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RESUMO

A regido do Cerro Chato, extremo sul do Rio Grande do Sul, é
caracterizada por associagdes de rochas vulcanicas e subvulcanicas de
composicao acida, cujo magmatismo tem sido relacionado as suites graniticas
tardias do Batdlito Pelotas no Cinturdo Dom Feliciano. Os vulcanitos da regido
agrupam-se em duas feicbes geomorfologicamente distintas e afetadas por
falhas NW e NE: Cerro Chato e Cerro Partido. O Cerro Chato é caracterizado por
depositos piroclasticos e efusivos. Os primeiros sdo representados por
ignimbritos que ocorrem em duas facies principais: ignimbritos ricos em liticos e
ignimbritos ricos em cristais, mal selecionados e constituidos por piroclastos
tamanho lapili e uma matriz tufacea. A facies rica em litoclastos é caracterizada
por apresentar fragmentos conatos de riolitos e ignimbritos e, subordinadamente,
acidentais. Fragmentos de cristais de K-feldspato e quartzo sdo comuns e a
estrutura eutaxitica é incipiente. A facies rica em cristais caracteriza-se pela
abundancia de cristaloclastos e fenocristais de feldspatos e quartzo. Apresentam
estrutura eutaxitica e matriz constituida por vitroclastos tamanho cinza.
Derrames rioliticos hemicristalinos representam os eventos efusivos, com textura
porfiritica, estruturas de fluxo e esferulitos. O Cerro Partido é caracterizado por
um corpo subvulcanico, alongado na direcdo NE-SW, com 8 km de comprimento
por 0,7 km de largura aproximadamente. Constitui rochas com textura porfiritica,
com fenocristais de quartzo e feldspatos, imersos em uma matriz equigranular
fina. Geoquimicamente, sdo riolitos do tipo alta-silica, correlacionaveis a série
alcalina, préximo ao limite das séries subalcalinas, com um carater
metaluminoso/peraluminoso e teores elevados de alcalis, FeOt/FeOt+MgO e
indice agpaitico. Os riolitos do Cerro Partido foram classificados como alto-Ti
com elevados teores de CaO, P20s, FeOt, MgO e K20 se comparados aos
riolitos do Cerro Chato, baixo-Ti. O padrao mostrado pelos ETR é definido pelo
leve enriquecimento de ETRL em relacdo a ETRP e uma forte anomalia negativa
de Eu, tipica de sistemas alcalinos metaluminosos e altamente diferenciados. As
caracteristicas quimicas sdo semelhantes com as de magmatismo granitico do
tipo A, relacionado a ambientes pos-colisionais. Dados litoquimicos indicam uma
vinculagdo genética com rochas graniticas mais diferenciadas da Suite Dom
Feliciano, bem como os riolitos do Cerro Ana Dias, associadas ao magmatismo
Neoproterozoico pos-colisional do Escudo Sul-Rio-Grandense. Dados
geocronoldgicos U-Pb obtidos em zircdes indicam uma idade de 561 + 2 Ma para
os riolitos do Cerro Partido, sugerindo uma contemporaneidade com o0s
granitoides associados a suite Dom Feliciano. Ja os dados U-PB em zircdo dos
riolitos do Cerro Chato indicam uma idade de 630.4 + 2.8 Ma. Estas idades sao
concordantes com as obtidas em clastos vulcanicos na base da formacao
Maric4, podendo assim haver uma possivel relacdo entre os vulcanitos do Cerro
Chato com o vulcanismo sin-sedimentar inicial da Bacia do Camaqua.

Palavras-Chave: riolitos, ignimbritos, alta-silica, Ediacarano, petrologia



ABSTRACT

The Cerro Chato region is located in the southern portion of Rio Grande do Sul and
is characterized by associations of acid volcanic and subvolcanic rocks, whose
magmatism has been related to the later Pelotas Batholith suites from the Dom
Feliciano Belt. The vulcanites of the region are affected by NW and NE faults and are
grouped into two geomorphologically distinct features: Cerro Chato and Cerro
Partido. Cerro Chato is represented by ignimbrites that occur in two main facies: lithic
rich ignimbrites and crystal rich ignimbrites. They are poorly selected and consist of
lapilli-sized pyroclasts in a tuffaceous matrix. The lithoclasts rich facies is
characterized by cognate fragments of rhyolites and ignimbrites and, occasionally,
accidental fragments. The crystal-rich ignimbrites are characterized by the
abundance of crystal fragments and phenocrysts of K-feldspar and quartz. Both
facies present eutaxitic structure and a matrix made up of ash-sized vitroclasts.
Hemi-crystalline rhyolitic flows represent effusive events, with porphyritic texture, flow
structures and spherulites. Cerro Partido is characterized by a subvolcanic body,
elongated in the NE-SW direction, of approximately 8 km long by 0.7 km wide.. It
consists of rocks with porphyritic/glomeroporphyritic texture, composed of quartz, K-
feldspar and plagioclase phenocrysts, within a fine quartz-feldspathic equigranular
matrix. Through geochemical data the rhyolitic volcanites were characterized as
high-silica type rhyolites, correlated to the alkaline series, but close to the limit of the
sub-alkaline series; they present metaluminous to peraluminous character and high
contents of alkalis, FeOt / FeOt + MgO and agpaitic index. The Cerro Partido
rhyolites were classified as high-Ti with higher CaO, P205, FeOt, MgO and K20
contents than the Cerro Chato low-Ti rhyolites. The rhyolites REE pattern is slightly
enriched in LREE in relation to the HREE and has a strong negative Eu anomaly,
typical of metaluminous and highly differentiated alkali systems. The chemical
characteristics are similar to those of A type granitic magmatism, related to post-
collisional environments. U-Pb geochronological dating indicates an age of 561 + 2
Ma for the rhyolites of Cerro Partido, suggesting contemporaneity with the granitoids
associated to the Dom Feliciano suite. The zircon U-Pb isotopes dating of the Cerro
Chato rhyolites indicates an age of 630.4 + 2.8 Ma. These ages are in agreement
with those obtained in the volcanic clasts at the base of the Marica formation, which
may indicate a possible relationship between the volcanites of the Cerro Chato with
the initial sin-sedimentary volcanism of the Camaquéa Basin.

Keywords: Rhyolites, Ignimbrites, high-silica, Ediacaran, Petrology
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| - INTRODUCAO

Os sistemas rioliticos alta-silica representam magmas altamente
diferenciados, caracterizados por teores de SiO2>73% e baixas concentracdes de
alguns elementos, principalmente Mg, Sr e Ba (Mahood & Hildreth, 1983). Estes
sistemas estéo relacionados com algumas das maiores erupc¢des vulcanicas e suas
grandes diversidades de produtos efusivos e piroclasticos (Mason et al.,, 2004,
Hildret et al., 1991; Stern, 2004). Os riolitos alta-silica ocorrem no registro vulcanico
normalmente por lavas hemicristalianas a holohialianas, bem como uma grande
variedade de depdsitos piroclastcios, principalmente ignimbritos (e.g., Fish Canyon
Tuff - Bachmann et al., 2002, Bishop Tuff - Hildreth 1979, Wallace et al., 1999).

Aspectos sobre origem e evolucdo dos magmas alta-silica encontram-se
permanentemente em debate (e.g., Barth, 1945; Greene, 1973; Bailey, 1974;
Philpotts, 1976; Shaw et al., 1976; Loiselle & Wones, 1979; Hildreth ,1979; Collins et
al., 1982; Verma, 1983; White & Chappell, 1983; Halliday et al., 1984; Novak &
Mahood, 1986; Cameron & Cameron, 1986a; Halliday et al., 1987, Hildreth, 1987;
Moll- Stalcup, 1987; Whalen et al., 1987; Ferriz & Mahood, 1987; Schuraytz et al.,
1989; Wilson, 1989; Hervig & Dunbar, 1992; Turner et al., 1992; Streck & Grunder,
1995; Streck & Grunder, 1997; Eichelberger et al., 2000; Miller & Miller, 2002; Wiebe
et al., 2002; Bachmann & Bergantz, 2004; Cathey & Nash, 2004; Harper et al., 2004
Hildreth, 2004; Collins et al., 2006; Vernon & Paterson, 2006; Dierier et al., 2007;
Hildreth & Wilson, 2007; Lipman, 2007; Bachmann & Bergantz, 2008; Glazner et al.,
2008; Streck & Grunder, 2008; Campbell et al., 2009, Deering & Bachmann, 2010;
Ellis et al., 2010; Thomas et al. 2010; Cooper et al., 2012; Wolff et al., 2012; Gualda
& Guiorso 2013; Wilcock et al., 2013; Wolff & Ramos, 2013; Streck, 2014). Restringir
as condicdes sob as quais esses magmas séo gerados, fracionados e cristalizados
pode ajudar a elucidar também as provaveis conexdes entre sistemas vulcanicos e
plutonicos.

Recentemente, modelos baseados em massas graniticas foram propostos por
Wolff et al. (2012) e podem ser usados para explicar as erupcdes de fluxos
piroclasticos e lava rioliticas. Em geral, os modelos explicam a formacdo dessas
rochas vulcanicas a partir de uma completa remobilizagdo do corpo plutdnico
(Brueseke & Ellis, 2012; Allen et al., 2013), ou uma remobilizagdo parcial e continua.
No ultimo caso, o processo inicia-se durante a remobiliza¢cdo onde a fuséo intersticial
riolitica se separa mais cedo e é seguida por remobilizacdo continua do contetdo

restante (Wolff et al., 2012; Wolff & Ramos, 2013). A partir destes processos



poderiam ser gerados diferentes liquidos alta-silica e a consequente erupcdo de
derrames rioliticos e depdsitos ignimbriticos com zonag&o composicional.

Nas zonas de escudo do sul do Brasil, as rochas magméticas estdo bem
expostas, e a maioria delas formou-se durante a Orogenia Brasiliana. Este periodo
envolveu a subduccédo de crosta oceanica (800-700 Ma) e eventos colisionais entre
continentes e arcos magmaticos (cerca de 700-500 Ma), levando a consolidacéo de
Pangea como supercontinente (Brito Neves & Cordani 1991; Brito Neves et al.
2014). O estagio pos-colisional na porcdo oriental desta regido € marcado pelo
Cinturdo de Cisalhamento Sul-Brasileiro (CCSB, Bitencourt & Nardi 1993, 2000),
com magmatismo granitico volumoso e riolitos alta-silica, o qual constituem o
Batolito Pelotas (Phillip et al. 2000) (Fig. 3). Esta unidade é caracterizada por
granitdides sin-transcorrentes, alto K, granitdides calcico-alcalinos e granitos
leucocraticos peraluminosos, além de granitoides com afinidade shoshonitica e,
eventualmente, granitos alcalinos, tardi a pés-transcorrentes, predominantemente
metaluminosos. A maioria dos tipos de granitoides est4 associada com magmatismo
basico representado por componentes maficos em sistemas de mistura de magmas
e enclaves microgranulares maficos.

As rochas vulcénicas e subvulcanicas rioliticas do Batodlito Pelotas estéo
geneticamente relacionadas com a suite granitica mais diferenciada (Dom Feliciano
Suite - 550-570 Ma) (Almeida et al., 1991; Fragoso Cesar, 1991; Philipp et al., 1998;
Philipp et al., 2000; Zanon et al., 2006; Oliveira et al., 2015). De acordo com Sommer
et al. (2012), esses sistemas rioliticos estdo geograficamente associados a trés
dominios do Batdlito Pelotas, que sédo tipicamente paralelos as estruturas NE-SW:
os dominios sudoeste, central e nordeste (Fig. 3). O dominio sudoeste inclui rochas
rioliticas efusivas e piroclasticas alta-silica que formam duas feicdes geomorfoldgicas
proeminentes: Cerro Chato e Cerro Partido; Esses depdésitos podem ser
considerados 0s Unicos registros vulcanicos strictu sensu no Batolito Pelotas.
Localiza-se préximo a cidade de Herval e é delimitada pelos meridianos 53°18'W e
53°30'W, e paralelos 31°51'S e 31°57'S (Fig. 3).

Nesta dissertacdo serdo apresentados os resultados de um estudo integrado
de estratigrafia vulcanica, petrografica, geoquimica e geocronoldgica sobre as
rochas vulcanicas de alta silica da regido do Cerro Chato, com o objetivo de formular
hipoteses sobre sua possivel correlagdo com o magmatismo Ediacarano mais
diferenciado do Batolito Pelotas e reavaliar a evolugdo do magmatismo pos-

colisional no Cinturdo Dom Feliciano, no extremo sul do Brasil.



1.1. ESTRUTURA DA DISSERTACAO
Esta dissertacdo de mestrado estd estruturada em torno de um artigo
cientifico e sua organizacdo compreende as seguintes partes principais:

a) Introducéo sobre o tema e descricdo do objeto da pesquisa de mestrado, onde
estdo sumarizados os objetos e a filosofia de pesquisa desenvolvida, além da
metodologia utilizada para obtencao dos resultados;

b) O Estado da Arte sobre o tema de pesquisa;

c) Referéncias bibliogréaficas citadas na Introducdo e Estado da Arte. A lista de
figuras e tabelas abrange somente as inseridas nestas duas primeiras partes da
dissertacéo;

d) Artigo cientifico, submetido para publicacdo na revista Journal of Volcanology

and Geothermal Research.

1.2. LOCALIZACAO DA AREA

A regido do Cerro Chato esta localizada na porcdo norte do municipio de
Herval, RS. A area do projeto é delimitada pelos meridianos 53°15’ W e 53°30° W e
paralelos 31°45 S e 32°00" S, abrangida pela carta topogréafica (1:50.000) Cerro
Chato (Folha SH-22-Y-C-V-3), da Diretoria de Servico Geografico do Exército.

O principal acesso a regido, partindo-se de Porto Alegre, é feito pela BR-116
até o municipio de Arroio Grande, por cerca de 340 km (Fig. 1). De Arroio Grande
até Herval utiliza-se a estrada ERS-602 e posteriormente a BR-473 totalizando neste
trajeto cerca de 50 km. A partir do municipio de Herval, segue-se 15 km a norte em

estrada secundaria ndo pavimentada.
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Figura 1 — Mapa Geomorfolégico do RS e localizacdo da area de estudo demarcada no quadrado preto.
Modificado de Atlas Socioeconémico do Rio Grande do Sul - 1998.

1.3. OBJETIVOS

Este estudo tem por objetivo geral a caracterizagdo geoldgica e petrologica
das rochas vulcéanicas acidas efusivas e piroclasticas relacionadas a regido do Cerro
Chato, na regido de Herval, RS. Como objetivos especificos, destacam-se:

a) mapeamento geologico de detalhe dos corpos intrusivos e extrusivos,
investigando a relagdo deste corpo com as rochas encaixantes e geracdo de um
mapa geoldgico que represente a distribuicdo espacial das rochas;

b) descricdo petrografica da variacdo litologica relacionado aos corpos de
origem vulcanogénicos, destacando-se estruturas, variacbes texturais e
mineraldgicas, de forma a permitir a individualizacéo das facies;

c) caracterizagdo geoquimica dos elementos maiores, tracos e elementos

terras raras. O tratamento dos dados de litoquimica permite a caracterizagdo das
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rochas rioliticas quanto a sua afinidade geoquimica, e a construcado de hipéteses
sobre a génese e evolugao do magmatismo.

d) obtencéo de idades das principais unidades vulcanicas estudadas.

e) correlacdo dos dados obtidos com os descritos para outras ocorréncias de
riolitos e com o magmatismo granitico tardio no Batélito Pelotas vinculado aos
eventos finais de evolugdo do Batdlito de Pelotas e relacionado aos estagios pos-
colisionais do ciclo orogénico Brasiliano/Pan-africano.

1.4. MATERIAIS E METODOS

1.4.1. Etapa pré-campo

A etapa pré-campo envolveu, revisdo bibliografica e técnicas de cartografia
digital. O objetivo desta etapa do projeto foi de agrupar e organizar todas as
informacdes disponiveis a cerca das ocorréncias de rochas vulcanicas da regido do
Cerro Chato, a fim de obter um conhecimento preliminar da area de estudo, bem
como o reconhecimento geografico da area, como vias de acesso, distancia da
cidade sede e localizacdo das principais fazendas da regido, a fim de delimitar

possiveis locais favoraveis a coleta de dados de campo.

1.4.1.1 - Revisao Bibliogréafica

Na primeira etapa do trabalho foi realizada uma compilacdo dos dados
publicados sobre o tema, com o intuito de identificar aspectos ja abordados bem
como as lacunas existentes na literatura sobre o tema. Para isso, foram utilizados
livros, periédicos cientificos, resumos publicados em anais de eventos, teses,
dissertacdes, monografias. Também foram feitos a aquisicdo de informacdes, mapas
e figuras relativos ao contexto geoldgico regional da area estudada e qualquer outra

informacgéao adicional disponivel local ou regional referente a area de estudo.

1.4.1.2 - Cartografia Digital em Base SIG

Os dados planialtimétricos foram obtidos através da folha Cerro Chato (SH.
22-S-1V-3), da Diretoria do Servico Geografico do Exército, escala 1:50.000, do
Servigco Geogréfico do Exército do Brasil, junto a mapoteca do Departamento de
Geodésia do IGEO/UFRGS. Também foram utilizadas imagens do Google Earth em

diferentes escalas no auxilio ao reconhecimento da area.
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Com o uso do software ArcGIS 10, um banco de dados digital em Sistema de
Informacdes Geogréficas (SIG) foi gerado contendo base cartografica com principais
acessos, drenagens, contatos litologicos, estruturas como falhas e fraturamentos,
que foi atualizado constantemente até o final do trabalho, com a insercéo dos dados

gerados em todas as etapas.

1.4.2. Etapa de Campo

Foram realizados perfis geologicos a fim de mapear os corpos do Cerro Chato
e Cerro Partido, com a descricdo de afloramentos, elaboracdo de croquis e
aquisicdo de fotografias gerais, panoramicas e de detalhe. Também foi realizada a
coleta de amostras de rochas frescas para os trabalhos de petrografia, litoquimica e
analise geocronoldgica. Os afloramentos foram descritos e georreferenciados com
um receptor GPS e plotados no sistema de coordenadas UTM na carta topogréafica
Cerro Chato.

A orientacao preferencial adotada para a realizacdo dos perfis foi leste-oeste,
com a intencdo de identificar a relacdo dos corpos hipoabissais do Cerro Partido,
com os riolitos e ignimbritos do Cerro Chato. Perfis com orientacdes norte-sul e
sudoeste-nordeste, também foram realizados visando identificacdo dos contatos
entre as rochas vulcanogénicas e suas encaixantes, variagoes texturais e a relagéo
entre riolitos e ignimbritos no Cerro Chato.

Os dados gerados (descricbes, croquis, fotografias e medidas estruturais)

foram anexados ao banco de dados do projeto, no software Microsoft Excel 2007.

1.4.3. Etapa de Laboratério

Os trabalhos de laboratério foram essenciais para a organizagdo dos dados e
amostras coletadas em campo, além de gerar maior volume de informacdes
apresentadas neste trabalho. Os métodos de trabalho desta etapa sao diversos,
sobrepondo-se e complementando um ao outro; porém, para o melhor
entendimento, estdo separados em quatro grupos principais: petrografia, litoquimica,

geocronologia e SIG.

1.4.3.1 - Petrografia
A preparacdo das amostras consistiu na confeccdo de 33 laminas delgadas
no Laboratério de Preparacdo de Amostras do CPGq (Centro de Estudos em

Petrologia e Geoquimica) do IGEO/UFRGS. As amostras foram serradas e cortadas
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em fatias retangulares de aproximadamente 1 cm de espessura denominada
esquirola. Posteriormente, estas fatias foram desbastadas com lixas de diferentes
granulagdes (120, 220, 600, 1.200, 2.500 e 4.000 grana) e submetidas a processos
de abraséo a base de carbeto de silicio (900 um) e éxido de aluminio (9,5 um). O
polimento foi feito através da politriz, com a utilizacdo de um abrasivo a base de
alumina (0,3 pm). Ao final desta sequéncia de procedimentos, a fatia de rocha
colada no vidro com a espessura correta (0,30 mm) e esta apta para a observacao
ao microscopio petrografico de luz transmitida.

As descricbes petrograficas foram realizadas com um microscopio
petrografico binocular de luz transmitida da marca Leitz, modelo Laborlux 12,
objetivas com 10x de aumento e seis possibilidades de lentes de aumento (2.5,
6.3x, 16X, 25%, 40x e 50x). As fotomicrografias foram adquiridas por uma camera
acoplada a um microscépio petrografico de luz transmitida da marca Leica e a um

computador, junto ao Departamento de Mineralogia e Petrologia do IGEO/UFRGS.

1.4.3.2 - Litoquimica

Para obtencdo dos dados litoquimicos foram preparadas 16 amostras, em
rocha total, sendo 10 das rochas vulcanicas associadas ao Cerro Chato e 6
associadas ao corpo hipoabissal do Cerro Partido. As amostras foram enviadas ao
Acme Analytical Laboratories Ltda., localizado em Vancouver, no Canada, visando a
identificacdo dos elementos maiores, elementos-traco e terras raras (ETR).

A técnica de espectrometria de emissdo atdmica por plasma indutivamente
acoplado (ICP-AES —Inductively Coupled Plasma Atomic Emission Spectrometry) foi
utilizada para a quantificacdo de 6xidos de elementos maiores (Si, Al, Fe, Mn, Mg,
Ca, Na, K, Ti e P), com limite de deteccao de 0,01% e alguns elementos trago (Sc,
Be, V, Ba, Sr, Y e Zr), com limite de deteccao variando de 1 até 5 ppm; e através da
técnica de Espectrometria de Massa por Plasma Indutivamente Acoplado
(Inductively Coupled Plasma Mass Spectometry) para os demais elementos tracos e
terras raras, com limite de detecc¢éao de 0,005 a 2 ppm.

Os dados de elementos maiores, tracos e ETR obtidos através das analises
litoquimicas de rocha total foram organizados no banco de dados do projeto, no
software Microsoft Excel 2007.

O software Geochemical Data Toolkit (GCDKit), versado 2.3, elaborado por
Janou$ek et al. (2006), foi utilizado para a visualizacdo das composi¢cdes quimicas

das amostras em graficos binarios e diagramas e para o0 calculo da mineralogia
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normativa. A confeccdo destes gréaficos, diagramas e calculos nos permite classificar
os litotipos de acordo com sua composi¢cdo quimica, e de uma maneira geral, o

magmatismo quanto a sua afinidade quimica e provavel ambiente tecténico.

1.4.3.3 - Analise Geocronoldgica

Duas amostras de riolitos, uma pertencente ao Cerro Chato e a outra ao
Cerro Partido, foram selecionadas e, no Laboratério de Preparacdo de Amostras do
Centro de Estudos em Petrologia e Geoquimica (CPGqg) do IG-UFRGS,
processadas. Posteriormente foram enviadas ao Centro de Pesquisas
Geocronolégicas (CPGEO) do Instituto de Geociéncias da Universidade de Sé&o
Paulo (USP) para a andlise isotopica, com o0 uso do espectrdbmetro de massa do
modelo NEPTUNE.

A preparacdo das amostras objetiva a separacdo de cristais de zircdo para
posterior confeccdo de secbes polidas com concentrados desta fase mineral. Esta
etapa € realizada através de diversos procedimentos que sdo baseados nas
principais caracteristicas do zircdo: alta densidade e auséncia de magnetismo.

A desagregacdo das amostras, para fracbes centimétricas (~5 cm), foi
realizada com marreta e prensa hidraulica, para posterior introdu¢do no britador de
mandibulas, reduzindo as amostras para fracdes de = 2 cm. As amostras séo
peneiradas em malha de 0,5 cm e introduzidas no moinho de discos, onde atingem
fracGes iguais ou inferiores a 0,5 mm. ApGs novo peneiramento em malha de 0,5
mm, foram obtidas fragcbes muito finas e entdo levadas a bateia, onde exclui-se por
densidade as fracdes pouco densas, gerando assim um concentrado de minerais
densos.

A separacdo eletromagnética foi realizada com o concentrado de minerais
densos das amostras usando o separador eletromagnético Frantz, que gera diversos
concentrados separados por diferentes amperagens. Minerais como zircao, apatita e
rutilo tendem a se concentrar em fragGes de baixa amperagem. Esse concentrado foi
levado a uma lupa de mesa, para a separacao de cristais de zircdo, que foram
usados na confeccdo de secdes polidas e posteriormente imageadas por elétrons
retroespalhados e catodoluminescéncia.

Foram selecionados zircbes sem imperfeices, fraturas e inclusbes minerais
para serem analisados por LA-ICP-MS (Laser Ablation Inductivly Coupled Plasma
Mass Spectrometer) para determinacdo das razdes isotdpicas de U-Pb. O LA-ICP-

MS é um espectrometro de massa por ionizagdo acoplada por plasma com ablacéo
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a laser. Utiliza um feixe de laser com diametro de massa por ionizagcao da superficie
dos cristais de zircdo in situ,sem a necessidade de pré-tratamento quimico. As
analises utilizam um padrdo natural de zircdo (GJ-1) (Jackson et al., 2004) e um

padrao sintético (NIST) para comparacao.

1.4.3.4 - Sistema de Informacdes Geograficas (SIG)

Um banco de dados foi gerado a partir das informagfes geoldgicas de todos
0s pontos checados e georreferenciados em campo, juntamente com os dados
obtidos na bibliografia disponivel da regido, objetivando a plotagem no mapa digital.
A partir disso foram gerados produtos como mapas geologico da area de estudo e o
mapa de pontos e localizagdo, ambos na escala 1:50.000. O software utilizado para
a geracdo desse banco de dados e mapas geoldgico e de pontos, foi o ArcGIS 10,

elaborado pela empresa ESRI.
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Il - CONTEXTUALIZACAO TEORICA

2.1. ESCUDO SUL-RIO-GRANDENSE

O Escudo-Sul-Rio-Grandense (EGRS) (Fig.2) esta inserido na porcao
meridional da Provincia Mantiqueira no Estado do Rio Grande do Sul (Almeida &
Hasui, 1984) que corresponde ao Sistema Brasiliano Sudeste, estendendo-se desde
o Uruguai ao sul do estado da Bahia. Compreende unidades tectono-estratigraficas
de idades Paleo, Meso e Neoproterozoicas, sendo resultados de processos de
geracdo e deformacdo de crosta continental, cuja contribuicdo maior ocorreu em
dois ciclos orogénicos distintos, o Transamazonico (2,26-2,00 Ga) e o Brasiliano
(900-535 Ma) (Soliani, 1986).

|

N
A 54°W SANTA CATARINA B
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£ [ ] Cobertura Fanerozoica 30°S—]
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[ ] Bacias Pés-Colisionais (0.6-0.54 Ga)

- Batdlitos Graniticos (FB=Florianépolis,
PB= Pelotas, AB= Aigua) (0.65-0.54 Ga)

- Terreno Sao Gabriel (0.93-0.68 Ga)
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Figura 2- Mapa geral de localizagdo e correlagdo das unidades geotectdnicas. A) Localizagdo da area estudada
na América do Sul. B) Principais unidades geotecténicas do sul do Brasil e Uruguai. Principais zonas de
cisalhamento: 1- Itajai-Perimbd; 2- Major Gercino; 3- Santana da Boa Vista; 4- Dorsal de Cangucu; 5- Passo do
Marinheiro; 6- Ibaré; 7- Sarandi del Yi; 8- Sierra Ballena; 9- Cerro Amaro; 10- Arroio Grande. Modificado de
Philipp et al. (2016).

A geologia desta area consiste em um antigo nucleo craténico denominado de
Craton Rio de La Plata, representado pelo Terreno Taquarembd (complexo
granulitico paleoproterozoico retrabalhado parcialmente no neoproterozoico), envolto
pelo Cinturdo Dom Feliciano (Hartmann et al., 2007), composto, de oeste para o

leste, pelos Terrenos Sao Gabriel (assinatura juvenil, com associagbes
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petrotectbnicas de ambientes de margem passiva e de retro-arco, ofiolitos, arcos
magmaticos vulcano-sedimentares e plutbnicos derivado de um manto
neoproterozoico) e Tijucas (rochas paleoproterozoicas gnaissicas de composicdo
tonalitica a dioritica e neoproterozoicas, metavulcanicas e metassedimentares
resultantes da deposicdo em crosta continental distendida ou de um arco magmatico
continental, com retrabalhamento de crosta continental paleoproterozoica), e pelo
Batdlito Pelotas (complexo granitico e suites intrusivas de idade brasiliana, entre
650-550 Ma, relacionadas a atuacdo de zonas de cisalhamento e com septos do
embasamento) (Jost, 1984; Soliani Jr., 1986; Chemale Jr., 2000; Hartmann et al.,
2000, 2007; Philipp & Machado, 2005; Philipp et al., 2007, 2016).

O Terreno Taquarembo (2,55 - 2,0 Ga) esté situado na porgcédo sudoeste do
ESRG estando limitado pelo lineamento Ibaré (Costa, 1997) ao norte, pela anomalia
magnética de Cacapava do Sul a leste e é recoberto pela Bacia do Parana a oeste e
sul. E caracterizado por fragmentos remanescentes do Craton Rio de La Plata,
parcialmente retrabalhados durantes a orogenia Brasiliana Pan-africana (Hartmann
et al., 1999, 2000, 2007; Soliani Jr. et al.,2000). Registra do Paleoproterozéico o
Complexo Granulitico Santa Maria Chico, ocorrendo neste complexo granulitos
méaficos e félsicos, marmores, gnaisses, paragnaisses, rochas calcissilicatadas com
idade 2.5 a 2.1 Ga das rochas igneas protdlitas e 2.02 Ga para o metamorfismo
gerador dos granulitos (Hartmann et al, 1999, 2000) que representam um arco
insular (Philipp et al, 2009).

O Terreno Sao Gabriel (880 - 680 Ma) compreende a porcédo ocidental do
Cinturdo Dom Feliciano e possui forma alongada na direcdo N20 - 30°E. Esta regido
€ coberta a oeste e norte por unidades fanerozoicas da Bacia do Parana, e limitada
ao sul pela Zona de Cisalhamento Ibaré (ZCl) e a leste pela Zona de Cisalhamento
Cacapava do Sul (ZCCS). E constituido por litologias de assinatura juvenil e
associacOes petrotectonicas de arcos magmaticos, ofiolitos e ambientes de margem
passiva e de retroarco (Babinski et al., 1996; Leite et al., 1998; Hartmann et al.,
2011).

O Terreno Tijucas (800 - 620 Ma) possui forma alongada na direcdo N30-
40°E, estendendo-se por 170 x 25 km aproximadamente. Estd em contato tecténico
com o Terreno S&o Gabriel a oeste ao longo da Zona de Cisalhamento de Cacapava
do Sul. O contato a leste, com Batdlito Pelotas, € marcado pela zona de
cisalhamento de Dorsal do Cangucu (e.g.: Fernandes et al., 1992; Philipp et al.,

2003) e a nordeste é afetado pela Zona de Cisalhamento do Passo do Marinheiro. E
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composto por rochas metavulcanicas e metassedimentares resultantes de deposicao
em crosta continental distendida e de arco magmatico continental, com
retrabalhamento de crosta continental paleoproterozoica (2,2 - 1,9 Ga, e.g. Gnaisse
Encantadas — Jost & Bitencourt, 1980).

2.1.1. BATOLITO PELOTAS

O Batdlito Pelotas (Fig.3) localiza-se na por¢cédo leste do Escudo Sul-rio-
grandense e foi descrito originalmente como uma area estavel, composta por uma
associacdo de rochas cristalinas Pré-cambrianas e denominada "Craton Dom
Feliciano" (Picada et al., 1971; Issler et al.,, 1972 apud Philipp et al., 2000). Sua
denominacéo atual foi definida por Fragoso Cesar (1986) para caracterizar uma
unidade de forma alongada, com direcdo NE-SW, interpretado com um complexo
plutbnico polifasico e multi-intrusivo, resultante de processos tectdnicos distintos e
relacionados a evolucdo do Ciclo Brasiliano (Frantz & Remus, 1986; Soliani Jr.,
1986).

Segundo levantamentos geoldgicos e geofisicos de Shukowsky & Mantovani
(1991) e Hallinan (1993), o Batolito possui aproximadamente 400 km de
comprimento e larguras, variando de 80 a 120 km. Apresenta continuidade para
norte, no estado de Santa Catarina, e para o sul, no Uruguai. E composto
principalmente por suites granitdides relacionadas a uma grande variedade de
xenolitos de rochas metamdérficas de alto e baixo grau, incluindo termos para e
ortoderivados que podem ser encontrados em todas as suites graniticas (Philipp,
1998, 2001). Esta estrutura granitica complexa € marginada por espessas faixas
miloniticas transcorrentes sinistrais de dire¢cdo em torno NE-SW (Fragoso Cesar,
1991).
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Figura 3 - Mapa geotectonico simplificado do Batélito Pelotas (modificado de Philipp et al. 2016).
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O Batdlito Pelotas é composto por um conjunto de suites graniticas
Neoproterozoicas, geradas durante e apds o climax da orogenia Dom Feliciano. As
suites graniticas sado alongadas na dire¢cdo N50 — 70°E, e sua geracgdo e localizacao
foram controladas por zonas de cisalhamento de alta transcodividade ddctil.
Segundo Philipp et al. (2002, 2005) e Oliveira et al. (2001) sua estratificagédo interna,
definida a partir de dados geoquimicos e petroldgicos, € dada por sete unidades
graniticas, sendo o granito Quitéria o mais antigo com ~650 Ma, seguido pela Suite
Cordilheira com 640-620 Ma, o Complexo Pinheiro Machado e as suites Erval e
Viamédo com 625-615 Ma, a Suite Piquiri com 615-610 Ma, a Suite Encruzilhada do
Sul ~600 Ma e a Suites Dom Feliciano com 600-550 Ma (Fragoso Cesar et al., 1986;
Philipp et al.,, 2000, 2002, 2007, 2013; Philipp & Machado, 2005; Oliveira et al.,
2001), e manifesta¢des sin-plutbnicas (Riolitos Asperezas).

A Suite Granitica Dom Feliciano (SGDF) € constituida pelas rochas
graniticas mais jovens presentes no Batolito Pelotas. Destaca-se por obter carater
intrusivo nas demais suites e por posicionar-se tardiamente em relagdo as zonas de
cisalhamento subverticais (D2). Ocupa cerca de 20% em area do Batdlito e ocorre
especialmente na por¢cdo norte do mesmo. As unidades constituintes caracterizam-
se por sua grande homogeneidade composicional, estrutural e petrografica além da
tedrica auséncia de enclaves maficos e xenolitos de rochas encaixantes. A
semelhanca composicional e geoquimica marcante entre 0s corpos graniticos mais
diferenciados da SGDF e rochas vulcanicas de composicao riolitica, presente em
diversas regifes do Batdlito, tem sido utilizada como critério para sugerir o vinculo
genético do plutonismo da SGDF com estas manifestagbes vulcanicas (Philipp,
1998). O corpo principal da suite é lenticular e com orientacdo N50°E, com cerca de
180 km de comprimento e 15 a 45 km de largura. Embora alongados, os corpos
desta suite mostram colocacdo posterior as zonas de cisalhamento D2, apenas
alguns deles apresentando deformacao ductil incipiente. Segundo Philipp (1998), a
semelhanca composicional e geoquimica da por¢do mais diferenciada desta suite
com os diques rioliticos encontrados em varias regifes do batélito (Pedras Altas,
Coxilha do Fogo, Cangugu, Mariana Pimentel, Bardo do Triunfo, Barra do Ribeiro e
Porto Alegre), sugere o vinculo genético entre ambos. Os enxames de diques
félsicos das regides de Porto Alegre, Mariana Pimentel, Cangucu, Piratini e Pinheiro
Machado estdo intimamente associados com diques maficos, constituindo diques
compostos (Philipp et al., 1995; Philipp, 1998). A relagéo dos diques com 0s granitos

da suite €, até 0 momento, apenas espacial e carece de dados que permitam a sua
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correlacdo. Dados Rb-Sr mostram idades de referéncia de 572 = 10 Ma (Cordani,
1974) e 550 Ma (Teixeira, 1982), com idade isocronica de 547 + 17 Ma (granitos e
pegmatitos de cidade de Cristal), 544 + 5 Ma (Granito Arroio dos Ladrbes — Soliani
Jr., 1986), 550 + 6 Ma do granitos equigranulares de Cristal e Dom Feliciano
(Fragoso César, 1991) e 560 = 12 Ma dos riolitos da Serra das Asperezas (Soliani
Jr., 1986). A idade adquirida pelo método U-Pb TIMS em zircdo para o Granito Ponta
Grossa, indicou 600 Ma (Philipp et al., 2007).

2.1.2. MANIFESTAGCOES VULCANICAS E SUBVULCANICAS RIOLITICAS DO
BATOLITO PELOTAS.

As manifestacdes vulcanicas e subvulcanicas (hipoabissais) rioliticas de
idades Neoproterozoicas do Rio Grande do Sul correlacionam-se a um intenso
magmatismo &cido, vinculado a distintas unidades tectono-estratigraficas do Escudo
Sul-rio-grandense. Os maiores volumes deste vulcanismo ocorrem na Bacia do
Camagqua (centro-oeste do Escudo) e, subordinadamente, no Batolito Pelotas (leste
do Escudo) (Sommer et al., 2012). Trabalhos mais recentes (Oliveira, 2012; Sommer
et al., 2012; Noll Filho, 2014; Oliveira et al., 2015) ratificam a correlacdo genética
entre as rochas vulcanicas e subvulcanicas acidas e o0s granitéides mais
diferenciados da Suite Dom Feliciano (550-570 Ma), proposta por Fragoso Cesar
(1991) e Philipp (2000), através de dados geoquimicos e geocronolégicos. Segundo
Sommer et al. (2012), estes sistemas vulcanicos e subvulcanicos do Batdlito Pelotas
encontram-se paralelos a estruturas NE-SW e estdo associados espacialmente a
trés dominios principais: dominios nordeste, central e sudoeste (Fig. 3).

No dominio nordeste ocorre o Riolito Ana Dias (RAD), situado na regido de
Quitéria, 40 km a sul do municipio de butia. Descrito primeiramente por UFRGS
(1978) e posteriormente por UFRGS (2006, 2007) e Oliveira et al. (2015), é formado
por rochas hipoabissais que ocorrem como um corpo intrusivo raso principal, na
direcdo SW-NE com dimensfes de 18 x 4,5 km, e na forma de diques métricos mais
tardios com direcéo principal S-SW e dimensdes variadas, intrudindo o préprio corpo
riolitico principal e suas rochas encaixantes (Granito Arroio Francisquinho, Granito
Quitéria, Complexo Gnaissico Arroio dos Ratos e Granodiorito Cruzeiro do Sul
(UFRGS, 2006).

O dominio central caracteriza-se por um enxame de digues acidos, métricos a
decamétricos, com orientacdo dominante N10°W e N-S que ocorrem na regido dos

municipios de Pinheiro Machado e Piratini, RS (Riolito Asperezas; Enxame de
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diques de Piratini) (Almeida et al., 1990; 1991; Zanon et al., 2005). Esses diques séo
intrusivos em unidades do Batodlito Pelotas, mas ocorre preferencialmente na Suite
Granitica Dom Feliciano. Em algumas porcdes, estes corpos sdo afetados por zonas
de cisalhamento ruptil-ducteis (N40°-50°E). Texturalmente podem variar de
porfiriticos a glomeroporfiriticos, com matriz afanitica ou muito fina. A origem dos
Diques Rioliticos Asperezas, conforme Fragoso César (1991), seria sin-plutonica e,
portanto, a idade dos diques deve ser a mesma obtida nos granitos da Suite
Granitica Dom Feliciano. Através de evidéncias de contemporaneidade entre o
magmatismo dos diques félsicos e maficos e pelo seu carater tardio em relacdo as
suites graniticas mais jovens do Batdlito Pelotas, Zanon et al. (2005) sugerem que
estes dois tipos de magmatismo da regido de Piratini foram gerados em ambiente
intra-placa.

No dominio sudoeste, na regido de Herval-RS, ocorrem os Unicos registros de
manifestacdes vulcanicas do Batdlito Pelotas, representados por depdsitos efusivos
e piroclasticos, distribuidos em duas feicbes geomorfoldégicas de destaque: Cerro
Chato e Cerro Partido. O Cerro Chato é constituido por depdsitos piroclasticos e
efusivos. A sequéncia piroclastica é caracterizada por ignimbritos com elevado grau
de soldagem e com predominio da facies enriguecidas em cristais.
Subordinadamente ocorrem ignimbritos ricos em liticos. Os depdésitos efusivos sé@o
caracterizados por derrames rioliticos de textura porfiritica, com fenocristais de
quartzo e feldspatos, envoltos por matriz afanitica hemicristalina. Estruturas de fluxo
subverticais sdo comuns, e em algumas por¢des a rocha mostra-se holohialina com
notavel textura esferulitica. O Cerro Partido € caracterizado por um corpo
subvulcanico, alongado na direcdo NE-SW. E constituido por rochas rioliticas, com
textura equigranular fina a glomeroporfiritica, com fenocristais de quartzo, K-
feldspato e plagioclasio, envoltos por uma matriz equigranular fina, composta de

plagioclasio, quartzo e K—feldspato (Sommer et al., 2012; Noll Filho et al., 2012).

2.2. RESERVATORIOS MAGMATICOS SUPERFICIAIS.

Reservatorios magmaticos superficiais sdo aqueles localizados na porcéo
superior da crosta terrestre, por vezes a profundidades inferiores a 1000 metros.
Geralmente estdo associados a magmas extremamente viscosos, de composi¢ao
intermediaria a acida, sendo assim de dificil escoamento em comparacdo a magmas

maficos, de menos viscosidade e consequentemente maior mobilidade.
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As estruturas vulcanicas produzidas pelo escoamento de reservatorios
magmaticos superficiais possuem caracteristicas que os distinguem de estruturas
formados a partir de reservatorios profundos, visto que, a energia necessaria para
desencadear a erupcéao se origina por processos distintos.

Os processos mais importantes estao relacionados a liberacéo repentina da
pressao confinante, favorecendo a separacdo da fase volatil. Por esta razdo os
processos de fragmentagdo e vesiculacdo desempenham um papel importante
durante a erupcdo, ao contrario de erupcdes provenientes de reservatérios mais
profundos, em que estes processos praticamente inexistem. (Llambias et al., 2008).

A quantidade de volateis dissolvidos no magma afeta ndo somente a
viscosidade e as temperaturas de solidificacdo e de fusdo dos magmas, mas
também a natureza das erupcdes vulcanicas, em termos de serem explosivas ou
nao explosivas (Cas & Wright, 1987). Segundo Jaupart (2000), quem dita o quanto
de uma dada espécie quimica pode estar dissolvida em um liquido em determinadas
condicdes € a solubilidade, e para cada espécie volatil a solubilidade é uma funcao
da composicdo do magma, temperatura e pressao. Ja que a maioria dos magmas se
encontra proximo de seu liquidus é mais simples pensar na solubilidade em funcéo
da composicéo e da presséo. Para uma certa composi¢ao, portanto, pode-se pensar
apenas em termos de pressdo. Na maioria dos casos, 0S magmas encontram-se
subsaturados em volateis e atingem o limiar de saturacdo ao longo de sua
ascensdo, de modo que o teor inicial de volateis é igual ao limite de solubilidade.
Com a diminuig&do da pressao abaixo deste limiar, 0 magma torna-se supersaturado,
de maneira que as espécies volateis ndo conseguem permanecer em solucao e
comecgam a originar fases separadas como bolhas (Jaupart, 2000).

O excesso de pressao exercido pela concentracdo de volateis permite superar
a pressao litostatica promovendo a formacdo de fraturas seguida pela extrusao
altamente explosiva (Llambias et al.,, 2008). A violenta descompressao do
reservatorio magmatico produz de maneira imediata a supersaturagdo em &gua,
gerando uma fase vapor independente que se separa do material fundido formando
bolhas. A viscosidade do magma sendo alta faz com que as pressodes internas
dessas bolhas aumentem. Quanto maior a resisténcia do magma, maior o carater
explosivo do fraturamento do mesmo, sendo este processo denominado
fragmentacdo e d& lugar a uma suspensédo consistente de particulas vitreas, gas e
particulas solidas ja existentes na camara magmatica (Fig. 4). Esta erupcao libera

para a superficie fragmentos juvenis (originados do préprio magma), conatos
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(originados da fragmentacdo de rochas vulcanicas co-magmaticas anteriormente
formadas), acessorios (originados a partir da fragmentacdo da rocha encaixante
ejetados durante a erupcdo) ou acidentais (clastos englobados aleatoriamente

durante o transporte).
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Figura 4 - Morfologia de um sistema vulcanico a partir de um reservatério magmatico superficial
(modificado de Llambias et al.,2008).

Com o término do periodo explosivo, e esgotada a capacidade de
vesiculacdo e fragmentacdo, a erupcdo nao necessariamente cessa. A atividade
vulcanica pode prosseguir através de magmatismo nao fragmentado, dando inicio a
erupcdo de lavas empobrecidas em volateis que, devido a alta viscosidade do
sistema, dificiimente fluem por longas distancias em relacdo a sua fonte
alimentadora (+ 6 km) (LIlambias et al., 2008).

Erupcbes geralmente ocorrem de maneira ciclica ao longo do tempo
geoldgico e suas varia¢cdes durante cada ciclo de atividade vulcénica (piroclastico-
explosivo/derrames de lavas em regimes efusivos) explicam-se pelas fraturas
formadas no sistema vulcanico durante a fase explosiva que acabam por aumentar
de forma consideravel a permeabilidade do sistema, permitindo o escape de gases,
e consequentemente a diminuicdo da presséo interna do sistema (Jaupart y Allegre,
1991; Jaupart et al., 1998). Esta ciclicidade dos regimes eruptivos acaba por gerar
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terrenos vulcanicos com uma ampla variedade litolégica. As manifestacdes efusivas
sao representadas por fluxos de lava e domos, por vezes acompanhados de corpos
intrusivos sin-vulcanicos (diques, soleiras e criptodomos), j& os episédios explosivos
podem gerar trés tipos principais de depdsitos piroclasticos primarios (sensu McPhie
et al., 1993): depdsitos de fluxo (fluxo de pumices — ignimbrito; de bloco-e-cinza —
block and-ash e de fluxo de cinzas e escoérias), depositos tipo surge (base surge,
ash-cloud surge e ground surge) e depésitos de queda. Depdsitos de fluxo e
depodsitos do tipo surge fazem parte de um processo continuo denominado de
corrente de densidade piroclastica (pdc - pyroclastic density currents; cf. Branney &
Kokelaar, 2002). Todos estes produtos, quando depositados de forma né&o
consolidada podem se acumular essencialmente ao longo dos flancos de edificios
vulcanicos e sofrer deslocamento durante ou apds a erupcdo, sem modificar sua
identidade original, gerando desta forma o0s depdsitos vulcanoclasticos
ressedimentados. Ainda ocorrem os depdésitos sedimentares vulcanogénicos, muito
semelhantes aos anteriores, porém, formados necessariamente a partir da acao

intempérica e da erosao de terrenos vulcanicos pré-existentes (Fig. 5).
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Figura 5 - Classificacdo genética dos depésitos Vulcanicos (modificado de McPhie et al., 1993).

Mecanismos de transporte e seus depositos.
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Abstract: The Cerro Chato region is located in the southern portion of Rio Grande
do Sul and is characterized by associations of acid volcanic and subvolcanic rocks,
whose magmatism has been related to the later Pelotas Batholith suites from the
Dom Feliciano Belt. The vulcanites of the region are affected by NW and NE faults
and are grouped into two geomorphologically distinct features: Cerro Chato and
Cerro Partido. Cerro Chato is represented by ignimbrites that occur in two main
facies: lithic-rich ignimbrites and crystal-rich ignimbrites. They are poorly selected
and consist of lapilli-sized pyroclasts in a tuffaceous matrix. The lithoclasts rich facies
is characterized by cognate fragments of rhyolites and ignimbrites and, occasonally,
accidental fragments. The crystal-rich ignimbrites are characterized by the
abundance of crystal fragments and phenocrysts of K-feldspar and quartz. Both
facies present eutaxitic texture and an ash-sized vitroclasts matrix. Hemi-crystalline
rhyolitic flows represent effusive events, with porphyritic texture, flow structures and
spherulites. Cerro Partido is characterized by a subvolcanic body, elongated in the
NE-SW direction, of approximately 8 km long by 0.7 km wide. It consists of rocks with
porphyritic/glomeroporphyritic  texture, composed of quartz, K-feldspar and
plagioclase phenocrysts, within a fine quartz-feldspathic equigranular matrix.
Through geochemical data the rhyolitic volcanites were characterized as high-silica
type rhyolites, correlated to the alkaline series, but close to the limit of the sub-
alkaline series; they present metaluminous to peraluminous character and high
contents of alkalis, FeOt / FeOt + MgO and agpaitic index. The Cerro Partido
rhyolites were classified as high-Ti with higher CaO, P205, FeOt, MgO and K20
contents than the Cerro Chato low-Ti rhyolites. The rhyolites REE pattern is slightly
enriched in LREE in relation to the HREE and has a strong negative Eu anomaly,
typical of metaluminous and highly differentiated alkali systems. The chemical
characteristics are similar to those of A type granitic magmatism, related to post-
collisional environments. U-Pb geochronological dating indicates an age of 561 + 2
Ma for the rhyolites of Cerro Partido, suggesting contemporaneity with the granitoids
associated to the Dom Feliciano suite. The zircon U-Pb isotopic dating of the Cerro
Chato rhyolites indicates an age of 630.4 £ 2.8 Ma. These ages are in agreement
with those obtained in the volcanic clasts at the base of the Marica formation, which
may indicate a possible relationship between the volcanites of the Cerro Chato with
the initial sin-sedimentary volcanism of the Camaqué Basin.

Keywords: rhyolites, ignimbrites, high-silica, Ediacaran, petrology
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1. INTRODUCTION

High-silica rhyolitic systems represent highly differentiated magmas
characterized by SiO2 > 73% and very low contents of some elements, mainly Mg, Sr
and Ba (Mahood & Hildreth, 1983; Mahood & Halliday, 1988). These systems are
related to some of the highest volcanic eruptions and their great diversity of effusive and
pyroclastic products (Mason et al., 2004; Hildreth et al., 1991; Stern, 2004). High-
silica rhyolites can occur in the volcanic record as a glassy matrix, glass inclusions
and whole rocks, and deposits formed from bigger eruptions are typically
characterized by one or more of these components (e.g., Fish Canyon Tuff -
Bachmann et al. 2002; Bishop Tuff - Hildreth 1979; Wallace et al. 1999).

Origin and evolution aspects about the high-silica magmas remain in
permanent debate (e.g. Barth 1945; Greene, 1973; Bailey 1974; Philpotts, 1976;
Shaw et al., 1976; Eby, 1979; Loiselle & Wones, 1979; Hildreth, 1979; Collins et al.
1982; Verma, 1983; White & Chappell, 1983; Halliday et al., 1984; Novak & Mahood,
1986; Cameron & Cameron, 1986a; Halliday et al., 1987; Hildreth, 1987; Moll-
Stalcup, 1987; Whalen et al., 1987; Ferriz & Mahood, 1987; Schuraytz et al., 1989;
Wilson, 1989; Hervig & Dunbar, 1992; Turner et al., 1992; Streck & Grunder, 1995;
Streck & Grunder, 1997; Eichelberger et al. 2000; Miller & Miller, 2002; Wiebe et al.
2002; Bachmann & Bergantz, 2004; Cathey & Nash, 2004; Harper et al. 2004,
Hildreth, 2004; Collins et al. 2006; Vernon & Paterson 2006; Dethier et al., 2007;
Hildreth & Wilson, 2007; Lipman, 2007; Bachmann & Bergantz, 2008; Glazner et al.
2008; Streck & Grunder, 2008; Campbell et al., 2009; Deering & Bachmann 2010;
Ellis et al., 2010; Thomas et al. 2010; Cooper et al., 2012; Wolff et al., 2012; Gualda
& Guiorso 2013; Wilcock et al., 2013; Wolff & Ramos, 2013; Streck, 2014).

Constraining the conditions of generation, fractionation and crystallization of
these magmas can also help to elucidate the possible connections between volcanic
and plutonic systems. Recently, models based on granitic mush were proposed by
Wolff et al. (2012) and can be used to explain the eruptions of rhyolitic pyroclasts and
lava flows. In general, the models could explain the formation of these volcanic rocks
from a complete remobilization of the plutonic body (Brueseke & Ellis, 2012; Allen et
al., 2013), or a partial and continued remobilization. In the last case, the process
starts during remobilization, in which the interstitial rhyolitic melt separates early and
is followed by continued remobilization of the remaining mush (Wolff et al., 2012;
Wolff & Ramos, 2013). From these processes, different high-silica melts could be

generated, resulting in compositionally zoned rhyolitic lava flows and ignimbrites.
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In southernmost Brazil shield areas, magmatic rocks are well exposed, and
most of them were formed during the Brasiliano Orogeny. This period involved the
subduction of oceanic crust (800—700 Ma) and collisional events between continents
and magmatic arcs (ca. 700-500 Ma), leading to the consolidation of Pangea as a
supercontinent (Brito Neves & Cordani 1991; Brito Neves et al. 2014).

The post-collisional stage in the eastern portion of this region is marked by the
Southern Brazilian Shear Belt (SBSS; Bitencourt & Nardi 1993, 2000) with
voluminous magmatism and high-silica rhyolites, which constitute the Pelotas
Batholith (Phillip et al., 2000) (Fig. 1). This unit is characterized by syntranscurrent,
high-K, calc-alkaline granitoids and leucocratic peraluminous granites, in addition to
granitoids with shoshonitic affinity and eventually to late- to post-transcurrent,
dominantly metaluminous alkaline granites. The majority of granitoid types are
associated with the basic magmatism represented by mafic components in
comingling systems and mafic microgranular enclaves.

High-silica rhyolitic volcanic and subvolcanic rocks of the Pelotas Batholith are
genetically related to a more differentiated granitic suite (Dom Feliciano Suite - 550-
570 Ma) (Almeida et al., 1991; Fragoso Cesar, 1991; Philipp et al., 1998; Philipp et
al., 2000; Zanon et al., 2006; Oliveira et al. 2015). According to Sommer et al. (2012),
these rhyolitic systems are geographically associated with three domains of the
Pelotas Batholith, which are typically parallel to NE-SW structures: the southwest,
central and northeast domains (Fig. 1).

The southwest domain includes effusive and pyroclastic high-silica rhyolitic
rocks that form two prominent geomorphological features: Cerro Chato and Cerro
Partido; these deposits can be considered unique volcanic strictu sensu records in
the Pelotas Batholith. It is located close to the Herval town and is bounded by the
meridians 53°18'W and 53°30'W, and parallels 31°51'S and 31°57'S (Fig. 1).

In this article, we present the results of an integrated volcanic stratigraphic,
petrographic, geochemical, and geochronological study performed on the high-silica
volcanic rocks of the Cerro Chato Region, in order to hypothesize about its potential
correlation with the most differentiated Ediacaran magmatism of the Pelotas Batholith
and re-evaluate the evolution of the post-collisional magmatism in the Dom Feliciano

Belt, southernmost Brazil.
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2. GEOLOGICAL SETTINGS

The Sul-Rio-Grandense Shield comprises the southern portion of Mantiqueira
Province, a structural province that extends for about 3000 km-oriented NNE-SSW
along the Atlantic coast, from Montevideo (Uruguay) to the south of Bahia (Fig 1A).
Allied with Borborema, Sdo Francisco e Tocantins Provinces, configures the Atlantic
Shield (Almeida et al., 1977, 1981; Almeida & Hasui, 1984). It is composed of
Mesoproterozoic and Neoproterozoic metamorphic/granitic rocks fragments from
Nico Perez Terrane, interlayered and surrounded by Neoproterozoic associations of
the Dom Feliciano Belt and record two main orogenic events in the Brasiliano
Orogeny: Early Neoproterozoic accretion of the Sdo Gabriel magmatic arc (850-680
Ma) and late Neoproterozoic collision of the Rio de La Plata and Kalahari cratons
(~630-550 Ma) (Chemale Jr. 2000; Hartmann et al., 2007, 2011).

The Dom Feliciano Belt (DFB) is a mobile belt formed during the
Neoproterozoic to Eopaleozoic (Brasiliano-Pan African Orogenic Cycle) due to the
amalgamation of the West Gondwana paleocontinent (Brito Neves et al., 1999, 2014;
Heilbron et al., 2004; Fernandes et al., 1995a; Hartmann et al., 2007). It consists of
four major associations (Fig. 1B), divided from west to east in: (i) the S&o Gabriel or
Vila Nova juvenile accreted terrane, situated in the west portion of the Dom Feliciano
Belt (Babinski et al., 1996), which is represented mainly by ophiolites, calc-alkaline
arc-related rocks, passive margin or back-arc sedimentation slices formed from 0.9 to
0.7 Ga (Leite et al., 1998; Hartmann et al., 2000); (ii) the NE-SW trending volcano-
sedimentary association with Archean crustal blocks and Paleoproterozoic granite—
gneisses (Hartmann et al., 2000, 2001; Silva et al., 2005), Mesoproterozoic (e.g.
Gaucher et al.,, 2010) and Neoproterozoic metavolcano-sedimentary sequences
(Mallmann et al., 2007) as part of the Brasiliano continental arc with septa of Archean
to Mesoproterozoic basement rocks; (iii) granite—gneissic magmatic arch formed from
650 Ma to 540 Ma; (iv) pre-, syn- and post-collisional granite, gneisses and
migmatites, 780—750 Ma tonalitic xenoliths and septa- of Paleoproterozoic basement
rocks in the eastern portion of the Dom Feliciano Belt (Babinski et al., 1997; Leite et
al., 2000; Silva et al., 2005; Passarelli et al., 2010). This magmatic arc is ca. 800 km
long and 150 km wide, represented by the Florian6polis (Silva et al., 2005), and
Pelotas batholiths (Philipp & Machado, 2005), and Cuchillla Dionisio Terrane (Bossi
et al., 1998) exposed from Uruguay to southern Brazil (Rio Grande do Sul and Santa

Catarina states).
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The Pelotas Batholith is a multi-intrusive plutonic complex (Fragoso Cesar et
al., 1986) including granites, with subordinated gabbros and diorites, as well as
rhyolitic to basaltic dikes swarms (Philipp & Machado 2005). It results from magmatic
episodes linked with the post-collisional period, which is related to Late
Neoproterozoic evolution in southern Brazil (Philipp et al., 2000; Chemale Jr., 2000;
Philipp & Machado, 2002, 2005; Bittencourt & Nardi, 2000; Nardi & Bittencourt, 2007,
Philipp et al., 2007, 2013) (Fig.1C). The magmas intruded in several stages, through
the same structure associated with a lithospheric discontinuity, which was active
between 650 and 550 Ma and is referred to as the South-Brazilian Shear Belt (Nardi
& Bittencourt, 2007). The magmatism of the Pelotas Batholith represents an early
generation of high-K calc-alkaline suites with metaluminous to peraluminous affinity,
followed by alkaline magmatism and, finally, less voluminous peralkaline intrusions
(Philipp & Machado 2005, Oliveira et al. 2015). Its internal structure is formed by
granitic complexes and suites of which the oldest unit is the Quitéria Granite (650
Ma), followed by the Cordilheira Suite (640-620 Ma), Pinheiro Machado Complex,
and the Viamao, Erval Suites (625-615 Ma), the Piquiri Suite (615-610 Ma), the
Encruzilhada do Sul Suite (600-595 Ma), Dom Feliciano and the Itapua suites (600-
550 Ma) (Koester et al.2001a, Frantz et. al. 2003, Philipp et al. 2002, 2003, 2013).

The Dom Feliciano and Itapud suites have considerable compositional,
structural, and petrographic homogeneity with restricted microgranular enclaves. The
main body of the Dom Feliciano Suite is lens-shaped, 180 km long and 15-45 km
wide, with the main axis oriented toward N50°E. The syenogranites predominate over
the alkali-granite, quartz syenite, and syenite. According to Philipp (1998) proposal,
the petrographic and geochemical similarity of the most differentiated portion of this
suite, compared with those of the rhyolite dykes in various regions of the batholith,
suggests a genetic link between both. However, additional data are necessary to
demonstrate their correlation.

Rhyolitic volcanic and subvolcanic systems occur in the Pelotas Batholith and
are genetically related to a more differentiated granitic suite (Dom Feliciano Suite -
550-570 Ma) (Fragoso Cesar, 1991; Almeida et al., 1991; Philipp et al., 2000; Philipp
et al., 1998; Zanon et al., 2006; Sommer et al. 2012; Oliveira et al. 2015). They are
geographically associated with three domains of the Pelotas Batholith, which are
typically parallel to NE-SW structures: the southwest, central and northeast domains
(Sommer et al. 2012). The northeast domain presents acid subvolcanic rocks

formally named as Ana Dias Rhyolite (ADR) and it consists of hypabyssal rocks that



42

compose a shallow body and metric-thick dykes (NNE-SSW). The central domain
contains several swarms of meter-to decameter-thick acid dykes with the dominant
orientation to N10°W and N-S (Asperezas Rhyolite; Piratini dyke swarm - Almeida et
al., 1990, 1991, Philipp et al., 1991; Zanon et al., 2006). They often intrude granitoids
of the Dom Feliciano Suite and are occasionally affected by brittle-ductile shear
zones (N40-50°E). The rhyolitic system that can be considered the unique volcanic
deposit strictu sensu recorded in the Pelotas Batholith is located in the southwest
domain. It includes effusive and pyroclastic deposits that form two prominent

geomorphological features: Cerro Chato and Cerro Partido;
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Marinheiro, 6- Ibaré, 7- Sarandi del Yi, 8- Sierra Ballena, 9- Cerro Amaro, 10- Arroio Grande. Source: Philipp et
al. (2012), after Hartmann et al. (2007) and Oyhantcabal et al. (2011); (C) Geological unit of Pelotas Batholith
(after Philipp et al., 2001), red circles mark the location of: 1-Cerro Chato region, 2-Piratini Dykes region and 3-
Ana Dias region.
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3. GEOLOGY OF THE CERRO CHATO AREA

The volcanic deposits of the Cerro Chato region occur as two prominent
geomorphological features, Cerro Chato and Cerro Partido (Fig.2), both affected by
NW and NE faults.

The Cerro Chato occurs in the NE portion of the study area, with
approximately 22 km?2. It is morphologically defined as a dome with flattened tops,
which consists of rhyolitic pyroclastic deposits at the base, followed by effusive
deposits at the top of same composition. The pyroclastic rocks normally take place as
sub-horizontal tabular layers and are characterized by welded ignimbrites, with
dominant lapilli-sized terms and an incipient facies variation between lithic-rich and
crystal-rich ignimbrites. The rhyolites represent the effusive fraction of the volcanism
and occur as hemi-crystalline lava flows, in the form of domes. Porphyritic terms also
occur, constituted by phenocrysts of quartz and alkali feldspar. Flow structures with
high angle attitudes are predominant, though irregular attitudes are common.

The Cerro Partido comprises a sub-volcanic rhyolitic body, elongated in the
NE-SW direction, with approximately 10 km long per 0.7 km wide, which occurs in the
SW portion of the study area. It is mostly composed of porphyritic rocks with quartz
and alkali feldspar phenocrysts, immersed in a fine equigranular matrix of same
composition.

The basement in the Cerro Chato area consists of granitoids of the Pinheiro
Machado Complex (Pelotas Batholith), and the contacts between Cerro Chato and
the basement in the north are usually defined by faults or unconformities. The Cerro
Partido sub-volcanic body has it's northern contacts with Dom Feliciano Intrusive
Suite (Pelotas Batholith) defined by faults. It is intrusive in the Pinheiro Machado
Complex metagranitoids, in the Cerro Chato basal pyroclastic sequence and in the
siltstones related to the Cerro Chato Sedimentary Sequence.

The Pinheiro Machado Complex (CPM) (Fragoso Cesar,1991) in the Cerro
Chato area is characterized by metagranitoides and orthogneisses. The granitoids
are porphyritic, mesocratic, with foliation marked by the orientation of porphyroclasts
and matrix constituents. They include xenoliths and mega-xenoliths, dominantly of
quartz-feldspathic  gneisses with amphibolite facies metamorphism; the
orthogneisses have granodioritic to monzogranitic composition and contain xenoliths
and mega-xenoliths of diorite, tonalite, poly-deformed amphibolite and paragneiss of

variable shapes and sizes.
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Figure 2 — Geological map of the Cerro Chato region (modified from Ramgrab & Wildner, 1999).
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The Dom Feliciano Intrusive Suite (SIDF) lithologies are grouped into
monzogranitic and syenogranitic compositions, porphyritic, with biotite as the mafic
dominant. They generally present magmatic flow structures, highlighted by the
orientation of alkali feldspar phenocrysts. The syenogranitic facies is coarse-grained,
with a general equigranular texture, trending eventually to porphyritic terms.

The Cerro Chato Sedimentary Sequence (Caldasso & Lopes, 1994) comprises
immature and poorly sorted sedimentary rocks, with a high grade of diagenesis,
represented by conglomerates interlayered with arkoses constituting a fining-
upwards succession. The conglomerates are grain supported, formed by rhyolite
grains and pebbles, quartz, feldspar and subordinate granitoids and fine sediments.
The arkoses are poorly sorted and have sub-angular to angular grains. Massive
siltstones were described by Belotti (2014) and are probably associated to this
sequence. The sequence occurs as discontinuous and tilted ridges, elongated in two
main directions: E-W and SW-NE.

The Rio Bonito Formation belongs to the Parané Basin and in the Cerro Chato
area occurs as subordinated sandstones bodies restricted to the western portion,
covering the granitoids from Pinheiro Machado Complex and Dom Feliciano Intrusive
Suite. It consists of medium to coarse arkosean sandstones of light gray color, locally
conglomeratic, with normal grading and cross stratification grading to fine sandstones

with minor occurrences of green-gray carbonaceous pelites.

4. FACIES ANALYSES AND PETROGRAPHY

Lithofacies analyses is widely used in the sedimentary stratigraphy area and
may also be applied to volcanic rocks in which lithological, structural and textural
attributes (composition, texture, grain size, etc.) observed may indicate conditions of
effusion and eruption rates or placement styles (Cas & Wright, 1987).

In the lithofacies identification, the code consists of at least two letters that
facilitate the documentation and identification in the field and laboratory (Miall, 1996;
2000). The primary lithologic descriptions are identified by capital letters and
lowercase letters providing information about texture, structure and other descriptive
features. Therefore, when applied to volcanic deposits, lithofacies cannot be based
only on the grain size or rock type (Branney & Kokelaar, 2002). According to these
criteria and based on lithologic descriptions of a primary deposit, the following
nomenclature may be used: tuff=T; lapilli-tuff=LT; lapilli-stone=L; breccia=Br.
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Complementing this first lithological description, lowercase letters are added,
thereby qualifying the lithofacies, according to the criteria described: massive lapilli-
tuff=mLT;, stratified lapilli-tuff=sLT.

Several examples of terms and lithofacies abbreviations without genetic
connotation are suggested by Branney & Kokellar (2002) and widely used by the
scientific community. The advantage of using this nomenclature is that it can be
extended and subdivided in accordance with the observed characteristics, and
applied similarly to the effusive deposits. This nomenclature is used to characterize
the facies variation observed in the Cerro Chato area, in which will be inserted

descriptive field and petrographic aspects in macro and microscopic scale.

4.1. Facies analysis and petrography of rhyolitic rocks of the Cerro Chato
region

The Cerro Chato constitutes a succession of effusive and pyroclastic deposits
of rhyolitic composition. The pyroclastic deposits occur at the base of the volcanic
sequence. They are classified genetically as ignimbrites, according to their
compositional and textural aspects. The high grade of welding is characteristic of
these deposits and present incipient and gradational facies variation between them,
represented by two distinct facies: lithic fragments — rich lapilli-tuff (ILT) in the lower
portion of sequence; crystals-rich lapilli-tuff with evident eutaxitic texture (ecLT), with
variations in the amount of crystals and pumice fragments (Fig.3D, 3E and 3F).
Effusive deposits overlay this pyroclastic sequence, mainly defined by hemi-
crystalline rhyolite lava flows, with a strong flow structure (fhR) and autobrecciated
rhyolite (bR) (Fig.3C and 3D).

The Cerro Partido is represented by a rhyolitic subvolcanic, intrusive in the
basement rocks and pyroclastic deposits. Porphyritic rhyolites with a fine-grained
equigranular matrix (pR) characterize this facies (Fig. 3A and 3B).
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Cerro Partido

Efusive sequence:
rhyolitic lava flow

Cerro Chato

20m

Pyroclastic sequence:

flow deposits

Figure 3 - Stratigraphic column of the Cerro Chato region; A and B: photographs showing geomorphological and
field features of Cerro Partido; C: Domic feature, typical of porphyritic rhyolites of Cerro Chato; D: photography
highlighting the contact between pyroclastic rocks and effusive rhyolites of Cerro Chato; E and F: Images
highlighting the morphology and form of occurrence of the Cerro Chato pyroclastic rocks.
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4.1.1. Lithic fragments-rich Lapilli-Tuff (ILT)

Ignimbrites represented by tabular deposits with metric thicknesses and a
moderate to high grade of welding, poorly sorted, with predominant lapilli-sized
fragments. The lithoclasts constitute about 20% of the rock and are sub-rounded with
1 mm to 2 cm in diameter (Fig.4A and 4B). The lithics comprise rhyolites and
ignimbrites cognate fragments and subordinate accidental lithoclasts from the host
rocks of the region (Fig.5B). Juvenile constituents are represented by pumice
fragments and crystals (about 30%), and 50% of a tuffaceous matrix. The presence
of flamme is common and its orientation sets the eutaxitic structure (Fig.5A). The
crystals typically occur as fragments of quartz, sanidine and plagioclase, with
diameters between 0.2 and 1 mm. Quartz phenocrysts are subordinate and occur as
subhedral to euhedral crystals of 1 mm in diameter, sometimes fractured and
reabsorbed. The matrix is extremely thin, formed by shards and deuvitrification

products of originally vitreous material (Fig.5B)

4.1.2. Crystals-rich Lapilli-Tuff with eutaxitic texture (ecLT)

Ignimbrites characterized by metric tabular deposits, with a high grade of
welding. The rocks are poorly sorted, dominated by lapilli-sized crystals fragments
and pumice (40-50%) immersed in a very fine grain matrix (Fig.4C and 4D). Pumice
and flamme sometimes occur in greater amounts when compared to phenocrysts
and crystal fragments (Fig.5D), with a granophiric quartz-feldspathic arrangement
generated by a devitrification process. The flattening grade of the pumiceous material
ranges from moderate to high, evidencing a strong eutaxitic structure (Fig. 5C).
Parataxitic structure occurs at some portions indicating a rheomorphic process. The
crystals are predominantly quartz, sanidine and plagioclase phenocrysts ranging
from 1 to 1.5 mm diameter, subhedral/euhedral, sometimes preserved within the
pumices. Fractures and reabsorbed edges are very common features, mainly in
quartz crystals. The crystals fragments are usually formed by angular quartz, smaller
than 1mm in diameter. The matrix is extremely thin, composed of shards in a half

moon shape and filaments of less than 0.2 mm length.

4.1.3. Foliated hemi-crystalline Rhyolites (fhR) and autobrecciated Rhyolites
(bR)
This lithofacies occur overlapping the pyroclastic deposits. The rock is

porphyritic, constituted by euhedral/subhedral phenocrysts (5-10%) of quartz,
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sanidine and subordinate plagioclase set in a very fine equigranular to aphanitic
matrix. Normally it has a planar flow structure, but high angle flow structure is also
common, creating folds of different patterns (Fig.4E and 4G). The autobrecciated
rhyolites (bR) show the rupture of this foliation due to the high viscosity of the
system. The fragments are centimetric and angular with evident jigsaw fit texture.

Quartz is one of the main phases, occurring as subhedral to euhedral
phenocrysts with straight edges and sometimes rounded suggesting early
crystallization. Its dimensions range from 0.5 to 1.5 mm and commonly display
microfractures. In the matrix it occurs filling the interstitial spaces and intergrown with
alkali feldspar, generating granophyric texture (Fig.5E). The sanidine phenocrysts
display a tabular to prismatic habit and dimensions between 0.8 and 1.5 mm of
diameter. Zircon and apatite occur as accessory minerals with diameters of less than
0.4 mm. High temperature devitrification processes of glassy material are common
and some different stages are indicated by spherulites (Fig.4F and 5F) and
granophyric intergrowths throughout the matrix.

4.1.4. Porphyritic Rhyolites (pR)

This facies is related to the Cerro Partido and consists of porphyritic rhyolites
with subhedral/euhedral quartz, alkali feldspar and plagioclase phenocrysts (45%)
(Fig.4H). The matrix is aphanitic to fine equigranular, hypidiomorphic, composed
predominantly of quartz andfeldspar (Fig.5G and 5H).

Quartz phenocrysts are generally faceted and sometimes fractured, with a
maximum diameter of 3 mm. A few grains present resorption features such as
borders and gulfs of corrosion. It occurs in the matrix as anhedral grains intergrown
with alkali feldspar with lobed contacts. K-feldspar and plagioclase are
euhedral/subhedral with diameters ranging from 1-5 mm. Many grains present
corrosion gulfs, indicating resorption by the matrix The contacts are straight and
crystals have polysynthetic twinnings (plagioclase). Quartz-feldspathic intergrowth
occurs in the matrix characterizing the granophyric texture, resulting from rapid
cooling or devitrification processes. Zircon is the predominant accessory mineral,
generally subhedral with diameters of approximately 0.1 mm, as inclusions in some
mineral phases such as quartz. Opaque minerals occur disseminated in different
forms: anhedral, amorphous, scattered in the matrix, filling microfractures and

included in some phenocrysts.
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Figure 4 - Photographs showing macroscopic petrographic features: A and B) samples of ILT facies with
characteristic centimeter lithic fragments; C and D) ecLT facies with pumices and millimeter crystals in evidence;
E, F and G) fhR and bR facies features: E-flow folding, F- centimeter spherulites and G- flow structures; and H)
porphyritic texture from pR facies
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Figure 6—Microscopic petrographic features of the different facies: A) Parallel polarizers (PP) and B) crossed
polarizers (CP) images from ILT facies displaying eutaxitic structure and characteristic centimetric lithic fragments
of rhyolitic composition; C) and D) PP images from ecLT facies features: C- eutaxitic structure and large amount
of crystals fragments with strong fracturing pattern and D- high ratio pumices/crystals fragments, incipient
welding; E and F) CP images from fhR and bR facies: E- Phenocrysts of quartz immersed in granophiric matrix
and F-Spherulite resulting from high temperature devitrification processes; G) PP and H) CP images from pR
facies displaying porphyritic texture with euhedral phenocrysts to subhedral quartz, K-feldspar and plagioclase
immersed in fine equigranular matrix.
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5. GEOCHEMISTRY

5.1. Analytical procedures

Sixteen samples were selected (6 rhyolites from Cerro Chato and 10
vulcanites from Cerro Partido) for whole-rock chemical analysis performed at ACME
Analytical Laboratories Ltd. (Vancouver, Canada. Major oxides were analysed by
inductively coupled plasma atomic emission spectrometry (ICP-AES), while trace
elements, including rare earth elements (REES) were analyzed by inductively coupled
plasma atomic mass spectrometry (ICP-MS). The analytical protocol at ACME
laboratory included the analysis of standard STD SO-18 and BLK and of three
sample duplicates. The data obtained were processed using the software GCDKkit, by
Janousek et al. (2006).

Geochemical characterization of pyroclastic sequences remains a problematic
issue for some authors (e.g. Ui, 1971; Walker, 1972; Cas & Wright, 1987).
Compositional and textural characteristics of this type of rock, as the presence of
accidental pyroclastics and accessories, could generate errors which may be
significant in the whole rock chemical analysis. Through petrography, all the samples
with accidental fragments, accessories and cognates that could alter the original
composition of the magma were discarded. Another important procedure is to also
avoid the selection of the most vitreous samples, in which elements such as sodium
and potassium could be easily removed by alteration processes. Samples chosen for
the chemical characterization of the Cerro Chato volcanic sequence were from
ignimbrites which always occurred associated with effusive deposits. In general,
there is not much variation between the lavas and the ignimbrites, and less mobile
elements (eg TiO2, Nb, Y, Zr and ETR) can be used for the geochemical

characterization of the pyroclastic sequence and the effusive rocks.
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Table 1 — Lithochemical results of major elements (%), trace, and rare earth elements (ppm) from Cerro Chato e

Cerro Partido

Cerro Chato

Samples CcC CcC CcC CcC CcC CcC CcC CcC PB PB

01A 11A 12 03b(A) 03b(B) 07B 19B 08b 011 015B
Sio, 74.2 75.44 76.59 76.11 77.14 76.1 77.28 76.92 76.69 76.47
AlLO; 13.41 13.23 11.40 12.53 12.26 1231 11.82 11.46 11.78 11.92
Fe,0s 2.06 1.79 1.67 1.43 1.53 2.26 1.68 1.48 1.21 1.26
MnO 0.04 0.02 0.02 0.03 0.02 0.06 0.03 0.03 0.02 0.02
MgO 0.38 0.21 0.06 0.29 0.07 0.12 0.07 0.01 0.02 0.01
Ccao 1.05 0.37 0.27 0.51 0.87 0.40 0.27 0.32 0.09 0.05
Na,O 3.69 2.80 2.54 2.42 2.46 3.26 2.87 3.81 3.89 4.42
K,0 2.75 5.68 5.66 5.31 5.27 4.94 5.38 4.79 4.50 4.05
TiO, 0.16 0.15 0.13 0.07 0.09 0.15 0.09 0.06 0.07 0.07
P>0s 0.04 0.04 0.03 0.02 0.03 0.03 0.01 0.02 0.02 0.03
LOI* 1.87 0.89 0.54 1.05 1.16 0.20 0.40 0.55 0.43 0.36
Total 99.65 100.62 98.92 100.91 99.77 99.84 99.89 99.45 98.73 98.66
Rb 222 287 269 363 295 261.40 323.10 368 341 317
Ba 160 105 72 18 89 204 29 21 24 10
Sr 190 62 25 27 91 81.40 15.80 12 9 5
Ga 31 30 22 35 28 19.30 23.20 28 31 34
zr 268 247 222 233 178 231.30 159.10 193 185 193
v 101 79.10 70.40 97.60 94.20 75.40 70.60 88.90 61.90 104
Nb 56.80 59.20 36.60 84.50 58.20 48.60 48.80 79.90 56.30 63.60
La 84.60 49.80 67.40 29 34.90 61.60 33.70 20 14.40 32.50
Ce 162 110 147 76.10 82.30 141.30 98.80 54.50 58.60 84.70
Pr 19.70 13.80 17.90 10.20 10.80 16.87 10.38 6.89 5.77 11.40
Nd 69.80 54.70 67.40 46.20 48.50 68.40 44.70 32.40 22.10 46.70
Sm 15.20 13.30 15.10 13.10 13.40 14.84 10.42 9.73 6.52 12.20
Eu 0.36 0.25 0.22 0.04 0.15 0.29 0.08 0.01 0.06 0.02
cd 14.90 12.30 13.50 14 14.40 14.31 10.81 10.10 9.52 15.20
To 2.56 2.25 2.21 2.64 2.58 2.59 2.04 213 2.05 3.04
Dy 15.80 14.10 13.20 16.70 16.10 14.11 11.23 14.80 12.90 17.80
Ho 3.23 2.90 2.56 3.48 3.24 2.72 2.37 3.29 2.52 3.29
Er 9.42 8.57 7.20 10.50 9.31 7.42 6.64 9.97 7.68 9.97
Tm 1.35 1.29 1.02 1.55 1.34 1.19 1.06 1.44 1.18 151
Yb 8.32 7.98 6.13 9.47 8.04 6.86 5.94 8.73 7.19 8.81
Lu 117 1.13 0.86 1.32 112 0.95 0.84 1.24 1.02 121
Hf 10.30 9.60 7.90 11.20 7.90 9.10 7.10 9.60 8.70 9.20
Ta 531 4.86 291 6.61 4.87 3.40 3.40 5.95 5.26 5.69
Th 34.40 32.70 24.60 27.10 30.70 29.70 28.80 22.50 20.10 22.20
u 4.19 5.68 2.95 5.08 3.76 4.80 4.20 5.03 3.40 6.10

*|loss of ignition




Table 1 - Cont.
Cerro Partido

Samples PB PB PB PB PB PB

007 008 019 021C 022 024
Sio, 74.65 76.92 68.85 76.95 74.50 76.83
Al,O5 12.09 12.29 11.67 11.56 11.80 11.98
Fe,0s 1.78 1.90 1.54 1.65 1.74 2.03
Mno 0.03 0.04 0.06 0.03 0.04 0.02
MgO 0.11 0.17 0.12 0.23 0.20 0.18
Cao 0.32 0.45 0.64 0.44 0.83 0.33
Na,O 2.85 2.90 1.57 2.79 2.09 2.72
K,0 5.62 5.27 4.91 4.79 5.86 5.40
TiO, 0.17 0.22 0.14 0.16 0.19 0.17
P,0s 0.06 0.06 0.04 0.05 0.05 0.04
LOI* 0.75 0.75 1.81 1.06 1.09 0.98
Total 98.43 100.97 91.36 99.71 98.39 100.68
Rb 320 304 305 320 355 323
Ba 260 385 261 171 224 266
Sr 122 80 44 48 70 72
Ga 22 21 24 20 23 23
7r 186 240 147 182 192 188
v 67.10 65.60 104 69.70 71.70 52.10
Nb 24.20 20.70 25.40 23.60 22.50 23.70
La 78.70 88.70 55.90 84.80 85.10 59
Ce 181 198 115 182 181 131
Pr 20.60 22.90 15.80 22 22.30 16.30
Nd 69.80 74 55 69 69.80 50.60
Sm 11.60 13 12 13.10 13.20 9.16
Eu 0.36 0.74 0.51 0.42 0.49 0.39
Gd 10.60 11.60 13.20 12.20 12.10 7.75
Tb 1.92 2.05 2.37 2.14 2.15 1.44
Dy 11.20 11.40 14.10 12 12 8.48
Ho 2.11 2.12 2.74 2.22 2.22 1.71
Er 6.56 6.40 8.40 6.72 6.85 5.36
m 1.03 0.96 1.25 1.02 1.03 0.86
Yb 6.45 6.04 7.54 6.40 6.44 5.74
Lu 0.98 0.85 1.10 0.93 0.96 0.88
Hf 6.10 6.90 6 6.10 6.20 6.40
Ta 2.82 2.12 3.03 2.71 2.59 2.96
Th 42.50 35.10 35.90 40.70 40 41.20
U 2.56 3.18 2.07 5.36 3.19 2.76

*|loss of ignition
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5.2. Major, trace and rare earth elements data

The rhyolitic rocks have high SiO2 values that range from 69 to 76%. Most of
the samples present a SiO2 content higher than 73%, being classified as “high silica
rhyolitic systems” according to Mahood & Hildreth (1983) and Metz & Mahood (1991).
Generally, rocks with these characteristics have small ranges of SiO2 variation,
difficulting the classification based on geochemical parameters.

Following the IUGS determinations for the classification of volcanic rocks, when
plotted in the TAS diagram (Le Bas et al. 1986), expressed by the ratio alkali (Na20 +
K20) vs. SiO2 (Fig.6A), the samples occupy the rhyolite field. Though, due to the high
silica content, it is not possible to distinguish between the alkaline / sub-alkaline fields
using this diagram.

Considering a possible loss of alkalis during the crystallization of alkaline
magmas or in post-magmatic alteration processes (Leat et al., 1986), samples were
also plotted in other diagrams, such as the diagram by De La Roche et al (1980),
which uses the ratio between the sum of several major elements (Fig.6B), and those
of Pearce (1996) and Winchester & Floyd (1977), which use the ratio between trace
elements and their ratio vs. SiO2 respectively (Fig.6C and 6D). These diagrams
express a very similar behavior to that observed in the TAS diagram, in which the
samples occupy the rhyolites and alkaline rhyolites fields, always very close to the
limit of the subalkaline rocks. However, in the diagram Zr / Ti vs. Nb / Y, the Cerro
Chato lithologies present an alkaline character and the Cerro Partido rhyolites tend to
be more dacitic.

The potassic nature of the magmatism is evidenced by the high ratio of
K20/Na20, with values between 1.3 and 3.0 (Fig.7). This behavior is typical of
shoshonitic rhyolites (K-alkaline), though the studied rocks do not fit this context due
to their low Sr values (<150 ppm).These characteristics associated with high alkaline
values (Na2O+K20 =7.5 to 8.5 wt. %), FeOt/(FeOt+MgO) ratios of 0.9 to 1.0 and
agpaitic indexes (molar(Na20+K20)/Al203) greater than 0.75 (Fig.7) indicate a silica-
saturated and metaluminous alkaline series associated with A-type granites in post-
collisional environments (Nardi & Bittencourt, 2009). The alkaline nature of
magmatism is also evidenced by the use of the Sylvester diagram (1989), based on
major element ratios (Fig.8A). The metaluminous character, previously cited, is
corroborated by the Shand diagram (Maniar & Piccoli, 1989), in which the selected

samples occupy the metaluminous to peraluminous fields (Fig.8B).
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In Harker diagrams there are two evolutive trends for the rhyolites, a high-Ti
and a low-Ti, related to Cerro Partido and Cerro Chato respectively. However, the
pyroclastic deposits have intermediate TiO2 contents when compared to the rhyolites.
The use of TiO2 content as a differentiation index minimizes the effect of the common
constant sum for high-silica systems. With regard to the major elements (Fig.9),
MgO, P20z and FeOt show a positive correlation with TiO2 while the other elements
do not have any defined correlation pattern. Concentrations of CaO, P20z, FeOt,
MgO and K20 are also higher in the Cerro Partido rhyolites than in the Cerro Chato
ones. The Na20 values are lower in the Cerro Partido and Al20s and SiO2 present
similar concentrations in both rhyolites. The trace elements show medium to high
values of Zr, Y, Nb and Rb and low concentrations of Ba and Sr. Cerro Partido is
characterized by higher Ba and Sr and lower Nb values than Cerro Chato. (Fig. 10).
High Zr, Nb, Y and Rb contents, and low Ba and Sr values are typical of alkaline
silicic magmatism (Pearce et al, 1984; Whalen et al, 1987; Nardi, 1991).

When normalized to the ORG values (Pearce et. al., 1984), certain trace
elements and REE show a pattern close to 1 for HFSE (Hf, Zr, Sm, Y e Yb), as well
as a LILE enrichment (K20, Rb and Th) (Fig.10A). The samples show a strong
negative Ba anomaly, mainly in the Cerro Chato volcanic rocks. Ta and Nb contents
are higher and Ce values are lower in samples from the Cerro Chato. When
compared to Nb, the enrichment of K2O and Rb suggests that these rocks could be
derived from a mantellic source and enriched in incompatible elements with a certain
level of crustal contribution.

When normalized to the chondrite (Nakamura, 1974), the REE patterns show
moderate to elevated values (XREE=151-440 ppm) and are characterized by a slight
LREE enrichment when compared to the HREE (Fig.10B), This pattern is
characteristic of metaluminous alkaline rhyolitic magmas (Nardi, 1991; Nardi & Bonin,
1991). The fractionation between LREE and HREE is low in the Cerro Chato rhyolites
with a ratio Lan/Ybn ranging between 1.5 and 2.5. Through this normalization, it is
possible to chemically distinguish the rhyolites. Samples from Cerro Partido
(Lan/Smn = 2.87 to 4.20) have higher concentrations of LREE and lower of HREE
when compared to samples from Cerro Chato (Lan/Smn= 1.26 - 3.42), (Tbn/Lun -
Cerro Partido= 1.15-1.40; - Cerro Chato = 1.55-1.65). All the samples show a strong
Eu anomaly (Eu/Eu* = 0.0 to 0.18), which is more expressive in the Cerro Chato
samples. This anomaly is probably related to the bivalent character of this element

and the fractionation of feldspar, mainly of plagioclase.
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Figura 10 - (A) Spidergram normalized to the ORG, according to Pearce et al. (1984). (B) Distribution pattern of
rare earth elements from the rhyolitic rocks normalized to the chondrite (Nakamura, 1974). Legend as in Figure 6.

In the discriminating diagrams of tectonic settings that use trace elements
(Y+Nb vs. Rb, Y vs. Nb) from Pearce et al. (1984), the rhyolitic rocks plot in the field
of post-collisional environments field (Fig.10). Samples from Cerro Chato (ignimbrites
and rhyolites), which are more differentiated evolved with relatively high Nb and Y
values, have a trend affinity with intra-plate rocks (WPG).

Based on granitoid classification diagrams (Whalen et. al., 1987), the samples
occupy the field of "A" type granites (Fig.12) which represents for the author alkali
and anorogenic granites. This classification was confirmed by the values
(10*Ga)/Al>2.6, Ce + Y + Nb + Zr> 400 ppm and FeOt/FeOt + MgO> 0.9, as
suggested by Nardi and Bittencourt (2009) for “A” type granitic magmatism in

southern Brazil.
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6. RADIOMETRIC DATING

6.1.Material and methods

Two rhyolites were sampled in the Cerro Chato region (Fig.2) for Laser Ablation
ICP-MS analysis of zircon U-Pb isotopes, one from the Cerro Partido subvolcanic
system (PCC 001, 31°53'18.11" S - 53°24'50.74" W) and other from the Cerro Chato
effusive system (CC-08, 31°51'55.53" S - 53°20'01.96" W).

Approximately 10 kg of each sample were crushed, pulverized, and sieved for
zircon separation. The zircon grains were concentrated using conventional magnetic
and heavy liquid separation techniques, after which more than 300 grains were
handpicked and mounted in epoxy resin. The mount was polished using diamond
pastes of different grain sizes to expose the internal features of the zircon crystals.
For zircon dating, the grains were imaged using backscattered electrons and
cathodoluminescence to determine their internal structures and crystallization
phases. Only perfect grains, without imperfections, fractures and mineral inclusions
were selected for isotopic analyses. All U-Pb isotopic analyses were performed at the
Geochronological Research Center of the Geosciences Institute, University of Séo
Paulo (USP), using a NEPTUNE inductively coupled plasma-mass spectrometer
(ICP-MS) and an excimer laser ablation (LA) system.

Table 2 provides the cup and ICP-MS configuration as well as the laser
parameters used during the analysis. The U-Pb analyses were used to measure the
materials in the following order: two blanks, two NIST standard glasses, three
external standards, 13 unknown samples, two external standards, and two blanks.
Each experiment comprises 40 cycles with 1 s/cycle. The 2%“Hg interference for 2°4Pb
was adjusted using 29?Hg, where 294Hg/?%?Hg ¥4 4.2. The 2°’Pb/?%®Pb ratio was used
to normalize both the NIST and external standards, while the 228U/2%¢Pb ratio was
used to normalize the external standard. The GJ standard was used for the zircon
analyses. Zircon typically contains low concentrations of common Pb. Thus, the
reliability of the measured 2°"Pb/?2%°Ph and 238U/?%Pb ratios critically depends on
accurately assessing the common Pb component. The residual common Pb was
corrected based on the measured 2°“Pb concentration using the known terrestrial
composition (Stacey & Kramers, 1975).

The uncertainty introduced by laser-induced fractionation of elements and mass
instrumental discrimination was corrected using a reference zircon standard (GJ-1)

(Jackson et al., 2004). The isotope ratios and inter-element fractionation of data
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collected using the ICP-MS instrument were evaluated by interspersing the GJ-1
zircon standard in each set of thirteen zircon samples (spots). The GJ-1 standard
meets the requirements for the methods used in the laboratory, and the ratios
238/206pp*,  207pp*/206pp* and 23?Th/?%8U were homogeneous throughout the
application of the bracket technique. External errors were calculated using error
propagation for the individual measurements of the standard GJ-1 and the individual
zircon sample measurements (spots). The ages were calculated using Isoplot version
4 and were based mainly on238U/2%Pb and 2°’Pb/?%6Pb (Ludwig, 2008). Chemale et
al. (2011) detail the analytical methods and data treatment.

Table 2 - Instrument parameters used during the acquisition of U-Pb isotopic data. L-low mass to faraday cup
position, H-high mass to faraday cup position, and IC — ion counting, continuous dynode system.

Configurations

Cup 202Hg

IC3 204(Hg+Pb)
IC4 206pp

L4 207pp

IC6 208pp

L3 282Th

H2 238y

H4

LA

Energy 6 mJ
Repetition rate 5Hz

Spot size 25-38 ym
Helium carrier gas 0.35+0.5L min-1
ICP

Ratio frequency power 1100 W

Cool gas flow rate 15 L min-1 Ar
Auxiliary gas flow rate 0.7 L min-1 Ar

Sample gas flow rate 0.6 L min-1 Ar
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6.2.Results

PCC 001: About 150 crystals were separated from this subvolcanic rhyolite sample,
and the grains selected for isotopic analysis were in the size range of 250 to 450 um.
One population was identified with different morphological characteristics. This zircon
population comprises mainly euhedral, predominantly colorless, transparent, and
short-prismatic crystals. Aspect ratios range from stubby (1:1 aspect ratio) to
elongated (3:1) and are predominantly between 1:1 and 2:1. The
cathodoluminescence photographs indicate that oscillatory zoning is the prominent
textural feature with mostly fine growth bands (Fig.13). Twenty six LA-ICP-MS U-Pb
zircon analyses were obtained from this sample and data were plotted in a concordia
diagram. Corrected isotope data and calculated ages are presented in Table 3 and
shown in the concordia diagram based on the 238U/2%Pb and 2°7Pb/?%Pb ratios
(Fig.14). The crystallization age for sample PCC-001 is 561.1 + 2.2 Ma (at the 95%
confidence level, MSWD = 1.4).
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Figure 13 - Cathodoluminescence images of selected zircons crystals from the sample PCC 001 with indication
of spots and obtained U-Pb ages.
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Figure 14 - Diagram with U/Pb zircon data for the sample PCC 001 obtained by LA-ICP-MS, providing an age of

561.1 + 2.2Ma to Cerro Partido subvolcanic rhyolite.

Table 3 — U-Pb zircon LA-ICP-MS isotope data from sample PCC-001.

Isotopic Ratios

Spot 207pp 206pp 238 207pp 208pp
Size 28U lo 238 lo corr. 206pp, lo 206pp, lo 206pp, lo
21 0,740 0,028 0,090 0,002 0622 11,140 0,260 0,059 0,002 0,493 0,181
41 0,730 0,019 0,090 0,002 0,776 11,144 0,221 0,059 0,000 0,438 0,160
9,1 0,709 0,031 0,089 0,002 0525 11,263 0,261 0,058 0,002 0,574 0,210
10,1 0,695 0,024 0,088 0,002 0,697 11,308 0,270 0,059 0,002 0,522 0,191
11,1 0,712 0,018 0,089 0,002 0853 11,296 0,239 0,059 0,001 0,433 0,158
12,1 0,735 0,019 0,091 0,002 0,845 11,009 0,243 0,059 0,001 0,824 0,301
14,1 0,748 0,015 0,091 0,002 0875 11,015 0,197 0,059 0,001 0,421 0,035
17,1 0,739 0,015 0,091 0,001 0,710 11,021 0,154 0,059 0,001 0,245 0,020
20,1 0,738 0,015 0,092 0,001 0,731 10,903 0,158 0,059 0,001 0,312 0,025
22,1 0,743 0,015 0,091 0,001 0,739 10935 0,163 0,059 0,001 0,473 0,038
231 0,753 0,015 0,092 0,001 0,717 10,814 0,153 0,059 0,001 0,368 0,028
24,1 0,707 0,015 0,088 0,001 0,648 11,363 0,156 0,059 0,001 0,336 0,026
251 0,731 0,039 0,001 0,002 0,392 11,022 0,228 0,059 0,003 0,420 0,035
26,1 0,715 0,022 0,090 0,001 0,484 11,075 0,163 0,059 0,001 0,493 0,039
81 0,769 0,022 0,004 0,002 0,736 10,691 0,224 0,059 0,001 0,302 0,111
16,1 0,756 0,017 0,090 0,002 0900 11,054 0,290 0,059 0,002 0,401 0,037
19,1 0,768 0,016 0,004 0,002 0900 10,645 0,200 0,059 0,001 0,401 0,035
6,1 0,736 0,024 0,092 0,002 0682 10,913 0,238 0,059 0,001 0,307 0,113



Table 3 — cont.

PCC 001 - Cerro Partido Rhyolite

Apparent Ages (Ma)

Pb
Pb tOtal Th U 206pb 207pb 206pb/238u
Th/U
10 10
238U 206pb 207pb/206pb
commom ppm ppm  ppm

% %
<0.001 10,4 89,0 85,6 1,040 0,554 0,012 0,555 0,059 100
0,05 459 37655 3860 0,975 0,554 0,011 0,555 0,018 100
0,44 6,5 64,6 53,2 1,214 0,548 0,012 0,535 0,076 102
0,83 8,0 76,2 67,0 1,138 0,546 0,013 0,547 0,055 100
<0.001 9,2 76,2 80,7 0,944 0,547 0,011 0,545 0,019 100
<0.001 6,9 94,2 48,4 1,947 0,560 0,012 0,558 0,033 100
<0.001 7,4 64,5 61,0 1,058 0,560 0,010 0,561 0,032 100
0,34 12,7 62,3 116,0 0,537 0,560 0,008 0,560 0,023 100
4,36 154 101,2 1332 0,760 0,566 0,008 0,567 0,024 100
<0.001 199 1766 1599 1,104 0,564 0,008 0,564 0,029 100
<0.001 18,1  133,0 1524 0,873 0,570 0,008 0,568 0,025 100
0,20 191 1489 1711 0,870 0,544 0,007 0,544 0,025 100
4,71 7.8 66,5 61,4 1,083 0,560 0,011 0,556 0,098 101
0,69 12,3 1109 98,6 1,125 0,557 0,008 0,559 0,047 100
<0.001 28,1 1700 246,8 0,689 0,576 0,012 0,577 0,030 100
<0.001 2,6 215 215 0,997 0,558 0,014 0,561 0,055 100
<0.001 4,9 35,7 40,2 0,888 0,579 0,010 0,578 0,036 100
<0.001 14,1 94,4 1235 0,765 0,565 0,012 0,566 0,034 100
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CC-08: Thereabout 150 crystals were obtained from this rhyolite and the

grains selected for isotopic analysis were in the size range of 50 to 100 ym. The

population identified and used for the analyzes comprises mainly euhedral, colorless,

transparent, and prismatic grains, with generally 3:1 and 4:1 length/width ratios. The

cathodoluminescence imaging exposed different compositional zoning in most of the

zircons. This zoning is the prominent textural feature with mostly fine growth bands

(Fig.15). Thirteen LA-ICP-MS U-Pb zircon analyses were made from this sample and

data were plotted in a concordia diagram. Corrected isotope data and calculated

ages are presented in Table 4 and shown in the concordia diagram based on the
238/206pp and 2°"Pb/?%Pb ratios (Fig.16). The crystallization age for sample CC-08 is
630.4 = 2.8 Ma (at the 95% confidence level, MSWD = 1.4).
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Figure 15 - Cathodoluminescence images of selected zircons crystals from the sample CC-08 with indication of

spots and obtained U-Pb ages.
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Figure 16 - Diagram with U/Pb zircon data for the sample CC-08 obtained by LA-ICP-MS, providing an age of
630.4 + 2.8Ma to Cerro Chato Rhyolite.



Table 4 — U-Pb zircon LA-ICP-MS isotope data from sample CC-08.
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Isotopic Ratios

SpOt 207Pb 206Pb 238U 207Pb 208Pb

Size W lo W lo cofrr. W 1o W 1o W 1o
7.1 0,838 0,024 0,101 0,001 0,620 9,925 0,123 0,060 0,002 0,359 0,033
11,1 0,853 0,022 0,102 0,001 0,640 9,848 0,111 0,061 0,002 0,237 0,042
5,1 0,870 0,022 0,103 0,001 0,740 9,719 0,111 0,061 0,002 0,250 0,016
12,1 0,859 0,022 0,103 0,001 0,840 9,687 0,107 0,060 0,002 0,241 0,018
3,1 0,872 0,024 0,104 0,001 0,300 9,638 0,117 0,061 0,002 0,272 0,031
9,1 0,857 0,022 0,104 0,001 0,580 9,609 0,109 0,060 0,002 0,214 0,012
4,1 0,779 0,018 0,095 0,001 0,860 10,517 0,109 0,059 0,001 0,207 0,031
8,1 0,798 0,015 0,098 0,001 0,870 10,239 0,089 0,059 0,001 0,231 0,010
10,1 0,799 0,015 0,099 0,001 0,860 10,152 0,089 0,059 0,001 0,202 0,007
11 0,919 0,030 0,108 0,002 0,580 9,303 0,133 0,062 0,002 0,202 0,012
13,1 0,913 0,023 0,108 0,001 0,180 9,275 0,105 0,061 0,002 0,212 0,027
6,1 0,864 0,025 0,103 0,001 0,870 9,754 0,121 0,061 0,002 0,358 0,044
2,1 0,897 0,024 0,106 0,001 0,860 9,430 0,111 0,061 0,002 0,292 0,019

Table 4 — cont.
CCO08 - Cerro Chato Rhyolite Apparent Ages (Ma)
Pb total Pb h
rad T Th/u| 205pp ] 207pp 207pp 206pp/238(
commom 238 0 235 206pp 207pp/206pp
% ppm  ppm  ppm %

2,59 51,50 358,00 314,90 1,14 0,619 0,007 0,618 0,013 0,615 0,071 100
0,88 43,60 197,00 303,00 0,65 0,623 0,007 0,626 0,012 0,637 0,062 97
0,00 3590 158,10 246,60 0,64 0,631 0,007 0,636 0,012 0,651 0,062 96
4,86 36,20 185,50 251,30 0,74 0,633 0,007 0,630 0,012 0,617 0,060 102
1,02 25,60 112,70 185,40 0,61 0,636 0,007 0,637 0,013 0,637 0,068 99
0,49 44,60 182,00 306,20 0,60 0,638 0,007 0,629 0,012 0,594 0,061 107
2,26 107,10 673,70 802,40 0,84 0,586 0,006 0,585 0,010 0,582 0,051 100
0,45 133,70 707,30 1026,10 0,69 0,601 0,005 0,596 0,008 0,576 0,043 104
0,47 136,10 606,60 1062,60 0,57 0,606 0,005 0,596 0,009 0,561 0,045 107
0,60 19,30 75,90 136,00 0,56 0,658 0,009 0,662 0,016 0,674 0,084 97
2,11 39,20 203,70 258,60 0,79 0,660 0,007 0,659 0,013 0,654 0,064 100
22,43 33,80 190,10 217,90 0,87 0,629 0,007 0,632 0,013 0,642 0,066 97
12,57 32,80 186,40 244,70 0,76 0,650 0,007 0,650 0,013 0,651 0,064 99
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7. DISCUSSION

The Cerro Chato region comprises an association of acid volcanic rocks of
effusive, pyroclastic and subvolcanic nature grouped into two morphologically distinct
features, both affected by NW and NE faults: Cerro Chato and Cerro Partido. Cerro
Chato is constituted by a succession of pyroclastic deposits superimposed by
effusive rocks, both of rhyolitic composition. The Cerro Partido comprises a
subvolcanic rhyolitic body in the western portion of the studied area, with NE-SW
orientation, cutting the basement rocks and the pyroclastic deposits in the basal
portion of Cerro Chato.

Normally, these types of volcanic deposits are associated with superficial
magmatic reservoirs of extremely viscous magmas often located at depths of less
than 1km. The eruption generated by these reservoirs usually has an explosive
character, in which the internal pressure generated by the gradual enrichment of
volatiles is greater than the lithostatic pressure. The excess of pressure exerted by
the volatile concentration allows to overcoming the lithostatic pressure promoting the
formation of fractures followed by the highly explosive extrusion (Llambias et al.,
2008).

Explosive volcanism related to the beginning of the eruptive cycle occurred
punctually in the Pelotas Batolith domain, being previously restricted to the study
area. The base of the pyroclastic sequence, characterized by pyroclastic density
currents (PDCs) rich in lithic materials, can be related to the phase of greater
explosive intensity, with intense pressure exerted by the volatiles, making possible
the fragmentation and extraction of fragments from the conduit and the adjacent
lithotypes. Through constant devolatilization of the magma chamber, the system
graded to terms richer in crystals, sometimes extremely rich in pumices. This
gradation is due to the decrease of the volatiles pressure inside the magmatic
reservoir, which leads to a decrease in the eruptive power, reducing vesiculation and
magmatic fragmentation and releasing almost exclusively juvenile material. Field and
laboratory data allow inferring that the process established was of low magnitude,
probably related to the instantaneous collapse of an eruptive column. In this model,
the column cannot be sustained, presenting a low volatiles/solids ratio in which
pyroclastic materials move as flows, probably expelled by a fissural system, since the
deposits are aligned in the NE-SW direction.

The end of an explosive period does not necessarily indicate a break in the

eruptive process. Volcanic activity can proceed through non-fragmented magmatism.
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In the Cerro Chato, the magma has a highly viscous rhyolitic composition, which
generates lava flows with well developed flow structures as well as folds generated
by the difficulty of lava displacement. The formation of domes is another
characteristic of this non-explosive eruptive process. Rhyolitic domes are volcanic
structures generated by the extrusion of viscous lava from a central or fissural
conduit. According to Aguillén-Robles et al., (1994), its growth is endogenous,
through injections of lava inside an initial body. Generally, the outer walls of the
dome, in contact with the air, form chaotic breccias of the same composition as the
inner part of the dome. These characteristics are present in Cerro Chato and
influence directly the local topography composed of a sequence of hills with flattened
tops by the erosion of rhyolitic flows associated to small domes related to the final
stages of the eruptive cycle.

Normally, subvolcanic bodies are associated with effusive volcanic
environments and systems, originating from liquids with high viscosity and low
mobility. Most of them cannot rise to the surface, freezing in shallower portions of the
crust. When erosion discovers the roots of a volcanic system, the presence of these
shallow intrusive bodies is observed, cutting and intruding the cogenetic basal units,
corresponding to the same volcanic and magmatic system. The intrusive body of
Cerro Partido, through field observations and interpretation of satellite images, was
defined as intrusive in the pyroclastic sequence of Cerro Chato. Its NE-SW direction
is consistent with the orientation of the alignment formed by the volcanic hills and
domes, suggesting a possible regional magmatism of fissural origin, or through
conduits associated with regional linear structures.

Geochemical data indicate that the volcanic rocks are similar to high-silica
systems, with high SiO2 contents (>74%). Many authors suggest that the high-silica
rhyolites represent residual rhyolitic liquids produced by fractionation of alkaline
magmas with a mantellic origin (Loiselle & Wones, 1979; Turner et al., 1992; Wilson,
1989). Under this hypothesis, fractional crystallization that was potentially combined
with crustal contamination or assimilation is responsible for evolution of the alkaline
magmas, which are highly differentiated from the transitional basalts or moderately
alkaline magma. Similar processes have been proposed by various authors (e.g.,
Verma, 1983, 1984; Halliday et al., 1984; Novak & Mahood, 1986; Cameron &
Cameron, 1986a; Halliday et al., 1986; Ferriz & Mahood, 1987; Moll-Stalcup, 1987;
Hildreth, 1987; Halliday et al., 1987) to explain the genesis of high-silica rhyolites in

many environments, such as the Volcanic Center Sierra La Primavera (Pleistocene -
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Mexico, Mahood & Halliday, 1988). Recent studies (e.g., Hildreth, 2004; Bachmann &
Bergantz, 2004, Lipman, 2007) propose that high-silica rhyolites originated from the
separation of liquids derived from rhyolitic crystal mush linked to large granodioritic or
granitic plutons.

The magmatism related to these volcanic rocks corresponds to a silica
saturated alkaline series of metaluminous character. This is corroborated by the
elevated alkalis (7.5 to 8.5), FeOt / FeOt + MgO (0.9 to 1) and agpatic indexes above
0, 75. Although they present a high K20 / Na20 ratio, which is a characteristic of
shoshonitic series rhyolites (alkaline-K), the low Sr (<200 ppm) does not allow the
inclusion of the studied rocks in this series. TiO2 was used as a differentiation index
and through the generated binary graphs two distinct groups were identified: a high-
Ti, comprised by the rhyolites of Cerro Partido and a low-Ti, comprised by the
rhyolites of Cerro Chato. The compositional differences observed between the high
and low Ti groups may be attributed to different rates of mantle melting, or different
rates of crustal contamination.

Concerning trace elements and ETR, the samples of both hills have moderate
to high values of Zr, Y and Rb. The Nb occurs in very low values in Cerro Partido,
and in Cerro Chato its contents are moderate, accompanied by low values of Ba and
Sr, corroborating mechanisms of magmatic differentiation in the evolution of these
rhyolitic magmas. The trace and REE elements show an enrichment in LILEs, a
strong negative Ba anomaly and an enrichment of K2O and Rb in relation to Nb,
suggesting characteristics of magmas derived from shallow mantle sources, enriched
in incompatible elements with possible crustal participation. This behavior, together
with the slight enrichment of ETRL in relation to ETRP and the strong Eu anomaly,
observed when normalized to the chondrite of Nakamura (1974), also suggests
alkaline metaluminous rhyolitic magmas.

Geochemical data from Cerro Chato and Cerro Partido rhyolites were
compared to data from other rhyolitic systems of the Pelotas Batholith, such as the
rhyolites related to the Piratini dyke swarm (Zanon, 2005) and Ana Dias rhyolite
(Oliveira, 2015). The Cerro Chato rhyolites have similar characteristics to the Cerro
Ana Dias rhyolites. The Piratini rhyolites are more differentiated and have a higher
degree of alkalinity, tending to peralkaline magmas. The magmatism related to these
lithologies has a more sodic character, as evidenced by the lower K20 / Na20 ratio,
with values close to 1. The behavior of the trace elements ratifies the findings

obtained through major elements data, which are very similar for the Cerro Chato
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and Cerro Ana Dias rocks. The highest enrichment in HFSE, observed in the
rhyolites of the Piratini Dyke Swarm, is characteristic of sodic alkaline liquids.

The Cerro Chato rhyolites, as well as the rhyolites of the Cerro Ana Dias and
the Piratini dykes, have geochemical characteristics compatible with A-type granites,
such as (104 * Ga) / Al> 2.5, Ce + Y + Nb + Zr> 400 ppm and FeOt / FeOt + MgO>
0.9. These values, together with the Rb /Y + Nb and Nb / Y ratios, suggest magmas
associated with intra-plate and post-collisional environments as proposed by Nardi &
Bitencourt (2009) for A-type granites in southern Brazil. According to Nardi &
Bitencourt (2009), the origin and evolution of this granitic magmatism may be related
to processes involving magmatic differentiation, from basic to intermediate mantellic
magmas.

Ages related to the Cerro Chato and Cerro Partido rhyolites presented a
certain disagreement, which corroborates with the field and lithochemestry data,
attesting the occurrence of two different volcanic events:1) Related to Cerro Partido
(561.1+ 2.2 Ma) with similar ages to the Dom Feliciano Suite granites and other
rhyolitic dykes from the Pelotas Batholith; and 2) Related to the Cerro Chato rhyolites
(630.4 £ 2.8 Ma) with similar ages to those found in the pyroclastic cobbles from the
upper Marica Formation, 630.2 + 3.4 Ma (Borba et al. 2008), suggesting a temporal
correlation between the volcanism of Cerro Chato and the syn-sedimentary

volcanism of the Marica Formation in the Camaqua Basin.

8. CONCLUSIONS

Covering a relatively small territorial extension, 22 km? approximately, the
study area stands out for being the only record of strictu sensu volcanism related to
the geological context of Pelotas Batholith in southernmost Brazil. It comprises
pyroclastic deposits superimposed by rhyolitic flows (Cerro Chato), both intruded by a
subvolcanic body (Cerro Partido). Four distinct facies were individualized through
their compositions and textures, two pyroclastic, one effusive and one intrusive
occurring stratigraphically in the following order Lithic fragments-rich Lapilli-Tuff
(ILT); Crystals-rich with evident eutaxitic texture Lapilli-Tuff (ecLT); Foliated hemi-
crystalline Rhyolites (fhR) and autobrecciated Rhyolites (bR); And Porphyritic
Rhyolites (pR).

Ages related to the rhyolites from Cerro Chato (630.4 + 2.8 Ma) and Cerro

Partido (561.1 + 2.2 Ma) presented certain disagreement, which corroborates with
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the field and lithochemestry data, attesting the occurrence of two different volcanic
events.

The geochemical data of Cerro Chato rhyolites exhibit characteristics that are
similar to those of the subvolcanic rocks of the Dom Feliciano Suite (Ana Dias
Rhyolite and Piratini Dykes), which is considered the most evolved granitic suite
during the final stages of emplacement of the Pelotas Batholith. These characteristics
are pointed out by elevated SiO2 and alkali concentrations, high FeOt/(FeOt+MgO)
ratios and agpaitic index; and low Al203, CaO, and MgO contents, which suggest that
the rhyolites belong to the alkaline to subalkaline series and have a metaluminous to
peraluminous character. The moderate contents of Zr, Rb, Y, Nb, and Ga and the
relatively low Ba and Sr values are common in acid magmas with alkaline affinity.
The enrichment in incompatible elements, in addition to the negative Ba anomaly, the
slight enrichment in Ce relative to adjacent elements, as well as the enrichment in
K20 and Rb relative to Nb, suggest magmas derived from mantle sources enriched in
incompatible elements with some crustal contamination. The Cerro Chato rhyolites as
well as the subvolcanic rocks of the Dom Feliciano Granitic Suite present
geochemical characteristics that are consistent with those of A-type granitic magmas
associated with the Late Neoproterozoic post-collisional magmatism in the Sul-Rio-
Grandense Shield, southernmost Brazil.
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