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RESUMO
Bakevelliidae (Bivalvia, Pterioidea) sdo bivalves extintos, marinhos, de epifauna a semi-
infauna, bissados, suspensivoros, com pelo menos 20 géneros descritos € inumeras ocorréncias
em todo o mundo. Eles prosperaram do Paleozoico tardio ao Eoceno, atingindo maxima
diversidade durante o Mesozoico (principalmente no Jurdssico Inferior e Médio). Eles também
foram abundantes e bem distribuidos em sucessdes sedimentares cretaceas, como aquelas das
bacias do Araripe e Sergipe-Alagoas, ocorrendo também de forma pontual na bacia de
Pernambuco-Paraiba, no nordeste do Brasil. Neste documento, novos Bakevelliidae aptianos
(Cretaceo Inferior) sdo descritos para a Formacao Romualdo, Grupo Santana, Bacia do Araripe,
nordeste do Brasil. A andlise estd fundamentada no exame detalhado de 361 espécimes,
provenientes do terco superior da Formag¢ao Romualdo, principalmente das se¢des geologicas
nas bordas sudoeste e sudeste da bacia, tendo sido, porém, registrados em toda a Bacia do
Araripe. Juntamente com outros membros conhecidos da familia Bakevelliidae, j& registrados
na Forma¢do Romualdo (i.e., Aguileria dissita), os novos bivalves (Araripevellia musculosa
gen. et sp. nov., Aguileria romualdoensis sp. nov. e Gen et sp. Indet.) indicam que a fauna de
Bakevelliidae desta unidade foi mais diversa do que se imaginava anteriormente. Calcarios
ricos em conchas de Bakevelliidae, alguns com espécimes preservados in situ, estdo restritos
ao terco superior desta unidade, o mesmo intervalo estratigrafico contendo calcarios com
equinodermos, gastropodes e estromatolitos. Esses bivalves pteriomorfos, portanto, sio um
testemunho do breve “Mar de Bakevelliidae” que inundou toda a Bacia do Araripe, durante o
Aptiano. Andlises paleoautoecologicas indicam que Araripevellia musculosa gen. et sp. nov.
era uma espécie de epifauna, que viveu em substratos bioclasticos e estaveis, enquanto
Aguileria romualdoensis sp. nov. era uma forma semi-infaunal bissada, que colonizou
sedimentos finos. Espécimes das trés espécies de Bakevelliidae estudadas sdo encontrados
juntos em uma dada concentracdo fossil, mas apenas Araripevellia musculosa gen. et sp. nov.
¢ preservada in situ. Esta espécie ¢ registrada, principalmente, em concentragdes fosseis
primariamente biogénicas, formando delgados depodsitos de sufocamento. Notavelmente,
Aguileria romualdoensis sp. nov. se assemelha a A. renauxiana da Formagdo Woodbine,
Cenomaniano, Texas, EUA. Além disso, Aguileria dissita também ¢ registrada na Formacgao
Riachuelo, Aptiano tardio-Albiano, da Bacia de Sergipe-Alagoas. Juntamente com outros
macroinvertebrados (i.e., gastropodes, equinodermos, bivalves), a fauna de Bakevelliidae da
Formagdo Romualdo ¢ fortemente biocorrelata a da Formacdo Riachuelo, suportando um

cendrio paleogeografico em que dguas marinhas inundaram a Bacia do Araripe advindas de



sudeste, provavelmente através das bacias do Recdoncavo-Tucano-Jatoba. Finalmente,
informagdes sedimentoldgicas, estratigraficas e paleontoldgicas indicam que o
desaparecimento dos Bakevelliidae na Formagdo Romualdo esta vinculado a continentalizagao

da Bacia do Araripe.

Palavras-chaves: sistematica, bivalves pteriomorfos, aptiano, Grupo Santana, biocorrelagao,

tafonomia, mar epicontinental.



ABSTRACT
Bakevelliids (Bivalvia, Pterioidea) are extinct, marine, stationary epifaunal to semi-infaunal,
suspension feeding bivalves with at least 20 described genera and numerous occurrences
worldwide. They thrived from the Late Paleozoic to Eocene, reaching the maximum diversity
during the Mesozoic (mainly Early and Middle Jurassic). They were also abundant and
widespread in many Cretaceous sedimentary successions, as in the Araripe and Sergipe-
Alagoas basins, also occurring occasionally in Pernambuco-Paraiba basin, in NE Brazil. In this
document, new Aptian (Lower Cretaceous) bakevelliid bivalves are described for the Romualdo
Formation, Santana Group, Araripe Basin, northeastern Brazil. Analysis is based on the detailed
examination of 361 specimens all from the upper third interval of the Romualdo Formation,
mainly from geological sections in the southwestern and southeastern borders of the basin, but
they were recorded in all four corners of the Araripe Basin. Together with the other known
members of the family Bakevelliidae, already record in the unit (i.e., Aguileria dissita), the new
bivalves (Araripevellia musculosa gen. et sp. nov., Aguileria romualdoensis sp. nov., and Gen
et sp. indet.) indicate that the Romualdo bakevelliid fauna was more diverse than previously
realized. Bakevelliid-rich carbonates, some with in situ specimens, are restrict to the upper third
of this unit, the same stratigraphic interval yielding echinoderm-, gastropod- and stromatolite-
bearing limestones. These pteriomorphian bivalves were widely distributed in the Romualdo
Formation and are a testimony of the short-lived bakevelliid-sea that flooded the whole Araripe
Basin, during the Aptian. Paleoautoecologic analysis indicate that Araripevellia musculosa gen.
et sp. nov. was an epifaunal, byssate species, living in bioclastic, stable substrates, whereas
Aguileria romualdoensis sp. nov. was a semi-infaunal, byssate form. Specimens of the three
studied bakevelliid species can be recorded all together in a given fossil concentration, but only
Araripevellia musculosa gen. et sp. nov. is found in situ. This species is found in primarily
biogenic fossil concentrations forming thin obrution deposits. Notably, Aguileria
romualdoensis sp. nov. close resembles 4. renauxiana from the Cenomanian Woodbine
Formation, Texas, US. In addition, Aguileria dissita is also recorded in the Late Aptian-Albian
Riachuelo Formation of the Sergipe-Alagoas Basin. Together with other macroinvertebrates
(i.e., gastropods, echinoderms, bivalves) the bakevelliid fauna of the Romualdo Formation can
be biocorrelated tightly with that of the Riachuelo Formation, supporting a paleogeographic
scenario with the marine waters flooding the Araripe Basin from the southeast, probably via

Reconcavo-Tucano-Jatoba Basin system. Finally, sedimentologic, stratigraphic and



paleontological information indicate that the fate of the bakevelliids in the Romualdo

Formation, is bound up with the onset of continentalization of the Araripe Basin.

Keywords: systematics, pteriomorphian bivalves, aptian, Santana Group, biocorrelation,

taphonomy, epicontinental sea.
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1. INTRODUCAO

A Bacia do Araripe ¢ mundialmente reconhecida por suas rochas cretdceas portadoras
de abundantes fosseis (Konzentrat-Lagerstdtten) ou com elementos espetacularmente bem
preservados (Konzervat-Lagerstitten) (sensu Seilacher et al., 1985). A origem da bacia estd
relacionada ao desmantelamento do Gondwana e a abertura do Oceano Atlantico Sul, durante
o Eocretaceo, intervalo onde estdo registradas as primeiras ingressoes marinhas no interior do
nordeste brasileiro (Arai, 2016; Assine et al., 2016). Varias hipoteses e cendrios
paleogeograficos tém sido postulados para a origem e a direcdo das ingressdes marinhas na
Bacia do Araripe, com autores advogando por ingressoes advindas de norte, via bacias de Sao
Luis e Parnaiba, de noroeste, via Bacia Potiguar, bem como a partir do sul, cruzando os limites
das bacias de Sergipe-Alagoas (veja discussao recente e referéncias em Arai, 2016; Assine et
al., 2016).

Fundamentados em dados estruturais, estratigraficos e paleontoldgicos, Assine et al.
(2016) propdem que, no Cretaceo Inferior, haveria um seaway entre as bacias do Araripe e
Sergipe-Alagoas, com ingressao de aguas marinhas de sul para norte, se aproveitando dos vales
fluviais incisos desenvolvidos nas bacias do Reconcavo, Tucano e Jatoba (Varejao et al., 2016;
Freitas et al., 2017). De fato, as paleocorrentes deduzidas das dire¢cdes de mergulho de estratos
cruzados de facies sedimentares fluviais sotopostos (i.e., Formag¢dao Barbalha da Bacia do
Araripe e Formagao Marizal das bacias do Reconcavo-Tucano-Jatobd) indicam que a Bacia do
Araripe integrava um sistema de paleodrenagem continental que fluia para sul, acompanhando
os vales de direcao N-S, possivelmente condicionados por subsidéncia relacionada a reativagao
de falhas de fase rifte das bacias da margem continental brasileira (Assine et al., 2016; Varejao
et al., 2016; Freitas et al., 2017). Naturalmente, esses vales constituiram, posteriormente,
caminho para a ingressdo marinha neoaptiana, que atingiu a Bacia do Araripe, situada ao norte,
culminando com a deposi¢do dos folhelhos marinhos da Formagao Romualdo (Custodio et al.,
2017; Firsich et al., 2019). Dessa forma, os depositos e fosseis desta unidade sdo cruciais para
as interpretagdes paleobiogeograficas. De fato, os dados disponiveis sugerem que: (i) haveria
afinidade entre as faunas de invertebrados de unidades coevas da Bacia do Araripe (e.g.,
formagdes Crato e Romualdo), com as da Bacia de Sergipe (e.g., Formagao Riachuelo) (vide,
por exemplo, Pereira et al., 2015; White, 1887a); (ii) teria existido um seaway ou corridor entre
ambas as bacias sedimentares (Martill, 1993; Assine et al., 2016), e (iii) a diversidade da fauna

de invertebrados das formagdes Crato e Romualdo seria, em parte, resultante de elementos



imigrantes (cosmopolitas) e ndo apenas constituida por elementos que evoluiram in situ
(endémicos) na Bacia do Araripe (e.g., Silva et al., 2019).

Nesse contexto, os moluscos bivalves da Forma¢ao Romualdo, especialmente os
Bakevelliidae, se destacam como elementos-chave para corroborar ou refutar as hipoteses
paleogeograficas aventadas por autores tais como Assine et al. (2016), Varejao et al. (2016),
Custodio et al. (2017), Freitas et al. (2017) e Fiirsich et al. (2019). Os Bakevelliidae constituem
uma familia extinta (Carbonifero-Eoceno) de bivalves pteridides, marinhos ou de aguas
salobras, com ampla distribui¢do paleobiogeografica. A familia contém 24 géneros (segundo o
The Paleobiology Database, acessado em fevereiro de 2020), dos quais dois ja foram
mencionados para a Bacia do Araripe (e.g., Aguileria dissita e Bakevellia sp.). A recente
redescoberta de uma abundante malacofauna de Bakevelliidae na parte superior da Formagao
Romualdo, cuja afinidade parece estar relacionada a elementos coevos da Bacia de Sergipe
(vide Pereira et al., 2015), abre a possibilidade para a validacdo dos modelos paleogeograficos
mencionados acima, bem como discutir questoes paleoambientais e paleoecologicas relevantes,
no contexto da deposicao do intervalo superior da Formagao Romualdo, Bacia do Araripe, onde
esses bivalves sdo abundantes. Desse modo, as premissas citadas nos itens i a iii, constituem o

cerne da pesquisa desenvolvida.

1.1 Problematica envolvida
Deve-se a Hartt (1870) o primeiro registro de bivalves fosseis na sucessio sedimentar

cretdcea da Bacia do Araripe. Desde entdo diversos artigos, dissertagcdes e teses, sem contar
uma infinidade de resumos em eventos cientificos, trataram da presenca de moluscos bivalves
nas unidades Crato e Romualdo, Grupo Santana. Mabesoone & Tinoco (1973) sintetizaram as
ocorréncias de moluscos na Bacia do Araripe e compilagdes mais atualizadas aparecem em
Sales (2005), Bruno & Hessel (2006), Martill et al. (2007) e Bruno (2009). Com exceg¢do dessa
ultima autora (vide discussao mais adiante) e de Pereira et al. (2015; 2018), nenhum dos estudos
publicados desde 1870, tratando dos bivalves da Formagdo Romualdo, contém ilustracdes,
descri¢des formais e referéncias as instituicdes de repositorio dos espécimes analisados (vide
Bruno, 2009). Essa situagdo ¢ inaceitdvel do ponto de vista cientifico, a luz do enorme
conhecimento ocorrido nos ultimos 30 anos em relacao as ocorréncias coevas de outras partes
da América do Sul, especialmente da Argentina e Chile (vide Damborenea, 1987; Aberhan &
Muster, 1997; Lazo, 2003). Em outras palavras, os bivalves da Formag¢do Romualdo
permanecem na sua maioria nao estudados, especialmente do ponto de vista da sistematica da

fauna, principalmente se considerarmos as normas e recomendagdes do International Code of
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Zoological Nomenclature (ICZN, 1999). Em decorréncia dessa situagcdo, o conhecimento
taxondmico dos bivalves creticeos da Bacia do Araripe ¢ ainda incipiente, sendo urgente
estudos de sistematica paleontologica (vide Pereira et al., 2015), tafonomia e paleoecologia, os
quais sdo basicos para as investigagdes com foco em biocorrelagdes, reconstrugdes
paleogeograficas e paleoambientais. E neste contexto que a presente dissertacio de mestrado

esta inserida.

1.2 Justificativas e Hipoteses
Nos ultimos cinco anos, em decorréncia de uma série de esfor¢os de coleta no ambito

de projeto internacional financiado pelo CNPq (coordenado pelo Prof. Dr. Marcello Simoes),
concomitante aos financiados pela Petrobras-Fundunesp (coordenado pelo Prof. Dr. Mario
Assine), varias se¢des colunares foram levantadas nas bordas leste e oeste na Bacia do Araripe,
abrangendo, dentre outros, os depositos cretaceos das formagdes Crato (Varejao, 2019) e
Romualdo (Custédio, 2017; Custédio et al., 2017; Fiirsich et al., 2019). Em decorréncia, foi
possivel estabelecer com grande precisdo a posi¢do estratigrafica de muitas ocorréncias de
macroinvertebrados, especialmente Mollusca (Gastropoda e Bivalvia), Echinodermata e
Crustacea (Decapoda), particularmente na Formac¢ao Romualdo (ver Fiirsich et al., 2019). Esses
grupos tém enorme potencial como indicadores paleoambientais, especialmente para a
interpretacdo dos regimes de salinidade e oxigenacdo das dguas de fundo, taxas de sedimentagao
e tipos de substrato (Holz & Simdes, 2002). Uma das se¢des mais representativas da Formagao
Romualdo na borda leste da Bacia do Araripe estd, conforme ja mencionado acima, na
localidade de Sobradinho, distrito de Jardim, Estado do Ceara (Figs. 1 € 2). No topo da sucessao
sedimentar foram encontradas coquinas centimétricas, constituidas principalmente por conchas
de bivalves Bakevelliidae, cujas espécies até entdo ndo haviam sido formalmente descritas (vide
abaixo) para essa parte da Bacia do Araripe. Em decorréncia da importancia desses fosseis para
as interpretacdes bioestratigraficas, paleogeograficas e paleoambientais, a presente dissertagao
de mestrado foca no estudo desse grupo de moluscos.

Na Formacao Romualdo, bivalves Bakevelliidae foram previamente mencionados por
Bruno (2009) e Pereira et al. (2015), nas bordas leste e oeste da bacia, respectivamente. Bruno
(2009) apresenta um estudo taxonomico e paleoecologico detalhado dos Bakevelliidae
provenientes da localidade de Sobradinho, cuja presenca foi revelada por uma escavagao aberta
por Sales (2005). Bruno (2009) cita que o artigo “Pseudoptera beurleni, a new species of
Bakevelliidae (Bivalvia) from the Santana Formation (Albian?), northeastern Brazil, and its

palaeontological implications” foi submetido ao peridodico Cretaceous Research, em data
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anterior a 24 de julho de 2009. A busca detalhada na literatura, bem como no CV-Lattes das
autoras (Bruno, A.P.S e Hessel, M.H.R.), em fevereiro de 2020, revelou que, passados quase
11 anos da submissao do artigo, esse ainda ndo foi formalmente publicado.

E importante ressaltar ainda que para o ICZN, taxons publicados em dissertacdes ou
teses ndo sdo validos. Uma publicacdo eletronica, apds 2011, com DOI, pode ter validade, desde
que cumpra certas formalidades, ou seja, (1) que a publicagdo seja registrada no Zoobank,
responsavel pelo Official Register of Zoological Nomenclature, antes de ser publicada na
internet; (ii) que o trabalho deixe claro que este registro no Zoobank ocorreu; (iii) que o registro
no Zoobank contenha o nome de um disponibilizador ("archive") eletrénico que fornecera o
arquivo e o ISSN ou ISBN do trabalho, e (iv) que o trabalho declare a data de sua publicagdo.
Claramente, esse nao € o caso do estudo de Bruno (2009) e, desse modo, o nome Pseudopteria
beurleni ndo ¢ valido (nomen nudum). Além disso, Bruno (2009) refere-se a ocorréncia dos
Bakevelliidae no nivel das concre¢des carbondticas (parte média da sucessdo sedimentar da
Formacao Romualdo), contendo abundantes peixes fosseis, o que sabemos hoje ndo ¢ correto
(vide Fiirsich et al., 2019). Em outras palavras, a despeito das relevantes informagdes
paleontoldgicas contidas no estudo de Bruno (2009), trés problemas cruciais ndo foram
solucionados, isso ¢é: (i) ndo existe a publicacdo formal dos dados, segundo o ICZN; (ii) a
posicdo estratigrafica dos fosseis na sucessao vertical da Formacao Romualdo ¢ imprecisa; e
(ii1) os fosseis estao mal preservados, com as conchas recristalizadas, dificultando ou mesmo
impedindo a descri¢do das feicdes anatomicas internas (impressdes musculares) dos bivalves.
Os problemas citados nos itens ii e iii ndo afetam o material de estudo, possibilitando a descri¢ao
dos Bakevelliidae da Formag¢ao Romualdo e interpretacao e compreensao dos mecanismos que
geraram as concentragoes fossiliferas ricas em conchas deste grupo de bivalves.

Em razdo das discussdes acima, postula-se aqui que, no ter¢o superior da Formacao
Romualdo, existiram condi¢des deposicionais possivelmente marinhas, indicadas, dentre outras
evidéncias, pela presenca de bivalves Bakevelliidae. Conforme dados prévios (vide secdes em
Sales, 2005; Custodio et al., 2017; Fiirsich et al., 2019), as concentragdes podem ser
acompanhadas, lateralmente, por longas distancias. Outro aspecto estratigrafico importante ¢
que, na sucessdo sedimentar de Sobradinho, o intervalo coquindide parece indicar mudancas
paleoambientais e/ou paleoclimaticas importantes, as quais possibilitaram a geragcdao de
sedimentos carbondaticos na Bacia do Araripe. Quais os processos teriam sido responsaveis por
tal alteracdo? Teria havido aridizagdo, a qual limitaria o aporte de sedimentos silicilasticos nas

areas proximais, possibilitando a deposi¢do carbonatica e o estabelecimento de uma fauna



distinta de moluscos bivalves, durante fase de maxima inunda¢do marinha? Notavelmente, os
Bakevelliidae estdo presentes também na Bacia de Sergipe, Formag¢ao Riachuelo (vide dados
em Hessel & Filizola Jr., 1989; Hessel, 2004; Mello et al., 2007; Pereira et al., 2015),
provavelmente no Membro Maruim, onde estdo associados a abundantes fosseis de equindides.
Se esses dados estiverem corretos haveria mais uma evidéncia da presenca de um seaway entre
as bacias do Araripe e Sergipe-Alagoas, conforme postulado em Martill (1993) e Assine et al.

(2016).

2. OBJETIVOS

Em razao dos comentarios acima, essa dissertagdo tem por objetivo o estudo (i)
taxondmico, (ii) estratigrafico/tafondmico, (ii1) paleoecologico e de (iv) biocorrelacao dos
Bakevelliidae da Formagao Romualdo, com base nas ocorréncias das bordas leste e oeste da
Bacia do Araripe, estados do Ceara, Pernambuco e Piaui. Esses dados foram integrados aos de
natureza sedimentoldgica ja disponiveis para as segoes estudadas (Custddio et al., 2017; Fiirsich
et al.,, 2019), com a finalidade de melhor estabelecer as condi¢des paleoambientais e

paleogeograficas do intervalo estratigrafico de ocorréncia destes fosseis.

3. REGISTROS DE BAKEVELLIIDAE NO CRETACEO DO BRASIL

No Cretaceo do Brasil, os bivalves Bakevelliidae estdo registrados em trés bacias
sedimentares do Nordeste, incluindo: Araripe, Pernambuco-Paraiba e Sergipe-Alagoas (Fig. 1).
Na Bacia de Sergipe-Alagoas, Gervillia dissita foi descrita por White (1887a), nas rochas
cretaceas provenientes da localidade de Porto dos Barcos, Estado de Sergipe. No mesmo ano,
White (1887b) descreveu um novo género, Aguileria White (1887b) para o Cretaceo do Texas,
mencionando que (i) Gervillia renauxiana Mathéron, 1852, do Cretaceo da Franga, deveria ser
incluido no género novo, e (ii) Gervillia dissita, do Cretaceo do Brasil provavelmente também
pertencia ao género texano. Posteriormente, Maury (1936) manteve a espécie dissita, como um
taxon valido dentro do género Gervilleia Defrance, 1820 (sensu Maury, 1936). Na mesma
contribuicdo, ela também descreve uma nova espécie, Gervilleia regoi. Meio século depois do
estudo de Maury (1936), as espécies Gervilleia dissita e G. regoi foram redescritas por Hessel
& Filizola Jr. (1989), referindo-os a Aguileria White, 1887b e tecendo consideragdes relativas
a morfologia geral das conchas, forma da auricula e o nimero e posi¢@o dos resiliferos na area

ligamentar.
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Figura 1 — Ocorréncias de bivalves Bakevelliidae nas bacias sedimentares do nordeste brasileiro (base
cartografica: Assine, 1990).

Deve-se a Hessel (2004) e Mello et al. (2007) os artigos que mais exploraram as
questdes morfoldgicas e ecologicas dos bivalves Bakevelliidae na Bacia de Sergipe-Alagoas.

Por exemplo, Hessel (2004) estudou 13 espécimes coletados nas localidades de Espirito Santo
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11 e Mangueira 1 (Tabela 1 para coordenadas UTM), municipio de Riachuelo, Estado de
Sergipe. Os exemplares foram coletados em rochas siliciclasticas do Membro Angico, da
Formacao Riachuelo, na parte sul da Bacia de Sergipe-Alagoas. Hessel (2004) concluiu que
seus espécimes pertenciam a Gervillia (Gervillia) soneloidea Defrance, 1820, taxén comum do
Cretaceo Europeu (Abdel-Gawad, 1986; Heinberg, 1999). Ainda, de acordo com Hessel (2004),
as feigdes morfologicas das valvas de G. (G.) solenoidea indicam um habito de vida epifaunal
pendente. Além disso, Hessel (2004) mencionou a ocorréncia de restos de equinoides
associados a G. (G.) solenoidea e a presenca de ostreideos e tubos calcarios de vermes
indicativos de 4guas marinhas rasas e bem oxigenadas. Por sua vez, Mello et al. (2007)
apresentou a descricdo de uma nova espécie, Gervillia (Gervillia) sergipensis, com base em
colecdo cientifica constituida de 78 espécimes preservados como moldes externos € conchas
originais retiradas de blocos de calcarios. Os espécimes foram coletados nas camadas basais da
Formagdo Riachuelo, em duas localidades distintas: Coqueiro 1 e Taquari 1 (Tabela 1),
municipio de Riachuelo, Estado de Sergipe. Estas camadas sdo datadas como Aptiano-Albiano
baseadas em zonas de amonites (Zucon, 2005). Segundo Mello et al. (2007), o posicionamento
de G. (G.) sergipensis como nova espécie do subgénero G. (Gervillia) ¢ sustentada pelo fato
dos exemplares apresentarem caracteristicas diagndsticas na charneira (e.g., dentes transversais
e crenulagdes). Esses autores enfatizaram que a identificacao da espécie G. (G.) solenoidea,
fundamentada em caracteristicas morfologicas externas da concha, tais como a forma das
valvas, da asa posterior, da 4rea ligamentar e descontinuidade bissal (ver Hessel, 2004) ¢
impropria, pois sdo compartilhadas por muitas outras espécies de Bakevelliidae, ndo sendo
diagnostica e nem robusta para a identificacao especifica.

Mello et al. (2007) estudaram exemplares das mesmas localidades de Hessel (2004),
comentando que os espécimes possuem asa triangular bem desenvolvida e cinco cavidades
ligamentares bem marcadas. No entanto, os autores notaram que a forma da asa posterior pode
ser modificada por agentes tafondmicos e que este aspecto, portanto, deve ser considerado nas
comparagoes morfoldgicas. Mello et al. (2007) concluem que os espécimes identificados como
G. (G.) solenoidea por Hessel (2004) pertencem a G. (G.) sergipensis. Adicionalmente, Mello
et al. (2007) fazem alguns comentérios sobre as interpretagdes paleoautoecologicas de Hessel
(2004), sugerindo que o habito de vida inferido para G. (G.) solenoidea pode ndo estar correto.
Segundo Mello et al. (2007), G. (G.) sergipensis deve ter tido habito de vida semi-infaunal.

Para a Bacia do Araripe, a familia Bakevelliidae foi registrada, pela primeira vez, em

calcérios da Formagao Romualdo, na localidade de Lagoa de Dentro-Rancharia, no municipio



de Araripina, borda leste da bacia (Beurlen, 1963). Nesta ocasido, uma espécie de Bakevelliidae
foi registrada e referida a Aguileria sp. (Beurlen, 1963, 1971). Mais tarde, Mabesoone & Tinoco
(1973) e Sales (2005) mencionaram novamente a ocorréncia descrita por Beurlen (1963, 1971)
sem ilustrar ou descrever novos espécimes.

Bivalves Bakevelliidae foram também mencionados por Bruno (2009), Bruno & Sial
(2009) e Pereira et al. (2015), nas bordas leste e oeste da bacia. Bruno (2009) apresenta um
estudo taxondmico e paleoecologico detalhado dos Bakevelliidae coletados na localidade de
Sobradinho, Distrito de Jardim, Estado do Cearé (Tabela 1), provenientes de uma escavagao
aberta por Sales (2005). Bruno (2009) descreve 25 valvas esquerdas e sete valvas direitas
oriundas de calcarios coquindides da Formagdao Romualdo. O estudo de Bruno (2009) revelou
a presenca de uma nova espécie de Bakevelliidae na bacia, atribuido a Pseudoptera beurleni,
uma concha fina, lisa, inequivalve, do tipo mitiliforme, apresentando longa linha cardinal e
umbo saliente. A presenca de pequena auricula anterior arredondada e subtriangular, auricula
posterior grande, alongada, assim como cavidades ligamentares finas e regularmente espagadas
caracteriza a espécie (Bruno, 2009). Pseudoptera beurleni provavelmente foi um bivalve
suspensivoro de semi-infauna, que colonizou fundos em locais de 4guas meso-halinas calmas,
vivendo ancorado sub-verticalmente e preso ao substrato por um bisso, com suas auriculas finas
totalmente ou quase totalmente enterradas, conferindo maior estabilidade vertical (Bruno,
2009).

Mais recentemente, Pereira et al. (2015) descreveu Aguileria dissita a partir de
espécimes coletados em calcarenitos da Formagao Romualdo, nas localidades de Fazenda dos
Izaques e Sitio Torrinha, Araripina, Estado de Pernambuco. Aguileria dissita possui concha
biconvexa, subequivalve, espessa ¢ deve ter sido fixada ao fundo por bisso. Portanto, estas
fei¢des morfologicas sugerem habito de vida de semi-infauna, inclinada em substratos moles
(Pereira et al., 2015). De acordo com Pereira et al. (2015), a espécie ¢ a mesma descrita por
White (1887a) e redescrita por Maury (1936). No entanto, Aguileria dissita difere de G. (G)
regoi Maury, 1936 por ter concha mais ereta e sub-retangular, com a area do ligamento sub-
retangular, enquanto Aguileria renauxiana White, 1887b tem concha mais ereta, apresentando
sulco anterior bem marcado e area ligamentar sub-retangular (Pereira et al., 2015).

Fiirsich et al. (2019) mencionam a ocorréncia de Bakevellia King, 1848 nas coquinas da
porcdo superior da Formacdo Romualdo, na localidade de Sobradinho, Estado do Ceara. Os
autores consideraram Bakevellia sp. um bivalve epibissado, de habito alimentar suspensivoro,

destacando que a espécie poderia corresponder a Aguileria dissita White, 1887a. No entanto,



parece que os espécimes referidos a Bakevellia sp. por Fiirsich et al. (2019) na verdade, pertence
a um dos taxons descritos nesta dissertagao.

Na Bacia de Pernambuco-Paraiba sdo raros os estudos que citam a ocorréncia de
Bakevelliidae. Os artigos de Kegel (1957) e Guimardes (1964) reportam a ocorréncia de
Gervillia sp. em arenitos cinzentos do Membro Beberibe, da Formacao Itamaraca, Vale do Rio

Beberibe, a oeste de Recife, Estado do Pernambuco.

Tabela 1 — Registro historico das espécies de Bakevelliidae encontradas nas bacias
sedimentares interiores do nordeste brasileiro. A nomenclatura estratigrafica segue a dos
autores originais.

Unidade Localidade/
Bacia Coordenadas Autores Espécies
Geologica (UTM)
Lagoa de Dentro- Beurlen (1963);
Rancharia, Araripina Beurlen (1971), Aguileria sp.
(PE) citacio
Mabesoone &
- Tinoco (1973), Aguileria sp.
citagdo
Lagoa de Dentro, Sales (2005), Aouileria s
Araripina (PE) citagdo & P-
Fm. Sobradinho, Distrito Bruno & Sliﬂ
. (2009), citacao;
Araripe Romualdo  de Bom Jardim (CE) Bruno (2009) Pseudoptera
- 24M UTM descrigao formal beurleni
9163112N/481859E - £a0
(ndo publicado)
Fazenda dos Izaques Pereira et al.,
e Sitio Torrinha, (2015), descricdo  Aguileria dissita
Araripina (PE) formal
Ladeira do Belenga,

(Simdes, PI);
Canastra, Torre
Grande, Torrinha e
Lagoa de Dentro
(Araripina, PE);

Pereira et al.,

(2017), citagio Aguileira dissita



Santo Antonio e
Cedro (Exu, PE)

Sobradinho: 24M

U™ Fiirsich et al
9163112N/481911 (2019), cita é:) Bakevellia sp.
E) ~20km de > c1tag
Jardim (CE)
Pernambuco Begg?{be Vale do Rio Kegel (1957);
, ’ Beberibe, oeste de Guimaraes (1964), Gervillia sp.
Paraiba Fm. . .
, Recife (PE) citacoes
Itamaraca
Porto dos Barcos,
Trapiche das Pe.dras White (1887a), Gervillia dissita
Velho e Coqueiro, descricio formal
Provincia de Sergipe
Pasto da Carregoza, Gervilleia
entre Riachuelo e Maqry (1936), dissita;
Tanque (SE) descri¢do formal Gervilleia regoi
Fm. Coqueiro 1: 24L
Riachuelo UTM
Sergipe- 8815129N/698953E  \ 1ailo et al. (2007) Gervillia
Alagoas e Taquari 1: 24L descricio formal sergipensis
UT™M
8823752N/716027E
Hessel & Filizola Aguileria
- Jr.' (1989), dissita;
descrigdo formal  4oyileria regoi
(ndo publicado)
AMP' Gervillia
ngico, — Hessel (2004), (Gervillia)
Fm. descrigdo formal solenoidea
Riachuelo

4. CONTEXTUALIZACAO GEOLOGICA

A Bacia do Araripe apresenta forma alongada, na dire¢cao E-W (Assine, 2007), sendo
uma das maiores do interior do nordeste brasileiro, abrangendo as regides sul do Estado do
Ceard, oeste de Pernambuco e leste do Piaui (Fig. 2). Das bacias interiores do nordeste
brasileiro, essa ¢ a que apresenta a historia geoldgica mais complexa e de maior completude
estratigrafica (Assine, 2007), estando implantada em terrenos pré-cambrianos da Zona
Transversal da Provincia Borborema, a sul do Lineamento de Patos e a norte do Lineamento de

Pernambuco (Brito-Neves et al., 2000).
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A bacia se destaca, geomorfologicamente, pela elevacdo conhecida como Chapada do
Araripe, limitada por escarpas erosivas e ingremes, de topo plano com mergulho suave para
oeste (Morales & Assine, 2015). A topografia atual da bacia, cujas maiores altitudes estao na
borda leste, deve-se a recentes movimentos ao longo de falhas reversas de diregao NW-SE com
mergulho para NE, associados a uma fase de inversdo causada por esforcos compressivos
oriundos dos movimentos da placa de Nazca e da cordilheira meso-oceanica (Marques &
Moulin, 2011).

O registro geoldgico do mesozoico na Bacia do Araripe ¢ caracterizado por trés
sequéncias estratigraficas (Fig. 2): (i) rifte (Andares Dom Jodo e Rio da Serra); (ii) pos-rifte I
(Andar Alagoas = Aptiano); (ii1) pos-rifte II (Albiano/Cenomaniano) (Assine, 2007). A
sucessao pos-rifte I da Bacia do Araripe ¢ composta, da base para o topo, pelas formagdes

Barbalha, Crato, Ipubi ¢ Romualdo, que compdem o Grupo Santana (Assine et al., 2014).
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() Sobradinho (07.34'16"S, 39.09'50.3"W), Municipio de Jardim, situado aproximadamente 20 km de distancia
(Bruno, 2009; Bruno & Sial, 2009; Frsich et al., 2019);

o Serra do Inécio (07.59'40.55"S, 40.28'51.80"W), Municipio de Araripina, situado aproximadamente 40 km de
distancia do Distrito de Nascente;

Estiva (07.8'568.23"S, 39.47'16.73"W), Municipio de Santana do Cariri, situado aproximadamente 4 km do Distrito de
©
Araponga;

Sitio Jatoba (7.31'49.1"S, 39.09'48.8"W), Municipio de Porteiras, situado 4 km a noroeste da cidade homdnima
o (Sales, 2005);

0o Sitio Engenho (7.34'9.12"S, 39.16'16,5"W), Municipio de Jardim, situado 1 km a Leste da sede do Municipio de
Jardim, CE (Sales, 2005);

@ Bodinho (7.37'41.63"S, 40.31'51.80"W), Municipio de Araripina, situado aproximadamente 6 km de distancia.

Figura 2 — Mapa geologico da Bacia do Araripe com as localidades onde os fosseis estudados foram
encontrados (modificado de Assine et al., 2014).

A Formag¢do Romualdo ¢ uma unidade predominantemente siliciclastica que pode
atingir até¢ 100 m de espessura na borda leste da Bacia do Araripe, diminuindo de espessura em

diregdo a borda oeste (Custddio et al., 2017; Fiirsich et al., 2019). Em geral, a unidade ¢
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composta da base para o topo, por: (i) arenitos conglomeraticos com estratificacdo cruzada
acanalada e folhelhos, depositados em planicie aluvial costeira; (ii) arenitos finos a médios,
micaceos, com estratificacdo cruzada sigmoide, laminag¢do cruzada, facies heteroliticas e
folhelhos depositados em areas costeiras dominadas por maré; (iii) folhelhos e arenitos com
estratificacdo cruzada hummocky formados em plataformas marinhas rasas; (iv) folhelhos com
abundantes concentragdes de concrecdes carbonaticas fossiliferas, sugestivas de deposi¢ao em
plataforma marinha profunda (i.e., abaixo do nivel de base de ondas de tempestade) e cujo topo
constitui superficie de maxima inundacao; (v) folhelhos e calcérios fossiliferos (gastropodes,
bivalves e camardes foOsseis) caracteristicos de plataforma marinha rasa; (vi) coquinas
originadas por fluxos ou ondas de tempestade; e (vii) arenitos com estratificacdo cruzada
sigmoide, laminagdo cruzada, facies heteroliticas e folhelhos formados em areas costeiras
dominadas por maré (Custddio et al., 2017; Fig. 3):

A Formagdo Romualdo ¢ uma unidade influenciada por deposicdo marinha
correspondendo a uma sequéncia deposicional contendo dois ciclos transgressivo-regressivos
(TR; Fiirsich et al., 2019). O primeiro ciclo TR inclui folhelhos negros portadores de concrecdes
ricas em fosseis com preservagdo excepcional de tecidos moles (Santana Konzervat-
Lagerstitten; Maisey, 1991; Fara et al., 2005; Martill et al., 2007). A fauna existente do
primeiro ciclo TR, que inclui inumeros vertebrados e principalmente peixes, difere
drasticamente daquela preservada no segundo ciclo TR. Neste, diversas concentragdes
conchiferas ocorrem em sucessdes mistas carbonaticas-siliciclastica de até¢ 5 m de espessura
depositadas em condigdes de alta energia (Fiirsich et al. 2019). Parte desses carbonatos
correspondem a uma das mais importantes fases marinhas na Bacia do Araripe, em um periodo
de condigdes de salinidade marinha quase normal onde equinoides e bivalves Bakevelliidae

prosperaram (veja também Beurlen, 1966; Martill, 2007, p. 912).

NNW SSE

- /Blvalves, equindides e microbialitos

E;iNW\/V\/\/W\/\/\/VE -

Legenda oz
SER
Planicie costeira aluvial
E:] Planicie costeira dominada por maré
|:| Folhelhos de ambiente marinho raso
- Folhelhos marinhos plataformais (offshore)

op|enlhou ogéeuuo:i

B Carbonatos marinhos rasos
Figura 3 — Diagrama idealizado mostrando a sequéncia deposicional da Formacdo Romualdo, na Bacia
do Araripe (modificado de Custodio et al., 2017; Varejao et al., 2019).
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A Formag¢ao Romualdo, de idade aptiana é conhecida internacionalmente por seu rico
conteudo fossilifero (vide Maisey, 1991 e Martill et al., 2007; vide também Tabela 2),
particularmente os ictiofosseis encontrados em concregdes carbonaticas, na metade inferior da
unidade (Kellner, 2002; Valenca et al., 2003; Fara et al., 2005). Fora esses, a unidade apresenta
ainda abundantes macrofosseis de tetrapodes, como crocodilos, tartarugas, pterossauros e
dinossauros (veja Beurlen, 1971; Broin, 1994; Hirayama, 1998; Kellner & Campos, 2000;
Martill, 2007, dentre outros autores). Muitos invertebrados, microfosseis (Lima, 1978; Coimbra
et al., 2002), plantas fosseis (gimnospermas e algumas angiospermas) sdo também registradas
na unidade (Carvalho & Santos, 2005), bem como ocorréncias de preservacdo de ambar
(Valenga et al., 2003).

Na década de 1960, o nimero de estudos de cunho geoldgico na Formacao Romualdo
aumentou, porém ainda hd grande divergéncia quanto a interpretacdo do paleoambiente
deposicional (Custddio, 2017). Estudos de macrofosseis sugerem condigdes marinhas rasas
(Santos, 1982) e a analise de palinomorfos indica ambientes costeiros mixohalinos,
possivelmente lagunas (Arai & Coimbra, 1990). Esses dados também sao confirmados por
estudos fundamentados na analise do contetido de carbono organico dos folhelhos (Viana &
Agostinho, 1995). Corroborando com os autores supracitados, Sales (2005) interpreta o
ambiente como transicional (lagunar), associado a incursdes marinhas albianas. Na metade
superior da unidade, o autor descreve a presenga de moluscos, dinoflagelados, foraminiferos e
equindides, acumulados em concentragdes fossiliferas, interpretados como lags residuais,
relacionadas a superficie de ravinamento por onda, correspondendo a superficie de inundagao
maxima marinha na sequéncia (Assine, 2007). No entanto a interpretagao de que a Formagao

Romualdo seja lacustre ainda ¢ persistente na literatura (Moura, 2007).

Tabela 2 — Relagdo dos varios grupos de fosseis de importincia cronoestratigrafica da
Formacao Romualdo (Custédio, 2017).

Idades Autores Argumentos
Gastropodes (Cassiopinae), nova subfamilia dos
Beurlen (1964) Turriteliidae
Palinomorfos - Zona Complicatisaccus cearensis
Albiano Lima (1978) (espécies Stellatopollis; Dicotetradites sp.;
Gnetaceaepollenites ornatos; G. perforatus)
Conchostraceos, moluscos, dinoflagelados e
Coimbra et al. (2002) microforaminiferos

13



Valenca et al. (2003) Biozona Elasterosporites protensus

Heimhofer & ‘ Polen e esppros - Stellatop?llis barghéornii,
Hochuli (2010) Dichastopollenites cf. sp. e Retimonocolpites aff. sp.

Paleozona Z-7 - Dentes e fragmentos de ossos de

B 1
raun (1966) peixes; crustaceos Candonopsis sp.
Concreg¢des com peixes - Biozona Vinctifer
1982

Santos (1982) (Aspidorhynchus)
Aptiano/ Biozona Vinctifer (Aspidorhynchus); Ostracode
Albiano Brito (1984)

Cytheridae?
Arai et al. (2000) Dinoflagelados - Ecozona Subtilisphaera

Ostracodes - Pattersoncypris angulata; P.

Tomé et al. (2014
omé et al. ( ) micropapillosa e P. salitrensis

Inclusdo de peixes fosseis pertencentes aos géneros

Silva-Santos & Rhacolepis, Ophiopsis, Aspidorhymchus e

Val 1968
alenca (1968) Microdon.
Mabesoone & Fauna pertencente ao género Rhacolepis
Tinoco (1973) P y Y
Aptiano Arai & Coimbra Dinoflagelados - Ecozona Subtilisphaera
(1990)
Regali (2001) Palinozona Complicatisaccus cearensis (S.

variverrucata)

Rios-Netto & Regali | Palinozona Complicatisaccus cearensis (S.
(2007) variverrucata)

5. MATERIAIS E METODOS

Diversas atividades de campo e laboratorio, dentre outras, foram desenvolvidas. Essas
atividades, foram realizadas no Departamento de Geologia Aplicada, IGCE/Unesp, campus Rio
Claro e no Laboratorio de Paleozoologia Evolutiva, do Instituto de Biociéncias/Unesp, campus

Botucatu. As atividades realizadas sdo descritas a seguir.

5.1 Levantamento de dados de campo
Foram realizadas trés campanhas de campo em afloramentos das unidades fossiliferas

da Bacia do Araripe nos estados do Ceara, Pernambuco e Piaui. Analises detalhadas foram
realizadas para duas sec¢des estratigraficas onde afloram os sedimentos da Forma¢ao Romualdo,
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sdo elas: Secdo de Sobradinho (Sales, 2005; Custodio et al., 2017; Fiirsich et al., 2019),
localizada aproximadamente 20km de distancia do municipio de Jardim, estado do Ceara, borda
leste da bacia e Se¢do da Serra do Inacio (Custddio, 2017), localizada aproximadamente 40km
de distancia do distrito de Nascente, municipio de Araripina, estado de Pernambuco, sudoeste
da bacia. Além disso, amostras previamente coletadas por Sales (2005) em afloramentos
distribuidos ao longo da bacia, também foram objeto de estudo (ver Fig. 2).

Além da coleta de fosseis para descri¢des taxondmicas, realizou-se também em campo,
descri¢des e coletas para os estudos tafondmicos, que seguiram as recomendagdes sugeridas
por Brett & Baird (1986), Kidwell (1991), Kidwell & Holand (1991) e Simdes & Ghilardi
(2000). Sendo assim, as amostras coletadas consistem em blocos centimétricos, dada a
impossibilidade de coleta e transporte de blocos métricos. As observagdes foram realizadas com
especial atencdo a espessura, continuidade lateral (quantitativa), geometria, contatos, grau de
empacotamento e assinaturas tafondmicas dos bioclastos (qualitativa). Procurou-se amostrar as
camadas de interesse de modo detalhado, desde a base até o topo, sempre considerando as
variagoes laterais. Além disso, as camadas que ndo puderam ser coletadas inteiras, pois eram
muito espessas ou frageis, foram coletadas em blocos menores, que em conjunto, representam
todo o intervalo. Tais blocos foram numerados e reconstituidos no laboratério considerando a
orientagdo original.

Espécimes coletados em campo, assim como os espécimes da cole¢do preexistente do
Laboratério de Paleozoologia Evolutiva (IBB/Unesp), somam mais de 440 espécimes de
moluscos fosseis disponiveis para estudo, os quais se encontram armazenados no Instituto de

Biociéncias da UNESP/Botucatu.

5.2 Atividades de laboratorio

5.2.1 Sec¢des polidas (Slab)

As amostras coletadas em campo para finalidades tafondmicas, foram seccionadas em
laboratorio de preparagao de amostras, atraveés de serras diamantadas, obtendo assim, amostras
com superficies planas. Apds a sec¢do, as amostras foram polidas através de uma politriz
elétrica. Em seguida, as amostras foram escaneadas em um scanner Epson Perfection V700
Photo obtendo-se assim varias imagens em alta-resolucdo das secdes polidas (2200dpi),
permitindo entdo, a observagdo detalhada da biofabrica das rochas e a selecdo das regides de

interesse para a confeccao das laminas delgadas.
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5.2.2 Anélise petrografica

A analise petrografica contribuiu para a caracterizagdo dos tipos de rochas carbondticas
e seus processos formadores. Assim sendo, as amostras coletadas em campo para analise
tafondmica, também foram utilizadas para confec¢do de laminas petrograficas (n = 9). As
laminas foram confeccionadas no Laboratdrio de Laminagao da Unesp/Rio Claro.

Definido originalmente por Brown (1943), o termo microfécies refere-se a critérios
petrograficos e paleontoldgicos estudados em laminas delgadas, secdes polidas ou amostras de
rocha (Fligel, 2010). Para a caracterizacdo petrografica das microfacies, foi utilizada a
classificagdo microscépicas de acordo com Dunham (1962), Embry & Klovan (1971) e Tucker
& Dias-Brito (2017). As microfacies foram descritas com uso de microscopia Optica de luz
transmitida através de um microscopio Zeiss Axio Imager A.2, do Laboratorio de Petrografia
Sedimentar (LPS) no Centro de Pesquisas Aplicadas ao Petrdleo (Unespetro). As

fotomicrografias foram obtidas pelo mesmo microscopio.

5.2.3 Preparagdo e moldagem dos espécimes

Em estudos sistematicos de bivalves fosseis, a precisa interpretagdo e descricdo de
feicdes morfologicas, tais como impressdes musculares, estruturas da charneira e ornamentagao
sao de extrema importancia para a correta classificagdo dos mesmos. Os fosseis estudados
foram limpos a seco com pincel, e quando necessario, preparados com ferramentas de precisao,
a fim de expo-los, quando recobertos por matriz, possibilitando a andlise das fei¢des
morfologicas internas e externas das conchas.

O processo de moldagem em latex, tém como objetivo ressaltar feigdes morfoldgicas,
assim como produzir imagens de estruturas negativas, permitindo, portanto, observagdes
detalhadas de estruturas morfoldgicas. De forma resumida, a moldagem seguiu tais fases: (i)
foram aplicadas camadas de latex diluido em agua e pigmentado com nanquim preto; (ii) o
processo anterior repetiu-se varias vezes, aumentando a concentracdo de latex a cada nova
aplicacdo até que o espécime ou estrutura estivesse completamente recoberto; (iii) tiras de gaze
foram entdo intercaladas com as camadas grossas de latex, para que o molde se tornasse estavel
quando manipulado; (iv) apds a secagem completa, que levou aproximadamente 24h, o molde
foi retirado do fossil e suas bordas aparadas com tesoura.

Alternativamente, foi utilizado para a moldagem de alguns espécimes, a massa de
ceramica plastica da marca FIMO na cor preta. Nesse caso, a massa ¢ impressa contra o fossil,

obtendo-se um contra-molde do mesmo. Em seguida, a massa deve ser levada ao forno a
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110°C/130°C durante 30 minutos, para endurecer ¢ adquirir uma consisténcia rigida. A
vantagem desse processo reside no fato dele ser mais rapido do que o tempo dispensado para

obtencao do molde de latex.

5.2.4 Fotodocumentagao

Os espécimes foram recobertos com tinta nanquim preta e, apos a secagem da mesma,
recobertos por uma fina camada de fuligem de magnésio metélico, de modo a evidenciar o
relevo das estruturas da concha. Os moldes produzidos em latex e em ceramica plastica também
passaram por este processo. Apods esse procedimento os espécimes foram fotografados
individualmente, com uma cadmera DSLR Nikon, modelo D3200, equipada com uma lente AF-
S VR Micro-Nikkor 105mm f/2.8G IF-ED. A fim de gerar uma imagem com ampla
profundidade de foco, o uso desta lente exigiu varias fotografias, com planos de foco distintos
que, por sua vez, foram posteriormente mescladas utilizando uma técnica chamada Focus
Stacking ou Image Stacking (i.e., empilhamento de imagens), realizada através do software
Adobe Photoshop CC v. 20.0.1. Visto que cada exemplar fossil pode exigir a produgao de, em
média, cerca de 20 a 25 imagens, e que o processo de mesclagem leva aproximadamente 15
minutos por amostra (a depender do processador do computador utilizado), portanto, a
digitalizagdo de centenas de amostras exigiu meses de dedicacao. Posteriormente, as fotografias
foram tratadas através do software de edicdo Corel PHOTO-PAINT X8 (64-bit), com a

finalidade de melhorar pardmetros como saturacgdo e contraste.

5.2.5 Elaboracao de banco de dados
Banco de dados contendo informacdes referentes as dimensdes (altura, largura,
comprimento, etc) e a tafonomia (tipo de valva, modo de preservacao, articulagao) dos bivalves
Bakevelliidae da Formagao Romualdo foi produzido no software Microsoft - Excel 2016. Ao
todo foram registrados 440 espécimes. Esses dados foram utilizados para andlises

paleoecologicas e tafonomicas. Para detalhes de terminologia e caracteristicas medidas seguiu-

se Muster (1995) e Lazo (2003).

5.2.6 Ilustragao
Depois de analisados, os espécimes foram selecionados para serem esbocados, aqueles

que estavam mais bem preservados e que continham caracteres diagnosticos. Os esbogos foram
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gerados por meio de software de edigdo vetorial grafica CorelDRAW X8 (64-bits). Em seguida,

foram montadas pranchas para serem utilizadas nos artigos cientificos.

5.2.7 Anélise taxonomica e paleoecoldgica
O estudo taxondmico dos Bakevelliidae seguiu os artigos de Cox (1969), Muster (1995),
Lazo (2003), Témkin (2006) especialmente para a descricdo das feigdes morfoldgicas
diagnosticas, tais como: ligamento, distribuicdo dos musculos. A classificagdo taxonomica
supragenérica seguiu Bieler et al. (2010) e as interpretagdes paleoecoldgicas foram
fundamentadas em Stanley (1970, 1972), Seilacher (1984), Aberhan (1994), Muster (1995),
Aberhan & Muster (1997).

5.2.8 Andlise tafondmica

Para essa analise, a metodologia e terminologia empregadas seguiram Kidwell &
Holland (1991), Kidwell et al. (1986), Brett & Baird (1986) e Fiirsich & Oschmann (1993).
Foram examinadas feigdes padrdo, incluindo: (i) biotrama (=biofabrica), referente ao arranjo
tridimensional dos fosseis na matriz, podendo ocorrer, em se¢do, de forma concordante,
obliqua, perpendicular, imbricada, empilhada ou aninhada (Kidwell & Bosence, 1991), e (ii) as
assinaturas tafonOmicas, tais como desarticulagdo, fragmentag¢do, bioerosdo. Esses dados
associados aos de natureza sedimentologica, tais como granulacdo, grau de sele¢do, estruturas
sedimentares, o grau de empacotamento e geometria das camadas, possibilitaram a
determinagdo de fatores abidticos e bidticos (Fiirsich & Oschmann, 1993), responsaveis pela

génese das concentracdes fossiliferas estudadas.

5.2.9 Pesquisa bibliografica
Tendo em vista o pobre conhecimento taxondmico dos bivalves Bakevelliidae da Bacia
do Araripe, fez-se necessario um extenso levantamento bibliografico, envolvendo artigos
cientificos sobre sistematica e paleoecologia de bivalves da familia Bakevelliidae; geologia e

paleogeografia das bacias interiores do Nordeste.
6. RESULTADOS

Em decorréncia das atividades desenvolvidas, foram obtidos resultados relevantes no

que se refere a estratigrafia da unidade em estudo, a identificagc@o e a descricdo dos bivalves e
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a interpretacdo da génese das concentragdes fossiliferas estudadas. Estes resultados sao

apresentados a seguir.

6.1 Descri¢do das Segoes Sobradinho e Serra do Indcio
Conforme mencionado anteriormente no capitulo de Materiais ¢ Métodos, duas secoes

colunares da Formagao Romualdo foram estudadas (Fig. 4), as quais sao descritas abaixo.

6.1.1 Se¢ao de Sobradinho

A secdo colunar de Sobradinho apresenta 100 m de espessura e representa o registro
mais completo ja descrito para a Formagdo Romualdo, tratando-se de sua se¢do-tipo (Custodio
et al.,, 2017; Fig. 4). Na base da se¢do, em contato com a Formacdo Crato, ocorrem sets
decimétricos de arenitos com estratificacdo cruzada sigmoide. Os estratos arenosos se
adelgacam lateralmente, apresentando base e topo planos e tangenciais as superficies limitantes,
estando separados por niveis delgados (2 a 5 cm) de folhelho preto. Também ocorrem camadas
tabulares de arenitos finos a médios com estratificagdo cruzada acanalada de porte decimétrico
intercalados com folhelhos cinza escuros, arenitos com acamamento heterolitico (flaser, wavy
e linsen), e arenitos finos, micaceos, com lamina¢do cruzada produzida por onda e corrente.
Barras arenosas sigmoides com drapes de argila, acamamento heterolitico e paleocorrentes
bimodais constituem feicdo caracteristica dessa por¢ao (Fig. 5A).

Sobrepostos ocorrem folhelhos e siltitos de coloragdo cinza, verde e preta, podendo
conter altas concentragdes de matéria organica e foraminiferos, intercalados a arenitos finos
com laminacdo cruzada por onda e laminitos. Esses apresentam menos de 10% de bioclastos
(ostracodes) e caracterizam-se por laminas alternadas de micrita e esparita submilimétricas.

Intervalo de aproximadamente 6 m de espessura contendo folhelhos escuros ricos em
concregdes carbondticas fossiliferas, ocorrem acima dos depdsitos marinhos rasos. Este
intervalo representa o principal jazigo fossilifero da Forma¢ao Romualdo e, em fung¢do da
excelente preservagao dos fosseis, € considerado um depdsito do tipo Konzervat-Lagerstditten
(Fig. 5C). As ricas concrecdes fossiliferas podem chegar a 80 cm de diametro, e contém
crustaceos, peixes, pterossauros, tartarugas, madeiras, restos vegetais e outros. Além destes
fosseis, ocorrem também macro e microinvertebrados dispersos nos folhelhos. Dentre os
invertebrados, sao descritos bivalves, gastropodes, camardes, também sdo encontrados
palinomorfos e microfdsseis calcarios, como ostracodes. Folhelhos escuros intercalados a
laminitos sucedem a camada rica em concrecdes. A sucessao apresenta aproximadamente 25 m

de espessura e contém niveis ricos em ostracodes, bivalves, gastropodes e camardes.
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Camadas aproximadamente tabulares contendo moluscos (gastropodes e bivalves,
incluindo principalmente os Bakevelliidae), denominados de coquinas ou calcarios bioclasticos
ocorrem intercalados a folhelhos siltosos na sucessao (Fig. 5D). De acordo com Sales (2005),
a ocorréncia dessa concentragdo ¢ descontinua. As camadas de coquinas exibem contatos
ondulados e gradacdo descontinua interna, com trama bioclastos ora matriz sustentados, ora
bioclasto sustentados (Sales, 2005). Os bioclastos podem ocorrer, em parte, recristalizados e os
bivalves sdo encontrados com as valvas desarticuladas, orientados com concavidade para cima,
sendo também observados exemplares com valvas articuladas e fechadas, possuindo tamanhos
milimétricos a centimétricos (Sales, 2005). Tais caracteristicas permitem interpretar as
coquinas como depositos formados por processos derivados de ondas de tempestade (Sales,
2005). Observagdes recentes de campo sugerem, porém, que ¢ possivel que alguns intervalos
dessas coquinas representem superficies de colonizacao dos Bakevelliidae, cujas conchas, por
vezes, ocorrem inclusive preservadas in situ, sugerindo natureza altamente complexa para a
origem desses depositos bioclasticos, os quais corresponderiam a concentragdes amalgamadas.

Finalmente, o topo da se¢do ¢ caracterizado por sucessdao de aproximadamente 25 m de
espessura contendo camadas de arenitos com estratificagdo cruzada sigmoide e acanalada,

intercalados com folhelhos e facies heteroliticas.
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Figura 4 — Secdes colunares da Formagdo Romualdo nas localidades de Serra do Inacio e Sobradinho,
estados de Pernambuco e Ceara, respectivamente. TR — Ciclo Transgressivo-Regressivo; T
Transgressivo; R — Regressivo; ZIM — Zona de Inundagdo Maxima; SIM — Superficie de Inundacao
Miéxima. Baseado em Fiirsich et al. (2019).

21



Figura 5 — Facies sedimentares das se¢des colunares de Sobradinho (A, C-D) e Serra do Inacio (B, E-
F). A) Barras arenosas com geometria sigmoide limitados por laminas delgadas de argila; B) Facies
heterolitica associada a arenito com laminagdo cruzada cavalgante; C) Folhelho preto, rico em matéria
organica e concregdes fossiliferas; D) Camadas tabulares de coquinas e calcarios bioclasticos, com
espessura cm-dm intercaladas com folhelhos siltosos; E) Packstone peloidal com estratifica¢do cruzada
hummocky; F) Exposicdo em corte de estrada dos calcarios fossiliferos na se¢do colunar da Serra do
Inécio.

6.1.2 Secao da Serra do Inacio
A secdo colunar da Serra do Inacio possui 38 m de espessura e representa o registro
conhecido mais espesso da Formag¢ao Romualdo na borda sudoeste da Bacia do Araripe. A base
da se¢do ¢ composta por sucessao de arenito médio, mal selecionado, com granulos dispersos

e estratificacdo cruzada acanalada organizados em sets cuneiformes de porte decimétrico.

Acima, arenitos finos a muito finos, miciceos, organizados em sets tabulares com laminacao
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horizontal ocorrem intercalados a siltitos verdes que tendem a diminuir de espessura em dire¢ao
ao topo.

Na sucessao, arenitos grossos gradando a médios no topo, com estratificagao cruzada
acanalada, apresentam base erosiva, argila entre os sets (decimétricos) e intraclastos de argila
nos forsets, transicionando no topo para arenitos finos a médios, mal selecionados, com
estratificacdo incipiente. Novo ciclo de granodecrescéncia ascendente ¢ marcado pela
ocorréncia de camadas de at¢ 1 m de arenito grosso a muito grosso, mal selecionado, com
estratificacdo cruzada acanalada, intercalado a siltitos verdes. Acima, estdo preservados
arenitos médios a finos com laminagdo cruzada, siltito arenoso, e arenito com acamamento
heterolitico (wavy/linsen) com fragmentos de peixes (Fig. 5B).

Folhelhos cinza escuros intercalam-se a niveis descontinuos de arenito fino com
estratificagdo cruzada hummocky (Fig. 5SE) e a pequenas concrecdes (centimétricas) dispersas.
Sobreposto, ocorre sucessdo com 8 metros de espessura de folhelhos escuros portadores de
ostracodes, com poucas concregdes carbonaticas fossiliferas.

Finalmente, o topo da secao ¢ caracterizado por aproximadamente 3 metros de calcarios
fossiliferos intercalados com folhelhos negros (Fig. 5F). Nesses calcarios foram observados
fosseis de bivalves e gastropodes. Em algumas dessas camadas, sdo preservados pavimentos

compostos por bivalves Bakevelliidae.

6.2 Caracterizacgdo das concentracoes de Sobradinho

6.2.1 Microfacies carbonaticas
A partir da descricdo microscopica das laminas petrograficas, foram reconhecidas oito

microfacies carbondticas, brevemente descritas a seguir.

6.2.1.1 Mudstone com ostracodes (Mo)

Fécies composta predominantemente por micrita com por¢des localizadas apresentando
recristalizagdo (micro-esparita). Graos angulosos de quartzo tamanho silte/areia muito fina
ocorrem dispersos na matriz (Fig. 6A), assim como ostracodes com valvas articuladas fechadas
e desarticuladas (de tamanho até 0,7 mm). Valvas de ostracodes ocorrem cimentadas
externamente por franja acicular e internamente estdo preenchidas por calcita drusiforme em

mosaico (Fig. 6B).
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6.2.1.2 Wackestone a bivalve e gastrépode (Wbg)

Microfacies composta por bivalves e gastropodes (dominantemente bivalves) imersos
em matriz micritica e graos angulosos de quartzo no tamanho silte/areia muito fina (Fig. 6C-
D). Bivalves ocorrem com valvas desarticuladas e fragmentadas com arestas angulosas
enquanto gastropodes ocorrem menos fragmentados, com mesmo preenchimento que a matriz
(Fig. 6D-E). Conchas de bivalves e gastropodes ocorrem predominantemente recristalizadas
por calcita espatica. Em por¢des com maior concentragdo de bioclastos, a matriz ocorre
recristalizada por micro-esparita (Fig. 6E-F). Fragmentos fosfaticos (vértebras de peixe)

ocorrem dispersos na matriz (Fig. 6F).

6.2.1.3 Packstone a gastropodes e bivalves (Pgb)

Esta microfacies, corresponde a uma rocha sustentada por gastropodes e bivalves
subordinadamente. Seu arcabougo, ¢ formado por fragmentos bioclasticos menores que 2 mm
(bivalves) organizados caoticamente em matriz micritica (Fig. 7). Graos angulosos de quartzo,
tamanho silte/areia muito fina, ocorrem em grande propor¢ao na matriz. Gastropodes e bivalves
maiores que 2 mm também estdo presentes (< 10 % do arcabougo). Bivalves ocorrem
predominantemente desarticulados e fragmentados (levemente angulosos a subarredondados),
porém ocasionalmente sdo observadas valvas articuladas abertas. Conchas de bivalves e
gastropodes ocorrem predominantemente recristalizadas por calcita espatica. As camaras
internas dos gastrépodes estdo preenchidas por: (i) calcita mosaico (Fig. 7A); (ii) calcita com
preenchimento geopetal (Fig. 7B); (iii) micrita (Fig. 7C-D); e (iv) calcita micro-cristalina e

valvas desarticuladas de ostracodes (Fig. 7D-E).
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Figura 6 — Mudstone com ostracodes (A-B) e wackestone a bivalves e gastropodes (C-F) (nicdis
cruzados). A) Graos angulosos de quartzo tamanho silte/areia muito fina dispersos pela matriz em Mo;
B) Mo representado por valvas de ostracodes cimentadas por franja acicular e internamente preenchidas
por calcita drusiforme em mosaico; C) Whg composto por bivalves e gastropodes imersos em matriz
micritica e graos angulosos de quartzo no tamanho silte/areia muito fina; D) Valvas desarticuladas de
bivalves com extremidades angulosas; E) Camara de gastropode em Wbg com diversos fragmentos de
bivalves; F) Fragmento fosfatico (vértebras de peixe).
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Figura 7 — Packstone a gastropodes e bivalves (nicois cruzados). A) Camara de gastropodes preenchida
por calcita mosaico; B) Preenchimento de camara de gastropode por calcita e lama carbonatica; C-D)
Micrita e fragmentos de conchas preenchendo gastropodes; E) Preenchimento de camara de gastropode

por calcita micro-cristalina; F) Detalhe de E mostrando a presenca de valvas de ostracodes.

N
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6.2.1.4 Grainstone a gastropodes e bivalves (Ggb)

Microfacies composta predominantemente por fragmentos de bivalves angulosos a
pouco arredondados (menores que 2 mm), cimentados por calcita espatica (Fig. 8A-B).
Bioclastos de gastropodes e bivalves, maiores que 2 mm, desarticulados ocorrem em menor
quantidade (< 10 %; Fig. 8C-F). Bioclastos ocorrem internamente cimentados por calcita
mosaico (Fig. 8C-D). Em alguns casos, o material interno da concha foi totalmente dissolvido
dando origem a porosidade intraparticula (Fig. 8A-B). Ocasionalmente, valvas desarticuladas
de bivalves com convexidade para o topo ddo origem a porosidade do tipo shelter que foram

posteriormente cimentadas por calcita mosaico (Fig. 8E-F).

6.2.1.5 Floatstone a bivalves e gastropodes (Fbg)

Esta microfécies ¢ formada por arcaboucgo de bioclastos, predominantemente bivalves e
subordinadamente gastrépodes maiores que 2 mm dispersos em matriz micritica. Graos
angulosos de quartzo tamanho silte/areia muito fina sdo comuns dispersos na matriz.
Gastropodes com ornamentagao preservada ocorrem preenchidos por: (i) micrita e graos de
quartzo (Fig. 9A); (i1) pelodides ovais (Fig. 9B); e (iii) valvas desarticuladas de bivalves (Fig.
9C). Bivalves ocorrem predominantemente desarticulados e fragmentados (Fig. 9D). Em geral
os bioclastos ocorrem recristalizados (Fig. 9A-D), porém em alguns casos, porosidade

intraparticula pode ser observada (Fig. 9A).

6.2.1.6 Rudstone a bivalves e gastropodes (Rbg)

Microfacies compostas por arcabouco fechado de bioclastos maiores que 2 mm em
matriz micritica. Graos angulosos de quartzo (silte/areia muito fina) sd3o comuns dispersos na
matriz. Gastropodes e valvas desarticuladas de bivalves ocorrem maiormente recristalizadas e
preenchidas pelo mesmo material que a matriz (Fig. 9E). Camaras de gastrépodes ocorrem
preenchidas por: (i) cimento espatico (mosaico); e (i1) matriz (Fig. 9E). Em alguns casos, as
conchas estdo dissolvidas formando porosidade intraparticula. Valvas desarticuladas de
bivalves empilhadas apresentando convexidade para o topo formam niveis bem definidos

separados por Fbg (Fig. 9F).
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Figura 8 — Grainstone a gastropodes e bivalves (luz natural e nicdis cruzados) A-B) Fragmentos de
bivalves preenchidos por calcita espatica e parcialmente dissolvidos; C-D) Gastropode recristalizado;

E-F) Valva completa de bivalve recristalizada associada a porosidade shelter com posterior precipitagdo
de calcita mosaico.
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Figura 9 — Floatstone a bivalves e gastropodes (A-D) e rudstone a bivalves e gastropodes (E-F) (nicois
cruzados). A) Camara de gastropode preenchida pelo mesmo material que a matriz; B) Preenchimento
de camara de gastropode por peldides ovais; C) Gastrépode preenchido por peldides ovais (parte
superior) e fragmentos de bivalves (parte inferior); D) Fragmentos de valvas de bivalves; E) Alta
concentracdo de gastropodes e bivalves maiores que 2 mm; F) Valvas desarticuladas de bivalves
empilhadas com convexidade voltada para o topo.
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6.2.1.7 Floatstone a Bakevelliidae (Fb)

Arcabougo formado por bivalves (principalmente Bakevelliidae) e gastropodes maiores
que 2 mm imersos em matriz micritica. Bivalves ocorrem predominantemente desarticulados
(Fig. 10A), sem orientagdo preferencial de valvas (Fig. 10D). Bivalves e gastropodes podem
ocorrer tanto completos (Fig. 10A, C) quanto fragmentados (Fig. 10B, E-F). Bioclastos ocorrem
predominantemente recristalizados com camaras internas de gastropodes preenchidas pelo
mesmo material que a matriz (Fig. 10A-C). Feigdo caracteristica dessa facies ¢ a auséncia de

graos detriticos.

6.2.1.8 Rudstone a Bakevelliidae (Rb)

Arcabougo formado predominantemente por valvas desarticuladas de bivalves
(principalmente Bakevelliidae) maiores que 2 mm com empacotamento fechado em matriz
micritica. Bivalves ocorrem paralelos ao acamamento com predominio de valvas com
convexidade para baixo (Fig. 11A-B). Nestes casos, ¢ comum a ocorréncia de empilhamento
de valvas com gradacao normal (e.g., nesting e stacking; Fig. 11C). Valvas de bivalves
fragmentadas e gastrépodes ocorrem dispersos em menor quantidade. Importante feigdo ¢ a
preservacdo da estrutura interna original das conchas apesar de ocorrerem recristalizadas (Fig.

11D-F). Graos de quartzo estao ausentes.
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Figura 0 — Floatstone a Bakevelliidae (nicois cruzados). A) Valva desarticulada de Bakevelliidae; B)
Gastropode fragmentado; C) Gastropodes completos e fragmentos de bivalves; D) Disposi¢do cadtica
de valvas de bivalves; E-F) Valvas desarticuladas e fragmentadas (arredondadas) de bivalves.
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Figura 11 — Rudstone a Bakevelliidae. A-B)

A

Valvas desarticuladas de bivalve paralelas ao acamamnto;
C) Valvas de bivalves empilhadas com concavidade para o topo; D-F) Valvas levemente recristalizadas
mantendo microestrutura original da concha.

6.2.2 Associa¢ao de microfacies

Em escala de afloramento, a concentracdo de Sobradinho possui niveis internos
complexos que variam de 4 cm a 17 cm de espessura aproximadamente. Sua extensao lateral ¢

dificil de ser estabelecida devido a cobertura vegetal e pelo fato das rochas aflorarem no topo
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de uma ravina. Foram reconhecidos seis niveis estratigraficos distintos (AMF-1 a AMF-6, Fig.
12) ao longo da sucessdo contendo carbonatos ricos em conchas de Bakevelliidae, na se¢ao
colunar de Sobradinho. Os niveis carbondticos analisados ocorrem intercalados com rochas
siliciclasticas finas. A Figura 12 mostra a se¢do colunar detalhada desse intervalo.
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Figura 12 — Secdo colunar detalhada dos niveis carbonaticos contendo conchas de Bakevelliidae na
Formagao Romualdo, localidade de Sobradinho, municipio de Jardim, Estado do Ceara.
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6.2.2.1 Associagdo de microfacies 1 (AMF-1)

Camada com espessura de 11 a 17 cm, extensao lateral dificil de ser estabelecida devido
a cobertura vegetal. Contato basal erosivo e topo ondulado. A AMF-1 ¢ composta por duas
microfacies carbonaticas que ocorrem intercaladas (Fig. 13): Rbg e Fbg. O grau de
empacotamento dos bioclastos nessa associacao varia de densamente empacotado (microfacies
Rbg) a frouxo (microfacies Fbg). Em geral, os bioclastos apresentam selecdo pobre (polimodal).
Os bioclastos ocorrem predominantemente desarticulados e muito fragmentados. A por¢ao

inferior da associagdo de microfacies apresenta bioclastos com alto grau de desgaste por
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abrasdo. No entanto, algumas conchas de bivalves desarticuladas dispersas na unidade,
apresentam-se completas e variam em tamanho (3 a 10,3 mm). Em relagdo ao plano de
acamamento, os bioclastos estdo arranjados paralelamente, e as valvas completas apresentam

convexidade voltada para cima.

A

Figura 13 — Associacdo de microfacies 1. A) Slab (corte vertical da amostra) com indicagdo das
microfacies encontradas; B) Desenho esquematico detalhando a biotrama da amostra em A.

6.2.2.2 Associagdo de microfacies 2 (AMF-2)

Camada com espessura de 3 a 4 cm. Contato basal e superior levemente ondulado. Na
AMF-2 ocorrem quatro microfécies distintas: Mo, Ggb, Pgb ¢ Whg (Fig. 14). O grau de
empacotamento dos bioclastos nessa unidade varia de frouxo (microfacies Ggb) a disperso
(microfacies Mo, Pgb e Whg). Os bioclastos tém selecdo pobre e em geral, predominam os
menores que 2 mm, ocorrendo dominantemente desarticulados e muito fragmentados. Além
disso, eles também ocorrem concordantes ao acamamento. Nao € possivel observar um padrao
quanto a convexidade das valvas dos bivalves. Fei¢do de bioturbagdo em forma de J

(Arenicolites?) (Fig. 14) é observada.
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Figura 14 — Associacdo de microfacies 2. A) Slab com indicagdo das microfacies encontradas; B)
Esquema detalhando a biotrama da amostra em A.

6.2.2.3 Associagdo de microfacies 3 (AMF-3)

Concentragao fossilifera com espessura de 7 a 8§ cm. A base da camada apresenta contato
abrupto e o topo ondulado. Nessa camada ocorrem trés microfacies empilhadas respectivamente
da base para o topo: Wbg, Mo e Ggb (Fig. 15). O grainstone constitui set com base erosiva
acima de mudstone com estrutura em chama. O grau de empacotamento dos bioclastos varia de
frouxo (Wbg) a denso (Ggb). De modo geral, a selecdo dos bioclastos ¢ pobre. Em Wgb, os
bioclastos sao menores que 2 mm, enquanto em Ggb a maioria dos graos ¢ maior que 2 mm.
Entretanto, alguns, como os gastropodes, podem ultrapassar 10 mm. As valvas de bivalves, em
geral apresentam alto grau de fragmentacdo e arestas bastante angulosas. Os bioclastos

apresentam-se de forma obliqua em relagdo ao plano de acamamento.

Figura 15 — Associacdo de microfacies 3. A) Slab mostrando as microfacies encontradas; B) Desenho
esquematico detalhando a biotrama da amostra em A.

6.2.2.4 Associagdo de microfacies 4 (AMF-4)
A AMF-4 compreende uma camada de 3 cm de espessura, representada pela microfacies
Whbg (Fig. 16). Os contatos, na base e topo da camada, sao ondulados. O grau de empacotamento

dos bioclastos ¢ frouxo e sua selecdo, pobre. J& a fragmentacdo ¢ elevada nos bioclastos
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menores que 4 mm. Os bioclastos ocorrem de forma cadtica, ou seja, sem uma orientagao

preferencial.

A

Figura 16 — Associa¢do de microfacies 4. A) Slab com indicagdo da microfacies encontrada; B)
Esquema detalhando a biotrama da amostra em A.
6.2.2.5 Associacao de microfacies 5 (AMF-5)

Camada com 5 a 6 cm de espessura, com contatos (base e topo) ondulados. Nessa
unidade foi possivel identificar trés microfacies: Pgbh, Mo ¢ Wbg (Fig. 17). O grau de
empacotamento dos bioclastos varia de denso a frouxo. Em geral, ha pouca selecdo dos
bioclastos, ou seja, polimodal. Na microfacies Pgb intermediaria € possivel observar bioclastos
aninhados. Ja na microfaceis Pgb, mais superior, sdo observados bivalves articulados fechados,
variando de 0,5 a 0,8 mm de largura. Exceto estes, os demais estdo muito fragmentados. Em
relacdo ao plano de acamamento, de modo geral, os bioclastos ocorrem de forma concordante,

no entanto, alguns bivalves articulados ocorrem de forma obliqua.

Figura 17 — Associacdo de microfacies 5. A) Slab com indicagdo das microfacies encontradas; B)
Desenho esquematico detalhando a biotrama da amostra em A.

6.2.2.6 Associagao de microfacies 6 (AMF-6)
A AMF-6 ¢ uma camada de 15 a 17cm. O contato na base ¢é erosivo e no topo, ondulado.

Duas microfacies foram identificadas: Fb e Rb (Fig. 18). O grau de empacotamento dos
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bioclastos nessa unidade, varia de denso (Rb) a frouxo (Fb). Em geral, os bioclastos t€ém selegao
pobre (polimodais) e alguns podem chegar a até 1,5 cm de largura. Na porc¢do inferior da
unidade os bioclastos estdo pouco fragmentados, ¢ possivel observar valvas de bivalves
completas, mas desarticuladas e gastropodes com ornamentagdo preservada. Os bioclastos, em
sua grande maioria, ocorrem paralelos ao acamamento, mas ¢ possivel observar valvas em
posicdo obliqua. As valvas de bivalves ocorrem com a convexidade para cima e para baixo ¢
alguma vezes ocorrem aninhadas (nesting) e empilhadas (stacking). Bivalves articulados
fechados também estdo presentes na AMF-6. Na microfacies Rb (topo da camada) estdo

preservados bivalves em posi¢ao de vida (Fig. 21).

Figura 18 — Associagdo de microfacies 6. A) Slab mostrando as microfacies encontradas na por¢ao
superior da camada; B) Desenho esquematico detalhando a biotrama da amostra em A; C) Slab
mostrando as microfacies encontradas na porcdo inferior da camada; D) Desenho esquematico
detalhando a biotrama da amostra em C.

6.3 Sistematica paleontologica
A andlise morfoldgica permitiu, o reconhecimento de, pelo menos, trés taxons distintos,

descritos e referidos como Araripevellia musculosa gen. et sp. nov., Aguileria romualdoensis

sp. nov. e Gen. et sp. indet. Os resultados obtidos através das analises realizadas incluem a
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descri¢ao taxondmica dos bivalves Bakevelliidae provenientes das concentragdes das
localidades de Sobradinho e Serra do Inacio.

Todos os resultados referentes a taxonomia destes bivalves estdo apresentados em maior
detalhe no Apéndice do presente documento, no qual se apresenta o principal artigo cientifico
derivado deste estudo. No item 6.3.1. a seguir sera apresentado um breve resumo do conteudo

deste artigo.

6.3.1 Novos bivalves pteriomorfos do Aptiano da Formagdao Romualdo, Bacia do Araripe,

e o breve “Mar de Bakevelliidae” do interior do nordeste do Brasil

Novos bivalves Bakevelliidae aptianos (Cretaceo Inferior) sdo descritos para a
Formacao Romualdo, Bacia do Araripe, nordeste do Brasil. Os novos bivalves (4raripevellia
musculosa gen. et sp. nov., Aguileria romualdoensis sp. nov., e Gen et sp. indet.), aqui descritos,
indicam que a fauna de Bakevelliidae da Formag¢ao Romualdo era mais diversa do que suposto
anteriormente. Carbonatos ricos em Bakevelliidae, alguns com espécimes preservados em
posicao de vida, sdo restritos a parte superior desta unidade, o mesmo intervalo estratigrafico
onde calcérios contendo equinodermos, gastropodes e estromatodlitos foram gerados. Esses
bivalves pteridides foram amplamente distribuidos na Forma¢ao Romualdo, testemunhando a
breve existéncia do “Mar de Bakevelliidae”, que inundou toda a Bacia do Araripe, no Aptiano.
Notavelmente, Aguileria romualdoensis sp. nov. se assemelha a A. renauxiana do
Cenomaniano da Formacdo Woodbine, Texas (USA). Além disso, Aguileria dissita, nica
espécie anteriormente descrita para a Bacia do Araripe, ¢ também registrada no Aptiano-
Albiano Inferior da Formagdo Riachuelo da Bacia de Sergipe-Alagoas. Junto com outros
macroinvertebrados (i.e., gastropodes, equinodermos e bivalves) a fauna de Bakevelliidae da
Formagao Romualdo, apresente forte biocorrelagdo com a Formacao Riachuelo, refor¢ando a
hipotese paleogeografica de ingresso das dguas marinhas vindas de sul inundando a Bacia do
Araripe, provavelmente via bacias do Recdncavo-Tucano-Jatobd. Finalmente, informagdes
sedimentoldgicas, estratigraficas e paleoecologicas indicam que desaparecimento dos
Bakevelliidae da Formagao Romualdo esta vinculado a continentalizagdo da Bacia do Araripe,

como registrado pelos depositos da porcao superior desta unidade.
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7. DISCUSSAO

7.1 Tafonomia e composi¢do faunistica
Foram estudados 361 espécimes de bivalves Bakevelliidae da Formag¢ao Romualdo. Na

secdo de Sobradinho, a fauna de Bakevelliidae ¢ composta por: Araripevellia musculosa gen.
et sp. nov. (89,3%, n=199), Aguileria romualdoensis sp. nov. (7,1%, n=16), e Gen. et sp. indet.
(3,6%, n=8). Na secdo de Serra do Inacio, Araripevellia musculosa gen. et sp. nov. representa
92,1% (n=127) dos espécimes, seguida por Aguileria romualdoensis sp. nov. (5%, n=7), e Gen.
et sp. indet. (2,9%, n=4).

Nos espécimes de Araripevellia musculosa gen. et sp. nov., a preservacdo, ¢
principalmente representada por moldes internos (90,5%; n=316), mas moldes externos, e
conchas recristalizadas também estdo presentes. A deformacdo por compressio ¢ muito
pequena. O numero de conchas desarticuladas (86,8%; n=283) ¢ muito maior do que o de
conchas articuladas (13,2%; n=43) com o predominio de valvas esquerdas (61,9%; n=173),
sobre valvas direitas (38.2%, n=107) (Fig. 19). Na secao de Sobradinho, algumas conchas de
Araripevellia musculosa gen. et sp. nov. sdo encontradas em posi¢ao de vida acima no topo das
concentragdes de conchas, formando pequenos clusters, colonizando o substrato duro (shelly
substrate) que consiste em conchas desarticuladas previamente (Fiirsich et al., 2019).

Em adicdo, nas amostras de mao da localidade de Sobradinho, as conchas ocorrem em
associacdo direta com pequenos gastropodes e bivalves (i.e., Sinonia e Calva). Na se¢do da
localidade de Serra do Inacio, Araripevellia musculosa gen. et sp. nov., também ocorre
associada com bivalves (i.e., Musculus). Em alguns espécimes (n=4), sdo observadas
incrustagdes por serpulideos, que sugerem prolongada exposicdo acima da interface agua
sedimento (Brett & Baird, 1986). As conchas de Araripevellia musculosa gen. et sp. nov. sao
interpretadas como elementos autoctones a parautoctones (sensu Kidwell et al., 1986).

As conchas de Aguileria romualdoensis sp. nov., ocorrem em sua maioria desarticuladas
(95,6%; n=22) com a dominanciade valvas direitas (100%; n=23) (Fig. 19). Somente um
espécime ocorre articulado fechado. Os espécimes de Aguileria romualdoensis sp. nov.
possuem um grau moderado de fragmentacdo. A fragmentacdo dos espécimes estd
possivelmente relacionada com eventos de alta energia ou prolongado transporte e
retrabalhamento, proximo ao nivel de base das ondas de tempo bom (Brett & Baird, 1986). O
predominio de valvas direitas de Aguileria romualdoensis sp. nov. nos depositos estudados €
notavel e sugere que, a forma, area e peso das valvas de Aguileria romualdoensis sp. nov. eram

provavelmente distintos, resultando em comportamentos hidraulicos diferentes.
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As conchas de Gen. et sp. indet. ocorrem predominantemente desarticuladas (75%;
n=12) e todas elas sdo representadas por valvas esquerdas (100%; n=9) (Fig. 19). Somente trés
espécimes estao articulados fechados; no entanto, as valvas direitas ndo estdao completamente
visiveis. Aguileria romualdoensis sp. nov., e Gen. et sp. indet. sdo interpretadas como elementos

parautdctones a aloctones (sensu Kidwell et al., 1986).

Sobradinho Serra do Inacio
n total=223 n total=138
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n=42 | Art. A p Art. | n=1
[ n=157 Des. . musculosa Bes. o |
n=1]"] Art. , Art.
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Aaana Gen. et sp. indet rkara
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Figura 19 — Variagdo nos atributos tafondmicos dos bivalves Bakevelliidae da Formagdo Romualdo,
Bacia do Araripe, Brasil. Art. Articulado, Des. Desarticulado.

7.2 Génese das concentracoes biocldsticas
O estudo tafonémico de concentragdes bioclasticas ¢ amplamente utilizado em analises

de bacias sedimentares, principalmente combinado com outras ferramentas, como a
sedimentologia, estratigrafia e paleoecologia (Fiirsich & Oschmann, 1993). Tais estudos devem
considerar a incompletude do registro, onde unidades fisicas nem sempre sdo preservadas

(Kidwell, 1991, Simdes & Kowalewski, 1998). Observacdes de campo somadas as analises de
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amostras de mao, se¢des polidas, e laminas petrograficas, sugerem que as concentragdes da
localidade de Sobradinho tiveram histéria deposicional longa e complexa. O modelo
deposicional proposto nesta dissertagcdo para as concentragdes de Sobradinho, sera brevemente
discutido mais adiante e estd maiormente fundamentado no modelo de Fiirsich & Oschmann

(1993).

7.2.1 Trabalhos anteriores

Rochas carbonaticas compostas predominantemente por bioclastos de bivalves e
gastropodes ocorrem no topo da Formacdo Romualdo e afloram ao longo de toda Bacia do
Araripe (Assine et al., 2014; Custdédio, et al., 2017). Estas rochas indicam deposi¢do em
ambiente marinho raso dominado por tempestade (Custodio et al., 2017) e foram classificadas
em quatro diferentes tipos de concentracdes (Sales, 2005): (i) tempestito proximal; (i)
tempestito distal; (iii) residuo transgressivo; e (iv) concentragdes primariamente biogénicas.

A secdao de Sobradinho representa a porcdo mais distal da Formacdo Romualdo
(Custodio et al., 2017; Fiirsich et al., 2019). Nesta se¢do, as concentracdes bioclasticas foram
interpretadas tanto como tempestitos distais (Sales, 2005) como tempestitos proximais (Fiirsich
et al., 2019). Estas concentragdes, sdo tipicamente amalgamadas e sugerem a existéncia de
processos de retrabalhamento em ampla escala (Fiirsich et al., 2019). O grau de abrasdo ¢ a
fragmentacdo das conchas ¢ moderado e a presenca de elementos de diferentes formas e
tamanhos indica auséncia de sele¢do por transporte (Fiirsich et al., 2019). Bioclastos de tamanho
pequeno e muito fragmentados sugerem proveniéncia situada acima do nivel de base das ondas
de tempo bom (Fiirsich et al., 2019).

A génese das concentra¢cdes de Sobradinho envolveu diferentes fases (vide fig. 9, em
Fiirsich et al., 2019): (i) deposi¢ao de conchas retrabalhadas localmente; (ii) colonizagdo do
substrato por Sinonia; (iii) repetidas fases de colonizacdo e retrabalhamento de Bakevelliidae;
e (iv) soterramento por areia. Os altos percentuais de espécimes articulados fechados de
Bakevelliidae e Sinonia nestas concentragdes estdo claramente relacionados a fases episodicas
de sedimentagdo rapida, sufocando e matando populacdes vivas, € muitas vezes preservando
individuos em suas posic¢des de vida (Fiirsich et al., 2019). Tais caracteristicas sugerem que os
bioclastos foram provavelmente concentrados por ondas de tempestade proximais (Fiirsich et
al., 2019) e ndo por concentragdes abaixo do nivel de base de ondas de tempestade (Sales,

2005).

41



7.2.2 Modelo deposicional
Seis camadas carbonaticas (AMF-1 a AMF-6) com contatos irregulares, separadas por
finas camadas de folhelho siltoso (Fig. 12), foram reconhecidas com base em atributos
sedimentoldgicos, petrograficos e tafondmicos. Estas concentracdes revelam historia
deposicional complexa, expressas em: (i) mistura de conchas com diferentes assinaturas
tafondmicas; e (i1) mistura de espécies de moluscos de diferentes sub-ambientes. Desenho
esquematico mostrando os possiveis processos responsaveis pela geracao dos variados tipos de

concentragdes € a interpretagdo para cada associa¢ao de microfécies ¢ apresentada na figura 20.
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Figura 20 — Modelo mostrando os processos (A-D) envolvidos na génese das diferentes associagdes de
microfacies, assim como os diferentes tipos de concentra¢des esqueléticas identificados (sensu Fiirsich
& Oschmann). Explicagdo: (1) Concentracdes geradas por ondas de tempo bom; (2) Concentragdes
geradas por ondas de tempestade; (3) Tempestito proximal; (4) Tempestito distal; (5) Concentragdes por
corrente e (6) Concentragdes primariamente biogé€nicas. Modificado de Fiirsich & Oschmann (1993).

A deposicao da AMF-1 marca o inicio das concentragdes bioclasticas. A existéncia de
trés niveis com gradagdo normal sugere distintos eventos de tempestade (T, T2 e T3; Fig. 22) e
sdao interpretados como tempestitos proximais (sensu Firsich & Oschmann, 1993). O
predominio das microfacies Rbg e Fbg indica deposi¢do em ambientes de alta energia com
predominio de fluxos de tempestade. A existéncia de conchas empilhadas com convexidade
para baixo indicam deposi¢do do material em suspensdo e consequentemente diminui¢cdo do
nivel de energia do sistema. Por sua vez, as conchas com convexidade para cima apontam uma
reorientacdo conduzida por correntes de fundo (Fiirsich & Oschmann, 1993). A existéncia de
(i) fragmentos de conchas (alto retrabalhamento e transporte), (ii) conchas articuladas

preenchidas por calcita espatica (eventos de alta energia arrancando os bioclastos enquanto
42



vivos de seu sitio deposicional original), e (iii) gastrépodes com ornamenta¢dao (pouco ou
nenhum retrabalhamento e transporte), sugerem mistura de elementos com distintas historia
tafonomicas.

A AMF-2 representa pelo menos dois fluxos induzidos por eventos de tempestade (T4 e
Ts; Fig. 22). A concentracdo ¢ interpretada como tempestito proximal (sensu Fiirsich &
Oschmann, 1993). Os processos que geraram a AMF-2 sdo basicamente os mesmos que
geraram a concentragdo em AMF-1; no entanto, a granulacao dos bioclastos ¢ menor e as
microfécies identificadas sdo packstone e wackestone. As conchas estdo organizadas em
sucessoes com gradacdo normal. A base das sucessdes (packstone) apresenta conchas com
caracteristicas condizentes a remobilizagdo e deposicao por fluxo de tempestade. Por outro lado,
o topo das sucessoes (wackestone), ¢ sugestivo de diminui¢ao do nivel de energia do sistema
com decantacgdo das fragdes mais finas.

Com o fim do evento de tempestade e a subsequente diminui¢cdo na energia do sistema
houve a colonizagdo do substrato, como indicado pela presenca de bioturbagdo no topo da
camada. A AMF-2 foi gerada provavelmente em uma posi¢cdo batimétrica um pouco mais
profunda em relacdo a AMF-1 devido a presenca de bioclastos em fragdes mais finas e maior
quantidade de lama carbondtica. A presenca de bioclastos mais fragmentados e com arestas
mais arredondadas sugere que os processos energéticos a que esses bioclastos foram submetidos
foram mais duradouros que na concentracao AMF-1.

A AMF-3 ¢ distinta das associagdes anteriores (AMF-1 e AMF-2) pela auséncia de
matriz entre os bioclastos e pela presenca de estrutura sedimentar com gradagao normal dentro
dos foresets (grainstone com estratificacdo cruzada planar) (Fig. 22). A cimentacdo do
grainstone provavelmente ocorreu em trés etapas: (i) cimentacdo da porosidade interparticula
e formacao de porosidade do tipo shelter; (ii) recristalizagdo das conchas e preenchimento da
porosidade shelter por calcita mosaico; e (iii) dissolug¢do parcial de conchas dando origem a
porosidade intraparticula. A microfacies mudstone ¢é caracteristica de decanta¢do de lama
carbondtica em ambiente sem energia. A presenca de ostracodes desarticulados e muitos graos
de quartzo angulosos indica a existéncia de ocasionais correntes trazendo sedimentos de aguas
mais rasas. As valvas de ostracodes ocorrem cimentadas externamente por franja acicular
(aragonita ou calcita magnesiana), comum cimento marinho. O nivel de grainstone ¢
interpretado como depdsito de migracdo unidirecional de dunas 2D sob regime de fluxo inferior.
O alto grau de abrasdo e fragmentacdo dos bioclastos indica condi¢cdes de transporte

prolongados e/ou longos intervalos de exposicdo em ambientes de alta energia. Tais
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caracteristicas sugere que a AMF-3 consiste em concentracdo gerada por corrente de longa
duracdo acima do nivel de base das ondas de tempestade (sensu Fiirsich & Oschmann, 1993).

A AMF-4 ¢ caracterizada por dois niveis de wackestone com aumento na propor¢ao
lama/bioclasto em direc¢do ao topo de cada nivel. Esta caracteristica assim como a irregularidade
da base da camada e estruturas de sobrecarga acima dos folhelhos com estrutura em chama
sugerem a existéncia de dois pulsos de alta energia gerados por diferentes eventos de
tempestade (denominados de Te e T7; Fig. 22). Estes pulsos sdo caracterizados pela existéncia
de material (lama e bioclastos) arrancado do substrato e posto em suspensao na coluna de dgua,
sendo posteriormente depositados. A presenga de grandes quantidades de graos angulosos de
quartzo sugere input de material detritico aloctone. A concentragdo ¢ interpretada como um
tempestito proximal, provavelmente formado em batimetria um pouco mais funda do que nas
associacoes AMF-1 e AMF-2 dada a presenga de fracdes mais finas (sensu Fiirsich &
Oschmann, 1993).

A AMF-5 apresenta historia deposicional semelhante a AMF-2. Os processos que deram
origem a concentragdo AMF-5 envolvem materiais remobilizados por fluxos de tempestades e
posterior deposi¢do quando houve diminui¢do do nivel de energia do sistema e decanta¢do dos
bioclastos (aninhamento de conchas). Sdo reconhecidos pelo menos trés eventos de tempestade
distintos (denominados de Ts, To € T1o; Fig. 22), caracterizando uma concentragao de tempestito
proximal (sensu Fiirsich & Oschamann, 1993). Os diferentes preenchimentos das camaras de
gastropodes por materiais diferentes da matriz sugerem que estes bioclastos sdo elementos
aloctones, ou seja, elementos arrancados de seu sitio deposicional original. A existéncia de
bivalves articulados fechados, obliquos ao acamamento, sugere que estes foram arrancados
enquanto vivos do substrato e re-depositados pelos fluxos de tempestade e posteriormente
reorientados por corrente ou até mesmo por bioturbagao.

A AMF-6 apresenta a historia tafondmica mais complexa dentre as concentracdes da
localidade de Sobradinho. Esta associacdo de microfacies € interpretada como tempestito
proximal, exceto pelo topo da unidade, que constitui concentracdo primariamente biogénica
(Kidwell & Bosence, 1991; sensu Firsich & Oschmann, 1993). Caracteristicas como base
erosiva, gradacdo normal, biofabrica apresentando conchas imbricadas, aninhadada e
empilhadas, e orientacdo de valvas com convexidade para baixo sugerem fortemente influéncia
de tempestades (Fiirsich & Oschmann, 1986). As caracteristicas do arcabougo indicam ainda a

existéncia de retrabalhamento de elementos parautoctones e aléctones
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A historia deposicional da concentragdo AMF-6 envolve periodos de baixa a ausente
taxa de sedimentacdo interrompidos por eventos de alta energia (tempestade). Essa camada
representa pelo menos cinco eventos de tempestade (T11-Tis; Fig. 22). Desta forma, a historia
deposicional da AMF-6 envolveu: (i) o estabelecimento de comunidades de bivalves de
epifauna sobre substrato duro previamente gerado por eventos de tempestade trazendo
bioclastos de areas mais proximais; e (ii) erosao e re-deposicao por eventos de tempestade e
incorporagao de outros bioclastos. Apds a cimentagao precoce das acumulagdes de conchas
(floatstone ou rudstone) uma nova comunidade se estabelecia para colonizar novamente o
substrato. Deve ser ressaltado, que nesse momento de colonizagdo, as taxas de sedimentagdo
deveriam ser muito baixas ou nulas, pois ndo seria possivel animais desse tipo viverem num
ambiente com intensa decantacao de finos. O processo de estabelecimento da comunidade de
bivalves de epifauna sob substrato duro e subsequente erosdo e re-deposi¢do por eventos de
tempestade e incorporagdo de outros bioclastos se repetiu pelo menos cinco vezes ao longo da
deposicao da AMF-6.

A presenca de conchas de Araripevellia musculosa gen. et sp. nov. em posicao de vida
no topo da AMF-6 (Fig. 21) indica que estes bivalves gregarios que colonizavam o substrato
duro (rico em conchas), morreram sufocados rapidamente pela intensa decantagdo de finos,
fruto de evento de tempestade que os soterrou (Fiirsich, 1980). A auséncia de correntes de
fundo devido a mudanga do sitio deposicional para baixo do nivel de base de ondas de
tempestade, provavelmente favoreceu a preservacgao final dos bivalves em posi¢ao de vida do

topo da AMF-6 (ver exemplo andlogo em Simdes & Torello, 2003).
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Figura 21 — Araripevellia musculosa genr e sp. nov. preservada em posi¢do de vida, no topo das
concentracdes fossiliferas da se¢do colunar da localidade de Sobradinho. A) Se¢@o polida em perfil; B)
Secdo polida, vista em planta; C) Amostra vista em planta. Escala: 2 cm.

46



AMF-4

.—\/‘ 72 MMVMMMA"‘A "ﬂ-"v

;‘%ﬁ?‘ﬂf‘}‘”

I [ | [ |
M WPG F R
Figura 22 — Modelo genético para origem das concentragdes fossiliferas com Bakevelliidae da secéo
colunar da localidade de Sobradinho, Formagdo Romualdo.
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7.3 Paleoecologia
Os bivalves Bakevelliidae prosperaram em aguas marinhas desde o inicio do

Carbonifero e foram extintos no Eoceno, portanto, comparagdes com representantes atuais nao
sdo possiveis (Aberhan & Muster, 1997). Estes bivalves foram filtradores e viviam fixados ao
fundo por bissos, mas as diferentes formas das conchas resultam da ado¢do de diferentes modos
de vida (Muster, 1995; Seilacher, 1984).

Conchas modioliformes, alongadas ou lanceoladas, com éarea ligamentar relativamente
longa, auricula anterior bem desenvolvida, lobada e margem ventral convexa (i.e., Aguilerella,
Genrvillella, Virgellia) sao classificadas como endobissadas de semi-infauna e substrato lamoso
(Seilacher, 1984; Muster, 1995). Espécies com conchas alongadas (i.e., Gervillia) e area
ligamentar curta sdo interpretadas como formas epibissadas, que colonizaram substratos duros
e estaveis (Seilacher, 1984; Muster, 1995).

As espécies dos géneros Bakevellia e Aguileria sao muito similares em sua morfologia
externa, ja& que ambas apresentam conchas quase equivalves, geralmente trapezoidais ou
romboidais ndo muito alongadas, com auricula anterior pequena e asa posterior arredondada ou
pontiaguda (Cox, 1969; Muster, 1995). Portanto, sdo interpretadas como formas de semi-
infauna, endobissadas (Muster, 1995). De acordo com Stanley (1972), as caracteristicas
morfoldgicas externas de Bakevellia, como, por exemplo, o sinus bissal raso e a auricula
anterior a moda de Modiolus (Mytilidae), verificadas também em Aguileria, sugerem habito de
vida semelhante, ou seja, endobissado com o plano de comissura quase vertical em relagdo ao
substrato.

A morfologia externa das valvas de Araripevellia musculosa gen. et sp. nov.,
caracterizada por condicdo levemente inequivalve, além de auricula anterior pequena e bem
definida, area da charneira alongada e margem ventral sinuosa, a semelhanca dos Mytilidae
(vide Stanley, 1970, 1972; Seilacher, 1984), sugerem habito de vida de semi-infauna,
endobissada, com o plano de comissura inclinado em relagao a substrato fino (Seilacher, 1984).
No entanto, a concha de Araripevellia musculosa gen. et sp. nov. apresenta sua largura maxima
mais préxima a margem anterior, caracteristica dos Mytilidae epifaunais (Stanley, 1970). Dessa
forma, Araripevellia musculosa gen. et sp. nov., ndo se encaixa satisfatoriamente em nenhum
dos modelos paleoautoecoldgicos conhecidos até 0 momento. Porém, nos calcarios da se¢do de
Sobradinho, Araripevellia musculosa gen. et sp. nov., ocorre em posi¢ao de vida imediatamente
acima dos rudstones do topo, constituindo pequenos aglomerados, recobertos e preenchidos por

sedimento fino. Esta ¢ uma evidéncia direta de que Araripevellia musculosa gen. et sp. nov.,
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possuia um hébito de vida epibissado quase vertical, colonizando substratos duros (skelly) (Fig.
21).

A interpretacdo do modo de vida de Aguileria romualdoensis sp. nov., com base na
anatomia funcional da concha, ¢ mais complexa do que a de Araripevellia musculosa gen. et
sp. nov. isso porque apenas as valvas direitas de Aguileria romualdoensis sp. nov., estdo
preservadas nas concentragdes fossiliferas examinadas. Desse modo, existe um claro viés de
preservacao, o que sugere que as valvas desta espécie sao desiguais, podendo variar em um ou
mais atributos morfologicos (i.e., quanto a forma, convexidade, espessura, peso). De fato, como
amplamente sabido, desvio na propor¢ao 50/50 entre valvas direitas e esquerdas de moluscos
bivalves e braquiopodes, decorre tipicamente do transporte diferencial de uma das valvas
(McKittrick, 1987; Simoes et al., 2005) ou, mais raramente, da predacao. Como sinais de
predagdo sdo inexistentes no material estudado € plausivel supor que diferengas na morfologia
da concha, condicionem o transporte hidrdulico distintos entre as valvas de Aguileria
romualdoensis sp. nov. Muster (1995) interpretou Aguileria como um bivalve de semi-infauna.,
assim, Aguileria romualdoensis sp. nov., deve ter tido hdbito de vida similar, mas parcialmente
enterrada e mais apoiada (reclinada) em uma das valvas, produzindo diferengas na forma e
outros atributos da concha.

Nas se¢des colunares de Sobradinho e Serra do Inécio, as trés espécies ocorrem juntas,
ou seja, no mesmo plano de acamamento. No entanto, até agora, somente Araripevellia
musculosa gen et sp. nov. ocorre preservada em posi¢do de vida. Portanto, ndo ¢ possivel
afirmar que as trés espécies realmente conviveram. De qualquer forma, sabe-se que comumente
diferentes tipos de Bakevelliidae viviam associados em um mesmo ambiente (ver Damborenea,
1987; Aberhan & Muster, 1997; Lazo, 2003).

Finalmente, Araripevellia musculosa gen. et sp. nov., Aguileria romualdoensis sp. nov.,
e Gen. et sp. indet. ocorrem associadas a conchas de Sinonia sp., Calva sp., além de gastropodes
cassiopideos e ceritideos, dentre outros. Embora ocorrendo em um mesmo plano de
acamamento, a condicdo tafondmica destes elementos €, em geral, muito variavel. Por exemplo,
conchas de Sinonia sp. sdo encontradas em posi¢ao de vida, mas ndo em associacao direta com
Bakevelliidae in situ (Fiirsich et al., 2019). Portanto, nas concentragdes examinadas haveria
mistura de elementos autdctones, parautdcotones e até aloctones, mostrando a origem complexa

das concentragdes fossiliferas.
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8. CONCLUSOES

(1) Seis associagdes de microfacies apresentando gradagao normal, foram reconhecidas na se¢ao
colunar da localidade de Sobradinho, cada uma separada por finas camadas de folhelhos siltosos
com limites irregulares, marcando a alternancia entre deposi¢do de rochas siliciclasticas e
carbonaticas. Em determinadas fases, as conchas de Bakevelliidae foram suficientemente

abundantes para gerar rudstones e floastones;

(i1) As concentracdes ricas em Bakevelliidae sdo constituidas de oito microfacies carbonaticas
distintas: Mudstone com ostracodes, Wackestone a bivalve e gastropode, Packstone a
gastropodes e bivalves, Grainstone a gastropodes e bivalves, Floatstone a bivalves e
gastropodes, Rudstone a bivalves e gastropodes, Floatstone a Bakevelliidae, e Rudstone a
Bakevelliidae. A variedade de microfacies carbonaticas ¢ indicativa de variagdes nas condigdes

associadas a géneses das concentragdes (e.g., tamanho dos bioclastos, energia do sistema);

(ii1) As camadas carbondticas da se¢@o colunar da localidade de Sobradinho, parte superior da
Formagao Romualdo, compreendem trés tipos de concentragdes esqueléticas: (i) tempestito
proximal, (ii) concentracdo por corrente, (iii) concentragdo primariamente biogé€nica (sensu
Fiirsich & Oschmann, 1993). As associa¢des de microfacies AMF-1, AMF-2, AMF-4, AMF-5
e AMF-6 correspondem as concentragdes de tempestitos proximais, j& a AMF-3, esta
relacionada a concentragdo por corrente, ¢ o topo da AMF-6 corresponde a concentraciao

primariamente biogénica;

(iv) Os Bakevelliidae preservados em posi¢do de vida, no floatstone, referente a tiltima camada
de calcario no topo da secdo colunar de Sobradinho, com as conchas articuladas fechadas
preenchidas por lama carbondtica, sugerem que morreram sufocados pela rapida decantagao de
finos, associada a eventos episddicos de alta energia. A preservacdo in sifu de elementos de
epifauna implica na mudanca do nivel de base, ja que agentes tracionais, se presentes, teriam

remobilizado as conchas;

(v) A andlise taxondmica de 361 espécimes de bivalves Bakevelliidae indica que, pelo menos,
trés tdxons estdo presentes na Formagdo Romualdo. Destes, um corresponde a um género novo

(Araripevellia gen. nov.), tendo A. musculosa sp. nov., como espécie-tipo. O outro taxon ¢
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Aguileria romualdoensis sp. nov. Finalmente, um dos elementos permanece indeterminado
(Gen. et sp. indet.) até que material com melhor preservagdo esteja disponivel para estudo.
Portanto, juntamente com Aguileria dissita (Pereira et al., 2015), o outro Bakevelliidae descrito,
a malacofauna de bivalves pteridides da Formag¢do Romualdo ¢ mais diversa do que

anteriormente conhecido;

(vi) Dados de morfologia funcional, combinados com os tafonomicos e sedimentoldgicos,
sugerem que as espécies de Bakevelliidae que colonizaram a Bacia do Araripe no Aptiano
apresentaram modos de vida distintos. Araripevellia musculosa gen. et sp. nov. foi uma forma
epibissada com preferéncia por substratos duros, bioclasticos, Aguileria romualdoensis sp.
nov., por sua vez, foi uma espécie de semi-infauna, endobissada, vivendo possivelmente

reclinada em uma das valvas, em substrato fino;

(vi1) Os calcarios ricos em conchas de Bakevelliidae foram encontrados na Formagao Romualdo
ao longo de toda a faixa aflorante da bacia. Isso indica que aguas marinhas totalmente
oxigenadas inundaram toda a Bacia do Araripe (= Mar de Bakevelliidae) a época de deposi¢ao

do intervalo estudado;

(viii) O intervalo carbonatico da parte superior da Formagao Romualdo com concentragdes ricas
em Bakevelliidae, bem representado na se¢dao colunar de Sobradinho, pode ser seguramente
correlaciondvel com o intervalo estratigrafico da parte superior desta unidade contendo
folhelhos e calcarios com Paraglauconia, como na se¢ao de Serra do Maozinha e os calcarios
com gastropodes e Bakevelliidae da se¢do colunar de Estiva. Na borda oeste da bacia, o
intervalo € representado por calcérios contendo equindides e Bakevelliidae, como os da regido
de Araripina, Estado de Pernambuco (ver Pereira et al., 2015; 2017), bem como ao campo de
estromatolitos da regido de Simdes, Estado do Piaui (Varejao et al., 2019). Esse intervalo
estratigrafico e seus macroinvertebrados bentonicos, atestam claramente a presenca de aguas

marinhas em toda a Bacia do Araripe;

(ix) Aguileria romualdoensis sp. nov. se assemelha com Aguileria renauxiana (Mathéron, 1842,
em Muster, 1995, p. 20) do Cenomaniano da Formacdo Woodbine, Texas (US) (Stephenson,
1952). Além disso, Aguileria dissita dos calcarenitos da margem oeste da Bacia do Araripe,
Estado de Pernambuco, ¢ também encontrada na Formagdo Riachuelo, Bacia de Sergipe-
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Alagoas (White, 1887a; Maury, 1936). Portanto, duas espécies de Bakevelliidae do género
Aguileria sao compartilhadas com a fauna do Cretaceo do Dominio Tetiano. O género Aguileria
foi provavelmente originado no Brasil, alcangando regides tetianas durante o Cenomaniano,
quando as barreiras geograficas associadas a abertura do Oceano Atlantico Sul foram menos

efetivas (ver também Dias-Brito, 2000), favorecendo o intercambio entre as faunas tetianas;

(x) A fauna de Bakevelliidae da Forma¢ao Romualdo da Bacia do Araripe, juntamente com
outros macroinvertebrados (i.e., gastropodes, equinodermos, bivalves) ¢ fortemente
biocorrelaciondvel com a da Formagdo Riachuelo, Bacia de Sergipe-Alagoas, refor¢ando
cenario paleogeografico onde adguas marinhas vindas de sudeste inundaram toda a Bacia do

Araripe (vide também Martill, 1993; Martill et al., 2007; Assine et al., 2016).
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HIGHLIGHTS:
e New Aptian bakevelliid species described for the Araripe Basin;
e Bakevelliids abundant enough to generate shell-rich carbonates;
e Faunal affinities with bakevelliids from the Riachuelo Formation, Sergipe-Alagoas
Basin;
e Short-lived marine episode connecting the Araripe and Brazilian marine marginal

basins through Reconcavo-Tucano basins.

ABSTRACT

New Aptian (Lower Cretaceous) bakevelliid bivalves are described for the Romualdo
Formation, Santana Group, Araripe Basin, northeastern Brazil. Together with the other known
members of the family Bakevelliidae, already recorded from the unit (i.e., Aguileria dissita),
the new bivalves (Araripevellia musculosa gen. et sp. nov., Aguileria romualdoensis sp. nov.,
and Gen. et sp. indet.) indicate that the Romualdo bakevelliid fauna was more diverse than
previously realized. Bakevelliid-rich carbonates, some with specimens preserved in situ, are
restricted to the upper third of this unit, a stratigraphic interval yielding also echinoderm-,
gastropod- and stromatolite-bearing limestones. These pteriomorphian bivalves were widely
distributed in the Romualdo Formation and are a testimony of the short-lived Bakevelliid-Sea
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that flooded the whole Araripe Basin during the Aptian. Notably, Aguileria romualdoensis sp.
nov. closely resembles A. renauxiana from the Cenomanian Woodbine Formation, Texas, US.
In addition, Aguileria dissita is also recorded in the Upper Aptian-Albian Riachuelo Formation
of the Sergipe-Alagoas Basin. Together with other macroinvertebrates (i.e., gastropods,
echinoderms, bivalves) the bakevelliid fauna of the Romualdo Formation can be tightly
correlated with that of the Riachuelo Formation, supporting a paleogeographic scenario with a
marine ingression flooding the Araripe Basin from the southeast, probably via the seaway
developed in the Reconcavo-Tucano basin area. Finally, sedimentologic, stratigraphic and
paleontological data indicates that the fate of the bakevelliids in the Romualdo Formation was

linked to the onset of continentalization of the Araripe Basin.

Key words: Pteriomorphian bivalves, Shell beds, Lower Cretaceous seaway, Santana Group,

Gondwana breakup.

INTRODUCTION

Bakevelliids are extinct, marine, stationary epifaunal/semi-infaunal suspension feeding
bivalves with at least 20 described genera and numerous occurrences worldwide (The
Paleobiology Database, accessed in February 2020). They thrived from the Late Paleozoic to
Eocene (Lazo, 2003, and references therein), reaching their maximum diversity during Early
and Middle Jurassic times (Lazo, 2003). They were also abundant and widespread in many
Cretaceous sedimentary successions, especially in the United States (see The Paleobiology
Database - https://paleobiodb.org/). Cretaceous bakevelliids are also known from South
America, mainly Argentina (Lazo, 2003), Brazil (White, 1887a; Maury, 1936; Hessel and
Filizola Jr., 1989; Hessel, 2004; Mello et al., 2007; Bruno, 2009; Pereira et al., 2015), Chile
(Hallam et al., 1986), and Venezuela (von der Osten, 1957). Though, the best studied
occurrences are those in Argentina (see Lazo, 2003).

In the Brazilian territory, bakevelliids were recorded in Lower Cretaceous rocks of the
Pernambuco-Paraiba, Sergipe-Alagoas, and Araripe basins, all located in northeastern Brazil
(White, 1887a; Maury, 1936; Kegel, 1957; Guimaraes, 1964; Hessel and Fililoza Jr., 1989;
Hessel, 2004; Mello et al., 2007; Bruno, 2009; Pereira et al., 2015). Still, in spite of the
contribution of Pereira et al. (2015), Cretaceous bakevelliids from the Araripe Basin are only
poorly known. This is also true of other bivalve groups found in this basin, especially from the

Romualdo Formation, upper part of the Santana Group, from which the first bivalve mollusks
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were recorded by Hartt (1870). Since then, several papers, monographs (i.e., dissertations,
theses), and numerous short communications were published, dealing with the occurrence of
bivalves in rocks of the Romualdo Formation. However, most of these publications lack
illustrations, formal taxonomy descriptions and/or information about the repositories. In this
context, the contributions of Bruno (2009), Pereira et al. (2015, 2017, 2018), Prado et al. (2018)
and Fiirsich et al. (2019) are exceptions. Consequently, our knowledge on the taxonomy of
Cretaceous bivalves from the Araripe Basin is still meager, which weakens proposed
biocorrelations and envisaged paleogeographic reconstructions.

In the past five years, in the scope of a high-resolution (bed-by-bed) stratigraphic
investigation of the Romualdo Formation, the vertical distribution of bivalves and of other
benthic macroinvertebrates was constrained by recording and sampling at high resolution
geological sections along the outcrop belt of this unit at the eastern border of the Araripe Basin
(see Custddio et al. 2017 and Fiirsich et al., 2019). Of special interest are the occurrences of
bivalves of the family Bakevelliidae King, 1850, since these pteriomorphian bivalves are also
recorded in early Cretaceous successions preserved in basins of the Brazilian continental
margin. In fact, to date, the biostratigraphic and paleoenvironmental utility of bakevelliid
bivalves has been overlooked in preference to other benthic macroinvertebrates such as
echinoids (Beurlen, 1963; 1966; Pereira et al., 2017) and microfossils (ostracods: Mabesoone
and Tinoco, 1973; and dinoflagellates: Subtilisphaera ecozone, Arai and Coimbra, 1990;
Coimbra et al., 2002). In this context, given the fact that bakevelliids are not strictly facies-
dependent, having low degrees of endemism (Muster, 1995; Aberhan and Muster, 1997), they
are relevant in paleobiogeographic investigations (Lazo, 2003). Therefore, these
pteriomorphian bivalves in the Araripe Basin yield additional paleontological information, in
the current paleogeographic discussion, on the most likely pathway for the marine ingression
that reached the Araripe Basin during late Aptian time (see Martill, 1993; Arai, 2014, 2016,
Assine et al., 2016). Obviously, robust taxonomic and stratigraphic information is of prime
importance for this approach. Based on this, we describe and discuss herein, in detail and for
the first time, the taxonomy, stratigraphic and geographic distribution of bakevelliids within the
Romualdo Formation of the Araripe Basin. These data allowed us to better constrain the vertical
distribution of the bakevelliid-bearing rocks of the Romualdo Formation and to biocorrelate
them with other coeval sedimentary basins of the Atlantic continental margin, in the context of
the Aptian marine ingressions that flooded the northeastern Brazilian territory during the early

Cretaceous.
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BACKGROUND: BRAZILIAN CRETACEOUS BAKEVELLIID BIVALVES

Detailed review of the paleontological record of the Mesozoic benthic invertebrates in
Brazil indicates that bakevelliid bivalves are recorded in various Cretaceous successions
preserved in the Sergipe-Alagoas, Araripe and Pernambuco-Paraiba basins (Fig. 1). In the
Sergipe-Alagoas Basin, bakevelliids are recorded in the Riachuelo Formation, Riachuelo town,
Sergipe State. The first bakevelliid from this unit was originally described by White (1887a),
as Gervillia dissita, from the Porto dos Barcos fossil locality. In the same year, White (1887b)
described a new genus, named Aguileria, based on specimens from the Cenomanian of Texas,
USA. This author noted that both, Gervillia renauxiana Mathéron, 1852, recorded from the
Cretaceous of France, and Gervillia dissita from Brazil, were probably referable to the new
North American genus. Later, Maury (1936) kept the species dissita as a valid taxon within the
genus Gervilleia Defrance, 1820 (sensu Maury, 1936), and also described a new species, named
Gervilleia regoi.

Half a century after Maury’s seminal study, the species Gervilleia dissita and G. regoi
were redescribed by Hessel and Filizola Jr. (1989), referring them to Aguileria White, 1887b,
mainly based on the general shell morphology, auricle shape, and the number and position of
pits in the ligament area. Following this, Hessel (2004) and Mello et al. (2007) provided
meaningful papers on the morphology and ecology of the bakevelliids from the Sergipe-
Alagoas Basin. Based on specimens collected from distinct localities in the Sergipe State (see
Table 1 for UTM coordinates) Hessel (2004) concluded that the bakevelliids belong to Gervillia
(Gervillia) solenoidea Defrance, 1820, a common species from the European Cretaceous (e.g.,
Abdel-Gawad, 1986; Heinberg, 1999). According to Hessel (2004), the general valve
morphology of G. (G.) solenoidea supports a pendant epifaunal mode of life. Mello et al.
(2007), in turn, described a new species, Gervillia (Gervillia) sergipensis, based on 78
specimens preserved in limestones of the basal part of the Riachuelo Formation from two
distinct localities (Table 1). Studding specimens from the same localities of Hessel (2004),
Mello et al. (2007) concluded that G. (G.) solenoidea probably belongs to G. (G.) sergipensis.
According to Mello et al. (2007), G. (G.) sergipensis most likely lived semi-infaunally, which
differs from the mode of life inferred by Hessel (2004).

In the Araripe Basin, bivalves of the family Bakevelliidae are known only from the
sedimentary succession of the Romualdo Formation (Beurlen, 1963). The specimens are
restricted to fossil localities in the Ceara, Piaui and Pernambuco states. The first Bakevelliidae

described (referred to Aguileria sp.), were found in limestones from the Romualdo Formation
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in the western border of the basin, south of the town of Araripina, near the localities of Lagoa
de Dentro and Rancharia (Beurlen, 1963, 1971a). Specimens from this site were also mentioned
by Mabesoone and Tinoco (1973) and Sales (2005), but illustrations of them were not provided.
Bruno (2009), in her doctoral thesis, presented some taxonomic and paleoecologic observations
on new bakevelliid bivalves found in a shell-rich limestone from the town of Jardim, Ceara
State (Table 1). In this work, the author erected a new bakevelliid specie, Pseudoptera beurleni,
based on specimens with a thin, smooth, inequivalve and mytilifom shell, and with a prolonged
cardinal line and protruding umbo (Bruno, 2009). Unfortunately, this study was never
published, so Pseudoptera beurleni is considered a nomen nudum according to the rules of the
ICZN (1999).

More recently, Pereira et al. (2015) described Aguileria dissita in calcarenites from the
western side of the Araripe Basin (Table 1), Pernambuco State, confirming the occurrence of
this species outside the Sergipe-Alagoas Basin. According to Pereira et al. (2015), Aguileria
dissita may have been a semi-infaunal bakevelliid, living attached to soft substrates by byssus
threads in high-energy settings (Pereira et al., 2015).

Bakevellia King, 1848 is another bakevelliid bivalve recorded in the upper part of the
Romualdo Formation (Fiirsich et al., 2019, pp. 277, fig. 7N) from Jardim town (Table 1), Ceara
State. Fiirsich et al. (2019) considered Bakevellia sp. as an epibyssate form. It is important to
note that the specimens referred to Bakevellia sp. by Fiirsich et al. (2019) belongs to one of the
new taxa described here (see below).

Finally, the presence of bakevelliid in the Pernambuco-Paraiba Basin were reported by
Kegel (1957) and Guimaraes (1964), which mentioned the occurrence of Gervillia sp. in gray

sandstones from the Beberibe Member, Itamarac4d Formation (Fig. 1).

GEOLOGICAL CONTEXT

The Araripe Basin were developed over Precambrian terrains of the Transversal Zone
from the Borborema Structural Province, between the Patos and Pernambuco lineaments (Fig.
2). The basin has the thickest sedimentary record and the most complex tectono-stratigraphic
history among all the interior basins of NE Brazil (Assine 1992; Assine, 2007), and its rift phase
is constrained by strike-slip tectonics (Rosa et al., 2019) related to the late Jurassic-early
Cretaceous Gondwana break-up (Matos, 1992; Valenca et al., 2003; Assine, 2007).

Recent studies suggest that during the Aptian post-rift phase (Assine et al., 2016; Custodio
et al., 2017, and Fiirsich et al., 2019), the Araripe Basin were affected by brief marine episodes
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(i.e., ingressions). The causes, direction and effects of these incursions has been subject of
intense debate in recent years (Arai, 2016; Assine et al., 2016; Varejao et al., 2016, and Freitas
etal., 2017, for a recent review), but there is a consensus that these transgressive events flooded
huge inland areas in the interior of northeast Brazil.

The Cretaceous sedimentary succession of the Araripe Basin is represented by rocks from
the Santana Group, encompassing from base to top, the Barbalha, Crato, Ipubi, and Romualdo
formations (Assine et al., 2014; Neumann and Assine, 2015). The studied bakevelliids were
recorded in the Romualdo Formation, that is thicker at the eastern part of the Araripe Basin,
where it reaches up to 100 m (Custodio et al., 2017). This unit is composed of sandstone, shale
and subordinated limestone deposited in coastal and shallow marine mixed siliciclastic-
carbonate systems (Custodio et al., 2017; Fiirsich et al., 2019; Varejao et al., 2019).

The Romualdo Formation comprises two transgressive-regressive (TR) cycles (Custodio
et al., 2017; Firsich et al., 2019). The first TR cycle includes black shale with fossil-rich
carbonate concretions, also including exceptionally preserved fish specimens, some with
fossilized soft tissues (= Santana Konservat-Lagerstditte; Maisey, 1991; Fara et al., 2005;
Martill et al., 2007). In terms of taxonomic composition, abundance and preservation, the
benthic macrofauna recorded in the first TR cycle slightly differs from that found in rocks of
the second TR cycle (Fiirsich et al. (2019). In fact, in the second TR cycle the shell-rich fossil
concentrations are recorded in an up to 5-m-thick mixed carbonate-siliciclastic succession
deposited under high-energy (storm) to fair-weather-wave conditions (Custddio et al., 2017;
Fiirsich et al., 2019). This interval records one of the main marine incursions in the stratigraphic
archives of the Araripe Basin, when bakevelliid bivalves and echinoids thrived throughout the
basin (Beurlen, 1966; Martill, 2007, p. 912).

At the western side of the Araripe Basin, the thickness of the Romualdo Formation is
reduced, and mainly composed of incomplete successions of fossil-rich, concretion-bearing
shales and shell-rich limestones (Custddio et al., 2017). Gastropods (i.e., cassiopids, cerithiids,
and naticids) and bivalves (i.e., bakevelliids, mytilids, corbulids and venerids) are the
commonest molluscs in the benthic fossil assemblage (Pereira et al., 2015, 2016, 2017, 2018).
These fossils are usually preserved in cm-thick, densely packed shell-beds, also including
echinoid remains (Beurlen, 1966; Sales, 2005; Prado et al., 2015; Pereira et al., 2017; Varejao
et al, 2019). Some carbonate-bearing rocks of the Romualdo Formation, containing

amalgamated bivalve rudstones, echinoid-bearing microbialites, bioherms, biostromes and
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isolated stromatolites resting directly on the crystalline basement, suggesting a rocky shoreline

on the margin of a low-gradient carbonate ramp deepening to the east (Varejao et al., 2019).

MATERIAL AND METHODS

In this study, a total of 361 bakevelliid specimens from the Romualdo Formation were
examined. The specimens were collected along several outcrops in the Araripe Basin, especially
those from the upper part of the Romualdo Formation. The main investigated successions are
located at Sobradinho area, in the vicinities of the town of Jardim, and Serra do In4cio locality,
near town of Araripina (see Fig. 2). Both columnar sections were recently described by various
authors (e.g., Custodio, 2017; Custodio et al., 2017; Fiirsich et al., 2019; Varejao et al., 2019)
and will not be detailed here. However, other columnar sections measured in the northern and
western borders of the Araripe Basin, were represented in detail in Figure 3.

The specimens are mainly represented by internal molds (up to 300 individuals),
followed by external molds and few recrystallized shells. Disarticulated (n= 316), left valves
predominate (n= 280), with reduced number of articulated valves (n= 45). The quality of
preservation is usually good with many specimens preserving parts of the internal shells
characters (i.e., muscle scars, pallial line). The shell deformation due to compaction is
negligible. As already noted by Fiirsich et al. (2019), some bakevelliid are preserved as in situ
specimens in rudstones from the Sobradinho section. In general, these specimens are associated
with gastropods (e.g., epitonids) and bivalves (e.g., Sinonia sp. and Calva sp.) (Fiirsich et al.,
2019). At the Serra do Inacio section, bakevelliids are associated with small mytiliform
bivalves, such as Musculus sp.

During the laboratory preparation, the studied fossils were dry cleaned (carefully
brushed) and, when necessary, precision dental instruments were used in order to remove or
better expose the fossils from the rock matrix. After that some specimens were coated with
magnesium oxide to enhance contrast and emphasize internal and external anatomical
characters (i.e., ligament area, hinge, muscle scars, and ornamentation). When appropriate,
latex and plasticine (FIMO brand) casts were prepared being occasionally coated with
magnesium oxide. A Nikon Digital Camera (D3200), equipped with a macro-lens (105 mm)
was used for digital imaging of the specimens. For each one, a series of images showing
different focal planes were produced and posteriorly merged using the focus stacking procedure
in the Adobe Photoshop CC. Subsequently, schematic drawings of the imaged specimens were

prepared using the Corel Draw® software.
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Descriptive terms and interpretations of internal and external characters of the
specimens are based on Cox (1969), Muster (1995), and Témkin (2006). Figure 4 summarizes
the main morphological terminology used and the measured shell characters. Bivalve
classification for taxonomic categories above the genus level followed Bieler et al. (2010).
Finally, the term “Bakevelliid-Sea” is informally used here to define the time interval where
these bivalves were widely distributed in the whole Araripe Basin and were the dominant

bioclasts in the cm-thick floatstones and rudstones of the upper part of the Romualdo Formation

(Rodrigues, 2020).

Shell morphology abbreviations.— The following abbreviations are used in this study: aa,
anterior auricle; at, anterior teeth; ams, accessory (pedo-byssal) muscle scar; bg, byssal gape;
farms, fused anterior (pedo-byssal) retractor muscle scar; gl, growth lines; lga, ligamental area;
lp, ligamental pit; lv, left valve; pal, pallial line; pams; posterior adductor muscle scar; prms,
posterior pedo-byssal retractor muscle scar; ps, posterior socket; pt, posterior teeth; pw,

posterior wing; tr, radial ribs; rv, right valve.

Measurements abbreviations.— D, length of central body; L, length; Laur, anterior auricle
length; Lwing, posterior wing length; H, height; Wlig, width of the ligament area; O, obliquity
(i.e. angle between the dorsal margin and the diagonal in the central body); Pits, number of

preserved ligament pits; W, width or inflation of articulated valves.

Repository and institutional abbreviations. — All examined specimens are housed in the
paleontological collection of the Institute of Biosciences (IBB), Sdo Paulo State University
(UNESP), Botucatu Campus, Sao Paulo State, Brazil. The abbreviation used for the institutional

acronym is DZP-.

RESULTS

Systematic Paleontology

Class Bivalvia Linnaeus, 1758
Subclass Autobranchia Grobben, 1894
Superorder Pteriomorphia Beurlen, 1944
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Order Pteriida Newell, 1965
Superfamily Pterioidea Gray, 1847
Family Bakevelliidae King, 1850

Genus Araripevellia gen. nov.

Type species: Araripevellia musculosa gen. et sp. nov.

Etymology: The genus name combines the name of the sedimentary basin (Araripe) where the
type species was found and Bakevellia King, 1848, the type genus of the family Bakevelliidae
King, 1850.

Diagnosis: Small trapeziform, slightly inequivalve, non-gaped shell; anterior auricle well-
developed, triangular, posterior wing poorly demarcated. Ligament area narrow, with multiple
(3-4) fan-shaped pits. Hinge with five to six small anterior teeth, perpendicular to hinge axis,
one or two longitudinal posterior teeth present. Monomyarian shell, with a well-developed,
elongated, posterior adductor muscle scar. Anterior pedo-byssal retractor muscle scar well-
marked, large, fused to the posterior adductor muscle scar. Small, deeply impressed, anterior
pedo-byssal retractor muscle scar and accessory pedo-byssal muscle scar at the umbonal cavity.

Faint radial grooves on the internal shell surface.

Araripevellia musculosa sp. nov.

Figs. 5-7

2009 Pseudoptera beurleni Bruno: pp. 49-57, pl. 1 (nomen nudum).
2019 Bakevellia sp., in Fiirsich et al., p. 277, figs. 7n, 8d.

Type material: Holotype, DZP-20464, a right valve. Paratypes, one right valve, DZP-20625I
and five articulated valves, DZP-19988I1, DZP-20521BII, DZP-206101, DZP-20654 and DZP-
20655.

Additional material: DZP-1997311, DZP-199781, DZP-20002, DZP-20004, DZP-20006, DZP-
204601, DZP-20462, DZP-20463, DZP-204781, DZP-2047811, DZP-20508, DZP-205201, DZP-
205571, DZP-205661l1, DZP-2057111, DZP-20576, DZP-2058411, DZP-20623Al, DZP-
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20623Al111, DZP-20623A1V, DZP-20646, DZP-20647, DZP-20649, DZP-20659, DZP-20707,
DZP-20716, DZP-20720.

Measurements: See Table 2 for shell measurements of Araripevellia musculosa gen. et sp.

nov.

Type locality: Sobradinho section, Jardim town, Ceara State, northeastern Brazil.

Stratigraphic horizon: 0.7-m-thick succession of shell-rich limestone beds with undulated base

and top in the upper part of the Romualdo Formation.

Occurrence. Jardim and Araripina towns, Ceard and Pernambuco states, northeastern Brazil,

Romualdo Formation, Santana Group, Araripe Basin, Aptian-Albian.

Etymology: Latin musculosa, given the well-developed monomyarian musculature

characterized by a deeply impressed adductor muscle and retractor pedo-byssal muscle scars.

Diagnosis: As for the genus.

Description: Small, thin pterioid shell (maximum length: 23.7 mm), slightly inequivalve and
strongly inequilateral. Shell trapezoidal, commissural plane straight posteriorly and slightly
sinuous anteriorly. Dorsal margin straight; posterior margin slightly convex; ventral margin
strongly curved; anterior margin nearly straight. Anterior auricle small but well-defined. Left
valve (LV) more convex than right valve (RV), with prominent umbo. Beak of LV strongly
prosogyrous; umbo curved towards dorsal margin. RV with low umbo and indistinct beak
ending just at dorsal margin (Figs. 5-7). Auricular sulcus less prominent than in LV. Ligament
external, opisthodetic, multivincular. Ligament area flat, ornamented with straight growth lines
parallel to dorsal margin. Margins of ligament area meeting each other at an angle varying
between 35.7° and 53.7°. With several (3-4) sub-rectangular ligament pits (Fig. 6D-J). Shell
monomyarian with well-marked muscle scars and pallial line. Posterior adductor muscle scar
large, narrow, dorso-ventrally elongated, incurved and deeply impressed, bordered anteriorly
by posterior pedo-byssal retractor muscle scar. Muscle scars located close to posterior shell

margin. Two small, well-defined scars visible in the umbonal cavity, close to dorsal margin,
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and possibly corresponding to the fused anterior pedo-byssal retractor muscle scar and
accessory pedo-byssal muscle scar. Small pitted accessory muscle scars visible just at the
transition between dorsal and posterior margins (Figs. 5, 6A, C, 7A-B, D). Pallial line dotted,
well-impressed. In anterior part of shell, pallial line close to shell margin, but placed far
ventrally (Figs. 5A-B, E-H, 6G-H, 7A-B, E-G). Anterior auricle well-developed and triangular.
Interior of LV with well-marked radial fold corresponding to interior surface of auricular sulcus.
Posterior wing poorly defined, with rounded posterior projection. Hinge of LV with one well-
defined elongated posterior tooth and two sockets. Hinge of RV with at least five to six small,
well-differentiated anterior teeth, oriented perpendicular to hinge axis, and two well-defined,
elongated, subparallel posterior teeth and one socket (Fig. 6A-H). Shell of both valves
externally ornamented with irregular commarginal flanges and faint radial ribs, the latter better
visible at the umbones (Fig. 7H). Given the preservational state of shells, it is difficult to
determine, whether both width and density of radial ribs varies along distinct shell portions.

Shell interior with faint radial grooves better observed close to shell margin (Fig. 7C-D).

Remarks: Despite of the typical pterioid shell shape of Araripevellia musculosa gen. et sp. nov.,
it differs from other bakevelliids by the presence of a monomyarian musculature characterized
by fused posterior adductor and pedo-byssal retractor muscle scars. Both muscle scars are well
developed, elongated and deeply impressed (Figs. SA-B, E-H, 6A, C, 7A-B, D). Araripevellia
musculosa gen. et sp. nov. also exhibits a curious set of morphological characters, as the general
shell morphology and hinge resemble that of Bakevellia King, 1848, but its musculature is
similar to that of Aguileria renauxiana (Mathéron, 1852, in Muster, 1995, p. 20) from the
Cretaceous (Cenomanian) of Texas (USA), as illustrated (but not described) by Stephenson
(1952, pl. 16). The shells of Araripevellia musculosa morphologically differ from other co-
occurring bakevelliids of the Romualdo Formation, namely Aguileria romualdoensis sp. nov.
and gen. et sp. indet. For example, the ligament area of Aguileria romualdoensis sp. nov. (Fig.
8 A-B) is more triangular and higher than that of Araripevellia musculosa. The ligament pits are
also distinct being parabolic and elongated in Aguileria romualdoensis sp. nov. and
subrectangular in Araripevellia musculosa (Fig. 6D-J). Finally, the posterior wing of the shell
of Ggn. et sp. indet. (Fig. 9) is more pronounced than that of Araripevellia musculosa.
Unfortunately, a more precise comparison between both species cannot be made since the

muscle scars and hinge of gen. et sp. indet. are unknown.
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Genus Aguileria White, 1887b

Type species: Aguileria cumminsi White, 1887b, Cenomanian of the Texas, USA.

Aguileria romualdoensis sp. nov.

Fig. 8

Type material: Holotype, DZP-20709, a right valve. Paratypes, three right valves, DZP-199891,
DZP-2052311 and DZP-20699.

Additional Material: DZP-199891X, DZP-2012611I, DZP-20126VII, DZP-20536, DZP-
20695A, and DZP-207021I.

Measurements: See Table 3 for shell measurements of Aguileria romualdoensis sp. nov.

Type locality: Sobradinho section, Jardim town, Ceara State, northeastern Brazil.

Stratigraphic horizon: 0.7-m-thick succession of shell-rich limestone beds with undulating base

and top in the upper part of the Romualdo Formation.

Occurrence. Jardim and Araripina towns, Ceard and Pernambuco states, northeastern Brazil,

Romualdo Formation, Santana Group, Araripe Basin, Aptian-Albian.

Etymology: Latin romualdoensis, from the Romualdo Formation, Santana Group, Araripe

Basin.

Diagnosis: Aguileria with shallow and well-marked sulcus delimiting a robust anterior auricle
that is densely ornamented with rugae. Shell with a faintly impressed, elongated, posterior
adductor muscle scar. A weakly marked posterior pedo-byssal retractor muscle scar is fused

with the posterior adductor muscle scar. Other internal shell characters unknown.

Description: Shell small (maximum length: 19.3 mm), thin, rhombic, and strongly inequilateral

(Fig. 8E-H). Dorsal margin straight, posterior margin slightly convex, ventral margin strongly
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convex. Posterior wing poorly developed; anterior auricle well demarcated, robust (Fig. 8).
Beak low, strongly prosogyrous; umbo of right valve ending at upper margin of ligament area,
which is flat, thick, triangular, and exhibiting at least two elongate and parabolic pits (Fig. 8).
Hinge teeth unknown. Shell with a faintly impressed elongated posterior adductor muscle scar
and a fused posterior pedo-byssal retractor muscle scar (Fig. 8C-D). Pallial line and other
muscle scars unknown. Shell ornamentation visible at the auricles only and characterized by

dense commarginal rugae (Fig. 8).

Remarks: Aguileria romualdoensis sp. nov. differs from all other bakevelliids by its general
outline. Whereas the shells of Aguileria romualdoensis sp. nov. are rhombic, those of
Araripevellia musculosa gen. et sp. nov. and gen. et sp. indet. are trapezoidal in outline.
Aguileria romualdoensis sp. nov. closely resembles Aguileria renauxiana (Mathéron, 1852, in
Muster, 1995, p. 20) from the early Cretaceous Woodbine Formation, Texas (Stephenson, 1952)
(Fig. 10). Both shells are rhombic with a well-developed triangular ligament area (Stephenson,
1952, pl. 16, figs. 5-8). As described above, Aguileria romualdoensis sp. nov. is monomyarian,
characterized by an elongated, fused, posterior adductor muscle scar and a faintly marked
posterior pedo-byssal retractor muscle scar (Fig. 8C-D). As shown in Fig. 10 (see also pl. 16,
figs. 5-8 of Stephenson, 1952,), the monomyarian musculature of Aguileria renauxiana
(Mathéron, 1842) closely resembles that of Aguileria romualdoensis sp. nov. In both species a
well-developed, elongated and fused posterior adductor and pedo-byssal retractor muscles scars
are present (Figs. 8C-D, 10). However, Aguileria renauxiana (Mathéron, 1842) differs from
Aguileria romualdoensis sp. nov. by its more elongated anterior auricle and the shape of
ligament pits. In fact, the pits in Aguileria romualdoensis sp. nov. are parabolic (Fig. 8A-B),
whereas in Aguileria renauxiana (Mathéron, 1842) they are cylindrical (Fig. 10).

The other bakevelliid shell of the Romualdo Formation with a well-developed ligament
area is Aguileria dissita (White, 1887a), described by Pereira (2015, p. 238, fig. 7a-c). However,
in this species the ligament area seems very sub-rectangular, whereas in Aguileria
romualdoensis sp. nov. it is clearly triangular (Fig. 8 A-B). A precise morphological comparison
between the two species is marred by the poor preservational state of the specimens figured in

Pereira (2015, p. 238, fig. 7a-c).

Gen. et sp. indet.
Fig. 9
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Examined material: Four left valves: DZP-20008, DZP-201261, DZP-20483, and DZP-20564.

Additional material: DZP-205621, DZP-20622BI, and DZP-206911.

Measurements: Table 4.

Locality: Sobradinho section, Jardim town, Ceara State, northeastern Brazil.

Stratigraphic horizon: 0.7-m-thick succession of shell-rich limestone beds with undulating base

and top in the upper part of the Romualdo Formation.

Occurrence. Jardim and Araripina towns, Ceard and Pernambuco states, northeastern Brazil,

Romualdo Formation, Santana Group, Araripe Basin, Aptian-Albian.

Description: Shell small (maximum length: 22.7 mm), sub-trapezoidal; left valve strongly
inequilateral. Dorsal margin straight; posterior margin with well-developed, but poorly
demarcated wing; ventral margin strongly convex, anterior margin faintly convex with small
but well-defined auricle (Fig. 9). Beak strongly prosogyrous, umbo of left valve curved towards
dorsal margin. Ligament external, opisthodetic, multivincular. Ligament area poorly preserved
with at least two ligament pits (Fig, 9A-B). Pallial line and muscle scars unknown. Shell
ornamented with thin radial ribs well visible on the posterior wing. Radial rib density variable,
higher at the umbones (Fig. 9). Shell surface with numerous rugae that intersect radials to

produce a reticulate pattern (Fig. 9C). Right valve unknown.

Remarks: The pteriodean shells ornamented with ribs and rugae are here referred to as gen. et
sp. indet. As commented above, due to their poor preservation it is difficult to compare the
internal molds with other bakevelliids from the Romualdo Formation. The muscles scars, pallial
line, and hinge are unknown and just one ligament pit is observed in the right valve of specimen
DZP-20008 (Fig. 9A-B). However, this character differs from that in Araripevellia musculosa
gen. et sp. nov. and Aguileria romualdoensis sp. nov. Moreover, the general external shell

morphology also differs, being sub-trapezoidal, with awell-developed posterior wing and well
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visible thin radial ribs (Fig. 9). Until better-preserved material becomes available, we prefer to

keep the specimens assigned to gen. et sp. indet. in open nomenclature.

DISCUSSION
Stratigraphic and geographic distribution of the Romualdo bakevelliids

The first and last occurrences of bakevelliid bivalves in columnar sections along the
outcrop belt of the Romualdo Formation are shown in Figure 3. In the Sobradinho section, the
thickest and stratigraphically most complete sedimentary succession of the Romualdo
Formation, the oldest record of bakevelliids is in mudstones located ~70 m above the contact
with the underlying Crato Formation. This record is represented by just one poorly preserved
specimen (a right valve) that cannot be assigned to any taxon. In this same section, youngest
occurrence (a single left valve) is recorded ~14 m below the unconformity with the overlying
Exu Formation. The main stratigraphic interval where bakevelliid bivalves are so abundant to
form shell-rich carbonate rocks is in the upper third of the unit. Bakevelliids are found in a ~0.7-
m-thick interval that contains mainly mudstones and shales with cm-thick shell-rich limestone
beds, and the uppermost limestone bed is a typical bakevelliid coquina concentration (Fig. 11),
i.e. a bakevelliid rudstone with subordinate gastropod shells. According to Fiirsich et al. (2019),
closed articulated bakevelliid specimens are also found at the base of the bed. On the top of this
bed, closed articulated in situ bakevelliid shells occur. In an adjacent section, ~4.5-km away, in
the region of Porteiras, bakevelliid-like bivalves have also been recorded in a cm-thick
gastropod-rich limestone also containing rare echinoderms (Martill, 1993, p. 48; Sales, 2005).

A shell-rich limestone interval is also present in the Maozinha section, located south of
the town of Missdo Velha (Figs. 2-3). Decimeter-thick shell concentrations, mainly composed
of cassiopid gastropods or bivalves (Musculus sp. or Calva sp.), are found in this interval
(Custodio et al., 2017; Fiirsich et al., 2019), but bakevelliids have not yet been described in this
locality.

Rare bakevelliid occurrences have also been recorded locally at the upper part of the
Romualdo Formation in the Estiva section, located in the central-north margin of the Araripe
Basin, ~13 km of the Nova Olinda town (Figs. 2-3). Commonly, the specimens were found in
the uppermost interval associated with gastropod-rich limestones. These occurrences can be
laterally correlated with the occurrences in the Serra do Maozinha section (Fig. 3).

Southward, in the Serra do Inacio, Araripina town, the bakevelliid-rich limestones have

also been locally recorded at the upper part of the preserved sedimentary succession of the
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Romualdo Formation (Fig. 3). Similarly to what was described in the Sobradinho section, the
three identified species of bakevelliids are found in cm-thick, bedded limestones (Fig. 3). Also,
in the surroundings of the Araripina town, the stratigraphic position of the bakevelliids
described by Pereira et al. (2015) (Aguileria dissita) cannot be determined with precision.
Locally, associated echinoid-bearing carbonate beds suggest correlation with the upper
carbonate-dominated interval of the Romualdo Formation (Fig. 3).

In sum, despite the scattered occurrences of bakevelliids in some sections (i.e., Serra do
Maozinha and Estiva) these bivalves are extremely abundant in carbonate beds located in the
upper third of the Romualdo Formation, just at the base of the second TR cycle described by
Firsich et al. (2019) (Fig. 3). Thus, this bakevelliid-rich interval is widely distributed at several
fossil localities in the eastern and western parts of the Araripe Basin (Fig. 2), suggesting that

marine waters flooded the whole basin.

Faunal composition, affinities and biocorrelation of the Romualdo bakevelliids

The new members of the family Bakevelliidae described here are represented by at least
three new taxa, namely Aguileria romualdoensis sp. nov., Araripevellia musculosa gen. et sp.
nov., and Gen. et sp. indet. These taxa are added to those previously recorded from the
Romualdo Formation, including Aguileria sp. (Beurlen, 1963, 1971a), Aguileria dissita (Pereira
etal., 2015), and Pseudoptera beurleni (nomem nudum, in Bruno, 2009). The occurrence of the
genus Bakevellia was not confirmed by our taxonomic analyses. Anyway, the bakevelliids were
a diverse group of marine epibenthic invertebrates within the epicontinental sea that briefly
reached the Araripe Basin during the early Cretaceous. Of importance is the presence of the
genus Aguileria White, 1887b, which is also common in the Lower Cretaceous succession of
the Sergipe-Alagoas Basin (White, 1887a; Hessel and Filizola Jr., 1989). For example, the
species Aguileria dissita recorded in carbonates of the Romualdo Formation from the western
margin of the Araripe Basin (see Pereira et al., 2015) occur in the Upper Aptian-Albian
Riachuelo Formation of the Sergipe-Alagoas Basin (White, 1887a; Hessel and Filizola Jr.,
1989). The record of this species in coeval rocks of both sedimentary basins is a strong evidence
that these units were, at least occasionally connected allowing the exchange of these bivalves.

This hypothesis is also supported by other groups of marine benthic macroinvertebrates.
Many gastropod species recorded in the Riachuelo Formation, especially at the homonymous
fossil locality in the State of Sergipe, are also present in the upper part of the Romualdo

Formation. This is the case of the brackish to marine potamidid gastropods, including Cerithium
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riachuelanum Maury, 1936, recently reported by Fiirsich et al. (2019) in the Sobradinho section
where the bakevelliids specimens are preserved. Cerithium sergipensis Maury, 1936 is the other
cerithioidean gastropod from the Riachuelo Formation that has also been recorded in the upper
part of the Romualdo Formation (Pereira et al., 2015). Stromboidean gastropods (i.e.,
Tylostomatidae), described as Tylostoma ranchariensis Pereira et al., 2015, from carbonates of
the upper part of the Romualdo Formation are also represented by several species in the
Riachuelo Formation (Maury, 1936). Finally, Paraglauconia (Diglauconia) lyrica Maury,
1936, which was first described for the Riachuelo Formation, is also very abundant in the
carbonates of the upper part of the Romualdo Formation (Pereira et al., 2016), including those
in the geological sections studied here.

Echinoids are other fully marine benthic macroinvertebrates found in the upper part of
the Romualdo Formation that are also common in the Riachuelo Formation. The echinoderm
fauna of the Romualdo Formation is known since the pioneer descriptions by Beurlen (1966),
who described the cassiduloids Pvgurus tinocoi and Bothryopneustes araripensis. The other
Romualdo echinoderms are the hemiasterid Hemiaster proclivus and the spatangoid
Douvillaster benguellensis (Manso and Hessel, 2012). Indeed, both species are also recorded
in the Sergipe-Alagoas Basin, Hemiaster proclivus in the Angico, Taquari and Maruim
members of the Riachuelo Formation, and Douvillaster benguellensis in the Taquari Member
of the same unit (Manso and Souza-Lima, 2003; Manso and Hessel, 2012).

In summary, many benthic macroinvertebrates present in the upper part of the Romualdo
Formation, including at least, one bakevelliid species, four gastropod, and two echinoid species,
are also recorded in the Cretaceous succession of the Sergipe-Alagoas Basin. In particular, they
occur in the Taquari and Maruim members of the Riachuelo Formation, suggesting a accurate
biocorrelation between these two formations (see also Manso and Hessel, 2012; Pereira et al.,
2015, p. 244), which are today geographically separated by hundreds of kilometers (Fig. 1).
Consequently, based on both literature information (i.e., Cassab, 2000; Manso and Hessel,
2012; Pereira et al., 2015; Fiirsich et al., 2019) and on data presented here, the benthic fauna of
the Romualdo Formation appears to be a slightly modified and impoverished of from that found

in the Late Aptian-Early Albian Riachuelo Formation of the Sergipe-Alagoas Basin.

Paleogeographic implications
A marine-influenced sedimentation was previously documented for the upper part of the

Aptian succession of the Araripe Basin (e.g., Assine, 1992; 1994; Assine et al., 2016; Beurlen,
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1962; 1963; 1966; 1971a, b, c¢; Fiirsich et al., 2019; Martill, 1993; 2007; Martill et al., 2007;
Varejao et al., 2019). However, there is an endless discussion in the literature concerning the
geographic position of the seaway (or seaways) that allowed ingressions of marine waters into
the Araripe Basin during the early Cretaceous. A summary of the main ideas and arguments
concerning this issue were recently presented by Arai (2014, 2016), and Assine et al. (2016).

Structural, stratigraphic and paleontological data support the hypothesis of the existence
of a seaway connecting the Araripe and Sergipe-Alagoas basins through incised-valleys of the
Reconcavo-Tucano rift system (Assine, 1992; 1994; Martill et al., 2007; Assine et al., 2016;
Varejao et al., 2016; Freitas et al., 2017), The stratigraphic correlation of part of the Lower
Cretaceous sedimentary succession of these basins can also be firmly constrained (Varejao et
al., 2016). Paleocurrent data obtained in fluvial facies from the underlying Barbalha Formation
(Araripe Basin) and Marizal Formation (Recdncavo-Tucanobasins) indicate southward-
oriented paleo-drainage from the Araripe towards the Reconcavo basin (Assine, 1994; Assine
et al., 2016; Varejao et al., 2016; Freitas et al., 2017). The fluvial valleys of this former paleo-
drainage system provided a natural pathway for a marine ingression towards north, ultimately
culminating in a huge interior flooded area and deposition of the marine stratigraphic succession
recorded in the Romualdo Formation (Custodio et al., 2017; Fiirsich et al., 2019). Based on
macroinvertebrates, the upper part of the Romualdo Formation can be closely correlated with
part of the Riachuelo Formation of the Sergipe-Alagoas Basin, supporting a paleogeographic
scenario whereby the marine waters flooding the northeastern Brazilian interior entered from
the south and southeast (see also Martill, 1993; Assine, 1994; Martill et al., 2007; Assine et al.,
2016).

The Bakevelliid-Sea of the Araripe Basin

As discussed above, in the Aptian sedimentary succession of the Araripe Basin there was
a time when shallow, carbonate-bearing benthic bottoms were dominated by bakevelliid
bivalves. In the eastern border of the Araripe Basin, this interval can be firmly established by
outcrop data, where bakevelliid-bearing floatstones and rudstones with subordinated gastropod
shells are recorded in the upper part of the Romualdo Formation (Fig. 3). Stratigraphic
information suggests that towards the western margin of the basin, this interval is represented
by bakevelliid- and echinoderm-bearing limestones, in the Araripina region (Pereira et al.,
2015; 2017) and by the stromatolite fields of the Simdes region, Piaui State (Varejdo et al.

2019). During this time the whole basin was flooded, and an epeiric sea covered part of the
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northeastern Brazilian territory. The benthic invertebrate assemblages that thrived during this
phase characterized by the Bakevelliid-Sea and associated rocks was characterized by their low
diversity (Fiirsich et al., 2019). Typically, the assemblages are composed by bivalves, such as
bakevelliids (46.6%), Calva sp. A (19%), Sinonia sp. (8.2%), Calva sp. B (2.3%), and lucinids
(2.3%), as well as gastropods “Cerithium” sergipense (14.4%), Gymnentome (Craginia)
beurleni (5.4%), and ampullinids (1.8%) (Firsich et al., 2019). Detailed taphonomic analysis
of the bakevelliid-bearing rudstones of the Sobradinho section indicates that the dominance of
these epifaunal suspension feeding bivalves occurred just after the decline of the infaunal
suspension feeding bivalves, such as Sinonia sp. (Fiirsich et al. 2019).

The presence of Aguileria dissita in the bakevelliild-dominated assemblages of the
Romualdo Formation, among other invertebrates (see above), indicates a direct link between
the Araripean Bakevelliid-Sea and the coeval marine ecosystems of the Sergipe-Alagoas Basin
(see also Pereira et al., 2015). In the Sobradinho section, the fate of the Bakevelliid-Sea is well
recorded in the upper part of the Romualdo Formation (Fig. 3), where tide-dominated coastal
deposits are characterized by heterolithic facies with flaser, wavy and lenticular bedding,
sigmoidal cross-bedded sandstones with mud drapes in the foresets and interbedded massive
silty sandstones with carbonized plant remains and non-marine palynomorphs (Custédio et al.,
2017; Fiirsich et al., 2019). These facies are recorded immediately above the last bakevelliid-
bearing rudstone beds (Fig. 3), showing a drastic change in the shallow water carbonate-

dominated environments where bakevelliid bivalves thrived.

CONCLUSIONS

(a) Three new Aptian bakevelliid taxa were described and illustrated in detail. Together with
the other known members of the family Bakevelliidae already recorded from the Romualdo
Formation, the new bivalves (i.e., Araripevellia musculosa gen. et sp. nov., Aguileria
romualdoensis sp. nov., and gen. et sp. indet.) indicate that, at least, four species occurred in
the Lower Cretaceous succession of the Araripe Basin. Therefore, the bakevelliid fauna of the
Romualdo Formation was more diverse than previously thought.

(b) The bakevelliid-rich shell beds in the carbonate-dominated interval present in the upper part
of the Romualdo Formation in Sobradinho section can be firmly correlated with the
stratigraphic interval from the upper part of this unit yielding Paraglauconia-bearing
concentrations in shales and limestones in Serra do Maozinha section and the gastropod-rich

limestones with bakevelliids in the Estiva section, all located in the eastern side of the
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basin..This interval can also be tracked in outcrops in the western side of the Araripe basin, and
noteworthily represented by bakevelliid- and echinoderm-bearing limestones in the Araripina
region (Pereira et al., 2015; 2017) and by the stromatolite fields described in outcrops farwest
in the Piaui State (Varejao et al. 2019). This stratigraphic interval and their benthic
macroinvertebrates clearly document flooding of marine waters in the Araripe Basin,
coinciding with an period in which larger areas of the northeastern Brazilian territory were
inundated (see also Martill, 1993, p. 72). At present, the bakevelliid bivalves are the only group
of marine benthic macrofossils that are found in the entire basin along the slopes of the Araripe
plateau, characterizing a short-lived Bakevelliid-Sea within the Araripe Basin;

(c) Aguileria romualdoensis sp. nov. closely resembles Aguileria renauxiana (Mathéron, 1842,
in Muster, 1995, p. 20) from the Cenomanian Woodbine Formation, Texas (Stephenson, 1952).
In addition, Aguileria dissita from grainstones at the western margin of the Araripe Basin,
Pernambuco State, is also recorded in the Upper Aptian-Albian Riachuelo Formation of the
Sergipe-Alagoas Basin (White, 1887a; Maury, 1936). Therefore, two Aptian bakevelliid
species of the genus Aguileria are shared with Late Cretaceous faunas of the Tethyan realm.
This Lower Cretaceous bakevelliidd genus probably was originated in Brazil and reached
Tethyan regions during the Cenomanian, when the geographic barriers associated with the
opening of the South Atlantic Ocean were less effective (see also Koutsoukos et al. 1991),
favoring an exchange with Tethyan faunas;

(d) Finally, sedimentologic, stratigraphic and paleontological information indicates that the fate
of the Bakevelliid-Sea of the Araripe Basin was linked to the onset of continentalization of the

basin.
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Transgressive; TR — Transgressive-regressive. Modified from Custédio et al. (2017), Fiirsich

et al. (2019) and Varejao et al. (2019).
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Fig. 5. Araripevellia musculosa gen. et sp. nov., Romualdo Formation (Aptian), general
morphology and muscle scars. A, E, G. Internal molds of right valves, showing the muscle scars
and pallial line (DZP-20464 [holotype], DZP-20521BII [paratype], DZP-20654 [paratype],
respectively). C. Dorsal view, internal mold of articulated valves, note the accessory muscle
scars and fused anterior (pedo-byssal) retractor muscle scar (DZP-20464 [holotype]). B, D, F,
H. Drawings showing details of the muscle scars, same specimens. Abbreviations: ams —
accessory muscle scars, farms — fused anterior (pedo-byssal) retractor muscle scar, pal — pallial
line, pams — posterior adductor muscle scar, prms —posterior pedo-byssal retractor muscle scar.

Scale: 5 mm.
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Fig. 6. Araripevellia musculosa gen. et sp. nov., Romualdo Formation (Aptian), general
morphology, and details of the muscle scars and hinge area. A. Internal molds of right valve,
lateral view, DZP-20707. B. Same specimen, close-up of the hinge area showing the posterior
teeth. C. Drawing of the same specimen, showing the internal shell characters. D. Latex cast,
right valve, showing the hinge area, DZP-206251. E. Close-up of the same specimen (latex cast),
note the ligament pits and teeth. F. Drawing of the same specimen (latex cast), demonstrating
details of the ligament area, hinge and muscle scars. G. Latex cast, right valve, DZP-19978I. H.
Drawing of the same specimen (latex cast) with details of the ligament area, pits and muscle
scars. I. Latex cast of closed articulated valves, dorsal view, showing the ligament area and
associated pits, DZP-206101. J. Drawing of the same specimen. Abbreviations: at — anterior
teeth, ams — accessory muscle scars, farms — fused anterior (pedo-byssal) retractor muscle scar,
lga — ligament area, Ip — ligament pit, pal — pallial line, ps — posterior socket, pt — posterior
teeth, pams — posterior adductor muscle scar, prms —posterior pedo-byssal retractor muscle scar.

Scale: 5 mm.
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Fig. 7. Araripevellia musculosa gen. et sp. nov., Romualdo Formation (Aptian), general

morphology and muscle scars. A, C-D. Internal molds of left valve, lateral view, DZP-20716,
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DZP-19988II [paratype], and DZP-20649, respectively. B. Drawing of the same specimen in
A, showing muscle scars and part of the pallial line. E, G. Closed articulated specimens, internal
molds, anterior view, DZP-20647 and DZP-20463. F. Sketch of the same specimen in E. H.
Left valve of a specimen with preserved shell, DZP-20655. Note the ornamentation.
Abbreviations: farms — fused anterior (pedo-byssal) retractor muscle scar, pal — pallial line,
pams — posterior adductor muscle scar, prms — posterior pedo-byssal retractor muscle scar, rr —

radial ribs. Scale: 5 mm.
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Fig. 8. Aguileria romualdoensis sp. nov., Romualdo Formation (Aptian), general morphology
and muscle scars. A. Plasticine cast of articulated valves, DZP-20709 [holotype]. C, E, G.
Internal molds of right valves, lateral view, DZP-20523II [paratype], DZP-207021l, and DZP-
20699, respectively. B, D, F, H. Sketches of the same specimens. Abbreviations: Iga — ligament
area, lIp — ligament pit, pams — posterior adductor muscle scar, prms — posterior pedo-byssal

retractor muscle scar. Scale: 5 mm.
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Fig. 9. Gen. et sp. indet., Romualdo Formation (Aptian), general morphology and muscle scars.
A, E. Internal molds of left valves, DZP-20008 and DZP-20483, respectively. C. Left valve
with preserved shell, DZP-20564. G. Latex cast of left valve, DZP-201261. B, D, F, H. Sketches
of the same specimens, note that only few muscle scars are visible. Abbreviations: ams —

accessory muscle scar, lga — ligament area, lp — ligament pit, rr — radial ribs. Scale: 5 mm.
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Fig. 10. Drawings of the shells of Aguileria renauxiana (Stephenson, 1952) from the
Cenomanian Woodbine Formation, East Texas Basin, Texas (US). A. Left valve showing the
internal shell characters. B. Same specimen, lateral view, displaying the external shell
morphology and ornamentation. Sketches based on Stephenson (1952, pl. 16). Abbreviations:
lga — ligament area, lp — ligament pit, pal — pallial line, pams — posterior adductor muscle scar,

prms — posterior pedo-byssal retractor muscle scar. Scale: 5 mm.
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Fig. 11. Bakevelliid-bearing limestones of the upper part of the Romualdo Formation, Aptian,

Araripe Basin, from various localities. A. Carbonate-rich interval with several cm-thick
bakevelliid-dominated limestones, Sobradinho section, Jardim, Ceara. Scale bar is 50 cm. B.
Plan-view of the uppermost carbonate bed, showing disarticulated bakevelliid valves, same
stratigraphic interval and locality as in A. Scale bar is 2 cm. C. Plan-view of a bakevelliid-rich
shell pavement, showing chaotically oriented disarticulated valves, Serra do Inacio section,

Araripina, Pernambuco. Scale bar is 2 cm.
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Table 1. Historical review of the bakevelliid occurrences in the interior basins of northeastern

Brazil. Fm. — Formation; Mb. — Member.

Basin Geologic  Locality/Coordinates

Unit (UTM) Authors Taxa
Lagoa de Dentro- b 4o (1963);
Rancharia, Araripina o
: Beurlen (1971),  Aguileria sp.
city, Pernambuco .
mentions
State
Mabesoone and
- Tinoco (1973), Aguileria sp.
mention
Lagoa de Dentro, Sales (2005), .
Araripina city, . Aguileria sp.
mention
Pernambuco State
Bruno and Sial
Sobradinho, Bom (2009), mention;
Jardim city, Ceara Bruno (2009) Pseudoptera
State - 24M UTM formal beurleni sp. n.
9163112N/481859E description
Romualdo (unpublished)
Araripe Fm. Fazenda dos Izaques .
L. ) Pereira et al., o
and Sitio Torrinha, Aguileria
.. . (2015), formal L.
Araripina city, Jescrintion dissita
Pernambuco State P
Ladeira do Belenga,
Simdes city, Piaui
State; Canastra, Torre
Grande, Torrinha and ) .
Pereira et al., Aguileira
Lagoa de Dentro, . .
s . . (2017), mention dissita
Araripina city; Santo
Antonio and Cedro,
Exu city, Pernambuco
State
Sobradinho, ~20 km
of the Jardim city, L
Ceara State - 24M ; (;llr;l;};letnﬂ"n Bakevellia sp.
UTM > Tento
9163112N/481911E
Beberibe Beberibe River valley, Kegel (1.957) i
Pernambuco- Mb., o mention, e
, , west of Recife city, o Gervillia sp.
Paraiba Itamaraca Pernambuco State Guimaraes
Fm. (1964), mention
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Porto dos Barcos,
Trapiche das Pedras
Velho and Coqueiro,

Sergipe State

Pasto da Carregoza,

between Riachuelo

and Tanque cities,
Sergipe State

Riachuelo
Fm. Coqueiro 1, 24L UTM
Serei 8815129N/698953E
creipes and Taquari 1, 24L
Alagoas UTM
8823752N/716027E
Angico
Mb., _
Riachuelo
Fm.

White (1887a),
mention

Maury (1936),
formal
description

Mello et al.

(2007), formal

description

Hessel and
Filizola Jr.

(1989), formal

description

(unpublished)

Hessel (2004),

formal

description

Gervillia
dissita sp. n.

Gervilleia
dissita White,
1887a;
Gervilleia
regoi sp. n.

Gervillia
sergipensis
sp. n.

Aguileria sp.
White, 1887a

Gervillia
(Gervillia)
solenoidea

Defrance,

1820
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Table 2. Measurements (in mm) of the valves of Araripevellia musculosa gen. et sp. nov.,
Romualdo Formation, Araripe Basin, northeastern Brazil. Explanation: D, length of central
body; H, height; L, length; Laur, auricle length; Lwing, wing length; O, obliquity; Pits, number

of preserved ligament pits; W, width of the two valves and Wlig, ligament width.

Specimen Locality L H w D Laur Lwing (0] Wlig  Pits
DZP-1997311 Sobradinho — — | — | — — — — 1.3 2
DZP-199781 Sobradinho — 165 — | — — — — 1.5 2
DZP-19988I11 Sobradinho 195 — | — 1209 4.1 — 45.4° — —

DZP-20002 Sobradinho — | 13,6 | 10 |20.6 | — 12 40.1° — —
DZP-20004 Sobradinho 21.1120.1 | 82 | 227 | 25 — 47° — —
DZP-20006 Sobradinho 165 14 | — | 162 | 44 11 — — —
DZP-204601 Sobradinho 237 119.7 | 12.8 | 24 4 — 48° — —
DZP-20462 Sobradinho 2250212 9 |255 4 10 — — —
DZP-20463 Sobradinho 212|176 | 10.7 | — 5 10.4 — — —
DZP-20464 Sobradinho 25 | 185 | — | 249 | 54 15.2 39.3° — —
DZP-204781 Sobradinho 236 20 | — | 273 | 5.6 — 45.4° 1.8 3
DZP-2047811 Sobradinho 209 | — | — |246]| 49 11.8 44.4° 2 3
DZP-20508 Sobradinho 17 17 | 7.6 | 19.6 | 2.5 10.7 49.9° — —
DZP-205201 Sobradinho 25 | — | — | 254 54 — 36.3° 1.5 4
DZP-20521BII Sobradinho 1871159 | 8 | 198 | 25 8.2 45.2° — —
DZP-205571 Serra do Inacio 14 132 | — | — 2.4 7.5 47° — —
DZP-2056611 Serra do Inacio | 11.5 | — | — [ 12.8 | 1,6 — 51° — —
DZP-2057111 Serra do Inacio | 11.5 | 11.2 | — | 133 | 2.5 7.3 53.7° — —
DZP-20576 Serra do Inicio 18 | 169 | — | 213 | 3.7 12.7 48.2° — —
DZP-2058411 Serra do Inacio 15 | 133 | — | 168 | 2.6 — 49.9° 1.4 2
DZP-206101 Sobradinho — — | — | — — 10.2 — 1.7 3
DZP-20623A1 Serra do Inacio | 104 | 92 | — | 113 | 1.8 5.7 47.5° — —
DZP-20623AIIl | Serra do Inacio | 7.3 8 — | 93 1.3 6.7 43° — —
DZP-20623AIV | Serrado Inicio | 9.1 | 7.8 | — | 94 1.8 6.1 — — —
DZP-206251 Sobradinho 213|186 | — | 255 — 14.3 42.9° 1.6 3
DZP-20646 Sobradinho 225166 | 9.6 | 24 — 12 39.4° — —
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DZP-20647 Sobradinho 22 19 | 119252 | — — 45° —
DZP-20649 Sobradinho 195|143 | 75 | 155] 2.6 10 49.7° —
DZP-20654 Sobradinho 163 13 | 7.5 | 177 | 7.8 4.6 47.8° —
DZP-20655 Sobradinho 19 | 13.6 | 10.6 | 20 3 — — —
DZP-20659 Sobradinho 185 13 | 7.5 | 195| 33 9 35.7° —
DZP-20707 Sobradinho — | — | — | — 2.6 11.7 — 3

DZP-20716 Sobradinho 17 [ 155 73 | 19 4 8.6 40.2° —
DZP-20720 Sobradinho 19.7 1 18 | 85 | — 33 9 — 3
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Table 3. Measurements (in mm) of the valves of Aguileria romualdoensis sp. nov., Romualdo
Formation, Araripe Basin, northeastern Brazil. Explanation: D, length of central body; H,
height; L, length; Laur, auricle length; Lwing, wing length; O, obliquity; Pits, number of

preserved ligament pits and Wlig, ligament width.

Specimen Locality L H D o Laur Lwing Wlig Pits
DZP-199891 Sobradinho 19.3 18.3 — — 4.8 11.9 — —
DZP-199891X Sobradinho 11.6 93 13 42.8° 24 7.7 — —
DZP-20126111 Sobradinho — — — — 5.6 — — —
DZP-20126VII Sobradinho — — — — 3.1 — — —
DZP-2052311 Sobradinho — 21.1 — — 35 — — —
DZP-20536 Sobradinho 18.4 — 214  434° 24 — — —
DZP-20695A Serra do Inacio  18.3 — 21.1  47.4° 3 — — —
DZP-20699 Serra do Inacio 16 — 17.8  36.5° 2.8 — — —
DZP-2070211 Serra do Inacio  10.2 11.4 12.7  489° 25 7.3 — —
DZP-20709 Sobradinho — — — — 5 — 5.2 2
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Table 4. Measurements (in mm) of the valves of gen. et sp. indet., Romualdo Formation,
Araripe Basin, northeastern Brazil. Explanation: D, length of central body; H, height; L, length;

Laur, auricle length; Lwing, wing length; O, obliquity; and Pits, number of preserved ligament

pits.

Specimen Locality L H D o Laur Lwing  Pits
DZP-20008 Sobradinho 22.7 21 26.7 48.4° 3.5 18.5 1
DZP-201261 Sobradinho — — — — — 7.4 —
DZP-20483 Sobradinho 14.7 15 — — — 13.3 —
DZP-205621 Serra do Inacio — — 19.9 50.3° 3 —
DZP-20564 Serra do Inacio 15.8 14.2 18.1 46.2° 2.3 11.3 —

DZP-20622BI Serra do Inacio — — — — — 9 —
DZP-206911 Serra do Inacio 12.7 — 13.2 47.4° 2 —
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ANEXO

Microbialite fields developed in a protected rocky coastline: The shallow carbonate ramp
of the Aptian Romualdo Formation (Araripe Basin, NE Brazil).

Este anexo ¢ um artigo em co-autoria com F.G. Varejdo, F. T. Fiirsich, L. V. Warren,
S.A. Matos, M.L. Assine, A.M.F. Sales, M.G. Simdes. O artigo encontra-se publicado no
periodico Sedimentary Geology, 389: 103-120. https://doi.org/10.1016/j.sedgeo.2019.06.003
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The Aptian Romualdo Formation is a siliciclastic-dominated sedimentary unit recording the last marine ingres-
sion within the Cretaceous interior basins of northeastern Brazil. At the western margin of the Araripe Basin,
rocks of the Romualdo Formation are mainly represented by carbonates resting abruptly over the Proterozoic
crystalline basement. Detailed mapping and stratigraphic analysis revealed two stromatolite fields that were de-
scribed and discussed for the first time. Several bioherms, biostromes and isolated stromatolites characterized by
distinct microbialite morphologies associated with echinoid-rich strata have been identified, suggesting that hy-
persalinity, water depth and hydraulic conditions were the main factors controlling stromatolite morphogenesis.
A cm-thick amalgamated bivalve rudstone, resting directly on the basement and representing a shell concentra-
tion formed above the fair-weather wave base was also recorded. Based on the regional distribution of the stro-
matolite types and associated sedimentary facies, we interpret the depositional environment as a local low-
gradient carbonate ramp deepening to the east. Our data robustly indicated that the western rocky shorelines
of the Araripe Basin during the Aptian were populated by microbial mats and stromatolites in a condition anal-
ogous to the modern world-famous Hamelin Pool, Shark Bay, Western Australia. Finally, the development of stro-
matolites and echinoid-bearing microbialites at the western margin of the basin may be correlated with the
formation of bakevelliid- and cassiopid-rich shell beds in the upper part of the Romualdo Formation at the east-
ern margin.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

in Riding, 2006). Indeed, metazoan skeletal remains are found associ-
ated with stromatolites in many modern locations worldwide, such as

Compared to the Precambrian geological record, microbialites were
rare in the Phanerozoic with present-day occurrences found mainly in
particular aquatic settings, such as the hypersaline embayment of
Shark Bay, Australia (Riding, 2000) and the marine Exuma Cays,
Bahamas (Reid et al., 2011). The rise of the metazoans is thought to
have played a critical role in restricting the distribution of microbialites
by imposing a competition pressure - although an inverse microbialite
vs. metazoan presence/absence is not always observed (see discussion

* Corresponding author.
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(E.T. Fiirsich), lucas.warren@unesp.br (L.V. Warren), sumatos.s@gmail.com (S.A. Matos),
marizagomesrodrigues@gmail.com (M.G. Rodrigues), mario.assine@unesp.br
(M.L. Assine), profmgsimoes@gmail.com (M.G. Simdes).

! In memorian.

https://doi.org/10.1016/j.sedgeo.2019.06.003
0037-0738/© 2019 Elsevier B.V. All rights reserved.

in the Lizard Island, Great Barrier Reef (Reitner, 1993), Shark Bay,
Australia (Jahnert and Collins, 2011), and Lagoa Salgada, Brazil
(Ricardi-Branco et al., 2018).

Microbialites grow in response to the close association between sed-
imentation and lithification (Reid et al., 2000) binding sediment and/or
directly precipitating calcium carbonate (Reid et al., 2003; Dupraz et al.,
2009). They are complex geo-biosphere systems that potentially record
morphological changes that may unlock several physical environmental
parameters (Andres and Reid, 2006; Dupraz et al., 2006). In this way,
microbialites are fine tools to use in the reconstruction of depositional
environments (Buongiorno et al., 2019).

Epeiric seas are generally the result of a rising relative sea level with
consequent formation of thin transgressive deposits during overall
landward migration of the shoreline/coastal onlap (Merletti et al.,
2018). Carbonate ramps may develop in these settings, constituting
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excellent sites for the preservation of microbialites (Lokier et al., 2018).
When sea level starts to fall, the formation of restricted embayments is
favored, which are potential areas for stromatolite growth due to the in-
creasing likelihood of elevated salinity conditions (Jahnert and Collins,
2013). However, recognizing such structures in ancient deposits is not
common, as the thin microbial deposits generated over basement
rocks were exposed and removed by erosion.

Here we record, for the first time, well-preserved isolated stromato-
lites, biostromes, bioherms and associated carbonate facies from the
Lower Cretaceous Romualdo Formation at the western margin of the
Araripe Basin, NE Brazil. The microbialites directly rest on Precambrian
basement rocks, indicating that littoral areas were populated by
microbialites at that time. Surprisingly, echinoid tests are also associ-
ated with the microbialites suggesting their close relationship. The car-
bonate facies, including microbialites and bioclastic deposits, resembled
the conditions existing in the present-day Hamelin Pool, Shark Bay,
Australia. There, microbial facies coexist with shallow coastal deposits
constituting an excellent model for analogous deposits in the geological
record.

In this context, the main goals of this contribution are: (a) categorize
the microbialites based on their macro-, meso- and micro-structures;
(b) record the lateral and vertical distribution of the stromatolites in
order to understand their paleoenvironmental distribution; (c) discuss
the factors controlling the formation of these microbially induced struc-
tures and their relationships with other paleoenvironmental parame-
ters, and (d) correlate the stromatolite-bearing carbonate interval
with other carbonate units of the Romualdo Formation at the eastern
margin of the Araripe Basin.

2. Background: the stromatolites of the Santana Group

The occurrence of microbialites in rocks of the Early Cretaceous
Santana Group were already recorded in the Barbalha, Crato, Ipubi and
Romualdo formations of the Santana Group (Assine et al., 2014;
Neumann and Assine, 2015), although detailed description, classifica-
tion based on modern protocols, and their illustration are still lacking
in many cases.

Cavalcanti and Viana (1990), and Martill and Wilby (1993) were the
first to describe these structures in the Cretaceous succession of the
Araripe Basin. Later, Srivastava (1996) recorded diverse forms of stro-
matolites in the Crato, Ipubi, and Romualdo formations. In the Crato For-
mation, Srivastava (1996) recorded the presence of stratiform and
pseudo-domal stromatolites that were interpreted as generated at the
bottom of shallow, quiet and protected water bodies. In the Ipubi For-
mation, Srivastava (1996) recorded stratiform, domal and columnar
stromatolites in micritic limestones and marls, which occur interbedded
with gypsum and anhydrite (cf. Cavalcanti and Viana, 1990). Stratiform,
domal and columnar stromatolites were also mentioned from the
Romualdo Formation cropping out at the western margin of the Araripe
Basin, resting directly on the basement (Srivastava, 1996).

Microbialites from the Santana Group were studied by Sales (2005),
that recorded well-laminated, echinoid-bearing carbonates from the
Romualdo Formation in the vicinities of the Araripina Town, Pernam-
buco State. These carbonates were interpreted as microbial mats that
grew in shallow and calm waters.

Based on a detailed microfacies analysis, Catto et al. (2016) sug-
gested that the limestone morphogenesis of the Crato Formation in-
volved strong and pervasive microbial activity. Calcified coccoid and
filaments were identified as well as abundant calcified biofilms com-
posed of Extracellular Polymeric Substances (EPS) within the laminites.
Therefore, contrary to previous studies (e.g., Heimhofer et al., 2010), we
concluded that microbes considerably influenced the formation of the
laminated limestones.

In a subsequent study, Warren et al. (2017) described in detail the
stromatolites and associated carbonate sedimentary facies of the Crato
Formation from the succession analyzed by Catto et al. (2016).

According to these authors, at least three stromatolite-bearing levels
occur at the lower part of the Crato Formation and are intercalated be-
tween the apparently monotonous succession of laminated carbonates.
In the lower level (Level 1), stromatolites occurred discontinuously as
30-cm-tall domal stromatolites (Warren et al., 2017). Each structure
produced a symmetric high convexity with internal undulating lamina-
tion with a lenticular shape. Centimeter-sized elliptical oncoids occur
trapped in laminae between domes. The intermediate stromatolite-
bearing level (Level 2) was emplaced approximately 1.5 m above
Level 1, consisting of low discontinuous biostromes. The domes are
slightly asymmetric and locally coalescing. The upper microbialite-
bearing level (Level 3), occurred 2.2 m above Level 2 and is character-
ized by a discontinuous layer with isolated, domal stromatolites. Ac-
cording to Warren et al. (2017), during the Aptian, microbial mats
thrived in shallow-water, hypersaline settings at the margins of the
Araripe lacustrine system and were responsible for the formation of
stromatolites in the Crato Formation. The record of these microbialites,
together with recent findings of in situ coccoidal, filamentous and spiral
cyanobacteria cells and preserved EPS in the laminites of the Crato For-
mation (Catto et al., 2016), suggests well-laminated limestones genesis
strongly influenced by microbial activity (Warren et al., 2017).

Fabin et al. (2018) mentioned wavy laminations in laminated lime-
stones at the top of the Crato Formation that may represent microbial
structures recognized near the Town of Nova, Ceara State. Similar mi-
crobial laminites with preserved coccoid cells were briefly described
from the Batateira Bed of the Barbalha Formation (Dias-Brito et al.,
2015).

The study of the microbialites and associated carbonate sedimentary
facies of the Santana Group is still in its initial stage, and the Romualdo
Formation provides an important site for advances in the stratigraphic
and paleontological knowledge of the world-famous Lower Cretaceous
unit.

3. Geological context

The Araripe Basin is an intracratonic Cretaceous rift basin that origi-
nated in response to the tectonic stresses of the Gondwana break-up
and the opening of the South Atlantic Ocean (Matos, 1992; Valencga
et al., 2003; Assine, 2007). During its post-rift stage I, rocks of the
Santana Group, encompassing in stratigraphic ascending order the
Barbalha, Crato, Ipubi, and Romualdo formations, were deposited
(Assine et al., 2014; Neumann and Assine, 2015). The Romualdo Forma-
tion can reach 100-m-thick of siliciclastic-dominated sediments
(Custddio et al., 2017; Fiirsich et al., 2019) that strongly decreases in
thickness to the western margin of the basin (Figs. 1 and 2).

At the eastern margin, the Romualdo Formation is a marine-
influenced unit corresponding to a depositional sequence
encompassing two transgressive-regressive (TR) cycles (Fiirsich
et al., 2019). The first TR cycle includes the concretion-bearing
black shales that are world-wide renowned for the exceptional pres-
ervation of the Santana fossils (vertebrates with soft tissue preserva-
tion, mostly fishes) (e.g., Maisey, 1991; Fara et al., 2005; Martill et al.,
2007). This fauna differs drastically from that preserved at the sec-
ond TR cycle, which comprises a few-meters-thick («5 m) mixed
carbonate-siliciclastic succession containing several bivalve- and
gastropod-dominated shell concentrations mainly deposited under
high-energy conditions (Fiirsich et al., 2019). Parts of the carbonates
correspond to one of the main phases of marine influence in the
basin, a time with near-normal marine salinity conditions where
echinoids and bakevelliid bivalves thrived (see also Beurlen, 1966
and Martill, 2007).

The reduced thickness of the Romualdo Formation in the western
part of the basin is composed by a sedimentary package distinct from
its eastern counterpart (Custodio et al., 2017, Fig. 2). The scattered and
discontinuous occurrences in the western margin are mainly repre-
sented by incomplete successions of concretion-bearing shales and
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Fig. 1. Geologic map of the Araripe Basin and idealized diagram showing the depositional sequence of the Romualdo Formation (modified from Custédio et al., 2017). Columnar sections
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shell-rich limestones. Within the shell beds, the molluscan fauna is pre-
dominantly composed of gastropods (cassiopids, cerithiids and
naticids) and bivalves (bakevelliids, mytilids and corbulids) (Pereira
etal, 2015, 2016, 2017). In addition, macroinvertebrate concentrations
and articulated echinoids have also been recorded (Beurlen, 1966; Sales,
2005; Prado et al., 2015; Pereira et al., 2017). Some of these echinoids
occur within lithified microbial mats associated with bivalves and gas-
tropods near Araripina Town, Pernambuco State (Sales, 2005).

4. Material and methods

The field program in the Araripe Basin was conducted during the pe-
riod of 2013 to 2019. These results were combined with previously
(2001-2005) data acquired by others researchers. All the new data
gathered come from the western margin of the Araripe Basin, where
upper strata of the Romualdo Formation unconformably rest over Prote-
rozoic basement rocks. In this area, a total of seven columnar sections
(i.e., Serra do Inacio, Curralinho, Sitio Alecrim, Alagoinha, Sitio Canastra,
Caldeirdo Grande and Hospital, see Fig. 1 for location) were measured
and their facies described in detail.

Several samples of stromatolites, echinoid-bearing microbialites and
bivalve shell beds produced slabs for macroscopic examination and lab-
oratory classification. Additionally, 17 petrographic thin-sections were
examined under both normal and polarized light using a Zeiss Axio Im-
ager A.2 binocular petrographic microscope and a Zeiss Stereo Discov-
ery V.11 binocular magnifying glass, at the Center for Geosciences
Applied to Petroleum Geology, Sdo Paulo State University (UNESPetro-
UNESP). The micro and ultrastructural images were acquired with the
SEM X-ray energy-dispersive spectrometer JEOL JXA 8230 equipped
with 5 WDS spectrometers and a solid-state EDS detector, at the Depart-
ment of Petrology at Sdo Paulo State University (UNESP), Brazil. The
resulting images were generated in high-pressure mode, using

secondary electron images operated at EHT 15 kV, working distance of
10 mm and spot size of 40, without metal coating.

For the facies classification of microbialites Fairchild and Sanchez
(2015) protocol was applied, based on data of Hofmann (1969), Preiss
(1972), Walter (1972), and Grey (1989), which categorized
microbialites on the basis of macro-, meso-, and micro-scale structures.
Classification of the bivalve-bearing rock was based on biofabric and
taphonomic arrange of shells, from which the degree of hydraulic
reworking and transport of biogenic particles was inferred (Fiirsich
and Oschmann, 1993). The terms allochthonous and parautochthonous
are used in the sense of Kidwell et al. (1986).

5. Sedimentary facies

At the western margin, the Romualdo Formation is almost exclu-
sively calcareous with scattered basement pebbles, resting directly on
Proterozoic basement rocks. The contemporaneity of these carbonates
with rocks from the depositional succession in the eastern side is
based in biostratigraphic correlations and basin architecture indicating
that at least, part of the sediments is time-equivalent. (Figs. 1 and 2A).
In the upper 40-m-thick the Serra do Inacio section (Fig. 1), from the
Romualdo Formation reveals a well-developed sequence with
transgressive-regressive cycles.

Detailed columnar sections were measured in the western part of
the Araripe Basin. Stromatolites were documented in the Curralinho
and Alagoinha sections (Sections 6 and 5), while echinoid-bearing mi-
crobial laminites and bivalve rudstones were registered in the Sitio
Canastra and Hospital sections, respectively (Sections 4 and 3, Fig. 2B).
Fig. 3 summarizes all the carbonate sedimentary facies that are directly
associated with microbialites described and interpreted in the following
section.
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5.1. Cauliflower bioherms

5.1.1. Description
Isolated bioherms are found in a N-S oriented stromatolite field of
about 3600 m? at the Curralinho site, directly overlying the basement

rocks. Bioherms are approximately 30 cm high and 40 cm wide
exhibiting a typical silicified cauliflower shape (Fig. 4A) and forming
isolated reefs. These bioherms consist of at least two cycles of smooth
microbial laminites passing into pseudo-columnar and columnar stro-
matolites. The columnar stromatolites present three main
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Morphology

Macrostructures

Mesostructures

Microstructures

Cauliflower bioherm

- Body morphology: Columnar-laminated
microbial complex

- Transverse outline: Intergrown irregular
bodies

- Growth vector: Straight to sinuous

- Proximity of structures: Adjoined

- Frequency of branching: Abundant

- Dichotomy: Parallel to divergent

- Connection between structures: Bridges
- Column width: Wrinkled

- Growth surface: Moderately convex /
Parabolic / Rectangular

- Laminar curvature: Curved to wrinkled

- Regularity of laminar stacking: Little to
moderatly laminated

- Micro- unconformities: Present

- Laminar behaviour: Laminar inflection with
partial to extensive recovering

- Lamination: Wrinkled

- Continuity: Continuous do disrupted and
brecciated

- Relative thickness: Coarse (~0.5 mm)

- Composition: Micrite with microclotted
structure

- Components: Peloids, nodules, coccoid cells,
and possibly ooids

- Other components: -
- Preservation: Silicified

Conic stromatolite

I 5-10cm i

30cm

@ A #

- Body morphology: Bulbous to conoid dome
- Transverse outline: Round elliptical bodies
- Growth vector: Stratight to curved

- Proximity of structures: Close to spaced

- Frequency of branching: Absent

- Dichotomy: Abscent

- Connection between structures: Bridges

- Column width: Wrinkled

- Growth surface: Coniform with axis /
Coniform without axis / Overarching

- Laminar curvature: Wrinkled

- Regularity of laminar stacking: Moderate to
high axial zones

- Micro- unconformities: Present

- Laminar behaviour: Laminar inflection with
extensive recovering

- Lamination: Smooth
- Continuity: Continuous
- Relative thickness: Medium (~0.2 mm)

- Composition: Sparite with microclotted
structure

- Components: Pelloids, coccoid cells,
ostracodes

- Other components: Pyrite
- Preservation: Silicified

Domal stromatolite

20 cm
|

<10cm

- Body morphology: Normal dome / Oncoid
- Transverse outline: Round oblong
bodies

- Growth vector: Straight

- Proximity of structures: Isolated

- Frequency of branching: Absent
- Dichotomy: Abscent

- Connection between structures: -
- Column width: -

- Growth surface: Coated / Retangular

- Laminar curvature: Curved

- Regularity of laminar stacking: Symmetric
- Micro- unconformities: Present

- Laminar behaviour: Laminar inflection with
extensive recovering

- Lamination: Smooth
- Continuity: Continuous
- Relative thickness: Fine to medium (~0.1-0.2 mm)

- Composition: Micrite with microclotted
structure

- Components: Pelloids, coccoid cells
- Other components: -
- Preservation: Silicified

- Body morphology: Anastomosed microbial
complex

- Transverse outline: Intergrown oblong
bodies

- Growth vector: Stratight to sinuous

- Proximity of structures: Adjoined

- Frequency of branching: Common

- Dichotomy: Parallel

- Connection between structures: Coalescent
to bridged

- Column width: Uniform

- Growth surface: Highly convex to retangular

- Laminar curvature: Curved

- Regularity of laminar stacking: Symmetric to
assymetric

- Micro- unconformities: Present

- Laminar behaviour: Laminar inflection with
partial to extensive recovering

- Lamination: Smooth

- Continuity: Continuous

- Relative thickness: Fine to medium (~0.1-0.2 mm)

- Composition: Micrite with microclotted
structure and organic laminae

- Components: Ostracodes, organic matter

- Other components: Pyrite and accessory
minerals

- Preservation: -

30 cm

- Body morphology: Laterally continuous
(planar laminated)

- Transverse outline: -

- Growth vector: -

- Proximity of structures: Lateral linked

- Frequency of branching: -

- Dichotomy: -

- Connection between structures: Coalescent

- Growth surface: Plane

- Laminar curvature: Without

- Regularity of laminar stacking: -

- Micro- unconformities: Present

- Laminar behaviour: Without inflection

- Lamination: Smooth

- Continuity: Continuous

- Relative thickness: Medium to coarse
(~0.2-0.5 mm)

- Composition: Micrite with microclotted
structure and sparite with clotted structure

- Components: Pelloids, fish framents, ostracodes

- Other components: Pyrite and accessory
minerals

- Column width: - - Preservation: -
Intraformational conglomerate| - Body morphology: - - Growth surface: - - Lamination: -

- Transverse outline: - - Laminar curvature: - - Continuity: -

- Growth vector: - - Regularity of laminar stacking: - - Relative thickness: -

- Proximity of structures: -

- Frequency of branching: -

- Dichotomy: -

- Connection between structures: -
- Column width: -

- Micro- unconformities: -
- Laminar behaviour: -

- Composition: Micritic clasts and micritic matrix|
- Components: Coccoid cells
- Other components: -

- Preservation: -

- Body morphology: Columnar-laminated
microbial complex

- Transverse outline: Intergrown oblong bodies

- Growth vector: Curved to sinuous

- Proximity of structures: Adjoined

- Frequency of branching: Common

- Dichotomy: Parallel to divergent

- Connection between structures: Coalescent
to bridged

- Column width: Uniform

- Growth surface: Moderately convex / Parabolic
- Laminar curvature: Curved to wrinkled

- Regularity of laminar stacking: Symmetric to
assymetric

- Micro- unconformities: Present

- Laminar behaviour: Laminar inflection with
partial to extensive recovering

- Lamination: Smooth
- Continuity: Continuous
- Relative thickness: Fine to medium (~0.1-0.2 mm)

- Composition: Micrite with microclotted
structure and organic laminas

- Components: Ostracodes, organic matter

- Other components: Pyrite and accessory
minerals

- Preservation: -

- BodY morphology: Anastomosed microbial
complex

- Transverse outline: Intergrown round to
oblong bodies

- Growth vector: Straight

- Proximity between structures: Adjoined

- Frequency of branching: Absent to rare

- Dichotomy: -

- Connection between structures: Coalescent

- Column width: Uniform

- Growth surface: Moderately convex /
Rectangular

- Laminar curvature: Curved
- Regularity of laminar stacking: Symmetric
- Micro- unconformities: Present

- Laminar behaviour: Laminar inflection with
partial to extensive recovering

- Lamination: Smooth
- Continuity: Continuous
- Relative thickness: Fine to medium (~0.1-0.2 mm)

- Composition: Micrite with microclotted
structure and organic laminas

- Components: Ostracodes, organic matter

- Other components: Pyrite and accessory
minerals

- Preservation: -
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morphologies: cylindric, parabolic and rectangular. These morphologies
occur in the same interval, grading laterally into each other and forming
connected structures linked by bridges. Silicified smooth laminites and
pseudo-columns are characterized by numerous millimetric fractures
and by abundant porosity filled by silica cement (Fig. 4B-C). In the col-
umns, laminae are inflected with partial to extensive recovering and lo-
cally exhibit micro-unconformities. Columns have a straight to slightly
sinuous growth vector and abundant branches with parallel to diver-
gent dichotomy. In plan-view, these structures are closely emplaced,
round to oblong (Fig. 4D) and are locally interconnected. Smooth lami-
nation presented commonly disrupted in thin-sections composed pre-
dominantly of micrite with rounded and ellipsoidal silicified bodies.
These structures were also observed under SEM where spheres with
~10 um in diameter are associated with elongated varieties, ~15 pm in
length (Fig. 5A-B). SEM analysis also revealed the presence of small
clusters (up to 10 um in diameter) of cubic to rounded crystals resem-
bling framboidal pyrite (Fig. 5C). The carbonate fabric is strongly silici-
fied, although it kept its original morphology.

5.1.2. Interpretation

In general, the bioherms begins with smooth laminites that grade
upwards into pseudo-columns and finally culminate indistinct columns
at top. This arrangement does not necessarily represent a deepening-
upward cycle but may just exemplify a setting, in which environmental
parameters, such as accommodation space, hydrodynamics and sedi-
ment dispersion, vary (Andres and Reid, 2006). In this way, the com-
monly observed branching and dichotomy in the columns are
probably directly related to oscillations in the hydrodynamic conditions.
Columns connect each other by bridges/menisci in association with
wrinkle lamination and absence of detrital components suggesting car-
bonate precipitation induced by microbial activity (sensu Dupraz et al.,
2009) and not by trapping and binding of particles by filamentous
cyanobacteria (see Reid et al.,, 2000). Spheres and elongated shapes as
well as pyrite presence suggest sulphate reducing bacteria entombed
in the inner portions of the mat.

5.2. Isolated cone-shaped stromatolites

5.2.1. Description

Isolated to loosely grouped silicified conical columns occur directly
above basement rocks in area of approximately 1600 m? at the
Curralinho site. Cone-shaped stromatolites may reach a height of
30 cm and a diameter of 5 to 10 cm and usually grow as spaced, straight
to slightly curved constructions with elliptical contours. Cones occur as
three different morphologies: bulbous overarching cone, cone without
axis, and cone with axis. Usually, bulbous cones grade into cones with-
out axis (Fig. 6A) and are uniformly laminated. Cones with axis (similar
to Conophyton) show typically a wrinkled lamination and possess an ir-
regular axial zone, uneven column margins and do not branch (Fig. 6B).
In all three morphologies the lamination is highly inflected and micro-
unconformities are present. Millimeter-scale light laminae alternate
with wrinkled, dark, organic-rich laminae. Small spheres (75 pm in di-
ameter) and ellipsoids (200 um) are very common in both dark and
light laminae. Particularly in dark laminae they are commonly associ-
ated with articulated and disarticulated ostracodes (Fig. 7A-B). SEM
analysis revealed intense recrystallization with growth of hexagonal
quartz crystals (Fig. 5D). Despite intense recrystallization of the original
carbonate fabric, some phyllosilicates are still preserved (Fig. 5E).

5.2.2. Interpretation

Conophyton-like stromatolites area typical biologically influenced
morphology that is usually assigned to relatively deep-water settings
(Coffey et al., 2012). In modern environments, the separation between

cones is interpreted as the result of competition for nutrients between
neighboring microbialite colonies in weakly turbulent environments
without terrigenous input (Petroff et al., 2010). The here reported con-
ical stromatolites have a bulbous morphology with uniform laminae
that progressively overgrow each other to form typical cones with wrin-
kled lamination. This suggests that growth was strongly influenced by
the dynamics of the microbial colony, probably in a quiet environment
affected by progressive increase in water depth. Despite the relatively
greater water depth in which the stromatolites grew, basement pebbles
are still present, revealing a close source area and probably a still rela-
tively shallow setting.

5.3. Isolated domal stromatolites

5.3.1. Description

Up to 10-cm-high and 20-cm-wide silicified domal microbialites
occur dispersed in the stromatolite field of the Curralinho site above
basement rocks. The domes are rectangular in cross-section and consist
of symmetrically stacked curved and highly inflected laminae. Domes
locally are developed on top of 10-cm-large oncoids. The oncoids are
composed of thin, wrinkled laminae, occasionally disrupted by micro-
unconformities, that coat a single carbonate core (Fig. 4C). The domes
usually do not branch and have a straight growth vector. In transverse
section this type of microbialite consists of isolated round oblong bod-
ies. Smooth, planar lamination is observed in thin-sections. Laminae
are characterized by silicified micrite commonly associated with
peloids. SEM analysis revealed the presence of several up to 1-pum-
sized spheres (Fig. 5F) and also filaments within the matrix (Fig. 5G).

5.3.2. Interpretation

Oncoids are concentrically laminated carbonate grains formed in
shallow water bodies by alternating periods of agitation and absence
of flux (Gerdes et al.,, 1993). The presence of micro-unconformities be-
tween wrinkle lamination suggest periods of reworking followed by mi-
crobial accretion during quiet periods (e.g., Lanés and Palma, 1998).
After the initial phase of oncoid formation, marked by fluctuations in
water energy, succeeded a period of stabilization, during which the
oncoids were completely covered by microbial colonies, forming
rectangular-laminated domes. This domal morphology suggests accre-
tion under high-energy and shallow-water conditions, probably con-
nected with frequent phases of subaerial exposure.

5.4. Columnar stromatolite bioherms

5.4.1. Description

Up to 15-cm-high and >1-m-wide bioherms with rectangular shape
overlie silicified domes and occurred below the intraformational con-
glomerate facies in the Curralinho section (Fig. 2B). This bioherm type
differs from most microbialite once facies are non-silicified composed
by calcite. Bioherms are composed by smooth laminites that grew into
cylindrical columnar stromatolites with inclined growth vector
(Fig. 8A). Cylindrical columns occur as connected and coalescent struc-
tures with moderate to high laminar inflection (Fig. 8B-D). The stacking
pattern of columns is symmetric with highly convex smooth laminae.
Parabolic and pseudo-columnar morphologies co-occur with the cylin-
drical columns. Columnar stromatolites commonly branch dichoto-
mously (Fig. 8E). The branches run parallel and touch each other. In
plan-view, the columns are rounded to elongated and often connected
(Fig. 8F). In thin-sections, laminae are up to 0.5-mm-thick, whereby
light sparitic laminae are intercalated between dark micritic ones
(Fig. 7C). Scattered opaque minerals are observed between laminae.
Some dispersed minerals show high birefringence (Fig. 7D), and a few
articulated ostracodes are filled with chalcedony (Fig. 7A). Isolated

Fig. 3. General characteristics (macro-, meso-, and microstructures) of the microbialites described in the western outcrops of the Romualdo Formation.
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Fig. 4. Cauliflower bioherms. A: General morphology and internal arrangement of pseudo-columnar and columnar stromatolites. B: Pseudo-columnar stromatolite growing above a
cracked microbial laminite. C: Silicified smooth laminites and pseudo-columns with cracks characteristic of subaerial exposure. D: Plan-view of columnar stromatolites showing closely

spaced to intergrown irregular outlines.

and grouped filaments are abundantly preserved within the stromato-
lites (Fig. SH-I).

5.4.2. Interpretation

Similar to the cauliflower bioherms, this stromatolite type shows a
typical transition pattern between smooth laminites, pseudo-
columnar and, finally, columnar morphologies. Contrary to the cauli-
flower bioherms, the lamination in this facies is smooth, and the col-
umns coalesce with no gaps between them. In addition, there is a
predominance of single cylindrical columns without gap between lam-
inae. Straight and highly convex cylindrical columns predominate and
suggest that they formed during a progressive increase in water
depth. Variations in the hydrodynamic conditions probably are the
cause of the branching with parallel dichotomy developed towards
the top of the bioherms. Scattered ostracodes and basement minerals
suggest that besides authigenic precipitation of carbonate by microbial
activity, trapping and binding also contributed to microbialite growth.
Preservation of abundant bacteria filaments is favored by conservation
of original carbonate minerals.

5.5. Smooth laminites

5.5.1. Description

Smooth laminites occurred between stromatolite facies in both the
Curralinho and Alagoinha sections, commonly forming laterally contin-
uous biostromes (Fig. 9A-C). Laminites form up to 2-cm-thick beds
commonly showing V-shaped cracks at their top. Occasionally, these
cracks disrupt the lamination which results in rectangular clasts consti-
tuting intraformational conglomerates (Fig. 9B). In addition, locally
cracked structures occur in these intervals (Fig. 9A). In thin-sections,

the lamination is characterized by well-defined alternations of dark,
micro-peloidal laminae and light sparitic laminae with peloids
(Fig. 10A). Peloids in the sparitic part are larger than in the dark laminae
and are characterized by round and ellipsoid shapes (Fig.10B). Spheru-
lites are abundant in the dark laminae (Figs. 5]-L, 10C). Also common
are fish bones and scales (Fig. 10D).

5.5.2. Interpretation

Smooth laminites are interpreted as lithified microbial mats formed
in very shallow waters. Cracked bed planes are strong evidence of inter-
mittent subaerial exposure and synsedimentary lithification. Spheru-
lites are commonly associated with microbial deposits formed in
saline and alkaline waters in the presence of organic acids typically
found in EPS (Mercedes-Martin et al., 2016; Chafetz et al., 2018).
These are usually formed by precipitation of radial aragonitic crystals
around peloids formed by coalescence of carbonate nanoglobes around
degraded organic matter (Spadafora et al., 2010). In this way, the
smooth laminites are interpreted as lithified microbial mats that gener-
ated in shallow restricted settings, probably intertidal to supratidal set-
tings, indicated by the presence of spherulites, peloids, and sedimentary
cracks.

5.6. Intraformational conglomerates

5.6.1. Description

Thin conglomerate layers are common in the upper part of the
Curralinho stromatolite sequence in close association with smooth
laminites (Fig. 9D-E). They consist of up to 1-cm-high, 4-cm-wide,
and 10-cm-longrectangular-shaped, imbricated clasts with rounded
edges. Clasts are composed of light-colored microsparite with absent
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Fig. 5. SEM images of the microbialite facies. A: Coccoid microbe. B: Preserved elongated cell. C: Pyrite framboid. D: Highly silicified stromatolite. E: Phyllosilicate grain preserved in a
silicified microbialite. F: Coccoid cells. G-1: Microbial filaments. J: Spherulites with typical radial arrangement. K: Detail of the radial structure of a spherulite represented in J. L:

Probable framboidal pyrite associated with spherulites.

internal lamination and contain small vugs filled with silica. The matrix
is typically dark micrite containing small calcispheres with radial
extinction.

5.6.2. Interpretation

Formation of the pebbles was facilitated by the V-shaped cracks in
the smooth laminites and their in-situ brecciation. Reworking events
probably were only brief. The rounded edges of the clasts may indicate
that the reworked layers were not fully lithified. Imbrication suggests
the presence of bottom currents as transport agents of the clasts in in-
tertidal to supratidal settings.

5.7. Stromatolite-thrombolite bioherms
5.7.1. Description

Up to 30-cm-high and approximately 1-m-wide bioherms of colum-
nar stromatolites and thrombolites occur above basement rocks in the

Alagoinha section (Fig. 11A-D). Columnar stromatolites are character-
ized by parabolic to convex laminae and thrombolytic (clotted) fabrics
(Fig. 11B-C). They occur as columns occasionally linked by bridges. In
plan-view, these structures are closely spaced and partly connected
resulting in elongated outlines (Fig. 11A). Columns grew sinuously
and commonly branch with both, parallel and divergent dichotomies
(Fig. 11D). Internal lamination is smooth to slightly wrinkled and the
stacking pattern is symmetric to asymmetric with partial to extensive
recovering of laminae. Towards the upper part of the bioherms, smooth
laminites interbedded with thrombolites are common (Fig. 11B). The
thrombolites are characterized by clotted fabric with up to 2-cm-sized
rounded and irregular clots of different shapes.

5.7.2. Interpretation

Thrombolites are very common in carbonate buildups and are char-
acterized by macroscopically rounded to irregular clotted fabrics with a
blocky, unlayered mesoscale fabric (Riding, 2000; Shapiro, 2000;
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Fig. 6. Loosely grouped stromatolites. A: Bulbous stromatolite growing into conical morphology with wrinkled lamination. B: Cone-shaped stromatolite showing wrinkled lamination

similar to Conophyton. C: Oncoid with a thin cortex overgrown by domal stromatolite.

Theisen and Sumner, 2016). The stromatolite-thrombolite bioherms are
characterized by thick, massive, sub-parallel layers of thrombolite in as-
sociation with columnar stromatolites. The alternation between stro-
matolites and thrombolites in the same bioherm is unusual - although
the association of thrombolytic and stromatolitic structures within the
same microbialite morphology is common in the Hamelin Pool, Shark
Bay (see Burne and Johnson, 2012) - and may reflect a response to
changes in environmental parameters, such as hydrodynamic condi-
tions in the subtidal zone and/or variations in water depth (Feldmann
and McKenzie, 1998). Although thrombolites occur in subtidal settings
according to some scenarios, vertical growth of pustular laminae in
shallow intertidal settings also produces mesoclotted fabrics (Jahnert
and Collins, 2011). Regardless of the water depth, thrombolites are
commonly associated with high energy settings. This can be confirmed

in the present case by abundant divergent dichotomy in the
stromatolite-thrombolite columns. A third explanation for the co-
existence of stromatolites and thrombolites might have been layer-by-
layer formation of the thrombolite facies, with subsequent loss of the
lamination during diagenesis (Theisen and Sumner, 2016).

5.8. Dome-shaped bioherms

5.8.1. Description

Up to 20-cm-high dome-shaped bioherms with a circular cross-
section (40 x 40 cm) rest directly on basement rocks in the Alagoinha
section. The bioherms are composed of a complex microbial frame
work with domal stromatolites at the base and columnar stromatolites
at the top (Fig. 11E-F). The 10-cm-high and 30-cm-wide domal
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Fig. 7. Thin-sections of the microbial facies. A: Detail of a trapped articulated ostracod specimen filled with chalcedony (crossed nicols; 20x). B: Alternation of thick dark and light laminae
with trapped single ostracod valve (20x). C: Detail of the fine lamination of columnar stromatolites (crossed nicols; 10x ). D: High birefringence basement mineral grains (crossed nicols;

10x).

stromatolites have a single morphology with a circular core and a con-
centric, smooth to slightly curved lamination (Fig. 11F). In the upper
part of the bioherms, columnar stromatolites changed morphologies
from domes into cylindrical columnar stromatolites with an overall
mushroom-shape morphology (Fig. 11E) characterized by straight, con-
vex to rectangular growth surfaces, lacking branching. Columns coa-
lesce, occasionally are linked by bridges, and are circular to elongated
in plan-view. Lamination is smooth and symmetrically stacked, and
laminae inflect downward with partial to extensive recovering of previ-
ous lamination.

5.8.2. Interpretation

Changes in the stromatolite morphology are mainly related to
modification in physical parameters, even though it may be asso-
ciated secondarily with modification within the surficial microbial
communities (Dupraz et al., 2006). The transition between a sin-
gle domal morphology into multiple columns records a physical
change in the growth pattern of the described microbialite
buildup, directly related to an increase in the sedimentation rate
(Dupraz et al., 2006).

5.9. Echinoid-bearing microbial laminites

5.9.1. Description

Decimeter-thick layers of wrinkled laminites with abundant
echinoids rest directly on the basement in the Sitio Canastra sec-
tion (Fig. 12A). Abundant tests of Bothriopneustes araripensis are
commonly found associated with the microbialites. They occur at
the base and top of the microbialites but also between laminae
(Fig. 12B). Most echinoid tests are arranged parallel to the micro-
bial lamination with the aboral side facing upward (Fig. 12C-D),

but some are oblique and yet others exhibit an inverse orienta-
tion. The tests usually suffered compactional deformation and
breakage, but in a few cases, their original shape is fully pre-
served. Oblique, horizontal and near-vertical burrows, some of
them displaying meniscate structures, occur within the microbial
laminate (Fig. 12E). In cross-sectional view, the height of these
burrows varies between 6 and 11 mm. Occasionally, granite peb-
bles sourced from basement and reworked flat clasts eroded
from nearby microbialites can be present embedded by wrinkle
lamination (Fig. 12F).

5.9.2. Interpretation

The echinoid-bearing microbialites were generated under
quiet water conditions, directly on the hard subtract represented
by igneous and metamorphic Proterozoic basement rocks. Al-
though the microbialites probably grew in a protected setting,
the presence of pebbles and internal discontinuities point to
growth interruptions and occasional reworking events. A charac-
teristic feature of the echinoid tests is that on the oral side, the
thickness of the plates is only half to one-third that of plates on
the aboral side. During compaction, the tests cracked at the mar-
gins where oral and aboral sides meet. As a result, the oral part of
the test was pushed inward often to the extent that hardly any
space was left between oral and aboral side of the test, the curva-
ture of both test parts being identical. However, not all echinoids
are strongly compacted. In a few cases, they maintain fully or
partly their original shape. In this case the test interior is filled
with micrite, fine terrigenous material or both. All evidence
cited above supports the hypothesis that the echinoids lived in di-
rect association with the stromatolites in a similar way as re-
corded in Quaternary reefs in Tahiti (Camoin et al., 1999).
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Fig. 8. Columnar bioherms. A: Coalescent cylindrical columns with curved growth vector. B: Upper view of the bioherm highlighting the round to elongated intergrown stromatolite
columns. C: Single columns growing above domal stromatolite. D: Curved to sinuous columns which branch near the top. E: Straight cylindric columns with parallel dichotomies at the
top. F: Plan-view of a bioherm showing small round intergrown columns and larger, closely spaced elongated bodies.

5.10. Bivalve rudstones

5.10.1. Description

Well-cemented bivalve-rich rudstones are represented by up to 1-
m-thick, clast-supported, amalgamated shell beds (Fig. 13A), resting di-
rectly on the basement. This facies is well exposed in the Araripina Hos-
pital parking lot (Figs. 1 and 2B). The concentration is dominated by
disarticulated bivalve shells and shell fragments (Fig. 13B-D). Closed ar-
ticulated shells are also recorded. Shell fragments are usually rounded
(abraded) and without signs of encrustation, bioerosion and corrosion
(sensu Brett and Baird, 1986). The shells are more or less of the same
size (<1 cm), usually recrystallized, and many show compactional dis-
tortion. In plan-view, the shells are randomly dispersed in a sparite ce-
ment. In cross-sectional view, the shells (n = 197) are also randomly
oriented: 34,5% are convex-up, 36,5% convex-down, and 29% oblique/
vertical (see Fig. 13B). Shells are commonly nested or stacked. Two
small, shallow burrowing species of the heterodont bivalve Calva ac-
count for the bulk of the shells, whereas gastropod shells are rare. The
overall species diversity is very low.

5.10.2. Interpretation
This thick shell-rich deposit is mainly formed by disarticulated bi-
valve shells, some fragmented and rounded (abraded). The poor

preservation quality of the shells and evidence of size sorting clearly in-
dicate that the shells were winnowed from the sediment by hydraulic
processes and underwent extensive transport. The biofabric of this de-
posit records several high-energy events leading to repeated amalgam-
ation (Fig. 13A). This is clearly a fair-weather shell concentration (sensu
Fiirsich and Oschmann, 1993), generated under high hydraulic energy
conditions, accumulating directly on the hard basement rocks. How-
ever, some shells are still closed articulated, suggesting that these
underwent only limited transport and sorting. As the dominant bi-
valves, two species of Calva, are shallow burrowers that clearly did not
live on basement rocks. These bivalves are an important part of the ben-
thic fauna in fine-grained siliciclastic sediments of the first TR cycle
(Fiirsich et al., 2019). Such deposits were removed by erosive transgres-
sion during the beginning of the second TR cycle, which led to the con-
centration of the shells as lags on the basement rocks. Alternatively, the
bivalves were introduced from some distance. This would explain the
high degree of sorting, because elsewhere in the Romualdo Formation
Calva is generally associated with a number of gastropods, which are
rare in the present concentration. Thus, the shell bed is a
parautochthonous to allochthonous shell concentration (sensu
Kidwell et al., 1986). This condition is similar to what exist in the
Fragum-dominated coquina barrier from Shark Bay (Jahnert et al.,
2012).
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Fig. 9. Smooth laminites and rudstones. A: Cracked feature in the upper plane bed of a laminated limestone. B: V-shaped cracks leading to isolated clasts. C: Intensely cracked laminite. D:
Plan-view of subangular to subrounded clasts of the rudstone facies. E: Polished cross-section of the rudstone facies showing dark-colored clasts and light-colored matrix. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

6. Stromatolite morphology and small-scale local environmental
changes

Microbialites are defined as organosedimentary structures formed
by the activity of benthic microbial communities, including stromato-
lites, thrombolites, microbial mats, and oncoids (Burne and Moore,
1987). Trapping and binding of sediment and microbially-induced/
influenced calcification are the main processes involved in the forma-
tion of microbialites (Burne and Moore, 1987; see also Dupraz et al.,
2009). Microbial precipitation of carbonate is essential and is achieved
by photosynthetic removal of CO, under oxygenated conditions,
which increases the pH of water, and also by bacterial sulphate reduc-
tion of heterotrophic communities within mats (Visscher et al., 2000;
Dupraz et al., 2009). The dynamic balance between sedimentation and
lithification of mats is required in the growth of different microbialite
morphologies (Reid et al., 2000). Indeed, increase/decrease in accom-
modation space, sediment availability and variation in hydrodynamics
are regarded as the main mechanisms in this process (Andres and
Reid, 2006). In areas characterized by high sedimentation rates, fila-
mentous cyanobacteria predominate, and microbial laminae tend to
grow fast (Reid et al.,, 2000). With a decrease in the sedimentation
rate, coccoid cyanobacteria modify the organization of the microbial col-
ony and form thick laminae (Reid et al., 2000). Similarly, to the stromat-
olites, thrombolites reflect changing environmental and biological
parameters and contribute to paleoenvironmental interpretations
(Burne and Moore, 1987; Buongiorno et al., 2019).

Stromatolites of the Romualdo Formation are strikingly distinct in
their macro-morphology (Figs. 4, 6, 8-11), suggesting that an interplay
of physical and biological factors drove their formation at the deposi-
tional site. Indeed, the transition between distinct stromatolite mor-
phologies reveals changes in environmental parameters (i.e., turbidity,
energy and flux velocity) without necessarily involving a relative sea-

level variation (Andres and Reid, 2006). For example, in a depositional
setting characterized by stable accommodation space creation with in-
crease in calcium and carbonate accretion, microbialites begin to grow
faster generating columns and protruding appendages (Andres and
Reid, 2006). Bridged to coalescent columns suggest a low contribution
of trapping and binding of sediment by strong currents and points to a
high sedimentation rate with rapid laminar accretion (Andres and
Reid, 2006). Also, the presence of branching forms, as well as the inter-
action of thrombolites and stromatolites, support the hypothesis of an
increase in the accretion rate and water energy of the environment. In
this way, the stromatolite-thrombolite association can be a product of
in situ cementation of microbial communities under high-energy condi-
tions (Feldmann and McKenzie, 1998; Jahnert and Collins, 2011) and in-
dicate the transition of subtidal to intertidal settings with likely high
influence of tidal currents and/or waves.

Oncoids occur coated by small stromatolite domes and suggest
their formation in shallow water with alternating periods of agita-
tion and absence of flux (e.g., Gerdes et al., 1993). These oncoids
are the result of initial accretion of microbial biofilms in response
to constant particle mobilization by waves, bottom currents or
tide action and subsequent stabilization of the microbial mat
due to the decrease in water energy. Towards the top of the suc-
cession, microbial mats with features indicative of subaerial expo-
sure (e.g., polygonal cracks) dominated. These thin beds are
characterized by cracked laminites with fitted polygonal and
rounded clasts. Reworking of the cracked mat fragments by cur-
rents/waves in the inter to supratidal zone rounded the sharp
edges of the platy clasts and produced thin beds of clast-
supported conglomerates at the top of the preserved succession.
During periods of high-energy events under the influence of
tides and waves, the formation of intraformational clasts and in-
ternal discontinuities in some stromatolites point to interruptions
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Fig. 10. Petrographic analysis of the smooth laminites. A: Fine interlamination of dark, spherulite-rich mudstone and peloidal grainstone (10x). B: Peloids cemented by sparite (10x). C:
Spherulites in the dark, organic-rich mudstone (50x). D: Phosphatized fish scales (crossed nicols; 20x).

in the growth/accretion of the microbialites and subsequent occa-
sional subaerial exposure and reworking events.

Despite the scattered geographic distribution of the
microbialites in the Romualdo Formation, the diversity of mor-
phologies recorded at least in two described sections (Fig. 2B),
suggests that several environmental and/or biological processes
were responsible for their morphogenesis. In this context, the in-
teraction of some microbialites and echinoids is quite intriguing
(Sales, 2005, p. 98). The echinoids discussed here occur not only
at the base and the top but also between the laminae of
microbialites. The vast majority of the echinoids in the studied
laminites belong to B. araripensis. The specimens are usually ori-
ented parallel to the microbial lamina with the aboral side facing
upward. In some cases, oblique, horizontal and near-vertical bur-
rows connect with the tests. This highly suggests that the echi-
noids moved (at least facultatively) within the soft substrate of
the microbial mats, searching for shelter and/or food. In fact,
based on the morphology of the tests, Beurlen (1966) had already
suggested that this species was an epifaunal or a semi-infaunal
form, which moved slowly through the soft substrate (see also
Manso and Hessel, 2007, p. 276). The high number of complete
echinoid tests in some layers and their association with oblique,
horizontal and near-vertical burrows suggests a specific time in-
terval of profuse proliferation of these invertebrates during the
sedimentation. These occurrences suggest that the irregular echi-
noids of the Romualdo Formation lived in close association with
mat-dominated bottoms in a period of pronounced marine incur-
sion in the basin. This apparently contradicts the notion that mat-
dominated bottoms formed in aquatic settings free of metazoans
(see also Riding, 2006 for a detailed discussion of this issue).

7. Stratigraphic relationships at the western margin of the Araripe
Basin

Shell-rich beds are a conspicuous feature of the transgressive de-
posits of the upper T-R cycle of the Romualdo Formation (Fiirsich
et al., 2019). Depending on their occurrence within the basin they are
dominated by bivalves (Bakevellia, Calva and Sinonia) and/or gastropods
(cerithiids and cassiopids) (Fiirsich et al., 2019). Due to their wide lat-
eral distribution across the basin, these deposits are key stratigraphic
markers. In the eastern part of the Araripe Basin, the matrix of the
shell beds is mainly mixed carbonate-siliciclastic, and the concentra-
tions are interpreted as having been deposited above the storm wave-
base, but below the fair-weather wave-base (Fiirsich et al., 2019). In
contrast, at the western margin of the basin, the bivalve-rich shell con-
centrations are less common, occurring in the Serra do Inacio and
Caldeirdo Grande sections (Fig. 2A), located at the southwestern and
northwestern margins, respectively.

The western margin of the Araripe Basin is characterized by thin
carbonate-dominated successions directly overlying basement rocks.
Although they are apparently positioned at the same stratigraphic
level, the facies association indicates that they should be part of differ-
ent T-R cycle. At the Sitio Alecrim section, nearly 10 km far from the
main stromatolite field (Fig. 2), siliciclastic-dominated deposits of the
Romualdo Formation are also discordantly overlying the basement.
These are mainly represented by a 5-m-thick succession of interbedded
sandstones and shales including numerous fish-bearing concretions,
constituted by both marine and non-marine assemblages (Fara et al.,
2005; Fig. 2A). At the eastern margin of the Araripe Basin, coeval
fossil-rich, laminated shales of the Romualdo Formation are associated
to transgressive deposits of the lower cycle of this unit, representing
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Fig. 11. Bioherms from the Alagoinha stromatolite field. A: Plan-view of bioherm showing irregular intergrown bodies. B: Thrombolite-stromatolite bioherm. C: Detail of B showing
branching columnar stromatolites. D: Parallel dichotomy growing into a coalescent structure. E: Mushroom-shaped bioherm showing wrinkled top marked by coalescent columns. F:
Lower view of the mushroom-shaped bioherm showing its early domal growth stage. Photo credits to Celso Lira Ximenes.

low energy, dysoxic to anoxic bottoms, generated below storm wave-
base (Custédio et al., 2017; Firsich et al., 2019). The occurrence of
such concretion-bearing shales also at the western margin of the basin
is a noteworthy evidence that this first transgressive event was wide-
spread and occurred before the deposition of the shell beds and stro-
matolite fields (see diagram in the Fig. 1).

At the Serra do Indcio locality (Fig. 2), the sedimentary succession
correlates to that described for the Sitio do Alecrim section, but the
40-m-thick sedimentary succession includes sandstones deposited in
alluvial to coastal settings at the base. These are succeeded by
concretion-bearing black shales with abundant, well-preserved fishes,
deposited in inner to outer shelf settings, indicating a rapid transgres-
sion. Overlying this shale interval, shell-rich carbonates with abundant
bakevelliid bivalves are also recorded. As for the Sobradinho section,
the Serra do Inacio deposits occupies a more distal position along an
onshore-offshore profile. In the Caldeirdo Grande section (Fig. 2A), the
shell beds were recorded a few meters above the crystalline basement.
This means that those shell beds belong to another transgressive event

onlapping the basement (i.e., the upper T-R/C) and represent shallower
deposits in relation to those from the Serra do Inacio and Sobradinho
sections, although probably time equivalent.

The microbialite fields at the westernmost outcrops of the
Romualdo Formation, microbialites rest directly on the basement
(Fig. 2B). The shallowing-upward stacking pattern observed in
the stromatolite fields, is represented by conical isolated forms
at the base and microbial mats with subaerial exposure at the
top evidence of a regional small-scale relative sea-level fall. Coni-
cal stromatolites indicate a relatively deep subtidal, low-energy
environment, formed in the absence of sedimentation (see
Petroff et al., 2010), while subaerially exposed microbial mats
and their reworked clasts point to high-energy, shallow-water
conditions, probably in the inter-supratidal settings, possibly
within a drying up embayment area. In this scenario, variations
in water energy occurred, during the transition from pseudo-
columnar to columnar stromatolites in single bioherms, and re-
spond for other stromatolite morphological changes. This
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Fig. 12. Echinoid associated to microbial laminites. A: Plan-view of microbial laminite with abundant tests of echinoids. B: Preferential convex-up orientation of echinoids concordant to
microbial lamination. C-D: In situ fragmented echinoid tests. E: Bioturbation associated with echinoids in life position (arrowed). F: Subangular basement clast (arrowed) incorporated in

the echinoid-rich laminite.

indicates that the embayment area had restricted connection with
open marine waters, which increased the potential and strength
of tidal currents.

The accretion of stromatolites above the basement required an im-
portant transgressive event. This transgression was probably very
quick and erosive, due to the lack of typical shales. In this context, the
beginning of deposition of stromatolites may had occurred during
transgression, which mean that the maximum flood surface (MFS) is
positioned in the lower part of the stromatolite fields. Overall, the depo-
sition of most part of these microbialites represents the beginning of the
upper regressive cycle (i.e., above the MFS of the second TR cycle), right
after the formation of the shell beds in distal depositional settings and
the deposition of the first stromatolites. This situation represents the
stacking of laterally distinct sedimentary facies. At the time when shell
beds emplaced in inner shelf settings (offshore transition, between the
storm and the fair-weather wave-base), stromatolites were thriving in
shallow water embayments near the coastline at the western margin
of the basin. With the begin of the regressive stage, the sites where ear-
lier on storm-wave concentrations formed was transformed into several

embayments surrounded by basement highs favoring the growth of
microbialites.

As mentioned before, shell beds are not restricted to the storm-wave
concentrations described above. In the town of Araripe, Ceara State, lag
deposits of the Romualdo Formation were recorded directly above the
basement rocks in the Hospital section (Fig. 2B). These represent amal-
gamated paucispecific shell beds composed of shallow-burrowing,
suspension-feeding bivalves and mobile gastropods that probably
inhabited shoreface bottoms. The shells are highly abraded, rounded,
and sorted, suggesting deposition in a shallow, high-energy setting
above the fair-weather wave-base. The composition of these shell
beds distinctly differs from the bivalve-gastropod-rich beds,
representing fair-weather concentrations in the shallower area of the
embayment area.

In summary, during transgression, the coastal areas of the Araripe
Basin were flooded generating embayments flanked by crystalline
rock promontories. In this context, the MFS of the second TR cycle, rep-
resent a phase where embayment bottoms along the western margin of
the basin were colonized by benthic invertebrates (mainly mollusks)
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Fig. 13. Bivalve rudstone. A: Amalgamated shell beds. B: Predominantly disarticulated shells with few articulated individuals. C: Random orientation of bivalve shells.

and by the first stromatolites in the shallow zones. During the beginning
of the subsequent regression ideal conditions existed for profuse stro-
matolite development. In this scenario echinoids colonized parts of
mat-dominated bottoms in the embayments at the western margin of
the Araripe Basin.

8. The shallow carbonate ramp of the Romualdo Formation - a Cre-
taceous analogue of the Shark Bay, Australia

The Hamelin Pool in Shark Bay World Heritage area, Western
Australia, is a hypersaline-restricted embayment sectioned by several
tidal channels (Jahnert and Collins, 2011, 2012). This particular area is
famous for the great diversity of modern microbialites that were formed
in response to sea-level fall after the Holocene transgression (Jahnert
and Collins, 2011, 2013; Burne and Johnson, 2012). During this event,
a near open marine system became a restricted embayment character-
ized by anomalous salinity (hypersaline), high alkalinity and evapora-
tion rates. Such unusual environmental conditions restrict profuse
benthic metazoan colonization of bay bottoms, enhancing the prolifera-
tion of microbial communities (Jahnert and Collins, 2011). Smooth stro-
matolites and thrombolites are common in the intertidal zone, and
microbialites with cerebroid external morphology and non-laminated
microbial internal fabric tend to occur in deeper waters associated
with serpulids and other metazoans (Jahnert and Collins, 2011, 2012).
Despite their marked variation in shape, the microbialites in Hamelin
Pool exhibit internal morphologies indicating shallowing-upward car-
bonate cycles (Jahnert and Collins, 2011, 2013). The various microbial
facies are commonly associated with bioclastic deposits and storm-

generated shell beds composed of bivalves in subtidal embayment
areas or as beach ridges (Jahnert and Collins, 2011, 2012). The abun-
dance of bivalve shells that proliferated within the embayment during
the early stages of hypersalinity is striking (Jahnert and Collins, 2011).

As mentioned before, the Romualdo Formation encompasses a very
thin carbonate succession that onlaps abruptly the igneous and meta-
morphic basement rocks at the western margin of the Araripe Basin
(Fig.14). These carbonate deposits consist mostly of bivalve, gastropod
and echinoid rudstones, bioclastic grainstones and mudstones in associ-
ation with microbialites. The great variety of microbialite morphologies
just above the basement is a record of a shallowing-upward pattern
with a regressive architecture after the widespread transgression that
deposited bivalve/gastropod shell beds and at least part of the basal por-
tion of the stromatolites, an analogous condition to the present-day
Shark Bay. As discussed above, low-lying basement areas of the coast-
line were drowned during the marine transgression. Progressive sea
level rise in these proximal and restricted areas resulted in embayments
were low-diversity communities dominated by bivalves or gastropods
thrived. When the sea-level started to rise at a slower rate, a regressive
pattern took over and several restricted embayments formed favoring
microbialite formation. Due to the high salinity, echinoids apparently
were the only macrobenthic organisms that were able to thrive in this
setting, most likely feeding on the stromatolites. Some burrowed inside
the microbial mats where they finally became entombed. Others that
grazed on the mat surface remained in their life position after death
due to the sticky nature of the surface and were subsequently over-
grown by microbial laminae. Thus, the preservation potential of the
echinoids was very high despite their common subsequent
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Fig. 14. Idealized block diagram of the stromatolite field at the westernmost occurrences of the Romualdo Formation onlapping on basement rocks.

compactional fragmentation (for further discussion on the microbial en-
tombment processes see Iniesto et al., 2013). In these shallow areas,
dead mollusks were repeatedly reworked by storm-induced waves
and currents resulting in the formation of cm-thick shell beds that
may have accumulated by fair-weather waves. Similarly, to the Hamelin
Pool (Jahnert and Collins, 2011), abrasion, dissolution and microbial
bioerosion of shells are thought to have been the most probable source
of calcium ions for the stromatolite accretion, in an overall hypersaline
condition.

In conclusion, part of the microbialites document the MFS in the
western border of the Araripe Basin. The base of these deposits is here
considered a transgressive surface. A probable erosive transgression
likely removed shale deposits, which is revealed by a very thin MFS in
the area. The overall regressive stacking of the great part of the stromat-
olites reveal that they are also part of the regressive cycle and can be
considered a plausible analogue of the modern Hamelin Pool, Shark
Bay, Australia. The here proposed model is coherent, if we assume a
coastal setting where the stromatolites, echinoid-bearing microbialites,
and shell beds generated by fair-weather conditions coexisted (Fig. 14).

9. Final remarks

The microbial facies herein described consist of diverse types of mi-
crobial mats, stromatolites, oncoids and thrombolites, arranged in
shallowing-upward carbonate cycles. These suggest changes in water
depth and hydraulic conditions during the deposition of the
carbonate-dominated sedimentary succession. The co-occurrence of
microbialites with autochthonous benthic invertebrates, especially
echinoids indicated that these lived and thrived in the same environ-
ment where the microbial mats flourished, similar to what is observed
in Hamelin Pool, Shark Bay, Australia. High salinity and elevated pH con-
ditions both created stressful conditions that precluded the develop-
ment of abundant and diverse metazoans that could proliferate on
microbial mats environments. Such particular conditions allowed
them to grow and form dm- to m-high bioconstructions. Various taph-
onomic and sedimentologic features indicate that only the echinoids
lived in close association with the microbialites, probably using them
as a source of food.

Finally, the record of several types of microbialites in the western
part of the Araripe Basin represents the final stages of the last marine in-
cursion during the Aptian. The stratigraphic position of these deposits in
the upper part of the Romualdo Formation is coherent with the gradual
migration of the coastal onlap to the west, reaching the most inland
parts of the Cretaceous interior basins of the northeastern Brazil.
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