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RESUMO

O Mar Irati-Whitehill era um vasto mar epicontinental no paleocontinente Gondwana
durante o Permiano Inferior. A Formacao Irati representa este antigo mar na Bacia do
Parand, Brasil. Na parte sul da bacia, séo identificados dois intervalos de folhelhos
ricos em matéria organica, sendo o inferior com os maiores niveis de carbono
organico total (COT). Para elucidar as condi¢cdes que desencadearam o acumulo de
matéria organica (MO) no folhelho inferior, este estudo integra descri¢cdes de facies e
petrograficas com dados geoquimicos e isotépicos de dois pocos na parte sul da
Bacia do Parand. Os intervalos foram subdivididos pela evolucéo paleoambiental da
anOxia em um ambiente lacustre ou marinho restrito que permitiu a deposi¢do de
folhelhos ricos em matéria organica. O intervalo estudado inicia com uma deposicdo
em um ambiente salino e com baixa concentracdo de matéria organica (intervalo pré-
organico), que gradativamente apresenta reducdo na salinidade, aumento na
produtividade primaria e crescimento da anoxia, culminando em um aumento no
contetdo organico (intervalo de incremento organico). A maxima concentracdo de
matéria organica (15% TOC) ocorre associada a baixa salinidade e alta produtividade
primaria, e € bem marcada por condigcbes anodxicas a euxinicas (intervalo de
estabilidade organica). Isso sugere um ambiente que experimentou um influxo de
agua doce que desencadeou um crescimento microbiano que levou ao esgotamento
de oxigénio e preservacdo de MO. Apos essa alta acumulagdo de MO, o ambiente
torna-se oxigenado, com aporte detritico regular e sem alta produtividade priméria no
intervalo de baixa matéria organica. Condi¢cdes semelhantes foram observadas em
outras bacias ao redor do mundo, como a Bacia de Cariaco, que € uma bacia restrita
com ressurgéncias episodicas, considerada como uma variagcdo redox de baixa
frequéncia. A Bacia Irati-Whitehill espelha a dinamica observada na Bacia de Cariaco,

sendo uma bacia restrita com aporte episddico de agua doce.

PALAVRAS-CHAVE: Folhelhos ricos em matéria organica, paleoambiental,
qguimioestratigrafia, anoxia, produtividade primaria, salinidade



ABSTRACT

The Irati-Whitehill Sea was a vast epicontinental sea on the paleocontinent Gondwana
during the Lower Permian. In Brazil's Parana Basin, the Irati Formation represents this
ancient sea. In the southern part of the basin, two intervals of organic-rich shales are
identified, with the lowermost one displaying the highest levels of total organic carbon
(TOC). To elucidate the conditions that triggered organic matter (OM) accumulation in
the lower shale, this study integrates facies and petrographic descriptions with
geochemical and isotopic data from two wells in the southern Parana Basin. The
intervals were subdivided based on the paleoenvironmental evolution of anoxia in a
lacustrine or restricted marine environment, which allowed the deposition of organic-
rich shales.The studied interval begins with deposition in a saline environment with
low organic matter concentration (pre-organic interval), where salinity gradually
decreases, primary productivity increases, and anoxia intensifies, culminating in an
increase in organic content (organic increment interval). The highest concentration of
organic matter (15% TOC) occurs alongside low salinity and high primary productivity,
and is well-marked by anoxic to euxinic conditions (organic stability interval). This
suggests an environment where freshwater influx triggered a microbial bloom, leading
to oxygen depletion and OM preservation. After this peak in OM accumulation, the
environment became oxygenated, with regular detrital input and low primary
productivity in the low-organic interval. Similar conditions have been observed in other
basins worldwide, such as the Cariaco Basin, a restricted basin with episodic
upwellings considered as a low-frequency temporal redox system. Therefore, the Irati-
Whitehill Basin parallels the dynamics observed in the Cariaco Basin, functioning as a
restricted basin with episodic freshwater input.

KEYWORDS: Organic-rich shales, paleoenviromental, chemostratigraphy, anoxic,

primary productivity, salinity



SUMARIO

CAPITULO | TEXTO INTEGRADOR .......oovevieeieeeteseseeeeeee e eeseeesen e en e 7
1. INTRODUGAO .....ooi ittt ettt ettt s te e ste e seeaneas 7
1.1 OBIETIVOS. ..ottt ettt s ettt s et een e, 8
2. ANOXIA EM BACIAS. .....oooieeeeeeeeeeeeeeeeeeeee ettt en st n ettt en et 8
2.1 TERMINOLOGIA DA CONCENTRACAO DE OXIGENIO NO SISTEMA ......... 8
3. PROXIES GEOQUIMICOS PARA ESTUDOS PALEOAMBIENTAIS ............... 11
ABACIA DO PARANA ...ttt 15
4.1 FORMAGAO IRAT ..ottt 18
5 MATERIAIS E METODOS .......coiiiieieteeeeeeeeeee e etes e en st ees s 20

CAPITULO I ARTIGO ...ttt n et en e aee s 23

ANEXO A — COMPROVANTES DE SUBMISSAO DO ARTIGO.........ccccouen.... 64



CAPITULO | TEXTO INTEGRADOR
1. INTRODUCAO

Estudos realizados em diversas bacias ao redor do mundo utilizam a
guimioestratigrafia para entender os fatores propiciam condi¢des para a deposicéo e
preservacdo de matéria organica (MO) (Berner & Raiswell, 1984; Jones & Manning,
1994; Murphy et al., 2000; McArthur, J. et al., 2008; Algeo, T.J. & Tribovillard, 2009;
Sweere et al., 2016; McArthur, J. M., 2019). A preservacao e a acumulacédo dessa MO
sdo influenciadas por vérios fatores paleodeposicionais, sendo o0s principais a
produtividade primaria e as condi¢des oxi-redutoras do ambiente. Rochas finas, como
os folhelhos ricos em matéria organica, fazem parte de um contexto evolutivo mais
amplo da bacia. Sua deposicdo € crucial porgue permite a preservacdo de
marcadores ambientais importantes, como metais adsorvidos na MO e nas argilas.
Contudo, acessar essas informacBes exige técnicas geoquimicas avancadas,
capazes de medir elementos em baixas concentracfes (Bond et al., 2004; Guan et
al., 2021; Lyons et al., 2003; Pujol et al., 2006; Zhao et al., 2016). A analise desses
intervalos é essencial para identificar mudancas globais significativas, como o0s
eventos de anoxia oceanica, que estao frequentemente associados a extingdes em
massa (Bond et al., 2004; Goddéris & Joachimski, 2004; Pujol et al., 2006; Carmichael
et al., 2014; Sim et al., 2015; Percival et al., 2020; Zhang et al., 2023).

A Formacao Irati, juntamente com outras formacdes do Permiano Inferior,
faz parte do registro de um vasto mar epicontinental sobre o supercontinente
Gondwana (Oelofsen, 1981; Oelofsen & Araujo, 1983; Rocha-Campos et al., 2019).
Esta formacdo é composta predominantemente por siltitos e argilitos no membro
inferior, e folhelhos e carbonatos no membro superior. A correlagédo da Formacao Irati
com outros registros desse mar € estabelecida pelas camadas de folhelho, que
servem como um datum regional para este paleocontinente e corroboram a teoria da
tectbnica de placas, uma vez que ambas as formacbes contém fosseis de
mesossauros. Este periodo também é crucial para a Bacia do Parana, onde a
Formacéo Irati esta localizada, pois marca a transicdo greenhouse — icehouse que
leva a uma continentalizacéo das formacdes posteriores (Souza et al., 2023).

Neste estudo, apresentamos um modelo das condi¢cdes deposicionais da
camada inferior rica em carbono organico da Formacéao Irati, na Bacia do Parana, com

base na integracdo de dados estratigraficos, petrograficos e geoquimicos. Através da



amostragem detalhada desse intervalo em dois testemunhos situados na por¢ao sul
da Bacia do Parand, foram realizadas andlises geoquimicas em diversas escalas,
empregadas como ferramentas de quimioestratigrafia. Esta abordagem
multidisciplinar ndo apenas oferece uma caracterizacdo detalhada desse intervalo da
Formacao Irati, mas também enriquece o debate sobre os processos deposicionais e
a evolugéo paleoambiental do Mar Irati-Whitehill. Adicionalmente, contribui para a
compreensao dos fatores responsaveis pela deposicao e preservacdao de matéria

organica em folhelhos negros ao redor do mundo.

1.1 OBJETIVOS

Este trabalho teve como objetivo elucidar os fatores que desencadearam
a acumulacao de matéria organica (MO) nas formacdes de folhelhos ricos em
carbono da Formacdo Irati. Para alcancar esse objetivo, foram integrados dados de
descricOes de facies, informacdes petrograficas e dados geoquimicos e isotopicos.
A investigacdo da evolucdo paleoambiental dessa formacg&o nédo so visa responder a
guestdes locais, mas também enriquecer a compreensao deposicional do extenso
Mar Irati-Whitehill e da deposigéo de folhelhos ricos em MO em um contexto mais

amplo.

2. ANOXIA EM BACIAS
2.1 TERMINOLOGIA DA CONCENTRACAO DE OXIGENIO NO SISTEMA

A preservacdo de grandes quantidades de matéria organica (MO) em
rochas como folhelhos depende de varios fatores relacionados ao ambiente
sedimentar, tais como o aporte e a qualidade/fonte de MO, a taxa de sedimentacéo e
0 grau de selegcéo dos gréos. Um dos fatores mais importantes associados a essas
condicdes € a oxigenagdo do sistema, especialmente na interface agua-sedimento.
Em termos gerais, a nomenclatura utilizada por bidlogos baseia-se na distribuicéo e
no comportamento faunistico de acordo com as concentracbes de oxigénio. Essa
classificagdo emprega o sufixo “aerdbico” para designar organismos que dependem
de oxigénio para sobreviver, e “anaerdbico” para aqueles que ndo sdo dependentes
de oxigénio. No entanto, diversas classificacdes das condi¢cdes oxi-redutoras da agua

foram propostas ao longo da historia, e essas classificagdes divergem principalmente



por definirem limites com base em grupos especificos de organismos. Tyson &
Pearson, 1991 apresentaram um histérico das nomenclaturas utilizadas por bidlogos
e geocientistas e propuseram uma classificacdo dupla: uma baseada nas facies
bioldgicas, com o sufixo “aerébico”, e outra baseada exclusivamente na concentragao

de oxigénio, com o sufixo “Oxico” (Figura 1).

Bioredox Environmental
facies redox facies
Aerobic Oxic t
2.0 mL/L
moderate
1.0 mL/L
Dysaerobic | Dysoxic severe
0.5 mL/L
extreme
Ouas 0.2 mL/L
anaerobic Suboxic 02
OmlL/L =
Anaerobic Anoxic HfS

Fig. 1 — Classificacdo da concentracdo de oxigénio com base nas fécies biooxi-redutoras e com base

nas facies ambientais oxi-redutoras, de (Tyson & Pearson, 1991; Algeo, Thomas J. & Li, 2020).

Algeo e Li (2020) apresentam uma abordagem mais completa para a
terminologia da concentracdo de oxigénio em estudos paleodeposicionais. Neste
trabalho, os autores expandem a nomenclatura das facies redox ambientais ao
incorporar limiares geoquimicos, receptores de elétrons nas reacdes biogeoquimicas
e uma integracdo com a frequéncia temporal da anoxia. Contudo, essa classificacao
nao inclui um critério geoquimico capaz de distinguir entre as facies disoxicas e as
facies oxicas (fig.2). Em vez disso, essas facies sdo determinadas com base em
critérios paleodeposicionais, como a diversidade faunal e a intensidade da

bioturbacao.
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Fig. 2 — Classificacdo da concentracéo de oxigénio no sistema e seus limiares geoquimicos. (Algeo,
Thomas J. & Li, 2020)

A facies subodxica é subdividida em duas categorias: a primeira, chamada
de suboxidada, vai até a concentracdo zero de oxigénio; a segunda, denominada
subreduzida, é caracterizada pela auséncia tanto de oxigénio dissolvido quanto de
H,S, mas com presenca de ferro dissolvido. A facies suboxidada inicia-se com a
substituicdo do principal aceptor de elétrons nas reac¢des biogeoquimicas: o O,, que
passa a ocorrer em menor concentracao, € substituido pelo NO3™~, que é convertido
em N,. O limite entre a zona suboxidada e a zona subreduzida € marcado pela
reducdo dos pares MnO,/Mn?*, Re*'/Re3", e NO;7/NO,~. Além da zona subdxica
subreduzida, as facies anoxicas incluem a zona euxinica. Nesse intervalo, além da
auséncia de oxigénio, ha a disponibilidade de H,S como principal aceptor de elétrons,
liberado por bactérias redutoras de sulfato. Esse H,S possibilita a deposicédo de

sulfetos de ferro, como a pirita, em sedimentos depositados sob essas condicdes.
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3. PROXIES GEOQUIMICOS PARA ESTUDOS PALEOAMBIENTAIS

A compreensao paleoambiental de uma formac&o rica em matéria organica
depende da identificacéo e interpretacéo das informacdes capturadas e preservadas
nos minerais e na matéria organica durante a deposicdo na bacia sedimentar.
Ferramentas especializadas podem focar na fragdo organica da rocha, utilizando
técnicas que avaliam tanto o potencial gerador da matéria organica quanto as
condi¢cBes deposicionais, como é o caso do uso de biomarcadores. Por outro lado,
ferramentas inorganicas analisam a rocha total ou fracdes especificas para revelar
informacdes paleoambientais através da analise de razdes elementares.

Goldberg & Goldberg Da Rosa, (2024) apresentam uma figura simplificada
das diversas condi¢des e suas interconexdes que contribuem para a deposicao de
folhelhos ricos em matéria organica (figura 3). De forma geral, a produtividade
priméria e as condi¢des redox sao os principais fatores que controlam a preservacao
e acumulacdo de matéria organica. No entanto, esses fatores podem ser
influenciados por outras condi¢cdes, como as caracteristicas hidrogréficas que causam
anoxia e o aporte de nutrientes (via fluvial ou upwelling), que aumentam a
produtividade primaria. Esse aumento na produtividade pode, por sua vez, reduzir as
concentracfes de oxigénio, criando condicbes redox favoraveis a preservacao.
Portanto, essas informacdes sdo essenciais para estudos paleoambientais de

folhelhos, independentemente das ferramentas utilizadas.
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Bacia Bacia Ba.c.ia Input ’flluwal REsaaENG
profunda restrita estratificada (detritico)
\ / -
= utrientes
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em MO em MO em MO em MO

Fig. 3 — Modelo conceitual dos controles do soterramento de matéria organica nos sedimentos.
Extraido e traduzido de Goldberg & Goldberg Da Rosa, (2024).

No Quadro 1 estdo descritas as principais razdoes elementares utilizadas
na investigacdo geoquimica inorganica para identificar os fatores que levam a
deposicao de folhelhos ricos em matéria organica (MO). No canto superior esquerdo
da figura 3, sdo destacadas as formas de aumento dos nutrientes, como a
ressurgéncia e o aporte fluvial, que podem ser avaliados por proxies elementares. Os
proxies de input detritico incluem a avaliagdo geoquimica da contribuicdo de
minerais aluminossilicatos (Al%), silicatos (Si/Al) e minerais pesados como a titanita
(Ti/Al) ((Algeo, Thomas J. & Maynard, 2008))

Quadrol- Proxies paleoambientais e suas referéncias

Proxy Razé&o elementar Referéncias
Al% Tribovillard et al., 2006
Input detritico Ti/Al
Sageman & Lyons, 2003
Si/Al
Produtividade Cu/Al

o Tribovillard, 2021
primaria Ni/Al




Pex Schmitz et al., 1997
DOP Raiswell et al., 1988
DOPt Algeo & Maynard, 2008;
_ Fet/Al Lyons & Severmann, 2006
Condicbes L
Mo, U, Cu, V... Tribovillard et al., 2006
redox
V/Cr
) Hatch & Leventhal, 1992;
Ni/Co _
Jones & Manning, 1994
V/(V+Ni)
_ Mo/TOC Algeo & Lyons, 2006
Condicdes
_ o Cd/Mo Sweere et al. (2016)
hidrogréficas
Co*Mn Sweere et al. (2016)
Salinidade c/S Berner & Raiswell, 1984;
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Wei & Algeo, 2020

Esses parametros sdo analisados em termos de empobrecimento e
enriguecimento, sem valores e campos especificos definidos para avaliacdo. Da
mesma forma, os proxies de produtividade primaria nao tém limiares de
comportamento definidos e avaliam o aporte de nutrientes no sistema. Indicadores
como Cu/Al e Ni/Al sao utilizados porque o cobre e o niquel sdo frequentemente
encontrados em complexos organometalicos associados a matéria organica
(Tribovillard, 2021). O fésforo € calculado como fésforo em excesso. A normalizacéo
é feita em relacdo a concentracdo de Al,O; ha amostra e a concentracdo média de
Al,O; na crosta continental (Schmitz et al., 1997). Esse processo converte a
porcentagem em massa do oOxido de fosforo em fosforo em excesso, excluindo a
proporcao de fosforo relacionada a minerais como aluminosilicatos no sistema (ver
Eqg. 1).

eq.1 Pex = P20s/
(Al203 * 0.15)

Para a avaliagdo das condicbOes redox, sao utilizadas diversas razbes
baseadas no comportamento dos elementos, onde geralmente o elemento no
numerador € mais associado a condi¢cdes redutoras. O grau de piritizacdo (DOPt) é
uma versao simplificada do proxy DOP, dada a importancia da piritizacdo como um

indicador de condi¢gBes euxinicas . No DOPt, a quantidade de ferro disponivel no
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sistema € estimada com base na estequiometria da porcentagem de sulfeto
pertencente a pirita (ver Eq. 2). Em contraste, na formula original do DOP, essas
porcentagens sdo obtidas por técnicas analiticas (Jones & Manning, 1994; Algeo,
Thomas J. & Maynard, 2008).

Outra razdo amplamente aceita para avaliar a oxigenacao do sistema é a
relacdo Fet/Al (Lyons & Severmann, 2006). Além dos proxies baseados em ferro, o
uso de elementos sensiveis as condicbes redox € comum. Para essa avaliacao,
utiliza-se o fator de enriquecimento (EF), que indica o quanto a amostra esta
enriquecida em determinado elemento em comparacédo ao folhelho médio (AS) de
Wedepohl (1971), conforme mostrado na Eq. 3. Os proxies bimetalicos propostos por
Hatch & Leventhal (1992) e Jones & Manning (1994) tém seu uso desencorajado
atualmente. O principal motivo € que esses proxies ndo sdo totalmente coerentes
guando comparados com outros proxies, especialmente aqueles que utilizam o

elemento ferro e fatores de enriquecimento.

eq. 2: DOPt = St * (55:85/64.12)/Fet

eq.3: Xer = (Xsample/A|sampIe)/
(Xas/Alas)

Os indicadores paleohidrogréaficos sdo de grande importancia, pois podem,
por si s6, promover condi¢cdes mais redutoras na bacia sedimentar. Como ilustrado
na figura, bacias que podem levar a anoxia incluem bacias restritas, bacias profundas
e bacias estratificadas(Demaison & Moore, 1980). A bibliografia frequentemente usa
o termo "silled basin" para se referir a bacias com algum tipo de restricdo, mas aqui
utilizaremos um termo mais genérico (Demaison & Moore, 1980). As bacias restritas,
como o Mar Negro, sdo um exemplo atual significativo. Elas provocam anoxia devido
a um balancgo hidrico positivo, onde o aporte fluvial € maior que o escoamento. ISso
resulta em uma diferenca significativa de salinidade (haloclima), que separa a zona
oxigenada da zona anoxica . As bacias profundas, por sua vez, apresentam uma
estratificacdo permanente. A matéria organica (MO) que se desenvolve na superficie
€ decomposta ao longo da coluna d'agua, sequestrando e reduzindo o oxigénio das
camadas mais profundas.

Para identificar ambientes como esses, sdo utilizados proxies com
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elementos que tém afinidade com a matéria organica e com ambientes andxicos,
como Mo e Cd. A razdo Cd/Mo também permite a distincdo entre ambientes andxicos
restritos e aqueles com algum componente de ressurgéncia. Além disso, o proxy de
salinidade esta diretamente relacionado ao aporte fluvial, que € um dos gatilhos para
a paleoprodutividade e, consequentemente, para a anoxia. O proxy C/S, que utiliza o
carbono organico total e o enxofre total, sé pode ser aplicado em amostras com mais
de 1% de COT, o que dificulta a distingdo entre ambientes marinhos e ambientes
salobros (Berner & Raiswell, 1984). Proxies alternativos, como B/Ga e Sr/Ba, séo
considerados melhores para a investigacéo da paleosalinidade (Wei & Algeo, 2020).

Os proxies de condicbes oxi-redutoras, condi¢cdes hidrogréficas e
salinidade possuem limites definidos pelos autores mencionados no Quadro 1. Esses

limites foram agrupados e estdo sumarizados na Figura 4.

REDOX HIDROGRAFIA SALINIDADE
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Za.rn 7o 7 g extremamente
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Fig. 4 — Resumo dos limites dos proxies redox, de condicdes hidrograficas e de salinidade segundo as

referéncias do quadro 1.

4 BACIA DO PARANA

A Bacia do Parana é uma bacia intracraténica de idade Paleozoica situada
na regiao meridional da América do Sul, abrangendo cerca de 1.000.000 km2 no Brasil

e mais 500.000 km2 em paises vizinhos como Argentina, Uruguai e Paraguai,
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formando parte da Bacia Chaco-Parand (Fig.1) (Schneider et al.,, 1974). A
sedimentacdo nessa bacia é predominantemente controlada por ciclos tectono-
eustaticos, que dividem a sua estratigrafia em nas supersequéncias: Rio Ivai
(Ordoviciano-Siluriano), Parana (Devoniano), Gondwana | (Carbonifero - Triassico),
Gondwana |l (Triassico), Gondwana Il (Jurdssico — Cretaceo) e Bauru (Cretaceo
Superior) (Milani & Ramos, 1998) (Figura 5 e 6).

Paraguai
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[ Supersequéncia Gondwana |
B supersequéncia Parana
[#] supersequéncia Rio lvai
0 200km Borda da Bacia
[R——1

Fig. 5 — Bacia do Paran& agrupada a partir de suas supersequéncias, extraido de (Milani, E. et al.,
2007)

A Formacéo Irati, foco deste estudo esta localizada na Supersequéncia
Gondwana |, que abrange os sedimentos depositados entre o Carbonifero e o
Triassico. Na base dessa supersequéncia encontra-se o Grupo Itararé, composto por
depdsitos glacio-marinhos e glacio-lacustres. Sobre este, o Grupo Guata €
caracterizado por depoésitos de plataforma e pelo desenvolvimento de turfeiras,
refletindo um periodo transgressivo da bacia associado a deglaciacdo. No topo da
supersequéncia, o Grupo Passa Dois registra a transicdo permiana de Greenhouse

para lcehouse, com sedimentos marinhos do Mar epicontinental Irati-Whitehill na base
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e depdsitos continentais, incluindo sedimentos fluviais e edlicos, no topo (Holz et al.,
2010; Souza et al., 2023).
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Fig. 6 - Carta cronoestratigrafica da Bacia do Parana. Supersequéncia Gondwana | em destague no
retangulo vermelho (modificado de Milani, Edison José et al., 2007).
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4.1 FORMACAO IRATI

4.1.1 ldade

A Formacdao Irati, base do grupo passa dois, tem ampla ocorréncia na
Bacia do Parand e foi depositada no Permiano Inferior. Dados palinoldgicos
posicionam essa formacgdo dentro da palinozona Lueckisporites virkkiae (Souza &
Marques-Toigo, 2005; Souza, 2006). Datacdes radiométricas por U-Pb em zircao
indicam idade Kunguriana para a formagéo. Como as idades obtidas em Sao Matheus
do Sul, PR, por U-Pb SHRIMP, 279,9 + 4,8 Ma e 280,0 + 3 Ma (Rocha-Campos et al.,
2019), 278,40 £ 2,2 Ma (Santos et al., 2006), e 277,26 £ 0,62 Ma por IDTIMS (Bastos
et al., 2021). Entretanto, datacdes feitas na porcédo sul da bacia (Pedras Altas, RS)

apontam idades mais jovens, como 275,75 = 0,29 Ma por U-Pb em zircao por IDTIMS.

4.1.2 Litologia

O ambiente paleodeposicional dessa formacgdo € caracterizado por uma
rampa com direcdo nordeste-sudoeste e inclinacdo para o sul que marca uma
heterogeneidade litofaciolégica de sul para norte (Hachiro, 1997; Araujo, 2001). Onde
no sul, predominam as facies siliciclasticas e relativamente mais profundas, enquanto
no norte, predominam rochas carbonaticas e, ocasionalmente, evaporiticas. A Fm.
Irati € dividida ainda em dois membros, que separam dois momentos deposicionais
diferentes. No Membro Taquaral, de base ocorrem siltitos e argilitos sem a presenca
de matéria organica (Araujo, 2001; Holz et al., 2010). O Membro Assisténcia, no
entanto, parece ser homogéneo na porcéo sul com duas sequéncias de quarta ordem
com camadas de carbonato marcando a regressdo maxima e folhelho ricos em
matéria organica apontando a transgressdao maxima (Araujo, 2001; Milani, Edison
José et al., 2007; Holz et al., 2010; Goldberg & Humayun, 2016). Comparativamente
o folhelho inferior apresenta maior concentracéo de carbono organico total chegando

a 25% enquanto o folhelho superior chega a até 15%.

4.1.3 Entendimento paleoambiental
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O entendimento paleoambiental da deposicdo do Membro Assisténcia é
gue suas facies tém como principal controlador a variagdo do nivel do mar. O Mar
Irati-Whitehill se colocava no continente Gondwana como um mar interior que por
vezes se comunicava com as aguas do Oceano Pantalassa (Araudjo, 2001). A
evolucao desse membro foi investigada a partir de técnicas de geoquimica organica
e isotopicas por Bastos el. al, 2021. Esse autor evidencia que o0 membro assisténcia
inicia sua deposicdo em um paleoambiente hipersalino, que em direcdo ao topo
recebe influxos terrestres e marinhos que favorecem a estratificacdo da coluna dagua.
A reducado da salinidade é acompanhada por picos de produtividade primaria que
levam a deposigéo de elevados teores de carbono organico total (até 25%) (folhelho
inferior). Para o topo ocorre o reestabelecimento de condi¢des Oxicas- subodxicas que
levam a uma reducdo no conteudo de COT. Essas observacdes feitas por bastos
também s&@o encontradas em estudos pontuais dos folhelhos inferior e superior na

regido de Amaral Machado, na porgéo norte da bacia no estado de Sao Paulo.
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5 MATERIAIS E METODOS

Este estudo foi conduzido na porcdo sul da Bacia do Parana,
especificamente na regido de Candiota no estado do Rio Grande do Sul.. Foram
perfurados dois pogos, denominados HV-54-RS e SC-15-RS (representado pela caixa
laranja na Fig 8C). O Servico Geologico do Brasil (CPRM) concedeu acesso aos
testemunhos para a realizacdo das descricoes e coletas de amostras. O intervalo
analisado compreende a porcéo basal da Fm. Irati, do membro Taquaral até a porcao
intermediaria do Membro Assisténcia. Sendo de 32 metros de espessura no po¢o HV-
54-RS (coordenadas UTM 226000mN 648201mE) e 38 metros no po¢o SC-15-RS
(coordenadas UTM 239103mN 6486005mE).

Gondwana
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Fig. 8 — Reconstrucdo global do Permiano Inferior (Scotese, 2016) (A) com a reconstrucdo
paleogeogréafica do Mar Irati- Whitehill (B), modificado ap6s Bastos et al. (2021), mostrando a

localizacé@o da &rea de estudo (C).
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A metodologia seguida constituiu-se da caracterizagdo litoloégica e
texturais, por meio de descricdo dos testemunhos dos quais foram coletadas 16
amostras para analise petrografica (5 laminas do po¢co HV-54 e 11 do poco SC-15).
Foram ainda coletadas 55 amostras do folhelho inferior, ricos em matéria organica,
para analises geoquimicas (20 do poc¢o HV-54 e 35 do poco SC-15). Essas amostras
foram caracterizadas por difracao de raios X (DRX), fluorescéncia de raios X (FRX),
carbono orgéanico total (TOC), enxofre total, elementos redox-sensiveis como uranio
(U), molibdénio (Mo) e cadmio (Cd) (via ICP-MS), além de is6topos de carbono

organico.

6 SINTESE DOS RESULTADOS E INTERPRETACOES

A partir da integracdo das descri¢cbes de facies e analises petrogréaficas
com a geoquimica detalhada, foi possivel caracterizar o folhelho inferior da Formagao
Irati. Essa integracdo possibilitou remontar a evolucdo paleoambiental e a
identificacdo dos potenciais fatores que contribuiram para o acumulo e preservagao

significativa de matéria organica (MO).

e As associac¢Oes de facies permitiram estimar a profundidade paleobatimétrica
dos testemunhos: o SC-15, a leste, possui facies mais proximais, com
carbonatos e evidéncias de exposicao subaérea; o HV-54, a oeste, apresenta
litologias indicativas de um ambiente mais distal.

e Os padrbes quimioestratigraficos revelam diferentes evolucfes de anoxia entre
os testemunhos: SC-15 apresenta intervalos pré-organicos e de incremento
organico, enquanto HV-54 jA mostra altos niveis de TOC desde o inicio, sem
transicOes geoquimicas significativas.

e O testemunho SC-15, em aguas mais rasas, exibe um aumento gradual de
TOC, enquanto HV-54, em aguas mais profundas, ndo apresenta mudancas
significativas nos proxies quimioestratigraficos, sugerindo maior estabilidade
nas condi¢cdes ambientais.

e Durante os Intervalos de Estabilidade Organica, o TOC permaneceu elevado
(>10% no SC-15 e entre 5-10% no HV-54), com alta produtividade primaria

indicada por proxies como Cu/Al, Ni/Al e Pex.
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SC-15 apresentou salinidade consistentemente baixa nos intervalos de
estabilidade organica, enquanto HV-54 manteve indicadores de agua salobra,
correlacionados com picos de produtividade.

Enriquecimento de molibdénio e uranio nos intervalos de estabilidade organica
indica condi¢cbes anodxicas a euxinicas, enquanto DOPt sugere condi¢cdes
oxigenadas devido a baixas concentracdes de sulfato dissolvido.

Indicadores como Mo/TOC e Cd/Mo sugerem um ambiente restrito, enquanto
CoMn indica ressurgéncias intermitentes, revelando a complexidade do
ambiente deposicional da bacia.

As amostras ricas em matéria organica do estudo mostram comportamento
similar ao da Bacia de Cariaco, sugerindo um ambiente deposicional

controlado por ressurgéncias ocasionais e influxo de agua doce.

A entrada de agua doce, possivelmente responsavel pela reducéo de
salinidade e aumento da produtividade bacteriana, ainda precisa de mais

estudos para determinar sua origem.

Caracterizados por TOC inferior a 5%, esses intervalos mostram aumento no
aporte detritico e reducao nos proxies de produtividade e condi¢des redox,

com mudancas abruptas no SC-15 e graduais no HV-54.
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HIGHLIGHTS:
o Evolution of anoxia in the Irati-Whitehill Sea is not locally homogeneous.
o The process appears to be associated with paleobathymetry.

OMe-rich interval is correlated with salinity decrease and high primary productivity.
o The microbial bloom triggered an anoxic environment that led to anoxia and

euxinia.

ABSTRACT
The Irati-Whitehill Sea was a vast epicontinental sea on the paleocontinent Gondwana
during the Lower Permian. In Brazil's Parana Basin, the Irati Formation represents this
ancient sea. In the southern part of the basin, two intervals of organic-rich shales are
identified, with the lowermost one displaying the highest levels of total organic carbon
(TOC). To elucidate the conditions that triggered organic matter (OM) accumulation in
the lower shale, this study integrates facies and petrographic descriptions with
geochemical and isotopic data from two wells in the southern Parana Basin. The

intervals were subdivided based on the paleoenvironmental evolution of anoxia in a
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lacustrine or restricted marine environment, which allowed the deposition of organic-
rich shales. The studied interval begins with deposition in a saline environment with
low organic matter concentration (pre-organic interval), where salinity gradually
decreases, primary productivity increases, and anoxia intensifies, culminating in an
increase in organic content (organic increment interval). The highest concentration of
organic matter (15% TOC) occurs alongside low salinity and high primary productivity,
and is well-marked by anoxic to euxinic conditions (organic stability interval). This
suggests an environment where freshwater influx triggered a microbial bloom, leading
to oxygen depletion and OM preservation. After this peak in OM accumulation, the
environment became oxygenated, with regular detrital input and low primary
productivity in the low-organic interval. Similar conditions have been observed in other
basins worldwide, such as the Cariaco Basin, a restricted basin with episodic
upwellings considered as a low-frequency temporal redox system. Therefore, the Irati-
Whitehill Basin parallels the dynamics observed in the Cariaco Basin, functioning as a
restricted basin with episodic freshwater input.

KEYWORDS: Organic-rich shales, paleoenviromental, chemostratigraphy, anoxic,

primary productivity, salinity
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1.Introduction

The study of sedimentary basins has become increasingly interdisciplinary.
Although traditional stratigraphic techniques are fundamental for the geological
understanding and evolution of sedimentary successions, fine-grained siliciclastic
rocks, such as organic-rich shales, require complementary approaches that allow
access to information beyond lithological descriptions (LaGrange et al., 2020). For
instance, trace elements adsorbed onto clays and organic matter during deposition
capture and store essential information about the depositional paleoenvironment. The
detailed application of chemostratigraphy, combined with advanced analytical
techniques such as inductively coupled plasma mass spectrometry (ICP-MS) and X-
ray diffraction (XRD), allows for the precise characterization of the evolution of the
depositional paleoenvironment (Lyons et al., 2003; Bond et al., 2004; Pujol et al., 2006;
Zhao et al., 2016; Guan et al., 2021), providing insights into the origin, preservation,
and distribution of organic matter, as well as revealing subtle changes in redox
conditions and sedimentation regimes over time (Berner & Raiswell, 1984; Jones &
Manning, 1994; Murphy et al.,, 2000; McArthur, J. et al., 2008; Algeo, T.J. &
Tribovillard, 2009; Sweere et al., 2016; McArthur, J. M., 2019). Studies using this
approach have allowed for a more comprehensive understanding of organic-rich shale
intervals in basins such as Sichuan, Songliao, and the Lower Yangtze region in China
(Zhao et al., 2016; Guan et al., 2021; Shu et al., 2021; Zhang et al., 2023). Additionally,
they are the primary tool for understanding the causes of oceanic anoxia events and
tracing these processes across continents, such as those that occurred between the
Frasnian and Famennian stages(Bond et al., 2004; Goddéris & Joachimski, 2004;
Pujol et al., 2006; Carmichael et al., 2014; Sim et al., 2015; Percival et al., 2020; Zhang
et al., 2023) and during the Cretaceous (Brumsack, 1986; Jenkyns, 2010; McArthur,
J. M., 2019). On a larger scale, 3D mapping of these geochemical proxies can indicate
potential 'sweet spots' for shale gas exploration (Zhai et al., 2019; Wang et al., 2022),
offering a powerful tool for the oil and gas industry in identifying zones of higher
potential.

Although chemostratigraphy has already established itself as an important
tool for the study of sedimentary basins around the world, its potential can be further
explored in case studies like that of the Irati-Whitehill Sea. This vast epicontinental sea

covered part of western Gondwana during the Lower Permian, leaving a sedimentary
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record of up to 70 meters, composed of siltstones to mudstones and in the upper
member carbonates interbedded with shales (Milani, Edison José et al., 2007; Holz et
al., 2010). During this period, two intense anoxia events occurred, resulting in the
deposition of organic-rich shales (Milani, Edison José et al., 2007; da S. Ramos et al.,
2015). The lower black shale layer stands out with up to 20% total organic carbon; this
high hydrocarbon-generating potential has already been explored in Brazil for shale
gas extraction. Additionally, these anoxic events also led to the preservation of
Mesosaurus fossils, which can be correlated on a global scale in the Parana (Brazil),
Chaco (Argentina and Uruguay), and Karoo (Namibia) basins. The correlation of this
fossiliferous black shale layer not only served as evidence for the theory of plate
tectonics but also contributed to global paleogeographic reconstruction. The significant
preservation of organic matter in this sea, as in other locations around the world,
remains a topic of debate. The relationship between primary productivity and anoxia
highlights the importance of using geochemical tools to better understand these
processes (Goldberg & Goldberg Da Rosa, 2024).

The Irati Formation are the deposits of the ancient Irati-Whitehill Sea in the
Parana Basin, Brazil. Although it holds great economic and scientific importance, the
detailed understanding of this extensive body of water, especially the organic-rich
intervals, is still limited. Studies investigating the stratigraphic evolution of the Irati
have primarily focused on organic geochemistry tools ((da S. Ramos et al., 2015;
Martins, Laercio Lopes et al., 2020; Nascimento et al., 2021). Bastos and collaborators
(2021) presented an integration of stratigraphy with organic and isotopic geochemical
data, enriching the analysis. Regarding the integration of stratigraphic data with
inorganic geochemistry, studies such as that of Goldberg & Humayun (2016)
demonstrate the importance of this approach and reinforce the significance of
multidisciplinary analyses for a deeper understanding of the depositional and
paleoenvironmental conditions of the Irati Formation.

In this study, we present a model of the depositional conditions of the
lowermost, TOC-rich organic shale layer of the Irati Formation in the Parana Basin,
based on an integration of stratigraphic, petrographic, and geochemical data. Through
detailed sampling of this interval in two cores located in the southern Parana Basin,
geochemical analyses were conducted at various scales, including major elements,
trace elements, total organic carbon, and organic carbon isotopes, as tools for

chemostratigraphy. This multidisciplinary approach not only provides a detailed
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characterization of this interval of the Irati Formation but also enriches the debate on
the depositional processes and paleoenvironmental evolution of the Irati-Whitehill Sea.
Furthermore, it contributes to the understanding of the factors responsible for the
deposition and preservation of organic matter in black shales around the world.

2. Geological setting

The Parana Basin is a Paleozoic intracratonic basin located in the southern
portion of South America, covering approximately 1,000,000 km2 within Brazil and an
additional 500,000 kmz2 in neighboring countries such as Argentina, Uruguay, and
Paraguay within the Chaco-Parana Basin (Fig. 1) (Schneider et al., 1974). The primary
mechanism controlling sedimentation in the Parana Basin is tectono-eustatic cycles,
which subdivide the stratigraphy into six supersequences (Milani, Edison J. & Ramos,
1998).

Gondwana
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Fig.1 - Global Reconstruction of the Late Permian (Scotese, 2016) (A) with the paleogeographic
reconstruction of the Irati-Whitehill Sea (B), modified after Bastos et al. (2021), showing the location of

the investigated area (C).

The Gondwana | supersequence is divided into three groups,
encompassing sediments deposited from the Carboniferous to the Triassic. The
Itararé Group is at the base of the supersequence and consists of glacial-marine and
glacial-lacustrine deposits. Next, the Guata Group is characterized by platform
deposits with the development of peat bogs, representing a transgressive phase of the
basin caused by deglaciation. At the top of the supersequence, the Passa Dois Group
marks the Permian Greenhouse-Icehouse transition, with the deposition of marine
sediments in the Irati-Whitehill epicontinental sea at the base, transitioning to
continental deposits with fluvial and aeolian sediments at the top (Holz et al., 2010;
Souza et al., 2023).

The Irati-Whitehill Sea was a vast epicontinental sea that developed on the
supercontinent Gondwana during the Lower Permian (Fig.1C). The global correlation
of records from this sea is supported by diagnostic features such as the thick black
shale layers and the presence of Mesosaurus fossils, which reinforced the theory of
continental drift. The formations that document this large body of water include the Irati
Formation in the Parana Basin, the Whitehill Formation in the Karoo, Huab, and
Karasburg Basins of Africa (Oelofsen, 1981; Oelofsen & Araujo, 1983) the San Miguel
and Tacuary Formations in Paraguay and the Mangrullo Formation in Uruguay, the
latter two located in the Chaco-Parana Basin (Rocha-Campos et al., 2019).

The Irati Formation has a wide occurrence in the Parana Basin. Its Lower
Permian is indicated by palynological data that place it within the Lueckisporites
virkkiae palynozone (Souza & Marques-Toigo, 2005; Souza, 2006). Radiometric U-Pb
dating on zircon suggests a Kungurian age for the formation. Ages obtained in Séo
Mateus do Sul, Parana State, through U-Pb SHRIMP, indicate 279.9 + 4.8 Ma and
280.0 = 3 Ma (Rocha-Campos et al., 2019), and 278.40 £ 2.2 Ma (Santos et al., 2006),
as well as 277.26 £ 0.62 Ma by IDTIMS (Bastos et al., 2021). However, ages obtained
in the southern portion of the basin (Pedras Altas, Rio Grande do Sul State) indicate
younger ages, such as 275.75 + 0.29 Ma by U-Pb zircon IDTIMS (Cagliari et al., 2022).

This formation was deposited in a northeast-southwest oriented,
southward-dipping ramp, with a lithofacies heterogeneity from south to north. In the
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south, siliciclastic and relatively deeper-water facies predominate, while in the north,
carbonate and occasionally evaporitic rocks are more common. The Irati Formation is
divided into two members: Taquaral and Assisténcia. The Taquaral Member,
composed of gray to black siltstones and shales, was deposited in a shallow marine
environment with good water circulation (Holz et al., 2010). Bastos et al., (2021)
classify this member as the first (Stage 1) of five developmental stages in the formation,
characterized by deposition in a water-renewed environment with terrestrial organic
matter input and normal salinity.

The Assisténcia Member, comprising shales and organic-rich shales
interbedded with carbonates, was deposited in an environment with limited connection
to the waters of the Panthalassa Ocean (Araujo, 2001). Its facies are controlled by sea
level variations, resulting in the deposition of organic-rich shales in anoxic
environments during transgressive phases (Araujo, 2001; Milani, Edison José et al.,
2007; Holz et al., 2010; Goldberg & Humayun, 2016). In the southern portion, two
fourth-order sequences are distinctly marked, both beginning with the deposition of
carbonate facies in lowstand systems tracts and culminating in the deposition of
organic-rich shales in transgressive systems tracts (Xavier et al., 2018).

Stage Il of basin evolution, as described by Bastos et al., (2021), highlights
a change in depositional environment between the two members. This stage is
represented by a hypersaline depositional paleoenvironment, which towards the top
receives terrestrial and marine influxes that favor water column stratification. Higher
total organic carbon (TOC) levels (up to 25%) are observed at the base of Stage llI,
pointing to strong anoxia. During this period, there was also high primary productivity
and proliferation of prokaryotic organisms. Towards the top, oxic-suboxic conditions
were reestablished, leading to a reduction in TOC content. Finally, the subsequent
stages indicate a return to high salinity (Stage V), which evolves into another period

of intense anoxia (Stage V) (Bastos et al., 2021).

3. Methods
3.1 Study site and samples

This study was conducted in the southern portion of the Parana Basin,
within the basal section of the Assisténcia Member of the Irati Formation. Two wells
(HV-54-RS and SC-15-RS) were drilled in the southern part of the Parana Basin in Rio
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Grande do Sul State (orange box in Fig. 1C). Access to the cores for description and
sampling was provided by the Geological Survey of Brazil (CPRM). The studied
interval is 32 meters thick in core HV-54-RS (UTM coordinates 226000N 648201E)
and 38 meters thick in core SC-15-RS (UTM coordinates 239103N 6486005E).
Based on lithological and textural characteristics, 16 samples were
collected for petrographic analysis (5 thin sections from core HV-54 and 11 from SC-
15) and 55 samples of organic-rich shales for geochemical analyses (20 from HV-54
and 35 from SC-15). These samples were characterized using X-ray diffraction (XRD),
X-ray fluorescence (XRF), total organic carbon (TOC), total sulfur, redox-sensitive
elements such as uranium (U), molybdenum (Mo), and cadmium (Cd) (via ICP-MS),

and organic carbon isotopes.

3.2 Core description

Facies analysis involved a detailed description at a 1:50 scale of
approximately 70 meters of the Irati Formation section, distinguishing attributes such
as color, grain size, grain composition, bed geometry, sedimentary structures and
degree of bioturbation. The identified facies were further grouped into facies
associations, which aided in determining the depositional processes and

paleoenvironmental conditions.

3.3 Petrographic Analysis

Petrographic analysis involved the description and quantification of features
in 16 thin sections using a petrographic microscope. The description included textural
and compositional aspects of detrital and diagenetic constituents, as well as pore
types. Descriptive data and photomicrographs were collected and stored using

Petroledge®.

3.4 X-ray Diffraction

X-ray diffraction (XRD) analysis was conducted at the Petroleum Institute
(IPR-PUCRS). Measurements were performed using a Bruker D8 Advance

diffractometer, equipped with a copper tube, operating at 40 kV voltage and 30 mA
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current. The scanning for the total sample ranged from 2Theta 3° to 70°, with a step
size of 0.015° and a counting time of 0.2 seconds. The interpretation of the
diffractograms was carried out using DIFFRAC.EVA V3.1 software, based on the PDF-
2013 database (Powder Diffraction File — 2013).

The clay fraction of the samples was separated to differentiate these
mineral phases. For each sample, three analyses were conducted: (1) the oriented
sample using the smear method, (2) the sample solvated with ethylene glycol for 15
hours in a vacuum desiccator, and (3) the sample heated to 490 °C for 5 hours. The
scanning of the oriented samples followed the same parameters as the total sample.
For the analyses of readings 2 and 3, the scanning range was from 2Theta 3° to 35°,

with the same step size and counting time.

3.5 Total carbon and sulfur content

The samples selected for geochemical characterization underwent
preparation, including drying at 60°C in an oven and grinding to 60 mesh. These
samples were then sent to the Petroleum Institute IPR-PUCRS for Total Organic
Carbon (TOC) and sulfur (S) analyses. Prior to analysis, the samples were treated
with HCI to remove any carbonate residues, then washed five times and dried again
at 60°C for 24 hours. TOC analysis was performed using a non-dispersive
TRUSPEC/LECO analyzer, equipped with an infrared detector, which combusts the
samples in an oxygen atmosphere at 950°C. For sulfur quantification, a LECO SC-632
elemental analyzer was used, where samples are burned at 1350°C under 1 atm and

measured with an infrared detector.

3.6 Major and redox-sensitive element analysis

The samples, ground to 60 mesh for geochemical analysis, were sent to
ActLabs, a commercial laboratory, for major element analysis using X-ray
fluorescence (XRF). For the determination of redox-sensitive elements (V, Cr, Co, Ni,
Cu, Zn, Mo, Cd, Sn, Tl, Pb, U), the samples were processed using the facilities at the
Applied Analytical Chemistry Center (NUQA-UFRGS) for sample digestion and
analyzed at the lIsotopic Geology Laboratory (LGI-UFRGS) using high-resolution
inductively coupled plasma mass spectrometry (HR-ICP-MS).
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As a chemostratigraphic tool, proxies were generated to understand the
recorded paleoenvironmental evolution. To evaluate the input of nutrients such as
phosphorus into the system, excess phosphorus was calculated. Normalization is
performed relative to the concentration of Al,O; in the sample and the average
concentration of Al,O3 in the continental crust (Schmitz et al., 1997). This process
converts the mass percentage of phosphorus oxide to excess phosphorus, excluding
the proportion of phosphorus related to minerals such as aluminosilicates in the
system (eq. 1).

eqg.1 Pex = P20s/
(Al2Os * 0.15)

To assess redox conditions, the following proxies were utilized. These
proxies include elements whose behavior in a system changes with variations in
environmental redox conditions. The stratigraphic investigation of these elements was
conducted using the enrichment factor (EF), which indicates how enriched a sample

is relative to average shale (AS) according to Wedepohl, (1971), as shown in equation

).

eq.2 Xer = (Xsample/A|sampIe)/
(Xas/Alas)

The degree of pyritization (DOPt) is a simplified version of the DOP proxy;
both estimate the amount of iron available in the system and retained in the form of
sulfide (pyrite), thus characterizing the oxygenation level of the environment (Jones &
Manning, 1994; Algeo, Thomas J. & Maynard, 2008) (eq.3).

eq.3 DOPt = St * (55:85/64.12)/Fet

3.7 Organic carbon isotope

Organic carbon isotope analysis was conducted at the Lamir Institute of the
Federal University of Parana (UFPR). For sample preparation, 2 grams of each
crushed sample were washed with HCI to remove carbonates and then cleaned five
times with milli-Q water. The samples, placed in tin capsules, had their carbon

converted to CO, through dynamic combustion with oxygen injection at 1020°C. The
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gaseous combustion products were purified and separated for subsequent analysis
using the Thermo Scientific Delta V IRMS, where they were ionized and accelerated.

4. Results
4.1 Sedimentological characterization
4.1.1 Facies analysis and facies associations

Based on the core descriptions, 11 facies were identified, as detailed in
Table 1, including their lithology, structures, and interpretation. The facies associations
were defined following (Burchette & Wright, 1992) for carbonate platforms. A

summarized description of cores HV-54 and SC-15 is presented in Figure 2, along

with the geophysical profiles.

Fgg(ljees Litology Sedimentary structure Interpretation
. Matr_lx-supported, Plastic, viscous debris flow
intraformational conglomerate, . . AN S
Gmm . . Massive; convolute bedding with high internal cohesion;
with clayey intraclasts up to 2 . o
cm deformation by fluidization.
Very fine sandstone to siltstone, | Low-angle truncated or cross- Mlgratlon of subaqueous
Sw/Fw i : S ripples under oscillatory
ight grayish-yellow. wavy lamination flow
Light gray siltstone to dark gray Masswe or |nd|s_t|nct Gravitational settling of
Fm lamination. Locally irregular .
shale. : suspended particles.
parting
Plane-parallel lamination and
Silty to clavey shale. dark arav to millimetric to centimetric Gravitational settling of
Fh y yey ' gray fissility. Locally, suspended particles under
black. . ; - o
concentrations of pyrite and reducing conditions.
organic matter
Variation between settling of
Heterolithics composed of Heterolithic bedding (linsen, suspended particles (clay)
Ht centimeter to millimeter-scale wavy, flaser), internally with | and migration of small-scale
interbeds of very fine sandstone, truncated wavy lamination. ripple forms under lower
siltstone, and claystone. Locally, it shows fissility unidirectional or oscillatory
flow regime.
Rhythmic intercalation (mm to Gravitational s_ettllng Qf
suspended particles, with
cm scale) of cream-colored o " >
Rt . Plane-parallel lamination. compositional variation
calcimudstone and dark gray -
between micrite and
shale. o .
siliciclastic mud.




Intraformational breccia

supported by muddy matrix, light

Carbonate intraclasts formed

Plastic, viscous debris flow
with high internal cohesion;

intraclasts up to 4 cm.

Br ; . by ‘teepees'; some fluidized deformation by fluidization,
gray, with carbonate intraclasts . . . .
clay films. with mixture of intra- and
up to 3-6 cm. . .
extrabasinal constituents.
Massive, locally with ‘cone-in- L .
. \ . Gravitational settling of
Mud(m) | Cream-colored calcimudstone. cone' structure and irregular
: suspended carbonate mud.
parting.
Gravitational settling of
Mud(w) | Cream-colored calcimudstone. Wavy and/or_low_-angle cross su_spended carbonatg m_ud,
lamination. with slight bottom agitation
by oscillatory flow.
Plane-parallel lamination: Gravitational settling with
Mud(h) | Cream-colored calcimudstone. P ’ precipitation of carbonates
fractured. g
and sediments.
Rdst Rudstone with carbonate Horizontal lamination. Subaerial exposure, drying,

and reworking.

Table 1 Summarized description of observed facies and inferred processes.
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Fig. 2. Lithological logs with sample locations and the interpretation of facies associations.

Lithostratigraphy and sequences according to Xavier et al 2018.

The identified facies associations in the cores are: outer ramp, intermediate

ramp, inner ramp, and evaporitic coastal plain (sabkha). The Outer Ramp Facies
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Association consists of muddy lithologies (lithofacies Fm and Fh — Fig. 4a-b),
deposited through gravitational settling in low-energy environments (below the fair-
weather wave base). The sedimentation is mixed, predominantly siliciclastic, with
varying concentrations of organic matter. The abundance of pyrite in these lithologies
indicates a predominantly reducing environment, likely due to the water depth (Fig.
4b). Bioturbation in this interval varies from none to intensely bioturbated.

Fig. 3 - (A) Dark gray massive shale (Fm), (B) Dark gray parallel-laminated shale (Fh), (C) Heterolithic
bedding (linsen) (Ht), (D) Very fine sandstone with wavy lamination (Sw), (E) Massive conglomerate
(Gmm), (F) Light gray siltstone with low-angle lamination (Fw), (G) Massive (Mud(m)) and laminated
(Mud(h)) calcimudstones, (H) Intraformational breccia with carbonate intraclasts (Br)
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The Intermediate Ramp Facies Association includes lithologies deposited in a
distal environment under wave action, between the fair-weather and storm wave base
levels (lithofacies Ht, Fw, and Sw — Fig. 3c-d), as well as muddy lithologies deposited
through gravitational settling under low-energy conditions (lithofacies Fm, Fh). The
sedimentation is predominantly siliciclastic, with variations in organic matter concentration.

The Inner Ramp Facies Association includes intraclastic conglomerates and
breccias resulting from wave reworking of semi-consolidated carbonate and muddy
sediments (lithofacies Gmm and Br — Fig. 3e) and heterolithic and fine-grained lithologies
deposited under wave action (lithofacies Ht, Fw, and Sw — Fig. 3f). This association
represents predominantly siliciclastic sediments deposited above the fair-weather wave
base. The Sabkha Facies Association is composed of calcareous rudstones and
calcimudstones (Rt, Rdst, Mud(m), Mud(w), and Mud(h) — Fig. 3g-h).

The SC-15 well displays a complete regressive-transgressive cycle, with the
Intermediate Ramp Facies Association (FA) at the base, transitioning to the Inner Ramp
FA and Sabkha FA during the maximum regression interval, including ‘teepees.' From the
middle to the top, the well records Inner Ramp and Outer Ramp FAs (Fig. 2). In contrast,
the HV-54 well begins with the Intermediate Ramp FA at the base, transitions to the Inner
Ramp FA and Sabkha FA in the central portion, and finally culminates with an intercalation
of Outer and Intermediate Ramp FAs at the top (Fig. 2).

4.1.2 Stratigraphic framework

Based on databases provided by the Geological Survey of Brazil (SGB) and
previous studies conducted in the southern portion of the basin, it was possible to define
and correlate the specific interval for geochemical sample collection in the Irati Formation.
This positioning was based on studies by Araudjo (2001), Xavier et al. (2018), Bastos et al.
(2021), and Cagliari et al. (2022), conducted in the same sampling region as this study.
Regarding the stratigraphic positioning, the interval spans from the Taquaral Member to the
middle portion of the Assisténcia Member, using carbonate levels as reference points. The
detailed chemostratigraphy sampling is specifically positioned in the lower black shale of

the Assisténcia Member, located immediately after the first carbonate level.
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4.1.3 Compositional analysis

Among the 16 thin sections analyzed, 11 are mudstones associated with the
Outer Ramp and Intermediate Ramp facies associations. Three sections consist of a very
fine sandstone, a conglomeratic sandstone, and a mudstone from the Inner Ramp facies
association. Additionally, two sections are carbonate crusts from the Sabkha facies
association. The quantification of the matrix, along with extrabasinal, intrabasinal, and
diagenetic constituents, was organized by facies association and presented in individual
bar charts for each thin section (Fig. 4).

The mudstones from the Outer Ramp FA typically contain a higher average
amount of matrix, around 68% (Fig. 4 and 5-a). Significant differences in average matrix
content are observed between the SC-15 and HV-54 wells. SC-15 core shows a greater
proportion of siliciclastic matrix rich in organic matter compared to HV-54, especially in the

samples 60.7 m and 64.6 m deep.
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Fig. 4 — Quantification of primary constituents, matrix, diagenetic constituents, and porosity based on

petrographic descriptions, grouped by well and Facies Association.
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Extrabasinal constituents average 6.83% in both wells, primarily composed of
qguartz (average 3.37%, with a maximum of 4.33%), muscovite (1.5%), and amorphous
organic matter (average 1%), with lesser amounts of biotite, celadonite, and zircon.
Intrabasinal constituents are less than 1% in both wells, with sporadic occurrences of
spores, clay pellets, and phosphatic bioclasts. Diagenetic constituents average 14.04%,
with pyrite being prominent in framboidal and/or microcrystalline forms (Fig. 5-b), averaging
18% (with a maximum of 29%) in the HV-54 core and 11% (with a maximum of 20.3%) in
the SC-15 core. Additionally, gypsum fills fractures, and lamellar kaolinite replaces
muscovite, with the latter observed only in the SC-15 core. Porosity in both wells is

approximately 10%, predominantly in fractures.

Fig. 5 — Photomicrographs of a (A) laminated silty shale with a matrix rich in amorphous organic matter. (B)
Framboidal pyrite replacing a clay-rich matrix with abundant organic matter. (C) Phosphatic bioclasts (PhosB)
and clayey peloids (clayyP). (D) Hybrid conglomerate, fractured, rich in intraclasts and carbonate and clayey
peloids. (E) Carbonate crust with stylolites, peloids, and carbonate intraclasts. (F) Chalcedony and mega-

quartz (Qz) replacing anhydrite nodules (An) and macrocrystalline calcite (Cal) filling pores.

The samples from the Inner Ramp display varied lithologies, including a
mudstone (sample at 246.4 m), a very fine sandstone (sample at 250.3 m), and a
conglomeratic sandstone (sample at 78 m). The mudstone is similar to those described in
other facies associations, characterized by a predominance of organic-rich matrix
(40.33%), with extrabasinal constituents (8.66%) exceeding intrabasinal constituents (5%),

and pyrite as the primary diagenetic constituent (7.66%). The very fine sandstone has a
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primary composition largely made up of extrabasinal constituents, predominantly quartz
(19%) and feldspars (3.5%), with no matrix. Its diagenetic composition is primarily dolomite
(44%) and calcite (12%). The conglomeratic sandstone is composed mostly of intrabasinal
constituents, including notable amounts of peloids (13%) and carbonate intraclasts (10%).
Pyrite (25%) is the main diagenetic constituent, occurring mainly in a microcrystalline habit.
Additionally, chalcedony and quartz are present, replacing anhydrite.

The samples from the sabkha FA consist of carbonate crusts, which contain up
to 90% carbonate. These crusts are made up of carbonate intraclasts, and carbonate
peloids. They have a maximum of 3.67% siliciclastic matrix and no organic matter.
Extrabasinal constituents (6%) include quartz (3.83%), muscovite (0.83%), biotite (0.5%),
and plagioclase (0.5%). Intrabasinal constituents (24.5%) are mainly carbonate intraclasts
(19.3%), phosphatic bioclasts, clay and carbonate peloids. Diagenetic products account for
66.65% and include primarily dolomite (37.98%). Dolomite occurs as a continuous rim
covering primary constituents or in blocky, macrocrystalline forms, replacing matrix and
grains, as microcrystalline crusts replacing matrix, as intragranular dolomite in
undifferentiated grains and peloids, and in saddle shapes filling fractures or replacing barite
in fractures. Additionally, poikilotopic and macrocrystalline calcite (9%), chalcedony
(5.34%), as well as quartz, dickite, barite, and chalcedony are present. Fracture porosity

averages less than 1%.

4.2 Geochemistry composition
4.1. Total organic carbon and sulfur contents

The stratigraphic assessment of Total Organic Carbon (TOC) and sulfur (S)
allowed for the identification of five intervals, each characterized by specific behaviors of
these parameters. These intervals are: 'Pre-Organic’, '‘Organic Increment’, 'Organic Stability
1 and 2', and 'Low Organic', all of which were identified in the SC-15 well. The 'Pre-Organic’
interval is marked by a nearly stable behavior of TOC and S, with averages of 3.34% and
1.61%, respectively. The 'Organic Increment' interval is characterized by a gradual increase
in TOC, starting at 3.59% and reaching 10.60%. During this interval, sulfur (S) shows a
negative correlation with TOC. In the 'Organic Stability’ intervals, TOC and sulfur
concentrations fluctuate around averages of 12.95% for TOC and 1.09% for sulfur.

Between the stability interval and the 'Low Organic' interval, a sharp decline in TOC values
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(from 12.70% to 2.99%) and sulfur values (from 1.18% to 0.28%) is observed in the SC-15
well. In the final 'Low Organic' interval, both TOC and sulfur values remain low and stable,
at 1.24% and 0.11%, respectively. Due to its distance from the other samples, the sample

at 60.70 meters will not be considered in the description of geochemical trends.
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Sensitive Elements (Cd, Cu, Mo, U, and V) and Organic Carbon Isotope.

In the HV-54 well, only the ‘Organic Stability' and ‘Low Organic' intervals were
identified. During the 'Organic Stability 1' interval, TOC fluctuates around an average of
8.43%. In the 'Organic Stability 2' interval, sulfur exhibits erratic behavior, with some
samples showing high sulfur concentrations (a maximum of 2.98% in the sample at depth

244.4 meters). The transition to the 'Low Organic' interval is less abrupt in this well
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compared to SC-15. Despite the limited number of samples in this interval, there is relative
stability in the parameters, with low TOC and sulfur values averaging 1.64% and 0.2%,

respectively.

4.2. Major elements

In the ternary plot of SiO,, Al,O3;, and CaO, samples from both wells show
enrichment in silica, with average values of 49.12% SiO,, 11.39% Al,O3, and 0.76% CaO.
No significant differences were observed between the samples from the two cores or
between intervals. Stratigraphically, major elements exhibit distinct behaviors in both wells
(Fig. 6). In SC-15, the major oxides show a stable trend until the TOC shift, where a sudden
change to higher concentrations occurs. In contrast, in HV-54, the change in behavior
occurs gradually during the Low Organic interval.

Generally, all oxides follow a similar pattern to Al,O3;, except for Fe,O3
concentration. In the SC-15 well, Fe,O; shows a negative trend until the Stability 1 interval,
whereas in the HV-54 well, it maintains a stable pattern in the same interval. Fe,0;
concentrations are high and stable in both cores during the Stability 2 interval, with an
abrupt negative shift in SC-15 and a gradual decrease in HV-54 during the Low Organic

interval.

4.3 Redox-sensitive elements

The vertical distribution of redox-sensitive elements in Figure 6 displays a red
dashed line at EF=1, representing the average shale. Values above this line are considered
enriched in the element relative to AS, while values below 1 indicate that the element is
depleted compared to AS.

The enrichment factor (EF) of cadmium (Cd) in the SC-15 well is the most erratic
among the redox-sensitive elements. However, it is noticeable that the average line in the
Pre-Organic interval (0.5) is lower than the values observed in the Organic Increment
interval, which shows a positive trend reaching values above 3. The Organic Stability
interval for redox-sensitive elements can also be subdivided into Stability Interval 1 and
Stability Interval 2. In Stability Interval 1, extending to the sample at 67.90 meters, the EF

of Cd lacks a defined pattern but maintains an intermediate baseline between 0 and 2.5,
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not reaching the values seen in the Organic Increment interval. In Stability Interval 2, the
EF of Cd shows a positive trend up to approximately 1.75. During the Low Organic interval,
the EF of Cd follows the negative shift in TOC and returns to a low baseline near 0.5, similar
to the Pre-Organic interval.

Copper (Cu) and vanadium (V) exhibit a positive trend from the Pre-Organic
interval up to the top of the Organic Stability 1 interval. After this, both elements stabilize,
with average enrichment factors of 0.9 for Cuer and 0.6 for Ver. In the Low Organic interval,
a negative shift in the enrichment factors of these elements is observed, with stability at
lower values, with Cuer around 0.45 and Ver around 0.4. The enrichment factors of
molybdenum (Moer) and uranium (Uer) show similar behaviors. Both start with values
above the average shale (AS) enrichment. Moer exhibits a positive trend in the Pre-Organic
and Organic Increment intervals, stabilizing at an average of 4.5 in Stability Interval 1. At
the base of Stability Interval 2, Moer shows a positive increment followed by a negative
trend. The behavior of Moer aligns with the negative shift in TOC, stabilizing near the AS
baseline in the Low Organic interval with values around 1.5. Uer, on the other hand, shows
a negative trend in the Pre-Organic interval, switches to a positive trend during the Organic
Increment and Stability 1 intervals, reaching a maximum value of 2.75. Like Moer, Uer also
changes behavior at the base of Stability Interval 2. However, for uranium, the negative
shift in EF is followed by a stability trend with values lower than those in the previous
interval, averaging around 2.25. The Low TOC interval begins with a negative shift and
stabilizes with a trend close to the average shale line.

In the HV-54 well, the behavior of Cd enrichment factor (Cder) is more consistent
compared to SC-15. In Stability Interval 1, Cder shows a positive trend, indicating Cd
enrichment relative to the average shale (AS). In Stability Interval 2, it maintains a baseline
around 3, which decreases to close to 1 (AS) in the Low Organic interval. Similarly to the
SC-15 well, the enrichment factors for copper (Cu) and vanadium (V) in HV-54 also exhibit
comparable patterns. Both elements remain stable and depleted relative to AS in Stability
Interval 1, with Cuer around 0.75 and Ver around 0.65. In Stability Interval 2, the enrichment
factors for these elements show a positive shift, stabilizing near a baseline close to 1 (AS).
As TOC values decrease, Cuer and Ver exhibit a negative trend until they stabilize in the
low Organic interval, with Cuer at 0.6 and Ver at 0.5. Similarly to the SC-15 well, the
enrichment factors for molybdenum (Moer) and uranium (Uer) in HV-54 start with values

indicating enrichment above the average shale (AS). Moer exhibits a stable trend at 6.20 in
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Stability Interval 1. After a positive shift at the base of Stability Interval 2, it maintains a
positive trend until the Low Organic interval, where it stabilizes close to the average shale.
The enrichment factor for uranium (Uer) maintains a baseline of 2.75 until the end of
Stability Interval 2, after which it starts a negative trend and stabilizes near 1 in the Low

Organic interval.

4.5 Organic Carbon Isotope

The organic carbon isotope signature (63C_org) was assessed based on the
stratigraphic positioning of the samples as shown in Figure 6. Organic carbon isotope
values range from -24.35%o to -20.05%o in the SC-15 well and from -24.68%o to -20.04%o in
the HV-54 well. Both cores exhibit similar behavior. They start with a positive trend in the
isotope signature up to the top of the Organic Stability Interval 1. In Organic Stability Interval
2, they show a negative trend until the TOC shift and then stabilize at more negative values

in the Low Organic interval.

5 Discussion
5.1 Sedimentology

The facies succession described in the two wells agrees with the interpretation
that the deposition of the Irati Formation occurred in a carbonate ramp environment (Aradjo,
2001; Xavier et al., 2018). The predominance of proximal facies in the SC-15 well,
compared to HV-54, suggests a possible reduction in water depth towards the location of
this well. In addition to the well-developed heterolithic facies, SC-15 also exhibits a higher
percentage of carbonate facies in the inner ramp and sabkha facies associations. The
presence of anhydrite and chalcedony nodules in samples from 78.00 m and 75.10 m of
this core indicates a dry and warm environment, characterizing the evaporitic nature of this
interval. The shallow-water conditions, and evaporitic enviromental are common in Irati
Formation, particularly in the northern portion of the basin where these facies are more
abundant (Hachiro, 1997; Araujo, 2001; Antunes et al., 2022; Petri et al., 2022).

The differentiation between the two wells is also evident from the quantitative
analysis of petrographic constituents, which reveals a relative enrichment of fine-grained
constituents in HV-54, accompanied by a higher proportion of organic-rich matrix. This

supports the idea that the HV-54 well is closer to the depocenter, compared to the SC-15
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core. Grain size and selection are important sedimentological conditions for the
preservation of organic matter. Therefore, distal, lower-energy environment where fine
materials such as clay and silt are deposited not only favors organic matter deposition but
also provides more reducing conditions for its preservation. Previous studies before 2000
suggested that the geological structure of southern Rio Grande do Sul was a high
topographic feature that acted as a barrier to the circulation of the Irati-Whitehill Sea further
inland, towards what is now the American continent. Araujo (2001), however, indicates that
this morphological structure was submerged at that time. Nonetheless, our data suggest
that, even when submerged, this feature still functioned as a local paleorelief, indicating a

variation in paleobathymetry, with the basin deepening towards the west.

5.2 Paleoenvironmental Proxies
5.2.1 Detrital Input

To evaluate the detrital contribution during the deposition of the lower organic-
rich shales in the Irati Formation, stratigraphic distributions of aluminum concentration in
mass percent, and the silicon-to-aluminum (Si/Al) and titanium-to-aluminum (Ti/Al) ratios
were used (Fig. 8, red curves) (Sageman & Lyons, 2003).

In the SC-15 well, only the aluminum concentration (Al%) and the silicon-to-
aluminum ratio (Si/Al) showed changes in behavior corresponding to the Organic intervals,
while the titanium-to-aluminum ratio (Ti/Al) remained stable across all intervals. The
behavior of aluminum concentration (Al), an indicator of aluminosilicate minerals such as
clays, is stable and low, with an average of 5.5% from the “Pre-Organic” interval to the
“Organic Stability 2” interval. This indicates a steady supply of minerals from this group.
The start of the Low Organic interval is marked by a shift in the system leading to
stabilization of Al at a higher average concentration (7.5%). The indicator of silicates such
as quartz, also used as a proxy for grain size, shows a negative trend until the Low Organic
interval, without any abrupt behavioral changes. This suggests a gradual decrease in the
input of these minerals and/or a consecutive reduction in grain size.

In the HV-54 well, all detrital input proxies show patterns associated with organic
matter accumulation (TOC). During the Organic Stability 1 interval, the Al% indicates a
stable contribution of aluminosilicates. At the beginning of the Organic Stability 2 interval,

this contribution decreases but then follows a positive trend, stabilizing in the Low Organic
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interval with a high input of these minerals (7%). The Ti/Al ratio, used to detect the input of
heavy minerals like titanite and rutile, shows a trend of decreasing heavy mineral
concentration until the beginning of the Organic Stability 2 interval, after which it returns to
average concentrations of heavy minerals (5.5%) and stabilizes until the Low Organic
interval.

The Si/Al ratio displays two disconnected negative trends: one in the Organic
Stability 1 interval and another starting in the Organic Stability 2 interval and continuing to
the second sample of the Low Organic interval. These data suggest two main detrital inputs
into the system, marked by the two positive peaks in Si/Al and Ti/Al. It can also be inferred
that the first detrital input is enriched in heavy minerals compared to the second. Although
indicated by other proxies, these two inputs do not significantly alter the TOC but are
marked by a peak in sulfur percentage (S%) that delineates the boundary between the

Organic Stability 1 and 2 intervals.
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Fig. 7. Stratigraphic Distribution of TOC, Detrital Proxies (Al%, Ti/Al, and Si/Al), and Proxies of Primary
Productivity and Nutrients (Ni/Al, Cu/Al, and Pex)

5.2.2 Nutrients and Paleoproductivity

The stratigraphic behavior of the Nickel/Aluminum (Ni/Al) and Copper/Aluminum
(Cu/Al) ratios, as well as the phosphorus excess (Pex) for the two cores, is presented in
Figure 7. Nickel (Ni) and copper (Cu) are commonly deposited as organometallic
complexes associated with organic matter (OM) (Tribovillard, 2021). High paleoproductivity
increases OM deposition, which favors the preservation of these metals. In anoxic and
euxinic environments, anaerobic bacteria release hydrogen sulfide (H,S) during the
decomposition of OM, which can react with the complexed metals, leading to the formation
of sulfides such as pyrite.

Phosphorus (P) is generally an important nutrient for photosynthetic organisms.
During periods of high primary productivity, biomass production also increases, leaving
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phosphorus anomalies recorded in the sediment (Schmitz et al., 1997; Percival et al., 2020).

In the SC-15 well, the Ni/Al ratio exhibits two trends: an initial positive trend up
to the top of the Stability 1 interval, followed by a negative trend through the Low Organic
interval. The Cu/Al ratio also shows a positive trend up to the top of the Stability 1 interval
but then exhibits irregular behavior, with a higher average value at the end of the previous
interval. The Low Organic interval is marked by an abrupt change in the system, leading to
stabilization at a lower average value. Excess phosphorus shows a single negative trend
extending to the Low Organic interval. In this core, both Ni/Al and Cu/Al indicate higher
values associated with high Organic intervals, suggesting a correlation with increased
productivity.

In the HV-54 well, the Ni/Al and Cu/Al proxies display similar behavior. Both are
stable at a medium baseline level during the Organic Stability 1 interval. A possible
indication of increased paleoproductivity is observed when both proxies show a positive
shift and stabilize at a higher baseline level compared to Stability 1, continuing into the Low
Organic interval. However, phosphorus excess demonstrates stable behavior with a high

average value that persists into the Low Organic interval.

5.2.3 Redox Conditions

To evaluate the redox conditions of the water column, proxies such as DOPY,
Fe/Al, VICr, Ni/Co, and V/(Ni+V) were assessed. The V/Cr, Ni/Co, and V/(Ni+V) ratios
assess redox conditions based on the specific behavior of trace elements. Vanadium and
nickel are complexed with organic matter, while chromium and cobalt are associated with
detrital input (Hatch & Leventhal, 1992; Jones & Manning, 1994). The Fe/Al ratio evaluates
the enrichment of iron in the system by dividing the total iron concentration by the aluminum
concentration in the sample, which normalizes the iron concentration relative to

aluminosilicates (Lyons & Severmann, 2006).
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Fig. 8. Stratigraphic Distribution of TOC, Redox Proxies (DOPt,Fet/Al, V/Cr, Ni/Co and V/ V+Ni),
Paleohydrography proxies (Co*Mn, Cd/TOC and Mo/TOC) and Salinity proxies (C/S)

The DOPt values for samples from both wells indicate that the sediments were
predominantly deposited under aerobic conditions, which limits pyrite formation. The
oxidative condition is also assessed by the Ni/Co ratio. However, the analyzed samples
show consistently low and constant sulfur content, regardless of iron concentration. This
may indicate a sulfur deficiency in the environment, typically associated with low sulfate
concentrations, characteristic of non-marine waters. It is also important to note that DOPt
is a simplification based on the stoichiometry of pyrite, assuming that all the sulfur in the
sample corresponds to the sulfur in pyrite. However, in samples rich in organic matter, some

of the sulfur is also associated with the organic matter, which can complicate the
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interpretation of this proxy.

The oxic scenario is not reflected in the assessment of other proxies, which
indicate that some intervals experienced more reducing conditions. For instance, the
V/(Ni+V) ratio suggests that all samples were deposited in an anoxic environment, with
intervals close to the euxinic threshold. This is corroborated by the Fet/Al proxy, which
shows that samples were deposited under euxinic conditions, though those from the
stability interval 2 exhibit even higher iron enrichment. This same proxy indicates oxic
conditions for samples from the low Organic interval. Additionally, the V/Cr proxy groups
samples from the pre-Organic and Organic increment intervals (SC-15) along with samples
from the low Organic interval, all deposited in an oxic environment. Meanwhile, other
samples fall within a dysoxic environment range.

The ternary diagram TOC-Fe-TS (Fig. 9) is suggested as an alternative to
approximate the degree of pyritization (Arthur & Sageman, 1994). In this diagram, samples
from the stability intervals of both wells are grouped in a dysoxic trend, with an approximate
pyritization degree of 0.56. Samples from the low Organic interval are situated in a trend
with higher Fe and lower S and TOC, indicating a pyritization degree of less than 0.1.
Additionally, samples from the pre-Organic interval and one from the Organic increment

interval fall into the oxic field.
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Fig. 9. Ternary plot of TOC-Fe-TS with stability fields (Modified from Arthur and Sageman, 1994)
5.2.4 Paleohydrography and Salinity

The proxies used to characterize the paleohydrography of the studied interval
were Co*Mn, Cd/Mo, and Mo/TOC. The Mo/TOC and Cd/Mo suggests that all samples
were deposited in a highly restricted environment (Mo/TOC <15, and Cd/Mo0<0.1) (Algeo,
Thomas J. & Lyons, 2006; Sweere et al., 2016). In contrast, the stratigraphic behavior of
the and Co*Mn proxies indicates deposition in a non-restricted environment and/or one
influenced by upwelling (Sweere et al., 2016; McArthur, J. M., 2019). Salinity, evaluated
using the C/S ratio (carbon-total organic carbon and sulfur), shows variation in salinity
between the two wells (Berner & Raiswell, 1984; Wei & Algeo, 2020). In core SC-15, the
pre-Organic interval has marine salinity conditions that evolve into a freshwater condition
during Organic Stability intervals 1 and 2, before shifting to a brackish condition in the low
Organic interval. However, HV-54 remains under brackish condition. This technique, which
is exclusively used for samples with TOC greater than 1, prevents distinguishing between
marine and brackish environments. Wei & Algeo, (2020) suggest using the Sr/Ba and Ga/B

proxies as alternatives for more accurate paleosalinity determination.

5.3 Paleoenvironmental Model

Based on the integration of facies and petrographic descriptions with detailed
geochemistry, the richest interval of organic matter within the Irati Formation was
characterized. This integration allowed the reconstruction of the paleoenvironmental history
of this deposition and the identification of potential triggers for the significant accumulation
and preservation of organic matter (OM). In this context, it was possible to infer a
paleobathymetric positioning of the cores within the basin based on the facies associations
found. In core SC-15, located to the east, there is a greater development of proximal facies,
with the presence of carbonates and evidence of subaerial exposure. In contrast, core HV-
54, situated to the west, predominantly exhibits lithologies indicative of a more distal
environment. Araugjo, (2001) notes that the southern Rio Grande do Sul shield was
submerged during the deposition of the Irati Formation. However, our data suggest that,
even while submerged, this feature acted as a paleorelief, indicating a local

paleobathymetry with deepening of the basin towards the west. This configuration is
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confirmed by the chemostratigraphic behavior, which reveals differing evolutionary patterns
of anoxia in the two cores.

In SC-15, the studied shale is preceded by a package of fine-grained sandstones
with wavy ripples. Two chemostratigraphic intervals occur before the organic enrichment:
the pre-organic interval, characterized by TOC levels lower than 5%, and the interval of
organic increment, which shows a gradual evolution of the system, by an increase in TOC
but also by higher primary productivity proxies (Ni/Al and Cu/Al) and salinity proxies (C/S),
alongside a reduction in detrital input parameters such as Si/Al and Ti/Al. In HV-54, the
studied interval begins with heterolithic facies with already high TOC, leading to the organic-
rich shales. Thus, the TOC behavior appears to reflect the positioning of these cores: in the
deeper-water HV-54, characterized by more distal facies, no significant geochemical
transition was recorded. These two intervals are possibly absent in HV-54 because it was
already in a deeper and more stable condition at the onset of the enrichment process. In
contrast, the shallower-water, more proximal deposits in SC-15 show a gradual increase in
TOC. The behavior of detrital proxies mainly reflects the facies of which each sample. In
SC-15, where the geochemical study interval consists solely of shales, the proxies show
consistent trends until organic enrichment. In HV-54, the first interval is marked by erratic
behavior in various proxies, consistent with heterolithic facies.

During the Organic Stability intervals, organic carbon remains high (>10% in core
SC-15 and between 5% and 10% in core HV-54). These intervals are characterized by a
low input of aluminosilicates and other detrital minerals, as evidenced by the Al%, Si/Al,
and Ti/Al ratios. Conversely, the increases in Cu/Al, Ni/Al, and Pex suggest elevated
productivity during these periods. This pattern of enrichment in productivity proxies in the
HV-54 core was restricted to Organic Stability Interval 2, as Organic Stability Interval 1
showed erratic behavior due to lithology. In the SC-15 core, Stability Intervals 1 and 2 are
characterized by consistently low salinity, whereas the HV-54 core maintained indicators of
brackish water. This less saline interval correlates with peaks of primary productivity is also
reported through organic biomarkers in studies conducted near the study area (Bastos et
al., 2021) and in the central part of the basin in the region of Sdo Mateus do Sul in Parana
State (Martins, Laercio Lopes et al., 2020; Martins, Laercio L. et al., 2021; Nascimento et
al., 2021). Additionally, this interval coincides with a positive excursion in 8'3Corg, possibly
indicating a reduction in isotopic difference between organisms and CO:2 due to CO2

depletion caused by increased primary productivity, supporting previous studies (Rau et al.,
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1992; Oehlert & Swart, 2014).

The redox-sensitive elements molybdenum and uranium show enrichment within
the organic stability intervals, while cadmium, cobalt, and copper only demonstrate
enrichment in Organic Stability Interval 2 of the HV-54 core. The proxies indicating redox
conditions, such as Fet/Al e V/(Ni+V), vao de acordo com o0s elementos sensiveis as
condi¢cBes redox e indicam um ambiente pouco a ndo oxigenado variando de anoxico a
euxinico. In contrast, the DOPt indicators suggest oxic conditions for the deposition of the
organic stability interval. The low DOPt might be associated with low dissolved sulfate
concentrations, as total sulfur is used in this proxy (Capone & Kiene, 1988; Segarra et al.,
2013). The Ni/Co and V/Cr proxies also show inconsistencies with Fet/Al data and the
enrichment of elements sensitive to redox conditions. According to Algeo, this behavior of
bimetallic proxies discourages their use compared to enrichment proxies or those involving
Fe.

Similarly, the paleohydrographic indicators do not point to a single condition.
While the Mo/TOC and Cd/Mo proxies indicate a restricted environment for the deposition
of shales in this interval, the Co*Mn proxy suggests a non-restricted and/or upwelling
environment. Nonetheless, the combined assessment of the hydrographic restriction
proxies Co*Mn and Cd/Mo helps distinguish the conditions that favored the high
concentrations of organic matter in the Organic stability interval. Cadmium (Cd) is related
to paleoproductivity due to its association with the metabolism of phytoplankton (Bruland,
1980; Sunda, 2012). This integrated approach provides a deeper understanding of the
factors influencing the deposition and preservation of organic matter in marine
environments, revealing the complex interactions between hydrographic dynamics and
primary productivity.

In the graph shown in Figure 10, samples from the organic stability interval lie
within the upwelling field, characterized by low Co*Mn values. These samples group
alongside those from the Cariaco Basin, which, like the Black Sea, is a restricted
environment. In this context, intermediate Cd/Mo values suggest intense primary
productivity, indicating a hybrid basin behavior that combines hydrographic restriction with
intermittent upwelling. (Sweere et al., 2016). Algeo describes this behavior of occasional
upwellings as reflecting temporal redox variations of low frequency.

The similar behavior of organic matter-rich samples in this study with those from

the Cariaco Basin helps elucidate the depositional environment of the lower shale in the
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Irati Formation. In the Cariaco Basin, the upwelling of deep waters triggers an increase in
productivity, while the Irati-Whitehill Sea experiences a similar boost driven by the influx of
freshwater. This freshwater influx, along with the subsequent reduction in salinity, is
correlated with an increase in bacterial activity (Martins, Laercio Lopes et al., 2020; Bastos
et al., 2021; Matrtins, Laercio L. et al., 2021; Nascimento et al., 2021; Brito et al., 2024).
However, the source of this freshwater input is not fully understood. If it were associated
with fluvial input, it would not have contributed minerals, as no significant changes are
observed in detrital input proxies. A second hypothesis is a change in halocline conditions,
leading to the mixing of saline strata with less saline strata, which is interpreted in this study
as freshwater input. However, additional research is needed to confirm this possibility.
Lastly, the low organic interval is characterized by low TOC (<5%) accompanied
by significant changes in parameters such as increased detrital input (Al%), reduction in
redox condition proxies, and primary productivity proxies (primarily Cu/Al). This change
occurs abruptly in the shallower core (SC-15) and gradually in the distal core (HV-54), which
may reflect differences in environmental evolution or simply sampling spacing. These
samples in the plot of Figure 10 differ from others by their higher Cd/Mo values, indicating

a non-restricted environment.
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6. Conclusions

The integration of stratigraphic, petrographic, and detailed geochemical
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analyses of two wells in the Irati Formation in the southern Parana Basin provided insights
into the paleoenvironmental deposition of the Irati-Whitehill Sea. The development of
anoxia in this restricted marine/lacustrine environment was elucidated through
chemostratigraphy, which allowed for the subdivision of lithologically homogeneous
intervals.

The pre-Organic interval reflects deposition in a saline environment, occurring
under oxic conditions, with low detrital input and low primary productivity, registering less
than 5% TOC. Subsequently, the Organic Increment interval indicates a transition to an
environment that facilitated the accumulation and preservation of organic matter (OM).
During this interval, TOC reaches close to 10%, accompanied by increased primary
productivity and reduced salinity. During the Organic Stability interval, the highest
concentration of organic matter occurs, with TOC reaching 10-15%, alongside a positive
excursion in organic carbon isotopes. This interval is characterized by continued high
primary productivity and low salinity. The correlation between these parameters may be
related to increased primary productivity and reduced salinity, potentially due to a
freshwater influx. The restricted environment of the target interval resembles the hybrid
dynamics of the Cariaco Basin, which experiences episodic upwellings. The episodic influx
of freshwater into the restricted Irati-Whitehill Sea system led to phytoplankton blooms,
causing oxygen depletion to anoxic/euxinic conditions and facilitating the preservation of
organic matter (OM). Although freshwater input is considered a key trigger for anoxia, the
studies in this work were not conclusive regarding its source. This significant accumulation
of organic matter is followed by a return to environmental conditions that result in low
organic content (<5%). This is accompanied by substantial changes in parameters,
including a return to an oxygenated environment with low primary productivity and an

increase in detrital input.
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