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IMPACTO DA PESQUISA

Os novos conhecimentos aqui apresentados sobre a evolugdo e os depositos sedimentares
de lagos de escala continental (mega lagos) poderdo servir como base de dados para, no
futuro, gerar solugdes para problemas relacionados a reservatdrios de hidrocarbonetos, ja
que grande parte das jazidas brasileiras estdo em depdsitos lacustres, ou sobre as
modificagdes que grandes mudangas climaticas podem causar nesses ambientes.

POTENTIAL IMPACT OF THIS RESEARCH

The new knowledge presented here about the evolution and sedimentary deposits of
continental-scale lakes (mega lakes) could serve as a database to, in the future, generate
solutions to problems related to hydrocarbon reservoirs since a large part of Brazilian
deposits are in lake deposits, or about the changes that major climate changes can cause
in these environments.
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RESUMO

Durante o Permiano, o desenvolvimento de uma barreira orografica na margem sudoeste
de Gondwana, levou a restricdo das conexdes marinhas entre o Panthalassa e as bacias
Parana-Karoo, resultando na formagao de um mar aprisionado (trapped sea) que evoluiu
para um lago de escala continental, no qual foi depositado o Grupo Passa Dois. Nesse
contexto, destaca-se a Formagao Corumbatai, composta por sucessao mista carbonatica-
siliciclastica com espessuras de até 120 m. Desde meados do do século XX, diversos
cenarios paleoambientais foram propostos para esta unidade, incluindo marinho raso,
deltaico, lacustre e planicie de maré. Face ao panorama exposto, este trabalho buscou
aplicar abordagem calcada na andlise multi-indicadores (sedimentologia, icnologia,
estratigrafia de sequéncias, geocronologia e geoquimica) dos depositos da Formacao
Corumbatai, a fim de investigar quais processos sedimentares e controles de
sedimentacdo sdo responsaveis pelos produtos deposicionais observados neste sistema
nao-convencional estabelecido durante o Permiano. Neste contexto, ¢ proposto novo
modelo deposicional, contemplando a evolugdo estratigrafica, bem como o refinamento
geocronoldgico e bioestratigraficoda Formagdo Corumbatai. Os dados apresentados nesta
dissertacdo apontam para sedimentacdo em um mega lago endorreico, caracterizado por
acentuadas variagdoes hidrologicas e salinas que condicionaram estagios de
preenchimento ballanced-fill a overfilled, e intimamente associado aos tratos dos sistemas
transgressivo e regressivo. Soma-se a este cendrio, evidéncias da influéncia de ondas,
marés metereologicas (seiche) e tempestades na sedimentagdo. A presenga de um nivel de
tufo vulcanico no topo da Formagao Corumbatai forneceu nova idade U-Pb e contribuiu
para a compreensdo da evolucdo geologica do Gondwana ocidental, tragando cenario
mais realista da evolu¢do in situ de moluscos endémicos, com implicagdes

cronoestratigraficas.

Palavras-chave: Mega-lagos; Formag¢ao Corumbatai; tufo vulcanico; Permiano Superior



ABSTRACT

During the Permian, the development of an orographic barrier on the southwestern margin
of Gondwana led to the restriction of marine connections between the Panthalassic Ocean
and the Parana-Karoo basins, resulting in the formation of a trapped sea that evolved into
a megalake in which the Passa Dois Group was deposited. In this context, highlights the
up to 120 m-thick mixed carbonate-siliciclastic succession from the Corumbatai
Formation. Since the mid-20th century, several paleoenvironmental scenarios have been
proposed for this unit, including shallow marine, deltaic, lacustrine and tidal flat.
Considering this context, the present research used a multi-proxy approach
(sedimentology, ichnology, sequence stratigraphy, geochronology and geochemistry)
applied to the deposits of the Corumbatai Formation, in order to investigate which
sedimentary processes and controls were responsible for the depositional products
observed in this unconventional system established during the Permian. A new
depositional model, as well as stratigraphic evolution, geochronological and
biostratigraphic refinement are proposed. The data presented in this dissertation point to
sedimentation in an endorheic megalake, characterized by accentuated hydrological and
saline variations that conditioned the development of balanced-fill to overfilled stages, in
close association with transgressive and regressive system tracts. In this scenario, there is
evidence of the influence of waves, meteorological tides (seiche) and storms in
deposition. The presence of a volcanic tuff bed at the top of the Corumbatai Formation
provided a new U-Pb age and contributed to understanding the geological evolution of
SW Gondwana, outlining a more realistic scenario to the in sifu evolution of endemic

mollusks.

Key-words: Megalakes; Corumbatai Formation; volcanic tuff; late Permian.



ORGANIZACAO DA DISSERTACAO

Esta dissertacdo intitulada “Anéalise de sistemas deposicionais ndo convencionais:
evolugdo sedimentar da Formag¢ao Corumbatai, Permiano Superior da Bacia do Parand”, foi
concebida e organizada em forma de artigos cientificos. Estes encontram-se redigidos em lingua
inglesa e possuem listas de referéncias bibliograficas individuais cuja formatagdo atende aos
padrdes especificos de cada periodico para qual foram submetidos. Um breve resumo em lingua
portuguesa ¢ feito antes de cada artigo a fim de contextualizar a produg@o no ambito do presente

documento.

O Capitulo 1 apresenta as problematicas acerca do ambiente de deposicao e idade da
Formagao Corumbatai, uma breve contextualizagdo da area estudado em seu ambito geologico,
bem como uma revisdo sobre a evolugdo dos conhecimentos sobre a unidade estudada e as
principais metodologias aplicadas. Estd dividido em: 1. Introdugdo, 2. Objetivos, 3.

Metodologia, 4. Contextualizagdo Geoldgica.

O Capitulo 2 apresenta a integracdo dos principais resultados sedimentologicos e
estratigraficos da Foormacdo Corumbatai. Os dados constam no manuscrito intitulado:
“Sedimentation and accommodations controls on the facies stacking and lateral distribution of
a Permian unconventional megalake”. Este trabalho aborda a evolu¢do da estratigrafia da
unidade, bem como os principais fatores controladores da sedimenta¢do. Também ¢ dissertado
sobre 0 novo modelo de deposicdo proposto para a sedimentacio em lagos de grandes

dimensodes e batimetrias diminutas.

O Capitulo 3 apresenta a primeira datacdo radiométrica de camada de tufo vulcanico
da Formagao Corumbatai para a por¢ao norte da Bacia do Parana. Esses dados sdo apresentados
como manuscrito, redigido em lingua inglesa, intitulado: “Rising mollusk bivalves from the
ashes: geologic, biostratigraphy and evolutionary implications from tuff data in the Permian
Corumbatai Formation, Parand Basin, Brazil”, sob revisdo no periddico Journal of South

American Earth Science.

O Capitulo 4 apresenta as conclusdes parciais e consideragdes adicionais desta
dissertacao. No Apéndice I sdo disponibilizadas todas as se¢des colunares medidas com seus
respectivos diagramas de Fischer, bem como a correlagdo lateral proposta para elas. No
Apéndice II constam os dados obtidos das andlises geocronoldgicas e geoquimicas dos graos

de zircdo coletados no nivel de tufo. No Apéndice III, consta o manuscrito intitulado “Rising



mollusk bivalves from the ashes: geologic, biostratigraphy and evolutionary implications from
tuff data in the Permian Corumbatai Formation, Parana Basin, Brazil” publicado no periodico

Journal of South American Earth Science.
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1 CONSIDERAC;@ES INICIAIS
1.1. Introducéo

Durante o Permiano, o mar epicontinental que banhava o sudeste do continente
Gondwana passou por condi¢des progressivas de continentalizagdao (Lavina, 1991; Milani et
al., 2007; Holz et al., 2010; Limarino et al., 2013; Kern et al., 2021) devido ao soerguimento do
cinturdo orogénico Gondwanides (Keidel, 1916; Ramos et al., 1986). Na América do Sul e
Africa, este capitulo inico na histéria evolutiva das bacias do Paran4 e Huab/Karoo é registrado
pelas formacgdes Irati e White Hill (Kungurian; ~277 Ma). Este vasto mar aprisionado
tectonicamente (“trapped sea”, sensu Palcu et al., 2021) cobria uma grande area do SW
Gondwana correspondendo originalmente a trés vezes o tamanho do Mar Céspio e uma vez e
meia o tamanho do Golfo do México (Runnegar e Newell, 1971). Devido as restritas conexdes
ocednicas, esta enorme massa de dgua provavelmente foi fortemente estratificada e influenciada
por ingressdes marinhas pontuais com periodos de acentuada hipersalinidade e producdo de
carbonatos (Bastos et al., 2021; Brito et al., 2023). Posteriormente, durante a Epoca
Guadalupiana, a Bacia do Parana foi completamente desvinculada do Panthalassa, tornando-se
um megalago que cobria uma 4rea superior a 1,7 milhdo de km? (Rohn, 1994), correspondendo

atualmente a parte do Brasil, Uruguai, Paraguai, Namibia, e Africa do Sul.

Este mega lago no interior no supercontinente foi caracterizado por acentuadas
variacoes hidrologicas e de salinidade que condicionaram o desenvolvimento de uma fauna
endémica Unica de bivalves, gastropodes, peixes e répteis (Runnegar e Newell, 1971; Simdes
et al.,, 1998). A evolugdo deste imenso corpo d’agua antes da total continentalizagdo do
Gondwana, esté registrado na Formagao Corumbatai. Esta unidade aflora na forma de um arco
delgado que margeia as bordas leste e norte-noroeste da Bacia do Parana, restringindo-se aos

estados de Sao Paulo, Goias e Mato Grosso.

A Formagao Corumbatai tem sido alvo de grande nimero de estudos desde o inicio do
século passado, os quais especularam diferentes cendrios paleoambientais para a sedimentagao
siliciclastica-carbonatica neste intervalo. No entanto, ndo existe ainda consenso quanto ao
ambiente deposicional desta unidade, com interpretacdes que seguem uma tendéncia
cronologica, variando de sistema marinho dominado por maré (Salamuni, 1963; Northfleet et
al., 1969; Schneider et al., 1974; Fulfaro et al., 1978; Gama Jr., 1979; Fulfaro et al., 1980; Zaine,
1980; Sousa, 1985) a lacustre com influéncia de tempestades (Suguio et al., 1974; Petri e
Coimbra, 1982; Petri e Fulfaro, 1983; Lavina, 1991; Rohn, 1994).
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Embora existam atualmente mares fechados e interiores distribuidos em diversas regides
do planeta (e.g., mares Céspio e Negro na Eurasia; Palcu et al., 2021), a dimensdo, condigdes
climéaticas e caracteristicas deposicionais destes corpos d’agua durante o Permiano conferem
carater unico a Bacia do Parana. Deste modo, analogos modernos funcionam apenas como
sistemas comparaveis do ponto de vista fisiografico, ja que os mecanismos de deposi¢do sdao
desconhecidos e modelos de facies sdo basicamente inexistentes para estes tipos de sistema.
Em fungdo destas particularidades, os mares interiores e fechados (ou mega lagos) sao muito
pouco compreendidos do ponto de vista de seus sistemas deposicionais dificultando muitas
vezes sua correta interpretacdo no registro geoldgico. Por exemplo, padrdes de circulacao de
correntes e dispersdo de sedimento comuns em andlogos atuais, a exemplo do fendmeno
meteoroldgico seiche, semelhante as marés, sdo completamente desprezados (ou ndo
reconhecidos) no registro geologico. Seiches sao formados quando ventos fortes, gerados por
mudangas rapidas na pressao atmosférica, empurram a dgua de uma margem do corpo d'agua
para outra, aumentando consideravelmente o nivel da d4gua. Quando os ventos cessam, a massa
de dgua recua na dire¢do oposta, expondo a margem anteriormente inundada, efeito este que

faz a 4gua continuar a oscilar para frente e para tras por horas ou até dias (Ichinose et al., 2000)

Considerando o acima exposto, esta pesquisa buscou elucidar quais os processos
sedimentares que atuaram na deposi¢do da Formagdo Corumbatai. Para isso, propdem-se
estabelecer, pela primeira vez, o arcabouco litoestratigrafico, bioestratigrafico e de estratigrafia
de sequencias da unidade, bem como gerar um modelo de facies coerente a fim de possibilitar
a interpretacdo de seu sistema deposicional ndo convencional. Além disso, embora exista
extenso volume bibliografico produzido até hoje acerca do posicionamento cronologico da
unidade, este foi embasado principalmente em dados paleontoldgicos (i.e., palinomorfos;
Daemon e Quadros, 1970). Desta forma, faz necessario a integragao de dados bioestratigraficos
com dados geocronoldgicos no intuito de compreender a correlagdo temporal das formagdes
Teresina e Corumbatai e contribuir para o entendimento das taxas deposicionais da unidade
para melhor entendimento da dindmica sedimentar do complexo sistema que recobria boa parte

do supercontinente Gondwana durante o Permiano.

1.2. Objetivos

A presente dissertacdo teve como objetivo estabelecer a evolugdo sedimentar da
Formagdo Corumbatai e um modelo de ficies adequado para sistemas deposicionais
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desenvolvidos em mega lagos de batimetria reduzida e com influéncia de seiche. A integragao
desses dados permitiu delinear um novo modelo deposicional para a unidade, com implicagdes
relevantes para a compreensao da sedimentagdao dos mega lagos e parte da historia deposicional
das bacias paleozoicas do Gondwana. Com a descoberta de um nivel de cinzas vulcanicas,
tornou-se objetivo secundario desta dissertagdo aferir a idade deposicional da Formagdo
Corumbatai a fim de refinar a correlagdo temporal entre esta unidade e as formagdes Teresina e
Rio do Rasto, bem como compreender as implicagdes bioestratigraficas desta nova idade

radiométrica.

1.3. Metodologia
13.1. Andlise de facies sedimentares e se¢oes colunares

O termo facies sedimentar designa um corpo rochoso com um conjunto de
caracteristicas (texturas, geometrias, estruturas sedimentares e fosseis) distintas dos corpos
adjacentes, e que foi depositado sob determinado processo sedimentar relativamente constante
(Walker e James, 1992; Miall, 1999). As facies ocorrem naturalmente agrupadas, ou seja,
geneticamente relacionadas entre si e com um significado paleoambiental. Dessa forma, através
da associagdo de facies ¢ possivel estabelecer modelos que servem como parametro de
comparagdo, além de permitir interpretacdes ambientais mais abrangentes (Walker e James,
1992). Através do levantamento de sec¢des colunares € possivel caracterizar as facies
sedimentares e evidenciar como estas se agrupam e variam vertical e lateralmente nos diferentes

ambientes deposicionais.

As secdes colunares foram adquiridas em escala de semi-detalhe (1:50), seguindo a
metodologia de Miall (1996), na qual sdo descritas as facies sedimentares reconhecidas e
coletadas amostras estratigraficamente posicionadas para analise em laboratério. O grau de
bioturbac¢do foi estimado com base no esquema de Taylor e Goldring (1993), que definiu um
indice de bioturbagdo (BI), variando de zero (sem bioturbacdo) a seis (completamente
bioturbacao). Ao todo foram adquiridas vinte e cinco se¢des colunares buscando caracterizar as
associacoes de facies da Formacdo Corumbatai em escala local, regional e de bacia (Tabela 1).

Todas as se¢des colunares, bem como a correlagdo regional, sdo apresentadas no Anexo I.
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Tabela 1 - Secdes colunares medidas nos estados de Mato Grosso, Goias e Sdo Paulo em afloramentos da
Formacdo Corumbatai. C6d.: codigo; **baseada no trabalho de Santos (2011).

) x . Coordenadas Geograficas Espessura
Céd. Secao Cidade/Estado Latitude Longitude (m)
0 Império** Alto Garcas 16°55.595'S  53°30.962'0 21.3
1 Pedreira Mentel Alto Gargas/MT 16°55.817'S  53°30.802'0 10.9
2 Lageadinho Alto Gargas/MT 16° 56.336'S  53°29.764'0 44
. . Santa Rita do o . o .

3 Corrego Cuiabano Araguaia/GO 17°12.702'S 53°4.051'0 56.7
A-Evaporitos Mineiros/GO 17°32.669'S  52°33.491'0 3.8

B- Mineiros Tufo Mineiros/GO 17° 32.607'S 52° 33.931'0 5.9

4 C-Mineiros Mineiros/GO 17°32.449'S  52°33.572'0 6.5

Meninas
D-Mineiros Mineiros/GO 17°31.757'S  52° 33.548'0 15
Pedreira

5 Pedreira Sucal Perolandia/GO 17° 28.698'S 52° 3.518'0 10.1
6 Corumbatai Corumbatai/SP 22° 13.314'S 47° 37.182'0 7.3
7 Zarko’s Rio Claro/SP 22°20'57.85"S 47°33'51.29"0 16.9
8 Batalha Rio Claro/SP 22°21'36.97"S 47°35'24.10"0 18.9
9 Trevo Rio Claro/SP 22° 22.821'S 47° 36.537'0 31.1
10 Usipedra Ipetina/SP 22°22'56.49"S 47°38'28.33"0 20.8
11 Pedreira Ipelna Ipetina/SP 22°23.993'S  47°37.308'0 42.2
12 Ipetina-Charqueada Ipetina/SP 22°22'58.47"S 47°38'16.73"0 13.7
13 Camagud Rio Claro/SP 22° 22.433'S 47° 38.637'0 4.3
14 Calcario Cruzeiro Limeira/SP 22°32'27.00"S 47°26'42.39"0 31.8
15 Rod. Bandeirantes Limeira/SP 22°32'21.00"S 47°27'12.00"0 30
16 Onca Charqueada/SP 22° 33.978'S 47° 45.685'0 21.7
17 CHQ-Pira Charqueada/SP 22° 34.736'S 47° 42.769'0 25.1
18 Rotatoria Artemis Piracicaba/SP 22° 39.315'S 47° 47.314'0 18.4
19 P"acggzkr’z'sao Piracicaba/SP 22°40'5.30"S  47°46'35.80"0  19.6
20 Onga 2 Charqueada/SP 22°32'20.50"S 47°45'51.30"0 9.1
21 Ajapi-Ferraz Rio Claro/SP 22°15'34.20"S 47°34'33.20"0 19.3
22 Santa Luzia Charqueada/SP 22°35'5.10"S  47°43'45.10"0 41.1
23 Laras Laras/SP 22°55'34.90"S 47°53'43.80"0 11.4
24 Conchas Conchas/SP 23°0'42.70"S  47°59'44.60"0O 5.9
25 Conchas Conchas/SP 23°0'23.50"S  47°59'24.00"0 14.1

O empilhamento e correlagdo das se¢des colunares foi baseado principalmente na
identificagdo de superficies estratigraficas e correlagdo das associagdes de facies, visto que,
principalmente no Estado de Sao Paulo (regido do Domo de Pitanga), ha uma grande quantidade
de falhas que nao permitem o empilhamento e correlagdo baseado em dados topograficos. Para
a confeccdo das trés se¢des compostas da Formac¢dao Corumbatai foram selecionadas aquelas
mais completas e representativas para cada regido estudada, a saber: Se¢ao Composta I — segdes
14,15,16,17, 18,19, 20 e 22 (Anexo L.I); Se¢ao Composta I — se¢des 6, 7, 8,9, 10, 11, 12, 13
e 21 (Anexo L.II); Secao Composta 3 -0, 1, 2, 3, 4A, 4B, 4C, 4D e 5 (Anexo LIII).

Além disso, foram desenvolvidas curvas de acomodagdo através de diagramas de
Fischer, que indicam tendéncias arquitetonicas na sucessao estudada e contribuem para a

correlagdo de trechos geograficamente distantes. Os graficos de Fischer sdo amplamente
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utilizados na pesquisa paleoambiental como representacdes graficas das mudangas no nivel do
mar ou lago (Ocakoglu et al., 2012; Muniz et al., 2015; Yang et al., 2018; Brito et al., 2018;
Cardoso et al., 2019) por meio do desvio cumulativo da espessura média dos ciclos em relagdo
ao numero total de ciclos medidos. Fischer (1964) introduziu este método grafico de exibicao
de mudangas relativas no nivel do mar (ou seja, a mudanga no nivel do mar representada como
a soma da subsidéncia e da eustasia) derivadas de sucessodes ciclicas de carbonatos. Sadler et
al. (1993) revisaram o uso dos graficos de Fisher e sugeriram que, em vez de uma escala de
tempo originalmente usada, o eixo horizontal dos graficos deveria ser rotulado pelo numero do
ciclo, para evitar o problema de um controle deficiente do tempo absoluto no registro
estratigrafico. Sadler et al. (1993) recomendam a utilizagdo de pelo menos 50 ciclos para separar
flutuacdes nao aleatdrias (alogenéticas) de flutuagdes aleatorias (autogenéticas). Seguindo esse
conceito, foram identificados o nimero e a espessura das sucessdes granocrescente ascendentes
(sequéncias de raseamento) registradas nas se¢des colunares da Formagdo Corumbatai e
correlacionados graficos de Fischer. Com o objetivo de identificar as flutuagdes de alta
frequéncia do nivel de base e definir as principais superficies estratigraficas, a correlagdo das
segoes compostas foi realizada primeiro nas se¢des proximais e depois na escala da bacia

(Fischer, 1964; Read e Goldhammer, 1988; Day, 1997).
1.3.2. Andlise petrogrdfica de rochas siliciclasticas e carbonaticas

A descricao petrografica de laminas delgadas complementou a descri¢gdo macroscépica
das amostras e permitiu a classificagdo das microfacies carbondticas e evaporiticas descritas
nas por¢des de topo da Formacdo Corumbatai. No total, foram confeccionadas quinze laminas
delgadas, as quais foram descritas por microscopia Otica utilizando luz transmitida com o
microscopio Zeiss Axio Imager A.2, do Laboratorio de Petrografia Microscopia de
Departamento de Geologia (DEGEO) da Universidade Federal de Ouro Preto (UFOP) e
imageadas no Centro de Pesquisas Aplicadas ao Petroleo (Unespetro), na Universidade
Estadual Paulista (UNESP). A descri¢do macroscopica e petrografica das rochas carbonaticas

se baseou nas classificagdes propostas por Dunham (1962) e Embry & Klovan (1971).
1.3.3. Datacdo Radiomeétrica U-Pb de zircoes

Uma amostra de tufo vulcanico foi coletada na “Se¢do Mineiros Tufo” (ver no Anexo
L.III — Secdo 4B) intercalada a camadas arenosas e siltitos da Formagdo Corumbatai. O
afloramento esta localizado em um corte de estrada (coordenadas: 17°32.607°S / 52°33.931°0),
na cidade de Mineiros, no Estado de Goids (por¢ao norte da Bacia do Parand).
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Os graos de zircdo foram extraidos de aproximadamente 2 kg de amostra, através de
técnicas convencionais para concentracdo de minerais pesados, passando por britagem,
moagem, peneiramento, bateamento, separacdo através de Bromoformio e, por fim, coleta
manual em lupa estereoscopica (aproximadamente 430 graos). Apds o processo de separagao,
os graos de zircao foram montados em discos de resina epdxi e polidos para expor o centro dos
cristais. Os graos selecionados foram imageados por catodoluminescéncia (CL) em
Microscopio Eletronico de Varredura JEOL 6510 no DEGEO/UFOP, para examinar as
caracteristicas morfologicas dos graos de zircao e para selecionar areas para analises pontuais

por LA-MC-ICP-EM.

As andlises U-Pb foram realizadas no Laboratoério de Geoquimica Isotopica da
Universidade Federal de Ouro Preto, utilizando um multicoletor Thermo-Finnegan Neptune
ICP-MS acoplado a um sistema Photon-Machines 193 nm excimer laser (LA-MC-ICP-EM),
sob os cuidados do Prof. Dr. Cristiano Lana. Foram selecionados aleatoriamente 45 graos de
zircao e os dados foram adquiridos usando o modo automatico com medi¢ao de fundo durante
20 segundos, ablacdo do zircao durante 40 segundos e tamanho de ponto de 20 um. O padrdo
de zircao GJ-1 (Jackson et al., 2004) foi usado como padrao primario para este estudo e o padrao
Plesovice (206Pb/238U = 337 Ma, 207Pb/235U = 337 Ma e 207Pb/206Pb = 339 Ma; Slama et
al., 2008) como secundario. A redugdo dos dados foi feita no software SATURN® (Silva et al.,
2022), enquanto os diagramas de concordia, e as idades médias ponderadas foram gerados pelo
software Excel Isoplot (Ludwig, 2003). Dos 43 graos de zircdo datados, seis foram
desconsiderados (graos: 23, 43, 45, 65, 69, 73) por apresentarem idades discordantes (entre 558
e 2018 Ma) (todos os dados sdo apresentados no Anexo ILI).

1.3.4. Andlise isotopica Lu-Hf

Devido ao comportamento geoquimico semelhante, o elemento Hafnio (Hf) pode
substituir o Zirconio (Zr) na estrutura cristalina do zircdo. Somente durante a geracdo do
magma, ocorre o fracionamento do Lutécio (Lu) em relagao ao Hf, assim, tais elementos podem
ser utilizados como tracadores da historia da diferenciacdo geoquimica de crosta e manto
(Kinny & Maas, 2003). Desta maneira, ¢ possivel obter informagdes sobre a origem da fonte
sedimentar usando a idade modelo e o parametro petrogenético eHf do magma gerador da rocha

através dos isotopos de Hf modelado para uma determinada idade.

A razio isotopica de Hf pode ser expressa pela notagao Epsilon (¢Hf), determinada para
um periodo (T) calculado, expressa pela Equacao 1.
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(176Hf /177Hf)t

Hf =
€ (176Hf /177Hf)condrito — 1

10

Este parametro determina se a composigao inicial € maior ou menor que o condrito, para
o qual valores positivos indicam que sua fonte ¢ mantélica e valores negativos indicam fontes

crustais (Faure, 1986).

Analises de Hf foram realizadas em 17 graos de zircdo da mesma amostra submetida a
datacao U-Pb, usando o espectrometro de massa Neptune do Laboratorio de Geoquimica
Isotopica da Universidade Federal de Ouro Preto. O spot do laser usado foi de 40 um de
diametro com ablagdo de 60 segundos, taxa de repeti¢do de 8 Hz ¢ 0.3 He gas. A precisdo e
reprodutibilidade externa dos resultados Lu-Hf das amostras foram monitoradas através da
analise dos padrdes de zircao: Temora (176Hf/177Hf=0.282680 = 0.000031; Black et al., 2003;
Wu et al., 2006), Blue Berry (176Hf/177Ht = 0.281674 + 0.000018; Santos et al., 2017), Mud
Tank (176H{f/177Hf = 0.282504 + 0.000044; Black e Gulson, 1978; Woodhead e Hergt, 2005),
e GJ-1 (176Hf/177Hf = 0.282000 = 0.000005; Jackson et al., 2004), os quais apresentaram
razdes médias de 176Hf/177Hf iguais a: 0.28260 £+ 0.000014 (n = 10), 0.281692 + 0.000017
(n = 10), 0.282516 £+ 0.000015 (n = 10) e 0.282005 = 0.000019 (n = 10), respectivamente
(£2SD). Todos os valores aferidos encontram-se dentro das incertezas e em boa concordancia

com as proporcoes padrao aceitas.

As proporgdes iniciais de isotopos de Hf foram recalculadas para a idade de 206Pb/238U
de cada respectivo grao de zircdo. Para o calculo dos valores de ¢Hf(t), foram utilizados os
valores condriticos apresentados por Chauvel et al. (2008) de 176Hf/177Hf = 0.283164 ¢
176Lu/177Hf = 0.0270. Para calcular as idades modelo (TDM) com base em uma fonte de
manto esgotada, foram usadas as razdes atuais de 176H{/177Hf = 0.282313 e 176Lu/177Hf =
0.000311 (Blichert-Toft, 2008). A constante de decaimento A para 176Lu usada ¢
1,867x10—11/ano (Soderlund et al., 2004). Todos os dados sdo apresentados no Anexo ILII.

1.3.5. Mineralogia de rocha total e geoquimica ICP-MS

A mineralogia de rocha total e argila da amostra de tufo foi determinada a partir de
padrdes de difratometria de raios-X (XRD). As andlises foram realizadas em um difratdmetro
PANalytical X'Pert PRO no Centro de Investigaciones Geologicas (CIG CONICET-UNLP, La
Plata, Argentina), utilizando radia¢do de Cu (Ko=1,5 A), um filtro de Ni, e configura¢des de
geragdo de 40 kV e 40mA. As rotinas air-dried foram executadas entre 2 e 32°20 a uma

velocidade de varredura de 2°26/min. As amostras foram solvatadas com etilenoglicol sem pré-
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tratamento de saturacdo e aquecidas a 550 °C, e foram analisadas de 2 a 27°20 e 3-15°26,
respectivamente, a uma velocidade de varredura de 2°26/min. A metodologia utilizada para
preparagao das amostras segue Brown & Brindley (1980), e a semiquantificagdo dos minerais
foi obtida considerando a intensidade do pico principal de cada mineral (Biscaye, 1965; Moore

& Reynolds, 1999 incluindo padrdes de laboratorio).

Elementos terras raras e teores de itrio (REY), expressos em ppm, foram obtidos da
amostra de tufo usando espectrometria de massa com plasma indutivamente acoplado
quadrupolo Perkin-Elmer (ICP-MS) equipado com um nebulizador concéntrico Meinhardt no
CIG. Na preparagdo para analises elementares, aliquotas de p6 inteiro foram digeridas por 2 h
em HNO; a 2% de grau metalico. As concentragdes de REE foram normalizadas para valores
de condrito (Sun e McDonough, 1989) e comparadas ao geopadrao REE certificado de riolito

(RGM-1). Todos os resultados obtidos da amostra estdo apresentados nos Anexos ILIII e ILIV.

1.4. Contexto Geoldgico

Durante o Paleozoico, a parte sudoeste do supercontinente Gondwana esteve sujeita a
complexos eventos regionais geotectonicos e paleoclimaticos. Durante o Permiano, a orogénese
San Rafaelica resultou no soerguimento do Cinturdo Gondwanides (Keidel, 1916; Ramos,
1986). Neste periodo, tal barreira orografica pode ter restringido as conexdes maritimas das
aguas do Panthalassa ao sul com o mar epirico das bacias do Parana e Karoo (Warren et al.,
2008; Holz et al., 2010), promovendo uma progressiva continentalizagdo e aridizag¢ao da parte

interna do sudoeste de Gondwana (Milani et al., 2007; Limarino et al., 2013).

Na Bacia do Parana, este periodo de transi¢do de ambiente marinho pos-glacial para
continental ¢ registrado pelo Grupo Passa Dois, o qual encontra-se delimitado pelas formacdes
Tatui e Pirambodia, base e topo, respectivamente. Esta sucessdo permo-triassica € composta
pelas formagdes Irati, Serra Alta, Corumbatai/Teresina ¢ Rio do Rasto. A Formacgao Irati
compreende folhelhos ricos em matéria organica e camadas carbonaticas que foram depdsitados
em ambiente com ligacao restrita com o Panthalassa (Araujo, 2001; Holz et al., 2010; Brito et
al., 2023). Acima, a sucessao monotona de siltitos cinza escuro da Formacdo Serra Alta ¢
interpretada como sendo depositada em um mar epirico fechado sob condicdes disoxicas a
anoxicas (Holz et al., 2010; Warren et al., 2015), e corresponde ao ltimo evento transgressivo

de terceira ordem da bacia (Warren et al., 2015). A presenca de bivalves endémicos e a auséncia
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de fosseis marinhos (Runnegar e Newell, 1971; Maranhao e Petri, 1996; Simdes et al., 1998;
Ghilardi e Simdes, 2002) constituem fortes evidéncias de que a Formacao Serra Alta ja estava
isolada do Panthalassa (Simoes et al., 2012; Warren et al., 2015). A sucessao mista siliciclastica-
carbonatica sobrejacente da Formacao Teresina representa a transicdo do ambiente de aguas
mais profundas da Formagao Serra Alta para um ambiente deposicional totalmente 6xico e raso
(Holz et al., 2010; Warren et al., 2015; Matos et al., 2017; Ng et al., 2019). Devido a uma
acentuada variacao lateral de facies, esta unidade é reconhecida como Formagdao Corumbatai
nos estados de Sao Paulo, Mato Grosso e¢ Goids (Rohn, 1994). Por fim, o carater
predominantemente progradacional do Grupo Passa Dois culminou com a total colmatagdo do
corpo d’agua, propiciando o desenvolvimento de sistemas deposicionais deltaicos e edlicos da

Formacao Rio do Rasto (Lavina, 1992; Warren et al., 2008).
1.4.1. Evolucdo dos conhecimentos sobre a Formacdo Corumbatai

A denominacao “Folhelho Estrada Nova” foi utilizada inicialmente por White (1908),
para as facies finas (argilitos e siltitos), areniticas e carbondticas descritas entre a por¢ao
superior do “Folhelho Irati” e a base do Grupo Sao Bento, na Serra do Rio do Rasto (Santa
Catarina). O termo Corumbatai foi utilizado pela primeira vez em 1916, pela antiga Comissao
Geografica e Geologica, mas somente com o trabalho de Pacheco (1939) estabeleceu-se a
aplica¢do desta denominacao as rochas localizadas entre o topo da Formagao Irati e a base das,

entdo denominadas, Camadas Piramboia (parte inferior do “Arenito Botucatu”; Pacheco, 1939).

Desde a sua introdugao na literatura geoldgica, os termos Estrada Nova e Corumbatai
causam controvérsia, principalmente em relacdo a tentativa de correlagdo entre a Formagao
Estrada Nova, presente nos estados do Parand e Santa Catarina, e aquela aflorante em Sao Paulo
(Sousa, 1985). No Estado de Sao Paulo, a Formacao Estrada Nova foi reconhecida como
indivisivel em trabalhos como os de Fulfaro (1970), Landim (1970) e Zaine (1980). No entanto,
para Lellis (1970) a subdivisdo da Formagao Estrada Nova, aplicavel a Santa Catarina e Parana,
também foi reconhecida até o centro-sul de Sdo Paulo. Mais tarde, Vieira (1973) denominou

Grupo Estrada Nova ao conjunto das formacdes Irati, Serra Alta e Teresina.

No trabalho de revisao litoestratigrafica da Bacia do Parana de Schneider et al. (1974),
proposta mais aceita at¢ o momento (Milani et al., 2007; Holz et al., 2010), a Formacao
Corumbatai passou a ser concebida como equivalente lateral das formagdes Serra Alta, Teresina
e parte do Rio do Rasto (Membro Serrinha) nos estados de Sao Paulo, Goias e Mato Grosso.
Mais recentemente, a Formagao Serra Alta foi mapeada como unidade independente no Estado
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de Sao Paulo (Warren et al., 2015), sendo que as formagdes Corumbatai e Teresina foram

finalmente confirmadas como correlatas lateralmente.
1.4.2. Ocorréncia e relacoes de contato

A Formagao Corumbatai ocorre em superficie nos estados de: (i) Sao Paulo, a norte do
Domo de Gibdia (Rio das Pedras — SP), em uma faixa de afloramento na direcdo SSW-NNE;
(i1) Minas Gerais, apenas no municipio de Monte Santo de Minas; (iii) Goids, em uma faixa E-
W entre Montividiu e Mineiros, e (iv) Mato Grosso, entre as cidades de Alto Araguaia e Itiquira.
O contato inferior com a Formagao Serra Alta é considerado transicional (Castro et al., 1993;
Hachiro, 1996; Araujo, 2001; Warren et al., 2015), materializando mudanga gradual de
ambiente profundo pouco oxigenado para ambiente de dguas cada vez mais rasas, agitadas e
oxigenadas (Mendes, 1984; Warren et al., 2015). No Estado de Sao Paulo, a Formagao
Piramboia encontra-se sobreposta discordantemente aos depositos da Formacdo Corumbatai
(Christofoletti et al., 2021). Nos estados de Goiads e Mato Grosso, a Formag¢dao Corumbatai
encontra-se diretamente sotoposta a Formacdo Botucatu ou recoberta por sedimentos
cenozoicos (CPRM, 2004). O contato entre as formagdes Corumbatai e Teresina ¢ interpretado
como transicional, marcado pelo afinamento gradual das camadas carbondticas que passam
lateralmente a apresentar cores avermelhadas, sugerindo contemporaneidade e coexisténcia

entre os ambientes de sedimentacdo (Matos, 1995; Meglhioratti, 2006; Warren et al., 2015).
1.4.3. Conteudo fossilifero e idade

Desde o relatério pioneiro de White (1908), atribuiu-se idade permiana ao Grupo Passa
Dois; o que foi confirmado a posteriori por dados palinologicos por Daemon e Quadros (1970),
que indicaram idade kanzaiana (Permiano Superior) para o topo deste grupo. Estudos
paleomagnéticos na regido de Artemis-Piracicaba, posicionaram a Formagio Corumbatai no
Permiano Superior (Valencio et al., 1975). Ragonha (1984) atribuiu ao topo da unidade idade
carniana (Tridssico), baseado em restos de peixe xenacantdodios. DatacOes radiométricas
realizadas para a Formagdo Corumbatai, incluem idades U-Pb em zircdes de 257,5 = 2 Ma,
supostamente obtida de uma camada de tufo vulcanico 34 m abaixo da “Camada Porangaba”,
nos arredores da cidade de Limeira (SP) (Fernandes, 2007; Rocha-Campos et al., 2019) e idades
U-Pb em zircdes detriticos da “Camada Porangaba” (contato em algumas localidades entre as
formagdes Corumbatai e Pirambdia), de 253,0 + 3,0 Ma (Tohver et al., 2018). Mais
recentemente, novos levantamentos paleomagnéticos indicaram que a unidade se depositou
entre 274 e 254 Ma (Aragdo e Sacardia, 2021).
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O registro fossilifero da Formagdo Corumbatai ¢ dominado por conchas de bivalves que
j& foram objeto de estudos tafondmicos detalhados (Rohn, 1994; Simdes et al., 1996; Klein,
1997; Simodes e Kowalewski, 1998; Torello, 1999; Simdes et al., 2000) apresentando uma
histéria de acumulagao, distribuicao estratigrafica, taxonomia e paleoecologia bem conhecidas
(Sousa, 1985; Rohn, 1988, 1994; Lavina, 1991; Maranhao, 1995; Klein, 1997; Simdes et al.,
1997, 1998; Mello et al., 1998; Mello, 1999; Ghilardi, 1999; Simdes et al., 2000; Ghilardi &
Simdes, 2002). Mendes (1949; 1952) prop0s as primeiras zonas bioestratigraficas formais para
os bivalves da Formag¢ao Corumbatai no Estado de Sao Paulo: Zona Pinzonela illusa—
Plesiocyprinella carinata e a Zona Pinzonella neotropica—Jacquesia brasiliensis, que mais tarde

foram estendidas para a por¢ao sul da Bacia do Parané (Rohn, 1994).

No entanto, a evolugdo da Classe Bivalvia durante a deposi¢cdo do Grupo Passa Dois,
constitui um capitulo tnico (Runnegar ¢ Newell, 1971). A bacia experimentou diferentes
condi¢des de salinidade, oxigenagdo e variacdes climaticas. Dessa forma, os ambientes
bentdnicos rasos desse vasto mar interior foram provavelmente estressantes para a maioria dos
macroinvertebrados totalmente marinhos, sendo colonizados principalmente por bivalves
endémicos (Simoes et al., 1998) que irradiaram na bacia especialmente apds o evento andxico
do Artinskiano (Mendes, 1952; Beurlen, 1954; Runnegar e Newell, 1971; Simdes et al., 1997,
1998; Wesselingh, 2007; Matos et al., 2017).

O estudo de ostracodes resultou em divergéncias paleoambientais: primeiramente foram
atribuidos a ambientes de dgua doce (Sohn e Rocha-Campos, 1990; Maranhdo, 1995) e mais
tarde como marinhos e cosmopolitas (Almeida e Do Carmo, 2005). Alguns outros microfdsseis
(13 b 2 b4 ’ . 7

marinhos”, como foraminiferos raros, espiculas de esponjas e at¢é mesmo conodontes, foram

citados, mas nunca descritos formalmente (Holz et al., 2010).

Fragmentos de peixes sdo abundantes na Formac¢do Corumbatai (i.e., escamas de peixe,
dentes, placas dentarias e outros) dispersos em forma de lentes fosfatizadas ou em bone beds
(Toledo, 2001). Alguns desses restos de vertebrados indicam ambientes de agua doce (por
exemplo, petalodontes e raros restos de anfibios); no entanto, estes restos podem representar
fragmentos parautdctones ou aldctones que podem ter sido transportados para ambientes

deposicionais mais salinos (Toledo, 2001).

Os fitofosseis também sdao abundades na Formagao Corumbatai, ocorrendo desde folhas

e esporos até troncos (Carvalho, 2019), representados principalmente por licofitas
Lepidodendrales (L. derbyi) e gimnospermas (Glossopteris sp). A presenca de carbonato de
21



calcio em alguns fosseis estudados de Lycopodiopsis cf. derbyi indica que tais plantas
habitavam o entorno de lagos rasos salobros, com uma concentrag¢do de sais superior a média

atual da 4gua do mar (Carvalho, 2019).
1.4.4. Aspectos sedimentares e ambiente deposicional

Do ponto de vista litoldgico, a Formagao Corumbatai apresenta predominancia de siltito
e argilito na base e arenito fino no topo. Sdo também comuns facies heteroliticas e intercalagdes
ritmicas de siltito arroxeado e avermelhado com camadas tabulares de arenito fino com
laminagdo cruzada por onda, ou mais raramente, estratificagdo cruzada de pequeno porte
(Schneider et al., 1974). Ocasionalmente, ocorrem coquinas de bivalves e siltito laminado
contendo gretas de contragdo intercalados com bancos carbonaticos de ooides e raros
estromatolitos (Schneider et al., 1974; Simoes e Torello, 2003). A unidade apresenta também,
corpos discordantes de arenito macico associados a extrusdo de diques clésticos relacionados a

atividade sismica contemporanea a sedimentacao (Perinotto et al., 2008; Turra, 2009).

O ambiente de sedimentagdo da Formacdo Corumbatai hd muito tempo € objeto de
discussdo entre os pesquisadores da Bacia do Parand. O tema divide-se entre os autores que
defendem sua deposi¢cdo em ambiente marinho (planicie de maré, laguna e praia) e aqueles
favoraveis a ideia de um ambiente continental (fluvial, planicie de inundagado e lacustre). Nos
trabalhos pioneiros acerca da Formagdo Estrada Nova (formagdes Serra Alta,
Teresina/Corumbatai e Rio do Rasto) mencionava-se deposicdo em ambiente de aguas
altamente salinas (Washburne, 1930; Moraes Rego, 1940). Beurlen (1954; 1955), embasado em
dados paleontologicos, foi o primeiro a interpretar a existéncia de um mar intracontinental, de
agua salobra, com ligagdo restrita com o Oceano Panthalassa. Os “folhelhos Irati” e as
“Camadas Serra Alta” teriam sido depositados em um ambiente de aguas tranquilas, distante da
costa e em profundidade relativamente grande. A passagem para as “Camadas Teresina” (=
Corumbatai), composta por siltito, arenito com marcas de onda e calcario oolitico, indicaria
regressao do mar, com deposicdo em aguas agitadas e mais proximais. Mais tarde, Barbosa e
Gomes (1958) e Vieira (1973) corroboraram com essa hipotese. Em contraposi¢dao, Mendes
(1952), alegava a inexisténcia de fosseis tipicamente marinhos na unidade. Ademais, Mendes
(1952) interpretava a presenga de restos vegetais e troncos silicificados com fosseis animais
(peixes, pelecipodes, gastropodes, conchostraceos e ostracodes) como sugestiva de ambiente

continental.
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Na década seguinte, a presenca de estruturas sedimentares como gretas de contragdo,
laminagdes cruzadas por onda e brechas intraformacionais, levaram Salamuni (1963) a
interpretar o ambiente deposicional como de planicie de maré. Diversos outros autores seguiram
essa mesma interpretagdo (ver Northfleet et al., 1969; Schneider et al., 1974; Fulfaro et al.,
1978; Gama Jr., 1979; Fulfaro et al., 1980; Zaine, 1980). Suguio et al. (1974) e Petri e Coimbra
(1982), com base na descrigdo de facies com estratificagdo cruzada, laminacdo cruzada por
onda, presenca de gretas de contracdo, e oolitos nas pedreiras em Taguai (SP), propuseram a
Formacao Estrada Nova ambiente marinho restrito ou lagunar, de 4guas rasas ¢ ocasionalmente
atingidas por tempestades. Suguio et al. (1974) analisando dados restritos de isétopos de
oxigénio (0'%/0'°), concluiram que o clima a época de deposi¢do era quente, favorecendo altas
taxas de evaporagdo. De acordo com Petri e Fulfaro (1983) a comunicagdo restrita com o
Oceano Panthalassa estaria situada na regido sul-ocidental da Bacia do Parana. Para os mesmos
autores, o ambiente deposicional da “Facies Teresina” seria lagunar e a exposi¢do subaérea
registrada nas facies com gretas de contragdo e outras estruturas estariam relacionadas a

flutuagdes de pluviosidade.

Apods décadas de opinides contrastantes, Mendes (1984) admitiu a possibilidade de os
ambientes deposicionais das formagdes Teresina e Corumbatai terem apresentado comunicagao
restrita com 0 oceano; porém, os equivalentes marinhos francos ndo estariam preservados na
Bacia do Parana. Sousa (1985) voltou a aventar um sistema dominado por macro-marés para as
formagdes Estrada Nova (a sul da atual calha do rio Tieté) e Corumbatai (correlata a norte da
calha), evoluindo de condi¢des marinhas mais profundas para mais rasas, mas com variagoes
do nivel relativo do mar. Para Lavina (1991), a Formacao Teresina teria sido depositada em um
imenso lago ou “mar” interior, influenciado por tempestades, com pelo menos dois episddios
marcantes de queda do nivel de base, seguido por “onlap”, inseridos num intervalo geral

regressivo. Além disso, nenhuma evidéncia clara da atuacdo de marés foi encontrada.

No trabalho de Rohn (1994), a Formagao Serra Alta ¢ interpretada como o primeiro
grande ciclo transgressivo-regressivo, o qual se estende até a parte inferior da Formagao
Teresina, correlacionavel a Zona Pinzonella illusa da Formag¢ao Corumbatai no Estado de Sao
Paulo. Durante esse intervalo, Rohn (1994) propde a possibilidade da existéncia de alguma
comunica¢do com a Bacia do Karoo, porém ndo mais com o Oceano Panthalassa, e que, os raros
fosseis que evocam paleoambiente "marinho" teriam sido originados de organismos marinhos
euritopicos (ou seja, espécies encontradas em grandes areas e que nao sao afetadas pelas

mudangas de ambiente) bem mais antigos. O desenvolvimento de carbonatos nas margens deste
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enorme “mar interior” seria indicativo de fases de grande aridez durante a deposi¢do da
Formagdo Teresina/Corumbatai. A extensa distribui¢do geografica de Pinzonella neotropica
indicaria periodos de inundagdo acarretados por novas subidas do nivel de base (Rohn, 1994).
Por fim, o acentuado aumento da pluviosidade teria controlado o ultimo ciclo transgressivo-
regressivo reconhecido para a Formagao Teresina, o qual promoveu a extingdo dos bivalves da
Zona P neotropica, provavelmente causada por diminuicdo da salinidade (Rohn, 1994).
Ademais, durante a existéncia desse “lago-mar” progressivamente mais raso, a agua era

frequentemente agitada por tempestades (Rohn, 1994).

1.5. Referéncias

Almeida, C.M., Do Carmo, D.A. 2005. Taxonomia e paleoecologia de ostracodes do Permiano da Bacia do Parana,
Estado de Goias, Brasil. In: 19° Congresso Brasileiro de Paleontologia; 6°Congresso Latino-Americano de
Paleontologia, Aracaju. Resumos.

Aragdo, M. e Scardia, G. 2021. Middle—Late Permian magnetostratigraphy and the onset of the Illawarra Reversals
in the northeastern Parana Basin, South America. Geophysical Journal International, 225:860-871.
Aratjo, L.M. 2001. Analise da expressdo estratigrafica dos pardmetros de geoquimica organica e inorganica nas
sequencias Irati. Tese de Doutoramento, Universidade Federal do Rio Grande do Sul, Porto Alegre.
Barbosa, O. e Gomes, F.A. 1958. Pesquisa de petrdleo da bacia do Rio Corumbatai, Estado de Sdo Paulo. DNPM,

Boletim 171, Rio de Janeiro, 40p.

Bastos, L.P.H., Rodrigues, R., Pereira, E., Bergamaschi, S., Alferes, C.L.F., Augland, L.E., Domeier, M., Planke,
S. and Svensen, H.H. 2021. The birth and demise of the vast epicontinental Permian Irati-Whitehill Sea:
evidence from organic geochemistry, geochronology, and paleogeography. Palacogeography,
Palaeoclimatoogy,. Palacoecology, 562, Article 110103.

Beurlen, K. 1954. As faunas de lamelibranquios do Sistema Gonduénico no Parana. /n: Volume Comemorativo do
1° Centenario do Estado do Parana (F.W. Lange ed.), p.p. 107—136.

Beurlen, K. 1955. As formag¢des Gondwanicas do sul do Estado do Parana. Div. Geol. Min., Bol. 153, Rio de
Janeiro, 52p

Biscaye, P.E. 1965. Mineralogy and Sedimentation of Recent Deep-Sea Clay in the Atlantic Ocean and Adjacent
Seas and Oceans. Geological Society of America Bulletin, 76, 803—832

Black, L.P. and Gulson, B.L. 1978. The age of the Mud Tank carbonatite, Strangeways Range, Northern Territory.
BMR Journal of Australian Geology and Geophysics, 3, 227-232.

Black, L.P., Kamo, S.L., Allen, C.M., Aleinikoff, J.N., Davis, D.W., Korsch, R.J., Foudoulis, C. 2003. TEMORA
1: a new zircon standard for Phanerozoic U-Pb geochronology. Chemical Geology, 200, 155-170.
Blichert-Toft, J. 2008. The Hf isotopic composition of zircon reference material 91500. Chemical Geology, 253,

252-257.

Brito, A.S., Nogueira, A.C.R., de Almeida, L.T.G. and de Lima, S.G. 2023. Orbital-scale cyclicity and organic
matter production in a Permian shallow mixed carbonate-siliciclastic system: Parana Basin, Brazil. Marine
and Petroleum Geology, 147, 105987.

Brown, G., and Brindley, G.W. 1980. X-ray diffraction procedures for clay mineral identification. /n: Crystal
structures of clay minerals and their X-ray identification (G.W. Brindley and G. Brown ed.). Mineralogical
Society of Great Britain and Ireland, p.p. 305-359.

Cardoso, A.R., Nogueira, A.C.R. and Rabelo, C.E.N. 2019. Lake cyclicity as response to thermal subsidence: A
post-CAMP scenario in the Parnaiba Basin, NE Brazil. Sedimentary Geology, 385, 96—109

Carvalho, T.S. 2019. Assembleia Fitofossilifera de Lycopodiopsis cf. Derbyi da Formagdo Corumbatai, Bacia do
Parana, Sao Paulo, Brasil. Dissertacdo de Mestrado, Universidade Federal de Sao Carlos, Sao Paulo.

Castro, J.C., Maciel, U., Alves, C.F.C., Grecchi, R.C. 1993. O Grupo Guatd na margem nordeste da Bacia do
Parana: uma revisao. In: 1° Simpdsio sobre a cronoestratigrafia da Bacia do Parand, Rio Claro. Boletim de
Geociéncias, p. 55-56.

Chauvel, C., Lewin, E., Carpentier, M., Arndt, N.T. and Marini, J.C. 2008. Role of recycled oceanic basalt and
sediment in generating the Hf—~Nd mantle array. Nature Geoscience, 1, 64-67.

24



Christofoletti, B., Peixoto, B.C., Warren, L.V., Inglez, L., Fernandes, M.A., Alessandretti, L., Perinotto, J.A.J.,
Simoes, M.G., Assine, M.L. 2021. Dinos among the dunes: dinoturbation in the Pirambodia Formation
(Parana Basin), Sdo Paulo State and comments on cross-section tracks. Journal of South American Earth
Sciences, 109, Article 103252.

CPRM — SERVICO GEOLOGICO DO BRASIL. 2004. Cartas geoldgicas do Brasil ao milionésimo.

Daemon, R.F. and Quadros, L.P. 1970. Bioestratigrafia do Neopaleozoico da Bacia do Parana. /n: 24° Congresso
Brasileiro de Geologia, Brasilia (DF), Anais, p. 359-412.

Day, P.I. 1997. The Fischer diagram in the depth domain: a tool for sequence stratigraphy. Journal of Sedimentary
Research, 67, 982-984.

Dunham, R.J. 1962. Classification of carbonate rocks according to depositional textures.

Embry, A.F. and Klovan, J.E. 1972. Absolute water depth limits of Late Devonian paleoecological zones.
Geologische Rundschau, 61, 672-686.

Faure, G. 1986. Isotope systematics in two-component mixtures. Principles of Isotope Geology, pp.141- 153.

Fernandes, M.T. 2007. Ocorréncia de material vulcanoclastico na Formagéo Corumbatai (Neopaleozoico), Bacia
do Parana. Trabalho de Conclusio de Curso, Universidade de Sdo Paulo, Sdo Paulo.

Fischer, A.G. 1964. The Lofer cyclothems of the Alpine Triassic. Geological Survey of Kansas Bulletin, 169, 107-
149.

Fulfaro, V.J. 1970. Contribuicdo a geologia da regido de Angatuba, Estado de Sao Paulo. DNPM - Div. Geol. Min.,
Boletim 253, Rio de Janeiro, p. 1-82.

Fulfaro, V.J., Saad, A.R., Campanha, V.A. and Canuto, J.R. 1978. Considera¢des sobre a génese da Formacao
Estrada Nova (P) da Bacia do Parana. /n: Anais do Congresso Brasileiro de Geologia, 30, pp.158.
Fulfaro, V.J., Gama Jr., E.G. and Soares, P.C. 1980. Revisao estratigrafica da Bacia do Parana. Relatorio BP 008/80,

Paulipetro, Sao Paulo, 115p.

Gama Jr., E.G. 1979. A sedimentacdo do Grupo Passa Dois (exclusive Formacao Irati): um modelo geomorfico.
Revista Brasileira de Geociéncias, 9, 1-16.

Ghilardi, R.P. 1999. Paleoautoecologia dos bivalves do Grupo Passa Dois (Neopermiano) no Estado de Sdo Paulo:
bivalves fosseis como indicadores da dindmica sedimentar. Dissertagdio de Mestrado, Instituto de
Geociéncias, Universidade de Sao Paulo, 160p.

Ghilardi, R.P. and Simd&es, M.G. 2002. Foram os bivalves do Grupo Passa Dois (exclusive Formagdo Rio do Rasto)
moluscos dulcicolas? Pesquisas em Geociéncias, 29, 91-92.

Hachiro, J. 1996. O Subgrupo Irati (Neopermiano) da Bacia do Parana. Tese de Doutoramento, Universidade de
Sao Paulo, Sdo Paulo, 196p.

Holz, M., Franga, A.B., Souza, P.A., lannuzzi, R. and Rohn, R. 2010. A stratigraphic chart of the late
Carboniferous/Permian succession of the eastern border of the Parand Basin, Brazil, South America.
Journal of South American Earth Science, 29, 381-399.

Ichinose, G.A., Anderson, J.G., Satake, K., Schweickert, R.A. and Lahren, M.M. 2000. The potential hazard from
tsunami and seiche waves generated by large earthquakes within Lake Tahoe, California-
Nevada. Geophysical Research Letters, 27, 1203-1206.

Jackson, S.E., Pearson, N.J., Griffin, W.L., Belousova, E.A. 2004. The application of laser ablation-inductively
coupled plasma-mass spectrometry to in-situ U-Pb zircon geochronology. Chemical Geology, 211, 47-69.

Keidel, J. 1916. La geologia de las Sierras de la Provincia de Buenos Aires y sus relaciones con las montafas de
Sudafrica y Los Andes. Ministerio de Agricultura de La Nacion, Seccion Geologia, Mineralogia y Mineria,
11, 1-78.

Kern, H.P., Lavina, E.L.C., Paim, P.S.G., Girelli, T.J. and Lana, C. 2021. Paleogeographic evolution of the southern
Parana Basin during the Late Permian and its relation to the Gondwanides. Sedimentary Geology, 415,
Article 105808.

Kinny, P.D. and Maas, R. 2003. Lu-Hf and Sm—Nd isotope systems in zircon. Reviews in Mineralogy and
Geochemistry, 53, 327-341.

Klein, C. 1997. Contribuicao ao estudo das concentracdes fossiliferas do Grupo Passa Dois na regido de Tiaraju,
RS e suas implicacdes paleoambientais. Dissertagdo de Mestrado, Universidade do Vale do Rio dos Sinos,
136 p.

Landim, P.M.B. 1970. O Grupo Passa Dois (P) na bacia do Rio Corumbatai (SP). DNPM - Div. Geol. Min., Boletim
252, Rio de Janeiro, 103 p.

Lavina, E.L. 1991. Geologia sedimentar e paleogeografa do Neopermiano e Eotriassico (intervalo Kazaniano—
Citiano) da Bacia do Parana. Tese de Doutoramento, Universidade Federal do Rio Grande do Sul, Porto
Alegre.

Lellis, H.S. 1970. Contribuicdo a geologia da regido de Pereiras - Cesario Lange - Bofete, Estado de Sao Paulo.
Dissertacdo de Mestrado, Universidade de Sao Paulo, Sdo Paulo.

25



Limarino, C.O., Césari, S.N., Spalletti, L.A., Taboada, A.C., Isbell, J.L., Geuna, S. and Gulbranson, E.L. 2013. A
paleoclimatic review of southern South America during the late Paleozoic: a record from icehouse to
extreme greenhouse conditions. Gondwana Research, 25, 1396-1421.

Ludwig, K.R., 2003. User’s Manual for Isoplot 3.00: A Geochronological Toolkit for Microsoft Excel. Berkeley
Geochronology Center, Special Publication, pp. 1-70.

Maranhdo, M.S.A.S. 1995. Fosseis das formag¢des Corumbatai e Estrada Nova do Estado de Sdo Paulo: subsidios
ao conhecimento paleontoldgico e bioestratigrafico. Tese de Doutoramento, Universidade de Sdo Paulo,
Sao Paulo.

Maranhao, M.S.A.S. and Petri, S. 1996. Novas ocorréncias de fosseis nas formagdes Corumbatai e Estrada Nova
do Estado de Sao Paulo e consideragdes preliminares sobre seus significados paleontologicos e
bioestratigraficos. Revista do Instituto Geologico, 17, 33-54.

Matos, S.L.F. 1995. O contato entre o Grupo Passa Dois e a Formacao Piramboia na borda Leste da Bacia do
Parana no Estado de Sdo Paulo. Dissertagdo de Mestrado, Universidade de Sdo Paulo, Sdo Paulo.

Matos, S.A., Warren, L.V., Varejdo, F.G., Assine, M.L. and Simdes, M.G. 2017. Permian endemic bivalves of the
“Irati anoxic event”, Parana Basin, Brazil: Taphonomical, paleogeographical and evolutionary
implications. Paleogeography, Paleoclimatology, Paleoecology, 469, 18-33.

Meglhioratti, T. 2006. Estratigrafia de sequéncias das Formagdes Serra Alta, Teresina e Rio do Rasto (Permiano,
Bacia Do Parand) na por¢do nordeste do Parana e centro-sul de Sdo Paulo. Dissertacdo de Mestrado,
Universidade Estadual Paulista “Julio de Mesquita Filho”, Rio Claro.

Mello, L.H.C., Ghilardi, R.P., Torello, F.F., Simoes, M.G. 1998. Some biostratinomic aspects of carbonate
concretions from Serra Alta Formation (Late Permian), Parana Basin, Brazil. /n: Congresso Brasileiro de
Geologia, 40, Anais, p. 452.

Mello, L.H.C. 1999. Analise cladistica dos bivalves do Grupo Passa Dois (Neopermiano), Bacia do Parana, Brasil:
Implicagdes taxondmicas, evolutivas e paleobiogeograficas. Dissertagdo de Mestrado, Universidade de Sao
Paulo.

Mendes, J.C. 1949. Novos Lamelibranquios fosseis da Série Passa Dois, sul do Brasil. Boletim da Divisdo de
Geologia ¢ Mineralogia, 133, 1-40.

Mendes, J.C. 1952. A Formagdo Corumbatai na regido do Rio Corumbatai. Estratigrafia e descri¢do dos
lamelibranquios. Boletim USP, 145, 119p.

Mendes, J.C. 1984. Sobre os paleoambientes deposicionais do Grupo Passa Dois. Revista do Instituto Geologico,
5,15-24.

Miall, A.D. 1996. The Geology of Fluvial Deposits. Springer-Verlag, Berlin.

Miall, A.D. 1999. Principles of Sedimentary Basin Analysis, 3? ed. Springer-Verlag, New York

Milani, E.J., Melo, J.H.G, Souza, P.A., Fernades, L.A. and Franga, A.B. 2007. Bacia do Parana. Boletim de
Geociéncias da Petrobras, 15, 265-287.

Moore, D.M. and Reynolds Jr, R.C. 1997. X-ray Diffraction and the Identification and Analysis of Clay Minerals,
2" ed. Oxford University Press, Oxford.

Moraes Rego, L.F. 1940. A geologia do Estado de Sdo Paulo. Boletim do Departamento de Estradas de Rodagem
(DER), 2, 155-174.

Muniz, M.C. and Bosence, D.W.J. 2015. Pre-salt microbialites from the Campos Basin (offshore Brazil): image
log facies, facies model and cyclicity in lacustrine carbonates. Geological Society of London Special
Publications, 418, 221-242.

Ng, C., Vega, C.S. and Maranhdo, M.S.A.S. 2019. Mixed carbonate-siliciclastic microfacies from Permian
deposits of Western Gondwana: evidence of gradual marine to continental transition or episodes of marine
ingressions? Sedimentary Geology, 390, 62-82.

Northfleet, A.A., Medeiros, R.A. and Muhlmann, H. 1969. Reavaliagdo dos dados geoldgicos do Parana. Boletim
Técnico da Petrobras, 12, 291-346.

Ocakoglu, F., A¢ikalin, S., Yilmaz, 10., Safak, U. and Gékgeoglu, C. 2012. Evidence of orbital forcing in lake-
level fluctuations in the Middle Eocene oil shale-bearing lacustrine successions in the Mudurnu-Gdyniik
Basin, NW Anatolia (Turkey). Journal of Asian Earth Science, 56, 54—72.

Pacheco, J. 1939. Geologia do petrdleo do estado de Sao Paulo, por Chester W. Washburne; traduzido, comentado
e ampliado por Joviano Pacheco. Rio de Janeiro, Brasil, Oficinas graficas do Servigo de publicidade
agricola

Palcu, D.V., Patina, 1.S., Sandric, 1., Lazarev, S., Vasiliev, 1., Stoica, M. and Krijgsman, W. 2021. Late Miocene
megalake regressions in Eurasia. Scientific Reports, 11, 11471.

Perinotto, J.A.D.J., Etchebehere, M.L.D.C., Simdes, L.S.A., Zanardo, A. 2008. Diques clasticos na Formag&o
Corumbatai (P) no nordeste da Bacia do Parana, SP: Analise sistematica e significa¢des estratigraficas,
sedimentoldgicas e tectonicas. Geociéncias, 27, 469-491.

26



Petri, S. and Coimbra, A.M. 1982. Estruturas sedimentares das Formagdes Irati e Estrada Nova (Permiano) e sua
contribui¢do para elucidagdo dos seus paleoambientes geradores. In: 5° Congresso Latinoamericano de
Geologia, Anais, 353-371.

Petri, S. and Fulfaro, V.J. 1983. Geologia do Brasil (Fanerozoico). Ed. Universidade de Sdo Paulo, Sao Paulo,
631p.

Ragonha, E.W. 1984. Taxonomia de dentes ¢ espinhos isolados de Xenacanfhodii (condrichthyes, elasmobranchii)
da Formacdo Corumbatai: considera¢des cronoldgicas e paleoambientais. Tese de Doutoramento,
Universidade de Sao Paulo, Sdo Paulo.

Ramos, V.A., Jordan, T., Allmendinger, R., Mpodozis, C., Kay, S., Cortez, J. and Palma, M. 1986. Paleozoic
terranes of the central Argentina—Chilean Andes. Tectonics, 5, 855—880.

Read, J.F. and Goldhammer, R.K. 1988. Use of Fischer plots to define third-order sea-level curves in peritidal
carbonates, Ordovician, Appalachians. Geology, 16, 895-899.

Rocha-Campos, A.C., Basei, M.A.S., Nutman, A.P., Santos, P.R.D., Passarelli, C.R., Canile, F.M., Rosa, O.C.R.,
Fernandes, M.T., Santa Ana, H. and Veroslavsky, G. 2019. U-Pb zircon dating of ash fall deposits from the
paleozoic Parana basin of Brazil and Uruguay: a reevaluation of the stratigraphic correlations. The Journal
of Geology, 127, 167-182.

Rohn, R. 1994. Evolugdo Ambiental da Bacia do Parana durante o Neopermiano no leste de Santa Catarina e do
Parand. Tese de Doutoramento, Universidade de Sdo Paulo, Sdo Paulo.

Runnegar, B. and Newell, N.D. 1971. Caspian-like relict molluscan fauna in the South American Permian. Bulletin
of the American Museum of Natural History, 146, 1-66.

Sadler, PM., Osleger, D.A. and Montanez, [.P. 1993. On the labeling, length, and objective basis of Fischer
plots. Journal of Sedimentary Research, 63, 360-368.

Salamuni, R. 1963. Estruturas sedimentares singenéticas e sua significagdo na Série Passa Dois, Parana. Boletim
do Instituto Geoldgico, 12, 89p.

Santos, M.M., Lana, C., Scholz, R., Buick, I., Schmitz, M.D., Kamo, S.L., Gerdes, A., Corfu, F., Tapster, S.,
Lancaster, P., Storey, C.D., Basei, M.A.S., Tohver, E., Alkmim, A., Nalini, H., Krambrock, K., Fantini, C.
and Wiedenbeck, M. 2017. A new appraisal of Sri Lankan BB zircon as a reference material for LA- ICP-
MS U- Pb geochronology and Lu- Hf isotope tracing. Geostandards and Geoanalytical Research, 41, 335-
358.

Santos, A.P.M.R. 2011. A Formag¢ao Corumbatai na por¢do norte da Bacia do Parana: litofacies e composigdo
mineral para correlagdo regional e base para interpretagdo do contexto deposicional. Dissertacdo de
Mestrado. Universidade de Brasilia, Brasilia.

Schneider, R.L., Miithlmann, H., Tomassi, E., Medeiros, R.A., Daemon, R.F. and Nogueira, A.A. 1974. Revisdo
Estratigrafica da Bacia do Parana. Anais do Congresso Brasileiro de Geologia, 28, 41-65.

Silva, J. P, Lana, C., Mazoz, A., Buick, 1., Scholz, R. 2022. U-Pb Saturn: New U-Pb/Pb-Pb Data Reduction
Software for LA-ICP-MS. Geostandards and Geoanalytical Research, 47, 49-66

Simoes, M.G., Marques, A.C., Mello, L.H.C., Anelli, L.E. 1997. Phylogenetic analysis of the genera of the extinct
Family Megadesmidae (Pelecypoda, Anomalodesmata), with remarks on its paleoecology and taxonomy.
Journal of Comparative Biology, 2, 75-90.

Simdes, M. G. and Kowalewski, M. 1998. Shell beds as paleoecological puzzles: a case study from the Upper
Permian of the Parand Basin, Brazil. Facies, 38, 175-195.

Simdes, M.G., Torello, F.F., Mello, L.H.C., Ghilardi, R.P. 2000. O contetido fossilifero de novos afloramentos do
Grupo Passa Dois (Neopermiano), nas porgdes centro-sul e nordeste do Estado de Sdo Paulo: implicagdes
bioestratigraficas e paleoecologicas. Acta Geologica Leopoldensia, 23, 61-90.

Simdes, M.G., Quaglio, F., Warren, L.V., Anelli, L.E., Stone, P., Riccomini, C., Grohmann, C.H. and Chamani,
M.A.C. 2012. Permian non marine bivalves of the Falkland Islands and their paleoenvironmental
significance. Alcheringa, 36, 543-554.

Slama, J., Kosler, J., Condon, D.J., Crowley, J.L., Gerdes, A., Hanchar, J.M., Horstwood, M.S.S., Morris, G.A.,
Lutz, N., Norberg, N., Schaltegger, U., Schoene, B., Tubrett, M.N., Whitehouse, M.J. 2008. PleSovice
zircon—a new natural reference material for U-Pb and Hf isotopic microanalysis. Chemical Geology, 249,
1-35.

Séderlund, U., Patchett, P.J., Vervoort, J.D. and Isachsen, C.E. 2004. The '"Lu decay constant determined by Lu—
Hf and U-Pb isotope systematics of Precambrian mafic intrusions. Earth and Planetary Science Letters
219, 311-324.

Sohn, I.G. and Rocha-Campos, A.C. 1990. Late Paleozoic (Gondwanan) ostracodes in the Corumbatai Formation,
Parana Basin, Brazil. Journal of Paleontology, 64, 116—128.

Sousa, S.H.M. 1985. Facies sedimentares das formagdes Estrada Nova e Corumbatai no Estado de Sao Paulo.
Dissertacdo de Mestrado, Universidade de Sao Paulo, Sao Paulo.

Suguio, K., Salati, C. and Barcelos, J.H. 1974. Calcéarios ooliticos de Taguai, SP e seu possivel significado
paleoambeintal na deposi¢do da Formacao Estrada Nova. Revista Brasileira de Geociéncias, 4, 142-160.

27



Sun, S. and McDonough, W.F. 1989. Chemical and Isotopic Systematics of Oceanic Basalts: Implications for
Mantle Composition and Processes. /n: Magmatism in the Ocean Basins (AD Saunders and MJ Norry
Eds.). Geological Society of London Special Publications 42, 313-345.

Taylor, A.M. and Goldring, R. 1993. Description and analysis of bioturbation and ichnofabric. Journal of the
Geological Society, 150, 141-148.

Tohver, E., Schmieder, M., Lana, C., Mendes, P.S., Jourdan, F., Warren, L., Riccomini, C. 2018. End-Permian
impactogenic earthquake and tsunami deposits in the intracratonic Parana Basin of Brazil. GSA Bulletin,
130, 1099-1120.

Toledo, C.E.V. 2001. Analise paleoictiolégica da Formagdo Corumbatai na regido de Rio Claro, Estado de Sao
Paulo. Dissertagdo de Mestrado, Universidade Estadual Paulista “Julio de Mesquita Filho”, Rio Claro.

Torello, F. F. 1999. Bioestratinomia de concentragdes fossiliferas da assembléia de Pinzonella neotropica (Reed),
Formagao Corumbatai (Permiano), Tambau, SP. 130p. Dissertacdo de Mestrado, Universidade de Sao
Paulo, Sao Paulo.

Turra, B.B. 2009. Diques clasticos da Formagdo Corumbatai, Bacia do Parana, no contexto da Tectonica
Permotriassica do Gondwana Ocidental. Dissertagdo de Mestrado, Universidade de Sdo Paulo, Sao Paulo.

Valencio, D.A., Rocha-Campos, A.C. and Pacca, 1.G. 1975. Paleomagnetism of some sedimentary rocks of the late
Paleozoic Tubardo and Passa Dois Groups from the Parana Basin, Brazil. Revista Brasileira de Geociencias,
5, 186-197.

Vieira, A.J. 1973. Geologia do centro e nordeste do Parana e centro-sul de Sao Paulo. In: Congresso Brasileiro de
Geologia, Aracaju, Anais, p. 259-277.

Walker, R.G., James, N.P. 1992. Facies models: response to sea level change. Geological Association of Canada,
Ontario, Canada, p. 454.

Warren, L.V., Almeida, R.P., Hachiro, J., Machado, R., Roldan, L.F., Steiner, S.S. and Chamani, M.A.C. 2008.
Evolucdo Sedimentar da Formagao Rio do Rasto (Permo-Triassico da Bacia do Parand) na porgao centro-
sul do Estado de Santa Catarina, Brasil. Revista Brasileira de Geociéncias, 38, 213-227.

Warren, L.V., Assine, M.L., Sim&es, M.G., Riccomini, C. and Anelli, L.E. 2015. A Formagao Serra Alta, Permiano,
no centro-leste do Estado de Sdo Paulo, Bacia do Parand, Brasil. Brazilian Journal of Geology, 45, 109-
126.

Washburne, C.W. 1930. Petroleum geology of the State of Sdo Paulo. Boletim Comissdo Geografica e Geoldgica,
22,272p.

Wesselingh, F.P. 2007. Long-lived lake mollusks as island faunas: a bivalve perspective. In: Biogeography, Time
and Place: Distributions, Barriers and Islands (W. Remena ed.), Springer, Dordrecht, 275-314.

White, D. 1908. Relatorio sobre a flora fossil das camadas carboniferas do Brasil. In: White, I.C. (ed.) Relatério
final da Comissao de estudo das minas de carvao de pedra do Brasil. DNPM. Brasilia. p. 338-617.
Woodhead, J.D. and Hergt, J.M. 2005. A preliminary appraisal of seven natural zircon reference materials for in

situ Hf isotope determination. Geostandards and Geoanalytical Research, 29, 183-195.

Wu, F.Y., Yang, Y.H., Xie, L.W., Yang, J.H. and Xu, P. 2006. Hf isotopic compositions of the standard zircons and
baddeleyites used in U-Pb geochronology. Chemical Geology, 234, 105-126.

Yang, D., Huang, Y., Guo, W., Huang, Q., Ren, Y. and Wang, C. 2018. Late Santonian-early Campanian lake-level
fluctuations in the Songliao Basin, NE China and their relationship to coeval eustatic changes. Cretaceous
Research, 92, 138-149.

Zaine, MLF. 1980. Uma barreira geografica no Paleozoico Superior na regido de Fartura, SP. Dissertacdo de
Mestrado, Universidade de Sdo Paulo, Sido Paulo.

28



2.  CONTROLES DEPOSICIONAIS E EVOLUCAO DO MEGA LAGO PERMIANO:
NOVAS INTERPRETACOES PARA A FORMACAO CORUMBATAI (BACIA DO
PARANA)

A Formacao Corumbatai, depositada durante o Permiano médio a superior, registra um
capitulo tnico na evolugdo do sudoeste de Gondwana. Durante todo o Permiano, a margem sul
do supercontinente esteve sujeita a esforcos compressivos, que resultou no soerguimento do
Cinturdo Gondwanides (Keidel, 1916), levando a restricdo das conexdes maritimas entre o
Panthalassa e as bacias do Parana e Karoo. Isso resultou na formagdo de um “trapped sea” que
evoluiu para um mega-lago (sensu Palcu et al., 2021), no qual foram depositadas as formagoes
Irati, Serra Alta, Teresina/Corumbatai e Rio do Rasto (parte intermedidria a superior da
Supersequéncia Gondwana I, Milani et al., 2007). Neste contexto, desde meados do século XX,
multiplos cenérios paleoambientais tém sido propostos para a deposi¢do da Formacgao
Corumbatai, incluindo ambientes marinhos rasos restritos, deltaicos, lacustres e influenciados
por marés. Apesar da auséncia de estudos sedimentoldgicos e estratigraficos detalhados nesta
unidade, o conteudo fossil endémico (Runnegar e Newell, 1971; Maranhdo e Petri, 1996;
Simdes et al., 1998; Ghilardi e Simdes, 2002) e a ocorréncia de facies siliciclasticas,
carbondticas e evaporiticas indicam que a histéria deposicional desta unidade ¢ muito mais
complexa do que se pensava anteriormente. No presente capitulo sdo descritas e associadas as
facies sedimentares da Formacdo Corumbatai, integrando-as ao conceito de estratigrafia de
sequéncias para lagos, a fim de elaborar arcabouco completo para intepretagdes
paleoambientais e paleogeograficas. Os dados adquiridos inauguram novas perspectivas para
os controles alo e autogénicos da unidade e da Bacia do Parand durante o mencionado periodo.
Os resultados constituem o manuscrito intitulado “Sedimentation and accommodations

controls on the facies stacking and lateral distribution of a Permian unconventional megalake ™.
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Sedimentation and accommodations controls on the facies stacking and lateral

distribution of a Permian unconventional megalake

Abstract

The Permian succession of the Parana Basin records the disconnection of the Panthalassa global
ocean and the epicontinental sea that bathed the SW Gondwana. The development of an
orographic barrier (Gondwanides Belt) led to the restriction of the marine connections and
resulted in the formation of a trapped sea that evolved to a megalake. This contribution presents
an interpretation of the evolution of fourth-order depositional sequence comprising a mixed
siliclastic-carbonate deposits, the sedimentation and accommodations controls on the
unconventional megalake, represented by the Corumbatai Formation (Parana Basin, Brazil).
This continental-scale aquatic body was characterized by hydrological and saline variations that
conditioned the development of a unique endemic fauna. Data suggests that these unit was
deposited in an endorheic megalake that went through balanced-fill to overfilled stages,
intimately associated to the transgressive and regressive systems tracts. The first transgressive
system tract is characterized by offshore settings deposited in a freshwater ballanced-fill lake.
The first regressive system tract is represented by the progradation of coastal system with
shoreface to offshore-transition facies in a freshwater overfilled lake. The overlying deposits
comprise a brackish water balanced-fill lake that records the landward migration of the system
and the deposition of offshore-transition deposits over the shoreface facies, due to positive
water balance that allowed the rise of the lake level and accommodation, resulting in the second
transgressive system tract. Finally, the second regressive system tract mark the saline overfilled
lake stage, characterized by the progressive intensification of arid climate and a relatively
shallow water level conditions, that is evidenced by the presence of evaporite deposits (saline
flat facies association) and dominance of shoreface facies. Furthermore, the Corumbatai
Formation records the seiche influence in reduced bathymetry megalakes sedimentation and the
relevant implications for understanding part of the depositional history of the Gondwanan

Paleozoic basins.

Keywords: Megalake; Seiche; Facies Models; Parana Basin
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2.1. Introduction

Megalakes are characterized by lakes greater than 10,000 km? in area (Quade et al.,
2018) that are also termed “inland seas”, although they do not behave like small oceans, at least
in the stratigraphic or geochemical sense (e.g., Bohacs, 1999; Bohacs et al., 2000c; Buoniconti,
2001). Bohacs et al. (2003), based on numerous observations of modern large lakes (e.g.,
Caspian, Baikal, Great Canadian Lakes, Tanganyika, Victoria, among others) and Phanerozoic
lacustrine strata, suggested that lake size, shape, chemistry, and ecology are not simple
functions of climatic humidity or tectonic subsidence. In fact, a lake’s size, chemistry, and biota
can vary rapidly, and lake strata are punctuated by many widespread breaks (Gierlowski-
Kordesch and Kelts, 1994; Sladen, 1994; Bohacs et al., 2000a). In these continental-scale lakes,
the sedimentary filling depends mainly on the nonlinear interaction of rates of potential
accommodation (space available for sediment accumulation below a lake’s sill or spillpoint)
increase and supply of sediment and water (Carroll and Bohacs, 1999).

A prominent process acting in lakes is a seiche (Trebitz, 2006; Matishov and
Inzhebeikin, 2009; Medvedev et al., 2018), a large-scale stationary wave originated by the
amplification of other waves commonly formed by winds. In an enclosed (e.g., Great Canadian
Lakes and Azov Sea) or semi-enclosed (e.g., Adriatic Sea) basins, seiche forms when strong
winds and rapid changes in atmospheric pressure push water from one margin of water body to
the other, considerably raising the water level. When the winds cease, the water mass moves
back in the opposite direction, exposing the previously flooded margin (Ichinose et al., 2000).
Then the water continues to oscillate back and forth for hours or even days (Ichinose et al.,
2000). In a similar way, earthquakes, tsunamis, or severe storm surge may also cause these
mega-scale stationary waves.

Very rare in the past and currently present in some parts of Eurasia (e.g., Caspian, Azov,
and Black seas; Palcu et al., 2021), megalakes are understudied regarding their sedimentary
processes, auto and allogenic depositional controls and general basin architecture. This gap on
the knowledge extends to the known Paleozoic examples, with the absence of an adequate facies
model for this particular depositional system, especially one comprehending the recognition of
seiche effects in sedimentation. Thus, the available modern analogs function only as
comparable from the physiographic perspective (Matishov and Inzhebeikin, 2009; Kosyan and
Krylenko, 2019; Palcu et al., 2021), remaining unanswered, questions about the influence of
size variation, bathymetry, climatic conditions, sediment dispersion and circulation patterns in

their depositional patterns.
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The epicontinental sea that bathed the southeastern Gondwana continent following the
Permo-Carboniferous deglaciation event, went through progressive conditions of
continentalization during the Permian (Lavina, 1991; Milani et al., 2007; Holz et al., 2010;
Limarino et al., 2013; Kern et al., 2021) due to the uplift of the Gondwanides orogenic belt
(Keidel, 1916; Ramos et al., 1986) (Fig. 1). In the South America and Africa continents, this
unique chapter in the evolutionary history of the Parana and Huab/Karoo basins is recorded by
the Irati and White Hill formations (Kungurian; ~277 Ma). This vast tectonically trapped sea
(sensu Palcu et al., 2021) covered a large area of the SW Gondwana originally corresponding
to three times the size of the Caspian Sea and one and a half times the size of the Gulf of Mexico
(Runnegar and Newell, 1971). Due to the restricted ocean connections, this huge water mass
was probably strongly stratified and influenced by punctual marine ingressions with periods of
pronounced hypersalinity and carbonate production (Bastos et al., 2021; Brito et al., 2023).
Later, during the Guadalupian Epoch, the intracratonic Parand Basin was completely
disconnected from the Panthalassic Ocean, becoming a megalake that covered an area greater
than 1.7 million km? (Rohn, 1994), currently corresponding to part of Brazil, Uruguay,
Paraguay, Namibia, and South Africa. This landlocked megalake was characterized by marked
hydrological and saline variations that conditioned the development of a unique endemic fauna
of bivalves, gastropods, fishes, and reptiles (Runnegar and Newell, 1971; Simdes et al., 1998)
in a similar mode to what occurred during the Miocene of Eurasia (Palcu et al., 2021).

Considering this scenario, in this contribution we analyze the depositional aspects and
sedimentary evolution of the Corumbatai Formation, an emblematic Permian unit of the Parana
Basin interpreted as deposited in a closed water body (Runnegar and Newell, 1971; Maranhao
and Petri, 1996; Simoes et al., 1998; Ghilardi and Simoes, 2002; Simodes et al., 2012; Warren et
al., 2015). By a detailed sedimentological and stratigraphic analyses, we define a plausible
sedimentary environment for the unit and establish an adequate facies model for depositional
systems developed in megalakes with seiche influence and reduced bathymetry. The integration
of such data allowed delineating a novel depositional model for the Corumbatai Formation,
with relevant implications for understanding megalake sedimentation and part of the

depositional history of the Gondwanan Paleozoic basins.
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Figure 1 - Permian (Kungurian—Wuchiapingian) paleogeographic maps showing the progressive isolation of the
Parana Basin and coeval depositional areas in Gondwana (modified from Bastos et al., 2021). Explanation: PB -
Parana Basin; HB - Huab Basin; AB - Aranos Basin; KBB - Karasburg Basin; KB - Karoo Basin; CB — Claromecd
Basin; CPB - Chaco-Parana Basin; PGB - Paganzo Basin.
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2.2. Geological Setting

The Parand Basin is an intracratonic basin developed between the Middle
Ordovician and Upper Cretaceous periods (Milani et al., 2007). This huge sedimentary basin,
located in southernmost Brazil and north/northwestern Uruguay, parts of Paraguay and
Argentina, encompasses at least six second-order stratigraphic sequences, including
sedimentary and volcanic rocks (Milani et al., 2007).

The sedimentary record of the transition from marine to continental environments
encompasses the mixed siliciclastic-carbonate succession of the Passa Dois Group (Irati, Serra
Alta, Corumbatai/Teresina and Rio do Rasto formations, Fig. 2), corresponding to the upper
part of the Gondwana I Supersequence (Milani et al., 2007). The organic-rich Irati Formation
constitute the basal unit of the Passa Dois Group, characterized by organic-rich, black shales
interbedded with dolomites (Brito et al., 2023). Above, the organic-poor, fine-grained
succession of the Serra Alta Formation is interpreted to be deposited in a closed epeiric sea
under dysoxic to anoxic conditions (Holz et al., 2010; Warren et al., 2015), and corresponds to
the last basin-scale transgressive event (third-order) during the Permian (Warren et al., 2015).
The presence of endemic bivalves and the absence of marine fossils (Runnegar and Newell,
1971; Maranhao and Petri, 1996; Simdes et al., 1998; Ghilardi and Simoes, 2002) constitute
strong evidence that the Irati and Serra Alta formations were already isolated from the
Panthalassa at this time (Simoes et al., 2012; Warren et al., 2015), although geochemical data
points to the punctual presence of marine planktonic organisms (Reis et al., 2018; Bastos et al.,
2021).

The overlying mixed siliciclastic-carbonate succession of the Teresina Formation
represents the transition from the deeper water setting of the Serra Alta Formation to a fully
oxic, and shallow depositional environment (Holz et al., 2010; Warren et al., 2015; Matos et al.,
2017; Ng et al., 2019). Due to a marked lateral facies variation, this unit is recognized as the
Corumbatai Formation in the northeast of Sdo Paulo, Mato Grosso, and Goiés states (Rohn,
1994) (Fig. 2). According to subsurface correlations between profiles from Sao Paulo and
Parana states, the upper part of both Corumbatai and Teresina formations are incomplete due to
the erosive contact with the overlapping Jurassic units (i.e., Pirambodia Formation in the Sao
Paulo State and Botucatu Formation in the Goias and Mato Grosso states; Holz et al., 2010;

Christofoletti et al., 2021).
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Figure 2 - Permian third-order sequences from the Parana Basin, highlighting the studied interval (Corumbatai
Formation) (modified from Holz et al., 2010). Explanation: CHRONO - Chronostratigraphy; Lop. - Lopingian;
Guad. - Guadalupian; Cisur. - Cisuralian; LPTS - Late Paleozoic Third-Order Sequences.

Since the mid-20th century, the Corumbatai Formation has been interpreted as deposited
in several different scenarios, including shallow and restricted marine environment,
epicontinental sea, tidal flat, and storm-influenced lake (Washburne, 1930; Moraes Rego, 1940;
Mendes, 1952; Beurlen, 1954, 1955; Barbosa and Gomes, 1958; Salamuni, 1963; Northfleet et
al., 1969; Vieira, 1973; Suguio et al., 1974; Schneider et al., 1974; Fulfaro et al., 1978; Gama
Jr., 1979; Falfaro et al., 1980; Zaine, 1980; Petri and Coimbra, 1982; Petri and Fulfaro, 1983;
Sousa, 1985; Lavina 1991; Rohn, 1994) (Table 1). It is important to note that, besides the
Gordon Jr. (1947) and Schneider et al. (1974) lithostratigraphic proposal, some authors also
used the obsolete name Estrada Nova Formation for part of the succession above the Irati
Formation. The use of this outdated nomenclature caused some confusion in the literature since
the regional lithostratigraphic expression of the Estrada Nova Formation is variable and may
be equivalent to the Serra Alta and Teresina formations; Serra Alta, Teresina and Rio do Rasto
(Serrinha Member) formations; Teresina and Rio do Rasto (Serrinha Member) formations; or
only to the Teresina Formation (Rohn, 1988; 1994). Thus, in this work we adopted the proposal
of Warren et al. (2015) in which the Teresina and Corumbatai formations were lateral
equivalents, both presenting lower transitional contact with the underlying Serra Alta
Formation and upper erosive contact with the Jurassic units (Piramboia or Botucatu formations,
see Fig. 2; Christofoletti et al., 2021).

Finally, in the south of Parana Basin (Southern Brazil), the Rio do Rasto Formation
overlies the Teresina Formation (Holz et al., 2010). The Rio do Rasto Formation is divided into
the Serrinha and Morro Pelado members, representing sedimentation in shallow water setting

influenced by river dominated deltas (Warren et al., 2008; Kern et al., 2021). Towards the top,
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there is an increase in fluvial and eolian deposits, culminating in the complete filling of the

water body and continentalization of the Parana Basin (Warren et al., 2008).

Table 1 - Previous works on the depositional system of the Corumbatai Formation.

Author

Unit

Depositional System

Washburne (1930);
Moraes Rego (1940)

Estrada Nova Formation (currently

Serra Alta, Teresina, Corumbatai,
and Rio do Rasto formations)

Hypersaline shallow water setting

Beurlen (1954 and
1955); Barbosa and
Gomes (1958);
Vieira (1973)

Teresina Formation

Epicontinental sea, saline water without

evidence of connection with the Panthalassa.
Sedimentation in storm-influenced proximal

settings

Mendes (1952)

Corumbatai Formation

Continental environment, based on the presence

of plant remains and absence of diagnostic
marine fossil

Salamuni (1963);
Northfleet et al.
(1969); Schneider et
al. (1974); Falfaro
et al. (1978); Gama
Jr. (1979); Falfaro
et al. (1980); Zaine
(1980)

Teresina / Corumbatai formations

Tidal flats, based on the presence of mud
cracks, intraformational breccia, and
heterolithic bedding

Suguio et al. (1974);
Petri and Coimbra
(1982)

Estrada Nova Formation

Restricted, shallow water marine or lacustrine

setting affected by storms

Petri and Fulfaro
(1983)

“Teresina facies”

Lagoon, with restricted connection with the
Panthalassa. The occasional subaerial

exposition was related to pluvial fluctuations

Sousa (1985)

Corumbatai Formation

Macrotidal-dominated depositional system

Lavina (1991)

Teresina Formation

Vast epeiric sea (or lake), with base level
variations and influenced by storms

Rohn (1994)

Teresina Formation

“Sea-lake”, without connection with the

Panthalassa. Shallow water setting frequently
affected by storms, punctuated by episodes of

intense evaporation. Variation in water level
were controlled by pluvial fluctuations

2.3. Material and Methods
A detailed sedimentological and stratigraphic study was conducted through the detailed

(1:50 scale) measurement of 25 columnar sections in the Middle Permian mixed siliciclastic-

carbonate deposits of the Corumbatai Formation, in the northeast and northern part of the

Parand Basin, Brazil (Fig. 3). The sedimentary facies were determined based on bed geometry,

grain texture, sedimentary structures, and trace fossil content following the protocol of Miall

(2006). All facies represented in columnar sections had their particular depositional processes

37



defined and were associated in distinct facies associations, according to the vertical association
of groups of facies, genetically related to each other according to their environmental
significance (see Dalrymple, 2010b).

The macroscopic and petrographic description of the carbonate facies was based on the
classifications proposed by Dunham (1962) and Embry & Klovan (1972). The basic description
of trace fossils followed the conceptual framework summarized in Buatois & Mangano (2011).
The degree of bioturbation was estimated based on the Taylor & Goldring (1993) scheme, which
defined a bioturbation index (BI), ranging from zero (no bioturbation) to six (completely
bioturbated).

Stacking and correlation of columnar sections were based mainly on the identification
of stratigraphic surfaces and correlation of facies associations. In order to understand the
stratigraphic patterns within the Corumbatai Formation and correlate the distinct outcropping
areas, three composite sections were built. For this, the most complete and representative
sections for each studied region were selected (see Fig 3): Composite Section I — sections 14,
15,16, 17,18, 19, 20, and 22; Composite Section II — sections 6, 7, 8, 9, 10, 11, 12, 13 and 21;
Composite Section 3 -0, 1, 2, 3, 4A, 4B, 4C, 4D and 5.

In addition, accommodation curves were developed through Fischer diagrams, which
indicate architectural trends in the studied succession and contribute to the correlation of
geographically distant sections. Fischer plots are widely used in paleoenvironmental research
as graphic representations of sea- and lake-level changes (Ocakoglu et al., 2012; Muniz and
Bosence, 2015; Yang et al., 2018; Cardoso et al., 2019; Brito et al., 2023) through mapping
linearly corrected variation of accumulative cycle thickness over cycle number or stratum
depth. Fischer (1964) introduced this graphic method of displaying relative sea-level changes
(i.e., the sea-level change represented as the sum of subsidence and eustasy) derived from cyclic
limestone and dolostone successions. Sadler et al. (1993) reviewed the use of Fisher plots and
suggested that, instead of a time scale originally used, the horizontal axis of the plots should be
labeled by cycle number, to avoid the problem of poor absolute time control on the stratigraphic
record. According to Sadler et al. (1993), the use of at least 50 cycles is recommended to
separate non-random (allogenic) from random (autogenic) fluctuations. Following this concept,
the number and thicknesses of coarsening-upward successions recorded in the columnar
sections of the Corumbatai Formation were identified and Fischer plots were correlated. Aiming

to identify the high-frequency base-level fluctuations and defining the key stratigraphic
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surfaces, the correlation of the composite sections was carried out first in proximal sections and

then at basin scale (Fischer, 1964; Read and Goldhammer, 1988; Day, 1997).
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Figure 3 - Location of the studied areas. (A) Outcrop range of the Passa Dois Group in the Parand Basin,
highlighting the studied areas (in orange). (B) Geological map of the studied area in Sdo Paulo State with location
of the detailed columnar and composite sections. (C) Geological map of the studied area in Goias and Mato Grosso
states with location of detailed columnar and composite sections. Geological map based on CPRM, 2004. BO -
Bolivia; MT - Mato Grosso; MS - Mato Grosso do Sul; SP - Sao Paulo; GO - Goias.
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2.4. Facies and Facies Associations
The detailed sedimentary description of the Corumbatai Formation allowed the
identification of eleven siliciclastic and eight carbonate facies (Table 2), which are grouped into

four facies associations: offshore (FA-1), offshore-transition (FA-2), shoreface (FA-3),

foreshore (FA-4) and saline flat (FA-5).

Table 2 - Summary of sedimentary facies from the Corumbatai Formation.

Code Facies Description Interpretation
Fm Massive 0.3 to 2 m-thick tabular beds of Deposition from suspension in distal,
siltstone/claystone  massive siltstone or claystone, calm, and oxygenated waters. Micro-

laterally continuous for tens to slumps are interpreted as the product
hundreds of meters. Bioturbation and  of overload by dense currents in low-
micro-slumps are locally observed. gradient settings. Lenses of fish
Presence of sparse and thin (< 1cm- fragments are formed by hyperpycnal
thick) lenses of phosphatic fish currents.
remains. Fm is more common in the
lowermost ~20 m of the Corumbatai
Formation and occurs in association
with FI facies.

Fl Laminated siltstone 0.1 to 4 m-thick tabular beds of Settling of fine-grained particles in
laminated siltstone, laterally calm and oxygenated waters. Lenses of
continuous for tens of kilometers. phosphatic  fossil ~ remains  are
Thin lenses of phosphatic fish deposited by long-lasting currents
fragments and very fine- to fine- from shallower waters, bringing sand-
grained sandstone are sparsely sized organic particles and fish
distributed  along laminations. fragments. The dykes are product of
Presence of simple horizontal forced upward injection of fluidized
bioturbation (Planolites). Tabularand  sediment, probably induced by seismic
ptygmatic clastic dykes occur in activity (seismites), and the occurrence
vertically restricted intervals along of ptygmatic geometry is related to the
the upper part of the succession and effects of later compaction (Riccomini
are composed of silty to very fine- et al., 1992; Riccomini, 1995;
grained  sandstone. The most Riccomini et al, 2005; Turra et al.,
expressive beds of Fl are described in  2006; Perinotto et al., 2008; Turra,
the lower ~20 m of the Corumbatai 2009).

Formation, but they are present in
practically all sections, being the
most common facies. In the upper
part of the unit, it is generally less
thick and occur interbedded with
Sr(s).
Sm Structureless 0.1to 0.3 m-thick lenticular or tabular  The massive aspect can be related to 1)

sandstone

beds of very fine- to fine-grained
sandstone with massive aspect. Thin
lenses of phosphatic fish fragments
are dispersed, and horizontal and
vertical bioturbation are locally
observed. Some of the beds may be
silicified. Lenticular bodies are cm-

obliteration of primary structures by
post-depositional processes, such as
sediment liquidization; 2)
homogeneity of granulometry; 3) rapid
deposition of suspended sediments, or
4) intense bioturbation. The close
association with fluidized levels within
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scale wide and occur in association
with FI.

FI, suggests that the first hypothesis is
the most plausible.

Sh Horizontally 0.1 to 1 m-thick tabular beds of Transport of sand-sized sediments by
laminated horizontally laminated, very fine- to traction in planar beds in the upper
sandstone fine-grained  sandstone, laterally flow regime. When the SI grades

continuous for tens of meters. upward to Sr, the transport occurs
Occasionally, this facies grades under lower flow regime. Dominance
upward to symmetric ripple cross- of horizontal bioturbation suggests
laminated sandstone (Sr). Horizontal deposition below the fair-weather
bioturbation (Planolites) is locally wave base and above the storm wave
observed. base (Seilacher, 1967; Buatois and
Méngano, 1995; Buatois and
Mangano, 1998).

Sr(s)  Symmetrical ripple 0.1 to 4 m-thick tabular beds of very Product of deposition under the action
cross-laminated fine- to medium-grained sandstone of high-frequency oscillatory flow
sandstone with  symmetrical ripple cross- caused by fair-weather waves. During
lamination, laterally continuous for stillstand, mud could settle in the
tens of meters. The symmetric ripples  troughs of ripples. Syneresis cracks
have cm-scale wavelength and indicate soft-sediment deformation
amplitude, and are partially covered due to substrate destabilization and/or
by mud drapes, sometimes presenting  shrinkage by autogenic (i.e., changes
horizontal to oblique bioturbation, in salinity) or allogenic processes (i.e.,
syneresis cracks, and/or millimetricto  earthquakes; Pratt, 1992, 1993, 1998).
centimetric mudstone cracks. Sr(s) is The presence of mudstone cracks
the most common facies in the upper indicates subaerial exposure and
part of the Corumbatai Formation and  desiccation. Bioturbation indicates
normally occurs interbedded with FI  colonization of the substrate during

and H. stillstand.

Sr(a) Asymmetrical Cm to dm-thick tabular beds of very Migration of ripples under
ripple cross- fine to fine quartz-sandstone with unidirectional tractive flows.
laminated asymmetrical cross-lamination. Well-
sandstone selected sand grains have high

sphericity. The climbing ripples
present centimeter-wavelength and
amplitude.

Sp Planar cross- 0.5 to 1 m-thick tabular beds, laterally Migration of straight-crested dunes

stratified sandstone  continuous for tens of meters, of fine- (2D dunes) under lower flow regime.
to medium-grained sandstone with
planar cross-stratification.
St Low-angle cross- 0.1 to 0.3 m-thick tabular beds, Migration of bedforms with a high
stratified sandstone laterally continuous for a few meters  wavelength/amplitude ratio in
of light cream to light red, fine- to transitional conditions between lower
medium-grained sandstone, with low and upper flow regime.
angle cross-stratification (<15°).
Ss Swaley cross- 0.3 to 1 m-thick lenticular and/or Produced by the interaction of wave-

stratified sandstone

amalgamated beds of very fine- to
fine-grained sandstone with swaley
cross-stratification. Wavelength and
amplitude of mounds and swales vary
from cm- to dm-scale.

and storm-driven currents parallel to
the shoreline (e.g., longshore drift),
and shore-normal currents generated
by translatory flow (combined-flow
oscillation and current interference)
associated with plunging waves.
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Sh Bioclastic 0.1to0 0.8 m-thick tabular beds of very  Proximal concentrations produced by
sandstone fine- to coarse-grained massive very fast accumulation events and
sandstone with disarticulated and occasional reworking during, and after
fragmented bivalve shells. The Storm — events  (Simdes  and
loosely dispersed bioclasts are Kowalewski, 1998).
typically oriented obliquely or
perpendicularly relative to the
bedding plane. Sometimes
bioturbation and siltstone intraclasts
are observed.
H Heterolithic 0.2 to 2.5 m-thick tabular beds of Alternation of tractive flow and silt
bedding heterolithic bedding (wavy, linsen, deposition from suspension in the
and flaser), marked by the alternation absence of water flow. The variation
of thinly laminated fine-grained from flaser to linsen bedding is related
sandstone and claystone/siltstone. to the amount of mud in suspension
Locally, sandstone lamina present and the time available for settling.
symmetric ripple cross-lamination. Mudstone cracks indicate subaerial
Syneresis cracks and mudstone exposure of the muddy sediment and
cracks (mostly in flaser/wavy syneresis cracks indicates soft-
beddings) are common in the sediment deformation due to substrate
claystonef/siltstone laminae. destabilization and/or shrinkage by
Abundance of horizontal and vertical autogenic or allogenic processes.
bioturbation. Phosphatic fish  Bioturbation indicate animal
fragments occur locally in thin lenses.  colonization of the oxic substrate
H commonly transitions to Sr(s) and  during periods of slack water.
Sh in the upper part of the
Corumbatai Formation.
Gn Normal graded Lenticular beds (4 cm x 70 cm) with  Deceleration of high-energy, tractive
conglomerate erosive base and wavy top of clast- flow (e.g., storm flows). Deposition of
supported conglomerate, composed the coarse-grained beds took place in
of rounded to angular silicified two stages: 1) storm-generated flows
intraclasts, varying in size from with transport from foreshore to
granule to coarse sand, that offshore, followed by 2) reworking
presenting normal grading. and selective sorting of bed material by
asymmetrical  oscillatory  currents
generated by shoaling swell waves
propagating onshore (Hart and Plint,
1989).
Gp Peloidal grainstone 0.2 to 0.3 m-thick tabular beds, Concentric precipitation of carbonate

laterally continuous for tens of
meters, of ripple cross-laminated
(Gpr), horizontally laminated (Gpl),
or massive grainstone (Gpm). Peloids
are ~40% of the framework.
Ostracods (~5%) occur chaotically
dispersed (articulated and
disarticulated). Well sorted angular to
subangular quartz grains (silt and
very fine sand) are dispersed (~25-
30%) or concentrated in specific
levels of the lamination (Fig. 4A).
The lamination is marked by the
deposition of carbonate  mud.
Microkarst features are locally
observed, such as dissolution grooves

mud (micrite) in a wave-agitated
shallow-water setting, with transport
under the lower flow regime (ripple
and plane bed) punctuaed by moments
of slack water and settling of carbonate
mud. Massive structure of the Gpm
microfacies is linked with the local
absence of grain size or to rapid
deposition during deceleration of high-
energy flows. Presence of articulated
and disarticulated ostracod shells is
indicative of temporal mixing of
allochthonous  to  autochthonous
assemblages. Microkarst features are
suggestive of subaerial exposure
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and centimeter-sized cavities (funnel-
like structures) filled by sparry
calcite.

followed by burial and cementation in
the meteoric to phreatic zone.

Roi Inverse graded 0.1 to 0.2 m-thick tabular beds Oncoids are carbonate-coated grains
oncoid rudstone laterally continuous for tens of produced by microorganism activity,
meters. Oncoids are elliptical in shape commonly cyanobacteria, resulting in
(type 1) or triangular, showing a the trapping of organic, bioclastic, or
convex top and thin basal lamination lithoclastic nuclei by concentric
(type 2), ranging in size from a few laminations (Logan et al., 1964;
mm to up to 4 cm. The nuclei are Dahanayake, 1978; Fliigel, 2010). The
commonly 80% of the total oncoid oncoids with spherical shapes (type 1)
size (peloidal intraclast), and occur suggest growth detached from the
enveloped by silicified, thin substrate, and probably with bearing.
lamination (Fig. 4B). Peloidal The concentric biofilm also suggests a
grainstone intraclasts (20%) are also homogeneous incidence of light
part of the framework. Oncoids and around the oncoid (Rodrigues et al.,
intraclasts gradually increase in size 2022). The type 2 oncoid (concave top
towards the top. The silicification lacking basal lamination) indicates that
process is pervasive. they were attached to the substrate
during growth. The in-situ growth
implies in the absence of carbonate
production at the oncoid base and may
be indicative of reduced light
incidence (Rodrigues et al., 2022). The
coarsening  upward  pattern s
suggestive of an increase in
depositional energy towards the top of

the concentration.

Ms Stromatolites These are 0.1 to 0.2 m-high isolated Stromatolites are biosedimentary
morphologies. Laminar accretion can  structures interpreted to be deposited
occur as planar, domical, and closed- in a highly stressful, evaporitic
spaced conical morphologies (Fig. shallow-water environment, strongly
4C) forms. EPS laminations are influenced by microbial activity
characterized by the presence of (microbially induced / influenced
organic-rich, dark micrite, and pyrite organomineralization). Conical
crystals are common. Quartz grains stromatolites  suggests  relatively
and disarticulated shells of ostracodes deeper waters in comparison to planar
in a convex-upward posture are and domical morphologies. Possibly,
common within planar stromatolites. the stressful conditions and increased
The fenestral porosities between the space competition of the microbial
laminations present filling by mosaic-  colonies, would allow the existence of
type quartz. Silicification is pervasive  conical stromatolites in shallow waters
in some levels of stromatolites (Petroff et al., 2010). Silicification is
bounded by non-silicified beds. interpreted to be early diagenetic by

the increase of pH (>9) solubilizing
silica followed by a decrease of pH
(Hesse, 1990).

Rb Bivalve rudstone  0.08 to 0.3 m-thick lenses of bivalve Deposits formed by high-energy

rudstone, laterally continuous for tens
meters. Bivalves occur articulated,
disarticulated, and fragmented (Fig.
4D), and present fossil elements
related to the Pinzonella illusa and

hydraulic processes, such as landward
incoming waves or basinward
backwash flows generated during
high-energy events (i.e.,, storms;
Simdes et al., 2000) or reworking and
prolonged exposure of bioclasts at the
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Pinzonella  neotropica  biozones

(Mendes, 1949; 1952).

water/sediment  interface,  under
conditions of low or intermediate
sedimentation rates in a proximal
environment (above the FWWB)
(Simdes and Torello, 2003)

Mm

Massive mudstone

0.1 to 0.2 m-thick tabular beds of
massive  wackestone, laterally
continuous for tens of meters. Very
fine sand-to-silt-sized grains of
angular quartz occur dispersed in the
matrix (~5%) (Fig. 4E). Articulated
and disarticulated ostracod shells
occur scattered in the matrix (<10%).

The settling of carbonate mud suggests
very calm depositional conditions (i.e.,
without significant bottom currents
and wave agitation). The presence of
both articulated and disarticulated
ostracod shells indicate some spatial
and temporal mixing of these bioclast
grains (Fursich and Oschmann, 1993).
Terrigenous  grains  points  to
occasional siliciclastic input carried
from proximal to distal areas by
currents.

Rp

Phosphate —
rudstone

0.1 to 0.2 m-thick, tabular and
continuous beds for a few meters of
phosphate-rudstone (or bone beds).
Composed of poorly-sorted grains (2
pum to 3 mm) of fish fragments
(~35%) (coprolites, teeth, ganoid
scales), and intraclasts (~5%) (Fig.
4F). Chaotically dispersed articulated
and disarticulated ostracod shells also
occur. Silicification is pervasive.

Phosphatogenesis was stimulated by
the accumulation of bioclastic material
rich in Phosphorous (e.g., fish and
bivalve fragments, coprolites, and
pellets). Chemical conditions and the
winnowing process may have played a
critical role in the enrichment of the
primary  phosphate accumulation.
Textural classification for phosphatic
sediments based on Trappe (2001).

Pe

Evaporitic paleosol

0.3 to 1.5 m-thick tabular beds with
massive and mottled aspects,
presenting red and white colors.
Sometimes is noted the presence of
thin veins and lenses filled with
calcite and gypsum. The beds are
laterally extended for tens of meters.
Popcorn crusts, halite hoppers, and
stromatolites occur associated. This
facies only occurs at the uppermost
part of the Corumbatai Formation.

Pedogenesis of previously deposited
mud/silt deposits, generating gypsum
and calcite during subaerial exposure
in high evaporation conditions.
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Figure 4 — Carbonate microfacies of the Corumbatai Formation. (A) Peloidal grainstone with sparse ostracod
shells. (B) Oncoid rudstone enveloped by thin, wrinkled lamination. Note that the nuclei are ~80% of the total
oncoid size. (C) Columnar stromatolite, showing microbial lamination (micrite) and interlaminar spaces filled with
mosaic quartz (silicified sample). (D) Bivalve rudstone. (E) Massive wackstone. (F) Phosphate rudstone composed

of poorly sorted grains of fish fragments (coprolites, teeth, ganoid scales, among others).
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2.4.1. Offshore (FA-1)
Description

FA-1 consists of successions of interbedded claystone, siltstone, and sandstone (Fig. 5),
with thicknesses between 1 and 6 m and lateral extension in the order of tens of kilometers (Fig.
5A). The facies are predominantly composed of decimeter- to meter-scale tabular beds of grey
and reddish-colored Fm and FI (Fig. 5B). Very-fine to fine-grained sandstone (Sh and Sr(a)
occur interbedded, composing cm-scale tabular or lenticular beds (Fig. 5C). This interval is
characterized by low to moderate bioturbation (BI = 1-2), mainly by simple traces such as
Planolites. Thin lenses (mm-scale) of phosphatic fish fragments occurs sparsely distributed
along F1 laminations (Fig. 5D). Interbedded with claystone and siltstone, rare centimeter-scale
(5- to 15-cm-thick) bone beds (Rp) composed of vertebrate bioclasts (teeth, scales, and bone
fragments of paleonisciforms, dipnoiforms, xenacanthiforms, petadolontiforms, and amphibian
labyrinthodonts), bivalves fragments, and mudstone intraclasts, are also described by Castro et
al. (2001) in these deposits (Fig. SE).

Interpretation

The dominance and great lateral extension of the fine-grained facies
(claystone/siltstone) suggests deposition from suspension in distal and calm waters rarely
affected by density currents, hyperpicnal flows, or storms. Although discrete, the presence of
the low-diversity traces fossils typifies unconsolidated and permanent subaqueous substrates,
in relatively well-oxygenated and stressful, low-energy lake bottoms, periodically affected by
episodic sedimentation (Buatois and Mangano, 1995). The occasional presence of fine-grained
sandstone with current ripples, with or without fossil fragments, reaffirms the episodic
deposition by bottom tractive flows. Residual lag-type bioclastic concentrations indicate that
the reworked remains were transported from shallower waters by currents and waves probably
induced by storms and concentrated by winnowing. The phosphate rudstone bed (facies Rp) of
this facies association is interpreted as a concentration deposit formed by the winnowing of P-

rich fish and bivalve fragments, coprolites, and fecal pellets.
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Figure 5 - Offshore deposits (FA-1). (A) General view showing monotonous laminated siltstone interbedded with
very fine-grained sandstone. (B) Reddish-colored laminated siltstone. (C) Laminated siltstone interbedded with
lenticular bed of very fine-grained sandstone with asymmetrical ripple cross-lamination (Sr(a)). (D) Thin lenses

of phosphatic fish fragments (black arrows) in plan view. (E) Isolated skeletal elements concentrated in bone bed,
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such as teeth, scales, and bone fragments (i.e., paleonisciforms, dipnoiforms, xenacanthiforms, petadolontiforms

and labyrinthodonts; Castro et al., 2001). The hammer in A is 25 cm-long and the pencil in B is 8 cm-long.

2.4.2. Offshore-transition (FA-2)

Description

This facies association (Fig. 6) is characterized by 3 to 17 m-thick coarsening-upward
successions of interbedded, dm- to m-thick tabular beds of well-sorted sandstone (Sr, Sh, and
Ss), laminated siltstone (F1), and heterolithic facies (Hw and HI) (Figs. 6A, 6B and 6C). The
F1, Hw and HI facies present moderate bioturbation index (BI = 3) and characteristically low
ichnodiversity of both vertical and horizontal traces (e.g., Planolites and Teichichnus) (Fig. 6E).
Thin lenses (mm-scale) of phosphatic fish fragments are commonly observed within F1 and Hl
facies. Occasionally (Section 3 — Appendix LIII), lenticular beds (4 cm high x 70 cm long) of
normally graded, conglomerate (Gn) composed of rounded to angular silicified granule-sized
siltstone intraclasts may occur, presenting erosive base and wavy top (Fig. 6D). Additionally,
lenticular and amalgamated shell beds are observed in the uppermost part of the Corumbatai
Formation (Section 13 — Appendix LII; described in detail by Simdes et al., 1996) (Fig. 6F-G).

Abundant clastic dikes are found crosscutting the uppermost part of the Corumbatai
Formation, generally confined in well-defined stratigraphic intervals (up to 10 m-thick, Section
15 — Apendix L.I), near the contact with the overlain Pirambodia Formation (see sections 15, 17
and 18 in Apendix I.I), where siltstone and fine-grained sandstone are interbedded (Fig. 6H).
The dikes are single or multiple intrusive and are decimeter- to meter-scale wide, with a
dominantly quartz sandstone composition. Most parts of the dikes present ptygmatic geometry
and upward bifurcations.
Interpretation

This facies association is interpreted to be deposited between the fair-weather and storm
wave base due to the occurrence of: (i) swaley cross-stratified sandstone (Ss) interbedded with
fine-grained deposits (Fm and Fl); (i1) residual lag-type bioclastic concentrations and shell beds
interpreted as tempestites (see Simoes et al., 1996 for further discussion); and (iii) absence of
mudcracks and other sedimentary structures indicative of subaerial exposure. The occurrence
mud-rich heterolithic facies (HIl and Hw) are interpreted as evidence of the alternation between
moments of flow and slack waters, influenced by seiche or storms. The absence of hummocky
cross-stratification in the high-frequency finning-upward successions with facies deposited

under upper (Sh) and lower flow (Sr) regimes, reinforces the predominance of bottom density
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currents from the shallowest parts of the aqueous body. In this context, the generation of these
hyperpycnal flows could be related to the effect of the sloshing back of the water column by
seiche, that enhance the transport of dense, sand-rich currents from shoreface to offshore-
transition (Pritchard and Hogg, 2003).

The deposition of the intraclastic coarse-grained lenticular beds (facies Gn) also
reinforces the existence of high-frequency oscillations of the water level, as this facies is
interpreted to develop in two stages: (i) offshore-ward transport by strong meteorological-
generated flows (e.g., seiche and storms), followed by (ii) erosion, reworking and selective
sorting of bottom sediment by asymmetrical oscillatory currents by shoaling swell waves
propagating onshore (Hart and Plint, 1989).

As for the shell beds (Rb facies), their depositional history is interpreted to represent a
complex interplay between background and episodic sedimentation, including storm-induced
(bellow SWB) reworking (Simoes and Kowalewski, 1998).

Finally, the presence of clastic dikes in a well-defined interval at the upper part of the
Corumbatai Formation is interpreted as product of the destabilization of unlithified sediments
by extensional stress and passive fill of fissures by ascending sediments (Perinotto et al., 2008;
Turra 2009). The ptygmatic aspect of some clastic dikes is related to the vertical compaction
before sediment lithification that is, upward injection of fluidized sand followed by post-
depositional compaction of soft sediment. Recently, clastic dikes and discordant soft-sediment
deformation structures present in the upper part of the Corumbatai Formation were associated
with seismicity produced during the mega-earthquake triggered by the Araguainha impact event
(Tohver et al., 2018). However, the hypothesis that associates these structures to the seismicity
produced by intraplate reactivation of continental-scale lithospheric faults (Riccomini et al.,
1992) is most probable due to the presence of many intervals with clastic dykes, separated by

non-deformed beds.
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Figure 6 — Offshore-transition deposits (FA-2). (A) Swaley cross-stratification and clastic dykes (yellow dashed
line) interbedded with F1 facies. (B) Typical coarsening-upward successions (vertical white arrows) of Fl grading
to Sh and Sr. (C) Mud-rich heterolithic facies (Hl and Hw). (D) Lenticular bed of granule conglomerate with
normal gradation (yellow dashed line). (E) Detail of the highly bioturbated heterolithic facies. Pl — Planolites; Tc
— Teichichnus. (F) Polished cross-section showing the intense silicification and the distribution of clasts and shells
of the Batalha shell bed (Section 8, Apendix L.II). (G) Sketch of the sample in F. The flat pebbles are shown in
light gray, and the bivalve shells in dark gray. (H) Clastic dykes crosscutting F1 and Sr facies.

2.4.3. Shoreface (FA-3)

Description

This facies association is characterized by up to 10 m-thick coarsening-upward
succession of interbedded tabular beds of siltstone, heterolithic facies and sandstone (Fig. 7).
Heterolithic facies of dominant wavy and flaser beddings (Hw and Hf, Fig. 7A) are common
in the lower part of the FA-3, displaying abundant mm- to cm-scale mudstone (Fig. 7B) or
syneresis cracks (Fig. 7C) and moderate to high bioturbation index (BI: 4-5). Bioturbation is
dominated by structureless vertical U-shapped and horizontal burrow and consist of sediments
lithologically different from the host matrix (Figs. 7D). Thin lenses and tabular beds of Fl
(centimeter-scale) usually occurs interbedded with Hw, decreasing in thickness towards the top
of the facies association. The facies Sr dominates in the upper part of FA-3, and commonly
occur as 0.1 to 3 m-thick tabular beds that are laterally continuous for tens to hundreds of meters
(Fig. 7E). Millimeter to centimeter-scale mudstone drapes, presenting horizontal bioturbation
(e.g., Planolites) and vertical U-shapped (e.g., Arenicolites) is commonly developed in the
troughs of the ripple marks.

Dense accumulations of bivalve shell beds (Rb) and bioclastic sandstone (Sb) occur as
up to 5 cm-thick lenticular beds with lateral extension of tens of meters (Fig. 7F). In these
deposits, the bivalve shells are completely disarticulated and dominantly disposed in a convex-
upward posture. Fragments of comminuted shells are also observed. Bioclastic fine- to medium-
grained sandstone usually displays fragmented bivalve shells chaotically dispersed in the rock
framework.

Interpretation

This facies association is interpreted as a low-energy setting developed in a gentle ramp
above the fair-weather wave base (Schwarz and Howell, 2005). The dominant presence of
symmetrical ripple cross-lamination is interpreted to be the result of the migration of wave

ripple marks near the shoreline. The occurrence of mudstone in the troughs of these ripple marks
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suggests the existence of oscillatory flows generating periods of stillstand and settling of mud
particles. In this context, the occurrence of wavy and flaser beddings suggests that during
moments of increase in the water-level, mud particles settled above ripple marks in the new
slack water condition. During periods of decrease in water-level, ripple marks migrated
underwater, and the previously deposited mud was subjected to subaerial exposure generating
mudcracks.

The taphonomic characteristics of the Rb and Sb suggest exhumation, reworking and
prolonged exposure of bioclasts at the water/sediment interface, under conditions of low or
intermediate sedimentation rates in a proximal environment (above the fair weather wave base)

(see discussion in Simdes and Torello, 2003).
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Figure 7 — Shoreface facies association (FA-3). (A) Interbedded wavy and flaser beddings with fine-grained
sandstone with symmetric ripples. (B) Three different beds with mudstone cracks (orange arrows) in heterolithic
facies. (C) Syneresis cracks in a mudstone drape. (D) Wavy bedding with Planolites (P1) and Arenicolites (Ar)
bioturbations. (E) Sandstone with symmetric ripples covered by mud drapes. (F) Polished section of shell bed
constituted by bivalves from the Pinzonella illusa Biozone (Section 3 — Cérrego Cuiabano). The scale in A and D

is 5 cm long. The hammer in D is 30 cm long.
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2.4.4. Foreshore (FA-4)

Description

Although low expressive, this facies association consists of very-fine to medium grained
sandstones with planar cross-stratification (Sp), low-angle cross-stratification (St) and
horizontal lamination (Sh) (Fig. 8A-B), with tabular geometry, thicknesses between 0.2 to 1 m,
and lateral extension in the order of few meters. This interval is characterized by low (BI:1) or
absence index of bioturbation.
Interpretation

This facies association is interpreted as a high-energy setting developed in a foreshore.
The presence of horizontal lamination and cross-stratification (dunes migration) indicates
upper-flow regime conditions. The absence of bioturbation suggest that the foreshore was a
high-energy, turbulent and stressful environment that inhibited organism colonization
(Maceachern and Pemberton, 1992). In a marine setting, that occurs within the intertidal section
where swash and back-swash processes, associated with breaking waves (Masselink and Puleo,
2006). In the case of Corumbatai Formation, the foreshore represents the sedimentation above
the lower boundary of the saline flat setting, that represents the maximum inundation by seiche
and storms. The low expression of FA-4 could be explained by the reworking of the sediments

by the swash and backwash of the waves.
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Figure 8 — Foreshore facies association (FA-4). (A) Tabular bed of horizontally laminated sandstone (Sh). (B)

General view showing foreshore facies (FA-4) overlying the shoreface facies (FA-3).

2.4.5. Saline Flat (FA-5)

Description

Anup to 8 m-thick succession of interbedded laminated siltstone, sandstone, grainstone,
and silicified stromatolites showing evaporitic features such as breccia, popcorn crusts, and
halite hopper characterizes the FA-5 (Fig. 9). This facies association is only present in the upper
part of the Corumbatai Formation. In the Sdo Paulo State, the FA-5 is represented by 2-m-thick
successions of interbedded Wm, Gr and Ms (Fig. 9A) that are commonly associated to
microkarst and dissolution features (Fig. 9B). Microbialite facies are commonly found in the
upper part of the FA-5 as silicified domal and planar stromatolites. Additionally, in the Goias
and Mato Grosso states, centimeter-scale, silicified conical stromatolites (Fig. 9C), and planar

stromatolites with brecciated top were also observed. Centimeter-scale tabular beds of ostracod
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wackestone and rudstone are commonly associated to silicified halite hopper (Fig. 9D) and
popcorn crust (Fig. 9E). Decimeter-scale successions of evaporitic paleosoil (Pe) interbedded
with Rd (Fig. 9F), mudstone cracks (Fig. 9G), and teepees are also common.
Interpretation

This facies association is interpreted to have been deposited in a saline flat, based on:
(1) the predominance of widespread evaporitic paleosoil indicating subaerial exposure; (ii)
profusion of silicified evaporitic features such as halite hopper, breccia and popcorn crust,
indicating increased salinity towards the upper part of the Corumbatai Formation, and (iii)
presence of oncoids, ooids and stromatolites indicating deposition in very shallow water
conditions. The formation of saline water bodies (saline pans) is suggestive of the occurrence
of moments of flooding interspersed with periods of subaerial exposure of the coastal areas
during stronger seiche events, reinforcing the existence of high-frequency oscillations of the
water level such as observed in the shoreface facies association (FA-3). In other words, seiche
and storms should influence the flooding of the area and, when these events stopped, the day-
by-day is marked by the drying and formation of paleosols and evaporite crusts.The existence
of a marked tendency of aridization during the end of the Permian (Lavina, 1991; Rohn, 1994;
Warren et al., 2008), led to the ideal conditions for the establishment of highly evaporative
conditions, concentrating brines, changing pH conditions, and providing suitable settings for

the development of microbialites and others evaporitic facies.
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Figure 9 — Saline Flat facies association (FA-5) from the upper part of the Corumbatai Formation. (A) Silicified
ripple cross-laminated grainstone. (B) Silicified microkarst and dissolution features. (C) Silicified conical
stromatolite. (D) Grainstone with oncoids (black arrows) and halite hopper (white arrows). (E) Silicified popcorn

crust. (F) Oncoid rudstone. (G) Mudcracks in silicified mudstone.
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2.5. Discussion
2.5.1. Sequence Stratigraphic Framework

The studied succession encompasses a third order stratigraphic sequence (Holz et al.,
2010), characterized by mixed deposition of siltstone, sandstone, heterolithic facies, carbonate
and evaporite rocks in a shallow lacustrine environment (Fig. 10). The sequence is bounded at
base by a paraconformity (correlative conformity) with the Irati Formation, marked by the
occurrence of phosphatic bone beds (facies Rp, interpreted as condensation deposit), and at top
by a subaerial unconformity with the Pirambdia (Sao Paulo State) and Botucatu (Goids/Mato
Grosso states) formations. In this context, the Serra Alta Formation corresponds to the 3™
transgressive systems tract (TST3; see Warren et al., 2015), while the Corumbatai Formation
comprises the 3™ regressive systems tract (RST3), marked by the major inflection between the
rise and fall of the accommodation curve in the upper part of the Serra Alta Formation
succession (i.e., maximum flooding surface — MFS3, as proposed by Holz et al., 2010, Fig. 10).

High-frequency sequences (4™ to 6™ order; sensu Catuneanu et al., 2009, 2011) were
recognized based on the definition of the stacking patterns in distinct scales (Fig. 10). The 6™
order sequences are organized into asymmetric progradational pattern, which are traceable
across all the studied succession, while the 5™ order sequences present asymmetric
retrogradational and symmetrical progradational patterns. Two 4™ order stratigraphic sequences
are identified, comprehending transgressive (TST4.1 and TST42) and regressive (RSTs.1 and
RST42) systems tracts.

The Serra Alta Formation comprise the first transgressive system tract (TSTas.1),
representing the transition from shoreface-offshore transition to offshore settings. The inflection
of the accommodation curve point to the maximum flood surface (MFS4.1) and represents the
shift from a predominantly retrogradational architectural pattern (Serra Alta Formation) to a
progradational one (top of the Serra Alta Formation and base of the Corumbatai Formation).
The first regressive systems tract (RST4.1) is characterized by the constant decrease of the
accommodation curve (see Fischer Plots; Fig. 10) added to progradational stacking patterns
from offshore-transition to shoreface facies associations (change of color between the dark gray
siltstone from Serra Alta Formation and the reddish and bioturbated siltstone of the Corumbatai
Formation, rippled sandstones, and heterolithic facies), suggesting progressively shallower and
oxygenated depositional conditions (Warren et al. 2015).

The second 4" order stratigraphic sequence begin with the second 4" order transgressive

systems tract (TST4.2), where the accommodation curve presents a significant rise in the middle
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part of the Corumbatai Formation, been more pronounced in the CS-3 (Goids/Mato Grosso
states), and not visible in the CS-1 (Sdo Paulo State). Interestingly, there is a clear dominance
of proximal facies in the CS-3 and of distal facies in the CS-1 and CS-2, with a retrogradational
pattern observed in all sections. Finally, a significant increase in thickness of sandstone
packages and the presence of carbonate and evaporitic facies are related to the progradational

architecture of the RST4..
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Figure 10 — Composite sections of the Corumbatai Formation along the Parana Basin with indication of the
systems tracts, facies associations and accommodation curve (Fischer Plot). The red accommodation curve refers



to 4" order stratigraphic sequence and the black line refers to 3™ order. C - Clay; St - Silt; FS - Fine Sand; MS -
Medium Sand; CS - Coarse Sand; G/P — Granule/Pebble; M — Mudstone; W — Wackstone; P — Packstone; G —

Grainstone; F — Floatstone; R — Rudstone; FA — Facies association.

2.5.2. Stages of megalake evolution

The long-term preservation of sediments in lacustrine basins is mainly controlled by
subsidence, whereas the short-term changes in accommodation is a result of the interplay
between subsidence and water balance (Caroll and Bohacs, 1999). The water balance in lakes,
is more complex than in marine settings since it is a function of the relationship between water
and sediment supply by rivers, incoming groundwater, evaporation, and subaerial/subsurface
water outflow. Regardless the size, the maximum lake level is controlled by the lake spill point
over which the lake cannot rise even during an excess of inflowing water. If the lake level has
not reached the maximum level, it will operate as a closed or endorheic lake, and any difference
in the water balance can result in drastic lake-level variations (Carroll and Bohacs, 1999;
Bohacs et al., 2000; Carroll and Bohacs, 2001; Bohacs et al., 2003).

Additionally, in lakes and other climatically influenced/controlled depositional settings,
the relative base level variation is a function between the precipitation and evaporation and
directly influence the lake architecture (underfilled, balanced-fill, overfilled; Bohacs et al.,
2000). If unconsolidated sediments are available in the source areas, an increase in precipitation
will condition an equal increase in both water and sediment supply. Thus, if the
precipitation/evaporation ratio is positive, a relative rise in the lake level will occur (humid
phase). In contrast, if the precipitation/evaporation ratio decreases, the result is a relative fall of
the lake level (arid phase).

In this section, we seek to approach the distinct controls of subsidence, lake-level
variation and sedimentation, integrating the facies stackings in district parts of the Serra Alta
and Corumbatai formations within a sequence stratigraphic framework. Data suggests that these
units were deposited in an endorheic megalake that went through balanced-fill to overfilled
stages, intimately associated to the transgressive and regressive systems tracts (Figs. 11, 12, 13
and 14). Although this mega lake has experienced overfilled conditions, the absence of fluvial/
deltaic facies associations even in the most marginal regions of the basin, suggests that the lake
receive most of the freshwater from precipitation. Furthermore, at this time, the Parand Basin
was compartmentalized by probable structural highs (i.e., Anhembi Dome; Soares, 1991;

Riccomini et al., 1992; Rostirolla et al., 2003; Etchebehere et al., 2007; Perinotto et al., 2008;
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Cavallaro, 2013; Warren et al., 2015; Varejao et al., 2022), and disconnected from the global
ocean. Thus, the mega lake level reflects the equilibrium point between water inflow
(precipitation + groundwater, and subordinately, river discharge) and outflow (evaporation),

attesting endorheic conditions for this system.
Stage 1. Freshwater ballanced-fill lake

In closed lakes, a common linkage exists between sediment supply and lake level
(Schumm, 1977; Perlmutter and Matthews, 1989). The joint increase in sediment and water
supply usually results in the landward migration of the coastline (lake transgression), especially
in low-gradient lacustrine basins, as is the example of the Serra Alta Formation (TST4.1).

The TSTs.1 is dominated by grey silty shales cyclic interbedded with fine-grained
sandstone in a dominantly offshore setting (Fig.11). During this stage, prevailed the alternation
between suspension fallout and low-density turbidity currents (or hyperpicnal/bottom currents),
when detrital components are punctually delivered to the deep basin (Warren et al., 2015;
Zavala et al. 2022, Peng et al., 2022), as evidenced by the thin beds of sandstone and the
common occurrence of condensed levels (phosphate concentrations). These hyperpycnal flows
are originated and sustained by the continuous “pumping” from small fluvial systems (without
generation/preservation of deltaic systems) and, depending on the duration of sedimentary
discharges, they can be maintained for days, weeks, or even months (Zavala et al., 2006; Zavala,
2020).

The lake was getting increasingly deeper to the top of the succession, as evidenced by
the increase in the thickness of the muddier beds, and the presence of pyrite crystals, the better
preservation of organic matter and the occasional incidence of bioturbation suggest deposition

under predominantly reducing conditions (anoxic to dysoxic) (Warren et al., 2015).
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Figure 11 — Stage 1 of the Sedimentary evolution of the Corumbatai Formation. Deposition in a freshwater

balanced-fill lake with relatively calm waters, only affected by episodic storm and hyperpycnal flows. The
columnar section indicates the sedimentary facies succession distribution in this stage with the respective system

tract (TST4.1) (see Fig. 14 for legend). Explanation: TS — Transgressive Surface.

Stage 2: Freshwater overfilled lake

Once the lake achieves maximum level (i.e., maximum flooding surface), the
introduction of sediment will inevitably result in the progradation of coastal system (lake
regression). In this context, the relatively uniform and slow subsidence expected for extensive,
low gradient shallow lakes (or intracontinental basins) (Zalan et al, 1991; Rohn et al., 1994;
Milani, 1997; Xie and Heller, 2009) favored a climate-induced basinward migration of the
coastline during deposition of the RST4.1.

During this stage, the lake was moderately oxygenated (as indicated by the reduced
bioturbation index), and presented relatively calm waters, only affected by episodic storms and
seiche. Sedimentation probably occurred under a relatively humid climate (Rees et al., 1999;
Spalletti et al., 2003), and a moderate sediment supply as evidenced by the facies associations
and the high-frequency transgressive-regressive shallowing upward successions (Fig. 12). This
resulted in deposition of offshore to shoreface-offshore transition (CS-1 and 2) and shoreface
(CS-3) successions in a progradational arrange. The gradual increase in sandstone beds at this
stage reinforces the reduction in water depth and accommodation fall, a consequence of the

increase in sediment input.
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The absence of carbonate and evaporite facies, in the Stage 2 suggests a permanent
freshwater lake, probably with similar characteristics as the modern huge water bodies such as

Caspian or Black seas (Hinds et al., 2004; Boomer et al., 2005; Abdullayey et al., 2012).

Stage 2: Freshwater
Overfilled Lake
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Figure 12 - Stage 2 of the sedimentary evolution of the Corumbatai Formation. The lake level variations promoted

>» =
Lake level
variation

Low

the deposition in freshwater overfilled lake dominated by waves and currents, with intercalation of shoreface to
offshore -transitions facies associations. The columnar section indicates the sedimentary facies succession

distribution in this stage with the respective system tract (RSTs.1) (see Fig. 14 for legend).
Stage 3: Brackish water balanced-fill lake

During the deposition of the TST4.2, a positive water balance (precipitation) allowed the
rise of the lake level to rise accommodation, resulting in the landward migration of the system
and the deposition of offshore-transition deposits over the shoreface facies from RSTa4.1 (Fig.
13). Nonetheless, the sediment supply to the basin contributed again to the transgression of the
coastal systems. The wet-dry climatic cycles probably influenced the lake-level and the
deposition of the succession by controlling the relationship between evaporation and
precipitation, also changing the sediment supply by affecting the denudation. Thus, wet-cycles
often result in rising lake-level and increasing sediment supply, in contrast to dry-cycles (Wang

et al., 2009; Sztan¢ et al., 2013; Gong et al., 2019; Zhang et al., 2020).

The commonly bioturbed heterolithic facies observed in the CS-3 suggest great
oxygenation and availability of substrate nutrients allowing the proliferation of benthic

organisms. The Teichichnus assemblage, forming monospecific suites or associated with
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Planolites, is common in restricted and heterolithic facies with synaeresis and/or mudstone

cracks, pointing to the brackish water (Buatois et al., 2005) character of the Stage 3.

Stage 3: Brackish water
ballanced-fill lake
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Figure 13 - Stage 3 of the sedimentary evolution of the Corumbatai Formation. The positive water balance
(precipitation) allowed the landward migration of the system and the deposition of offshore-transition deposits
over the shoreface facies associations, in a brackish water balanced-fill lake. The columnar section indicates the
sedimentary facies succession distribution in this stage with the respective system tract (TST4.2) (see Fig. 14 for

legend).
Stage 4: Saline overfilled lake

During this stage, the Corumbatai Formation was characterized by the progressive
intensification of arid climate and a relatively shallow water level conditions (Fig. 14). The
progradational (RST4.2) tendency is evidenced by the marked decrease of accommodation (see
Fig. 10) and the presence of evaporite deposits (saline flat facies association — FA-5), in the
upper part of the succession. Sandier and heterolithic facies dominate in this part of the lake
evolution and attest the advancement of proximal systems. At this time, the shallower water
conditions of the megalake evolution allowed the intensification of the day-by-day seiche
actuation in the deposition of the heterolithic facies and substrate oxidation (higher bioturbation

index), very similar to the depositional conditions of the astronomical tidal flat.

In the final progradational phase, the relatively lower siliciclastic input, and the
hydrological deficit due to increase evaporation rates in the endorheic basin led to the increase

of alkalinity, favoring carbonate precipitation. During this interval, the progressive clogging of
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the aquatic body formed small and isolated ponds in marginal areas, prone to high evaporation
rates and consequently high salinity, supporting sedimentation of carbonate mud, increase in
stressful ecological conditions, proliferation of biomats and formation of microbialites (Fig.
14), formation of evaporitic deposits and expressive subaerial exposure of marginal areas (as
indicated by the presence of paleosoils and brecciated beds). The most intense seiche could also
be responsible for the temporary flooding of dry areas (storm surges and other strong
metereological events, that make it possible the flood of the “backshore” region) originating
isolated ponds and reworking sediments by waves and currents, occasionally transporting them

to deeper parts of the basin.
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Figure 14 — Stage 4 of the sedimentary evolution of the Corumbatai Formation. The intensification of the arid
climate promoted the fall of the lake level and the deposition in a saline overfilled lake under the influence of
seiche. Note the movement of the water column that flood/exposure large marginal areas, as well as transport the
sediments from distal (deeper) to proximal (shallower) areas. The area in reddish color refers to the evaporitic
and carbonate facies described in the states of Goias and Mato Grosso (northern part of the studied area). The
block diagram shows a detail of the heterolithic facies grading to rippled sandstone with bioturbation and mudstone
cracks formed by the alternation of floods and exposure caused by seiche. The columnar section indicates the

sedimentary facies succession distribution in the stage with the respective system tract (TST4.2).
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2.5.2. Controls on the sedimentary dynamic

Allogenic processes are related to external controls in the sedimentation that acted in
the entire basin such as tectonics and climate (Beerbower, 1964; Cecil et al., 2011). On the other
hand, autogenic processes will result in high-frequency changes in the depositional conditions
associated with the internal dynamics of the sedimentary system (e.g., carbonate factory, seiche,
storms, internal sediment redistribution, channel avulsions) (Beerbower, 1964; Cecil et al.,
2011). From this perspective, it is a hard task to differentiate autogenic and allogenic controls
in the sedimentary record since lateral facies variations, changes in bed thickness and punctual

differences in cycles/parasequences are expected.
Allogenic processes

Over the evolution of the Parana Basin, the subsidence seems to have been related to the
tectonic regimes established on the Gondwana margin, with periods of low depositional rate
followed by long erosive intervals (Assine et al., 1994; Milani, 1997). However, climate
changes have been described as an important mechanism for the origin of most cyclicity
observed at the outcrop scale (Wu et al., 2013; Hilgen et al., 2015).

During most of the Phanerozoic, the southern region of the Gondwana was tectonically
active under a compressive stress regime between the cratonic part of the supercontinent and
the Panthalassic oceanic crust (Coira et al., 1982; Milani and Ramos, 1998). In this scenario,
the Patagonia figured as an allochthonous microcontinent (Ramos et al., 1984; 1986; 2008) that
was amalgamated with the supercontinent during the late Permian Sanrafelic Orogeny (Ramos,
1988; Ramos, 2008). The collision, deformation and subsequent uplift of a high-altitude
cordillera (i.e., Gondwanides Belt, Keidel, 1916) caused the isolation of the Parand and Karoo
basins from the Panthalassic Ocean (Warren et al., 2008; Holz et al., 2010) forming a
continental-scale megalake, which has been exposed to progressive continentalization and
aridization (Milani et al., 2007; Limarino et al., 2013).

Characterized by a long-term transition from icehouse to extreme greenhouse-hothouse
conditions, the late Paleozoic paleoclimatic evolution was a unique period in Earth's history
(Gastaldo et al., 1996; Spalletti and Limarino, 2017). During the Guadalupian and the beginning
of the Lopingian, when the Parana and Karoo basins were already isolated from the Panthalassic
Ocean (Runnegar and Newell, 1971; Maranhao and Petri, 1996; Simdes et al., 1998; Ghilardi
and Simodes 2002; Simdes et al., 2012), the climate in the SW Gondwana was probably warm

temperate (Rees et al., 1999). At the end of the Permian, subtropical regions extended into
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higher latitudes, resulting in the disappearance of cool temperate and polar regions, followed
by increasingly drier conditions, and ultimately arid climate (Spalletti et al., 2003) (Fig. 15).
This progressive aridification was accompanied by the establishment of the long-lived
continental Choiyoi Magmatism in southwestern Gondwana (Spalletti and Limarino, 2017),
coinciding with the eruption of the continental flood basalts of the Siberian Traps and the most
important mass extinction in the Phanerozoic Geological Record (Renne et al., 1995; Kamo et
al., 2003; Wignall, 2001; Benton, 2003; Benton and Twitchett, 2003; Sauders and Reichow,
2009; Shen et al., 2011; Chen and Benton, 2012).

The absence of significant basin slope, added to the reduced water depth of this Permian
megalake system, restricted the generation of accommodation (Lindsay et al., 1993) and
conditioned the progressive basin filling by sediment coming from eroded continental areas
(Warren et al., 2008). The combination of low depositional rates (Sloss, 1996), and reduced
bathymetry, also caused pronounced variations in the relative base level producing flooding or
subaerial exposure of huge marginal areas (Lavina, 1991).

The 3™ order stratigraphic sequence that comprehends the Serra Alta and Corumbatai
formations was deposited entirely during the last efforts related to the subsidence pulse
associated with the Sanrafaelic Orogeny (Milani and Ramos, 1998; Ramos, 2008) (Fig. 15).
The end of the Sanrafelic Orogeny at the late Guadalupian, led to the isostatic readjustment of
the crust (Ramos, 2008) and a general decrease in the intracontinental subsidence.

The presence of clastic dykes in the last 4™ order RST (RST4.) is interpreted as related
to the reactivation of lithospheric faults associated with seismic activity during the deposition
of the Teresina/Corumbatai Formation (paleo-earthquakes with estimated magnitudes >6ML,
Riccomini et al., 1992; Perinotto et al., 2008; Turra, 2009; Warren et al., 2015; Matos et al.,
2017). At this time, the Tieté Lineament and related discontinuities were active resulting in
uplifting of structural highs (i.e., Anhembi Dome; Soares, 1991; Riccomini et al., 1992;
Rostirolla et al., 2003; Etchebehere et al., 2007; Perinotto et al., 2008; Cavallaro, 2013) and
also produced a series of soft-sediment deformation structures, such as syn-sedimentary faults,
sand volcanoes, breccias, thixotropic wedges and hydrothermal exudation recorded in these
units (Riccomini et al., 1992; Perinotto et al., 2008; Turra, 2009; Warren et al., 2015; Matos et
al., 2017; Varejao et al., 2021). However, it is interesting that this tectonic reactivation did not
produce major changes in basin accommodation tendency. A small increase in the curve is only
noted in CS-1 (geographically closer to the structural high) just above the interval with clastic

dykes. Since the architectural pattern indicative of increase in accommodation is not observed
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in the others study area (Fig. 10), it is plausible that the intense seismicity may be related to the
local generation of accommodation only in the ENE part of the Parana Basin, in a less distant
area from the compressive margin of Gondwana (Ramos et al., 1986; 1998; 2008).

Despite local variations, the widespread reduction in the generation of accommodation
in the late Permian resulted in a progradational cycle of the Parand Basin materialized by the
almost entire succession of the Corumbatai Formation (Fig. 10). The decrease in the water
supply, related to a more arid climate condition (Rees et al., 1999; Spalletti et al., 2003; Spalletti
and Limarino, 2017), maximize the regression of the megalake margins and the basin-scale
progradation. This culminated with the deposition of the shallow coastal lacustrine
environments with subaerial exposure and saline and carbonate deposition. Considering the vast
extent of megalake, the marked presence of evaporites at the upper part of the Corumbatai
Formation in the northern sections (Goias and Mato Grosso states) and shallow coastal deposits
in southern sections (Sao Paulo State) is probably related to different paleoclimate zones at the

time of deposition (Rees et al., 1999).
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Figure 15 - Tectonic and climatic controls during the deposition of the Permian succession of the Parana Basin,
correlated with the depositional systems evolution in Parand Basin and accommodation curve obtained for the
Corumbatai Formation (this work). U-Pb ages of detrital zircons according to Tohver et al. (2018); Volcanic tuff
ages for the Irati Formation according to Cagliari et al. (2022); Ages of volcanic tuff for the Corumbatai Formation
according to Christofoletti et al. (2023). 1 — Ramos (2008); 2 — Scotese et al. (2021); 3 — Rees et al. (1999) and
Spalletti et al. (2003). CS-1 - Composite section 1; CS-2 - Composite section 2; CS-3 - Composite section 3, shown

in Fig. 10; Fm. - Formation; Lop. - Lopingian; Guad. - Guadalupian; Cisur. - Cisuralian.
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Autogenic processes

High-frequency changes in the depositional conditions are mainly associated with the
internal dynamics of each sedimentary system (Cecil et al., 2011). Thus, in geographically close
sections and outcrops it is expected that lateral variations would be much more controlled by
autogenic (local) factors than allogenic (regional) variations. Similarly, the effects of the
autogenic control are more perceptible in high-resolution sequences (Zecchin, 2007; Catuneanu
and Zecchin, 2013). Separating the autogenic from the allogenic signal is a difficult task, by but
this can be tentatively made through curves of corrected accumulative thickness of coarsening-
upward successions representing increases and decreases in accommodation (Sadler et al.,
1993; Ocakoglu et al., 2012; Muniz et al., 2015; Yang et al., 2018, among others).

These local depositional conditions in Corumbatai Formation can be illustrated by: (i)
the absence of lateral correlation of foreshore facies (FA-4). The low preservation potential
could be explained by the dinamic of erosion/deposition promoted by the waves (see Fig. 14);
(i1) the formation of saline flats at the top of the CS-1, which is very close to offshore-transition
facies, reflecting large local changes in sedimentation/accomodation; (iii) the casual existence
of shell beds are interpreted as a tsunamite deposit (Batalha Secction; Rodrigues, 2024)
differing of other bioclastic-rich concentrations of the Corumbatai Formation that are proximal
or distal tempestites (Simdes et al., 1996, 1998); (iv) hyperpycnal flows that transport different

amounts of sand to the offshore region.
2.5.4. Recognizing seiche in the Permian Corumbatai megalake

Several facies such as heterolithic beds, sigmoidal stratification recovered by mud
drapes, herringbone cross-stratification (Nio and Yang, 1989), as well as desiccation cracks
(DeVries Klein, 1985), and mud-sand pairs (Dalrymple, 2010a), were tentatively interpreted as
diagnostic criteria to define tidally influenced environments. However, despite most of these
deposits can be directly related to astronomical forcing (Visser, 1980; Nio et al., 1981), they
also have been frequently described in both modern and ancient environments without influence
of astronomic tides (Table 3). Thus, a key implication of this is that the classic “tidally”
produced sedimentary structures recognized in ancient rock successions should not
automatically be attributed to astronomical or marine tidal currents, since meteorological

processes (e.g., seiche) in continental environments can generate similar structures.

Table 3 - Synthesis of the occurrence of some sedimentary criteria frequently related to tidal or lacustrine

environments and their relationship with the depositional model proposed for the Corumbatai Formation. 1 - Ichaso
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and Dalrymple (2009); 2 - Ainsworth et al. (2012); 3 — Dalrymple (1992); 4- Renaut and Gierlowski-Kordesch
(2010); 5 — Garzanti (1991); 6 - Andeskie et al., 2018; 7 — Plummer and Gostin (1981); 8 -Flemming et al. (1992);
9 — Longhitano (2011); 10 — Oliveira et al. (2019); 11 — Olivito and Souza (2020); 12 — Wright (1984); 13 — Platt
and Wright (1991).

Depositional Settings

(se dimerFl)t';)Olgg:Fct;Scri teria) Tidal Lake Corumba_tai Formation
(this work)
Fluid mud Xt Xt X
Sandy bundles with mud drapes X3 X?
Rhythmite X* X# X
Heterolithic bedding X# X? X

Heterolithic bedding with reduced X#
bioturbation

Rip-up clasts X® X8 X
Mudstone cracks X7 X! X
Subagueous sedimentary cracks X7 X! X
Bioclastic lags X80 X10.11 X
Finning upward cycles X#

Coarsening upward cycles X
Evaporitic facies X2 X8 X

During a seiche event, the water level variations can occur in different temporal and
spatial scales as a response to changes in the water depth, air pressure and surface wind (or
other external forces such as storms). For example, in some of the Great Canadian Lakes and
other large water bodies, the period between the "high" and "low" seiche can be as much as four
to seven hours, which is very similar to the period between a high and low tide in open oceans
(NOAA; Dalrymple, 2010a; Ainsworth et al., 2012). The oscillations at the resonance
frequencies in Azov Sea (Ukraine and Russian Federation), corresponding to one-, two, three-,
four-, and five-node seiches and are characterized by periods of 38.4, 23.7, 12.1, 8.8, and 5.1h,
respectively (Matishov and Inzhebeikin, 2009). In the Caspian Sea, resonance frequencies also
vary in function to one, two, three, four, five, and six-node seiches, with respective periods of
13.9,9.5, 6.1, 4.7, 3.6, and 3h (Medvedev et al., 2019). The Table 4 summarizes the day-by-
day variations in water level range triggered by seiche in different enclosed or semi-enclosed
basins. Special attention is given to storm season in the Caspian Sea, when significant land
areas (ca. 50 km) are inundated, and vast coastal shallow areas (ca. 15 km) are dried during

negative surges (Medvedev et al., 2019).

Table 4 — Day-by-day and punctual storm variations in water level triggered by seiches in different enclosed or

semi-enclosed basins.
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Location Water level variation (m) Author

0.3 - 0.9 m (normal daily range), and 3 — 6 m during

Lake Erie Trebitz, 2006; NOAA; NOS
storms
Lake Huron 0.2 — 0.5 m (normal daily range) Trebitz, 2006
Lake Trebitz, 2006
_ i rebitz,
Michigan 0.1 — 0.4 m (normal daily range)
Lake Ontario 0.05 - 0.2 m (normal daily range) Trebitz, 2006
Lake Superior 0.1 -0.3 m (normal daily range) Trebitz, 2006
Caspian Sea ~0.7 m (normal daily range), and 3 — 4.5 m during storms Medvedev et al., 2019
] Matishov & Inzhebeikin,
Azov Sea 0.1 -0.7 m (normal daily range)
2009
) 0.05 - 0.21 m (normal daily range), and 0.4 m during )
Venice . Ferrarin et al., 2022
storms

The seiches, as well as the astronomical tides, produce the alternation of tractive flows
with periods of calm waters, which favor sedimentation of interbedded sand and silt (or
heterolithic facies). Thus, it is plausible that this oscillatory phenomenon has a proved
sedimentation potential (Bloesch, 1995; Shteinman et al., 1997; Chapon et al., 1999; Pritchard
and Hogg, 2003), similar to astronomical tides (Ainsworth et al., 2012) and is capable of
originating heterolithic facies and sand-mud pairs as observed in the example of the Permian
Corumbatai Formation. The exposure/flooding of large coastal areas provide the ideal
conditions for the formation of mudstone cracks and the development of pans and paleosoil, as
observed in Stage 4 of the evolution of the Permian megalake here discussed (Fig. 14). In fact,
wind-generated waves can also produce a similar scenario in reduced bathymetry, however the
exposure/flooding of large coastal areas during, and after, storms seem to be significantly
smaller than during seiche.

Another characteristics of the sediment transport and deposition related to seiche
include: (1) when the flow (wind/seiche) is parallel to a basin axis, the sediment is transported
exclusively from the more distal zones to shallower parts of the basin (Pritchard and Hogg,
2003); (ii) when the flow is radial, the deposition in the center of the basin is reduced and
dominated by settling of mud, while there is an increase in the coastal deposition and the
erosion of the intermediate part between the distal and coastal zones (Pritchard and Hogg,
2003); (ii1) the of erosion and deposition processes are strongly influenced by the grain size of
the sediment, which controls the time taken for the suspended sediment concentration to
respond to changes in the fluid velocity. This offers the possibility of seiching as a mechanism

to explain the segregation of different types of sediment (Pritchard and Hogg, 2003), and (iv)
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seiches may produce important changes in fine-sand bed forms significantly increasing the
sedimentation rate (centimeters per hour; Pritchard and Hogg, 2003). These facts can explain
the transport of the silt fraction sediments of the distal to proximal areas during the seiche event,
that forming the heterolithic facies. The increase of the sand fraction matches perfectly with
what was observed in the Corumbatai formation: heterolithic facies exhibit an increase in the
sand/silt ratio (linsen, wavy, flaser, in that order) and the coarsening-upward cycles culminated
in wave-rippled sandstone with mud drapes.

Since the 1970s, the depositional environment of the Corumabatai Formation has been
attributed to tidal flats based on the presence of heterolithic and wave-rippled sandstone with
mudstone cracks. However, the Permian geographical isolation between the Corumbatai
megalake and the Panthalassic Ocean, reaffirmed by the fossil content (Mendes, 1952; Beurlen,
1954; 1957; Runnegar and Newell, 1971; Rohn, 1994; Maranhao and Petri, 1996; Simdes et al.,
1998; Ghilardi and Simdes, 2002; Simdes et al., 2012; Warren et al., 2015), would make the
influence of astronomical tides impossible. Thus, all the sedimentary structures and bedding
characteristics present in the Corumbatai Formation, and listed in the Table 3, are suggestive of
a tidal response, except that the dominant tide is of meteorological and not astronomical origin.

Thus, in large and shallow lakes, as the Permian Corumbatai megalake, the most
important internal dynamics that controls the sedimentation are waves, currents and seiches
(Imboden, 2004), being tidal effects negligible even in large water bodies (Renaut and
Gierlowski-Kordesch, 2010). Waves tend to move sand-grained sediment along the shoreline
and transport fine sediment offshore by processes analogous to those that acted along marine
shorelines (Renaut and Gierlowski-Kordesch, 2010) (Fig. 12). As in the modern oceans,
geostrophic effects also deflected water currents in large lakes — to the right in the North
hemisphere and to the left in the South (Renaut and Gierlowski-Kordesch, 2010) — which can
induce circulation, upwelling, and underflows that redistribute the sediment. Seiche was
responsible to coastal water-level variations and produced the sedimentation of heterolithic
facies, which were covered by exposure deposits such as mudstone with mud cracks. Thus,
during events of pronounced oscillation of the water level by the seiche (i.e., storm surges),
extensive coastal plains would be alternately flooded, receiving sediment in the sand fraction,
or exposed, providing the formation of cracked surfaces with the water retreat (Fig. 14). During
periods of calm waters, that is, without the action of strong winds capable of promote large
variations in the amplitude of the seiche (day-by-day variations), silt and sand sedimentation

would be possible (Fig. 14).
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2.6. Conclusion

A new depositional model for the sedimentary evolution of the Permian Corumbatai
Formation, Parand Basin, is proposed based on sedimentological, stratigraphic and ichnological
data. According to the gathered data, the depositional sequence encompassing this unit records
five facies associations: offshore (FA-1), offshore-transition (FA-2), shoreface (FA-3),
foreshore (FA-4) linked to siliciclastic-dominated deposits, while carbonate-dominated
successions record deposition in a saline flat (FA-5). The Fischer diagrams indicated
architectural trends, provide the accommodation curves of the studied succession and
contributed to the correlation of geographically distant sections. These data were integrated to
provide an overall stratigraphic framework, and four 4™ order systems tracts were recognized
(TSTs4.1; RST4a; TSTs2 and RSTs2), indicating a high-frequency variation in the
accommodation of the basin. The autogenic processes associated with combined climatic,
tectonic and eustatic variations (allogenic factors) resulted in the deposition in a megalake that
evolved from balanced-fill to overfilled stages, fluctuating between freshwater to
brackish/saline conditions.

Thus, the Corumbatai Formation presents a typical shallowing-upward pattern and
constitutes a wave-dominated shallow lacustrine system strongly affected by meteorological
phenomena. In an enclosed basin, not influenced by meso or macro-tides, the deposition by
storms or seiche events are likely and could explain the presence of heterolithic facies in
shoreface to offshore-transition settings, since water mass movements produced by seiche in
coastal plains, of an enclosed or semi enclosed water body, is like astronomic tides. The
presence of the coastal saline pan towards the top of the unit attests the regressive pattern of the
succession and a progressive aridization during the Late Permian, culminating in the desiccation

of this megalake in the SW Gondwana and complete continentalization of the Parana Basin.
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2. DEPOSITO DE CINZAS VULCANICAS NA FORMACAO CORUMBATAI:
IMPLICACOES ~ GEOCRONOLOGICAS,  BIOESTRATIGRAFICAS E
EVOLUTIVAS

Depositos de cinzas vulcanicas, ou tufos, sdo excelentes para a determinacao de idades
deposicionais de alta precisdo de seus sedimentos hospedeiros. Gragas a presenca de niveis de
tufo na sucessdo do Permiano Inferior da Bacia do Parand, muitas idades radioisotopicas
absolutas puderam ser publicadas (Maynard et al., 1996; Rocha-Campos et al., 2006; Santos et
al., 2006; Silva et al., 2017; Rocha-Campos et al., 2019; Cagliari et al., 2022). No entanto,
mesmo apos mais de 100 anos de sua defini¢ao original pela Comissao Geografica e Geologica

do Estado de Sao Paulo (1916), a idade da Formacao Corumbatai permanece em debate.

Portanto, estabelecer uma idade precisa para a Formagao Corumbatai ¢ fundamental
para refinar e estabelecer lito- e biocorrelagdes confidveis. Neste contexto, novas idades U-Pb,
bem como dados isotopicos contribuem para a compreensdo da evolugdo geoldgica do
Gondwana ocidental durante o final do Paleozoico, incluindo aspectos como taxa de
sedimentacdo da unidade, area de origem destas cinzas vulcanicas e o padrdo de dispersdo
atmosférica. Mais importante ainda, precisar os dados geocronoldgicos e cronoestratigraficos ¢
fundamental para tracar um cendrio mais realista da evolu¢do in sifu dos moluscos da Formacao
Corumbatai e aprimorar o aproveitamento desses macrofosseis na bioestratigrafia do Grupo
Passa Dois, algo que vem sendo tentado desde Von Huene (1928). Assim, os parte dos dados
desta pesquisa constituem o manuscrito intitulado “Rising mollusk bivalves from the ashes:
geologic, biostratigraphic and evolutionary implications from tuff data in the Permian

Corumbatai Formation, Parand Basin, Brazil”.
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Rising mollusk bivalves from the ashes: geologic, biostratigraphic and evolutionary

implications from tuff data in the Permian Corumbatai Formation, Parana Basin, Brazil

Abstract

During the Permian, the southwestern Gondwana margin experienced episodes of intense
volcanism tied to the Choiyoi magmatism. Several ash-fall horizons related to this magmatic
event are preserved within the Late Paleozoic lake-sea sedimentary record of the Paran4 Basin.
Furthermore, near the Permian-Triassic boundary, a meteor fell in the northern border of the
basin, generating unshocked zircon grains preserved in a stratigraphic marker called the
Porangaba Bed. In this study, a new U-Pb zircon age of 265.17 + 3.2 Ma is presented for a
volcanic tuff in the upper part of the Corumbatai Formation, near the stratigraphic interval of
the Porangaba Bed. In addition, Lu-Hf isotopic compositions of the zircon grains, whole-rock
geochemistry, and atmospheric circulation data indicate the affinity of the ash-fall horizon with
the Frontal Cordillera source. The combination of these new and previous U-Pb ages allowed
us to draw a more realistic scenario of the evolution of bivalve mollusk of the Corumbatai
Formation and to improve the use of these macrofossils in the biostratigraphy of the Permian
succession of the Parana Basin. In this context, we established the lower limit of the Pinzonella
neotropica-Jacquesia brasiliensis Association Biozone between 262.38 +5.7 Ma and 257.5
+2.2 Ma. Hence, in the north and central Parana Basin the local resolution of this biozone is of
~5 Ma. Moreover, the range of this biozone indicates that the endemic bivalves survived the

end-Guadalupian (ca. 259 Ma) extinction event unscathed.
Keywords: U-Pb age; volcanic ash; Choiyoi magmatism; lake-sea; biostratigraphy.
3.1. Introduction

The precise age of the Corumbatai Formation in the upper part of the Permian Passa
Dois Group, Parana Basin, southeastern and central Brazil, is one of the main issues of the
Brazilian Gondwana geology. Since the benchmark monography of Runnegar and Newell
(1971), the unit has become known worldwide for its endemic fauna of well-preserved,
silicified bivalves that evolved in a large and isolate inland basin (Simodes et al., 1998;
Wesselingh, 2007). Therefore, establishing the precise age, and reliable litho- and bio-
correlations in the Corumbatai Formation are of fundamental importance for our understandings

of the geological evolution of the western Gondwana during the end of the Paleozoic, including
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aspects such as sedimentation rate, source area and atmospheric dispersion pattern. The new
geochronological and chronostratigraphic data is also fundamental to draw a more realistic
scenario of that in situ mollusk evolution and to improve the use of those macrofossils in the
biostratigraphy of the Passa Dois Group, something that has been attempted since Von Huene

(1928).

Since the seminal works of Mendes (1952), a late Permian age is widely accepted for
the Corumbatai Formation exclusively grounded on bivalve assemblages and palynological
data (Daemon, 1974). Over the years, these fossils occurrences and biostratigraphy have been
revised a few times (Rohn and Résler, 1987; Sohn and Rocha-Campos, 1990; Rohn and Lavina,
1993), which seems to confirm the late Permian age (or even Permo-Triassic age, see Runnegar,
1977) for the deposition of the unit. However, the bivalves of the Passa Dois Group, including
those of the Corumbatai Formation, are endemic (Mendes, 1952), and without other
geochronological dating calibrations they cannot be used to improve the age associated with
these geological units. This problem was partially solved by dating the ash beds in the
underlying Irati Formation (Cagliari et al., 2022) resulting in a lower depositional limit of 275
Ma for the Corumbatai Formation. However, the absence of datable tuff beds at the upper part
of this unit has made it extremely difficult to define the upper limit of the bivalve biozones and
especially if the deposition of the Corumbatai Formation extends beyond the Permian. Hence,
it is noteworthy that even after more than 100 years of studies (the Corumbatai Formation was
originally defined in 1916 by the Geographical and Geological Commission of the State of Sdo

Paulo, Morais-Rego, 1930) the age of this unit remains under dispute.

Given the context above, in this contribution an accurate and precise age for the
Corumbatai Formation is presented based on tuffaceous material from the State of Goias,
Central Brazil. This is relevant to our understandings of the age and time elapsed in the
sedimentation of this unit. Even more significant, this new discovery raises another issue related
to the magmatic source of the Permian volcanic ash recorded in the Parana Basin. Exclusively
grounded on age comparisons, the source of the ash falls has been generically assigned to the
Choiyoi magmatism (Coutinho and Hachiro, 2005; Guerra-Sommer et al., 2008; Rocha-
Campos et al., 2011; Silva et al., 2017), the largest magmatic event in the western margin of
Gondwana (from the western Andean Cordillera to the Sierra Australes). Although the Choiyoi
magmatism is widely accepted as the source of these deposits (Rocha-Campos et al., 2011), the
exact location of the volcanism is still debated. Yet, it opens a series of new avenues to discuss

the age of the endemic bivalve fauna of the Passa Dois Group, the temporal resolution of its
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biozones, and the bivalve species duration, with wide geochronological and evolutionary
applications. Hence, in these context, (i) a new high-precision U-Pb radioisotope age for the
Corumbatai Formation, northern Parand Basin is presented; (ii) a Lu-Hf isotope analysis and
whole rock geochemistry (including REY) is shown, offering us a unique opportunity to
identify with precision the source of the volcanic ash preserved in this unit and, (iii) a relative
dating pinpointing the age of the bivalve biozones of the Corumbatai Formation is constrained
for the first time. These biozones are the main tool for surficial interbasinal stratigraphic
correlations between sedimentary successions that are also tracked outside the Brazilian part of
the Parana Basin (i.e., Paraguay), thus, providing the foundation for continental-scale

geological and paleontological interpretations.

3.2. Geological Setting

The intracratonic Parana Basin extends over 1,700,000 km? in the central and southern
Brazil, eastern Paraguay, northeastern Argentina, and northern Uruguay (Fig. 1A). This huge
sedimentary basin encompasses at least six second-order stratigraphic sequences deposited
between the Middle Ordovician and Upper Cretaceous periods, including sedimentary and
volcanic successions bounded by regional unconformities (Milani et al., 2007). The Paleozoic
successions comprise marine and continental rocks deposited over complete transgressive-
regressive sequences (Schneider et al., 1974; Milani, 1997; Milani et al., 1998; 2007; Warren
et al., 2008; Holz et al., 2010). Following this tendency, the SW Gondwana experienced a
progressive continentalization and aridization during the Permian (Milani et al., 2007; Limarino
et al., 2013) induced by the end of the marine connections between the southward Panthalassa
and the Parané and Karoo basins (Warren et al., 2008; Holz et al., 2010). The development of
an orographic barrier (Gondwanides Belt; Keidel, 1916) during the assembling of the Patagonia
plate against the Gondwana supercontinent (San Rafaelica orogeny; Ramos et al., 1986), led to
the restriction of the above cited basins forming a continental-scale trapped lake-sea (sensu
Palcu et al., 2021). In this huge, enclosed water body were deposited the Irati, Serra Alta,
Teresina/Corumbatai and Rio do Rasto formations, from the Passa Dois Group (part of the

Gondwana I supersequence; Milani et al., 2007).

In the northern/northeastern part of the Parand Basin (Sao Paulo, Mato Grosso, and
Goias states), the stratigraphic interval that encompasses the Teresina Formation in the southern
and southeastern Brazil, is usually designated as the Corumbatai Formation (Schneider et al.,
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1974; Warren et al., 2015). In the Goias and Sao Paulo states, a well-marked breccia interval
with regional scale significance stands out in the upper part of the Corumbatai and Teresina
formations. This marker bed is called the Porangaba Bed (Matos and Coimbra, 1998; Tohver et
al., 2018). Although its origin is under dispute (e.g., paleosol or tsunamite), unshocked zircon
grains provide one of the few absolute ages for the Corumbatai Formation (ca. 254 Ma, Late

Permian; Tohver et al., 2018).

In the Goias and Mato Grosso states, the Corumbatai Formation is bounded at the base
by the Serra Alta Formation (Petrobras boreholes — 2-AG-1-MT and 2-JA-1-GO) and at the top
by a disconformity with the Botucatu Formation (Fig. 1B). In these localities, the Corumbatai
Formation has a typical coarsening-upward pattern (Fig. 1C), with a monotonous succession of
claystone and siltstone interbedded with cm-thick beds of swaley cross-stratified and wave-
rippled fine-grained sandstone at its base. Highly bioturbated, tabular beds (cm- to m-scale-
thick) of siltstone, heterolithic facies, wave-rippled fine-grained sandstone, and bivalve shell
beds transitionally overlapped the basal succession (Ng et al., 2019). In the upper part of the
unit, fine sandstone and heterolithic facies with mudstone cracks are common, while the
presence of siltstone deposits significantly decreases. Carbonate facies (including
microbialites), bivalve-dominated shell beds, evaporitic breccia with halite pseudomorphs,

tepees and saline crusts are also observed (Ng et al., 2019).

Since the mid-20th century, multiple paleoenvironmental scenarios have been proposed
for the Corumbatai Formation, including shallow restricted marine, lacustrine and tide-
influenced settings (Schneider et al., 1974; Suguio et al., 1974; Petri and Coimbra, 1982; Sousa,
1985; Rohn, 1994). Based on recent studies (Warren et al., 2015) and sedimentological data
from the southern and northern part of Parana Basin (this contribution), the interpretation is that
the Corumbatai Formation were deposited in a vast, almost flat, and shallow, trapped lake-sea,
without connection with the Panthalassa (Mendes, 1984; Rohn, 1994, 2007; Simdes et al.,
1998). Paleobiological evidence suggests that the salinity was variable and that the endemic
taxa was not typically freshwater or marine (Mendes, 1952; Beurlen, 1954; 1957; Runnegar
and Newell, 1971; Sousa, 1985; Sohn and Rocha-Campos, 1990; Simdes, 1992; Rohn, 1994;
Maranhdo, 1995; Matos, 1995; Simdes et al., 1998; Ghilardi and Simdes, 2002). This huge
intraplate, confined water body was frequently affected by storms, and marked by periods of
intense evaporation and hypersalinity with punctual influence of freshwater input (Suguio et

al., 1974; Sousa, 1985; Sohn and Rocha-Campos, 1990; Simdes, 1992; Rohn, 1994; Maranhao,
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1995; Matos, 1995; Simdes and Rocha-Campos, 1996; Simoes et al., 1998; Ghilardi and
Simdes, 2002).

Botucatu Formation
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Figure 1 — Study area and general stratigraphy of the Corumbatai Formation and tuff-bearing succession. (A)
Location of the studied area in the Parana Basin. (B) Simplified geologic map (modified from CPRM, 2006) with
the location of the tuff bed outcrop (17°32.607°S / 52°33.931°W). (C) Simplified stratigraphic column of the
Corumbatai Formation showing the precise vertical position of the tuff bed in the upper part of the unit.
Explanation: Fm. - Formation; C — claystone; St — siltstone; FS — fine sandstone; MS — medium sandstone; CS —
coarse sandstone; G/P — granule/pebble; M — mudstone; W — wackestone; G — grainstone; B — boundstone; R —
rudstone. Porangaba Bed according to Tohver et al. (2018).

3.2.1. On the age of the Corumbatai Formation

Given the presence of Stereosternum tumidum and Mesosaurus brasiliensis in the
underlying Irati Formation, and Licopodiopsis derbyi (see Mendes, 1952, and references
therein) in the Corumbatai Formation, a Late Paleozoic age was assigned to the sedimentary
succession of the Passa Dois Group, even prior to its formal designation as the Passa Dois Series
by White (1908). Until 1927, a Permian age was accepted to the Passa Dois Group, but during
the famous geological comparison between South America and Africa, Du Toit (1927) referred
the upper part of the group to the Triassic. Bivalves collected by him in the State of Parana were
erroneously referred to as the Mesozoic bivalve genera Myophoriopsis (= Jacquesia) and

Pachycardia (= Pinzonella) by Reed (1929; 1932; 1935). Du Toit (1927) had access to Reed's
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data before the publication of his studies. These facts introduced strong confusion into the

chronology of the Corumbatai beds.

Mendes (1952) revised the bivalves of the Corumbatai Formation based on fossils from
the State of Sdo Paulo, again recognizing a Permian age for the formation. In addition to the
presence of Glossopteris and arborescent lycophytes (Mendes, 1967), the occurrence of striated
dissaccate pollen grains (e.g., Striamonosaccites cf. S. morondavensis) from subsurface
samples of the Corumbatai Formation in the State of Sdo Paulo indicates a latest Permian age
for the unit (Tatarian stage of the European Zechstein Sea, or Capitanian to basal
Wuchiapingian) (Daemon, 1974). An upper Permian (i.e., Kazanian-Tatarian or nearly
Capitanian-Wuchiapingian age) was accepted for the Corumbatai Formation for a long time by
various authors (e.g., Daemon and Quadros, 1970; Rohn and Résler, 1987; Sohn and Rocha-
Campos, 1990; Rohn and Lavina, 1993). However, based on a pattern of alternating reverse and
normal geomagnetic polarity, Valencio et al. (1975) had proposed a Late Permian or even
younger (Triassic) paleomagnetic age for the Corumbatai Formation in Sao Paulo State. In turn,
Runnegar (1977) considered the Passa Dois bivalves to be representative of a Permo-Triassic

benthic biota.

A Triassic age was again suggested for the Corumbatai Formation by Ragonha (1984),
based on fossil remains of Xenacanthus moorei, a cosmopolitan shark that occurs in Triassic
deposits of Europe, India, and North America. Similarly, Daemon et al. (1996), on the ground
of palynological content, invertebrates and vertebrates considered the Corumbatai Formation
as Triassic in age. On the other hand, ostracod taxa described from occurrences in the Goids
and Mato Grosso states (Tomassi, 2009) have been reported from Changhsingian (Late
Permian) based in similar forms found in coeval successions in China (Shu and Utting, 1990;
Crasquin et al., 2010). Hence, for a long time, the age of the Corumbatai Formation was mainly
inferred based on its micro and macrofossil content, and its contact relationships with the
underlying Serra Alta and Irati formations and the overlying Piramboia Formation, as well as
its lateral correlation with the Teresina Formation in the southern Brazil. This was until recently,
when Rocha-Campos et al. (2019) dated some probable ash fall layers and published U-Pb
zircon ages, suggesting an age of 257+2.2 Ma. (only 3 zircon grains) and 266+7.1 Ma. for the
Corumbatai and Teresina formations, respectively. However, the authors themselves point out
that these data present little confidence and can be placed in establishing the age of the units,

due to the scarce number of data.
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Thanks to the presence of tuff layers in the Lower Permian succession of the Parana
Basin, also including the Irati Formation, some published absolute radioisotope ages are now
available (Maynard et al., 1996; Rocha-Campos et al., 2006; Santos et al., 2006; Silva et al.,
2017; Bastos et al., 2019; Rocha-Campos et al., 2019; Cagliari et al., 2022). These ash-fall tuffs
are crucial because they usually contain a representative zircon population, which is product of
a volcanic event and can be used to provide a precise U-Pb depositional age for the host

sediments.

3.3. Material and Methods

During a detailed geological survey in the Corumbatai Formation at the northwestern
part of the Parana Basin, one tuff bed was founded and sampled in a road cut at the Mineiros
town, State of Goids, Brazil (17°32.607°S / 52°33.931°W). The tuff bed was stratigraphically
constrained at the upper succession of the Corumbatai Formation, ~10 m below the upper
erosive boundary with the Botucatu Formation (Fig. 1C). A detailed (1:50) columnar section
was measurement including the description of the lithology, sedimentary structures, and fossil

content (Fig. 2), and one sample (~2kg) of the tuff bed was collected.

3.3.1. Zircon U-Pb geochronology

The zircon grains were separated from rock sample (2 kg) using standard techniques
encompassing crushing, sieving and separation by heavy liquid (bromoform). Zircon grains
(~430 grains) were handpicked under a binocular stereomicroscope, mounted on adhesive tape,
and enclosed in epoxy resin mounts. These were polished to about half their sizes and imaged
by cathodoluminescence (Fig. 3A; JEOL 6510 Scanning at DEGEO/UFOP), aiming to
characterize internal features (recrystallization rings, fractures, inclusions) of the individual

zircon grains. The zircon description and typology followed the protocol in Pupin (1980).

U-Pb analyses (see Supplementary Material) were carried out at the Isotopic
Geochemistry Laboratory (Federal University of Ouro Preto — UFOP) using a Thermo-
Finnegan Neptune multi-collector ICP-MS coupled with a Photon-Machines 193 nm excimer
laser system (LA-MC-ICP-MS). Data were acquired using automatic mode with background
measurement during 20 s, zircon ablation during 40 s and 20 pm spot size. The GJ-1 zircon

standard (Jackson et al., 2004) was used as a primary standard for this study with the PleSovice
92


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/geochemistry
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/excimer-laser
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/excimer-laser
https://www.sciencedirect.com/science/article/pii/S0301926822003047#b0275

zircon standard (*°°Pb/>38U = 337 Ma, 2°7Pb/?3°U = 337 Ma and 2°’Pb/**Pb = 339 Ma; Slama et
al., 2008) as a secondary standard. Data reduction was done in SATURN® Software (Silva et
al., 2022), whereas the concordance, probability, radial and Concordia diagrams, and the

weighted average ages were generated by the Excel Isoplot software (Ludwig, 2003).

3.3.2. Lu-Hf isotope analyses

The Hf isotope ratios were determined on seventeen previously selected zircon crystals
showing reliable U-Pb ages with low analytical error (see Supplementary Material). The
analysis were carried out in a multi-collector MC-ICP-MS Thermo-Scientific Neptune Plus
system, coupled to a Photon Machines 193 (A=193 nm) ArF Excimer laser ablation system,
hosted in the Isotopic Geochemistry Laboratory (Federal University of Ouro Preto — UFOP).
Data were collected in static mode during 60 s of ablation with a spot size of 40 um. The spots

were drilled with a repetition rate of 6Hz and 0.3 He gas.

The accuracy and external reproducibility were verified by analyses of the standard
zircons Blue  Berry  SHf/'7Hf=0.281692 £ 0.000017 (n=10), Mud Tank
V6H{/THE =0.282516 + 0.000015 (n = 10), GJ-1 ""®Hf/'7"Hf = 0.282005 £ 0.000019 (n = 10)
and Temora "*Hf/'7"Hf = 0.28260 £+ 0.000014 (n = 10) (all errors are = 2c SD). These ratios
are in good agreement with the accepted ratios data of 0.281674 + 0.000018 (Blue Berry; Santos
etal., 2017), 0.282504 + 0.000044 (Mud Tank; Black and Gulson, 1978; Woodhead and Hergt,
2005), 0.282000 + 0.000005 (GJ-1; Jackson et al., 2004), and 0.282680 + 0.000031 (Temora;
Black et al., 2003; Wu et al., 2006).

For the calculation of the eHf{(t) values, the chondritic values reported by Chauvel et al.
(2008) of '"SHf/'""Hf = 0.283164 and '"°Lu/"""Hf = 0.0270 were used. To calculate the model
ages (TDM) based on a depleted mantled source, the present-day ratios of "Hf/!’Hf =
0.282313 and '"*Lu/!"’Hf = 0.000311 were used (Blichert-Toft et al., 2008). The A decay
constant for !7Lu applied was 1.867x10—11/yr (Séderlund et al., 2004).

3.3.3. Whole-rock mineralogy and ICP-MS-geochemistry

Whole-rock and clay mineralogy of the tuff bed sample was determined from XRD
patterns. Analyses were run on a PANalytical X Pert PRO difractometer in the Centro de
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Investigaciones Geologicas (CIG CONICET-UNLP, La Plata, Argentina), using Cu radiation
(Ka=1.5 A) and a Ni filter, and generation settings of 40 kV and 40 mA. Routine air-dried
mounts were run between 2 and 32°26 at a scan speed of 2°20/min. Samples were ethylene
glycol-solvated without saturation pre-treatment and heated to 550 °C, and they were run from
2 to 27°26 and 3-15°26, respectively, at a scan speed of 2°26/min. The methodology used for
sample preparation follows Brown and Brindley (1980), and semi-quantification of the minerals
was obtained considering the intensity of the main peak for each mineral (Biscaye, 1965; Moore

and Reynolds, 1999 including laboratory patterns).

Rare-earth elements and yttrium (REY) contents, expressed in ppm, were obtained from
the sample of tuff using a Perkin-Elmer quadrupole inductively coupled plasma mass
spectrometry (ICP-MS) fitted with a Meinhardt concentric nebulizer at the CIG. In preparation
for elemental analyses, aliquots of whole powder were digested for 2 h in trace metal grade 2%
HNOs. REE concentrations were normalized to chondrite values (Sun and McDonough, 1989)

and compared to REE pattern of the rhyolite certificated geo-standard (RGM-1).

3.4. Results
3.4.1. Tuff-bearing succession

The tuff-bearing section (Fig. 2) is organized in up to 3 m-thick, coarsening-upward
successions composed of dm-scale beds of siltstone with horizontal lamination interbedded
with ripple cross-laminated, fine-grained sandstone in the base, which transitions to sandstone
with flaser and wavy bedding at the middle, and to fine-grained sandstone with ripple cross-
lamination and horizontal lamination at the top (Fig. 2D). The volcanic bed is a low-density,
whitish claystone (Fig. 2C) that conforms an approximately >5 m-wide and 5 to 10 cm-thick
lens within a siltstone bed between ripple cross-laminated and horizontally laminated fine-
grained sandstone. To the top of the succession, interbedded laminated siltstone and silicified

horizontally laminated stromatolites occur.

94



LEGEND

Lithology

I Siltstone Chert
[] sandstone Flaser
0 Tuff B8 Wawy

Sedimentary Structures
Planar lamination
Ripple cross lamination
Conventions

=2z Planar stromatolites
ToFFEr Sample

TUFFRTD

Represented in Fig. B

Figure 2 - Tuff bed and associated sedimentary facies. (A) General view of the outcrop. (B) Detail of the volcanic
ash bed (blue dashed line indicates the sampled layer). (C) Part of the sampled ash bed. (D) Columnar section
showing the position of the tuff bed within the sedimentary facies succession. Explanation: C — claystone; St —
siltstone; FS — fine sandstone; MS — medium sandstone; CS — coarse sandstone; G/P — granule/pebble; M -
mudstone; W - wackestone; G - grainstone; B - boundstone; R — rudstone. The hammer in B is 30-cm-long.

3.4.2. Volcanic zircon U-Pb ages

A total of 430 zircons were analyzed under cathodoluminescence. Of these, 43 euhedral

volcanic grains were randomly selected for dating by LA-ICPMS (Fig. 3A).
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Figure 3 — Zircon morphology. (A) Cathodoluminescence image of the selected volcanic zircons for the LA-ICP-
MS dating (grey number refer to the zircon identification in Supplementary Material) and Lu-Hf analysis (green
number refer to the zircon identification in Supplementary Material). Numbers. (B) Zircon crystal typological
classification diagram (Pupin, 1980). The blue subtypes refer to the analyzed zircon population.

The 37 analyzed zircons have prismatic and euhedral morphologies ranging in size from
56 to 176 um (Fig. 3A), with medium sizes around 80 to 110 um. Almost all zircons correspond
to dipyramidal grains with well-developed prismatic faces, corresponding to the subtypes P1-

4,85,9,10, 15, 18-25 of Pupin (1980) (Fig. 3B).

About 86% of the analyzed zircon population have a late Permian age, varying between
a minimum of 261.6 + 8.0 Ma and a maximum of 267.8 + 2.5 Ma (Capitanian to Roadian ages).
The 2%Pb/>**U weighted mean age of 265.0 + 0.5 Ma with a mean square of weighted deviation
(MSWD) of 0.76 and a probability of 0.85 (95% of confidence, Fig. 4A) and the 2%°Pb/?*3U
concordia age of 265.17 + 3.2 Ma (Fig. 4B) confirm a Wordian age for the analyzed zircon
population. Six zircon grains (4% of the zircon population; numbers 23 to 73 in Fig. 3A) are
rounded to subrounded (sizes vary between 70 to 137 um), having Cambrian (558.3£15.5 Ma,
Fortunian) to Paleoproterozoic ages (2018.8+24.1 Ma, Orosian).
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Figure 4 - U-Pb LA-ICP-MS results of the analyzed volcanic zircon grains. (A) 2°Pb/?*3U weighted mean age of
the LA-ICP-MS dated grains. (B) Concordia diagram illustrating LA-ICP-MS dated grains. MSWD: mean square
of weighted deviates.

3.4.3. Volcanic Zircon Lu-Hf analysis

Among the 37 Permian-age zircon grains, 17 were randomly selected and subjected to

isotopic analyzes of Lu-Hf. The eHf{t) vs. time diagram (Fig. 5) shows that most volcanic zircon
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grains have negative values between —5.5 and —0.9 and TDM ages from 1.3 to 1.5 Ga. Only
two grains have positive eHf values of 0.9 and 1.0, and TDM ages between 1.2 and 1.1 Ga.
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Sample
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Figure 5 - Lu-Hf isotope analyses of the zircon grains indicated in Figure 3. CHUR: chondritic values; DM:
depleted mantle.

3.4.4. Whole-rock mineralogy and ICP-MS-geochemistry

The whole-rock XRD compositional data of the tuff sample shows that quartz is the
prevalent mineral (37%); followed by K-feldspar (23.5%), plagioclase (18.5%), tridymite-
cristobalite (12%), pyroxene (7%), and clay minerals (3%) (Fig. 6A). Clay-fraction (<2 pm),
XRD analysis (less than 3% of the whole rock) shows smectite and in less proportion mixed
layered illite—smectite (IS) (Fig. 6B). In the analyzed sample, clays are mostly the product of

very scarcely altered glass.

97



1300 4 Q
1200 @ Whole rock a

1100
1000 | |
900 -|

800 o
= 700 @
2 5
& o] i
= |
£ w e32 |l
400 ¥ 2 B
— o™
L] 18 sl es a
300 © ! *
ae || i8S || 2 Z2%
200 My 2 (| = N e & 83
“‘” ‘."“ \‘
| '\

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

8009 ‘ : Heated 550°C
I Clay minerals Glicolated

Air-dried

600

— 335

At a 25
W A v o >

> J R B ST &

= eE S B ) e

@ 400 [T 85 y A T W

= Q W & 8, . . =YY A 1 Wy B 2

: y S o =) @ b Lol WiV WY V &

2 = 3 8.\ S 820 B8 <« 88 &Sua LN -

c ~ od B @ S w0 LY ® @

_ - Tw WAM§A A o i J o~ ® © “©

= RN ® S_Reo =
{ v Y2 & W & B
=23 3
200 2 o < ki 2] S8 3
1 - 4a © ol 8 Y o~
e o < ~ NS \
T oo~ 89 © o
w883 ¢, a
i | w
0 T T T T T T T T T T T T T 1
4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

Figure 6 - XRD-diffractograms. (A) Tuff sample mineral composition. (B) Tuff sample in < 2pm fraction. Q:
quartz; FK: alkaline feldspar; Pl: plagioclase; Arc: clays.

3.5. Discussion
3.5.1. The age of the Corumbatai Formation and the nature of Porangaba Bed

The 2°°Pb/*38U age of 265.17+3.2 Ma (Wordian, Cohen et al., 2013; updated), in the upper
part of the Corumbatai Formation in the Goias State, clearly indicates that this unit is older than
previously realized. The low degree of dispersion in the dataset (the Cambrian and
Paleoproterozoic zircons were considered detrital grains from an older source that got mixed in
during the deposition of the tuff layer in the depositional environment) and the unusual
abundance of euhedral zircon reinforces that the dated grains are non-reworked and correspond
to the same original magmatic population. Thus, the age obtained approximately correspond to

the age of ash ejection and tuff deposition.

In other words, the unit is neither Triassic nor Tatarian (i.e., Changhsingian) (Fig. 7), as
previously suggested by Ragonha (1984) and Quadros et al. (1996), among others. On the other
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hand, the ca. 265.17+£3.2 Ma age is in accordance with a Kazanian age (270.5-260.4 Ma) or
Roadian-Capitanian age, already suggested by various authors (Daemon and Quadros, 1970;
Rohn and Résler, 1987; Sohn and Rocha-Campos, 1990; Rohn and Lavina, 1993). As shown in
Figure 7, only the upper part of the Corumbatai Formation is Capitanian to basal
Wuchiapingian, an age that is also in accordance with some pollen grains (i.e.,
Striamonosaccites cf. S. morondavensis) recorded in subsurface samples from the Corumbatai

Formation in the Sao Paulo State (Daemon, 1974).

Previous paleomagnetic studies indicate that the Corumbatai Formation was entirely
deposited after the end of the Kiaman Superchron at 262-265 Ma (Capitanian-Wordian)
(Valencio et al., 1975). However, recent paleomagnetic data, constrained by U-Pb ages in
zircons, from the Porangaba Bed (Tohver et al., 2018), contest this depositional age and pointed
to a deposition between ca. 274-254 Ma (Kungurian-Changhsingian; Aragdo and Scardia,
2021).

The Porangaba Bed is defined by a matrix-supported breccia grading upward to a light
gray to dark-red, massive, poorly sorted silty sandstone with free-floating, angular lithic clasts
of white, altered chert or ocher siltstone (Matos, 1995; Matos and Coimbra, 1997). This bed
was first described at the contact between the Passa Dois Group and the overlying Piramboia
Formation, in Sdo Paulo State (Brazil) (Matos, 1995; Matos and Coimbra, 1997). Tohver et al.
(2018) reported a breccia bed in a single location in the State of Goids and attributed this facies
to the same Porangaba Bed described in the Sdo Paulo State by Matos (1995). This deposit has
been interpreted either as the product of pedogenesis (Matos and Coimbra, 1997) or more
recently, as a result of a high energy episode related to the late Permian Araguainha impact

event (Tohver et al., 2018).

Tohver et al. (2018) dated unshocked detrital zircon grains from this breccia bed
providing a SHRIMP U-Pb maximum depositional age (youngest population; n=12) of
253.0+3.0 (Changhsingian). Compiling only the ages of grains collected exclusively in the
northern part of the Parand Basin by Tohver et al. (2018), in the same stratigraphic interval and
just 60 km away from the tuff bed studied here, the concordia age of the Permian population of

zircons reaches 262.38 Ma+5.7 Ma (Tohver et al., 2018) (Fig. 7).

When compared, the columnar sections of the tuff bed outcrop and that of the Porangaba

Bed (Tohver et al., 2018), it is clear that: (i) the "Porangaba Bed" described by Tohver et al.
(2018) in Goiés State is stratigraphically located a few meters (~10 m) below the top of the
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Corumbatai Formation; (ii) the Porangaba Bed is almost at the same stratigraphic level as the
tuff bed studied here; (iii) in the northern part of the Parana Basin, the upper part of the
Corumbatai Formation was eroded and overlain by the Botucatu Formation, and (iv) in the SP-
280 highway, central part of the Sdo Paulo State, limestone with bivalves of the Pinzonella
neotropica-Jacquesia brasiliensis Association Biozone in the upper part of the Teresina
Formation are recorded ~14 m above the Porangaba Bed, almost in the contact with the
overlying Pirambdia Formation. Thus, at least in theory, the breccia facies of the Porangaba
Bed occur at a stratigraphically well-delimited single level and could not have been formed at

different ages (neither by pedogenesis, nor by impact, or even a fault reactivation).

However, even considering dating errors (2 to 5 Ma), the ages obtained by Tohver et al.
(2018) for the breccia bed described in Goids State (and associated by these authors to the
Porangaba Bed) are older than those obtained for the Porangaba Bed in the Sdo Paulo State.
Thus, the breccias observed in the Goids State are probably not part of the Poranbaga Bed
described for the Teresina/Corumbatai Formation from the Sdo Paulo State, which the origin of
breccias is probably associated to the Permian reactivation of the Jacutinga Fault, by intraplate
stress propagation associated to the Sanrafaelica Orogeny (Riccomini, 1992; Rostirola et al.,
2003; Turra, 2009; Varejao et al., 2022). Alternatively, these breccia levels may compose an

interval ("Porangaba Bed Interval") related to distinct triggering events.
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Figure 7 — Chronostratigraphic correlation of the Passa Dois Group in the south, central and north parts of the
Parana Basin. Palynozones, bivalve association biozones, and the main available U-Pb ages are highlighted. The
chronostratigraphy is according to the International Commission on Stratigraphy 2022/10 chart (Cohen et al., 2013;
updated). Radiometric ages from: 1 — Cagliari et al. (2022); 2 — This contribution; 3 — Tohver et al. (2018); 4 —
Rocha-Campos et al. (2019). Palynological and biostratigraphic data from Daemon and Quadros (1970), Barberena
et al. (1985), and Simdes et al. (2020). Explanation: Fm.: Formation; PB: Porangaba Bed.

3.5.2. Permian volcanism and related sources

During the early to middle Permian (280-260 Ma), the southwestern Gondwana margin
experienced episodes of intense volcanism. In the inner part of the supercontinent, these events
were recorded as rare tuffaceous horizons deposited in the Parana Basin (Brazil, Paraguay, and
Uruguay) (Coutinho et al., 1988; Milani and Ramos, 1998; Lopez-Gamundi, 2006; Rocha-
Campos et al., 2011). Due to age and geochemical characteristics, many of these tuff levels
have been associated with the multiple magmatic events related to the Permian-Triassic Choiyoi
Orogeny that occurred between 280 and 250 Ma (Milani and Ramos, 1998; Rocha-Campos et
al., 2011). Thus, this large volcano-plutonic complex characterized by lava flows, ignimbrites,
pyroclastic, and sub-volcanic rocks cropping out in the current central Chile and western
Argentina was the main source for the ashes deposited in the intracontinental basins (Kay et al.,

1989; Kleiman and Japas, 2009; Fanning et al., 2011).

Since the chemical characteristics of the crystallization play an important role in the origin
and growth of zircon grains, it is possible to suggest a preliminary petrogenetic classification
based on external morphology (Pupin and Turco, 1975; Pupin, 1976;1980). As previously
mentioned, the analyzed zircon population fits well in the morphological subtypes P1-4; S5, 9,
10, 15, 18-25 (see Fig. 3B; Pupin, 1980), commonly related to granite of crustal + mantle
affinity (orogenic granite, leucogranite, monzogranite, granodiorite and sienogranite).
Additionally, most of the analyzed Permian zircons with ages between 267-262 Ma have
minimum and maximum negative eHf values of -5.5 to -0.9, respectively (Figs. 4 and 5). This

suggests a strong crustal influence in the genesis of the granitoid rocks (Faure, 1986).

The Permian age of the analyzed zircon and the mostly negative ¢Hf values are consistent
with geochronological and geochemical data from the Choiyoi igneous province. Negative eHf
values (-15.3 to -0.08) were reported in the Permian (ca. 260 — 269 Ma) igneous rocks from the
Frontal Cordillera (Central Andes) (Poma et al., 2014; Peper et al., 2016; Capaldi et al., 2021),
North Patagonia Massif (258 — 269 Ma, eHf values between -32.9 to — 2.8, Fanning et al., 2011;
Chernicoff et al., 2013; Peper et al., 2016; Castillo et al., 2017), igneous rocks from Northern
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Antarctic Peninsula (ca. 263 — 269 Ma, ¢Hf values -20 to — 7, Fanning et al., 2011), and Tierra
del Fuego (ca. 260 — 262 Ma, ¢Hf values -12.2 to — 9.5, Castillo et al., 2017) (Fig. 8).
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Figure 8 - Lu-Hf comparison of the Permian tuff bed from the upper Corumbatai Formation and multiple magmatic
provinces associated to the Choiyoi Orogeny. 1 — Poma et al. (2014); 2 — Peper et al. (2016); 3 — Capaldi et al.
(2021); 4 — Fanning et al. (2011); 5 — Chernicoff et al. (2013); 6 — Castillo et al. (2017). Explanation: CHUR:
chondritic values; DM: depleted mantle.

When compared with the available data from the Choiyoi Province (Fig. 8), the age
dispersion indicate affinity with Frontal Cordillera and North Patagonia Massif, while the eHf
values are more similar to those found in the Frontal Cordillera. On the other hand, the Northern
Antarctic Peninsula and Tierra del Fuego showed more negative e¢Hf values and less

compatibility with the tuff studied here.

Analyzing the atmospheric circulation pattern that prevailed during the Upper Permian,
it is noteworthy the presence of a high-pressure cell developed during summers in the southern
hemisphere (Fig. 9; Parrish and Curtis, 1982). Thus, as pointed by the ages and Lu-Hf data, it
is plausible that winds blowing from SW to NE carried ashes from the Frontal Cordillera or
North Patagonia Massif to the Parana Basin depositional site located about 2000 km from the

magmatic source area (Fig. 9).

Acceptance of the Choiyoi igneous province vents as the source for Parana Basin tuff

beds would imply in dispersion of volcanic ash clouds transportation for distances from over
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2000 km. Rocha-Campos et al. (2011) compared the Toba eruption event (Indonesia, 75 ka) that
left a blanket over an area of about 4,000,000 km? (over 20.5 times the Parana Basin area) up
to 3000 km away (Rose and Chesner, 1987), charactering a large scale explosive eruption of
plinian to ultraplinian intensity. In largest eruptions the ash clouds typically develop diameters
greater than 600 km and up to 6000 km in the most powerful supereruptions, thus explaining
why areas of continental size can be covered with volcanic ash (Baines and Sparks, 2005).
Furthermore, models of dispersion of volcanic ash clouds indicate that particles with sizes
varying between 30-100 um can reach distances of up to 3000 km from the source area (Beckett
et al., 2015), which is compatible with the size of zircon grains from the tuffaceous bed here

analyzed.
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Figure 9 - Reconstruction of the Permian-Triassic paleogeography and atmospheric circulation of the SW
Gondwana showing possible source areas and the depositional site of the Corumbatai Formation tuff bed in the
Parana Basin. Explanation: PB — Parana Basin; CPB — Chaco-Parana Basin; CB — Congo Basin; KLB — Kalahari
Basin; CLM — Claromecé Basin; KB — Kalahari Basin; FC — Frontal Cordillera; NPM — North Patagonia Massif;
HP — High-pressure; LP — Low-pressure. Paleogeography reconstruction modified from Faure and Cole (1999);
atmospheric circulation pattern based on Parrish and Curtis (1982).

REEs are useful tracers for petrogenetic processes, and they are commonly used for
characterization of rocks (Rollinson, 1993). In this sense, the REE concentrations of the tuff

were normalized to the chondrite values (Boynton, 1984) and the total REE abundance obtained
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was in sum 135 ppm. As seen in Figure 10, REE pattern of the tuff is similar to the geo-standard
RGM-1. It is characterized by LREE enrichment (Lan/Smn = 5.32) and relatively flat to
depleted in HREE (Gdn/Ybn = 2.26). They also show absence to slightly negative Eu anomalies
(Euw/Eu* = 0.81).

According to Rollinson (1993), Eu anomalies are chiefly controlled by feldspar;
particularly in felsic magmas and the removal of feldspar from a felsic melt by crystal
fractionation give rise to a negative Eu anomaly. However, negative Eu anomalies is not
recognized in the REE patterns of the tuff (Fig. 10), the LREE-enriched and relatively flat
HREE.

The compatibility of the Corumbatai Formation ash fall layer and the Frontal Cordillera
were also tested by comparing their rare earth elements (REE) and depict a great compatibility
(data from Poma et al., 2014; Rocher et al., 2015), indicating similar origin and evolution (Fig.
10). Rare earth elements sum of the tuff sample (135 ppm) is in the range of that reported by
the same vulcanism (119-234 ppm; Rocher et al., 2015). The REEs normalized to the chondrite
patterns obtained for these authors show moderate slopes, with slightly enriched light REEs,
presence of negative Eu anomalies of variable magnitude, and relatively flat patterns in heavy

REEs.

Added to all this geochemical data, the grain sizes of the zircons are another specific
evidence of congruence between the Frontal Cordillera magmatism and the Corumbatai tuff
bed. The zircons of the Llullaillaco Unit (Frontal Cordillera) exhibit 80 um to 200 um long
(Poma et al., 2014) compatible with the mean grain size obtained here (80 to 110 pm).
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Figure 10 - Chondrite-normalized REE patterns of the tuff (Boynton, 1984), Frontal Cordillera (1 - Poma et al.,
2014; 2 - Rocher et al., 2015), North Patagonia Massif (3 — Gregory et al., 2021), theorical RGM-1 geostandard
and RGM-1 geostandard analysed in this work (black dashed line).

3.5.3. Sedimentation rate

The chronologic constraints based on the age of the most recent volcanic tuff of the Irati
Formation (275.75 Ma; Cagliari et al., 2022) and the age for the top of the Corumbatai
Formation presented here (265.17 Ma) provide insights about the sedimentation rates in the
north sector of the Parana Basin. The Serra Alta and Corumbatai formations are ~80 m-thick in
the studied area. In our model, these units were deposited over 10.6 Myr at ca. 7.5 m/Myr rates.
These data fits well with the rates of ca. 8 m/Myr for the northeastern sector of the Parana Basin,
proposed by Aragdo and Scardia (2021) and is within subsidence curves patterns for
intracratonic basins, which corresponds to subsidence rates as low as 5 to 50 m/Myr (Perron et
al., 2021). Although the duration for the deposition of the Serra Alta and Teresina formations
are comparable, our values are lower than those proposed by previous authors, such as 42
m/Myr (Quintas et al., 1999), and 62.5 m/Myr (Holz et al., 2010). This discrepancy in the
sedimentation rate is expected in the large Parana Basin and, our estimates should be considered
representative of the proximal sector of the basin (north margin of the basin), with is more

subject to erosion than in the depocenter.
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3.5.4. Biostratigraphic implications

The radiometric ages now available are extremely relevant to better constrain the bivalve
species duration and the relative ages of some bivalve Association Biozones of the Corumbatai
Formation, the most important benthic macrofossils for biostratigraphy and intra and
interbasinal correlations in the Passa Dois Group (Simdes and Kowalewski, 1998; Simdes et
al., 1998). Although the vertical amplitude of some bivalves can transcend the lower and upper
limits of bivalve biozones, the first and last appearance data of index bivalve species are
vertically well marked. The Pinzonella neotropica-Jacquesia brasiliensis Association Biozone
is one example (Fig. 11) that is well-recognized by various authors in the Corumbatai and
Teresina formations (see Rohn, 1994, and references therein). The biozone is defined by the
vertical amplitude of Pinzonella neotropica, with the lower limit marked by the first
stratigraphic appearance of P. neotropica, Jacquesia brasiliensis, and the last stratigraphic
appearance of Ferrazia cardinalis (Rohn, 1944). The upper limit is defined by the last
stratigraphic appearance of P. neotropica and Cowperesia anceps (Rohn, 1994). The main
associated bivalve species is Naiadopsis lamellosus, a very derived Pachydomiidae bivalve.
The vertical distribution of the Pinzonella neotropica-Jacquesia brasilensis is shown in Figure
11. Note that the lower limit of this biozone is slightly older than 262.38 +5.7 Ma and the upper
limit is ca. 257.5 £2.2 Ma. Hence, in the north and central Parana Basin the local resolution of
the Pinzonella neotropica-Jacquesia brasiliensis Association Biozone is of ~5 Ma. Just to
remember, this biozone can be tracked from Brazil to Paraguay, and our data offers an age for

a layer that extends laterally for hundreds of kilometers.
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Figure 11 — Chrono and biostratigraphy chart showing the main bivalve assemblages and associated species, which
are recorded in the Serra Alta, Corumbatai and Rio do Rasto formations. Species composition (not to scale): 1-
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Kidodia cf- K. stockleyi; 2 - Barbosaia angulata; 3 - Holdhausiella elongata; 4 - Tambaquyra camargoi; 5 -
Rioclaroa lefevrei; 6 - Maackia contorta; 7 - Ferrazia simplicicarinata; 8 - Anhembia gigantea; 9 - Anhembia
froesi; 10 - Pinzonella illusa; 11 - Ferrazia cardinalis; 12 - Casterella gratiosa; 13 - Angatubia cowperesioides,
14 - Othonella araguaiana; 15 - Plesiocyprinella carinata; 16 - Terraia aequilateralis; 17 - Runnegariella fragilis;
18 - Favalia arcuata; 19 - Roxoa corumbataiensis; 20 - Coxesia mezzalirai; 21 - Cowperesia anceps; 22 -
Pinzonella neotropica; 23 - Naiadopsis lamellosus; 24 - Jaquesia brasiliensis;, 25 - Terraia curvata; 26 -
Beurlenella elongatella; 27 - Cowperesia emerita; 28 - “Leinzia” curta; 29 - Terraia bipleura; 30 - Astartellopsis
prosoclina. Data from Mendes (1952), Runnegar and Newell (1971), Simdes et al. (1998), Matos et al. (2017),
Guerrini et al. (2019), and Simdes et al. (2020). Compiled U-Pb geochronological data from Tohver et al. (2018);
Rocha-Campos et al. (2019). The chronostratigraphy is according to the International Commission on Stratigraphy
2022/10 chart (Cohen et al., 2013; updated). Explanation: Fm.: Formation.

3.5.5. Evolutionary implications
Bivalve species durations

The concept of bivalve species duration has application in both biostratigraphy and in
evolutionary studies (Koch, 1980). Indeed, the maximum temporal bivalve species duration
may have an important chronostratigraphic significance, but given the low availability of
accurate radiometric ages, only a few information is found in the literature on this topic (see
Koch, 1980; Rohn, 1994). Our newly obtained age allows us to, for the first time, evaluate the
maximum temporal bivalve species duration of the Pinzonella neotropica-Jacquesia
brasiliensis Association Biozone, as well as the exclusive species that coexisted in this biozone
(Naiadopsis lamellous), and about some species that are recorded across various biozones (i.e.,

Cowperesia anceps).

Average bivalve species duration varies with time, environment, life habit, and
geographic distribution (Koch, 1980; Stanley, 1990; Rohn, 1994). The average total duration of
the marine bivalve species is approximately 10 Ma (Stanley, 1990). However, this value
changes significantly for those bivalve species that thrived in interior (lake-sea) basins, given
the high speciation and extinction rates coupled to the disturbance in stability in the benthic
ecosystems (Koch, 1980; Nevesskaia et al., 1987), characteristic of this type of basin. For
example, Koch (1980) investigated the duration of 41 bivalve species, which coexisted in the
Western Interior of North America, during the uppermost Sciponoceras gracile Zone of the
Cenomanian, and found an average species duration of 2 Ma. Nevesskaia et al. (1987) has also
found values lower than 10 Ma for the total duration of bivalve species that flourished in
Cenozoic marine half-closed and nearly closed brackish basins during Oligocene-Pliocene of
the Paratethys (see also Nevesskaia et al., 2009). Notably, the duration of Pinzonella neotropica,
Jacquesia brasiliensis, and Naiadopsis lamellosus is ~5 Ma, corresponding to an age interval

substantially lower than those found by Stanley (1990) for marine settings. In turn, Cowperesia
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anceps that is recorded throughout the Teresina and Corumbatai formations (Pinzonella illusa-
Plesiocyprinella carinata and Pinzonella neotropica-Jacquesia brasiliensis biozones) had a
total species duration of ~16 Ma substantially larger than that found by Stanley (1990). One

possible explanation is that those endemic species were eurythopic.

From local to global Permian bioevents

The transition between the Pinzonella illusa-Plesiocyprinella carinata and Pinzonella
neotropica-Jacquesia brasiliensis biozones encompasses one of the main faunal turnovers in
the fossil record of the Permian Passa Dois Group. Bivalve diversity and abundance dropped
significantly at this time (see Simdes et al., 2015, p. 23, fig. 6). Hence, if our geochronological
data is correct, this marked faunal change has occurred between ~265-262Ma (i.e., Wordian-
Capitanian transition). However, the main benthic faunal turnover in the Passa Dois Group is
recorded between the Pinzonella neotropica-Jacquesia brasiliensis and the Terraia curvata
assemblage, in the Serrinha Member of the Rio do Rasto Formation (Simdes et al., 2015, p. 23,
Fig. 11). This faunal change is marked by the end of the Pinzonella-dominated bivalve
assemblages of the Corumbatai-Teresina formations and its substitution by the Terraia-
dominated assemblages in the overlying Rio do Rasto Formation (Simdes et al., 2015). The
species composition, abundance, and dominance in the 7erraia curvata assemblage differ
significantly from the preceding Pinzonella-dominated assemblages. Notably, bivalve
abundance has never been like that of Corumbatai times. The radiometric ages available (Fig.
11) indicate that this bioevent can now be constrained to ~257.5 Ma, in the middle of the

Wuchiapingian.

On the other hand, the ca. 262 Ma to 257 Ma of the total local range of the Pinzonella
neotropica-Jacquesia brasiliensis indicates that the endemic bivalves survived the end-
Guadalupian (ca. 259 Ma) extinction event unscathed. Marine tropical taxa, including the
fusulinids, giant bivalves (i.e., family Alatoconchidae), and rugose corals that thrived in the
Panthalassa and Paleo-Tethys were severely affected by this event (see Arefifard and Payne,
2020, and references therein). Global warming-induced failure of marine associations following
the Emeishan volcanism is the main trigger evocated for the end-Guadalupian extinct event
(Arefifard and Payne, 2020). Protected within an isolate, continental-scale, inland aquatic

system in the Gondwana supercontinent, the Corumbatai-Teresina bivalves were away from
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this Guadalupian/Lopingian benthic marine biotic crises, showing how the open oceans and the

coeval inland seas (lake-seas) have very distinct ecological and evolutionary responses.

3.6. Conclusion

The tuff bed sample collected in the upper part of the Corumbatai Formation, in the
northernmost Parand Basin (Goids State), has a Wordian depositional age of 265.174+3.2 Ma.
This U-Pb age with Lu-Hf isotopic data, whole-rock geochemistry, and atmospheric circulation
data, allows us to pinpoint the source of this ash with confidence and related it to the Frontal
Cordillera magmatism (ca. 260 — 269 Ma). The chronologic constraints based on the age of the
most recent volcanic tuff of the Irati Formation (275.75 Ma; Cagliari et al., 2022) and the age
for the top of the Corumbatai Formation presented here (265.17 Ma) provide a sedimentation
rate of ca. 7.5 m/Myr for the Serra Alta and Corumbatai formations, in the northern part of

Paran4 Basin.

This radiometric age is important to constrain the bivalve species duration and the
relative ages of some bivalve Association Biozones of the Corumbatai Formation, the most
important benthic macrofossils for biostratigraphy and intra and interbasinal correlations in the
Passa Dois Group. The vertical distribution of the Pinzonella neotropica-Jacquesia brasilensis
is~5Ma (262.38 Mato 257.5 Ma), substantially lower than the age interval proposed by Stanley

(1990) for marine environments.

Finally, our geochronological data allow for the transition of the bivalve diversity that
fall between the Pinzonella illusa-Plesiocyprinella carinata and Pinzonella neotropica-
Jacquesia brasiliensis biozones to be constrained between ~265-262Ma (i.e., Wordian-
Capitanian transition); and, in turn, the biggest faunal change in the Passa Dois Group between
the Pinzonella neotropica-Jacquesia brasiliensis and the Terraia curvata assemblage can now
be constrained to ~257.5 Ma (middle Wuchiapingian). It is important to note that Pinzonella
neotropica-Jacquesia brasiliensis assemblage are contemporaneous with the end-Guadalupian
(ca. 259 Ma) extinct event that severely affected the Panthalassa and Paleo-Tethys biota.
However, the Corumbatai-Teresina bivalves were protected within an isolate, continental-scale,
inland aquatic system, confirming how very distinct the ecological and evolutionary dynamics

were in this late Paleozoic megalake.
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4. CONCLUSAO

Na presente dissertagdo foi abordada de forma integrada a sedimentacdao mista
siliciclastica-carbonatica da Formagao Corumbatai, tendo como meta: (1) caracterizar a
arquitetura deposicional e a evolucdo paleogeografica da unidade; (2) identificar e interpretar
os controles na sedimentacdo e acomodacdo; (3) estabelecer a correlacdo estratigrafica; (4)
investigar a idade e origem do nivel de cinzas vulcanica presentes na unidade; e (5) balizar
cronologicamente a duragao das espécies de bivalves e as idades relativas de algumas biozonas

presentes na unidade.

A Formagao Corumbatai (Bacia do Parand) regista cinco associagdes de facies: offshore
(FA-1), offshore-transition (FA-2), shoreface (FA-3), foreshore (FA-4) ligadas a depositos
dominantemente siliclasticos, enquanto sucessdes dominadas por carbonato sdo registradas nas
saline flats (FA-5). Nesse contexto, os resultados obtidos nesta dissertagdo suportam
interpretacdo de deposicdo em um mega lago, inaugurando importante linha de pesquisa sobre
estratigrafia lacustre e seus controles na Bacia do Parana. Além disso, a aplicacdo dos
diagramas de Fischer foram eficazes e indicaram tendéncias arquitetonicas e curvas de
acomodacdo da sucessdo estudada, contribuindo para a correlagdo de trechos geograficamente

distantes.

A integracdao dos dados permitiu o reconhecimento de sequéncias estratigraficas de 3*
ordem ja descritos previamente na literatura - tratos trangressivo (TST3), referente a Formagao
Serra Alta, e regressivo (RST3), que abrange toda a Formacgdo Corumbatai — além de quatro
tratos de sistemas de 4* ordem. Estes, estdo diretamente relacionados com os estagios de
evolugdo propostos para a Formagdo Corumbatai e indicam variacdo de alta frequéncia na
acomodacao da bacia: TSTs.; caracterizado por facies de offshore depositadas em um lago de
agua doce com enchimento balanceado (ballanced fill). Este primeiro estdgio compreende a
Formagao Serra Alta; RST4.1 representado pela progradacdo do sistema costeiro com fécies de
offshore-transition e shoreface, depositados num estdgio overfilled, TST4o registra a
retrogradacao do sistema e a deposicdo de facies de offshore-transition sobre shoreface. O
balanco hidrico positivo permitiu a elevagdo do nivel do lago e o aumento na acomodacao,
resultando em em um novo estagio ballanced-fill; RST42 marca o estdgio do lago salino
overfilled, caracterizado pela aridizacdo e condigdes de nivel de agua relativamente raso,
evidenciado pela presenca de facies carbonaticas e feicdes evaporiticas, além da dominéncia da

facies shoreface.
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Diferentemente de bacias de margem passiva, os lagos endorreicos (como o caso
estudado) apresentam baixa taxa de subsidéncia, a qual controlaria a acomodacao da bacia a
longo prazo. Assim, as mudangas de curto prazo na acomodacao sdo resultado da interacao
entre a o equilibrio hidrico e subsidéncia. O balango hidrico nos lagos ¢ uma func¢do da relagao
entre o abastecimento de 4agua e sedimentos pelos rios, a entrada de aguas subterraneas,
precipatacdo e evaporagdo. Dessa forma, o nivel de base ¢ muito sensivel e pode experimentar
grandes variacdes que influenciam influencia diretamente a arquitetura do lago. Para o caso da
Formacgao Corumbatai, os processos autogénicos associados a variagdes climaticas, tectonicas
e eustaticas combinadas (fatores alogénicos) resultaram na deposi¢do em um mega lago que
evoluiu de estagios de enchimento balanceado (ballanced-fill) para transbordamento
(overfilled), flutuando entre condi¢des de dgua doce a salobra. Ainda, a Formagao Corumbatai
representa importante registro da influéncia de seiche na sedimentagdo de mega lagos de

reduzida batimetria.

Somado as caracteristicas sedimentologicas, a descoberta do nivel de cinza vulcanica
trouxe implicagdes relevantes aos aspectos paleogeograficos e paleoecologicos do Permiano do
sudoeste de Gondwana. A nova idade U-Pb de 265,17+3,2 Ma, aliado aos dados isotopicos de
Lu-Hf, geoquimica de toda a rocha e dados de circulagao atmosférica, permitiu atribuir a origem
das cinzas ao magmatismo da Cordilheira Frontal. Esta idade também foi importante para
restringir a duracdo das espécies de bivalves e as idades relativas de algumas Biozonas da
Associacdo de bivalves da Formagdo Corumbatai: a distribuicdo vertical de Pinzonella
neotropica-Jacquesia brasilensis ¢ de ~5 Ma (262,38 Ma a 257,5 Ma); a transi¢do da
diversidade de bivalves entre as biozonas Pinzonella illusa-Plesiocyprinella carinata e
Pinzonella neotropica-Jacquesia brasiliensis pode ser restringida entre ~265-262Ma (transi¢ao
Wordiano-Capitaniana); e a maior mudanga faunistica no Grupo Passa Dois entre a assembleia
de Pinzonella neotropica-Jacquesia brasiliensis e Terraia curvata (Formagao Rio do Rasto)
pode agora ser restringida a ~257,5 Ma (Wuchiapingiano médio). Tal distribui¢do crondlogica
das biozonas implica que os bivalves das formagdes Corumbatai-Teresina ndo foram afetados
oela extincdo Permo-Triassica, corroborando com a hipotese de que estes estavam protegidos

dentro de um mega lago com as dinamicas ecologica e evolutiva distintas dos oceanos globais.

118



APENDICE |

Secoes Colunares

119



Apéndice 1.1 - Se¢des colunares utilizadas para o empilhamento da se¢do composta 1. FA: associacdo de facies. Escala granulométrica: C: argila; St: silte; FS: areia

fina; MS: areia média; CS: areia grossa; G/P: granulo/ seixo; M: mudstone; W: wackstone; F: packstone; G: grainstone; F: floatstone; R: rudstone.
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Apéndice I.11 - Secbes colunares utilizadas para o empilhamento da se¢do composta 2. FA: associacdo de facies. Escala granulométrica: C: argila; St: silte;

FS: areia fina; MS: areia média; CS: areia grossa; G/P: granulo/ seixo; M: mudstone; W: wackstone; F: packstone; G: grainstone; F: floatstone; R: rudstone.
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Apéndice I.111 - Sec¢Ges colunares utilizadas para o empilhamento da secdo composta 3. FA: associacédo de facies. Escala granulométrica: C: argila; St: silte;
FS: areia fina; MS: areia média; CS: areia grossa; G/P: granulo/ seixo; M: mudstone; W: wackstone; F: packstone; G: grainstone; F: floatstone; R: rudstone.
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APENDICE II
Dados U-Pb, Lu-Hf, REE e elementos tracos
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Apéndice I1.1 - Dados U-Pb dos grédos de zircdo obtidos por LA-ICP-MS. Em vermelho: grdos desconsiderados da curva concordia, por apresentarem idades muito

discrepantes dos demais e, provavelmente, serem graos herdados.

Coord: 17°32.607’S / 52°33.931'W (Mineiros - GO)
Summary of U-Pb in situ zircon data of sample, obtained by LA-ICP-MS

% Best
Isotope ratios Ages (Ma) Conc. age
Spot
207 * 206 * 207 * 206 207 207
number 23!25)8 ! 23!:8 ! 20 Rho ZOEFPb/ 20 238PS/ x 235PS/ t 206|Pptt))/ * (Ma) *
24 0.873 1.298 0.102 1.181 0.910 0.062 0.538 266.9 49 268.5 6.1 282.3 37.7 99.4 266.9 4.9
25 0.306 3.489 0.042 1.375 0.394 0.052 3.207 267.1 3.6 271.0 8.6 305.4 74.8 98.5 267.1 3.6
26 0.298 1.106 0.042 0.826 0.746 0.052 0.736 263.7 2.1 264.9 2.8 276.1 17.0 99.5 263.7 2.1
27 0.293 1.217 0.042 1.034 0.849 0.051 0.643 264.0 2.7 261.0 3.0 233.7 149 101.2 264.0 2.7
28 0.301 1.311 0.042 1.083 0.826 0.052 0.740 264.8 2.8 266.9 3.3 285.7 17.0 99.2 264.8 2.8
29 0.299 2.097 0.042 1.270 0.606 0.052 1.669 264.7 3.3 266.0 5.2 277.6 38.7 99.5 264.7 3.3
30 0.298 18.459 0.042 1.546 0.084 0.051 18.394 266.5 4.0 264.9 44.2 251.0 489.4 100.6 266.5 4.0
33 0.303 2.641 0.042 1.643 0.622 0.052 2.068 265.5 4.3 268.5 6.5 2945 479 98.9 265.5 4.3
36 0.305 1.737 0.042 1.031 0.594 0.052 1.398 266.1 2.7 270.1 4.4 304.7 32.2 98.5 266.1 2.7
37 0.300 1.571 0.042 1.147 0.730 0.052 1.074 263.8 3.0 266.2 3.9 286.9 247 99.1 263.8 3.0
38 0.299 1.256 0.042 1.020 0.812 0.052 0.734 265.0 2.6 265.8 3.2 2726 16.9 99.7 265.0 2.6
40 0.295 2.769 0.042 1.878 0.678 0.051 2.035 263.6 49 262.4 6.7 251.6 475 100.5 263.6 49
44 0.302 2.670 0.042 1.199 0.449 0.052 2.385 264.7 3.1 267.9 6.5 296.3 55.4 98.8 264.7 3.1
46 0.301 1.801 0.042 1.178 0.654 0.052 1.362 266.8 3.1 266.9 4.5 267.6 31.6 100.0 266.8 3.1
47 0.299 4.356 0.042 2.914 0.669 0.051 3.238 266.0 7.6 265.6 10.5 262.1 76.1 100.2 266.0 7.6
48 0.295 1.477 0.042 1.055 0.714 0.051 1.034 263.1 2.7 262.1 3.7 253.3 24.0 100.4 263.1 2.7
49 0.305 2.693 0.042 1.346 0.500 0.053 2.333 266.0 35 270.3 6.7 307.8 54.0 98.4 266.0 35
50 0.302 2.249 0.042 1.494 0.664 0.052 1.681 264.3 3.9 267.7 55 297.3 38.8 98.7 264.3 3.9
53 0.296 2.469 0.042 1.908 0.773 0.051 1.568 265.3 5.0 263.5 6.0 247.7 36.5 100.7 265.3 5.0
54 0.300 1.660 0.042 0.943 0.568 0.052 1.366 263.4 2.4 266.5 4.1 293.1 315 98.9 263.4 2.4
55 0.300 2.102 0.042 1.430 0.680 0.051 1.541 267.0 3.7 266.3 5.2 260.3 35.8 100.3 267.0 3.7
57 0.298 1.804 0.042 1.271 0.704 0.052 1.281 263.5 3.3 264.9 4.5 2776 29.6 99.5 263.5 3.3
58 0.300 2.107 0.042 1.523 0.723 0.052 1.456 264.4 3.9 266.1 5.2 281.1 33.7 99.4 264.4 3.9
59 0.315 1.924 0.042 1.247 0.648 0.055 1.466 264.5 3.2 278.0 4.9 393.4 33.2 95.1 264.5 3.2
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60
63
64
66
70
74
77
78
79
80
83
85
89
23
43
45
56
65
69
73
90

0.306
0.293
0.304
0.309
0.303
0.300
0.297
0.303
0.301
0.298
0.296
0.302
0.300
0.873
0.758
1.259
14.555
6.425
5.349
0.767
7.703

6.723
1.808
1.807
1.491
1.596
2.726
1.932
5.420
3.982
1.314
3.330
1.286
1.197
1.298
3.122
5.427
5.637
1.611
1.508
1.005
5.702

0.042
0.042
0.042
0.041
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.042
0.102
0.090
0.134
0.162
0.368
0.326
0.093
0.109

2.922
1.277
1.387
0.960
0.934
1.792
1.117
3.060
2.303
0.830
2.080
1.004
0.953
1.181
2.892
4.962
3.833
1.386
1.223
0.636
3.292

0.435
0.706
0.768
0.644
0.585
0.657
0.578
0.565
0.578
0.632
0.625
0.781
0.796
0.910
0.926
0.914
0.680
0.861
0.811
0.633
0.577

0.052
0.051
0.052
0.054
0.052
0.052
0.051
0.052
0.052
0.051
0.052
0.052
0.052
0.062
0.061
0.068
0.650
0.127
0.119
0.060
0.515

6.055
1.280
1.158
1.141
1.294
2.054
1.576
4.474
3.249
1.019
2.600
0.803
0.724
0.538
1.177
2.198
4.133
0.820
0.882
0.778
4.655

267.7
263.2
266.7
261.6
267.8
265.4
265.0
266.1
262.7
266.0
262.9
265.1
263.3
624.4
558.4
808.7
970.6
2018.8
1818.7
572.0
664.2

7.7

3.3

3.6
2.5
2.5
4.7
2.9
8.0
5.9
2.2
5.4
2.6
2.5
7.0
155
37.8
34.6
24.1
194
3.5
20.8

271.1
260.8
269.4
273.4
268.7
266.5
264.1
268.7
267.0
264.6
263.1
268.2
266.4
637.0
572.7
827.7
2786.6
2035.7
1876.8
578.0
2196.9

16.4
4.4
4.5
3.8
4.0
6.6
4.7

13.1
9.6
3.3
8.0
3.3
3.0
6.7

14.3

31.9

57.5

16.1

14.7
5.0

54.5

300.4
239.3
292.5
374.9
276.8
276.1
255.3
291.4
305.3
252.4
264.7
295.3
293.4
681.8
629.8
879.1
4623.2
2052.9
1941.6
601.6
4284.1

144.3
29.8
26.7
25.9
29.9
47.7
36.6

105.5
75.8
23.6
60.8
18.4
16.6
11.5
25.6
46.1
61.1
14.6
15.9
16.9
70.2

98.8
100.9
99.0
95.7
99.7
99.6
100.4
99.0
98.4
100.5
99.9
98.8
98.8
98.0
97.5
97.7
34.8
99.2
96.9
99.0
30.2

267.7
263.2
266.7
261.6
267.8
265.4
265.0
266.1
262.7
266.0
262.9
265.1
263.3
624.4
558.4
808.7
970.6
2018.8
1818.7
572.0
664.2

7.7
3.3
3.6
2.5
2.5
4.7
2.9
8.0
5.9
2.2
5.4
2.6
2.5
7.0
155
37.8
34.6
24.1
194
3.5
20.8
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Apéndice I1.11 - Dados isotdpicos de Lu-Hf dos gréos de zircao obtidos por LA-MC-ICPMS

LA-MC-ICPMS Lu-Hf isotope data of zircon from sample of tuff - Corumbatai Formation (Parana Basin) in Goias state

Sample (present day ratios) Sample (initial ratios) TDM (Ga)
N°spot U-Pb Age (Ma) 20  "®Hf/'""Hf 20  ""®Hf/'""Hf 20 176H{/1TTHE(t) eHf(t) Felsic Mafic
258 261.6 94 0.00214 22 1.46745 1.19416 0.282649711 1.0 1.1 0.9
259 266.7 75 0.00213 21 1.46759 1.132425 0.282643138 0.9 1.2 0.9
260 264.5 36 0.00108 7 1.46743 1.405806 0.282549501 -24 1.3 1.1
261 263.1 37 0.00131 9 1.46746 1.035543 0.282529684 -3.2 1.4 1.1
262 265.3 49 0.00114 12 1.46725 1.270833 0.282569729 -1.7 1.3 1.1
263 264.7 33 0.00093 7 1.46747 1.319691 0.282504225 -4.0 1.4 1.2
265 264.3 32 0.00096 6 1.46742 1.630264 0.282521672 -34 1.4 1.2
266 266 42 0.00099 7 1.46717 1.495581 0.282561409 -2.0 1.3 1.1
267 266 35 0.00084 6 1.46740 1.406608 0.282497002 -4.3 1.4 1.2
268 263.1 29 0.00108 7 1.46737 1.392565 0.282522793 -3.4 1.4 1.1
270 266.5 43 0.00139 10 1.46740 0.972437 0.282572207 -1.6 1.3 1.1
271 265.5 44 0.00159 10 1.46778 1.591088 0.282484124 -4.7 1.5 1.2
272 265 40 0.00116 8 1.46746 1.851061 0.282527446 -3.2 1.4 1.1
273 263.7 62 0.00204 15 1.46759 1.69603 0.282593548 -0.9 1.3 1.0
274 267.1 36 0.00127 9 1.46749 1.194235 0.282519338 -3.5 1.4 1.2
276 266.9 28 0.00098 6 1.46742 1.364845 0.282461225 -55 1.5 1.3
277 264.8 38 0.00113 9 1.46729 1.403353 0.282567244 -1.8 1.3 1.1
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Apéndice I1.111 - Elementos terras raras (REE), expressos em ppm, obtidos da amostra de tufo por ICP-MS.

REE data from sample of tuff -
Corumbatai Formation (Parana Basin) in

Goias State

SAMPLE TUFF* RGM-1* RGM-1
La 27,43 24,00 21,42
La* 88,48 77,42 69,09
Ce 69,45 47,00 45,16
Ce* 85,95 58,17 55,89
Pr 4,54 4,70 4,82
Pr= 37,17 38,52 31,29
Nd 22,82 19,00 19,23
Nd* 38,04 31,67 32,05
Sm 3,24 4,30 4,42
Sm* 16,63 22,05 22,67
Eu 0,78 0,66 0,66
Eu* 10,62 8,98 8,99
Gd 2,63 3,70 3,84
Gd* 10,17 14,29 14,81
Tb 0,32 0,67 0,70
Th* 6,69 14,05 14,72
Dy 1,70 4,08 4,16
Dy* 5,28 12,67 12,92
Ho 0,40 0,95 0,91
Ho* 5,54 13,23 12,71
Er 0,72 2,60 2,67
Er* 3,41 12,38 12,74
Tm 0,12 0,37 0,33
Tm* 3,84 11,56 10,20
Yb 0,94 2,60 2,22
Yb* 4,49 12,44 10,63
Lu 0,14 0,41 0,44
Lu* 4,23 12,73 13,59

Sm*xGd* 169,02 315,02 335,78
raiz 13,00 17,75 18,32

SREE 135,22 115,04 109,97
Eu/Eu* 0,82 0,51 0,49
La*/Sm* 5,32 3,51 3,05
Gd*/Yb* 2,26 1,15 1,39
La*/Yb* 19,71 6,22 6,50
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Apéndice 1.1V - Elementos traco e teores de itrio, expressos em ppm, obtidos da amostra de tufo por ICP-MS

Trace elements data from sample of tuff - Corumbatai

Formation (Paran& Basin) in Goias State

Sample RGM-1* Tuff * RGM-1 Gstdr
Li 59,81 62,03 57,00
Be 3,00 1,38 2,37
Sc 4,39 6,03 4,40
\% 16,20 18,65 13,00
Cr 6,02 1,55 3,70
Co 2,58 26,90 2,00
Ni 4,43 12,08 4,40
Cu 7,09 12,20 11,60
Zn 38,61 64,07 32,00
Ga 19,77 42,92 15,00
Rb 139,13 195,98 149,00
Sr 105,44 338,08 108,00
Y 25,63 7,88 25,00
Zr 285,68 133,03 219,00
Nb 11,48 17,92 8,90
Cs 41,62 12,24 47,00
Hf 6,12 8,84 6,20
Tl 0,66 1,60 0,93
Pb 26,00 21,58 24,00
Bi 0,20 0,57 0,27
Th 12,21 37,16 15,10
U 4,92 10,90 5,80

Nb/Y 0,45 2,28 0,36
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ARTICLE INFO ABSTRACT
Keywords:
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Choiyoi magmatism
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During the Permian, the southwestern Gondwana margin experienced episodes of intense voleanism tied to the
Choiyoi magmatism. Several ash-fall horizons related to this magmatic event are preserved within the Late
Paleozoic lake-sea sedimentary record of the Parana Basin. Furthermore, near the Permian-Triassic boundary, a
meteor fell in the northern border of the basin, generating unshocked zircon grains preserved in a stratigraphic
marker called the Porangaba Bed. In this study, a new U-PDb zircon age of 265.17 =+ 3.2 Ma is presented for a
volcanic tuff in the upper part of the Corumbatai 'ormation, near the stratigraphic interval of the Porangaba Bed.
In addition, Lu-Hf isotopic compositions of the zircon grains, whole-rock geochemistry, and atmospheric cir-
culation data indicate the affinity of the ash-fall horizon with the Frontal Cordillera source. The combination of
these new and previous U-Pb ages allowed us to draw a more realistic scenario of the evolution of bivalve
mollusk of the Corumbatai Formation and to improve the use of these macrofossils in the biostratigraphy of the
Permian succession of the Parana Basin. In this context, we established the limits of the Pinzonella neotropica-
Jacquesia brasiliensis Association Biozone between 262.38 + 5.7 Ma and 257.5 + 2.2 Ma. Hence, in the north and
central Parana Basin the local resolution of this biozone is of ~5 Ma. Morcover, the range of this biozone in-
dicates that the endemic bivalves survived the end-Guadalupian (ca. 259 Ma) extinction event unscathed.

1. Introduction

The precise age of the Corumbatai Formation in the upper part of the
Permian Passa Dois Group, Parana Basin, southeastern and central
Brazil, is one of the main issues of the Brazilian Gondwana geology.
Since the benchmark monography of Runnegar and Newell (1971), the
unit has become known worldwide for its endemic fauna of
well-preserved, silicified bivalves that evolved in a large and isolate
inland basin (Simoes et al., 1998; Wesselingh, 2007). Therefore, estab-
lishing the precise age, and reliable litho- and bio-correlations in the
Corumbatai Formation are of fundamental importance for our un-
derstandings of the geological evolution of the western Gondwana
during the end of the Paleozoic, including aspects such as sedimentation

* Corresponding author.
E-mail address: beatriz.christofoletti@unesp.br (B. Christofoletti).

https://doi.org/10.1016/j.jsames 3.104750

rate, source area and atmospheric dispersion pattern. The new
geochronological and chronostratigraphic data is also fundamental to
draw a more realistic scenario of that in situ mollusk evolution and to
improve the use of those macrofossils in the biostratigraphy of the Passa
Dois Group, something that has been attempted since Von Huene
(1928).

Since the seminal works of Mendes (1952), a late Permian age is
widely accepted for the Corumbatai Formation exclusively grounded on
bivalve assemblages and palynological data (Daemon, 1974). Over the
years, these fossils occurrences and biostratigraphy have been revised a
few times (Rohn and Résler, 1987; Sohn and Rocha-Campos, 1990; Rohn
and Lavina, 1993), which seems to confirm the late Permian age (or even
Permo-Triassic age, see Runnegar, 1977) for the deposition of the unit.
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However, the bivalves of the Passa Dois Group, including those of the
Corumbatai Formation, are endemic (Mendes, 1952), and without other
geochronological dating calibrations they cannot be used to improve the
age associated with these geological units. This problem was partially
solved by dating the ash beds in the underlying Irati Formation (Cagliari
et al., 2022) resulting in a lower depositional limit of 275 Ma for the
Corumbatai Formation. However, the absence of datable tuff beds at the
upper part of this unit has made it extremely difficult to define the upper
limit of the bivalve biozones and especially if the deposition of the
Corumbatai Formation extends beyond the Permian. Hence, it is note-
worthy that even after more than 100 years of studies (the Corumbatai
Formation was originally defined in 1916 by the Geographical and
Geological Commission of the State of Sao Paulo, Moraes Rego, 1930)
the age of this unit remains under dispute.

Given the context above, in this contribution an accurate and precise
age for the Corumbatai Formation is presented based on tuffaceous
material from the State of Goids, Central Brazil. This is relevant to our
understandings of the age and time elapsed in the sedimentation of this
unit. Even more significant, this new discovery raises another issue
related to the magmatic source of the Permian volcanic ash recorded in
the Parana Basin. Exclusively grounded on age comparisons, the source
of the ash falls has been generically assigned to the Choiyoi magmatism
(Coutinho and Hachiro, 2005; Guerra-Sommer et al., 2008; Rocha--
Campos et al., 2011; Silva et al., 2017), the largest magmatic event in the
western margin of Gondwana (from the western Andean Cordillera to
the Sierra Australes). Although the Choiyoi magmatism is widely
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accepted as the source of these deposits (Rocha-Campos et al., 2011), the
exact location of the volcanism is still debated. Yet, it opens a series of
new avenues to discuss the age of the endemic bivalve fauna of the Passa
Dois Group, the temporal resolution of its biozones, and the bivalve
species duration, with wide geochronological and evolutionary appli-
cations. Hence, in these context, (i) a new high-precision U-Pb radio-
isotope age for the Corumbatai Formation, northern Parana Basin is
presented; (ii) a Lu-Hf isotope analysis and whole rock geochemistry
(including REY) is shown, offering us a unique opportunity to identify
with precision the source of the volcanic ash preserved in this unit and,
(iii) a relative dating pinpointing the age of the bivalve biozones of the
Corumbatai Formation is constrained for the first time. These biozones
are the main tool for surficial interbasinal stratigraphic correlations
between sedimentary successions that are also tracked outside the Bra-
zilian part of the Paranad Basin (i.e., Paraguay), thus, providing the
foundation for continental-scale geological and paleontological
interpretations.

2. Geological setting

The intracratonic Parand Basin extends over 1,700,000 km? in the
central and southern Brazil, eastern Paraguay, northeastern Argentina,
and northern Uruguay (Fig. 1A). This huge sedimentary basin encom-
passes at least 6 s-order stratigraphic sequences deposited between the
Middle Ordovician and Upper Cretaceous periods, including sedimen-
tary and volcanic successions bounded by regional unconformities
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Fig. 1. Study area and general stratigraphy of the Corumbatai Formation and tuff-bearing succession. (A) Location of the studied area in the Parana Basin. (B)
Simplified geologic map (modified from CPRM — Servico Geoldgico do Brasil, 2006) with the location of the tuff bed outerop (17°32.607'S/52°33.931'W). (C)
Simplified stratigraphic column of the Corumbatai Formation showing the precise vertical position of the tuff bed in the upper part of the unit. Explanation: Fm. -
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- grai B — bound 5 R — rud; Porangaba Bed according to Tohver ef al. (2018).
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(Milani et al., 2007). The Paleozoic successions comprise marine and
continental rocks deposited over complete transgressive-regressive se-
quences (Schneider et al., 1974; Milani, 1997; Milani et al., 1998, 2007;
Warren et al., 2008; Holz et al., 2010). Following this tendency, the SW
Gondwana experienced a progressive continentalization and aridization
during the Permian (Milani et al., 2007; Limarino et al., 2014) induced
by the end of the marine connections between the southward Pan-
thalassa and the Parana and Karoo basins (Warren et al., 2008; Holz
et al., 2010). The development of an orographic barrier (Gondwanides
Belt; Keidel, 1916) during the assembling of the Patagonia plate against
the Gondwana supercontinent (San Rafaelica orogeny; Ramos et al.,
1986), led to the restriction of the above cited basins forming a
continental-scale megalake (sensu Palcu et al, 2021). In this huge,
enclosed water body were deposited the Irati, Serra Alta, Ter-
esina/Corumbatai and Rio do Rasto formations, from the Passa Dois
Group (part of the Gondwana I supersequence; Milani et al., 2007).

In the northern/northeastern part of the Parand Basin (Sao Paulo,
Mato Grosso, and Goias states), the stratigraphic interval that encom-
passes the Teresina Formation in the southern and southeastern Brazil, is
usually designated as the Corumbatai Formation (Schneider et al., 1974;
Warren et al., 2015). In the Goias and Sao Paulo states, a well-marked
breccia interval with regional scale significance stands out in the
upper part of the Corumbatai and Teresina formations. This marker bed
is called the Porangaba Bed (Matos and Coimbra, 1997; Tohver et al.,
2018). Although its origin is under dispute (e.g., paleosol or tsunamite),
unshocked zircon grains provide one of the few absolute ages for the
Corumbatai Formation (ca. 254 Ma, Late Permian; Tohver et al., 2018).

In the Goids and Mato Grosso states, the Corumbatai Formation is
bounded at the base by the Serra Alta Formation (Petrobras boreholes —
2-AG-1-MT and 2-JA-1-GO) and at the top by a disconformity with the
Botucatu Formation (Fig. 1B). In these localities, the Corumbatai For-
mation has a typical coarsening-upward pattern (Fig. 1C), with a
monotonous succession of claystone and siltstone interbedded with cm-
thick beds of swaley cross-stratified and wave-rippled fine-grained
sandstone at its base. Highly bioturbated, tabular beds (cm-to m-scale-
thick) of siltstone, heterolithic facies, wave-rippled fine-grained sand-
stone, and bivalve shell beds transitionally overlapped the basal suc-
cession (Ng et al., 2019). In the upper part of the unit, fine sandstone and
heterolithic facies with mudstone cracks are common, while the pres-
ence of siltstone deposits significantly decreases. Carbonate facies
(including microbialites), bivalve-dominated shell beds, evaporitic
breccia with halite pseudomorphs, tepees and saline crusts are also
observed (Ng et al., 2019).

Since the mid-20th century, multiple paleoenvironmental scenarios
have been proposed for the Corumbatai Formation, including shallow
restricted marine, lacustrine and tide-influenced settings (Schneider
et al., 1974; Suguio et al., 1974; Petri and Coimbra, 1982; Sousa, 1985;
Rohn, 1994). Based on Warren et al. (2015) and sedimentological data
from the southern and northern part of Parana Basin (this contribution),
the interpretation is that the Corumbatai Formation were deposited in a
shallow megalake (i.e. without connection with the Panthalassa
(Mendes, 1984; Rohn, 1994, 2007; Simoes et al., 1998)). Paleobiological
evidence suggests that the salinity was variable and that the endemic
taxa was not typically freshwater or marine (Mendes, 1949, 1952;
Beurlen, 1954; 1957; Runnegar and Newell, 1971; Sousa, 1985; Sohn
and Rocha-Campos, 1990; Simoes, 1992; Rohn, 1994; Maranhao, 1995;
Matos, 1995; Maranhao and Petri, 1996; Simoes et al., 1998, 2000;
Ghilardi and Simoes, 2002). This huge intraplate, confined water body
was frequently affected by storms, and marked by periods of intense
evaporation and hypersalinity with punctual influence of freshwater
input (Suguio et al., 1974; Sousa, 1985; Sohn and Rocha-Campos, 1990;
Simoes, 1992; Rohn, 1994; Maranhao, 1995; Matos, 1995; Maranhao
and Petri, 1996; Simoes et al., 1996; Simoes et al., 1998, 2000; Ghilardi
and Simoes, 2002).
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2.1. On the age of the Corumbatai Formation

Given the presence of Stereosternum tumidum and Mesosaurus brasi-
liensis in the underlying Irati Formation, and Licopodiopsis derbyi (see
Mendes, 1952, and references therein) in the Corumbatai Formation, a
Late Paleozoic age was assigned to the sedimentary succession of the
Passa Dois Group, even prior to its formal designation as the Passa Dois
Series by White (1908). Until 1927, a Permian age was accepted to the
Passa Dois Group, but during the famous geological comparison be-
tween South America and Africa, Du Toit (1927) referred the upper part
of the group to the Triassic. Bivalves collected by him in the State of
Parana were erroneously referred to as the Mesozoic bivalve genera
Myophoriopsis (=Jacquesia) and Pachycardia (=Pinzonella) by Reed
(1929, 1932, 1935). Du Toit (1927) had access to Reed’s data before the
publication of his studies. These facts introduced strong confusion into
the chronology of the Corumbatai beds.

Mendes (1952) revised the bivalves of the Corumbatai Formation
based on fossils from the State of Sao Paulo, again recognizing a Permian
age for the formation. In addition to the presence of Glossopteris and
arborescent lycophytes (Mendes, 1967), the occurrence of striated dis-
saccate pollen grains (e.g., Striamonosaccites cf. S. morondavensis) from
subsurface samples of the Corumbatai Formation in the State of Sao
Paulo indicates a latest Permian age for the unit (Tatarian stage of the
European Zechstein Sea, or Capitanian to basal Wuchiapingian)
(Daemon, 1974). An upper Permian (i.e., Kazanian-Tatarian or nearly
Capitanian-Wuchiapingian age) was accepted for the Corumbatai For-
mation for a long time by various authors (e.g., Daemon and Quadros,
1970; Rohn and Rosler, 1987; Sohn and Rocha-Campos, 1990; Rohn and
Lavina, 1993).

However, based on a pattern of alternating reverse and normal
geomagnetic polarity, Valencio et al. (1975) had proposed a Late
Permian or even younger (Triassic) paleomagnetic age for the Corum-
batai Formation in Sao Paulo State. In turn, Runnegar (1977) considered
the Passa Dois bivalves to be representative of a Permo-Triassic benthic
biota.A Triassic age was again suggested for the Corumbatai Formation
by Ragonha (1984), based on fossil remains of Xenacanthus moorei, a
cosmopolitan shark that occurs in Triassic deposits of Europe, India, and
North America. Similarly, Daemon et al. (1996), on the ground of
palynological content, invertebrates and vertebrates considered the
Corumbatai Formation as Triassic in age.

Although scarce, the palynostratigraphic studies identified the
typical species of the Lueckisporites virkkiae Zone in the Corumbatai
Formation attributing a Cisuralian-Guadalupian age for this unit
(Daemon and Quadros, 1970; Maranhao, 1995; Souza and
Marques-Toigo, 2005; Neregato et al., 2008; Mori et al., 2012; Rocha
et al., 2020).

On the other hand, ostracod taxa described from occurrences in the
Goias and Mato Grosso states (Tomassi, 2009) have been reported from
Changhsingian (Late Permian) based in similar forms found in coeval
successions in China (Shu and Utting, 1990; Crasquin et al., 2010).
Hence, for a long time, the age of the Corumbatai Formation was mainly
inferred based on its micro and macrofossil content, and its contact re-
lationships with the underlying Serra Alta and Irati formations and the
overlying Pirambéia Formation, as well as its lateral correlation with the
Teresina Formation in the southern Brazil. This was until recently, when
Rocha-Campos et al. (2019) dated some probable ash fall layers and
published U-Pb zircon ages, suggesting an age of 257 + 2.2 Ma. (only 3
zircon grains) and 266 + 7.1 Ma for the Corumbatai and Teresina for-
mations, respectively. However, the authors themselves point out that
these data present little confidence and can be placed in establishing the
age of the units, due to the scarce number of data.

Thanks to the presence of tuff layers in the Lower Permian succession
of the Parana Basin, also including the Irati Formation, some published
absolute radioisotope ages are now available (Maynard et al., 1996;
Rocha-Campos et al., 2006, 2019; Santos et al., 2006; Silva et al., 2017;
Bastos et al., 2021; Cagliari et al., 2022). These ash-fall tuffs are crucial
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because they usually contain a representative zircon population, which
is product of a volcanic event and can be used to provide a precise U-Pb
depositional age for the host sediments.

3. Material and methods

During a detailed geological survey in the Corumbatai Formation at
the northwestern part of the Parana Basin, one tuff bed was founded and
sampled in a road cut at the Mineiros town, State of Goias, Brazil
(17°32.607'S/52°33.931'W). The tuff bed was stratigraphically con-
strained at the upper succession of the Corumbatai Formation, ~10 m
below the upper erosive boundary with the Botucatu Formation
(Fig. 1C). A detailed (1:50) columnar section was measured including
the description of the lithology, sedimentary structures, and fossil con-
tent (Fig. 2), and one sample (~2 kg) of the tuff bed was collected.

3.1. Zircon U-Pb geochronology

The zircon grains were separated from rock sample (2 kg) using
standard techniques encompassing crushing, sieving and separation by
heavy liquid (bromoform). Zircon grains (~430 grains) were hand-
picked under a binocular stereomicroscope, mounted on adhesive tape,
and enclosed in epoxy resin mounts. These were polished to about half
their sizes and imaged by cathodoluminescence (Fig. 3A; JEOL 6510
Scanning at DEGEO/UFOP), aiming to characterize internal features
(recrystallization rings, fractures, inclusions) of the individual zircon
grains. The zircon description and typology followed the protocol in
Pupin (1980).
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U-Pb analyses (see Supplementary Material) were carried out at the
Isotopic Geochemistry Laboratory (Federal University of Ouro Preto —
UFOP) using a Thermo-Finnegan Neptune multi-collector ICP-MS
coupled with a Photon-Machines 193 nm excimer laser system (LA-MC-
ICP-MS). Data were acquired using automatic mode with background
measurement during 20 s, zircon ablation during 40 s and 20 pm spot
size. The GJ-1 zircon standard (Jackson et al., 2004) was used as a
primary standard for this study with the Plesovice zircon standard
(296pp/238y = 337 Ma, 27Pb/?*U = 337 Ma and 2°7Pb/?"°Pb = 339
Ma; Slama et al,, 2008) as a secondary standard. Data reduction was
done in SATURN® Software (Silva et al., 2022), whereas the concor-
dance, probability, radial and Concordia diagrams, and the weighted
average ages were generated by the Excel Isoplot software (Ludwig,
2003).

3.2. Lu-Hf isotope analyses

The Hf isotope ratios were determined on seventeen previously
selected zircon crystals showing reliable U-Pb ages with low analytical
error (see Supplementary Material). The analysis were carried out in a
multi-collector MC-ICP-MS Thermo-Scientific Neptune Plus system,
coupled to a Photon Machines 193 (A = 193 nm) ArF Excimer laser
ablation system, hosted in the Isotopic Geochemistry Laboratory (Fed-
eral University of Ouro Preto — UFOP). Data were collected in static
mode during 60 s of ablation with a spot size of 40 pm. The spots were
drilled with a repetition rate of 6Hz and 0.3 He gas.

The accuracy and external reproducibility were verified by analyses
of the standard zircons Blue Berry '7°Hf/77Hf = 0.281692 + 0.000017
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Fig. 3. Zircon morphology. (A) Cathodoluminescence image of the selected volcanic zircons for the LA-ICP-MS dating (grey number refer to the zircon identification
in Supplementary Material) and Lu-Hf analysis (green number refer to the zircon identification in Supplementary Material). (B) Zircon crystal typological classi-
fication diagram (Pupin, 1980). The blue subtypes refer to the analyzed zircon population.

(n = 10), Mud Tank '7°Hf/"77Hf = 0.282516 = 0.000015 (n = 10), GJ-1
176H£/177Hf — 0.282005 + 0.000019 (n = 10) and Temora 7°Hf/'77Hf
= 0.28260 + 0.000014 (n = 10) (all errors are + 26 SD). These ratios are
in good agreement with the accepted ratios data of 0.281674 =+
0.000018 (Blue Berry; Santos et al., 2017), 0.282504 + 0.000044 (Mud
Tank; Black and Gulson, 1978; Woodhead and Hergt, 2005), 0.282000
4+ 0.000005 (GJ-1; Jackson et al., 2004), and 0.282680 =+ 0.000031
(Temora; Black et al., 2003; Wu et al., 2006).

For the calculation of the ¢Hf(t) values, the chondritic values re-
ported by Chauvel et al. (2008) of 7°Hf/'”’Hf = 0.283164 and
17614/ 77Hf = 0.0270 were used. To calculate the model ages (TDM)
based on a depleted mantled source, the present-day ratios of
176H£/177Hf = 0.282313 and '7°Lu/Y7Hf = 0.000311 were used (Bli-
chert-Toft, 2008). The A decay constant for 7014 applied was 1.867 x
10-11/yr (Soderlund et al., 2004).

3.3. Whole-rock mineralogy and ICP-MS-geochemistry

Whole-rock and clay mineralogy of the tuff bed sample was deter-
mined from XRD patterns. Analyses were run on a PANalytical X'Pert
PRO difractometer in the Centro de Investigaciones Geoldgicas (CIG
CONICET-UNLP, La Plata, Argentina), using Cu radiation (Ka = 1.5 ;\)
and a Ni filter, and generation settings of 40 kV and 40 mA. Routine air-
dried mounts were run between 2 and 32°2¢ at a scan speed of 2°26/
min. Samples were ethylene glycol-solvated without saturation pre-
treatment and heated to 550 °C, and they were run from 2 to 27°2¢0
and 3-15°20, respectively, at a scan speed of 2°20/min. The method-
ology used for sample preparation follows Brown and Brindley (1980),
and semi-quantification of the minerals was obtained considering the
intensity of the main peak for each mineral (Biscaye, 1965; Moore and
Reynolds, 1997 including laboratory patterns).

Rare-earth elements and yttrium (REY) contents, expressed in ppm,
were obtained from the sample of tuff using a PerkinElmer quadrupole
inductively coupled plasma mass spectrometry (ICP-MS) fitted with a
Meinhardt concentric nebulizer at the CIG. In preparation for elemental
analyses, aliquots of whole powder were digested for 2 h in trace metal
grade 2% HNOj;. REE concentrations were normalized to chondrite
values (Sun and McDonough, 1989) and compared to REE pattern of the

rhyolite certificated geo-standard (RGM-1).
4. Results
4.1. Tuff-bearing succession

The tuff-bearing section (Fig. 2) is organized in up to 3 m-thick,
coarsening-upward successions composed of dm-scale beds of siltstone
with horizontal lamination interbedded with ripple cross-laminated,
fine-grained sandstone in the base, which transitions to sandstone
with flaser and wavy bedding at the middle, and to fine-grained sand-
stone with ripple cross-lamination and horizontal lamination at the top
(Fig. 2D). The volcanic bed is a low-density, whitish claystone (Fig. 2C)
that conforms an approximately >5 m-wide and 5 to 10 cm-thick lens
within a siltstone bed between ripple cross-laminated and horizontally
laminated fine-grained sandstone. To the top of the succession, inter-
bedded laminated siltstone and silicified horizontally laminated stro-
matolites occur.

4.2. Volcanic zircon U-Pb ages

A total of 430 zircons were analyzed under cathodoluminescence. Of
these, 43 euhedral volcanic grains were randomly selected for dating by
LA-ICPMS (Fig. 3A).

The 37 analyzed zircons have prismatic and euhedral morphologies
ranging in size from 56 to 176 pm (Fig. 3A), with medium sizes around
80-110 pm. Almost all zircons correspond to dipyramidal grains with
well-developed prismatic faces, corresponding to the subtypes P1-4, S5,
9, 10, 15, 18-25 of Pupin (1980) (Fig. 3B).

About 86% of the analyzed zircon population have a late Permian
age, varying between a minimum of 261.6 = 8.0 Ma and a maximum of
267.8 + 2.5 Ma (Capitanian to Roadian ages). The 2°°Pb/2**U weighted
mean age of 265.0 + 0.5 Ma with a mean square of weighted deviation
(MSWD) of 0.76 and a probability of 0.85 (95% of confidence, Fig. 4A)
and the 2°°Pb/?*®U concordia age of 265.17 + 3.2 Ma (Fig. 4B) confirm
a Wordian age for the analyzed zircon population. Six zircon grains (4%
of the zircon population; numbers 23 to 73 in Fig. 3A) are rounded to
subrounded (sizes vary between 70 and 137 pm), having Cambrian
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Fig. 4. U-Pb LA-ICP-MS results of the analyzed volcanic zircon grains. (A) °°Ph/?3®U weighted mean age of the LA-ICP-MS dated grains. (B) Concordia diagram

illustrating LA-ICP-MS dated grains. MSWD: mean square of weighted deviates.

(558.3 + 15.5 Ma, Fortunian) to Paleoproterozoic ages (2018.8 + 24.1
Ma, Orosian).

4.3. Volcanic zircon Lu-Hf analysis

Among the 37 Permian-age zircon grains, 17 were randomly selected
and subjected to isotopic analyzes of Lu-Hf. The eHf(t) vs. time diagram
(Fig. 5) shows that most volcanic zircon grains have negative values
between —5.5 and —0.9 and TDM ages from 1.3 to 1.5 Ga. Only two
grains have positive ¢Hf values of 0.9 and 1.0, and TDM ages between
1.2and 1.1 Ga.

4.4. Whole-rock mineralogy and ICP-MS-geochemistry

The whole-rock XRD compositional data of the tuff sample shows
that quartz is the prevalent mineral (37%); followed by K-feldspar
(23.5%), plagioclase (18.5%), tridymite-cristobalite (12%), pyroxene
(7%), and clay minerals (3%) (Fig. 6A). Clay-fraction (<2 pm), XRD
analysis (less than 3% of the whole rock) shows smectite and in less
proportion mixed layered illite—smectite (IS) (Fig. 6B). In the analyzed
sample, clays are mostly the product of very scarcely altered glass.

5. Discussion

5.1. The age of the Corumbatai Formation and the nature of Porangaba
Bed

The 2%°pb/?*y age of 265.17 + 3.2 Ma (Wordian, Cohen et al.,
2013; updated), in the upper part of the Corumbatai Formation in the
Goias State, clearly indicates that this unit is older than previously
realized. The low degree of dispersion in the dataset (the Cambrian and
Paleoproterozoic zircons were considered detrital grains from an older
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Fig. 5. Lu-Hf isotope analyses of the zircon grains indicated in I'ig. 3. CHUR:
chondritic values; DM: depleted mantle.

source that got mixed in during the deposition of the tuff layer in the
depositional environment) and the unusual abundance of euhedral
zircon reinforces that the dated grains are non-reworked and correspond
to the same original magmatic population. Thus, the age obtained
approximately correspond to the age of ash ejection and tuff deposition.

In other words, the unit is neither Triassic nor Tatarian (i.e.,
Changhsingian) (Fig. 7), as previously suggested by Ragonha (1984) and
Daemon et al. (1996), among others. On the other hand, the ca. 265.17
+ 3.2 Ma age is in accordance with a Kazanian age (270.5-260.4 Ma) or
Roadian-Capitanian age, already suggested by various authors (Daemon
and Quadros, 1970; Rohn and Rosler, 1987; Sohn and Rocha-Campos,
1990; Rohn and Lavina, 1993). As shown in Fig. 7, only the upper
part of the Corumbatai Formation is Capitanian to basal Wuchiapingian,
an age that is also in accordance with some pollen grains (i.e., Stria-

cites cf. S. mor is) recorded in subsurface samples from
the Corumbatai Formation in the Sao Paulo State (Daemon, 1974).

Previous paleomagnetic studies indicate that the Corumbatai For-
mation was entirely deposited after the end of the Kiaman Superchron at
262-265 Ma (Capitanian-Wordian) (Valencio et al., 1975). However,
recent paleomagnetic data, constrained by U-Pb ages in zircons, from
the Porangaba Bed (Tohver et al., 2018), contest this depositional age
and pointed to a deposition between ca. 274-254 Ma (Kungur-
ian-Changhsingian; Aragao and Scardia, 2021).

The Porangaba Bed is defined by a matrix-supported breccia grading
upward to a light grey to dark-red, massive, poorly sorted silty sandstone
with free-floating, angular lithic clasts of white, altered chert or ocher
siltstone (Matos, 1995; Matos and Coimbra, 1997). This bed was first
described at the contact between the Passa Dois Group and the overlying
Pirambéia Formation, in Sao Paulo State (Brazil) (Matos, 1995; Matos
and Coimbra, 1997). Tohver et al. (2018) reported a breccia bed in a
single location in the State of Goids and attributed this facies to the same
Porangaba Bed described in the Sao Paulo State by Matos (1995). This
deposit has been interpreted either as the product of pedogenesis (Matos
and Coimbra, 1997) or more recently, as a result of a high energy
episode related to the late Permian Araguainha impact event (Tohver
et al., 2018).

Tohver et al. (2018) dated unshocked detrital zircon grains from this
breccia bed providing a SHRIMP U-Pb maximum depositional age
(youngest population; n = 12) of 253.0 + 3.0 (Changhsingian).
Compiling only the ages of grains collected exclusively in the northern
part of the Parana Basin by Tohver et al. (2018), in the same strati-
graphic interval and just 60 km away from the tuff bed studied here, the
concordia age of the Permian population of zircons reaches 262.38 Ma
+5.7 Ma (Tohver et al., 2018) (Fig. 7).

When compared, the columnar sections of the tuff bed outcrop and
that of the Porangaba Bed (Tohver et al., 2018), it is clear that: (i) the

135



B. Christofoletti et al.

Journal of South American Earth Sciences 134 (2024) 104750

1300 -
| A

Whole rock

Intensity

330

2m

Intensity
]
T
12,01

1383 -

200 -

1,39

557

Heated 550°C
Glicolated
Air-dried

— 335

o S
& B
o

466
319

5.17
= 5404

301

293
284

88
3
&3 2
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“Porangaba Bed” described by Tohver et al. (2018) in Goias State is
stratigraphically located a few meters (~10 m) below the top of the
Corumbatai Formation; (ii) the Porangaba Bed is almost at the same
stratigraphic level as the tuff bed studied here; (iii) in the northern part
of the Parand Basin, the upper part of the Corumbatai Formation was
eroded and overlain by the Botucatu Formation, and (iv) in the SP-280
highway, central part of the Sao Paulo State, limestone with bivalves of
the Pinzonella neotropica-Jacquesia brasiliensis Association Biozone in the
upper part of the Teresina Formation are recorded ~14 m above the
Porangaba Bed, almost in the contact with the overlying Pirambdia
Formation. Thus, at least in theory, the breccia facies of the Porangaba
Bed occur at a stratigraphically well-delimited single level and could not
have been formed at different ages (neither by pedogenesis, nor by
impact, or even a fault reactivation).

However, even considering dating errors (2-5 Ma), the ages obtained
by Tohver et al. (2018) for the breccia bed described in Goids State (and
associated by these authors to the Porangaba Bed) are older than those
obtained for the Porangaba Bed in the Sao Paulo State. Thus, the brec-
cias observed in the Goids State are probably not part of the Poranbaga
Bed described for the Teresina/Corumbatai Formation from the Sao
Paulo State, which the origin of breccias is probably associated to the
Permian reactivation of the Jacutinga Fault, by intraplate stress propa-
gation associated to the Sanrafaelica Orogeny (Riccomini et al., 1992;
Rostirolla et al., 2003; Turra, 2009; Varejao et al., 2022). Alternatively,
these breccia levels may compose an interval (“Porangaba Bed Interval™)
related to distinct triggering events.

5.2. Permian volcanism and related sources

During the early to middle Permian (280-260 Ma), the southwestern
Gondwana margin experienced episodes of intense volcanism. In the

inner part of the supercontinent, these events were recorded as rare
tuffaceous horizons deposited in the Parand Basin (Brazil, Paraguay, and
Uruguay) (Coutinho et al., 1988; Milani and Ramos, 1998;
Lopez-Gamundi, 2006; Rocha-Campos et al., 2011). Due to age and
geochemical characteristics, many of these tuff levels have been asso-
ciated with the multiple magmatic events related to the Permian-Triassic
Choiyoi Orogeny that occurred between 280 and 250 Ma (Milani and
Ramos, 1998; Rocha-Campos et al., 2011). Thus, this large
volcano-plutonic complex characterized by lava flows, ignimbrites, py-
roclastic, and sub-volcanic rocks cropping out in the current central
Chile and western Argentina was the main source for the ashes deposited
in the intracontinental basins (Kay et al., 1989; Kleiman and Japas,
2009; Fanning et al., 2011).

Since the chemical characteristics of the crystallization play an
important role in the origin and growth of zircon grains, it is possible to
suggest a preliminary petrogenetic classification based on external
morphology (Pupin and Turco, 1975; Pupin, 1976, 1980). As previously
mentioned, the analyzed zircon population fits well in the morpholog-
ical subtypes P1-4; S5, 9, 10, 15, 18-25 (see Fig. 3B; Pupin, 1980),
commonly related to granite of crustal + mantle affinity (orogenic
granite, leucogranite, monzogranite, granodiorite and sienogranite).
Additionally, most of the analyzed Permian zircons with ages between
267 and 262 Ma have minimum and maximum negative eHf values of
—5.5 to —0.9, respectively (Figs. 4 and 5). This suggests a strong crustal
influence in the genesis of the granitoid rocks (Faure, 1986).

The Permian age of the analyzed zircon and the mostly negative eHf
values are consistent with geochronological and geochemical data from
the Choiyoi igneous province. Negative eHf values (—15.3 to —0.08)
were reported in the Permian (ca. 260-269 Ma) igneous rocks from the
Frontal Cordillera (Central Andes) (Poma et al., 2014; Pepper et al.,
2016; Capaldi et al., 2021), North Patagonia Massif (258-269 Ma, eHf
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values between —32.9 and - 2.8, Fanning et al., 2011; Chernicoff et al.,
2013; Pepper et al., 2016; Castillo et al., 2017), igneous rocks from
Northern Antarctic Peninsula (ca. 263-269 Ma, ¢Hf values —20 to — 7,
Fanning et al., 2011), and Tierra del Fuego (ca. 260-262 Ma, ¢Hf values
—12.2 to - 9.5, Castillo et al., 2017) (Fig. 8).

When compared with the available data from the Choiyoi Province
(Fig. 8), the age dispersion indicate affinity with Frontal Cordillera and
North Patagonia Massif, while the eHf values are more similar to those

found in the Frontal Cordillera. On the other hand, the Northern Ant-
arctic Peninsula and Tierra del Fuego showed more negative ¢Hf values
and less compatibility with the tuff studied here.

Analyzing the atmospheric circulation pattern that prevailed during
the middle and late Permian, it is noteworthy the presence of a high-
pressure cell developed during summers in the southern hemisphere
(Fig. 9; Parrish and Curtis, 1982). Thus, as pointed by the ages and Lu-Hf
data, it is plausible that winds blowing from SW to NE carried ashes from

esamie ofmgGoler ojoftoone -omennate s ol Fusge
5
0 — e me CHUR
e
® 85 o o0, )
* o - ., ¢ ./ a " DM
-5 - ° e :
F ]
-10 . : - ] A *
¥ A
"g . s 2
15 .
* * $ "
-20
-25
* * *
-30
*
268 266 260 258

264 262
Age (Ma)

Fig. 8. Lu-Hf comparison of the Permian tuff bed from the upper Corumbatai Formation and multiple magmatic provinces associated to the Choiyoi Orogeny. 1 —
Poma et al. (2014); 2 - Pepper et al. (2016); 3 — Capaldi et al. (2021); 4 - Fanning et al. (2011); 5 — Chernicoff et al. (2013); 6 — Castillo et al. (2017). Explanation:

CHUR: chondritic values; DM: depleted mantle.
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the Frontal Cordillera or North Patagonia Massif to the Parana Basin
depositional site located about 2000 km from the magmatic source area
(Fig. 9).

Acceptance of the Choiyoi igneous province vents as the source for
Paranad Basin tuff beds would imply in dispersion of volcanic ash clouds
transportation for distances from over 2000 km. Rocha-Campos et al.
(2011) compared the Toba eruption event (Indonesia, 75 ka) that left a
blanket over an area of about 4,000,000 km? (over 20.5 times the Parana
Basin area) up to 3000 km away (Rose and Chesner, 1987), character-
izing a large scale explosive eruption of plinian to ultraplinian intensity.
In largest eruptions the ash clouds typically develop diameters greater
than 600 km and up to 6000 km in the most powerful supereruptions,
thus explaining why areas of continental size can be covered with vol-
canic ash (Baines and Sparks, 2005). Furthermore, models of dispersion
of volcanic ash clouds indicate that particles with sizes varying between
30 and 100 pm can reach distances of up to 3000 km from the source
area (Beckett et al., 2015), which is compatible with the size of zircon
grains from the tuffaceous bed here analyzed.

REEs are useful tracers for petrogenetic processes, and they are
commonly used for characterization of rocks (Rollinson, 1993). In this
sense, the REE concentrations of the tuff were normalized to the chon-
drite values (Boynton, 1984) and the total REE abundance obtained was
in sum 135 ppm. As seen in Fig. 10, REE pattern of the tuff is similar to
the geo-standard RGM-1. It is characterized by LREE enrichment
(Lan/Smy = 5.32) and relatively flat to depleted in HREE (Gdy/Yby =
2.26). They also show absence to slightly negative Eu anomalies
(Eu/Eu* = 0.81).

According to Rollinson (1993), Eu anomalies are chiefly controlled
by feldspar; particularly in felsic magmas and the removal of feldspar
from a felsic melt by crystal fractionation give rise to a negative Eu
anomaly. However, negative Eu anomalies is not recognized in the REE
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Fig. 10. Chondrite-normalized REL patterns of the tuff (Boynton, 1984),
Frontal Cordillera (1 — Poma et al., 2014; 2 — Rocher et al., 2015), North
Patagonia Massif (3 — Gregori et al., 2021), theorical RGM-1 geostandard and
RGM-1 geostandard analyzed in this work (black dashed line).

patterns of the tuff (Fig. 10), the LREE-enriched and relatively flat HREE.

The compatibility of the Corumbatai Formation ash fall layer and the
Frontal Cordillera were also tested by comparing their rare earth ele-
ments (REE) and depict a great compatibility (data from Poma et al.,
2014; Rocher et al., 2015), indicating similar origin and evolution
(Fig. 10). Rare earth elements sum of the tuff sample (135 ppm) is in the
range of that reported by the same vulcanism (119-234 ppm; Rocher
etal., 2015). The REEs normalized to the chondrite patterns obtained for
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these authors show moderate slopes, with slightly enriched light REEs,
presence of negative Eu anomalies of variable magnitude, and relatively
flat patterns in heavy REEs.

Added to all this geochemical data, the grain sizes of the zircons are
another specific evidence of congruence between the Frontal Cordillera
magmatism and the Corumbatai tuff bed. The zircons of the Llullaillaco
Unit (Frontal Cordillera) exhibit 80 pm-200 pm long (Poma et al., 2014)
compatible with the mean grain size obtained here (80-110 pm).

5.3. Biostratigraphic implications

The radiometric ages now available are extremely relevant to better
constrain the bivalve species duration and the relative ages of some
bivalve Association Biozones of the Corumbatai Formation, the most
important benthic macrofossils for biostratigraphy and intra and inter-
basinal correlations in the Passa Dois Group (Simoes and Kowalewski,
1998; Simoes et al., 1998). Although the vertical amplitude of some
bivalves can transcend the lower and upper limits of bivalve biozones,
the first and last appearance data of index bivalve species are vertically
well marked. The Pinzonella neotropica-Jacquesia brasiliensis Association
Biozone is one example (Fig. 11) that is well-recognized by various
authors in the Corumbatai and Teresina formations (see Rohn, 1994, and
references therein). The biozone is defined by the vertical amplitude of
Pinzonella neotropica, with the lower limit marked by the first strati-
graphic appearance of P. neotropica, Jacquesia brasiliensis, and the last
stratigraphic appearance of Ferrazia cardinalis (Rohn, 1994). The upper
limit is defined by the last stratigraphic appearance of P. neotropica and
Cowperesia anceps (Rohn, 1994). Fig. 11 show the vertical distribution of
the Pi lla neotropica-Jacquesia br in which the lower limit of
this biozone is slightly older than 262.38 + 5.7 Ma and the upper limit is
ca. 257.5 + 2.2 Ma. Hence, in the north and central Parana Basin the
local resolution of the Pinzonella neotropica-Jacquesia brasiliensis Asso-
ciation Biozone is of ~5 Ma. Just to remember, this biozone can be
tracked from Brazil to Paraguay, and our data offers an age for a layer
that extends laterally for hundreds of kilometers.

Journal of South American Earth Sciences 134 (2024) 104750
5.4. Evolutionary implications

5.4.1. Bivalve species duration

The concept of bivalve species duration has application in both
biostratigraphy and in evolutionary studies (KKoch, 1980). Indeed, the
maximum temporal bivalve species duration may have an important
chronostratigraphic significance, but given the low availability of ac-
curate radiometric ages, only a few information is found in the literature
on this topic (see Koch, 1980; Rohn, 1994). Our newly obtained age
allows us to, for the first time, evaluate the maximum temporal bivalve
species duration of the Pi lla neotropica-Jacq brasiliensis Asso-
ciation Biozone, as well as the exclusive species that coexisted in this
biozone (Naiadopsis lamellous), and about some species that are recorded
across various biozones (i.e., Cowperesia anceps).

Average bivalve species duration varies with time, environment, life
habit, and geographic distribution (Koch, 1980; Stanley, 1990; Rohn,
1994). The average total duration of the marine bivalve species is
approximately 10 Ma (Stanley, 1990). However, this value changes
significantly for those bivalve species that thrived in interior (lake-sea)
basins, given the high speciation and extinction rates coupled to the
disturbance in stability in the benthic ecosystems (IKoch, 1980; Neves-
skaia et al., 1987), characteristic of this type of basin. For example, Koch
(1980) investigated the duration of 41 bivalve species, which coexisted
in the Western Interior of North America, during the uppermost Scipo-
noceras gracile Zone of the Cenomanian, and found an average species
duration of 2 Ma. Nevesskaia et al. (1987) has also found values lower
than 10 Ma for the total duration of bivalve species that flourished in
Cenozoic marine half-closed and nearly closed brackish basins during
Oligocene-Pliocene of the Paratethys (see also Nevesskaia et al., 2009).
Notably, the duration of Pinzonella neotropica, Jacquesia brasiliensis, and
Naiadopsis lamellosus is ~5 Ma, corresponding to an age interval sub-
stantially lower than those found by Stanley (1990) for marine settings.
In turn, Cowperesia anceps that is recorded throughout the Teresina and
Corumbatai formations (Pinzonella illusa-Plesiocyprinella carinata and
Pinzonella neotropica-Jacquesia brasiliensis biozones) had a total species
duration of ~16 Ma substantially larger than that found by Stanley
(1990). One possible explanation is that those endemic species were
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eurythopic.

5.4.2. From local to global Permian bioevents

The transition between the Pinzonella illusa-Plesiocyprinella carinata
and Pinzonella neotropica-Jacquesia brasiliensis biozones encompasses
one of the main faunal turnovers in the fossil record of the Permian Passa
Dois Group. Bivalve diversity and abundance dropped significantly at
this time (see Simoes et al., 2015, p. 23, Fig. 6). Hence, if our
geochronological data is correct, this marked faunal change has
occurred between ~265 and 262Ma (i.e., Wordian-Capitanian transi-
tion). However, the main benthic faunal turnover in the Passa Dois
Group is recorded between the Pi lla neotropica-Jacquesia brasiliensis
and the Terraia curvata assemblage, in the Serrinha Member of the Rio
do Rasto Formation (Simoes et al., 2015, p. 23, Fig. 11). This faunal
change is marked by the end of the Pinzonella-dominated bivalve as-
semblages of the Corumbatai-Teresina formations and its substitution by
the Terraia-dominated assemblages in the overlying Rio do Rasto For-
mation (Simoes et al., 2015). The species composition, abundance, and
dominance in the Terraia curvata assemblage differ significantly from
the preceding Pinzonella-dominated assemblages. Notably, bivalve
abundance has never been like that of Corumbatai times. The radio-
metric ages available (Fig. 11) indicate that this bioevent can now be
constrained to ~257.5 Ma, in the middle of the Wuchiapingian.

On the other hand, the ca. 262 Ma to 257 Ma of the total local range
of the Pinzonella neotropica-Jacquesia brasiliensis indicates that the
endemic bivalves survived the end-Guadalupian (ca. 259 Ma) extinction
event unscathed. Marine tropical taxa, including the fusulinids, giant
bivalves (i.e., family Alatoconchidae), and rugose corals that thrived in
the Panthalassa and Paleo-Tethys were severely affected by this event
(see Arefifard and Payne, 2020, and references therein). Global
warming-induced failure of marine associations following the Emeishan
volcanism is the main trigger evocated for the end-Guadalupian extinct
event (Arefifard and Payne, 2020). Protected within an isolate,
continental-scale, inland aquatic system in the Gondwana supercontin-
ent, the Corumbatai-Teresina bivalves were away from this Guadalu-
pian/Lopingian benthic marine biotic crises, showing how the open

oceans and the coeval inland seas (or megalakes) have very distinct
ecological and evolutionary responses.

6. Conclusion

The tuff bed sample collected in the upper part of the Corumbatai
Formation, in the northernmost Parand Basin (Goias State), has a Wor-
dian depositional age of 265.17 = 3.2 Ma. This U-Pb age with Lu-Hf
isotopic data, whole-rock geochemistry, and atmospheric circulation
data, allows us to pinpoint the source of this ash with confidence and
related it to the Frontal Cordillera magmatism (ca. 260-269 Ma). The
chronologic constraints based on the age of the most recent volcanic tuff
of the Irati Formation (275.75 Ma; Cagliari et al., 2022) and the age for
the top of the Corumbatai Formation.

This radiometric age is important to constrain the bivalve species
duration and the relative ages of some bivalve Association Biozones of
the Corumbatai Formation, the most important benthic macrofossils for
biostratigraphy and intra and interbasinal correlations in the Passa Dois
Group. The vertical distribution of the Pinzonella neotropica-Jacquesia
brasilensis is ~5 Ma (262.38 Ma to 257.5 Ma), substantially lower than
the age interval proposed by Stanley (1990) for marine environments.

Finally, our geochronological data allow for the transition of the
bivalve diversity that fall between the Pinzonella illusa-Plesiocyprinella
carinata and Pinzonella neotropica-Jacquesia brasiliensis biozones to be
constrained between ~265 and 262Ma (i.e., Wordian-Capitanian tran-
sition); and, in turn, the biggest faunal change in the Passa Dois Group
between the Pinzonella neotropica-Jacquesia brasiliensis and the Terraia
curvata assemblage can now be constrained to ~257.5 Ma (middle
Wuchiapingian). It is important to note that Pinzonella neotropica-
Jacquesia brasiliensis assemblage are contemporaneous with the end-
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Guadalupian (ca. 259 Ma) extinct event that severely affected the Pan-
thalassa and Paleo-Tethys biota. However, the Corumbatai-Teresina
bivalves demonstrated a unique ability to adapt and were protected
within an isolate, continental-scale, inland aquatic system, confirming
how very distinct the ecological and evolutionary dynamics were in this
late Paleozoic megalake.
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