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“Tudo no mundo comegou com um sim.
Uma molécula disse sim a outra
molécula e nasceu a vida. Mas antes da
pré-histdria havia a pré-historia da pre-
histéria e havia o nunca e havia o sim.
Sempre houve. N@o sei 0 qué, mas sei
gue o universo jamais comegou. ”

A hora da Estrela, Clarice Lispector.



RESUMO

O intervalo entre o Jurassico Superior e o Cretaceo Inferior na Bacia do Parana foi
caracterizado pela acumulagdo do sistema edlico seco, a Formacao Botucatu, inteiramente
preservado pelos derrames vulcanicos, da Formacgdo Serra Geral, contemporaneos a
fragmentacdo do Gondwana. O intenso vulcanismo basico e, secundariamente, &cido
recobriu o erg. A interface entre essas duas unidades registra um ambiente eolico atuante
durante os estagios iniciais do vulcanismo caracterizada por fei¢des e depdsitos vulcano-
sedimentares. As interacdes vulcano-sedimentares se originaram pela mistura de
sedimentos consolidados ou inconsolidados, saturados ou ndo em agua, com o0s derrames
vulcanicos. As feicdes e depositos de interagdo foram classificadas como concomitantes
ao vulcanismo, formando feicBes e depdsitos vulcanoclasticos, ou apenas feicGes de
recobrimento com auséncia de interacdes; e podem ser posteriores ou em intervalos de
quiescéncia do vulcanismo e retorno da sedimentacdo, formando feicBes e depdsitos
epiclasticos. Atraves das diferentes particularidades dos processos de interacdo, entre as
rochas vulcanicas e os sedimentos analisados nas feicGes e depdsitos vulcano-
sedimentares, o ambiente eolico da Formacdo Botucatu pdde ser, por analogia,
comparado aos ambientes edlicos atuais. O paleoambiente proposto indica um ambiente
sedimentar com diferentes dominios, categorizados por sua saturacdo em agua. Os
diferentes componentes siliciclasticos encontrados em cada dominio permitiram a
formacéo das diferentes feicdes e depositos vulcano-sedimentares encontrados. Por meio
da petrografia quantitativa, amostras da matriz arenosa desses depdésitos foram analisadas,
a fim de discutir a paragénese das interacbes vulcano-sedimentares. Processos
diagenéticos normais de soterramento foram discutidos para os arenitos epiclasticos e de
diagénese de contato para os arenitos vulcanoclasticos. A principal distingdo entre eles é
a presenca de indicativos texturais de fluidizagdo encontrados nos arenitos
vulcanoclasticos, ao longo da interface lava-sedimento. Tais caracteristicas apontam que
os sedimentos se encontravam inconsolidados e provavelmente imidos ou saturados em
agua no momento da interacdo com o derrame vulcanico. Os arenitos epiclasticos
possuem como principais constituinte diagenético as argilas infiltradas e esmectitas
neoformadas, enquanto que os arenitos vulcanoclasticos sdo cimentados principalmente
por calceddnia e zeélita. Devido ao volume intergranular ocupados pela calcedénia e
zedlita, principalmente na interface lava-sedimento, suas géneses por meio do
soterramento é improvavel, indicando condi¢bes precoces e de diagénese de contato.
Além do mais, na regido central do Rio Grande do Sul, limite sudeste atual da borda da
Bacia do Parana, ha ocorréncia de depositos flavio-edlicos da Formacdo Guard em
contato com as rochas vulcanicas da Formacao Serra Geral. Considerando, portanto, uma
nova compreensao das relagdes temporais e espaciais entre os sistemas flavio-edlicos
(Formacédo Guara), edlicos (Formacdo Botucatu) e vulcanicos (Formacédo Serra Geral)
que se instalaram nesse intervalo temporal. Mediante a anélise de facies e de elementos
arquiteturais, a fim de reconstituir a evolugdo desse pacote vulcano-sedimentar, foi
demonstrado que os sistemas sedimentares Guard e Botucatu permaneceram ativos
durante o inicio do Serra Geral. Consequentemente, ndo houve hiato entre essas unidades,
demonstrando uma contemporaneidade dos sistemas sedimentares com o vulcanismo em
pelo menos uma de suas fases de desenvolvimento.

Palavras-chave: Interagcdo vulcano-sedimentar, Jurassico Superior-Cretaceo Inferior,
Formacdo Guard, Formacéo Botucatu, Formacao Serra Geral.



ABSTRACT

The period between the Upper Jurassic and Lower Cretaceous in Parand Basin was
characterized by a dry aeolian system accumulation, the Botucatu Formation, entirely
preserved by the volcanic flows of Serra Geral Formation, contemporaneous with the
Gondwana fragmentation. Intense basic and, secondarily, acidic volcanism covered the
erg. The interface between these two units records an active aeolian environment during
the initial stages of volcanism characterized by features and volcanic-sedimentary
deposits. Volcano-sedimentary interaction originated from the mixing of consolidated or
unconsolidated sediments, saturated or not in water, with volcanic flows. Interaction
features and deposits were classified as concomitant to volcanism, forming volcanoclastic
features and deposits, or just covering features with no interaction; and it can occur later
or during the volcanism quiescence and sedimentation return, forming epiclastic features
and deposits. Through the different particularities of the interaction processes analyzed
in the features and in the volcanic-sedimentary deposits, the aeolian environment of the
Botucatu Formation could be, by analogy, compared to the current aeolian environments.
The proposed paleoenvironment indicates a sedimentary environment with different
domains, categorized by their water saturation. The different siliciclastic components
found in each domain allowed the formation of different features and volcano-
sedimentary deposits. Through quantitative petrography, sandy matrix samples of these
deposits were analyzed, in order to discuss the paragenesis of volcano-sedimentary
interaction. Regular burial diagenetic processes were discussed for epiclastic sandstones
and contact diagenesis processes for volcanoclastic sandstones. The main distinction
between them is the presence of fluidization in texture found in the volcano-clastic
sandstones, along lava-sediment interface. Such characteristics indicate that the
sediments were unconsolidated and probably wet or saturated in water during the
interaction with the volcanic flow. Epiclastic sandstones hold infiltrated clays and
neoformed smectites as their main diagenetic constituent, while volcanoclastic sandstones
are cemented mainly by chalcedony and zeolite. Due to the intergranular volume occupied
by chalcedony and zeolite, mainly at the lava-sediment interface, their genesis through
burial is unlikely, indicating early conditions and contact diagenesis. Furthermore, in the
central region of Rio Grande do Sul, the current southeast limit of Parana Basin’s border,
there are occurrences of fluvio-aeolian deposits from the Guara Formation in contact with
volcanic rocks of Serra Geral Formation. Considering, therefore, a new understanding of
the temporal and spatial relationships between the fluvio-aeolian (Guara Formation),
aeolian (Botucatu Formation) and volcanic (Serra Geral Formation) systems that were
installed at that period. Through the analysis of facies and architectural elements, in order
to reconstitute the evolution of this volcanic-sedimentary successions, it was
demonstrated that the Guarad and Botucatu sedimentary systems remained active during
the beginning of Serra Geral. Consequently, there was no gap between these units,
demonstrating that the sedimentary systems are contemporaneous with volcanism, in at
least one of its development phases.

Keywords: Volcano-sedimentary interaction, Upper Jurassic-Lower Cretaceous, Guara
Formation, Botucatu Formation, Serra Geral Formation.
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ESTRUTURACAO DA TESE

A presente tese de doutorado, cujo titulo € “Interagdes vulcano-sedimentares -
uma chave para compreender os paleoambientes do Jurassico Superior e Cretaceo
Inferior na Bacia do Parana, Sul do Brasil ”, estd estruturada em torno de trés artigos
cientificos submetidos em periddicos classificados pela CAPES como Qualis A. Assim,
a organizacdo deste trabalho compreende a seguinte sequéncia:

Capitulo 1 - Apresenta a introducdo e a justificativa com os principais questionamentos
que levaram ao desenvolvimento da pesquisa, bem como o0s objetivos.

Capitulo 2 - Estado da Arte com as principais discussdes na literatura a respeito da
contemporaneidade entre sedimentacdo e magmatismo e seus produtos
gerados.

Capitulo 3 - Expbe as Metodologias empregadas durante as investigacdes aqui
apresentadas.

Capitulo 4 - Contextualizacdo geolégica da Bacia do Parand e as unidades
litoestratigraficas da Sequéncia Gondwana I11, foco da pesquisa.

Capitulo 5 - Exibe uma sintese integradora das discusses resultantes dos artigos
cientificos submetidos.

Capitulo 6 - Apresenta trés artigos cientificos resultantes da pesquisa submetidos em
revistas especializadas, contendo as cartas de submisséo e os manuscritos:

6.1 “Volcano-sedimentary interactions - a key to understand Cretaceous
paleoenvironments in the Parana Basin (southern Brazil)” - Journal of
Volcanoglogy and Geothermal Research (A2).

6.2 “Evolution of the Upper Jurassic and Lower Cretaceous vulcano-sedimentary
register - southeast portion of Parana Basin, Brazil” - Cretaceous Research
(A2).

6.3 “Volcanoclastic and epiclastic diagenesis of sandstones associated with
volcano-sedimentary deposits from the Upper Jurassic and Lower
Cretaceous, Parana Basin, southern Brazil”- Journal of South American Earth
Sciences (A3).

Capitulo 7 - ConclusGes.
Capitulo 8 - Engloba as referéncias bibliograficas que apoiaram o estudo e que estdo

citadas no corpo da tese.
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CAPITULO 1 - FUNDAMENTACAO DA TESE

1. INTRODUCAO

Aspectos tanto do ponto de vista igneo quanto do sedimentar controlam a
formagéo de rochas e feigdes por meio da interagcdo vulcano-sedimentar, como: 0
ambiente de colocacao, tipo de lava, grau de cristalizacdo, granulometria, consolidacéo e
grau de saturagdo em agua dos sedimentos. No entanto, 0s processos e produtos de tais
interacdes ainda ndo estdo totalmente compreendidos, posto que o modo como a lava
interage com os sedimentos consolidados ou inconsolidados com ou sem a presenca de
agua é complexa. A interacdo entre vulcanicas e sedimentos pode ocorrer de forma
concomitante com as extrusdes, com temperaturas relativamente elevadas e lavas
parcialmente cristalizadas — feicGes e depositos vulcanoclasticos; ou em ambientes
expostos, com intemperismo, erosdo e sedimentacdo, consequentemente, em derrames ja
cristalizados e em temperatura ambiente - feicdes e depositos epiclasticos (Kokelaar,
1982; Lorenz, 1984; Busby-Spera & White, 1987; McPhie et al., 1993; Hanson &
Hargrove, 1999; Dadd & Van Wagoner, 2002; Jerram & Stollhofen, 2002; Lorenz et al.,
2002; Skilling et al., 2002; Squire & McPhie, 2002; Zimanowski & Buttner, 2002;
Rawcliffe, 2016; Rios et. al., 2018).

As feicOes e litologias geradas a partir da interacdo vulcano-sedimentar sdo
fundamentais em reconstrucdes paleoambientais, além de serem marcadores
estratigraficos importantes, ja que sua presenca fornece uma idade relativa, pois possuem
como eventos contemporaneos sedimentacdo e magmatismo. Diversas pesquisas vém
sendo realizadas com o objetivo de entender os processos de formacao de fei¢cdes vulcano-
sedimentares nos mais diversos ambientes (MacDonald, 1939, Branney & Suthren, 1988;
Allen, 1992; Boulter, 1993; McPhie, et al., 1993; Jerram & Stollhofen, 2002; Erkiil et al.,
2006; Petry et al., 2007; Arioli et al., 2008; Holz et al., 2008; Perinotto et al., 2008;
Waichel et al., 2008; Ballén et al., 2013; Hole et al., 2013; Michelin, 2014; Reis et al.,
2014; Rabelo & Nogueira, 2015; McLean et. al., 2016; Gihm & Kwon, 2017; Kwon &
Gihm, 2017; Rios et al., 2018; Rabelo, 2019; Rabelo et al., 2019; Famelli et al., 2021;
Nogueira et al., 2021; Jeon & Sohn, 2022)

Na Plataforma Sul-Americana, destaca-se a Bacia do Parand, onde houve um

importante evento vulcanico no Cretaceo Inferior, relacionado com a quebra do

Rios, F. R. (2023)
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Gondwana e a formac&o do Oceano Atlantico Sul. E a denominada Formagao Serra Geral,
caracterizada por um enorme volume de lavas e intrusdes associadas que recobriram e
interagiram com um extenso sistema edlico ativo, a Formacdo Botucatu, formando
depdsitos e feigdes vulcano-sedimentares (Milani et al., 1998; Scherer, 2002; Petry et al.,
2007; Waichel et al., 2008; Michelin, 2014; Reis et al., 2014; Rios et al., 2018).

Durante muito tempo o intervalo Jurassico-Cretaceo da Bacia do Parana foi
subdividido em trés unidades: unidade basal fluvio-e6lica (Formagdo Guard); unidade
intermediéria francamente edlica (Formacdo Botucatu); e unidade de topo totalmente
vulcanica (Formacdo Serra Geral) (Milani, 1997; Milani et al., 1998; Scherer, 2002;
Scherer & Lavina, 2005, 2006; Zerfass et al., 2007; Godoy et al., 2011, 2016, 2018; Reis,
2016, 2020; Reis et al., 2019). Recentemente, trabalhos demonstraram que o sistema
edlico foi progressivamente recoberto pelos basaltos, resultando na preservacdo de dunas
edlicas. As intercalacdes sedimentares, denominadas de intertraps, sdo abundantes na
base da sucessao vulcanica e evidenciam periodos de quiescéncia da atividade magmatica
(Waichel et al., 2008; Michelin, 2014; Reis et al., 2014; Rios et al., 2018). Por conta
disso, esses trabalhos associaram a Formacéo Botucatu como continua a Formagao Serra
Geral, posicionando a Formacdo Guard como uma unidade separada e anterior as outras
duas. Entretanto, na regido central do estado Rio Grande do Sul, os basaltos estdo
diretamente em contato com uma unidade de semelhante posicionamento estratigrafico e
caracteristicas facioldgicas, sugerindo-se tratar da Formacao Guara (Zerfass et al., 2007;
Godoy et al., 2011, 2016, 2018)

1.1 JUSTIFICATIVA

Enfoque inovador na proposicdo de paleoambientes utilizando as feicbes e
depdsitos de interacdo lava-sedimento presentes na interface entre as unidades Botucatu
e Serra Geral, e, também, no contato entre a Formag¢do Guara com a Formacdo Serra
Geral. Discutindo, portanto, a contemporaneidade entre essas trés formagdes.

As interagOes lava-sedimento estdo cada vez mais bem documentadas na
literatura. H& na literatura, no entanto, uma énfase na descricdo e interpretagdo dos
aspectos relacionados a lava/magma na formacdo das diferentes litologias e fei¢Oes
(Kokelaar, 1982; Lorenz, 1984; Busby-Spera & White, 1987; Hanson & Hargrove, 1999;
Dadd & Van Wagoner, 2002; Jerram & Stollhofen, 2002; Lorenz et al., 2002; Skilling et

Rios, F. R. (2023)



16
CAPITULO 1- Fundamentacéo da Tese

al., 2002; Squire & McPhie, 2002; Zimanowski & Buttner, 2002; Petry et al., 2007;
Waichel et al., 2007; Hole et al., 2013; McLean et. al., 2016; Rawcliffe, 2016; Gihm &
Kwon, 2017; Kwon & Gihm, 2017; Famelli et al., 2021; Jeon & Sohn, 2022). Em
contrapartida, os argumentos abordados para os controles, do ponto de vista sedimentar,
que influenciam nos processos de interacdo sao minimos (Ballén et al., 2013; Rabelo &
Nogueira, 2015; Rabelo, 2019; Rabelo et al., 2019; Nogueira et al., 2021). Portanto faz-
se necesséria uma maior discussdo a respeito de que forma os sedimentos inconsolidados
ou ndo, insaturados ou saturados em agua, conduzem essas interagdes em conjunto com
0s controles igneos.

Diversas pesquisas vém sendo realizadas investigando o impacto da fluidizacédo
e a redistribuicdo de particulas e dos fluidos existentes nos poros em depdsitos de fluxo
piroclastico (Wilson, 1980, 1984; Druitt, 1995; Roche et al., 2001; Druitt et al., 2004;
Ross & White, 2005; Druitt et al., 2007; Girolami et al., 2008). Ao passo que, os efeitos
da fluidizacdo e do calor atuantes nos sedimentos durante a formacdo das fei¢Ges e
depositos vulcano-sedimentares em derrames efusivos raramente sdo investigados.
Tornando necessario estudos que aprofundem de que forma a fluidizag&o e o calor da lava

contribuem para a diagénese das feicdes e depdsitos vulcano-sedimentares.

1.2 OBJETIVOS

O objetivo geral deste trabalho é reconhecer os depdsitos e feicdes vulcano-
sedimentares do Jurassico Superior - Cretaceo Inferior, da Bacia do Parana, buscando os
mecanismos que influenciaram os processos de interacdo. Utilizar interpretacOes
estratigraficas e analises petrograficas afim verificar e obter modelos paleoambientais a
partir das interacdes vulcano-sedimentares.

Como objetivos especificos, busca verificar a existéncia de agua ou umidade
para 0os modelos paleoambientais por meio das interacdes lava-sedimento. Bem como
discutir e explicar a origem, distribuicéo e cronologia das alteracdes diagenéticas dessas
interacbes. Além de investigar o posicionamento estratigrafico das Formacbes Guara,

Botucatu e Serra Geral.
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CAPITULO 2 - ESTADO DA ARTE

2. CONTEMPORANEIDADE MAGMATISMO E SEDIMENTACAO

As interagdes lava-sedimento podem ocorrer concomitantes ao vulcanismo
formando feicdes e depositos vulcanoclasticos, ou apenas fei¢cdes de recobrimento com
auséncia de interacOes; e podem ser posteriores, ou em intervalos de quiescéncia do
vulcanismo e retorno da sedimentac&o, originando fei¢des e depdsitos epiclasticos.

Intercalados aos derrames vulcanicos, os denominados intertraps caracterizam-se
por camadas sedimentares de dimensdes centimétricas a métricas que geralmente
apresentam estruturas sedimentares e feicdes caracteristicas do ambiente sedimentar no
qual foi formado. Os intertraps sao interpretados como indicativos de que a sedimentacao
persistiu durante o evento vulcanico e sdo importantes ndo sé por demonstrarem
intervalos de quiescéncia entre os diferentes derrames vulcanicos em um determinado
local da bacia, mas também pela possibilidade de associarem-se a feicdes e depositos de

interagdo vulcano-sedimentar.

2.1 FEICOES DE RECOBRIMENTO

Rawcliffe (2016) investigou em kinghorn, Fife, costa leste da Escécia, a
deformacdo por carga nos sedimentos sem a presenca de brechas vulcanoclasticas
associadas. Os sedimentos foram compactados pela lava sobrejacente e, devido aos
contrastes de densidade e a presenca minima de dgua nos poros, estruturas em chama se
desenvolveram (Figura 1). O estado do sedimento no momento da colocagéo da lava foi
interpretado como: ligeiramente compactado e consolidado, com o minimo de &gua nos
poros. A consolidacdo do sedimento indicou que as estruturas do acamamento foram
preservadas e que a fluidizacdo e a liquefacdo foram inibidas (Busby-Spera & White,
1987; Skilling et al., 2002). A combinacdo de todas as propriedades dos sedimentos
impediu a fragmentacdo da lava e, portanto, a interacdo lava-sedimento ndo ocorreu. Ao
passo que, Gihm & Kwon (2017) em estudos na porc¢ao ocidental dos vulcdes de Buan,
sudoeste da Coreia, relataram a deformacdo por carga e a presenca de brechas
vulcanoclasticas em sedimentos lacustres, saturados em agua e inconsolidados. O contato

lava-sedimento, marcado pelas brechas vulcanoclésticas, é ondulado devido ao
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desenvolvimento de uma série de estruturas de carga e chama. Ao contrario do estudo

anterior, neste, o processo de fluidizacéo foi fundamental.

Sedimento

50 ¢m Estrutura em chama *7’
Figura 1: Esquema de deformacéo por carga em uma unidade sedimentar sobreposta por
derrame vulcanico. Modificado de Rawcliffe (2016).

Pesquisas na Bacia do Parand tém demonstrado a presenca de dunas do
paleodeserto Botucatu completamente preservadas ao longo da pilha vulcanica pelos
derrames basalticos da Formacdo Serra Geral (Figura 2). A preservacdo da
paleotopografia das dunas é ocasionada pelo seu recobrimento por lava em temperaturas
elevadas, com sedimentos consolidados ou inconsolidados e auséncia de interacéo
vulcano-sedimentar ao longo da interface lava-sedimento (Scherer, 2002; Petry et al.,
2007; Waichel et al., 2007, Holz et al., 2008; Waichel et al., 2008; Reis, 2013; Luchetti
et al., 2014; Michelin, 2014; Rios, 2017; Rios et al., 2018). A preservacao da das dunas
edlicas, requer uma rapida velocidade de fluxo do derrame e auséncia de &gua e ou
umidade nos sedimentos. Estruturas de superficie no dorso da duna como estrias de fluxo
(Figura 3) e lobos de lava foram formadas pelo fluxo da lava sobre um substrato de areia
ndo consolidado (Jerram et al., 2000; Jerram & Stollhofen, 2002; Rios, 2017; Rios et al.,
2018).

Rios, F. R. (2023)
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Figura 2: Duna eolica com morfologia preservada. Municipio de Novo Hamburgo, Rio
Grande do Sul (RS) (Modificado de Rios et al., 2018).

Figljfé 3: A) Contato (lrinrhwé trééejada) entre a duna edlica e o derrame vulcanico. B)
Estrias de fluxo localizadas na interface lava-sedimento formada pelo arrasto do derrame
sobre o sedimento inconsolidado. Modificado de Rios (2017).

2.2 DIQUES DE ARENITO

O dique de arenito, também conhecido como dique clastico, é formado através do
processo de fluidizacdo sendo caracterizado como uma feicdo vulcanoclastica. O
fraturamento, devido ao rapido resfriamento do corpo magmatico, reduz a pressdo
litostatica e permite a fluidizagdo dos sedimentos adjacentes e sua posterior inje¢cdo nas
fraturas (Kokelaar, 1982). A mobilizacdo dos sedimentos em subsuperficie e a fluidizacdo
tém sido reconhecidas em muitos ambientes geoldgicos: reservatorios pressurizados,

interface lava-sedimento em derrames vulcanicos e metamorfismo de contato ao redor de
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intrusfes magmaticas (Nichols et al., 1994; Jolly & Lonergan, 2002; Mazzini et al., 2003;
Jamtveit et al., 2004; Svensen et al., 2006, 2010). E uma feicio comumente encontrada
em bacias sedimentares afetadas por grandes eventos magmaticos, como a Bacia do
Parand (Figuras 4A-C) (Picheler, 1952; Suguio & Fulfaro, 1974; Petry et al., 2007; Arioli
et al., 2008; Perinotto et al., 2008; Machado et al., 2009; Hartmann et al., 2012a, b;
Michelin, 2014; Rios, 2017; Rios et al., 2018).

Petry (2006) e Petry et al. (2007) investigando os limites entre as Formagdes
Botucatu e Serra Geral, Bacia do Parang, na cidade de Torres (RS), relataram que 0s
diques de arenito podem vir a ser formados pela da injecdo de sedimento para o interior
do derrame vulcéanico durante a sua movimentacdo, dado o peso do pacote igneo e seu
fluxo. Deste modo, a areia injetada ao encontrar porc¢Ges rupteis originaria os diques de
arenito. Entretanto, Hartmann et al. (2012b), para a mesma area de estudo, propde um
modelo de injecdo de areia por processos hidrotermais de baixa temperatura em rochas
basélticas. Ja Rios et al. (2018), também para a mesma area, ndo leva em consideragéo o0s
mecanismos de movimentacdo do derrame (tracionamento), descritos anteriormente por
Petry (2006) e Petry et al. (2007), na formacéo de diques de arenito, e sim a fluidizacéo
como o principal mecanismo de formagdo dessas feigdes. Contudo, mais de um
mecanismo, além da fluidizacdo, posto que este é o principal, pode estar atrelado aos
processos de formacdo dos diques de arenito.

Sedimentos saturados em &gua faz com que as interacdes ocorram de forma
concomitante ao evento magmatico (Mizusaki, 1986; Reis, 2013; Reis et al., 2014).
Diques de arenito podem se formar pelo contraste de temperatura da lava com o sedimento
umido, contraste este que faz com que o processo de fluidiza¢do se inicie. A agua é
vaporizada e confina-se na interface sedimento-derrame. Com o resfriamento progressivo
da lava diaclases comegam a surgir, fazendo com que 0 vapor juntamente com o
sedimento, que estava confinado a altas pressdes, escape por essas zonas de menor
pressdo. Ao longo do contato com a rocha encaixante o dique pode apresentar bordas de
reacao, indicando uma interacdo a temperaturas elevadas (Michelin, 2014; Rios, 2017;
Rios et al., 2018). Ademais, nota-se a presenca de clastos com diferentes morfologias
imersos no dique de arenito, provavelmente oriundos do processo de fragmentagéo

magmatica durante a fluidizacdo (Figuras 4A-C).
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Figura 4: Diqus de areito em algumas regides da borda sudeste da Bia do Para
(RS). A) B) Diques de arenito no municipio de Novo Hamburgo. C) Diques de arenito
em Santa Cruz do Sul.

Svensen et al. (2010) em estudos a respeito de diques de arenito em sills de
dolerito na Bacia de Karoo, Africa do Sul, conseguiram modelar, através de dados de
campo, petrograficos e numéricos, como estas feicGes podem ser originadas (Figura 5).

[T = colocagao T T=1-10 anos T=250-600 anos

Arenito

Arenito

e -y

Figura 5: Evolugdo esquematica de um sistema sill-aureola com diques de arenitos. A)
colocacdo inicial do sill em rochas hospedeiras sedimentares. B) Metamorfismo de
contato em torno do sill e expansdo dos fluidos de poros sedimentares (simbolizados por
circulos). C) Cristalizacdo do sill seguida de fraturamento devido a enorme diferenca de
pressdo entre o sill e a auréola. O sill ainda é quente o suficiente para causar
metamorfismo de alta temperatura nos sedimentos injetados (Traduzido de Svensen et al.,

2010).
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Os autores demonstraram que os diques de arenito s&o comuns tanto no topo
quanto na base das intrus@es e que os sedimentos foram injetados enquanto os sills ainda
estavam quentes, produzindo assembleias minerais tipicas de metamorfismo (> 300 °C).
As anomalias de presséo negativa no sill se formam devido ao resfriamento, enquanto
que as de alta pressdo se desenvolvem nas auréolas devido a expansdo térmica. A
modelagem térmica mostra que os diques de arenito foram formados 100 anos apds a
colocacgéo da soleira. A sobrepressao induzida pelo calor e a subsequente fluidizagéo de
sedimentos na auréola de contato é sugerida como sendo o principal mecanismo de

formacéo dos diques de arenito na intrusdo magmatica.

2.3 DEPOSITOS VULCANOCLASTICOS

Os depdsitos vulcanoclasticos sdo caracterizados por brechas vulcénicas, e
existem inumeras classificacbes para as brechas associadas a eventos vulcanicos, entre
elas: Fischer (1960), Pettijohn (1975), Cas & Wright (1987), McPhie et al. (1993) e White
& Houghton (2006). Alguns autores sugerem o termo peperito para designa-las, sendo
esta, uma terminologia genética (White et al., 2000; Jerram & Stollhofen, 2002; Skilling
etal., 2002).

O termo “peperino” foi utilizado por Scrope (1827) para descrever rochas clasticas
em Limagne d'Auvergne, regido central da Franca, que compreendem misturas de calcario
lacustre com basalto que se assemelhavam a pimenta moida.

White et al., (2000) define peperito como um termo genético aplicado a uma rocha
formada essencialmente in situ pela desintegracdo do magma, intrudindo e misturando
com sedimentos inconsolidados ou pobremente consolidados, tipicamente Umidos. O
termo também se refere a misturas semelhantes geradas pelos mesmos processos que
operam nos contatos de lavas e outros depdsitos vulcanoclasticos com tais sedimentos.

O termo peperito € polémico e alguns autores, ao realizarem estudos na Bacia do
Parana (RS), optaram em utilizar uma terminologia mais descritiva para se referir aos
mesmos, nomeando-os de brechas vulcanicas de matriz sedimentar (Reis, 2013; Michelin,
2014; Reis et al., 2014; Rios, 2017; Rios et al., 2018). Este trabalho também optou por
denominar os depositos vulcanoclasticos de maneira mais descritiva, utilizando o termo

brecha associado as composi¢fes dos clastos vulcanicos e da matriz sedimentar, por
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exemplo: brecha basaltica de matriz subarcdsea; brecha dacitica de matriz litoarenitica
(Rosa et al., 2016).

As brechas vulcanicas de matriz sedimentar, classificadas como rochas
autoclasticas (Fischer, 1960; McPhie et al., 1993), desenvolvem-se em uma variedade de
ambientes onde 0 magmatismo e a sedimentacdo sdo contemporaneos. Sua génese pode
envolver tanto intrusdes de composicdo maéfica a acida, como derrames andesiticos,
traquiticos, daciticos, rioliticos e maficos (Skilling et al., 2002).

InvestigacOes baseadas em campo foram realizadas para desvendar 0s processos
de formacdo de brechas vulcanicas de matriz sedimentar em sequéncias sedimentares:
submarinas (Brooks et al., 1982; Busby-Spera & White, 1987; Hanson & Wilson, 1993;
McPhie, et al., 1993; Goto & McPhie, 1996; Hanson & Hargrove, 1999; Hunns &
McPhie, 1999; Doyle, 2000; Squire & McPhie, 2002; Rawcliffe, 2016); fluviais (Hole et
al., 2013); lacustres (Cas et al., 2001; Erkil et al., 2006; Tucker & Scott, 2009; Gihm &
Kwon, 2017; Kwon & Gihn, 2017); e ambientes edlicos (Almeida, 1954; Mountney et
al., 1998; Jerram et al., 1999a, b; Mountney et al.,1999; Jerram et al., 2000; Mountney &
Howell, 2000; Jerram & Stollhofen, 2002; Scherer, 2002; Waichel et al., 2006; Michelin,
2007; Petry et al., 2007; Waichel et al., 2007; Arioli et al., 2008; Holz et al., 2008;
Perinotto et al., 2008; Waichel et al., 2008; Machado et al., 2009; Hartmann et al.,
2012a,b; Luchetti et al., 2014; Michelin, 2014; Reis et al., 2014; Rios, 2017; Rios et al.,
2018). Esses trabalhos melhoraram a compreensdo geral dos fatores que controlam os
processos de fragmentacdo da lava/magma, como a natureza do corpo igneo (intrusivo ou
subaéreo), composicdo quimica, condi¢bes e ambiente de colocacdo, granulometria dos
sedimentos (grossa a fina), a consolidacdo e saturacdo em agua dos sedimentos, e
contrastes de densidade entre magma e sedimentos, e as variacdes espaciais desses fatores
(Kokelaar, 1982; Busby-Spera & White, 1987; Goto & McPhie, 1996; Dadd & Van
Waggoner, 2002; Jerram & Stollhofen, 2002; Skilling et al., 2002; Squire & McPhie,
2002; Zimanowski & Buttner, 2002; Petry et al., 2007; Waichel et al., 2007; Hole et al.,
2013). A maioria dos exemplos sdo formados a partir de interacfes entre lava/magma de
composigdo mafica a intermediéria e sedimento insaturado a saturado em agua; exemplos
derivados de lava félsica que fluiram sobre um substrato sedimentar sdo menos comuns
(Tuffen et al., 2001; Donaire et al, 2002; Branney et al., 2008; McLean et al., 2016;
Rawcliffe, 2016; Gihm & Kwon, 2017; Kwon & Gihm, 2017).
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O volume e geometria das brechas vulcanicas de matriz sedimentar, sua relacéo
espacial com a intrusdo ou com o derrame vulcanico que a originou, sua estrutura interna
e variacOes espaciais na textura sdo as principais caracteristicas que permitem sua
discriminagdo de outras rochas vulcanoclésticas semelhantes. O seu dominio de
ocorréncia varia em volume, de poucos m?, ao longo dos contatos entre os sedimentos e
intrusdes, para exemplos de varios km?, ao longo do contato entre sedimentos e derrames
vulcéanicos (Figura 6). Os dominios de ocorréncia das brechas vulcénicas de matriz
sedimentar s&o tipicamente sem estratificacdo e altamente discordantes do acamamento.
A estratificacdo original no sedimento é normalmente destruida (Snyder & Fraser, 1963;
Busby-Spera & White, 1987; Hanson & Wilson 1993; Brooks, 1995; Doyle, 2000; White
et al., 2000; Skilling et al., 2002; Brown & Bell, 2007).

3
aneati OO0

|:| Dominio de ocorréncia de brechas vulcéanicas de matriz sedimentar em derrames subaéreos e/ou subaquosos

I | Dominio de ocorréncia de brechas vulcanicas de matriz sedimentar relacionadas a intrusdes

Figura 6: Dominio de ocorréncia de brechas vulcanicas de matriz sedimentar em derrames
e em intrus6es (Modificado de Rosa et al., 2016).

H4& ocorréncias de brechas vulcénicas de matriz sedimentar como resultado da
relacdo lava-sedimento ao longo do contato entre as Formac6es Botucatu e Serra Geral,
Bacia do Parana, como foi exposto por Petry (2006), Petry et al. (2007), Waichel et al.
(2007, 2008), Reis (2013), Luchetti et al. (2014), Michelin (2014), Rios (2017), Rios et
al. (2018).

Waichel et al. (2007) sugeriu que os peperitos teriam sido originadas pela
interacdo entre os derrames e sedimentos umidos (silte e argila) depositados em ambiente
lacustre, sugerindo que uma mudanca climética provavelmente ocorreu entre o ambiente

desértico e os primeiros derrames da Formagé&o Serra Geral.
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Petry (2006) e Petry et al. (2007), observaram que a formacao de autobrechas de
derrame representaria, também, um importante processo na geracao dos peperitos.

Mizusaki, (1986), Reis (2013), Michelin (2014), Rios (2017) e Rios et al. (2018)
discutem que os sedimentos saturados em agua fazem com que as interagfes ocorram de
forma concomitante ao evento magmatico, onde o contraste de temperatura da lava com
0 sedimento saturado permite que os processos de fluidizacdo/vaporizacdo se iniciem,

possibilitando a génese do depdsito vulcanoclastico.

2.3.1 Processos de formacéo da brecha vulcanica de matriz sedimentar

A lava/magma se fragmenta e se desintegra ao entrar em contato com o sedimento
ndo consolidado formando fragmentos vulcanicos de morfologias variadas, que se
misturam em diferentes proporg¢des com o sedimento. Estes clastos apresentam variagoes
em suas morfologias, desde formas em blocos a fluidais, que refletem os diferentes
processos de fragmentacao (raptil e ddctil) que ocorrem durante a formacdo da brecha
vulcanica de matriz sedimentar (Figuras 7 A, B). Além do mais, essas diferentes
morfologias dos clastos vulcanicos estdo também atreladas ao tempo de resfriamento da
lava e seu aumento de viscosidade. Brechas vulcénicas de matriz sedimentar com clastos
em formas de blocos tém sido identificadas em associacdo com sedimentos
inconsolidados e secos, por exemplo, ambientes edlicos (Brooks et.al.,1982; Goto &
McPhie, 1996; Doyle, 2000; Jerram & Stollhofen, 2002; Skilling et al., 2002; Squire &
McPhie, 2002).

A fragmentacdo do magma e a mistura do material vulcanico com o sedimentar
provavelmente sdo simultaneas. A juncdo dos componentes vulcanicos e sedimentares é
favorecida quando a densidade e a viscosidade da lava sdo semelhantes as do sedimento,
pelo menos no momento da interacdo (Zimanowski & Buttner, 2002). Varios fatores
podem influenciar as texturas resultantes, incluindo: reologia de magma, composicao,
conteudo de volateis, velocidade de fluxo, reologia do sedimento, tamanho do gréo,
selecdo, razdo da mistura lava/agua, volume total da mistura lava-sedimento, proporcao
da mistura lava-sedimento, volume total de agua aquecida nos poros, pressao confinante
e a natureza dos aspectos locais e regionais. A maioria desses fatores variam
espacialmente e temporalmente durante a formacdo das brechas vulcanicas de matriz
sedimentar (Brooks et al., 1982; Kokelaar 1982; Busbhy-Spera & White, 1987; Kano,
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1989; Hanson, 1991; Hanson & Wilson, 1993; McPhie et al., 1993; Rawlings, 1993; Goto
& McPhie, 1996; Hanson & Hargrove, 1999; Dadd & Van Waggoner, 2002; Hunns &
McPhie, 1999; Doyle, 2000; Gifkins et al., 2002).
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Figura 7: Diferengas de brechas vulcanicas de matriz sedimentar com base na morfologia
dos clastos vulcanicos: A) brechas vulcanicas de matriz sedimentar com clastos em
blocos; B) brechas vulcéanicas de matriz sedimentar com clastos fluidais. Modificado de
Rawcliffe (2016).

Clastos com morfologia em bloco sdo subédricos, com formas poliédricas a
tabulares, comumente exibem textura jigsaw-fit, caracteristica da fragmentacao in situ.
Enquanto que os clastos com aspecto fluidal possuem morfologias globulares,
caracterizada por contornos irregulares, que variam em formas: ameboides, tendrils-like
e wispy-like (Lorenz, 1984; Busby-Spera & White, 1987; Skilling et al., 2002) (Figura 8)
Entretanto, combinacdes de diferentes morfologias dos clastos podem ser observadas
dentro do mesmo deposito vulcanoclastico, deduzindo uma combinacdo de processos de

fragmentacdo ruaptil e ddctil, sugerindo uma fragmentacdo em multiestagio, no qual as
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populacdes de clastos se formariam sob condi¢fes térmicas e mecanicas distintas
(Skilling et al., 2002).
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Figura 8: Diferentes morfologias dos fragmentos vulcanicos em brechas vulcanicas de
matriz sedimentar. Modificado e traduzido de Skilling et al. (2002).

Em relagdo as caracteristicas dos sedimentos, diversas variaveis afetam a
formagéo das brechas vulcanicas de matriz sedimentar, que incluem: tamanho do gréo,
composicao, selecdo, coesao, porosidade e permeabilidade (Lorenz, 1984; Busby-Spera
& White, 1987; Squire & McPhie, 2002; Skilling et al., 2002).

2.4 FEICOES E DEPOSITOS EPICLASTICOS

Em terrenos com sedimentacdo e vulcanismo ativos, todos os depoésitos de
superficie, sejam eles de origem vulcanica ou sedimentar, estdo sujeitos aos agentes e
processos de transporte, relacionados ao ambiente sedimentar em questdo (McPhie et al.,
1993). Situam-se nas por¢Oes superiores dos derrames e possuem origem relacionada a
processos intempéricos e erosivos, sdo agrupadas junto as rochas epiclasticas
(Fischer,1960; Cas & Wright, 1987) (Figura 9).

Sé&o formados por misturas de sedimentos de origem vulcéanica e sedimentar que
estavam sujeitos ao retrabalhamento significativo antes da deposicdo final, e/ou que

foram redepositados muito tempo apOs a erupgdo. As marcas de transporte,
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retrabalhamento e ressedimentacdo pds-erupcdo sdo modificacdes nas formas dos
fragmentos vulcanicos, especialmente arredondamento, misturas de particulas néo
vulcanicas, misturas de particulas vulcénicas de composi¢cdo amplamente diferente,
particulas que mostram os efeitos do intemperismo e/ou alteracdo diagenética parcial e
associacdo com facies sedimentares ndo vulcanicas. Os sedimentos de origem vulcanica
sdo mais conhecidos em terrenos vulcanicos subaéreos, onde intemperismo e erosao sdo
vigorosamente ativos durante e ap0s as erupgdes - sistemas desérticos, fluviais, aluviais,
lacustres, litoraneos (McPhie et al.,1993).

Apbs o evento vulcanico cessar ha o resfriamento da porc¢éo superficial das lavas
formando diaclases na superficie do derrame. Com o retorno da sedimentacéo sobre o
substrato wvulcanico inicia-se 0 processo de preenchimento dessas fissuras pelos
sedimentos que estdo sendo transportados, formando assim as fraturas preenchidas por
sedimentos. A intensificacdo dos processos intempéricos e erosivos sobre o substrato
vulcanico faz com que haja a desagregacdo de fragmentos do mesmo. Estes litoclastos
sdo transportados e depositados juntamente com os demais sedimentos disponiveis no
ambiente, dando origem aos depositos epiclésticos, caracterizados por brechas
sedimentares ou conglomerados intrabacinais (Reis, 2013; Michelin, 2014; Rios, 2017;
Rios et al., 2018).

08 2 | Dominio das feiges ¢ depositos epiclasticos
Figura 9: Modo de ocorréncia das fei¢cGes e depositos epiclasticos (Modificado de Rosa
etal., 2016).
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CAPITULO 3 - METODOLOGIA

3. METODOLOGIAS

As metodologias utilizadas neste trabalho foram divididas em trés etapas
principais: levantamento bibliografico, atividades de campo, andlises laboratoriais -
petrografia, difracdo de raios X (DRX), além do tratamento dos dados e confeccdo da

tese.

3.1 LEVANTAMENTO BIBLIOGRAFICO

A obtencéo de dados envolveu a consecucao de artigos publicados e uma revisédo
bibliografica referente ao tema a ser abordado na pesquisa. Conjuntamente foram
analisadas imagens de satélite do Google Earth, cartas topograficas e fotografias aéreas
das areas proximas a borda sudeste atual da Bacia do Parana (RS). Objetivando identificar
pontos estratégicos onde as feices de interacdo lava-sedimento pudessem ser

visualizadas, descritas e amostradas.

3.2 ATIVIDADES DE CAMPO

Na segunda etapa foram realizados os trabalhos de campo nas areas previamente
selecionadas ao longo da borda sudeste atual da Bacia do Parand, no estado do Rio Grande
do Sul, Brasil. Nesta situacdo, as rochas em contexto de interacdo vulcano-sedimentar
afloram ao longo de escarpas que cortam a porcdo central do estado. As localidades
identificadas para o estudo foram escolhidas em lugares onde as escarpas séo cortadas
por estradas, pedreiras, rios e parques estaduais. Foram escolhidas seis areas chaves
(Figuras 10A, B).
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Figura 10: A) Localizacdo da Bacia do Parana na Plataforma Sul-Americana. B)
Localizacao das areas estudadas ao longo da borda sudeste atual da Bacia do Parana (RS)
(Modificado de Janasi et al., 2011; Reis et al., 2019).

Nos levantamentos de campo se priorizou as descri¢es das rochas sedimentares,
vulcanicas, das estruturas e depositos de interagdo entre elas, além da coleta de amostras
para andlises futuras. Os afloramentos selecionados foram descritos e fotografados em
detalhe. Nesse estagio a confeccdo de perfis estratigraficos colunares na escala de 1:50 e
de croquis foi fundamental para um melhor entendimento das geometrias, arquiteturas e
escalas das feicGes vulcano-sedimentares. Foram descritas facies, associacdo de fécies,
elementos arquiteturais, identificagdes de superficies e coleta de medidas de
paleocorrentes.

Foram adotadas as técnicas de modelamento de facies propostas por Walker &
James (1992) que incluem: 1) Individualizacdo e descricdo das facies (composicao,
geometria, texturas, estruturas sedimentares) e padrdes de paleocorrentes; 2)
Compreensdo dos processos sedimentares; e 3) Associacdo de facies, refletindo os

diferentes ambientes e sistemas deposicionais.

3.3 PETROGRAFIA

Rios, F. R. (2023)
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A descricdo de 112 laminas delgadas, preparadas a partir de amostras extraidas
de afloramentos em contexto de interacdo vulcano-sedimentar, foi inicialmente feita por
métodos de petrografia convencional. Posteriormente, 30 l&minas delgadas foram
selecionadas para petrografia quantitativa, essas amostras séo referentes a matriz das
brechas vulcanicas (depositos vulcanoclasticos) e conglomerados intrabacinais (depdsitos
epiclasticos). A petrografia foi executada no Laboratorio de Petrologia Sedimentar no
Departamento de Mineralogia e Petrologia da Universidade Federal do Rio Grande do
Sul com uso de microscépios de luz polarizada e do software Petroledge® (De Ros &
Goldberg, 2007). A analise petrografica sistematica visa o reconhecimento das principais
feicOes texturais, composicionais, diagenéticas e de porosidade. Foram registrados os
teores, habitos, localizages, bem como as distribuicdes e relacbes entre os constituintes
primarios e diagenéticos. As laminas foram preparadas a partir de amostras impregnadas
com resina azul, afim de facilitar a observacdo de poros e constituintes. Durante as
descricdes as laminas foram tingidas com alizarina e ferrocianeto de potassio, a fim de
identificar os constituintes carbonéticos.

A quantificagdo das amostras foi executada por analise modal, através da
contagem de 300 pontos por lamina, dispostos segundo transectas perpendiculares a
estrutura principal da rocha A descricdo com o software Petroledge® segue uma ordem
sistematica. Inicialmente ocorre a identificacdo da amostra quanto a sua localiza¢do e um
resumo das principais feicdes encontradas na lamina. Segue-se a analise das feicBes
estruturais, granulometria, arredondamento, esfericidade e sele¢do assim como a
orientacdo, sustentacdo e empacotamento da fabrica. Os constituintes primarios,
diagenéticos e poros sdo descritos e quantificados com respeito a seus tipos, habitos,
localizacdo e relagbes paragenéticas. A quantificacdo dos constituintes primarios,
diagenéticos e de porosidade foi realizada com base no método Gazzi-Dickinson (Zuffa,
1985).

Por meio de fotomicrografias foram registradas as principais fei¢des texturais,
composicionais, diagenéticas e de porosidade das laminas. As fotomicrografias foram
tiradas com um microscéopio Zeiss AXIO Imager A2 com camera Zeiss AXIO cam e
utilizando o software ZEN™ 2011, ja com escalas adequadas para cada lente utilizada no

microscopio.
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3.4 DIFRAGCAO DE RAIOS-X (DRX)

As amostras das laminas delgadas selecionadas para a petrografia quantitativa
foram submetidas a analises de DRX em rocha total (Método do P@) para refinar a
composicao dos argilominerais presentes no arcabouco das rochas.

O equipamento utilizado foi um difratdmetro X Siemens (BRUKER AXS) D-
5000 com gonidmetro 0-0 e a radiagdo de Ka em tubo de cobre nas condigdes de 40kV e
30 mA (radiacdo Cu Kalpha =1,54178 Angstrom) com monocromador curvado de grafite
no feixe secundario. (radiacdo Cu Kalpha = 1,54178 Angstrom). O intervalo angular
analisado foi de 5 a 75° 2theta. As amostras foram analisadas a 0,05°/1s com fendas de
divergéncia e anti-espalhamento de 1° e fenda de recepgéo de 0,2 mm e os resultados
foram aplicados ao software DIFFRACplus tendo como resultado alguns difratogramas.
As analises foram sucedidas no Laboratério de Difracdo de Raios X do Centro de Estudos
em Petrologia e Geoquimica (CPGq) do IGEO-UFRGS.
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CAPITULO 4 - CONTEXTO GEOLOGICO

4. BACIA DO PARANA - SUPERSEQUENCIA GONDWANA 11

A Bacia do Parana é uma bacia Paleozoica da Plataforma Sul-Americana cujo
depocentro estima-se aproximadamente 7.000 m de rochas sedimentares e vulcénicas
com idades do Ordoviciano ao Cretaceo (Zalan et al., 1987, 1990) (Figuras 11A, B).
Recobre uma area de 1.400. 000 km? abrangendo o Brasil, Paraguai, Uruguai e Argentina
(Milani et al., 2007)
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Figura 11: A) e B) Mapa geologico simplificado da Bacia do Parana na Plataforma Sul
Americana. Observar as ocorréncias das FormacGes Guara, Botucatu e Serra Geral
(Modificado de Janasi et al., 2011; Rossetti et al., 2018; Reis et al., 2019).

200 400Km

O registro vulcano-sedimentar da Bacia do Parana é dividido em seis
Supersequéncias, da base para o topo segundo Milani (1997): Rio lvai (Neo-Ordoviciano
ao Eo-Siluriano), Parana (Devoniano), Gondwana | (Neo-Carbonifero ao Eo-Triéssico),
Gondwana Il (Meso-Triassico ao NeoTriassico), Gondwana Ill (Neo-Jurassico ao Eo-

Rios, F. R. (2023)



34
CAPITULO 4 - Contexto Geoldgico

Cretaceo) e Bauru (Eo-Cretaceo ao Neocretaceo) (Figura 12). O pacote vulcano-
sedimentar que compreende a Supersequéncia Gondwana Ill, Jurassico Superior ao
Cretéceo Inferior, é 0 alvo desse trabalho e compreende as Formacgdes Botucatu e Serra
Geral (Figura 12).

A Formacgdo Botucatu representa um imenso erg, caracterizado por estratos
cruzados de grande porte (1-30m) e é interpretada como depdsitos residuais de dunas
edlicas. Sua espessura é bastante variavel, provavelmente devido a preservacao do paleo-
relevo de dunas, podendo atingir até 100 m de espessura. H4 predominio de arenitos
quartzosos, rosados, bem selecionados, granulometria fina a média e graos arredondados
que associados com estratificacfes cruzadas de grande porte indicam depositos residuais
de dunas eolicas. (Scherer, 1998, 2000, 2002). E limitada na base por uma discordancia
regional que se estende por toda a bacia onde ha registros de conglomerados e arenitos
conglomeraticos, relacionados a canais efémeros (Almeida, 1954; Bigarella & Salamuni,
1961, 1967; Soares, 1975; Bigarella, 1979; Almeida & Melo, 1981; Milani 1997; Milani
et al., 1998; Scherer, 2000). A idade Cretaceo Inferior da Formacdo Botucatu inclui
vestigios de invertebrados, vertebrados e coniferas silicificadas (Brito, 1979; Suguio &
Coimbra, 1972; Fernandes et al., 1990, 2004; Leonardi & Oliveira, 1990; Fernandes &
Carvalho, 2008; Pires et al., 2011). Os sedimentos da Formacdo Botucatu foram
recobertos pelas lavas da Formacao Serra Geral. No entanto, o ambiente sedimentar eélico
permaneceu atuante durante o inicio do vulcanismo e essas relagdes de contato
evidenciam uma idade relativa para seu inicio e também para o término da sedimentagéo
(Milani et al., 1998; Scherer, 2002; Milani et al., 2007).

A Formacdo Serra Geral representa um intenso magmatismo com até 1,800 m
de espessura de lavas subaéreas de afinidade toleitica (Piccirillo & Melfi, 1988). No Brasil
as rochas vulcanicas da Formac&o Serra Geral recobrem uma area de 917.000 km? sendo
o volume minimo estimado de 450.000 km? (Frank et al., 2009). Petrologicamente, as
rochas vulcéanicas da Formacéo Serra Geral sdo dominadas por basaltos toleiticos (90%),
seguido por andesitos toleiticos (7%) e em menores proporcdes riolitos e riodacitos (3%)
especialmente nas porc¢es mais superiores (Melfi et al., 1988; Piccirillo & Melfi, 1988;
Peate et al., 1992). Em termos geoquimicos, ocorre uma diferenciagdo destas rochas ao
longo da bacia com relagdo ao contetdo de TiO (Bellieni et al., 1984) e de elementos-
tracos, especialmente Y e Yb (Peate, 1989). DatacOes isotdpicas sugerem que a maior

parte do magmatismo ocorreu em um intervalo relativamente curto (<4 Ma) e com idades
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de aproximadamente 134 Ma (Cretaceo Inferior) (Renne et al., 1992; Thiede &
Vasconcellos, 2010; Janasi et al., 2011; Baksi, 2018; Rocha et al., 2020).

Entretanto, foi observado no levantamento de campo do presente trabalho a
ocorréncia de uma unidade sedimentar com caracteristicas distintas da Formacéo
Botucatu e que também ocorre entre os derrames vulcanicos da Formacao Serra Geral.
Essa unidade possui caracteristicas litoldgicas e facioldgicas semelhantes as da Formacao
Guaré e foi reconhecida na area estudada (Zerfass et al., 2007; Godoy et al., 2011, 2016,
2018).

A Formacdo Guara, na Bacia do Parana (Scherer & Lavina, 2005, 2006; Zerfass
et al., 2007; Godoy et al., 2011, 2016, 2018; Reis, 2016, 2020; Reis et al., 2019), e 0
Membro Batovi, porcdo inferior da Formacdo Tacuarembo, no Uruguai (Perea et al.,
2009; Amarante et al., 2019) possuem uma associacdo fossilifera (répteis, peixes,
conchostraceos e moluscos) que indica uma idade relativa para Jurassico Superior (Perea
et al, 2009; Soto & Perea, 2010; Francischini et al., 2015). No oeste do estado do Rio
Grande do Sul, foi definida uma distribuicdo lateral de associacBes de facies para a
Formacdo Guard como sendo constituidas por canais fluviais entrelacados perenes e
canais fluviais entrelacados efémeros. Ja na porcdo norte do estado, canais fluviais
fracamente canalizados que intercalam com depositos de dunas eo6licas e, na porcao sul
do estado, por lencdis de areia edlicos (Sherer & Lavina, 2005, 2006). Os depositos
fluviais apresentam padrdo de paleocorrentes para SSW, enquanto que as dunas edlicas
possuem paleocorrentes para NE (Scherer & Lavina, 2005). Esta unidade é limitada na
base e topo por desconformidades com as Formacdes Sanga do Cabral e Botucatu,
respectivamente (Scherer & Lavina, 1997; Scherer, 2000).

Entretanto, os dados de campo na regido central do Rio Grande do Sul (Figuras
13 A, B), limite sudeste atual da borda da Bacia do Parana, mostraram que essa unidade
é limitada na base por uma desconformidade com a Formacdo Caturrita (Triassico
Superior) e seu topo encontra-se em contato com as vulcanicas da Formag&o Serra Geral,
além de ocorréncias de depositos fluviais entre os derrames. Por essa razdo, a idade do
topo dessa unidade, na area de estudo, foi considerada como pertencente ao Cretaceo
Inferior (Zerfass et al., 2007). A Formacdo Caturrita é representada por um conjunto de
camadas lenticulares, tabulares e sigmoidais de arenitos finos a conglomerados que
ocorrem intercalados com pelitos. Esses depositos s@o relacionados a um ambiente fluvio-
deltaico (Andreis et al., 1980; Zerfass et al., 2007; Godoy et al., 2018).

Rios, F. R. (2023)



36
CAPITULO 4 - Contexto Geoldgico

w . r
m:_t, Bacia do Parana 2
wZ [N-NW S-SE e §
%‘“31 i 2=
- e | |-
W g
(2} 65
=]
g
e o
@ @
= F
= =
§ %
< 9
s o
a O
a 9
¥e)
o N
B
(O] 5 8
7|5
= =
z =
2
=z S
o =
o 4
=
[_.
= g
< =
P4
< :
3 z
2
o
o
3 ] &
=
HE
F | <
—350] ©
ORT
<z( g8, B @)
.
< <
[V .. —
o)
5 e
—400) g §
o 2
o =
| &
- &
—450,
= [ |o
< = 12
= L | =
o O
[ .
— 500 é
| S
A
/ AN - 540
(274 s b d bttt b+ +EMBASAMENTO. "« o i e o s b a b d 4 4t

Figura 12: Coluna estratigrafica proposta para a Bacia do Parand (em destaque a
Supersequéncia Gondwana I11) (Modificado de Milani et al., 2007).
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Figura 13: A) Area de estudo na borda sudeste atual da Bacia do Paran4, estado do Rio
Grande do Sul (Modificado de Scherer, 2002; Janasi et al., 2011; Reis, 2016; Rios et al.,
2018). B) Detalhe da area de estudo no intervalo Jurassico Superior - Cretaceo Inferior
(Modificado de Zerfass et al., 2007; Godoy et al., 2011).

Com relagdo a tectbnica da Bacia do Parand, dois estilos estruturais principais
sdo destacados: deformacGes associadas a intrusdes igneas e deformacdes associadas a
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reativacdes de elementos tectonicos lineares, predominantemente com direcGes NE e NW
(Reis, 2013). No entanto, os lineamentos NE sao relativamente mais abundantes e com
maior densidade, enquanto que os lineamentos NW possuem relativamente menor
densidade, porém com predominio de estruturas regionais (Betiollo, 2006).
Secundariamente, lineamentos E-W s&o observados principalmente na por¢do mais ao sul
da Bacia (Zalan, 1986; Artur & Soares, 2002).

As orientagfes NW e NE séo consideradas mais antigas pois foram originadas a
partir da reativacdo, durante o Fanerozoico, de potenciais zonas de fraqueza do
embasamento cratbnico da bacia. Essas zonas de fraqueza influenciaram fortemente a
paleogeografia, sedimentacdo e distribuicdo das facies em toda a bacia, bem como o
desenvolvimento de estruturas tectonosedimentares. J& os lineamentos E-W
desenvolveram-se a partir da separagdo do Gondwana, sendo considerados ativos a partir
do Triassico (Zalan et al., 1987, 1990, 1991). As estruturas de orientacdo NW foram

reativadas no Eocretaceo e estdo associadas a diques de diabasio (Strugale et al., 2007).
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CAPITULO 5 - RESULTADOS OBTIDOS

5. SINTESE INTEGRATIVA DOS ARTIGOS

A Bacia do Parana, na Plataforma Sul-Americana, registrou um evento vulcanico
de ampla magnitude no Cretaceo Inferior, relacionado com a quebra do Gondwana e a
formacdo do Oceano Atlantico Sul. E a denominada Formagao Serra Geral, caracterizada
por um enorme volume de lavas e intrusdes associadas que recobriram e interagiram com
um extenso sistema eo6lico ativo, a Formacdo Botucatu, formando depdsitos e feicdes
vulcano-sedimentares. Os derrames vulcanicos do Serra Geral recobriram unidades
contemporaneas e regionalmente dispersas, a Formacdo Guara. A sincronicidade dessas
unidades sedimentares e vulcanicas produziu diversas feicdes vulcano-sedimentares ao
longa da interface lava-sedimento. Portanto, os artigos propostos abordam principalmente
a génese das interacdes vulcano-sedimentares, visando a verificacdo e proposi¢do de
modelos palecambientais a partir das mesmas. Além da discussdo estratigrafica e
diagenética que sdo fundamentais para uma melhor compreensdo do arcabougo
estratigrafico da bacia durante o Jurassico Superior e Cretaceo Inferior.

O primeiro manuscrito intitulado “Volcano-sedimentary interactions - a key to
understand Cretaceous paleoenvironments in the Parand Basin (southern Brazil)” de
autoria de Fernando Rodrigues Rios, Ana Maria Pimentel Mizusaki, Cassiana Roberta
Lizzoni Michelin e Isaque Concei¢cdo Rodrigues da Silva foi submetido no Journal of
Volcanoglogy and Geothermal Research. O artigo propde o reconhecimento e a
verificacdo paleoambiental a partir de modelos existentes para o Cretaceo por meio de 6
afloramentos no limite sudeste da borda atual da Bacia do Parana. Os depositos e fei¢oes
vulcano-sedimentares foram reconhecidos, mostrando a complexidade do ambiente e dos
processos na associacao lava-sedimento. Eles se originaram pela interacdo de sedimentos
consolidados ou inconsolidados, saturados ou ndo em agua, com derrames de composi¢do
baséltica ou dacitica. As feicdes e depositos de interacdo foram classificadas como
concomitantes ao vulcanismo formando fei¢des e depositos vulcanoclasticos, ou apenas
feicdes de recobrimento com auséncia de interaces; e podem ser posteriores ou em
intervalos de quiescéncia do vulcanismo e retorno da sedimentagéo (epiclasticas).

A partir de tais informacOes, e por meio de caracteristicas distintivas dos

processos de interacdo, entre as rochas vulcanicas com os sedimentos analisados, nas
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feicOes e depositos vulcano-sedimentares, a morfologia do ambiente edlico da Formacéo
Botucatu pbde ser, por analogia, comparada aos ambientes eolicos atuais. De tal forma
que o paleoambiente proposto indica um ambiente sedimentar com diferentes dominios,
categorizados por sua saturagdo em &gua: 1) Dominio de campos de dunas — insaturado
em agua, minimo de umidade nos poros; 2) Dominio de transicdo, insaturado a super
saturado em agua. 3) Dominio de len¢dis de areia edlicos, saturado a super saturado em
agua, com sedimentos Umidos e/ou &gua nos poros. Os diferentes componentes
siliciclasticos encontrados em cada dominio permitiram a formacéo de diferentes fei¢oes
e depositos vulcano-sedimentares.

O segundo manuscrito intitulado “Evolution of the Upper Jurassic and Lower
Cretaceous vulcano-sedimentary register - southeast portion of Parana Basin, Brazil” de
autoria de Fernando Rodrigues Rios, Ana Maria Pimentel Mizusaki, Rualdo Menegat e
Isaque Conceicdo Rodrigues da Silva foi submetido na Cretaceous Research. Mediante
dados de 29 afloramento, 13 perfis verticais e 334 medidas de paleocorrente, na regido
central do Rio Grande do Sul, limite sudeste atual da borda da Bacia do Paran&, mostraram
a ocorréncia de depdsitos fluvio-eélicos da Formagdo Guard em contato com as rochas
vulcénicas da Formacéo Serra Geral.

Através da analise de facies e de elementos arquiteturais, a fim de reconstituir a
evolucdo desse pacote vulcano-sedimentar, o trabalho chegou a um novo entendimento
das relacGes temporais e espaciais dos sistemas fluvio-edlicos (Formacao Guara), eélicos
(Formacéo Botucatu) e vulcanicos (Formagéo Serra Geral) que se desenvolveram nesse
intervalo temporal. As Formacgdes Guara, Botucatu e Serra Geral sdo compostas por vinte
e uma facies agrupadas em cinco associacdes de facies (canal fluvial entrelacado, canal
fluvial entrelacado efémero, lencdis de areia edlicos, dunas edlicas e planicie vulcanica)
com seus respectivos elementos arquiteturais. As ocorréncias de contatos entre depdsitos
das Formacdes Guard e Botucatu e dessas com os derrames da Formacdo Serra Geral
demonstram que esses ambientes sedimentares permaneceram ativos durante o inicio do
vulcanismo, e que ndo houve hiato entre essas unidades.

O terceiro manuscrito intitulado “Volcanoclastic and epiclastic diagenesis of
sandstones associated with volcano-sedimentary deposits from the Upper Jurassic, Lower
Cretaceous, Parana Basin, southern Brazil” de autoria de Fernando Rodrigues Rios, Ana
Maria Pimentel Mizusaki, Cassiana Roberta Lizzoni Michelin e Isaque Conceicéo
Rodrigues da Silva foi submetido no Journal of South American Earth Sciences. Por meio
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da petrografia quantitativa, amostras da matriz arenosa dos depositos vulcanoclasticos e
epiclasticos foram analisadas, a fim de discutir a paragénese das interagdes vulcano-
sedimentares. Processos diagenéticos normais de soterramento foram discutidos para os
arenitos epiclasticos e de diagénese de contato para os arenitos vulcanoclasticos. A
composicdo original dos arenitos vulcanoclasticos e epiclasticos analisados €
heterogénea, sendo a principal distin¢do entre eles € a presenca de indicativos texturais
de fluidizagdo encontradas nos arenitos vulcanoclasticos, ao longo da interface lava-
sedimento. Tais evidéncias texturais apontam para sedimentos inconsolidados e que se
encontravam provavelmente imidos ou saturados em agua no momento da interagdo com
o derrame vulcanico. Os arenitos epiclasticos possuem como principal constituinte
diagenético as argilas infiltradas e esmectitas neoformadas, ja o0s arenitos
vulcanoclasticos sdo cimentados principalmente por calcedénia e secundariamente
zedlita. O volume intergranular ocupado pelos cimentos nos arenitos vulcanoclasticos ao
longo da interface lava-sedimento, apontam para condicdes de formacdo precoces,

préximas a superficie e sdo indicativas da diagénese de contato.
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VOLCANO-SEDIMENTARY INTERACTIONS - A KEY TO
UNDERSTAND CRETACEOUS PALEOENVIRONMENTS IN THE
PARANA BASIN (SOUTHERN BRAZIL)

Fernando Rodrigues RIOS®, Ana Maria Pimentel MIZUSAKI?, Cassiana Roberta
Lizzoni MICHELINP, Isaque Conceicdo RODRIGUES da Silva?

2UFRGS, Instituto de Geociéncias, Programa de Pds-Graduacao em Geociéncias, Campus do Vale — Porto
Alegre (RS).
PUFRGS, Instituto de Geociéncias, Departamento de Mineralogia e Petrologia, Campus do Vale — Porto
Alegre (RS).

ABSTRACT The Lower Cretaceous in the Parana Basin registers an immense volcanism
(Serra Geral Formation) that covered an active sedimentary system (Botucatu Formation)
that precedes the fragmentation of the southern Gondwana. So, the fluvial-aeolian
deposits underlying aeolian deposits of residual dunes, were gradually covered by
volcanic flows. Intense basic and minor acidic magmatism covered an extensive
continental aeolian environment. The interface between the two units shows an aeolian
environment during the early stages of volcanism forming deposits and volcano-
sedimentary features overlying and underlying the flows. In six outcrops on the southern
portion of the current border of Parana Basin, in Rio Grande do Sul state, these deposits
and features were recognized, showing the complexity of the environment and the
processes associated with lava flows and sediments. They were formed by the interaction
of consolidated or unconsolidated sediments, saturated or not in the water, with basaltic
or dacitic flows. Interaction features and deposits synchronous to volcanism
(volcanoclastic), later or in intervals between volcanic events (epiclastic) and only cover,
with absence of interactions, were identified. Through the distinctive characteristics of
the interaction processes between the volcanic rocks and the sediments analyzed in the
volcanic-sedimentary features and deposits, the morphology of the aeolian environment
of Botucatu Formation could be, by analogy, compared to the current aeolian
environments. The proposed paleoenvironment indicates a sedimentary environment with
different domains, categorized by their water saturation. The different siliciclastic
components found in each domain allowed the generation of different features and
volcanic-sedimentary deposits evidencing aspects related to the presence or absence of
water among the proposed domains.

Keywords: Volcano-sedimentary interaction, Volcanoclastic, Breccia, Botucatu
Formation, Serra Geral Formation.

1. INTRODUCTION

The end of the Jurassic and the beginning of Cretaceous in Parana Basin located
in the South American platform are marked by aeolian deposits and basic to acid lava
flows (Fig. 1A) (Milani et al., 1998; Scherer et al., 2021). Aeolian sediments covered by
lava flows originate features and rocks along the contact between them are known as lava-

sediment interactions. Both consolidated and unconsolidated sediments, the presence of
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fluids, especially water, and the contemporaneity between sedimentation and magmatism
contribute to the complexity presented by volcano-sedimentary interactions. Volcano-
sedimentary interactions are fundamental in paleoenvironmental reconstructions and
important stratigraphic markers. Due to the fact they provide a relative age, sedimentation
and magmatism are contemporary events and must be analyzed together (Macdonald,
1939, Branney and Suthren, 1988; Allen, 1992; Boulter, 1993; McPhie et al., 1993; Rios
et. al., 2018).

Both igneous and sedimentary conditions control the rocks and features
generation through the volcano-sedimentary interaction, such as emplacement, type of
lava, temperature, degree of crystallization, granulometry, composition, consolidation,
and degree of water saturation in sediments. However, the processes and products from
interactions are still not fully understood. Regarding lavas, processes can occur still at
high temperatures when molten or when fully crystallized, at room temperature of how
lava/magma interacts with consolidated or unconsolidated sediments with or without the
presence of water. The interaction between volcanic rocks and sediments can occur
concomitantly with extrusions (probable intrusions are also included) or later, due to
weathering, erosion, and sedimentation (Kokelaar, 1982; Lorenz, 1984; Busby-Spera and
White, 1987; McPhie et al., 1993; Hanson and Hargrove, 1999; Dadd and VVan Wagoner,
2002; Jerram and Stollhofen, 2002; Lorenz et al., 2002; Skilling et al., 2002; Squire and
McPhie, 2002; Zimanowski and Buttner, 2002; McLean et. al., 2016; Rawcliffe, 2016;
Gihm and Kwon, 2017; Kwon and Gihm, 2017; Rios et. al., 2018; Nogueira et al., 2021;
Jeon and Sohn, 2022)

In Parana Basin, the transition from aeolian sedimentation of Botucatu
Formation to the predominant volcanism of Serra Geral Formation is remarkable. The
thick successions of basic and acidic flows show at the base intercalations of aeolian
sediments that originate frequent volcanic-sedimentary features in many portions of the
basin. Lava-sediment interactions are documented in literature and there are descriptive
models of lava aspects of the generation of different lithologies and features. However,
the understanding of these processes, the resulting rocks, and the environments involved
require additional explanation (Petry et al., 2007; Waichel et al., 2008; Michelin, 2014;
Reis et al., 2014; Rios et al., 2018).

Thus, this work aims to recognize these deposits and features searching for the

mechanisms that influence the processes of volcano-sedimentary interaction from
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igneous and sedimentary perspectives. Furthermore, the present study attempts to verify
the existence of water or humidity for the existing paleoenvironmental models for the
Cretaceous of Parana Basin through the distinctive characteristics of interaction processes

between the volcanic rocks and the analyzed siliciclastic sediments.

2. GEOLOGICAL SETTING

The Parand Basin, in the southeast of South American Platform, records
successive processes of subsidence, uplift, sedimentation, and magmatism from the
Ordovician to the Cretaceous (Zalan et al., 1990; Milani, 1997; Milani et al., 1998, 2007).
The basin holds approximately 7,000 m of volcanic-sedimentary sedimentation in the
basin's depocenter subdivided into six Supersequences: Rio Ivai, Parana, Gondwana I,
Gondwana Il, Gondwana Il and Bauru (Milani, 1997). The Gondwana 1l Supersequence
(Neo-Jurassic to Early Cretaceous) is important to the study since it comprises an aeolian
sedimentation associated with the Botucatu Formation and an intense magmatism called
Serra Geral, where volcano-sedimentary interactions can be observed (Figs. 1A, B).

Siliciclastic deposits from Botucatu Formation outcrop in the southeast limit of
the Parana basin (Fig. 1C). There is a predominance of quartz sandstones that are well
selected, pinkish, fine to medium grain size and rounded grains, associated with large
crossed stratification, indicate residual deposits of aeolian dunes. At the base of the
formation, there are lenticular deposits of conglomerates and sandstones from coarse to
conglomerate granulometry, associated with ephemeral channels in a fluvial-alluvial
context (Almeida 1954; Bigarella and Salamuni, 1961, 1967, Soares, 1975; Bigarella,
1979; Almeida and Melo, 1981; Scherer, 2000). The base of the formation (attributed to
the Upper Jurassic - Lower Cretaceous) is marked by a regional unconformity and
interactions with the Serra Geral volcanics in the upper portion. The Serra Geral
Formation is a succession of up to 1,700 m with basic and, secondarily, acid flows of
approximately 134 Ma (Lower Cretaceous - Renne et al., 1992; Thiede and Vasconcellos,
2010; Janasi et al., 2011; Baksi, 2018; Rocha et al., 2020).

Rios, F. R. (2023)
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Figure 1: A) Parana Basin in South America Platform. B) Gondwana Il Supersequence,
characterized by Botucatu and Serra Geral Formations (modified from Milani et al.,
2007). C) Studied areas along the current edge of the Parana Basin, Rio Grande do Sul
state. Profile (1) 29°28°55” S/ 53°28°33” W; (2) 29°06°05” S/ 53°13°49” W; (3)
29°30°12” S/ 52°39°00” W; (4) 29°41°30” S/ 52°23°23” W, (5) 29°37°54” S/ 51°08°49”
W; (6) 29°21°27” S/ 49°44°02” W (modified from Scherer, 2002; Janasi et al., 2011; Rios
etal., 2018).

Botucatu Formation was gradually covered by the Serra Geral Formation lava
flows, but the aeolian environment was still active during the initial stages of volcanism.
This sedimentary content embraces sandstone layers from a few centimeters to several
meters thick named intertraps (Milani et al., 1998; Scherer, 2002; Petry et al., 2007;
Waichel et al., 2008; Michelin, 2014; Reis et al., 2014; Rios et al., 2018)

The study area is in the current southeast boundary of Parand Basin where
Botucatu and Serra Geral Formations preferentially outcrop along E-W escarpments (Fig.
2). Analysis of aerial photos and previous research information allowed the selection of

six regions with interaction sediments and lava flows-(Fig. 1).
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Figure 2: Location of the study areas (see Fig. 1C), the topographic profile that composes
the transect, location and representation of the vertical profiles in Parana Basin.

3. MATERIALS AND METHODS
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Six vertical profiles were made allied to the characterization of sedimentary and
volcanic rocks, structures, and products associated with the lava-sediment interaction.
The transects were made using the topographic position of the outcrops according to the
software Google Earth (Fig. 2).

The collected samples were macroscopically described, photographed and
selected for petrography. Ninety-two samples were analyzed by conventional petrography
and complemented by X-ray diffraction analysis (XRD).

Analyzes of X-ray diffraction using whole rock and fine fraction (<4um), were
performed at the X-Ray Diffraction Laboratory of the Institute of Geosciences of the
Federal University of Rio Grande do Sul. The diffractometer used was a Siemens D5000
Diffraktometer under K o Cu radiation conditions, 40 kV, 30 mA of filament current and

range from 2 to 72° (20).

4. RESULTS

The rocks and products of the interaction between volcanic and sediments were
identified and described in the columnar profiles (Fig. 2; Tab. 1). For a better
understanding, we will separately describe the volcanic and sedimentary lithotypes found.
(Fig. 3A, B, C, D) are grouped in tables 2 and 3.

Flow streak  Preserved Volcanoclastic ~ Sandstone  Sediment-filled Epiclastic

Profile and lava lobe dune deposit dike fractures deposit
1 X X
2 X X X
3 X X X
4 X X X X
5 X X X X
6 X X X

Table 1: Volcano-sedimentary features and deposits observed in the different profiles
(modified from Rios et al., 2018).

Rios, F. R. (2023)
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LS =4 0,5 mm [~
Figure 3: A) Basalt with vesicles filled with zeolite (Zeo) and celadonite (Cel), (crossed
polarizers, XP). B) Basalt with glomeroporphyritic texture and plagioclase (PI), augite
(Aug) and pigeonite (Pgt) phenocrysts in a glassy matrix (XP). C) and D) Dacite with fine
texture and glomeroporphyres of plagioclase, quartz (Qz) and augite; and vesicles filled
with microcrystalline quartz (yellow arrow) (XP).

Basic (Basalt) Acid (Dacite)

Flows, horizontal and vertical disjunction,
intense fracturing. Eventually geodes are

observed. Color is dark grey, Flows, horizontal disjunction, some
hypocrystalline textures, fine fractures. Color is reddish brown,
Main characteristics inequigranular, idiomorphic to fine and glomeroporphyritic texture
allotriomorphic crystals. Vesicles filled with phenocrysts. Vesicles filled
with microcrystalline quartz, agate, with microcrystalline quartz.
chalcedony, zeolite, celadonite and calcite
(Fig. 3A).

Plagioclase phenocrysts, secondarily augite ~ Glomeroporphyres of plagioclase,
and pigeonite in a glassy matrix, partially ~ quartz and K-feldspar, and augite

Mineralogy devitrified, without preferential orientation phenocrysts may occur (Fig. 3C
(Fig. 3B). and D).
Occurrence profile Profiles 1, 3, 4 e 5. Profile 2.

(see Fig. 2)

Table 2: Main characteristics, composition, and occurrence profiles of volcanic rocks.

Sandstone A Sandstone B Sandstone C

Rios, F. R. (2023)
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Classification Subarkose Litharenites and sub- Litharenites
(Folk, 1968) litharenites
Pink to brown, low to Reddish to brownish,
Pink, high textural maturity, = moderate textural maturity, low textural maturity,
Main fine to medium sand clay to coarse sand fine sand to coarse sand
characteristics  granulometry, sub-rounded granulometry, angular to granulometry,
to rounded grains. rounded grains, interbedded  subangular to rounded
silt-clay sheets. grains.
Monocrystalline and Monocrystalline and
. . . Mono and
. polycrystalline quartz, polycrystalline quartz, detrital .
Detrital - - polycrystalline quartz,
- predominantly, and K clay, volcanic fragments and .
composition - . volcanic fragments,
feldspar, secondarily. feldspar. Opaque, muscovite,
and cement . . . : . feldspar, and sandstone
Tourmaline, zircon, apatite, tourmaline and zircon as
. . fragments.
and garnet as accessories. accessories.
Presence of infiltrated clays.
Cementation of Cementation by Presence of infiltrated
Diagenetic microcrystalline quartz, microcrystalline quartz, clays. Cementation of
aspects chalcedony, opal, celadonite  chalcedony, zeolite, illite-  microcrystalline quartz,
and calcite. smectite, Ti oxide, hematite, smectite and zeolite.
celadonite and calcite.
Occurrence
profile (see Profiles 3, 4, 5 and 6. Profiles 1,2,3e4 Profile 1
Fig. 2)

Table 3: Classification, and characteristics of sandstones.

Interaction features and deposits can be concomitant with volcanism
(volcanoclastic), after the volcanic event (epiclastic) or only covering by the flows, with
the absence of interactions.

Flow streaks and lava lobes are features in which lava covers sediments with no
evidence of disturbance or mixing. They occur at the lava-sediment interface (Figs. 4 A,
B and C) or the top of the intertraps (Profiles 4 and 5, see Fig. 2). Figure 4D represents a
structure indicating a pinkish paleodune, subarkose (Sandstone A — Table 3), large scale
trough cross-stratification, inverse gradation in the strata and it was covered and preserved
by lava (Profiles 5 and 6, see Fig. 2). When covered by the volcanic flow, the eolic dunes
can completely preserve the morphology of the desert paleotopography (Waichel et al.,
2008). Forming a duneiform (wavy) contact (Fig. 4D) with the volcanic flow that was
superimposed. The print of lava lobes in the subarkose were observed in profile 4 (Fig. 4
C).

Rios, F. R. (2023)
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Serra Geral Formation

ol AR s b e g e i e s
Figure 4: Details of the covering features in subarkose (Sandstone A). A) 10 meters thick
dune, the base of profile 5 (modified from Rios et al., 2018). B) Detail of figure A, flow
streaks over the dune (profile 5, see Fig. 2), the yellow arrow indicates lava flow. C) Prints
of lava lobes on subarkose (profile 4, Fig. 2), yellow arrow indicates lava flow. D)
Preserved dune beneath the volcanic flows of the Serra Geral formation, profile 5 (see
Fig. 2).

In the contact between the lava flows and the sediments, volcanoclastic deposits
with dimensions ranging from centimeters to meters are formed. They form at the lava-
sediment interface - beneath volcanic flows, and may also occur with dyke morphology -
discordant with bedding. The classification of volcanoclastic rocks can be based on the
size and morphology of the volcanic clasts (angular, globular, fluidal and with a mixture
of morphologies), on the type and mineralogical composition of the matrix sediments
(Folk, 1968 — Table 3), and, when possible, on the genesis (McPhie et al., 1993; Lorenz
1984; Bushy-Spera and White, 1987; Skilling et al., 2002).

This work named the volcanoclastic deposits in a more descriptive way using the
term breccia associated with the compositions of volcanic clasts and sedimentary matrix
(Rosa et al., 2016).

In columnar profiles 2, 3 and 4 (Fig. 2), the volcanoclastic deposits are defined as
basaltic breccias of litharenite matrix (Sandstone B; Table 3). The occurrences have a
lateral extension of up to 3 m and an average thickness of around 50 cm (Figs. 5A, B).

Rios, F. R. (2023)
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Volcanic clasts from 0.2 mm to 10 cm with angular, fluidal, and globular morphologies
(Figs. 5D, E); eventually have some vesicles filled with sedimentary material. Primary
sedimentary structures were not observed, but silty-clayey and sandy foliations forming

planes along lava-sediment contact are common. (Figs. 5F, G). Poikilotopic zeolite,

prismatic zeolite and prismatic quartz are common cements in the siliciclastic matrix
(Figs. 5F, G).

; NS 05 (B T wi5mm [t e SRS 3 0,5mm |
Figure 5: Details of the basaltic breccia of the litarenite matrix. A) and B) Deposit with

dyke morphology and angular clasts (Profile 4, see Fig. 2). C) Formation of the basaltic
breccia along the interface with the litarenite. D) Detail of figure C, destruction of
sedimentary structures and volcanic clasts with angular and fluidal morphologies (Profile
3). E) Vitreous volcanic clasts with angular morphologies, indentations and vesicles
(Profile 3, see Fig. 2) (uncrossed polarizers, //P). F) Basalt — litarenite interface
(Sandstone B), destruction of the original sedimentary structures and cementation of the
siliciclastic matrix by prismatic zeolite (Zeo) (Profile 4, see Fig. 2) (//P). G) Disruption
of the foliations and cementation by zeolite (Profile 4, see Fig. 2) (crossed polarizers,
XP).

Related to profiles 5 and 6 basaltic breccias of subarkose matrix (Sandstone A —
Table 3) are common. The deposits are beneath the basaltic flow with extensions of up to
100 m and thicknesses of up to 4 m (Figs. 6A-D). Volcanic clasts from 0.2 mm to 40 cm,
angular, globular, fluidal and clasts with mixed morphologies (Figs. 6B, D, E, G). Clasts

Rios, F. R. (2023)
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with sediment-filled vesicles are common (Fig. 6G). Large scale trough cross-
stratification destroyed along the lava-sediment interface. The matrix is cemented by
zeolite and calcite (Figs. 6 E-G).

Flgure 6: Details of the basaltic brecma of subarchose matrix (Proflle 6, see Fig. 2) A)
Photomosaic of the domain where the deposit occurs (Torres — RS). B) Contact between
the basaltic breccia of subarchose matrix and basaltic flow. C) and D) Clasts from 5 to 30
cm with angular and globular morphologies, immersed in subarchose matrix. E) and F)
Volcanic clasts with mixture of angular and fluidal morphologies, rounded edges, vesicles
filled with calcite (Cal) and zeolite (Zeo) (crossed polarizers, XP). G) Vesicles filled with
sediment (white arrow) (XP).

Associated with the breccias there are sandstone dykes (profiles 1 to 6, see Fig. 2)
(Rios et al., 2018). These are fractures filled with sandstone, branched, with centimetric
thicknesses (Fig. 7A), rectilinear (Fig. 7B), curved (Fig. 7C) or irregular limits (Figs. 7D-
G). Reaction edges between the host rock (basalt) and the dyke, presence of volcanic
clasts with fluidal to globular shapes are common (Figs. 7D-G).

Rios, F. R. (2023)
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Figure 7: Details of the sandstone dykes. A) Branched sandstone dykes a few centimeters
thick, profile 5 (see Fig. 2). B) Sandstone dykes with straight edges, profile 4. C)
Sandstone dykes with curved edges, profile 6 (see Fig. 2). D) and E) Irregular edge and
clast with fluidal morphology, profile 4 (see Fig. 2). F) e G) Irregular edge and clast with
globular morphology, profile 4 (see Fig. 2).

The sandstone dykes in profiles 1, 2, 3 and 4 (see Fig. 2) are filled with
sublitharenite (see Sandstone B; Table 3), with low textural maturity and detrital clay
foliations. Sometimes, there is a decrease in the granulation of the volcanic rock (basalt
or dacite) at the contact (Fig. 8A) and/or formation of detrital clay foliations parallel to
the contact with the volcanic rock (Figs. 8A-C). The rupture and/or deformation of these
foliations by the injection of sand is verified (Figs. 8D, E). Generally, near the edge of

Rios, F. R. (2023)
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the dykes, there are inclusions of sediments inside the volcanic rock and volcanic clasts

with globular shapes in the sediments (Fig. 8F).

¥ " L 0,5mm | ) ; !

Figure 8: A) Contact of basalt with sublitharenite (Sandstone B), decrease in granulation
(blue arrows). The formation of silty-clay foliations parallel to the contact (yellow
arrows), (Profile 2, see Fig. 2), (uncrossed polarizers, //P). B) and C) Detrital clay
segregation (yellow arrows) close to the contact with the basalt (Profile 4, see Fig. 2)
(//P). D) (//P) and E) Deformation of the detrital clay foliations (black arrows) and their
disruption by the injection of sand (red arrows), (Profile 2, see Fig. 2) (crossed polarizers,
XP). F) Volcanic clast with globular morphology near the contact (Profile 2, see Fig. 2),
(/1/P).
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The sandstone dikes of profiles 3, 4, 5 and 6 (see Fig. 2) are filled with Sandstone
A (see Table 3). The borders of the dyke are characterized by a decrease in basalt
granulation (Figs. 9A-D). There are extensions of basaltic lava into the sediments (Figs.

9C, D). Volcanic clasts of fluidal and globular morphologies are observed (Figs. 9A and
B)

$ o e s
N 8. %

Figure 9: A) Granulation decreased (blue arrows) in contact between the basalt and the
subarkose (Sandstone A). Volcanic clasts with fluidal morphologies, and globular (Profile
5, see Fig. 2), (crossed polarizers, XP). B) Elongations of basalt into the sediments and
there is a decrease in basalt granulation (blue arrows), (Profile 5, see Fig. 2), (crossed
polarizers, XP).

The other features described are epiclastic whereas occur after the partial or total
cooling of the lavas and dominance of sedimentary processes.
Sediment-filled fractures, for example, were found in three profiles (2, 3 and 4;

see Fig. 2) at the top of the basaltic flows. These features are associated with the presence

of intertraps (Figs. 10A, B) and are filled with Sandstones A in profiles 3 and 4 and
Sandstone B in profile 2 (Table 3, Fig 2).

Fgure 1: A) Interr between basaltic flows describe in pofie (ee Fig. 2). B) detail
of sediment-filled fracture associated with the intertrap (Sandstone A) and top of basaltic
flows, profile 3 (see Fig. 2) (modified from Rios et al., 2018).

Rios, F. R. (2023)



57
CAPITULO 6 - Artigos

The epiclastic deposit covers a basaltic flow and has a lenticular geometry as can
be seen in profile 1 (see Fig. 2). It varies in length and thickness, 30 meters and 3 meters,
respectively (Fig. 11A). The deposit was characterized based on its geometry, disposition
(bottom and top), the texture of the intraclasts, “matrix,” transport marks and effects of
weathering on the intraclasts.

It is represented by a conglomerate, litharenite with clayey intraclasts. There is no
preferential imbrication of intraclasts immersed in the lithoarenite “matrix” (Sandstone C
— Table 3). The base of the deposit is in contact with the basalt flow through an erosive
surface, has lenticular geometry, with intraclasts from 0.2 mm to 35 cm with irregular
borders (Fig.11A, B). There is a transition evidenced by trough cross-satratification and
a significant decrease in the amount and size of intraclasts at the top of the deposit (Figs.
11C-F). Intraclasts may have zeolite-filled vesicles (Figs. 11D, E). The top of the deposit

has subangular to rounded grains, with punctual, linear, floating contacts, intragranular

and intracrystalline porosity (Figs. 11G, H) and intergranular (Figs. 11 G - 1).

S 52 P27 2 i (O e
Figure 11: Details of the conglomerate, litharenite, with clayey intraclasts (Sandstone C)
(Profile 1). A) Deposit of lenticular geometry, superimposed on a basaltic flow. B) Detail
of Figure A, the base of the deposit in contact with the basaltic flow through an erosive
surface. C) Detail of Figure A, top of the epiclastic deposit. D) and E) Irregular intraclasts
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with vesicles filled with zeolite. F) Trough cross- stratification at the top of the deposit
and small clayey fragments (black arrows). G) (uncrossed polarizers, //P) and H)
Intragranular and intracrystalline porosity in clay fragments (in yellow) and small
fragments (black arrows) (crossed polarizers, XP). 1) Punctual, floating contacts and
intergranular porosity (//P).

5. DISCUSSION

The recognition of volcanoclastic rocks, interaction features and covering between
lava flows and sediments are requirements for the interpretation of the volcano-
sedimentary paleoenvironment and sometimes a relative chronology. The identification
and description of the features and volcanic-sedimentary deposits, the correlation, and the
location of the profiles studied in the outcropping limit of the Juro-Cretaceous sequence
of the Paranid Basin show the complexity of interactions of lava and sedimentary
processes.

The Juro-Cretaceous Botucatu Formation, constitutes an aeolian continental
desert environment where recurrent magmatic activity generates volcano-sedimentary
interactions and covering features.

Sand sheets and dune fields (ergs) are a remarkable morphology of a current desert
system, although ephemeral river plains, intermittent lakes (playas) and alluvial fans may
also be associated (Giannini et al., 2008).

Ergs, the regions with aeolian dune fields in current deserts, occupy up to a
maximum of 20% of the total area (Lancaster, 1995). Modern sand sheets, however,
generally occur on the limits of dune fields (Kocurek and Nielson, 1986; Schwam, 1988).
The development of these deposits is associated with: coarse-grained sediments (coarse
sand to gravel), groundwater level close to the surface, frequent flooding and intense
vegetation (Kocurek and Nielson, 1986).

Deserts are considered dynamic systems with active eolian sedimentation due to
wind speed, low effective humidity and little vegetation covering (Lancaster, 1988;
Kocurek and Lancaster, 1999).

In addition, it is essential to understand that changes in the properties of lava,
sediments and transport processes in a desertic sedimentary environment affected by a
volcanic event will result in different products of volcano-sedimentary interaction
(Busby-Spera and White, 1987; McPhie et al., 1993; Dadd and Van Wagoner, 2002;
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Jerram and Stollhofen, 2002; Skilling et al., 2002; Zimanowski and Buttner, 2002; Rios
etal., 2018).

Consequently, the search for analogies with current desert environments makes it
possible to propose a paleoenvironmental model (Fig. 12). The model presents a
perspective of the events that formed the features and volcanic-sedimentary deposits
according to the analyzed points. The model (Fig. 12) is mainly based on properties as:
water saturation of the sediments - evaluated through the composition and granulometry
of siliciclastic sediments (mainly the presence of silt-clay fractions and coarse sand
fractions); degree of sediment consolidation; and textures and structures formed during
the genesis of volcanic-sedimentary features and deposits (morphologies of volcanic
fragments, formation of silt-clay foliations). The features and volcanoclastic deposits
originated during volcanism through different sediment remobilization mechanisms, such
as differences in temperature, fluidization, and sediment transport.

The proposed paleoenvironment indicates the existence of an active eolic
sedimentary environment that differentiates laterally and temporally through different
domains (Fig. 12A):

- Dune fields — essentially composed of Sandstone A (Table 3), unsaturated in water,
minimal moisture in the pores (Profiles 5 and 6, see Fig.2);

- Aeolian sand sheets - Sandstones B and C (Table 3), saturated to supersaturated in water,
with wet sediments and/or water in the pores (Profiles 1 and 2, see Fig.2).

- Transition — Sandstones A and B (Table 3), unsaturated to supersaturated in water
(Profiles 3 and 4, see Fig.2).

Towards the west of the studied profiles on the current edge of the Parana Basin
as figure 12A indicates it is possible to recognize a decrease in the quantity deposits
related to the composition of subarkose or Sandstone A (profiles 3, 4, 5 and 6, see Fig.
2). Concerning Profiles 5 and 6 (see Fig. 2) only Sandstone A is related to volcanoclastic
features and deposits. In profiles 3 and 4 (see Fig. 2), sublitharenites and litharenites,
Sandstone B, compose the features and volcanoclastic deposits but Sandstone A occurs
as intertraps. Profile 2 (see Fig. 2) marks the predominance of Sandstone B and the
absence of Sandstone A. In profile 1 (see Fig. 2), litharenite, Sandstone C, indicates a
significant increase in the granulometry of siliciclastic constituents in the epiclastic
deposit. Looking all these evidences it is possible to infer an increase in the presence of
water and/or humidity towards the west profiles (Fig. 12A).
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The contemporaneity of the processes of sedimentation and magmatism in an
aeolian environment means that the sediments transported by the wind are sometimes
deposited on a volcanic substrate. A sediment layer is formed and named intertrap when
immediately recovered by a subsequent lava flow. As a result, in the domain of aeolian
dune fields, sediment remobilization mechanisms may have been inhibited in certain
locations. For example, where there is the complete preservation of aeolian dunes (Figs.
4D and 12B-1). It is a feature compositionally related to Sandstone A and is found
exclusively in the dune field domain. The sediments, at the time of lava placement,
probably had a minimum of water in the pores. Thus, the combination of sediment
properties and low humidity possibly preserved the bedding and its internal structures and
prevented lava fragmentation (Scherer, 2002; Waichel et al., 2008; Rios et al., 2018).
Consequently, it inhibited the formation of volcanoclastic breccias and sandstone dykes
(Fig. 12B-1).

Associated with the paleo relief there are flow streaks and lava lobes (Figs. 4B
and C). Their genesis is related to the differences in density and temperature between the
sedimentary and volcanic components. In such a way that, when flowing over the
unconsolidated sediment, the lava deforms, also deforming the underlying sediment
(Figs. 12B-1 and B-3) (Waichel et al., 2008). These features were found in dune domains
and transition fields and are associated with Sandstone A.
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Figure 12: Proposition of a paleoenvironmental model, figures from A to D indicate
succession in time. A) Different domains indicating an increase in the presence of water
and/or humidity towards the west of the 6 profiles studied along the current edge of the
Parana Basin. B), C) and D) Volcano-sedimentary environment and the contemporaneity
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of eolic sedimentation and magmatism forming volcanic-sedimentary features and
deposits.

Volcanoclastic deposits characterized by basaltic breccias of litharenite matrix
and basaltic breccias of subarkose matrix are formed by the fluidization process. They
occur in all suggested domains, dune fields (Figs. 12B-2, C-1), transition fields (Figs.
12B-4, C-2) and aeolian sand sheets (Fig. 12B-5). These deposits were formed by the
temperature contrast of the lava with the partially wet, humid, or water-saturated sediment
responsible for the fluidization process. Water is vaporized and the former steam is
trapped along the sediment-lava interface. Lava fragments when in contact with wet
unconsolidated sediment, forming igneous clasts (Skilling et al., 2002; Squire and
McPhie, 2002). The clasts have variations in their morphologies, which may be associated
with the different domains of occurrence. Clasts with angular shapes (Figs. 5B, 6C and
6D) are more characteristic of the dune field domain, although they are found in the
transitional domain. Clasts with fluidal and globular morphologies (Figs. 5F-H) were
found more frequently in the aeolian and transitional sand sheets domains when compared
to the dune fields domain. Clasts with mixed morphologies (Figs. 5E, 6E-G) are common
across domains. Probably due to the different brittle and ductile fragmentation processes
that occurred during the genesis of these deposits (Skilling et al., 2002; Squire and
McPhie, 2002). Fluidization is responsible for the destruction of primary sedimentary
structures; however, it promotes the development of silt-clay foliations at the lava-
sediment interface (Figs. 5F-H) (Kokelaar, 1982; Branney and Suthren, 1988; McPhie et
al., 1993; Doyle, 2000; Skilling et al., 2002; Brown and Bell, 2007).

Sandstone dykes are also formed through the fluidization process (Kokelaar,
1982). It is a feature found in all proposed domains, dune fields (Figs. 12B-2 and C-1),
transition fields (Figs. 12B-3, B-4 and C-2) and aeolian sand sheets (Figs. 12B-5, B-6 and
12D-2). Humidity in unconsolidated sediments is converted into steam. It is pressurized,
and confined at the base of volcanic flow. Fracturing, due to the rapid cooling of the
magmatic body, reduces the pressure, with the injection of sediments along the pressure
relief zone. The base of the flows is reworked by the steam flow, involving the “pull-out”
and formation of clasts from the volcanic flow (Rios et al., 2018). Clastic dykes differ
from one domain to another through their filling. Sandstone dykes filled by Sandstone A
are associated with dune fields and transition domains. Sandstone dykes filled by

Sandstone B are associated with aeolian and transition sand sheet domains. The textural
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homogenization of the sediments and the consequent formation of silt-clay layers (Figs.
8A-C), parallel to the contact with the volcanic, probably originated from the fluidization
of the sediments, as well as in the volcanoclastic deposits.

The fractures filled by sediments and the conglomerate, litharenite, with clayey
intraclasts are features were defined as epiclastic as the result of the re-sedimentation of
pre-existing rocks. It contains fragments derived from syn-eruptions and post-eruptions,
through weathering and erosion processes (Fisher 1960; Cas & Wright 1987; McPhie et
al., 1993).

The fractures filled by sediments also have morphology conditioned to the
volcanic paleo relief and the condition of contemporaneity between the sedimentary and
volcanic systems (Figs. 10A, B). In this study, sediment-filled fractures are associated
with cooling fractures, common at the top of flows (Fig. 12C-1). These fractures are filled
with sediments, probably the result of a return of sedimentation, the same that probably
originated the intertraps (Fig. 12D-1) (Michelin, 2014; Rios et al., 2018). These features
were found in the domains of aeolian and transitional sand sheets and are associated with
Sandstones A and B.

The conglomerate, litharenite, with clayey intraclasts was formed in a time
interval between volcanic events and associated with exposure, weathering and reworking
(Fig. 12B-6). Ephemeral river channels have invaded the exposed and partially or fully
cooled volcanic surface (Fig. 12C-3). The base of the deposit was formed after the erosion
of the volcanic plain by the ephemeral channels that were installed mobilizing the
volcanic fragments displaced (Fig. 12C-3). In water, in addition to the sudden cooling,
the fragmentation of the lava also causes the exsolution of gases from the magma, which
causes vesiculation. The clasts are heavily replaced by clay minerals, they exhibit
irregular shapes and contours, common characteristics of glassy fragments (McPhie et al.,
1993). In addition, they have many vesicles filled with zeolite (Fig. 11D), a mineral
commonly associated with the alteration of volcanic glass (Tucker, 2001). At the top of
the deposit, the amount of volcanic material available for transport decreased and trough
crossbedding structures were formed by subaqueous tractive currents (Figs. 11E, F). In
this way, the volcanic-sedimentary material was deposited, forming the poorly selected
epiclastic deposit (Fig. 12D-3), with fragments of volcanic origin with a wide
granulometric variation (medium sand to cobble). The active diagenetic process caused
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the volcanic intraclasts to be partially or totally replaced by clay minerals and Fe oxides.

It is a specific deposit of aeolian sand sheets.

6. CONCLUSIONS

Interaction features and deposits concomitant to volcanism (vulcanoclastic),
later or in intervals between volcanic events (epiclastic) and only cover, with absence of
interactions, were identified.

By comparing the morphology of the aeolian system of the Botucatu Formation
to current aeolian environments, the proposed paleoenvironment indicates a sedimentary
environment with different domains that allowed the formation of different features and
volcanic-sedimentary deposits. The domains were defined in aeolian sand sheets
(saturated to super saturated in water) occurring at the edge of dune fields (unsaturated in
water) and, between them, the transition (unsaturated to super saturated in water).

By means of this analogy, an increase in the amount of water and/or humidity
towards the west of the profiles studied in the current border of the Parana Basin is
proposed, not being possible to estimate the water contents (%) that were present.

This fact is confirmed by the appearance, towards the west of the profiles
studied, of silt-clay fractions, as well as the increase in the granulometry of the sediments
associated with the aeolian sand sheets, with evidence of ephemeral fluvial channels. In
addition, the fragmentation of lava forming volcanic clasts with different morphologies
and their mixture with the different siliciclastic components found in each domain points,
mainly, to aspects related to differences in humidity between the proposed domains,
evidenced by the fluidization in the genesis of the features and deposits volcanoclastic.
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ABSTRACT The period between Upper Jurassic and Lower Cretaceous on the southern
border of Parana Basin was characterized by the accumulation of the aeolian system from
Botucatu Formation which was entirely preserved by the volcanic flows of Serra Geral
Formation. Intense basic and acid magmatism to a lesser extent, covered an extensive
aeolian continental environment. However, data from 29 outcrops, 13 vertical
stratigraphic profiles and 334 paleocurrent measurements, in the central region of Rio
Grande do Sul state, the current southeast limit of the Parana Basin’s border, exposed
fluvial-eolian deposits of Guara Formation in contact with volcanic rocks of Serra Geral
Formation. This work considers a new temporal and spatial relationships understanding
between the fluvio-aeolic, aeolian and volcanic systems that developed in this temporal
range. For this purpose, facies analysis and architectural elements were used to
reconstruct the evolution of this volcanic-sedimentary register. It is evident that Guara,
Botucatu and Serra Geral Formations are composed of twenty-one facies grouped into
five facies associations (braided fluvial channel, ephemeral braided fluvial channel,
aeolian sand sheets, aeolian dunes, and volcanic plain) according to their architectural
elements. The contacts between the deposits of Guara and Botucatu Formations and their
contacts between Serra Geral Formation flows demonstrate that these sedimentary
environments remained active during the volcanism onset, and there was no hiatus
between these units. Therefore, Guara and Botucatu Formations present ages between
Upper Jurassic and Lower Cretaceous.

Keywords: Botucatu Formation; Serra Geral Formation; Guara Formation; Fluvio-eolian
systems; aeolian systems.

1. INTRODUCTION

For a long time, the Jurassic-Cretaceous period of Parana Basin was subdivided
into three units: fluvial-eolian basal unit (Guara Formation); classic wind intermediate
unit (Botucatu Formation); and an entire volcanic top unit (Serra Geral Formation)
(Milani, 1997; Milani et al., 1998; Scherer, 2002; Scherer and Lavina, 2005, 2006; Reis,
2016, 2020; Amarante et al., 2019; Reis et al. al., 2019). Recently, literature has
demonstrated the intercalation of sandstones on the bottom of Serra Geral Formation,
which were commonly considered of minor expression and called intertraps (Waichel et
al., 2008; Michelin, 2014; Reis et al., 2014; Rios et al., 2018). Because of this, these
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researches indicated Botucatu Formation as continuous with Serra Geral Formation,
positioning Guard Formation as a separate unit and prior to the other two ones.

The work herein aims to investigate the possibilities of these three systems being
contemporary based on a detailed study of their faciological evolutions and the contact
surfaces that constraint them. The main hypothesis is that these systems can be
contemporary and regionally dispersed in a sectoral way, showing different
predominance among the units (Zerfass et al., 2007). The synchronism of the three
systems concluded when the volcanic flows of Serra Geral Formation covered all the

sedimentary systems.

2. GEOLOGICAL SETTING

Parana Basin is a paleozoic basin in South American Platform (Fig. 1A) and its
depositional history occurred in pulses separated by erosive and non-depositional phases,
recorded by successive processes of subsidence, uplift, sedimentation and magmatism
(Zalén et al., 1990; Milani, 1997; Milani et al., 1998, 2007). Each of the six volcano-
sedimentary successions corresponds to a Supersequence, composing a stratigraphic
record that developed from Ordovician to Cretaceous, defined according to Milani
(1997), from the bottom to the top as: Rio Ivai, Parana, Gondwana I, Gondwana II,
Gondwana |11 and Bauru. The volcano-sedimentary successions comprise the Gondwana
Il Supersequence, Upper Jurassic to Lower Cretaceous, which is the focus of the work
and include Botucatu and Serra Geral Formations.

Botucatu Formation has been characterized in literature as being composed of
aeolian dunes residual deposits formed by medium subarkose sandstones, with high
compositional and textural maturity, and large cross-stratifications. It is limited on the
bottom by a regional unconformity that extends throughout the basin and it is covered by
volcanic rocks of Serra Geral (Milani Formation 1997; Milani et al., 1998). On its bottom
there are records of conglomerates and conglomeratic sandstones, related to ephemeral
channels (Almeida 1954; Bigarella and Salamuni, 1961, 1967, Soares, 1975; Bigarella,
1979; Almeida and Melo, 1981; Scherer, 2000). The Botucatu Formation Lower
Cretaceous age includes traces of invertebrates, vertebrates and silicified conifers (Brito,
1979; Suguio and Coimbra, 1972; Fernandes et al., 1990, 2004; Leonardi and Oliveira,
1990; Fernandes and Carvalho, 2008; Pires et al., 2011).
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The Botucatu Formation sediments are covered by the lava flows of Serra Geral
Formation. Nevertheless, the aeolian sedimentary environment remained active during
the volcanism onset and these contact relationships show a relative age for its onset and
also for the end of sedimentation (Milani et al., 1998; Scherer, 2002). Serra Geral
Formation represents an intense magmatism up to 1,700 m thick, predominantly basic
and, secondarily, acidic of approximately 134 Ma (Lower Cretaceous) (Renne et al.,
1992; Thiede and Vasconcellos, 2010; Janasi et al., 2011; Baksi, 2018; Rocha et al.,
2020).

However, it was observed during fieldwork a sedimentary unit with distinct
characteristics from Botucatu Formation and which also appears among the volcanic
flows of Serra Geral Formation. This unit has similar lithological and faciological
characteristics to those of Guara Formation and it was recognized in the studied area
(Zerfass et al., 2007; Godoy et al., 2011, 2016, 2018).

Guara Formation, in Parana Basin (Scherer and Lavina, 2005, 2006; Zerfass et al.,
2007; Godoy et al., 2011, 2016, 2018; Reis, 2016, 2020; Reis et al., 2019), and Batovi
Member, lower portion of Tacuarembd Formation, in Uruguay (Perea et al., 2009;
Amarante et al., 2019) hold a fossiliferous association that indicates a relative age of Late
Jurassic (Perea et al., 2009; Soto and Perea, 2010; Francischini et al., 2015). In the west
of Rio Grande do Sul state, a lateral distribution of facies associations of Guara Formation
was defined as perennial braided fluvial channels and ephemeral braided fluvial channels.
In northern portion of the state, weakly formed fluvial channels that intertwine with
deposits of aeolian dunes and, in the southern portion of the state, with aeolian sand sheets
(Sherer and Lavina, 2005, 2006). The fluvial deposits show a paleocurrent pattern to
SSW, while the aeolian dunes show paleocurrent to NE (Scherer and Lavina, 2005). This
unit is limited at the bottom and top by nonconformities with Sanga do Cabral and
Botucatu Formations, respectively (Scherer and Lavina, 1997; Scherer et al., 2000).

Nonetheless, field data from central region of Rio Grande do Sul state (Fig. 1B
and C), southeastern limit of Parand Basin’s current border, showed that this unit is
limited at the bottom by an unconformity with Caturrita Formation (Upper Triassic) and
its top is in contact with the volcanic rocks of Serra Geral Formation, as well as fluvial
deposits between lava flows. Therefore, the age on the top of this unit, in the study area,
was considered Lower Cretaceous (Zerfass et al., 2007) (Fig. 2). Caturrita Formation is

represented by a set of lenticular, tabular and sigmoidal layers from fine to conglomerate
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sandstones that occur interspersed with pelites. These deposits are related to a fluvio-
deltaic environment (Andreis et al., 1980; Zerfass et al., 2007; Godoy et al., 2018).

[ ]Quartenary deposits

Z []Acid facies

g [ Basic facies ]Serra Geral Fm
s [ Botucatu Formation
Z[[1Guara Formation

<[ |Lower units

Precambrian basement
-~ Fault
~/ River
o City
[l Studied area
I Profiles and outcrops

L e A AR
Figure 1: A) Parana Basin in South American Platform. B) Study area on the current
border of Parana Basin, Rio Grande do Sul state (modified from Scherer, 2002; Janasi et
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al., 2011; Reis, 2016; Rios et al., 2018). C) Studied points location in Upper Jurassic -
Lower Cretaceous (modified from Zerfass et al., 2007; Godoy et al., 2011).
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Figure 2: Lithostratigraphic chart studied area (modified from Zerfass et al., 2007).

3. MATERIALS AND METHODS

The investigation of an area with Upper Jurassic-Lower Cretaceous age was
carried out by literature research, analysis of aerial, satellite images and topographic maps
of the current border of Parana Basin, Rio Grande do Sul state.

During the sampling, twenty-nine outcrops were examined and thirteen columnar
stratigraphic profiles (Figs. 3 and 4) were surveyed at 1:50 scale using facies analysis
techniques, identification of lithostratigraphic units, contact relationships, geometries and
features of volcano-sedimentary deposits. The twenty-nine outcrops analyzed appear
throughout escarpments, roads, rivers and quarries of the region (Fig. 1C). The
outcropping units were described in detail and 334 paleocurrent measurements were taken
from medium to large structures of facies interpreted as fluvial-aeolic and aeolian
systems. Vertical analysis of stratigraphic units was based on the topographic position of
columnar profiles distant from each other by hundreds of meters to few kilometers (Figs.

3 and 4). Due to the large number of faults, discontinuous outcrops and vegetation
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covering in the region, it was difficult to establish a precise lateral correlation between
the analyzed columnar profiles.

The facies analysis techniques considered the assumptions and methods proposed
by Walker and James (1992), Brookfield and Silvestro, (2010) through the
individualization and description of facies through distinctive attributes such as
composition, geometry, textures, sedimentary structures and paleocurrents
measurements. The facies follow the patterns proposed by Miall (1996). The first capital
letter refers to the grain size and the second lowercase letter to the sediment structure.
The letter (a) was added to indicate wind processes. The same logic was used for volcanic
rocks, where the first capital letter represents the lithological composition, and the second

lowercase letter, indicate the main volcanic structure observed.
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and respective facies, facies associations and paleocurrent measurements. See Fig. 1 for
the location of profiles and Tab. 1 for the facies code.
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4. RESULTS AND DISCUSSIONS
4.1 Facies and facies associations

In the Upper Jurassic and Lower Cretaceous volcano-sedimentary succession of
Parana Basin twenty-one facies were identified and grouped into five facies association
with their respective architectural elements, as shown in Table 1. The facies association
represent groups of facies from depositional processes derived from perennial and
ephemeral braided river systems, dune fields aeolian system, sand sheets, and, finally,
volcanic plains.

The braided fluvial facies association (BFFA) reunite facies of three architectural
elements of: a) channel (CH), constituted by amalgamated lenticular register of sand-
conglomeratic facies with normal gradation and trough cross-stratification deposited by
traction processes and forms of bedding 3D; b) downstream accretion (DA) comprises
rocks of medium sandy facies, with low-angle cross-stratification that migrates to trough
cross-stratification and climbing ripple on the top, with paleocurrents coinciding with the
fluvial flow; c) foodplain fines (FF) consisting of tabular geometries, massive pelites and
medium sandstones with climbing ripples.

The association of ephemeral braided fluvial facies (EBFFA) is essentially formed
by architectural elements of proximal and medium channel constituted by massive
conglomeratic facies and stratified at the bottom that grades to sandy-conglomeratic and
sandy with trough cross-stratification and medium sand with climbing cross-stratification.

The aeolian dune facies association (ADFA) are well selected medium sandstones,
with large trough cross-stratification that record migration and subcritical climbing. The
aeolian sand sheet facies association (ASSFA) comprises tabular medium sandstones with
horizontal lamination and adhesion structures. Finally, volcanic plain facies association
(VPFA) comprises vesicular basalt facies (Bv) with tabular and columnar disjunctions,
and dacites with flow structures and vesicular levels (Dfs) filling valleys of the aeolian
paleotopography.

An ideal composite columnar profile with a thickness of 360 m correlated to 13
profiles surveyed in the area, reunite facies succession, facies association, depositional

cycles of the depositional systems, as well as the lithostratigraphic units (Fig. 5).
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disjunction, sandstone dikes.

fill paleo topography valleys.
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Aeolian Sand ga | Medium-grained sandstone, well sorted, with low-angle Laminated sand | packages of tabular geometry, | < °1F P B AL
Sheet cross-stratification, foresets with inverse grading. sheets. thickness of 0,5 to 1 m, top and of sediment y
San Medium-grained sandstone, well sorted, with adhesion base flat. '
structure.
Medium-grained sandstone, well sorted, with medium scale
it trough cross-stratification, foresets with inverse grading. Packages with wide lateral
Medium-grained sandstone, well sorted, with planar cross- continuity (and restricted in
Spa i o : :
T stratl_flcatlon_, foresets with inverse gradlng_. intertrap), flat—concordapt top Erg
Sla Medlum-g_ra_lme_d sandstone, w_eII _sorted, with _Iow-angle a_nd f_Iat-concave ba§|s,
cross-stratification, foresets with inverse grading. reactivation surfaces, thickness
Medium-grained sandstone, moderately selected, with of 3to 30 m.
Sda deformed undefined stratification.
Bv Vesicular bgsalt with tabular and columnar disjunction with Tabylar to subhorizontal Advance of volganic
vVolcanic Plain sand_stom_e dikes. _ volgamc flow, flow §tructures rovys over active
Dfs Dacite with flow structures, vesicular levels, tabular (dacite), 3 to 25 m thick. Lavas fluvio-aeolian and

aeolian systems.

Table 1: Facies, facies association, architectural elements, respective geometries and interpretation.
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Figure 5: Ideal composite columnar section and respective facies, facies association and
depositional cycles of the lithostratigraphic units of Upper Jurassic - Lower Cretaceous
period, in the study area.
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4.2 Cycles (depositional successions), facies associations and interpretations of the
Guara Formation

Guard Formation (40 m thick) is bordered on the bottom by Caturrita Formation,
through an unconformity, and on the top by Botucatu Formation, through an abrupt and
flat surface, and comprises four cycles of facies association. The three bottom cycles, of
up to 30 m in thickness, intercalate PBFFA and ASSFA and are superimposed by a thin
3.0 m flow of VPFA followed by an intermediate cycle of 7 m in thickness from EBFFA.
(Table 1; Figs. 3 and 5).

Bottom cycles I, Il and 111, identified by fining upward sequences that culminate
in humid aeolian sandstone successions, are distinct. In turn, cycle | starts with
conglomeratic facies (Gm) whose lower limit occurs through erosive surfaces that
concentrate levels of intraclasts and quartz clasts. Cycles Il and 111 start with sandstone
facies (St). The ASS facies occur only in cycles | and Il. In the first, as an alternation of
Sla and Sha, and in the second, as Saa and Sha. Cycle Il also shows the occurrence of fine
facies (Sr) both under and superimposed on wet aeolian facies. (Fig. 6B).

The bottom portions of these cycles represent underwater 3D dunes characterized
by channel architectural elements (CH) and downstream accretion (DA) and flood plain
fine (FF) typical of perennial river channel associations (Miall, 1996; Allen et al., 2013).
Downstream accretion elements (DA), represented by sets of simple cross-stratification
or compound cross-stratification bounded by surfaces inclined downstream (Miall, 1988)
(Fig. 6D). The common presence of middle channel bars with bedding migrating along
their dorsum and front face, and the absence of lateral accretion elements suggest a river
system with bed load and low sinuosity (Schumm, 1972; Bristow, 1987; Miall, 1996).
The small number of fine deposits (Fm), (only in profiles 1 and 23; Figs. 3 and 6C)
associated with the fine foodplain (FF), together with the mud intraclasts found above the
erosive surfaces (Gm), demonstrate that the channel eroded margin deposits. This
suggests that this is a fluvial perennial braided system with variable discharge, with a SW
paleocurrent pattern (Fig. 3) and in a situation of low rate of accommodation space and
high rate of degradation.

Tabular successions of aeolian sand sheets (ASSFA) represent areas covered by
aeolian sands where there are no developed dunes (Fryberger et al, 1979; Kocurek and
Nielson, 1986). They exhibit medium-grained sandstones with low-angle cross-
lamination (Sla), horizontal (Sha) and adhesion structures (Saa), representing facies
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characteristic of aeolian deposits (Kocurek and Nielson, 1986; Scherer and Lavina, 2005)
(Figs 6D, E and F). The deposits are well selected and formed by inverse grading
lamination (Fig. 6E). The wind ripple lamination from low angle (Sla) to horizontal (Sha)
was formed due to the unavailability of dry sand for the aeolian dunes development.
Adhesion structures were generated by the adhesion of sand grains to a wet surface,
indicating a hydrated substrate (Kocurek and Fielder, 1982). It is possible to observe a
vertical change of adhesion structures to dry aeolian features, indicating a probable
change in depositional surface characteristics associated with variation in the position of
the water table (Chakraborty and Chaudhuri, 1993) (Profile 23, Figs. 3 and 5). As these
aeolian deposits occur associated and interspersed with perennial fluvial deposits
(Profiles 1 and 23, Fig. 3 and 5), the interference of fluvial system in the aeolian system
seems to be a control mechanism for the dry sand supply (Kocurek and Nielson, 1986).
Consequently, the incorporation of this wind record in a saturated zone (Kocurek and
Havholm, 1993) indicates a situation of increased rate of accommodation space and
decreased degradation. However, the occurrence of humid aeolian deposits in a fluvial
system indicates a possible establishment of more arid conditions regionally.

The thin flow combined between cycles 111 and IV consists of vesicular basalt with
sandstone dikes at the bottom and distinguish the first occurrence of lava in this area.
Above cycle 1V a fining upward succession of EBFA (Table 1; Figs. 3 and 5). On the
bottom, marked by an erosion surface (Fig 7A and B), there are conglomeratic facies from
boulders to pebbles exclusively volcanic, massive and stratified (Gem, Gt) that grade to
sandy facies (St, Sr) limited by erosive or concave surfaces. They indicate deposition by
tractive bed loads with unidirectional paleocurrents. The extensive erosion surface (< 30
m) over the volcanic plain (Profiles 2 and 4; Fig. 3 and 5) indicates a wide channel while
the recurrence of erosion surfaces evidences a by-pass zone (Fig 7C). Conglomerates with
cross-stratification (Gt) specify small channels filling (Miall, 1996) (Fig. 7D). The
presence of medium to very coarse-grained gravel sandstones (St), also made up of
volcanic fragments, and a posterior medium-grained sandstones (Sr), reveal that there was
significant segregation of conglomerate load (Miall, 1996) (Fig. 7E). The EBFA is
interpreted as an ephemeral fluvial system record of high energy and low sinuosity with
multiepisodic deposition of the channel bed and paleocurrent pattern to SW (Fig. 3). They
are deposited in a situation of low rate of accommodation space and high rate of

degradation, typical of the bypass zone.
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Y )

Figure 6: Facies and facies associations of the bottom portion of the composite columnar
profile (Fig.5). A) Unconformity surface between the Caturrita and Guara formations. B)
Detail of the facies of massive conglomerates deposited on erosive surfaces at channel
bed. C) Massive pelites interspersed with fines foodplain (FF) ripples. D) Architectural
elements of channel (CH) and downstream accretion (DA), at the bottom, and aeolian
sand sheet facies association (ASSFA), at the top. E) Detail of slightly horizontal (Sha)
and low angle (Sla) aeolian cross laminations. F) Aeolian facies laminations with
adhesion structures (Saa) and horizontal stratification (Sha).

4.3 Facies and facies associations of Botucatu Formation
Botucatu Formation (50 m thick) borders Guara Formation at the bottom through

an abrupt and flat contact. Aeolian facies associations cover the sedimentary successions
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of cycles 1l (Profiles 1, 18, 22 and 23) and IV (Profiles 2 and 4) indicating increased
aridity in the basin (Fig. 3). The tabular aeolian dune register is composed of well selected
medium-grained sandstones, organized in sets of large wind ripples with cross-
stratification (Hunter, 1977; Kocurek, 1981, 1991) (Fig. 7F). The deposits are formed by
tractive depositional processes of wind ripples (Sta and Spa) where truncation surfaces
are common, separating sets of cross laminations (Kocurek, 1981) with paleocurrents

with a predominant NE pattern.
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]

o, L e 3 R R ,
Figure 7: Facies and facies association of the medium portion of the columnar profile
(Fig.5). A) Erosive surface over volcanic flood deposits (VFD) with massive
conglomerates (Gecm) at the channel bottom (CH). B) Architectural elements of volcanic
flood deposits (VFD) and amalgamated channel complex (CH). C) Massive conglomerate
(Gem) and intraclasts as vesicles filled with zeolite (Zeo). D) Conglomerate with trough
cross-stratification (Gt). E) Stratified conglomerate (Gt) grading upwards to sandstone
with trough cross-stratification (St) and ripples (Sr). F) Aeolian sandstone with large
cross-stratification (Sta).

3
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4.4 Volcano-sedimentary cycles of Serra Geral Formation

Overlying the sedimentary rocks of Botucatu Formation, there are five cycles (265
m thick) related to Serra Geral Formation. The three bottom cycles, identified here as
cycles VI, VII and VIII, with a total thickness of 174 m, comprehend a vesicular basalt
facies (Bv) as tabular flows superimposed by succession of the association of aeolian
dune facies (ADFA) (Figs. 3, 5 and 7A). The two top cycles, recognized as cycles IX and
X, with a total thickness of 91 m, are constituted by flows of the vesicular dacite facies
with flow structure (Dfs) followed by aeolian sandstones of the ADFA.

At the bottom of cycle VI, 67m thick of flows over sandstones of Botucatu
Formation through a wavy surface (duniform) that partially preserved the geometry of the
aeolian deposition bed. At the top of the cycle, there is a 25 m thick ADFA sandstone
register. This same recurrence is maintained in cycles VII and VIII. Finally, the two top
cycles (IX and X), whose volcanic terms are acidic, repeat the structure succession of
volcanic-eolian rocks of the basic cycles.

Both vesicular basalt facies (Bv) and vesicular dacite with flow structure (Dfs)
were considered constituents of the volcanic plain facies association (VPFA). Magmatism
occurred simultaneously with the deposition of aeolian dune fields and, as the basalt (Bv)
and, later, dacite flows (Dfs) of the association of volcanic plain facies advanced, they
preserved the paleotopography of the erg (Waichel et al., 2008; Rios et al., 2018; Jerram
et al., 2000) (Figs. 4, 5, 8A and B).

The ADFA overlies the volcanic plain association and it is made up of well-
rounded and spherical medium sandstones, with high textural and mineralogical maturity,
arranged in sets of large trough cross-stratification (Sta), with grain flow structures with
inverse grading, indicating aeolian dune deposits (Hunter, 1977; Kocurek, 1981, 1991,
1996). Moreover, there are medium sandstones, with low-angle planar cross-stratification
and horizontal lamination (Sla and Spa) (Figs. 4, 5, 8C and D). The horizontal and low-
angle stratification characterize bottom deposits of aeolian dunes (Kocurek and Nielson,
1986) (Figs 4, 5 and 8 D). The unidirectional dip of the large cross-stratification, with a
consistent paleocurrent pattern of NE, indicates aeolian crescent dunes with sinuous crests
(Fig. 8C). Parallel cross-stratification, on the other hand, designates transverse dunes with
straight crests (Brookfield and Silvestro, 2010; Reis et al., 2019).

The occurrence of deformed and undefined sedimentary structures (Sda) in the
adjacent contacts with volcanic flows (Bv and Dfs) indicates the important role of
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fluidization in terms of destruction, deformation of original sedimentary structures and
formation of clastic dykes (McPhie, 1993; Dadd and VVan Wagoner, 2002; Skilling et al.,
2002). Deformation may also be associated with the difference in density between the
overlying lava and the underlying unconsolidated sediment, so that the sediments deform
along with its sedimentary structures (Waichel et al., 2008) (Fig. Figs. 4, 5, 8A and B).
The contemporaneousness of aeolian sedimentation with volcanism (basic and acid),
evidenced in the sandstones between flows of about 265 m thick, indicates that the arid
conditions prevailed since Botucatu Formation continued and the quiescence of lava flow

controlled the wind activity.

Figure 8: Facies and facies association of the upper portion of the columnar profile
(Fig.5). A) Aeolian dunes paleotopography preserved by basaltic volcanic flows (By).
Sandstone with original sedimentary structures deformed (Sda). B) Preservation and
deformation of aeolian dunes by dacitic flows (Dfs). Sandstone with deformed structures
(Sda). C) Large trough cross-stratification (Sta) in residual deposits of aeolian dunes. D)
Low-angle aeolian stratifications (Sla) grading to trough cross-stratification (Sta).

5. DEPOSICIONAL MODELS AND STRATIGRAPHIC SUCCESSION
Guara Formation represents the distal portion of a braided fluvial system that

migrated to southwest recording three cycles of typical multistorey channels deposits
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associated with wet aeolian deposits (Fig. 9 A). The system discharge was variable, so
that the conglomeratic facies (Gm) of bottom cycle I did not repeat during the next cycles
I and I11. Furthermore, the predominance of intraclasts and quartz clasts in the Gm facies
indicate recurrent erosion of the floodplain exposed after periods of flooding. The shallow
erosive surfaces resulted from shallow channels typical of seasonal flood discharges
associated with wind action. This was installed recurrently, whose record was controlled
by the variation in the water table. The restricted lateral continuity and the few
occurrences of aeolian sand sheet deposits (Profiles 1 and 23) suggest that the availability
of sedimentary supply and the existence of frankly arid conditions were incipient.

A thin precursor flow, 3 m thick, overlayed the braided fluvial deposits of cycle
Il in a restricted way (P02 and P04). While the river system was finished in the rest of
the area, at these points a unique ephemeral river system was installed, represented by
cycle 1V (Figure 9B). The bottom deposits of this cycle are monomictic, consisting
exclusively of very thick volcanic clasts with boulder to pebble sizes. The cycle ends with
medium to coarse sandstone facies, with trough cross-stratification (St) and climbing
cross lamination (Sr) denoting a rapid current deceleration (Miall, 1977; Stear, 1985;
Langford and Braken, 1987). This ephemeral system was erosively conditioned
exclusively over a volcanic flow, showing fewer confining channels towards the top.

The ephemeral fluvial cycle, represented by cycle IV, it is restricted to profiles
P02 and P04, and cycle Il of the braided fluvial system with the other profiles were
supplanted by the wind system registered by cycle V, belonging to Botucatu Formation
(Figure 9C), showing the establishment of arid climate. In two profiles (P01 and P18) the
abrupt and flat contact occurs over medium sandstones with climbing cross-lamination
(Sr), in the others, over medium sandstones with trough cross-stratification (St), showing
that there was no erosion. Therefore, it is reasonable to infer that the change from one
depositional system to another was brief. At the bottom, the cycle exposes sandstones
formed by deposition in straight crest dune beds superimposed by sinuous crest dunes,
registering an increase in the sedimentary supply.

The basaltic flows of Serra Geral Formation covered the aeolian dunes bed of
Botucatu Formation, which contact has a duniform (wavy) geometry preserving the
paleotopography (Figure 9C). A volcano-aeolic system was installed in which an increase
in aridity and volcanic activity was verified, evidenced by the absence of humid facies
and recurrence of flows. This successions of five cycles, the last two ones are at the top
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of dacitic cycles, show that the development of aeolian beds was conditioned by volcanic
quiescence.

Although many authors consider the existence of a nonconformity surface, hence
necessarily erosive (Boggs, 2016) between the Guara and Botucatu Formations (Zerfass
et al., 2007; Godoy et al., 2011, 2016, 2018; Reis, 2016, 2020; Reis et al., 2019), no
erosion surface feature was evidenced in the study area. On the other hand, Scherer and
Lavina (2005, 2006) described this contact as being a surface with non-depositional
features, such as mud cracks and silcretes. However, such features, although denoting a
diastema, are not enough to represent a large gap that would lead to the interpretation of
a paraconformity. In the present study, the contact was abrupt, flat and between different
facies, named St and Sr sandstones of Guara Formation underlying the Sta and Spa
sandstones of Botucatu Formation, therefore not supporting the interpretation of a large
gap. Furthermore, the occurrence of intercalated basic flows in the sandstones at the top
of Guara Formation (see Figure 3, P02 and P04) and the subsequent intercalation of flows
with aeolian sandstones demonstrates contemporaneity between the fluvio-aeolic, aeolian
and volcanic systems. However, the paleogeographic configuration of these systems can
distribute them differently, justifying regional differences. Thus, the age assigned by
Zerfass et al. (2007) for the top of Guara and Botucatu Formations is Lower Cretaceous,
as the flows of Serra Geral Formation belong to this epoch (Thiede and Vasconcellos,
2010).
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Figure 9: Proposed paleoenvironmental evolution for the Upper Jurassic — Lower
Cretaceous of Parana Basin (Modified from Rabelo, 2019).
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6. CONCLUSION

The identification of three depositional systems characterized by their respective
cycles, facies associations as being fluvial-aeolic for Guard Formation, aeolian for
Botucatu Formation and volcano-aeolic for Serra Geral Formation, demonstrated to be
synchronous at least in one of its development phases occurred during the Lower
Cretaceous. The stratigraphic configuration shows the intercalation of flows through
Guara Formation and wind fields in Serra Geral Formation which consistently supports
this assumption. Furthermore, the contact surfaces between the formations do not show
prolonged gaps.

The fluvio-eolian system of Guara Formation, characterized by three cycles of
braided channels that culminate in floods, developed, in a unique way, also over a
volcanic plain that preceded the lava flow represented by Serra Geral Formation. The
deposits formed there represent a system of ephemeral channels, whose boulder to pebble
size clasts are exclusively from the volcanic bed in which they were installed. This flow
and the superimposed deposits constitute a stratigraphic marker, as they represent the first
occurrence of volcanic flows, the last occurrence of a river system and arid conditions
towards the top.

The transition between the fluvio-aeolic system to the frankly aeolian system of
Botucatu Formation took place abruptly and in a short period of time, so that persistent
arid conditions prevailed during the lava flows of Serra Geral Formation. For this reason,
the intercalation of flows and aeolian successions was controlled by the quiescence of

volcanic flows and, in the area investigated here, extended to the beginning of acid flows.
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ABSTRACT

The opening of South Atlantic Ocean produced an immense volume of lava that covered
an active aeolian system during Lower Cretaceous. The contact of Botucatu Formation
sandstones with the Serra Geral volcanic flows generated a variety of volcano-
sedimentary features and deposits. During volcanism, volcanoclastic features and
deposits were formed by temperature contrasts between lava and wet or water-saturated
sediments. In moments of magmatic quiescence, epiclastic deposits were generated due
to the return of sedimentation. Volcanoclastic deposits are characterized by volcanic
breccias with sandy matrix, and epiclastic deposits are characterized by conglomerates
and conglomeratic sandstones with intraclasts. Quantitative petrography of sandy matrix
samples of these deposits was analyzed, in order to discuss the paragenesis of volcano-
sedimentary interactions. Regular burial diagenetic processes were discussed for
epiclastic sandstones and contact diagenesis processes for volcanoclastic sandstones. The
original composition of volcanoclastic and epiclastic sandstones is heterogeneous.
However, the main difference between them is the presence of textural fluidization
indicators found in the volcanoclastic sandstones, along the lava-sediment interface.
These textural characteristics indicate that the unconsolidated sediments were probably
wet or saturated in water during the interaction with the volcanic flow. Epiclastic
sandstones have infiltrated clays and neoformed smectites as their main diagenetic
constituent due to alteration of available volcanic lithoclasts. For volcanoclastic
sandstones, the formation of opal, chalcedony and megaquartz cements through burial is
unlikely, due to the intergranular volume occupied by these cements, indicating early
conditions near the surface. Therefore, the cementation, mainly of chalcedony, was
formed through mechanisms of dissolution and reprecipitation of the siliceous fluids
incorporated in the system. Furthermore, zeolite cementation, which occurs along the
lava-sediment contact, is another important indicator of contact diagenesis for
volcanoclastic sandstones. During telodiagenesis the formation of secondary porosity by
dissolution of volcanic lithoclasts and detrital K-feldspar grains was of great importance
in volcanoclastic and epiclastic sandstones.

Keywords: Contact diagenesis, lava-sediment interaction, Chalcedony cement, Zeolite
cement, Parana Basin.
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1. INTRODUCTION

Sedimentary basins register dynamic processes that control the lithosphere
deformation and its interaction with the deep mantle, sediments transformation into
sedimentary rocks, burial, tectonic subsidence, volcanic events and surface processes
(Miall, 2000; Cloetingh and Ziegler, 2007; Allen and Allen, 2013; Weissmann et al.,
2015).

In this regard, Paran Basin stands out in the South American Platform, where
there is an important cretaceous volcanic event, related to the break of Gondwana and the
South Atlantic Ocean formation. This event is related to Serra Geral Formation,
characterized by a huge volume of lavas and associated intrusions that covered and
interacted with an extensive active wind system, the Botucatu Formation, generating
deposits and volcano-sedimentary features (Milani et al., 1998; Scherer, 2002; Petry et
al., 2007; Waichel et al., 2008; Michelin, 2014; Reis et al., 2014; Rios et al., 2018).

Understanding the genesis and subsequent processes related to lava-sediment
interaction is necessary, as they are common in other sedimentary basins. The research of
the sedimentary stratigraphic range of probable contacts with volcanic rock, their
different scales, their possible effects on diagenesis, information about sediments
fluidization and paleoenvironmental contexts are extremely important. As well as clarify
the effects of volcanism in the features diagenesis and deposits in Parana Basin. The
features and deposits formed through interaction are essential for diagenetic and
paleoenvironmental studies, as they develop in a variety of sedimentary successions in
which sedimentation and volcanism are contemporaneous (Macdonald, 1939; Branney &
Suthren, 1988; Allen, 1992; Boulter, 1993; McPhie et al., 1993; Skilling et al., 2002; Rios
etal., 2018).

Furthermore, understanding the diagenesis, associated with volcanism, supply
the knowledge for the order in which the grains framework was altered and the authigenic
phases were precipitated and, perhaps, subsequently dissolved, and thus reveal the post-
depositional history of these features and volcano-sedimentary deposits affected by
volcanic flows. This work aims to delineate the main textural and mineralogical
sandstones characteristics related to volcanoclastic and epiclastic features and deposits.
In addition, to discuss and explain the origin, distribution and chronology of your

diagenetic alterations.
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2. GEOLOGICAL SETTING

The Botucatu and Serra Geral Formations are part of the volcano-sedimentary
filling of Parand Basin. Parana Basin is the largest Paleozoic basin in the South American
Platform (Fig. 1A) and records successive processes of subsidence, uplift, sedimentation
and magmatism from Ordovician to Cretaceous (Zalan et al., 1990; Milani, 1997; Milani
et al., 1998, 2007). There are approximately 7,000 m of volcano-sedimentary succession
at the basin's depocenter, covering an area of 1,400,000 km? in Brazil, Paraguay, Uruguay
and Argentina (Milani, et al., 2007) (Fig. 1B). The evolution of the basin is related to the
break of Gondwana and the South Atlantic Ocean opening (Milani et al., 2007). The
lithological record evolves from transgressive-regressive marine cycles to continental
features associated with magmatism, resulting in six different Supersequences, according
to Milani et al. (2007).

The aeolian sedimentation is attributed to Botucatu Formation and the intense
magmatism related to Serra Geral Formation, comprising the Gondwana IlI
Supersequence (Neo-Jurassic to Eo-Cretaceous), where volcano-sedimentary interactions
are set (Milani, 1997).

Botucatu Formation siliciclastic deposits comprehend well sorted, pinkish quartz
sandstones, fine to medium granulometry and rounded grains associated with large cross-
stratification that indicate residual deposits of aeolian dunes. (Scherer, 2000, 2002). The
Botucatu Formation erg is covered by lavas of Serra Geral Formation, which comprise
basic and, secondarily, acid flows related to the initial distension processes and the break
of Gondwana. The age for these successions is in Lower Cretaceous of approximately
134 Ma (Renne et al., 1992; Thiede and Vasconcellos, 2010; Janasi et al., 2011; Baksi,
2018; Rocha et al., 2020).

The top sedimentary portion of Botucatu Formation exposes a contemporary
event between the overlying lava flows from the Serra Geral Formation forming volcano-
sedimentary interaction along with the contact between these two units. In this regard,
two geological processes can be considered about the interaction genesis. The first refers
to hot lava flowing over the sediments, the temperature contrast with the humidity or
water saturation of the sediments are the main controls in the formation of volcanoclastic
rocks. Moreover, the second process during the return of sedimentation and quiescence

of volcanic activity, forming epiclastic deposits (McPhie et al., 1993; Milani et al., 1998;
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Petry et al., 2007; Waichel et al., 2008; Michelin, 2014; Reis et al., 2014; Rios et al.,
2018).
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Figure 1: A) Parana Basin, South American Platform. B) Detail of the Parana Basin and
location of the analyzed profiles (modified from Janasi et al., 2011; Rossetti et al., 2018;
Reis et al., 2019).
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3. MATERIALS AND METHODS

The study used the identification and description of features and volcano-
sedimentary deposits from previously proposed vertical profiles on the current
southeastern border of Parana Basin, in Rio Grande do Sul state, southern Brazil (Fig. 2).
In the vertical profiles, the features of interest were observed and samples were selected
for macroscopic and petrographic description. The samples for petrography are from the
sandy matrix of the region's volcanoclastic and epiclastic deposits.

Thirty samples were selected for quantitative petrography. The samples were
impregnated with blue resin in order to highlight the porosity. Thin sections were initially

exposed to a solution of alizarin red S and potassium ferrocyanide (Dickson, 1966) for
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the identification of carbonate minerals. Petrography was performed at the Departamento
de Mineralogia e Petrologia do Instituto de Geociéncias of Universidade Federal do Rio
Grande do Sul with a conventional petrographic microscope and Petroledge® software
(De Ros and Goldberg, 2007). The modal composition was obtained by counting 300
points per thin section, according to the Gazzi-Dickinson method (Zuffa, 1985). The
petrography included textural, mineralogical and porosity description, but preferably the

focus was on the diagenetic components and their relationships.

®
Porto Alegre

[ JEocretacic sedimentary rocks

[_ISerra Geral Formation acid unit

[[ISerra Geral Formation basic unit

[ IBotucatu Formation

[__]Ordovician to Neojurassic
sedimentary rocks
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®
[F=clay/silt; f=fine sand; m=medium sand; c=course sand; G=granule; P=pebble; C=coubble; B=houlder]
Figure 2: Location and representation of the vertical profiles in the current southeastern
border of Parana Basin, Rio Grande do Sul state, through their topographic dimensions
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(see Fig. 1B); Profile (1) 29°28'55” S/ 53°28'33” W; (2) 29°06'05” S/ 53°13'49” W; (3)
29°30'12” S/ 52°39'00” W; (4) 29°41'30” S/ 52°23'23” W; (5) 29°37'54” S/ 51°08'49” W,
(6) 29°21'27" W/ 49°44'02" W (modified from Rios et al., 2023 submitted)

4. VOLCANOCLASTIC AND EPICLASTIC ANALYZED DEPOSITS AND
FEATURES

Interaction features and volcanoclastic deposits concomitant with volcanism and
later or at periods between volcanic flows, called epiclastic features and deposits, were
identified (Fig. 3A-D).

The classification of volcanoclastic rocks can be based on the size and
morphology of the volcanic clasts, mineralogical types and composition of the matrix
sediments (Folk, 1968), and, when possible, based on the genesis (McPhie et al., 1993;
Lorenz, 1984; Busby-Spera and White, 1987; Skilling et al., 2002).

Underneath volcanic flows and along the lava-sediment interface, volcanoclastic
deposits are formed (profiles 2, 3, 4, 5, 6, see Fig. 2). These deposits are named,
macroscopically, in a descriptive way using the term breccia associated with the volcanic
clasts and sedimentary matrix compositions (Folk, 1968; Rosa et al., 2016). The
occurrences show multiple and discordant geometries of the sedimentary bedding. The
volcanic clasts granulometry varies from 0.2 mm to 40 cm, with angular (Fig. 3C, D),
fluid and globular morphologies. Associated or not with volcaniclastic breccias, there are
sandstone dykes (profiles 1 to 6, see Fig 2) (Michelin, 2014; Rios et al., 2018). They are
fractures filled by sandstone, displaying centimetric thicknesses and straight or irregular
limits. These features occur at the bottom of the volcanic flow, superimposed on a
sediment layer, and may extend until the top.

Above the volcanic flows, there is an active sedimentary system and the features
and deposits were considered as epiclastic because they are the result of pre-existing rocks
reworking. It contains fragments derived from syn-eruptions and post-eruptions, through
weathering and erosion processes (Fisher, 1960; Cas and Wright 1987; McPhie et al.,
1993). The fractures filled by sediments, for example, occur at the top of basaltic flows
(profiles 2, 3 and 4, see Fig 2). The epiclastic deposit (profile 1, see Fig. 2) holds a
lenticular geometry and it is characterized by conglomerates and conglomeratic
sandstones with intraclasts. The bottom of the deposit is in contact with the basalt through

an erosive surface, with intraclasts from 0.2 mm to 35 cm, exposing irregular shapes and
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that may display vesicles filled with zeolite (Fig. 3A). The top of the deposit is marked

by a trough cross-stratification and the decrease of the fragments granulometry (Fig. 3B).

Basaltic flow

i o Lt Iy

P o Gh.s SN el i P mPORCTR B Y ———
Figure 3: Modes of occurrence of the deposits, volcanoclastic superimposed on the flow
and epiclastic underlying A) Epiclastic conglomerate with irregular intraclasts with
vesicles filled with zeolite. B) Conglomeratic sandstone with trough cross-stratification
and volcanic fragments (white arrows). C) and D) Basaltic breccia of sandy matrix with
angular morphological clasts.

5. MATRIX OF VOLCANOCLASTIC FEATURES AND DEPOSITS

5.1 Detrital texture, composition and provenance
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The analyzed samples vary texturally from muddy sandstones to conglomeratic
sandstones, with a predominance of fine to coarse sandstones and moderately sorted
(Figs. 4A, B). The samples are predominantly massive or with foliation, evidenced by the
concentration of detrital clay forming planes along the lava-sediment interface (Fig. 4B).
The grains are mostly sub-rounded and the packing varies from loose to normal, with
point, long and rarely concave-convex contacts.

Quartz grains are mainly monocrystalline and secondarily metamorphic
polycrystalline (Tab. 1). The detrital feldspars are predominantly microcline and
subordinately orthoclase (Tab. 1). Fragments of volcanic rock represent the second most
abundant detrital constituent, while fragments of plutonic, metamorphic and sandstone
rock are less common (Table 1). Volcanic lithoclasts can be substituted and/or oxidized,
with angular morphologies, mainly, globular and fluidal (Figs. 4C, D). The detrital clay
grains are mostly oxidized forming foliations parallel to the lava-sediment contact (Tab.1;

Fig. 4B). Biotite and muscovite are the most common accessories (Table 1).

0,05 mm
| m—]

Figure 4: Main “textural aspects and detrital composition of the sandstones from
volcanoclastic features and deposits. A) Moderately sorted and massive lithic arkoseum
(crossed polarizers, XP). B) Fine to medium feldspathic litharenite, moderately sorted,

with foliation marked by the concentration of detrital clays near the lava-sediment contact

Rios, F. R. (2023)
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(uncrossed polarizers, //P). C) Litharenite fine to coarse volcanic sandstone, massive, with
angular basaltic fragments (XP). C) Massive conglomeratic volcanic litharenite, with

vitreous volcanic lithoclasts of fluidal and globular morphologies (XP).

Primary main constituents

Maximum (%)

Average (%)

Monocrystalline quartz grains 44.00 33.52
Policrystalline quartz grains 6.00 3.75
Detrital microcline grains 14.33 6.22
Detrital orthoclase grains 3.67 <1
Volcanic rock fragments 44.67 12.46
Plutonic rock fragments 5.67 <1
Metamorphic rock fragments 3.00 <1l
Sandstone fragments 1.33 <1l
Detrital clay 15.67 4.21
Biotite 2.00 <1l
Muscovite 1.00 <1

Table 1: Simplified petrographic quantification of the primary constituents of the
sandstones from volcanoclastic features and deposits.

The original composition of the analyzed samples is heterogeneous, with the
sandstones predominantly classified as feldspathic litharenite, followed by volcanic
sandstone, lytic arkose and, subordinately, arkose and sublitharenite sensu Folk (1968)
(Fig. 5A). The current composition (Fig. 5B) is relatively more enriched in quartz when
compared to the original composition (Fig. 5A), due to the replacement of volcanic
fragments by chalcedony, zeolite, authigenic titanium minerals, hematite, calcite, and also
by the dissolution and replacement of detrital feldspar grains by kaolinite. The original
composition corresponds to a provenance predominantly of recycled orogen, which may
be influenced by transitional continental tectonic environments and transitional arc sensu
Dickinson (1985) (Fig. 5C).
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Figure 4. Sandstone compositions of the volcanoclastic features and deposits analyzed
and plotted in Folk's diagram (1968): A) Original detrital composition of the sandstones.
B) Current sandstones composition. C) Original detrital composition plotted on
Dickinson's (1985) provenance diagram.

5.2 Diagenetic constituents

Quartz cement — Chalcedony is the most abundant cement in the analyzed sandstones
(Table 2). It occurs mainly as cryptocrystalline crystals (Figs. 6A) and fibro-radial habit
(Figs. 6B), predominantly in intergranular pores and, secondarily, in fracture porosity
where there is formation of well-developed fibro-radial habits. They form on the
framework grains in continuous or discontinuous rims, and may develop on chalcedony
rims forming a zoning. They also develop on other diagenetic constituents such as
hematite coatings, infiltrated clays (Figs. 6A, B), zeolite and opal (Table 2). Chalcedony
can occur in microcrystalline and intragranular form replacing volcanic fragments. The
cementation of megaquartz (Table 2) was observed after the cementation of chalcedony,
forming a mosaic of pseudohexagonal crystals, where the size of the crystals increases
towards the center of the pores. These mosaics fill pores along the lava-sediment interface
(Fig. 6C) and, mainly, fractures present in the sandstone, associated with opal cements,
chalcedony, zeolite (Fig. 6C) and calcite (Tab. 2). In intergranular or fracture pores
cementation of poikilotopic opal can occur, and it is possible to observe impurities in the
opal delimiting the pulses of its cementation. The opal cement (Table 2) is posterior to
the infiltrated clays around the grains and previous to the chalcedony and megaquartz
cements. Syntax quartz overgrowths (Tab. 2) occur mainly in monocrystalline grains, as
well as prismatic outgrowths (Fig. 6D).

Zeolite - Cementation by zeolite (Table 2) occurs mainly as large prismatic crystals, in
thick mosaic and filling the intergranular pores, mainly in the lava-sediment contact and
near the contact (Fig. 6C). Discontinuous prismatic rims of zeolite over detrital (quartz
grains, volcanic fragments) and diagenetic (autigenic clays, hematite and zeolite coatings)
constituents are common (Figs. 6C, E, F). A sequence of up to three steps was observed
in the evolution of cementation and subsequent pore filling by zeolites: 1) small prismatic
zeolite crystals are formed in the intergranular space; 2) poikilotopic or thick mosaic
zeolite crystals encompass the existing prismatic crystals, filling the intergranular

porosity; 3) a rim of prismatic zeolite aggregates form around the mosaic crystals (Figs.
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6E, F). Zeolites also occur replacing volcanic fragments and filling intragranular porosity.
Along the sandstone-basalt interface, sediment-filled and zeolite-cemented vesicles may

occur.

Figure 6: A) Mlcrocrystallme chalcedony f|II|ng the mtergranular porosny (crossed
polarizers, XP). B) Well-developed fiber-radial chalcedony (XP). C) Megaquartz (black
arrows) formed along lava-sediment interface associated with prismatic zeolite (Zeo)
crystals (XP). D) Prismatic quartz outgrowths (XP). E) and F) Sequence of three steps in
cementation (1, 2, 3) and filling of the intergranular porosity with zeolites (XP).

Hematite - Hematite occurs as continuous coatings and as inherited coatings in the most

concave and less salient portions of the grains (Table 2). Hematite also occurs in small
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crystalline clusters in intergranular spaces, mixed with detrital clay (Figs. 6A, C, F) and
on cementation of chalcedony and opal (Tab. 2). It also occurs filling fractures in zeolite
cements and close to the lava-sediment contact (Fig. 6C). They replace volcanic debris

and heavy minerals.

Clay infiltration and mixed-layers illite-smectite - Infiltrated smectite clays can
directly cover hematite grains and coatings, commonly filling intergranular pores and
pore linings (Fig. 7A). Volcanic fragments can be completely dissolved, leaving only the
mold pore formed by the coatings of infiltrated clays. The mixed I/S layers partially
replaced the infiltrated clays forming simple rims and hair-like projections. The infiltrated

clays predate the cementation of chalcedony, calcite and zeolite (Fig. 7A).

Authigenic titanium minerals - Authigenic titanium minerals occur as discrete prismatic
crystals of TiO2 and as cryptocrystalline to microcrystalline aggregates, mainly filling
intergranular pores (Table 2). They replace volcanic fragments, heavy mineral grains and
locally authigenic clays. In some samples they are preferentially located near the lava-
sediment interface, where they are engulfed by zeolite or chalcedony cement (Table 2).

Other diagenetc constituents - Calcite occurs filling intergranular pores (Fig. 7A) and
in volcanic fragments altering zeolite (Tab. 2; Fig. 7B). They fill the intergranular pores
with a poikilotopic habit (Fig. 7A) and thick mosaic. Authigenic K-feldspar may occur as
outgrowths around microcline grains preferentially (Tab. 2). In some samples, such
outgrowths were preserved from the late dissolution that affected the feldspar grains.
Celadonite occurs in micaceous aggregates that develop on chalcedony filling
intergranular pores (Tab.2; Figs 7C). The celadonite cement stains the chalcedony,
leaving it with a greenish color (Fig. 7D). Kaolinite occurs as booklets replacing

micaceous metamorphic fragments and feldspar grains (Tab. 2).
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Figure 7: A) Poikilotopic calcite filling intergranular porosity (crossed polarizers, XP).
B) Intragranular calcite (Cal) in volcanic fragment altering the zeolite (Zeo) (XP). C)
Celadonite micaceous aggregates developed on chalcedony, filling intergranular porosity
(XP). D) Cement of chalcedony dyed green by subsequent cementation of celadonite
(uncrossed polarizers, //P).

Diagenetic main constituents and porosity Maximum (%) Average (%0)
Total quartz cement 34.67 18.74
Intergranular chalcedony 34.67 15.86
Intragranular chalcedony 3 <1
Overgrowths or outhgrowths 9 1.10
Opal 17.67 <1
Prismatic quartz 8 <1
Total zeolite 41.00 7.19
Intergranular zeolite 41.00 6.92
Intragranular zeolite 4.67 <1
Hematite 6.00 2.81
Infiltrated clay 22.67 2.48
Total TiO2 15.66 1.35
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Intergranular TiO: 12.66 <1
Intragranular TiO> 7.00 <1
Intergranular ilite-smectite <1 <1
K-feldspar <1 <1
Total Calcite 12.67 <1
Intergranular calcite 2.67 <1
Intragranular calcite 10.00 <1
Celadonite 7.33 <1
Caulinite 1.67 <1
Total porosity 15.00 4.64
Intergranular pore 12.33 3.95
Intragranular pore 5.67 1.28

_ Other pores (Mouldic, fracture, 467 <1
intracristaline)
Table 2: Maximum and average values of the main diagenetic constituents and the
sandstones types of porosity from volcanoclastic features and deposits.

5.3 Compaction, porosity and fluidization

Compaction in the sandstones is quite homogeneous, packing varies from loose
to normal, with a predominance of normal packing. Petrographic evidence of mechanical
compaction includes fracturing of quartz, feldspar and zeolite cement grains along the
lava-sediment interface. Chemical compaction was limited, as indicated by point
intergranular contacts, long and sparse concave-convex contacts.

The primary intergranular porosity (Table 2) is more plenty far from the lava-
sediment contact (Figs. 8A). However, there may be sediment-filled and/or zeolite-
cemented vesicles along the lava-sediment interface (Figs. 8B). Intragranular porosity
(Table 2) due to partial or total dissolution of unstable grains of the framework occurs
mainly in volcanic fragments, secondarily in feldspars. Less common types of pores
include moldic, grain-fracturing, and intracrystalline (Tab. 2). Moldic pores were
generated by the dissolution, mainly, of volcanic grains, whereas intracrystalline pores
occur, especially, in plagioclase crystals in volcanic fragments (Fig. 8 C).

Along the lava-sediment interface it is possible to observe characteristics in the
sediments that indicate fluidization: sediments with vesicles along the contact (Figure 8B,

D), flow foliation in detrital clays (Fig.8D) and vesicles with sediments included in the

Rios, F. R. (2023)



118
CAPITULO 6 - Artigos

volcanic flow. The different morphologies of volcanic lithoclasts represent active

fluidization processes (Figs.4C, D, 8C).

~ 30 G, B & 2 1 . i 2 5 PN —
Figure 8: A) The intergranular porosity is preserved outside the basalt contact zone
(uncrossed polarizers, //P). B) Cementation by zeolite along the basalt-sandstone interface
and vesicles (black arrows) in the sediments near the contact (//P). C) Vitreous, angular
volcanic fragments with intracrystalline porosity in palgioclase crystals (//P). D) Foliation
by fluidization marked by detrital clays and occurrence of vesicles along the lava-
sediment contact (//P).

6. MATRIX OF THE FEATURES AND EPICLASTIC DEPOSITS

6.1 Detrital texture, composition and provenance

The analyzed samples vary texturally from very fine to very coarse sandstones,
with a predominance of fine to coarse sandstones, predominantly moderately sorted. The
samples are predominantly laminated, evidenced by the granulometric variation of the
grains and, secondarily, massive. The grains are predominantly subrounded. Packing

varies from loose to normal, with point, long, and rare concave-convex contacts.
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Quartz grains are mainly monocrystalline and, secondarily, polycrystalline (Tab.
3). Detrital feldspars are essentially microcline with rare orthoclases (Tab. 3). Many
feldspar grains could not be identified due to their intense dissolution. VVolcanic lithoclasts
are the second most abundant detrital constituent. However, metamorphic rock fragments
are more common when compared to plutonic and sandstone fragments (Table 3). The
few grains of detrital clay are oxidized forming parallel laminations (Tab.3). Muscovite

Is the most common accessory grain (Table 3).

Primary main constituents Maximum (%) Average (%)
Monocrystalline quartz grains 44.67 34.71
Policrystalline quartz grains 13.00 8.92
Detrital microcline grains 6.66 3.25
Detrital orthoclase grains <1 <1
Volcanic rock fragments 11.00 8.42
Plutonic rock fragments <1 <1l
Metamorphic rock fragments 1.67 <1
Sandstone fragments <1 <1
Detrital clay <1 <1
Muscovite <1 <1

Table 3: Simplified petrographic quantification of the main primary constituents of the
sandstones from epiclastic features and deposits.

The original composition of the analyzed samples is heterogeneous, with the
sandstones predominantly classified as litharenite volcanic sandstone followed by
feldspathic litharenite, sublitharenite and subarkose sensu Folk (1968) (Figs. 9A, Figs
10A, B). The current composition (Fig. 9B) is essentially more enriched in quartz when
compared to the original composition (Fig. 9A), due to the replacement of volcanic
fragments by smectite, illite-smectite, hematite, titanium authigenic minerals, zeolite, and
also by intense dissolution and replacement of detrital feldspar grains, mostly by smectite.
The original composition mainly corresponds to a recycled orogen provenance sensu
Dickinson (1985) (Fig. 7).
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Figure 9: Compositions of the analyzed sandstones plotted in Folk's diagram (1968): A)
Original detrital composition of the sandstones. B) Current composition of the
sandstones. C) Original detrital composition plotted on Dickinson's (1985) provenance
diagram.

6.2 Diagenetic constituents

Clay infiltration and mixed-layers illite-smectite - The infiltrated smectite clays,
including mixed layers of illite-smectite (I/S) represent the main cement of sandstones
with epiclastic features and deposits (Table 4). They occur in a variety of habits, being
able to directly cover the grains (Fig. 10C) and hematite coatings, simple rims, double
rims or replacing them with microcrystalline and fibrous aggregates filling the
intergranular porosity such as geopetal (pendular) aggregates and meniscus (Table 4;
Figs. 10D, 11A). Volcanic fragments and detrital feldspars may be completely dissolved,
leaving only the mold pore formed by coatings and illite-smectite rims (Table 4). Single
and double rims may show contraction and expansion of volume due to grain surface
detachment (Fig. 11A). Intragranular aggregates of smectite and illite-smectite (Tab.4)
are microcrystalline and fibrous, occurring mainly replacing volcanic fragments (Fig.

11A)., feldspars and heavy minerals.
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Figure 10: A) Fine to medium litharenite volcanic sandstone, moderately sorted, massive,
with subrounded grains (crossed polarizers, XP). B) Litharenite volcanic sandstone with
point and long contacts (XP). C) Smectite coatings and illite-smectite interstratified
covering the framework grains (XP). D) Coatings and smectite fibrous aggregates filling

the intergranular porosity with pendular shapes (XP).

Zeolite - Zeolite (Table 4) occurs mainly as substitutive intragranular form, replacing
volcanic lithoclasts and filling the intragranular porosity. Prismatic zeolite rims may
occur on authigenic clays and on hematite coatings or directly on volcanic fragments and

detrital quartz grains.

Hematite - Hematite occurs mainly as continuous coatings and as inherited coatings in
the most concave and least bulging portions of the grains (Table 4; Fig. 11B). They
replace volcanic fragments, heavy minerals. Hematite coatings can form mold porosity
by delimiting the contour of fully dissolved grains.

Quartz cement - Quartz cement occurs mainly as syntax overgrowths, and outgrowths
may also occur (Table 4; Fig. 11C). Likewise, K-feldspar grains (Tab. 4) may show
outgrowths (Fig. 11C), in many cases the K-feldspar grains were completely dissolved

with only the outgrowths remaining.
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Authigenic titanium minerals - Authigenic titanium minerals occur as prismatic,
acicular crystals and as microcrystalline aggregates specially replacing volcanic
fragments (Figs. 11A, B) and heavy mineral grains (Tab.4)

Calcite — Calcite cement fills intergranular pores with blocky habits (Table 4). Calcite

forms on hematite coatings and rims of authigenic clays (Fig. 11D).

j e N B B y ? 3
Figure 11: A) Coatings and smectite fibrous aggregates with signs of
expansion/contraction and pendular shapes. Dissolved and volcanic K-feldspar fragments
being dissolved and replaced by authigenic smectite and titanium, forming intragranular
and moldic porosities (uncrossed polarizers, //P). B) Inherited hematite coatings and
replacement of volcanic grains by smectite and authentic titanium. Intergranular,
intragranular and mold porosities (/P). C) Prismatic quartz and K-feldspar outgrowths
(crossed polarizers, XP). D) Cementation of block calcite, filling the intergranular
porosity, following the smectite and illite-smectite rims on the framework grains (XP).
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Diagenetic main constituents and porosity Maximum (%) Average (%)

Infiltrated clay and ilite-smectite 30.00 23.7
Intragranular smectite, ilite-smectite 6.00 2.09
Total zeolite 8.67 2.79
Intergranular zeolite 3.00 <1
Intragranular zeolite 8.67 2.33
Hematite 4.67 2.08
Quartz cement 16.00 2.00
Intragranular TiO2 4.34 1.38
Intergranular Calcite. 4.67 <1
K-feldspar 2.34 <1
Total porosity 13 9.33
Intergranular pore 12.33 3.95
Intragranular pore 5.67 1.28
Mouldic pore 4.67 <1

Table 4: Maximum and average values of the main diagenetic constituents and types of
porosity (epiclastic).

6.3 Compaction and porosity

Compaction in the sandstones is quite homogeneous, and packing ranging from
loose to normal, with a predominance of normal packing. Petrographic evidence of
mechanical compaction includes fracturing of quartz and feldspar grains. The chemical
compaction occurred in a restricted way, consistent with point intergranular contacts, long
and rare concave-convex contacts.

Primary intergranular porosity is more abundant when compared to intragranular
and mold porosities (Table 4). The concentration of authigenic clays allowed greater
preservation of intergranular porosity (Figs. 10C, D). Partial dissolution of volcanic
fragments and K-feldspar grains represent intragranular porosity (Tab. 4; Figs. 11A, B).
Moldic pores (Tab. 4; Figs. 11A, B) were formed by the dissolution of volcanic

lithoclasts.
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7. DISCUSSION

7.1 Main textural and compositional detrital differences

The original composition is heterogeneous for both of sandstones with
volcanoclastic features and deposits, and for sandstones with epiclastic features and
deposits. However, there is a predominance of feldspathic litharenites for the
volcanoclastics, followed by volcanic sandstone litharenites for the epiclastics. In both,
volcanic lithoclasts represent the second most abundant detrital constituent and are found
dissolved, replaced and/or oxidized. Furthermore, detrital feldspar grains are essentially
microcline and, subordinately, orthoclase. Despite the different proportions of existing
detrital clay between both, the main distinction between them is the presence of textural
fluidization indicators. The presence of volcanic clasts with angular, globular and fluidal
morphologies (Figs. 4C, D, 8C), as well as the foliation of detrital micas (Fig. 8D),
sediments with vesicles (Figs. 8B, D) and vesicles with included sediments in the volcanic
flow along the lava-sediment contact, indicate a strong influence of fluidization on the
detrital texture of sandstones related to features and volcanoclastic deposits (Kokelaar,
1982, Skilling et al., 2002)

7.2 Main diagenetic differences

There are substantial differences in the patterns of diagenetic changes that have
affected volcanoclastic sandstones from epiclastic sandstones. The main difference is
related to the contact diagenesis (McKinley et al., 2001; Bernet and Gaupp, 2005) the
volcanoclastic sandstones were submitted, which allowed extensive cementation of
chalcedony, followed by zeolite. The effects of volcanic flows and intrusions into
sedimentary rocks are outside of normal burial diagenetic processes (McKinley et al.,
2001; Bernet and Gaupp, 2005). Whereas, the epiclastic sandstones underwent regular
burial diagenetic processes, where the main diagenetic constituent of these sandstones are
the infiltrated and interstratified illite-smectite clays.

The textural characteristics indicative of fluidization, found at the lava-sediment
interface, point to unconsolidated sediments, influenced by surface diagenetic changes

and that were probably wet or saturated in water during the interaction with the volcanic
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flow. These sediments underwent thermal episodes and fluid percolation defined by the

volcanic flows that covered them.

7.3 Paragenetic sequence and diagenetic environments

Some diagenetic processes that affected the analyzed sandstones are
eodiagenetic, pre-compactional, and prior to the lava-sediment interaction, in the case of
the volcanoclastic sandstones, since they occurred right after deposition and under the
direct influence of surface conditions.

Volcanoclastic and epiclastic sandstones have quartz grains with continuous
hematite coatings representing the oldest eodiagenetic process that is previous to the
autigenesis of most other minerals (Fig. 12). They were formed under loose packing
conditions, near the depositional surface. Inherited hematite coatings cover the available
spaces of the grains and are absent in the convex grain portions, representing part of the
recycled framework, being formed earlier and outside the depositional site (Gregory,
1950; Walker, 1979; Doelling et al., 1989; Bush, 2020). Oxidation of volcanic lithoclasts
took place under telodiagenetic conditions (Fig. 12).

In the epiclastic sandstones (Figs.3A, B), the remarkable quantity of subrounded
grains of volcanic origin and detrital constituents, indicates the transport of volcanic
material during the quiescence of volcanism and the active contemporary sedimentary
system. Although infiltrated clays occur in both analyzed sandstones, they constitute an
important coating of epiclastic sandstones. These clays are formed under eodiagenetic
conditions under semi-arid to arid climatic conditions (McKinley et al., 2003) (Fig. 12).
They were infiltrated into the sediments by runoff, due to the lowering of the water table
and settled in the vadose zone, which was confirmed by the presence of fibrous and
microcrystalline aggregates filling the intergranular porosity with pendular shapes and in
meniscus, in the epiclastic sandstones. Complex aggregates of coatings and rims in these
sandstones may represent alterations of volcanic materials and the subsequent autigenesis
of smectite, as well as the replacement of these fragments in smectite (Surdam and Boles,
1979; Hawlader, 1990; Moraes and De Ros, 1992; De Ros et al., 1997; McKinley et al.,
2003). Thus, smectites possibly occur by mechanical infiltration and also by
neoformation, due to the alteration of volcanic materials available during eodiagenesis

(Fig. 12). With burial and increasing temperature, smectites were partially transformed
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by mixed illite-smectite (I/S) layers under mesodiagenetic conditions (Moraes and De
Ros, 1992; Worden and Morad, 2003) (Fig. 12).

The small number of overgrowths and outgrowths of quartz and K-feldspar in
both sandstones, volcanoclastic and epiclastic, was possibly promoted by the smectite
coatings on the framework grains, which inhibited the autigenesis of this cement
(Ajdukiewicz and Larese, 2012), mainly in the epiclastics. In addition, the low rate of
compaction of these sandstones, evidenced by the spatial relations of the loose to normal
packing, with punctual, long and rare concave-convex contacts, allows inferring the
eodiagenetic origin of these cements. Overgrowths and outgrowths of quartz and K-
feldspar are posterior to the coatings and rims of smectite, making it impossible to assess,
among quartz and K-feldspar cements, which one is the precursor (Fig. 12). Quartz
overgrowths can be found engulfed by chalcedony, evidencing their earlier origin, in the
volcanoclastic sandstones. Dissolution of detrital feldspar grains occurs mainly during
telodiagenesis, forming secondary porosity (Fig. 12).

For volcanoclastic sandstones, the formation of opal, chalcedony and
megaquartz cements through burial is unlikely, due to the intergranular volume occupied
by these cements in the sandstones, indicating early conditions close to the surface.
Furthermore, for quartz and its polymorphs (opal and chalcedony) the solubility increases
slightly with temperature, thus decreasing the probability of significant precipitation from
them at elevated burial temperatures (Mackenzie and Bricker, 1971). The pH of
diagenetic fluids exerts a great influence on the formation of quartz and amorphous silica
(opal), with pH values below 9 favoring their precipitation (Scholle and Scholle, 1978).
However, the relative high proportion of quartz cement (18.74%) and the spatial
relationships of the framework allow considering the possibility of elevated temperatures
in surface conditions. Thus, the siliceous cement would have been provided by contact
diageneses conditions induced by the volcanic event, where effective cementation
inhibited a possible effective compaction (Fig. 12). Through the heat of the overlying
lavas or in contact with the sandstones, fluids rich in silica were progressively
incorporated into the system through the dissolution of volcanic fragments and the
devitrification of the glassy matrix of the associated volcanic material (Nogueira et al.,
2021). The heating produced by the volcanic flows increased the temperature and pressure
on the sediments, increasing the solubility of the quartz polymorphs, thus providing a
greater amount of silica-rich fluids available for cementation (Dove and Rimstidt, 1994;
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Nogueira et al.., 2021). This situation would have provided a cyclic mechanism of
dissolution and reprecipitation of opal and chalcedony cements. Allowing the formation
of zoned opal and chalcedony cements, indicating a formation in multiple episodes during
contact diagenesis. The first siliceous polymorph to precipitate is opal, causing a decrease
of silica concentration in solution and consequently promoting later crystallization of
cryptocrystalline and microcrystalline forms of silica, such as chalcedony. Favoring the
development of chalcedony over opal cements. Megaquartz cementation occurs after
chalcedony, with a decrease in silica saturation in the fluid, forming larger and more
developed crystals. It occurs mainly along the lava-sediment contact and is related to the
zeolite, being prior to it (Fig 6C).

In volcanoclastic sandstones, mainly along the lava-sediment interface, zeolite
cementation occurs. In these sandstones the cementation of zeolite, as well as the
cementation of silica polymorphs, originated before the burial of the sediments as
evidenced by the spatial relationships of the framework, indicating a cementation near
the surface. The sequence of three stages in the evolution of cementation of zeolites and
the subsequent filling of the porosity along the lava-sediment contact were formed during
the thermal episode that provided the interaction of lava with wet or water-saturated
sediment during contact diagenesis (Fig. 12). In epiclastic sandstones cementation by
intergranular and intragranular zeolite occurred under eodiagenetic conditions, being
determined by temperature conditions, availability of reactive precursor material such as
volcanic glass, volcanic clasts and plagioclase, as well as the existence of a highly alkaline
environment (Ghent,1979; lijima, 1988; Remy, 1994; Bernet and Gaupp, 2005) (Fig. 12).

The alteration of the zeolite cement and subsequent cementation by poikilotopic
calcite and coarse mosaic was observed in the volcanoclastic sandstones (Fig. 7B). In
turn, zeolites were replaced and calcite could precipitate when pore fluid conditions
changed due to a decrease in temperature and an increase in PCO2 (Helmold and Van de
Kamp, 1984; Rabelo et al., 2019). Indicating that this process occurred at the end of
contact diagenesis in the volcanoclastic sandstones (Fig. 12). However, in epiclastic
sandstones the conditions for the precipitation of block calcite occurred during
eodiagenesis, where the interaction of meteoric water with volcanic lithoclasts allowed
its formation (Fig. 12).

In epiclastic sandstones, authigenic titanium minerals were formed by the

alteration of volcanic fragments during eodiagenesis (Fig. 12). Later, during
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mesodiagenesis, with the remobilization of the eodiagenetic minerals formed, there was
the transformation of small eodiagenetic minerals into other larger mesodiagenetic
minerals (Fig. 12). In the volcanoclastic sandstones, the authigenic titanium minerals
were formed at the end of contact diagenesis and later during mesodiagenesis (Fig. 12).
Celadonite cement, in volcanoclastic sandstones, was characterized as a
telodiagenetic process, formed due to significant oxidation of basalt by surface water,
reflecting the high ferric iron content of this mineral (Velde, 2014) (Fig. 12). For
volcanoclastic and epiclastic sandstones, there was an important formation of secondary
porosity during telodiagenesis with the dissolution and oxidation of detrital constituents
such as volcanic lithoclasts and the dissolution of detrital K-feldspar grains (Fig. 12).
Furthermore, the dissolution of contact diageneses constituents such as chalcedony and

zeolite cements occurred in the volcanoclastic sandstones.

Diagenetic Process Eodiagenesis Contact diagenesis Mesodiagenesis Telodiagenesis

Hematite @~ | c———0— —
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Figure 12: Simplified paragenetic sequence for volcanoclastic and epiclastic sandstones.
The thickness of the lines indicates the importance of each process.

8. CONCLUSIONS

The analyzes of the volcanoclastic sandstones and epiclastic sandstones revealed
that:
l. Although the detrital compositions of both are heterogeneous, the main difference

between them is the presence of textures characteristic of fluidization in volcanoclastic
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sandstones. Such evidence, in these sandstones, indicates that the lava-sediment
interaction occurred with humid or water-saturated sediments.

Il. Volcanoclastic sandstones, under eodiagenetic conditions, were initially
cemented by hematite coatings, followed by infiltrated clays, overgrowths and
outgrowths of quartz and K-feldspar. Moreover, the epiclastic sandstones, under the same
conditions, were cemented primarily by coatings of hematite, infiltrated clays, neoformed
smectites, overgrowths and outgrowths of quartz and K-feldspar, calcite, zeolite,
authigenic titanium minerals.

I1l.  The spatial relationships in the framework of volcanoclastic sandstones allowed
us to observe that due to the intergranular volume occupied by quartz cements and
zeolites, the conditions for their formation were by contact diagenesis.

IV.  Under contact diagenesis conditions, the volcanoclastic sandstones were
cemented by opal, chalcedony and megaquartz through dissolution and reprecipitation
mechanisms of siliceous fluids incorporated in the system. Cementation of zeolite
occurred preferentially along the lava-sediment contact zone, and could be replaced by
calcite at the end of the contact diagenesis. Autigenic titanium minerals were formed at
the end of these conditions.

V. In volcanoclastic and epiclastic sandstones, mesodiagenesis is marked by the
formation of interstratified illite-smecite and remobilization and formation of authigenic
titanium minerals.

VI.  The diagenetic process of secondary porosity formation by dissolution of volcanic
lithoclasts and detrital K-feldspar grains was of great importance in volcanoclastic and
epiclastic sandstones during telodiagenesis. The dissolution of contact diagenesis
constituents (chalcedony and zeolite) and formation of celadonite cement occurred during

the telodiagenesis of volcanoclastic sandstones.
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7. CONCLUSOES

A identificacdo de trés sistema deposicionais caracterizados por seus respectivos
ciclos, associacOes de facies e facies como sendo flavio-eolico, pertencente a Formacéo
Guara, eolico, pertencente a Formacdo Botucatu e vulcano-edlico, da Formacdo Serra
Geral demonstraram-se sincronos pelo menos em uma de suas fases de desenvolvimento
ocorridas durante o Cretaceo Inferior. Além disso, as superficies de contato entre as
formacdes nao evidenciam hiatos prolongados.

O sistema flavio-edlico da Formacao Guara, foi caracterizado por trés ciclos de
canais entrelacados que culminam com inundacdes, desenvolveu-se, de forma singular
também sobre uma planicie vulcénica precursora do extravasamento de lavas
representado pela Formacdo Serra Geral. Os depdsitos ali formados representam um
sistema de canais efémeros instalados sobre uma planicie vulcanica. Esse derrame e 0s
depdsitos sobrepostos representam a primeira ocorréncia de derrames vulcéanicos, a
ultima de um sistema fluvial e a vigéncia de condi¢des aridas em direcdo ao topo. A
transicdo entre o sistema flavio-eolico para o francamente eélico da Formacédo Botucatu
deu-se de forma abrupta e em um intervalo de tempo curto

Ao comparar a morfologia do sistema eolico da Formacgdo Botucatu com 0s
ambientes eo6licos atuais, propde-se um aumento na quantidade de adgua e/ou umidade
para oeste dos perfis estudados na borda atual da Bacia do Parana, ndo sendo possivel
estimar os teores de agua (%) que estavam presentes. Este fato é confirmado pelo
aparecimento de fragdes silto-argilosas, bem como pelo aumento da granulometria dos
sedimentos associados aos lengois de areia edlicos, com indicios de canais fluviais
efémeros, a oeste dos perfis estudados. Além disso, a fragmentacdo da lava e a erosao do
substrato vulcanico, formando clastos vulcanicos com diferentes morfologias e com
distintas granulometrias, registrados em cada dominio, aponta, principalmente, para
aspectos relacionados a diferencas de umidade e saturacdo em agua entre 0os dominios
propostos.

As anélises dos arenitos referentes a fei¢ces e depositos vulcanoclasticos e dos
arenitos de feicOes e depdsitos epiclasticos revelaram que apesar de as composicdes

detriticas de ambos serem heterogéneas, a principal diferenca entre eles é a presenca de

Rios, F. R. (2023)



139
CAPITULO 7 - Conclusdes

texturas caracteristicas de fluidizacdo nos arenitos vulcanoclasticos. Tais evidéncias,
nesses arenitos, apontam que a interacdo lava-sedimento ocorreu com sedimentos iUmidos
ou saturados em agua. Os arenitos vulcanoclasticos, sob condi¢bes eodiagenéticas, foram
cimentados inicialmente por cuticulas de hematita, seguidas por argilas infiltradas,
overgrowths e outgrowths de quartzo e K-feldspato. Ademais, os arenitos epiclasticos,
sob as mesmas condicGes, foram cimentados primeiramente por cuticulas de hematita,
argilas infiltradas, esmectitas neoformadas, overgrowths e outgrowths de quartzo e K-
feldspato, calcita, zedlita, minerais de titanio autigénicos.

As relacBes espaciais no arcabouco dos arenitos vulcanoclasticos permitiram
observar que, devido ao volume intergranular ocupado pelos cimentos quartzosos e de
zellitas, as condi¢Oes para suas formacgoes foi por diagénese de contato. Sob condigdes
de diagénese de contato os arenitos vulcanoclésticos foram cimentados por opala,
calceddnia e megaquartz através de mecanismos de dissolucdo e reprecipitacdo dos
fluidos silicosos incorporados no sistema. A cimentacdo de zedlita ocorreu
preferencialmente ao longo da zona de contato lava-sedimento, podendo ser substituida
por calcita ao final da diagénese de contato. Minerais autigénicos de titanio foram
formados ao final dessas condicdes.

Nos arenitos vulcanoclasticos e epiclasticos a mesodiagénese é marcada pela
formacdo de interestratificado ilita-esmecita e remobilizacdo e formacdo de minerais
autigénicos de titanio. O processo diagenético de formacdo de porosidade secundaria por
dissolugdo dos litoclastos vulcanicos e de graos de K-feldspato detritico foi de grande
importancia nos arenitos vulcanoclasticos e epiclasticos durante a telodiagénese. A
dissolucdo de constituintes diagenéticos de contato (calceddnia e zeélita) e formacéo do

cimento de celadonita ocorreu durante a telodiagénese dos arenitos vulcanoclasticos.
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