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RESUMO

Diversas Grandes Provincias Iigneas (GPI) sdo cronologicamente correlacionaveis
com periodos de profunda mudancas climaticas e ambientais, incluindo eventos de
extincbes em massa. Apesar disto poucos estudos foram realizados buscando
entender como a colocacdo de GPI impacta o registro sedimentar e o paleoambiente
localmente associado ao vulcanismo. As rochas sedimentares e mistas
vulcanoclasticas-sedimentares encontradas intercaladas com as lavas de GPI
fornecem um dos melhores registros litolégicos para averiguar a influéncia do
vulcanismo nos processos sedimentares contemporaneos. Este trabalho descreve e
interpreta as facies das rochas sedimentares e mistas sedimentares-vulcanoclasticas
que ocorrem intercaladas com a porcdo sul do Grupo Serra Geral (Provincia ignea
Parana-Etendeka; regides de Barros Cassal e Verandpolis — Rio Grande do Sul). As
rochas sedimentares representam o restabelecimento dos sistemas deposicionais
durante periodos de quiescéncia vulcanica. Suas facies indicam a existéncia de
depdsitos formados por fluxos fluviais efémeros, por pequenos lagos e pela deposicao
eollica. As rochas mistas vulcanoclasticas-sedimentares representam a interacao entre
lavas/magmas e depositos/sistemas sedimentares quando da retomada da atividade
vulcanica. Suas facies sugerem a ampla presenca de processos relacionados a
interacdo magma-agua. As facies descritas neste trabalho sugerem condi¢c6es Umidas
durante o vulcanismo, distinto do ambiente desértico que existia antes e durante, as
primeiras erupcdes (Fm. Botucatu). A existéncia de condicfes Umidas ja foram
sugeridas para outras regides do Grupo Serra Geral, indicando uma mudanca
paleoambiental em toda a Bacia do Parand. Mudancas climéticas provocadas pela
liberacdo de grandes volumes de SOz devido a atividade vulcanica podem ser um dos
mecanismos pelos quais a colocacéo da Provincia ignea Parana-Etendeka influenciou

a distribuicdo de precipitacdo durante o Cretaceo Inferior.



ABSTRACT

Several Large Igneous Provinces (LIPs) are known to be chronology correlated to
periods of profound environmental and climatic changes, including mass extinction
events. Despite this, few studies have been conducted to try to understand how LIP
emplacement affects the environment and sedimentary records locally associated with
volcanism. Sedimentary and mixed volcaniclastic-sedimentary rocks that occur
interleaved with the volcanic products of LIPs offers some of the best lithological record
to verify the influence of volcanism on contemporaneous sedimentary process. This
work describes and interprets the facies of sedimentary and mixed volcaniclastic-
sedimentary rocks that occur interbedded with the southern portion of the Serra Geral
Group (Parana-Etendeka LIP; Barros Cassal and Verandpolis regions in Rio Grande
do Sul state). The interbedded sedimentary records represent the reestablishment of
the depositional systems during periods of volcanic quiescence. Their facies indicate
they were deposited by ephemeral fluvial flows, in small lakes/ponds and by aeolian
processes. The mixed volcaniclastic-sedimentary rocks are formed by the interaction
between the volcano-magmatic system and sedimentary deposits/systems when
volcanism resumes. Their facies suggest the ample presence of processes related to
magma-water interaction during their formation. The facies described in this work
indicate a humid condition during volcanism, distinct from the desert environmental
that prevailed before and during the onset of volcanism. The existence of humid
conditions has been suggested to other parts of the Serra Geral Group, indicating a
paleoenvironmental change that spawned the whole basin. Global scale climatic
changes triggered by the release of huge quantities of SOz from the volcanic activity
may be one of the mechanisms by which the emplacement of the Parana-Etendeka

Igneous Province affected the precipitation distribution during the Lower Cretaceous.
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9 — Anexos



Estrutura da Tese

Esta dissertacdo de mestrado esta estruturada em um artigo cientifico precedido por
um texto integrador. O artigo cientifico, intitulado “Rapid changes from arid to humid
conditions during the onset of the Parana-Etendeka Igneous Province: Can
volcanogenic gas emissions from Continental Flood Basalts affect the precipitation
regime?” foi submetido, aceito e publicado na revista Journal of the Geological Society
of London - Special Publications (classificacdo Qualis Capes A2). O texto integrador
possui a seguinte estrutura: 1) Introducgéo; 2) Estado da Arte; 3) Materiais e Métodos;
4) Contexto Geoldgico; 5) Resultados; 6) Conclusdes; 7) Referéncias Bibliogréaficas e
8) Artigo Cientifico.



1 - Introducao

A histéria geoldgica da Terra € pontuada por momentos de intensa atividade
magmatica-vulcanica cujo registo litolégico é representado pelas chamadas Grandes
Provincias igneas (GPI; em inglés Large Igneous Provinces — LIPs). H& mais de um
século GPI atraem a atencdo de cientistas da Terra devido ao volume de produtos
igneos, carater distinto de seus produtos vulcanicos, e, a correlacdes destas
provincias com periodos de mudancas tectdnicas, climaticas e ecoldgicas (e.g.,
Mather & Schmidt, 2020; Tyrell, 1927). Notavelmente, diversas GPl sé&o
geocronologicamente correlatas a momentos de mudancgas climéticas e grandes
extincbes em massa (e.g., Siberian Traps e a extingdo do Permiano — Tridssico) e
diferentes estudos vem tentando estabelecer relacdes de causa e efeito entre esses
dois eventos (Bond & Sun, 2020; Ernst & Youbi, 2017).

Apesar do potencial de GPI em causar mudancas a niveis globais, poucos
estudos foram realizados visando entender o impacto de GPl nos ambientes
deposicionais localmente associados (e.g., Ebinghaus et al., 2014; Tandon, 2002).
Erupc¢des de GPI frequentemente ocorrem em bacias sedimentares, permitindo que o
sistema intrusivo interaja com o preenchimento bacia e as lavas com os sistemas
deposicionais ativos. Os sistemas deposicionais se reestabelecem durante o0s
periodos de quiescéncia vulcanica, deixando rochas sedimentares intercaladas com
os produtos igneos que registram a evolucdo dos paleoambientes concomitante ao
episédio vulcanico. Quando ocorre a retomada das erupcfes vulcanicas as lavas
interagem com os sistemas deposicionais, modificando-os e dando origem a uma
série de rochas vulcanoclasticas que atestam a interacéo entre esses dois sistemas.
O entendimento de como o vulcanismo de GPI interage e influencia os sistemas
sedimentares locais é essencial para entender a evolugédo e a dinamica de uma GPI
e balizar os potenciais impactos ambientais do episédio vulcanico (e.g., Svensen et
al., 2009).

A Grande Provincia Ignea Parana-Etendeka (Cretaceo Inferior) registra uma
aparente dicotomia entre o paleoambiente desértico arido documentado no inicio do
vulcanismo e paleoambientes mais Umidos sugeridos para as fases posteriores com
base na ocorréncia de depdsitos fluviais/lacustres e pillow lavas (de Moraes & Seer,
2018; Luchetti et al., 2014; Waichel et al., 2007; Petry et al., 2007; Jerram & Stollhofen,
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2002). O presente estudo foi motivado por esta diferenca paleoambiental e visa
investigar algumas das rochas vulcanoclasticas e sedimentares que ocorrem
intercaladas com as lavas da GPI Parana-Etendeka no estado do Rio Grande do Sul,
com o objetivo de realizar a interpretacdo dos ambientes deposicionais e dos

processos vulcanicos que atuaram na formacao destas.

Além do interesse de cunho mais académico o presente trabalho também se
faz util perante a industria de hidrocarbonetos. A influéncia do magmatismo da
Provincia Parana na abertura do Atlantico Sul pode ser diretamente observada nas
bacias de Pelotas, Campos e Santos (Milani et al., 2007). O inicio do preenchimento
nestas bacias € marcado por rochas vulcanicas subareas de idades similares a
Provincia Parana que séo interpretadas como uma extensdo do magmatismo Parana-
Etendeka (Mizusaki et al., 1992). Ampliar o entendimento acerca da distribuicdo e das
facies de rochas vulcanoclasticas e sedimentares na Provincia Parana é um trabalho
pioneiro que auxilia na exploracdo por novas oportunidades nas sequéncias

vulcanicas das bacias de margem passiva do sul-sudeste brasileiro.

Com isso esperamos contribuir com uma publicacdo que avance os temas
como a arquitetura de facies de GPI, a estratigrafia da Provincia Iignea Parana-
Etendeka e a influéncia de GPI nos ambientes deposicionais localmente associados.
Além disso, esperamos auxiliar na buscar por novos alvos exploratérios nas bacias do
offshore brasileiro a partir do refinamento do arcabouco estratigrafico da Provincia
Parand, que pode ser diretamente comparado as sequéncias vulcanicas
Valanginianas, e, indiretamente utilizado como analogos para outras sequéncias

vulcanicas continentais.



2 - Estado da Arte

2.1 - Grandes Provincias igneas

Grandes Provincias igneas sdo definidas atualmente como (Bryan & Ernst,

2008):

Provincias magmaticas cujo a extenséo da area é >0.1 kmz?, o volume total de
rochas igneas >0.1 km3 e cujo a duracdo maxima da atividade ignea € de 50 Myr. Sao
caracterizadas por curtos pulsos de atividade ignea (1 — 5 Myr) onde uma grande

por¢cdo da provincia (> 75 %) é colocada.

GPI podem ser subdivididas em diversos grupos com base em suas idades,
ambiente crustal (i.e., continental ou oceanico), produto igneo dominante (e.g.,

intrusiva x efusivas) e composicdo (Fig 1; Bryan & Ernst, 2008; Coffin & Eldholm,
1992).

— Provincias Basalticas Continentais

Eg, Siberiaj, Karoo, Parana-Etendeka, Deccan,
Afro-Arabia, Columbia River

Enxames de Diques Continentais, Sills

& Complexos Intrusivos Mafico-Ultramaficas
Eg, Mackenzie, Warakurna, Bushveld
Greenstone Belts Arqueanos

(Associagoes Toleiticas-Komatiiticas)

Eg, Superior, Tilgarn, Bulawayan, Rae

' CONTINENTAL |

Margens de Rifts Vulcanicos
Eg, India-Western Australia, North Atlantic

L I P ' LIP's Acidas

Eg, Whitsunday, Chon Aike, Sierra Madre Occidental

Platés Oceanicos

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

Basaltos de Assoalho Oceanico

Eg, Nauru Basin, East Mariana, Pigafetta

OCEANICAV

Figura 1 - Subdivisdo de GPIs com base em idades, ambientes crustais, composi¢do e produto
vulcénico dominante (retirado e traduzido de Bryan and Ernst, 2008).

O termo Grandes Provincias igneas é um termo “guarda-chuva’ que visa
agrupar diferentes provincias vulcanicas-magmaticas que tem em comum a colocacéo

de grandes volumes de material igneo em curtos periodos geoldgicos. Portanto, a
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definicdo moderna de GPI agrupa diferentes provincias magmaticas com potenciais
impactos ambientais e ecoldgicos decorrentes da intensa atividade magmatica, mas

gue muitas vezes apresentam produtos e processos de formagdes distintos.

Entre as subdivisbes de GPI as reconhecidas ha mais tempo e melhores
estudadas sdo as chamadas Provincias Basalticas Continentais (PBC; em inglés
Continental Flood Basalts — CFB), pois estas comumente afloram em bacias
intracratdnicas, o que facilita o seu reconhecimento e acesso. A Provincia Parana-
Etendeka, tema deste estudo, € um exemplo classico de PBC e as proximas secdes
visam apresentar Provincias Basalticas Continentais com enfoque na vulcanologia
fisica, na interacdo entre o vulcanismo os sistemas sedimentares e seus potenciais

Impactos ambientais.

2.2 — Provincias Basalticas Continentais e flood basalts’

Mesmo antes do advento e da aplicacdo extensiva de métodos geocronoldgicos
a provincias vulcanicas-magmaticas cientistas da Terra ja reconheciam que algumas
provincias vulcanicas se formaram devido a colocacao de imensos volumes de lavas
em curtos periodos de maneira sem precedentes em erupcdes histéricas (Geikie,
1885, pag 238 - 241; Tyrell, 1927; Washington, 1922). Sir Archibald Geikie (1885) foi
o primeiro a reconhecer que diversas areas vulcanicas sao caracterizadas por
extensos lencéis (sheets) de lavas basalticas subareas que recobrem completamente
a superficie pré-existente, dando origem a uma geomorfologia de planicies/platdos de
lavas que s@o notavelmente distinta de outros terrenos vulcanicos. Além disso, de
acordo com Geikie (1885), esses lengdis de lavas sdo acompanhados por pouco ou
nenhum material piroclastico e por uma auséncia notavel de cones, domos e crateras
vulcanicas (Fig 2). Geikie (1885) chamou essas acumulagdes de ‘Basaltos de Platd’
(Plateau Basalts) e sugeriu que seu modo de colocacédo seria majoritariamente através

de fissuras.



Figura 2 -Desenho das acumulacgdes de basalto na regido de Snake River, Idaho, EUA (provincia associada a
PBC, Columbia River Basalts). Note a superficie plana, caracterizadas por pequenas ondulagdes (hummocks) e
fraturas (clefts) que mais tarde viriam a ser reconhecidas como devido ao processo de inflagdo. (Retirado de
Geikie, 1885, pag 239)

O termo flood basalt (derrames basalticos) foi cunhado por Tyrell (1927) como
um substituto do termo ‘Basalto de Platé’ para referir-se a essas grandes acumulagdes
de lavas basalticas. De acordo com Tyrell (1927), o termo é mais adequado pois
remete a caracteristica fundamental das erupcdes que deram origem a essas
acumulacgdes: foram erupcdes de grandes volumes de lavas que ‘inundaram’ (flood) a
superficie pré-existente. Tyrell (1927) também reconheceu diversas acumulacdes de
flood basalts, consideradas hoje como exemplos classicos de PBC como o Columbia
River (EUA), as Deccan Traps (india) e as acumulagdes de lavas do Karoo (Africa do
Sul) e da Provincia Parand (Brasil). Com a introducdo do conceito de Grandes
Provincias igneas, e suas subdivisdes (Coffin & Eldholm, 1992) o termo Provincias
Basalticas Continentais passa a ser o mais utilizado para designar os antigos
“‘Basaltos de Platd”, caracterizados por extensas areas continentais cobertas

majoritariamente por espessas lavas em lencéis (flood basalts).
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2.3 — Provincias Basalticas Continentais — principais constituintes e a
vulcanologia fisica de flood basalts

Como discutido na secdo anterior os principais produtos de PBC sao as
espessas acumulagdes de lavas basélticas subareas denominadas de flood basalts.
Além das lavas basalticas subareas a estratigrafia de PBC frequentemente incluem
outros produtos como lavas subaquosas (e.g., Bordy et al., 2021), lavas de
composicdo intermediaria/acida (e.g., Polo & Janasi, 2014), depositos
vulcanoclasticos de composicdo variada (e.g., Jerram et al, 2016),
paleosolos/redboles (e.g., Duraiswami et al.,, 2020), e rochas sedimentares
intercaladas (‘intratraps’, e.g., Fantasia et al., 2016). Esta sec¢é&o trata especialmente
sobre a descricdo e os modelos de formacdo para as lavas basalticas em PBC,
enguanto os depdsitos vulcanoclasticos e as rochas sedimentares serdo tratadas nas

proximas secoes.

Lavas basélticas em PBC sdo comumente dividas em dois tipos descritivos:
fluxos (flows) simples e fluxos compostos (Walker, 1971). Lavas do tipo ‘compostas’
sdo aquelas que em escala de afloramento podem ser subdividas em pequenos lobos
de lava individuais, enquanto as lavas do tipo ‘simples’ sdo caracterizadas por um
grande lobo individual em escala de afloramento (i.e., sheet flow; Fig 3). Como
indicado por Walker (1971) a divisdo de lavas em simples/compostas é descritiva e
atil principalmente no estudo de campos de lavas antigos, onde o total da extensao
de uma erupcao nao pode ser reconhecido. Na pratica campos de lava recentes sédo
sempre compostos até um certo ponto, ou seja, uma erup¢ado normalmente gera mais
do que apenas um lobo individual de lava. A distincdo morfologica entre lavas
simples/compostas sugere que ambas foram formadas sobre taxas de erupcdes
distintas. Essa observacéo foi justificada por Walker (1971) utilizando-se de parafina
derretida como analogos para fluxos de lava. Um volume de parafina derretida
derramada em pequenas quantidades (i.e., baixas taxas de efuséo) tende a formar
pequenos lobos individuais, similares a lavas compostas. Por outro lado, caso o
mesmo volume de parafina derretida seja derramada de uma soé vez (i.e., altas taxas
de efuséo) a tendéncia passa a ser de formar um grande lobo de parafina, similares a

lavas simples.



Figura 3 — Lavas basalticas simples e compostas. A) Sequéncia de derrames basalticos
simples. Notar a geometria tabular e a continuidade lateral das lavas. Regido de
Borgarfjorour Eystr, Islandia. B) Lavas pahoehoe compostas. Contorno em vermelho
delimita um lobo caracterizado por vesiculas em cilindro na base. Notar pequena
continuidade lateral dos lobos. Regido de Lajeado, Rio Grande do Sul.

Os primeiros modelos namericos sobre a colocacdo de flood basalts foram
baseados em calculos de velocidades para lavas espessas se movendo sobre
superficies de baixo angulo. Esses modelos indicaram que lavas basélticas com ~
30m de espessura fluiriam sobre regimes turbulentos, o que ocasiona em uma rapida
perda de calor das lavas. O modelo de fluxos turbulentos estimou que erupcdes de

flood basalts poderiam acontecer em curtissimos periodos, entre 12h a 3 dias (Shaw



8

& Swanson, 1970 apud Keszthelyi et al., 2006) sobre taxas de efusdo na ordem de
10— 107 m3/s de lava. Esse modelo criou a nogéo de que a colocacéo de flood basalts
seriam eventos catastréficos capazes de inundar gigantescas areas com lavas em

guestdes de dias.

Com os avanc¢os nos estudos sobre os mecanismo de colocacdo de lavas
basalticas, em especial sobre o processo de inflagdo de pahoehoes (e.g., Hon et al.,
1994), um outro modelo, conhecido como modelo de pahoehoes infladas, veio a ser
elaborado para explicar a formacdo de flood basalts. Lavas pahoehoes sé&o
caracterizadas por uma superficie lisa e vitrea que permite que o nucleo liquido da
lava fique insulado e, portanto, mantenha baixas taxas de resfriamento. Além disso a
superficie vitrea de lavas pahoehoe mantem-se quente suficiente para suportar a
deformacédo ductil provocada pela recarga de lavas no interior do lobo. Essas duas
caracteristicas permitem que lavas pahoehoes inflem, e crescam de maneira
enddgena, atingindo grandes espessuras e fluindo por longas distancias sem a
necessidade de taxas eruptivas catastréficas. O modelo de pahoehoes infladas
(Keszthelyi et al., 2006; Self et al., 1998, 1997) foi elaborado a partir das similaridades
entre a estrutura tripartite (Fig 4) de flood basalts e as lavas pahoehoes infladas
descritas no Havai e em outras localidades. No modelo de pahoehoes infladas flood
basalts podem levar de meses a alguns anos para se formarem, 0 que resulta em
taxas eruptivas na ordem de 103 m3/s. Quando comparada com erupcodes histéricas
as taxas eruptivas desse modelo ainda sdo altas, porém comparaveis aos picos
eruptivos em algumas das maiores erupcdes basalticas documentadas (e.g., Laki,
1783, Islandia).

O modelo de colocacdo de flood basalts como pahoehoe infladas é o mais
aceito atualmente. Apesar disso modelos numéricos indicam que a colocacdo como
fluxos levemente turbulentos é ao menos fisicamente plausivel Keszthelyi et al (2006).
Decifrar os mecanismos, as taxas eruptivas e tempo de colocacao de flood basalts é
importante pois permite balizar os periodos de quiescéncia vulcanica e ajuda a
entender a dindmica entre vulcanismo e sedimentacdo, além de restringir os

potenciais impactos ambientais causados por uma GPI.



B

Crosta Superior

Nucleo I

Crosta Inferior

Figura 4 - A) Estrutura tripartite comumente encontrada em derrames de flood basalts e tipicas de
lavas do tipo pahoehoe infladas. A crosta superior e inferior sdo mais vitreas que os nucleos e
contém as por¢des mais vesiculadas enquanto o nicleo do derrame é mais cristalino e desprovido
de muitas vesiculas. A crosta inferior costuma ser pouco espessa e dificilmente é preservada em
sequéncias antigas. B) Sequéncia de derrames de flood basalts. Tracado em vermelho separa a
crosta superior vesiculada do nucleo macico de um outro derrame. Regido de Borgarfjérdur Eystr,

Islandia.
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2.4 — Provincias Basalticas Continentais: A dinamica entre vulcanismo e
sedimentagéo.

Erupcdes vulcanicas sdo eventos intermitentes, ou seja, cada erupcédo é
acompanhada por um periodo variavel de hiato eruptivo. O vulcanismo de PBC,
apesar de seu grande volume, é marcado pelos mesmos periodos de quiescéncia
eruptiva comuns em outros sistemas vulcanicos. Durante os hiatos eruptivos, o0s
sistemas deposicionais se reestabelecem sobre os produtos vulcanicos. As rochas
sedimentares que ocorrem intercaladas com lavas em PBC representam o registro
litologicos dos sistemas deposicionais atuantes durante esses periodos de hiato
eruptivo (e.g., Black et al., 2021; Ebinghaus et al., 2014, Fantasia et al., 2016; Luchetti
et al., 2014; Nogueira et al., 2021; Stollhofen et al., 2000). Quando ocorre uma nova
erupcdo o vulcanismo interage com 0s sistemas deposicionais vigentes e seus
depdsitos, potencialmente dando origem a diversas rochas vulcanoclasticas ou mistas
vulcanoclasticas-sedimentares que registram 0s processos atuantes durante a
interacao (e.g., Ebinghaus et al., 2014; McClintock et al., 2008; Ukstins Peate & Bryan,
2008; Waichel et al., 2007).

Rochas sedimentares e vulcanoclasticas sdo onipresentes na estratigrafia de
PBC, apesar de apresentarem volumes muito varidveis dependendo de fatores como
0 aporte sedimentar, as taxas e tipos de erupc¢des, e o tipo de ambiente deposicional.
De maneira analoga aos estudos em sequéncias sedimentares, o estudo facioldgico
destas litologias permite obter informacdes sobre o paleoambiente
eruptivo/deposicional e, portanto, permite extrair informacdes sobre os mecanismos

pelo qual o vulcanismo influencia e € influenciado pelos processos sedimentares.

2.5 — Rochas sedimentares em PBC — ocorréncias e a influéncia do vulcanismo
nos ambientes deposicionais

Rochas sedimentares em PBC podem variar desde espessas camadas
lateralmente continuas, que recobrem grande parte dos depdsitos vulcanicos e
delimitam importantes hiatos eruptivos até pequenas lentes isoladas limitadas a
pequenas depressdes nos topos das lavas. Elas ocorrem em diferentes niveis
estratigraficos, ndo sendo restritas apenas ao inicio ou final do vulcanismo, e, podem
se formar em diversos ambientais deposicionais, como eolico (Jerram et al., 2000;
Rossetti et al., 2018), fluvial (Ebinghaus et al., 2014; Fantasia et al., 2016; S. K
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Tandon, 2002), lacustrino (de Moraes & Seer, 2018; Khadkikar et al., 1999; Stollhofen
et al., 2000) e costeiros (Cripps et al., 2005).

A atividade vulcanica de PBC exerce influéncia direta nos sistemas
deposicionais através da remodelacdo da superficie, a geracédo de topografia pelas
lavas, o barramento de drenagens fluviais e a introducdo de particulas
vulcanoclasticas nos sistemas sedimentares (Fig 6). Erup¢cfes de flood basalts séo
capazes de cobrir rapidamente grandes areas de um sistema deposicional, resultando
em um mecanismo para a preservacao de depdésitos sedimentares (e.g., Jerram et al.,
2000). O substrato descoberto (i.e., rocha fresca sem solo ou vegetacédo) gerados
pelas lavas favorece a ocorréncia de certos processos/ambientes sedimentares
normalmente associados a outras areas de substratos descobertos como por
exemplos desertos (“Mock aridity” Harris & Van Couvering, 1995). Entre os ambientes
favorecidos pelo substrato descoberto das lavas incluem-se por exemplo fluviais
desconfinados, lagos alcalinos, fluviais entrelacados e a formacdo de depdésitos de
fluxos de massa. Diversos estudos documentaram a existéncia de depdsitos
sedimentares formados por fluviais desconfinados e lagos efémeros associados a
PBC (e.g., Bordy et al., 2021; de Moraes & Seer, 2018; Fantasia et al., 2016; Nogueira
et al., 2021; Stollhofen et al., 2000; S. K Tandon, 2002). A topografia positiva gerada
pelas lavas € capaz de perturbar o equilibrio das drenagens fluviais, levando a avulséo
de canais e o estabelecimento de novas drenagens (e.g., Ebinghaus et al., 2014; S. K
Tandon, 2002). O barramento das drenagem fluviais pelas lavas pode levar a
formacdes de lagos que muitas vezes indicam condi¢des alcalinas devido ao seu
isolamento e as soluc¢des hidrotermais providas do vulcanismo (e.g., Fantasia et al.,
2016; Khadkikar et al., 1999; Stollhofen et al., 2000). A entrada de detritos vulcanicos
no sistema sedimentar leva a modificacfes texturais e geoquimicas dos depdsitos

sedimentares.

A partir da comparagéo do registro sedimentar pré-vulcanismo com o registro
sedimentar contemporaneo ao episédio vulcanico é possivel inferir como as erupg¢des
afetaram os ambientes deposicionais. E importante ter cautela antes de atribuir

mudancas no registro sedimentar associado as PBCs a verdadeiras mudangas



12

climaticas, uma vez que o vulcanismo é e capaz de influenciar de diversas outras

maneiras (e.g., S. K Tandon, 2002).

Lavas preenchendo
aregido deinterdunas
em um paleoerg

C

Canais fluviais
reestabelicidos sobre
derrames anteriores

E Lavamais jovem;
formacgao de lava delta

Lava antiga

Fm. Clarens
barrando o rio

Figura 5 - Exemplos da intera¢@o entre o vulcanismo de PBC e os sistemas sedimentares contemporaneos
(coluna esquerda) e registro litolégico associados a essas interagées (coluna direita). A) Recobrimento de um
campo de dunas por lavas da Provincia Etendeka (modificado de Jerram et al., 2000); B) Duna edlica recoberta
por basaltos da Provincia Paranda (retirado de Waichel et al., 2008); C) Preenchimento de canais fluviais por
lavas do Columbia River Basalt e reestabelecimento da drenagem fluvial sobre campo de lavas recém formado
(modificado de Ebinghaus et al., 2014); D) Depdsitos de canais arenosos, pillow lavas e brechas de fragmento
de pillow formadas pela interagdo entre canais fluviais e lavas (retirado de Ebinghaus et al., 2014); E) Lago
formado pelo barramento de drenagens por lavas. Nova erupg¢éo leva a uma formacgao de um delta de lava sobre
o lago. Provincia do Karoo (modificado de Bordy et al., 2021); F) Pillow lavas da Provincia Karoo formadas em
um delta de lava devido a intera¢cdo com sistemas fluviais da Clarens Fm. (retirado de Bordy et al., 2021)
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2.6 — Rochas vulcanoclasticas hidromagmaticas e sua ocorréncia em PBC

Rochas vulcanoclasticas primarias (i.e., formadas durante a colocacdo de
magmas ou lavas) sdo comuns em PBC, estando relacionadas a processos
‘puramente” eruptivos (e.g., autobrechas e erupgbes piroclasticas) ou a interacéo
entre lavas-magmas com agua e/ou sedimentos inconsolidados. Rochas formadas
pela interacdo entre lavas-magmas e agua sao denominadas de hidromagmaticas,
termo este que inclui tanto as facies coerentes (e.g., pillow lavas) como fragmentadas
(e.g., brechas de fragmento de pillow; (Zimanowski et al., 2015). Esta sec¢dao trata das
rochas vulcanoclasticas de origem hidromagmaticas em PBC, incluindo também as
rochas mistas vulcanoclasticas-sedimentares de mesma origem. O enfoque em
rochas hidromagméticas é porque rochas vulcanoclasticas formadas por processos
‘puramente eruptivos” ndo registram a interacdo com os ambientes de superficie, e,

portanto, sdo menos Uteis em estudos paleoambientais.
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A interacdo entre magmas/lavas com agua ocorre devido a processos
termodinamicos desencadeados pelo contraste termal entre esses componentes
(Skilling et al., 2002; White, 1996; Wohletz, 2002; Zimanowski et al., 2015). A
lava/magma em contato com agua pode se fragmentar através de mecanismos nao
explosivo devido ao resfriamento brusco (quench), ou de maneira explosiva atraves
de mecanismos complexos conhecidos como interagcdo entre combustiveis-
refrigerantes (Molten-Fuel Coolant Interaction; Wohletz, 1986; Zimanowski et al.,
2015). Lavas também sdo capazes de fluir em ambiente subaquoso sem sofrer
fragmentacdo, dando origem a morfologias como pillow lavas ou os sheet flows

subaquosos (e.g., White et al., 2015).

Depositos vulcanoclasticos hidromagmaticos sdo comumente classificados
descritivamente com base em sua granulometria, emprestando o0s termos
granulométricos normalmente utilizados para classificacdo de rochas piroclasticas
(White & Houghton, 2006) Geneticamente diferentes tipos de depdsitos
hidromagmaticos podem ser reconhecidos. Quando compostos majoritariamente por
fragmentos vitreos formados pelo resfriamento brusco de magmas/lavas, sao
chamados de hialoclastitos (e.g., Yamagishi, 1991; Zimanowski et al., 2015). Quando
o0 magma/lava interage com a agua presente nos poros de depdsitos sedimentares €
comum que ocorra a mistura entre os fragmentos juvenis e as particulas detriticas dos
depoésitos sedimentares, dando origem a rochas mistas vulcanoclasticas-
sedimentares chamadas de peperitos (Skilling et al., 2002; White et al., 2000).
Peperitos podem ser formados tanto por lavas (e.g., derrames fluindo sobre sedimento
inconsolidado) quanto por intrusdes rasas em sedimento inconsolidado. Quando a
interacao entre magmas e agua ocorre de maneira explosiva resultam-se as erupcées
conhecidas como freatomagmaticas que dao origem a depdsitos de natureza
piroclasticas como tufos, lapilli-tufos etc. A figura 6 ilustra algumas das diversas facies
de rochas vulcanoclasticas potencialmente formadas em um cenario que o vulcanismo

interage com agua e sedimentos inconsolidados.
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nivel da dagua

hialoclastitos
in situ

Dique alimentador de vulcanodlastica

lobos de lava A,
lobos de lava epiclastica

Brecha peperitos zorzset;
fragmentos de hialodlastitos in-situ seclacom;
pillows fragmentos de pillow

Figura 6 - A) Cartoon ilustrando a diversidade de depositos e facies geradas por intrusées
rasas de magma em sedimentos inconsolidados em um ambiente subaquoso. A
fragmentacdo do magma é dominantemente ndo explosiva levando principalmente a
formacéo de hialoclastitos e peperitos (baseado em Yamagishi, 1991); B-D); Peperitos
formados pela interag&o de lavas colocadas sobre sedimentos inconsolidados saturados
em agua; C-F) Hialoclastitos formados pela fragmentacéo passiva de intrusdes rasas em
sedimentos inconsolidados e saturados em agua.

Peperitos e hialoclastitos foram documentados em diversas PBC, como por
exemplo o Columbia River Basalt, Provincia do Karro, Provincia Parana-Etendeka,
Deccan e Emeishan (e.g., Bordy et al., 2021; Duraiswami, 2019; Ebinghaus et al.,
2014; Jerram & Stollhofen, 2002; Ukstins Peate & Bryan, 2008; Waichel et al., 2007).
Diferentes ambientes de formacdo foram sugeridos para essas rochas como por
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exemplo a entrada de lavas em corpos da agua, a corrida de lavas sobre o dorso de
dunas, a ocupacao de canais fluviais por derrames e a intrusdao de lavas em
sedimentos saturados em &gua. Depdésitos vulcanoclasticos maficos (mafic
volcaniclastic deposits) de origem freatomagmatica também foram reconhecidos em
diversas PBC (e.g., Black et al., 2021; McClintock et al., 2008), normalmente sendo
caracterizados por brechas e lapilli-tufos ricos em fragmentos acidentais (sensu Fisher
& Schmincke, 1984). Esses depositos sdo especialmente interessante pois indicam
atividade baséltica explosiva que pode ter implicacdes importantes para o0 impacto
ambiental de uma PBC. Em suma, de maneira analoga a depdsitos sedimentares, as
estruturas e texturas de depdsitos vulcanoclasticos podem ser estudadas a partir de
uma metodologia de facies para inferir os processos de formacéo e deposicéo.

2.7 — O potencial impacto ambiental de Provincias Basalticas Continentais

Ao menos trés PBC dos ultimos 300 Myr coincidem com eventos de extincbes
em massa: Provincia do Deccan (~ 66 Myr), Provincia do Atlantico Central (~ 200 Myr)
e a Provincia da Sibéria (~ 253 Myr) (Courtillot & Renne, 2003; Kasbohm et al., 2021;
Schmidt et al., 2016). Relacdes de causa e efeito entre a colocacdo de PBC e
extingdes em massas ainda nao séo consenso (Schmidt et al., 2016; Self et al., 2006).
A colocacdo de PBC é capaz de impactar diretamente o clima e os ecossistemas
através da liberacdo de grandes volumes de volateis para atmosfera terrestre
decorrentes da atividade vulcanica (e.g., Mather & Schmidt, 2020). PBC também
afetam indiretamente o clima a partir de mecanismos como por exemplo a retirada de
CO2da atmosfera devido a um aumento no intemperismo global causado pelo grande
volume de basaltos expostos em superficie. (e.g., Black et al., 2021). Esta sec¢éo foca

nos impactos relacionados a liberacdo de volateis

Erupcdes de flood basalts sdo potencialmente capazes de influenciar o clima
através da liberacdo de grandes quantidades de gases como CO2 e SO2. CO2 e SOz
possuem tempos de residéncias distintos na atmosfera e efeitos climéticos
dominantemente opostos. Enquanto o CO:2 atua por longos periodos (> 103 anos) e
resulta em aquecimento global o SOz atua em curtos periodos (anos a dezenas de
anos) e resulta em um resfriamento da superficie terrestre (e.g., Bond & Sun, 2020;
Robock, 2000). Outros gases liberados em menor quantidade durante erupcoes
vulcanicas, mas com potenciais impactos ambientais sdo os halogéneos de cloro e

fldor.
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CO2 é 0 mais importante gas causador do efeito estufa terrestre e a rapida
liberacdo de imensas quantidades de CO2 em curtos periodos pode causar mudancas
climaticas catastroficas aos ecossistemas devido ao aquecimento global. Diversos
autores apontam que o aquecimento global provocado pela colocacdo de PBC € o
principal mecanismo responsavel pelas extingcbes em massa correlatas (e.g., Bond &
Wignall, 2014; Richard E. Ernst & Youbi, 2017). Apesar disto, a quantidade total de
CO:z: liberada pela atividade vulcanica é insuficiente para causar grandes impactos
ambientais (Robock, 2000) e, portanto, a participacdo de outras fontes de CO2 séo
necessarias para que PBC apresentem relacdo de causalidade com um evento de
aquecimento global. A interacdo do sistema intrusivo de PBC com reservatorios
geoldgicos ricos em CO:2 (e.g., camadas de carvdo) é um mecanismo comumente
evocado para suprir o déficit necessario para explicar uma causalidade entre o
episodio vulcanico e periodos de aquecimento global (e.g., Bond & Sun, 2020;
Svensen et al., 2018).

SOz € o principal agente causador de mudancas climaticas e ambientais
observadas em erupcdes historicas. O SO: liberado pela atividade vulcanica reage
com agua para formar aerossoéis de H2SO4 que sdo o principal forcante radiativo
(radiative forcing) de erupcdes vulcanicas (Robock, 2000). Os aerossois de
S0O2/H2S04 dispersam a luz solar resultando em um resfriamento da superficie
terrestre e este fendbmeno ja foi observado em diversas erupc¢des histéricas, como a
do Mt. Pinatubo em 1991 (e.g., McCormick et al., 1995). Para que o SO: liberado por
erupcdes vulcanicas tenha um efeito climatico global é necesséario que este seja
injetado por plumas eruptivas até a estratosfera uma vez que o tempo de residéncia
do SOz na troposfera € muito curto (dias a semanas). Erupcdes de flood basalts s&o
capazes de produzir até 40x mais SOz (~ 1 200 Tg) do que erupcdes como a do Mt.
Pinatubo e, modelos numéricos indicam que as plumas eruptivas destas erupcdes sédo
capazes de atingir a estratosfera (Glaze et al., 2017; Self et al., 2006). Logo, erup¢cdes
de flood basalts sdo potencialmente capazes de alterar significativamente as
condicbes climaticas a partir da liberacdo de SO2. Modelos numéricos indicam que
erupcdes de flood basalts podem levar a resfriamentos médio de 3.0 — 4.5 K da
superficie terrestre durante a década apos a erupc¢éo (Schmidt et al., 2016). Apesar
disso, o impacto do resfriamento causado por erup¢des de flood basalts so seria capaz
de afetar profundamente o0s ecossistemas globais caso a atividade eruptiva

permanecesse por centenas de anos ou mais (Mather & Schmidt, 2020; Schmidt et
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al., 2016). Além do resfriamento da superficie terrestre a introducdo de grandes
guantidades de SO:2 a troposfera possui outros efeitos ambientais como a acidificacéo
do meio ambiente devido a formag&o de nuvens acidas e chuva acida, porém, impacto

€ restrito principalmente as regides préximas a erupcao.

Os exemplos acima sugerem que a liberagéo de gases por erupgdes de flood
basalts ndo sdo capazes por si s6 de causarem extingdes em massa globais. O fato
do volume de PBC néo apresentar correlacdo com a magnitude do impacto ambiental
sugere que a atuacdo de outros mecanismos além do total de gases liberados é
importante para determinar o impacto ambiental de uma PBC (Bond & Wignall, 2014,
Self et al., 2014). A interacdo de PBC com reservatorios geoldgicos ricos em CO2 e
SO2, como folhelhos e evaporitos, € comumente citada como um agravante do
impacto ambiental de PBC. Além disso, caso o volume e/ou tempo das erupcdes de
flood basalts sejam maiores do que os estimados pelo modelo de pahoehoes infladas
€ possivel que a liberacdo de gases apenas pelo sistema vulcanico, em especial SOz,
sejam capazes de estressar os ambientes e ecossistemas para uma extincdo em
massa. A tabela 1 compara a liberacdo de gases de erupc¢des de flood basalts (e.qg.,
Roza flow), e o total liberado por uma PBC (e.g., Deccan Traps), com outras erupgdes
histéricas e fontes antropogénicas. Trabalhos futuros que consigam melhorar a
guantificacdo dos volateis liberados em erupcdo de flood basalts, bem como o
entendimento acerca da dindmica dessas erupcoes (i.e., taxas eruptivas, periodos de

hiato etc.) devem auxiliar a restringir os potenciais impactos ambientais de PBC.

Tabela 1 -Comparagéo entre o volume de SOz e COz liberados por algumas erupg¢des vulcanicas e os liberados
atualmente pela atividade humana. * Laki, 1783 (Islandia) é considerada a maior erupgao baséltica documentada;
Roza Flow** do Columbia River Basalt é considerado uma erupgéo ‘“tipica” de flood basalts. Valores para o Deccan
Traps representam o total liberado durante a colocacdo de uma PBC. Note que os valores de CO2 do Roza Flow
equivalem a ~ 40% do total liberado anualmente pela atividade humana no periodo de um ano.

SO2 CO2 Referéncia

Pinatubo, 1991 30 Tg - (McCormick et al.,
1995)

Laki*, 1783 122 Tg - (Thordarson et al.,
1996)

Roza Flow** 12 420 Tg ~14x103Tg (Self et al.,, 2006;
Thordarson et al.,
1996)

Deccan Traps 6 x 10°Tg ~1.4x10"Tg (Self et al., 2006)

Antropogénico* ~ 35 x 108 Tg/ano | (Self et al., 2006)
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3.0 — A relacdo entre a Provincia Parana, as bacias marginais brasileiras e a
industria de hidrocarbonetos

As bacias de Pelotas, Santos e Campos séo caracterizadas por um expressivo
vulcanismo/magmatismo com idades estimadas entre 138 — 118 Myr que marcam o
inicio do preenchimento das fases pré-rifte/rifte (Milani et al., 2007). Na bacia de
Pelotas este vulcanismo € considerado da fase pré-rifte e definido pela Fm. Serra
Geral e a Fm. Imbituba, enquanto na bacia de Santos e Campos o vulcanismo é
considerado da fase rifte (secdo Pré-Sal) e agrupado na Fm. Camborit e na Fm.
Cabiunas respectivamente. Estudos geoquimicos e geocronoldgicos nestas
formacdes, focados principalmente na Bacia de Campos, mostraram a semelhanca
de idades e assinaturas quimicas entre elas e o vulcanismo da Provincia Parana,
indicando que as vulcanicas contidas nestas bacias marginais representam uma
extensdo do magmatismo da Provincia Parana (Mizuzaki et al., 1988;1992). Apesar
das formacdes vulcanicas das bacias marginais serem frequentemente consideradas
como embasamento econdmico, alguns campos de hidrocarbonetos com
reservatorios vulcanicos ja foram descritos para Fm. Cabiunas na Bacia de Campos,
com destaque para o campo de Badejo cujo reservatorio sdo basaltos fraturados
(Mizuzaki et al., 1992; Vieira de Luca et al., 2017; Ren et al., 2020). A similaridade
entre o preenchimento fase rifte nas bacias de Campos e Santos indicam um grande

potencial para que reservatorios similares possam ser encontrados em Santos.

Estudos sobre a arquitetura de facies dessas sequéncias vulcanicas é um
trabalho que auxilia na modelagem geoldgica e a interpretacdo de dados durante a
prospeccao por reservatorios vulcanicos. Além disso, mesmo quando as formacdes
vulcanicas ndo sdo alvos como reservatorio € importante ter-se conhecimento da
arquitetura de facies para as interpretacées geoldgicas e planejamento de pocos.
Estudos prévios sobre as facies da Fm. Cabiunas as descrevem como uma sequéncia
composta dominantemente por lavas, subareas e subaquosas, intercaladas com
depositos sedimentares e vulcanoclasticos (Mizuzaki et al., 1988). O Grupo Serra
Geral é ideal para ser estudado como analogo as sequéncias vulcanicas da base das
bacias marginais do sul/sudeste brasileiro, pois além de representarem a extensao de
um mesmo evento vulcanico também se formaram em contexto similar, com ampla

ocorréncia da interacdo entre vulcanismo e ambientes sedimentares continentais.
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Dessa maneira, esperamos que este trabalho possa contribuir em prospeccdes
futuras por hidrocarbonetos que envolvam sequéncias basalticas continentais, em
especial no que tange a ocorréncia, distribuicdo e interpretacdo dos depdsitos

clasticos intercalados com as lavas.

3. Materiais e métodos
A metodologia adotada envolveu levamento bibliografico, obtencdo de dados
de campo, a analise de laminas petrogréficas e a confec¢do de mapas e imagens para

ilustrar os dados obtidos e as conclusoes.

O levantamento bibliogréfico realizado focou em temas como a vulcanologia
fisica e o impacto ambiental de PBC, as ocorréncias de rochas sedimentares em PBC,
facies e interpretacdes de estruturas sedimentares, a vulcanologia fisica e a faciologia
de depdsitos hidromagmaéticos e a estratigrafia e vulcanologia fisica da Provincia
Parana. Dados obtidos na bibliografia sobre o conteido de SOz dos magmas da
Provincia Parana-Etendeka foram utilizados em conjunto com estimativa dos volumes
de formacdes estratigraficas para estimar o SO: liberado pela colocagédo dessas

formacdes (e.g., Thordarson et al., 1996).

Diversas etapas de campo foram realizadas entre os anos de 2016 — 2019 na
porcdo sul da Provincia Parana, aflorante no estado do Rio Grande do Sul. Os
trabalhos de campo foram focados nas regifes proximas aos municipios de Barros
Cassal (RS — 153) e Veranépolis (BR-116). Durante o campo foram observadas as
ocorréncias de rochas sedimentares e vulcanoclasticas intercaladas com as lavas,
tomando-se nota da posicao estratigrafica, estruturas e geometria dessas ocorréncias.
Os dados obtidos permitiram o reconhecimento de diferentes facies sedimentares e
vulcanoclasticas que posteriormente serviram para embasar a interpretacdo e
discusséo do paleoambiente deposicional e dos processos de formacao. Ao todo 14
afloramentos de rochas sedimentares e vulcanoclasticas foram estudadas utilizando-

se de uma metodologia de analise de facies.

26 amostras foram selecionadas para confecc¢ao de laminas petrograficas, com
espessura padrdo de 30 uym e impregnadas com resina azul para ressaltar a
porosidade. A descrigdo petrografica realizada foi de cunho qualitativo e seu principal

foco foi auxiliar na interpretacdo das facies observadas em campo a partir de
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observacdes como por exemplo as caracteristicas dos vulcanoclastos e da laminacao

sedimentar.

A confeccdo de mapas foi realizada no software QGIS (versdo 3.2) e utilizou-
se da base cartogréafica do Open Street Maps, imagens multiespectrais LANDSAT-8,
mapas geoldgicos do Servico Geologico do Brasil (CPRM) e modelos digitais de
elevacdo ALOS-PALSAR (resolugdo do pixel 12,5m). As figuras ilustrando facies,
laminas e desenhos esquematicos foram confeccionadas no software Adobe

lllustrator.

4. Contexto Geoldgico

4.1 Provincia Ignea Parana

O termo Provincia ignea do Parand é comumente utilizado para referir-se a
porcao brasileira, ou sul-americana, de uma PBC maior denominada de Provincia
ignea Parana — Etendeka (PIPE). A PIPE aflora tanto na América do Sul, no Brasil,
Argentina, Uruguai e Paraguai, quanto na Africa na Namibia e Angola (Bellieni et al.,
1984; Frank et al., 2009; Fig. 7). A PIPE foi formada durante o Cretaceo Inferior e seu
contexto geodinamico esta relacionado a ruptura do Gondwana Oeste e a Abertura do
Atlantico Sul (e.g., Svensen et al., 2018). A provincia € composta majoritariamente por
basaltos e basaltos andesiticos (> 90%) e subordinadamente por termos mais
diferenciados denominados genericamente de “acidas” (> 63 wt% de SiOz; Peate et
al., 1992). Datacdes isotopicas indicam uma idade para o vulcanismo em torno de 134
Ma, com rapida extrusdo da maior parte da pilha vulcanica em <1 Myr (Janasi et al.,
2011; Rocha et al., 2020; Thiede & Vasconcelos, 2010).
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Figura 7 - Mapa com as margens continentais da América do Sul e da Afrigajustapostas indicando a distribuicéo
em area das rochas vulcéanicas da Provincia Ignea Parana — Etendeka. Area aproximada das vulcanicas em
bacias de offshore correlatas a PIPE também estéo indicadas. Retirado e modificado de Rossetti et al., 2018.

A estratigrafia da Provincia ignea Parana foi inicialmente estudada a partir de
analises quimica das lavas, o que resultou na subdivisdo da provincia em dois setores
com base no contetdo de TiO2: um setor sul, mais antigo e de baixo contetdo de TiO2
(< 2 wt%), e, um setor norte mais jovem e com alto contetido de TiOz (> 2 wt%; Bellieni
et al., 1984). Trabalhos posteriores construiram uma estratigrafia quimica detalhada
do GSG utilizando-se de valores da razdo entre elementos incompativeis para
construir grupos quimicos distintos para as rochas vulcanicas-magmaticas (“magmas
tipos”; Nardy et al., 2008; Peate et al., 1992). Recentemente as rochas vulcanicas da
Provincia ignea Parana comecaram a ser estudadas do ponto de vista da vulcanologia
fisica (e.g., Barreto, 2014; Rossetti et al., 2018, 2014) o que permitiu uma subdivisdo
litoestratigrafica para parte das lavas de baixo TiO2, levando a proposicédo de que a
Fm. Serra Geral fosse promovida para Grupo Serra Geral (GSG; Rossetti et al., 2018).
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O vulcanismo baixo TiO2 do GSG, no estado do Rio Grande do Sul, é composto
por quatro formacdes litoestratigraficas. Sao estas, da base para o topo: Fm. Torres,
Fm. Vale do Sol, Fm. Palmas e Fm. Esmeralda (Rossetti et al., 2018; Fig 10). As
formacdes litoestratigraficas do GSG foram definidas com base na textura e estrutura
dos depdsitos vulcanicos e representam vagamente diferentes momentos do evento
vulcanico. A Fm. Torres, caracterizada por pequenos lobos de lavas pahoehoe,
representa o inicio do vulcanismo basico sob baixas taxas de efuséo, enquanto a Fm.
Vale do Sol, caracterizada por espessos derrames de rubbly pahoehoe, representa o
climax do vulcanismo basico, sobre altas taxas de efusdo. A Fm. Palmas agrega os
produtos relacionados ao vulcanismo acido do GSG enquanto a Fm. Esmeralda
representa o Ultimo episédio vulcanico basico, de carater quimico mais primitivo e
sobre baixas taxas de efusdo. A divisado litoestratigrafica do GSG permitiu que as
rochas sedimentares e vulcanoclasticas encontradas durante este estudo fossem
alocadas as diferentes formagfes, fornecendo um controle estratigrafico/temporal

para essas ocorréncias que seria dificil de se obter apenas com a estratigrafia quimica.
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Figura 8 - Distribuicdo das formagdes litoestratigraficas do vulcanismo baixo TiO2do Grupo Serra Geral no estado
do Rio Grande do Sul. As formacdes litoestratigraficas abrangem os magmas tipos (Peate et al., 1992) Gramado
(Fm. Torres e Fm. Vale do Sol), Palmas (Fm. Palmas) e Esmeralda (Fm. Esmeralda). Figura traduzida de Rossetti
et al., (2018).

Estudos com rochas sedimentares e vulcanoclasticas da PEIP indicam que o
inicio do vulcanismo ocorreu em ambiente desértico arido, concomitante ao final da
deposicao das dunas edlicas da Fm. Botucatu (Jerram et al., 2000; Scherer, 2002;

Waichel et al., 2008). A ocorréncia de rochas sedimentares interpretadas como
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depadsitos fluviais e lacustrinos, somados as ocorréncias de pillow lavas, hialoclastitos
e peperitos no GSG indicam sugerem um clima mais umido para as fases posteriores
do vulcanismo, quando comparado as condi¢des “hiperaridas” (Scherer, 2000) que
existiam durante a deposicdo da Fm. Botucatu (de Moraes & Seer, 2018; Luchetti et
al., 2014; Machado et al., 2015; Waichel et al., 2007).

5. Resultados

O detalhamento dos resultados e discussédo sdo apresentados no artigo em

anexo. Esta secdo apenas sintetiza os principais resultados obtidos.

O estudo das facies das rochas sedimentares e vulcanoclasticas que ocorrem
intercaladas com o Grupo Serra Geral no Rio Grande do Sul permitiu a subdivisdo
destes depdsitos em 4 facies sedimentares e 4 facies vulcanoclasticas. As facies
sedimentares encontradas foram: arenitos macigos e/ou com laminag¢ao horizontal
incipiente, arenitos com estratificacdo cruzada de baixo angulo, arenitos com
laminacdo heterolitica e pequenas camadas/lentes de arenito macico. As facies
vulcanoclasticas descritas foram: brechas basalticas em matriz sedimentar, dacitos
com fragmentacdo in-situ, brechas daciticas caoéticas e brechas daciticas com

estratificacdo incipiente.

Os arenitos macicos e com laminacdo horizontal foram interpretados como
formados por um fluxo subaguoso em regime de fluxo superior possivelmente
depositados por fluviais efémeros em canais desconfinados. Os arenitos com
laminacédo heterolitica foram interpretados como indicio de um ambiente subaquoso
com flutuacdes de energia, possivelmente relacionados a formacdo de pequenos
lagos e pocas onde os fluviais efémeros convergiam para depressdes topogréficas
locais. Os arenitos com estratificacdo cruzada de baixo angulo foram interpretados
como depadsitos eodlicos formados pela migracédo e cavalgamento de baixo angulo de
ripples edlicas. Por fim, as pequenas lentes e camadas de arenitos macico
encontradas nos topos dos derrames sao dificeis de interpretar devido a auséncia de
estruturas sedimentares e a pontualidade das ocorréncias. A frequente associacao
entre esses depositos e diques de arenitos nos derrames de lavas sobrepostos sugere
gue eles foram formados por fluxos subaquosos, ou ao menos, tinham agua presente

nos poros quando da chegada das lavas sobrepostas.

As brechas basaélticas em matriz sedimentar foram interpretadas como

peperitos formados na base de um derrame pela interagdo com sedimentos umidos e
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inconsolidados, possivelmente de origem lacustre. Ao contrario das outras facies
citadas as facies daciticas foram descritas todas em um mesmo afloramento,
localizado na Usina Velha de Verandpolis, o que permitiu um detalhamento maior da
associacao de facies e do modo de colocacao destas. Os dacitos com fragmentacao
in-situ foram interpretados como formados pelo resfriamento brusco (quenching) de
magmas/lavas daciticos interagindo com agua e sedimentos inconsolidados. A brecha
dacitica caotica foi interpretada como uma “zona de mistura” entre fragmentos juvenis
e sedimentos inconsolidados devido a processos desencadeados pela troca de calor
do magmal/lava com a agua. A brecha daciticas com estratificacdo incipiente foi
interpretada como o resultado da ressedimentacdo dos depositos cadticos,
possivelmente devido a instabilidades gravitacionais. A associacdo entre essas facies
sugerem que as rochas vulcanoclasticas de Veranodpolis representam a colocacédo de
dacitos em um ambiente subaquoso, levando ao desenvolvimento de uma pilha
vulcanoclastica que cresce de maneira enddégena devido a fragmentacdo do magma
dacitico ( Yamagishi, 1991 e Yamagishi & Dimroth, 1985).

As facies sedimentares e vulcanoclasticas estudadas sugerem um
paleoambiente mais Umido quando comparado com o cenario indicado pela Fm.
Botucatu e pela ocorréncia de dunas edlicas intercaladas com os primeiros derrames
de lava da Fm. Torres. Um cenario mais umido coexistindo com o vulcanismo do GSG
ja havia sido sugerido por outros autores, principalmente na porcéo alto TiO2 (e.g., de
Moraes & Seer, 2018; Luchetti et al., 2014; Waichel et al., 2007). A ocorréncia de
depdsitos que indiguem condi¢cdes mais Umidas intercaladas com as lavas da Fm.
Torres, tidas como as primeiras lavas do vulcanismo Serra Geral, sugerem que a
mudanca para condicfes mais Umidas ocorreram rapidamente. Como ressaltado no
estado da arte é preciso ter cuidado antes de atribuir mudancas no registro
sedimentar/vulcanoclastico a verdadeiras mudancas climaticas. Diversos fatores
podem favorecer a preservacdo de um registro que indique condigcbes mais Uumidas
mesmo sem mudancas significativas no regime de chuva local. Por exemplo o
substrato vulcanico desnudado favorece a ocorréncia do escoamento de agua por
canais desconfinados. Depdésitos de fluxos efémeros também sdo mais faceis de
serem preservados uma vez que sao efetivamente fossilizados pelas lavas. Outros
fatores, néo relacionados diretamente com o vulcanismo, como a topografia positiva

gerada pelo vulcanismo ou mudancas na circulagdo oceanica devido a abertura
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incipiente do oceano Atlantico também podem levar a uma mudanca na precipitacao

local sem envolver influéncia direta do vulcanismo.

Utilizando-se de valores de desgaseificacdo de SO2 obtidos em lavas picriticas
da Provincia Etendeka (Marks, 2014) e estimativa de volumes para as formacgfes
litoestratigraficas do Grupo Serra Geral (Rossetti, 2018) foram estimados o total de
SO:2 que seria liberado pela colocacdo das Fm. Torres e Fm. Vale do Sol. A Fm. Torres
potencialmente liberou ~ 17 747 Tg de SOz para atmosfera enquanto a Fm. Vale do
Sol liberou ~ 66 177 Tg de SO2. Os valores obtidos indicam que a colocacao destas
formacdes pode ter impactado o clima, de maneira analoga a erupgdes historicas que
tiveram um impacto climatico (e.g., Monte Pinatubo, 1981). Apesar do principal efeito
climatico do SOz ser de uma reducéo na temperatura meédia da superficie terrestre, e
consequentemente uma reducdo na precipitacdo média global, diversos estudos
indicam que algumas areas passam a receber mais chuva ap6s grandes erupcdes
vulcénicas, em especial areas desérticas (lles et al., 2013; lles & Hegerl, 2015; Zuo et
al., 2019a, 2019b). Portanto, o SO2 liberado pelo vulcanismo do GSG pode ter
causado um resfriamento da temperatura média da superficie terrestre e influenciado
na distribuicdo de precipitacdo. Este efeito pode ter contribuido para um aumento na
precipitacdo da Bacia do Parand durante a atividade vulcanica, resultando na
mudanca observada nos depdsitos sedimentares. Mais estudos sobre o volume de
cada formacdo, em especial sobre o volume de erupcdes individuais, e sobre o
contetdo de enxofre presente nos magmas é necessario para restringir os potenciais

impactos da liberacdo de SOz pela colocacgio da Provincia ignea Parana-Etendeka.

6. Conclusdes

Os dados obtidos permitiram classificar algumas das facies das rochas
sedimentares e vulcanoclasticas que ocorrem intercaladas com as lavas da Fm.
Torres, Fm. Vale do Sol e Fm. Palmas na regido da Calha de Torres. As facies
sedimentares foram interpretadas como formadas pela deposigéo edlica, por fluxos
fluviais efémeros em canais desconfinados e em pequenos lagos efémeros. As facies
vulcanoclasticas atestam a interagdo entre 0 magmatismo/vulcanismo com
sedimentos Umidos e inconsolidados, possivelmente relacionados aos pequenos
lagos efémeros. Em suma, as facies estudadas foram formadas por diferentes
processos que requerem a presenca de agua, sugerindo um clima mais umido quando
comparado ao cenario indicado pela Fm. Botucatu. Estimativas do total de SO

liberado pela Fm. Torres e Fm. Vale do Sol indicam que potencialmente a colocagao
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destas lavas poderiam influenciar no paleoclima e no regime de chuvas local. Apesar
disto, diversos outros fatores também poderiam influenciar na mudanca observada no
registro sedimentar e trabalhos futuros ainda séo necessarios para que esta hipétese

possa ser testada.
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Abstract

Despite the intriguing correlation between Continental Flood Basalts (CFB) provinces
and environmental crises, little is known about how the local/regional sedimentary
systems and environment respond to flood basalt volcanism. Active sedimentary
systems, and their interaction with volcanism, provides an important rock record to
understand palaeoenvironments in volcanic settings. The Parana-Etendeka Igneous
Province is a well-known example of a CFB emplaced on a dry desert environment,
but evidence has also shown the existence of humid conditions during the volcanic
episode. This work describes and interprets non-volcanic sedimentary and
volcaniclastic rocks interbedded with Parana-Etendeka Igneous Province lavas in
southernmost Brazil to better understand palaeoenvironmental process and changes
during the onset of volcanism. Non-volcanic sedimentary rocks record the existence of
ephemeral sheet-like flows and ponds/lakes while volcaniclastic rocks documents
hydromagmatic activity, supporting a change to more humid conditions. Stratigraphic
constrains indicate that this change started with the onset of volcanism and affected
the whole province. We suggest that SOz degassing from Parana-Etendeka province
may have caused a net global surface cooling resulting in precipitation redistribution
and a local increase in rainfall. This hypothesis may help explaining the cooling and
increased humidity observed elsewhere to be closely related with the Parana-

Etendeka emplacement.

8.1 Introduction

Large igneous provinces (GPIs), of which continental flood basalts (CFBSs)
provinces are the best known example, represent periods of intense magmatism, when
magma volumes in excess of >0.1x Mkm? are emplaced in a few million years, often
with the bulk volume emplaced in <1 Myr (Bryan and Ernst 2008). Due to their large
size, short duration, and a strong age correlation with mass extinctions, CFBs have
long been postulated as a trigger for global environmental crisis (Wignall 2001; Bond
and Wignall 2014; Ernst and Youbi 2017). Despite several works attempting to link
CFBs and global environmental crises few works have dealt with how the local
sedimentary system and environment respond to flood basalt volcanism. CFBs are
frequently emplaced on active sedimentary basins, allowing volcanism and shallow
intrusions to interact with country rocks and unconsolidated sediments producing a
diversity of eruptive styles, release of volatiles, and volcaniclastic deposits (Jerram and
Stollhofen 2002; Waichel et al. 2007; McClintock et al. 2008; Peate and Bryan 2008;
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Svensen et al. 2007; Jerram et al. 2016). Sedimentary systems also tend to stay active
during CFBs events, as typified by the occurrence of non-volcanic sedimentary rocks
and volcanic-sedimentary breccias interbedded with the lava flows in several CFBs
(Jerram et al. 2000; Tandon 2002; Bryan et al. 2010; Ebinghaus et al. 2014; Rossetti
et al. 2018a). Their record provides crucial information to constrain the sedimentary
and palaeoenvironmental changes taking place contemporaneous to the emplacement
of the CFB. The frequent large basaltic eruptions, characteristic of such provinces,
give rises to land barrenness and resurfacing (Harris & Van Couvering 1995), causing
drainage readjustments and frequently modifying the previously existent sedimentary
system (e.g., Tandon 2002; Ebinghaus et al. 2014 Fantasia et al. 2016). Constructional
topography created by these lava flows alters sedimentary system distribution and may
be one of the factors that causes non-volcanic sedimentary interbeds in CFB provinces
to be generally concentrated around the edges of the province (e.g., distribution of
Lameta Fm. interbeds in the Deccan Traps; Tandon 2002; Fantasia et al. 2016).
Understanding how CFBs affect the local/regional environment provides information

that can be further used to constrain their global impact.

The Parana-Etendeka Igneous Province (PEIP) is a well-known example of
CFBs emplaced on an active dry aeolian system (Scherer 2000, 2002; Jerram et al.
2000; Jerram and Stollhofen, 2002; Waichel et al. 2008). Despite this, mounting
evidence has shown that wetter conditions existed in the later stages of volcanism
(Mano 1987; Waichel et al. 2007; Luchetti et al. 2014; Machado et al. 2015; De Moraes
and Seer 2017). Various works have also established a close association between
PEIP emplacement and a Valanginian age (~ 140 — 133 Ma) positive §13C excursion
known as the Weissert event (Weissert et al. 1998; Erba et al. 2004; Martinez et al.
2015; Charbonnier et al. 2017). The Weissert event is also marked by increased
humidity in several sedimentary basins (e.g., French Vocotian basin; Duchamp-
Alphonse et al. 2011; Kujau et al. 2013; Charbonnier et al. 2020). Interpretations of the
causes of the Weissert event, and what role PEIP played are still not fully understood.
Recent geochronological studies suggest that silicic volcanism of the PEIP postdates
the major carbon excursion by ~0.5 Myr, although further constraining is necessary to
address whether stratigraphically older sequence of basaltic lava flows coincides with
the onset of the event (Rocha et al. 2020). Some authors propose that CO2 degassing
from PEIP volcanism trigged climate warming and an acceleration of the hydrological

cycle leading to perturbation in the carbon cycle (Erba et al. 2004; Duchamp-Alphonse
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et al. 2011; Charbonnier et al. 2020) while others have questioned this view based on
evidence of cooling concomitant with the end of the event (Grécke et al. 2005; Bodin
et al. 2015; Price et al. 2018). An underexplored possibility is that SO2 released from
volcanism caused surface cooling and modified the hydrological cycle, as observed in
historic eruptions (Robock. 2000; lles et al. 2013; Zuo et al. 2019).

This work describes non-volcanic sedimentary and volcaniclastic rocks
interbedded with PEIP lava flows in southernmost Brazil which show evidence of a
transition from dry to more humid conditions during the initial stage of volcanism. We
discuss which factors could influence this response in the sedimentary systems and,
whether this evidence is an indication of changes in the regional precipitation regime
contemporaneous to the onset PEIP volcanism. Lastly, we briefly look at how historic
eruptions have impacted precipitation and whether the same mechanisms would be

applicable to flood-basalt eruptions and CFB provinces.

8.2 Volcaniclastic deposits: classification and terminology
The description and classification of volcaniclastic rocks follows the guidelines
proposed in White and Houghton (2006). We clarify some aspects of the adopted

terminology and classification scheme used throughout the text.

. Primary volcaniclastic rocks are considered any volcaniclastic deposits of which
the observed texture and structures is relatable to volcanic eruptions (i.e., where

reworking or alteration has not concealed the interpretation of volcanic process).

. Regardless of the eruptive process, all volcaniclastic particles have their
granulometry described using terms like ash, lapilli, blocks, and their deposits receive
names like tuff, lapilli-tuff and breccia. This approach is preferred here to be more

precise when describing particles in mixed volcaniclastic/non-volcanic rocks.

. Hydromagmatism/Hydrovolcanism refers to any magma-water interaction

without implications on how explosive was that interaction (Zimanowski et al. 2015).

. Peperite is a genetic term reserved for volcaniclastic deposits related to the
interaction between shallow intrusions or lava flows and unconsolidated, usually wet,
sediments (White et al. 2000; Skilling et al. 2002). When formed by the interaction of
lava/intrusions with wet sediments peperite is a type of hydromagmatic deposits (“wet

peperites”).
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. We use the classic sedimentary terminology (i.e., coarse sand, silt etc.; Folk

1974) to refer specifically to non-volcanic detrital rocks and particles.

8.3 The Parana-Etendeka Igneous Province

The PEIP is an Early Cretaceous (Valanginian age) CFB province related to the
opening of the South Atlantic Ocean (Peate et al. 1992; Renne et al. 1996a), that crops
out in Argentina, Angola, Brazil, Namibia, Paraguay and Uruguay (Frank et al, 2009 —
Fig. 1a). Aside from basalts and basaltic andesites, the PEIP has also a significant
volume (~ 2,5%) of intermediate and acid rocks, exposed mainly in southern Brazil and
Namibia (Milner et al. 1992; Polo and Janasi 2014; Simdes et al. 2019). The PEIP can
be broadly subdivided geochemically into an older Low-TiO2 sequence, outcropping
in the southern portion of the province in Brazil and in Namibia, and a younger High-
TiO2 sequence in the central and northern part of the province in Brazil (Bellieni et al.
1984; Fig. 1a). Radiometric dating and stratigraphic constrains indicate that the bulk of
volcanism lasted approximately 3 Myr (134 — 131 Ma), and that it started in the
southern part of the province and progressed northward, concordant with the South
Atlantic opening direction (Renne et al. 1996; Thiede and Vasconcelos 2010; Janasi
et al. 2011). The Low-TiO2 sequence in Brazil is estimated to have erupted in a short
time span of circa 1 Myr during the same time interval (Janasi et al. 2011; Rossetti et
al. 2018a; Rocha et al. 2020).

Most of the PEIP was emplaced over an active intracratonic sedimentary basin,
namely the Parana basin in Brazil and the Huab basin in Namibia which was likely a
single continuous basin before the opening of the South Atlantic (Zalan et al. 1990
Jerram et al. 2000; Milani et al. 2007). The Early Cretaceous sedimentary record in
these basins is composed of stacked aeolian sand dune deposits, indicating a hot and
dry paleoclimate prior to PEIP volcanism (Botucatu Fm. in Brazil, Twyfelfontein Fm. in
Namibia - Scherer 2000; Jerram et al. 2000; Milani et al. 2007). The first lavas of the
PEIP rest conformably over those sand dunes and aeolian deposition continued during
the very initial moments after the onset of volcanism, as evidenced by aeolian dunes
and “dry” peperites interbedded with the first basalt flows in southernmost Brazil and
Namibia (Jerram et al. 2000; Scherer 2002; Jerram and Stollhofen 2002; Petry et al.
2007; Waichel et al. 2008). The conditions for the later stages of volcanism were
markedly more humid as indicated by the presence of pillow lavas, lacustrine

sediments and “wet” peperites, mainly in the northern Brazilian side of the province
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(Mano 1987; Waichel et al. 2007; Luchetti et al. 2014; Machado et al. 2015; De Moraes
and Seer, 2018; Fig.1c).

Our study area is confined to a major structure in the Parana Basin known as
the Torres Trough or Torres Syncline. The Torres Trough is a NW-SE elongated
structure, located between two structural arches, the Ponta Grossa and Rio Grande.
The term “structural arches” is used here in a loose sense to refer to zones where the
Parana Basin was uplifted domically along an axis. The present erosional shape of the
Parana Basin, with its extent only reaching the shoreline at the Torres Trough and with
its limit being further inland near the structural arches, serves well to highlight the
approximate location of these structures (Fig 1a). Although the present shape of the
Parana Basin is mainly the result of post-Cretaceous uplift stratigraphic data indicates
that the Torres Trough and the other arches had been active since post-Paleozoic
times (Zalan et al. 1990). The Ponta Grossa arch is also host to one of the know PEIP-
related dyke swarm (Renne et al. 1996Db), reinforcing that these structures existed prior
to volcanism. The greater thickness of PEIP lavas in the Torres Trough indicates that
this structure behaved as local depocenter for the Parana Basin during the Early

Cretaceous (Zalan et al. 1990).

Much work focusing on the physical volcanology and stratigraphy of PEIP flows
have been conducted on the Torres Trough due to its mountainous terrain and good
road coverage providing some of the best outcrops available of the PEIP in Brazil
(Leinz 1949; Waichel et al. 2012; Polo and Janasi 2014; Barreto et al. 2014; Rossetti
et al. 2018a; Polo et al. 2018; Simdes et al. 2019). Thus, links between the interbedded
clastic rocks and the regional stratigraphy of Torres Trough can be done, further
constraining the interplay between sedimentary-volcanic systems. PEIP volcanism in
the Torres Trough has been divided into four lithostratigraphic formations (Fig. 1c;

Rossetti et al. 2018a), which roughly correspond to different stages of the volcanism:

. Torres Formation (Fm.) corresponds to the initial phase of mafic volcanism with
restricted volume, relative low effusion rates and emplacement of lava flow fields

dominated by compound pahoehoe morphologies.

. Vale do Sol Fm. corresponds to the climax of mafic volcanism with flow fields
dominated by thick (>10s m), laterally extensive (>10s km) rubbly pahoehoe flows,

indicating large volume eruptions and high effusion rates. This formation marks the
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true "flood basalt" stage of volcanism in the Torres Trough with development of the

classic tabular basaltic flow architecture, typical of CFB provinces.

. Silicic volcanism is grouped under the Palmas Fm. At some places silicic rocks
occur interbedded with mafic volcanics indicating an overlap of mafic and silicic
activities. Silicic volcanism of the Palmas Fm. presents variable lithofacies
assemblages, indicating a diversity of eruptive behavior and likely locally fed sources.

. Esmeralda Fm. corresponds to the waning stage of volcanism with low effusion
rates and the emplacement of compound pahoehoe with more primitive geochemical

signature.

This work reports on non-volcanic sedimentary and volcaniclastic rocks
preserved along the volcanic stratigraphy of the Torres Trough. Detailed field and
petrological descriptions are presented in the next sections together with an
interpretation on their origin. Data collection was concentrated in two areas, Santa

Cruz do Sul and Verandpolis (Fig. 2c).
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Figure 1 - Simplified geological map with juxtaposed South American and African margins highlighting the
distribution of Parana-Etendeka volcanics rocks (modified after Peate et al. 1992 and Rossetti et al. 2018a) and of
pillow lavas and hydromagmatic volcaniclastic deposits (see text for reference). The approximate location of the
axis of the Ponta Grossa and Rio Grande structural arch and the Torres Trough are also shown.

8.4 Methodology

In the Santa Cruz do Sul area, data was collected along the state highway RS-
153 and nearby areas and covered the Torres Fm., Vale do Sol Fm. and the base of
the Palmas Fm. (obsidian flows outcropping near Gramado Xavier). In the Veranopolis
region sampling was concentrated in outcrops of the Torres Formation along the
federal highway BR-470 and in the Usina Velha location.The stratigraphic position of
each type of clastic rock described is indicated in Fig. 2b and 2c. Field description were
based on the lithofacies concept outlined by Dalrymple. (2010a), in which the structure
and texture used to define lithofacies are the ones that carry most significance for
interpretation. Collectively 14 outcrops containing non-volcanic sedimentary or
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volcaniclastic lithofacies were described and sampled for thin section analyses (see
supplementary data for outcrop location). We qualitatively analyzed 25 petrographic
thin sections of these clastic rocks specifically searching for information on their
depositional origin and environmental interpretation (e.g., nature of a sedimentary
lamination, shapes and types of volcaniclastic material etc.) Our interpretation here
focuses on the regional environmental significance of these deposits and further work
is required to discuss paleogeographic influence in the distribution of the different types

of clastic deposits.
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Figure 2 - (a) Geological map of the Torres Trough showing the distribution of the lithostratigraphical Formations of
the PEIP (modified after Rossetti et al. 2018a). (b) and (c); Local map of the studied area showing the cities
mentioned in the text, the occurrences of non-volcanic sedimentary (yellow dot) and volcaniclastic (black dot) rocks
and the location of the Usina Velha outcrop. Column to the right of each map highlights the stratigraphic distribution
of the types of clastic deposits described in the text. Shaded areas highlights the distribution of the Botucatu Fm.,
basic and silicic volcanics and are taken from the Brazilian Geological Survey (CPRM -
https://www.cprm.gov.br/en/).
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8.5 Results and interpretation

8.5.1 General stratigraphy of the studied area

In the Santa Cruz do Sul region the Torres Fm. outcrops between altitudes of
110 — 350 m and is characterized mainly by laterally limited small pahoehoe lobes,
easily divisible at outcrop scale, and more rarely by laterally continuous thicker (1 — 5
m) pahoehoe flows. Non-volcanic sedimentary rocks interbedded with Torres Fm. are
apparently more common in the lowermost portion of the Torres Fm. Significant beds
of volcaniclastic rocks are absent in the Torres Fm. along RS-153 but were described
in the nearby area mostly where flows are associated to non-volcanic sedimentary
rocks. The Vale do Sol Fm. outcrops around altitudes of 350 — 500m and it is mostly
devoid of non-volcanic interbeds. Non-volcanic material in this formation is restricted
to flow-top breccia and fractures infills and small injected sand dykes. The
stratigraphically higher non-volcanic interbed included in this study occur at the base
of obsidian flows of the Palmas Fm. at altitudes of 428m. Further information on
volcanological aspect of this region, can be found in Polo & Janasi (2014), Barreto et
al. (2014), Rossetti et al. (2018a) and Polo et al. (2018).

In the Verandpolis region the Torres Fm. outcrops in altitudes as low as 130 m
and is characterized in outcrop by small pahoehoe lobes with a paucity of the thicker
flows observed in the Santa Cruz do Sul area. One noticeable exception is the ponded
pahoehoe flow associated with volcaniclastic breccias that will be described in the next
section. Non-volcanic sedimentary and volcaniclastic lithofacies are common in
association with Torres Fm. flows near the Rio das Antas riverbed, seeming more
common than in the Santa Cruz do Sul area. Small, injected sandstones dykes are
also frequent where lava flows occur associated with heterolithic sandstones (see
forward). The Vale do Sol Fm. in this region is also devoid of non-volcanic sedimentary
interbeds. The hitherto unknown volcaniclastic rocks of the Usina Velha location are
tentatively attributed to the silicic Palmas Fm, although it is worth noting that they occur
at an unusually low altitude (~130 m) compared with other silicic volcanic rocks from

this formation.
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8.5.2 Non volcanic lithofacies

Massive and horizontally laminated sandstones
Description

Massive and horizontally laminated medium to coarse sandstones occur interbedded
with flows of the Torres Fm. near the city of Santa Cruz do Sul (Fig. 1d). Sandstone
beds are only a few meters thick (1 - 2 m) and their lateral continuity is hard to estimate
due to exposure conditions. They dominantly have a tabular geometry with a flat top
surface and a conformable basal surface that infills depressions of the underlying lava
flows (Fig. 3a). Pahoehoe moulds can sometimes be found preserved on the top
surface of these beds. Upon inspection of hand samples, horizontal to low angle
lamination can often be observed (Fig. 3b). Lamination is marked by granulometric
variations (Fig. 3c) and sometimes by heavy minerals enriched lamina. In one sample
rounded mud intraclasts and irregular mud-silt lamina were observed. Petrographically
each bed has a distinct textural and granulometric characteristic, ranging between
massive, poorly sorted coarse sandstones to horizontally laminated well sorted

sandstones with normal graded laminae.
Interpretation

The massive sedimentary structure indicates upper flow regime and sediment hyper-
concentration while their tabular geometry indicates unconfined sheet-like flows over
low relief palaeotopography. (Tunbrige 1981; Stear 1985; Martin and Turner 1998;
North and Davidson 2012). The horizontal lamination is also indicative of upper flow
regime but likely under lower sediment concentration. Thus, the massive to horizontally
laminated sandstones found near Santa Cruz do Sul are interpreted as deposits of
unconfined ephemeral streams/flows. The location of these massive sandstones near
the edge of the Parana Basin close to a basement high (Sul Rio Grandense Shield)
and the apparent distinct textural and granulometric characteristic of each bed also

corroborates with this interpretation.
Low-angle crossbedded sandstones
Description

A single sandstone bed with well-developed low-angle planar crossbedding was
described near the city of Gramado Xavier underlying obsidian silicic flows of the
Palmas Fm. The sandstone bed is ~ 2 m thick and its lateral extent could not be
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assured due to poor outcropping conditions (Fig. 3d). Although the crossbedding is the
most pervasive feature of this sandstone, thin (< 2cm) solitary ripple lamina can also
be seen between the planar bedding planes. These ripple laminae are characterized
by long wavelengths and small amplitude (i.e., high ripple index). Thin section analyses
shows the lamination is marked by granulometric variations. Individual lamina are well
sorted and the granulometric variation between laminas covers the range from very

fine to coarse sand.
Interpretation

The low-angle crossbedded structure of this lithofacies is interpreted to be of
aeolian origin, formed by the low angle climbing and migration of wind ripples (Hunter
1977; Kocurek and Dott 1981). According to Kocurek (1986) aeolian beds composed
of low-angle crossbedding may represent sand sheet, interdune or dune plinths
deposits. Low-angle crossbedding is a common lithofacies in the Botucatu Fm. aeolian
sandstones, where they have been interpreted as dune plinth deposits (Scherer,
2000). The land bareness caused by the frequent contemporaneous volcanic activity
likely prevented the formation of extensive dune field and therefore we favor an
interpretation as aeolian sand sheets for these deposits. According to Kocurek and
Nielson (1986) aeolian deposition as sand sheets rather than sand dunes, is favored
by more humid conditions (i.e., high water table, periodic flooding and vegetation) or
by a dominance of coarse-grained sediment. Other crossbedded sandstones,
interpreted as aeolian in origin, were described interbedded with silicic flows a few
kilometers north (Polo and Janasi 2014) indicating that aeolian deposition persisted

until the later stages of volcanism in the Santa Cruz do Sul region.
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Figure 3 - (a) Massive tabular sandstones conformably overlaying pdhoehoe of the Torres Fm. (b) Poorly sorted
intraclastic coarse sandstones with horizontal to low angle lamination marked by irregular silt-mud lamina (red
arrow). (c) Well sorted sandstones with horizontal lamination defined by millimetric normal graded laminae;
perpendicular nichols (d) Sandstones with well-developed low-angle crossbedding underlying obsidian flows of the
Palmas Fm. (not show). Lens cap for scale has 5,2cm of diameter.

Heterolithic sandstones
Description

Heterolithic sandstones occur associated with volcaniclastic breccias where
they form either the non-volcanic matrix of those breccias or occur as irregular bodies
that gradually transition into these breccias. Throughout our study we did not find a
bed of heterolithic sandstone that has not been disturbed by subsequent lava flows, so
we focus on describing portions where the original sedimentary lamination is best
preserved. The main characteristic of the heterolithic sandstones is the sedimentary
lamination defined by the alternation between millimeter-thick sand and silt-mud
laminae (i.e., flaser bedding; Fig 4a, 4b). When preserved, the lamination is mostly
planar, but it can also be weakly undulating. Commonly, the lamination is disrupted
and teared apart with millimetric sand dykes cutting through the silt-mud lamina.

Interpretation

The alternation between sand and fines laminae is a classic indicator of
fluctuating energy conditions. For example, overbank-interdune deposits or ephemeral
flow deposits in fluvio-aeolian settings sometimes display a similar lamination which is
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interpreted as due to the periodically flooding of these regions (Tunbridge 1981, Steer
1985, Langford 1989, Langford and Chan 1989). We interpret this heterolithic
lithofacies as deposits of shallow lakes/ponds formed in places where ephemeral flows
converged to local topographic depressions forming small ponds/lakes (e.g.,
Bhattacharya 1997, Martin 2000). In this case the lamination is a result of sand lamina
being deposited when ephemeral streams were actively feeding those water body
while the silt-mud lamina was deposited by suspension during quiet periods. The lack
of thick heterolithic deposits may be because such ponds or lakes were likely a site of
hydromagmatic activity during subsequent eruption. Evidence of fluidization also
indicates that a significant volume of these deposits was fluidized and injected in
nearby flows during interaction with the subsequent lava flows (see next lithofacies).

Thin massive fine sandstones lenses/sheets
Description

This lithofacies occur as thin (< 30 cm) massive fine sandstones interbedded
with flows of the Torres Fm. either as laterally limited (< 1 m) lenses confined to small
depressions of the underlying palaeotopography (Fig. 4c, 4d) or as very thin sheets
mantling the palaeotopography. Rarely low angle cross lamination can also be
observed. This type of sandstones occurs scattered throughout all the study area and
due to their small size, they are easily overlooked. They are always found on top of the
upper vesicular or oxidized crust of pahoehoe lavas and overlain by the base of the
subsequent flow indicating a depositional origin. Zeolite veins and other localized
volcanic breccias cemented by zeolites are common in the contact between the
overlaying lava flows and these sandstones (Fig. 4c¢). Sand dykes (< 50 cm width;
sometimes arranged in complex network of dykes) are frequently found cutting the

overlaying lava flows but are mostly absent in the underlying flows (Fig. 4d).
Interpretation

The depositional environment for the thin massive fine sandstones lenses is
elusive due to their small size and the lack of sedimentary structures. The confined
nature of those deposits indicates subaqueous deposits considering that wind-blow
sand is likely to form more extensive deposits. The sandstones dykes observed cutting
through lava flows near sandstone beds are interpreted as the result of post-
depositional fluidization and injection of these interbedded sandstones. In a scenario

such as the one studied post-depositional fluidization can be triggered by rapid loading
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of the sandstones, rapid heating of pore-water or due to pressure relief during the
opening of cooling fractures in the lava (Kokelaar, 1982). In any case fluidization
requires the presence of pore-water and thus is indicative that these sediments were
still unconsolidated and wet. It is worth to note that in some outcrops, complex
sandstone dykes networks cannot be directly associated with a nearby non-volcanic
bed, possible indicating that fluidized sand can be sourced from far away. Our
interpretation for these sandstone dykes differs from the model envisaged by
Hartmann et al. (2012, 2013) in that the source of fluidized sediment was not the
aeolian sands from the Botucatu Fm., but rather deposited by sedimentary systems
contemporaneous to volcanism. Evidence of contemporaneous hydromagmatic rocks
formed by the interaction between magma and unconsolidated sediment further
supports the interpretation that fluidization of sediments took place mainly during
interactions between lava flows and wet sediments in the surface. Sand-filled fractures
in lava flows are also a common feature and they can be distinguished from true sand
dykes based on field relations (i.e., sand filled fractures are confined to the upper parts
of the flows, show a sedimentary lamination perpendicular to the fracture margins etc.,
e.g., Polo & Janasi, 2014).

Figure 4 - (a) Heterolithic sandstones with disrupted and torn apart lamination. Red arrow points to a tiny sand dyke
disrupting the lamination. (b) Heterolithic sandstones with the typical irregular lamination defined by the alternation
between silt-mud and sand lamina. Notice the contact with a basaltic fragment in the lower portion; parallel nichols.
(c) Massive fine sandstones lens (red arrow) associated with a volcaniclastic breccia composed of altered angular
basaltic fragments set in a zeolitic matrix (red dashed contour). Lens cap for scale at the lower right portion of the
photograph. (d) Thin sandstone lens (red arrow) conformably overlaying the vesiculated upper crust of a pahoehoe
flow (upper surface of the flow dashed white). Note also the very thin sand dyke (red arrow) injecting in the upper
flow.
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8.5.3 Primary volcaniclastic lithofacies

Basaltic breccia set in a mixed non-volcanic/volcaniclastic matrix
Description

Basaltic breccias set in a mixed non-volcanic/volcaniclastic matrix are a
common lithofacies in the Verandpolis region, specially near the Rio das Antas valley
where they occur associated with Torres Fm. flows. We describe here a specific
outcrop that work as a type section for other mixed basaltic/non-volcanic breccias in
the region. The outcrop can be accessed via a dirt road near the bridge that crosses
the Rio das Antas riverbed along the BR-471 federal highway. The basaltic breccia is
~ 2 m thick, can be traced laterally for > 300 m, and is sharply overlain by a thick (> 5
m) massive core of a ponded pahoehoe flow (Fig. 5a). The breccia is composed of
blocky, non-amygdaloidal to amygdaloidal basaltic blocks set in a non-volcanic matrix
mixed with minor basaltic ash and lapilli (Fig. 5b, 5d). Heterolithic lamination is often
preserved in the matrix (see item 4.1) and frequently folded or deformed (Fig. 5c).
Sometimes, pahoehoe molds are preserved in the breccia non-volcanic matrix. Thin
section reveals that lapilli-sized basaltic fragments ranges in texture from glassy and
non-amygdaloidal to amygdaloidal and microlite-rich whereas basaltic ash is
dominated by angular non-amygdaloidal glassy particles (Fig. 5d). In-situ
fragmentation texture (i.e., jigsaw fit texture) is locally preserved in the glassy ash

component.
Interpretation

Basaltic breccias set in a non-volcanic matrix are a common lithofacies in the
PEIP province. They have been interpreted either as “dry peperites” (Jerram and
Stollhofen 2002; Petry et al. 2007), “wet peperites” (Waichel et al. 2006) or as the result
of non-volcanic material infilling a flow-top breccia (most frequently in the Vale do Sol
Fm.; Rossetti et al. 2018a). For our case, the lack of sorting of the volcaniclastic
deposits, the presence of in-situ fragmented particles, and the preservation of the
delicate glassy fragments, indicates those volcaniclastic breccias are primary
volcaniclastic deposits. The heterolithic lamination of the non-volcanic matrix is distinct
from the matrix of the “dry” peperites, which only have sand sized grains (see
supplementary data for a comparison with the peperites of the Torres locality). The
localized nature of those basaltic breccias, the presence of non-amygdaloidal and

amygdaloidal fragments, the occurrence of in-situ quench fragmented particles and the
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evidence of mixing with wet unconsolidated sediments suggests fragmentation driven
by magma-sediment-water interaction (i.e., peperites; Kokelaar 1982; White et al.
2000; Skilling et al. 2002). Thus, these deposits are interpreted as “wet” peperites
formed by basaltic lava flowing over ponds/lakes similar to other “wet” peperites

described in northern parts of PEIP province in Brazil (Waichel et al. 2006).

Figure 5 - (a) Contact between the basaltic breccia set in a non-volcanic matrix and the massive base of a pounded
pahoehoe flow (contact dashed white). (b) Detail of the basaltic breccia set in a non-volcanic matrix. Note massive
to amygdaloidal blocky basaltic fragments. (c) Deformed heterolithic lamination (red arrow) near the contact with
amygdaloidal basaltic fragment. (d) Thin section showing glassy to microlite rich, non-amygdaloidal to amygdaloidal
basaltic lapilli set in a heterolithic non-volcanic matrix, parallel polarizers.

Usina Velha lithofacies

Volcaniclastic rocks crops out near the town of Verandpolis at the Usina Velha
location (an old, abandoned, hydroelectric dam; Fig. 2b, 2d). The outcrop is located at
the downstream right-hand bank of the creek, just below a waterfall. We subdivided
the outcrop into four lithofacies: coherent dacite, in-situ fragmented dacite, chaotic
massive volcaniclastic breccia and crudely bedded monomitic dacitic breccia (Fig .6).
These lithofacies are overlaid by a massive aphyric flow that was not considered for in

this work.
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Figure 6 - (a) Sketch of the Usina Velha outcrop showing the distribution of the coherent dacite, chaotic
volcaniclastic and the upper crudely bedded volcaniclastic breccia lithofacies. Red rectangle is the logged section
in (b); (b) Logged section through the Usina Velha volcaniclastic deposits highlighting the main features of each
lithofacie.

Coherent dacite and in-situ fragmented dacite lithofacies
Description

A coherent magmatic lithofacies is exposed in the lower portion of the outcrop.
It is ~ 6 m thick in the NW termination of the outcrop and ~ 2 m in its SE termination.
The NW termination exposes an inner part of the coherent body while the SE end
exposes its rim zone and the transition into the host volcaniclastic rocks. This coherent
body is a massive, non-fractured, magmatic rock composed of millimeter sized (1 — 5
mm) well formed microphenocryst of plagioclase, pyroxene, and Ti-magnetite, often in
glomeroporphyritic aggregates, set in a glassy groundmass with abundant sub-
millimetric plagioclase and pyroxene. (Fig. 7a). Although we lack chemical analyses,
we note the petrographic similarity between this rock and other dacites from the
Palmas Fm. (Polo and Janasi 2014; Polo et al. 2018; Simdes et al. 2019). Henceforth,

this lithofacies will be referred to as coherent dacites. The inner, non-fractured core, of
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this dacite body grades upwards into a rim zone, where it is cut by several sinuous,
sub-vertical fractures, suggesting vertical sense of motion (Fig. 7b). The transition from
this rim zone to the host volcaniclastic rock is characterized by several dyke-like
protrusions of dacite into the volcaniclastic breccia. These protrusions have a variable
width (0.5 — 2 m) and, sometimes, show crudely developed jointing perpendicular to
their margin (Fig. 7c). Near-vertical grooves and ridges commonly found in these dyke-
like protrusions margins reinforce a vertical sense of motion. Unlike the non-fracture
dacite of the inner portions, dacite in the dyke-like protrusions is cut by an intersecting
network of millimetric cooling joints, which define several polygonal domains of dacite,
given rise to an in-situ fragmentation texture with a closed framework (i.e., fragments
defined by these joints are still attached to each other;) These cooling joints are marked
by oxidation of volcanic glass and, sometimes, filled by non-volcanic grains and/or
zeolites. The jointing is more frequent near the margin of each dyke-like protrusion,
extending from the rim into the core. Fresh black volcanic glass of the coherent dacite
transitions to altered pale-brown glass in the jointed protrusions, possibly due to
hydrothermal alteration. Near the margin of these dyke-like protrusions the polygonal
dacite fragments detach from each other (i.e., open framework) and start to rotate and
disperse into the chaotic volcaniclastic breccia. One hand sample clearly shows this,
with fluidized non-volcanic grains aiding in the process of tearing apart and mixing the

newly formed glassy fragments with the host volcaniclastic (Fig.7d).

Interpretation

The lower coherent dacite and its rim zone of in-situ fragmented dacite are
interpreted as a magma body that interacted with external water in a little to non-
explosive manner (e.g., Hans 1965; Yamagishi and Dimroth 1985; Yamagishi 1991,
McPhie et al. 1993). The presence of external water is indicated by the frequent
occurrence of fine glassy fragments with in-situ fragmented texture, and the evidence
of mixing between primary volcaniclastic particles and water-laden (heterolithic)
sediments. The coherent dacite represents the inner portion of this magma body, which
cooled without suffering hydromagmatic fragmentation, while the in-situ fragmented
dacite represents the rim zone of this body, in which external water played a more
prominent role through quench fragmentation. The dyke-like bodies of in-situ

fragmented dacite found hosted in the the chaotic volcaniclastic lithofacies are
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interpreted as the result of quench fragmentation of magma injected into wet and

unconsolidated sediments (see next).

Figure 7 - (a) Lower coherent dacite photomicrograph showing microphenocrysts (1 — 5 mm) of plagioclase,
clinopyroxene and Ti-magnetite in glomeroporphyritic aggregates set in a glassy groundmass with sparse
plagioclase and pyroxene microlites; perpendicular nichols (b) Sub-vertical sinuous fractures in the lower coherent
dacite rim zone, near the transition to the chaotic volcaniclastic breccia (fractured zone outline dashed red).
Fractures seem to be opening upward giving a vertical sense of motion. Lens cap for scale near middle bottom of
the photograph. (c) Sinuous near-vertical dyke-like protrusion (margins dashed red) hosted in a volcaniclastic
breccia. Note the crudely developed jointing perpendicular to the protrusion margin. (d) Hand sample showing
fluidized non-volcanic material (red arrow) tearing apart altered glassy fragments along the cooling joints. Notice
how the yellow palagonite-like fragments progressively turn red further away from the coherent portion, likely due
to hydrothermal alterations (black arrow).

Chaotic massive volcaniclastic breccia
Description

Overlaying the coherent and in-situ fragmented dacite is a ~ 2m thick chaotic
massive volcaniclastic breccia composed of non-vesiculated to vesiculated pale-brown
dacite blocks set in poorly-sorted matrix of mixed volcaniclastics/non-volcanic particles
(Fig.8a, 8b). The dacite blocks have irregular lobate shapes and are dominantly
vesiculated. They are petrographically similar to the altered quench fragmented lower
dacite, with same phenocryst assemblage and similar glassy groundmass, but with
much higher vesicle content. The matrix of this chaotic volcaniclastic breccia is

composed of lapilli-sized massive to vesiculated dacite fragments and ash-sized
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blocky glassy particles mixed with non-volcanic grains (Fig.8b). The degree of mixing
between volcaniclastic and non-volcanic particles in the matrix ranges from almost
none, when sedimentary structures are preserved, to almost full homogenization in
which volcaniclastic and non-volcanic fragments are finely mixed. Where sedimentary
structures are still preserved, heterolithic lamination can be observed. The ash-sized
component is dominated by blocky yellow glassy particles, with well-developed perlite
fractures and straight to concave margins (Fig. 8c). Similar yellow glassy particles with
fluidal shapes were also described in thin sections from this lithofacies (Fig. 8d). This
yellow glass is distinct from the dense red glass of the lower dacite, but similar
phenocrysts assemblage occurs enclosed within perlitic fragments. Hydrothermal
alteration and replacement of volcanic glass to zeolite and chalcedony is prominent in
this lithofacies, but the degree to which it affected individual particles varies. Perlitic
glass is especially prone to alteration and in some cases, zeolites have completely

replaced the fragments along perlitic fractures.
Interpretation

The gradual transition between the coherent dacite lithofacies to the chaotic
volcaniclastic breccia lithofacies through zones of in-situ quench fragmentation
suggests that the chaotic volcaniclastic breccias lithofacies are primary volcaniclastic
rocks derived from fragmentation of the coherent dacite lithofacies (i.e., they are
cogenetic). This is reinforced by thin section analyses showing the similarity between
dacite fragments in the chaotic volcaniclasic breccia lithofacies and the coherent dacite
lithofacies. The primary volcaniclastic nature of the chaotic volcaniclastic breccia is
also indicated by the preservation of in-situ fragmentation texture and delicate glassy
shards. Primary volcaniclastic deposits composed of a mixture between quench
fragmented glass, non-vesicular to vesicular fragments and non-volcanic grains points
to a hydromagmatic origin for these deposits (Hans 1965; Kokelaar 1982; Yamagishi
and Dimroth 1985; Yamagishi 1991; McPhie et al. 1993; Németh et al. 2008; White et
al. 2015;). Therefore, we interpret the chaotic volcaniclastic breccia lithofacies as the
result of hydromagmatic fragmentation and mixing between non-volcanicand
volcaniclastic grains. The preservation of heterolithic lamination indicates a
subaqueous setting for deposition of the non-volcanic grains prior to the interaction
with the magma body. The occurrence of blocky quench fragmented particles together
with vesiculated particles indicates a shallow water setting so as not suppress

vesiculation due to hydrostatic pressure. The restricted occurrence of these
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volcaniclastic deposits and the common preservation of in-situ fragmented particles
indicates a non to low-explosivity interaction with low dispersal of volcaniclastic

material.
Crudely bedded monomictic dacitic breccia
Description

The chaotic volcaniclastic breccia is overlain by a ~ 2m thick crudely bedded
matrix-supported monomictic volcaniclastic breccia lithofacies. This crudely bedded
volcaniclastic breccia is characterized by polygonal, non-vesicular to vesicular dacite
blocks with dimensions generally > 10 cm set in a red, fine grained, clastic matrix (Fig.
8d). We did not sample this lithofacies for thin section analyses therefore we are
uncertain whether the matrix is composed solely of volcanic grains or if it includes a
mixture of non-volcanic and volcanic particles. This breccia has a sharp contact with
the chaotic volcaniclastic breccia lithofacies and it differs from it as it is crudely bedded,
matrix-supported, and lacks lobate/irregular dacite blocks, in-situ fragmentation

textures or the dyke-like protrusions.
Interpretation

The massive, crudely bedded structure suggests deposition by mass flow
process (Cas & Wright, 1987). The monomictic characteristic and the similarity
between the dacite blocks with the blocks from the chaotic volcaniclastic breccia
lithofacies suggest that this lithofacies was formed by reworking of particles from the
chaotic volcaniclastic lithofacies. Therefore, we interpret this lithofacies as the
reworking of the underlying chaotic volcaniclastic lithofacies by mass flow process.
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Figure 8 - (a) General aspect of the chaotic volcaniclastic breccia. Dashed red line indicates contact with the upper
bedded volcaniclastic. Note the upper termination of a dyke-like intrusion near the lens cap (red arrow). (b) Thin
section showing a fluidal shaped altered glassy particle set in a mixed non-volcanic and volcaniclastic matrix. Note
the completely dissolved and partially replaced plagioclase phenocrysts enclosed within the glassy fragment and
the alteration of glass to zeolites along the perlitic fractures; parallel nichols (c) Thin section from the chaotic
volcaniclastic lithofacies showing a porphyritic, vesicular dacite block (lower portion, not fully show) set in a poorly-
sorted matrix of yellow glassy lapilli and ash with straight to concave margins and well developed perlitic fractures.
Note the glass colour difference between the vesicular dacite block and the perlitic glass and the altered plagioclase
and fresh Ti-magnetite phenocrysts enclosed in the perlitic glass in the upper right; parallel nichols (d) Crudely
bedded, massive upper volcaniclastic breccia composed of angular blocks of dacite (dashed red) floating in a fine
clastic matrix. Notebook for scale at the lower center of the picture.

Interpretation of the Usina Velha volcanic sequence

An envisaged emplacement model for the Usina Velha sequence involves the
intrusion of dacite into shallow lacustrine sediments leading to non-explosive
hydromagmatic fragmentation (Fig. 9). The intrusion would then continue to grow
endogenously into its own debris, supplying new volcaniclastic particles and mixing
them with previously formed volcaniclastic fragments and non-volcanic grains in a
‘mixing zone’ represented by the chaotic volcaniclastic breccia lithofacies. Instabilities
in this growing volcanic landform led to mass-flow reworking of these ‘mixing zone’
deposits and the formation of the crudely bedded volcaniclastic breccia lithofacies. This
emplacement model is akin to that described for others silicic shallow-water sub-
volcanic intrusions (i.e., hyaloclastite feeder dykes, subaqueous cryptodomes etc.;
Hans 1965; Yamagishi 1991; McPhie et al. 1993; Németh et al. 2008). It worth noting
that silicic lava domes have been previously described in the Palmas Fm. near our
study area (Polo et al. 2018; Simdes et al. 2019), and lithofacies similarity between the
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Usina Velha outcrop with silicic domes elsewhere (e.g., Szepesi et al. 2019) indicates
that the Usina Velha outcrop possible represents a silicic lava dome emplaced in a
subaqueous setting. Although a hydromagmatic origin is certain, further mapping work
is needed to elaborate on the extent of this deposits, its geometry and detailed

emplacement process.

1) Pre-intrusion scenario
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lacustrine sediment

Endogenously growing coherent core of
intrusion

|

Bedded volcaniclastic, mass flow
reworking of mixing zone deposits

Mixing zone, fragmentation of lower dacite
and mixing with non-volcanic detrital grains

Lower dacite
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Figure 9 - Schematic drawing of the envisaged emplacement model for the Usina Velha volcaniclastic sequence.
1) Pre-eruptive scenario consisting of a lacustrine setting with an unknow, but likely shallow, water-depth. 2) Onset
of the intrusion of dacites into the lacustrine sediments leading to endogenous growth of a volcanic landform through
hydromagmatic fragmentation and mixing of newly formed volcaniclastic fragments with detrital grains. 3) Final
idealized scenario. Instabilities in the volcanic landform leads to mass-flow reworking of the mixing zone deposits
and the formation of the bedded volcaniclastic deposits. Notice that, based on field observations, the intrusion is
draw as an almost horizontal sheet with the dyke-like protrusions emanating from the upper surface but in reality,
further mapping work is needed to get a sense of the geometry of the intrusion. (Drawing based on models of Hans
1965; Yamagishi 1991 and McPhie et al. 1993)
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8.6 Discussion

8.6.1 Fast changes in local precipitation during the initial stages of PEIP volcanism
Prior to PEIP volcanism, the Early Cretaceous paleoclimate in the Parand/Huab
basin is marked by hot and dry conditions as indicated by the whole-basin occurrence
of aeolian deposits (Jerram et al. 2000; Scherer 2000). In the Parana basin the aeolian
deposits are composed of stacked aeolian sand dunes lacking interdune deposits,
suggesting an exceptionally low water table when the palaeoerg was active (Scherer
2000). The well documented occurrence of aeolian sandstones interbedded with the
first basaltic flows shows that aeolian deposition persisted at least through the very
beginning of volcanism (Scherer 2002; Jerram and Stollhofen 2002; Petry et al. 2007;
Waichel et al. 2008). The deposits described here indicates a much more humid
scenario during PEIP volcanism in the Torres Trough. This increase in humidity has
been observed elsewhere in the Brazilian side of the PEIP (e.g., Waichel et al. 2007;
De Moraes and Seer 2017) but remains to be seen in the Namibian side of the
province, where the published literature deals with sedimentary interbeds located in
the lower portion of the volcanic stratigraphy and interpreted as aeolian sand dune
deposits (Jerram et al. 2000; Jerram & Stollhofen 2002; Grove et al. 2017). The PEIP
rocks cropping out in the Torres Trough represent the oldest unit in the regional
chemical stratigraphy for the Brazilian portion of the PEIP (The Low-TiO2 Gramado
magma-type; Peate et al. 1992; Rossetti et al. 2018a). Furthermore, most of the
sedimentary rocks reported in this work are interbedded with the oldest local
lithostratigraphic formation of the PEIP in the Torres Trough (Torres Fm.; Fig.1b).
Based on paleomagnetic and geochronology constrains this lithostratigraphic
formation is interpreted to have been emplaced in < 1 Myr, possibly in a few hundred
thousand years (Rossetti et al. 2018), thus indicating that changes from arid to more
humid conditions took place at the onset of volcanism and were very quick for

geological standards.

Our study area is located at the southern margin of the Botucatu palaeoerg,
(Scherer 2000; Bertolini et al. 2020) and such setting is a commonplace of fluvio-
aeolian interactions (Langford and Chan 1989; Svendsen et al. 2003). Thus, it could
be argued that no change in the precipitation regime took place during PEIP volcanism
and that the humid conditions recorded in the sedimentary rocks are the result of other
factors operating during volcanism, like bedrock properties and modes of preservation.

For example, fresh volcanic bedrock is likely to be less porous then loose aeolian sand,
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decreasing rain infiltration and favoring superficial runoff in the form of ephemeral
flows. Ephemeral flows deposits are also more likely to be preserved in a scenario of
frequent eruptions, where subsequent lava flows would effective “fossilize” these
deposits and preserve them from reworking. Nevertheless, we suggest that while these
and other factors influence the sedimentary record, the observed changes are mainly

due to an increase in local precipitation. This is based on the following line of evidence:

. Precipitation must have been high enough during volcanism to support the
ponds/lakes that were the site of hydromagmatic interactions, despite the likely hot

climate and high evaporations rates.

. Provenance studies for the Botucatu Fm. and sedimentary rocks interbedded
with PEIP basic lava flows in our study area (Bertolini et al. 2020), indicates that these
interbedded sedimentary units (“intratrap” in the authors terminology) contain a
significant smaller amount of recycled material in comparison with Botucatu Fm.
sandstones. It is also worth noting that while most of the Botucatu Fm. sandstones
studied by these authors are crossbedded several of their interbedded sandstones are
massive, which agrees well with our finding of massive sandstones interbedded with
Torres Fm. flows. Although this change in sediment source cannot be directly attributed
to an increase in local humidity it is an indicator of environmental changes taking place

during volcanism.

. Later stages of volcanism seem to have been even more humid, as suggested
by evidence near our work area (Luchetti et al. 2014) and in several other parts of the
Parand basin (Fig. 1; Mano 1987; Waichel et al. 2007; Machado et al. 2015; De Moraes
and Seer 2017). This indicates a basin-wide change in the sedimentary systems and
therefore it is unlikely that the erg-margin setting of our study area was the dominant
factor. Furthermore, this suggests that changes to more humid conditions were a
continuous process of regional character contemporaneous to the emplacement of the
PEIP.

8.6.2 Can gas emissions from Continental Flood basalts affect the local/global
precipitation regime?

A relevant question is whether CFB volcanism can affect the local/global
precipitation regime. To address this question, we look at how gas release from
volcanism can potentially affect precipitation and what is the precipitation response for

historic eruptions. We then see if the same mechanism could apply to flood basalt
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eruptions and CFB provinces emplacement. Our focus is on volcanic gas emissions
although other mechanisms related to CFB emplacement and feedback effects (e.g.,
CO2 drawdown due to basalt weathering) should also be considered when evaluating
the full environmental impact of CFB provinces (cf. Ernst and Youbi 2017).
Precipitation is also dependent on several other tectonics, geographic and topographic
factors which were being modified at the same time as PEIP volcanism. On a global
scale, numerical modelling has indicated that continental break up causes a
progressive cooling and humidification of landmasses, and this effect has been
noticeably observed throughout the Mesozoic (Donnadieu et al. 2006; Chaboureau et
al. 2017; Tabor et al. 2019). This humidification of landmasses can be partially
attributed to continental break up producing smaller landmasses which have multiple
moisture sources as opposed to a large landmass with dry interiors (Hay, 1996;
Chaboureau et al. 2014). Changes in continental configuration may also shift
landmasses to more equatorial/polar positions or into/out of arid latitude belts. The
progressive opening of the South Atlantic, which may have preceded PEIP volcanism
in southernmost latitudes (e.g., Pérez-Diaz and Eagles, 2014), must have had major
effects on ocean circulation and climate. Furthermore, crustal extension related to the
rifting process can create a central rift valley flanked by uplifted margins, significantly
altering the regional precipitation dynamics (e.g., Hay, 1996). Constructional
topography produced by several eruptions could also have produced a topographic
barrier, forcing precipitation on its windward side, and creating arid conditions on its
leeward side (Hay, 1996). Although these factors were operating during PEIP
volcanism, and thus contributing to altering precipitation, the change observed in this
work likely happened in < 1 Myr, which may be too fast for tectonic/rifting process to
have played a decisive role. Constructional topography, on the other hand, may have
been generated at the same time scale as volcanism and thus potentially played a
more determining role in shaping local precipitation.

One of the major ways in which volcanism can potentially affect the precipitation
regime is by inducing climatic changes due to volcanic gas emission. The main gases
released during volcanism are H20, SO2 and CO2, with minor quantities of halogens
halides, like HF and HCL, also being released (Self et al, 2014). The two major climatic
relevant gases released during volcanic eruptions, CO2 and SO2, have distinct
residence times and affect the climate in broadly opposite ways (Wignall 2001). CO2
is a greenhouse gas with a residence time in the in the atmosphere of 10 — 105 years
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and several authors have suggested a link between CO2 emissions from CFB
provinces and episodes of global warming (Bond and Wignall 2014; Ernst and Youbi
2017). Despite this the input of CO2 from historic eruptions is small in comparison with
present atmospheric values and considered to have an insignificant impact on the
climate (Robock 2000). Even for the much bigger flood basalt eruptions and CFB
provinces the potential of CO2 released solely from eruption promoting global warming
has been questioned (Self et al. 2006, 2014). On the other hand, SO2 released from
eruptions reacts with water to form sulphate aerosols, which, due to its negative
radiative forcing effect, can promote surface cooling and stratospheric warming
(Robock 2000). These climatic responses to volcanic SO2 emissions are well
documented in historic eruption. It is commonly assumed that to have a significant
hemispheric/global impact on climate sulphate aerosols need to be lofted to the
stratosphere where they have a residence time of 1 — 10s of years and the potential to
spread out (Robock 2000; Wignall 2001). Eruption latitude is a major controlling on the
distribution and magnitude of aerosols impact since it influences the dispersal pattern
and the altitude of the troposphere — stratosphere boundary. In general, high-latitude
eruptions have their aerosols confined to the eruption hemisphere while

tropical/equatorial eruptions aerosols tend spread out across both hemispheres.

Historic large-scale explosive eruptions (e.g., 1991 Pinatubo), or periods of
frequent such eruptions, have been linked to short-term (1 — 3 years) reduction in the
mean global precipitation (McCormick et al. 1995; Robock 2000; lles et al. 2013; lles
and Hegerl 2014, 2015). This response is mainly due to surface cooling caused by
sulphate aerosols promoting reduced evaporation and moisture-holding capability of
the atmosphere (Robock 2000; Isle and Hegerl 2015). Oppositely, if volcanism
promoted global warming due to CO2 release, an increase in temperature and in the
mean global precipitation is predicted (Ernst and Youbi, 2017). Precipitation has been
noted to be more sensitive to volcanogenic sulfate aerosols than to greenhouse gases
(Isle et al. 2013). Albeit volcanic aerosols have a net diminishing effect on the global
precipitation, the local/regional precipitation response is governed by changes in
atmospheric circulations and thus varied. For example, monsoon regions experience
drying following tropical volcanic eruptions but enhanced monsoons rainfall and
precipitation in one hemisphere has been documented following high-latitude eruptions
in the opposite hemisphere (i.e., northern hemisphere monsoons are enhanced by
southern hemisphere eruptions and vice-versa; Liu et al. 2016; Zuo et al. 2019a).
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Several authors have noted wet regions getting drier and arid regions getting wetter in
the years following historic eruptions (lles et al. 2013; lles and Hegerl, 2014, 2015; Zuo
et al. 2019b). This ‘wet get dries and dry gets wet’ response is also opposite to the
response predicted for global warming conditions, in which wet regions get wetter and

dry region drier (lles et al. 2013).

The studies mentioned above dealt mainly with the effect of isolated large-scale
explosive eruption or the cumulative effect of historic eruptions both of which represent
a very distinct scenario from the emplacement of CFB provinces. Studies on historic
large basalt eruptions (e.g., 1783 Laki eruption) and other CFB provinces (e.g.,
Columbia River Basalt Group, Deccan) have demonstrated that flood basalt eruptions
can release comparable or even higher amounts of sulphate aerosols (Thordarson and
Self 1996, 2003). Flood basalt eruptions can also maintain relatively high (13 - 17 km)
eruption plumes at their vents during explosives phases and are thus potentially
capable of lofting aerosols to the lower stratosphere (Glaze et al. 2017). Stratospheric
aerosols loading of flood basalts eruptions occur at vent, but local environmental
perturbations are enhanced due to degassing of lava flows and during eruption pauses
to the troposphere. Commonly regarded as one of the closest modern-day analogues
to flood basalt eruptions the 1783 Laki eruption in Iceland, injected about 25 - 30 Tg
(teragrams) of SO2 in the stratosphere promoting ~ 1.5 °C of annual mean temperature
drop on Europe and North America in the 2 - 3 years following the eruption (Thordarson
and Self 2003). For comparison, this amount is close to the estimated amount of SO2
released from the 1991 Mt. Pinatubo (~ 20 Tg) eruption which resulted in average
global cooling of approximately 0.5 C ° in the year following the eruption (McCormick
et al. 1995). For the Roza lavas of the Columbia River Basalt Group > 12 400 Tg of
SO2 have been estimated to have been release with > 9000 Tg being released during
explosive phases at the vent (Thordarson and Self 1996). For the emplacement of the
whole Deccan Traps, 6,5 x 106 Tg of SO2 were estimated to have been released, with
a single eruption episode releasing ~ 1 000 — 10 000 Tg of SO2 (Self et al. 2006).

Using volumes estimate for the Torres Fm. and Vale do Sol Fm. (Rossetti et al.
2018b) together with published data on degassed sulfur based in melt inclusions from
Etendeka picrites (Marks et al. 2014) we estimate total SO2 emission from these
formation (Table.1l; see supplementary data for calculation details). We assume that
75% of the total gas mass is released during explosive events at the vent (Self et al.

2006), while the remaining mass is released by lava flow degassing. With these
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assumptions, Torres Fm. released a total minimum of ~ 17 647 Tg of SO2 while Vale
do Sol Fm. released ~ 66 117 Tg of SO2. These values are underestimated since we
adopted low volume estimates based only in the surface area and average thickness
and it does not consider the extension of these formation further north and northwest
where they are covered by High-TiO2 lavas. Despite this our estimates fall in the same
order of magnitude of estimates from other CFB sub-units or eruptions (Self et al. 2006)
and when compared to estimate of SO2 release from historic eruptions that had a
significant impact on climate they highlight the potential climatic effect of these two
formations. The estimated value for each formation tells us about the overall mass of
SO2 released, while a more important parameter would be the mass released by
individual eruption or the mass flux. Flow fields from the Torres Fm. are dominated by
compound pahoehoe morphologies in contrast to Vale do Sol Fm. which is dominated
by extensive rubbly pahoehoe sheets. It is plausible to assume that the eruption
volume and rate of these formations differed by orders of magnitudes and these factors
should be considered when addressing their environmental impact (Duraiswami et al.
2008; Oskarsson and Riishuus 2013, 2014).

Table 1 Estimates of volume and SO2 released by Torres Fm. and Vale do Sol Fm. Estimates for the whole Parana-
Etendeka province (Marks et al, 2014) and other CFB and flood basalt eruptions are shown for comparison. SO2(t)=
Total mass released; SO2 (v)= Mass released at the vents (75%); SO2(I)= Mass degassed by lava flows (25%). *
Volume estimates used in calculations by Marks et al, 2014. ** Calculated using the value of 6.5 Tg/km3 and a
volume of 1 million km3 reported in Self et al. (2006). The similar total SO2 values for the Deccan and Parana-
Etendeka, despite the discrepancy in volumes used for calculations, likely arises from the lower degassed sulfur
values used by Marks et al. (2014) as well as small differences in other parameters (lava density, mass fraction of
phenocryst and degassing efficiency; see supplementary data for detail).

Torres | Valedo | Parand- | Deccan |Roza lava |1783 Laki
Fm. Sol Etendeka | Province | (Thordarson | eruption
Fm. (Marks et | —  total | & Self, | (Thordarson
al., 2014) | (Self et | 1996) et al., 1996)
al., 2006)
SO2 (total) | 17647 [99177 | 6.6 x 108 |6 x 10° 12 420 122
SO2 (vent) | 13235 | 49632 |- - 9620 98
(Tg)
SO2 (lava | 4412 16 544 | - - 2810 24
degassing)
(Tg)
Volume 4000 15000 | 2.18 X |1x108 1300 15
(km?3) 106*
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In summary, gas release from flood-basalt eruptions and CFB provinces
emplacement are potentially capable of having profound environmental impact and
consequently impacting the precipitation regime. Compared to historic eruptions that
had a significant impact on precipitation the amount of SO2 released from flood-basalt
eruptions is more than enough to induce net global surface cooling and decreased
precipitation. CO2 release solely from flood basalt eruptions is small in comparison to
present atmospheric values and their effects is diminished when considering past
geological times with even higher atmospheric CO2 concentrations. For the Parana-
Etendeka province, we suggest that formation of sulphate aerosols from volcanic gas
emissions caused surface cooling, and this was the main driving force behind the
observed changes in the sedimentary record and the deduced changes in precipitation
(Fig. 10). Although surface cooling leads to a net reduction in global precipitation it is
possible that precipitation redistribution, like that observed for historic eruptions,
caused dry regions like the Parana Basin to become wetter and significantly affected
monsoon regions. This hypothesis fits well with the cooling (Erba et al. 2004; Grdcke
et al. 2005; Bodin et al. 2015; Price et al. 2018) and increased humidity observed
during the closely related Weissert event (Duchamp-Alphonse et al. 2011; Kujau et al.
2013; Charbonnier et al. 2020).

20km __ Wind

i~

e > PR
Approximate range of the present | = i \—>

troposphere — stratosphere boundary |

10 km I\ 4——— Dispersion of sulphate aerosols and CO2

Local degassing of lava flows

——<—Reaction between SO2 and water forming
sulphate aerosols

Release of large quantities of CO2 and SO2 in eruption columns

/ / potentially reaching heights > 15km

Active vent and/or fissure segment

Main climatic impact Global net precipitation impact Effect on precipitation distribution

Increase in extreme rainfall events followed by extended dry periods /
‘Wet regions get wetter and dry regions drier

CcO2 Rise in global temperature Increase in the mean global precipitation

Changes in monsoon circulation and precipitation /

Sulphate Decrease in global — gy 3 3
Decrease in the mean global precipitation | Wet regions get drier and dry regions wetter

Aecrosols surface temperature

Figure 10 - Upper: Schematic drawing illustrating the main degassing process in a flood basalt eruption. Notice the
eruption column potentially reaching troposphere — stratosphere boundary heights. Lower: Simplified potential
consequences on the climate and precipitation of the major gases released during flood basalt eruptions. CO2 acts
as a greenhouse gas, promoting global warming, a net increase in global precipitation and causing dry areas to
become drier and wet areas wetter. SO2 reacts with water forming sulphate aerosols which promote surface
cooling, a net decrease in global precipitation and causes atmospheric circulation changes that can prompt dry
areas to became wetter and wetter areas drier. In our hypothesis the observed local increased in humidity at the
onset of PEIP is related to the climatic consequences of volcanogenic sulphate aerosols formation.
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8.7 Concluding remarks

Our description of sedimentary and volcaniclastic rocks interbedded with PEIP
lavas in southernmost Brazil shows that changes from dry to humid conditions took
place during the onset of volcanism and agrees well with evidence of humid conditions
elsewhere in the PEIP. Stratigraphic constrains indicate this change in precipitation
took place in less than 1 Myr, possible in a few hundred thousand years. Given the
correlation between the onset of volcanism and the observed increased humidity we
suggest that SO2 degassing from volcanism caused climate cooling and promoted
significant precipitation redistribution resulting in wetter conditions for the Parana basin
during the volcanic episode. Future work exploring other local/regional environmental
changes in the PEIP and other CFB provinces, like changes in biota, should aid in
understanding the particularities of each province and the link between their
emplacement and past environmental crisis. For the PEIP specifically, future work
exploring the link with the Weissert event is required to arrive in a robust interpretation

of cause and effect.
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9 — Anexos

Localizacdo dos afloramentos, explicacdes sobre os calculos realizados e fotos
e figuras adicionais dos afloramentos podem ser encontradas no repositério digital no
seguinte link:

https://geolsoc.figshare.com/collections/Rapid_changes_from_arid_to_humid_conditi
ons_during_the onset of the Paran_-
Etendeka_Igneous_Provinces_can_volcanic_gas_emissions_from_Continental_Floo
d_Basalts_affect_the_precipitation_regime_ /5505710
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PARECER:
O trabalho descreve e interpreta as facies das rochas sedimentares e mistas
sedimentares-vulcanoclasticas que ocorrem intercaladas com a por¢éo sul do Grupo Serra
Geral. A premissa e abordagem de trabalho sao excelentes e o trabalho é bem escrito,
apesar de alguns erros de digitagcéo e formatacao, e erros de inglés no artigo (que devem
ter sido corrigidos na versao publicada) que em nada impactam a compreensao dele.
A descricao e interpretacdo de facies estdo 6timas, os diagramas com a interpretacdo dos
processos sao informativos e bem ilustrados (e.qg. fig. 9 do artigo) e o célculo do volume de
SO liberado nas Fms. Torres e Vale do Sol (Tabela 1 do artigo), excelente!
O aluno demonstrou bem que os depdsitos estudados possuem evidéncias de serem
aquosos e assim sugerem a presenca de mais umidade no sistema do que no inicio do
vulcanismo. Esta mudanca climatica para mais Umido (ocorrida em menos de 1 milhdo de
anos) estaria relacionada com escape de SO; e geracdo de aerossois de sulfato que
causariam resfriamento e promoveriam uma redistribuicdo da precipitagdo, resultando em
condicBes mais umidas na Bacia do Parana.
Entretanto, a discusséo e a interpretacéo sobre o papel do vulcanismo (em particular
exalagdo de SOy) no clima tem alguns problemas, listados abaixo:

1) Na p. 17 alguns argumentos fundamentais para as interpretacdes sao
apresentados mas falta incluir referéncias para suportar algumas afirmacdes; por
exemplo: “SO- é o principal agente causador de mudancgas climaticas e ambientais
observadas em erupg¢des histéricas” REFS?? “Para que o SO liberado por
erupcdes vulcanicas tenha um efeito climatico global é necessario que este seja
injetado por plumas eruptivas até a estratosfera uma vez que o tempo de
residéncia do SO; na troposfera € muito curto (dias a semanas)’ REFS??

2) Menciona diferenca no tempo de residéncia de CO, (10-10° anos) vs SO (1-10’s
anos) mas o processo aventado para a mudanca climética (efeito do SO2) nao é
compativel com a escala de tempo do vulcanismo na area de estudo (dezenas-
centenas de milhares de anos).

3) Além do mais, dados historicos e da literatura mostram que aerossois de sulfato
causam resfriamento e maior aridez (ndo aumento de umidade). O aluno
argumenta que 0s aerossois causam mudancas na circulagdo atmosférica que
levam umidade a areas aridas e maior aridez em areas umidas, mas nao explica




como/porgue e nem cita referéncias que suportem essa afirmacao

4) Inclusive me parece que houve a citacdo equivocada das conclusdes de alguns
trabalhos; por exemplo: “Apesar do principal efeito climatico do SO, ser de uma
reducdo na temperatura média da superficie terrestre, e consequentemente uma
reducao na precipitacdo média global, diversos estudos indicam que algumas areas
passam a receber mais chuva apés grandes erupc¢des vulcanicas, em especial
areas desérticas (lles et al., 2013; lles & Hegerl, 2015; Zuo et al., 2019a, 2019b).”
Esses dois trabalhos (lles et al. 2013 e lles & Hegerl 2015) argumentam que
grandes erupg¢des vulcanicas causam decréscimo da precipitacdo global,
particularmente em regides umidas, invalidando o argumento usado pra Bacia do
Parana.

5) O aluno também menciona que CO;(como gas estufa) promove aquecimento e
aumento da precipitacao, acentuando a aridez em areas aridas e umidade em
areas umidas, o que é (supostamente) o efeito oposto do SO,. Mas no vulcanismo
Serra Geral provavelmente ocorreu a exalacdo de ambos CO; e SO.. Mesmo
assim, os efeitos do CO; (aquecimento global e aumento da precipitacdo) na escala
de tempo em questdo (< 1 milh&o de anos) ndo foram discutidos.

6) Finalmente, supondo que tenha ocorrido uma redistribuicdo da precipitacdo (mais
umidade em algumas regiées e mais aridez em outras), teria que haver mencéo de
alguma evidéncia de gue ficou mais arido em outras regiées durante mesmo
periodo, 0 que ndo é apresentado.

7) Assim, acredito que a abertura do Oceano Atlantico seja uma causa mais plausivel
do aumento da umidade detectado na area estudada do que o papel do SOs.

Apesar de achar que a discusséo ficou um pouco deficiente, o trabalho apresentado € de
6tima qualidade. Parabéns ao aluno e seu orientador.
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PARECER:
A dissertacdo apresentada trata de tema relevante para o avancgo do conhecimento
cientifico. O estudo, desenvolvido em rochas sedimentares e vulcanoclasticas da
Provincia Parand, traz uma abordagem elegante e simples para um problema
bastante complexo e ainda pouco explorado: os marcadores das modificacdes
impressas pelo vulcanismo cretdceo sobre os regimes deposicionais
contemporaneos a colocacéo de grandes provincias igneas.
O trabalho mostra claramente a transicdo de um regime desértico de
sedimentacao, para regimes mais Umidos e estipula que a mudanca se deu em
concomitantemente ao inicio da extrusdo dos magmas da provincia Parana.
Especula-se, a meu ver corretamente, que a referida mudanca tenha ocorrido por
influéncia das emissfes de S magmatico, interpretacdo que coaduna com o que
vem sendo demonstrado em trabalhos dedicados ao estabelecimento das
emissoes volateis do magmatismo basaltico.
O manuscrito apresentado tema ainda a importancia de configurar a primeira
publicacdo de autoria nacional acerca das influéncias ambientais da colocacéo
Provincia Parana. Ainda que em escala local,
O trabalho executado estéd bastante acima da média do que tenho visto em
dissertacGes de mestrado e configura um importante exemplo da utilizagéo de
geologia basica para resolucao de sistemas complexos.
Ressalta-se, ainda, que a publicacéo da dissertacéo na forma de artigo
internacional confirma a pertinéncia do tema para a comunidade cientifica
internacional e demonstra que o trabalho passa pelo crivo ndo apenas da que vos
escreve, como também de revisores especialistas na tematica.
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