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RESUMO 

 

 

Localizadas no Nordeste brasileiro, as bacias do Jatobá e do Araripe ainda geram 

discussões sobre o contexto de sua evolução, no que diz respeito à influência marinha e 

ao seu intervalo temporal. Essas bacias são compostas por rochas siliciclásticas 

intercaladas com níveis de calcário e evaporitos, das quais foram analisadas 250 amostras 

palinológicas. Com esses dados, foi possível refinar o intervalo temporal e as condições 

deposicionais das sequências neoptianas das bacias do Araripe e Jatobá. Evidências 

palinológicas identificaram, para as duas bacias, 156 táxons. A determinação de fóssil-

guia é marcada pela biozona P-270, definida pela espécie Sergipea variverrucata. A 

presença de palinomorfos marinhos em alguns níveis (e.g., Subtilisphaera sp. e 

palinoforaminíferos) indica incursões marinhas em ambas as bacias. Com base em 

associações palinofaciológicas e fácies sedimentares, determinou-se que o sistema 

deposicional do Grupo Santana em ambas as bacias compreende um sistema fluvio-

deltaico depositado durante o Eoaptiano, bem como ambientes lagunares semifechados e 

ambientes marinhos rasos depositados durante o Neoaptiano. Adicionalmente, são 

registradas ocorrências de palinoforaminíferos em amostras da Formação Crato, 

evidenciando as primeiras incursões marinhas nas bacias. 

 

Palavras-chave: MOA, Andar local Alagoas, Palinofácies, Paleoambiente. 

 

 

 

 

 

 

 

 



 

 

 

 

 

ABSTRACT 

 

Located in northeastern Brazil, the Jatobá and Araripe basins continue to spark 

discussions regarding their evolutionary context, particularly concerning marine 

influence and their temporal interval. They are composed of siliciclastic rocks intercalated 

with levels of limestone and evaporites, from which 250 palynological samples have been 

described. With this data, it was possible to refine the temporal interval and depositional 

conditions of the Neo-Aptian sequences of the Araripe and Jatobá basins. Palynological 

evidence identifies, for both basins, biozone (P-270), in addition to the identification of 

156 taxa. The determination of guide species is marked by palynozone P-270, defined by 

the occurrence of Sergipea variverrucata. The presence of marine palynomorphs (e.g., 

Subtilisphaera sp. and foraminiferal linings) indicates marine incursions into the basins. 

Based on palynological associations and sedimentary facies, it was determined that the 

depositional system of the Santana Group in both basins comprises a fluvio-deltaic system 

deposited during the Lower Aptian, as well as semi-enclosed lagoon and shallow marine 

environments deposited during the Upper Aptian. Additionally, occurrences of 

foraminiferal linings in samples from the Crato Formation are recorded, providing 

evidence of the first marine incursions into the basins. 

 

Key words: AOM, Alagoas local Stage, Palynofacies, Paleoenvironment 
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1. INTRODUÇÃO 

 

Estudos palinológicos aplicados a depósitos do Mesozoico têm desempenhado um 

papel importante na compreensão e ampliação do conhecimento sobre os padrões 

bioestratigráficos nas bacias sedimentares brasileiras (e.g. Regali et al., 1974a,b; Regali, 

1989; Dino, 1994; Regali & Santos, 1999; Arai, et al., 2001; Coimbra et al., 2002; 

Heimhofer & Hochuli, 2010; Portela et al., 2014; Nascimento et al., 2017; Souza-Lima 

& Silva, 2018; Michels et al., 2018; Ferreira et al., 2016; 2020; Carvalho et al., 2019; 

Arai & Assine, 2020; Nascimento et al., 2023). 

Um foco significativo dessas pesquisas tem sido o reconhecimento dos bioeventos 

que ocorreram durante a deposição da fase pós-rifte, composta de estratos depositados 

em ambiente continental a marinho durante o Aptiano (idade local Alagoas) (Chang et 

al., 1988). 

O Andar Local Alagoas (Schaller, 1969) foi reconhecido praticamente em todas as 

bacias cretácicas brasileiras por meio de correlações palinológicas (Dino, 1992). Ele é 

marcado pela superzona Exesipollenites tumulus (P-200), a qual é caracterizada por seis 

zonas palinológicas: P-230, P-240, P-250, P-260, P-270 e P-280 (Regali et al., 1974a). 

As palinozonas P-230 e P-280, representam as idades inferior e superior do Andar 

Alagoas, tendo uma ampla distribuição temporal e as zonas P-270 e P-280 marcam o 

intervalo correspondente ao Alagoas superior (Regali, 1987, 1989; Beurlen & Regali, 

1987; Regali & Viana, 1989; Regali & Santos, 1999). 

O Andar Alagoas foi identificado nas bacias do Araripe e Jatobá (Lima, 1978; 

Coimbra et al., 2002; Nascimento et al., 2017) que corresponde a um intervalo de tempo 

com grandes mudanças ambientais, relacionada à formação de importantes reservas de 

hidrocarbonetos (Gomes et al., 2021).  

 Na Bacia do Araripe, o Grupo Santana é a unidade litoestratigráfica que abrange 

sucessões do Andar Local Alagoas, correspondendo a uma sequência transicional "pós-

rifte" (Coimbra et al., 2002; Assine et al., 2014), sendo constituído, da base para topo, 

pelas formações Barbalha, Crato, Ipubi e Romualdo (Neumann & Cabrera, 1999; Assine 

et al., 2014). Na Bacia de Jatobá, a Formação Marizal é correlata à Formação Barbalha e, 

com exceção da Formação Ipubi, as demais unidades do Grupo Santana são registradas 

(Neumann & Rocha, 2014; Varejão et al., 2016). 
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 Existem várias contribuições importantes da palinologia para as bacias do Araripe 

e Jatobá (Lima, 1978; Lima, 1984; Arai & Coelho, 2001; Coimbra et al., 2002; Neumann 

et al., 2003; Heimhofer & Hochuli, 2010; Nascimento et al., 2017; Teixeira et al., 2017; 

Goldberg et al., 2019; Arai & Assine, 2020; Coimbra & Freire, 2021; Lacerda et al., 2023; 

Vallejo et al., 2023; Nascimento et al., 2023). No entanto, mesmo após um longo histórico 

de pesquisas, algumas questões ainda permanecem sem uma resposta satisfatória, como 

a possível presença ou ausência de depósitos albianos, dentro do Andar Alagoas. 

A opção de usar os palinomorfos para o refinamento cronoestratigráfico nessas 

bacias deve-se à sua alta resolução bioestratigráfica. Palinomorfo é o termo geral adotado 

para todos os espécimes não dissolvidos por ácidos (e.g., ácido clorídrico e ácido 

fluorídrico) nas preparações em rochas sedimentares (Tyson, 1995; Traverse, 2007).   

O estudo da matéria orgânica sedimentar (MOS) em rochas sedimentares visa a 

interpretação da conexão entre a biosfera e a geosfera, na qual interagem diversas 

disciplinas e técnicas para sua caracterização. A utilização integrada dessas técnicas 

requer um entendimento dos fatores ambientais que controlam a produção de matéria 

orgânica na biosfera, dos processos ecológicos e sedimentológicos que controlam sua 

distribuição, e decomposição dos fatores geomicrobiológicos e biogeoquímicos que 

influenciam sua preservação, além dos processos geoquímicos e físicos que determinam 

a modificação da MOS durante sua incorporação na geosfera. Isso torna o estudo da MOS 

um dos segmentos mais multidisciplinares das Ciências da Terra (Tyson, 1995; 

Mendonça Filho et al., 2014). 

A palinofácies é uma técnica que estuda a composição da matéria orgânica 

sedimentar, potencial para interpretação paleoambiental, que fornece uma visão sobre os 

sistemas transgressivo-regressivos nos paleoambientes deposicionais (e.g. Carvalho et 

al., 2006a, 2006b; Teixeira et al., 2017; Gonzalez et al., 2020; Vallejo et al., 2023), 

principalmente considerando seu tipo de associação. Esporos, grãos de pólen, dinocistos, 

algas, acritarcos e todos os outros palinomorfos são naturalmente incluídos em uma 

análise de palinofácies. 

O presente trabalho visa descrever, classificar, quantificar a matéria orgânica 

sedimentar e correlacionar a associação palinoflorística das amostras de testemunhos 

(poços 2-AR-SR-1A-CE e 2-AR-SR-1B-CE da Bacia do Araripe, 2-JB-SN-2A-PE e 2-

JB-SN-2B-PE da Bacia de Jatobá) e amostras  de rochas coletados em afloramentos do 

Grupo Santana, da Bacia do Araripe, abordando a aplicação bioestratigráfica e 
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contribuindo com novos dados concernentes à evolução dos paleoambientes nas bacias 

interiores cretáceas no Nordeste do Brasil. 

 

2. OBJETIVOS 

 

2.1. Objetivo geral 

 

Caracterizar qualitativa e quantitativamente as partículas da matéria orgânica 

sedimentar nos depósitos da fase pós-rifte do Andar Alagoas e refinar o posicionamento 

cronoestratigráfico das bacias do Araripe e Jatobá, Nordeste do Brasil. 

 

2.2. Objetivos específicos 

 

1. Interpretar os paleoambientes de deposição; 

2. Realizar a correlação cronoestratigráfica das unidades pós-rifte das bacias do Araripe 

e Jatobá com eventos regionais; 

3. Reconhecimento do arcabouço bioestratigrafico com base em palinomorfos nas 

bacias estudadas.  
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3. CONTEXTOS GEOLÓGICO E BIOESTRATIGRÁFICO 

 

As bacias do Araripe e Jatobá representam bacias interiores localizadas na região 

Nordeste do Brasil, que foram implantadas sobre terrenos cristalinos pré-cambrianos que 

constituem a Província Borborema (PB). A PB abrange a parte oeste de um cinturão 

móvel Brasiliano, que se estende desde o Nordeste do Brasil até o Noroeste da África, 

englobando o Escudo Tuareg, o Escudo Benino-Nigeriano e as províncias em Camarões 

(Almeida et al., 1981; Brito neves et al., 2000) (Figura 1). 

A Província Borborema é dividida em três Subprovíncias crustais: Norte, 

Transversal e Sul (Brito Neves et al., 2000; Van Schmus et al., 2011). A Subprovíncia 

Norte está localizada ao norte da Zona de Cisalhamento Patos e é composta pelos 

domínios Médio Coreaú, Ceará Central e Rio Grande do Norte (Brito Neves et al., 2000). 

Por sua vez, a Subprovíncia Transversal abrange os domínios Piancó-Alto Brígida, Alto 

Pajeú, Alto Moxotó e Rio Capibaribe (Santos, 1995). Já a Subprovíncia Sul está situada 

ao sul da Zona de Cisalhamento Pernambuco e é composta pelos domínios Pernambuco-

Alagoas, Sergipano e Riacho do Pontal (Neves, 2021). Essas subprovíncias são separadas 

pelas Zonas de Cisalhamento Patos e Pernambuco, que possuem direção leste-oeste. 

A PB limita-se ao norte pelo Cráton São Luís, ao sul pelo Cráton São Francisco, a 

oeste pela Bacia do Parnaíba e a Leste por bacias costeiras da margem passiva brasileira 

(Oliveira, 2008).  

O registro estratigráfico do Mesozoico nas bacias da margem continental brasileira 

foi consolidado por Ponte et al. (1978), que identificaram cinco megassequências: 

continental, transicional evaporítica, plataforma carbonática rasa, marinha transgressiva 

e marinha regressiva. De acordo com Chang et al. (1988; 1992), a megassequência 

continental é composta por três sequências de estágios sin-rifte, que são definidas com 

base em suas associações de fácies e arcabouço estrutural. Essas sequências são as 

seguintes: (1) sin-rifte I, correspondente ao estágio inicial de subsidência relacionado ao 

estiramento litosférico inicial (Garcia, 1991), que resultou na formação da "Depressão 

Afro-brasileira" (Cesero et al., 1997) no final do Jurássico (idade Dom João); (2) sin-rifte 

II, depositada durante o Eocretáceo (idades Rio da Serra–Aratu), quando o rifteamento 

atingiu seu clímax e a rápida extensão da crosta levou ao aprofundamento acelerado dos 

grabens, onde lagos de água doce permanentemente estratificados foram estabelecidos; 

(3) sin-rifte III, com uma taxa de subsidência maior, em que a sedimentação dos lagos foi 
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sucedida pela deposição de sedimentos alúvio-fluviais no Barremiano (idades Buracica–

Jiquiá). 

 

Figura 1 - Mapa da Província Borborema, Nordeste do Brasil, apresentando as bacias fanerozoicas da 

região: Destacam-se as bacias do Araripe e de Jatobá. 

 

Fonte: Autor. 

 

A estratigrafia das bacias interiores do Araripe e Jatobá é subdividida em sinéclise 

paleozoica, início de rifte, desenvolvimento do hemi-graben, clímax de rifte e pós-rifte, 

seguindo o modelo proposto por Prosser (1993) e modificado por Kuchle & Scherer 
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(2010); Kuchle et al., (2011); Scherer et al., (2014); Guzmán et al., (2015); Nascimento 

et al., (2017) (Figura 2). 

Nas bacias do Araripe e Jatobá, a sequência pós-rifte é subdividida em duas 

unidades: pós-rifte I e pós-rifte II (Assine, 2007; Neumann & Rocha, 2014). 

 

Figura 2 - Atualização da carta estratigráfica das Bacia do Araripe e Jatobá ilustrando o Andar Alagoas, 

ambiente deposicional e sequências tectonoestratigráficas. 

 

 
Fonte: Baseada em Assine (2007), Nascimento et al. (2017), Mendes et al. (2020), Varejão et 

al. (2021b), Guzmán et al. (2023). 

 

 

A sequência pós-rifte I corresponde a uma sequência transicional evaporítica 

caracterizada por rochas de idade aptiana (Andar Local Alagoas). Essas rochas 

apresentam pequena espessura, porém grande extensão lateral, e são originadas de 
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sedimentos siliciclásticos provenientes de ambientes flúvio-lacustres e aluviais. 

Gradualmente, esses sedimentos são substituídos por carbonatos e folhelhos, associados 

localmente a evaporitos depositados em ambientes costeiros de supramaré. O topo dessa 

unidade é marcado pela transgressão marinha no interior do nordeste do Brasil (Chang et 

al., 1992; Assine, 2007; Assine et al., 2014). A sequência pós-rifte II registra a deposição 

alúvio-fluvial e marca o retorno das condições continentais nas bacias interiores (Assine, 

2007; Neumann & Rocha, 2014). 

3.1. Bacia do Araripe 

Localizada no Nordeste do Brasil, foi formada por processos extensionais 

relacionados a abertura tectônica do Atlântico Sul decorrente da separação dos 

continentes América do Sul e África (Assine et al., 2014; Scherer et al., 2015). A Bacia 

do Araripe abarca as formações Barbalha, Crato, Ipubi e Romualdo, que compõem o 

Grupo Santana (Neumann & Assine, 2015). Essas formações apresentam uma evolução 

tectono-sedimentar complexa, formada pelo empilhamento de várias sequências 

estratigráficas limitadas por discordâncias regionais associadas às formações Cariri, Brejo 

Santo, Missão Velha e Abaiara (Assine, 2007; Assine et al., 2014; Neumann & Assine, 

2015).  

O Grupo Santana, de acordo com as proposições de nomenclatura litoestratigráfica 

de Assine et al. (2014) e Neumann & Assine (2015), envolve calcários laminados, 

evaporitos de gipsita, arenitos, concreções carbonáticas, folhelhos, siltitos, pelitos e 

folhelhos escuros (Assine et al., 2014; Fambrini et al., 2020). Na base deste grupo, ocorre 

a Formação Barbalha, que apresenta intercalações de arenitos e folhelhos, incluindo 

também folhelhos das Camadas Batateira, que são um importante marco estratigráfico na 

bacia e representam a implantação de um lago pautado por flutuações do nível de água, 

registrando eventos de anoxia (Assine, 2007; Assine et al., 2014; Scherer et al., 2015). 

Acima da Formação Barbalha, está depositada a Formação Crato, uma unidade com 

espessura aproximada de 70 m (Assine, 2007). Essa formação é composta 

predominantemente por calcários com estratificação plano paralela (Neumann, 1999), 

intercaladas com folhelhos entre os intervalos de calcário (Neumann & Cabrera, 1999). 

As camadas evaporíticas descontínuas da Formação Ipubi são depositadas logo acima da 

Formação Crato e consistem em sucessões ricas de gipsita, associadas a sabkhas costeiras 

(Assine, 2007) ou a um sistema de playa lake (Nascimento et al., 2016). Por fim, a 
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Formação Romualdo é a unidade litoestratigráfica do topo do Grupo Santana, sendo 

principalmente composta por folhelhos, reconhecida mundialmente por sua preservação 

excepcional de fósseis (Konservat-Lagerstätte) dentro de concreções carbonáticas 

presentes em alguns níveis (Martill, 1988). Esta compreende uma ampla variedade de 

litologias, incluindo conglomerados estratificados, arenitos de granulação fina a média, 

calcários, margas e folhelhos, que caracterizam uma transição de ambiente costeiro para 

marinho (Assine et al., 2014).  

O Grupo Santana é limitado por uma discordância erosiva em sua parte superior 

com as formações aluviais Araripina e Exu (Assine et al., 2014). Estas formações fazem 

parte da sequência pós-rifte II, constituída por duas unidades com características 

litológicas distintas (Assine, 2007). 

3.2. Bacia do Jatobá 

A Bacia de Jatobá está localizada no Norte do sistema Recôncavo-Tucano-Jatobá, 

que é uma ramificação do rifte abortado do Atlântico Sul, formada durante o Eocretáceo. 

Ela abrange uma área de aproximadamente 5000 km2 nos estados de Pernambuco e Bahia, 

no nordeste do Brasil. Os limites da bacia são definidos pela falha de Ibimirim ao norte, 

pela falha de São Francisco, que a separa da sub-bacia do Tucano Norte, a oeste, e por 

margens flexurais nas outras direções (Costa et al., 2003). A estratigrafia da Bacia de 

Jatobá apresenta diferenças no seu registro sedimentar e tectono-estrutural em 

comparação com a Bacia de Tucano Norte. Estas diferenças encontram-se na fase rifte, 

que é menos evidente na Bacia de Jatobá do que na Bacia de Tucano Norte (Guzmán et 

al., 2015).  

Rochas sedimentares pertencentes ao Grupo Jatobá (formações Tacaratu e Inajá) 

caracterizam a sequência sinéclise siluro-devoniana. As Formações Aliança e Sergi 

constituem a base do Grupo Brotas e representam a primeira etapa tectônica do início de 

rifte da Bacia de Jatobá (Kuchle et al., 2011), este grupo é composto por intercalações de 

lamitos vermelhos e cinza-esverdeadas, juntamente com arenitos muito finos, de cor bege 

a marrom e coquinas de ostracodes (Mendes et al., 2020). Esta representa a porção distal 

dos sistemas aluviais do Jurássico Superior (Andar Dom João). A Formação Candeias 

representa o início da fase de clímax de rifte (Kuchle, 2010). As sequências clímax e fase 

final do rifte (Berriasiano–Eoaptiano) compreendem depósitos relacionáveis à Formação 

Candeias, ao Grupo Ilhas e à Formação São Sebastião. 
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No interior da Bacia de Jatobá, no intervalo atribuído ao Aptiano–Albiano inferior, 

há depósitos correspondentes à fase pós-rifte que se correlacionam com um contexto de 

subsidência térmica, em uma bacia tipo sag (Costa et al., 2007). A sequência aptiana é 

composta pelas formações Crato e Romualdo, essas formações, juntamente com as 

formações Marizal e Exu, fazem parte da tectonossequência pós-rifte (Rocha & Leite, 

1999; Rocha, 2011). 

Segundo Rocha (2011), a Bacia de Jatobá é constituída por um pacote 

predominantemente carbonático, com intercalações siliciclásticas, aflorando na Serra 

Negra e na Serra do Periquito, que corresponde à última fase lacustre. O registro 

sedimentar composto por depósitos aluviais siliciclásticos, como conglomerados e 

arenitos, caracteriza a Formação Marizal, cobrindo uma grande parte da bacia. Segundo 

Lima (2018), a Formação Marizal está depositada sobre um sistema fluvial associado a 

deltas, caracterizado por arenitos intercalados com sedimentos pelíticos (siltitos e 

argilitos), que apresentam estruturas de sobrecarga. Esses depósitos sobrepõem-se à 

Formação São Sebastião através de uma discordância angular, correspondendo ao evento 

de ruptura (Magnavita et al., 2003).  

Depósitos lacustres de ambiente raso à profundo estão sobrepostos à Formação 

Marizal. Esses depósitos estão correlacionados com estratos contemporâneos na região 

de Araripe e são caracterizados pelas Formações Crato (calcário laminado intercalado 

com arenitos e folhelhos), Romualdo, de ambiente lacustre raso (folhelhos, margas e 

calcário intercalados), e Formação Exu (arenitos grossos a conglomerados), que afloram 

nas localidades de Serra do Periquito e Serra Negra (Carvalho et al., 2010; Rocha, 2011; 

Santos et al., 2011; Lima, 2018). 

3.3. Palinoestratigrafia 

Os depósitos sedimentares de idade mesozoica nas bacias do Araripe e Jatobá 

representam as fases rifte (início do rifte e clímax do rifte) e pós-rifte, que se 

desenvolveram do final do Jurássico ao final do Eocretáceo, durante o processo de quebra 

do Supercontinente Gondwana, resultando na separação dos continentes Africano e Sul 

Americano.  

Os intervalos estudados correspondem ao Andar local Alagoas (Coimbra et al., 

2002; Nascimento et al., 2017). A Bacia do Araripe foi estudada por Lima (1978), que 

encontrou dificuldades para correlacionar seu biozoneamento com o proposto por Regali 



19 
 
 

et al. (1974a). No entanto, Lima (1978) sugeriu que a maior parte da Formação Santana 

poderia ser correlacionada à Superzona Inaperturopollenites microclavatus (P-300). Mais 

tarde, Regali (1990) reavaliou os dados de Lima (1978) e correlacionou-os com a parte 

inferior da Zona P-280. Estudos posteriores subdividiram o Grupo Santana em quatro 

intervalos bioestratigráficos correlacionáveis com as biozonas P-270 e P-280 (Portela, 

2008; Rios-Netto et al., 2012). No entanto, Arai & Assine (2020) estabeleceram que todo 

o Grupo Santana corresponde à P-270. 

O desenvolvimento de correlações bioestratigráficas nas Bacias do Araripe e 

Jatobá, com base em diferentes estudos (Coimbra et al., 2002; Tomé et al., 2014; 

Nascimento et al., 2017; Guzmán et al., 2023), revela que é provável que a sequência 

pós-rifte para as bacias possa ter sido depositada durante o Neoaptiano e início do 

Albiano. 

De acordo com Rios-Netto et al. (2012), os sedimentos da Formação Santana foram 

depositados durante o Neoaptiano, conforme indicado pela caracterização da palinozona 

Sergipea variverrucata (P-270) e Subzona Tricolpados ornamentados (P-270.2), e 

palinozona Complicatisaccus cearensis (P-280) e Subzona Equisetosporites maculosus 

(P-280.1). No zoneamento bioestratigrafico proposto por Regali (1989a), Regali & Santos 

(1999) e Ferreira et al. (2016, 2020) o Grupo Santana enquadram-se na palinozona 

Complicatisaccus cearensis (P-280) correspondente a uma idade neoaptiana.  

Lima (1984) identificou distintas biozonas para a Bacia de Jatobá, estudadas em 

amostras de sondagem de rochas portadoras das camadas linhíticas. Segundo o autor, as 

espécies Exesipollenites tumulus, Reyrea polymorphus, Inaperturopollenites turbatus e 

Sergipea variverrucata correspondem às Biozonas P-260/270 (Regali et al., 1974a), 

correspondente do Aptiano superior. 

Nascimento et al. (2017) apresentam para a Bacia de Jatobá uma análise 

bioestratigráfica correspondente ao Aptiano–Albiano inferior, na qual identificaram o 

limite superior da palinozona de Inaperturopollenites turbatus (P-260) e da palinozona 

Sergipea variverrucata (P-270), bem como o limite inferior da palinozona 

Complicatisaccus cearensis (P-280). 
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4. MATERIAL E MÉTODOS 

O presente estudo está inserido no projeto “BIOESTRATIGRAFIA DE ALTA 

RESOLUÇÃO E PALEOAMBIENTES DAS BACIAS DO ARARIPE, TUCANO 

NORTE E JATOBÁ (SEÇÕES RIFTE E PÓS-RIFTE). 

O material é constituído por seções estratigráficas provenientes de afloramentos da 

Bacia do Araripe, além de dois furos de sondagens provenientes desta mesma bacia e 

duas sondagens provenientes da Bacia de Jatobá (Tabela 1; Figuras 3, 4 e 5). 

Tabela 1 – Coordenadas das seções estratigráficas estudadas e amostras coletadas. 

 

Coordenadas Tipo Seção Local Bacia Nº de Amostras 

N9163029/E481969 Afloramento 4BAr01 Sítio Sobradinho Araripe 9 

N9204540/E420538 Afloramento 1BAr11 Pedreira Conceição Preta Araripe 6 

N9213217/E422963 Afloramento 1BAr17 Pedreira Três Irmãos Araripe 8 

N9186456/E490069 Afloramento 2BAr04 Serra do Mãozinha Araripe 8 

N9198774/E449987 Afloramento 3BAr06 Rio Batateira Araripe 5 

N9198829/E450069 Afloramento 3BAr05 Rio Batateira Araripe 1 

N9200254/E450933 Afloramento 3BAr03 Rio Batateira Araripe 1 

N9200279/E450993 Afloramento 3BAr02 Rio Batateira Araripe 1 

N9200385/E451227 Afloramento 3BAr01 Rio Batateira Araripe 2 

N9193984/E456617 Poço 2-AR-SR-1A-CE Sítio Romualdo Araripe 59 

N9197712/E455205 Poço 2-AR-SR-1B-CE Sítio Romualdo Araripe 43 

N9042782/E607985 Poço 2-JB-SN-2A-PE Serra Negra Jatobá 47 

N9044544/E610733 Poço 2-JB-SN-2B-PE Serra Negra Jatobá 60 

Fonte: Autor. 
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Figura 3 - Localização dos afloramentos e testemunhos de sondagem da fase pós-rifte amostrados: Bacia 

do Araripe e Bacia de Jatobá. 

 

 

Fonte: Autor. 

4.1. Preparação das amostras 

O material foi preparado utilizando os procedimentos de palinofácies descritos por 

Tyson (1995) e Mendonça Filho et al. (2014), com algumas modificações. Este 

procedimento envolveu a destruição de todo o material mineral por acidificação, 

utilizando tratamento ácido convencional que envolve a dissolução de constituintes 

minerais a partir do uso de ácido clorídrico (HCl) e ácido fluorídrico (HF) para remover 

carbonatos e silicatos. Foi adicionado HCl (37%) suficiente para cobrir completamente a 

amostra, deixando reagir por 24 horas. As amostras foram lavadas com água destilada e 

posteriormente foi adicionado HF (40%), cobrindo a amostra e deixando reagir por 24 

horas. As amostras foram novamente lavadas com água destilada e peneiradas em malha 

de abertura de 10 μm. Foi adicionado HCl (10%) ao resíduo, cobrindo a amostra por 24 

horas, e finalmente lavado com água destilada em abundância. A matéria orgânica 
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residual foi separada em duas partes: a não oxidada para análise de MOS e oxidada usando 

ácido nítrico para limpar e elucidar os palinomorfos. O resíduo foi montado em lâminas 

utilizando álcool polivinílico (PVA) e adesivo óptico Norland curado sob luz ultravioleta 

e luz solar. Em cada lâmina, foram contadas e analisadas 300 partículas de matéria 

orgânica e 300 palinomorfos sob microscópio de luz transmitida. A MOS foi classificada 

de acordo com Tyson (1995) e Mendonça Filho et al. (2014). Para cada amostra, foi 

determinada a abundância relativa em porcentagem da MOS, e os constituintes 

representativos foram fotografados usando uma câmera digital Axiocam 503 acoplada a 

um microscópio Zeiss (Axio Imager A.2) com objetiva de 20X e imersão em óleo de 63X 

e 100X. Todas as lâminas e resíduos estão armazenados e catalogados no Laboratório de 

Micropaleontologia Aplicada (LMA) da Universidade Federal de Pernambuco (UFPE). 

4.2. Análise de palinofácies 

As associações de palinofácies foram reveladas pelo dendrograma da análise de 

cluster no modo R, designadas por sua composição e partículas dominantes de MOS. 

Posteriormente, os percentuais das associações foram plotados usando o site RiojaPlot 

para determinar os intervalos paleoambientais. Além disso, inferências paleoambientais 

foram baseadas nas tendências deposicionais das partículas orgânicas que compõem cada 

associação (Tyson, 1995; Carvalho, 2001). 

4.3. Análise Palinológica 

Os percentuais dos palinomorfos são apresentados (Apêndice A), juntamente com 

os palinomorfos mais representativos. A taxonomia e identificação das morfoespécies de 

pólen e esporos foram baseadas em Jansonius & Hills (1976 e suplementos), assim como 

em vários artigos clássicos (Regali et al., 1974a; b; 1985; Lima, 1978; Regali & Viana, 

1989; Regali, 1989a; Dino, 1992; 1994; Coimbra et al., 2002) e no Banco de dados do 

Instituto Smithsonian de Pesquisas Tropicais (Jaramillo & Rueda, 2023). 

4.4. Análise de fácies sedimentares 

O princípio da análise de fácies consiste em diferenciar o conteúdo sedimentar 

baseado na litologia (e.g. composição), textura (e.g. granulometria), estruturas e 

sedimentares. Estruturas biogênicas, conteúdo fossilífero e cor podem auxiliar na 

definição e distinção de litofácies (Miall, 1996; Tucker, 2014). O conjunto das 

características que constituem uma fácies permite a interpretações dos processos e 

condições deposicionais (Ashley, 1990; Nichols, 2009). Diferentes fácies podem ser 
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agrupadas em associações de fácies, implicando em sucessivos processos deposicionais 

geneticamente relacionados a um mesmo contexto sedimentar (Collinson, 1996). Esse 

procedimento permite a interpretação e reconstrução do paleoambiente deposicional, que 

pode ser comparado com modelos de referência da literatura (e.g. Walker & James, 1992; 

Reading, 1996; Posamentier & Walker, 2006).  

Nesse trabalho, a metodologia de análise de fácies, suas associações e superfícies 

limitantes seguiu os preceitos de Miall (1996; 2000); Walker & James (1992) e Tucker 

(2014), e consistiu basicamente em: 1) Registro fotográfico dos testemunhos; 2) 

Demarcação das principais litologias; 3) Identificação e descrição das fácies presentes; 4) 

Elaboração dos perfis sedimentológicos. 

5. RESULTADOS E DISCUSSÕES  

Os resultados e as interpretações da presente pesquisa serão apresentados em quatro 

partes. Na primeira, é apresentada a descrição da litologia das seções estratigráficas de 

amostragem, seguida dos três artigos: o primeiro, já publicado; o segundo atualmente em 

submissão, e o terceiro que se encontra em fase de revisão. 

5.1. Caracterização e amostragem dos afloramentos e testemunhos de 

sondagem  

5.1.1. Afloramentos 

 Na Bacia Araripe, a sequência pós-rifte I foi estudada em detalhe nos afloramentos 

localizados nas encostas da Chapada do Araripe (Figura 4). O Grupo Santana, da base 

para o topo, é composto pelas formações Barbalha, Crato, Ipubi e Romualdo, amostrado 

superficialmente nas bordas nordeste, leste e sudeste da bacia. A Formação Barbalha, 

correlacionada crono e litologicamente com a Formação Marizal da Bacia de Jatobá, 

aflora ao longo do Rio da Batateira, correspondendo ao Geossítio Batateiras na área do 

Parque Estadual Sítio Fundão, Crato, Ceará.  

O afloramento 3BAr01 corresponde às 'Camadas Batateira' (correlacionadas com 

as Camadas Amargosa da Formação Marizal) e possui 1,70 m de altura de folhelhos 

pretos bioclásticos, onde uma amostra foi coletada no nível que apresentava menor 

alteração (Figura 4C). Percorrendo o Rio da Batateira em sentido sudoeste, mais cinco 

amostras dos afloramentos 3BAr02, 3BAr03, 3BAr04 e 3BAr05 (Figura 4A-C, Figura 

5C), compostas por argilitos e folhelhos cinzas intercalados aos arenitos da Formação 

Barbalha, foram coletadas. A Formação Barbalha é sobreposta pela Formação Crato, onde 



24 
 
 

foram coletadas amostras do afloramento 3BAr06 constituído por folhelhos pretos e 

calcários laminados (Figura 4D, Figura 5C). 

Na Serra da Mãozinha, localizada no município de Abaiara, Ceará, os afloramentos 

2Bar04 e 2Bar05 (Figura 5D), são compostos por folhelhos cinza, intercalados com 

calcários laminados, e um nível de arenito fino enriquecido em micas, pertencentes a 

Formação Crato. 

Nos municípios de Nova Olinda e Santana do Cariri, Ceará, são encontradas 

abundantes minas de exploração de calcário da Formação Crato, para cimento ou lajes, e 

de gipsita da Formação Ipubi. Na Pedreira Três Irmãos, afloramento 1BAr17, foi coletado 

calcário laminado intercalado por siltitos, folhelhos e finos níveis de gipsita da Formação 

Crato (Figura 4F, Figura 5A). Na Pedreira Conceição Preta, o afloramento 1BAr11 

(Figura 4G, Figura 5B), apresenta uma sucessão de gipsita/anidrita, folhelho, siltito e 

calcário com aproximadamente 16 m de altura. 

O Sítio Sobradinho, afloramento 4BAr01 (Figura 4H, Figura 5E), localizado a 

sudeste da Chapada do Araripe, corresponde a um afloramento com aproximadamente 

100 m de altura que registra a seção estratigráfica mais espessa e completa da Formação 

Romualdo, do Grupo Santana. Nesta seção, ocorrem depósitos costeiros transicionais, 

quartzo arenitos de granulometria areia fina, argilitos, siltitos e folhelhos, além de 

calcários presentes como níveis interestratificados e concreções, sobrepostas sobre as 

fácies carbonática-siliciclásticas da Formação Crato. 
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Figura 4 - Afloramentos do Grupo Santana, Bacia do Araripe: A (3BAr01); B (3BAr03); C (3BAr05) Rio 

Batateira, Formação Barbalha; D (3BAr06) Rio Batateira, Formação Crato; E (2BAr05a) Serra da 

Mãozinha, Formação Crato; F (1BAr17) Pedreira Três Irmãos, Formação Crato; G (1BAr11) Pedreira 

Conceição Preta, Formação Ipubi; H (4BAr01) Sítio Sobradinho, Formação Romualdo 

 

 

Fonte: Autor. 
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Figura 5 - Afloramentos do Grupo Santana, Bacia do Araripe: Perfis litológicos dos afloramentos (em 

metros), mostrando os intervalos coletados e analisados. Seção: A. Pedreira Três Irmãos (1BAr17); B. 

Pedreira Conceição Preta (1BAr11); C. Rio Batateira (3BAr06) é um perfil composto contendo as 

formações Barbalha e Crato; D. Serra da Mãozinha (2BAr04-05) e E. Sítio Sobradinho (4BAr01). Perfis 

adaptados de Assine et al. (2014), Custódio et al. (2017), Varejão et al. (2021a; b) e Vallejo et al. (2023). 

A seta preta indica a direção vertical de amostragem em cada afloramento. Escala 1:20. 

 

 

Fonte: Modificada de Vallejo et al. (2023). 
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5.1.2. Testemunhos  

Foram confeccionados quatro perfis estratigráficos em escala 1:100. O poço 2-AR-

SR-1A-CE (Figura 6A), foi recuperado na localidade do Sítio Romualdo, município do 

Crato, Ceará. Com uma profundidade de 140 m, apresenta uma ampla variedade litológica 

no testemunho. A porção superior é predominantemente siliciclástica, registrando 

intercalações de arenitos com granulometria de areia fina e estratificações de climbing 

ripples, além de argilitos. No intervalo de 37 a 65 m, há a presença de evaporitos e 

argilitos escuros, seguidos por calcários laminados e siltitos, além de uma lente de 

microbialito. No intervalo seguinte, encontram-se calcários laminados, com intercalações 

de rochas pelíticas, até 125 m. Na base, observa-se um aumento no tamanho de grão, 

variando de granulometria silte a areia média. Os estratos registrados nesse furo estão 

associados às formações Romualdo, Ipubi e Crato, bem como ao topo da Formação 

Barbalha do Grupo Santana (Apêndice A). 

O poço 2-AR-SR-1B-CE (Figura 6B), foi perfurado no Sítio Romualdo, localizado 

no município de Crato, Ceará. com uma profundidade de 105 m, onde a porção superior 

do testemunho é composta por solo até aproximadamente 20 m. No intervalo de 21 até 

37 m, é composto por arenitos de granulometria areia muito fina a fina, com 

estratificações de climbing ripples intercaladas com siltitos e argilitos. No intervalo de 39 

até 62, é composto por solo. Posteriormente, entre 66 e 73 metros, encontra-se um arenito 

com granulometria de areia grossa, apresentando climbing ripples. Entre 75 e 86 metros, 

há um pacote de argilito com climbing ripples e estratificações cruzadas de baixo ângulo. 

Na profundidade de 79.5 metros, foi registrada a presença de uma lente de microbialito. 

Na base, observa-se um pacote de arenito de granulometria areia média e solo 

inconsolidado. Este furo registra parte da Formação Crato (Apêndice B). 

O poço 2-JB-SN-2A-PE (Figura 6C), foi amostrado na localidade de Serra Negra, 

no município de Ibimirim, Pernambuco. Com uma profundidade de 105 m, a porção 

superior é composta por solo até aproximadamente 26 m. No intervalo de 27 até 84 m, 

apresenta uma sucessão siliciclástica com intercalações de arenito de granulometria muito 

fina, com climbing ripples, folhelho preto e siltitos. Na profundidade de 84 até 88 m, há 

um pacote de calcário laminado, seguido por um folhelho com uma camada de 

microbialito. Na base do perfil, ocorrem intercalações de argilito e siltito. Essa seção 

registra a ocorrência das formações Romualdo e Crato (Apêndice C). 
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Poço 2-JB-SN-2B-PE (Figura 6D), foi perfurado na localidade de Serra Negra, no 

município de Ibimirim, Pernambuco. Com uma profundidade de 72,5 m, apresenta no 

topo a presença de solo até 10 m. Entre as profundidades de 10 e 13 m, ocorre a presença 

de calcário laminado. Entre as profundidades de 21 e 43 m, observam-se intercalações de 

arenito muito fino a fino, com presença de estratificações cruzadas e climbing ripples, 

além de siltitos e argilitos com climbing ripples. Na profundidade de 44 m, há a presença 

de um microbialito. Na base, ocorrem intercalações de arenito médio a grosso, com 

estratificação cruzada e climbing ripples, siltito e argilito, além de uma lente de calcário. 

Esses sedimentos encontram-se associados às formações Crato e Marizal (Apêndice D).  
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Figura 6 - Perfis sedimentológicos dos testemunhos da Bacia do Araripe (2-AR-SR-1A CE) - (2-AR-SR-

1B-CE) e Bacia de Jatobá (2-JB-SN-2A-PE) - (2-JB-SN-2B-PE). Profundidade em metros. Escala 1:100. 
 

 
Fonte: Autor 
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5.2. Artigos 

5.2.1. Primeiro artigo 

No primeiro artigo que compõem a tese é apresentado a análise paleoambiental da 

matéria orgânica sedimentar (MOS) encontrada em depósitos transicionais aluviais-

lacustres na Bacia do Araripe. As amostras foram coletadas em quatro formações que 

englobam o Grupo Santana. Essas foram analisadas com a técnica de palinofácies para 

contabilizar e agrupar as categorias de querogênio. A MOS foi subdividida em seis grupos 

com base em sua composição. A distribuição estratigráfica das palinofácies reflete uma 

mudança de um ambiente fluvial para um ambiente lacustre e eventualmente para um 

sistema estuarino. Os dados registrados indicam que o Grupo Santana apresenta a idade 

Aptiano superior. Encontra-se publicado em: Jornal of South American Earth Sciences, 

volume 121 (2023) 104154, https://doi.org/10.1016/j.jsames.2022.104154. O artigo 

publicado corresponde ao Apêndice E desta tese.   

5.2.2. Segundo artigo 

Neste artigo, é apresentada a distribuição estratigráfica da matéria orgânica 

sedimentar ao longo do poço 2-AR-SR-1A CE, o qual contém as quatro formações que 

compõem o Grupo Santana, na Bacia do Araripe. Além disso, são identificadas as 

associações de palinofácies e determinados os palinomorfos que caracterizam um 

paleoambiente deposicional durante o Aptiano superior. O artigo intitulado “Sedimentary 

organic matter and paleoenvironmental reconstruction of the Santana Group (Early 

Cretaceous), Araripe Basin, Northeast Brazil”. Encontra-se publicado em: Cretaceous 

Research, volume  (2024) 106016, https://doi.org/10.1016/j.cretres.2024.106016. O 

artigo publicado corresponde ao Apêndice F desta tese. 

5.2.3. Terceiro artigo  

Neste artigo, é apresentada a distribuição estratigráfica dos palinomorfos das bacias 

do Araripe e Jatobá, identificando as palinozona Sergipea variverrucata (P-270). Além 

disso, registra-se a ocorrência de palinomorfos marinhos na bacia do Jatobá. 
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Abstract 

The Santana Group, Upper Aptian (Alagoas local stage) records the post-rift stage of the 

Araripe and Jatobá basins after Gondwana break-up. Palynological zones and geological 

evolution is still controversial and requires review as new information becomes available. This 

study integrates palynological and sedimentological analyses from the Araripe and Jatobá Basins, 

which comprise siliciclastic rocks intercalated with levels of limestone and evaporites. With our 

analyses, it was possible to refine the temporal interval and depositional conditions of the late 

Aptian sequences of the Araripe and Jatobá basins. Palynological evidence determines, Sergipea 

variverrucata biozone (P-270), leading to the identification of 156 taxa. The determination of 

guide species is defined by their last occurrence of S. variverrucata. The presence of marine 

palynomorphs (e.g., Subtilisphaera sp. and foraminiferal test linings) indicates marine incursions 

into the basins. Based on palynological associations and sedimentary facies, the depositional 

system of the Santana Group in both basins comprises a fluvio-deltaic setting deposited during 

the Early Aptian, from semi-enclosed lagoon and shallow marine environments. Additionally, 

occurrences of foraminiferal linings in samples from the Crato Formation have been recorded, 

further reinforcing evidence of marine incursions into the basins. 



32 
 
 

Keywords: Alagoas local Stage, biostratigraphy, palynomorphs, paleoenvironment, post-rift 

sequence   

1.Introduction 

Applied palynological analysis of samples from the Cretaceous deposits has contributed 

to the elucidation and expansion of the biostratigraphic frameworks of sedimentary basins in 

Northeast of Brazil (Dino, 1994; Regali and Santos, 1999; Arai, et al., 2001; Coimbra et al., 2002; 

Heimhofer and Hochuli, 2010; Portela et al., 2014; Souza Lima and Silva, 2018; Ferreira et al., 

2016, 2020; Nascimento et al., 2017, 2023; Michels et al., 2018; Carvalho et al., 2019; Arai and 

Assine, 2020), performing a crucial role in determining the age and environmental conditions of 

sedimentary deposits.  

Given the similar features between the Araripe and Jatobá basins (Neumann and Rocha, 

2014; Lima, 2018; Varejão et al., 2021a), these basins began to experience sedimentation that was 

almost synchronous, likely due to a significant eustatic rise (Arai, 2009). However, the age of the 

Aptian deposits, where the post-rift I sequence of the basins is recorded, as well as the extent of 

marine influence during this geological and temporal interval, remain poorly understood. 

Data from previous studies, primarily on deposits of the Romualdo Formation, suggest 

deposition from the Aptian to the late Aptian and early Albian (Araripe et al., 2021; 2022; Barreto 

et al., 2022; Guerrini et al., 2023; Lemos et al., 2023; Nascimento et al., 2023). However, Arai 

and Assine (2020) argued that the palynological data indicate that the entire Santana Group is of 

Aptian age due to the conspicuous presence of Sergipea variverrucata, which they attribute to an 

upper Aptian biozone (P-270). This finding corroborates what Melo et al. (2020) proposed 

regarding the upper Aptian age of the Romualdo Formation. In a more comprehensive study of 

the Santana Group, Guzmán et al. (2023) identified the lower Aptian in the Barbalha Formation, 

which is stratigraphically positioned in the Leupoldina cabri Zone, as supported by Fauth et al. 

(2023). In addition, Guzmán et al. (2023) dated the Crato, Ipubi, and Romualdo formations as 

upper Aptian. 

Through the description of the palynofloristic association, Nascimento et al. (2017) 

identified an Aptian–lower Albian age for the Crato Formation in the Jatobá Basin. This finding 

aligns with the previous suggestions of Tomé et al. (2014), which indicate an Aptian–early Albian 

age for the fauna found in both basins located in the Alagoas Local Stage. The Alagoas Local 

Stage consists of a transitional sequence characterized by rocks of Aptian and Albian ages, 

representing a time interval marked by significant environmental changes (Hay and Floegel, 2012; 

Carvalho et al., 2017; Gomes et al., 2021). 
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This study aimed to identify the palynoflora and sedimentary characteristics and to infer 

the paleoenvironmental conditions during deposition. The data presented refine the understanding 

of the age, contributing to a better comprehension of the depositional history by focusing on the 

distribution of palynomorphs across four well cores in Northeastern Brazil, which span the post-

rift I sequence. 

2. Geological and Stratigraphical framework 

The Araripe and Jatobá basins are settled above the Precambrian crystalline terrains of 

the Borborema Province, in the Northeastern part of Brazil (Fig. 1). Both the Jatobá and Araripe 

Basin share similar features on their post-rift I sequence (Aptian age) (Neumann and Cabrera, 

1999; Neumann et al., 2010). According to Rocha and Leite (1999) these basins are divided into 

four megasequences based on its the regional unconformities: (a) Paleozoic sequence (Upper 

Ordovician–Lower Silurian); (b) The early rift sequence (Upper Jurassic); (c) The rift climax 

sequence (Lower Cretaceous); (d) post-rift sequences. The post-rift sequence is divided into a 

lower post-rift I sequence that corresponds to the Alagoas Stage, and the upper post-rift II 

sequence (summarized by Fambrini et al., 2020). 

These different megasequences, include the continental syn-rift phase, transitional 

evaporitic, shallow marine carbonate platform of the early drift stage, and open marine-

transgressive and regressive cycles of the passive margin stage (Ponte and Asmus, 1978; Ponte 

and Ponte Filho, 1996; Assine, 2007; Assine et al., 2014; Neumann and Assine, 2015). These are 

followed by deposits associated with extensional processes during Gondwana break-up and the 

opening of the South Atlantic Ocean during the Early Cretaceous (Guzmán et al., 2023; Azevedo 

et al., 2024). 

The Araripe Basin has a complex stratigraphic framework, during the Aptian and is 

recorded by the Santana Group. This unit comprises a variety of depositional settings, from fluvial 

to bayhead delta, and coastal to marine, including, from base to top, the Barbalha, Crato, Ipubi, 

and Romualdo formations (Assine et al., 2014; Neumann and Assine, 2015; Custódio et al., 2017; 

Varejão et al., 2019, 2021a, b; Guzmán et al., 2023). According to Assine et al. (2014), two 

disconformities led to the division of the Santana Group into three depositional sequences. The 

first sequence encompasses the lower part of the Barbalha Formation, and the top of the Batateira 

Beds interpreted as a coastal transgressive system, from a fluvial-deltaic environment, influenced 

by seawater (Varejão et al., 2021a; Fauth et al., 2023). The second sequence comprises the upper 

part of the Barbalha Formation, and the Crato and Ipubi formations, and the third sequence 

corresponds to the Romualdo Formation. 
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The Jatobá Basin is part of the Recôncavo-Tucano-Jatobá system, located in the states of 

Pernambuco and Bahia, covering an area of approximately 5,000 km². Its boundaries are defined 

by the Ibimirim fault to the north which also conditions the preferential orientation of the basin 

and its depocenter (Magnavita et al., 2012); the São Francisco fault to the west (separating it from 

the North-Tucano sub-basin), and flexural edges in other directions (Costa et al., 2003). In the 

Jatobá Basin, the Aptian–Lower Albian deposits represent the post-rift phase and are associated 

with a thermal subsidence related to a sag-type basin (Costa et al., 2007). The sedimentary record 

is dominated by alluvial deposits, including conglomerates and sandstones of the Marizal 

Formation, which cover a significant portion of the basin. Above the Marizal Formation, typical 

lacustrine deposits are correlated with the Barbalha Formation in the Araripe Basin (Neumann 

and Cabrera, 1999). 

 these deposits are correlate with strata in the Araripe Basin and represent the Crato 

Formation (laminated limestone and shales), the Romualdo Formation (interbedded shales, marls, 

and limestone), and the Exu Formation (coarse-grained sandstones to conglomerates with thin 

beds). These formations are exposed in the localities of Serra do Periquito and Serra Negra 

(Carvalho et al., 2010; Santos et al., 2011; Rocha, 2011) in the Jatobá Basin. 

3. Material and Methods 

The database for this study includes four cored wells from Northeastern Brazil. The cores 

exhibit a wide range of lithologies, primarily dominated by siliciclastic sediments intercalated 

with laminated limestone packages and occasional evaporites. Sedimentary logs, at a scale of 

1:100, with sampling positions, are shown in Figure 2. Facies associations were compared to the 

depositional models for continental environments proposed by Miall (1996). The dataset includes 

209 samples, summarized in Table 1. 

Basin Well ID Coordinates 
Number of Samples 

Analyzed 

Araripe 2-AR-SR-1A-CE N9193984/E456617 59 

Araripe 2-AR-SR-1B-CE N9197712/E455205 43 

Jatobá 2-JB-SN-2A-PE N9042782/E607985 47 

Jatobá 2-JB-SN-2B-PE N9044544/E610733 60 

 

 For palynological analyses, the samples were treated with hydrochloric acid (HCl) to 

remove carbonates and hydrofluoric acid (HF) to remove silicates (Uesugui, 1979; Wood et al., 

1996). The residual organic matter was divided into two parts: one non-oxidized and one oxidized 

(using nitric acid to clean and concentrate the palynomorphs). The residual matter was mounted 
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on slides using polyvinyl Alcohol (PVA) and Norland Optical Adhesive, cured under ultraviolet 

light. Up to 300 palynomorphs were counted per slide and analyzed under transmitted light 

microscopy, observed using a Zeiss microscope (Axio Imager A.2) with objectives immersion oil 

63X and 100X. The representative constituents were photographed using a digital Axiocam 503 

camera. All slides and residues are stored and cataloged at the Applied LMA/UFPE, under 

P00280 code. 

All the palynomorphs present on the slides were identified and counted. Taxonomic 

identification was based on the works of Regali et al. (1974a,b); Lima (1978); and Dino (1992); 

(1994). Additionally, based on Carvalho et al. (2019) and Santos et al. (2022) the proportions of 

the pollen grains and spores were compared among the main paleoclimate indicators, humid (e.g., 

fern spores), semi-arid-arid (e.g., Classopollis), warmer, drier (e.g., Equisetosporites) and 

warmer, wet highlands (Araucariacites+Inaperturopollenites). 

4. Results 

 A total of 26.017 palynomorphs were counted in four well-studied cores. The abundance 

of palynomorphs in the cores ranged from very high to low, showing considerable variation 

(Supplementary material 1, 1–14). The preservation of terrestrial palynomorphs was good, while 

marine palynomorph preservation ranged from poor to good. Terrestrial palynomorphs included 

pollen, spores, fungi, and freshwater algae (e.g., Pediastrum, Botryococcus), and marine 

palynomorphs including, dinoflagellate cysts (e.g, Subtilisphaera sp.), foraminiferal test linings, 

and scolecodonts. Paleozoic palynomorphs, including acritarchs (e.g., Maranhites), also occur 

and interpreted as reworking. 

Gymnosperm pollen grains dominated, averaging 68.31%, followed by pteridophyte spores 

at 12.25%, marine elements 9.72% and angiosperms at 4.5% of the total palynomorphs. The 

identified palynoflora comprised 158 taxa. The more abundant taxa included Classopollis, 

Equisetosporites, Araucariacites, Inaperturopollenites, Gnetaceaepollenites, Steevesipollenites, 

Uesuguipollenites, and spores with Cicatricosisporites, and Deltoidospora. Angiosperm taxa 

were less abundant, represented by Trisectoris reticulatus, Penetetrapites mollis, Pennipollis 

reticulatus, Afropollis sp. And Stellatopollis sp. Additionally, palynomorphs of biostratigraphic 

significance, such as Exesipollenites tumulus, Sergipea variverrucata, Equisetosporites 

maculosus and Complicatisaccus cearensis, were identified. In addition to the rare occurrence of 

Elaterosporites klaszii together with Retistephanocolpites sp. was also registered (Fig. 3). 

The samples yielded a rich and abundant palynoflora, with an assemblage comparable to 

those reported from the Upper Aptian in the Brazilian continental margin basins. The assemblage 

https://www.sciencedirect.com/science/article/pii/S0031018216309087#bb0355
https://www.sciencedirect.com/science/article/pii/S0031018216309087#bb0355
https://www.sciencedirect.com/science/article/pii/S0031018216309087#bb0150
https://www.sciencedirect.com/science/article/pii/S0031018216309087#bb0155
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shows a strong affinity with the Sergipea variverrucata biozone (P-270), based on the standard 

biozonation scheme (Regali and Santos, 1999). 

 

 

4.1 Palynostratigraphy of the studied cores from the basins 

4.1.1. late Aptian Araripe Basin 

In the wells of the Araripe Basin, a total of 9,496 palynomorphs were counted, including 

7,532 pollen grains, 1,384 spores, 580 others (including fungi, scolecodonts, and spheromorphs), 

as well as seven dinoflagellate cysts and two foraminiferal test linings (Supplementary Material 

x?). A total of 127 taxa were identified, with abundance recorded in the Barbalha and Crato 

formations. 

The lower interval (127-138 m), Barbalha Formation contains a mixture of palynomorphs 

restricted to Upper Aptian, this is characterized by the occurrence of S. variverrucata is recorded 

at 134 m, associated with C. classoides, A. australis, L verrucatus, A. jardinus, S. dubius, I. 

foveolatus, C. avnimelechi, S. punctata, P. mamelonatus,  in addition to G. retangularis, G. 

jansonii, P. reticulatus, T. reticulatus, S. araripensis, C. brevilaesuratus, and C. cearensis, which 

is recorded at 131.74 m. The interval (64-127 m), Crato Formation registered the presence of 

foraminiferal test linings at a depth of 126 m; furthermore, it has presented high abundance 

palynological. The occurrence of S. variverrucata is recorded at 106.73 m, and C. cearensis is 

recorded at 99.78 m, in addition to G. retangularis, G. jansonii, G. barghoornii, S. densiornatus, 

S. araripensis, Regalipollenites amphoriformis, B. regaliae, Sergipea naviformis, P. mollis, C. 

nuni, C. avnimelechi, C. brevilaesuratus, I. foveolatus and M. silvai. The occurrence of E. 

maculosus is recorded from 105.73 m (Fig. 4), while the rare occurrence of E. klaszii is noted at 

80 m (Fig. 5). The Ipubi Formation exhibits a low palynoflora, with taxa such as C. classoides, 

A. jardinus, S. araripensis, C. avnimelechi, and Eucommiidites troedssonii. The Romualdo 

Formation, characterized by the presence of marine palynomorphs, has a lower palynoflora. The 

presence of the Subtilisphaera genus is associated with C. classoides, A. australis, A. jardinus, 

and C. brevilaesuratus. 

4.1.2.  late Aptian Jatobá Basin 

In the wells of the Jatobá Basin, a total of 16,516 palynomorphs were counted, including 

11,417 pollen grains, 1,803 spores, 771 others (including fungi, scolecodonts, and spheromorphs), 
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2,451 dinoflagellate cysts, and 74 foraminiferal test linings (Supplementary Material x?). A total 

of 128 taxa were identified, with abundance recorded in the Romualdo and Crato formations. 

In the lower interval (55-70 m) of the Marizal Formation (Fig. 7), palynomorph abundance 

is low. From the base of the core, an assemblage consisting of C. classoides, A. australis, B. 

regaliae, G. jansonii, S. densiornatus, E. maculosus, G. retangularis, S. tenuiverrucata, T. 

reticulatus, C. dampieri, D. australis, Crybelosporites pannuceus, C. avnimelechi, C. 

brevilaesuratus, C. microstriatus, M. silvai and I. foveolatus is recorded. The Crato Formation 

presents an abundance of palynomorphs, with this assemblage comprising S. variverrucata, C. 

cearensis, Ischyosporites pseudoreticulatus, C. purbeckensis, G. barghoornii, G. oreadis, R. 

amphoriformis, U. callosus, Cycadopites glottus, S. tenuiverrucata. The occurrence of 

foraminiferal linings is recorded at a depth of 87.2 m (Fig. 6). In the interval (30-59 m), the 

Romualdo Formation exhibits an abundance of palynomorphs, with notable occurrences of S. 

variverrucata and dinocysts of the genus Subtilisphaera sp. 

4.2 Facies distribution 

Individual facies encountered in the core datasets (Fig. 2) are summarized in Table 2. These 

facies combine into common facies associations, representing different depositional 

environments. 

 Facies analysis was carried out on four cores and allowed for the interpretation of 21 

facies, which were grouped into 4 facies associations: FA1 – Estuarine facies association, FA2 – 

Shallow marine facies association, FA3 – Lacustrine facies association, FA4 – Fluvial facies 

association. 

Facies Grain Size Description Interpretation 
Facies 

Association 

F1 Clay 
claystone; low angle planar 

cross lamination 

sediments deposited under low-energy 

flow conditions 
FA1 

F2  

shale; foliated; eventually with 

very fine-grained sandstone 
lenses 

settling of fine-grained sediments from 

suspension, low energy flow fallout 
FA2 

F3 Clay 
shale; foliated; sometimes 

interbedded with siltstone 

settling of fine-grained sediments from 

suspension plumes 
FA1 

F4 Silt 
Calcilutite with planar cross-

lamination 

low energy conditions 

decantation of micritic mud in shallow 

waters and possibly high salinity. Such 
characteristics are compatible with 

occurrences in lakes from areas with an 

arid climate (sabkhas) 

FA2 

F5 Silt massive calcilutite 

formed in low-energy settings where 
finer particles settled out from 

suspension, indicating that it was 

deposited relatively uniformly and 
without significant interruption or 

changes in sedimentation conditions 

FA2 

F6 Silt siltstone with evaporite lenses 
fluctuations in lake base level during 

brief periods of saltwater input 

(Collinson and Thompson, 1982) 

FA3 
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F7 Silt and clay 
siltstone with claystone 

intercalation 

settling of fine-grained sediments from 

suspension fallout 
FA3 

F8 

Silt and 

fine-grained 
sand 

siltstone; lenses of fine-grained 

sandstone, with fluidization 

settling of sediments from suspension 

fallout, showing soft sediment 
deformation structures 

FA3 

F9 

Silt and 

very fine-
grained 

sand 

siltstone with intercalations of 

very fine-grained sandstone, 

eventually with flame structure, 
fine-grained sandstone lenses 

and climbing ripples cross-

laminations 

migration of subaqueous ripples under 
lower flow regime (Miall, 1996) 

FA4 

F10 
Clay and 

silt 
massive siltstone and claystone 

settling of fine-grained sediments from 

suspension fallout 
FA1 

F11 
Clay and 

silt 

claystone and siltstone; with 
climbing ripple cross-

laminations 

migration of subaqueous ripples under 

lower flow regime (Miall, 1996) 
FA4 

F12 
Clay and 

silt 

laminated claystone and 

siltstone; showing carbonate 
concretions and plant fragments 

sediments deposited under low-energy 

flow conditions 
FA3 

F13  massive evaporite 

precipitation of gypsum in shallow 

waters under conditions of extreme 
aridity. (Collinson and Thompson, 

1982) 

FA2 

F14  microbialite 

lithified microbial mats that generated 

in shallow restricted settings, probably 
intertidal to supratidal settings 

FA2 

F15 
fine-grained 

sand 

sandstone with lenses of 

claystone 
 FA3 

F16 

fine-grained 

sand and 

clay 

sandstone; intercalation of 

claystone with climbing ripples  

cross-lamination 

migration of 3D subaqueous ripples 
under lower flow regime (Miall, 1977) 

FA4 

F17 
very fine to 
fine-grained 

sand 

sandstone showing climbing 
ripples cross-lamination and 

with flame structures 

traction and suspension fallout 
showing, soft sediment deformation 

structures 

FA4 

F18 

coarse to 
very fine-

grained 

sand 

sandstone with planar cross 

lamination in the thinnest parts, 
eventually fluidized 

Migration of subaqueous ripples (lower 

flow regime) (Miall, 1977; 1990) 
FA4 

F19 

very coarse  

to very fine-

grained 

sands 

massive sandstone 
concentrated flow deposits as a result 

of rapid deposition (Miall, 1996) 
FA1 

F20 

very fine-

grained 

sand 

sandstone showing climbing 
ripples cross-laminations 

migration of subaqueous ripples (Miall, 
1977) 

FA1 

F21 

very coarse 
to fine-

grained 

sands 

sandstone showing ripple cross-

laminations 
lower flow regime (Miall, 1996) FA4 

 

4.2.1. FA1 - Estuarine facies association 

This facies association consists of very fine-grained sandstone with climbing ripples cross-

lamination, as well as massive sandstone with particle sizes ranging from very coarse to very fine 

sand. Additionally, black shale is present, sometimes interbedded with siltstone, while massive 

claystone and siltstone are also observed. Facies F10, F19, and F20 are present in four cores, 

while Facies F1 occurs in core 2-AR-SR-1B-CE, and Facies F3 in core 2-JB-SN-2A-PE. Guzmán 

(2023) documented the occurrence of mixohaline ostracods and benthic foraminifera in the 

stratigraphic intervals associated with this grouping. 
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This facies association is interpreted as an environment influenced by tidal currents 

(Nichols, 2009), with fine-grained sediments settling from suspension fallout and concentrated 

flow deposits resulting from rapid deposition. The tidal influence is further supported by the 

presence of benthic foraminifera and mixohaline ostracods reported by Guzmán (2023). 

4.2.2. FA2 - Shallow marine facies association 

The association includes evaporites, shale with occasional very fine-grained sandstone 

lenses, massive and laminated calcilutite, as well as microbialite lenses. Facies F2 is present in 

wells 2-AR-SR-1A-CE and 2-JB-SN-2A-PE; Facies F4 in wells 2-AR-SR-1A-CE and 2-JB-SN-

2B-PE; Facies F5 in wells 2-AR-SR-1A-CE, 2-JB-SN-2A-PE and 2-JB-SN-2B-PE; Facies F13 

in well 2-AR-SR-1A-CE; and Facies 14 in all four cores. Guzmán (2023) reported the presence 

of mixohaline ostracods and benthic foraminifera in the stratigraphic intervals grouped within this 

association. 

The interpretation of shallow marine facies, not influenced by terrigenous material, suggest 

that carbonate sedimentation particularly occurs in warm climates. Sediment accumulation is 

slow, and the calm waters favor marine life (Nichols, 2009), such as the faunal associations 

described by Guzmán (2023). In arid conditions, evaporite minerals such as gypsum, anhydrite, 

and halite precipitate (Collinson and Thompson, 1982). The key factor for evaporite formation is 

climate, with these environments typically found in subtropical regions characterized by high 

temperatures and low rainfall (Nichols, 2009). Microbial mats are generated in shallow, restricted 

settings, likely in intertidal to supratidal zones (Noffke, 2010). 

4.2.3. FA3 - Lacustrine facies association 

A predominantly siliciclastic rock association was described, consisting of siltstone with 

evaporite lenses and occasional claystone intercalations. Fine-grained sandstone lenses with 

fluidization features are present within the siltstone. Laminated claystone and siltstone, along with 

carbonate concretions and plant fragments, are also observed. Additionally, sandstone with 

claystone lenses was noted. Facies F6 and F12 are present in well 2-AR-SR-1A-CE; Facies F7 

and F8 in well 2-JB-SN-2B-PE; and Facies F15 in well 2-JB-SN-2A-PE. The presence of non-

marine and mixohaline ostracods in the cores was reported by Guzmán (2023).  

This is interpreted as the depositional setting of clay, silt, and fine-grained sandstone from 

suspended sediments in shallow water bodies under low-energy flow conditions. The presence of 

evaporite mineral lenses supports cycles of climate change (Nichols, 2009). Ostracods described 

by Guzmán (2023) suggest a lacustrine environment for this stratigraphic interval. 
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4.2.4. FA4 - Fluvial facies association 

The fluvial facies association features siliciclastic rocks, including siltstone and claystone, 

with intercalations of very fine to very coarse-grained sandstone, sometimes exhibiting flame 

structures, fine-grained sandstone lenses, and climbing ripples cross-laminations. Additionally, 

claystone and siltstone with climbing ripples cross-laminations are present, along with sandstone 

showing climbing ripples cross-lamination, flame structures and planar cross-lamination in the 

fine-grained sand portion. Facies F11 and F21 are present in all four cores; Facies 18 is found in 

well 2-AR-SR-1A-CE and in two cores from the Jatobá Basin; Facies F9 is present in core 2-AR-

SR-1A-CE; Facies F16 is found in well 2-JB-SN-2B-PE; and Facies F17 is present in well 2-JB-

SN-2A-PE. The records of non-marine and mixohaline ostracods were reported in the four cores 

(Guzmán, 2023) within the intervals assigned to the aforementioned facies. 

The migration of subaqueous ripples within this lower flow regime highlights the dynamic 

interaction between sediment transport processes and flow conditions (Miall, 1977; 1990). These 

structures form through a combination of traction and suspension sorting, often accompanied by 

soft sediment deformation (Miall, 1977; 1996). Compared to marine environments, this setting 

has a lower potential for fossil preservation. The most abundant fossils are sporomorphs, which 

are highly resistant to degradation and can survive long periods of transport before being 

deposited and preserved (Nichols, 2009). 

5. Discussion 

5.1 Biostratigraphy 

The relative ages assigned to the post-rift I sequence for the Araripe and Jatobá basin was 

based mainly on the stratigraphic ranges of palynomorphs compiled from the palynostratigraphy 

scheme of the Sergipe and Alagoas Basin proposed by Regali and Santos (1999).  

The palynoflora of the boreholes is primarily characterized by a high abundance of 

Classopollis. This genus first appeared in the Late Triassic and reached its peak abundance during 

the Jurassic and Early Cretaceous periods (Song and Shang, 2000). A significant proportion of 

Classopollis is also widely distributed in Early to middle Aptian strata (Carvalho et al., 2017, 

2019; Santos et al., 2022). Considering the dominance of gymnosperms and the high proportion 

of Classopollis, along with a small amount of the angiosperm pollen and the presence of Sergipea 

variverrucata, this study defines the age of the current boreholes section as corresponding to the 

Aptian stage. 

The palynoflora is comparable to those reported from the Upper Aptian of Brazilian 

continental margin basins (e.g., Dino, 1992, 1994; Arai et al., 2001; Regali and Santos, 1999; 
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Heimhofer and Hochuli, 2010; Rios-Netto et al., 2012; Michels et al., 2018; Ferreira et al., 2020; 

Arai and Assine, 2020; Nascimento et al., 2023). 

In these studies, the micropaleontological results show a good correlation between age 

assignments, demonstrating that the S. variverrucata biozone (P-270) is generally applicable to 

the post-rift I sequence, although some adjustments are necessary. Comparisons of deposits from 

the late Aptian to early Albian, along with the absence of species of biostratigraphic value, reveal 

challenges due to the limited core record from these ages.  

The limited recovery of guide palynomorphs in the Araripe Basin hinders comparisons with 

the Jatobá Basin and other zonations, restricting the recognition of biozone (P-270). In contrast, 

a recognized late Aptian palynomorph assemblage represented by S. variverrucata, B. regaliae, 

C. classoides, G. jansonii, A. australis, U. callosus, C. segmentatus, T. reticulatus, A. jardinus, 

G. retangularis, E. maculosus, C. cearensis, C. avnimelechi, M. silvai, C. pannuceus, C. 

microstriatus is consistent with the Early Cretaceous assemblage reported in northeastern Brazil 

(Carvalho et al., 2017; 2019; Arai and Assine, 2020; Nascimento et al., 2023). 

Ostracods and foraminifera indicate a lower to late Aptian age in the Araripe Basin (Melo 

et al., 2020; Gúzman et al., 2023). In the same basin, a late Aptian palynomorph assemblage was 

identified, composed of S. variverrucata, C. classoides, A. jardinus, G. jansonii, U. callosus, C. 

segmentatus, B. regaliae, A. australis and Subtilisphaera sp. This assemblage is consistent with 

those reported by Teixeira et al. (2017), Arai and Assine (2020) and Vallejo et al. (2023), 

Nascimento et al. (2023). Reference records indicate the occurrence of S. variverrucata, and its 

presence may suggest a late Aptian age. 

According to Guzmán et al. (2023), the presence of Favusella hoterivica at the top of the 

Barbalha Formation in the Araripe Basin suggests a chronostratigraphic position within the lower 

Aptian, partially correlating with the Leupoldina cabri Zone. This was confirmed by Fauth et al. 

(2023), who, for the first time, dated the Barbalha Formation deposits based on the recovery of 

the planktonic foraminiferal genera Leupoldina and Globigerinelloides. These genera mark the L. 

cabri to G. algerianus zones, which corresponds to the early Aptian/early late Aptian interval. 

Nascimento et al. (2017) reported that the Aptian–Lower Albian was identified in borehole 

2-JSN-01-PE in the Jatobá Basin by the presence de S. variverrucata, E. tumulus, C. turbatus, A. 

australis, C. classoides, G. barahoornii, V. pallidus, C. nuni, and S. simplex. However, the 

palynological association is largely characterized by Lower Cretaceous species that are very 

similar to those described in chronologically related deposits by Regali et al. (1974), Lima (1978), 

Antonioli and Dino (2007), and Portela et al. (2014). The continued presence of S. variverrucata 

in the Romualdo and Crato formations of the Jatobá Basin indicates a late Aptian age, as defined 

by Regali and Santos (1999). The last occurrence of S. variverrucata further supports that the age 

is not older than late Aptian. 
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5.2 Paleoenvironment and Paleoclimate inferences 

During the late Aptian period in northeast Brazil, the post-rift I sequence was situated 

within the Lower Cretaceous Dicheiropollis etruscus/Afropollis Province (Herngreen et al., 

1996), characterized by the prevalence of gymnospermous pollen, including taxa such as 

Classopollis, Equisetosporites, Araucariacites, Inaperturopollenites, Gnetaceaepollenites, 

Steevesipollenites, and Uesuguipollenites. The more abundant and dispersed groups provide 

regional evidence of paleoclimate and paleoenvironmental conditions (Jackson, 1994; Souza-

Lima and Silva, 2018).  

The genus Classopollis, linked to the extinct family Cheirolepidiaceae, dominated certain 

coastal environments in the Mesozoic and was widespread in warm habitats at low paleolatitudes, 

especially during the Early Cretaceous (Taylor et al., 2009). The dominance of Classopollis, 

indicative of a dry and arid climate (Doyle, 1999; Carvalho et al., 2019), is documented in the 

deposition of the post-rift I sequence. This implies that the basins experienced a hot and dry 

paleoclimate characterized by xerophytic flora. Furthermore, the palynomorphy of the basins 

undergoes changes, with dinoflagellate cysts and foraminiferal test linings appearing suddenly 

and abundantly in the Jatobá Basin. It is suggested that the basins may reflect various factors 

related to marine conditions, ecological dynamics, and sedimentary processes during the time of 

deposition. Accordingly, we combined the palynological and sedimentological datasets to 

reconstruct paleoclimate changes. 

During the deposition of the Barbalha and Marizal formations, the palynoflora consists 

of plants from the Cheirolepidiaceae and Araucariaceae families, in addition to fern spores, which 

indicate a hot and wet climate (Santos et al., 2022). According to Cardoso et al. (2023), climatic 

oscillations were identified during this age, as evidenced by bioclimatic groups associated with 

humid conditions: hydrophytes, hygrophytes, tropical lowland flora, and upland flora. A 

relationship between these groups has been suggested (e.g., Carvalho et al., 2017, 2019, 2022).  

According to Hashimoto et al. (1987), Assine (2007), and Lima (2018), the Barbalha and 

Marizal formations are correlated. The Barbalha Formation recovered in the core (Fig. 4) 

represents depositional sequence 2, as described by Fauth et al. (2023). It represents partially 

enclosed coastal bodies of water where freshwater from rivers and streams mixes with saltwater 

from the ocean, corresponding to a confined estuarine deposit within a flooded valley (Guzmán 

et al., 2023). Varejão et al. (2021a) state that the upper sequence of the Barbalha Formation 

delineates a transition from a fluvial to a bayhead delta setting, spanning from the lowstand system 

tract to the transgressive surface. Bayhead deltas typically form in the innermost regions of bays 

and estuaries along transgressive coastlines (Aschoff et al., 2018). 

https://www.sciencedirect.com/science/article/pii/S0895981119303645#bib50
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During the deposition of the Crato Formation, the palynoflora was dominated by an 

abundance of Classopollis. Additionally, taxa such as Araucariacites, Inaperturopollenites, 

Equisetosporites, and fern spores were present. There was an increase in palynological richness, 

which is associated with carbonate-rich sediments (e.g., claystone, siltstone, sandstone, 

limestone) deposited along coastlines spanning a broad latitudinal range. The presence of 

foraminiferal test linings at 126.5 m (Fig. 4) and 87.41 m (Fig. 6) in the lower part was also noted, 

associated with the intercalation of siliciclastic and carbonate sedimentation. An intermediate 

humid paleoenvironment was identified between the two semi-arid paleoenvironmental phases. 

The presence of foraminiferal test linings exclusively represents marine benthic 

paleoenvironments and indicates marine ingression (Decommer, 1982; Tyson, 1995; Goldberg et 

al., 2019). Their low abundance could be related to proximal marine environments closer to 

continental sources (Rosner et al., 2011). According to Guzmán et al. (2023), the deposition of 

the Crato Formation in the Araripe Basin recorded hedbergellid foraminifera, corroborating a 

marine influence during its formation. 

Its high abundance of Classopollis, along with intercalated siliciclastic deposits, indicates 

the development of xerophytic vegetation under arid to semi-arid conditions (Doyle et al., 1982; 

Carvalho et al., 2017; Souza-Lima and Silva, 2018). It is widely agreed that hot and semi-arid to 

arid climates predominated in the low-latitude regions during the late Aptian, typically inferred 

from the prevalent occurrence of Classopollis (Doyle et al., 1982; Carvalho et al., 2017; 2019; 

Arai and Assine, 2020; Santos et al., 2022). 

The consistent presence of these microfossils is interpreted as indicative of marine 

sedimentary environments, with the highest occurrences reported in coastal to shallow shelf 

settings (Lister and Batten, 1988; Stancliffe, 1989).  

The gradual increase in humidity observed in the Crato Formation, according to Kujau et 

al. (2013) may represent an increase in the intensity of precipitation and/or an extension of the 

annual humid period (Kujau et al., 2013). These sedimentary characteristics and 

paleoenvironmental conditions have been reported by Neumann et al. (2003) and Heimhofer et 

al. (2010). Their interpretation suggests deposition in an estuarine-lacustrine system. 

The remarkable similarity observed between the microbialite (Facies 22) spread among 

siliciclastic rocks and the laminated limestone in the wells exhibits similar characteristics of 

deposition in both shallow marine settings and hypersaline lakes. This kind of sedimentation 

occurs in anoxic conditions of the benthonic zone of the sub-marginal area of a closed to semi-

closed paleolake (Silveira et al., 2023). Gratzer et al. (2013) also documented the presence of 

microbialite in the Crato Formation on the Jatobá Basin. Furthermore, Aptian microbialite 

occurrences on the northeastern basins, such as those of the Codó Formation in the Parnaíba 

Basin, are reported (Bahniuk et al., 2015).  
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The presence of marine fossils within the uppermost organic shales of the Crato 

Formation, just below the evaporites of the Ipubi Formation, further supports evidence of a marine 

connection (Goldberg et al., 2019).  

The Facies F1, F3, F8, F13, F17, F19, F20, F21 (Fig. 2), on the Ipubi Formation, 

especially the F19 with the massive evaporites, associated to the gypsum precipitation, indicates 

precipitation in shallow waters under conditions of extreme aridity (Collinson and Thompson, 

1982), along with the distribution and abundance of Classopollis, in this formation, express a  

deposition near the coastline under dry climatic conditions (Carvalho et al., 2017, 2019, 2022).  

The presence in strata of the Ipubi Formation also confirms, in addition to climatic 

conditions of aridity, the presence of a body of saline water, since they are often found in saline 

environments (Alvin, 1982; Carvalho et al., 2017, 2019, 2022).  

According to Guzmán et al. (2023), the marine conditions became better established, with 

the more abundant and diverse presence of foraminifera, suggesting that the Araripe Basin 

reached a more open circulation with the ocean. 

 Sedimentological characteristics such as limestone, with siliciclastic intercalations 

immediately adjacent to the Ipubi Formation evaporites, corroborate the already established 

marine connection in the close coastal plain (sabkha). This observation aligns with the likely 

depositional setting, where the evaporitic layer indicates a period when the paleolake water 

became more saline due to heightened evaporation (Silva, 1988). 

During the deposition of the Romualdo Formation, the palynomorphs is diversified is 

represented by an increase in marine content, her high content in the Jatobá Basin. The abundance 

and distribution of Classopollis along the Romualdo Formation, associated with the presence of 

Subtilisphaera, suggest a semi-closed, marine-influenced body of water, followed by a marine 

transgression in the Romualdo Formation, the presence of Classopollis in marine deposits is 

indicative of proximity to coastal environments, commonly associated with shallow marine to 

lagoonal depositional settings, and often with evaporites (Vakhrameev, 1970; Doyle et al., 1982; 

Michels, et al., 2018; Arai and Assine, 2020).   

According to Arai and Assine (2020) the presence of marine palynomorphs 

(dinoflagellate cysts and foraminiferal linings) together with Classopollis indicates marine 

conditions for the Romualdo Formation.  

In our material, these association occurs in the interval between 11 and 28 meters (Fig. 

4), suggesting shallow marine conditions. 

The Facies F1, F2, F3, F4, F5, F6, F10, F13, F14, F17, F20 presented in this paper, 

suggest the transition from a fluvial to an estuarine system (Miall, 1977; 1990; 1996), reinforced 

by Subtilisphaera occurrence. This genus occurred in the epicontinental seas of the Cretaceous 

period and is an opportunistic organism with a high tolerance for variations in salinity (Jain and 

https://www.sciencedirect.com/science/article/pii/S0895981119303645#bib44
https://www.sciencedirect.com/science/article/pii/S089598112300456X#bib53
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Millepied, 1975; Arai, 2000, 2014; Carvalho et al., 2016). Characterized by a deposition of mixed 

siliciclastic and limestone for the Araripe Basin records a high diversity and abundance of 

foraminifera species, both benthic and planktonic (Guzmán et al., 2023). The accumulation of 

these foraminiferal suggest poorly oxygenated conditions in a middle neritic-upper bathyal 

environment (Kaminski and Kuhnt, 1995; Kaminski et al., 1995; Gradstein et al., 2019). 

 

6. Conclusions 

The palynological and sedimentological analyses of the Araripe and Jatobá basins led to 

the following conclusions: 

The late Aptian, of the biozone (P-270), is observed with the last occurrence of Sergipea 

variverrucata a key palynomorph to identify the upper Aptian in the Brazilian basins. Its presence 

in the Crato, and Romualdo formations clearly a late Aptian stage (local Alagoas stage). The 

presence of Sergipea variverrucata biozone (P-270) in the post-rift I sequence of the Santana 

Group, integrated with planktic foraminifera, suggests that it was deposited during the Early 

Aptian to late Aptian in the Jatoba and Araripe basins.  

 According to our facies and palynological data, the Santana Group was deposited in 

fluvio-deltaic, lagoonal, and shallow marine (estuarine) environments within the Araripe and 

Jatobá Basins. The Barbalha Formation, formed during a humid climate, represents a fluvio-

deltaic system, whereas the Marizal Formation predominantly exhibits fluvial characteristics 

indicative of arid conditions. During a wet-dry climate cycle, the Crato and Ipubi Formations are 

interpreted as parts of a lagoonal system, with the Crato Formation indicating an open lagoon 

influenced sporadically by marine conditions and the Ipubi Formation representing a semi-closed 

to closed lagoon under drier conditions. The Romualdo Formation is interpreted as a marine 

environment; however, differences exist between the two basins. In the Araripe Basin, it is 

assigned to shallow marine environment, whereas in the Jatobá Basin, it is characterized as a well-

developed marine paleoenvironment. 
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 Figure captions 

 

Fig. 1. Location of the Araripe and Jatobá Basin in Northeast Brazil and the position of the well 

logs used in this work. 
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Fig. 2. Sedimentary logs of the wells used in this work, showing palynological sampling positions 

and sedimentary facies of the Araripe and Jatobá Basin, at a 1:100 scale. 
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Fig. 3. Palynomorphs from the wells. Scale bar is 10 µm long. 1. Exesipollenites tumulus 2. 

Sergipe variverrucata. 3. Equisetosporites maculosus. 4. Complicatisaccus cearensis. 5. 

Uesuguipollenites callosus. 6. Trisectoris reticulatus. 7. Afropollis jardinus. 

8.Retistephanocolpites sp. 9. Gnetaceaepollenites retangularis. 10. Gnetaceaepollenites jansonii. 

11. Classopollis classoides. 12. Callialasporites segmentatus. 13. Elaterosporites klaszii. 14. 

Cicatricosisporites avnimelechi 15. Cicatricosisporites nuni. 16. Cicatricosisporites 

brevilaesuratus. 17. Cicatricosisporites pseudotripartitus. 18. Deltoidospora tenuis. 19. 

Ischyosporites foveolatus. 20. Deltoidospora australis. 21. Paludites mamelonatus. 22. 

Foraminiferal lining (Pyrgo sp.). 23. Foraminiferal lining.  24. Subtilisphaera sp.  
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Fig. 4. Stratigraphic distribution of palynofloral genera, highlighting red species with 

biostratigraphic value. Average spore/pollen grain genera as climate indicators in well 2-AR-SR-

1A-CE, Araripe Basin, Fm: Formation. 
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Fig. 5. Stratigraphic distribution of palynofloral genera, highlighting red species with 

biostratigraphic value. Average spore/pollen grain genera as climate indicators in well 2-AR-SR-

1B-CE, Araripe Basin, Fm: Formation. 
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Fig. 6. Stratigraphic distribution of palynofloral genera, highlighting red species with 

biostratigraphic value. Average spore/pollen grain genera as climate indicators in well 2-JB-SN-

2A-PE, Jatobá Basin, Fm: Formation. 
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Fig. 7. Stratigraphic distribution of palynofloral genera, highlighting red species with 

biostratigraphic value. Average spore/pollen grain genera as climate indicators in well 2-JB-SN-

2B-PE, Jatobá Basin. Fm: Formation. 

 

6. CONSIDERAÇÕES FINAIS 

 

A presente tese contém os resultados e interpretações da pesquisa em caracterização 

paleoambiental da fase pós-rifte I das bacias do Araripe e Jatobá, Nordeste do Brasil: 

inferências palinológicas e palinofaciológicas. 

A palinoflora estudada enquadra-se na província Pré-Albiana do Cretáceo Inferior 

Dicheiropollis etruscus/Afropollis, preconizada por Herngreen et al. (1996), distinguida 

pela prevalência de pólen gimnospérmico. 

O estudo integrado dos palinomorfos, palinofácies e sedimentologia da fase pós-

rifte I das bacias Araripe e Jatobá permitiu a constatação e determinação dos limites nos 

testemunhos das formações Romualdo, Ipubi, Crato, Barbalha e Marizal, representativas 

do Aptiano.  

Levando em consideração a correlação entre as bacias, a identificação da 

palinoflora e sua distribuição estratigráfica no Grupo Santana corroboram que seu 
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paleoambiente deposicional ocorreu do Aptiano inferior ao Aptiano superior. Assim, a 

Formação Barbalha, que foi depositada em um clima úmido, representa um sistema 

flúvio-deltaico, enquanto a Formação Marizal apresenta predominantemente 

características fluvial indicativas de condições áridas. Durante um ciclo climático úmido-

seco, as Formações Crato e Ipubi são interpretadas como partes de um sistema lagunar, 

com a Formação Crato indicando uma lagoa aberta, influenciada esporadicamente por 

condições marinhas, e a Formação Ipubi representando uma lagoa semifechada a fechada 

sob condições mais secas. A Formação Romualdo é interpretada como ambiente marinho; 

no entanto, existem diferenças entre as duas bacias. A Bacia do Araripe é interpretada 

como um ambiente marinho raso do tipo epicontinental, enquanto a Bacia do Jatobá, é 

caracterizada como um paleoambiente marinho bem estabelecido. 

A abundância de palinomorfos de origem continental, aliada à presença de cistos 

de dinoflagelados e palinoforaminíferos, permite concluir uma deposição sob condições 

marinhas costeiras. Além disso, a presença de palinoforaminíferos na Formação Crato 

sustenta que a influência marinha foi mais antiga e que o ambiente deposicional teve uma 

progressão constante de caráter transicional a completamente marinho. 
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A B S T R A C T   

We present the paleoenvironmental analysis based on sedimentary organic matter (SOM) of alluvial-lacustrine- 
transitional deposits that crop out in the east portion of the Araripe Basin, Ceará State, Brazil. Samples were 
collected from the Barbalha, Crato, Ipubi and Romualdo formations, Santana Group. For the palynofacies ana
lyses, the kerogen categories were counted and grouped. The described SOM were subdivided into six groups: 
Structureless, which consists of resin and amorphous organic matter (AOM); Terrigenous, which consists of non- 
opaque biostructured-phytoclast; Opaque, which consists of equidimensional, lath and corroded of black color; 
Sporomorphs, which consist of spores and pollen grains; Freshwater, constituted by Botryococcus and Pediastrum 
microplankton and Marine elements, represented by dinoflagellate cysts and foraminiferal lining. The strati
graphic distribution of the seven palynofacies reflects a change from fluvial system to a lacustrine environment, 
as well as the first marine incursion on Serra da Mãozinha section (Crato Formation). In the top of the Santana 
Group recorded a transition from a lacustrine environment close to a fluvio-deltaic source to an estuarine system, 
marked by the presence of Subtilisphaera, during the late Aptian. The palynological data presented indicates that 
the entire Santana Group is of Aptian age considering the conspicuous presence of Sergipea variverrucata in the 
sections.   

1. Introduction 

The paleoenvironmental evolution of the Araripe Basin has been 
subject of several studies related to some controversies about the time of 
the marine ingression in this basin. Varejão (2019) suggested that the 
depositional history of this basin is much more complex than previously 
thought. The Aptian Stage recorded episodes of oceanic crust creation 
worldwide, warming punctuated by rapid cooling events, ocean anoxia 
events (OAE) (Benigno et al., 2021), with major changes in sea level, 
climate, and in the marine plankton communities (Huber et al., 2011; 
Huber and Leckie, 2011). Due to changes and the break-up of the 
Gondwana Supercontinent, the rocks of the Araripe Basin provide an 
excellent opportunity to investigate the environmental depositional 

conditions in which the organic matter was accumulated and preserved 
(Neumann et al., 2003). 

The analysis of palynofacies preserved in the sedimentary record is 
important due to their potential for paleoenvironmental interpretation; 
it also provides an insight on transgressive-regressive systems tracts in 
the depositional history (Tyson, 1995; Candel et al., 2013). There are 
several important contributions to palynology for the basin, but few 
focus on palynofacies (e.g., Lima, 1978; Arai and Coelho, 2001; Coimbra 
et al., 2002; Neumann et al., 2003; Heimhofer and Hochuli, 2010; 
Teixeira et al., 2017; Goldberg et al., 2019; Arai and Assine, 2020). 
Nevertheless, no study has focused on the complete Santana Group, 
Post-rift Sequence I of the Lower Cretaceous. 

Palynofacies analysis is an interdisciplinary approach that integrates 
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the study of palynomorphs as well as the entire organic content of 
sediments, which reflects the original conditions in the source area and 
the depositional environment (Tyson, 1995; Atta-Peters et al., 2013). 
This paper presents palynological results developed after palynofacies 
analysis of the Santana Group, Araripe Basin, aiming to contribute to a 
better understanding of the geological evolution of Araripe Basin during 
the Aptian. 

2. Geological settings 

The Araripe Basin (Fig. 1) is located in the Precambrian São José do 
Caiano Terrain of the Transversal Zone Domain of the Borborema 
Province, between the Pernambuco Shear Zone at north and the Patos 
Shear Zone at south (Brito Neves et al., 2000). This basin is an extensive 
and complex interior basin of northeast Brazil, covering part of the 
territory of Pernambuco, Piauí and mainly Ceará states (Assine et al., 
2014). The origin and evolution of the Araripe Basin occurred through 
different tectonic phases (Brito Neves, 1990), related to the fragmen
tation of the Gondwana supercontinent and the opening of the South 
Atlantic Ocean (Asmus and Ponte, 1973; Ponte and Asmus, 1978; Garcia 
et al., 2005; Scherer et al., 2015). Stratigraphic framework consists of 
megasequences generated in different tectonic regimes point out to the 
polygenetic evolution of this basin (Assine, 1992, 2007; Ponte and Appi, 
1990; Ponte and Ponte Filho, 1996; Neumann and Cabrera, 1999). 
Different sequences, limited by unconformities of regional extent, were 
deposited in different paleogeographic scenarios showing a complex 
tectono-sedimentary evolution (Assine, 2007; Assine et al., 2014; Neu
mann and Assine, 2015). 

The Araripe Basin is divided into two geographic physiognomies, the 
Vale do Cariri and Chapada do Araripe. The Vale Cariri extends to the 

east where the Cariri Formation (Paleozoic) of the syneclysis sequence 
occurs, the Brejo Santo and Missão Velha formations (Upper Jurassic) 
from the beginning of the rift sequence and the Abaiara Formation 
(Berriasian–Hauterivian) from the rift climax sequence. The Chapada do 
Araripe is found on the west, it mainly encompasses units of the Post-rift 
I sequence, correspondent to the Santana Group and Post-rift II 
sequence, represented by Araripina and Exu formations (Cretaceous) 
(Assine, 2007; Assine et al., 2014; Neumann and Assine, 2015). 

In this work, we studied all formations of the Santana Group. The 
Santana Group was deposited during the Aptian (Alagoas local stage) 
and comprises, from bottom to top, the Barbalha, Crato, Ipubi and 
Romualdo formations (Assine et al., 2014; Neumann and Assine, 2015), 
their strata are only observable in outcrops restricted to the slopes of the 
Araripe Plateau (Fig. 2). The Santana Group recorded a complete 
transgressive-regressive cycle, limited at the base by a pre-Aptian un
conformity (Ponte and Ponte Filho, 1996; Assine, 2007) and contains 
some of the most important fossil-bearing strata of Brazil and is corre
lated with the Aptian sequences of Brazilian and African marginal basins 
(Neumann and Assine, 2015). These lithological units comprehend 
mixed carbonate-evaporite-siliciclastic depositional system tracts 
(Assine et al., 2014) related to short-lived marine ingressions (Arai, 
2014; Assine et al., 2016; Custódio et al., 2017; Fürsich et al., 2019; 
Varejão et al., 2019, 2020). 

The Barbalha Formation characterizes the initial sedimentary record 
of the Post-rift I (Assine, 1992). Proposed by Ponte and Appi (1990) as 
Rio da Batateira Formation, this unit exhibits an intercalation of sand
stones and shales, including the black shales named as Batateira Beds 
(Hashimoto et al., 1987). The Barbalha Formation can be subdivided 
into two large fining-upward cycles, starting up with sandy conglom
erates to coarse-grained sandstones, which pass upwards to fine-grained 

Fig. 1. Location map of the Araripe Basin in Northeastern Brazil showing the lithostratigraphic units and studied outcrops. The Santana Group strata display 
restricted spatial distribution, only being observables in outcrops on the slopes of the Araripe Plateau. 
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sandstones and mudstones and with a vertical association facies typical 
of a high accommodation system tract (transgressive) materialized by 
river channel facies (Assine et al., 2014; Scherer et al., 2015) and 
composed by fluvial and lacustrine deposits (Assine, 1992, 2007; Fam
brini et al., 2019). According to recent studies developed by Varejão 
et al. (2021), the Barbalha Formation may be subdivided into two facies 
associations, fluvial channel or overbank deposits and bayhead delta. 
These facies are characterized by intervals comprising conglomerate, 
pebbly sandstone, mudstone, successions of shale and heterolithic facies 
deposited under a dry warm semiarid climate (Chagas et al., 2007). The 
Barbalha Formation represents the record of the onset of the first lake 
system, characterized by anoxic conditions, which led to the preserva
tion of significant amount of the organic matter (Assine, 2007; Assine 
et al., 2014). 

Deposits of the Crato Formation are composed predominantly of 
limestones with planar and parallel laminations, interspersed with shale 
intercalations (Neumann, 1999; Neumann and Cabrera, 1999). The di
versity, abundance and well-preserved fossil content made this forma
tion a famous Konservat-Lagerstätte (Martill et al., 2007). The mixed 
carbonate-siliciclastic succession was initially interpreted as exclusively 
deposited in a lacustrine system (Neumann, 1999; Neumann and Cab
rera, 1999; Martill et al., 2007), but recent detailed stratigraphic studies 
show a transgressive surface followed by tide-dominated bay deposits 
with distinct subtidal, intertidal and supratidal portions, demonstrating 
intermittent marine incursions in a broad non-marine environment that 
represents the Crato Formation (Varejão et al., 2021). 

The Ipubi Formation is characterized by the presence of evaporites, 
consisting of discontinuous gypsum layers associated with green and 
black shales (Neumann, 1999; Assine, 2007; Neumann and Assine, 2015; 
Fabin et al., 2018). According to Coimbra et al. (2002), the depositional 
system occurs in restricted portions of an extensive carbonate lagoon, 
which was interpreted as a coastal sabkha submitted to marine influence 

by Bobco et al. (2017). This coastal depositional environment setting has 
been interpreted as susceptible to the relative sea level changes, under 
arid to semi-arid climatic conditions (Assine, 2007; Assine et al., 2014; 
Bobco et al., 2017; Fabin et al., 2018; Goldberg et al., 2019; Moura et al., 
2020; Coimbra and Freire, 2021). 

The Romualdo Formation comprises a wide range of lithologies, 
including stratified conglomerates, fine to medium grained sandstones, 
limestones, marls and shales, which characterize a coastal to marine 
environment (Assine et al., 2014). This sedimentary succession records 
the establishment of an epicontinental sea in the Araripe Basin during 
the late Aptian, it shows an abundance of ostracodes, pollen grains, 
spores, dinoflagellate cysts, foraminifera and mollusks (e.g., Assine, 
2007; Coimbra et al., 2002; Heimhofer and Hochuli, 2010; Custódio 
et al., 2017; Fürsich et al., 2019; Melo et al., 2020; Arai and Assine, 
2020; Araripe et al., 2022). 

3. Material and methods 

3.1. Studied sections 

Thirty-nine samples obtained from the alluvial-lacustrine- 
transitional deposits of Santana Group were analyzed (Table 1), 
including five samples from the Barbalha Formation, 19 from the Crato 
Formation, six from the Ipubi Formation and nine samples from the 
Romualdo Formation, collected of outcrops in the northeast, east and 
southeast edges of the basin (Fig. 1). 

The Barbalha Formation outcrops along the Batateira River, corre
spond to the “Batateiras Geossítio” at the area of the Sítio Fundão State 
Park, municipality of Crato, Ceará State, the samples were obtained 
along the riverbed above the surface taking different sections (Fig. 2). 

The samples 3BAr01a and 3BAr01b (N9200385/E451227) corre
sponds to the “Batateira beds” (correlated with the “Amargosa beds” of 

Fig. 2. Outcrops of the Santana Group: (A–D) Batateira River, Barbalha Formation (E) Batateira River, Crato Formation; (F) Serra da Mãozinha, Crato Formation; (G) 
Três Irmãos Quarry, Crato Formation; (H) Conceição Preta Quarry, Ipubi Formation; (I) Sítio Sobradinho, Romualdo Formation. 
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the Marizal Formation in the Recôncavo, Tucano and Jatobá basins, also 
located in Brazilian Northeast) and has a height of 1.70 m of black 
bioclastic shales, where a sample was collected at the level that pre
sented the least alteration. Crossing the river in a southwesterly direc
tion, three more samples from the outcrops 3BAr02 (N9200279/ 
E450993), 3BAr03 (N9200254/E450933), and 3BAr05a (N9198829/ 
E450069) of mudstones and gray shales interspersed with sandstones of 
the Barbalha Formation were collected. Near the “Cascata do Lameiro” 
and Avenida José Ribeiro de Andrade, municipality of Crato, Ceará, the 
Barbalha Formation is overlaid by the Crato Formation. The 3BAr06 
outcrop (N9198774/E449987) constitutes of black shales and laminated 
limestone from the base of the Crato Formation (Fig. 3). 

Located in the municipality of Abaiara, Ceará state, the outcrop 
2BAr05 (N9213217 E422963) at the top of the “Serra do Mãozinha”, 
samples from the Crato Formation were obtained along the road, con
sisting of massive and laminated calcarenite ranging in color from light 
brown to gray, interspersed with calcilutite from light brown to whitish- 
orange, with gray to greenish-gray shale are interspersed. In the cities of 
Nova Olinda and Santana do Cariri, Ceará State, mines of limestone 
exploration from the Crato Formation for cement or slabs, and gypsum 
from the Ipubi Formation are founded. The Três Irmãos Quarry, outcrop 
1BAr17 (N9213217/E 422963), presents laminated limestones inter
spersed with siltstones, shales and fine levels of gypsum of the Crato 
Formation. 

The Sítio Sobradinho, outcrop 4BAr01 (N9163029/E481969), 
located to the southeast of the Araripe Plateau, corresponds to an 
outcrop of approximately 100 m height that records the thickest and 
most complete stratigraphic section of the Romualdo Formation. In this 
section, transitional coastal deposits such as: fine-grained quartz are
nites, mudstones, siltstones, shales, limestones are found in inter
stratified levels and as concretions, lie discordantly on the carbonate- 
siliciclastic facies of the Crato Formation. The stratigraphic section de
picts a transgressive regressive cycle, composed by transgressive and 
highstand systems tracts (Custódio et al., 2017). At the Sítio Sobradinho 
outcrop, 8 m thick interval was analyzed. 

3.2. Samples preparation 

The samples were prepared according to the method described in 
Tyson (1995) and Mendonça Filho et al. (2011) using conventional acid 
treatment involving the dissolution of all mineral constituents with 
hydrochloric acid (HCl) and hydrofluoric acid (HF) to remove carbon
ates and silicates. Enough HCl (37%) was added, to completely cover the 
sample leaving it to rest for 24 h. The samples were rinsed with distilled 
water and HF (40%) was subsequently added, covering the sample and 
left to react for 24 h. The samples were washed again with distilled water 
and sieved through a 10 μm opening net. HCl (10%) was added to the 
residue, to cover the sample for 24 h and finally washed with distilled 
water. Denser particles were separated from the organic residue using 
sodium polytungstate with a specific density of 2.0 g/cm3. The residual 
matter was mounted on the slides using polyvinyl Alcohol (PVA) and 

Norland Optical Adhesive cured under ultraviolet light and analyzed 
under transmitted light microscopy and fluorescence. 

For paleoenvironmental study based on palynofacies, we counted at 
least 300 organic particles in each sample. The Sedimentary Organic 
Matter (SOM) was classified according to Tyson (1995) and Mendonça 
Filho et al. (2011, 2014). For each sample was determined the relative 
abundance in percentage of SOM and the representative constituents 
were photographed using a digital Axiocam 503 camera mounted on a 
Zeiss microscope (Axio Imager A.2). All slides and residues are stored 
and cataloged in the Applied Micropaleontology Laboratory (LMA) of 
the Federal University of Pernambuco (UFPE). 

Three main constituents of kerogen were recognized, based on the 
classification scheme proposed by Tyson (1995); Carvalho et al. (2006) 
and Mendonça Filho et al. (2011, 2014) and include Amorphous Organic 
Matter (AOM), Phytoclasts (Opaque and Non-Opaque) and Paly
nomorphs. The amorphous organic matter (AOM) includes the struc
tureless dispersed particulate organic matter (kerogen) whether of 
marine or non-marine origin. The non-opaque phytoclasts refers to 
microscopic particles of plant derived kerogen including all structured 
terrestrial plant fragments such as cuticles, wood remains and tracheids. 
The opaque phytoclasts (black debris) include all oxidized brownish 
black to black woody tissues, or carbonized particles of plant derived 
kerogen. The palynomorphs refers to all acid-resistant, organic walled 
microfossils (e.g. spores, pollen grains and dinoflagellates cysts). 

Based on quantitative and qualitative variations in the kerogen 
constituents, different palynofacies constituents can be observed (e.g., 
Carvalho et al., 2006; Carvalho et al., 2013; Atta-Peters et al., 2013; 
Atta-Peters and Achaegakwo, 2015) which revealed their link, to 
different depositional paleoenvironments. 

4. Results 

The three main kerogen groups and their subgroups of sedimentary 
organic matter (SOM) were identified: Amorphous organic matter group 
(AOM and resin), Phytoclast group (Opaque and non-opaque) and 
Palynomorph group (sporomorphs, freshwater microplankton, marine 
microplankton and zoomorphs) (Fig. 4), reflecting seven different 
palynofacies (Fig. 5). 

To assess the distribution pattern of the kerogens, their percentages 
were plotted revealing distinct intervals and depositional environment 
changes, variations in the stratigraphic distribution of the sections of the 
six associations are grouped and shown (Figs. 3 and 5). The associations 
were recognized, namely based on origin and state of preservation, 
being designated by the most dominant particle: Structureless (AOM), 
Terrigenous (non-opaque phytoclast-biostructured: striate, striped, 
banded, pitted, cuticle and degraded), Opaque (equidimensional, lath, 
and corroded), Sporomorph (spores and pollen grain), Freshwater 
(Botryococcus and Pediastrum) and Marine microplankton (dinoflagellate 
cysts and foraminiferal test linings). 

The associations differ in their proportions of kerogen groups and 
subgroups, show a high average of terrigenous particles inputs, never
theless highlighting, structureless with a general average abundance of 
21.3%, followed by the opaques with 20.7%. The marine component 
was the least abundant component recovered one (Fig. 5) (Table 2). 

4.1. Marine microplankton 

Marine elements had the least abundant association (average 0.1% of 
the total kerogen) (Table 2). It is composed of dinoflagellate cysts and 
foraminiferal test linings. Despite the low abundance of marine elements 
in the upper section Sítio Sobradinho, a prominent feature is the pres
ence of dinoflagellate cysts of the genus Subtilisphaera normally is 
associated with restricted low-salinity marine environments (Jain and 
Millepied, 1975). 

Foraminiferal lining observed in the Serra do Mãozinha had the 
lower abundance in the marine component, these are dominated by 

Table 1 
Selected samples for palynofacies analysis of Santana Group.  

Formation Outcrops Sample No. Samples 

Romualdo Sítio Sobradinho 4BAr01a-m 9 
Ipubi Conceição Preta Quarry 1BAr11a-f 6 
Crato Três Irmãos Quarry 1BAr17a-g 7 

Serra do Mãozinha 2BAr05a-g 7 
Batateira River 3BAr06a-e 5 

Barbalha Batateira River 3BAr05a 
3BAr03 
3BAr02 
3BAr01a 
3BAr01b 

5  

Total  39  
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dinoflagellate cysts, although, marine elements occurrence in the Crato 
and Romualdo formations, indicating a marine water influence in the 
Araripe Basin during the deposition of these units. 

4.2. Freshwater microplankton 

This association is composed of Botryococcus and Pediastrum and 
presented very low abundance (average 0.5% of the total kerogen) 
(Table 2). Freshwater palynofacies occurs in almost all investigated 
sections, its absence was only observed in the Conceição Preta Quarry 

section. Batateira River section presents dominance of Botryococcus, 
with a coloration ranging from light brown to golden yellow in trans
mitted white light and has an intense yellow color under fluorescence. 
This type of microplankton, according to Mendonça Filho et al. (2011), 
can be found in lagoon, lake, fluvial and delta facies, or in a freshwater 
input redeposition area (Tyson, 1993, 1995). In the lower part of the 
Sítio Sobradinho section, Pediastrum was dominant, being translucent 
under fluorescence it has a color range from yellow to yellow-green. 
According to Mendonça Filho et al. (2010), the predominance of algae 
of the genus Pediastrum over the algae of the genus Botryococcus 

Fig. 3. Lithology, sample points and palynofacies data for along the Santana Group. All figures at a magnification of 40×. Palynofacies P-VII: non-opaque phytoclasts 
dominant with AOM. Palynofacies P-VI: AOM dominant with opaques and sporomorphs. Palynofacies P–V: opaques dominant with AOM. Palynofacies P-IV: opaques 
dominant with non-opaque phytoclasts. Palynofacies P-III: opaques dominant. Palynofacies P-II: sporomorphs with opaques and presence of freshwater micro
plankton and marine elements. Palynofacies P–I: AOM dominant with low presence of marine microplankton. 

J.D. Vallejo et al.                                                                                                                                                                                                                               



Journal of South American Earth Sciences 121 (2023) 104154

6

demonstrates the lake’s high level, these were found in a range of fresh 
to brackish water habitats, but particularly in oligotrophic to mesotro
phic ponds, lakes and slow-moving bodies of water of widely varying pH 
(Batten, 1996). 

4.3. Sporomorphs 

This association is composed by pollen grains and spores of conti
nental origin. The assemblage is well preserved, consisting mainly of 
gymnosperm pollen grains associated to fern spores and rare Aptian 

Fig. 4. Typical constituents of SOM recognized in the Santana Group. a, b. Amorphous Organic Matter; c. Resin; d. Image of Sedimentary Organic Matter taken on a 
SEM; e. Equidimensional Opaque phytoclast; f. Non-Opaque Banded; g. Non-Opaque Striped phytoclast; h. Non-Opaque Pitted phytoclast; i. Cicatricosisporites 
avnimelechi; j. Paludites mamelonatus; k. Deltoidospora hallii; l. Classopollis classoides; m. Sergipea variverrucata; n. Subtilisphaera sp.; o. Acritarch; p. Maranhites sp.; q. 
Foraminiferal lining; r. Scolecodont; s. Pediastrum; t. Botryococcus; u, v. Particulate organic matter distribution 20X. v. Fluorescence mode. 
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angiosperm pollen grains (typical of the Alagoas local Stage flora). 
Sporomorphs presents a general average of 8.2% of the total kerogen 
and occurs predominantly in Batateira River section, it reaches an 
average of 15.3% (Table 2). 

The palynological data of the sections indicated a typicall Aptian 
association (e.g., Regali and Viana, 1989; Regali and Santos, 1999), 
more specifically to the upper Aptian (P-270 Palynozone) based in the 
records of Sergipea variverrucata (Regali et al., 1974; Regali and Viana, 
1989; Regali and Santos, 1999). Several taxa had been determined (e.g., 
Cicatricosisporites avnimelechi, Paludites mamelonatus, Deltoidospora aus
tralis, Densoisporites australis, Leptolepidites verrucatus and Klukisporites 
foveolatus, in addition to Afropollis jardinus, Afropollis zonatus, Bennetti
taepollenites regaliae, Callialasporites dampieri, Callialasporites segmenta
tus, Callialasporites trilobatus, Araucariacites australis, Equisetosporites 
concinnus, Equisetosporites elegans, Gnetaceaepollenites retangulares, Gne
taceaepollenites jansonii, Sergipea variverrucata, Singhia montanaensis, 
Stellatopollis araripensis, Stellatopollis densiornatus, Stellatopollis dubius, 
Trisectoris reticulatus and Uesuguipollenites callosus) correlated to those 
reported from the upper Aptian Brazilian marginal basins (e.g., Regali 
et al., 1974; Lima, 1978; Dino, 1992; Regali and Santos, 1999; 
Heimhofer and Hochuli, 2010; Carvalho et al., 2019). 

4.4. Terrigenous (non-opaque phytoclast) 

In our material, the terrigenous elements are essentially composed of 
continental organic particles: non-opaque biostructured phytoclasts. 
The terrigenous particles show a general average of 12.3% of the total 
kerogen and occurs predominantly at the Batateira River section 
(Table 2). It is mainly found in the base of the studied section, which 
corresponds to the Batateira Beds. 

Terrigenous particles are well preserved, structured (mainly striate, 

banded and cuticles), and its predominance suggests the proximity to a 
fluvial-deltaic source and moderately dysoxic condition (Tyson, 1995; 
Kholeif and Ibrahim, 2010). Generally, large amounts of phytoclast 
particles are deposited by rivers in estuaries and deltas, both close to 
shorelines (Carvalho et al., 2006). 

4.5. Structureless (AOM) 

Structureless is the most abundant components in the association 
(average of 21.3% of the total kerogen). It is composed of AOM usually 
occurring heterogeneously, thick and thin shapes (sometimes small in 
size) in dark brown color, containing inclusions (e.g., small fragments of 
phytoclast) and of lower fluorescence. Structureless particles occur in all 
investigated sections. In the Sítio Sobradinho section, AOM it is the most 
abundant particularly the AOM thick type, Batateira River has nearly the 
same abundance, but thinner AOM. A large amount of AOM results from 
the combination of the high preservation rate and low-energy environ
ment attributed to dysoxic-anoxic conditions (Carvalho et al., 2006). 

4.6. Opaques 

Opaque particles are composed exclusively by phytoclasts of black 
color even at the grain boundary (corroded and equidimensional). The 
association averages 20.7% (Table 2) of total kerogen and occurs pre
dominantly in Serra do Mãozinha and Três Irmãos Quarry sections, 
being dominated by corroded shape. 

The opaque phytoclasts are derived from the oxidation of woody 
materials either during prolonged transport or post-depositional alter
ation; the high values of the black debris indicate oxidizing conditions 
and either proximity to terrestrial sources or redeposition of organic 
matter from fluvio-deltaic environment of deposition (Tyson, 1989; 

Fig. 5. Distribution of organic components in each sample along the Santana Group, based on outcrops, Dashed line: General average, Fm: Formation.  

Table 2 
Average abundance of organic components for the studied sections. In bold the most significant organic components.  

Formation Outcrop Strutureless Terrigenous Opaques Sporomorphs Freshwater Marine 

Romualdo Sítio Sobradinho 67.7 13.0 7.7 12.3 0.0 0.7 
Ipubi Conceição Preta Quarry 27.7 20.2 26.7 6.7 0.0 0.0 
Crato Três Irmãos Quarry 3.7 11.0 71.0 7.3 0.0 0.0 

Serra do Mãozinha 4.7 9.7 73.3 1.3 0.0 0.0 
BatateiraRiver 55.3 11.7 14.7 9.0 2.0 0.0 

Barbalha Batateira River 15.0 49.3 14.0 15.3 0.7 0.0 
General Average 21.3 12.3 20.7 8.2 0.5 0.1  
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Atta-Peters et al., 2013). 
Based on the association and distribution of the kerogen group, seven 

palynofacies were identified (PI-PVII) (Fig. 5). The Palynofacies I (P–I) 
occurs between (4BAr01m-4BAr01g), Sítio Sobradinho (Romualdo 
Formation) and is characterized by the high abundance of AOM 
(50.81%) and absence of freshwater microplankton. The low average of 
marine microplankton in the P1 is represented by the dinocyst Subtili
sphaera. The Palynofacies II (P-II) (4BAr01f-4BAr01a) also recorded in 
samples from Sítio Sobradinho (Romualdo Formation) is characterized 
by the highest abundance of sporomorphs (18%), opaque phytoclasts 
(15.33%) followed with lower presence of freshwater microplankton 
(1.61%) and marine elements. The Palynofacies III (P-III) is recorded in 
the site Conceição Preta Quarry (Ipubi Formation) and is characterized 
by the highest proportion of opaque phytoclasts (35%) with presence of 
AOM (30%) and lower presence of non-opaque phytoclasts (20.5%) and 
sporomorphs (15%). The Palynofacies IV (P-IV) is recorded in the site 
Três Irmãos Quarry (Crato Formation) and is characterized by the 
highest proportion of opaque phytoclasts (66%), and low presence of 
sporomorphs (14%) followed by non-opaque phytoclasts (13%) and 
AOM (6.43%). The Palynofacies V (P–V) identified in samples from the 
outcrop Serra do Mãozinha is dominated by opaque phytoclast (70%) 
with lower presence of AOM (17.5%) and rare sporomorphs (1.57%). 
The low presence of marine microplankton is represented by the pres
ence of foraminiferal lining. The Palynofacies VI (P-VI) Batateira River 
(Crato Formation) is composed mainly by AOM (48%) and a lower 
presence of opaque phytoclast (24%) and sporomorphs (13.6%) with 
freshwater microplankton (2.13%). The Palynofacies VII (P-VII), which 
occurs in Batateira River (Barbalha Formation), is dominated by non- 
opaque phytoclasts (41.42%) with presence of AOM (26.32%) and 
lower presence of sporomorphs (15%) and rare freshwater micro
plankton (1.54%). 

5. Discussion 

The Aptian Stage in the Araripe Basin is characterized by 
transgressive-regressive cycles, related to the fragmentation of Gond
wana and the opening of the South Atlantic Ocean (Assine, 2007; 
Coimbra et al., 2002). The transition from a fluvial-lacustrine to an open 
marine environment in the Santana Group is recognizable from the 
palynofacies data. Therefore, the averages of palynofacies associations 
are considered for the analyzed sections as the proportional abundance 
groups not only reflecting the biological origin as well as the paleo
environmental evolution and reinforce the evidence of intermittent 
marine incursions in a broad non-marine setting, as pointed by Varejão 
et al. (2021). The proposed changes in environmental conditions over 
time are supported by the stratigraphic correlation framework of the 
Lower Cretaceous deposits of the interior basins of NE Brazil and the 
sedimentary events recorded in the Brazilian marginal basins (e.g., Arai 
and Assine, 2020; Melo et al., 2020; Coimbra and Freire, 2021). 

The lower part of the Batateira River studied section corresponds to 
the Batateira Bed, which represent the first lacustrine cycle of Santana 
Group, under anoxic conditions (Assine, 2007), with a trend of slightly 
increased salinity (Pontes et al., 2021), represented by the P-VII and is 
dominated by non-opaque phytoclasts. According to Pontes et al. (2021) 
it encompasses fluvial braided systems gradually replaced by a lacus
trine establishment, where AOM show a decreasing trend following the 
Batateira Beds, this decrease is accompanied by an increasing trend of 
opaque particles (Fig. 5). The Barbalha Formation (lower Batateira river 
section) exhibits characteristics of a proximal environment, close to the 
parent flora. The genera Cicatricosisporites, Psilatriletes, Classopollis and 
Equisetosporites are dominants, characterizing an inner shelf settings as 
most terrestrial organic matter close to the fluvial-deltaic source (Men
donça Filho et al., 2011). The fact that terrestrial particles are dominant, 
followed by the abundance of the sporomorphs assemblage indicates 
proximity to source (e.g., rivers) in a lacustrine system. 

In the Crato Formation (upper Batateira river section), AOM shows a 

conspicuous increasing upward trend in this section. This is accompa
nied by the presence of Botryococcus and an increased number of opaque 
particles, followed by an abrupt decrease of non-opaque phytoclasts 
reflected in the P-VI (Fig. 5). These different peaks of change in SOM 
occurred in freshwater to saline lacustrine zones (Neumann et al., 2003). 
The presence of Botryococcus clearly suggests deposition under brackish 
conditions (Tyson, 1995; Batten, 1996). According to Tyson (1995) if 
there is a reduction in the water depth, as a function of the increased 
evaporation taxa, an increase in salinity also occurs. The paleoenvir
onmental interpretation for this section is supported using ternary dia
gram (Mendonça Filho et al., 2014). Fig. 6 shows that, except for three 
samples (3BAr01a, 3BAr05a and 3BAr06a), all other samples indicate 
high salinity conditions in the deposition of Batateira river section, there 
is evidence of brackish conditions with freshwater influence in the 
deposition sites. As demonstrated by Varejão et al. (2021) this is 
intrinsically related to unconfined bayhead and hypersaline lacustrine 
environments. 

The relative abundance of AOM increases from proximal to distal 
direction under dysoxic to anoxic shelf environments (Tyson, 1996). The 
renewed input of freshwater, during episodes of lacustrine water level 
rise and spread, could reflect a fluvial system, considering that in basins 
with preservation of AOM and with reducing conditions the allochtho
nous terrestrial material is only dominant near the fluvial-deltaic sour
ces or with turbidites (Tyson, 1993). The lower average of freshwater 
and the absence of dinoflagellate cysts allows to infer a brackish 
lagoonal to lagoonal coastal plain paleoenvironment in transitional 
phase with oxygen-deficient (dysoxic-anoxic) conditions, deposited 
under black shales. 

The Crato Formation at the Serra do Mãozinha is composed of 
laminated limestone interspersed with very fine sand and shale, where 
opaque particles clearly show a conspicuous increase in all section 
(Fig. 5). On the other hand, the increasing trend of AOM observed in the 
Batateira River was the opposite. Even so, small amounts of terrigenous 
particles are recorded. A low presence of marine elements shows the 
existence of short-lived marine incursions in the Crato Formation 
(Goldberg et al., 2019; Varejão et al., 2020; Varejão et al., 2021). This 
association is reflected in the P–V and is characterized by high contents 
of opaque phytoclasts (e.g., corroded). These particles are derived from 
the oxidation of woody materials either during prolonged transport or 
during post-depositional alteration, the high values indicate oxidizing 
conditions and either proximity to terrestrial sources or redeposition of 
organic matter from fluvio-deltaic environment (Tyson, 1989; Kholeif 
and Ibrahim, 2010; Atta-Peters et al., 2013). Evidence of subaerial 
exposure or, at least, extremely shallow conditions with rare forami
niferal lining, reinforce the intermittent marine incursions (Goldberg 
et al., 2019; Varejão et al., 2021) and the occurrence of marine to 
lagoonal coastal plain in a transitional environment. 

Along the Três Irmãos Quarry, the Crato Formation deposits recor
ded a conspicuous predominance of opaque phytoclasts (e.g., corroded) 
with a presence of terrigenous particles, reflected in the P-IV this section 
is similar to the Serra do Mãozinha section. The opaque phytoclasts 
dominate the sedimentary organic matter recorded in the samples from 
these two sections, which contain minor amounts of AOM and spor
omorphs particles. This association reflects oxidizing depositional 
paleoenvironmental that tends to destroy the majority of less resistant 
organic particles (Mendonça Filho et al., 2011, 2014). 

Represented by an evaporite pack (Assine, 1992; Ponte and Appi, 
1990), the Ipubi Formation is interpreted as originating in coastal en
vironments (supratidal), susceptible to relative variations in sea level 
(Assine, 2007). AOM and opaque particles are the most abundant in 
Conceição Preta Quarry, represented in the P-III reflecting a depositional 
trend that was strongly controlled by the evaporitic sequence generated 
in a coastal sabkha environment, deposited in restricted portions of a 
carbonate lagoon (Bobco et al., 2017). The high average of AOM, greater 
than sporomorphs, indicates enhanced preservation in reducing condi
tions and increased stability of the water column, resulting in dysoxic or 
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anoxic bottom conditions (Tyson, 1993, 1995). Our data on the Con
ceição Preta Quarry reinforces the idea of Bobco et al. (2017) that 
suggested a deposition of this formation subaqueous and intra sedi
mentary settings in a coastal sabkha under anoxic conditions, hypersa
line in an environment transitional under the influence of marine 
transgression (Moura et al., 2020). 

The age of the Romualdo Formation, upper unit of Santana Group, is 
assigned to the late Aptian (Melo et al., 2020; Arai and Assine, 2020). 
The Sítio Sobradinho section is strongly dominated by AOM, low 
average of terrigenous and palynomorphs, indicative of mixed 
siliciclastic-carbonate marine ramp paleoenvironment (Melo et al., 
2020). According to Tyson (1995), high percentages of AOM indicate 
deposition in reducing environments, temporarily suboxic/anoxic with 
high preservation of autochthonous planktonic organic material or mi
crobial benthic material. The base of the sedimentary succession 
(4BAr01a-4BAr01f) represented by the P-II, suggests a transitional 
environment with a reduction in salinity concentration (Fig. 6) this 
reduction could be explained by the presence of Pediastrum which is less 
tolerant to elevated salinities (Tyson, 1993). After the marine conditions 
established and shown in the P–I, the occurrence of Subtilisphaera Eco
zone, a typical Tethyan dinocyst assemblage (Arai, 2014; Arai et al., 
2000), demonstrates the circulation of marine waters in the Araripe 
Basin during its deposition reinforcing the interpretation of Custódio 
et al. (2017), Teixeira et al. (2017), Melo et al. (2020), Arai and Assine 
(2020). The existence of marine components, associated with higher 
amounts of AOM which results from a combination of the high preser
vation rate and lower energy environments, in dysoxic conditions Tyson 
(1993); Teixeira et al. (2017). 

6. Conclusions 

This research provides a new contribution to the 

palaeoenvironmental conditions during the Aptian and, more precisely, 
late Aptian in the Araripe Basin. Our data from outcrops in the Santana 
Group suggested a depositional trend that is strongly controlled by a 
fluvial input to a shallow marine environment. The knowledge on the 
biology of certain plankton groups reveals significant evidence 
regarding salinity and water depth. Therefore, palynofacies analysis 
provides essential information on sedimentary processes and palae
oenvironment within a depositional system. On the other hand, the 
occurrence of foraminiferal lining reinforces a marine influence. 
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da infraestrutura do Laboratório de Micropaleontologia Aplicada da 
Universidade Federal de Pernambuco/n. 2018/00320-9” and “Bio
estratigrafia de alta resolução e paleoambientes das bacias do Araripe, 
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a b s t r a c t

Depositional controls of the Santana Group in the Araripe Basin are still being debated. The main
controversial subject is their marine influence and paleoenvironmental evolution. In this study, paly-
nofacies analysis was performed on 59 samples from one core drilled at Sítio Romualdo in the Araripe
Basin to investigate sedimentary organic matter. Three palynofacies associations (structureless, conti-
nental particles, and aquatic þ opaque) were identified. The Santana Group consist of Barbalha, Crato,
Ipubi and Romualdo formations. Based on palynofacies associations we conclude that the depositional
setting of the Barbalha Formation reflects a fluvially-fed lacustrine system under oxic conditions. The
Crato Formation, associated with tidal flats, coastal lakes, and lagoons within an open bay environment,
represents a bayhead delta system. The Ipubi Formation corresponds to a coastal plain typical of sabkha
paleoenvironments, characterized by low energy under reducing conditions, during drier climate con-
ditions. The Romualdo Formation records mainly an estuarine paleoenvironment characterized by dys-
oxic to anoxic conditions. The presence of palynomorph groups typifies a late Aptian age for the Santana
Group, which is based on the range of guide species marked mainly by the presence of Sergipea vari-
verrucata biozone (P-270), as well as the occurrence of Complicatisaccus cearensis and Equisetosporites
maculosus. The identification of marine palynomorphs (dinoflagellate cysts Subtilisphaera and forami-
niferal test linings) are indicative of several, local marine incursions.
© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and

similar technologies.

1. Introduction

The Araripe Basin contains a succession that includes rocks
deposited during the extensional process of the Gondwana break-
up and the opening of the South Atlantic Ocean during the Early
Cretaceous. This period wasmarked by significant global changes in
climate and physiography, including changes in sea level, ocean
circulation, and anoxic events (Cooper, 1977; Carvalho et al., 2019),
leading to the establishment of much diversified sedimentary

environments through an alluvialefluvialedeltaicelacustrine to an
evaporitic to open marine context from late Aptian to Late Albian
(Souza-Lima and Silva, 2018). Recent research has shed light on the
paleoenvironmental evolution in the Araripe Basin, particularly
focusing on depositional events during the Santana Group sedi-
mentation (Goldberg et al., 2019; Arai and Assine, 2020; Melo et al.,
2020; Pontes et al., 2021; Varej~ao et al., 2021a; Fauth et al., 2023;
Guzm�an et al., 2023; Vallejo et al., 2023).

The Santana Group, which is part of the Post-rift I sequence
(Neumann, 1999; Neumann and Cabrera, 1999; Assine et al., 2014;
Neumann and Assine, 2015), consists of the following lithostrati-
graphic units from base to top: Barbalha (Batateira Beds), Crato,* Corresponding author.
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Ipubi, and Romualdo formations. These formations are character-
ized by transgressive-regressive cycles (Coimbra et al., 2002;
Assine, 2007; Goldberg et al., 2019; Varej~ao et al., 2021a, 2021b;
Vallejo et al., 2023). The Santana Group is well known for its
extensive deposits of laminated limestones, gypsum evaporites,
sandstones, carbonate concretions, mudstones, siltstones, and
black shales, as well as its complex depositional history (Assine
et al., 2014; Varej~ao, 2019; Fambrini et al., 2020). Although the
transgressive-regressive cycle is clear, its impact on the evolution of
the paleoenvironment remains controversial.

The Post-rift sequence I consists of rocks of late AptianeEarly
Albian age (Ponte and Appi, 1990; Assine, 1992; Arai et al., 2001;
Coimbra et al., 2002; Araripe et al., 2022; Bom et al., 2023; Lemos
et al., 2023), whereas the variety and abundance of well-
preserved ostracods, foraminifera, and palynomorphs indicate a
late Aptian age (Arai and Assine, 2020; Melo et al., 2020; Coimbra
and Freire, 2021; Guzm�an et al., 2023). However, certain discrep-
ancies still exist, particularly concerning the position of the
AptianeAlbian boundary (Heimhofer and Hochuli, 2010) and the
depositional paleoenvironmental assigned to the Alagoas local
Stage (Regali et al., 1974; Beurlen and Regali, 1987) and the subdi-
vision into subzones added by Regali and Santos (1999).

Palynofacies analysis offers an interdisciplinary approach to
paleoenvironmental reconstruction, extending beyond the exami-
nation of palynomorphs alone and encompassing the entire organic
content. Particulate organic matter plays a crucial role as a sedi-
mentary component, offering valuable insights into the source area
and depositional setting. The composition and distribution of
sedimentary organicmatter inmarine paleoenvironments has been
closely linked to variations in sea level, as demonstrated by several
authors (e.g., Tyson,1995; Carvalho et al., 2006; Teixeira et al., 2017;
Goldberg et al., 2019; Vallejo et al., 2023).

This study aims to contribute palynological data and to establish
paleoenvironmental conditions during deposition of the Santana
Group in the Early Cretaceous from the Araripe Basin, based on
palynofacies characteristics.

2. Geological setting

The Araripe Basin (Fig. 1) is located in the northeast of Brazil,
within the Borborema Province. It is one of the most extensive and
complex of the interior basins, with 9000 km2 of surface area,
mostly developed during the Late Jurassic and Early Cretaceous
periods, during the Gondwana break-up and the opening of the
South Atlantic Ocean (Asmus and Ponte, 1973; Ponte and Asmus,
1978; Garcia et al., 2005; Assine, 2007; Assine et al., 2014;
Scherer et al., 2015). NE-SWand E-W-oriented faults are considered
the main structural control of the basin (Fambrini et al., 2011;
Scherer et al., 2014).

In this basin, a series of depositional events produces one of the
most complex polycyclic systems all in the interior basins, com-
parable to those of the intracratonic and marginal basins of Brazil
(Arai, 2006). The tectonic-sedimentary sequences present a com-
plex setting, which continues to generate various proposals and
subdivisions concerning its temporal and geographic emplacement
(Ponte and Appi, 1990; Ponte and Ponte Filho, 1996; Assine, 2007;
Assine et al., 2014; Neumann and Assine, 2015). The most accepted
division for Araripe Basin, is based on regional unconformities: (a)
Paleozoic sequence (Upper OrdovicianeLower Silurian), composed
of the Cariri Formation; (b) The early rift sequence (Upper Jurassic),
Brejo Santo and Miss~ao Velha formations; (c) The rift climax
sequence (Lower Cretaceous), Abaiara Formation and (d) post-rift
sequences. The post-rift is divided into the post-rift I sequence,
corresponding to the Alagoas-Stage (Santana Group), and the
post-rift II sequence, which includes the Araripina and Exu

formations of the Araripe Group (summarized by Fambrini et al.,
2020).

The focus of this study, the post-rift sequence I, is represented by
the deposits of the Santana Group, which include, from bottom to
top, the Barbalha, Crato, Ipubi and Romualdo formations (Neumann
and Cabrera, 1999; Assine et al., 2014; Neumann and Assine, 2015;
Cust�odio et al., 2017; Varej~ao et al., 2021a, 2021b; Guzm�an et al.,
2023).

The Barbalha Formation comprises the initial deposition of the
post-rift I sequence, where marine transgressive events are clearly
identifiable (Fauth et al., 2023). It shows deposition within fluvial
and lacustrine environments (Assine, 2007; Neumann and Assine,
2015; Scherer et al., 2015), This unit consists of two sequences:
depositional sequence 1, controlled by allogenic processes and
corresponding to fluvial channels with laterally well-developed
overbanks, and depositional sequence 2, which represents over-
bank deposits in an underdeveloped floodplain within the river
system (sensu Assine et al., 2014; Scherer et al., 2015; Fambrini
et al., 2019; Varej~ao et al., 2021a; Fauth et al., 2023).

The black shales of the Batateira Beds (depositional sequence 1)
were deposited under dysoxic/anoxic conditions (Ponte and Appi,
1990) and are considered a lacustrine system (Assine, 2007;
Chagas et al., 2007), ranging from brackish to freshwater conditions
(Fauth et al., 2023).

The Crato Formation is a fully developed paleolake with a car-
bonate depocenter that has been continuously expanding over time.
It is composed of six rhythmite limestone-claystone shoals inter-
calated with shales, forming a succession up to 50e70 m thick
(Neumann, 1999; Neumann and Cabrera, 1999). The limestone
layers of the Crato Formation represent a transgressive event that is
followed by tide-dominated bay deposits, which are recorded with
specific subtidal, intertidal, and supratidal portions (Varej~ao et al.,
2021b). Overlaying the Crato Formation, the Ipubi Formation is
composed of evaporite beds combined with green and black shales,
up to 30 m thick, related to extreme arid conditions (Assine et al.,
2014). It consists of shales and overlying evaporite deposits, indi-
cating a transition of lacustrine tomarine settings (Fabin et al., 2018;
Goldberg et al., 2019). These deposits were formed in a supralittoral
zone of a coastal sabkha type (Coimbra et al., 2002; Bobco et al.,
2017; Varej~ao et al., 2021b). The depositional setting has been
interpreted as a coastal environment associated with relative sea
level changes under arid to semi-arid conditions (Assine, 2007;
Assine et al., 2014; Bobco et al., 2017; Fabin et al., 2018; Goldberg
et al., 2019; Coimbra and Freire, 2021; Carvalho et al., 2022).

The Romualdo Formation record the final deposition of the
Santana Group. Its lower portion consist of sandstones beds inter-
calated with shales, followed by a transgressive event represented
by ostracod-bearing green shales. The presence of stratified con-
glomerates, sandstones, limestones, marls and shales, along with
records of marine palynomorphs (e.g., dinocysts and foraminiferal
linings) and carbonate microfossils (e.g., foraminifera and ostra-
cods), suggests well-established marine conditions during deposi-
tion (Assine et al., 2014; Cust�odio et al., 2017; Arai and Assine, 2020;
Melo et al., 2020; Coimbra and Freire, 2021; Araripe et al., 2021,
2022; Vallejo et al., 2023). The distribution and abundance of car-
bonate microfossils suggest its chronostratigraphic positioning in
the upper Aptian (Melo et al., 2020). According to Cust�odio et al.
(2017), the Romualdo Formation sequence comprises a
transgressive-regressive cycle with a depositional dip towards the
southeast, decreasing in thickness towards the northwest, and
source areas located at the northern portion of the basin. In the
eastern part of the basin, facies associations are indicative of a
deepening-upward sequence on a mixed siliciclastic carbonate
marine ramp with the full establishment of the seaway (Melo et al.,
2020; Guzm�an et al., 2023).
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3. Material and methods

The study was carried out using samples collected from the well
core 2-AR-SR-1A-CE, which is located at coordinates 7�1703200N,
39�2303500E. The well reached a depth of 141 m and encompassed
the Romualdo, Ipubi, Crato, and Barbalha formations of the Santana
Group, Araripe Basin. For the palynofacies analysis, a total of 59
samples were collected from the interval 11.29e137.87 m. These
samples were prepared according to themethod described in Tyson
(1995) and Mendonça Filho et al. (2010), using conventional acid
treatment involving the dissolution of all mineral constituents us-
ing hydrochloric acid (HCl) and hydrofluoric acid (HF) to remove
carbonates and silicates, respectively. HCl acid (37 % concentration)
was added until it completely covered the sample and was left
resting for 24 h. The samples were rinsed with distilled water and
HF acid (40 % concentration) was then added, covering the sample,
and left to react for 24 h. The samples were washed again with
distilled water and sieved through a 10 mm opening net. HCl acid
(10 % concentration) was added to the residue, to cover the sample
for 24 h and finally washed with distilled water. The residual
organic matter was divided into two parts: one for the analysis of
non-oxidized sedimentary organic matter (SOM), classified using
the terminology from Mendonça Filho and Menezes (2011); the
other part was oxidized using nitric acid (HNO3) (65 % concentra-
tion) to clean and concentrate the palynomorphs. The residual
matter was mounted on slides using polyvinyl Alcohol (PVA) and
Norland Optical Adhesive cured under ultraviolet light. In each
slide, the counting of 300 particles of SOM was performed
following the methods described by Mendonça Filho et al. (2011).
At least 300 palynomorphs were counted in each sample using a
transmitted-light microscope. When necessary, incident blue light
(ultra-violet fluorescence mode) was applied. The representative
constituents were photographed using a digital Axiocam 503
camera mounted on a Zeiss microscope (Axio Imager A.2) with 20X
air objective, and 63X, 100X oil immersion. All slides and residues
were stored and cataloged in the Applied Micropaleontology Lab-
oratory (LMA) of the Federal University of Pernambuco (UFPE)
under the collection number LMA-P00223 - LMA-P00281.

3.1. Palynofacies analysis

Based on the classification scheme proposed byMendonça Filho
et al. (2011): the Amorphous group consists of amorphous organic
matter (AOM) strictly derived from phytoplankton and bacteria, as
well as the pseudoamorphous subgroup originating from macro-
phyte tissue, in addition to resin produced by terrestrial plants in
tropical climates; the Phytoclast group includes both opaque and
non-opaque subgroups containing mostly woody tissue that is
brown in color, as well as cuticles and membranes; finally, the
Palynomorphs group refers to all acid-resistant, organic walled
microfossils (e.g., spores, pollen grains, algae, foraminiferal test
linings and dinoflagellates cysts). Detailed descriptions of SOM are
available in the literature (e.g., Tyson, 1995; Batten, 1996; Carvalho
et al., 2006, 2013; Mendonça Filho et al., 2010).

3.2. Data analysis

The data obtained from the quantitative analyses of SOM com-
ponents were recalculated to percentage values. The cluster anal-
ysis (R-mode) was conducted to establish associations between the
SOM categories, allowed us to organize the samples studied into
three palynofacies associations, based on the abundance of groups
and sub-groups of SOM (Fig. 4). In addition, the average for Q5each
formation was calculated based on these associations (Table 1) and

Fig. 1. Location of the Araripe basin in Brazil. Q4

Table 1
Average abundance of the sedimentary organicmatter association (SOMA) fromwell
2-AR-SR-1A-CE. The most significant of the associations are highlighted in bold.

Formation Structureless Continental
particles

Aquatic þ Opaque

Romualdo 38.1 29.0 32.9
Ipubi 48.8 6.3 44.9
Crato 44.7 33.5 21.8
Barbalha 6.1 30.9 63.0
General

average
41.2 25.4 33.4
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Fig. 2. The main palynomorphs from the 2-AR-SR-1A-CE well. Scale bar is 10 mm long. 1. Afropollis jardinus (sample LMA-P00256, coords. 16e65); 2. Afropollis operculatus (sample
LMA-P00247, coords. 9e105); 3. Classopollis classoides (sample LMA-P00254, coords. 12.8e70.8); 4. Complicatisaccus cearensis (sample LMA-P00249, coords. 5e101); 5. Equi-
setosporites leptomatus (sample LMA-P00251, coords. 3e94); 6. Equisetosporites maculosus (sample LMA-P00246, coords. 3e96.7); 7. Sergipea variverrucata (sample LMA-P00225,
coords. 11.8e77.9); 8. Exesipollenites tumulus (sample LMA-P00225, coords. 5.5e71.3); 9. Uesuguipollenites callosus (sample LMA-P00236, coords. 20e72); 10. Gnetaceaepollenites
retangularis (sample LMA-P00233, coords. 4e80.8); 11. Regalipollenites amphoriformis (sample LMA-P00232, coords. 4e103); 12. Stellatopollis araripensis (sample LMA-P00227,
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were plotted using the RiojaPlot website to describe the paleo-
environmental interpretations. This plotting revealed distinct
changes in the depositional paleoenvironment, alongside data from
sedimentological descriptions.

4. Results and discussion

4.1. Age constrains

The palynologic record reveals a common assemblage domi-
nated by terrestrial components, containing the following species
of biostratigraphic value: Exesipollenites tumulus, Sergipea vari-
verrucata, Equisetosporites maculosus and Complicatisaccus cear-
ensis. These palynomorphs define the “Tricolpites” e Exesipollenites
tumulus Zone proposed byMuller et al. (1987), this is found in Zone
5 and is correlated to selected contemporary palynozonations
identified in Brazil (Regali et al., 1974; Beurlen and Regali, 1987;
Regali, 1987; Regali and Viana, 1989; Regali and Santos, 1999).

The last occurrence of Sergipea variverrucata at depth of 106.7 m,
indicates the biozone (P-270) proposed by Regali and Santos
(1999). Additionally, the last presence of Complicatisaccus cear-
ensis at depths of 99 m indicates the biozone (P-280) proposed by
Regali and Santos (1999). Furthermore, the presence of Equi-
setosporites maculosus at a depth 105.7 me121.7 m delineates the
upper boundary of the biozone (P-270) (Dino, 1992, 1994).

Based on the palynological assemblage from the recovered de-
posits of the Santana Group (Fig. 2), the biostratigraphic result in-
dicates a late Aptian age, as defined according to the Brazilian
palynological zoning (Regali and Santos, 1999). This places the local
biozone (P-270) in the studied section, where a moderate abun-
dance of Equisetosporites maculosus and the presence of Complica-
tisaccus cearensis occur (Fig. 3).

The age of the Cretaceous deposits of the Araripe Basin is in
constant debate. Previous biostratigraphic studies suggest a late
Aptian age for the Romualdo Formation (Melo et al., 2020; Guzm�an
et al., 2023). However, the high diversity and abundance of fora-
minifera species, both benthic and planktonic (e.g., Hedbergella and
Gubkinella), suggest that the accumulation of these planktonic
foraminifera genera may be related to the Oceanic Anoxic Event
(OAE1b), which occurred between the latest Aptian and the Early
Albian (Ferraro et al., 2020). Based on the high-resolution multi-
proxy analysis, which integrates stable isotopes, elemental data,
and microfossils, suggests that deposition likely occurred from the
late AptianeEarly Albian (Bom et al., 2023). According to Lemos
et al. (2023), calcareous nannofossils are recorded in the
Romualdo Formation, indicating an AptianeAlbian age.

The stratigraphic positions of our recorded species with
biostratigraphic value are illustrated in Fig. 3. The presence of di-
noflagellates cysts (dinocysts) from the genus Subtilisphaera has
been documented in several northeastern basins of Brazil,
including S~ao Luís, Potiguar, Parnaíba, Tucano, Sergipe, Araripe, and
Cear�a basins (Arai et al., 2000; Arai, 2009, 2014; Gonzalez et al.,
2020) and reinforces the marine transgressive event in the late
Aptian (Arai and Assine, 2020). However, the absence of species
with biostratigraphic value in samples from the Ipubi and
Romualdo formations hinders the establishment of local biozones.
According to Melo et al. (2020) and Guzm�an et al. (2023), a late
Aptian age is suggested for the intermediate part of the Romualdo
Formation based on samples from the same core (2-AR-SR-1A-CE).

This aligns with the reference records of Teixeira et al. (2017), Arai
and Assine (2020), and Vallejo et al. (2023), which suggest that the
last occurrence of S. variverrucata in this formation corresponds to
biozone P-270 (Regali and Santos, 1999), indicating a late Aptian
age. Controversially, Lúcio et al. (2020) presented ReeOs elemental
and isotopic data suggesting that the black shales from the Ipubi
Formation were deposited during the latest Barremianeearliest
Aptian. However, the authors ignored the previous robust
biostratigraphic results from Araripe Basin (Coimbra and Freire,
2021). As reported by Guzm�an et al. (2023), the presence of Favu-
sella hoterivica at the top of the Barbalha Formation suggests a
chronostratigraphic position in the lower Aptian, corresponding to
the occurrence of the Leupoldina cabri Zone. This was confirmed by
Fauth et al. (2023), who dated the deposits of the Barbalha For-
mation for the first time based on the recovery of the planktonic
foraminifera genera Leupoldina sp. and Globigerinelloides spp.

4.2. Sedimentary organic matter composition (SOM)

The identification of the main groups of SOM shows that
Amorphous Group predominate, reaching an average of 42 % of
total kerogen. It is composed of amorphous organic matter (AOM),
pseudoamorphous matter, and a low presence of resin. The Phy-
toclast Group is characterized by an abundance of particles, with a
predominance of opaques (33 % of total kerogen). These opaques
are primarily corroded type. Additionally, non-opaque phytoclasts
(15 % of total kerogen) are mainly composed of non-biostructured
and biostructured particles, primarily of striate and banded types,
in addition to cuticles. The Palynomorphs Group is the least
abundant, consisting mainly of pollen grains predominantly from
gymnosperms and pteridophyte spores, comprising only 11 % of
total kerogen. Additionally, some freshwater algae, as well as rare
occurrence of foraminiferal test linings and dinocysts (e.g., Subtili-
sphaera sp.), were identified (Supplementary data). There were also
occurrences of acritarchs (e.g.,Maranhites spp.), probably reworked
from Devonian rocks (Brito and Quadros, 1995).

4.3. Sedimentary organic matter association (SOMA)

Three sedimentary organic matter associations (SOMA) were
revealed by cluster analysis dendrogram (Fig. 4) designated by their
composition, affinity, and dominant particles of SOM: Association I:
Structureless, Association II: Continental particles, and Association
III: Aquatic þ opaque particles. The SOMA ranges inproportion
across the well, considering the kerogen groups and subgroups. For
the analysis, the most significant association is the one with an
average percentage higher than the overall average of SOMA
(Table 1 and Fig. 5).

The structureless SOMA show slightly higher percentages of
structureless particles, averaging 41.2 % (Table 1). These particles
are composed of AOM and pseudomorphs particles. AOM particles
typically exhibit heterogeneous distribution, with an average of
36.5 %. It varies in color from yellow to dark and light brown,
containing inclusions such as fragments of phytoclasts and paly-
nomorphs, and showing weak or no fluorescence. Significant
quantities of AOM arise from environments with high preservation
rates and low energy in aquatic settings (Carvalho et al., 2006). Its
preservation is closely related to dysoxic-anoxic conditions and is
thus associated with high primary productivity (Tyson, 1993).

coords. 5e83); 13. Stellatopollis densiornatus (sample LMA-P00242, coords. 19.6e69); 14. Penetetrapites mollis (sample LMA-P00232, coords. 4e94); 15. Trisectoris reticulatus (sample
LMA-P00226, coords. 10e95.8); 16. Araucariacites australis (sample LMA-P00225, coords. 52e63); 17. Paludites mamelonatus (sample LMA-P00256, coords. 17e98); 18. Cicatri-
cosisporites microstriatus (sample LMA-P00253, coords. 4.3e66.9); 19. Cicatricosisporites avnimelechi (sample LMA-P00256, coords. 19e70); 20. Leptolepidites verrucatus (sample
LMA-P00254, coords. 17e70.3); 21. Subtilisphaera sp. (sample LMA-P00277, coords. 9e100); 22. Foraminiferal test linings (Pyrgo sp.) (sample LMA-P00230, coords. 10e71.8); 23.
Sedimentary organic matter distribution 20X. Scale bar is 50 mm long.
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Particles categorized as pseudoamorphous show a diffuse bound-
ary, brown color, absence of inclusions, and lack of fluorescence.
These particles are most likely derived from the oxidation of poorly
preserved or degraded phytoclasts (Tyson, 1995). This association
occurs predominantly in the Ipubi Formation.

The SOMA aquatic þ opaque elements consist of opaque phy-
toclasts and marine elements such as dinocysts and foraminiferal
linings, as well as freshwater algae with an average of 33.4 %
(Table 1). The average predominance of opaque phytoclasts in this
association is 32.7 %, primarily composed of corroded opaques.
According to Tyson (1993), opaque phytoclast particles are derived
primarily from the oxidation of translucent material that was
transported over a prolonged period. In addition, freshwater
microplankton are present with very low content, with average of
0.7 % (e.g., Botryococcus). Some marine microplankton, specifically
dinocysts of the genus Subtilisphaera, were also identified in the
Romualdo Formation. In addition, foraminiferal test linings were
retrieved from a sample located at the base of the Crato Formation.
The few well-preserved specimens identified have a single-
chamber shape. The presence of these marine elements has been
interpreted as a consistent indicator of marine sedimentary envi-
ronments, with the highest frequencies reported in coastal to
shallow shelf settings (Lister and Batten, 1988; Stancliffe, 1989).

The SOMA continental is primarily composed of terrestrial
particles, such as non-opaque (translucent phytoclast), cuticle,
membrane, biostructured (e.g., striate, banded, pitted), spor-
omorphs (pollen grains and spores) and resin. This association
show average of 25.4 % (Table 1) of the total kerogen. It is mainly
found in biostructured particles, with an average of 13 %, primarily
striate and banded forms, followed by sporomorphs at an average
of 9.9 %, and very low values for cuticles, resin, and membrane. The
SOMA consists entirely of terrestrial particles and is associated with
a fluvial-deltaic source (Tyson, 1995).

5. Paleoenvironmental significance from palynofacies
analysis

Based on the palynofacies associations revealed in core 2-AR-
SR-1A-CE, various depositional conditions are interpreted (Fig. 5).

The structureless organic matter association is dominant, indi-
cating deposition under anoxic conditions. According to Carvalho
et al. (2013) this association is terrestrially influenced, as indi-
cated by a moderate presence of pseudoamorphous particles that
are mostly derived from the oxidation of translucent material. The
high AOM content may also be related to significant aquatic pro-
ductivity and/or significantly less input of sediments (Neumann
et al., 2003). The level of fluorescence exhibited by the AOM par-
ticles reflects the general redox background of the depositional
environment. The weak or absent fluorescence suggests that at
least part of the AOM derives from phytoclast degradation; how-
ever, two possibilities are raised: a terrestrial origin (phytoclast-
derived) and/or plankton-derived poorly preserved (Tyson, 1995).
The highest average of structureless is found in the Ipubi Formation
(see Table 1), followed by the Crato Formation, where high AOM
preservation is attributed to reducing conditions. Therefore, this
result does not completely exclude the possibility that some of the
AOMwas derived from phytoclasts; their content may be moderate
to high due to turbiditic input and/or proximity to the source
(Tyson, 1995).

The association of aquatic þ opaque is composed primarily of
opaque particles. High values indicate oxidizing conditions and
either proximity to terrestrial sources or redeposition of terrestrial
organic matter from fluvio-deltaic sources (Tyson, 1989). The
presence of aquatic palynomorphs is lower; however, they were
deposited in either marine or brackish environments. Foraminiferal

Fig. 3. Distribution and stratigraphic abundance of species with biostratigraphic value
in the Santa Group of the Araripe Basin. Fm: Formations; m: meters.: present: 1
specimen; present: 2 specimens; þ present: 3 specimens; present: 4e6 speci-
mens; Abundant: �15 specimens.
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linings are of benthic origin and indicate marine depositional en-
vironments or estuarine marshes of variable salinity. Dinoflagellate
cysts are mostly of marine origin, suggesting near-shore environ-
ments (Batten, 1996). The highest average of aquatic þ opaque is
observed in the Barbalha Formation (see Table 1). The continental
association represents environments close to the source. It is
composed exclusively of fragments of tissues derived from higher
plants, comprising translucent woody material in addition to
terrestrial palynomorphs, which include the most abundant taxa:
Classopollis, Afropollis, Araucariacites, Equisetosporites, Gnetaceae-
pollenites, Inaperturopollenites, Stellatopollis, Crybelosporites, Cya-
thidites, Cicatricosisporites, and Paludites (Fig. 6). The continental
association is the least abundant and is found along the entire log,
mainly in the Crato, Barbalha, and Romualdo formations (see
Table 1).

5.1. Implications from palynofacies

Lithology changes reflect a variety of depositional paleoenvir-
onments, enabling inference about the transition from a fluvial-
lacustrine environment to a marine setting, as identified through
SOM analysis.

5.2. Barbalha Formation

The Barbalha Formation (127e138 m) consist of amalgamated
sandstone beds with climbing ripples, followed by siltstones. These
deposits show an average of 63.0 % of aquatic and opaque associ-
ations. The occurrence of freshwater microplankton (e.g., Botryo-
coccus and Pediastrum) is relatively low, although these algae and
their variations are indicative of a body of water with changes in
both salinity and primary productivity (Gonzalez et al., 2020). This
suggests differing ecological preferences: Pediastrum are stenoha-
line and less tolerant to increases in salinity, in contrast to the
euryhaline Botryococcus (Batten, 1996). The presence of Botryo-
coccus suggests deposition under oligotrophic and euryhaline
conditions (Tyson, 1995).

The palynofacies composition exhibits a clearly proximal fluvio-
deltaic signature with opaque phytoclasts derived from the oxida-
tion of translucent particles that have undergone prolonged
transport (Tyson, 1995; Kholeif and Ibrahim, 2010; Carvalho et al.,
2013). The distribution of the depositional sequence proposed by
Assine et al. (2014), Scherer et al. (2015), and Fauth et al. (2023)
suggests that this interval is part of sequence 2. It was deposited
during the transition from a fluvial to a bayhead delta environment

Fig. 4. Categories of SOM from the well core samples in this paper include three sedimentary organic matter associations (SOMA): Assoc. I - continental particles; Assoc. II - marine
microplankton, freshwater microplankton, and opaque particles; Assoc. III - structureless particles.
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Fig. 5. Stratigraphic distribution of sedimentary organic matter association (SOMA) from well 2-AR-SR-1A-CE. Fm: Formations; m: meters. The dashed line represents the general
average value. Barbalha Formation (characterized by the dominance of opaque þ aquatic and continental particles); Crato Formation (dominated by structureless particles and
continental particles); Ipubi Formation (dominated by structureless particles and aquatic þ opaque) Romualdo Formation dominated by structureless particles and
aquatic þ opaque).
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Fig. 6. The distribution of the main pollen grains and spores is observed along well 2-AR-SR-1A-CE. Fm: Formations; m: meters.
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(Varej~ao et al., 2021a). The lower abundance of AOM, associated
with a high presence of opaque phytoclast, suggests an establish-
ment of the fluvial system during the Barbalha Formation deposi-
tion. The presence of exclusively terrestrially derived organic
particles and their high percentages is primarily associated with
proximal depositional conditions. The predominance of pollen
grains from xerophytic plants, mainly of the Classopollis (Cheir-
olepidiaceae), suggest a hot and arid climate, as previously
observed by Carvalho et al. (2017; 2019). The increase of Araucar-
iacites, Inaperturopollenites, and fern spores (e.g., Crybelosporites,
Cicatricosisporites) (Fig. 6) reflects more humid conditions
(Carvalho et al., 2017, 2019; Santos et al., 2022).

5.3. Crato Formation

According to SOMA, the Crato Formation (64e127 m) exhibits a
clear proximal signature, as demonstrated by the average of con-
tinental particles (33.5 %). Based on lithological characteristics, a
connection with a lagoonal coastal plain, that seems to have been
opened (Silveira et al., 2023), due to a relatively high sea level
(Tucker, 2014). On the other hand, the SOM and carbonate contents
show a wide variation of facies, with different peaks of change in
SOM occurring in freshwater to saline lacustrine zones (Neumann
et al., 2003; Vallejo et al., 2023). Based on faunal considerations
by Guzm�an et al. (2023) and palynomorph records by Vallejo et al.
(2023), in addition to the main taxa recorded (e.g., Classopollis,
Equisetosporites, Inaperturopollenites, Araucariacites, Cicatri-
cosisporites, Afropollis, Gnetaceaepollenites, Stellatopollis), it is pro-
posed that the deposition of the Crato Formation occurred under
freshwater conditions, encompassing mudflats, coastal lakes, and
lagoons within a bay system. Marine palynomorphs were recorded
at a depth of 126 m, and record the presence of foraminiferal test
linings, which supports the deposition in a coastal hypersaline lake.
This finding agrees with Vallejo et al. (2023) in the Serra do
M~aozinha, indicating the first ingressions of seawater (Goldberg
et al., 2019; Varej~ao et al., 2021a, 2021b; Fauth et al., 2023;
Vallejo et al., 2023). This occurrence shows that marine to brackish
conditions followed coastal lakes within a bayhead, as proposed by
Guzm�an et al. (2023), the presence of agglutinated foraminifera
(e.g., Bathysiphonids, Rhabdamminids, Rhizammids, Gaudryinella
alexandria, Recurvoides sp.) indicates a deposition in a confined
transitional environment under anoxic conditions. In agreement
with the SOM analysis, a lower energy environment, attributed to
dysoxic and anoxic conditions, is proposed.

The continuous presence of Classopollis sp. associated with
pollen grains such as Gnetaceaepollenites and Equisetosporites, re-
flects a hot and arid climate (Carvalho et al., 2019, 2022). According
to Doyle et al. (1982), the decline of araucariaceous pollen (Arau-
cariacites) perhaps reflects an effect of aridization. Carvalho et al.
(2017; 2019; 2022) stated that arid conditions are characterized
by sea-level lowstands, while warm and humid conditions are
correlated with rising sea levels. These humid conditions are
recorded by several peaks in the abundance of the genera such as
Crybelosporites, Cyathidites, Cicatricosisporites, and Paludites; their
occurrence represents a humid phase.

5.4. Ipubi Formation

The Ipubi Formation consist of an evaporite package (Ponte and
Appi, 1990; Assine, 1992) and is interpreted as a coastal environ-
ment (supratidal) that are susceptible to relative variations in sea
level (Coimbra et al., 2002; Assine, 2007). It shows a high average of
structureless particles (48.8 %), in addition to presenting a high
average association of opaque þ aquatic elements, mainly opaque
phytoclasts. The high proportion of AOM in sediments suggests

enhanced preservation under reducing conditions and increased
water column stability, with more reducing features and good to
excellent AOM preservation (Tyson, 1993, 1995; Ibrahim et al.,
2002). Carvalho et al. (2006) suggested that the substantial accu-
mulation of AOM results from both high preservation rates and a
low-energy environment associated with dysoxic-anoxic condi-
tions. Based on the observed palynofacies assemblage, they pro-
posed a brackish/lagoonal environment for deposition. In our study,
a conspicuous increase in AOM accompanied by the presence of
Botryococcus and an increase in opaque phytoclasts suggests a
brackish lagoonal to coastal plain paleoenvironment in a transi-
tional phase with oxygen-deficient (dysoxic-anoxic) conditions.

5.5. Romualdo Formation

The Romualdo Formation consist of an intercalation of fine-
grained sandstones, siltstones, limestones and mudstones and re-
cord the establishment of marine conditions (Melo et al., 2020;
Guzm�an et al., 2023), deposited during the Oceanic Anoxic Event
(OAE) 1b (Bom et al., 2023). The highest average of structureless
particles (38 %) is observed, followed by the association of
opaque þ aquatic (32.9 %). The most abundant opaques are
corroded, exhibiting a dark to black color and a range sizes. The
presence of structureless particles shows high abundance. The high
percentage of AOM is the result of well preservation rates and low-
energy settings, indicating preservation under reducing conditions
and increased stability of the water column (Tyson, 1993, 1995;
Batten, 1996; Carvalho et al., 2006; Kholeif and Ibrahim, 2010).
According to Bom et al. (2023), changes in water-column structure
and oxygen levels allowed for better preservation of the organic
matter. Various aspects, such as intensified hydrological cycles,
potential submarine volcanism, increased continental runoff,
organic matter input, and nutrient delivery to the epicontinental
sea, contributed to the further enhancement of organic matter
preservation. The predominance of structureless association, as
well as the presence of aquatic þ opaques association and conti-
nental particles showing an average of 29 %, suggests an estuarine
setting. This proposal is also supported by the low content of the
marine palynomorph. The high occurrence of opaque phytoclasts
indicates a high energy oxidizing condition (Tyson, 1993). The good
preservation of AOM, with a low abundance of palynomorphs,
indicate a transitional proximal-distal paleoenvironment, suggest-
ing deposition in nearshore to coastal settings (Teixeira et al., 2017).
A relative abundance of Classopollis sp, is observed, indicating
adaptation to arid climates and hypersaline soils of coastal habitats
(Michels et al., 2018).

Some marine microplankton (genus Subtilisphaera) were iden-
tified, associated with restricted low-salinity conditions (Jain and
Millepied, 1975; Arai, 2014). The deposition of sedimentary
organic matter occurred in a marine-influenced, possibly coastal,
environment under arid and warm conditions.

6. Conclusion

The main contribution of this work is the analysis of sedimen-
tary organic matter covering the entire Santana Group, detailing
the paleoenvironmental conditions during the late Aptian. Paly-
nofacies analysis was used to reconstruct the depositional setting of
part of the Araripe Basin. Our results clearly indicate that the
conditions during the deposition of the post-rift sequence I show
punctual marine influence.

The Santana Group of the Araripe Basin was initially deposited
in a fluvial system. Later, sediments were deposited in a lagoon
system connected to tidal flats, coastal lakes, and lagoons within an
open bay, coinciding with a relative sea-level rise. This transition
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from a lacustrine bay reflects a shallowmarine environment typical
of an epicontinental sea, with a saline/lacustrine character. There-
fore, the Santana Group is interpreted as being deposited in a fluvial
system, transitioning through a lagoonal and an open bay envi-
ronment into a marine setting during the late Aptian.
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2-AR-SR-1A-CE 2-AR-SR-1B-CE 2-JB-SN-2A-PE 2-JB-SN-2B-PE
Afropollis jardinus Doyle, Jardiné and Doerenkamp, 1982 133 4 12 149
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Callialasporites segmentatus (Balme, 1957) Srivastava, 1963 12 8 5 34 59
Callialasporites trilobatus (Balme) Dev 1961 2 11 16 29
Callialasporites turbatus (Balme, 1957) Schultz, 1967 15 15 36 27 93
cf. Laricoidites magnus (Potonié) Potonié Thomson and Thiegart 1950 7 7
Chomotriletes almegrensis Pocock, 1962 3 3
Chomotriletes fragilis Pocock, 1962 24 3 27
Chomotriletes minor (Kedves, 1961) Pocock, 1970 26 5 31
Cicatricosisporites microstriatus Jardiné and Magloire, 1963 15 13 31 42 101
Cicatricosisporites purbeckensis Norris, 1969 3 3
Cicatricosisporites avnimelechi Horowitz, 1970 24 22 79 47 172
Cicatricosisporites brevilaesuratus Couper, 1958 10 8 23 55 96
Cicatricosisporites nuni Horowitz, 1970 6 10 16
Cicatricosisporites pseudotripartitus (Bolchovitina) Dettmann, 1963 2 2
Classopollis alexi Burger, 1965 10 12 239 528 789
Classopollis classoides (Pflug, 1953) Pocock and Jansonius, 1961 548 212 148 759 1667
Classopollis torosus (Reissinger) Couper, 1958 139 139
Complicatisaccus cearensis Regali, 1987 2 1 3
Corollaria annularis Malyawkina, 1953 7 7
Crybelosporites pannuceus (Brenner) Srivastava, 1975 2 5 7
Crybelosporites truncatus Lima, 1979 7 3 2 2 14
Cyathidites cf. mesozoicus (Thiegart) Potonié, 1956 1 1
Cycadopites glottus (Brenner) Wingate, 1980 2 6 7 7 22
Cycadopites nitidus (Balme) de Jersey, 1964 6 4 10
Deltoidospora australis (Couper, 1953) Pocock, 1970 19 14 29 10 72
Deltoidospora cf. hallii Miner, 1935 5 5
Obtusisporis juncta (Kara-Murza) Pocock,1970 2 2
Deltoidospora tenuis Lima, 1978 12 12 38 29 91
Densoisporites cf. microrugulatus Brenner, 1963 6 3 4 8 21
Elaterosporites klaszii (Jardine and Magloire, 1965) 1 1
Equisetosporites albertensis Singh, 1964 8 8
Equisetosporites ambiguus (Hedlund 1966) Singh, 1983 25 2 12 2 41
Equisetosporites concinnus Singh, 1964 1 2 10 27 40
Equisetosporites costaliferous (Brenner 1968) Lima, 1980 5 5
Equisetosporites elegans Lima, 1980 4 3 24 31
Equisetosporites lanceolatus Lima, 1980 10 17 9 36
Equisetosporites leptomatus Lima, 1980 3 18 6 8 35
Equisetosporites maculosus Dino, 1994 28 2 29 59
Equisetosporites minuticostatus Lima, 1980 2 2
Equisetosporites ovatus (Pierce, 1961) Singh, 1964 1 1 2
Equisetosporites subcircularis Lima, 1980 8 8
Eucommiidites troedssonii (Erdtman, 1948) Potonie, 1958 16 1 15 1 33
Exesipollenites tumulus Balme, 1957 14 1 2 118 135
Gnetaceaepollenites barghoornii (Pocock) Lima, 1980 3 13 16
Gnetaceaepollenites jansonii (Pocock) Lima, 1980 23 7 49 113 192
Gnetaceaepollenites mollis (Srivastava) Lima, 1979 1 1
Gnetaceaepollenites oreadis Srivastava, 1968 3 13 16
Gnetaceaepollenites retangularis Lima, 1980 20 7 70 87 184
Gnetaceaepollenites uesuguii Lima, 1979 3 2 1 25 31
Gnetaceaepollenites undulatus (Regali et al. 1974) Lima, 1979 1 1
Inaperturopollenites dubius (Potonie and Venitz) Pflug and Thomson, 1953 1 1
Ischyosporites foveolatus (Pocock) Fensome, 1987 15 1 18 27 61
Ischyosporites granulosus Tralau, 1968 4 4 8
Ischyosporites pseudoreticulatus (Couper) Döring, 1965 3 5 2 10
Leptolepidites psarosus Norris, 1969 14 14
Leptolepidites tumulosus (Döring 1964) Srivastava, 1975 1 1
Leptolepidites verrucatus Couper, 1953 60 12 13 85
Matonisporites silvai Lima, 1979 5 4 7 47 63
Paludites mamelonatus Lima, 1979 100 6 34 140
Penetetrapites mollis Hedlund and Norris, 1968 18 18
Pennipollis reticulatus (Brenner 1963) Friis Pedersen and Crane, 2000 8 15 23
Regalipollenites amphoriformis (Regali et al. 1974) Lima, 1979 5 2 1 8
Reyrea polymorphus Herngreen, 1973 1 1
Schizosporis parvus Cookson and Dettmann, 1959 3 3
Sergipea naviformis Regali, Uesugui and Santos, 1974 3 1 4 8
Sergipea tenuiverrucata Regali, Uesugui and Santos, 1974 1 7 1 9
Sergipea variverrucata Regali, Uesugui and Santos, 1974 3 86 16 105
Singhia acicularis Lima, 1980 8 3 1 12
Singhia elongata (Horowitz) Lima, 1980 3 2 5
Singhia montanaensis (Brenner 1968) Lima, 1980 10 3 21 34
Singhia punctata Lima, 1980 10 2 19 79 110
Singhia reyrei Lima, 1980 5 7 2 14
Steevesipollenites binodosus Stover, 1964 1 1
Steevesipollenites pygmeus Azema and Boltenhagen, 1974 1 4 5
Stellatopollis araripensis Lima, 1989 16 16
Stellatopollis barghoornii Doyle, 1976 1 1
Stellatopollis densiornatus Lima, 1989 11 2 13
Stellatopollis dubius Lima, 1989 43 2 45
Stereisporites psilatus (Ross) Manum, 1954 4 1 5
Todisporites minor Couper, 1958 3 3
Triporoletes reticulatus (Pocock 1962) Playford, 1971 23 8 31
Trisectoris reticulatus Heimhofer and Hochuli, 2010 12 2 4 7 25
Uesuguipollenites callosus Dino, 1994 15 1 151 45 212

Araripe Jatobá
Taxon Autor Total 
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APÊNDICE H- TABELA DE DISTRIBUIÇÃO ESTRATIGRÁFICA DAS ABUNDÂNCIAS 

ABSOLUTAS DOS PALINOMORFOS DO TESTEMUNHO 2-AR-SR-1A-CE 
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AR-SR-1A-CE 11,29 11,31 25b 2 8 3 1 1 15 6 7
AR-SR-1A-CE 13,29 13,32 32 1 3 116 12 29 1 4 4 1 2 1 2 176 69
AR-SR-1A-CE 15,08 15,12 38 5 171 17 34 1 9 1 13 1 1 253 32
AR-SR-1A-CE 15,95 15,97 46 5 2 2 1 4 28 5 2 2 29 1 81 42
AR-SR-1A-CE 27,02 27,05 58 1 2 3 3 9
AR-SR-1A-CE 31,23 31,27 68 0
AR-SR-1A-CE 37,17 37,2 78 3 1 4 12 3 23 13
AR-SR-1A-CE 37,4 37,43 81 3 2 46 9 4 1 1 15 1 1 1 2 86 24
AR-SR-1A-CE 39,49 39,51 92 1 1 1 23 3 6 1 1 1 38 12
AR-SR-1A-CE 46,18 46,22 109 1 2 1 4
AR-SR-1A-CE 46,38 46.40 111 28 1 29 7
AR-SR-1A-CE 47,57 47,6 121 2 1 1 37 5 2 1 5 5 3 2 1 65 8 14
AR-SR-1A-CE 48,75 48,78 127B 0
AR-SR-1A-CE 50,31 50,33 136 2 1 1 4
AR-SR-1A-CE 54,36 54,39 147 14 1 1 1 17 7
AR-SR-1A-CE 54,4 54,43 148 0
AR-SR-1A-CE 54,74 54,76 150 0
AR-SR-1A-CE 55,34 55,37 155 0
AR-SR-1A-CE 57,72 57,54 164 0
AR-SR-1A-CE 59,61 59,65 168 1 1 4 125 18 1 2 2 2 4 1 1 162 43
AR-SR-1A-CE 64,37 64,4 178 7 2 9 6
AR-SR-1A-CE 68,43 68,46 187 26 3 3 195 4 5 11 1 3 22 1 7 11 1 2 3 1 1 300 110
AR-SR-1A-CE 70 70,04 202 11 3 4 2 23 2 1 13 23 1 2 1 2 3 1 6 1 2 3 1 105 56
AR-SR-1A-CE 70,83 70,85 209 1 2 39 1 1 44 1
AR-SR-1A-CE 80,18 80,21 216 17 2 1 12 5 1 3 4 2 8 4 2 2 2 2 1 31 6 2 2 2 16 8 3 4 1 1 1 1 11 24 2 2 185 5 156
AR-SR-1A-CE 83,51 83,55 222 54 4 2 5 1 1 4 9 5 2 73 7 1 7 14 3 1 1 1 3 17 2 4 2 3 37 3 14 8 2 3 2 2 297 3 3 115
AR-SR-1A-CE 86,62 86,65 230 37 26 1 1 38 9 24 2 1 1 4 16 1 7 5 2 17 2 5 1 1 1 2 1 21 2 2 2 1 1 2 1 35 1 1 5 3 282 74
AR-SR-1A-CE 88,16 88,19 234 45 3 8 8 9 1 2 1 112 1 2 11 1 1 6 2 2 3 5 1 2 1 12 5 1 1 8 2 7 1 2 6 1 273 50
AR-SR-1A-CE 88,83 88,86 238 21 5 5 2 46 22 7 1 1 1 5 8 2 6 3 1 1 2 5 1 145 53
AR-SR-1A-CE 96,25 96,69 245 4 2 1 79 5 16 19 2 2 1 7 2 1 1 142 4 55
AR-SR-1A-CE 99,39 99,41 250 18 3 1 22 13
AR-SR-1A-CE 99,78 99,8 253 4 9 2 15 3 4 173 11 19 1 6 6 14 1 3 1 3 2 7 9 1 1 1 1 2 1 300 3 39
AR-SR-1A-CE 102,9 102,9 264 3 1 4 2
AR-SR-1A-CE 105,7 105,8 277 25 3 1 1 3 1 162 1 1 38 15 6 6 2 2 2 4 3 6 1 1 4 1 2 291
AR-SR-1A-CE 106,7 106,8 285 6 2 5 5 3 5 9 7 3 1 135 1 21 1 1 28 5 4 1 1 13 5 8 11 2 2 1 2 1 1 3 7 300 82
AR-SR-1A-CE 107,5 107,5 292 25 1 26 20
AR-SR-1A-CE 109 109,1 303 2 65 12 15 1 1 1 97 47
AR-SR-1A-CE 110,4 110,5 316 53 14 1 5 5 1 7 1 1 88 2 54
AR-SR-1A-CE 111,7 111,7 324 64 7 11 3 1 1 112 1 26 17 4 4 3 11 1 5 2 1 4 6 2 1 1 2 4 2 4 300 1 46
AR-SR-1A-CE 112,4 112,4 333 2 1 2 148 5 1 3 3 9 1 4 8 1 188 123
AR-SR-1A-CE 112,5 112,6 335 16 1 1 18 6
AR-SR-1A-CE 118,3 118,4 347 0
AR-SR-1A-CE 119 119 352 1 2 4 18 1 5 2 2 1 2 38 23 8 42
AR-SR-1A-CE 119,5 119,6 357 18 19 6 25 5 3 1 2 17 7 24 1 31 6 6 7 2 5 4 6 1 2 1 1 200 3 112
AR-SR-1A-CE 120,5 120,5 365 3 9 2 5 4 2 133 9 13 12 3 6 2 15 3 2 3 2 1 2 231 37
AR-SR-1A-CE 121,7 121,7 377 2 42 8 8 5 1 1 1 2 3 1 2 1 77 45
AR-SR-1A-CE 122,3 122,4 384 31 2 9 1 43 51
AR-SR-1A-CE 123,2 123,2 391 5 1 2 2 19 4 23 3 7 3 4 1 1 1 3 1 2 1 83 62
AR-SR-1A-CE 124,4 124,4 404 37 4 12 1 2 2 1 71 2 3 3 18 2 12 4 13 8 4 2 1 2 4 3 1 3 1 3 6 2 1 2 1 1 1 3 1 3 3 243 3 2 72
AR-SR-1A-CE 125 125 410 2 2 17 1 1 1 3 1 1 1 2 1 1 1 1 5 41 19
AR-SR-1A-CE 126 126 417 5 22 2 2 1 11 13 3 3 14 1 2 3 2 84 5 2 44
AR-SR-1A-CE 126,5 126,5 420 13 16 3 11 3 66 7 26 1 16 6 16 3 2 4 19 6 2 4 4 2 23 3 2 6 3 5 5 2 3 2 1 8 4 3 300 12 133
AR-SR-1A-CE 128,9 128,9 431 2 2 1
AR-SR-1A-CE 131,7 131,8 440 7 5 69 11 8 3 3 25 1 14 1 6 2 1 3 1 5 1 8 1 6 2 1 5 25 9 1 5 5 2 3 2 1 7 2 9 4 1 5 5 2 2 2 1 8 290 15 3 1
AR-SR-1A-CE 132,7 132,8 443 3 1 4 3 1 1 51 8 2 22 1 1 1 3 7 6 3 1 1 1 5 4 1 3 5 139 53
AR-SR-1A-CE 134 134,1 448 3 11 1 8 14 2 4 58 69 5 3 5 1 2 27 2 1 2 2 2 3 3 31 1 6 1 14 1 282 178
AR-SR-1A-CE 136,9 137 459 23 3 52 23 1 11 2 1 72 15 9 1 3 9 2 2 1 11 2 1 6 1 16 3 9 2 1 2 2 3 1 4 3 1 2 300 8 4 133
AR-SR-1A-CE 137,9 137,9 466 1 1



 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APÊNDICE I - TABELA DE DISTRIBUIÇÃO ESTRATIGRÁFICA DAS ABUNDÂNCIAS 

ABSOLUTAS DOS PALINOMORFOS DO TESTEMUNHO 2-AR-SR-1B-CE 
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AR-SR-1B-CE 75,6 75,6 155 1 39 2 1 2 74 8 8 56 9 1 8 4 1 3 1 6 4 2 17 8 2 2 2 3 3 2 1 1 2 1 1 7 3 1 1 2 2 1 2 2 4 300
AR-SR-1B-CE 75,9 75,9 157 1 26 3 3 1 5 2 1 8 2 3 1 3 2 2 1 2 2 3 71
AR-SR-1B-CE 76,1 76,2 159 1 12 1 1 1 33 3 5 8 1 12 1 1 6 1 1 2 2 1 93
AR-SR-1B-CE 76,7 76,7 165 1 2 1 1 2 47 9 2 1 1 2 1 1 1 1 2 4 4 1 1 1 1 87
AR-SR-1B-CE 77,1 77,1 169 9 1 3 93 2 12 1 17 3 4 8 3 1 12 5 1 2 1 2 1 3 1 1 1 4 16 1 4 1 2 1 1 1 1 3 222
AR-SR-1B-CE 78,2 78,2 173 16 4 2 65 18 5 4 1 1 1 18 9 1 1 1 5 4 11 1 3 5 2 1 1 4 2 186
AR-SR-1B-CE 78,7 78,7 178 24 2 5 69 4 22 6 24 5 1 2 3 1 2 14 1 1 1 32 4 4 4 3 4 4 1 6 1 5 255
AR-SR-1B-CE 79,2 79,2 183 1 1 5 1 1 1 2 66 2 5 9 4 4 3 2 1 13 1 2 1 2 3 2 1 1 3 5 18 2 1 1 1 2 4 2 1 6 2 2 2 5 191
AR-SR-1B-CE 79,5 79,5 188 4 14 1 1 4 2 1 27
AR-SR-1B-CE 80,1 80,1 194 8 3 1 2 3 64 8 32 1 1 1 1 1 1 1 2 11 6 1 2 1 3 4 1 2 1 162
AR-SR-1B-CE 80,4 80,4 197 1 1 21 7 4 1 2 37
AR-SR-1B-CE 81,1 81,1 198 1 24 3 1 1 1 1 32
AR-SR-1B-CE 81,5 81,5 201 4 1 5
AR-SR-1B-CE 82,1 82,1 204 4 3 1 8
AR-SR-1B-CE 82,7 82,7 206 0
AR-SR-1B-CE 83 83,1 208 8 8 1 58 5 5 1 2 14 1 1 1 13 2 1 5 1 1 2 1 2 1 134
AR-SR-1B-CE 83,4 83,5 211 4 1 5
AR-SR-1B-CE 84,1 84,1 213 1 4 7 3 1 4 1 21
AR-SR-1B-CE 84,6 84,6 217 2 27 1 2 6 11 2 1 2 1 1 1 57
AR-SR-1B-CE 85 85,1 221 1 12 1 11 6 8 2 21 1 1 1 1 2 5 1 1 2 1 3 25 1 2 1 6 3 1 1 1 3 125
AR-SR-1B-CE 85,6 85,6 225 2 2 3 4 11 4 3 3 99 6 4 26 2 3 14 1 4 1 3 3 3 26 3 1 3 5 1 1 1 2 1 2 7 13 3 1 1 5 1 5 2 3 1 3 3 1 1 3 300



 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APÊNDICE J - TABELA DE DISTRIBUIÇÃO ESTRATIGRÁFICA DAS ABUNDÂNCIAS 

ABSOLUTAS DOS PALINOMORFOS DO TESTEMUNHO 2-JB-SN-2A-PE 
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JB-SN-2A-PE 29.25 29.31 2 0
JB-SN-2A-PE 30.35 30.39 3 11 1 38 4 7 8 4 6 7 1 1 1 8 4 2 1 2 2 1 2 2 1 114 9
JB-SN-2A-PE 30.9 30.97 4 1 1 1 1 1 1 6
JB-SN-2A-PE 31.36 31.41 5 5 3 24 2 6 3 1 1 1 17 3 3 1 2 1 73 7
JB-SN-2A-PE 32.08 32.11 6 2 66 3 9 8 5 2 2 97 205
JB-SN-2A-PE 32.22 32.26 7 17 2 1 1 6 3 30 15
JB-SN-2A-PE 32.37 32.42 8 3 1 76 14 1 7 4 2 3 4 4 1 2 12 3 3 3 1 2 1 4 151 50
JB-SN-2A-PE 33.57 33.64 9 1 3 81 3 17 9 1 4 6 3 1 4 6 1 4 1 1 1 147 57
JB-SN-2A-PE 34.08 34.19 10 14 2 1 1 52 2 5 4 3 4 1 11 4 2 2 15 2 3 11 1 1 1 3 2 2 1 2 152 105
JB-SN-2A-PE 34.47 34.54 11 2 43 2 10 1 1 2 1 1 3 1 6 1 1 4 2 2 83 23
JB-SN-2A-PE 35.31 35.35 12 9 1 1 102 3 6 10 11 5 3 1 4 2 2 7 2 2 1 1 4 2 1 3 4 1 1 2 1 1 2 1 4 200 58
JB-SN-2A-PE 37.39 37.43 13 7 2 1 43 1 3 3 1 1 1 1 1 1 66 42
JB-SN-2A-PE 38.84 38.89 14 13 1 2 83 4 6 4 1 1 1 10 1 3 3 1 1 1 2 138 235
JB-SN-2A-PE 39.2 39.23 15 2 22 1 2 27 37
JB-SN-2A-PE 39.85 39.87 16 3 5 1 79 11 23 12 4 6 9 1 1 4 11 1 5 1 1 1 1 180 45
JB-SN-2A-PE 40.25 40.28 17 15 1 1 1 48 8 7 2 10 1 1 1 1 1 7 1 2 2 1 1 1 2 5 120 92
JB-SN-2A-PE 41.32 41.36 18 2 4 6
JB-SN-2A-PE 42.00 42.03 19 9 100 4 2 8 2 8 1 5 50 1 5 1 2 7 2 3 1 5 2 2 1 1 2 2 226 119
JB-SN-2A-PE 43.62 43.66 20 29 4 2 1 50 15 15 3 33 9 16 5 9 7 2 1 5 9 1 3 12 1 2 4 4 18 19 5 2 3 7 1 4 7 11 4 3 1 1 328 130
JB-SN-2A-PE 44.14 44.17 21 76 4 100 6 4 4 27 3 11 5 1 3 8 19 1 14 3 2 3 3 1 1 1 2 3 305 149
JB-SN-2A-PE 44.83 44.86 22 8 8 102 5 2 4 45 1 10 15 5 13 14 1 2 4 42 10 3 1 1 8 4 2 2 3 8 1 324 27
JB-SN-2A-PE 45.17 45.20 23 2 1 32 4 103 7 15 9 62 5 9 4 11 18 4 3 1 26 3 21 2 3 4 3 32 8 2 1 6 4 5 2 5 1 1 5 10 1 435 173
JB-SN-2A-PE 45.79 45.84 24 1 60 4 6 3 7 100 10 36 3 6 1 2 33 2 3 1 17 3 17 3 1 3 1 2 3 7 3 338 127
JB-SN-2A-PE 50.06 50.09 25 2 15 2 102 1 4 2 17 1 1 1 4 4 6 1 2 3 1 4 2 7 5 1 3 1 2 3 2 1 200 182
JB-SN-2A-PE 50.73 50.78 26 1 4 10 4 6 101 17 17 1 20 3 1 1 2 7 1 5 12 1 1 1 2 3 5 8 1 16 3 2 2 5 3 2 3 2 1 1 1 3 1 280 156 1
JB-SN-2A-PE 51.21 51.25 27 3 2 2 103 7 36 2 9 2 1 1 5 1 6 1 1 1 1 3 5 1 22 2 1 3 3 3 2 3 3 2 5 1 243 165 1
JB-SN-2A-PE 51.70 51.75 28 37 1 1 1 1 1 1 1 44 23
JB-SN-2A-PE 52.28 52.31 29 6 3 102 9 13 3 2 1 5 1 1 10 1 1 1 3 162 52
JB-SN-2A-PE 53.45 53.50 30 1 2 3 2 100 4 26 2 1 12 8 29 2 1 1 1 1 1 15 1 14 2 1 1 3 4 5 1 1 2 1 248 32
JB-SN-2A-PE 53.82 53.85 31 7 11 2 86 6 10 9 2 9 1 7 1 7 11 1 1 2 13 3 12 2 2 2 2 2 1 2 1 3 1 3 1 1 3 227 32
JB-SN-2A-PE 54.54 54.47 32 7 17 3 1 2 2 103 18 15 3 27 2 1 5 21 2 1 1 1 1 1 234 3 8
JB-SN-2A-PE 55.40 55.43 33 3 1 75 10 1 2 6 5 1 2 3 1 1 111 52
JB-SN-2A-PE 56.51 56.53 34 23 3 1 2 1 2 102 6 1 37 2 1 10 23 4 1 1 2 17 5 1 2 1 1 6 1 1 2 2 3 5 1 2 1 6 279 101
JB-SN-2A-PE 58.08 58.12 35 1 4 1 101 24 24 3 1 10 1 5 2 4 1 1 183 5
JB-SN-2A-PE 59.36 59.40 36 1 1 89 1 21 1 2 1 1 118
JB-SN-2A-PE 65.42 65.45 0
JB-SN-2A-PE 68.36 68.39 0
JB-SN-2A-PE 74.46 74.49 0
JB-SN-2A-PE 74.86 74.90 0
JB-SN-2A-PE 77.36 77.4 0
JB-SN-2A-PE 82.44 82.47 0
JB-SN-2A-PE 87.41 87.45 43 7 1 1 1 10 7
JB-SN-2A-PE 88.48 88.51 0
JB-SN-2A-PE 90.40 90.43 0
JB-SN-2A-PE 93.69 93.73 46 5 7 1 2 93 12 19 3 4 2 1 1 16 4 4 3 1 4 1 1 184
JB-SN-2A-PE 97.27 97.30 14 2 4 83 9 46 12 1 2 6 2 5 5 1 17 2 1 4 4 2 2 2 1 2 1 230



 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APÊNDICE K - TABELA DE DISTRIBUIÇÃO ESTRATIGRÁFICA DAS ABUNDÂNCIAS 

ABSOLUTAS DOS PALINOMORFOS DO TESTEMUNHO 2-JB-SN-2B-PE 
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12.83 12.85 0
JB-SN-2B-PE 28 28.04 6 7 7
JB-SN-2B-PE 28.17 28.22 7 0
JB-SN-2B-PE 28.33 28.39 8 0
JB-SN-2B-PE 28.62 28.68 9 0
JB-SN-2B-PE 28.78 28.84 10 0
JB-SN-2B-PE 29.26 29.29 11 1 12 12 1 4 5 1 1 10 1 1 49
JB-SN-2B-PE 30 30.06 12 4 24 7 1 5 94 4 6 26 3 1 1 28 1 11 1 1 1 3 1 6 13 14 1 1 1 4 1 10 3 10 1 5 3 1 1 1 1 300
JB-SN-2B-PE 30.15 30.2 13 2 2 1 0 5 1 3 5 1 3 23
JB-SN-2B-PE 30.44 30.46 14 1 6 34 9 2 54 23 28 2 32 5 7 2 2 5 3 11 29 1 2 1 2 16 8 6 2 3 3 1 300 2
JB-SN-2B-PE 30.6 30.63 15 2 1 1 3 2 5 6 3 3 4 3 33
JB-SN-2B-PE 31.13 31.165 16 17 4 1 28 2 64 2 8 77 3 9 5 1 2 223
JB-SN-2B-PE 31.65 31.69 17 0 1 0 4 4 1 10
JB-SN-2B-PE 31.89 31.92 18 5 29 5 1 40
JB-SN-2B-PE 32.75 32.8 19 45 2 1 79 7 18 26 18 2 3 10 7 1 5 8 1 2 12 5 1 2 4 1 2 2 1 2 3 3 2 1 1 277
JB-SN-2B-PE 32.9 32.95 20 8 1 15 13 1 5 2 2 1 73 10 11 10 1 4 44 1 3 8 4 1 1 3 12 21 1 1 2 12 1 3 5 1 11 2 1 4 1 300
JB-SN-2B-PE 33.05 33.08 21 3 12 2 23 3 83 99 7 4 6 4 5 3 4 8 6 7 4 3 1 9 1 1 1 1 300 1
JB-SN-2B-PE 33.2 33.23 22 9 11 3 6 1 87 6 42 47 3 8 2 3 2 12 1 4 3 1 2 2 1 8 2 1 5 3 1 1 2 3 7 4 1 2 4 300
JB-SN-2B-PE 33.39 33.42 23 20 2 1 98 3 37 48 32 3 5 1 1 2 7 3 2 5 5 2 2 3 3 285
JB-SN-2B-PE 35.94 35.97 24 2 12 7 1 1 59 5 33 41 26 2 3 14 1 5 2 1 8 9 7 4 2 5 6 8 7 6 3 3 5 1 1 4 3 2 1 300 1
JB-SN-2B-PE 36.1 36.14 25 3 27 8 2 1 1 99 24 3 38 1 10 3 10 9 7 3 4 5 3 2 1 16 1 1 14 2 1 1 300
JB-SN-2B-PE 36.53 36.57 26 3 33 8 1 2 42 17 0 66 4 1 2 1 4 10 8 6 6 24 2 2 1 1 1 4 1 3 5 4 1 12 5 1 2 2 2 1 1 1 1 8 1 300 1
JB-SN-2B-PE 36.74 36.76 27 13 2 1 3 96 9 15 24 8 2 19 5 11 8 5 6 8 9 1 2 1 4 13 3 1 6 2 1 2 2 1 1 5 3 3 1 1 3 300
JB-SN-2B-PE 37.74 37.77 28 8 6 1 98 5 21 26 8 1 5 6 1 4 16 13 2 1 6 21 1 11 4 7 5 1 1 3 282
JB-SN-2B-PE 38.03 38.07 29 17 3 1 98 9 17 28 9 26 8 3 4 8 8 1 6 2 3 11 1 1 1 3 1 3 5 1 1 1 1 3 284
JB-SN-2B-PE 38.35 38.39 30 1 1 9 4 1 96 6 19 29 7 1 3 1 4 13 6 4 5 4 9 1 7 11 7 16 2 1 1 8 3 1 5 4 3 5 1 1 300
JB-SN-2B-PE 38.58 38.59 31 2 14 5 1 3 96 3 1 19 5 12 2 11 8 9 3 10 8 3 3 2 10 12 7 3 21 6 5 4 2 2 7 1 300
JB-SN-2B-PE 38.67 38.7 32 6 3 1 12 5 46 23 19 26 7 2 36 8 7 2 3 7 4 1 3 2 12 1 1 6 3 5 7 1 4 1 1 11 4 6 3 2 2 6 299
JB-SN-2B-PE 38.82 38.85 33 4 4 7 2 3 2 42 10 24 32 1 1 34 4 5 3 7 1 4 7 5 8 4 13 3 3 1 2 3 5 7 1 1 2 1 1 9 7 1 1 2 3 1 3 4 1 2 5 1 2 299
JB-SN-2B-PE 41.45 41.49 34 16 2 18
JB-SN-2B-PE 41.55 41.59 35 1 1 7 2 5 3 98 14 21 29 11 2 5 1 3 2 4 1 5 8 3 5 14 10 2 1 6 5 2 5 3 2 5 1 3 2 1 1 3 297
JB-SN-2B-PE 41.81 41.85 36 11 11
JB-SN-2B-PE 43.37 43.4 37 1 8 3 2 99 7 28 42 8 3 8 2 2 2 3 5 7 5 4 1 1 4 1 2 12 4 2 3 4 4 5 3 4 1 7 297
JB-SN-2B-PE 43.5 43.56 38 56 10 1 3 70
JB-SN-2B-PE 44.04 44.07 39 7 7
JB-SN-2B-PE 44.2 44.24 40 6 6
JB-SN-2B-PE 44.44 44.47 41 2 2
JB-SN-2B-PE 44.82 44.85 42 13 2 3 1 72 11 24 28 2 2 26 3 1 7 2 1 4 2 1 2 207
JB-SN-2B-PE 45.19 45.23 43 1 16 2 3 22
JB-SN-2B-PE 45.58 45.62 44 1 11 7 8 1 1 29
JB-SN-2B-PE 46.15 46.19 45 1 5 6 1
JB-SN-2B-PE 46.4 46.45 46 2 1 1 4
JB-SN-2B-PE 47.6 47.65 47 3 3
JB-SN-2B-PE 47.9 47.93 48 3 3 1 48 5 14 1 2 17 1 22 6 9 4 2 1 4 143
JB-SN-2B-PE 48.56 48.59 49 2 3 68 6 1 4 1 10 1 1 1 98
JB-SN-2B-PE 48.99 49.03 50 1 1 35 1 2 1 41
JB-SN-2B-PE 50.64 50.68 51 13 1 3 2 5 51 55 3 9 3 2 1 3 4 3 1 3 1 2 165
JB-SN-2B-PE 55.5 55.64 52 4 1 2 2 3 12
JB-SN-2B-PE 55.91 55.95 53 35 45 25 3 29 23 38 18 10 2 6 12 8 4 3 11 5 4 1 2 3 5 2 6 300
JB-SN-2B-PE 56.64 56.69 54 27 28 11 5 3 39 20 45 25 15 21 1 4 2 8 5 11 7 3 1 19 300
JB-SN-2B-PE 57.39 57.43 55 2 57 20 3 2 1 85
JB-SN-2B-PE 59.61 59.73 56 13 5 5 4 1 3 1 32
JB-SN-2B-PE 61.38 61.43 57 71 9 4 14 3 1 2 104
JB-SN-2B-PE 61.69 61.74 58 7 5 1 13
JB-SN-2B-PE 62.14 62.18 59 1 1 2
JB-SN-2B-PE 67.84 67.92 60 7 7
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