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RESUMO

O periodo pés-colisional do Ciclo Brasiliano/Pan-africano é marcado no sul do Brasil pela
ocorréncia de granitos metaluminosos e peraluminosos, controlados por um sistema
transcorrente de zonas de cisalhamento (ZC). No Rio Grande do Sul (RS), a Zona de
Cisalhamento Transcorrente Dorsal de Cangucu (ZCTDC), de cinemaética sinistral e direcédo
NE, é a principal estrutura que condicionou o posicionamento desses granitos (ca. 634 — 610
Ma). Entretanto, o Granito Butia (GB — 629 Ma), localizado a noroeste da ZCTDC, ocorre
como um corpo alongado de diregdo NNW que intrude rochas de alto grau metamorfico do
Complexo Varzea do Capivarita (ca. 650 Ma). O GB possui trama planar bem desenvolvida
(S>L), cuja foliagdo mergulha com alto angulo para NNW; apesar de raramente apresentar
lineagdo, seu posicionamento € interpretado como sintectdnico a uma ZC transcorrente de
cinematica destral. Dessa forma, um estudo de anisotropia de susceptibilidade magnética
(ASM) foi realizado no GB, com o objetivo de melhor delimitar os mecanismos de seu
posicionamento e relaciona-los com o sistema regional de zonas de cisalhamento. No total,
492 espécimes (180 cilindros) foram coletadas em 16 sitios, distribuidos no corpo principal
do GB. A mineralogia magnética foi investigada através de curvas termomagnéticas, curvas
de histereses e de aquisicdo de magnetizacdo remanente isotermal, e detalhada com
microscopia eletrbnica de varredura em amostras representativas. Essas andlises
demonstram o dominio de fases paramagnéticas e uma pequena contribuicdo de minerais
de baixa coercividade (e.g., magnetita, titanomagnetita) e alta coercividade (e.g., hematita).
Apesar disso, a trama magnética € controlada exclusivamente por cristais paramagnéticos
de biotita. A susceptibilidade magnética total é baixa e varia entre 0,1 e 8x10> SI. O
parametro de forma (T) varia de 0,272 a 0,908 e o grau de anisotropia (P) varia de 1,073 a
1,266, aumentando do centro em direcdo as margens do GB. A presenca de par S-C destral
de origem magmatica e microestruturas de deformacdo em alta temperatura (~650°C)
confirmam que a deformacédo atuava durante o processo de cristalizagdo. Esses elementos,
junto a analise da trama magnética, sugerem que a ascensdo e 0 posicionamento do
magma foram controlados por uma ZC transcorrente de direcdo NNW e cinematica destral.
Préximo as rochas encaixantes, os elipsoides magnéticos sao fortemente oblatos, a foliacéo
mergulha com alto angulo para W ou E, e a lineagdo tém alto a moderado caimento,
sugerindo significante achatamento e dominio de uma componente de cisalhamento puro de
deformacdo. Longe das margens, a lineacdo tem baixos caimentos, paralelos a direcdo da
foliacdo (NW-NNW), sugerindo um transporte horizontal e dominio de uma componente de
cisalhamento simples de deformacéo, que promoveu o estiramento. No nordeste do corpo, a
presenca de roof pendants e menores angulos de mergulho da foliacdo sugerem
proximidade com a cupula. A combinancdo de bouyoancy forces e da particdo da
deformacéo regional, em cisalhamento puro e simples durante o posicionamento do GB,
esta de acordo com um regime transpressivo. Esses resultados também sugerem uma
relacdo no tempo-espacgo entre a ZC que controlou o posicionamento do GB e a ZCTDC.
Possivelmente, elas formavam um par conjugado do mesmo sistema transcorrente durante
0 estagio pos-colisional do Ciclo Brasiliano/Pan-africano no sul do Brasil.

Palavras-Chave: Anisotropia de susceptibilidade magnética, Granito peraluminoso
sintectbnico, Ciclo Brasiliano/Pan-africano



ABSTRACT

The post-collisional stage of the Brasiliano/Pan-African Orogenic Cycle in Southern Brazil is
marked by metaluminous and peraluminous granites controlled by a transcurrent shear zone
system. In the Rio Grande do Sul State, southernmost Brazil, the sinistral, NE-trending
Dorsal de Cangucu Transcurrent Shear Zone (DCTSZ) is the best known structure that
conditioned these peraluminous granites (ca. 634 — 610 Ma). However, the NNW-elongate
Butia Granite (BG — 629 Ma) is emplaced to the northwest of the DCTSZ, intrusive in the
high-grade Véarzea do Capivarita Complex (ca. 650 Ma). The BG has a S>L fabric, which
foliation steeply dips towards NNW. Despite its poorly-developed linear fabric, BG
emplacement is interpreted to have been controlled by a dextral transcurrent shear zone.
Thus, anisotropy of magnetic susceptibility (AMS) study was performed in the BG aiming to
constrain its emplacement mechanism and the relation of the granite with the regional shear
zone system. A total of 492 specimens (180 drill cores) were obtained through 16 sites
distributed along the BG main body. Magnetic mineralogy was investigated by hysteresis
loops, thermomagnetic and IRM acquisition curves, and a complementary SEM analysis in
representative samples. These experiments show a dominant contribution of paramagnetic
phases and a small content of low-coercivity (e.g., magnetite and titanomagnetite) and high-
coercivity (e.g., hematite) remanence-carrying minerals. In spite of the presence of minor
ferromagnetic grains, the BG magnetic anisotropy fabric is interpreted as dominantly
controlled by paramagnetic biotite crystals. The bulk magnetic susceptibility ranges between
0.1 and 8.0x107° SI. Shape parameter (T) ranges from 0.272 to 0.908, and anisotropy
degree (P) ranges from 1.073 to 1.266, increasing from the inner portion of the pluton to its
margins. The presence of dextral S-C magmatic fabric and high temperature (ca. 650 °C),
solid-state deformation at the margins confirms that the pluton was deformed during its
cooling process. Such features, together the magnetic fabric analysis, suggest that magma
ascent and emplacement were controlled by a NNW-trending dextral transcurrent shear
zone. Close to the host-rocks, magnetic foliation dips steeply towards W or E, and magnetic
lineation plunges steeply to moderate, displaying strongly-oblate ellipsoids. This is
interpreted as a result of shortening and the significantly pure-shear component of
deformation operating close to the host-rocks. Shallow-plunging lineation parallel to the NW-
to NNW-striking foliation is found away from the pluton margins, which is related to the
horizontal displacement, where the simple-shear component of deformation was more
effective, resulting stretching. Foliation becomes less steep towards the BG northeastern
portion and the presence of roof pendants in this area suggests the proximity to the roof
zone. The combination of buoyancy forces and the partitioning of regional strain into simple
and pure shear are in accordance with a transpressive regime. These results also suggest a
time-space relationship between the NNW-dextral shear zone that controlled the
emplacement of the Butia Granite and the sinistral, NE-trending DCTSZ, responsible for the
emplacement of peraluminous granites. Possibly, these zones formed a conjugate pair
during the transcurrent deformation of the early post-collisional stage of the Brasiliano/Pan-
African Cycle in southernmost Brazil.

Keywords: Anisotropy of Magnetic Susceptibility, Syntectonic peraluminous granite,
Brasiliano/Pan-African Cycle
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1. INTRODUCAO

1.1. Sobre a estrutura desta dissertacéao

Esta Dissertacdo de Mestrado esta estruturada em torno de um artigo
submetido a publicacdo em periédico cientifico da area, conforme a Norma 103 de
Submissdo de Teses e Dissertacbes do Programa de Pés-graduacdo em
Geociéncias do Instituto de Geociéncias da UFRGS. Consequentemente, sua

organizacdo compreende as seguintes partes:

PARTE I: Introducéo sobre o tema e descricdo do objeto da pesquisa de Mestrado
no item “Contextualizagdo geologica e motivacdo”, em seguida, estdo sumarizados
os “Objetivos”, bem como o “Estado da Arte e Contextualizagéo Tedrica” acerca dos

temas da pesquisa;

PARTE IlI: “Materiais e Métodos” empregados;

PARTE III: Artigo submetido a peridédico, com corpo editorial permanente e revisores

independentes, escrito pelo autor durante o desenvolvimento de seu Mestrado;

PARTE IV: Anexos, compreendendo resumos nos quais o pos-graduando € autor e
coautor, publicados em eventos da area durante o periodo de Mestrado, bem como
documentacéo pertinente (Histérico Escolar e Pareceres da Banca Examinadora).



1.2. Contextualizacdo geoldgica e motivacao

O ciclo orogénico Brasiliano/Pan-africano no sul do Brasil é caracterizado por
um volumoso magmatismo poés-colisional com idades entre 650 e 580 Ma (Bitencourt
& Nardi, 2000). Segundo esses autores, a atividade magmatica nesse periodo foi
controlada por um sistema de zonas de cisalhamento transcorrentes de escala
litosférica, desenvolvido durante a tectdnica transpressiva, denominado de Cinturdo
de Cisalhamento Sul-brasileiro. A orientacdo preferencial dessas zonas de
cisalhamento é NE-SW, variando localmente para N-S, em um arranjo
anastamosado.

No Rio Grande Sul, a Zona de Cisalhamento Transcorrente Dorsal de Cangucu
(ZCTDC - Fernandes et al., 1992) se destaca, por ter centenas de quildbmetros de
comprimento e cerca de 10 km de largura, alojando granitos sintecténicos e
milonitos associados. Esses granitos, de composi¢cdo peraluminosa (Granito
Francisquinho e Granito Cordilheira), ocorrem como corpos alongados na direcao
nordeste, com foliagdo subvertical e lineacdo de estiramento sub-horizontal. Eles
registram movimento sinistral e temperaturas de deformacdo compativeis com a
facies anfibolito inferior a xisto-verde superior (Tommasi et al., 1994; Fernandes &
Koester, 1999). A ZCTDC limita o Batdlito Pelotas, localizado a leste, das rochas
supracrustais de baixo a médio grau metamorfico do Complexo Metamorfico
Porongos (Jost & Bitencourt, 1980), localizado a oeste. Entretanto, na porcéo
noroeste do Batdlito Pelotas, esse limite se faz pela Falha Passo do Marinheiro
(FPM), de direcdo N-S. Na regido formada pelas estruturas ZCTDC e FPM,
denominada Bloco Encruzilhada (e.g. Hartmann et al., 2016), aflora o Granito Butié
(GB).

O GB foi definido por Niessing et al. (2008) como um silimanita-biotita-
muscovita leucogranito foliado, alongado segundo a direcdo NNW e intrusivo em
rochas de alto grau metamorfico do Complexo Varzea do Capivarita (CVC - Martil et
al.,, 2011; Bom et al.; 2014). O GB apresenta trama planar bem desenvolvida (S>L)
cuja foliacéo, de alto angulo, tem direcéo preferencial paralela a elongacédo do corpo.
Entretanto, raramente se observa lineacdo mineral. Localmente o GB desenvolve um
par de foliagbes S-C, que registra movimento horario. Segundo Niessing et al. (2008,
2010), a deformagdo no estado magmatico é indicada pelo forte alinhamento de
cristais subedricos de K-feldspato e quartzo magmatico, e por evidéncias de

deformacgéo no ainda estado subsolidus, como quartzo com padrao tabuleiro de



xadrez e mirmequitas. Os autores sugerem que 0 posicionamento do GB foi
controlado por uma zona de cisalhamento, de cinematica destral, ativa durante a
fase de transcorréncia (D), também registrada no embasamento, apds o pico do
metamorfismo, datado em ca. 648 Ma no CVC (Martil, 2016). A idade de
cristalizacdo do GB foi determinada em 625 a 629 Ma por monazita em microssonda
(Niessing et al., 2011) e em zircdo (LA-MC-ICP-MS) e monazita (U-Pb ID-TIMS) por
Bitencourt et al. (2015a).

A regido onde o GB esta inserido € de fundamental importancia para o
entendimento da tectonica atuante no final do Ciclo Brasiliano/Pan-africano. Nela h&
a ocorréncia de rochas que registram os periodos pré-colisional, colisional (s.s.) e
pbs-colisional. O magmatismo de arco pré-colisional é registrado em ortognaisses do
Complexo Véarzea do Capivarita a ca. 790 Ma (Martil et al. 2017). O periodo
colisional, também registrado no CVC, é marcado pelo metamorfismo de facies
granulito a ca. 648 Ma e pela tectonica tangencial, com estruturas de baixo angulo,
que progride para uma tectonica alto angulo em regime transcorrente (Martil, 2016).
Essa progressao é registrada também na foliacdo dos Sienitos Arroio das Palmas
(ca. 642 Ma — Bitencourt et al. 2015b). Em seguida, o GB (ca. 629 Ma) registra o
regime transcorrente atuante na transicdo entre a tectdnica compressional e a
extensional, durante o estagio pés-colisional. Posteriormente, os ultimos registros de
atividade pluténica na area, referem-se ao magmatismo sienitico ultrapotassico do
Macico Sienitico Piquiri, com idades entre 609 e 584 Ma (Bitencourt et al. 2015b), e
ao magmatismo alcalino do Granito Encruzilhada com idade de 594 Ma (Babinski et
al. 1997). Possivelmente, estas ultimas unidades registram o inicio de um regime
extensional, que prosseguiu com a abertura a oeste da bacia vulcano-sedimentar,
Bacia do Camaqua (e.g. Almeida et al., 2012).

Visto que o regime de transcorréncia ocorre durante a transicdo entre a
tectdbnica compressional e a extensional, o modelo de posicionamento do GB
ajudard a delimitar, no tempo e no espaco, se havia o dominio de um regime
transpressivo ou transtrativo. Trabalhos desenvolvidos até agora obtiveram grande
guantidade de dados estruturais para o GB. Entretanto, devido a auséncia de
lineacdo mineral observavel em campo, uma analise completa da trama, baseada na
interpretacdo conjunta de elementos planares e lineares, ainda ndo se fez possivel.
A analise conjunta da orientacdo e intensidade das foliagdes e linea¢cdes em granitos
sintectbnicos permite a investigacao de elementos como: sentido de orientacdo do

fluxo magmatico, diregbes preferenciais dos eixos de achatamento/estiramento,



sentido de movimento dado pela deformacéo, particdo da deformacgéo (componentes
coaxial e ndo-coaxial). Portanto, a principal motivacédo deste trabalho é delimitar no
tempo e no espaco o regime tectbnico atuante durante o posicionamento do Granito
Butia. Para isso, obter dados estruturais conjuntos da trama planar e linear para
corpo granitico € fundamental. Dessa forma, serd realizado um estudo de
anisotropia de susceptibilidade magnética, integrado a geologia estrutural e

petrografia.

1.3. Objetivos

O objetivo desta Dissertacdo de Mestrado € detalhar a trama linear e planar do
Granito Butia, principalmente por meio da anisotropia de susceptibilidade magnética
(ASM), integrado aos dados estruturais (macro- e micro-escala) obtidos durante este
trabalho e aos dados de trabalhos previamente publicados. As interpretacbes de
ASM fundamentam-se na investigacdo da trama magnética e magnetismo de rocha.

Com base nos dados obtidos, pretende-se aprimorar o entendimento sobre o
posicionamento do Granito Butia em relacdo a zona de cisalhamento e, desta forma,
discutir as implicagdes tectonicas desse modelo em relagdo ao sistema de zonas de
cisalhamento transcorrentes ativo durante o estagio final do Ciclo Brasiliano/Pan-

africano no sul do Brasil.

1.4. Estado da Arte e Contextualizacdo Teoérica

1.4.1. Granitoides peraluminosos e sua génese em cinturdes colisionais

Granitoides peraluminosos sdo definidos quimicamente pela razdo molecular
A/CNK > 1, onde A/CNK descreve a propor¢cao molar de Al,O3 / (CaO + K,O +
Na,O). Na década de 70, Chappel & White (1974) propuseram que esses granitos
teriam sua origem na fusdo de metassedimentos e os classificaram como granitos
“tipo-S”. Entretanto, ndo apenas os protolitos metassedimentares podem gerar esse
tipo de magma, mas também fusdes de rochas a partir de protdlitos orto-derivados,
como discutido em Miller (1985). Segundo Clarke (1981), granitos peraluminosos

possuem mineralogia com uma ou mais fases ricas em aluminio como muscovita,
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biotita, cordierita, silimanita, granada e turmalina, sendo comum fases acessorias
COmo monazita, zircao e ilmenita.

A classificacdo de granitoides peraluminosos sugerida por Barbarin (1996) é
amplamente reconhecida. Nesse trabalho o autor classifica e discute a génese de
dois tipos: os granitoides MPG (muscovite-bearing peraluminous granitoids) e os
CPG (cordierite-bearing peraluminous granitoids). Os MPG apresentam grandes e
abundantes cristais de muscovita e raramente contém enclaves. Os CPG contém
cordierita, associada a silimanita e poucos cristais de muscovita primaria. Existem
diferencas entre ambos, como por exemplo, o carater peraluminoso dos magmas,
gue aumenta com a diferenciacdo nos MPG e, nos CPG, decresce drasticamente ou
aumenta pouco. Outra diferenca entre estes dois tipos esté relacionada com a as
condicGes de anatexia da crosta. Segundo o autor, no caso dos MPG, as condicdes
de fusdo envolvem a adicdo de agua no sistema, favorecida por zonas de
cisalhamento de grande escala, onde estes magmas geralmente se alojam. Na
geracdo dos CPG nédo ha a participacédo de &gua livre no sistema, e esse processo
pode ser favorecido por underplating e por inje¢cdes locais de magmas mantélicos.
Eles sdo encontrados principalmente dispersos nas raizes de cintures orogénicos,
alojados em rochas de alto-grau metamorfico.

Granitos peraluminosos sé&o identificados em diversos cinturdes orogénicos,
especialmente naqueles associados a colisdo continental (e.g., Barbarin, 1999). A
geracdo de magmas graniticos peraluminosos é entendida como produto da fuséo
parcial da crosta, em ambientes colisionais e pds-colisionais. O termo pos-colisional
€ discutido em Liégeois (1998), e, segundo o autor, o prefixo “pds” indica um estagio
mais jovem que a colisdo strictu sensu (periodo de maxima convergéncia), mas
ainda geneticamente relacionada a ela. A coliséo (s.s.) refere-se ao inicio do impacto
entre duas ou mais placas continentais, caracterizada por grandes cavalgamentos e
metamorfismo de alta presséo. Isso diferencia o evento colisional (s.s.) do longo
periodo de convergéncia de placas, subsequente ao fechamento de um oceano.
Nesse sentido, o periodo pos-colisional inicia-se em um ambiente intracontinental, e
segue com grande movimentacdo horizontal dos blocos crustais ao longo de zonas
de cisalhamento regionais. Essas movimenta¢fes horizontais ao longo de estruturas
regionais podem desencadear o magmatismo, principalmente de composicao calci-
alcalina alto-K a shoshonitica, incluindo alguns granitoides fortemente peraluminosos
e, atingindo o periodo intraplaca com a predominancia de magmas alcalinos a

peralcalinos supersaturados em silica.
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A génese de granitoides fortemente peraluminosos (A/CNK > 1,1) em
ambientes pos-colisionais é discutida em Sylvester (1998), onde o autor aborda o
timing (sin- ou pos-colisional), as condigdes envolvidas na anatexia crustal em
diferentes orégenos colisionais (colisdo de “alta-pressao” vs. “alta-temperatura”).
Segundo ele, a maior parte dos granitoides fortemente peraluminosos relacionados a
colisdo, seriam melhor descritos como sendo pG4s-colisionais, pois sao gerados apo6s
o climax do espessamento crustal. Por exemplo, na orogenia Herciniana na Europa,
a volumosa ocorréncia dessas rochas peraluminosas (340 — 300 Ma) se da ap6s o
metamorfismo orogénico de média-pressdo (Barroviano), ao invés de estarem
associadas ao posterior evento metamorfico de baixa pressao / alta temperatura e a
movimentos de falhas transcorrentes e extensionais. Nesse caso, a granitogénese
peraluminosa estd associada espacialmente e temporalmente a granitos calci-
alcalinos, que seriam sem duvidas classificados como pos-colisionais. Outro
exemplo ocorre nos Alpes, onde o metamorfismo regional de alta presséo a 45 — 35
Ma precede a formacéo de granitos peraluminosos a 33 — 25 Ma, que se posicionam
junto a volumes moderados de granitos calci-alcalinos e shoshonitico/ultrapotéassico
associados. Na regido do Alto Himalaia, os granitos peraluminosos sin-colisionais
posicionaram-se entre 24 e 14 Ma, logo apés o pico do metamorfismo de alta-
pressao e no inicio de um periodo de soerguimento e exumacao.

Outro aspecto discutido por Sylvester (1998) na geracdo dos granitos
peraluminosos refere-se as diferencas entre as colisbes que envolvem alta presséo
e grande espessamento crustal (>50 km; e.g. Himalaias e Alpes), e aquelas que
envolvem alta temperatura e um menor espessamento crustal (<50 km; e.g.
Hercynides e Lachlan Fold Belt). No primeiro caso, um volume pequeno a moderado
de granitos peraluminosos de mais baixa temperatura (<875 °C) € gerado por
descompressao da crosta superespessada e aquecida pelo decaimento radiogénico
(K, U e Th). No outro tipo de or6geno, um grande volume de granitos peraluminosos
“‘quentes” (>875 °C) forma-se pelo calor proveniente do manto apos a delaminagéo
litosférica.

Barbarin (1999) relaciona a génese dos granitoides peraluminosos aos
ambientes geotecténicos no Ciclo de Wilson. Ele cita que apds a subduccdo ser
totalmente substituida pela colisdo continental, a fusdo da crosta produz granitoides
MPG e CPG, e ainda participa na geracado de granitoides calci-alcalinos alto-K
(KCG). Para ele, os MPG e CPG estdo associados com climax da orogénese,

engquanto os KCG séo supostamente posicionados durante as fases de relaxamento
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termal. Ou seja, os magmas sédo gerados durante a tectbnica compressional e
posicionados ao longo de zonas de cisalhamento apenas quando uma componente
extensional permite relaxamentos locais. Ele explica que a atividade em uma zona
de convergéncia implica sucessivos periodos de contracdo (com o empilhamento
crustal) e extensdo, permitindo, respectivamente, a geracdo de magmas e 0
posicionamento alternado de granitoides peraluminosos e KCG. A dominancia de
granitoides do tipo KCG marcaria a fase pés-colisional, quando a erosdo continua e
ocorre 0 soerguimento da crosta (continental uplift).

Na literatura ainda existe certa auséncia de clareza sobre o timing de
geracdo dos magmas de origem crustal e sobre os termos “colisional” e “pés-
colisional”. Tanto Barbarin (1999) quanto Liégeois (1998) assumem que a geragao
dos magmas ocorre, em um ambiente contracional intracontinental, ou seja, apés o
fechamento de um oceano. Entretanto, Liégeois (1998) considera este ambiente
como “poés-colisional”’, uma vez que reconhece a colisdo propriamente dita como o
principal impacto inicial entre duas ou mais placas continentais. Barbarin (1999), por
sua vez, considera o ambiente contracional intracontinental como “colisional”’, uma
vez que é nele que ocorre o0 “climax da orogénese”. Ou seja, 0 ponto principal
depende de como os autores tratam o termo “pds-colisional” e o que consideram
como colisdo, pois o0s eventos geoldgicos permanecem da mesma forma

independente de nossa interpretacao.

1.4.2. Transporte de magma e posicionamento de corpos graniticos

Os modelos de posicionamento de magmas graniticos na crosta tém sido
associados na integracdo de mecanismos de ascensdo magmatica (e.g. diques,
diapirismo ou migragdo penetrativa em mesoescala) e regimes tectbnicos ativos,
onde a deformacéo e estruturas de escala regional, como zonas de cisalhamento e
falhas transcorrentes, agem de maneira eficiente no condicionamento desses
corpos.

Segundo Brown (2013), a maneira com que 0 magma ascende através da
subsolidus crust depende da reologia das rochas encaixantes. Por exemplo, o
transporte por diques (strictu sensu) refere-se ao fraturamento na extremidade de
uma pequena descontinuidade e a deformacdo elastica na rocha encaixante é

instantanea, fazendo com que a velocidade da ascenséo dependa da viscosidade do
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magma. Por outro lado, no diapirismo a ascensdao do magma ocorre devido a
deformagédo ductil nas rochas encaixantes que, por terem viscosidade maior que a
do magma, controlariam a velocidade de ascenséao dele. A zona de transicéo entre a
crosta ductil e raptil limita a ascensdo, portanto, esse mecanismo € aceito no
processo de migracdo de liquido da fonte, mas torna-se questionavel quando
aplicado ao modelo de posicionamento de corpos. Um mecanismo alternativo que
tem sido documentado em muitos terrenos migmatiticos € a migracdo penetrativa
em meso-escala, que € limitada entre a crosta acima e abaixo da solidus
(suprasolidus crust e subsolidus crust), imediatamente acima da zona de anatexia.
Neste caso, o liquido gerado em zonas profundas (migmatitos) migra através de
zonas de alta permeabilidade facilitado pela deformacéo (e.g. foliacdo, superficies
axiais de dobras, shear bands, zonas de cisalhamento), para dar origem a plutons
em porcdes mais rasas da crosta, que tém orientacdo concordante com a direcao
dessas estruturas. Isso sugere que, grande parte do magma expulso foi transportado
atraveés de estruturas orientadas com alto angulo em relacéo a tenséo principal.

O controle tectbnico que existe sobre os mecanismos de posicionamento de
corpos graniticos tem sido investigado por diversos autores. Ainda na década de 80,
Hutton (1988) analisa sob o ponto de vista deformacional e estrutural, o
posicionamento de plutons em zonas de cisalhamento transcorrentes. Podem ser
sintetizados dois pontos principais: (1) a criacdo de espaco no interior das estruturas
tectdnicas condiciona o posicionamento de plutons; (2) a magnitude e assinatura das
tensdes tectonicas determinam os mecanismos de posicionamento desses plutons.
Ele salienta que a deformacéo na crosta ndo é homogénea e envolve contrastes de
viscosidade, anisotropia, e estruturas pré-existentes. O conjunto desses elementos,
(em diferentes escalas) relacionados a sistemas de cisalhamento em diferentes
regimes tectdnicos (transcorrente, transpressivo ou transtrativo), opera como um
complexo sistema cujos deslocamentos séo transferidos e acomodados em planos,
gerando assim, espagos onde se posicionam 0S COrpos.

D’Lemos et al (1992) também contribuiram para o entendimento da relacdo
entre 0 magmatismo e a dinamica dos sistemas de zonas de cisalhamento. Os
autores sugerem que, na crosta média, a anatexia provoca mudancas reolédgicas
gue facilitam a deformacé&o transcorrente que, por sua vez, permite o transporte do
magma através de um sistema que envolve transpressdo e transtracdo. Dessa
maneira, 0 magma pode se posicionar tanto em zonas de cisalhamento na crosta

ductil, ou, ser transportado por “mega-diques” que interligam esses sistemas ao
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sistema de falhas extensionais em por¢des mais rasas da crosta, onde também se
posicionam oS corpos.

As mudancas reoldgicas da crosta promovidas pela presenca de magma
também sdo discutidas por Brown & Solar (1998). Segundo eles, a anatexia
promove a localizacdo da deformacdo em sistemas de zonas de cisalhamento.
Consequentemente, o magma migra através de zonas de alta deformacéo e, dessa
forma, o sistema acomoda a deformagé&o. Além disso, os autores sugerem que o tipo
de movimentacdo nesses sistemas (transcorrente, normal, inverso ou obliquo)
controla a forma como o magma é transportado nos cinturdes orogénicos. Em
sistemas orogénicos dominados por transcorréncia, onde a direcdo de maxima
elongacdo finita € sub-horizontal, granitos aprisionados durante a ascensao
geralmente desenvolvem trama S-C. Em contraste, nos orégenos dominados por
movimentos obliquos e/ou inversos, onde a direcdo de maxima elongacao finita
pode ser subvertical, os granitos posicionados durante a ascensao geralmente néao
desenvolvem trama S-C. Isto sugere que a percolagcdo do fluxo de magma foi
eficiente, provavelmente devido a forca de flutuabilidade, que contribui para o
movimento de ascensdo do magma, paralelo a direcdo de maxima elongacao finita.

Portanto, granitoides sintectbnicos registram em suas estruturas valiosas
informagbes a respeito do campo tensional ativo durante seu posicionamento. A
orientacdo das principais tensdes e dos eixos de maximo encurtamento/estiramento
pode ser obtida a partir da analise detalhada de sua trama (e.g. foliacdo, lineacao).
Assim, é possivel avaliar a contribuicdo relativa das componentes de cisalhamento
puro e simples durante o posicionamento desses plitons em sistemas de zonas de
cisalhamento, e, classifica-los nos modelos de transpressdo e transtracdo (e.g.
Fossen et al., 1994; Fossen & Tikoff, 1998).

1.4.3. ASM aplicada ao estudo de macigos graniticos

Graham (1954) foi um dos pioneiros a citar o uso da ASM como ferramenta de
analise da trama magnética das rochas. O alinhamento preferencial de particulas
ferromagnéticas (trama magnética) poderia ser representado por trés eixos de um
elipsoide (Nye, 1957), que representavam, na rocha, a foliacdo e a lineacéo (e.g.

Tarling & Hrouda, 1993). O uso desta técnica, que se intensificou nas udltimas
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décadas, vem se mostrando uma poderosa ferramenta no mapeamento de macicos
graniticos, principalmente em granitoides “isétropos”, com trama de dificil
caracterizagao (e.g. Tarling & Hrouda, 1993; Bouchez, 1997; Borradaile & Henry
1997; Nédélec & Bouchez, 2015). Nesse contexto, a ASM pode ser utilizada tanto na
delimitacdo de facies dentro de um pluton, quanto na investigacdo detalhada de sua
trama e geometria.

Os dados de ASM devem ser interpretados com base na mineralogia
magnética. Dependendo da mineralogia magnética dominante (e.g. ferromagnética
VS. paramagnética), a susceptibilidade magnética dentro de um pluton pode variar
drasticamente; ou, no caso dos granitoides paramagnéticos, variar gradualmente em
funcdo da concentracdo de Fe, marcando assim, diferentes facies (e.g. Gleizes et
al., 1993; Oliver et al., 2016).

A analise da trama magnética deve ser complementada com petrografia
(microtexturas, microestruturas) para que ela tenha o correto significado geolégico.
Por exemplo, a distribuicdo da orientacdo da lineacdo magnética pode ser utilizada
para definir zonas de alimentacdo e fluxo magmatico, nesse caso, se tratando de
uma textura puramente magmatica (e.g. Archanjo et al., 1999; Valle Aguado et al.,
2017). Plutons onde as microestruturas preservam o registro da deformacdo com
diminuicdo da temperatura, desde a alta até baixa, a trama magnética deve ser
interpretada com devida cautela. Entretanto, fornecem um valioso registro da
progressao da deformacdo, as vezes marcando mudancas no regime tectonico (e.g.
Zak et al., 2012). Dessa forma, a ASM vem sendo utilizada na investigacdo dos
mecanismos de posicionamento de plutons, permitindo uma analise mais detalhada
de como as tensdes sdo acomodadas na crosta em diferentes regimes tectonicos.

No Brasil, trabalhos que utiizam a ASM vém permitindo um melhor
entendimento da dinamica estrutural e tectbnica durante, por exemplo, do ciclo
orogénico Brasiliano/Pan-africano. Na regido nordeste, na Provincia Borborema (e.g.
Archanjo et al., 2002; Neves et al., 2003; Viegas et al., 2013); na regido sudeste, na
Faixa Aracuai (e.g. Cavalcante et al., 2013) e na Faixa Ribeira (e.g. Salazar et al.,
2008, 2013). Entretanto, no sul do Brasil, essa técnica ainda foi pouco utilizada no
estudo do posicionamento de granitoides (e.g. Raposo & Gastal, 2009). Visto o
importante  significado tectdnico do Granito Butid no contexto do Ciclo
Brasiliano/Pan-africano no sul do Brasil, a utilizacdo de ASM neste corpo granitico
fornecera dados fundamentais que contribuirdo para os modelos tectdnicos da

regido. Além disso, este trabalho sera um dos pioneiros na utilizagdo de ASM
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aplicada ao posicionamento de um maci¢o granitico. Espera-se que o emprego

deste método seja cada vez mais consagrado na pesquisa brasileira.
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2. MATERIAIS E METODOS

Nesta secdo apresentam-se 0s materiais e técnicas empregadas no
desenvolvimento do projeto de pesquisa. Cada etapa estd descrita nos subitens
subsequentes e o grau de detalhamento abordado em cada método estd em

conformidade com sua relevancia para este trabalho de mestrado.

2.1. Revisao Bibliografica

Esta etapa constituiu na pesquisa, leitura e discussdo embasada em material
cientifico acerca da area de estudos e dos temas abordados. Durante a revisdo
bibliografica sobre a geologia regional e local, foram utilizados artigos cientificos,
teses, dissertacbes e resumos publicados em anais de eventos, ja que existem
dados de pesquisas anteriores que séo relevantes, mas ainda nao foram publicados
no formato de artigo (e.g. Niessing et al. 2008, 2010, 2010; Bitencourt et al., 2015a,
2015b). Outro segmento da revisdo bibliogréfica refere-se a utilizagdo da ASM no
estudo tectbnico e estrutural de corpos graniticos e, também, aos métodos de
investigacdo da mineralogia magnética (histerese, MRI e curvas termomagnéticas).
Para isso, foram utilizados artigos cientificos e livros texto de referéncia na area (e.qg.
Tarling & Hrouda, 1993; Bouchez, 1997; Dunlop & Ozdemir, 1997; Nédélec &
Bouchez, 2015).

2.2. Banco de dados em Sistema de Informacdes Geograficas (SIG) e escolha

de afloramentos

O banco de dados em SIG deste projeto foi criado na plataforma ArcGis
10 e teve como base a integracdo de dados geoldgicos e geograficos pré-existentes
gerados por: (a) UFRGS (2008, 2009), durante os mapeamentos geoldgicos de
detalhe de parte da carta topogréfica Passo das Canas (Folha SH.22-Y-A-IlI-4, MI-
2984/4); (b) Niessing (2008), durante o desenvolvimento da dissertacdo de
mestrado; e (c) Hasenack & Weber (2010), que desenvolveram a base cartogréfica
vetorial continua do Rio Grande do Sul (escala 1:50.000), de onde foram obtidas as

estradas, acessos, drenagens e curvas de nivel.
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A escolha prévia dos afloramentos a que seriam visitados teve como principais
ferramentas a base de dados em SIG integrada e as cadernetas de campo dos
projetos de mapeamento geoldgico desenvolvidos por UFRGS (2008, 2009) e
Niessing (2008). Assim, foi possivel selecionar apenas afloramentos sem nenhum ou
baixo grau de alteracdo e fraturamento, e preferencialmente aqueles que se
localizavam proximo dos acessos com veiculo e com maiores areas de exposicao.
Dessa forma, foram gerados mapas tematicos com a sobreposi¢do de imagens de
satélite, principais acessos, drenagens, afloramentos a serem visitados. O sistema
de georreferéncia adotado utilizou o sistema de projecao de coordenadas Universal
Transversa de Mercator (UTM), segundo o datum Cérrego Alegre, zona 21 para

hemisfério sul.

2.3. Saidas de campo e amostragem

Foram realizadas quatro campanhas de campo na regiao de Encruzilhada
do Sul, RS. A primeira delas teve como objetivo a verificagdo dos acessos e 0
estado dos afloramentos que haviam sido pré-selecionados. Dentre eles, foram
selecionados 16 afloramentos para amostragem de ASM ao longo do Granito Butia,
distribuidos entre o centro e as bordas do corpo granitico, ja que variacdes texturais
e deformacional existem entre ambas as partes. Os poucos afloramentos
encontrados nas porcdes nordeste e extremo sul do corpo apresentavam alto grau
de alteracdo e fraturamento e, portanto, essas areas ndo puderam ser amostradas
de forma regular.

As outras trés campanhas de campo tiveram duracéo de 2 a 3 dias cada uma
com o objetivo de coletar as amostras para ASM. Além disso, em cada sitio de
amostragem foi feito um croqui esquemético com a locacdo dos cilindros
recuperados. Foram coletados dados estruturais de foliagdo e lineacdo (quando
presente), fotos, e, quando pertinente, coletadas amostras para confeccdo de
laminas petrograficas. Ao todo, foram amostrados 16 sitios, onde foram coletados de
10 a 12 cilindros orientados, cada um deles com 2,5 cm de diametro e de 3 a 15 cm
de comprimento. No total, 180 cilindros foram obtidos e resultaram, apés a
preparacdo das amostras, em 492 espécimes.

Para a obtencdo dos cilindros, € utilizada uma perfuratriz portatil da marca

STIHL, composta por um motor de motosserra dois tempos movido a gasolina, com
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uma broca cilindrica oca acoplada a ele, cuja extremidade é diamantada, com 1” de
didmetro e 20 cm de comprimento. Um sistema de resfriamento e lubrificacdo da
broca é interligado a perfuratriz, por meio de uma mangueira. Ele € composto por um
galdo, onde mistura-se agua e 0leo soluvel biodegradavel, que sao liberados na
base da broca durante a perfuracdo (Figura 1la). O procedimento de perfuracdo €
iniciado realizando uma marcagdo com a broca de 1 cm de profundidade rente ao
local a ser perfurado (Figura 1b), para que caso ocorra a quebra do testemunho
durante a perfuracéo, se tenha um referencial para reposicionamento (Figura 1c-i).
Ap6s o procedimento de perfuracdo, cada cilindro tem sua posicao espacial
registrada (inclinacdo e azimute do furo) por meio de um orientador (Figura 1c-ii) que
tem uma haste cilindrica oca e uma bussola magnética (e outra solar) acoplada, da
seguinte maneira: (a) aqueles testemunhos que ndo quebraram durante a
perfuracdo, e permaneceram em sua posi¢cao original na rocha: ap0s encaixar a
haste do orientador no furo, se ajusta a bussola para que fique em posicao
horizontal e é registrado o azimute da direcdo do furo, cujo referencial € a ranhura
na base do orientador. Por meio dessa ranhura, marca-se com um fio de cobre o
cilindro (Figura 1c-iii) e apoés retira-lo da rocha, passa-se caneta permanente na
marcacéao (Figura le), registrando o topo e a base identificando-o; (b) para aqueles
cilindros que saem da posicéo original durante a perfuracéo: registra-se a orientacao
do furo com o orientador (sem o testemunho) e marca-se na rocha a posicdo da
ranhura do orientador (Figura 1d) e, entdo, se reposiciona o testemunho no furo
(utilizando a marcagao de 1 cm de profundidade realizada antes da perfuragao final),

e transfere-se a orientagdo da ranhura do orientador para o testemunho.
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Figura 1 - Procedimento de amostragem: (a) perfuracdo realizada com perfuratriz manual com broca
diamantada e sistema de arrefecimento/ lubrificacdo acoplado; (b) Furos realizados no sitio DL-10,
note que cada furo tem uma marcacdo rente a ele, que serve como referencial; (c) marca de
referéncia (i), orientador com clinémetro e bussola (ii) acoplado e processo de marcacdo com arame
de cobre (iii); (d) orientacdo de furo cujo cilindro quebrou durante a perfuracéo; (e) transferindo o
referencial geografico para o cilindro apés sua orientagéo.

2.4. Preparacao de amostras

A preparacdo das amostras estd brevemente descrita conforme a técnica
utilizada, sendo: (a) preparacdo das amostras para ASM; (b) preparacdo das
amostras para 0os meétodos de investigacdo da mineralogia magnética: curvas
termomagnéticas, curvas de histereses e de aquisicdo de magnetizacdo remanente

isotérmica; (c) confeccao de laminas petrogréficas;

(&) A preparacdo das amostras para ASM foi realizada no Laboratério de
Paleomagnetismo (USPmag), do Instituto de Astronomia, Geofisica e Ciéncias



Atmosféricas da Universidade de S&o Paulo, e deu-se da seguinte maneira:
utilizando uma serra com ajuste proprio para o corte, os cilindros foram serrados em
espécimes de 22 mm (Figura 2a e 2b); em seguida, cada espécime foi renomeado
marcando-se os trés eixos (Figura 2c) que definem as posi¢cdes de leitura dos
espécimes no susceptibilimetro; por ultimo, eles sdo embalados em filme de PVC

(Figura 2d) para prevenir qualquer contaminag&o de material no equipamento.

Figura 2 - Preparacdo de amostras para ASM: corte dos cilindros em espécimes de 22 mm (a e b);
marcacdo dos eixos que serdo medidos no equipamento (c); processo de embalagem em filme de
PVC para prevencdo de contaminacdo dos espécimes (d).

(b) A preparacédo das amostras para os métodos investigativos da mineralogia
magnética foi realizada no laboratério de preparacdo de amostras do Laboratério de
Geologia Isotopica do Instituto de Geociéncias da UFRGS. Em cada sitio de
amostragem foi coletado um cilindro, com cerca de 3 cm de comprimento, para
investigacdo da mineralogia magnética. Para as analises termomagnéticas, uma
porcdo de cada um deles foi desagregada manualmente em um gral de agata e
cominuida em fracdo muito fina em um moinho de bolas de agata, gerando cerca de
3 gramas de rocha total. Da porcéo restante do cilindro, cortou-se uma pequena
amostra cubica de cerca de 0,5 cm?, utilizada para a aquisicdo das curvas de
histerese e de MRI. A massa de cada amostra foi obtida em uma balanca analitica

com precisdo de 10™ grama.
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(c) A confeccdo de laminas petrograficas foi realizada no laboratério de
preparacdo de amostras do Laboratério de Geologia Isotépica do Instituto de
Geociéncias da UFRGS. Em funcdo de alguns afloramentos ja contarem com
laminas petrograficas, por terem sido estudados durante projetos anteriores, apenas
foram confeccionadas laminas para aqueles sitios onde ainda ndo havia este tipo de
material (DL-13, DL-16 e DL-18) e para os sitios analisados por microscopia
eletrénica de varredura (DL-05, DL-08, DI-11, DL-14).

2.5. Anisotropia de Susceptibilidade Magnética
2.5.1. Fundamentos tedricos

A susceptibilidade magnética mensura a capacidade que um material tem em
magnetizar-se, quando submetido a acdo de um campo magnético induzido. No
caso das rochas, a susceptibilidade magnética depende fundamentalmente de sua
composicdo mineraldgica. Mais precisamente, as propriedades magnéticas das
rochas sdo resultado da distribuicdo dos &tomos de elementos que contém
momentos magnéticos permanentes. O Fe é o elemento mais abundante dentre
eles, mas também o Mn, V, Cr, Co e o Ni contribuem para a susceptibilidade

magnética (Tarling e Hrouda, 1993).

A caracterizacdo magnética de uma material pode ser feita através da
magnetizacdo induzida (M) por um campo indutor (H). Se o material € homogéneo e
isotropico, podemos representar a susceptibilidade magnética (k) através de uma

relacéo linear de tal forma que:
M=kH 1)

Como M e H no Sistema Internacional sdo mensurados em A/m, k € um
parametro adimensional. Para materiais isétropos, M € constante e independe da
orientacdo de H. Entretanto, os minerais constituintes das rochas geralmente séo
anisotropicos e, portanto, M varia com a orientagcdo e intensidade do campo indutor
H. Sendo assim, para uma determinada direcdo de H, as trés componentes

ortogonais principais de magnetizacao induzida podem ser descritas como:

ML':K'

i Hy (i=1,23) (2)
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Que é uma forma contraida da expresséo (3):

M1 = ki1 Hi + kiz2 Hz + ki3 H3
Mz =kz1 Hy + k22 Hz + k23 H3
M3 = k31 Hy + k32 Hz + k33 H3 (3)

Onde, Mj é a magnetizagao na dire¢do i e Hj € o campo indutor na direcao j;
kij € o tensor de susceptibilidade e € representado por uma matriz simétrica de

segunda ordem. No sistema cartesiano de coordenadas da matriz kjj, os

componentes fora da diagonal se cancelam, restando os valores ki; = ky» = k33, que
séo simplificadas como k1 =k = k3 ou Kmax = Kint 2 kmin, € chamados como principais
eixos de susceptibilidade, representando os valores de susceptibilidade magnética
maximo, intermediario e minimo, respectivamente. A média aritmética da soma
desses valores define a susceptibilidade meédia (Kn = (kitky+ks) / 3). A

representacdo espacial dos trés principais eixos de susceptibilidade magnética

resulta um elipsoide, chamado de elipsoide magnético (Nye, 1957). A trama

magnética do elipsoide é definida por uma lineagédo magnética, dada por k; e uma
foliacdo magnética, dada pelo plano normal a k3, podendo ser representada por um

estereograma, analogamente utilizado em geologia estrutural (Figura 3).

(a) Kmin (b)

Kmax
Kint A

Kmin @

Figura 3 — (a) Representacéo tridimensional do elispoide magnético e (b) seus respectivos eixos de
susceptibilidade magnética plotados em estereograma. Modificado de Hrouda (2014).



O grau de anisotropia (P) do elipsoide é dado pela razdo entre o eixo maximo e
minimo de susceptibilidade magnética (P = k; / k3), enquanto sua forma varia de
oblata (forma de disco), quando k;=k,>ks; prolata (forma de charuto), quando
(k1>kz=ks); triaxial ou neutro, quando ki>k,>ks; e esférica quando k;=k,=ks. A forma
do elipsoide pode ser quantificada e descrita pelo parametro de forma (T), onde:

_ 2(lnk2—lnk3) _
T= [ Inky—Ink, ] 1 (4)

em que T varia de 0 a 1 para elipsoides neutros a oblatos, e de 0 a -1 para

elipsoides neutros a prolatos (Figura 4).

T<0

Figura 4 - Representacéo tridimensional de elipsoides com diferentes parametros de forma (T), da
esquerda para a direita: prolato, triaxial e oblato. Seus eixos de susceptibilidade magnética estao
plotados nos respectivos estereogramas. Extraido de Nédélec e Bouchez (2015).

A anisotropia magnética nos minerais se manifesta de duas maneiras:
anisotropia magnetocristalina e anisotropia magnetostatica (ou de forma). A primeira
tem origem na distribuicdo preferencial de ions ferromagnéticos (principalmente Fe
** e Fe *") ao longo da rede cristalina dos minerais, fazendo com que existam eixos
de “mais facil magnetizacdo”. Em minerais ferromagnéticos, esses eixos
representam as direcbes de magnetizacdo espontdnea do cristal. No caso da
hematita, por exemplo, eles estdo confinados no plano basal do cristal
(perpendicular ao eixo cristalografico c). J& na magnetita, a anisotropia de forma se
sobrepde a anisotropia magnetocristalina. Ela surge pelo efeito desmagnetizante
gerado em um grdo mineral com alta magnetizacdo intrinseca, quando este é
submetido a acdo de um campo indutor. Desta forma, se o cristal de magnetita for
maior que 1 um criam-se dominios magnéticos (positivos e negativos) ao longo de

sua superficie. Em minerais paramagnéticos a anisotropia magnetocristalina é
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dominante, portanto, a simetria da rede cristalina é um fator determinante para as
direcbes dos eixos de magnetizacdo de um cristal. Em cristais ortorrombicos (e.g.
ortopiroxénio — Figura 5a), trigonais (e.g. quartzo) e tetragonais 0s eixos principais
de susceptibilidade magnética sdo paralelos aos eixos cristalograficos. Em cristais
do sistema monoclinico (e.g. anfibdlio e micas) apenas o0 eixo-b de simetria
apresenta paralelismo perfeito com um dos eixos magnéticos (Figuras 5b e 5c).
Mesmo assim, nas micas & possivel exercer uma correlacdo direta entre a trama
magnética e a orientacdo dos eixos a e c cristlogréaficos, ja que as diferencas séo

inferiores a aproximadamente 5° (e.g. Borradaile & Werner, 1994).

(a) Ortopiroxénio (b) Anfibolio (c) Mica

(ortorrombico) (monoclinico) (monoclinico)

¢ =knr

€ kg ~100 uSt

MAY

~120 pSI

Figura 5 - Relacao entre os eixos de susceptibilidade magnética e o sistema cristalino dos minerais:
ortopiroxénio (a), anfibdlio (b) e mica (c). Modificado de Borradaile & Jackson (2004).

2.5.2. Obtencéo dos dados de ASM

A aquisicdo dos dados foi realizada no Laboratério de Paleomagnetismo
(USPmag), da Universidade de Sdo Paulo (USP). As 492 amostras foram analisadas
no susceptibilimetro KAPPABRIDGE MFK1 — FA (AGICO), operando a temperatura
ambiente em campo AC de 200 A/m e frequéncia de 976 Hz. O processo de
aquisicao dos dados baseia-se na leitura de trés eixos, X, y, e z, ortogonais entre si,
e na leitura de anisotropia total. Para isso, o operador coloca o espécime no holder
de amostras do susceptibilimetro e realiza uma medida para cada um dos trés eixos,
por meio de um sistema automatizado que rotacional o espécime (0,4 Hz) durante o
processo. A Ultima leitura mede a anisotropia total do espécime. As correcdes para a

posicdo original da amostra em relacdo ao norte geografico sdo feitas para cada
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espécime utilizando o referencial a orientacdo de cada cilindro, obtida em campo. Os
dados séo processados pelo software ANISOFT 4.2 (Chadima & Jelinek, 2009), que
realiza a estatistica, gerando uma média para cada eixo, além dos parametros da

anisotropia magnética: P, T, Ky, F, L.

2.6. Mineralogia Magnética

Para caracterizar os minerais portadores de magnetizagdo nas rochas
constituintes do GB foram efetuadas curvas termomagnéticas, de histerese, e de
MRI e observacBes no microscépio eletrbnico de varredura. Informacfes mais
detalhadas podem ser obtidas em Tarling & Hrouda (1993) e Dunlop & Ozdemir
(1997), entre outros.

A caracterizacdo da mineralogia magnética € fundamental nos estudos de ASM,
pois, como visto no item anterior, 0 comportamento das dire¢des dos principais eixos
magnéticos (que determinam o elipsoide magnético e a trama magnética), bem
como a susceptibilidade magnética total de uma rocha, variam de acordo com 0s
minerais a compdem. Com base no comportamento da susceptibilidade magnética
dos minerais, definem-se trés classes principais: diamagnéticos, paramagnéticos e
ferromagnéticos (latu sensu). Os minerais diamagnéticos (e.g. quartzo, feldspatos,
calcita) possuem valores de susceptibilidade magnética negativos ou proximos de
zero. Minerais paramagnéticos, representados majoritariamente pelos silicatos que
contém ions de ferro em sua composicao (e.g. anfibdlios, piroxénios, micas, olivinas,
granadas), apresentam valores de susceptibilidade magnética baixos, na ordem de
10 a 10™ SI. A susceptibilidade paramagnética (kp) € positiva, independe do campo
indutor e é inversamente proporcional a temperatura, obedecendo a Lei de Curie-

Weiss:
k=— (5

onde T é a temperatura absoluta e 6 é a constante de Curie.
Os minerais ferromagnéticos sédo caracterizados por uma forte interacao entre
seus ions de Fe, Mn, Cr, Ni, e Co, que geram uma magnetizacdo natural espontanea

(magnetizacdo remanente), ou seja, na auséncia de um campo magnético indutor.

Além disso, a susceptibilidade ferromagnética (k) € alta, na ordem de 1 a 3 Sl (e.g.
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Nédélec & Bouchez, 2015). O arranjo dos momentos magnéticos nos minerais
ferromagnéticos (sensu strictu) apontam todos para o mesmo sentido, enquanto nos
ferrimagnéticos, 0os momentos sdo antiparalelos. Nesse caso, ocorre uma
magnetizacdo residual no sentido dos momentos magnéticos mais fortes. Ja nos
minerais antiferromagnéticos, os momentos antiparalelos tém a mesma intensidade,
e, portanto, a magnetizacdo é nula. Quando os minerais atingem uma determinada
temperatura, denominada de temperatura de Curie (Tc) nos ferromagnéticos, e
temperatura de Néel (Ty) nos antiferromagnéticos, os momentos magnéticos
tornam-se randomizados e os minerais comportam-se como paramagnéticos, com a
susceptibilidade obedecendo a lei de Curie-Weiss (e.g. Dunlop & Ozdemir, 1997).
Por exemplo, em altas temperaturas, a magnetita tem sua T¢ proxima a 580 °C,
enquanto a Ty da hematita € de 675 °C. Em baixas temperaturas, a magnetita
apresenta a transicao de Verwey em cerca de -160 °C, ja na hematita a transicéo de
Morin ocorre temperaturas inferiores a -10 °C. Uma descricdo completa da variacéo
da susceptibilidade em funcdo da temperatura em diferentes fases minerais (e.g.
maghemita, pirrotita, pirita), bem como, para as soluc¢des sélidas Fes4TixO4, entre
ulvoespinélio (x=1) e magnetita (x=0), e Fe,4TikO3 entre a ilmenita (x=1) e a

hematita (x=0), pode ser obtida em Dunlop & Ozdemir (1997).

2.6.1. Curvas Termomagneéticas

Curvas termomagnéticas foram obtidas para os sitios DL-01, DL-02, DL-03,
DL-05, DL-08, DL-13, DL-14, DL-16 e DL-18. O equipamento utilizado foi um
susceptibilimetro KAPPABRIDGE MLY-4S e, acoplado a ele, um sistema de
aguecimento CS4 e de resfriamento CSL (Figura 6a). A aquisicdo dos dados é feita
em duas etapas, uma de resfriamento e outra de aquecimento. A amostra em fracao
fina é colocada em um porta-amostras que é acoplado ao susceptibilimetro. Na
etapa de baixa temperatura, ocorre o resfriamento da amostra, dentro de um
criostato de nitrogénio que atinge -192°C, e em seguida, aquecida até temperatura
ambiente. Na etapa de alta temperatura, outra parte da amostra € colocada no porta-
amostras (Figura 6b), que € aquecido por um fio de platina desde a temperatura
ambiente até 700 °C em uma atmosfera de argbnio, para prevenir a oxidacdo da
amostra. As medidas da susceptibilidade em funcdo da temperatura sao

automatizadas e continuas, ocorrendo uma medida a cada incremento de 0,3 °C,
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controlado pelo software do equipamento. A analise das curvas e suas correcoes

foram realizadas no software Cureval 8.0.

Figura 6 - (a) Susceptibilimetro MLY-4S (branco) acoplado ao sistema de aquecimento (esq.) e as
amostras pulverizadas dentro dos porta-amostras (dir.); (b) colocagédo da amostra dentro do cabecote
do susceptibilimetro antes de inicar o ciclo de alta temperatura.

2.6.2. Curvas de Histerese

O método consiste em medir a magnetizacdo (M) em fungdo de um campo
magneético indutor (H). Nos materiais paramagnéticos, a magnetizacéo respeita uma
funcdo linear e cresce com o aumento de H, enquanto que em materiais
ferromagnéticos, M cresce exponencialmente, gerando uma curva com forma
sigmoidal. As curvas de histerese sao utilizadas para determinar as propriedades
dos minerais ferromagnéticos, tais como: a magnetizacdo de saturacdo (Ms), a
magnetizacdo remanente de saturacao (M;s), a coercividade (Hc) e a coercividade de
remanéncia (Hc), (e.g. Dunlop & Ozdemir, 1997). Quando submetidos a campos
magnéticos, esses minerais sofrem a saturacdo de sua magnetizacao, atingindo a
Ms em campos muito baixos (<300 mT - minerais de baixa coercividade) ou em
campos mais elevados (minerais de alta coercividade). Quando o campo indutor é
reduzido a zero, resta apenas a M Aplicando-se o campo indutor na direcédo
contraria, a magnetizacdo sera nula em um determinado valor de campo,
correspondendo a coercividade (Hc.) do mineral. E por dltimo, o valor de campo
magnético necessério para anular a magnetizacdo remanente € denominado H.
Cada mineral ferromagnético apresenta valores caracteristicos de cada uma dessas

propriedades. Além disso, as razdes M;s / Mg e H¢ / He definem a estrutura de
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dominios magnéticos de minerais ferromagnéticos: multi-dominio, monodominio e
pseudo-monodominio (Day et al. 1977; Dunlop & Ozdemir, 1997).

A susceptibilidade magnética total (K) de uma amostra é correspondente ao
somatorio das contribuicbes da susceptibilidade ferrimagnética (Kr), paramagnética

(Kp) e diamagnética (Kg), segundo a equagao:

K=K + K, + K, (6)

Devido ao diferente comportamento da susceptibilidade magnética das
particulas ferrimagnéticas e paramagnéticas, quando um campo magnético €
aplicado, é possivel calcular e separar a contribuicdo da K; e da (K, + Kg) da
susceptibilidade magnética total. A partir da susceptibilidade magnética total, a
susceptibilidade magnética ferrimagnética pode ser calculada pela formula Ki= K —
(Kp+tKg). A contribuicdo Ky+Kq pode ser obtida a partir da histerese pelo calculo da
susceptibilidade magnética em alto campo magnético, uma vez que a contribuicao
ferrimagnética tem sua magnetizagdo saturada em campos menores de 300 T, a
magnetizacdo restante, em campos maiores, corresponde as particulas dia- e
paramagnéticas. Dessa forma pode-se analisar em cada amostra se ha o dominio
da susceptibilidade magnética ferrimagnética ou paramagnética. Essa discriminagcao
€ importante quando se tem amostras com uma mistura de minerais paramagnéticos
e ferromagnéticos.

As amostras foram medidas em temperatura ambiente em um magnetdémetro
VSM (vibrating sample magnetometer) MicroMag 3900, com campos de até 1 Tesla.
Foi obtida uma curva de histerese por sitio de amostragem. O célculo da
contribuicéo de Kfoi realizado para todas as amostras.

2.6.3. Curvas de Aquisicao de Magnetizacdo Remanente Isotérmica (MRI)

O método consiste na obtencdo (em temperatura ambiente e constante) da
magnetizacdo remanente da amostra, que € dada pela presenca de particulas
ferromagnéticas, enquanto um campo indutor € aplicado na amostra. O campo €&
aplicado e em seguida anulado, e, a cada passo, sua intensidade &
progressivamente aumentada, chegando até 1 Tesla. As curvas de MRI permitem
estimar de forma precisa a coercividade e magnetizacdo de saturacao das fases
ferromagnéticas. A magnetizagdo dos minerais de baixa coercividade (e.g.
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magnetita) atinge rapidamente a saturagdo em campos induzidos baixos, enquanto
gue em minerais de alta coercividade (e.g. hematita) a saturagcdo total nem sempre é
atingida.

As curvas de MRI foram obtidas com as mesmas amostras utilizadas na
construgdo das curvas de histerese, utilizando o mesmo magnetdmetro VSM
MicroMag 3900 (Figura 7).

] Holder da
|~ amostra
1

Bobinas de
captacao

—— vibragdo | =T
5 no eixo z | 3\ Amostra

— Campo magnético
induzido (H)

Figura 7 - Magnetométro MicroMag 3900 utilizado para a aquisi¢édo de curvas de IRM e histereses.
Em detalhe, o sistema do vibrating sample magnetometer (VSM). Extraido e modificado do site da
empresa Lake Shore cryotronics.

2.6.4. Microscopia Eletrénica de Varredura (MEV)

A microscopia eletrénica de varredura serve de método complementar ao
estudo da mineralogia magnética, a fim de verificar as relacfes texturais entre 0s
minerais opacos e 6xidos com as demais fases minerais. Foi confeccionada uma
lamina a partir de um espécime representativo de 4 sitios escolhidos (DL-05, DL-08,
DL-11 e DL-14) em funcdo dos resultados obtidos pelos outros métodos
investigativos da mineralogia magnética. As laminas delgadas foram metalizadas
com carbono e analisadas ao microscopio eletrénico de varredura pelo imageamento
por elétrons secundarios. O equipamento utilizado foi o MEV da marca JEOL,
modelo JSM-6610LV, acoplado um sistema EDS (Energy Dispersive Spectrometer)
modelo Bruker Nano XFlash detector 5030, que permite a andlise quimica pontual

nas laminas.
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Abstract

The post-collisional stage of the Brasiliano / Pan-African Cycle in Southern Brazil is
marked by metaluminous and peraluminous granites controlled by a transcurrent shear zone system.
In southernmost Brazil, the sinistral, NE-trending Dorsal de Cangugu Transcurrent Shear Zone
(DCTSZ) is the best known structure that conditioned these peraluminous granites. Despite its
poorly-developed linear fabric, the emplacement of the NNW-elongate Butia Granite (BG)
northwest of the DCTSZ is interpreted to have been controlled by a dextral transcurrent shear zone.
Thus, an anisotropy of magnetic susceptibility (AMS) study was performed in the BG aiming to
constrain its emplacement mechanism and the relation of the granite with the regional shear zone
system. Magnetic mineralogy was investigated through hysteresis loops, thermomagnetic and IRM
acquisition curves and SEM analysis. These experiments show a dominant contribution of
paramagnetic phases and a small content of low-coercivity (e.g., magnetite and titanomagnetite)
and high-coercivity (e.g., hematite) remanence-carrying minerals. In spite of the presence of minor
ferromagnetic grains, the BG magnetic anisotropy fabric is interpreted as dominantly controlled by
paramagnetic biotite crystals. Magnetic susceptibility ranges between 0.1 and 8.0 x 10 SI. Shape
parameter (T) ranges from 0.272 to 0.908, and anisotropy degree (P) ranges from 1.073 to 1.266,
increasing from the inner portion of the pluton to its margins. Magnetic fabrics, microstructures and
field relations suggest that magma ascent and emplacement were controlled by a NNW-trending
dextral transcurrent shear zone. The presence of S-C magmatic fabric and high temperature (ca. 650
°C), solid-state deformation at the margins confirm that the pluton was deformed during its cooling
process. Close to the host-rocks, magnetic foliation dips steeply towards W or E, and magnetic
lineation plunges steep to moderately, indicating dominant flattening there. Shallow-plunging
lineation parallel to the NW- to NNW-striking foliation is found away from the pluton margins.
Foliation becomes less steep towards the BG northeastern portion and the presence of roof pendants

in this area suggests the proximity to the roof zone. The combination of buoyancy forces and the
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partitioning of regional strain into simple and pure shear is in accordance with a transpressive
regime. These results also suggest a time-space relationship between the NNW-dextral shear zone
that controlled the emplacement of the Butia Granite (ca. 629 Ma) and the sinistral, NE-trending
Dorsal de Cangugu Transcurrent Shear Zone, responsible for the emplacement of peraluminous
granites during the early post-collisional stage (ca. 634 - 610 Ma) of the Brasiliano / Pan-African

Cycle in southernmost Brazil.

Keywords: AMS, magnetic fabric, syntectonic peraluminous granite, Brasiliano/Pan-African Cycle.

1. Introduction

Peraluminous granites are identified throughout orogenic belts, especially those associated
with continental collision (Barbarin, 1999). They are interpreted to form mainly through partial
melting of crustal rocks in collisional and post-collisional environments (White and Chappell,
1977; Thompson, 1982; Patifio-Douce and Johnston, 1991; Stevens et al., 1997; Patifio-Douce and
McCarthy, 1998) and their exhumation/ascent through the crust is thought to be facilitated by
crustal-scale shear and fault zones (Hutton, 1988; D’Lemos et al., 1992; Collins and Sawyer, 1996).
Therefore, understanding structural and emplacement mechanisms of peraluminous granites in this
context is essential to follow the regional evolution of orogenic belts.

Geophysical methods are widely employed for the recognition of crustal-scale geological
structures (e.g., Dragone et al., 2017). However, in order to correctly place these structures in a
regional context, detailed studies of strain distribution in time-space are needed. Granitic rocks
emplaced along shear zones provide a proxy for regional strain, and thus investigation of their
fabric is key to constrain emplacement mechanisms and tectonic regimes (Hutton, 1988; D’Lemos
et al., 1992; Brown, 1994; Paterson and Vernon, 1995). The anisotropy of magnetic susceptibility

(AMS) is a powerful tool for structural investigation of granitic massifs, since it provides precise
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information on rock magnetic fabric (e.g. Bouchez, 2000; Nédélec and Bouchez, 2015). AMS
studies have been used to establish the relationship between fabric development, emplacement
mechanisms and regional tectonics in granitic rocks (e.g., Archanjo et al., 1994, 2002; Bouchez,
1997; Trindade et al., 1999; Mamtani and Greiling, 2005; Neves et al., 2005; Salazar et al., 2008;
Valle Aguado et al., 2017; among others). However, few studies have been carried out on granites
from southernmost Brazil thus far (e.g. Raposo and Gastal, 2009).

The collisional Brasiliano/Pan-African Orogenic Cycle in southern Brazil is characterized
by voluminous granitic magmatism between ca. 650-580 Ma (Fig. 1), attributed to a post-collisional
setting (Bitencourt and Nardi, 2000; Philipp and Machado, 2005). According to Bitencourt and
Nardi (2000), magmatic activity was mainly controlled by a set of translithospheric transcurrent
shear zones, which they named Southern Brazilian Shear Belt (Fig. 1), which has contributed to
magma ascent and emplacement for about 50 Ma. The early post-collisional period is characterized
by the Quitéria and Cordilheira metaluminous to peraluminous granites, (e.g. Koester et al., 2001a,
b, Philipp et al., 2013). These granites crop out along the NE-trending Dorsal de Cangugu
Transcurrent Shear Zone (DCTSZ). Planar and linear structures point to the syntectonic
emplacement (Fig. 2) of these granitoids within the DCTSZ (Fernandes et al., 1992; Fernandes and
Koester, 1999). However, to the northwest of this zone, a NNW-trending, elongate peraluminous
leucogranite - the Butia Granite (BG) - is hosted by granulite facies metamorphic rocks of the
Vérzea do Capivarita Complex (VCC). This granite has a poorly-developed linear fabric, although
field relations support that it was controlled by a dextral oblique to strike-slip shear zone.

This study is concentrated on the AMS results obtained for the Butia Granite. Such results
permit to further constrain its emplacement mechanism and the relation of the granite with regional

shear zones formed at the early post-collisional stages of the Brasiliano/Pan-African Cycle.
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Figure 1 - Main lithological domains of Southern Mantiqueira Province (modified from Bitencourt
and Nardi, 2000), with location of figure 2 indicated. 1 - S8o Gabriel Terrane, 2 - Porongos
Complex, 3 - Pelotas Batholith (PB), 4 - Dorsal de Cangucu Transcurrent Shear Zone (DCTSZ), 5 -
Passo dos Marinheiros Fault (PMF).

2. Geological Setting

The southern segment of the Mantiqueira Province (Almeida et al., 1981) is part of a

Neoproterozoic orogenic system which extends from southern Uruguay to northeastern Santa

Catarina State (Brazil), known as Dom Feliciano Belt. This orogenic belt is limited by Archean and
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Paleoproterozoic terranes related to the Rio de la Plata Craton, exposed mainly in the Uruguayan
shield, and by the Luis Alves Craton (Fig. 1). In the southern Brazilian shield, the Dom Feliciano
Belt major lithological domains from west to east comprise juvenile magmatic arc rocks, low to
medium-grade metamorphic rocks partly covered by volcano-sedimentary sequences, and in the
eastern portion, a post-collisional granitic belt (Fig. 1).

The juvenile rock association comprises mainly metabasalts, amphibolites and ultramafic
sequences with juvenile characteristics and is described as S&o Gabriel terrane (Babinski et al.,
1996; Leite et al., 1998; Hartmann et al., 2011). Accretionary events are proposed in this area
ranging from 750-700 Ma (Babinski et al., 1996) and 753-680 Ma (Hartmann et al., 2011) to 890-
860 Ma (Saalmann et al., 2011; Philipp et al., 2016).

The Porongos Metamorphic Complex (Jost and Bitencourt, 1980; Pertille et al., 2015) is the
main unit of supracrustal metamorphic rocks, comprising metapelites, quartzites, metavolcano-
sedimentary and felsic to intermediate metavolcanic rocks, with minor ultramafic lenses
metamorphosed under greenschist to lower amphibolite facies conditions. This domain is partly
covered by volcano-sedimentary rocks related to the post-orogenic Camaquéa Basin (Fig. 1).

The eastern portion comprises granitic rocks cropping out along a 350 km long and 100 km
wide, NE-trending belt, which represents a massive volume of late-Neoproterozoic granitic
magmatism (Fig. 1). Magmatic ages for the granitic suites that compose the batholith range from
650 to 550 Ma (Philipp and Machado, 2005 and references therein). The early post-collisional
magmatism is characterized by metaluminous and peraluminous granitoids, while the final
magmatic stages are recorded mainly by alkaline magmatism (Fig. 2) either within the shear belt or
far from the main deformation sites (Bitencourt and Nardi, 2000).

The NE-trending Dorsal de Cangucu Shear Transcurrent Zone (Fernandes et al., 1992) is the
main structure of this system and runs for about one hundred kilometers along strike (Fig. 2). It

shows sinistral strike-slip movement recorded in syntectonic granites and mylonite belts (Fig. 2)
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with sub-vertical foliation and sub-horizontal stretching lineation, reaching lower amphibolite to
greenschist deformation temperatures (Tommasi et al., 1994; Fernandes and Koester, 1999). This
shear zone limits the central metamorphic domain and the eastern granitic belt. However, in the
northwestern part of the batholith, this limit is marked by the NS-trending Passo do Marinheiro
Fault (Picada, 1971). In the area formed by these two structures (Fig. 2), high-grade metamorphic
rocks - the VVarzea do Capivarita Complex (Martil et al., 2011; Bom et al., 2014) - crop out as roof
pendants and megaxenoliths on mildly alkaline granites and ultrapotassic syenites.

The Véarzea do Capivarita Complex comprises pelitic and calcsilicate paragneisses with
minor, tectonically interleaved orthogneiss as decimeter- to meter thick tabular slices. Syntectonic
syenites are subordinate (Arroio das Palmas Syenite — De Toni et al., 2016). The Varzea do
Capivarita Complex registers two progressive deformation phases, D, and D,, developed under
granulite facies conditions. D; is considered to have formed a top-to-the-W thrust system while D,
progressively transposes D; structures along steeply-dipping foliation planes (S;). Peak
metamorphic age values of 648 + 5.4 Ma (zircon U-Pb SHRIMP) are reported in orthogneisses by
Martil (2016). According to Martil et al. (2017), the age of crystallization of VCC orthogneiss
protolith is ca. 790 Ma (zircon U-Pb SHRIMP).

Peraluminous granites in southernmost Brazil were originally identified and described by
Picada (1969, 1971), who interpreted these rocks as synkinematic to the NE-trending structure
subsequently named Dorsal de Cangucu Transcurrent Shear Zone. The Arroio Francisquinho
Granite is found in the northern portion of the DCTSZ, while the Cordilheira Granite is exposed in
its southern portion (Fig. 2). Detailed description, petrological and geochemical data were reported
by Koester et al. (2001a and 2001b), who interpreted the melting of crustal orthogneiss with minor
paragneiss as the possible source of magma for these granites. A major contribution of pelitic
gneiss and a minor contribution of orthogneiss to the melt was suggested by Philipp et al. (2013).

These plutons have elongated shapes, steep foliation and shallow-plunging lineation parallel to the
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strike of related shear zones. In composition, they are syeno- to monzogranites containing
muscovite and/or biotite, with tourmaline, garnet, apatite, zircon and ilmenite as accessory
minerals. Magmatic ages of peraluminous granites in Southern Brazil are between ca. 635 and 605

Ma, according to SHRIMP U-Pb zircon ages reported by Frantz et al. (2003).
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Figure 2 — Major geological units and lineaments of the northern portion of Dom Feliciano Belt in
Southern Brazil. Peraluminous granites are indicated: 1 — Butid Granite (BG), 2 — Arroio
Francisquinho Granite, 3- Cordilheira Granite. Geological map compiled and modified from Picada
(1971), Ramgrab et al. (1996), Porcher and LoPes (2000), UFRGS (2008, 2009, 2010, 2011).
Geochronological data: ® Babinski et al. (1997);  Bitencourt et al. (2015b); ©® Frantz et al. 2003;
Bitencourt et al. (2015a); “ Knijnik et al. 2015; © Martil et al. 2017; Martil (2016); © Chemale et
al. (2011); ™ Gregory et al. (2015).
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3. The Butia Granite

The Butia Granite (Niessing et al,. 2008a) is a foliated biotite-muscovite-sillimanite
leucogranite intrusive in the northwestern portion of the VCC as a 65 km?* NNW-trending elongate
body (Figs. 2 and 3). According to this author, the BG steeply-dipping foliation is parallel to the
gneissic banding of the host-rocks (Fig. 3) and its emplacement is considered to be synchronous to
the D, transcurrent phase described in the VCC by Martil (2016). Mesoscale xenoliths and roof
pendants up to several square meters are found mainly in the northern portion of the main body
(Fig. 3). Together with the common presence of pegmatites and late-magmatic, tourmaline-bearing
veins this is taken to indicate that the present erosion level is approximately that of the pluton roof.
Strong fracturing and weathering lead to a lack of fresh outcrops in the northeastern part of the

pluton.
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Figure 3 - (a) Butia Granite geological map showing major structures, host-rocks and relations with
intrusive rocks, modified from Niessing (2008), UFRGS (2009), Martil et al. (2017); (b) Butia
Granite structural data; (c) mean anisotropy of magnetic susceptibility (AMS) eigenvectors K;, K;
and Ks. @ Bitencourt et al (2015b); ® Bitencourt et al. (2015a); ©® Bitencourt et al. (2011); “ Martil
etal. (2017); Martil (2016).
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Intrusive contacts with the VCC gneisses and syntectonic syenites are described in the BG
western part (Niessing, 2008). The BG leucogranites form cm- to dm-wide veins that run mainly
parallel to the host rock foliation but are sometimes discordant and folded together with the host
rock (Fig. 4a). Leucocratic synmagmatic cm-thick veins are also found within the BG, either
concordant or discordant to the magmatic foliation.

The leucogranites are equigranular throughout the pluton, with slight variation in grainsize
and foliation development mostly along its margins which results in a finer-grained and strongly
foliated rock. A dextral S-C foliation pair is often found along the intrusion (Fig. 4b). The C-planes
become more penetrative towards the borders with the development of C-bands and local formation
of centimeter- to meter-scale high-strain zones, where foliation is narrowly spaced and locally
mylonitic (Fig. 4c). Shearing along these high-strain zones results in dextral dragging of the S-
foliation. Towards the intrusion center, the granite becomes coarser-grained and less foliated. In the
center of the intrusion the C-foliation is less developed or absent, and the S-fabric becomes more
expressive (Fig. 4d). The S foliation strikes generally NNW to NW, slightly oblique to the
elongation of the body, and dips steeply towards WSW or ENE (Fig. 3b). Foliation is marked
mainly by biotite, muscovite, subordinate prismatic sillimanite and the alignment of elongate
aggregates of equant grains of feldspar and quartz (0.5 to 1.0 cm). The C foliation is marked mainly
by elongate, up to 1 cm-long aggregates of biotite, with minor muscovite and fibrous sillimanite,
which wrap around the quartz-feldspathic aggregates. Lineation is rarely developed. When present,
it is given by the long axis of quartz and feldspar aggregates and shows shallow plunges, nearly

parallel to the foliation strike (Fig 3b).



210

211
212
213
214
215
216

217

218

219

220

221

222

223

12

Figure 4 - Butia Granite macroscopic features: (a) field relationship between Butid Granite and
Arroio das Palmas Syenite host rock, approximately plan view looking north; (b) composite
magmatic S-C fabric found in the BG, plan view looking north; (c) strongly-developed, narrow-
spaced foliation from the Butia Granite margins; plan view; (d) equigranular, weakly-foliated
leucogranite from the inner portion of the body; plan view.

Petrographic and microstructural data on the BG are based on present observations and
previous data by Niessing (2008) and Niessing et al. (2008a, b). It is composed of sillimanite-
bearing, muscovite-biotite syeno- to monzogranites with colour index M’ around 5, reaching up to
10 in biotite-rich varieties. Biotite is significantly more abundant than muscovite and reaches up to
7%. It forms elongate aggregates up to 5 mm, with minor muscovite and/or prismatic sillimanite
(Fig. 5a) which wrap around quartz-feldspathic aggregates. Sillimanite (up to 2 mm) usually

crosscuts biotite but the inverse relationship is also observed, thus both sillimanite and biotite are
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interpreted as crystallized from the liquid phase, although few xenocrystals are also locally found.
Accessory phases are tourmaline, apatite, zircon, monazite, rutile and ilmenite. limenite and the
other opaque phases correspond to less than 0.5%. The characteristic allotriomorphic texture of the
BG is marked by elongate aggregates of anhedral quartz and feldspar crystals of sutured grain
boundaries.

According to Niessing et al. (2008a, b, 2010), magmatic deformation in BG is indicated by
the locally strong alignment of subhedral K-feldspar and coarse magmatic quartz (with axial ratio ~
1.5). Evidence of subsolidus high-temperature deformation comprises magmatic quartz containing
few recrystallized and deeply-sutured grains with locally strong chessboard-pattern subgrains (Fig.
5b). Coarse, undeformed myrmekites (Fig 5¢c) formed in high temperature are also a common
feature. In high-strain zones, quartz ribbons are wrapped by mica-rich thin layers (Fig. 5d). Low-
temperature deformation features are rare, represented by wavy extinction and flame perthite in K-
feldspar.

The BG crystallization age was determined by microprobe in monazite (Niessing et al.,
2011) and LA-MC-ICP-MS in zircon and by U-Pb ID-TIMS in monazite (Bitencourt et al., 2015a).
All data are in agreement and point to ca. 625 to 629 Ma. The same authors interpret that the BG
was crystallized from a metapelite-derived melt under 850 °C and pressures of about 10 Kbar,

which explains the absence of magmatic garnet and cordierite.
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Figure 5 — Petrographic and microstructural aspects of the Butia Granite: (a) magmatic sillimanite,
muscovite and biotite aggregate and chessboard pattern subgrains in quartz; (b) magmatic quartz
showing deeply sutured grains with locally strong chessboard-pattern subgrains; (c) well-
developed myrmekite around quartz and K-feldspar aggregates; (d) ribbon quartz aggregates
contoured by biotite flakes . Mineral abbreviation follows Whitney and Evans (2010).

4. Sampling and Methods

4.1. Sampling and AMS measurements

A total of 180 oriented drill cores (492 specimens) were obtained from 16 sites distributed
along the main body of BG (Table 1). In each site, a considerable set of 10 to 11 oriented cores with
7-10 cm in length and 2.5 cm in diameter was collected using a hand-held gasoline-powered drill.
Fig. 3 displays the location of the sampling sites (Table 1 also represents sampling information). In
most sites, cores were drilled a few centimeters from each other; except where cm-width,
tourmaline-bearing veins were found at the outcrops, which were avoided. The cores were oriented

with respect to geographic North using a combined magnetic/sun compass equipped with a
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clinometer. Sampling sites were located throughout borders and central areas aiming to best cover
the intrusion. However, a regular sampling was prevented by the more intense weathering and lack
of outcrops in the south and northeast areas, which explains why these two areas have not been
fully covered. At the laboratory, the oriented cores were cut into 2.2 cm high specimens using a
diamond-coated wheel saw. Sample preparation and subsequent magnetic measurements were
executed at the Laboratdrio de Paleomagnetismo (USPmag) of Universidade de Sdo Paulo (USP),
Brazil.

AMS describes the tensor which correlates the strength of the applied field (H) to the
acquired magnetization (M) of material, defined by the equation: M; = KjH;, where (i,j) are
directions. Thus, Kj is a second-rank tensor originated from a symmetric matrix that describes the
spatial variation of magnetic susceptibility (e.g., Tarling and Hrouda, 1993). This tensor is
expressed by the magnitude (eigenvalues) and orientation (eigenvectors) of the maximum (Ky),
intermediate (K;) and minimum (K3) principal axes of susceptibility (K; > K; > Kj3). The
geometrical representation of such tensor is the AMS ellipsoid, in which K; represents the magnetic
lineation while Kj is the pole of magnetic foliation (e.g., Tarling and Hrouda, 1993; Nédélec and
Bouchez, 2015). The shape of the magnetic susceptibility ellipsoid is represented by Jelinek’s
(1981) shape parameter (T), expressed by T = (InF - InL) / (InF + InL), where L = Ky/ K, (linear
anisotropy) and F = K,/K3 (planar anisotropy). Values vary from T = -1 for a pure prolate ellipsoid,
to T = +1 for a pure oblate one, through T = 0 for a triaxial ellipsoid. The anisotropy degree is
indicated by P = Ky/ K3 where P = 1.0 represents a sphere. All rock-forming minerals (i.e. dia-,
para- and ferromagnetic) contribute to the rock bulk susceptibility (Km), which is the arithmetical
mean of the three main axes of susceptibility: Km = (K; + K, +K3) / 3.

Low-field AMS measurements were performed on 492 specimens using a Kappabridge
MKF1-FA susceptibility meter (AGICO Ltd., Czech Republic), housed at USPmag laboratory and

operating at room temperature with a 200 A/m AC field at 976 Hz. An automatic rotator (0.4 Hz)
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coupled with the sample holder allows measuring the samples several times in each axis (X,y,z).
Tensor reconstruction and statistical analyses at sample and site levels were made using the

software ANISOFT 4.2 (Chadima and Jelinek, 2009).

4.2. Magnetic mineralogy measurements

A detailed magnetic mineralogy study is necessary to determine the contribution of minerals
phases to the magnetic susceptibility, in order to afford geological significance to the AMS results.
Magnetic mineralogy was investigated through acquisition of isothermal remanent magnetization
(IRM) curves, hysteresis loops and thermomagnetic curves. As a complementary method for rock
magnetism, we used scanning electron microscopy (SEM). SEM analysis was performed at the
Laboratdrio de Geologia Isotopica of Universidade Federal do Rio Grande do Sul (LGI-UFRGS).

IRM acquisition curves and hysteresis loops were measured in one representative sample
per site (small cubic piece of ~30 mm®), using a MicroMag 3900 (Princeton Measurements
Corporation) vibrating sample magnetometer (VSM) at room temperature and fields up to 1T. This
technique provides a quick investigation of the presence of remanence-bearing phases in the
samples and their nature according to the saturation fields and mean destructive fields (e.g., Dunlop
and Ozdemir, 1997). Hysteresis loops allow to determine saturation magnetization (M), saturation
remanent magnetization (M), coercivity (Hc), and coercivity of remanence (H.). The relationship
between magnetization (M) and applied field (H) is linear for paramagnetic samples and sigmoid-
shaped for ferromagnetic samples (e.g., Dunlop and Ozdemir, 1997). Both IRM acquisition curves
and hysteresis loops were performed on non-crushed samples.

Thermomagnetic curves were obtained by measuring low-field magnetic susceptibility on
powdered samples during continuous heating and cooling cycles («—T) from -195°C up to 700°C
using a CS-L cryostat and CS-4 furnace coupled to a Kappabridge KLY -4S susceptibility meter

(AGICO Ltd., Czech Republic). From room temperature up to 700 °C (heating cycle) and back
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(cooling cycle), k=T was measured in an argon environment to minimize alteration during these
cycles. The analysis of the curves consists of the identification of temperature-steeped progressions
of mainly magnetic phases transformations during the heating/cooling cycles, for instance, the
Morin and Verwey transition during the low temperature cycle and the Curie and Neél temperatures
during the high temperature cycle (e.g., Dunlop and Ozdemir, 1997).

For two representative sites (DL-05 and DL-08), samples were analyzed with a JEOL JSM-
6610LV scanning electron microscope (SEM) coupled with a Bruker Nano XFlash detector 5030
energy dispersive spectroscopy (EDS) at Laboratdrio de Geologia Isotdpica of Universidade federal
do Rio Grande do Sul (LGI-UFRGS). SEM observations were carried out to confirm the

characteristic size, shape, and composition of magnetic carrier.

5. Results

5.1. Magnetic susceptibility and mineralogy

The bulk magnetic susceptibility («) of all specimens ranges from 0.1 x 10® to 12.6 x 10
Sl (Fig. 6), with more than 90% of them showing k < 8.0 x 10™ SI. Such values are considered as
low magnetic susceptibilities, related to the low contribution of ferromagnetic minerals in

leucogranites (e.g., Gleizes et al., 1993; Aranguren et al., 1997).

In =492

T T T

b 4 8 12
k (10° SI)

Figure 6 - Frequency histogram of the bulk magnetic susceptibility (k) values of all specimens of
the BG.
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In Fig. 7a IRM acquisition curves at fields up to 1.0 T are shown for four samples (Sites
DL-02, DL-05, DL-08, and DL-13). For the other samples, IRM acquisition curves are too noisy
due to the very low amounts of remanence carriers in these rocks. The four IRM curves for which a
coherent signal can be obtained present a fast rise until of 300 mT, which is the range of low
coercivity minerals, but do not saturate until the maximum field of 1 T suggesting the additional
presence of high-coercivity phases. This behavior suggests the presence of a mixture of high- (e.g.,
hematite) and low-coercivity (e.g., titanomagnetite) ferromagnetic minerals.

Hysteresis loops demonstrate a linear relationship between the applied field and induced
magnetic moment (Fig. 7b-d). The minimum value of saturation magnetization (M) at 1 T applied
fields for most of samples is close to 25 x 10°® Am?/kg (Fig. 7 d), and it increases in some sites,
reaching the maximum value for sample DL-07 (Fig. 7c), which is around 88 x 10°® Am?/kg. In
sample DL-05 (Fig. 7b), even if linear trend predominates a hysteresis can still be recognized for
low field values (close to the origin of the graph) and in the paramagnetic corrected loop (inset
graphics), suggesting a small contribution of ferromagnetic phases in this site. If we subtract the
high-field susceptibility from the initial susceptibility, we can estimate the contribution of the
ferrimagnetic particles (Kferri%, Fig. 7f). The Kferri% values are always below 10% except for
sample DL-05 (Fig. 7b), where ferrimagnetic contribution reaches 23% (Table 1). Therefore, a
small concentration of ferromagnetic minerals may be considered in the samples even though

paramagnetic phases are the main carrier of the total magnetic susceptibility.
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Figure 7 — (a) Isothermal remanent magnetization (IRM) acquisition curves of four representative
BG samples (DL-02, DL-05, DL-08, and DL-13), where normalized intensity of magnetization
suggests a mixture of low- (e.g., titanomagnetite) and high-coercivity (e.g., hematite) minerals.
Hysteresis loops for the same representative samples from the BG (b, ¢ and d) and their parameters.
Linear relationship between applied field (B) and magnetization (M) and weak ferromagnetic signal
indicate an important paramagnetic component. Inset: hysteresis loops corrected by paramagnetic
fraction assuming saturation at 70% below the maximum field.

Thermomagnetic curves for three representative samples are presented in Fig. 8. Curie

temperature (T.) was determined by the peak-tangent method (e.g., Petrovsky and Kapicka, 2006).
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For all samples, magnetic susceptibility (k) has low values (order of 10'6). Low temperature curves
show a hyperbolic decrease of magnetic susceptibility from -193 °C until room temperature without
any phase transition (Verwey or Morin transition), which is the typical behavior of paramagnetic
mineralogy (e.g., Trindade et al., 2001). High temperature curves have always an irreversible
behavior. For some samples, magnetic susceptibility (k) for the cooling cycle is only slightly higher
than the heating cycle, i.e. DL-02 (Fig 8a). However, in most samples (e.g., DL-08 and DL-13) the
magnetic susceptibility (k) increases rapidly at ca. 400-500 °C during the heating cycle and shows
significantly higher values during the cooling cycle (Fig. 8b-c). The Curie temperature of ca. 560-
580 °C in samples DL-08 and DL-13 can be related to titanomagnetite or magnetite (Dunlop and
Ozdemir, 1997). However, a component with temperature above of 600 °C is observed in both
curves, which is probably related to hematite. A fraction of these ferromagnetic phases were created
during the heating cycle, probably from the iron-rich biotite as reported by Trindade et al. (1999,
2001). The dominant paramagnetic behavior of the studied rocks can be attributed to the biotite,
since it is the most abundant Fe-silicate in BG.

Sample DL-05 is the one with the higher ferrimagnetic contribution to the magnetic
susceptibility (Fig. 7f). In this sample we could identify Fe-oxides in SEM analyses (Fig 9a). They
occur always as small inclusions (up to 50 um) in feldspars and have anhedral habit being
interpreted as a late-magmatic phase. For the other sample, SEM analyses show that opaque
mineralogy comprises essentially Ti oxide and Fe-Ti oxides (Fig. 9). Titanium oxide (rutile) occurs
as thin inclusions in biotite cleavage planes in most samples. Fe-Ti oxides are titanium-rich
(ilmenites) and occur as small euhedral crystals together with the mineral assemblage biotite +
muscovite £ sillimanite along the magmatic foliation (Fig. 9b). These results support the slight

distinction in IRM acquisition curves and hysteresis for sample DL-05.
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Figure 8 - Thermomagnetic curves (-195 to 700 °C) for three representative samples of the BG: (a)
DL-05, (b) DL-08 and (c) DL-13. Heating and cooling cycles represented by red and blue colors,
respectively. The thermomagnetic curves show irreversible behavior with significantly higher
values during the cooling cycle (DL-08 and DL-13). Low temperature curves are marked by the
hyperbolic decrease of magnetic susceptibility with no phase transition, which is typical behavior of
paramagnetic mineralogy. Curie temperatures in the high-temperature curves suggest the presence
of magnetite and titanomagnetite with minor hematite as the main ferrimagnetic phases.
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Figure 9 - Scanning electron microscope images of opaque minerals: (a) small, anhedral Fe-oxide
crystals included in feldspar - sample DL-05; (b) small, euhedral to subhedral ilmenite crystals
along foliation plane commonly found in all samples.

5.2. AMS scalar data

Shape parameter (T) and anisotropy degree (P) of magnetic susceptibility for all specimens
are shown in Fig. 10. From the P vs. K, diagram it can be observed a slightly inverse correlation
between the anisotropy degree and the bulk magnetic susceptibility (Fig. 10a), whereas a positive
normal correlation is observed in the T vs. P diagram between oblateness of shape ellipsoid and
anisotropy degree (Fig. 10b).

The anisotropy degree (P) is rather high, with 80% of them being above 1.10. Most of the
specimens (52%) have anisotropy degree ranging from 1.10 to 1.20 and 28% show higher values,
reaching up to 1.39 (Fig. 10b). The lowest values of P occur in the inner portion of BG (Fig. 10c).
For instance, in sites DL-02, 05, 13 and 16 anisotropy degree does not exceed 11% (P < 1.11; Fig.
10a; Table 1). Towards the borders, P increases and shows values ranging from 1.12 and 1.16 (i.e.

sites DL-03, 10, 12, 18). Sites very close to the borders show the highest values for P, which reach
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up to 25-26% in the western and southeastern borders (i.e. sites DL-01, 09, 06 and 07) (Fig. 10a,
Table 1).

The shape parameter (T) shows higher variance for less anisotropic samples and it becomes
dominantly higher for more anisotropic samples (Fig. 10c). The mean-site values range from 0.272
to 0.908 (Table 1). Ellipsoids are mainly oblate to triaxial for all sites, based on the combined
analysis values (Table 1) and spatial distribution of magnetic susceptibility eigenvectors on
stereoplots (Fig. 11). Thus, magnetic foliation is the best-defined fabric element. Values of shape
parameter close to zero (T < +0.4) are mainly found in the central area of BG (i.e. DL-02, DL-05,
DL-16) but also in DL-14, which is close to the northwest border. In contrast, most sites where T >
+0.8 are found at the southwestern border of BG (i.e. sites DL-01, DL09 and DL-10). Magnetic

ellipsoid shape in these sites can be considered close to purely oblate.
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Figure 10 - Magnetic susceptibility scalar parameters: (a) anisotropy degree (P) versus mean
magnetic susceptibility (Km) plot for all specimens; (b) shape parameter (T) versus anisotropy
degree (P) for all specimens, and (c) map distribution of site average values of anisotropy degree
(P) of magnetic susceptibility.
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5.3. AMS directional data

Directional data are represented in Table 1 and Fig. 11, where stereoplots of mean magnetic
eigenvectors (Ki, K, and Kj3) are distributed along the BG outcropping surface. Error ellipses were
estimated for each site using Jelinek’s statistics implemented in the ANISOFT software. We
consider a magnetic foliation and lineation data to be well defined when their maximum angular
dispersion provided by the error ellipses is below 35°. AMS directional data shows well defined
magnetic foliation in all sites, marked by the clustering of minimum magnetic axis (K3z) and by its
low angular dispersion (e/z). Values of the maximum angular dispersion in BG were always less
than 18°. In contrast, the magnetic lineation is usually moderately defined. Two sites (DL-01 and
DL-09) displayed angular dispersion above 35° for K; (Table 1). Thus, lineation in these two sites
was considered poorly defined and hence discarded for further interpretations.

Magnetic foliation displays a broad regularity along BG, although small changes in
orientation are locally found. Foliation strike is NNW-SSE and NW-SE (i.e. sites DL- 04, 06, 11
and 12), and in most of sites dips to the SW with moderate to steep angles. At the southwestern
border, foliation strikes N-S and dips steeply to subvertical towards east or west (i.e. sites DL-01,
09, 10 and 18). Foliation strikes N-S also in the North-central area at DL-13 and DL-16 sites. A
change in dip angles of magnetic foliation is observed from the west to the east and northeast of
BG. At the Western margin, close to the basement rocks, magnetic foliation has steep to subvertical
dips; towards the east, it dips gradually less steep, reaching moderates angles down to 33° at site
DL-16.

Magnetic lineation in most sites has low obliquity to the foliation direction. These sites are
found close to the contact with host-rocks in the western border (i.e. sites DL-01, 04, 10 and 18) or
close to the roof pendants found in central portion of the intrusion (i.e. DL-02 and 13), with angles

between 48° and 66°. Moderate plunges up to 31° are found in the central area, at sites DL-05, 08,
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11 and 12. At the southeast (i.e. sites DL-03, 06, 07) and northwest (DL-14) sectors of the pluton

the lineation presents shallow plunges with angles ranging from 15° to subhorizontal.
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Figure 11 — Map of magnetic fabric orientation data obtained for the Butia Granite. For each site, a
stereoplot distribution of mean magnetic eigenvectors Kj, K, K3, and its 95% confidence ellipses
are shown. The K; axis represents the magnetic lineation and K3 the pole to the magnetic foliation.
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6. Discussion

6.1. Origin and significance of AMS fabric in the Butia Granite

The integrated magnetic mineralogy and SEM investigation indicates that magnetic fabric in
BG is controlled by paramagnetic minerals, mainly biotite. This is attested by the low contribution
of ferrimagnetic phases to the bulk magnetic susceptibility calculated from hysteresis loops (see
%Kseri, Table 1). However, traces of ferromagnetic minerals (eg., titanomagnetite and/or hematite)
cannot be excluded from the whole mineral assemblage, since ferrimagnetic inclusions are
commonly reported even in apparently fresh biotite single crystals. Furthermore, values not higher
than 12.6 x 10™ SI of bulk magnetic susceptibilities (Ky) are in accordance with those usually
found in paramagnetic leucogranites (Gleizes et al., 1993; Rochette et al., 1994; Aranguren et al.,
1997). In paramagnetic granites which have biotite as responsible for the AMS signal, the magnetic
fabric is given by the magneto-crystalline anisotropy of these phyllosilicates. This means that
magnetic axes are parallel to their crystallographic axes. Thus, magnetic foliation (K3) is normal to
biotite cleavage plane (001) and magnetic lineation (K;) is given by the zone axis around biotite
crystal flakes orientation (Bouchez, 2000; Bouchez et al., 1997). Experimental models show that
magnetic lineation in biotite-rich matrix approximates the flow direction and agrees with the long
axis of prismatic elongate minerals such as K-feldspar (e.g., Arbaret et al. 1997). As shown in Fig.
3c, magnetic fabric faithfully represents the field structural data. Therefore, the AMS data provides
the apparent stretching and flattening directions of the finite strain ellipsoid during magma
emplacement. Further imprint of late-magmatic and high-temperature solid-state deformation may
be considered to contribute to the AMS fabric particularly close to the pluton borders.

The anisotropy degree (P) and shape parameter (T) determined for BG are in accordance
with biotite being the main carrier of the AMS signal. Ellipsoids are oblate and average-site values
of P do not exceed 1.3, which is the closest to the maximum intrinsic anisotropy of a biotite single

crystal (Bouchez, 2000; Martin-Hernandez and Hirt, 2003).
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The spatial distribution of P is also used to confirm or extend deformation zones obtained
by textural analysis, and usually there is a correlation between strain distribution and magnetic
anisotropy. Several studies in syntectonic granites have shown higher P values towards shear zones,
where high-strain zones also yield a gradual intensification of solid-state deformation (Tikoff et al.,
2005; Ferré et al., 2014). This correlation is valid for BG, since biotite is by large the main mineral
responsible for the AMS signal. Thus, the increasing anisotropy degree towards the pluton margins
(Fig. 10c) is in accordance with the intensification of fabric alignment which is marked by a well-
oriented of biotite, quartz and feldspar aggregates (Fig. 5b). Furthermore, the sites with the highest
values of P found in the BG western margin (P up to ~1.26) are close to high-strain zones reported
in the VCC. These high-strain zones are attributed to the steeply-dipping NNW-trending dextral
shear zones formed during the D, transcurrent regime in this area (Martil, 2016). In contrast, the
lower anisotropy degree observed in the central sites (Fig. 10c; Table 1) reflects the less-developed
fabric marked often by a less developed foliation at those sectors (Fig. 4d). In these areas, C-
foliation is less pronounced or absent, which results in S-foliation being more penetrative. Even in
sites where the magmatic S-C pair is present, magnetic fabric orientation commonly follows the S-
foliation measured in the field. Composite S-C magnetic fabric studies in paramagnetic biotite-rich
mylonites confirm that magnetic foliation lies between the S and C planes (e.g., Ono et al., 2010).
At the pluton southwestern margin, the magnetic foliation strikes north-south (Fig. 11), probably

due to the direction of magmatic S-foliation which is close to the C-foliation.

6.2. Butia Granite emplacement model

AMS data combined with field and microstructural observations suggest that BG was
syntectonically emplaced as a tabular body, controlled by a dextral transcurrent shear zone. On the
western margin of the body, close to the Varzea do Capivarita Complex D, high-strain zones, the
BG foliation is steep to subvertical, concordant with the axial planar foliation (S,) in the VCC.

Towards the NE, away from these steep high-strain zones, the foliation becomes less steep as does
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the gneissic banding in the VCC host-rocks (Figs. 3a and 11). The development of the same fabric
orientation in the BG and in its host-rocks suggests that they both follow regional deformation.
High-temperature, solid-state deformation microstructural features (Fig. 5) also reinforce the
syntectonic emplacement of the pluton. The presence of myrmekites and chessboard-pattern
subgrains in quartz, for example, indicates that deformation occurred close to the solidus of the
granitic system (Kruhl, 1996; Vernon, 2000; Passchier and Trouw, 2005). The transition from the
inner portion of the BG towards its margins is marked by a gradual change from less deformed to
foliated coarse- to medium-grained granite in a narrowly-spaced to a strongly-foliated finer-grained
granite at the pluton’s margins. The intensity of fabric alignment and amount of strain in the center
and borders are also marked by the spatial distribution of the anisotropy degree (P). Such lines of
evidence support the conclusion that during magma emplacement and cooling, strain was
progressively concentrated at the margins of the pluton where the magmatic fabric was gradually
overprinted by magmatic near-solidus to subsolidus deformation under high-temperature.

The subvertical shear zone system has acted as the major structure controlling the
emplacement and probably also the transport of magma. The overall oblate ellipsoids found along
the granite are indicative of a flattening strain which reflects the observed S>L fabric with
stretching or mineral lineation being only rarely observed in the field (Figs. 3a and 3b). Moderate to
steeply-plunging magnetic lineation occurs mainly in zones of strong flattening near the host-rocks
(e.g. sites DL-01, 04, 10 and 18). The host-rocks have possibly operated as rigid walls and the pure
shear component of deformation was probably significant in this portion, leading to the squeezing
of magma towards the cooler and stiffer host-rock walls (Fig. 12a). Away from the margins, the
magma accumulated in the lower-strain zones has preserved some information on the non-coaxial
component of progressive deformation (Fig. 12a). This is indicated by the triaxial ellipsoids with
moderately plunging to subhorizontal lineations pointing mainly towards the NW/NNW (Figs. 11

and 12a). The gradual change from subvertical to moderately dipping foliation observed at the
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northeastern part of the pluton, suggests also that the magma followed the previous fabric of the
host-rocks during emplacement. This is supported by the moderately-dipping foliation (as in the
host-rock) found in the NE portion of the pluton, where the roof zone was probably situated.
Additional evidence is given by the large amount of pegmatite and roof pendants found there.
Structural data obtained in the field from the southernmost portion of BG showed in the geological
map (Fig. 3) suggest that the magma has followed pre-existing, gently-dipping structures to form,
km-long, sill-like apophyses. Therefore, magma emplacement was mainly controlled by the shear
zone system, but also partly by the early fabric of the VCC host-rocks.

The BG elongate shape parallel to the shear zone, its internal structure coincident with the
one of the host-rock and the presence of a dextral S-C structure active from magmatic onto solid-
state also support the hypothesis that a transcurrent, NNW-trending shear-zone was the first driven-
structure that controlled magma ascension and emplacement. The magmatic origin of the S-C
structure in BG is given by the alignment of K-feldspar crystals without pressure shadows and also
by the termination of shear bands in or at magmatic quartz and K-feldspar with only weak solid-
state deformation features, as reported by Niessing et al. (2008b). According to Brown and Solar
(1998), granites emplaced during ascent in transcurrent shear systems develop such S-C fabric
pattern. In the BG, this fabric was acquired under high-temperature conditions, during magma
crystallization, and persisted during cooling to subsolidus conditions. In this case the S-C fabric is
best developed in zones of lower strain, and this is closely related to where the simple-shear

component of the transcurrent system was more effective.
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Figure 12 — (a) Sketch of the emplacement model conceived for the Butid Granite displaying the
strain partitioning in pure-shear and simple-shear domains: (i) pure-shear domain favors magma
transport upwards and is recorded in the moderate to steep magnetic lineation and strongly oblate
magnetic ellipsoids; (ii) in simple-shear domains, magma transport is subhorizontal, recorded by
the gently-plunging magnetic lineation parallel to the pluton elongation; (b) relationship in space
and time of the peraluminous magmatism during early post-collisional stage controlled by the
sinistral, NE-trending Dorsal de Cangugu Transcurrent Shear Zone (DCTSZ) and the NNW-dextral
shear zone that controlled the Butid Granite emplacement. These two shear zones formed a
conjugate pair during the transcurrent deformation. The maximum stress direction is suggested to
be approximately N-S.
6.3. Regional implications

During the Brasiliano/Pan-African Orogenic Cycle, the collisional stage was marked by
west/northwest direction of thrusting followed by transcurrence along a NE-trending network of
crustal-scale shear-zones (Fernandes et al., 1992). Part of this transpressive regime is recorded in
the VCC, where the peak of granulite facies metamorphism is dated at 648 + 5.4 Ma (Matrtil et al.,
2017). The same authors reported the progression from thrusting onto transcurrence, recorded in the
transposition of subhorizontal, NNW-trending, top-to-the-west displacement structures onto a
subvertical axial-planar cleavage. Strain concentration in such planes lead to the nucleation of
NNW-trending dextral strike-slip shear zone. The transcurrent system recorded during the early

post-collisional stages of the Brasiliano/Pan-African Cycle controlled the emplacement of

metaluminous and peraluminous granitic plutons. Magmatic ages for the peraluminous association
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in Southern Brazil range between ca. 635 to 605 Ma (Frantz et al., 2003). The NE-trending, sinistral
Dorsal de Cangugu Transcurrent Shear Zone (Fernandes et al., 1992; Fernandes and Koester, 1999)
is one of the main structures conditioning peraluminous granites in southern Brazil. The main
peraluminous granites positioned along the DCTSZ are the Arroio Francisquinho and Cordilheira
granites (Fig. 2). The BG crystallization age is 629 + 6.8 Ma determined by LA-MC-ICP-MS in
zircon and U-Pb ID-TIMS in monazite (Bitencourt et al., 2015a); therefore, the emplacement of
these two-mica granites was roughly coeval.

The available kinematic and geochronological data suggest that the dextral, NNW-trending
shear zone which bounds the BG is coeval with the sinistral, NE-trending DCTSZ, and that they
both have controlled the emplacement of peraluminous granites at least during the early post-
collisional stage. A similar relation is reported for the Quitéria-Serra do Erval Shear Zone (Knijnik
et al. 2012), which is also part of the Southern Brazilian Shear Belt.

A generic model for magma emplacement and shear zone activity in the region is presented
in Fig. 12b. The angle between the shear zones is about 60°, which is in accordance with the general
model of conjugate pairs (e.g., Fossen, 2016 and references therein). The maximum stress direction
(o1) that best fits the study area is close to the north-south, i.e., along the acute bisectrix of the
branches. The continuity to the south of the NNW-shear zone is not observable on the geological
map (Fig. 2). A change in the main orientation of stress in the region can thus be postulated, from
compressional E-W, with top-to-NW tectonic transport during collision, to N-S compression during
the post-collisional stage, leading to the transcurrent regime and magma emplacement. The
conjugate pair of ductile shear zones is only a part of the Southern Brazilian Shear Belt, described
by Bitencourt and Nardi (2000) (Fig.1). According to the authors, this shear belt has controlled the
ascent and emplacement of large volume of granitic magmatism during the entire post-collisional

period (ca. 650-580 Ma).
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7. Conclusions

The Butia Granite was syntectonically emplaced as a tabular body during the transcurrent
tectonics of the early post-collisional stage of the Brasiliano/Pan-African Orogenic Cycle. Evidence
of emplacement of BG during the transcurrent regime in a transpressive setting comes from AMS
and previous published structural data. The study of the magnetic fabric of BG, together with
petrographic and SEM data, show that the anisotropy of magnetic susceptibility is mainly carried
by biotite crystals. A dextral S-C foliation pair and a subvertical foliation developed under
magmatic to solid state and striking roughly NW-SE (oblique to the intrusion long axis) are the
major evidence that the transcurrent shear system has driven magma ascent and its emplacement.
Dominantly pure-shear occurred in the western border of the pluton, where the competent host-
rocks have acted as a rigid wall. Together with the structures described in the coeval granite plutons
emplaced along the Dorsal de Cangugu Transcurrent Shear Zone, the results obtained in the Butia
Granite provide a general structural framework for the post-collisional deformation in Southern
Brazil, where the maximum stress direction is close to the north-south in contrast the collisional
stage, when tectonic transport registered vergence top-to-NW. The successful application of the
AMS technique to the study of the internal fabric of the BG indicates that a similar approach can be
applied to study the emplacement of other granites in this region, with the main purpose of
reconstructing the regional scheme of magma transport, emplacement and deformation during the

collisional Brasiliano/Pan-African Orogenic Cycle.
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MAGNETIC AND STRUCTURAL FABRICS OF AN EDIACARAN
SYNTECTONIC LEUCOGRANITE FROM SOUTHERNMOST BRAZIL

Lyra, D.8.": Bitencourt, M.F. ': Savian, J.F. " Tomeé, C.R."; Trindade, R.LF.%
T Universidade Federal do Rio Grande do Sul
? Universidade de Sdo Faulo

A magnetic fabric study was conducted on the Butid Granite (BG), a N-S elongate
intrusion (~63 km?) of equigranular sillimanite-muscovite-biotite leucogranite from
southemmost Brazil. The host rocks are ortho and paragneisses (peak
metamorphism at 650 Ma), and syntectonic syenites (640 Ma) of the Varzea do
Capivarita Complex. Previous studies indicate that the BG (ca. 630 Ma) was
emplaced along a posi-collisional, dextral transcurrent shear zone. Its magmatic
foliation is marked by alignment of biotite, muscovite, and sillimanite, dipping steeply
towards EME or W3SW. An S-C fabric is locally found and at some places the foliation
is mylonitic. Despite the well-developed foliation, a linear fabric is rarely recognized.
Low-field anisotropy of magnetic susceptibility (AMS) technique can provide fabric
information for weakly deformed granites. The shape of the AMS ellipsoid is defined
by lineation {L=k,/k:), foliation (F=ka/kz), and degree of anisotropy (P=k/kz). In this
study, a total of 466 samples were prepared from cylindrical cores drilled at 14 sites
throughout the pluton. Isothermal remanent magnetization (IRM), hysteresis loops
and thermomagnetic curves were measured in most of these sites in order to
investigate magnetic carmers. The results indicate that magnetic suscepfibility is
camied almost exclusively by paramagnetic minerals (biotite). Therefore, AMS fabric
results from the alignment of biotite crystals. The minimum axis (ks) is perpendicular
to the cleavage plane (001) of biofite crystals, and the maximum axis (k;), the
magnetic lineation, is parallel to the zone axis around which biotite crystals are
aligned. The absence of low temperature solid-state deformation indicates that the
magnetic fabric is dominantly magmatic in origin. Magnetic foliation dips at high
angles towards WS3W and the lineation is dominantly subhorizontal, with shallow
plunge to NW or SE, except in the southwestemn part of the body, where foliation dips
towards E-EME and lineation plunges slightly steeper to either N or 5. The general
trend of the magnetic foliation is slightly oblique to the orentation of the intrusion, the
results being consistent with the emplacement of BG during dextral strike-slip. Zones
of veriical magnetic ineation on the southwestem part of the intrusion may indicate
the magma feeder zone.
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4.1.2. European Geosciences Union (EGU) General Assmbly 2018, Vienna (Austria)
- April, 2018.

Geeophysical Research Abstracts
Vol 20, EGUI018-PREVIEW, 2018

EGU General Assembly 2018 EGU
& Authoris) 2018, CC Atiribution 4.0 license.

Granite emplacement in a transpressional setting: an AMS study of the
peraluminous Butia Granite, southernmost Brazil

Diiego Lyra (1), Jairo Savian (1), Maria de Fitima Bitencourt (1), and Ricardo Trindade (2)

(1) Universidade Federal do Rio Grande do Sul, Instituio de Geociénclas, Departamento de Geologla, Porio Alegre, Brazil
(jalrosey lan® gmail com), (2) Universidade de 580 Paalo, InsBiuto de Astonomia, Geoffsicae Clnclas Amosféricas, Sho
Panlo, Brazil

The post-collisional stage of the Brasiliano/Pan-African Orogenic Cycle in Southem Brazil is marked by meta-
lominous and peraluminous granites controlled by a transcurment shear zone sysiem. In southernmost Brazil, the
sinistral, NE-trending Diorsal de Cangogu Transcurment Shear Zone (INCTSE) is the best known structure that con-
ditioned these peraluminous granites (ca. 634 — 610 Ma). However, the NNW-elongaie Butii Granite (BG - 629
Ma) is emplaced to the northwest of the DCTSZ. in the high-grade ¥ irrea do Capivarita Complex (ca. 650 Ma),
and despike its poorly-developed linear fabric, BG emplacement is interpreted to have been controlled by a dextral
transcurmrent shear zome . Thus, anisotropy of magnetic susceptibility (AMS) study was performed in the BG aiming
o constrain its emplacement mechanism and the relation of the granite with the egional shear zone system. A total
of 492 specimens {180 drill cores) were obtained through 16 sites distributed along the BG main body. Magnetic
mineralogy was imvestigated by hystem sis loops, thermomagnetic and IRM acquisition curves, and a complemen-
tary 5EM analy sis. The se experiments show a dominant contribution of paramagnetic phases and a small content of
low-coemcivity {e.g., magnetile and titanomagnetite) and high-coercivity (e.g , hematite ) remane nce-camying min-
erals In spite of the presence of minor ferromagnetic grains, the BG magnetic anisotropy fabric is inerpeted as
dominantly controlled by paramagnetic biotite crystals. Magnetic susceptibility ranges bebween 0.1 and 8.0 105
51. Shape parameter (T} ranges from 0.272 to 0. 908, and anisotropy degree (F) ranges from 1073 to 1.266, increas-
ing from the inner portion of the pleton to its mangins. Magnetic fabrics, microstmctunes and field relations suggest
that magma ascent and emplacement were controlled by a NWW-tending dexiral transcurment shearzome. The pres-
ence of 5-C magmatic fabric and high temperature (ca 650 “C), solid-state deformation at the margins confirms
that the pluton was deformed during its cooling process. Close to the host-rocks, magnetic foliation dips steeply
towards W or E, and magnetic lineation plunges steeply to moderate, displaying stronghy-oblate ellipsoids. This is
interpreied as a result of the significantly pure-shear component of deformation operating close to the host-rocks.
Shallow-plunging lineation parallel to the NW- to MN'W-striking foliation is found away from the pluton margins,
which is e lated to whem the simple-shear component of deformation was more effective. Foliation becomes less
steep towards the BG northeastern portion and the presence of roof pendants in this area suggests the prox imity
it the roof zone. The combination of buoyancy forces and the partitioning of regional strain into simple and pore
shear are in accordance with a tanspessive regime. These results also suggest a time-space relationship between
the NNW-dexiral shear zome that controlled the emplacement of the Butis Graniie and the sinistral, NE-trending
DCTSZ, responsible for the emplacement of peraluminous granites during the early post-collisional stage of the
Brasiliano/Pan-African Cycle in southernmost Brazil.
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4.2. Histoérico Escolar

Informacdes Académicas do Aluno

Historico Escolar

asn
UNIVERSIDADE FEDERAL

DO RID GRANDE DO SUL
Emissdo: 17/01/2018 as 01:40

O DIEGO DA SILVEIRA LYRA

166419

Atividades Desenvolvidas UFRGS

Atividades de Ensino

SAVIAN

PLEET]-[:EOG Atividade de Ensino T"L:; :i:ilgis g:i::: Pmﬂgg:sir Situacdo Orgdo
2017/2 Depdsitos minerais em ambientes hidrotermais A 5 - Matriculado  Programa de Pés-
« JOSE CARLOS Graduacado em
FRANTZ Geociéncias
2017/2 MAGMATISMO: FONTES E PROCESSOS A 4 A Aprovado Programa de Pds-
« EDINEI Graduacdo em
KOESTER Geociéncias
2017/2 Trajetorias de P-T-t em cinturdes orogénicos A 4 - Matriculado  Programa de Pés-
« CARLA Graduacado em
CRISTINE Geociéncias
PORCHER
2017/1 Geologia Estrutural de rochas intrusivas - estrut. A 5 A Aprovado Programa de Pos-
magmaticas e subsolid . - Graduacdo em
Geociéncias
2017/1 Redacdo e submissdo de artigo cientifico A 5 A Aprovado Programa de Pds-
. - Graduacdo em
Geociéncias
2017/1 T.E. EM GEOQOLOGIA MARINHA: ANISOTROPIA DE A 2 A Aprovado Programa de Pos-
SUSCEPTIBILIDADE MAGNETICA « JAIRO Graduacdo em
FRANCISCO Geociéncias




4.3. Pareceres da banca examinadora
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