BSE
images. A few of such rims have oscillatory zoning (a446, a568; Fig. 4).
Only a few grains have large rounded cores surrounded by wide rims
(20-60 pm; a561-562, a555-a557; Fig. 4). Some rims show both pro-
nounced oscillatory zoning and gradual change in BSE brightness from
bright to dark (grain a446; Fig. 4), and others no zoning (grain a429,
a557; Fig. 4).

Measurements for U-Pb isotopes of 65 zircon grains and domains
yielded a wide range of ages, from Archaean at 3116 Ma to Neo-
proterozoic at 565 Ma, whereby three groups can be distinguished:
Group 1 comprises zircon cores that gave 2°’Pb/2%°Pb ages between
>2410 and 3116 Ma (always discordant; some with oscillatory zoning);
Group 2 encompasses zircon cores that yielded Palaeoproterozoic U-Pb
ages of ca. 2200 Ma (upper-intercept 207pp, /206pp age of 2214 + 19 Ma;
Fig. 5a); Group 3 constitutes zircon cores and rims of Neoproterozoic age
(206Pb/238U ages between 565 and 657 Ma; n = 28), 17 of which pro-
vided a Concordia age of 618 + 2 Ma (Fig. 5b). With the exception of 6
rim domains of Group 3 that have very low Th/U ratios, between 0.01
and 0.08, all three groups have zircon Th/U ratios that are higher than
0.1 (Fig. 6a).

The three zircon groups are also distinguished on the basis of Hf-
isotope systematics (Fig. 6b). Group-1 zircon grains have the oldest
207pp/206ph ages of >2400 Ma (degree of concordance between 45%
and 87%; Table S2), and the lowest initial *”®Hf/!”Hf ratios, between
0.28060 and 0.28104, corresponding to subchondritic eHf; values be-
tween —21.1 (45% concordance) and —1.0 (87% concordance), and
two-stage Hf model ages (Tpy) between 3.25 Ga and 4.05 Ga. Group-2
zircon grains are Palaeoproterozoic, ca. 2200 Ma old (microanalyses
with degree of concordance between 95% and 105%), and are charac-
terised by higher initial 7®Hf/!77Hf ratios, between 0.28141 and
0.28170 (mean = 0.28154 + 0.00012, 2 S.D. - standard deviation, n =
17), equivalent to superchondritic eHf; values between 1.5 and 11.6
(eHf, mean = 5.7 + 4.0), and two-stage Hf model ages between 2.09 and
2.64 Ga (Tpy mean = 2.40 + 0.22 Ma). Group-3 zircon is Neo-
proterozoic (microanalyses with degree of concordance between 95%
and 105%), with a wide range of initial 7SHf/!7’Hf ratios from
0.281902 to 0.282721 - i.e., 29 epsilon units. Based on combined
microstructural and isotopic characteristics, three subgroups can be
distinguished (Fig. 6, Table S3). Zircon grains of group 3A show higher
initial 17®Hf/'77Hf ratios (0.28225-0.28271, n = 17, either autocrysts or
overgrowths around Palaeoproterozoic and Archaean cores), compared
to group 3B (0.282086-0.281902, n = 2, cores), and group 3C
(0.281455-0.281556, n = 2, rims around Archaean cores). Most ana-
lyses of group-3A zircon have initial 17®Hf/}””Hf ratios of 0.28251 +
0.00009 (2 S.D., n = 14), corresponding to mean eHf; = 3.8 + 3.3, and
mean Tpy = 1.25 + 0.17 Ga. Only one autocryst has a significantly
higher initial 17®Hf/!77Hf ratio of 0.282721 (eHfog2ga = 11.5, Tpm =
0.84 Ga), and two grains show lower initial 17®Hf/}”’Hf ratio of
0.282249 and 0.282354 (eHfp g26a = —1.4 and —5.2, Tpy = 1.53 and
1.73 Ga). The eHfp g26a values of the group-3A zircon are higher and
their Hf model ages younger than those obtained from group-3B zircon
(eHfp 626a = —10.7 and —17.6, Tpmy = 2.03 and 2.38 Ga), as well as
group-3C zircon (eHfp g26a = —29.5 and —33.1, Tpy = 3.01 and 3.19
Ga).

6. Discussion
6.1. Nature of whitish layers

The sill-like layers of whitish rock consist of a kaolinite-like matrix in
which quartz is a major mineral. The rock likely had feldspar as a major
constituent, but it was extensively altered to clay. The whitish layers
could thus be considered to have originally a granitic composition —i.e.,
sensu-lato granite (Pearce et al., 1984). However, the whole-rock SiO5
contents are too low for an acid rock, rather pointing to a basic or in-
termediate protolith. In that case, the quartz abundance could have been
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Fig. 4. Backscattered-electron images of zircon grains that were recovered from a sill-like intrusion hosted in itabirite (Fig. 2).

associated with the excess of silica from the alteration of labradorite to
kaolinite, and the quartz grains and ribbons formed during the
greenschist-facies metamorphic overprint. This possibility finds addi-
tional support in the relatively high contents of Fe, Ti and V.

The hydrothermal alteration, as reflected by the presence of tour-
maline, and tectonic overprint obscured the nature of the sill-like layers
in such a way that their protolith cannot be identified with certainty.
The two scenarios, of an acid or a basic protolith, are conflicting. The
dualism of scenarios, in particular the relatively high contents of Fe, Ti
and V, suggests that the sill-like layers represent hybrid magma, formed
by mixing of crust- and mantle-derived melts at depth. This interpreta-
tion is in line with the results of zircon dating and Hf isotopes. These
data not only provide evidence for the assimilation of Archaean and
Palaeoproterozoic felsic rocks, but also for new formation of Neo-
proterozoic autocrysts and overgrowths of group-3A zircon within an
isotopically heterogeneous magma, as indicated by the wide variation in
eHf( 62Ga values between —5.3 and 11.6 (for further explanations, see
next section).

6.2. Timing and nature of zircon formation

Combined results of BSE imaging, U-Pb dating and Hf isotopes
suggest that zircon in the whitish sill was formed during at least three
different events: a Neoproterozoic event at ca. 620 Ma; a Palae-
oproterozoic event at ca. 2200 Ma; and an Archaean period between
>2400 and 3116 Ma. Zircon crystallisation during all three events is
supported by significant differences in initial 1”%Hf/!””Hf ratios, which
are the highest in zircon grains (or overgrowths) of Neoproterozoic age
(group 3A), and stepwise lower in the zircon grains of Palaeoproterozoic
and Archaean age (Fig. 6¢). These differences require that zircon for-
mation occurred in different geochemical environments with respect to
Hf-isotope compositions, during all three events.

The finding of zircon grains and domains of Neoproterozoic age, but
with a wide range of eHfj 626, values (Fig. 6a) has at least two different
reasons. Group-3A zircon autocrysts and rims with the highest eHfj g2Ga
values, between —5.2 and 11.5, were formed in an isotopically hetero-
geneous magma, which resulted from partial melting of Archaean and
Palaeoproterozoic felsic rocks and mixing with a mafic melt at depth, as
suggested by the whole-rock geochemical data of the sill. In contrast,
group-3B zircon cores and group-3C zircon rims, respectively with
eHfy goga between —10.7 and —17.6, and between —29.5 and —33.1,
more likely originated from pseudomorphic alteration of older grains,
causing complete Pb loss at 620 Ma, while leaving the primary Hf-

isotope compositions unchanged. Such a behaviour - i.e., the uncou-
pling between U-Pb age and Hf-isotope composition — is well known
from several studies on ortho- and paragneissic rocks of different grades
of metamorphism (e.g., Gerdes and Zeh, 2009; Zeh et al., 2010a,b; Zeh
and Gerdes, 2014; Zeh et al., 2014).

The oscillatory zoning patterns of some zircon cores and overgrowths
(Fig. 4), and commonly high Th/U ratios (>0.1, Fig. 6a), additionally
hint that zircon crystallisation took place in a melt phase during all three
events. These lines of evidence have two implications: (i) the Concordia
age of 618 + 2 Ma represents the crystallisation age of the magma,
which intruded the Itabira iron formation in the Neoproterozoic; (ii) the
two older zircon populations are xenocrysts that were entrained by the
magma either from its source or en route to the upper crust. The
206pp_238 age of 565 + 14 Ma, obtained from a single zircon autocryst
(a428; Table S2), is assumed to result from Pb loss after zircon growth,
and the older age of 657 Ma (grain a564) from an inherited component.

The occurrence of zircon overgrowths around both Palae-
oproterozoic and Archaean zircon xenocrysts, as recorded in Fig. 4,
further suggests that the source region of the Neoproterozoic magma
underwent only a low degree of melting, preventing a thorough disso-
lution of older zircon populations. Such zircon overgrowths are typical
of metasedimentary rocks and/or orthogneisses that experienced ana-
texis at lower-to mid-crustal levels (T = 650-750 °C), in agreement with
experimental results (Watson and Harrison, 1983). Zircon overgrowths
are recorded from several gneissic terranes — e.g., the Archaean to
Palaeoproterozoic Limpopo belt of South Africa (Gerdes and Zeh, 2009;
Zeh et al., 2010a; Millonig et al., 2010), the Pan-African granitic rocks of
the Saldania belt of South Africa (Villaros et al., 2012), and the Variscan
Mid-German Crystalline Rise (Zeh et al., 2001, 2003).

Crustal anatexis at ca. 620 Ma is also compatible with the relatively
low Y78Lu,/!77Hf ratios of most Neoproterozoic zircon grains (group 3A),
in comparison with Palaeoproterozoic zircon grains (Fig. 6¢). These
lower 7°Lu/}7Hf ratios could be explained by co-genetic garnet for-
mation during lower crustal anatexis, causing fractionation of Lu from
Hf (Salter and Hart, 1989; Johnson et al., 1996).

The age data and zoning patterns of the zircon xenocrysts further
indicate that the source of the Neoproterozoic melt consisted domi-
nantly of Palaeoproterozoic igneous rocks, which emplaced between
2175 and 2253 Ma (mainly at 2210 Ma). Their mainly superchondritic
¢Hf; of 5.8 & 2.4 and Hf model age of 2.40 + 0.12 Ga suggest that these
igneous rocks originated from melting of a juvenile (hydrated) mafic
crust, which was extracted from a depleted mantle source immediately
prior to zircon crystallisation. It is pertinent to note that rocks with
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Fig. 5. Concordia diagrams with U-Pb ages obtained from zircon grains
recovered from a sill-like intrusion hosted in itabirite (Fig. 2). Three age pro-
pulations can be distinguished, two concordant populations at ca. 2210 Ma and
ca. 620 Ma, and a discordant Archaean population. Dashed lines in (a) are
reference Discordia lines from 2200 Ma to 620 Ma, and from 3000 Ma to 620
Ma, respectively.

overlapping U-Pb ages and Hf isotopic signatures are known from
tonalite-trondhjemite-granodiorite (TTG) suites and dioritic rocks to
the south-west of the Quadrildtero Ferrifero, in the periphery of the
southern Sao Francisco craton - i.e., in the Mineiro belt, which evolved
during the Palaeoproterozoic between 2470 and 2100 Ma (Avila et al.,
2010; Seixas et al., 2013; Teixeira et al., 2015; Barbosa et al., 2019;
Cardoso et al., 2019).

Group-1 zircon grains are xenocrysts with ages between >2400 and
3120 Ma. These provide evidence that the Neoproterozoic magma also
interacted with basement rocks that were derived from a depleted
mantle source during the Archaean. The latter is reflected by Hf model
ages between 3.25 and 3.40 Ga, which overlap those obtained from
magmatic zircon in the gneissic basement rocks (Lana et al., 2013;
Farina et al., 2016), and from detrital zircon grains in the Archaean
metasedimentary rocks (Koglin et al., 2014), of the Quadrilatero Ferri-
fero. A note of caution is necessary as for the Hadean Hf model ages of
4.01-4.10 Ga for zircon cores a426 and a532 (Fig. 4). These model ages
are very likely an artefact due to zircon alteration, which caused
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Fig. 6. Diagrams of zircon age vs. Th/U (a), zircon age vs. eHf; (b) and
17610/ 77Hf vs. 7°Hf/77HS. Grey bars in (c¢) mark zircon domains with Neo-
proterozoic (Neo), Palaeoproterozoic (Pal) and Archaean (Arc) Hf-isotope sig-
natures. Labels A, B and C indicate zircon of Neoproterozoic age (ca. 620 Ma),
but with different initial Hf-isotope compositions: A — zircon, mostly rim, with
Neoproterozoic Hf-isotope signature — i.e., normal type; B — Zircon core with
pre-Neoproterozoic Hf-isotope signature - i.e., inherited type I; C — zircon rim
with pre-Neoproterozoic Hf-isotope signature - i.e., inherited type II. Dashed
lines connect zircon core-rim microanalyses.

uncoupling between U-Pb age and Hf isotopic composition — for more
detailed explanation and examples, see Zeh et al. (2014).

6.3. Geotectonic setting

The hybrid composition of the sill-like rock and its three populations
of magmatic zircon grains can be reconciled in a scenario of crustal
anatexis and mixing with a juvenile mafic melt at 620 Ma, which
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incorporated juvenile zircon of approximately 2210 Ma and inherited
Archaean zircon from the Archaean basement of the Quadrilatero Fer-
rifero. The sill-like intrusion of the historical Veloso mine is situated
about 17 km SE of the Archaean Bacao complex, and approximately 35
km NE of the Alto Maranhao pluton, which represents juvenile mag-
matism at ca. 2130 Ma in the accretionary-arc setting of the Mineiro belt
(Noce et al., 2000; Seixas et al., 2013; Teixeira et al., 2015). Accordingly,
the geographical location of the sill-like intrusion and its abundant
Palaeoproterozoic zircon xenocrysts imply that the Archaean felsic
basement of the Quadrilatero Ferrifero — e.g., the Santa Rita dome
(Fig. 1) — has Palaeoproterozoic juvenile rocks at depth, perhaps already
influenced by older cratonic material, as indicated by variable eHf5 2ga
between 11.6 and —5.7. It is likely that these rocks represent remnants of
the Mineiro belt, such as zircon-bearing TTG, which formed during the
subduction of relatively young Palaeoproterozoic oceanic crust in a
primitive oceanic-arc setting (Avila et al., 2010; Seixas et al., 2013;
Teixeira et al., 2015; Barbosa et al., 2019). During an early episode of
the Brasiliano event at 620 Ma, the deepest part of the Archaean crust
was affected by anatexis and magma mixing, conceivably caused by
magmatic underplating in an extensional setting (see below).

The recognition of sill-like intrusion at 620 Ma carries tectonic im-
plications. One is that a hybrid melt made its way to the upper crust.
Another is the meaning of the 620-Ma age in the context of the Brasi-
liano orogeny. Given the tectonic fabrics of the sill-like intrusion - i.e.,
ductile foliation and fold-hinge thickening -, it appears likely that the
crystallisation age of 620 Ma predates the compressive tectonics of the
Neoproterozoic Aracuai-West Congo orogen. The orogen has a suture
east of the Quadrilétero Ferrifero, in the Abre-Campo shear zone, which
delimits an ophiolitic sequence (Pedrosa-Soares et al., 1998). A
magmatic arc, situated in the upper plate to the east, shows main
tonalitic magmatism at 600 Ma (Tedeschi et al., 2016), dating back to
630 Ma — i.e., the Cuité Velho tonalite (da Silva et al., 2005).

The 620-Ma magmatism would be in the lower plate of the Araguai
orogen. Extension and related deep crustal anatexis might be explained
by rift-zone asthenospheric uplift in the lower plate. Although several
Meso- and Neoproterozoic (Tonian) rift systems have been described in
the Sao Francisco craton and its Neoproterozoic orogenic systems (Cruz
and Alkmim, 2017; Souza et al., 2019), rifting of ca. 620 Ma has either
gone unrecognised or poorly documented. There is, nonetheless, evi-
dence for crustal anatexis between 625 and 610 Ma in the Brasilia belt,
in the southernmost border of the Sao Francisco craton, where a
lower-crustal domain of a magmatic arc is exposed and zircon eHf values
are indicative of anatexis of a reworked crustal reservoir (Mora et al.,
2014). As for an early extensional period in the Araguai orogen, evi-
dence comes from metasedimentary rocks of the Rio Doce Group, where
detrital zircon grains indicate a maximum depositional age of ca. 650 Ma
(eHf; values between 1 and 15), while recrystallised zircon grains date a
regional metamorphic event at ca. 630 Ma (Schannor et al., 2019).
Interestingly, in the Neoproterozoic sedimentary cover of the southern
Sao Francisco craton, the occurrence of detrital zircon grains with peak
ages of 640 Ma increasing to the south (Rodrigues, 2008), towards the
Quadrilatero Ferrifero, is an indication that Neoproterozoic igneous
rocks were exposed in the southern margin of the craton. This area could
also have provided the detrital grains of 614-Ma juvenile zircon that
Degler et al. (2017) reported from about 100 km to the east of the Veloso
mine. Such a source area of juvenile zircon in the southern cratonic
margin would be compatible with an intracontinental rift system at ca.
620 Ma in the lower plate of the Aracuai orogen. Finally, an alternative
evolutionary model has been proposed for the Aracuai orogen, involving
crustal thickening, followed by gravity-driven orogenic spreading due to
lateral flow of molten crust, in an intracontinental setting (Cavalcante
et al., 2019).

Regardless of the geotectonic setting, it is possible to bracket the
Brasiliano orogeny in the Quadrilatero Ferrifero. In the Mariana anti-
cline, the locus of the sill-like intrusion, the late stage of the Brasiliano is
recorded by auriferous quartz-tourmaline lodes that lack ductile
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tectonic fabrics, between ca. 500 Ma and ca. 485 Ma (respectively,
Cabral and Zeh, 2015b; Chauvet et al., 2001). The Brasiliano event can
thus be constrained between 620 and 485 Ma in the Quadrilatero
Ferrifero.

7. Conclusion

Decimetre-thick, sill-like intrusions that are exposed along the main
adit of the historical Veloso underground mine provide the first evidence
for Neoproterozoic magmatism in the Quadrilatero Ferrifero. They also
provide evidence for anatectic melting of a juvenile crust of Palae-
oproterozic age, which produced hybrid magma by mixing of mafic and
felsic melts, underlying the Archaean basement of the Quadrildtero
Ferrifero, during an early episode of the Brasiliano orogeny at ca. 620
Ma.
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