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RESUMO 

 

Após a implantação de volumosas quantidades de magma, relacionadas à Província 

Magmática do Atlântico Central (CAMP), no Triássico-Jurássico (~ 200 Ma), uma grande área 

de subsidência foi formada no Gondwana Ocidental, possibilitando a instalação do sistema 

lacustre do Jurássico Superior-Cretáceo Inferior da Bacia do Parnaíba, representado pela 

Formação Pastos Bons. Apesar dos recentes avanços, esses depósitos ainda precisam ser 

investigados detalhadamente com base no conteúdo icnológico, combinado com a análise de 

fácies, e na estratigrafia de sequência lacustre, refinando a interpretação paleoambiental e 

contribuindo para o entendimento das condições pós-CAMP no Gondwana Ocidental. Nesse 

sentido, a análise de fácies baseada em afloramentos permitiu o reconhecimento de quatro 

paleoambientes: lago central, margem do lago, fluvial entrelaçado e frente deltaica. A margem 

do lago concentra a assembleia icnológica, que consiste em oito icnofósseis, organizados em 

três icnofácies: Mermia (Cochlichnus anguineus e Lockeia siliquaria); Scoyenia (Agrichnium 

isp., Gyrochorte comosa, Palaeophycus tubularis, Planolites berveleyensis e Rusophycus isp.), 

e Skolithos (Skolithos linearis). Essa sucessão lacustre é organizada em cinco ciclos 

deposicionais, caracterizados por ciclos de escala milimétrica a métrica, delimitados por 

superfícies erosivas ou superfícies de inundação. Quatro ciclos definem um padrão 

retrogradacional e agradacional que compõe o trato de sistema transgressivo; e um ciclo indica 

o padrão progradacional, constituindo o trato do sistema de máxima inundação. A estratigrafia 

de sequências sugere que a subsidência térmica pós-CAMP é responsável pela criação do 

espaço de acomodação, controle do suprimento sedimentar e da entrada e saída de água, bem 

como a relação proporcional entre eles. Na base, predomina o trato de sistema transgressivo, 

formando as bacias lacustres do tipo underfilled, caracterizada por lago central fossilífero e 

margens de lagos com icnofósseis; no topo, após a subsidência máxima, ocorre o trato do 

sistema de máxima inundação, configurando-se a bacia lacustre do tipo overfilled caracterizada 

pelo predomínio de arenito com estratificações cruzadas que compõem o sistema fluvio-

deltaico. 

 

Palavras-chave: Formação Pastos Bons; Jurássico-Cretáceo; Pós-CAMP; Mermia; Scoyenia; 

Skolithos. 
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ABSTRACT 

 

After the voluminous lava eruption related to the Central Atlantic Magmatic Province 

(CAMP), in the Triassic–Jurassic (~200 Ma), a large subsiding area formed in West Gondwana, 

allowing the Upper Jurassic–Lower Cretaceous lacustrine system of the Pastos Bons Formation, 

in the Parnaíba Basin. Despite recent studies on this lacustrine system, these deposits still need 

to be investigated in detail with palaeoenvironmental mapping based on the ichnological 

content, facies analysis and lacustrine sequence stratigraphy. Outcrop-based facies analysis 

allowed the identification of four palaeoenvironments: central lake, lakeshore, braided fluvial, 

and delta front. The ichnological content is concentrated in the lakeshore deposits and includes 

of eight ichnofossils, organized in three ichnofacies: Mermia (Cochlichnus anguineus and 

Lockeia siliquaria), Scoyenia (Agrichnium isp., Gyrochorte comosa, Palaeophycus tubularis, 

Planolites berveleyensis, and Rusophycus isp.), and Skolithos (Skolithos linearis). This 

lacustrine succession is organized in five millimeter- to meter-scale depositional cycles 

bounded by erosive surfaces or flooding surfaces. Four cycles define a retrogradational and 

aggradational stratal stacking pattern composing the transgressive systems tract, and one cycle 

indicates the progradational stratal stacking pattern constituting the highstand systems tract. 

The sequence stratigraphy suggests that post-CAMP thermal subsidence and responsible for 

creating the accommodation space, controlling the sedimentary supply and water 

inflow/outflow, and the proportional relationship between them. At the base of this system, an 

underfilled lacustrine basin characterized by fossil and ichnofossil-bearing layers and thick 

mudstones predominated, and after the maximum subsidence, an overfilled lacustrine basin 

characterized by cross-laminated sandstone of the fluvio-deltaic system was established. 

 

Keywords: Pastos Bons Formation; Jurassic-Cretaceous; Post-CAMP; Mermia; Scoyenia; 

Skolithos. 
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1 INTRODUÇÃO 

 

A transição Triássico-Jurássico é marcada pela fragmentação do supercontinente 

Gondwana e consequente abertura do Oceano Atlântico, que culminou em importantes 

alterações paleoclimáticas, geológicas e biológicas a níveis globais (Torsvik & Cocks 2013, 

Holz 2015). Esse evento foi acompanhado por um intenso magmatismo, denominado como 

Província Magmática do Atlântico Central (CAMP), uma das mais significativas LIPs (Grande 

Província Ígnea – Large Igneous Province) e que provavelmente desencadeou processos 

geológicos que contribuíram para a extinção em massa do Triássico, ~200 Ma (Buatois & 

Mángano 2016, Capriolo et al. 2020). 

Os registros do CAMP são geralmente basaltos toleíticos que afloram na América do 

Norte, Europa, África e na América do Sul (Marzoli et al. 1999). No Brasil, o CAMP é 

registrado nas bacias sedimentares do Solimões e Amazonas, na Bacia do Parecis, na Bacia 

Lavras da Mangabeira e na Bacia do Parnaíba (Moura Silva et al. 2020, Rezende et al. 2021). 

O registro pós-CAMP na Bacia do Parnaíba é representado por áreas que 

experimentaram subsidência térmica (Klöcking et al. 2018), o que permitiu a implantação de 

depósitos fluvio-eólicos da Formação Corda (Rabelo & Nogueira 2015) e fluviolacustres da 

Formação Pastos Bons (Cardoso et al. 2017, 2019a). Sucessão similar ocorre nos depósitos da 

Bacia do Parecis (Rubert et al. 2019) e Lavras da Mangabeira (Moura Silva et al. 2020). 

Embora essa unidade seja razoavelmente bem interpretada do ponto de vista 

paleoambiental, ainda não existe um contexto paleogeográfico adequado que possibilite o 

entendimento da distribuição destes depósitos. Os trabalhos mais recentes acerca da Formação 

Pastos Bons consistem em análises paleontológicas (Petra 2006, Bernardes-de-Oliveira et al. 

2007, Petra & Gallo 2012, Montefeltro et al. 2013, Cardoso et al. 2020), mapeamentos regionais 

(Góes & Feijó 1994, Vaz et al. 2007) e análises faciológicas pontuais (Cardoso et al. 2017), 

aliadas à estratigrafia de sequências (Cardoso et al. 2019a), além de análise de minerais pesados 

e leves para caracterizar a proveniência sedimentar (Cardoso et al. 2019b). 

Portanto, pretendeu-se ampliar o conhecimento estratigráfico da Formação Pastos Bons, 

apresentando sua distribuição paleogeográfica, bem como correlacioná-la com os eventos pós-

CAMP que afetaram esta região do Gondwana Ocidental. As reconstruções destes 

paleoambientes fornecem um conjunto de informações cruciais para a compreensão dos últimos 

eventos sedimentares relacionados ao CAMP. 
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1.1 LOCALIZAÇÃO DA ÁREA DE ESTUDO 

A Formação Pastos Bons foi investigada em uma área central da Bacia do Parnaíba, a 

cerca de 300 Km ao sul de Teresina, capital do estado do Piauí. Os afloramentos dessa unidade 

ocorrem ao longo de uma zona com orientação SW-NE com aproximadamente 50 km de 

extensão, na Microrregião de Floriano, nas adjacências do município de Nazaré do Piauí - PI e 

Oeiras do Piauí - PI (Fig. 1.1). O principal acesso à região dá-se por meio da BR-230, e para 

acessar os afloramentos distantes da rodovia principal, foram utilizadas estradas vicinais, que 

dão acesso às áreas rurais dos municípios. 

 

1.2 OBJETIVOS 

Os objetivos deste trabalho incluem a interpretação paleoambiental da Formação Pastos 

Bons na porção centro-leste da Bacia do Parnaíba. Discutir e interpretar a ocorrência de 

icnofósseis e propor um modelo faciológico e icnofaciológico. Pretende-se também discutir a 

origem dos ciclos deposicionais da unidade estudada, assim como interpretar o padrão de 

empilhamento estratal e o significado das superfícies estratigráficas. 

Adicionalmente, pretende-se discriminar os controles autogênicos e alogênicos e propor 

uma história deposicional para a bacia lacustre. Por fim, busca-se contribuir para as relações 

estratigráficas da Bacia do Parnaíba e compreender as implicações paleogeográficas desta 

sucessão no contexto do supercontinente Gondwana Ocidental durante o intervalo Jurássico 

Superior-Cretáceo Inferior. 
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Figura 1.1 – Mapa de localização da área de estudo. (A) Mapa geográfico do Brasil, estado do Piauí de 

cor amarela. (B) Mapa geológico da Bacia do Parnaíba, destacando as supersequências sedimentares, o 

retângulo vermelho delimita a área de estudo (modificado de Santos & Carvalho 2004). (C) Mapa 

paleoambiental da área de estudo, sudeste da Bacia do Parnaíba. Fonte: Produzido pelo autor. 

 

1.3 GEOLOGIA REGIONAL 

 

A Bacia do Parnaíba é uma bacia intracratônica paleozoica, de formato semicircular do 

tipo sag, situada no nordeste do Brasil. Ela abrange cerca de 600.000 km² e distribui-se pelos 

estados do Pará, Tocantins, Maranhão, Piauí, Ceará e Bahia (Aguiar 1969, Góes & Feijó 1994, 

Oliveira & Mohriak 2003, Pereira et al. 2012). 

A espessura média da bacia é cerca de 2 km, mas pode atingir de 3,4 a 3,5 km de 

espessura no seu depocentro (Vaz et al. 2007, Pereira et al. 2012). Ela é separada em sua porção 

norte, pelo arco tectônico de Ferrer-Urbano Santos, das Bacias de São Luís e de Barreirinhas; 
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na porção nordeste, é circundada pelo Arco Tocantins, que a separa da Bacia do Marajó, e, na 

porção sul, o Arco São Francisco a separa da Bacia do São Francisco (Vaz et al. 2007). 

Essa bacia instala-se sobre uma discordância regional subplanar datada do 

Neoproterozoico/Paleozoico inferior, que foi gerada sob um embasamento formado por rochas 

ígneas, metamórficas e sedimentares com idades arqueanas a ordovicianas. O embasamento foi 

formado e/ou retrabalhado durante o Ciclo Brasiliano, sendo constituído de rochas do Cinturão 

Araguaia-Tocantins, dos crátons Amazônico e São Francisco, Província Borborema e Bloco 

Parnaíba, além das bacias Riachão e Jaibaras (Oliveira & Mohriak 2003, Vaz et al. 2007, Daly 

et al. 2014, Daly et al. 2018, Porto et al. 2018). 

Essa unidade geotectônica abarca sedimentos marinhos rasos a continentais em longas 

histórias de subsidência (Góes & Feijó 1994, Vaz et al. 2007, Daly et al. 2014). O registro 

sedimentar da Bacia do Parnaíba foi dividido por Góes & Feijó (1994) em cinco sequências: 

Siluriana (Grupo Serra Grande), Devoniano (Grupo Canindé), Carbonífero-Triássico (Grupo 

Balsas), Jurássico (Grupo Mearim) e Cretáceo (Grupo Itapecuru); que são delimitadas por 

discordâncias regionais (Fig. 1.2). Por outro lado, Vaz et al. (2007), mais recentemente, 

adicionaram dados de subsuperfície e propuseram uma outra subdivisão estratigráfica para a 

Bacia do Parnaíba: Sequência Siluriana; Sequência MesoDevoniana-EoCarbonífera; Sequência 

NeoCarbonífera-EoTriássica; Sequência Jurássica e Sequência Cretácea. 
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Figura 1.2 – Carta estratigráfica da Bacia do Parnaíba. Fonte: Góes & Feijó (1994). 
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1.3.1 Grupo Mearim 

 

Lisboa (1914) criou o termo Série Mearim para englobar arenitos vermelhos e basaltos 

amigdaloidais, datados do Triássico, que afloram no Rio Mearim, no estado do Maranhão. 

Aguiar (1969), sob outra perspectiva, utiliza a denominação Grupo Mearim para agrupar os 

basaltos intercalados com arenitos da Formação Mosquito, os arenitos da Formação Corda, 

diques de basalto da Formação Sardinha e arenitos e folhelhos da Formação Pastos Bons. 

Segundo o referido autor, essa unidade é limitada pelas unidades paleozoicas na base e pela 

Formação Grajaú (Cretáceo) no topo e apresenta idade Jurássica-Cretácea.  

Seguindo a mesma linha, Góes et al. (1990) definem o Grupo Mearim como o conjunto 

das formações supracitadas relacionadas com distensão crustal e magmatismo relacionados à 

abertura do oceano Atlântico. Góes & Feijó (1994) sugeriram que o Grupo Mearim é datado do 

Jurássico e é composto pelas formações Corda e Pastos Bons, interdigitadas e sobrepostas 

discordantemente sobre a Formação Mosquito e o Grupo Balsas, além de serem sotopostas, em 

discordância, pelos depósitos cretáceos das formações Sardinha, Grajaú, Codó e do Grupo 

Itapecuru.  

Vaz et al. (2007) sugerem que somente a Formação Pastos Bons compõe a sequência 

Jurássica, propondo a idade cretácea para a Formação Corda. Romero Ballén (2012), Rabelo & 

Nogueira (2015) e Cardoso et al. (2019b), mais recentemente, com base nos estudos 

estratigráficos e de assembleias de minerais pesados, sugerem que a Formação Corda e a 

Formação Pastos Bons pertencem ao Grupo Mearim, datadas do Jurássico Superior ao Cretáceo 

Inferior. 

 

1.3.2 Formação Corda 

 

A Formação Corda (Lisboa 1914) compreende arenitos finos a médios, bimodais, cinza-

esbranquiçados, creme a avermelhados, com grãos arredondados e foscos de quartzo, com 

alguns níveis de sílex e eventuais níveis de seixos facetados (Góes & Feijó 1994, Santos & 

Carvalho 2004). O ambiente deposicional é interpretado como desértico úmido, com dunas 

eólicas e interdunas e subambientes fluviolacustres (Góes & Feijó 1994, Romero Bállen 2012, 

Rabelo & Nogueira 2015). 
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1.3.3 Formação Pastos Bons 

 

Lisboa (1914), inicialmente, denominou “Camadas Pastos Bons” os calcários e 

folhelhos verdes e marrons intercalados com arenitos esbranquiçados que afloram em 

drenagens nas proximidades do município homônimo, no estado do Maranhão. Posteriormente, 

diversos autores formularam propostas litológicas e estratigráficas para essa sequência 

sedimentar (Plummer 1946, Brazil et al. 1948, Campbell 1949), incluindo-os nas formações 

Melancieiras, Motuca, Sambaíba ou Pedra de Fogo, consideradas de idade mesozoica. Mesner 

& Wooldridge (1962) analisaram os pelitos e arenitos que afloram no Riacho Pedra de Fogo, 

sul da cidade de Pastos Bons, Estado do Maranhão, elevando, assim, essa sucessão à posição 

de “Formação Pastos Bons”, posicionando-a no Triássico Superior. 

Aguiar (1969) agrupou a Formação Pastos Bons ao Grupo Mearim (Triássico Superior), 

discordantemente sobreposta às formações Motuca, Pedra de Fogo, Piauí e Poti, do Oeste para 

o Leste da Bacia do Parnaíba. A formação possui contato concordante e gradacional com a 

Formação Corda e é sobreposta pela Formação Grajaú e cortada pelos basaltos da Formação 

Sardinha. Todavia, Cunha & Carneiro (1972) unificaram as formações Pastos Bons e Corda, 

situadas no Jurássico (Sistema Desértico-fluvial-lacustre Corda-Pastos Bons). 

Lima et al. (1978, 1979) consideram os depósitos estudados por Lisboa (1914) como 

Formação Pastos Bons, no mesmo sentido estratigráfico proposto por Aguiar (1969), porém 

data-se do Jurássico médio a superior, sobreposta concordantemente pela Formação Corda. Os 

autores propõem que essa unidade se depositou em ambientes lacustres, assentados em 

paleodepressões causando descontinuidades expositivas, com espessura média de 60 metros. 

Segundo o mapeamento realizado pelos autores, essa unidade aflora na região centro-oeste da 

bacia, nos municípios do estado do Maranhão, à leste da cidade de Floriano-PI e no noroeste 

do Piauí. 

Por outro lado, devido às complexidades litológicas, fossilíferas e estratigráficas da 

Formação Pastos Bons, Caldasso (1978a, 1978b) propôs o abandono do termo “Pastos Bons”, 

pois destaca que esse termo estava sendo utilizado para se referir a diferentes unidades 

estratigráficas da bacia do Parnaíba. 

Contudo, Caputo (1984) subdividiu a Formação Pastos Bons em três partes: 1) a base 

constituída por arenitos brancos com variações esverdeadas-amareladas, compostos por grãos 

de granulometria fina a média, subarredondados e, comumente, com estratificação plano-

paralela e, pontualmente, lentes de calcário; 2) parte intermediária representada por siltitos, 

folhelhos/argilitos cinza-esverdeados, com intercalações de arenitos; e 3) o topo da unidade 
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contém arenitos vermelhos/rosados, de granulometria fina, que gradam para siltitos, com alguns 

níveis de folhelho. 

A partir da década de 1990, foram realizados novos esforços para a caracterização desses 

depósitos de maneira regional, a partir de dados de subsuperfície. Hasui et al. (1991) sugerem 

que a deposição da Formação Pastos Bons ocorreu ao longo da Estrutura de Xambioá, que se 

comportou como um baixo deposicional durante o Mesozoico. 

Góes et al. (1990) e Góes & Feijó (1994) relacionam a Formação Pastos Bons à 

sequência Jurássica, correspondente ao Grupo Mearim. Entretanto, Vaz et al. (2007) sugerem 

que esta formação é a única representante da sequência Jurássica, depositada em 

paleodepressões continentais, lacustres, com alguma contribuição fluvial, em clima árido a 

semiárido. A subsidência que possibilitou a acomodação dos sedimentos dessa unidade foi 

causada pela distensão crustal e magmatismo relacionados à abertura do oceano Atlântico 

Equatorial (Góes et al. 1990, Góes & Feijó 1994, Vaz et al. 2007). 

Atualmente, a fim de sanar essas dúvidas quanto à natureza, ao sistema deposicional e 

à distribuição espacial, esta unidade tem sido estudada em detalhes, a partir de análise de fácies 

sedimentares, estratigrafia de sequências em ambientes lacustres, tipos de bacias lacustres e 

possíveis fases de sedimentação (Romero Bállen 2012, Cardoso et al. 2017, 2019a, 2019b, 

2020). 

A Formação Pastos Bons representa uma sequência lacustre, na qual a base é constituída 

por folhelhos fossilíferos denominado de “Folhelhos Muzinho”, depositado em climas áridos a 

semiáridos em lagos rasos e fechados, do tipo underfilled lake basin que predominam 

evaporitos e folhelhos (Cardoso et al. 2019a, 2020). A porção superior corresponde a lagos 

rasos, relativamente mais espessos e largos, do tipo overfilled lake basin com deposição 

predominantemente siliciclástica constituída basicamente por arenitos e pelitos, influenciados 

por canais fluviais efêmeros que formam localmente sheet like-delta fronts (Cardoso et al. 2017, 

2019a). 

 

1.3.4 Folhelhos Muzinho 

 

A porção basal da Formação Pastos Bons denominada informalmente de “Folhelhos 

Muzinho”, engloba o registro fossilífero da unidade conhecido atualmente (Cardoso et al. 

2020). O principal afloramento ocorre na Fazenda Muzinho, localizada a cerca de 16 km a 

nordeste de Floriano-PI (Santos 1953, Petra & Gallo 2012), porém alguns depósitos correlatos 

são encontrados no leste do Maranhão (Montefeltro et al. 2013). 
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Esse depósito apresenta cerca de 10 metros de espessura, alternância de folhelhos 

negros, fossilíferos com calcita fibrosa, que substituíram cristais de gipso, organizados em 

ciclos milimétricos a centimétricos de raseamento/salinização ascendente, gradando para uma 

espessa camada de folhelhos para o topo da sucessão. Cardoso et al. (2019a) sugerem que esses 

depósitos foram formados em um lago de hidrologia fechada, em clima árido a semiárido, de 

alta salinidade e com baixo suprimento de água e sedimentos. 

Essa sucessão exibe o gênero Lepidotes piauhyensis, cuja idade sugerida inicialmente 

foi Cretáceo Superior (Roxo & Löefgren 1936). Entretanto, o registro dos gêneros 

Pholidophoridae, Lepidotes e Semionotus conduziu Santos (1953) a recomendar que estas 

camadas fossem posicionadas no Triássico Médio-Jurássico Superior. 

Em seguida, Beurlen (1954) adotou idade triássica superior a partir da análise do gênero 

Macrolimnadiopsis. Enquanto Santos (1974) sugeriu idade jurássica média, a partir de 

Pleurophoídeos e Macrosemiídeos. Pinto & Purper (1974) estudaram os ostracodes que 

ocorrem nesse depósito, identificaram os gêneros de conchostráceos Lioestheria, 

Macrolimnadiopsis e Pseudestheria e propuseram idade entre o Jurássico Superior ao Cretáceo 

Superior. 

Os estudos palinológicos de Lima & Campos (1980) no Folhelho Muzinho indicaram 

idade eocretácea (Barremiano). Gallo (2005), em reavaliação do trabalho de Roxo e Löefgren 

(1936), atestou idade entre o Jurássico Superior-Cretáceo Inferior para a Formação Pastos Bons. 

Petra (2006), Petra & Gallo (2012), Cardoso et al. (2019a, 2020) com base na descrição 

de peixes e de estudos faciológicos, respectivamente, sugerem idade similar. Em outra 

abordagem, Bernardes-de-Oliveira et al. (2007) identificaram palinomorfos mesofíticos, 

possivelmente correlatos ao Andar Dom João, uma unidade fluvial-lacustre-eólica que ocorre 

nas bacias do nordeste brasileiro (Kuchle et al. 2011). 

Mais recentemente, Montefeltro et al. (2013) identificaram nesta unidade o registro de 

uma nova espécie de crocodiliano (Batrachomimus pastosbonensis), pertencente ao Jurássico 

Superior, único representante dos Paralligatoridae, grupo anteriormente reconhecido apenas na 

Ásia. 
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1.4 MATERIAIS E MÉTODOS 

1.4.1 Análise de Fácies 

 

O modelamento de fácies sedimentares, proposto por Walker (1992), consiste em: 1) 

individualização e descrição de fácies sedimentares, utilizando a identificação mineralógica, 

textural e de aspectos geométricos, bem como estruturas sedimentares, conteúdo fossilífero e 

sentidos de paleocorrente; 2) domínio dos processos sedimentares formadores das fácies e 3) 

sugerir associações de fácies, fundamentado em conjuntos de fácies contemporâneos e 

cogenéticos que permitem a definição de diferentes ambientes sedimentares e sistemas 

deposicionais. Esse método foi utilizado durante a etapa de campo, auxiliado por perfis 

colunares confeccionados em afloramentos. 

Foram utilizados os modelos de fácies para ambientes lacustres abordados em Talbot & 

Allen (1996), Nichols (2009) e Renaut & Gierlowski-Kordesch (2010). Esses trabalhos indicam 

a distribuição da sedimentação química e clástica (Fig. 1.3), principalmente nas margens dos 

lagos (shoreline, shoreface, nearshore, lakeshore ou coastal zone) ou zonas litorais, e em 

porções mais profundas ou centrais do lago (offshore). 

As áreas marginais dos lagos concentram fácies sedimentares formadas por processos 

trativos gerados por ação de correntes que registram e descarga fluvial para dentro da bacia 

lacustre, logo, ocorrem arenitos com estratificações cruzadas que formam os sistemas deltaicos 

lacustres (Delta lake). Em áreas adjacentes à desembocadura dos rios, ocorre retrabalhamento 

dos sedimentos da linha de costa por ações de ondas e frequente estruturas que revelam 

exposição subaérea (gretas de contração), evaporitos e carbonatos (Renaut & Gierlowski-

Kordesch 2010). Além disso, as zonas de litoral são as áreas relativamente mais oxigenadas e, 

consequentemente, acumulam o registro de estruturas biogênicas (e.g. estromatólitos e 

icnofósseis) (Buatois & Mángano 2007, Renaut & Gierlowski-Kordesch 2010). 

As porções centrais dos lagos registram geralmente dois tipos de sedimentação: plumas 

de sedimentos em suspensão, que se depositam por decantação, e correntes fluviais densas que, 

por meio de processos trativos, se depositam nas porções mais profundas do lago (Talbot & 

Allen 1996, Nichols 2009). 
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Figura 1.3 – Bloco diagrama que apresenta a distribuição dos ambientes de sedimentação em contextos 

lacustres. Fonte: Nichols (2009). 

 

1.4.2 Estratigrafia de sequências em ambientes lacustres 

 

A aplicação do estudo dos modelos de fácies sedimentares consiste na delimitação de 

padrões de empilhamento e ciclos deposicionais, que são definidos como alternâncias em pelo 

menos duas litologias, de maneira regular e recorrentes. Assim, os ciclos são interpretados como 

combinações rítmicas entre processos de sedimentação clástica, química ou orgânica (Talbot & 

Allen 1996, Nichols 2009), principalmente em ambientes de sedimentação marinhos para 

descrever mudanças relativas no nível do mar (e.g. regressões e transgressões) (Catuneanu et 

al. 2009, 2019). 

Entretanto, a cicloestratigrafia tem sido aplicada para descrever padrões de 

empilhamento e relativas mudanças no nível da água também em ambientes lacustres (e.g. 

Bohacs et al. 2000, Keighley et al., 2003, Cardoso et al. 2019, Abrantes Jr et al. 2019); um dos 

exemplos está exposto na Fig. 1.4, que descrevem os tipos de sedimentação nas diferentes 

estações do ano. Os ciclos não-glaciais estão representados pela intercalação de sedimentos 

depositados em períodos úmidos, onde predominam influxo sedimentar proveniente dos 

sistemas fluviais alimentadores; e os períodos de seca, onde domina a sedimentação química de 

evaporitos e carbonatos (Talbot & Allen 1996, Renaut & Gierlowski-Kordesch 2010). Para isso, 

foram identificados ciclos de caráter progradacionais, retrogradacionais e agradacionais 

(Nichols 2009), de raseamento ascendente, aprofundamento ascendente, salinidade ascendente 

e granocrescência ascendente, limitados por superfícies de inundação. 
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Dessa forma, os ciclos deposicionais compõem de forma satisfatória o estudo baseado 

em estratigrafia de sequências de bacias lacustres, pois seu foco é integrar observações sobre o 

ambiente de sedimentação em escalas locais e regionais (Carroll & Bohacs 1999, Bohacs et al. 

2000), com adaptações conduzidas, principalmente, pelas diferenças intrínsecas entre lagos e 

oceanos (e.g. tempo de estabilidade ambiental, taxa de sedimentação, quantidade de água, 

frequência de avanço e recuo de costas). 

 

Figura 1.4 – Exemplos de ciclos deposicionais recorrentes em lagos atuais. Fonte: Renaut & Gierlowski-

Kordesch (2010). 

 

Para Carroll & Bohacs (1999) e Bohacs et al. (2000), o relativo balanço entre as taxas 

de influxo sedimentar e água (Ss) e o potencial de acomodação (Ap) são os fatores fundamentais 

que controlam a natureza, distribuição e a evolução dos sistemas deposicionais em bacias 

lacustres. Portanto, a partir do estudo de padrões de empilhamento, esses autores observaram 

três principais associações de fácies (fluvial-lacustrine; fluctuating-profundal; evaporative) 

que delimitam os três tipos de bacias lacustres, adotados nesse trabalho, respectivamente: 

overfilled (Ap<Ss), balanced-fill (Ap~=Ss) e underfilled (Ap>Ss) lake basins (Fig. 1.5). 

Cada tipo de bacia lacustre apresenta padrões específicos de empilhamento estratal (Fig. 

1.5); dessa forma, as bacias do tipo overfilled apresentam padrões ciclos deposicionais de 
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progradação; as do tipo balanced-fill podem apresentar variações entre ciclos que descrevem 

progradação, agradação e retrogradação; e, por fim, os lagos do tipo underfilled exibem padrões 

de agradação e retrogradação (Carroll & Bohacs 1999, Bohacs et al. 2000). 
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Figura 1.5 – Diagrama que sumariza as características estratigráficas e ambientais dos três tipos de 

bacias lacustres, overfilled (Ap<Ss), balanced-fill (Ap~=Ss) e underfilled (Ap>Ss) lake basins, segundo 

Carroll & Bohacs (1999) e Bohacs et al. (2000). Fonte: Bohacs et al. (2000). 

 

1.4.3 Icnologia 

 

Icnologia é o estudo de estruturas sedimentares biogênicas preservadas no substrato, 

sendo assim os principais objetos de estudo de análise paleoicnológica (Bromley 1996), 

servindo como uma ferramenta complementar para a reconstituição paleoambiental dos 

depósitos sedimentares. Em relação à classificação dos icnofósseis, podem ser aplicadas três 

metodologias distintas, sendo elas: 1) icnotaxonômica; 2) estratinômica; 3) etológica. 

 

1.4.3.1 Classificação icnotaxonômica 

 

Essa classificação leva em consideração a morfologia dos icnofósseis. A determinação 

de um icnotáxon é baseada nas diretrizes dos procedimentos da sistemática Linneana que 

comporta duas categorias icnotaxonômicas: icnogênero e icnoespécie. Esses termos são 
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geralmente abreviados como ichnogen. e ichnosp. ou igen. e isp. (Bromley 1996, Buatois & 

Mángano 2011) com o intuito de diferenciar os icnofósseis de fósseis corporais. Bromley (1996) 

propôs o uso de características morfológicas, denominadas de icnotaxobases, para a 

determinação e diferenciação entre os diferentes espécimes de icnofósseis (Fig. 1.6). Baseado 

nas icnotaxobases de Bromley (1996), Knaust (2012) elaborou chaves de identificação de 

icnogêneros que foram utilizadas neste trabalho. 

 

 
Figura 1.6 – Icnotaxobases utilizadas para classificação morfológica dos icnofósseis. Fonte: Bromley 

(1996). 

 

1.4.3.2 Classificação estratinômica 

 

A classificação de Seilacher (1953, 1964) propõe duas subdivisões principais para os 

icnofósseis de acordo com seu posicionamento em relação ao estrato, sendo elas relevo 

completo e semirrelevo (positivo ou negativo). A classificação de Martinsson (1970) introduziu 

quatro termos principais: epichnia (topo do estrato), hipichnia (base do estrato), endichnia 

(dentro do estrato) e exichnia (fora do estrato arenoso) (Fig. 1.7). 
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Figura 1.7 – Terminologia para classificação estratinômica de icnofósseis conforme seu modo de 

preservação segundo Seilacher (1964) e Martinsson (1970). Fonte: Ekdale et al. (1984). 

 

1.4.3.3 Classificação etológica 

 

Essa classificação deriva do estudo do comportamento do organismo produtor do traço 

fóssil, as estruturas se enquadram em diferentes categorias de comportamento. Atualmente 14 

grupos foram propostos por Buatois & Mángano (2011): agrichnia (cultivo), repichnia 

(locomoção), cubichnia (repouso), fodinichnia (alimentação), domichnia (habitação), fugichnia 

(escape), pascichnia (pastagem), equilibrichnia (equilíbrio), praedichnia (predação), calichnia 

(reprodução), pupichnia (pupação), fixichnia (fixação), impedichnia (bioclaustração), 

mortichnia (traços mortos). 

 

1.4.4 Icnofácies 

 

O conceito de icnofácies seilacherianas (Seilacherian or archetypal ichnofacies), 

consiste na identificação de características-chave compartilhadas por icnocenoses recorrentes, 

no espaço e tempo, formadas sob um conjunto de condições ambientais semelhantes (Seilacher 

1964, 1967, Bromley 1996, MacEachern et al. 2007, 2012, Buatois & Mángano 2011). 

As bacias lacustres apresentam três principais icnofácies recorrentes no espaço e no 

tempo: Mermia, Scoyenia e Skolithos (Buatois & Mángano 1995, 1998, 2004, 2007, 2009, 2011, 



16 
 

Scott et al. 2012), conforme os principais icnogêneros constituintes (Buatois & Mángano 2004, 

2007, 2011, Scott et al. 2012). 

A icnofácies Mermia, proposta por Buatois & Mángano (1995, 1998), é composta por 

escavações horizontais simples e rasas (shallow tier), trilhas de insetos e estruturas bilobadas 

(Fig. 1.8), associadas com ambientes permanentemente subaquosos, bem oxigenados, com 

baixa energia em lagos de água doce (Scott et al. 2012). As estruturas biogênicas são geralmente 

associadas a laminações e estratificações plano-paralelas, laminações cruzadas formadas por 

correntes ou por ondas (Buatois & Mángano 1995, 1998, 2004, 2007). 

 

 

Figura 1.8 – Bloco diagrama com os principais icnogêneros que compõem a icnofácies Mermia. Me, 

Mermia; He, Helminthoidichnites; Go, Gordia; Co, Cochlichnus; Ac, Archaeonassa; Wa, Warvichnium; 

Cr, Cruziana; Pl, Planolites; Pa, Palaeophycus; Tr, Treptichnus; Va, Vagorichnus; Lo, Lockeia; Un, 

Undichna. Fonte: Scott et al. (2012). 

 

A icnofácies Scoyenia, proposta inicialmente por Seilacher (1963, 1967) e adaptado por 

Frey et al. (1984), Frey & Pemberton (1987) e Buatois & Mángano (1995, 1998, 2004, 2007, 

2011), é composta por escavações horizontais curvadas a sinuosas, bilobadas, meniscados, 

escavações verticais simples, cilíndricas, além de pistas e trilhas de artrópodes e pegadas de 

vertebrados (Fig. 1.9) (Buatois & Mángano 1995, 1998, 2004, 2007, 2011, Scott et al. 2012). 

São associadas com ambientes de baixa energia com substratos que experimentam inundação e 

exposição subaérea sazonalmente, sendo frequentemente utilizadas para delimitar margens de 

lagos (Buatois & Mángano, 1995, 1998, 2004, 2007, 2011, Scott et al. 2012). As estruturas 

biogênicas são geralmente correlacionadas a gretas de contração e outras estruturas de 

exposição subaérea e diminuição da espessura da coluna d’água (Buatois & Mángano, 1995, 

1998, 2004, 2007). 

Icnofácies Mermia 
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Figura 1.9 – Bloco diagrama com os principais icnogêneros que compõem a icnofácies Scoyenia. Av, 

Avipeda; Am, Amblydactylus; Be, Beaconites; Ca, Camborygma; Di, Diplichnites; Mr, 

Merostomichnites; Pa, Palaeophycus; Pe, Paleohelcura; Ta, Taenidium; Pl, Planolites; Sc, Scoyenia; 

Sk, Skolithos; Sp, Spongeliomorpha; Ta, Taenidium; Ve, pegadas de vertebrados;. . Fonte: Scott et al. 

(2012). 

A icnofácies Skolithos continental, proposta por Buatois & Mángano (2004, 2007), é 

composta por escavações verticais simples, em forma de “U” ou de “Y” (Fig. 1.10), associadas 

a arenitos, estratificações e laminações cruzadas em condições de energia moderada a alta, nas 

porções mais energéticas do lago, em margens de lagos dominadas por ondas ou em áreas de 

desembocadura dos rios (Buatois & Mángano 2004, 2007, 2009, 2011; Scott et al. 2012). 

 

 

Figura 1.10 – Bloco diagrama com os principais icnogêneros que compõem a icnofácies Skolithos. Ar, 

Arenicolites; Es, estruturas de escape; Po, Polykladichnus; Ps, Psilonichnus; Sk, Skolithos. Fonte: Scott 

et al. (2012). 

 

A partir da aplicação desse conjunto de métodos, buscou-se relacionar os padrões de 

sedimentação e os modelos de icnofácies (Buatois e Mángano 2007, 2009, Scott et al. 2012) 

para identificar os tipos de bacias lacustres registrados na sequência sedimentar estudada 

(overfilled, underfilled e balanced fill), seguindo as propostas de Carroll & Bohacs (1999) e 

Bohacs et al. (2000) e suas distribuições paleogeográficas (Fig. 1.11). 

Icnofácies Scoyenia 

Icnofácies Skolithos 
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Figura 1.11 – Modelo de icnofácies para a estratigrafia de sequência de ambientes lacustres, conforme 

a classificação de bacias lacustres postulada por Bohacs et al. (2000). Fonte: Buatois & Mángano (2007). 
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2 THE EARLY CRETACEOUS LACUSTRINE FACIES AND ICHNOFOSSILS OF 

THE PARNAÍBA BASIN, BRAZIL: A record of bioactivity in response to post-CAMP 

thermal subsidence in West Gondwana. 

Argel de Assis Nunes Sodré¹; Joelson Lima Soares¹; Afonso César Rodrigues Nogueira¹; 

Alexandre Ribeiro Cardoso²; Renan Fernandes dos Santos¹ 

(1) Universidade Federal do Pará - Instituto de Geociências. 

(2) Universidade Estadual de Campinas. 

 

ABSTRACT 

 

After the voluminous lava eruption related to the Central Atlantic Magmatic Province 

(CAMP), in the Triassic–Jurassic (~200 Ma), a large subsiding area formed in West Gondwana, 

allowing the Upper Jurassic–Lower Cretaceous lacustrine system of the Pastos Bons Formation 

in the Parnaíba Basin to form. Despite recent studies on this system, these deposits still need to 

be investigated in detail with palaeoenvironmental mapping based on the ichnological content, 

facies analysis and lacustrine sequence stratigraphy. Outcrop-based facies analysis allowed the 

identification of four palaeoenvironments: central lake, lakeshore, braided fluvial, and delta 

front. The ichnological content is concentrated in the lakeshore deposits and includes of eight 

ichnofossils, organized in three ichnofacies: Mermia (Cochlichnus anguineus and Lockeia 

siliquaria), Scoyenia (Agrichnium isp., Gyrochorte comosa, Palaeophycus tubularis, Planolites 

berveleyensis, and Rusophycus isp.), and Skolithos (Skolithos linearis). This lacustrine 

succession is organized in five millimeter- to meter-scale depositional cycles bounded by 

erosive surfaces or flooding surfaces. Four cycles define a retrogradational and aggradational 

stratal stacking pattern composing the transgressive systems tract, and one cycle indicates the 

progradational stratal stacking pattern constituting the highstand systems tract. The sequence 

stratigraphy suggests that post-CAMP thermal subsidence and responsible for creating the 

accommodation space, controlling the sedimentary supply and water inflow/outflow, and the 

proportional relationship between them. At the base of this system, an underfilled lacustrine 

basin characterized by body fossil and ichnofossil-bearing layers and thick mudstones 

predominated, and after the maximum subsidence, an overfilled lacustrine basin characterized 

by cross-laminated sandstone of the fluvio-deltaic system was established. 

 

Keywords: lacustrine stratigraphy; lacustrine ichnofacies, Jurassic-Cretaceous, post-CAMP 

subsidence. 
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2.1 INTRODUCTION 

 

After the voluminous Triassic–Jurassic (~200 Ma) lava eruption, large areas of West 

Gondwana subsided (Klöcking et al. 2018). This event is related to the intrusion of the Central 

Atlantic Magmatic Province (CAMP), an important Large Igneous Province (LIP) that covered 

approximately 10 million km² of North and South America, Europe, and Africa and that was 

linked to the Pangea supercontinent’s breakup and opening of the central Atlantic Ocean 

(Marzolli et al. 1999, McHone 2000). 

The record of the post-CAMP isostatic signature is poorly documented in the 

sedimentary basins of West Gondwana. While subvolcanic rocks have been described by 

geophysical, outcrop, and drill core analyses, the distribution of extrusive volcanic rocks is 

restricted in some places, such as in the Parnaíba Basin, north-eastern Brazil, whereas sediment-

lava interactions have been documented there (Rabelo et al. 2019, Nogueira et al. 2021).  

Therefore, the post-CAMP subsidence in the basins has never been addressed in detail, 

mainly, how the localized uplifting and thermal subsidence influenced the reorganization of the 

depocenters and the evolution of the depositional systems. The fluvial-lacustrine system related 

to the Upper Jurassic–Lower Cretaceous Pastos Bons Formation has been considered a record 

of the post-CAMP subsidence phase in the Parnaíba Basin (Cardoso et al. 2017, 2019a) (Fig. 

2.1). 

Despite recent palaeontological and local stratigraphic and facies analyses (Petra 200, 

Bernardes-de-Oliveira et al. 2007, Petra & Gallo 2012, Montefeltro et al. 2013, Cardoso et al. 

2017, 2019a, 2019b, 2020), these deposits need to be investigated in detail based on 

palaeoenvironmental mapping to verify the real extension of these processes in the Parnaíba 

Basin. Here, the ichnological content associated with the local stratigraphy and sedimentology 

is interpreted, improving the palaeoenvironmental interpretation of these deposits and 

contributing to the understanding of the post-CAMP conditions in West Gondwana. 

 

2.2 GEOLOGICAL SETTING 

 

The Palaeozoic intracratonic Parnaíba Basin is situated in north-eastern Brazil, covers 

an area of 600,000 km², and reaches approximately 3.5 km thick in the depocenter. This basin 

shows shallow marine to continental sediments and long subsidence histories (Góes & Feijó 

1994, Vaz et al. 2007, Daly et al. 2014). The Mearim Group comprises post-CAMP fluvial-

lacustrine deposits that unconformably overlie Palaeozoic successions of the Poti, Piauí, Pedra 
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de Fogo, and Motuca formations from east to west (Lima & Leite 1978). The contact with the 

overlying Grajaú Formation is erosional (Rabelo & Nogueira 2015, Cardoso et al. 2019a). 

The Pastos Bons Formation comprises mudstone, sandstone, and lenses of carbonate 

rocks related to the fluvial-lacustrine system and local presence of deltas (Cardoso et al. 2017, 

2019a). This sedimentary succession was deposited in lacustrine basins, developed by post-

CAMP thermal subsidence, with a fluvial contribution in arid to semiarid climates (Cardoso et 

al. 2017, 2019a, 2020) (Fig. 2.1). 

The fossil content is composed of Lepidotes piauhyensis, Semionotus, Pholidophoridae, 

Macrosemiídeos, and Gondwanapleuropholis longimaxillaris fish fossils (Roxo & Löfgren 

1936, Brito & Gallo 2002, Gallo 2005, Petra & Gallo 2012, Cardoso et al. 2019a, 2020), 

ostracods (Macrolimnadiopsis) and Batrachomimus pastosbonensis crocodiles (Montefeltro et 

al. 2013), as well as palynomorphs, which are correlated to the Upper Jurassic–Lower 

Cretaceous (~152–145 Ma) Dom João stage (Bernardes-de-Oliveira et al. 2007). 

Furthermore, numerous invertebrate ichnological studies since the 1990s have focused 

on lacustrine environments worldwide (Buatois & Mángano 2007 and references therein). 

Recently, the ichnofacies model has expanded to the lacustrine system (e.g., Buatois & 

Mángano 1995, 1998, 2004, 2007, 2009, Scott et al. 2012). However, papers focused on 

lacustrine system invertebrate ichnology are rare in Brazilian basins (Buatois et al. 2006, 

Guimarães Netto et al. 2009, Guimarães Netto et al. 2012). In Brazilian Mesozoic lacustrine 

deposits, authors have frequently mentioned the occurrence of ichnofossils, nevertheless 

underusing their palaeoenvironmental proxy, e.g., the Cretaceous of the Parecis Basin (Rubert 

et al. 2017, 2019) and the Upper Jurassic–Lower Cretaceous of the Araripe Basin (Fambrini et 

al. 2013), Northern Brazil. 

 

2.3 METHODS 

 

The Pastos Bons Formation was investigated in an area of the central eastern portion of 

the Parnaíba Basin, along a SW-NE 50 km-long zone near the cities of Floriano and Nazaré do 

Piauí, Piauí State (Fig. 2.1). Outcrops were studied to determine the sedimentary facies, as 

proposed by Walker (1992). The steps are as follows: identification and description of 

sedimentary facies; determination of the sedimentary processes; and suggestion of the facies 

associations based on sets of contemporary and cogenetic facies emphasized in the lacustrine 

facies model proposed by Talbot & Allen (1996), Nichols (2009) and Renalt & Gierlowski-

Kordesch (2010). 
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Three different methodologies were used to analyse the ichnofossil assemblage: 1) 

ichnotaxonomy classification (Bromley 1996, Buatois & Mángano 2011); 2) stratinomic 

analysis (Seilacher 1953, 1967, Martinsson 1970); and 3) ethological analysis (Buatois & 

Mángano 2011). Ichnofacies analyses are based on the archetypal ichnofacies models proposed 

by Seilacher (1964, 1967), Bromley (1996), MacEachern et al. (2007, 2010), and Buatois & 

Mángano (2011); here, we focus on the lacustrine ichnofacies model suggested by Buatois & 

Mángano (1998, 2004, 2007), and Scott et al. (2012). Miller & Small (1997) proposed the 

semiquantitative field method for evaluating bioturbation on bedding planes (with bioturbation 

index denoted BI) utilized in this paper for ichnofabric analysis.  

The identification and delimitation of meter-scale cycles as fourth- and fifth-order 

processes, such as the parasequence definition, corresponds to genetically related sedimentary 

successions bounded by flooding surfaces (Spence & Tucker 2007, Catuneanu et al. 2009). In 

this paper, we apply the facies model and ichnofacies model associated with cyclostratigraphy 

and sequence stratigraphy to define the lacustrine basin type and the evolution of the lacustrine 

system (Carrol & Bohacs 1999, Bohacs et al. 2000, Buatois & Mángano 2004, 2007, 2009, 

Scott & Smith 2015). 
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Figure 2.1 – Location map of the study area. A. Geographic map of Brazil, with Piauí State marked in 

yellow. B. Parnaíba Basin, north-eastern Brazil, and geological mapping of the local sedimentary 

supersequences; the red rectangle delimits the study area (modified from Santos and Carvalho, 2004). 

C. Palaeoenvironmental map of the study area, south-eastern Parnaíba Basin. 

 

2.4 FACIES ASSOCIATION 

 

The 60 m-thick siliciclastic succession is best exposed in residual hills and intermittent 

drainages composed of primary sandstone and mudstone, with less limestone, conglomerate, 

and evaporite beds (Tab. 2.1). The sandstone and mudstone facies are organized in centimeter-

scale coarsening and fining-upward cycles. Iron oxides/hydroxides are the most common 

cement of clastic rocks, resulting in a reddish to yellowish colour. Fifteen sedimentary facies 

were grouped in four associations (FA) representative of a fluvial to lacustrine setting: the FA1 

central lake, FA2 lakeshore, FA3 braided fluvial, and FA4 delta front associations (Fig. 2.2). 
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This succession unconformably overlies the Upper Devonian and Lower Carboniferous rocks 

and is truncated by NE-trending Cretaceous dikes and fault zones coincident with NW-SE and 

NE-SW lineaments forming a multi-scale graben-horst structure, causing offsets up to 50 m 

(Fig. 2.2). 

 

Table 2.1 – Facies, facies associations and depositional processes of Upper Jurassic – Lower Cretaceous 

lacustrine succession Pastos Bons Formation, of the Parnaíba Basin, Northeastern Brazil. 

 

Facies Description  Depositional process 

Laminated 

limestone (Ll) 
Fibrous calcite crystals form up to 5 cm-thick tabular 

beds. 
Lake waters drop, increase of 

evaporation rate (outflow) 

associated with minimum riverine 

discharge. The primary gypsum 

was replaced by fibrous calcite 

pseudomorphs. 

Fossiliferous 

shale (Sf) 
Grey-colored shale with even-parallel lamination 

showing Lepidotes piauhyensis throughout the up to 

10 cm-thick tabular beds. 

Deposition through fall-out in 

shallow water, high organic matter 

preservation in anoxic 

environment and with low 

sedimentary supply. 

Laminated 

mudstone (Ml) 
Red, green, to gray-colored mudstone with even-

parallel lamination to structureless forming 0.5–12 

m-thick tabular beds. 

Transportation through suspension 

and deposition by fall-out with 

subordinated traction in calm 

water environments. 

Mudstone with 

desiccation 

cracks (Mc) 

Red and gray-colored mudstone with even-parallel 

lamination to structureless with desiccation cracks 

forming up to 1 m-thick tabular beds. 

Transportation through suspension 

and deposition by fall-out with 

subordinated traction, in calm 

waters environments with 

posterior subaerial exposure in 

semiarid/arid climate. 

Massive 

sandstone 

(Sm) 

Yellow-colored sandstone showing incipient cross-

laminated to structureless forming up to 5 cm-thick 

tabular beds. 

Rapid deposition by traction 

forming underflows in the lake 

bottom, with consequent 

liquefaction. 

(continua) 
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Sandstone with 

sigmoidal 

cross-

stratification 

(Ssg) 

Yellow to red-colored, medium-grained sandstone 

with medium-scale sigmoidal cross-stratification 

forming 1 – 10 m-thick lobate beds. The foresets dip 

directions indicate 330º – 360º Az, average 320º Az. 

Ichnoassemblage: Agrichnium isp. 

Migration of bedforms under the 

unidirectional flow of high sand 

supply, high-energy 

homopycnal/hyperpycnal flows 

with rapid deceleration. 

Sandstone with 

supercritical 

climbing 

ripples cross-

lamination 

(Scr) 

Yellow to red-colored, fine to medium-grained 

sandstone with supercritical climbing ripples cross-

lamination forming up to 1m-thick tabular beds. The 

foresets dip to NW (320º Az) and exhibits angle of 

climbing > stoss side angle. 

Migration of small-scale bedforms 

by unidirectional and lower flow 

regime with a high rate of 

suspension. 

Sandstone with 

current ripples 

(Sr) 

Yellow to red-colored, fine to medium-grained, 

sandstone with 2D and 3D crests current ripples 

forming up to 50 cm-thick tabular beds. The crests 

are rounded, up to 4 cm-height, up to 8 cm-

wavelength, 6 cm stoss side-length, and 2 cm lee 

side-length. Ichnoassemblage: Cochlichnus 

anguineus, and Lockeia siliquaria. 

Migration of small-scale bedforms 

by unidirectional and lower flow 

regime. 

Sandstone with 

trough cross-

stratification 

(St) 

Yellow to red-colored, coarse- to- very coarse-

grained sandstone with medium-scale trough cross-

stratification locally shows rip-up clasts forming 2-9 

m-thick tabular beds. The foresets dip directions 

indicate 330º – 40º Az, average 315º Az. 

Transportation by traction and 

migration of bedforms with 

sinuous crests and predominance 

of lower flow regime. Rip-up 

clasts generated after substrate 

reworking. 

Sandstone with 

tabular cross-

stratification 

(Sta) 

Yellow-colored, coarse- to very coarse- grained 

sandstone with medium-scale tabular cross-

stratification forming 1-2 m-thick tabular beds. The 

foresets dips indicate 330º – 350º Az, average 320º 

Az. 

Transportation by traction and 

migration of bedforms with 2D 

crest and predominance of lower 

flow regime. 

Massive 

conglomerate 

(Cm) 

Red-colored, clast-supported conglomerate with 

granules and pebbles of polycrystalline quartz 

dispersed in coarse-grained matrix forming 1-meter-

thick lenticular beds. 

Rapid sedimentation by ephemeral 

inflows with the predominance of 

unidirectional bed-load currents. 

(continuação) 
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Intraformation

al 

conglomerate 

(Ci) 

Red-colored, clast-supported conglomerate with 

subangular to subrounded granules and pebbles of 

mudstone and minor quartz dispersed in coarse-

grained matrix forming 1-meter-thick lenticular 

beds. 

Rapid sedimentation by ephemeral 

inflows with the predominance of 

unidirectional bed-load currents in 

a mudstone substrate. 

Bioturbated 

sandstone (Sb) 

Yellow-colored, medium-grained sandstone with 

vertical burrows of Skolithos ichnogenus (BI 4-5), 

ripple marks and desiccation crack up to 50 cm-thick 

tabular beds. 

Migration of small-scale bedforms 

by unidirectional and lower flow 

regime; Colonization by infaunal 

committees generating 

bioturbation structures that 

obliterate the primary sedimentary 

structures; and posterior subaerial 

exposure in semiarid/arid climate. 

Sandstone with 

wave ripples 

(Sw) 

Red-colored, fine- to medium-grained sandstone 

with symmetric wave ripples forming up to 30 cm-

thick tabular beds. Present rounded base and peaked 

crest, up to 4 cm-height, up to 8 cm-wavelength. 

Ichnoassemblage: Gyrochorte comosa, Planolites 

beverleyensis, Palaeophycus tubularis, and 

Rusophycus isp. 

The wave ripples are formed by a 

decrease in water level, causing the 

bedforms reworking by waves, and 

colonization by infaunal 

committees generating 

bioturbation structures. 

Massive 

limestone with 

intraclast (Lm) 

Coarse-grained, with intraclasts and some detrital 

grains in a micritic matrix limestone with tepee-like 

and cone-in-cone structures forming up to 10 cm-

thick lenticular beds. 

Saturation and biochemical 

precipitation of CaCO3 in shallow 

waters and reworking for waves 

and posterior subaerial exposure in 

semiarid/arid climate. 

 

2.4.1 FA1- Central Lake 

 

Description: FA1 is composed of laminated limestone (Ll), fossiliferous shale (Sf), 

laminated mudstone (Ml), and massive sandstone (Sm), subdivided into two phases. The first 

phase is organized in centimeter-scale shallowing/salinization upward cycles (Fig. 2.3A). The 

Ll facies displays fibrous calcite crystals composing tabular layers interbedded with grey shale 

with parallel lamination with abundant Lepidotes piauhyensis fish fossils of adult and young 

specimens (Fig. 2.3B and C) of different sizes. The second phase exhibits structureless to 

parallel laminated meter-scale mudstone beds interbedded with structureless to incipient cross-

laminated centimeter-scale sandstone beds organized in coarsening-upward cycles (Fig. 2.3D 

and E), unconformably overlying FA2, FA3, and FA4. 

Interpretation: The Sf facies indicates lower energy deposition by sediment fall-out in 

moderately deep to shallow water, with partial anoxia that allowed high organic matter 

preservation. Low sedimentary supply dominated the deepest portions (offshore) of the lake, 

(conclusão) 
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protected from oxygen accumulation (Cardoso et al. 2019a, 2020). The Ll facies indicates the 

lake contraction increasing evaporation rate (outflow) associated with minimum riverine 

discharge. The primary gypsum was replaced by fibrous calcite pseudomorphs (Cardoso et al. 

2019a). The well-preserved Lepidotes piauhyensis corroborates the low-energy environment of 

a closed underfilled lacustrine basin exemplified by the classic fossiliferous Muzinho Shale 

(Cardoso et al. 2019a, 2020). 

The fine- to very fine-grained suspended sediments (overflows) accumulated due to fall-

out in calm water environments, and higher density sediments were washed over the lake 

margins and transported by density currents (underflows) through tractive processes towards 

the lake centre (Sm facies). These mechanisms caused the deposition of sand-grained sediments 

on the lake floor, creating tabular and laterally extensive sandy layers under oxic conditions 

(e.g., Scherer et al. 2007, Andrade et al. 2014, Cardoso et al. 2017, 2019a, Abrantes Jr. et al. 

2019). 
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Figure 2.2 – The stratigraphic context of measured sections of the Upper Jurassic–Lower Cretaceous 

Pastos Bons Formation in the eastern Parnaíba Basin, Brazil. 

 

2.4.2 FA2 – Lakeshore 

 

Description: This facies association is composed of mudstone with desiccation cracks 

(Mdc), massive limestone with intraclasts (Lm), sandstone with sigmoidal cross-stratification 

(Ssg), bioturbated sandstone (Sb), sandstone with current ripples (Sr), sandstone with wave 

ripples (Sw) and massive conglomerate (Cm). The meter-scale beds of structureless to parallel 

laminated mudstone with desiccation cracks (Fig. 2.3F) are interbedded with clast-supported 

centimeter-scale limestone beds with tepee-like and cone-in-cone structures and symmetric 
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wave ripple centimeter-scale sandstone beds (Fig. 2.4A) with Gyrochorte comosa, Planolites 

beverleyensis, Palaeophycus tubularis, and Rusophycus isp. and BI = 1 (1–5%). The facies 

sandstone with sigmoidal cross-stratification presents in meter-scale lobed beds with foresets 

dipping NW and grades toward the top to cross-lamination capped by clay films, and 

asymmetrical wave ripples can be observed in both 2D and 3D in the centimeter-scale sandstone 

beds (Fig. 2.4B, C) with horizontal ichnofossils Agrichnium isp., Cochlichnus anguineus, and 

Lockeia siliquaria and BI = 2 (10–15%). The Sb facies exhibits Skolithos linearis with BI = 4–

5 (60–100%) in tabular bioturbated beds, obliterating other sedimentary structures (Fig. 2.4D, 

E, F). The Cm are up to 1 m thick lenticular beds of closed-framework polimitic conglomerate 

beds, with subrounded pebble clasts of mudstone and sandstone.  

 
Figure 2.3 – Sedimentary facies. A. Central lake. Grey mudstone interbedded with laminated limestone, 

forming millimeter- to centimeter-thick shallowing/salinization-upward cycles (white triangles). B and 
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C. Fragments of Lepidotes piauhyensis (white arrows). D and E. Central lake (FA1). Grey to green 

laminated mudstone (Ml), grading to grey to red massive sandstone (Ms), arranged in coarsening-

upward cycles (white triangles). F. Lakeshore (FA2). Mudstone with complete, nonorthogonal, and 

nonoriented desiccation cracks (white arrows). 

 

Interpretation: The mudstone beds suggest the deposition of fine-grained sediments 

by the fall-out process, and the limestone beds denote the seasonal reduction in clastic sediment 

input and drop in lake water level, enhancing biochemical precipitation of CaCO3 in a shallow 

lake setting. Tepee-like and desiccation crack structures indicate posterior subaerial exposure 

in semiarid/arid climates (e.g., Paik and Kim, 1998; Zaleha, 1997). The reworked-wave deposits 

indicate a decrease in the water table and consequent reworking by fair-weather wave action in 

subaqueous conditions (e.g., Melchor, 2004; Ilgar and Nemec, 2005). Thus, the wave structures 

and Scoyenia ichnofacies occurrence indicate the development of wave-dominated shorelines 

(Buatois and Mángano, 1998, 2004, 2007).   

The complex sigmoidal lobe geometry is related to the shallow lake conditions (e.g., 

Ambrosetti et al. 2017); therefore, the Sr facies indicates that the sedimentary build-up by 

sigmoidal lobes caused infilling of the shallow lake zones, allowing the migration of smaller-

scale bedforms related to the Mermia ichnofacies occurrence (Buatois and Mángano, 1998, 

2004, 2007). The Cm was formed under upper-energy flow regime rapid and ephemeral 

unidirectional current and the presence of the mudstone and sandstone clasts are evidence of 

lacustrine margin substrate current reworking. Thus, the Skolithos ichnofacies occurrence 

indicate the development of ephemeral current-influenced shorelines (Buatois and Mángano, 

1998, 2004, 2007).   

The wave activity and the current inflow allow the optimization of the distribution of 

oxygen, salinity, and temperature, causing the proliferation of benthic organisms in the lake 

margins and marking the nondepositional stages (Savdra, 2007; Buatois and Mángano, 2009).  

This association represents a low-gradient, wave-dominated deposition, with a 

subordinate unidirectional current in the marginal zone, periodically exposed to subaerial 

conditions in a shallow lacustrine setting. This area experienced variable energy regimes during 

deposition, although the presence of fair-weather wave structures and the dominance of 

mudstone and carbonate rocks reflect that low-energy environments predominated (Talbot and 

Allen, 1996; Buatois and Mángano, 2004; Nichols, 2009; Renaut and Gierlowski-Kordesch, 

2010). 
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Figure 2.4 – Ichnofossils in outcrops. A. At the base, red to green laminated mudstone is overlain by red 

sandstone with bioturbated wave ripples (0–5%) and trace fossils of Scoyenia ichnofacies.  B. and C. 

Sandstone with 3D current crest ripples with horizontal trace fossils (Cochlichnus anguineus) B2 (10–

15%). D. and E. Bioturbated sandstone (Sb). Red to yellow sandstone with vertical bioturbation 

(Skolithos linearis); B3-B4 (40–50%). F. Bioturbated sandstone (Sb). Red to yellow sandstone with 

vertical bioturbation (Skolithos linearis), in plant visualization, B3-B4 (40–50%). 
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2.4.3 FA3 – Braided fluvial 

 

Description: FA3 comprises sandstone with trough cross-stratification (St), sandstone 

with tabular cross-stratification (Sta), massive conglomerate (Cm), and intraformational 

conglomerate (Ci). This association forms amalgamated sandy tabular beds up to 10 m thick 

that are laterally continuous for dozens of meters and show a sharp contact with FA1 and FA4. 

The medium-scale trough and tabular cross-stratification sandstone beds with foresets dipping 

to the NW/N/NE (Fig. 2.5A and B); and the clast-supported conglomerate presents structureless 

to incipient parallel stratification and locally presents rip-up clasts composed of pebble-sized 

angular clasts of mudstone (Fig. 2.5C and D). The grain size varies from coarse sand to pebble, 

forming centimeter-scale fining-upward cycles and normal grading. 

Interpretation: The cross-bedded sandstone tabular beds and closed-framework 

conglomeratic lenses suggest high-energy subaqueous processes; thus, these are the evidence 

of unidirectional flow that suggests that the fluvial currents formed sandy and gravel bars during 

channel migration. This stacking pattern likely reflects rapid sedimentation inflows with 

unidirectional bedload currents. The presence of rip-up clasts corresponds to muddy substrate 

reworking. The transition from Cm to St and Sta facies corresponds to a slight decrease in 

unidirectional current energy, causing transportation by traction and the migration of bedforms 

with 2D and 3D crests and a predominance of a lower-energy flow regime (Miall 1977a, 1977b, 

2014, Collinson & Reading 1996, Nichols 2009). The migration of sandy to gravelly bedforms 

with straight (Sta) and sinuous crests (St) under unidirectional currents towards N/NW/NE 

indicates that a bedload braided fluvial system fed into areas of this endorheic basin, typical of 

a continental lacustrine setting (e.g., Nichols 2004, 2007, 2012; Fisher et al. 2007, Fisher & 

Nichols 2013). 

 

2.4.4 FA4 – Delta front 

 

Description: FA4 comprises sandstone with sigmoidal cross-stratification (Ssg) and 

sandstone with supercritical climbing ripple cross-lamination (Scr). This association produces 

lobate- to tabular-shaped beds up to 10 m thick and laterally continuous for dozens of meters, 

forming amalgamated sandstone beds, generally on top of the succession. The sandstone shows 

medium-scale sigmoidal cross-stratification with foresets dipping to the NW (Fig. 2.5E, F, G 

and H) with sharp contact to the facies Ml – FA1 (Fig. 2.5E) and gradual contact with 
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supercritical climbing ripple cross-lamination (Scr), in which foresets dip to the NW (Fig. 2.5I), 

forming coarsening-upward cycles.  

Interpretation: The sandstone with sigmoidal cross-stratification suggests tractive, 

subaqueous, unconfined, and homopycnal/hyperpycnal flows that underwent abrupt 

deceleration when debouching into the large and calm water body of the lacustrine setting (e.g., 

Abrantes Jr et al. 2019). The subordinated beds indicate that the sedimentary build-up by 

sigmoidal lobes caused infilling of the shallow lake zones, allowing the migration of smaller 

scale bedforms. The migration of sandy bedforms under unidirectional currents towards the 

N/NW indicates that during highstand periods, the perennial braided fluvial system (FA3) 

flowed into the shallow lacustrine basin, forming a series of deltaic lobes (FA4) and shoal 

water-delta deposits (Postma 1990, Collinson & Reading 1996, Ilgar & Nemec 2005, Fisher et 

al. 2007, Nichols 2009, Renaut & Gierlowski-Kordesch 2010, Fisher & Nichols 2013).  



34 
 

 



35 
 

Figure 2.5 – Sedimentary facies. A. FA3 braided fluvial system. Thinning-upward of set of the 

Sandstone with tabular cross-stratification (Sta.) B. Detail of the sandstone with trough cross-

stratification (St). C. Conglomerate with trough cross-stratification (Ct). D. Structureless conglomerate 

with subrounded mudstone and quartz clasts (Ci). E. Grey sandstone with sigmoidal cross-stratification 

(Ssg-FA4) overlain by grey laminated mudstone (Ml-FA1). This transition of FA4 to FA1 marks the 

Lacustrine Flooding Surface (LFS), characterizing the retrogradational pattern (C4). F. Sandstone with 

sigmoidal cross-stratification (Ssg), overlying laminated mudstone (Ml). The transition of Ml-FA1 to 

Ssg-FA4 marks the Maximum Lacustrine Flooding Surface (MLFS), characterizing the progradational 

pattern (C5). G and H. G and H. FA4 delta front. Sandstone with sigmoidal cross-stratification (Ssg). I. 

FA4 delta front. Grey to red sandstone showing supercritical climbing ripple cross-lamination (Scr). 
 

2.5 ICHNOLOGY 

 

The sedimentary succession records eight ichnogenera and six ichnospecies, a total of 

288 specimens were described in this paper, 200 in situ and 88 in samples (Tab. 2.2). The 

ichnofossils occur in the Sr, Sw, and Sb facies (base and top of bedding planes), included in the 

lakeshore associations - FA2 (Tab. 2.3), demonstrating different degrees of preservation and 

abundance (bioturbation index). These ichnotaxa are listed alphabetically. 

 

2.5.1 Agrichnium Pfeiffer, 1968 – Agrichnium isp. 

 

Description: Sinuous burrows, horizontal, unbranched, and unornamented, preserved 

as negative epirelief (Fig. 2.6A and B). Smooth wall and typical V-shape in cross-section (Fig. 

2.6A). Diameters range from 0.3 to 1 cm; length is variable up to 22 cm. 

Interpretation: Bivalve mollusks originate graze traces (pascichnia) Agrichnium-like 

(Baldwin 1974, Chamberlain 1975, Boeira & Guimarães Netto 1987). This ichnofossil has been 

generally associated with the marine Cruziana ichnofacies (e.g., Bayet-Goll et al. 2015). 

Nevertheless, Goldring et al. (2005), in the lakeshore of Cretaceous deposits of southern 

England and Baldwin (1974), Chamberlain (1975), and White & Miller (2008) in modern lakes, 

have described similar structures (horizontal burrows with V-shaped cross-sections) in 

lacustrine settings associated with continental Scoyenia ichnofacies. 
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Table 2.2 – Ichnospecies, number total of specimens described in situ and in samples of the ichnofossils 

of Upper Jurassic – Lower Cretaceous lacustrine succession Pastos Bons Formation, of the Parnaíba 

Basin, Northeastern Brazil. 

 
Ichnospecies number of specimens 

described 

In situ               Samples 

Total 

Agrichnium isp. 1 1 2 

Cochlichnus anguineus 50 5 55 

Gyrochorte comosa 0 1 1 

Lockeia siliquaria 0 13 13 

Palaeophycus tubulares 0 4 4 

Planolites berveleyensis 0 2 2 

Rusophycus isp. 0 1 1 

Skolithos linearis 150 60 210 

Total 200 88 288 

 

 

2.5.2 Cochlichnus Hitchcock, 1848 – Cochlichnus anguineus, Hitchcock, 1858 

 

Description: Simple meandering burrows, horizontal to subhorizontal orientation, 

smooth-walled, and cylindrical form (Fig. 2.6C). Branched, with bifurcation and slight to 

accentuated curves (Fig. 2.6D), preserved as positive epirelief. Diameters range from 0.2 to 0.7 

cm; length is variable up to 19 cm; amplitude varies from 0.3 to 0.5 cm, and wavelength ranges 

from 1.4 to 4 cm. 

Interpretation: Nematode, annelid, and Ceratopogonidae larvae generate this 

locomotion (repichnia) or graze traces (pascichnia) (Buatois & Mángano 1998, 2007). 

Nevertheless, the sinusoidal form of Cochlichnus derives from the locomotory principle of 

nematode worms on the substrate (Neibur & Erdös 1991, Seilacher 2007). Cochlichnus has 

been observed in continental and marine deposits (Pemberton & Frey 1984, Gluszek 1995). 

Cochlichnus specimens are usually larger in marine and brackish settings than continental 

specimens (Stanley & Pickerill 1998, Uchman et al. 2004). Cochlichnus in lacustrine settings 

is typical of Mermia ichnofacies and has been reported from the upper Carboniferous turbiditic 

glacial lacustrine sediments of northwest Argentina (Buatois & Mángano 1993); the Upper 

Pennsylvanian fluvial-lacustrine (Carboniferous) sediments of Sardinia, Italy (Marchetti et al. 

2017); the Lower Triassic deltaic-lacustrine sediments of northwest Argentina (Melchor 2003, 
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2004); the Upper Triassic playa-lake system of Coastal Meseta, Morocco (Hminna et al. 2020); 

the Upper Jurassic lacustrine littoral sediments of the Rocky Mountain region, USA (Hasiotis 

2004); the Cretaceous lacustrine marginal sediments of southern coast of Korea (Kim & 

Pickerill 2003, Kim et al. 2005); and the recent marginal lacustrine system of Germany 

(Hminna et al. 2020). The slight to accentuated curves are probably related to different 

producers or changes in substrate conditions (e.g., Uchman et al. 2004, Hminna et al. 2020). 

Buatois & Mángano (2011) interpreted the bifurcation as a “false branching”, which is the 

second successive branching that results from an animal revisiting a previously formed 

structure. 

 

2.5.3 Gyrochorte Heer, 1865 – Gyrochorte comosa Heer, 1865 

 

Description: Bilobate, curved, and horizontal burrows composed of two convex ridges 

separated by a median groove (Fig. 2.6E). These burrows exhibit an almond-shaped to heart-

shaped cross-section. Gyrochorte presents transverse biserially arranged pads, and the medium 

groove is straight. The trace diameter ranges from 0.4 to 0.6 cm; the length is variable up to 10 

cm. The ridges show 0.1 to 0.2 cm-diameter and discontinuity planes. Exhibition of epirelief 

preservation and absence of hyporelief and 3D patterns. 

Interpretation: Elongated organisms moving obliquely through the sediment (Heinberg 

1973), probably a detritus-feeding worms (fodinichnia and pascichnia), most likely annelids, 

produce this ichnofossil (Weiss 1941, Heinberg 1973, Stanley & Pickerill 1998, Gibert & 

Benner 2002). Gyrochorte is not an ichnofossil typical of nonmarine environments; 

nevertheless, Savage (1971) and Lima et al. (2015) report similar structures in late 

Carboniferous freshwater periglacial lakes of South Africa and south-eastern Brazil, 

respectively. In this paper, they belong to nonmarine Scoyenia ichnofacies. From the Early 

Ordovician to Pliocene, Gyrochorte is particularly abundant in the Jurassic and Cretaceous 

rocks (Gibert & Benner 2002). 

 

2.5.4 Lockeia James, 1879 – Lockeia siliquaria James, 1879 

 

Description: Small horizontal trace, seed-like or almond-shaped, oblong, horizontal 

bodies, rounding and tapering to sharp or obtuse points, frequently symmetrical (Fig. 2.6F). 

They sometimes exhibit a slight longitudinal depression. The length varies from 0.5–1.5 cm 
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(average of approximately 1 cm), and the average width is 0.7 mm. Preserved in positive 

hyporelief. 

Interpretation: Isolated Lockeia siliquaria represents resting traces (cubichnia) 

produced by bivalves (Osgood 1970, Seilacher & Seilacher 1994), while small crustaceans 

(e.g., Conchostracans) may have also produced such traces in freshwater settings (Bromley & 

Asgaard 1979). Lockeia in nonmarine environments is found in fluvial environments (Gluszek 

1995, Goldring et al. 2005, Lawfield & Pickerill 2006) and has been reported in the Upper 

Triassic lacustrine systems of marginal lacustrine settings in Germany (Schlirf et al. 2001); the 

Lower Cretaceous marginal lacustrine settings in southern England (Radley et al. 1998, 

Goldring et al. 2005); the Late Permian to Middle Triassic fluvial-lacustrine system in North 

China (Guo et al. 2019); and the Late Miocene lacustrine setting of south-eastern Iceland 

(Pokorný et al. 2017). 

 

2.5.5 Palaeophycus Hall, 1847 – Palaeophycus tubularis Hall, 1847 

 

Description: Straight to slightly curved burrows, subhorizontal, sometimes branched, 

bifurcated, and unornamented (Fig. 2.6G). The fills exhibit the same lithology and texture as 

the host stratum. The walls are smooth. Diameters range from 0.5 to 1.5 cm; length is variable 

up to 7 cm. They are preserved as positive epirelief or, less commonly, positive hyporelief. 

Interpretation: Vermiform organisms produced these dwelling (domichnia) or feeding 

traces (fodinichnia) (Pemberton & Frey 1982, Knaust 2017). Palaeophycus is typical of 

Scoyenia ichnofacies in nonmarine settings and has been reported in Late Carboniferous 

turbiditic glacial lake sediments in northwest Argentina (Buatois & Mángano 1993); the Late 

Permian to Middle Triassic fluvial-lacustrine system in North China (Guo et al. 2019); the 

Middle Triassic sandflat of playa lake in Argentina (Mancuso et al. 2020); the Late Triassic 

playa lake in Morocco (Hminna et al. 2020); the Upper Jurassic lacustrine littoral environments 

in the Rocky Mountain region, USA (Hasiotis 2004); and the Cretaceous lacustrine marginal 

environment along the southern coast of South Korea (Kim & Pickerill 2003, Kim et al. 2005). 
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Figure 2.6 – Ichnofossils of the Pastos Bons Formation. A. Agrichnium isp. (Ag) showing V-shaped, in 

cross-sections, preserved as negative epirelief. B. Agrichnium isp. showing sinuous shaped, in 
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longitudinal sections. C. and D. Cochlichnus anguineus (Co), simple meandering burrows, preserved as 

positive epirelief (E. showing bifurcation). E. Gyrochorte comosa (Gr) curved and horizontal burrow, 

preserved as positive epirelief. F. Lockeia siliquaria (red arrows), small horizontal trace, seed-like or 

almond-shaped, preserved as positive epirelief. G. Palaeophycus tubularis (Pa), subhorizontal and 

bifurcated burrows, preserved as a positive epirelief. 

 

2.5.6 Planolites Nicholson, 1873 – Planolites beverleyensis Billings, 1862 

 

Description: Straight to slightly curved burrows, horizontal to inclined, sometimes 

bifurcated, unornamented, and smooth walls. The sediment fill is finer than the host rock fill 

(Fig. 2.7A). Diameters range from 1 to 1.5 cm; length is variable up to 10 cm. Present epirelief 

preservation. 

Interpretation: Vermiform organisms or mollusks bivalves formed these feeding traces 

(fodinichnia) (Pemberton & Frey 1982, Knaust 2017). Planolites are typical of Scoyenia 

ichnofacies in nonmarine settings and have been observed in the Early Permian playa lake rock 

in Texas, USA (Minter et al. 2007); the Late Permian to Middle Triassic fluvial-lacustrine 

system in North China (Guo et al. 2019); the Cretaceous lacustrine marginal environment along 

the southern coast of Korea (Kim & Pickerill 2003, Kim et al. 2005); and the Eocene lake basins 

in Wyoming, USA (Bohacs et al. 2007). 

 

2.5.7 Rusophycus Hall, 1852 – Rusophycus isp. 

 

Description: Horizontal, oval, and slightly elongated and bilobated burrow. One 

specimen was 5 cm long and 3 cm wide, and each lobe was 1.5 cm wide (Fig. 2.7B). The burrow 

is sculptured with oblique striae, bilaterally symmetrical, and preserved as positive hyporelief. 

Interpretation: Notostraca brachiopods produced these resting traces (cubichnia) in 

continental environments (Minter et al. 2007, Fillmore et al. 2019). In lacustrine settings, 

Rusophycus is typical of Scoyenia ichnofacies and has been reported from the late 

Carboniferous turbiditic glacial lake in northwest Argentina (Buatois & Mángano 1993); the 

Early Permian playa lake deposits in Texas, USA (Minter et al. 2007); the Early Triassic 

deltaic-lacustrine deposits in northwest Argentina (Melchor et al. 2003); the Upper Triassic 

marginal lacustrine environment in Germany (Schlirf et al. 2001); and the Upper Triassic playa-

lake system of Coastal Meseta, Morocco (Hminna et al. 2020). 
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Table 2.3 – Palaeoenvironments; trace fossil assemblage; ethology; ichnofacies; and bioturbation index 

(BI) of the Upper Jurassic–Lower Cretaceous lacustrine succession in the Pastos Bons Formation of the 

Parnaíba Basin, north-eastern Brazil. 

Paleoenvironments 
Ichnofossils 

assemblage 
Ethology Ichnofacies 

Bioturbation 

Index (BI) 

 

 

 

 

Skolithos Domichnia/Fodinichnia Skolithos B4-B5 

     

 

 

 

 

 

Lakeshore 

 

Cochlichnus 

 

Lockeia 

 

 

 

Agrichnium  

 

Gyrochorte  

 

Palaeophycus  

 

Planolites  

 

Rusophycus  

 

 

 

Repichnia 

 

Cubichnia 

 

 

 

Pascichnia 

 

Fodinichnia/Repichnia 

 

Domichnia/ Fodinichnia 

 

Fodinichnia 

 

Cubichnia 

 

 

 

Mermia 

 

 

 

 

 

 

 

 

Scoyenia 

 

 

 

 

 

 

 

B2 

 

 

 

 

 

 

 

 

B1 

 

 

 

     

 

2.5.8 Skolithos Haldemann, 1840 – Skolithos linearis Haldemann, 1840 

 

Description: Vertical to subvertical burrows. In the transverse section, burrows are 

circular to subcircular with a diameter ranging from 0.3 to 3 cm (Fig. 2.7C and D). The burrows 

are funnel-like in the first centimeter, changing to a cylindrical shape to the longitudinal section 

base (Fig. 2.7E and F). The burrows present a maximum length of 30 cm, are commonly 

straight, and are only sometimes curved. These traces present clay-grained, grey to green 

sediment in the walls, and they exhibit the same lithology of the host rock (sandy) in the core, 

with incipient concentric lamination. 

Interpretation: The activity of many different organisms in various phyla, including 

polychaetas, phoronids, priapulids, anthozoans, crustaceans, holothurians, insects, spiders, and 

even plant roots, formed these dwellings (domichnia) or feeding traces (fodinichnia) 

(Chamberlain 1975, Fitzgerald & Barrett 1986, Droser 1991, Gregory et al. 2006, Knaust et al. 

2018). In continental settings, this ichnofossil is typical of Skolithos ichnofacies and has been 

reported from mainly the Lower Triassic deltaic-lacustrine deposits of northwest Argentina 
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(Melchor et al. 2003, Melchor 2004); the Middle Triassic sandflat of playa lake in Argentina 

(Mancuso et al. 2020); the Upper Triassic marginal lacustrine environment in Germany (Schlirf 

et al. 2001); the Upper Triassic lacustrine systems in New Mexico, USA (Gillette et al. 2003, 

Lucas & Lerner 2006); the Upper Jurassic lacustrine littoral environments in the Rocky 

Mountain region, USA (Hasiotis 2004); the Cretaceous lacustrine marginal environments along 

the southern coast of Korea (Kim & Pickerill 2003, Kim et al. 2005); and the Upper Cretaceous 

fluvial-lacustrine system in south-western China (Wang et al. 2015). 
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Figure 2.7 – Ichnofossils of Pastos Bons Formation. A. Planolites beverleyensis (Pl), subhorizontal, 

straight burrows with active fill, preserved as positive hyporelief. B. Rusophycus isp. (Rs), horizontal, 

oval, and slightly elongate and bilobate burrow, preserved as positive hyporelief. C. and D. The Skolithos 

linearis show a circular to subcircular structure, in the transverse section, and a grey to green clay wall. 

E. and F. The Skolithos linearis show funnel-shaped apertures grading to a cylindrical shape towards 

the base, the longitudinal section, and grey to green clay walls. 

 
2.6 LACUSTRINE DEPOSITIONAL CYCLES 

 

The lacustrine depositional cycles correspond to cyclic episodes of expansion and 

contraction of the lacustrine basin. Small-scale shallowing, shallowing/salinization, and 

coarsening-upward cycles bounded by flooding surfaces are observed in this lacustrine deposit. 

These cycles are detailed below, according to their facies associations (Fig. 2.8). 

 

2.6.1 Retrogradational-aggradational cycles 

 

Cycle Type 1 (C1) comprises the aggradational shallowing/salinization upward cycles 

defined by the limestone beds, symmetrically repeated exclusively in FA1. Cycle Type 2 (C2) 

comprises asymmetrical coarsening-upward cycles composed of meter-scale mudstone and 

centimeter-scale sandstone beds and exhibits an aggradational pattern exclusively in FA1, 

extending to lacustrine flooding surface (LFS) and bounded by the maximum flooding surface 

(MLFS). Cycle Type 3 (C3) is composed of shallowing-upward cycles delimited by meter-scale 

mudstone with mud cracks, a centimeter-scale limestone with a tepee structure, and a centimeter 

ichnofossil-bearing sandstone asymmetrically repeated exclusively of FA2, generating an 

aggradational pattern. Cycle Type 4 (C4) marks the deposition over the LFS, describing 

coarsening-upward cycles composed of FA1 overlying FA2, FA3, and FA4, forming a 

retrogradational pattern. 

 

2.6.2 Progradational cycles 

 

Cycle Type 5 (C5) marks that the deposition over the Maximum Lacustrine Flooding 

Surface (MLFS) is composed of meter-scale cross-bedded sandstones of FA3 and FA4 

overlying the mudstone beds, forming progradational patterns. 
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Figure 2.8 – High-frequency lacustrine cycles. Retrogradational-aggradational cycles: Cycle Type 1 

and Cycle Type 2 – central lake; Cycle Type 3 – lakeshore and Cycle Type 4 – transition of FA2 

(base) and FA1 (top). Progradational cycles; Cycle Type 5 – fluvial and delta front deposition. 
 

 

2.7 PALAEOENVIRONMENTAL RECONSTRUCTION  

 

The facies associations correspond to shallow lacustrine systems, including saline lakes 

and fluvial-influenced lakes. The fossiliferous shale indicates lower-energy deposition via 

sediment fall-out in moderately deep to shallow water, with partial anoxia that allowed high 

organic matter preservation. This horizon sandwiched by nonfossiliferous beds indicates a mass 

mortality event that may have been influenced by the water column stratification (Cardoso et 

al. 2020). The limestone beds with fibrous calcite mark the lake contraction, which increased 

the evaporation rate associated with minimum riverine discharge, and the primary gypsum was 

replaced by fibrous calcite pseudomorphs (Cardoso et al. 2019a). Therefore, the high 

concentration of complete Lepidotes piauhyensis, the absence of wave or current marks, and 

the high preservation grade suggest that the hypolimnion of this lake presented low energy and 

temperature equal to or lower than 16 °C in a closed, underfilled lacustrine basin (Cardoso et 

al. 2019a, 2020). 

The tabular mudstone beds intercalated with sandstone beds correspond to lake 

expansion, which increased the accommodation potential and was characterized by deposition 

in the distal portions of the lacustrine basin (Talbot & Allen 1996, Nichols 2009, Renaut & 

Gierlowski-Kordesch 2010). The lack of fossil and organic-bearing beds suggests that fluvial 
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discharge generates density currents that oxygenate lake bottoms, therefore, allowed the 

infaunal organisms colonization and bioturbation preservation (e.g., Melchor 2004). 

At this time, the low clastic sediment supply favoured mudstone and limestone 

formation, and the decrease in the water table allowed reworking of the shoreline sandy 

sediments by waves and posterior subaerial exposure. This environment corresponds to a low-

gradient, wave-dominated environment with subordinate unidirectional currents in the marginal 

zone of a shallow lacustrine setting in an arid/semiarid climate (Talbot & Allen 1996, Buatois 

& Mángano 2004, Nichols 2009, Renaut & Gierlowski-Kordesch 2010). 

The braided fluvial system was marked by high-energy currents forming gravel bars 

during channel migration grading to the unidirectional current and the migration of sandy 

bedforms with sinuous and straight crests under a lower flow regime (Nichols 2009, Miall 2010, 

2014). The palaeocurrents indicate migration towards N/NW/NE, characterizing endorheic 

drainage (e.g., Nichols 2007). 

The sigmoidal cross-stratification expresses tractive, subaqueous, unconfined, and 

homopycnal/hyperpycnal flows that underwent abrupt deceleration when they entered the vast 

and calm water body of the lacustrine setting (Talbot & Allen 1996, Nichols 2009, Renaut & 

Gierlowski-Kordesch 2010). The migration of sandy bedforms under unidirectional currents 

towards N/NW/NE characterizes a delta front connected to a perennial braided fluvial system, 

which was the feeder of this lacustrine system. The channels of the braided fluvial systems 

(FA3) flowed into a low-gradient shallow lake, forming a series of deltaic lobes (FA4) (e.g., 

Ilgar & Nemec 2005, Fisher et al. 2007, Fisher & Nichols 2013, Marenssi et al. 2020). 

 

2.7.1 Underfilled lake ichnofacies model 

 

The Mermia ichnofacies exhibits low ichnodiversity and low-density of traces (B2), 

records horizontal to subhorizontal locomotion traces produced by annelids (Cochlichnus 

anguineus), and resting traces produced by bivalves (Lockeia siliquaria). This ichnofacies 

presents fine-grained sediments in well-oxygenated, low energy, and permanently subaqueous 

marginal zones of freshwater lacustrine systems, generally associated with parallel lamination 

and stratification, ripple cross-lamination, normal grading, tool, flute marks, and soft-sediment 

deformation structures (Buatois & Mángano 1995, 1998, 2004, Scott et al. 2012). Examples of 

the Mermia ichnofacies range from Carboniferous to Recent (Buatois & Mángano 1998 and 

references therein). In shallow overfilled lacustrine basins, the Mermia ichnofacies occurs 

mainly under delta-fed underflow currents and in fall-out deposits (Buatois & Mángano 2009).  
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The Scoyenia ichnofacies comprises low ichnodiversity of traces and bioturbation index 

B1 (1–5%). It records horizontal to subhorizontal burrows of mobile detritus feeders 

(Gyrochorte comosa and Planolites beverleyensis), dwelling (Palaeophycus tubularis), grazing 

(Agrichnium isp.), and resting traces (Rusophycus isp.) produced by annelids, arthropods, 

bivalves, and vermiform organisms. These ichnofossils are related to FA2, which delimits the 

lake's marginal areas, and was associated with the decreased water table and reworking of 

substrate by fair-weather waves. The Scoyenia ichnofacies has been recorded in protected lake 

margins, in low-energy zones, that experimented the subaerial exposure, periodically, useful to 

delineate marginal lacustrine facies in sedimentologic studies (Seilacher 1963, 1967, Frey & 

Pemberton 1984, 1987, Buatois & Mángano 1995, 1998, 2004, 2007, 2009). 

The continental Skolithos ichnofacies occurs under conditions to the well-oxygenate and 

higher-energy lake margins, such as wave or current-dominated shorelines (Melchor et al. 2003; 

Buatois and Mángano, 1995; 1998, 2004, 2007, 2009; Scott et al. 2012; Mancuso et al. 2020). 

This ichnofacies displays low ichnodiversity and a higher abundance of traces B4-B5 (60–

100%) comprising records simple vertical burrows of detritus-feeders or dwelling tubes likely 

produced by annelids, arthropods, or vermiform organisms (Skolithos linearis). The 

bioturbation index (B4-B5) obliterated other sedimentary structures originating the Sb facies, 

which delimits the high energy lake's marginal areas (FA2), and was associated with the 

current-influenced shorelines, caused by the ephemeral fluvial inflows (Cm facies). 

 

2.7.2 Interpretation of the staking pattern 

 

The Transgressive System Tract (TST) comprises retrogradational and aggradational 

cycles (Fig. 2.9A) and represents the record of the pulse of thermal subsidence and creation of 

accommodation space for lacustrine deposition. C1 corresponds to the autogenic cycles defined 

by fibrous calcite that suggest lake contraction, a high evaporation rate, a low siliciclastic 

supply, and low energy in the deepest portions of the lake. C3 reflects the autogenic cycle of a 

decrease in the water table and subsequent reworking by waves and subaerial exposure in the 

lake margins. The lake margin is a typical environment of well-developed soft-ground 

ichnofossils that are useful to delineate the brief periods of nondeposition (Buatois & Mángano 

2004, 2007, 2009). A lacustrine flooding surface (C4) marks when a thermal subsidence pulse 

expanded the lake during periods of increase of the water table and corresponds to C2 

deposition overlying the lakeshore deposits (Fig. 2.9C). This depositional cycle can explain the 
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rise in the water table of a lake, and the expansion of lake margins is mainly provoked by a 

subsidence rate. 

The Highstand System Tract (HST) comprises the progradational cycle (Fig. 2.9B) and 

represents the record of sedimentation during the lake's maximum expansion (e.g., Bohacs et 

al. 2000). Under HST conditions, the thermal subsidence pulse ceased, and braided fluvial 

channels (FA3) flowed into the low-gradient shallow lake, forming a series of deltaic lobes 

(FA4) (e.g., Ilgar & Nemec 2005, Fisher et al. 2007, Fisher & Nichols 2013, Marenssi et al. 

2020) over the MLFS. This depositional cycle can explain the lowering of the water table, and 

the contraction of lake margins is mainly provoked by increased fluvial sediment discharge into 

the lacustrine basin. 

 

Figure 2.9 – A. Composite profile, sequence stratigraphic stages of the lacustrine system, and the 

depositional cycles, retrogradational and aggradational cycles, compose the TST; and the progradational 

cycles compose the HST. B. Overfilled Lake phase. C. Underfilled lake phase. 
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2.7.3 Lacustrine basin evolution 

 

A thermal subsidence stage affected a great part of the Parnaíba Basin during the 

Jurassic–Cretaceous. This event resulted from the drawdown of isotherms after cooling of the 

voluminous subsurface basaltic magma intrusions related to the CAMP (fig. 2.10A), which 

induced crustal loading and flexural effects (Klöcking et al. 2018, Cardoso et al. 2019a). The 

thermal subsidence pulse, related to the post-CAMP phase, was responsible for the formation 

and evolution of this Upper Jurassic–Lower Cretaceous lake system in north-eastern Brazil 

(Cardoso et al. 2017, 2019a). 

During the TST, many closed lake basins were created along the Parnaíba Basin, 

separated by palaeotopography. These were underfilled lacustrine basins characterized by 

accommodation rates exceeding the sediment input (e.g., Carrol & Bohacs 1999, Bohacs et al. 

2000, 2007) (Fig. 2.10B). In C1, the lack of unidirectional and wave sedimentary structures and 

the presence of well-preserved Lepidotes piauhyensis suggest low-energy anoxic conditions 

related to the deepest portions of the lake under an arid/semiarid climate, correlated with the 

fossiliferous Muzinho shales (Cardoso et al. 2019a, 2020). 

However, the adjacent subsiding areas allowed the deposition of C3, reflecting well-

oxygenated lakes and the formation of the NW-trending drainage and consequent riverine 

discharge and wave activity in the lakeshore, generating a retrogradational-aggradational 

stacking pattern and forming a freshwater lacustrine basin. This freshwater lake was less 

stressed, allowing epifaunal and infaunal communities, evidenced by the ichnofossil-bearing 

beds. The Scoyenia ichnofacies develops in low-energy lake margin areas, the Mermia 

ichnofacies is present in permanent subaqueous lacustrine zones on distal sigmoidal lobes, the 

Skolithos ichnofacies represents sediments deposited in relatively high-energy lacustrine 

environments, such as unidirectional current-influenced shorelines (Fig. 2.10B) (Buatois and 

Mángano, 2004, 2007, 2009; Scott et al. 2012).  

The progression of thermal subsidence caused the expansion of the lake during periods 

of transgression (TST) marked by the lacustrine flooding surface (C4) that is overlain by C2 in 

the central lake, forming a retrogradational stacking pattern. The end of thermal subsidence is 

represented by the MLFS (C5). This event promoted an increase in riverine discharge (sediment 

plus water) exceeding the potential accommodation, leading to overfilled lake deposits in the 

HST (e.g., Carrol & Bohacs 1999, Bohacs et al. 2000, 2007) (Fig. 2.10C). Therefore, the 

coarsening-upward trend shows decreased accommodation potential and increased fluvial 
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sediment input, typically associated with a fluvial-dominated lacustrine system (e.g., Carrol & 

Bohacs 1999, Bohacs et al. 2000, 2007). 

 

 
Figure 2.10 – A. CAMP deposition dikes and sills extension in Parnaíba Basin, causing the CAMP 

induced uplift; adapted from Nogueira et al. 2021; B. Underfilled Lacustrine basins with 

retrogradational stacking pattern. Ichnofacies model. Mermia ichnofacies: Co: Cochlichnus anguineus. 

Lo: Lockeia siliquaria. Scoyenia ichnofacies: Ag: Agrichnium isp. Gr: Gyrochorte comosa; Pa: 

Palaeophycus tubularis; Pl: Planolites beverleyensis; Rs: Rusophycus isp.; Skolithos ichnofacies: Sk: 

Skolithos linearis. Fish-fossils of Lepidotes piauhyensis. C. Overfilled lacustrine basin phase with a 

progradational stacking pattern. 

 

2.8 CONCLUSIONS  

 

The Post-CAMP thermal subsidence stage in the Parnaíba Basin during the Jurassic – 

Cretaceous resulted of the voluminous subsurface intrusions in the northern South American 

Platform during Jurassic times induced crustal loading and flexural effects probably affected a 
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great part of the Parnaíba Basin. This geological history is better indicated by the Upper Jurassic 

- Lower Cretaceous lacustrine succession of the Pastos Bons Formation. This stratigraphic unit 

consists in central lake (FA1), lakeshore (FA2), braided fluvial (FA3) and delta front (FA4) 

deposits. In this shallow fluvio-lacustrine environment, the lakeshore concentrates the 

ichnological content. The Scoyenia ichnofacies develops in low-energy lake-margin areas; the 

Mermia ichnofacies is present in permanent subaqueous lacustrine zones on distal sigmoidal 

lobes, and the Skolithos ichnofacies represents the sediments deposited in relatively high-

energy lacustrine environments, such as the wave or current-dominated shorelines. In the base 

of this succession, four cycles define a retrogradational and aggradational stratal stacking 

pattern composing the TST, therefore forming the underfilled lake basin characterized by 

fossiliferous lake center (FA1) and lake margin ichnofossil-bearing beds (FA2); on the top, over 

the maximum lacustrine flooding surface, one cycle indicate the progradational stratal stacking 

pattern, constituting the HST, setting up the overfilled lake basin characterized by cross-

laminated sandstone of the fluvio-deltaic system (FA3 and FA4). 
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3 CONCLUSÕES 

 

A transição Triássico-Jurássico é marcada pela fragmentação do supercontinente 

Gondwana e consequente abertura do Oceano Atlântico. Esse evento foi acompanhado por um 

intenso magmatismo, denominado como Província Magmática do Atlântico Central (CAMP), 

uma das mais significativas LIPs (Grande Província Ígnea). Os registros do CAMP são 

geralmente basaltos toleíticos que afloram na América do Norte, Europa, África e na América. 

No Brasil, o CAMP é registrado nas bacias sedimentares do Solimões e Amazonas; na Bacia 

do Parecis; na Bacia Lavras da Mangabeira e na Bacia do Parnaíba. 

Na Bacia do Parnaíba, esse evento é registrado pela Formação Mosquito, que apresenta 

rochas vulcanossedimentares, evidenciando fluxo de lava em superfície. Entretanto, uma 

grande quantidade de magma basáltico se instalou também em subsuperfície causando 

entumecimento da crosta continental e consequentes soerguimentos. O estágio pós-CAMP na 

Bacia do Parnaíba estende-se pelo Jurássico – Cretáceo e é caracterizado por amplas áreas que 

passaram por subsidência térmica, resultado do resfriamento do magma basáltico e diminuição 

das isotermas, que foi capaz de induzir efeitos de flexão na crosta que afetaram uma extensa 

área da Bacia do Parnaíba. 

A história geológica do estágio pós-CAMP é representada pela sucessão lacustre do 

Jurássico Superior - Cretáceo Inferior da Formação Pastos Bons. Esta unidade estratigráfica 

consiste em depósitos de lago central (AF1), margem do lago (AF2), fluvial entrelaçado (AF3) 

e frente delta (AF4). Nesse ambiente flúvio-lacustre raso, a margem do lago (AF2) concentra o 

conteúdo icnológico.  

A icnofácies Scoyenia se desenvolve em áreas de baixa energia nas margens do lago que 

experimentam rebaixamento periódico da espessura da coluna d’água e posterior exposição 

subaérea; a icnofácies Mermia está presente em zonas lacustres subaquáticas permanentes em 

lobos sigmoidais distais; e a icnofácies Skolithos representam os sedimentos depositados em 

ambientes lacustres de energia relativamente alta, como linhas de costa dominadas por ondas 

ou frentes deltaicas.  

Na porção inferior da sucessão, quatro ciclos deposicionais foram identificados; eles 

apresentam padrão de empilhamento estratal retrogradacional e agradacional e compõem o trato 

do sistema transgressivo (TST), formando bacias lacustres do tipo underfilled que apresentam 

as principais ocorrências de conteúdo fossilífero (AF1) e icnofossilífero (AF2). Na porção 

intermediária e superior, a subsidência térmica atinge seu nível máximo, representado pela 

superfície de inundação máxima lacustre (MLFS), e um ciclo deposicional se estabelece 
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indicando o padrão de empilhamento estratal progradacional, engendrando o trato do sistema 

de máxima inundação (HST), configurando a bacia lacustre do tipo overfilled, caracterizado 

pelo domínio de arenito com estratificações cruzadas que constituem o sistema flúvio-deltaico 

(AF3 e AF4). 
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