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RESUMO

O interesse em rochas vulcénicas tem crescido significativamente nos ultimos anos
devido a capacidade dessas litologias de funcionarem como reservatérios nao-
convencionais na produgao de hidrocarbonetos e no armazenamento de COa. Esta
investigacado visa compreender melhor a capacidade e a eficiéncia desses litotipos
para armazenar fluidos. No entanto, a diversidade de morfologias e litofacies nas
sucessoes vulcanicas geram estruturas permo-porosas complexas. Esta dissertagéo
apresenta e discute, no formato do artigo cientifico “Estratigrafia e propriedades
petrofisicas das rochas vulcanicas do Grupo Serra Geral: estudo de caso na regiao
do Vale do Rio das Antas, Rio Grande do Sul, Brasil” submetido ao Journal of South
American Earth Sciences, um estudo litoestratigrafico detalhado de uma segéao da
regidao do Vale do Rio das Antas, parte do vulcanismo Parana-Etendeka no sul do
Brasil, baseado na identificagcdo, associacdo e interpretacdo de litofacies e na
caracterizagcao dos padrbes petrofisicos dos derrames de lava. A pesquisa foi
conduzida através do estudo de cinco se¢des colunares, integrando técnicas
petrograficas e medicdes laboratoriais de porosidade, permeabilidade e densidade
para amostras vulcanicas da Fm. Vale do Sol e da Fm. Palmas (Gr. Serra Geral). Os
dados obtidos indicam que as propriedades petrofisicas sdo altamente controladas
pela estrutura interna das lavas e pelos processos secundarios. As maiores
porosidades foram encontradas nos topos brechados dos derrames de lava tipo rubbly
(26,32%) e nos dacitos vesiculares (23,62%), principalmente associadas as vesiculas.
Apesar de alguns valores altos de porosidade, a permeabilidade geral é baixa (>1mD);
no entanto, isso ndo leva em consideragdo o grau de fraturamento observado em
campo. Os baixos valores de porosidade e permeabilidade estdo principalmente
associados a alta presencga de minerais secundarios precipitados nos poros. Esses
resultados demonstram um sistema de poros complexo, devido a processos primarios
e secundarios. Compreender as propriedades petrofisicas e sua associacido com as
morfologias das lavas é fundamental para modelar reservatorios vulcanicos e
quantificar a capacidade desses litotipos de armazenar fluidos, seja para prospecg¢ao
de hidrocarbonetos ou para armazenamento geoldgico de COo:.

Palavras-chave: Parana-Etendeka; facies vulcanicas; propriedades petrofisicas;
reservatorios vulcanicos; reservatorios nao-convencionais; armazenamento de

carbono.



ABSTRACT

Interest in volcanic rocks has grown significantly in recent years due to the capacity of
these lithologies to function as unconventional reservoirs in hydrocarbon production
and CO2 storage. This investigation aims to better understand the capacity and
efficiency of these lithotypes to store fluids. However, the diversity of morphologies and
lithofacies in volcanic successions generates complex permeable-porous structures.
This dissertation presents and discusses, in the format of the scientific paper
“Stratigraphy and petrophysical properties of the volcanic rocks of Serra Geral Group:
case study in Antas River Valley region, Rio Grande do Sul, Brazil” submitted in the
Journal of South American Earth Sciences, a detailed lithostratigraphic framework of a
section of the Antas River Valley region, part of Parana-Etendeka volcanism in
southern Brazil, based on the identification, association and interpretation of lithofacies
and the characterization of the petrophysical patterns of the lava flows.The research
was conducted through the study of five columnar sections, integrating petrographic
techniques and laboratory measurements of porosity, permeability and density for
volcanic samples of Vale do Sol Fm. and Palmas Fm. (Serra Geral Gr.). The data
obtained indicate that the petrophysical properties are highly controlled by lava internal
structures and secondary processes. The highest porosities were found in the
brecciated tops of rubbly lava flows (26.32%) and vesicular dacites (23.62%), mainly
associated with vesicles. Despite some high porosity values, the overall permeability
is low (>1mD), however, this does not take into account the degree of fracturing
observed in the field. The low porosity and permeability values are mainly associated
with high presence of secondary minerals precipitated in the pores. These results
demonstrate a complex pore system, due to primary and secondary processes.
Understanding the petrophysical properties and their association with lava
morphologies is key for modelling volcanic reservoirs and quantify the capacity of these
lithotypes to store fluids, whether for hydrocarbon prospection or for geological CO2

storage.

Keywords: Parana-Etendeka; volcanic facies; petrophysical properties; volcanic

reservoirs; unconventional reservoirs; carbon storage.
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SOBRE A ESTRUTURA DESTA DISSERTAGAO

Esta dissertacdo de mestrado esta estruturada na forma do artigo " STRATIGRAPHY
AND PETROPHYSICAL PROPERTIES OF THE VOLCANIC ROCKS OF SERRA
GERAL GROUP: CASE STUDY IN ANTAS RIVER VALLEY REGION, RIO GRANDE
DO SUL, BRAZIL." submetido na revista Journal of South American Earth Sciences
(classificagdo Qualis Capes A3 — N3). Sendo assim, sua organizagdo compreende as
seguintes partes principais:

CAPITULO I: Introducdo ao tema e descricdo do objeto da pesquisa de mestrado,
incluindo justificativa e localizacdo da area de estudo.

CAPITULO lI: Revis3o bibliografica e contexto geoldgico sobre o tema.

CAPITULO IlIl: Materiais e métodos utilizados para o desenvolvimento das atividades.
CAPITULO IV: Artigo cientifico publicado em periédico com corpo editorial
permanente e revisores independentes, escrito pelo autor durante o desenvolvimento
da sua dissertagdo de mestrado. O artigo apresenta os resultados obtidos, a
discussédo e conclusao.

CAPITULO V: Referéncias bibliograficas da dissertacéo.
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CAPITULO |
1 INTRODUCAO
Este capitulo apresenta a caracterizagcdo do problema estudado no trabalho, a

justificativa do projeto, objetivos gerais e especificos e localizagdo da area de estudo.

1.1 CARACTERIZAGAO DO PROBLEMA

A investigacdo das propriedades petrofisicas dos sistemas vulcénicos visa
compreender melhor a capacidade destes litotipos em armazenar fluidos e as
condi¢cdes destes de fluirem ou escoarem, o que explica o interesse da industria de
hidrocarbonetos em reservatérios ndo-convencionais. Neste contexto, a construgao
de um arcabouco estratigrafico apoiados em dados de campo em escala de detalhe,
pode gerar modelos uteis para a prospecc¢ao e extragao de hidrocarboneto, bem como
para o armazenamento de CO2 antropogénico (e.g., CarbFix, Islandia - Matter et al.,
2009; Wallula, EUA - McGrail et al., 2014).

A diversidade das morfologias e litofacies em sucessdes vulcanicas geram
sistemas permoporosos complexos, com diferentes combinacées de padrdes de
porosidade e permeabilidade. Este cenario € ainda mais complexo devido aos
processos secundarios que atuam no preenchimento e/ou dissolu¢gao dos poros.

A andlise estratigrafica de detalhe, com a tipificagdo dos derrames e distribuigdo
das litofacies, em conjunto a qualificacdo e quantificagcdo dos poros (porosidade e
permeabilidade) permite construir modelos de padrdes permoporosos em sucessoes
vulcanicas.

Esta dissertacdo avanca nas discussodes iniciadas no Trabalho de Concluséo
de Curso “Estratigrafia e padrdoes de porosidade das rochas vulcanicas da regido da
Cachoeira da Mulada, Caxias do Sul, RS”, realizado pelo autor, com a inclusao de
novos dados de perfis estratigraficos, estudos petrograficos das litofacies identificadas

e analises laboratoriais de porosidade, permeabilidade e densidade.

1.2 JUSTIFICATIVA

Os estudos de cunho litoestratigrafico no Grupo Serra Geral (GSG) sao
recentes (Waichel et al., 2012; Rossetti et al., 2014; Rossetti et al., 2018; Horn et al.,
2022), assim como trabalhos relacionando as caracteristicas petrofisicas dos
derrames (e.g., Barreto et al., 2017; Rossetti et al., 2019; Becker et al., 2019; Meucci,
2022), esses dados s&o de grande importancia, pois o0 GSG pode ser considerado

como um analogo do vulcanismo presente nas bacias da margem brasileira.
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O detalhamento estratigrafico e do sistema permoporoso é crucial para a
construgcdo de modelos de reservatorios vulcanicos, buscando entender a capacidade
e eficiéncia desses reservatorios, seja para um objetivo de prospecgao e exploragéo
de hidrocarbonetos ou para o armazenamento geoldgico de CO2. Além disso, a regiao
estudada esta inserida no contexto do Sistema Aquifero Serra Geral, e 0 estudo da
porosidade e sua relagdo com os derrames auxilia na compreensdo do fluxo e

armazenamento de agua subterranea neste aquifero.

1.3 OBJETIVOS
Propde-se construir um arcabouco litoestratigrafico de parte da regido do Vale

do Rio das Antas, a partir da identificacao de litofacies e caracterizagdo dos padroes
petrofisicos dos derrames. Como objetivos especificos, propde-se:

1) Descrever e interpretar as litofacies e associagdes destas para a

construgdo de um arcabougo estratigrafico da regido estudada;
2) Correlacionar os perfis de areas adjacentes previamente estudadas
3) Descrigao petrografica, caracterizacdo e quantificagcdo do sistema

permoporoso associado as litofacies

1.4 LOCALIZAGAO DA AREA DE ESTUDO

A regiao do Vale do Rio das Antes fica localizada na Serra Gaucha, nordeste
Rio Grande do Sul (Brasil) entre as coordenadas 29°00' - 28°40' S e 50°45' - 50°45' W
(Figura 1). Nesta area foram estudados dois trechos principais, o primeiro na BR-116,
entre 0s municipios de Sdo Marcos (km 103) e Campestre da Serra (km 88); o
segundo trecho consiste em uma estrada vicinal entre os distritos de Critva (Caxias
do Sul) e Sdo Manoel (Campestre da Serra), passando pela Ponte do Korff sobre o
Rio das Antas. A Cachoeira da Mulada fica localizada na Reserva Bertussi no distrito

de Criuva (Caxias do Sul).
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Figura 1 - Localizagdo da area de estudo com os perfis geoldgicos analisados, incluindo as cidades e estradas
adjacentes (Fonte: autor).
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CAPITULO I
2 REVISAO BIBLIOGRAFICA E CONTEXTO GEOLOGICO

Este capitulo apresenta a revisao bibliografica e contextualizagcdo geoldgica da
area de estudo, apresentando os principais conceitos associados aos grandes
eventos vulcanicos, caracteristicas fisicas dos derrames e por fim uma revisao sobre
o potencial destes litotipos como reservatérios de hidrocarbonetos e armazenamento

geologico de COa.

2.1 GRANDES PROVINCIAS iGNEAS

As Grandes Provincias igneas (Large Igneous Provinces — LIPs), foram
definidas inicialmente por Coffin & Eldholm (1992, 1994), descritas como grandes
volumes de rochas extrusivas e intrusivas predominantemente basicas (ricas em Mg
e Fe), que se originam por processos distintos da expansao normal do assoalho
oceanico. Incluindo diferentes tipos de eventos, desde derrames basalticos
continentais (continental flood basalts), margens passivas vulcanicas, platos
oceanicos, cordilheiras submarinas, montes submarinos e derrames basalticos
oceanicos (ocean basin flood basalts).

Bryan & Ernst (2008) reconheceram a necessidade de revisar a definicdo de
Coffin & Eldholm (1994) por ser muito abrangente. Os autores enfatizaram quatro
atributos, o grande volume, a curta duragao ou pulsos e a configuracao intraplaca ou
geoquimica. Assim, definiram as Grandes Provincias igneas como provincias
magmaticas com extensdes territoriais superiores a 0,1 Mkm?, volumes igneos
superiores a 0,1 Mkm?® e duragdo do evento de cerca de 50 Ma. Apresentam
configuracdes tectdnicas ou afinidades geoquimicas intraplaca, e sao caracterizadas
por pulsos igneos de curta duragdo (~1-5 Ma), durante os quais uma grande
proporgao (superior a 75%) do volume igneo total foi colocado.

As LIPs podem ser classificadas em relagédo ao seu ambiente de ocorréncia,
podendo ser continentais ou oceénicas (Figura 2), além disso podem ser subdivididas
de acordo com suas caracteristicas de formacao, tais como ambiente tecténico,

composigao geoquimica e morfoloégica (Bryan & Ernst, 2008).
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Afro-Arabia, Columbia River

Eg, Mackenzie, Warakurna, Bushveld

| | Greenstone Belts Arqueanos

Eg, Superior, Tilgarn, Bulawayan, Rae

I
CONTINENTAL

— Margens de Rifts Vulcanicos

LIP

- LIPs Acidas

Basaltos de Assoalho Oceanico

I
OCEANICA

— Provincias Basalticas Continentais
Eg, Siberiaj, Karoo, Parana-Etendeka, Deccan,

|_Enxames de Diques Continentais, Sills

& Complexos Intrusivos Mafico-Ultramaficos

(Associacoes Toleiticas-Komatiiticas)

Eg, India-Western Australia, North Atlantic

Eg, Whitsunday, Chon Aike, Sierra Madre Occidental

Platos Oceanicos
Eg, Ontong Java-Manihiki-Hikurangi, Kerguelen,
Caribbean-Colombian, Magellan Rise

Eg, Nauru Basin, East Mariana, Pigafetta

Figura 2 - Classificagdo de Grandes Provincias Igneas (traduzido de Bryan & Ernst, 2008).

Uma nova metodologia de classificagdo de LIPs foi proposta por Koptev &

Cloetingh (2024), baseando-se na variabilidade dos processos de fragmentacao

continental.

Quadro 1 - Classificagdo de Grandes Provincias Igneas conforme Koptev & Cloetingh (2024)

Tipo de LIP

Caracteristica

Exemplo

LIP-Shirker

Sem ruptura e formagdo de crosta

oceanica.

Siberian Traps

LIP-Producer

Colocacédo da pluma determina a
localizacdo e o periodo da ruptura

continental.

LIP Madagascar

LIP-Trigger

A colocagdao da pluma determina a
localizagao inicial da deformacao pré-
ruptura  na litosfera; a atividade
magmatica é precedida pelo rifteamento

continental.

Central Atlantic
Magmatic Province
(CAMP) e LIP

Karoo

LIP-Attractor

Ruptura continental ndo ocorre na
localizac&o da pluma, formando primeiro
uma margem passiva nao-vulcanica e

depois uma margem passiva vulcanica.

LIP Parana-
Etendeka e LIP
Afar
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LIP-Dornréschen Anomalia termal “oculta” por um periodo | North-Atlantic
(‘re-awakened”) sob uma litosfera espessa pode ser | Igneous Province
reinicializada pelos movimentos laterais | (NAIP)

das placas tectonicas.

LIP-Sleeper Anomalia termal descoberta por sismica | Manus Basin
ou outros métodos, mas sem evidéncias | (Western

de magmatismo. Pacific)

2.2 PROVINCIAS BASALTICAS CONTINENTAIS

As Provincias Basalticas Continentais (PBC) representam imensas
acumulagdes de lavas registrados na historia da Terra. As PBCs sdo comumente
associadas com a fragmentacao e o rifteamento da crosta continental (Courtillot et al.,
1999), em grande parte devido a presenga de anomalias térmicas no manto superior,
que séo capazes de gerar altas taxas de produ¢cdo de magma (Ernst & Buchan, 2003).
As PBCs estdao amplamente distribuidas por todos os continentes do mundo, cobrem
extensas areas e normalmente apresentam espessuras expressivas de derrames de
lava. O magmatismo em PBCs é predominantemente de afinidade toleitica e de
composi¢do basica; no entanto, em algumas provincias, ha ocorréncia de
composi¢cdes acidas (e.g., Formacao Palmas — Parana-Etendeka; Snake River —
EUA).

Para descricdo da sequéncia de derrames em PBCs, Self et al. (1998)
utilizaram critérios de hierarquia e escala dos fluxos de lava, na qual sdo conceitos
descritivos e que funcionam melhor em regiées com vulcanismo ativo ou recente (e.qg.,
Havai e Islandia): (1) Campo de derrames (lava flow fields) consiste nos produtos
agregados de um evento eruptivo, compostos por um ou mais derrames. Sua
identificacao e distincdo sdo baseadas na composi¢cao quimica das lavas, além da
presenca de indicadores como paleossolos ou depositos sedimentares e
vulcanoclasticos, que sugerem uma pausa na atividade vulcéanica; (2) Derrame (lava
flow) é o resultado de uma unica e continua efuséao, tipicamente de curta duragéo e
com caracteristicas homogéneas, tanto quimicas quanto petrograficas. Estes
derrames constituem os principais elementos dos campos de derrames; (3) Lobos
sao corpos de lava com geometrias lobulares e espessuras variadas, geralmente entre
0,5 e 5 metros, delimitados por margens resfriadas.

Para o estudo em PBCs antigas (e.g., Parana-Etendeka, Deccan, Karoo) é

possivel adotar uma terminologia mais simples e direta, conforme Walker (1971).
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Nestas provincias o grau de alteragao das rochas ou de vegetacao podem ser altos,
dificultando o reconhecimento da extensdo total dos derrames. As lavas basalticas
podem ser descritas como (Figura 3): (1) derrames compostos, quando podem ser
subdivididas em unidades de lava ou pequenos lobos, e sdo marcadas pelas
superficies de resfriamentos dos lobos; e (2) derrames simples, apresentam uma
morfologia unica, como um grande lobo individual, muitas vezes com geometria
tabular (e.g., sheet/tabular flow), geralmente associadas a taxas de efusdo maiores
com grandes volumes de lava (flood basalts). Jerram (2002) utiliza uma nova
nomenclatura e classificacdo para os derrames compostos e simples de Walker
(1971), adotando conceitos de arquitetura de facies, distribuicdo Ilateral e
empilhamento de lavas: (1) tabular classica, derrames com grande extenséo lateral
(quildmetros a dezenas de quildmetros) com grandes espessuras (20-50 m), com ou
sem disjungcdes colunares, representativa dos derrames simples; (2) composta
anastomosada, lobos de lava pouco espessos (centimetros a metros), representativa

dos derrames compostos.

A) Derrames Compostos

Figura 3 - Desenho esquematico de campos de derrames do tipo compostos (A) e simples (B) (Retirado de Rossetti,
2018 - Adaptado de Walker, 1971).

2.2.1 Morfologia de lavas basicas

Derrames basalticos subaéreos podem ser classificados de modo geral como
uma série continua com base em suas feicdes de superficie e estruturacéo interna.
Para lavas basalticas, Macdonald (1953) descreveu no Havai trés tipos de derrames:
tendo como membros finais pahoehoe (superficie lisa ou em cordas) e A’a (mais
fragmentado, brechas), e lava em bloco (blocos menos fragmentados e mais
regulares) como um membro intermediario. Posteriormente, foram descritos e

classificados outros tipos de derrames transicionais (Figura 4), como hummocky
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pahoehoe, sheet pahoehoe, slabbly pahoehoe e rubbly pahoehoe. Esses tipos
intermediarios consistem em pequenas variacbes dos membros finais, como
superficies mais onduladas, superficie rompida com placas crustas ou uma superficie
brechada, mas com a base preservada.

Derrames do tipo pahoehoe (Figura 5) podem ser identificados por suas
superficies em corda, onduladas, lobadas ou suaves. Internamente sao divididas em
crosta superior, nucleo e crosta inferior (Macdonald, 1953; Self et al., 1997). A crosta
superior é altamente vesiculada com a quantidade de vesiculas diminuindo em diregao
ao nucleo, enquanto o tamanho delas aumenta (Aubele et al., 1988; Self et al., 1997).
No nucleo, € comum a presenca de disjun¢des colunares bem desenvolvidas e baixa
quantidade de vesiculas primarias, quando presentes, podem ser associadas a
cavidades do tipo diktitaxitica (Anderson et al., 1984). No nucleo é comum a presenca
de estruturas de segregacgao (concentragao de volateis no final da cristalizagdo) como
vesiculas em lencgol (sheet vesicles), cilindros de vesiculas e vesiculas de grande
porte. A crosta inferior € caracterizada por ser pouco espessa e com poucas vesiculas,
sendo comum a presenga de pipe vesicles.

Derrames do tipo A’a podem ser identificados por sua superficie de topo e base
escoriaceos e um nucleo macigo. Em comparacdo com a pahoehoe, o nucleo
geralmente apresenta menos vesiculas, que sao irregulares e estiradas na diregéo do
fluxo (Macdonald, 1953).

Derrames do tipo rubbly pahoehoe (Figura 6) sao um tipo intermediario, muito
semelhante ao tipo A’a, sendo a principal diferenca a base do derrame preservada,
sem brechas. Esse tipo de lava pode ser dividido internamente em quatro por¢des
(Keszthelyi & Thordarson, 2000; Duraiswami et al., 2008): (1) crosta inferior vesiculada
(comum a presenga de pipe vesicles) e suavemente preservada, (2) nucleo macigo
afanitico com disjung¢des colunares, (3) porgéo superior do nucleo vesiculada (blocos

vesiculados), e (4) topo brechado.
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Tipo de lava Definicao Desenho esquematico Referéncias relacionadas Significado
Um termo havaiano que significa Unidades mdiltiplas constituindo lavas pahoehoe Macdonald (1953)
lava basica ndo fragmentada e Walker (1993) Estas feicées de superficie ocorrem devido a
Pihcehos ondulada que possui superficies Self et al. (1998) movimentagdo da lava fluida abaixo da
em corda, onduladas, lobadas ou Jay et al. (2009) crosta da superficie congelada. Este é um
suaves. Lavas pahoehoe séo Vye-Brown et al. (2013a,b) tipo de lava composta.
compostas de diversas unidades. ’
Uma variedade de lava pahoehoe Superficie hummocky suave
Harmesk que consiste em dedos de lavas, Swanson (1973) Este tipo de fluxo composto se forma ou sob
Foeho Y pequenos lobos e tumuli. A m Bondre et al. (2004) taxas baixas de efusdo ou devido a
Panosioe superficie desse tipo de lava é AR Duraiswami (2009) paleotopografia ondulada.
suave, bun-like e hummocky
Umavariadada;de;|aval palioslios, Superficie plana, suavemente ondulada
que consiste de grandes lobos P P ! Inflagdo e coalescéncia de lobos de lavas
Sheet bul; e unidades esp de Aubele et al. (1988) que originam sheet lobos com topos
lengois de lavas. As unidades s&o Self et al. (1998 ds e tipica interna em
pahoehoe ( )
empilhadas umas sobre as outras Duraiswami (2009) tripartite (crosta-nicleo-zona de pipes na
e formam uma geometria tabular base)
plana.
Essas lavas contém uma série de
placas regularmente espacadas, Este é considerado um tipo de lava
Slabby com poucos metros de diametro e P - gradacional entre pahoehoe e ‘ad, o qual
L el de espessura. Essas placas em Pe'ef5°"&T"""9 (1980) exibe caracteristica predominante de lavas
panoshoe geral estdo quebradas e inclinadas Guilbaud et al. (2005) pahoehoe, embora com uma crosta de topo
gragas ao movimento de massa ou qp ARAT /7”777””””” rompida (escoriacea)
drenagem da lava subjacente. THT T
Superficie brechada e base preservada
YT
Eerrz?;:acon;:a;?;pre:;r::::: J'grijlf]‘d%‘?f@ﬁ oo Managave (2000) Tipo de lava transicional entre pahoehoe e
Rubbly ; p' = e v t NN, Keszthelyi & Thordarson (2000) | ‘a’d que foi colocada sob taxas de efusdo
constituem um tipo morfolégico AR ¢ Vo ¢ ; C 3
pahoehoe > _ Guilbaud et al. (2005) ligeiramente mais altas que aquelas das
que. difers, \em; ‘caracleristicas { Duraiswami et al. (2008) lavas pahoehoe
daquelas tipicas pahoehoe e 'a'd e AR e pETnw s
THisTTRTTETII
‘A é um termo havaiano que Superficie escoriacea irregular na base e topo
ShiGa fava sebeid & bidisacea TS Derrames ‘a’d sao geralmente os mais
Egta representa F:xma doz "ésgﬁ os’ /}Gj‘ ;F‘S‘;?};J'\? ,; \_z%.&:w viscosos de todos os tipos morfolégicos e
‘A'a P \ \ s Macdonald (1953) avangam mais lentamente que os derrames

de derrames basicos, cuja
superficie € composta de lava
clinker quebrada.

4

\\ \\ \ \1 \\ /
B AT 3 ST

Walker (1993)

sob dig de

declividade

Figura 4 - Classificagcdo de derrames basicos com base na morfologia (Retirado de Barreto, 2016; traduzido de
Duraiswami et al., 2014)

A)breakouts (horas)

nova
frente

B) inflagao (dias-anos)

fraturas de
resfriamento

C)resfriamento e estagnacao
(meses-décadas)

Crosta
Superior
segregacio Nucleo
de volateis
“““““ = o= 1 [ T W T A S B ' :Crostalnf.

Figura 5 - Modelo de colocagéo de derrames pahoehoe inflados. A) lobo de lava se coloca na superficie, com o
imediato resfriamento e formagéo da crosta externa, preservando o calor da lava; B) ocorre o processo de inflagao
pela continua alimentagéo interna; C) com a interrupgdo da alimentagao da lava, o derrame estagna e resfria, neste
estagio ocorre a segregacao de volateis; D) derrame solidificado e resfriado (Retirado de Rossetti, 2018; modificado
de Thordarson & Self 1998).
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A)breakouts (horas) B) inflacdo - degassing - fragmentacao

degassing
1

nova
frente

C)Inflacéo e fragmentacao episédica

—_ Superficie
KD U’P*b -
o 5 T8 @FE@E?Q a@ _R;bbly
PSS S AT L " " Zona
T @ N L “zona
| | \_‘ k Nucleo
____________________________________ | Crosta Inf.

Figura 6 - Modelo de colocagao de derrames rubbly pahoehoe. A) lobo de lava se coloca na superficie, e de forma
semelhante a pahoehoe a porgéo externa resfria; B) a alimentagao interna causa o processo de inflagédo da lava,
e 0 aumento da presséao interna provoca o degassing e fragmentagéo da crosta pahoehoe previamente formada;
C) a superficie da lava estabiliza e é episodicamente fragmentada por sucessivos pulsos de inflagdo; D) estrutura
interna de derrame do tipo rubbly pahoehoe solidificado e resfriado (Retirado de Rossetti, 2018; baseado no modelo
de Thordarson & Self 1998 para derrames pahoehoe e nos dados de Guilbaud et al., 2005)

2.2.2 Morfologia de lavas acidas

Rochas vulcanicas acidas estdo presentes na maioria das Provincias
Basalticas Continentais e margens rifteadas vulcanicas. Elas podem compor partes
significativas do arcabougo estratigrafico e atingir volumes eruptivos superiores a 104
km?3 (Bryan et al., 2002). Ignimbritos normalmente sdo o tipo predominante de rocha
vulcanica acida nestas provincias vulcanicas, porém diversas morfologias de
depdsitos podem ser identificadas: depdsitos piroclasticos de queda, reoignimbritos,
domos e derrames de lavas.

Lavas rioliticas apresentam uma grande variedade de litofacies, desde brechas
e vitrofiros (normalmente nas porgdes exteriores dos derrames), vesiculas, esferulitos,
foliagdes de fluxo (comum estarem dobradas), litofacies cristalinas e com
granulometria fina (por¢gdes mais internas do derrame) (Fink, 1983; Cas & Wright,
1988; McPhie et al., 1993) (Figura 7).
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A variacoes orientacdo das
texturais foliacoes de fluxo

brecha de topo

topo vesiculado - fino
obsidiana
obsidiana esferulitica

riolito cristalino
obsidiana esferulitica

obsidiana
base vesiculada - grossa
brecha de base

depositos piroclasticos

Figura 7 - (A) Secédo esquematica de fluxo de lava subaéreo de composicédo acida. O lado esquerdo mostra as
variagbes texturais internas originadas por vesiculagédo, desvitrificagdo e fragmentacdo de fluxo. O lado direito
mostra a orientacdo das foliagdes de fluxo internas e do acamamento em brecha de talus da margem do fluxo. (B)
Secao vertical do fluxo indicado na figura A. (Retirado de Simées, 2018; modificado de McPhie et al., 1993).

Além das morfologias classicas, lavas de composicao acida podem exibir
formas atipicas, como camadas tabulares com grande extensao lateral em relagao a
sua espessura (low-aspect ratio). Essas unidades, denominadas vulcanismo tipo-SR
(em referéncia a Provincia Snake River), estdo associadas a erupgdes de alta
temperatura, superiores a 1000°C (Branney et al., 2008). A Formagcao Palmas,
composta por unidades vulcanicas acidas do Grupo Serra Geral (Provincia ignea
Parana-Etendeka), apresenta caracteristicas semelhantes aos depédsitos vulcanicos
do tipo-SR (Besser et al., 2018; Simdes et al., 2019).

As lavas acidas do tipo-SR (Figura 8) sao caracterizadas por autobrechas
basais e nucleos macigos microcristalinos, frequentemente apresentando
bandamento de fluxo, disjun¢des colunares e tabulares. Esferulitos e litofises também

séo encontrados nas porgodes inferiores do nucleo (Branney et al., 2008).
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Lava Riolitica do tipo SR >30km
I cul riolito vitréfiro
vesiculas granofirico superior o
¥ terminacao

~30m

vitréfiro autobrecha

basal

Figura 8 - Estrutura de depositos de composigéo acida do tipo SR. A) derrames com grande extenséo lateral em
relacdo a sua espessura (low-aspect ratio), autobrechas basal e terminagdes lobadas (Retirado de Rossetti, 2018;
modificado de Branney et al., 2008).

2.3 PROVINCIA iGNEA PARANA-ETENDEKA

A Provincia ignea Parana-Etendeka (PIPE) (Figura 9) é uma LIP continental,
também caracterizada como uma Provincia Basaltica Continental, datada do Cretaceo
Inferior, que precede a ruptura do supercontinente Gondwana e a abertura do Oceano
Atlantico (Gladczenko et al.,1997). O magmatismo da PIPE possui afinidade toleitica,
sendo dominado por lavas subaéreas de composicdo basica, com a presenca
subordinada de vulcanicas acidas. As rochas intrusivas do sistema sao representadas
por cinco grandes enxames de diques, localizados nas regides de Ponta Grossa,
Floriandpolis, Santos - Rio de Janeiro, Paraguai e Etendeka (Raposo et al., 1998;
Florisbal et al., 2014).

Em termos geoquimicos, a provincia pode ser dividida em duas regides com
base no teor de TiO2 (Bellieni et al., 1984; Mantovani et al., 1985). A porgao sul da
PIPE é caracterizada por baixo Ti/Y (<310), incluindo os magmas basicos dos tipos
Gramado e Esmeralda, além das rochas acidas do tipo Palmas (Mantovani et al.,
1985; Peate et al., 1992). A porcao norte, por outro lado, é caracterizada por alto Ti/Y
(>310), composta por basaltos dos tipos Ribeira, Pitanga e Paranapanema, bem como
pelas rochas acidas do tipo Chapecé (Peate et al., 1997). O magma tipo Urubici,
embora de alto TiO2, esta intercalado com o tipo Gramado na porc¢ao sul da PIPE
(Peate et al., 1999).

A maior parte da PIPE esta situada na América do Sul (90%), abrangendo os
paises Brasil, Argentina, Uruguai e Paraguai; o restante (10%) esta localizado no
sudoeste da Africa, na Namibia e Angola (Piccirillo & Melfi, 1988; Peate, 1997). Na
América do Sul, a provincia cobre uma area de 917.000 km? e 600.000 km?,
considerando as rochas vulcanicas e intrusivas (Frank et al., 2009). Possui uma
espessura meédia de 700 metros, podendo alcancar até 1750 metros na porgao central
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da Bacia do Parana (Piccirillo & Melfi, 1988). As rochas vulcanicas da PIPE exibem
uma rapida extrusao entre 135,5 e 133,2 Ma, com o pico do magmatismo durando de
1,6 a 3 Ma (Gomes & Vasconcelos, 2021). As rochas acidas da provincia tém idades
mais recentes, a Formagao Palmas apresentou uma rapida extrusdo em 133,6 Ma,
com duracgao de 0,12 £ 0.11 Ka, enquanto a Formagao Chapeco esta limitada a 132,9
Ma, com a atividade magmatica durando 700 Ka (Rocha et al., 2020).

Dentro do contexto cronoestratigrafico da Bacia do Parana, onde a PIPE esta
situada no Brasil, ela marca o topo da sequéncia Gondwana lll, uma supersequéncia
vulcanossedimentar de idade Jurassica-Eocretacica (Milani et al., 2007), representada

pelo Grupo Serra Geral (Rossetti et al., 2018; Horn et al., 2022).
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Figura 9 - Mapa da Provincia ignea Parana-Etendeka com suas grandes estruturas representadas. Enxames de
diques: 1 - Ponta Grossa; 2 — Floriandpolis; 3 —Santos-Rio de Janeiro; 4 — Paraguai; 5 — Etendeka (Modificado de

Rossetti et al., 2018).
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2.4 GRUPO SERRA GERAL

O vulcanismo Serra Geral foi amplamente estudado nas décadas de 1980 e
1990, com foco principalmente nas caracteristicas geoquimicas, geocronologicas e
paleomagnéticas (Bellieni et al., 1984; Peate et al., 1992; Peate, 1997; Ernesto et al.,
1990). Recentemente, novos estudos com enfoque na arquitetura de facies, aspectos
morfolégicos das lavas e caracteristicas petrograficas foram aplicados para a
construgdo de uma proposta estratigrafica formal. Rossetti et al. (2018) propuseram,
para a porgao sul da PIPE, a elevacao da Formagao Serra Geral ao status de Grupo
Serra Geral e sua subdivisdo em quatro formacgdes: Torres, Vale do Sol, Palmas e
Esmeralda. A proposta estratigrafica foi complementada por Horn et al. (2022) a partir

dos mesmos critérios estratigraficos para as novas formacdes (Figura 10).

. P&s-vulcanicas
Grupo Serra Geral
. Gr. Serra Geral Indiviso
. Fm. Paranapanema
. Fm. Pitanga
. Fm. Chapecé
. Fm. Arvorezinha
. Fm. Esmeralda
. Fm. Barros Cassal

. Fm. Palmas

D Fm. Vale do Sol

D Fm.Torres

. Fm. Botucatu
D Pré-vulcénicas
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\ Estradas .
o Cidades 0 25 50 100
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Figura 10 — Mapa geoldgico do Grupo Serra Geral na regido norte do Rio Grande do Sul (Modificado de Horn et
al., 2022).

Na base do Grupo Serra Geral, a Formagao Torres sucede os arenitos edlicos
da Formacgao Botucatu e é caracterizada por basaltos do tipo pahoehoe compostos,
apresentando morfologias de lobos de lava e lobos em lencol (Figura 11 — A) (Waichel
et al., 2012; Rossetti et al., 2018). Os derrames possuem uma estrutura tipica de
pahoehoe, com crosta basal vesiculada (tipo pipe), nucleo macico e crosta superior

vesicular. Petrograficamente, os basaltos sao de granulagao média, contendo cristais
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de olivina e plagioclasio, e apresentam textura porfiritica a glomeroporfiritica com
plagioclasio, augita, 6xidos de Fe e olivina (Rossetti et al., 2018).

A Formacgao Vale do Sol € composta por derrames espessos (20-60 m) de
andesitos basalticos do tipo rubbly pahoehoe, que podem ser estruturados em quatro
partes: crosta inferior vesicular, nacleo macigo, crosta superior vesicular e superficie
de topo brechada (tipo rubbly) (Figura 11 — B). Os andesitos basalticos apresentam
textura afanitica a faneritica fina, com augita e 6xidos de Fe intergranulares, além de
raros fenocristais de plagioclasio (Rossetti et al., 2018).

A Formacgao Palmas é predominantemente composta por lavas de composi¢ao
dacitica a riolitica, com morfologias de extensos derrames tabulares (low aspect ratio)
com terminagdes lobadas, domos de lava e sistemas complexos de alimentacéo
(Figura 11 — C) (Lima et al., 2012, 2017; Rossetti et al., 2018; Polo et al., 2018). Sao
comuns foliagdes de fluxo, dobras de fluxo, vesiculas e megavesiculas, além de
autobrechas localizadas (Rossetti et al, 2018; Simoes et al., 2018).
Petrograficamente, apresentam textura vitrofirica, com fenocristais de plagioclasio,
augita e ortopiroxénio, sendo comum a presenca de textura granofirica com
intercrescimento de K-feldspato e quartzo. As foliagbes de fluxo sdo marcadas pela
alternancia de bandas com diferentes graus de cristalinidade e oxidagdo (Rossetti et
al., 2018; Simoes et al., 2023).

No topo, aflora a Formacdo Esmeralda constituida por basaltos do tipo
pahoehoe compostos, semelhantes aos observados na Formacgao Torres. Apresentam
a estrutura tipica de lobos de lava, com crosta basal vesiculada, nucleo macigo e
crosta superior vesicular (Figura 11 — A). Petrograficamente, possuem textura afirica
a afanitica, com micrdlitos de plagioclasio de forma acicular a esqueletal, além de
cristais de augita e 6xidos de Fe imersos em uma matriz vitrea (Rossetti et al., 2018).

As diferentes morfologias identificadas nas formagdes do Grupo Serra Geral
podem ser associadas a diferentes estagios da atividade vulcéanica (Cruz, 2019): (1) a
Fm. Torres marca o inicio do vulcanismo com a colocagado de lavas basalticas com
baixas taxas de efusdo; (2) a Fm. Vale do Sol representa o climax vulcéanico,
caracterizado pelos derrames espessos do tipo rubbly pahoehoe; (3) a Fm. Palmas
indica uma mudanga composicional para lavas mais silicosas que se interdigitam com
a Fm. Vale do Sol; (4) a Fm. Esmeralda marca o declinio do vulcanismo, composta

por lavas basalticas do tipo pahoehoe, similar a Fm. Torres.
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Figura 11 — Secéo colunar de derrames das formagdes do Grupo Serra Geral. Abreviagdes: CS — Crosta
Superior; Cl — Crosta Inferior (traduzido de Rossetti et al., 2018).

2.5 PADROES DE POROSIDADE E PERMEABILIDADE DE ROCHAS
VULCANICAS

O sistema permoporoso em rochas vulcanicas € complexo e heterogéneo,
envolvendo uma variedade de processos primarios e secundarios que podem tanto
criar quanto obstruir espagos porosos (Sruoga & Rubinstein, 2007). Uma analise
abrangente dos tipos de poros primarios e secundarios, assim como dos processos
formadores de porosidade em rochas vulcanicas, foi apresentada por Sruoga &
Rubinstein (2007) (Quadro 2). O espago poroso pode ser caracterizado como: (1)
primario, relacionado a ascensdo do magma e seu posicionamento na superficie; ou
(2) secundario, formado por processos poés-emplacement, como alteracédo e

fraturamento tectoénico.
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Quadro 2 - Processos primarios e secundarios e a sua porosidade resultante em rochas vulcanicas (Sruoga &

Rubinstein, 2007).

Origem Processo Tipo de porosidade
Welding Intershard e Intrapumice
Dissolucao deutérica de cristais Intra-cristal ou moldica
Liberacdo de volateis Vesicular e Gas Pipe
o
5 5 Interflow Laminar / Tension
£ Fragmentacao de Fluxo o
5 Cracks Cavitation
Fragmentacao Brechas autoclasticas Inter-clasto
Fragmentacéo de _
o Cristal fragmentado
fenocristais
Dissolucéo e precipitacao de
. . o Spongy a Cavernous Lacy
~ minerais secundarios
Alteracao
Metedrica Precipitacao de minerais
: - iy Drusy
o Diagenética secundarios nos poros
\E i
° Hidrotermal Remogé&o mecanica de ) o
S . . . Peneira a méldica
S minerais secundarios
n
Tectonica Fratura tecténica
Fratura Quenching Fratura quench
Brecha hidrotermal Brecha drusy

A porosidade primaria pode ser do tipo vesicular (liberagdo de volateis), intra-

cristal/méldica (dissolugcdo deutérica), intra-fragmento (auto-brechas) e de fraturas

(por resfriamento e quenching). Processos secundarios estao relacionados a

alteragbes (reagdes diagenéticas, intemperismo, hidrotermal) e fraturamento. Esses

processos sao responsaveis por modificar ou criar poros, através da dissolugao dos

minerais primarios (intracristalina/méldica ou

intra-matriz) e/ou dissolugédo de

fragmentos de lava em uma autoclastica (intra e inter-fragmentos). Além disso, esta

associado as fraturas tectdnicas e a precipitagcdo de minerais secundarios, que podem

obstruir parcialmente ou totalmente a porosidade e permeabilidade. A Figura 12

apresenta alguns tipos comuns de padrbes de porosidade em rochas vulcanicas.
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Matriz/vidro vulcanico Il Porosidade preenchida por resina  [4 Minerais secundarios
& Vesiculas ¢/ Mineralogia primaria

Figura 12 — Padrdes de porosidade em rochas vulcanicas. A - Vesicula/Amigdala; B - Dissolugdo de minerais
primarios; C - Fragmentagédo de minerais; D - Interclastos (autobrecha); E - Quenching; F - Fratura; G - Drusy; H -
Dissolugédo da matriz; | - Dissolugdo de minerais secundarios. (Fonte: autor)

2.5.1 Padroes de porosidade e permeabilidade do Grupo Serra Geral

Estudos sobre as caracteristicas petrofisicas do Grupo Serra Geral sao
recentes (e.g., Becker et al., 2019; Rossetti et al., 2019; Navarro et al., 2020). Esses
dados sao de grande importancia, pois formam a base para pesquisas envolvendo
sistemas aquiferos em rochas vulcénicas (e.g., Sistema Aquifero Serra Geral —
Navarro et al., 2020), analogos de reservatorios nao-convencionais vulcanicos da
margem continental brasileira (Reis et al., 2014), e tém relevancia para estudos de

armazenamento geoldégico de CO2 (Ketzer et al., 2015; Pelissari et al., 2023). Para
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esses estudos, € essencial estabelecer uma base estratigrafica que permita a
correlagdo com dados petrofisicos, como porosidade, permeabilidade e perfilagem
geofisica (resistividade, velocidade de onda e raios gama).

Estudos na regidao norte do GSG (Navarro et al., 2020) permitiram a
identificacdo de quadro hidrofacies, a partir de perfilagem geofisica em pogos,
associando as zonas mais permeaveis aos topos dos derrames (vesicular, brecha e
escoria), alternados com intervalos de baixa permeabilidade representados pelos
interiores dos fluxos (basalto macico, colunados e de entablatura). Segundo Navarro
(2020), foram identificados as seguintes hidrofacies com as suas respectivas
caracteristicas: (1) nucleo de derrames, basalto macico com baixa porosidade e
permeabilidade, mas alta resistividade (>1.000 Qm) e velocidade de propagacao de
ondas sismicas (Vp) (> 5 km/s); (2) basalto vesiculado, apresenta valores altos de
raios gama ( 15,58 API), com resistividade média de 39,27 Qm e Vp de 3.9 km/s; (3)
basalto alterado possui resistividade média de 66 Qm e Vp média de 4.5 km/s, com
raios gama de 25,64 API; (4) lentes de argila, representativas de antigas superficies
de alteragdo, apresentam intervalos anémalos nos perfis de raios gama devido a
presencga de argilominerais. O Vp é de 4,3 km/s, e a resistividade média é de 48,35
Qm, similar as porgdes vesiculadas e alteradas.

No GSG, o sistema poroso apresenta alta heterogeneidade, resultante dos
processos de colocacgao das lavas e da estruturacao interna dos derrames (Becker et
al., 2019). Em geral, a crosta superior e inferior dos derrames basalticos possui
porosidade mais alta (>10%) e velocidade de ondas baixa, em contraste com os
nucleos dos derrames, que apresentam baixa porosidade (<5%) e alta velocidade de
ondas (Rossetti et al., 2019). Processos secundarios desempenharam um papel
importante na formacao e obstrucdo da porosidade, contribuindo também pela baixa
permeabilidade (<1 mD) encontrada nestas rochas (Becker et al., 2019; Rossetti et
al., 2019).
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2.6 RESERVATORIOS VULCANICOS

O interesse da industria e da academia em rochas vulcénicas tem crescido
significativamente nos ultimos anos. Esse interesse se deve a capacidade destes
litotipos atuarem como reservatdrios ndo-convencionais, tais como aquiferos e fontes
de energia geotermal, mas especialmente na produc¢ao de hidrocarbonetos e, mais

recentemente, no armazenamento de COz2 (Figura 13) (Millett et al., 2024).
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Figura 13 - Mapa global com a localizagdo das principais LIPs e reservatorios vulcanicos associados (Millett et al.,
2024)

2.6.1 Reservatoérios de hidrocarbonetos em rochas vulcanicas

As rochas igneas em bacias vulcanossedimentares sado frequentemente
negligenciadas durante a exploragdo de hidrocarbonetos, principalmente devido a
percepcgao de sua baixa qualidade como reservatorio (Schutter, 2003), resultando em
uma escassez de estudos detalhados sobre esses litotipos e suas interagées com o
sistema petrolifero. No entanto, o magmatismo e as rochas associadas podem
desempenhar um papel complexo na evolugcado da bacia, potencialmente servindo
como fontes de maturagao da matéria organica, armadilhas e até mesmo como rochas
reservatorio.

Rochas igneas, em especial vulcanicas, podem apresentar reservatérios
comerciais de hidrocarbonetos, e sdo encontrados em diversos paises ao redor do
mundo, incluindo Brasil, Namibia, india, China, Estados Unidos e Argentina (e.g.,
Schutter, 2003; Zou et al., 2013; Millett et al., 2024). No Brasil, os campos de Badejo
e Linguado, localizados na Bacia de Campos no offshore brasileiro, produziram

hidrocarbonetos por mais de 30 anos a partir de reservatérios vulcanicos nao-
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convencionais na Formagao Cabiunas (Marins et al., 2022). Esta formagéo consiste
em uma intercalagdo de derrames basicos (pahoehoe compostos e rubbly pahoehoe)
com sedimentos siliciclasticos e rochas vulcanoclasticas, como peperitos e tufos
(Mizusaki et al., 1988, 1992; Marins et al., 2022). Esse magmatismo esta
temporalmente associado & Provincia ignea Parana-Etendeka, caracterizada por
afinidade geoquimica toleitica com baixas concentragbes de elementos incompativeis
e TiO2, possivelmente correlacionado aos estagios iniciais da fase de rifteamento
(Mizusaki et al., 1988).

O Grupo Serra Geral representa um excelente analogo para o estudo de
sequéncias vulcanicas associadas a hidrocarbonetos nas bacias do offshore brasileiro
(Reis et al., 2014), como as Formacgdes Cabiunas e Camboriu (na Bacia de Campos
e Santos, respectivamente). O estudo de analogos auxilia no entendimento das
sequéncias offshore, devido a dificuldade de aquisicdo de dados diretos, pela elevada

profundidade desses poc¢os e o alto custo operacional.

2.6.2 Armazenamento de CO2 em rochas vulcéanicas

O aquecimento global e as mudancgas climaticas tém provocado alteracbes
substanciais nos sistemas ecoldgicos e ambientais em escala global (IPCC, 2007). A
tecnologia de captura, utilizagcdo e armazenamento de carbono (CCUS - carbon
capture, utilization, and storage) (IPCC, 2005) é considerada uma técnica essencial
para o combate e mitigagdo das mudancgas climaticas. Entre as técnicas de CCUS, o
armazenamento geolégico de CO2 destaca-se pelo seu grande potencial para a
fixagdo permanente do carbono na forma de minerais carbonaticos (Teir, 2008).

As rochas vulcanicas basalticas sao candidatas excelentes para a
mineralizacdo de carbonatos devido a sua ampla distribuicdo global e grandes
volumes (e.g., LIPs). Além disso, essas rochas basicas demonstram uma rapida e
eficiente reatividade com o COz2 (Gislason et al., 2010; Matter et al., 2016).

O processo de injegao de CO2 pode ocorrer na forma pura (supercritica) ou
dissolvida em agua (Kelektsoglou, 2018; Sanna et al., 2014). Quando dissolvido em
agua, forma-se acido carbdnico, o que reduz o pH da agua e aumenta sua reatividade
(Matter et al., 2009). O CO:2 reage quimicamente com os 6xidos de Ca, Mg e Fe,
resultando na formagao de minerais carbonaticos estaveis, como calcita, dolomita,

magnesita e siderita (Figura 14).
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Figura 14 — Processo de mineralizagdo de carbono em rochas basalticas com olivina (Sandalow et al., 2021).

O CarbFix € um projeto piloto bem-sucedido de armazenamento de CO2 em
rochas basalticas na Islandia, com capacidade total estimada de 0,33 Gt de CO2
(Callow et al., 2018). Iniciado em 2012 nas proximidades da usina geotérmica de
Hellisheidi, o projeto utilizou gas geotérmico contendo 83% de CO2 e 16% de H2S. O
CO2 foi misturado com a agua subterranea e injetado em derrames basalticos
toleiticos com olivina e hialoclastitos a aproximadamente 500 metros de profundidade
(Matter et al., 2009). O projeto demonstrou alta eficiéncia, com mais de 95% do CO2
mineralizado em dois anos (Snaebjornsdaéttir et al., 2020). Apds os resultados iniciais
promissores, o projeto foi expandido em 2014, com a inje¢cao de 23.000 toneladas
adicionais de CO2 em reservatérios a cerca de 750 metros de profundidade
(Gunnarsson et al., 2018), resultando na mineralizagdo de aproximadamente 60% do
CO2 em trés anos (Erol et al., 2022).

Outro projeto piloto eficaz foi o de Wallula, em Washington, EUA, iniciado em
2009 e oficialmente langado em 2013, que injetou cerca de 1000 toneladas de CO:2
supercritico nos derrames basalticos do Columbia River (McGrail et al., 2014; McGrail
et al., 2017). O CO:2 foi aquecido e pressurizado antes de ser injetado em zonas de
basalto brechado, em derrames do tipo rubbly pahoehoe, a uma profundidade de 800
- 900 m. Ap6s a conclusdo da injecado, analises realizadas em testemunhos de
sondagem revelaram uma rapida formacado de ankerita em poros e fraturas dos
basaltos (McGralil et al., 2017; White et al., 2020).

No Brasil, a Provincia ignea Parana-Etendeka apresenta um alto potencial para
armazenamento geoldgico de CO2 (Ketzer et al., 2015; Pelissari et al., 2023), em
especial nas regides Sul e Sudeste, pela proximidade das fontes emissoras e da
disponibilidade do basalto (Carneiro et al., 2013). Estudos de reatividade nestes
litotipos basicos apresentam uma rapida precipitagéo de carbonatos (aragonita-calcita
e dolomita), especialmente em basaltos cristalinos, pela alta reatividade com minerais

primarios ricos em Ca, como plagioclasio e clinopiroxénio (Ferreira et al., 2024).
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CAPITULO 1l
Neste capitulo serdo apresentados os materiais e métodos utilizados para

obtencéao e interpretagdo de dados durante a dissertacio.

3 METODOLOGIA
3.1 REVISAO BIBLIOGRAFICA

A etapa de revisao bibliografica consistiu na leitura de trabalhos sobre contexto
geoldgico, estratigrafia vulcanica e morfologias de lavas, petrofisica e padrées de
porosidade e permeabilidade em litotipos vulcanicos, e por fim reservatorios

vulcanicos com foco em hidrocarbonetos e armazenamento geologico de COa2.

3.2 ATIVIDADES DE CAMPO

Foram realizadas diversas campanhas de campo ao longo de 2021 até 2023,
em parte complementares ao Trabalho de Conclusdo de Curso do autor (Meucci,
2022). A atividade de campo envolveu a constru¢do do arcabougo estratigrafico
através do levantamento de 5 sec¢des colunares em 3 perfis, conforme Quadro 3 e
Figura 15. As litofacies foram descritas com base em um cédigo de pelo menos duas
letras, na qual a maiuscula corresponde a composigao litolégica e a minuscula se
refere aos aspectos estruturais e/ou texturais (Mcphie et al., 1993). Além disso, foram

coletadas amostras dos derrames para estudos petrograficos e petrofisicos.

Quadro 3 - Perfis e se¢des colunares utilizadas no trabalho com seus respectivos codigos. (Fonte: autor)

Caédigo Cadigo
Perfil Secao Colunar
do Perfil da Secao
Sao Marcos — Sao Marcos SM
SM-CS
Campestre da Serra Campestre da Serra CS
Crituva — Criuva CR
CR-CS
Campestre da Serra Campestre da Serra CS
Cachoeira da Mulada CM Mulada M
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Figura 15 — Mapa geoldgico da area de estudo com a localizagdo dos perfis colunares.
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3.3 PETROGRAFIA

Foram selecionadas 32 amostras para a confecgdo de laminas petrograficas
com 30 ym de espessura e impregnadas com resina azul para ressaltar a porosidade
e permeabilidade. A descrigdo petrografica foi realizada com énfase nas
caracteristicas qualitativas e seu principal foco foi classificar petrograficamente a

rocha e definir os tipos de porosidade e permeabilidade.

3.4 ENSAIOS DE POROSIDADE E PERMEABILIDADE

Foram selecionadas 21 amostras para o preparo de cilindros (plugs) de 1,5” e
1”. Utilizou-se como critério de sele¢do o melhor controle estratigrafico e exposigao
dos derrames. Na sec¢ao colunar de Sao Marcos foram analisadas 12 amostras,
representativas das porgdes de nucleo e topo de 6 derrames rubbly pahoehoe. Na
secao colunar da Mulada foram analisadas 4 amostras de 2 derrames rubbly
pahoehoe. Por fim no Perfil Critva-Campestre da Serra (CR-CS), analisou-se 5
amostras, relacionadas a 3 litofacies de composi¢ao dacitica: dacito porfiritico macico
(Dpm), dacito vesiculado (Dv) e dacito vitrofirico porfiritico (Dvtp). O Quadro 4 compila
e organiza as informacdes apresentadas.

As analises foram realizadas no Laboratério de Geoquimica e Petrofisica do
IPR-PUCRS (Instituto de Petréleo e Recursos Naturais — Pontificia Universidade
Catdlica do Rio Grande do Sul), utilizando-se o equipamento de Porosidade e
Permeabilidade AP-608, que realiza medi¢gdes do volume dos poros através da
expansao do gas nitrogénio. Os ensaios consistem na medi¢ao das dimensdes fisicas
da amostra, sendo executadas trés repeticbes no equipamento para determinacéo da

porosidade e permeabilidade efetiva das amostras para condigdes de 1000 PSI.



Quadro 4 — Compilacdo das amostras analisadas com a nomenclatura e a litofacies (Fonte: autor).

39

Perfil Secgao colunar Amostra Litofacies
VRA-3A Bbr (Topo rubbly 8)
VRA-3B Bm (Nucleo rubbly 8)
VRA-5A Bbr (Topo rubbly 7)
VRA-6A Bm (Nucleo rubbly 7)
VRA-11A Bbr (Topo rubbly 4)
VRA-11C Bm (Nucleo rubbly 4)
Perfil SM-CS Sao Marcos (SM)
VRA-12A Bbr (Topo rubbly 3)
VRA-13A Bm (Nucleo rubbly 3)
VRA-14B Bm (Nucleo rubbly 2)
VRA-15A Bbr (Topo rubbly 2)
VRA-16A Bbr (Topo rubbly 1)
VRA-17A Bm (Nucleo rubbly 1)
M5.1A Bm (Nucleo rubbly)
M5.1C Bbr (Topo rubbly)
Perfil CM Mulada (M)

M9-B Bbr (Topo rubbly)
M9-C Bm (Nucleo rubbly)
M14-A Dpm

Criava (CR) M22 Dvtp

Perfil CR-CS M34-B Dv
Campestre da M41 Dvtp
Serra (CS) M42 Dpm

3.5 TRATAMENTO DOS DADOS

Na etapa de tratamento de dados, as segbes colunares foram vetorizadas

através do programa Adobe lllustrator, assim como as ilustragbes, litofacies e

desenhos esquematicos. As fotografias e microfotografias das diferentes litofacies e

tipos de porosidades foram selecionadas e inseridas em plates de fotos no Adobe

lllustrator. Os mapas foram confeccionados com o programa QGIS (versao 3.16), a

partir da base cartografica Open Street Maps, mapa geoldgico da Bacia do Parana

(2021) do Servico Geologico do Brasil (CPRM) e modelos digitais de elevagao

disponibilizados pelo TOPODATA (resolugao do pixel 30 m).
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CAPITULO IV
Neste capitulo sdo apresentados os resultados, discussdes e conclusdes do trabalho
na forma de artigo cientifico intitulado de “STRATIGRAPHY AND PETROPHYSICAL
PROPERTIES OF THE VOLCANIC ROCKS OF SERRA GERAL GROUP: CASE
STUDY IN ANTAS RIVER VALLEY REGION, RIO GRANDE DO SUL, BRAZIL”,

publicado na Journal of South American Earth Sciences.
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STRATIGRAPHY AND PETROPHYSICAL PROPERTIES OF THE VOLCANIC
ROCKS OF SERRA GERAL GROUP: CASE STUDY IN ANTAS RIVER VALLEY
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Abstract

Interest in volcanic rocks has grown significantly in recent years due to the capacity of
these lithologies to function as unconventional reservoirs in hydrocarbon production
and CO:z2 storage. The investigation of the petrophysical properties of volcanic systems
aims to better understand the capacity and efficiency of these lithotypes to store fluids
and the conditions under which they can flow. However, the diversity of morphologies
and lithofacies in volcanic successions generates complex permeable-porous
structures, which causes a difficulty in analyzing and modeling for the construction of
reservoir models. For a complete understanding, it is necessary to combine the study
of petrophysical properties with detailed stratigraphic analysis. For this paper, the
research was conducted through the study of five columnar sections, located in the
Antas River Valley region, part of Parana-Etendeka Igneous Province in southern
Brazil. The stratigraphic framework was integrated with petrographic techniques and
laboratory measurements of porosity, permeability and density for volcanic samples of
Vale do Sol Formation and Palmas Formation (Serra Geral Group). The data obtained
indicate that the petrophysical properties are highly controlled by lava internal
structures and secondary processes. The highest porosities were found in the
brecciated tops of rubbly lava flows (26.32%) and vesicular dacites (23.62%), mainly
associated with vesicles, whereas interclast porosity types occur in autobreccias.
Despite some high porosity values, the overall permeability is low (>1mD), however,
this does not take into account the degree of fracturing observed in the field. The low
porosity and permeability values are mainly associated with high presence of
secondary minerals precipitated in the pores. These results demonstrate that the
volcanic rocks in the Serra Geral Group have a complex pore system, due to primary
and secondary processes, from magma ascent and emplacement on the surface to
dissolution and precipitation of secondary minerals. Understanding the petrophysical
properties and their association with lava morphologies is key for modelling volcanic
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reservoirs and quantify the capacity of these lithotypes to store fluids, whether for

hydrocarbon prospection or for geological CO2 storage.

Keywords: Parana-Etendeka; volcanic facies; petrophysical properties; volcanic

reservoirs; unconventional reservoirs; carbon storage.
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1. Introduction

Interest from both industry and academia in volcanic rocks has grown
significantly in recent years. This interest arises from the capacity of these lithologies
to function as unconventional reservoirs, such as aquifers and geothermal energy
sources, but especially in hydrocarbon production and, more recently, in CO2 storage
(Millett et al., 2024). However, the diversity of morphologies and lithofacies in volcanic
successions generates complex permeable-porous structures with different
combinations of porosity and permeability patterns (Sruoga & Rubinstein, 2007). This
scenario is further complicated by secondary processes, which act on pore filling

and/or dissolution (Sruoga & Rubinstein, 2007).

The investigation of the petrophysical properties of volcanic systems aims to
better understand the capacity of these lithotypes to store fluids and the conditions
under which they can flow. The study of petrophysical properties, combined with
detailed stratigraphic analysis, is crucial for modelling volcanic reservoirs and
understanding their capacity and efficiency, whether for hydrocarbon prospection (e.g.,
Zou et al., 2013) or for geological CO:2 storage (e.g., CarbFix, Iceland - Matter et al.,
2009; Wallula, USA - McGrail et al., 2014). Due to the complexity of volcanic system,
analyzing volcanic successions requires a multi-step approach. The first step involves
building a detailed stratigraphic framework, which includes the identification of flow
morphologies and their internal structure, i.e., the distribution of lithofacies. The second
step is the investigation of the petrophysical properties of these lithologies through the
qualification and quantification of porosity and permeability, along with other methods
such as ultrasonic acoustic velocities, bulk density, seismic, resistivity, and gamma
rays (e.g., Fornero, 2018; Rossetti, 2019; Navarro, 2020). This methodology has been
used to provide data and construct reservoir models for volcanic successions in
various contexts, such as the Parana-Etendeka Igneous Province (Rossetti et al.,
2019), volcanic sequences in offshore settings (Marins et al., 2022), and potential CO2

storage sites (Rosenqvist et al., 2023).

The aim of this paper is to establish the lithostratigraphic framework of a section
of the Antas River Valley region, part of Parana-Etendeka volcanism in southern Brazil
(Figure 1-A), based on the identification, association and interpretation of lithofacies
and the characterization of the petrophysical patterns of the lava flows. The present
work describes in detail the upper portion of the Vale do Sol Formation and its transition

towards silicic lavas of Palmas Formation. The lava internal structure and its



44

petrophysical properties are characterized and discussed, focusing on the different
types of porosity and their relation to the lithofacies present in the lava flows. These
results enhance the understanding of petrophysical patterns in volcanic system, useful

for studies related to hydrocarbon production and COz2 storage.

Lithostratigraphic studies in the Serra Geral Group (SGG) are recent (Waichel
et al., 2012; Rossetti et al., 2014; Rossetti et al., 2018; Horn et al., 2022), as are works
relating to the petrophysical characteristics of lava flows (e.g., Barreto et al., 2017;
Rossetti et al., 2019; Becker et al., 2019). These data are of great importance because
the SGG can be considered an analogue for the volcanism present in the basins of the
Brazilian margin (Reis et al., 2014). The study of analogs aids in understanding
offshore sequences due to the difficulty of acquiring direct data, the significant depth
of these wells and the high operational costs. In addition to the hydrocarbon exploration
potential, the studied region is part of the Serra Geral Aquifer System, and studying
porosity and its relationship with the flows helps in understanding the flow and storage

of groundwater in this aquifer (e.g., Navarro et al., 2020).
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2. Geological background

The Parana-Etendeka Large Igneous Province (PELIP) is a Continental Flood
Basalt Province, of the Early Cretaceous, which precedes the breakup of the
supercontinent Gondwana and the opening of the South Atlantic Ocean (Gladczenko
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et al., 1997). The magmatism has a tholeiitic affinity, dominated by subaerial lavas of
basic composition, with subordinate acidic volcanics.

Most of PELIP is located in South America (90%), encompassing Brazil,
Argentina, Uruguay and Paraguay; the remaining 10% is situated in southwestern
Africa, in Namibia and Angola (Piccirillo & Melfi, 1988; Peate, 1997). In South America,
the province covers an area of 917,000 km? and has an estimated volume of ca.
600,000 km3, considering both volcanic and intrusive rocks (Frank et al., 2009). It has
an average thickness of 700 m, reaching up to 1725 m in the central portion of the
Parana Basin (Piccirillo & Melfi, 1988). The volcanic rocks of the PELIP exhibit rapid
extrusion between 135.5 and 133.2 Ma, with the peak of magmatism lasting from 1.6
to 3 Ma (Gomes & Vasconcelos, 2021). The acidic rocks of the province are younger,
with ages between 133.6 Ma and 132.9 Ma (Rocha et al., 2020).

The Parana-Etendeka volcanism was extensively studied in the 1980s and
1990s, mainly focusing on geochemical, geochronological and paleomagnetic
characteristics (Bellieni et al., 1984; Peate et al., 1992; Peate, 1997; Ernesto et al.,
1990). Geochemically, the province can be divided into a southern portion
characterized by low Ti/Y (<310) (Peate et al., 1992; 1997), including the basic
Gramado and Esmeralda magmas types, as well as the acidic rocks of the Palmas
type (Mantovani et al., 1985; Peate et al., 1992). The northern portion, on the other
hand, is characterized by high Ti/Y (>310), composed of basalts of the Ribeira, Pitanga
and Paranapanema types, the acidic rocks of the Chapecd type (Peate et al., 1997).

Recently, Rossetti et al. (2018) proposed the elevation of the Serra Geral
Formation to the status of the Serra Geral Group in the southern portion of the PELIP
(Figure 1-B), and its subdivision into four formations: Torres, Vale do Sol, Palmas and
Esmeralda. The stratigraphic proposal was further developed by Horn et al. (2022),
using the same stratigraphic criteria. They included the Botucatu Formation at the base
of the Serra Geral Group and defined several new formations: Barros Cassal,
Arvorezinha, Jaguarao, Chapeco, Pitanga and Paranapanema.

Two main formations can be identified in the Antas River Valley region: the Vale
do Sol Formation, which is overlaid by the Palmas Formation. The contact is
established regionally at approximately 650 m above sea level. The Vale do Sol
Formation (VSF) is composed of thick basaltic andesites lava flows (20 - 60 m) of
rubbly pahoehoe. These flows can be structured into four parts: vesicular lower crust,

massive core, vesicular upper crust and a rubbly flow top. The basaltic andesites
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exhibit aphanitic to fine-grained holocrystalline textures, with augite, plagioclase and
Fe oxides, and rare plagioclase phenocrysts (Rossetti et al., 2018).

The Palmas Formation is predominantly composed of dacitic to rhyolitic lavas,
with extensive tabular morphologies (low aspect ratio) with lobate terminations, silicic
lava domes and complex feeding systems (Lima et al., 2012, 2017; Rossetti et al.,
2018; Polo et al., 2018). Common features include flow foliations and folds, vesicles
and megavesicles, as well as localized autobreccias (Rossetti et al., 2018; Simoes et
al., 2018). Petrologically, they display a vitrophyric texture with plagioclase, augite and
orthopyroxene phenocrysts. Granophyric texture with intergrowth of K-feldspar and
quartz is also common. Flow foliations are marked by alternating millimetric bands with
varying degrees of crystallinity and oxidation (Rossetti et al., 2018; Simdes et al.,
2023).

3. Methodology
3.1 Fieldwork and stratigraphic logs

Fieldwork for this study was conducted on the Antas River Valley, northeast
region of Rio Grande do Sul state, Brazil. The lithofacies were described based on a
code of at least two letters, adapted for volcanic rocks (Mcphie et al., 1993), where the
uppercase letter corresponds to lithological composition and the lowercase letter refers
to structural and/or textural aspects, e.g., massive basalt (mB). Lithofacies were

associated for the interpretation of eruptive styles/emplacement conditions.

The stratigraphic analysis was conducted through the study of five columnar
sections at a 1:1000 scale, along three profiles located in the Antas River Valley region
(Figure 2): (1) S&do Marcos — Campestre da Serra profile is situated along BR-116 road
between Km 88 and Km 103, ranging from ca. 300 to 650 m above sea level (350 m
of vertical log succession); (2) Criiva — Campestre da Serra profile is located on a local
road between the districts of Critva (Caxias do Sul) and S&do Manoel (Campestre da
Serra), ranging from ca. 325 to 850 meters above sea level (525 meters of vertical log
succession); (3) Cachoeira da Mulada profile is located at Reserva Bertussi, in the
Criuva district, ranging from ca. 575 to 725 meters above sea level (150 meters of

vertical log succession).
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Figure 2 — Geological map of the studied area with the logged sections locations.

3.2 Petrophysical analysis

Thirty-two samples were selected for this study, distributed across three logged
sections through the Serra Geral Group (locations shown in Figure 2). The samples
were analyzed using petrographic techniques on resin-impregnated samples, with an
emphasis on qualitative characteristics, such as rock classification and pore types.
Additionally, twenty-one core plugs were selected for quantitative analysis of the
permo-porous space, which was conducted by measuring the pore volume using
nitrogen gas expansion under conditions of 1000 PSI, at the Geochemistry and
Petrophysics Laboratory at the IPR-PUCRS (Institute of Petroleum and Natural
Resources — Pontifical Catholic University of Rio Grande do Sul, Brazil). For the
guantitative analysis, twelve samples from the Sdo Marcos — Campestre da Serra
logged section were analyzed, representing the core and top portions of six rubbly

pahoehoe basaltic flows. In the Cachoeira da Mulada section, four samples from two
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rubbly pahoehoe basaltic flows were analyzed. Finally, in the Critva — Campestre da

Serra profile, five samples of dacitic composition were analyzed.

4. Results

The results are segmented into (1) stratigraphic analysis, based on the
identification and association of lithofacies, and (2) petrophysical patterns, in which
each lithofacies is described petrographically, with the characterization and
quantification of permoporosity. Overall, 10 lithofacies were identified and three
lithofacies association were described (detail description in Appendix A), with porosity

varying from 0,28% to 26,32% with dominant vesicular porosity type.

4.1 Stratigraphy
4.1.1 Sao Marcos — Campestre da Serra section

In the S&o Marcos — Campestre da Serra section (SM — CS) (Figure 3), the Vale
do Sol Formation (VSF) was identified, comprising eight to thirteen rubbly pahoehoe
lava flows, between elevations 290 and 635 m, with an average total thickness of 345
m. The lava flows have an average thickness of 25 to 30 m, reaching up to 50 m,
particularly in the southern portion of the profile (Sdo Marcos). The lava flows feature
the typical rubbly pahoehoe division (Guilbaud et al., 2005; Duraiswami et al., 2008):
the core of the lava flow, composed by a massive texture (mB — massive Basalt) with
columnar jointing (when thicker) and entablatures (usually at the base); a dense
vesicular zone (vB — vesicular Basalt), located above the core and below the breccia;
and the upper portion composed of rubbly autobreccias (bB — brecciated Basalt). This
lithofacies when associated reveal rubbly pahoehoe flows of simple tabular
morphology. Common vesicular characteristics at the base were not observed for these
lava flows. Additionally, not all lava flows exhibited vesicular zones; locally, vesicular
fragments were observed embedded in the massive internal portion. At the base of the

volcanic pile, a brecciated zone filled with sandstone was identified (bBs).

In the upper portion of the profile (elevations 650 and 665 m), acidic flows and
rare feeder conduits associated with the Palmas Formation (PF) were identified. These
flows have low exposure due to the degree of alteration, are thin (6 m), and have a
simple tabular morphology, aphanitic texture, and horizontal flow foliation structures
marked by alternating millimetric bands with varying degrees of crystallinity and
oxidation (haD). The conduits exhibit the same characteristics, with an aphanitic
texture and band alternation, but in a subvertical structure (saD), with common

autobreccias and flow-stretched fragments.



49

51°09'W B

Sdo Marcos Campestre da Serra

Palmas Fm.

Vale do Sol Fm.

S&o Marcos logged Campestre da Serra
! section f logged section

l:' Vale do Sol Formation . Palmas Formation

* Samples subjected to permo-porosimeter analysis

. brecciated Basalt (bB) . EL;bc\iizr'ElscaaDl)aphamtlc

hrecciated Basalt with sub-horizontal aphanitic
sand (bBs) Dacite (haD)

H vesicular Basalt (vB) . massive Basalt (mB)

600 m

500m

400 m

. . Rubbly
pahoehoe lavas

300m
. Acidic units

s < Sao Marcos 5 km 10 km Campestre da Serra

»

Figure 3 — Sdo Marcos — Campestre da Serra logged section. A — Geological map and profile location; B — Vertical
log succession with lateral correlation and sample locations indicated; C — Simplified distribution of lava flows along

SM — CS profile.
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4.1.2 Criuva — Campestre da Serra section

In the Criuva — Campestre da Serra section (CR — CS) (Figure 4), between four
to five rubbly pahoehoe basaltic flows were identified at the base of the profile, related
to the VSF, with an average thickness of 15 to 25 m. In the intermediate portion of the
profile, between 450 - 500 to 600 m, two dacitic flows from PF were observed,
characterized by a very thick core (on average 40 m) with granophyric texture (gpD —
granophyric porphyritic Dacite) and an upper vitrophyric crust (vtpD — vitrophyric
porphyritic Dacite). At 600 m, a very distinctive lithofacies was observed of zeolitized
vesicular dacite (zvD), with a greenish color, correlated across both sides of the profile.
The unit above these acidic lava flows is characterized by thin rubbly pahoehoe
basaltic flows. In the upper portion of the profile, several acidic units are identified
ranging from granophyric (gpD) and vitrophyric (vtpD) dacitic flows to tabular flows with
flow structures (haD) featuring lobate terminations and marked by vesicular dacite
(vD).
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4.1.3 Cachoeira da Mulada section

In the Cachoeira da Mulada section (CM) (Figure 5), three rubbly pahoehoe
basaltic flows were identified between elevations 585 and 660 m, with a total thickness
of 75 m, representing the VSF. The flows have thicknesses ranging from 15 to 50 m.
Their morphology is similar to that described in the SM — CS section, with brecciated
tops (bB) ranging from 5 to 15 m thick, massive cores (mB) between 5 to 35 m thick,

and vesiculated portions (vB).

In the upper portion of the lava pile (elevations 670 and 725 m), acidic lava flows
and feeder conduits from the PF were identified. These flows exhibit the same
characteristics as the ones previously described: simple tabular morphology, aphanitic
texture, and horizontal flow foliation structures (haD). The conduits are aphanitic with
flow foliations, and the top features display tight flow folds (saD). At the waterfall, a
prominent lineament was observed, controlling the water path and possibly indicating
the contact between lithologies. This aspect will be further investigated to understand

the local tectonic characteristics.
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Figure 5 — Cachoeira da Mulada logged section. A — Schematic drawing of lava flows in Cachoeira da Mulada; B —
Vertical log succession with sample locations indicated.

4.2 Petrography

Petrographically, the basaltic lithofacies generally exhibit an aphanitic texture
with plagioclase and pyroxene microphenocrysts, along with the presence of iron
oxides and rare plagioclase phenocrysts. The matrix consists of highly oxidized glassy
material altered to clay minerals and zeolites. The massive lithofacies (mB) is
characterized by a more crystalline, fine-grained holocrystalline texture and rarely
contains vesicles and amygdales (Figure 6-A). It also exhibits a diktytaxitic texture filled
with zeolites and clay minerals (Figure 6-B). In the vesicular portion (vB) (Figure 6-C),
the facies show similar textures as mB but with a higher quantity of vesicles and

amygdales, with oval to irregular morphology, ranging from 0.1 — 1 mm. The brecciated
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lithofacies (bB) has a characteristic reddish color due to lava oxidation, composed of
vesicular to amygdaloidal volcanic fragments, with infill between fragments that can be
volcanic (from the flow itself) or secondary minerals (such as zeolites) (Figure 6-D).
Locally, at the lower part of the SM — CS profile, a portion of breccia filled with
sandstone (bBs) was identified. The types of porosity identified in the rubbly pahoehoe
flows consists of vesicles, primary/secondary mineral dissolution, diktytaxitic, matrix
dissolution, fractures, crystal fragmentation, interclast (Figure 6-E), and drusy (Figure
6-F).

The dacitic lithofacies are associated with lava flows and feeder conduits.
Petrographically, the lithofacies show horizontal (haD) or subvertical (saD) flow
structures, marked by alternating devitrified bands and bands with high oxide content.
The porphyritic texture exhibits plagioclase and orthopyroxene phenocrysts (Figure 6-
G). The matrix is aphanitic with plagioclase microlites and can be vitrophyric (vtpD) or
granophyric (gpD) when devitrified. The presence of vesicles and amygdales in the
acidic lithofacies is rare, except in the vesicular lithofacies (vD), and existing pores are

commonly associated with primary mineral dissolution (Figure 6-H) and fracturing.
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Figure 6 — Photomicrographs of textural aspects, primary and secondary mineralogy, and pore types. A —
Plagioclase microphenocryst in a holocrystalline matrix of plagioclase and pyroxene in a massive basalt; B —
Irregular intercrystalline pore filled with zeolite, clay minerals, and chalcedony; C — Vesicular basalt with preserved
porosity and zeolite-filled pores; D — Oxidized fragment of a brecciated rubbly pahoehoe top, with interclast space
filled by zeolites; E — Basaltic breccia with both interclast porosity and interclasts filled by zeolite and clay minerals;
F — Drusy-type porosity with partial zeolite filling in basaltic breccia; G — Porphyritic texture with plagioclase and
pyroxene phenocrysts in vitrophyric dacite; H — Partially dissolved plagioclase phenocryst in granophyric dacite. Il
— Parallel polarizers; + — Perpendicular polarizers.
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4.3 Petrophysical properties

The petrophysical properties in volcanic rocks are complex and heterogeneous,
involving a variety of primary and secondary processes that can both create and
obstruct pore spaces (Sruoga and Rubinstein, 2007). Primary porosity is related to
processes from pre-emplacement (magma ascent) to the final cooling of the lava as a
closed-system, while secondary porosity is associated with post-emplacement
processes in open-system conditions, such as alteration, metamorphism, and tectonic
deformation (Petford, 2003; Sruoga and Rubinstein, 2007). Primary porosity can
include vesicular (gas release), intracrystalline or moldic (deuteric dissolution),
interclast (autobreccias) and fracture (cooling and quenching) types. Secondary
processes are related to alterations (diagenetic reactions, weathering and
hydrothermal) and fracturing. These processes modify or create pores through the
dissolution of primary minerals (intracrystalline, moldic or matrix) and the dissolution of
lava fragments in an autoclastic setting (intra and interclasts). Additionally, the volcanic
rocks can be associated with tectonic fractures and the precipitation of secondary
minerals, which can partially or completely obstruct porosity and permeability.

Overall, in the samples studied, eight different types of porosity were identified:
vesicles, primary/secondary mineral dissolution, matrix dissolution, fractures, crystal
fragmentation, interclast and drusy. Figure 7 illustrates some types of porosity patterns
found in the samples of this study, as well as some common porosity types in volcanic
rocks. For the rubbly pahoehoe lavas, the most common type was vesicles and
interclast porosity. For the acidic lava flows, dissolution and fragmentation of primary

minerals porosity types were more common.
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Figure 7 — Porosity types in volcanic rocks (based on the samples of this study, expect illustration H (Barreto et al.,
2017) and | (Becker et al., 2019); the scale is not represented for illustration purpose). A — Vesicle; B — Primary
mineral dissolution; C — Mineral fragmentation; D — Interclasts (autobreccia); E — Secondary mineral dissolution; F
— Fracture; G — Drusy; H — Quenching; | — Matrix dissolution.

The highest porosities are found in the brecciated zones of the rubbly pahoehoe
flows from VSF (bB and bBs), with the measured present-day porosities ranging from
0.91% to 26.32% (Table 1), with an average of ca. 9.07%. The internal portion of the
flows (mB) varies from 0.28% to 2.57% (Table 1), with an average of ca. 1.09%.
Permeability in the basaltic lithofacies is very low, from 0 mD in the flow cores, and
between 0 mD and 0.17 mD in the brecciated zones (with an average of ca. 0.05 mD).
For the acidic flows of the PF, the vitrophyric external crust (vtpD) shows slightly higher
porosity values (2.99%) compared to the granophyric internal portion (gpD) of the lava
flows (average of ca. 0.86%) (Table 1). Regarding permeability, the values are
extremely low, ranging from O mD to 0.02 mD. The vesicular portion of the flows (vD)
presents high porosity (23.62%), as well as higher permeability (0.19 mD) compared

to the other volcanic samples in this study (Table 1).
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Densities are lower in the more porous samples, ranging from 2.07 g/cm? in the
vesicular dacite to 2.3 g/cm? in the rubbly flow top samples. The acidic lithofacies have
an average density of 2.47 g/cm?, while the massive basalts in the core of the lava

flows have an average density of 2.88 g/cm?.

Table 1 — Porosity, permeability and density measurements from the volcanic rocks samples used in this study.

Logged Stratigraphic . . Porosit Permeability Densit
secgtgion Sample Ugnitp Lithofacies (%) ¥ (mD) ¥ (g/cm;)/
VRA-3A VSF bB 1.24 0.00 2.58

VRA-3B VSF mB 1.02 0.00 3.05

VRA-5A VSF bB 11.33 0.02 2.24

VRA-6A VSF mB 0.59 0.00 2.79

VRA-11A VSF bB 6.94 0.13 2.24

SM-CS VRA-11C VSF mB 1.25 0.00 2.78
VRA-12A VSF bB 3.81 0.00 2.20
VRA-13A VSF mB 0.28 0.00 2.86
VRA-15A VSF bB 12.39 0.07 2.18

VRA-14B VSF mB 2.57 0.00 3.03
VRA-16A VSF bBs 0.91 0.00 2.49
VRA-17A VSF mB 0.62 0.00 2.88

M5.1A VSF mB 1.69 0.00 2.90

M M5.1C VSF bB 9.58 0.03 2.41
M9-B VSF bB 26.32 0.17 2.07

M9-C VSF mB 0.69 0.00 2.77

M14-A PF gpD 0.29 0.00 2.40

M22 PF vtpD 2.99 0.02 2.42

CR-CS M34-B PF vD 23.62 0.19 2.07
M41 PF vtpD 2.99 0.00 2.56

M42 PF gpD 1.43 0.00 2.50

5. Discussion

The petrophysical properties in volcanic rocks is complex and heterogeneous
due to primary and secondary processes, from magma ascent and emplacement on
the surface to dissolution and precipitation of secondary minerals (Sruoga and
Rubinstein, 2007). The lithofacies represent different parts of lava flows, each with their
own petrophysical characteristics, revealing patterns that can be identified in the field
and even in well logs (Rossetti et al., 2019; Oliveira et al., 2024).

Most of the samples studied in this work are related to the brecciated top and
the massive flow core of rubbly pahoehoe lavas, with some samples also related to
acidic lava flows, including internal and external portions, as well as vesicular
lithofacies. Generally, the highest porosity values are found in the brecciated flow-top
of rubbly pahoehoe samples, particularly in sample VRA-5A (11.33%), VRA-15A
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(12.39%) and M9-B (26.32%), with the exception of sample M34-B, a vesicular dacite
with 23.62% porosity (Table 1), possibly associated with outer portions of the lava flow
(e.g., Besser et al., 2018; Simbdes et al., 2018). Such high values in breccias are
common, despite the high variability (0.91% to 26.32%), and have been observed in
studies of the Vale do Sol Formation (Barreto et al., 2017; Becker et al., 2019; Rossetti
etal., 2019), as well as in other volcanic areas (Zou, 2013; Couves et al., 2016; Marins
et al., 2024). Vesicular lithofacies in acidic lavas, though less common, can be found
associated with the external portions of lava flows, typically stretched and filled with
zeolite and clay minerals (Furukawa and Uno, 2015; Besser et al., 2018; Simdes et al.,
2018). The different porosity patterns between the basaltic flows of VSF and the acidic
flows of PF can be attributed to their distinct morphologies, emplacement processes
and lithofacies associations.

Petrographic analysis revealed different porosity patterns associated with
various lava flow lithofacies. Vesicles and amygdales are common in basaltic and
dacitic vesicular lithofacies (vB and vD), as well as in breccia fragments (bB and bBs)
similarly to what is found in other profiles in the SGG for basaltic lithologies (Barreto et
al., 2017; Rossetti et al., 2019) and acidic lithologies (Simdes et al., 2018; Besser et
al., 2018). These characteristics of basaltic lithofacies are common in LIPs worldwide,
such as the Deccan Traps (Duraiswami et al., 2022) and the Columbia River Basalt
Group (Reidel et al., 2016). Diktytaxitic texture, which is exclusively found in massive
basalts (mB), is predominantly filled with zeolites and subordinately with clay minerals.
Fractures and drusy-type pores occur independently of the lithofacies, possibly
because these porosity types are associated with secondary processes, such as
tectonic activity or partial precipitation of secondary minerals, and do not show a
correlation with the lithofacies or lava flow type. Drusy-type pores are more commonly
associated with vesicles and their partial fillings than fractures, likely because fractures
are often related to the circulation of hydrothermal fluids, facilitating precipitation in
these conduits (Couves et al., 2016).

The dissolution and fragmentation of primary minerals, especially plagioclase,
were more commonly found in acidic rocks, this characteristic could correlate with
deuteric crystal dissolution for feldspar, describe by Sruoga and Rubinstein (2007) in
the Austral Basin’s Cerro Norte rhyolites. The dissolution of secondary minerals (mainly
zeolites) and the matrix occurs mostly in basaltic lithofacies, these features could
indicate a significant influence of hydrothermal alteration events (Barreto et al., 2017),

driven by the low-temperature formation of zeolite and the instability of glass (Mcphie
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et al., 1993). Experimental evidence shows that zeolites can dissolve when crystals
are immersed in either an alkaline or acidic aqueous solution at room temperature
(Yamamoto et al., 1996).

Although studies show a positive correlation between porosity and permeability
in the SGG (Rossetti et al., 2019), the samples from this study and other locations
(e.g., Becker et al., 2019), still had low permeability (<0.2 mD) (Figure 8-A) when
exhibiting relatively high porosity, possibly due to the intense precipitation of secondary
minerals. Therefore, the original porosity was significantly affected by secondary
processes of precipitation, mainly by zeolites and clay minerals.

Fractures identified in petrographic analysis do not reflect the field observation
of the diversity of fractures families within and between lava flows. Additionally, the
core plugs studied represent the porosity and permeability of the matrix, while fractured
zones were not sampled. A detailed study and mapping of fracture patterns is
necessary for the SGG, especially for the VSF. Fracturing, whether primary (cooling
joints - e.g., columnar joints and entablatures) or secondary (tectonic), is crucial for
volcanic reservoirs and can significantly increase permeability, as they can act as
conduits for fluid flow, whether for oil and gas or even for geological CO2 storage (Wu
et al., 2010; Couves et al., 2016). Even fractures in thick massive cores, like columnar
joints and entablature, can act as permeable pathways to more favorable reservoir
horizons such as breccia zones, forming layer-cake type plays when stacked (Couves
et al., 2016). This is similar to what is observed in the Cabiunas Formation, responsible
for the oil-producing volcanic reservoirs in the Badejo and Linguado fields (Campos
Basin) (Mizusaki et al., 1986; 1988; Marins et al., 2022).

The presence of secondary precipitation is very common in vesicles and
fractures in the samples studied. These minerals are commonly zeolites and clay
minerals, but smectites and chalcedony can also occur. Celadonite was not identified
in the samples studied, though commonly found as a secondary mineral in basaltic
rocks of SGG (e.g., Gilg et al., 2003; Commin-Fischer et al., 2010; Rossetti et al.,
2019). Despite the low permeability recorded, the presence of these precipitates
indicates sufficient permeability for the circulation of hydrothermal fluids (Couves et al.,
2016). These fluids are capable of both clogging and creating pores, generally through
the dissolution of primary and secondary minerals. The presence of secondary mineral
dissolution, such as zeolites, can also indicate different events of fluid circulation.

The presence of secondary minerals can cause greater variability in density

values, as well as the presence or absence of pores. Density generally shows a
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negative correlation with porosity, with higher density values associated with lower
porosity (e.g., Christensen and Wilkens 1982; Single and Jerram, 2004; Becker et al.,
2019; Rossetti et al., 2019). This characteristic was observed in this study (Figure 8-
B), with the presence of four main groups of density values (Table 7). Brecciated
lithofacies (bB and bBs) have an average density of 2.3 g/cm?3, possibly due to higher
porosity and zeolite content filling the interclast spaces and vesicles. In contrast, the
massive lithofacies (mB) show higher values, averaging 2.88 g/cm?. For acidic rocks,
two groups are identified: the low-porosity lithofacies (gpD and vtpD) with an average
of 2.47 g/cm3, and the porous lithofacies (vD) with a value of 2.07 g/cm?3. These results
are similar to those reported by Becker et al. (2019) and Rossetti et al. (2019) studies
of the volcanic rocks of the Serra Geral Group.

The Serra Geral Group represents an excellent analog for studies of volcanic
sequences in the Brazilian margin basins (Reis et al., 2014), especially the Cabiunas
Formation, responsible for volcanic reservoirs in the Badejo and Linguado fields in the
Campos Basin. This formation comprises an intercalation of basaltic flows (compound
pahoehoe and rubbly pahoehoe) with siliciclastic sediments and volcanoclastic rocks,
such as peperites and tuffs (Mizusaki et al., 1986, 1988; Marins et al., 2022). This
magmatism is temporally associated with the Parana-Etendeka Igneous Province, of
tholeiitic geochemical affinity with low concentrations of incompatible elements and
TiO2, possibly correlated with the early stages of rifting (Mizusaki et al., 1992). The oil
in these reservoirs is located in vesicular lithofacies, dissolution pores, and fractures
within unconventional volcanic reservoirs (Mizusaki et al., 1986; 1988; Marins, 2022).

Although facies architecture and lava morphology studies are crucial, such
works remain scarce for the Cabiunas Formation (Mizusaki et al., 1988; Marins et al.,
2022; Braga et al., 2023). Recently, Marins et al. (2022) worked on the characterization
of lithofacies and their associations in drill cores in the Cabiunas Formation, dividing
the volcanic pile into four units: units 1 and 3 characterized by compound pahoehoe
flows; and units 2 and 4 consisting of rubbly pahoehoe flows. The similarity in flow
types, as well as in magmatism origin, allows for comparison with the Torres Formation
(simple and compound pahoehoe) and Vale do Sol Formation (rubbly pahoehoe) of
the Serra Geral Group (Rossetti et al., 2018). The intercalation between units (rubbly
pahoehoe and compound pahoehoe) is not observed in the SSG (Rossetti, 2018), nor
in the investigated region. Furthermore, peperites or intertrap sandstones were not
identified in the study area.
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Besides the energy industry's interest, the Serra Geral Group has significant
potential for geological CO:2 storage studies (Ketzer et al., 2015; Pelissari et al., 2023).
Reactivity studies in basaltic rocks show rapid carbonate precipitation (aragonite-
calcite and dolomite), especially in crystalline basalts, due to the high reactivity with
primary Ca-rich minerals, such as plagioclase and clinopyroxene (Ferreira et al., 2024).
The studied basalts, based on petrographic analysis, show a fine-grained
holocrystalline texture for the core of rubbly pahoehoe flows, with a high index of
plagioclase and pyroxene. The breccia zones of rubbly pahoehoe flows are usually the
main targets for injection of COz in these morphologies (e.g., Wallula Project — USA,
McGrail et al., 2014). In the Vale do Sol Formation, these zones also exhibit the best
potential, as they display the highest porosity and permeability values. The reactivity

of this lithofacies needs further investigation due to its low crystallinity and aphanitic

texture.
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Figure 8 - Cross-plots showing petrophysical variations of samples used in this study, with flow tops in orange, flow
cores in blue and acidic units in yellow. A — permeability vs. porosity measurements; B — density vs. porosity
measurements.

6. Conclusion

This work presents detailed stratigraphic analysis integrated with petrophysical
properties of volcanic samples of Vale do Sol Formation and Palmas Formation (Serra
Geral Group) in the Antas River Valley region. This data is useful for better
understanding the capacity of these lithotypes to store fluids, whether for hydrocarbon
prospection or for geological CO:2 storage. The variability in porosity and permeability
across different lithofacies highlights the complexity of the volcanic porous system,
where even the same lithofacies can exhibit different porosity patterns.

In the samples studied, the highest porosities were found in the brecciated tops
of rubbly lava flows (26.32%), mainly associated with vesicles and interclast porosity
type. High values were observed in vesicular dacites (23.62%), related to vesicles, but

the overall porosity type for the acidic lithofacies were dissolution and fragmentation of
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primary minerals. The rubbly pahoehoe flows exhibit a greater lateral extent compared
to the vesicular portions in dacitic flows. Despite some high porosity values, the overall
permeability is low (>1mD). However, this does not take into account the degree of

fracturing observed in the field.

Analyses of the petrophysical properties in samples from the Antas River Valley
region, associated with the VSF and PF, indicate that the brecciated flow tops of VSF
presents the best reservoir characteristics, although generally the porosities values are
too low to be considered good-quality reservoirs. The low porosity data is mainly
associated with high presence of secondary minerals precipitated in the pores,
suggesting a high complexity system, associated with primary and secondary
processes capable of creating or obstructing porosity. This process depends on local
and regional events, such as tectonics and the circulation of meteoric/hydrothermal
fluids. Therefore, the SGG needs to be studied more comprehensively across all
scales, requiring a range of studies to understand the complex petrophysical patterns
and the evolution of secondary processes. Thus, the SGG should not be dismissed as
an analog for CO2 storage and oil and gas studies in offshore Brazilian basins, due to

its accessibility and lower cost compared to well studies.

Given the complexity of volcanic reservoirs and the challenges in quantifying
fractures, future studies should focus on detailed stratigraphic analysis with an
emphasis on fracture pattern analysis and petrophysical measurements. Additionally,
large-scale integration is necessary for generating 3D models that incorporate

petrophysical data.
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Appendix A

Table 1 — Lithofacies description and interpretation of the studied region.

Lithofacies
Lithofacies Description association and
interpretation
Aphanitic with horizontal flow foliation structures
Dacite — structures marked by alternating ]
o . ) ) Feeder conduits for
saD millimetric bands with varying degrees of o
. o i acidic lava flows.
crystallinity and oxidation. Common autobreccias,
tight flow folds and flow-stretched fragments.
b Zeolitized vesicular Dacite — highly alterated with a
zv
greenish color.
Acidic lava flows with
Vesicular Dacite — highly vesicular zone, oval | .
vD simple tabular
morphology, ranging from 1 — 10 mm. morphology.
Characterized by a very
Vitrophyric porphyritic Dacite — rare vesicles and thick core (gpD) and an
vtpD outer  crust  (vtpD)
amygdales.
featuring flow foliation
structures (haD) with
b Granophyric porphyritic Dacite — with devitrified | lobate terminations and
® textures, rare vesicles and amygdales. marked by vesicular
dacite (vD and zvD).
Aphanitic with horizontal flow foliation structures
haD Dacite — structures marked by alternating
a
millimetric bands with varying degrees of
crystallinity and oxidation.
bB Brecciated Basalt — composed of vesicular to | Rubbly pahoehoe flows
amygdaloidal volcanic fragments. of simple tabular
Brecciated Basalt — composed of vesicular to | morphology.
bBs amygdaloidal volcanic fragments with the interclast | Characterized by upper
filled with sandstone. portion composed of
5 Vesicular Basalt — dense vesicular zone, oval to | rubbly autobreccias (bB
%
irregular morphology, ranging from 0.1 — 1 mm. and bBs), vesicular zone
(vB) located above the
Massive Basalt — rarely contains vesicles and
core and below the
mB amygdales, common columnar jointing (when . .
breccia and a massive
thicker) and entablatures (usually at the base).
core (mB).
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