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RESUMO

MANOEL, Talitta NunesUma perspectiva integrada do magmatismo basico daika
ribeira central : um estudo de caso em rochas da bacia Andrelaratbacomplexo Juiz de
Fora 2022. 71 f. Tese (Doutorado em Geociéncias) — Badel de Geologia, Universidade
do Estado do Rio de Janeiro, Rio de Janeiro, 2022.

O magmatismo béasico da Faixa Ribeira Central, tigado a partir das rochas da
Bacia Andrelandia e do embasamento paleoproterzinicComplexo Juiz de Fora, reflete
importantes etapas da evolucdo tectdnica durardgl@inacdo do paleocontinente S&o
Francisco no Neoproterozéico. Nesse contexto, foraatizadas analises petrograficas,
litogeoquimicas e isotopicas (Sm-Nd, Rb-Sr, Lu-HUe?b em zircdo) para avaliar as
assinaturas geoquimicas e 0 momento de cristatizdgsses corpos maficos, bem como as
condicbes metamorficas de alto grau a que foranmsetibos. Os resultados evidenciam
variacdes em elementos-traco (como Ti, Zr e RE&nevalores isotopicos de Sm-NadN(
entre +2 e -14), sugerindo a atuacéo de fontesétnzad heterogéneas e possiveis episodios
de contaminagdo crustal ao longo do rifteamentoogepior desenvolvimento de uma
margem passiva hiperextendida. As idades U-Pbgéti® e 653 Ma) obtidas em zircGes
magmaticos e herdados, aliadas aos modelos deémegdcrustal TDM (1,9 a 1,1 Ga),
apontam para a interacdo de magmas juvenis conbgmretrabalhadas do embasamento
paleoproterozoico. A integracdo desses dados iso®pcom as feicdes estruturais e
paragenéticas indica multiplos estagios de metasnoof— de facies anfibolito a granulito —
associados a convergéncia Brasiliana (ca. 620-580 D ponto de vista geodinamico, as
variacbes geoquimicas e isotdpicas nos litotipascosfornecem novas evidéncias sobre a
formagao de bacias tipo rifte e sua evolugao pagems passivas, bem como sobre o papel
de retrabalhamento crustal e exumacdo de embasamharante a colagem do Gondwana
Ocidental. Esses resultados contribuem para umdomelompreensdo dos processos
tectono-magmaticos que moldaram a Faixa Ribeirdr@lemampliam as perspectivas acerca
do regime geodinamico neoproterozéico no sudesiratsil.

Palavras-chave: magmatismo basico; faixa Ribeirdr&@le neoproterozaoico.



ABSTRACT

MANOEL, Talitta NunesAn integrated perspective of the basic magmatism dhe
central ribeira belt: a case study in rocks from the Andrelandia Basith the Juiz de Fora
Complex 2022. 71 f. Tese (Doutorado em Geociéncias) — Hadel de Geologia,
Universidade do Estado do Rio de Janeiro, Rio deids 2022.

The basic magmatism of the Central Ribeira Beligstigated through the rocks of the
Andrelandia Basin and the Paleoproterozoic baseofehie Juiz de Fora Complex, reflects
key stages of tectonic evolution during the amalg@on of the S&o Francisco
paleocontinent in the Neoproterozoic. In this catt@etrographic, lithogeochemical, and
isotopic analyses (Sm-Nd, Rb-Sr, Lu-Hf, and U-Plzingon) were carried out to assess the
geochemical signatures and crystallization timih¢hese mafic bodies, as well as the high-
grade metamorphic conditions to which they wergesitbd. The results reveal variations in
trace elements (such as Ti, Zr, and REE) and ilN&nsotopic valuessNd between +2 and
—14), suggesting the involvement of heterogenecastle sources and possible episodes of
crustal contamination during rifting and the suhssag development of a hyper-extended
passive margin. The U-Pb ages (ranging betweenang0653 Ma) obtained from both
magmatic and inherited zircons, combined with TDMstal residence models (1.9 to 1.1
Ga), indicate an interaction between juvenile magnaad reworked portions of the
Paleoproterozoic basement. The integration of thestopic data with structural and
paragenetic features suggests multiple stages démoephism—from amphibolite to
granulite facies—associated with Brasilian conveoge (ca. 620-580 Ma). From a
geodynamic perspective, the geochemical and isoteariations in the mafic lithotypes
provide new evidence on the formation of rift-tyjpasins and their evolution into passive
margins, as well as on the role of crustal rewagkamd basement exhumation during the
amalgamation of Western Gondwana. These resultsiloote to a better understanding of
the tectono-magmatic processes that shaped theraCeRtbeira Belt and broaden
perspectives regarding the Neoproterozoic geodynasgime in southeastern Brazil.

Keywords: basic magmatism; Central Ribeira belgpneterozoic.
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INTRODUCAO

Rochas basicas toleiticas intercaladas com unidaeé¢ésssedimentares sd4o muito
comuns em varios ambientes tectbnicos, desde dfieinentais a margens passivas e
planaltos oceanicos em regimes extensionais, inelu®chas toleiticas em ambientes
convergentes, como arcos magmaticos, bem como doemtes tectdnicos pos-colisdo
(Pearce & Cann, 1973; Peareeal, 1975; Pearce, 1983, 1987; Wilson, 1989; Saceani
al., 2015).

Em muitas unidades metamorficas de alto grau eapasis cinturées orogénicos
profundamente erodidos do Gondwana Ocidental (Gadadiradjcet al, 2014; Coelhet
al., 2017; Tedeschet al, 2017; Kustert al, 2020; Figura 1), a configuragéo tectdnica
original da bacia precursora permanece comumeaoégtanporque a recristalizacéo de alta
temperatura e deformacdo oblitera muitas caratitags primarias das rochas
metassedimentares. Nos terrenos pré-cambrianos,e@mmurfismo de alto grau é
amplamente associado com episodios de grande faomagretrabalhamento da crosta
continental, resultando em polimetamorficos carétieas (Harley, 1989). Reconstrucdes
pressao-temperatura-tempo (P-T-t) em rochas quefdéémas de anfibolito a granulito
podem ser interessantes; no entanto, tais roch@#® e® apresentando como uma
ferramenta importante para determinar os ciclogligémicos de cinturdes orogénicos
(e.g, Tedesclet al, 2017; Kunzt al 2020; Gutiérrez-Aguilar, 2021).

O estudo de proveniéncia U-Pb das unidades sugtaunormalmente néao
fornece idades de sedimentacdo precisas, j& quasmuezes a idade do zircdo detritico
mais jovem pode ser muito mais velha para supattates deposicionais, especialmente
em configuracdes de fenda para margens passivasvidadas em paleocontinentes
cratdnicos mais antigos (Santos, 2011; Beddral, 2011; Coelheet al, 2017; Frugiset
al., 2018; Kusteet al, 2020). Nestes casos, o0 estudo de rochas basieasaladas, tanto
no que diz respeito as assinaturas geoquimicaspisas quanto a geocronologia, podem
ser ferramentas importantes para delimitar idadpssicionais e ambientes tectonicos.

Outro aspecto interessante para as bacias dpastsado para margens passivas € a
investigacdo do possivel desenvolvimento dos deisionos finais, margens passivas ricas
em magma (hiper-estendidas) e pobres em magma, ¢temosido reconhecido nas

margens passivas atuais (Sutra & Manatschal, Zdlénet al,, 2011; Dore; Lundiret al,



12
2015; Peron- Pindivic; Manatschal, 2019).

O Ordégeno Ribeira (RO) integra o Sistema OrogéAraguai-Ribeira (AROS), que
representa uma das redes de cinturbes orogéniddsajmoterozéico e Paleozoico Inferior
resultantes da fusdo do Gondwana Ocidental. O ARQ@Bpde um sistema orogénico
profundamente erodido de 300 km de largura e 600demcomprimento que corre
aproximadamente paralelo a costa sudeste do Riasiiw et al, 2000, 2013; Campos
Neto et al, 2000, 2004; Heilbromt al. 2004, 2008, 2017a, Pedrosa-Soaesal 2008;
Alkmim et al, 2017). A zona externa deste sistema orogénicopcEende a margem
passiva Neoproterozoica retrabalhada do paleo@mén Sdo Francisco. Devido a
deformacdo e metamorfismo relacionados a colagenasilBna, as unidades
metassedimentares juntamente com rochas magmaéiicaeposicionais afloram como
gnaisses de alto grau, tectonicamente intercaledwslascas de embasamento altamente
deformadas durante os episddios colisionais. E iftapte ressaltar que tanto o
embasamento quanto as associacfes neoproteroe&pasmentaram metamorfismo de
alto grau como resultado do empilhamento tectdrdocante a Orogenia Brasiliana,
associado a diferentes estagios da montagem den@oadOcidental (e.g, Heilbraat al
2000, 2017; Duartet al, 2000; Degleret al, 2018; Cuttset al, 2020; Almeidaet al.,
2021; Mauriet al, 2022). O Grupo Andrelandia ou Megassequénciafaet al, 2000;
Heilbronet al, 2017) tem sido considerado como representagvonda bacia de margem
passiva Neoproterozoica desenvolvida ao redor dagens sul e SSE do Craton do Séo
Francisco (SFC).

As unidades da bacia de Andrelandia estiveram eiglad na convergéncia de dois
cinturbes diferentes, o Orogeno de Brasilia matgy@ancom vergéncia leste a sul, e o
Ordégeno mais jovem, com vergéncia noroeste da Haikeira, ambos relacionados a
construcdo do supercontinente Gondwana (e.g. Hdailer al, 2017). Muitos trabalhos
anteriores usando dados U-Pb, Nd e Sr, e recenterharHf (por exemplo, Frugist al,
2018; Lobato, 2018; Kustat al, 2020; Marimoret al, 2020) contribuiram para discutir
as fontes e idades deposicionais maximas para @mRdes supracrustais do grupo
Andrelandia entre os periodos Toniano e Criogen{@ a 670 Ma, e.g, Belért al,
2011; Frugiset al, 2018).

Este trabalho traz novos dados petrograficos, deoqos, isotopicos e

geocronoldgicos, bem como um mapeamento geolégisoathas metabasicas integradas
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aos estudos U-Pb publicados do grupo Andrelanddédyindo seu equivalente mais distal

(Grupo Raposos), a fim de entender a tectonicaigumaicdo e processos envolvidos
durante a evolucdo da bacia. Também sera contemplaste trabalho ortogranulitos
maficos do Complexo Juiz de Fora, que correspondmidade de embasamento das
supracrustais do Grupo Raposos. As rochas mafieastigadas foram selecionadas para
estudo porque podem fornecer evidéncias sobrelagéandas configuracdes tectonicas ao
longo do tempo durante a Orogenia Riaciana, mastalebém foram retrabalhados em
alta temperatura durante a Orogénese Brasilianao@&tgas estudadas contém granada +
plagioclasio + clinopiroxénio + ortopiroxénio + #&dlio + quartzo + ilmenita como
principal paragénese, indicam metamorfismo da $agranulito (Bucher & Grapes, 2011).
Neste trabalho apresentamos dados de quimica mindedes de zirconio U-Pb
juntamente com a sistematica de Hf, is6topos deeSNd e uma investigagcédo
petrocronoldgica usando mapeamento composicionahtijativo (Lanariet al, 2013,
2014; Lanari; Duesterhoeft, 2019) em um esforca plsvendar a configuracao tectonica
e evolucdo das rochas méficas alojadas na FaiperRiliPor fim, uma discussao sobre os
dois principais estagios supercontinentais e a fthpoia dos granulitos méficos na
modelos tectbnicos serdo abordados.

Finalmente, os dados obtidos tanto para as metalsasilojadas na bacia
Andrelandia- Raposos quanto as que se encontraambasamento do Complexo Juiz de
Fora visam a contribuir para evolucao geral da srargassiva Neoproterozoica da borda
ESE do paleocontinente SF.

Inicialmente, o objetivo inicial foi calibrar a ida de deposicéo dos litotipos distais
do Grupo Raposos e a configuracdo tectdnica do midgmo sin-sedimentar que é
representado pela insercdo de rochas metabasicagala evolucdo da bacia. Os estudos
com foco no Grupo Raposos sdo escassos e forneca&rsequéncia bem restrita é
fundamental para melhorar esse segmento mal addibEam um contexto mais global, o
objetivo do primeiro artigo é entender a relacaow@Eca entre os corpos maficos e suas
respectivas rochas hospedeiras durante o desemeriio da margem passiva de
Andrelandia-Raposos na borda sul do Craton do &fiwisco.

Além da abordagem visando esse magmatismo Neomzdteo, neste trabalho
também buscou-se detalhar as condigbes metamorficagempo registradas nos

ortogranulitos do Complexo Juiz de Fora, visto gsgas rochas apresentam sua evolugao
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associada tanto a Orogenia Riaciana quanto a QeoBeasiliana. Maiores detalhes serdo

apresentados no resultado do segundo artigo. @cesikel ortogranulitos em especial os
basicos fornecem informacgfes sobre evolugdo désscrogénicos e em se tratando de
um metamorfismo de alto grau espera-se que o amento da metodologia de aplicada
a terrenos metamoérficos de alto grau, proporciomaaskim melhores condicionantes

geocronologicas  para  reconstrucdbes de bacias emo tod mundo.
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1 GEOLOGIA REGIONAL

1.1 A organizacdao tectbnica orogénica da Faixa Ribeira

A amalgamacdo do Gondwana Ocidental levou a formad@ varios sistemas
orogénicos Neoproterozoicos-Cambrianos ao redociddsns Arqueano e Paleoproterozoico
(Figura 1). O Sistema Orogénico Ribeira-Aracuai Q83 desenvolveu-se como resultado do
fechamento do paleoceano Adamastor e colisbes 6diges de diferentes terrenos
tectonoestratigraficos, incluindo paleocontinergearcos magmaéaticos (e.g, Heilbreh al,
2017; Pedrosa-Soarestal, 2008, 2011; Alkminet al, 2017; Degleet al, 2018), (Figura 1).

A organizacao tectonica do segmento central do @rddribeira compreende quatro
terrenos tectono-estratigraficos de NW a SE, aeres Ocidental, Central, Oriental e Cabo
Frio (Figura 2), progressivamente incorporados or@go sul do SFC (Heilbroet al 2008;
2017a; 2020). O Terreno Ocidental (OcT) é estrimeate subdividido em dois sistemas de
laminas de impulso de escala crustal (dominio af@t que configuram o Sistema de
Empurréo Inferior (SEI) (Dominio Andrelandia) e ast8ma de Empurrdo Superior (SES)
(Dominio Juiz de Fora) (Heilbrost al, 1998; 2000; 2010). O OcT engloba a margem passiv
Neoproterozéica (Grupo Andrelandia - Paciuib al, 2000) e o embasamento craténico
retrabalhado (Heilbroet al, 2010; Degleet al, 2017; Cuttst al, 2019; Bruncet al, 2020;
2021).

No Sistema de Empurrdo Inferior, o microcontinefedade e o Complexo
Mantiqueira (Heilbronet al, 1998; 2010; Duartet al, 2004; Brunoet al, 2020; 2021,)
representam as unidades do embasamento arqueaaleogprpterozéico que se dobraram
juntamente com metassedimentos deformados do Guughelandia (Figura 2). A associacao
do embasamento do Sistema de Empurrdo Superiomposta por ortogranulitos e rochas
ortognaisses do Complexo Juiz de Fora que é tectmainte intercalado com as facies distais
do Grupo Andrelandia, conhecido como Grupo Rap@sas Trouwet al 2000; Ribeiroet
al., 2003; Heilbroret al, 2004; Noceet al, 2003; 2006; Barbosat al, 2019; Almeideet al,
2021; Degleret al, 2017; Heilbroret al. 1998; 2010, Nocet al. 2007; Deglert al; 2018)
(Figura. 2).
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O dominio autéctone do Ordégeno Ribeira contém ppemretrabalhadas da parte sul
do antigo Sistema Orogénico Brasilia (SOB), deskidm como produto do fechamento do
Oceano Goianides (e.g. Alkmiet al, 2017). As nappes externas de verga E destensiste
orogénico foram retrabalhadas pelo encurtamento iMybsto pela evolucao tectbnica do
Orogeno da Ribeira.

Figura 1 - Mapa de esboco tectdnico simplificadaificado de Trouw et al. (2013) e Kuster et al

7 Atlantic
Ocean

Ribeira (R) and

Aracuai (A) belts
Atlantic
Ocean Brasilia Belt

Sao Franscisco Craton (SFC),
blue-cover; pink-basement
------ craton X foreland boundary

Tectonic transport

247 Ro de Janeiro

Legenda: a) Localizacdo na América do Sul dos nsdfdM-Amazdnia, WA- Oeste Africano, SF-S&o Franejsc
PP- Paranapanema e RP- Rio da Prata. b) Localizic@dncipal area de afloramento do Grupo Andditie

do embasamento do Complexo Juiz de Fora em relagdcCraton do S&o Francisco e aos ordgenos
Neoproterozoicos. Retangulos vermelho e pretoea de estudo.

Fonte: Trouwet al (2013) e Kusteet al (2020).

1.2 As unidades da Bacia Andrelandia na Faixa do Ribedr: sintese e subdivisdo
simplificada adotada

O Grupo Andrelandia ou Megassequéncia tem sidaprd&do como a margem
passiva Neoproterozéica da margem sul e SSE do é8WGlvendo tanto as unidades de
impulso do SOB meridional quanto o Orégeno Ribeica AROS (Paciulloet al, 2000;
Heilbron et al, 2017). A maior dificuldade encontrada é que aoria dos autores tenta
integrar as pilhas estratigraficas tectonicas ofasks dentro de dois sistemas orogénicos

neoproterozoicos
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diferentes, ou seja, 0 mais antigo (ca. 650 — 6ap3dgmento leste da Faixa Brasilia e 0 mais
jovem (ca. 620 — 530 Ma) Orégeno da Ribeira conileéncia NW (Figura 1).

Parte das unidades do Grupo Andrelandia afloraona e superposicao entre esses
dois orogenos, denominada zona de interferéncibpearos limites entre esses dois cinturdes
sejam motivo de debate. Parte dos autores consi@derona de interferéncia como parte do
Orogeno Brasilia (Trouwet al 2000; 2013; Campos Neto; Caby, 2000; Campos bietd,
2020; Frugiset al, 2018; Kusteret al, 2020; Marimonet al, 2020), enquanto outros
consideram que a zona de interferéncia é repretemqalo retrabalhamento do Orogeno
Brasilia pelo Ordgeno Ribeira (Valladaetsal. 2004; Heilbroret al, 2017, Valerianet al,
2004).

Diferentes subdivisdes estratigraficas foram prtgss como a tentativa de
reconstrucdo das seis unidades agrupadas em dysnsis por Paciullet al (2000) ou
unidades tectonicas compostas conforme relatadbig@ithronet al (2019) e Campos Neti
al. (2020). A primeira subdivisdo estratigrafica greeda do Grupo Andrelandia foi proposta
por Paciullo (2000), considerando tanto as napas meridionais do Orégeno Brasilia quanto
o Sistema de Empurrdo Superior do terreno OcideldaDrogeno Ribeira (Figuras 1 e 2).

Esses autores subdividiram o Grupo Andrelandia eas dequéncias principais:

a) Sequéncia Inferior Carrancas incluindo paragnaisaadados de biotita com
camadas peliticas e anfibolitos (A1 e A2); camadasquartzito com mica
branca (A3); e intercalacdes de filito/xisto riesms grafite e ortoquartzitos (A4).
b) A Sequéncia Superior Serra do Turvo compreende wmotp de
xistos/gnaisses ricos em plagioclasio-biotita c@amadas peliticas e quartzitos

(A5) e xistos peliticos e gnaisses (A6).

E importante ressaltar que as unidades A3 e A4 aaseno Orogeno Brasilia Sul ndo
sao reconhecidas no segmento distal do Grupo At (SEI) e no Grupo Raposos (UTS),
no Segmento Central do Ordgeno da Ribeira. Paropopito da contribuicdo, focada nas
rochas metabasicas intercaladas, uma subdivisétogita simplificada é adotada e
tentativamente correlacionada com a subdivisdogstapanteriormente por Paciulé al
(2000). As unidades estratigraficas adotadas s@eadas em mapas geoldgicos detalhados
das unidades da bacia de Andrelandia no lado deaa Ribeira Central, integrados a mapas
geolégicos em escala 1:100.000 (9 folhas) e putbsapelo Servico Geoldgico

(www.rigeo.cprm.gov.br).
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Outras contribuicdes (e.g, Wesen al, 2016), trabalhando na mesma regiao (LTS),
propuseram que as unidades inferiores do Grupo eMmttia de Paciullet al (2000),
Al+A2, sdo mais antigas (ca. 2.1Ga,), classificadaso Unidade Sao Vicente, pertencentes
as unidades de embasamento do Craton do Sao E@nEista proposicdo é baseada na
proveniéncia unimodal paleoproterozéica obtida pareostras de gnaisses bandados das
unidades A1+A2, embora zircGes detriticos joverapraterozoicos tenham sido encontrados
em todas as unidades de Andrelandia (Betéral, 2011; Santost al, 2011; Lobato, 2018;
Heilbron et al, 2019). No entanto, nossos estudos mostraram agu&ontatos entre
paragnaisses bandados de biotita A1+A2 com quastiiterlaminares e xistos de quartzo no
Sistema de Empurréo Inferior (Dominio Andrelandiadp gradacionais e ndo tecténicos. Nao
ha rochas miloniticas detectadas ao longo desseates. Por outro lado, no topo da pilha,
préximo as unidades de alta pressao, lascas desambato (ortognaisses pluténicos) foram
intercaladas dentro das Unidades de topo de Anmafi@l§AS e A6), com feicdes miloniticas
ao longo dos contatos. Mais referéncias com Treual (2000; 2013), Heilbroet al (2000;
2004; 2008; 2017) e Ciofét al (2016).

Devido a este debate estratigrafico em curso, umenclatura estratigrafica
simplificada é adotada aqui, onde o termo Gruporédladdia € usado para as unidades
proximais da bacia (incluindo o SEI do Ordégeno R#&e os nappes do SOB sul) enquanto o
termo Grupo Raposos é sugerido para a UPS do QrédanRibeira, representando
associacado mais distal da bacia (e.g, Heilletcal., 2017; 2019; 2020).

Os Grupos Andrelandia e Raposos, no Ordgeno Rileg@riral, compreendem um
espesso pacote de metassedimentos siliciclastieoprbterozéicos intercalados com rochas
metabdsicas que sugerem estagios magmaticos dtrsbaipulsos tecténicos da evolugédo da
Bacia de Andrelandia (Paciulit al, 2000). A distribuicdo da sedimentacao foi disposa
borda sudeste do Paleocontinente Sao FranciscwuliPaat al, 2000; 2003) e os metabasitos
interlamelares e corpos meta-ultrabdsicos, quer@moparalelamente a foliacdo principal da
rocha hospedeira, sugerem episddios tectono-mampeatiurante a bacia (Paciul& al.,
2000; Ribeircet al, 1995; Gongcalves; Figueiredo, 1992; Marins, 20@&jbronet al, 2019;
Queiroga, 2010). Conforme relatado por varios @storos contatos entre as rochas
metabasicas e as rochas metassedimentares sdoiadosnte nenhum sinal de texturas
miloniticas foi detectado. As rochas metabasicassgptam a mesma deformacgédo e facies
metamorfica das rochas metassedimentares de base

Na regido proximal, aflorando no SEI (Dominio Ardrelia), trés unidades foram

individualizadas no Grupo Andrelandia: os gnaidsasdados de biotita com intercalagcéo de
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guartzitos e xisto-gnaisses (equivalente a Al+A2Pdeiullo et al, 2000), plagioclasio
gnaisses xistosos ricos (biotita xisto equivalente) e biotita pelitico xistos e gnaisses ricos
granada, com quartzitos, calcisilicaticas e rodizess em Mn e Fe (equivalentes a A6).Na
parte distal da bacia SES (Dominio Juiz de Fonpgnas duas unidades foram mapeadas
dentro do grupo Raposos, Al + A2 e A6. Outras eliifeas entre os Grupos Andrelandia e
Raposos sdo a evolucao tectono-metamorfica elo estrutural:
a) No Sistema de Empurréo Inferior, as rochas do gArmrelandia exibem um
gradiente metamorfico invertido com rochas de gtassdo e um estilo
estrutural complexamente dobrado acoplado a rahasnbasamento (Troust
al., 2000; 2013).
b) No Sistema de Empurréo Superior, as rochas do graposos exibem facies
granulitica de soleira de alta temperatura paraggm®m poucos relictos de alta
pressdo. O estilo estrutural € caracterizado poa umtensa interdigitacdo
tectdnica entre unidades metassedimentares e radtiasmbasamento do
Complexo de Juiz de Fora (Heilbrat al, 1998; 2000; 2017; Duartet al,
1997; Heilbroret al, 2019; Araujcet al, 2019; maior detalhe proxima secao).

Dados anteriores de U-Pb sobre as rochas metabaprauziram idades de
cristalizacdo propostas muito conflitantes, vareadd ca. 1,4-1,5 Ga e 2,1-2,2 Ga (Coadho
al., 2017; Frugiset al, 2018; Pinheireet al, 2019), mais antigos que as rochas hospedeiras
metassedimentares. Conforme relatado por Gongal¥égueiredo (1992) no SEI, as rochas
metabasicas registram magmatismo intraplaca e E#MORB para as porc¢oes inferior e
superior, respectivamente. Esses corpos toleiipossentam idades modelo TDM de 1,2 a
1,05 Ga, com valores dé&Nd(1,0) de +4,8 e +3,1, refletindo reservatoriosnta@licos
esgotados com curto tempo de residéncia crustalg@bees; Figueiredo, 1992; Figueireed
al., 1995; Paciullo, 1997). Para as unidades inteidmad do grupo Andrelandia, LTS, rochas
metabasicas retroeclogiticas registraram idadesb UeBh torno de 1,4-1,5 e foram
interpretadas como tendo sido relacionadas a apsd@ intrusées de paleodiques antes da
abertura da Bacia de Andrelandia ou blocos exdticaBmianos dentro do prisma
acrescionario (Coelhet al, 2017; Frugi®t al, 2018). As idades Paleoproterozdicas fundadas
por Pinheiroet al (2019) para essas rochas colocadas no LTS fortarpretadas como um
evento magmatico Riaciano relacionado a configescdde suprasubduccdo no
paleocontinente sul do SF. No entanto, poucas gladd’b mais jovens e mais compativeis
ca. de ca. 760, 670 e 645 Ma, juntamente com aesddo modelo TDM de 1,18 a 1,05 séo
consideradas a melhor estimativa para o0 magmatsmaleposicional (Belémat al, 2011;

Campos Neto et al, 2007, Heilbron et al,
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1989; 2019; Campos Neto; Caby, 1999; Rehal, 2009, Trouw, 2009). Neste caso, todas as
rochas mais antigas devem ser interpretadas comamd¢ze pois as idades sdo compativeis

com as unidades do embasamento descritas.

Figura 2 - Mapa tectdnico da Faixa Ribeira centratlificado de Heilbromet al
48’ 46° 447 4 40°
20° i , - . :

22°

‘Szo Paulo M Y ‘ 100 km
24° el L
o S o] e
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Ribeira Belt

Legenda: Os poligonos vermelhos abertos marcamadizacéo da area de estudo. 1: Cobertura Faneszi
rochas alcalinas K-T; 3: nappes relacionadas aenagpssiva; 4: nappes relacionadas ao arco; 5:savmieato
cratdnico; 6: Cobertura Bambui; 7: Unidades rifteag Mesoproterozdicas; 8-9: Terreno Ocidental &m
Andrelandia (Empurréo Inferior) e 9 - Juiz de FdEmpurrdo Superior). Terrenos acrescidos do arco
cordilheiro, com 10: Apiai; 11: Socorro; 12: Emi3; Paraiba do Sul; 14: Rio Doce; 15: Arco do Raghb;

16: Arco de ltalva; 17: metassedimentos de altau;gla: Terreno Cabo Frio. PC- Cobertura Fanerozoica
Provincias CAP-Calcio-Alcalinas; Faixa BB-BrasilBi-C- Craton do Sao Francisco; OT- Terreno Ocidtenta
PSET-Terreno Paraiba do Sul-Embu, ORT-Terreno @iie€FT- Terreno Cabo Frio. CTB-Central Tectonic
Boundary.

Fonte: Heilbron et al. (2017.a)

1.3Complexo Juiz de Fora

No Sistema de Empurrdo Superior (Figura 2), a uwsdanetassedimentar
Neoproterozébica distal equivalente € denominadap&rRaposos (equivalente distal do
Grupo Andrelandia, Heilbroet al, 2013; 2021), que € tectonicamente intercalacia as
rochas granuliticas do embasamento de composicdgsicas variadas pertencentes ao

Complexo
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Juiz de Fora (e.g, Trouet al. 2000; Heilbroret al, 2004; Noceet al, 2003; 2007; Deglest
al., 2018).

O Complexo de Juiz de Fora foi previamente desaitmo uma série de rochas
formadas sob uma configuracdo de arco intra-oceafior exemplo, Nocet al, 2007,
Heilbron et al, 1998; 2010), porém estudos recentes (Arafjal, 2021; Almeidaet al,
2021), incluem rochas de arco magmatico evoluidaseepretadas como resultado de ciclos
tectonicos complexos.

As rochas mais antigas tém assinaturas em formarae e sdo representadas por
magmatismo toleitico de baixo K em ca. 2445 Maugkgpor magmatismo TTG-sanukitéide
moderadamente juvenil a evoluido em ca. 2200-20a@0d&guidos por toleitos de arco insular
de 2200-2040 Ma e rochas granitéides colisiondsidds em ca. 2030-2010 Ma; e uma
associacdo bimodal de E-MORB e charnockitos enotdenca. 1,9 Ga, com magmatismo e
granitdides pos-colisionais hibridos sendo encaigaein ca. 2,04 a 1,9 Ga (Aralgo al,
2021; Almeideet al, 2021). Em estudos recentes, alguns dados indicaggistro de heranca
arqueana nos ortogranulitos do Complexo de Juizada como mostram por idades modelo
Hf TDM de 3,45 a 2,75 Ga e idades modelo Nd T DMB®® a 2,75 Ga (Silvat al, 2002;
Degleret al, 2018; Araujcet al, 2019; 2021; Kuribarat al, 2019; Almeidat al, 2021).

Idades Paleoproterozéicas mais jovens de cerca/ele @ Ga também foram relatadas
para maficas granulitos de tendéncia alcalina,rendo no setor noroeste do estado do Rio de
Janeiro (Heilbroret al, 2010). Essas rochas maficas mais jovens foréanpietadas como
relacionadas ao evento de rifteamento Espinhacgpatocontinente Sao Francisco (Brito
Neves, 1995; Martins-Neto, 2000).

As condi¢cdes metamoérficas Brasilianas registradasontogranulitos do Complexo de
Juiz de Fora foi estimado em 700 - 850°C, em pe=sdé 4 a 7 kbar, associado a um caminho
P-T-t no sentido horario. Esta estimativa foi bdaeam assembléias minerais e inclusdes
fluidas (Duarte, 1998; Nogueirat al, 2004; Medeiros-Junioet al, 2017). Semelhante
resultados também foram obtidos por Kuribataal (2019) para os ortognaisses com
estimativas de 680-770 °C e 6,0-7,7 kbar obtidesds aluminio em hornblenda como
geobardmetro e o par hornblenda-plagioclasio com@eotermédmetro (Hammarstrom; Zen,
1986; Holland; Blundy, 1994). Embora raro, poucatoees tém sugerido o metamorfismo
pré- Brasiliano para as rochas do Complexo dedkiiZzora com base na textura granoblastica
dos ortogranulitos que se formou antes da principdiacdo penetrativa no evento
metamoérfico Brasiliano (Duarte, 1998) ou em texdwranorfologias de zircbes (Arawgbal,
2021). As



condi¢cdes metamorficas pré-Brasiliano foram estamgubr Duartet al (2000), usando o
termémetro Opx+Cpx produzindo um T max de 895 {Lessbes intermediarias.
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2 METODOLOGIA

A metodologia aplicada no projeto inclui um levanémto bibliografico de dados
preexistentes e a integracdo de 1: 50.000 car@®gieas presentes no acervo do Tektos
Research Group. Este levantamento também abrasge & dissertacbes anteriores, que
contém informagfes detalhadas sobre a geologiariofda area do campo. Foi realizado
mapeamento de campo na area alvo que contemplachasr metabasicas do Grupo
Andrelandia-Raposos, bem como as rochas basicaodwplexo Juiz de Fora, visando a
descricdo geoldgica detalhada desses corpos mafitasam efetuados estudos
litogeoquimicos para determinar as séries magnsatioa corpos metabasicos e o respectivo
ambiente tectdnico. Para identificar e caractesadistintos corpos toleiticos com diferentes
historias evolutivas, é essencial obter idadesridealizacdo, tempo estimado de extracdo do
manto ou duragdo da residéncia crustdld], se as rochas contém heranca/contaminacao
crustal e determinar a evolugdo metamoérfica do @amslsso sera feito usando uma
combinacédo de métodos isotopicos (U-Pb em zircékea total Sm-Nd, Lu-Hf em zircao),
bem como elementos principais de rocha total eisnd@le quimica mineral, que serao
utilizados para determinar as condi¢cdes P-T. Deg@zrmais detalhada de cada metodologia
utiizada nesta tese esta bem descrita na se¢do  d@sultados.
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ABSTRACT

Deformed amphibolite to granulite-facies metasedime rocks of
Andrelandia and Raposos Group, associated metabzsis witnessed the
evolutionary stage of the Andrelandia sedimentaagify within Central
Ribeira orogen, bordering the southerfia® Francisco Craton. Despite
detailed geological maps and provenance studiese tis still a knowledge
gap and debate on the stratigraphic pile and teecgedimentation in the
Andrelandia basin. New data regarding metabasiksraaterlayered in
Andrelandia basin is presented, including detailgeblogical mapping,
lithogeochemistry, Sm-Nd and Rb-Sr isotopes andICRMS U-Pb zircon
geochronology. The metabasic rocks occur as cetrtani® metric lenses
with sharp contacts with the meta- sedimentary tguocks, displaying the
same ca. 620-580 Ma age span of metamorphism afofngion.
Geochemical results indicate high-EW@ithin-plate to low-TiQ MORB to E-
MORB signatures for lower and upper units of thstali Raposos Group.
Additionally, only low-titanium MORB-like metabasi# were found in the
most proximal unit, Andrelandia Group. One sampliéhiw the Raposos
Group yielded crystallization age of ca. 653 Matanmerphic overprint at ca.
579 Ma and Paleo to Mesoproterozoic inherited nirgmins. The metabasic
rocks interleaved in the Andrelandia Group, Nd TDhiddel ages are between
1.10 and 1.90 Ga, witbNd (653 Ma) varying between-8 to + 2.1 and
87SrFeSr (653 Ma) values between 0.7144 and 0.7033. NM Fiodel ages
are between 1.80 and 2.0 Ga, with negatidel (653) —14 to —0.2 and
initial 8’Srf%Sr between 0.7157 and 0.7043. The results indizatésotopic
similarity with the biotite schists of the Santo t&fnio Unit, previously
considered as arc-derived in an active margin rggttiTogether with
previously published isotopic and geochronologyadand with the structural
distribution of the units and tectonic interleavsbsement slices in the distal
Raposos Group, we envisage a tectonic model syitito-late depositional
basic magmatism between ca. 760 to 653 Ma. Theopezgpmodel compares
the evolution of Andrelandia-Raposos basin with eradhyper-extended
magma poor rifted continental margin sedimentargiig| as plausible
tectonic setting. Finally, the results are compawét those from the Aracguai
orogen, the Northern part of the Araguai-Ribeirag@nic System, displaying
similarities in ages and composition.

1. Introduction

Intercalations of tholeiitic basic rocks interlagdr within sedimentary
strata are very common in various tectonic settifigen continental rifts to
passive margins and oceanic plateaus in extensiagaines, and also in
convergent settings, such as magmatic arcs andaradettings, as well as in
post-collisional phases of orogenic belts

(Pearce and Cann, 19Rearce et al., 1975; Pearce, 1983, 198%0n,
1989; Saccani, 20)5

In many high-grade metamorphic units exposed iplgezroded orogenic
belts of Western Gondwan&dnade de Araljo, 2014; Coelho et al., 2017;
Tedeschi et al., 2017; Kuster et al., 202@. 1), the original tectonic setting
of the precursor basin commonly remains uncleaatse high temperature
recrystallization and deformation obliterate



most features of the metasedimentary rocks. Thé g of detrital zircon
technique for provenance studies of supracrustats unormally yield
imprecise sedimentation ages, since often the yestrigtrital zircon is much
older than depositional ages especially in rift passive margin settings
developed in older cratonic areas of paleocontsghtl’em et al., 2011
Santos., 2011Coelho et al., 2017; Frugis et al., 2018; Kustealet202(. In
these cases, the study of interlayered basic rocksicerning both
geochemical-isotopic signatures and geochronol@gyh®e an important tool
to constrain depositional ages and tectonic enwients.

Other interesting aspect for past rift to passisgim sedimentary basins
is the investigation of the possible developmentwben magma poor
(hyperextended) and magma rich rifted continentargims, the two end-
members that have been recognized in the presgmiadsive marginsS(itra
and Manatschal, 2012; Zalan et al., 2011; Dore lamudin, 2015; Peron-
Pindivic and Manatschal, 201L9

The Ribeira Orogen (RO), southeast Brazil, intexgraihe Aracuai- Ribeira
Orogenic System (AROS), that represents one oN#proterozoic to Early
Paleozoic network of Brasiliano orogenic belts thasulted from the
amalgamation of Western Gondwaliéy( 1). In Brazil, the AROS makes up a
300 km wide and 600 km long deeply eroded orogewy&tem that runs
roughly parallel to the country southeastern céasiuw et al., 2000, 2033
Campos Neto et al., 2000, 2004¢ilbron et al., 2004, 2002017a, Pedrosa-
Soares et al2008; Alkmim et al., 201;7Fig. 1b). The external zone of this
orogenic system comprises the reworked Neoproterqzassive margin of
the S&o Francisco paleocontinent. Because of def@mand metamorphism
related to the Brasiliano collage, the metasediargninits together witeyn
depositional magmatic rocks occur out as high-grgdeisses, that were
tectonically interleaved with highly deformed basin slivers during the
collisional orogeny.

The Andrelandia Group or Megasequeneed(ullo et al., 2000; Heilbron
et al. 201) has been regarded as representative of a Neogroie passive
margin basin developed around the southern marfjitheo Sio Francisco
Craton (SFC). In this area, units of the Andrelarahisin were involved in the
convergence of two orogenic episodes both relaiéul ttve amalgamation of
the Gondwana supercontinent: the older (640 toNd@f) E-verging, southern
Brasilia Orogen (Valeriano., 2017), and the youn@®0-565, and 535-510
Ma) NW verging
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Ribeira Orogen (e.ghleilbron et al., 201)/ Many previous works using U-
Pb, Nd and Sr, and more recently Lu-Hf isotope @aig,Frugis et al., 2018;
Lobato, 2018; Kuster et al., 2020; Marimon et 2020 have contributed to
discuss the sources and maximum depositional ageshé Andrelandia
Group between Tonian and Cryogenian times (9007@bMa, e.g.Belem et
al., 2011 Santos., 201%;rugis et al., 2018; Kuster et al., 2020n the other
hand, relatively few works focused on basic magsnatiAs highlighted by
Heilbron et al. (2019)it has proved an essential tool to reveal Tori@n
Cryogenian magmatic episodes that help untangleeti®nic evolution of
the Andrelandia basin, as possible sources foydheager zircons detected by
the U-Pb studies in the metasedimentary units.

This work brings new petrographic, geochemical, $tdsotopic, and U-
Pb geochronological data as well as a geologicalping of the metabasic
rocks integrated published U-Pb studies of the Aldadia Group, including
its most distal equivalent the Raposos Group, ieorto understand the
tectonic setting and processes involved during lthsin evolution. The
obtained dataset is discussed together with prowendata for the proximal
metasedimentary units and associated metabasis,rticbuild an integrated
overview of basin evolution. Finally, data is cdated with similar studies
reported in the Aracuai Orogen northwards, to cairstthe overall
Neoproterozoic passive margin evolution of the E#der of the SF
paleocontinent.

2. The Ribeira Orogen tectonic organization

The amalgamation of Western Gondwana led to thmdtion of several
Neoproterozoic-Cambrian orogenic systems surrogndiwchean and
Paleoproterozoic cratons-i. 1). The Ribeira-Araguai Orogenic System
(AROS) developed as the result of the closure ef Mdamastor ocean,
involving diachronic collisions of different tecton stratigraphic terranes
including a micro paleocontinent and magmatic decg., Heilbron et al.,
2017; Pedrosa-Soares et al., 202811;Alkmim et al., 2017, Degler et al.,
2017 Campos Neto et al., 2004Fiq. 1).

The tectonic organization of the central segmenthef Ribeira Orogen
comprises four tectono-stratigraphic terranes fidWd to SE: the Occidental,
Central, Oriental and Cabo Frio terranes)( 2), which progressively docked
against the southern tip of the SF paleocontinent

Ribeira (R) and
Araguai (A) belts

. Brasilia Belt

Sao Franscisco Craton (SFC),
3 blue-cover; pink-basement
---—-- craton X foreland boundary

Tectonic transport

Fig. 1.a) Location in South America of the AM-AmazonianAWWest African, SF-Sao Francisco, PP- Paranapanema and RP- Rio datéadPatons. b) Location of the Andrelandia
Group main outcrop area in relation to the Sdo ¢isan Craton and Neoproterozoic orogens. Red rgletathe study area. Simplified tectonic sketch magulified fromTrouw et al.

(2013) and Kuster

et al. (2020)



22°4

24°d

Fig. 2. Tectonic map of central Ribeira Belt
modified from Heilbron et al. (2017a). The open
red polygons mark the location Bfgs. 4 and 71:
Phanerozoic cover; 2: K-T alkaline rocks; 3 and 4
east-verging units of the Brasilia Belt, including
the Guaxupé nappe and lower nappes; 5: cratonic
base- ment; 6: Bambui cover; 7: Mesoproterozoic
rift-to-sag units; 8-9: Occidental Terrane with 8 -
Andrelandia (lower thrust) and 9 - Juiz de Fora
(upper thrust). Cordilleran arc accreted terrane,
with 10: Apiai; 11: Socorro; 12: Embu; 13: Paraiba
do Sul; 14: Rio Doce; 15: Rio Negro arc; 16: Italva
arc; 17: high- grade metasediments; 18: Cabo Frio
Terrane. PC- Phanerozoic cover; CAP-Calc-
Alkaline Provinces; BB-Brasilia Belt, SFC- S&o
Francisco Craton; OT- Oriental Terrane; PSET-
Paraiba do Sul-Embu Terrane, ORT- Oriental
Terrane; CFT-Cabo Frio Terrane. CTB-Central

FC CAP

Tectonic Boundary.

Ribeira Belt

(Heilbron et al., 2008, 20172020). The OcT (Occidental Terrane) en-

compasses the Neoproterozoic passive margin (Ambtel Groupaciullo
et al. 200) and reworked cratonic basement(bron et al., 2010; Degler et
al., 2017; Cutts et al., 2019; Bruno et al., 202021). It is structurally
subdivided into two crustal thrust sheet systerhs, ltower Thrust System
(LTS) (Andrelandia Domain), and the Upper Thrusst8gn (UTS) (Juiz de
Fora Domain) ileilbron et al., 1998, 2000, 20)L0

In the Lower Thrust System, the Piedade microcentiand Man- tiqueira
Complex Heilbron et al., 1998, 2010; Duarte et al., 2004r® et al, 2020,
2027) represent Archean to Paleoproterozoic basemeits timat folded
together with the Andrelandia Group coverg( 2). In Upper Thrust System,
the basement association is composed of orthodgresand orthogneisses
rocks of the Juiz de Fora Complex which is tectoally interlayeredKig. 2)
with the distal facies of the Andrelandia Groupowm as the Raposos Group
(e.g, Trouw et al., 200PRibeiro et al., 2003:eilbron et al., 2004Noce et al.
2003, 2006;Barbosa et al., 2021; Almeida et al., 2021, Degteal., 2017;
Heilbron et al., 1998010 Noce et al., 200™)egler et al. 2018(Fig. 2).

The autochthonous domain of the Ribeira Orogenatostthe reworked
nappes of the southern part of the older Brasiliagénic System (BOS),
developed as the product of the closure of the iBdés Ocean (e.gAlkmim
et al.,, 201). The E-verging external nappes of this orogernystesn were
reworked by the NW-verging shortening imposed kgytéctonic evolution of
the Ribeira Orogen.

3. The Andrelandia basin units in the Ribeira belt: Previous
work and a simplified subdivision

The Andrelandia Group or Megasequence has beerpieted as the
Neoproterozoic passive margin of the southern aBH Bargin of the SFC
involving both the thrust units of the southern B&#%l the Ribeira Orogen of
the AROS Paciullo et al., 2000; Heilbron et al., 2)1®ne major problem is
that most authors tried to integrate the tectostratigraphic piles of the
Andrelandia Group in two different Neo- proteroz@ecogenic Systems, i.e.,
the older (ca. 650 — 630 Ma) E- verging Brasiliag@n and the younger (ca.
620 — 530 Ma) NW-verging Ribeira Orogenid. 1).

Part of the Andrelandia Group crops out in the gupstion zone between
these two orogens although the limits between thegdelts

is still a matter of debate. Part of the authorssatered this “interference

zone” as part of the Brasilia Orogefhrquw et al., 2000, 2013; Campos Neto
and Caby, 2000Campos Neto et al., 202Brugis et al., 2018; Kuster et al.,
2020; Marimon et al., 203@hile others consider that the “interference Zone
represents the reworked portion of the Brasiliagéroby the Ribeira Orogen

(Valladares et al., 2004; Heilbron et al., 2017,eviaino et al., 2004, 2017;

Ebert et al.,1958

Different stratigraphic subdivisions have been psmu, such as the
tentative reconstruction of the six lithostratignap units grouped in two
sequences biaciullo et al. (20009r composite tectonic units as reported by
Heilbron et al. (2019and Campos Neto et al. (2020). The first integrated
stratigraphic subdivision of the Andrelandia Grougs proposed biaciullo
et al. (2000) considering both the southernmost nappes of tresilix
Orogen and the LTS of the Occidental terrane inRtoeira OrogenKigs. 1
and 2. These authors subdivided the Andrelia Group into two main
sequences:

i) The basal Carrancas Sequence: biotite banded masagnith pelitic
layers and amphibolites (A1 and A2); micaceous tgitarlayers (A3); and
intercalations of graphite-rich phyllite/schist aortho- quartzites (A4).

ii) The upper Serra do Turvo Sequence: plagioclasé@eiath bio- tite
schist/gneiss with metapelitic layers and quartfA&) and meta- pelitic
schists and gneisses (A6).

It is important to emphasize that units A3 and Adpped in the Southern
Brasilia Orogen cannot be recognized in the dsstgiment of the Andrelandia
Group (LTS) and in the Raposos Group (UTS), indéetral segment of the
Ribeira Orogen. For the purpose of this contribytiwhich is focused on the
interlayered metabasic rocks, a simplified lithasgraphic subdivision is
adopted and tentatively correlated with the presfipyproposed subdivision
of Paciullo et al. (200Q)(Fig. 3. It is important to stress that adopted
lithostratigraphic units adopted here (seg. 3) are based on detailed
geological maps of the Andrelandia basin units ke €entral Ribeira belt,
integrated with 1:100.00 scale geological mapst@u® sheets) published by
the Bra- zilian Geological Survey (www. rigemrm.gov.by.

Other contributions (e.g., Westin et al., 2016)skireg within the same
region (LTS), have proposed that the lower unitthefAndrelandia Group of
Paciullo et al. (2000)A1 + A2, classified as S&o Vicente Unit, are older (ca.
2.1 Ga,) thus belonging to the basement s of tleeF8a@ncisco Craton. This
proposition is based on the
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Fig. 3. Andrelandia Group lithological units according histpaper, and the correlation wi
et al. (2018gndWestin and Campos Neto (2013)

Paleoproterozoic unimodal detrital zircon U-Pb agfetsined from banded
gneiss samples of units A1 + A2 units, even thoNgh- proterozoic young
detrital zircons have been found throughout theraldshdia units (Bel'em et
al. 2011; Santos., 2011; Lobato., 2018; Heilbromle2019). However, our
studies have shown that the contacts between badidét: paragneisses Al
+ A2 with interlayered quartzites and quartz schist the Lower Thrust
System (Andrelandia Domain) are gradational andtextonic. There are no
mylonitic rocks detected along these contacts.l@mother hand, at the top of
the pile (Units A5 and A6), close to the overlyifdgh-pressure units,
basement slices of plutonic orthogneisses werernedlly interleaved within
the Andrelandia with mylonitic features along thentacts (Trouw et al.,
2000,2013; Heilbron et al., 2000, 2004, 2008, 2Q¢iaffi et al., 2016). A
simplified stratigraphic nomenclature is adoptedrehewhere the term
Andrelandia Group is used for the proximal unitshe basin, including the
LTS of the Ribeira Orogen and the nappes of thé¢hson BOS, whereas the
term Raposos Group is suggested for the UTS of Riteira Orogen,
representing more distal association of the badaillfron et al., 2017, 2019)
(Fig. 3).

The Andrelandia and Raposos Groups in the Centilagif® Origen
comprise a massive pile of Neoproterozoic siligttametasedimentary rocks
intercalated with metabasic rockSa(iullo et al., 2000 The sedimentation
distribution was disposed along the southeastemgimaf the S&o Francisco

PaleocontinentHaciullo et al., 20002003) and the intercalated metabasites

and metaultrabasic bodies, that occur parallel to the haomtk's main
foliation, suggest tectono-magmatic episodes durbasin development
(Goncalves and Figueiredo., 199Rjbeiro et al., 1995 Marins., 2000;
Paciullo et al., 2060Queiroga., 2010:leilbron et al., 201p

As reported by many authors, the metabasic rockplaii the same
deformational and metamorphic features of the amipmetasedi- mentary
rocks, and their contacts with the metasedimentaoks are sharp and devoid
of any mylonitic textures.

In the LTS (Andrelandia Domain), three proximal taniwere
individualized in the Andrelandia Group have bedsniified: the banded
biotite gneisses with quartzite and schist-gneigstescalation (equiv- alent

to Al + A2 of Paciullo et al., 200)) plagioclase rich schists to gneisses

(biotite schist equivalent to A5) and garnet-richtapelitic biotite schists and
gneisses, with quartzite, calcsilicate and Mn-af@ rich intercalation

(equivalent to A6).In the distal part of the basiiS (Juiz de Fora Domain),
two units are mapped within the Raposos Group:+AA2 and A6. Other

differences between the Andrelandia and RapososigSrare the tectono-
metamorphic evolution and the structural style:

Belém et al. (2011); Santos (2011); Westin & Campos Neto. (2013);

Frugis et al. (2018); Kuster et al. (2020});Campos Neto et al. (2020)

th the units dbedrbyBel em et al. (2013)Campos Neto et al. (2020) Santos (20EL)gis

i) In the LTS, rocks of the Andrelandia Group display inverted
metamorphic gradient with high-pressure rocks andomplexly folded
structural style coupled with basement rocks (Hig.Trouw et al., 2000,
2013).

ii) Inthe UTS, the rocks of the Raposos Group dispigl- temperature
sillimanite-garnet parageneses of granulites, é high-pressure relicts
minerals. The structural style is characterized dy intense tectonic
interleaving of metasedimentary units and with H@sement rocks of the
(Juiz de Fora complex (Heilbron et al., 1998, 22007; Duarte et al., 1997,
Heilbron et al., 2019; Araujo et al., 2019).

Previous U-Pb data regarding the metabasic rockkiad conflicting
interpreted crystallization ages, varying from tad-1.5 Ga to 2.1-2.2 Ga
(Coelho et al., 2017; Frugis et al., 2018; Pinhetral., 201}, all older than
the metasedimentary hosts rocks. As reportebycalves and Figueiredo.
(1992)in the LTS, the metabasic rocks are composi- tlpraddaracterized as
representing intraplate magmatism with E- MORB atgres for the lower
and upper portions. These bodies of tholeiiticnéffiyield Tom model ages of
1.20 to 1.05 Ga, witlENdw.o values of+ 4.8 and+ 3.1, reflecting depleted
mantle reservoirs with short crustal residence tifigoncalves and
Figueiredo, 1992 Figueiredo et al.,, 1995;Paciullo, 199). For the
intermediate units of the Andrelandia Group, LT&raeclogitic metabasic
rocks records U-Pb ages around 1.54-1.4 Ga and ivengreted as have
been related to episodes of paleodyke intrusiofsréoeéhe development of
the Andrelandia Basin, or alternatively representalymmian exotic blocks
within an accretionary prismCpelho et al., 2017; Frugis et al., 2018he
Paleoproterozoic ages found Bynheiro et al. (201%or these rocks placed
in the LTS were interpreted as a Rhyacian magmetient related to
suprasubduction settings in the southern SF palestinent. However, few
younger and more compatible U-Pb ages of ca. 780a6d 645 Ma together

with ca. 1.18 to 1.05 GaoW model ages are considered the best estimates for

the syndepositional magmatismB¢élem et al., 2011, Campos Neto et al.
2007 Heilbron et al., 1989, 2019;ampos Neto and Caby, 2000;Reno et al.,
2009). In this case, all older dated zircon grains #hdae interpreted as
inherited, since their ages are compatible witts¢hof basement units (e.g.
Almeida et al., 2021; Araujo et al., 2021

This work brings a detailed study of the metabasaks and geometric
relations with the country rocks included withiretmetasedi- mentary units
of the Andrelandia and Raposos Group. An integnatid geochemical
compositions and isotopic signatures, together nétw U- Pb ages aimed to
include the metabasic rocks in a broader tectonituéonary model for the
basin.
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Fig. 4. Geological map of the study area showing the aifalile geochemical and age data for the metabasks within Andrelandia Group.

4. Methods

Field excursions were carried out in the study dfea. 2) for sample
collection and geological characterization of thafimbodies. An initial step
was made in the southwestern Raposos Group, Upparsfl Sys- tem,
compiling the pre-existing geochemical data (MarirZ)00) with the new
mafic bodies integrating a total of 19 samples inithis segment. The second
step consisted of investigating the mafic bodidsrieaved in the proximal
segment of the Andrelandia Group, within the LoWrust System.

4.1. Lithogeochemistry

The selected samples were prepared for analysemajdr and trace
elements composition analyses, including Rare-Edttbments — REE.
Samples were crushed and milled at the LGPA laboraf‘Laboratorio
Geologico de Processamento de Amostras”) of the d&@oJaneiro State
University.

Whole rock geochemical analyses were carried outhat Activation
Laboratories (Actlabs, Ancaster, Canada), followtingir 4Litho proto- col, a
combination of packages Code 4B (lithium metabdetrabo- rate fusion
ICP), Code 4B2 (trace element ICP/MS) and Code #Bjdr elements and
Ba, Sc, Sr, V, Y and Zr) where samples are prepanedanalyzed in a batch
system. Each batch contains a method reagent blzerkified reference
material and samples with 6 % replicates. Samples

are mixed with lithium metaborate and lithium téweate and fused in an
induction furnace. The melt is immediately pouretbia solution of 5 %
nitric acid containing an internal standard and edixcontinuously until
completely dissolved (~45 min). The samples arefatnmajor oxides and
selected trace elements (4B) on a combination samebus/ sequential
Thermo Jarrell-Ash ENVIRO Il ICP or a Varian Vist85 ICP. Calibration is
performed using 14 prepared USGS and CANMET cedifreference
materials. One of the 14 standards is used duhiegualysis for every group
of ten samples. Weight % sum of major elementsldhgtay between 98.5 %
and 101 %. Further details of the analytical teghas used by this laboratory
are available ahttps://www.actlabs. comPrevious geochemical data from
mafic granulites obtained bylarins (2000)were integrated to cover a larger
spatial distribution of the Andrelandia Group withithe study area~(g. 2.
Treatment of the geochemical data used the GeoChérbiata ToolKIT
(GCDkit) soft- ware oflanousek et al. (2006)

4.2. U-Pb geochronology

The sample preparation for the U-Pb systematicelwied crushing and
manual panning, followed by density and magnetrasstion in the LGPA,
of the UERJ. The zircon grains mounted in poliskedtions and were then
imaged by cathodoluminescence (CL) and by backtesed electron (BSE),
using Scanning Electron Microscope (SEM) at the MUWIAB, facilities of
UERJ. Images were used to recognize



morphological features, internal structures, arel ghesence of in- clusions,
cracks or damaged areas.

The U-Pb data for the mafic granulite samples whtined at the
Laboratério de Geocronologia of the Departamento @eologia da
Universidade Federal de Ouro Preto (Brazil) andlyaed using a
ThermoScientific Element Il sector field (SF) ICPSMoupled to a CETAC
UV Nd-YAG 213 nm laser system (using spot diamefer 30 um). The data
reduction was performed using the Glitter softwgren Achterbergh et al.,
2007). To test the validity of the applied methods &he accuracy and
external reproducibility of the obtained U-Pb agdad it was used the BB-9
zircon reference material (562 1 Ma; Santos et al.2017) was used as
primary standard and the Plesovice zircon (3303 Ma;Slama et al., 2008
and GJ-1 (60& 1 Ma; Jackson et al., 20)4eference materials were used as
secondary standards.

The age calculations and plots were performed \igh Isoplot 4.15
software (udwig, 2009. Uncertainties of individual ages are quotedafd?
the sample NSA-FT-02A. Among the performed lasats@na- lyses, only
those with less than 10 % of analytical errors disdordance were considered
for age calculations. The complete dataset forstiraples and standards can
be found in th&supplementary Material

4.3. Sm-Nd and Sr isotope analysis

For Sm-Nd and Sr isotopes analyses, thirteen ngaéioulites sam- ples
were selected from the Andrelandia and Raposospzamples, among those
used for the geochemistry study. Sm-Nd and Sr psot@nalyses were
conducted in the Laboratory of Geochronology andli&genic Isotopes
(LAGIR) of the Universidade do Estado do Rio de
Janeiro(ittps://www.lagir.com.j: Chemical procedures were carried out in
clean rooms with use of Milli-Q® water purifier anélsub-boiling distillation
of PA Merck® acids Between 25 and 50 mg of the etihed samples were
subjected to digestion in Savillex® vessels onfiates, after the addition of
proportional amounts of a double 149Sm-150Nd trao&rtion. A mixture of
concentrated HF and HNO3 6 N was applied for 3 dijlowed by further
digestion with HCI 6 N for 2 days. Separation of &8 REE used cation
exchange following conventional techniques desdrilie Cardoso et al.
(2019)

5. Results
5.1. Geology and petrographic studies

In this section is provided the main features dbsdr during the field
mapping and the context of metabasites within tieéasedi- mentary units as
well the petrographic characterization the minegalacal diversity of
metabasic rocks from both LTS and UTS.

@ AL-TN-20
@ AL-TN-21
@ AR-TN-15

@®AR-TN-18

5.1.1. Metabasic rocks of the lower thrust SysteAndrelandia Group
(Andrelandia Domain - Occidental Terrane)

The studied metabasic rocks are represented byicntetrcentimetric
lenses and boudins within the metasedimentary uthitgd comprise the
Andrelandia Group, at the lower thrust system. Mafbcks display the
regional foliation, parallel to the host rocks, amcop out in various
stratigraphic positions within the Andrelandia Guo@he maps in Figs. 4 and
5 shows that the metabasic rocks occur within guedbd biotite-gneiss unit
(basal unit equivalent to A1 + A2), hosted in thedd§par-rich biotite
schists/gneisses (A5) and in the garnet-biotiteigmunit (A6). The contacts
of the metabasic rocks with the meta- sedimentast hocks are sharp (Fig.
6), but not tectonic, as sign of mylonitic textuvesre detected. The metabasic
rocks are parallel to subparallel to the transpossetasedimentary SO
stratification.

The metabasites are amphibolites with a fine-gchingran-
onematoblastic texture, and a pervasive foliatiefingéd by amphibole grains
(Fig. 6a, ¢, e and g). Some few occurrences of retrodatagetabasites were
described byCoelho et al. (2017) and Reno et al. (200Fhe main
mineralogy common to all studied samples comprideznblende,
plagioclase, titanite, quartz, and opaque minemlsh as ilmenite and
magnetite fig. &b, d, f and g). Regarding the presence of biofitd epidote,
the studied rocks were subdivided into two groups:

a) epidote amphibolites (samples BJ-TN-17, BJ-TN-AB-TN-20, AL-
TN-21) and biotite-amphibolite (sample SRJ-TN-19¢g. &). The pre-
viously identified retroeclogitic samples were matgeted in this study. In
most of the epidote—amphibolite samples, the epidotystals show
hypidioblastic to xenoblastic morphologies and ocdoetween plagioclase
and hornblende crystals. Only in sample AL-TN-2G:sl@pidote exhibit
euhedral to subhedral grain shapes in associatith mematoblastic
hornblende crystals and plagioclaseg( ch). Titanite presents xenoblastic
morphologies commonly occurring together with opapbases, often at the
borders of hornblende crystals. Quartz can be fassimall grains included
in hornblende Kig. &) and spread throughout the matrix of the samples
along with plagioclase.

In the biotite amphibolite sample (SRJ-TN-19), gialastic textures
predominate, and the biotite occurs as flakes etettges of coarse- grained
nematoblastic hornblende, the sample contains stiggefor- mation during
a retrograde phase. Besides biotite and hornbleptgioclase, titanite,
quartz and opaque phases. As reported for the tepataphibolites, titanite
together with opaque phases occurs at the bordéreblende. Plagioclase,
quartz and titanite together define a granoblastture, with titanite growing
at the edges of the mafic minerdlsy 6c¢, d). Opaque minerals are rare.

5.1.2. Metabasic rocks of the upper thrust SysteRaposos Group (Juiz
de Fora Domain - Occidental Terrane)

The Raposos Group crops out in the UTS of the @atal terrane in

@ SRJ-TN-19
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Fig. 5. A-B cross-section of the Andrelandia Group shoviimg positions of the samples identified geochensalature.
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Fig. 6. Outcrop images of the basic rocks interlayered iwitkndrelandia Group metasediments: (a) BJ-TN-t}, SRJ-TN-19, (e) AL-TN-20 and BJ-TN-18A. Photonaigraphs of
mafic rocks: (b) foliated amphibolite showing theetched hornblende defining the rock orientati@t),biotite amphibolite with titanite and quartziasions, (f) foliated amphibolite
with stretched hornblende and epidote stripeseffijlote—amphibolite showing the titanite along Heenblende edges. Hbl:hornblende, gtz:quartz, lalgipclase, ttn: titanite, ep:
epidote.

the studied areaF({g. 7). The metasedimentary units are tectonically within the studied area. The Raposos Group hawenapive strong foliation,
interleaved with the basement Paleoproterozoicogrdmulites of the Juiz de  which is mylonitic on the contacts between the weda mentary units and
Fora ComplexKig. 8). The cross section shown fing. 8illus- trates the two  the Paleoproterozoic orthogranulites rocks. Thesenainly detected at the
units and the intense tectonic imbrication of theg85os Group with the rocks tectonic contacts of the upper thrust system. Hewethe contacts between
of the JFC. Two metasedimentary units crop outsisting of biotite-rich  the metabasites and the enclosing tectonic roaksskaarp Kig. 9, but not
gneisses and garnet-bearing gneisses. The croiensedso indicates the tectonic.

location of samples selected for geochronology Both units contain metric to centimetric layers iofpure feldspathic
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quartzites, calcsilicate rocks and Mn-rich rocksn@jtes), but these are more
common within the garnet-bearing gneisses, andbasii®s. The metabasites
lenses are present in both biotite-rich gneissdslangarnet-bearing gneisses.

The metabasic rocks occur as dark lenses or baudlios several
centimeters to a few meters thick. They occur pelrab the host rock
foliation throughout the stratigraphic pile alwayih sharp contacts

(Fig. 9. Since the metabasites present similar deformatod meta-
morphism as experienced by the Neoproterozoic lea&s, and they occur as
thin layers parallel to the sedimentary stratifimat they are preliminarily
interpreted to represergynsedimentary magmatism, either representing
flows, deformed sills and or dikes.

The metabasites interlayered with the metasedimentaits of the
Raposos Group have a fine-grained granonematablaséxture,
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Fig. 9. Outcrop images of the basic rocks interlayered iwittaposos Group. Biotite-Gneiss Unit: (@) RP-TN-{& BP-TV-02, (e) NSA-FT-02 and (g) JG-05. Photonographs of
mafic rocks. Biotite-Gneiss Unit: (b) foliated Bitet-granulite, (c) granulite with coronitic garrteture, (f) fine-grained orthopyroxene- amphibmlith) granulite with coronitic garnet
texture and ilmenite. Bt, biotite, Grt, garnet, Hhbrnblende, ilm, iimenite, Opx, orthopyroxene, jfagioclase, Qtz, quartz, Rt, rutile.

consisting of hornblende, clinopyroxene, orthopgre, garnet, plagioclase, The biotite mafic granulite has a stronger folintiwhen compared with
biotite, quartz, and ilmenite. According to theimeralogy, the metabasites the orthopyroxene-mafic granulitesi. ). In one biotite- granulite sample
were classified as orthopyroxene granulites, l@ogitanulites, and garnet (RP-JC-78B), biotite grows at the edges and albegteavage of the coarse-
granulites €ig. 9). grained nematoblastic hornblende, suggesting



that it may relate to a late metamorphism or aoge#ssion phase.

Plagioclase, quartz, clinopyroxene and orthopyrexemwe granoblastic

texture. Discontinuous layers rich in hornblendd biotite define the main

foliation of the sample. limenite is usually loahtalong the boundaries of
both hornblende and biotite grains. Quartz andiplagjase appear also as
inclusions in hornblende and biotite graifrey( ).

In the garnet mafic granulite (sample RP-JC-78@)net occurs both as
individual grains or as symplectitic coronas intewn with fine- grained
plagioclase and ilmenite that develop between eodrsrn- blende and
plagioclase grains~g. ). Rutile appears as acicular grains in associatio
with hornblende and ilmenite. Clinopyroxene andhopyroxene grains
constitute minor phases in the matrixig Sc). Hornblende crystals, grow
along the edges of clinopyroxene, and along with ¢bronitic garnet likely
represent retrograde metamorphism in this sample.

The sample JG-05 is a fine to coarse grained géesing mafic
granulite that presents garnet coronas that grdwetiveen plagioclase and
ilmenite grains. Plagioclase and ilmenite also ocas small milli- metric
symplectitic textures included within the garnetaras. Plagioclase and
clinopyroxene grains show granoblastic texturestnHiende occurs at the
edges of clinopyroxene and together with the syntjtie and garnet corona
texture likely belongs to the retrograde evolutdfrthe sample. Quartz grains
occur dispersed in the sample, constituting a nphaise ig. 9g, h).

The orthopyroxene-mafic granulites (samples NSAORZF;, BP-TV- 02)
contain hornblende and plagioclase with minor quarid ortho- pyroxene,
and are fine to medium grained, weakly foliatedkso¢-ig. 9 d, e and f).
Clinopyroxene is absent in these samples. Opaqueerais are present
(ilmenite), normally in association with hornblentthat exhibits a dark brown
color and a nematoblastic to granoblastic shapagi®ilase occurs as
disseminated small grains within the matrix or @llimretric porphyroblasts,
with albite-twinning Fig. 9.

5.2. Lithogeochemistry

Eight samples from the Andrelandia Group of the LA&® nineteen
samples from the UTS of the Occidental Terrandudiong those 8 samples
reported byMarins (2000) were selected for geochemical an- alyses. As
described above, the metabasites occur as lenddmadins interlayered with
the metasedimentary units of the Andrelandia Gi@ingle symbols), and the
Raposos Group (triangle symbols). Results are ptedein Supplementary

Table 1
As the samples sometimes represent small lenshkin e

metasedimentary units, first they were tested sé@tho and para derived
discrimination diagrams, and presentfiy. 10 a, b. Diagrams used were
Zr/Ti versus Ni FeOt versus Ti@om Winchester et al. (198@nd Pellogia
and Figueiredo (1992), respectively. In both diaangs the analyzed
metabasic rocks clearly plot in the igneous figgcluding the presence of
metamorphosed matrls.

The next step used diagrams to detect spilitiza@dinitization process of
primary plagioclase) and weathering alteratiéig( 10 ¢ and d), this was
done because some rocks present high LOI valuéshé\samples show low
NaO/CaO ratios, suggesting low ionic mobility for 20a(wt%) and KO
(Wt%) as well as for the trace elements such asdRbBa, Ni (ppmMullen,
1983. The metabasic rocks reveal no signs of spitibrabut show some
degree of weathering alteratiofrif. 1), although modifications are not
substantial.

The TiQ rate criteria was adopted due to the low Ti-mopilituring
alteration or metamorphic processeésld€k and Furnes, 20)land in the
obtained REE patterns as discriminant indexes. dJgiase parametersi.
11 a to d), the metabasic samples from both the LT8 BAS were
subdivided in three geochemical groups:

i) High TiOz(TiOzvalues between 2.13 and 3.2 wt%) with enrichment in
the Light Rare Earth Elements (LREE), form a grauith a within
plate signature (green color in all diagrams). Mgilues are between
40 and 6.51 wt%). The REE chondrite- normalizedfiler
corresponds to a more fractionated pattern

with the highest enrichment of LREEI{. 11, [La/Ybn=
1.77-7.11]) and with an average Eu/Eu* anomaly.840

Low TiOz (TiOz values between 0.85 and 1.96 wt%) with mod- erate
LREE contents (blue color in all diagrams). MgOues are between
5.14 and 1341 wit%. The REE chondrite-normalizedfiler
corresponds to a fractionated pattern with an baric

ment of LREE Fig. lJc,gLa/YbN= 2.3-5.04]) and an average
Eu/Eu* anomaly of 0.88.

Low TiOz (TiOz values between 0.7 and 1.9 wt%) with flat REE
signature (black color in all diagrams). MgO valaes between

6.0 and 11.4 wt%. The REE chondrite-normalizedifgaorresponds
to a near flat pattern=(g. 11d, [La/Yb n = 0.48-2.02]) with a high
average Eu/Eu* anomaly of 0.98.

i)

ii)

In the AFM diagram of-ig. 11e, all the studied metabasic rocks belong
to the tholeiitic series. For classification usingnobile elemental ratios
such as the TAS modified Bearce (199€Zi/Ti x Nb/ 'Y (Fig. 11), all the
studied samples plot preferentially in the baseltf

Table 1
Synthesis of Sm-Nd and Sr isotopic data of the baatiz rocks.

SAMPLE Geochemical Grot Grour S Nd 143Nd/ 147Sm/ 87Sr) € 143Nd/ 143Nd/ € T(DM)* ®'sr

(ppm) (ppm) 144Nd 144Nd 86Sr (0) 144Nd(t) 144Nd (i) (653) 86Sr(i)
NSA-TV-02 E-MORB uTs 5.09 20.80 0.51223 0.14801 0.71007 —7.98 0.51160 0.51160 —3.93 1.85 0.70962
NSA-FT-02B High-TiO2 uUTsS 6.15 25.00 0.51221 0.14878 0.71568 —8.40 0.51157 0.51157 —4.41 1.91 0.71500
NSA-TV-01 E-MORB uTs 4.46 18.86 0.51220 0.14306 0.70932 —8.57 0.51159 0.51159 —4.11 1.79 0.70875
BP-1lI-GD-96B MORB uTsS 11.86 41.38 0.51182 0.17337 0.70524 —15.91 0.51108 0.51108 —13.99 3.98 0.70438
RP-TN-78A E-MORB uTsS 4.47 18.84 0.51219 0.14349 0.71055 —8.83 0.51157 0.51157 —4.40 1.83 0.70827
RP-TN-78B E-MORB uTs 6.71 26.87 0.51217 0.15095 0.71631 —9.08 0.51153 0.51153 —5.27 2.04 0.71454
RP-TN-78C High-TiO2 uTs 4.25 14.45 0.51254 0.17768 0.71173 —1.84 0.51178 0.51178 —0.26 2.00 0.71110
BP-TV-02 E-MORB uTs 5.30 21.40 0.512184 0.1485 0.70997 —8.86 0.51154 0.51155 —4.95 1.98 0.70941
NSA-FT-02 High-TiO2 uUTsS 6.30 25.00 0.512204 0.1514 0.71617 —8.47 0.51155 0.51156 —4.78 2.01 0.71572
JG-05 High-TiO2 uTs 6.50 22.10 0.51257 0.17730 0.73343 —1.31 0.51181 0.51181 0.26 1.92 null
JG-12 E-MORB uUTsS 4.30 15.30 0.51251 0.16890 0.70891 —2.50 0.51178 0.51179 —0.27 1.81 0.70789
JG-52 High-TiO2 uTs 10.40 50.00 0.51239 0.12540 0.70580 —4.80 0.51185 0.51186 112 1.18 null
SRJ-TN-19 E-MORB LTS 3.83 16.55 0.51197 0.13986 0.71775 —13.12 0.51137 0.51137 —8.40 2.14 0.71456
AL-TN-20 E-MORB LTS 8.41 37.98 0.51228 0.13380 0.71105 —7.06 0.51170 0.51170 —1.81 1.48 0.71007
AL-TN-21 E-MORB LTS 491 18.45 0.51250 0.16108 0.71091 —2.75 0.51181 0.51181 0.22 1.59 0.70803
AR-TN-18A MORB LTS 39.74 172.50 0.51250 0.13927 0.70385 —2.66 0.51191 0.51191 2.13 117 0.70354
AR-TN-18B MORB LTS 2.00 5.21 0.51317 0.23220 0.70371 10.37 0.51218 12085 7.41 0.35 0.70329
BJ-TN-17 MORB LTS 2.18 7.58 0.51265 0.17379 0.70615 0.23 0.51191 1051 2.14 1.52 0.70493

— nullis referent to the Sr (ppm) values belowdbéection limit (see Supplementary Material 3).



01 a) Winchester et al. 1980
O Andrelandia Group --._
SEDIMENTARY
A Raposos Group ROCKS
o e
% %
AR B "
0.01 Q}A% ‘%§Oﬁ A
o A
A
E
~N
IGNEQUS
0.001 ROCKS
0.0001
1 10 100 1000
Ni(ppm)
10 ,C) Mullen,1983
s
= spilite
O, s
© &
= non-spilite
o
3
A
O&Ao 2
OA Aﬂ A
43wt
0
0 ] 10 15 20
(CaO wt%)

20 h) Pellogia and Figueiredo, 1992
16 A < A
A &
AN
AN A
12 > Ortho-Amphibolites
. o o
2 o
-3
= 3
s}
(]
w 8 Basic Metatufs
—
Para-Amphibolites
4
0
0 1 ) 3 4 5

TiO(wi%)

FMW (Ohta and Arai 2007)

Fig. 10.Origin discriminant and alteration index diagram®aversus Zr/Ti ofVinchester et al. (1980b) FeOt versus TiO2 from Pellogia and Figueirét@n?2);

¢) Na20 versus CaO)(llen, 1983; d) MFW diagram by Ohta and Arai (2007).

The mafic rocks show Si@ontents between 43.57 and 50.49 wt%, except fordiagram Pearce, 1982Fig. 1%), VITi diagram Ghervais, 1982Fig. 1%),

sample SRJ-TN-19, which has a S@ntent of 54.37 wt%. The MgO values
of all samples are between 4.94 and 13.41 wt%Od4ealues are high,
between 9.09 and 21.96 wt% and there are a broap raf TiQ contents of
0.73-3.2 wt%. These results are indicative of altiagprotolith with a low-K
tholeiitic trend, with just one sample plottingtire andesitic field.

In the TiO2 x MgO (wt%) binary diagram shown in Fidla, both Low
TiO2 groups display an inflection point at aroundd8.5 wt% of MgO
values, suggesting AFC processes (assimilationidrzal crystallization),
with sphene and ilmenite as the possible fractingassemblage.

Using N-MORB normalized spidergrams-i(). 12 a, b and c) the three
groups presented above have the following tectsigoatures: a) the high
TiO2group show within plate signature, and the lowzK@ups, display b) E-
MORB and ¢) MORB signatures, respectively.

All the geochemical groups were found in both thedr and upper thrust
systems, however in the intraplate high Z@@up, commonly found in the
lower gneissic unit (A% A2, see section and mapsfFofjs. 4, 5, 7 and)3
was sampled only within the Raposos Group, at Uppeust system.

Additionally, to the spidergrams, selected tectaligcrimination diagrams
that use trace, immobile and REE elements are mexben Fig. 12 They
include: TiQ versud\b/Y (Pearce, 20Q8-ig. 13), Ti/Zr

and (La/Nby versus(La/Yb) (Wilson, 1989 Fig. 13). All diagrams indicate
extensional tectonic scenarios for the presentetgpkes. As expected by the
geochemistry, the high Ti@roup suggests an intraplate setting, whereas the
low TiO2 groups indicate progressive lithospheric thinningriny the
evolution of the Andrelandia-Raposos passive maigithe (La/Nby versus
(La/Yb)n diagram of Fig. 13, an enriched mantle source predominates,
indicating a major contribution from the SCLM (sobtinental lithospheric
mantle). This pattern can be recognized by udiligORB normalized by
Sun and McDonough (198%pidergrams Hig. 12 a to c), these exhibit
extensional patterns and lacking the expected ivegahomalies of P and Ti
for compres- sional settings.

5.3. U-Pb data

The sample NSA-FT-02A belongs to the intraplate hhigiO2 of
metabasites from the Raposos Group (UT8).(7). The CL images of zircon
grains €ig. 14a) reveal three different types of textures. Pristrgrains with
rounded rims and weak planar internal textufesriu et al., 2008 type 1,
are consistent with typical primary zircons expddta basic tholeiitic rocks.
On the other hand, large zircon with oscillatoryctimplex internal textures
and different shapes and sizes, type 2, possilgyesent for inheritance.
Finally, rims having homogeneous dark
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domains or high to medium CL intensity, togethethwiesorption tex- tures
zones (embayment or truncated domains), type 3,ewegarded as
representative of the high-grade metamorphic oimrfrig. 14a).

Fifty-four zircon spots were analyzed from sampleSANFT-02A
(Supplementary Material; Z-ig. 14b). Considering the complexity of dating
metabasic tholeiitic rocks, and three types ofairgrains observed, data for
each zircon grain type are treated separately.

A set of five analyses from CL-bright prismatic esmwith planar zoning,
type 1 zircons, yielded a Cryogenian 206Pb /238lighted average age of
653 + 38 Ma (Fig. 14c), this age is interpretedhescrystallization age of the
metabasite. The Th/U rations are between 1.44 88i(Eig. 14a and c).

The inheritance of the metabasic rocks is detebjethe type 2 zircon,
large grains with CL-bright oscillatory to compleoning. They yield a
Paleoproterozoic 207Pb/206Pb age of 2482 + 30 N4a.(8 %, Th/U = 9.67;
Fig. 14) and a Mesoproterozoic 207Pb/206Pb ag818 * 59 Ma (disc. 0 %,
Th/U = 11.83; Fig. 14), both showing Pb-loss toEatiacaran metamorphic
overprint.

Type 3 zircons, encompassing tips and reabsorbédrés yielded a

concordant age of 578#.3.6 Ma (with variable Th/U ratios between 0.44
and 5.0). These tips and disturbed textures ageprdted to result from the
high-temperature metamorphic overprint overgroviinth type
1(crystallization age zircon grains) and type héirtance).

5.4. Sm-Nd and Rb-Sr data

Eighteen analyses from all geochemical groups ef rtfetabasic rocks
were obtained. The sample locations are showhids. 4, 5(LTS) and in
Figs. 7, 8(UTS). A synthesis of the results is presenteddhle 1below. All
Sm-Nd and Rb-Sr analytical results are presenteslijiplementary Material
3.

Most of the studied metabasites from the Andre&r@roup yielded
Mesoproterozoic dv model ages ranging from 1.17 to 1.59 Ga and initial
eNde s 3)values between 2.1 to—8.4. The younger TDM model ages were
found in the MORB group. Just one sample (SRJ-TNaf%he A1+ A2
unit, with E-MORB signature, yielded a TDM modeleagf 2.14 Ga and a
negative initiakNde s svalues (able 1, Fig. 15.

Conversely the results obtained for the metabaditésrleaved with
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the Raposos Group of the Upper Thrust Systemsedetdder TDM model
ages between ca. 1.79 to 2.04 Ga wilue s 3, values between-0.2 to—
5.2, and only one sample yield TDM model ages oflcd8 Ga and positive
eNdes3of + 1,1, representative of the high-Ei@oup (Table 1 Fig. 15.

The older TDM model ages of the metabasites areemdrated in the
Upper Thrust System where slices of basement radur tectonically
interleaved with the metasedimentary rocks that thesstudied metabasites.

The initial ’Sr°Sr ratios show primitive values from bdtiTS and LTS
metabasites, with data for the Raposos Group matabavarying from
0.7083 to 0.7157, whereas the Andrelandia Groupalpasites vary from
0.7033 to 0.7146.

6. Discussion

The Andrelandia Group corresponds to a varietyowks occurring in
several different settings, and the nomenclatbeei(llo et al., 20G0Trouw
et al., 2000 2013) was used for all passive margin sequenoasnd the
southeastern and southern margin of the SHG. (3. This includes rocks
occurring in: a) the external E-verging nappes lé Brasilia belt at the
interference zone between the Brasilia and Ribeira

orogens {rouw et al., 2000, 2013; Westin et al., 2016, 2@121; Kuster et
al., 2020; b) the lowermost thrust nappe system of the @autial Terrane of
the Ribeira belt (LTS of the Occidental Terrane)da) the UTS of the
Occidental Terrane of the Ribeira belt, which pnésehe distal part of the
basin represented by the Raposos Group, the fd¢hsanvestigation.

In order to make a regional comparison between é¢hstern and
southeastern margins of the SFC, in the discusgems ahead we will
compare the magmatism and provenance studiesefiased to the units that
crop out in the AROS. Data from the Andrelandiataitihat crop out at the
Brasilia Belt were not considered in this section.

6.1. Magmatic constraints of the Andrelandia-Rapososupro

For the LTS of the Occidental Terrane (Andreland@aoup), the
metabasic studied rocks did not yielded zircon® @hailable U-Pb data for
this region yielded ca. 669 M&#&mpos Neto and Caby. 2000; Reno et al.,
2009 for a metabasite sample from the A6 top unit. cbemical data
indicate high and low Ti©groups, ranging from intraplate to E-MORB and
MORB, with predominance of the intraplate signature metabasites
interleaved in the lower A+ A2 biotite banded gneiss unit (Gongalves and
Figueiredo., 1992; Paciullo et al., 2000 Older Nd data
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for metabasites interlayered within the A6 Andrelidn Group yield m
model ages of 1.20- to 1.05 Ga, widNd(1.0) values of+ 4.8 and+ 3.1,
reflecting depleted mantle reservoirs with shodstal residence time, and
constraining the depositional age in the Neoprat@m(Heilbron et al., 1989).
Altogether the data suggest a juvenile contribuf@mm the SCLM and some
degree of crustal contamination from country rock$he older
Mesoproterozoic and Paleoproterozoic agese(ho et al., 2017; Frugis et al.,
2018; Pinheiro et al., 20),Scommon in the base- ment units are interpresed
inheritance. The ca. 1.0-1.10 Ga TDM model agellefbron et al (1989)

a

hosted in the Biotite-Gneiss Unit of the Rapososupr yielded a Cry-
ogenian age of a ca. 653 Ma (weighted average atpdh is inter- preted to
be the magmatic age of the protolith (crystalli@atage, see red analyses in
Fig. 14). The zircon age results also indicate i@ zircon grains of
Paleoproterozoic (ca. 2.48 Ga) and Mesoproterogwéc 1.37 Ga), ages,
corroborated by the older Paleoproterozoic TDM nhadges, presented by
some samples, such as the TDM model age of 2.0 Ba avnegative
¢Nd(653) values of — 4.5.

The likely pathways for xenocrystic zircon graimsthe basic magma
could have been achieved by incorporation seveagbw(1) unmelted zircons
from the source, (2) incorporation of zircons frahve basement during
magmatic ascent or (3) from zircons hosted in tee-Nbroterozoic sediments
during its final emplacement. Usually, low-TiO2 eahic tholeiitic basic
rocks are not suitable to crystallize zircon beeaaf their low zirconium
content increasing the probability that these olrderon grains have been
inherited from basement units.

The geochemical zoning detected on the UTS havealed the
predominance of the low Ti@roups in the upper A6 unit, suggesting larger
degree of extension of the lithosphere in the Hisector of the basin.
Additionally, the TDM model ages have yielded valdeom 1.77 to of 2.03
Ga with negativeNd(653 Ma) values (-5.3 te-0.2, Table 3), showing some
degree of crustal contamination.

To solve this question an integrated epsilon Ndswgrage diagram is
presented Kig. 16a), with samples from the metabasic rocks of thislys
were combined with previous data from other puleiishmetabasic rocks
(Heilbron et., 2019) and with data from the metasedtary units of the
Andrelandia basin (Santos, 200%ugis et al., 201)3 and from the basement
complexes Cioffi et al., 2016; Araujo et al., 2019; Bruno at, 2020;
Almeida et al., 20211

It is clear that the metabasites display juvenig;atures with discrete
contributions from the basement rocks, as detebtethe inherited zircon

corroborate this interpretation. It is importantréinforce again the absence of grains in the U-Pb systematics. Nevertheless, shetopic signature of the
mylonitic foliation combined with the lack of tectic contacts between the metabasites are striking similar with previouslptipic signature of the

amphibolites and the metasedimentary country rogk® reinforces the
interpretation that these ages represent in fdfetreint sources inherited by
the mafic magmatism.

For the UTS, one sample rendered zircon grainshierJ-Pb study. The

sample mafic granulite with an intraplate signa{iN8A-FT-02A),
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The results show that the A5 unit display simikotopic signatures with
the metabasites{y. 1t). Together the geometry, isotopic signa- ture and
obtained Cryogenian ages reinforces the interpoetatf coeval magmatism
with the development of the Andrelandia-Rapososnbas passive margin
setting.
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6.2. Magmatic episodes within the passive margin seqsotthe AROS

The Andrelandia-Raposos basin development is itéiipaonnected with
the Neoproterozoic passive margin evolution surding the S&o Francisco-
Congo paleocontinent (e.gieilbron et al., 201)/ During extensional events
in the early Tonian the passive margins in the ARDS represented by the
Macaubas Group, in the Aracuai Belt (Bgfrosa-Soares et al. 20@tkmim
et al. 2017), to the north, and possibly by the it&hdia Group, in the south
(e.g.,Pedrosa-Soares et al., 2008, Alkmim et al., 2017

In the Barreiro Tholeiitic suite, which occurs hetconnection be- tween
the Araguai Orogen, in the northeast of Rio de idarBtate, metabasites
placed within the top successions of the Raposasifisrecord an intraplate
magmatism. The Barreiro suite presents an age #86-Ma suggesting that
the distal portion of the Andrelandia basin wasarmdevelopment since the

Tonian period lfieilbron et al., 2010 The intraplate magmatism but also the

MORB- like patterns recorded in these lithotypes eery similar to the data
described here and testify the continental extensassociated with
development of the Neo- proterozoic passive marginsund the S&o
Francisco paleocontinerit/éilbron et al., 201p

In the north of the AROS, in the Aracuai Orogem, plassive margin units
are represented by the Macalbas Grétgui(osa-Soares et al., 19®edrosa-

creation of oceanic crusPédrosa-Soares et al., 192001,2008 Queiroga,
2010; Amaral et al., 2020

Fig. 17 presents a geochemical compilation of the mafiksofund
within the AROS. Altogether, the data supports wisatexpected in the
development of a passive margin, with initial birabthagmatism and mafic
rocks with intracontinental signatures, followed ibyraplate to MORB-like
mafic rocks with the progression of extension, &indlly with rocks with
ocean floor tectonic signatures (ophiolitic sliyers

In the West Congo Belt, the African counterparthef Araguai belt, the
continental rifting process is marked by the ZaainiMayumbian Groups,
where an age of 998 7 Ma is obtained for the Noqui peralkaline granite
(Tack et al., 200)land r an age of ca. 920 Ma for the upper Mayumbia
Group. These rocks record bimodal magmatism, bilt mé evidence of
ophiolitic slivers (ack et al., 2001; Frimmel et al., 2006; Pedrosar&oet
al., 2009.

6.3. Provenance studies encompassing the Andrelandiagsro

The provenance studies encompassing the Andreldhdiap sug- gest
that the lower units are strongly associated wlith Macaubas extensional
event (1000-900 Ma) of the S&o Francisco PaleauemtiRibeiro et al.,

Soares et al.,, 2001Pedrosa-Soares et al., 2008, Babinski et al., 20121995; Westin et al., 20)9%s shown by detrital zircon ages of quartzite
Kuchenbecker et al., 20)lThese authors reported two distinctive intrusive samples from the Andrelandia Group that yield maximdepositional ages

magmatic episodes coeval with the developmentefhcaibas basin. In the
proximal sector, intruding basement rocks, the @édssa mafic dykes (906
+ 2 Ma; Machado et al., 1989) and the younger SaltDigisa A-type granite
(875+ 9 Ma; Silva et al., 2002b, 2007) were reportedthia distal segment,

one U-Pb age of 64% 10 Ma was obtained for a plagiogranite within the

Ribeirdo da Folha ophiolite, occurring in the nertimost portion of the
Aracuai Orogen. This episode illustrates the adedrstages of the rifting
event and the

w
High-TiO, Samples
@ Andrelandia Group Low TiO, E-MORB
A @ Andrelandia Group MORB
— A‘* A Raposos Group High TiO, E-MORB
A A Raposos Group Low TiO, E-MORB
A Raposos Group MORB
e P P
[
*
* A
H
L *% A
o’ ﬁ‘
*
*
*
i *
Low-TiO,
= “T T T T —*
0 5 10 15 20 25 30
MgO
References

€7 Heilbron et al. 2019 * Paciullo, 1997
@ Pinheiro et al. 2019

@ Queiroga, 2010

A Gongalves e Figueiredo, 1992

Ti

of ca. 1.0 Ga and a metamorphic age of 588 Maefiano et al., 2004

Similar results were also found byalladares et al. (2004for a quartzite
placed at the base of the Andrelandia sequence+MA2 units), which
yielded a maximum depositional age of ca. 1.0 G#) wmain contribution
from Paleoproterozoic sources

spanning from (1.8-1.9 Ga) to (2.0-2.1 Ga). A pae#ss hosted in the At

A2 units of the lower Andrelandia thrust systemoalecorded similar
maximum depositional ages around 950 Ma, with aewddntribution from
Mesoproterozoic to Archaean sourcesBelem et al., 2011
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For the upper units, besides Archean, Paleopraigroand Meso-
proterozoic source rocks, Neoproterozoic ages rgnfiom 900 to 640 Ma
have been assigned as an important contributiofiniig the maximum
depositional ages for the Andrelandia Group (&glem et al., 201;1Santos.,
2011;Frugis et al., 2018; Kuster et al., 202The previous authors suggest
that in the deepest section of the basin, the ssadBnwere dominated by
Tonian sources probably marking the extensionalogerwhereas in the
uppermost segment the major contribution was thegnmatic arcs of the
Brasilia Belt and the active margin of the Paranapea paleocontinent (e.g.,
Bel’em et al., 2011; Frugis et al., 2Q18antos.,2011Kuster et al. 2020
However, the Tonian Barreiro Suite (766 Ma) andeofieoproterozoic mafic
rocks, such as the ages obtained here. Cannotdukeaut as a potential source
for upper units, especially the most differentiataddesi-basaltic am-
phibolites with intraplate signatures.

6.3.1. Raposos Group

For the distal segment of the Andrelandia basinwewer, limited
geochronological data availablé¢alladares et al. (200&jated detrital zircon
from two high-grade quartzites by LA-ICPMS that lged a maximum
depositional age of ca. 1.1 Ga. The main age gewapwithin the 1.80-2.20
Ga interval, suggesting the erosion of old Pale@prazoic orogens and a
small contribution of a 2.50-3.60 Ga old Archeawstal sources3elem et al.
(2011) obtained similar U-Pb results as the upper unitshef Andrelandia
Group for the top of the Raposos Group that craptsrothe UTS. They have
sampled high-grade paragneisses (biotite- schistit), with major Tonian
sources ranging from ca. 645 to 800 Ma.

6.3.2. Possible source candidates

The wide age spectra displayed by the metabasiks rémund in the
Andrelandia-Raposos Group seem to reflect the switce nature of the
Andrelandia-Raposos basin, spanning from the Amhéa the Early
Neoproterozoic period-(g. 19. The Mesoproterozoic and Paleo- proterozoic
inherited zircon grains are the most expressiadlin
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Fig. 18. Probability density plots for the mafic rocks. Thample NSA-FT-02 from
Raposos group (green) and the metabasic rockseoAtidrelandia Group (light pink,
Coelho et al. 2017; Frugis et al. 2018; Pinheir@lket2019 and main tectonic events
recorded in the southern edge of S&o FranciscooGrdh light gray. The red bar
represents the Rio Turvo Suite granitoid (~579 Magchado et. al 1996); the black bar
illustrates the ophiolitic slivers placed in theaBuai Orogen{ueiroga, 2010Amaral et
a. 2020) and the purple one marks the intraplatgnmasism recorded by the Barreiro
Suite (~766 MaHeilbron et al. 201p

samples, suggesting contamination from basementpleses during
emplacement. This behavior can be explained bydeftelopment process.
Following the extensional processes, as the exhamaf older lithotypes
advances, the supply of younger source materiakdsed (e. gBabinski et
al., 2012; Kuster et al., 20p0rhe Tonian-Cryogenian age interval (1.0 Ga to
635 Ma) observed in this study can be related doifitant Neoproterozoic
basic magmatic events coeval with basin formatibat tsupplied the
sedimentary filling of the Andrelandia- Rapososibgs.g.,Heilbron et al.,
2019.

As described irkuster et al. (202Q)the Mesoproterozoic ages in- terval,
between 1.5 and 1.0 Ga, are related to Espinhdtoexpansion. The
reworking of supracrustal rocks such as quartztes diamictites or basic
lithologies could represent expressive contributitin the Andrelandia-
Raposos Group (e.g3abinski et al., 1999; Danderfer et al., 2009; Chlem
Jr. et al., 2012; Guadagnin et al., 2015; Fonte-&aa., 201Y.

Among the main sources, the Rhyacian-Orosirian goftom the
basement orthogneiss made the major peak withragging from ca.1.8 Ma
to 2.3 Ga (e.g.Machado et al., 1996; Silva et al., 20Moce et al., 2007;
Heilbron et al., 201)) These Rhyacin-Orosirian source rocks have been
assigned to the Piedade, Mantiqueira, the Juizde &d Pocrane complexes
(Caxito et al. 2015; Degler et al. 201Funo et al 2020a, b; Barbosa et al.,
2021 and references therein). Older TTG orthogneisses@ Ga) occur as
intrusions within the Mineiro Belt, southern Saaufcisco Craton\(oreira et
al. 2016; Barbosa et al., 2021

6.4. Towards a tectonic model

The results obtained in this study improve the e@e&onhic frame- work
envisaged for the evolution of Andrelandia-Rapdsasin: a con- tinental rift
phase evolving to passive margin setting with gframustal extension
(hyperextended margin-typeig. 19. The occurrence of the metasedimentary
units with enclosed metabasic rocks ascribed fer Ahdrelandia-Raposos
extends for ca. 300 km (after the Brasiliano shng). This large passive
margin, together with the occurrence of basemdigrin(previous highs) in
the distal Raposos Distal Segment, and with thee tand compositional
evolution of the magmatism pre- sented in the doution are suggestive of a
Neoproterozoic equivalent of a magma poor hypersldd margin, as
suggested for the Iberia and Alps passive mardigrgd and Manatschal,
2012; Doré and Lundin, 2015; Peron-Pindivic and Manatschal9p0

The geochemical, geochronology and isotopic dataiméd for the
Andrelandia-Raposos metabasites, reveal at leasteisodes of mafic
magmatism, evolving in time and space. The old&oeie with intra- plate
Tonian high-TiQ metabasites was only found at the distal Raposos
segment). It is followed by Cryogenian basic roekth predominantly E to
MORB signatures, with more juvenile compositionsinging to the
maximum extension period of the basin developmengval with the
generation of oceanic crust, currently only foundthie Aracuai Orogen.
Additional evidence for coeval magmatism with thepasition of the upper
metasedimentary units (A6) is the similar isotopienposition between the
studied metabasic rocks and the Santo Antonio @itage- rich schist (A5;
Fig. 16. Additionally, the ultramafic inliers in the internal thrust sheets of
the proximal domain (Andrelandia Group, LTS) arggestive of SCLM
exposition during the exhumation phase of evolutidra hyperextended
margin, as proposed yutra and Mana- tschal (2012); Dorend Lundin.
(2015); Peron-Pindivic and Manatscl{2019); Zalan et al. (2011); Evain et
al. (2015)

7. Conclusions

The analyzed metabasic rocks are interpreted aspga of extensional
mafic magmatism contemporaneous with distinct eiahary stages of the
Andrelandia-Raposos basin evolution. These canobelated with similar
ages and chemistry of mafic magmatic rocks
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described for the Aracuai Orogen, to the north.séhdy, three events
between the Tonian and the Cryogenian were detdotethe entire AROS
segment at ca. 900, 766 and 660—650 Ma.

The obtained age of ca. 653 Ma from one examplenefabasite with
intraplate signatures constrains the final evotutad the basin in the late
Cryogenian period. This evaluation is guided bgair internal textures, high
TiO2(2.1 %) and Zr (161 ppm) values and similar agéd%-Ma) recorded by
plagiogranites interleaved in ophiolitic sliverscaering within the Araguai
Belt. As expected for rocks which have experieneedhigh temperature
metamorphic overprint, zircon the morphology anderinal textures are
essential recognize inheritance, crystallizatioresagind the age of the
metamorphic overprint. Addi- tionally, these youngeafic bodies may have
acted as a potential source candidate for the uppts of the basin.

The chemistry and isotopic signatures evolve fromical high-TiQ
intraplate magmatism to MORB-like mafic rocks irethHistal parts of the
basin, but always with some older inherited zircarsd mostly mixed
Mesoproterozoic dv model ages. One important conclusion of the
contribution is that the plagioclase rich biotitehist (A5 unit) of the
Andrelandia-Raposos basin, just detected at thee¥mldia Group presents
similar isotopic signatures of the studied mafigmatism, suggesting that an
intrabasinal volcaniclastic origin could be possibl

Data suggests that together the highsB@mples can be associated with
the stage of continental rifting while MORB-likecies are indicative to a
more evolved stage of lithosphere thinning and SCekhumation. The
prevalence of intraplate signatures in the lowetsureinforces the idea that
the continental extensional event started duriregbnian triggered the SF
paleocontinent fragmentation, and that

extensional episodes with coeval magmatism may hiasted until
Cryogenian times. Conversely, as deep marine sSocepaevailed during
depositional of the upper units, the MORB-like magism illustrates the
severe extensional phase, with SCLM exhumatiorgérigg some partial
melt by decompression, generating the MORB-like abasites until the
break-up phase with inception of oceanic crusivessts.

Finally, the envisaged tectonic model indicatesirad kof hyperextend
Neoproterozoic margin, with basement highs in tlsatipart of the basin,
relatively poor magmatism, and occurrence of ula@imslivers within the
metasedimentary units. The proposed tectonic midelery similar with
recent description of phanerozoic magma-poor hypeended margins such
as the Santos Basin in the South Atlantic, thehoffs Galicia basin at the
North Atlantic, and part of the Alpine Tethys reldtpassive margin sections
in the Eastern Alps.
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ABSTRACT

The Juiz de Fora Complex (JFC) in the Araguai-Rébedrogenic system,
southeastern Brazil, is a basement unit displagingariety of rock types that is
tectonically imbricated with the supracrustal rocksthe Raposos Group in the
Upper Thrust System of the Occidental Terrane, iRibBelt. Here we report new
petrological, geochemical, and zircon U-Pb and Liuiddtopic data on mafic
garnet-granulites from the JFC with a view to em#uthe timing and P-T
conditions of the collisional event as well as phiohh formation. This work
presents the most comprehensive metamorphic stadeoJuiz de Fora Complex
rocks to date. Metamorphic P-T estimates for théamerphic peak conditions of
800-900°C and 8-9 kbar in basic garnet-bearing granulitegevebtained for the
JFC, indicating that metamorphism took place at pdeecrustal levels.
Geochemical, zircon U-Pb geochronology, whole-r&ck—Nd, Rb-Sr isotopes,
and Lu—Hf isotopic data of mafic granulites yieldédPb ages of ca. 2201 Ma, and
moderately juvenileNd(t) = —0.5 and were obtained from the JFC marking the
timing of volcanic arc magmatism during the Rhyacfgeriod. This arc-related
stage was followed by the post-collisional perieriinly the Early Paleoproterozoic
with ca. 1.94 Ga E-MORB signature granulites thadves evidence of magma
sourced from Neoarchean (~2.8 Ga) crust with agiulitf juvenile components.
The high- grade metamorphism is possibly relatedhw final collision of the
Congo and Sao Francisco Cratons at 590-560 Ma, hwiptaced the
Neoproterozoic metasediments and the JFC rockeaame level. The integrated
information sheds light on two collisional episodelsere the oldest is represented
by arc-related granulites during the Rhyacian Onggand the youngest is the
higher-pressure  Neoproterozoic overprint during tBeasiliano Orogeny.

1. Introduction

Mafic rocks occur in a wide spectrum of tectonigismnments throughout
time and their study within orogenic belts conttésito development of
tectonic models for Precambrian terran@sr( and McDonough. 198@abanis
and Thieblemont, 1988 ermeesch, 20QBearce, 20Q8Ross and Bedard,
2009 Pearce, 20%45accani, 2015%ia and Li, 2019. Tectonic environments
where mafic rocks occur range from continental acehnic plateaus (LIPs in
intraplate settings), continental rifts to passiva@rgins, and convergent
tectonic settings such as magmatic arcs and surqgasst-collisional
magmatism

(Pearce and Cann, 19Mearce et al., 197Pearce, 1983Nilson, 1989.
Mafic rocks as mantle-derived magmas, also aid thighunderstanding of
partial melting systems and crustal growthbl¢y et al., 2002Hawkesworth et
al., 1994 201Q Pearce and Parkinson, 1993

However, in high-grade metamorphic terranes, canditthat are
common in Precambrian terranes, recrystallizatimh@geformation could
obscure the primary characteristics of mafic rogksuding textures and
geometries, which can hamper the interpretatide®ftonic settings. In such
terranes, the geochemical and isotopic signataresthe age of mafic rocks
are important tools for the determination of thegtonic setting.
Geochronology provides additional constraints on



the age of the protoliths and the age of any higlig metamorphic
overprinting event. Within Precambrian terraneghkgrade meta- morphism
is widely associated with episodes of major comtiakcrust formation and
reworking, resulting in polymetamorphic featurés(- ley, 198). Pressure-

temperature-time (P-T-t) reconstructions in rockestthave experienced
amphibolite to granulite facies can be puzzlingweweer, such rocks have
proved an important tool for determining the geawyit cycles of orogenic
belts (e.gTedeschi et al., 201 Kunz and White, 2039Guti’ errez-Aguilar et

al., 202).

In southeastern Brazil, two major tectonic cycles gesponsible for the
current configuration of the S&o Francisco cratod aurrounding belts: a)
during the Siderian to Rhyacian age at ca. 2.4P.@¢d Ga, large continental
fragments were accreted to the S&o Francisco paléoent (eixeira et al.,
2017 Moreira et al., 201;8Bruno et al., 20202021, Seixas et al., 201Noce
et al., 2007 Heilbron et al., 201)) b) during the Neoproterozoic between ca.
650-510 Ma, a large network of orogenic systemsveenalgamated onto the
West Gondwana Supercontineite(lbron et al., 20002008 2010), followed
by extensive tectonic collapse during the Late Qémnbto Early Ordovician
time (Heilbron et al., 201)7

The focus of this study is the mafic granuliteseited into the Juiz de Fora
Complex, which is one of the basement associafjores1.8 Ga) of the central
segment of the Neoproterozoic Ribeira Beltinfeida et al., 1977198
Trouw et al., 2000Heilbron et al., 201) The Ribeira Belt together with the
Northern Aracuai Belt makes up the 1000 km long AROrogenic System
(Pedrosa Soares et al., 2088&mim et al., 201}, extending along the eastern
Brazilian coast. Both the basement and the Neomz& associations
experienced high-grade meta- morphism as a re$utieotectonic stacking
during the Brasiliano Orogeny, associated withedéht stages of the West
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assembly (e.gHeilbron et al., 20002017 Duarte et al., 20Q(Degler et al.,
2018 Cutts et al., 202AImeida et al., 20Z1Mauri et al., 2022, in press).

The investigated mafic rocks were selected for ystndcause they can
provide evidence about the evolving tectonic se#tithrough time during the
Rhyacian Orogeny, but they have also experiencegh Hemperature
reworking during the Brasiliano Orogeny. The stddi®cks contain the
assemblage garnet plagioclase + clinopyroxene + orthopyroxene +
amphibole+ quartz+ ilmenite as the main paragenesis, indicate granulit
facies metamorphismB(icher and Grapes, 2011ln this work we present
mineral chemistry data, U-Pb zircon ages coupleéd Wf systematics, Sr and
Nd isotopes and a petrochronological investigatiosing quantitative
compositional mappingLénari et al., 201,32014 Lanari and Duesterhoeft,
2019 in an effort to unravel the tectonic setting awblution of the mafic
rocks hosted in the Ribeira Belt. Finally, a disios of the two major
supercontinental stages and the importance of madiks to tectonic models
are addressed.

2. Regional background geology and the juiz de Fora
complex

The Ribeira Belt, southeast Brazil, comprises ao§&rogenic sys- tems
resulting from West Gondwana’s amalgamation (elgibron et al., 201)/
and moving up to the north, combined with Araguabden, illustrates a
complex collisional system represented by the As&ftibeira System
(AROS e.gPedrosa-Soares et al., 208811, Degler et al., 2018

The tectonic organization of the Ribeira Belt coisgs four tectono-
stratigraphic terranes-ig. 1), which are from NW to SE, the Occidental,

Gondwana Central (Paraiba do Sul-Embu), Oriental and Cabdo FFerranes,
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Heilbron et al. (20082017 2021). These terranes progressively docked to theocks have arc-like signatures and are represebtedow-K tholeiitic
southern tip of the SFC. The westernmost tectogiiane, the focus of the magmatism at ca. 2445 Ma, followed by moderatelyefqile to evolved
work, is represented by the Occidental Terrane,civhén- compasses a coeval TTG-sanukitoid magmatism at ca. 2200-207Q fian by island arc
Neoproterozoic passive margin succession (Andr@aGdoup-e.g.Paciullo  tholeiites from 2200 to 2040 Ma, and collisionaamgjtoid hybrid rocks at ca.
et al., 200) and reworked cratonic basement complek&siron et al.,, 20,0  2030-2010 Ma, and a bimodal association of chaitexkand E-MORB
Degler et al., 201,8Cutts et al., 202@runo et al., 2020 mafic rocks at around ca. 1.9 Ga, with magmatisthost-collisional hybrid
The Occidental terrané-ig. 2) includes two crustal-scale thrust sheets thatgranitoids being emplaced at 2.04 to 1.9 G&(jo et al., 2021AImeida et
configure the lower thrust sheet (Andrelandia $tmad Domain), and the al., 202). More recently, few data indicate the record ofhean inheritance
upper thrust sheet (Juiz de Fora structural Dom@ie)lbron et al., 2010 In in the orthogranulites of the Juiz de Fora Complexshown by Hf gy model
the lower thrust sheet, the Piedade and Mantiqumiraplexes {oce et al.,  ages of 3.45 to 2.75 Ga and NgvwTmodel ages of 3.20 to 2.75 Ga (Silva et
2003 Heilbron et al., 2010Degler et al., 20L& uribara et al., 203;9Bruno et al., 2002;Degler et al., 201;8Araujo et al., 20192021; Kuribara et al., 2019
al., 2020 2021) represent the Archean to Paleoproterozoic baseoménthat  Almeida
are overridden by highly deformed (amphibolite toarmlite facies) etal., 202).
metasedimentary units of Andrelandia Group (e-g:i/bron et al., 2010 In Younger late Paleoproterozoic ages of around 167-da were also
the upper thrust system, the equivalent distal Netepozoic metasedimentary reported for mafic granulites with an alkaline tendy, occurring in the
unit is named the Raposos Group (distal equivalétite Andrelandia Group, northwest sector of the state of Rio de Janeitalpron et al., 2010 These
Heilbron et al., 20132021), which is tectonically interlayered witheth Yyounger mafic rocks have been interpreted to bateelto the Espinhago
compositionally diverse, granulite facies basenrecks of the Juiz de Fora Tifting event of the S&o Francisco paleocontinénti¢ Neves, 1995; Martins-
Complex (e.g.Trouw et al., 2000Heilbron et al., 2004Noce et al., 2003  Neto, 2000.
2007 Degler et al., 2073 The studied mafic rocks are representative diona ~~ The  Brasiliano metamorphic overprint conditions oreed in the
granulites of the Juiz de Fora Complex. orthogranulites of the Juiz de Fora Complex hawnbestimated to be 700—
The Juiz de Fora Complex was previously reportech aeries of rocks 850°C, at pressures of 4-7 kbar, associated with &eise P-T-t path. This
formed in an intra-oceanic arc setting (égce et al., 207Heilbron et al,, ~ estimate was based on mineral assemblages and ifididsions (Duarte,

1998 2010 but more recently, including evolved magmatic escks, and 1?981ﬁ09uegabet a_lt-)y ZOOMeldeizrgi-Juniﬁr et ar:., 20).7Similar rr]esul'ts were f
interpreted to result from complex tectonic cyclBse oldest also obtained biuribara et al. ( E?mr the 9” ognel.sses W't estimates o
680—770°C and 6.0-7.7 kbar obtained using aluminum-in-hiemte as a

geobarometer and the pair
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3.3. P-T modeling

Holland and Blundy, 1994 Although rare, few authors have suggested pre-

Brasiliano metamorphism of the rocks of the JuizFdea Complex based
either on the granoblastic texture of the orthoglisgs which was formed
prior to the main penetrative foliation in the Bradgano metamorphic event
(Duarte, 1998) or on zircon textures and morpheediAraujo et al., 2021).
The pre-Brasiliano metamorphic conditions werenested byDuarte et al.

(2000) using the Opx Cpx thermometer producing ank of 895°C and

intermediate pressures.

The collision between the Juiz de Fora and Maniigu€omplexes took
place during the late Rhyacian to Orosirian at 2@& leading to a
metamorphic overprint of the zircon rims in the Maneira Complex
(Heilbron et al., 2001Cutts et al., 20%8Bruno et al., 2020and reaching
granulite facies conditions of 750-80C and 6 kbar Qutts et al., 2013
However, for the Juiz de Fora Complex this collsibperiod lacks strong
evidence, due to the granulite facies overprinthef Brasiliano event on the
Juiz de Fora Complex, which only achieved amphibdtcies conditions in
the Mantiqueira ComplexJutts et al., 201)3

To enhance the knowledge of the Rhyacian tectamir@ments, and the
extent of the Brasiliano metamorphic overprint, Wwave tar- geted two
samples of garnet-bearing mafic granulites fromJihie de Fora Complex.

3. Methods

3.1. Lithogeochemistry

Three samples were crushed and milled at the Lefrale Preparacgéo de
Amostras (LGPA) of the Universidade do Estado do & Janeiro (UERJ).
Geochemical analyses were carried out at the Aaivd.aboratories (Ontario,
Canada). Samples were analyzed for major and gtreent determination,
including Rare Earth Elements (REE). Details ofdhalytical techniques used
by this laboratory are presentedvat/w.actlabs.comPreviously geochemical
data of mafic granulites obtained byiarte et al. (19972012} Andre” et al.
(2009) Heilbron et al. (2013)Araujo et al. (2019)Kuribara et al. (2019and
Almeida et al. (2021)were compiled resulting in a data set of 52 s®dy
compiled, in order to cover a larger spatial disttion of the Juiz de Fora

P-T calculations were conducted for two mafic gta@samples, BP- TN-
95 A, MRT-MI-04 A (location shown irig. 2) using the software package
Theriak/Domino Pe Capitani and Petrakakis, 2Qland the database of
Holland and Powell (2031ds62) for the geologically realistic system
MNNCFMASHTO  (MnO-NaO-CaO-FeO-MgO-ADz—SiO—H,O-TiO—
Fe0s) for sample BP-TN-95 and MNNCKFMASHTO (MnO—la- CaO—
K,O0-FeO-MgO-AIOs-SiO—H,0-TiO—~Fe0s) for sample MRT-MI-04 A.
The bulk compositions of both samples were detezthihy XRF analysis
(Table S). The positions of the X-ray elemental maps wenesen to be
representative of the mineral proportions and derstics of each domain.
Utilizing the XRF analysis together with composiiid domains determined
by mineral modes and compositions allowed us tcestigate the bulk
composition on different scales from hand specirt®RF) to fine-grained
reaction texture (image analysi&;lsey et al., 2003

K0 was not included in the modeling for sample BRISNA because it
unrealistically enhances the stability of biotitecls that biotite is present in
every assemblage. Biotite is present in small gtities in sample MRT-MI-
04 A so this sample was modelled withCK

The ‘metabasite set’ of models fromreen et al. (201¢)converted to
Theriak-Domino format by Doug Tinkham (séergensen et al., 20)L@ere
applied. These are froivhite et al. (2014for orthopyroxene, garnet, biotite,
muscovite and chloritezreen et al. (2016for cli- noamphibole, augite and
metabasite meltilolland and Powell (201 1fpr olivine and epidoteliolland
and Powell (2003)for plagioclase;White et al. (2002)for spinel and
magnetite; andVhite et al. (2000for ilmenite. Rutile, quartz, and B are
also included as pure phases.

Initially, T-MH,O diagrams were carried out for all the investidate
compositions to evaluate how variable,(H contents impact the P-T
conditions of the interpreted peak assemblage. pprapriate value is
selected and then BMFeO; diagram is conducted to investigate the impact
of Feé* content on the peak assemblage field. Followings,thP-T
pseudosections are calculated. Compositional itopldor garnet (Xm
(=Fe/(Fe+ Ca+ Mg + Mn)) and Xs (=Ca/(Fe+ Ca+ Mg + Mn)) and
plagioclase (% (=Na/(Na + Ca + K)) and X4 (=Mg/(Mg + F€*)) of

Complex within the study are&i(). 2). Treatment of the geochemical data wasclinopyroxene, orthopyroxene and amphibole, weriutated to further

carried out using the GeoChemical Data ToolKIT (G&PD software of
Janousek et al. (2006)

3.2. Mineral chemistry

Mineral chemical analysis and elemental maps wemfopned using a
JEOL JXA-8230 EPMA system operated in wavelengtpelisive X- ray
spectrometry mode at the Department of GeologgpJaulo State University
(UNESP). The matrix correction was performed usthg ZAF method.
Chemical compositions of garnet, clinopyroxenehapiyrox- ene, ilmenite,
plagioclase, K-feldspar and amphibole were obtaime&PMA point analyses
that were carried out using a focused beam at 1%5ahk¥ 20 nA. The total
counting times were 10s peak and 5s back- grounthépor elements and 20s
and 10 s background for minor el- ements. Natueférence minerals and
synthetic oxides were used for calibration; theséibrant materials and
detailed EPMA conditions are summarizedsimpplementary Table Sin the
electronic supplemen- tary material (ESM). For miscale elemental
mapping, the EPMA system was operated at 15 kV1&0dhA. The beam size
was set to 1@um and the dwell time per pixel to 180 ms. Data otidn was
made using XMapTools 3.2.1 softwarea(ari et al., 201,42019. Quantita-
tive maps were produced by calibrating X-ray coumsing the results of
gquantitative point analyses placed within the magaale.g.,Lanari et al,,
20149).

constrain the investigated metamorphic stageslddupfor X, (=Mg/(Fe +
Ca+ Mg + Mn)) and Xps (=Mn/(Fe+ Ca+ Mg + Mn)) were not calculated
since they are not abundant in the garnet with@s¢hsamples, making them
less reliable. In addition, mineral abun- danceslfiwere also calculated for
garnet and plagioclase. In the calculated bulk romfpositions, F©; was
determined based on the amount of*F& the recalculated mineral
compositions using the method@foop (1987 for non-hydrous minerals and
Tindle and Webl§1994)for amphibole.

3.4. U-Pb geochronology

The preparation for the U-Pb systematics involvediing and manual
panning, followed by density and magnetic sepamat@t the LGPA
(Laboratgrio de Prepard@o de Amostras), of UERJ. The grains were then
imaged by cathodoluminescence (CL) and by bacleseattelectron (BSE),
using Scanning Electron Microscope (SEM) at MULTR Afacilities of the
UERJ) to recognize morphological features, intestalctures, and presence
of inclusions, cracks or damaged areas.

The U-Pb data for the mafic granulite samples wabtined at the
Department of Geology, Federal University of Oureet®, Brazil, and
analyzed using a ThermoScientific Element Il sedield (SF) ICP-MS
coupled to a CETAC UV Nd-YAG 213 nm laser systepofsdiameter= 30
pm). The data reduction was performed using thetdglisoftware \(an
Achterbergh et al., 2001To test the validity of the applied methods dinel
accuracy and external reproducibility of the obedit—Pb age data, reference
material BB-9 zircon was used as the primary stah@B62+ 1 Ma; Santos et
al., 2017), and Plesovice zircon (33%.8.4 Ma;Sla’ma et al., 200Band GJ-

1 (608 + 1 Ma; Jackson et al.,



2004 were used as secondary reference material. Réesamalyses collected
over the duration of the study give weighted avereggults of?*Pb8U =
338+ 1 Ma,®PbF*™U = 338+ 1 Ma and®PbP*Pb= 342+ 3 Ma (n= 32).

The age calculations and plots were performed with Isoplot v4.15
software (udwig, 2009. The complete dataset including standard an-ealys
can be found in th8upplementary Material Tables S4 and S5

The age calculations and plots were performed hith Isoplot v4.15
software (udwig, 200§. Among the performed spots, only analysis wisle
than 10% of analytical errors discordance were idensd for ages
calculations.

3.5. Lu-Hf isotopes

The Lu-Hf isotopic analyses were performed at thabdratorio
Multiusuario of the Rio de Janeiro State Univerd®ULTILAB) using a
Neptune Plus MC-ICP-MS. The Lu-Hf dated was cofidcfrom 20 pre-
viously dated zircons in sample BP-TN-95 A. Thestawutine used a spot size
of 40 pm in static mode with an ablation time of 60 s arpetition rate of 6
Hz. The average signal intensity was ca. 10 V 80 Hf. Data acquisition
followed the methods described Byrdes and Zeh (20PB009)
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sharp, although sometimes mafic rocks show digestad assimilation
textures with the felsic host rocks. The mafic gidas are black to deep
green, coarse-grained with granoblastic to mylonigxtures. The main
mineralogy consists of clinopyroxene (cpx), orth@mgne (opx), amphibole,
plagioclase and quartz. Garnet occurs only locadlyeither porphyroblasts or
coronas around plagioclase. Zircon, apatite anderiite are common
accessories. Three garnet bearing mafic samplesp(ea BP-TN-95 A, BP-
TN-95 B and MRT-MI-04 A) from the Upper Thrust Sgst of the Occidental
terrane (Juiz de Fora Complex) were selected foclyamistry and Sm-Nd-Sr
isotopes. Samples BP-TN-95 A and MRT-MI-04 A weedested for P-T
modeling and U-Pb dating of zircon. One of thesepdas (BP-TN-95 A) was
also used for Lu—Hf isotopic analysis.

4.1. Sample description and mineral chemistry

4.1.1. Sample BP-TN-95 A

Sample BP-TN-95 A is a well-foliated mafic granelibyer over 1 m thick
and 10-20 m long. This sample contains garnet, @mulfeh plagioclase,
clinopyroxene, orthopyroxene, ilmenite and qua@martz occurs exclusively

Interference of"%Lu on *®Hf was corrected by measuring the in- tensity of along grain boundaries (especially along amphigedén boundaries but also

the™ Lu isotope, whereas the interferencé®fb on*"®*Hf was corrected by
simultaneously measuring’Yb and*™Yb, using ra- tiog”Lu/*"u = 0.02669
and*™b/*"*Yb = 1.123456. The correction for instrumental mass bidized
an exponential law and"@Hf/*""Hf value of 0.7325Ratchett and Tatsumoto,
1980 for the correction of Hf isotopic ratios. The acacy and external
reproducibility of the Lu—Hf isotopic analyses weverified based on the
following primary zircon standard GJ-1 (609 M&Hf/*"'Hf = 0.2820000+
0.0000005;Jackson et al., 20p4which yielded ™ Hf/*"Hf of 0.282074+
0.000710 (n= 46) (all errors aree 26 SD). This pattern was runned two times
and the second yieldé&Hf/*"'Hf of 0.282058+ 0.000711 (n= 46) (all errors
are+ 26 SD). The initial*"®Hf/*""Hf and eHf were calculated using tH&%Lu
decay constant dboderlund et al. (2004t the estimate®’Pb?® Pb ages of
respective zircon domains, and the CHUR parametétsi/*"’Hf = 0.0336,
and Y®Hf/*"Hf = 0.282785 Bou- vier et al., 2008 The complete dataset
including standard analyses can be found inStheplementary Material Table
S6.

3.6. Sm-Nd-Srisotopes

For Sm—Nd and Sr analyses, three granulites (BFB3M, BP-TN-95 B
and MRT-MI-04 A) were selected from Juiz de Forampéex samples used
for the geochemistry study. Sm—Nd and Sr isotopalyses were conducted in
the Laboratory of Geochronology and Radiogenic oiges (LAGIR) of
Universidade do Estado do Rio de Janeiro. Chempicalcedures were carried
out in clean rooms with the use of sub-boiling il&ton of Milli-Q® water
and PA Merck® acids(ardoso et al., 20)9Between 25 and 50 mg of the
pulverized samples were subjected to digestionawillBx® vessels on hot
plates, after the addition of proportional amouatsa double™*°*Sm+*Nd
tracer solution. A mixture of concentrated HF arld®4 6 N was applied for 3
days, followed by further digestion with HCI 6 Nrf® days. Separation of Sr
and REE used cation exchange following conventitewiniques.

4. Results

Garnet bearing mafic granulites of the Juiz de Fawenplex were targeted
to conduct the integrated analyses proposed. Ttadletegeological map~g.
2) shows the location of the analyzed samples, begetvith available
geochemical, geochronological, and isotopic data.

The mafic rocks of the Juiz de Fora Complex crop amicentimetric to
metric lenses within the felsic granulites of tmtuContacts are

some clinopyroxene grains), there are also a feallsimclusions in garnet
(Fig. 3.

Garnet grains are usually poikiloblastic with aesiap to 0.5 mm,
containing inclusions of plagioclase, quartz, opyroxene, ilmenite and
clinopyroxene fig. 3). Garnet grains have a pinkish color and irredylar
shaped edges. Plagioclase is always associatedgaitiet, in some places
surrounding the garnet grains. In another sectthethin section, plagioclase
appears to embay the garnet crystals with out- ti®wf garnet (or perhaps
the preserved rim) occurring only where the gabwetlers amphibole grains.
Plagioclase grains exhibit polyg- onal shape ahiteatwinning and usually
occur as grain aggregates (aggregates are up tm inrsize with individual
grains around 300-50Qum). Amphibole is prismatic, brown - green
pleochroic and occurs as coarse grains in the xnatrias bands or grain
clumps (in- dividual grains are 1-2 mm in size bumps are up to 1-2 cm).
Amphibole is often associated with ilmenite and gpalase grains.
Clinopyroxene is pale green in color and usuallpesgs in contact with
amphibole. Clinopyroxene grains are round, equiglenand occur in small
clumps (grains are around 1 mm and grain clumps Z#&0 mm).
Orthopyroxene is fine grained (around 5@®) and usually surrounded by
amphibole.

Garnet is compositionally zoned with higheg,»n the cores (0.16) than
in the rims (0.11). X is lower in the cores (0.62) than in the rims §).6gs
is uniformly low throughout the garnet grains (6:021) but is suddenly
enriched right on the rims (up to 0.27). Some grappear to have garnet
cores that are enriched iz however, this may be a sectioning artifacfssX
is lower in the core (0.02) than the rim (0.04).

The composition of the plagioclase is andesine Withof 0.52 to
0.42. Lower values occur on the rims of grains. @liveopyroxene is generally
diopside (although some core analyses were cledsi$ augite) and hasX
of 0.52—0.6 and has the highest values in grais.riémphibole is classified
as ferroan pargasitic hornblende withygXof 0.39-0.44, with the highest
values found in grain rims, particularly adjacemtgarnet or orthopyroxene.
Amphibole has high Ti©contents (1.5-2.51 wt% but usually 2.1 to 2.5 wt%)
with the highest values occurring in large grainescor adjacent to garnet and
orthopyroxene grains. Orthopyroxene hag ¥f 0.4-0.43 and no apparent
compositional zoning.

4.1.1.1. Sample MRT-MI-04 ASample MRT-MI-04 A is a mafic granu- lite
occurring within a felsic granulite. This samplentains the minerals garnet,
clinopyroxene, orthopyroxene, amphibole, plagioglagjuartz, ilmenite,
apatite and K-feldspar. Garnet occurs in a sympiecttexture
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Fig. 3.a) Thin section scan of sample BP-TN-95 A with iheation of the mapped area showrfig. 3 b) Outcrop area where sample BP-TN-95 A was pbthiMafic boudins are
outlined with dashed white lines. c) Mask imageveihg mineral classification obtained using XMapT®of the mapped area of this sample. The photogriaph area of the sample
is indicated by the dashed black box. d) Photorgi@ph of sample BP-TN-95 A. e)c% content of garnet obtained from the mapped areairgd using XMapTools. f) % in
plagioclase from the mapped area, obtained usingpiols.

with fine inclusions of quartz, clinopyroxene, aadhphibole. Garnet also the edges of plagioclase and garnet as thin film@sahains of in- clusions in
contains rare coarse (100-20f) inclusions of orthopyroxene and ilmenite orthopyroxene and amphibole. Plagioclase is the s@mamon matrix mineral
(Fig. 4d). Garnet is surrounded by plagioclase, clinopgme and (mode is 46%) and forms felsic bands (indi- vidgiains up to 50@um) that

orthopyroxene with a thin film of K-feldspar comniproccurring on garnet  alternate with the mafic minerals, defining theosy foliation of the sample.
grain boundaries=g. 4). Amphibole forms small matrix grains (200—50@) Quartz is rare, occurring as isolated grains aasetiwith orthopyroxene or

and is also found at the edges of clinopyroxeneatttbpyroxene, exhibiting clinopyroxene. Quartz is also present as a symipitettclusion within garnet
a nematoblastic habit. K-feldspar occurs at (Fig. 4).
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Pl

Grt

[8) XMapTools

Fig. 4.a) Thin section scan of sample MRT-MI-04 A with tbeation of the mapped area showrfig. 5 b) Outcrop area where sample MRT-MI-04 A was wietd Mafic boudins
are outlined with dashed white lines. c) Mask imalgewing mineral classification obtained by XMapToof the mapped area of this sample. d) Photorgiegzh of sample MRT-MI-
04 A. e) Xars content of garnet obtained from the mapped aregy 06MapTools. f) Xy, in plagioclase from the mapped area.

Both ortho and clinopyroxene form large matrix gea(500um-1 mm and  adjacent to garnet and the rims of matrix grains.

ca. 500 um respectively) but these are variably replaced aoyphibole Amphibole is classified as ferroan pargasitic héente with X, of 0.46—
(sometimes entirely and in other instances jusgi@in fractures and rims). 0.49. Amphibole has high TiCrontents (1.9-2.4 wt% but usually 2.1 to 2.3
Amphibole also occurs commonly as inclusion in akgse. wt%). Orthopyroxene hasw§ of 0.41-0.44 and no apparent compositional

Plagioclase grains are zoned and generally allite with Xa, of 0.55—  zoning.
0.69, the most albite-rich values occur on graimsrillmenite crystals occur as
elongated grains in the matrix and as inclusiorthivigarnet and amphibole,
which are generally aligned parallel to the matdkation. Garnet grains are 4.2. Geochemistry
slightly zoned with Xm of 0.6-0.67 and the highest values occur on the ri
of the grains. %usis 0.025-0.04 with the highest values appearinthergrain The three new analyzed samples (BP-TN-95 A, BP-BNB9 MRT-MI-
rim. Xgs varies from 0.19 to 04 A, seeSupplementary Table $&how similar SiQ (45.81-50.92 wt%),
0.23 and it is generally higher on the grain rirarthhe core but varies around MgO (4.87-5.48 wt %), and TiQ1.5-1.6%) contents, defining a tholeiitic
some inclusions (high values near the inclusioaroph and cpx near the grain series £ig. 6a and b). New data is integrated with availablechemical data
core). %y is high in the grain core and low on the rims odigs and varies for mafic rocks of the Juiz de Fora complex, coewifrom Duarte et al.
from 0.1 to 0.16. (1997 2012) Andre et al. (2009)Heilbron et al. (2013)Araujo et al. (2019)
Clinopyroxene has p of 0.55-0.61 with higher values in grains Kuribara et al. (2019and Almeida et al. (2021)resulting in a data set of 52
analyses compiled.
The metabasic rocks belong to the tholeiitic seriesthe AFM
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diagram (Fig. 5a). All samples plot in the subalelholeiitic field in the
TAS diagram (Cox et al., 1979), with SiO2 and Na2OK20 spanning
between 45.81 and 50.92 wt% and 2.6—3.86 wt%, ctispdy/ (Fig. 5b).

Based on the trace elements, the samples were egfoaptwo groups: E-
MORB and IAT (island arc tholeiite).

E-MORB metabasic rocks (BP-TN-95 A and BP-TN-95 & char-
acterized by Si@content varying from 45.81 wt% to 49.2 wt% andvREE -
chondrite normalized Boynton et al. 1984 profiles showing relative
enrichment of LREE over HREE (2.33 LaN/YbN 5.38)g( 6a). They exhibit
intermediate Ti@ content (~1.5 wt%), AD; (~14.5 wt%) and R©s (15.4—
16.49 wt%).
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enrichment in incompatible elements such as B&K,Sr and Nd. In the Nb—
Zr-Y triangular diagram (after Meschede, 1986) fmsaltic rocks, the
samples from this group plot in the N-MORB fieldgF6c) and also in the N-
MORSB field on in the tectonic diagram of PearceO20(Fig. 6d).

Sample MRT-MI-04 A, belonged to the IAT group, H8i©2 content of
50.92 wt%, intermediate TiO2 content (1.6 wt%), Md®48 wt%) and
moderate Fe203(15.76 wt%), CaO (8.82 wt%) and AIZ@R (8.29) ratios.
The REE-chondrite normalized diagram shows an LRé&fichment relative
to HREE (LaN/YbN = 11.28) and shows a slightly negaCe anomaly (Fig.
6a). Enrichment in incompatible elements such asBbh La, Pb and Nd is
highlighted in the N-MORB-normalized spidergramgFbb). This sample

In the N-MORB normalized multielement spidergram 8fin and plots within the volcanic arc basalt
McDonough (1989{Fig. &), samples BP-TN-95 A and BP-TN-95 B show
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Fig. 7. a) Cathodoluminescence (CL) images of analyzedaiarystals of the BP-TN-95 A sample with identifion of the crystallization age and inheritanche Hashed black
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field in the Nb—Zr-Y triangular diagram (afteteschede, 199€&(Fig. &) and
in the E-MORSB field in the tectonic diagraméarce (2008ig. &d).

The involvement of continental input in these samaptan be recognized
by using N-MORB normalized bgun and McDonough (198%pidergrams
(Fig. &), exhibiting slightly negative anomalies of P arndor compressional
settings. This pattern can be also recognized énpifeviously cited works
within the Juiz de Fora Compleki(). €c and d). The tectonic discrimination
diagrams, combined with mafic granu- lite data frgrevious studies,
corroborate with the signature presented by theetedements, as the Juiz de
Fora mafic granulites plotted mostly in the islard-affinity fields and also
within the extensional field(g. €). It is noticed that JFC mafic granulites can
also present within plate signatures, however ia $tudy just the E-MORB
and IAT sig- natures were recognized.

4.3. U-Pb geochronology and LHif isotope results

In order to determine the age and isotopic sigeatof the two different
geochemical groups, samples BP-TN-95 A, with a MOS§gnature, and
MRT-MI-04 A, with an IAT signature, were selectedr fgeochronological
investigation. Both samples have some degree o$talruicontamination

revealed by geochemical and isotopic studies $a®%& S6 and S7).
Sample BP-TN-95a.
Eighty-four zircon analyses were obtained from damP-TN-95 A

mafic rock hosted in the Juiz de Fora Complex. Ziheon crystals have short
prismatic shapes with rounded, equidimensional, smoi-rounded borders
(Fig. 7a). In the CL images, the majority of thgstals have both CL bright
and dark rims, which characterize completely homeges domains (Fig.

7a). Resorption texture is present, as well asemmic and planar zoning to a
lesser extent (Corfu et al., 2003). Sample BP-TNA9F able S4) shows data
spreading over the concordia, from ca. 2.4 to T@7 besides a trend of Pb
loss defined by a discordia line, revealing a canxipy of this sample (Fig. 7).

Given the texture complexity and a wide age rarmend for these zircon

grains, the Lu—Hf isotope data helped the datauetiah. Twenty analyses
(see Supple- mentary Table S6) of Lu—Hf isotopeszicons from sample

BP-TN-95 A show a large variation in 176Hf/177Hf(gtios of 0.28119—

0.28160.

The zircon textures together with the obtained hihlgses, the younger
Paleoproterozoic zircon grains, encompassing gnaitisigneous oscillatory
zoning and grains with total or partially homogemedark domains, together
with a trend of discordant grains, with complexstand reabsorption textures
yielded a discordia line with a MSWD of 0.79. Thgper intercept of 1944 +
11 Ma (Fig. 7c, zircons i. e., 35, 68, 76, 79, di®) is considered the
crystallization age of the mafic rock, supportedthg 176Hf/176Hf initial
ratios varying from 0.2813 to 0.2816, indicatingléion of a fresh magmatic
batch, witheHf(t) between +2.05 and —8.56. On the other hahd,lbwer
intercept of 653 + 32 Ma indicates a Neoproterozogh-grade metamorphic
overprint.

All the older Paleoproterozoic ages were intergreds inheritance from
the country rocks Th/U ratios between 0.05 and (% Supplementary
Table S4). These oldest spots yielded 207Pb/2068%b lzetween of 2400 + 20
Ma (disc 0%) and 2077 + 20 Ma (disc 0%), with @éavariation in theHf(t)
values and in the 176Hf/176Hf initial ratios. Madtthe older inherited grains
show textural evidence of partial Pb loss durirggrttetamorphic overprint.

4.3.1. Sample MRT-MI-04a, Juiz de Fora complex
Fifty-two zircon spots from the mafic granulite litrc-like affinities

(MRT-MI-04 A) of the Juiz de Fora Complex were azad. The zircon
crystals have short prismatic shapes with elongatgagidimensional, and sub-
rounded borders (Fig. 14a, i.e., 16, 87, 117).1@ades reveal that most cores
present a fine magmatic oscillatory zoning. The MRF 04 A (see
Supplementary Table S5) that most of the crystas a
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discordant due to Pb loss. The upper intercept(age &) is interpreted as
the timing of magmatic crystallization at 22816 Ma. The lower intercept
marked the Neoproterozoic metamorphic overpriri% +6.1 Ma (ig. &),
controlled by analysis of the grey rims (i.e., 88, 76, 107).

In sample MRT-MI-04 A (se€Supplementary Table $Smost of the
crystals show a predominance of PaleoproteroZ8Rbf*Pb agesHig. 9);
these oldest spots yield Th/U ratios between 0r@b@&35. Ages around 2.2
Ga, to a lesser extent, possess crystals with @Glghbright combined with
concentric and planar zoning.

4.4. Sm-Nd-Sr isotopes

The location of the samples is shown in Figs. 1t 2nand the analytical
results are presented in Table 1(see Table S7 ppl&metary Material for
more details) The Juiz de Fora Complex yields Raéeoproterozoic TDM
model ages, between 2.39 and 2.32 Gast(0) shows values between —
24.8 and —6.82 (Fig. 9). Sample BP-TN-95 A and 95aBeeNd(t) values
between +0.5 and —1.5 for the calculated age 2@0BPb of 1944 + 11 Ma.
Sample MRT-MI-04 A showsNd(t) value of —0.42 for the calculated
207Pb/206Pb of 2201 + 6 Ma. The initial 87Sr/868&tios for the three
samples of the Juiz de Fora Complex range betw&@3® and 0.7026.

4.5. P-T modeling results

To provide a better constraint for the metamorghviclutionary path of the
Juiz de Fora Complex, the BP-TN-95 A and MRT-MI-B4samples were
chosen and correspond to garnet-granulite rockh wib different garnet
textures: coarse poikiloblastic and a symplectitespectively. The rock
foliation and such complex garnet textures reflidat presence of strong
metamorphic events in these samples, which wilfusther discussed in the
following topics.

45.1. Sample BP-TN-95 A
In this sample, garnet is texturally early, formingarse (up to 5 mm

diameter) grains and the matrix foliation is definby bands of clino-

pyroxene, plagioclase and orthopyroxene. Amphibolecurs between

clinopyroxene grains and also occurs as coarsagaidiscrete layers (one of
which occurs in the middle of the thin section).a@m occurs only locally,

generally between coarse amphibole grains. Duke@érvasive foliation and
generally large grain size of this sample (2-5 nmaing), we interpret most
minerals to have grown in response to metamorptdaah suggest a peak
metamorphic assemblage consisting of garnet +qdéage + clinopyroxene +
orthopyroxene + ilmenite + melt £ amphibole. Thaanple has small felsic
layers and late quartz, which crystallizes withg&aramphibole grains. We
interpret this to be a result of the presence of,nm&licating that melt was

likely part of the peak P-T assemblage.

The P-MFe203 and T-MH20 diagrams were used to mhiter
appropriate values for Fe3+ and H20 for this sanmiple peak assemblage
does not appear to be strongly dependent of Fe8#magnetite occurring in
the sample only for much higher values. A modevatiee of 5% Fe3+ was
selected. For H20, a significant increase in H26teat results in the loss of
orthopyroxene stability, while a decrease resuitsniore stable quartz. To
balance between these two factors, H20 at 20% veasl dor the P-T
pseudosection (Fig. 10).

The P-T pseudosection has the interpreted peaknatsge occur- ring at
6-8 kbar and 800-906C. To further constrain the P-T evolution of the
sample and the peak conditions, isopleths of XGrsgarnet, XAb in
plagioclase, garnet mode, plagioclase mode and X¥iglinopyroxene,
orthopyroxene and amphibole were also calculatbé. grograde evolution is
defined by an increase in garnet mode (see theedgsdrt of P- T path in Fig.
10d). Peak conditions are defined by XGrs, XAb Xi\ig of orthopyroxene
and clinopyroxene. The XMg of clinopyroxene, the rKGomposition of
garnet and the lowest values of XAb in plagioclasall
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Table 1
Synthesis of Sm—Nd and Sr isotopic data of the Ibaesia rocks.
SAMPLE Geochemical Group  Sm Nd 143Nd/ 147Sm/ 87sr/ & f 143Nd/ 143Nd/ £ T(OMm) 87Sr/
Group ppm ppm 144Nd 144Nd 86Sr(m) 0 Ma (Sm/ 144Nd 144Nd t) ( Ga 86Sr(i)
Nd) ® (0)

BP-TN-95 B E-MORB JFC 4,06 14,65 0,16,741 0,16,741 0.71775 —6,82 —0,1489 0,51,015 0,51,015 05 2,32 0,70,307
BP-TN-95 A E-MORB JFC 8,90 40,60 0,13,190 0,13,190 0.71105 —17,50 —0,3294 0,51,004 0,51,005 —1,5 2,34 0,70,373
MRT-MI-04A IAT JFC 9,80 53,70 0,10,980 0,10,980 0.71091 —24,83 —0,4418 0,50,977 0,50,977 —0,# 2,39 0,70,239

References(t) * calculated for 1.94 Ga (crystallization age fa BP-TN-95 A) andi(t) ? calculated for 2.2 Ga (crystallization age for MMRT-MI-04 A).

overlap in a restricted part of P-T space at 8-& kimd 825-900C (see the that quartz is present in the sample as an inciusigarnet, it is plausible that

dashed area ofrig. 1(d). This region of overlap occurs outside of theit was part of the peak assemblage. Orthopyroxenars only as small grains
orthopyroxene stability field and within the quastability field. Given in the matrix, suggesting that it grew during the
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retrograde evolution of the sample rather than rggig to the peak
assemblage.

The retrograde path is well defined by the absefacpiartz in the matrix,
the Xvg of orthopyroxene, then the presence ang & amphibole, as well as
the decrease in garnet mode and increase in plagéomode. The retrograde
path characterizes a nearly isothermal decregsessure.
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melt fields and then entering the garnet-bearialgl ff-ig. 11d).

5. Discussion

Combining the new and available isotopic/geochrogichl data with the
geochemical and P-T-t constrainfsu@rte et al., 1997200Q Heilbron et al.,
201Q Kuribara et al., 20L9Araujo et al., 20192021; Almeida et al., 2021
lead to a better understanding of the polycyclioleton of the JFC,
considering the perspective of the studied highigranetabasic rocks. In
addition, the new data corroborates with two ciolfial stages in the studied
area: the oldest one occurred during the Rhyacianteat ca. 2.2 Ga (MRT-
MI-04 A sample), followed by post-collisional pedigBP-TN-95 A sample),
and the youngest one is represented by the Brasilallage at 590 Ma
(recorded in both MRT-MI-04 A and BP-TN-95 A). TiReT-t investigation
path for the analyzed rocks ties up the high-gradetamorphic peak
conditions at 800-850C under pressures of 8-9 kbar, related to the
Brasiliano event.

5.1. Age of the mafic granulite of the Juiz de Fora ctexp

Sample BP-TN-95 A presents a range of concorddebpaterozoic ages
between 2.4 and 1.9 Ga. It also displays a leasitlesd with in- tercepts at
ca. 1.9 Ga and 630 Ma. Along with a common leachdreand reverse
discordance (these data points are removed frorsatelations). The oldest
ages spanning from 2.4 to 2.0 Ga are obtained ésxrillatory or sector-zoned
cores (i.e., analyses 89, 48, 36, 39 and 60) armirdon grains that display
unzoned CL bright cores and dark rims or vice-vérga analyses 15, 16, 37,
38, 119, 120, 110, 111, 50, 77 and 100). These agesnterpreted to be

4.5.1.1. Sample MRT-MI-04 AThis sample has a well-defined fabric made inherited. There are also numerous CL dark graiiisowt rims that have

up of elongated grains of plagioclase, orthopyrexemd clino- pyroxene.
Garnet is symplectitic and grows over the foliatd®fining minerals. K-

feldspar occurs as small blobs on the edge oftfoliadefining minerals, and
also surrounds garnet grains. Quartz occurs witiéngarnet symplectite and
as small blobs between matrix grains, similar tdekispar. Biotite and

amphibole are texturally late, amphi- bole is gafigroriented parallel to the
foliation and can surround orthopyroxene and chmopene. Due to the
strong foliation of this sample, we interpret tithts sample experiences
significant meta- morphic recrystallization withtpntially only the cores of
plagioclase grains retaining their igneous compmsit

We interpret the peak mineral assemblage of thisptato be garnet +
orthopyroxene + clinopyroxene + plagioclase + meilmenite + amphibole.
The matrix quartz, K-feldspar and biotite are ipteted to be crystallized
melt.

This sample was first modelled using P-MFe203 asdH20 dia- grams
in order to select appropriate values for Fe3+ da@. Due to the absence of
quartz and magnetite, and the presence of ilmethite Fe3+ was set as 2%
(Fig. 11a). The T-MH20O diagram indicates a variatio the hydrous minerals
(i.e., amphibole and biotite). If a large amount 420 is present, then
orthopyroxene stability decreases. For this reaaanedium value was chosen
(Fig. 11b).

The interpreted peak assemblage field (garnet -hopyroxene +
clinopyroxene + plagioclase + melt + ilmenite + dnifyple) does not occur on
the P-T diagram. However, it may occur at higheo(tside of the temperature
window. However, the presence of biotite on the Rl@gram is over-
stabilized by the inclusion of K20 in the systemhisl means that the
assemblage field of garnet + orthopyroxene + clipgoxene + plagioclase +
melt + ilmenite + biotite + amphibole, which occas800-900C and 7-11
kbar (Fig. 11c) likely corresponds to the peak Befditions of this sample.
Garnet XGrs and plagioclase XAb isopleths were usedonstrain the peak
conditions to 800-85€C and 8-9 kbar (Fig. 11d).

Using the mode of garnet, we can interpret the naig evolution of this
sample as passing through the orthopyroxene +mfioaene +

either no clear zonation or are sector zoned éralyses 68, 35, 73 and 112).
These together with dark rims occurring in the fes group (CL bright and
dark grains with cores and rims) contribute to tipper intercept age at ca.
1950 Ma, we suggest that this likely correspondshéocrystallization age for
these samples. Some of these grains have low Tatibsrsug- gesting that
this group may be related to metamorphism, howeyigen the overspread
8f/*"™Hf ratios (ig. 7c), indicates incorporation from different magmatic
reservoirs $lama et al.,, 2008 Previous workers have suggested
Paleoproterozoic metamorphism for the Juiz de Fooaplex (2013 Ma-
Duarte et al., 20QCAradjo et al., 2021), but at least for the sanigiRe TN-95

A sample the usage &¥Hf/*"'Hf ratios showed that this Paleoproterozoic age

(ca. 1950 Ma) is indeed the crystallization agetlfics sample.
Sample MRT-MI-04 in contrast has numerous cleaillatary zoned

grain cores that give an age range of 2.1-2.23 @dy one clear Pale-
oproterozoic rim is obtained (117) with an age @92 Ma, whereas there are
numerous Brasiliano age rims that produce a comcage of 593 Ma. Thus,
this sample is interpreted to have a crystallizatime of ca. 2.2 Ga and a
metamorphic overprint during the Brasiliano at 583

5.2. Geochemical significance for the JFC mafic graradit

The investigated samples combined with the geoateroompilation data
from other rocks of the JFC (see sectib) reinforce the new geochemical
data found for this unit. The JFC rocks typicalhcempass primitive IAT and
medium-K calc-alkaline series as well as high-Kesegranitoids and MORB-
like metabasic rocks; minor occurrences of alkaliaed within-plate
magmatism can also be recognizédidrie et al., 20qMHeilbron et al., 2010
Degler et al., 20L8Araujo et al., 20192021;Kuribara et al., 201)%as seen in
Fig. 6c and d.

This geochemical variety suggests the involvemémadous basic rocks
with different tectonic settings. In order to ilttegte this scenario, a schematic
model was built exploring the geochemical signatfréhese rocks and also
the geochronological constraintsq. 12).

Initially, the first subduction event took place 28 Ga, represented by
arc-related low-K tholeiites, indicative of a prilae intra-oceanic
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Sample BP-TN-95A
a) b)

Bulk(1)= SI(47.38)AL(16.64)TI(1.09)FE(11.16)MN(0.21)MG(6.99)CA(12.15)NA(4.37)H(3)O(156.16)0(0.05) Bulk(1)= SI(47.38)AL(16.64)TI(1.09)FE(11.16)MN(0.21)MG(6.99)CA(12.15)NA(4.37)H(0.2)0(154.90)0(0.05)
Bulk(2)= SI(47.38)AL(16.64)TI(1.09)FE(11.16)MN(0.21)MG(6.99)CA(12.15)NA(4.37)H(3)0(158.89)0(0.05) Bulk(2)= SI(47.38)AL(16.64)TI(1.09)FE(11.16)MN(0.21)MG(6.99)CA(12.15)NA(4.37)H(7)0(158.30)0(0.05)
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Fig. 10.a) P-MFe,0; diagram for sample BP-TN-95 A, witha isopleths of garnet given in red. The dashed ilikcates the Fe value used for further calculations. BMH,0
diagram for sample BP-TN-95 A, witha¥, isopleths of garnet given in red. The dashedilidécates the amount of,@ used to calculate the P-T pseudosection. c) Belignsection
for sample BP-TN-95 A, the interpreted peak fieddbutlined in bold. d) Simplified P-T pseudosectfonsample BP-TN-95 A with just the interpretecafdield indicated together
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arc, and E-MORB magmatism probably illustrating tieics of the ancient series is a common feature of the JFC, which ieoborated by trace element
ocean floor or plateau basalts recdreti(bron et al., 201,0Araujo et al., 2019  arc-like patterns with typical LILE enrichment atrdughs in Ti, Nb, P, and

2021). ) ) Ta. Coeval TTG and sanukitoid magmatism is alsmmted for this pre-
Atypically evolved arc-stage (2.2-2.18 Ga) expahcic-alkaline accretionary stage (AraGjo et al, 202KAlmeida et al, 202
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Fig. 11.Calculated P-T diagrams for sample MRT-MI-04 APaMFe,O; diagram calculated at 80C. Pale red lines are isopleths ofXin garnet. b)l-MH,O diagram calculated at 8
kbar. Pale red lines are isopleths fXin garnet. c) P-T pseudosection for the whole mmiposition of sample MRT-MI-04 A using the preséty determine Fé and HO contents.

d) simplified P-T diagram for MRT-MI-04 A with thiaterpreted peak field indicated in bold. The omfigld rep- resents thegk composition of garnet observed in the sample. The
blue field represents the composition of plagicelams in the sample. The dashed arrow indicatesnterpreted prograde evolution for this sample.

together with hybrid collisional granitoids (2.1%Gleilbron et al., 201)) In The collisional event at ca. 2.07 and 2.05 Ga betviee Mantiqueira and Juiz
this stage, the Rhyacian rocks found in the JuiZol@ Complex possess a de Fora Complexes were assigned indirectly basegtieometamorphic zircon

negativeeNd(t) as also negativeHf(t) plus the record of Archean ages (e.g., rims and metamorphic monazite dated for the Maefigu orthogneisses
Araujo et al., 20192021). Having this in mind, two main hypothesas be  (Heilbron et al., 2010; Cutts et al., 2018, 2020his accretionary event
advocated: the contribution from Piedade Block sofkuno et al., 2020or represents the collage of the Juiz de Fora arctbetactive continental margin
the single Archean sample dated within JFC by Sélval. (2002), suggesting of the southern S&o Francisco Craton (Heilbrorl.e2@10; Cutts et al., 2018,
assimilation or crustal recycling. 2020). The late-to post-collisional stage ca. Z324-1.93 Ga is marked by the
association of the metabasic rock with E-MORB tyignature and hybrid

granitoids of Aradjo et al., 2021) and Almeida ef. 52021),
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24 Ga E-MORB tholeiite
2.2-2.07 Ga IAT TTG and Sanuktoid
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2.07-2.05 Ga Based on the Mantiqueira Complex Data
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24 Ga

E-MORB tholeiite rocks and IAT

N

2.2-2.07 Ga

Pre-collisional/subduction stage of the JF arc
IAT, TTG and Sanuktoid rocks.

2.07-2.05 Ga

R I'E X2

Amalgamation between Piedade Block,

JFC and Mantiqueira Complex

2.05-1.9 Ga
Post-collision E-MORB and hybrid granitoids

Fig. 12. A schematic tectonic model illustrating geologib#dtory of the Juiz de Fora Complex. At 2.4 Galyeantra-oceanic juvenile stage with E-MORB tholes and island arc
tholeiites. Mature arc stage at ca. 2.2-2.07 Gh island arc tholeiites, TTG and sanukitoid rod®spgenic collision at ca. 2.07-2.05 Ga betweenrPtieelade Block, Mantiqueira and
Juiz de Fora Complexes; 2.05-1.9 Ga Post-colliitin E-MORB magmatism and hybrid granitoids asstcie.

respectively. The combination of such features aksvehe heterogeneous
source mix with contributions from asthenospherantte upwelling within an

extensional post-collisional setting (lwamori andkidmura, 2015; Santosh et

al., 2015; Yang et al., 2020).
The IAT signature sample (MRT-MI-04 A) yields thielest TDM age of

2.39 Ga and a negativNd (2.2) of —0.5, suggesting a crustal component

involvement, supporting the tectonic classificatfonthis rock. The zircon U-
Pb data yielded a Paleoproterozoic Rhyacian agedesf 2203 Ma, which is
interpreted to be the magmatic age of the protdttiistallization age, see red
analyses in Fig. 8), with the metamorphic Brasdiaye of ca. 592 Ma. This
age is compatible with the widespread occurrencarofrelated rocks found,
exhibiting the typical arc-like patterns with typlcLILE enrichment and
depletion in Ti, Nb, P, and Ta (Fig. 6b, blue sgusymbol).

Sample BP-TN-95 A displays an E-MORB signature atieg eNd(t) of —
151, and a crystallization age of ca. 1.9 Ga. Tgranulite facies
metamorphism was so overpowering that even thenabsef metamorphic
zircon shows a clear trend of lead loss duringBresiliano event (Fig. 7b). In
this sample, the evidence for this Archean conirtimn is highlighted by the
Rhyacian inherited zircon grains displaying the intxjuvenile and crustal

source contribution witkHf(t) values of +5.68 to —6.98 and Hf model ages

between 2.29 and 2.64 Ga (TDM) (Fig. 13). The dld&son of 2.4 Ga can be
representative of the initial subduction stage tfee JFC, supported by the
eHf(t) of —3.09 and a Hf model age of 2.82 Ga.

5.3. P-T-t modeling of the Juiz de Fora complex mafangtites

Superficially both samples present quite similaakp®-T conditions with
sample BP-TN-95 A reaching ca. 8-9 kbar and 825-@08nd sample MRT-
MI-04 A reaching 8-9 kbar and 800-90C with a clock- wise prograde
evolution. Sample BP-TN-95 A also has near isotlatrgiecompression
retrograde path and it is unclear if this is ats® tase for sample MRT-MI-04
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Fig. 13. Hf Isotopic characteristics of the mafic rocks betJuiz de Fora Complex
References: kuribara et al. (20192- Aradjo et al. (2021). DM- Depleted mantle. TW-
This work. The vertical grey band corresponds te th1-1.8 Ga Transamazonian
orogeny Qlkmim and Marshak, 1998 The arrows indicate the Hf crustal evolution
trends for average continental crusti(u/’”’Hf of 0.0113) and average mafic crust

A. Given the similarity between these peak condgiand the clear late garnet (Y8_u/*"Hf of 0.022).

with melt relationship in sample MRT-MI- 04 A, tlsemplest interpretation is
that these conditions reflect the conditions ofBnasiliano overprint.

Sample BP-TN-95 A has a texturally early garneticwhs wrapped by the
matrix foliation. It is plausible that this garngrew during an earlier
metamorphic event and has been thermally re-eqaiéd during the
Brasiliano metamorphic event. Sample MRT-MI-04 A gontrast has
texturally late garnet which is clearly relatednelt (K-feldspar films on grain
boundaries). This sample also has significant dgrafitzircon rims during the
later metamorphic event (in contrast to lead-leseiting producing a lower
intercept in BP-TN-95 A).

The Paleoproterozoic metamorphic event, also pegpdy Duarte et al.
(2000)and Aradujo et al. (2021) for the Juiz de Fora Caxjpé challenging to
constrain given the extreme deformational cond#tiohthe Brasiliano Event
but is supposed to hold high temperatures andnmagiate pressures. This
would be consistent with a lack of early garneMRT-MI-04 A which sees
garnet only at higher pressures (over 7 kbar).hia @adjacent Mantiqueira
Complex, Cutts et al., 2018obtained 750-800"C and 6 kbar for
metamorphism at 2015 Ma.

During the Brasiliano Event, the collisional proeegenerated shear and
thrust zones that placed supracrustal rocks angrérailitic basement (Juiz de
Fora  Complex) at the same crustal level Chgudhuri
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Fig. 14.Metamorphic map of the Southern Brasilia belt and

20°

22°

B City

Rio de Janeiro

—l00km

the Ribeira Belt (modified fromTrouw et al., 201§
including the Superposition Zone between the be&he red
dashed line shows the extent of the superpositiothe
Ribeira belt metamorphism over the Southern BadElt.
In both belts, the inverted distribution of modera& high
pressure paragenesis are preserved in the Lowtr {hlat
includes the passive margin sequence and baseweks. r
In the figure we add all the information regardingta-
morphic data reported for basic rocks cropping atuthe
Upper Thrust and Lower Thrust Systems of the Ribbélt
side. Legend: 1 Greenschist facies without biotig;
Greenschist facies with biotite and garnet (darlop 3
Amphibolite facies with garnet, stau- rolite andakite; 4
Amphibolite facies with kyanite and sillimanite; 5
Amphibolite/granulite facies with sillimanite and - K
feldspar, + orthopyroxene (without kyanite); 6 High
pressure granulite facies kyanite and K-feldspar,
sillimanite; 7 Granulite facies with garnet, silamite, K-
feldspar and orthopyroxene; 8 Granulite facies wgiinnet,
sillimanite and locally cordierite; 9 Amphibolitadies with

240 AS Atlantic Ocean
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and Silva, 2000). Duarte et al. (2000), observegtutes where the
development of garnet coronas took place arourftbpyroxene and together
with hornblende was interpreted as the last stadgrasiliano metamorphism.
The paragneisses belonging to the Raposos GroygerUghrust System, also
present granulite facies assemblages and the audthmve suggest that the
Brasiliano metamorphism caused H20 mobilizatiomfthe metasedimentary
rocks to the orthogranulites of the Juiz de Foran@lex promoting the
retrograde assemblages.

The metamorphic conditions of supracrustal rocksthaf Andrelandia
Group (Fig. 14) in the Upper Thrust System of theci@ental Terrane were
estimated using fluid inclusions by Nogueira e{2004), producing pressures
of 6-8 kbar and temperatures of around 750-800

Degler et al. (2018) reported a Tmax of 283and Pmax of 6.43 kbar, for

paragneisses of the Andrelandia Group locatedémtrthern Juiz de Fora
Complex using the garnet—biotite Fe—Mg exchange tiesmometer and the
garnet-plagioclase Ca-net-transfer geobarometeweMer, it is important to
mention that the paragneisses studied by Deglat. 2018) do not contain
the typical granulite mineral assemblage of thez Ju¢ Fora Complex,
recording just the retrograde metamorphic path. hHtigessure garnet-
clinopyroxene amphibolites found in the Lower Thr@ystem were formed
under metamorphic conditions of 12-16 kbar and 800-C (e.g., Coelho et
al., 2017; Tedeschi et al., 2017), with a time ¢@ist of 630 Ma. The decom-
pression associated with the continent-continentlismmal event was
estimated at ~603 Ma under metamorphic conditidns680 -C at 5 kbar,
based on compositional maps and P-T conditions ashey coronas and
symplectites (e.g., Tedeschi et al., 2017). Sudh-pressure con- ditions
calculated for these rocks can be assigned to desjieluction and colder
gradients, attributed by Brown and Johnson (2008)tlfie Neoproterozoic
period. Taking the results from previous studibg, Brasiliano metamorphic
overprint conditions recorded in the orthogranslitef the Juiz de Fora
Complex (Fig. 14) have been estimated to be 700-858ith pressures of 4—
7 kbar, associated with a clockwise P-T-t pathsHstimate was

Sutures of Bb/Rb

Y Kuribara et al.

garnet and silimanite; 10 Low to medium pressure
greenschist facies; 11 Unmetamorphosed youngersrock
The main Suture zones are identified by colorsclblea.
640-630 Ma (Brasilia belt thrusts), red ca. 620-\6&,
yellow ca. 605-565 Ma and orange ca. 535-510 Ma&B CT
Central tectonic boundary, APSZ Alem Paraiba shege.

Sample

2019

based on mineral assemblages and fluid inclusibnarte, 1998Nogueira et
al., 2004 Medeiros-Junior et al., 20 Kuribara et al., 2019 In this study, the
garnet granulite samples have shown slightly highpeessures and

temperatures of ca. 8-9 kbar and 800-30D0This
can be due to a better and more detailed charzatien due to the use

of quantitative composition maps improving the istigation of the chemical
composition of the phases, including internal cleadnzoning.

6. Conclusion

The studied mafic rocks of the Juiz de Fora retigalcontinental cycles:
the oldest occurred during the Rhyacian, repredebtethe IAT signature
MRT-MT-04 A sample of 2.2 Ga, followed by an extensl| period recorded
by the E-MORB like sample BP-TN-95 A of 1.9 Ga ahd youngest one at
ca. 590 Ma resulted in the Gondwana amalgamatidstai@ed P-T data
indicates that the Brasiliano metamorphic eventlted in temperatures of
800—-900'C and pressures of 8-9 kbar, which is slightly brgihan previous
studies regarding basic rocks within the Juiz deRpmplex.
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4 DISCUSSAO

O Grupo Andrelandia corresponde a uma variedadea®s que ocorrem em varios
ambientes diferentes, e a nomenclatura (Pacetllal, 2000; Campos Netet al, 1999;
Trouw et al, 2000; 2013) foi usada para todas as sequéneiasadgem passiva em torno da
margem sudeste e sul do SFC (Figura 3). Isso inctiias que ocorrem em: a) as nappes da
porcao leste externas da Faixa Brasilia na zonatederéncia entre os oroégenos Brasilia e
Ribeira (Trouwet al, 2000; 2013; Westiet al, 2016; 2019; 2021; Kustet al, 2020); b) o
Sistema de Nappes inferiores do Terreno OciderdgaFaixa Ribeira (Dominio Estrutural
Andrelandia do Terreno Ocidental); e ¢) o Sistemd&dhpurrdo Superior (Dominio Juiz de
Fora) do Terreno Ocidental da Faixa Ribeira, queessgmta a porcdo distal da bacia
representada pelo Grupo Raposos.

Na borda sul do Craton Sao Francisco, inserido mgého da Ribeira Central, rochas
metassedimentares deformadas em facies anfiboligwaaulito do Grupo Andrelandia e
rochas metabasicas associadas testemunharam todstagio evolutivo da bacia de
Andrelandia. Unidades siliciclasticas de margensipasde calibracdo de tempo costumam
ser uma tarefa delicada porque geralmente ha undgratervalo de tempo entre o zircao
detritico mais jovem e a idade de sedimentacderéfd é delicada quando se trata de rochas
metamorficas de alto grau com intenso retrabalhtondectbnico. Apesar de mapas
geoldgicos detalhados e estudos de proveniénaida axiste uma lacuna de conhecimento e
debate sobre a pilha estratigréfica e a idade démsetacdo dessas unidades. Novo
mapeamento geoldgico detalhado, litogeoquimicdagpe® Sm-Nd e Rb-Sr e geocronologia
LA-ICPMS U-Pb zircdo das rochas metabasicas in@ileas em ambas as sequéncias €
apresentado. As rochas metabasicas aparecem ees leantimétricas a métricas, com
contatos nitidos com as rochas metassedimentanesdsgias, exibindo o mesmo ca. 620-580
Ma metamorfismo e deformacédo. Os resultados geacpsnndicam assinaturas de alto TiO2
intraplaca e baixo TiO2 com assinaturas N-MORB KIGRB para as unidades inferior e
superior do grupo Distal Raposos, respectivamdbe.outro lado, apenas metabasitos de
baixo teor de titanio tipo MORB foram encontradas umidade mais proximal (Grupo
Andrelandia). Uma Unica amostra inserida no GruagpdRos distal apresentou idade de
cristalizacdo em ca. 653 Ma, metamorfismo em ca BMa e heranca Paleo a
Mesoproterozdica. Para as rochas metabasicasal#egas no grupo Andrelandia, no Sistema
de Empurréo Inferior, as idades do modelo Nd TDMaesentre 1,1 e 1,9 Ga, caNd (653)
variando entre -8 a +2,12 e 87 Sr/ 86 Sr(i) valores



63

de 0,7144 a 0,7033 Nd TDM as idades do modelo estéie 1,8 e 2,0 Ga, cognNd
(653) negativo - 14 a -0,27 e 87 Sr/ 86 Sr () @@7157 a 0,7043. Os resultados isotopicos
obtidos indicam uma similaridade isotépica com eassedimentos da Unidade Biotita Xisto
Santo Antonio, anteriormente considerados comovaidos de rochas relacionadas ao arco
em ambiente de margem ativa (Frugis et al.,, 20d9)tamente com dados isotopicos e
geocronologicos publicados anteriormente, juntaenezdm a distribuicdo estrutural das
unidades e fatias tectdonicas de embasamento il#gasa no grupo Raposos distal,
vislumbramos um modelo tectdénico abrangente commm#igmo basico metabasico sin-a-
tardi entre ca. 760 a 653 Ma. O modelo proposto pewen a evolugcdo da bacia de
Andrelandia- Raposos com margens hiper-estendidaemas pobres em magma como um
cenario tectbnico plausivel.

Para as rochas do Complexo Juiz de Fora, combinamdo dados
isotopicos/geocronoldgicos novos e disponiveis osmdados geoquimicos e P-T-t (Duaste
al., 1997; 2000; Heilbroret al, 2010; Kuribaraet al, 2019; Arautjoet al, 2019; 2021;
Almeida et al, 2021) levaram a uma melhor compreensdo da éwlpgliciclica do JFC,
considerando a perspectiva das rochas metabascaiodgrau estudadas. Além disso, os
novos dados corroboram com dois estagios colisamaarea estudada: 0 mais antigo ocorreu
durante o evento Riaciano em ca. 2,2 Ga (amostra-MR04A), seguido pelo periodo pos-
colisional (amostra BP-TN-95A), e o mais novo reprgado pela colagem Brasiliano em 590
Ma (presente tanto na MRT-MI-04A quanto em BP- BHA). O caminho de investigacéo P-
T-t para as rochas analisadas amarra as condiedgsa metamorfico de alto grau em 800-

850 °C sob pressbes de 8-9 kbar, relacionadas a@ntceev Brasiliano.
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CONSIDERACOES FINAIS

As rochas metabasicas analisadas sdo interpretadas exemplos de magmatismo
méfico extensional contemporédneo a distintos estagvolutivos da evolucdo da bacia
Andrelandia- Raposos, correlacionados com idadegjusnicas similares de rochas
magmaticas maficas descritas para o Orogeno Aragumirte. Atualmente, trés eventos entre
0 Toniano e o Criogeniano foram detectados para tosegmento AROS em ca. 900, 766 e
660-650 Ma.

A idade obtida de ca. 653 Ma de um metabasito gsimaturas intraplacas restringe a
evolucéo final da bacia ao final do periodo Criogeo. Esta avaliacdo € guiada por texturas
internas de zirconio, altos valores de TiO2 (2,8%&y (161ppm) e idades semelhantes (~645
Ma) registradas por lascas ofioliticas intercalguasplagiogranitos na Faixa Araguai. Como
esperado para a sobreimpressao metamoérfica deealfgeratura, a morfologia e as texturas
internas sdo essenciais para reconhecer a herascadades de cristalizacdo e a
sobreimpressdo metamorfica. Aléem disso, este cor@fico mais jovem também pode ser
uma fonte potencial para as unidades superiorbada.

A quimica e as assinaturas isotépicas evoluenpamtimnagmatismo intraplaca de alto
TiO2 para rochas maficas do tipo MORB nas partstaidi da bacia, mas sempre com alguns
zircoes herdados mais antigos e idades de modeM W@soproterozoicas principalmente
mistas. Uma conclusdo importante da contribuicgoet o biotita xisto rico em plagioclasio
(unidade A5) da bacia Andrelandia-Raposos, recémectd@glo no grupo Andrelandia,
apresenta assinaturas isotépicas semelhantes anatimmo mafico estudado, sugerindo que
uma origem vulcanoclastica intrabasinal.

Os dados sugerem que, juntas, as amostras de i@ltopddem ser associadas ao
estagio de rifteamento continental, enquanto asasdo tipo MORB séo indicativas de um
estagio mais evoluido de afinamento da litosfeex@nacdo do SCLM. A prevaléncia de
assinaturas intraplaca nas unidades inferioreggaefa ideia de que o evento extensional
continental iniciado durante o Toniano desencadefsagmentacdo do paleocontinente SF, e
gue episbédios extensionais com magmatismo coevaenpoter durado até o periodo
Criogeniano. Por outro lado, como o cenario mariphafundo prevaleceu nas unidades
superiores, 0 magmatismo tipo MORB ilustra a fageresional severa, com exumacao de
SCLM que desencadeia algum derretimento parcial gescompressdo, gerando o0s

metabasitos tipo MORB até a fase de fragmentacavieizio de oceénica crosta para leste.



65

Por fim, o modelo tectbnico previsto aponta paraauespécie de margem
Neoproterozdica hiper-extendida, com altos do earhasto na parte distal da bacia,
magmatismo relativamente pobre e ocorréncia dadasitraméficas no interior das unidades
metassedimentares.

Na investigacdo que contempla as rochas maficadass de Juiz de Fora revelam
dois ciclos continentais: 0 mais antigo ocorreuadte o Riaciano, representado pela
assinatura IAT MRT-MT-04A amostra de 2,2 Ga, segupmbr um periodo extensional
registrado pelo E-MORB como amostra BP -TN-95A @@a e o mais novo em ca. 590 Ma
resultou na composicdo Gondwana.

Os dados P-T obtidos indicam que esse evento mdtemdoi tdo intenso que
registrou nessas rochas temperaturas de 800-9@0pt€ssdes de 8-9 kbar, o que configura
condicOes ligeiramente superiores a estudos argsrémbre rochas basicas no Complexo de
Juiz de Fora. A exumacao final dessas rochas émsi@lda nos cristais de granada com

textura simplectita retrograda.
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