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RESUMO

Os depositos de fluxo de lavas rioliticas sao importantes produtos das manifestagdes vulcanicas,
frequentemente subordinadas a eventos explosivos, cujas principais ocorréncias sao relacionadas
ao vulcanismo vinculado a sistemas de arcos vulcanicos e grandes provincias igneas. Apesar de
sua importancia, varios aspectos relacionados a colocagao dos fluxos de lavas riolititicos ainda sdao
enigmaticos. Estudos recentes realizados em fluxos rioliticos modernos sugerem mecanismos de
colocagdo semelhantes as das lavas basalticas, sugerindo um modelo de crescimento mais dinamico
para as lavas acidas, incluindo complexos sistemas de alimentagao a partir de estruturas lobulares.
Apesar desses avancos, estudos relacionados ao reconhecimento dessas caracteristicas em fluxos
antigos ainda sdo raros. Neste trabalho, foi realizado um estudo de um fluxo riolitico de idade
Neoproterozoica na area do Cerro do Perau, Cagapava do Sul, RS, integrando trabalhos de campo,
petrografia, geoquimica, reologia e paleomagnetismo (anisotropia de suscetibilidade magnética
(AMS). A regido do Cerro do Perau ¢ constituida por riolitos vinculados a Formagao Acampamento
Velho da Bacia do Camaqua e representa uma excelente exposi¢do para o estudo dos fluxos de
riolitos, com diversos padrdes estruturais e texturais vinculados a processos primarios de colocacao
das lavas. Os riolitos s@o foliados, originalmente hemicristalinos, com baixo contetido de cristais e
alto teor em silica, indicando uma coloca¢ao como fluxos de obsidiana. A analise estrutural indica
a predominancia de planos de foliagao sub-verticais, incluindo planos axiais de dobras, indicativos
de uma regido proximal e superior nos fluxos de riolitos. A auséncia de lineagdes sugere uma
acomodag¢ao predominantemente plana da deformacao induzida pelo fluxo, o que ¢ confirmado
pela forma dos elipséides obtidos por ASM. Varias amostras de ASM exibem um alto grau de
anisotropia, principalmente relacionado a fabrica oblata e indicativos do desenvolvimento de zonas
de alta deformagdo no fluxo. Os dados geoquimicos mostram altas temperaturas liquidas para os
fluxos de lava (acima de 957 °C), com viscosidades maximas de 8,5 log 1 (Pa.s) e temperaturas de
transi¢ao do vidro (Tg) de 750 °C. A auséncia de texturas e estruturas particulados, indicam a
auséncia de processos rupteis, sugerindo pouca ou nenhuma movimentacdo das lavas em

temperaturas abaixo da Tg.

Palavras-chave: Riolitos; Estruturas; Reologia, Fluxo de lavas, Anisotropia de susceptibilidade

magnética.



ABSTRACT

Rhyolites compose an important record in the volcanic history of Earth, with main occurrences in
volcanic arcs and large igneous provinces, often associated with explosive events. Despite their
importance, several aspects related to the emplacement of rhyolite flows are still enigmatic. Recent
studies in modern rhyolitic flows imply similar emplacement mechanisms when compared to
basaltic lavas, suggesting a more dynamic growth model for silicic flows, including outbreak lobes
and outpour structures. Despite these advances, studies related to the recognition of these features
in ancient flows are still rare. In this work we perform a multi-proxy study of an ancient
(Neoproterozoic) rhyolitic flow combining fieldwork, petrography, geochemistry, rheology and
paleomagnetism (anisotropy of magnetic susceptibility (AMS) analysis). The Cerro do Perau
rhyolites (CPO) outcrops close to Cagapava do Sul, RS city and is correlated to Acampamento
Velho Formation of the Camaqua Basin. They consist of a excellent exposure for the study of
rhyolite flows, presenting partially preserved flow with distinct flow features and folds. CPO flows
consists of an originally hemicrystalline, low-crystal and high-silica rhyolite, suggesting its
emplacement as an obsidian flow. Structural analysis indicates the predominance of sub-vertical
foliation planes, including axial planes of folds, indicative of a proximal (near-vent) and upper
regions in rhyolite flows. The absence of lineations suggests a predominantly planar
accommodation of flow-induced deformation, which is confirmed by the shape of AMS ellipsoids.
Several AMS samples display a high degree of anisotropy, mostly related to an oblate fabric,
indicative of the development of high-strain zones in the flow. Geochemistry data show high
liquidus temperatures for CPO flows (above 957 °C), with maximum viscosities of 8.5 log 1 (Pa.s)
and glass transition temperatures (Tg) of 750 °C. The absence of brittle features suggests little to

no displacement below Tj.

Keywords: Rhyolites; Structures; Lava flows; Anisotropy of magnetic susceptibility.



LISTA DE FIGURAS
Figura 1 — Mapa de localizagao da area

Figura 2 — Contexto geoldgico regional

AE ESTUAO. oo eea e eeeeees 13



SUMARIO
1. ESTRUTURA DA DISSERTAGAO.........ccceeterrertrtrreesesesssssesssssssssessssssssesssssesssssssssssssssssssns 9
p 2 |V 20 0 11 Lo\ o T 10
70 T 1= Yo XS 12
20200 I e T | [ Vo 1o RSO 12
3. CONTEXTO GEOLOGICO REGIONAL ......ccoeceeurrirreerresessiesesessessssessessssesssssssesssssssssssassssens 14
B g T N = - T = T Lo T 0= Ty T T 1 - 14
3.2 Vulcanismo Acampamento Velho............cooiiiiiiiccccccincs e rerersresmsssssss s s e e e s e s e e e s nnnnnnas 17
4. MATERIAIS E METODOS.......ccoiirteeeeiesesrsessssessssssessssessesssssssssssssssssssssssssssssssssnsssssssnssses 20
4.1. Revisao bibliografica.........cccccciiiiiiiiciiiniirr 20
4. 2. Atividades de CaAMPO ......cccumeeeciiiii s s ee e e e n s 20
4.3. Atividades de 1aboratorio ... 21
4.3.1. Petrografia..........cccccuuuieieeeucicceiiisieesses et cnmanan s sss s s e s e e s e e e nnan e e e e e e e e e e e e nnn e nn s 21
I B € T=To Yo [y ] o 21
4.4. - Geofisica - Anisotropia de Susceptibilidade Magnética (ASM)..........ccceevrerreeennccnnnn. 22
4.4.1. Mineralogia magnetiCa ................cuuuiiiieiieicccccisse e e s es s s man s ss s s e s e e e e nnn e e 24
5. REFERENCIAS BIBLIOGRAFICAS.........cooeotiietrrieeeessesesseesesessesasssssessssesssssssesssssssssesssssnens 25
6. ARTIGO SUBMETIDO ......cooiiiiiiieereerssissnneeesssssssssss s s ssssssmsse s sssssssssssssssssssnssessssessssnnssssssanes 33

6.1. ANEXOS AO ARTIGO........ciiiiiumrrerinniinnnes s sssss e s s sssss s s ns s ssssss e s ss s ssnnns s sssnsss 64



1. ESTRUTURA DA DISSERTACAO

Esta Dissertagdo de Mestrado estd estruturada em torno de um artigo submetido a
publicagdo em periddico cientifico da area, conforme a Norma 103 de Submissdo de Teses e
Dissertacdes do Programa de Pos-graduagdao em Geociéncias do Instituto de Geociéncias da

UFRGS e sua organizagdo compreende as seguintes partes principais:

a) Introducao sobre o tema e descricao do objeto da pesquisa de mestrado, onde estdo
sumarizados os objetos ¢ a filosofia de pesquisa desenvolvida, além da metodologia utilizada para

obtenc¢do dos resultados;
b) Contexto Geologico Regional;

c¢) Referéncias bibliograficas citadas nesta parte introdutdria. A lista de figuras abrange

somente as inseridas nesta parte inicial da dissertacao;

d) Artigo cientifico, submetido para publicagdo na revista Tectonophysics.
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2. INTRODUCAO

Lavas rioliticas alta silica sdo normalmente representadas por fluxos de obsidiana, cuja
maior parte das investigagdes e proposicoes de modelos de colocagdo tem se concentrado nas
excepcionais ocorréncias de fluxo de lavas holocénicas nos Estados Unidos (Fink, 1978; Fink,
1980; Fink, 1983; Manley & Fink, 1987) e, subordinadamente, na ilhas Edlias, Italia (Bullock et
al., 2018). No entanto, varios aspectos relacionados aos mecanismos de colocacdo de lavas
rioliticas ainda sdo enigmaticos (Tuffen ef al., 2013), ao contrario das lavas basalticas, onde o
entendimento geral da colocacgdo ¢ notavelmente maior, com estudos de caso modernos e antigos
(e.g. Walker, 1967; Pinkerton & Sparks, 1978; Single & Jerram, 2004; Guest ef al., 2012; Vye-
Brown et al., 2013; Bernardi et al., 2015).

Observagoes recentes de atividades vulcanicas rioliticas (e.g. vulcdes Chaitén e Puyehue-
Cordon Caulle - Chile) tém permitido o refinamento de modelos e o desenvolvimento de novas
hipdteses sobre os produtos originados das atividades efusivas vinculados a estes sistemas (Carn et
al., 2009; Lara, 2009; Bernstein et al., 2013; Castro et al., 2013; Pallister et al., 2013; Schipper et
al., 2013; Tuffen et al., 2013; Bertin et al., 2015; Farquharson et al., 2015; Magnall et al., 2017).
Viarios estudos tém sido realizados, incluindo comparagdes com os fluxos de lava basaltica,
demonstrando algumas vezes, mecanismos de colocagdo comuns para os dois sistemas extremos
que conduzem a um modelo unificado para as erupgoes efusivas (Castro et al., 2013; Schipper et

al., 2013; Tuffen et al., 2013; Bertin et al., 2015; Magnall et al., 2017).

Devido ao seu alto teor de silica, os magmas rioliticos geralmente entram em erupgao
explosiva, produzindo abundantes correntes de densidade piroclastica (Di Genova et al., 2017),
sendo raros os registros historicos de fluxos de lava riolitica (Cas & Wright, 1987). Como resultado,
um numero consideravel de estudos se concentrou no estudo de depdsitos explosivos (por exemplo,
Elston & Smith, 1970; Wilson et al., 2005; Finn et al., 2015; Alva-Valdivia et al., 2017; Nakagawa
et al., 2018), enquanto que sdo escassos os dados e interpretagdes acerca do posicionamento
estrutural dos fluxos de lava riolitica (e.g. Fink, 1980; Manley & Fink, 1987; Tuffen et al., 2013;
Bullock et al., 2018)

Apesar dessa ocorréncia discreta, seu estudo ¢ primordial para a compreensdo dos
mecanismos de colocagdo de lavas alta-silica, onde a reologia tem um controle primordial (Cassidy

et al., 2018). Varios trabalhos abordam a complexidade estrutural destes fluxos de lavas que
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incluem a presenca de dobras com complexidade e dimensodes variaveis, estruturas do tipo crease,
bandamento granulométrico e composicional, desvitrificagdo e brechagdo, entre outras

caracteristicas e processos (Fink, 1980; Manley & Fink, 1987).

No geral, devido a alta viscosidade dos magmas rioliticos, os fluxos ocorrem com
espessuras relativamente grandes e extensdes limitadas. No entanto, estudos em sistemas
vulcanicos recentes (e.g. Tuffen ef al.,2013) e antigos (e.g. Besser et al., 2018; Simdes et al., 2018)
tém demonstrado uma natureza mais complexa e dindmica dos fluxos de lava riolitica,
demonstrando que o transporte das lavas pode ter ser sido feito através de varios l6bulos, assim
como em lavas basalticas, formando unidades de fluxo complexas e resultando em campos de lava
rioliticos notavelmente extensos e com alta mobilidade (Manley, 1992; Tuffen et al., 2013). Estes
dados indicam que os mecanismos de colocacdo de fluxos de lavas rioliticas ainda sdo polémicas,
com muitas questdes em aberto sobre os controles reoldgicos no avango do fluxo (Magnall et al.,

2017).

Depositos de fluxos de lavas rioliticas, com aspectos morfologicos, estruturais e texturais
preservados sdo raros em sucessdes vulcanicas antigas. O vidro ¢ metaestavel e sofre constantes
processos de desvitrificacdo, provocando algumas modificagdes texturais significativas nas rochas.
No entanto, feigdes estruturais planares (e.g. estruturas de fluxo, dobras, etc) e lineares (lineagdes)
podem revelar informagdes fundamentais sobre aspectos morfologicos e de colocacao destas lavas,

desde que nao afetados por processos posteriores, como metamorfismo e deformacao.

Neste sentido, uma das melhores exposi¢des de depositos de fluxo de lavas rioliticos de
idade Neoproterozoica, ndo metamorfisado ¢ ndo deformado tectonicamente, ¢ encontrado na
regido do Cerro do Perau, proximo a cidade de Cacapava do Sul, RS (Fig. 1). As rochas vulcanicas
sdo correlacionadas a Formagdo Acampamento Velho da Bacia do Camaqua, Escudo Sul-rio-
grandense. A Formagdo Acampamento Velho representa a fracdo extrusiva do magmatismo
alcalino sodico e saturado em silica, vinculado ao final do estagio p6és-colisional do ciclo orogénico
Pan-Africano brasileiro (Wildner et al., 2002). Essa formagdo ¢ composta principalmente por
ignimbritos e lavas rioliticas, e subordinadamente, basaltos e corpos subvulcanicos basicos e acidos

(Sommer et al., 2011; Sommer et al., 2013).
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2.1. Objetivos

O objetivo desta dissertacdo € caracterizar os aspectos texturais, estruturais, composicionais
e reoldgicos de um deposito de fluxo de lavas riolitica vinculada a Formagao Acampamento Velho,
na regido do Cerro do Perau, Cagapava do Sul, RS, com o intuito de sugerir um mecanismo de

transporte e, consequentemente, um modelo de deposi¢ao destas lavas acidas.

Como objetivos especificos destaca-se:

Mapeamento geoldgico de detalhe do derrame riolitico;

Caracterizagao das estruturas planares e lineares primarios, decorrentes do mecanismo de

transporte das lavas;
- Analise estrutural das medidas obtidas;

- Obtencao de dados estruturais da mineralogia magnética através do método geofisico de

anisotropia de susceptibilidade magnética (ASM);
- Caracterizagao petrografica das rochas rioliticas;
- Caracterizagdo geoquimica e correlagdo com a Formacdo Acampamento Velho;

- Obtencao de dados reoldgicos: viscosidade, temperatura liguidus e temperatura de

transi¢ao de vidro (Tg);

- Proposi¢do de um modelo de colocagdo das lavas rioliticas.

2.2. Localizacao

A érea do Cerro do Perau estd inserida na carta geologica de escala 1:50.000, Passo do
Salsinho (Folha SH.22-Y-A-I-4). O principal acesso a regiao, saindo de Porto Alegre, se da pela
BR-290, cerca de 260km até Cacapava do Sul. A partir dai, segue a uma estrada secundaria nao

pavimentada, em dire¢@o oeste por cerca de 15km, onde aflora o corpo em estudo (Fig. 1).
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3. CONTEXTO GEOLOGICO REGIONAL
3.1. A Bacia do Camaqua

A Bacia do Camaqua (BC) formou-se no periodo tardi- a pds-colisionais do Ciclo
Brasiliano/Pan-Africano, vinculado a complexa evolugdao do Escudo Sul-rio-grandense. (Fragoso-
César, 1984; Chemale Jr. et al., 2000; Paim et al., 2000; Hartmann et al., 2007, Paim et al., 2014).
Direcionada no sentido NE-SW, a Bacia do Camaqua ¢ ladeada pelos cinturdes Tijucas e Dom
Feliciano e sobreposta a um embasamento, dividida em quatro terrenos, condensados pelas suas

caracteristicas litoestratigraficas, petrograficas, geofisicas e geoquimicas (Fig. 2):

a) Terreno Taquaremb6: complexos granuliticos félsicos e maficos, desenvolvidos
durante o Ciclo Transamazonico e retrabalhados durante o Neoproterozoico por conta da intrusao

de magmas graniticos (Hartmann et al., 1999; Hartmann et al., 2000; Hartmann et al., 2007).

b) Terreno Sao Gabriel: gnaisses calcico-alcalinos de arco juvenis (Babinski et al.,
1996; Hartmann et al., 1999; Hartmann et al., 2000; Hartmann et al., 2007) e também por
complexos de granitoides deformados e de rochas metavulcano-sedimentares de arco magmatico
continental (Silva Filho, 1984; Silva Filho & Soliani, 1987; Chemale et al., 1995; Babinski et al.,
1996; Hartmann et al., 2007).

c) Terreno Tijucas: associagdo de rochas meta-sedimentares e meta-vulcanicas de
médio grau metamorfico, facies xisto verde e anfibolito, e rochas graniticas geradas e deformadas
no evento Dom Feliciano (Chemale Jr., 2000). Hartmann et al. (2007) sugere que o ambiente
tectonico propicio para esse terreno tenha sido uma deposicao em crosta continental distendida ou

em um arco magmatico continental, com retrabalhamento da crosta continental paleoproterozdica.

d) Batolito Pelotas: conjunto de um complexo granitico-gnassico e sete suites
graniticas formadas durante o retrabalhamento crustal neoproterozoico dos terrenos
paleoproterozoicos (Mantovani et al., 1987; Babinski et al., 1997; Chemale, 2000; Silva et al.,
2005; Philipp & Machado, 2005; Hartmann et al., 1999; Hartmann et al., 2000; Hartmann et al.,
2007; Philipp & Chemale Jr., 2007).

A evolucao da Bacia do Camaqua ¢ complexa, mas dados sugerem que inicia como uma
bacia de retroarco, passando para bacia strike-slip e finalizando como bacia rifte, com alguma

componente transtensiva (Almeida et al., 1981; Brito Neves & Cordani, 1991; Gresse et al., 1996;
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Chemale Jr., 2000; Paim et al., 2000; Paim et al., 2014). A Bacia do Camaqua representa um locus
deposicional, no qual bacias menores foram evoluindo, cada uma gerada por mecanismos distintos
e apresentando litologias caracteristicas que podem ser individualizadas através de critérios

tectonicos, termomecanicos e geocronologicos (Paim et al., 2000; Paim et al., 2014).

Em termos dinamicos, constata-se a presen¢a de periodos deposicionais, com a geragao de
espessos pacotes sedimentares e vulcanicos, intercalados com processos erosivos. Ha o predominio
de vulcanismo, normalmente, na base das unidades de maior hierarquia, sucedidos pela formagao
de rochas sedimentares, predominantemente siltitos, arenitos e conglomerados. Esta evolugdo
sugere uma transicdo de ambientes sedimentares siliciclasticos desde marinho raso, costeiro,
lacustre-aluvial até ambientes desérticos continentais. Os depositos vulcanicos ocorrem
intercalados (Paim et al., 2000; Paim et al., 2014) e depositados aproximadamente entre 630

(Ediacarano) ¢ 535 Ma (Cambriano).

Diversas divisdes tém sido propostas para as unidades da Bacia do Camaqua, mas adota-se

neste trabalho a estratigrafia sugerida por Paim et al. (2014) (Fig. 2):

1) Grupo Marica: compde a unidade mais antiga e deformada da bacia, com depdsitos
dominantemente costeiros € marinhos de idade entre 630 e 601 Ma (Borba et al., 2007; Almeida et
al.,2012), e presenga de dobras leves a moderadas associadas a falhas transcorrentes, inversas e de
empurrdo (Paim et al., 2014). Embora ndo haja a exposi¢ao de vulcanismo na base desta sequéncia,
sua ocorréncia nao pode ser destacada, pois ha clastos de riolitos dentro dos conglomerados desta

unidade.

i1) Grupo Bom Jardim: caracterizado por uma sequéncia vulcano-sedimentar, com
depositos aluviais intercaladas na base com rochas vulcanicas de composi¢ao basica a intermedidria
(Formagdo Hilario, Ribeiro & Fantinel, 1978). E considerado o primeiro expressivo episodio

vulcanico registrado na BC (Paim et al., 2014).

ii1) Grupo Santa Barbara: caracteriza o segundo ciclo vulcano-sedimentar, com depositos
continentais aluviais, lacustres e fluviais (Borba & Mizusaki, 2003; Borba et al., 2007), com
intercalagdes com vulcanismo bimodal da Formacao Acampamento Velho, onde estdao incluidas
rochas vulcanicas piroclasticas e efusivas de composi¢ao bimodal, mas com amplo predominio dos
termos acidos (Janikian et. al. 2005; Sommer et al, 2005b; Lima et al., 2007; Janikian et al., 2008;
Bicca et al., 2013; Oliveira et al., 2014; Matté et al., 2016).
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iiii) Grupo Guaritas: representa o ultimo episdédio vulcano-sedimentar da BC, onde
expressivos depositos eolicos, intercalam-se com depdsitos aluviais. As vulcanicas de composi¢ao
basica-intermedidria, vinculadas ao Membro Rodeio Velho ocorrem na base desta unidade (Ribeiro

& Fantinel, 1978; Almeida et al., 2010; Almeida et al., 2012).

Viarios autores (e.g. Wildner et al. 2002; Sommer et al. 2006; Lima et al. 2007),
organizaram os episodios vulcanicos em diferentes ciclos que foram estabelecidos em ambientes
continentais sob condig¢des subaéreas (Fig. 2). Dentro da evolugdo magmatica da BC, o vulcanismo
Neoproterozoico-Ordoviciano foi um fator importante nas fases de preenchimento, partindo desde
magmas toleiticos e calcico-alcalinos alto-K para shoshoniticos até alcalino-sodicos que podem ser

compreendidos nos seguintes ciclos (Fig. 2):

1) Vulcanismo Hilario: pertencente ao Grupo Bom Jardim (Ribeiro et al., 1966) ou
Alogrupo Bom Jardim (Paim et al., 2000). Esse magmatismo ¢ caracterizado por rochas vulcanicas
de composicao dominantemente intermedidria e assinatura calcialcalina alto-K a shoshonitica
(Nardi & Lima, 1985; Nardi, 1986; Lima, 1995; Nardi & Lima, 2000; Lima et al., 2007; Almeida
et al.,2012). Sdo as rochas vulcanicas mais antigas da BC, onde dados geocronoldgicos de U-Pb e
Ar-Ar, obtidas em rochas da Formagao Hilario, indicam idade entre 593 + 6 ¢ 580 =4 Ma (Janikian

et al., 2005; Janikian et al., 2008).

As rochas efusivas sdo representadas por traquibasaltos, traquiandesitos associados a
termos hipabissais monzoniticos, quartzo-monzoniticos e lamprofiricos, intercalados gradualmente
por conglomerados ricos em clastos vulcanicos e por depositos arenosos a peliticos. Também sdo
encontrados depositos vulcanocléasticos subaéreos, de regimes de queda e fluxo, até raros

subaquosos, de ambiente lacustre com rapida deposi¢do de piroclasticos (Lima et al., 2007).

i1) Vulcanismo Acampamento Velho: vinculado ao Grupo Santa Barbara; ¢ caracterizado
por uma sequéncia vulcanica bimodal, com predominio de depositos piroclasticos e efusivos
subaéreos de composic¢ao acida. Subordinadamente ocorrem lavas e diques de composi¢ao basica
a intermediaria (Wildner ef al., 2002; Sommer et al., 2005; Sommer et al., 2006; Lima et al., 2007,
Matté et al., 2016). Dados de U-Pb, obtidos pelo método SHRIMP, indicam idades entre 574 + 7
e 550 = 5 Ma (Chemale Jr., 2000; Sommer et al., 2005a; Sommer et al. 2005b; Sommer et al.,
2006; Janikian et al., 2008; Almeida et al., 2012; Matté et al., 2016).
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ii1) Vulcanismo Rodeio Velho: ¢ considerado ultimo evento vulcanico na BC e esta inserido
no Grupo Guaritas. Esse vulcanismo ¢ marcado por derrames e diques intermediarios a basicos,
além de diques clasticos, onde estao intercalados com arenitos e ruditos (Paim etz al., 2014). Possui
uma afinidade alcalina a toleitica alto K, representada e dados geocronoldgicos apontam idades de

547 + 6 ¢ 535+ 1 Ma (Almeida et al., 2010; Almeida et al., 2012).

3.2 Vulcanismo Acampamento Velho

Os primeiros trabalhos do tema, foram propostos por Leinz et al. (1941), relatando a
presenca de riolitos extrusivos, classificados como quartzo-pérfiros, na regido chamada na época
de Planalto da Ramada. Essa regido, hoje chamada de Platé da Ramada, foi interpretada como
sendo relacionado a eventos posteriores de uma possivel orogénese, em fun¢do da presenca de
depositos de tufos rioliticos, sem deformagdo, sobrepostos a camadas dobradas dos Membros

Hilario e Maric4, que foram formados durante essa orogénese.

Posteriormente, Mau (1959) conseguiu diferenciar os litotipos dentro da unidade,
separando-os em ignimbritos e tufos soldados, provenientes de um sistema de erupgdo subaéreo.

Nesse trabalho ele descreve varias seg¢des, sendo a mais espessa chegando a 250m.

Gotii et al. (1962) sugere a criacdo de uma Sequéncia Vulcanica, sobreposta ao Grupo
Maricd, composta por tufos, riolitos, riolitos porfirdides, vitrofiros e aglomerados, os ignimbritos
descritos por Mau (1959) sdo inseridos na unidade tufos, sendo depositados na camada por
processos do tipo “nuvens ardentes”. Ele também percebeu que existia uma menor abundancia de
lavas em relacdo a piroclasticas, interferindo também, na presenca de intrusdes hipabissais,

mineralizagdes e outras caracteristicas recorrentes nas rochas encaixantes.

Robertson (1966) apresentou a criagdo de uma nova unidade, chamada Formacgao Riolito
Ramada, descrevendo depositos de tufos rioliticos, sobrepondo-se discordantemente de rochas

sedimentares da entdo Série Marica.

Trabalhos realizados por Ribeiro ef al., (1966) propuseram a primeira denominagdo da
regido em Membro Acampamento velho, onde incluia riolitos, dacitos e piroclasticas associadas,
sendo inserida na Formacao Crespos, no Grupo Bom Jardim, onde corresponde a mesma unidade

da Formagao Riolito Ramada proposto por Robertson (1966). Cordani et al., (1974) sugeriram a
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mudanca de Membro Acampamento Velho para Formagao, elevando a categoria e posteriormente

sendo utilizada por diversos autores como Ribeiro & Fantinel (1978), Fragoso-César et al. (1985).

Diversos outros trabalhos foram elaborados em func¢do da organizagdo estratigrafica da
bacia, sendo ainda bem discutidos nos dias de hoje (Sommer et al., 1999; Zerfass et al., 2000; de
Almeida et al., 2002; Sommer et al., 2005; Sommer et al., 2006; Paim et al., 2014; Leitzke ef al.
2016; Matté et al. 2016; Sommer et al., 2017).

As melhores exposi¢des do vulcanismo Acampamento Velho ocorrem no Platéo da Ramada
e no Cerro Tupanci, na regido de Vila Nova do Sul, no Platéo do Taquarembd, na cidade de Dom

Pedrito, e nos Cerros do Bugio e Perau, em Cagapava do Sul.

Os depositos mais abundantes vinculados ao vulcanismo s3o ignimbritos de faciologia
variavel e depdsitos efusivos de composi¢ao dominantemente riolitica. Nos depositos ignimbriticos
preservam-se feigdes tipicas de processos piroclasticos primarios, principalmente cristaloclastos de
quartzo e K-feldspato, ptimices e shards. Componentes liticos conatos sdo os mais abundantes nas
porgdes basais dos depositos, onde também € possivel encontrar clastos das rochas encaixantes. A
geometria dos depdsitos ¢ varidvel, observando-se depdsitos estratificados e parcialmente soldados
até ignimbritos maci¢os com alto grau de soldagem. Nas lavas ¢ comum por¢des autobrechadas,
foliadas e macicas (Sommer et al., 1999; Sommer et al., 2005; Sommer et al., 2006; Lima et al.,

2007; Sommer et al., 2011; Matté et al. 2016).
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Figura 2 - A) localizagdo e compartimentagdo geotectonica do Escudo Sul-rio-grandense
(modificado de Hartmann et al., 2007); B) Contexto geoldgico regional e localizacdo do Cerro do
Perau. Modificado de Paim et al. (2000); Lima et al. (2007); Matté et al. 2016.
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4. MATERIAIS E METODOS

Neste capitulo, sao descritos os métodos utilizados para a obtencao dos dados geoldgicos,

geoquimicos e geofisicos para a caracterizagdo dos riolitos do Cerro do Perau.

4.1. Revisao bibliografica

Foi realizada uma revisdo bibliografica e compilagdo de dados, como mapas e figuras
relativas ao contexto geoldgico regional da area estudada. Para isso, foram utilizados livros,
periddicos cientificos, resumos publicados em anais de eventos, teses, dissertagdes, monografias e
informagdes adicionais disponiveis sobre os tdpicos abordados neste trabalho. A revisdao
bibliografica iniciou-se na primeira etapa do trabalho e foi concluida somente na fase de integracao

final.

4. 2. Atividades de campo

As atividades de campo na regido do Cerro do Perau foram feitas nos dias 15 a 17 de agosto
de 2017 eem 11 e 12 de janeiro de 2018. Nessa area, foram realizadas atividades como descrigao
do afloramento e confec¢@o de croquis em caderneta, aquisicao de fotografia, coletas de amostras
de riolitos, preferencialmente menos intemperizados, para caracterizagao litologica e geoquimica.
Também foram feitas medidas de bussola para posterior confec¢do de um mapa estrutural e coleta

dos dados de ASM, cuja explicacdo serd feita no item de geofisica.

Para as medidas estruturais, foram utilizadas as bussolas Silva e Clar, sendo utilizada a
notacdo de trama. Os pontos foram georreferenciados com um receptor GPS, usando o sistema de
coordenadas UTM, no datum WGS-84, que foi escolhido por ser o mesmo datum empregado pelo

Google Earth.
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4.3. Atividades de laboratorio
4.3.1. Petrografia

A analise macroscopica da rocha permitiu visualizar texturas, estruturas, laminagdes € 0s
padroes dos minerais componentes da rocha. Foram confeccionadas sete laminas delgadas no
Laboratorio de Apoio Analitico e Preparagao de Amostras do Centro de Estudos em Petrologia e
Geoquimica, do Instituto de Geociéncias da Universidade Federal do Rio Grande do Sul

(CPGg/IGEO/UFRGS).

A andlise petrografica foi realizada utilizando o microscopio de modelo Leica DM4500
com camera acoplada (modelo LEICA DFC495) no laboratorio de microscopia do Departamento
de Mineralogia e Petrologia do IGEO/UFRGS. Para as descri¢cdes de laminas, foram utilizadas as
técnicas de luz natural e nicois cruzadas, sendo empregados os critérios petrograficos baseados

principalmente em Kerr (1977), Sial (1984) e Mcphie et al. (1993).

O principal objetivo das descrigdes petrograficas foi a caracterizagdo dos litotipos
vulcanicos de acordo com as unidades individualizadas, segundo suas principais caracteristicas
minerais, estruturais e texturais, além de comparacdo com as caracteristicas das rochas da regiao

descritas na literatura.

4.3.2. Geoquimica

Foram realizadas analises litoquimicas de rocha total em 8 amostras, visando caracterizar
as rochas vulcanicas acidas da regido do Cerro do Perau, em termos de elementos maiores, tragos

¢€ terras raras.

Antes de submeter as amostras para a analise, elas foram fragmentadas em tamanhos de
(10x10x10cm) aproximadamente. Entdo, foi utilizada uma prensa hidraulica para fragmentar as
amostras em pedacos menores. Apos isso, estes fragmentos foram reduzidos mais uma vez com o
auxilio do almofariz (gral) de agata com pistilo. Posteriormente, a amostra foi quarteada e
encaminhada para a pulverizagdo em um pulverizador (moinho) de bolas de agata, permitindo
assim, a obtencdo de fragdes inferiores a 200 mesh, estando apta a andlises quimicas nos
equipamentos adequados, descritos a seguir. Nesta etapa, tomou-se cuidado na limpeza dos

equipamentos apos a preparagao de cada amostra, devido ao alto risco de contaminagao.
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As amostras foram analisadas no Acme Laboratories Ltd. (Canadd), através da técnica de
Espectrometria de Emissdo Atdmica por Plasma Indutivamente Acoplado (Inductively Coupled
Plasma Atomic Emission Spectrometry) para a quantifica¢ao de elementos maiores (Si, Al, Fe, Mn,
Mg, Ca, Na, K, Ti, P), com limite de detec¢ao de 0,01% e alguns elementos trago (Sc, Be, V, Ba,
Sr, Y e Zr), com limite de detecgdo variando de 1 até 5 ppm; e através da técnica de Espectrometria
de Massa por Plasma Indutivamente Acoplado (Inductively Coupled Plasma Mass Spectrometry)

para os demais elementos tragos e terras raras, com limite de deteccao de 0,005 a 2 ppm.

O software Geochemical Data Toolkit (GCDKit), versao 2.3, elaborado por Janousek et al.
(2006) foi utilizado para a visualizagdo das composi¢cdes quimicas das amostras em graficos
binarios e diagramas e para o calculo da mineralogia normativa. A geragdo destes graficos,
diagramas e calculos permitiu classificar os litotipos de acordo com sua composi¢ao quimica e, de

uma maneira geral, o magmatismo quanto a sua afinidade quimica e provavel ambiente tectonico.

4.4. - Geofisica - Anisotropia de Susceptibilidade Magnética (ASM)

A analise de susceptibilidade magnética ¢ um método geofisico capaz de medir a
magnetizagdo de um mineral quando submetido a um campo magnético (Tarling & Hrouda, 1993).
Com essa informagdo ¢ possivel determinar as dire¢cdes do fluxo do magma e sua intensidade

(Canodn-Tapia, 2005).

A aplicagdo da técnica de ASM tem sido muito 1util na reconstru¢do de ambientes
vulcanicos, como domos relacionados a colapsos de caldeiras e sistemas fissurais associados a
grandes provincias igneas. Varios trabalhos t€ém demonstrado excelentes relacdes entre os planos
e linhas de foliagdo com as diregdes da susceptibilidade média maxima, de susceptibilidade média

intermediaria e o plano que contém as dire¢des de susceptibilidade méxima e intermediaria.

De uma maneira geral, ha o consenso que a homogeneidade reologica dos fluxos de lava
amostrados permite uma boa reconstru¢do com o uso de ASM. Nestes casos, as foliagcdes
magnéticas e as diregoes kmax € a orientacdo aleatoria da trama magnética pode refletir uma alta
dispersao dos dados dos €ixo0s Kmax, Kmin € kint € iss0 poderia ser o resultado de padrdes de fluxo
magmaticos muito complexos (Simdes et al., 2018), como observados em sistemas rioliticos, onde

observa-se intenso dobramento na mistura de dois liquidos (Ottino, 1989). Além disso, mudancgas



23

poOs-magmaticas em minerais magnéticos (Hrouda, 1985; Raposo, 2011) e mudangas nas condigdes

de stress dentro do magma em movimento, poderiam gerar varias fases de dobramento.

Trabalhos realizados em rochas acidas indicam que no caso de domos e fluxos de lava acida
os eixos magnéticos kmin seriam quase verticais (Cafion-Tapia & Castro, 2004), kmax de alto
angulo e kmax-Kint horizontais (Mcphie et al., 2008). Ainda, também podem apresentar zoneamento
da trama com kmax com alto angulo préximo da zona de conduto e kmax horizontal nas bordas do
fluxo (Zavada et al., 2009) ou inclinagdo das estruturas originais por Colapso (Anchuela et al.,
2014). Em fluxos de lavas com fluxo magmatico dominantemente horizontal, sugere-se que a

disposicao da foliagdo magnética seja relativamente plana.

Esforgos tém sido despendidos na tentativa de se fazer a distingdo entre condutos
alimentadores e lavas, com a jun¢do das informagdes obtidas a partir das estruturas de campo,
texturas microscopicas e da orientagdo da fabrica magnética. No geral, constata-se que os condutos
alimentadores teriam uma maior dispersdao dos dados de ASM, podendo ter kmax horizontal ou
localmente vertical. No entanto, a complexidade do comportamento reologico ao longo dos
condutos pode dividir esses sistemas em diferentes dominios de fluxo de magma. Nas lavas, os
valores de kmax horizontais associados a foliagdes magnéticas horizontais sao um padrao comum

(Simdes et al., 2018).

Para a obtencao dos dados, 12 sitios representativos da area foram amostrados utilizando
uma perfuratriz portatil da marca STIHL. Cada sitio contém aproximadamente 10 cilindros
orientados. Em laboratorio, o corte dos cilindros foi feito em uma serra especial para estudos de
ASM com suas dimensdes programadas. Cada espécime tem 2,5cm de diametro e 2,2cm de altura,

onde totalizaram-se 254 espécimes.

As medidas de ASM foram realizadas no Laboratorio de Paleomagnetismo (USPmag), do
Instituto de Astronomia, Geofisica ¢ Ciéncias Atmosféricas da Universidade de Sao Paulo,
utilizando-se de um susceptibilimetro KAPPABRIDGE MFK1 — FA (AGICO), operando em um
campo baixo de 300 A/m e frequéncia de 976 Hz. Os dados obtidos dessas analises foram
processados utilizando um software da mesma empresa fabricante do equipamento, chamado
Anisoft5, onde possibilitou visualizar os eixos da ASM e resultados escalares (susceptibilidade

magnética média (Km), pardmetro de forma (T) e grau de anisotropia (P).
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4.4.1. Mineralogia magnética

Para identificar os minerais que contém magnetizagao nas rochas constituintes do Cerro do
Perau, foram feitas andlises de curvas termomagnéticas, curvas de magnetizagdo remanente
isotermal (MRI), de histereses e diagramas FORC (first order reversal curve). Para medir as curvas
termomagnéticas, foi necessario moer 3 amostras at¢ uma fracdo bem fina e analisa-las no
equipamento Kappabridge KLY-4 da empresa AGICO, onde a medi¢do dos valores de
susceptibilidade magnética foi adquirida em fungdo do progressivo aumento de temperatura. A
geracdo das curvas pdde ser concluida utilizando-se do software Cureval 8 (AGICO Inc.), da
mesma empresa do equipamento. Ja para a obtencao dos dados das curvas de histerese € MRI, uma
pequenissima amostra de rocha foi submetida a campos magnéticos de até 1 Tesla (T) utilizando-
se do magnetometro VSM (vibrating sample magnetometer) MicroMag 3900. Ja nos diagramas
FORC, foram utilizadas as mesmas amostras de histerese € MRI, utilizando-se também do mesmo
aparelho, o magnetdmetro de amostra vibrante (VSM) MicroMag 3900 da Princeton Measurements
Corporation, onde as amostras passaram por uma calibragao de 300 curvas de reversao num tempo
de 200 milissegundos, e processando os dados no programa FORCinel (Harrison & Feinberg, 2008)

do software Igor Pro (Wavemetrics), utilizando um fator de suavizagao 5.

Com o intuito de avaliar a distribui¢do espacial dos minerais magnéticos foram analisadas
duas laminas representativas, utilizando o microscopio eletronico de varredura (MEV) Jeol JSM
6610-LV, operado a uma tensao de feixe de 15kV, no Laboratério de Geologia Isotdpica (LGI-
UFRGS). A distribui¢do mineral foi determinada usando imagens de elétrons retroespalhados
(BSE), enquanto a presenga de Ti e Fe foi determinada usando Espectroscopia de Energia

Dispersiva (EDS) (Goldstein et al., 2003).
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Abstract

Rhyolites compose an important record in the volcanic history of Earth, with significant
occurrences in volcanic arcs and large igneous provinces, often associated with explosive events.
Despite their importance, several aspects related to the emplacement of rhyolite flows are still
enigmatic. Recent studies in modern rhyolitic flows imply similar emplacement mechanisms when
compared to basaltic lavas, suggesting a more dynamic growth model for silicic flows, including
outbreak lobes and outpour structures. Despite these advances, studies related to the recognition of
these features in ancient flows are still rare. In this work we perform a multi-proxy study of an
ancient (Neoproterozoic) rhyolitic flow combining fieldwork, petrography, geochemistry, rheology
and anisotropy of magnetic susceptibility (AMS) analysis. The Cerro do Perau outcrop (CPO,
southern Brazil), consists of a natural laboratory for the study of rhyolite flows, presenting excellent
exposure of a partially preserved flow with distinct flow features and folds. CPO flow consists of
a high-silica low-crystal content rhyolite, suggesting its emplacement as an obsidian flow.
Rheology data indicates high liquidus temperatures (> 957 °C), with maximum viscosities of 8.5
log n (Pa.s) and glass transition temperatures (Tg) of 750 °C. The absence of brittle features suggests
little to none displacement below Tg. Structural analysis indicates the predominance of sub-vertical
foliation planes, including axial planes of folds, indicative of proximal (near-vent) and upper region
in rhyolite flows. The absence of lineations favors a predominantly planar accommodation of the
flow-induced deformation, which is confirmed by the shape of AMS ellipsoids. Several AMS
samples display a high degree of anisotropy, mostly related to an oblate fabric, indicative of the
development of high-strain zones within the flow. Our data suggests that CPO flow presents several

similarities with recently proposed emplacement models for rhyolitic flows.

Keywords: Rhyolite flow; Emplacement; Rheology; AMS; High-silica lava.
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1. Introduction

Several aspects related to the emplacement mechanisms of rhyolitic lavas are still enigmatic
(Tuffen et al., 2013). While basalts occur in almost every tectonic setting (from mid-ocean ridges
to volcanic belts), the presence of rhyolites requires either a high degree of magma differentiation
or partial melting of the crust, hence their occurrence concentrates along with volcanic belts and a
few large igneous provinces (e.g., Whitsunday; Bryan et al., 2002). As a result, our general
understanding of the emplacement of basaltic lavas is remarkably greater, with both modern and
ancient case studies (e.g., Walker, 1967; Pinkerton and Sparks, 1978; Single and Jerram, 2004;
Guest et al., 2012; Vye-Brown et al., 2013; Bernardi et al., 2015) when compared to rhyolitic lavas.
Because of its high silica content, silicic magmas generally erupt explosively, producing abundant
pyroclastic density currents and ignimbrite deposits (Di Genova et al., 2017), with rare historic
records of rhyolitic lava flows (Cas and Wright, 1987). As aresult, a considerable number of studies
have focused on the study of explosive deposits (e.g., Elston and Smith, 1970; Wilson et al., 2005;
Finn et al., 2015; Alva-Valdivia et al., 2017; Nakagawa et al., 2018), while the structural
emplacement of rhyolitic lava flows is still poorly constrained, with only a few examples (e.g.,

Fink, 1980; Manley and Fink, 1987; Tuffen et al., 2013; Bullock et al., 2018).

Despite their discrete occurrence, the study of these flows may be a key factor for
understanding the emplacement mechanisms of silicate melts, which is ultimately controlled by
melt rheology (Cassidy et al., 2018). Several works highlighted the structural complexity of
rhyolite flows, which includes the presence of variable wavelength folds, creases, flow banding,
devitrification, and brecciation, among others features and processes (Manley and Fink, 1987; Fink,
1980). The general knowledge about these rocks indicates that these flows occur as relatively large
thickness, length limited flows, as a result of their high viscosity. Recent studies have challenged
this length-limited model for silicic flows, with both modern (e.g., Tuffen et al., 2013) and ancient
examples (e.g., Besser et al., 2018) revealing a more complex and dynamic nature associated with
rhyolitic lava flows. In these case studies, flows can evolve through several breakout lobes, just as
basaltic lavas, forming complex flow units and resulting in remarkably extensive rhyolitic lava
fields with high mobility (Manley, 1992; Tuffen et al., 2013). These findings suggest that the

emplacement mechanisms of silicic flows is still a debate, with many open questions regarding the
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rheological controls (e.g., structural features, viscous and yields strength, crust development, and

deformation, process timescale) on flow advance (Magnall et al., 2017).

In this work, we apply a multi-proxy approach to the study of the Cerro do Perau outcrop
(CPO), ano metamorphosed and no tectonic deformed ancient (Neoproterozoic) partially preserved
rhyolite flow present in southern Brazil. The CPO composes a natural laboratory for the study of
rhyolite flows, displaying complex structures, with abundant folding and flow foliations (Zerfass
et al., 2000). In order to constrain the emplacement mechanisms of this ancient flow, we conducted
fieldwork, collected structural data and samples for anisotropy of magnetic susceptibility (AMS),
petrography, and geochemistry. From this data, we derived the basic rheological parameters
(liquidus and glass temperatures, viscosity) and the structural patterns (using both AMS and
compass data) of CPO. Finally, we used these results to build an emplacement model and constrain
the emplacement of CPO flow. Our results indicate that similar mechanisms observed in modern

flows (e.g., Tuffen et al., 2013) controlled the emplacement of this ancient flow.

2. Geological setting

The CPO, located in southern Brazil (Fig. 1A), is part of the Acampamento Velho
Formation, a Neoproterozoic volcanic succession characterized by intense magmatism between
574 £ 7 Ma and 549 £ 5 Ma (Sommer et al., 2005; Janikian et al., 2008; Matté et al., 2016) and
marked by the presence of abundant pyroclastic and effusive silicic deposits (Sommer ef al., 1993;
Zerfass et al., 2000; Wildner et al., 2002). The CPO composes a partially preserved, ancient
rhyolitic flow which stands out for its excellent exposure and preservation of flow structures and
folds (Zerfass et al., 2000). The outcrop presents an approximate area of 10,000 m?, is located next
to the Pessegueiro stream in the Santa Barbara ridge, a NE-SW prominent structure in the studied

region (Fig. 1B).
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Figure 1. Location map of the studied area: (A) distribution of Neoproterozoic silicic magmatism
in southern Brazil, adapted from Hartmann et al. (2007) and (B) satellite imagery of the studied
area.

The Acampamento Velho Formation comprises the most expressive silicic subaerial
volcanic succession developed in the post-collisional setting of the Brasiliano-Pan-African orogeny
(Lima et al., 2007), a period marked by intense plutonism, volcanism, and sedimentation along
strike-slip basins (Sommer et al., 2013). One important characteristic of this period is the
occurrence of several granitoid intrusions (Fig. 1A) along with the intense silicic volcanism of
Acampamento Velho Fm., as revealed by field data and available ages (Lima et al., 2007; Matté et
al., 2016). In this context, the Acampamento Velho Fm. represents the extrusive manifestation of
the sodic, silicic saturated magmatism, and the volcanic products are mostly ignimbrites,
rheoignimbrites and rhyolitic flows with subordinate basalts and acid to basic subvolcanic rocks

(Wildner et al., 2002; Sommer et al., 2005; Lima et al., 2007). The volcanic deposits show a
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remarkably volume, forming ignimbrite plateaus with areas of up to 400 km? and thicknesses
reaching 100 m (Lima et al., 2007; Sommer et al., 2013). The stratigraphic analysis of the deposits
shows that eruptive cycles usually began with explosive manifestations and finished with lava
flows, suggesting a decrease in the volatile activity throughout the eruptive cycle (Sommer et al.,

2013).

3. Methodology
3.1. Fieldwork

The fieldwork involved detailed geological mapping and structural measurements were
performed using a magnetic compass and GPS receptor. The field data was processed and compiled
using ArcMap 10.5 (ESRI), while the structural data was analysed using contour plots processed

in Stereonet 10. The fieldwork also included sampling for geochemistry, petrography, and AMS.

3.2. Geochemistry and petrography

Six representative samples were selected for whole-rock geochemistry analysis. The
chemical analysis was carried out at Acme Analytical Ltd, Vancouver, Canada using the methods
of ICP-AES (Inductively Coupled Plasma Atomic Emission Spectroscopy) of major elements and
ICP-MS (Inductively Coupled Plasma Mass Spectrometry) for minor and trace elements. Thin
sections were prepared using seven representative samples of CPO. The samples were analyzed
using a Leica DM4500 digital microscope model with an attached camera (LEICA DFC495

model).

3.3. Rheology

Based on geochemical data, we estimated rheological parameters for Cerro do Perau melts
using the numerical models of Sisson and Groove (1993) and Giordano et al. (2008). Using the
model of Sisson and Groove (1993) we estimated the liquidus temperature (Tr), while the model
of Giordano et al. (2008) was applied to the determination of both melt viscosity (1) and the glass

transition temperature (Tg). The Ty parameter ultimately reflects the boundary temperature between
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a ductile (above Ty, allowing pyroclastic sintering and welding) and a fragile (below Tg) behavior
of a given silicate melt (Giordano ef al., 2005). In order to evaluate the effect of dissolved water
over the melt rheology, viscosity was calculated using both anhydrous and wet compositions

containing 0.25 and 0.5 wt% of H>O.

3.4. Anisotropy of magnetic susceptibility (AMS)

The AMS allows the determination of the petrofabrics of rocks, through the measurement
of the orientation of magnetic minerals present in a sample (e.g., Graham, 1954; Tarling and
Hrouda, 1993). AMS is applied in rock studies, including rhyolitic lavas, considering the
challenges in defining the magmatic fabric and flow structures using standard compass field
measurements. The technique consists of measuring the magnetic susceptibility (k) of a rock in
different directions and define the magnitude (intensity and orientation) of the three principal axis
Ki > K> > K3 (Tarling and Hrouda, 1993). Using the obtained AMS tensor we are able to define
both the magnetic foliation (which pole is marked by K3, the minor anisotropy axis) and the
magnetic lineation (marked by Ki, the major anisotropy axis) of a given sample. This definition
allows the determination of flow directions, as well as strain patterns and intensities (Canon-Tapia,

2005).

For AMS analyses, 12 representative paleomagnetic sites were sampled using a hand-held
gasoline-powered non-magnetic drill. Each paleomagnetic site consisted of at least 10 oriented
cylinders. At the laboratory, the cylinders were cut into specimens with 2.5 cm in diameter and 2.2
cm in height, using a diamond-coated wheel saw, totalizing 254 standard specimens. The AMS
measurements were performed at the Laboratory of Paleomagnetism and Geomagnetism
(USPMag), University of Sao Paulo - Brazil, using a MFK1-A apparatus (Agico Ltd.) operating in
a low alternating field (200 A/m) at 976 Hz. Directional data were processed using Anisoft5 (Agico
Ltd.), which allowed the visualization of both AMS axes and scalar results (mean magnetic
susceptibility (Km), shape parameter (T) and degree of anisotropy (P)). Bootstrap statistics was
applied to our results in order to assist main magnetic tensor evaluation and the determination of

flow patterns (Tauxe et al., 1991).
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3.5. Magnetic mineralogy

The magnetic mineralogy and domain states of ferromagnetic phases on the magnetic fabric
is fundamental in studies for determination of flow directions in pyroclastic deposits and lava flows
(e.g., Rochette et al., 1999; Moncinhatto et al., 2019). In order to evaluate our interpretation of
magnetic fabric, we performed a magnetic mineralogy characterization at USPMag using
thermomagnetic curves, isothermal remanent magnetization (IRM), hysteresis loops and first-order
reversal curves (FORC) diagrams. Thermomagnetic curves (e.g., Petrovsky and Kapicka, 2006)
were obtained measuring low-field magnetic susceptibility on 3 representative powdered samples
through heating and cooling cycles from —195 °C up to 700 °C under Ar atmosphere, using a CS-
L cryostat and CS-4 furnace coupled to a Kappabridge KLY-4S susceptibility meter (AGICO). For
both hysteresis and IRM acquisition curves (e.g., Kruiver et al., 2001), small rock chips of 9
representative samples were measured by applying fields of up to 1 T using a Princeton
Measurement Corporation MicroMag 3900 vibrating sample magnetometer (VSM). FORC
diagrams (Roberts et al., 2000) were obtained for 4 representative samples at room temperature
after 200 reversal curves with an average time of 200 ms, and data were processed using the
FORCinel software package (Harrison and Feinberg, 2008), with a smooth factor of 5. To evaluate
the spatial distribution of magnetic minerals, two representative thin sections were studied using a
Scanning Electron Microscope (SEM) model Jeol JSM 6610-LV operated at a beam voltage of
15kV, at the Laboratory of Isotopic Geology (LGI-UFRGS). Mineral distribution was determined
using backscattered electron (BSE) images, while Ti and Fe presence was determined using energy

dispersive spectroscopy (EDS).

4. Results and Discussion
4.1. Field and petrographic aspects

CPO rocks are characterized by intensively folded rhyolites, with remarkably flow
foliations (Fig. 2). Folds and foliations are widespread, pervasive, over the entire site and show an
almost chaotic distribution over the outcrop. The observed structures include both metric (Fig. 2A)
and centimetric folds (Fig. 2B), of variable orientations and wavelengths. The presence of folds in
rhyolitic lavas result from the lateral movement and compression, leading to significant shear and

development of folds (Smith ef al., 1994). A critical aspect for fold development is the presence of
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rheological contrasting layers (Fink, 1980), which suggests that CPO folds may have developed
preferentially in the margins of the flow unit, where higher strain and rheological contrasts are
expected to occur. In addition to that, the overall presence of upright folds in CPO suggests that
the current level of erosion marks the top region the flow (Christiansen and Lipman, 1966; Fink,

1980; Dragoni et al., 1992).

Another characteristic pattern observed at CPO is the presence of millimetric flow layers
(Fig. 2C), which are marked by alternating levels of devitrification. These layers are continuous
across several meters, being coherent with the more spaced, tabular foliations and suggesting a

prolonged viscous flow of the melt, a diagnostic feature of lava flows (Manley et al., 1992).

Some regions present distinct structures (Fig. 2D) composed of a high dipping plane which
gradually becomes horizontal, resembling outpour structures in feeding systems. These structures
may be associated with breakout lobes, as characterized by Tuffen et al. (2013). Lineations are
absent among the observed structures, suggesting little to none constrictional strain during the flow

emplacement (Yang et al., 2019).

Petrographically, the rhyolites of CPO are aphanitic hemicrystalline, localized porphyritic. The
percentage of phenocrysts is very low (less than 5%) and is represented by quartz and K-feldspar,
which occur in association with microfenocrystals of opaque minerals (0.2 mm) and zircon. In all
cases, the content of crystals is lower than 5%, and their presence localized, which suggests little

to none effect on the overall flow rheology (Lejeune and Richet, 1995; Castruccio et al., 2010).

The matrix is represented by a thin mosaic of quartz-feldspar microliths and crystallites.
Several devitrification textures are observed, including spherulites with necklace-like
morphologies (Fig. 3A) and a mean diameter of 200 mm. Flow foliation is sometimes enhanced by
levels with a higher degree of crystallinity and may have an incipient pattern, which sometimes
involves phenocrysts. Spherulites form preferentially in volatile-rich regions of the flow and can
develop to form crystalline bands (Seaman et al., 2009), therefore the presence of fine levels with
distinct granularities consisting of quartz, feldspar and opaque minerals is a common feature (Fig.
3B). The foliation is also marked by pre-existing crystals, as millimetric zircon crystals (Fig. 3C),
suggesting effective mechanical orientation of these particles during flow emplacement.
Resorption features are common in quartz phenocrysts, highlighting the corrosion gulfs and the

amoeboid geometry of some crystals (Fig. 3D). Some studies have shown that the origin of the
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textural heterogeneities in silicic volcanic units can be attributed to local chemical differences,
particularly the volatile content (e.g., Fink and Manley, 1987), leading to the development of layers
with distinct vesicularity patterns, degree of crystallinity, and color, as observed in most CPO

samples.

Figure 2. Field aspects observed at CPO: (A) metric size synclinal fold, (B) decimetric convolute
folds, (C) millimetric flow lamination marked by different devitrification phases and (D) outpour
structure resembling a feeding zone of a possible breakout lobe.
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Figure 3. Representative microscopic features Cerro do Perau samples: (A) abundant spherulites,
(B) late devitrification phases defined by quartz and feldspar, (C) zircon forming flow foliation,
(D) embayed quartz phenocryst.

4.2. Geochemistry

Chemical whole-rock analyses of six representative samples were performed to investigate
the composition and rheology of Cerro do Perau melts (spatial distribution of samples presented in
Fig. 7A). CPO rocks generally have SiO> values higher than 74 wt% (Table 1; please check
supplementary item 1 for a complete geochemical table) and can be considered as high silica type

rhyolites (Mahood and Hildreth, 1983).

The CPO rocks are related to subalkaline series where samples show trends situated close
to the boundary between silica-saturated alkaline fields, as displayed on Ri-R; (Fig. 4A; De la
Roche ef al., 1980) and the SiO2 versus Zr/TiO2 diagram (Supplementary item 2; Winchester and
Floyd, 1977). All samples display high contents of alkalis (NaxO + K>O > 8.4 wt%) and low
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contents of Al,O3, CaO and MgO, with agpaitic indices higher than 0.8, typical values for alkaline
rhyolites (Ewart, 1979).

Table 1. Whole-rock analysis from Cerro do Perau, major and minor elements (% by weight).

Sample B E T L1 X L2
Si02 75.38 75.40 76.08  74.43 74.91 75.58
TiO 0.13 0.14 0.13 0.14 0.14 0.13
ALO; 12.40 12.58 12.02  13.09 13.01 12.44

FexO3 1.70 1.74 2.23 2.02 1.77 1.76
MnO 0.02 0.02 0.01 0.03 0.02 0.02
MgO 0.12 0.14 0.12 0.17 0.17 0.15
CaO 0.34 0.17 0.17 0.16 0.13 0.19
Na;O 2.55 2.80 2.12 2.64 2.94 2.62
K20 5.78 5.60 5.53 5.75 5.49 5.65
P05 <0.01 0.01 <0.01 0.02 0.01 <0.01
LOI 1.4 1.2 1.4 1.4 1.2 1.3
Total 99.86 99.86 99.88  99.88 99.89 99.87

Trace element patterns of CPO rhyolites normalized against ocean-ridge granite (ORG)
values (Pearce ef al., 1984) are displayed in Figure 4B, where all Acampamento Velho Fm.
rhyolites show a similar pattern with low Ba and Sr values associated with high HFSE (high-field
strength elements) contents, which is typical of rocks with alkaline affinity. In the granitoid

classification diagrams proposed by Whalen et al. (1987), all samples plot in the “A” type granites



46

field (Supplementary item 2), which are alkaline and anorogenic. This classification is also
confirmed by the values of (10000 * Ga) / Al>2.6,Ce +Y + Nb + Zr > 500 ppm and FeOt / FeOt
+ MgO > 0.9.

R1-R2 plot (De la Roche et al. 1980) Trace and REE normalized (Pearce et al. 1984)
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Figure 4. (A) R1-R2 classification diagram (De la Roche et al., 1980) showing the distribution of
Cerro do Perau samples and (B) trace and REE diagram normalized to org (Pearce et al., 1984)

showing a comparison of Cerro do Perau samples and other silicic rocks of the Acampamento
Velho Fm.

The geochemical data of the CPO rhyolites indicate a genetic link with the Acampamento
Velho Fm. magmatism, with similar geochemical signatures to alkaline rhyolites of the Ramada
Plateau (Sommer et al., 2005) and Taquarembo Plateau (Sommer et al., 1999) regions and related

to the post-collisional Neoproterozoic type “A” magmatism in southern Brazil.

4.3. Rheology

All samples from Cerro do Perau present high silica content, suggesting a strong non-
arrhenian behavior for these melt (Giordano et al., 2006). Using the method proposed by Sisson
and Groove (1993) we obtained almost uniform /iquidus temperatures (Tr) for Cerro do Perau

melts, considering their similar composition, with values ranging from 957 to 963 °C. The



47

obtained results are comparable to the temperatures for ignimbrites of the Acampamento Velho
Fm., which ranged from 870 to 978 °C (Sommer et al., 2013). These values match the generation
temperature of type-A magmas (Patifio Douce, 1997), highlighted by the spatio-temporal

association of type-A granitoids with the Acampamento Velho Fm. in southern Brazil (Fig. 2A)

The calculated melt viscosity using the model of Giordano et al. (2008) at Tt ranged from
8.0 to 8.5 log n (Pa.s), which are also similar to the results obtained by (Sommer et al., 2013) for
ignimbrites in the Acampamento Velho Fm., as well as other estimates for rhyolitic flows (Fink,
1980; Zavada et al., 2009; Bullock et al., 2018). One important feature of CPO flow is that it
presents a very low crystal content, suggesting its emplacement as an obsidian flow and little to

none effect of crystals over the melt viscosity (Lejeune and Richet, 1995).

The simulated addition of water to our samples led to a considerable decrease in melt
viscosity, obtaining a melt 10 times less viscous with the addition of only 0.25 wt. % of H2O, as
previously noticed by Dingwell et al., 1996. This ‘hydrous Cerro do Perau melt’ scenario would
ultimately lead to lower viscosities and higher ascent rates in the conduit (Cassidy et al., 2018).
This dynamic commonly results in less time for degassing, leading to explosive eruptions

(Gonnermann and Manga, 2007), which is probably not the case for Cerro do Perau flow.

The glass transition temperature (Tg) calculated using the model of Giordano et al. (2008)
resulted in values ranging from 745 to 759 °C. The overall absence of brittle structures in the
outcrop suggests a predominance of viscous or ductile behavior of the melt, with little to none
flow movement after crossing T,. This could be resulted by the development of a crust sufficiently
strong to inhibit flow advance (Magnall et al., 2017). It is important to note that slower cooling
rates result in lower T, values (Giordano et al., 2005), granting a wider ‘ductile window’ for the
melt to deform or flow. This setting is expected to occur in slow cooling rates sections of a given

flow unit, such as the flow core (Manley et al., 1992).
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Figure 5. Rheological results for Cero do Perau melts and the estimated effect of the variable
amounts of water on the melt viscosity.

4.4. Structural as AMS data

A total of 12 AMS sites were sampled in the Cerro do Perau Outcrop, generating 254
specimens. Since no tectonic fabric was identified in the outcrop, we interpreted the AMS results
as a record of the magmatic strain during the flow emplacement (Dragoni et al., 1997; Paterson et

al., 1998; Borradaile and Jackson, 2010; Canon-Tapia, 2005).

CPO samples present a low mean magnetic susceptibility (Km), as expected for rhyolitic
rocks (Hunt et al., 1995), with most values clustering around 40 x 107 SI (Fig. 6A). The scalar
results also show a bimodal distribution of magnetic susceptibilities, with Km ranging from 10 to
170 x 107 SI (Fig. 6A). This distinct distribution is common for rhyolites and can be related to
variable oxidation stages inside a given flow unit (Clark, 1997). The shape parameter (T) of
magnetic tensors indicates a predominance of oblate ellipsoids (T > 0.0, 74% of total), although
several samples fall under the prolate (T < 0.0) and triaxial (T = 0.0) fields (Fig. 6B). The
predominant oblate ellipsoids matches the field observations, where linear features were almost

absent. Samples present a wide range of degree of anisotropy (P, Fig. 6B), from 1.003 to 3.18 (3%
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to 218%). The average P is 1.25 (25%), a relatively high value when compared to other reported
AMS results for silicic flows, which usually present P < 1.5 (e.g., Cafion-Tapia and Castro, 2004;
Tomek et al., 2016; Candn-Tapia and Raposo, 2018; Guimaraes et al., 2018). Petrographically,

some regions of CPO flows present a distinct distribution of opaque minerals (Fig. 3B-C).
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Figure 6. Scalar results of AMS analyses: (A) mean magnetic susceptibility and (B) shape
parameter and degree of anisotropy plot.

Some of the observed high P values are comparable to AMS occurrences in shear zones
(Mertanen and Karell, 2011), which suggests the occurrence of high-strain zones within the CPO
flow. These zones could represent strain-softening regions (Fig. 7E) in the flow, which is ultimately
linked to the non-Newtonian behavior of silicate melts (Sonder et al., 2006). Please note that there
are only oblate ellipsoids with high P values (P > 50%), indicating that flow-induced strain was

preferably accommodated through flattening (Fig. 7D).

The AMS directional data was plotted in a detailed map along with representative geologic
structures (Fig. 7A), in order to assist the structural analysis. Magnetic axes within each
paleomagnetic site are usually well-grouped (with exception to sites J, O, Q and R), allowing AMS
based interpretations (please check supplementary item 3 for a full table of AMS results). In several
sites (e.g., H, F, and T) both K; (magnetic lineation) and K> clusters, suggesting the presence of
strongly oblate ellipsoids, with a well-defined K3 (pole of the magnetic foliation). Overall, the sites
present sub-vertical foliation planes, a pattern consistent along the entire outcrop area, which is

confirmed by both compass (Fig. 7B) and AMS data (Fig. 7C). Despite this general sub-vertical
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pattern, several sites present variable trends of magnetic foliations, reflecting the structural

complexity of CPO flows (Fig. 7A).
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Contour plots were applied in order to define general trends in the flow. Considering all
measured specimens, there is a clear predominance of sub-vertical planes, with K3 persistently
showing an ESE sub-horizontal plunge (Fig. 8A). We used the shape parameter in order to analyse
each ellipsoid format separately. The magnetic lineation of prolate ellipsoids (K1) reveals a NE-
SW alignment (Fig. 8B), which could be associated with a radial stretching along the NE-SW axis
(Buisson and Merle, 2004). Oblate ellipsoids are represented by NNE-SSW trending planes, and
high dip values, defined by the predominance of low plunge, ENE and ESE trending, K3 axes (Fig.
8C). To examine the orientation of high-strain ellipsoids, which account for 15% of all measured
specimens, we also build a contour plot using only ellipsoids with P > 50% (Fig. 8D). High-strain
ellipsoids display similar orientation when compared to other foliations (Fig. 8 A and C), suggesting
the presence of high strain zones with a consistent NE-SW orientation within the CPO flow. Such
zones are observed in modern flows and can act as breakout zones for new lobes in a complex flow
unit (Tuffen ez al., 2013). Since both flow foliations and the axial planes of flow-induced folds are
expected to form trending perpendicular to flow direction (Christiansen and Lipman, 1966; Smith
and Houston, 1994; Smith, 1996; Fink, 1980), we can estimate a NW-SE flow direction for CPO

flows.

Alldata N =254 Prolates N = 66 Oblates N =188 Oblates, Pj > 50% N = 38
Foliation poles - K, Lineations - K| Foliation poles - K, Foliation poles - K,

Figure 8. Contour plots of AMS data, including (A) K3 using all data, (B) K1 using only prolate
ellipsoids, (C) K3 using only oblate ellipsoids and (D) K3 using only oblate ellipsoids with P >
50%.

Despite the absence of brittle structures (which may suggest a marginal section of a given
flow), both AMS results (marked by high P values) and field data (highlighted by the distinctive

presence of folds) indicate a significant strain, which is expected to occur closer to the flow limits
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(Fink, 1980; Ventura ef al., 1996). These features may suggest an important role of the flow crust
over the thermal evolution of CPO flow, granting efficient thermal insulation and promoting slow
cooling rates and viscous deformation even next to the flow limits, as reported by observations of

modern flows (Tuffen et al., 2013; Magnall et al., 2018).

4.5. Magnetic Mineralogy

Using a combination of thermomagnetic curves, IRM acquisition curves, hysteresis loops
we were able to characterize the magnetic mineralogy and define 3 distinct patterns for the studied

samples (Fig. 9).

Behavior 1 is marked by high-temperature curves indicating at least major drops in
susceptibility at 590 and 670 °C (Fig. 9A), suggesting the presence of magnetite and hematite as
the main ferromagnetic minerals (Dunlop and Ozdemir, 1997). IRM curves display a mixture of
low (which account for 75% of the ferromagnetic minerals) and high-coercivity magnetic phases
(Fig. 9B). Hysteresis loops show a wasp-waisted with small contribution of high-coercivity phases
(Fig. 9C). Behavior 2 is also characterized by at least two magnetic transitions recorded by high-
temperature magnetic curves (Fig. 9D). IRM curves indicate a higher amount of high-coercivity
phases (Fig. 9E), most likely hematite (which add up to approximately 30% of ferromagnetic
minerals). Hysteresis loops (Fig. 9F) show a distinct wasp-waisted pattern, suggesting a mixture of
minerals with hard and soft coercivities (Roberts et al., 1995; Tauxe et al., 1996). Behavior 3
presents a rather noisy thermomagnetic singal (Fig. 9G), with a gradual drop in magnetic
susceptibility above 570 °C. IRM curves indicate a predominance of high-coercivity minerals (Fig.

9H) and hysteresis loops (Fig. 91) indicate a strong contribution of paramagnetic minerals.

Low-temperature thermomagnetic curves display a hyperbolic decrease of magnetic
susceptibility from -194 °C to 0 °C, a typical behavior of paramagnetic mineralogy (Fig. 9A,D,G,
Petrovsky and Kapicka, 2006). All samples also present low mean magnetic susceptibility values

(lower than 107 SI, Fig. 6A), implying a low content of ferromagnetic minerals.
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Behavior 1 Behavior 2 Behavior 3
High and low-temperature thermomagnetic curves
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Figure 9. Magnetic characterization of the studied samples: three distinct behaviors (A-C) 1, (D-
F) 2, and (G-]) 3.
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The IRM acquisition curves and hysteresis loops were largely used in paleomagnetic
studies. However, for geological samples where we have a variable concentration of coexisting low
and high coercivity magnetic fraction, hysteresis parameters can be influenced directly (e.g.,
Roberts et al., 2017, 2018, 2019). FORC diagrams (Roberts et al., 2000) provide information about
all components of magnetization in a sample. FORC analysis are shown for select samples (Fig.

10).
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Figure 10. Representative FORC diagrams of selected samples from CPO flow. (A) mixture of
hematite and magnetite, MD grains. (B) Absence of ferromagnetic sinal.

Overall, the FORC distribution is centred in Bu = 0, which small differences in spread along
the Bc. This result suggests a mixture of magnetite and hematite minerals (Liu et al., 2019), also
indicating the presence of multi domain grains (MD, Fig. 10A, Roberts et al., 2000; Muxworthy
and Roberts, 2007). In several samples, only a small amount of signal was detected, suggesting a
virtual absence of ferromagnetic phases (Fig. 10B). Please check supplementary items 4, 5, 6 and

7 for additional magnetic mineralogy data.

4.6 SEM observations

SEM analyses performed in two representative samples indicate the presence of a small
amount of oxides (Fig. 11A), mostly coarse grained, equant, crystals (around 200 um, Fig. 11B).
Such coarse grains are not expected to carry little to none remanence (Dunlop and Ozdemir, 1997),
as suggested by the low values of bulk magnetic susceptibility in the samples (Fig. 6A). EDS

spectra indicates the presence of both hematite and magnetite with low contents of Ti (Fig. 11C),
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implying a primary origin for these crystals. Both SEM and magnetic mineralogy data suggest the
silicate fabric as the predominant carrier of the AMS signal, considering the observed amount,

nature and distribution of the ferromagnetic phases.
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Figure 11. SEM observations of CPO flow: (A) group of magnetites and (B) large magnetite
crystal; (C) representative EDS spectra for the studied magnetic phases.

4.7. Emplacement model

Fieldwork and rheology data indicates that most flow-induced deformation of CPO flows
were accommodated through viscous flows, above the Ty (approximately 750°C; Giordano et al.,
2005), which is attested by the presence of continuous flow layers and the absence of brittle
features, as observed in both field features and petrographic analyses. The low crystal content of
CPO suggests its emplacement as an obsidian flow, with little to none effect of crystals over the
melt rheology (Castruccio et al., 2010). This observation also allows us to constrain COP
emplacement as either a viscosity of a crust yield strength-controlled flow (Magnall et al., 2017).
The presence of distinct folds with variable sizes and wavelengths suggests some degree of
rheological contrast among the flow layers (Fink, 1980; Dragoni et al., 1992), with minimum
emplacement viscosity estimations of 10® Pa.s. Deformation is predominantly recorded by the
silicate fabric, resulting in an AMS singla that shows a preferentially NW-SE flow direction, with
the distinct presence of high-dipping foliations. The virtual absence of lineations and predominance
of oblate ellipsoids suggests an overall flattening regime, which includes the presence of high-

strain zones marked by a high degree of anisotropy. The overall presence of upright folds indicates
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that the exposed CPO area may represent the upper region of a rhyolite flow unit (Christiansen and

Lipman, 1966; Fink, 1980) (Fig. 12).

‘Metric folds High-strain zone

Crust ;
i Ogive / Flow limit?

Outpour structures

South

Figure 12. Emplacement model for Cerro do Perau outcrop flow, with AMS sites.

5. Final remarks

Using the multiproxy approach involving fieldwork, structural, geochemistry, rheology and
AMS analyses we were able to constrain the emplacement of the ancient Neoproterozoic CPO
rhyolitic flow, despite its structural complexity. CPO emplacement occurred with little to none
flow movement after crossing T, (Giordano et al., 2005), due to the overall absence of brittle
structures. Structural patterns based on fieldwork and AMS data suggests that the observed section
of CPO flow may represent the upper region of an ancient rhyolitic flow (Christiansen and Lipman,
1966; Fink, 1980). The distinct presence of high-dipping foliations and the absence of lineations
and predominance of AMS oblate ellipsoids suggests an overall flattening regime, including high-

strain zones within the flow.
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6.1. ANEXOS AO ARTIGO
Supplementary item 1 - Geochemistry data

A full table of all analysed samples, reporting the major, minor and trace elements.

Sample B E T L1 X L2
Si02 75.38 75.40 76.08 74.43 74.91 75.58
Al1203 12.40 12.58 12.02 13.09 13.01 12.44
Fe203 1.70 1.74 2.23 2.02 1.77 1.76
MgO 0.12 0.14 0.12 0.17 0.17 0.15
CaO 0.34 0.17 0.17 0.16 0.13 0.19
Na20 2.55 2.80 2.12 2.64 2.94 2.62
K20 5.78 5.60 5.53 5.75 5.49 5.65
TiO2 0.13 0.14 0.13 0.14 0.14 0.13
P205 <0.01 0.01 <0.01 0.02 0.01 <0.01
MnO 0.02 0.02 0.01 0.03 0.02 0.02
Cr203 <0.002 0.005 <0.002 <0.002 0.006 0.004
Ba 377 449 498 389 397 469
Ni <20 <20 <20 <20 <20 <20
Sc 2 2 2 2 2 2
LOI 14 1.2 1.4 1.4 1.2 1.3




Sum 99.86 99.86 99.88 99.88 99.89 99.87
Be 2 5 1 4 3 7

Co 0.6 0.7 0.4 0.9 1.6 0.8
Cs 2.7 1.9 1.4 2.2 2.0 2.0
Ga 18.5 18.0 15.9 21.6 20.7 18.8
Hf 8.3 8.7 8.2 9.0 9.3 8.4
Nb 215 213 20.7 233 27.3 19.6
Rb 163.5 156.4 132.7 164.0 158.2 157.8
Sn 4 5 4 5 5 4

Sr 66.5 62.9 743 51.0 53.7 49.5
Ta 1.5 1.2 1.5 1.4 1.6 1.5
Th 14.8 15.3 14.2 14.0 15.0 14.1
U 1.2 1.4 1.0 1.3 1.5 1.2
\% <8 <8 <8 <8 <8 <8
w 2.2 18.4 11.1 9.0 9.6 8.9
Zr 271.3 287.5 263.1 280.8 293.7 257.8
Y 67.3 58.6 434 46.3 45.0 52.0
La 117.3 89.3 80.9 68.8 63.6 82.2
Ce 187.3 163.3 127.1 187.5 126.7 155.6
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Pr 28.16 18.95 16.33 12.02 10.56 17.72
Nd 109.1 67.3 56.9 38.5 33.6 63.3
Sm 20.48 12.38 10.76 6.35 5.34 11.73
Eu 1.03 0.70 0.60 0.45 0.38 0.66
Gd 18.19 11.42 8.92 5.50 5.40 10.49
Tb 2.63 1.80 1.51 1.09 1.07 1.69
Dy 13.74 10.91 8.90 7.57 7.69 10.21
Ho 2.54 2.15 1.70 1.69 1.75 1.99
Er 6.75 6.47 5.14 5.84 5.36 5.64
Tm 0.95 0.95 0.73 0.87 0.80 0.81
Yb 5.98 5.89 4.90 6.04 5.48 5.26
Lu 0.87 0.88 0.70 0.88 0.78 0.77
Mo 0.8 0.9 0.7 0.6 0.8 0.7
Cu 20.2 25.8 19.7 18.2 16.1 25.0
Pb 18.4 17.1 14.7 22.7 15.0 19.3
Zn 22 26 17 22 17 23
Ni 0.2 0.7 0.3 0.7 1.1 0.9
As 9.5 6.3 10.4 83 59 6.3
Cd <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
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Sb 0.3 0.2 0.5 0.2 0.2 0.1
Bi <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ag <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Au 2.4 2.4 4.2 24.0 2.4 3.1
Hg <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Tl <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Se 0.7 <0.5 <0.5 <0.5 <0.5 <0.5
Supplementary item 2 - Additional geochemical diagrams
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Plots to distinguish A—type granitoids — Whalen (1987)
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Supplementary item 3 - AMS results table

69

A summary of the main AMS escalar and directional parameters of all the measured sites,

presented as a table.

Site N Km P T F L K1 e/z b

G 25 3.74 1,354 0.657 1,028 1,275 264/48 18/12 11/09
E 13 324 1,169 0.028 1,055 1,099 327/62 20/10 20/08
T 21 3.05 1,131 0.204 1,016 1,096 227/56 81/11 90/18
I 21 6.60 1,403 0.354 1,043 1,290 205/64 18/5 27/08
L 26 6.63 1,360 0.239 1,113 1,211 236/80 48/13 28/12
Q 23 4.71 1,045 0.307 1,008 1,033 317/49 76/31 90/48
R 24 3.17 1,040 0.012 1,016 1,022 210/05 41/28 33/22
F 17 430 1,234 0.672 1,031 0.887 147/74 15/2 40/11
J 17 272 1,019 0.077 1,007 1,011 246/15 44/34 41/36
S 22 6.80 1,518 0.681 1,042 1,394 257/65 16/3 11/02
H 26 4.06 1,368 0.607 1,040 1,276 276/63 61/7 90/10

O 19 259 1,250 -0.117 1,064 1,152 191/22 73/44 90/41

Legend:

N = number of specimens

Km = mean/bulk magnetic susceptibility (10~ SI)

P = Degree of anisotropy

T = Shape parameter

F = magnetic foliation

L = magnetic lineation

K1,2,3 = magnetic anisotropy axes, direction/plunge
e/z = Jelinek confidence ellipses, direction/plunge

b = bootstrap confidence ellipses, direction/plunge
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Supplementary item 4 - low and high-temperature thermomagnetic curves
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Supplementary item 5 - IRM curves
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Supplementary item 6 - hysteresis loops
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Supplementary item 7 - FORC diagrams
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