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RESUMO

O Cinturdo Dom Feliciano, setor sul da Provincia Mantiqueira, se estende desde Punta del
Este, no Uruguai, até o leste de Santa Catarina. Essa faixa mével representa o registro da
colisdo entre diversos cratons, microplacas e blocos e o encerramento de pelo menos duas
bacias oceéanicas durante a amalgamacao do paleocontinente Gondwana Ocidental no ciclo
orogénico Brasiliano-Panafricano, o que reflete a sua complexa histéria geoldgica durante sua
evolucao geotectdnica. Essa evolugédo estd comumente relacionada a trés estagios principais:
Brasiliano | (climax em torno de 900-700 Ma, correspondendo as Orogenias Passinho e Séo
Gabriel e ao encerramento do paleo-oceano Charrua-Séo Gabriel); Brasiliano 1l (climax em
torno de 640-620 Ma, correspondendo a Orogenia Dom Feliciano nos dominios Central e
Oriental, representado por intenso magmatismo continental e retrabalhamento crustal);
Brasiliano 1ll (em torno de 595-560 Ma, com geracdo de magmatismo granitico pré- a
sintectdnico, relacionado aos eventos colisionais finais do ciclo orogénico Brasiliano-
Panafricano e encerramento do paleo-oceano Adamastor). O presente trabalho retoma a
hip6tese de uma orogenia em torno de 780 Ma registrada na porcao centro-leste do Cinturao
Dom Feliciano, denominada como Orogenia Piratini. Essa orogenia estaria relacionada ao
encerramento do paleo-oceano Charrua e a convergéncia entre terrenos paleo-sulamericanos
e paleo-africanos, este Ultimo representado por uma microplaca ou fragmentos do Craton
Kalahari durante a fragmentagcédo do paleocontinente Rodinia, gerando um arco magmatico
continental neoproterozoico denominado de Arco Piratini. O Arco Piratini € caracterizado como
um arco do tipo andino com atividade magmatica entre 780-680 Ma, representado pelos
ortognaisses Cerro Borri, no Uruguai, e Piratini, Varzea do Capivarita, Chacara das Pedras e
Arroio Pedrado no Brasil. O presente trabalho propfe que a Orogenia Piratini culminou com a
amalgamacao entre o Arco Piratini e a margem leste do Craton Rio de La Plata em torno de
660 Ma, idade do metamorfismo de alto grau registrado tanto nos ortognaisses que compode
0 Arco Piratini quanto nas rochas supracrustais associadas (e.g. Suite Metamoérfica Chafalote,
Uruguai). O evento colisional é seguido por um evento de descompressao em torno de 640-
605 Ma, gerando a fusdo parcial das rochas relacionadas a Orogenia Piratini. Esse evento
estaria relacionado a nucleacao de zonas de cisalhamento dlcteis em zonas de sutura (por
exemplo, a Zona de Cisalhamento Transcorrente Dorsal de Cangugu, possivelmente
relacionada a Sutura de Porto Alegre) e granitogénese associada, culminando no
retrabalhamento das rochas relacionadas ao Arco Piratini dando origem em partes aos
granitoides peraluminosos que ocorrem na porgéo centro-leste do Cinturdo Dom Feliciano.

Palavras-chave: Orogenia; Arco Magmatico; Metamorfismo de Alto Grau; Zona de
Cisalhamento; Fusao Crustal



ABSTRACT

The Dom Feliciano Belt, southernmost Mantiqueira Province, extends from Southernmost
Brazil (Rio Grande do Sul and Santa Catarina states) to Punta del Este, in Uruguay. This belt
is interpreted as the result of the collision between cratons, minor blocks/microplates and the
closure of at least two oceanic basins during the assembly of the Western Gondwana
paleocontinent in the Brasiliano/Pan-African orogenic cycle, which reflects its complex
geological history during its geotectonic evolution. This evolution is related to three main
stages: Brasiliano | (climax at around 900-700 Ma, corresponding to the Passinho and Sao
Gabriel Orogenies and the closure of the Charrua-S&o Gabriel paleo-ocean); Brasiliano Il
(climax at around 640-620 Ma, corresponding to the Dom Feliciano Orogeny in the Central and
Eastern domains, represented by intense continental magmatism and crustal reworking);
Brasiliano Il (at around 595-560 Ma, with generation of pre- to syntectonic granitic magmatism,
related to the final collisional events of the Brasiliano/Pan-African orogenic cycle and the
closure of the Adamastor paleo-ocean). The present work revives the hypothesis of an
orogenic event at around 780 Ma recorded in the central-eastern portion of the Dom Feliciano
Belt, called Piratini Orogeny. This orogeny is related to the closure of the Charrua paleo-ocean
and the convergence between paleo-South American and paleo-African terranes, the latter
represented by a microplate or fragments of the Kalahari Craton during the fragmentation of
the Rodinia paleocontinent, generating a Neoproterozoic continental magmatic arc: the Piratini
Arc. The Piratini Arc is characterized as an Andean type arc with magmatic activity between
780-680 Ma, represented by the Cerro Borri orthogneisses in Uruguay, and Piratini, Varzea do
Capivarita, Chacara das Pedras, and Arroio Pedrado orthogneisses in Brazil. The present work
suggests that the Piratini Orogeny culminated in the amalgamation of the Piratini Arc and the
eastern margin of the Rio de La Plata Craton at around 660 Ma. The latter age represents the
high-grade metamorphism peak recorded both in the orthogneisses of the Piratini Arc and in
associated supracrustal rocks (e.g. Chafalote Metamorphic Suite, Uruguay). The collisional
event is followed by isothermal decompression stage at around 640-605 Ma, generating partial
melting of the Piratini Orogeny-related rocks. This stage would be related to nucleation of
ductile shear zones in suture zones (e.g. Dorsal de Cangugu Transcurrent Shear Zone,
possibly related to the Porto Alegre Suture) and associated granitogenesis, culminating in the
reworking of the Piratini Arc-related rocks and generation of part of the peraluminous granitoids
that occur in the central-eastern portion of the Dom Feliciano Belt.

Keywords: Orogeny; Magmatic Arc; High-Grade Metamorphism; Shear Zone; Crustal Melting
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Sobre a Estrutura desta Tese:

Esta tese de Doutorado esté estruturada e desenvolvida em torno de artigos
publicados e submetidos em periddicos cientificos. Consequentemente, sua

organizacédo compreende as seguintes partes principais:

) Capitulo 1 — Introducéo sobre o tema, descricdo do objeto da pesquisa

de Doutorado e as metodologias de pesquisa desenvolvidas.

1)) Capitulo 2 — Estado da arte sobre o tema abordado: O Arco Piratini.

1)) Capitulos 3, 4, 5 e 6 — Artigos escritos pelo autor durante o

desenvolvimento de seu Doutorado:

e Sr-Nd-Hf isotopic constraints and U-Pb geochronology of the Arroio
Pedrado Gneisses, Dom Feliciano Belt, Brazil: A 680 Ma shoshonitic
event in the final stages of The Piratini Arc evolution, publicado no
periddico Journal of South American Earth Sciences, Volume 95,
102294.

e Chafalote Metamorphic Suite (Uruguay): reflections on the evolution of
the Punta Del Este Terrane, publicado no periédico Journal of South
American Earth Sciences, Volume 98, 102420

¢ New zircon SHRIMP U-Pb ages for the synkinematic magmatism in the
Dorsal de Cangucu Transcurrent Shear Zone, Dom Feliciano Belt
(Brazil): tectonic implications.

e Petrografia e quimica mineral do Granito Sdo Geraldo: evidéncias de
magmatismo peraluminoso na regido de Porto Alegre, RS. Publicado
no periodico Pesquisas em Geociéncias, Volume 3 de 2019.

IV) Capitulo 7 — Integracdo dos artigos na forma de discuss6es e modelo

proposto.

V) Capitulo 8 — Conclusfes sobre os temas abordados na tese de doutorado.



CAPITULO 1
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1. INTRODUCAO

A presente tese € a sintese das pesquisas desenvolvidas pelo autor durante
0s quatros anos de doutorado em Geociéncias realizados na Universidade Federal do
Rio Grande do Sul. Nessas pesquisas foram desenvolvidos diversos estudos como
petrografia, geoquimica de rocha total e isotopica Sr-Nd-Hf, bem como analises de
geocronologia U-Pb nos gnaisses denominados como Arroio Pedrado (Philipp &
Machado, 2002) na regiao de Arroio Grande (extremo sul do estado do Rio Grande do
Sul) e nas rochas supracrustais da Suite Metamorfica Chafalote (Masquelin et al.,
2012) na regiao de Rocha, no Uruguai. Estes estudos levaram a hipotese de que tais
rochas registram os estagios finais do magmatismo relacionado a um arco magmatico
continental durante o ciclo orogénico Piratini (ca. 780 Ma, Fragoso-Cesar, 1991;
Ramos et al., 2018), denominado como Arco Piratini (Fragoso-Cesar, 1991), bem
como registraram na histéria evolutiva desta orogenia um metamorfismo de alto grau
relacionado ao encerramento do paleo-oceano Charrua em 660 Ma (Ramos et al.,
2018).

Concomitantemente foram realizados estudos de petrografia, quimica mineral
e geocronologia (U-Pb) em metagranitoides sincinematicos neoproterozoicos nas
regides de Encruzilhada do Sul e Porto Alegre (porcéo leste e capital do estado do Rio
Grande do Sul, respectivamente) correlacionando tal granitogénese com os estagios
finais e/ou poés-orogénia Piratini. Partindo dessas premissas, para uma melhor
compreensao sobre o tema, é apresentada no capitulo 2 uma revisdo que aborda a
origem, evolucdo e estagios finais do Arco Piratini durante a orogenia Piratini.
Posteriormente, nos capitulos 3, 4, 5 e 6 sdo apresentados os artigos que compdem
a presente tese. No capitulo 7 é apresentado o modelo proposto para geracédo e
evolucdo do Arco Piratini, enquanto no capitulo 8 sdo apresentadas as conclusdes
gerais sobre o tema.

O objetivo desta tese & compreender a evolugcdo do Arco Piratini,
apresentando e integrando dados de campo, petrograficos, geoquimicos (quimica
mineral, rocha total e is6topos de Sr-Nd-Hf) e geocronoldgicos (U-Pb) obtidos nas
diferentes rochas de unidades geoldgicas estudadas. A partir dessas informacoes, em
conjunto com os dados disponiveis na literatura, a tese propde o significado tecténico

do Arco Piratini, no contexto de evolucdo do Cinturdo Dom Feliciano.
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1.1 Metodologias

Para a obtencado dos resultados nesta pesquisa, foram utilizadas técnicas de
investigacdo geologica compativeis com o objetivo da tese. As metodologias e os
procedimentos utilizados para a obtencdo dos dados que possibilitaram o
entendimento da evolucéo das rochas estudadas sdo descritas a seguir e detalhadas
(p. ex. numero de analises, litotipo e localizacdo das amostras) nos artigos

apresentados nos capitulos 3, 4, 5 e 6.

1.1.1 Revisdo bibliogrdfica

Foi realizado um levantamento bibliografico preliminar de artigos cientificos,
boletins, periddicos, relatérios técnicos de empresas, trabalhos de graduacéo,
dissertacbes de mestrado, teses de doutorado, cartas topograficas e mapas
geoldgicos. Foi a primeira de todas as etapas a ser iniciada e uma das ultimas a ser

finalizada devido a constante evolugcdo de ideias e hipoteses referentes ao tema

estudado.

1.1.2 Campo

A campanha de campo contou com a realizacéo de perfis de carro e a pé para
0 mapeamento geoldgico (Fig. 1A), coleta de amostras, analise estrutural e dos
aspectos petrograficos, construcdo de sec¢des geoldgicas e croquis dos afloramentos
representativos das diversas rochas abordadas no presente estudo. A coleta de
amostras em campo priorizou aquelas sem alterac&o, sendo utilizadas (Fig. 1B) para
analise petrogréafica e analises de quimica mineral, rocha total, isotépica, bem como

analises geocronologicas.
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Sentido de movimento
em afloramento
.

| Sentido de movimento
em ldmina delgada

===

Figura 1 - Detalhe do trabalho de campo realizado. A) Realiza¢do da descricdo de um dos
afloramentos do Gnaisse Arroio Pedrado na regido de Arroio Grande, RS; B)Modelo
esquematico de como orientar uma amostra em afloramento: a) Afloramento com a foliagéo
indicada por S e lineacdo por L; b) Coloca-se um plano de direcdo e mergulho em uma
superficie para orientar a amostra no espaco; ¢) Marca-se o corte da amostra no plano normal
a foliacdo e pararelo a lineagdo (XZ); d) Delimita-se a area onde sera feita a lamina delgada,
com a marcacdo de orientagdo da amostra; e) determina-se o sentido de movimento.
Modificado de Passchier & Trouw (2005).

1.1.3 Petrogrdfia

Foram realizadas descricdes petrograficas com objetivo de identificar os
minerais, texturas e estruturas presentes nas rochas estudas. As analises
macroscopicas (Fig. 2A) e microscopicas (Fig. 2B) das diferentes amostras foram
realizadas com o uso de lupa binocular e microscopio de polarizacdo Leica® com
camera fotogréfica acoplada, ambas no Laboratorio de Geologia Isotépica (LGI) do
Instituto de Geociéncias (IGEO), Centro de Estudos em Petrologia e Geoquimica
(CPGq) da Universidade Federal do Rio Grande do Sul (UFRGS). A etapa de
preparacdo das amostras para a realizacdo das andlises petrogréficas e de quimica
mineral ocorreram junto ao Nucleo de Preparacdo de Amostras do CPGq. Nesta etapa
foi fundamental uma selecado de amostras frescas e escolha correta do corte no plano
XZ, para que informag¢des importantes para analise microestrutural e sentido de

movimento fossem analisados.
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Figura 2 - Analises macroscopicas e microscOpicas do Metagranito Quitéria. A) Amostra de
mao evidenciando a textura porfiritica com megacristais de K-feldspato; B) Caracteristicas
microscoOpicas representativas do metagranito (niclis cruzados, ampliacdo de 2,5x).
Abreviacdes minerais: Kf = K-feldspato; Qtz = quartzo; Bt = biotita; PI = plagioclasio.

1.1.4 Quimica mineral

As laminas selecionadas para andlises de quimica mineral foram devidamente
polidas e metalizadas com carbono por evaporacgdo. As andlises foram realizadas com
auxilio de uma microssonda Cameca SXFive (Fig. 3) equipado com cinco
espectrometros WDS (Wavelength Dispersive Spectrometry). Tanto a preparacéo
guanto as analises foram realizadas no Laboratério de Microssonda Eletrénica do
CPGg. Para a andlise de elementos maiores nos silicatos e 6xidos, as condicdes
analiticas consistiram em voltagem de aceleracdo de 15 kV, corrente de 10 nA, e
didametro do feixe eletrdnico da ordem de 5 um.

Para as analises quantitativas de microssonda eletronica foram usados o0s
seguintes padrdes: albita para Na (8,6 % Na; 10,34 % Al; 32,03 % Si; 48,76 % O; 0,18
% K; 0,09 % Ca), wollastonita para Si e Ca (33,9337 % Ca; 23,8201 % Si; 41,17 % O;
0,0074 % Na; 0,006 % Mg; 0,006 % Ti; 0,4879 % Mn; 0,171 % Fe), diopsidio para Mg
(11,23 % Mg; 18,39 % Ca; 25,88 % Si; 44,3 % O; 0,05 % Al; 0,05 % Ti; 0,04 % Mn;
0,04 % Fe), sanidina para Al e K (46,28 % O; 9,93 % Al; 30,23 % Si; 10,05 % K; 0,14
% Fe; 0,98 % Ba, 2,23 % Na), 6xido de cromo para Cr (68,4195 % Cr; 31,5805 % O),
rodonita para Mn (32,8499 % Mn; 22,1126 % Si; 37,7621 % O; 1,1216 % Mg; 5,0993
% Ca,; 0,7905 % Fe), hematita para Fe (69,9426 % Fe; 30,0574 % O) e rutilo para Ti
(59,95% Ti; 40,05 % O).

As formulas estruturais foram calculadas com base em 32 anions de oxigénio
para os feldspatos, 24 para biotita e 22 para muscovita, 25 para apatita e 24 para
granada. As classificacdes e membros finais dos minerais foram determinados de

acordo com as propostas de Deer et al. (1992) e Grew et al. (2013).
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Figura 3 - Microssonda Cameca SXFive do Laboratério de Microssonda Eletrénica, CPGq,
IGEO-UFRGS.

1.1.5 Geoquimica de rocha total

Amostras representativas foram selecionados para as analises de geoquimica
de rocha total. As amostras foram preparadas no Nucleo de Preparacdo de Amostras
(NPA) do CPGq, onde foram pulverizadas até um tamanho aproximado de 200 mesh.
Apbés a moagem, uma pequena fracdo (cerca de 5 g) foi separada para posterior
preparacao para as analises de is6topos conforme descrito na secao 2.6, e o restante
encaminhado para as analises de geoquimica de rocha total.

As andlises geoquimicas de rocha total foram realizadas pelo laboratério Acme
Analytical Laboratories (Vancouver, Canada). Os elementos maiores e tragos foram
analisados por Espectrometria de Emissdo Optica por Plasma Acoplado
Indutivamente (ICP-OES). Os elementos terras raras foram analisados por
Espectrometria de Massa com Plasma Acoplado Indutivamente (ICP-MS). A perda ao
fogo (LOI) foi determinada por aquecimento das amostras (pulverizadas) por 60
minutos a 1000 °C. As analises geoquimicas foram trabalhadas através do software

Geochemical Data Toolkit (Janousek et al., 2006).

1.1.6 Geoquimica isotdpica (Rb-Sr e Sm-Nd)

As amostras selecionadas para as analises isotdpicas foram preparadas
conforme mencionado na sec¢édo 2.5. Apos a moagem foi realizada a preparacéo das
amostras para as analises isotopicas de Rb-Sr e Sm-Nd. As amostras foram
dissolvidas seguindo o procedimento analitico padrdo adotado pelo Laboratério de

Geologia Isotopica (LGI) do CPGg. As razles isotopicas de interesse foram entao



Introdugdo e Metodologias |20

obtidas por meio de analises em Espectrometro de Massa por lonizacdo Termal
(TIMS) no LGI. As amostras foram processadas no TIMS, VG Sector 54 Thermal (Fig.
4), em modo estatico. As razdes de Sr e Nd foram normalizados para #Sr / 8Sr =
0,1194 e %®Nd/ **Nd = 0,7219, respectivamente. As andlises do padréo de Sr NIST
NBS-987 foram de 87Sr/8éSr = 0,710260 + 0,000014, e para o padrdo de Nd, La Jolla
foram obtidos valores de *3Nd/***Nd = 0,511859 + 0,000010.

Figura 4 - Espectrébmetro de Massa por lonizacdo Termal, VG Sector 54 do LGI, CPGQ-IGEO-
UFRGS.

1.1.7 U-Pb e Lu-Hf em zircdo por LA-MC-ICP-MS

Para a realizacdo das analises integradas de U-Pb e Lu-Hf em zirc8es via laser
multi-coletor de espectrometria de massas com plasma indutivamente acoplado (LA-
MC-ICP-MS), os cristais de zircdo selecionados foram separados usando liquidos
densos e técnicas de separacdo magnéticas (Frantz) no NPA do CPGq,
posteriormente catados manualmente com auxilio de lupa binocular e entdo montados
em pastilhas (mounts) de resina epdxi. O imageamento dos cristais de zircao
(catodoluminescéncia e imagens de elétrons retroespalhados), para fins de analisar
suas estruturas internas (como por exemplo zonac¢des, ndcleos herdados) e assim
escolher os melhores alvos, foram obtidos no LGI, usando um microscopio eletrénico
de varredura (MEV) JEOL JSM-6610LV equipado com um espectrometro de raios X
dispersivo por energia, modelo Bruker XFLASH 5030. As condi¢des analiticas foram

15 kV, tamanho do ponto de 60 ym e distancia de 10 mm.
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As analises de U-Pb e Lu-Hf foram realizadas no LGI, usando uma microssonda
de ablacao a laser (New Wave UP213) acoplado a um MC-ICP-MS (Thermo Finnigan
Neptune, Fig. 5). Os dados isotopicos foram adquiridos através do modo estatico in
situ em cristais de zircdo, com tamanho de ponto de 25 ym para analises de U-Pb, e
de 55 ym para andlises Lu-Hf, com frequéncia de 10 Hz e intensidade de ~ 4 J/cm?
em 40 ciclos de 1 s. O fracionamento elementar induzido pela ablacdo a laser e a
discriminacéo instrumental de massa foram corrigidas usando o padrédo para zircao
GJ-1. As incertezas foram calculadas usando propagacdo de erros, seguindo os
procedimentos analiticos de Bertotti et al. (2013). As idades foram calculadas usando

o software Isoplot (Ludwig, 2008).

Figura 5 - LA-MC-ICP-MS, Thermo Finnigan Neptune do LGI do CPGq-IGEO-UFRGS.

1.1.8 U-Pb SHRIMP

Para a datacdo radiométrica U-Pb via SHRIMP os cristais de zircao das
amostras selecionadas foram separados usando as mesmas técnicas mencionadas
na secédo 2.7 e montados em resina epoxi juntamente com o padrdo TEMORA-2 (Black
et al., 2004). Para identificar os alvos para as andlises, foram obtidas imagens de
catodoluminescéncia dos cristais usando um MEV, FEI Quanta 250, equipado com
um detector XMAX CL, no Centro de Pesquisas Geocronologicas (CPGeo), Instituto
de Geociéncias (IG), Universidade de Sao Paulo (USP), Brasil. As analises de U-Pb
foram realizadas no mesmo laboratério, utilizando uma microssonda de ions SHRIMP-

lle (Fig. 6) de alta resolucéo, seguindo os procedimentos de Sato et al. (2014). Os



Introdug¢do e Metodologias |22

erros sdo 20 e o chumbo comum (?°*Pb) foi corrigido com base nas medicdes. A
abundéancia de U e as relagbes U/Pb foram calibradas usando o padrédo TEMORA-2.
Os erros de 2°5Pb/238U foram em geral < 2 %. As idades foram calculadas usando o
software Isoplot (Ludwig, 2008).

Figura 6 - Microssonda i6énica SHRIMP-lle do CPGeo, IG-USP.
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2. ARCO PIRATINI

2.1 Contexto Geoldgico
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O Arco Piratini esta localizado no sudeste do Cinturdo Dom Feliciano, o qual

representa o setor sul da Provincia Mantiqueira (Almeida et al., 1981), conforme a

Figura 7. Esse cinturdo se estende desde Punta del Este, no Uruguai, até o leste de

Santa Catarina, representando o registro da colisdo entre diversos cratons,

microplacas e blocos e o encerramento de pelo menos duas bacias oceanicas,

durante a amalgamacao do paleocontinente Gondwana Ocidental no ciclo orogénico

Brasiliano/Panafricano (e.g. Gaucher et al., 2009; Rapela et al., 2011; Konopasek et

al., 2018; Hueck et al., 2018; Ramos et al., 2018).

i TERRE
i

Cobariura tanerozoica

EE[[H OROGEND PARANAPIACABA
m | 1 Embasamento retrabathado
MESOROIEOEOICT
100 km *

Cobartura fanerozoica

A .DRGGEND DOM FELICIAND
+ | Tarrena Cuchilla Dionisio-Pelotas-Floriandpolis
== (predomindncia de granitoides neopralerazoicos)
Terrend Tiucas (cinlurdo de ampurmdes
dobramentos neoprolerazoico)

Temano Punia del Este
{embasamento mesoprolenszoion relrabathada)

-Embasamanlu palecproterozoico retrabalhads

B oroGEND SAD GABRIEL
- Terrana Wila Nova (lermeno de acrescao juvenil,
NEOprolErorcco)

Embasamento retrabalhado paleoprolerceoicol
arqueano (Craton Rio de la Plata)

Coberura fanerozoca
= [l oroGEND ARAGUAI
) Embasamanto retrabalhadao
paleopralerozoico
| Bacia rift-sag paleoprolerozoica
7 Embasamento gndisssco rerab,
=5 paleoprolerazoicol/angueand
Embasamanio arqueana
granito-greansione ratrab.

- OROGENO BUZIOS: embasaments orognalssics

retrabalhado (paleoproterozoice)

Il o TURAD GRANITICO COSTEIRO

Il orOGEND PIEN
-Tﬂrrﬂm Curitiba (embasamenta TTG relrabathadao

palesprolerozocod Arqueamad)
1 Terrano Luis Alves (embasamente TTG retrabalhado
| pabEoprolerazoico angueEand)

—&— Zona da Cisalhamenio
st Fona deé Empurrdo

PRINCIPAIS ZONAS DE CISALHAMENTD

- I

- Cagapava

= Magor Gercino=-Dorsal de Cangugu-Sigrra Ballena
- Itajal-Penimbd

= Cosbaira

= Pilin

= Lancinha-Cubatdo-Além Paraiba
- Ribira

9 - Figuaira

1

1

0B =00 Un Sl P e

0 - Napirapud
1 - Cauvcala
12 - Taxaquara
13- Hu
14 - Manhuagu
15 « Abee Campo
L6 - Dom Sitvirio

Figura 7- Mapa simplificado dos terrenos e orégenos da Provincia Mantiqueira (modificado

de Silva et al., 2005).
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O Cinturdo Dom Feliciano € comumente subdividido em trés dominios
geofisicos principais (Fernandes et al., 1995a, 1995b; Costa, 1997; Lenz et al., 2013;
Hartmann et al., 2016): dominio Ocidental (equivalente ao Terreno Sdo Gabriel —
Hartmann et al., 2007; Chemale Jr. et al., 2012; aflorante apenas no Escudo Sul-rio-
grandense), Central (equivalente ao Terreno Tijucas e bacias Arroyo del Soldado e
Camaqua — Chemale Jr. et al., 1995; Hartmann et al., 2007) e Oriental (equivalente
ao Terreno Cuchilla Dionisio-Pelotas-Floriandpolis e ao Terreno Punta del Este —
Preciozi et al., 1999; Bossi & Gaucher, 2004; Basei et al., 2005) (Fig. 8). Esses
terrenos, com distintas evolugfes crustais, refletem a complexa historia geoldgica
desse cinturdo durante ca. 450 Ma (Philipp et al., 2016a), que comumente pode ser
dividida em trés estagios principais (Babinski et al., 1997; Silva et al., 2005; Saalmann
et al., 2011; Brito-Neves et al., 2014; Philipp et al., 2016a; Lusa et al., 2016; Ramos et
al., 2017):

- Brasiliano | (climax em torno de 900-700 Ma, relacionado as Orogenias
Passinho e Sdo Gabriel e ao encerramento do paleo-oceano Charrua-Séao Gabriel);

- Brasiliano 1l (climax em torno de 640-620 Ma, relacionado a Orogenia Dom
Feliciano nos dominios Central e Oriental, representado por intenso magmatismo
continental e retrabalhamento crustal);

- Brasiliano Il (em torno de 595-560 Ma, com geracdo de magmatismo
granitico pré- a sintectonico, relacionado aos eventos colisionais finais do ciclo
orogénico Brasiliano-Panafricano e encerramento do paleo-oceano Adamastor).

Os recentes trabalhos de Ramos et al. (2018) e Vieira et al. (2019) retomam
a hipotese relacionada a orogenia denominada como Piratini (Fragoso-César, 1991),
relacionada ao encerramento do paleo-oceano Charrua e a convergéncia entre
terrenos paleo-sulamericanos e paleo-africanos. Este uUltimo pode representar uma
microplaca ou fragmentos do Craton Kalahari durante a fragmentacdo do
Paleocontinente Rodinia (hipéteses semelhantes sdo sugeridas por Chemale, 2000;
Gaucher et al., 2009; Rapela et al., 2011; Ramos et al., 2017) gerando um arco

magmatico continental neoproterozoico (ca. 780 Ma): o Arco Piratini.
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Figura 8 - Esboco geoldgico do Cinturdo Dom Feliciano no Escudo Uruguaio-sul-rio-
grandense (modificado de Masquelin et al., 2012). A) Configuracdo do oeste do
supercontinente Gondwana com as principais areas cratdnicas; B) Localiza¢do do Cinturao
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Gondwana; C) Mapa geoldgico do Cinturdo Dom Feliciano e Craton Rio de La Plata no sul
do Brasil e Uruguai.
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2.2 Evolucao do conceito e interpretacdes

O Arco Piratini foi originalmente definido por Fragoso-César (1991) como um
arco magmatico continental, composto por ortognaisses denominados como Gnaisses
Piratini (Fragoso- César et al., 1986), uma associa¢ao vulcano-sedimentar conhecida
como Cerro da Arvore (Jost & Bitencourt, 1980) e os granitoides do Complexo Pinheiro
Machado. Para Fragoso-César (1991) esse arco se desenvolveu durante a orogenia
homoénima em torno de 885-775 Ma e devido a semelhancas isotopicas (Soliani Jr.
1986), litolégicas e estruturais, os Gnaisses Piratini foram correlacionados com o0s
ortognaisses encontrados na regido de Encruzilhada do Sul (Fig. 8), no setor central
do Cintur&o Dom Feliciano.

Essas associacOes petrotectbnicas representariam um arco magmatico
continental do tipo andino, no qual as unidades pluténicas - ou seja, 0s ortognaisses
em conjunto com os granitoides do Complexo Pinheiro Machado — representariam as
raizes desse arco magmatico, enquanto as unidades vulcano-sedimentares, por sua
vez, representariam por¢cdes de uma bacia de back-arc (Fig. 9). Tais associacdes
petrotectbnicas seriam equivalentes em partes a Associagdo de Arco Magmatico |
propostas por Fernandes et al. (1995b). A auséncia de relacdes primarias como por
exemplo, contatos intrusivos entre 0 embasamento que constitui o Craton Rio de La
Plata e o Arco Piratini, levou Fragoso-César (1991) a sugerir que essa orogenia foi
desenvolvida pela interacdo entre um bloco continental aléctone (possivelmente uma
microplaca) e a placa oceanica Adamastor e apds o encerramento do paleo-oceano,
o Arco de Piratini colidiu com o Craton Rio de La Prata. Em outras palavras, para esse

autor o sistema orogénico Piratini representaria um grande terreno exaotico.
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Figura 9 - Desenvolvimento da orogenia Piratini (885-775 Ma). Retirado de Fragoso-César
(1991).

Em meados dos anos 90 e 2000 foram desenvolvidos diversos estudos no setor
leste do Cinturdo Dom Feliciano como, por exemplo Babinski et al. (1997), Philipp
(1998), Silva et al. (1999), Philipp & Machado (2002) e Philipp et al. (2002) nos quais
foram separados temporalmente os Gnaisses Piratini dos granitoides do Complexo
Pinheiro Machado e individualizados em diferentes unidades e contextos geolégicos.
Os Gnaisses Piratini compreendem ortognaises de composicOes tonaliticas a
granodioriticas que ocorrem como xenolitos métricos nos granitoides do Complexo
Pinheiro Machado e da Suite Intrusiva Dom Feliciano, esta Ultima representando as
unidades mais jovens do Batdlito de Pelotas (Philipp et al., 2016a).

Os Gnaisses Piratini apresentam assinaturas geoquimicas de arco continental
e idades de cristalizacdo de seus protolitos de ca. 780 Ma, ja as idades de
metamorfismo (facies anfibolito) sdo de ca. 660 Ma (Silva et al., 1999; Tambara et al.,
2019). Baseado em semelhancas petrograficas, geoquimicas e geocronoldgicas,
Tambara et al. (2019) correlaciona os Gnaisses Piratini com 0s ortognaisses
encontrados no Complexo Metamorfico Cerro Olivo (extremo sul do Cinturdo Dom
Feliciano, no Uruguai) denominados como Gnaisses Cerro Bori (Masquelin, 2000;
Lenz et al., 2011; Masquelin et al., 2012).

Os Gnaisses Cerro Bori sao classificados como ortognaisses tonaliticos a
granodioriticos e granulitos maficos que se encontram intercalados tectonicamente
com as rochas supracrustais da Suite Metamorfica Chafalote (Masquelin et al., 2012).
Os Gnaisses Cerro Bori foram divididos por Lenz et al. (2013) em trés diferentes

associagoes: (i) Associacao do Tipo | composta por gnaisses maficos com afinidade
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toleitica e assinatura de magmas relacionados a um ambiente de back-arc
transicional, (ii) Associacdo do Tipo Il composta por gnaisses tonaliticos, com
afinidade calcio-alcalina e assinatura geoquimica relacionada a ambientes de arco
continental e (iii) Associacdo do Tipo lll composta por ghaisses maficos ricos em
biotita e caracteristicas geoquimicas de rochas potassicas a ultrapotassicas
correlacionadas a ambientes de margens continentais ativas. Esses autores, com
base nas caracteristicas geoquimicas das diferentes associacdes e os dados
geocronologicos sugeridos por Oyhantcabal et al. (2009) e Lenz et al. (2011),
propuseram um modelo tectdnico de evolucdo dos Ortognaisses Cerro Bori conforme

observado na Figura 10.
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Figura 10- Modelo tectdnico de evolucao dos Ortognaisses Cerro Bori entre 800 e 767 Ma.
A) Modelo de ambiente tecténico entre 800-770 Ma para os gnaisses do Tipo | e Il; B) Modelo
de ambiente tectbnico em torno de 767 Ma para as rochas do Tipo lll. Modificado de Lenz et
al. (2013).

Os Gnaisses Cerro Bori mostram idade de cristalizacao dos protolitos em torno
de 800-770 Ma (Oyhantcabal et al., 2009; Lenz et al., 2011; Masquelin et al., 2012),
similares as idades igneas dos Gnaisses Piratini. Enquanto os Gnaisses Piratini foram
submetidos a um metamorfismo de facies anfibolito, os Gnaisses Cerro Bori foram
submetidos em partes a condicbes metamorficas de mais alto grau (facies anfibolito
superior a facies granulito), que afetaram o Complexo Cerro Olivo. No entanto, sua
idade metamorfica é semelhante as sugeridas para os Gnaisses Piratini, em torno de
670-660 Ma (Oyhantcabal et al., 2009; Lenz et al., 2011; Masquelin et al., 2012).
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O metamorfismo de alto grau registrado no Complexo Cerro Olivo foi
correlacionado por Gross et al. (2006; 2009) com o registrado no Complexo Varzea
do Capivarita (localizado na regido de Encruzilhada do Sul, setor central do Cinturao
Dom Feliciano). Com base em estudos petrograficos, geoquimicos, isotopicos (Sr-Nd)
e geocronolégicos (U-Pb), Martil (2016) e Martil et al. (2017) correlacionaram os
ortognaisses de ambos os complexos, demonstrando que essas rochas possuem
caracteristicas de ordgenos acrescionarios com evidéncias de processos de
assimilacdo de crosta/ contaminacdo durante a geracao do protdlito igneo (como por
exemplo zircdes herdados de idades paleoproterozoicas, 2,1 Ga), na qual o Complexo
Arroio dos Ratos (Gregory et al.,, 2015) foi apontado como um dos possiveis
contaminantes. Os ortognaisses pertencentes ao Complexo Varzea do Capivarita
segundo Martil et al. (2017) apresentam assinaturas geoquimicas semelhantes a de
granitoides relacionados a arcos magmaticos continentais bem como idades de
cristalizacdo e metamorfica, respectivamente, de 788 £ 5 e 650 Ma, semelhantes as
encontradas nos gnaisses Piratini e Cerro Bori.

Concomitante, Koester et al. (2016) mostram um estudo sobre a evolucao dos
Gnaisses Chacara das Pedras, localizado na regido de Porto Alegre (Fig. 8), setor
nordeste do Cinturdo Dom Feliciano. Estes autores demonstraram que esses gnaisses
tonaliticos possuem assinaturas isotopicas e geoquimicas caracteristicas de arcos
magmaticos relacionados a subduccdo, bem como idades de cristalizacdo e
metamorfismo de, respectivamente, 777 + 4 e 650 Ma. Com base nesses dados, esses
autores sugerem uma correlacdo entre os Ganisses Chacara das Pedras, Piratini e
Cerro Bori. Além disso, os autores sugerem assimilacdo e/ ou contaminacao de crosta
pretérita com idades paleoproterozoicas (2,1 Ga) possivelmente as rochas do
Complexo Arroio dos Ratos — assim como sugerido por Martil et al. (2017) para os
ortognaisses do Complexo Varzea do Capivarita — durante os processos magmaticos
gue deram origem aos seus protolitos igneos. Tal hipétese é corroborada pela
presenca de xenolitos com idades paleoproterozoicas (2,0 Ga) encontrados nos
Gnaisses Chacara das Pedras (Philipp et al., 2016b).

Com base nos trabalhos mencionados, Ramos et al. (2017, 2018) retomam e
reinterpretam a hipétese original de Fragoso-César (1991), sugerindo que a cerca de
780 Ma os gnaisses,Piratini, Cerro Bori, Chacara das Pedras e Varzea do Capivarita
representam os estagios iniciais da evolugcdo do hipotético Arco Piratini ou Arco
Arachania (sensu Ramos et al., 2017), que se desenvolveu durante a abertura do



O Arco Piratini]|32

paleo-oceano Adamastor e fechamento do paleo-oceano Charrua (Fig. 11). Por sua
vez, os granitoides do Complexo Pinheiro Machado que anteriormente eram parte do
Arco Piratini (Fragoso-César, 1991) representariam um arco continental mais jovem,
denominado como Arco Pinheiro Machado, desenvolvido durante o fechamento do
paleo-oceano Adamastor entre ca. 640-600 Ma, como sugerido pelos xendlitos,
considerado como fragmentos ofioliticos do Complexo Arroio Grande, encontrados
nos granitoides Pinheiro Machado (Ramos & Koester, 2015; Ramos et al., 2017 e
2018).
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Figura 11- Evolugdo geodindmica simplificada (sem escala) do Ofiolito Arroio Grande,
modificado de Ramos et al. (2017). (a) rifteamento do Cinturdo Namaqua, seguido pela (b)
abertura da bacia de retroarco Marmora entre esse Ultimo e a microplaca; (c) subduccéo, para
oeste, do assoalho oceanico da bacia Marmora sob o arco magmatico Piratini/ Arachania (no
qual os granitoides de arco do Batdlito Pelotas-Aigua se desenvolveram) e obduccédo das
unidades oceanicas dos complexos Arroio Grande e Paso del Dragon; (d) situacédo apés a
coliséo tangencial entre o Terreno Nico Pérez/Cinturdo Dom Feliciano ocidental (i.e. Terrenos
S&o Gabriel e Tijucas) e o Arco Arachania (i.e. Terreno Cuchilla Dionisio e Pelotas),
encerramento final da bacia de retroarco (Marmora), alojamento do Terreno Marmora sobre a
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Zona de Port Nolloth, geracdo de granitoides pds-colisionais, sedimentacao sin-orogénica na
Bacia de Nama. Legenda: ZCSBC: zonas de cisalhamento Sierra Ballena e Dorsal de
Cangucu.

Diferentemente do Arco de S&o Gabriel (porcdo oeste do Cinturdo Dom
Feliciano), que se desenvolveu na margem oriental do Craton Rio de La Plata (Lena
et al., 2014), cuja evolucdo esta vinculada a um sistema de arco magmatico intra-
oceanico (Orogenia Passinho, ca. 870 Ma) e um sistema de arco continental
(Orogenia Sao Gabriel, ca. 750 Ma) conforme sugerido por Saalmann et al. (2011) e
Philipp et al. (2018) para a evolucdo do Terreno Sao Gabriel, o Arco Piratini teria se
desenvolvido em uma Microplaca relacionada a paleo-Africa (Ramos et al., 2017,
2018; Vieira et al., 2019a). Essa microplaca € interpretada por esses autores (Koester
et al.,, 2016; Ramos et al., 2017, 2018) como sendo representada pelas rochas do
Complexo Encantadas (Chemale, 2000), Complexo Arroio dos Ratos (Gregory et al.,
2015) Arachania (Gaucher et al., 2009) e a microplaca Adamastoria (Rapela et al.,
2011).

2.3 Suites Magmaticas do Arco Piratini

O Arco Piratini como mencionado anteriormente é constituido por diferentes
fragmentos de ortognaisses, que representariam suas suites magmaticas, com idades
tonianas em torno de 780 Ma (Tab.1) dispersos na por¢cao centro-leste do Cinturdo
Dom Feliciano conforme mencionado na secdo 2.2. Recentemente Vieira et al.
(2019a) correlacionam o Gnaisse Arroio Pedrado de idade criogeniana em torno de
680 Ma com os fragmentos anteriormente mencionados, interpretando-os como suites
gue juntas compde o Arco Piratini.

Os gnaisses Arroio Pedrado (ou Unidade Cerrito, sensu Cruz, 2019) foram
descritos por Philipp & Machado (2002) como gnaisses oftalmicos de cor cinza e
foliacdo tectdnica marcada pelo alinhamento de porfiroclastos de K-feldspato.
Segundo estes autores, tais gnaisses sdo considerados como “septos do
embasamento” expostos na regido de Arroio Grande, extremo Sul do Cinturdo Dom

Feliciano no Brasil.
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Tabela 1- Idades dos xendlitos/ roof pendants/ fragmentos considerados remanescentes do
Arco Piratini, compilados a partir das seguintes fontes: (a) = Silva et al. (1999); (b) = Tambara
et al. (2019); (c) = Koester et al. (2016); (d) = Matrtil et al. (2017); (e) = Vieira et al. (2019a); ()
=Lenz etal. (2011)

Unidade/

= ., . . a . Afini | . =
Localizagdao Suite Litologia Ocorréncia |n|d’ad.e dade Metodologia | Interpretagao
. Geoquimica | U-Pb (Ma)
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Vieira et al. (2019a) descrevem os gnaisses Arroio Pedrado como ortognaisses
de composi¢cdo monzogranitica, metaluminosos, com concentracdes SiO2 variando de
59,22 a 65,37% em peso, razées Na20O/ K20 < 1 e razdes Ce/ Yb e Th/ Yb tipicas de
associagfes shoshoniticas. Com base em caracteristicas geoquimicas como, por
exemplo, anomalias negativas significativas de Ta e Nb, baixas concentracdes de Yb
e caracteristicas isotépicas como razdes intermediarias de &’Sr/ 8Sr (0,7095-0,7112)
e valores negativos de eNdg (-3,7 a -4,2), esses autores sugerem que a origem do
protolito igneo estaria relacionada a um magmatismo relacionado a assimilacéo de
crosta pretérita em um ambiente de subduccdo. Pela semelhanga geoquimica e
isotopica, bem como um metamorfismo de facies anfibolito superior em torno de 660
Ma, similar ao registrado nos fragmentos de idades tonianas que compde o Arco
Piratini, levaram Vieira et al. (2019a) a correlacionar os Gnaisses Arroio Pedrado com
as demais suites do Arco Piratini, sugerindo uma suite de afinidade shoshonitica
relacionada aos ultimos pulsos magmaticos do Arco Piratini, propondo assim uma
atividade magmatica minima em torno de 100 Ma para tal evento, semelhante aos

arcos contineitais (e.g. Paterson & Ducea, 2015).

2.4 Rochas supracrustais e metamorfismo de alto grau relacionadas ao Arco

Piratini

A presenca de um arco magmaético continental de grande magnitude na por¢cao
SE do Cinturdo Dom Feliciano como sugerido por Fragoso-César (1991), Ramos et
al. (2017; 2018) e Vieira et al. (2019a), levou Vieira et al. (2019b) a correlacionar as
rochas supracrustais que ocorrem por vezes associadas aos fragmentos do Arco
Piratini (e.g. Suite Metamorfica Chafalote) a um ambiente geolégico similar ao destes
fragmentos. A Suite Metamérfica Chafalote é caracterizada como uma sequéncia
metamorfica de facies anfibolito superior a granulitica (assim como parte dos
ortognaisses Cerro Bori e Varzea do Capivairita, discutidos anteriormente), composta
por metapelitos migmatiticos, semipelitos, granulitos méaficos, gnaisses
calcissilicaticos e anfibolitos, que ocorrem como roof-pendants ou xenolitos no
Granodiorito Piriz (Gross et al., 2009; Masquelin et al.,, 2012) e intercalada
tectonicamente com os Gnaisses Cerro Bori, ho contexto geoldgico do Complexo

Cerro Olivo (Masquelin, 2000). O Complexo Cerro Olivo compreende trés unidades
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metamorficas e uma unidade pluténica: (i) os ortognaisses Cerro Bori; (ii) os Gnaisses
Centinela, que afloram no Morro Centinela e na Peninsula de Punta del Este,
representados por augens gnaisses parcialmente fundidos com assinatura
geoquimica de arco continental (Masquelin et al., 2012); (iii) a Suite Metamoérfica
Chafalote e o (iv) Granodiorito Piriz que representa a Unica unidade ndo metamorfica
do complexo (Masquelin et al., 2012).

As rochas que comp0de esse complexo constituem em parte 0 embasamento
do Terreno Punta del Este (Preciozzi et al., 1999, Peel et al., 2018; Ramos et. al.,
2018), a extensdo mais ao sul do Cinturdo Dom Feliciano. Este terreno em sua
definicdo original (Preciozzi et al., 1999), compreendia as rochas metassedimentares
das formacdes Rocha (Sanchez-Bettucci & Mezzano, 1993) e San Carlos (Masquelin,
1990), e as rochas vulcano-sedimentares da Formagao Sierra de Aguirre (Masquelin
& Tabo, 1988; Campal & Schipilov, 2005), localizada entre Punta del Este (sul) e
Veladzquez (norte), onde o sistema de zona de cisalhamento Punta del Este-Alférez-
Cordilheira marca aproximadamente o limite entre o Terreno Punta del Este e os
batolitos Aigua-Pelotas (Fragoso-César et al.,, 1986; Basei et al., 2000; Bossi &
Gaucher, 2004; Basei et al., 2011). Peel et al. (2018) sugeriram que o Terreno Punta
del Este poderia ser estendido mais ao norte préximo a regido de Melo (Uruguai),
devido a semelhanca entre 0 embasamento gnaissico-migmatitico encontrado na
porcdo sul do Complexo Paso del Dragén e as rochas do Complexo Cerro Olivo. Em
Ramos et al. (2018) foi proposto que esse terreno estende-se ao norte, até a regido
de Pedro Osoério (sul do Brasil), devido a correlacédo entre as rochas do Complexo
Paso del Dragén (Will et al., 2014; Peel et al., 2018) e as do Complexo Arroio Grande
(Ramos et al., 2018). Vieira et al. (2019a) reforca essa correlacédo evidenciando a
presenca de um embasamento metamorfico com idades metamorficas e assinaturas
geoguimicas e isotopicas semelhantes as encontradas em seus pares uruguaios que
constituem em partes o embasamento do Terreno Punta del Este.

As rochas metamorficas que compdem o Complexo Cerro Olivo foram
afetadas por pelo menos dois eventos deformacionais, denominados como D1 e D2
(Masquelin, 2000; Masquelin et al., 2005; Gross et al., 2009). Segundo estes autores
0 evento D1, mais antigo, ocorreu sob condigbes metamorficas de alto grau (facies
anfibolito a granulito), as principais estruturas relacionadas ao evento D1 indicam uma
direcdo E-W para o transporte tectonico. A deformacao D2 é correlacionada as zonas

de cisalhamento transcorrentes com movimentacdo sinistral e com direcdo de
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transporte NE-SW (Masquelin, 2000), sendo formadas sob condices metamoérficas
de mais baixo grau. Estudos petrograficos e termobarométricos realizados por Gross
et al. (2009) na Suite Metamorfica Chafalote indicaram quatro assembleias
metamorficas distintas, onde a primeira assembleia metamoérfica M1 € somente
preservada como inclusées nos porfiroblastos da assembleia M2 que representaria o
pico do metamorfismo na regido seguido de um evento de descompressédo quase
isotérmico (Ms3). A assembleia metamorfica retrégrada (Ms4) € representada por
texturas de reacado por hidratagdo e substituicAo de minerais das assembleias M2 e
Ms. As condi¢des de P-T calculadas por esses autores, para esses diferentes estagios
foram de 7-10 kbar e 830-950 °C (M), 4.8-5.5 kbar, 788-830 °C (Ms) e 3-6 kbar e 600-
750 °C (Ma4). A trajetoria P-T calculada por Gross et al. (2009) para essas rochas
possui sentido 'horario' e incorpora a descompressdo quase isotérmica (segmento
seguido de menor resfriamento) consistente com uma histéria de espessamento
crustal seguido por colapso extensional.

O metamorfismo registrado pelas rochas desse segmento crustal séo
correlacionadas por Gross et al. (2009) e Skagseth (2016) com o metamorfismo de
alto grau (ca. 650 Ma) no Terreno Costeiro do Cinturdo Kaoko na Namibia. Com base
nos dados de geocronologia que mostram que o metamorfismo de alto grau que afetou
essas rochas encontra-se em um intervalo de tempo (660-640Ma) semelhante ao
sugerido para o metamorfismo que afetou as suites do Arco Piratini e dados pré
existentes na literatura (como a reinterpretacdo da Orogenia Piratini- Ramos et al.,
2018), Vieira et al. (2019b) correlacionam as rochas supracrustais da Suite
Metamorfica Chafalote ao contexto geoldgico do Arco Piratini. Esses autores sugerem
duas hipoteses principais para a evolucdo da Suite Metamorfica Chafalote e os
eventos responsaveis pelo metamorfismo de alto grau:

I- O fechamento do paleo-oceano Charrua, com o desenvolvimento do Arco
de Piratini entre ca. 780 e 660 Ma. Esta Ultima idade representaria o tempo de colisdo
continental entre o Arco Piratini e a margem leste do Craton Rio de la Plata (Ramos
et al., 2017; Vieira et al., 2019a), gerando o estagio Mz-D1. Nesta hipotese, o evento
colisional é seguido pela descompressao isotérmica pela mudanca para um regime
extensional em torno de 640-600 Ma, gerando a fusédo parcial dos metassedimentos
(estagio Mz). Essa mudanca de regime estaria relacionada a nucleagdo de zonas de
cisalhamento ductil (por exemplo, zonas de cisalhamento Dorsal de Cangugu no

Brasil, e Sierra Ballena no Uruguai) e granitogénese relacionada e subsequente



O Arco Piratini]|39

tectonismo transcorrente (estagio Ms-D2). Nesse modelo, os protélitos das rochas
metassedimentares da Suite Metamoérfica Chafalote foram depositados em uma bacia
do tipo fore-arc. Posteriormente, essas rochas foram metamorfizadas durante o
evento colisional em ca. 660 Ma;

lI- 1I- O fechamento do paleo-oceano Adamastor devido a uma subduccéo a
oeste do Arco Piratini (Ramos et al., 2018). Essa subducc¢éo geraria um novo arco
magmatico, o Arco Pinheiro Machado (Ramos et al., 2018), representado pela suite
intrusiva homonima (ca. 630-610 Ma - Babinski et al., 1997; Silva et al., 1999; Cruz,
2019) do Terreno Cuchilla Dionisio-Pelotas (Gaucher et al., 2004). Nesse modelo, os
protélitos das rochas metassedimentares da Suite Metamorfica Chafalote seriam
depositados em uma bacia do tipo back-arc, antes da subducc¢édo, ou em uma bacia
do tipo fore-arc, durante a subduccdo. Os protélitos dos granulitos maficos e
anfibolitos (esses provavelmente fragmentos de crosta oceanica metamorfisados), por
sua vez, representariam por¢cdes mais basais dessa bacia, enquanto as rochas
metasedimentares do Complexo Arroio Grande (Ramos et al., 2017) e do Complexo
Paso del Dragon (Will et al.,, 2014; Peel et al., 2018) representariam as porc¢des
superficiais.

Estes autores assim como diversos outros (Fernandes et al.,1992; Masquelin
et al., 2005; Gross et al., 2006 e 2009) correlacionam as rochas supracrustais e 0s
eventos tectono-metamorficos de alto grau que ocorreram ao longo da histéria
evolutiva do Complexo Cerro Olivo com as rochas supracrustais e a historia evolutiva
do Complexo Varzea do Capivarita (Gross et al., 2006; Bom et al., 2014; Matrtil et al.,
2017). Para Vieira et al. (2019b) as rochas supracrustais de ambos complexos
representariam fragmentos da mesma bacia sedimentar ou, pelo menos, de bacias

distintas com evolucdo deposicional e metamorfica semelhantes.

2.5 Retrabalhamento do Arco Piratini

O Arco Piratini como mencionado nas secdes 2.2 e 2.3 é constituido por
diferentes fragmentos de ortognaisses com idades entorno de 780-680 Ma dispersos
na porcdo centro-leste do Cinturdo Dom Feliciano, que ocorrem em partes como
xenolitos e roof pendants nos granitoides do terreno Punta del Este e nos granitoides

gque compde o Terreno Cuchilla Dionisio-Pelotas-Florianépolis (Bossi & Gaucher,
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2004). O Terreno Cuchilla Dionisio-Pelotas-Floriandpolis representa uma volumosa
granitogénese neoproterozoica (ca. 633-580 Ma) relacionada aos estagios finais do
ciclo orogénico Brasiliano/ Pan-Africano (ou Orogénese Dom Feliciano, sensu Philipp
et al., 2016a). Este terreno compreende um cinturdo granitico descontinuo (Basei et
al., 2000) subdividido em trés grandes batdlitos principais: Batdlito de Pelotas, no
Escudo Sul-rio-grandense; Batdlito de Florianépolis, no Escudo de Santa Catarina e o
Batolito Aigud, no Escudo Uruguaio (Fragoso-César et al., 1986, Babinski et al., 1997;
Basei et al., 2000; 2011; Oyhantcabal et al., 2009; Passarelli et al., 2010). Esse
magmatismo estd parcialmente associado ao regime tectdnico transpressivo
relacionado as etapas finais do Ciclo Orogénico Brasiliano/ Pan-Africano, marcado
pela atividade das grandes zonas cisalhamento (Bitencourt & Nardi, 2000; Florisbal et
al., 2012; Philipp et al., 2016a; Oriolo et al., 2016).

No Escudo Sul-rio-grandense, a Zona de Cisalhamento Transcorrente Dorsal
do Cangucu (ZCTDC) é a principal estrutura tecténica do Cinturdo Dom Feliciano.
Essa estrutura é correlacionada a Zona de Cisalhamento Transcorrente Major Gercino
no escudo catarinense (por exemplo, Fernandes et al., 1992; Fernandes & Koester,
1999; Bitencourt & Nardi, 2000; Florisbal et al., 2012; Oriolo et al., 2016) e alguns
autores (Fernandes et al. 1992; Fernandes & Koester 1999; Oyhantcabal et al., 2009,
2011b; Passarelli et al., 2010, 2011; Oriolo et al., 2018) sugerem que ambas estao
correlacionadas com a Zona de Cisalhamento Transcorrente Sierra Ballena no Escudo
Uruguaio. Essas estruturas, juntas, constituem um lineamento descontinuo com mais
de 1.000 km de extenséo no Cinturdo Dom Feliciano (Mantovani et al., 1989; Basei et
al., 2000, 2005, 2008; Oyhantcabal et al., 2007, 2010; Passarelli et al., 2011; Oriolo et
al., 2016).

Philipp et al. (2013, 2016a, 2016b) sugeriram que a colisdo obliqua entre os
Cratons Rio de La Plata e Kalahari, ocorrida em torno de 650 Ma, produziu grandes
volumes de magmas graniticos, resultando na origem de grande parte do Terreno
Cuchilla Dionisio-Pelotas-Florianopolis. Segundo esses autores tal colisdo levou a
formacdo das grandes zonas de cisalhamento e magmatismo sin-cinematico
relacionado, culminando na geragdo dos granitoides relacionados ao Complexo
Pinheiro Machado em torno de 633-609 Ma (Philipp et al.,, 2003) e granitoides
orogénicos tardios (600-580Ma), representados pelas suites intrusivas Encruzilhada
e Dom Feliciano (Philipp et al., 2003).
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Os novos dados apresentados por Vieira et al. (2019¢) mostram idades de U-
Pb entre 618-605 Ma para o magmatismo associado a ZCTDC. Essas idades séo
consistentes com os modelos propostos recentemente (Ramos et al., 2017; Vieira et
al., 2019a, 2019b) para a evolucdo do Cinturdo Dom Feliciano e a granitogénese
associada onde esses autores sugerem que os desenvolvimentos das grandes zonas
de cisalhamento de tendéncia NE-SW (zonas de cisalhamento transcorrentes Dorsal
de Cangucu e Major Gercino) em torno de 620 Ma ocorrem concomitante a geracao
do Arco Pinheiro Machado (Complexo Pinheiro Machado) este resultante da
convergéncia entre os Cratons Kalahari, Rio de la Plata e Congo, que culminaram no
fechamento das bacias orogénicas (por exemplo, bacias de Rocha-Gariep) bem como
uma possivel reativacédo das zonas de cisalhamento de tendéncia NE-SW e geracao
de magmatismo orogénico tardio em torno de 585 Ma (Ramos et al., 2017; Vieira et
al., 2019c).

O volumoso magmatismo relacionado aos estagios finais do ciclo orogénico
Brasiliano/ Pan-Africano possui grande participacdo crustal em sua génese,
evidenciada por diferentes autores com base em estudos geoquimicos, isotépicos e
petrologia experimental (Babinski et al., 1997; Silva et al., 1999; 2005; Koester et al.,
2001a, 2001b, 2002; Philipp et al., 2002; 2013; 2016c; Vieira et al., 2016). A presenga
disseminada dos fragmentos do Arco Piratini e rochas supracrustais relacionadas,
bem como de fragmentos paleproterozoicos referente ao embasamento, na forma de
xendlitos e/ ou roof pendants nos granitoides relacionado aos estagios finais do ciclo
orogénico Brasiliano/ Pan-Africano (Philipp et al., 2003; Masquelin et al., 2012; Philipp
et al., 2016b; Vieira et al., 2019a; Vieira et al., 2019b; Vieira et al., 2019d), sugerem
gue parte da crosta envolvida na génese desses granitoides esteja intrinsicamente
relacionada a Orogenia Piratini.

O retrabalhamento das rochas originadas durante a Orogenia Piratini esta
diretamente relacionado com a génese dos granitoides e metagranitoides
peraluminosos que compdem em partes a Suite Cordilheira (Philipp et al., 2013). A
Suite Cordilheira é constituida por corpos graniticos de forma alongada, segundo a
direcdo preferencial NE-SW, sendo composta pelos metagranitos Arroio
Francisquinho e Cordilheira, na regido de Encruzilhada do Sul, que possuem
colocacao sincinematica em relacéo a Zona de Cisalhamento transcorrente Dorsal de
Cangugu e génese é relacionada a fusdo do embasamento metamorfico constituido

pelos gnaisses do Complexo Metamdérfico Varzea do Capivarita e Arroio do Ratos
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(Koester et al., 2001a, b; 2002; Philipp et al., 2013; 2016b; Vieira et al., 2019c). No
extremo sudeste do Cinturdo Dom Feliciano no Brasil, ocorre a presenca do Granito
Trés Figueiras, que possui colocacao sincinematica a Zona de Cisalhamento Arroio
Grande, (Klein et al.,, 2018) e génese relacionada possivelmente a fusdo do
embasamento metamorfico da regido constituido em partes pelo Gnaisse Arroio
Pedrado (Philipp et al., 2013). Ja no extremo sudeste do Cinturdo Dom Feliciano no
Uruguai ocorre a presenca do Granodiorito Piriz, que possui sua génese relacionada
a fusdo das rochas relacionadas ao Complexo Cerro Olivo (Vieira et al., 2019b).
Recentemente na regiao de Porto Alegre (porgéo leste do Cinturdo dom Feliciano),
Vieira et al. (2019e) descrevem as primeiras evidencias de magmatismo peraluminoso
possivelmente relacionado a fusdo dos Gnaisses Chacara das Pedras (Koester et al.,
2016).
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ARTICLE INFO ABSTRACT

In this work we present whole-rock and isotopic (Sr-Nd-Hf) chemistry data and zircon U-Pb geochronology from
new occurrences of the Arroio Pedrado Gneisses, located near the Brazil/Uruguay border in the southeastern
sector of the Dom Feliciano Belt. These monzogranitic orthogneisses are intermediate, metaluminous, with SiO,
concentration ranging from 59.22 to 65.37 wt%, Na,0/K,O ratios < 1, and Ce/Yb and Th/YDb ratios typical of
shoshonitic associations. The studied samples are enriched in large ion lithophile elements (LILE) and light rare
earth elements (LREE) relative to high field strength elements (HFSE), resulting in a high LILE/HFSE ratios (Lan/
Luy ratios between 17 and 33). These features, together with significant negative Ta and Nb anomalies and low Y
and Yb concentrations, fit within the characteristics of subduction-related magmatism. The whole-rock isotopic
study demonstrates that the samples have intermediate 3”Sr/®Sr;, ratios (0.7095-0.7112), negative eNd, va-
lues (—3.7 to —4.2) and Nd model ages of 1.48-1.61 Ga. The studied zircons have a wide range of eHf, values
(—13.44 to —15.16), suggesting a crustal influence in their generation. The geochemistry and isotope char-
acteristics indicate that these shoshonites are derived from the partial melting of a thickened lower crust, which
was affected by subduction-related fluids/melts. This magma underwent significant fractional crystallization — K-
feldspar, plagioclase, biotite, and amphibole, and accessory minerals such as allanite and Fe-Ti oxides — in
oxidative conditions during magma ascent. The LA-ICP/MS U-Pb zircon dating reveals that the Arroio Pedrado
Gneisses were emplaced during the Cryogenian, as suggested by a concordia age of 680 + 2.9 Ma interpreted as
the igneous protolith crystallization age. The metamorphic age of 660 *= 2.8 Ma (zircon rims) is interpreted as
the amphibolite-facies peak which marks an early collisional event during the convergence of the Rio de la Plata
Craton and African-related terranes. The Arroio Pedrado Gneisses are here interpreted as representing the latest
magmatic event in the construction of the allochtonous Andean-type Piratini Arc, whose evolution is constrained
between ca. 780 (initial magmatism) and 650 Ma (continental collision) during the West Gondwana assembly.

Keywords:

Andean-type arc
Crustal thickening
Shoshonitic magmatism

1. Introduction

The West Gondwana assembly (Fig. 1A) led to the development of
several orogenic belts during the Precambrian to Early Cambrian Bra-
siliano/Pan-African orogenic cycle (e.g. Heilbron et al., 2004; Gray
et al.,, 2008). In South Brazil and Uruguay, the Mantiqueira Province
(Almeida et al., 1981) comprises a series of mobile belts resulting from
the convergence of paleo-African and paleo-South American terranes.
Its southernmost sector, i.e., the Dom Feliciano Belt (e.g. Fragoso-César,
1980, 1991; Fernandes et al., 1995a, 1995b; Hueck et al., 2018),

* Corresponding author.

records a complex history involving the development of multiple
magmatic arcs during the convergence of, at least, three cratons (Rio de
la Plata, Kalahari, Congo) and minor blocks/microplates (Fig. 1B).
The magmatic arcs developed during the Dom Feliciano Belt evo-
lution are linked to four orogenies: Passinho (Tonian — Leite et al.,
1998), Sao Gabriel (Tonian to Cryogenian — Hartmann et al., 2011;
Philipp et al., 2018), Piratini (Tonian to Cryogenian — Fragoso-César,
1991) and Dom Feliciano Orogeny (Cryogenian to Ediacaran -
Chemale, 2000; Silva et al., 2005; Hartmann et al., 2007). Recently, a
new hypothesis for the Piratini Orogeny was proposed (Ramos et al.,
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Fig. 1. Geological context of the Dom Feliciano Belt in the Uruguayan-sul-rio-grandense Shield (modified from Masquelin et al., 2012) — A) Simplified map of the
West Gondwana, showing the distribution of main cratons and mobile belts; B) Location of Dom Feliciano Belt and related African belts in the West Gondwana; C)
Geologic map of Dom Feliciano Belt and Rio de la Plata Craton in southernmost Brazil (Rio Grande do Sul State) and easternmost Uruguay, showing the study area
presented in Fig. 2 (black square). White star symbols represent the location of the ca. 780 Ma fragments/xenoliths regarded as remnants of the Piratini Arc:
1 = Cerro Bori Gneisses; 2 = Piratini Gneisses; 3 = Varzea do Capivarita Orthgneisses; 4 = Chicara das Pedras Gneisses.
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2018), in which a long-lived Andean-type magmatic arc — the Piratini
Arc — was developed as the result of the closure of the Charrua paleo-
ocean (Fragoso-César, 1991).

The calc-alkaline continental arc magmatism of the Piratini Orogeny
would have lasted from ca. 780 (first magmatic pulses) to 650 Ma
(continental collision). Fragments of this arc would be represented by
ca. 780 Ma orthogneisses which constitute the basement of the eastern
sector of the Dom Feliciano Belt in southernmost Brazil — e.g., Piratini
Gneisses (Silva et al., 1999; Tambara, 2015), Chacara das Pedras
Gneisses (Philipp and Campos, 2004; Koester et al., 2016), Varzea do
Capivarita Complex (Frantz et al., 1984; Martil et al., 2017) — and Ur-
uguay — e.g., Cerro Bori Gneisses (Masquelin, 2000; Lenz et al., 2011,
Masquelin et al., 2012) (Fig. 1C). Recently (Vieira et al., 2016a), new
occurrences of orthogneisses were found in the southeasternmost Dom
Feliciano Belt, near the Brazil/Uruguay border, named Arroio Pedrado
Gneisses (Philipp and Machado, 2002). These rocks are regarded as
basement, since they are found as xenoliths within supracrustal Brasi-
liano granitoids.

The geochemical and isotopic studies of such metamorphic xeno-
liths and fragments found within granitoids lead to a better under-
standing of the evolution of these Precambrian orogenic belts and re-
lated magmatic arcs, from their pre-collisional events to the late stages
of continental collision (e.g., Ramos, 2010; Couzinié et al., 2016;
Moyen et al., 2017). In pre-collisional stages, the composition of the
magma is influenced by subduction-related features such as mantle
enrichment by fluid/sediment input and slab melting. On the other
hand, in late-to post-collisional stages, slab break-off and lithosphere
delamination modify and/or generate magmas by new episodes of deep
crust/mantle-derived melts, so that the same magmatic arc can show
different compositions during its space-time evolution (e.g., Gill, 2010;
Condie, 2015). Starting from these premises, in the present paper we
present new geochemical and isotopic data that provide insights on the
evolution of the Arroio Pedrado Gneisses. This work aims to investigate
the relations between these rocks and other metamorphic xenoliths and
fragments of the basement found in the easternmost Dom Feliciano Belt,
regarded as possible remnants of the Piratini Orogeny.

2. Geological overview

In the Uruguayan-sul-rio-grandense Shield, the Dom Feliciano Belt
is commonly subdivided into three main tectonic domains, based on
geophysical features and petrotectonic associations: Western, Central
and Eastern Domain (Fig. 1C). The Western Domain, bounded to the
west by the Rio de la Plata Craton, comprises the Sao Gabriel Terrane
(Chemale, 2000; Hartmann et al., 2007), which was formed during the
Sao Gabriel Orogeny (850-680 Ma) (e.g., arc-related gneisses and me-
tagranitoids of the Cambai Complex) as result of the closure of the
Charrua Ocean (e.g., Palma Accretionary Complex ophiolites) (Silva
et al., 2005; Hartmann et al., 2011; Saalmann et al., 2011; Philipp et al.,
2016a). The Central Domain comprises the Tijucas and Encruzilhada
Terranes. The Tijucas Terrane corresponds to a fold and thrust belt
constituted by ca. 780 Ma metavolcanic (e.g. Porcher et al., 1999;
Chemale, 2000) and metasedimentary rocks (Archean to Neoproter-
ozoic sources) (e.g. Saalmann et al., 2006; Gruber et al., 2016; Pertille
et al., 2017; Hofig et al., 2018) and shows a peak metamorphism
(amphibolite facies) at around 658 + 26 Ma (Lenz, 2006). This meta-
morphism is regarded as a consequence of a W-directed continental
collision event (Battisti et al., 2018). The basement is constituted by the
Paleoproterozoic Encantadas Gneisses (Hartmann and Chemale, 2003;
Philipp et al., 2008). Oceanic mantle and crust slices, possibly related to
the Charrua Ocean, are found in this terrane, represented by the Capané
Ophiolite (Marques et al., 2003; Arena et al., 2018). The Encruzilhada
Terrane is constituted by Paleoproterozoic basement rocks (the ca.
2.1 Ga Arroio dos Ratos Complex; e.g. Gregory et al., 2011; Gregory
et al.,, 2015) and Neoproterozoic gneisses occurring as xenoliths in
Brasiliano granitoids (e.g. Hartmann et al., 1999; Gregory et al., 2015;
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Philipp et al., 2016a; Martil et al., 2017).

The Eastern Domain, in which the studied orthogneisses crop out,
comprises the Cuchilla Dionisio-Pelotas (Bossi and Gaucher, 2004;
Wildner et al., 2005) and Punta del Este Terranes (Preciozzi et al., 1999;
Basei et al., 2005). The Cuchilla Dionisio-Pelotas Terrane is character-
ized by a granitic belt known as the Aigua-Pelotas Batholith (Silva et al.,
1999, 2005; Basei et al., 2000, 2011; Bossi and Gaucher, 2004; Gaucher
et al., 2008; Oyhantcabal et al., 2009) and minor occurrences of me-
tamorphic xenoliths/fragments and roof pendants regarded as base-
ment (e.g. Philipp and Machado, 2002). The older granitoids are found
in the Pinheiro Machado Complex, which show a subduction-related
geochemical fingerprint and magmatic ages around 630 and 610 Ma
(Philipp, 1990; Babinski et al., 1997; Loureiro et al., 2015).

The development of these continental arc-related batholiths (i.e.,
the granitoids found today in the Cuchilla Dionisio-Pelotas Terrane)
might be attributed to a westward subduction of the South Adamastor
paleo-ocean underneath paleo-South America (e.g., Porada, 1989;
Fragoso-César, 1991; Germs, 1995; Frimmel et al., 1996; Chemale,
2000; Diener et al., 2017; Ramos et al., 2018). Recent hypotheses, such
as those of Ramos et al. (2018), suggest that the South Adamastor
oceanic plate subducted underneath an exotic terrane, constituted by a
Paleo-to Mesoproterozoic basement (which might represent an African-
related microplate or block, splintered from the Congo and/or Kalahari
Cratons during Rodinia break-up; see similar hypotheses in, e.g.,
Chemale, 2000; Gaucher et al., 2009; Rapela et al., 2011) and a Neo-
proterozoic continental magmatic arc which was developed during the
Piratini Orogeny: the Piratini Arc.

2.1. The Piratini Arc

The Piratini Arc was originally defined by Fragoso-César (1991) as a
continental magmatic arc, comprising orthogneisses (the Piratini
Gneisses), a volcanosedimentary association known as Cerro da Arvore,
and granitoids of the Pinheiro Machado Complex (Jost and Bitencourt,
1980). For Fragoso-César (1991) this arc developed during the
homonymous orogeny at around 885-775 Ma. Due to isotopic, litholo-
gical, and structural similarities, the tonalitic to granodioritic orthog-
neisses of the Piratini Arc were correlated to those found in the En-
cruzilhada do Sul region, in the central sector of the Dom Feliciano Belt
(Fig. 1C). These petrotectonic associations would represent an Andean-
type orogenic system, in which the plutonic units - i.e., the Piratini
Gneisses and the granitoids of the Pinheiro Machado Complex — would
represent the roots of the magmatic arc. The volcanosedimentary units,
in turn, would represent a back-arc basin.

The absence of primary relationships between the Rio de la Plata
Craton and the Piratini orogenic system (e.g., intrusive contacts) led
Fragoso-César (1991) to suggest that this orogeny was developed by the
interaction between an allochthonous continental block (possibly a
microplate) and the Adamastor oceanic plate. Following the closure of
the latter paleo-ocean, the Piratini Arc collided with the Rio de la Plata
Craton. In other words, the Piratini orogenic system would represent a
large exotic terrane.

The rocks from both Piratini Gneisses and Pinheiro Machado
Complex were individualized in later works, such as those of Silva et al.
(1995, 1999), Philipp (1998), Philipp and Machado (2002), Philipp
et al. (2002), Loureiro (2013), Loureiro et al. (2015) and Tambara
(2015). The Piratini Gneisses (Fig. 1C) comprise tonalitic to grano-
dioritic orthogneisses, which occur as meter-sized xenoliths in grani-
toids of both Pinheiro Machado Complex and Dom Feliciano Intrusive
Suite - the latter representing the younger units of the Aigua-Pelotas
Batholith. These gneisses show continental arc geochemical signatures,
protolith crystallization ages of ca. 780 Ma and metamorphic ages of ca.
660 Ma (amphibolites facies) (Silva et al., , 1999; Tambara, 2015).
Based on petrographic, geochemical and isotopic similarities, the latter
author correlates the Piratini orthogneisses with those found in the high
grade Cerro Olivo Complex (Masquelin, 2000; Lenz et al., 2011)
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(southernmost sector of the Dom Feliciano Belt in Uruguay), known as
Cerro Bori Gneisses.

The Cerro Bori Gneisses (Fig. 1C) comprise tonalitic to granodioritic
orthogneisses and mafic granulites which are tectonically interleaved
with metasedimentary rocks of the Chafalote Metamorphic Suite
(Masquelin et al., 2012; Lenz et al., 2012). The Cerro Bori Gneisses also
show a continental arc geochemical signature, similar to that of the
Piratini Gneisses. The crystallization age of the protoliths are also si-
milar, constrained at around 800-770 Ma (Oyhantcabal et al., 2009;
Lenz et al., 2011, 2012; Masquelin et al., 2012). Whilst the Piratini
Gneisses underwent amphibolite facies metamorphism, those of the
Cerro Bori underwent a higher grade condition (upper amphibolite-to
granulite facies), which affected the Cerro Olivo Complex as a whole.
However, its metamorphic age is similar to that of the Piratini Gneisses,
constrained at around 670-660 Ma, together with a partial melting
event recorded at around 650-640 Ma (Lenz et al., 2011).

The high P-T metamorphism of the Cerro Olivo Complex was cor-
related to that found in the Varzea do Capivarita Complex (Fig. 1C),
located in the Encruzilhada Terrane, central sector of the Dom Feliciano
Belt (Gross et al., 2006, 2009). Based on petrological, geochemical,
isotopic (Sr-Nd), and geochronological (U-Pb) similarities, Martil
(2016) and Martil et al. (2017) correlated the migmatites, ortho- and
paragneisses from both complexes, demonstrating that these rocks show
characteristics of accretionary orogens, yielding Paleo-to Mesoproter-
ozoic Tpy and strong evidence of processes such as crustal assimilation/
contamination during the protolith generation, in which the Paleo-
proterozoic Arroio dos Ratos Complex could be a possible contaminant.
These rocks were interpreted as the expression of the same magmatic
event or, alternatively, as fragments of the roots of very similar con-
tinental magmatic arcs (Martil et al., 2017). It is noteworthy that the
Varzea do Capivarita orthogneisses yield crystallization and meta-
morphic ages of, respectively, 788 + 5 and 650 Ma (Martil, 2016),
which are very similar to those found in the above mentioned Piratini
and Cerro Bori Gneisses.

Concomitantly, Koester et al. (2016) show a new study regarding
the evolution of the Chacara das Pedras Gneisses (Fig. 1C), located in
the northeasternmost sector of the Dom Feliciano Belt in the Ur-
uguayan-sul-rio-grandense Shield. The latter authors demonstrated that
these tonalitic orthogneisses show subduction-related magmatic arc
signatures and yield crystallization and metamorphic ages of, respec-
tively, 777 + 4 and 650 Ma. Based on these similarities, these authors
suggest a correlation between the Chécara das Pedras, Piratini and
Cerro Bori Gneisses. Furthermore, the authors suggest crustal assim-
ilation of Paleoproterozoic contaminants during the magmatic pro-
cesses — possibly, rocks from the Arroio dos Ratos Complex, as also
suggested for the Varzea do Capivarita orthogneisses —, a hypothesis
that was strengthened by the ca. 2.1 Ga xenoliths found within the
Chécara das Pedras Gneisses (Philipp et al., 2016b).

Based on the latter works, Ramos et al. (2017, 2018) revive and
reinterpret the original hypothesis of Fragoso-César (1991), suggesting
that the ca. 780 Ma orthogneisses mentioned above - i.e., Piratini,
Cerro Bori, Chécara das Pedras and Varzea do Capivarita Orthogneisses
- might represent the initial stages of the evolution of the hypothetical
Piratini Arc (Table 1), which would have developed during the closure
of the Charrua paleo-ocean. In turn, the granitoids of the Pinheiro
Machado Complex would represent a younger continental arc, named
Pinheiro Machado Arc, developed during the closure of the Adamastor
paleo-ocean between ca. 640-600 Ma, as suggested by xenoliths, re-
garded as ophiolitic fragments of the Arroio Grande Complex (Fig. 2),
found in Pinheiro Machado granitoids (Ramos and Koester, 2015;
Ramos et al., 2017, 2018).

Differently from the Sdo Gabriel Arc (westernmost Dom Feliciano
Belt), developed on the eastern margin of the Rio de la Plata Craton
(e.g., Lena et al., 2014) and whose evolution is linked to an intra-
oceanic arc system (Passinho Orogeny, ca. 870 Ma) and a continental
arc system (Sao Gabriel Orogeny, ca. 750 Ma) - see hypotheses for the

Journal of South American Earth Sciences 95 (2019) 102294

evolution of the Sao Gabriel Terrane in, e.g., Saalmann et al. (2011) and
Philipp et al. (2018) —, the Piratini Arc would have developed on an
African-related microplate (Ramos et al., 2017, 2018). The latter would
be represented by the Encantadas (Chemale, 2000), Arachania
(Gaucher et al., 2009) and/or Adamastoria microplates (Rapela et al.,
2011), regarded as African-related blocks/microplates accreted in the
Dom Feliciano Belt during the Brasiliano/Pan-African events (see the
Adamastoria hypothesis in Rapela et al., 2011). In other words, the
Piratini Arc would be developed on the basement of both Cuchilla
Dionisio-Pelotas and Punta del Este Terranes.

In this model, the development of the Piratini Arc is synchronous to
the opening of a back-arc system which led to the development of the
South Adamastor Ocean. Since the Piratini Arc fragments are located
mostly west of the South Adamastor remnants (e.g., Arroio Grande-Paso
del Dragén Complex in Dom Feliciano Belt; Marmora Terrane in Gariep
Belt), the subduction is supposed to be eastward, related to the closure
of the older Charrua Ocean underneath paleo-African terranes. Ramos
et al. (2018) also suggest that the Piratini Arc remnants (from now on,
referred as “suites” of the Piratini Arc, assuming the hypothesis of a
comagmatic origin for these orthogneisses) differ from the granitoids of
the Damara Orogen (Namibia) which, despite the similar magmatic
ages (around 800-750 Ma), were formed in an extensional environment
(crustal thinning, intracontinental rifting), possibly during the evolu-
tion of the Pan-African rifts (e.g. Jung et al., 2007; Konopasek et al.,
2008; Frimmel, 2018).

2.2. Local geology

The studied Arroio Pedrado Gneisses are regarded as fragments of
the basement of the Arroio Grande Complex region, recently considered
as the Brazilian extension of the allochtonous Punta del Este Terrane
(see Peel et al., 2018; Ramos et al., 2018), comprising the area east of
the Ayrosa Galvao Shear Zone (Fig. 2) (NE-SW, high-angle, ductile;
Machado et al., 1995). This region, also known as the Southeastern
Domain (Ramos et al., 2014), comprises a gneiss-migmatitic basement —
also considered as the Metagranitoid Domain of the Pinheiro Machado
Complex (Trainini, 1987; Wildner et al., 2005) or as the Erval Intrusive
Suite (Philipp, 1998) —, the ca. 800-650 Ma oceanic rocks of the Arroio
Grande Complex (Ramos et al., 2018) — correlatable to the Paso del
Dragén Complex in Uruguay —, and post-collisional Brasiliano grani-
toids with magmatic ages of ca. 580 Ma.

The most representative granitoids in the region comprise the Capao
do Ledo, Trés Figueiras and Chasqueiro granites. The Trés Figueiras
(Philipp et al., 2013; Klein et al., 2018) is a peraluminous leucogranite
emplaced along the Arroio Grande Shear Zone - an E-W bifurcation of
the Ayrosa Galvao Shear Zone —, with magmatic ages of ca. 585 Ma. The
Capao do Ledo monzogranite (ca. 583 Ma) has metaluminous affinity
and presence of garnet as main mineral phase and centimeter-sized
miarolitic cavities (Philipp et al., 2002). The ca. 574 Ma Chasqueiro
granite (Vieira et al.,, 2016b) is a high-K calc-alkaline porphyritic
monzo-to syenogranite. The Arroio Pedrado Gneisses are found as
meter-sized xenoliths in the latter Trés Figueiras and Chasqueiro
granites (Fig. 2).

The Arroio Pedrado Gneisses were described by Philipp and
Machado (2002) as light gray augen gneisses, with metamorphic fo-
liation marked by K-feldspar porphyroclasts. Since they are regarded as
the basement of the Arroio Grande region, Vieira et al. (2016a) sug-
gested that these rocks could be correlatable to other basement frag-
ments found in the eastern sector of the Dom Feliciano Belt, which, as
previously mentioned, would be related to the Piratini Arc.

Vieira et al. (2016a) obtained a crystallization age of ca. 680 Ma for
the Arroio Pedrado Gneisses, which is within the timeframe of the
subduction-related magmatism of the Piratini Arc so that, in the present
paper, we aim to answer two main questions: what is the relation be-
tween the Arroio Pedrado Gneisses and the older (ca. 780 Ma) Piratini
Arc suites? Could these rocks be regarded as the final magmatic events



D.T. Vieira, et al.

Table 1
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Ages of the xenoliths/fragments regarded as remnants of the hypothetical Piratini Arc, compiled from the following sources: (a) = Silva et al. (1999); (b) = Tambara
(2015); (¢) = Koester et al. (2016); (d) = Martil et al. (2017); (e) = Lenz et al. (2011). See location in Fig. 1C (white star symbols).

Location Unit

Rock type

Occurrence

Sul-rio-grandense Shield Piratini Gneisses
(Brazil)

Chacara das Pedras
Gneisses

Varzea do
Capivarita
Gneisses

Uruguayan Shield Cerro Bori Gneisses

Tonalites and granodiorites. Subordinated
monzogranites and rare quartz-diorites

Granodiorites and monzogranites.
Subordinated tonalities and diorites

Tonalites and diversified granitoids

Tonalitic, granodioritic and sienitic gneisses.

Minor occurrences of mafic granulites and
mafic gneisses

Meter- to decameter-sized
xenoliths

Meter-sized xenoliths and
kilometer-sized continuous
exposures

Meter-sized lenses,
tectonically interleaved with
paragneisses

Meter-sized lenses,
tectonically interleaved with
paragneisses

U-Pb zircon age Method Interpretation

(Ma)

781 = 5 (a) SHRIMP Crystallization
784 + 4 (b) SHRIMP Crystallization
2725 * 28 (b) SHRIMP Inherited

664 (b) SHRIMP Metamorphism
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Fig. 3. Macroscopic features of the Arroio Pedrado Gneisses — (A) Discontinuous and incipient mm-thick banding, and parallel subvertical tectonic foliation; (B)
Tectonic foliation marked by elongated K-feldspar porphyroclasts and biotite; (C) Detail of relic igneous K-feldspar phenocryst; (D) Centimeter-sized microgranular

mafic enclaves showing assimilation of K-feldspar porphyroclasts.

of the Piratini Arc orogeny?

3. Materials and methods

For this work, five representative and less altered samples of the
Arroio Pedrado Gneisses were selected for the geochemistry analyses
(see location of the samples in Fig. 2). The rocks were powdered
to < 200 mesh size in the Ntcleo de Preparacao de Amostras (NPA),
Centro de Estudos em Petrologia e Geoquimica (CPGq), Instituto de
Geociéncias (IGeo) of the Universidade Federal do Rio Grande do Sul
(UFRGS). Later, they were analyzed in Acme Analytical Laboratories
Ltd. (Canada) for whole rock geochemical data. The major and trace
elements were analyzed by Inductively Coupled Plasma Optical Emis-
sion Spectrometry (ICP-OES), and the rare earth elements (REE) by
Inductively Couple Plasma Mass Spectrometry (ICP-MS). The loss on
ignition (LOI) was determined by heating the powdered samples for
60 min at 1000 °C.

Prior to the Rb-Sr and Sm-Nd isotopic systems analyses, the pow-
dered samples (N = 3) were properly spiked (with mixed 8’Rb/%*Sr and
1499m/1°0Nd tracers) and processed using standard dissolution proce-
dures with HF, HNO3, and HCI in Teflon vial, and warmed on a hot
plate until complete material dissolution. Column procedures used ca-
tionic AG50W-X8 resin (200-400 mesh) in order to separate Rb, Sr, and
REE, followed by Sm and Nd separation using anionic LN-B50-A resin
(100-150 ym). The samples were run in a VG Sector 54 Thermal
Ionization Mass Spectrometer (TIMS) at the Laboratério de Geologia
Isotépica (LGI), CPGq-IGEO-UFRGS, in static mode. Nd and Sr ratios
were normalized to ®°Sr/%8Sr = 0.1194 and '*°Nd/'*‘Nd = 0.7219,
respectively. Measurements for the Sr NIST standard NBS-987 gave
878r/80Sr = 0.710260 + 0.000014, and for the Nd La Jolla, standard

values of "**Nd/***Nd = 0.511859 * 0.000010 were obtained.

For the U-Pb and Lu-Hf analyses by Laser Ablation Multi-collector
Inductively Coupled Plasma Mass Spectrometry (LA-MC-ICP-MS),
zircon crystals from sample CH-05 were separated using heavy liquid
and magnetic techniques at the NPA-CPGq-IGeo-UFRGS and mounted
in epoxy resin. Cathodoluminescence and secondary electron images of
the selected zircon grains were taken at the LGI-CPGq-IGeo-UFRGS,
using a JEOL JSM-6610LV scanning electron microscope equipped with
a Bruker XFLASH 5030 energy dispersive X-ray spectrometer.
Analytical conditions were 15kV, spot size of 60 um, and working
distance of 10 mm. The U-Pb and Lu-Hf analyses were performed at the
same laboratory, using a laser ablation microprobe (New Wave UP213)
coupled to a MC-ICP-MS (Thermo Finnigan Neptune). Isotope data were
acquired using static mode with spot size of 25 um for U-Pb analyses,
and of 55 pm for Lu-Hf analyses, with frequency of 10 Hz and intensity
of ~4 J/cm? The analyses were made in 40 cycles of 1 s. Laser-induced
elemental fractionation and instrumental mass discrimination were
corrected using the GJ-1 standard zircon. Uncertainties were calculated
using error propagation, following the analytical procedures of Bertotti
et al. (2013). The ages were calculated using Isoplot software (Ludwig,
2008).

4. Results
4.1. Petrography

The Arroio Pedrado Gneisses crop out as meter-sized boulders with
monzogranitic composition. These rocks are medium-to coarse-grained,
showing a discontinuous and incipient mm-thick banding (Fig. 3A), and
a parallel, subvertical tectonic foliation (average 83°, SE-dip) marked
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Fig. 4. Photomicrographs of the Arroio Pedrado Gneisses — (A) Detail of the K-feldspar porphyroclasts with asymmetric recrystallization tails; (B) Detail of a
deformed plagioclase crystal; (C) Subgrain formation and beginning of quartz recrystallization; (D) Lepidoblastic aggregates formed by biotite and minor hornblende;
(E) Coronitic texture of allanite + epidote; (F) Backscattered electron image showing the Qz-Mg-Ti-Bt paragenesis, indicative of oxidative conditions. Abbreviations:
Kf = K-Feldspar; Qz = quartz; Bt = biotite; Hbl = hornblende; Al = allanite; Ep = Epidote; Pl = plagioclase; Ti = titanite; Mg = magnetite.

by K-feldspar porphyroclasts and elongated biotite crystals (Fig. 3B). The microscopy results indicate that the studied gneisses are com-
Elongated crystals (quartz, biotite, feldspars) also mark the sub- posed of K-feldspar (25-45%), quartz (15-20%), plagioclase (25-40%),
horizontal stretching lineation (average 10°, ENE-dip). Relics of igneous biotite (6-10%), and rare hornblende (< 1%). Common accessory mi-
K-feldspar porphyroclasts are common (Fig. 3C). Centimeter-sized mi- nerals include apatite, zircon, allanite, titanite, and epidote (< 1%).
crogranular mafic enclaves with different shapes can be found, sug- Muscovite and sericite occur as secondary minerals. Opaque minerals
gesting the coexistence and partial mixing of mafic and felsic magma- are characterized as magnetite and hematite.

tism (Fig. 3D). K-feldspar porphyroclasts are embedded in a matrix of fine-to
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Table 2
Major, trace, and rare earth elements of the Arroio Pedrado Gneisses. *Total
iron as Fe;O3. LOI = Loss on Ignition.

Sample CHO5 PF56 CH32 CH32B PF47
Si0, 61.72 65.37 62.47 59.22 62.85
Al,03 16.68 15.24 16.90 15.68 16.09
Fe,03* 5.52 5.40 10.79 10.44 6.86
MnO 0.07 0.08 0.16 0.16 0.14
MgO 1.49 2.07 2.95 2.71 1.62
CaO 3.50 3.03 5.79 4.57 3.18
Na,O 291 3.40 2.96 2.70 4.05
K0 5.30 3.45 3.07 3.81 2.65
TiO, 1.01 0.78 2.00 1.73 1.15
P,05 0.30 0.29 0.61 0.52 0.37
LOI 1.0 0.5 1.9 1.1 0.7
Ba 2308 1397 1097 1267 1100
Co 11.6 11.1 20.1 21.1 119
Cr <20 80 30 30 30
Ga 20.2 22.9 24.7 21.8 29.5
Hf 9.3 8.0 17.8 16.4 10.1
Ho 0.66 0.71 1.65 1.30 1.33
Nb 9.3 12.7 21.2 19.4 37.6
Ni <20 40 31 <20 <20
Pb 4.4 4.8 4.1 4.1 2.6
Rb 98.5 262.4 128.1 130.1 262.4
Sr 508.9 354.6 406.8 554.1 354.6
Ta 0.5 0.7 0.8 1.1 6.3
Th 2.7 21.1 7.1 8.1 3.2

Y 19.8 19.0 43.0 33.2 34.8
Zr 425.3 323.8 766.2 673.6 414.6
La 57.1 69.1 94.1 74.6 51.9
Ce 107.6 143.4 203.7 170.6 98.8
Pr 12.45 17.27 26.83 20.38 14.6
Nd 49.2 58.6 103.8 78.0 58.6
Sm 8.16 11.72 17.56 12.79 11.72
Eu 2.20 1.57 2.78 2.48 2.18
Gd 6.43 6.88 13.30 10.15 10.41
Tb 0.74 0.82 1.71 1.36 1.42
Dy 4.30 3.94 8.75 7.04 7.01
Ho 0.66 0.71 1.65 1.30 1.33
Er 1.77 1.73 4.29 3.45 3.30
Tm 0.25 0.26 0.63 0.45 0.45
Yb 1.35 1.52 3.72 3.08 2.69
Lu 0.21 0.21 0.53 0.44 0.39

Table 3

Selected oxides (recalculated to molar) used for the calculation of the Chemical
Index of Alteration (CIA). CIA (molar) = Al,03/(Al,03 + CaO + Na,O + K,0)
*100.

Sample Na,O CaO K0 Al,O3 CIA

CHO5 0.046 0.062 0.056 0.163 49.690
PF56 0.054 0.054 0.036 0.149 50.670
CH32 0.047 0.103 0.032 0.165 47.445
Ch32b 0.043 0.0814 0.040 0.153 48.164
PF47 0.065 0.056 0.028 0.157 51.237

coarse-grained quartz, plagioclase and K-feldspar, and medium-to
coarse-grained aggregates of biotite, with rare fine-grained hornblende.
K-feldspar megacrysts are up to 45 mm in length and occasionally have
an idiomorphic shape and simple twinning. Most of the deformed
porphyroclasts show undulose extinction and typical core and mantle
structure (Fig. 4A). Small inclusions of quartz, plagioclase, and minor
biotite are common, occurring predominantly at the rims, featuring a
poikilitic texture. Plagioclase occurs in its characteristic tabular pris-
matic form (0.5-1.6mm) and generally shows deformation features
such as undulose extinction, subgrain formation, curved and displaced
polysynthetic twinning, and occurrence of kink bands (Fig. 4B).

The quartz shows strong undulose extinction and tends to form
aggregates, often recrystallized by bulging and subgrain rotation
(Fig. 4C), with formation of subgrains and growth of new grains. The
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Fig. 5. MFW ternary diagram, modified from Ohta and Arai (2007).

mafic minerals are represented mainly by biotite and subordinate
hornblende, both occurring as lepidoblastic aggregates. The latter are
generally found in contact with K-feldspar porphyroclasts (Fig. 4D) or
separated by mm-sized felsic bands.

Allanite occurs as large crystals, with a typical grain size ranging
from 0.1 to 0.8 mm. It is commonly replaced or rimmed by epidote,
featuring a coronitic texture (Fig. 4E). The other accessory minerals
include fine-to medium-grained epidote, titanite, apatite, and zircon.

Two titanite textures are observed. The primary (magmatic) titanite
is light brown-colored, mm-sized (0.4-4.0 mm), idiomorphic, elliptic to
elongated, and shows straight contacts with adjacent phases. The sec-
ondary titanite is xenomorphic, found as fine-grained irregular crystals
in contact with opaque minerals (Fig. 4G).

The apatite occurs as < 0.5 mm crystals, usually prismatic, found as
inclusions in K-feldspar and biotite crystals. The zircon occurs as zoned
euhedral < 0.3 mm prismatic crystals usually included in biotite.
Pleochroic haloes around the latter inclusions are common. The opaque
minerals, mostly magnetite, occur as < 1.5mm crystals and were in-
terpreted as primary (magmatic), occurring as inclusions in allanite,
biotite, quartz, plagioclase, K-feldspar, and titanite.

4.2. Whole-rock geochemistry

The whole-rock geochemistry results are summarized in Table 2. In
order to verify possible chemical changes caused by weathering, we
used the approach by Bersan et al. (2018), combining the Chemical
Index of Alteration (CIA) (Nesbitt and Young, 1982) with the MFW
diagram (Ohta and Arai, 2007). As shown in Table 3, the studied
samples show CIA values (molar Al;03/[Al,03 + CaO + Na,O + K,0]
* 100) between 47.44 and 51.23, which fall within the range of un-
altered granitoids (Nesbitt and Young, 1982). The MFW diagram
(Fig. 5) demonstrates that the samples experienced only minor altera-
tion, plotting near the fresh granitoid (intermediate) trend.

In order to verify possible chemical changes during metamorphism,
we compare the concentrations shown in Table 2 with the average
composition of granitoids presented in Goswami and Bhattacharyya
(2014). The comparison demonstrates that, despite localized differ-
ences — e.g., higher concentrations of TiO,, P,0s, and Fe,03, which we
attribute to, respectively, the high content of titanite, apatite, and
magnetite —, the major and trace element concentrations are similar to
the average shoshonitic granitoids (Figs. 6 and 7) and, possibly, were
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Fig. 6. SiO, vs. major oxides variation diagrams. Average granitoid compositions compiled from Goswami and Bhattacharyya (2014).

not modified by metamorphism.

Together, these results suggest that the Arroio Pedrado Gneisses did
not undergo significant post-emplacement chemical changes. Thus, in
the following discussions these orthogneisses will be treated from the
geochemistry of their protoliths.

4.3. U-Pb geochronology

Cathodoluminescence images of 13 zircon crystals from sample
CHO5 were taken to identify potential xenocrystic cores and internal
morphologies such as growth related textures, recrystallization zones,
and overgrowth rims. The analyzed zircon crystals are characterized by
subhedral prismatic shapes (150-200 pm), with rounded to subrounded
borders. The internal structures (Fig. 8) are interpreted as primary —
oscillatory zoning formed during igneous crystallization - and

secondary — convolute zoning and overgrowths formed during regional
metamorphism and/or by hydrothermal crystallization (Corfu et al.,
2003).

The obtained U-Pb LA-MC-ICP-MS data are given in Table 4 and
plotted on two concordia diagrams. The diagram presented in Fig. 9A
shows a concordia age of 680 + 2.9 Ma, which is interpreted as the
igneous crystallization age of the protholith. The concordia age of
660 + 2.8Ma (Fig. 9B) is interpreted as the age of peak meta-
morphism. The zircon crystals with ages between 780 and 750 Ma
(Table 4) are interpreted as inherited.

4.4. Lu-Hf isotope results

The in situ Lu-Hf analyses were carried out on 10 zircon crystals
(sample CHO5), and the results are presented in Table 5. The eHf,
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values and the '7°Hf/””Hf ratios were calculated using the crystal-
lization age (680 Ma, as shown in section 4.3) of the Arroio Pedrado
Gneisses.

4.5. Whole-rock Sr-Nd isotope geochemistry

Whole-rock Rb-Sr and Sm-Nd isotope data were obtained from 3
samples of the Arroio Pedrado Gneisses. The isotopic compositions are
shown, respectively, in Tables 6 and 7. The initial isotopic ratios were
calculated using the crystallization age (680 Ma, as shown in section
4.3) of the studied gneisses.

The analyzed samples have variable 8Sr/®¢Sr g, ratios, ranging
from 0.708328 to 0.711289 (Table 6). The isotopic compositions show
relatively uniform 143’Nd/144Nd(680) ratios which range from 0.511761

10

to 0.511581, corresponding to eNdgoy values between —3.70 and
—4.30. The depleted-mantle model ages (Tpy) range from 1.61 to
1.48 Ga (Table 7).

5. Discussions
5.1. Petrographic and geochemical classification

The Arroio Pedrado Gneisses are characterized by monzogranitic
compositions. Relic coarse-grained, hypidiomorphic, porphyritic tex-
tures are preserved in less deformed domains of these gneisses, sug-
gesting a plutonic protolith. The partial equilibrium of the plagio-
clase + alkali feldspar + biotite + hornblende paragenesis is
consistent with amphibolite facies metamorphism. The crystallization
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Table 4
LA-MC-ICP-MS U-Pb data (sample CHO5). The analyses marked in bold were used for the calculation of the concordia ages.

Apparent ages

Spot (¢) = core Th/U 2Pb/2°°Pb 20  2°°Pb/?*®U 20  27Pb/2®U 20  27Pb/X%°Pb 20 206ph238y  2g 207pp/28y 20 Rho  Conc. (%)
(r) = rim

1(c) 0.17  .06227 1.2 .11161 1.7 .9582 2.1 683.4 25.6  682.1 11.2  682.4 104 .82 99.81
2 (c) 0.25  .06070 1.0 .11215 1.8 .9386 2.0 6287 22.0  685.2 11.5  672.2 10.0 .86  108.99
3(c) 0.24  .06215 1.7 .11140 2.2 .9547 27 679.4 36.0  680.9 14.0 680.5 13.6 .79 100.23
4 (c) 0.17  .06141 0.5 .11290 1.1 .9559 1.2 653.6 11.3  689.6 6.9  681.2 59 .89 105.50
5 (c) 0.16 .06145 0.8 .11165 1.0 .9459 1.3 654.9 17.8  682.3 6.2  676.0 6.3 74 104.19
6 (c) 0.20 .06103 0.6 .11067 1.2 .9312 1.4  640.2 13.9  676.6 7.7  668.3 6.7 .87 105.68
7 (c) 0.18  .06229 1.3 .11165 1.9 .9282 2.0 684.4 24.6  683.1 10.2 683.4 11.4 .82 99.88
8 (c) 0.22  .06217 1.7 .11140 2.2 .9547 27 679.4 36.0  680.9 14.0 680.5 13.6 .79  100.23
9(0) 0.17  .06319 0.9 .12710 1.5 1.1074 1.7 7147 183 7713 11.0  756.9 93 .86 107.92
10 (o) 0.15  .06501 1.4 .12847 2.4 11516 2.8 7747 295  779.1 18.0 778.0 153 .87  100.57
11 (o) 0.08  .06168 2.9 .12833 3.4 1.0914 45  663.1 63.1 778.3 24.7  749.2 237 .75 117.38
12 (o) 0.20  .05959 2.4 .10815 0.6 .8886 2.5 5888 52.0  662.0 40  645.6 11.8 .22 112.43
13 (o) 0.16  .06196 0.6 .10784 1.4 .9213 1.5 6727 12.9  660.2 85  663.0 72 .91 9815
1.1 (r) 0.16  .06158 1.3 .10624 1.2 .9021 1.7 6597 27.5  650.9 7.2 652.8 83 .85 98.67
2.1 (r) 0.38  .06458 6.3 .10670 2.8 .9500 6.9 760.5 132.3  653.5 17.1  678.1 33.9 .40 85.93
3.1 (1) 0.21  .05959 2.4 .10815 0.6 .8886 2.5 588.8 52.0  662.0 4.0 645.6 11.8 .22 112.43
4.1 (v) 0.17  .06158 1.3 .10624 1.2 .9021 1.7 6597 27.5  650.9 7.2 652.8 83 .85 98.67
5.1 (r) 0.22  .06184 0.7 .13336 2.8 11372 2.8 700.2 29.4  678.1 33.9 6535 171 .60  92.04

11
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Table 5
Lu-Hf analyses from sample CHO5.

Journal of South American Earth Sciences 95 (2019) 102294

Spot 17°Lu/Y7Hf 7°Hf/Y77Hf Erro (1 SD) eHf (0) 7CHf/Y77Hf (t) eHf (t) '7°Hf/Y7Hf (t chur) 7°Hf/'7’Hf (DM) U-Pb Tpm (Ga) f (Lu/Hf)  Int.}”3Hf (V)
Age (Ma)
a 0.001126 0.281949 0.00018 -9.11 0.281934 -14.66 0.282348 0.282733 680 1.84 -0.97 1.32
b 0.000784 0.281930 0.00016 —29.77 0.281920 -15.16 0.282348 0.282733 680 1.84 -0.98 1.54
c 0.001078 0.281949 0.00024 -29.12  0.281935 -14.64 0.282348 0.282733 680 1.83 -0.97 1.24
d 0.000963 0.281937 0.00021 -29.51 0.281925 -14.99 0.282348 0.282733 680 1.84 -0.97 1.30
e 0.000924 0.281937 0.00020 -29.54 0.281925 -14.99 0.282348 0.282733 680 1.84 -0.97 1.48
f 0.001502 0.281958 0.00028 -28.77 0.281939 -14.49 0.282348 0.282733 680 1.84 -0.95 0.99
g 0.000606 0.281957 0.00020 -28.84 0.281949 -14.15 0.282348 0.282733 680 1.80 -0.98 1.30
h 0.001502 0.281968  0.00020 -28.44  0.281949 -14.16 0.282348 0.282733 680 1.83 -0.95 1.16
Table 6
Whole rock Rb-Sr isotope data for the Arroio Pedrado Gneisses.
Sample Rb (ppm) Sr (ppm) 87Rb/80Sr Error (SD abs) 87y /868 SE (%) 873r /8681 (t) t (Ma)
CHO5 98.5 508.9 0.54 0.054670 0.716594 0.0010 0.711289 680
CH32 128.1 406.8 0.88 0.088943 0.718167 0.0006 0.709536 680
PF56 262.4 354.6 2.09 0.209013 0.728609 0.0017 0.708328 680
Table 7
Whole rock Sm-Nd isotope data for the Arroio Pedrado Gneisses.
Sample Sm (ppm) Nd (ppm) 1478m /1 *4Nd 143Nd/M*Nd (t = 0) SE (%) ¢ Nd (0) e Nd (1) Tpm (Ga) 143Nd/M**Nd (b)
CHO5 8.16 49.2 0.093869 0.511993 0.0025 -12.58 -4.2 1.48 0.511574
CH32 17.56 103.8 0.093283 0.511997 0.0010 -12.49 -4.3 1.50 0.511581
PF56 11.72 58.6 0.077137 0.512111 0.0009 -10.28 -3.7 1.61 0.511761

of hydrated mineral phases such as hornblende and biotite, even in the
early stages of magmatic differentiation, suggests a water-satured
magma. The titanite + magnetite + quartz paragenesis, together with
the presence of allanite-epidote coronas, are indicative of oxidative
conditions (Wones, 1989).

The alkali content of the samples (Na,O + K,O) range from 6.65 to
8.75wt% and the Na,O/K,O ratios are < 1, except for sample PF47
which shows a higher value (1.52). The samples show a subalkaline
character defined by the relatively low alkali contents, which is con-
sistent with the mineralogical composition observed in the rock.

The studied samples are metaluminous (CH samples) to weakly
peraluminous (PF samples) (Fig. 10A) and show major oxide con-
centrations which are consistent with both high-K calc-alkaline and
shoshonitic granitoids (Figs. 6 and 10B). The trace element con-
centrations are consistent with a shoshonitic composition (e.g.
Morrison, 1980; Tauson, 1983; Nardi, 1986), as shown in the diagrams
of Figs. 7, 10C and 10D.

The Arroio Pedrado Gneisses are enriched in large ion lithophile
elements (LILE) relative to the high field strength elements (HFSE)
(Fig. 10E). The high concentrations of LILE such as Sr and Ba are in-
dicative of late fractionation of feldspar and/or crustal contamination
of the parent magma. The Nb and Ta negative anomalies strengthen the
latter hypothesis, except for sample PF47, which shows higher Ta and
Nb concentration reflecting the abundance of titanite.

The samples are strongly enriched in REE (X REE = 252.42 to
483.35). Chondrite-normalized patterns (Fig. 10F) demonstrate en-
richment of light REE relative to heavy REE (Lay/Luy 17 to 33), and
negative Eu anomalies (Eu/Eu* 0.60 to 0.93). The REE patterns are
similar to those of both intermediate and potassic gneisses (Mogk et al.,
2004), with light REE enrichment between 100 and 300 times chon-
dritic values, and heavy REE around 10-20 chondritic values.

5.2. Source of magmatism

The sources proposed for shoshonitic magmatism are discussed by
several authors (Bloomer et al., 1989; Rogers, 1992; Wyman and

12

Kerrich, 1993; Miiller and Groves, 1995; Wang et al., 2007; Chen et al.,
2010) and include subcontinental lithospheric mantle, metasomatized
subarc mantle, fractional crystallization with crustal assimilation, and
delaminated or thickened lower crust (e.g., Meen, 1987; Feeley and
Cosca, 2003). Several trace element characteristics of the Arroio Ped-
rado Gneisses are consistent with the latter scenario.

The trace element concentrations suggest an active continental arc
setting for the origin of the Arroio Pedrado Gneisses (Fig. 11). The
subduction-related signature can be observed in the diagrams shown in
Fig. 11A, where the studied samples plot near the La apex (sediment
and/or fluid input), and in Fig. 11C, where the samples plot along the
subduction trend. Negative Nb, Ta, Sr, P, and Ti anomalies, together
with the LILE enrichment observed in Fig. 10E spidergram, strengthen
this hypothesis (e.g., Pearce, 1982; Pearce et al., 1990; Hawkesworth
et al., 1993). The exception is for sample PF47, which shows high Nb
and Ta concentrations relative to the other studied samples (as shown
in the previous section), consequently tending toward the Nb and Ta
apex of the diagrams shown, respectively, in Fig. 11A and B, suggesting
higher interaction with crustal material or even assimilation of different
crustal sources.

The trace element characteristics suggest that the Arroio Pedrado
Gneisses might have been generated by partial melting of thickened
lower crust. High Sm/Yb (4.15-6.29) and La/Yb ratios (19.3-45.5)
suggest a thickened-crust setting, since high values of both ratios re-
quire sequestration of HREE by garnet at high pressures in lower crust
or mantle wedge (e.g., Kay et al., 2013). However, the lower con-
centrations of Cr (<20-80ppm), Ni (<20-40ppm), Co
(11.1-21.1 ppm), together with low Mg# values (31.8-43.1), indicate
insignificant mantle-derived magma input and preclude interaction of
the melt with the lithospheric mantle (e.g., Wang et al., 2006; Wu,
2015). A thickened lower crust setting is further strengthened by the Zr
saturation temperature of the studied samples, inferred from the con-
centrations presented in Table 2, which constrain the upper tempera-
ture limit for zircon crystallization. These temperatures, which range
between 831 and 873 (equations of Watson and Harrison, 1983) and
785-815 °C (equations of Boehnke et al., 2013), suggest that the gneiss
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protoliths were derived from melts generated at upper amphibolite-
granulite facies temperatures.

The Sr-Nd isotopic features of the Arroio Pedrado Gneisses (Tables 6
and 7) show that these rocks have intermediate, uniform %”Sr/®Sr;
ratios (0.708-0.711) and low eNd(, values (- 3.7 to — 4.3). These
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features fit with those of the granitic gneisses derived from melting of
thickened lower crust (e.g. Lai et al., 2007; Zhang et al., 2015). Al-
though the low 87Gr/%5Sr(i) and near zero eNd values could represent
mixing between crustal- and mantle-derived components (partial
melting of mantle and crustal sources, or mixed crustal and mantle
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magmas), the geochemistry of the protoliths suggests that mantle-de-
rived input possibly plays a minor role in the genesis of the magma, so
that partial melting of thickened lower crust is the preferred hypothesis.
In this scenario, the mantle might have played a role as a possible
heating source.

5.3. Comparison with the Piratini Arc suites

In this section we compare the geochemical and isotopic features of
the Arroio Pedrado Gneisses with those of the Piratini Arc suites. The
trace and REE geochemical data of the Piratini Arc suites were compiled
from the dataset of Philipp and Campos. (2004), Lenz et al. (2012),
Tambara (2015) and Martil et al. (2017), respectively, for the Chacara
das Pedras, Cerro Bori, Piratini and Varzea do Capivarita suites.

The Arroio Pedrado Gneisses show similar trace and REE patterns
when compared to those of the ca. 780 Ma Piratini Arc suites (Figs. 12
and 13), suggesting similar sources and evolution processes. The or-
thogneisses from the latter suites show negative Nb, Ta, Sr, P, and Ti
anomalies, suggesting a subduction-related origin (e.g., Thompson
et al., 1984; Hawkesworth et al., 1993; Pearce and Peate, 1995; Gill,
2010). The diagrams also suggest a continental arc setting for all these
orthogneisses, since the observed patterns are similar to those of the
continental arc rocks from, e.g., the Southern Volcanic Zone of the
Andes (e.g. Varekamp et al., 2010) and subduction-related continental
granitoids (Winter 2011). The continental arc origin is further
strengthened by trace element concentrations such as Th, Nb, Ta, and
Hf, illustrated by the geotectonic diagrams shown in Fig. 11, which
suggest that these rocks were generated in an active margin/continental
arc environment.

Similar to the Arroio Pedrado Gneisses, the older Piratini Arc suites
show low concentrations of Mg, Cr, Ni, Co, suggesting minor mantle-
derived input. However, differently from the deep crustal depths sug-
gested for the evolution of the Arroio Pedrado Gneisses (section 5.2),
the Piratini Arc suites show trace element characteristics which suggest
an evolution at relative shallower crustal levels. Compared to the Arroio
Pedrado Gneisses, the Piratini Arc suites show lower Sm/Yb and La/Yb
ratios of, respectively, 2.59 and 15.9 for the Piratini, 3.03 and 21.6 for
the Cerro Bori, 2.9 and 14.3 for the Chacara das Pedras, and 2.5 to 17.9
for the Varzea do Capivarita orthogneisses. These characteristics are
similar to those of the Andean Mountains, which show progressive and
substantial crustal thickening over time - i.e., from the older 780 Ma
Piratini Arc suites to the 680 Ma Arroio Pedrado Gneisses.

Interestingly, the Zr saturation temperatures of the Piratini Arc
suites are lower than those of the Arroio Pedrado Gneisses (section 5.2),
respectively constrained between 801 and 754 (Piratini), 817-774
(Cerro Bori), 799-753 (Chacara das Pedras) and 805-759 °C (Varzea do
Capivarita) (values referring, respectively to the equations of Watson
and Harrison, 1983 and Boehnke et al., 2013). These temperatures
suggest an emplacement at relatively shallower crustal levels, or even
that the Piratini Arc crust was thinner around 780 Ma.

Compared to the Piratini Arc suites, both the lower 87Sr/®Sr;, and
slightly higher '**Nd/***Nd,;, ratios of the Arroio Pedrado Gneisses
(Fig. 14A) suggest a lower influence of subduction-related melts, and
higher influence of incoming deep-crust melt flows (e.g. Rollinson,
1993).

The eNdggo) vs. 8/Sr/%Sr (60, diagram shown in Fig. 14A suggests
that the samples from the Arroio Pedrado Gneisses might represent
thickened lower crust-derived melts (e.g. Wen et al., 2008; Xiong et al.,
2014), reinforcing the interpretations discussed in section 5.2. Possible
crustal sources are represented by rocks regarded as basement of the
Piratini Arc suites and the arc itself (Fig. 14B), thus explaining the
presence of inherited Paleo-to Mesoproterozoic zircons found in the
orthogneisses of the Piratini Arc. Rocks that might be regarded as
basement of the Piratini Arc suites are represented, respectively by (i)
the Paleoproterozoic units of both the Arroio dos Ratos (Silva et al.,
2005; Gregory et al., 2015) and Encantadas Complex (May, 1990;



D.T. Vieira, et al. Journal of South American Earth Sciences 95 (2019) 102294

S
S

Chacara das Pedras Suite Varzea do Capivarita Suite

0 100

K] - U Y . WY
- E

= k=

B Lo NG i NI e i

E |

(] N 3

2 L ' E

2 o s U o PzoEoy | fese y ®moer Pz o

E R Th No Lla Po st Nd sm Ti Y Lu~ R Th No (a Pb s N3 Sm T Vv [
[«

‘éi SE

3 . Cerro Bori Suite ‘_ Piratini Suite
g. + L

g S

0

T T T
T T T

10

T T TV

10

Nd Sm Ti Y Lu ' Ro Th Nb Lla Po St nd Sm Ti v Lu

P zr Eu Dy Y Cs Ba U Ta Ce Pr P zZr Eu Dy Yb

19

g
5
g_
5_
g.
o

Fig. 12. Primitive mantle-normalized (McDonough and Sun, 1995) multi-element spider diagrams. Gray fields represent the patterns of the Arroio Pedrado Gneisses
shown in Fig. 10E.

g

o Varzea do Capivarita Suite| ~ Cerro Bori Suite
8t
[] \Q;
E |
=2
5 |
§_[ta P P Eu B Ho T W
5 Ce Nd Sm Gd Dy Er Yb
o ST §:
£ g i Piratini Suite| ™ |
»n i
8
‘Q E
la Pr Pm Eu Tb Ho T W [La pr Pm Eu Tb Ho Tm W

Ce Nd Sm Gd Dy E Yo =~ G Nd Snm Gd Dy B b

Fig. 13. Chondrite-normalized REE diagram (Nakamura, 1974). Gray fields represent the patterns of the Arroio Pedrado Gneisses shown in Fig. 10F.

15



D.T. Vieira, et al.

Journal of South American Earth Sciences 95 (2019) 102294

Aesthenospheric

- =
o A‘ “mantle melting LEGEND T B
. .Arroio Pedrado Gneisses
Piratini Arc suites: -
| |Varzea do Capivarita
0 I Piratini
[__IChéacara das Pedras
CHUR
o
Ac -
= -
o —
o ©Q W
© o8
B, g
= 2 g 5
Lithospheric o] = E
W o mantle melting w ) " = S
<7 & o D
CONTINENTAL CRUST 9-\@‘\(\ s gl .
LOWER UPPER o & S
w | W 8 g8 5
g g 39
o £ 83
N o o |I's
o - 8 g 8
A < < &
T T T T T T ’ . 11 | IIlll L1 lllIlI]H
0.705 0.710 8 0.71;::6 0.720 0.725 0.730 0.0 05 1.0 15 2.0 25
x|
Sr/ " Srgg Age (Ga)

Fig. 14. (A) ¥7Sr/%%Sr 650, Vs. €Ndgs0y diagram (modified from DePaolo and Wasserburg, 1979); (B) Diagram of eNd g0y vs. time relative to the depleted mantle (DM)
and chondritic uniform reservoir (CHUR) (modified from DePaolo, 1981). Sources: Chécara das Pedras Gneisses data from Koester et al. (2016); Varzea do Capivarita
Orthogneisses data from Martil et al. (2017); Piratini Gneisses data from Tambara, 2016; Arroio dos Ratos Complex ages = Gregory et al. (2015); Encantadas

Complex ages = Philipp et al. (2008, Philipp et al., 2016a,b.

De
15- PI6ted Mangg
10+
£ 57
5 0
CHUR
-05
-10 Sample CHO5
-15- Il 680 Ma
@ 780 Ma
-20— (inherited)
.Orthogneisses from
-25- Cerro Olivo Complex
o 05 10 15 20 25
T(Ga)

Fig. 15. eHfy, vs. t (U-Pb ages) diagram for sample CHO5. The evolution trends were calculated from a'”®Lu/*”7Hf ratio of 0.0113. CHUR = chondritic uniform

reservoir. Cerro Olivo Complex data extracted from Will et al. (2019).

Philipp et al., 2008 and Philipp et al., 2016a); (ii) Paleoproterozoic
xenoliths recently found in Piratini and Pelotas region (Vieira et al.,
2019); (iii) Paleoproterozoic xenoliths found in the Chacara das Pedras
gneisses (Philipp et al., 2016b); and (iv) Mesoproterozoic units of the
basement of the Punta del Este Terrane (Basei et al., 2011).

In turn, the 780-770 Ma ages found in the Arroio Pedrado Gneisses
(Table 4) probably are inherited zircons which represent the assimila-
tion and recycling of the Tonian suites of the Piratini Arc (Table 1),
further strengthening the hypothesis that the Arroio Pedrado Gneisses
might represent the late magmatic pulses of the Piratini Arc, as pro-
posed in the present work. This hypothesis also explains the highly
negative eHf values which are similar to those found in the orthog-
neisses of the Cerro Olivo Complex (Will et al., 2019), correlatable to
the Tonian units of the Piratini Arc. Together with the Nd and Hf Tpy
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ages of the Piratini Arc rocks (Tables 5 and 7; Figs. 14B and 15), it
implies that Tonian to Paleoproterozoic continental crust was reworked
during the evolution of the Piratini Arc as a whole (from the Tonian
units to the Arroio Pedrado Gneisses). This assumption is strengthened
by both the negative eNd and eHf values (—3 to —15) and Tpy which
suggest the presence of a continental crust whose ages are similar to
those found in both the Arroio dos Ratos and Encantadas Complex,
which, as mentioned above, are regarded as basement of some suites of
the Piratini Arc.

Thus, the Arroio Pedrado Gneisses possibly represent granitic
gneisses derived from melting of thickened lower crust, with a possible
minor mantle component. The geochemical similarities between the
Arroio Pedrado Gneisses and the Piratini Arc suites suggest that the
latter suites probably were assimilated by the melts that generated the
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Fig. 16. Simplified geodynamic evolution of the Piratini Arc, modified from
Ramos et al. (2017). A) Eastward subduction underneath an African-related
microplate and beginning of the Piratini Arc magmatism; B) Thickening of the
Piratini Arc and partial melting of the lower crust; C) Slab break-off after
continent-continent collision and beginning of the orogenic collapse.

Arroio Pedrado Gneisses, acting as contaminants to the source. The Zr
saturation temperatures, together with the geochemical and isotopic
data (section 5.2) suggest that the Arroio Pedrado Gneisses were de-
rived from melts generated at upper amphibolite-granulite facies tem-
peratures, in a subduction-related setting.

Based on the data presented in this paper, it is reasonable to suggest
that the obtained age of 680 Ma, interpreted as the crystallization age of
the Arroio Pedrado Gneisses (Fig. 9A), potentially represents a deep-
crustal magmatism triggered by subduction-related heat sources
(Fig. 16A an 16B) prior to continental collision (in our model, the
collision between the Rio de la Plata Craton and the Piratini Arc)
(Fig. 16C). As suggested by metamorphic peak ages, a collisional event
in the Dom Feliciano Belt is constrained at around 660 Ma (e.g. Gross
et al., 2006, 2009). Thus, the peak metamorphic age of 660 Ma ob-
tained for the Arroio Pedrado Gneisses (Fig. 9B) is in good agreement
with those reported for the Piratini Arc suites by, e.g., Lenz et al.
(2011), Tambara (2015), Martil et al. (2017), and Koester et al. (2016).

6. Conclusions

From the study presented in this paper, we draw the following
conclusions.

e The Arroio Pedrado Gneisses yield Cryogenian magmatic crystal-
lization age of 680 = 2.9 Ma. These rocks crystallized from a water-
satured magma under oxidative conditions;

e The parental magma of the Arroio Pedrado Gneisses shows a me-

taluminous to weakly peraluminous character and shoshonitic sig-

nature;

The partial equilibrium of the plagioclase + alkali feldspar + bio-

tite + hornblende paragenesis is consistent with amphibolite facies

metamorphism. Peak metamorphism is dated at 660 *+ 2.8 Ma;

e The geochemical data supports a continental magmatic arc setting
for these gneisses, linked to the evolution of the Piratini Arc;

o Negative eNd and eHf values, together with 87Sr/%6Sr; values sug-
gest that the Arroio Pedrado Gneisses were generated by partial
melting of thickened mafic lower crust, with a possible minor
mantle component;

e From the ages of inherited zircons (ca. 780 Ma), eHf values (—13 to
—15), and Nd model ages (1.4-1.6 Ga), the probable crustal com-
ponents are rocks from the Paleoproterozoic basement (e.g., Arroio
dos Ratos Complex) and the Piratini Arc itself;

e The magmatic activity of the Piratini Arc is constrained between 780

and 680 Ma. At around 660-650 Ma the arc underwent amphibolite-

facies metamorphism;

All these features together suggest that the evolution of the Piratini

Arc is possibly similar to that of the Andean Mountains, not only

regarding the subduction-related crustal thickening, but also the

long time span of magmatic arc activity (at least 100 Ma) in the
proposed scenario.
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ARTICLE INFO ABSTRACT

Keywords: The Chafalote Metamorphic Suite, located in the Uruguayan sector of the Punta del Este Terrane, south-
High-grade metamorphism easternmost Dom Feliciano Belt, comprises semipelitic, migmatitic metapelites, mafic granulites, and calc-sili-
Neoproterozoic cate/amphibolitic gneisses. These supracrustal rocks occur as roof pendants in a granodiorite belonging to the
Geochronology Cerro Olivo Complex. The main structure of the Chafalote Metamorphic Suite is a composite So/S; banding,
Isjnf?\l d related to the main deformation event (D;) developed under upper-amphibolite/granulite facies conditions. This

work presents an integrated study on the latter rocks, involving different geochronological methods (monazite U-
Pb LA-ICP-MS and zircon U-Pb SHRIMP) and whole rock Sm-Nd isotope data in order to better understand the
metamorphic evolution of the Chafalote Metamorphic Suite during the amalgamation of the SW Gondwana
paleocontinent in the Neoproterozoic. The studied rocks record a peak metamorphic event (M5) occurred at
around 660 Ma (monazite U-Pb ages), which was followed by decompression and partial melting (M3 event) at
around 640 Ma (zircon U-Pb ages), probably during the late stages of the D; event. The retrograde metha-
morphic event (My) is related to the transition between the D; and the development of NE-SW striking, low-
grade sinistral shear zones (D, event) and intrusion of syn-to post-orogenic Brasiliano granitoids of the Aigua
Batholith at around 600 Ma. The metamorphic conditions, together with geochronological and isotopic simi-
larities, allow the correlation between the studied high-grade metasedimentary rocks and those from the Paso
del Dragén Complex in Uruguay, and from the Vérzea do Capivarita, Arroio Grande, and Telho Complex in
Brazil. The latter rocks possibly share similar source areas and represent different portions of the Neoproterozoic
fore-arc and/or back-arc basins developed in the Dom Feliciano Belt during the Brasiliano/Pan-African orogenic
cycle.

1. Introduction previous metamorphic events and sometimes the nature of protoliths.

The understanding of the whole tectonic scenario remains unclear,

The study of Neoproterozoic metamorphic associations which con-
stitute the Punta del Este Terrane, southeasternmost sector of the Dom
Feliciano Belt (Preciozzi et al., 1999; Basei et al., 2011), is hampered by
an incomplete geologic record. Some of these occurrences, which re-
present exposed old orogenic roots (e.g. Cerro Olivo Complex —
Masquelin et al.,, 2012) reworked during the amalgamation of the
Southwest Gondwana paleocontinent (Fig. 1A and B), record high-
grade peak metamorphism associated with migmatization, obliterating

* Corresponding author.

even with the significant progress made on the reconstruction of P-T-t
paths of the Neoproterozoic high-grade metamorphism recorded in the
Dom Feliciano Belt (Masquelin et al., 2005; Gross et al., 2006, 2009;
Philipp et al., 2013; Bom et al., 2014; Skagseth, 2016; Martil et al.,
2017; Ramos et al., 2019). In addition to constraining the P-T condi-
tions, the dating of such events, together with considerations regarding
the provenance of the protoliths, is essential for the understanding of
the regional metamorphic evolution and the crustal behavior during the
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orogenic event.

In high-grade metamorphic terranes, the determination of the
duration of the events is based on chemical and isotopic features of
minerals which are stable under high P-T conditions, such as zircon and
monazite (Harley et al., 2007). Zircon can provide reliable and robust
ages regarding its recrystallization and growth/overgrowth during the
different stages of metamorphism, thus constraining the timing of the
events which affected the host rock (Rubatto and Hermann, 2003;
Zheng et al., 2009; Liu and Liou, 2011). Monazite, in turn, is less sus-
ceptible to Pb loss and isotopic inheritance (Rubatto et al., 2001; Foster
et al., 2002; Hermann and Rubatto, 2003), growing and recrystallizing
only during high-grade metamorphism (Ayers et al., 2002, 2006; Wan
et al., 2005; Williams et al., 2007; Buick et al., 2010). On the other
hand, due to its relative robust behavior, the Sm-Nd isotopic system is
of particular interest in provenance studies of metasedimentary rocks.
The fact that Sm and Nd are both rare earth elements (REE) and show
similar chemical behavior is an advantage in relation to isotopic pairs
such as K-Ar, Rb-Sr and U-Pb, since they are normally not fractionated
during the most common geological processes (e.g. Dickin, 2018). Thus,
Sm-Nd isotopic systematics constitute an important additional tool for
the investigation of basins with complex geologic histories (Boghossian
et al., 2000; Stevenson et al., 2000).

Starting from these premises, this contribution presents integrated
studies on petrography (optical microscopy), geochronology (U-Pb
SHRIMP in zircon, and U-Pb LA-ICP-MS in monazite), and Sm-Nd iso-
tope data of metasedimentary rocks from the Chafalote Metamorphic
Suite (Masquelin et al., 2001), a metamorphic association belonging to
the previously mentioned Cerro Olivo Complex, located in the south-
eastern sector of the Punta del Este Terrane in Uruguay. The goal of this
work is to characterize the absolute ages of the high-grade events which
affected these rocks and thus allowing a comparison with other high-
grade events related to the evolution of the Dom Feliciano Belt during
the Brasiliano/Pan-African orogenic cycle.

2. Geological context

The Chafalote Metamorphic Suite is located in the Dom Feliciano
Belt, southernmost Mantiqueira Province (Almeida et al., 1981). This
Neoproteroic to Early Cambrian orogenic belt extends from southern-
most Brazil (Rio Grande do Sul and Santa Catarina states) to Punta del
Este, in Uruguay (Fig. 1C), and is interpreted as the result of the col-
lision between Rio de La Plata, Congo, and Kalahari Cratons, and other
minor blocks/microplates during the Brasiliano/Pan-African orogenic
cycle (e.g. Fernandes et al., 1995a, 1995b; Basei et al., 2000; Heilbron
et al.,, 2004; Gaucher et al., 2009; Oyhantcabal et al., 2009, 2011;
Konopasek et al., 2016; Santos et al., 2017; Hueck et al., 2018). Its
African counterpart is the Damara Orogen, comprising the Kaoko, Da-
mara and Gariep Belts (Fig. 1B) in Namibia and South Africa (e.g. Gray
et al., 2008; Frimmel et al., 2011; Oyhantcabal et al., 2011; Konopasek
et al., 2018).

The Chafalote Metamorphic Suite is one of the metamorphic asso-
ciations which constitute the basement of the Punta del Este Terrane,
southeasternmost sector of the Dom Feliciano Belt. This terrane, in its
original definition (Preciozzi et al., 1999), comprised the metasedi-
mentary rocks of the Rocha (Sanchez-Bettucci and Mezzano, 1993) and
San Carlos Formations (Masquelin, 1990), and the volcano-sedimentary
rocks of the Sierra de Aguirre Formation (Masquelin and Tabd, 1988;
Campal and Schipilov, 2005), located between Punta del Este (south)
and Veladzquez (north). The Punta del Este-Alférez-Cordillera shear zone
system roughly marks the limit (Basei et al., 2011) between the Punta
del Este Terrane and the Brasiliano batholiths (i.e., the Aigué-Pelotas
Batholith, Central Granitic Terrane or Cuchilla Dionisio Terrane —
Fragoso-César et al., 1986; Basei et al., 2000; Bossi and Gaucher, 2004)
located further west/northwest.

In Peel et al. (2018) it was suggested that the Punta del Este Terrane
could be extended further north to Melo region, due to the similarity
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between the gneissic-migmatitic basement found near the Paso del
Dragén Complex and that of the Cerro Olivo Complex (the basement of
the original definition of this terrane). Recently, in Ramos et al. (2018)
it was suggested that this terrane could be extended further north to
Arroio Grande and Pedro Osério region (Brazil) (Fig. 1C), due to the
correlation between the oceanic rocks of the Paso del Dragén (Will
et al.,, 2014; Peel et al., 2018) and Arroio Grande Complex (Ramos
et al., 2018) and the presence of a gneissic basement (Arroio Pedrado
Gneisses — Vieira et al., 2019) with metamorphic ages and geochemical
signatures similar to those found in its Uruguayan counterparts.

In the southernmost sector of the Punta del Este Terrane the base-
ment is composed of migmatites and high-grade metamorphic rocks of
the Cerro Olivo Complex (Masquelin et al., 2001). This complex com-
prises: (i) the Cerro Bori Gneisses (crystallization and metamorphic ages
of, respectively, ca. 780-750 Ma and ca. 670-640 Ma), comprising to-
nalitic to granodioritic orthogneisses with a continental arc geochem-
ical signature (Oyhantcabal et al., 2009; Lenz et al., 2011, 2013;
Masquelin et al., 2012); (ii) the Centinela Gneisses, represented by
partially melted augen gneisses, with a continental arc geochemical
signature (Masquelin et al., 2012) similar to that of the Cerro Bori
Gneisses; (iii) the Chafalote Metamorphic Suite, focus of the present
work, which crops out in the central and eastern portions of the Cerro
Olivo Complex (Fig. 2); (iv) the Manantiales mylonitic and migmatites
gneisses and (v) the Piriz Granodiorite, a cordierite-bearing per-
aluminous granitoid (Masquelin et al., 2012).

The Cerro Olivo Complex was intruded by syn-to post-orogenic
Brasiliano granitoids (~620-550 Ma) of the Aiguéd Batholith, and by
rhyolitic dikes of the Sierra de los Rios Formation (Masquelin et al.,
2005, 2012). The older granitoids of the latter batholith, as well as the
rocks of the Cerro Olivo Complex, show a mylonitic foliation related to
transcurrent shear zones found in the region (e.g. Sierra Ballena, Otazo,
Cerro Amaro, and Alférez-Cordillera shear zones — Masquelin and
Gomez-Rifas, 1998; Oyhantcabal et al., 2009, Sédnchez Betucci et al.,
2010; Oriolo et al., 2016).

The Chafalote Metamorphic Suite, focus of this study is a sequence
of upper amphibolite to granulite facies, comprises semipelitic, mig-
matitic metapelites, mafic granulites, and calc-silicate/amphibolitic
gneisses. These rocks occur as roof-pendants and also as xenoliths in the
Piriz granodiorite (Fig. 2) (Masquelin, 2000; Masquelin et al., 2005,
2012; Gross et al., 2009). This suite was affected by two main de-
formation events, named D; and D, (Masquelin, 2000; Masquelin et al.,
2005; Gross et al., 2009). The D; occurred under high-grade meta-
morphic conditions, resulting in E-W striking planar structures and
granoblastic texture. The D, is characterized by the development of NE-
SW striking, low-grade sinistral shear zones (Masquelin, 2000). The
main planar structure found in this suite is a composite banding (S¢/S1)
represented by millimeter-to meter-thick pre-D; (So) bedding. This
composite banding was affected by at least two isoclinal folding epi-
sodes during the D; (Fig. 3A). The D; structures were disjointed and
truncated by D, mylonitic zones (Fig. 3B).

Previous petrographic and thermobarometric studies (Gross et al.,
2009), carried out on semi-pelitic migmatites associated with garnet-
rich leucosomes (Fig. 3C and D) and mafic granulite lenses intercalated
with metapelites (Fig. 3E), recognized four distinct metamorphic as-
semblages, named M;, M, (7-10 kbar and 830-950 °C), M,
(4.8-5.5 kbar and 788-830 °C), and M, (3-6 kbar and 600-750 °C). The
M, assemblage, only preserved as inclusion phases in porphyroblasts of
the M,, which would represent the regional peak metamorphism (re-
corded in the mafic granulites), is followed by almost-isothermal post-
peak decompression (Mj3). The retrograde M, assemblage is represented
by hydration reaction textures replacing minerals of both M, and M.

The clockwise P-T path proposed for the abovementioned rocks
(Gross et al., 2009) is consistent with crustal thickening followed by
extensional collapse. Some authors (e.g. Gross et al., 2009; Skagseth,
2016) suggested that the high-grade event recorded in the Cerro Olivo
Complex is correlatable to that of the Coastal Terrane (Kaoko Belt,
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Fig. 2. Location of the study area (modified from Masquelin et al., 2012). Simplified geological map of the Dom Feliciano Belt in southeasternmost Uruguay showing
the main occurrences of the Chafalote Metamorphic Suite. Ages: Masquelin et al. (2017).

occurrences studied by Gross et al. (2009), which crop out in the Cerro

westernmost Namibia) and Varzea do Capivarita Complex (central
Aspero and Piedra Blanca roof pendants.

sector of the Dom Feliciano Belt in Brazil), which reached peak meta-
morphism at around 650 Ma. In order to better constrain the time frame
of the latter events and further investigate the tectonic significance of
the Chafalote Metamorphic Suite, this study focuses on the same

Fig. 3. Macroscopic features of metasedi-
mentary rocks from the Chafalote
Metamorphic Suite — A) Composite banding
(So/S1) of the metapelite, affected by the D;
event (xz plane); B) D; structures truncated
by D, mylonitic zones (xy plane); C) Coarse-
grained garnet-bearing leucosome lenses
found in the Cerro Aspero roof pendant (xy
plane); D) Detail of deformed coarse-
grained garnet crystals found in the leuco-
somes; E) Mafic granulite lenses within
metapelites of the Piedra Blanca roof pen-
dant (xz plane).
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3. Materials and methods

Representative samples from the Cerro Aspero and Piedra Blanca
roof pendants (Fig. 2B) were selected for this work. The preparation of
polished thin sections for petrography was performed at the Nicleo de
Preparacdo de Amostras, Centro de Estudos em Petrologia e Geoqui-
mica (CPGq), Instituto de Geociéncias (IGEO), Universidade Federal do
Rio Grande do Sul (UFRGS), Brazil. The optical microscopy study was
carried out at Laboratério de Geologia Isotépica (CPGq-IGEO-UFRGS),
using a Leica DMLP polarizing microscope equipped with a Leica DC
300F digital camera.

For the U-Pb SHRIMP radiometric dating, 18 zircon crystals from
sample FR-16 (leucosome within a metapelite from the Cerro Aspero
roof pendant) were selected, after heavy liquid and magnetic separa-
tion, and mounted in epoxy resin together with the TEMORA-2 stan-
dard (Black et al., 2004). In order to identify the best targets for the
analyses, cathodoluminescence images of crystals in the mount were
obtained using a FEI Quanta 250 scanning electron microscope,
equipped with a XMAX CL detector, at the Centro de Pesquisas Geo-
cronolégicas, Instituto de Geociéncias, Universidade de Sao Paulo,
Brazil. The U-Pb analyses were carried out at the same laboratory using
a SHRIMP-IIe high resolution ion microprobe, following the procedures
of Sato et al. (2014). Errors are 20. Common Pb was corrected on the
basis of the measured 2°*Pb. U abundance and U/Pb ratios were cali-
brated against the TEMORA-2 standard. The 2°Pb/?3®U errors are <
2%. The ages were calculated using Isoplot software (Ludwig, 2008).

For the U-Pb LA-ICP-MS radiometric dating, monazite crystals from
sample 02-09 (mafic granulites from the Piedra Blanca roof pendant)
were selected, after heavy liquid and magnetic separation, and mounted
in epoxy resin. In order to determine internal structures prior to the U-
Pb analyses, backscattering electron images of the latter crystals were
obtained using a JEOL JSM-6610LV scanning electron microscope, at
the Laboratdrio de Geologia Isotépica (CPGq-IGEO-UFRGS). The U-Pb
analyses were carried out at the same laboratory using a
ThermoFinnigan Neptune mass spectrometer coupled to a laser ablation
system (UP 213, Nd:YAG). The U abundance and U/Pb ratios were
calibrated against the 44069 standard (Aleinikoff et al., 2006) and the
ages were calculated using Isoplot software (Ludwig, 2008).

Three metapelite samples (05, 02-20, and 44A) from Cerro Aspero
and Piedra Blanca roof pendants were selected for Sm-Nd (whole-rock)
isotope analysis. The samples were pulverized to 200 mesh, washed in
2.5 N HCI, spiked with **°Sm/**°Nd tracers, and completely dissolved
in HF, HNOs, and HCL. Anionic LN-B50-A resin (100-150 um) was used
for Sm and Nd separation. Each element was collected and the samples
were posteriorly dried and loaded with 0.25 N H3PO, on a single Ta (for
Sm) and on a triple Ta-Re-Ta (for Nd) filament. The samples were run in
a VG Sector 54 multi-collector thermal ionization mass spectrometer
(TIMS) at the Laboratério de Geologia Isotépica (CPGq-IGEO-UFRGS),
in static mode. Nd ratios were normalized to *°Nd/**Nd = 0.7219.
Standard values of **3*Nd/***Nd (Nd,O5 LaJolla Nd standard; Lugmair
and Carlson, 1978) are 0.511859 * 0.000010. Standard errors for
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Fig. 4. Photomicrographs of samples from the Cerro
Aspero roof pendant — A) Garnet porphyroblasts with
inclusion of sillimanite (crossed polars, 10X mag-
nification); B) Pinite alteration in cordierite (crossed
polars, 5x magnification). Mineral abbreviations:
Bt = biotite; Crd = cordierite; Grt = garnet;
Qtz = quartz; Sil = sillimanite; Pt = pinite.

147Sm/**Nd were = 1% or smaller, based on interactive sample ana-
lysis and spike recalibration, and < 0.0057% for **Nd/!**Nd ratios.
The calculations (initial ***Nd/!**Nd, eNd, model ages) were made
using GCDKit software (Janousek et al., 2006).

4. Results
4.1. Petrographic aspects of the studied samples

4.1.1. Cerro Aspero roof pendant

The Cerro Aspero roof pendant comprises a sequence of upper
amphibolite to granulite-facies migmatitic metapelites. These rocks
show a composite banding (S¢/S;), marked by the alternation of Si-poor
layers constituted by garnet-biotite-cordierite-spinel, and Si-rich layers
with garnet + biotite + cordierite + plagioclase + quartz + K-feld-
spar and leucocratic segregations. The latter segregations, interpreted
as leucosomes, occur as elongated lenses parallel to/or cutting the
banding, suggesting in situ partial melting.

The M; assemblage of the migmatitic metapelites is preserved only
as inclusions of sillimanite, quartz, and biotite in garnet porphyroblasts
(Fig. 4A) of the M, assemblages (Table 1). The M3 stage in the mig-
matitic metapelites is marked by the presence of leucosomes constituted
mainly by quartz, K-feldspar, garnet, and cordierite. The M, stage in the
migmatitic metapelites is represented by the presence of hydrated ret-
rograde minerals such as chlorite replacing biotite, and pinite replacing
cordierite (Fig. 4B).

4.1.2. Piedra Blanca roof pendant

The Piedra Blanca roof pendant comprises a tectonic intercalation of
metapelites and mafic granulites. The metapelites can be broadly di-
vided into two main types, represented by garnet-sillimanite-rich me-
tapelites and semipelites. These rocks show a Sy/S; composite banding,
marked by parallel, continuous garnet- and sillimanite-rich layers
(1-3 m thick) intercalated with (parallel, continuous) semipelite layers
(10-50 cm thick) and with meter-sized mafic granulite lenses. The
metapelites show a well-developed tectonic foliation marked by elon-
gated biotite and sillimanite crystals, and a recrystallized matrix
showing interlobate to granoblastic polygonal texture which suggests
high-temperature recovery process (Passchier and Trouw, 2005).

The M; assemblage in the semipelites is represented by inclusions of
biotite and quartz in garnet porphyroblasts and orthopyroxenes
(Fig. 5A) of the M, assemblages (Table 2). The M, minerals are re-
presented by cummingtonite replacing orthopyroxene, and by chlorite
replacing biotite.

The mafic granulites occur as lenticular boudins with 0.5-1.5 m in
length. These rocks are medium-grained and show a granoblastic po-
ligonal texture. Two types of mafic granulites are identified: garnet-
orthopyroxene-clinopyroxene mafic granulite and orthopyroxene-clin-
opyroxene mafic granulite. The M; assemblage is constituted by in-
clusions of hornblende and quartz in pyroxene and garnet porphyro-
blasts (Fig. 5C) of the M, assemblages (Table 2). The M5 stage is marked
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burial depths at ca. 27-37 km for these rocks.

Since the closure temperature of monazite in U-Pb system is higher
than 700 °C and this mineral is generally not preserved as detrital grains
in high grade metasedimentary rocks (e.g. Spear and Pyle, 2002), the
obtained monazite ages for sample 02-9 (between ca. 660 = 12 and
673 + 14 Ma; see section 4.3) are interpreted here as peak meta-
morphic ages, related to the M, event. This interpretation is strength-
ened by the textures observed in the analyzed monazites (Fig. 8), which
are compatible with high-T metamorphism (e.g. Zhu and Onions, 1999;
Spear and Pyle, 2002).

For the Cerro Aspero migmatitic metapelites it is not possible to
estimate the M, conditions (Gross et al., 2009). During exhumation (M3
event), these rocks were re-equilibrated at 4.0-5.5 kbar (Gross et al.,
2009; Skagseth, 2016), corresponding to depths of ca. 14.8 and
20.4 km. In relation to the mafic granulites, the pelitic migmatites show
a decrease of pressure (Gross et al., 2009; Skagseth, 2016). According to
Gross et al. (2009), it may represent: (i) rheological contrast, since the
pelites are less competent than mafic granulites. Therefore, their plastic
deformation would reduce the grain size, decreasing the intergranular
diffusion length, thus increasing the diffusion rate; (ii) the presence of
localized fluids promoting intergranular diffusion and leading to cata-
lyzation of metamorphic reactions. These fluids could be related to
dehydration of minerals such as biotite and muscovite. Thus, the in-
troduction of fluids could promote re-equilibration of metamorphic
assemblages; (iii) the presence of localized, partially molten material,
providing an effective diffusion pathway.

Therefore it is plausible to suggest that the M5 stage occurred during
the decompression event, which is related to the re-equilibration and
partial melting of the metapelites. This partial melting represents a
prograde reaction as evidenced by inclusions (sillimanite, quartz, bio-
tite; see Table 2) in cordierite and garnet porphyroblasts which, to-
gether with the presence of mineral segregations constituted mainly by
quartz, K-feldspar, garnet, and cordierite (leucosomes), suggest a pos-
sible dehydration melting reaction (e.g. Patino Douce and Harris, 1998;
Weinberg and Hasalova, 2015).

It seems plausible that the leucocratic segregations formed during
the M5 stage are related to the crystallization of the Piriz Granodiorite,
in which the roof pendants studied in this paper are located. This

Table 2
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Fig. 5. Photomicrographs of samples from Piedra
Blanca roof pendant; A) Orthopyroxene porphyro-
blasts with inclusions of biotite and quartz (crossed
polars, 10 X magnification); B) Orthopyroxene por-
phyroblasts with inclusions of hornblende (crossed
polars, 5x magnification). Mineral abbreviations:

Bt = biotite; Hbl = hornblende;
Opx = orthopyroxene; Pl = plagioclase;
Qtz = quartz.

0,2mm

cordierite-bearing peraluminous granitoid (CPG) shows a composition
(plagioclase, quartz, K-feldspar, biotite, muscovite, cordierite, garnet)
similar to those of the leucosomes mentioned above. According to
Barbarin (1999), the CPGs are associated with the climax of orogenesis,
being related to underplating or localized injections of mantle-derived
material. These rocks tend to be dispersed through the mountain belt,
forming laccoliths and plutons locally rooted in the high-grade meta-
morphic rocks. Thus, it seems possible that the melts generated during
the M3 event formed pools and veins that cut the metapelite layers,
subsequently formed large bodies such as the Piriz Granodiorite. As
shown above, the age of peak metamorphism (M,) is constrained at
around 667 Ma. Thus, the younger ages of ca. 640 Ma obtained in
zircon cores from the leucosome (sample FR-16) might represent the
age of its extraction and crystallization, and might be interpreted as the
age of the decompression event followed by partial melting of the
metapelites (Ms).

The retrograde metamorphic assemblages (M,) observed in the
studied rocks are possible related to the transition between the D; and
D, events and intrusion of syn-to post-orogenic Brasiliano granitoids
(~620-550 Ma) of the Aigué Batholith (Masquelin et al., 2005, 2012),
involving the formation of hydrated minerals that indicate static ret-
rograde metamorphism as a result of fluid influx.

5.2. Correlations

The U-Pb ages of the leucosomes associated with migmatitic meta-
pelites presented in this study can be divided into three groups: (i)
Tonian to Cryogenian ages of ca. 800-680 Ma; (ii) Mesoproterozoic ages
of ca. 1300-1000 Ma; (iii) and Paleoproterozoic ages of ca. 1600 Ma.
These ages are very similar to those found in the migmatitic metapelites
regarded as basement of the Paso del Dragén Complex (Peel et al.,
2018), located further north near the Brazil/Uruguay border, con-
sidered the northern extension of the Cerro Olivo Complex. Further-
more, the migmatites from both Paso del Dragén and Cerro Olivo
Complex show a similar peak metamorphic age of ca. 660 Ma
(Oyhantcabal et al., 2009; Lenz et al., 2011; Peel et al., 2018).

In the Brazilian extension of the Punta del Este Terrane (sensu
Ramos et al., 2018), the correlatable Arroio Telho Complex (Cruz et al.,

Mineral assemblages of representative samples from the Piedra Blanca roof pendant. Abbreviations: Bt = biotite; Cpx = clinopyroxene; Chl = chlorite;
Cum = cummingtonite; Grt = garnet; Hbl = hornblende; Ilm = ilmenite; Kfs = K-feldspar; Opx = orthopyroxene; Pl = plagioclase; Qtz = quartz; Rt = rutile;

Sil = sillimanite; Spl = spinel.

SAMPLE ROCK TYPE M; M,

M, M,

44A Semipelites Bt-Qz inclusions in Grt and
Opx (My)

02-20 Sil-rich metapelite

02-9 Opx-Cpx mafic Brown Hbl-Qz inclusions in
granulite Grt and Opx

45C Grt-Opx mafic Brown Hbl-Qz inclusions in
granulite Grt and Opx

Grt + Bt + Pl + Opx + Qtz + Ilm + Rt

Grt + Sil + Bt + Qtz + Kfs + Ilm + Rt
Opx + Cpx + Hbl + Bt + Qtz + Pl

Grt + Opx + Cpx + Bt + Qtz + Pl

Cum replacing Opx, and Chl
replacing Bt
Chl replacing Bt
Opx + Plin intergrowths and  Cum replacing Opx
coronae
Opx + Pl in intergrowths and
coronae

Cum replacing Opx
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Fig. 6. Cathodoluminescense images of zircon crystals from sample FR-16 (leucosome from Cerro Aspero roof pendant). Yellow circles represent the spots of U-Pb
analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 3
U-Pb SHRIMP data for sample FR-16 (leucosome from Cerro Aspero roof pendant). Pb, = common lead (corrected using measured2®*Pb). Pb* = radiogenic lead.
Spot U Th 2Th/ + % 206pp, 206pp 208pys 206pp/ + % 207pp*/ + %
ppm ppm 28y %) ppm ppm 8y oy
10.1 243 246 1.05 0.52 0.23 22 7.0 9.51 1.5 0.93 3.3
4.1 861 912 1.09 0.15 0.02 77 26.1 9.52 1.0 0.91 2.0
3.1 315 423 1.39 0.19 0.11 28 12.1 9.49 1.1 0.93 5.4
1.1 581 5 0.01 1.02 0.13 55 0.2 9.06 0.8 0.94 1.0
17.1 402 19 0.05 0.54 0.19 41 0.7 8.45 0.9 1.02 1.1
14.1 323 63 0.20 0.32 4.52 32 1.4 8.55 2.3 1.14 3.8
15.1 311 133 0.44 0.26 0.18 35 4.8 7.59 0.9 1.20 1.2
12.1 482 69 0.15 1.34 0.64 53 2.6 7.84 0.9 1.12 1.1
16.1 491 91 0.19 0.89 0.59 60 3.8 7.01 0.9 1.30 1.1
11.1 431 80 0.19 0.29 0.91 65 3.9 5.73 1.1 1.76 1.5
18.1 343 31 0.09 0.46 0.60 52 0.8 5.65 0.9 1.93 3.3
9.1 462 77 0.17 0.30 0.09 74 3.8 5.32 1.1 1.99 1.4
13.1 126 59 0.48 0.37 0.66 21 2.9 5.23 2.1 2.11 2.2
2.1 163 44 0.28 0.39 0.37 28 2.3 4.99 1.0 2.22 2.4
7.1 275 39 0.15 0.41 3.03 47 0.7 4.88 1.8 2.87 2.6
6.1 315 115 0.38 0.26 0.14 58 6.8 4.71 0.9 2.35 1.0
8.1 553 249 0.46 0.21 0.11 107 14.9 4.42 1.1 2.65 1.4
5.1 154 54 0.36 0.36 0.09 37 4.0 3.55 1.4 3.83 2.2
Spot 207pp/ + % 206pp/ 1o 207pb/ 1o 208pp/ 1o % Ert.
206ppy3 28y Age error 20ph Age error 232Th Age error Discordant corr.
10.1 0.0641 2.9 644 *+9 633 +31 628 +11 -2 0.032
4.1 0.0628 1.7 644 +6 621 +12 632 +6 -3 0.032
3.1 0.0643 5.0 646 +7 625 +25 632 +8 -3 0.032
1.1 0.0620 0.6 675 *5 685 + 14 888 + 141 +2 0.035
17.1 0.0626 0.7 721 +6 741 +17 884 + 45 +3 0.041
14.1 0.0704 3.3 713 +16 1001 + 148 774 +143 +30 0.025
15.1 0.0660 1.0 798 *+7 763 + 26 777 +15 -5 0.040
12.1 0.0639 0.8 774 +6 919 + 14 1025 + 24 +16 0.042
16.1 0.0661 0.8 860 +7 968 + 15 1054 + 22 +11 0.047
11.1 0.0731 1.1 1037 +11 1118 +25 1204 + 34 +7 0.054
18.1 0.0791 3.1 1051 *9 1140 + 64 924 + 57 +9 0.029
9.1 0.0769 0.9 1110 + 12 1131 + 16 1133 + 20 +2 0.055
13.1 0.0799 2.0 1127 +22 1201 +25 1133 + 50 +7 0.055
2.1 0.0806 2.2 1177 +11 1224 + 45 1195 + 28 +4 0.057
7.1 0.1017 1.9 1202 + 19 1691 + 35 1340 + 37 +32 —-0.019
6.1 0.0805 0.7 1241 +10 1201 +11 1233 +17 -4 0.065
8.1 0.0850 1.0 1314 + 14 1288 +19 1286 +17 -2 0.067
5.1 0.0985 1.8 1600 +20 1549 + 36 1508 + 32 -3 0.083

2016), located between the above mentioned Paso del Dragén Complex
(Uruguay) and Arroio Grande Complex (Brazil), is found. This metasi-
liciclastic association is constituted by metapelites (garnet-, tourma-
line-, and sillimanite-rich) and associated medium-to high-grade felds-
pathic gneisses. These rocks underwent partial melting, generating
leucosomes with granitic composition.

Similar petrographic and geochronological features suggest that the
metasedimentary rocks from the Paso del Dragén, Arroio Telho, and
Arroio Grande Complex are correlatable (Ramos et al., 2018). The U-Pb
provenance ages of detrital zircon from metapelites of the Arroio
Grande-Arroio Telho Complex (ca. > 1800 to < 640 Ma; Beloni et al.,

2016; Iglesias et al., 2018) are similar to those of the Paso del Dragén
Complex (Peel et al., 2018). In turn, these ages match those presented
in this work for the Chafalote Metamorphic Suite. Thus, it is plausible to
suggest that the protolith of all these metasedimentary units could re-
present contemporaneous sedimentation in different portions of the
same basin. This correlation is strengthened by the peak metamorphic
age of ca. 660 Ma found in the basement of both the Paso del Dragén
(Peel et al., 2018) and Arroio Grande Complex (Vieira et al., 2019).
Furthermore, the basement of the latter records a partial melting event
dated at ca. 640 Ma (Ramos et al., 2018), which is the same age at-
tributed in this work for the partial melting event that produced the M5



D.T. Vieira, et al.

FR-16

without cut level

core rims core

(il
1l

600 800 1000 1200 1400 1600 1800
206pp/238Y age (Ma)

Number
N
|
|
Ajnqeqoad aanejay

Fig. 7. Frequency histogram and relative probability plot of seventeen U-Pb
ages from sample FR-16 (leucosome from Cerro Aspero roof pendant).

leucosome discussed in the previous section.

The correlation between these lithologies corroborates the hypoth-
esis suggested by Peel et al. (2018), in which the high-grade rocks found
south of Paso del Dragén Complex constitute, together with Cerro Olivo
Complex, the basement of the Punta del Este Terrane. Furthermore, it is
plausible to assume that these rocks served as the main source of det-
rital material for the late metasiliciclastic rocks from both Paso del
Dragén (Uruguay) and Telho-Arroio Grande Complex (Brazil).

Based on similar high-grade conditions, previous works (e.g.
Fernandes et al., 1992; Gross et al., 2006, 2009; Martil et al., 2017)
suggested the correlation between the metasedimentary rocks of the
Chafalote Metamorphic Suite and those found in the Varzea do Capi-
varita Complex, located in the central sector of the Dom Feliciano Belt
in the Sul-rio-grandense Shield (Fig. 1C). This hypothesis is strength-
ened when the Tpy and the negative eNdsoma) Values presented in this
study (Table 5) are compared to those shown in Gross et al. (2006) for
the metasedimentary rocks of the Véarzea do Capivarita Complex (Tpy
values 1.2-1.9 Ga and negative eNdeoma) Values between - 5 and
—12), suggesting a long history of crustal residence prior to the me-
tamorphism of both sedimentary basins.

The latter hypothesis is strengthened also by the similar U-Pb ages

|"tE rg rﬂwtﬁ 25 pm
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of the leucosomes associated with migmatitic metapelites presented in
this study (see section 4.2) and the detrital ages (ca. 2.2-0.63 Ga)
suggested by Gruber et al. (2016) from metasedimentary rocks of the
Véarzea do Capivarita Complex, as well as the same age of the high-
grade metamorphism (ca. 650 Ma, Martil et al., 2017) recorded in these
metasedimentary rocks. Regarding the ages of potential source areas for
both basins, they are interpreted as mixed, comprising older, Paleo-to
Mesoproterozoic (1.2-2.2 Ga) sources, and younger, Neoproterozoic
sources (ca. 800-640 Ma). Therefore it is possible to suggest that the
supracrustal rocks of the Varzea do Capivarita Complex and those of the
Punta del Este Terrane can be represent fragments from the same se-
dimentary basin or, at least, from distinct basins with similar deposi-
tional and metamorphic evolution.

5.3. Tectonic implications

Several numerical and analytical models improved the under-
standing of the deep-crust behavior and tectonic configurations which
favor high-T conditions (e.g. Beaumont et al., 2001, 2006; Jamieson
et al., 2002, 2007; Culshaw et al., 2006; Goscombe and Gary, 2007;
Faccenda et al., 2008). For rocks that reached high temperatures such
as those reported in this paper, a cautious interpretation regarding
possible tectonic settings for the protoliths is required.

According to Gross et al. (2009), the high P-T conditions recorded
for the peak metamorphism of the Chafalote Metamorphic Suite are
indicative of crustal thickening in convergent orogens. The steep P-T-t
path would represent decompression due to deformation-controlled,
rather than erosion-controlled exhumation, resulting from the transi-
tion to an extensional regime. Recent works have suggested that the
Cerro Olivo Complex is characterized by a multiphase evolution, re-
lated to the closure of a paleo-oceanic basin and the development of a
continental magmatic arc (e.g. Ramos et al., 2018; Vieira et al., 2019),
thus compatible with a crustal thickening setting.

As previously mentioned in section 2, calc-alkaline continental
magmatic arc rocks are found in the Cerro Olivo Complex, represented
by the Cerro Bori Gneisses, with magmatic ages ranging between
802 + 12and 767 * 9 Ma (Lenz et al., 2011; Masquelin et al., 2012).
According to Lenz et al. (2011) these gneisses underwent the same high-
grade metamorphism as the supracrustal rocks of the Chafalote Meta-
morphic Suite, dated at 676 *+ 10 and 666 * 11 Ma (the similar
interval presented in the present paper for the mafic granulite; see
section 4.3), and underwent partial melting at around 654-630 Ma (see

Fig. 8. Backscattered electron images
of monazite crystals from sample 02-9
(mafic granulite from Piedra Blanca
roof pendant), showing the zoning
patterns (A and B = concentric; C and
D = intergrowth; E = mixed) and ob-
tained radiometric ages. Yellow circles
represent the spots of U-Pb analyses.
(For interpretation of the references to
colour in this figure legend, the reader
is referred to the Web version of this
article.)

669 Ma

25 i
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Table 4
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U-Pb LA-ICP-MS data for sample 02-9 (mafic granulite from Piedra Blanca roof pendant).

Spot 207pp, Concordia 206pp/ % Rho 1 206pp/

235; 2381 238y

%

error 207ph, error 207ppy error Discor. (%) 206

235U ZOGPb

3.1
4.1
1.1
21
5.1

1.11934
1.07952
1.03875
1.04275
1.08487

2.02
1.97
1.85
2.19
1.67

0.13161
0.12714
0.12164
0.12206
0.12720

0.49
0.79
0.58
0.84
0.60

0.24
0.40
0.31
0.39
0.36

797
772
740
742
772

-20
-17
-10
-10
-15

0.0003
0.0000
0.0000
0.0000
0.0000

763
743

15
15
13
16
12

663
660 12
12
725 14

746

673
669

[S2 I N e
N
N
w

data-point error ellipses are 26

0,136

0,132

0,128

0,124

206ppy/238

Intercepts at
667+ 27 Ma
MSWD = 0.020

1,08 1,12 1,16

207P b /235U

Fig. 9. Concordia diagram for monazite ages of sample 02-9 (mafic granulite
from Piedra Blanca roof pendant).

0,120

0,116
0,96

1,04 1,20

also, e.g., Oyhantcabal et al., 2009 and Lenz et al., 2011). The latter
ages match those presented in the present paper for the migmatitic
metapelites.

Due to geochemical and isotopic similarities, the orthogneisses of
the Cerro Bori were compared and correlated (Vieira et al., 2019) to
those found in the Brazilian sector of the Dom Feliciano Belt (e.g. Pir-
atini Gneisses, Tambara et al., 2019; Chacara das Pedras Gneisses,
Koester et al., 2016; Véarzea do Capivarita Gneisses, Martil et al., 2017).
These rocks were interpreted as metamorphic remnants of an Andean-
type magmatic arc named Piratini Arc (Vieira et al., 2019), whose
evolution is constrained between ca. 780 (initial magmatism) and
660 Ma (continental collision) during the assembly of the West Gond-
wana paleocontinent. Thus, taking into consideration the geographic
proximity between the Cerro Bori Gneisses and the Chafalote Meta-
morphic Suite, it is plausible to assume that the rocks from the latter
reached peak metamorphism at the base of a thickened continental
crust (i.e., the Piratini Arc).

Based on the discussions presented in this paper it is possible to
suggest two main hypotheses for the evolution of the Chafalote
Metamorphic Suite and the events responsible for the high-grade me-
tamorphism of the Punta del Este Terrane as a whole:

I- The closure of the Charrua paleo-ocean due to an eastward sub-
duction, with the development of the Piratini Arc between ca. 780 and
660 Ma. The latter age would represent the time of continental collision
between the Piratini Arc and the eastern margin of the Rio de la Plata
Craton (Ramos et al., 2017; Vieira et al., 2019), generating the My-D;
structures. In this hypothesis, the collisional event is followed by iso-
thermal decompression by the change to an extensional regime at
around 640-600 Ma, generating partial melting (M3). This deformation
would be related to the nucleation of ductile shear zones (e.g. Dorsal de
Cangucu Shear Zone in Brazil, and Sierra Ballena Shear Zone in Ur-
uguay) and related granitogenesis, and subsequent transcurrent tec-
tonism (My4-D5 structures). In this model, the protoliths of the metase-
dimentary rocks of the Chafalote Metamorphic Suite were deposited in
a fore-arc basin. Afterwards, these rocks were metamorphosed during
the collisional event at ca. 660 Ma;

II- The closure of the South Adamastor paleo-ocean due to a west-
ward subduction underneath the Piratini Arc (Ramos et al., 2018). This
subduction generated a new continental arc — the Pinheiro Machado
Arc (Ramos et al., 2018) —, represented by the oldest intrusive suite (ca.
630-610 Ma — Babinski et al., 1997; Silva et al., 1999; Hueck et al.,
2018) of the Cuchilla Dionisio-Pelotas Terrane. In this hypothesis, the
Pinheiro Machado Arc might be older than 630 Ma, so that the ca. 640
Ma granitoids generated in the partial melting event recorded in the
Arroio Grande Complex in Brazil (see section 6) would represent the
initial magmatic events of the latter arc. In this model the protoliths of
the metasedimenary rocks of Chafalote Metamorphic Suite were de-
posited in a back-arc basin, prior to the subduction, or in a fore-arc
basin, during the subduction. The protoliths of the mafic granulites and
amphibolites, in turn, would represent slices of oceanic crust, with a
back-arc signature (Lenz et al., 2014) similar to that of the metamafites
from Arroio Grande Complex in Brazil (Ramos et al., 2017) and from
Paso del Dragén Complex in Uruguay (Will et al., 2014).

6. Concluding remarks

From the study presented in this paper, we draw the following
conclusions:

I. The metamorphic peak (M, stage) reached high temperatures at
around 660 * 12 and 673 *= 14 Ma, as a response to a major thermal
perturbation associated to crustal thickening, followed by voluminous
partial melting caused by tectonic exhumation at ca. 640 Ma during the
M; stage. The M, stage is related to the transition between the D; and
D, events and intrusion of syn-to post-orogenic Brasiliano granitoids,

Table 5
Whole-rock Sm-Nd data of metapelites from the Chafalote Metamorfhic Suite.
Sample Occurrence Sm Nd 17Sm/"**Nd 13Nd/"*Nd eNd (@) eNd (tego ma) TDM (Ga)
(ppm) (ppm)
05 Cerro Aspero 9.75 53.18 0.110827 0.511741 -17.1 —-9.99 1.98
251 Cerro Aspero 7.36 40.92 0.108789 0.511706 —18.8 —-11.49 1.99
44A Piedra Blanca 7.98 37.97 0.126979 0.512066 -10.4 —-4.6 1.79
02-20 Piedra Blanca 7.36 34.42 0.129330 0.512065 —-11.17 —5.58 1.84

10
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involving the formation of hydrated retrograde minerals indicating
static retrograde metamorphism as a result of fluid influx at ca. 600 Ma;

II. The metasedimentary rocks of the Chafalote Metamorphic Suite
are correlatable to those found in the northern extension of the Punta
del Este Terrane, i.e., Paso del Dragén Complex (Uruguay) and Arroio
Grande-Telho Complex (Brazil). These metasedimentary rocks share
similar detrital sources and metamorphic evolution, and possibly re-
present different portions of the same fore-arc and/or back-arc basin
related to the Tonian and Cryogenian events of the Brasiliano/Pan-
African orogenic cycle. It is noteworthy that, as shown in previous
works, the metasedimentary rocks found in the Vérzea do Capivarita
(central sector of the Dom Feliciano Belt in the Sul-rio-grandense
Shield, Brazil) and those from the Chafalote Metamorphic Suite share
similar detrital zircon profiles and metamorphic histories, and thus
would represent fragments of the same basin, or of different basins with
similar evolution.
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Abstract.

The Dorsal de Cangucu Transcurrent Shear Zone (DCTSZ) is the main Neoproterozoic
structure of the Dom Feliciano Belt in the Rio Grande do Sul sector (Brazil), developed
during the late stages of the Brasilano/Pan-African orogenic cycle. This structure, together
with its northern — Major Gercino Transcurrent Shear Zone (Santa Catarina sector, Brazil)
— and southern extension — Sierra Ballena Transcurrent Shear Zone (Uruguay), constitute
a 1,000 km long discontinuous lineament. Synkinematic granitoids are widespread along
the DCTSZ. The main units are represented by the mantle-derived Quitéria metagranite,
and the peraluminous Arroio Francisquinho and Cordilheira metagranites (Cordilheira
Suite). In order to better constrain the time frame of the synkinematic magmatism
associated with the DCTSZ, we present in this paper new zircon SHRIMP (Sensitive High
Resolution lon Micro Probe) U-Pb ages for this magmatism. The Quitéria metagranite
yielded a concordia U-Pb age of 618 Ma, interpreted as the magmatic crystallization age.
The Arroio Francisquinho and Cordilheira metagranites yielded concordia U-Pb ages of,
respectively, 615 and 608 Ma, interpreted as the magmatic crystallization ages. The latter
ages constrain the main phase of synkinematic magmatism in the DCTSZ. Zircon rims of
the studied samples yielded U-Pb ages between ca. 580-540 Ma, interpreted as the age of
possible reactivations of the DCTSZ, thus constraining the timing of late-tectonic activity.
Zircon crystals interpreted as inherited yielded U-Pb ages ranging from 1800 to 650 Ma for
the three studied rocks. These inherited ages are similar to those found in detrital zircon
from the regional gneissic basement. The new ages for the earliest synkinematic
magmatism in the DCTSZ match those of the Major Gercino Shear Zone, strengthen
previous correlation between both shear zones. On the other hand, the earliest shear-related
magmatism related to the Sierra Ballena Shear Zone, classically interpreted as the
Uruguayan counterpart of the latter two shear zones, is younger (ca. 580 Ma), so that the
origin of the Sierra Ballena Shear Zone is possibly related to a younger tectonic event.
From the new data present in this work it is suggested that the origin of the DCTSZ is
possibly related to the convergence between the Rio de la Plata Craton and the recently
proposed Piratini Arc at ca. 660 Ma. Possible reactivations of the shear zone might be
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related to the convergence of the Kalahari and Rio de la Plata cratons at ca. 580 Ma.
Younger reactivations (ca. 540 Ma) could be related to late-orogenic relaxation.

Keywords. Geochronology; Neoproterozoic; Reactivation; Quitéria metagranite;
Cordilheira Suite; Sul-rio-grandense Shield

1 Introduction

In the Dom Feliciano Belt (southernmost Brazil and Uruguay), southern sector of the
Mantiqueira Province (Almeida et al., 1981), the Cuchilla Dionisio-Pelotas-Floriandpolis
Terrane (Bossi and Gaucher, 2004) represents remnants of a voluminous Neoproterozoic
granitogenesis related to the late stages of the Brasiliano/Pan-African orogenic cycle. This
terrane comprises a discontinuous granitic belt (Basei et al., 2000) subdivided into three main
batholiths: Pelotas Batholith, in the Sul-rio-grandense Shield; Florianépolis Batholith, in the
Santa Catarina Shield; and Aigua Batholith, in the Uruguayan Shield (e.g. Fragoso-César et al.,
1986, Babinski et al., 1997; Basei et al., 2000; 2011; Oyhantcabal et al., 2009; Passarelli et al.,
2010). This magmatism is partially associated with the transpressive tectonic regime related
to the final stages of the Brasiliano/Pan-African Orogenic Cycle, marked by the activity of
mega-shear zones (e.g. Bitencourt and Nardi, 2000; Philipp et al., 2016a; Oriolo et al., 2016).

In the Sul-rio-grandense Shield the Dorsal do Cangucu Transcurrent Shear Zone
(DCTSZ) is the main tectonic feature of the Dom Feliciano Belt. In the central sector of the
latter belt (Encruzilhada do Sul region), a large synkinematic magmatism is associated with
this shear zone (Tommasi et al., 1994; Koester et al., 1997; Bitencourt and Nardi, 2000). Its
possible sources and processes are discussed by several authors (e.g. Fernandes et al.,
1995a,b; Koester, 1995; Nardi and Frantz, 1995; Philipp, 1998; Koester et al., 2001a, 2001b,
2002; Frantz et al., 2003; Philipp et al., 2013; Knijnik, 2018). The main granitic plutons
associated with the DCTSZ are the Quitéria, Arroio Francisquinho and Cordilheira
metagranites. These rocks are interpreted as an important mantle-derived magmatism
followed by intense crustal reworking occurred at between 650 and 625 Ma (Frantz et al.,
2003; Philipp et al., 2013). However, the time interval for the synkinematic magmatic activity
of the DCTSZ is poorly constrained by available geochronological data.

Shear zones such as the DCTSZ represent structures that allow the study of the period

between partial melting processes, magmatic transport and crustal exhumation of the related
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synkinematic granitoids (e.g. Oriolo et al., 2016). These studies, however, are hampered by
the overlap of tectonic events such as reactivation of the shear zone, in which the rocks reach
high temperatures, thus resetting the radiometric clocks of the minerals commonly used for
the various dating systems (e.g., Cherniak and Watson, 2000; Oriolo et al., 2016).

In order to better constrain the time frame of the synkinematic magmatism associated
with the DCTSZ, we present in this paper new zircon SHRIMP (Sensitive High Resolution lon
Micro Probe) U-Pb ages for this magmatism, together with a reappraisal of the
geochronological data available for the main synkinematic metagranites emplaced along this
shear zone. The main goal of this study is to suggest the duration of the main tectono-
magmatic activity and possible reactivations of the DCTSZ, further contributing to the

discussions on the evolution of the Dom Feliciano Belt during the Cryogenian.

2 Geological Overview

The study area is located in the Dom Feliciano Belt, southernmost Mantiqueira
Province (Almeida et al., 1981). This Neoproterozoic to Early Cambrian orogenic belt extends
from Southernmost Brazil (Rio Grande do Sul and Santa Catarina states) to Punta del Este, in
Uruguay (Fig. 1), and is interpreted as the result of the collision between Rio de La Plata,
Congo, and Kalahari Cratons, and other minor blocks/ microplates during the Brasiliano/ Pan-
African orogenic cycle (e.g. Fernandes et al., 1995a and 1995b; Basei et al., 2000; Heilbron et
al., 2004; Gaucher et al., 2009; Oyhantcabal et al., 2009 and 2011; Konopasek et al., 2016;
Santos et al., 2017; Hueck et al., 2018; Ramos et al.,2018 and Vieira et al., 2019).

The Dom Feliciano Belt is subdivided into distinct terranes (Wildner et al., 2007;
Phillipp et al., 2016a) and/ or domains (Fernandes et al., 1995a and 1995b; Costa, 1997; Basei
et al.,, 2000) by crustal-scale transcurrent shear zones (Fig. 1). The latter shear zones are
considered to play an important role in the generation and rise of magmas which, associated
with the transcurrent activity and high regional thermal gradient, induced an extensive crustal
reworking event, responsible for the formation of the bulk of the Cuchilla Dioniso-Pelotas-
Floriandpolis Terrane (Fig. 1) in the eastern domain of the Dom Feliciano Belt (e.g. Fragoso-
César et al., 1986; Philipp, 1998; Basei et al., 2000; Bitencourt and Nardi, 2000; Philipp et al.,
2016).
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Bitencourt and Nardi (2000) suggest that the magmatism related to these batholiths
was controlled, in successive steps between 650 and 580 Ma, by a shear zone system known
as the Southern Brazilian Shear Belt, comprising several kilometer-thick, anastomosed ductile
shear zones (Fig. 1). Most of these shear zones are subvertical, with predominant N-S and
N60E direction, with clockwise to counterclockwise displacement. In southern Brazil the main
structure of the Southern Brazilian Shear Belt is the DCTSZ in the Rio Grande do Sul sector
(Fig.1). This structure is correlated to the Major Gercino Transcurrent Shear Zone in the Santa
Catarina sector (e.g. Fernandes et al. 1992; Fernandes and Koester 1999; Bitencourt and Nardi
2000; Florisbal et al 2012; Oriolo et al., 2016) and some authors(e.g. Fernandes et al. 1992;
Fernandes and Koester 1999; Oyhantcabal et al., 2009, 2011b; Passarelli et al., 2010, 2011;
Oriolo et al.,, 2018) suggest that both shear zones are correlated to the Sierra Ballena
Transcurrent Shear Zone in eastern Uruguay. These structures, together, constitute a
discontinuous lineament over 1,000 km long through the whole Dom Feliciano Belt
(Mantovani et al., 1989; Basei et al.,, 2000, 2005, 2008; Oyhantcabal et al., 2007, 2010;
Passarelli et al., 2011; Oriolo et al., 2016).

The latter lineament has been interpreted as the main Brasiliano suture, juxtaposing
the cratonic cores of South America and Africa (Basei et al., 2000, 2005, 2008; Bossi and
Gaucher, 2004; Gaucher et al., 2009; Passarelli et al., 2010, 2011a; Frimmel et al., 2011, 2013).
On the other hand, several authors (e.g., Fernandes et al., 1992, 1995a, b; Fernandes and
Koester, 1999; Bitencourt and Kruhl, 2000; Koester et al., 2001b; Philipp and Machado, 2005;
Ovyhantcabal et al., 2007, 2009; Saalmann et al., 2011; Chemale et al., 2012; Florisbal et al.,
2012 ; Philipp et al., 2013, 20164; Lara et al., 2017) consider the strike-slip shearing along the
system and its associated granitogenesis as the result of post-collisional processes during the
evolution of the Dom Feliciano Belt. Similarities in the crystallization ages and geochemical,
isotopic, and geophysical signatures of granitoids on both sides of these shear zones are
commonly seen as evidence of a post-collisional setting after ca. 650-630 Ma, i.e., the age of
the earliest shear-related intrusions.

Some authors (e.g., Fernandes et al., 1995a, b; Costa, 1997; Fernandes and Koester,
1999; Koester et al., 2001c, 2016; Masquelin et al., 2012) argued that, if the shear system once
acted as a suture zone, this event pre-dated the shearing event responsible for its present

configuration. In this sense, Fernandes et al. (1995a, b) on basis in large-scale geophysical
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discontinuities proposed the existence of the Porto Alegre Suture in the Sul-rio-grandense
Shield, approximately parallel to the Dorsal do Cangucu Shear Zone (Fig.1), which would
correspond to the suture zone of an older collision during the Cryogenian (Koester et al.,

2016).
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Figure 1. Simplified geological map of the southern Brazilian and Uruguayan shields (modified from Oyhantcabal
et al., 2011, Rapela et al., 2011 and Philipp et al., 2016a) showing the study area presented in Fig. 2 (yellow
square). Legend: Batholiths: AB= Aigua Batholith, PB= Pelotas Batholith and FB= Florianopolis Batholith.
Transcurrent Shear Zones: MGTSZ= Major Gercino; DCTSZ= Dorsal de Cangugu, SBTSZ= Sierra Ballena. PAS=

Porto Alegre Suture.

2.2 Dorsal de Cangucu Transcurrent Shear Zone

The DCTSZ extends for ca. 200 km in a NE-SW direction, constituting the main tectonic
feature of the Dom Feliciano Belt in the Rio Grande do Sul sector (Fig. 2) (e.g. Tommasi et al.,
1994; Fernandes et al., 1995; Nardi and Bitencourt, 2000; Koester et al., 2001a; Oriolo et al.,
2018). This structure is transected in its central portion by the N-S oriented, essentially brittle,
Passo do Marinheiro Shear Zone (Basei et al., 2000, 2005, 2008; Passarelli et al., 2011). The

DCTSZ records different stages of transcurrent activity at between 658 and 531 Ma (Philipp et
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al., 2013). The early stage is represented by the synkinematic granitoids emplaced along this
shear zone (Tommasi et al., 1994). This magmatism is characterized by the porphyritic,
mantle-derived, high-K Quitéria metagranite, and by the fine- to medium-grained,
equigranular Arroio Francisquinho and Cordilheira peraluminous metagranites which,
together, constitute the Cordilheira Suite (Fig. 2) (Fragoso-César et al., 1986; Mesquita, 1991;
Nardi and Frantz, 1995; Koester et al., 1997; Philipp, 1998; Fernandes and Koester, 1999;
Koester et al., 2001a, b; Koester et al., 2002; Philipp and Machado, 2005; Philipp et al., 2013).
The study of the features originated during the transcurrent stage, e.g., distribution,
geometry, macro and microstructures, is hampered by: (a) the progressive high- temperature
deformation from magmatic to solid state and low temperature events (e.g. milonites e
phyllonite generation) (Tomassi et al., 1994; Fernandes et al., 1995a); (b) massive intrusion of
younger (ca. 580 Ma) granitoids (Philipp et al., 2016a).

The Quitéria metagranite synkinematic fabric is subvertical with subordinate NE-SW
steep dips. Its foliation and stretching lineations are mostly subhorizontal, with NE-SW trends,
defined by the orientation of K-feldspar megacrysts (Fernandes et al.,, 1995a). In the
peraluminous Cordilheira Suite, the early displacement of the DCTSZ is recorded in the NE-SW

mylonitic texture marked by preferentially oriented feldspar porphyroclasts and by

recrystallized quartz ribbons.
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Figure 2. Simplified geological map of the Encruzilhada do Sul region with location of the analyzed samples.

Modified from Wildner et al. (2006); Philipp et al. (2016a) and Hueck et al. (2018).
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The temporal relationship between these granitoids is marked by meter-sized
xenoliths and roof pendants of the Quitéria metagranite in the peraluminous leucogranites
(UFRGS, 1988, 1992, 1993; Koester et al., 2001b). These granites show intrusive relationships,
crosscut by pegmatites and greisens. The older Arroio Francisquinho is the most penetratively
deformed, cut by the Cordilheira metagranite, which is also deformed. However, the
deformation in the latter is mainly concentrated along the boundaries of the granitic body
(Tessari and Picada 1966; Fernandes et al., 1995a).

Geochronological constraints (Tab. 1) suggest that the Quitéria metagranite could be
the oldest granite in the Pelotas Batholith, with a zircon SHRIMP U-Pb age of 65814 Ma (Frantz
et al., 2003). The peraluminous granites of the Cordilheira Suite yield zircon SHRIMP U-Pb ages
between ca. 634 and 625 + 6 Ma (Arroio Francisquinho and Cordilheira metagranites; Frantz
et al., 2003). Recently, Knijnik (2018) showed a new SHRIMP U-Pb age of 634 Ma for the
Quitéria metagranite, which is similar to that presented in Koester et al. (2008) (63116 Ma;
zircon TIMS U-Pb). Knijnik (2018) also presented new zircon and monazite SHRIMP U-Pb age
for the Arroio Francisquinho metagranite in the Encruzilhada do Sul region (609 Ma).

Based on Rb-Sr analyses, Koester et al. (1997) suggested an age of ca. 672 Ma for the Quitéria
metagranite, and of ca. 629-617 Ma for the Cordilheira Suite (respectively, Arroio
Francisquinho and Cordilheira metagranites). Based on K-Ar analyses in biotite, these authors
suggested ages between 600 and 575 Ma for the Quitéria metagranite. The same authors
suggested, based on K-Ar in muscovite, ages of 624 + 41 and 586 + 11 Ma for, respectively,
the Arroio Francisquinho and Cordilheira metagranites. Additionally, Philipp et al. (2003)
presented biotite Ar-Ar ages from mylonites associated with the DCTSZ between ca. 537 and

531 Ma, suggesting late tectonic activity.

Table 1. Geochronological data of the main rocks associated with the Dorsal de Cangucu Transcurrent Shear

zone.
. SHRIMP/ LA-ICP- TIMS/U-  Ar-Ar K-Ar Rb-Sr
Unit U-Pb MS/ U- Pb (Ma) (Ma) (Ma) (Ma) Reference
(Ma) Pb (Ma)
Frantz et
658+4
Quitéria al. (2003)
t it L
metagranite 63146 Knijnik

(2018)
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Koester
631+6 etal.
(2008)
Koester
597+11 672421 et al.
(1997)
Frantz et
al. (2003)
Arroio 609.3 + Knijnik
Francisquinho 7.0 (2018)
metagranite Koester
586+11 629+23 et al.
(1997)
Frantz et
al. (2003)
624+ 41 Koester
and 617+ 48 et al.
578+ 32 (1997)

625+ 6

634t 6
Cordilheira
metagranite

Philipp et

Mylonites 537-531 al. (2003)

3 Materials and methods

Representative samples from the Quitéria (PGT11), Arroio Francisquinho (PGT59) and
Cordilheira (PGT04) metagranites were collected in the study area (Fig. 2). The preparation of
polished thin sections for petrography was performed at the Laboratério de Separacdo de Minerais,
Centro de Estudos em Petrologia e Geoquimica (CPGq), Instituto de Geociéncias (IGEO), Universidade
Federal do Rio Grande do Sul (UFRGS), Brazil. The optical microscopy study was carried out at
Laboratdrio de Geologia Isotdpica (CPGq-IGEO-UFRGS), using a Leica DMLP polarizing microscope
equipped with a Leica DC 300F digital camera.

For the U-Pb SHRIMP radiometric dating, the zircon crystals from the three samples were
selected, after heavy liquid and magnetic separation, and mounted in epoxy resin together with the
TEMORA-2 standard (Black et al., 2004). In order to identify the best targets for the analyses,
cathodoluminescence images of crystals in the mount were obtained using a FEI Quanta 250 scanning
electron microscope (SEM), equipped with a XMAX CL detector, at the Centro de Pesquisas
Geocronoldgicas, Instituto de Geociéncias, Universidade de S3o Paulo (USP), Brazil. The U-Pb analyses
were carried out at the same laboratory using a SHRIMP-lle high resolution ion microprobe, following

the procedures of Sato et al. (2014). Errors are 20. Common lead was corrected on the basis of the
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measured 2°*Pb. U abundance and U/Pb ratios were calibrated against the TEMORA-2 standard. The

206ph /238 errors are < 2%. The ages were calculated using Isoplot software (Ludwig, 2008).
4 Results
4.1 Quitéria Metagranite

The analyzed zircon crystals of the PGT11 sample in the SEM (Fig. 3) are euhedral to
subhedral (150-200 um) and subrounded. Some crystals are fragments of larger grains. The internal
oscillatory zoning are interpreted as primary, formed during igneous crystallization (Corfu et al.,
2003). Some zircons show rims with low luminescence (Fig. 3), probably representing areas
with high U concentration (e.g. spots 1.1, 3.1, and 16.1). Concentrations of U and Th range,
respectively, from 134 to 1215 ppm and 43 to 791 ppm, yielding Th/U ratios between 0.10 and
1.02 (Table 2).

All 17 analyzed spots were plotted in a concordia diagram (Fig. 4A), in which 7 spots
yielded a concordia age of 618.9 +4.4 Ma (MSWD = 7.7) interpreted as the magmatic
crystallization age (Fig. 4B). A group of 6 spots show 2%Pb/?®U ages between 580-520 Ma,
which suggest generation of new rims and/or Pb loss, possibly related to the transcurrent
activity (Kirkland et al., 2009). Four spots yielded older 2%Pb/?*8U ages between 784 and 640

Ma, which are interpreted as inherited.

' ‘ ® 1'17&}? 1]2
’ 634|M]a 787Ma 540 Ma

‘o

621Ma

0@ ™ O .Sgﬂﬂgﬁwa

620 Ma = &18Ma |

Figure 3. Cathodoluminescence images of zircon crystals from sample PGT11 (Quitéria Metagranite). Yellow
circles represent the spots of U-Pb analysis.
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Table 2. SHRIMP U-Pb data for sample PGT11 (Quitéria Metagranite). Pb. = common lead (corrected using

measured 24Pb). Pb* = radiogenic lead. The analyses marked in bold were used for the calculation of the concordia

ages.
§] Th 232Th / 206|:)bC 206Pb* ZOGPb*/ 208Pb*/
Spot +% +%
ppm ppm 238U (%) ppm 238U 232Th
11 711 463 0.67 1.26 56 0.09 2.1 0.03 2.2
2.1 1108 175 0.16 4.44 94 0.10 2.1 0.09 2.4
2.2 260 79 0.31 3.12 22 0.10 21 0.06 34
31 145 89 0.63 6.36 13 0.10 2.2 0.05 3.0
4.1 543 126 0.24 3.40 46 0.10 2.1 0.10 3.4
5.1 292 174 0.61 0.28 26 0.10 2.1 0.03 2.5
6.1 268 200 0.77 141 23 0.10 21 0.03 24
7.1 799 791 1.02 0.08 72 0.10 2.1 0.03 2.2
8.1 144 60 0.43 3.19 23 0.18 2.1 0.08 2.8
9.1 339 261 0.79 0.11 29 0.10 2.1 0.03 2.4
10.1 908 87 0.10 0.03 83 0.11 2.1 0.03 2.8
11.1 187 36 0.20 3.43 22 0.13 2.1 0.10 3.4
121 173 87 0.52 3.28 13 0.09 2.2 0.04 4.2
131 1215 170 0.14 0.07 106 0.10 21 0.03 25
141 284 53 0.19 0.41 24 0.10 21  0.03 33
151 1785 256 0.15 16.29 156 0.10 2.1 0.29 2.3
16.1 134 43 0.33 7.49 9 008 2.7 009 235
ZOGPb

207pp*/ / 1o 207pp / 10  208pp/ 1o % Err.

o 206pp* = error oPb error “Th error Discor- corr

Age Age Age dant '
1.1 0.874 565 %12 624.57 69 473 15 12 0.024
2.1 0.876 583 13 642.84 +195 538 123 11 0.029
2.2 0.877 595 #13 710.89 %116 670 66 19 0.034
31 0.877 598 %15 629.49 134 602 65 5 0.031
4.1 0.876 566 14 674.13 +16 1268 184 14 0.066
51 0.880 634 14 615.35 37 635 17 -3 0.032
6.1 0.878 619 14 567.41 16 610 25 -8 0.031
7.1 0.880 643 15 623.40 15 633 +14 -3 0.032
8.1 0.913 1058 23 1223.47 124 943 +90 17 0.049
9.1 0879 618 14 693.22 131 636 t16 12 0.032
10.1 0.881 650 13 660.61 +13 673 %19 2 0.034
111 0.891 784 17 832.97 162 896 +147 6 0.047
12.1  0.871 524 13 682.72 +201 518 46 31 0.026
131 0.879 620 #12 653.85 +15 647 19 5 0.033
141 0878 617 +13 599.62 +43 540 33 -2 0.027
151 0.871 511 17 959.17  £645 1052 +469 84 0.059

16.1 0.866 423 £25 1780.3 +730 954  +249 297 0.049
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Figure 4. Zircon SHRIMP U-Pb ages from sample PGT11 (Quitéria Metagranite) — A) Concordia diagram
showing all 17 analyzed spots; C) Detail of “A” showing the 618.9 + 4 Ma concordia age interpreted as the
crystallization age of the sample.

4.2 Arroio Francisquinho Metagranite

Two populations are observed in the analyzed zircon crystals from sample PGT59 (Fig.
5). The first population (spots 1.1, 1.2, 2.1, 3.1, 3.2, 4.1, 6.1, 10.1, 11.1, 14.1, 15.1, 16.1) is
characterized by subrounded, euhedral to subhedral crystals (50-150 um). The second
population is characterized by rounded, anhedral grains (spots 5.1, 7.1, 9.1, 12.1, 13.1, 17.1).
The internal oscillatory zoning in the crystals are interpreted as primary, formed during
igneous crystallization. Zircon crystals from the second population are unzoned, showing
internal homogeneity, suggesting crystallization during high-grade metamorphism (Corfu et
al., 2003). The U and Th concentrations of the analyzed crystals (Tab. 3) range, respectively,
from 195 to 3383 ppm and from 21 to 911 ppm, yielding Th/U ratios between 0.10 and 0.81.

All 19 analyzed spots were plotted in a concordia diagram (Fig. 6A). Six spots yielded
a concordia age of 615.2 = 13 Ma (MSWD = 0.87), interpreted as the magmatic crystallization
age of the sample (Fig. 6B). Similar to what is observed for sample PGT11 (Quitéria
metagranite, see section 4.1), a group of 5 spots shows 2°°Pb/*8U ages between 570 and 520
Ma, which suggest generation of new rims and/or Pb loss, possibly related to transcurrent
activity. Nine spots yielded older 2%Ppb/2®U ages between 784 and 680 Ma, which are

interpreted as inherited.
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Figure 5. Cathodoluminescence images of zircon crystals from sample PGT59 (Arroio Francisquinho metagranite).

Yellow circles represent the spots of U-Pb analysis.

Table 3. Zircon SHRIMP U-Pb data for sample PGT59 (Arroio Francisquinho metagranite). Pb: = common
lead (corrected using measured 2%*Pb). Pb* = radiogenic lead. The analyses marked in bold were used for the

calculation of the concordia ages.

232Th
U Th / ZOGPbc Zoepb* Zospb*/ ZOSPb*/

Spot + % +%
ppm ppm 238U (%) ppm 238U 232‘|’h

11 397 191 0.50 0.51 36 0.105 1.44 0.035 2.0
171 408 184 047 3.17 34 0.09 144 0.041 1.8
2.1 919 710 0.80 0.58 78 0.099 141 0.032 1.7
151 494 55 0.14 0.47 43 0.099 1.42 0.046 2.2
16.1 414 21  0.06 1.49 38 0.100 1.42 0.102 2.6
31 532 207 040 1.20 47 0.103 1.42 0.037 1.8
3.2 467 194 0.43 1.58 45 0.113 1.42 0.046 4.0
1.2 549 202 0.38 0.63 53 0.112 1.41 0.040 2.2
131 1237 543 045 12.23 127 0.119 1.39 0.103 33
14.1 1508 711 049 13.22 138 0.107 1.54 0.093 52
4.1 1165 47 0.04 1.83 121 0.121 1.43 0.169 35
51 340 145 0.44 7.87 46 0.156  1.59 0.121 4.2
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6.1 340 145 044 8.12 27 0.093 1.43 0.072 4.1
7.1 686 444 0.67 0.20 74 0.126 1.40 0.040 1.6
8.1 195 93 049 1.33 58 0.346 1.45 0.109 1.7
9.1 807 320 041 6.51 87 0.125 1.79 0.087 2.2
10.1 3383 683 0.21 15.94 124 0.043 1.40 0.075 2.4
11.1 580 52 0.09 0.26 138 0.277 1.40 0.108 1.9
121 590 182 0.32 1.73 110 0.218 1.48 0.121 1.7
207pp*/ ZOG/Pb lo0 2Pb/ 1o 2%Pb/ 1o % Err.
o 206pp* =u error “°Pb error =Th error Discor- corr
Age Age Age dant '
11 088 639 19 616.9 47 647 t17 -4 .0015
171 0.875 572 18 547.5 164 540 £37 -4 .0014
21 0.877 602 18 655.9 +39 600 +11 .0014
151 0878 607 18 663.3 140 693 t48 .0014
16.1 0.878 609 18 683.8 +78 794 +192 .0014
31 0879 627 19 616.7 165 602 +22 -2 .0015
3.2 0883 677 49 678.2 +109 735  +40 0 .0017
1.2 0.883 679 19 654.2 +40 704 £21 -4 .0016
13.1 0.880 637 +10 865.7 151 651 +140 36 .0025
141 0.875 567 11 895.0 1648 605 151 58 .0026
4.1 0.886 720 +10 1057.5 67 1056 1274 47 .0018
5.1 0.897 861 +t16 1856.9 +238 1154 202 116 .0036
6.1 0.872 525 +10 1856.9 +238 693 £121 254 .0022
7.1 0.889 761 =10 763.7 +18 772  £13 0 .0018
8.1 1 1889 +23 2099.78 +28 1661.1 164 11.141 .0057
9.1 1 710 +£13 1092.34 218 8619 490 53.884 .0024
10.1 1 226 24 886.46 1648 291.482 .0011
111 0.960 1571 19 1871.5 +8 1730 162 19 .0042
12.1 0.930 1246 17 1944.32 44 1805 79 56 .0036

Dom Feliciano
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Figure 6. Zircon SHRIMP U-Pb ages from sample PGT59 (Arroio Francisquinho metagranite). A) Concordia

diagram showing all 19 analyzed spots; C) Detail of “A” showing the 615.2 + 13 Ma Concordia age interpreted as

the crystallization age of the sample
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4.3 Cordilheira Metagranite

The analyzed zircon crystals from sample PGT04 (Fig. 7) are subrounded, euhedral to
subhedral (100-250 um). The internal oscillatory zoning is interpreted as primary, formed during
igneous crystallization. Some rims show low luminescence (Fig. 7), probably due to high U
concentrations (Corfu et al., 2003). The U and Th concentrations (Table 4) range, respectively,
from 47 to 1032 ppm and from 21 to 627 ppm, yielding Th/U ratios between 0.05 and 0.93.

All 20 analyzed spots were plotted in a concordia diagram (Fig. 8A). Six spots yielded
a concordia age of 607.3 £12 Ma (MSWD = 1.8) interpreted as the magmatic crystallization
age of the sample (Fig. 8B). Other group of 6 spots shows 2%Pb/2®U ages between 580 and 470
Ma which suggest generation of new rims and/or Pb loss, probably related to transcurrent
activity, similar to what is observed in the Quitéria and Arroio Francisquinho samples. Eight
spots yielded older 2%Pb/*8U ages between 1500 and 750 Ma, which are interpreted as
inherited.
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Figure 7. Cathodoluminescence images of zircon crystals from sample PGT04 (Cordilheira

metagranite). Yellow circles represent the spots of U-Pb analysis.

Table 4. Zircon SHRIMP U-Pb data for sample PGT04 (Cordilheira metagranite). Pb. = common lead
(corrected using measured 2°“Pb). Pb* = radiogenic lead. The analyses marked in bold were used for

the calculation of the concordia ages.

232Th
U Th ZOGPbC ZOGPb* ZOGPb*/ ZOSPb*/
Spot / +% +%
ppm  ppm 238U (%) ppm 238U 232Th

11 611 118 0.20 0.55 46 0.09 14 0.01 46
2.1 231 174 0.78 231 32 0.16 14 0.06 1.7
3.1 604 28 0.05 0.43 49 0.10 14 0.05 3.8
4.1 103 37 037 0.06 24 0.28 1.5 0.08 26
5.1 93 43 049 0.65 22 0.28 1.6 010 2.2
6.1 656 60 0.09 2.77 45 0.08 1.5 0.06 3.5
7.1 493 55 0.12 0.48 42 0.10 14 0.04 23
8.1 296 19 0.07 0.15 26 0.10 15 0.03 5.2
9.1 255 23 0.09 0.76 21 0.10 15 0.05 4.4
101 506 51 0.10 1.99 34 0.08 14 0.05 4.9
111 71 37 053 0.52 10 0.16 1.6 0.06 2.8
121 218 106  0.50 0.21 37 0.19 1.5 0.06 3.0
13.1 1032 627 0.63 0.98 111 0.13 14 0.03 15
141 49 44 093 5.44 4 0.09 1.7 0.04 27
15.1 412 21 0.05 1.47 36 0.10 14 0.10 2.7
16.1 244 64  0.27 2.64 18 0.08 1.5 0.04 3.6
17.1 405 89 0.23 1.10 45 0.13 14 0.06 1.9
18.1 320 201 0.65 0.11 58 0.21 14 0.06 1.7
19.1 345 32 0.10 0.59 30 0.10 14 0.04 28
20.1 192 71 0.38 1.38 36 0.22 1.5 0.11 2.2

206ppy
207ph*/ / 1o 207pp / 1o 208pp/ 1o % Err.

et 206pp* = error “ePb error #Th error Discor- corr
Age Age Age dant ’

1.1 09 539 7 612.23 136 99 +19 13 18.6
2.1 0.9 931 +14 1425.16 169 942 32 50 3.2
3.1 09 585 18 566.85 134 536 182 -3 145
4.1 1.0 1573 +23 1517.87 15 1539 #40 -3 26
5.1 1.0 1519 +24 1940.69 129 1786 162 25 33
6.1 09 483 t7 492.87 153 244  +139 2 504
7.1 09 607 +8 662.34 39 693 +46 9 64
8.1 09 634 19 659.24 33 565 170 4 12.0
9.1 09 594 19 671.79 65 670 85 13 12.2
10.1 09 469 7 513.10 119 287 186 9 27.8
111 09 969 15 1057.41 +62 1048 +40 9 37

121 0.9 1147 +16 1128.03 17 1119 28 -2 25
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Figure 8. zircon SHRIMP U-Pb ages from sample PGT04 (Cordilheira metagranite). A)

Concordia diagram showing all 20 analyzed spots; B) Detail of “A” showing the 607.3 = 12

Ma Concordia age, interpreted as the magmatic crystallization age of the sample.

5 Discussions
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5.1 New U-Pb ages for the synkinematic magmatism in the DCTSZ

The new geochronological data obtained in this study show 2%Pb/?8U ages between
618 and 608 Ma for the synkinematic magmatism associated with the DCTSZ. These ages are
consistent with the model suggested by Koester et al. (2001b); Koester et al. (2002) and Philipp
et al. (2013), in which large volumes of granitic magma were generated when the DCTSZ was
still active. The first magma pulses generated the Quitéria metagranite and associated
(subordinated) mafic rocks. The rise of mantle-derived magmas, together with the
transcurrent activity that possibly acted as a channel for magma and fluid migration, played
an essential role in (i) partial melting of the gneisses from the Varzea do Capivarita Complex
(regional basement), and (ii) the generation, extraction, and emplacement of the
peraluminous melts which generated the Arroio Francisquinho and Cordilheira metagranites.
This model is strengthened by the ages of inherited zircon found in the studied metagranites
(1800 to 650 Ma), which are similar to those found in detrital zircon of gneisses from the
Varzea do Capivarita Complex (Gruber et al., 2016; Philipp et al., 2016b).

Rims of the studied zircon crystals record possible reactivations of the DCTSZ, as
suggested by the U-Pb ages between 585-540 Ma. These rims might represent the influence
of post-magmatic fluids and deformation caused by the transcurrent activity of the shear zone
(Kirkland et al., 2009). Interestingly, these ages are similar to the K-Ar ages (585 Ma) in biotite
and muscovite from the Quitéria, Francisquinho and Cordilheira metagranites (Koester et al.,
1997), interpreted as the magmatic cooling age. However, these ages might represent the
crystallization age of newly formed minerals resulting from the reactivation and/or resetting
of the K-Ar isotopic system, since the reactivation of the DCTSZ possible reached temperatures
higher than 440 °C (Tommasi et al.,, 1994). The latter reactivation could be linked to the
initiation of the ca. 580 Ma magmatism in the Encruzilhada do Sul region (Philipp et al., 2003;
Oliveira et al., 2015). Additionally, it is possible to suggest a younger reactivation at around
540 Ma based on the new U-Pb ages presented in this work, which are similar to the Ar-Ar
ages of biotite from mylonites associated with the DCTSZ presented by Philipp et al. (2003),

interpreted as an indication of late tectonic activity.
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Previous works (Frantz et al., 2003; Koester et al., 2008; Knijnik, 2018) presented U-Pb
ages between 658 and 631 Ma for the Quitéria metagranite, between 635 and 609 Ma for the
Francisquinho metagranite and of 624 + 6 Ma for the Cordilheira metagranite (Frantz et al.,
2003). However, these ages are not consistent with the model proposed by Koester et al.
(2001b); Koester et al. (2002) and Philipp et al. (2013), which suggested that the rocks from
the Vdarzea do Capivarita Complex are the main crustal source of the synkinematic magmatism
and underwent high-grade metamorphism, followed by a partial melting event at around 650-
620 Ma (Gross et al., 2006; Gruber et al., 2016; Philipp et al., 2016b; Martil et al., 2017).

The DCTSZ metagranitoids do not record the mentioned high-grade metamorphic
event, so that only the solid state deformation related to the transcurrent activity of the shear
zone is observed (Tommasi et al., 1994). Thus, it is plausible to suggest that the crystallization
age of these metagranites are younger than the mentioned high-grade event, as suggested by

the new radiometric ages presented in this paper.

5.2 Correlation with Major Gercino (Santa Catarina sector) and Sierra Ballena (Uruguayan

sector) Shear Zones

The new data presented in this study strengthen previous correlation between the
DCTSZ and the Major Gercino Shear Zone, located in the Santa Catarina sector (Fig. 1).
According to Florisbal et al. (2012), the earliest intrusions associated with the latter shear zone
are represented by the high-K, porphyritic Quatro Ilhas granitoids (ca. 620 Ma). As in the
DCTSZ, the earliest magmatism is followed by a younger peraluminous magmatism,
represented by the Mariscal granite (Ca. 610 Ma). Furthermore, the reactivation ages are
similar, constrained between 580-540 Ma (K-Ar in muscovite and biotite from mylonites
associated with this shear zone; Passarelli et al., 2010). According to Passarelli et al. (2010),
the latter reactivation ages represent late tectonic activity that occurred after the ca. 620-610
Ma main transcurrent stage. The reactivation event could be related to the intrusion of the
Zimbros Suite at around 589-586 Ma (Chemale et al., 2012).

In the Uruguayan sector, the Sierra Ballena Shear Zone is classically interpreted as the
southern extension of the DCTSZ, with associated synkinematic magmatism constrained at

around 580 Ma (Basei et al., 2000, Sanchez-Bettucci et al., 2003; Oyhantgabal et al 2010;
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Oriolo et al., 2018). The latter age fits those of its Brazilian counterparts, which are interpreted
as the age of the reactivation event mentioned above. As in its Brazilian counterparts, a
younger reactivation is dated at around 540 Ma (Basei et al., 2000), based on Ar-Ar ages of

biotite from mylonites associated with the Sierra Ballena Shear Zone.

5.3 Tectonics implications of the new data

Philipp et al. (2013, 2016a, 2016b) suggested that the oblique collision between the
Rio de La Plata and Kalahari Cratons, that occurred at around 650 Ma, produced large volumes
of granitic magma, resulting in the bulk of the Pelotas Terrane. According to these authors,
the latter collision produced the DCTSZ, which when still active, contributed to the
synkinematic magmatism and deformation of the Quitéria, Arroio Francisquinho and
Cordilheira metagranites. The latter event culminated in the generation of granitoids related
to the Pinheiro Machado Complex at around 633-609 Ma (Philipp et al., 2003). At around 600-
550 Ma the DCTSZ was reactivated, resulting in late-orogenic granitoids, represented by the
intrusive suites of the Pelotas Terrane (Philipp et al., 2003).

The new data presented in this work show younger U-Pb ages for the synkinematic
magmatism associated with the DCTSZ. These new ages are consistent with recently proposed
models (Ramos et al., 2017; Vieira et al., 20193, b) for the evolution of the Dom Feliciano Belt
and associated granitogenesis. The latter models suggested the presence of an Andean-type
magmatic arc —the Piratini Arc — active at around 780-680 Ma, whose fragments are dispersed
throughout the Dom Feliciano Belt. Thus, the main deformation stage that occurred at around
660 Ma would be related to the collision between the Rio de la Plata Craton and the
mentioned Piratini Arc.

According to Vieira et al (2019b), this deformation stage was followed by
decompression and partial melting at around 640 Ma, probably during the late stages of the
collision event, culminating in the development of NE-SW-trending shear zone at the expense
of pre-existing sutures (e.g., the Porto Alegre Suture) and voluminous magmatism at around
620 Ma. The development of the NE-SW-trending shear zones could be concomitant to the
generation of the Pinheiro Machado Arc (Pinheiro Machado Complex), resulting from the

convergence between Kalahari, Rio de La Plata and Congo Cratons, which lead to the closure
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of orogenic basins (e.g., Rocha-Gariep basins), reactivation of shear zones, and generation of
late-orogenic magmatism at around 580 Ma (Ramos et al., 2017).

The younger reactivations that occurred at around 540 Ma can be explained by the
large-scale decrease of regional compression, followed by localized strike-slip deformation
along the main shear zones. This post-orogenic stage is recorded in the low-grade
metasedimentary rocks of the Tijucas Terrane (Chemale et al., 2000; Zvirtes et al., 2015; Oriolo

et al.,, 2016).

6 Conclusions

From the study presented in this paper, we draw the following conclusions:

I- The main synkinematic magmatism along to DCTSZ is represented by the Quitéria
metagranite which shows a crystallization age of 618.9 + 4 Ma, followed by the
peraluminous magmatism represented by the Arroio Francisquinho and Cordilheira
metagranites (Cordilheira Suite) showing crystallization ages of, respectively, 615 and 607
Ma. These ages define the main period of tectonic and magmatic activity related to DCTSZ.
The reactivation ages 580-540 Ma define the late tectonic activity that occurred after the
main period of tectonic and magmatic activity related to DCTSZ. The ages of inherited
zircon found in the studied metagranites (1800 to 650 Ma), which are similar to those

found in detrital zircon of gneisses from the Varzea do Capivarita Complex.

II- The new ages for the earliest shear-related magmatism in the DCTSZ presented in this
study fit those of the earliest shear-related magmatism in the Major Gercino Shear Zone
(Santa Catarina sector). Additionally, the ages of late reactivations are similar in both shear
zones, suggesting a possible correlation between these tectonic structures. On the other
hand, the earliest shear-related magmatism related to the Sierra Ballena Shear Zone
(Uruguayan sector) — classically interpreted as the Uruguayan counterpart of the latter
shear zones — is younger (ca. 580 Ma), so that the origin of the latter is possibly related to

a younger tectonic event;
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- The origin of the DCTSZ is possibly related to the convergence between the Rio de la
Plata Craton and the Piratini Arc at around 660 Ma. Such collisional event lead to the
formation of the Porto Alegre Suture, which later became de DCTSZ. Possible reactivations
of the shear zone might be related to the convergence of the Kalahari and Rio de la Plata
cratons at around 580 Ma. Younger reactivations, at around 540 Ma, could be related to late-

orogenic relaxation.
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Resumo. Este trabalho descreve a primeira ocorréncia de um granito peraluminoso na regiao
de Porto Alegre, denominado Granito Sdo Geraldo. Neste estudo foram realizadas analises
petrograficas (microscopia optica e eletronica) e de quimica mineral (microssonda eletrénica)
em laminas delgadas oriundas de testemunhos de sondagem. O granito apresenta textura
equigranular hipidiomoérfica fina a média e composigao que varia de sieno a monzogranitica.
Sua mineralogia é constituida por K-feldspato (37-48 %), quartzo (17-33 %), plagioclasio (23-28
%), muscovita + biotita (em média 14%) e, subordinadamente (< 1 %), granada, zircdo, monazita,
apatita, ilmenita e magnetita. A biotita, de origem primaria, apresenta teores de elementos
maiores (e.g. Al, Fe e Mg) compativel com as de granitos peraluminosos. A muscovita em geral
€ magmatica, com composicao similar a dos granitos fortemente peraluminosos (e.g. teores de
Al, Fe, Mg e Ti). Os teores de Or do K-feldspato (ortoclasio) variam entre 86-97 %. O plagioclasio
€ predominante o oligoclasico, subordinadamente apresentando composigao albitica. Teores
elevados de espessartina da granada (26-32 %) sugerem uma origem magmatica. A apatita
(fluorapatita) apresenta teores de F entre 3,0-4,5 %. O carater peraluminoso deste granito o
difere de todos os granitos descritos na regiao de Porto Alegre. Sua composigao é similar a dos
granitos com duas micas que compdem a Suite Cordilheira (Batdlito Pelotas), a qual engloba
a maioria dos granitos peraluminosos tipo-S, sintranscorrentes a zonas de cisalhamento
transcorrentes ducteis encontradas no dominio oriental do Cinturdo Dom Feliciano.
Palavras-chave. Petrografia, Granito Sdo Geraldo, Granito Peraluminoso, Suite Cordilheira.

Abstract. PETROGRAPHY AND MINERAL CHEMISTRY OF THE SAO GERALDO GRANITE: EVIDENCE
OF PERALUMINOUS MAGMATISM IN THE PORTO ALEGRE REGION. The present work describes the
first occurrence of a peraluminous leucogranite in the Porto Alegre city region, named S&o
Geraldo Granite. Thin sections from drill cores were studied through petrography (optical and
electron microscopy) and mineral chemistry (electron probe microanalysis). The granite shows
a medium to fine grained, equigranular hypidiomorphic texture, and a composition ranging
from sieno- to monzogranitic. Its mineralogy comprises K-feldspar (37-48 %), quartz (17-33 %),
plagioclase (23-28 %), muscovite + biotite (7 to 11%), and subordinate amounts (< 1%) of garnet,
zircon, monazite, apatite, ilmenite, and magnetite. The biotite, interpreted as magmatic in origin,
shows major element concentrations (e.g. Al, Fe, and Mg) compatible with those generated
in peraluminous granites. The muscovite is predominantly magmatic, with a composition
compatible with those of the strongly peraluminous granites. The Or contents of the K-feldspar
(orthoclase) range from 86 to 97 %. The plagioclase is mostly oligoclase, showing secondary
albitic composition. The spessartine contents of the garnet (26-32 %) suggest a magmatic
origin. The apatite (fluorapatite) shows F concentration between 3.0-4.5 %. The peraluminous
character of the studied granite differs from all granites described in the Porto Alegre region. Its
composition is similar to those of the Cordilheira Suite (Pelotas Batholith), which encompasses
most of the peraluminous S-type granites syncinematic emplaced in ductile shear zones found
in the eastern domain of the Dom Feliciano Belt.

Keywords. Petrography; Sdo Geraldo Granite; Peraluminous Granite; Cordilheira Suite
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1 Introdugao

Granitos com biotita e muscovita sao
geralmente associados ao magmatismo granitico
peraluminoso. Este tipo de magmatismo pode ser
formado por fuséo crustal em porgdes profundas
de cinturdes colisionais (White & Chappell, 1974,
Patino-Douce & Johnston, 1991; Barbarin,
1996, Patifio-Douce & McCarty, 1998; Gill, 2010;
Pérez-Soba & Villaseca, 2010), podendo estar
relacionado com a descompressao adiabatica
associada com o periodo pos-colisional
(Liégeois et al, 1998; Barbarin, 1999; Reichardt
et al., 2010; Sawyer et al., 2011; Brown, 2013), ou
ainda, ao fracionamento de magmas basicos ou
intermediarios (Wilson, 1989; Sawyer et al., 2011;
Brown, 2013).

Na regido de Porto Alegre (RS) ocorrem
diversas exposicdes de granitoides com idades
entre 630-600 Ma (relacionados aos estagios
flnais do ciclo orogénico Brasiliano/Pan-
africano), além de gnaisses que representam
crosta continental mais antiga, com idades de
cristalizagdo em torno de 800 Ma (Koester et
al, 2001a, 2016). Estas unidades situam-se na
porcdo nordeste do Batolito Pelotas (Fragoso-
César et al, 1986), que integra em partes o
dominio oriental do Cinturdao Dom Feliciano
no Escudo Sul-rio-grandense. Os granitos da
regiao apresentam formas alongadas segundo a
direcao NE-SW e concordantes com as principais
estruturas regionais, sugerindo posicionamento
controlado pela tecténica brasiliana (Fernandes
et al, 1992; Bitencourt & Nardi, 2000; Oliveira et
al., 2007; Philipp et al., 2002; Philipp & Machado,
2005; Koester et al., 2016).

Recentemente foram encontrados em
testemunhos de sondagem granitos com duas
micas, ocorréncia inédita nesta regidao. Estes
testemunhos foram obtidos junto as obras de
planejamento da linha 2 do metr6 da cidade de
Porto Alegre, que se estendera desde o bairro
Centro Histérico em direcao ao leste, para os
bairros Floresta, Sao Geraldo, Navegantes,
Humaita e Anchieta. O presente estudo tem como
objetivo a caracterizacao petrografica dessa nova
ocorréncia de granito com duas micas, definido
neste trabalho como Granito Sao Geraldo, e
possiveis correlacbes com outros granitoides

peraluminosos que ocorrem no Batdlito Pelotas.
Para este fim foram empregadas técnicas
de petrografia com énfase na caracterizacao
mineral, textural e microestrutural utilizando-se
microscopia optica e microscopia eletrénica de
varredura (MEV), bem como analises de quimica
mineral (WDS) em microssonda eletrénica.

2 Area de estudo, materiais e métodos
2.1 Localizagao da area

A area de estudo esta inserida no contexto
geoldgico do Cinturao Dom Feliciano, cinturdao
orogénico neoproterozoico relacionado ao
ciclo Brasiliano/Pan-Africano. Esse cinturdo se
estende de Punta del Este (Uruguai) até o leste do
estado de Santa Catarina no Brasil (e.g. Heilbron
et al., 2004). No Rio Grande do Sul, o Cinturao
Dom Feliciano € dividido em trés dominios
principais, baseado em critérios geoldgicos e
geofisicos (Fernandes et al., 1995a, 1995b; Costa,
1997): dominios Ocidental, Central e Oriental. O
Dominio Oriental, onde esta situado o granito
alvo deste estudo, é limitado a oeste pela Zona
de Cisalhamento Dorsal do Cangugu e Sutura de
Porto Alegre, que o separam do Dominio Central;
a leste, pela Planicie Costeira (sedimentos
quaternarios); e a norte, por rochas sedimentares
paleozoicas e mesozoicas da Bacia do Parana.
Para sul esse dominio se estende até Punta del
Este, no Uruguai (Fig. 1).

No Rio Grande do Sul o Dominio Oriental
do Cinturao Dom Feliciano equivale parcialmente
ao Batdlito Pelotas (Fragoso-César et al., 1986),
onde predominam granitoides caélcio-alcalinos
alto-K de idades neoproterozoicas, vinculados a
zona de subducgao (e.g. Philipp, 1990; Philipp et
al, 2016). Subordinadamente sao encontrados
xendlitos métricos a quilométricos de rochas
metamorficas diversas, que representam crosta
continental e ocednica antiga (e.qg. Fragoso-César
et al., 1986; Philipp et al., 2002; Gregory et al.,
2015; Koester et al., 2016; Martil et al,, 2017). No
Batolito Pelotas foram caracterizadas seis suites
graniticas denominadas de Pinheiro Machado,
Erval, Viamao, Encruzilhada do Sul, Cordilheira
e Dom Feliciano, e uma sienitica, a Suite Piquiri
(e.g. Fragoso-César et al., 1986; Figueiredo et al.,
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Figura 1. Esbogo geoldgico do Cinturdo Dom Feliciano no Escudo Uruguaio-sul-rio-grandense (modificado de Masquelin
et al., 2012). A) Configuragao do supercontinente Gondwana com as principais areas cratonicas; B) Localizagao do
Cinturdo Dom Feliciano e cinturdes africanos adjacentes na configuragdo do supercontinente Gondwana; C) Mapa
geoldgico do Cinturao Dom Feliciano e Craton Rio de la Plata no sul do Brasil e Uruguai.

Figure 1. Geological context of the Dom Feliciano Belt in the Uruguayan-sul-rio-grandense Shield (modified from
Masquelin et al., 2012). A) Gondwana supercontinent configuration with main cratonic areas; B) Location of the Dom
Feliciano Belt and adjacent African Belts on Gondwana supercontinent configuration; C) Geologic map of the Dom
Feliciano Belt and Rio de la Plata Craton in South Brazil and Uruguay.
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1990; Philipp, 1998; Philipp & Machado, 2007;
Philipp et al., 2002).

A Suite Pinheiro Machado € constituida
por granitoides com assinatura quimica calcio-
alcalina, meédio a alto-K, metaluminosa a
fracamente peraluminosa. Os granitoides da
Suite Viamao possuem assinatura geoquimica
calcio-alcalina alto-K e variam de metaluminosos
a fracamente peraluminosos, enquanto a
Suite Cordilheira apresenta granitos de carater
exclusivamente peraluminoso (Philipp, 1998;
Philipp et al, 2002, 2013). Os sienitos da Suite
Piquiri tém afinidade shoshonitica, enquanto
os granitos da Suite Encruzilhada do Sul sao
alcalinos e metaluminosos (Nardi et al, 2007,
2008; Pla Cid et al., 2003, 2005). Na sua maioria,
0S corpos graniticos da Suite Dom Feliciano
sao calcio-alcalinos alto-K, com elevado grau
de diferenciacao (75-78 % SiO,) (Philipp, 1998;
Philipp & Machado, 2001; Philipp et al., 2002).

Na regido de Porto Alegre (Fig. 2), as rochas
mais antigas sao denominadas como Gnaisses
Ponta Grossa, de origem paraderivada, ocorrendo
na forma de xenolitos nos Gnaisses Chacara
das Pedras (QOliveira et al, 2001). Os Gnaisses
Chacara das Pedras, de origem ortoderivada e
idade de cristalizagdo de 777,3 + 3,6 Ma (U-Pb
SHRIMP em zircao: Koester et al., 2016), ocorrem
como xenolitos no Granodiorito Trés Figueiras.
Essas trés unidades constituem o embasamento
dessa regiao.

Este embasamento é intrudido pelo
Granodiorito Lomba do Sabao, sintranscorrente
a Zona de Cisalhamento de Porto Alegre,
e pelo Granito Santana, o qual aproveita a
descontinuidade fisica da Sutura de Porto
Alegre (Fig. 2). Posteriormente essas rochas
foram intrudidas pelos granitos pos-tecténicos
a transcorréncia (Menegat et al, 1998; Oliveira
et al., 2001; Koester et al., 2001a). Os granitos
pos-tectonicos foram agrupados por Oliveira
et al. (2001) em trés suites graniticas: Viamao
(constituida pelos granitos Saint Hilaire e
Pitinga), Porto Alegre (constituida pelos granitos
Independéncia, Sao Caetano, Feij6, Lami, Sao
Pedro e Restinga) e Itapua (constituida pelos
granitos Santana, Cantagalo, Santo Anténio e
Passo das Pedras).

Philipp (1998) e Oliveira et al. (2001)

caracterizaram a geoquimica dessas suites. A
Suite Intrusiva Viamao apresenta assinatura
calcio-alcalina alto-K, enquanto a Suite Intrusiva
Porto Alegre apresenta assinaturas calcio-
alcalinas mais evoluidas em relagdo a Suite
Viamao. A Suite Intrusiva Itapua é compativel
com 0s granitos metaluminosos da associagao
alcalina descrita por Nardi & Bonin (1991).

2.2 Materiais e métodos

Para este trabalho, foram utilizadas
amostras coletadas de 9 testemunhos de
sondagem, distribuidos conforme a figura 2.
Foram selecionadas 13 amostras do Granito Sao
Geraldo que ocorrem em profundidades de 4,5 a
21,5 m para confecgao de laminas delgadas junto
ao Nucleo de Preparacao de Amostras do Centro
de Estudos em Petrologia e Geoquimica (CPGq),
Instituto de Geociéncias da Universidade Federal
do Rio Grande do Sul. As descri¢oes das laminas
foram realizadas com auxilio de microscopio
optico Meiji Techno ML9720.

Duas laminas delgadas (SM9 e SM43)
foram selecionadas para analises de quimica
mineral em microssonda eletrénica. As laminas
foram devidamente polidas e metalizadas com
carbono por evaporagao. As analises foram
realizadas com auxilio de um Cameca SXFive
equipado com cinco espectrometros WDS
(Wavelength  Dispersive  Spectrometry), no
Laboratorio de Microssonda Eletrénica, CPGq,
Instituto de Geociéncias da mesma Universidade.
Para a analise de elementos maiores nos silicatos
e oxidos, as condi¢des analiticas consistiram em
voltagem de aceleracao de 15 kV, corrente de 10
nA, e diametro do feixe eletronico da ordem de 5
um.

Para as analises quantitativas de
microssonda eletrénica foram usados 0s
sequintes padroes: albita para Na (8,6% Na;
10,34% Al; 32,03% Si; 48,76% O; 0,18% K; 0,09%
Ca), wollastonita para Si e Ca (33,9337% Cg;
23,8201% Si; 41,17% 0O; 0,0074% Na; 0,006% Mg;
0,006% Ti;0,4879% Mn; 0,171% Fe), diopsidio para
Mg (11,23% Mg; 18,39% Ca; 25,88% Si; 44,3% O;
0,05% Al; 0,06% Ti; 0,04% Mn; 0,04% Fe), sanidina
para Al e K (46,28% O; 9,93% Al: 30,23% Si; 10,05%
K; 0,14% Fe; 0,98% Ba; 2,23% Na), 6xido de cromo
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Figura 2. Mapa geologico da regiao de Porto Alegre com a
de Oliveira et al., 2001).

localizagao dos furos de sondagem amostrados (modificado

Figure 2. Geologic map of the Porto Alegre region with the location of the sampled drill holes (modified from Oliveira et

al,, 2001).

para Cr (68,4195% Cr; 31,5805% O), rodonita para
Mn (32,8499% Mn; 22,1126% Si; 37,7621% O;
1,1216% Mg; 5,0993% Ca; 0,7905% Fe), hematita
para Fe (69,9426% Fe; 30,0574% O) e rutilo para
Ti (59,95% Ti; 40,05% 0O).

3 Resultados

3.1 Caracteristicas geoldgicas e petrograficas
do Granito Sao Geraldo

Neste trabalho, o granito estudado é
formalmente denominado de Granito Sao
Geraldo. Essa denominacao faz referéncia a um
dos bairros onde foram realizados os furos de
sondagem para as obras do metré anteriormente

mencionadas. A partir da descricao dos
testemunhos verificou-se a ocorréncia de um
granito com duas micas com cores que variam
de laranja (quando alterado) a cinza, até entao
nunca descrito para a regiao de Porto Alegre. A
correlacdo dos furos de sondagem mostra que
o Granito Sao Geraldo possui uma extensao
minima de 10 km.

O granito possui textura predominante
equigranular hipidiomérfica média a fina (Fig.
3), e apresenta por vezes uma trama tectonica
protomilonitica. Sua mineralogia essencial é
composta por K-feldspato, plagioclasio, quartzo,
muscovita e/ou biotita. Minerais acessorios
como granada, monazita, apatita e zircao sao
comuns.
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Figura 3. Testemunhos de sondagens do Granito Sdo Geraldo. A) Variagao de cores dos testemunhos estudados; B)

Detalhe do granito, mostrando a textura equigranular média.

Figure 3. Drill cores from the Séo Geraldo Granite. A) Color variations of the studied drill cores; B) Detail of the granite,

showing the equigranular medium-grained texture.

Outra caracteristica apresentada pelo
Granito Sao Geraldo é a presenga de xendlitos de
gnaisses (Fig. 4). Esses xendlitos sdo descritos
por Gomes (2016) e correlacionados com 0s
Gnaisses Chacara das Pedras (Philipp & Campos,
2004, Koester et al., 2016).

Ao microscopio foi possivel estimar as
propor¢cdes modais de quartzo, K-feldspato e
plagioclasio utilizando o método de contagem
de pontos (aproximadamente 450 pontos
por lamina). As propor¢gdes modais foram
recalculadas para 100% e projetadas no diagrama
QAPF (Fig. 5) de Streckeisen (1976). O Granito Sao
Geraldo apresenta composigoes que variam de
monzo a sienograniticas, similares a associa¢ao
leucocratica peraluminosa proposta por Nardi
(2016), modificada de Lameyre & Bowden (1982).

A mineralogia principal é composta por
K-feldspato (37-48 %), quartzo (17-33 %),
plagioclasio (23-28 %), muscovita (5-9 %) e
biotita (4-10 %). Os minerais acessorios (1 %)
sao granada, zircao, monazita, apatita e opacos
(ilmenita e magnetita).

O K-feldspato ocorre comumente na forma
de cristais prismaticos subédricos alongados
de tamanhos que variam de 0,5 a 3 mm de
comprimento. Localmente sdo observadas
texturas poiquiliticas em cristais maiores,
caracterizadas por diversas inclusdes euédricas
a anédricas de biotita, plagioclasio, muscovita
e quartzo (Fig. 6A). Em geral, esses cristais
apresentam um padrao principal de geminagao
segundo aleide Carlsbad e um padrao secundario

de geminagao do tipo xadrez que se desenvolve
principalmente nas bordas dos graos, sugerindo
inversao incompleta ortoclasio-microclinio.

Agregados mirmequiticos ocorrem
localmente no contato com plagioclasio, sendo
em geral bem desenvolvidos, predominando os
tipos marginais descritos por Phillips (1980), nas
suas variedades bulbosa e planar. A ocorréncia
de lobos de mirmequitos independentes na
matriz possivelmente se deve a deformagao
progressiva dos cristais de feldspato que
ocasiona recristalizacdo nos limites dos graos,
propiciando a individualizagdo dos lobos
mirmequiticos. Extingdo ondulante e formacao
de subgraos com rotagao progressiva para graos
recristalizados sdo pouco comuns, estando
ambas as caracteristicas restritas aos termos
protomiloniticos.

O plagioclasio é caracterizado por cristais
tabulares subédricos, em geral com dimensoes
qgue variam de 0,3 a 3,5 mm de comprimento.
Ocorrem com frequéncia zonagao normal
e maclas polissintéticas (Fig. 6B). A textura
poiquilitica também é observada nos cristais
de plagioclasio, sendo caracterizada em geral
por inclusdes de muscovita. Nos termos
protomiloniticos € comum a presencga de cristais
com extingao ondulante e a formagao de maclas
em cunhas e curvadas (kink bands) (Fig. 6C).

O quartzo possui extincao ondulante e
tende a formar agregados de cristais com formas
irregulares e alongadas, de tamanho entre 0,3 e
2,2 mm. A recristalizagao por bulging € comum,
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Figura 4. Testemunhos de sondagens. A) Testemunhos de sondagem do Granito Sdo Geraldo (GSG) mostrando a
presenga de xendlitos dos Gnaisses Chacara das Pedras (GCP); B) Detalhe do Granito Sao Geraldo; C) Detalhe dos
Gnaisses Chacara das Pedras.

Figure 4. Drill cores. A) Drill cores of the Sao Geraldo Granite (GSG) showing the xenoliths of the Chacara das Pedras
Gneisses (GCP); B) Detail of the Sao Geraldo Granite; C) Detail of the Chacara das Pedras Gneisses.

Sienogranito Monzogranito

10 35

Figura 5. Composigao modal do Granito Sdo Geraldo (quadrados amarelos) projetada no diagrama QAP (Q = quartzo;
A = feldspato alcalino; P = plagioclasio) para rochas pluténicas (Streckeisen, 1976), com o campo de distribuicdo da
associagao leucocratica peraluminosa (elipse cinza) modificado de Lameyre & Bowden (1982).

Figure 5. Modal composition of the Sao Geraldo Granite (yellow squares) projected on the QAP (Q = quartz; A = alkali
feldspar; P = plagioclase) diagram for plutonic rocks (Streckeisen, 1976), with the peraluminous leucocratic association
field (gray ellipse) modified from Lameyre & Bowden (1982).



Pesquisas em Geociéncias, 46 (2019), n. 3: e0773

o que faz com que os contatos dos graos
flguem crenulados e interpenetrados, formando
por vezes agregados policristalinos alongados
e lenticulares que circundam os cristais de
feldspato. Localmente é observado nos termos
protomiloniticos feicbes como recristalizagao
por migracdo de limite de grédo formando
texturas granoblasticas poligonais (contatos em
pontos triplices) e agregados policristalinos com
extingdo do tipo tabuleiro xadrez (Fig. 6D).

A muscovita e a biotita ocorrem em
proporgdes variaveis, ora predominando a
primeira, ora a ultima (Fig. 7A). Ambas sao,
em geral, bem formadas com tamanhos que
variam de 0,1 a 4 mm (Fig. 6E). Por vezes
nesses minerais ocorrem inclusdes de zircao,
monazita e apatita. Dois tipos de muscovita sao
observados: as primarias que ocorrem como
lamelas subédricas que variam entre 0,2 a 0,8
mm e/ou cristais euédricos mais desenvolvidos,
com dimensodes entre 3 e 4 mm de comprimento,
subordinadamente, as secundarias que se
desenvolvem sobre os planos de clivagem ou
nas bordas das biotitas. A biotita ocorre na forma
de lamelas, entre 0,1 até 1,7 mm de comprimento
com pleocroismo variando em tons de marrom
amarelado até castanho escuro (Fig. 6F). Feicoes
de deformagao nas micas séo comuns, como
extingdo ondulante e formagao de mica-fish e
microdobramentos em kink bands.

O principal mineral acessorio é a granada
que ocorre na forma de cristais subédricos (Fig.
6F) com didmetros que variam de 0,05 mm a
1,2 mm, por vezes apresentando inclusdes de
quartzo (Fig. 7B). Outros minerais acessorios
observados sdao a monazita, apatita e zircao.
Em geral, esses minerais estao inclusos nas
micas, desenvolvendo halos pleocroicos devido
a metamictizagao do zircdo e da monazita (Fig.
6G). Os cristais de apatita em geral sao euédricos,
com habito prismatico longo, fazendo contatos
retos com o0s demais minerais. Geralmente
ocorrem como inclusdes em feldspatos e micas,
sugerindo cristalizacdo em estagio magmatico
precoce, também ocorrendo em contato com
cristais de monazita, conforme observado na
figura 7C. Dentre os minerais opacos ocorrem
ilImenita e magnetita.

3.2 Quimica mineral

Foram realizadas analises pontuais para a
caracterizacao quimica dos minerais essenciais e
acessorios de 2amostras do granito estudado. Os
resultados analiticos obtidos foram comparados
com os dados mostrados por Koester et al.
(2001b) para os granitos peraluminosos que
ocorrem na regido de Encruzilhada do Sul, RS.

As andlises de biotita (Tab. 1) quando
plotadas no diagrama ternario de Nachit et al.
(1985) indicam um carater primario para as
mesmas (Fig. 8A). No diagrama de classificagdo
Fe/(FeO+MnO)versus Side Deeretal. (1992) (Fig.
8B), as biotitas se distribuem no campo superior
(biotitas sensu stricto). Quando plotadas nos
diagramas de Abdel-Rahman (1994) (Fig. 9), as
biotitas do Granito Sdo Geraldo se distribuem no
campo das rochas de composigao peraluminosa
(P).

As analises quimicas realizadas nas
muscovitas (Tab. 2) evidenciam dois tipos
quando plotadas no diagrama FeO-TiO,-MgO
(Fig. TOA) de Speer & Becker (1992). No diagrama
de Zane & Rizzo (1999) (Fig. 10B), as muscovitas
se distribuem no campo dos granitos fortemente
peraluminosos.

Os cristais de K-feldspato sao classificados
como ortoclasio e mostram teores de Or entre 86
a 97 % que decrescem do nucleo em direcao a
borda (Tab. 3). Os dados quimicos dos cristais
de plagioclasio mostram uma composicao
principal do tipo oligoclasio e secundaria do tipo
albita, conforme mostrado na tabela 3. Perfis
nucleo-borda nesses cristais demonstram
enriguecimento em sodio, e empobrecimento em
calcio do nucleo para a borda, o que constitui um
zoneamento igneo normal (Tab. 4).

As granadas analisadas apresentam teores
de almandina entre 63 e 71 %, e de espessartina
entre 26 e 32 %. Suas concentracdes de FeO
variam de 25 a 31%, e de ALO, entre 20 e 22 %
(Tab. 5). Os teores elevados de espessartina
sugerem uma origem magmatica, uma vez que
granadas de origem metamorfica possuem
teores inferiores a 5 % (Searle et al.,, 1993).

Os cristais de apatita investigados (Tab. 6)
correspondem a fluorapatitas. Essa composigao
sugere uma origem ignea, uma vez que
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Figura 6. Fotomicrografias (nicois cruzados) mostrando aspectos microscopicos do Granito Sdo Geraldo. A) Cristal de
K-feldspato cominclusdes de quartzo, plagioclasio e muscovita; B) Cristal de plagioclasio zonado em matriz recristalizada;
C) Cristal de plagioclasio com deformag&o dos planos de macla; D) Quartzo com recristalizagao por migracao de limite
de grao; E) Cristal de muscovita; F) Cristais de muscovita e biotita; G) Granada com inclusdes de quartzo; H) Biotita com
inclusdes de monazita. Abreviagdes: Bt = biotita; Ms = muscovita; Mz = monazita; Pl = plagioclasio; Qt = quartzo; Kf =
K-feldspato e Gt = granada.

Figure 6. Photomicrographs (crossed polars) showing microscopic aspects of the Sdo Geraldo Granite. A) K-feldspar
crystal with inclusions of quartz, plagioclase, and muscovite; B) Zoned plagioclase within recrystallized matrix; C)
Plagioclase with deformed twinning; D) Quartz recrystallized by grain boundary migration; E) Muscovite grain; F);
Muscovite and biotite crystals; G) Garnet crystal with inclusions of quartz; H) Biotite crystal with monazite inclusions.
Abbreviations: Bt = biotite; Ms = muscovite; Mz = monazite; Qt = quartz; Kf = K-feldspar Gt = garnet.
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Figura 7. Imagens de elétrons retroespalhados obtida em microscépio eletronico de varredura. A) Contato entre biotita
e muscovita; B) Cristais de granada com inclusdes de quartzo; C) Formagao de cristais de apatita a partir de cristais de
monazita. Abreviagdes: Ap = apatita; Bt = biotita; Ms = muscovita; Mz = monazita; Kf = K-feldspato e Gt = granada.

Figure 7. Backscattered electron images. A) Contact between muscovite and biotite; B) Garnet crystals with inclusions
of quartz; C) Growth of apatite from monazite crystals. Abbreviations: Ap = apatite; Bt = biotite; Ms = muscovite; Mz =

monazite; Kf = K-feldspar e Gt = garnet.

fluorapatitas sao comuns a maioria das rochas
magmaticas (e.qg. Piccoli & Candela, 2002).

4 Discussao dos resultados
4.1 Petrogénese do Granito Sao Geraldo

Para o granito estudado, a mineralogia
constituida por ortoclasio, plagioclasio, quartzo,
muscovita e/ou biotita e minerais acessorios
como granada, monazita e apatita é compativel
com a dos granitos peraluminosos do tipo MPG
(muscovite-bearing peraluminous granitoids) de
Barbarin (1996, 1999). A presenga de muscovita
primaria, como verificado na petrografia e na
quimica mineral, fortalece a correlagdo com
granitoides peraluminosos do tipo MPG. Granitos
desse tipo sao os primeiros a serem descritos na
regiao de Porto Alegre.

A textura protomilonitica observada
indica que o Granito Sao Geraldo foi submetido
a condicoes de temperatura e pressao onde

10

prevalece a deformagdo ductil (Passchier &
Trouw, 2005). Feigbes observadas nos cristais
de quartzo como recristalizagao por bulging
ocorrem no intervalo de temperaturas entre 250
— 300°C (Rosenberg & Stiinitz, 2003) enquanto
a presenca de cristais de quartzo com subgraos
com extingdo do tipo tabuleiro xadrez indica
temperaturas de aproximadamente 650 °C (Khrul,
1996; Passchier & Trouw, 2005). A presenca de
subgraos nas bordas dos cristais de feldspato e
recristalizagao porrotacdo de subgrao saofeicoes
deformacionais que requerem temperaturas
elevadas na ordem de 550°C, pois esses minerais
possuem uma grande célula unitaria e baixo
coeficiente de difusao (Tullis & Yund, 1991).

A formacao de cristais de apatita a partir
de cristais de monazita sugere que esse mineral
aproveitou os tetraedros de PO, liberados pela
abertura da monazita favorecendo o crescimento
da apatita nas bordas dos cristais de monazita.
Os estudos de Finger et al. (1998) descrevem
que essa reagao de substituicdo comeca
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Tabela 1. Composigao quimica e propor¢des catidnicas (O = 24) — Biotita de amostras representativas. ISA = indice de

Saturagao em Alumina.

Table 1. Chemistry composition and cationic proportions (O = 24) — Biotite from representative samples. ISA = Aluminum

Saturation Index.

PP SM9 SM43

Si0, 33,74 33,76 34,65 32,57 34,74 34,99 35,09 34,97 36,85 33,79 34,21 36,72
TiO, 2,60 334 263 301 265 297 281 3,00 207 3,70 229 2,50
AlLO, 18,05 18,85 18,44 17,18 18,75 18,68 18,49 18,67 21,73 19,02 19,73 19,93
FeO 25,09 23,70 24,11 22,10 24,88 23,35| 24,60 24,26 21,37 24,11 24,64 19,94
MnO 029 034 026 026 036 026/ 048 049 032 047 050 0,37
MgO 496 4,15 4,73 4,18 4,57 4,59| 4,07 3,93 3,40 3,61 3,86 3,65
Ca0 0,24 004 000 024 000 002 000 000 005 001 0,00 0,05
Na,O 0,05 0,09 009 837 007 006 010 009 007 012 0,06 0,05
K,O 861 9,19 943 837 943 9,47| 964 944 7,8 946 9,40 812
Li,O 0,13 0,14 039 000 042 049 052 049 1,02 0,15 0,27 0,99
H,0 3,76 3,77 3,82 3,78 3,86 3,85 3,85 3,8 397 379 3,82 3,87
Total 97,63 97,37 98,56 100,05 99,73 98,72| 99,65 99,19 98,68 98,23 98,78 96,18
Si 537 536 544 517 540 545| 546 545 557 534 537 568
Al"Y 2,63 2,64 256 2,83 260 255 254 255 243 266 2,63 2,32
AlY 076 09 085 038 084 088 08 08 144 089 1,02 1,32
Ti 032 040 031 036 031 035 033 035 024 044 027 0,29
Fe 334 3,15 3,16 2,93 3,24 3,04 3,20 3,16 2,70 3,19 3,24 2,58
Mn 0,04 005 004 003 005 003 006 007 004 006 0,07 0,05
Mg 1,18 0,98 1,11 099 1,06 1,07 094 091 077 085 090 0,84
Li 0,08 009 025 000 026 031 032 030 062 009 0,17 0,61
Ca 0,04 001 000 004 000 000 000 000 001 000 0,00 0,01
Na 0,02 003 003 257 002 002 003 003 002 004 002 0,02
K 1,75 1,8 1,89 169 1,87 1,88 1,91 1,88 1,51 1,91 1,88 1,60
OH 4,00 4,00 4,00 4,00 4,00 4,00 400 4,00 4,00 4,00 4,00 4,00
TOTAL 19,54 19,46 19,63 21,00 19,65 19,59| 19,65 19,59 19,34 19,46 19,57 19,32
Y total 573 556 571 469 576 568/ 571 568 580 552 567 5,70
X total 1,81 1,90 1,92 431 1,89 1,90 1,94 1,91 1,554 1,94 1,90 1,63
Al total 339 353 3,41 321 344 343| 339 343 387 354 3,65 3,64
Fe/Fe+Mg 0,74 0,76 0,74 0775 0,75 0,74/ 0,77 0,78 0,78 0,79 0,78 0,75
ISA 2,02 2,02 19 1,01 1,97 1,96 1,9 19 2,74 198 2,09 2,42

com a abertura da monazita a temperaturas
aproximadas de 650°C, compativeis com as
temperaturas de formagao das microestruturas
observadas no Granito Sao Gerado.

As analises microestruturais sugerem uma
cristalizagao concomitante a deformagao, sob
condicbes de temperatura decrescente atuante
durante o seu posicionamento, sugerindo
assim uma génese sintectdnica as zonas de
cisalhamento que ocorrem na regido. Dentre
essas, a principal € a Zona de Cisalhamento
Porto Alegre, com direcao preferencial N45E,
relacionada a génese e alojamento do granito
sintrascorrente Lomba do Sab&o (Menegat et al,,
1998).
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A composi¢ao peraluminosa do Granito
Sao Geraldo ¢é atestada pela mineralogia
semelhante a dos classicos granitos com
duas micas descritos na literatura (Barbarin,
1996, 1999; Chappell & White, 2001) e também
pela composi¢cao quimica que esses minerais
apresentam. As biotitas do Granito Sao Geraldo
mostram, no geral, composigao semelhante as
biotitas de carater peraluminoso (e.g. Abdel-
Rahman, 1994). Aprecidveis quantidades de Al
em coordenagdo octaédrica sao comumente
observadas em cristais de biotita de granitos
peraluminosos, devido a sua coexisténcia com
muscovita e outros minerais ricos em aluminio.
Os altos valores (1,74- 2,74) do indice de
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Figura 8. Diagramas quimicos para a classificagao de biotitas. A) Diagrama ternario MgO — TiO?*10 — MnO + FeO
(modificado de Nachit et al., 1985 ); B) Diagrama Fe / (Fe + Mn) x Si (molar) (modificado de Speer, 1984). Simbologia:
quadrados vermelhos = amostra SM9; quadrados azuis = amostra SM43; quadrados verdes = amostras dos Metagranitos
Cordilheira e Arroio Francisquinho compiladas de Koester et al. (2001b).

Figure 8. Discrimination diagrams for classification of biotites. A) MgO — TiO?**10 — MnO + FeO ternary diagram (modified
from Nachit et al., 1985); B) Fe / (Fe + Mn) x Si (molar) diagram (modified from Speer, 1984). Symbology: red squares
= sample SM9; blue squares = sample SM43; green squares = samples of the Cordilheira and Arroio Francisquinho

Metagranites from Koester et al. (2001b).

12
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Legenda
A= alcalino anorogénico

C = célcio-alcalino

P = peraluminoso.
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Figura 9. Diagramas discriminantes de séries magmaticas com base na quimica da biotita de Abdel-Rahman (1994). A)
FeO vs. Al?0%; B) MgO vs. Al?0%; C) MgO vs. FeO. Simbolos como na figura 8.

Figure 9. Discrimination magmatic series diagrams based on the biotite chemistry (modified from Abdel-Rahman, 1994).
A) FeO vs. AI?03; B) MgO vs. AI?03; C) MgO vs. Fe0O. Symbols as in figure 8.

Tabela 2. Composicdo quimica e proporgdes catidnicas (O = 22) — Muscovitas de amostras representativas. ISA = indice
de Saturagao de Alumina.

Table 2. Chemistry composition and cationic proportions (O = 22) — Muscovite from representative samples. ISA =
Aluminum Saturation Index.

PP SM9 SM43

Si0, 4591 46,65 44,7 44,63 46,23 4556| 4525 46,26 46,52 46,9 47,34 45,8 46,07
Tio, 015 0,8 1 09 101 11| 007 o016 003 094 042 0,72 0,25
Al,O, 35,59 34,54 33,5 31,62 34,18 33,67| 34,89 34,88 3531 34,2 33,37 33,68 34,6
FeO 2,32 2,28 227 217 228 223| 224 241 259 235 26 238 264
MnO 0,05 0,03 0 0,01 o o001] 004 003 006 001 003 002 0,04
MgO 08 086 077 081 095 0,73] 08 1,04 098 094 095 0,76 0,95
Ca0 0 0,01 0 0,05 o 0,01] 0,04 0 0 0 0 0 0
Na,O 0,104 027 039 038 051 048 035 041 037 035 034 041 044
K,O 10,66 10,59 10,4 9,91 10,29 10,2| 10,3 10,64 10,46 9,82 10,39 10,47 10,51
Total 95,66 96,04 93 90,53 9546 93,99| 94,04 95,82 96,32 954 9544 94,22 95,49
H,0 4,7 473 454 444 47 462 462 471 474 473 472 4,62 4,68
AlvY 2,14 2,09 2,11 197 2,1 208 2,12 211 211 2,05 1,98 2,06 2,1
Si 611 6,19 609 669 614 6,17 613 6,16 6,16 623 632 62 616
Ti 0,02 008 011 005 01 01| 001 0,02 0 0,09 004 0,07 0,03
Fe 026 0,25 026 025 026 026 025 027 029 026 029 027 03
Al 321 3,07 3,11 306 305 307 322 3,13 3,15 3,06 3,02 3,09 3,12
A total 535 516 521 503 514 516] 534 524 527 511 5 515 522
Fe/Fe+Mg 06 06 062 06 057 063 05 057 06 058 061 064 061
ISA 331 3,18 3,1 3,06 3,16 3,15 326 3,16 3,26 3,536 3,11 3,1 3,16

13
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Figura 10. Diagramas de classificagdo para muscovitas. A) Diagrama ternario FeO x MgO x TiO2, modificado de Speer
& Becker (1992); B) Diagrama Mg + Fe x Al (molar) discriminante entre componentes metaluminosos e fracamente a
fortemente peraluminosos (modificado de Zane & Rizzo, 1999). Simbolos conforme a figura 8.

Figure 10. Muscovite classification diagrams. A) FeO x MgO x TiO2 ternary diagram after Speer & Becker (1992); B) Mg +

Fe x Al (molar) diagram for discrimination of metaluminous and weakly to strongly peraluminous granites (modified from
Zane & Rizzo, 1999). Symbols as in figure 8.

Tabela 3. Composigao quimica e proporgdes cationicas (O = 32) — K-Feldspatos de amostras representativas.
Table 3. Chemical composition and cationic proportions (O = 32) — K-Feldspar from representative samples.

Amostra/ K-feldspato SM 9 K-feldspato SM 43
Elemento bordas nucleos bordas nucleos
Na,O 0,70 0,60 1,11 0,26 1,26 1,12 | 1,32 1,23
SiO, 64,34 64,07 64,21 6427 |64,52 63,52 [63,97 63,32
MgO 0,01 0,00 0,00 0,01 0,00 0,00 | 0,00 0,01
Al,O4 18,25 18,41 18,37 18,19 |18,99 18,40 |18,52 18,37
K,0O 15,82 16,04 |1545 16,55 [14,99 15,27 [16,38 16,43
CaO 0,00 0,00 0,00 0,00 0,00 0,00 | 0,00 0,00
Cr,03 0,00 0,01 0,00 0,00 0,00 0,01 | 0,01 0,02
MnO 0,00 0,00 0,00 0,02 0,02 0,00 | 0,02 0,01
FeO 0,02 0,00 0,04 0,20 0,01 0,13 | 0,00 0,00
TiO, 0,03 0,02 0,00 0,03 0,03 0,02 | 0,02 0,01
Total 99,17 99,15 199,17 99,53 199,82 99,47 99,25 99,39
An 0,00 0,00 0,00 0,00 0,00 0,00 | 0,00 0,00
Ab 9,02 9,87 2.3 2.3 11,34 10,02 | 2,91 2,07
Or 90,98 90,13 97,7 97,7 88,66 89,98 97,09 97,93
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Tabela 4. Composigao quimica e proporgdes catidnicas (O = 32) — Plagioclasio de amostras representativas.
Table 4. Chemical composition and cationic proportions (O = 32) — Plagioclase from representative samples.

Amostra/ Plagioclasio Sm 9 Plagioclésio Sm 43

Elemento bordas nucleos bordas | nucleos
Na,O 10,19 10,50 | 9,77 9,89 | 11,15 11,39 9,89 9,88
Si0, 65,24 65,62 |64,36 64,73 | 66,71 67,02 64,66 64,07
MgO 0,00 0,00 | 0,00 0,01 0,01 0,01 0,01 0,00
ALOs 21,72 21,79 22,43 21,99| 20,78 20,84 22,32 22,39
K,O 0,15 0,18 | 0,15 0,11 0,14 0,11 0,17 0,21
CaO 2,69 245 | 324 298 1,41 1,11 320 3,31
Cr,04 0,01 0,01 | 0,00 0,01 0,00 0,00 0,01 0,00
MnO 0,00 0,00 | 0,00 0,00 0,00 0,00 0,02 0,00
FeO 0,00 0,03 | 0,00 0,02 0,04 0,00 0,06 0,07
TiO, 0,03 0,00 | 0,01 0,01 0,01 0,00 0,00 0,03
Total 100,04 100,59|99,97 99,75(100,27 100,49 100,34 99,95
An 16,85 11,33 |15,33 10,44 6,50 5,10 15,03 15,44
Ab 82,62 87,66 |83,79 88,09| 92,71 94,32 84,01 83,42
Or 0,52 1,01 | 0,87 1,47 0,79 0,58 0,97 1,14

Tabela 5. Composi¢ao quimica e proporgdes catidnicas (O = 24) — Granadas de amostras representativas.
Table 5. Chemical composition and cationic proportions (0=24) — Garnet from representative samples.

Amostra/

Elemento SM9 SM43

Si0, 37,18 35,20 36,16 34,18
TiO, 0,08 0,07 0,06 0,07
Al,O; 21,38 22,38 20,54 22,54
FeO 25,49 28,13 29,22 31,07
MnO 12,93 12,93 12,10 11,20
MgO 0,00 0,00 0,00 0,00
CaO 1,00 0,94 0,81 0,72
TOTAL 98,06 99,65 98,89 99,79
Si 6,13 5,80 6,02 5,68
Ti 0,01 0,01 0,01 0,01
Al 4,15 4,35 4,03 4,41
Fe 3,51 3,88 4,06 4,31
Mn 1,80 1,81 1,70 1,57
Mg 0,00 0,00 0,00 0,00
Ca 0,18 0,17 0,14 0,13
TOTAL 15,79 16,01 15,96 16,11
Py 0,00 0,00 0,00 0,00
Alm 63,94 66,30 68,73 71,70
Gro 3,21 2,84 2,44 2,13
Sp 32,85 30,86 28,83 26,18
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Tabela 6. Composigao quimica e proporgdes catidnicas (O =

25) — Apatita de amostras representativas.

Table 6. Chemical composition and cationic proportions (O = 25) — Apatite from representative samples.

Amostra/

Elemento Sm9 Sm43

CaO 56,70 55,71 53,71 54,68
Na,O 0,11 0,11 0,20 0,11
MnO 0,20 0,31 0,20 0,20
FeO 0,24 0,30 0,24 0,24
P,0s 36,68 34,85 36,48 36,28
Si0, 0,29 0,30 0,29 0,29
Cl 0,00 0,00 0,00 0,00
F 3,04 4,38 4,50 3,40
Total 97,25 95,96 95,62 95,19
O=F,Cl 1,28 1,84 1,89 1,43
Total 95,97 94,11 93,72 93,76
Ca 10,44 10,51 10,05 10,29
Na 0,04 0,04 0,07 0,04
Mn 0,03 0,03 0,03 0,03
Fe 0,03 0,03 0,03 0,03
La 0,02 0,03 0,03 0,03
Ce 0,02 0,02 0,02 0,02
Nd 0,02 0,02 0,02 0,02
P 5,38 5,19 5,39 5,39
Si 0,05 0,05 0,05 0,05
F 1,66 2,44 2,32 1,89
OH 0,34 -0,44 -0,32 0,11
Total 18,04 17,92 17,70 17,90

saturagdo em alumina [ISA=Al/ (Ca+Na+K)] nos
cristais de biotita do Granito Sao Geraldo sao
reflexo dessa caracteristica e evidenciam a alta
atividade do aluminio no magma que os originou.

Dois tipos de muscovita sao distinguidos
nas amostras estudadas: cristais euédricos a
subédricos bem desenvolvidos, interpretados
como primarios, e pequenos cristais subédricos
de origem secundaria (pds-magmaticos)
dispersos de forma irregular em feldspatos e
biotitas. As analises quimicas reforcam essa
interpretagcdo, como observado no diagrama
ternario Mg-Ti-Na apresentado na figura 10A.
As baixas concentragdes de TiO, da muscovita
secundaria sugerem reequilibrio subsolidus
(Speer & Becker, 1992).

De acordo com o diagrama proposto por

Zane &Rizzo(1999) as muscovitas do Granito Sao
Geraldo se distribuem no campo dos granitoides
fortemente peraluminosos, semelhantes aos
tipicos granitoides tipo-S (Chappell & White,
1992). As caracteristicas petrograficas e de
composi¢cao quimica das muscovitas indicam
uma origem primaria, formadas a partir de um
magma peraluminoso (Miller et al., 1981; Clarke
et al., 2005; Dahlquist et al., 2007).

A composigao quimica das apatitas reforga
o carater peraluminoso e tipo-S do Granito Sao
Geraldo. Apatitas com teores elevados de F
e baixos de Cl sdo comumente descritas em
granitos evoluidos, sendo um comportamento
que pode ser atribuido a abundancia de
halogéneos nas rochas-fonte (Piccoli & Candela,
2002).
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4.2 Comparagao com a Suite Cordilheira

Como mencionado anteriormente, 0
Batolito Pelotas, uma das principais associagdes
petrotecténicas do Cinturao Dom Feliciano, é
constituido por diversas suites graniticas. Em
uma dessas suites, a Suite Cordilheira, a maioria
das ocorréncias de granitos peraluminosos é
agrupada (Philipp et al,, 2013). A Suite Cordilheira
€ constituida por corpos graniticos alongados,
segundo a diregao preferencial NE-SW e sao
correlacionados a partir de suas caracteristicas
de campo, petrograficas, mineraldgicas,
estruturais, quimicas, sendo interpretados como
granitoides do tipo MPG e importantes registros
de fusdo crustal resultantes de processos
similares (Fernandes et al., 1995a; Koester, 1995;
Nardi & Frantz, 1995; Philipp, 1998; Koester et al.,
2001b, 2001¢, 2002; Frantz et al., 2003; Philipp et
al,, 2013; Klein, 2017; Klein et al., 2018).

Na porcao noroeste do Batolito Pelotas as
principais ocorréncias desses granitoides sao os
metagranitos Cordilheira e Arroio Francisquinho,
sintecténicos a Zona de Cisalhamento Dorsal
de Cangucu (Koester et al, 2001b, 2001c), com
idades de cristalizacdo de ca. 634 e 625 Ma
respectivamente (Frantz et al., 2003). Na porgao
sul do Batolito Pelotas, destaca-se o Granito Trés
Figueiras, sintectonico a Zona de Cisalhamento
Arroio Grande (Philipp, 1998), com idade de
cristalizagao de ca. 585 Ma (Klein et al., 2018).
Estes granitos sao essencialmente constituidos
por K-feldspato, plagioclasio, quartzo, biotita
e muscovita, e possuem tanto suas géneses
quanto seus alojamentos relacionados a
zonas de cisalhamento transcorrentes ducteis
(Philipp et al, 2013; Klein et al, 2018). Tendo
em vista as caracteristicas apresentadas neste
trabalho para o Granito Sao Geraldo, é possivel
correlacionar esse granitoide com os granitos
pertencentes a essa suite, uma vez que este
apresenta composigao e carater peraluminoso
caracteristico a dos classicos granitos com
duas micas descritos na literatura (Barbarin,
1996, 1999; Chappell & White, 2001), bem
como composigao mineraldgica similar aos
metagranitos Cordilheira e Arroio Francisquinho
pertencentes a Suite Cordilheira, todos com
génese e alojamento relacionados a zonas de
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cisalhamento transcorrentes.
5 Conclusoes

O Granito Sao Geraldo apresenta
composicao mineralogica essencial constituida
por ortoclasio com teores de Or entre 86 a 97
% que decrescem em direcdo as bordas dos
cristais, oligoclasio que em geral apresentam
zonacao ignea normal, quartzo, muscovita (ignea)
e biotita. Como minerais secundarios ocorre a
presenca de muscovitas pos-magmaticas que
se desenvolvem sobre os planos de clivagem ou
nas bordas das biotitas. Os minerais acessorios
sao zircao, monazita, almandina, fluorapatita e
opacos (ilmenita e magnetita).

As caracteristicas microestruturais
descritas neste estudo sugerem temperaturas
entre 650 °C e 300 °C, onde as microestruturas de
mais alta temperatura estariam associadas aos
estagios iniciais de cristalizagao e resfriamento
do magma e as de baixa temperatura estariam
associadas aos estagios pos-cristalizagao e
resfriamento. Essa diferengca de temperatura
indica que o alojamento do granito se deu em
diferentes estagios de movimentacdo e calor
em um regime transcorrente, possivelmente
relacionado com a Zona de Cisalhamento de
Porto Alegre.

A composigao mineraldgica descrita para
0 granito alvo deste estudo difere de todos os
granitoides descritos até entdo na regiao de
Porto Alegre. Seu carater peraluminoso sugere
semelhanga com os granitos com duas micas
que compde a Suite Cordilheira. Isso é reforgado
quando os dados de quimica mineral do Granito
Sao Geraldo sdo comparados com 0s granitos
peraluminosos que afloram na regiao de
Encruzilhada do Sul.

A correlacao entre os furos de sondagem
sugere que o Granito Sao Geraldo possui uma
extensdo minima de 10 km. Apesar de nao
aflorar em superficie, a presenca de um granito
peraluminoso sugere um importante evento de
fusdo crustal na regidao de Porto Alegre, com
possivel correlagao com os demais eventos de
descompressao adiabatica seguida de fusdes
crustais que ocorrem no Cinturao Dom Feliciano
e que colaboraram para a formacgao do Batdlito
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7 DISCUSSOES E MODELO PROPOSTO

Com arevisao bibliografica apresentada no capitulo 2 foi possivel verificar que
o conceito da Orogenia Piratini e suas interpretacdes variaram ao longo das ultimas
décadas até o presente momento. No entanto, desde a origem do conceito em
Fragoso-César (1991) ndo houve mudancas de pensamento quanto a génese do Arco
Piratini. Diferentemente de outros eventos magmaticos temporalmente correlatos,
como por exemplo, o Arco Sao Gabriel (ver capitulo 2), e as rochas da margem paleo-
africana relacionadas a um ambiente extensional (Konopasek et al., 2008; Frimmel et
al.,, 2011; Frimmel, 2018), o Arco Piratini se desenvolveu sobre uma microplaca
possivelmente relacionada a fragmentacdo do Craton Kalahari, sendo retrabalhado
pela intensa granitogénese ediarana que se seguiu obliterando a sua continuidade
espacial. Com base nos modelos propostos por Fragoso-César (1991), Lenz et al.
(2013) e Ramos et al. (2017) e nos artigos que compde a presente tese de
doutoramento, foi possivel propor um modelo evolutivo para o Arco Piratini
apresentado na Figura 12.

Segundo Ramos et al. (2017), a origem da microplaca Arachania (Gaucher et
al., 2009), Adamastoria (Rapela et al.,, 2011) ou Encantadas/Arroio dos Ratos
(Chemale, 2000) estaria relacionada ao desenvolvimento do Rift Gariep, cujo
magmatismo extensional ocorreu por volta de 830-750 Ma (Frimmel et al., 2011),
fragmentando o sudoeste do Craton Kalahari (Jacobs et al., 2008; Hofmann et al.,
2014; Thomas et al., 2016). Para Ramos et al. (2017) essa fragmentacéo explicaria a
origem da microplaca de afinidade africana (Fig.12 A), bem como o magmatismo
relacionado a um ambiente extensional toniano, descrito por Lenz et al. (2013) e Will
et al. (2019) uma vez que crosta ocednica comecou a se formar por volta de 750 Ma
(Frimmel & Fdlling, 2004) entre a microplaca e o Craton Kalahari. Concomitantemente,
na margem oposta do Arco Piratini, entre este Ultimo e o Craton Rio de La Plata, ocorre
a formacéao de arcos de ilhas (Orogenia Passinho, Lusa et al., 2016) relacionados ao
paleo-oceano Charrua (Fragoso-César, 1991; Saalmann et al., 2011; Philipp et al.,
2018),

Com o desenvolvimento da Orogenia Sao Gabriel (e.g. Complexo Cambai, ca.

780 Ma, Philipp et al., 2014), arcos de ilhas resultantes da Orogénia Passinho s&o
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amalgamados junto a margem oriental do Craton Rio de La Plata (Fig. 12B), formando,
em conjunto com diversos fragmentos de crosta oceanicos, o Prisma Acrescionario
Palma (Naumann, 1985; Leite, 1997; Hartmann & Chemale, 2003; Arena et al., 2016).

Rio de la Plata

|« . aporte sedimentar

ca. 900-800 Ma . . .
Microplaca Arachania- Adamastoria-

Prisma Acrescionario Palma Encantadas-Arroio dos Ratos

E Arco Piratini

Complexo Cambai

Craton
Rio de la Plata

ca. 800-680 Ma

Complexo Porongos
Craton \
Rio de la Plata \

ca. 680- 650 Ma

Terreno Cuchilla Dionisio- Pelotas

Terreno Tijucas
Terreno Sao Gabriel

Craton
Rio de la Plata

ca. 650-605 Ma ZCTDC= Zona de Cisalhamento Transcorrente Dorsal de Cangugu

Figura 12 - Evolucdo geodindmica simplificada do Arco Piratini (modificado de Ramos et al.,
2017). (A) desenvolvimento e evolucdo do Rift Gariep fragmentando o Craton Kalahari, na
margem oposta ocorre o desenvolvimento de arco de ilhas relacionados a Orogenia Passinho;
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(B) abertura e desenvolvimento do oceano Adamastor sul entre o Craton Kalahari e bloco
fragmentado relacionado (microplaca Arachania—Adamastoria-Encantadas/Arroio dos Ratos)
e desenvolvimento do Arco Piratini como resultado de uma subduccéo E para W (coordenadas
atuais) na margem oeste da microplaca (Orogenia Piratini) concomitante na margem do
Craton Rio de la Plata ocorre o desenvolvimento do Complexo Cambai (Orogenia S&o
Gabiriel). Essa subducg¢éo culminou em uma colisdo continental (C) e fechamento do oceano
Charrua e bacias correlatas com geracdo da Sutura de Porto Alegre, concomitante ocorre a
subducéo para oeste da placa oceanica Adamastor do Sul sob a microplaca/ Arco Piratini; (D)
evolugdo do magmatismo continental relacionado ao Arco Pinheiro Machado e
desenvolvimento das zonas de cisalhamento transcorrentes de tendéncia NE-SW (eg. Dorsal
de Cangucu) culminando no retrabalhamento crustal e inicio do magmatismo relacionado a
Orogenia Dom Feliciano.

A partir da concomitante abertura do paleo-oceano Adamastor e fechamento
do paleo-oceano Charrua da-se o desenvolvimento do Arco Piratini (Fig. 12B) sobre a
microplaca de origem africana (Orogenia Piratini, Capitulo 2).

Recentes trabalhos (Philipp et al., 2016a; Pertille et al., 2017; Hofig et al., 2018)
mostram que as rochas metassedimentares que constituem em partes o Complexo
Porongos, Terreno Tijucas, na porgao Sul-rio-grandense do Cinturdo Dom Feliciano,
apresentam trés picos de proveniéncia com idades de (I) 2,2-1,5 Ga; (ii) 830—-680 Ma;
(i) 615-580 Ma. Os trés picos de proveniéncia sdo compativeis com o modelo
proposto na presente tese, onde as idades mais antigas corresponderiam a uma
proveniéncia relacionada aos cratons Rio de la Plata e Kalahari, enquanto as idades
tonianas a criogenianas estariam possivelmente relacionadas aos arcos Sao Gabriel,
Passinho e Piratini. Essa hipotese é corroborada pela assinatura de eHf (ca. -14) dos
zircoes detriticos encontrados nos zicdes de idades tonianas a criogenianas,
semelhantes aos encontrados nos gnaisses que compde o Arco Piratini (Will et al.,
2019; Vieira et al., 2019a).

As idades mais jovens (615-580 Ma) estdo possivelmente relacionadas a
formacdo do Terreno Cuchilla Dionisio—Pelotas (Fig. 12C). Conforme Hofig et al.
(2018), a sequéncia mais antiga do Complexo porongos se desenvolveu em um
ambiente extensional, enquanto a sequéncia mais jovem se formou em um ambiente
compressivo relacionado provavelmente com fechamento do paleo-oceano Charrua e
a formacdo do terreno Cuchilla Dioniniso—Pelotas (Fig. 12C). Com base em
caracteristicas estruturais semelhantes, Battisti et al. (2018) correlacionaram as
rochas metassedimentares mais antigas dos complexos Porongos e Véarzea do

Capivarita.
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Conforme a revisdo apresentada na secdo 2.3 da presente tese, as rochas
metassedimentares da Suite Metamorfica Chafalote (capitulo 4) e do Complexo
Varzea do Capivarita sdo correlacionaveis, e poderiam representar porcées de uma
mesma paleobacia relacionada a orogénese Piratini, depositadas em um ambiente de
frente de arco (Vieira et al., 2019b). Entretanto, apesar de apresentarem idades de
metamorfismo semelhantes em torno de 660-620 Ma (Lenz, 2006; Gross et al., 2006;
Philipp et al., 2016b; Martil et al.,, 2017; Vieira et al., 2019b), as rochas
metassedimentares de ambas associagdes registram um metamorfismo de alto grau
(facies granulito, Gross et al., 2006; 2009) diferente das rochas metassedimentares
do Complexo Porongos, estas ultimas afetadas por um metamorfismo de facies
anfibolito (Lenz, 2006). Essas rochas poderiam, portanto, representarem niveis
crustais diferentes de uma mesma bacia, sendo metamorfizadas durante a
convergéncia entre o Arco Piratini e o Craton Rio de La Plata (Fig. 12C), culminando
no fechamento do paleo-oceano Charrua. Alternativamente, as rochas de alto grau
metamorfico poderiam estar relacionadas com a obduccdo do paleo-oceano
Adamastor (Fig.12C), culminando na formagao das rochas relacionada ao Arco
Pinheiro Machado (Ramos et al., 2017; Vieira et al., 2019b). Os trabalhos recentes de
Ramos et al. (2018; 2019) atestam o metamorfismo de alto grau seguido de fusao
parcial (ca. 640 Ma) na regido de Arroio Grande (por¢ao brasileira do Terreno Punta
del Este). Ambas hip6teses sédo condizentes com as trajetérias P-T-t apresentadas
por Gross et al. (2006; 2009) para as rochas metassedimentares dos complexos
Véarzea do Capivarita (Terreno Encruzilhada) e Cerro Olivo (Terreno Punta del Este).

Philipp et al. (2013, 2016a, 2016b) sugeriram que a colisdo obliqua entre os
cratons Rio de La Plata e Kalahari, ocorrida em torno de 650 Ma, produziu grandes
volumes de magma granitico, resultando na origem da maior parte do Terreno Cuchilla
Dionisio-Pelotas. Segundo esses autores, esta colisdo deu origem a ZCTDC, que
guando ainda ativa, contribuiu para a geracdo de parte do magmatismo relacionado
ao Complexo Pinheiro Machado em torno de 633-609 Ma (Philipp et al., 2003). Para
esses autores, a ZCTDC foi reativada por volta de 600-550 Ma, resultando na geracéo
de grande parte dos granitoides orogénicos tardios, representados pela Suite Intrusiva
Dom Feliciano (Philipp et al., 2003).

Os novos dados apresentados na presente tese mostram idades mais jovens
de U-Pb para o magmatismo associado a ZCTDC (Capitulo 5). Segundo Vieira et al.

(2019c), a formagéo da zona de cisalhamento de tendéncia NE-SW (e.g. ZCTDC)
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estariam associadas ao estagio de descompressao em torno de 640 Ma (Fig. 12D)
gue sucedeu o estagio compressivo (670-650 Ma, Fig. 12C) se desenvolvendo as
custas de suturas pré-existentes (por exemplo, a Sutura de Porto Alegre; Fernandes
et al., 1995a) (Fig.12D). O desenvolvimento das zonas de cisalhamento de tendéncia
NE-SW (secdo 2.5 do Capitulo 2) seria concomitante a geracao do Arco Pinheiro
Machado (Complexo Pinheiro Machado), resultante da convergéncia entre os cratons
Kalahari e Rio de La Plata (Ramos et al., 2017). Para esses autores, essa
convergéncia culminou no fechamento de bacias orogénicas (por exemplo, bacia de
Rocha; Masquelin, 2001) que compde, junto aos fragmentos de crosta oceanica
(complexos Paso del Dragén, no Uruguai, e Arroio Grande, no Brasil — Peel et al.,
2018; Ramos et al., 2018) o Terreno Punta del Este, e também na reativacao de zonas
de cisalhamento e geracdo de magmatismo orogénico tardio em torno de 580 Ma,
estes ultimos compondo juntamente com o Arco Pinheiro Machado o Terreno Cuchilla

Dionisio-Pelotas, desenvolvido em parte sobre o préprio Arco Piratini.
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8. CONCLUSOES

Com a integracdo dos presentes artigos que compde a presente Tese em
conjunto com a revisao bibliografica apresentada no capitulo 2 é proposto um modelo
evolutivo simplificado (Fig. 12) para o Cinturdo Dom Feliciano onde é adicionado em
torno de 780 Ma uma nova orogenia, denominada Orogenia Piratini na qual se
desenvolveu o Arco Piratini. Em relacdo a evolucdo do Arco Piratini as seguintes
conclusfes podem ser consideradas:

- O Arco Piratini diferentemente do Arco de Sao Gabriel (por¢do oeste do
Cinturdo Dom Feliciano), que se desenvolveu na margem oriental do Craton Rio de
La Plata, cuja evolucao esta vinculada a um sistema de arco magmatico intra-oceanico
e um sistema de arco continental, teria se desenvolvido em uma microplaca
relacionada a paleo-Africa. Essa microplaca é representada pelas rochas dos
complexos Encantadas e Arroio dos Ratos e as microplacas Arachania e Adamastoria
e constitui o embasamento do Arco Piratini;

- O Arco Piratini € considerado como um arco continental tipo andino com
atividade magmatica em torno de 100 Ma. O arco é constituido pelos ortognaisses de
idades tonianas (ca. 780 Ma) Piratini, Chacara das Pedras, Varzea do Capivarita e
Cerro Bori e pelo ortognaisse de idade criogeniana (ca. 680 Ma) Arroio Pedrado.

- Todas as rochas relacionadas ao Arco Piratini registram um metamorfismo
de alto grau (faceis anfibolito a granulito) em torno de 660 Ma. Esse metamorfismo
tem seu pico relacionado a um estagio colisional (660-650 Ma), possivelmente
relacionado ao fechamento do paleo- oceano Charrua seguido por um estagio de
descompressao e fusédo parcial (640-620 Ma) registrado em alguns fragmentos do
arco e principalmente nas rochas supracrustais relacionadas ao mesmo.

- O fechamento do paleo- oceano Charrua com o desenvolvimento de suturas
(e.g. Sutura de Porto Alegre) em conjunto com a subducdo da placa oceanica
Adamastor do Sul sob a microplaca/ Arco Piratini acarretaram no desenvolvimento
das grandes zonas de cisalhamento transcorrentes NE-SW (e.g. ZCTDC).

- O magmatismo relacionado as grandes zonas de cisalhamento
transcorrentes em conjunto com o magmatismo relacionado ao Arco Pinheiro
Machado foram responsaveis em partes pelo retrabalhamento e obliteracdo do Arco

Piratini.
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