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RESUMO

ARAUJO, Lucas Eduardo de Abreu Barbosa. O Complexo Juiz de Fora no Sul do Rio de
Janeiro: Geocronologia, Petrogénese, Evolugdo Tectbnica e sua relagdo com o Orégeno
Minas-Bahia. 2020. 160f. Dissertacdo (Mestrado em Geociéncias) — Faculdade de Geologia,
Universidade do Estado do Rio de Janeiro, Rio de Janeiro, 2020.

O Complexo Juiz de Fora (CJF) é uma das unidades do embasamento do Terreno
Ocidental da Faixa Ribeira Central, interpretado como parte da borda retrabalhada do
paleocontinente S&o Francisco. O CJF compreende rochas metamorfisadas em facies granulito
com variadas composi¢fes geoquimicas, fabricas deformacionais e idades que denotam o seu
caréater policiclico. Esse trabalho apresenta novas idades de U-Pb (SHRIMP) e dados isotdpicos
de Lu-Hf (LA-ICPMS) em zircdo, além de dados isotopicos de Sm-Nd e Sr (TIMS) em rocha
total e geoquimicos dos ortogranulitos do Complexo Juiz de Fora, localizados no Sul do estado
do Rio de Janeiro. O objetivo desse estudo é caracterizar a evolugdo paleoproterozoica dessa
unidade, bem como a fonte dos magmas precursores dos seus protélitos. Seis amostras,
selecionadas por suas composi¢cdes geoquimicas, foram objeto de analises U-Pb e Lu-Hf. O
granulito enderbitico toleitico apresenta idade de 2.44 Ga. Trés granulitos charnoenderbiticos
com assinaturas de TTG e sanukitoides apresentam idades entre 2.20 e 2.18 Ga. Um granulito
maéfico apresenta idade de 2.13 Ga. Um granulito charnockitico leucocratico possui idade de
1.78 Ga. Bordas metamérficas ao redor de nicleos magmaticos apresentam idades de 600 a 580
Ma, confirmando o metamorfismo Neoproterozoico associado a faixa Ribeira. Graos de zircéo
herdado datados de 2.53 a 2.38 Ga foram encontrados em duas amostras. Os resultados
isotopicos mostram que 0 magmatismo sideriano (2.45-2.38 Ga?) é moderadamente juvenil
(eNdg de -0.1 a +3.2; eHfyp de -8 a +3). O magmatismo riaciano (2.20-2.18 Ga?) é
moderadamente juvenil a evoluido (eNdw de -0.6 a -4,8; ¢Hf(y de -11.7 a +0.2). Ambos
episddios magmaticos apresentam fontes juvenis siderianas e crustais arqueanas (Tpm Nd: 2.62-
2.31 Ga; Tpm Hf 3.25 a 2.49 Ga) com 0s magmas riacianos apresentando maior contribuicéo
crustal em sua génese. Ha predominancia de fontes juvenis (Tpm Nd) paleoproterozoicas para
0 Complexo Juiz de Fora. A contribuigéo crustal arqueana ocorre em menor escala. A evolucao
geoldgica do CJF comeca no Sideriano (2.45 — 2.38 Ga?) com a cristalizacdo de dioritos
toleiticos em um episodio de arco primitivo. Os granodioritos riacianos representam o segundo
estagio heterogéneo do arco Juiz de Fora entre 2.2 e 2.18 Ga. Um terceiro episédio magmatico
de arco ¢ interpretado pela ocorréncia de gabros toleiticos (IAT) com assinatura moderadamente
juvenil e contaminacao crustal pelos outros dois eventos magmaticos. A colisdo dos Complexos
Juiz de Fora e Mantiqueira é atribuida por graos e bordas metamérficas de idade 2035+30 Ma
nesse granulito méafico. Apos cratonizacdo, um episdédio magmatico intraplaca datado de 1.78
Ga pode ser correlacionado com a suite Borrachudos. O metamorfismo em facies granulito
(600-580 Ma) acoplado com a deformacdo esta registrado em quase todas as amostras
estudadas. Esse estudo é importante para reconstrucdes paleogeograficas do Sul do Craton S&o
Francisco por causa da descoberta de rochas siderianas de arco no CJF e do metamorfismo
paleoproterozoico. A orogénese acrescionaria Minas parece ser diacronica e o0s episodios
magmaticos do Complexo Juiz de Fora e Cinturdo Mineiro durante o Sideriano e Riaciano
muito similares, com a ocorréncia de platons TTG e sanukitoides em ambos.

Palavras-chave: Arcos juvenis paleoproterozoicos. Rochas siderianas. Tafrogénese Estateriana.



ABSTRACT

ARAUJO, Lucas Eduardo de Abreu Barbosa. The Juiz de Fora Complex at Rio de Janeiro:
Geochronology, Petrogenesis, Tectonic Evolution and its relationship with Minas-Bahia
orogeny. 2020. 160f. Dissertagdo (Mestrado em Geociéncias) — Faculdade de Geologia,
Universidade do Estado do Rio de Janeiro, Rio de Janeiro, 2020.

The Juiz de Fora Complex (JFC) is one of the basement units of the Occidental Terrane
in the Central Ribeira belt, regarded as part of the reworked border of the Sdo Francisco
paleocontinent. The JFC comprises metamorphosed rocks in granulite facies with varied
geochemical compositions, deformational fabrics and ages that refer its polycyclic character.
This work presents new zircon U-Pb (SHRIMP) ages and Lu-Hf (LA-ICPMS) data, besides
whole-rock Sr and Sm-Nd (TIMS) isotopic and elementary data from JFC orthogranulites,
located on Southwest Rio de Janeiro state. The main goal of this study is to constrain the
Paleoproterozoic Evolution of this unit, as well as, magma sources of its protholiths. Six
samples, chosen by their element compositions, were selected for U-Pb and Lu-Hf analysis.
The tholeiitic enderbitic granulite present age of ca. 2.44 Ga. Three charno-enderbitic protoliths
with TTG and sanukitoid signatures yielded crystallization ages from ca. 2.2 to 2.18 Ga. A
mafic granulite has age of ca. 2.13 Ga. One sample of the high-K leucocratic charnockitic group
yielded a crystallization age of ca. 1.78 Ga. Metamorphic rims around the magmatic cores
present ages from 600 to 580 Ma confirming the Neoproterozoic overprint, related to Ribeira
Belt. Inherited zircon crystals from ca. 2.53 to 2.38 Ga were identified in two samples. The
isotopic data show that arc related Siderian magmatism (2.45-2.38 Ga?) is juvenile to
moderately juvenile eNd(t) from -0.1 to +3.2; eHf(t) from -8 to +3). The arc-related Rhyacian
magmatism is heterogeneous (eNd(t) from -0.6 to -4,8; ¢Hf(t) from -11.7 to +0.2). Both
magmatic episodes present juvenile siderian and crustal archean sources (TDM Nd: 2.62 to 2.31
Ga; TDM Hf 3.25 to 2.49 Ga) with rhyacian magmas showing major crustal contribution on its
genesis. There is a predominance of Paleoproterozoic juvenile sources (Nd Tpwm) for Juiz de
Fora Complex. The minor Archean crustal contribuition occurs in minor scale. The envisaged
geological evolution from JFC starts at Siderian (ca. 2.45-2.38 Ga?) with crystallization of the
arc-related tholleitic diorite marking the initial stage of arc development. The granodioritic
protholiths represent a heterogeneous stage of Juiz de Fora arc between ca. 2.20 and 2.18 Ga.
The third arc-related magmatic episode is constrained by a tholeiitic gabbro (IAT) with
moderately juvenile signature and crustal contamination by two previous magmatic events. The
collision between Juiz de Fora and Mantiqueira Complexes is attributed by metamorphic rims
and grains dated at ca. 2035+30 Ma on this mafic granulite. After the cratonization, a Statherian
(1.78 Ga) episode of intra-plate magmatism was detected and correlates to the Borrachudos
Suite. During the Brasiliano orogeny, 600-580 Ma granulite facies metamorphism, coupled
with deformation, is recorded in the studied samples. This study is important for
paleogeographic reconstructions on the southern S&o Francisco Craton because of the discovery
of more Siderian rocks in the JFC and by Paleoproterozoic metamorphism. The Minas
Accretionary Orogen seems to be diachronic and the magmatic episodes from Juiz de Fora
Complex and Mineiro Belt very similar, with occurrence of TTG and sanukitoid plutons on
both units.

Keywords: Juvenile Paleoproterozoic Arcs. Siderian rocks. Statherian Taphrogenesis.
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INTRODUCAO

A regido de estudo situa-se no Sul do Rio de Janeiro, entre as cidades de Nossa Senhora
do Amparo e Valenca (RJ). Est4 inserida no contexto tecténico da Faixa Ribeira (Heilbron et
al. 2004a), que foi formada pela multipla colisdo de microplacas e arcos no periodo que se
estende desde o Neoproterozoico ao Cambriano (ca. 605 a 510 Ma).

O Complexo Juiz de Fora (CJF - Figura 1), objeto de estudo, é composto de rochas
ortoderivadas metamorfisadas em facies granulito que constituem uma das unidades do
embasamento Paleoproterozoico do paleocontinente do S&o Francisco (Heilbron et al. 2004a).
A heterogeneidade dessa unidade litoestratigrafica € marcante (Duarte et al. 1997; Heilbron et
al., 1988), ja que nela afloram granitoides calcio-alcalinos (com diferentes teores de K>O) com
assinaturas de arco e rochas basicas com assinaturas geoquimica para ambientes convergente
de arco magmético (IAT), divergente (E-MORB, N-MORB) e intraplaca (WPB). A
complexidade de ambientes tectdnicos encontrados em uma sé unidade cartografada, bem como
sua ampla distribuicdo regional pela Faixa Ribeira, justificam o adensamento de informacdes
geocronoldgicas na area de estudo, até mesmo para a realizacdo de correlacbes mais robustas
com outros terrenos paleoproterozoicos da Orogénese Minas-Bahia. Ademais, 0 metamorfismo
granulitico atuante na &rea mascara as relacfes de contato e tende a homogeneizar as
paragéneses metamorficas dos diferentes grupos geoquimicos de ortogranulitos da area, o que
dificulta a distingédo, principalmente dos litotipos basicos, em campo. As relaces de campo,
petrografia, geoquimica elementar e isotopica em rocha total (Nd e Sr) podem auxiliar na
distingdo entre diferentes tipos de rochas dentro do Complexo Juiz de Fora e definicdo de
protolitos desses ortogranulitos. JA a geocronologia U-Pb de alta precisdo (SHRIMP) é
ferramenta fundamental para a distincdo temporal desses protdlitos, desde que haja uma
sistematica de classificacdo geoquimica elementar e isotdpica prévia para essas rochas.

As unidades de embasamento riaciano adjacentes ao Complexo Juiz de Fora como o
Cinturdo Mineiro e o Complexo Mantiqueira apresentam metamorfismo de alto grau na
transicdo entre o Riaciano e o Orosiriano (Cutts et al. 2018; Silva et al. 2002). No Complexo
Juiz de Fora, o metamorfismo granulitico esta registrado apenas no evento metamorfico
neoproterozoico (Orogenia brasiliana). A técnica U-Pb (SHRIMP), por se tratar de alta
resolucdo espacial, pode, em bordas de zircdo ou grdos metamorficos, trazer informagdes

guanto aos eventos metamarficos que as rochas do Complexo Juiz de Fora sofreram.
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Além disso, interpretacGes tectdnicas prévias colocam o Complexo Juiz de Fora como
um arco intraoce&nico no Paleoproterozoico (Heilbron et al. 2010, Noce et al. 2007). O carater
juvenil ou evoluido do Complexo Juiz de Fora na area de estudo podera ser testado com as
analises geoquimicas isotopicas (Sm-Nd em rocha total e Lu-Hf em zircdo). As fontes e a
residéncia crustal do magma precursor desse arco serdo investigadas nesse estudo.

A paleogeografia do Complexo Juiz de Fora e sua correlacdo geoldgica regional com
outros terrenos de embasamento paleoproterozoico nos arredores do Craton S&o Francisco, que
integram o Cinturdo Minas-Bahia (Alkmim & Teixeira, 2017) serd discutida nesse estudo.
Além disso, correlagdes entre os registros geoldgicos da parte brasileira com as contrapartes
oeste africanas do Craton do Congo também serdo debatidas nessa dissertacao.
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| Granitéides brasilianos | Rochas metassedimentares  :..:!-] Bacias mesoprolerozoicas
neoproterozoicas Outros terrenos e

-Cumplam Mantigueira - Complexo Juiz de Fora I:] embasamentos
paleoproterozoicos
Legenda: Embasamento paleoproterozoico (cinza): 1- Cinturdo Mineiro; 2- Complexo Mantiqueira; 3- Terreno
Central da Faixa Ribeira (Complexo Quirino — embasamento); 4- Terreno Cabo Frio (Complexo Regido
dos Lagos — embasamento). Rochas Metassedimentares neoproterozoicos: |- Megassequéncia
Andreléndia; 11- Dominio Costeiro do Terreno Oriental da Faixa Ribeira.
Fonte: Araujo et al. (2019), modificado pelo autor, 2020.
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1 OBJETIVOS

Dentro do quadro exposto acima, pretende-se caracterizar 0s eventos magmaticos e suas
assinaturas geoquimicas do Complexo Juiz de Fora, bem como elaborar a completa evolucao
geoldgica para rochas de diferentes assinaturas geoquimicas aflorantes na area de estudo por
meio de ferramentas geoquimicas elementares e isotdpicas (Sr, Nd e Hf) bem como
geocronoldgicas (U-Pb SHRIMP) e de novos dados de geoquimica isotdpica dos ortogranulitos.
A distribuicdo temporal dos eventos magmaticos que ocorrem no Complexo Juiz de Fora (CJF),
bem como a caracterizacdo isotdpica das fontes dos protdlitos destes ortogranulitos, ajudaréo
na calibragdo do modelo evolutivo dessa importante unidade regional.

A comparagdo das caracteristicas geocronoloficas e isotopicas entre o CJF e outras
unidades de embasamento que integram o Cinturdo Minas-Bahia (Alkmim & Teixeira, 2017)
faz parte do escopo da investigacdo. Os registros geoldgicos entre os ciclos orogénicos
paleoproterozoicos no paleocontinente Sdo Francisco-Congo também € objetivo importante

dessa dissertacao.
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2 APRESENTACAO DA DISSERTACAO E LOCALIZACAO DA AREA DE ESTUDO

2.1 Apresentacdo da dissertacéo

O presente trabalho contempla os resultados obtidos na pesquisa realizada entre as
cidades de Valenca (RJ) e Nossa Senhora do Amparo (RJ) em um terreno metamorfico de alto
grau localizada na Faixa Ribeira. O objeto de estudo sdo os ortogranulitos do Complexo Juiz
de Fora, nos quais foram submetidos a analises petrograficas, geoquimica elementares e
isotopicas em rocha total (Nd e Sr) bem como a analises geocronoldgicas (U-Pb) e isotdpicas
(Lu-Hf) em zircdo para melhor caracterizacdo dessas rochas.

O trabalho tem como foco a aquisicdo e interpretacdo de novos dados geoquimicos e
geocronolégicos na area de estudo, de modo a colaborar com a evolucdo do conhecimento
cientifico do Complexo Juiz de Fora em escala local e regional.

Essa dissertacao pretende contribuir com o tema abordado a partir da aplicacdo de sua
sistematica de trabalho, que contemplou anélises geoquimicas elementares e isotdpicas (Sm-
Nd) antes da coleta geocronolégica de seis amostras do Complexo Juiz de Fora, visando o
registro de diferentes episédios magmaticos na unidade. Além disso, 0s novos dados obtidos
trazem a tona a discussdo de eventos tectonotermais, correlacdes geoquimicas e isotopicas e
geocronoldgicas do embasamento paleoproterozoico do Craton Sao Francisco e seus arredores.

O documento é dividido em 6 capitulos e segue o0 padrdo de dissertacdo argumentativa
associada com artigos cientificos. O capitulo dos resultados (Capitulo 5) é composta pelo artigo
“Lithogeochemistry and Nd-Sr isotope constrains of orthogranulites of the Juiz de Fora
complex, SE-Brazil: insights on a hidden Rhyacian Orogen within the Neoproterozoic Ribeira
belt”, publicado recentemente na revista Brazilian Journal of Geology. Além dele 0 manuscrito
que reporta as idades e parametros petrogenéticos do Complexo Juiz de Fora se encontra como
manuscrito a ser submetido a revista Precambrian Research. A Gltima sessdo dos resultados

reporta os dados de um granito anorogénico encontrado no Complexo Juiz de Fora.
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2.2 Localizacao da area de estudo

A area de estudo situa-se entre o 4° distrito de Barra Mansa (RJ) (Nossa Senhora do
Amparo) e 0 municipio de Valenca (RJ), a nordeste da cidade de Resende (RJ). E limitada pelos
meridianos 43°30° e 44°15’e pelos paralelos 22°15° e 23°15°. Entre essas cidades, o maior
municipio € mesmo o de Valenca, com populacdo aproximada de 76 mil habitantes (IBGE,
2004). Pela distribuicdo alongada na direcdo NE-SW, a area de estudo abrange 4 folhas
topograficas do IBGE na escala 1:50.000: Folha Nossa Senhora do Amparo (SF-23-Z-A-11-4),
Folha Rio Preto (SF-23-Z-A-I111-1), Folha Valenca (SF-23-Z-A-111-2), e Folha Barra do Pirai
(SF-23-Z-A-111-3), ilustradas na Figura 2.

Figura 2 — Mapa geogréfico com o0 acesso a area de estudo (em vermelho; IBGE, 1976) e as folhas topogréficas
1:50.000 IBGE que fazem parte dela.
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Fonte: O autor, 2020.

Os acessos a area de estudo se ddo por meio de varias rodovias. Partindo do Rio de
Janeiro, utiliza-se a Rodovia Presidente Dutra (BR-116) até a altura da cidade de Pirai, no Km

237, quando o percurso deve prosseguir pela Rodovia Alberto Santos Dumont (RJ-145) até a
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cidade de Valenca (RJ), extremo leste da area. Outra opcao é seguir pela Rodovia Presidente
Dutra (BR-116), e entrar na saida do Km 265, acessando a Rodovia Lucio Meira (BR-393) até
a cidade de Volta Redonda. De la, se pega a rodovia Julio Caruso (RJ-153) até a cidade de
Nossa Senhora do Amparo, extremo oeste da area. Existe uma rodovia que corta a area de
estudo toda, com percurso aproximadamente W-E, que é a Estrada Quatis-Amparo (RJ-143).
Outras duas rodovias estaduais importantes sdo a Rodovia Camrobert Rocha Faria (RJ-141) e
a RJ-137, que sdo rodovias transversais (N-S) a Estrada Quatis-Amparo e que também
permitem acesso a algumas localidades da area de estudo, como S&o José do Rio Turvo e

Conservatoria, respectivamente.
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3 MATERIAIS E METODOS

3.1 Revisdo Bibliografica

A revisdo bibliografica foi uma das primeiras atividadades a serem desenvolvidas ao
longo da dissertacdo. A leitura de artigos cientificos de cunho regional sobre o Complexo Juiz
de Fora e outros que abordassem as metodologias U-Pb, Lu-Hf, Sm-Nd e RDb-Sr nos
embasamentos arqueanoa paleoproterozoicos foram privilegiados. Além disso, trabalhos
cientificos que se tratava de interpretacdo e tratamento de dados de U-Pb e Lu-Hf foram
fundamentais para a reducdo dos dados e todo o tratamento feito com as amostras a serem
datadas.

Nessa etapa foi realizada a compilacéo de dados bibliogréaficos sobre o Complexo Juiz
de Fora e outros embasamentos no que diz respeito a geocronologia U-Pb e geoquimica

isotopica Sm-Nd e Lu-Hf dessas unidades.

3.2 Bases de dados e mapas integrados

A base de dados geograficos foi as cartas topogréficas do IBGE (escala 1:50.000) com
destaque para as cartas: Folha Nossa Senhora do Amparo (SF-23-Z-A-11-4), Folha Rio Preto
(SF-23-Z-A-111-1), Folha Valenca (SF-23-Z-A-111-2), e Folha Barra do Pirai (SF-23-Z-A-ll1-
3).

A base de dados geoldgicas veio do projeto PRONAGEO (2007) entre a CPRM e a
UERJ. Mapas geoldgicos geoprocessados foram obtidos no Laboratorio de Estudos Tectdnicos
(LET-UERJ). Além disso, mapas geoldgicos na escala de 1:50.000 das mesmas cartas

supracitadas foram utilizadas em campo para localizagdo de afloramentos.
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3.3 Trabalhos de campo

O mapeamento geoldgico das folhas topograficas 1:50.000 em que a area de estudo esta
inserida foi feito pelo grupo TEKTOS (UERJ) em parceria com o Servi¢o Geologico do Brasil
(CPRM) no projeto PRONAGEO entres os anos de 2003 e 2007. O “Mapa Geoldgico ¢ de
Recursos Minerais do Rio de Janeiro” foi publicado em 2017 e todas as informagdes geoldgicas
foram utilizadas para os trabalhos de campos da Monografia de Graduacao e de mestrado do
presente autor.

O trabalho de campo da Monografia foi realizado entre as cidades de Nossa Senhora do
Amparo (RJ) e Valenca (RJ) em maio de 2017 e consistiu na coleta de amostras para petrografia,
geoquimica elementar e isotopica. Nessa campanha de campo também foram revisitados alguns
contatos do Complexo Juiz de Fora, bem como foi coletado uma amostra para estudos
geocronolégicos (amostra RP-LM-04).

O trabalho de campo foi realizado na mesma &rea de estudo da Monografia de
Graduacao, em 4 dias. Ele consistiu na coleta de amostras com objetivo principal de datacdo U-
Pb de cada rocha. O critério mais utilizado para a coleta foram as classificacdes dos grupos
geoquimicos pré-estabelecidas durante a monografia da graduacéo, buscando abrangéncia de
todos agrupamentos, bem como faciologias e composicGes isotdpicas. Além disso, foi levado
em consideracéo se o afloramento em que tal rocha ocorria poderia receber uma amostragem
em maior volume. A coleta de amostras no trabalho de campo seguiu 0s procedimentos do
“Guia de procedimentos para amostragem e Selecdo de métodos geocronologicos aplicados ao
mapeamento regional” (Silva, 2006), com atencao na quantidade de amostra coletada e com o

devido cuidado de se evitar leucossomas, bandamentos, etc.

3.4 Petrografia

A maioria das amostras coletadas ja possuiam lamina petrografica, mas algumas laminas
foram realizadas depois da etapa de campo. Elas foram elaboradas no Laboratorio Geologico
de Preparacao das Amostras (LGPA-UERJ). Todas elas possuem ortopiroxénio metamorfico e,
portanto, s&o granulitos. Sua classificacdo petrograficas (Streckeisen, 1976) encontra-se no item

6.3 e informacdes detalhadas séo reportadas em Araujo et al. (2019).
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3.5 Preparacdo das amostras para analises geocronoldgicas e geoquimicas

3.5.1 Geocronologia U-Pb

A preparacdo de amostras para a datacdo U-Pb (SHRIMP) foi realizada no Laboratorio
Geologico de Preparacdo de amostras (LGPA) na UERJ, com sugestdo de incorporagdo da
peneiragem das amostras no decorrer do processo de preparacdo das amostras, segunda as
normas do Laboratdrio de Processamento de Materiais do IGC-USP. A preparagdo consistiu
na diminuicdo do volume e reducdo da granulometria da amostra até as aliquotas mais finas
serem levadas a separacdo densimétrica (por meio de liquidos e da mesa vibratoria) e
eletrodindmica (Frantz™) dos seus minerais até a concentragdo de grios de zircdo. Cada etapa
da preparacdo de amostras sera descrita brevemente abaixo.

O primeiro procedimento realizado na preparacdo de amostras foi a lavagem e a
secagem em banho de luz das seis amostras que vieram do trabalho de campo. O processo de
diminuicdo do volume e granulometria das amostras comeca com a passagem no britador de
mandibulas, sempre seguido por peneiramento de 30 mesh (30#). A aliquota mais fina segue
para 0 moinho de discos seguido de peneiramento de, 60 mesh (60#). O material mais fino foi
posteriormente peneirado em peneiras de 100#, com excessdo da amostra de rocha bésica que
também teve peneiramento em 230#, tendo, portanto, duas fracdes, uma entre 100 e 230# e
outra menor que 230%#.

As amostras peneiradas foram levadas a mesa vibratoria de Wifley com angulacao de
10° na qual o despejo da amostra na mesa com &gua corrente faz com que 0s minerais se
segreguem por sua densidade. Os minerais das amostras sdo separados em trés recipientes: o de
rejeito, os leves e os pesados (concentrado). Os dois primeiros sdo descartados, e o ultimo
aproveitado para as etapas seguintes. Alem disso, foi realizada pipetacdo no rastro de minerais
pesados da mesa vibratoria, com o intuito de obter mais facilmente os cristais de zircdo por ele
ser um mineral pesado. Portanto, para cada amostra, obteve-se duas aliquotas da mesa
vibratdria: a pipetada e a concentrada, que foram posteriormente emersas no alcool e postas no
banho de luz.

As aliquotas pipetadas das amostras foram entdo levadas para o primeiro separador

densimétrico liquido (Bromoférmio, de densidade 2,89 g/cm3), no qual os minerais pesados
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fluem para baixo por gravidade e os minerais leves como quartzo e plagioclésio tendem a ficar
retidos na superficie do liquido.

A aliquota pesada foi entdo passada no ima de mao, para retirar a magnetita da amostra
e posteriormente, levada no separador eletromagnético Frantz™, no qual por meio de uma
corrente elétrica os minerais que atraiveis se separam dos menos atraiveis. A primeira corrente
utilizada foi a de 0,2 A, fragdo na qual a maioria dos minerais atraiveis sdo ilmenitas. A fracéo
ndo atraivel é passada de novo, em procedimentos sucessivos de aumento de corrente elétrica
até chegar a 1,5 A. Idealmente, os grdos de zircdo igneos sdo 0s ndo magnéticos, portanto o0s
menos atraiveis. As fracdes atraiveis nesse processo sdo identificadas e guardadas. Na fracdo
de 0,4 A, normalmente sdo atraiveis monazitas e ilmenitas residuais. Nas fra¢des de 0,5, 0,75,
1,0e 1,5 A, retiram-se respectivamente granadas, titanitas e rutilos da amostra.

A aliguota ndo atraivel a corrente de 1,5 A é entdo levada a outro liquido denso, o lodeto
de Metileno (densidade de 3,35 g/cmd). Esse liquido separa muito bem a apatita (densidade
3,15-3,20 g/cm3) dos outros minerais pesados. A apatita costuma ser ndo atraivel pela corrente
de 1.5 A no Frantz,. A aliquota leve é entdo guardada e a fracdo pesada é o material que devera
haver muitos graos de zircdo, ja que ele possui densidade de 4,6 g/cm3, densidade bem maior
que o lodeto.

A amostra basica BP-CM-151 teve que ter seu concentrado reprocessado, ja que a
aliquota pipetada ndo estava em quantidade suficiente para os técnicos da USP selecionarem os
grdos de zircdo para catacdo e posterior preparacdo dos mounts. Os procedimentos de catacédo
dos gréos foram realizados no laboratério SHRIMP-1le (USP) pelos técnicos do local.

O processo de catagdo dos gréos de zircéo foi feito em lupa binocular selecionando em
torno de 80 a 100 grdos para todas as amostras, exceto para a amostra basica (BP-CM-151) que
foram catados por volta de 60 grdos. A selecdo dos grdos é feita baseada em caracteristicas
fisicas tais como morfologia, transparéncia, cor e presenca de fraturas e inclusdes nos graos. Os
grdos sdo extraidos do concentrado com uma pinca e colocados emu ma placa de Petri com
alcool. A preparacao dos mounts comecga com a colagem dos gréos de zircdo (um a um) em fita
dupla face fixada em uma placa de vidro antes de serem colocados num disco de epoxi e serem
cortados, lixados e polidos. O polimento é realizado até expor a metade dos grdos e deixar a
superficie do mount bem plana. Apos isso, é realizada a limpeza do mount é limpo com éter de
petréleo (30°-70°) P.A.-ACS. O ultimo procedimento da preparacdo do mount é a metalizacao
em ouro de todo o0 mount.

Vale lembrar que durante a prepara¢do do mount para a metodologia SHRIMP (U-Pb)

€ necessaria a incorporacdo de padrdes de cristais de zircdo conhecidos (idades e razdes
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isotopicas). No caso do laboratério Geocronolégico de Alta Precisdo (SHRIMP-Ile) da USP, o
padrdo utilizado é 0 TEMORA-2.

3.5.2 Geoquimica elementar e isotopica (Sm-Nd e Sr)

A preparacdo de amostras para analises geoquimicas foi também realizada no LGPA-
UERJ. A lavagem e secagem das amostras vindas do trabalho de campo é o primeiro
procedimento feito no laboratério. Depois, a britagem manual com um martelo é feita nas
amostras embaladas em um saco plasticos sobre uma bigorna. Essa técnica é utilizada para a
diminuicdo da granulometria das amostras até o tamanho de pequenas particulas.
Posteriormente, é feito o quarteamento das amostras para que elas tenham uma homogeneidade
granulométrica e representem de fato a composi¢do da rocha total. Essas aliquotas sdo levadas
no moinho de bolas, no qual sdo pulverizadas automaticamente por volta de 10 a 15 minutos,
até chegarem a fracdo silte. O pd é armazenado em dois tubinhos de 10g, que sao lacrados e

enviados para os laboratérios fazerem as analises geoquimicas pertinentes.

3.6 Geoquimica elementar

As andlises litogeoquimicas tiveram o intuito de caracterizar a assinatura geoquimica
das rochas por sua série e sub-série magmatica. Os tubos de 10g de cada amostra foram enviados
para o Activation Laboratories (Actlabs), localizado no Canada, para analise quimica através
dos métodos FUS-ICP/ICP-OES e FUS-MS, para analise dos elementos quimicos maiores,
elementos-tragcos, elementos terras raras, incluindo U, Th, Hf, Ta e Pb. No primeiro
procedimento, uma amostra oxidada é dissolvida em um fluido de borato e posteriormente
diluida em &cido nitrico aquoso, quando, posteriormente a ICP-OES (Espectometria de emissédo
Optica com plasma) é executada para quantificar os varios elementos presentes na solucao
resultante. Nesta andlise € detectada a radiacdo eletromagnética emitida pelos atomos ou ions
na regido do espectro visivel e ultravioleta. No segundo método, a quantificacdo dos elementos

é feita por espectrometria de massa (MS), que permite obter informagdes sobre a composicao
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atdbmica e molecular do material, a partir da relagdo massa-carga ionica (Klein & Dutrow,
2012).

3.7 Geocronologia U-Pb (SHRIMP)

O SHRIMP tem um diametro de laser mais pontual se comparado com a técnica LA-
ICPMS o que aumenta a resolucao temporal da analise. Essa metodologia é recomendada para
terrenos retrabalhados j& que cristais de zircdo desse terreno podem registrar diversos eventos
tectonotermais que sé serdo descobertos com analises pontuais no mesmo cristal.

O mount preparado e descrito no item 4.5 seguiu para analise de catodoluminescéncia
(CL) utilizando o Microscopio Eletrénico de Varredura (MEV) no equipamento VPSEM FEI
Quanta 250 localizado no Laboratério Geocronoldgico de Alta Precisdo (SHRIM-Ile) da
Universidade de Sao Paulo. As analises foram realizadas em fevereiro de 2019. O procedimento
de catodoluminescéncia consiste num feixe de luz que atinge a superficie do cristal até uma
certa profundidade de 20um, imageando assim o interior dos cristais de zircdo. Adicionalmente
foi realizado o imageamento com luz refletida para permitir a melhor descricdo das formas e
habitos do zircdo. A escolha dos spots para a analise foi feita baseada na analise destas imagens.

A analise geocronologica dos cristais de zircdo foi executada no espectrdmetro de alta
resolucdo e sensibilidade do laboratério SHRIMP-lle (USP). A metodologia é baseada na
ionizacdo do spot a ser datado no cristal de zircdo por feixe de elétrons de oxigénio. O
espectrometro elimina as razdes interferentes e 1& os is6topos de U e Pb por meio de seus
diversos detectores. O célculo da idade de cada gréo é feito por meio das concentracGes de cada
isétopo e razdes obtidas por comparagdes com padrdes.

A partir de andlise criteriosa das imagens de CL, os sitios (spots) analise geocronolégica
foram previamente selecionados. Focou-se em feicdes como zoneamento oscilatorio para
idades de cristalizagdo, nucleos de xenocristais para testes de zircao herdado, bem como bordas
homogéneas para idades de eventos metamorficos. A aquisi¢do ndo é automatica. O operador
deve posicionar o laser no local certo do spot para poder atirar na amostra e obter os resultados.
Uma norma estabelecida para o bom funcionamento da maquina é a obtencéo sistematizada de
uma idade do padrdo TEMORA2 a cada 4 spots obtidos nas amostras. Outro parametro muito
importante na aquisicio dos dados é a observagdo do valor de Pb?* no detector. Ha valores

especificos adotados pelo laboratdrio para amostras de diferentes idades (Paleoproterozoico:
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até 15%; Neoproterozoico: até 10%). Quando os valores de chumbo comum estdo acima desses
valores, deve-se abortar a andlise para ndao comprometer o bom funcionamento do
espectrometro. Apos a aquisi¢do, a reducdo dos dados resultou nas planilhas finais de dados
com as razdes dos isétopos de U, Th e Pb, suas idades e grau de interrelacdo entre erros. Os

erros reportados estaticamente sdo 1c.

3.8 Geoquimica isotopica Sm-Nd e Sr

As analises geoquimicas isotopicas foram processadas no Laboratorio de Geocronologia
e Isétopos radiogénicos (LAGIR) da UERJ. O p6 das amostras é submetido ao processo de
diluicdo isotdpica em &cidos e solugdes especificas durante tempo controlado.

Os procedimentos quimicos foram feitos em salas limpas usando a destilacao especifica
de acidos Milli-Q® water e PA Merck® (Cardoso et al. 2019). Do tudo de 10g de amostra
pulverizada (item 4.5), entre 25 e 50 mg foram submetidos a digestdo em recipientes Savillex®
em placas quentes, apds a adicdo de quantidades proporcionais de solucdo dupla do tracador
1999m-150Nd. Uma mistura do concentrado de acidos (HF and HNO;s 6N) foi aplicada por trés
dias, seguida por digestdo com &cido HCI 6N por 2 dias. A separagdo do Sr e ETR usou troca
catibnica seguindo técnicas convencionais com colunas Teflon preenchidas com resina
Biorad® AG50W-X8 (100-200 mesh) em meio de HCI. Para a separa¢do quimica de Sm e Nd,
uma coluna secundaria foi usada com resina Eichrom LN-B-25S (50-100 pm). Apoés a
evaporacdo, Sm, Nd e Sr foram separadamente carregados em filamentos de Re previamente
degaseificados em mounts duplos, utilizando o &cido H3sPO4 como ativador da ionizacdo. As
razdes isotopicas (**’Sm/**4Nd, *3Nd/***Nd e 8'Sr/®Sr) foram medidas no espectrometro de
massa de ionizacao termal (técnica: TIMS; marca- ThermoScientific TRITON). Ele possui um
arranjo de oito coletores Faraday no modo estatico. As razdes isotdpicas medidas séo reportadas
com erros padrdes absolutos (26) abaixo de 107°. Elas foram normalizadas respectivamente para
a razdo da constante natural de #6Nd/***Nd = 0,7219, **’Sm/*?Sm = 0,5608 e 88Sr/%Sr =
8,3762. A razdo média **Nd/***Nd ratio de repetidas medidas do JNdi-1 (Tanaka et al. 2000)
foi 0,512098 + 0,000006 (n = 322). A razdo média de 8'Sr/®Sr do padrdo NBS-987 (Wise &
Waters, 2007) foi 0,710239 £ 0,000008 (n = 158). Repetidas analises de materiais de referéncia

vindos do Servico Geoldgico dos Estados Unidos (BCR e AVG) mostraram razdes 14’Sm/***Nd
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com reprodubitidade dentro de 1% (Valeriano et al. 2008). As idades modelos de Nd (Tpwm)
foram calculadas usando o0 modelo de manto empobrecido de DePaolo (1981).

3.9 Andlises isotopicas Lu-Hf

A analise geoquimica isotopica de Lu-Hf em zircdo foi realizada no Laboratério de
Geoquimica Isotdpica da UFOP por meio da metodologia LA-ICP-MS na maquina Neptune. A
analise foi realizada em junho de 2019. Para as anélises isotdpicas de Lu-Hf foram escolhidos
os cristais de zircao referentes a cristalizacdo magmatica que apresentasse maior concordancia
ou estivesse dentro do range de discordancia (-5%<D<+5%). Primeiro, marca-se manualmente
0s spots de Hf dentro dos gréos de zircdo nas imagens digitalizadas do mount.

E aconselhavel colocar um quarto do spot dentro da area previamente datada pela
metodologia U-Pb a fim de obter parametros petrogenéticos relacionados aquela idade
geoldgica.

A aquisi¢do dos dados de Lu-Hf ao contrario da metodologia U-Pb é automatica. Os
padrdes utilizados foram o BB com idade de 560 Ma e razdo 1"®Hf/*""Hf=0.2816713 (Santos et
al. 2017), Mudtank com idade 732 Ma e "®Hf/*""Hf=0.282504, GJ-1 com idade 602 Ma e
176Hf/1"Hf=0.2820000 e Plesovice com idade de 337 Ma e 176Hf/177Hf=0.2820000. A anélise
comeca com 15 analises entre os padrdes visando a calibracdo do espectrémetro de massa, para
depois fazer 30 analises pontuais nos zircGes selecionados (Amostras BP-LM-12, VA-LM-07B
e RPM-570). Apos isso, mais 12 tiros foram dados ns padrdes para mais 45 analises em nossas
amostras (Amostras BP-LM-13, RP-LM-04 e BP-CM-151). A aquisi¢do de dados se encerrou
com mais 12 analises entre padrdes e brancos.

As amostras que receberam mais anélises de Lu-Hf em seus spots foram as amostras
BP-CM-151 e a RP-LM-04 com 15 e 20 analises cada, respectivamente. As amostras restantes

receberam 10 analises cada.
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3.10 Tratamento e integracédo de dados

O tratamento dos dados geoquimicos foi feito no software GCDKit versdo 4.1, com o
intuito de construir diagramas geoquimicos, aplicados a classificacdo dos grupos de rochas,
além da plotagem em diagramas tectdnicos. Para as analises de geoquimica isotdpica (Sm-Nd,
Lu-Hf e Sr), os parametros petrogenéticos (eNd¢), Tom Nd, &Sr/%Sr(i), eHf() e Tom Hf) foram
obtidos por meio de célculos feitos céalculos no programa Excel. Idades modelos (Tom Nd)
foram calculadas usando 0 modelo de manto empobrecido (DePaolo, 1981). As idades modelos
de Towm Hf foram calculadas através do modelo de duplo-estagio em cristais de zircdo, utilizando
as razdes do manto empobrecido de Dhuime et al. (2011).

As analises geocronologicas (U-Pb) foram tratadas conforme o teor de Pb comum
(<0.5%), grau de discordancia com “range” de 5% de margem de erro (-5%<D+5%). Gréos de
zircdo com valores fora deste parametro ndo foram considerados para o célculo de idades
concordantes de sua amostra. Contudo, algumas amostras possuem graos de zircdo com alta
discordancia, sendo necessario o uso de discordias para o calculo de idades de cristalizacdo e
metamorfismo (Interceptos superior e inferior, respectivamente). Outro parametro utilizado no
tratamento dos dados foi a correlagcdo de erros entre as idades individuais. Posteriormente,
utilizou-se o software Isotplot 4.15 para a confec¢édo de diagramas Wetherill-Concordia para as
amostras, bem como célculo de idades concordantes e idades de interceptos superiores e
inferiores da Discordia.

Mapas geoldgicos de campo foram confeccionados com software ArcGis versdo 10.1.
A integracdo de dados geoquimicos foi realizada por meio de diagramas e graficos que foram

confeccionados no software Corel Draw versdo x5.
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4 SINTESE BIBLIOGRAFICA E O ESTADO DA ARTE DO COMPLEXO JUIZ DE
FORA

4.1 Evolucéo do embasamento do Craton S&o Francisco

O Craton Sdo Francisco € uma importante entidade geoldgica da Plataforma
Sulamericana. Ele é uma pequena extensdo do proto Cratén do Congo, no que se trata dos
embasamentos arqueanos e paleoproterozoicos (Trompette, 1994). A sua definigdo como créaton
estd condicionada a sua estabilidade tecténica durante o Neoproterozoico (Almeida, 1977),
periodo dos grandes ciclos orogénicos (Brasiliano-PanAfricano) que culminaram na
amalgamacao do Gondwana Ocidental. O Gltimo evento tecténico que teve papel na construcao
do proto-craton foi o evento Transamazonico, também chamado de Eburneano na parte africana
(2.3-1.9 Ga) no qual episodios orogénicos afetaram os nucleos arqueanos (Bloco Jequié, Gavido
e Guanhaes) e produziram a crosta continental). Nesse periodo na parte norte do Craton S&o
Francisco, o bloco Jequié sofreu a acres¢do de rochas de arco datadas de 2.19 Ga, formando o
orégeno Itabuna-Salvador Curagé (Oliveira et al. 2010). No Sul do Créton, entre 2.1 e 2.0 Ga,
o0s nucleos arqueanos do craton (ex. granitoides Campo Belo, Bonfim, Bacédo e Belo Horizonte)
bem como as sequéncias supracrustais greenstone belts (Ex. Rio das Velhas) sofreram
metamorfismo regional decorrente da acres¢do do Cinturdo Mineiro, Mantiqueira e Juiz de
Fora. Esse evento € chamado localmente de Orogenia acrescionéria Minas (Teixeira et al.
2015).

O nacleo arqueano da parte sul do Craton Sao Francisco é representado por greenstone
belts e complexos metamorficos com rochas gnaissicas de assinatura TTG (Lana et al. 2013,
Noce et al. 1998).

Esses granitoides arqueanos na transicdo do Arqueano ao Paleoproterozoico serviram
de &reas fonte para a deposicdo do Supergrupo Minas (2.58-2.05 Ga). Um conjunto de cinco
sequéncias compde esse Supergrupo e elas refletem diferentes momentos da bacia e da evolugéo
do Créaton S&o Francisco. Sao eles:

a) Grupos Tamandué/Caraca — sedimentos aluviais a marinhos com idade de
deposi¢do minima de 2580 + 7 Ma (Hartmann et al. 2006)
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b) Grupo Itabira — sedimentos marinhos a marinhos rasos, com destaque para 0s
BIF’s da formacdo Caué (2453 + 18 Ma - Cassino (2014)) e os marmores
dolomiticos da Formacéo Gandarela (2419 + 19 Ma — Babinski et al. 1995);

c) Grupo Piracicaba — sedimentos deltaicos recobertos por pelitos marinhos,
arenitos e folhelhos escuros (Heilbron et al. 2017 e referéncias dentro). A
base dessa sequéncia tem deposi¢do minima de 2680 + 24 Ma (Mendes et al.
2014);

d) Grupo Sabara — depdsitos turbiditicos de leque submarino (2125 + 4 Ma —
Machado et al. 1996a), em um regime compressivo com areas fontes sendo
granitoides do Cinturdo Mineiro e embasamentos Riacianos da Faixa Ribeira
e Aracuai (Complexo Mantiqueira e Complexo Juiz de Fora);

e) Grupo Itacolomi — depdsitos aluviais, sin-orogénicos (2058 + 9 Ma: Alkmin
et al. 2014).

4.2 A crosta paleoproterozoica da paleoplaca Sao Francisco

Os ordgenos paleoproterozoicos podem estar inseridos dentro do craton Sao Francisco
(ex. Cinturdo Mineiro e Cinturdo Itabuna-Salvador-Curacd) ou podem ser retrabalhados pela
orogénese Brasiliana e estarem inseridos (coordenadas atuais) como embasamentos das faixas
marginais ao craton Sdo Francisco (ex. Complexo Mantiqueira, Complexo Juiz de Fora,
Complexo Quirino, Complexo Regido dos Lagos — Faixa Ribeira). Além disso, blocos
arqueanos do craton Sao Francisco (ex. paleoplaca Gavido, bloco Porteirinha) apresentam
também episddios magmaticos relativos a orogénese paleoproterozoica entre o Craton S&o
Francisco e Congo.

Os Complexos Mantiqueira, Juiz de Fora, Quirino e Regido dos Lagos em conjunto com
o Cinturdo Mineiro e o Cinturdo Itabuna-Curacgé-Salvador fazem parte de um sistema orogénico
regional riaciano-orosiriano denominado Cinturdo Minas-Bahia (Alkmim e Teixeira, 2017). O

mapa da figura 3 apresenta a compartimentacéo tecténica para o paleocontinente S&o Francisco.
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Figura 3 — Mapa simplificado do paleocontinente S8o Francisco com o0s terrenos de seu
embasamento arqueano a paleoproterozoico aflorantes no craton ou nos seus arredores.
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Fonte: Modificado de Alkmin et al. (1993) pelo autor (2020).

Degler et al. (2018) estudaram terrenos de embasamentos de idade paleoproterozoica
do Sudeste do Brasil com base em geocronologia e geoquimica isotopica (Sm-Nd, Lu-Hf) pode
separar as frentes orogénicas riacianas-orosirianas em trés, por localidade e carater geoguimico:

a) W-ROOS: Sistema Orogénico Riaciano-Orosiriano Oeste — composto pelo
Cinturdo Mineiro, Complexo Mantiqueira, granitoides do Complexo
Porteirinha e do Cinturdo Itabuna-Salvador-Curagj;

b) E-ROOQOS: Sistema Orogénico Riaciano-Orosiriano Leste — composto pelos
Complexos Quirino e Regido dos Lagos e a parte leste do Dominio Orogénico
Bahia. Fazem parte desse sistema também os embasamentos do craton do

Congo e Angola;
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¢) JU-ROOQS: Sistema Orogénico Riaciano-Orosiriano Juvenil — composto
pelos Complexos Juiz de Fora, Pocrane e 0 Complexo Buerarema.

4.2.1 Orégenos Paleoproterozoicos no Craton do Séo Francisco

Nesse topico serdo descritas as unidades de embasamento que possuem idades de seus
episddios magmaticos e dindmicas relacionados ao ciclo orogénico riaciano-orosiriano. Com
isso, os Complexos que serdo descritos abaixo sO possuem idades metamorficas
paleoproterozoicas de suas rochas e estdo inseridas dentro do Craton Séo Francisco.

O Cinturdo Mineiro faz parte do extremo sul do Craton S&o Francisco. E um dominio
geoldgico que aflora diversos plutons de idades entre o Sideriano (2.47 Ga) e o Riaciano (2.12
Ga), sequéncias vulcanossedimentares associadas. O Cinturdo Mineiro é afetado pela
deformacdo e metamorfismo (facies anfibolito) decorrente da orogenia acrescionaria Minas
(Teixeira et al. 2015). Seus plutons séo relacionados a subducgdo, mas mostram diferencas em
suas assinaturas geoquimicas conforme seu tempo de alojamento na crosta. Os plutons
siderianos e 0s do inicio do Riaciano tem caracteristicas TTG e séo juvenis (ex. Cassiterita,
Lagoa Dourada, Resende Costa — Barbosa et al. 2018, Seixas et al. 2012, Teixeira et al. 2015,
Avila et al. 2014), podendo refletir um ambiente de subduccéo raso e quente. Ja os plutons do
Riaciano sdo mais evoluidos e apresentam caracteristicas calcio-alcalinas (Ex. Alto Maranhdo,
Ritapolis — Seixas et al. 2013, Barbosa et al. 2015) que podem significar um aumento no angulo
de subduccdo para gerar esses plutons. Eles sdo as principais areas fontes das sequéncias
vulcanossedimentares, datadas entre 2.35 e 2.10 Ga (Teixeira et al. 2012, Teixeira et al. 2015),
gue se depositaram em contexto de arco intraoceanico (Teixeira et al. 2015). No Cinturdo
Mineiro também aflora rochas do Supergrupo Minas.

O Cinturdo Itabuna-Salvador-Curaca foi formado pela colisdo dos blocos arqueanos:
bloco homénimo ao cinturdo formado (ltabuna-Salvador-Curagd), Serrinha, Gavido, Jequié
(Peucat et al. 2011). Esse cinturdo tem orientagédo praticamente N-S se localizando no Norte do
Craton entre os blocos Gavido, Jequié e Serrinha. Seu embasamento é composto por granulitos
charnockiticos neoarqueanos (2.8-2.7 — Silva et al. 2002). Episodios magmaticos posteriores
como suite tonaliticas e charnockiticas Riacianas (2.25 Ga e 2.1 Ga) ocorrem (D’el-Rey Silva
et al. 2007; Silva et al. 2002; Barbosa et al. 2008). Ocorre ainda platons sin a tardi-colisionais

alcalinos sieniticos em 2.08 Ga (ex. Itiuba - Oliveira et al. 2004a, b; Conceicéo et al. 2003).
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Todo esse conjunto de rochas foi metamorfisado em fécies granulito no fim do Riaciano (2.07
Ga — Oliveira et al. 2010; Peucat et al. 2011) com a coliséo dos blocos arqueanos supracitados.

O dominio orogénico do Leste da Bahia, antigamente conhecido como Cinturdo
Salvador Esplanada, possui ortognaisses graniticos a tonaliticos calcio-alcalinos migmatizados,
com seus protélitos datados em 2.9 Ga (Silva et al. 2002). H& também anfibolitos e corpos
graniticos com tendéncia alcalina no Cinturdo (Delgado et al. 2002). Esses plutons graniticos
datam de 2064 Ma e marcam o episodio tardi-pds colisional (Souza-Oliveira et al. 2014)
correlacionavel ao Cinturdo Itabuna-Salvador-Curaca.

O Complexo Ibicarai-Buerarema aflora localmente no Cinturdo Itabuna-Salvador-
Curac4, ndo estando, portanto, representado na escala do mapa da figura 3. Ele é constituido
por ortogranulitos de composi¢do variada e foi previamente proposto por Arcanjo (1997). O
Complexo Buerarema, como definido por Silva et al. (2002), é também referido como o0s
granulitos tonalitos-trondhjemitos com enclaves méaficos apresentando granada (granulitos TT1
— Peucat et al. 2011). Esses granulitos tem seus protdlitos interpretados como de arco
magmatico e datados entre 2191 e 2069 Ma (Silva et al., 2002a, Silva, 2006, Peucat et al.,
2011). Seu carater juvenil é atestado pela auséncia de zircdes herdados e assinaturas

petrogenéticas (Sm-Nd) pouco evoluida (Peucat et al. 2011).

4.2.2 ManifestacOes magmaticas paleoproterozoicas em blocos argueanos do Craton Sao

Francisco

Essas manifestacfes magmaticas também encontram-se dentro do craton Sdo Francisco,
mas intrudem os blocos arqueanos pré-existentes (ex. Bloco Gavido, Bloco Serrinha e
Complexo Porteirinha). Os platons paleoproterozoicos encontrados nesses blocos arqueanos
tem relacdo com a evolucdo tecténica do Cinturdo Minas-Bahia, com plutons pré, sin a pos-
colisionais datados ao longo do Paleoproterozoico.

Os blocos Gavido e Serrinha tiveram suas margens continentais arqueanas intrudidas
por magmatismo calcio-alcalino (estagio pré-colisional de arco— Barbosa et al. 2017) durante
0 Riaciano (bloco Gavido: 2320 a 2125 Ma — Santos Pinto et al. 1998; Guimarées, 2005; bloco
Serrinha: 2165 a 2127 Ma — Rios et al. 2000). No fim do Riaciano, por volta de 2100 Ma,
ocorreu a colagem desses blocos e a ocorréncia de magmatismo granitico sin-colisional,

(Teixeira, 2005; Rios et al. 2000). Por fim, com o colapso orogénico do Cinturdo Itabuna-


https://www-sciencedirect.ez83.periodicos.capes.gov.br/science/article/pii/S0301926817305193#b0410
https://www-sciencedirect.ez83.periodicos.capes.gov.br/science/article/pii/S0301926817305193#b0400
https://www-sciencedirect.ez83.periodicos.capes.gov.br/science/article/pii/S0301926817305193#b0350
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Salvador-Curaga, o bloco Gavido registra episddios magmaticos representados por plutons
alcalinos entre 2050 e 1969 Ma (Rosa, 1999; Rudowski, 1989; Cruz et al. 2016).

O Complexo Porteirinha se localiza na parte leste do craton Séo Francisco, ocorrendo
como um dos embasamentos da Faixa Aracuai. Nele afloram gnaisses de idades variadas. O
Complexo Porteirinha possui gnaisses paleoarqueanos com assinaturas TTG (33716 Ma —
Silva et al. 2016) metamorfisados no Mesoarqueano (3145+24 Ma) e retrabalhado pela
orogénese Brasiliana (69885 Ma — Silva et al. 2016). Esse Complexo representa assim, uma
extensdo do nucleo arqueano craton Sdo Francisco, retrabalhado no Neoproterozoico. Além
disso, platons neoarqueanos, riacianos e orosirianos sdo observados intrudindo o Complexo
TTG supracitado (Silva et al. 2016). Exemplos sdo o pliton Riaciano (2140+14 Ma — Silva et
al. 2016), um leucogranito gnaisse de natureza sin-colisional (ex. Cérrego Tingui) e o pldton

Paciéncia (203918 Ma), este ultimo fazendo parte de uma suite alcalina p6s-colisional.

4.2.3 Porcoes do orégeno paleoproterozoico nas faixas neoproterozodicas

Algumas unidades paleoproterozoicas relacionadas a orogénese paleoproterozoica
encontram-se fora do craton S&o Francisco, sendo submetidas a retrabalhamento
Neoproterozoico e aflorando, portanto, nas faixas mdveis marginais ao craton Sdo Francisco
(Ribeira, Araguai e Brasilia). Estas unidades séo representadas pelos Complexos Mantiqueira,
Juiz de Fora (objeto do presente estudo), Quirino, Regido dos Lagos.

O Complexo Mantiqueira ocorre a sul do Sul do Craton S&o Francisco, como
embasamento da Faixa Ribeira e Aracuai (Noce et al. 2007; Silva et al. 2002; Heilbron et al.
2010). Mais especificamente, é o embasamento da escama de empurrdo superior (Dominio
Andrelandia), no Terreno Ocidental da Faixa Ribeira, que corresponde a margem retrabalhada
do craton S&o Francisco (Heilbron et al. 2010). Afloram nesse complexo ortognaisses contendo
camadas de anfibolitos e lentes de metaultraméaficas (Heilbron et al. 2017; Noce et al. 2007).
Seus protélitos sdo do Riaciano (Heilbron et al. 1998, 2010; Noce et al. 2007; Duarte et al.
2000, 2004). Ele é interpretado como um arco de margem continental ativa paleoproterozoica
com assinatura crustal arqueana (substrato arqueano de 2700-2600 Ma: Heilbron et al. 2017)
por conta de gréos de zircdo herdados (Heilbron et al., 2010) e parametros petrogenéticos Sm-
Nd (Noce et al. 2007). O Complexo Mantiqueira registra um evento metamérfico de alto grau
no fim do Riaciano/ Orosiriano (ca. 2080 — 1940 Ma) (Jordt-Evangelista et al., 1994; Heilbron
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et al., 2010; Barbosa et al., 2004; Cutts et al., 2018) e metamorfismo de facies anfibolito no
Brasiliano (Silva et al., 2002; Duarte et al., 2005; Noce et al., 2007; Heilbron et al., 2010; Cutts
etal., 2018).

O Complexo Quirino faz parte do embasamento do Terreno Paraiba do Sul da Faixa
Ribeira Central (Heilbron et al. 2004a). Se trata de hornblenda-biotita gnaisses tonaliticos com
enclaves méficos e ultraméficos (Machado et al. 1996). Seus protdlitos, classificados em duas
séries calcio-alcalinas (médio e Alto K) sdo datados entre 2185 + 8 Ma e 2169 + 3 Ma
(Valladares et al. 2002), possuindo cristais de zircdo herdado meso- a neoarqueanos (2900-
2800 Ma — Valladares et al. 1997; Machado et al. 1996). Os parametros petrogenéticos de Nd
desse embasamento remete a fontes juvenis no paleoproterozoico e fusdo de crosta arqueana
como mecanismo petrogenéticos para a génese dos protolitos do Complexo Quirino (Valladares
et al. 2002). O Complexo Quirino foi metamorfisado em facies anfibolito no Neoproterozoico
(Valladares et al. 2002).

O Complexo Regido dos Lagos é o embasamento do Dominio Tecténico Cabo Frio, que
representa um terreno amalgamado na construcdo da Faixa Ribeira Central (Schimitt et al.
2004). Esse complexo possui ortognaisses tonaliticos a sienograniticos com enclaves
microgranulares maficos bem como camadas de anfibolitos, diques e outras rochas maficas
(Schmitt et al. 2008). O Complexo Regido dos Lagos tem seus protélitos datados entre 2000 e
1960 Ma (Zimbres et al. 1990; Schimitt et al. 2004; Fonseca, 1993; Schimitt et al. 2008) e
registra seu evento metamarfico em facies anfibolito no eo-Cambriano entre 530 e 525 Ma
(Schimitt et al. 2002).

O Complexo Pocrane faz parte do embasamento da Faixa Araguai. Sua constituicdo
litolégica é representada por ortognaisses bandados, laminados e migmatizados com
intercalacdo de anfibolitos e rochas metassedimentares (Novo, 2013). Os protélitos desses
ortognaisses sdo datados entre 2184 e 2068 Ma (Degler et al. 2018) e seu metamorfismo em
facies anfibolito € brasiliano (609 + 3 Ma — Degler et al. 2018). Ele foi interpretado como um
equivalente em difente nivel crustal (crosta média) do Complexo Juiz de Fora no
paleoproterozoico (Degler et al. 2018).

O Complexo Juiz de Fora faz parte das unidades dos embasamentos do Terreno
Ocidental da Faixa Ribeira, assim como o Complexo Mantiqueira. Se encontra no dominio Juiz
de Fora, a escama de empurrédo basal do Terreno Ocidental, formada na orogénese brasiliana.
E também reconhecido como uma unidade do embasamento da Faixa Aracuai (Noce et al.
2007). O complexo engloba rochas ortogranuliticas paleoproterozoicas (<1,8 Ga) que se

encontram intercaladas tectonicamente com rochas metassedimentares da parte distal do grupo
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Andreléndia. Seus protdlitos tem idades variando de 2400 a 1650 Ma (Heilbron et al. 2010;
Noce et al. 2007; Degler et al. 2018; Kuribara et al. 2019). A superposicao brasiliana, esta
representada pelo metamorfismo de facies granulito associado a internsa deformacdo e
milonitizacdo dos protdlitos (Heilbron et al. 2010; Noce et al. 2007; Degler et al. 2018;
Kuribara et al. 2019).

4.3 Estado da Arte do Complexo Juiz de Fora

O Complexo Juiz de Fora aflora entre cidades do Sul do Rio de Janeiro ao Leste de
Minas Gerais, passando pelo Oeste do Espirito Santo. E, portanto, uma unidade litolégica
importante da Faixa Ribeira, por sua distribuicdo regional ampla e por ser peca chave de
correlagdo com o embasamento da Faixa Araguai. Porém, seu conhecimento geoldgico evoluiu
muito durante os Gltimos 60 anos e mudancas no sentido de sua classificacdo, interpretacéo
tectdnica e geoquimica foram promovidas mediante o avanco de técnicas geocronoldgicas. Sera

abordada aqui uma breve sintese do Complexo Juiz de Fora.

4.2.4 Denominac0es e correlatos

A definicdo do Complexo Juiz de Fora mudou muito, sendo primeiramente definida
como Série Juiz de Fora para protolitos sedimentares (Ebert, 1955, 1957) e depois integrada
com a série Paraiba do Sul (Ebert, 1968). Tentativas de subdivisdes a partir de analises
geoquimicas e texturais (Oliveira, 1983) ndo se sucederam. A série Valenca que abarcava
granulitos semelhantes a Série Juiz de Fora foi desmembrada e sua parte de gnaisses e
migmatitos com intercalacbes supracrustais foi correlacionada a Série Paraiba de Sul
(Machado, 1984, 1986). Figueiredo et al. (1989, 1990), Campos Neto e Figueiredo (1990),
Figueiredo (1990), Figueiredo & Campos-Neto (1993) descreveram o Complexo Juiz de Fora,
no norte fluminense, como sendo composto por ortogranulitos migmatiticos com gnaisses e
migmatitos cinzentos subordinados. Diatexitos graniticos peraluminosos (tipo-S) também
faziam parte do complexo. Heilbron (1993, 1995) utilizou a designacdo Complexo Juiz de Fora

para englobar ortognaisses e metabasitos com paragéneses da facies granulito, que localmente
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mostram evidéncias de evento metamérfico retrogrado, com formacédo de hornblenda e biotita
a partir de piroxénios. Os metassedimentos intercalados tectonicamente com os ortogranulitos
foram correlacionados com as unidades distais da Megassequéncia Andrelandia. A
denominacdo Complexo Juiz de Fora ficou restrita entdo, as unidades ortoderivadas integrantes
do embasamento (idade > 1,8 Ga). Neste trabalho essa Gltima classificagdo sera adotada. Rochas
metabasicas com idades estaterianas ja foram descritas no Complexo Juiz de Fora, mas séo
intrusivas em escalas ndo mapeéaveis para serem submetidas a nomenclatura.

A suite Capara0d € composta por granulitos charnockiticos que afloram em uma janela
do embasamento do Orégeno Araguai com intercalagdo tecténica com paragnaisses de alto grau
(Silva et al. 2002). Possui também algumas intercalac@es de granulitos méficos. Seus protdlitos
datam de 2195 + 15 Ma e seu metamorfismo em facies granulito é brasiliano (587+9 Ma — Silva
et al. 2002). Junto com o Complexo Pocrane, eles foram correlacionados ao Complexo Juiz de
Fora. A suite Caparad no mesmo nivel crustal inferior, enquanto o Complexo Pocrane em crosta
média (Degler et al. 2018).

4.2.5 Geoquimica Elementar

Heilbron (1993, 1995) individualizou duas suites béasicas (uma toleitica e outra
transicional) e trés suites calcio-alcalinas (de alto, médio e baixo K) para os ortogranulitos do
Complexo Juiz de Fora, na regido entre Rio Preto e Valenca (RJ). Posteriormente, incorporando
os dados de Duarte et al. (1997) e Heilbron et al. (1988), os autores apresentaram uma
subdivisdo geoquimica simplificada em quatro conjuntos: duas suites calcio-alcalinas e duas
suites de rochas basicas. As duas primeiras, com assinatura de arcos magmaticos cordilheiranos
e granitos colisionais, indicando ambiente tectdbnico compressivo. Ja a suite basica alcalina
apresentou assinatura de ambiente intraplaca, enquanto a segunda, toleitica, mais heterogénea
e formada por rochas béasicas com assinaturas que variam de E-MORB (basalto oceéanico
enriquecido em elementos incompativeis) a toleiitos de arco (IAT).

Valente (1999) e Duarte et al. (2001b, 2002) concluiram que, as rochas basicas
toleiiticas possuem distintas fontes mantélicas (N-MORB, E-MORB e intracontinental) e, que
hd no minimo duas suites calcio-alcalinas, sendo que uma é hetergénea e ndo cogenética,
enquanto a outra é formada por rochas intermediarias a acidas cogenéticas evoluidas por

processo de cristalizagao fracionada.
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Araujo et al. (2019) propuseram para os ortogranulitos félsicos da regido entre Valenca
e Nossa Senhora do Amparo 4 suites calcio-alcalinas baseado nos seus padrdes de elementos
Terras raras aliados a geogquimica isotopica (Sm-Nd, Sr). Além disso, as rochas béasicas foram
também separadas em 3 suites toleiticas e 1 alcalina, também por esses parametros
geoquimicos. As série célcio-alcalinas foram associadas a ambientes compressivos (pré-
colisional & pos-colisional) e duas das séries toleiticas sdo relacionadas a ambientes distensivos,

uma a compressivo e a suite alcalina a ambiente intraplaca.

4.2.6 Geocronologia isotopica (U-Pb) — Idades de cristalizacdo

Diversos autores dataram os ortogranulitos do Complexo Juiz de Fora por grdos de
zircdo na metodologia U-Pb. As idades dos protolitos do CJF chegam 2.4 Ga a 1.65 Ga (Noce
et al. 2007, Heilbron et al. 2010; Degler et al. 2018; Kuribara et al. 2019). A maioria das idades
do CJF estdo entre 2.20 e 2.05 Ga e se referem aos granulitos intermediarios calcio-alcalinos
com assinatura de arco vulcanico do Complexo. Isécronas de referéncia Rb-Sr revelaram
periodos mais velhos (idades entre 2.65 e 2.25 Ga) reforcaram nos ortogranulitos do Complexo
Juiz de Fora entre as cidades de Juiz de Fora e Carangola-MG (Delhal et al. 1969; Cordani et
al. 1973). Na cidade de Juiz de Fora foi reportado um granulito enderbitico de idade arqueana
(2.98 Ga) com metamorfismo também mesoarqueano (2.8 Ga — Silva et al. 2002). A idade de
2.4 Ga se refere a um granulito méafico E-MORB na cidade de Itaperuna-RJ (Heilbron et al.
2010), interpretado como fragmento da crosta oceéanica. Ja as rochas de 1.7-1.65 Ga foram
datadas nas cidades de Itaperuna e Valenca-RJ (Heilbron et al. 2010) e representam idades de
granulitos maficos a intermediarios de assinatura intra-placa.

Na cidade de Mangaratiba, ortogranulitos outrora incluidos no Complexo Juiz de Fora
foram estudados por André et al. (2018) e revelaram heranca arqueana (2.6 Ga) e idade riaciana
(2.1 Ga). As idades radiométricas K-Ar obtidas em piroxénios ou plagioclasios tem range de
1570 a 1220 Ma (Delhal et al. 1969; Cordani et al. 1973), ndo tendo nenhuma significancia
geoldgica ou podendo ser uma idade de mistura entre a cristalizagdo paleoproterozoica e o

metamorfismo brasiliano.
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4.2.7 Geoquimica isotépica (Sm-Nd, Lu-Hf)

Os dados do Complexo Juiz de Fora previamente publicados mostram idades modelo
Towm Nd Siderianas a Riacianas (2.37 - 2.03 Ga — Degler et al. 2018; Fischel et al. 1998, André
et al. 2009) com eNd() fracamente negativos, caracteristicos de magmas moderadamente
juvenis de fontes fundidas no Paleoproterozoico. Porém, idades modelos arqueanas (2.62-2.53
Ga) reportadas em Uba-MG (Noce et al. 2007) e em Ipiabas-RJ (Araujo et al. 2019) indicam
contribuicdo arqueana na génese dos protélitos do Complexo Juiz de Fora, em coeréncia
portanto as as idades U-Pb em zircdes herdados. As idades modelos Tpm Hf em zircdo mostram
resultados entre 3.45 e 2.26 Ga com uma grande concentracdo nos periodos Sideriano e
Riaciano (Degler et al. 2018; Kuribara et al. 2019). Os parametros petrogenéticos eHf(t) S&0
quase todos fracamente positivos, 0 que aponta para uma fonte mantélica paleoproterozoica na
génese das rochas do Complexo Juiz de Fora (Degler et al. 2018; Kuribara et al. 2019).

Todo o conhecimento geocronoldgico (U-Pb, Rb-Sr e K-Ar) bem como todos o0s
parametros petrogenéticos (Sm-Nd e Lu-Hf) do Complexo Juiz de Fora esta sintetizado em
Araujo et al. (2019).

4.2.8 Modelos geotectdnicos

Noce et al. (2007) interpretam que o Complexo Juiz de Fora evoluiu em um contexto
de arco magmatico oceanico, ou em uma crosta continental estirada, entre 2195 e 2084 Ma.
Esse arco magmatico océanico foi interpretado com polaridade de subducc¢édo para oeste, para
seguir a polaridade do arco Mantiqueira instalado na margem arqueana do Craton S&o Francisco
no Riaciano.

Heilbron et al. (2010) sugeriram que o Complexo Juiz de Fora foi originado em um
ambiente de arco de ilha intraoceanico, na parte distal da margem arqueana do paleocontinente
Sédo Francisco. Ele foi posteriormente acrescionado aos arcos Mantiqueira e Mineiro, durante o
evento transamazoénico. A polaridade da subducéo (de oeste para leste) foi justificada pela
distribuicdo geoquimica das rochas de arco, com rochas de maior teor de K-O a leste, bem como

sua progressiva idade mais nova para leste. Nesta concepgéo, o0 Complexo Juiz de Fora, faria
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parte (junto com outros complexos de rochas) entdo, da margem retrabalhada a sul do
paleocontinente S&o Francisco, hoje representado pelo Terreno Ocidental da Faixa Ribeira.
Alternativamente, Kuribara et al. (2019) interpretaram que o Complexo Juiz de Fora é
um sistema de arcos magmaticos vulcancicos com dois episodios de geracdo de magma juvenil
(Sideriano e Orosiriano). Esses magmas teriam sido gerados por fusdo de um microcontinente
arqueano (~3.45 Ga). Um outro periodo de reciclagem crustal foi proposto por Kuribara et al.
(2019) em um magmatismo de arco continental no final do Neoproterozoico. Cutts et al. (2019)
discutiram que parece desnecessario criar 0 modelo geotectdnico de um microcontinente
arqueano como parte do Complexo Juiz de Fora, ja que as idades modelos Tom Hf obtidas por
Kuribara et al. (2019) podem ser explicadas como sedimentos de areas fontes arqueanas do

craton (zircdo detritico) que foi posteriormente subductado no arco juvenil Sideriano.

4.2.9 Evolucdo tectono-metamorfica

Segundo Duarte (1988) e Duarte & Heilbron (1999) dois pulsos metamorficos,
denominados M1 e M2, afetaram as rochas do Complexo Juiz de Fora. O metamorfismo M1,
com pico térmico entre 800° e 895°C, esta registrado em todas as rochas do Complexo Juiz de
Fora e foi responsavel pela formacdo de paragéneses diagnosticas da facies granulito
(ortopiroxénio + plagioclasio * clinopiroxénio = hornblenda), em arranjo granoblastico
claramente anterior a formacdo da foliacdo milonitica relacionada a Orogénese Brasiliana.
Condicdes de pressao baixa a intermediaria, sdo evidenciadas pela composi¢do quimica das
hornblendas. Segundo os autores, M1 representaria um metamorfismo passivo proveniente de
aquecimento e da atuacdo de fluidos carbonicos liberados durante evento extensional por
magma basaltico na base da crosta. Foi proposta uma Trajet6ria P-T-t anti-horéria para M1. Ja
0 evento metamorfico M2, de carater retrogrado, apresenta contemporaneidade com a
deformacéo principal, pois sua paragénese se desenvolveu na foliacao principal. Os cristais de
opx e cpx dédo lugar a hornblenda, biotita e granada nos ortogranulitos. O retrometamorfismo
ocorreria pela entrada de agua no sistema previamente desidratado. A contemporaneidade da
deformacéo principal e M2 ndo esta expressa nos paragnaisses intercalados, ja que estes
apresentaram apenas evidéncias de desidratacdo. Condic¢des de temperatura e pressao puderam
ser aferidas a partir de dados de campo, petrograficos e de quimica mineral, indicando que M2

evoluiu sob condigdes de T > 700°-750°C e P entre 6 e 7 kb. Um modelo de empilhamento de
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escamas de empurrdo mais quentes sobre escamas mais frias foi proposto e com isso, 0s
paragnaisses desisdratariam enquanto os ortogranulitos se hidratariam. Uma trajetoria P-T-t
horéria foi proposta baseada nesse modelo. Posteriormente, com base nas idades U-Pb obtidas,
verificou-se que a idade do metamorfismo M1 também era brasiliana.

O metamorfismo granulitico brasiliano é observado em quase todas as anélises
geocronoldgicas (U-Pb) do CJF (Silva et al. 2002; Machado et al. 1996; Noce et al. 2007,
Heilbron et al. 2010; Kuribara et al. 2019; Degler et al. 2018). Ele apresenta um intervalo
temporal entre 620 e 520 Ma, sendo consistente com idades K-Ar em biotitas e anfibolios
publicadas (Delhal et al. 1969; Cordani et al. 1973). Além disso, idades isdcronas minerais (600
a 496 Ma) corroboram para o fato do retrabalhamento brasiliano do Complexo (Delhal et al.
1969; Cordani et al. 1973).
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5 RESULTADOS

5.1 Introducao

Os resultados dos dados gerados durante o estudo incluiram novos dados de campo com
coleta de amostras para estudos petrograficos, para a obtencdo de 28 novas analises de
geoquimica elementar e isotopica (Sm-Nd e Sr), aléem de analises geocronolégicas (U-Pb
SHRIMP) e de is6topos de Lu-Hf em zircdo, obtidas em 6 amostras escolhidas por seus
atributos geoquimicos elementares e isotdpicos. Os dados referentes a geologia local, as
analises geoquimicas e isotdpicas de Nd e Sr foram incluidas no artigo cientifico
“Lithogeochemistry and Nd-Sr isotope constrains of orthogranulites of the Juiz de Fora
complex, SE-Brazil: insights on a hidden Rhyacian Orogen within the Neoproterozoic Ribeira
belt" que foi publicado na revista Brazilian Journal of Geology (doi: 10.1590/2317-
4889201920190007). Estes resultados estdo incluidos no item 5.2, no formato de artigo
publicado. Ja as andlises geocronoldgicas U-Pb e isotopicas de Lu-Hf, fazem parte do
manuscrito a ser submetido para a Geoscience Frontiers na edicdo especial de Evolugdo
Tectdnica da América do Sul, sendo reportados adiante no item 5.3. O item 5.4 apresenta 0s
dados geocronoldgicos (U-Pb) e isotdpicos (Lu-Hf) de uma rocha granitica com assinatura
totalmente contrastante com o ciclo orogénico Paleoproterozoico bem como suas discussdes e

correlag@es regionais.

5.2 Artigo publicado na Brazilian Journal of Geology

Os dados geoquimicos e geoquimica isotopica para Sm-Nd e Sr estdo apresentados no

Apéndice A (p.68), no formato do artigo publicado em 2019 pela Brazilian Journal of Geology.
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5.3 Pré-publicagdo na Precambrian Research

Estes novos dados estdo apresentados, no Apéndice B (p.88), no formato de pré-
publicacdo de um artigo cientifico. A submissdo desse manuscrito esta prevista para o final de
junho de 2020 para a revista cientifica Precambrian Research.

5.4 Granito anorogénico no Complexo Juiz de Fora

A amostra RPM-570 esta representada por um granulito charnockitico leucocratico
(Figura 4a,b), foliado com evidéncias pontuais de migmatizagdo no afloramento coletado. O
protélito desse granulito € granitico com assinatura intraplaca, apresentando enriquecimento de
ETR leves e marcante anomalia negativa de Eu (Figura 4c). Mais informacgfes geoquimicas
podem ser encontradas no artigo apesentado no item 6.2. Os cristais de zircao sdo translucidos
e sao geralmente de cor marrom clara, apresentando algumas inclusées. Eles sdo subédricos a
euédricos, prismaticos com bordas subarredondadas, variando de tamanho de 155 & 300 pum e
razdo comprimento/largura de 2:1 and 5:1. A grande maioria dos cristais de zircao apresentam
um fino zoneamento oscilatorio, mas zoneamento em setor e nucleos homogéneos também
foram observados. Bordas arredondadas e convolutes também foram notadas e apresentam
baixa razdo Th/U (<0.11), relacionada provavelmente a recristalizacdo metamorfica. Treze
analises dentro dos dominios de zoneamento oscilatorio foram feitas e mostram variaveis raz6es
de Th/U (0,49 e 1,43; Tabela A1 — Apéndice C). Trés dessas analises estdo fora do limite de
discordancia aceitavel (-5%<D<+5%), indicando perda de Pb. Os dados permitiram o calculo
de uma idade concordante de 1781 + 10 Ma (Figura 5) com moderado MSWD (4.6). Essa idade
é interpretada como a idade de cristalizacdo do protélito desse granulito. A media ponderada
de idades 2"Pb/?%Pb é de 1776 + 14 Ma (Figura 21) e robustece essa interpretacdo. Usando
todos os cristais de zircdo (magmaticos e metamorficos), foi obtida uma linha Discordia com
intercepto superior de 1767 + 12 Ma e intercepto inferior de 604 £ 11 Ma (Figura 5), que
refletem respectivamente a cristalizacdo magmatica e o sobrecrescimento metamorfico. As
idades modelo de Hf (Tpm Hf) (Tabela A2 — Apéndice C) variam de 2.88 a 2.4 Ga com valores
de eHf(y fortemente negativos, entre -5 a -17,8 (Figuras 6 e 7). Seu Tpom Nd é de 2.39 Ga. A

razdo inicial 8’Sr/%Sr remete & alguma perturbacgio no sistema isotopico Rb-Sr. Esses dados
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coligidos se referem a uma fonte crustal sideriana com intensa contaminagdo crustal no
momento de seu alojamento (Estateriano).

O episodio estateriano intraplaca reportado nesse trabalho apresenta correlacao
temporal com o granulito basico alcalino (amostra CJE-44: 1765+34 Ma — Heilbron et al. 2010)
datado em uma pedreira na propria area de estudo (Conservatéria-RJ). Na regido de Juiz de
Fora, esse episddio magmatico também foi encontrado para rochas do CJF em um granulito
charnockitico com idade de 1656 Ma (Heilbron et al., 2010). Isso reforca, que esse episodio
magmatico foi bimodal, caracteristico de riftes intracontinentais.

Esse episodio magmatico félsico pode ser correlacionado com o0s metagranitos
anorogénicos da suite Borrachudos, Catolé e Lagoa Real no bloco Guanhédes, Dominio
Espinhaco Central e Norte (Magalhaes et al. 2018 e referéncias dentro). Essas ocorréncias tém
range de idades entre 1790 e 1700 Ma e estdo relacionadas ao processo de rifteamento do Craton
Sdo Francisco. Os dados de Lu-Hf de metavulcanicas estaterianas do bloco Guanhaes pode ser
correlacionado aos dados da amostra RPM-570 (Figura 7), com eHf(t) em zircdo bem negativos,

fruto do magmatismo intraplaca com grande contaminacao crustal sofrida por esses magmas.
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Figura 4 — Fotos em escala de afloramento (a), de amostra de méo (b) e assinatura ETR do granulito

charnockitico leucocratico (amostra RPM-570).
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Fonte: O autor, 2020.
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Figura 5 — Diagrama Wetherill Concordia com célculo de idade concordante e média ponderada de
idades 2Ph/?’Ph para o granulito charnockitico leucocratico (RPM-570) do CJF na area

de estudo.
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Figura 6 — Prancha com todos os grdos de zircdo da amostra RPM-570 utilizados para célculo de
idade concordante de cristalizacdo e analises Hf pontuais, além de algumas informacdes
petrogenéticas dos sistemas Sm-Nd e Sr-Sr com a idade de cristalizagdo U-Pb obtida para

essa amostra.
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Figura 7- Correlagdo dos pardmetros petrogenéticos eHf e Tpm Hf com a amostra estateriana da area de estudo
(RPM-570) com anfibolitos e metariolitos relativos ao magmatismo intraplaca do Bloco Guanhaes (1.74

Ga).
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CONSIDERACOES FINAIS

O Complexo Juiz de Fora € uma unidade geoldgica que apresenta uma grande variacao
composicional, geocronoldgica e isotdpica. Portanto, a pesquisa cientifica no Complexo Juiz
de Fora deve ser a mais multidisciplinar possivel, incluindo correlagdes regionais.

A coleta de amostras foi feita a partir de analises geoquimicas elementares e isotdpicas
prévias, 0 que otimizou muito a pesquisa cientifica. A quantidade de informacdes geoldgicas
retiradas em seis amostras foi marcante e auxiliou muito na evolugdo do Complexo Juiz de Fora
durante todo o Paleoproterozoico.

Integrando-se as ferramentas geoquimicas isotdpicas e elementares com as idades
geocronoldgicas que os dois artigos trazem, € claro que o ciclo orogénico Paleoproterozoico
reuniu suites relacionadas a subduccao tanto sideriana (grupo LK), quanto riaciana (grupo Ca3a,
sanukitoides e TTG). H& também algumas suites sem idades estabelecidas na literatura que
foram interpretadas pelos parametros petrogenéticos e geoquimicos delas. Sdo elas: os
adaquitos de alta silica, que seriam resultado da fusdo de crosta inferior sobrespessada; e 0s
outros granitoides de alto Ba-Sr que seriam produto de um magmatismo de médio K tardi a
pos-colisional, bem reconhecido em outras unidades de embasamento que participaram do ciclo
orogénico Paleoproterozoico.

Uma contribuicdo importante é o estudo de correlacdo regional no tocante o sistema
orogénico Paleoproterozoico Minas-Bahia. As manifestacdes magmaticas do Sideriano (de
2450 a 2350 Ma) foram reportadas mais no Sul do Craton S&o Francisco, com episodios mais
primitivos (juvenis) no Cinturdo Mineiro e no Complexo Juiz de Fora. Tal episédio magmatico
ndo foi reportado nos trabalhos mais recentes no Complexo Mantiqueira e Bloco Piedade. Ja o
episédio de arco no Riaciano (2200 a 2100 Ma) é bem disseminado em todo o ordgeno,
juntamente com o evento colisional (metamorfismo granulitico entre 2080 e 2050 Ma). Os
granitos sin-colisionais (2060 a 2050 Ma) na parte Norte sdo mais recorrentes que na regiao sul
assim como 0 magmatismo tardi a pds-colisional (<2020 Ga).

Quanto as correlagBes desse ciclo paleoproterozoico na contraparte oeste africana,
apesar da falta de dados geocronoldgicos e geoquimicos, uma diferenca marcante € o
magmatismo sideriano, apenas encontrado no lado brasileiro. O embasamento Kimeziano na
regido do Congo parece se correlacionar com o Complexo Juiz de Fora no range de idades
riacianas e também pelas presencas de grdos de zircdo juvenis, se configurando como uma

grande linha de pesquisa futura na correlago riaciana entre Brasil e Africa.
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geocronolégico e geoquimico isotopico dessa dissertacdo retne evidéncias

locais sobre o Complexo Juiz de Fora e que podem ser sumarizadas nos topicos abaixo:

a)

O arco Juiz de Fora foi um arco de grande amplitude temporal, com pelo
menos 3 episddios magmaticos gerados ao longo do Sideriano e Riaciano. O
Complexo Juiz de Fora na area de estudo possui protolitos dioriticos
siderianos de arco, fato inédito na literatura. Esse magmatismo é juvenil a

moderadamente juvenil e a contribui¢do arqueana € pouco frequente;

b) O episdédio magmatico de arco datado do Riaciano é moderadamente juvenil

c)

a evoluido. A contribuicéo arqueana é clara nessas amostras e se relaciona ao
input de cristais de zircdo detriticos arqueanos nas fontes juvenis. Baseado
nas assinaturas de Lu-Hf, as amostras riacianas do Complexo Juiz de Fora na
area de estudo ndo sdo tao juvenis se comparado a outras ocorréncias do CJF
a norte;

A contribuicdo crustal arqueana a partir de dados Lu-Hf é nitida em todas as
amostras, enquanto no sistema Sm-Nd essa contribuicdo € timida. Esse
decoupling entre os sistemas Sm-Nd e Lu-Hf se configura uma linha de
pesquisa futura para o Complexo Juiz de Fora, j& que um substrato arqueano
para 0 Juiz de Fora deve ser investigado nessa unidade. Grdos de zircdo
herdado de até 2.52 Ga reportados nesse trabalho ndo sdo conclusivos;

d) Os granitoides do Complexo Juiz de Fora possuem pelo menos 3 suites

f)

magmaticas calcio-alcalinas, registradas pelos eventos magmaticos de arco
riaciano entre 2.2 e 2.1 Ga (1-platons TTG; 2- sanukitdides; 3- grupo Ca3a),
uma suite composta por adakitos de alta silica (p6s 2.09 Ga) e outra de
granitoides de alto Ba-Sr pos-colisionais (possivelmente posteriores a 2.0
Ga). Além disso, ha um episadio granitico intra-placa no Estateriano marcado
por granitos anorogénicos;

Ha pelo menos trés séries magmaticas toleiticas no Complexo Juiz de Fora:
uma sideriana juvenil (gabros e dioritos toleiticos de ca. 2.44-2.42 Ga) e outra
riaciana também juvenil (ca. 2.13 Ga) e outra de assinatura E-MORB
relacionado possivelmente relacionada a extensdo Meso-Neoproterozoicas
das bacias Carandai e Andrelandia;

O metamorfismo paleoproterozoico (2.03-2.02 Ga) foi descrito na area de
estudo por grdos e bordas de zircdo metamdrfico e por cristais de zircdo

cristalizados de um liquido anatéetico desse evento metamorfico;
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g) Uma perturbacdo no sistema isotépico Lu-Hf foi identificada no granulito
méfico (BP-CM-151). Esse disturbio pode estar relacionado a fracionamentos
no sistema Lu-Hf devido sucessivos metamorfismos de alto grau (Schmitz et
al. 2004) nessa amostra;

h) No Complexo Juiz de Fora ocorre uma série alcalina relacionado a
magmatismo intra-placa estateriano e ele tem carater bimodal (rochas basicas
e 4&cidas), comum a riftes intracontinentais. Um episddio magmatico
intraplaca foi detectado na area de estudo e é correlacionavel ao magmatismo
anorogénico da suite Borrachudos (Bloco Guanhd&es) e a sauite Lagoa Real
(Bloco Gaviéo);

i) O metamorfismo brasiliano (600 a 580 Ma) estd presente na maioria das

amostras da area de estudo.

Com relagéo a pesquisas futuras, recomenda-se o estudo de elementos tracos e o de
isbtopos de Oxigénio em zircdo, para a investigacdo de fontes crustais ou mantélicas nos

diferentes episddios magmaticos do Complexo Juiz de Fora.
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Abstract

New petrography, geochemistry and Sm-Nd and Sr data from the orthogranulites of the Juiz de Fora complex in southern Rio de Janeiro State
and compiled information provide insights on the petrogenetic and tectonic evolution. The complex comprises several geochemical groups
including mafic orthogranulites (three tholeiitic and one alkaline) and felsic orthogranulites (three calc-alkaline and one tholeiitic/low K
calc-alkaline). New geochemical and isotope data, combined with available U-Pb data suggest a long evolutionary history from the Paleopro-
terozoic to the Neoproterozoic. The oldest magmatic episode produced juvenile to slightly contaminated arc-type Rhyacian rocks, as well as
granitic rocks related to collision or post-collision episodes. Altogether these rocks integrate part of a dismembered Rhyacian orogen within
the Ribeira belt. Few T, Nd model ages yielded 2.75 to 2.58 Ga, suggesting minor Archean contribution for magma genesis. Some of the
basic granulites’ bodies yield Meso- to Neoproterozoic T, Nd model ages, which may refer to an extensional magmatism. Orthogranulites
present granulite facies paragenesis, related to the youngest tectonic episode in the Juiz de Fora Complex (Brasiliano Orogeny). The new
data are potentially important for Paleoproterozoic reconstruction models, due to the predominantly juvenile character of the Juiz de Fora

complex, as similarly worldwide.

KEYWORDS: Paleoproterozoic juvenile arcs; Statherian Taphrogenesis; Juiz de Fora Complex.

INTRODUCTION

‘The Sao Francisco Paleocontinent (Heilbron et al. 2000,
2004, 2008, Trouw et al. 2000), is a landmass that encompasses
the Archean nuclei within Sio Francisco-Congo and adjoin-
ing Paleoproterozoic belts. In SE Brazil, the Paleoproterozoic
Mineiro, Mantiqueira and Juiz de Fora belts accreted onto
the southern Sio Francisco Archean nuclei in the Siderian
to Orosirian (Alkmim & Teixeira 2017, Barbosa ef al. 2018,
Heilbron et al. 2010). This important episode of continen-
tal crust growth is ascribed to the Minas accretionary orog-
eny (Teixeira et al. 2014, 2015). The Sio Francisco-Congo
Paleocontinent behaved as a stable mass until the Statherian,
when an important period of bimodal intraplate magmatism
and extensional tectonics resulted in the Espinhaco rift system
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(Babinski et al. 1994, Dussin & Dussin 1995, Brito-Neves et al.
1995, Chemale Jr. et al. 2012).

The borders of the Sio Francisco Paleocontinent were
deeply reworked during formation of Western Gondwana in
the Neoproterozoic, highlighted by the surrounding marginal
belts (Heilbron ef al. 2010). In this context, the Juiz de Fora
complex (JFC) represents one of these reworked basement
units that crop out in the Ribeira belt. The JFC has large spatial
distribution extending from the limit between the states of Rio
de Janeiro and Sio Paulo to eastern Minas Gerais.

The JFC comprises orthogranulites and orthogneisses of
wide compositional variability, and occurs as NE-trending
thrust-sheets, with NW vergence and dextral lateral component,
tectonically interleaved with Neoproterozoic metasedimentary
rocks of the Andrelandia Group. The latter represents one of
the supracrustal passive margin units of the Neoproterozoic
orogenic system ( Heilbron ef al. 1998, 2004, Trouw et al. 2000).

The investigation of the basement inliers in the cen-
tral segment of the Ribeira belt is one of the key points for
understanding the nature of the Neoproterozoic orogen
in SE-Brazil (Heilbron et al. 1998, 2000, 2010, Noce ¢t al.
2007, Degler et al. 2018). In a broader view, this system
includes the Araguai orogen to the north (Pedrosa-Soares &
Noce 1998, Pedrosa-Soares & Wiedmann-Leonardos 2000,
Pedrosa-Soares ¢f al. 2001, 2008), and the Dom Feliciano
belt to the south, as well as the West-Congo and Kaoko belts
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in Africa (Miller 1983, Seth et al. 1998, Goscombe & Gray
2007, 2008, Goscombe et al. 2017).

Inorder to contribute to the understanding of the tectonic
evolution of the JFC, this work brings new petrographic, geo-
chemical and Nd-Sr isotope data, as well as systematic geo-
logic mapping of the JEC orthogranulites in southern Rio de
Janeiro. The new data is compared with previously published
U-Pb geochronology and geochemistry works on the study
area (Machado et al. 1996, Heilbron et al. 2010), as well as
with regional data from the JFC (Silva et al. 2002, Noce ef al.
2007, Degler ¢t al. 2018, Kuribara et al. 2019).

TECTONIC SETTING
Ribeira Belt (Hasui et al. 1975, Trouw ef al. 2000, Heilbron

etal. 2000, 2004, 2008) resulted from multiple diachronic col-

lisions during the Neoproterozoic (ca. 605-520 Ma). From

NW to SE, itis divided into four tectono-stratigraphic terranes

{Heilbron et al. 1998):

* Occidental Terrane, where the study area is located, con-
sidered as part of the reworked margin of Sio Francisco
Paleocontinent;

*  Paraiba do Sul-Embi Terrane, thrusted over the Occidental
Terrane;

*  Oriental Terrane, consisted of magmatic arc rocks and
associated metasedimentary units;

*  Cabo Frio Terrane, which was accreted against the Ribeira
belt at ca. 520 Ma (Schmitt et al. 2004).

Except for the Oriental Terrane, they comprise
Paleoproterozoic basement associations and Meso- to
Neoproterozoic metasedimentary units (Valladares et al. 2000,
2002, Heilbron et al. 2010, Schmitt ef al. 2004). The collision
between the Occidental and Oriental Terranes produced a con-
spicuous suture zone, the Central Tectonic Boundary (CTB)
(Almeida et al. 1998). This sector of the Ribeira belt also con-
tains several granitoid rocks of pre-, syn- and post collisional
character (Tupinambi et al. 2012).

‘The Occidental Terrane (Heilbron et al. 1998) essentially
comprises two basement units (Mantiqueira and Juiz de Fora
complexes) and the Neoproterozoic Andrelindia Group.
The Mantiqueira Complex (Heilbron et al. 1998, 2010, Noce
etal. 2007, Duarte et al. 2000, 2004 ) covers amphibolite facies
orthogneisses containing layers of amphibolites and meta-ultra-
maficlenses (Heilbron ef al. 2017, Noce et al. 2007). During the
convergence that produced the Ribeira Belt, two thrust sys-
tems were formed in the Occidental Terrane (Fig. 1A), playing
important role in the architecture of the Mantiqueira and Juiz
de Fora complexes (Heilbron et al. 2010). In the lower thrust
system (Andrelindia Tectonic Domain), Mantiqueira Complex
represents the basement unit, overlain by the Andrelindia Group.
Inthe upper thrust system ( Juiz de Fora Domain), supracrustal
rocks represent the distal facies of the same metasedimentary
unit, but tectonically interleaved with the JFC rocks.

The Juiz de Fora and Mantiqueira basement complexes
show deep reworking and crustal shortening during the
Neoproterozoic Brasiliano orogeny, given by structural,

metamorphic and geochronological evidence (Heilbron et al.
2010, Degler et al. 2018). In particular, the JFC and interlay-
ered supracrustal rocks underwent granulite facies metamor-
phism, as indicated by mineral paragenesis with peak tempera-
tures between 800 and 895°C (Duarte et al. 2000, Bento dos
Santos ¢t al. 2011, Degler et al. 2018). Additionally, the JFC
rocks exhibit retrograde mineral paragenesis and a pervasive
mylonitic foliation, acquired during the final stages of thrust-
ing during the Brasiliano orogeny.

Previous authors reported that the JFC orthogranulites
display geochemical compositions varying from basic to acid
(Heilbron ef al. 1997, 1998, 2000, Duarte et al. 1997, Noce et al.
2007, Kuribara et al. 2019), with predominance of enderbitic
to charockitic granulites and subordinated basic granulites.
The latter shows tholeiitic character, while felsic granulites dis-
play calc-alkaline affinity (Heilbron ef al. 1998, Duarte et al.
1997). The protoliths of the basic granulites are enriched Mid
Ocean Ridge Basalts (E-MORB) and Island Arc Tholeiites
(IAT) gabbroic rocks formed in extensional or island arc set-
tings. Felsic granulites are interpreted as formed in volcanic
arc to syn-collisional tectonic settings (Heilbron et al. 1998,
Duarte et al. 1997, Kuribara et al. 2019).

The available zircon U-Pb crystallization ages mainly span
between 2.20t0 2.07 Ga (Machado et al. 1996, Silva et al. 2002,
Noce et al. 2007, André et al. 2009, Heilbron et al. 2010, Degler
etal. 2018, Kuribara et al. 2019). In contrast, some mafic gran-
ulites with documented zircon U-Pb ages of ca. 2.4 and 1.8 Ga
show E-MORB tholeiitic and intraplate alkaline signatures,
respectively (Heilbron et al. 2010). Locally, ca. 2.98 Ga-old
granulite was reported nearby Juiz de Fora (Silva et al. 2002)
with metamorphic age in zircon rims of 2,856 + 44 Ma).
In addition, (E-MORB tholeiitic) mafic granulites have been
dated at 766 Ma, in the Miracema region (Heilbron ef al. 2019,
Santos 2017).

Old fashion whole rock Rb-Sr reference isochrones, inte-
grating several JFC outcrops, yielded ages ranging from 2.65
to 2.25 Ga in a first attempt to unravel the tectonic history of
the granulitic rocks (Delhal et al. 1969, Cordani et al. 1973).
However, these ages will be not considered here, given the
accuracy of the U-Pb data. In a similar manner, K-Ar ages of
1,570to 1,220 Ma on pyroxene and plagioclase of the JFC rocks
(Dethal et al. 1969, Cordani et al. 1973) have dubious or no
geologic significance. In contrast, a large set of 0.62-0.52 Ga
U-Pb ages reported for the JFC rocks better defines the age of
regional metamorphic overprint (Machado et al. 1996, Noce
¢t al. 2007, Bento dos Santos et al. 2011, André et al. 2009,
Heilbron et al. 2010, Degler et al. 2018, Kuribara et al. 2019).
This age interval is consistent with previously published amphi-
bole and biotite K-Arages (615 to 497 Ma) for granulite rocks
from Juiz de Fora and Carangola regions (Delhal et al. 1969,
Cordani et al. 1973). Furthermore, in the same locations, Rb-Sr
mineral isochrons yielded ages from 600 to 496 Ma, confirm-
ing the relevance of the Neoproterozoic metamorphic over-
print (e.g., Cordani et al. 1973).

Previously published Sm-Nd T, model ages for the JFC
felsic granulites in the regions of Abre Campo-Manhuacu
(Minas Gerais) and Trés Rios (Rio de Janeiro) vary between
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220 and 2.13 Ga (Fischel ef al. 1998),and 2.37 Ga (André et al.
2009), suggesting juvenile character for the Paleoproterozoic
protoliths. Additional Sm-Nd model ages of 2.18 and 2.03 Ga
obtained by Degler et al. {2018) also support this hypothesis.
On the other hand, significantly older Sm-Nd T model ages
of 3.2 and 2.9 Ga were reported for granulitic rocks ascribed to
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with most results related with Siderian to Rhyacian periods
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Figure 1. (A) Tectonic subdivision of the Ribeira belt as proposed by Heilbron et al. (2017) with study area in the red rectangle. (B) Geological
map showing the NE-SW green strips of the Juiz de Fora complex and the location of studied samples.
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Heilbron ef al. 1997, 2010, Silva ef al. 2002). Alternatively,
Kuribara ef al. (2019) argued that JFC is a volcanic arc mag-
matic system with two episodes of juvenile magma generation,
in the Siderian and the Orosirian. These magmas were sourced
by melting of a Paleoarchean microcontinent. Another crust
recycling period was proposed by Kuribara et al. (2019), in
continental arc magmatism on Late Neoproterozoic. Cutts
et al. (2019) argued that it seems unnecessary to make up an
Archean microcontinent as a part of JFC. The Archean T,
Hf model ages obtained by Kuribara et al. (2019) could be
related to Archean sediments supplied from the Sio Francisco
Craton as detrital zircons that were later subducted below the
Siderian juvenile arc of JFC.

‘The available Rb-Sr, K-Ar, U-Pb, Sm-Nd and Lu-Hf iso-
tope data for the JFC is summarized in the supplementary
material (Suppl. Tab. A1).

MATERIALS AND METHODS

Geochemistry
Forty JFC granulite samples were selected for geochem-
ical study. Preparation included their crushing and milling
at the Laboratério de Preparagio de Amostras (LGPA) of
Universidade do Estado do Rio de Janeiro. Major and trace
element analyses were performed by Activation Laboratories
(Ontario, Canada). The analytical techniques included Lithium
Metaborate/ Tetraborate Fusion and ICP (MS) methodolo-
gies. Details on the analytical techniques used are presented
in the laboratory website (http://www.actlabs.com/page.
aspx?menu=74&app=244&cat1=595&tp=2&lk=no).
New and previously published geochemical data (Heilbron
1993, Heilbron et al. 1998) were used in order to covera larger
spatial distribution of the JFC within the study area (Fig. 1B).
Treatment of the data of different laboratories was carried out
using the Geochemical Data ToolKIT (GCDKkit) of Janousek
etal. (2006) and MS Excel software. For the rare earth element
(REE) diagrams, the chondritic contents for normalization
were compiled from Boynton (1984).

Sm-Nd and Sr isotopes

For Sm-Nd and Sr analyses, ten basic granulites, twelve
enderbites to charno-enderbites and six charnockitic gran-
ulites were selected from the same pulp of twenty-eight JFC
samples used for the geochemistry study.

Sm-Nd and Sr isotopic analyses were conducted in the
Laboratory of Geochronology and Radiogenic Isotopes
(LAGIR) of Universidade do Estado do Rio de Janeiro.
Chemical procedures were carried out in clean rooms with use
of sub-boiling distillation of Milli-Q” water and PA Merck®
acids (Cardoso et al. 2019). Between 25 and 50 mg of the pul-
verized samples were subjected to digestion in Savillex” ves-
sels on hot plates, after the addition of proportional amounts
of a double *Sm-'"Nd tracer solution. A mixture of concen-
trated HF and HNO, 6N was applied for 3 days, followed by
further digestion with HCI 6N for 2 days. Separation of Sr and
REE used cation exchange following conventional techniques

with Teflon columns filled with Biorad® AGSOW-XS resin
(100-200 mesh) in HCI medium. For the separation of Sm
and Nd, a secondary column was used with the Eichrom
LN-B-25S (50-100 pm) resin. After evaporation, Sm, Nd and
Srwere separately loaded onto previously degassed Re filaments
assembled in double mounts, using H PO, as ionization acti-
vator. Isotope ratios were measured using a ThermoScientific
TRITON thermal ionization mass spectrometer (TIMS) in
static mode with up to 8 Faraday collectors. Measured isotope
ratios are reported with absolute standard errors (20) below
107, Measured ratios were normalized respectively to the natural
constant ratios of "“Nd/**“Nd = 0.7219, 'Sm/***Sm = 0.5608
and *Sr/*8r = 8.3762. Average '“Nd/"“Nd ratio of repeated
measurements of the JNdi-1 standard ("Tanaka et al. 2000)
was 0.512098 + 0.000006 (n = 322). Average “"Sr/*Sr
ratio of the NBS-987 standard (Wise & Waters 2007) was
0.710239 + 0.000008 (n = 158). Repeated analyses of the
BCR and AVG rock reference materials from the United States
Geologic Survey yielded *"Sm/**Nd ratios with reproduc-
ibility within 1% (Valeriano ef al. 2008). Neodymium (T}
model ages were calculated using the depleted mantle model
of DePaolo (1981).

RESULTS

Field and petrographic observations

The internal structure of the Juiz de Fora structural domain
in the study area (Fig. 1B) is represented by a tectonic inter-
leaving between the orthogranulites of JEC with the metased-
imentary rocks of the Andrelindia Group within two NW ver-
gent thrust sheets. A lateral dextral component attesting the
oblique collision was reported by Heilbron et al. (2000). To the
south, the JFC rocks are in tectonic contact with the overlaying
orthogneiss of the Quirino Complex and the metasedimen-
tary rocks of the Paraiba do Sul group that make up Paraiba
do Sul Terrane (Heilbron ef al. 2000, Tupinambd et al. 2007).

The JFC granulites crop out in both the lower and upper
thrust sheets, respectively extending along strike for 75 km,
between the cities of Manoel Duarte (Minas Gerais) and
Ribeirio de Sio Jodo (Rio de Janeiro), and for 61 km between
the cities of Rio das Flores (Rio de Janeiro) and Dorindia (Rio
de Janeiro) (Fig. 1B). The outcrops are typically small quarries
and road cuts. The rocks display deep greento pale brown colors
depending on their primary composition and internal structure.
The composition of orthogranulites varies from mafic to felsic
(charno-enderbites, enderbites and charnockites) rocks, with
predominance of charno-enderbites (Fig. 24). The samples’
geographic coordinates, as well as its petrographic classifica-
tion, can be found in a supplementary table (Suppl. Tab. A2).

Charno-enderbites occur as the main rock type (Fig. 2B),
showing coarse to medium grain size. Normally, enderbites
(Fig. 2C), asa variation of charno-enderbites, present a medium
to fine grain size and green darker colors. The textures of char-
no-enderbites and enderbites vary from granoblastic to mylo-
nitic, depending on the location within the thrust sheet pile.
Charnockites (Fig. 2D) are commonly coarse-grained pale
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light green injections or leucosomes within all rock types cited
above. Typical textures are granoblastic (Fig. 3A), with mas-
sive aspect. Folded felsic granulites (Fig. 2D) oceur in more
deformed zones. Charnockites may also occur as the main
lithotype in some outcrops, normally with pervasive foliation.

The essential mineralogy of felsic granulites (Fig. 3A) con-
sists of plagioclase, quartz, K-feldspar, orthopyroxene (hyper-
sthene), hornblende, biotite and (diopside) clinopyroxene.
Zircon, apatite, ilmenite and magnetite are the accessory min-
erals. K-feldspar contents are remarkably different among felsic
granulites. Charnockites are K-feldspar rich, while K-feldspar
in enderbitic terms is rare. Diopside occurs only in enderbites
andin some groups of charno-enderbites. Hornblende and bio-
tite are commonly retrograde minerals in all granulitic rocks.

Mafic bands/enclaves and centimeter-thick lenses occur
within felsic types (F igs. 2B, 2C and 2D), but can be distin-
guished as isolated mafic bodies. They show massive struc-
ture, medium to fine grain size and deep green original colors.
Mafic granulites consist of plagioclase, diopside, hypersthene,
hornblende and traces of quartz, with local coronitic garnet
around pyroxene (Fig. 3B). Retrograde biotite, sericite and
carbonatesare also present. Apatite, zircon, magnetite, ilmen-
ite and pyrite are the accessory minerals.

Textures and external colors vary as a function of defor-

mation, with deep green colors and granoblastic textures in
the center of the large thrust sheets, and pale green to whitish

Y ' B 5 e
Figure 2. Field aspects of the orthogranulites of the [FC: (A) QAP petrographic diagram (Streckeisen 1974) for the felsic granulites of
studied area; (B) Charnoenderbites with band/enclave of the mafic granulites; (C) Deformed strips of mafic granulites within enderbites;

(D) Mafic granulite with folded charnockite leucosomes.

colors in the mylonitic varieties along the tectonic contacts
with Andrelindia Group rocks. In more deformed granulites,
foliation is defined by mafic minerals, with porphyroclasts of
orthopyroxene surrounded by hornblende and biotite fringes
(Fig. 3C). Ultramylonitic types, very common nearby the city
of Conservatoria (Fig. 1B), are represented by highly stretched
black and white banded gneisses with minor orthopyroxene
relicts. Within felsic mylonitic types, feldspar porphyroclasts
with anti-perthitic structures and quartz ribbons (Fig. 3D)
are common features.

Geochemistry

Forty samples were divided into mafic and felsic granu-
lites, according to field observation. The former with twelve
samples of basic composition, and the latter with 28 samples
of intermediate to acid composition. They were classified in
magmatic series and then subdivided into subgroups based
on REE patterns and field relationships, with four subgroups
for each group.

Mafic Granulites

Mafic granulites (Tab. 1) display gabbroic composition
(Cox et al. 1979) and are subdivided into the alkaline (four
samples) and tholeiitic sub-alkaline (eight samples) series
(Figs. 4A and B). The tholeiitic trend is marked by iron enrich-
ment in the AFM diagram of Figure 4B (Irvine & Baragar 1971).

ehamackite
y . o

' ~
’

T mahic grangi

FB)
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= 2

rtz; PLG: plagioclase; KF: k-feldspar; HBL: hornblende; BT: biotite; OP: opaque minerals.
Figure 3. Petrographic features of the JFC orthogranulites. {A) mineralogy and granoblastic texture in the charnoenderbite; {B) mineralogy
and granoblastic texture in the mafic granulite; (C) grano-porphyroblastic texture in the charno-enderbite, with opx partiaily substituted by
biotite and hornblende; (D) mylonitic texture in a charnockite type with quartz ribbons and feldspar porphyroclasts.

Few samples display CIPW normative nepheline and absence
of normative orthopyroxene (Tab. 2), suggesting their affinity
with alkaline basalts. The other samples plot in the sub-alkaline
field and contain hypersthene and olivine (Tab. 2), therefore
classified as olivine tholeiites.

Alkaline samples occur as mafic bodies in the outcrop, with
sharp boundaries with the sic rocks. These rocks are nomi-
nated here as BA group, showing high (> 2.2 %) TiO, (Peate
et al. 1992, Bellieni ef al. 1984), enrichment in light rare earth
clements (LREE) and conspicuously negative Eu anomaly
(Fig. SA). The tholeiitic rocks display low TiQ, (< 2.2%) and
are heterogeneous in chemical composition. Based on their REE
signatures, they were subdivided into three groups, as follows:
1) The first tholeiitic group (TH1), with three samples (blue

symbols), shows minor LREE enrichment, less prominent

negative Eu anomalies and flat heavy rare earth elements

(HREE) distribution when compared with the alkaline

group (Fig. SB). Rocks of this group occuras mafic bands/

enclaves associated to felsic rocks;

2) The second tholeiitic group (TH2), also represented by
three samples (green symbols), displays flatter REE distri-
bution patterns, with subtle LREE enrichment and absence
of Eu anomalies (Fig. SC);

3) ‘The third tholeiitic group (TH3) has the lowest total REE
content and displays LREE depletion and a completely flat

REE pattern. Two samples only present these characteris-
tics (Fig. SD).

Both TH2 and TH3groups occur as mafic bodies in the
outcrop, not always associated with felsic rocks. They also con-
trast with the TH1 group by their less evolved characteristics
and REE distribution patterns, which are compatible respec-
tively with E- and N-MORB basalts, highlighted by La/Sm
normalized ratios higher and lower than 1 (Fig. SD).

Tectonic discrimination diagrams (Fig. 6) corroborate
the proposed subdivision, with the BA group plotting in the
intraplate fields (Figs. 6A and 6B) or continental rift field
(Fig. 6C). The tholeiitic groups plot on plate margin field
(Fig. 6A), with the TH1 group related to convergent plate
margin (Island Arc Tholeiite) and TH2 and TH3 groups,
suggestive of extensional tectonic settings (MORB —
Figs. 6B and 6C).

Felsic granulites

The felsic rocks of the JFC show predominantly gran-
odioritic compositions, with minor diorites and granites
(Fig. 7A — Coxet al. 1979). They display calc-alkaline subal-
kaline signatures (Figs. 7B and 7C — Irvine & Baragar 1971,
Peccerillo & Taylor 1976) with metaluminous characteraccord-
ing to their Shand index (Fig. 7D — Shand 1943 ). Only two
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Table 1. Major (%) and trace elements (ppm) data from orthogranulites of the JFC in  the studied area.

Samples  RP-LM-2B VA-IM-7A BP-CM-151 BPLM-0I VA-IM-7B VALM-10 BIP.JV-34 VA-LM-8B VA-LM-11B RP-LM-04 BP-LM-13 VALM-05 VA-LM06 BPLM-12 CPH-132 CPH-123A RP-LM-03 RPM-570
Group BA THI TH3 TH3 LK LK CAlL CAl CAL CAl CAL CAl CAl CA2 CA3 CA3 CA3 CA3
Sio, 481 50.1 502 478 366 588 553 592 57.1 624 641 6700 693 6.5 576 627 63.9 733
no 276 13§ 053 122 06 102 09 0.64 0.83 0.64 Qas7 043 051 058 1.82 0.8 0s7 042
M‘dl 1351 1641 135 1258 1971 1652 158 1684 1683 1526 14.55 1547 14.02 1661 1541 1337 154 119
ﬁ.o‘ 1501 1194 1043 1592 662 816 10.51 7.26 8.00 59 718 3.59 4.5 566 814 745 596 3.11
MnO a2l 017 019 02s ol 013 019 009 al 008 015 0.04 006 a0 0.13 0.1 Qall 0.04
MgO 418 47 796 68 281 299 547 305 353 232 316 1.52 1.84 232 365 291 234 038
€0 902 852 15.24 135 662 652 671 458 58 46 449 385 361 47 5.63 4.03 403 13
Na O 100 328 201 201 516 453 345 381 366 3» 08 361 3B 384 306 33 435 209
&.b L71 056 029 009 0.58 048 099 272 183 284 272 329 1.7%6 1.54 3.0 35 123 59
PO, 121 022 oM 011 031 oas 026 0.25 027 023 02 0.16 o1 Q12 077 03 Q17 0.08
l.bl 005 21 025 028 0.84 057 004 066 065 053 025 s 056 Q81 062 065 145 032
Total 1007 99.4 1007 1004 99 299 N6 99.2 986 985 1006 999 1006 98 998 992 9.5 989
v 240 236 220 34 £ 09 166 89 126 86 75 48 84 80 120 94 56 1
Ba 1021 188 63 13 3% 188 656 1072 1163 ®1 824 913 42 683 1332 1104 265 770
Sr 457 338 (4 10§ 687 53 @1 519 679 479 527 416 307 612 555 198 459 207
Y 2 Q2 12 21 1 15 16 16 14 19 14 14 9 s 27 51 27 84
ir 241 128 30 42 120 10 121 182 158 213 141 205 148 153 233 2 144 446
O 290 ) En 120 £ 6 140 <A 80 30 70 30 60 o0 60 110 o0 <20
Co 48 39 49 62 24 8 35 2 z 24 25 3 25 23 » 23 22 19
Ni 130 o0 140 120 50 40 &0 <X 30 <24 <X <20 30 30 £ ] 40 30 <20
Rb 71 <2 < Q <2 <2 33 100 65 84 72 106 74 53 7 144 3 175
Nb 16 10 1 3 3 7 6 8 8 11 6 10 5 5 2 19 11 2
H 57 i3 07 13 3 28 3 44 36 54 35 51 34 36 54 7 38 121
R 09 as 02 <01 ol 06 02 03 0.2 05 03 04 02 0.1 13 13 07 19
w 34 R\ 56 71 ] 94 37 77 59 135 126 160 145 102 38 70 87 202
Th 09 Q2 0.1 <0.1 01 04 05 23 0.2 59 08 3 L7 04 37 S8 65 132

Table 1. (Cont.). Rare earth elements ( ppm) data from orthogranulites of the JFC in t:he studied area.

Samples  RP-LM-2B VA-LM-7A BP-CM-151 BP-LM-O1 VA-LM-7B  VA-LM-10 BIP-IV-34 VA-LM-8B VA-LM-11B RP-LM-04 BP-LM-13 VA-LM-0S VA-LM-06 BP-LM-12 CPH-132 CPH-123A RP-LM-3 RPM-570

Group BA THI TH3 TH3 BK BK CAl CAl CAl CAl CAl CAl CAl CA2 CA3 CA3 CA3 CA3
La 6080 157 2 zl 185 95 16.6 35 189 569 256 454 303 195 559 58 321 335
Ce 134 36.7 s 72 374 22.1 40.5 65.7 415 111 455 80 575 36.2 113 127 67.9 636
Pr 16.3 56 074 12 44 29 55 73 53 119 49 8 61 39 13 154 7.71 60.6
Nd 7 254 4.2 67 187 126 435 276 229 424 18 275 213 4.7 49.8 58 29.8 188
Sm 13.3 6.7 11 5 38 31 56 53 5.2 74 35 4.6 33 23 98 1.8 6.2 293
Eu 32 18 04 09 12 13 13 1S LS 15 11 1.3 08 14 223 23 07 1.7
Gd 11 72 L8 3 35 34 46 44 4.4 56 31 33 24 L7 76 10 59 18

™ 16 13 03 06 0s 0s 06 0.6 0.6 0.7 05 0.5 03 02 L1 LS 09 3

Dy 86 77 22 42 29 32 s 35 3.2 4.00 27 2.6 3 1.1 59 2.1 55 17.1
Ho 16 L6 0s 09 0s 0.6 06 0.6 0.6 0.7 05 0.5 03 02 1.1 18 1.1 33
Er 45 47 LS 26 15 19 18 Lé LS 2 LS5 1.4 08 05 3 52 3 95
Tm 06 07 02 03 02 02 02 02 0.2 02 02 ol 0.1 0 04 07 04 14
b 38 47 14 25 13 1.8 16 14 1.2 L7 14 12 08 05 27 53 29 9.1

Lu 06 0.7 0.2 04 02 0.2 0.2 0.2 0.1 0.2 0.2 0.1 0.1 <1 0.3 08 04 1.37

()6t ‘(6107) 1039 [ zeig

£000610Z3
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samples (RPM-344 and BP-CM 148) show alkaline character,

given by their high alkalis (Fig. 7A) and other LILE contents.
Using the same approach based on REE chondrite-nor-

malized signatures, the sub-alkaline samples were tentatively

subdivided into four groups (Fig. 8):

= Low-K cale-alkaline rocks (LK group — black symbols) are
represented by three dioritic enderbite samples. They show
less fractionated REE pattern, with (La/Yb) _ ranging
between 1.8 and 9.5 and varied Eu anomalies (Fig. 8A);

*  CAl calc-alkaline group (blue symbols) presents dioritic to
granodioritic compositions, and enrichment in LREE and
flat HREE patterns (Fig. 8B). This group show (La/Yb),,
in a range between 6.9 and 25.5;

*  CA2 cale-alkaline group (green symbols) is predominantly
consisted of granitic rocks. They have characteristically

positive Eu anomalies and more depleted HREE patterns

(Fig. 8C). This group presents a more fractionated REE pat-

tern marked by (La/Yb), ina range between 20.6 and 49.6;
*  CA3calc-alkaline group (red symbols) has amore expanded

composition, with dioritic to granitic rocks, more enriched

in total REE (99.7 to 1,314) with less fractionated REE
patterns (La/Yb), = 6.5 to 26.6) and prominent negative

Eu anomalies (Fig. 8D).

Most samples present magnesian characteristics, except
the more evolved rocks of CA2 and CA3 groups, which are
ferroan (Fig. 9A — Frost et al. 2001). CAl and LK groups
are calcic to calcic-alkalic, while CA2 and CA3 groups are
calc-alkalic to alkali-calcic (Fig. 9B — Frost et al. 2001).
Joining these characteristics, the CAl and LK groups plot
in the magmatic arc field, while the CA2 and CA3 show

A ! B F
Ultrabaslc (Irvine and Baragar 1971)
Caic-alkaline Series
o T L] - L} L]
s0 60 70 &
Symbols Labels by groups

AVAL-M-503A ARPM-534 @ BP-LM-01 @ CJE-44-11
W VALM-O7A ® RPM-5208  @BP-CM-151 mINsAv-oD [ TH1 [ TH2 [l TH3 [ BA

® VAL-M-503 @ BP-CM-1668 4 CJE-44-3 A RP-LM-02B
Figure 4. Geochemical diagrams of mafic granulites. {A) TAS diagram (Cox et al. 1979) classifying the samples accordingly its protholiths

and magmatic series; (B) Classification of sub-alkaline samples into tholeiitic or calc-alkaline sub-series through AFM diagram (lrvine &
Baragar 1971).

Table 2. Normative minerals for the analyzed basic orthogranulites of the JFC.

Samples Or Ab An Ne Di Hy Ol 1 Ap Sum  Classification  Group
CJE-44-11 827 30.0 113 254 2060 000 1718  6.65 1.73 98.27 alkalii basalt BA
RP-LM-02B 10.11 254 183 0.00 15.52 1.02 2229 3.26 2.87 100.80 olivine tholeiite BA
CJE-44-3 8.27 288 12.6 271 2088  0.00 1643 6.65 1.66 98.01 alkalii basalt BA
NSA-5-9D 827 345 127 0.08 1512 0.00 1930  6.27 137 97.62 alkalii basalt BA
VAL-M-503 491 27.1 19.7 000 2016 619 1629 342 055 9833 olivine tholeiite =~ TH1
VAL-M-503A  5.08 27.9 203 0.00 2041 545 1545 342 057 9859 olivine tholeiite THI
VA-LM-07A 331 278 284 0.00 1047 1798 630 258 052 9732 olivine tholeiite =~ THI
RPM-320B 112 203 296 000 2272 1338 810 285 026 9834 olivinetholeiite TH2
RPM-534 0.95 212 28.1 0.00 2462 1066 1003 266 028 9850 olivine tholeiite ~TH2
BP-CM-1668 1.95 245 248 000 2007 1650 72§ 342 055 9902 olivine tholeiite ~TH2
BP-CM-151 1.71 16.9 27.0 006 3989 0.00 13.79 1.01 0.10 10049  alkalii basalt TH3
BP-LM-01 0.53 170 259 000 3407 070 1994 232 026 10069 olivinetholeiite TH3
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signatures of more evolved arc rocks to syn-collisional gran-
itoids (Fig. 9C — Pearce et al. 1984).

ages are shown in Table 3. Fractionation factors (f,_ ..} of the
samples vary between -0.03 and -0.67. Few samples yielded
7Sm/'*Ndvalues above 0.17and verylowf, . ratiosbetween
-0.03 and -0.12, suggesting isotopic evolutions very similar to
that of the Chondritic Uniform Reservoir (CHUR) (DePaolo

Sm-Nd and Sr-Srisotopes

The measured and calculated isotope ratios, along with

parameters such as f /., €Nd

and T, and T_ _ model

1988). In these cases, their T, model ages were calculated.

A B
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Figure 5. REEs chondrite normalized spidergram (Boynton 1984) of mafic granulites from study area. (A) BA group; (B) TH1 group;
{C) TH2 group; {D) TH3 group.
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Figure 6. Geotectonic settings of studied mafic granulites. (A) Classification of basalts accordingly its position on the tectonic plate (Pearce
& Gale 1977); (B) tectonic classification focusing on different tectonic setting for tholeiitic basalts (Meschede ¢f al. 1986); (C) Tectonic
classification for samples with basic or ultrabasic compositions (Verma et al. 2006). Symbols as in the Figure 4.
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Felsic rocks predominantly yielded Sm-Nd T, ages
between 2.48 and 2.03 Ga (Fig. 10) with weakly positive or
slightly negative €Nd, values (-3.94 to +0.08). Few felsic sam-
ples yielded T ages from 2.75 to 2.58 Ga. These rocks yield
significantly negative ENd m values (-6.91 to -5.5). We note
that two felsic granulite samples (VA-LM-06 and CPH-132)
yielded younger Orosirian Sm-Nd T, model ages (1.93 and
1.90 Ga), as shown in Figure 10.

‘The basic rocks have varied Sm-Nd T, ages (Fig. 10},
according to their geochemical signatures: The THI group,
with IAT signatures and the BA group with intraplate signa-
tures exhibit normal *’Sm/**Nd and fSm/Nd values. The TH1

group yielded roughly similar T ages 0f2.35-2.27 Ga with
weakly negative to positive éNd, | values (-0.88 to +0.08).
In contrast, the BA group yielded T, model ages between
2.52-2.21 Ga, with higher negative eNd,; values (-7.32 and
-1.92). The TH2 and TH3 groups, with respectively E- and
N-MORB signatures, show no Sm/Nd fractionation relative to
the CHUR, presenting positive eNd  values (+0.33 to +3.83).

For the calculation of initial isotopic parameters, such as
eNd, and *'Sr/*St, | values, the available U-Pb ages reported
in the literature for the same geochemical groups (see Suppl.
Tab. A1) were used, including ages previously obtained within
the study area (Machado et al. 1996, Heilbron et al. 2010).

A B
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Ultrabasic | 17 t : Acid
o |t H ¥ F
- 710
g
e A
Tholeiite Series
Calc-alkatine Series
@ T T T T A M
40 50 60 70
C D
~ ~
% § (Shand 1943)
« - (Peccerillo-and Taylor, 1976) . en © 4 Metaluminous Poralianinsis
o o o -
Shoshonite Series .
i High K calc-alkaling| —_
n  Spres
/
™ . o
! > Caig-Alkating 5
i es i A9
= _./‘JEr (/ A b I b * : wl I
- B e T
py o /-_’___/’ - ailes A .
_——a_ LowKCalc-Alkaline SeviesTholeite Secies| | ...---v- e
I . i Peralkaline
o T T T T T sn T = T 1 L] L}
45 50 55 60 65 707 1 18 06 08 10 12 Yo
Symbols Label by groups
@ BP-CM-150E MRP-LM-04 @INSA-5-9C & BP-CM-150A @ RPM-570
AVA-(M-10 @VA-LM-08B % RPM-565A M CPH-123-A | B .CA3‘
WVA-LM-078 ZVA-LM-06  ABP-LM-12 ACPH-132 licA1 [T alkalic rocks

AVA- LM- 05
@BP-LM- 13 ©OBP-IV-34

WVA-LM- 11B RVAL-M-511A %RPM-546

ONSA-5.98 X RP-LM-03 Bca

Figure 7. Geochemical dassification plots of studied felsic granulites. (A) Protholiths classification and magmatic series classification
(Coxetal 1979); (B) classification of sub-alkaline samples into tholeiitic or calc-alkaline sub-series through AFM diagram (Irvine & Baragar
1971); (C) Classification of calc-alkaline rocks (Peccerillo & Taylor 1976); (D) Alumina Saturation Index classification (Shand 1943).
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The T, and geochemical signature obtained were used to decide
which U-Pb crystallization age should be applied for the cal-
culation of the Srinitial ratios and eNd(t). Selected ages were:

2.1 Ga for calc-alkaline silicic arc rocks;

1.76 Ga for alkaline intra-plate mafic rocks;

766 Ma for MORB tholeiitic mafic rocks (see Suppl.
Tab. Al).

The basic, intermediate and acid granulites yielded initial
¥Se/%Sr , ratios, respectively of 0.700-0.702, 0.703-0.704
and 0.710-0.715. Two samples (CPH-123A and RPM-570)
yielded anomalous initial ratios 0f0.693 and 0.751. The anom-
alously low value may indicate disequilibrium in the Rb-Sr sys-
tematic, as expected for granulite facies rocks in the presence

X B
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E ®AP_CH-150E ' SRP. LM 04
[ B VA-LN-D7B i Sy LI 08B

. ZUA- LA 06

LB Ll o T BBP-CM-231

flac : OBP- IV- 34

AVA-LM- 118

(La/SmN: 1.9-3

0
(Gd/Yb)N: 1.5-2:1
n

s L *u ™ L ™ Ly
A i A A L

{LalSmN: 1.86:6.2
(GAIYb)N: 1.78-2.53 CA1

is L P n ™ "o ™ W
1 f 1 L iy 1

o1

T ~ ™ T T T "
Ce N o e Ly & b

or

& Ne o @ o [ »

w0

Spider plot - REE chondrite (Boynton 1984) ANSA-5-9C

AP LM-12
BVALAMLETTA

S

- (La/Sm)N: 5.07-663 =t - (La/Sm)N: 309543 CA3
(GAUYDIN: 1.91-4.41 CA2 E (GAYD)N: 0.81-4.28
T S B SNSRI BUE[ G S SRS (SUS NS BN SRS SN
- T S T T SH A S A R TR TR T

Figure 8. REE's chondrite normalized spidergram (Boynton 1984) of felsic granulites within study area. (A) LK group; (B) CA1 group;

(C) CA2 group; {D) CA3 group.
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Figure 9. Geotectonic plots of studied felsic granulites. (A) Classification accordingly Fe Numberand SiO, ( Frost et al. 2001); (B) classification
accordingly Modified Alkali-Lime Index (MALI) and Aluminium Saturation Index (ASI) (Frost ef al. 2001); (C) tectonic classification for
granitoids (Pearce ef al. 1984).

11



Braz. J. Geol. (2019), 49(3): e20190007

of melting. The very high “Sr/*Sr  value is consistent with
crustal contamination in the upper crust. Therefore, they will
not be considered hereafter.

Figure 11 shows the correlation of the Nd and Sr signatures
for the felsic granulites studied, displaying arc-related affinity,
modelled for 2.1 Ga. Most samples plotin the lower crust field
(Faure 1986). Basic rocks samples and diorites ofthe TH1 and
LK groups, respectively, are possibly derived from a predom-
inant juvenile component due to its greater similarity to the
Bulk Earth composition (Allégre ef al. 1995).

DISCUSSION

Petrogenetic parameters,
sources and metamorphism

Felsic granulite samples show similar mineralogy, with
progressive increase in quartz, K-feldspar in the granitic sam-
ples (Fig. 12). In particular the CA1 and CA3 groups display
more expanded compositions, from diorites to granites, while
the LK and CA2 groups show more restrict compositions,
respectively with diorites and granites. The LK group may be
considered as evolved members of the TH1 group (Fig. 13),
since both share a more primitive IAT signature with similar
REE patterns. The felsic CA2 group displays characteristically
positive Eu anomalies, explained by plagioclase accumulation.
Furthermore, this group has slightly depleted HREE patterns,
possibly indicating either the presence of residual garnet in
the source rocks, as suggested by Heilbron ef al. (1998) or
early amphibole fractionation in the source rock (Dessimoz

etal. 2012). The CAl, LK and TH1 groups have slightly neg-
ative to absent Eu anomalies that are suggestive of either an
oxidizing signature of magma and/or plagioclase-rich mantle
sources (Wilson 1989). The LREE enrichment of the CAl
group may be attributed to the enrichment of mantle sources,
a common feature in modern oceanic arcs (Smithies et al.
2004, Sun & Nesbitt 1978, Cameron et al. 1979, Crawford
et al. 1989). The same effect of LREE enrichment in rocks
of the BA group may be explained by small degrees of partial
melting of their sources, as expected for alkali basalts (Cheng
et al. 1993). The CA3 and BA groups have a strong negative
Euanomaly, possibly due to low oxygen fugacity and tempera-
ture of its magma formation (Hanson 1980). The very high
LREE enrichment noticed in the REE spidergram (Fig. 8) of
sample RPM-570, when compared to the other samples, may
be attributed to the presence of allanite. Depleted LREE sig-
nature of the TH3 group suggests a derivation from a LREE
depleted garnet-free source and/or a high degree of partial
melting in the source.

Considering the petrogenetic parameters, we postulate
that felsic granulites from the LK group, mafic granulites of
the TH1 group and most samples of the CAl group represent
juvenile Paleoproterozoic protholiths, due to their weakly neg-
ative to slightly positive ENd(t) values (-3.94 to +0.08) and
low “'Se/*Sr,, values (0.701 to 0.702 — mean variation).
Negative eNd(t) values (-7.32 ¢ -1.92) of the intraplate basic
rocks of the BA group constitute isotopic evidence of crustal
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contamination. Positive €éNd(t) values of the TH2 and TH3
groups (+0.33 to +3.83) suggest juvenile mantle sources.
“St/*Sr,, values of the less evolved TH2 and TH3 groups are
close to those of the chondrite reservoir (S¢/*Sr . . =0.699),
suggesting isotopic affinity with a depleted source. The CA2
group has higher “Sr/*Sr_ values (0.705-0.722), T,,, model
ages (231 to0 2.03 Ga) and weakly negative to positive eENd, |
values (-2.91 to +1.65), that could have been derived from an
enriched continental source.

All geochemical groups, with different tectonic signatures
and varied T model ages, show similar granulite facies par-
agenesis. For instance, the granulite rocks of the JFC display
opx + plg + qtz * cpx £ hbl £ kf+ zr + il + ap * aln, or grt +
cpx + gtz + plg £ opx * hbl + il + mgt * zr assemblages, sug-
gestive for progressive metamorphism with intermediate to
high pressures. Mylonitic rocks show retrogressive paragenesis
(hbl + bt) pointing to the upper amphibolite facies conditions.
These observations are consistent with published works of JFC
rocks (Duarte et al. 1997, Heilbron et al. 1998). Together, these
petrographic evidences and the geochronological background,
reinforce that the study area was overprinted by the Brasiliano
regional granulite facies overprint, in the context of the Ribeira
belt (see Suppl. Tab. Al).

Regional correlations and
proposed geochronologic evolution
New geochemical and isotopic data allow correlation with
other published data for the JFC. Figure 14 shows the regional
distribution of new and compiled data for the JFC (Tab. 4).
The geochemical characteristics of the CA1 group are simi-
lar to the most widespread rocks of the JFC, highlighted by the
medium-K calc-alkaline granulites (tonalites and diorites, char-
acterized by LREE enrichment) described by most authorsin
the Central Segment of the Ribeira belt, as reported by Heilbron
et al. (1998, 2010), Duarte et al. (1997) and Heilbron ef al.
(2013). Ages between ca. 2.2 and 2.07 Ga have been reported
in the literature for similar rocks. On the other hand, the CA2
group, corresponds to the enderbitic granulite gneisses from
Manhuagu of Costa (1998), and to the high-K calc-alkaline
suite of André et al. (2009) in the Trés Rios region, with U-Pb
ages of ca. 2.1 Ga (Fig. 14). Both associations are also charac-
terized by lower HREE contents, positive Eu anomalies and
(La/Yb),, ratios between 25 and 36.

Most of the obtained Sm-Nd T, model ages for the felsic
granulites yielded values of ca. 2.3 10 2.5 Gawith€Nd,  values
between -0.4 to -3.5. These values are very similar to the data
reported for the High-K calc-alkaline granulites of the Trés Rios
region (André et al. 2009) equivalent to the CA2 group, and
for the enderbitic granulites of the Abre Campo-Manhuagu
region in Minas Gerais State (Fischel et al. 1998), equivalent
toour CA1 group. Altogether, these T model agesbetween
ca. 2.2 and 2.3 Ga with slightly positive éNd(t) values rein-
force our interpretation that the JFC is mostly represented
by juvenile Paleoproterozoic arc related rocks. However, few
felsic granulites yielded older T, model ages of ca. 2.75 to
2.58 Ga, suggesting that some older material could have con-
tributed to the formation of these rocks. Similar older Archean
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Table 3. Isotopic data (Sr-Sm-Nd) of the JEC orthogranulitesin the studied area,

Segle  Govw Wl ol ol g ] e W) e 0 MO0 o & G & W
CJE-44-3 BA WPB 88 363 22 154 0.511983 0000007 0.1469 0743873 0.000010 1700 -128 025 2 192 221 Q729750
NSANVID BA WPB 4.2 557 W 121 0L511948 0000005 0.1541 0746576 0000004 1700 -138 0 -022 246 419 251 0732017
RP-LM-02B BA WPB 13.3 687 71 457 0.511331 0000005 1132 0713961 0000009 1700 285 042 238 “732 242 0681405
VAL-503A THI1 IAT S8 246 19 246 0.511842 0000005 0.1424 0.709357 0000009 2100 <155 <028 222 088 235 0701442
VA-LM-7A TH1 IAT 67 254 2 338 0.511842 0.000002 0.1486 0702990 0.000008 2100 -129 -0.24 209 008 226 0702524
RPM-520B TH2 E-MORB 34 118 + 186 0.512549 0.00001 0.1756 0703277 0.000008 766 -17 -0l .64 033 L74 0701697
RPM-534 TH2 E-MORB a3 114 2 182 0.512529 0000006 0.1734 0.703177 0000005 766 -2.1 -012 071 16 1L73 0701371
BP-CM-166B TH2 WPB 53 183 1 143 0.512544 0.000008 01758 0.704639 000001 766 -1.8 0,11 0.68 0.24 175 0.701721
BP-LM-01 TH3 N-MORE 25 67 14 105 (.512881 0000005 0.2060 0702775 0000009 766 4.7 008 393 383 187 0702414
BP-CM-151 TH3 N-MORB L1 36 1 156 0.512557 0000006 01911 0.703523 0.00001 2100 -1.6 -0.03 22 008 253 0.694775
BP-CM-150E LK VAG 27 92 3 266 0.512347 0000005 01772 0705195 0000007 2100 -57 0.1 226 -042 246 0701307
VA-LMO7B LK VAG 38 187 1.8 687 0511358 0.000006 0.1174 0.702051 0.000005 2100 25 -0.4 245 -3.6 248 Q701822
VA-LM-10 LK VAG Al 126 L7 5233 0.51185 0.000003  0.1435 0701996 0000003 2100 154 027 225 -LO3 235 0701712
RP-LM-04 CAl VAG 74 N4 84 49 0511126 0.000002 0.1019 0727850 0.000007 2100 295 -048 242 -394 246 0712509
VA-LM-08B CAl VAG S3 276 100 S19 Q.511158 0.000007  0.1100 07201125 0000009 2100 289 044 2.59 5.5 258 0704270
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VA-LM-06 CAl VAG 33 213 T4 307 0.51146 0.000013 0.0946 0.722811 0.000009 1900 23 -0.52 175 193 193 0.703761
VA-LM-11B CAl VAG 52 229 & 679 Q.511347 0.000007  0.1277 0710433 0000008 2100 252 035 283 -6.61 275 0702059
BP-LM-13 CAl VAG <] 18 2 527 0511178 0.000005 0.1129 0717722 0.000010 2100 -28.5 -0.43 264 -5.91 262 07058771
BP-IV-34 CAl VAG 56 245 33 601 .511621 0000008  0.1317 0707303 0000006 2100 -198  -0.33 237 SL32 243 0702500
NSAVIC CA2 VAG-SYN Q7 38 120 145 0511619 0000009 01129 0.781207  0.000009 2000 -19.9 -0.43 L85 1.65 203 Q722440
BP-LM-12 CA2 VAG-SYN 23 147 53 612 0.511209 0000006 00994 Q713146 0000007 2000 279 <049 223 <291 231 0705570
NSAVYB CA2 VAG-SYN L1 55 127 138 (0.511633 0.000009 0.1215 0.770051 0.000006 2000 -19.6 -0.38 203 -029 218 0716769
BP-CM-150A CA3 VAG 27 158 160 247 0.511257 0.000005 0.1044 0751285  0.000007 2100 269 -0.47 227 206 234 0703021
RP-LM-03 CA3 VAG-WPG 62 298 31 459 0511729 0000007 0.1243 0.711980 0000003 2100 -17.7 -037 191 1.81 209 0.706075
CPH-132 CA3 VAGWPG 98 498 76 558 0.511703 0000004 01119 Q713070 0.000008 1900 -18.2 043 168 246 L9 0.702250
CPH-123A CA3 VAG-WPG 118 38 144 198 0.511247 0.000002 0.1177 0756710 0.000004 2100 271 -0.4 267 585 264 0693092
RPM-570 CA3 VAG-WPG 293 188 175 2m 0.510999 0.000006  0.0909 0.825790  0.000008 2100 -32 -0.54 235 345 239 Q751838
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model ages were described for the northern segment of the
Ribeira (Silva et al. 2002, Kuribara et al. 2019, Fischel et al.
1998). On the other hand, few Orosirian T, model ages of
samples VA-LM-06 (CA1 group) and CPH-132 (CA3 group)
do not show correlation with any previously published data
for the JFC rocks. These samples present the youngest T |
model ages of JFC, never reported before in the literature, and
could represent a younger episode of felsic rocks generation
within the complex.

The alkaline basic granulites of the study area, the BA
group, with intraplate signatures, were previously detected
in the study area with U-Pb ages of ca. 1.7 to 1.6 Ga, Sm-Nd
T,,, model ages of 2.14 Ga and €Nd values of -7.32 to -1.92
(Ragatky et al. 1999, Heilbron et al. 2010). These characteris-
tics are suggestive for intraplate magmatism probably related
to the development of Mesoproterozoic basins, such as the
Espinhago rift.

Basic granulitic rocks of the TH3 group show similarities
with the High-Mg group of Duarte ¢t al. (1997) for the Juiz
de Fora region (Fig. 14). Both present N-MORB signatures
and a wide span of T model ages (ca. 2.4 Gato 1.87 Ma).
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Figure 12. QAP diagram (Streckeisen 1974) for the felsic
granulites with the adopted geochemical subdivision. See text for
the discussions.
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Figure 13. REE Comparison (Boynton 1984) between
intermediate felsic rocks of the BK group with the basic rocks of
the TH1 group.
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These model ages results should be regarded with care, because
of the very little evolved isotopic characteristics of these rocks.

On the other hand, tholeiitic rocks of the TH2 group
in the study area are very similar to those described both in
the Santo Antonio de Pidua region (Heilbron et al. 2013),
and to the medium-Mg tholeiitic group in the Juiz de Fora
region (Duarte et gl. 1997). All these basic granulites display
E-MORB like REE distribution patterns and present younger
Mesoproterozoic T, model ages (from 1.87 to 1.74), that
speculatively could be related to development of the younger
Meso- to Neoproterozoic basins, i.e., Carandai (as proposed
by Ribeiro ef al. 2013) and/or Andrelindia.

Previously available U-Pb data together with the Nd-Sr
isotopic constraints for the JFC suggests the recognition of
four tectono-magmatic events, unraveling the complexity of
this basement association in the central portion of the Ribeira
belt (Tab. 4, Fig. 15):

*  The most common U-Pb crystallization ages of the felsic
granulites span between ca. 2.2 to 2.07 Ga with juvenile
signatures are regarded as subduction related magmatism,
probably evolving from an immature intra-oceanic mag-
matic arc to a more evolved setting. They are represented
by the IAT and the alc-alkaline CA1 and CA2 groups.
Part of the samples of the CAl group yielded older T,
model ages between 2.7 and 2.6 Ga, suggesting that some
Archean material could have been involved in the gen-
eration of these rocks. Until now, only one occurrence
of Archean granitoid rocks within the JFC was reported
by Silva et al. (2002) in the vicinity of the city of Juiz de
Fora (Fig. 15A). Rocks of the CA3 group, showing more
evolved signatures, suggest that the older and more prim-
itive arc-related rocks could have contributed to the gen-
eration of this geochemical group;

*  Charnockitic rocks of the CA2 group belong to the High-K
calcalkaline group and could have resulted from the melt-
ing of the previously formed arc-related rocks. The CA2
granitic group was probably generated during the collision
of the Juiz de Foraare with the Sao Francisco Paleocontinent
between ca. 2.07 and 2.04 Ga, or either following the
main collision episode, during later stages of the Rhyacian
Orogeny (Fig. 15B, Tab. 4);

*  Onesingle c. 1.7 Ga alkaline basic rock (high TiO, and
LREE content and negative Eu anomaly) with ca. 2.14 T,
model age is correlated with the Statherian extensional epi-
sode (Fig. 15C) that resulted in the development of the
Espinhago intraplate basin (Santos ef al. 2015);

* Thebasic granulite rocks of the TH2 and TH3 groups, with
younger T model ages could be related with the develop-
ment of younger Meso-Neoproterozoic basins (Fig. 15C).
More recently, one single intraplate basic body of ca. 766 Ma
(Heilbron et al. 2019) was interpreted as coeval with the
development of the Andrelindia basin ( Trousw et al. 2000).
Similar Cryogenian ages have been reported for metabasic
rocks intercalated with the Macaiibas metasedimentary rocks
in northern Araguaibelt (Pedrosa-Soares & Alkmim2011);

*  Thetectonic evolution of JFC ends with the superposition of
the deformation and high-grade metamorphism related to the
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Brasiliano Orogeny between ca. 620 to 524 Ma (see Suppl.
‘Tab. A1) that resulted from docking of outboard terranes
(Paraiba do Sul-Socorro and Oriental) onto the reworked
passive margin of the SF paleocontinent, during the devel-
opment of the Ribeira belt, as proposed by Tupinambd et al.
(2000) and Heilbron et al. (2000, 2017). ‘This superposi-
tion resulted in intense tectonic interdigitation and granulite
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facies metamorphism observed in all rocks of the studied
area. Final exhumation of the orthogranulites was associ-
ated to intense mylonite fabric generation under retrogres-
sive amphibolite facies conditions (Heilbron et al. 1998).

The envisaged tectonic evolution of the JFC in the study
are is similar to previously proposed models (Heilbron et al.

X} Mesoproterozoic basins

- Other Paleoproterozoic rocks
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Felsic granulites
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Figure 14. Tectonic Regional map with geochemical correlations of JFC between different regions of Minas Gerais and Rio de Janeiro.
Paleoproterozoic basement (gray): (1) Mineiro Belt; (2) Paraiba do Sul Terrane of Ribeira Belt (Quirino Complex); {3} Cabo Frio Terrane
{Regiio dos Lagos Complex). Neoproterozoic metassediments (white): (I) Andrelindia Megassequence; (II) Costeiro Domain of Ribeira
Belt; Data from: (1) Duarte et al. {(1997); (2) André et al (2009); (3) Heilbron et al. (2013).
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2010, Alkmim & Teixeira 2017) and compatible with the avail-
able U-Pb data for this unit (Heilbron ¢t al. 2010, Machado
etal. 1996, Silva et al. 2002, Noce et al. 2007, Degler et al. 2018,
Kuribara et al. 2019).

CONCLUSIONS

The obtained geochemical and isotopic data reinforce the
idea that the orthogranulites of the JFC had a very complexand
protracted tectonic evolution, recording several tectonic events
throughout the Proterozoic. The oldest event of Rhyacian age
points out to an arc setting that produced juvenile to slightly
contaminated tholeiitic to cale-alkaline rocks. This was followed
by collision or either post-collision episodes, given by more
evolved (granitic) rocks. Altogether, these rocks integrate part
of a dismembered Rhyacian orogenic belt hidden within the
Neoproterozoic Ribeira belt { Heilbron et al. 2008, 2010, Silva
et al. 2002, Degler et al. 2018, Kuribara ef al. 2019). Minor con-
tribution from Archean material participated in the evolution
of the magmatic arc, as indicated by a few T model ages of
ca 2,75 to 2.58 Ga and €nd values of -6.61 to -5.91.

‘The new data are potentially important for Paleoproterozoic
reconstruction models, due to the predominantly juvenile
character of the Rhyacian JFC, as similarly observed in other
belts of Brazil and worldwide.

On the other hand, some of the large deformed layers
of the basic granulites point out to extensional settings that
could be related to the opening of rift to passive margin
sequences, possibly correlated with the Statherian Espinhaco
Supergroup or either to the Meso-Neoproterozoic rift to
passive margin basins development (Carandai rift and/or
Andrelindia basin).

a) Pre-collisionall subduction stages (2.2-2.1 Ga) of the JFC arc
NW THLK CA1 SE

g%

2.4 Ga ocean Soor

b) Amalgamation (2.08-2.01 Ga) of the JFC and Mantiqueira Complex
NW

SE

c) Meso to Neo-Proterozoic Magmatism

NW
BA

SE
TH2IYHS

SFC: S3o Francisco paleoplate; MC: Mantiqueira Compl
Fora Complex; AG: Andrelindia Group.

Figure 15. Envisaged tectoni c evolution of the JFC in the focused
area: (A) subduction stages of Juiz de Fora arc, focusing on the
groups proposed on this work: LK/TH]1- shallower melting and
CA1- deeper melting; (B) docking of the JFC terrane to the border
of the older Archean active margin represented by Mantiqueira
Complex, with the formation of CA2 group: syn-collisional
granitoids; {C) Basic alkaline magmatism (BA group) on JFC
related to the Statherian Taphrogenesis and Basic magmatism
possibly related to the opening of Carandai and/or Andrelandia
basins (TH2 and TH3 groups).

; JFC: Juiz de

Table 4. Petrographic, geochemical and isotopic data obtained for the studied orthogranulites from Juiz de Fora Complex.

Geochemical Tectonic
raiplags Essential Mineralogy Protholith Settings U-Pbage i Tectonic Event
Gabbros to . .
TH14+BK plgopx,cpx,hbl, bt =kf dicastes IAT 22Ga? 248-227Ga Rhyacian Subduction
gt 275-26Ga : <
Diorites to Rhyacian Subduction
CAl plgopxqtz,cpx. Hblbt£kf oo VAG 21Ga z.ls:ézc Ga L
- 12
Tonalites to VAG- 5 2.64Ga-239-  Late Rhyacian Subduction
e qtz:plgopxd, bethbl granites intraplate ) 19Ga Archean inheritance
cA2 lgqizkfzopxbthbl  Gramites  AO-SY™  503Ga  231-203Ga Rhyacian Subduction-Collision
PEAHTRN collisional : ¥
BA opx+cpx+plgtbtehbleqtz Gabbros Intra-plate 176Ga  251-221Ga Sthaterian Extension
TH2 E-MORB 3 dga-igygy.  MeseNNeopmiemecc
Extension ?
opx+cpx+plg+hbl4grd Gabbros
TH3 N-MORB 2 1.87Ga Miaen: Seopmbecmon:

Extension ?
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ABSTRACT

The Juiz de Fora Complex (JFC) is one of the basement units of the Occidental Terrane in the
Central Ribeira belt, regarded as part of the reworked border of the Sdo Francisco paleoplate.
The JFC comprises orthogranulites with varied geochemical compositions, deformational
fabrics, and ages, in Brasiliano granulite facies. This work presents new zircon U-Pb (SHRIMP)
ages and Lu-Hf (LA-ICPMS) data, besides whole-rock Sr and Sm-Nd isotopic data from JFC
orthogranulites from southwest Rio de Janeiro state in order to better constrain the
Paleoproterozoic tectonic evolution of this unit. Six samples, chosen by their element
compositions, were selected for U-Pb and Lu-Hf analysis. A low-K tholeiitic diorite presents
age of ca. 2.44 Ga. Two calc-alkaline granodiorites have distinct geochemical signatures (eg.
TTG and sanukitoid) yielded crystallization ages of ca. 2.2 Ga. A high-K granodiorite
presenting sanukitoid signature shows crystallization age of ca. 2.18 Ga. A tholeiitic mafic
granulite presents age of ca. 2.13 Ga. Metamorphic rims around the magmatic cores present
ages from 600 to 580 Ma confirming the Neoproterozoic overprint, but the mafic granulite also
has Paleoproterozoic granulite-facies metamorphic rims and grains. Few inherited zircon
crystals between ca. 2.53, 2.38, and 2.2 Ga were identified among the samples. The whole-rock
Nd and Sr isotopic data of dated samples show that Siderian, Rhyacian (2.2 Ga) and Rhyacian
(2.13 Ga) magmatism episodes are moderately juvenile, moderately juvenile to evolved, and
moderately juvenile, respectively with Siderian to Rhyacian Nd TDM model ages. Minor
Archean contribution is also observed by the Nd TDM model ages. On the other hand, the
obtained Hf TDM model ages among the samples vary from Archean to Siderian (3.2-2.4 Ga),
with negative to slightly positive eHf(t) values (-13 to +2), contrasting with the whole-rock Nd
signatures, suggesting recycling of Archean material from reworked detrital zircon. The
envisaged geological evolution starts during the Siderian (ca. 2.44 Ga) with crystallization of
the more primitive arc rock (tholeiitic diorite) marking the initial stage of arc development. Arc-
related rocks with TTG and sanukitoid signatures are representative from a heterogeneous, with
a mixture of juvenile (oceanic slab) and archean (metasedimentary sequence) sources varying
the proportion of each source, according the pluton signature. A collisional episode, correlated
to Minas-Bahia orogeny, at around ca. 2035Ma is marked by Paleoproterozoic zircon rims and
grains. A Paleoproterozoic (ca. 2026 Ma) anatetic melt is proposed in a high-K granodiorite
with in-situ and in-source leucosomes. During the Brasiliano orogeny, 600-580 Ma granulite
facies metamorphism, coupled with deformation, is recorded in the studied samples. The
magmatic episodes from Juiz de Fora Complex and Mineiro Belt are quite similar, with the
occurrence of TTG and sanukitoid plutons on both units, but JFC seems to have a longer
duration of Rhyacian arc magmatism and a distinguishing diachronic metamorphic event
among other basement units involved on Minas-Bahia orogeny. This study also comprises
important considerations about geochronological and isotopic correlations for Minas-Bahia
basement units and its African basement counterparts (Western Central African Belt).

Keywords: Siderian arc rocks, Rhyacian juvenile subduction, Minas-Bahia orogen;

INTRODUCTION

The magmatism of the active continental margin and the accretion of exotic terranes
(eg., Island arcs, oceanic plateaus) are some of the continental growth mechanisms (Stern and
Scholl, 2010; Clift et al., 2009a; Cawood et al., 2009). There are several examples of these



90

processes throughout the geological record, such as Andean active continental margin (Thorpe
et al. 1981) and the accreted Talkeetna island arc at Alaska (Greene et al. 2006; Hacker et al.
2008). Most of the crustal growth models indicate that ~75% of the crust was formed between
2000 and 3000 Ma, suggesting a significant continental growth during that period (e.g.,Hunter,
1970; Glikson,1971; White et al.,1971; Windley and Bridgwater, 1971; Arth and Hanson, 1972;
McGregor, 1973; Stowe, 1973; Wilson, 1973; Fyfe, 1978; Veizer and Jansen, 1979; Armstrong,
1981; Reymer and Schubert, 1984; Taylor and McLennan, 1985, 1995; Santosh et al., 2009a).
The end of this interval is correlative with the agglutination of the Columbia Supercontinent
(Zhao et al., 2002, 2004; Rogers and Santosh, 2004, 2009), that have had its major episodes of
amalgamation between the Rhyacian to Orosirian period (ca. 2100 to 1900 Ma). Following
recent paleomagnetic reconstructions on Paleoproterozoic (D’Agrella Filho et al. 2019), this
supercontinent integrated Laurentia, Baltica, Siberia, East Antartica, India, Rio de La Plata,
North China, Congo, and Sdo Francisco continental landmasses.

The Sao Francisco and Congo landmasses are important pieces of global correlations
because they shared a similar geological history from the Paleoproterozoic until the Cretaceous
(Gondwana break-up). The first orogenic cycle in common have occurred on Paleoproterozoic
and is known as the Minas-Bahia orogeny at Sdo Francisco paleoplate (Alkmim and Teixeira,
2017) and as the Eburnean Orogeny at Western Central Africa (Toteu et al. 1994; Feybesse et
al. 1998). This orogenic cycle in the S&o Francisco-Congo paleoplate have started with the
development of both continental magmatic arcs (Cruz et al. 2016; Peucat et al. 2011) emplaced
on Archean nucleus and intra-oceanic arcs (Avila et al. 2014; Barbosa et al. 2015; Noce et al.
2007; Heilbron et al. 2010) followed by an amalgamation of these terranes onto the present
Archean nucleus of the Sdo Francisco and Congo.

The southern part of this orogen, named Minas Accretionary orogen (Teixeira et al.
2015) corresponds to the amalgamation of magmatic arcs (eg. Mineiro Belt, Mantiqueira
Complex, Juiz de Fora) of distinct signatures onto Archean nucleus of Sdo Francisco paleoplate.
The Juiz de Fora Complex (JFC) is interpreted as a Rhyacian (ca. 2.2 to 2.05 Ga) intra-oceanic
arc developed between the continental blocks S&o Francisco and Congo. There is a Siderian
(ca. 2.42 Ga) E-MORB tholeiitic mafic granulite, located on the northern portion of JFC,
assumed as a relict of former oceanic crust (Heilbron et al. 2010) between these continental
landmasses. A recent tectonic study reinterprets siderian magmatic pulses of Juiz de Fora
Complex as arc-related magmatism due to inherited zircon crystals with similar ages (2372 +
48 Ma: Kuribara et al. 2019), increasing, therefore, the period of subduction on this unit.

Despite the available isotopic dataset indicating juvenile magmas on Rhyacian (Degler et al.
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2018; Kuribara et al. 2019; Noce et al. 2007), isotopic signatures for the siderian magmatism
and its tendency are missing on JFC records. On proposed tectonic models (Noce et al. 2007;
Heilbron et al. 2010; Aguilar et al. 2017), the Juiz de Fora arc has been docked onto Mantiqueira
Complex at Late Rhyacian, but there is no geochronological evidence supported this
assumption on JFC, such as paleoproterozoic metamorphic zircon rims/overgrowths observed
on Mantiqueira Complex. The intense granulite-facies Neoproterozoic metamorphic overprint
on Juiz de Fora Complex (Duarte and Heilbron, 1999) could have reset the paleoproterozoic
metamorphic evidence.

In this study, we provide new U-Pb zircon ages (SHRIMP) and Lu-Hf isotopic analysis
in zircons, as well as, the treatment of whole-rock isotopic data of orthogranulites that present
distinct geochemical signatures (Araujo et al. 2019) in order to constrain the crustal evolution
from Juiz de Fora Complex during Paleoproterozoic. In addition, the petrogenetic evolution of
the magmatic episodes will be investigated trough the isotopic signature (Sr, Nd, and Hf) of
rocks. Finally, the tectonic implications of Juiz de Fora Complex on the S&o Francisco-Congo
paleocontinent and regional correlations with other Paleoproterozoic terranes of this continental

landmass will be discussed in this paper.
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4.3.2. ANALYTICAL METHODS

4.3.2.1. U-Pb Geochronology

Five samples presenting distinct geochemical signatures (Araujo et al. 2019) were
collected for the U-Pb and Lu-Hf studies. The sample preparation techniques were carried out
at Rio de Janeiro State University and include grain size reduction using a hammer, followed
by washing, crushing, and grinding using both a jaw crusher and a disk-mill. The zircon grains
were separated and concentrated by densimetric (Wifley Table and Metilen lodite, Bromoforme
liquids) and electrodynamic (Frantz and magnet) procedures. The zircon grains were hand-
piked and mounted in an epoxy resin (together with TEMORA standard) and imaged using
cathodoluminescence (CL) imaging on a VPSEM FEI Quanta 250 scanning electron
microscope housed at the Sdo Paulo University. The CL images were used to examine the
interior textures of zircon grains and to assess the analysis spots. The textures were interpreted
according to the criteria of Wu and Zheng (2004) and Corfu et al. (2003).

The U-Pb zircon isotopic measurements were carried out at the Sdo Paulo University
using the Sensitive High-Resolution lon Microprobe machine (SHRIMP-lle), following the
analytical procedures described in Williams (1998). Seventeen spots (average number) were
analyzed from each sample. The results were corrected for common Pb using the measured
204Pb. The Uranium and thorium abundances and U/Pb isotopic ratios were calibrated against
the TEMORAI (Black et al. 2003) standard. The errors are reported at 1o level. Error in
Standard calibration was 0.12% (not included in the above errors but required when comparing
data from different mounts).

Due to the complexity of the mafic granulite (sample BP-CM-151), this rock has been
analyzed again by the LA-ICPMS method as well. The U-Pb zircon isotopic measurements of
this sample were carried out at Universidade Federal de Ouro Preto using a Thermo-Finnegan
Neptune multi-collector ICP-MS coupled with a Photon-Machines 193 nm excimer laser
system (LA-MC-ICP-MS). Data acquisition followed the method described by Lana et al.
(2017). A spot size of 20 um was used with a 6 Hz repetition rate and laser fluence of 1-2
J.em—2. Raw data were corrected offline using the GLITTER® software package (Van
Achterbergh et al., 2001). The errors are 2c level.

All zircon data is represented in Supplementary Table 1. The analyzes were treated on

Excel software and the age calculations were performed on Isoplot© 4.15 (Ludwig, 2011). We
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adopt discordance values lower than and high values of Pbc (>0.5%) or f206¢c (>0.005) as
criteria of the analytical data exclusion in order to calculate Concordia ages.

4.3.2.2. Lu-Hf isotopic analyzes

The crystallization zircon spots that display better concordance values (-
5%<Disc.<+5%) were chosen in order to obtain the Lu-Hf zircon isotopic analyzes. The
analyzes were carried out at the Federal University of Ouro Preto using Thermo-Finnigan
Neptune multi-collector ICP-MS coupled to a Photon-Machines 193 nm excimer laser system
(LA-MCICP-MS). The acquisition of the data followed the methods described on Gerdes and
Zeh (2006, 2009). The laser spot size used was 50um and the data (75 analyzes; Supplementary
Table 2) were collected in static mode during 60 s of ablation. The spots were drilled with a
repetition rate of 6 Hz and the normal signal intensity was ca. 10 V for 177Hf. Mass bias
corrections of Lu-Hf isotopic ratios were done applying the variations of standards: BB (age:
560 Ma; 176Hf/177Hf=0.2816713 -Santos et al. 2017), Mudtank (age:732 Ma;
176Hf/177Hf=0.282504), GJ-1 (age:602 Ma; 176Hf/177Hf=0.2820000 - Jackson et al., 2004)
and PleSovice (age: 337 Ma; 176Hf/177Hf=0.2820000 - Slama et al., 2008).

4.3.2.3. Sr-Nd treatment

The analyzes reported on Araujo et al. (2019) coupled with the calculated U-Pb zircon
crystallization ages were used in order to obtain the petrogenetic parameter, such as eNd(t) and
87Sr/86Sr(i). Further details on isotopic measurements and data acquisition at the LAGIR Lab

of the Rio de Janeiro State University could be found on Araujo et al. (2019).

4.3.3. GEOLOGIC FRAMEWORK

4.3.3.1. Sao Francisco Craton and Congo paleoplates

The Archean and Paleoproterozoic blocks of the present Sdo Francisco and Congo
Cratons had been amalgamated during diachronic orogenic episodes along Rhyacian-Orosirian
(ca. 2100 to 2000 Ma) to form segments of the Columbia supercontinent (Figure 1a). This
orogenic cycle is referred to as Eburnean orogeny on West Africa (Weber et al. 2016) and

Minas-Bahia orogeny (Alkmim and Teixeira, 2017) on Eastern S&o Francisco side. During the



95

Brasiliano-Panafrican Orogeny (ca. 620-490 Ma), the border of the S&o Francisco-Congo
paleocontinent has been reworked with deformation and metamorphic overprint to form an
important part of West Gondwana (Cordani and Sato, 1999; Campos Neto, 2000; Alkmim et
al. 2001).

The Eburnean orogenic belt (Western Central Africa belt - ca. 2100-2000 Ma) consists
on the collision of the Archean nuclei with strong reworking on high-grade metamorphism on
the Nterm-Chailu block and Angola Shield as well as the Paleoproterozoic supracrustal
sequences, such as Francevillean basins (Feybesse et al. 1998). Syn to late (ca. 2060 to 1930
Ma) intense plutonism occurs on this belt (Lerouge et al. 2006; Djalma et al. 1992; Thieblemont
et al. 2009a) with few reports of plutonic rocks from continental margin arcs (Delhal & Ledent,
1976). These plutonic rocks units extend from SW Cameroon to NW Angola and have different
names accordingly the country: The Nyoung Group (SW Cameroon- Toteu et al. 1994; Lerouge
et al. 2006), the Ogooué orogenic domain on Gabon (Weber et al. 2016), the Mayombe
basement from Gabon to Congo (Djalma et al. 1992) and the Kimezian Supergroup from DRC
to NW Angola (Pedrosa-Soares et al. 2016; Delhal and Ledent, 1976). These two latter units
outcrop as basement units of West Congo Belt (Thieblémont et al. 2018).

On the Brazilian side, the Minas-Bahia orogenic event (2.5-2.0 Ga) have consisted on
the amalgamation of Archean nuclei and/or Paleoproterozoic arcs/belts (Alkmin and Teixeira,
2017). Focusing on the northern segment of this Paleoproterozoic orogenic system, this cycle
started with the development of continental margin arcs during Rhyacian at Itabuna-Salvador-
Curaca belt and Gavido Block (Peucat et al. 2011; Cruz et al. 2016). The development of
greenstone belts terranes (Rio Itapicuru and Rio Capim: Oliveira et al. 2010) is coeval to this
period on Serrinha block (Figure 1b). These magmatic arcs and greenstone belt terranes have
been accreted onto Archean blocks and its subsequent collision has led to intense granulite-
facies metamorphism (ca. 2100 to 2050 Ma) on these blocks (Barbosa and Sabaté, 2004. Ending
this tectonic cycle, there were intense syn- to post-collisional plutonism in all terranes (Oliveira
et al. 2010; Barbosa and Sabaté, 2004), including on the Porteirinha Complex (Silva et al. 2016;
Bersan et al. 2020).

At the southern segment of the Paleoproterozoic orogen (location of the study area),
Paleoproterozoic arcs have developed since the Siderian (eg. Mineiro Belt: Barbosa et al. 2018)
to Rhyacian (eg. Mantiqueira Complex and Juiz de Fora Complex: Noce et al. 2007; Heilbron
et al. 2010). These arcs were accreted onto archean blocks (Piedade Block- Bruno et al. 2020;
Belo Horizonte Domain- Lana et al. 2013). The Mineiro Belt have been accreted onto Belo

Horizonte Archean Domain (Avila et al. 2010) and Mantiqueira Complex onto Piedade Block
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(Bruno et al. 2020) in a local event called Minas Accretionary orogen (Teixeira et al. 2015),
provoking intense Rhyacian-Orosirian (ca. 2100 to 2050 Ma) granulite-facies metamorphism
reported on these belts and adjacent archean blocks (Aguilar et al. 2017; Moreira et al. 2018;
Avila et al. 2010; Cutts et al. 2018; Silva et al. 2002; Heilbron et al. 2010; Bruno et al. 2020).
The collision between the Mineiro Belt and Mantiqueira Complex is still unknown. The authors
have considered that Juiz de Fora Complex is part of Minas Accretionary orogen (Teixeira et
al. 2015) because, in all previously proposed tectonic models (Noce et al. 2007; Heilbron et al.
2010), this unit was supposedly docked onto Mantiqueira Complex. However, there is no
evidence of this Paleoproterozoic metamorphism in Juiz de Fora Complex due to strongly
Neoproterozoic granulite-facies overprint (Heilbron et al. 2010; Duarte and Heilbron, 1999).

There are other two Paleoproterozoic basement units reworked within the Ribeira Belt,
the Quirino and Regido dos Lagos Complex. The Quirino Complex comprises Rhyacian
orthogneisses with mafic and ultramafic enclaves (Machado et al. 1996), presenting juvenile
sources and archean reworking as the petrogenetic mechanism (Valladares et al. 2002). The
Regido dos Lagos Complex is constituted by Orosirian orthogneisses with mafic enclaves,
amphibolite layers, and dykes (Fonseca, 1993; Schmitt et al. 2004). Degler et al. (2018)
constrained that these basement terranes being part of the Eastern Rhyacian-Orosirian Orogenic
system (E-ROOS) associated with Eastern Bahia Orogenic Domain, only by its crustal isotopic
signature, even without any evidence of accretion of these blocks on Séo Francisco Paleoplate
by present-day. The amphibolite-facies metamorphism is present in these complexes (Schmitt
et al. 2004; Valladares et al. 2002).

4.3.3.2. Juiz de Fora Complex

The Juiz de Fora Complex, the focus of the study, is interpreted as a Paleoproterozoic
intra-oceanic arc (Noce et al. 2007; Heilbron et al. 2010) which comprises granitoids and mafic
rocks metamorphosed on granulite-facies in Brasiliano orogenic event (Duarte and Heilbron,
1999) that culminates on the Gondwana configuration (Figure 2a). It is tectonically interlayered
(as thrust sheets — Figure 2b) with supracrustal metasedimentary rocks from Andrelandia Group
(Pacciulo et al. 2004a), composing the most deformed tectonic domain from Occidental Terrane
of Ribeira Belt (Heilbron et al. 2004a). The Juiz de Fora Complex is one of the basement units
of Ribeira Belt and Araguai Belt (Noce et al. 2007).

The Juiz de Fora Complex extends along the Brazilian southeastern states (Minas

Gerais, Rio de Janeiro, and Espirito Santo). The granitoid rocks comprise heterogeneous
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magmatic suites (Araujo et al. 2019, Duarte et al. 1997) with a predominance of calc-alkaline
diorites and granodiorites represented by enderbitic to charnoenderbitic granulites. The mafic
granulites also have distinct magmatic series, varying from tectonic settings (E-MORB, IAT,
and WPT gabbroic rocks — Araujo et al. 2019; Heilbron, 1993). The previous geochronological
dataset from Juiz de Fora Complex points out to ages between ca. 2.2 and 2.05 Ga (Noce et al.
2007; Degler et al. 2018; Kuribara et al. 2019; Heilbron et al. 2010; Machado et al. 1996). One
Archean felsic orthogranulite was described at the Juiz de Fora city (Silva et al. 2002). Mafic
granulites, with E-MORB tholeiitic and WPT alkaline signatures, have provided ages of ca.
2.42 Ga and ca. 1.77 Ga (Heilbron et al. 2010). The juvenile character of Juiz de Fora
Paleoproterozoic magmatism is supported by the predominance of subchondritic (around zero)
to positive eNd(t) and ¢Hf(t) values of these rocks with Siderian to Rhyacian TDM Nd and
TDM Hf model ages (Degler et al. 2018; Kuribara et al. 2019; Araujo et al. 2019; Fischel et al.
1998; André et al. 2009) pointing out to mantle sources. On the other hand, a minor Archean
component can be attributed to Juiz de Fora protoliths because of the reported Hf TDM (by
3.45 Ga — Kuribara et al. 2019) and TDM Nd (by 2.75 Ga — Araujo et al. 2019). A compilation
of geochronological and isotopic data can be obtained on Araujo et al. 2019.

In the focused area, the Juiz de Fora Complex consists of enderbitic granulites with
mafic enclaves (Figure 2a), charnoenderbitic granulites with mafic bands (Figure 2b) and
granoblastic textures (Figure 2¢). Massive mafic granulites also occur (Figure 2d) and evidence
of partial melting, such as in-situ and in-source leucosomes (Figure 2e) can be observed in some
outcrops. There is a lack of information on the field relationships between these lithologies
because of the paucity of outcrops in the study area. The deformation grade increases
accordingly the proximity of the Neoproterozoic thrust boundaries (Figure 1b), developing a
strong mylonitic foliation close to the contacts with the Neoproterozoic metasedimentary unis.
Foliation normally dips towards SE following the major trend of the Ribeira Belt (Heilbron et
al. 1998).

The observed textures the orhogranulites vary accordingly the deformation of these
rocks can be granoblastic (Figure 2f), mylonitic, or granolepidoblastic. The granulation of JFC
rocks is commonly medium to coarse. The felsic granulites normally have paragenesis
consisting of plagioclase + hypersthene + quartz + k-feldspar = diopside with retrograde
hornblende and biotite (Figure 2g), whereas the mafic granulites (Figure 2h) present plagioclase
+ diopside + hypersthene £ quartz + garnet. Some of the mafic granulites have coronytic garnet
around pyroxene crystals (Araujo et al. 2019). Further details of the JFC local geology on the
studied area can be gathered from Araujo et al. (2019).
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Figure 2. A) Gondwana reconstruction map with the inset of studied area in the red square. Cratons: AM- Amazonia; AN- Antartica; AQ — Arequipa; BTS - Borborema-Trans
Sahara; CSF - Congo Séao Francisco; GW — Gawler; IN — India; LA - Luis Alves; KAL- Kalahari; M — Madagascar; NAU - North Australia; PA — Paranapanema; RP - Rio de

La Plata; WA - West Africa; WAU - Western Australia. B) Geological map of studied area (Modified from Araujo et al. 2019).
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Figure 3. Field relations and petrography of orthogranulites from studied area. A) Enderbitic granulite with mafic
encalve (Sample VA-LM-07B); B) Charnoenderbitic granulite interlayered with mafic bands (Sample BP-LM-
12); C) Porphyroblastic charnoenderbitic granulite (Sample BP-LM-13); D) Massive mafic granulite (Sample BP-
CM-151); E) Charnoenderbitic granulite with in-situ and in-source leucossomes (Sample RP-LM-04); F)
Granoblastic texture and typical granulite-facies paragenesis for felsic granulites (Sample VA-LM-07B); G)
Pyroxene substituition to hornblende and biotite related to retrograde metamorphism (Sample BP-LM-12); H)
Granoblastic texture and typical granulite-facies paragenesis for mafic granulites (Sample BP-CM-151).
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4.3.4. RESULTS

4.3.4.1. Zircon U-Pb ages, zircon Hf and whole-rock Nd-Sr isotopes

In this section, we describe the results obtained from the isotopic analyses
(Supplementary Table 1). The major exclusion criteria for the obtained data were calculated
errors, the percentage of discordance (Disc. £ 5%) and common Pb values (<0.5%). Concordia

or Intercept ages determinations of each sample (Figure 5) will be discussed here.

4.3.4.1.1. Sample VA-LM-07B:

This sample is an enderbitic granulite with associated mafic bands (Figure 3a,f). The
rock was collected from an outcrop with evidence of partial melting, such as tinny leucosomatic
veins. The zircon crystals of this sample are translucent to dark opaque with colors that vary
from light to dark brown. They are subhedral, short to long prismatic with sub-rounded borders,
ranging in size from 174 to 288 um, and the length/width ratios mostly between 2:1 and 5:1.
The CL images show a homogeneous group of long prismatic zircons presenting a well-
developed magmatic oscillatory zoning (Figure 4). Most of the grains display a thin overgrowth,
with homogeneous white/gray colors (not wide enough for spot analyses), which could indicate
metamorphic origin. Eleven analyses of zircon crystals with oscillatory zoning show variable
Th/U (0.38 and 0.74; Supplementary Table 1). Most all of these analyses are within the adopted
discordance limits (-5 %< D<+5%), except by spots 4.1 and 9.1. These analyses rendered a
concordant age of 2440.2 + 4.8 Ma interpreted crystallization age (Figure 5a). This assumption
is corroborated by 207Pb/206Pb weighted average mean age of 2451 + 21 Ma (Figure 5).

The initial 176Hf/177Hf ratios of the magmatic zircons from this sample varied from
0.281161 to 0.281374. The Hf TDM model ages yield values between ca. 2.90 and 2.48 Ga
with positive to negatives eHf(t) values between -8 and +3 (most frequent value: +1, Figure 7
and Supplementary Table 2). Whole-rock Sr-Nd isotopes (Figure 7) supports a juvenile to
moderately juvenile mantle source from the dioritic protolith, with low 87Sr/86Sr(i) (0.7017)
and chondritic eNd(t) value (-0.1).

4.3.4.1.2. Sample BP-LM-13:
Sample BP-LM-13 is referred to as a charnoenderbitic granulite with coarse granulation
and hypersthene and plagioclase porphyroblasts. The zircon crystals are translucent to dark and

vary from light to dark brown. They are subhedral, prismatic with sub-rounded borders, ranging
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in size from 155 to 290 um, and the length/width ratios are mostly between 2:1 and 5:1. Most
cores in CL images present a fine magmatic oscillatory zoning. Homogeneous white/gray rims
are also observed (Figure 4). Thirteen analyses in zircons with oscillatory zoning presented
variable Th/U ratios (0.48 and 0.73; Supplementary Table 1). All these analyses are within the
discordance limits (-5%<D<+5%), but two spots (eg. Spots 4.1 and 9.1) present low
concordance errors (p), and they are not used in age calculation. The data regression yields a
Concordia age of 2200 + 3.5 Ma with a low MSWD (0.064) interpreted as the rock
crystallization age (Figure 5d). The 2°/Pb/?%Pb weighted average mean age of 2201 + 6.7 Ma
reinforces this assumption (Figure 5b). One rim (5.2) is concordant at 2°’Pb/?%Ph = 2288 + 27
Ma (Th/U = 1.33) but without geological meaning. Metamorphic age could not be calculated.
The Y8Lu/*""Hf ratios of the igneous zircon crystal present a narrow variation of the
ratios from 0.281046 to 0.281150. The Hf TDM model ages yield between 3.11 and 2.91 Ga
(with a major frequency of about 2.92 Ga) and negative eHf{(t) values varying between -8 and -
11.7 (Figure 7 and Supplementary Table 2). This sample has 87Sr/2®Sr(i) and eNd(t) values of
0.705193 and -4.8 (Figure 7), respectively, which are compatible with the participation of an

Archean crustal component on the granodiorite’s magma genesis.

4.3.4.1.3. Sample BP-LM-12:

Sample BP-LM-12 is a foliated charnoenderbitic granulite with associated mafic bands.
The zircon crystals are translucent to opaque and vary from light to dark brown. They are
subhedral, prismatic with sub-rounded borders, ranging in size from 235 to 465 um, and their
length/width ratios presented values mostly between 2:1 and 5:1. The crystals present a noTable
quantity of fractures (Figure 4). The cores in CL images present a thick magmatic oscillatory
zoning. Homogeneous thick gray rims are observed with a higher common Pb percentage than
the normal range (<0.5%) and Th/U ratios higher than expected for metamorphic overgrowths.
Twelve analyses in zircon oscillatory zoning show variable Th/U (0.26 and 0.72;
Supplementary Table 1). The majority of the crystals have discordance percentage out of the
adopted concordance range due to Pb loss. Therefore, it was only possible to calculate a
Discordia line with upper and lower intercept ages (Figure 5d), interpreted as representing
respectively the magmatic crystallization at 2197 + 10 Ma and metamorphic overgrowths at
588 + 18 Ma (MSWD = 1.5). This latter metamorphic age is corroborated by a calculated
Concordia age (Figure 5c¢) for these rims at 583 £ 6 Ma with low MSWD (0.069). One inherited
zircon was found (eg. spots 12.1 and 12.2) and has 207Pb/206Pb age of 2388 + 41 Ma (Th/U =
0.38).
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The zircon crystals 176Lu/177Hf(t) values varying from 0.281161 to 0.281374. The Hf
TDM model ages range displayed values between 2.56 to 2.48 Ga and with slightly negative (-
1.7 to -0.9: Figure 7 and Supplementary Table 2). The initial 87Sr/86Sr ratio of 0.705215 and
chondritic eNd(t) of -0.6 (Figure 7) coupled with zircon Hf data suggest a mantle source with

some degree of crustal contamination on its magma genesis.

4.3.4.1.4. Sample RP-LM-04:

Sample RP-LM-04 is a charnockitic granulite with protomylonitic texture and partial
melting evidence. The zircon crystals are translucent to very dark and vary from light to dark
brown. The crystals are subhedral to anhedral, prismatic with rounded borders, ranging in size
from 155 to 220 um, and the length/width ratios mostly between 2:1 and 5:1.
Cathodoluminescence images (Figure 4) reveal two populations, one with short prismatic
crystals with oscillatory zoning (Th/U ratios between 0.41 and 0.67) and the other with long-
rounded typology showing planar zoning and anomalous Th/U ratios (1.38 to 2.02, Figure 6).
Detailed information can be found on Supplementary Table 1. Most of analyses have high
values of D (+6 % < D < +18 %). Because of intense Pb loss, it was only possible to calculate
Discordia lines (Figure 5f). The adopted interpretation is that the older upper intercept
represents the magmatic crystallization (prismatic typology) at 2182 + 11 Ma (Figure 5d) and
the lower intercept interpreted marks the Neoproterozoic metamorphic overprint obtained by
the gray rims at 561 + 41 Ma. The long-rounded grains showing planar zoning also define a
Discordia line (2nd Discordia) with upper intercept (2026 + 30 Ma) possibly related to
Paleoproterozoic melt crystallization from anatetic melting on granulite-facies (Figure 5f). This
typology seems to lose Pb for the Neoproterozoic event, which is showed by the lower intercept
of this Discordia.

Despite the high discordance percentage of zircon crystal of this sample, we have
analyzed the two typologies in Lu-Hf systematics. The magmatic zircon crystals show a large
variation on 176Lu/177Hf ratios between 0.281017 and 0.2814 with TDM Hf model ages
varying between ca. 2.93 and 2.30 Ga (concentration: 2.9 Ga) and the ¢Hf(t) values range from
-14.1 to +2.5 (Figure 7 and Supplementary Table 2). Only one grain is on the accepted range
limit of discordance and presents this positive ¢Hf(t) value (+2.5). These data coupled with
whole-rock negative eNd values (-2.9) and high initial 87Sr/86Sr ratio of 0.7119 (Figure 7)
reveal a juvenile component with the participation of older crustal material and/or crustal

contamination in the genesis of the precursor magma.
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4.3.4.1.5. Sample BP-CM-151:

Sample BP-CM-151 is a massive mafic granulite presenting medium granulation and
some felsic bands interlayered. The zircon crystals are translucent to opaque and vary from light
to dark brown. They are subhedral to euhedral, prismatic with sub-rounded borders, ranging in
size from 95 to 255 pum, and the length/width ratios mostly between 2:1 and 4:1. Most cores in
CL images present a striking magmatic oscillatory zoning, as well as, some homogeneous thin
white rims are noticed. This sample had 21 zircon crystals analyzed first by SHRIMP
methodology. These analyses were important to know about the zircon populations along the
Concordia curve, but the number of analyses was insufficient to reach a robust interpretation of
the crystallization age of the sample. Therefore, we analyzed 50 spots on zircon crystals by the
LA-ICPMS technigue in order to get a better interpretation of the crystallization age and the
metamorphic and inheritance events of this sample.

Thirteen SHRIMP analyses in zircon crystals show variable Th/U (0.45 and 1.68;
Supplementary Table 1). Most of the analyses yield on the Concordia curve, presenting four
populations with distinct characteristics. The first population, yielding values around 2450 Ma
(Figure 5c), is the long prismatic crystal (4:1) of zircon showing oscillatory zoning parallel to
its elongation. It was interpreted as the typology representantive of magmatic crystallization.
The second population, concentrated around 2200 Ma (Figure 5c), is constituted by prismatic
crystals with fine concentric oscillatory zoning and some Pb loss. The third population, around
1950 Ma, is presented by two homogeneous gray rims (7.2 and 9.1 — Figure 4). There is a
metamorphic grain dated at 591 + 7 Ma. Because of this variability within the Concordia curve
and their CL features, we interpret that this sample underwent two metamorphic events, in a
double-stage model, with three intercepts (Figure 6a). The first intercept is magmatic
crystallization (2453 =+ 70 Ma — MSWD: 2.2) and the other intercepts are metamorphic events
(1st:1969 + 16 Ma — MSWD: 2.2 / 2nd: 602 = 100 Ma — MSWD: 1.2). One inherited zircon
was found (spot 6.1) and is concordant at 207Pb/206Pb age of 2525 + 41 Ma (Th/U = 0.59).

In the LA-ICPMS analysis, the zircon spots present the same distribution of the obtained
ages obtained by the SHRIMP, repeating the populations cited above. Therefore, the
interpretation is quite similar. In addition, we have noticed that there are 16 inherited zircon
crystals showing oscillatory and planar zonings between 2400 Ma and 2200 Ma, with markable
zircon inheritance peaks at ca. 2395 +19 Ma, 2301 +20 Ma and 2211 +14 Ma (Figure 5d). The
two younger zircon crystals with igneous characteristics (eg. Spots 15 and 47- Figure 4) were
interpreted as the correct crystallization age (Figure 5d) as depicted by an upper intercept at
2134+43 Ma (MSWD: 0.016). The hypothesis of two metamorphic events was confirmed
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because of some of the concordant spots at around 2030 and 1970 Ma presents fir-tree textures
spots 59 and 9.1 — figure 6b). in CL images, suggestive of granulite facies metamorphism (Wu
and Zheng (2004): In addition, we have found one Orosirian metamorphic rim (spot 36- age:
2008 £ 42 Ma) around a Rhyacian core (Figure 4). The Neoproterozoic metamorphism was also
identified by metamorphic rims and neoformed metamorphic grains around 615 and 560 Ma.
The crystal that presented the first Orosirian metamorphic event seems to lose Pb to the second
Neoproterozoic metamorphism. The calculation of the Discordia lines had always the lower
intercept in the Neoproterozoic (554+13 Ma; MSWD: 0.016 — Figure 6b), with the older upper
intercept representing the Rhyacian crystallization age and the younger probably meaning the
Orosirian metamorphic event (2033+£35 Ma; MSWD: 0.0114 — Figure 6b).

The 176Lu/177Hf ratios of the inherited zircon crystals present a large variation
between 0.280145 and 0.281308 values. The TDM Hf model ages of these crystals vary
between 3.25 Ga and 2.57 Ga, with some spots presenting older model ages (larger than 3.45
Ga). Its eHf(t) values reflect this variation, with negative to weakly positive values (-14.5 to
+1.6) and also anomalous strongly negatives (lesser than -20.6). The analytical Lu-Hf data
(Figure 7 and Supplementary Table 2) for this mafic granulite may indicate some disturbance
in the Lu-Hf system because of the superimposed metamorphic events that this sample could
have undergone. It was considered only the normal Hf parameters, discarding, therefore the
anomalous parameters (Supplementary Table 2). The eNd(t) value of this sample is -0.05
(Figure 7), which is consistent with the participation of a chondritic source on the magma
genesis of this gabbro. This mafic granulite yields misleading 87Sr/86Sr(i) value (<0.700)
against its age and then it will be not considered hereafter.

The Table 1 synthetizes the main isotopic signatures of JFC orthogranulites



Table 1. Summary table for the main isotopic characteristics of the studied sample from Juiz de Fora Complex.
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eHAf{(t) . eHAf(t)
Sample Lithology Age (Ma) magmatic TDM HF - Inheritanc inherited  eNd(t) TDM Nd 87Sr/%Sr(i)  Source
> (Ga) e (Ma) . (Ga)
Zircon Zircon
Enderbitic
VALM-07B  SPTRE 2440448 (80t0+17) 31010254  na n.a. 01 248 07017 Mantle
BP-LM-12 Chgrg;f]”u‘:izb'“ 2197+10 (85t0+0.2) 290t02.49 2388 n.a. 06 231 07052 Mantle/crust
BP-LM-13 Chgrg;i”u‘:ﬁgb'“ 2200+35 (117t0-8) 31110291  na. n.a. 48 262 0705193  Crustal
BP-CM-151 Mafic Granulite 2134 + 43 n.a. 3.08102.68 2525-2210 (43to+11) -005 252 06941 Mantle
RP-LM-04 ~ CPamockitic 5105411 (14110425) 3110278 n.a. n.a. 29 246 07119 Mantle/Crus

granulite
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Figure 4. Cathodoluminescence (CL) images of analyzed zircon crystals of the orthogranulitic samples from Juiz de Fora Complex. Anatetic melt zircon grains on sample RP-
LM-04 have been considered metamorphic grains.
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Figure 5. Concordia or Discordia diagrams presenting orthogranulites’ ages from Juiz de Fora Complex at the
studied area. A) Concordia and 207Pb/206Pb weighted average mean ages for enderbitic granulite (VA-LM-
07B); B) Concordia and 207Pb/206Pb weighted average mean ages for coarse charnockitic granulite (BP-LM-
13); C) Discordia line for charnoenderbitic granulite (BP-LM-12). The inherited zircon crystals are represented
by green ellipses; D) Discordia lines for charnoenderbitic granulite (RP-LM-04) with younger and older upper
intercepts representing magmatic crystallization (orange ellipses) and inheritance (gray ellipses) respectively.
The lower intercept is referred to as metamorphism.
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Figure 6. Wetherill Concordia diagram for massive mafic granulite (BP-CM-151). a) SHRIMP analysis. Metamorphic rims, metamorphic grain, magmatic crystals, and
inherited zircon crystals are represented by yellow, red, gray, and green ellipses, respectively; b) LA-ICPMS analysis. Siderian inherited crystals, Rhyacian inherited
crystals, Rhyacian magmatic crystals, Orosirian metamorphic rims/grains, and Neoproterozoic rims/grains are represented by green, dark blue, blue, orange, and red
ellipses, respectively.
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Figure 7. Hf, Nd, and Sr Isotopes evolution of the studied samples from Juiz de Fora Complex. A) zircon ¢Hf(t) values trough time. grey dashed lines classify fields of
juvenile (0-5 e-units below DM), moderately juvenile (5-12 e-units below DM), and evolved (> 12 g-units below DM), according to Bahlburg et al., (2011). We assume the
average crust using 176Lu/177Hf = 0.015 (Griffin et al., 2002); B) Whole-Rock eNd(t) evolution. Uniform Reservoir data extracted from DePaolo (1988); C) Sr evolution

diagram (initial 87Sr/86Sr vs. Time (Ma)) of Othman et al., (1984).
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4.3.4.2. Revisiting the Lithogeochemistry

After the geochronology study carried out, we decided to revisit the geochemical data
set from Araujo et al. (2019) in order to distinguish the geochemical groups with Nd TDM
Model and U-Pb ages, observe the geochemical features of the dated samples (filled symbols)
as well as apply the new petrogenetic classification of granitoids based on systematic presented
by Laurent et al. (2014). Non-dated rocks are represented by empty symbols.

The intermediate and acid rocks are classified as diorites and granodiorites (Fig. 8a —
Cox et al. 1979) with the most rocks plotting on the calc-alkaline field, with exception of the
tholeiitic diorites already classified as Low K calc-alkaline series group (Araujo et al. 2019) in
the SiO2 vs. K20 diagram (Fig. 8b - Peccerilo and Taylor, 1976). This group conveys on
metaluminous rocks (Figure 8c) which present moderate LREE enrichment (Figure 9a), low
fractionating (La/YbN — 1 to 9), negative anomalies of Nb-Ta and Ti (arc-like rocks signature)
and positive Pb anomalies (Figure 9b). The dated sample VA-LM-07B (ca. 2440 Ma) belongs
to this group.

The most of other granitoids display high Ba-Sr signatures (Tarney and Jones, 1994),
and using a petrogenetic classification by a ternary plotting suggested by Laurent et al. (2014)
coupled with Nd TDM model ages, the high Ba-Sr granitoids have been subdivided into two
groups: TTG suite, sanukitoid suite and the CA3pc granitoids (Fig. 8d). The TTG suite,
represented by the sample BP-LM-12 (ca. 2197 Ma), yields on the TTG-like field of the
La/YbN vs. YbN diagram (Martin, 1986). This sample presents positive Eu and Sr anomaly
and negative P anomaly besides HREE depletion (Figure 9c,d) and similar pattern and contents
of REE and trace elements (Figure 9c,d) of the average TTG (Laurent et al. 2014), such as Mg#
(0.4), La (19.5-30 ppm) and Yb (0.5-0.8 ppm). The sanukitoid suite shows slightly negative Eu
anomaly (Figure 9e), variable LREE enrichment, and negative anomalies of Nb-Ta, Ti and, P
(suggestive of subduction-related magmas) and strongly positive Pb anomaly higher than the
other groups (Figure 9f). There are two dated samples in this group: BP-LM-13 (ca. 2200 Ma)
and RP-LM-04 (ca. 2182 Ma). The latter sample shows much higher contents of incompatible
elements than the first one. The CA3pc granitoids present similar geochemical characteristics
to sanukitoid group and higher negative Eu anomaly, but this group has been separated from
other ones (TTG and snkt. Groups) because of its younger Nd TDM ages (ca. 2.09 to 1.9 Ga)
than U-Pb ages. Therefore, this group has been related to a late to post-collisional magmatism.

There are also two geochemical groups that resemble the REE and trace element patterns

from mentioned above groups and have been separated from others by their younger TDM
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model ages than ca. 2.1 Ga. The CA2ad group has similar REE and trace elements signatures
from TTG suite such as positive Sr anomaly, high (La/Yb)N (Figure 8e), and HREE depletion
(Figure 9c,d), although with much higher SiO2 (70-74.6 wt%) and thus being classified as high
silica adakites derived from thickened lower crust (Figure 8f - Wang et al. 2006). The last group
of granitoids, the CA3a group, shows resembling REE and trace elements patterns (Figure 9g,h)
from CA3pc, although presents older Nd TDM model ages, being interpreted to Rhyacian arc
magmatism (ca. 2.2 Ga). The new geochemical groups and assumptions are synthetised in Table
2.

The basic rocks are classified as tholeiitic gabbros (Figure 8a,b), showing a flat REE
pattern (Boynton, 1984) and LREE depletion similar to MORB pattern (Figure 9g). On the
other hand, LREE depletion is typical of island-arc tholeiitic basalts (Wilson, 1989).
Furthermore, the trace elements from sample BP-CM-151 are quite similar from Island-arc
tholeiitic pattern (Sun, 1980; normalization: Pearce, 1983), having spikes on Sr, Ba, and K
(Figure 9h). This group also yields in island arc field on Zr vs. Zr/Y diagram (Pearce & Norry,
1979 — Figure 8f). The sample BP-CM-151 (ca. 2130 Ma) is a representative sample of this

group.
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Table 2. Synthesis of the geochemical groups and its tectonic significances, coupled with U-Pb and Nd Tpm model ages.

idade U-  Araujoetal. Geochemical

Sample TDM Nd Protoliths Tectonic classification

Pb 2019 Grouping
VA-LM-07B 248Ga 2.44Ga LK LK Low K tholeiti
BP-CM-150E  2.46 Ga - LK LK OWdiO:ithe't'C Pre-collisional stage
VA-LM-10 2.35Ga - LK LK
VA-LM-11B 2.75Ga - CAl CAl
BP-LM-13 262Ga 220Ga CAl CAl
VA-LM-08B 258 Ga - CAl CAl .
High Ba-Sr SR
RP-LM-04 246Ga 218 Ga CA1l CA1l granitoids Sanukitoid suite
BP-I1V-34  243Ga - CAl CAl
VA-LM-05 2.41Ga - CAl CAl
BP-CM-142A 241 Ga - -
CPH-123-A 264Ga 2220 CA3 CA3a Medium to high K
' Ga* edium fo hilg Arc-related magmatism
granitoids
RPM-546 - CA3 CA3a
BP-LM-12 231Ga 2.197Ga CA2 CA2ttg High Ba-Sr TTG suite
granitoids
NSA-5-9B 2.18 Ga - CA2 CA2PC - thickened
NSA-5-9C  2.03Ga i CA2 CA2PC  High SiO2 adakites '19"-P thickened L-ower
crust partial melting
RPM-565A - - CA2 CA2PC
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Figure 8. Classification, petrogenetic and tectonic diagrams of the orthogranulites from Juiz de Fora Complex. A) SiO- x alcalis (Cox et al. 1979) for protoliths and magmatic
series classifications; B) SiO, x KO (Peccerilo and Taylor, 1976) for sub-alkaline series classification; C) Classification of granitoids based on Alumina Silica Index (Shand,
1973); D) Ternary classification diagram for high Ba-Sr granitoids from Laurent et al. (2014). Vertices are: 2 x A/ICNK (molar Al,0s/(CaO + K,0 + Na0) ratio); Na,O/K,0
and 2 x (FeOt + MgO) x (Sr + Ba) wt.% (=FMSB); E) Diagram for adakite/TTG discrimination (Martin, 1986) for high Ba-Sr granitoids; F) Geochemical classification of
adakite petrogenesis (Wang et al. 2006); G) Geotectonic discrimination for mafic rocks from distinct geotectonic positions (Pearce and Norry, 1979)
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Figure 9. REE and trace elements patterns for studied samples from Juiz de Fora Complex. The normalization for
REE spidergrams was made by chondrite (Boynton, 1984). The normalization for trace elements was made by
Primitive Mantle (Sun and McDonough, 1989) for granitoids and by MORB (Pearce, 1983) for basic rocks. A and
B) LK group (Araujo et al. 2019); C and D) TTG and CA2ad groups; E and F) Sanukitoid group; G and H) CA3a
and CA3pc groups; 1) REE pattern of TH3 group (Araujo et al. 2019); J) Trace element spidergram of TH3 group
and comparison with well-known basalts tectonic patterns (IAT, BAT, N-MORB, and E-MORB: Wilson, 1989
and references therein).

4.3.5. DISCUSSION

4.3.5.1 Tectonic Evolution of Juiz de Fora Complex in the studied area

The U-Pb zircon ages and in situ Lu-Hf zircon isotopic signature, besides the
lithogeochemical and whole-rock Sr and Nd isotopic data have provided crucial constraints on
the tectono-termal events of the Juiz de Fora Complex at the studied area. All dated samples
present the LILE (Sr, K, Ba, Pb) enrichment relative to HFS elements, similar to arc-related
signatures (McMillan et al. 1989). The magmatic events can be divided into three episodes: a)
an early period, comprehending juvenile magmatism at ca. 2440 Ma; b) a moderately juvenile
to evolved magmatism at ca. 2200-2180 Ma; c) the latter period, comprising juvenile
magmatism at ca. 2130 Ma. The isotopic studies (Sr, Nd, and Hf) allowed important insights
on the petrogenesis of precursor magmas of each magmatic episode. The temporal evolution
of the studied magmatic rocks is described below.

In addition, we have identified two metamorphic events within the Juiz de Fora
Complex’ orthogranulites, including a suggestion of Orosirian metamorphism, never described
before and the well-known Neoproterozoic metamorphism. These metamorphic episodes are

also presented in this item.

4.3.5.1.1. Early primitive arc stage at ca. 2440 Ma

This magmatic episode is represented by the enderbitic granulite (sample VA-LM-07B)
presents tholeiitic tendency and arc-related signature (Araujo et al. 2019). This Siderian arc
magmatic episode was never described before within the Juiz de Fora Complex, and similar
ages were only described as inherited zircon crystals (Kuribara et al. 2019). Anyway, tholeiitic
rocks of ca. 2.4 Ga were described in the northern part of the State by Heilbron et al., (2010).
Although interpreted as E-Morb ocean floor rocks, it is possible that this dated rock belonged
to the same family, as it is not easy to distinguish between very primate arc-related rocks and

enriched ocean floor basalts.
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This magmatic episode is juvenile to moderately juvenile on Lu-Hf zircon systematics
(eHf(t) values from -8 to +3 with a most frequent value of +1). The whole-rock Nd and Sr
isotopes also point out to Nd and Sr depleted mantle juvenile source (Figure 10c). The crustal
residence age (TDM Nd) of 2.48 Ga indicates that there is a crustal residence of 40 Ma for this
magmatic episode. The TDM Hf model ages pointed out to a prior archean crustal component
on the genesis of this magmatic episode and it is attributed to archean sediments from
Mantiqueira Microcontinent that were subducted below the JFC arc. It is the first magmatic
episode of intra-oceanic arc magmatism on Juiz de Fora Complex (Figure 11a).

The samples BP-LM-12 and BP-CM-151 have Siderian (2400 to 2300 Ma) inherited
zircon crystals as well. This could indicate the JFC could have had another magmatic episode
on Later Siderian. This hypothesis becomes stronger with other Siderian inherited zircon grains
from Juiz de Fora Complex reported on Manhuacu surroundings (Kuribara et al. 2019). On the
other hand, the arc-related Siderian magmatism could have been continuous as depicted by on
the inheritance distribution of mafic granulite (Figure 6b).

4.3.5.1.2. The Moderately juvenile to evolved stage — 2200 to 2182 Ma

This magmatic episode comprises the charnoenderbitic granulites (samples BP-LM-12
and BP-LM-13). Their protoliths are high Ba-Sr calc-alkaline arc-related granodiorites with
distinct element and isotopic signature. The sample BP-LM-12 have TTG tendency (HREE
depletion and positive Eu anomaly) with isotopic parameters indicating a juvenile to moderately
juvenile Siderian source (most frequent eHf{(t) values of -0.9; eéNd(t): -0.6; TDM Nd: 2.30 Ga
and most frequent TDM Hf model ages at 2.50 Ga, despite some older ages). The sample BP-
LM-13 is a sanukitoid (LREE enrichment and negative Eu anomaly) with isotopic geochemistry
revealing an evolved Archean source (eHf(t) values between -11.7 and -8; eNd(t): -4.8; TDM
Nd: 2.62 Ga and TDM Hf ages between 3.1 and 2.9 Ga), as shown in. Figure 10. Probably, this
magmatic episode has mixed sources (mantellic Juvenile and crustal) and differences on the
isotopic signatures could be related to the proportion of participation of each source. In this
view, we interpret that the subducted oceanic lithosphere brought both Archean
metasedimentary rocks (from West Mantiqueira Microcontinent) and underlying oceanic crust
and these two end-members were the predominance sources of the mentioned rocks. On the
other hand, the similar values of 87Sr/86Sr(i) (0.705) points out some crustal participation on
their precursor magmas, maybe by the older part of the arc. The inherited zircon found (age:
ca. 2380 Ma) on sample BP-LM-12 can confirm older arc rocks contamination. This moment
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in the arc evolution, coeval mantle-derived magmas and crustal derived magmas coupled with
crustal contamination are suggestive of a mature arc stage (Figure 11b).

The protolith of the sample RP-LM-04 is a granodiorite with sanukitoid signature that
presents the higher contents of REE and trace elements among this geochemical group (figure
8e,f). This rock shows two distinct zircon typologies with different crystallization ages. The
older one, ca. 2182 Ma, is regarded as crystallization age of the rock with ca. 2182 Ma and the
younger cluster, ca. 2026 Ma, is interpreted as an anatetic melt typology. Its isotopic signature
(87Sr/86Sr(i): 0.7119; eNd(t) of -2.9; eHf(t)=-14.1 to +2.5 — Figure 10) pointed out to mixture
of mantle and crustal sources with predominance of latter. Based on its age error range, this
sample is interpreted as the continuation of Rhyacian arc magmatic episode.

This age range has correlated to other occurrences from Juiz de Fora Complex at
Ipanema, Bananal de Baixo, and Juiz de Fora cities (Degler et al. 2018; Novo et al. 2010;
Heilbron et al. 2010). The Pocrane Complex also has chronocorrelated rocks on this time range
(Degler et al. 2018). On the other hand, there were not described any evolved rock (as sample

BP-LM-13) on Juiz de Fora Complex until the present moment.

4.3.5.1.3. The renew moderately Juvenile arc stage 2130 Ma

This episode is constrained by the mafic granulite (sample BP-CM-151) with gabbroic
protolith and island-arc tholeiitic tendency. Its isotopic signature demonstrates a juvenile to
moderately juvenile mantellic source on this magma genesis (subchondritic eNd(t) value: -0.05;
TDM Nd: 2.52 Ga and 87Sr/86Sr(i): 0.701 — Figure 10a). This sample has recorded all previous
magmatic stages by inherited zircon crystals, including the older (ca. 2525 Ma) archean
inherited zircon crystal among the samples. Commonly, mafic rocks have more juvenile
tendencies than other rocks. So, it is impossible to predict that all rocks from this proposed
magmatic episode would be entirely juvenile. Coincidence or not, this magmatic episode on the
study area (Figure 11c) is correlated to most of the juvenile rocks reported on Juiz de Fora

Complex and Pocrane Complex (Degler et al. 2018; Noce et al. 2007).

4.3.5.1.4. Rhyacian to Orosirian Collision (at ca. 2035 to 2026 Ma)

This Orosirian tectono-thermal event is evidenced by metamorphic rims of ca. 2010 to

2030 Ma overgrown around older cores as well by younger new zircon crystals of ca. 1970 to
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1940 Ma), that presents fir-tree textures on CL images (sample BP-CM-151), suggestive of
granulite facies metamorphism (Wu and Zheng, 2004). This metamorphic episode is here
interpreted as the result of the collision between the Juiz de Fora and Mantiqueira Complexes
(Figure 11d) completing the history of the Minas Accretionary-Collision Orogeny (Teixeira et
al. 2015). The detection of this metamorphic episode on Juiz de Fora Complex rocks was
expected but had not been reported yet. On the other hand, the Rhyacian to Orosirian
metamorphism is well-described on Mantiqueira Complex (Cutts et al. 2018; Heilbron et al.
2010) and Mineiro Belt (Moreira et al. 2018).

Furthermore, the sample RP-LM-04 (age: 2182 Ma) presents a younger rounded and
planar zoning zircon crystals (2026 + 30 Ma) which should have been related to the melt
crystallization during partial melting (Wu and Zheng, 2004) on granulite facies. This
assumption may be supported by the partial melting evidence identified on outcrop (Figure 3e)
and reinforced by age similarity with the detected metamorphic event (2035 + 36 Ma) on mafic
granulite (Sample BP-CM-151). Contamination by this young typology in the sample
preparation’ procedures might be a cause for the presence of the contrasting typologies for the
sample BP-LM-04.

Similar magmatic age interval (on Rhyacian-Orosirian transition) has been reported on
the Juiz de Fora Complex at Sdo Jodo do Manhuacu region (Kuribara et al. 2019), with only

two spots pointing out to juvenile magmatism at 2051 + 30 Ma.

4.3.5.1.5. Other non-dated magmatic episodes

As the continuous episodes of mantle extraction, it is normal to expect that the refractory
residue had been thickened. The melting of this crustal level at high-P could be the mechanism
to generate the high silica adakites of the studied area. The younger Nd Tpwm ages than 2.18 Ga
suggest that this magmatic episode (not shown on the proposed tectonic model) is younger than
other ones. In addition, non-dated high Ba-Sr granitoids with Nd Tpm model ages younger than
2.09 Ga could be related to the late to post-collisional magmatic episode (Figure 11e) on Juiz
de Fora Complex. We correlate these rocks with other younger Juiz de Fora Complex outcrops,
such as a ca. 1966 Ma high-K calc-alkaline pluton (Heilbron et al. 2010).
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4.3.5.1.6. Neoproterozoic Metamorphism

The Neoproterozoic metamorphism is recorded on the samples BP-LM-12, BP-CM-
151, and RP-LM-04 as gray color homogeneous overgrowths around older cores and/or by
neoformed zircon crystals (BP-CM-151 — Figure 6). This granulite metamorphic overprint is so
strong that the Orosirian overgrowths (sample BP-CM-151) seem to lose Pb for this younger
metamorphic event. The sample RP-LM-04 was the most affected rock for the Neoproterozoic
granulite metamorphism on the studied area because almost all zircon crystals are discordant
(D>6%). In addition, the association of this metamorphic event and that of the Paleoproterozoic
can be related to the isotopic disturbance (Lu-Hf) on zircon crystals from mafic granulite (BP-
CM-151 — Supplementary material 2).

This metamorphic event is related to the collision of Occidental Terrane onto Oriental
Terrane on the orogeny that forms the Ribeira Belt (Heilbron et al. 2004a). This tectono-termal
event had been widely described on Juiz de Fora Complex (Degler et al. 2018; Kuribara et al.
2019; Noce et al. 2007; Machado et al. 1996; Heilbron et al. 2010) and is responsible for current

granulite facies mineral assembly of each studied samples (Figures 3e,f,g).
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Figure 10. Isotopes (Nd, Sr, Hf) Correlation diagrams of the studied samples from Juiz de Fora Complex. A)

eNd(t) vs. 87Sr/®Sr) at crystallization age of each sample; B) zircon eHf) vs. Whole-Rock eNd,
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Figure 11. Envisaged tectono-thermal Evolution from Juiz de Fora Complex at studied area. a) Early intra-
oceanic juvenile stage at ca. 2400 Ma; b) Moderately Juvenile to Evolved arc stage at 2200-2180 Ma; c¢) Juvenile
arc stage at ca. 2130 Ma; d) Orogenic collision at ca. 2035 Ma; e) Late collisional magmatism younger than ca.
2000 Ma.

4.3.5.2. Correlations within the Minas-Bahia orogenic system

On this item, geochronological and isotopic correlations between the Paleoproterozoic
tectono-thermal events on the studied area and other events reported on basement terranes of
Sdo Francisco paleoplate will be presented. Other exotic paleoproterozoic terranes of the

Ribeira Belt will be also discussed (Figure 12).
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Figure 12. Space-time Table for Paleoproterozoic basement terranes from Eastern S&o Francisco craton and
Western Central Africa. 1-This work; 2- Heilbron et al. 2010; 3- Noce et al. 2007; 4- Kuribara et al. 2019; 5-
Degler et al. 2018; 6- Silva et al. 2002a; 7- Barbosa et al. 2018; 8- Seixas et al. 2012; 9- Teixeira et al. 2015; 10-
Teixeira et al. 2008; 11- Avila et al. 2014; 12- Avila et al. 2010; 13- Barbosa et al. 2015; 14- Moreira et al. 2018;
15- Grochowski et al. 2019; 16- Silva et al. 2016; 17- Santos Pinto et al. 1998; 18- Pinho et al. 2013; 19- Cruz et
al. 2016; 20- Guimaraes et al. 2005; 21- Medeiros (2013); 22- Peucat et al. 2011; 23- Oliveira et al. 2010; 24-
Barbosa et al. 2008; 25- Mello et al. 2006; 26- Carvalho and Oliveira 2003; 27- Oliveira et al. 2002b; 28- Rios et
al. 2000; 29- Seixas et al. 2013, 30- Silva et al. 2002b; 31- Oliveira et al. 2013; 32- Peucat et al. 2002; 33- Martin
et al. 1997; 34- Barbosa et al. 2013; 35- Teixeira et al. 2017; 36- Bruno et al. 2020; 37- Bersan et al. 2018; 38-
Bersan et al. 2020; 39- Valladares et al. 2017; 40- Fonseca (1993); 41- Schmitt et al. 2004; 42- Zimbres et al. 1990;
43- Schmitt (2001); 44- Barbosa and Sabaté (2004); 45- Aguilar et al. 2017.

4.3.5.2.1. The Siderian magmatic arcs

The Siderian arc-related magmatism on Juiz de Fora Complex (sample VA-LM-07B)
could be correlated with rocks reported on Mineiro Belt by the Cassiterita (ca. 2470-2410 Ma:
Barbosa et al. 2018), Resende Costa (ca. 2.35 Ga: Teixeira et al. 2015) and Lagoa Dourada (ca.
2.35 Ga: Seixas et al. 2012) arc plutons. Differently from the studied area that presents a low K
calc-alkaline/tholeiitic dioritic magmatism at this time, all the above-mentioned plutons have
TTG signature (Figures 12, 13). Similarly, these rocks are juvenile or moderately juvenile
(Figure 12) and have a low crustal residence (Nd TDM around 2.5 Ga). The Cassiterita pluton
seems to have similar age (Early Siderian) and isotopic signature (chondritic to positive eNd(t)
and low (~0.701) values of 87Sr/86Sr(i) in comparison with Juiz de Fora, pointing out to
primitive magmatic episode on this time (Figure 13).

The Archean to Siderian transition is very important for both the Mineiro Belt and Juiz
de Fora Arc as with a remarkable mantle extraction and juvenile crustal addition (model ages
of Nd and Hf around 2.5 Ga- Figure 12: Teixeira et al. 2015; Seixas et al. 2013; Degler et al.
2018). The juvenile episode on Itabuna-Salvador Curacd Rhyacian belt has this same feature
(Peucat et al. 2011).
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Figure 13. Isotopic correlation of Siderian rocks from JFC (studied area) and Mineiro belt. A) Whole-rock Nd
isotopic Evolution diagram, comparing JFC (this work) and Cassiterita (ca. 2.47-2.42 Ga), Resende Costa (ca. 2.35
Ga) e Lagoa Dourada (ca. 2.35 Ga) Plutons. Sm-Nd data obtained by Barbosa et al. 2018, Teixeira et al. 2015 e
Seixas et al. 2013. B) Lu-Hf zircon isotopic Evolution diagram of JFC rocks (this work) and Cassiterita and
Resende Costa plutons. Lu-Hf data obtained by Barbosa et al. 2018 e Teixeira et al. 2015.

In addition, in the northern cratonic area there were described two calc-alkaline siderian
plutons at Jequié (ca. 2.47 Ga: Silva et al. 2002b) and Gaviéo (ca. 2.32 Ga: Pinho et al. 2013)

Blocks, but unfortunately both without geochemical and isotopic constraints.

4.3.5.2.2. The Rhyacian magmatic arc stage

The Rhyacian rocks reported on this study have chronocorrelates on entire the Sao

Francisco Craton basement units as pointed out by the widespread occurrence of ca. 2200 to
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2120 Ma arc-related rocks (Figure 12). The isotopic characteristic of these magmatic episodes
seems to vary accordingly the presence of Archean nucleus host rock and their petrogenetic
classification. Within the Juiz de Fora Complex and Mineiro Belt plutons, there is a lot of
moderately juvenile to juvenile TTG and sanukitoids plutons (This study; Moreira et al. 2018;
Seixas et al. 2013, Seixas et al. 2012) with markable (enriched) mantle components on the
petrogenesis of these magmas. The ca. 2.1 Ga TTG suite on Mantiqueira Complex (Bruno et
al. 2020) and the most ca. 2.17-2.10 Ga calc-alkaline plutons from Mineiro Belt are so juvenile
(Figure 14) than the TTG suite reported on JFC (This work). On the other hand, evolved rocks,
such as sanukitoid suite (this work), are not so common on these basement units, but some ca.
2.19 to 2.13 Ga plutons from Mineiro Belt (Fé, Itumirim and Represa dos Camargos -Teixeira
et al. 2008; Barbosa et al. 2015) also has an Archean contribution (whole-rock Nd and zircon
Hf TDM model ages) on its petrogenesis. In addition, an evolved rhyacian sanukitoid (ca. 2165
Ma) has been recently reported on Mantiqueira Complex (Bruno et al. 2020) due to a strong
paleoarchean contribution.

A possible correlation from juvenile basement units on southern SFC consists of the
moderately juvenile to juvenile Rio Itapicuru arc metavolcanics (Oliveira et al. 2010; Mello et
al. 2006) at the northern S&o Francisco Craton. These arc rocks are related to a greenstone belt
terrane which has been accreted to a Serrinha Block later (Oliveira et al. 2010). The juvenile
signatures were linked with short-lived Paleoproterozoic source rocks (Siderian Nd TDM
model ages), except for Itabuna-Salvador Curacé arc-related rocks (Peucat et al. 2011) where
the presence of an Archean nucleus has been described. Thus, its moderately juvenile tendency
can be explained by its trondjhemitic magma (Figure 14a) that requires a partial melting of
depleted oceanic crust as a source (Moyen and Martin, 2012). Recently, there were occurrences
of TTG magmas on Mantiqueira Complex (Bruno et al. 2020), pointing out to similarities
between this unit and Itabuna-Salvador-Curaca belt, whereas the two basement units have
reported Juvenile Rhyacian rocks on Archean substratus.

The other basement terranes that present Archean nucleus within Araguai and Ribeira
Belts have developed within continental margins, generating isotopically evolved rocks (Figure
12), with evidence for crustal reworking as highly negative eNd(t) values, Neoarchean to
Paleoarchean TDM Nd model ages and frequently inherited zircon crystals suggestive of crustal
assimilation. These evolved signatures (Figure 12) have been reported in the Mantiqueira (Noce
et al. 2007; Heilbron et al. 2010; Bruno et al. 2020) and Porteirinha Complexes (Figure 14a-
Silva et al. 2016), as well on the Guanhaes (Grochowski et al. 2019) and Gavido (Figure 14a-
Cruz et al. 2016) Blocks.
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The Quirino Complex, at the central Ribeira belt, is another example where occurs arc-
related Rhyacian magmatic episodes. It has several magmatic episodes (ca. 2300-2100 Ma-
Valladares et al. 2002; Degler et al. 2018) with varied isotopic signature (evolved to juvenile-

Valladares et al. 2017) presenting also archean inheritance by zircon grains and Nd TDM model

ages (Valladares et al. 2002).
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Figure 14. Nd and Hf Isotopic characteristics from basement units from Eastern Bahia Orogenic Domain (EBOD)
and the southern Sdo Francisco Craton. A) Nd evolution diagram; B) Hf evolution diagram. References: 1-Degler
et al. 2018; 2- Noce et al. 2007; 3- André et al. 2009; 4- Fischel et al. 1998; 5- Peucat et al. 2011; 6- Barbosa et
al. 2015; 7- Moreira et al. 2018; 8- Seixas et al. 2013; 9- Cardoso et al. 2018; 10- Teixeira et al. 2008; 11- Avila
et al. 2010; 12- Avila et al. 2014; 13- Bruno et al. 2020; 14- Cruz et al. 2016; 15- Silva et al. 2016; 16- Teixeira
et al. 1996; 17- Kuribara et al. 2019;The isotopic dataset from Southern Juiz de Fora Complex is represented by

symbols (this study). DM- Depleted mantle.
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The whole available isotopic dataset for the Minas-Bahia orogenic system is plotted on
eNd vs. eSr (t=2.0 Ga) diagram (Figure 15) and reinforces the isotope correlations of the
Siderian and Rhyacian tholeiitic juvenile episodes from JFC and Mineiro Belt. On the other
hand, the sanukitoid magmatism of JFC yields on Mantiqueira Complex and Itauna-Salvador
Curacé belt fields, an expected isotopic signature whereas this magmatism has an important
crustal component. This diagram also shows that the southern SFC is more juvenile than the
northern part, maybe because in this region there is a predominance of continental active
margins where Paleoproterozoic rocks intruded long-lived Archean blocks. The
Paleoproterozoic Mantiqueira Complex and Piedade Blocks on southern SFC tip also display
this pattern (Figure 15) as shown in Bruno et al. (2020).

© 2.13 Ga IAT Magmatism (JFC)
B ® 22-2 18 Ga Sanukitoid Magmatism (JFC)

A 2.2 GaTTG Magmatism (JFC)
A 244 Ga IAT Magmatism (JFC)
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Figure 15. eNd vs. eSr diagram with distinct fields characterized by data from Eastern Bahia Orogenic Domain
(ltabuna Salvador-Curaca Belt, Gavido, Serrinha and Jequié blocks (Modified after Barbosa & Barbosa, 2017).
The clouds represent isotopic data from Archean/Paleoproterozoic basement terranes of Southern S&o Francisco
Craton (Piedade Block and Mantiqueira Complex- Bruno et al. 2020; Mineiro Belt- Barbosa et al. 2015,2018;
Avila et al. 2010, 2014; Teixeira et al. 2008, 2015). The isotopic dataset from Southern Juiz de Fora Complex is
represented by symbols (this study). DM- Depleted mantle.
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4.3.5.2.3. The Late Rhyacian-Orosirian Collision (Minas-Bahia Orogeny)

4.3.5.2.3.a. The record of Metamorphic event

The Paleoproterozoic metamorphic event recorded on the studied mafic granulite (BP-
CM-151) has already been reported on almost all basement terranes of S&o Francisco paleoplate
(Cruz et al. 2016; Silva et al. 2002b; Peucat et al. 2011; Oliveira et al. 2002b, Moreira et al.
2018; Bruno et al. 2020) except within Porteirinha and Guanhaes blocks (Figure 12). This
granulite-facies metamorphic event in all described basement terranes supports the assumption
that a widespread collision paleoproterozoic metamorphic overprinted also the entire Juiz de
Fora Complex. As Juiz de Fora Complex is a highly deformed unit by Neoproterozoic
deformational phases, it is important to find out this Paleoproterozoic metamorphic episode on
massive rocks far away from tectonic boundaries and thrust faults. In addition, not all opx-
bearing leucosomes must be Neoproterozoic, such as the charnockitic granulite with
widespread leucosomes (RP-LM-04).

Within the Minas Accretionary orogen (Teixeira et al. 2015), it seems there is a
difference between the tectono-thermal events within the basement terranes. For instance, at
around 2080 Ma, the Juiz de Fora Complex presents a magmatic episode (Noce et al. 2007),
coeval with the accretion of Mineiro Belt onto Belo Horizonte domain — Aguilar et al. 2017).
The accretion between Mineiro Belt and Piedade Complex is still unknown, but Piedade Block
metamorphic ages ranging between 2085 and 2043 Ma reported on Bruno et al. (2020) could
be related to this accretion and Piedade-Mantiqueira accretionary history. The metamorphic
event, reported on this work, presents a younger metamorphic episode (ca. 2035 to 2026 Ma)
than other basement units from Minas-Bahia orogenic system. Therefore, the collision between
Mantiqueira and Juiz de Fora Complexes is younger accretion/collision on the Minas
Acretionary Orogen.

The long-term duration (2035 to 1950 Ma) of this metamorphic event on Juiz de Fora
Complex had already been reported on the Iron Quadrangle Archean pluton and the supracrustal
sequences of the Mantiqueira Complex (Acaiaca and Pedra Dourada granulites — Cutts et al.
2018), but in the latter just by metamorphic mineral with low closure temperature for U-Pb
systematics (eg. Titanite and Monazite — Aguilar et al. 2017). Titanite ages near ca. 2000 Ma
there are related to the collapse of the Minas Orogen with dome-and-keel architecture in the QF
(Marshak et al. 1997; Cutts et al. 2019). The fact of the Juiz de Fora Complex being located on

the internal zone of this orogenic system could have some relationship with this long-term
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duration of metamorphism. On the other hand, the younger granulite-facies metamorphic grains
(ca. 1970 to 1950 Ma) could be related to the collision of Juiz de Fora Complex with another
basement terrane to the East (eg. Quirino Complex). The lack of Paleoproterozoic metamorphic
evidences on Quirino Complex until the present-day preclude this assumption. Degler et al.
(2018) groups the Quirino Complex as a part of Rhyacian-Orosirian system only because its
evolved results, but there haven’t been described any metamorphic event on this unit and it
presents a great variation of isotopic signatures and Rhyacian ages from its magmatic episodes.
Therefore, we assume that this unit was a microcontinent with unknown location until present
moment.

The amphibolite-facies metamorphism of Neoproterozoic age has been also reported for
the Mantiqueira Complex (Noce et al. 2007; Heilbron et al. 2010). This study carried out with
the southern tip of Juiz de Fora Complex have demonstrated that it is possible to record two

granulite facies metamorphism.

4.3.5.3.3.b. The record of Syn- collisional Orosirian magmatism

This period (ca. 2.1 to 2.05 Ga) is coeval to the syn- stage of Minas-Bahia Orogenic
system and is marked by evolved granites reported on almost all basement terranes (Figure 12).
Some examples are the Itiuba syenite (Itabuna-Salavador Curacé belt, Oliveira et al. 2010), the
Jussiape Il syenogranite (Gaviao Block, Cruz et al. 2016), the Ambrdsio granodiorite (Serinha
block, Mello et al. 2006), Gentio pluton (Mineiro Belt: Silva et al. 2002).

4.3.5.3.4. Late to Post-collisional stage

The late collisional magmatic episodes on Minas-Bahia orogen occur at less than ca.
2060 Ma. Recently, high-K late collisional granitoids and whitin-plate tholeiites have been
described on Mantiqueira Complex (Bruno et al. 2020), supporting this wide-spread
magmatism within all the blocks of the Minas-Bahia orogeny.

The post-collisional plutons, normally with alkaline signature and age less than ca. 2020
Ma, is not recorded on the studied area. However, an occurrence of JFC rock at Itaperuna (ca.
1965 Ma: Heilbron et al. 2010) could be related to the orogenic collapse of Minas-Bahia
Orogenic system. There is not any occurrence (by present-day) of dated alkaline plutons on Juiz
de Fora Complex. This event is also recorded on Itabuna-Salvador Curagd, Gavido and

Guanhé&es Blocks and Porteirinha and Mantiqueira Complex (Oliveira et al. 2010; Cruz et al.
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2016; Grochowski et al. 2019; Bersan et al. 2020; Bruno et al. 2020). These plutons normally
have evolved isotopic signature because the established previous crust can contaminate these
magmas (Figure 12), but there is an exception: a juvenile occurrence on Porteirinha Complex
points out to successful parcial melting of sub-contintenal lithospheric mantle metasomatized

by juvenile roots (Bersan et al. 2020).

4.3.5.3. Séo Francisco-Congo correlations along Paleoproterozoic

Degler et al. (2018) have tried to establish correlations between Brazilian
Archean/Paleoproterozoic basement units and African counterparts based on isotopic records.
They separated three Rhyacian-Orosirian orogenic systems: W-ROQOS, with evolved signature,
assembled a major part of Sdo Francisco block (Mantiqueira Complex, some parts of Mineiro
Belt and Gavido Block), JU-ROOS, with juvenile signature, assembled the rocks from Juiz de
Fora and Pocrane complex and trondhjemites of Itabuna-Salvador Curaca belt (formerly called
Buerarema Complex — Silva et al. 2002), and E-ROOS, with evolved signature, comprising
continental margin arcs (Quirino Complex, Regido dos Lagos Complex and all basement units
from Western Central Africa Belt (WCAB). On the last item of this paper, we have observed
that the southern part of Minas-Bahia orogeny is more complex than Degler et al. (2018)
assumed. Most of Mineiro Belt is presented by juvenile plutons, the evolved ones have this
characteristic due to subduction of Archean reworked zircon grains from Belo Horizonte
Domain (Barbosa et al. 2015). The crustal reworking is almost absent. Moreover, it has been
reported several juvenile Rhyacian episodes on Mantiqueira Complex (Bruno et al. 2020),
which invalidates the hypothesis from Degler et al. (2018).

The continental Bahia-Gabon cratonic bridge has provided important correlations
between the Sdo Francisco and Congo paleoplates (Hurley et al., 1967; Porada 1989; Ledru et
al., 1994; Trompette, 1994; D’AgrellaFilho and Cordani, 2017). In this way, southwards on
WCAB, the basement units of Kimezian Supergroup (Tack et al. 2001) and Mayombe basement
(Djalma et al. 1992, Thiéblemont et al. 2009a) could be a correlation to SE Brazil
paleoproterozoic basement units, such as Juiz de Fora Complex. Focusing on the
Paleoproterozoic orogenic cycle, we investigate the whole geological history of basement units
from S&o Francisco and Congo paleoplates along this cycle (i.e., magmatic, tectonic,
sedimentary, and metamorphic events). On the Brazilian side, the Siderian period (Figure 16,
Table 3) had arc plutons on northern and southern SFC with latter more juvenile than other one

and coeval development of passive margin sedimentary basin (Minas Basin: Alkmim &
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Teixeira, 2017), whereas just on Northern part of WCAB there is a record of rifting from the
Archean nuclei to develop Francevillean basins (Weber et al. 2016 and references therein).

The Eastern Bahia Orogenic Domain (EBOD) and Minas Accretionary Orogen (MAO)
have had ca. 2.2-2.1 Ga Rhyacian magmatic arcs (Figure 16, Table 3) in which the southern
part presenting predominance of juvenile magmatic arcs (i.e. TTG and sanukitoid suites). At
ca. 2150 Ma, a greenstone belt sequence has started to develop on Serrinha Block, being a
distinguish feature at the northern part. The Juiz de Fora Complex seems to have a longer
magmatic episode duration, at least until 2.08 Ga (Noce et al. 2007) or ca. 2.05 Ga (Kuribara et
al. 2019). On the African side, the subduction-related magmas are so speculative due to
geochronological records. A Tectonic model from Ogooué Orogenic Domain (OOD - Weber et
al. 2016), at Gabon, has proposed a subduction start at ca. 2.22 Ga due to high-pressure
metamorphism on garnet amphibolites and migmatites. Ca. 2.08 calc-alkaline pluton ended this
Rhyacian arc magmatism (Weber et al. 2016 and references therein). In the Mayombé basement
and Kimezian Supergroup, at Congo to NW Angola, 2.15 to 2.12 Ga plutons (i.e. Boma and
Mpozo-Tombagadio: Delhal and Ledent, 1976) are considered as plutonic manifestations of
subduction-related magmas. Pedrosa-Soares et al. (2016) reported quite juvenile zircon grains
and archean inheritance for a granodioritic orthogneiss (ca. 2076 Ma) on the Kimezian
basement, opening a possibility to extend this arc episode to this period, as well as, on the Juiz
de Fora Complex.

The collisional event (Figure 16, Table 3) reported on EBOD and MAO have lasted
from ca. 2.09 to 2.05 Ga (Barbosa & Barbosa, 2017; Alkmim and Teixeira, 2017) evidencing a
diachronic event between Juiz de Fora Complex and other basement units (see item 5.2.3.a)
because it has a younger Orosirian metamorphic episode (ca. 2035 to 2026 Ma: This work). On
the northern African counterpart, the collisional event (Eburnean) is only recorded by granulite-
facies metamorphism of sedimentary sequences, in which the Nyoung Group being
metamorphosed during ca. 2050 to 1985 Ma (Toteu et al. 1994; Lerouge et al. 2006), and the
granulite-facies metamorphism on the OOD occurred from 2090 to 2064 Ma (Thieblemont et
al. 2009a), similar duration of the EBOD. Djalma et al. (1992) have reported an orisirian
recrystallization at ca. 2014 Ma on Guena gneiss, attributing this process to an episodic Pb loss
period due to Eburnean orogenesis. Despite the Orosirian metamorphic event is also reported
on Juiz de Fora Complex, the lack of robust geochronological data prevents any correlation
between these two basement units.

The syn-collisional magmatism (ca. 2.06 to 2.05 Ma- Figure 16, Table 3) is widespread
on EBOD (Gavido et al. 2016; Oliveira et al. 2010). At the southern SFC part, the ca. 2.05 Ga
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Gentio pluton (Silva et al. 2002) on Mineiro Belt is correlative to this magmatism. Noce et al.
(2007) reported other coeval granitoids (without geochemical constraints) on Mantiqueira
Complex, configuring a good correlative candidate. The Juiz de Fora Complex has a leucosome
crystallization of zircon grains dated at ca. 2025 Ma. There are records of syntectonic eburnean
granitoids on Nyoung Group (2.06 to 2.05 Ga: Lerouge et al. 2006) and on Ogooué Orogenic
Domain (2.04 Ga: Weber et al. 2016 and references therein). On southern WCAB, at Mayombeé
basement, this magmatic episode is represented by ca. 2.0 Ga Les Saras syntectonic granodiorite
(Maurin et al. 1990) which intrudes on the Paleoproterozoic metasedimentary sequence. There
Is not any correlative rock on Kimezian Supergroup for this collisional magmatism.

Late to post-collisional magmatism (ca. <2020 Ma) on Minas-Bahia orogeny is
represented by high-K to alkaline magmatism, a widespread episode on EBOD (Grochowski et
al. 2019; Cruz et al. 2016; Bersan et al. 2020) and with some recent occurrences on Mantiqueira
Complex (Bruno et al. 2020). On the African counterpart, at ca. 2000 Ma have occurred the
slab break-off process (Weber et al. 2016), provoking the rapid uplift and transfer of
asthenospheric material toward the paleoproterozoic sutures as well as following melting and
intrusion of Lécoué granite on the suture of Ogooué orogenic Domain (Gabon). Meanwhile, on
Kimezian basement, a ca. 1.96 Ma syenite (without geochemical constraints- Delhal & Ledent,
1978) is a possible representative of the late to post-collisional episode on Southern WCAB.
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Table 3. Synthesis of Paleoproterozoic geological events of basements units from Sao Francisco and Congo blocks. EBOD: Eastern Bahia Orogenic Domain; NS-

Nyoung Series; OOD- Ogooué Orogenic Domain; MaB: Mayombé basement; KS: Kimezian Supergroup. Basement units of Brazilian parts as Figure 12.
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Lerouge et al. (2006) have assumed that Nyong Series is related to Itabuna-Salvador
Curacé belt, being an important correlation northward to Juiz de Fora Complex. The lack of
geochronological evidence on the southern part of Eburnean basement (Mayombe basement:
Congo, Gabon; Kimezian Supergroup- Angola and DRC) does not allow to correlate any of
these units to the Juiz de Fora Complex. Juvenile zircon grains from Kimezian basement at ca.
2.07 Ga (Pedrosa-Soares et al. 2016) could be an important first step on this correlation. The
answer could be in the Mesoproterozoic supracrustal sequences on Africa (eg. Kibara
supergroup: Villeneuve and Chorowicz 2004) if they present quite juvenile zircons of ca. 2.44

Ga will attest the collision of these counterparts blocks.
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Figure 16. Correlation of magmatic, metamorphic, and sedimentary episodes between Minas-Bahia orogenic
system and the Western Central Africa belt. EBOD: Eastern Bahia Orogen Domain; MAO: Minas Accretionary
Orogen; NS: Nyoung Series; OOD: Ogooué Orogenic Domain; NG: Nyoung Group; MaB- Mayombé basement;
KS- Kimezian Supergroup.

3.6. CONCLUSIONS
The new geological data for the Juiz de Fora Complex in southern Rio de Janeiro State resulted

on the following insights and regional tectonic correlations within the broad Minas-Bahia

Orogenic System and Western Central Africa belt:

e The rocks of Juiz de Fora Complex show a polycyclic evolution, regarding the magmatic

crystallization episodes and metamorphic overprint.
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e The Juiz de Fora complex rocks represent a long-lived magmatic arc evolution with at least
three episodes of magma generation. This assumption is supported by crystallization ages
and inherited zircon crystals.

e The oldest one, represented by Siderian dioritic arc protoliths were described for the first
time in the Juiz de Fora complex, coeval with ca. 2.4 Ga ocean floor rocks previously
describe, marking the onset of subduction.

e Regarding the more evolved stage of the arc, ca. 2.2 Ga high Ba-Sr granitoids with both
TTG and sanukitoid affinities were described by the first time within this block.

e The protoliths of Juiz de Fora Complex shows progressive maturation of the arc, with
juvenile input as described elsewhere, but our work also detected an important Archean
contribution., explained by subducted archean detrital zircons.

e The orthogranulites of Juiz de Fora Complex have recorded a diachronic Orosirian
metamorphic event (ca. 2.03 Ga) of Minas-Bahia orogeny. This overprint suggests the
docking westwards onto the Mantiqueira Complex.

e The tectonic evolution of Juiz de Fora Complex in the studied area seems to be very similar
with that reported for the Mineiro Belt, with an evolution from intra-oceanic to evolved
settings from the Siderian to Rhyacian, suggesting the beginning of the operation of modern
plate tectonics, with the participation of both of subducted ocean crust and enriched supra-
subduction asthenospheric zones in magma generation.

e Juvenile zircon grains from Kimezian granodioritic orthogneiss could be a good correlative

of Juiz de Fora Complex on the Western Central African Belt.
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Supplementary Material 1

Table 1A. Zircon U-Pb (SHRIMP) data for the enderbitic granulite (sample VA-LM-07B). The gray color symbolizes the typology presents oscilatory zonning, whereas the red

color represents the rims or metamorphic grains.

1) (1) %

: (1) (1) )
: % |ppm |ppm |22Th| ppm 206ph 207pp Dis- | sorom*  wor | 2070R* 40 OBt o err
Grain-Spot | suepy, |y | Th | /280 |206pp*| 28y 95Ph | cor- | oD, Yo | T PET e TIPDT 2% oy
19°Pb 12U 1#3°U
Age Age dant

0.75 | 54 | 16 | 0.31 18 | 2058 23| 2293 +£31| +12 | 0.145 183 | 75 22 | 0376 1.28 0.6
051 | 70 | 21 | 031 | 24 | 2184 +22|2205 +28| +1 | 0.138 163 | 7.7 20 | 0403 118 0.6
033 | 160 | 67 | 0.43 | 56 | 2214 +18 | 2425 +10| +10 | 0.157 056 | 8.9 1.1 | 0410 0.96 0.9
076 | 70 | 26 | 0.37 | 26 | 2313 +23| 2443 *26| +6 | 0.159 154 | 9.5 19 | 0432 118 0.6
141 047 | 109 | 60 | 0.57 | 41 | 2322 20| 2428 12| +5 | 0.157 0.69 | 94 1.2 | 0434 1.03 0.8
10.1 0.15 | 297 | 135 | 0.47 | 111 | 2326 +17 | 2431 12| +5 | 0.158 0.73 | 94 1.1 | 0434 0.87 0.8

9.1 034 [ 147 | 63 | 044 | 56 | 2365 #19|2433 +18| +3 | 0158 1.05| 96 14 | 0443 098 | 07
13.1 0.18 | 263 | 131 | 0.52 | 101 | 2382 25| 2463 15| +4 | 0161 091 | 99 15 | 0447 124 | 08
7.1 069 | 79 | 57 | 0.74 | 31 | 2390 #23|2460 +15| +3 | 0160 091 | 99 15 | 0449 114 | 08
IR 042 | 84 | 33 | 040 | 33 | 2407 +24| 2435 +27| +1 | 0158 162 | 99 20 | 0453 118 | 06
5.1 021 | 260 | 113 | 0.45 | 101 | 2410 #18| 2447 +7 | +2 | 0159 040 | 99 1.0 | 0453 088 | 0.9
6.1 027 | 177 | 78 | 045 | 69 | 2412 +19|2436 8 | +1 | 0158 050 | 99 1.1 | 0454 094 | 09
11 040 | 96 | 34 | 037 | 37 | 2421 #22| 2453 +21| +2 | 0160 127 | 100 1.7 | 0456 108 | 0.6

3.1 034 | 167 | 85 | 053 | 66 | 2434 +£19| 2448 +9 | +1 | 0.159 054 | 10.1 1.1 | 0459 0.96 0.9
12.1 014 | 237 | 88 | 0.38 | 94 | 2445 18| 2463 +7 | +1 | 0.161 0.40 | 10.2 1.0 | 0461 0.89 0.9
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Table 1B. Summary of U-Pb zircon data (SHRIMP) for the coarsed-charnoenderbitic granulite (sample BP-LM-12). The gray color symbolizes the typology presents the

prismatic zircon with oscilatory zoning, whereas the red color represents homogeneous bright rims.

%

1) 1) : (1) (1) 1) err
Grao.Spot Zogﬁ’bc pﬂm p‘IF')kT Z/ZIS 256‘;@* Idade?®Pb | Idade?’Pb ([:)oli 20Pp* 1% | 207Pb" 1% | 2°Pb" 1% | corr.
/238U /206Pb 4 . /206Pb* /235U /238U (p)

ancia
4.1 0.44 | 192 | 106 | 0.57 64 2119 17 | 2172 %29 +3 0.136 1.66 7.3 19 | 0389 0.95 0.5
3.1 0.20 | 303 | 152 | 0.52 | 103 | 2139 +16 | 2180 48 +2 0.136 0.46 7.4 1.0 | 0.393 0.88 0.9
121 0.31 | 259 | 122 | 0.49 88 2140 £16 | 2199 10 +3 0.138 0.58 7.5 1.1 | 0.394 0.90 0.8
2.1 0.25 | 251 | 131 | 0.54 85 2147 £16 | 2194 #13 +2 0.137 0.74 7.5 1.2 | 0.395 0.90 0.8
111 0.23 | 334 | 224 | 0.69 | 114 | 2162 +16 | 2185 14 +1 0.137 0.82 7.5 1.2 | 0.399 0.87 0.7
6.1 012 | 484 | 329 | 0.70 | 168 | 2184 +15 | 2190 10 +0 0.137 0.59 7.6 1.0 | 0.403 0.83 0.8
5.1 0.33 | 270 | 124 | 0.48 94 2188 +17 | 2203 9 +1 0.138 0.53 1.7 1.0 | 0.404 0.90 0.9
9.1 0.10 | 544 | 297 | 0.57 | 189 | 2189 +15 | 2218 35 +2 0.139 2.01 7.8 2.2 | 0404 0.83 0.4
7.1 0.33 | 221 | 156 | 0.73 77 2192  +17 | 2201 #10 +0 0.138 0.57 1.7 1.1 | 0.405 0.93 0.9
10.1 0.21 | 293 | 134 | 047 | 103 | 2208 +16 | 2202 12 -0 0.138 0.68 7.8 1.1 | 0409 0.88 0.8
11 0.01 | 429 | 222 | 053 | 151 | 2211 +16 | 2201 11 -1 0.138 0.61 7.8 1.0 | 0.409 0.85 0.8
8.1 0.21 | 367 | 192 | 0.54 | 130 | 2219 +16 | 2210 =7 -0 0.139 041 7.9 1.0 | 0411 0.86 0.9
13.1 0.11 | 437 | 289 | 0.68 | 155 | 2227 +16 | 2200 9 -1 0.138 0.52 7.8 1.0 | 0413 0.84 0.8
0.20 | 242 | 34 | 0.15 84 2190 +20 | 2177 9 -1 0.136 0.50 7.6 1.2 | 0404 110 0.9
0.61 | 37 48 | 1.33 14 2289 +30 | 2288 £27 -0 0.145 1.59 8.5 22 | 0426 155 0.7
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Table 1C. Summary of U-Pb zircon data (SHRIMP) for the foliated charnoenderbitic granulite (sample BP-LM-12). The gray color symbolizes the typology presents the

prismatic zircon with oscilatory zoning, whereas the red color represents metamorphic rims. The green color is referred as inherited zircon spots.

(L) (L) % 1 1 Err
Grainspot| .2 | PPM| PP | 22T | pom | #Pb | 2Pb | Dis | aph oo | g s0p | b 206 | Corr
Pbc| U Th | /~°U Pb /3°U /#%°Pb COr- | 1206ppy* /2351 12381 )

Age Age dant
262 | 71 | 52 | 076 | 6 | 566 +10 | 606 +244| +7 | 0.060 11 | 08 114 | 0.092 1.81| 02
125 | 127 | 68 | 055 | 10 | 578 6 | 662 +135| +13 | 0.062 6.30 | 0.8 64 | 0094 1.05| 02
072 | 221 | 101 | 047 | 18 | 586 45 | 581 +70 | -1 | 0.059 324 | 08 34 | 0095 092 | 03
001 | 197 | 98 | 052 | 16 | 592 5 | 595 +100| +0 | 0.060 463 | 0.8 47 | 0096 094 | 02
131 | 104 | 143 | 62 | 045 | 15 | 750 +7 | 1255 +53 | +43 | 0082 270 | 14 29 | 0123 1.01| 04
11 067 | 99 | 62 | 065 | 21 | 1424 +18|1941 +24 | +30 | 0119 1.33 | 41 1.9 | 0247 140 | 07
6.1 062 | 87 | 61 | 072 | 22 | 1681 16 |2075 21 | +22 | 0128 118 | 53 16 | 02908 111 07
3.1 029 | 257 | 73 | 029 | 72 | 1813 21 |2127 34 | +17 | 0132 1.92 | 59 24 | 0325 135| 06
102 | 064 | 57 | 32 | 058 | 17 | 1921 21 |2147 39 | +12 | 0134 221 | 64 25 | 0347 126 | 05
41 055 | 107 | 44 | 042 | 32 | 1027 +34 2068 +37 | +8 | 0128 209 | 61 29 | 0348 205| 07
111 | 027 | 241 | 65 | 028 | 73 | 1948 +18|2151 +34 | +11 | 0134 196 | 65 22 | 0353 1.06| 05
8.1 028 | 272 | 100 | 038 | 85 | 2001 +18|2162 9 | +9 | 0135 051 | 68 12 | 0364 1.04| 09
9.1 029 [ 219 | 94 | 044 | 70 | 2036 16 |2163 +10 | +7 | 0135 055 | 69 11 | 0371 091 | 09
5.1 011 | 264 | 61 | 024 | 88 | 2110 +16|2166 +35 | +3 | 0135 201 | 7.2 22 | 0387 090 | 04
2.1 014 | 361 | 85 | 024 | 123 | 2151 +34 | 2165 +11 | +1 | 0135 065 | 74 20 | 039 1.84| 09
141 | 040 | 220 | 56 | 026 | 76 | 2185 17 |2187 +14 | +0 | 0137 080 | 76 12 | 0403 091 | 08
71 011 | 204 | 124 | 044 | 102 | 2188 +16 2218 +7 | +2 | 0139 041 | 7.8 10 | 0404 087 | 09
121 | 038 | 131 | 91 | 072 | 45 | 2162 58 | 2388 =41 | +11 | 0154 243 | 84 40 | 0399 3.16| 08
122 | 020 | 193 | 127 | 068 | 63 | 2066 +22 | 2364 =+16 | +15 | 0152 093 | 79 15 | 0378 124 | 08
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Table 1D. Summary of U-Pb zircon data (SHRIMP) for the protomylonitic charnoenderbitic granulite (sample RP-LM-04). The gray color symbolizes the typology presents

the prismatic zircon with oscilatory zoning. The orange color represents the long and rounded typology with planar zoning around ca. 2000 Ma, whereas the red color represents

metamorphic grains.

%
(1) (1) - (1) (1) 1) Err.

Grain.Spot Zogﬁbc p'&m p%r]” Z/ZBTS Z(E;FF’,?* 206ph 207ph CDO'i: 20ph* 4% |207Ph*  +9% |20Pb*  +9% | corr.
/33U Age | P%Pb Age | - |/P%Pb” 135y 1238y ®)

D 145 | 211 [ 110 [ 054 | 19 | 645 6 | 997 73| +37 | 0072 359 | 1.1 37 |0.105 097 | 03
9.1 057 | 227 | 218 [ 099 | 36 | 1104 +9 | 1669 30| +37 | 0102 163 | 2.6 1.9 [0.187 091 | 05
5.1 042 | 225 | 48 | 022 | 53 |1572 13| 1900 #32| +19 | 0116 178 | 44 20 [0276 091 | 05
4.1 098 | 137 | 36 [ 027 | 38 |[1798 17| 1967 #25| +10 | 0421 142 | 54 18 [0322 1.08 | 06
4.2 036 | 140 | 91 | 067 | 42 |1933 #22|2034 +35| +6 |0125 196 | 6.0 24 [0350 1.32 | 0.6
101 | 072 | 79 | 116 | 1.53 | 24 | 1950 +19|2019 +22| +4 | 0124 126 | 61 17 [0353 114 | 0.7
2.1 112 | 59 | 116 | 202 | 19 | 2025 #22|2010 #52| -1 |0.124 294 | 63 32 |0369 125 | 0.4
131 | 0.83 | 103 | 165 | 1.65 | 30 | 1883 +27|1996 +21| +7 | 0123 117 | 57 20 [0339 166 | 0.8
7.1 102 | 45 | 60 | 1.38 | 13 | 1889 #22| 2048 +53| +9 | 0126 300 | 59 33 |0341 136 | 0.4
141 | 027 | 176 | 71 | 041 | 49 | 1819 +25| 2154 +20| +18 | 0134 113 | 60 19 [0326 155 | 0.8
121 | 0.0 | 463 | 258 | 0.58 | 136 | 1900 +14| 2131 =+13| +13 | 0133 072 | 63 1.1 [0343 083 | 0.8
1.1 023 | 274 | 122 | 046 | 85 |1978 +15|2143 17| +9 |0133 095 | 6.6 1.3 |0359 087 | 0.7
3.1 0.09 | 581 | 252 | 0.45 | 182 | 2002 #14|2142 +5| +8 |0133 031 | 67 09 [0364 081 | 09
8.1 023 | 297 | 173 [ 060 | 96 | 2056 +15| 2158 18| +6 |0.135 101 | 7.0 1.3 [0376 087 | 0.7
6.1 0.14 | 438 | 237 | 056 | 142 | 2061 #15|2182 +12| +6 |0136 067 | 7.1 11 [0377 083 | 0.8
111 | 016 | 296 | 164 | 0.57 | 99 | 2112 20| 2174 +13| +3 | 0136 077 | 73 14 |0388 113 | 0.8
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Tabela 1E. Summary of U-Pb zircon data (SHRIMP) for the mafic granulite (sample BP-CM-151). The gray color symbolizes the typology presents oscilatory zoning. The

orange color represents the typology around ca. 2000 Ma, whereas the red color represents metamorphic grains. The green one represents an inherited zircon grain.

(1) (1) % Err.
Grain Spot | %, [PPM PP 22T | pom | b | ®Eb | Dis- | o o, | mipy a9 | P 19 | com
c| U Th | /~*°U Pb /75U /#°°Pb COr- | 206pp* 1235 2381

Age Age dant (p)

I 2.16 | 66 | 62 | 0.97 5 501 =7 | 588 =225 | -1 |0.060 10 | 0.8 10.5]0.096 1.29] 0.1
7.2 0.20 | 294 | 122 | 0.43 | 87 | 1904 =17 |1945 =9 | +2 |0.119 0.52 | 5.6 1.2 |0.344 1.03| 0.9
9.1 0.34 | 172 | 19 | 0.11 | 53 | 1962 =+16| 1971 =+13 | +0 |0.121 0.71| 5.9 1.2 |0.356 0.94| 0.8
7.1 0.11 | 155 | 253 | 1.68 | 48 | 1980 =16 | 1984 =11 | +0 |0.122 0.62 | 6.0 1.1 |0.360 0.96| 0.8
14.1 0.18 | 317 | 174 | 0.57 | 104 | 2075 =+18 | 2157 =+13 | +4 |0.134 0.76 | 7.0 1.3 |0.380 1.01| 0.8
1.1 1.23 | 38 | 6 | 0.17 | 13 | 2130 =+26|2155 =+46 | +1 |0.134 2.62 | 7.2 3.0 |0.391 1.42| 0.5
16.1 0.12 | 516 | 323 | 0.65 | 174 | 2139 =+16|2199 +7 | +3 |0.138 0.39| 7.5 1.0 |0.394 0.90| 0.9
11.2 0.58 | 93 | 16 | 0.18 | 33 | 2231 =+25|2253 38 | +1 |0.142 2.17 | 8.1 2.5 |0.414 1.30| 0.5
4.1 0.26 | 237 | 107 | 0.47 | 85 | 2246 =+17|2450 =7 | +10 |0.159 0.44 | 9.2 1.0 |0.417 0.89| 0.9
11.1 0.06 | 451 | 155 | 0.35 | 162 | 2250 =16 | 2272 =13 | +1 |0.144 0.73 | 8.3 1.1 |0.418 0.83| 0.8
5.1 - | 366|164 | 0.46 | 132 | 2260 16| 2217 =11 | -2 |0.139 0.61| 8.1 1.0 |0.420 0.84 | 0.8
17.1 0.30 | 180 | 82 | 0.47 | 68 | 2345 =+18|2380 =+9 | +2 |0.153 0.52 | 9.3 1.1 |0.439 0.93| 0.9
12.1 0.28 | 196 | 89 | 0.47 | 74 | 2349 +18|2439 =14 | +4 |0.158 0.80 | 9.6 1.2 |0.440 0.92| 0.8
18.1 0.23 | 285 | 160 | 0.58 | 112 | 2432 =+23| 2428 =11 | -0 |0.157 0.62 | 9.9 1.3 |0.458 1.15| 0.9
13.1 0.18 | 365 | 160 | 0.45 | 144 | 2440 <17 | 2431 +6 | -0 |0.158 0.34 | 10.0 0.9 |0.460 0.84 | 0.9
3.1 —— | 232|139| 0.62 | 92 | 2447 +22|2406 =6 | -2 |0.155 0.38 | 9.9 1.1 |0.462 1.07| 0.9
10.1 -~ | 177 | 94 | 0.55 | 71 | 2468 +19|2456 +7 | -1 |0.160 0.42 | 10.3 1.0 |0.467 0.93| 0.9
6.1 0.29 | 87 | 50 | 0.59 | 36 | 2526 =+23|2525 =17 | -0 |0.167 1.00 | 11.0 1.5 |0.480 1.09| 0.7
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Tabela 1F. Summary of U-Pb zircon data (LA-ICPMS) for the mafic granulite (sample BP-CM-151). The green (dark and light) and dark blue color symbolizes inherited zircon

grains. The light blue color represents the magmatic crystallization. The orange color represents the metamorphic typology around ca. 2000 Ma, whereas the red color represents

metamorphic grains. The errors are 2 o.

0
Sample| f-206¢ | Th/U | 207Pbi206Pb  Dg (/) | 207Pb/235U (3/2) 206Pb/238U (g/i) Rho | 207Pb/206Pb  9g | 206Pb/238U g | 207Pb/235U 25 Di/(S)C
0.0260 | 0.26 | 0.152371 2.51 9.549937 3.52 | 0.454565 2.47 | 0.70 2373 29 2416 33 2392 22 -1
0.0000 | 0.54 | 0.154005 2.92 9.625898  3.82 | 0.453320 2.46 | 0.64 2391 34 2410 33 2400 24 0
0.0000 | 0.11 | 0.153213 254 9.576828  3.56 | 0.453340 2.49 | 0.70 2382 29 2410 34 2395 22 -1
0.0893 | 0.32 | 0.152820 2.51 9.449367 3.63 | 0.448458 2.63 | 0.72 2378 29 2388 35 2383 22 0
0.0000 | 0.24 | 0.150175 3.14 9.181610  4.15 | 0.443426 2.72 | 0.65 2348 36 2366 36 2356 26 0
0.0000 | 0.19 | 0.146397 2.98 8.670525  3.91 | 0.429547 253 | 0.65 2304 35 2304 33 2304 24 0
0.0000 | 0.21 | 0.145156 2.61 | 8.648860 3.60 |0.432138 2.48 | 0.69 2290 30 2315 32 2302 22 -1
0.0737 | 0.19 | 0.144889 2.66 8.610236 3.64 | 0.431002 2.48 | 0.68 2286 31 2310 32 2298 22 -1
0.0000 | 0.17 | 0.137228 2.95 | 7.819389 3.96 |0.413267 2.64 |0.67 2193 35 2230 33 2210 24 -1
0.0044 | 0.05 | 0.136719 251 | 7.783444 352 |0.412898 2.47 |0.70 2186 30 2228 31 2206 21 -1
0.1280 | 0.12 | 0.138099 2.76 | 7.812330 3.72 |0.410288 2.49 |0.67 2204 32 2216 31 2210 22 0
0.0065 | 0.19 | 0.138032 240 | 7.848341 3.47 |0.412380 251 |0.72 2203 28 2226 32 2214 21 -1
0.0010 | 0.19 | 0.137397 2.87 | 7.759228 3.89 |0.409580 2.63 |0.67 2195 34 2213 33 2203 23 0
0.0000 | 0.13 | 0.138148 2.97 | 7.807486 3.95 |0.409889 2.60 |0.66 2204 35 2214 33 2209 24 0
0.0012 | 0.11 | 0.138135 249 | 7.838292 354 |0.411543 251 |0.71 2204 29 2222 32 2213 21 0
0.0000 | 0.07 | 0.138469 3.04 | 7.837992 3.93 |0.410537 2.50 |0.64 2208 36 2217 31 2213 24 0
0.0000 | 0.19 | 0.132948 3.40 | 7.362186 4.45 |0.401629 2.87 |0.64 2137 40 2177 35 2156 27 -1
0.0000 | 0.05 | 0.133333 2.65 | 7.374725 359 |0.401151 243 |0.68 2142 31 2174 30 2158 21 -1
0.0243 | 0.05 | 0.125085 449 |6.239590 5.29 |0.361785 2.80 |0.53 2030 54 1991 32 2010 31 1
0.0000 | 0.70 | 0.124923 2.72 | 6.328292 3.67 |0.367405 2.46 |0.67 2028 33 2017 29 2022 21 0
0.0000 | 0.06 | 0.123510 3.53 | 5.749078 4.42 |0.337594 2.65 |0.60 2008 42 1875 29 1939 26 3
0.1756 0.07 | 0.121071 2.98 5.182332 4.00 | 0.310443 2.67 | 0.67 1972 36 1743 27 1850 23 6
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Supplementary Material 2

Tabela 2A. Lu-Hf zircon data for tholeiitic diorite (sample VA-LM-07B).

VA-LM-07B - enderbitic granulite: tholeiitic diorite
Sample/ | 7Pb/2%5p | YeLu/Y7Hf | VeHf/Y7Hf | Y°Hf/’Hfy | €Hf(0) | e€Hfy | TomHf
Spot b Age (Ma)
(Ma)
1.1 2453 0.000370 0.281312 0.281295 -52.1 3.0 2.49
3.1 2448 0.001821 0.281073 0.280987 -60.6 -8.0 3.09
9.1 2433 0.000761 0.281283 0.281247 -53.1 0.8 2.59
12.1 2463 0.001742 0.281187 0.281105 -56.5 -3.5 2.86
14.1 2428 0.001354 0.281189 0.281127 -56.4 -3.6 2.83
6.1 2436 0.001719 0.281232 0.281152 -54.9 -2.5 2.78
5.1 2447 0.001817 0.281332 0.281247 -51.4 1.2 2.59
10.1 2431 0.000920 0.281318 0.281275 -51.9 1.8 2.54
Table 2B. Lu-Hf zircon data for TTG granodiorite (sample BP-LM-12).
BP-LM-12 — foliated charnoenderbitic granulite: TTG granodiorite
G I’s(;;\/ S ZZEE/( 2':; 2)b 176/ TTHF 6 §/177Hf 176 Hff(i )177 H cHf(0) | eHfy -I—(EI)\'\AA;_)”
51 2166 0.000689 0.281377 0.281349 -49.8 -1.8 2.53
2.1 2165 0.000456 0.281393 0.281374 -49.2 -0.9 2.48
7.1 2218 0.000510 0.281341 0.281320 -51.1 -1.6 2.56
8.1 2162 0.000475 0.281338 0.281319 -51.2 -2.9 2.59
9.1 2163 0.001108 0.281207 0.281161 -55.8 -8.5 2.90
14.1 2187 0.000388 0.281374 0.281358 -49.9 -1.0 2.50
Tabela 2C. Lu-Hf zircon data for the sanukitoid granodiorite.
BP-LM-13 - coarsed-charnoenderbitic: sanukitoid granodiorite
Sample | 2°’Pb/*°°Pb YOLu/YTHE | VeHF/Y7 | VOHf/77Hf | €Hf(0) | eHfy Tom Hf
/Spot Age (Ma) Hf (Ma)
1.1 2201 0.00092 0.281188 0.281150 -56.5 -8.0 2.90
8.1 2210 0.00060 0.281165 0.281140 -57.3 -8.2 291
2.1 2194 0.00053 0.281169 0.281147 -57.1 -8.3 2.91
7.1 2201 0.00091 0.281084 0.281046 -60.1 | -11.7 3.10
5.1 2203 0.00048 0.281121 0.281101 -58.8 -9.7 2.99
10.1 2202 0.00076 0.281153 0.281122 -57.7 -9.0 2.95
13.1 2200 0.00068 0.281166 0.281138 -57.3 -8.5 2.92
11.1 2185 0.00064 0.281133 0.281106 -58.4 -9.9 2.99
12.1 2199 0.00046 0.281158 0.281138 -57.5 -8.5 2.92
6.1 2190 0.00077 0.281130 0.281098 -58.5 | -10.1 3.01




Tabela 2D. Lu-Hf zircon data for the protomylonitic charnoenderbitic granulite (sample RP-LM-04).

RP-LM-04 — protomylonitic charnoenderbitic granulite with associated leucosomes

Grio. Idade 6yt HE YOfTHE | YSHTATTHEy | eHE(0) | eHfw Tom
Spot | 297Pb/?%Ph Hf

(Ma) (Ma)

8.1 2158 0.000667 0.281249 0.281221 -54.3 -6.5 2.78
12.1 2131 0.000723 0.281176 0.281147 -56.9 -9.7 2.94
11 2143 0.000834 0.281186 0.281152 -56.5 -9.3 2.92
14.1 2154 0.000997 0.281267 0.281226 -53.7 -6.4 2.77
111 2174 0.001081 0.281509 0.281464 -45.1 +2.5 2.30
3.1 2142 0.001036 0.281060 0.281017 -61.0 -14.1 3.19
6.1 2182 0.000945 0.281210 0.281171 -55.7 -1.7 2.87
13.1 1996 0.000096 0.281181 0.281177 -56.7 -11.8 2.95
7.1 2048 0.000209 0.281159 0.281151 -57.5 -11.5 2.97
2.1 2010 0.000191 0.281133 0.281126 -58.4 -13.3 3.04
10.1 2019 0.000181 0.281179 0.281172 -56.8 -11.4 2.95
Table 2E. Lu-Hf zircon data for tholeiitic gabbro (sample BP-CM-151).

BP-CM-151 — Massive mafic granulite: tholeiitic gabbro

Sample/S | 27Pb/2%6p | YLyt | YOHEATTH | YSHYTTH | eHf(0 eHfy | TomHf

pot b Age Hf f fo ) (Ma)

(Ma)

12.1 2349 0.000695 | 0.281340 | 0.281309 | -51.1 11 2.51

13.1 2431 0.001022 | 0.280682 | 0.280635 | -74.4 -21.0 3.79

18.1 2428 0.000951 | 0.281233 | 0.281189 | -54.9 -1.4 2.71

10.1 2456 0.001579 | 0.280737 | 0.280663 | -72.4 -19.4 3.72

29 2416 0.000820 | 0.280880 | 0.280842 | -67.4 -13.9 3.40

55 2286 0.001134 | 0.281088 | 0.281038 | -60.0 -9.9 3.08

13 2195 0.000099 | 0.281360 | 0.281355 | -50.4 -0.8 2.50

71 2193 0.000866 | 0.281295 | 0.281259 | -52.7 -4.3 2.69

52 2186 0.000970 | 0.280848 | 0.280807 | -68.5 -20.5 3.58
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APENDICE C - Tabelas geocronoldgicas (U-Pb) e geoquimicas isotopicas (Lu-Hf) em zircdo do granulito leucocrético representatante do

magmatismo intraplaca estateriano.

Tabela A1 — Resumo dos dados de U-Pb (SHRIMP) em zirco para o granulito charnockitico leucocratico (RPM-570). A cor cinza das elipses simboliza a tipologia de grdos
com zoneamento oscilatdrio. Ja a cor vermelha, bordas metamorficas de cor cinza na imagem CL.

%

232 1) ) | @) (1) (1) Corr.

Grao.Spot zogé)b p%m p_lr_)rr]n /2313 Z&Erg]* Idade?Pb | Idade?°’Pb ([:)oli 27ph* 1% | 27Pb* 1% | 2%Pb"  +% | Err.
¢ 238 206 - 206phH* 235 238

1#3°U 1°Pb dancia 19°Pb /U 1#3°U p)

041 | 559 | 60 | 0.11 | 42 536 5 | 658 30| +19 | 0.062 1.39 0.7 1.7 |1 0.087 091 0.5
0.18 | 1925| 154 | 0.08 | 162 601 +4 | 598 14 -0 0.060 0.66 0.8 1.0 | 0.098 0.78 | 0.8
0.12 |1174| 67 | 0.06 | 100 | 608 5 | 612 +21 | +1 | 0.060 0.99 0.8 1.3 | 0099 0.78 | 0.6
2.1 0.15 | 690 | 298 | 0.45 | 106 | 1059 +8 | 1445 11| +29 | 0.091 0.59 2.2 1.0 | 0178 081 | 038
131 0.27 | 440 | 208 | 049 | 81 1254 +11 | 1559 +12 | +22 | 0.097 0.66 2.9 12 1 0215 098 | 08
121 0.18 | 643 | 354 | 0.57 | 150 | 1547 12 | 1692 +8 | +10 | 0.104 0.44 3.9 1.0 | 0.271 090 | 0.9
9.1 0.13 | 418 | 348 | 0.86 | 105 | 1650 12 | 1753 9 +7 | 0.107 0.48 4.3 1.0 | 0.292 084 | 09

11 0.13 | 565 | 489 | 0.89 | 150 | 1733 12 | 1743 7 +1 | 0.107 0.39 4.5 09 [ 0308 081 09
141 022 | 352 | 370 | 1.09 | 94 1740 +13 | 1753 +10 | +1 | 0.107 0.56 4.6 1.0 | 0.310 086 | 0.8
7.1 014 | 335 | 227 | 0.70 | 91 1773 13 | 1768 9 -0 0.108 0.48 4.7 1.0 | 0317 085 | 0.9
111 -- 593 | 464 | 0.81 | 162 | 1778 13| 1761 6 -1 0.108 0.34 4.7 09 | 0318 082| 09
3.1 002 | 122 | 105 | 0.89 | 33 1782 16 | 1765 *13 -1 0.108 0.69 4.7 1.2 | 0318 100 | 0.8

151 0.19 | 253 | 164 | 0.67 | 70 1790 14 | 1777 18 -1 0.109 0.96 4.8 1.3 10320 090 0.7
6.1 002 | 272 | 284 | 1.08 | 75 1803 17 | 1787 8 -1 0.109 0.47 4.9 1.2 | 0323 106 | 09
10.1 -~ 315 | 315 | 1.03 | 87 1804 14 | 1779 8 -2 0.109 0.46 4.8 1.0 | 0.323 087 | 09
5.1 0.01 | 247 | 213 | 0.89 | 68 1804 +14 | 1800 +9 -0 0.110 0.49 4.9 1.0 | 0.323 088 | 0.9
8.1 -~ 492 | 697 | 146 | 137 | 1809 13| 1787 12 -1 0.109 0.66 4.9 11 1 0324 083 | 08
4.1 -- 750 | 893 | 1.23 | 209 | 1810 13| 1772 5 -2 0.108 0.28 4.8 08 [ 0324 080 | 09

Fonte: O autor, 2020.



Tabela A2 — Analises isotopicas do sistema Lu-Hf em zircdo do granulito leucocratico (amostra RPM-570).

RPM-570 — granulito leucocratico de alto K

Grio/ idade eLu/Y7HE | VOHF/YTHE | YSHE/Y7Hfy | eHF(0) | eHfy | TomHf
Spot | 27pb/2%6pp (Ma)

(Ma)

6.1 1787 0.000826 0.281417 0.281389 | -48.4 | 9.1 | 2.63
7.1 1768 0.000836 0.281544 0.281516 | -43.9 | -5.0 | 2.40
8.1 1787 0.001180 0.281422 0.281382 | -48.2 | 9.3 | 265
15.1 1777 0.000607 0.281335 0.281314 | -51.3 | -12.0 | 2.78
5.1 1800 0.000902 0.281403 0.281372 | -489 | 94 | 2.66
4.1 1772 0.001075 0.281529 0.281493 | -44.4 | -5.7 | 2.44
10.1 1779 0.000928 0.281377 0.281346 | -49.8 | -10.8 | 2.72
3.1 1765 0.000522 0.281386 0.281368 | -49.5 | -10.3 | 2.69
11.1 1761 0.000755 0.281296 0.281270 | -52.7 | -13.9 | 2.88

Fonte: O autor, 2020.
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